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Magnetism: Molecules to Materials

The development, characterization, and technological exploitation of new materials,
particularly as components in “smart” systems, are key challenges for chemistry and
physics in the next millennium. New substances and composites including nano-
structured materials are envisioned for innumerable areas including magnets for
the communication and information sectors of our economy. Magnets are already
an important component of the economy with worldwide sales of approximately
$30 billion, twice those of semiconductors. Hence, research groups worldwide are
targeting the preparation and study of new magnets especially in combination with
other technologically important features, such as electrical and optical properties.

In the past few years our understanding of magnetic materials, thought to be ma-
ture, has enjoyed a renaissance as it has been expanded by contributions from many
diverse areas of science and engineering. These include: 1) the discovery of bulk
ferro- and ferrimagnets based on organic/molecular components with critical tem-
perature exceeding room temperature; 2) the discovery that clusters in high, but not
necessarily the highest, spin states, because of a large magnetic anisotropy or zero
field splitting, have a significant relaxation barrier that traps magnetic flux enabling a
single molecule/ion (cluster) to act as a magnet at low temperature; 3) the discovery
of materials with large negative magnetization; 4) spin-crossover materials with large
hysteretic effects above room temperature; 5) photomagnetic and 6) electrochemical
modulation of the magnetic behavior; 7) the Haldane conjecture and its experimental
realization; 8) quantum tunneling of magnetization in high-spin organic molecules;
8) giant and 9) colossal magnetoresistance effects observed for 3D network solids;
10) the realization of nanosized materials, such as self-organized metal-based clus-
ters, dots and wires; and 11) the development of metallic multilayers and 12) spin
electronics for the applications. This important contribution to magnetism and more
importantly to science in general will lead us into the next millennium.

Documentation of the status of research, ever since the publication of William
Gilbert’s de Magnete in 1600, has provided the foundation for future discoveries to
thrive. As one millennium ends and another beckons, the time is appropriate to pool
our growing knowledge and assess many aspects of magnetism. This series, entitled
Magnetism: Molecules to Materials, provides a forum for comprehensive yet critical
reviews on many aspects of magnetism which are at the forefront of science today.

Joel S. Miller Marc Drillon
Salt Lake City, USA Strasbourg, France
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1 One-dimensional Magnetism:
An Overview of the Models

Roland Georges, Juan J. Borrás-Almenar, Eugenio Coronado, Jacques Curély,
and Marc Drillon

1.1 Introduction

One-dimensional (1D) magnetism has for a long time been characterized by a close
interaction between solid state physicists and chemists. Chain compounds first at-
tracted the interest because they provide genuine examples for testing models which
could not be solved in higher dimension [1]. The chemical community has been
more and more involved in this field with the design and controlled synthesis of
novel types of low-dimensional materials. Thus, in the 1970s, several families of
magnetic compounds with linear chain structures were discovered and their prop-
erties were thoroughly analyzed from models developed a decade earlier [2]. In the
1980s, a major advance in molecular chemistry has been the discovery of bimetallic
chain compounds showing alternating spin carriers [3–5]. These compounds afforded
a new concept in magnetism, the so-called 1D ferrimagnetism, characterized by a
minimum value of the magnetic moment at non-zero temperature, and a power law
divergence at lower temperatures. Novel models, involving the spin dimensionality,
were proposed to quantitatively explain such a behavior. Further, in the search for
novel magnetic systems, chemists have focused on linear compounds of increasing
complexity. Thus, exotic systems were isolated, as for example ladder-like chains,
triangle-based chains, cluster chains, . . . etc, whose interest is currently under scope,
since they show in some specific cases quantum effects as an energy gap in the spin
excitation spectrum [6].

Notice that, although these systems are still one-dimensional, they represent an in-
termediate step towards 2D networks. An important point is the variation of critical
behaviors (critical exponents, for instance) in the low temperature regime, when di-
mensionality progressively changes. In this regard, the current researches on layered
materials with varying magnetic networks [7–19] could provide some insight.

In this chapter, we will restrict the discussion to models so far reported for describ-
ing the properties (magnetic susceptibility, magnetization, magnetic specific heat . . . )
of genuine 1D compounds. Our main focus will concern the 1D ferrimagnets, al-
though accurate models developed to explain the properties of exotic 1D compounds
will also be discussed.

In order to clarify the forthcoming discussion, we first define the terms we will
be using. The expression linear chain will refer to a chain within which each mag-
netic center interacts with two nearest neighbors only. The simplest case consists of
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2 1 One-dimensional Magnetism: An Overview of the Models

a single magnetic species and involves ferromagnetic (F) or antiferromagnetic (AF)
exchange interactions. The terms uniform chain, alternating chain and random chain
will refer respectively to the presence of a unique exchange interaction (Fig. 1a),
two alternating interactions (Fig. 1b), or a random distribution of the interactions
(Fig. 1c). The term double (or triple, etc.) chain will deal with 1D magnetic systems
essentially made of two (or more) interacting linear chains (Figs. 1(d) to 1(g)). They
often give rise to striking magnetic properties. For instance, spin frustration is ex-
pected for AF coupling in the chain 1(e). In the chain (1f) ferrimagnetism must occur,
even when all the magnetic moments are equal, because of the topology of the chain.
Finally, chain 1(g) may present both frustration and topological ferrimagnetism.

We must also distinguish between regular chains and nonregular chains. Basically,
a regular chain is built up recurrently, by step-by-step reproduction of a given sub-
system (unit cell). Such a subsystem can show any degree of complexity. We shall
also include in that category finite length chains. Conversely, a nonregular chain will
be a chain which does not present such a reproducible unit cell. Such chains may
exhibit interesting complex behaviors. Since, in practical situations, the lack of re-
producibility introduces some random character, we shall also use the term random
chain to designate them. The random character may also concern the spin quantum
numbers associated with the magnetic moments, and/or the related Landé factors,
and/or the exchange interactions or anisotropy constants, etc. When the randomness
comes from the exchange interaction, we have the situation defined in Fig. 1c.

Fig. 1. Various typical exchange networks examined in the present review (the exchange
couplings are assumed to be essentially antiferromagnetic): (a) uniform chain; (b) alternating
chain; (c) random chain; (d) ladder-like chain; (e) spin frustrated double chain; (f) topological
1D ferrimagnet; (g) spin frustrated topological 1D ferrimagnet.
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According to the anisotropy of the exchange interactions, the models currently
developed in magnetism deal with the so-called Heisenberg or Ising interactions.
The expression Heisenberg coupling is used for a fully isotropic spin hamiltonian of
the form:

H(S, S′) = −JS · S′ (1)

With the present conventions, a negative J value corresponds to an AF coupling.
However, Eq. (1) does not cover the overall variety of isotropic couplings, and we
shall incidentally mention, for instance, the isotropic biquadratic spin hamiltonian
which has the form:

H(S, S′) = − j (S · S′)2 (2)

This term is sometimes used as a practical trick to incorporate the effects of magnon-
phonon interactions [20]. More generally, we shall use the term anisotropic coupling
for the hamiltonian:

H(S, S′) = −(
Jx Sx S′

x + Jy Sy S′
y + Jz Sz S′

z

)
(3)

where Jx , Jy and Jz are the components of the exchange energy tensor which define
the dimensionality of the interaction. The particular cases Jx = Jy = 0, Jz �= 0 and
Jx = Jy �= 0, Jz = 0 correspond to the extreme cases of exchange anisotropy, namely
Z Z and XY models, respectively (note that when S = S′ = 1/2 and Jx = Jy = 0,
Jz �= 0 we are then dealing with the Ising model). As already mentioned, the isotropic
case (Jx = Jy = Jz = J ) deals with the Heisenberg model.

Incidentally, we shall be concerned with the bilinear antisymmetric (Dzialoshin-
ski) essentially anisotropic coupling, which takes the form:

H(S, S′) = (D, S, S′) = D
(
Sx S′

y − Sy S′
x

)
(4)

where D is the Dzialoshinski vector (of modulus D), lying along the positive z direc-
tion.

Finally, we will sometimes find it useful to employ the so-called classical approx-
imation which consists in replacing a spin operator S by a classical vector. This ap-
proximation, which rules out the difficulties associated with noncommuting operator
algebra, is allowed for large spin quantum numbers, S. Then, the spin component
commutators [Sx , Sy], etc., which are of the order of magnitude of S, are negligible
compared with the products Sx Sy , etc., which are of the order of magnitude of S2.
In such cases, the magnetic moment gS will be written as Mu, where M is the am-
plitude of the moment and u the unit vector along S. It must be noticed that in this
approximation the Landé factor actually vanishes. When both quantum and classical
spins coexist in the hamiltonian, we shall use the notations s, s′, etc., for quantum
operators, and S, S′, etc., for classical spin vectors.
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1.2 Quantum-spin Heisenberg Chains: Numerical Models

Except for the Ising coupling, analytical solutions of these chains are only available
when at least part of the spin is treated in the classical approximation. In the other
cases, there is no exact solution for the infinite chain, even in the simple F or AF case
(except for the ground state energy of the AF s = 1/2 chain [21]). In the Heisenberg
model, several attempts [22–25] have been made to determine the ground state as well
as the thermal and magnetic properties of the infinite chain using a computational
process. We examine this treatment here. We first present the general procedure
commonly followed to solve this problem numerically; then, we shall focus on the
results obtained for ferrimagnetic chains.

1.2.1 General Method

First, let us consider the simple case of a linear chain with Heisenberg coupling be-
tween nearest-neighbor quantum spins, and no local anisotropy. The general method
essentially uses an extrapolation procedure from the exact results obtained for
increasing length finite chains. This requires diagonalizing larger and larger real
matrices, in order to perform accurate enough extrapolations. Actually, significant
matrix size reductions are provided by considering the various symmetry properties
of the problem, using group theory representation. Since we are concerned with
the fully isotropic problem, the point group operates within the spin space, and the
hamiltonian may be projected onto various independent subspaces, defined by the
total spin quantum number, ST, and its projection along an arbitrary z direction,
Sz

T. Further size reduction may result from the consideration of the specific spatial
symmetries of the magnetic network itself. For instance, if instead of considering
open finite chains, one assumes closed chains this makes no difference in the infinite
length limit. However, this assumption allows us to include all the symmetries of
the CN group to which the N-cell ring belongs. A reduction of the matrix size by a
factor 2 also arises for uniform chains thanks to the mirror plane operation. In this
respect, it must be underlined that the introduction of next-nearest neighbor interac-
tions does not necessarily increase the number and size of the independent matrices,
and may have no significant influence on the required memory size and computing
time.

When local or exchange anisotropy is introduced, favoring for instance the z axis,
and/or when a magnetic field is applied along that direction, the symmetry group
reduces to a C8 group in the spin space. As a result, for a given spin, the matrices to
be diagonalized are larger, limiting the computational treatment to shorter chains.

The above procedure was initiated by Bonner & Fisher in a pioneering work
in which they discuss the problem of the uniform s = 1/2 chain, with exchange
anisotropy (Jx = Jy �= Jz), and either F or AF coupling [22]. Notice that they
have specifically examined open chains in order to evaluate finite size effects on the
magnetic properties. Their work was extended by Weng to the magnetic properties
of AF Heisenberg chains with larger spin values [23], and later on by Blöte [24], who
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took into account exchange and single-ion anisotropy. On the other hand, Duffy &
Barr introduced alternating exchange interactions in the AF s = 1/2 Heisenberg
chain [25]. These works have been extensively reviewed [26–28].

1.2.2 Linear Ferrimagnetic Chains

With regard to alternating spin chains made up of two quantum spin sublattices, s and
s′, and abbreviated as [s–s′], the first theoretical study was reported in 1983 [29]. In
this paper the magnetic and thermal properties of the uniform [1/2–1] ferrimagnetic
chain were examined in detail. It was shown that the main features for the infinite
chain are conveniently given by extrapolating the results obtained up to 10-spin
rings [1/2–1]N where N stands for the number of spin pairs (Fig. 2). A well-defined
minimum of the product χT is observed at intermediate temperatures in the plot
χT vs. T. This feature results from two conflicting tendencies namely the short-range
order correlations that, due to AF coupling, tend to reduce the resulting moment of
a pair of neighboring spins, and the long-range correlations that bring an increasing
number of spins into coherent behavior. Since this conflict operates whatever the
nature of the spins under consideration (quantum or classical), or that of the exchange
coupling (isotropic or anisotropic), it is expected that such a minimum will be met
in most 1D ferrimagnets. It may then be considered to some extent as the signature
of this kind of system.

However, this minimum may disappear when one of the magnetic moments is too
small, since this situation closely resembles that of a ferromagnetic chain, or when
the two magnetic moments compensate due to the presence of two different Landé
factors. Thus, for g = g′ the extrapolated χT product diverges at low temperature
according to a T −0.8 law, similarly to the Heisenberg s = 1/2 ferromagnetic chain.
This leads to the very simple idea that, in the low-temperature limit, such a non-
compensated chain may be considered as a pair assembly [s = 1/2, s′ = 1] coupled
antiferromagnetically in a rigid fashion in order to afford an effective s = 1/2 ferro-
magnetic chain. In turn, for alternating Landé factors (i. e., g �= g′), the chains may
show an antiferromagnetic-like behavior (no divergence of χT at low temperature),

Fig. 2. Thermal variation of the χT
product for the finite rings [1/2–
1]N , N = 1 to 5 and g/g′ = 1. The
normalized χT product is given in
units of NAg2µ2

B/k. The dashed
curve corresponds to the infinite
ring extrapolation [29].
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Fig. 3. Critical ratio between the g factors for the [1/2–1]N chain; extrapolation to the infinite
length chain [29].

for a critical ratio g/g′ which depends on N . For the infinite chain, the critical value,
approximated by extrapolation, is 2.67 (Fig. 3). This value is intermediate between
the Néel state value (2.0) and the spin wave theory value (3.56). As this phenomenon
resembles the magnetization compensation observed in some ferrimagnets, we will
refer to it as a compensation point.

The above approach has been extended [30] to the ferrimagnetic chains [1/2–s]
with s = 1/2 to 5/2. In this paper it is shown that the critical ratio for compensation
is conveniently given by r = 4(s + 1)/3, to be compared with the Néel state value
r = 2s. The difference is a purely quantum effect, and results from the nature of the
ground-state of the chain, which strongly differs from the Néel state in the isotropic
coupling framework. This paper also extends the calculations to other thermo-
dynamic quantities of interest, as for example the specific heat. These results are
shown in Figs. 4 and 5 and the significant features of the extrapolated curves are
summarized in Table 1. It is worth noticing that the convergence of the curves cor-

Table 1. Thermal and magnetic properties of ferrimagnetic Heisenberg chains.
(From ref. [30]).

Specific heat Magnetic susceptibility

System Cpmax/k (kT )max/J (χT )nmin (kT )min/J

[1/2–1] 0.377 0.705 1.507∗ 0.577∗
[1/2–3/2] 0.356 0.96 2.221∗ 1.190∗
[1/2–2] 0.351 1.2 2.609∗ 2.1∗
[1/2–5/2] 0.35 1.4 2.80∗ 2.9∗
[1/2–∞] – – 2.83† 2.98†

∗ Values assuming g = g′
† Classical spin scaled to s′ = 5/2
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Fig. 4. Thermal variation of the
specific heat for various
[1/2–s′]N rings (referred to a
single [1/2–s′] cell). Due to
computational limitations, N is
5 for s′ = 1, 4 for s′ = 3/2,
and 3 for s′ = 5/2. The dashed
curve corresponds to the infinite
s′ limit [30].

Fig. 5. Normalized χT product for various [1/2–s]
infinite quantum ferrimagnetic chains with Heisenberg
coupling. The agreement between the theoretical curve
and the fit to the polynomial expression given in Table 3
is shown for the [1/2–2] chain.

responding to rings of increasing lengths is more rapid when s increases. Thus, even
though we are limited to calculating shorter rings when s increases, the extrapolation
results reported in this table should satisfactorily describe the infinite chain behavior.

Polynomial expressions giving the magnetic behavior of [1/2–1] infinite chains
for regular (g = g′) and alternating (g = 2g′) Landé factors are also given in the
same paper and are summarized in Table 2. These are used to fit the experimental
susceptibility data of real systems [31].

Finally, analytical expressions may be proposed for fitting the theoretical vari-
ations of the magnetic susceptibility for the ferrimagnetic chains [1/2–s], by con-
sidering two contributions. First, the low temperature divergence of χT may be
described by a power law variation aT −β , in agreement with the findings for Heisen-
berg ferromagnetic chains. For such chains, β is shown to be close to 1. Further,
the high-temperature behavior is well described by an Arrhenius-like law, giving as
T → ∞ the value of the Curie constant C :
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Table 2. Polynomials giving the behavior of [1/2–1] Heisenberg chains for regular (g = g′)
and alternating (g = 2g′) Landé factors.

g/g′ χT

(NAµ2
B/k)g2

1
Ax3 + Bx2 + Cx + D

Ex2 + Fx + G

A = −0.034146801; B = 2.8169306411; C = −7.2310013697; D = 11
E = 1.29663274; F = 0.69719013595; G = 12

2
Ax2 + Bx + C

Dx3 + Ex2 + Fx + G
+ H x

A = 2.944723391; B = −8.643216582; C = 20; D = 2.207977566
E = 2.210070570; F = 5.150935691; G = 12; H = 0.00232325

x = |J |
kT

χT = a

( |J |
kT

)β

+ C exp
(

−b
|J |
kT

)
(5)

The sum of these two contributions only contains three adjustable parameters, a, b
and β (see Table 3), and thus appears to be more appropriate than the commonly used
polynomial expressions (see Fig. 5). It can be noted that the activation coefficient
b slightly increases from 0.8 to 1 for s ranging from 1 to 5/2. On the other hand, β

depends on the spin value s and differs significantly from unity, probably due to the
influence of the Arrhenius contribution in the region of the χT minimum.

Table 3. Analytical expressions proposed to describe the magnetic behavior of the [1/2–s]
ferrimagnetic chains.

Chains [1/2–s] Expression of χT = f (x), with x = |J |/kT

s = 1 0.1146x1.69 + 1.375 exp(−0.811x)

s = 3/2 0.5756x1.80 + 2.250 exp(−0.882x)

s = 2 1.8120x1.78 + 3.375 exp(−0.948x)

s = 5/2 4.1249x1.72 + 4.750 exp(−1.013x)

1.2.3 Complex Quantum-spin Heisenberg Chains

The Bonner-Fisher procedure has also been used more recently to study linear chains
with alternating exchange interactions or with second-nearest neighbor interactions
[32]. In the former case, the problem of alternating F–AF couplings has been treated
in a linear chain of spins s = 1/2 and used to fit the magnetic data of both inorganic
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[33] and organic [34] chain compounds. The exchange alternation has also been
investigated in a chain of spins s = 1 including local axial anisotropy effects. This
has been examined when both exchange couplings are antiferromagnetic (AF–AF
alternating chain) [35] and in the F–AF case [36]. Rational unified expressions have
been derived in all these cases which have been used to fit the magnetic behaviors
of chain compounds. These expressions are summarized in Tables 4–6.

In the second case, the problem of second-nearest neighbor interactions in a linear
chain is magnetically equivalent to the treatment of a double chain (ladder-like or
triangular type). This kind of system is of interest in connection with topological
ferrimagnetism or with the problem of interchain interactions and will be examined
in more detail in Section 1.5.3. An example which illustrates this case is provided by
the series of solid state compounds formulated as Sr3CuPt1−xIrxO6 which exhibit a
chain structure formed by two alternating sites A and B (Fig. 6a). Site A is occupied

Table 4. F/AF alternating chain (s = 1/2) A–H parameters for the rational expression of the
susceptibility given as a function of polynomials in α, (α = J2/|J1|): Xi (α) = x0 + x1α+ x2α

2 +
x3α

3.

Coefficients for the polynomials valid in the range 0 < α < 2
x0 x1 x2 x3

A 1 0 0 0
B 5 0 0 0
C −1 0 0 0
D 0.05 0 0 0
E 5.2623 −0.33021 0 0
F 0.44976686 −0.99234827 −0.00881524 0.15481517
G 0.18948031 0.36766434 0.51001414 −0.2795751
H 0.28437797 −0.16749925 −0.18725364 0.09374817

Coefficients for the polynomials valid in the range 2 < α < 8
x0 x1 x2 x3

A 1 0 0 0
B 5 0 0 0
C 18.49535656 −6.1326294 1.63540894 −0.114937
D −1.476022 0.238098 −0.0394290 0.001851
E 5.3195744 −0.25251758 0 0
F 20.12902219 −7.98423527 1.827504022 −0.116829819
G −2.696851543 2.7164805741 −0.310485224 0.008341925
H 5.1120826687 −2.478242688 0.457077363 −0.02686769

H = −J1
∑

i

S2i S2i+1 − J2
∑

j

S2i S2i−1

χr = AT 3
r + BT 2

r + CTr + D

T 4
r + ET 3

r + FT 2
r + GTr + H

;

Tr = kT

|J1|
; χM = NAg2µ2

B
4|J1|

χr
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Table 5. AF alternating Heisenberg chain s = 1 without local anisotropy. A–F parameters
for the rational expressions of the susceptibility are given as a function of polynomials in α

(α = J2/J1): Xi (α) = x0 + x1α + x2α
2. The expressions calculated in the presence of local

anisotropy can be found in Ref. [35]).

Coefficients for the polynomials valid in the range α < 0.5
x0 x1 x2

A 1 0 0
B 0.5 0 0
C −0.07096 0.34191 0
D 1.136963 0.748419 0
E 1.04853272 −0.8077223 1.375320
F 0.4447955 1.162769 0

Coefficients for the polynomials valid in the range α > 0.5

x0 x1 x2
A 1 0 0
B 0.5 0 0
C 0.1 0 0
D 1.136963 0.748419 0
E 1.605652 −1.462219 1.668971
F 0.4447955 1.162769 0

χr = AT 2
r + BTr + C

T 3
r + DT 2

r + ETr + F
; Tr = kT

|J1|
;

χM = NAg2µ2
b

3|J1|
χr

by CuII (spin s = 1/2), while site B may be occupied either by IrII (spin s′ = 1/2) or
by PtII (diamagnetic s′ = 0). In this series of linear chain compounds, the behavior
changes from ferromagnetic in the [CuIr] compound to antiferromagnetic in the
[CuPt] one (Fig. 6b) [37]. This evolution can be qualitatively explained by assuming
F interactions between CuII–IrII first neighbors, and non-negligible AF interactions
between the second neighbors (CuII–CuII and IrII–IrII). To quantitatively explain
this evolution, a model consisting of a double Heisenberg chain of triangles formed by
a linear CuII chain interacting with a linear Ir/Pt chain has been developed (Fig. 6c)
[38]. Exact calculations on bimetallic rings with N ranging up to 8 pairs of spins
s = 1/2 have been performed using a general computing program [39]. Such a model
reproduces the experiment from the following set of parameters: JIr-Cu/k = 160 K;
JCu-Cu/k = JIr-Ir/k = −20 K.
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Table 6. F/AF alternating Heisenberg chain (S = 1). Parameters for the rational expressions
of the susceptibility are given as a function of polynomials in α (α = J2/|J1|). (From Ref. [36].)

Coefficients for the polynomials valid in the range 0 ≤ α ≤ 2.5
x0 x1 x2 x3 x4 x5

A 1 0 0 0 0 0
B −0.53179 −0.257254 2.26042 −1.80034 0.681531 −0.0939218
C 0.98989 0.118297 −0.875084 −0.957615 −0.438171 0.0690411
D −0.00622969 −0.0105603 0.073206 −0.0889913 0.04288 −0.00699582
E 0.631753 −1.55507 1.89768 −1.27912 0.455501 −0.0609963
F 3.25342 0.375299 5.92952 −4.87702 1.79687 −0.240897
G −2 0 0 0 0 0
H 0.709271 −0.204346 −0.72102 1.1711 −0.616891 0.105816

H = −J1
∑

i

S2i S2i+1 − J2
∑

i

S2i S2i−1; χM = 2NAg2µ2
B

3|J1|
χr ; Tr = kT

|2J1|
χr = AT 3

r + BT 2
r + CTr + D

T 4
r + ET 3

r + FT 2
r + GTr + H

; Xi (α) = x0 + x1α + x2α
2 + x3α

3 + x4α
4 + x5α

5

Coefficients for the polynomials valid in the range 2 ≤ α ≤ 12
x0 x1 x2 x3 x4 x5

A 1 0 0 0 0 0
B −3.2205 2.52156 −0.423 0.257234 −0.0245892 0.00063526
C 0.4509 −0.468099 −0.00515701 0.0356094 −0.0030821 6.14018e-05
D −0.00731213 0.0140453 0.00474435 −0.00421149 0.00037082 −8.2398e-06
E −0.00020882 7.53396e-05 −0.00015033 7.74724e-05 −6.6282e-06 1.50124e-07
F −1.97669 1.08478 −0.181843 0.155838 −0.0152071 0.00039137
G 1.27484 4.62066 −0.819082 0.421168 −0.0396586 0.00102997
H −10.1854 4.22695 −0.531012 0.486191 −0.0477278 0.00120624
I 3.89173 −2.14263 0.270454 −0.120208 0.0115299 −0.00030091
J −0.529028 0.33623 −0.0438771 0.0150293 −0.00141133 3.71238e-05

χr = AT 4
r + BT 3

r + CT 2
r + DTr + E

T 5
r + FT 4

r + GT 3
r + H T 2

r + I Tr + J
; Xi (α) = x0 + x1α + x2α

2 + x3α
3 + x4α

4 + x5α
5

Coefficients for the polynomials valid in the range 10 ≤ α ≤ 25
x0 x1 x2 x3

A 1 0 0 0
B 11.3204 −1.21813 0.180901 −0.00221183
C 396.540 −58.2811 6.31997 −0.09586650
D 229.477 −33.3320 4.43852 −0.06972060
E 7.06542 −1.32503 0.11062 −0.00108187
F 252.580 −29.3889 4.42934 −0.0660958
G 449.351 −72.2010 5.80027 −0.0770129
H 1622.38 −209.516 30.1291 −0.457473

χr = AT 3
r + BT 2

r + CTr + D

T 4
r + ET 3

r + FT 2
r + GTr + H

; Xi (α) = x0 + x1α + x2α
2 + x3α

3
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Fig. 6. (a) Structure of
Sr3CuPt1−xIrxO6.
(b) Magnetic properties, and
(c) theoretical predictions for
the various Pt/Ir compositions.

1.3 Classical-spin Heisenberg Chains

We turn now to the first important class of magnetic chains where properties may be
described by analytical expressions. We deal with chains made of classical spins and
nearest-neighbor Heisenberg couplings.

1.3.1 Fisher’s Model

As already mentioned, the spin component commutators become negligible for in-
creasing spin quantum numbers, so that the spin operators commute and may be then
treated as classical vectors when the spin number is large enough (usually larger than
2). In this limit, except for magnetization under an applied magnetic field, analyt-
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ical expressions are provided for the thermodynamic properties. Pioneering work
was done by Fisher [40] who solved the problem of the uniform F or AF chain. In
this section, we first briefly present the physics of this model. As a second step, we
describe its extension to various ferrimagnetic systems.

The spin hamiltonian (exchange and Zeeman terms) for a uniform chain may be
written as:

H = −J
∑

i

ui ui+1 − M · B
∑

i

ui (6)

where ui is the unit vector along the classical spin, Si , Mui is the corresponding mag-
netic moment, and B is a magnetic field which is assumed to be applied along the
z direction (note that, due to the conventional writing of the magnetostatic (Zee-
man) hamiltonian, M will be implicitly expressed in units of µB/h̄, for the whole of
this chapter); J is the exchange interaction conveniently scaled for interacting clas-
sical unit vectors. The various thermodynamic properties of the chain are derived
from the partition function Z . Determination of the magnetization requires com-
plete knowledge of the field-dependence of Z which is not available in closed form.
Fortunately, the B2 term, which is readily calculated, is enough to obtain an analyti-
cal expression of the zero-field magnetic susceptibility χ0. The general approach of
the mathematics, which is now briefly described, remains unchanged when dealing
with more complex classical-spin systems.

The partition function is first calculated for a finite length chain containing N spin
vectors. We have:

Z N (B) =
∫

d0

∫
dN exp(−β H) (7)

where β is Boltzmann’s factor 1/kT , and
∫

di means integrating over all the direc-
tions (defined by the usual spherical angles θi and φi ) available to each vector ui .
In order to perform the integrations, the argument of the exponential is written as
a sum of terms, each one involving a pair of neighboring sites, say ui and ui+1. The
corresponding exponentials, which are isotropic expressions in (ui , ui+1), may then
be developed in terms of spherical harmonics Y m

� (θi , φi ) (or, for simplicity Y m
� (ui )).

The resulting integral is thus a linear combination of spherical harmonic products.
In the vanishing-field limit, each one includes two harmonics of a given argument
ui . Since Z must be developed up to the B2 term in order to get χ0, one must in-
troduce extra spherical harmonics (Y 0

1 (ui ) and Y 0
2 (ui )) for each spin vector. Due to

the orthonormality properties of the spherical harmonics, most of the terms in the
integrals give vanishing contributions. The other ones are easily calculated, and χ0
(per mole of spins) appears to be merely given by:

χ0 = NAβ
(µB M)2

3

∑
i, j

〈ui , ui+1〉 (8)

where NA and µB have their usual meanings, and 〈·X·〉 means the thermodynamic
average of the quantity within the bracket, ·X·. It has been pointed out [40] that the
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spin–spin correlation 〈Si Si+n〉 (n ≥ 2) may be expressed in terms of the intermediate
correlations, 〈Si+mSi+m+1〉 (0 ≤ m ≤ n − 1), due to the fact that we are dealing with
classical moments:

〈ui u j 〉 = 〈ui ui+1〉〈ui+1ui+2〉 · · · 〈u j−1u j 〉 (9)

Now, letting P be the nearest-neighbor correlation 〈ui ui+1〉, χ0 is given by:

χ0 = NAβ
(µB M)2

3
1 + P

1 − P
(10)

where P appears to be nothing but the Langevin function [41]:

P(β J ) = coth(β J ) − (β J )−1 (11)

In order to fit experimental data, the exchange energy J must be scaled following
the usual procedure:

J → J S(S + 1) (12)

whereas in order to get convenient high-temperature behavior, M must be scaled to
the Curie constant:

M = g(S(S + 1))1/2 (13)

In the ferromagnetic case (J > 0), P tends linearly to +1 when T is near absolute
zero. Therefore, χ0 presents a T −2 divergence at low temperature. Conversely, in
the antiferromagnetic (AF) case (J < 0), P tends linearly to −1, and χ0 has a finite
limit. This agrees with the fact that under an extremely small field, the ground state
of the chain is characterized by two opposite sublattices, essentially normal to the
field direction.

1.3.2 Linear Ferrimagnetic Chains and Related Random Systems

The method initiated by Fisher has been extended to a large variety of more complex
linear chains, most of them being ferrimagnetic [42–44]. A first study was accom-
plished by Thorpe [42] who considered chains involving two randomly distributed
magnetic species, A and B, with concentrations c and (1 − c). Distinct interactions
were introduced to account for the pairs (Jaa, Jab = Jba, Jbb). In such a model the
two magnetic centers were implicitly assumed to carry equal magnetic moments,
Ma = Mb = M . The initial motivation of the model was the analysis of the corre-
lation lengths deduced from neutron diffusion experiments in TTMC chain com-
pounds containing both magnetic cations, MnII, and nonmagnetic ones, ZnII. The
author solved the random problem for spin–spin correlations, using Eq. (9) i. e., the
fact that, for an uncorrelated A/B metal distribution, the averaged value 〈ui .u j 〉
over the distribution reduces to the product of the averaged intermediate correla-



1.3 Classical-spin Heisenberg Chains 15

tions 〈ui+m · ui+m+1〉 (m = 0, 1, . . . , j − 1). The wave-number-dependent magnetic
cross-section S(q) was deduced, but the corresponding magnetic susceptibility χ0(q)

was not given. However it can be easily related to the spin–spin correlation functions
in random as well as in regular systems. In this context it can be useful to mention the
fragment chain model, which corresponds to a special random chain in which one of
the species is nonmagnetic [42]. In this case the expression for the susceptibility is:

χ0 = NAβ
(µB M)2

3

[
1 + P

1 − P
− 2P

N

1 − P N

1 − P2

]
(14)

where N now represents the mean length of the finite chain, and P is the Langevin
function defined in Eq. (11).

The above random systems cannot be considered as true 1D ferrimagnets since,
for instance, they do not show any net magnetic moment in the ground state (ex-
cept for ferromagnetic coupling). The first theoretical approach concerning ferri-
magnetic classical isotropic chains was motivated by experiments performed on the
bimetallic chain complex MnNi(EDTA) · 6H2O (EDTA refers to the hexadentate
ligand ethylenediamine-NNN′N′-tetra-acetate) [43]. In fact this [MnNi] compound
provided the first experimental observation of the characteristic minimum in χT
predicted for a ferrimagnetic chain. This compound belongs to an extensive series
of isostructural compounds formulated as MM′(EDTA) · 6H2O; M and M′ are two
divalent metal ions (Mn, Co, Ni, Cu), which are selectively occupying two different
and alternating octahedral sites, exchange-coupled by carboxylate bridges in order
to form infinite zigzag chains (Fig. 7a) [3]. In this work, the magnetic properties of an
exchange coupled linear chain, with two alternating magnetic sublattices (moments
Ma and Mb) were investigated. The expression obtained for the zero-field magnetic
susceptibility (per pair of sites) may be written as:

χ0 = NAβ
µ2

B

6

[
M2 1 + P

1 − P
+ δM2 1 − P

1 + P

]
(15)

with P defined as previously, and M = Ma + Mb, δM = Ma − Mb. This expres-
sion reduces to that of Fisher (Eq. (10)) when the two sublattices are equivalent
(δM = 0). In the present case, the following scaling factors must be introduced to fit
experimental data:

J → J
[
Sa(Sa + 1)Sb(Sb + 1)

]1/2; Mi = gi
(
Si (Si + 1)

)1/2
(i = a, b) (16)

In Eq. (15), for F- or AF-coupling and temperature approaching absolute zero, P
tends to +1 or −1, respectively. Accordingly, for non-vanishing δM , χ0 diverges as
T −2 whatever the sign of the coupling. The T −2 divergence essentially comes from
the energy spectrum of a classical moment submitted to an external magnetic field.
Therefore, it will be observed in all isotropic classical 1D systems, even when part of
the spins involved in the chain are treated as quantum spins (see below). Another
important point is the occurrence of the expected χ0T vs. T minimum, which in the
present approach may be understood as follows. At high temperature, the spins are
not correlated and χ0 is governed by the Curie law which, with the present notation,
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Fig. 7. (a) Structure of the series MM′(EDTA) ·6H2O (M, M′ = Mn, Co, Ni, Cu). (b) Compar-
ison between the theoretical and experimental magnetic behavior of MnNi(EDTA) · 6H2O.
The solid line corresponds to the fit from the uniform chain model: J/k = −1.5 K, gMn = 1.96,
and gNi/gMn = 1.23. The behavior of an isolated dimer is shown by the dashed line [48,49].

is given by:

χ0 = NAβ
µ2

B

6
[M2 + δM2] (17)

As the system is cooled down, for AF-couplings the chain tends to behave approxi-
mately as a set of elementary pairs with moments δM (or for F-couplings, respectively,
M) due to short-range correlations, thus giving rise to the following value of χ0:

χ0 ∼ NAβ
µ2

B

6
δM2; (AF – case)

(18)

χ0 ∼ NAβ
µ2

B

6
M2; (F – case)
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Near absolute zero, which plays the role of critical temperature, the moments become
strongly correlated on larger distances (the correlation length ξ increases) and the
chain may be qualitatively viewed as a set of rigid fragments, each one of length ξ

and carrying the net moment ξδM for AF-couplings (or ξ M for F-couplings). As a
result, we get:

χ0 ∼ NAβ
µ2

B

6
ξδM2; (AF – case)

(19)

χ0 ∼ NAβ
µ2

B

6
ξ M2; (F – case)

Thus, in the AF case, when δM does not vanish, the χ0T product shows the same
divergence as the correlation length (Fig. 8), as always occurs for the F-case. This
similarity between the low temperature behaviors of χ0T and ξ is a quite general
result, and does not depend on the detailed nature of the moments (quantum or
classical spins) or of the exchange coupling (Ising or Heisenberg).

For AF-couplings, if δM vanishes at absolute zero, the behavior of χ0T results
from a delicate balance between the increase of ξ , and the decrease of δM . It is
expected that the behavior will be then strongly dependent on the detailed features
of the spin hamiltonian. Indeed, as a first piece of evidence, it is well known that
an Ising 1D antiferromagnet exhibits an exponentially vanishing susceptibility at
absolute zero, whereas the Heisenberg-coupled classical spin one gives a finite value.
Moreover, apart from standard antiferromagnetism, exact compensation at absolute
zero is not realistic. A more interesting situation arises when the moments carried
by the two sites are slightly different. A thermal compensation may then occur at
finite temperature, which is the 1D equivalent of the well-known compensation point

Fig. 8. χT product of a linear classical spin chain showing site alternation Ma = 1.8, Mb = 2.2
(solid line). The behavior of the uniform chain (Ma = Mb) is shown for comparison (dashed
line). Inset: position of the χT minimum versus δM/M [43].
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occurring in 3D ferrimagnets [45]. In this case, a more complex behavior is expected,
which is essentially characterized by strong oscillations of the susceptibility. This
has been examined in more detail within the Ising coupling scheme [46,47] (see
Section 1.5).

Using Eq. (15), together with exchange and moment scaling factors (c. f. Eq. (16)),
a very satisfying description for the experimental data of MnNi(EDTA) · 6H2O has
been obtained in the region of the χ0T minimum (Fig. 7b) [43,48,49]. However, it
must be pointed out that the relatively small spin value for the NiII ion (s = 1) is
not very well adapted for a classical treatment, and that some single-ion zero-field
splitting and J -alternating parameters may be expected for this chain. These points
can lead to some uncertainty about the values of the fitting parameters.

The classical spin approximation also allows the introduction of alternating or
random exchange coupling into the two-sublattice Heisenberg chain [50]. The ex-
pression for the random exchange is given by:

χ0 = NAβ
µ2

B

6

[
M2 1 + P

1 − P
+ δM2 2P

N

1 − P

1 + P

]
(20)

where M and δM are defined as previously, and P is the average value of P over
the J distribution. For simplicity, a uniform distribution of the exchange constant
was assumed over a domain ranging from J − λ to J + λ (λ ≥ 0), leading to the
expression:

P = (2βλ)−1 Ln
(J − λ)

(J + λ)

sinh(β(J + λ))

sinh(β(J − λ))
(21)

For the regular AF chain (J < 0, λ = 0, ga = gb), the susceptibility shows a rounded
maximum at finite temperature and a nonvanishing value at absolute zero (Fisher’s
model; Fig. 9). As the distribution width increases, we note a shift of the maximum
towards lower temperatures. As soon as the distribution includes F as well as AF
values (λ > |J |), the maximum disappears, and the susceptibility shows a T −2 diver-
gence. These features should also hold for nonuniform distributions, and for ga �= gb.
The above model has been used to describe the magnetic behaviors of amorphous
CoNi(EDTA) · 6H2O and Ni2(EDTA) · 6H2O. Despite the amorphous character,
the chains are well isolated and show a well-defined site alternation. In order to take
into account the amorphous character which gives rise to a distribution in interac-
tion angles and metal distances, a random character of the exchange interaction was
introduced. The best result for the [CoNi] compound is shown in Fig. 10. For the
[NiNi] compound, the present model also gives a good fit from the following set of
parameters: J/k = −3.5 K, λ/k = 10.4 K, gNi = 2.03 and 2.35. For this last com-
pound, the chain fragment model was also used, giving similar exchange parameters
but the fit was not as good.

Further improvements to the problem of a linear chain with by two alternating sites
have been reported within the classical spin approximation. A first model assumes
that the two metal species are present with an arbitrary concentration and show
different site affinities [51–53]. This model actually includes, as special cases, most of
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Fig. 9. Normalized magnetic susceptibility of random classical Heisenberg chain showing a
uniform exchange distribution (J is the centre of the distribution and 2λ the distribution
width). All curves correspond to J < 0 [50].

Fig. 10. Fitting of the experimental magnetic behavior of the compound CoNi(EDTA) ·6H2O
in the amorphous state (J/k = −8.6 K, λ/k = 19.4 K, gCo = 4.76, gNi = 2.10) [50].

the previous ones concerning random effects. Although it is not of practical use from
a general point of view, it may be an efficient tool for handling disordered systems.
More specifically, it offers the interesting possibility of analyzing the finite length
aspects in ferrimagnetic chains, which are often of importance due to lattice defects,
by merely allowing one of the metallic species to be nonmagnetic.
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A second improvement concerning the metal disorder has been proposed [51,54]
when a single site may be occupied by n possible metal species mi (i = 1, . . . , n),
each one with concentration ci , and moment Mi . The specific aspect here is that the
probability for a metal to occupy a given site is determined by the nature of the
metals occupying the neighboring ones. This introduces an occupation correlation
superimposed onto the spin–spin correlation.

1.3.3 Complex Classical-spin Heisenberg Chains

Several attempts have been made to solve more complex 1D magnetic systems, as
for example the chain of rings [44] schematized in Fig. 11. In these chains the ith
ring contains ni magnetic sites (u = 1, . . . , ni ) and shares the sites u = 1 and u = ci
(nodes) with the neighboring rings, i−1 and i+1. The exchange constant between the
uth and (u+1)th sites of the ith ring is Ji,u . Various ring quantities are simultaneously
considered as randomly distributed: the number of magnetic sites on each ring,
the positions of the nodes, the magnetic moments, the various exchange coupling
parameters, etc. Again, the method is based on the orthonormality properties of
the spherical harmonics, but it is less straightforward due to the existence of two
interaction paths, instead of one, between two nodes on the same ring. A general
expression for the zero-field susceptibility has been proposed. Actually this model
applies to a large variety of complex 1D magnetic systems, and the general expression
which is involved, reduces to easily handled forms in most practical cases.

This work was initially intended to interpret the magnetic properties of the fluo-
ride Ba2CaMnFe2F14 [51,55]. The crystal structure of this compound (Fig. 12) shows
chains of lozenges sharing opposite corners occupied by MnII ions. The remaining
sites are occupied by FeIII. Such a structure is an example of 1D topological ferri-
magnetism (Fig. 1f), as deduced from the rounded minimum in the χT vs. T plot

Fig. 11. Chains of rings [44].
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Fig. 12. Schematic representation of usovite
structure Ba2CaMM′

2F14; M = Mn, M′ = Fe.

around 60 K (see inset of Fig. 13). At lower temperatures, χT shows a maximum at
around 30 K, indicating the onset of long-range magnetic ordering. The 3d5 (S = 5/2)
electronic structure of both metals justifies the use of a classical Heisenberg-type
treatment [56]. Owing to the nature of the magnetic paths, two interaction constants,
J1 and J2, are needed. A general expression of the zero-field susceptibility has been
derived, from which the experimental results have been conveniently fitted in the
paramagnetic region (Fig. 13).

Fig. 13. Fitting of the experimental suscep-
tibility of the compound Ba2CaMnFe2F14:
J1/k = −6.7 K, J2/k = −2.7 K [51].
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Recently, a similar approach has been developed to describe the magnetic prop-
erties of MnMn(CDTA) · 7H2O, (CDTA = 1,2-cyclohexanediamine-NNN′N′-tetra-
acetate), which contains two different metal sites connected by carboxylate groups
formating chains of MnII triangles [57,58] as shown in the inset of Fig. 14, where J1, J2
and J3 refer to the three exchange. Since all these couplings are AF, this compound
offers a nice example of spin-frustration in one dimension. The magnetic proper-
ties show a continuous decrease of χT upon cooling (Fig. 15). However, the plot
of χ vs. T does not show the characteristic maximum down to 2 K, in agreement
with the fact that frustration tends to reduce short-range order. Thus, the classical
spin model predicts that the susceptibility maximum of the linear chain, observed
at kT/|J | = 0.5, tends to disappear when spin-frustration is introduced (antifer-
romagnetic J1) (Fig. 15). This model provides a satisfying fit of the experimental
data with the following exchange parameters: J1/k = −0.94 K, J2/k = −1.10 K and
J3/k = −0.23 K.

Fig. 14. Theoretical magnetic be-
havior of the triangular Heisenberg
chain for J2 = J3 and different ratios
between J1 and J2.

Fig. 15. Magnetic behavior of
MnMn(CDTA) ·7H2O. The solid
line represents the best fit to the
triangular chain model [57,58].
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1.4 Quantum-classical Heisenberg Ferrimagnetic Chains

1.4.1 Alternation of Quantum and Classical Spins:
Uniform and Alternating Quantum-classical Chains

The first study of a quantum-classical Heisenberg chain was reported by Dembinski
& Wydro [59] for the analysis of the correlation functions and specific heat properties.
Blöte [60] further determined the expression of the susceptibility, but he neglected
the magnetic contribution of the quantum sublattice with respect to the classical
one, making his result useless for real systems. The first calculation in which the
two spin sublattices were considered was reported by Seiden [61]. This author de-
veloped a model in order to interpret the magnetic properties of the compound
CuMn(S2C2O2)2 · 7.5H2O which shows a regular alternation of MnII (S = 5/2) and
CuII (s = 1/2) along the chains (Fig. 16). Due to the specific spin values, he was led to
consider the chain Si−1, si , Si , si+1 etc., where si is a s = 1/2 quantum operator and
Si a classical spin (directed by the unit vector ui ). The hamiltonian may be written
as:

H = −J
∑

i

si (ui−1 + ui ) − B(Mui + gsi ) (22)

where M is the moment carried by the classical spins and g is the Landé factor
for the quantum ones. The calculation of the partition function requires evaluating

Fig. 16. Perspective view of a section of the chain in CuMn(S2C2O2)2 · 7.5H2O [62].
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the hamiltonian trace for each quantum spin si submitted to the exchange field
(J/g)(ui−1 + ui ) created by its neighbors Si−1 and Si . Then, an integration must be
performed over all classical spin orientations. The double derivation with respect
to B, necessary for calculating the zero-field susceptibility, introduces two types of
terms: single-site terms, which are directly related to the individual Curie constants,
and pair-correlation ones, between localized spins. The nearest-neighbor correlations
〈ui−1.si 〉 or 〈si .ui 〉, and classical-classical next nearest-neighbor ones 〈ui−1.ui 〉 are
easily determined within the trimer (Si−1, si , Si ), which may be considered separately
in this respect. As a result, all pair correlations are available and the zero-field
susceptibility may be calculated. The final expression is:

χ0 = NAβ
µ2

B

3

[
M2 S + 1

S

+ g2s(s + 1) + 2(1 − P)−1(P M2 − 2Qgs M + Q2g2s2)] (23)

with:

P =
(
1 + 12γ −2) sinh γ − (

5γ −1 − 12γ −3) cosh γ + 12γ −3− γ −1

sinh γ − γ −1 cosh γ + γ −1
(24)

2Q =
(
1 + 2γ −2) cosh γ − 2γ −1 sinh γ − 2γ −2

sinh γ − γ −1 cosh γ + γ −1
(25)

with γ = β J .
Equation (23) has several similarities with previously quoted ones. Clearly, γ ,

P and Q vanish in the high-temperature range and the susceptibility then follows
the Curie law. Conversely, at low temperature, γ diverges; P , which is nothing but
the correlation 〈ui .ui+1〉, tends linearly to unity in absolute value; finally, Q, which
represents the nearest-neighbor correlation 〈ui .si 〉, tends to ±1 (depending on the
sign of J , as P). The susceptibility is then essentially governed by the term (1− P)−1.
The corresponding factor appears to be a sum of three terms: one of purely classical
origin, another one which is purely quantum, and a mixed quantum-classical one.
This factor can only accidentally vanish. Thus, this model predicts a T −1 divergence
law for the χ0T product, as expected when classical moments are present along a
linear Heisenberg-type chain. This has already been related to the structure of the
energy spectrum of the classical moments submitted to their exchange field, since, in
contrast with the quantum spin case, it presents no gap, being in the main responsible
for the low temperature properties. This model has been successfully applied [62] to
analyzing the magnetic properties of the uniform chain CuMn(S2C2O2)2 · 7.5H2O.

In a series of papers [63–66] this model has been extended to chains showing vari-
ous random characters (exchange energies, spin quantum numbers, classical moment
amplitudes, quantum spin Landé factors). This was motivated by the synthesis of new
1D ferrimagnetic compounds with alternating exchange interactions between near-
est neighbors, as for example MnCu(obp)(H2O)3 · 2H2O (obp = oxamido-bis(N,N′-
propionato)) [66], which shows alternating spins sCu = 1/2, SMn = 5/2, as well as
alternating exchange constants (Fig. 17a). Now, the exchange hamiltonian is given
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by:

H =
∑

i

[ − Ji si [(1 − αi )ui−1 + (1 + αi )ui ] − B(Mi ui + gi si )
]

(26)

where αi allows us to distinguish the left and right interactions of a general quantum
spin si with a classical one ui . The calculations essentially follow the same process
as previously and, in the most general case, the final expression for χ0 is:

χ0 = NAβ
µ2

B

3

[
M2

i + g2
i si (si + 1)

+ 2(1 − Pi )
−1[Mi Pi Mi + gi Qi+gi Qi− + Mi gi Qi+ (27)

− Pi Mi gi Qi+ + Mi gi Qi− + Mi Pi gi Qi+
]

with

Pi = A1,i

A0,i
(28)

Qi,ε = β Ji
(1 + εαi )B0,i + (1 − εαi )B1,i

A0,i
(29)

A0,i = 4π

λ2
i ηi

+si∑
σi =−si

∑
ε=±1

ε

σ 2
i

(ϑi,σi ,ε − 1) exp(ϑi,σi ,ε) (30)

A1,i = 4π

(λ2
i ηi )

2

+si∑
σi =−si

∑
ε=±1

ε

σ 4
i

×
(
ϑ3

i,σi ,ε
− 3ϑ2

i,σi ,ε
+

(
6 − (σiλi )

2
) (

ϑi,σi ,ε
− 1

))
exp(ϑi,σi ,ε) (31)

B0,i = 4π

λ2
i ηi

+si∑
σi =−si

∑
ε=±1

ε · exp(ϑi,σi ,ε) (32)

B1,i = 4π

(λ2
i ηi )

2

+si∑
σi =−si

∑
ε=±1

ε

σ 2
i

×
(
ϑ2

i,σi ,ε
− 2ϑi,σi ,ε

+ 2 − (σiλi )
2
)

exp(ϑi,σi ,ε) (33)

with
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ϑi,σi ,ε = σiλi

√
1 + εηi ; λi = β Ji

√
2(1 + α2

i ); ηi = 1 − α2
i

1 + α2
i

(34)

where Pi is the correlation 〈ui ui+1〉 and is now i-dependent. Furthermore, Qi+
and Qi− are the correlations 〈si ui 〉 and 〈ui−1si 〉 which must now be distinguished.
This result clearly reduces to Seiden’s result when the quantum spin is s = 1/2,
and uniform exchange and magnetic moments are considered. The T −1 divergence
law for χ0T is maintained when all the exchange parameters Ji (1 ± αi ) have the
same sign. In the case of exchange sign alternation, χ0 exhibits a rather misleading
Curie-type behavior at low temperature. It has been shown [64] that this behavior
may be interpreted as a collective exaltation of a Van Vleck-type susceptibility con-
tribution arising from the presence of distinct Landé factors, since when a spin is
treated as classical its Landé factor actually vanishes.

In the particular case of alternating exchange parameters, Eq. (27) reduces to:

χ0 = NAβ
µ2

B

3

[
M2 + g2s(s + 1)

+ 2(1 − P)−1[M2 P + g2 Q+Q− + Mg(Q+ + Q−)
]]

(35)

where the indices have been dropped; P , Q+ and Q− are directly derived from
Eqs. (28)–(34) by dropping the i indices. Conveniently scaled, Eq. (35) (see Eqs. (12)
and (13)) has allowed the reproduction of the experimental magnetic behavior of
MnCu(obp)(H2O)3 · 2H2O from the following parameters: J/k = −28 K, α = 0.65
(solid line in Fig. 17b). This result reveals a relatively large α value, in agreement
with the very different nature of the left and right exchange pathways [65,66].

Fig. 17. (a) Perspective view of a section of the chain in MnCu(obp)(H2O)3 · 2H2O;
(b) Fitting of the experimental susceptibility [66].
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1.4.2 Alternation of a Classical Spin with a Quantum System

A further generalization of this model has been proposed [67] to analyze the
magnetic properties of the compound MnCu2(bapo)(H2O)4 · 2H2O (bapo = N,N′
(3-amino-propylene)oxamidato), in which the magnetic ions form the regular se-
quence: . . . MnCuCuMnCuCuMn . . . . This arrangement introduces a new class of
isotropic ferrimagnetic chains, in which a classical spin alternates with a more or
less complex quantum spin system, ζi . The chain hamiltonian may be written in the
general form as:

H =
∑

i

[H(ζi , ui−1, ui , B) − M · Buz
i ] (36)

where H(ζi , ui−1, ui , B) is the hamiltonian for the ith isotropic quantum subsystem
submitted to the external field B, and to the exchange field created by the neighboring
classical spins Si−1 and Si . The last part is the Zeeman term for the classical spins.
The main lines of the mathematical treatment are as follows.

The B-dependent partition function is written as:

Z N (B) =
∫

d0U0

∫
d1V0V1 · · ·

∫
di Vi−1Ui · · ·

∫
dN VN−1UN (37)

where

Ui = exp(βMi u
z
i ) (38)

Vi = trace
(
exp(−β H(ζi , Si−1, Si , B)

)
(39)

The trace Vi deals with the hamiltonian of the subsystem ζi submitted to the exchange
field of its classical neighbors Si−1 and Si . For vanishing B, it only depends on the
angle between these vectors. This property affords the calculation of the zero-field
partition function and its first two derivatives with respect to B. As a result, one gets
the susceptibility:

χ0 = χV V + NAβ
µ2

B

3
× [

M2
i + G2

i + 2(1 − Pi )
−1[Mi Pi Mi + Qi+Qi− + Mi Qi+

− Pi Mi Qi+ + Mi Qi− + Mi Pi Qi+]
]

(40)

where Mi and Pi are defined as previously, whereas G2
i is the mean square moment

carried by ζi ; Qi+ and Qi− are the correlations between ui and the total moments on
ζi and ζi−1, respectively. Except for χV V , this expression is very similar to Eq. (27),
to which it reduces when each ζi contains a single spin. The Van Vleck suscepti-
bility, χV V , arises from the presence of distinct Landé factors associated with the
quantum spins forming the ζi subsystems. The calculation of the various terms in
Eq. (40) requires the knowledge of the traces Vi which are not always available in
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analytical form and must then be obtained numerically. This work has been general-
ized to more complicated unit cells, including notably the introduction of a spin–orbit
coupling [68].

For the regular chain case, Eq. (40) reduces to:

χ0 = χV V + NAβ
µ2

B

3

[
M2 + G2 + 2(1 − P)−1

× [
M P M + Q+Q− + M(Q+ + Q−)

]]
(41)

where the indices have been dropped. This expression was used [67,69] to fit the
experimental results obtained for the compound MnCu2(bapo)(H2O)4 · 2H2O. The
parameters Q+ and Q− were set as equal because of crystal symmetries. The best-
fitting exchange values (JMn-Cu/k = −50 K, JCu-Cu/k = −100 K) appear to be
in agreement with independent estimates.

To finish this section, three remarks can be made. First, from a theoretical point
of view, the bilinear Heisenberg-type coupling is not essential, and could be re-
placed by (or combined with) any isotropic coupling scheme, including for instance
biquadratic terms. Second, from the modeling point of view, the presence of clas-
sical spins bridging more or less complex quantum subsystems is fundamental in
the isotropic interaction framework; it isolates the subsystems and allows them to
be treated separately before performing the usual integrations which are facilitated
by the orthonormality properties of the spherical harmonics. Thirdly, the generally
observed low temperature T −1 divergence of the χ0T product is a fundamental
characteristic of 1D isotropic exchange interactions whatever the chain unit-cell
structure.

1.4.3 Other Complex Quantum-classical 1D Systems

More complex ferrimagnets with 1D structures are known; for example the co-
ordination compound Gd2(ox)[Cu(pba)]3[Cu(H2O)5] · 20H2O (pba = 1,3-N,N′-
propylenebis(oxamato), ox = oxalato) is of particular interest [70]. In the structure,
the dications [Cu(H2O)5]+2 are isolated so that their contribution to the magnetic
susceptibility corresponds to a Curie behavior. The remaining magnetic cations form
ladder-like motifs; the GdIII ions (spin 7/2), considered as classical moments lie at the
intersect of the uprights and the ranges, whereas the CuII ions (1/2 spins) separate
any pair of neighboring GdIII (Fig. 18). The structure and chemical considerations
allow all the [GdIIICuIIGdIII] moieties to be regarded as nearly similar.

Georges et al. [71] extended the previous theoretical treatment to larger values
of the quantum spins and less symmetrical structures. Essentially, in the vanishing
field limit, they considered the partition function involving N unit cells (each one
comprising two GdIII and three CuII) as a function of the scalar product SN S′

N of
the last two GdIII cations. They developed this function as a series of Legendre poly-
nomials with respect to uN u′

N , where uN and u′
N are the unit vectors along SN and

S′
N respectively. The coefficients of the development form the components of the
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Fig. 18. Structure of the compound Gd2(ox)[Cu(pba)]3[Cu(H2O)5] · 20H2O [70].

vectors linked by a transfer matrix. In fact, these authors also introduced a weak
magnetic field in order to compute the magnetic susceptibility. This results in a re-
duction of the spin space symmetry from the full rotation group to the C∞ one. As
a consequence, the basis functions must take the form Y 0

l (uN )Y 0
l ′ (u

′
N )Pl ′′(uN u′

N ),
where Y m

l (u) is the spherical function for the standard angles θ and φ associ-
ated with the direction of the unit vector. Since only second derivatives with re-
spect to the field amplitude are required, only spherical l or l ′ indices up to 2 are
used within this basis.

It is an obvious step, although extremely tedious, to determine the structure of the
transfer matrix and to compute the partition function as its largest eigenvalue. This
has been done for instance with the ladder-type bimetallic compound just mentioned
above, giving a remarkable agreement with the experimental susceptibility. The only
fitting parameter used, namely the GdIIICuII exchange coupling, was shown to be
ferromagnetic (J/k = 0.40 K). Such an agreement is consistent with the fact that
considering the spin of the GdIII cations as classical is a very convenient approxima-
tion, owing to its large spin quantum number. Also, the isotropic coupling scheme
fits well the magnetic characteristics of the two interacting cations.

Finally, it has been shown [71] that, for a ladder-type Heisenberg double chain
composed of classical spins (interacting between themselves with or without the
presence of quantum spins), the correlation length ξ behaves as T −1 near absolute
zero, as the product χT does. This means that double chains isotropically coupled
have a 1D magnetic behavior independently of the (classical or quantum) nature
of the spin moments involved. At this juncture, it must be noticed that this work
has been the starting point of a series of papers dealing with 2D magnetic systems
composed of classical spins isotropically coupled, and characterized by a square
[72–75] or a hexagonal unit cell [76]; all the thermodynamic functions of interest
have been derived in the zero field limit.
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1.5 Ising Chains

We have shown that in fully isotropic 1D ferrimagnets, the presence of classical
spins at strategic positions is very useful for modeling thermodynamic properties.
In systems showing some amount of exchange or local anisotropy, the restrictions
are somewhat similar to those noticed for the fully isotropic case and, in general,
no exact solutions are available. Only the Z Z -type anisotropic coupling allows a
rigorous treatment for quantum as well as for classical spins. Exact models were
developed early on, since their mathematical aspects (at least in the purely F or AF
1D systems) are very easy to handle [77–79]. We shall first present the procedure
originally proposed by Kramers & Wannier (transfer-matrix method) for the linear
1/2 spin chains [80]. Extensions to ferrimagnetic systems will then be described.

1.5.1 The Transfer-matrix Method

Conceptually, the chains described by an Ising coupling are the opposite of isotropic
ones. They have been generally developed to describe strongly anisotropic systems,
involving for instance cations with a large zero-field splitting which confines the z
component of a spin (s = 1) to its extreme values ±s. Cobalt(II) in distorted octahe-
dral environments is often a good example of an Ising ion. In this model, advantage
is taken of the commutation of the spin operators. Now, this does not result from
the classical approximation, but from the fact that only the z component is involved
for each spin. This excludes looking for the normal susceptibility χ0⊥ (applied mag-
netic field normal to the z direction) except when a classical spin alternates with
the quantum one, and we shall essentially restrict ourselves to the discussion of the
zero-field parallel susceptibility (χ0‖). From a practical point of view, it appears that
χ0⊥ remains finite at low temperature, whereas χ0‖ diverges for ferrimagnetic or an-
tiferromagnetic noncompensated chains, and is easily estimated with a convenient
accuracy in the whole temperature range. Thus, in this context, the lack of an exact
expression for χ0⊥ does not really hinder the fitting of experimental data obtained
for crystal or powder samples.

The general mathematical procedure is governed by the discreteness of the z-
spin components. The integrations over the directions available to the classical spins
are now replaced by summations over the sz values. This favors a matrix formalism
which gives rise to the so-called transfer-matrix method. The approach initially de-
veloped for linear 1/2 spin chains may be immediately generalized to an arbitrary
spin quantum number. In the present context, the hamiltonian may be written:

H = −J
∑

i

mi mi−1 − gB
∑

i

mi (42)

where B is the amplitude of the applied magnetic field and mi the z component of
the current spin operator si .

Let Z N be the partition function for a finite chain beginning at site 0 and ending
at site N . We introduce the related vector ZN defined as follows: it has 2s +1 compo-
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nents, Z N ,m N , associated with each m N component. The value of Z N ,m N results from
the contributions to Z N of all the chain configurations, for which the z component
of sN is m N . Adding an (N + 1)th spin to the N -spin chain, we can similarly define
Z N+1, and ZN+1. Clearly, ZN+1 is directly related to ZN through a (2s +1)× (2s +1)

matrix, namely the transfer matrix T:

ZN+1 = (T)ZN (43)

The current term of (T) is:

(T)m N ,m N+1 = exp(β(Jm N + gµB B)m N+1) (44)

which takes into account the exchange coupling between sN and sN+1, and the Zee-
man effect on sN+1. Clearly, (T) does not depend on N . This recurrence property
permits the calculation of the partition vector ZN for arbitrary N , starting from
Z0 which is easily determined. Let us now consider the dominant (largest modulus)
eigenvalue t+ of the transfer matrix, and call Z+ the corresponding (dominant) eigen-
vector. Upon successive applications of the transfer matrix (T) on Z0, its component
along the dominant eigenvector, say Z0+, is progressively selected. As a result, for
very long chains, the partition function reduces to:

Z N ≈ (t+)N Z0+ (45)

Then, the partition function of the infinite chain, referred to the unit cell, appears to
be merely given by t+ (to within a constant factor).

For example, in the s = 1/2 case, the transfer matrix is easily shown to be:

(T) =
∣∣∣∣∣

exp(β(J/4 + gµB B/2)) exp(β(−J/4 + gµB B/2))

exp(β(−J/4 − gµB B/2)) exp(β(J/4 − gµB B/2))

∣∣∣∣∣ (46)

leading to the partition function Z(B):

Z(B) = exp(β J/4) cosh(βgµB B/2)

+ [
(exp(−β J/2) + exp(β J/2) sinh2(βgµB B/2)

]1/2 (47)

After convenient derivation, we get the zero-field parallel susceptibility (per mole
of spins):

χ0‖ = NAβ(gµB/2)2 exp(β J/2) (48)

As can be seen, χ0‖T diverges (or vanishes) exponentially at low temperature for F
(or AF) exchange coupling. Now, introducing the zero-field partial derivative of Z
with respect to β J , i. e., the nearest-neighbor correlation function P :

P = 〈mi mi+1〉 = tanh(β J/4) (49)
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we may write:

χ0‖ = NAβ
(gµB

2

)2 1 + P

1 − P
(50)

It is useful to briefly compare this result with Eq. (10), obtained for the classical-spin
Heisenberg chain. Both show a square dependence of the individual moment. The
factor 1/3, which is only present for the isotropic chain, accounts for the distinct
dimensionalities of the spaces actually available to the spins in the low-temperature
range. The formal temperature dependence of the product χ0‖T is similarly governed
by the nearest-neighbor correlation P . However, for the classical-spin Heisenberg
model, there is no energy gap above the ground state. This gives rise to the usual
linear T -dependence of P at low temperature. Conversely, in the Z Z coupling 1/2-
spin case, any departure from the ground state requires the reversal of a spin and
a finite excitation energy. As a result, |P| exponentially approaches unity in the
low-temperature range, leading to an exponential behavior for χ0‖T .

1.5.2 Ferrimagnetic Ising Chains and Related Random Systems

The transfer-matrix method has been extended to a large variety of more complex
chains, most of them being ferrimagnetic like. The simplest step towards a general
presentation of the ferrimagnetic Ising chain models deals with a linear chain exhibit-
ing a regular alternation of two cations M and M ′ with identical spins 1/2 but distinct
Landé factors, g and g′. Thus, for a nonvanishing field, distinct transfer matrices (T)
and (T′) are used when an s (or s′) spin is added to the chain. Actually, one may add
the spins pair by pair, and hence one may use the product (T)(T′) as the effective
transfer matrix. When this operates on the vector Zi , associated to the chain ending
at si , it gives Zi+1 which is related to si+1. Since the product is again a (2 × 2) matrix,
we are left with the same eigenvalue problem. Further, this process allows to intro-
duce an exchange coupling alternation (J, J ′), and to study dimerized spin lattices.
This model has been developed [81] for analyzing the magnetic and specific heat
properties of the chain compounds Co2(EDTA) · 6H2O and CoCu(EDTA) · 6H2O
characterized by two different sites for the metal ions, and two distinct interaction
paths. The expression obtained for χ0‖ is (per pair of sites):

χ0‖ = NAβ
µ2

B

2
g2+ exp(β J+/2) + g2− exp(β J−/2)

cosh(β J−/2)
(51)

where g± = (g ± g′)/2, and J± = (J ± J ′)/2. As for the isotropic case, for distinct
Landé factors and purely AF coupling, a minimum generally occurs in the thermal
variation of the χ0‖T product with a divergence in the low temperature range, even
for strong dimerization of the chain, |J−| < |J+| (Fig. 19).

The same procedure [82,83] has been extended to the [s–s′] alternating chain
with s = 1/2 and arbitrary s′, and a regular J value. The method also allows the
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Fig. 19. Thermal variation of the par-
allel susceptibility for a ferrimag-
netic [1/2–1/2] Ising chain in a non-
compensated case (g′/g = 1.5), for
various values of the J ′/J ratio [81].

introduction of some zero-field splitting effect (along the z direction) on the spins s′.
The starting matrices (T) and (T′) are now rectangular, 2× (2s′ +1) and (2s′ +1)×2,
giving a square (2 × 2) matrix product, when performed in the convenient order.
The partition function is given in terms of the trace and determinant (S and P ,
respectively) of the transfer matrix:

Z(B) = S + (S2 − 4P)1/2 (52)

with

S =
∑

ε=±1

exp
(

εβgB

2

) sinh
[
β

2
(2s′ + 1)[εJ + g′ B]

]

sinh
[
β

2
[εJ + g′ B]

] (53)

P =
sinh

[
β

2
(2s′ + 1)[J − g′ B]

]

sinh
[
β

2
[J − g′ B]

] sinh
[
β

2
(2s′ + 1)[J + g′ B]

]

sinh
[
β

2
[J + g′ B]

]

−




sinh
[
β

2
(2s′ + 1)gB

]

sinh
[
β

2
gB

]



2

(54)

From here, it is straightforward to derive the thermodynamic functions of interest.
For example, the zero-field specific heat is given by:

C p

R
= β2

(
Z ′′

0

Z0
−

(
Z ′

0

Z0

)2
)

(55)
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where Z0 is the zero-field partition function, and Z ′
0 and Z ′′

0 the first and second
derivatives with respect to β. In a similar way, parallel magnetization and zero-field
susceptibility are given by:

M‖(B) = NA

β

S′ + SS′ − 2P ′

(S2 − 4P)1/2

S + (S2 − 4P)1/2
(56)

χ0‖ = NA

β

S′′
0 + S0S′′

0 − 2P ′′
0

(S2
0 − 4P0)

1/2

S0 + (S2
0 − 4P0)

1/2
(57)

where S′ and P ′ are the first derivatives of S and P with respect to B and S′′
0 and

P ′′
0 the second derivatives expressed in the vanishing field limit. The corresponding

expressions are given in Table 7, for a regular alternation (J, J ′).
The Ising model has been used [49,81] to interpret the magnetic properties of

the compound MnCo(EDTA) · 6H2O, wherein the anisotropic CoII ion (g‖ = 9
and g⊥ = 1.3) may be treated as a Kramers doublet at low enough temperatures

Table 7. J-alternating [1/2–s′] ferromagnetic Ising chain. Expressions used to calculate the
thermodynamic functions of interest (Eqs. (55)–(57)). (From Ref. [82]).

Z =
S∑
j

(2 − δ j0)
[

cosh(β j J+) + cosh(β j J−)
]

Z ′
0 =

S∑
j

j (2 − δ j0)
[

J+ sinh(β j J+) + J− sinh(β j J−)
]

Z ′′
0 =

S∑
j

j2(2 − δ j0)
[

J 2
+ cosh(β j J+) + J 2

− cosh(β j J−)
]

S0 = 2
S∑
j

(2 − δ j0) cosh(β j J+)

S′′
0 = 2

S∑
j

(2 − δ j0)
{

[gaµBβ/2]2 + j2(gbµBβ)2
}

cosh(β j J+) + jgagbµ2
Bβ2 sinh(β j J+)

P0 =
S∑
j,k

(2 − δ j0)(2 − δk0)
[

cosh(β j J+) cosh(βk J+) − cosh(β j J−) cosh(βk J−)
]

P ′′
0 = (gbµBβ)2

S∑
j,k

(2 − δ j0)(2 − δk0)( j2 + k2)

×
[

cosh(β j J+) cosh(βk J+) − cosh(β j J−) cosh(βk J−)
]

− 2 jk
[

sinh(β j J+) sinh(βk J+) − sinh(β j J−) sinh(βk J−)
]

With J± = (J ± J ′)/2. The summations extend over j, k = 0 (1/2) to S; j0 and k0 correspond
to Kronecker symbols.
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Fig. 20. Experimental and theoretical magnetic behavior of MnCo(EDTA) ·6H2O. Solid lines
correspond to the best fit from the alternating Ising model (J/k = −2.7 K, J ′/k = −0.6 K). A
comparison with uniform chain (– – –) and dimer (– · – · –) limits is shown in the inset [49,81].

(T < 30 K). The best fitting of the experimental results reveals a significant exchange
alternation in the ferrimagnetic chain with a ratio J ′/J = 0.22 (Fig. 20).

It is worth underlining the simplicity and the flexibility of this model, which also
allows the introduction of a z-axial anisotropy. A detailed discussion of local uniaxial
anisotropy effects has been done for the [1–1] Ising chain, which involves (3 × 3)
transfer matrices. Such a system needs a mathematical treatment through the so-
called Cardan method for finding the roots of a third-degree polynomial [47]. This
model has been used [84] to discuss the magnetic behavior of NiNi(EDTA) · 6H2O.

On the other hand, a detailed discussion of the compensation problem has also
been reported in the framework of the Ising model. Such a compensation be-
tween the magnetic moments has been suggested to occur in the bimetallic chain
CoNi(EDTA) · 6H2O [85]. In spite of its two-sublattice structure, the magnetic be-
havior of this compound does not exhibit any χT divergence in the low temperature
range (Fig. 21). The compensation problem (for purely AF coupling) has already
been mentioned in connection with both quantum and classical isotropic models.
In the classical context, it has been pointed out that the low-temperature behavior
results from a subtle conflict between the short-range ordering, which reduces the ef-
fective moment carried by a pair of consecutive spins, and the long-range one, which
assembles these spins into quasi-rigid fragments. This problem has been also solved
within the Ising model for a quantum-classical spin chain [46]. In this last case, it has
been shown that, in contrast with the previous results, the parallel susceptibility di-
verges at absolute zero, even when the ground state does not show any net magnetic
moment due to compensation. These opposite behaviors raise the question of the
critical spin number, s′

c, at which the susceptibility behavior turns. The calculation for
(1/2–s′) Ising chains, with arbitrary s′, shows that under compensation the suscepti-
bility vanishes for s′ < 2, and diverges exponentially for s′ > 2. For the critical value,
2, the behavior is characterized by a slower, T −1, divergence (Fig. 22). This discussion
has been extended to arbitrary s and s′ values [86]. The low-temperature behavior
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Fig. 21. Experimental and theoreti-
cal magnetic behavior of
CoNi(EDTA) · 6H2O. Line 1 cor-
responds to the best fit from the
uniform Ising chain model (J/k =
J ′/k = −20 K; DNi/k = −9 K;
gCo = 5.2; gCo/gNi = 2). Line 2
shows a comparison with the dimer
limit (J/k = −26 K; J ′/k = −1 K;
DNi/k = 0; gCo = 5.2; gCo/gNi = 2)
[85].

Fig. 22. Magnetic behavior of
[1/2–s′] Ising chains for compen-
sated magnetic moments [46].

then becomes a complex function of s and s′. The general trend is summarized in
Table 8.

Dealing now with the problem of random linear chains, it is worth mentioning
that under certain conditions, the transfer-matrix method may also apply to this kind
of system. This aspect has been examined for alternating quantum-classical Ising

Table 8. Low temperature behavior of χ0‖T for [s–s′] compensated Ising chains
(AF coupling). (From Ref. [86].)

S′ = 1/2 1 3/2 2 5/2 3 7/2

S = 1/2 0 0 0 F ∞ ∞ ∞
1 0 0 0 F ∞ ∞ ∞
3/2 0 0 0 F ∞ ∞ ∞
2 F F F 0 ∞ ∞ ∞
5/2 ∞ ∞ ∞ ∞ 0 ∞ ∞
3 ∞ ∞ ∞ ∞ ∞ 0 ∞
7/2 ∞ ∞ ∞ ∞ ∞ ∞ 0

0, vanishing limit; F, finite limit; ∞, divergence.
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chains with random exchange distribution [87,88]. It has been shown that the low-
temperature behavior of parallel susceptibility depends on the dimensionality of the
space available to the classical spins, as well as on the exchange constant distribution
[89]. In particular, if the distribution includes F and AF values, a T −1 (that is, a
Curie-type) behavior is predicted, which may be misleading in experimental data
analysis.

1.5.3 Exotic Chains Showing Ising Coupling

Specific models based on the transfer-matrix method have been proposed for study-
ing various exotic 1D systems. It is not necessary to describe them in detail, but it
may be useful to indicate their main trends. One of the interesting directions con-
cerns the so-called double chains, for example ladder-like chains, frustrated double
chains, or topological ferrimagnetic chains (Figs. 1d to 1g). Although the problem
is treated within the simple Ising scheme [90] this work gives exact answers to the
important question of weak interchain coupling. It nicely confirms the generally ad-
mitted point of view that interchain coupling must be taken into account as soon as
an interchain energy larger than kT is required for reversing all the spins along a
correlation length ξ . On the other hand, the Ising model provides exact expressions
of the thermodynamic quantities of interest. For example, closed-form expressions
for the parallel susceptibility have been derived for various double chains of spins
s = 1/2 (Table 9).

In connection with the problem of spin frustration, the Ising model has been used
to explain the magnetism of the hydroxide nitrate Co(OH)(NO3) · H2O [91]. The
structure of this compound exhibits infinite double chains of edge-sharing cobalt(II)
octahedra (Fig. 23). From a magnetic point of view this system consists of infinite

Fig. 23. Structure of Co(OH)(NO3) · H2O
showing the isolated chains of cobalt (II)
octahedra, (a) in the ac plane, and (b) in
the perpendicular direction.
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Table 9. Magnetic susceptibility and specific heat for Ising double chains with different topolo-
gies.

1. Ladder-like chain (Fig. 1d)

χ‖ =
(

NAg2µ2
B

2kT

) (
abE+ − 2a sinh(α)

E2+ − 2E+(ab − cosh(α) sinh(α)) + 2(1 + b2) sinh(α) cosh(α)

)

E+ = 2 cosh(α) cosh(β) + 2
[

cosh2(α) sinh2(β) + 1]1/2

with:

α = J1/2kT ; β = J2/4kT
a = exp(α); b = exp(β)

2. Topological 1D ferrimagnet (Fig. 1g)

Magnetic susceptibility

χ‖ =
[

NAg2µ2
B

2kT

] (
A

B

)

A = U exp(K3)
[
4 exp(K+) + cosh(K+) + exp(−2K3)

]
− 4

[
cosh(K+) − cosh(K−)

]
B = 2U

{
U − exp(K3)

[
cosh(K+) + exp(−2K3)

]}
with:

U = exp(K3) cosh(K+) + exp(−K3) cosh(K−) + 2 cosh(K3)

K± = (J1 ± J2)/2kT ; K3 = J3/4kT

Specific heat

C p/R =
(

P/U − Q2/U 2)

P = 16K 2
3

[
exp(K3) cosh(K+) + exp(−K3) cosh(K−) + 2 cosh(K3)

]
+

8K3

[
K+ exp(K3) sinh(K+) − K− exp(−K3) sinh(K−)

]
+

K 2+ exp(K3) cosh(K+) + K 2− exp(−K3) cosh(K−)

Q = 4K3

[
exp(K3) cosh(K+) − exp(−K3) cosh(K−) + 2 sinh(K3)

]
+

K+ exp(K3) sinh(K+) + K− exp(−K3) sinh(K−)

double chains of spin s = 1/2 exchange-coupled by both in-chain (J1) and interchain
(J2) interactions (Fig. 1e) The calculated expressions for parallel susceptibility and
specific heat are given in Table 9. The model predicts spin frustration effects when
J1 is antiferromagnetic, whatever the sign of J2. Thus, the double chain behaves as
a 1D ferromagnet when J2 > 2|J1|, or as a 1D antiferromagnet when J2 < 2|J1|
(Fig. 24a). For J2 = 2|J1| the system looks like a set of magnetically isolated 1/2
spins giving rise to a Curie-like behavior. The cobalt(II) nitrate appears to belong
to the ferromagnetic case with J1/k = −19.5 K and J2/k = 45.6 K (Fig. 24b). Such
a model has been generalized to the (1/2–s′) Ising double chain through numerical
[92] and analytical [90] treatments of the transfer matrix.

In connection with ferrimagnetism, double chains also provide the opportunity to
study topological 1D ferrimagnetism (Fig. 1f), i. e., the occurrence of ferrimagnetic
behavior in a homometallic double chain due to the exchange pathway topology.
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Table 9. Continued.

3. Frustrated double chain (Fig. 1e)

Magnetic susceptibility

χ‖ =
[

NAg2µ2
B

8kT

] (
A

B

)

A = U 2 exp(K1) exp(K2) + 2
[
1 − exp(2K1)

]
U + exp(3K1) exp(−K2) +

exp(−K1) exp(−K2) − 2 exp(K1) exp(−K2)

B = E R

with

E = exp(−2K1) + cosh(K2) + exp(−K1)R

R =
[

exp(2K1) sinh2(K2) + 2 cosh(K2) + 2
]1/2

U = exp(K1) cosh(K2) + exp(−K1) +
[

exp(2K1) sinh2(K2) + 2 cosh(K2) + 2
]1/2

Specific heat

C p/R = (B/Z − A2/Z2)

Z = exp(−K1) + exp(K1) cosh(K2) + U 1/2

A = V + P/U 1/2

B = W + (U Q − P2)/U 3/2

U = exp(2K2) sinh2(K1) + 2 cosh(K1) + 2
V = −K1 exp(−K1) + K1 exp(K1) cosh(K2) + K2 exp(K1) sinh(K2)

W = K 2
2

[
exp(K2) cosh(K1) + exp(−K2)

]
+ K1 K2 exp(K1 + K2) + K1 exp(K2) sinh(K1)

P = K2 exp(2K2) sinh2(K1) + (1/2)K1 exp(2K2) sinh(2K1) + K1 sinh(K1)

Q = 2K 2
2

[
exp(K2) sinh(K1) + 2K1 K2 exp(2K2) sinh(2K1)

]
+

K 2
1 exp(2K2) cosh(2K1) + K 2

1 cosh(K1)

with

Ki = Ji/2kT ; i = 1, 2

This problem has been encountered in the Cu(II) compounds A3Cu3(PO4)4 (A =
CaII and SrII) and Cu2OSO4. In the phosphate derivatives the copper (II) ions are
connected by oxygen atoms so as to form infinite ribbons of trimer species (Fig. 25a)
[93,94]. The interaction network contains two different exchange couplings, J1 and
J2 (Fig. 1f). In turn, in Cu2OSO4, the structural features lead to the introduction
of a further interaction (J3) between outer copper(II) ions belonging to adjacent
trimers (Fig. 25b). If this interaction is antiferromagnetic, spin frustration also occurs
(Fig. 1g). Comparisons between theory and experiment are displayed in Figs. 26 and
27. For these two types of chains, the magnetic data show a rounded minimum in χT
around 25 K, which is typical of 1D ferrimagnetism. In the phosphate derivatives the
data have been fitted with J1/k = −150 K and J2/k = −2.5 K (Fig. 26). Conversely,
in Cu2OSO4 all the interaction constants are shown to be close (J1/k = −66 K,
J2/k = −72 K and J3/k = −68 K), giving rise to a good example of frustrated 1D
topological ferrimagnet [95] (Fig. 27).
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Fig. 24. (a) Scaled magnetic suscepti-
bility vs. reduced temperature for dif-
ferent J2/|J1| ratios (J2 > 0). (b) Ex-
perimental and theoretical magnetic
susceptibility for Co(OH)(NO3)·H2O
[91].

Fig. 25. (a) Structure of Ca3Cu3(PO4)4 showing copper(II) trimers spreading in the b direction.
(b) Structure of Cu2O(SO4).
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Fig. 26. Fitting of the ex-
perimental susceptibility of
Ca3Cu3(PO4)4 [93].

Fig. 27. Fitting of the ex-
perimental susceptibility of
Cu2O(SO4) [95].

1.6 Spin Chains with Anisotropic Exchange Interactions

In molecular 1D systems, large spin values allowing for the use of a classical-spin ap-
proximation are often met with metal ions exhibiting half-filled magnetic shells (for
example MnII and GdIII). Due to the related isotropic orbital properties, a Heisen-
berg type hamiltonian appears to be generally convenient for analyzing their mag-
netic properties. However, large spin values are not necessarily related to isotropic
cations. Moreover, even half-filled shells may give rise to weak, nevertheless some-
times essential, anisotropic properties to a higher perturbation degree. Weak fer-
romagnetism in αFe2O3 has been known for a long time as an example of such a
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situation. It must also be pointed out that, in molecular 1D systems, the magnetic sites
exhibit low symmetries with often no inversion center, thus favoring antisymmetric
Dzialoshinski coupling [95].

In a pioneering paper Wegner [97] solved the 1D XY coupling problem. Later
on, Joyce [98] suggested the use of spheroidal functions for solving the problem of
a chain showing anisotropic nearest neighbor coupling. He treated the problem for
the symmetrical part of the exchange, only, using the transfer matrix method. More
recently Curély and Georges [99] have considered the 1D problem described by the
following nearest neighbor exchange hamiltonian:

H = −J⊥(Sx
i Sx

i+1 + Sy
i Sy

i+1) − J‖(Sz
i Sz

i+1) + εi D(Si ∧ Si+1) (58)

In this expression, the Dzialoshinski vector εi D is assumed to lie along the z direc-
tion, but its orientation may change from pair to pair owing to the value of εi (±1).
Considering only the even part of the coupling, the signs attributed to the exchange
constants J⊥ and J‖ and their relative amplitudes, a large number of distinct config-
urations may be obtained at absolute zero.

Three different situations are considered by the authors, namely, (i) the in-plane
and (ii) out-of-plane ferromagnetic cases, (iii) the in-plane antiferromagnetic case.
Expressions for the spin correlation functions are derived in terms of the radial and
angular spheroidal functions. Analytical expressions for the parallel and perpendicu-
lar susceptibilities are also deduced. All three cases are expected to occur in practical
situations. In the first case, the susceptibility diverges at low temperature occuring to
T −2, as for a purely Heisenberg coupling. Meanwhile, the axial susceptibility keeps
a finite (nonvanishing) value. Conversely, in the second case, the axial susceptibility
diverges now following an exponential law, whereas the in-plane susceptibility keeps
a finite value. The last case allows discussion of the crossover effects occurring at
temperatures for which the correlation length compares with the helical path. The
related conclusions may be extended to 1D systems in which a helical structure would
result from a frustration phenomenon, due to competing nearest and next-nearest
neighbor exchange couplings.

An extrusion is provided by chains showing mixed anisotropy interactions. For ex-
ample, the compound Ba2MnCoAl2F14 involves two kinds of magnetic cations with
distinct anisotropies: the isotropic high-spin MnII, and the strongly anisotropic CoII.
These cations are randomly distributed among sixfold and eightfold coordinated
sites, giving rise to a mixture of pairwise interactions with different anisotropies
(Mn–Mn, Mn–Co and Co–Co). This problem has been solved [100] by considering
an Ising chain with spins 1/2 from CoII located in the octa-coordinated sites and
separated by a random number of classical spins with random Landé factors (CoII

in octahedral sites, and MnII on both sites).
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1.7 Conclusion

Since the end of the 1970s, numerous linear as well as exotic chain systems have been
thoroughly investigated from a magnetic point of view. One can note linear chains
with alternating F and AF interactions, double chains with ladder-like structure or
with competing interactions (frustrated chains), random-exchange chains, etc. As a
result, a great variety of models are now available which quantitatively describe the
physics of 1D systems. In this chapter, the different models are reviewed and the
theoretical expressions derived for describing the thermal dependence of the ther-
modynamic properties. The solutions are obtained either numerically or analytically
depending on the nature and symmetry of the spin chain. Analytical expression are
only available for the quantum Ising models, and the classical or quantum-classical
isotropic spin models, when the spin hamiltonian H may be developed as an infinite
sum of commuting partial hamiltonians Hi . In that case, it is demonstrated that the
dynamic variables which are involved in Hi ’s are distributed into three subsets: those
common to Hi and Hi−1, those common to Hi and Hi+1, and those belonging to Hi .
In other word, the set of variables connecting the unit cells i − 1 et i + 1 through
the unit cell i play a role of relay. Under these conditions, the partition function may
be deduced by an analytical mathematical treatment involving the transfer matrix
technique.

From a physical point of view, 1D magnetic systems are characterized by a quasi-
infinite critical domain, the absolute zero playing the role of critical temperature, Tc
[101]. In addition, it must be noticed that 2D isotropic (or Heisenberg) systems are
also characterized by a vanishing critical temperature. However, Tc becomes finite if
any type of anisotropy (exchange or dipolar-like, magneto-crystalline) is introduced.
For instance, in actual materials, the in-plane anisotropy related to dipolar interac-
tions is sufficient to promote a non-zero ordering temperature [102]. The magnetic
properties of low dimensional materials are governed in the paramagnetic regime
(above Tc) by the short-range correlations, and the spin space symmetry. Of course,
the properties differ below Tc where a long-range order takes place. This is an ad-
ditional reason for interest in 1D magnetic systems. Under these conditions, one
can easily assume that the chain correlation length ξ becomes an important physical
tool. Near absolute zero, the spin chain behaves as an assembly of quasi-independent
blocks of length ξ ; if M is the unit cell moment, the product χT may be written as
ξ M2. Interestingly, for non-compensated sublattices χT always behaves as ξ , while
for compensated sublattices χT is mainly governed by the competition between ξ

(divergence) and M (decrease) upon cooling down. In other words, from knowledge
of the χT and ξ variations, one can derive the temperature law which M obeys near
absolute zero. At this point, it becomes important to know the temperature at which
the 2D or 3D ordering occurs. Thus, the chain behavior will be observed as long
as the inter-chain exchange energy of blocks of length ξ is smaller than kT . If J ′ is
this interchain interaction, the crossover temperature appears to be a solution of the
following equation:

kT 2D
c ∼ ξ |J ′| (59)
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When T 2D
c is reached, the interchain coupling J ′ becomes efficient and we are deal-

ing with a stable 2D spin network. Near the 3D ordering temperature, the 2D-spin
system behaves as quasi-independent rectangular blocks, the sides of which are ξ1
and ξ2, ξ1 being the in-chain correlation length and ξ2 the correlation length in the
perpendicular direction. Consequently, if M ′ is the temperature-dependent moment
of the unit cell, the χT variation near Tc is governed by ξ1ξ2 M ′2. As for the chain,
if one deals with non-compensated sublattices, χT always behaves as ξ1ξ2 and thus
diverges. For compensated sublattices, the χT behavior is governed by the compe-
tition between ξ1ξ2 and M ′. Of course, the 3D ordering unavoidably appears upon
cooling down. This ordering occurs when the interlayer energy (interaction J ′′) of
the quasi-independent blocks of surface ξ1ξ2 becomes similar to kT , i. e.:

kTc ∼ ξ1ξ2|J ′′| (60)

As the correlation lengths depend on several factors as for example the isotropic or
anisotropic character of the exchange coupling, the crossover temperature will be
affected by the nature of the chain under consideration. These considerations will
be essential to the understanding of the long-range ordering in real systems.
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[47] R. Georges, J. Curély, M. Drillon, J. Appl. Phys. 1985, 58, 914.
[48] M. Drillon, E. Coronado, D. Beltrán, J. Curély, R. Georges, P. R. Nugteren, L. J. de
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[73] J. Curély, Physica 1998, B245, 263.
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[86] J. Curély, R. Georges, Phys. Rev. 1992, B46, 6240.
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2 Haldane Quantum Spin Chains

Jean-Pierre Renard, Louis-Pierre Regnault, and Michel Verdaguer

2.1 Introduction

One-dimensional (1D) magnetic systems are very attractive because they exhibit
magnetic properties which are rather different from those encountered at higher
dimensionality, D = 2 or 3 [1,2]. In 1D antiferromagnets (AF), in particular, the role
of quantum magnetic fluctuations is expected to be very important. Quite generally,
in ferromagnets (F), the quantum effects are strongly reduced by the increase of the
correlation length as the temperature decreases, since a block of N ferromagnetically
coupled spins is likely to behave as a single large spin N S. In AF, with isotropic
short-range interactions, quantum effects are sizable even for D = 3. Indeed in
Heisenberg AF with nearest neighbor interactions, the spontaneous magnetization
has a zero point relative reduction of about 1/zS, where z is the number of nearest
neighbors and S the spin value. At D = 1, the spin fluctuations have more drastic
effects which were first pointed out by F.D.M. Haldane [3]. Haldane conjectured
that the 1D Heisenberg antiferromagnet (1D-HAF) with integer spin, in contrast to
the case of half-integer spin, has a singlet ground state separated from the excited
states by an energy gap, �. The spatial correlation function of the 1D-HAF with half-
integer spin has a power law decay, while that for integer spin shows an exponential
decay. Although fairly controversial at first, the Haldane conjecture was rapidly
supported by numerical simulations on finite AF chains and by experiments on quasi-
1D antiferromagnets [4,5]. Such findings renewed the interest in 1D magnetism and
induced a large amount of theoretical and experimental work, which is reviewed
here.

Following this Introduction, a theoretical survey of the Haldane gap problem,
including the results of the numerical simulations on finite systems with integer spin,
is given in Section 2. We mainly focus on the theoretical results which are important
for real magnetic systems and refer to the review paper of Affleck [6] for general
theory. In Section 3, a description of the quasi-1D antiferromagnets which exhibit a
Haldane gap is given and their static and dynamic magnetic properties are described
in Sections 4 and 5 respectively. The effect of chain breaking by impurities is discussed
in Section 6 and concluding points are made in Section 7.
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2.2 Theoretical Survey

2.2.1 The Hamiltonian

A convenient general spin hamiltonian for a Haldane gap 1D system (chain) can be
written as follows:

H = J
∑

i

[
Si Si+1 + β(Si Si+1)

2] +
∑

i

[
D(Sz

i )
2 − gµBSα

i Hα
]

(1)

where the z axis is along the chain and the field is applied along the direction α

(α = x, y, z). The first two isotropic terms are, respectively, the nearest neighbor
Heisenberg exchange interaction HH (J > 0 for AF chain) and the biquadratic
exchange term HB. The latter is usually rather small in real magnetic compounds
(i. e. |β| � 1); however some models with specific values of β (such as β = −1, 1/3)
are of current interest for theory. The third term HD represents a uniaxial single ion
anisotropy which breaks the spherical symmetry. For positive D, a perpendicular spin
orientation to the z axis is favored (easy-plane or XY-like anisotropy), whereas for
negative D, the spin orientation along z is favored (easy-axis or Ising-like anisotropy).
The fourth term is the usual Zeeman energy, HZ, in an applied field, in which µB is
the Bohr magneton and g the Landé factor.

In real systems, it may be necessary to consider some additional terms. Nonuniaxial
orthorhombic anisotropy can be considered by adding to HD a supplementary single
ion anisotropy term, HE = ∑

i E
[
(Sx

i )2 − (Sy
i )2]. There is an interchain exchange

interaction H ′ = J ′ ∑
k,l SkSl where Sk and Sl are neighboring spins belonging to

neighboring chains. For good quasi-1D systems |J ′/J | � 1; typical values of this
ratio for model 1D systems lie in the range 10−4–10−3.

In some theoretical work, anisotropic exchange interactions have also been taken
into account by replacing in the Heisenberg exchange interaction in Eq. (1) by the
so-called X X Z hamiltonian:

HAE = J
∑

i

(Sx
i Sx

i+1 + Sy
i Sy

i+1 + λSz
i Sz

i+1) (2)

Generally, in real magnetic compounds, the anisotropic exchange is negligible (i. e.
|λ − 1| � 1) when compared to single ion anisotropy, except for S = 1/2 and for
ions without orbital moment (for instance MnII, S = 5/2).

2.2.2 Isotropic Case: the Haldane Conjecture

The general hamiltonian, Eq. (1), is not solvable exactly. Even restricting the cal-
culations to the Heisenberg exchange term (β = D = H = 0), exact Bethe ansatz
results are only available for the S = 1/2, 1D-HAF, giving, for instance, for the lower
edge of the continuum of magnetic excitations [7,8]:

ε1(q) = π

2
J | sin q| (3)
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in which q is the reduced wavevector of the excitation, defined as the product of the
wave vector by the chain lattice parameter, d. The excitation spectrum exhibits no
energy gap and is qualitatively similar to the one for S → ∞ (classical limit). In both
cases, S = 1/2 and S → ∞, the spin correlation length diverges as T → 0, and at
T = 0, quasi-Néel AF long-range magnetic order (LRO) is established. Owing to
these qualitatively similar behaviors for S = 1/2 and S → ∞, it was believed, prior
to 1983 that the spin value had no drastic effects on the magnetic properties of the
1D-HAF.

The Haldane conjecture is contrary to this tacitly assumed idea. By using a quan-
tum field treatment of the 1D-HAF in the limit of large spins, Haldane [3] predicted
that the properties of the model depend profoundly on the spin quantum number.
For half-integer S, they are similar to those for S = 1/2, namely, gapless excitation
spectra and asymptotic spin–spin correlation function decay at T = 0, given by the
following power law (neglecting logarithmic corrections):

〈Sn · S0〉 ≈ (−1)n|n|−η (4)

In Eq. (4) the exponent η depends on S, i. e. η ≈ 1 for S = 1/2 and η ≈ 0 for S = ∞.
On the other hand, for integer S, the ground state is a singlet separated from the
excited states spectrum by a gap � ∼ 2J S exp(−π S), and the spin–spin correlations
have an exponential decay [3,6]:

〈Sn · S0〉 ≈ (−1)n|n|−1/2 exp(−κ|n|) (5)

In Eq. (5) κ is the inverse number of correlated spins, κ = 1/ξ0. κ is expected to decay
rapidly when increasing S as κ ∼ exp(−π S) [3,6]. The finite value of the correlation
length, dξ0, reflects the absence of long-range order at T = 0.

For S = 1, the 1D-HAF is not solvable, but rigorous results have been obtained
on models including biquadratic terms: i. e. β �= 0, D = 0, H = 0 in the hamiltonian,
Eq. (1). For β = −1, the model was solved exactly by Takhtajan [9] and Babujian
[10] using the Bethe ansatz. In this case, the spectrum of excitations is similar to that
for the S = 1/2, 1D-HAF (Eq. (3)). For β = 1, the model, which is equivalent to the
three-component lattice gas model on the SU (3) chain solved by Sutherland [11],
is also gapless with soft modes at wave vectors q = 0 and q = ±2π/3. In contrast
to these gapless models, Affleck, Kennedy, Lieb and Tasaki [12] have shown that,
for β = 1/3, the ground state is a unique singlet that they called valence-bond solid
(VBS) separated from the excited states by a gap � = 0.75 J . This model has also
been studied by Arovas et al. [13]. The pure antiferromagnetic biquadratic chain
model has been solved by Barber and Batchelor [14]. They found that this model has
a twofold degenerate ground state with a finite excitation gap, which corresponds to
a dimerized state. Finally, the phase diagram of the S = 1 bilinear-biquadratic chain
can be pictured in the angular diagram of Fig. 1, for the general hamiltonian [15]:

H =
∑

i

[
(cos θ)Si · Si+1 + sin θ(Si · Si+1)

2]. (6)
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Barber, Batchelor (θ = - π/2)

Sutherland (θ = π/4)

AKLT (β = 1/3)

Haldane (θ = 0)

Takhtajan, Babujan

(θ = - π/4) 

dimerized phase

ferromagnetic
phase

Haldane phase

trimerized
phase

Fig. 1. Angular representation of the phase diagram of the S = 1 bilinear biquadratic hamil-
tonian. (Adapted from Ref. [16].)

In this representation, the exact solutions discussed above correspond to θ = π/4
(Sutherland), θ = −π/4 (Takhtajan, Babujian), θ = arctg(1/3) (Affleck et al.),
θ = −π/2 (Barber, Batchelor) and the Haldane point is for θ = 0. In this diagram
the Haldane phase should occur in the region −π/4 < θ < π/4; the points θ = −π/4
and θ = π/4 at which the gap vanishes, should be critical points separating the
Haldane phase from, respectively, the dimerized and trimerized AF phases [16]. The
Haldane phase at β = 0 can be intuitively interpreted as being similar to the VBS
phase, which is the exact ground state for β = tg θ = 1/3. In this frame, spin 1 at
each lattice site is obtained by symmetrization of two S = 1/2 variables at the same
site. The VBS ground state is realized as a symmetrical linear superposition of states
where one of the two S = 1/2 variables at each site is paired in a singlet state (valence
bond) with one of the two S = 1/2 variables at the neighboring site. This picture
clearly reveals the difference between integer spin chains, which may have a VBS
ground state of unbroken symmetry with a gap, and half-integer spin chains, which
are necessarily partially dimerized. In this latter case, if the translational symmetry
is restored by quantum fluctuations leading to a unique resonating-valence-bond
(RVB) state [17], the gap vanishes [18].

The VBS state of the S = 1 AF chain is characterized by the development of
string correlations which reflect a hidden topological long-range order [19,20]. The
string correlations have been extensively studied for the general hamiltonian, Eq. (6),
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and the string order parameter as well as the gap and the correlation length were
determined for −π/4 ≤ θ ≤ π/4 [21]. From this study, it is clearly established that
the Heisenberg hamiltonian θ = 0 shares the same physics as the VBS hamiltonian
θ = arctg(1/3).

Another interesting approach giving a physical insight into the Haldane phase
was introduced by Gomez-Santos [22] and developed by Köhler and Schilling [23]
and Meshkov [24]. It consists of introducing disorder in the long range AF state by
means of spin-zero defects (SZD), which can be treated as fermions in a Hartree-
Fock approximation. In this approach, the correlation length is simply the mean
distance between two SZD.

Numerical calculations on finite chains or rings are very useful as a test of the
Haldane conjecture and to quantitatively estimate the gap, �, and the correlation
length, ξ0. They have mostly been performed on the S = 1 AF chains which give
rise to the largest Haldane gap. The pioneering work of Botet, Jullien and Kolb [4],
performed on rings with N up to 12 using the Lanczös techniques, allowed a lower
limit determination of the gap, �/J ≈ 0.25, and led to the first results on the effect
of a uniaxial magnetic anisotropy on the gap (see Section 2.3). A more precise value
of � was obtained by Nightingale and Blöte [25] by means of quantum Monte Carlo
calculations for N up to 32. Their results for � versus 1/N (Fig. 2) clearly show the
existence of the Haldane gap as N → ∞; the extrapolated value for the infinite chain
is estimated to be � ≈ 0.41 J.

Since these early studies, many numerical calculations have been devoted to the
S = 1, 1D-HAF, in order to determine not only the ground state energy, the Haldane
gap and the correlation length at T = 0 but also the dispersion law of the excita-
tions and some thermodynamic properties such as the specific heat. The results for
correlation length ξ0 and gap � are given in Table 1.

Fig. 2. Finite chain gap (E1 − E0)/J (circles) and (E2 − E0)/2J (squares) versus 1/N for S = 1,
1D HAF. The curves are visual guides. From Ref. [25].
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Table 1. Haldane gap � and reduced correlation length ξ0 at T = 0 for spin 1 antiferro-
magnetic Heisenberg chain.

�/J ξ0 Calculation method Reference

0.41 Quantum Monte Carlo [25]
8 Transfer matrix [26]

0.402 Diagonalization-valence bond solid [27]
(VBS) extrapolation

0.36 5.5 ± 2 Quantum Monte Carlo [28]
3.5 Quantum Monte Carlo [29]
6.3 Quantum Monte Carlo [30]

0.411 5.2 Diagonalization – Lanczös [31]
0.410 7 Density-matrix renormalization group [32]
0.4105 6.03 Density-matrix renormalization group [33]

The best current values are �/J = 0.411 and ξ0 ≈ 6. The dispersion law for the
magnetic excitations is especially interesting since it can be readily checked in real
magnetic systems by inelastic neutron scattering (INS). Near q = π (i. e. the limit of
the AF Brillouin zone boundary), the dispersion law has the following form:

ε(q) =
√

�2 + c2q∗2 (7)

with |q∗| = |π −q| � 1 and where c is the quantum spin-wave velocity. Equation (7)
is an approximation for small q∗ of the relation ε(q) = (�2+c2 sin2 q∗)1/2, which was
thought classically to hold within the whole range of q values. Theoretical [6,22,34]
and numerical [35,36] results strongly suggest however, that the gap at q = 0 is twice
the gap at q = π , i. e. ε(0) = 2�, the lowest excitation at q = 0 being a pair of
magnons. It should be noticed that the correlation length ξ0 is related to c and � as
ξ0 ≈ c/�. Taking for spin wave velocity, c = 2J S, leads to the relation ξ0 = 2J S/�

which is reasonably fulfilled by the ξ0 and �/J values of Table 1 [37].
The S = 2 Heisenberg AF chains were also investigated by using the density matrix

renormalization group techniques which proved to be very efficient at S = 1 [32,33].
They support the existence of a Haldane phase for S = 2 with a gap �/J = 0.085
and a correlation length ξ0 ≈ 49 [38, 39]. These values are, at least qualitatively,
in agreement with the exponential asymptotic behavior of � and ξ0 conjectured by
Haldane.

2.2.3 Effect of Anisotropy and Interchain Interactions on the Haldane Gap

The anisotropic chain of integer spin (mainly S = 1) either described by the hamil-
tonian Eq. (1) with β = H = 0, D �= 0 or by the XXZ hamiltonian Eq. (2), with
or without additional single ion anisotropy, was theoretically investigated by several
authors [4,22,27,36,40–49]. The first results were obtained for S = 1 by Botet et al.
[4] using Lanczös techniques and finite size scaling. They were able to sketch the
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Fig. 3. Schematic view of the dependence of energy gap �/J on single-ion anisotropy D/J
for the S = 1 anisotropic chain.

phase diagram in the (λ, D) plane, discussed in detail by Bonner [50]. We focus here
on the case of only single-ion anisotropy which is relevant for real chain systems.
The dependence of the gap on D is shown in Fig. 3.

The gap is maximum for the pure Heisenberg chain (D = 0), the first excited
state being a degenerate triplet S = 1. Under the symmetry breaking term D(Sz)2,
the triplet is split into a singlet Sz = 0 and a doublet Sz = ±1. For D > 0 (easy-
plane anisotropy), the lowest excited state is the doublet while for D < 0 (easy-axis
anisotropy) the lowest excited state is the singlet. This splitting of the excited triplet
by single-ion anisotropy was precisely determined by Golinelli, Jolicoeur and Lacaze
[49], by Lanczös method up to N = 16 and by quantum Monte Carlo calculations up
to N = 32. It is well reproduced for positive D/J values up to 0.25 by the following
linear relations:

�z = �0 + 1.41D

�xy = �0 − 0.57D (8)

where �0 ≈ 0.41J is the gap value for the isotropic system. Quite generally, one
should expect that the prefactor of the D linear term of �z is twice that of �xy . The
discrepancy is likely due to a D2 contribution which is not negligible in the range of fit
[46]. As shown in Fig. 3, the Haldane phase for S = 1 AF chains exists in a relatively
wide range of D values, Dc1 − Dc2. These critical D values as well as the related
critical exponents were determined by Lanczös techniques: Dc1/J = −0.29 ± 0.01
[48] and Dc2/J = 0.99(2) [51]. For D > Dc2 the ground state is a singlet separated
by a gap from a band of excited states of width about 4J . This large-D phase is
different from the Haldane one, the gap being an anisotropy gap in this case.

Another interesting feature is the excitation spectrum obtained by Golinelli et
al. [51] for different D/J ratios. At q = 0, the gap should be equal to �z + �xy ,
the excitation consisting of the sum of one excitation with q = π , Sz = 0 and
one excitation with q = −π , Sz = ±1. Such a calculated excitation spectrum for
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Fig. 4. Dispersion of magnetic excitations Sz = 0 and Sz = ±1 from the Lanczös calculations
for chain lengths N=4, 6, 8, 10, 12, 14, 16. The energy is in units of J and the momenta (reduced
wave vectors) range from 0 to π . The continuous line is the result of a variational calculation.
The dashed line is the corresponding edge of two-particle excitations. From Ref. [36].

D/J = 0.18, corresponding to the case of the real Haldane gap system NENP, is
shown in Fig. 4.

In real quasi-1D systems, interchain interactions are present. They can destroy
the Haldane phase if they are large enough. The simplest approach to their inclusion
consists of treating the interchain interactions in the mean field approximation. The
interchain energy of 1D blocks of ξ correlated spins is about z′|J ′|ξ where z′ is the
number of neighboring chains and J ′ the interchain interaction. One should expect
3D long-range order and destruction of the Haldane phase for a critical value of |J ′|
given by Eq. (9):

z′|J ′|ξ � � (9)

With ξ = ξ0 ≈ 6 and � = 0.41J , Eq. (9) leads to |J ′/J |c ≈ 0.068/z′, thus for
z′ = 4–6, the Haldane phase can be maintained for |J ′/J | up to about 10−2. For
|J ′/J | ≥ |J ′/J |c, Néel LRO is achieved and the Haldane phase is destroyed at low
T . The phase diagram of quasi-1D AF was theoretically studied, first in general
by Kosevich and Chubukov [52]. Later, triangular lattices of chains [53] and 2D
square lattices [54,55] were studied. The predicted values of |J ′/J |c, respectively
0.013 for z′ = 6 [53] and 0.025–0.026 for z′ = 2 [54], support the simple mean field
approximation described above. This situation is drastically different from the one of
gapless chains for which 3D Néel LRO is always established at nonzero temperature,
TN being given by kBTN ≈ z′|J ′|ξ(TN) no matter what the interchain interactions
may be.
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2.2.4 Haldane-gap Antiferromagnet in Applied Fields

The excited triplet state of 1D-HAF is split by an applied field H and closure of the
Haldane gap is expected for a critical field Hc1 = �/gµB. At Hc1, the correlation
length should diverge and the magnetization suddenly increases as (H − Hc1)

0.5 up
to a second critical field Hc2 = 4J/gµB [42,56]. This behavior, shown in Fig. 5, was
clearly established from numerical simulations on finite chains using Lanczös and
size-scaling techniques [56–58]. The hamiltonian (1) with β = 0 was also studied from
field theory treatment using free boson [59] or free fermion [60] approximations.

In the Haldane chain with single-ion anisotropy, the critical field of Haldane gap
closure depends on field orientation. The values of the critical fields for H parallel
and perpendicular to the chain axis have been obtained, as well as the field depen-
dence of the first energy levels, and the H–D phase diagram has been thoroughly
investigated for negative D and H along the easy axis [61]. The effect of nonaxial
single ion anisotropy has also been considered [36,57,59]. These theoretical results
on the anisotropic S = 1, antiferromagnetic chain will be described in more detail
and compared with experimental results in Sections 4 and 5.

Fig. 5. Reduced magnetization m = M(H)/

M(∞) versus magnetic field H in J/gµB units,
of the S = 1 1D HAF at T = 0. From Ref. [56].

2.2.5 S = 1/2 Spin Chains with Alternating F and AF Interactions

In the preceding sections, we restricted the discussion to uniform chains with first
neighbor AF interactions. These exhibit a Haldane gap for integer spin and are
gapless for half-integer spin. The situation of uniform AF chains with large AF sec-
ond neighbor interactions or non-uniform chains with alternating exchange is quite
different. For S = 1/2, the uniform chain with AF second neighbor interaction,
J2, larger than 0.241J1, has a singlet ground state and a gap [62]. The non-uniform
S = 1/2 AF chain with alternating exchange is also gapped and was extensively
studied theoretically in connection with the spin-Peierls transition [63–66]. An in-
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teresting case closely related to the Haldane gap is that of alternating F and AF
exchange treated by Hida [67]. When the F exchange dominates the AF one, i. e.
|JF| � JAF, the dimer of F coupled spins 1/2 behaves at T < |JF|/kB as a single spin
1 and the non-uniform F–AF chain is similar at low T to the uniform S = 1 Haldane
chain. The calculated gap depends on the ratio JAF/|JF| and tends to the Haldane
gap value for S = 1, 0.41JAF, as |JF| → ∞.

2.3 Quasi-1D Antiferromagnets for Haldane Gap Experiments

2.3.1 Conditions for Obtaining Haldane Systems

The presence of a Haldane gap in quasi-1D AF has a striking effect on the mag-
netic properties. Indeed, since the ground state is a singlet, the magnetic suscepti-
bility should strongly decrease when the temperature becomes lower than �/kB,
independent of the orientation of the measuring magnetic field with respect to the
crystal axes. If the interchain interactions are small enough, 3D Néel LRO cannot
be established, as the temperature approaches zero. Inelastic neutron-scattering ex-
periments at temperatures T � �/kB should reveal a gap at q = π in the magnetic
excitations spectrum.

Owing to this specific behavior which is rather different from that of gapless
chain systems, it can appear surprising that no clear experimental observation of
a Haldane gap was reported prior to 1987. Different reasons can be given to ex-
plain this situation. The first is that, in fact, most of the studies of quantum effects
in magnetic chains were originally focused on S = 1/2, AF for which such effects
were expected to be larger than the S = 1 case. The second is that the experi-
mental observation of the Haldane gap relies on the availability of uniform linear
chains which fulfil specific conditions: (i) integer spins, i. e. S = 1, 2, 3, . . .; (ii) an-
tiferromagnetic coupling between the spins, i. e. J > 0; (iii) uniform chains, i. e.
Ji,i+1 ≡ Ji+1,i+2 whatever value of i in the chains; (iv) weak interchain coupling
or quasi one-dimensional systems, i. e. |Jinter/Jintra| < 10−2; and (v) relatively small
local anisotropy on the integer spins. This last condition is not too severe for D > 0
since the Haldane phase persists up to D/J ≈ 1. But gathering by chance, without
specifically looking for them, all the necessary conditions for observing the gap in a
real system is not easy. Indeed, among the few quasi-1D systems studied prior to the
Haldane conjecture [68], some were ferromagnetic chains, others although antifer-
romagnetic such as CsNiCl3 [69,70], had too large interchain interactions to allow
a clear observation of the gap since a 3D Néel LRO occurred at low temperature
(TN = 4.6 K).

Since the Haldane conjecture was expressed, a joint effort by experimenters in
chemistry and physics has resulted in the discovery and the characterization of sev-
eral Haldane gap compounds, listed in Table 2. The basic structure of quasi one-
dimensional spin 1 chains, well-insulated magnetically from each other, and three
examples are shown in Fig. 6.
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Table 2. Quasi-1D antiferromagnets with spin 1: chemical formula, crystal structure and space
group at low temperature.

Compound Chemical formula Structure; space group Ref.

CsNiCl3 Hexagonal; P63/mmc [69,70]
NENP Ni(C2H8N2)2NO2ClO4 Orthorhombic; Pnma [5,71]
NENF Ni(C2H8N2)2NO2PF6 Orthorhombic; P21/a [71]
NINO Ni(C3H10N2)2NO2ClO4 Orthorhombic; Pbn21 [72,73]
NINAZ Ni(C3H10N2)2N3ClO4 Orthorhombic; Pn2n [74,75]
NDMAZ Ni(C5H14N2)2N3ClO4 Monoclinic; C2 [76,77]
NDMAP Ni(C5H14N2)2N3PF6 Monoclinic; C2 [78,79]
TMNIN (CH3)4NNi(NO2)3 Hexagonal; P3m1 [80,81]
YBANO Y2BaNiO5 Orthorhombic; Immm [82, 83]

AgVP2S6 Monoclinic; P2/a [84]

Fig. 6. Schematic structures of Haldane gap systems. (A) General scheme of quasi 1D Ni(II)
chains well insulated from each other by bulky counterions; (B) NENP; (C) NINO; (D)
NINAZ; (E) TMNIN.
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2.3.2 Fulfilling the Structural and Electronic Conditions
for Obtaining Haldane Systems

In this Section we examine how it is possible to gather in a chemical system all
the experimental characteristics for the observation of the Haldane gap: integer
spin, antiferromagnetic interaction, one-dimension, uniform interaction, and weak
anisotropy.

2.3.2.1 Integer Spin Systems (Spin-bearing Species)

Transition metal ions
The simplest way to obtain integer spin systems is to look at the transition metal
ions. Table 3 presents some possible candidates.

Fig. 7 displays how the octahedral ligand field (A) splits the d levels and leads to a
(t2g)

6(eg)
2 electronic configuration of the nickel(II) ion with S = 1 (B). Fig. 8 shows

Table 3. Integer spin transition metal ions.

First row : Ti V Cr Mn Fe Co Ni Cu

Electronic d2 d2 d4 d4 d6 d6 d8 d8

configuration
Oxidation TiII (a) CrII (b) FeII (c) NiII (d)

state II:
Oxidation VIII (e) MnIII (f) CoIII (g) CuIII (h)

state III:
High spin 1 1 2(HS)(b) 2(HS)(f) 2(HS)(c) 2(HS)(g) 1(HS)(d) 1(HS)(h)

state (HS)
Low spin 1(LS)(b) 1(LS)(f) 0(LS)(c) 0(LS)(g) 0(LS)(d) 0(LS)(h)

state (LS)

Second and Too-large spin-orbit and zero-field splitting expected
third rows

Lanthanides Too weak exchange coupling constants expected

Remarks (a) TiII is a species which reduces too much. No Haldane systems reported. (b) CrII

is also a reducing species. It can be high spin (HS, S = 2) or low spin (LS, S = 1). Only one
chain system (S = 2) has been reported [85] in which the other conditions for Haldane gap
observation were not fulfilled. (c) FeII (HS) presents a spin-orbit coupling which is too large
for the observation of the Haldane gap; intermediate spin 1 is rather rare. (d) NiII in octahedral
configuration is the most useful for obtaining Haldane systems; in square planar geometry it
is nonmagnetic and useless. (e) VIII: one example is known [84]. (f) MnIII: the only claimed
S = 2 Haldane gap system is made of chains of MnIII [86]; most often nevertheless, the MnIII,
distorted by the Jahn-Teller effect gives rise to canted ferromagnetism which impedes the low-
temperature observation of the Haldane gap. (g) CoIII is a very oxidizing species; furthermore
it appears most often under the low spin form. (h) CuIII is also a very oxidizing species; it
always appears in the square planar, low spin, diamagnetic form.
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Fig. 7. (A) Octahedral Ni(II) complex, Oh symmetry. (B) Ligand field splitting in the octa-
hedral field for a d8 Ni(II). (C) Local anisotropy and zero-field splitting in a S = 1, triplet
ground state (D negative).

Fig. 8. Magnetic antibonding e∗
g orbitals x2 − y2 and z2 in a mononuclear fragment of a Ni(II)

chain.

the two antibonding singly occupied e∗
g orbitals, as they are present in a mononuclear

fragment of a nickel(II) chain (A) extending along the z axis: orbitals x2 − y2 (B) and
z2 (C). It is convenient to name as magnetic orbitals such singly occupied molecular
orbitals (d orbital partially delocalized on the ligands).

Molecules: ferromagnetically coupled radicals
The best candidate is evidently the dioxygen molecule which bears a spin 1, since
the two unpaired electrons are in two orthogonal orbitals (see below). The difficulty
is in organizing 1D chains of dioxygen in the condensed phase and demonstrating
them [87].

One could also envisage binuclear complexes with ferromagnetically coupled
spins S = 1/2 (see Section 2.5 and Fig. 9); in this case, the ferromagnetic coupling JF
within the copper(II) pair (due once more to the orthogonality of the singly occupied
orbitals) must be larger that the antiferromagnetic coupling JAF between the pairs to
give rise to the Haldane behavior. This is unfortunately not the case in the reported
experimental examples [88].

Fig. 9. Spin 1 built from ferromagnetically coupled S = 1/2 in
a bis-Ì-(hydroxo)dinuclear Cu(II) unit.
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2.3.2.2 Antiferromagnetic Coupling Between Neighbors Along the Chain

An orbital model is useful in predicting the antiferromagnetic coupling between the
spins of value 1 in the chain. The analysis can be performed on a dinuclear unit since
the exchange interactions are short range in nature. Two orbital models are avail-
able in molecular magnetism, which lead to similar conclusions: the Kahn model
(nonorthogonalized magnetic orbitals) [89] and the Hoffmann model (orthogonal-
ized magnetic orbitals) [90]. Both models predict that orthogonal orbitals give rise
to ferromagnetism and that overlaps give rise to antiferromagnetism. One relation
in each model summarizes the conclusions in the case of two electrons 1 and 2 on
two sites, described by two identical orbitals a and b: the singlet–triplet energy gap,
equal to J (J = ES − ET), is given by Eq. (10):

Kahn model J = 2k + 4βS (10a)

Hoffmann model J = 2Kab − (ε1 − ε2)
2/(Jaa − Jab) (10b)

In Eq. (10a), k is the bielectronic exchange integral (negativ) between the two
nonorthogonalized magnetic orbitals a and b; β is the corresponding monoelec-
tronic resonance or transfer integral (positive), and S the monoelectronic overlap
integral (negative) between a and b. In Eq. (10b), Kab is the bielectronic exchange
integral (negative) between two identical orthogonalized magnetic orbitals a′ and
b′; (ε1 − ε2) is the energy gap between the molecular orbitals �1 and �2 built from
a′ and b′; Jaa is the bielectronic interelectronic repulsion on one center and Jab the
equivalent on two centers.

Both expressions contain a negative term JF, favoring parallel alignment of the
spins and a positive term JAF, favoring antiparallel alignment of the spins and a
short-range antiferromagnetism. The total interaction results from the addition of
the two terms (J = JF + JAF). In the case of nickel(II), two electrons are present on
each center and J can be described by the sum of the different “orbital pathways”
Jµν , weighted by the number of electrons [91,92]:

J = (
�µν Jµν

)
/4 (11)

To get an antiferromagnetic coupling between two nickel(II) neighbors, an over-
lap must occur between the magnetic orbitals borne by the neighboring nickel(II)
ions in the chain. Figs. 10 and 11 schematize the interaction in the case of NENP
(Ni(C2H8N2)2NO2ClO4) and NINO.

Following Eq. (11), one finds for NENP:

J = (Jz2,z2 + Jx2−y2,x2−y2 + Jx2−y2,z2 + Jz2,x2−y)/4 (12)

If we neglect the two last bielectronic ferromagnetic terms, we observe that the z2

orbitals overlap through the nitrito bridge Jz2z2 ∝ (ε1 − ε2)
2 (Fig. 10) whereas the

x2 − y2 orbitals do not (Fig. 11), the MOs built from x2 − y2 orbitals are degenerate
and Jx2−y2,x2−y2 ≈ 0; only the z2 pathway contributes significantly to the coupling
J ≈ JAF ≈ Jz2,z2/4. This orbital mechanism of interaction through the bridging
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Fig. 10. Interaction between z2 magnetic orbitals (MOs) in a dinuclear fragment of NENP
chain: (A) antibonding MO; (B) nonbonding MO; (C) energy gap � between the two MOs.

Fig. 11. Negligible interaction between x2 − y2 magnetic orbitals in a dinuclear fragment of
NENP chain: (A) and (B) MOs; (C) energy degeneration of the two MOs.

ligand is often called superexchange. The tuning of the overlap between the magnetic
orbitals on neighboring centers allows variation in the coupling constant in the chain
(it will be stronger in NINAZ (Fig. 6D) and weaker in TMNIN (Fig. 6E). It will be
much stronger with monoatomic oxide bridges in YBaNO (see below).

2.3.2.3 Uniform Chains

To get uniform chains, one must have the same coupling constant whatever the
position of the metallic ion in the chain. This condition can be fulfilled when similar
bridges (such as the nitrite ion NO−

2 in NENP, NINO and TMNIN and the azide
N−

3 in NINAZ; see Fig. 6) and identical geometries are used along the chain. In
the attempts to obtain new Haldane systems, many one-dimensional systems were
obtained where the uniform character along the chain is not followed, as schematized
in Fig. 12.

Nevertheless, more precise crystallographic details must be controlled. For exam-
ple, in TMNIN (Fig. 6E), the coupling constant is uniform along the chain, but two
neighboring nickel(II) centers are different (one surrounded by six oxygen atoms,
the other by six nitrogen atoms), leading to different local values for g and D, for
example. Even more subtle details, relating to the magnetic properties of NENP,
will be discussed in Sections 4 and 5. Moreover, experience shows that even when
the chains are uniform at high temperature, crystallographic phase transitions can
appear and have some influence on the magnetic properties. Even if a spin–Peierls
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Fig. 12. Schemes of non uniform chains: (A) alternating antiferromagnetic chain; (B) alter-
nating ferro- and antiferro-chain.

transition can be ruled out theoretically in Haldane systems [93], one must be careful
about the nature of the transitions.

2.3.2.4 Weak Interchain Coupling or Quasi-one-dimensional Systems

This is one of the important conditions for allowing Haldane behavior when all the
other structural conditions are already fulfilled. The best way to obtain a quasi-one-
dimensional system is to magnetically insulate the chains from each other by sep-
arating them with bulky counter-ions. This necessitates that, in the chain itself, the
repeating units are charged. In Fig. 6 (A–D), we have shown how this can be realized
in the NENP, NINO and NINAZ chains: the repeating unit Ni(bridge)(diamine)2 of
the chain bears a positive charge (2+ for the nickel(II) and 1− for the bridging ion).
A counter-anion is necessary to ensure the electroneutrality of the solid. Perchlo-
rate {ClO4}− is present in NENP, NINO, and NINAZ (and hexafluorophosphate in
NENF). The opposite situation is found in TMNIN (Fig. 6E) where the repeating
unit bears a single negative charge (2+ for the nickel(II) and 3− for the three nitrito
bridging anions). The counter-ion is now the bulky tetramethylammonium cation
{N (CH3)4}+. The choice of counter-ion is not immaterial, since when the ion is too
bulky the chain can be cut and give a dinuclear species [94].

2.3.2.5 Weak Local Anisotropy

This condition is less constraining as already mentioned, but also the most difficult to
predict since there is no well-established correlation between the geometric structure
and the value of the anisotropy D of the ion (Fig. 7C). Intuitively, it can be understood
that the more symmetric the complex, the lower its anisotropy will be. However it is
difficult to predict in detail the magnitude and even the sign of the local anisotropy D.
Some experimental data show nevertheless that in octahedral nickel(II) complexes,
a positive D value is obtained when the octahedron presents an elongation along a
trigonal axis and a negative one in the case of a compression.
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2.3.3 Some Haldane Gap Systems

2.3.3.1 NENP

The first we shall deal with is Ni(C2H8N2)2NO2ClO4 [5,71], abbreviated as NENP,
which is now considered as the archetype of Haldane gap systems. It was synthesized
before the Haldane conjecture was developed [95] and its magnetic properties, al-
though presenting all the features of a Haldane gap system, were first interpreted as
resulting from local anisotropy [71].

Its crystal structure, shown in Fig. 13, gathers all the features necessary for the
observation of the gap: it consists of nickel(II) ions, in octahedral geometry, i. e.
with spin 1, arranged in chains along the b crystal axis. The four equatorial positions
of the nickel ions are occupied by the nitrogen atoms of the diamine 1,2-ethane-
diamine, whereas along the chains, the nickel ions are covalently linked by bridging
nitrite groups {NO2}−. The nitrite ions are bonded, on one side, by the nitrogen
atom and on the other side by one of the oxygen atoms (Fig. 13(A)). These bonds
provide a relatively large intrachain AF interaction between neighboring nickel(II)
ions, as shown above, in the Section 3.2.2. On the other hand, there is no efficient

Fig. 13. Crystallographic structure of NENP:
(A) perspective view showing the bonding
along the chains; (B) perspective view down
the b axis showing the interchain distances.
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exchange path between nickel(II) ions of neighboring chains, well isolated from each
other by the perchlorate {ClO4}− anions (Fig. 13b), thus, the interchain interaction
is extremely small compared with the intrachain one.

2.3.3.2 Related Molecular Haldane Gap Systems

NENP is the first member of a family of closely related Haldane gap systems. One
of them, NENF, is obtained by replacing the {ClO4}− anion of NENP by {PF6}−
[71]. NINO [72,73], with a chemical formula given by NiII(C3H10N2)2NO2ClO4 is
obtained by replacing 1,2-ethanediamine, C2H8N2, by 1,3-propanediamine C3H10N2
(Fig. 6C). This substitution modifies the local stereochemistry of the nickel(II) ion
and leads to a more ordered structure than that of NENP. The MO analysis is the
same as in NENP.

NINAZ [74, 75] is obtained by replacing the nitrite group, NO2, in NINO
by the azido anion {N3}− (Fig. 6D). The MO analysis is given in Fig. 14. In
TMNIN, (CH3)4NNiII(NO2)3, the crystal structure is reminiscent of that of TMMC,
(CH3)4NMnIICl3 [96,97] which is the archetype of a S = 5/2, gapless antiferromag-
netic chains (Fig. 6E). The MO analysis is given in Fig. 15. Three nitrito groups bridge
the nickel(II) ions but the orbital overlap is weak and TMNIN then has a relatively
small J value compared with that of NENP, and consequently a smaller Haldane gap
[80,81].

Fig. 14. Bonding and antibonding singly occupied MOs in NINAZ. The interaction through
the azido bridge is strong and the energy splitting between the two orbitals is much more
important than in NENP or NINO.

Fig. 15. Bonding and antibonding singly occupied MOs in TMNIN. The interaction through
the three nitrito bridge is weak and the energy splitting between the two orbitals is much
weaker than in NENP.
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2.3.3.3 Solid-state Haldane Systems

YBANO, Y2BaNiIIO5 [82,83,98] is another nickel(II) quasi-1D AF exhibiting a Hal-
dane gap. YBANO is obtained by means of solid-state chemistry, and represents a
new type of inorganic AF chain system with rather large J and � values, due to a
µ-oxo bridge between the nickel(II) ions. The corresponding values of J and � are
listed in Table 4.

Another quite different Haldane gap system is AgVIIIP2S6 [84,99,100]. It derives
from the lamellar structure of MPS3 by substitution of two MII ions by the couple
AgI + VIII. The vanadium(III) ions (electronic configuration d2, (t2g)

2, S = 1),
form zigzag chains isolated from each other by silver(I) chains, within a magnetic
layer. This compound is characterized by a very large exchange interaction constant,
|J/kB| ≈ 600 K.

The main magnetic characteristics of many of the S = 1, quasi-1D AF mentioned
above are listed in Table 4.

Table 4. Magnetic characteristics of a few Haldane gap compounds: intrachain exchange J ,
uniaxial single ion anisotropy D, and Haldane gaps �xy , �z .

Compound J/kB (K) D/kB (K) �xy/kB (K) �z/kB (K) Ref.

NENP 48 12 14 30 [5,72]
44 9 [97]

NINO 52 18 [74]
NINAZ 145 44 [74]
TMNIN 12 4 [80]
YBANO 285 −9.4 105 87 [83,98]
AgVP2S6 670 300 [84,99]

2.4 Static Magnetic Properties of Haldane Gap Systems

Measurements of susceptibility and specific heat versus temperature, and magneti-
zation measurements versus applied magnetic field at T � �/kB must clearly give
evidence of the existence of a singlet ground state, separated from the first excited
states by an energy gap, and give information about the size of this gap. Since the
first susceptibility measurements on NENP showing the Haldane gap effect in this
system [5], an increasing number of experiments have been performed on Haldane
gap compounds. In the following sections we discuss some prominent experimental
results.

2.4.1 Magnetic Susceptibility

The sharp drop of magnetic susceptibility as T decreases below �/kB is the clearest
signature of the Haldane gap. This behavior is observed for all directions of measuring
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field; the residual susceptibility χ(0), at T = 0, is very small with respect to the
maximum value of χ , χmax, but depends on field orientation [59,60]. For perfect axial
symmetry, χ z(0) = 0, whereas χ xy(0) is proportional to [(�z − �xy)/(�z + �xy)]2.
If the axial symmetry is broken, χ z(0) is no longer null. In this case, the twofold
degenerate excited level is split into two singlets. For a splitting δ � |�z − �xy |,
χ z(0) is given by χ z(0)/χ xy(0) ≈ [δ/(�z − �xy)]2 [59]. At low temperature, the
susceptibility increase is mainly governed by the lowest energy gap, leading, for
D > 0, to the following T dependence: T −1/2 exp(−�xy/kBT ) which is quite general
for gapped 1D AF [101].

The salient features of the temperature dependence of magnetic susceptibility are
well illustrated by the experimental data for NENP (Fig. 16).

As T decreases, the susceptibility first exhibits a maximum as expected for a 1D-
AF. A sharp drop of χ is then observed as T becomes smaller than �xy/kB. The
effect of single-ion anisotropy is clearly apparent from the different slopes, dχ/dH ,
at the inflection point for H applied along z axis (b crystal axis), or perpendicular to z
(a and c crystal axes). The predicted differences of residual values of χ for these two
orientations as T tends to zero are also clearly observed. The experimental data for
the susceptibility of NENP are in good agreement with the theoretical predictions,
as shown in Fig.17.

Fig. 16. Molar susceptibility of NENP along
the three crystal axes, a (squares), b (cir-
cles) and c (triangles), as a function of
temperature. Notice the net difference
between susceptibility along b (z axis of
single-ion anisotropy), and along a and c.
From Ref. [5].

Fig. 17. Magnetic susceptibilities of the
S = 1 AF with single-ion anisotropy for
applied field along z (single-ion anisotropy
axis) and along x . Comparison between ex-
periment and calculation from numerical
transfer matrix method (from Ref. [97])
and calculation from free boson model, full
curve in the inset (from Ref. [59]).
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For kBT/J ≥ 0.15, the experimental data are well fitted by the calculations of Del-
ica et al. [97], based on a numerical transfer-matrix method. At low temperatures, i. e.
kBT/J < 0.15, a satisfactory agreement with the free boson model predictions [59]
is obtained, but the experimental data, in particular for χ z(T ), are located slightly
above the theoretical curves. This is due partly to a small axial symmetry breaking
term, evidenced by a small difference between χ x (T ) and χ y(T ) and by the split-
ting of the �xy gap discussed in Section 5.1 and, most likely, to structural defects
or impurities which break the magnetic chains into finite segments. The effect of
these chain breaks will be discussed in detail in Section 6. They bring a 1/T extrinsic
contribution to the susceptibility. This defect-spin paramagnetism complicates the
analysis of the experimental data as T tends to zero. Even for NENP, which can be
obtained in nearly perfect single crystals, the magnetic susceptibility below 1 K is
completely dominated by a small number of chain breaks (about one chain break
per 4000 Ni spins) [102]. The low T susceptibility drop has been observed in all
the other Haldane gap compounds listed in Table 3. However, the spoiling effect
of defect-spin paramagnetism is rather important in compounds with large J , i. e.
NINAZ, AgVP2S6 and YBANO, and often prevents a pertinent analysis of the low
T data. An interesting way to avoid this difficulty is to deduce the static susceptibility
from the shift of nuclear magnetic resonance (NMR) lines. In fact, the defect-spin
paramagnetism broadens the NMR line but does not contribute to the NMR shift
tensor. The temperature dependence of the shifts of 51V and 31P NMR lines was
found to be in good agreement with that of the corrected magnetic susceptibil-
ity in a single crystal of AgVP2S6 [103]. The low T data are well fitted to the law
T −1/2 exp(−�/kBT ) with �/kB = 320 K. This value of � (27.5 meV) is in good
agreement with that from inelastic neutron scattering experiments on polycrystalline
samples (� = 26 meV) [99]. A similar determination of the energy gap from the
shift of 89Y NMR lines was carried out on Y2BaNiO5 [104].

2.4.2 Magnetic Specific Heat

In gapless 1D AF, it is well established, both from theory and experiment, that the
magnetic specific heat, Cm, has a low T linear dependence Cm = AT [1]. For a 1D AF
with a gap �, the free boson approximation leads to the following low T dependence
of Cm [105]:

Cm = AT −3/2 exp(−�/kBT ) (13)

Another low T dependence has been suggested for the S = 1, 1D HAF, namely
Cm = C0(kBT/J )1.6 from analytical extrapolation to zero of the high temperature
thermodynamic functions [106]. It clearly differs from the linear dependence and
thus reflects the existence of the Haldane gap, but its validity down to T = 0 is
doubtful.

There are still few experimental studies of the specific heat of Haldane gap com-
pounds. Such experiments are tedious due to the smallness of Cm at temperatures
T � �/kB and to the necessity of correctly removing the lattice contribution to
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specific heat. So far, the magnetic specific heat of NENP, NENF and NINAZ has
been indirectly deduced from the derivative of linear birefringence versus T [107].
Cm exhibits the broad maximum predicted for S = 1, AF chains at about 0.8J/kB
[108,109]. The low T dependence of Cm can be described either by a power law T α

with α > 1 (α = 1.4 for NENP [107]), or by an exponential law with an energy
gap �/kB ≈ 16 K for NENP and NENF. This gap value is consistent with the value
obtained by neutron scattering in NENP, i. e. �xy/kB ≈ 14 K. The specific heat of
TMNIN has been investigated by the usual adiabatic methods down to 0.6 K [110].
The experimental data fit reasonably with Eq. (13), with �/kB = 4.2 K, consistent
with the gap value deduced from susceptibility, magnetization and nuclear magnetic
resonance measurements [80].

2.4.3 High-field Magnetization

High-field magnetization measurements have been performed in a few Haldane gap
compounds, including NENP, NINO, NINAZ and TMNIN. The experimental data
for a powdered sample of TMNIN are shown in Fig. 18.

Since the J of TMNIN is not too large, the whole magnetization curve, M(H),
was obtained up to the saturation field [111]. The general shape of M(H) is in good
agreement with the theoretical predictions for the S = 1, 1D HAF [42,56]. In par-
ticular, a well-defined jump of the slope dM/dH of M(H) is observed at the critical
field, Hc1 = �/gµB, followed by a nearly linear increase of M(H) up to the sat-
uration field, Hc2 = 4J/gµB. High-field magnetization measurements have been
performed on single crystals of NENP [112,113] and NINO [114] along different
crystal axes. For all field directions and at low temperature, the magnetization is
rather small in the low field region and begins to increase abruptly at the critical
field corresponding to the closure of the Haldane gap. This critical field is indicated
by a maximum of dM/dH . As a result of single-ion anisotropy, it depends on field
orientation in agreement with the theoretical treatment of Tsvelik [60]. For axial
symmetry, the expected values of critical fields are H z

c1 = �xy/gzµB and H xy
c1 =

(�xy�z)
1/2/gxµB. Taking for �xy and �z the values in Table 4, obtained by inelastic

Fig. 18. High-field magnetization of
TMNIN at 0.55 K. The dotted curve
is the calculated one for J/kB =
12 K and g = 2.25. The derivative of
the magnetization curve, dM/dH , is
shown in the inset. Taken from Ref.
[111].
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neutron scattering, one obtains H z
c1 = 9.7T and H xy

c1 = 13.7T , which are close to
the experimental values, respectively, of Hb

c1 = 9.2T –9.8T , Ha
c1 = 14T , H c

c1 = 12.5T ,
assuming for Hc the field value at which dM/dH is maximum. The slight difference
between the critical field values for a and c crystal axes of NENP is due to the small
nonaxial orthorhombic single-ion anisotropy also shown by the susceptibility curves
(Fig. 16). In NINO, this difference is much larger than in NENP, namely Hb

c1 = 9.2T ,
Ha

c1 = 9.2T and H c
c1 = 12T . This would suggest a large nonaxial anisotropy with

respect to the chain axis. On the other hand, this is not shown by the susceptibility
data, which yield χa ≈ χc as for NENP.

2.4.4 Long-range Order

The experiments described above clearly show, in several quasi 1D AFs, the exis-
tence, at low temperature, of a Haldane phase characterized by a singlet ground
state separated by an energy gap from the excited states. Due to the finite corre-
lation length, no Néel 3D LRO can develop at low T if interchain interactions are
small enough. The occurence of 3D LRO should be revealed by a kink in the tem-
perature variation of susceptibility and by a lambda type peak of specific heat at
the 3D ordering temperature TN. None of the Haldane gap compounds listed in
Table 4 exhibits such behavior. The interchain interaction is reasonably well known
for NENP where |J ′/J | ≈ 4 × 10−4 (see Section 5.1). For a gapless S = 1, quasi-1D
HAF, TN can be approximated by kBTN ≈ (8J |J ′|)1/2 which leads to TN ≈ 2.7 K for
NENP. As shown in Fig. 16, no susceptibility kink is observed down to 1.6 K. These
susceptibility measurements have been extended down to 300 ÌK, by Avenel et al.
[102], without revealing any LRO. This absence of LRO is confirmed by specific heat
measurements down to 0.2 K [115] and by elastic neutron scattering down to 1.2 K
(Section 5.1).

Under an applied magnetic field which closes the gap, the correlation length is
expected to diverge at low temperature, and then 3D LRO should be established at
low temperature. A transition to 3D LRO in an applied field was clearly observed
from specific heat measurements in NDMAZ [116] and NDMAP [117], and an ex-
perimental H–T phase diagram was obtained in this latter compound. The low-T and
high-H phase is probably a flopped antiferromagnetic phase. Curiously, no 3D LRO
has been reported in NENP at low T and high H . This absence of transition might be
due to an imperfect closure of the gap revealed by neutron scattering experiments
in high fields (Section 5.1).

2.5 Dynamic Properties of Haldane Gap Systems

The existence of both the singlet ground state and a gap � between the ground
state and the first excited state has important consequences for the spin-dynamics
at low (E � �) and intermediate (E ≈ �) energies, which can be checked exper-



72 2 Haldane Quantum Spin Chains

imentally. Techniques which probe spin dynamics on a microscopic scale, such as
nuclear magnetic resonance (NMR), inelastic neutron scattering (INS) or electron
spin resonance (ESR), have long been demonstrated as essential and highly com-
plementary methods for studying the physics of magnetic systems. NMR probes the
excitation spectrum mainly at very low energies (E ≈ 0), whereas INS can be used to
investigate both the wave vector and energy dependencies of excitations at energies
E ≈ �. On the other hand, ESR is expected to probe magnetic transitions in which
the absorption of energy is realized without wave vector transfer, corresponding to
the condition �q = 0.

As previously mentioned in the first part of this chapter, for a Haldane system
at T = 0 the excitation spectrum has been predicted to display quite different fea-
tures, depending on the value of the wave vector q (see Fig. 4). Around the anti-
ferromagnetic point kAF (corresponding to q = π in the notation adopted in the
theoretical papers) and down to about 0.3kAF, the excitation spectrum consists of
well-defined magnons with relatively long lifetimes. The spectrum displays, in the
most general case, three gaps at q = kAF (defined in the following by �n with
n = 1, 2, 3), corresponding to the three modes associated with the first triplet ex-
cited state. However these modes can be more or less degenerated, depending on the
symmetry of perturbative terms such as anisotropy terms, Zeeman terms, etc. There
does not exist any exact analytical expression for the dispersion relation of magnetic
excitations in the S = 1 HAF chain. For sufficiently small values of the reduced wave
vector q − kAF, the dispersion relation of mode n can be well approximated by the
following quadratic expression, which is in fact a generalization of Eq. (7) to the
anisotropic case:

En(q) ≈
√

(�n)2 + c2(q − kAF)2 (14)

where c is the quantum spin wave velocity, given by the relation c ≈ 2.7Jd for a spin
S = 1, d being the intrachain distance between two adjacent spins [24,35,36]. The
maximum energy is located near kAF/2 at an energy EM ≈ 2.7J which differs by
35% from the classical prediction. Below 0.3kAF the nature of magnetic excitations
is expected to change drastically. The theory for the isotropic system predicts the
existence of a continuum of two-particle excitations which should display at q = 0 a
gap twice the gap at q = kAF. This asymmetry in the excitation spectrum is in fact a
signature of the absence of broken translational symmetry in the ground state of an
integer-spin system, unlike the half-integer spin case. Anisotropy terms are expected
to modify this picture only slightly, as previously mentioned in Section 2. In the analy-
sis of the experimental data, the fundamental quantities which are relevant are the
various components of the spin–spin dynamic correlation function (alias structure
factor), Snν(q, E), which should in principle contain all the physics of magnetic exci-
tations. Following our notation, n and ν label the mode number (n = 1, 2, 3) and the
spin-component (ν = x, y, z), respectively. There is, up to now, no exact expression
for Snν(q, E). However for temperatures sufficiently small such that T � �/kB and
wave vectors q ≈ kAF, field-theory treatments of the Heisenberg chain [59,60] have
given approximate expressions of lorentzian type, which can be generalized to the
anisotropic case according to Eq. (15):
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Snν(q, E) ≈ Sn0
Pnν

κnν · �n

1

1 +
(

q − kAF

κnν

)2

+
(

E − En(q)

�n

)2 (15)

in which En(q) is the energy of mode n, κnν are coefficients characterizing the scale in
q associated with the various spin components and Pnν are the polarization factors.
In Eq. (15) the prefactor Sn0 contains the statistics of elementary excitations. In
zero field, each mode is polarized along a single direction ν (Pnν = 1 or 0) and the
coefficients κnν are directly related to the inverse of correlation lengths ξν associated
with the correlation function 〈Sν

0 Sν
r 〉. Moreover one expects, as for the isotropic

case, ξν to be related to the gap value �ν through the relation �νξν ≈ c, although no
rigorous proof exist for such a relation. From general arguments the fluctuation rates
�n are expected to depend more or less exponentially on the temperature, following
a relation of the type:

�n(T ) ≈ Cn · exp(−�n/kBT ) (16)

In Eq. (16) the Cn coefficients are also expected to depend both on field and tem-
perature. As a consequence of the existence of both gaps and a singlet ground state,
Snν(q, E) should exhibit a well-defined maximum at an energy E ≈ �n , whereas the
magnetic fluctuations at E ≈ 0 are expected to vanish as T tends to 0. These two
features can be checked experimentally from INS or NMR experiments. However
it is important to note that Eq. (14) is certainly wrong when E/kBT � 1, as is the
case for NMR. We will come back to this point later. A very relevant quantity, which
can be probed directly by INS, is the static structure factor defined by the integral
over the energy: Snν = ∫

Snν(q, E) dE . At temperatures sufficiently low, Snν(q) is
simply given by a square-root lorentzian function:

Snν(q) ≈ Sn0
Pnν

κnν

1√
1 +

(
q − kAF

κnν

)2
(17)

This behavior can be derived directly by Fourier transforming the equal time corre-
lation function defined by Eq. (5) in Section 2.2. The square-root lorentzian behavior
is another signature of the Haldane ground state, which can be checked by measuring
Snν(q, E) by INS.

Near zero wave vector, the dynamic structure factor S1z(q, E) has been calculated
for the isotropic case by Affleck and Weston [34], within the framework of the
free-boson field theory. For fixed energy, the dynamic structure factor is found to
vanish quadratically in q as q → 0. However in the presence of finite anisotropies,
the dynamic structure factors are expected to take finite values at q = 0. For a
system displaying both XY (D > 0) and in-plane (E �= 0) anisotropies with D � E
(as is the case in NENP or NINO), three gaps should be seen at q ≈ kAF, namely,
�1 and �2 (both associated with fluctuations perpendicular to the chain), and �3
(associated with fluctuations parallel to the chain). At q = 0, gaps at �1 + �2
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(associated with fluctuations along the chain), �1 +�3 and �2 +�3 (both associated
with fluctuations perpendicular to the chain) are predicted to exist, with intensities
mainly controlled by the factors (E/J )2 and (D/J )2, respectively [34]. Numerical
calculations on finite size systems [24,30,36] have confirmed very tiny values for the
static structures at small q , which are found below 0.2kAF, more than two orders
of magnitude smaller than those at q = kAF. These tiny intensities will certainly
prevent any precise experimental investigation of this part of the spectrum, at least
by INS: unlike the case of half-integer spin [118], for integer-spin the continuum at
q = 0 is found to carry little spectral weight.

2.5.1 Spin Dynamics at Intermediate Energy (E ≈ ¢)

The experimental results described in the previous sections, obtained essentially from
macroscopic measurements, give strong evidence for the existence of a quantum gap
in the excitation spectrum of Haldane gap systems. Other direct and quantitative in-
formation can be obtained from INS experiments, which probe the dynamic structure
factors over the full Brillouin zone (0–kAF) and energy range (0–EM). In particular
one can obtain crucial information on the dependencies of gaps with variables, for
instance the wave vector, the temperature, the field or the anisotropy, which can be
directly compared with the theoretical predictions described in Section 2.

2.5.1.1 Gaps at q = 

The first attempts to prove the veracity of the Haldane conjecture have been per-
formed on the system CsNiCl3, using both unpolarized and polarized neutron scat-
tering [118–122]. We have seen in Section 3 that this compound was an easy-axis
(D < 0) spin 1 antiferromagnetic chain system with relatively large interchain ex-
change interactions, which induce a 3D phase transition below a Néel temperature
TN ≈ 4.6 K. Above TN, in the 1D regime, INS studies have clearly demonstrated the
existence of an energy gap in the excitation spectrum and the absence of magnetic
fluctuations at low energy, in agreement with the theoretical predictions. The gap is
found to soften when approaching TN, as a consequence of the growing 3D fluctua-
tions. This softening, very reminiscent of the behavior generally observed in singlet
ground state systems, is well comprehended by the Haldane gap theory, slightly
modified to incorporate the non-negligible interchain coupling [52,53]. However,
AgVP2S6, YBANO or NENP are better systems; all three present no long-range
ordering down to almost T = 0. The former compound has been extensively studied
by INS on polycrystalline samples, due to some difficulties in obtaining single crystals
[99,100]. In AgVP2S6 scans in energy recorded at low temperature have unambigu-
ously shown the existence of a spin gap at an energy � ≈ 26 meV ≈ 300 K, which
corresponds to a ratio �/J ≈ 0.45. The line shape of the inelastic response has been
analyzed from the scattering function:

S(q, E) ≈ ξ√
1 + (q − kAF)2ξ2

δ(E − E(q)),
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which can be deduced easily from Eq. (15) taking the limit � → 0. The best fit
is obtained with a reduced correlation length value ξ/d ≈ 5.5, which corresponds
quantitatively to the prediction for the ideal 1D-HAF system and, moreover, which
satisfies the expected relation ξ ≈ c�−1, with a spin wave velocity c ≈ 2.5Jd .
Unfortunately the huge value of the exchange coupling observed in this compound
should greatly limit further investigation, such as studies under field (Hc ≈ �/gµB ≈
200 T).

Convincing evidence for the existence of gaps at the antiferromagnetic point has
been obtained with NENP from INS experiments on single crystals [5,72,124–127].
Single-crystal experiments are essential because they allow an accurate determi-
nation of the eigenvectors associated with each one of the three modes forming
the excited triplet. We show in Fig. 19a typical results recorded at two scattering
vectors, �Q = (0.2, 1, 0), located nearly along the chain axis, and �Q = (3.2, 1, 0),
making a substantial angle with the chain axis. Two gaps are visible at energies
�xy ≈ 1.2 meV ≈ 14 K and �z ≈ 2.5 meV ≈ 30 K (mode 3). The former corre-
sponds to the one observed in the susceptibility and magnetization measurements.
From their dependencies with the component Qy of the scattering vector, these two
modes have been unambiguously attributed to magnetic fluctuations in the xy plane
and along the chain axis, respectively. With a better instrumental resolution in en-
ergy, it is found that the xy mode is split into two distinct components. Fig. 19b shows
the results of a scan in energy recorded on a cold neutron spectrometer at a scat-
tering vector �Q = (0.3, 1, 0), chosen in order to suppress the fluctuations along the
chain. Two gap-modes are unambiguously observed at energies �x ≈ 1.16 meV
and �y ≈ 1.34 meV. The polarization of these modes has been determined by
analyzing their dependencies with the scattering vector. The low-energy mode 1
contributes mainly to S1y(q, E) whereas mode 2 contributes mainly to S2x (q, E).
Thus, three gaps are unambiguously observed in NENP, with well-defined polar-
ization. This experimental fact demonstrates the triplet nature of the first excited
state, in agreement with the theoretical predictions (see Section 2). The splitting of
the triplet is interpreted as an effect of the finite orthorhombic single ion anisotropy
present in NENP. The average value �0 = (�x + �y + �z)/3 which cancels at
first order the effect of the anisotropy, is expected to be a reasonable estimate of
the gap value for the ideal S = 1 1D HAF system. In NENP, the experimental
determination gives �0 ≈ 1.67 meV ≈ 19 K, which leads to a ratio �0/J ≈ 0.42
(using J ≈ 4 meV ≈ 46 K) in quantitative agreement with the best numerical
determinations (Table 2). When the xy gap is defined in the absence of in-plane
anisotropy by �xy = (�x + �y)/2, values for the splitting resulting from the out-
of-plane (D) and in-plane (E) anisotropies, �z − �xy ≈ 1.25 meV ≈ 14.5 K and
�x − �y ≈ 0.18 meV ≈ 2.1 K, can be deduced. Golinelli et al. [128] gave precise
expressions for both splittings found to depend linearly on D and E at first order:
�z − �xy ≈ 1.9D, �x − �y ≈ 4E . These relations yield precise determinations
of parameters D(≈ 8 K, D/J ≈ 0.17) and E(≈ 0.5 K, E/J ≈ 0.012) which agree
quantitatively with those determined from the analysis of susceptibility measure-
ments (see Section 4.1).

The same kind of measurements have been performed on YBANO single crystals
[98,129,130]. INS revealed, as in NENP, the existence of three gaps due to the splitting
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Fig. 19. (A) Scans in energy at low temperature for NENP showing the existence of two gaps
in the excitation spectrum associated with xy and z fluctuations. (B) High-resolution scan in
energy showing the splitting of the xy mode in NENP.

of the excited triplet by orthorhombic single-ion anisotropy. The neighboring values
of these gaps, respectively �a = 7.5 meV, �b = 8.6 meV and �c = 9.6 meV, explain
why only a single gap at the average value, �0 = (�a + �b + �c)/3, of about
8.5 meV was observed in the INS of powder [83]. The gap values correspond to
D = −0.81 meV and E = 0.25 meV which are much smaller than the interchain
exchange J ≈ 24.6 meV (285 K) deduced from susceptibility. The ratio �0/J ≈ 0.35
obtained in YBANO is slightly smaller than the theoretical prediction for the ideal
Heisenberg model.

2.5.1.2 Wave Vector Dependencies of the Excitation Spectrum

The dependencies of magnetic excitations with the wave vector are important for
characterizing a Haldane system. They should exhibit two features characteristic of
the Haldane ground state: the finite value of the correlation lengths at T = 0 and the
2π -periodicity of the excitation spectrum. The latter implies in particular completely
different behaviors at q = 0 and q = kAF.

Accurate determinations have been obtained mainly on the prototype system
NENP from INS experiments on single crystals [5,72,125]. Near the antiferromag-
netic wave vector, the dispersion relation of magnetic excitations is well accounted
for by Eq. (14), with a spin wave velocity c ≈ 50 meV ≈ 2.5Jd , only 8% smaller
than the theoretical prediction. A comparison between the neutron data [72] and the
theoretical prediction as calculated from Eq. (14) (solid lines) is shown in Fig. 20. At
larger wave vectors, the dispersion relation and the static structure factors of both the
xy and z modes have been determined by Ma et al. [125] down to 0.3kAF, using fully
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Fig. 20. Dispersion relation of magnetic exci-
tations in NENP. The solid lines are calculated
from Eq. (10). From Ref. [72].

deuterated samples. A quantitative agreement with the corresponding numerical
calculations [24,30,36] was observed. The maximum energy of the excitation spec-
trum occurs near the wave vector kAF/2, with a value EM ≈ 11 meV, consistent with
the quantum prediction EM ≈ 2.7Jd , taking J ≈ 4.1 meV [125]. More interestingly,
the excitation spectrum is not found to be symmetrical with respect to kAF/2, the
mode at (kAF/2)−q displaying a slightly higher energy than the mode at (kAF/2)+q.
This asymmetry nicely demonstrates the absence of broken translational symmetry
in the ground state of NENP. A similar conclusion seems to emerge from an analysis
of both the energy and the width of the gap mode in CsNiCl3 at 10 K (i. e. in the
1D regime) [121]. Below 0.3kAF the signal vanishes rapidly and it is impossible to
confirm either the continuum or the doubling of the gap near q = 0. At least the
absence of sizable neutron intensity at low q [125,95] is consistent with the existence
of tiny structure factors as q → 0 [24,30,36].

The dynamic correlation length ξν (ν = xy, z) was determined in NENP from
an analysis of the wave vector dependencies of the static structure factors around
the antiferromagnetic wave vector [124,125]. Results are reported in Fig. 21 for
the in-plane fluctuations. Although it seems difficult to distinguish between a simple
lorentzian function and a square-root lorentzian function in this range of q values, the
experimental results for NENP suggest in both cases a finite value for the dynamical
correlation length ξxy . The best fit to the theoretical prediction gives a reduced value
ξxy/d ≈ 8, which can be well understood from the relation ξxy ≈ c/�xy . Quite
similarly, the relation ξz ≈ c/�z is also verified from an analysis of the energy
integrated intensity, with ξz/d ≈ 4.
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Fig. 21. Wave vector dependencies of the inte-
grated intensity in NENP. The solid line is a fit
to the theoretical square-root lorentzian pre-
diction. Taken from Ref. [124].

In the weakly anisotropic Haldane compounds AgVP2S6 and YBANO, the mea-
sured correlation lengths, respectively 5.5 [100] and 6.9 [130], are in satisfactory
agreement with the predicted value for the isotropic chain, ξ/d ≈ 6.

2.5.1.3 Temperature Dependencies of Gaps and Damping

Thermal effects on spin dynamics were investigated in NENP and YBANO by means
of INS experiments. The two interesting features observed in NENP are summarized
in Fig. 22. First, the energy of the gap mode increases slightly when the temperature
increases. Secondly, in addition to this shift in energy, a strong damping of the mag-
netic excitation is observed. Quite similar features have been observed in YBANO
[130]. The increase of the gap on increasing T was also observed in CsNiCl3 [131] and
NINAZ [132]. For the quantum nonlinear σ model, Jolicoeur 7 Golinelli derived in
the isotropic case the low-T dependence �(T ) = �0 + (αT )1/2 exp(−�0/T ) which

Fig. 22. Temperature dependencies of the gap,
the damping and the integrated intensity in
NENP. The solid line is a calculation as de-
scribed in the text. After Ref. [72].
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is in good agreement with the measurements in YBANO [130] and NINAZ [132],
but with an α value smaller than the predicted one, α = 2π�0. The experimental
data on the damping of the magnetic excitations in NENP [72] are quite consistent
with the activated behavior �n = �n0 exp(−�n/T ). As shown in Fig. 22, the data
for the lowest energy mode are well fitted to this exponential law (solid curve) with
�xy ≈ 14 K and �0 ≈ 20 K. For NINAZ the corresponding values obtained are
�xy ≈ 42 K and �0 ≈ 24 K [132].

2.5.1.4 Field Dependencies of Gaps

A magnetic field applied on a Haldane system suppresses the gap and restores a con-
ventional ground state above the characteristic field Hc = �/gµB (see Section 4.3).
The effect of a magnetic field is to split the Haldane triplet and the energy of one
state of this triplet is expected to vanish at a critical value H ν

c which depends, in case
of anisotropy, on the field orientation. Quantum field theory treatments [59,60,133]
and numerical calculations [128] have proposed expressions for the field depen-
dencies of the gaps, �n(H) [59,60] and for their respective polarizations [133]. On
the experimental side, a complete and consistent set of data has been collected on
NENP from both INS [124,126] and ESR [134–136] measurements on single crystals,
in agreement with the theoretical predictions.

Inelastic neutron scattering allowed a direct determination of the field depen-
dencies of the gaps �n for configurations of the field both parallel (up to 5 T) and
perpendicular (up to 12 T) to the chain axis [126,127,137]. Scans in energy recorded
at several values of the field applied along the chain axis have shown the Zeeman
splitting of gap-modes �1 and �2 associated with xy fluctuations. The third gap �3
associated with z fluctuations, has never been measured within this configuration of
the field. This mode is expected to remain roughly constant [59,60]. The experimental
field dependencies of the various modes are shown in Fig. 23, with the field-theory
predictions calculated from Eq. (18) [128,133]:

�1,2(Hz) ≈ �x + �y

2
∓

√(
�x − �y

2

)2

+ (gzµB Hz)2 (18)

�3(Hz) ≈ �z

Fig. 23. Field dependencies of gaps in NENP at the
antiferromagnetic point for �H//b. The solid lines
are calculations as described in the text.
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As first pointed out by Golinelli et al. [128], these expressions are formally
identical to those derived from a simple perturbative treatment of the S = 1
anisotropic antiferromagnetic chain under field. The experimental behavior is quan-
titatively accounted for by the theory. The critical field, within this configuration
of the field, is essentially controlled by the xy gaps and is expressed as [133]:
H z

c = √
�x�y/gzµB ≈ �xy/gzµB.

From the experimental values �xy ≈ 1.25 meV and gz ≈ 2.08, which result from
the best fit of the experimental data to Eq. (18), a critical field is calculated which
is in quantitative agreement with high-field magnetization and specific heat mea-
surements [115,138]. In the configuration for which the magnetic field is applied
perpendicular to the chain axis, the situation turns out to be more complex. The
obtained field dependencies of the various gaps are summarized in Fig. 24. Again
mode 1 is found to soften, but in contrast to the previous field configuration, mode
2 is now found to be weakly field-dependent, whereas mode 3 is found to increase
continuously in the same range of field [124]. In Fig. 24, the solid lines result from
a calculation based on the fermionic field-theory treatment extended by Affleck in
order to take into account the in-plane anisotropy term [59,133], according to Eq
(19) (H/x):

�1,3(Hx ) ≈ �z + �y

2
∓

√(
�z − �y

2

)2

+ (gxµB Hx )2 (19)

�2(Hx ) ≈ �x

Again the experimental behavior is quantitatively accounted for by the fermionic
field-theory, suggesting that the elementary excitations of an Haldane-gap system
are more likely fermions than bosons, at least in this range of field values. This
point of view is strongly supported by the “spin-zero defect” approach [22,23]. The
critical field at which the lowest energy gap �1(Hx ) vanishes is now given by the
relation: H x

c ≈ √
�z�y/gxµB. As previously mentioned, the critical field depends

on both gaps, �x and �y . From the experimental values �y ≈ 1.16 meV, �z ≈
2.5 meV and gx ≈ 2.16, we estimate a critical field H x

c ≈ 13.6 T, slightly larger than
the determination obtained from high-field magnetization measurements [138], but
in quantitative agreement with the high-field specific heat [115]. However, when
approaching the critical field, a departure from Eq. (19) was observed [137]. It shows
the imperfect closure of the gap due to the effect of staggered fields.

The determination of polarizations of the various modes is an additional impor-
tant test for the theory. In the configuration where the field is applied parallel to the
chain axis, the axial symmetry is conserved and no important changes are expected
for symmetry reasons: modes 1 and 2 are xy-polarized, whereas mode 3 remains
z-polarized. In the other configuration, the polarization of modes is predicted to
change with the field, due to the symmetry breaking induced by the field. Affleck
[133] has given analytical expressions for the field dependencies of the various po-
larization factors Pnν(H) using the bosonic field-theory treatment. In the real case
where the field is applied along the x axis, the 1 and 3 branches should display mixed
yz polarizations, whereas mode 2 is expected to remain polarized along the x di-
rection. The experimental data obtained with NENP are in good agreement with
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Fig. 24. Field dependencies of gaps in NENP at the
antiferromagnetic point for fields perpendicular to the
chain axis. The solid lines are calculations as described
in the text.

these theoretical predictions, especially for mode 3. This is well illustrated by the
comparison between the neutron data and the theoretical dependencies obtained by
Affleck, shown in Fig. 25.

Further information on the field dependencies of gaps has been obtained from
ESR measurements [134–136]. Magnetic transitions for which the absorption of
energy is realized without wave vector transfer (i. e. �q = 0) can be probed by
ESR. Two types of transitions are expected to be observed: those induced from
the ground state and those induced between excited states, the former correspond-
ing to excitations at q = 0, whereas the latter can be generated anywhere in the
Brillouin zone. The first ESR measurements in NENP have been carried out by
Date and Kindo [134] in a field perpendicular to the chain axis, at a fixed frequency,
ν = 47 GHz ≈ 0.19 meV, corresponding precisely to the difference between the
two first modes observed by INS. The fact that the absorption intensity decreases
at low temperature has been considered as proof that these transitions were arising

Fig. 25. Field dependencies of polarizations
for mode 3 in NENP, showing the mixing
between the y and z polarizations.
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mainly from excited states and not from the ground state. A more systematic and
accurate study has been undertaken at higher frequencies by Brunel et al. [136],
for configurations of the field �H//a, �H//b and �H//c. Fig. 26 shows a comparison
between the observed ESR transitions, the calculated energy level diagram at the
antiferromagnetic point [133] and the INS data. Except near the critical field where
small deviations are observed, there is a quite good agreement between the ex-
perimental data and the theoretical results, which confirms the interpretation in
terms of transitions between excited states at q = kAF [133,136]. This is also clearly
shown from the temperature dependencies of the integrated intensities of ESR sig-
nals [136], which are found to follow exponential dependencies at low temperatures,
exp(−�1(H)/kBT ). In addition these ESR measurements have provided determi-
nations of critical fields H x

c ≈ 14 T, H y
c ≈ 13.5 T, H z

c ≈ 10 T (using gx = 2.13 ± 0.06,
gy = 2.38 ± 0.1 and gz = 2.11 ± 0.06) in good agreement with the neutron results.

In addition to these transitions induced between excited states, ESR lines associ-
ated with transitions from the singlet ground state were observed for the first time
by far infrared spectroscopy in NENP by Lu et al. [135]. The quite different na-
ture of these transitions was demonstrated by the temperature dependence of their
intensity, which decreases rapidly with increasing temperature, reflecting the depop-
ulation of the ground state [139]. Taking into account the correct crystal symmetry of
NENP (see Fig. 13), Mitra and Halperin [140] have derived a slightly different spin-
hamiltonian which could explain the high-field ESR spectrum in NENP. In addition,
the presence of a staggered anisotropic g tensor produces a staggered field when a
uniform magnetic field is applied, consequently preventing the gap from vanishing
at Hc.

Fig. 26. Comparison between the observed ESR
transitions in NENP (double arrows) and the en-
ergy level diagram at the antiferromagnetic point
as a function of field, for different field orienta-
tions. Taken from Ref. [136].
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2.5.2 Spin Dynamics at Low Energy (E � ¢)

As shown in Section 5.1, the experimental data on spin dynamics at intermediate
energies are in good agreement with theory. Specific features of a Haldane system,
such as the triplet nature of the first excited state, the presence of gaps in the magnetic
excitation spectrum or the effects of a magnetic field have been unambiguously
identified in a large number of compounds. However a fundamental characteristic of
such systems concerns the disappearance of all magnetic fluctuations at low energy
when the temperature decreases to zero (i. e. T � �/k). This is a direct consequence
of the singlet ground state at T = 0. The magnetic fluctuations at low energy can be
probed very accurately from NMR or quasi-elastic neutron scattering.

The low frequency spin dynamics has been exhaustively studied in NMR experi-
ments performed on several Haldane gap compounds, through measurements of the
spin-lattice relaxation time, T1. As is well known, the relaxation rate T −1

1 is related
to the dynamic structure factors Snν(q, E) defined by Eq. (15):

T −1
1 ≈

∑
q

∑
nν

(Aν(q))2Snν(q, EN) (20)

where the Aν(q) are the Fourier transforms of the hyperfine coupling constants and
where the Larmor energy EN is expected to be much smaller than the characteristic
energy scale � (typically EN ≈ 10−3� to 10−5�). Assuming a damped oscillator
function for the dynamic susceptibility χ(q, E) around q ≈ kAF, for sufficiently
low temperatures one could expect T −1

1 ∝ T �1 ∝ T exp(−�1/kBT ). Within this
approach, the spin-lattice relaxation rate should exhibit an activated T dependence
with an activation energy likely to be equal to the lowest energy gap, �1.

On the experimental side, accurate data were obtained by several groups [141–144]
from measurements of the proton spin-lattice relaxation rate in the prototype system
NENP. As an illustration, Fig. 27a shows the dependencies with temperatures of T −1

1
obtained by Goto et al. [141] at operating frequencies νN between 4 MHz (EN ≈
1.6 × 10−5 meV) and 21 MHz (EN ≈ 0.8 × 10−4 meV) in fields parallel to the chain
axis. In this case, as well as for perpendicular fields, the relaxation rates are found to
be continuously decreasing over more than two orders of magnitude between 50 K
and 5 K. This behavior supports the disappearance of all magnetic fluctuations at
very low energy and the existence of a singlet ground state in NENP. In Fig. 27a,
the solid lines represent the best fit of the experimental data to the activation law,
with an activation energy �1/kB ≈ �xy/kB ≈ 14 K, which is apparently consistent
with previous determinations of the lowest energy gap in this compound. However
the fit does not extend below 5 K since T −1

1 exhibits a rounded maximum around
3 K, attributed to the presence of magnetic impurities (intrinsic or extrinsic). Very
similar results were reported by Gaveau et al. [143].

The data for NENP as well as for TMNIN [80,145] were obtained in a relatively
narrow range of temperatures which were not very small with respect to the gap.
This prevents quantitative comparison with theoretical models. In contrast, reliable
T −1

1 measurements have been performed over a wide range of low temperatures in
the large gap inorganic compounds YBANO [104] and AgVP2S6 [146], respectively
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Fig. 27. (a) Temperature dependencies of the spin-lattice relaxation rate for H//b, showing
the disappearance of magnetic fluctuations at low temperature. The solid line is calculated
from exponential dependencies as described in the text. (After Ref. [80].) (b) Field depen-
dencies of below 4.2 K. The solid lines represent calculations as described in the text. After
Ref. [144].

on 89Y and on 31P and 51V. An activated T dependence of T −1
1 was observed over

more than two decades but with an activation energy �(T1) definitely larger than
�1 obtained from static susceptibility or inelastic neutron scattering measurements;
�(T1)/�1 ≈ 1.5 and 1.3 respectively for YBANO and AgVP2S6. This discrepancy
which was also observed in two-leg spin ladder systems [147] remained unexplained
by theory [105,148] until the work of Damle and Sachdev [149] on the dynamic prop-
erties at T > 0 of the Heisenberg chains with a gap, �. These authors showed that the
low-T spin diffusion constant, Ds, has an exponential T dependence, exp(�/kBT ).
It leads through the relation T −1

1 ∝ T χ/(Ds)
1/2 to an activated temperature depen-

dence of T −1
1 with an activation energy 1.5� instead of �, in good agreement with

experiment [104,146].
The field dependencies of T −1

1 in NENP have been extensively studied [143,144].
Characteristic data obtained at low temperature by Fujiwara et al. [144], in the
configuration H//b are shown in Fig. 27b. At temperatures T � �/kB, the relaxation
rate increases with the field and exhibits a maximum at about 9.5 T, which corresponds
precisely to the critical field observed in other experiments. This behavior reflects
the increase of the low energy fluctuations arising from the softening of the lower
energy gap �1 under field, predicted theoretically and observed by INS. An example
of comparison between experiment and theory is given in Fig. 27b, where the solid



2.6 Effect of Chain Breaking by Impurities 85

lines have been obtained following the analysis procedure introduced by Gaveau et
al. [143]. Quite similar behavior of 1/T1 was observed in TMNIN [145].

In the case of large gap Haldane chains, i. e. � � gµB H , a relatively smooth
variation of 1/T1 versus H was observed. The experimental data for the 31P re-
laxation rate [146] in AgVP2S6 were fitted to 1/T1 = A + B H1/2 in the T range
0.4 ≤ kBT/� ≤ 1, which is characteristic of 1D diffusive spin dynamics. At lower
temperatures, 1/T1 departs from the diffusive power law, the experimental data being
in better agreement with a logarithmic divergence with H decreasing to zero. These
relaxation rate measurements are in good agreement with the theoretical predic-
tions of Damle and Sachdev [149] in the high-T range. The low-T data were fitted by
the same authors by introducing a cut off in the long time tail of the autocorrelation
function. This cut off is a simple way for taking into account both interchain coupling
and intrachain anisotropy which are expected to contribute to the spin dissipation
rate.

2.6 Effect of Chain Breaking by Impurities

One-dimensional magnetic systems are very sensitive to impurities substituted for
magnetic ions because they break the exchange link within the magnetic chain. In
gapless quasi 1D AF, the main effect of impurities is to reduce the correlation length
and thus the 3D ordering temperature and to bring an additional contribution to the
susceptibility. For nonmagnetic impurities, which provide a full break of the exchange
path, this additional contribution is afforded by the finite chain units with an odd
number of spins which behave at low temperature like a unique uncompensated free
spin. These impurity effects in classical 1D AF have been well evidenced in impurity-
doped TMMC [150]. The case of Haldane gap compounds is quite different since
the correlation length remains finite at low T . The ground state of the S = 1, HAF
open chain of L spins studied theoretically by Kennedy [151], consists in a singlet and
a triplet. Their energy splitting decays exponentially to zero as exp(−L/ξ0) where
ξ0 is the spin–spin correlation length of the infinite Haldane chain. This fourfold
degeneracy suggests that the open chain has a spin-1/2 degree of freedom at each
end. A simple physical interpretation can be given from the VBS picture of the
Haldane phase. In the latter, the spin S = 1 at each lattice site is obtained by a
combination of two S = 1/2 spins and the ground state is represented by the product
of valence bonds between all pairs of neighboring spins. If a host atom is substituted
by a nonmagnetic impurity, the valence bonds are broken at the impurity site. This
gives rise to two free S = 1/2 spins, each located at each chain end adjacent to
the impurity site [152] as shown in Fig. 28. To this S = 1/2 edge spin, a staggered
magnetic moment which has an exponential decay exp(− j/ξ0), where j is the site
from the chain end is associated [33,153,154].

Experimentally, the effect of impurities was first observed on the magnetic suscep-
tibilities of Cu-doped NENP single-crystals with low Cu atomic concentration (i. e.
x = 3.6 × 10−3 and 6.2 × 10−3) [74]. Below 5 K, the susceptibility is dominated by
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Fig. 28. (a) Valence bond solid (VBS) representation for the S = 1 1D Heisenberg antifer-
romagnet. The larger circles show the atomic sites and the smaller circles the S = 1/2 spins.
The lines represent valence bonds. (b) A host atom is substituted by a nonmagnetic impu-
rity resulting in two 1/2 spins at host sites neighboring the impurity. (c) Same situation as
(b) for a S = 1/2 magnetic impurity corresponding to the case of Cu-doped NENP. From
Ref. [152].

the impurity contribution, roughly varying as T −1. This contribution is much larger
than that attributed to the free Cu (II) ion with S = 1/2, due to the effect of chain
ends. Furthermore, it does not strongly depend on field orientation, in spite of the
large single-ion anisotropy of Ni (II) in NENP. This fully supports edge magnetic mo-
ments associated with spins S = 1/2, which have nearly isotropic magnetic behavior.
A more detailed study has been performed by Hagiwara et al. [152], using the very
sensitive technique of electron spin resonance (ESR). A complex ESR spectrum,
well explained by a model of three S = 1/2 spins: a central Cu (II) spin weakly cou-
pled to two chain end spins (Fig. 28), is observed at very low temperature. Thermal
spin excitations lead to rapid vanishing of this ESR signal at T ≈ �xy/2kB [155]. The
high-field magnetization curve of strongly Cu-doped NENP samples is also consis-
tent with the VBS model of chain ends [75,156]. Furthermore, a careful analysis of
the magnetization behavior near the critical field reveals an increase of the energy
gap [75] in agreement with the Monte Carlo results on finite chains (see Fig. 2). The
low-temperature heat capacity of Cu-doped NENP [157] is also in agreement with
the model of three weakly coupled spins of 1/2, using the parameters determined
by ESR. Glarum et al. [158] also performed ESR experiments, on samples of NENP
doped by diamagnetic impurities. These are well interpreted using the model of two
independent free spins with S = 1/2. Similarly, the susceptibility and magnetization
measurements done at low temperature in Ni1−xMgxNiCl3 [159] are quite consis-
tent with two S = 1/2 degrees of freedom induced by each Mg ion substituted to
Ni. Interestingly, the decrease of the 3D Néel temperature produced by the Mg
impurities reveals the Haldane behavior of CsNiCl3. The experiments on YBANO
[160] and TMNIN [161] with Zn substitution are less clear since the heat capacity
was interpreted by S = 1 low-lying excitations but also, for Zn-doped YBANO, by
S = 1/2 excitations [162].
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As already mentioned, the S = 1/2 degrees of freedom of the S = 1 open Haldane
chain should spread over several spin sites. They are localized at the ends of the
chain [163] and develop a staggered magnetization which decays as the spin–spin
correlation function of the infinite chain. Tetoldi et al. [164] were the first to perform
imaging of the staggered magnetization in Y2BaNi1−xMgxO5 by 89Y NMR, and
obtained a good agreement with the theoretical predictions for the mean value of
the edge spins (S = 1/2) and the correlation length.

The S = 2 finite chain system CsCr1−xMgxCl3 was investigated at low T by sus-
ceptibility and ESR measurements [165]. The experiments revealed the existence of
S = 1 degrees of freedom, in agreement with the VBS model and with Monte Carlo
calculations in S = 2 antiferromagnetic Heisenberg chains [166].

2.7 Conclusion

For a few years following its announcement, the Haldane conjecture was strongly
contested because the drastic difference between integer and noninteger spin chains
was not anticipated and had not been experimentally observed previously. This con-
jecture is now firmly supported both by increasingly accurate numerical simulations
on finite S = 1 and 2 antiferromagnetic chains and by experiments on real com-
pounds which are good approximations to ideal models. Simple theoretical models
such as the valence-bond solid (VBS) have provided a physical insight into the Hal-
dane phase. Some of them are of interest for physical problems other than those of
quantum chains, for instance, for surface phase transitions [19].

A remarkable feature is the stability of the Haldane phase to perturbations such
as chain breaking by impurities. The latter create impurity states within the gap
without appreciably changing the gap value. This is markedly different from the spin-
Peierls phase which is easily destroyed by impurities at low concentrations [167]. In
both Haldane and spin-Peierls phases, staggered S = 1/2 edge spins are induced by
chain breaks. In the doped spin-Peierls compound CuGeO3, these order into a 3D
AF phase, even at very low impurity concentrations, under the effect of interchain
interactions. This attractive phenomenon of “order induced by disorder” has not yet
been observed in Haldane compounds.

Interesting recent developments concern the effect of staggered fields on the
Haldane compounds. In the R2NiO5 compounds, the magnetic rare earth ions R(III)
induce staggered fields on the Ni (II) chains. The latter increase the gap and give
rise to a 3D AF phase at low temperature [168]. Quite generally, the competition
between the Haldane phase and other phases of different physical origin remains
of interest. An example is the S = 1 AF chain with exchange alternation. Affleck
and Haldane predicted [169] that the gap vanishes for a critical value of alternation,
estimated to about 0.26 from numerical calculations [170], but there are still few
experiments on this topic [171]. Other theoretically studied questions are the effects
of frustration by second neighbor interaction [172] and that of bond randomness
[173], which deserve further experimental investigation.
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Finally, one should mention the strong similarity between the S = 1 Heisenberg
chain and the S = 1/2 Heisenberg ladder [174] which opens a large field of new
experimental investigations.
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3 Spin-Peierls Materials

Janice L. Musfeldt

3.1 Introduction

A spin-Peierls (SP) transition is the magnetic analog of the electronic Peierls tran-
sition [1]. Whereas an electronic Peierls transition is driven by electron–phonon
coupling, which opens a gap in the electronic spectrum, the SP transition is driven
by magnetoelastic coupling. Here, the coupling is between the one-dimensional spin
system and the three-dimensional lattice, with gap formation in the magnetic exci-
tation spectrum. The important parameters are J‖ and J⊥, the in-chain and inter-
chain exchange constants, and �, the spin gap. Of course, in the SP ground state,
the distorted lattice results in alternating values of J‖. SP materials have a charac-
teristic magnetic field-temperature (H–T ) phase diagram, first described by Cross
[2,3].

Several new developments account for the resurgence of interest in this field of
solid-state chemistry and condensed matter physics. The discovery of new inorganic
SP materials has been of singular importance [4–8], because the SP ground state it-
self is fairly rare. Large, high-quality single crystals are available, facilitating neutron
scattering and other measurements. That doping of these new inorganic chain mate-
rials can be accomplished without structural modification aids in overall tunability
of these systems also. This kind of microscopic manipulation has allowed the investi-
gation of a wide variety of phenomena and provided a molecular level “playground”
to both experimentalists and theorists. The relevance to the copper oxide supercon-
ductors has also been noticed, because these materials also have low-dimensional
spin interactions. At the same time, the development of more sensitive measurement
technologies, new high-field resistive magnets, and faster computers has enabled the
investigation of materials under more complex experimental conditions and explo-
ration of more elaborate theoretical models.

The most comprehensive theory for the description of SP materials is still that of
Cross and Fischer [1–3]. Here, the essential point is that a spin-1/2 one-dimensional
Heisenberg antiferromagnetic system is unstable toward a 2kF perturbation driven
by a three-dimensional phonon field. A 2kF perturbation is a dimerization of the
lattice. The new SP ground state is characterized by alternating exchange constants
(J1 and J2 = α J1); where α is the alternation parameter and a measure of the relative
frustration in the magnetic system. These exchange constants are intimately related
to the dimerized lattice as J1,2 = J (1±δ), where J is the average exchange value and
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δ is the lattice distortion. Then, TSP = 0.8Jη′, where η′ is the spin–lattice coupling
constant. Cross and Fischer find that the SP gap goes as ∼ 2Jδ2/3, which yields

2� = 3.53kTc (1)

in the weak-coupling limit of the mean-field approximation. Energy loss due to dimer-
ization ∼δ2, whereas energy gain due to the gap in the low-dimensional magnetic
system ∼ −δ2/3. Thus, the overall energy charge at this magnetoelastic transition
goes as ∼ δ4/3, which is the ratio of the two aforementioned terms. δ is small for real
materials.

This chapter is organized as follows. First, I overview ongoing work in the inor-
ganic chain solids; CuGeO3, α′-NaV2O5, and the associated doped materials are of
interest here. Second, I explore new results on the more traditional organic molecular
conductor-based SP systems and point out new synthetic work. Recent theoretical
developments and approaches to understanding the phase transition are also dis-
cussed. My goals are to provide the reader with an overview of the recent work in
the area of SP materials [1,9], give a number of current references for the interested
student, and identify the challenges for the future.

3.2 Inorganic SP Materials

3.2.1 CuGeO3

The recently discovered CuGeO3 is the first inorganic SP system; as such, the initial
report by Hase, Terasaki, and Uchinokura generated much activity [4,9]. In this
compound, the quasi-one dimensional spin system comprises localized Cu S = 1/2
electrons, rather than unpaired π electrons (as with the more well-studied organic
SP systems based on TCNQ and TTF) [10–14]. Further, the value of J⊥ is much
larger than in the corresponding organic systems, fully 10% of J‖ leading to many
interesting effects; the spin-gap, �, is 24 K [15–17]. The fundamentally different
spin system of CuGeO3 has very interesting mechanistic consequences, and ongoing
work to compare this material with organic SP compounds has been useful for the
development of chemical structure–property concepts in low-dimensional magnetic
solids [18]. These distinctions, along with the amenability to doping without structural
modification [6], has made CuGeO3 a prototype of a new class of inorganic SP
systems.

The value of � is very close to the mean field value, likely reflecting the afore-
mentioned strong interchain coupling. The latter is presumably the reason why the
susceptibility of CuGeO3 is “non-Bonner–Fischer-like”. Indeed, to account for the
various physical property measurements in this quantum spin material, including
next-nearest neighbor interactions in the Hamiltonian appears to be essential and
even competing with other effects [16,17,19]. Castilla et al. justify these large in-
teractions in terms of superexchange pathways, and point out the possibility of a
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frustration-induced gap [19]. They conclude that α ≈ 0.24 ≤ αc in CuGeO3, leading
to a dimerization-induced gap. In contrast, Riera and Dobry find α ≈ 0.36, leading
to a frustration-induced gap without dimerization [17]. The sizeable interchain in-
teractions also motivated the extension of mean-field theory to two dimensions for
CuGeO3 [20,21]. Here, both the gap and the lattice distortion go as (Tc − T )1/2, and
a finite value of the gap is predicted as the lattice distortion approaches zero.

Sandvik et al. show that the adiabatic model might not be relevant to CuGeO3,
because the phonons relevant for the dimerization do not soften while the spin gap
is so small [22,23]. Using a dynamical Monte Carlo model, they show that unless the
coupling exceeds a critical value (αc), transition to the SP state will not occur. For
α ≥ αc, the phonon spectral function displays a delta function component (corre-
sponding to long-range order) separated from the rest of the oscillator strength by a
soliton gap. Bursill et al. also point out that a realistic model for SP materials should
include quantum phonon effects because a spin chain with static dimerization is not
justified for a real material [16,24]. The authors find that above a critical value of the
spin–phonon coupling, the system moves from a gapless spin-fluid state to a gapped
dimerized state. The critical coupling is [16,24]:

g2
c /ω = αc J

1/2 − αc + 3(1 + 2αc)J/8ω
. (2)

The phase diagram of the system at T = 0 is mapped out in g/ω vs J/ω space. Note
that for classical phonons, one always finds a gapped dimerized phase.

In SP compounds, interest has focussed on the understanding of the magnetic
field–temperature phase (H–T ) diagram, because of the striking similarity of these
plots for several different organic and inorganic materials [1,5,25]. A typical H–
T diagram (Fig. 1) can be divided into three distinct parts, with the second-order
uniform → dimerized SP transition at Tc described by the theory of Cross [2,3]. For
low values of the field, Tc scales with the square of the field [2,3]:

1 − Tc(H)

Tc(0)
∼ α

(
µB H

kBTc(0)

)2

, (3)

because of the suppression of spin fluctuation with increasing Zeeman energy.
Tc(0) = 14 K for CuGeO3. The low-temperature phase typically has another bound-
ary near the critical field (Hc), dividing the regime into “low-field nonmagnetic” and
“higher-field magnetic” phases. Within the mean-field approximation [2,26], such a
transition is expected at:

gµB Hc

2kTc
≈ 0.74 , (4)

or equivalently using Eq. (1), at:

gµB Hc

�
≈ 0.84 . (5)
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This phase boundary line (at Hc = 12.5 T) has been shown to have both first- and
second-order character in CuGeO3, depending on the temperature where the dimer-
ized → incommensurate phase boundary is traversed [4,5], and is theoretically re-
lated to the competition between the Zeeman and exchange terms in the SP Hamil-
tonian [2,27]. While DC and AC susceptibility measurements have clearly shown
that the high-field phase of both CuGeO3 and the prototypal organic SP materials
have finite magnetization [1,4,5], little was known about the microscopic nature of
this exotic phase until quite recently when X-ray measurements in the high-field
phase of both CuGeO3 and TTFCu(BDT) found that the lattice takes on a field-
dependent incommensurate modulation above the dimerized → magnetic phase
boundary [28,29].

The room-temperature structure of CuGeO3 is orthorhombic with a Pbmm space
group [30,31], as shown in Fig. 2. Essentially, it comprises both distorted CuO6 oc-
tahedra and GeO4 tetrahedra, running along the c-axis. Below Tc, the Cu2+ chain
dimerizes, and a shift of the ab plane bridging oxygens gives rise to additional su-
perlattice Bragg scattering at (h/2, k, l/2) with h, k, l equal to odd integers. This
lattice dimerization results in spin pairing to form a singlet ground state [32]. The
temperature-dependence of lattice constants near the 14 K transition in CuGeO3
has been extracted from thermal expansion data [33]. The spontaneous strain along
b was reported early on [34], and a soft LA phonon branch has also been reported
along the b∗ direction. Recently, Nishi et al. showed that this broad dispersion is ac-
tually composed of two branches with other possible excitations nearby [15]. Pouget
et al. observed structural fluctuations below 40 K via X-ray diffuse scattering [35].
They also show that the inverse correlation length for structural fluctuations goes
as (T − Tsp)1/2, diverging upon approach to 14 K. Very near Tc, extremely large
length-scale fluctuations are attributed in part to random field defects near the sur-
face [36]. Raman scattering experiments confirm the aforementioned lattice distor-
tions at Tc, and the magnetic correlation length tracks the structural correlations
well [37].

Fig. 1. Typical H–T phase diagram for SP Materi-
als. Note the similarity between that obtained for
CuGeO3 and the organic prototypes. Reprinted
with permission from Ref. [5], Copyright 1993 by
the American Physical Society.
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Fig. 2. (a) Crystallographic structure of CuGeO3. (b) View of the structure along the c-axis.
(c) LEED pattern at an electron beam density of ≈ 150 eV. Reprinted with permission from
Ref. [70], Copyright 1997 by the American Physical Society.

Several neutron-scattering experiments also probed the lattice instability and
magnetic driving forces for the SP transition [15,31,38–45], and Boucher and Reg-
nault have reviewed many of the structural and magnetic properties of CuGeO3
fairly recently [9]. The zone center spin energy gap was first reported by Nishi et al.
as 2.1 meV, and a value of β = 0.33 has been extracted by several authors. Later an
additional sharp excitation was observed at the edge of the Brillouin zone [39,40].
The spectrum of the double spinon excitation has been mapped out as a function of
temperature [39–41], although the dynamics of the various features evolve quite dif-
ferently. The solitonic midgap gap feature and the magnetic continuum are attributed
to dissociation of a dimeric spin pair into a delocalized triplet and the further sep-
aration of that triplet into well-separated S = 1/2 solitons, respectively. Inelastic
neutron scattering measurements combined with shell model calculations have also
been used to probe the nature of spin–phonon coupling in CuGeO3 [44]. Although
no evidence for soft mode behavior was found, two low-energy modes symmetry
of the distortion (3.5 and 6.8 THz, corresponding to Ge–O and Cu–O2–Cu motion,
respectively) were found to couple with the magnetic system at temperature scales
above Tc (14 K). The absense of soft mode behavior has important consequences for
the mechanism of the SP transition in CuGeO3. Inelastic light scattering has also
been used to probe the low-energy excitations in CuGeO3 [37]. A three-magnon
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process has also been observed (appearing as a shoulder on the 30 cm−1 mode) and
attributed to scattering between excited triplet states [46].

There has been much controversy about the nature of the high-field magnetic
phase and the mechanism of the associated field-induced commensurate → incom-
mensurate transition. From a theoretical point of view, the transition is driven by the
competition between the Zeeman and exchange terms in the SP Hamiltonian [10].
High-resolution X-ray measurements of Kiryukhin et al. are interpreted within a lo-
calized spin picture, where dimerized domains are separated by soliton-like walls of
unpaired spin [28,29]. The soliton width is estimated to be 13.6 lattice spacings near
the boundry, somewhat larger than theoretical expectations. The change of dimer-
ization peak intensities are also related to the order parameter of the field-induced
transition, as shown in Fig. 3, and indicate that the distance between spin defects
approaches zero in a first-order manner at the phase boundary. Fagot-Revurat et al.
confirm this interpretation of the the high-field phase via NMR spectra and spin–
echo measurements which are consistent with an incommensurate static modulation
of the local spin density, with an amplitude of 0.065 at 1.4 K and 16.3 T [47]. A
field-induced 3D magnetic soliton lattice is proposed. More recent 65Cu NMR ex-
periments by the same group have probed the solitonic profile with an eye toward
using the polarization and size of the signatures to test the appropriateness of various
Hamiltonians [48]. The pressure dependence of the critical field was probed by both
magnetostriction and inelastic neutron scattering data [49,50].

Heat-capacity measurements of CuGeO3 have presented a particular challenge,
because the data are equally well-described by a mean-field model with Gaussian
fluctuations and a 3D critical behavior model (Ising or XY) [51,52]. A possible
resolution of this problem is presented by Birgeneau et al., who suggest a mean-

Fig. 3. Intensities of the commensurate (closed symbols) and incommensurate (open symbols)
reflections as a function of magnetic field. The lines are guides to the eye. Compared with the
organic SP materials, a very small hysterisis regime is reported. Reprinted with permission
from Ref. [29], Copyright 1995 by the American Physical Society.
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field framework with a tricritical to mean-field crossover in the transition regime
[53]. The sensitivity of this thermodynamic quantity to crystalline quality, aging, and
quenching has also been noted [52]. High-field results indicate that the specific heat is
dominated by magnetic excitations and a phonon contribution at low temperatures;
no gap is observed, in contrast to zero field data [54].

Low energy excitations of CuGeO3 have also been explored by sub-millimeter
wave spectroscopy. Yamamoto et al. find that upon passing through the uniform →
dimerized transition on the H–T phase diagram, ESR-derived g-shifts are extraordi-
narily large compared with the organic SP materials, suggesting that electronic inter-
actions are important [55]. The angular dependence of the g value is best accounted
for by a tetragonal crystal field surrounding the Cu2+, although NMR Knight-shift
measurements argue for rhombic crystal field [56,57]. Further, a significant drop in
the absorption intensity is found on passing through the 14 K transition. High-field
ESR results were reported by Brill et al. [58]. In this work, two types of absorption
were observed – transitions between excited states and transitions from the ground
state to an excited state. Both are attributed to Zeeman splitting of spin-Peierls
gaps located at different points in the Brillouin zone. The lower energy gap is at
20 K (2.1 meV), whereas the higher energy gap is at 63.5 K. The lower branch of the
2.1 meV gap goes to zero at a critical field near 12.5 T, as shown in Fig. 4.

Far-infrared reflectance and transmission measurements have been used to ex-
plore the characteristics of the H–T phase diagram of CuGeO3 [59–65]. Weak
folded modes are observed at 284, 312, and 800 cm−1 below Tc [60]. Data through

Fig. 4. (a) Energy-level diagram as a function of field for ESR transitions in CuGeO3. The Zee-
man splitting of two triplet states with SP gaps Eg1 and Eg′ is shown as solid and dashed lines,
respectively. These states are located at different points in the Brillouin zone. Both high-field
and low-field excitations are indicated. (b) Magnetization as a function of field at T = 1.53 K,
showing the jumplike behavior around Hc and a small hysterisis effect. (c) Temperature-
dependence of the SP gap Eg′ . Reprinted with permission from Ref. [58], Copyright 1994 by
the American Physical Society.
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Fig. 5. Left panel: reflectance ratios of CuGeO3 in the far-infrared which characterize the
dimerized → magnetic phase transition at 5 K. From bottom to top: 2 T/0 T, 5 T/0 T, 7 T/0T,
9 T/0 T, 11 T/0 T, 13 T/0 T, 15 T/0 T, and 17 T/0 T. The curves have been off-set for clarity. Right
panel: dependence of frequency on magnetic field for the phonon structure shown in the left
panel. Reprinted with permission from Ref. [63], Copyright 1996 by the American Physical
Society.

the dimerized → incommensurate transition is particularly striking [63,64]. Here,
Zeeman splitting of the 63.5 K SP gap is observed; the lower and upper branches
disappear in the incommensurate phase due to destruction of the singlet ground
state (Fig. 5). Careful far-infrared measurements by Takehana et al. identify several
additional structures in the spectra of CuGeO3 [65]. For instance, a 98 cm−1 zone
folding mode (of B3u symmetry) has weak doublet character in the incommensurate
phase; this doublet structure seems to be related to the degree of incommensurabil-
ity. Further, the authors observed a broad absorption centered near 63 cm−1 which
is assigned as a magnetic excitation from the singlet ground state to a continuum
state.

Polarized optical spectroscopy has also been used to characterize the optical con-
stants of CuGeO3 and follow changes through the various phase boundaries of the H–
T phase diagram [66–72]. In particular, the intensity and temperature-dependence
of the color band suggest assignment as a phonon-assisted d → d transition [67].
Using the partial sum rule on the absorption, Bassi et al. extract the temperature
dependence of the oscillator strength ( f ) of this band and successfully fit it to the
form:

f = f0 coth
(

hνp

2kT

)
. (6)

Characteristic phonon energies of 238 and 245 cm−1 were extracted for the b and c
polarizations, respectively. Electron spectroscopy measurements confirm this origin
of the blue color [70]. Thus, band structure calculations provide little information
about the visible optical properties of CuGeO3, although the 3.7 eV charge-transfer
gap is in-line with band structure estimates and attributed to transitions between
O 2p states and Cu d states [69,70,73–77]. A small, sharp feature at 1.47 eV (near
the leading edge of the Cu2+ d → d band) in the optical spectrum has systematic
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temperature- and field-dependence; this structure can be integrated to identify Tc
and Hc (Fig. 6). Recent optical measurements under hydrostatic pressure by Zeman
et al. confirm the sensitivity of this feature to the transition [72]. Interestingly, the
phase diagrams at various pressures do not seem to scale according to the Cross–
Fischer theory; this is probably attributable to next-nearest neighbor frustration.
Better scaling is obtained when the field axis is scaled by the singlet–triplet gap energy
(Fig. 7); note that an H2 dependence on TSP(H)/TSP(0) is still observed. Interchain
exchange interactions, which are well-known to affect the high-field state of a quasi-
one-dimensional Heisenberg antiferromagnet couple with a lattice distortion [78,79],
are likely to play a major role, because the transverse interactions increase with
pressure. A complete understanding of this and other scaling issues is still elusive.

Fig. 6. Left plot: temperature-dependence of zero-field reflectance ratio spectra for CuGeO3,
R(T )/R(T = 4 K), with (a) E‖c and (b) E‖b. Right plot: field dependence of 4 K reflectance
ratio spectra of CuGeO3, R(H)/R(0), with (a) E‖c and (b) E‖b. Reprinted with permission
from Ref. [71], Copyright 1997 by the American Physical Society.
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Fig. 7. Phase diagram of CuGeO3 for differ-
ent pressures plotted against T/Tsp. (a) sca-
ling of H with Tc; (b) scaling of H with �. The
solid squares are magnetostriction thermal ex-
pansion data from Ref. [82]. Reprinted with per-
mission from Ref. [72], Copyright 1999 by the
American Physical Society.

There is actually a good deal more to the behavior of CuGeO3 in temperature–
field space than is given by the aforementioned H–T diagram (Fig. 1). For instance,
Raman measurements by van Loosdrecht et al. show that the uniform phase is divided
into a high-temperature regime and a short-range order phase which sets in near
60 K [80,81]. The high-temperature phase has low-dimensional diffusive fluctuations,
whereas the short-range order regime has signatures of a spin-wave continuum, as
expected for a one-dimensional quantum Heisenberg chain. Thermal expansion and
magnetostriction experiments also indicate that although the soliton picture might
be the most appropriate description for the spin excitations close to the 12.5 T phase
boundary, an incommensurate sinusoidal modulation of the spin gives a better fit to
the data for fields well above Hc (28 T) [2,27,82]. In the soliton domain-wall model,
the dimerization amplitude is given as:

A(l, H) = (−1)l A0ksn
(

lc

kξ
, k

)
, (7)

where sn(x, k) is a Jacobi elliptic function of modulus k, determined by the field-
dependent intersoliton distance and the soliton width. Within the sinusoidal modu-
lation picture, the spacial character of the dimerization amplitude is given as:

A(l, H) = (−1)l A0(H) sin[q(H)lc], (8)

where q(H) is the field-dependent modulation vector and c is the lattice constant
along the magnetic chain direction. The development of one form from the other
(solitonic → sinusoidal) seems to be continuous. These results are supported by
numerical density matrix renormalization group calculations and simulations. It is
notable that neither model fits thermal expansion or structural data perfectly, making



3.2 Inorganic SP Materials 105

this discrepancy an important issue for future work. Other authors have pointed out
the large and changable spin–phonon interactions at high fields also [83,84].

Finally, the pressure-dependence of the CuGeO3 phase diagram has been studied
by Raman scattering techniques [85]. van Loosdrecht et al. map out a new T –P phase
diagram, characterized by three different phases, two of which have both “regular”
and low-temperature SP regimes. Trends in the important SP parameters, such as
the increase in the SP gap with pressure, are attributed to the effect of next-nearest
neighbor interactions.

3.2.2 Impurity-doped CuGeO3 Systems

Recent studies have demonstrated the facile and interesting impurity substitution
possibilities in CuGeO3. Several elements, including Zn, Si, Ni, Ca, Al, Sn, Cd, Ga,
and Mg, have been successfully incorporated into the crystallographic structure, with
the dopant ion being substituted for Cu or Ge in the octahedral lattice [6,86]. Among
these, the Zn, Mg, and Si doped systems are the most well characterized. In the case
of Zn and Mg doping, the impurity species is nonmagnetic, and is substituted for the
d9 Cu atoms in the magnetic chain. Thus, systems with the formula Cu1−x Znx GeO3
or Cu1−x Mgx GeO3 can be prepared and provide an ideal model to study “spin in-
terruptions” in a linear magnetic chain system. In contrast, Si replaces Ge to yield
CuGe1−x Six O3, which primarily effects interchain coupling. One of the most attrac-
tive aspects of these doped compounds is that the cationic substitution takes place
without severe modification of the linear chain structure [6]. Therefore, the magnetic
interactions along (and between) the chains can be modulated without a change in
the structural properties. Because of this unique aspect, the CuGeO3 system repre-
sents a rich testing ground to study the effects of chemical structure on the magnetic
properties.

The competing ground states of impurity-substituted CuGeO3 have attracted a
great deal of attention. Early studies by Hase et al. showed that with increasing Zn
concentration, the SP transition temperature decreases and ultimately disappears
[6]. More recent work has shown that the SP transition temperature levels off at
about 9 K and remains stable up to at ≈ 3% doping [87,88]. Further, an antiferro-
magnetic Néel state is stabilized at lower temperature [88], which seems to need
no critical concentration for its appearance. Thus, there is a regime where both SP
lattice distortions and long-range antiferromagnetic effects coexist near 4 K (Fig. 8)
[89]. µsr measurements on both Zn and Si-doped CuGeO3 support this interpre-
tation [90,91]. Recently, Büchner et al. used thermal expansion, magnetostriction,
and specific heat techniques to probe properties of various phases in H–T space
for a series of Zn-doped samples [92]. They also found evidence for competing SP
and antiferromagnetic order. Mg doping of Cu sites also causes the SP state to dis-
appear [93], but the effects are generally weaker than that observed with Zn. A
similar temperature-concentration phase diagram is obtained for Cu1−x Mgx GeO3
[94]. With Si doping, the SP temperature decreases slightly and 3D antiferromag-
netic order sets in at lower temperature [95,96]. In fact, the SP phase coexists with
the antiferromagnetic phase in this compound also, and a magnetic phase is present
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Fig. 8. Temperature-concentration phase diagram for Cu1−x Mx GeO3 with M = Zn, Mg, Ni,
and CuGe1−ySiyO3, using the scaling y = 3x . Within this scaling, one notes the universal
character of the T –x diagram, except for the TN(x) data in Ni-doped CuGeO3. The solid line
is described by the equation TSP(x) = TSP(0)[1 − 15x]. Reprinted with permission from Ref.
[88], Copyright 1998 by the American Physical Society.

above 8 T. For the magnetic field aligned along the chain axis, a spin–flop phase is also
observed [97]. Several techniques have been used to map out H–T phase diagrams
for Zn- and Si-doped crystals of particular concentrations [97–100]. For Al and Sn
doping, addition of impurities does not stabilize any “extra” low-temperature com-
peting phases. Here, the main effect of the dopant is to increase the hysteresis around
the dimerized → incommensurate boundary at low temperature and to broaden the
transition [101].

Recent theoretical work by Fukuyama et al. accounts for the unexpected SP–
antiferromagnetic coexistence in the Si-based system [89]. The authors present anti-
ferromagnetic and SP dimerization amplitudes as a function of doping concentration
for a series of impurity displacements, and show that impurity-induced antiferromag-
netic long-range order is a universal phenomena in gapped quantum spin liquids. A
critical impurity concentration, above which SP distortions are expected to vanish,
is estimated based upon dimensionality arguments. This coexistence of coherent an-
tiferromagnetic long-range order and dimerization is predicted to persist even if the
distribution of impurities along the chain is random. Other authors have addressed
the role of disorder at very low doping levels as well [102].

The neutron scattering investigations by Regnault et al. and Martin et al. on
Cu1−x Znx GeO3 were particularly important for confirming the coexistence of SP
and antiferromagnetic ordering [96,103]. Following the temperature dependence of
the lattice dimerization (which is related to the square of the order parameter), the
authors found it was still finite below the Néel temperature, even for very small Zn
concentrations. The sharp excitations of the antiferromagnetic state are robust at
all doping levels (and fairly insensitive to doping), whereas the signatures of the SP
state display increasing disorder with increased doping. Both b∗ and c∗ dispersions
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were measured in Ref. [103]. A weak correlation between the energy gap and the
dopant concentration was also observed. Neutron scattering studies on Si substituted
crystals have also been pursued, most recently in high magnetic fields [104].

More recently, structural investigations by Wang et al. of Cu1−x Mgx GeO3 show
that the spin gap and the short-range order SP dimerization peaks appear to be
well established before long-range SP dimerization sets in [94]. This suggests that
two temperature scales, one related to small domain formation and another related
to long-range three-dimensional coherence, might be appropriate for modeling the
transition behavior of doped systems. Such a scenario also holds out a reasonable
explanation for the disappearance of the SP transition above a critical dopant con-
centration; the authors ascribe it to a drastically reduced SP coherence length above
a critical concentration driven by interchain interactions. Thermal conductivity mea-
surements by Takeya et al. support the progression of short-range SP order to long-
range SP order in doped samples [105]. Further, they establish that the mean free
path of the spin excitations should exceed the impurity distance to realize long-range
SP order.

X-ray scattering studies have extended the aforementioned neutron scattering
work on Zn- and Ni-substituted samples into the high-field incommensurate phase
[106]. At low doping concentrations, a short-range ordered incommensurate phase
is stabilized; this is attributed to strong pinning of the spin-solitons to impurities. At
higher doping levels, long-range order is in competition with the antiferromagnetic
phase. Quantitative description of the experimentally observed lattice modulation
(and defect width) with field remains an important challenge.

Several ESR measurements have focussed on the Zn and Si doped systems [107–
110]. The multifrequency high-field spectra of Hassan et al. show particularly rich
results, with a number of concentration dependent doping-induced features [109].
These effects are attributed to local enhancement of antiferromagnetic correlations
near the Zn impurities, which give rise to transitions between states inside the SP
gap. These results are in-line with predictions for in-gap states in doped CuGeO3
by Martins et al. [111]. Temperature dependence of the in-gap states resonant fields
is attributed to increasing short-range order as the temperature is lowered. Nojiri
et al. show that minute Si doping significantly broadens the singlet–triplet absorp-
tion excitation, because of spectral weight shift away from the triplet branch to the
antiferromagnetic resonance mode [110].

The aforementioned theoretical work on the suppression of the SP gap in Zn-
doped CuGeO3 [111] is based on an analysis of different spin interactions on various
chain segments. Both low and high-frequency spectral weight features are introduced
with doping, as the original SP gap itself is closed, because of the breaking of spin
singlets. The authors postulate that at low temperatures, random unpaired spins
in each segment can be replaced by a single effective spin, with coupling which
depends on fragment length. Experiments which probe the low-energy response of
doped CuGeO3 systems are thus likely to be described best by a random exchange
Heisenberg model, although the length scale of the experimental technique will be
important to the analysis.

Low-energy excitations in doped CuGeO3 have also been studied by far-infrared
spectroscopy. Several very low-frequency absorption lines appear with progressive
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Zn doping (10 cm−1, 20 cm−1), and a broader temperature-independent absorption
[112]. The 10 cm−1 feature, assigned as a librational motion of the GeO4 tetrahedra,
is absent in Si-doped samples. The temperature dependence of the 20 cm−1 struc-
ture is consistent with a three-level model, in which the two excited states are slightly
above the energy of the ground state. In Si- and Mg-doped CuGeO3, Damascelli et
al. observed a change in the 800 cm−1 b-polarized B2u zone-boundary phonon mode
on passing through the SP transition [113]. Integrated intensities as a function of tem-
perature show a decrease and broadening of the transition temperature compared
with the undoped crystal. Surprisingly, the spectra of Zn-doped CuGeO3 reveals no
field dependence in the 5–35 cm−1 regime [112], although the 98 cm−1 zone-folding
mode does have an unusual doping dependence, which seems to be related to the
strength of lattice distortion in the doped systems combined with impurity-induced
violation of selection rules [114].

3.2.3 ·′-NaV2O5

Among the many vanadate compounds with low-dimensional and spin-gap features,
α′-NaV2O5 has attracted attention as the second possible inorganic SP system [8].
This behavior was originally recognized in 1996 by Isobe and Ueda from a pro-
nounced decrease in the susceptibility of powder samples near 35 K [7,8]. From a
fit of the data to the Bonner–Fisher model, the authors extracted a near-neighbor
exchange interaction of J = 560 K. These results were confirmed by Weiden et al.
on single crystals a short time later [115]. The decrease of the susceptibility with
temperature is independent of field direction, as shown in Fig. 9. From a fit of χ(T )

to the theory of Bulaevskii, the gap energy (�) and the exchange coupling con-
stant (J ) are extracted as 85 ± 15 K and 441 K, respectively. A Heisenberg-type fit
to the susceptibility also works well, although the fit quality is best at high tem-
perature. Interchain interactions and magnetic frustrations are found to be almost
negligible in this material, in contrast to CuGeO3. Thus, αc = J ′/J ≈ 0. The lattice
distortion of α′-NaV2O5 at the 35 K transition is much larger than that of CuGeO3.
Theoretical models therefore predict that the spin–phonon coupling is 2 or 3 times
larger in α′-NaV2O5 than CuGeO3 [116,117], with important consequences for the
inelastic neutron scattering, photoemission, and Raman scattering results. Recent
quantum Monte Carlo calculations also point to the importance of including dynam-
ical phonons in order to obtain a quantitative description of the magnetic properties
of α′-NaV2O5 [22,23].

The 300 K structure of α′-NaV2O5 is orthorhombic, with a Pmmm space group
as shown in Fig. 10 [118–120]. In the ab plane, layers of VO5 square pyramids share
edges and corners. These “connected pyramid” layers in the ab plane are separated
by Na atoms along c. The ladder analogy (with legs and V–O–V rungs) is helpful
here. Early 300 K structural studies overlooked an inversion center and mistakenly
identified the space group as P21mn. Such a rendering gave rise to crystallographi-
cally inequivalent vanadium sites defining two very different types of chain running
along the b direction. In this picture, the magnetic chains, which contain S = 1/2 V4+
ions, are surrounded by nonmagnetic S = 0 V5+ chains and the one-dimensional
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Fig. 9. Susceptibility of α′-NaV2O5 along the three major crystallographic axes. The values
for the magnetic field parallel to the three axes are shifted to reach the same value at T = 2 K.
Inset: Analysis of the susceptibility of the single crystals for B‖b using the theory of Bulaevskii.
Reprinted with permission from [115], Copyright 1997 by Springer.

Fig. 10. Crystal structure of orthorhombic
α′-NaV2O5 in the Pmmm space group.
Note the VO5 square pyramids and the
rows of Na atoms. Reprinted with per-
mission from Ref. [119], Copyright 1998
by the International Union of Crystallo-
graphy.

spin structure arises naturally. However, it has recently been found that α′-NaV2O5
is actually described by the Pmmm space group at 300 K [118–120]. The Pmmm
centrosymmetric rendering implies that all vanadium sites are crystallographically
equivalent, giving a formal valence of +4.5 for each V site [118–120]. Such an inter-
pretation is supported, for instance, by recent V NMR work [121,122]. Thus, at 300 K,
it is currently thought that α′-NaV2O5 has a single V4.5+ site and centrosymmetric
symmetry, which has raised raised the important question of whether α′-NaV2O5
should be considered at SP material.

X-ray diffraction has been used to probe the change in structure associated with
the 35 K transition in α′-NaV2O5. The superlattice reflection data of Fujii et al.
clearly show the lattice dimerization along the chain direction [123]. Many studies
have focussed on the nature of the low-temperature superstructure. These superlat-
tice reflections occur with a lattice modulation vector q = (1/2, 1/2, 1/4) [123]. In
CuGeO3, unit cell distortion below the 14 K transition is observed in only two direc-
tions. The modulated ladder in α′-NaV2O5 might have some charge disproportiona-
tion (V4+ and V5+ sites), and a zig-zag charge order is one of the leading structural
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candidates [124]. Recent calculations show that such a pattern is also energetically
favorable [125,126]. Note that in the zig-zag spin lattice, the paired spins do not reside
in the ladder chains but in between the ladder chains. This transverse pairing makes
α′-NaV2O5 different than a simple SP system. It is notable that theoretical models
both with and without explicit correlation effects make this prediction [125,126].
Although microwave dielectric anomalies also seem to be consistent with zig-zag
charge ordering in the ab plane below Tc [127], the most recent low-temperature
structural refinement by Lüdecke et al. reveals much more complex behavior with
a modulated acentric Fmm2 structure on the 2a × 2b × c supercell. Here half of
the vanadium ions are not involved in the distortion, leading to both modulated
(magnetic) and unmodulated (nonmagnetic) chains [128]. The susceptibility of the
remaining V4.5+ below 35 K remains unaccounted for.

In the low-temperature phase, inelastic neutron scattering measurements have
been used to extract the energy gap in the magnetic excitation spectrum directly.
Fujii et al. found �/k = 114 K = 3.4Tc, which is twice the mean-field value [123].
This suggests that fluctuation effects in α′-NaV2O5 will play an important role in
the transition, especially in comparison with CuGeO3, the critical behavior of which
is described quite well by mean-field theory. This estimate of the gap amplitude
of α′-NaV2O5 is in line with that of other techniques, including ESR [129]. The
temperature-dependence of the gap, obtained both from inelastic neutron scatter-
ing studies and from ultrasound velocity measurements is shown in Fig. 11 [130].
Modeling this behavior as �(T ) = �(0)(1 − T/Tsp)β yields a critical exponent of
0.34 ± 0.08, similar to that observed for CuGeO3.

Indeed, both specific heat and thermal conductivity measurements of α′-NaV2O5
point to the importance of fluctuation effects in the transition regime. In the specific

Fig. 11. Temperature profile of the gap determined from the relative velocity variations along
the chain axis. Filled squares are the gap values deduced from the inelastic neutron scattering
data of Ref. [123]. Reprinted with permission from Ref. [130], Copyright 1998 by the American
Physical Society.
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heat data of Powell et al. the thermal signature of the 35 K transition is more than
twenty times that expected from mean-field theory, and it is much sharper than
the response from CuGeO3 [131]. Analysis places the Debye temperature between
345 and 414 K. Very recent experiments indicate possible tricritical behavior in α′-
NaV2O5 [132]. The thermal conductivity results of Vasil’ev et al. are also highly
anomalous, with a huge increase in κ at the SP transition temperature [133]. The
striking difference between the thermal conductivity signature in α′-NaV2O5 and
CuGeO3 is attributed to the stronger spin–phonon coupling in the vanadate material
combined with the more complicated nature of the transition.

Ultrasonic techniques are also extraordinarily useful for probing the precursor
effects in α′-NaV2O5 above Tc [130,134]. They are quite strong, whereas there is
no persistent softening in the low-temperature SP phase, in contrast to what is ob-
served for CuGeO3. This suggests that magnetoelastic coupling is more effective in
α′-NaV2O5 than in CuGeO3, in agreement with the aforementioned thermal conduc-
tivity measurements. The temperature dependence of the gap is calculated (Fig. 11),
and a zero temperature value of � = 90 K is extracted. Originally, the field depen-
dence of Tc from susceptibility measurements on α′-NaV2O5 was reported to be in
line with that expected from theories of Bulaevskii and Cross. Recent ultrasonic re-
sults in fields up to 14 T, however, indicate a much smaller than expected reduction
of the transition temperature in the applied field; this suggests that further investi-
gation at higher magnetic fields are required to resolve this issue and to map out the
full H–T phase diagram [130]. Also, propagation of the C66 shear mode has been
related to a low temperature charge fluctuation of B1g symmetry [134].

There have been several computational attempts to understand the electronic
structure of α′-NaV2O5. Methods ranging from local density approximation (LDA+
U), spin density approximation (SDA+U), Hartree–Fock, cell perturbation method,
t–J ladder model, and extended Hückel have been employed [135–138]. Extended
Hückel band structure techniques have also been used [137]. Wu et al. and Nishi-
moto et al., on the other hand, take a more localized approach, computing the
electronic structure of α′-NaV2O5 within the LDA + U picture and trellis lattice
t–J models, which enable assessment of correlation parameters [135,136]. Many of
these aforementioned models provide a framework for understanding the frequency-
dependent conductivity [136,138]. For instance, the trellis t–J model affords rea-
sonable agreement with the experimental spectra only under the assumption of a
charge-disproportionated ground state [136].

The nature of the electronic excitation near 1 eV in α′-NaV2O5 has been a subject
of special controversy (Fig. 12). This structure was originally interpreted as resulting
from phonon-assisted d–d transitions within the crystal field manifold for the V4+
site [139]. Such an explanation is similar in spirit to what is observed for CuGeO3.
Alternatively, the near-infrared excitation in α′-NaV2O5 has been interpreted as
an on-rung charge-transfer structure [140]. This assignment was partly based on
intensity arguments, which noted that the excitation in α′-NaV2O5 is significantly
stronger than that expected for a symmetry forbidden process (as in CuGeO3).
From another point of view, the 1 eV feature was attributed to a dxy →dyz transition
within the V d manifold, consistent with the polarized band structure in Fig. 12 [137].
Further, high-field optical experiments show that the SP transition has essentially
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Fig. 12. Room temperature far-
infrared reflectance spectra of α′-
NaV2O5. Open circles represent ex-
perimental data. Solid lines are fit
results. Reprinted with permission
from Ref. [144], Copyright 1998 by
the American Institute of Physics.

the same electronic structure changes at 28 T as at zero magnetic field, although the
transition temperature is shifted slightly downward.

Popova et al. presented an elegant study of the lattice vibrations in α′-NaV2O5 at
room temperature using infrared and Raman spectroscopic techniques to discrim-
inate between the aforementioned centrosymmetric (Pmmm) and noncentrosym-
metric (P21mn) structures [141]. Their polarized infrared reflectance data are shown
in Fig. 13. On the basis of the number of experimentally observed modes and lattice
dynamical calculations the authors concluded that the 300 K phase of α′-NaV2O5 is
most consistent with the centrosymmetric structure. Interest has also focused on the
temperature dependence of the vibrational modes through the 35 K SP transition
in α′-NaV2O5. This is because the stronger magnetoelastic coupling in α′-NaV2O5
compared with CuGeO3 suggests that such analysis will be highly profitable. Both in-
frared and Raman scattering data provided early information on the lattice distortion
at Tc [115,139]. More recently, Smirnov et al. have presented a detailed investigation
of the 718 cm−1 feature in the infrared, which has strong and systematic variation with
temperature on passing through Tc [142]. Attributing an order-parameter-like be-
havior, the authors fit the oscillator strength of the feature to the form (1− T/Tsp)2β ,
extracting a critical exponent, β, of ≈ 0.25. The temperature dependencies of this
and other modes highlight the importance of pretransitional fluctuations, in line
with the aforementioned ultrasound measurements. Another important aspect of
the infrared spectra of α′-NaV2O5 is the continuum signal observed along the a
direction (Fig. 12). On the basis of the overall low-energy of the continuum, sev-
eral authors have speculated that some type of spin excitation along the rungs of
the ladder might be responsible for this effect. Damascelli et al. explain the data
in terms of two-magnon processes where spin flips on the rungs of the ladders can
create local electric dipole moments [143,144]. While present over the full temper-
ature range, the oscillator strength of the continuum increases upon approach to Tc
from above and decreases sharply below 35 K. This increase has been attributed to
enhanced short-range antiferromagnetic correlations of the chains upon approach to
Tc, whereas the decrease corresponds to the suppression of these interactions below
35 K.
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Fig. 13. Optical conductivity of α′-
NaV2O5 at 300 K for a (shaded)
and b (unshaded) polarizations. In-
set a: enlarged view of σ1(ω) from
40–3000 cm−1. Inset b: plot of oscil-
lator strength of electronic conti-
nuum along a against temperature.
Reproduced with permission from
Ref. [141], Copyright 1998 by the
American Physical Society.

3.2.4 Doping in the ·′-NaV2O5 System

From the chemical formula of the stoichiometric compound, it is easy to see that
α′-NaV2O5 must have one spin per formula unit. To “move away” from the stoichio-
metric situation, doping is required [8]. To this end, sodium deficiencies in α′-NaV2O5
single crystals have been incorporated and controlled with success [145]. A rather
wide range of both deficiency and excess is available. The main effect of creating a
Na deficiency is to introduce nonmagnetic holes (V5+ ions) into the magnetic V4+
sites, thus creating “breaks” in the S = 1/2 spin chains.

The concentration-temperature phase diagram, has been mapped out by suscep-
tibility and thermal conductivity techniques for α′-Na1−x V2O5 [133]. The SP phase
transition itself vanishes slightly above x = 0.03. Thermal conductivity suggests that
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Table 1. Organic SP materials-summary of critical properties.

Material Tc (K) Hc (T)

(TTF)CuBDT 12 11.5
(TTF)AuBDT 2 2.25
(TTF)CuBDSe 6 –
MEM(TCNQ)2 18 19.5
DAP(TCNQ) 160 –
(TMTTF)2PF6 20 19.1
(BCPTTF)2PF6 36 –
(BCPTTF)2AsF6 32.5 –
Per2[M(mnt)2], M = Pt, Pd, Ni 8, 28, 25 –
α′-(ET)2Ag(CN)2 5.8 6.5
β ′-(ET)2SF5CF2SO3 45 –
ζ -(ET)PF6 40 –

this is because the spin gap fills with magnetic excitations upon departure from per-
fect stoichiometry. Currently, no additional low-temperature magnetic phases have
been reported, in contrast to Zn-doped CuGeO3. The lack of additional structure
in the concentration-temperature phase diagram has been attributed to the strong
one-dimensionality and lack of inter-chain interactions in the α′-Na1−x V2O5 system.
Excess Na doping has also been reported to reduce Tc [115].

The properties of a number of solid mixtures with α′-NaV2O5 are also under
investigation. For instance, combining CaV2O5, which is a half-filled spin ladder
system, with α′-NaV2O5 creates solid solutions of a spin-Peierls–spin gap material.
Small Ca substitution suppresses the SP transition, analogous to Na deficiency [146]

3.3 Organic SP Materials

Organic molecular solids continue to remain prototype materials for the study of
unusual magnetically driven phase transitions and magnetic ground states. To date,
several systems have been identified which have an SP transition (Table 1), although
the complete “list” of all organic SP materials remains fairly limited. That the SP
ground state is not more common has been attributed to the predominance of long-
range ordered phases driven by electron–electron interactions over those with low-
energy magnetoelastic coupling; such mechanisms are particularly important in the
organic solids and conspire to stabilize Neél and density-wave ground states. Nev-
ertheless, organic molecular solids remain important fixtures in the SP field. The
chemical structures of the organic building block molecules, which form the basis
for the SP molecular solids, are shown in Fig. 14. Note the central importance of the
TTF architecture here.

Considering the comprehensive article on the SP transition previously written
by Bray et al. in the early 1980s [1], the goal in this review is to highlight the im-
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Fig. 14. Chemical structures of “building
block molecules” for organic SP materials.
(TTF)MBDT, bisethylenedithiolene;
TCNQ, tetracyanoquinodimethane;
TMTTF, tetramethyltetrathiofulvalene;
ET, bisethylenedithiotetrathiafulvalene;
BCPTTF, benzocyclopentyltetrathiafulvalene;
M(mnt)2, bismaleonitriledithiolate.

portant new developments with regard to these materials subsequent to 1983. In
addition to results on traditional organic molecular solids (such as MEM(TCNQ)2
and (TTF)CuBDT)), we also discuss modern donor systems based on TMTTF,
BCPTTF, ET, and M(mnt)2. Whereas most solids in Table 1 are low-dimensional,
α′-(ET)2Ag(CN)2 and β ′-(ET)2SF5CF2SO3 are especially curious as a result of im-
portant two-dimensional interactions. We begin our survey with the latest results on
(TTF)CuBDT, the system developed at General Electric in which the SP transition
was first observed.

3.3.1 (TTF)M(BDT): M = Cu, Au

To investigate the structural effects which are so central to the coupling of a
low-dimensional quantum spin system and the lattice, Kiryukhin and coworkers
made high-resolution X-ray diffraction measurements on single crystal samples of
(TTF)CuBDT in an applied magnetic field to determine the structure in the high-
field phase of (TTF)CuBDT [28]. As expected in this system, new Bragg reflections
were observed in the low-temperature SP phase compared with the high-temperature
paramagnetic phase; however, the same superlattice reflections decreased in inten-
sity with applied field in the dimerized regime of the phase diagram. That the super-
lattice reflections go to zero at Hc is indicative of a nonexistent single–triplet gap at
this point, in agreement with previous theoretical work. After a narrow co-existence
regime, two satellite reflections develop at positions incommensurate with the un-
derlying lattice, and the strength of the incommensurate reflection grows with the
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applied field.This observation suggests that the lattice modulation wave vector be-
comes a continuous function of the applied magnetic field, as predicted in previous
theoretical work. At the same time, the marked hysterisis effects and the two-phase
coexistence implies that the commensurate → incommensurate transition is first-
order in (TTF)CuBDT.

(TTF)AuBDT has also been the subject of proton and fluorine NMR studies
in an effort to characterize the nature of the incommensurate phase [147]. Only a
very moderate field is required here, because Hc = 2.25 T, making the “high-field
phase” substantially more accessible than in (TTF)CuBDT, for instance. Hijmans
et al. show that the shape and width of the spin echo is highly sensitive to the SP
→ incommensurate phase boundary, with the echo shape being well-described in
terms of a soliton–lattice model by Nakano and Fukuyama [27]. ESR experiments
have indirectly probed the magnetic nature and incommensurate structure of the
high-field phase in TTF(AuBDT) also [148].

Bonner et al. have conducted detailed specific heat measurements on
(TTF)AuBDT, with special interest in the SP → incommensurate phase boundary
[10]. In addition to mapping the H–T phase diagram, the hysteresis in the high-field
phase boundary and the validity of a soliton picture were assessed. The authors stress
that the thermodynamic data does not reflect the characteristic features of soliton
excitations, although they note that the pronounced mean-field character of the SP
transition might obscure such signatures.

3.3.2 MEM(TCNQ)2

As with the aforementioned (TTF)CuBDT system, accurate structural investigation
of MEM(TCNQ)2 has been one of the major achievements since the previous review
of SP materials by Bray et al. [1]. This work has, however, concentrated on the details
of molecular packing, both in the high-temperature and SP phases, and high-field
structural studies are still lacking. For instance, the neutron scattering data of Visser
et al. shows clear evidence for the dimer → tetramer transition along the TCNQ
stack as the temperature is reduced below Tc, in agreement with previous data of
van Bodegom et al. [149]. The interchain lattice fluctuations give rise to a transverse
structural shift of every second dimer in the stack, according to ��ν = 0.17L +0.10M .
Note that this inter-dimer vector is parallel to the TCNQ molecular planes. Calcula-
tions of transfer integrals and probabilities are presented for both the normal and SP
phases, and although these changes are small, modifications of the t and U bands are
visible via optical spectroscopy [150]. Here U is the Coulomb repulsion energy and
t is the transfer integral. In contrast to results on other organic SP materials, critical
fluctuation effects in MEM(TCNQ)2 are observed only about 20 K above Tc [151].
Further, these fluctuations have been shown to have a three-dimensional nature,
which is fairly unconventional. The limited range of lattice fluctuations is thought to
be responsible for the close fit of the Bonner–Fischer expression to the susceptibility
of MEM(TCNQ)2.

The theoretical work of Ung et al. concentrated on the nature of 2kF and 4kF
bond-order wave and charge-density wave patterns for quarter-filled organic solid
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under various correlation conditions [152]. It is found that Coulomb interactions
add an increasing 4kF component. The bond distortion and charge modulation for
MEM(TCNQ)2 below the 2kF distortion is found to be a combination of period 4
and period 2 patterns.

The central role of the lattice in the magnetoelastic SP transition has led to sev-
eral far-infrared investigations of MEM(TCNQ)2 [153,154]. In particular, a soft
mode has been identified at 8.5 cm−1. This mode, which is polarized almost en-
tirely in the TCNQ plane, contains the static shift associated with the SP transition.
The 8.5 cm−1 structure appears only below Tc, red-shifting and broadening with
increasing temperature. Such a soft mode is thought to facilitate spin–phonon or-
dering. To explore changes in the low-energy elastic response of MEM (TCNQ)2
through the SP → incommensurate phase boundary, Li et al. [63] performed far-
infrared transmission measurements as a function of applied magnetic field (to 30 T)
in the range 20–600 cm−1. That neither the electron–phonon coupling modes nor
the low-energy lattice modes of MEM(TCNQ)2 were found to be sensitive to the
high-field phase boundary was attributed to the molecular nature of the sample com-
bined with the extent of spin localization. There have been no magnetospectroscopic
studies to follow the aforementioned 8.5 cm−1 soft mode as a function of magnetic
field.

The µsr studies of Blundell et al. have added another twist to the MEM(TCNQ)2
story [155]. Passing through Tc, a crossover from a Gaussian relaxation (where the
fluctuations are to fast for µsr to follow) to an exponential relaxation (indicating local
fluctuations) is observed. A similar crossover is observed in the inorganic prototype,
CuGeO3, and might thus be a general feature of the SP transition. The authors
associate the slowing down of the electronic spin-fluctuations with the opening of
the gap in the magnetic excitation spectrum.

3.3.3 DAP(TCNQ)

1,6-Pyrenediamine (DAP) tetracyanoquniodimethane (TCNQ) has been investi-
gated as a model SP system [156]. X-ray, susceptibility, infrared, and optical spectro-
scopies have characterized the 160 K transition. As expected, the lattice dimerization
is along the chain direction. That the transition temperature is much higher than nor-
mally observed is attributed to the small U/t ratio. The most intriguing aspect of the
DAP(TCNQ) system is that the band-filling deviates slightly from half-filling, which
gives rise to S = 0 soliton formation. A midgap band in the optical spectra is associ-
ated with this spinless domain wall.

3.3.4 (TMTTF)2PF6

(TMTTF)2PF6 is the sulfur analog of the well-known (TMTSF)2PF6, widely recog-
nized as the first organic superconductor and model spin-density wave compound.
Within the generalized T –P phase diagram for the (TM)2X system, widely popular-
ized by Jérome, (TMTTF)2PF6 sits squarely on the left-hand side, where the internal
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pressure (because of the nature of the anion) is fairly small [157]. Note also that at
temperatures above Tc, spin–charge decoupling has been observed, with a charge
gap developing in this region. Structural fluctuations seem to extend considerably
into this charge gap regime directly above Tc. Changes in temperature and pres-
sure can modulate the properties of (TMTTF)2PF6 considerably, tuning them from
the SP state all the way through to the characteristic ground states of the selenide
series. Indeed, it is the chemical and physical tunability of this internal pressure
which links the various complexes on the T –P phase diagram. Electron correlation
effects are extremely important over the full range of “internal pressures”, and the
relative size of the Hubbard parameters U and V seem to be one of the most impor-
tant factors for exposing the differences between the TMTTF and TMTSF systems
[152,158,159]. According to Seo and Fukuyama, the (↑, 0, ↓, 0) spin structure of
(TMTTF)2Br requires a large V and concomitant charge disproportionation [159].
This generalized phase diagram is shown schematically in Fig. 15. Application of a
magnetic field is an additional mechanism for modulating the dimensionality of the
(TMTTF)2PF6 system. Indeed, the H–T diagram is in line with that expected for a SP
material [160].

Fig. 15. Generalized temperature–pressure phase diagram for the Bechgaard salts
(TMTSF)2X and their sulfur analog (TMTTF)2X. On the left, the normal phase of the sulfur
compounds is a Luttinger liquid (LL) that becomes gapped in the charge sector (LLσ ) below
Tρ and can develop either an SP or localized antiferromagnetic (AF) ordered state. Under
pressure, the properties of the sulfur series evolve towards those of the selenides for which
the normal state shows a progressive restoration of a Fermi liquid (FL) precursor to itinerant
antiferromagnetism and superconductivity (SC). Reprinted with permission from Ref. [157],
Copyright 1998 by the American Association for the Advancement of Science.
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Fig. 16. 13C NMR spectra of
(TMTTF)2PF6 taken at different
fields and temperatures. The relative
shift from zero (in parts per million)
arises from the hyperfine coupling.
Reprinted with permission from
Ref. [160], Copyright 1998 by the
American Physical Society.

Perhaps the most striking example of the exotic physical phenomena in the
TMTTF compound is the recent NMR measurements of Brown et al. [160]. Here, the
authors investigate the lineshape of (TMTTF)2PF6 by 13C NMR, using the temper-
ature and applied field to move around the phase diagram. Typical data are shown
in Fig. 16. In addition to establishing the H–T phase diagram of (TMTTF)2PF6 for
the first time, the authors capture a fascinating view of dissipation mechanisms in
this sample. In the incommensurate phase, the staggered component of the mag-
netization (or the characteristic spin–soliton wall width) in (TMTTF)2PF6 is quite
large (small) compared with that the inorganic prototype CuGeO3 and is attributed
to strong intersite antiferromagnetic coupling. The authors also estimate the size
of the singlet-triplet gap, �s, as 50 K. Recently, NMR data of (TMTTF)2PF6 under
pressure have also been reported [161].

3.3.5 (BCPTTF)2X

Interest in the BCPTTF-based organic molecular solid stems from the unfortunate
fact that accurate studies of structural fluctuations in the (TMTTF)2PF6 system
can not be performed because of the sensitivity of the TMTSF material to irra-
diation damage by probing X-rays. Thus, the more robust (BCPTTF)2AsF6 (and
(BCPTTF)2PF6) serve as useful model compounds for investigation of pretransi-
tional fluctuations in TTF-based SP materials. That the crystal structure is fairly
close to that observed in (TMTTF)2PF6, with short S–S contacts between neigh-
boring chains and similar transfer integral ratios, adds credibility to this effort
[151,162].

The asymmetrical BCPTTF compounds have low conductivity at 300 K, and strong
activated behavior at reduced temperature [162]. This localization is actually a major
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difference between the BCPTTF-based systems and related TMTTF compounds.
As shown in Table 1, SP ordering sets in somewhat above 30 K. This relatively high
transition temperature (even compared with (TMTTF)2PF6) has been attributed
to enhanced one-dimensionality. The magnetic susceptibility of the PF6 and AsF6
compounds both deviate strongly from Bonner-Fischer behavior upon approach to
Tc. In addition to the sharp drop of the susceptibility at Tc, superlattice reflections
are also observed below the transition [151].

To probe the pretransitional fluctuations in (BCPTTF)2AsF6, X-ray diffraction
measurements have been conducted at low temperature by Liu et al. [151]; the long-
range order resulting from the transition to the SP state is clearly evident. Above
60 K, fluctuations are quasi-one dimensional, and they persist up to 120 K with a
fairly substantial correlation length, establishing the one-dimensional nature of the
driving force for the SP transition in (BCPTTF)2AsF6. Further, deviations from the
Bonner–Fischer law upon approach to Tc are interpreted as arising from local pairing
of the spins, because of the critical lattice fluctuations, therefore linking these two
quantities. This provides a natural explanation for the deviation of χ below 120 K in
(BCPTTF)2AsF6.

As a model system for investigation of structural effects to supplant those of
(TMTTF)2PF6, the BCPTTF-type materials are highly successful. Unfortunately,
these compounds have not been the subject of intense physical property characteri-
zation subsequent to these structural studies. High-field NMR measurements, which
might compliment the aforementioned studies on (TMTTF)2PF6, would be most
helpful here.

3.3.6 ·′-(ET)2Ag(CN)2

The organic SP system α′-(ET)2Ag(CN)2 has been the subject of several wide-
ranging investigations. The α′ morphology consists of donor stacks of twisted ET
dimers in an overall quasi-one-dimensional chain structure [163]. Despite the strong
twist angle, which gives rise to the semiconducting character, some interchain inter-
actions are established, because of the well-known S–S contacts of the ET molecules.
That the Ag(CN)2 salt has an SP ground state, while structurally similar AuBr−

2 and
CuCl−2 analogs do not, is attributed to structural differences and a possible soft mode
of the lattice [163].

Susceptibility data of α′-(ET)2Ag(CN)2 are well described by a Bonner–Fisher
model for a linear chain ferromagnet, although the exchange constant (J = 59 K)
is somewhat smaller than that observed in other prototype organic SP materials
[163,164]. The field dependence of the uniform → dimerized phase boundary line
has been explored up to 5 T, and decreases with applied field, as expected [164].

Infrared and optical spectra support strong electron–phonon coupling and a large-
U model, where electron correlation effects are very important [165]. Whereas the
low-energy optical transition near 0.45 eV is attributed to intra-dimer charge transfer,
the optical feature near 1.3 eV is likely associated with the on-site Coulomb repulsion,
U–V .
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3.3.7 ‚′-(ET)2SF5CF2SO3

A new strategy for the preparation of ET-based superconductors has recently been
pursued on the basis of the design of large discrete counterions to enhance two-
dimensional interactions in the solid state [166]. In the (ET)2SF5RSO3 system, small
chemical modifications of the anion template can result in the stabilization of a variety
of different ground states, including SP, semiconducting, metallic, or superconducting
types [166,167]. It is β ′-(ET)2SF5CF2SO3, the newly discovered SP material with
Tc = 45 K, which is of interest here.

The crystal structure of β ′-(ET)2SF5CF2SO3 has the low-dimensional architec-
ture typical of many β-type molecular conductors, with two-dimensional conducting
planes separated by a charge storage layer [166,167]. Although strong ET dimers are
formed in both stacks, interaction between dimers is not strong, leading the dimeric
units in β ′-(ET)2SF5CF2SO3 to act as spin centers. For this complex, no disorder is
observed either in the cation or anion layers. The short contacts between the anions
and the ET donors are not the same in the two stacks, however. Molecular charges
are not identical either, favoring electron localization. A recent overview of syn-
thetic efforts is provided in Refs. [166–168], and numerous investigations of physical
properties are in progress.

3.3.8 Perylene

Per2[M(mnt)2] (M = metal) is a two-chain organic solid [169]. Here M is Ni, Pt, Au,
Co, Fe, Cu, or Pd. The solid comprises a “free carrier perylene stack” (where highly
mobile carriers are responsible for the conductivity properties) and a chain of lo-
calized electrons on the bismaleonitriledithiolate (M(mnt)2), which are responsible
for the magnetic properties. There is non-negligible coupling between the conduct-
ing and magnetic chains. Thus, the Per2[M(mnt)2] complexes enable study of the
interaction between the conduction electrons and the localized spins at a molecular
level.

The Au and Pt-based Per2[M(mnt)2] systems have attracted special attention re-
cently, because these two compounds are isostructural with similar metal → insulator
transition temperatures [170–173]. However, the S = 0 Au system forms diamag-
netic chains, whereas magnetic interactions are possible in the S = 1/2 Pt complex.
In each case, the materials have an electronic Peierls transition at low temperature,
the main driving force being electron–phonon interactions in the perylene chains.
The Au system offers an opportunity to examine field effects on the electronic Peierls
transition in isolation. For the Pt system, however, the density wave distortion forces
a transition on the spin chains, leading to formation of a dimer in a singlet (SP) state
[171]. In other words, the 4kF distortion on the perylene chain equals the 2kF distor-
tion on the dithiolate stack. That magnetic ordering occurs at the same temperature
as the metal → insulator transition is confirmed both by heat capacity measurements
and by the field dependence of the transition temperatures for both the Au and Pt
complexes.
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Fig. 17. Transition temperature shift, �T/Tc = [Tc(B)−Tc(0)]/Tc(0), as plotted as a function of
B2 for different (Per)2Pt(mnt)2 samples and configurations. For sample 2 in the perpendicular
field direction, two sets of measurements with a 90◦ rotation of the sample holder around the b
axis are shown. The lines guide the eye. Reprinted with permission from Ref. [173], Copyright
1996 by the American Physical Society.

The DC resistivity investigations of Per2[Pt(mnt)2] and Per2[Au(mnt)2] up to 18 T,
performed by Matos et al. to assess the field dependence of the transition tempera-
tures compared with mean field theoretical predictions, are particularly interesting
[173]. The most striking result is the anisotropy reported in the Pt complex, the tran-
sition temperature for which decreases as H2 for the field applied along the chain
direction and for which the field fall-off is somewhat faster when H is applied per-
pendicular to the chains (Fig. 17). That no anisotropy in the transport or magnetic
response is observed in the isostructural Au complex suggests that the anisotropy
is a signature of the coupled perylene and Pt(mnt)2 chains. The authors note that,
in addition to being unable to account for fluctuation effects, the mean field model
cannot explain the anisotropy found for the Pt compound.

Microwave dielectric measurements at 16 GHz have also been used to enable
understanding of the effect of an applied field on the concomitant transitions in the
Pt compound [174]. Here, the major effect of the field on ε1 is to displace the peak
to lower temperature, which is essentially a mean field modification of the gap as:

�Tp(H)/Tp(H) = (Tp(H) − Tp(0))/Tp(0) = −α(µB H/kBTp(0))2 . (9)

In contrast with the aforementioned resistivity measurements, no anisotropy is
observed in the 16 GHz microwave dielectric measurements up to 14 T. Alloying
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Per2[Pt(mnt)2] with 2% Au reduces the transition temperature because of electron–
hole pair-breaking effects.

3.3.9 ˙-(ET)PF6

ζ -(ET)PF6 is another organic molecular solid that displays a SP transition (40 K)
[175]; it is particularly novel due to the 1 : 1 ratio of donor to acceptor. This material
has been the subject of an extensive structural, magnetic, and optical investigation.
The exact value of the critical field is unknown.

3.4 Summary

I have reviewed the new developments in the field of SP materials, and it is apparent
that this area has experienced a renaissance in recent years, certainly since the very
comprehensive review article of Bray et al. in 1982. This intense activity has been
fueled by the discovery of new materials and by hardware developments in high mag-
netic field research and computing. Several major challenges still present themselves
to researchers in the field of SP solids. New materials development certainly takes
center stage. The explosion of interest since the 1993 discovery of the first inorganic
SP system speaks for itself, and comparisons between the new inorganic SP crystals
and the organic prototypes have been very useful. At the same time, the small size
of organic crystals has severely limited the physical methods which can be used to
probe the various ground states. If larger, high-quality single crystals could be grown,
neutron-scattering measurements would be of particular interest. Second, the role
of impurities and defects in modulating the properties of SP solids is still not well
understood, and this is especially important given the suppression of Tc with Zn sub-
stitution in the copper oxide superconductors [175,176]. On-going theoretical work
should resolve the nature of the competing ground states in these doped systems.
While doping in CuGeO3 and α′-NaV2O5 have already received enormous atten-
tion, solid solutions of the organics, pursued for a time on Cu and Au BDT systems,
have not fared as well. Third, the role of pretransitional fluctuations and interchain
coupling is of great interest. The low temperature structure of α′-NaV2O5 and the
possible transverse spin pairing or modulated low temperature ground state is of
central importance here. Two-dimensional SP systems are also of current concern
[178–180], and the role of frustration in going from one → two dimensions is still
unclear [181]. Finally, efforts to exploit the magnetic characteristics of SP compounds
for useful devices should be expanded. Many fundamental materials properties of
these compounds (such as high Curie temperature, the electromagnetic response,
or very narrow ESR line-widths) could be exploited for various applications. New
geometries, such as those recently discovered in fullerene and charge density wave
materials, might also yield important new properties. Thus, it is the hope of this
author that device engineers interested in thin-film formation, Langmuir–Blodgett
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layers, wires, magnetic sensors, nonlinear optical solids, and magnetic storage de-
vices might some day find the opportunity that lies with these prototype materials.
Processing and interface issues will probably present the most important challenge
here. Incorporation of organic and inorganic SP compounds in hybrid composites
may also prove of value.

Fagot-Revurat et al. recently reported 23Na and 51V NMR evidence for a charge
order driven spin Peierls transition in α′-NaV2O5 [182]. Nakao et al. also reported
x-ray scattering evidence of the fully charged zigzag-type ordered state below 34 K
in α′-NaV2O5 [183].
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[92] B. Büchner, T. Lorenz, R. Walter, H. Kierspel, A. Revcolevschi, and G. Dhalenne, Phys.
Rev. B., 1999, 59, 6886–6907.

[93] Y. Ajiro, T. Asano, F. Masui, M. Metata, H. Aruga-Katori, T. Goto, and H. Kikichi, Phys.
Rev. B., 1995, 51, R9399–9402.

[94] Y.J. Wang, V. Kiryukhin, R.J. Birgeneau, T. Masuda, I. Tsukada, and K. Uchinokura,
Phys. Rev. Lett., 1999, 83, 1676–1679.

[95] J.-P. Renard, K. Le Dang, P. Veillet, G. Dhalenne, A. Revcolevschi, and L.-P. Regnault,
Europhys. Lett., 1995, 30, 475–584.

[96] L.P. Regnault, J.P. Renard, G. Dhalenne, and A. Revcolevschi, Europhys. Lett., 1995, 32,
579–584.

[97] M. Poirier, R. Beaudry, M. Castonguay, M.L. Plummer, G. Quirion, F.S. Razavi,
A. Revcolevschi, and G. Dhalenne, Phys. Rev. B., 1995, 52, R6971–6974.

[98] P. Fronzes, M. Poirier, A. Revcolevschi, and G. Dhalenne, Phys. Rev. B., 1997, 55,
8324–8329.

[99] H. Nojiri, T. Hamamoto, Z.J. Wang, S. Mitsudo, M. Motokawa, S. Kimura, H. Ohta,
A. Ogiwara, O. Fujita, and J. Akimitsu, J. Phys.: Cond. Matt., 1997, 9, 1331–1338.



128 3 Spin-Peierls Materials

[100] T. Masuda, I. Tsukada, K. Uchinokura, Y.J. Wang, V. Jiryukhin, and R.J. Birgeneau,
Phys. Rev. B., 2000, 61, 4103–4108.

[101] S.V. Demishev, L. Weckhuysen, J. Vanacken, L. Trappeniers, F. Herlach, Y. Bruynser-
aede, V. V. Moshchalkov, A.A. Pronin, N.E. Sluchanko, N.A. Samarin, J. Meersschaut,
and L.I. Leonyuk, Phys. Rev. B., 1998, 58, 6321–6329.
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4 Magnetic Measurements at the Atomic Scale in
Molecular Magnetic and Paramagnetic Compounds

Philippe Sainctavit, Christophe Cartier dit Moulin, and Marie A. Arrio

4.1 X-Ray Absorption Spectroscopy (XAS) and
X-Ray Magnetic Circular Dichroism (XMCD)

4.1.1 X-Ray Absorption Spectroscopy

X-ray absorption is very similar to optical absorption. In both, a sample is irradiated
by photons and an absorption coefficient, given by the Beer–Lambert’s law, is mea-
sured [1,2]. XAS has received new interest in the late 70s with the development of
X-ray sources from synchrotron radiation. Synchrotron radiation is emitted by rel-
ativistic electrons or positrons accelerated by bending magnets or insertion devices
in storage rings. The sources are high-intensity polychromatic sources with a usually
well defined polarization state. More information about synchrotron radiation can
be found elsewhere [2–5].The X-ray absorption spectrum corresponds to the vari-
ation of the absorption coefficient with the energy of the photons. The absorption
edge is the drastic variation of the absorption coefficient for a photon energy close
to the energy of a core level electron. It corresponds to the transition of deep core
level electrons of a selected atom to empty levels above the Fermi energy.

The absorption cross-section σ(ω) is the ratio between the absorbed energy and
the incident photon flux. It is given by the summation over all the possible final states,
f , of squared matrix elements related to the transition probability from the initial
state |i〉 towards the final states | f 〉. In the electric dipole approximation, σ(ω) reads:

σ(ω) = 4p2αhν
∑

f

|〈 f |�εr · �r |i〉|2δ (hν − E f + Ei ) (1)

where α is the fine structure constant (1/137), �εr · �r the electric dipole interaction
Hamiltonian and δ, the Dirac distribution, ensures energy conservation.

The chemical selectivity is the major interest of this spectroscopy. Tuning the
X-ray photon energy enables selection of each element of the material and collection
of experimental data element by element. In a one-electron approach, the electric
dipole selection rules state that 
l = ±1. At K and L1 edges a 1s or 2s electron
(l = 0) is excited to p symmetry empty levels (
l = +1). In the electric dipole
approximation, the transitions to d levels are forbidden (
l = +2). At the L2,3 edges,
a 2p electron (l = 1, j = 3/2 for L3 and j = 1/2 for L2) is excited to empty d levels

Magnetism: Molecules to Materials I: Models and Experiments.
Edited by Joel S. Miller and Marc Drillon

Copyright c© 2002 Wiley-VCH Verlag GmbH & Co. KGaA
ISBNs: 3-527-29772-3 (Hardback); 3-527-60084-1 (Electronic)



132 4 Magnetic Measurements at the Atomic Scale

Fig. 1. Electron excitation by absorption of a X-ray photon.

(
l = +1) with a large transition probability and to vacant s levels (
l = −1) with
a much weaker transition probability. X-ray absorption spectroscopy is a selective
probe of the angular momentum of empty levels on a specific atom (Fig. 1).

For 3d transition elements, the analysis of the K and L2,3 edges are completely
different. Interpretation for K edges uses monoelectronic models such as band struc-
ture or multiple scattering calculations [6,7]. The K edge is described as the transition
from a 1s level to the p continuum states. The excited p electron is fully delocalized
and submitted to a mean electronic potential that takes into account electronic repul-
sion resulting from all the other electrons of the ion. Multiple scattering theory solves
the real space Schrödinger or Dirac equation for a definite cluster. In this approach,
the photoelectron wave function results from the scattering by all the neighboring
potentials of the cluster. These neighboring potentials impose boundary conditions
on the site of the absorbing atom. The potentials are usually defined in the muffin-tin
approximation. In the building of the potential there are some critical points:

– the cluster size. This step necessitates knowledge of the atomic crystallographic
positions and the convergence of the calculation with the sizes of the cluster has
to be checked.

– the exchange and correlation potentials are defined in various models: exchange
potentials in the X–α or the Dirac-Hara formulations, exchange and correlation
potentials such as the Hedin-Lundquist complex optical potential.

– self consistency can be required in either muffin-tin or nonmuffin-tin schemes.

L2,3 edges for 3d transition elements cannot be reproduced accurately by one-
electron theories (multiple scattering and band-structure calculations), because of
the localized excited states of the photoelectron (3d level) and the strong interelec-
tronic interaction between the 2p hole and the 3d shell. For the L2,3 edges of 3d
transition elements, the appropriate theoretical method is the ligand field multiplet
(LFM) theory. The ligand field multiplet principle resides in the calculation of the
atomic multiplets elements for atoms submitted to crystal-field and configuration
interaction [8–10]. The theory relies on a multielectronic approach, where all the
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electrons are taken into account. The L2,3 edges are described as transitions from
the initial configuration 2p63dn to the excited one 2p53dn+1 – a 2p electron is excited
to the localized 3d orbitals. Electronic repulsion between 3d electrons and between
3d electrons and the 2p core hole are considered and both spin–orbit couplings in
the 2p and 3d orbitals are computed (2p spin–orbit coupling is much larger than 3d).
The crystal field is computed as an electrostatic Hamiltonian with the effective sym-
metry of the absorbing atom. In this approach, hybridization of the chemical bond
such as covalence or charge-transfer can be taken into account through configuration
interaction [11].

This model derives from the multiplet method that has long been used to interpret
optical spectra. At the difference of optical spectroscopy that measures intra shell
transitions, XAS measures inter-shell transitions. From this difference results the
presence of insolite parameters such as those involving the 2p core hole (ζ2p or
inter-shell exchange integrals).

K edges contain essentially structural information while L2,3 edges contain more
electronic or magnetic information. Both measurements enable characterization of
the ground state of the metallic ion in the compound – local symmetry, oxidation
and spin states, spin–orbit coupling in the 2p and 3d orbitals, crystal field, covalence,
and charge transfer [11,12].

4.1.2 X-Ray Magnetic Circular Dichroism

In the last ten years the advent of intense polarized synchrotron sources has given
impulse to the use of X-rays to address the magnetic properties of condensed matter.
X-ray magnetic circular dichroism (XMCD) in core level photoabsorption has been
shown to be a unique element-selective magnetic probe [13]. The origin of XMCD
is a local anisotropy of the absorbing atom as a result of a local magnetic field. The
magnetic field breaks the local symmetry of the absorber and lifts the degeneracy of
the Zeeman energy levels. The photoelectron transitions depend on the helicity of the
photon polarization. The XMCD signal is the difference between cross-sections with
left versus right polarization. To record XMCD signals, circularly polarized X-rays
are absolutely essential. At the difference of circular dichroism in the visible range,
XMCD receives its theoretical interpretation in the electric dipole approximation.

If circularly polarized photons are used to perform the absorption experiment, an
extra selection rule takes into account the helicity of the photon: 
m = ±1, where m
is the magnetic orbital quantum number. 
m = +1 for left-handed polarization and

m = −1 for right-handed polarization. In a magnetic compound the levels with |m|
and −|m| quantum are unequally populated. XMCD originates from this difference.

It has been proved theoretically and checked experimentally that reversing the
magnetic field or the circular polarization yields the same results [13]. This is only
exactly true when the interaction Hamiltonian is reduced to the electric dipole term.
Because it is often experimentally easier to reverse the magnetic field than the polar-
ization, most XMCD experiments are performed at constant helicity with a magnetic
field parallel or antiparallel to the X-ray beam.
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During an XMCD experiment, a first spectrum, labeled σ↑↑, is recorded with the
magnetic field parallel to the propagation vector of the photons. A second spectrum,
labeled σ↑↓, is then recorded with the magnetic field anti-parallel to the propagation
vector of the photons. The XMCD signal is the difference (σ↑↑ − σ↑↓) between the
two spectra.

XMCD is sensitive to the local magnetic moment of the absorber atom on one
specific level. The experimental spectra are analyzed in two different ways: sum rules
can be applied or LFM calculations can be performed to reproduce the spectra.
Sum rules enable direct extraction of the orbital and spin contributions to the local
magnetic moment. The sum rules are detailed in Section 2. Multiplet calculations
give a precise account of the ground state of the absorbing atom from which various
parameters such as the exchange field can be deduced.

4.2 Sum Rules for XMCD

Optical sum rules are commonly found in atomic physics. In X-ray absorption spec-
troscopy two nonmagnetic sum rules were first suggested by Theo Thole. One relates
the integrated absorption to the ground state expectation value of the number of
holes in the final level of the transition. Another, that can be applied to core hole
split edges, states that the branching ratio is proportional to the average value of the
angular part of the spin–orbit coupling operator. With the development of XMCD,
several magnetic sum rules were derived by Thole, Carra and Altarelli. Among these
sum rules, two are widely used by XMCD experimentalists: these are the orbital and
spin-sum rules.

The orbital sum rule states that the integrated dichroic signal is proportional to
the ground state expectation value of the operator L Z (z component of the orbital
operator) acting on the shell that receives the photoelectron in the final state. The
spin-sum rule relates a linear combination of dichroic signals at core hole split edges
to the average value of two operators (SZ , z component of the spin operator; TZ ,
z component of the magnetic dipole operator) acting on the shell that receives the
photoelectron in the final state.

The strength of the sum rules resides in the fact that the experimenter can obtain
valuable information such as 〈L Z 〉 or 〈SZ 〉 by the simple numerical integration of
experimental signals. There is no need to develop the complicated theories of the
LFM model or the semi-relativistic multiple scattering method. The validity of the
information extracted from the sum rules resides in a correct understanding of the
various theoretical and experimental approximations present in their derivation.

4.2.1 The Magnetic Sum Rules

The two magnetic sum rules have been derived for transitions in the electric dipole
approximation. The general formulation for the sum rules can be found elsewhere
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[13]. Because this chapter is essentially devoted to L2,3 edges, only the expression
for the sum rules at these edges is given. If the channel from 2p to 3d is the main
channel, the orbital sum rules at L2,3 edges says:

I +
2,3 − I −

2,3

I +
2,3 + I −

2,3 + I 0
2,3

= −〈φi |Lz |φi 〉
2(10 − n)

(2)

where φi is the ground state and n is the occupation number of the 3d shell. The
precise definition of the I quantities can be found in the review chapter by Brouder,
Magnetic Circular Dichroism in X-ray Absorption Spectroscopy [13]. The I values
are related to the cross-section by the expression 4π2αhν I = σ . I +

2 is the integrated
intensity over the L2 edge of the XAS signal with left polarized light, I −

2 with right
polarized light, I 0

2 with linear polarized light parallel to the magnetic field. I2,3 is
the integrated signal over L2 and L3 and the other symbols have their conventional
meanings.

At L2,3 edges the spin–orbit coupling acting on the core-hole splits the final state
into two groups of transition. If the energy separation between the two groups is
large enough to enable integration over separate energy range it is found that:

(I +
3 − I −

3 ) − 2(I +
2 − I −

2 )

I +
2,3 + I −

2,3 + I 0
2,3

= − 2
3(10 − n)

[
〈φi |SZ |φi 〉 + 7

2
〈φi |Tz |φi 〉

]
(3)

Here solely the transition from 2p to 3d has been considered.

4.2.2 Validity of the Sum Rules

The two magnetic sum rules are based on several theoretical approximations. A first
remark concerns the fact that we are dealing with normalized I that are proportional
to the cross-section divided by the photon energy. If the range of integration is large
the confusion between I and σ can yield incorrect results. When the measurement is
performed in total electron yield, the proportionality constant between the measure-
ment and the actual cross-section varies linearly with the energy [14,15]. Saturation
effects are known to modify the application of the sum rules [16,17]. One must also
consider carefully the possible variation of the circular polarization rate in case of
double crystal monochromators [18].

The derivation of the magnetic sum rules has been performed for pure atomic
configuration without configuration interaction. In doing so one considers that the
other shells do not relax under the influence of the core hole. Thole has proposed
arguments why the magnetic sum rules are still valid in the presence of configuration
interaction but the question remains open. The denominator in the magnetic sum
rules are there to remove the radial integrals. This procedure is correct if the radial
integrals are independent of the energy and the spin. Wu et al. have shown that this
is not true for metallic nickel at L2,3 edges. This does not conflict with the application
of the orbital sum rule but does with the spin-sum rule [19]. It has been shown that
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radial matrix elements at the L2,3 edges of rare earths are different for spin up or
spin down [20]. A combination of ligand field multiplet calculations with one-electron
band-structure calculations is usually necessary to clarify this point.

The spin-sum rule supposes that the core split edges can be well separated so that
integration between the two energy ranges for L2 and L3 can be performed. There
is often strong intermixing between the two edges and this partially impairs the
application of the spin-sum rule. This has been shown for L2,3 edges of manganese
by Teramura [21] and M4,5 edges of cerium by Brouder [22]. When intermixing
is small, the choice of the integration limits is still arbitrary, as can be found by
comparing the papers by D. Arvanitis et al. and C. Chen et al. [16,23].

4.2.3 The Contribution from the Magnetic Dipole Operator

In the spin-sum rule, the averaged value 〈T Z〉 is present. When the ground state is a
pure J state, where crystal field acts only on the different (2J + 1)MJ , an analytical
expression can be derived for 〈TZ 〉. This is the case for the M4,5 edges of rare earths.
When the crystal field is large and couples various J in the ground state, there
is no simple expression for 〈TZ 〉. In intermetallic compounds, one considers that
〈TZ 〉 = 〈SZ 〉〈Q Z Z 〉 where Q Z Z is a quadrupolar operator with a vanishing trace
[24]. If the crystallographic environment around the absorbing atom is cubic, then
〈Q Z Z 〉 = 0 and 〈TZ 〉 = 0. When it is not cubic, a linear combination of well selected
experimental dichroic signals should ensure cancellation of the 〈TZ 〉 contribution
[24]. In the general case of ionic ions, the cubic symmetry does not ensure the nullity
of 〈TZ 〉. This has been shown for L2,3 edges of Cu2+ in an octahedral environment
where the contribution from 〈TZ 〉 is always twice larger than the contribution from
〈SZ 〉 in the spin-sum rules [25].

4.2.4 Checking the Theory with the Theory

The sum rules have been applied to calculated XMCD signals and compared with
the theoretical averaged values of the appropriate operators. When the theory has
been checked with the theory it has been found that when the spectra are well
reproduced in the framework of the ligand-field multiplets (L2,3 edges of “ionic” 3d
transition elements and M4,5 edges of rare earths), the sum rules are valid. When
delocalized one-electron theories such as band structure or multiple scattering are
the appropriate method (L2,3 edges in metallic Fe, Co or Ni, L2,3 edges of rare earths),
the disagreement can be as large as several tens percent, especially on the spin-sum
rule [26]. The disagreement is rooted in the neglect of the spin dependence of the
radial matrix elements, the failure of the sum rule for the number of holes and also
configuration mixing [15,19]. Following Wu et al. it is suggested that the experimental
determination of the ratio 〈L Z 〉/〈SZ 〉 should be more accurate [16,19,23,27]. This is
the major conclusion concerning the sum rules.
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4.3 Chemical Bond and Magnetism Explored by XMCD
in Prussian Blue Analogs

Transition metal L2,3 edges absorption spectroscopy gives information about the 3d
levels which are directly involved in the magnetic exchange interaction. Analysis of
the L2,3 absorption spectrum of transition metals provides information about the
oxidation state, spin state, site symmetry, and crystal field splitting of the absorbing
transition metal ion [9,10].

4.3.1 Chemical Bond in CsI[NiIICrIII(CN)6] · 2H2O

The main purpose of this chapter is to demonstrate that isotropic L2,3 edges
yield much information about complex materials such as insulating magnets. The
CsI[NiIICrIII(CN)6] · 2H2O magnet belongs to the Prussian blue family that has
been described by Verdaguer and Girolami in this book.

To extract quantitative information from L2,3 edges, it is necessary to simulate
the spectra in the LFM approach. This approach takes into account all the electronic
Coulomb interactions, the spin–orbit coupling on every shell, and treats the geomet-
rical environment of the absorbing atom in terms of a crystal field potential. In the
simplest formulation, a pure 3dn configuration is attributed to the 3d transition ions in
the ground state and transitions between 2p63dn ground state and 2p53dn+1 excited
states are calculated. The interelectronic repulsions are introduced through Slater
integrals F2

dd and F4
dd for the initial state and F2

dd, F4
dd, F2

pd, G1
pd and G3

pd for the final
state. The Slater integrals are calculated through an atomic Hartree–Fock model and
are scaled down by a reduction factor κ which reflects the electronic delocalization.
The κ factor is comparable with the factor β = B/B0 used in optical spectroscopy
for ordering the nephelauxetic series, where B0 and B are, respectively, the free ion
and the chemically bonded Racah parameters (B0 = (1/49)F2

dd − (5/441)F4
dd). The

atomic spin–orbit coupling parameters ζ3d and ζ2p are first calculated through the
monoelectronic potential around the free ion. They are slightly adjusted to take into
account modifications of the electronic potential by solid state effects. The octahe-
dral surroundings of the metal ion are represented by an octahedral crystal-field
potential whose strength is parametrized by 10Dq. At this point hybridization is
only present through the reduction parameter κ and it is impossible to take into
account the ligand–metal charge-transfer. To model this effect it is necessary to per-
form the calculation with initial and final states that are mixtures of two or three
appropriate configurations. The initial state |φi 〉 of a 3dn divalent ion is taken to
be a linear combination of two configurations: |φi 〉 = α |dn〉 + β |dn+1L〉, where
dn+1 stands for an extra d-electron coming from the ligands and L for the corre-
sponding hole on a ligand orbital. In the same way the final state levels |φf〉 are
|φf〉 = α′ |2p5dn+1〉 + β ′ |2p5dn+2L〉. The charge-transfer energy for the ground
state is defined as 
 = E(3dn+1L〉) − E(3dn), where E(3dn+1L and E(3dn) are the
average energies of, respectively, the 3dn+1L and 3dn configurations. For the final
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state the charge-transfer energy is defined as 
′ = E(2p53dn+2L) − E(2p53dn+1),
where E(2p53dn+2L) and E(2|p53dn+1) are the average energies of, respectively,
the 2p53dn+2L and 2p53dn+1 configurations. 
′ can be expressed as a function of 


by 
′ = 
 + Udd − Udp, where Udd and Udp are the average Coulomb interaction
energies of dd and dp electron pairs. The strength of the charge-transfer hybridiza-
tion is represented in octahedral symmetry by the two ligand-metal charge-transfer
integrals Vt2g and Veg with V = 〈3dn|H |3dn+1L〉.

4.3.1.1 NiII L2,3 edges: NiII-NC Bond

The experimental and the calculated Ni L2,3 edges absorption spectra are presented
in Fig. 2.

The calculations have been performed in the LFM model with hybridization by
using two configurations in the initial state and in the final state, in octahedral symme-
try and at 300 K. Good agreement is obtained between experiment and calculation.
The ground state is defined by the Oh symmetry irreducible representation, the spin
orbit parameters for 3d shell (ζ3d) and 2p shell (ζ2p), the crystal field strength (10Dq)
and Slater integrals reduction factor (κ). These parameters are the same for the ini-
tial and the final states and are given in Table 1. The Slater integrals used in the
calculation are listed in Table 2.

When the calculation is performed without configuration interaction, the value of
the crystal field parameter is in agreement with optical spectroscopy measurements

Fig. 2. Isotropic and dichroic L2,3 edges
of NiII in CsI[NiIICrIII(CN)6]2H2O.
Experiments: dots; calculations: con-
tinuous line.
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Table 1. Spin-orbit coupling, Slater reduction factor, and crystal field parameter used for L2,3
edges multiplet calculations.

ζ2p (eV) ζ3d (eV) κ (%) 10Dq (eV)

Ni2+ 11.45 0.10 90 0.9
Cr3+ 5.67 0.035 50 3.5

Table 2. Slater integrals for initial and final state configurations, used for L2,3 edges multiplet
calculations (after ( reduction).

F2
dd (eV) F4

dd (eV) F2
dd (eV) F4

dd (eV) F2
pd (eV) G1

pd (eV) G3
pd (eV)

Ni2+ 12.5 7.8 – – 7.9 6.0 3.4
Cr3+ 9.7 6.1 10.4 6.5 5.9 4.3 2.4

and comparable with 10Dq for complexes with similar ligands [28,29]. The reduction
factor κ of the Slater integrals is 90%, confirming the weak covalent character of the
NiII–NC bond. Configuration interaction is only required to reproduce the small
intensity satellites in between the edges at 860 eV [28]. The weak charge transfer is
at the origin of this small satellite [28,30]. The NiII ground state is made of approx-
imately 90% |3dn〉 and 10% |3dn+1L〉. This clearly indicates that the NiII–N bond
experiences a very small ligand–metal charge-transfer.

To summarize the information that can be gained from comparison of calcula-
tions with experiments, one can say that the NiII–N bond is only faintly modified by
covalence (κ = 90 ± 5%) and charge transfer (the ground state is an almost pure
|3dn〉 configuration with only 10% |3dn+1L〉 configuration). The effective electron
number on the 3d shell of NiII in the series of bimetallic cyanides is 8.1.

4.3.1.2 CrII L2,3 Edges: CrII-CN Bond

The experimental CrIII L2,3 edges in CsINiII[CrIII(CN)6] · 2H2O are reported in
Fig. 3. They are much different from the L2,3 edges spectra published for CrIII in
oxides [31,32]. The cyano bond through carbon atoms is strongly covalent and is
associated with a large crystal field. From optical spectroscopy measurements on
the molecular based magnets, one knows that 10Dq = 3.5 eV for the crystal field
parameter related to chromium ions. For the CrIII-CN bond, κ must be small to take
into account covalence as can be expected from the nephelauxetic series and charge
transfer has to be introduced through configuration interaction [29,30].

In one-configuration calculation with 10Dq = 3.5 eV and κ = 0.5, the theoretical
spectrum has many fewer features than that obtained experimentally (Fig. 3c). Po-
larized neutron diffraction experiments on K3[CrIII(CN)6] have shown that the CrIII

ions have less than three electrons in the 3d shell [33,34]. To mimic this result, the
bond is modeled by a metal-to-ligand charge transfer by mixing |3d3〉 and |3d2L1〉
configurations. In such a scheme one 3d electron is partly delocalized on the lig-
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Fig. 3. Isotropic L2,3 edges of CrIII in
CsI[NiIICrIII(CN)6]2H2O. (a) ex-
periment, (b) calculation with con-
figuration interaction, (c) calculation
without configuration interaction.

and orbitals |L〉 [30,35,36]. The existence of a large π back-bonding implies that the
charge-transfer integrals related to the π bond should be larger than those related
to the σ bond. From the previous discussion, the calculated spectrum is reported in
Fig. 3. Good agreement is obtained between calculation and experiment. From this
calculation we obtain insight about the precise ground state description of CrIII and
also about some CrIII–CN bond characteristics-the ground state is made up of 80%
|3d3〉 and 20% |3d2L1〉. The effective electron number on the 3d shell of CrIII in the
series of bimetallic cyanides is 2.8.

Transition metal L2,3 edges X-ray absorption spectroscopy can be used to study
local electronic structure and chemical bond in molecular-based magnets from the
Prussian blue family. By comparison with LFM calculations we can extract quanti-
tative information on the ground state of the 3d ions and the chemical bonds [31].
Quantities such as the effective occupations of the 3d shell are essential in these
magnetic compounds for the application of the sum rules.

4.3.2 Local Magnetic Moments by XMCD in CsI[NiIICrIII(CN)6] · 2H2O

XMCD experimental and calculated signals obtained at the nickel L2,3 edges are plot-
ted in Fig. 2. The sign of the experimental XMCD signal proves that nickel(II) ions
are indeed coupled ferromagnetically to chromium(III) ions [28]. The application of
the sum rules to experimental spectra gives the value for 〈L Z 〉/〈SZ 〉 = 0.26 ± 0.05
and the theoretical value extracted from LFM calculation is around 0.29 ± 0.05.

There is some controversy concerning the use of XMCD to yield absolute magnetic
moments. This debate has been well illustrated in papers by Arvanitis et al. and
Chakarian et al. [16,17]. The conclusion is that total electron yield measurements
are not exempt from saturation effects that tend to reduce the accuracy of magnetic
moment determination. Even in the best cases (fully magnetized thin metallic foil),
spurious effects as large as 10% of the XMCD signal lead to incorrect estimation of
the orbital or spin magnetic moments. In our measurements, the samples are thick
powder pellets and the face of the powder crystallites are oriented at random relative
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to the incoming X-rays. Following Chakarian one can estimate that the combined
effect of thickness and misorientation impairs by at least 10 or 20% any attempt
to extract precise absolute magnetic moments. Despite this severe drawback of the
method, there is still much qualitative information to be obtained from XMCD
(spin orientation, orbital polarization, magnetic moment on one specific shell). In
our opinion the only quantitative information lies in the determination of 〈L Z 〉/〈SZ 〉.
XMCD remains the only magnetic technique measuring orbitally selective signals
localized on a specific ion.

4.3.3 Magnetic Anisotropy in CsI[NiIICrIII(CN)6] · 2H2O

The sample is a powder of crystallites with cubic crystallographic symmetry. In the
absence of a magnetic field the cross-sections in the electric dipole approximation are
isotropic for any crystallites. When a magnetic field is applied, the net magnetization
of the sample breaks the cubic symmetry in each crystallite. Because of magnetic
anisotropy the break of cubic symmetry depends on the orientation of the magnetic
field relative to the crystallographic axes of the crystallites. To take this effect into ac-
count the powder spectrum must be calculated by averaging the cross-sections for all
possible directions of magnetization relative to the symmetry axes of the crystallites.
It is known that the powder cross-section can be obtained to a good approximation
by a well-balanced average of cross-sections calculated with particular directions of
the magnetic field. In the case of cubic symmetry, the powder spectrum is given by
[28]:

σpowder = 176
385

σ(B//C2) + 99
385

σ(B//C3) + 110
385

σ(B//C4) (4)

where σ(B//C2), σ(B//C3), and σ(B//C4) are the cross-sections corresponding to
the magnetic field B parallel to the following directions: [110] or C2, [111] or C3 and
[001] or C4. The LFM isotropic spectra calculated for any of the three directions are
very similar; this might be expected, because the Zeeman Hamiltonian is a small
perturbation that cannot be resolved by the experimental resolution. On the con-
trary, when linear or circular dichroism is calculated some interesting differences are
present, because of different degeneracy lifting and different dipole-allowed transi-
tions. Large differences can be observed between the average spectra 1/2(σ+ + σ−)

for σ(B//C2), σ(B//C3), and σ(B//C4). This proves that a well balanced averaging
procedure is essential to enable extraction of physical quantities from the compar-
ison of experimental and calculated 1/2(σ+ + σ−) spectra. X-ray magnetic circular
and linear dichroism should, moreover, give much information on the magnetic
anisotropy, although the impossibility of growing suffficiently large single crystals
did not enable experimental solution of the question for this compound. For the
three magnetic orientations, the circular dichroic signals σ− − σ+ only differ by 3%
which means that the shape of XMCD at nickel L2,3 edges is almost insensitive to
the magnetic anisotropy.
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4.3.4 Application of One-electron Theory to XMCD

XMCD at chromium, manganese, and nickel K edges has been measured in the
ferrimagnet CsI[MnIICrIII(CN)6] · 2H2O and the ferromagnet CsI[NiIICrIII(CN)6]
· 2H2O. In the monoelectronic framework, the K edge corresponds to transitions
from the 1s initial state towards p final states above the Fermi level. In contrast with
the L2,3 edges, for which XMCD signals can be as large as 60%, the XMCD signals at
K edges is never larger than a few tenths of 1% of the atomic cross-section. There are
two reasons for this: firstly, at K edges, there is no spin–orbit coupling acting on the
monoelectronic initial state and XMCD finds its origin on the spin–orbit coupling
acting on the p levels of the continuum; secondly the p levels are much less spin-
polarized than the 3d levels which leads to a smaller contribution to XMCD, as can
be inferred from recent magnetic sum rules.

The field applied to the sample was larger than 0.5 T and the temperature was
30 K, ensuring complete saturation of the magnetic moment of the magnets. The
XMCD signals at the three edges in the two compounds are plotted in Fig. 4. The
maximum of the isotropic cross-section is the reference energy for the three edges.

The nature of the magnetic coupling between the chromium ions and the divalent
ions can be directly deduced from the analysis of the sign of the XMCD signals.
In CsI[NiIICrIII(CN)6] · 2H2O the shape of the XMCD signal (− +) is the same
at the two edges. This confirms the ferromagnetic coupling between the two ions.
In CsI[MnIICrIII(CN)6] · 2H2O, the shape of the Mn XMCD signal is the same as
in the previous magnet, indicating that the Mn magnetic moments are parallel to
the applied magnetic field. The reversed sign of the Cr XMCD signal indicates the
antiferromagnetic coupling between Cr and Mn.

The method used to interpret the XMCD structures at K edges derives from
the real space multiple scattering theory applied to XAS. One starts from building
a cluster of atoms surrounding the absorbing atom. The potential is built in the

Fig. 4. Experimental XMCD spectra of CsI[NiIICrIII(CN)6] · 2H2O
and CsI[MnIICrIII(CN)6] · 2H2O.
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muffin-tin approximation with a constant potential in the interstitial region. One
calculates the Dirac Green function associated to the potential in a semi relativistic
development where spin–orbit coupling that is responsible for XMCD is present [37].
From this formalism, one ends up with a concise form of the XMCD signal that can
in turn be split into three different contributions. Each contribution is the difference
between spin up and spin down of rather lengthy expressions that are not given here.
The contributions are labeled σ1a , σ1l , and σ1n . σ1a is an atomic only contribution
(Fano effect), σ1l is roughly proportional to the difference between spin up and spin
down density of empty states and σ1n comes mainly from the spin orbit scattering of
the photoelectron by the magnetic neighboring sites with also part scattering by the
potential of the absorbing atom.

The muffin-tin potential around each atom in the unit cell has been calculated in
the framework of the local-spin-density approximation using the ASW method and
the convergence of the basis set has been fully checked. The calculations of XMCD
signals performed at nickel and chromium K edges in CsI[NiIICrIII(CN)6] · 2H2O are
plotted in Fig. 5. The derivative-like signal at the Cr K edge and the one lobe signal
at the Ni K edge are well reproduced by the calculations. The difference between the
shapes of the two signals can be attributed to the position of the Fermi level relative
to the magnetic states. If one calculates the XMCD signal at Ni K edge corresponding
to “virtual” transitions below the Fermi level, one finds a large negative XMCD lobe
as in the Cr signal. The derivative-like feature is characteristic of the XMCD signal
for such compounds, as is shown at the Manganese K edge (Fig. 4).

As mentioned above, one advantage of the method is to enable decomposition
of the different contributions to the total XMCD signal. The theoretical XMCD
signals for chromium have been plotted in Fig. 6. The XMCD signal is dominated
by σ1n ; there is also a rather large contribution from σ1l . This situation is different
from that encountered in metallic iron, where the contribution from σ1n was largely
the dominant term close to the edge [37]. This is because the first neighbors of the
chromium ions are nitrogen and carbon atoms of the cyano bridge. Although they
are spin polarized, they cannot be considered as magnetic neighbors and then only
faintly contribute to σ1n . The closest magnetic neighbors are nickel ions 5 Å from
chromium ions.

Fig. 5. Calculated XMCD spectra for
CsI[NiIICrIII(CN)6]2H2O.
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Fig. 6. Contribution to XMCD.
σ1a = thin continuous line;
σ1l = thick continuous line;
σ1n = broken line.

On the other hand, in the energy range far from the edge the XMCD signal is
mainly dominated by σ1l and the XMCD signal is found in phase with the total
density of empty states. σ1a is the smallest contribution. It has almost no structures
and oscillates softly around zero.

Pure atomic effects contribute only slightly to XMCD in the whole energy range.
Close to the edge, the spin orbit scattering dominates over spin polarized density of
states; the opposite is true for magnetic EXAFS.

4.4 Local Magnetic Structure in Room-temperature
Molecule-based Magnets

Most vanadium-chromium compounds of general formula AI
yV[CrIII(CN)6]z · nH2O

are room-temperature ferrimagnets with TC varying between 295 K and 376 K. The
synthesis and macroscopic magnetic properties of this family of compounds are
reported in the chapter Prussian Blue Structured Magnets of this book by Verdaguer
and Girolami. XMCD can be used to understand better the relationship between
the magnetic properties of these systems and their synthetic conditions, particularly
with the stoichiometry and the oxidation state of the vanadium ions.

By varying the stoichiometry by addition of cationic species in the
tetrahedral holes of the Prussian blue structure, two bimetallic chromium-
vanadium ferrimagnets have been synthesized [38]: 1 [in the absence of Cs(I)]:
{VII

0.45VIII
0.53(VIVO)0.02[Cr(CN)6]0.69 (SO2−

4 )0.23 (K2SO4)0.02} · 3H2O; and 2 [in the
presence of Cs(I)]: {CsI

0.82VII
0.66(VIVO)0.34 [Cr(CN)6]0.92 (SO2−

4 )0.20} · 3.6H2O. The
macroscopic magnetic properties of the two systems are very similar (magnetiza-
tion at the saturation: 0.36 NAβ for 1 and 0.40 NAβ for 2). In both compounds the
vanadium sublattice is coupled antiferromagnetically to that of chromium. The an-
tiparallel alignment of the neighboring spins in the magnetically ordered phases leads
to a resulting total magnetization MT which is the difference between the magne-
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tization arising from the subset of chromium ions MCr and that from the subset of
vanadium ions, MV:

MT = |MCr − MV| (5)

Two situations can arise, one when the larger magnetic moments are borne by the
chromium ions and are aligned parallel to an external applied field (MCr > MV),
the other when MV > MCr. In the later case, the sign of the quantity (MCr − MV) is
reversed and the magnetic moments of vanadium ions lie parallel to the field.

The spin values of these compounds can be expressed as a function of
the CrIII/V and VII/V ratios [38]. For example, for analogs of compound 1,
(CI

yVIIαVIII
1−α

[CrIII(CN)6]z · nH2O), the expression for MT is:

MT = −(3z − α − 2) (6)

The spin values of these compounds can be represented in a three-dimensional
space, vs α, varying between 0 and 1, and vs z, varying between 2/3 and 1. The spin
values are described by the diagram presented in Fig. 7 for analogs of 1.

The calculated MT value is positive for 1 (MT = +0.36NAβ) and negative for 2
(MT = −0.42Naβ). The crucial difference between the two compounds is the sign of
MT, depending on the balance between the values of CrIII/V ratio and the VII/V
ratio. Conventional magnetization measurements give the absolute value of the
macroscopic magnetization but not the local magnetization. The results of XMCD
experiments at the K edges of vanadium and chromium are reported in Fig. 8. In 1,
at the chromium K edge, the dichroic signal is first positive and then negative (+ −)
whereas at the vanadium K edge, it behaves in the opposite manner (− +). The 4p

VIICrIII
2/3

VIIICrIII

CIVIICrIII

A-IVIIICrIII
2/3

α

S
z S = 0

1

+

-

Fig. 7. Variation of the spin values S versus z and α parameters for analogs of 1. 1 is in the part
of the plane where the total spin has the same direction as the vanadium spins.
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Fig. 8. XMCD signals at the chromium and vanadium K edges for compounds 1 and 2.

orbitals are empty and the surroundings of the two metallic ions are quasioctahe-
dral, so that the sign of the spin orbit constant should be the same in the chromium
and vanadium 4p orbitals. The inversion of the dichroic signal, (+ −) in chromium
compared with (− +) in vanadium, is therefore a clear local demonstration of the an-
tiferromagnetic coupling of V and Cr in ferrimagnet 1. In 2, one reaches exactly the
same conclusion, because the dichroic signal is once more reversed in the chromium
(− +) compared with the vanadium (+ −) K edges. The new fact is that, for a given
edge, the shape of the dichroic signal is exactly the opposite for compounds 1 and
2. This is the experimental proof that the larger magnetic moment, aligned with the
magnetic field, is borne in one compound by the vanadium ions and in the other one
by the chromium ions. The change in the stoichiometry is followed by a slight change
in the macroscopic magnetization, but, above all, by the change in the nature of the
metallic species bearing the larger magnetic moment.

The absolute orientation of the magnetic moments proposed in Fig. 8 results from
a complementary XMCD experiment on the ferromagnetic CsNi[Cr(CN)6] where
all the magnetic moments are aligned parallel to the applied field with a dichroic
signal for chromium similar to that of 2 [39].

Among the two techniques able to determine directly the orientation of the spins
on local metallic centers, spin-polarized neutron diffraction and XMCD, the first
was nonapplicable, because the compounds were microcrystalline powders, whereas
XMCD is able to give the qualitative answer. This study shows the usefulness and the
capacity of XMCD to determine the spin orientation on each metal ion in bimetallic
ferri- or ferromagnets.
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4.5 Paramagnetic Complexes

In the former part of this chapter, XMCD has been measured at the L2,3 and K
edges in molecular-based magnets. These compounds have net magnetization below
the Curie temperature. Compounds with paramagnetic ions for which no three-
dimensional magnetic order has ever been detected can also be studied by XMCD.
To address this class of compounds, the sample must be cooled to a temperature
sufficiently low that net magnetization exists in the presence of a reasonable magnetic
field. This has been achieved in two recent experimental setups that cool the sample
to ca 100 mK and in which a magnetic field as large as 7 T can be applied. Very few
results concerning XMCD in paramagnetic compounds have been published and we
focus here on two classes of molecular compound: high-spin molecules and biological
metallic clusters belonging to proteins.

4.5.1 Instrumentation

The essential requirement to perform XMCD measurements in paramagnetic com-
pounds lies in cooling the sample to a low enough temperature. This can be done in
several ways. A tank of 4He can be pumped to cool down a sample down to ≈1 K [40].
When the tank is filled with 3He instead of 4He, lower temperatures are obtained (ca
0.3 K), although the operation is usually not continuous and lasts until the 3He tank
is empty. To reach even lower temperature in a continuous mode, dilution refrig-
erators have been built [41,42]. Temperatures in the range of 100 mK are currently
accessible.

The magnetic fields are usually produced by slip superconducting coils that can
reach 7 T. The environment of the sample is ultra high vacuum, or at least good
secondary vacuum, so that the cooled sample is not polluted by the residual gas.
Detection can be performed in two modes – either fluorescence detection or total
electron yield. In total electron yield one difficulty lies in the efficient cooling of a
sample that is electrically insulated.

The magnetization of a paramagnetic impurity ion follows a Brillouin curve. In
such a case reducing the temperature is theoretically identical to increasing the mag-
netic field. Because experimentally increasing the magnetic field is difficult beyond
ca 10 T and induces large nonlinearities on the detection instrumentation, lowering
the temperature is preferred. When the paramagnetic entities are coupled paramag-
netic ions, reducing the temperature and increasing the magnetic field are not the
same. Indeed for coupled paramagnetic ions, one can force the system into its ground
state by reducing the temperature; this cannot be achieved merely by increasing the
magnetic field.
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4.5.2 High-spin Paramagnetic Heptanuclear Chromicyanides

Two heptanuclear high-spin molecules have been studied: [Cr{(CN)Ni(tetren)}6]-
(ClO4)9 (tetren = tetraethylenepentamine) labeled CrNi6 with intramolecular fer-
romagnetic coupling (J = +16.8 cm−1) and [Cr{(CN)Mn(TrispicMeen)}6] (ClO4)9 ·
3THF (TrispicMeen = N,N,N′-(tris(2-pyridylmethyl)-N′-methylethan)-1,2-diamine)
labeled CrMn6 with intramolecular antiferromagnetic coupling (J = −8 cm−1). Be-
low the temperature of the coupling constant the molecule is in its ground state with
a coupled spin S = 15/2 for CrNi6 and S = 27/2 for CrMn6. By registering isotropic
and dichroic XAS signals, one can obtain the same kind of results as those obtained
on the Prussian blue magnet presented in Section 3 – crystal field strength, spin–orbit
coupling constants, orbital and spin magnetization [43]. In Fig. 3, the chromium L2,3
edges of the Prussian blue magnet have been reproduced by careful choice of para-
meters. We have used the same set of parameters to calculate the XMCD signal in
CrMn6 (Fig. 9). The good agreement between calculation and experiment confirms
that the LFM parameters indeed give a correct description of the chromium ground
state.

Beyond this information, XMCD in paramagnetic molecules yields completely
new physical and chemical insight into the local magnetic behavior of each atomic
species. In a heptanuclear molecule with ferromagnetic intramolecular coupling, the
ground state is obtained by the sum of the largest spin on each atomic species. In
CrNi6 the molecular ground state is S = 15/2 and it is built from the chromium
spin S = 3/2 and the six nickel spin S = 1. The ground state is 16-fold degen-
erated with wave functions |S = 15/2, M〉. When a magnetic field is applied the
lowest-lying wave-vector is |S = 15/2, M = −15/2〉 = |S6Ni = 6, M6Ni = −6〉⊗
|SCr = 3/2, MCr = −3/2〉. In a heptanuclear molecule with antiferromagnetic in-
tramolecular coupling, the ground state results from a difference between the spins

Fig. 9. Cr L2,3 edges in CrMn6. Upper panel. σ↑↓ and σ↑↑. Lower panel. dots: experimental
XMCD signal; continuous line: calculated XMCD signal.
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of the two different ion species. In CrMn6 the molecular ground state is S = 27/2.
The 28-fold wave functions |S = 27/2, M〉 are built from linear combinations such
that the lowest lying state in a magnetic field is |S = 27/2, M = −27/2〉. In con-
trast with the ferromagnetic case, the magnetic ground state for CrMn6 is a linear
combination of four terms built from the products:

|S6Mn = 30/2, M6Mn = −30/2〉 ⊗ |SCr = 3/2, MCr = +3/2〉
|S6Mn = 30/2, M6Mn = −28/2〉 ⊗ |SCr = 3/2, MCr = +1/2〉

(7)
|S6Mn = 30/2, M6Mn = −26/2〉 ⊗ |SCr = 3/2, MCr = −1/2〉
|S6Mn = 30/2, M6Mn = −24/2〉 ⊗ |SCr = 3/2, MCr = −3/2〉

with coefficients given by the related Clebsch–Gordan coefficients. Analysis of the
theoretical magnetization of the ground state shows that when the magnetization of
the CrMn6 paramagnetic molecule is fully saturated the local magnetic moment of
the manganese ions is 99% saturated, although the local magnetic moment of the
chromium ions reaches only ca 90% of the saturation of an isolated chromium ion
(Fig. 10). This effect is a direct consequence of the finite size of the heptanuclear
high spin molecule [43]. In contrast with any macroscopic magnetic measurement,
XMCD is the only experimental technique that can measure such a quantum-sized
effect.

Fig. 10. Ratio of the actual magnetization at saturation in the molecule with the magnetization
at saturation in the ion. (T = 2 K)
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4.5.3 XMCD in Metal Clusters of Metalloproteins

S.P. Cramer and his team have performed pioneering work in the field of XAS applied
to metallic sites in proteins. Their more recent efforts have been directed towards
paramagnetic centers cooled to low temperature (below 1 K) to register XMCD.
There is a twofold target concerning the metal clusters that are the active sites of the
metalloproteins-determination of the oxidation state of the various 3d elements and
understanding of the magnetic coupling inside the metallic clusters.

The first XMCD results ever published concern the copper site of the plasto-
cyanin. This is a test case, because the electronic structure of copper in this protein
is well understood from a variety of experimental and theoretical approaches [41].
The CuII L2,3 edges have been measured at 400 mK in a +/− 2 T magnetic field.
From the dependence of the XMCD on the magnetic field, it has been found that
the magnetization of the copper center followed a Brillouin curve. They have, more-
over, explained that at saturation the observed magnetic moment per copper ion was
reduced to 50% of the expected value. This effect is because of the random orien-
tation of the molecules [44]. The authors suggested that the XMCD measurement
of paramagnetic CuII in well characterized compounds might be used as an internal
thermometer [45].

One strong potential of XMCD lies in the study of local spin orientations in
coupled paramagnetic metal clusters. In human ferredoxin the metal cluster contain
two tetrahedral Fe sites bridged by two inorganic sulfide residues. One expects that
the two iron ions are FeIII and FeII high spin states coupled antiferromagnetically,
yielding a net S = 1/2 coupled ground state. This idea has been tested by measuring
the XMCD signals from the metal cluster at Fe L2,3 edges in ferredoxin and XMCD
signals where only FeIII or FeII was present in similar metal clusters. The FeIII signal
is from oxidized Pyrococcus furiosus rubredoxin and the FeII signal from reduced
oxidized Pyrococcus furiosus rubredoxin. A large XMCD signal at Fe L2,3 edges has
been measured in both rubredoxin [45,46]. It is found that the dichroic signal at Fe
L2,3 edges in ferredoxin is different from the expected linear combination of XMCD
signals in the rubredoxins. There have been several attempts to explain this puzzling
XMCD behavior [46,47]. None has been completely successful, indicating that the
electronic structure of human ferrodoxin might be more complex than was originally
assumed.

4.6 Conclusion

XMCD and spin-polarized neutron diffraction are often compared. Spin polarized
neutron diffraction measurements require single crystals that are always difficult to
obtain in the field of molecular chemistry. When feasible, this type of measurement
yields useful information enabling understanding of magnetic structure and interac-
tion in such compounds. In antiferromagnets it can determine the three-dimensional
antiferromagnetic structure among the many possible structures. XMCD can only be
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applied to compounds which have a net macroscopic magnetic moment – ferromag-
nets, ferrimagnets, paramagnetic ions or molecules at low temperature, spin glasses
in large magnetic field, or even antiferromagnetic nanoparticles. XMCD does not
require single crystals. It is also well suited to the study of magnetic surfaces with few
layers. XMCD cannot determine the three dimensional magnetic structure of com-
pounds whose crystallographic and magnetic structures are completely unknown.
The power of XMCD lies in its very high sensitivity to electronic structure, which
enables refinement of the electronic structure determined by other spectroscopic
methods.

New techniques using synchrotron radiation have been developed to characterize
the magnetic and electronic structure of transition metal complexes. By perform-
ing high-resolution fluorescence experiments the chemical sensitivity of Kβ emis-
sion spectra can be used to identify chemical states and the spin polarized near
edge structure provides a measure of the spin density (site and spin selectivity) [48].
Recent experiments on metalloproteins [49], biological systems [50] and transition
metal complexes [51] have been performed to characterize metal–ligand bonds and
transition metal oxidation states in these complex systems. From analysis of the fluo-
rescence decay it is also possible to discriminate between XAS signals coming from
the same atom in various oxidation state [49]. De Groot has also shown that the
cross-section of minority spin versus majority spin can also be separated by analysis
of fluorescence decay [49]. Instead of measuring the Kβ decay, one can register the
optical luminescence consecutive to X-ray absorption. This powerful tool has been
applied in chiral europium complexes, for which circular dichroic signals have been
observed [52]. This method is also chemically selective for the oxidation states.

XMCD is a sensitive tool for determining local magnetic structure in magnetic and
paramagnetic compounds. It has essentially been applied to the field of solid state
physics and chemistry in intermetallic compounds. We hope that we have shown
that the technique is also of interest for other compounds such as molecular-based
magnets, paramagnetic molecular entities, or metal clusters in proteins. XMCD sum
rules enable extraction of spin and orbit contributions to the local magnetic moment
with the unique chemical and orbital selectivities of XAS. Although absolute mag-
netic moments remain difficult to measure, much information can be gained from
this method:
– it is a powerful tool for determining accurate values of the 〈L Z 〉/〈SZ 〉 ratio; and
– it enables cross checking of the validity of essential LFM parameters such as

valence state, crystal field strength, spin–orbit coupling constants, charge transfer,
and the covalence of the metal-ligand bond.
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5 Magnetic Properties of Mixed-valence Clusters:
Theoretical Approaches and Applications

Juan J. Borrás-Almenar, Juan M. Clemente-Juan, Eugenio Coronado,
Andrew Palii, and Boris S. Tsukerblat

5.1 Introduction

The interplay between electron delocalization and magnetic interactions plays a key
role in areas as diverse as solid-state chemistry (bulk magnetic materials, supercon-
ductors, . . . ) [1] and biology (iron–sulfur proteins, manganese-oxo clusters, . . . ) [2]. In
molecular inorganic chemistry these two electronic processes have been tradition-
ally studied independently. Thus, the electron dynamics of mixed-valence dimers,
as exemplified by the Creutz–Taube complex [(NH3)5RuII(pyrazine)RuIII(NH3)5],
has been extensively investigated [3]. In this kind of molecular complex one extra
electron is delocalized over two diamagnetic metal sites. Therefore, they constitute
model systems for the study of the electron transfer. Their simplicity also enables
treatment of the coupling of electronic and nuclear movements (vibronic interac-
tions) at the molecular scale; this is an inherent problem for mixed valence (MV)
systems because the itinerant electron causes severe deformation of the coordina-
tion sphere of the metal site [4]. The vibronic theory of MV dimers (focused mainly
only on the phenomenon of intervalence optical absorption) has been formulated by
Piepho, Krausz, and Schatz and referred to as PKS model [5]. Piepho later developed
a new vibronic model [6,7].

In their turn, magnetic exchange interactions were initially investigated in
exchange-coupled dimers as exemplified by copper acetate. The explanation of the
anomalous magnetic behavior of this coordination complex by Bleaney and Bowers
[8] in the fifties constituted the starting point of modern magnetochemistry. Since
then many other exchange-coupled compounds have been prepared with increas-
ing nuclearities, topologies, and dimensionalities, and with combinations of different
magnetic metal ions and/or organic radicals in the same lattice [9]. In all these systems
the spin carriers are completely localized on the magnetic sites.

As a further degree of complexity it is possible to think in terms of introducing
some electron delocalization into these exchange-coupled molecular systems – in
other words, to prepare mixed-valence exchange-coupled magnetic systems in which
itinerant electrons and localized magnetic moments can coexist and interact. One of
the main interests of these systems in molecular magnetism comes from the possibility
of stabilizing strong ferromagnetic coupling between the magnetic centers through
the itinerant electrons via a double-exchange mechanism. These molecular systems
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can serve as models of extended MV magnetic systems, which are of current interest
in solid state chemistry.

In this review we focus on the magnetic properties of mixed-valence magnetic
clusters. We show how in these systems the energies of the spin states depend on the
interplay between electronic interactions (double-exchange, Heisenberg exchange
and Coulomb repulsions) and vibronic interactions. We consider the role of the
electronic interactions in MV dimers, trimers, tetramers and higher nuclearity mag-
netic clusters, paying particular attention to the double-exchange concept. We also
discuss the influence of the vibronic interactions in connection with both electron
localization and magnetic properties.

5.2 Double-exchange Mechanisms

Double-exchange interaction involves the coupling of two localized magnetic mo-
ments, having spin cores So, through an itinerant extra electron that can travel forth
and back between the two magnetic centers. Because the itinerant electron keeps
the orientation of its spin during transfer, double-exchange results in a strong spin
polarization effect which favors ferromagnetic spin-alignment in the system. This
mechanism of electron-spin interaction was first suggested by Zener [10] to explain
the ferromagnetism observed in the mixed valence (MV) manganites of perovskite
structure, such as (Lax Ca1−x )(MnIIIMnIV

1−x )O3. Notice that these MV oxides are an
active focus of research in solid state chemistry, because they exhibit colossal magne-
toresistance, a property that has been attributed to double-exchange [11]. Anderson
and Hasegawa [12] suggested a solution of the double-exchange for a MV dimer
deducing the spin-dependence of the double-exchange parameter.

Let us start with the simplest case of one d-electron moving between two spinless
transition metal sites A and B in the molecule (d1–d0 problem). The sites are sup-
posed to be symmetrically equivalent. We also assume that, because of the crystal
field effect, the ground state of the electron trapped on each of these sites is or-
bitally nondegenerate; the corresponding orbitals will be denoted a and b, and the
associated energies Ea and Eb are equal. When these two orbitals are allowed to
interact, the trapped state of the electron is unstable. In fact, its kinetic energy and
the attraction to the alien site promote the transfer process with the rate t which
can be associated with the transfer integrals ta→b = tb→a . The transfer integral for a
one-electron MV dimer is defined as a matrix element of the monoelectronic part ĥ
of the Hamiltonian t = 〈a|ĥ|b〉. The sign of t is usually opposite to that of the overlap
integral 〈a|b〉. The transfer processes split the energy level as shown in Scheme 1 for

Scheme 1.
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t < 0 (the bonding orbital is ψg). The two resulting delocalized functions are:

ψg = (1/
√

2)(a + b) and ψu = (1/
√

2)(a − b) (1)

where g (even) and u (odd) refer to the parity of the molecular orbitals.
If the metal ions are separated by a ligand, electron transfer must occur through

the orbitals of the bridging atoms, giving rise to effective contact between the metal
orbitals. The first idea of this indirect transfer was suggested by Zener on the basis of
the exchange mechanism. In this scheme the two localized states of the d1–d0 system
(shown in Scheme 2) are connected by the matrix element given in Eq. (2).

Scheme 2.

〈
dB(1)p(2)

∣∣∣∣ 1
r12

∣∣∣∣ dA(2)p(1)

〉
(2)

This transfer integral resembles an exchange integral describing the following two-
step exchange process (Scheme 3): 1) electron 1 virtually jumps from the p orbital
to the empty place, dB, keeping its spin orientation; then 2) electron 2 occupying the
dA orbital jumps into the p orbital, restoring thus the closed p2 configuration.

Scheme 3.

For practical purposes, instead of involving pure d-metal and p-ligand orbitals in
the indirect transfer process, it is more convenient to consider as starting functions
molecular orbitals essentially localized on the metal centers but that include a small
admixture with the orbitals of the bridging atoms. This idea, introduced by Anderson
and Hasegawa [12], enables us to use the same model for both direct and indirect
transfer processes, as in direct exchange and superexchange. Thus, the indirect trans-
fer from A to B can be taken into account by use of an effective transfer parameter
tab which is of the order of (tdp)2/�Edp where tdp and �Edp are the transfer integral
and the energy gap between d-metal and p-ligand orbitals, respectively.
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5.3 Classical Spin Model for the Double Exchange

Let us now consider the general case of a MV dimer dn–dn+1. The first problem in
question is how the magnetic moment of the metal ions affect the electron transfer.
It happens that, in this case, electron transfer is spin-dependent. The main features
of the phenomenon can be understood in the framework of the classical spin model
developed by Anderson and Hasegawa [12]. As distinguished from a quantum spin,
which can be oriented in the space in 2S +1 directions, a classical spin represents the
infinite spin limit for which all the directions in the space are allowed (Scheme 4).

Scheme 4.

Let us consider a high-spin state (Hund’s configuration) for the dn+1 ions. From
the classical point of view, that means that the extra electron lines up its spin, s,
parallel to the spin core S0 (Scheme 5), taking thus the gain in energy from the
ferromagnetic intraatomic exchange.

Scheme 5.

For the MV dimer, the full spin of the system can take 2S + 1 values with S
between Smax = 2S0 + 1/2 and Smin = 1/2. In the classical limit, S0 � 1/2, so that
Smax ≈ 2S0 and Smin ≈ 0. These two extremes correspond to parallel and antiparallel
orientations of the spin cores (Scheme 6), while the intermediate spin values are to
be correlated with intermediate angles between the spin cores.

Scheme 6.
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Let us consider the dependence of the electron transfer on the angle θ . From
Scheme 6 it is clear that the transfer is most efficient when both spin cores are
parallel (θ = 0◦), whereas it is zero when they are antiparallel (θ = 180◦), because
then the moving electron must reverse its spin to be parallel to SB. The maximum
value of the transfer will be denoted as t. In the general case where the angle between
the spin cores SA and SB is θ , the spin s associated with the electron moving from A
to B must adopt a direction parallel to SB to form a high-spin B ion. For that, s must
be rotated by an angle θ . This is easy to do by use of the well known transformation
of spin functions (s = 1/2) under rotation:

α′ = cos(θ/2)α − sin(θ/2)β and β ′ = sin(θ/2)α + cos(θ/2)β (3)

where α (α′) and β (β ′) denote the two spin-functions referred to the direction SA
(SB).

The electron transfer, a → b, between two spin cores, SA and SB, bent at the angle
θ can be then written as:

t (θ) = (dBα′|Ĥ |dAα〉 = t cos(θ/2) (4)

which is maximum (and equal to t) when θ = 0◦ and zero when θ = π .
Now the problem is how to evaluate the classical angle θ in terms of S0 and the full

spin of the system, S. Considering SA and SB as classical vectors (Scheme 7) one can
express the full spin as S = SA + SB, where SA = SB = S0, because in the classical
limit s = 1/2 is negligible. From Scheme 7 we find:

cos(θ/2) = S/(2S0) (5)

Scheme 7.

Combining Eqs. (4) and (5) one can express t in terms of both S0 and S:

t (S) = t S/2S0 (6)

This expression confirms that the rate of transfer is spin-dependent and increases
as the full spin, S, is increased. Thus, for parallel SA and SB, S = Smax ≈ 2S0 and
the rate of transfer achieves its maximum value t , whereas in the antiparallel case
S = Smin = 0 and the transfer rate vanishes because only a non-Hund state (that is
high in energy) can be formed when the moving electron retains its spin direction in
the course of the transfer.

Taking into account that the transfer matrix has the form:

〈SM, S∗
A, SB|

〈SM, SA, S∗
B|

∣∣∣∣ 0 t (S)

t (S) 0

∣∣∣∣ (7)
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where the star indicates the location of the extra electron, the energy spectrum of
the MV dimer is:

E± = ±t (S) = ±t S/2S0 (8)

Because in the classical spin model Smax ≈ 2S0, the above expression enables
deduction that the energy levels of a dimer form a continuous band of width 2t in
which each sublevel corresponds to a definite angle between classical spins SA and
SB. It is important to note that the ground state has the maximum spin value so that
the double exchange gives rise to a strong ferromagnetic effect.

5.4 Mixed-valence Dimers

5.4.1 Electronic Interactions

5.4.1.1 Double Exchange: Quantum-mechanical Considerations

The transfer process from site A to B (or from B to A) involves two localized config-
urations, A∗B and AB∗, as depicted in Scheme 8 for the simplest case of the d1–d2

dimer. The star indicates the location of the extra electron and the two sites A and
B are assumed to be identical. Electrons of spin cores occupy orbitals a1 and b1. The
extra electron can move over the orbitals a and b.

Scheme 8.

Two configurations A∗B and AB∗ are coupled by the transfer Hamiltonian:

Ĥt =
∑
σ

t
(
C+

bσ Caσ + C+
aσ Cbσ

)
(9)

where Caσ annihilates the electron with spin projection σ at orbital a, and C+
bσ creates

an electron with spin projection σ at orbital b; t is the transfer or resonance integral
and takes into account mixing of the A∗B and AB∗ configurations.

According to Hund’s rule, electrons will be parallel within each site, so for the
a∗b configuration we have SA = 1, SB = 1/2, and for the ab∗ configuration we have
SA = 1/2, SB = 1. The available spin states for the pair will then be S = 1/2 and
3/2, and each spin state will occur twice (one for each configuration). Therefore, the
delocalization doubles the number of low-lying states. These states will be split as a
result of electron transfer which is facilitated when the two spin cores are parallel,
thus favoring the state of highest spin (S = 3/2) as the ground state. In fact, the
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solution of the above Hamiltonian (Eq. 9) demonstrates that this splitting is spin-
dependent and is t (S + 1/2), giving the energy spectrum depicted in Fig. 1. Two
main points should be noticed: 1) the components of the split levels are disposed
symmetrically (±t and ±t/2 for S = 3/2 and S = 1/2, respectively); 2) The labels
g and u refer to the parity (even or odd) of the delocalized functions. Quantum
mechanical calculation [13] shows that the orders resulting from the double-exchange
splitting of the two spin states (S = 1/2 and 3/2) are reversed. With regard to the
magnetic properties this feature is irrelevant, but they might be important when
discussing spectroscopic properties.

Fig. 1. Energy levels of the delocalized
MV dimer d1–d2. Influence of the double-
exchange

These results can easily be generalized to the dinuclear dimers dn–dn+1 with a fully
delocalized extra particle (electron or hole) [12]. The energy levels can be expressed
as:

E(S) = ±t (S + 1/2)/(2S0 + 1) (10)

where S0 is the value of the spin core and t is the one-electron transfer parameter
associated with the jumps of the extra particle over the orbitals a and b.

Comparison of Eqs. (8) and (10) reveals that the quantum-mechanical expression
for the double-exchange splitting can be obtained from the classical expression by
simple substitution S → S + 1/2; S0 → S0 + 1/2.

Because now Smax = 2S0 + 1, the double-exchange spin levels for all dn–dn+1

dimers are arranged in the gap 2t , as in the classical limit (Scheme 9).
One can see that the double-exchange splitting is spin-dependent, and increases

linearly as the full spin, S, is increased. The value t/(2S0 + 1) plays the role of
multielectron transfer parameter and the splittings of the S-multiplets are directly
proportional to (S + 1/2). Because of the spin-dependence of the double-exchange
splitting, the level with S = Smax proves to be the ground state and we arrive to
the general conclusion that in dimeric MV clusters double-exchange always results

Scheme 9.
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Fig. 2. Energy spectrum of a d5–d6 MV dimer (t > 0) as
a function of the spin multiplicity (2S + 1). Influence of the
double-exchange

in the ferromagnetic spin alignment irrespective of the sign of the double-exchange
parameter t . Quantum-mechanical consideration shows that the sign of t determines
only the order of even and odd levels in the spectrum. This order also depends on
the nature of the delocalized extra particle. As an illustration let us consider the
energy spectrum of a d5–d6 system, which can correspond to an MV dimer FeIII–
FeII with high-spin local states (Fig. 2). In this dimer one extra hole is delocalized
over two paramagnetic sites with an S0 = 2 spin core. Energetically this dimer is
equivalent to the d5–d4 system. Accordingly, double-exchange splitting is the same
in both dimers. We observe a symmetric splitting of the spin states, with the highest
spin state, S = 9/2, being the ground state. The only noticeable difference between
these two cases is the reversal of the parity of the spin states. Thus, while in the
d5–d6 system a positive value of t stabilizes the even ferromagnetic state, in the
d5–d4 system it stabilizes the odd ferromagnetic state. Magnetically such a difference
is irrelevant, owing to the symmetric splitting of the spin states, but it will become
important in higher-nuclearity MV clusters in which an unsymmetric spectrum is
observed, as we will see hereinafter.

5.4.1.2 Combined Effect of Double Exchange and Magnetic Exchange

Because the two sites contain unpaired electrons, the magnetic exchange interaction
will be superimposed on the double-exchange interaction. The expression for the
isotropic exchange (Heisenberg) Hamiltonian is:

H = −2JSASB (11)

where SA and SB are the full spins of ions A and B, and J is the many-electron
exchange parameter. As distinguished from the transfer Hamiltonian, the exchange
Hamiltonian is operative in the localized configurations A∗B and AB∗. In each, the
exchange splitting is identical and is given by the well known expression:

E(S) = −J [S(S + 1) − SA(SA + 1) − SB(SB + 1) (12)
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Omitting in Eq. (12) the last two additive terms (independent of S) and combining
this with Eq. (10) we obtain the energies for a MV dimer in presence of both electron
delocalization and magnetic exchange:

E±(S) = −J S(S + 1) ± t (S + 1/2)/(2S0 + 1) (13)

We observe that whereas the splitting of the spin states as a result of Heisenberg
exchange is quadratic in S (proportional to S(S + 1)), the splitting arising from the
double-exchange is linear in S. Therefore, the energy spectrum of a MV dimer is
expected to be different from that of a fully localized spin dimer.

Let us use Eq. (13) to obtain the energy levels of the d5–d6 dimer. In the presence
of antiferromagnetic exchange (J < 0) that tends to stabilize the states of lower
S values, the ground spin state will be the result of competition between the two
interactions (exchange and double-exchange). This effect can be seen in the so-
called correlation diagram E/|J | vs t/|J | (Fig. 3). When double-exchange is weak
enough (t/|J | < 15) the exchange dominates and the antiferromagnetic spin state
S = 1/2 is the ground state. When the ratio t/|J | increases, the ground state becomes
successively S = 3/2, 5/2, 7/2, and, finally, 9/2 in the strong double-exchange limit.
This example shows that the magnetic properties of MV dimeric systems are the
result of the interplay between Heisenberg and double-exchange interactions. For
the dimeric systems the last effect always provides a ferromagnetic contribution
which, usually, should exceed the antiferromagnetic exchange interaction. In fact,
double-exchange is a first-order effect (proportional to t) involving the ground state
configuration of the fully delocalized MV system, whereas magnetic exchange is a
second-order effect involving mixing with the excited states (and proportional to
t2/U , where U is one center Coulomb repulsion).

Fig. 3. Correlation diagram of a d5–d6 dimer show-
ing the combined effect of double-exchange t and
antiferromagnetic Heisenberg exchange J
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For real systems, however, this is not the general rule, because other effects, for
example vibronic interactions or distortions of the sites, can dramatically reduce the
electron delocalization [14,15]. We will examine this problem in detail below.

5.4.1.3 Effect of the Asymmetry

In actual systems the extra electron might be trapped because of effects different
from the vibronic interaction, for example the asymmetry in the dimer (the sites A
and B are no longer identical). Such electron trapping strongly reduces the double-
exchange effect and then the antiferromagnetic exchange might become the domi-
nant effect [16].

The effect of the asymmetry can be taken into account through the difference in
energy between the two configurations A∗B and AB∗, which are no longer degen-
erate. � = EA − EB will then define a trapping parameter. Then the energies of the
dn–dn+1 dimers are given by:

E±(S) = −J S(S + 1) ±
√

�2 + t2(S + 1/2)2

(2S0 + 1)2 (14)

where the isotropic exchange, J , is also taken into account.
One observes that the distortion of the system restores the antiferromagnetic

ground state, specific for the localized system with J < 0 (Fig. 4). Physically the dis-
tortion leads to localization of the extra electron on the lower energy site, so isotropic
exchange plays a predominant role in a strongly distorted system. At the same time,

Fig. 4. Influence of asymmetry in the d1–d2 MV dimer
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the excited levels (E+(1/2) and E+(3/2)) are very high in the limit of strong distor-
tion, whereas the low-lying levels (E−(1/2) and E−(3/2)) are split with a gap 3|J |
just as in the localized exchange-coupled dimer. The distortion thus eliminates the
double-exchange effect restoring the Heisenberg-type pattern of spin levels when �

is large compared with t .
More careful consideration shows that the second-order effect of the double ex-

change contributes to the isotropic exchange with the parameter J ′ = t2/[2�(2S0 +
1)] > 0. In the limit of strong distortions the energy levels can be approximately
expressed as:

E±(S) = (−J ± J ′)S(S + 1) ± (� + �0)

where �0 = t2/[8�(2S0 + 1)]. One can see that the gap 3|J | is slightly reduced for
the low-lying levels and increased for the upper pair of levels.

5.4.1.4 Effect of the Orbital Degeneracy [17]

The model so far considered is based on the assumption that the one-electron orbitals
and the terms associated with the sites A and B are orbitally nondegenerate and thus
only full spin S characterize the sates of the systems. One ion or both can, however,
have orbitally degenerate ground terms. The last case occurs in a bioctahedral d1–
d2 dimer where we meet the 2T2(t2)–3T1(t2

2 ) MV problem with the extra electron
occupying t2-orbitals. As an example we give briefly the results for the edge-shared
system in which the most efficient transfer pathway (xy)A ↔ (xy)B is taken into
account (Fig. 5). Because of the T–P analogy, orbital parts of 3T1 and 2T2 terms can
be associated with the orbital angular momenta, LA = LB = 1, so the full states of
the system in the pseudoangular momentum representation belong to L = 0, 1, 2
and S = 1/2, 3/2. These states |±; SMS; L ML〉 (Z is the quantization axis for both L
and S) are specified also by the symbol of the parity (+ and −). The energy pattern
for this MV system is shown in Fig. 6 (Ms is omitted from the labels).

Two points should be mentioned: 1) The ground state proves to be high-spin, so the
conclusion about ferromagnetic spin-coupling produced by the double exchange is
valid also for the orbitally degenerate system. This result is shown to be common for
all MV dimers [17] At the same time, the energy pattern is much more complicated
and, at E = 0, contains the level corresponding to the mixture of S = 1/2 and

Fig. 5. (xy)A → (xy)B overlap in the edge-shared
D2h system. The molecular frame XYZ coincides
with the local ones
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Fig. 6. Energy diagram for an edge-shared binuclear d1–d2 MV dimer

S = 3/2. 2) As distinguished from the case of spin-systems (nondegenerate ions),
the degeneracy of metal sites brings a magnetic anisotropy of orbital nature to the
whole system. In fact, the ground state |3/2; 2 ± 2〉 has a strong orbital magnetic
contribution when the field is applied along the Z axis and proves to be nonmagnetic
when it is applied in the perpendicular directions (along X or Y ). The system is fully
anisotropic in the sense that χ‖ comes from a first order contribution whereas χ⊥
comes from a second order contribution (van Vleck paramagnetism). Through this
example we can see that for degeneracy the double exchange can be referred to
as an anisotropic magnetic interaction (for this reason we have proposed the term
anisotropic double exchange [17]). More precise consideration shows that both the
double-exchange splittings and the sign of anisotropy, χ‖ − χ⊥, are specific for each
kind of MV pair, being closely related to the ground terms (singlet–triplet, triplet–
triplet) of the constituent ions, overall symmetry, and transfer pathways. In particular,
a corner-shared (D4h) dimer has orbital van Vleck paramagnetism and the sign of
the magnetic anisotropy is opposite (χ⊥ > χ‖).

5.4.2 Vibronic Interactions in Dimers

The background for the consideration of vibronic effects in MV systems is repre-
sented by the PKS model [5]. Being very efficient and, at the same time, relatively
simple, the PKS model takes into account the most important features of the phe-
nomenon without consideration of details.
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During ten years the PKS model remained the only theoretical tool for consid-
eration of vibronic effects in MV compounds. Later Piepho [6,7] suggested a new
vibronic model. In this section we consider both models in the dimeric systems and
the magnetic manifestations of vibronic coupling.

5.4.2.1 PKS Model

The main idea of PKS model can be illustrated taking as an example two coupled
octahedral centers containing a unique unpaired electron (d1–d0 system). Denoting
their full-symmetric vibrational coordinates as qA and qB (breathing modes), two
new collective coordinates can be constructed which refer to the in-phase (q+) and
out-of-phase (q−) vibrations of the two moieties

q+ = (1/
√

2)(qA + qB), q− = (1/
√

2)(qA − qB) ≡ q

Nuclear displacements corresponding to the q+ vibration (the two coordination
spheres are expanded or compressed simultaneously) decrease or increase the po-
tential energy of the system independently of the site of localization. Interaction of
the moving electron with this in-phase vibration can be eliminated by shifting in the
q+ space. That means that only the reference size of the dimer is modified by the extra
electron. In contrast, the out-of-phase vibration, q−, proves to be a mode relevant
to the electron-transfer processes. Thus, when q < 0 the coordination sphere on A is
compressed whereas that on B is expanded. It should be noted that the intercenter
distance RAB remains constant in course of nuclear motion. This nuclear movement
increases the energy of the electron located on A, thus promoting the electron trans-
fer A → B (Fig. 7). In a similar way the opposite phase (q > 0) promotes the jumping
back of the extra electron (B → A transfer).

Fig. 7. Pictorial representation of the out-
of-phase vibrational mode for two octa-
hedral moieties



168 5 Magnetic Properties of Mixed-valence Clusters

In the semiclassical adiabatic approximation (very slow nuclear motion), the full
energy of the system can be associated with the potential energy only. Such energy
includes the nuclear potential energy ωq2/2 (ω is the vibrational frequency, q is
the dimensionless normal coordinate, h̄ = 1) and the mean value of the vibronic
interaction energy E(q).

To find E(q) we should know that the vibronic interaction mixes two states of
opposite parity (ψg and ψu). Taking into account also the transfer energy, we find
the full adiabatic Hamiltonian for the d1–d0 problem in the matrix form as follows:

ω

2
q2I +

ψu ψg
| −t υq || || υq t |

(15)

where υ is the vibronic coupling parameter and I is [2 × 2] unit matrix in the basis
ψg and ψu . The full energy in the adiabatic approximation can be finally expressed
as an adiabatic potential U (q):

U±(q) = ω

2
q2 ±

√
t2 + υ2q2 (16)

Let us discuss briefly the shape of the adiabatic potential in view of the Robin and
Day scheme that classifies MV compounds according to the degree of delocalization
of the extra electron over the metal sites. The original form of this classification,
proposed in 1967 [18], was based on the parameter W which is the difference in
energy between the two localized configurations, A∗B and AB∗, in an unsymmetric
MV dimer (Section 5.4.1.3). Piepho, Krausz, and Schatz [19] later realized to its full
extent the crucial role of the vibronic interaction in the description of MV com-
pounds in connection with the problem of localization–delocalization, especially for
the spectroscopic manifestations of the mixed valence. In the symmetric MV dimers
(equivalent sites, W = 0) the vibronic coupling proves to be the only physical inter-
action that is able to localize the extra electron (like W -energy in an unsymmetric
system).

The adiabatic potential (Eq. 16) comprises two branches U+ and U−. If there
is no electron interaction between the A and B sites, we obtain two independent
potential energy curves associated with the A∗B and AB∗ configurations (Fig. 8a).
In this case, the electron transfer is not allowed (t = 0) and the system will be fully
localized (Class I in Robin and Day classification) [5]. When the vibronic interaction
is strong compared with the electron interaction (υ2/ω > |t |), we obtain a double
well potential curve U−(q) and an energy barrier with the top at q = 0 increasing
as the vibronic interaction increases (Fig. 8b). The electron transfer process is then
possible but requires an activation energy for the electron hopping or can occur as the
tunneling through the barrier (Class II systems). Finally, in the case of weak vibronic
interaction (υ2/ω < |t |) both branches have a minimum at q = 0 (Fig. 8c) and the
electron is fully delocalized. In this case the system belongs to Class III in Robin
and Day classification. Therefore, the vibronic interaction plays a role of a localizing
factor being in competition with the transfer processes which promote delocalization.
The main spectroscopic consequence of the combined action of electron transfer
and vibronic interaction is the occurrence of the so-called electron transfer optical
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Fig. 8. The adiabatic potential for a one-electron MV dimer: (a) t = 0, υ = 2ω, (b) t = ω,
υ = 2ω, (c) t = 4.5ω, υ = 2ω. Franck–Condon considerations are indicated by dotted arrows

absorption (intervalence band) arising from U−(q) → U+(q) transitions (dotted
lines in Fig. 8)

The shape and intensity of the intervalence band in the PKS model is defined by the
ratio |t |/υ2/ω. In weak transfer (Fig. 8a) the vertical (Franck–Condon) transitions are
almost forbidden since the matrix element of the dipole moment 〈ϕA|d|ϕB〉 vanishes
due to the parity rule; at the same time, the Stokes shift can be significant. For these
reasons the MV dimers of Class I are expected to exhibit weak and wide intervalence
bands. On the contrary, in the Class III compounds (Fig. 8c) the Franck–Condon
transition is allowed (the matrix element 〈ψu |d|ψg〉 �= 0) and the Stokes shift is zero.
For this reason intervalence optical bands in delocalized MV dimers are strong and
narrow.

5.4.2.2 Piepho Model

Piepho suggested a vibronic model [6,7] that takes into account multicenter vi-
brations (P-vibrations) that allow metal–metal distances to change. The electron–
vibrational coupling appears as a result of the modulation of the transfer integral
due to changes in the intermetallic distances R ≡ RAB (Fig. 9). Q = (R − R0) plays
the role of the vibrational coordinate. As distinguished from the PKS model, the
interacting moieties maintain their sizes in course of vibration.

The transfer integral can be expanded in the series:

t (R) = t (R − R0) +
(

∂t (R)

∂ R

)
R=R0

(R − R0) + · · · (17)

Fig. 9. Pictorial representation of
the P-vibration for a MV dimer
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where λ = −(∂t (R)/∂ R)R=R0 , is the vibronic interaction parameter, and t (R = R0)

is just the transfer parameter. The matrix of the adiabatic potential in the delocalized
MO-basis, ψu and ψg , can be presented as:

U = �Q2

2

∣∣∣∣ t − λQ 0
0 −t + λQ

∣∣∣∣ (18)

where � is the vibrational frequency and Q is now the dimensionless vibrational
coordinate Q = (R− R0)/(h̄/M�)1/2; λ = (∂t (R)/∂ R)R=R0(h̄/M�)1/2 is the vibronic
coupling parameter (M is the effective mass associated with the P-vibration).

The adiabatic potential has two branches:

U± = �2

2
(Q ∓ Q0)

2 ± t − λ2

2�
(19)

as shown in Fig. 10. Both states (with the initial energies +t and −t) are stabilized
by the term −λ2/(2�) and minima at ±Q0 (Q0 = λ/�) appear that correspond to
two delocalized states ψu and ψg .

In the bonding state, ψg , the transfer is effectively increased 2|t (R0 − Q0)| = 2|t |+
2λ2/�, meanwhile in the antibonding state, ψu , the transfer is decreased 2|t (R0 +
Q0)| = 2|t |−2λ2/�. One can see that the main effect of the P-vibration is to produce
a strong detrapping effect, i. e. to stabilize delocalized states. This effect is in a sharp
contrast to that produced by the PKS-vibrations that localize the extra electron on
the sites.

Fig. 10. Adiabatic potential of the d1–d0

system in the Q-space for (t < 0)

5.4.2.3 Localization vs Delocalization in the Generalized Vibronic Model [20]

Because PKS and P-vibrations lead to competitive effects, we consider now the
generalized vibronic model that takes simultaneously into account both types of
vibronic interactions. From Eqs. (16) and (18) one can find the following expression
for the adiabatic surface of the d1–d0 system in the q Q-space:

U±(q, Q) = 1/2(ωq2 + �Q2) ±
√

(t − λQ) + υ2q2 (20)

where the signs “−” and “+” relate to the lower and upper branches, respectively.
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Because the physical results are independent of the sign of the parameters, for
the sake of simplicity, we assume that υ and λ are both positive. Depending on
the relative values of the key parameters, several qualitatively different types of
adiabatic surfaces should be distinguished. The lower sheets of these surfaces are
shown in Fig. 20.

5.4.2.3.1 Case 1 – PKS-coupling Exceeds P-coupling (υ2/ω > λ2/�)
In this case, depending on the value of the transfer parameters, there are two phys-
ically different situations: 1a, comparatively weak transfer, |t | < υ2/ω − λ2/�, and
1b, comparatively strong transfer, |t | ≥ υ2/ω − λ2/�.

In 1a the lower sheet, U−(q, Q), has two equivalent minima that are symmetric
in the q-subspace (Fig. 11a,b). The minima are separated by two saddles when |t | <

λ2/� (Fig. 11a), or by one saddle when |t | > λ2/� (Fig. 11b). Calculations of the
degrees of localization, ρA and ρB, in the adiabatic approximation show that P-
vibration decreases ρA and ρB when compared with PKS-vibration lowering, at the
same time, the barrier separating the minima. When the transfer is increased, the
two minima move toward the deeper saddle point, while the barrier between the
minima decreases and the system becomes more and more delocalized. In this way,
we arrive to the situation 1b (Fig. 11c), wherein the system is fully delocalized so that
U− presents a single minimum.

5.4.2.3.2 Case 1 – P-coupling Exceeds PKS-coupling (υ2/ω < λ2/�)

As in the previous case, two different situations should be considered, namely 2a,
weak transfer: |t | < λ2/� − υ2/ω, and 2b, strong transfer: |t | ≥ λ2/� − υ2/ω.

Providing weak transfer, the adiabatic surface U−(q, Q) has two minima with
different energies. These minima are then in the same positions where the saddle
points were in the previous case (Figs. 11d,e). The adiabatic wave-functions in the
minima points are ψg (deepest minimum) and ψu (shallow minimum) so that, under
the condition of the relatively strong P-coupling and weak transfer (case 2a), the
system proves to be always fully delocalized. The localized states correspond now to
the saddle points and so they are unstable. Increase of |t | leads to the transformation
of the adiabatic surface in such a way that the saddle points move toward the shallow
minimum until it disappears when the transfer is strong enough (case 2b) (Figs. 11d–
f). It should be stressed that, independently of the key parameters defining the
position of the minima and that of the saddle points (as well as the heights of the
barriers), the system remains fully delocalized in the case 2.

Let us consider now the Robin and Day classification scheme from the point of
view of the generalized vibronic model. In the case 1 (υ2/ω > λ2/�), depending
on the magnitude of the electron transfer parameter, MV compounds can belong
to Classes I, II or III. So, when |t | � υ2/ω − λ2/� the system is strongly localized
and belongs to Class I. For |t | < υ2/ω − λ2/�, the system can be assigned to Class
II. Finally, for |t | ≥ υ2/ω − λ2/� we arrive at the fully delocalized system (Class
III). These conditions are formally similar to those describe in the PKS-model (Sec-
tion 5.4.2.1). However, there is an essential difference between these two criteria:
in the generalized model, instead of pure PKS vibronic contribution υ2/ω, we are
dealing with the combined parameter υ2/ω − λ2/�. Hence, the vibronic localiza-



172 5 Magnetic Properties of Mixed-valence Clusters

Fig. 11. The lower sheet U−(q, Q) of the adiabatic potential for the d1–d0 dimer (ω = �):
a) |t | = 0.4ω, υ = 2ω, λ = ω; b) |t | = 1.5ω, υ = 2ω, λ = ω; c) |t | = 4ω, υ = 2ω, λ = ω; d)
|t | = 0.4ω, υ = ω, λ = 2ω; e) |t | = 1.5ω, υ = ω, λ = 2ω; f) |t | = 4ω, υ = ω, λ = 2ω
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tion effect is reduced because the P-coupling promotes delocalization. In fact, the
tunneling of the system between the two minima is expected to occur through the
saddle point (that is shifted along Q) rather than along the q axis, where the barrier
is higher (Figs. 11a,b). This can be illustrated by the contour plot of the adiabatic
surface represented in Fig. 12. Two vertical sections of the adiabatic potential are
shown also: one along the q axis that crosses the minima point, and the other along
Q. The most efficient way of tunneling or thermally activated transition is through
the saddle point (this transfer pathway is indicated in Fig. 12a). So, the MV system
can belong to Classes II or III, even providing weak electron transfer (or strong PKS
coupling). On the other hand, strong localization (Class I) is achieved only for weak
transfer and/or weak P-coupling.

Fig. 12. Contour plot of the lower sheet of the adiabatic surface U−(q, Q) (a).
Two vertical sections: along q (b) and along Q (c); |t | = 0.4ω, υ = 2ω, λ = ω



174 5 Magnetic Properties of Mixed-valence Clusters

Let us pass now to the case 2, υ2/ω < λ2/�. As was shown above, within this
case the system is fully delocalized independently of the relative values of |t | and
υ2/ω. This means that a system with dominating P-interaction always belongs to
Class III, even providing very small |t |. This result is in striking contradiction with
the prediction of the PKS model in which the degree of the delocalization in the
symmetric MV dimers is determined only by the interplay between the electron
transfer and the PKS vibronic coupling. Fig. 13 illustrates a contour plot (a) and
two sections of the adiabatic potential (b) and (c) in the case of strong P-coupling

Fig. 13. Contour plot of the lower sheet of the adiabatic surface U−(q, Q) (a).
Two vertical sections: along q , (b), and along Q, (c); |t | = 0.4ω, υ = 2ω, λ = 2ω
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(Fig. 11d). Fig. 13b shows that, within the PKS model, the system can be referred
as belonging to Class I or II, since it shows two minima. However, as a matter of
fact, these minima are saddle points in the two-dimensional Q–q space and the true
minima (Fig. 13c) correspond to delocalized states (Class III).

In view of these curves, the correlation between degree of localization and para-
meters of the intervalence bands (width, position and intensity) established in the
PKS model is to be reconsidered. Particularly, in the contrast to the conclusion based
on the PKS model, a fully delocalized system (Class III) can now exhibit a strong
and broad (instead of narrow) intervalence band, if the P-coupling is dominant. In
fact, as it is clear from Fig. 12b, the Franck–Condon transition is intense (allowed
ψu → ψg transition) and the band has a large Stokes shift, 2Q0, giving rise to a broad
band.

5.4.2.4 Magnetic Manifestations of the Vibronic Coupling

Let us return to the MV dimeric clusters with magnetic cores, starting with the case of
PKS model. In the general case dn–dn+1 we find an independent vibronic problem for
each full spin-value of the system, S, of the system with the effective spin-dependent
transfer parameter t (S) = t (S + 1/2)/(2S0 + 1). So the adiabatic potentials are now:

U (S)
± (q) = −J S(S + 1) + ω

2
q2 ±

√
t2 (S + 1/2)2

(2S0 + 1)
+ υ2q2 (21)

Because t increases with the increase of S, the condition for localization will be
more favorable for the states with the lower spin values, whereas delocalization will
be favored for the high-spin states.

The main consequence of the vibronic interaction in these dimers can be illustrated
taking as an example the d1–d2 system and neglecting isotropic exchange. Fig. 14
shows the variation of the potential curves of the system with the increase of vibronic
interaction. The vibronic interaction clearly gives an antiferromagnetic contribution
to the adiabatic energy pattern due to the preference in stabilizing more the S = 1/2
levels in the region of moderate vibronic coupling. Providing strong vibronic coupling
the wells of the adiabatic potential are very deep and the barriers separating these
wells are very high constraining the tunneling between the two localized states. The
electron proves to be strongly trapped into one of the two wells wherein the S = 1/2
and S = 3/2 energies coincide (encircled in Fig. 14) giving thus a paramagnetic
mixture of the initial SA = 1/2, SB = 1 and SA = 1, SB = 1/2 states. In the
strong coupling limit the ferromagnetic effect of the double-exchange is therefore
eliminated in the ground manifold, whereas the excited states are very high in energy
and can not be populated at reasonable temperatures. This really means that the
double-exchange effect is reduced by the vibronic coupling and the system will exhibit
the magnetic behavior specific for the valence-localized d1–d2 system.

If the isotropic (Heisenberg-type) exchange is then included this is the only in-
teraction effectively operating. Indeed, in the strong vibronic coupling limit, the
Heisenberg scheme of levels proves to be restored (in this limit, the minima of the
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Fig. 14. Vibronic localization in the d1–d2 MV dimer (t and υ in h̄ω units)

lower sheets of the adiabatic potential corresponding to the two different spin states
will be separated by an energy gap of 3|J |, the same as for the Heisenberg exchange
splitting). This result is general and valid for all dn–dn+1 dimers. We should mention
that the restoration of the Heisenberg-type energy pattern can be achieved only in
the limit of strong vibronic interaction. In this limit the Heisenberg Hamiltonian can
be used again to find the energies of the low-lying levels.

In the case of intermediate vibronic coupling, the energy levels can be obtained
by numerical diagonalization of the vibronic matrix for each pair of states (even
and odd) belonging to a specific spin-value. Fig. 15a shows the temperature depen-
dence of the magnetic moment for a MV d3–d4 dimer with strong double-exchange
and AF exchange. It illustrates the effect of suppression of the double-exchange by
the presence of a vibronic coupling. We observe that for relatively weak vibronic
coupling (υ = 2.0 and 2.6 in h̄ω units) the system is ferromagnetic (Sgr = 7/2)
since double-exchange dominates over AF exchange and vibronic coupling, while
for υ = 3.0 the system is antiferromagnetic (Sgr = 1/2) due to the antiferromagnetic
exchange interaction. What is surprising in this behavior is that the ground spin state
of the system passes directly from Smax to Smin but not through the intermediate spin
states 3/2 and 5/2, when the vibronic coupling increases. This example shows that
the effective reduction of the double-exchange due to the vibronic coupling cannot be
simply represented as an effective decrease in the transfer parameter. In terms of the
static correlation diagram (Fig. 15b) one can imagine that, passing from the right
side (strong double-exchange) to the left side (weak double-exchange), we miss the
domain of Sgr = 5/2 and 3/2.

Let us now discuss the magnetic manifestations of the P-coupling. As it follows
from the definition of the P-coupling parameter (Eq. 17), λ, for multielectron ions
λ proves to be spin dependent and has the same spin-dependence as the double-
exchange parameter, t :

λ(S) = [λ/(2S0 + 1)](S + 1/2) (22)

so that the adiabatic potentials are now:
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Fig. 15. (a) Magnetic behavior of a d3–d4 MV dimer (t/ω = 3.5) and Heisenberg exchange
(J/ω = −0.2). Effect of the vibronic coupling. (b) Correlation energy diagram of the d3–d4

dimer in presence of double-exchange

U (S)
± (Q) = −J S(S + 1) ± t

2S0 + 1
(S + 1/2)

+ �

2
(Q ∓ Q0

S)2 − λ2(S + 1/2)2

2�(2S0 + 1)2 (23)

where the positions of the minima ∓Q0
S = ±λ(S)/� and the energies of stabilization,

the last term in Eq. (23), are spin-dependent (Fig. 16).
For strong P-coupling the energy levels of the system can be roughly identified

with the energies Umin(S) of the minima of the adiabatic potentials, where the system
spends the most part of the time. Substituting the positions of the minima ∓Q0

S in
U (S)(Q), one find the energies of minima:

U (S)

min(Q) = −JeffS(S + 1) ∓ t
S + 1/2
2S0 + 1

(24)

Fig. 16. Adiabatic potentials of d1–d2 MV dimer in
the Piepho model (J = 0)
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The energy pattern of the minima (Eq. 24) is formally similar to that produced
by the combined action of the isotropic exchange and double-exchange (Eq. 13).
The essential difference is that now we are dealing with the effective exchange para-
meter:

Jeff = J + λ2/2� (25)

containing strong ferromagnetic contribution λ2/2�. Figure 16 shows that this fer-
romagnetic contribution increases the gap between the low-lying levels (with the
initial energies −t and −t/2) and decreases the gap between excited levels (t , t/2).

Figure 17a illustrates the magnetic effect of P-vibronic coupling for the simplest
d1–d2 MV dimer (S0 = 1/2, S = 1/2, 3/2) in the case of relatively small double-
exchange (compared with the antiferromagnetic isotropic exchange t < 6|J |). When
λ = 0, the competition between the isotropic exchange and the double-exchange
gives the antiferromagnetic (Sgr = 1/2) ground state. As λ is increased the magnetic
moments increase, so that the double-exchange proves to be effectively enhanced.
Providing λ/ω = 2, the ground state remains antiferromagnetic while for λ/ω = 3 it
changes to ferromagnetic (Sgr = 2).

Figure 17b illustrates the combined effect of the two types of vibronic coupling (P
and PKS) in the case of relatively strong double-exchange (|t | = 10|J |). In absence
of any vibronic coupling (υ = 0, λ = 0), the ground spin state is ferromagnetic
due to the double-exchange. Inclusion of the PKS interaction (υ/ω = 2) reduces
the magnetic moment and gives Sgr = 1/2. When the P-coupling is considered it
competes with the PKS coupling so that for λ/υ ≥ 1 the ferromagnetic S = 3/2
state becomes the ground state. This conclusion is also in agreement with the fact
that a delocalization of the extra electron produces a ferromagnetic effect due to the
polarization of the spin cores. In this sense, double-exchange and vibronic P-coupling
produce similar effects.

Fig. 17. Magnetic moments of d1–d2 MV dimer. Effect of the P-coupling: (a) |t |/ω = 0.5,
J/ω = −1, υ/ω = 0; (b) |t |/ω = 1, J/ω = 0.1, υ/ω = 2
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5.4.3 Examples

A lot of examples of MV dimers are known in inorganic chemistry but the obser-
vation in these of ferromagnetic ground spin states due to electron delocalization is
still unusual. Often the vibronic coupling (dominated by the PKS-mode) leads to a
valence trapping that strongly reduces the double-exchange effect compared to the
antiferromagnetic exchange effect. Let us mention two representative examples in
which double-exchange is the dominant effect.

The first one concerns the fully delocalized FeIIFeIII dimer [L2Fe2(Ì-OH)3]
(ClO4)2 · 2CH3OH · 2H2O, where L is the tridentate ligand N ,N ′,N ′′-trimethyl-
1,4,7-triazacyclononane, isolated by the Wieghardt’s group (Fig. 18) [21,22]. This
compound has an S = 9/2 ground spin state resulting from the ferromagnetic cou-
pling between SFe(II) = 2 and SFe(III) = 5/2 local spins. A strong intervalence band
is observed at 13 200 cm−1 which should correspond to the gap between the two
S = 9/2 spin states (of different parity). Since this gap is equal to 2t (Fig. 2), an
absolute value for the double-exchange parameter of 6600 cm−1 may be estimated,
as well as an energy gap as large as 1300 cm−1 between the ground state, S = 9/2,
and the first excited state S = 7/2. This gap may be reduced by the antiferromag-
netic interaction but, in any case, it is to be larger than 300 cm−1, since up to room
temperature, the S = 9/2 state is the only thermally populated.

The second example concerns the fully delocalized NiINiII dimer [Ni2(napy)4Br2]
(BPh4), where napy is the bidentate ligand naphthyridine, reported by Gatteschi
et al. [23] (Fig. 19). In this compound the two nickel atoms have identical square
pyramidal surroundings with the apical positions occupied by Br− ions and a short

Fig. 18. Schematic structure
of the MV iron dimer
L2Fe2(Ì-OH)3](ClO4)2.2CH3OH.2H2O
(L = N ,N ′,N ′′-trimethyl-1,4,7-triaza-
cyclononane)

Fig. 19. Schematic structure of the
MV nickel dimer [Ni2(napy)4Br2]+
(napy = naphthyridine)



180 5 Magnetic Properties of Mixed-valence Clusters

Ni–Ni distance of 2.41 Å which favors a large transfer integral between the two
metal orbitals containing the moving electron (of z2-type). In fact, the ferromagnetic
S = 3/2 state resulting from the coupling between SNi(I) = 1/2 and SNi(III) = 1 local
spins, has been found to be the ground state. Moreover, only this state is thermally
populated up to room temperature indicating a large energy gap between this ground
state and the antiferromagnetic one S = 1/2.

5.5 Mixed Valence Trimers

5.5.1 Electronic Interactions

The effects of the electron delocalization in MV systems with nuclearities >2 are, in
several aspects, different from those found in the MV dimers. In trimers the most
clear differences are seen in the energy splittings caused by double-exchange, and in
the appearance of other electronic processes, as for example the presence of three-
site interactions (exchange–transfer).

5.5.1.1 Double-exchange [24–26]

As distinguished from the dimeric systems, in trimers (and in higher nuclearities
systems) the sign of transfer integral t is of crucial importance for the energy pattern
and character of the vibronic coupling. Fig. 20 shows two possible overlaps of the
localized orbitals implying negative (a) and positive (b) sign for t .

In a triangular cluster with a unique unpaired electron in the spin core of each
site and one extra electron fully delocalized over the three sites (d1–d1–d2 system),

Fig. 20. Illustration for different
signs of the transfer integrals in a
MV trimer
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one observes that double-exchange leads to an unsymmetric splitting of the spin
levels with respect to the sign reversal of t (Fig. 21a). Thus, for positive t the ground
state is accidentally degenerate being formed by an admixture of states with spin
values comprised between Smin = 0 and Smax = 2, while the most excited state is the
ferromagnetic one. For negative t the spectrum is reversed and the ferromagnetic
spin state becomes the ground state. This unexpected result is in clear contradiction
with the simple idea that double-exchange always leads to a strong stabilization of
the ferromagnetic state. It calls for the following two important remarks:

1. The degenerate ground state found in these MV systems is probably the most
clear illustration of the concept of spin frustration in molecular magnetism. It em-
phasizes that in a cluster not only the presence of competing magnetic interactions
can lead to an accidentally degenerate ground state. Double-exchange can also do
that. In this respect, double-exchange is expected to be much more efficient than the
magnetic exchange interactions since it can lead to a fully degenerate ground state
formed by an extensive mixture of spin-states, independently of the magnitude of
t , whereas, in case of magnetic interactions, the frustrated state arises only if these
antiferromagnetic interactions have the right relative magnitude. We have proposed
to coin this effect as transfer frustration [24]. In such situations other electronic ef-
fects of smaller magnitude (as for example the magnetic exchange interactions, local
spin-anisotropies, or exchange–transfers [25–27]) will determine the nature of the
ground state of the cluster as well as the structure of the low-lying levels.

2. The unsymmetric splitting of the spin-states is a characteristic feature of the
triangular geometry. For a different topology, as for example for a linear trimer, the
double-exchange splitting is symmetrical, as for a dimer, and results in the stabiliza-
tion of the ferromagnetic spin state, irrespective of the sign of t (Fig. 21b). However,
in a linear trimer the magnetic exchange is expected to be the leading parameter
since for this topology the local symmetry of the central site is different from that
of the terminal sites, and therefore the electron must be trapped, reducing thus the
double-exchange effect.

The above features are also observed in the general case dn–dn–dn+1 containing
high-spin metal sites with single occupied d-orbitals (n ≤ 4) and one extra electron
(electron-type clusters) and also in triangular clusters of the type (dn+1–dn+1–dn)
containing high-spin metal sites with single occupied d-orbitals and one extra hole
(hole-type clusters). One can notice however two significant peculiarities in the energy
levels of these clusters: 1) The ferromagnetic spin state becomes the ground state
when t is positive (while for the electron-type clusters that occurs for negative t
values); 2) the accidentally degenerate level does not contain the state with S = Smax
that has a slightly different energy value. These features are exemplified by the d2–
d2–d1 system (Fig. 21c).

For electron-type clusters containing double occupied d-orbitals (n > 4) the en-
ergy spectra are identical to those derived for hole-type clusters with n ≤ 4 and
the same spin values, but reversed in energy. The same holds for hole-type clusters.
Thus, the energy spectrum for the d5–d5–d6 triangle (an electron-type cluster with
SA = SB = 5/2 and SC = 2) is identical to that obtained for the d5–d5–d4 triangle (a
hole-type cluster), but reversed (Fig. 22). The same holds for d6–d6–d5 and d4–d4–d5

systems (Fig. 23).
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Fig. 21. Energy levels for MV trimers: (a) The triangular d1–d1–d2 cluster; (b) The linear
d1–d1–d2 cluster; (c) The triangular hole-type cluster d2–d2–d1. The numbers in brackets
indicate the number of spin states

Fig. 22. Energy levels for MV tri-
angular clusters. Double-exchange
splitting in d5–d5–d6 (a), and
d5–d5–d4 clusters (b)

Fig. 23. Energy levels for MV
triangular clusters. (a) Double-
exchange splitting in d6–d6–d5, and
(b) d4–d4–d5 clusters

The important conclusion obtained from the above considerations is that in con-
trast to the initial concept, double-exchange in MV clusters with nuclearities larger
than 2 not always results in a ferromagnetic effect, but gives rise to a much more
complicated picture of the energy levels which, for triangular clusters, depends on
the sign of t .
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5.5.1.2 Exchange–Transfer

A second important difference between dimers and trimers concerns the possibil-
ity of having three-site interactions. Double-exchange and magnetic exchange are
two electronic interactions that respectively involve first and second order electron-
transfer processes between two metal sites. In systems with more than two metal
sites a two-step transfer process that involves the interaction between three sites,
can also be operative. Such a mechanism has been firstly introduced in solid state
physics in the study of nonphonon induced superconductivity [28] and referred to as
exchange–transfer by Girerd et al. in the context of the MV clusters [29,30]. Fig. 24
illustrates how exchange–transfer mechanism operates in the simple case of a d1–
d1–d2 triangle with single-occupied ϕ-orbitals of spin cores and ψ-orbitals available
for the extra electron. The extra electron initially localized on the high-spin ion k
jumps on the ion i forming a non-Hund excited state. At the second stage the extra
electron moves toward the ion m, restoring the high-spin state. This two-step process
gives rise to the effective transfer from site k to site m via the low-spin excited state of
the intermediate site i . Since exchange-transfer occurs through an excited non-Hund
state with the energy J0 (intra-atomic exchange), this term will be then of the order
of � = t2/J0 and represents a second order process in the framework of the pertur-
bation theory. Therefore, exchange transfer is expected to be of the same order of
magnitude as the kinetic part of the magnetic exchange, and should be included for
the correct calculation of the low-lying energy levels of trimers and higher nuclearity
clusters.

The exchange transfer mechanism so far discussed is similar to the Anderson’s
mechanism of the magnetic kinetic exchange. In fact, the exchange transfer arises
from the monoelectronic part of the Hamiltonian (mainly, kinetic energy) and ap-
pears as a second order effect. For the reason we have named this kind of interactions
as kinetic exchange transfer [26,27]. The two-electronic part of the Hamiltonian (in-
terelectronic interaction) contributes to the energies of trimers and higher-nuclearity
systems. The parameter accounting for this type of contribution can be expressed by

Fig. 24. Illustration of the exchange-transfer mechanism: (a) d1–d1–d2 triangle;
(b) d2–d2–d1 triangle
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integrals of the type 〈ψmψi |g|ψmψi 〉. This interaction (mentioned elsewhere [31,32])
operates within the ground manifold and leads to an effective one-step jump. The
underlying physical processes as well as its magnitude are similar to the magnetic
potential exchange are quite similar. For this reason we have referred this kind of
transfer to as potential exchange–transfer.

In our papers [25] we have reported a general solution of the exchange trans-
fer problem for high nuclearity clusters and its main manifestations for the trimeric
systems. One general point should be stressed. As distinguished from the magnetic
exchange, the kinetic and potential contributions to the exchange–transfer act in-
dependently and their parameters can not be in general combined to give a joint
parameter of exchange–transfer. The above consideration will be of particular rele-
vance in triangular MV clusters where, as we have seen, the ground state can contain
an extensive mixture of different spin states, even when double-exchange interaction
is large. In these cases, Heisenberg exchange, J , and exchange-transfer, �, will play
a key role in the splitting of the lower-lying levels of the cluster, thus determining
the nature of the ground state and the magnetic properties. Under these condi-
tions, Heisenberg exchange will lead to the same splitting pattern in both localized
and delocalized clusters. However, in a delocalized MV cluster the influence of the
exchange-transfer can substantially modify the order of levels. In Fig. 25 one can see
the effect of the kinetic exchange-transfer in the fully delocalized d1–d1–d2 triangle
[27].

This process destabilizes the states with intermediate (S = 1) or minimum spin
(S = 0) belonging to the degenerate ground state, while the state with Smax (5E)
stays constant. In turn, the excited states 3A1 and 1E undergo a stabilization that
is stronger for the intermediate spin state. In this way, we observe that the ground
state of the cluster is the ferromagnetic one in the range 0 < �/|J | < 0.3, whereas
for stronger � values, the intermediate spin state, 3A1, becomes the ground state.
What is important to notice is that, in this kind of clusters (electron-type clusters),

Fig. 25. Energy levels for the d1–d1–d2 triangle. Com-
bined effect of positive double-exchange and exchange
transfer



5.5 Mixed Valence Trimers 185

the exchange transfer is unable to stabilize the ferromagnetic states of the cluster
since this process occurs via an excited state that can not have the maximum spin
(according with the Hund rule). However, in the hole-type clusters this second order
transfer process involves Hund excited states of the intermediate ion (Fig. 24b) and
therefore a different effect on the energy of the spin states of the cluster can be
anticipated. In fact, it has been found that now the effect of � depends on the sign
of t stabilizing either antiferromagnetic as well as ferromagnetic spin states [27].

5.5.2 Vibronic Interactions in Trimers

The vibronic problem for MV trimers is much more complicated that for dimers
and has only been treated within the PKS-model. In fact, besides the in-phase full
symmetrical a1-vibration, which is irrelevant to the electron transfer process, two
PKS-vibrations are now involved forming the double degenerate mode labeled as
e-vibration in C3v symmetry. The corresponding ligand displacements are shown
schematically in Fig. 26.

As distinguished from the dimeric systems, even in the simplest case d1–d0–d0, the
two electronic levels E and A resulting from double-exchange (Fig. 20) are mixed
through the e-vibrations. Thus, the vibronic interaction operates within the E-doublet
(Jahn–Teller effect), and mixes E and A states (pseudo-JT effect). If the orbital singlet
is the ground state (t < 0), the system is completely delocalized providing relatively
weak vibronic coupling (in this case the potential surface possesses one minimum at
qex and qey = 0), but can be localized on one of the three sites if pseudo-JT coupling
is strong enough (three minima in the potential surface), (Fig. 27a). Providing the
intermediate vibronic coupling, one can also find four minima in the potential surface.
The shallow central minimum corresponds to a fully delocalized state, while the
other three minima correspond to the localized states. Thus, we have in this case the
coexistence of localized and delocalized states [33].

In the case of positive t the ground state is the orbital doublet. In the limit of
strong transfer the lower sheet of the adiabatic surface represents the Mexican Hat

Fig. 26. PKS-vibrations of a triangular cluster: a1, full
symmetrical coordinate; e, double degenerate vibra-
tion; qex and qey coordinates are transformed like x
and y under the operations of C3v
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Fig. 27. PKS model for a trimer: lower sheet of the potential surface for t > 0, (a), and t < 0,
(b); t and υ are in h̄ω units, h̄ = 1, ω is the frequency of the PKS vibration

Fig. 28. P-vibrations of a triangular cluster

((E ⊗ e) JT problem [34]). As a result, the electronic distribution is dynamically
averaged so that the system looks like fully delocalized. Decrease of transfer or/and
increase of the vibronic coupling results in the appearance of three minima in which
the extra electron is mostly localized on the sites. In the strong coupling limit (that
is equivalent to accidental (A1 + E) degeneracy) the system becomes fully localized
on the sites A, B, or C (Fig. 27b)

In triangular clusters with more than one electron, several orbital multiplets for
each full spin S are mixed leading to combined Jahn–Teller and pseudo-Jahn–Teller
problems [35,36]. In these cases vibronic coupling effects can also result in the stabi-
lization of other types of electron distributions, as for example the electron delocal-
ization over a pair of sites in an equilateral triangle [37,38]. Such a pair-delocalization
has been experimentally found in the reduced form of the triangular Fe3S4 cluster
contained in the ferredoxin II.

In [39] we have considered electron delocalization in an unsymmetric d1–d0–d0

trimer. The effect of second-order vibronic coupling on the adiabatic potential energy
surfaces is studied by Riley et al. [40]. Adiabatic vibronic problem for the d1–d0–d0

trimer in Piepho model was considered in [41]. Three displacements �Ri j form the
basis (a1 + e) of P-vibrations as schematically shown in Fig. 28.

Since the gap between the electronic levels A1 and E (Fig. 20) depends on the
transfer parameter 3|t |, the full-symmetric displacement affects this gap creating
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Fig. 29. Piepho model for a trimer: contour plot for
the lower sheet of the potential surface (t > 0),
t = 10�, λ = 4�, QA1 = −2.15; � is the frequency
of the P-vibrations

thus a vibronic coupling with the a1-mode. For this reason the a1-vibration can not
be eliminated (as in the PKS model) and we are dealing with a more complicated
(A1 + E) ⊗ (a1 + e) pseudo Jahn–Teller vibronic problem (three-dimensional vibra-
tional space).

Assuming strong transfer (t > 0, ground doublet) we arrive at the dynamically
electronic distribution that is peculiar to the JT (E ⊗ e) problem. Increase of P-
coupling shifts QA1 so that the triangle is compressed taking gain of the energy of
transfer. At the same time three minima in Qx –Qy space appear at the bottom of the
ring. The system in these three minima is distorted. For example, for the minimum
at Qy axis, the AB-side is elongated meanwhile AC and BC-sides are compressed.
In the minima the system proves to be partially localized. The maximum degree of
localization corresponds approximately to the following electronic functions at the
bottom of the surface (Fig. 29):

�A = (1/
√

6)(2ϕA − ϕB − ϕC)

�B = (1/
√

6)(2ϕB − ϕA − ϕC)

�C = (1/
√

6)(2ϕC − ϕA − ϕB)

The degrees of localization in minima can be represented (approximately) by the
vector:

(ρA, ρB, ρC) = (4, 1, 1), (1, 4, 1), (1, 1, 4)

Providing strong P-coupling and/or weak transfer, the electronic functions at the
bottom of the minima are:

φA = (1/
√

3)(ϕA − ϕB − ϕC)

φB = (1/
√

3)(ϕB − ϕA − ϕC)

φC = (1/
√

3)(ϕC − ϕA − ϕB)

Being nonfull-symmetric, these functions ensure uniform distribution of the elec-
tronic density, i. e. the system is fully delocalized in each minimum. This unusual type
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Fig. 30. Accidental degeneracy of the adiabatic
potentials in the Q-space

of electronic density in the distorted system is reached providing accidental (A1 + E)
degeneracy. This curious observation can be understood considering a dimer. In the
limit of t = 0 (accidental degeneracy of odd and even states) a schematic view of the
adiabatic potentials in Q-space are shown in Fig. 30 (compare with Fig. 13).

Both minima are energetically equivalent and correspond to delocalized distrib-
utions in a distorted system (compressed and elongated). In the case of a trimer the
distortions lower the symmetry but also possess a delocalized electronic distribution
in the minima. For t < 0 (A-ground state) the surface shows one minimum in the
ground state with fully delocalized distribution.

Fig. 31. d1–d1–d0 MV trimer: (a) Double-exchange electronic energy levels; (b) Influence of
the vibronic interaction on the magnetic behavior (t = 0.5, J = −0.15, in h̄ω units)
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As far as the magnetic properties are concerned we observe that, in the same way
as for dimers, the vibronic PKS-interactions play the role of a localizing factor reduc-
ing the double-exchange with respect to the Heisenberg exchange. This is illustrated
in Fig. 31b which shows the influence of the vibronic interaction on the magnetic
moment for the d1–d1–d0 MV trimer. In the case under consideration t/|J | = 3.33
and the ground state of the system is ferromagnetic (3A2) (Fig. 31a).

When the vibronic coupling increases from υ = 0 to 1 (in h̄ω units), the magnetic
moment decreases but the low-temperature limit corresponds to a ground spin state
S = 1. A further increase in υ (∼2, 3) leads to an antiferromagnetic behavior due to
the stabilization of the singlet spin state (1E) which becomes the ground state of the
system.

5.5.3 Examples

The most representative examples of MV trimers concern the tri-Ì-oxo metal ac-
etate complexes M3O(RCO2)6L3 where M3 is either FeIII

2 FeII or MnIII
2 MnII and

L = pyridine, H2O. In this kind of MV clusters the metals are connected by a central
oxo ligand and by six peripheral carboxylate ligands (Fig. 32a). Accordingly, two dif-
ferent transfer pathways (though the central oxo group and through the carboxylates)
are available for the moving electrons. There are considerable experimental data for
this complexes that indicate a thermally activated intramolecular electron hopping
promoting a rapid valence delocalization at high temperatures but a valence trap-
ping at low temperatures due to vibronic and solid-state (solvate molecules, packing
arrangements) effects [42]. However, even if double-exchange is expected to occur in
these systems, the magnetic properties have always shown the presence of antiferro-
magnetic pairwise interactions. This result is in agreement with the above theoretical
expectations that indicate that in triangular clusters double-exchange can be unable
to stabilize the highest spin state due to the transfer frustration. Thus, in this case
the structure of the low-lying energy levels can be reproduced from a Heisenberg
exchange Hamiltonian.

Fig. 32. Schematic structure of triangular MV clusters (a) M3O(RCO2)6L3 (L = pyridine,
H2O; M = Fe, Mn); (b) three iron site [Fe3S4] in oxidized ferredoxin II
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Fig. 33. D4h and Td topologies
arising from a tetramer

The situation is somewhat different in the triangular Fe3S4 cluster contained in
the ferredoxin II (Fig. 32b). As it has been pointed out above, in this FeII–FeII–FeIII

system the vibronic coupling results in a strong distortion of the triangle restricting
the electron delocalization to a pair. The ground state of the cluster has been found
to be S = 2. This intermediate spin state may be viewed as the result of the antifer-
romagnetic coupling between the local spin S = 5/2 of FeIII and the spin S = 9/2
associated to the delocalized FeII–FeIII pair.

5.6 Mixed Valence Tetramers

5.6.1 Electronic Interactions

As far as the electronic interactions are concerned, the fact of increasing the nuclear-
ity from 3 to 4 introduces two additional effects that should be taken into account
by the models. The first one deals with the topology. In fact, as distinguished from
trimers, tetrameric MV clusters formed by four equivalent sites can exhibit different
topologies for the pairwise electronic interactions (double-exchange and Heisenberg
exchange). Thus, starting from the case in which two different transfer pathways are
present (t �= t ′) (D2d symmetry), we can pass from a tetrahedral Td structure (t = t ′)
to a square planar D4h structure (t ′ = 0) (Fig. 33).

The second important difference concerns the possibility of having two delocalized
extra electrons (or holes) in the cluster. Thus, when different intermetallic distances
are present in the cluster, different Coulomb repulsions between these two electrons
need to be considered. For example, in the square planar geometry two different
distributions for the electron pair are possible, depending on whether the pair oc-
cupies adjacent (1, 2) or nonadjacent (1, 3) metal sites. The difference in energy
between these two configurations defines the interelectronic Coulomb parameter
U = U12 − U13.

In the following we will present the influence of the above two effects on the
energy levels of a tetranuclear cluster. This problem will be examined in tetrameric
FeII–FeIII clusters that constitute an important class of MV systems of relevance in
biology (iron–sulfur proteins with cubane-like structures). Depending on the number
of delocalized electrons three different cases can be considered namely 1FeII–3FeIII

(d6–d5–d5–d5), 2FeII–2FeIII (d6–d6–d5–d5) and 3FeII–1FeIII (d6–d6–d6–d5). We as-
sume that due to crystal field effects the metal ions have orbitally nondegenerate
ground states.
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Fig. 34. Influence of the transfer on the energy spectrum of the cluster as a function of the spin
multiplicity in the Td case (t ′/t = 1). (a), (b), and (c) corresponds to the systems d6–d5–d5–d5,
d6–d6–d5–d5, and d6–d6–d6–d5, respectively

5.6.1.1 Double-exchange and Effect of the Topology

For the tetrahedral geometry unsymmetrical arrangements of levels are observed in
the three considered cases (Fig. 34), so as the ground spin state depends on the sign of
the transfer parameter and on the number of moving electrons. Thus, in the case with
one extra electron (d6–d5–d5–d5), double-exchange stabilizes the ferromagnetic spin
state (Smax = 19/2) when t is negative. For positive t the ground level is a degenerate
one that comprises spin states between Smin = 1/2 and S = 17/2; the ferromagnetic
spin state is slightly excited (by 0.2t). For the d6–d6–d6–d5 system the energy spectrum
is quite similar to the previous case, but is reversed with respect to the sign of t . A
second difference is that now the degenerate level comprises spin states between Smin
and Smax. Such differences where already found in triangular clusters (Section 5.5.1.1)
and are to be attributed to the fact that now a hole, instead of an electron, is migrating.
They are general for all the tetrahedral clusters having one migrating particle. Finally,
the intermediate d6–d6–d5–d5 system shows an unexpected quasi symmetrical energy
spectrum in which degenerate ground states are observed both for positive and for
negative t values (for t > 0 the ground level comprises spin states between Smin = 1/2
and S = 17/2, while for t < 0 this comprises spin states between Smin and Smax).
This is a very important result that indicates that in this case double-exchange is
completely unable to stabilize a particular spin configuration. In a certain sense,
the energy spectrum of this cluster can be seen as the result of the combination of
two energy spectra: that of the cluster having one extra electron (which exhibits a
degenerate ground spin state for t > 0), and that of the cluster having one extra hole
(which exhibits a degenerate ground spin state for t < 0).

Let us examine now the MV clusters with D4h symmetry (Fig. 35). In contrast to
the Td symmetry, a symmetrical energy diagram with respect to the sign reverse of
the transfer parameter is obtained in the three cases, and furthermore the energy
levels exhibit a large dispersion forming energy bands. However, the energy spectra
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Fig. 35. Influence of the transfer on the energy spectrum of the cluster as a function of the
spin multiplicity in the D4h case (t ′/t = 0). (a), (b) and (c) corresponds to d6–d5–d5–d5,
d6–d6–d5–d5 and d6–d6–d6–d5 systems, respectively

of systems involving one extra electron (or hole) are significantly different from that
observed when two extra electrons are involved. Thus, in the d6–d5–d5–d5 and d6–d6–
d6–d5 systems the stabilization of the spin states increases with the spin multiplicity,
so as the ground spin state is always the ferromagnetic one. Conversely, in the d6–d6–
d5–d5 system a quasi degenerate ground state formed by a mixture of the different
spin states with S < Smax is observed; actually, the ground state corresponds to the
antiferromagnetic one, but the differences in energy with the lower lying levels of
other spin multiplicities are quite small (for the first excited state this energy is 0.02 t).

We have also studied the influence of trigonal distortions on the energy pattern
of the d6–d6–d6–d5 and d5–d5–d5–d6 tetramers [43,44]. Both types of trigonal dis-
tortions (stretching and compression) lead to an unsymmetric picture of the energy
pattern. Since the trigonally distorted system retains triangular faces, this conclusion
is in agreement with the line of the concept of transfer frustration.

5.6.1.2 Influence of the Coulomb Repulsion

In the d6–d6–d5–d5 system, the presence of two moving electrons forces us to con-
sider, besides the transfer energies, the difference in energy between the configu-
ration having close electronic pairs from that having distant pairs. This Coulomb
repulsion effect will be encountered in the square planar geometry, and when the
tetrahedron is distorted. In Fig. 36 we show the influence of this parameter in the
D4h case. As we can see, U produces a small asymmetry in the energy spectrum,
leading to a shift by U of the upper energy band and of the spin states situated at
E = 0. However, the structure of the two energy bands remains unchanged, so as the
relative energies of the low lying levels, and in particular the nature of the ground
state, are not affected in a significant manner by the electron repulsion.
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Fig. 36. (a) Electronic confi-
gurations in a D4h-cluster with
two moving electrons. (b) In-
fluence of the Coulomb repul-
sion on the energy spectrum of
the d6–d6–d5–d5 D4h cluster as
a function of the spin multiplic-
ity, U = t > 0

Some concluding remarks concerning the energy pattern for tetrameric systems
should be emphasized:

1. We have observed that both the topology of the cluster and the sign of t play
a key role in the energy spectrum of the cluster. Thus, while for a D4h symmetry
the spin state structure is symmetrical with respect to the sign reversal of t , for a
Td cluster having a unique extra particle, an unsymmetrical spectrum is predicted
by the model. In these cases, the asymmetry in the spectrum as well as the type of
splitting for the spin states closely resembles that calculated for the triangular clusters
which exhibit a highly degenerate (frustrated) ground state for a given sign of t , and a
progressive stabilization of the low-lying states as S is increased, for the opposite sign
of t . This observation allows us to point out a general conclusion: The asymmetry in
the spectrum as well as the transfer frustration are the characteristic features of clusters
having triangular faces (or, in general, faces formed by an odd number of interacting
sites). In these clusters only if the sign of t is the appropriate, double-exchange will be
able to stabilize a ferromagnetic ground state; for the opposite sign of t , the ground
state of the cluster will be largely frustrated and therefore, the structure of the low
lying levels and the magnetic properties will be largely independent of the magnitude
of t ; other electronic effects will become then the leading ones (magnetic exchange
and exchange-transfer interactions, distortions of the cluster, local anisotropy of the
magnetic ions, etc.).

2. The type of energy spectrum also depends on the number of extra electrons (or
holes) in the cluster. For example, double-exchange splitting in a Td cluster having
two extra electrons is quasi-symmetrical, in contrast with the results obtained on
trinuclear and tetranuclear clusters having one extra electron. Furthermore, an ad-
ditional term arising from the Coulomb repulsion between the two electrons needs
to be taken into account when two or more extra electrons are delocalized. This last
term will restrict the electron delocalization in the cluster favoring those configura-
tions in which the electrons are as separated as possible.

These models may account for the wide variety of ground spin states experimen-
tally found in the iron–sulfur tetrameric clusters.
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5.6.2 Vibronic Interactions in Tetramers

Increase in the nuclearity leads to a further complication of the vibronic problem due
to the increase in the dimensionality of the vibrational space and of the electronic ba-
sis. Thus, in the vibrational space we pass from a doubly-degenerate PKS e-vibration
in trimers, to a triply degenerate t2-vibration in tetramers. Marks and Prassides [45]
considered vibronic effects in the simplest case: one-electron four-center tetrahedral
MV system (d1–d0–d0–d0). In this system the triply-degenerate (t2) PKS-vibration
is operative in a four-dimensional electronic basis (A1 and T2 levels separated by a
gap 3t). The role of the vibronic coupling on the electron distribution is similar to
that reported above in the MV trimer (d1–d0–d0). Thus, for t < 0 the orbital singlet
A1 is the ground state; the adiabatic surface in the space of the three t2-coordinates
(Qx , Qy, Qz) has one minimum at Q = 0 when the pseudo JT effect mixing A1 and
T2 states is weak; this corresponds to a fully delocalized electronic state. If pseudo-JT
mixing is strong enough, the electron can be localized on one of the four centers. As
for trimers the coexistence of localized and delocalized states is also possible for the
intermediate pseudo-JT interaction. For t > 0 the orbital triplet T2 is the ground
state; a JT effect occurs within this ground state favoring localized states of trigonal
symmetry.

Adiabatic surfaces of the tetrameric (Td) one-electron system in the limit of strong
multicenter coupling was studied in [41]. Six P-vibrations form the a1 +e+t2 basis (as
in trimers, a1 can be eliminated), so we are dealing with the complicated combined
Jahn–Teller and pseudo-Jahn–Teller problem. In the case of strong transfer t > 0 we
arrive at a classical T2 ⊗ (e + t2) problem. The system was shown to possess three
tetragonal minima (and four trigonal saddle points) in which the extra electron is
fully delocalized. The same points in Q-space remain the minima when the gap,
ε(A1) − ε(T2) = 4|t |, is small enough. In this case however, the potential surface
possesses also four excited trigonal minima corresponding also to full delocalization,
and one additional minimum in which only Qa1 is shifted. In the limit t = 0, all eight
minima are degenerate and the extra electron is delocalized, the system being, at the
same time, distorted.

Electron distributions of tetrameric clusters with more than one electron have also
been calculated using the PKS-model. For example, in the iron–sulfur tetrameric
clusters of the type [Fe4S4]3+ (d5–d5–d5–d6 problem) we have pointed out above
that double-exchange leads to an orbitally nondegenerate ferromagnetic ground
state S = 19/2 when t is negative (Fig. 35a). In such a situation the extra electron
should be uniformly distributed over the four sites if the pseudo-JT mixing is assumed
to be small. However for positive t , the ground state is the accidentally degenerate
one. Thus, JT-effect operates in this basis set giving rise to minima corresponding to
pair-delocalized states [38]. In fact, there are experimental evidences on MV model
compounds containing the [Fe4S4]3+ core which indicate that delocalization occurs
only within a pair FeII–FeIII [46].

With respect to the magnetic properties it is important to underline the enormous
difficulties encountered when we try to calculate the energy levels, that actually are
vibronic levels. In principle, this problem requires a dynamic approach that takes
into account the kinetic energy of the nuclear motion (this term has been neglected
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in the calculation of the adiabatic potentials). For many-electron clusters we find an
independent vibronic problem for each full spin value, S, of the system. As basis
set, the dynamic approach uses the wave-functions of noninteracting electronic and
vibronic subsystems (i. e. products of electronic and vibrational wave-functions).
As a result, the vibronic problem requires the diagonalization of a matrix that has
a dimension much higher than that associated to the electronic double-exchange
problem. This dimension is the product of the electronic wave functions times the
vibrational wave functions, and since the number of vibrational states is infinite,
this basis set must always be truncated. The number of involved vibrational states
providing reasonably accurate calculations is high even in relatively simple cases. This
explains why for a tetranuclear MV cluster the only multielectronic problem solved
so far from the dynamic approach is the d1–d1–d1–d2 tetramer with Td symmetry
[47]. In this particular case, the initial basis set has high dimensionality due to the
high degree of degeneracy of vibrational levels of the three dimensional oscillator
(t2-vibrations). The dimension of the vibronic matrix for a given total spin S is NS =
ms(n+1)(n+2)(n+3)/6, where m = 4 is the number of electronic states (A+T2), s is
the number of intermediate spin combinations for this total spin (s = 1, 4, 5 for S =
5/2, 3/2, 1/2, respectively), and n is the maximum number of vibrational quanta that
need to be considered. We can imagine that, even for a moderate vibronic coupling,
the size of the vibronic matrix is very high. Thus, in the calculation of the vibronic
levels of the d1–d1–d1–d2 tetramer the vibrational basis has been restricted to n = 25,
and then the full dimension of the vibronic matrix is 4 × 5 × 26 × 27 × 28/6 = 65520
for S = 1/2.

To overcome the difficulties encountered to solve the dynamic vibronic problem,
a semiclassical adiabatic approach has recently been proposed for consideration of
the magnetic properties of MV clusters [48,49]. Let us briefly describe this approach.

To calculate the magnetic behavior of a system we must substitute the energy
levels E(S) into the van Vleck equation:

µ2(T ) = g2µ2
B

∑
S S(S + 1)(2S + 1) exp[−E(S)/kT ]∑

S(2S + 1) exp[−E(S)/kT ]
(26)

In the dynamic approach, E(S) are the vibronic levels of the system that depend
on the quantum number v enumerating the vibrational states; thus, a summation over
these states should be introduced in Eq. (27). In the framework of the semiclassical
adiabatic approach, the adiabatic potentials U S(q) play the role of full energies of
the system and the summation over the quantum vibronic states in Eq. (27) can be
replaced by the integration over the nuclear coordinate q of the active vibration:

µ2(T ) = g2µ2
B

∑
S S(S + 1)(2S + 1)

∑
i

∫ +∞
−∞ exp[−Ui (S)/kT ] dq∑

S(2S + 1)
∑

i

∫ +∞
−∞ exp[−Ui (q)/kT ] dq

(27)

where symbol i enumerates the branches of the adiabatic potential for each spin
state of the system (i = +,−). In this way, the movement of the nuclei and the corre-
sponding changes in the energy scheme during this motion are taken into account.



196 5 Magnetic Properties of Mixed-valence Clusters

The magnetic properties predicted by this simple approach have been compared
with those calculated from the exact dynamic approach. The agreement between the
two approaches is remarkable. Thus, for those systems in which a dynamic approach
is feasible, the semiclassical results allows to adequately describe, qualitatively and
quantitatively, the temperature dependence of the magnetic moments. The accu-
racy is better than 0.01% in the overall temperature range as illustrated in Fig. 37.
Therefore, this approach proves to be a very powerful and efficient tool to properly
describe the magnetic properties of MV clusters of different nuclearities, whatever
the values of the electronic and vibronic parameters.

Fig. 37. Temperature dependencies of the magnetic moments for a MV d1–d2 dimer, (−)
dynamic model, (•) semiclassical results, (a) J = −0.5, t = 2 (antiferromagnetic region in the
static model), (b) J = −0.5, t = 4 (ferromagnetic region in the static model). J and t are in
h̄ω units
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5.7 Higher Nuclearity Mixed Valence Clusters

In recent years many MV molecular systems containing large clusters have been
reported and their magnetic properties investigated. An important class of com-
pounds of this kind is the so-called polyoxometalates [50,51]. These inorganic com-
plexes present discrete cluster-like structures of definite sizes and shapes formed
by closed and highly symmetrical networks of MOx polyhedra (usually octahedra
and tetrahedra; M = V, Mo, W), which resemble discrete fragments of metal oxide
structures [52–54]. From the electronic point of view, these molecular metal oxides
have a remarkable electron storage capacity which have attracted considerable in-
terest in catalysis and other interrelated areas, including applications in materials
and solid-state chemistry and biomedical applications.

The structures of some representative examples are depicted in Fig. 38. At the
top two polyoxovanadates are shown: [H3KV12As3O39(AsO4)]6− containing three
localized vanadium(IV) centers (sites 10, 11 12) and one vanadium (IV) delocalized
over three sites (1, 2, 3), and [V12As8O40(HCO2)]3−,5−, comprising four localized
and two or four delocalized vanadium(IV) ions, respectively [55–57]. At the bot-
tom of the Fig. 38 two typical structures of polyoxotungstate and polyoxomolybdate
anions are shown, namely the Keggin and Wells–Dawson structures. These anions
can be reversibly reduced to mixed-valence species (heteropoly blues and browns)
by addition of various specific numbers of electrons, which are delocalized over a
significantly large number of atoms of the heteropoly framework yielding to multinu-
clear mixed valence species of Class II. The additional possibility of accommodation
into these structures of paramagnetic metal atoms, which contain localized magnetic
moments, yields to MV clusters in which localized and itinerant electrons can coexist
and interact [58].

In the theory of mixed valence these polyoxometalate complexes are very suitable
as model systems to study electron delocalization and magnetic interactions in high-
nuclearity clusters. Thus, although the topologies exhibited by these clusters are
much more complex than those previously examined, their high symmetries allow
us to exploit the group theoretical approach. This facilitates the development of
analytical solutions for the electronic energy levels and magnetic properties of the
cluster, providing at the same time a clear picture of the role of the different types
of electronic processes involved.

Still, in a high nuclearity MV cluster, the problem can become very complex
and a computational approach need to be developed. Such a procedure has been
worked out [59] in the most general case: a cluster of N magnetic sites containing
an arbitrary number of delocalized electrons P (Fig. 39). The developed approach is
based on the successive (chain-like) spin-coupling scheme and takes full advantage
from the quantum angular momentum theory. In the framework of this approach,
analytical expressions are deduced for the matrix elements of the double-exchange
interaction, two electron transfer, and three-center interactions. The matrix elements
of all these interactions are expressed in terms of all relevant spin quantum numbers
and 6j-symbols and do not contain higher order recoupling coefficients.
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Fig. 38. (a) Sketch of the structure of [H3KV12As3O39(AsO4)]6−. (b) Sketch of the structure of
[V12As8O40(HCO2)]n− (n = 3, 5). (c) Keggin structure of a [XM12O40] cluster (M = Mo, W;
X = BIII, SiIV, PV, CoII, CoIII, FeIII, CuII, etc.) (d) Wells–Dawson structure of a [X2M8O62]
cluster (X = PV, AsV; M = Mo, W)

Fig. 39. Representation of a high-nuclearity
MV system showing one of the
N !/[P!(N − P)!] electronic distributions
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5.7.1 Electronic Interactions in Polyoxometalates

To illustrate the role of both electronic and vibronic interactions in these clusters we
focus on the problem of delocalization of two electrons in the Keggin and Wells–
Dawson structures [36]. We will elucidate the conditions accounting for the complete
pairing of the spins of two delocalized electrons observed experimentally, even at
room temperature.

Let us first describe the main features of both structures (Fig. 38c, d). In the
Keggin anion the idealized structure consists of four edge-sharing triads of MO6
octahedra arranged around the central atom X by sharing corners, in such a way that
the resulting species has a tetrahedral symmetry. A view of this anion along one of
the C3 axes allows to describe the structure in terms of one M6 hexagonal belt, with
MO6 sites alternatively sharing edges and corners, in between two triangles M3; in
one of these triangles the MO6 sites are sharing edges while in the another they are
sharing corners. In a similar way, the Wells–Dawson anion may be viewed as formed
by two M6 hexagonal belts joined by corners, in between two edge-sharing triangles
M3. Spectroscopic experiments indicate that in the Keggin anions the two extra
electrons are delocalized over the twelve metal sites, while for the Wells-Dawson
anion such electron delocalization is restricted to the two internal hexagonal belts
[60].

A site symmetry approach has been developed to calculate the electronic structure
of these MV clusters. This makes possible a group theoretical classification of the
delocalized pair states, according to the irreducible representations, thus favoring
an easier calculation of the transfer matrices. The details of this new approach are
reported in refs. [61–63]. We restrict our discussion to present the role played by
the relevant electronic terms on the pattern of the low-lying energy levels. These
terms are the following: 1) the Coulomb interactions between the two delocalized
electrons that tend to keep the electrons on fairly widely separated metal atoms;
2) the single and double electron transfer processes that occur through the corners
or through the edges of neighboring octahedral metal sites, promoting the electron
delocalization. For single transfers one of the two electrons jumps from one site to
a neighboring one. For double transfers the two electrons jump simultaneously; and
3) the superexchange interactions that occur when the two electrons are occupying
neighboring metal sites.

In view of the different intermetallic distances shown by the above structures,
different interelectronic Coulomb repulsions for the electron pairs are expected
to occur. Thus, in the Keggin structure up to five different intermetallic distances
are possible, that should lead to five different types of electron pair configurations
having different energies in such a way that the ground configuration is separated
from the first excited one by about 2500 cm−1 (Fig. 40). The ground configuration
corresponds to the situation in which the two electrons are in nonadjacent MO6
sites, occupying opposite positions in the structure. In the Wells-Dawson structure
up to seven different types of electron pairs can be distinguished, but now the first
two excited configurations (denoted II and III in the figure) are very close in energy
(around 1600 and 1900 cm−1).
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Fig. 40. Effect of the interelec-
tronic Coulomb repulsions in
Keggin (a) and Wells–Dawson
(b) structures

Both electron transfer and magnetic exchange processes will split each one of
these energy levels, but since the energy gap between the ground configuration and
the lower excited ones is large, the pattern of the low-lying levels of the cluster is ex-
pected to come from the splitting of the states belonging to the ground configuration.
Then, if we restrict our discussion to this configuration, only the transfer processes
will be operative since the two moving electrons are widely separated, making com-
pletely irrelevant the possibility of a magnetic exchange coupling. The influence of
the electron delocalization on the energies of the group of states that form the ground
configuration is depicted in Figs. 41 and 42 in the case of the Keggin anion. We see that
both single and double transfer processes split the ground level into four different
levels that can be either a spin singlet 1A1, or a mixture of a singlet and a triplet spin

Fig. 41. Keggin structure. Influence of the single transfer processes on the ground configuration;
t and t ′ refer to the two types of transfers (through edges and corners of the octahedra). (a)
t > 0, (b) t < 0
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Fig. 42. Keggin structure. Influence of the double
transfer process on the ground configuration

states (1E and 3T1). The splitting is unsymmetric with respect to the sign reversal of
the involved transfer parameters, as in the simple MV clusters formed by triangular
metal units. What is important to notice is that for certain values of these parameters
the electron delocalization leads to a stabilization of the singlet spin state, allowing
thus to explain the spin pairing observed in this kind of high-nuclearity mixed va-
lence clusters. The results are similar for the Wells–Dawson cluster. In the general
framework of the double-exchange theory, these results emphasize once again that
in MV clusters with nuclearities larger than 2 this mechanism can also result in an
antiferromagnetic spin coupling between the interacting electrons.

5.7.2 Vibronic Interactions in Polyoxometalates

As we have already mentioned the vibronic problem in the high-nuclearity systems
is very complicated. Here we will briefly discuss the vibronic approach developed
for the bielectronic problem in the twelve-site Keggin structure [62]. Because of
the high nuclearity of the system, only the static case, i. e. the adiabatic potentials,
has been examined. This provides a basic picture of the different ways of electron
delocalization in this kind of clusters.

The vibronic problem involves a considerable number of electronic states and
twelve vibrational PKS coordinates. This problem can be simplified if the electronic
basis set is restricted to the wavefunctions of the most distant electron pairs (of type I
in the above notations), neglecting the mixing of these low-lying group of levels with
those belonging to other kinds of pair configurations (excited levels). Accordingly,
the electronic structure of the system consists of two spin triplets 3T1 and 3T2, and
three spin singlets 1A1, 1E and 1T2 which are split by the effect of the double transfer
processes (Fig. 42). As far as the vibrational states are concerned, it is reasonable to
employ the pair-vibrational basis set:

q±
ab = 1√

2
(q(a2) ± q(b2))
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where a2b2 is one of the six distant positions of the electron pair in the Keggin
structure. This basis involves symmetric and antisymmetric combinations of local
PKS coordinates, linked only with the sites occupied by the distant electron pair.
As distinguished from the case of one itinerant electron, only in phase (symmetric)
PKS mode changes simultaneously the potential energy of both electrons. In turn,
antisymmetric (out-of-phase) displacement does not change the common potential
energy of the electron pair since it has the effect of increasing the energy of one elec-
tron (compressed site), while the energy of the second electron decreases (expanded
site). For this reason only the six symmetric vibrational coordinates are involved
in the transfer processes. From these coordinates one can obtain the six symmetry
adapted vibrational coordinates in the Td group of the cluster. These are of the type
a, e and t2, but only the e and t2 vibrational modes have been proved to be relevant
in the vibronic problem under consideration. Therefore, this vibronic problem will
finally involve the coupling of these two modes with the two electronic spin subsets:
i. e., the Jahn–Teller and pseudo-Jahn–Teller problems (3T1 + 3T2) ⊗ (e + t2) and
(1A1 + 1E + 1T2) ⊗ (e + t2).

Several kinds of spatial electronic distributions have been found corresponding
to stable points of the energy surfaces. Thus, for spin-triplet states, weak vibronic
coupling in the space of e-modes restricts electron delocalization to two of the three
metal sites of each M3O12 triad in such a way that each electron moves over a
tetrameric unit in which the metal sites are alternatively sharing edges and corners
(shaded octahedra of Fig. 43a); in the limit of strong coupling, the electron delocal-
ization is restricted to one of the three metal octahedra (Fig. 43b), but since these
four sites are not connected through oxygen bridges the system is expected to be
fully localized. In the space of t2-modes the electronic pair can be either delocalized

Fig. 43. Possible types of delocalization of the electron pair in the Keggin structure
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over two opposite M3O12 triads (case of weak vibronic coupling; Fig. 43c), or be com-
pletely localized (case of strong vibronic coupling; Fig. 43d). Notice that in all these
cases the vibronic coupling leads always to a partial delocalization, or even to a full
localization of the electron pair. By no means one can obtain from the coupling with
the spin-triplet states a full delocalization of the electron pair over the twelve metal
sites. This is possible only when the vibronic coupling with the spin-singlet states is
considered. Thus, it has been found that, for both positive and negative values of
the transfer parameter and weak enough vibronic coupling, the system possesses a
stable point in the high-symmetrical nuclear configuration, corresponding to a uni-
form electronic distribution of the electron pair in the Keggin cluster. Difficulties in
solving the vibronic problems progressively increase in more extended systems due
to the increase of electronic basis and number of active modes. In this context the
12-site Keggin structure seems to be the largest vibronic system considered till now
in the static (adiabatic) approach.

5.7.3 Other High Nuclearity Mixed-valence Systems

In the previous section we have seen how the delocalization of two electrons over
the polyoxometalate clusters can result in an antiferromagnetic spin coupling which
stabilize the S = 0 ground spin state. This problem has been recently extended to
model higher nuclearity spin clusters. An example is provided by the fulleride anion
C2−

60 which contains two electrons delocalized over 60 equivalent carbon sites (Fig. 54)
[64]. In this case two electronic interactions have been considered: the Coulomb
interactions between the two delocalized electrons, and two types of electron transfer
integrals associated to both types of connectivity between neighbor carbons, t and t ′.
The delocalization of these two extra electrons over the fullerene molecule results
in an effective antiferromagnetic coupling between the two spins and the magnitude
of the singlet-triplet energy gap (∼103 cm−1) is mainly determined by the electron
transfer parameters, being almost independent on the Coulomb repulsions.

The last example we consider here represents a chain consisting of equivalent
exchange coupled MV dimers [65]. We denote the sites of dimers as A1B1, A2B2,
. . . AnBn , where n = N/2 is the number of dimers in the chain (N is the number of
sites). Each MV dimer is supposed to have one moving electron delocalized over two

Fig. 44. Figures of the two kinds of C-C bonds present in the
C60 molecule and the associated electron transfer para-
meters, t and t ′
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spin-less cores Ai Bi . Each site is assumed to have only one nondegenerate orbital.
The states with two electrons in the dimeric unit are expected to be inaccessible due
to the strong intracluster Coulomb repulsion. This system may be viewed as a model
of diphthalocyanine chains [YPc2] · CH2Cl2 and [ScPc2] · CH2Cl2 [66,67]. The extra
electron of each MV pair is delocalized over two sites of the macrocyclic unit and
we arrive at the problem of an infinite chain of MV dimeric units.

The following three types of interactions are relevant in the system under consid-
eration:

1. The electron delocalization inside each dimeric unit is described by the intra-
cluster transfer parameter tAi Bi ≡ t .

2. A ferromagnetic exchange interaction between the electrons occupying ad-
jacent sites of the neighboring dimers (the associated parameter is denoted as
JBi Ai+1 ≡ J ).

3. Inter-dimer Coulomb interaction described by the parameter UBi Ai+1 ≡ U
(as for the exchange, only the shortest distance Coulomb interaction seems to be
important).

Using the general computing approach described above [59], the magnetic prop-
erties of a finite chain formed by six MV dimers (twelve sites) have been calculated.
With the aim of better approach the properties of the infinite chain, the closed chain
has been considered.

Let us briefly examine the role of the electron transfer on the magnetic properties
of this MV system. Depending on the relative values of the parameters J and U we
can have two limiting cases which will be referred to as strong exchange interaction
limit and strong Coulomb interaction limit.

Provided no electron transfer (t = 0) one can see that in the strong exchange limit,
the chain adopts an antiferroelectric charge-ordered distribution (the electric dipole
moments of neighboring MV dimers are antiparallel) in which the electrons of two
neighboring MV pairs are located in adjacent sites in order to take advantage of the
exchange interaction (Fig. 45a). In this case the magnetic properties will exhibit at low

Fig. 45. Electron density distrib-
utions in a MV chain
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Fig. 46. Magnetic susceptibility for a 6-dimer closed chain: (a) strong exchange interaction
(U/J = 0), (b) strong Coulomb interaction (U/J = 5). (t is in J units)

temperatures (kT � 1) the behavior corresponding to the sum of n/2 ferromagnetic
dimers with S = 1; that is, the behavior of a paramagnet formed by n/2 spins S = 1
(dashed line in Fig. 46a).

In the another limit (strong Coulomb interaction), the electrons tend to be as
separated as possible (Fig. 45e) stabilizing thus a ferroelectric charge ordered dis-
tribution (all the dipole moments are parallel). In such a situation the electrons can
not be magnetically coupled and hence the chain will behave at low temperatures
(kT � U) as a paramagnet formed by n spins S = 1/2 (dashed line in Fig. 46b). To
summarize we can say that these two limiting cases keep the electrons fully localized
on one of the two sites of the MV dimer preventing thus the occurrence of long range
spin correlations.

When the electron transfer is taken into account, the above situation changes since
the delocalization within the dimer leads to an electron density different from zero
on both sites (Figs. 45b, d). This results in the stabilization of a parallel alignment
of all the spins of the chain due to the ferromagnetic exchange interaction between
nearest dimers, leading thus to a one-dimensional ferromagnetic behavior (Fig. 46).
This finding is in agreement with the magnetic behavior exhibited by [YPc2] and
[ScPc2] chains. We can see in the Fig. 46 that the increase of t leads to an increase in
the ferromagnetic coupling between spins (the magnetic curves are shifted towards
higher T ). In the limit of very strong electron transfer this effective ferromagnetic
coupling between delocalized electrons will reach its maximum value, since the elec-
tron density will be equally averaged over all the sites (Fig. 45c). It can be easily
demonstrated that this value is J/4.

The electron delocalization account also for the low temperature minimum on
the magnetic curve observed for a [ScPc2] chain. As one can see in Fig. 47, in the
strong Coulomb interaction limit this minimum appears providing weak electron
transfer. Indeed, in this case in the low temperature region χmT decreases abruptly
with the increase of T from its ferromagnetic low temperature limit towards the
limit corresponding to a paramagnet containing n spins S = 1/2. This is because
the exchange pathways are broken by Coulomb repulsion and the electron transfer
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Fig. 47. Low-temperature minima in the case of strong
Coulomb (U/J = 5) interaction. (t is in J units)

is too weak to promote visible one-dimensional ferromagnetism. Thus the system
being formally ferromagnetic, exhibits the paramagnetic behavior inherent to n spins
S = 1/2. The further increase of the temperature leads to the population of the
excited states corresponding to the electronic distributions with partially restored
exchange pathways. Therefore, the ferromagnetic coupling becomes more efficient
leading thus to the increase of χmT . In the case of strong electron transfer the
exchange pathways are restored even for very low temperatures and we observe the
monotonic ferromagnetic behavior.

5.8 Final Remarks

In this contribution we have examined the interplay between electron delocalization,
magnetic exchange interactions and vibronic interactions in magnetic MV clusters
and low-dimensional MV chains materials. We have focussed our attention on this
kind of molecular systems since they constitute the simplest species on which the role
played by the different physical processes in the electronic and magnetic properties
of mixed-valence magnetic materials can be studied in a quantitative manner.

To take into account the electron delocalization in these MV magnetic systems is
not an easy theoretical task since the dimension of the matrices to be diagonalized
are much larger than that encountered in localized systems. The number of para-
meters also increases significantly. Thus, for example in a MV triangular cluster, the
electronic problems involved besides the exchange interaction are both the two-site
electron transfer (or double-exchange interaction) and the three-site electron trans-
fer (exchange–transfer interaction). Moreover, we should also consider the vibronic
coupling interaction which is an inherent problem for the MV systems. This feature
strongly limits the correct analysis of the experimental data since the electronic and
magnetic properties of MV systems will be the result of an intricate combination of
parameters. Furthermore, it underlines the need of using several kinds of techniques
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in order to get independent information on these parameters. This includes the use
of molecular orbital techniques in order to evaluate the magnitude and sign of the
transfer parameters.

Keeping in mind these remarks, it should be still useful to summarize the influence
of the above parameters on the magnetic properties of the mixed valence systems:

5.8.1 Role of the Electron Transfer

This process results in a spin-dependent electron delocalization through the so-called
double-exchange mechanism. In fully delocalized MV dimers, this process always
leads to a symmetric splitting of the spin states, which is larger as the spin increases;
therefore, a strong stabilization of the ferromagnetic spin state is predicted, inde-
pendently of the sign of the double-exchange parameter t .

In contrast, in clusters of higher nuclearity the type of energy splitting for the spin
states caused by electron transfer depends on the topology of the cluster. In many
cases this splitting is unsymmetric with respect to the sign of t , so that the nature of the
ground spin state depends on the sign of t . It follows that the electron delocalization
can favor other spin states different from the ferromagnetic one. Hence, not always
double-exchange favors a ferromagnetic spin coupling.

5.8.2 Role of the Second-order Electronic Processes

Electron transfer represents a first order process in the framework of the pertur-
bation theory. Apart from this term, other two-site electronic interaction terms can
also contribute to the splitting of the low-lying levels. The most important of these
terms is the magnetic exchange which represents a second order electron-transfer
process; therefore, the associated parameter J is expected to be of smaller magnitude
than the double-exchange parameter. It follows that, in a delocalized MV dimer, the
double-exchange will be the leading parameter. Indeed, the ferromagnetic contri-
bution arising from double-exchange should exceed the antiferromagnetic exchange
contribution, and a ferromagnetic ground state should be expected in this kind of
systems.

The situation is different in clusters of nuclearity > 2 for two reasons. First,
because other second order processes that may be of the same order of magnitude
as the magnetic exchange can occur; these involve three-site (exchange–transfer)
or/and four-site interactions (double-transfer). Second, because the splitting of the
energy levels caused by electron delocalization is different. Thus, in trimers and
higher nuclearity clusters double-exchange can give rise to a degenerate ground
state formed by an extensive mixture of different spin states. In such situations these
second order terms will be the leading parameters in determining the nature of the
ground state as well as the type of splitting of the lower excited states, while double-
exchange will play a minor role; for these systems a large variability in the spin of
the ground state is to be expected, with a stabilization of the lower spin states even
in presence of strong double-exchange.
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5.8.3 Role of the Vibronic Coupling

The fully delocalized situation is rarely achieved in mixed-valence systems due to
the coupling of electronic and nuclear movements. In all the above reported cases
this vibronic interaction represents a trapping effect that tend to localize the extra
electron. As intuitively expected this term leads to an effective reduction of the
transfer parameter. In dimers for example the presence of a strong vibronic coupling
restores the Heisenberg type energy pattern and therefore the antiferromagnetic spin
state becomes the ground state.

It should be stressed however that not always vibronic coupling has a localization
effect. This conclusion is valid in the framework of the PKS model that takes into
account the nuclear motion of ligands coordinated to the central metal ions, neglect-
ing the motion of the metals. However, other types of vibrational modes in which
the intermetallic distances are allowed to vary can also be considered. The result-
ing vibronic coupling arises then from the modulation of the transfer integral t by
the nuclear motion of the metals, and can promote the electron delocalization. This
leads to a strong ferromagnetic contribution and delocalized electron states. Such a
kind of vibronic coupling can be of outmost importance in the case of organic mixed
valence systems as the interatomic C–C distances strongly vary with the molecular
vibrations.
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6 Magnetocrystalline Anisotropy of Transition Metals:
Recent Achievements in X-ray Absorption
Spectroscopy

Wilfried Grange, Jean Paul Kappler, and Mireille Maret

6.1 Introduction

This chapter provides an introduction to X-ray magnetic circular dichroism. It dis-
cusses the use of this technique for probing the microscopic origin of magnetocrys-
talline anisotropy in transition metal thin films. By use of an appropriate illustrative
example we attempt to present an up-to-date account of this research field.

After the considerable improvement of X-ray synchrotron radiation sources (i. e.
high brilliance, tuneable polarization of the light), new techniques have been devel-
oped to investigate the magnetic properties of thin films. These techniques (X-ray
magnetic scattering, Compton scattering with circularly polarized light, X-ray mag-
netic circular dichroism . . . ) have grown into a major research branch of almost
unlimited potential. This interest is closely connected to: 1) the elemental and or-
bital selectivity of X-ray absorption spectroscopy; and 2) the strong interaction of
X-rays with matter (i. e. sensitivity down to the monolayer range).

In this chapter we have chosen to outline the main strengths of X-ray Magnetic
Circular Dichroism (XMCD) and we will demonstrate that its use can greatly alter
our basic understanding of the magnetocrystalline anisotropy (MCA) of transition
metal thin films.

The text itself comprises two largely self-contained parts. Part 1 provides an in-
troduction to the XMCD technique. Part 2 considers a second-order perturbation
theory for the MCA energy; then emphasizes the importance of XMCD measure-
ments for probing the microscopic origin of the MCA in transition metals. Finally,
Part 3 illustrates the main ideas introduced in Parts 1 and 2.

6.2 The X-ray Magnetic Circular Dichroism Technique

This part is organized as follows. Section 2.1 is a brief historical introduction to
magnetic dichroism effects, caused by the interplay of spin-polarization and spin-
orbit coupling (Section 2.2). In Section 2.3, we introduce the XMCD sum rules that
enable one to obtain reliable information on the micro-magnetism (the evaluation
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and the separation of the spin and orbital magnetic moments on a specific shell
and site). We assume throughout that the reader has a firm grasp of basic X-ray
absorption.

6.2.1 An Historical Survey

It has long been known that chiral molecules present an optical activity at visible
wavelengths. For achiral systems, an optical activity call also be induced by an external
magnetic or electric field. The first magneto-optic effect has been discovered more
than 150 years ago by Faraday who observed a rotation of the plane of polarization
of radiation passing though glass in the direction of an applied magnetic field. In the
visible range, the Kerr effect (the rotation of the plane of polarization and the change
in ellipticity) is a similar effect to the Faraday effect; and is currently used in most
laboratories to characterize the macroscopic magnetic properties of compounds.
Microscopically the change in ellipticity arises because of a difference in absorption
for right- and left-handed circularly polarized light. In other words, it is a magnetic
circular dichroism effect at visible wavelengths.

Because the electronic transitions at these wavelengths are difficult to describe, it
is still a challenge to investigate the Kerr effect theoretically (the first Kerr spectrum
was calculated in 1992 by Oppeneer [1]). The situation is, however, much more
simple at X-ray wavelengths, because the latter involve electronic excitations from a
well defined core-hole initial state. In this respect, Erskine and Stern [2] succeeded
in calculating the XMCD at the L2,3 edges of nickel in 1975. They realized that
it would also be possible to probe experimentally the local magnetic properties of
ferromagnetic compounds. Ten years later, Thole [3] performed calculations at the
M4,5 edges of rare earth metals predicting a strong X-ray Magnetic Linear Dichroism
(XMLD) effect, i. e. depending on the relative orientation of the electrical field
and the magnetization. Because of the considerable development of brilliant X-ray
synchrotron radiation sources, van der Laan [4] measured a XMLD signal at the
M4,5 edges of terbium and confirmed Thole’s theoretical predictions. Finally, the
first XMCD spectrum was measured in 1987 by the team of Materlik [5] at the Fe K
edge.

XMLD and XMCD are two powerful and appealing techniques that enable inves-
tigation of previously inaccessible magnetic properties. Until recently, less attention
has been paid to the XMLD technique, because it measures the expectation value
of the square of the magnetization 〈M2〉 (on a specific shell and site). This limitation
is overcome by the use of XMCD from which the orbital and spin contributions to
the magnetic moment (on a specific shell and site) are obtained.

6.2.2 Theoretical Background

XMCD is defined as the difference between the absorption of right- and left-handed
circularly polarized light when the applied magnetic field (that determines the direc-
tion of the magnetization) is parallel to the incident X-ray wave-vector. (Although
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there have been some fluctuations in the conventions used for XMCD in the past,
an XMCD measurement performed at the L2,3 edges of Co-hcp single crystal should
yield negative and positive signs, respectively, at the L3 and L2 edges.) According to
Schütz [6], the mechanisms involved in the XMCD at the L2,3 edges of 3d metals can,
to some extent, be understood in a simple two-step model. In a first step, core-hole
electrons are spin-polarized by X-ray circularly polarized photons; in a second step,
the valence band acts as a spin detector (Fig. 1). These two steps are assumed to
be independent. In the absence of spin-orbit interaction, incident X-rays transfer
their angular momentum to the orbital part, �l, of the excited photoelectrons, only.
When the 2p level is split by the spin–orbit interaction into well defined 2p1/2 (L2
edge) and 2p3/2 (L3 edge) sub-levels, however, the electronic states are no longer
pure spin states. Left-handed circularly polarized photons have their angular mo-
mentum σ ∗ parallel to the direction of the incoming beam and favor the excitation
of spin-up photoelectrons at the L3 edge. (The quantization axis is determined by
the direction of the magnetic field.) Indeed, the probability of exciting a photoelec-
tron with spin-up is maximum, because �l, �s, and �σ ∗ are parallel. (Using standard
notation, we define �l and �s, respectively, as the one-electron orbital and spin angular
momentum.) At the L2 edge, �σ ∗ and �s are anti-parallel. Hence, left-handed circu-
larly polarized photons will excite more spin-down photoelectrons. Right-handed
circularly polarized photons have their angular momentum anti-parallel to the di-
rection of the incoming beam and will excite spin polarized photoelectrons in reverse
proportions. As suggested previously, the valence band acts as a spin-detector if it
carries a nonzero magnetic moment. In other words, if there is a difference in the
spin-up and spin-down populations.

At first glance, the two-step model seems to be a crude and simple approximation
of the physical mechanisms that govern XMCD. (“Pronounced” XMCD spectra have
been measured for the K edge (l = 0) of 3d transition metals, [5]. Thus the spin–orbit
coupling of the final states also contributes to the XMCD. Its interpretation is rather
difficult and multiple scattering theory must be used to reproduce the experimental
spectra [8].) It states however correctly that XMCD is primarily governed by: 1) the

Fig. 1. A two-step model illustrating the mechanisms
involved in XMCD at the L2,3 edges of 3d transition
metals [7]



214 6 Magnetocrystalline Anisotropy of Transition Metals

spin–orbit coupling of the core-hole states: 2) the exchange splitting in the valence
band.

6.2.3 The Sum Rules

We shall now introduce the optical sum rules and briefly discuss their limitations. A
critical and exhaustive discussion of the sum rules can be found elsewhere [9].

For clarity, we define IL2 and IL3 as the dichroic intensities involving electronic
excitation from the 2p1/2 and 2p3/2 sub-levels, respectively. As outlined in the pre-
vious section, �l and �s are parallel in the 2p3/2 sub-level, anti-parallel in the 2p1/2
sub-level. We could therefore expect that the combination (IL3 + IL2) would account
for orbital polarization, only. Alternatively, the combination (IL3 − IL2) would be a
direct measure of the spin-polarization.

We realize now that a proper linear combination of the dichroic intensities mea-
sured oil two core-hole absorption edges c + (1/2) and c − (1/2) might provide
quantitative information on both the orbital (orbital sum rule [10]) and spin (spin
sum rule [11]) magnetic moments in the valence band.

For a transition from a core hole absorption edge c towards a valence band state
l and assuming that the c + 1 absorption channel is the main absorption channel,
the two sum rules can be written as (for simplicity, we assume that the incident
wave-vector �k and the applied magnetic field �Hext are parallel to the z direction):

∫
j++ j−(I −1 − I +1)∫

j++ j−(I 1 + I 0 + I −1)
= 〈Lz〉

l · nh
(1)

∫
(I −1 − I 1) − l

l − 1

∫
j−

(I −1 − I 1)∫
j++ j−(I 1 + I 0 + I −1)

= 2
3nh

[
〈Sz〉 + 2l + 3

l
〈Tz〉

]
(2)

j± = c(±)1/2, the I q terms denote the normalized absorption cross-section (the
usual absorption cross-section σ divided by the energy) obtained for left-handed
circularly polarized light (q = −1), right-handed circularly polarized light (q = −1),
and linear polarization parallel to the magnetic field (q = 0), respectively. 〈Lz〉 (〈Sz〉)
is the expectation value of the orbital (spin) magnetic moment. Finally, 〈Tz〉 denotes
the expectation value of the magnetic dipole term, which describes the nonsphericity
of the spin–charge distribution:

〈Tz〉 =
∑
i,α

〈Qizα〉〈siα〉 =
∑

i

〈Qizz〉〈siz〉 (3)

where riα (siα) denotes the projection of the position (spin) operator of an electron
i on to the direction α, and Q is the quadripolar moment operator of the electronic
charge distribution. (The relationships between the expected values of momentum
operators and the corresponding magnetic moments are: morb = −(µB)〈Lz〉 for the
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orbital magnetic moment, mspin = −(2µB)〈Lz〉 for the spin magnetic moment, and
mdip = +(µB)〈Tz〉 for the magnetic dipole term.)

We shall outline that the derivation of the XMCD sum rules is based on several im-
portant assumptions; however, numerous experimental and theoretical studies have
shown that they are sufficiently “robust” to be applied when the latter assumptions
are a priori not fulfilled [12–15].

6.2.3.1 The Magnetic Dipole Term

The magnetic dipole term arises from the anisotropy of the spin density within the
Wigner-Seitz cell [11]. It can therefore represent a significant contribution to the
effective spin magnetic moment, meff

spin [meff
spin = mspin − (4l + 6)mdip/ l), i. e. the

quantity directly determined using Eq. (2)] for a low-symmetry crystal environment
or a high spin–orbit coupling.

For instance, Wu and Freeman [16] have shown that the use of the spin sum rule
could result in an error up to 50% for the (001) surface of Ni. Note, however, that the
mdip contribution can be safety neglected when the spin–orbit coupling amplitude,
ξ , is small relative to the crystal-field parameters 
cf. Then Eq. (3) becomes:

〈Tz〉 =
∑
i,α

〈Qizα〉〈siα〉 =
∑

i

〈Qizz〉〈siz〉 (4)

(Equation (4) is obtained by separating the spin and position variables, i. e. writ-
ing 〈siα〉 = 〈si 〉 for any α direction. In perturbation theory, the induced spin–orbit
coupling corrections to the magnetic dipole term are only ca 10% [17].) In this rela-
tionship it is assumed that the spin magnetic moment re-orients along the direction
of the external magnetic field (z direction). Because

∑
α〈Qαα〉 = 0 in a Cartesian

frame, the contribution of mdip vanishes when three independent XMCD measure-
ments are performed along three orthogonal directions. Similarly, meff

spin = mspin for
a polycrystalline sample (ξ � 
cf). (For itinerant 4d (5d) electrons it is generally
assumed that the mdip contribution is rather small [14,18].)

6.2.4 Conclusion

XMCD is a local probe of magnetism that enables separate determination of both
the orbital and spin magnetic moments on a specific shell and site. In the last decade,
XMCD has become a powerful and valuable technique for investigation of some
magnetic properties that had not previously been accessible. We shall now mention
some of the most significant XMCD results.

In Fe/Cu/Co magnetic multilayers, Chen [19] has determined separately the Fe and
Co magnetic hysteresis and has studied the magnetic coupling mechanisms. Because
the interaction of X-rays with matter is very strong at the L2,3 edges of transition
metals, XMCD is capable of determining the magnetic properties at surfaces or inter-
faces in such systems. For instance, XMCD measurements have confirmed the results
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of ab initio calculations that predicted enhancement of the Co-3d orbital magnetic
moment in Co/Pd multilayers [20,21]. XMCD spectroscopy in conjunction with pho-
toelectron emission microscopy enables the recording of magnetic domain images
with lateral resolution comparable with that obtained in magnetic force microscope
experiments [22]. Finally, XMCD has revealed the microscopic origin of the MCA
in transition metal thin films [23,24]. This will be discussed in detail in Section 3.

6.3 The Anisotropy of the Orbital Magnetic Moment:
A Relevant Parameter for the Anisotropy Energy

In a ferromagnetic system, the direction of the net magnetization is determined by the
anisotropy energy EMAE, which is the difference in free energy when the direction
of the magnetization is rotated from an easy to an hard direction of magnetization.
The microscopic origin of EMAE cannot be explained by the exchange interaction
since this latter is invariant when the spin direction is changed. There are therefore
other interactions that couple the spin magnetic moment to the lattice. Dipole–dipole
interactions only contribute to a less extend to this coupling and are responsible for
the so-called shape anisotropy energy.

6.3.1 Probing the Magnetocrystalline Anisotropy Energy

In 1937, van Vleck [25] suggested that the coupling between the magnetization and
the lattice could be explained by the following relevant physical quantities: 1) the or-
bital magnetic moment, 2) the crystal field; and 3) the spin–orbit coupling. According
to van Vleck, the electronic charge distribution, i. e. the orbital moment, is coupled
to the lattice via the electrical field arising from the surrounding ions. Because of
spin–orbit coupling, the spin magnetic moment (which is the main contribution to
the magnetic moment for 3d transition metals) is only slightly affected by the crystal
symmetry. This contribution is called the MCA energy EMCA.

From the pioneer work of van Vleck to the late eighties, experimenters have
concentrated mainly on explaining the origin of the MCA in this way (i. e. qual-
itatively) and have characterized EMCA in terms of phenomenological anisotropy
energy constants. These constants can be determined from macroscopic magnetic
measurements, e. g. torque magnetometry, ferromagnetic resonance, and magneti-
zation measurements. They can, moreover, be easily compared with those obtained
from calculations (which consist in computing the difference in total energy for two
principal crystallographic directions). Because the MCA is relatively small in bulk
3d cubic transition metals (EMCA ∼ ÌeV per atom), such calculations are still a real
“tour de force”. For instance, calculations based on the local spin density approx-
imation fail to reproduce the correct easy axis of magnetization for Ni metal [26].
For reduced dimensionality structures (thin-film sandwiches, multilayers, dots), the
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results of such ab initio approaches also overestimate the MCA. It might, further-
more, be difficult for experimenters to recognize the relevant physical parameters
that govern the MCA.

One consistent trend in magnetism, however, has been the progression towards
increasingly quantitative methods. This trend has been accelerated over the past
decade because of the considerable interest in magnetic or magneto-optic informa-
tion technology. In 1989, an effective and appropriate relation between the MCA,
the anisotropy of the orbital magnetic moment mA

orb and the spin–orbit coupling ξ

(i. e. the different parameters outlined by van Vleck) has been derived by Bruno
[27,28]:

EMCA ≈ −ξmA
orb (5)

where, using standard notation, we have defined ξ as the integrated value of the
radial part ξ(r) of the spin–orbit coupling interaction.

The advantage of Bruno’s relation is the direct explanation of the enhancement
of the MCA in thin films. At the surface, the breaking of symmetry leads to a large
difference in the bandwidth for the in-plane and out-of-plane orbitals. This yields
strongly anisotropic orbital magnetic moments and therefore a large MCA. In princi-
ple, various technique are capable of measuring an anisotropy of the orbital magnetic
moment:

– In a Co-hcp single crystal, macroscopic magnetization measurements have pro-
vided evidence for an anisotropy in the total magnetization (which results entirely
from the anisotropy of the orbital magnetic moment since the spin magnetic mo-
ment is a priori an isotropic quantity) [29].

– Polarized neutron diffraction measurements enable separate determination of the
spin and orbital magnetic moments in single crystals.

– Also, ferromagnetic resonance measures the g factor that is proportional to the
morb/mspin ratio [30].

These techniques are however hardly feasible in thin films or bulk systems because
morb ≈ 0.1 ÌB. Owing to its sensitivity and element-specificity (Section 2.4), we feel
that XMCD is the most appropriate and valuable technique to provide experimental
support for Bruno’s approach.

6.3.2 A Perturbation Approach

In this section, we present in details the perturbation approach of the MCA proposed
by Bruno and discuss its limitations.

6.3.2.1 The Anisotropy of the Magnetization

From the early sixties, numerous theoretical and experimental studies have outlined
the possible connection between the anisotropy of the orbital magnetic moment and
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the anisotropy energy. An exhaustive bibliography of these studies can be found
elsewhere [31]. In 1960, Callen [32] suggested that the anisotropy of macroscopic
magnetization should be large in materials having a large MCA. According to Callen
the MCA tends to align the individual spin magnetic moments along an easy axis of
magnetization (and therefore tends to increase the magnitude of the magnetization),
whereas it favors the dispersion of the individual spin magnetic moments along the
hard axis (and therefore tends to reduce the magnitude of the magnetization). On
the basis of this work, Aubert measured the anisotropy of the total magnetization
of ca 0.1 emu cm−3 (T = 4.2 K) in a single crystal of nickel [33]. Unfortunately,
this behavior was not reproduced satisfactorily by theory – for example, the model
proposed by Callen predicts vanishing anisotropy at T = 0. In tackling these prob-
lems, Aubert proposed a new approach and suggested that the anisotropy of the
magnetization resulted entirely from anisotropy of the orbital magnetic moment.
Five years later, electronic band structure calculations corroborated this suggestion
[34]. Finally, in 1989 Bruno derived the first linear relation between the MCA and
the relevant physical parameters that govern this quantity.

6.3.2.2 Theoretical Background

The theory presented in this section is applicable to 3d transition metals only; that
for rare earth metals is discussed elsewhere [35].

For 3d metals development in second-order perturbation theory is justified, be-
cause the integrated value of the spin–orbit coupling amplitude ξ(r) is small relative
to the electronic bandwidth. The lowest-order contribution to the spin–orbit cou-
pling change in the total energy becomes second-order (because of time-reversal
symmetry, the spin–orbit coupling contribution vanishes in first-order perturbation
theory.):

δE =
∑
ex

〈gr |Hso|ex〉〈ex |Hso|gr〉
Egr − Eex

(6)

Similarly, the expectation value of the orbital moment operator is written (in
first-order perturbation theory) as:

〈 �Lv〉 =
∑
ex

〈gr | �Lv|ex〉 〈ex |Hso|gr〉
Egr − Eex

(7)

In Eqs. (6) and (7) Hso is the spin–orbit coupling Hamiltonian (Hso = ξ(r) �L · �S),
|gr〉 (|ex〉) denotes a nonperturbed (excited) state, and Egr (Eex) are the correspond-
ing one-electron energies. The only excitations that have to be considered are those
that involve an electronic transition from an occupied state to an unoccupied state
above the Fermi level (Egr < Ef < Eex). If we further assume that the exchange
coupling, 
exc, is large relative to the crystal-field parameters, 
cf, we can: 1) neglect
the coupling between the spin-up (majority spin band) and spin-down (minority spin
band) states; and 2) assume that the majority spin band is completely filled. With
these assumptions, the tight-binding approach proposed by Bruno yields [27,28]:
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δE ≈ −1
4
ξ Ŝ · �m↓

orb (8)

where Ŝ denotes a unit-vector along the direction of the spin magnetic moment (along
the direction of the magnetic field) and �m↓

orb denotes the orbital magnetic moment
in the minority spin band. Hence, the MCA energy, i. e. the difference between the
total energy for two principal crystallographic directions (say z and x) is (assuming
that the majority spin band is completely filled):

EMCA ≈ −1
4
ξ(mz

orb − mx
orb)↓ (9)

for uniaxial symmetry, and assuming 
exc � 
cf. (We use the same notation as
elsewhere [27] – EMCA = δEz − δEx = −K MC

1 , where K MC
1 denotes the second-

order anisotropy constant.) The MCA anisotropy can therefore be computed directly,
without taking into account the energy of the nonperturbed states. In general, we
cannot neglect the coupling between spin-up and spin-down states, neither assume
that the majority spin band is filled. In this case Eq. (9) reads (taking into account
holes in the spin majority band) [36]:

EMCA ≈ −1
4
ξ

[
(mz

orb − mx
orb)↓ − (mz

orb − mx
orb)↑

]
+ 21ξ2

2
exc
(mz

dip − mx
dip) (10)

In the limit of strong exchange coupling (3d metals), the last term of Eq. (10)
can be safely neglected because it scales as ξ2/
exc [36,37]. Eq. (10) states also
that the MCA is no longer proportional to the anisotropy of the orbital magnetic
moment but to the difference between orbital magnetic moment of the spin-up and
spin-down contributions. For nonsaturated ferromagnets such as Fe metal, the latter
contribution cannot be ignored (to do so can lead to pronounced errors because
XMCD measures m↓

orb + m↑
orb) .

As far as we are aware, the angle-dependent XMCD measurements of Weller et al.
[23] first succeeded in demonstrating the validity of Bruno’s relationship. For four Co
monolayers, this study found evidence for anisotropy in the orbital magnetic moment
of ca 0.14 ÌB, in good agreement with Bruno’s theoretical predictions. Unfortunately,
the observed anisotropy of the orbital magnetic moment had to be scaled down
to match the experimental MCA values obtained from conventional macroscopic
magnetization measurements. This can be attributed to two assumptions:

– the change in the Fermi surface because of the spin–orbit coupling is neglected
(and we should introduce a correcting factor of the opposite sign [27]); and

– the exchange splitting is assumed to be larger than the bandwidth (while W ≈ 5 eV
and 
exc ≈ 1 eV in 3d transition metals).
We also point out that:

– Eqs. (9) and (10) are valid at T = 0, only; and
– ab initio calculations have shown that there is no simple linear relationship between

mA
orb and EMCA [38,39].
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The previous discussion emphasizes that it is certainly difficult to obtain a quan-
titative value of the MCA energy from XMCD. For this reason, the anisotropy is
generally discussed only qualitatively in terms of the anisotropy of the orbital mag-
netic moment. We should, however, state that the main advantage of XMCD over
conventional techniques such as torque measurements is that XMCD is element-
specific.

6.3.3 XMCD Measurements in Collinear and Transverse Geometries

In this section, we demonstrate that the anisotropy of both the orbital and effec-
tive spin magnetic moments can be easily obtained from XMCD measurements
performed in a collinear ( �Hext ‖ �k) or a transverse ( �Hext ⊥ �k) experimental arrange-
ment.

6.3.3.1 Collinear Geometry

As mentioned in Section 2.3, the XMCD sum rules (Eqs. 1 and 2) relate the integrated
XMCD signal to the orbital and effective spin magnetic moments. These relations
can be re-written as (for the L2,3 edges of transition metals):

�morb · P̂ = −2Qγ (10 − n)

3A
(11)

( �mspin − 7 �mdip) · P̂ = − (3Pγ − 2Qγ )(10 − n)

A
(12)

As seen in Section 2, the Iq terms denote normalized absorption cross-sections. To
save space, however, we implicitly assume that the integration is carefully performed.
In Eqs. (11) and (12) P̂ denotes a unit-vector along the direction of the incident X-ray
photons (parallel to the direction of the external magnetic field in a collinear set-up),
γ is the angle between the direction of the incident photons and a reference direction
(e. g. parallel to the normal to the surface, Fig. 2), Qγ denotes the integrated XMCD
signal over the L2 and L3 edges (corrected for the finite rate of circular polarization
(CP)), Pγ denotes the integrated XMCD signal (corrected for CP) over the L3 edge,
A is the integrated isotropic absorption cross-section involving transitions towards

Fig. 2. The angle γ , defined as the angle between
the direction P̂ of the incident wave-vector and a
reference direction, e. g. the normal to the surface
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the different nd states (n = 3 for 3d transition metals), and n is the number of
electrons in the d shell under study.

Equation (7) shows that the orbital magnetic moment can be expressed in terms
of the 〈ex |Hso|gr〉 angular matrix elements. This gives [36]:

�morb = R �S (13)

where R is a second-rank Cartesian tensor (diagonal in an appropriate referential).
For uniaxial symmetry and a 3d transition metal, the angular dependence of �morb is
[27,36,40]:

mγ

orb = Rzz + (Rxx − Rzz) sin2 γ (14)

where z is the uniaxial direction (in the xy plane all directions are equivalent, thus
Rxx = Ryy) and mγ

orb denotes the projection of �morb on to the direction of �S (γ is
the angle between the z direction and the direction of the spin magnetic moment)
Because Rzz and Rxx have different values in an anisotropic compound, we realize
that the orbital magnetic moment cannot be collinear with the spin magnetic moment
when the latter lies along a nonprincipal crystallographic direction (Fig. 3). We shall
return to this point later.

Similarly, the angular dependence of the magnetic dipole term can be deter-
mined. Because, for a 3d transition metal, the magnetic dipole term only describes
a quadripolar term in the spin charge distribution around the nucleus, Eq. (4) takes
the form:

�mdip = Q∗ Ŝ (15)

where Q∗ is a second-rank tensor with vanishing trace. Because the angular depen-
dence of mdip and morb is constrained by the crystal field only:

mγ

dip = Q∗
zz + (Q∗

xx − Q∗
zz) sin2 γ (16)

In a collinear geometry and for a 3d transition metal with uniaxial symmetry, the
XMCD sum rules read (assuming the magnetic field is large enough to align the spin
magnetic moment along the direction of the incident photons, i. e. P̂ ‖ �mspin):

mγ

orb = (Rzz cos2 γ + Rxx sin2 γ ) = �
γ
exp (17)

meff,γ
spin = mspin − 7(Q∗

zz cos2 γ + Q∗
xx sin2 γ ) = �

γ
exp (18)

In Eqs. (17) and (18), �
γ
exp and �

γ
exp are the experimental XMCD values which

appear on the right-hand sides of Eqs. (11) and (12), respectively. (In Eq. (18), it
is assumed the spin magnetic moment is an isotropic quantity. In second-order per-
turbation theory, the induced spin–orbit corrections are ca (ξ/
exc)

2 i. e. 1% for a
3d transition metal [17].) Although, in practice, it is a difficult task to measure ab-
sorption spectra at grazing incidence, the anisotropy of the orbital magnetic moment
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Fig. 3. The angular dependence of the ground state magnetic moments for a 3d transition
metal and uniaxial symmetry (in second-order perturbation theory). We assume that the R
and Q∗ Cartesian tensors have their principal axis along the x and z axes. ( denotes the angle
between the direction of the spin magnetic moment (the direction of the applied magnetic
field) and the z direction (Fig. 2) [41]

mA
orb = Rzz − Rxx ) can be estimated from its angular dependence (Eq. 14). Similarly,

two angle-dependent XMCD measurements enable separation of the spin magnetic
moment and the magnetic dipole term (Eq. 16). (Because the effective spin magnetic
moment is the sum of an anisotropic and isotropic term, the latter demonstration
also holds for nonuniaxial symmetry and a 4d (5d) transition metal.)

6.3.3.2 Transverse Geometry

A transverse XMCD measurement is an appealing means of determining directly
the anisotropy of both the orbital and effective spin magnetic moments. As outlined
in the previous section, morb and mdip are no longer collinear with the spin magnetic
moment if the magnetic field is applied along a direction other than a crystallographic
axis (Fig. 3; Eqs. 13 and 15). (The angle between mdip (morb) and mspin is determined
by the relative magnitude of the crystal field and the spin–orbit coupling. Because
ξ is small relative to 
cf for 3d transition metals, the crystal field (which tends to
re-align the magnetic moments along principal crystallographic directions) causes
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noncollinear alignment of mdip (morb) and mspin. The situation might be different for
actinides where ξ � 
cf.) It is therefore possible to obtain a nonvanishing XMCD
signal for this particular geometry, which is in principle forbidden [24,36]. In the
transverse geometry, we have (for uniaxial symmetry and a 3d transition metal and
assuming that the magnetic field is strong enough to align the spin magnetic moment
along the above defined direction):

(Rzz − Rxx ) cos γ sin γ = �
γ
exp,t (19)

7(Q∗
zz − Q∗

xx ) cos γ sin γ = �
γ
exp,t (20)

where γ denotes, as previously, the angle between the direction of the incident X-ray
photons and the z axis. The subscript t is relative to XMCD measurements performed
in a transverse experimental arrangement. For γ = π/4, Eqs. (19) and (20) become:

(mz
orb − mx

orb) = 2�
π/4
exp,t (21)

(mz
dip − mx

dip) = 2
7
�

γ/π4
exp,t (22)

which are valuable relationships for determining the anisotropy of the orbital and
effective spin magnetic moments.

6.3.3.3 A “Magic” Geometry

A collinear XMCD measurement performed at γ = (arccos(−1/3)/2) ≈ 54.7◦ gives:

– the isotropic part, m∗
orb, of the orbital magnetic moment (m∗

orb = (mz
orb+2mx

orb)/3);
Eq. 17); and

– the spin magnetic moment, i. e. the isotropic part of the effective spin magnetic
moment (Eq. (18).

In other words, there is a peculiar angle, known as the “magic” angle, for which
mdip ⊥ mspin. The physical reason for this behavior is that because Q∗ is a tensor
with vanishing trace (mz

dip + 2mx
dip = 0), the magnetic dipole term should be anti-

parallel to the spin magnetic moment along the z or x axis. There should, therefore
be an angle for which the projection of mdip along mspin vanishes [42].

Finally, we remark that Eqs. (17) and (18) are the main relationships that will be
used in the forthcoming sections. It should be remembered that these relations rely
on the approximations:

– the spin–orbit coupling is assumed to be small with respect to the crystal field
parameters (when a second-order perturbation holds); and

– the symmetry is assumed to be uniaxial.
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For convenience, we also define the isotropic (I) and anisotropic (A) vari-
ables:

m I
orb = 1

3
T r(R) = 1

3
(Rzz + 2Rxx )

m A
orb = Rzz − Rxx

meff,I
spin = mspin

meff,A
spin = −7(Q∗

zz − Q∗
xx ) = −21

2
Q∗

zz

6.4 Magnetocrystalline Anistropy of CoxPt1−x Thin Film Alloys

In the preceding sections, the relationship between the MCA energy and the elec-
tronic structure was investigated. We have also outlined that XMCD, which is el-
ement specific and has surface sensitivity, is a valuable technique for probing the
microscopic origin of MCA. To clarify these ideas, we shall present XMCD mea-
surements performed at both the Co and Pt L2,3 edges in two epitaxial CoPt3 thin
film alloys (grown at 690 and 800 K, respectively).

Section 4.1 gives some experimental details on the molecular-beam epitaxy (MBE)
growth of the two samples and the XMCD experimental arrangement. In Sections 4.2
and 4.4, the results of the angle-dependent XMCD measurements are presented.
Finally, the role of both the Co and Pt atoms in the appearance of the MCA will be
discussed.

6.4.1 Experimental

6.4.1.1 Sample Preparation and Characterization

The two 50-nm CoPt3 (111) thin film alloys were co-deposited under UHV conditions
on a mica (0001) substrate, after the growth of a 15-nm Ru (0001) buffer layer [43]. As
evidenced from X-ray absorption fine structure measurements, there are anisotropic
local-order effects (i. e. the formation of small Co in-plane 2D clusters embedded
in Pt) in the CoPt3 thin film grown at 690 K [44,45]. In contrast, the CoPt3 thin film
grown at 800 K has an isotropic L12-type crystal structure.

It is expected that such a difference in chemical local ordering will dramatically
affect the magnetic properties [43,46,47]. For instance, SQUID measurements pro-
vide evidence for strong perpendicular magnetocrystalline anisotropy (PMA) in the
film grown at 690 K (K MC

1 ∼ +6 × 106 erg cm−3 (EMCA = −0.2 meV per unit cell;
1 eV = 1.602×10−12 erg), T = 300 K) whereas almost isotropic magnetic behavior is
found in the film grown at 800 K (K MC

1 ∼ +0.4 × 106 erg cm−3 (EMCA = −0.02 meV
per unit cell), T = 300 K) [43].
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6.4.1.2 XMCD Measurements

XMCD measurements were performed in collinear geometry at the European Syn-
chrotron Radiation Facility on the ID12B (Co L2,3 edges) and ID12A (Pt L2,3 edges)
beam-lines, respectively [48,49]. The X-ray absorption spectra were monitored at
room temperature in the total electron yield detection mode (Co L2,3 edges) and
in the total fluorescence detection mode (Pt L2,3 edges); for these XMCD measure-
ments, both these methods give a correct measure of the absorption cross-section.
We found that a 4-T applied magnetic field was large enough to saturate the samples
magnetically.

6.4.2 XMCD at the Co L2,3 Edges

Figure 4 shows the results of the XMCD measurements performed in the two CoPt3
thin film alloys under study. For each sample, the incident angle, γ , the angle between
the direction of the incident X-rays (the direction of the applied magnetic field in
a collinear experimental set-up) and the normal to the surface (the [111] crystallo-
graphic direction) (Fig. 2) was varied from 0 to 60◦. For the thin film grown at 690 K,
we observed a strong variation in the integrated XMCD signal (leading to angular
dependence of the orbital magnetic moment (Eq. 11)) when the spin magnetic mo-
ments are forced out of the [111] direction by the applied magnetic field. As outlined
in Section 3.2, such anisotropy in the orbital magnetic moment indicates that the thin
film grown at 690 K has strong MCA [27]. In contrast, only small angle-dependence
of the orbital magnetic moment was found in the thin film grown at 800 K.

Fig. 4. Integrated XMCD signal (corrected for
incomplete polarization of the X-rays) at the Co
L2,3 edges measured for different values of γ in
the two CoPt3 thin films (H = 4 T, T = 300 K).
Upper panel: thin film grown at 800 K (γ = 0◦,
solid line; γ = 60◦, dashed line). Lower panel:
thin film grown at 690 K (γ = 0◦, solid line; γ =
150◦, dots; γ = 450◦, short dashed line; γ = 60◦,
dashed line)
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As we shall demonstrate below, analysis based on the magnitude and anisotropy
of the orbital magnetic moment provides valuable insights into the understanding
of the microscopic origin of the MCA. Because cobalt is an hard ferromagnet, we
can safely assume that the easy axis of magnetization lies along the direction of
the maximum orbital magnetic moment (Eq. 8). In agreement with macroscopic
magnetization measurements, we found that the thin film grown at 690 K has a PMA
(Fig. 4). This result is also consistent with the difference in the structural properties.
As shown by Maret [43], the MBE process leads to the formation of preferential
Co-Pt pairs along the growth direction (the [111] direction) in the film grown at
690 K. We therefore expect that the out-of-plane 3d bandwidth will be larger than
the in-plane 3d bandwidth. (The Pt-5d electrons are strongly delocalized. Hence, we
realize that an anisotropic 5d/3d hybridization will cause a large difference in the
bandwidth for the in-plane and out-of-plane Co-3d orbitals.) As suggested by Stöhr
[7], this yields larger out-of-plane orbital magnetic moments and therefore a PMA.

Because the absorption coefficient cannot be measured at grazing incidence (Sec-
tion 3.3), it is difficult to determine directly the anisotropy of the orbital magnetic
moment (the difference between the values of the orbital magnetic moment mea-
sured along and perpendicular to the surface normal). We have, however, previously
emphasized that the angle-dependence of the orbital magnetic moment can be accu-
rately determined once the crystal symmetry is known. Because the structural order
effects are preferentially oriented along the growth direction, we can safety assume
that the film grown at 690 K has an uniaxial crystal symmetry. (The MCA in the (111)
plane is at least one order of magnitude smaller.) This gives (Eq. 14):

mγ

orb = R⊥ + (R‖ − R⊥) sin2 γ (23)

where R⊥ (R‖) denotes the value of the orbital magnetic moment measured along the
[111] direction (in the (111) plane), respectively (Fig. 5). Assuming that the number
of Co-3d holes is 2.25 [50], we can deduce from the application of the sum rules:

Fig. 5. Co-3d orbital magnetic moment (in units of ÌB/atom), measured in the (111) CoPt3
thin film grown at 690 K, as a function of the photon incident angle γ (H = 4 T, T = 300 K).
The solid curve is a fit assuming that the angular dependence of morb is given by Eq. (23)
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– the magnitude of the 3d orbital magnetic moment along the easy axis of magne-
tization (m3d,⊥

orb = 0.30 ± 0.02 ÌB per Co atom);
– the anisotropy of the 3d orbital magnetic moment (m3d,A

orb = m3d,⊥
orb − m3d,‖

orb =
0.13 ± 0.02 ÌB per Co atom; at the magic angle we have (Section 3.3.3) m3d,γ (∗)

orb =
m3d,I

orb = 0.21±0.02 ÌB per Co atom.). In comparison, the orbital magnetic moment
is almost isotropic in the film grown at 800 K (m3d,A

orb = 0.02±0.02 ÌB per Co atom)
(Because the alloy grown at 800 K has a L12-type crystal structure, the anisotropy
of morb has been estimated from the difference between the values obtained at
γ = 0 and 60◦.)

We now demonstrate that the enhancement of the 3d orbital magnetic moment
along the [111] direction in the film grown at 690 K (Table 1) does not all result from
enhancement of the 3d spin magnetic moment. Instead, such an enhancement would
result from:

– the hybridization between the Co-3d and Pt-5d orbitals; and
– crystal field effects (i. e. from local changes in the density of states). (In pertur-

bation theory, the orbital magnetic moment is proportional to
∑

ex〈ex |Hso|gr〉/
(Egr − Eex) (Eq. 7). Hence, the magnitude of the 3d orbital magnetic moment de-
pends on the symmetry of the electronic states located above and below the Fermi
level and their separation in energy. Enhancement of the spin and orbital magnetic
moments has the same origin (e. g. reduced dimensionality, tailored structures),
but the enhancement of morb is a priori not correlated with the enhancement of
mspin [51].)

Table 1. The results of the XMCD measurements performed at the Co L2,3 edges in the two
alloys under study

mA,3d
orb m⊥,3d

orb meffI,3d
spin meffA,3d

spin

Tg = 690 K 0.13 ± 0.02 0.30 ± 0.02 1.44 ± 0.10 0.20 ± 0.05
Tg = 800 K −0.02 ± 0.02 0.15 ± 0.02 1.60 ± 0.10 ∼0

mA,3d
orb is the difference between the orbital magnetic moment measured along and

perpendicular to the [111] direction (the normal to the surface), m⊥,3d
orb is the orbital

magnetic moment along the [111] direction, meffI,3d
spin is the spin magnetic moment,

and meffA,3d
spin is the anisotropic part of the effective spin magnetic moment. Values

are in ÌB/atom. Tg denotes the growth temperature.
Although the quantity determined from the spin-sum rule is an effective spin

magnetic moment (Eq. 12), we have shown previously (Section 3.3) that the spin
and dipole magnetic contributions can be obtained independently. Assuming uniaxial
symmetry, the angle-dependent spin-sum rule takes the form:

meff,γ
spin = λ + β sin2 γ = �

γ
exp (24)
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with λ = (mspin − 7Q∗
⊥), β = (21/2)Q∗

⊥, and Q∗
⊥ = 2Q∗

‖ (Section 3.3 ). (It is assumed
that the applied magnetic field is large enough to align the spin magnetic moment
along a nonprincipal crystallographic direction.) λ and β can be determined from
the angle-dependence of the spin magnetic moment itself (Fig. 6). We found a spin
magnetic moment of 1.44 ± 0.10 ÌB (per Co atom) and dipole magnetic moments of
−0.019±0.003 ÌB and 0.009±0.002 ÌB for the out-of-plane and in-plane orientations,
respectively. (At the magic angle we found meff,γ (∗)

spin = mspin = 1.42 ± 0.05 ÌB per
Co atom (Fig. 6).) Note that the magnetic dipole term can be safety neglected for
cubic symmetry [14,15]. Thus, for the film grown at 800 K with a L12-type long-range
chemical ordering, we have meff,γ

spin ∼ mspin = 1.60±0.10 ÌB (per Co atom). While the
orbital magnetic moment is enhanced by a factor of approximately 2 in the film grown
at 690 K (Table 1), there is no significant variation of the spin magnetic moment for
the two samples, which indicates that the spin magnetic moment, which is almost
saturated in Co-based systems is less sensitive to changes in atomic environment
[52].

We now demonstrate that the enhancement of the out-of-plane effective spin
magnetic moment in the film grown at 690 K is also well correlated with the local
atomic ordering. In 3d transition metals, the effective spin magnetic moment takes
the form (Eq. 4):

meff,α
spin = mspin − 7mα

dip = −2
∑

i

〈si 〉
[

1 + 7
2
〈Qiαα〉

]
(25)

where α denotes a principal crystallographic direction of the xyz Cartesian frame.
An XMCD measurement along two principal crystallographic directions (say x and
z) yields [7]:

Fig. 6. Co-3d effective spin magnetic moment (in units of ÌB/atom), measured in the (111)
CoPt3 thin film grown at 690 K, as a function of the photon incident angle γ (H = 4 T,
T = 300 K). The solid line is a fit assuming that the angular dependence of meff

spin is given by
Eq. (24)
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�k ‖ x : meff,x
spin = −2

{
3〈syz〉 + 2〈s3z2−r2〉} ≈ 5m⊥

spin (26)

�k ‖ z : meff,z
spin = −2

{
−〈s3z2−r2〉 + 3〈sxy〉 + 3〈sx2−y2〉

}
≈ 6m‖

spin − m⊥
spin (27)

where m⊥(‖)
spin denotes the spin magnetic moment per 3d out-of-plane (in-plane) or-

bital, respectively. For simplicity, we assume:

– that the z principal crystallographic direction lies along the surface normal; and
– that an electron in the d3z2−r2 , dxz , or dyz out-of-plane orbital has a spin magnetic

moment m⊥
spin. Eqs. (26) and (27) show that a decrease in the in-plane bandwidth

(i. e. the spin magnetic moment of the dx2−y2 and dxy states increases for nonsatu-
rated ferromagnets) causes enhancement of the effective spin magnetic moment
along the z direction. Because the hybridization between the Co-3d and Pt-5d
orbitals is strongly anisotropic in the film grown at 690 K, out-of-plane 3d orbitals
have a larger bonding. This yields meff,⊥

spin ≥ meff,‖
spin (m‖

dip ≥ m⊥
dip), as observed.

6.4.3 MCA in 3d/5d Systems

As mentioned in the previous section, the anisotropic hybridization between the Co-
3d and Pt-5d orbitals favors a PMA in the film grown at 690 K. Because the orbital
magnetic moment is almost identical for the two samples under study (Table 1), we
may consider that the combined role of the crystal field and the hybridization is
certainly to locate, below and above the Fermi level, relevant electronic states (with
dxy and dx2−y2 character) that tend to increase the out-of-plane orbital magnetic
moment (the PMA) in the film grown at 690 K (Eqs. 6 and 7) [53].

Because second-order perturbation theory states that the MCA is proportional to
the square of the spin–orbit interaction (Eqs. 7 and 8), it might be expected that the
5d electronic states themselves have an important role to play in the MCA of 3d/5d-
based systems. For Co/Pd multilayers, ab initio calculations provide evidence for a
strong decrease of the PMA when the 4d spin–orbit coupling is artificially neglected
[54]. Daalderop attributed this effect to the presence of 3d electronic states at the
Fermi level which have primarily dxy and dx2−y2 character and which are hybridized
with Pd-4d electronic states. These states make an important contribution to the
MCA, because they have, on average, a large spin–orbit coupling. If this theoretical
approach may improve the understanding of the PMA in epitaxial transition metal
alloys (the smaller MCA found in Co–Ag multilayers is attributed to greater filling of
the 3d band and weaker 3d/4d hybridization [54]) it is primarily concerned with the
analysis of the fine structure of the density of states. (In second-order perturbation
theory, the magnetocrystalline anisotropy energy scales inversely with the energy
separation of the di and d j states. Note that the 〈dxy |Hso|dx2−y2〉 and 〈dyz |Hso|dxz〉
matrix elements contribute to the out-of-plane magnetic moment and consequently
to the PMA (assuming that the isotropic orbital magnetic moment is constant).
Hence, theorists mainly concentrate on analyzing the symmetry of the electronic
states located above and below the Fermi level.) A simpler, and meaningful, approach
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is based on Bruno’s arguments: owing to their strong spin–orbit coupling (ξPt
so ≈ ξCo

so ),
the 5d (4d) electrons can acquire a sizeable anisotropic orbital polarization (once spin
polarization is induced by the 3d/5d hybridization) and might therefore represent a
significant contribution to the MCA. In a naive picture, the 3d electrons would play
a minor role in the MCA, acting as a “source of magnetism”, only [55].

6.4.4 XMCD at the Pt L2,3 Edges

Figure 7 shows the angular dependence of the XMCD signal recorded at the L2,3
edges of Pt in the alloy grown at 690 K. A decrease in the Pt-XMCD signal is clearly
visible when the 5d spin magnetic moments are forced out the surface normal by the
applied magnetic field. This variation should be attributed to a decrease of the 5d
orbital magnetic moment (Eq. 11). This result thus provides experimental proof for
the role played by the 5d electrons themselves in the appearance of a strong PMA.
Although the variation of the 5d orbital magnetic moment is weak (approximately
one order of magnitude smaller than the one measured at the L2,3 edges of Co –
Tables 1 and 2), it is substantially enhanced by the strong 5d spin–orbit coupling
(Eq. 8). We shall recall that there is no point in using Bruno’s relation for relativis-
tic electrons (Section 3.2.2). However, Bruno’s approach reflects the experimental
trends. For instance, the 5d orbital magnetic moment does not show any significant
variation in the film grown at 800 K.

As outlined previously, the orbital magnetic moment (the effective spin magnetic
moment) anisotropy mA

orb (meff,A
spin ) is determined from the angular dependence of the

ground state moments. This angular dependence is obtained from the 〈gr |Hso|ex〉
matrix elements and the crystal symmetry (Eq. 7) [40]. For relativistic electrons
(e. g. 5d electrons), some additional terms (e. g. sin4 γ terms for an uniaxial symme-

Fig. 7. The angular dependence of the XMCD signal at the L2,3 edges of Pt in the (111) CoPt3
thin film grown at 690 K. Solid line, γ = 10◦; dashed line, γ = 45◦. The XMCD signal is
corrected for the incomplete polarization of the X-rays
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Table 2. The Pt orbital and spin magnetic moments (in (B/atom) measured in the two studied
(111) CoPt3 thin films. The ratio m5d

orb/m5d
spin is also given for more accurate analysis. It is

assumed that the contribution of the magnetic dipole term to the effective spin magnetic
moment is negligible

CoPt3 (Tg = 690 K)

γ m5d
orb (±0.004) m5d

spin (±0.02) m5d
orb/m5d

spin (±0.02)

10 0.058 0.22 0.26
30 0.052 0.23 0.22
45 0.049 0.22 0.22
60 0.044 0.24 0.18

CoPt3 (Tg = 800 K)

γ m5d
orb (±0.005) m5d

spin (±0.03) m5d
orb/m5d

spin (±0.03)

30 0.053 0.23 0.23
80 0.057 0.24 0.24

try) could represent an important contribution. For this reason, it seems difficult to
determine accurately the magnitude of the in-plane 5d orbital magnetic moment.
Finally, we point out that the 5d dipole magnetic term is negligible. This assumption
is to some extent justified because of the finding of an isotropic 5d effective spin
magnetic moment, which should be attributed to the strong delocalization of the 5d
electrons [18].

6.4.5 Discussion

This partly analyzes of the role played by the 3d and 5d electrons in the appearance of
a strong PMA in transition metals thin films. In addition, the benefits and drawbacks
of a perturbation theory are briefly discussed.

6.4.5.1 3d Anisotropy

As mentioned in Section 4.2, the large anisotropy of the 3d orbital magnetic moment
found in a CoPt3 alloy grown at 690 K should be related to a difference in the Co–Pt
coordination numbers for the out-of-plane and in-plane orientations, respectively.
According to Bruno, this gives a strong MCA. This findings corroborate the ideas
developed by Mel [56] some fifty years ago, which suggested that modulation of
the chemical composition dramatically affects the MCA. Note, however, that Mel
does not discuss the sign of the anisotropy in his original paper. In contrast, Bruno’s
relation states that the easy axis of magnetization lies along the maximum orbital
magnetic moment for a hard ferromagnet (e. g. cobalt or nickel metal).

We recall that Bruno’s relationship is based on several drastic assumptions (Sec-
tion 3.2.2). The observed m A

orb values must, therefore, be scaled down to match the
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experimental macroscopic results (obtained from torque, ferromagnetic resonance,
or magnetization measurements).

6.4.5.2 5d Anisotropy

The element specificity of XMCD has provided new opportunities to understand
MCA. Assuming that MCA is related to both the spin–orbit coupling and the
anisotropy of the orbital magnetic moment, we have shown that the 5d electrons play
an important, if not crucial, role in PMA. This hypothesis is corroborated by: 1) the
enhancement of MCA with increasing the 5d orbital magnetic moment anisotropy;
and 2) the fact that MCA in Co/Au multilayers is small compared with that in Co/Pt
multilayers whereas Au-5d spin–orbit coupling is slightly larger [57]. Because noble
metals (Cu, Ag, and Au) alloyed with 3d elements have their d band almost filled,
their spin (orbital) polarization is almost negligible. In consequence, their strong
spin–orbit coupling interaction will play only a minor role in the MCA.

For the reasons discussed above, it is difficult to estimate the contribution of
the Pt-5d electrons to the MCA. In comparison, state-of-the art calculations do not
emphasize the physically relevant factors that govern the MCA and also overestimate
the phenomenological anisotropy constants.

6.5 Conclusion

In this chapter we have shown that XMCD, which is element- and orbital-sensitive, is
a valuable technique for investigating the microscopic origin of the MCA in transition
metal thin films. When the symmetry is reduced (either by anisotropy in the chemical
bonding or intrinsic structural anisotropy), the orbital magnetic moment has different
values for the in-plane and out-of plane orientations. As suggested theoretically
[27,56], this gives rise to a large MCA. Present achievements (e. g. spin re-orientation
at surfaces [58], element-specific anisotropy [59]) are remarkable, considering that
most of the work spans only the last five years and that the origin of the MCA has
been debated since the late thirties [25]. We do not need to stress that this research
field is still of great interest with relevant applications in magnetic and magneto-optic
information storage technology [60,61].

New experimental and theoretical developments [62] make the use of X-ray ab-
sorption spectroscopy a very promising tool for completing the gaps in our under-
standing of the MCA in reduced dimensionality artificial structures.
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[22] J. Stöhr, H. A. Padmore, S. Anders, T. Stammler, and M. R. Scheinfein. Surf. Rev. Lett.

1998, 5, 1297–308.
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7 Muon-spin Rotation Studies of Molecule-based Magnets

Stephen J. Blundell

7.1 Introduction

The crucial experiment to characterize the behavior of any organic or molecular
magnetic material is a measurement of the magnetization. Only when a material
shows some long-range ferromagnetic order, even if it is only a canted moment
superimposed upon an antiferromagnetic background, will the magnetization be
nonzero when there is no applied magnetic field. A magnetization experiment using
a conventional magnetometer is essentially a measurement of 〈M〉, the magnetic
moment per unit volume, averaged over the bulk of a sample. However this provides
no information about the magnetization at a local level. To be able to measure M(r)
at a particular atomic position r would give a new view of the magnetism from a local
level and would provide complementary information. To achieve this one would
need a probe which could pass unobtrusively into a sample, come to a complete rest
at an atomic position deep within it (not just at the surface where the sample quality
could be less good), record information about the local magnetic field, transmit
that information, and then disappear without a trace. It turns out that a radioactive
particle called a muon fulfills all of these conditions and can be used as just such a
probe.

The muon is a spin-1/2 particle which has a short lifetime of only 2.2 Ìs. The mass
of the muon is intermediate between that of the electron and the proton, and thus
so are its magnetic moment and gyromagnetic ratio. It comes in either charge state,
although it is the positive muon, Ì+, which is of particular use in experiments on
molecular magnets. As a small, positively charged particle, it is attracted by areas of
large electron density and stops in interstitial sites or bonds to organic molecules. By
contrast the negative muon, Ì−, implants close to an atomic nucleus and is generally
much less sensitive to magnetic properties. The muon is found in nature as the
dominant constituent of the cosmic rays arriving at sea-level. For research work
it is necessary to use the more intense beams of muons available at synchrotrons
and cyclotrons. It is important to realize that in sharp contrast to neutron and X-
ray techniques, scattering is not involved; muons are implanted into a sample of
interest and reside there for the rest of their short lives, never to emerge again. It
is the positrons into which they decay that are released from the sample and yield
information about the muons from which they came.

It turns out that this experimental technique, usually referred to as muon-spin ro-
tation (ÌSR), is extremely useful for studying various magnetic and superconducting
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systems (for reviews of the technique, see Refs. [1–6]. As will be described in more
detail below, this is because the frequency of the spin-precession of the implanted
muon (as measured by the time-dependence of the spatial asymmetry in the decay
positron emission) is directly related to the magnetic field at the muon site; hence
the muon can be used as a “microscopic magnetometer”. Muons have been found
to be effective probes of various types of condensed matter physics phenomena and
their use has been aided by the development of a number of accelerator facilities,
most notably TRIUMF (Vancouver), PSI (Villigen, near Zürich), ISIS (Rutherford
Appleton Laboratory, Oxfordshire, UK) and KEK (Tsukuba). The technique re-
quires the use of bulk samples because the incident muons are formed with energy
4 MeV and penetrate a few hundred micrometers into any sample. Even with the use
of degraders, surface studies have so far not been possible. However surface studies
may be performed in the future with the development of “slow muon” beams in
which the energy of the muon beam is reduced down to ∼1–10 eV. This is achieved
by either moderation in thin layers of rare gas solid [7] or by resonant ionization of
thermal muonium (Ì+e− produced from the surface of a hot tungsten foil placed in
a pulsed proton beam) by a pulsed laser source [8] although the efficiency of both of
these processes is currently rather low.

ÌSR has been extensively used in the study of various organic materials [9], includ-
ing conducting polymers [10–12] and organic superconductors [13,14]. The technique
has its most obvious application in the study of magnetic systems [4,15] and thus is
ideally suited to studies of molecular magnetism. As a general probe of magnetic
materials the muon can be very helpful because:

– it is a local probe of internal fields;
– it can be used to follow an order parameter as a function of temperature;
– it works very well at milli-Kelvin temperatures (the incident muons easily pass

through the dilution refrigerator windows);
– it provides information on antiferromagnets, spin-gap systems and spin glasses as

well as on ferromagnets;
– if there are a range of muon sites it can provide information about internal mag-

netic field distributions; and
– it provides information about magnetic fluctuations and spin dynamics, even

above the magnetic transition temperature.

The muon has been a particularly sensitive probe of the very weak magnetism
sometimes found in heavy fermion systems [16] and therefore is demonstrably suit-
able for studying low-moment magnetism. In the next section I will describe the
principles of the experimental technique and in the subsequent section I will review
recent ÌSR experiments on various organic and molecular magnetic systems.



7.2 The Principles of the Experimental Technique 237

7.2 The Principles of the Experimental Technique

At a number of locations in the world (see above), intense beams of muons are
prepared artificially for research in condensed matter physics. These beams are made
by colliding a high energy proton beam with a suitable target which produces pions.
The pions decay very quickly into muons; if one selects the muons arising from pions
which have stopped in the target, the muon beam emerges completely spin-polarized.

The muons can then be implanted into a sample but their energy is large, at least
4 MeV. After implantation they lose energy very quickly (in 0.1–1 ns) to a few keV
by ionization of atoms and scattering with electrons. A muon then begins to undergo
a series of successive electron capture and loss reactions which reduce the energy to
a few hundred eV in ca a picosecond. If muonium is ultimately formed then electron
capture ultimately wins and the last few eV are lost by inelastic collisions between
the muonium atom and the host atoms. All of these effects are very fast so that
the muon (or muonium) is thermalized very rapidly. Moreover the effects are all
Coulombic in origin and do not interact with the muon-spin so that the muon is
thermalized in matter without appreciable depolarization. This is a crucial feature
for muon-spin rotation experiments. One may be concerned that the muon may only
measure a region of sample which has been subjected to radiation damage by the
energetic incoming muon. This does not seem to be a problem because there is a
threshold energy for vacancy production, which means that only the initial part of
the muon path suffers much damage. Beyond this point of damage the muon still has
sufficient energy to propagate through the sample a further distance, thought to be ca
1 Ìm, leaving it well away from any induced vacancies [17]. The thickness of sample
needed to stop the muons can be predicted from a range curve, the exact form of
which depends on the sample material but as a first approximation the position of the
peak of the range curve depends only on the density of the material and the muon
momentum. This peak range is ca 110 mg cm2 for the muon beam-lines at ISIS (this
corresponds to 1 mm of water, or a few hundred microns of typical metals). Samples
should be thicker than the calculated range otherwise some extra material must be
placed in front of the sample to bring the peak of the range curve well inside the
sample. The peak of the range curve is, however, quite broad so that muons stop
in sample at significantly smaller and greater depths than the peak range. These
constraints make experiments on very small samples, such as those on BEDT-TTF
superconductors [13], particularly challenging though not impossible.

The muon decays with a mean lifetime of 2.2 Ìs as follows:

Ì+ → e+ + νe + ν̄µ

The decay involves the weak interaction, which does not conserve parity, and this
leads to a propensity for the emitted positron to emerge predominantly along the
direction of the muon-spin when it decayed. The angular distribution of emitted
positrons is shown in Fig. 1a for the most energetically emitted positrons. In fact
positrons over a range of energies are emitted so that the net effect is something not
quite as pronounced, but this phenomenon nevertheless enables one to follow the
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polarization of an ensemble of precessing muons with arbitrary accuracy, providing
one is willing to take data for long enough.

A schematic diagram of the experiment is shown in Fig. 1b. A muon, with its
polarization aligned antiparallel to its momentum, is implanted in a sample. (It is
antiparallel because of the way that it was formed, see above, so the muon enters the
sample with its spin pointing along the direction from which it came.) If the muon is
unlucky enough to decay immediately, it will not have time to precess and a positron
will be emitted preferentially into the backward detector. If it lives a little longer it
will have time to precess so that if it lives for half a revolution the resulting positron
will be preferentially emitted into the forward detector. Thus the positron beam
from an ensemble of precessing muons can be likened to the beam of light from a
lighthouse. The time evolution of the number of positrons detected in the forward
and backward detector is described by the functions NF(t) and NB(t) respectively
and these are shown in Fig. 1c. Because the muon decay is a radioactive process
these two terms sum to an exponential decay. Thus the time evolution of the muon
polarization can be obtained by examining the normalized difference of these two
functions via the asymmetry function A(t), given by:

A(t) = NB(t) − NF(t)

NB(t) + NF(t)
(1)

and is shown in Fig. 1d. This experimentally obtained asymmetry function has a
calculable maximum value, Amax, for a particular experimental configuration which
depends on the initial beam polarization (usually very close to 1), the intrinsic asym-
metry of the weak decay, and the efficiency of the detectors for positrons of different

Fig. 1. (a) The angular distribution of emitted positrons relative to the initial muon-spin
direction. The expected distribution for the most energetically emitted positrons is shown. (b)
Schematic illustration of a ÌSR experiment. A spin-polarized beam of muons is implanted in
a sample S. After decay, positrons are detected in either a forward detector F or a backward
detector B. If a transverse magnetic field, H , is applied to the sample as shown then the muons
will precess. (c) The number of positrons detected in the forward (dashed-line) and backward
(solid-line) detectors. The dotted line shows the average of the two signals. (d) The asymmetry
function
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energies, and usually turns out to be around Amax ∼ 0.25. The function can be
normalized to 1, in which case it expresses the spin autocorrelation function of the
muon, G(t) = A(t)/Amax, which represents the time-dependent spin polarization of
the ensemble of muons.

Fig. 2 shows a drawing of a muon spectrometer used at the ISIS pulsed muon
facility. Two banks of detectors are arranged on either side of the sample and the
grouped signals from each bank constitute the forward and backward detectors of
Fig. 1b. Each detector consists of a piece of scintillator light guide connected to a
photomultiplier tube. The spectrometer is equipped with a variety of possible sample
environments, including a furnace, a dilution refrigerator, a He4 cryostat and a closed
cycle refrigerator, with magnetic fields up to 0.2 T in the transverse or longitudinal
directions.

We will now recall the principles of Larmor precession. Consider a magnetic
moment m in a magnetic field B. The energy E of the magnetic moment is given
by E = −m · B, so that the energy is minimized when the magnetic moment lies
along the magnetic field. There will be a torque G on the magnetic moment given by
G = m × B, which will tend to turn the magnetic moment until it rotates around and
lies along the magnetic field. However, because the magnetic moment is associated
with the angular momentum L by the equation m = γ L where γ is the gyromagnetic
ratio, and because G = dL/dt , our expression for the torque can be rewritten as:

Fig. 2. The spectrometer on the MUSR beam-line at ISIS, the Rutherford Appleton Labora-
tory, Oxfordshire, UK. (Courtesy ISIS Pulsed Muon Facility.)
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dm
dt

= γ m × B (2)

which implies that |m| is time-independent, but that the direction of m precesses
around B. To see this more clearly, let us consider the case in which B is along the
z-direction and m is initially at an angle of θ to B and in the xz plane (see Fig. 3).
Then:

ṁx = γ Bmy

ṁy = −γ Bmx (3)

ṁz = 0

so that mz is constant with time and mx and my both oscillate. Solving the differential
equations leads to:

mx (t) = |m| sin θ cos(ωL t)

my(t) = |m| sin θ sin(ωL t) (4)

mz(t) = |m| cos θ

where

ωL = γ B (5)

is known as the Larmor precession frequency. Note that the gyromagnetic ratio γ

is the constant of proportionality which connects both the angular momentum with
the magnetic moment (through m = γ L) and the precession frequency with the
magnetic field (through Eq. 5).

Hence in a magnetic field B the muon-spin precesses with angular frequency ωµ

given by ωµ = γµB where γµ = ge/2mµ is the gyromagnetic ratio for the muon
and mµ and g are the muon mass and g-factor, respectively. The field-dependent
precession frequencies for the muon, electron and proton are shown in Fig. 4. The
highest frequencies are associated with the lightest particle, the electron, and the
lowest with the proton. Hence for usual laboratory magnetic fields ESR (electron-
spin resonance) is typically performed at microwave frequencies while NMR (nuclear
magnetic resonance) uses radio-frequencies. In both of these techniques resonance
occurs when the precession frequency matches the resonance frequency. Muon-spin
rotation (ÌSR) is associated with frequencies intermediate between NMR and ESR
but unlike those resonance techniques, no electromagnetic field is necessary since
the precessing muon can be followed directly. (Muon-spin resonance experiments

Fig. 3. A magnetic moment m in a magnetic field B precesses around the
magnetic field at the Larmor precession frequency, γ B. The magnetic field
B lies along the z-axis and the magnetic moment is initially in the xz-plane
at an angle θ to B. It precesses around a cone of semi-angle θ
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Fig. 4. The Larmor precession frequency, f , in
MHz (and the corresponding period τ = 1/ f )
for the electron, muon, and proton as a function
of applied magnetic field B

can however be performed [3,18] but a discussion of this is outside the scope of this
chapter.)

Very often magnetic fields are applied to the sample either perpendicular or par-
allel to the initial muon-spin direction. The perpendicular (or transverse) case causes
the muon to precess in the applied magnetic field and any dephasing in the observed
oscillations is evidence for either an inhomogeneous internal field distribution or
spin–spin (T2 in the language of NMR) relaxation. The parallel (or longitudinal) case
does not lead to spin precession, but spin relaxation. This can be because of inho-
mogeneous field distributions or spin–lattice (T1) relaxation processes. In magnetic
systems the experiment can be performed in zero applied magnetic field because the
muons will then precess in the internal field of the magnet. This will also be the case
in antiferromagnets because the muons measure a local dipolar field [19], not the
net magnetization.

Muon experiments can be performed in two different ways depending on the time
structure of the muon beam. If the muon beam is continuous (CW, or continuous
wave), then muons arrive at the sample intermittently. When the muon enters the
experiment it must itself be detected to start a clock. When the positron is detected
in either the forward or backward detectors, the clock is stopped. If a second muon
arrives before the first one has decayed then one has no way of knowing whether
a subsequently emitted positron came from the first or second muon, so this event
must be disregarded. Sophisticated high-speed electronics and a low incident muon
arrival rate are needed. Alternatively one can use an electrostatic deflector triggered
by the detectors to ensure no muons enter the experiment until the current implanted
muon decays.

These complications are circumvented with a pulsed muon beam. In this case a
large number of muons arrives in a very intense pulse so there is no need to detect
when each muon arrives. The detection of positrons is then made and each event
is timed with respect to the arrival of the pulse. A typical data-set contains several
million detected positrons so that an appreciable number of muons (the fraction is
given by e−20/2.2 ∼ 0.01%) live for 20 Ìs or longer. Long-lived muons are difficult
to measure with CW beams; the arrival of the next muon tends to interrupt the first
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muon which has outstayed its welcome. Nevertheless the long-lived muons can be
accurately detected at a pulsed source. Unfortunately this method also suffers from
a drawback which is that the muon pulse has a finite width, τw, which results in a
slight ambiguity in all of the timing measurements and leads to an upper limit on
precession frequencies which can be measured. CW muon beams are operated at
the Paul Scherrer Institute in Switzerland and at TRIUMF in Canada. Pulsed muon
beams are used at KEK in Japan and at ISIS (the spallation source at the Rutherford
Appleton Laboratory) in the UK.

To understand the ability of the muon to study randomness and dynamics in
magnetism it is helpful to consider further some aspects of spin precession. If the local
magnetic field at the muon-site is at an angle of θ to the initial muon spin-direction
at the moment of implantation, the muon-spin will subsequently precess around the
end of a cone of semi-angle θ about the magnetic field (Fig. 3). We now require our
coordinates to be rotated so that we measure directions with respect to the initial
muon-spin direction. Hence by using Eq. (3) and rotating the coordinates by an angle
θ it is straightforward to show that the normalized decay positron asymmetry will be
given by:

G(t) = cos2 θ + sin2 cos(γµ BT ) (6)

If the direction of the local magnetic field is entirely random then averaging over
all directions would yield:

G(t) = 1
3

+ 2
3

cos(γµ Bt) (7)

If the strength of the local magnetic field is taken from a Gaussian distribution
of width �/γµ centered around zero, then a straightforward averaging over this
distribution gives:

G(t) = 1
3

+ 2
3

e−�2t2/2(1 − �2t2) (8)

a result which was first obtained by Kubo and Toyabe [20]. This relaxation function
is illustrated in Fig. 5a and is a weighted sum of oscillatory terms, each following
Eq. (7) but with a different value of the internal field B. Initially all of the contribu-
tions behave similarly (i. e. they all fall from 1 to a minimum value and then increase)
but after a short time they dephase with respect to each other. Hence their average,
the Kubo–Toyabe relaxation function, would be expected to fall from unity to a mini-
mum and then recover to an average value, in this case to one-third. If the form of the
distribution of internal fields was different this would affect the form of the observed
muon-spin time evolution. For example, in a material with a spin-density wave which
is incommensurate with the crystal lattice, there will be a sinusoidal modulation of
the internal field which the muons will randomly sample. In this case one finds that
the muon-spin relaxation follows a Bessel function [16,21]. Such an effect has been
observed in chromium [21] and also in an organic system, (TMTSF)2PF6, which has
a spin-density wave ground state [22].
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Fig. 5. (a) The time evolution of the muon-spin
polarization according to the Kubo–Toyabe rela-
xation function (Eq. 8) with its characteristic dip
and recovery to a value of 1/3. (b) The effect of a
longitudinal magnetic field BL. The time is mea-
sured in units of �−1 and the longitudinal field
values shown are in units of �/γµ

If there is an almost uniform static internal field in the sample, but there is a
slight variation from site to site, different muons will precess at slightly different
frequencies and become progressively dephased so that the oscillations in the data
will be damped. If the field varies a great deal the damping could be so large that no
oscillations can be observed. This effect could, however, also be caused by fluctua-
tions either of the internal field, because of some intrinsic property of the sample,
of the muon’s position, or because of muon diffusion. One method of distinguishing
between these possibilities is to apply a magnetic field in the longitudinal direction,
parallel to the initial muon-spin direction. For example, this modifies the Kubo–
Toyabe relaxation function as shown in Fig. 5b, causing the “1/3-tail” to increase,
because in this case the muons precess in both the internal field and the applied field.
Since the magnetic field BL is applied along the initial muon-spin direction then in
the limit of large BL the muon-spin is held constant and does not relax from a value
near unity. This technique is useful to distinguish the effects of inhomogeneous line
broadening (a distribution of static internal fields as considered above) and fluctu-
ations because the two have very different types of behavior in a longitudinal field
[23].

The effects of muon hopping on the relaxation are shown in Fig. 6. The differ-
ent traces are for different hopping rates ν. When ν = 0 we recover the zero-field
Kubo–Toyabe curve of Eq. (8). For fast hopping the relaxation of the muon-spin
becomes dominated by the hopping process and the relaxation is exponential. The
relaxation rate goes down as the dynamics get faster. This effect is known as mo-
tional narrowing because it is essentially identical to the effect of the same name in
NMR spectroscopy. Motional effects narrow NMR linewidths which are measured
in the frequency domain; consequently in the time domain (in which data from ÌSR
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Fig. 6. The relaxation function for a
muon hopping at rate ν. After each
hop the value of the internal field is
taken from a Gaussian distribution
about zero with width �/γµ. The curve
for ν = 0 corresponds to the zero-field
Kubo–Toyabe relaxation function of
Eq. (8)

experiments are usually considered) this corresponds to a motional widening and a
reduction in relaxation. For slow hopping, very little effect is observed at very short
times but a large sensitivity to weak hopping is observed in the 1/3-tail which is ob-
served at longer times. This sensitivity to slow dynamics via the behavior of the tail
of the relaxation function observed at long times enables measurement of dynamics
over a very large range of time-scale. If a longitudinal magnetic field is applied it
has a large effect on the muon relaxation if the dynamics are weak but much less
of an effect if the dynamics are fast. Thus by a careful combination of zero-field
and longitudinal-field experiments the nature of the internal field distribution can
be extracted. Muon hopping (also known as muon diffusion) is observed in many
inorganic systems at high temperatures. Other types of dynamics (in which the muon
may be at rest but its environment fluctuates) can be treated in similar ways.

An interesting case where the need to understand dynamics is of crucial impor-
tance is that of the dilute alloy spin glass prepared by dissolving small concentrations
of Mn in a Cu matrix. In this system dilute magnetic impurities couple via an RKKY
exchange interaction which alternates in sign as a function of distance. Because the
magnetic impurities are present at random, these materials cannot show long-range
order but have built-in frustration. When cooled one observes a slowing down of spin
fluctuations and a divergence in the correlation time between Mn spin fluctuations
at the spin glass temperature. Below this temperature a static component of the local
field is observed with muons, corresponding to some degree of spin freezing, with
each Mn spin having its own preferred orientation, although fluctuating around this
[24]. Above the spin glass temperature muon-spin relaxation measurements have
been used to follow the spin glass dynamics and to extract directly the form of the
autocorrelation function of the spins [25,26].

Depending on its chemical environment, the muon can thermalize and pick up an
electron and form a neutral atomic state called muonium (abbreviated Mu = Ì+e−)
which is an analog of atomic hydrogen. In muonium the electronic spin and the
muon-spin are coupled by a hyperfine interaction which we will initially assume is
isotropic. This leads to two energy levels, a lower triplet state and a higher singlet
state. Muonium states can be formed in many chemical systems and these enable
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a unique form of radical spectroscopy [27]. Muonium adds to unsaturated bonds
to form muonated free radicals. For example, addition to benzene (C6H6) leads
to the muonated cyclohexadienyl radical (C6H6Mu). The advantage here is that
one can work with concentrations down to just one muonated radical at a time
in an entire sample. In contrast ESR detection needs ∼1012 radicals in a cavity,
forbidding measurements at high temperatures where the radicals become mobile
and terminate by combination. The technique has been applied to radicals in different
environments [27] including those absorbed on surfaces [28]. The muonium can
always be studied by measuring precession signals in an applied magnetic field, or
by using a technique known as repolarization. In this latter method a longitudinal
magnetic field is applied to the sample, along the initial muon-spin direction, and
as the strength of the magnetic field increases, the muon and electron spins are
progressively decoupled from the hyperfine field. For isotropic muonium, half of the
initial polarization of implanted muons is lost because of the hyperfine coupling,
but this is recovered in a sufficiently large applied field, enabling estimation of the
strength of the hyperfine field. If the hyperfine coupling is anisotropic, this affects
the form of the repolarization curve, enabling further information to be extracted
[29].

An extreme case where the muon plays a strongly active role is found in conduct-
ing polymers [11]. The reaction between muonium and trans-polyacetylene [30,31]
produces a diamagnetic, neutral muon defect and a highly mobile unpaired spin.
This soliton diffuses up and down the chain but cannot cross the muon defect which
acts as a barrier. Every time the soliton briefly revisits the muon, the muon-electron
hyperfine coupling is turned on and then off, so that successive visits progressively
relax the muon polarization. Measurement of the field-dependence of this relax-
ation yields the spectral density function associated with the defect random walk
and can be used to infer the dimensionality of the soliton diffusion [12]. This oc-
curs because the relaxation rate is connected with the noise power, J (ωµ), in the
fluctuating magnetic field at the muon Larmor frequency, ωµ, associated with that
particular magnetic field. Sweeping the magnetic field enables extraction of the fre-
quency distribution of the fluctuations. In other polymers, such as polyaniline, the
muon-induced defect is a negatively charged polaron. Muons are uniquely sensitive
to the motion of this defect in undoped materials [10] and in contrast to transport
studies, which are inevitably dominated by the slowest component of the transport
process, can provide information on the intrinsic transport processes governing the
mobility of an electronic excitation along a chain.

The muon technique is sensitive to spin dynamics, and this can be formalized by
expressing the connection with the response function S(q, ω) which is measured in
neutron scattering through the differential cross-section. This can be expressed, via
the fluctuation-dissipation theorem, as:

S(q, ω) = kB T

π
χ(q)

�(q)

ω2 + �(q)2 (9)

where χ(q) and �(q) are the wave-vector dependent susceptibility and inverse life-
time, respectively, for excitations with wave vector q. The measured longitudinal
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relaxation rate is proportional to a sum over all modes q of the response function
(because one is using a point probe) and because one is usually dealing with the
low-frequency limit (ω � �):

1
T1

∝ kB T
∑

q

χ(q)

�(q)
(10)

This expression is useful in understanding both critical and paramagnetic relax-
ation [4,5,32]. We simply note here that for uncorrelated fluctuations (where γ and χ

have no q-dependence and χ ∝ 1/T ) this leads to a temperature independent 1/T1.

7.3 Experimental Results

The field of molecular magnetism has recently produced many advances, surprises
and revolutions, not to mention a multitude of new families of materials with ex-
traordinary properties [33]. We now have fully organic magnets, containing only the
elements carbon, hydrogen, oxygen, and nitrogen (with sadly very low Curie temper-
atures) but also molecular magnets based on transition metal ions with much higher
transition temperatures, large coercivities and intriguing optical properties. In the
last seven or eight years, ÌSR has begun to be applied to this field and in this section
I will review the recent studies which have been made using muons.

7.3.1 Nitronyl Nitroxides

Many organic radicals exist which have unpaired spins, but few are stable enough
to be assembled into crystalline structures. Moreover, even when that is possible
aligning these spins ferromagnetically is usually impossible. Ferromagnets are rather
rare even among the elements and are exclusively found in the d- or f-block. Thus the
discovery of ferromagnetism, albeit at rather low temperatures, in certain nitronyl
nitroxide molecular crystals was particularly remarkable. The first material of this
sort to be found was para-nitrophenyl nitronyl nitroxide (p-NPNN) which showed
ferromagnetism up to TC ∼ 0.65 K in one of its crystal phases only [34]. Nitronyl
nitroxides contain only the elements C, H, N, and O and are therefore fully organic.
On each nitronyl nitroxide molecule there is an unpaired spin associated with the two
N–O groups. Small chemical changes to the rest of the molecule lead to significant
changes in crystal structure, thereby altering the intermolecular overlaps and thus
the magnetic interactions between unpaired spins on neighboring molecules. Thus,
different compounds have very different magnetic ground states. Muon studies of
this and related materials began soon after the initial discovery [35–39].

Following muon implantation it is thought that muonium (Mu = Ì+e−), with
a single electronic spin, attaches to a particular nitronyl nitroxide and combines
with the unpaired spin on the nitronyl nitroxide. As shown in Fig. 7, the resulting
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Fig. 7. Electronic spin states after muon implantation in a nitronyl nitroxide system. In each
case the (a) singlet, (b) doublet and (c) triplet states are surrounded by nearest neighbors
each with an unpaired spin. (a) and (c) are formed by Mu = Ì+e− addition. (b) is formed by
Ì+ addition. The muon spin is not shown in each case (after [38])

electronic spin-state of the muonated radical can be a singlet (S = 0, leading to a
diamagnetic state) or a triplet (S = 1, leading to a paramagnetic state) [38]. Both
states are found in experiments. In a diamagnetic state the muon-spin precesses at
a frequency νµ = γµ B = 0.1355 MHz/mT × B so the frequency of the precession
signal directly yields the local field B at the muon-site. (γµ is the muon gyromagnetic
ratio.) In a paramagnetic state the muon-spin precesses at very high frequency in
the hyperfine field and the presence of this state can be detected via a loss of muon
polarization at t = 0.

In Fig. 8 the time evolution of the muon polarization in polycrystalline p-NPNN
is plotted as a function of temperature [38]. This is an example of an experiment with
zero applied magnetic field (in fact a small magnetic field was applied to compensate
the effect of the Earth’s field). At ∼0.67 K there is a clear change between the
high-temperature paramagnetic state, in which there are no oscillations, and the low
temperature ordered state, in which clear oscillations can be seen. As the sample
is warmed, the frequency of oscillations decreases as the internal field decreases
until it is above the Curie temperature and no oscillations can be observed, only a
weak spin relaxation arising from spin fluctuations. The temperature dependence
of the precession frequency (νµ(T )) of these oscillations is shown in Fig. 9 together
with the calculated local internal field. This is fitted to a functional form νµ(T ) =
(1 − (T/TC)α)β yielding α = 1.7 ± 0.4 and β = 0.36 ± 0.05. This is consistent with
three-dimensional long range magnetic order. Near TC the critical exponent is as
expected for a three-dimensional Heisenberg model (one expects β ≈ 0.36 in this

Fig. 8. Zero-field muon spin rotation fre-
quency in the organic ferromagnet p-NPNN
[38]. The data for different temperatures are
offset vertically for clarity
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Fig. 9. Temperature-dependence of the zero-field muon spin rotation frequency in p-NPNN,
3-QNNN, and p-PYNN [37–39]. The fitted curve for p-NPNN is as described in the text. For
3-QNNN and p-PYNN the fitted curve assumes a mean-field dependence. The molecular
structure of each compound is also shown

case). At low temperatures the reduction in local field is consistent with a Bloch-T 3/2

law, indicative of three-dimensional spin waves [38].
Although for p-NPNN the magnetic properties had been first determined by use

of conventional magnetic measurements [34], the ease of combining ÌSR with very
low temperatures led to ordered states being discovered using muons. In 3-quinolyl
nitronyl nitroxide (3-QNNN) ÌSR oscillations have been observed below 210 mK
and a lower local field at the muon site. The reduced local field is consistent with a
canted magnetic structure [35,39,40]. The crystal structure of para-pyridyl nitronyl
nitroxide, p-PYNN, is very different and consists of one-dimensional chains in which
molecules are arranged side-by-side and head-to-tail [37]. This favors ferromagnetic
interactions along the chain but the inter-chain interactions are thought to be an-
tiferromagnetic. Weak ÌSR oscillations below ∼90 mK are observed superimposed
on a large background [37], reflecting this more complicated magnetic structure. The
temperature dependence of the precession frequencies of these three compounds
together with their molecular structures are shown in Fig. 9.

The dependence of the magnetic ground state on the molecular shape is well
illustrated by the chemical isomers 1-NAPNN and 2-NAPNN (NAPNN is naph-
thyl nitronyl nitroxide) whose different molecular shapes leads to different crystal
packing and consequently different magnetic properties and hence ÌSR behavior
[41] (1-NAPNN has a magnetic transition, 2-NAPNN does not). For the isomers
2-HOPNN and 4-HOPNN (HOPNN is hydroxyphenyl nitronyl nitroxide), the for-
mer give oscillatory ÌSR data characteristic of three-dimensional ordering below
∼0.5 K but the latter has only low frequency oscillations below ∼0.7 K with evidence
of a dimensional magnetic crossover at 0.1 K [42]. A magnetic transition has also
been found in p-CNPNN (CNPNN is cyanophenyl nitronyl nitroxide, see [43]). The
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overlaps in all these materials which favor ferromagnetism seem to agree with the
McConnell mechanism – as a result of spin-polarization effects, positive and negative
spin-density can exist on different parts of each molecule; intermolecular exchange
interactions tend to be antiferromagnetic, so if the dominant overlaps are between
positive (majority) spin-density on one molecule and negative (minority) spin density
on another molecule, the overall intermolecular interaction can be ferromagnetic.
Although the mechanism for ferromagnetism is electronic, the low values of TC imply
that the dipolar interactions will play an additional role in contributing to the precise
value of TC and determining the easy magnetization axis. This also depends on the
crystal structure which in turn depends on the molecular shape [44,45]. Calculations
of the muon-site can be performed for nitronyl nitroxide systems although these
tend to produce a range of possible sites [46].

7.3.2 Other Molecular Magnets

A variety of other organic magnetic materials exists and has been studied by use
of ÌSR, but the nitronyl nitroxides remain to date the main source of purely or-
ganic bulk ferromagnets (recently magnets based on TEMPO radicals have been
discovered and a ÌSR study has been reported [47]). Tanol suberate is a biradical
with formula (C13H23O2NO)2. The susceptibility follows a Curie–Weiss law with a
positive Curie temperature (+0.7 K) The specific heat has a λ anomaly [48] at 0.38 K
and is found to be an antiferromagnet, but in a field of 6 mT undergoes a metamag-
netic transition [49,50]. ÌSR experiments yield clear spin precession oscillations [51]
(Fig. 10). The temperature-dependence of the precession frequency follows an equa-
tion νµ(T ) = νµ(0)(1 − T/TC)β , where β = 0.22. This critical exponent is consistent
with a two-dimensional XY magnet [52] and also with the temperature dependence
of the magnetic susceptibility [51]. The relaxation rate of the oscillations rises to a
maximum at the transition temperature and then falls dramatically.

The transition temperature of organic radicals with long range magnetic order
has been typically very low. This situation has changed recently with the discov-
ery of spontaneous magnetization below 35 K associated with noncollinear anti-
ferromagnetism in the β crystal phase of the dithia-diazolyl molecular radical p-
NC(C6F4)(CNSSN) [53]. Zero field ÌSR has been used to study the internal field in
this system [54]. Two distinct frequencies are resolved in the zero field muon spin
rotation signal; these have been assigned to muon states bonded at two different
sites on the CNSSN ring. The muon data show that the easy direction for the spin
structure is along the b axis. Muon spin relaxation below the transition follows the
power law expected for two-magnon scattering and also has a distinct anti-resonance
feature just below the magnetic transition; this has been assigned to an interaction
between magnons and low-frequency intermolecular phonons [54].

Some of the most technologically promising materials are molecular magnets in
which a transition metal ion provides the localized moment and organic bridges act
as exchange pathways. Progress has been achieved using materials with unpaired
electrons on both the metal ions and the organic molecules, as in (DMeFc)TCNE
[55] (where DMeFc = [Fe((CH3)5C5)2] is a donor and TCNE is an acceptor). This
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Fig. 10. ÌSR data measured on tanol
suberate, showing the temperature de-
pendence of the relaxation rate and fre-
quency of the muon-spin oscillations [51]

material has a chain structure but shows bulk ferromagnetic order below 4.8 K.
Muons have been used to measure the development of short-range spin correlations
above this temperature which are very slow in this quasi-1D material [56]. Molecular
magnets can also be made using the dicyanamide ligand; in particular Ni(N(CN)2)2
and Co(N(CN)2)2 have been prepared and show long-range ferromagnetic order
below 21 K and 9 K, respectively [57–59]. ÌSR experiments on these materials detect
the magnetic order by a loss of muon polarization below TC and have a highly
damped precession signal suggestive of a broad internal field distribution. Significant
spin relaxation is observed in the paramagnetic state, which persists well above
TC [60].

ÌSR can also be useful for studying gapped systems. One such organic example
is MEM(TCNQ)2 which undergoes a spin-Peierls (SP) transition at low tempera-
ture. This is an intrinsic lattice instability in spin-1/2 antiferromagnetic Heisenberg
chains. Above the transition temperature TSP, there is a uniform antiferromagnetic
next-neighbor exchange in each chain; below TSP there is an elastic distortion re-
sulting in dimerization and hence two, unequal, alternating exchange constants. The
alternating chain has an energy gap between the singlet ground state and the lowest
lying band of triplet excited states which closes up above TSP. ÌSR studies indicate
a slowing down of the electronic fluctuations resulting from the opening of a gap in
the magnetic excitation spectrum as the temperature is lowered below TSP [61,62].
At the very lowest temperatures the electronic spin fluctuations freeze out and the
muon-spin depolarization is dominated by persistent slow fluctuations which can be
ascribed to a defect-spin system [63]. The muon may not necessarily be regarded
merely as a passive probe in this case, because it seems that the muon-spin itself
playas a role in locally creating a spin defect by breaking a singlet pair. This could
give rise to the relaxation ascribed to defect spins and which is only revealed when
the other sources of relaxation have frozen out (Fig. 11) [63].
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Fig. 11. The low temperature relaxation rate
for MEM(TCNQ)2. This is used to extract
an energy gap equal to ∼17 K extrapolated
to zero temperature. At low temperatures,
the relaxation saturates to a constant value,
0.235 MHz, which is determined by the
(temperature-independent) defect spin
concentration (after [63])

An interesting muon-spin-relaxation study of the ground state of the two dimen-
sional S = 1 kagomé antiferromagnet [2-(3-N -methylpyridium)-4,4,5,5-tetramethyl-
4,5-dihydro-1H -imidazol-1-oxyl-3-N -oxide]BF4 (m-MPYNN.BF4) has also been re-
ported [64]. In this material there are magnetic layers containing the nitronyl nitrox-
ide cation allyl radical with S = 1/2. Two m-MPYNN molecules make a dimer state
via an intra-dimer ferromagnetic interaction 2J0. An implanted muon is expected to
make a hydrogen-bonding state with F− ions in this crystal [65]. Muon-spin depolar-
ization by a dynamically fluctuating component of an internal field was still observed
at 30 mK with no sign of a development of static magnetic order. It is suggested that
the fluctuating component is caused by an intra-dimer ferromagnetic interaction
of 2J0/kB = 23.3 K between radicals. The absence of clear long-range static mag-
netic ordering of the dimer spins suggests that the ground state of m-MPYNN.BF4
is indeed nonmagnetic [64].

7.3.3 Organic Salts

A variety of charge-transfer salts of the organic molecules TMTSF and BEDT-TTF
are found to be very good metals and some have interesting magnetic properties. The
properties of these salts can be chemically tuned by small variations of the anion (for
example (BEDT-TTF)2NH4Hg(SCN)4 is a superconductor with TC = 1 K whereas
the isostructural (BEDT-TTF)2KHg(SCN)4 is not). In several of these metallic
charge-transfer salts it is found that there is a competition between a spin-density
wave (SDW) ground state and a superconducting ground state. Thus the SDW state
is of great interest to study, because its presence precludes superconductivity. If the
muon occupies one site per unit cell and the SDW is commensurate with the crys-
tal lattice, several distinct muon-spin precession frequencies would be expected to
be measured. If the SDW is incommensurate, a Bessel function relaxation [22] is
predicted if the field at the muon site varies sinusoidally; this is easily recognized,
because the maxima and minima seem shifted by a π/4 phase. The SDW state in
(TMTSF)2X, where X = PF6, NO3, or ClO4, has been detected by use of ÌSR; the
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amplitude is similar for all three compounds [22]. The observed oscillations are con-
sistent with an incommensurate SDW. In (BEDT-TTF)2KHg(SCN)4 a very weak
SDW (of estimated amplitude 3 × 10−3 ÌB) has been detected [66] below 12 K. Too
small to be seen by NMR, this SDW state was suspected on the basis of susceptibil-
ity and Fermi surface experiments, but appeared in ÌSR data as a small change in
zero-field spin relaxation.

High-conductivity molecular metals can be made from Cu salts of R1,R2-DCNQI,
a flat molecule with large electron-affinity (a good acceptor). The salts consist of face
to face stacks of R1,R2-DCNQI molecules next to chains of Cu ions. By changing the
groups R1 and R2, by applying pressure or by selective deuteration, large changes
in the electrical and magnetic properties can be induced, including metal–insulator
transitions and charge and spin ordering. A zero-field muon spin-precession signal
has been observed in a salt with R1 = CD3, R2 = D below 7 K associated with 3D
magnetic ordering of the Cu spins [67]. Enhancement of the muon-spin relaxation
rate is observed near and below the metal-insulator transition at 80 K, reflecting the
localization of spins along the Cu columns (in which a threefold-sequence Cu2+,
Cu+, Cu+ develops below the transition with a full spin only on every third Cu). The
muon-site in this material has been determined by use of quadrupolar level crossing
resonances between the muon and the imine nitrogen [67,68].

Another initially promising candidate for high-temperature organic magnetism
is a electron-transfer salt comprising the organic donor TDAE and C60 [69]. The
resulting material, TDAE-C60, is electrically conducting and has a ferromagnetic-
like transition at 16.1 K. It is, however, not metallic [70] and a ÌSR experiment [71]
shows a broad distribution of internal fields at the muon site which could be consistent
with incommensurate magnetic order resulting from density-wave formation.

The problem of understanding how muons stop in fullerenes is itself fascinating.
In the case of pure C60, muonium can implant inside the buckyball cage (this state
is called endohedral muonium). The unpaired electron part of the muonium greatly
enhances the sensitivity to scattering from conduction electrons so that this state is
extremely useful for studying alkali-fulleride superconductors [72]. It is also possible
to form a muonium radical by external addition, essentially muonium attacking the
outside of a buckyball, breaking a double bond and ending up covalently bonded to a
single saturated carbon atom. This center is very sensitive to the molecular dynamics
of the local environment and has been used to extract the correlation time for mole-
cular reorientation [73]. In metallic samples the muon’s positive charge is screened
by conduction electrons which form a cloud around the muon, of size given by a
Bohr radius. Thus Ì+, rather than muonium, is the appropriate particle to consider
in a metal. (The endohedral muonium found in alkali fulleride superconductors is
the only known example of a muonium state in a metal.) In insulators and semicon-
ductors screening cannot occur so that the muon is often observed in these systems
either as muonium or is found to be chemically bound to one of the constituents,
particularly to oxygen if it is present. Isotropic muonium states are found in many
semiconducting and insulating systems. The value of the hyperfine coupling strength
is close to that for vacuum (free) muonium if the band gap is large. For materials with
smaller band gap the hyperfine coupling is lower reflecting the greater delocalization
of the electron spin density on to neighboring atoms [1].
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7.3.4 Nanomagnets

Large magnetic molecules have recently been employed in studies of mesoscopic
magnetism which attempt to bridge the gap between the microscopic world of
quantum-mechanical atomic magnets and the macroscopic world of classical mag-
nets [74]. This field has grown rapidly, because of interest in phenomena such as
macroscopic quantum tunneling of magnetization [75]. One system which has been
much studied is the molecule [Mn12O12(CH3COO)16(H2O)4], Mn12O12 acetate for
short, which contains a cluster of 12 Mn ions, four inner Mn4+ are parallel to each
other (yielding a spin of 4 × 3/2 = 6) and the remaining eight Mn3+ ions are also
parallel (yielding a spin of 8×2 = 16) with the two groups antiparallel (thus the next
spin is S = 10). An S = 10 cluster has 21 energy levels and ÌSR and proton NMR
have been used to study the interplay between thermal fluctuations and tunneling
between different states [76,77]. These clusters provide attractive and well-defined
model systems for testing theories of relaxation and dynamics. The ÌSR experiments
described above are, therefore, likely to be extended to the many other magnetic
molecular clusters which have recently been discovered. Superparamagnetism has
already been effectively studied using muons in inorganic systems [78] and an exten-
sion of this technique to organic materials would be quite natural.

7.4 Conclusions

Though a relatively new technique, ÌSR has already been found to be a useful ad-
dition to the armory of experimental probes available to physicists and chemists
interested in organic and molecular systems. Unlike most neutron methods, ÌSR
experiments do not require samples to be deuterated, and, because organic mate-
rials usually contain much hydrogen, this is an obvious advantage. Muons detect
impurities only as a relative volume fraction, so one is not as easily fooled into be-
lieving the magnetism of a nonmagnetic sample with a magnetic impurity as would
be the case when performing a bulk susceptibility measurement. ÌSR is therefore an
ideal complement to traditional magnetic measurements. Although the technique
requires the use of some large-scale, expensive, apparatus, muon beam-lines can be
cheaply added on to accelerators designed to produce neutrons with no extra de-
mands on the original accelerator. Such facilities are available for user access and
scientists working in this field can therefore make good use of them. Determining
the muon-site remains a complication that can sometimes hinder straightforward
interpretation of the data, but with the increasing experience being gained in many
types of sample together with the use of simulations of muon-sites, many of these
difficulties can be circumvented. Thus as the field of molecular magnetism continues
to grow, the muon technique looks likely to continue to grow with it.

My own work in ÌSR over several years, some of which is described above, is
supported by the EPSRC, UK. It is a pleasure to acknowledge the collaboration
of Rob Bewley, Kim Chow, Bill Hayes, Anke Husmann, Thomas Jestädt, Brendon
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Tadashi Sugano, and Renela Valladares and the assistance and support of the staff
of the ISIS Pulsed Muon Facility and the Paul Scherrer Institute Muon Group.
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8 Photomagnetic Properties of Some Inorganic Solids

François Varret, Marc Nogues, and Antoine Goujon

8.1 Introduction

Photomagnetism is a fascinating field which covers all changes in magnetic properties
induced by the application of light [1,2]: photoelectrons in semiconductors, optical
electron transfers in insulators, photo-induced defects and excitons of short lifetime,
photoexcited states of long lifetime. Both irreversible and reversible effects can be
observed. The first examples were provided by insulators, Si4+ doped YIG [3–5],
spinels and ferrites [6–8], aluminosilicate glasses [9] and amorphous materials [10]
. . . , as well as magnetic and semimagnetic semiconductors [11–13].

Some of these systems contain structural disorder and exhibit subtle aging effects,
with kinetics sensitive to the presence of light. The so-called “magnetic after effect”
(MAE), which consists in a slow variation of the magnetization after the system has
been submitted to a rapid change of magnetic field or temperature, has its kinetics
changed transiently or permanently by the presence of light. We describe here the
first example of photo-stimulated MAE in an inorganic solid, Cs0.83Cr2.10(CN)6,
3.9H2O [14]. The effect is reversible, i. e. only transient, and we shall focus on the
novel access, by optical means, to the aging properties of the disordered system.

Further promising effects appeared with the discovery of the light-induced excited
spin state trapping (LIESST) in spin crossover systems [15,16]. The major aspects
of LIESST are described by P. Gütlich in the future volume. Using different wave-
lengths, the low spin/high spin (LS/HS) transformation was shown to be reversible
[16], an appealing property for optical information storage. Accordingly, the system
was denoted “photo-switchable”. See also [17,18] for review papers and applications.
The long lifetime of the photoexcited state is ensured by the energy barrier associ-
ated with the structural relaxation involved in the spin state change. As a matter of
fact, the working temperature of photo-controlled devices based on spin crossover
materials does not seem to exceed ∼70 to 80 K. A more severe drawback is the low
efficiency of the photoexcitation process: up to recently, it was admitted that one
photon might switch no more than a single spin-crossover molecule. Presently, ef-
forts are under way in several groups in order to produce multi-site photoexcitation
processes, since recent experiments obtained the first evidence for these collective
effects, either in a binuclear solid [19], or using an intense pulse of laser light [20]. The
collective photoexcitation process, or “photo-induced phase transition” (PIPT) was
introduced as the “Domino effect”, for a neutral to ionic transition [21]. Such a col-
lective photoexcitation, although actively researched in the field of photomagnetism,
does not appear in the examples reported here.
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The magnetic properties of the spin-crossover systems are those of paramagnets,
eventually diamagnets in the FeII low-spin state, and usually photoexcitation does
not result in spectacular changes in the magnetic properties: the value of the effective
magnetic moment somewhat increases following the LS → HS conversion. Appli-
cation of a magnetic field during illumination does not seem (to our knowledge) to
affect the photoexcitation process, presumably because the magnetic energy is ex-
tremely small compared to the photon energy. Some interesting effects, however, are
obtained in binuclear solids, since a HS–HS molecule which involves an antiferro-
magnetic interaction exhibits a magnetization smaller than a HS–LS molecule. This
was the criterion for deciding that photoexcitation proceeds by pairs in the binuclear
system reported elsewhere [19]. We shall describe here the spin crossover systems
with the purpose of illustrating some general features of photoexcitation in inor-
ganic systems, because they are the most documented photo-switchable inorganic
systems, and they are both thermochromic, photochromic and piezochromic, because
of the structural relaxation which follows the optical electron transfer [15,16]. These
properties provide various ways for investigating the photoexcitation effects.

Further examples of photo-switchable systems are also provided by inorganic
solids involving a spin crossover. However, in principle, other mechanisms might
provide the energy barrier needed to ensure long-lifetime photoexcited states. For
example photoisomerizable ligands, such as styrene, should be suitable; however the
design of 3D solids liable to accept the geometrical changes due to the conformational
isomerization seems to be a real challenge. The first results of this research came
from the Orsay Group [22], who succeeded in synthesizing a solid where the spin-
crossover is triggered by ligand photoisomerization. Also, photomagnetic properties
have been reported for the Ni-nitroprusside system [23], but does not seem to be
consistent with the structural [24] and Mössbauer [25] data of the related compound
Na-nitroprusside, so we think the problem remains open.

The recent examples of photomagnetic inorganic solids involving a spin crossover
are those of the Prussian Blue (PB) analog, Cobalt hexacyanoferrate CoFe(CN)6
[26–29] and of the valence tautomeric system Co-semiquinone (Co-sq) [30]. Both
involve an interatomic optical electron transfer, associated with a spin change of the
photo-induced CoII state, from LS (S = 1/2) to HS (S = 3/2). This mechanism is
precisely the valence tautomerism previously introduced by Hendrickson et al [31]
to explain the temperature-induced phase transition they observed in Co-sq, with the
(spontaneous) electron transfer associated with the CoII spin change. While the in-
vestigations of the photomagnetic properties of Co-sq yet are at their very beginning,
the PB analog derivatives are already better documented, at least from the photoex-
citation viewpoint [29], with the specific features of photo-induced ferrimagnetism
and magnetic metastability [28,29]. One application of the photo-induced ferrimag-
netism is the design of a “photo-induced magnetic pole inversion” [32]. The novel
aspects involved in the “magnetic metastability” of the photoexcited state have been
investigated quite recently [53]. Some other perspectives offered by these “tunable
magnets” will be discussed.

A further family of photomagnetic inorganic solids is linked with the charge trans-
fer salts, following the discovery of a photo-induced spin-flop in MnTEtOPP-TCNE,
thus realizing a “soft–hard tunable magnet” [33]. Obviously, tune all magnetic prop-
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erties by applying light will probably be realized in the next few years, and the further
challenge will be to obtain photoexcited states with long lifetimes at reasonably high
temperatures, and with a reasonably high efficiency. Practical applications will con-
cern information storage and data processing. Also, a light-induced magnetic phase
transition was recently evidenced in a Pr–La manganite [34], thus promising a novel
access to hot subject of colossal magnetoresistance.

We describe here recent work of the Versailles group on several systems, spin
transition solids, PB analog, valence tautomeric solid. We include general features
of photoexcitation and cooperative relaxation, together with technical aspects, such
as the simultaneous detection by magnetization and reflectivity [35]. A first review
of photomagnetic inorganic solids was given three years ago in [28], and comparison
with the present report illustrates the rapid progress in this field.

8.2 Technical and Practical Aspects

The magnetization curves are recorded using a SQUID magnetometer (Quantum
Device MPMS5) operating in the alternative mode, equipped with an Y-shaped opti-
cal fiber, made of multiwire silica, for light irradiation and reflectivity measurement
in the visible – near IR range. The flexible end with a larger number of wires is used for
excitation and is connected to a broadband source of light (tungsten halogen lamp,
100 W), through interferential filters (100 nm bandwidth). A cut-off filter λ > 665 nm
provided, with the source and fibers, a large intensity in the range 600–1000 nm, up
to ∼100 mW cm−2. The light filtered with the cut-off filter is denoted here “filtered
red light”. The other flexible end is used when thermo- or photochromic proper-
ties are studied and is connected to a photodiode at the input of the reflectivity
recording system. The first reflectivity device using a Y-shaped optical fiber for mon-
itoring the spin transition through the color change of the compounds was reported
in [36]. Our reflectivity device [35] uses photodiodes as detectors for both incident
and reflected light, connected to a 3-channel “intelligent” temperature controller
(Oxford Instruments ITC4 or ITC 502). The device is fitted to the magnetometer. A
coupled magnetization/reflectivity experiment is carried out as follows: the sample
is placed in the SQUID magnetometer, which controls the temperature, measures
the magnetization and the time. Independently, the reflectivity device is driven by
an other computer (IBM PC) which also measures the time and dialogs with the
3-channel temperature controller. Post-synchronization of the data is made using
home-made software. The optical fiber is housed in a stainless steel tube, ∼4 mm in
outer diameter, which also holds the sample cell in the SQUID, as sketched in Fig. 1.

We have reduced as much as possible the distance between the end of the optical
fibers and the sample, down to ∼1 mm, despite of the large magnetic contributions
of the stainless steel tube. To keep the end of the tube far enough from the pick-up
coils of the SQUID, we have inserted a pair of short rods of silica (optical fibers),
each approximately 10 cm long, on either side of the sample cell. The best choice
was a silica light-guide, whose transmittance is not disturbed by the unavoidable
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Fig. 1. The Y-shaped optical fiber used for photoexcitation and reflectivity in the SQUID. Such
a device allows the investigation of both surface and volume properties of photoexcitable
compounds

condensation of gases at low temperature, previously reported in [28]. However, the
magnetic contribution of the empty system (cell + silica rods) is far from negligible in
some cases, and we systematically subtract this parasitic contribution, in all situations
of temperature and field. The needed calibrations of light intensity were made using
a home made bolometer, prior to the experiments.

8.2.1 Magnetic and Reflectivity Measurements:
Twofold Access to the Behavior under Photoexcitation

We briefly discuss here the agreement and complementary aspects of the two tech-
niques, following [28,35]. The optical and magnetic data, simultaneously measured,
are compared at best on the example of spin transition solids. The case of Fe(II) spin
crossover compounds is quite well documented (review papers in [17]): most of crys-
tals are transparent at high temperatures, i. e. in the high-spin (HS) state, and dark
purple in the low-temperature, low-spin (LS) state, with absorption bands in the red
(∼800 nm) and in the green (∼550 nm) respectively. A high contrast is thus obtained
for reflectivity, by using any of these bands. In some cases, the high-spin fractions
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Fig. 2. Magnetization and reflectivity data at the thermal spin transition of
[Fe0.50Co0.50(btr)2(NCS)2].H2O, in the heating mode. H = 1000 Oe, λ = 550 nm (after [35b]).
The excellent agreement between the two sets of data has been obtained through magnetiza-
tion and reflectivity adapted scales. A detailed inspection of the reflectivity curve reveals the
step-wise character of the temperature sweep governed by the SQUID magnetometer

derived from the two techniques differ a little, and this is attributed to the surface
character of reflectivity, which probes the material only down to the penetration
depth of the radiation. We present in Fig. 2 the data, simultaneously recorded for
the thermal spin transition of Fe0.64Co0.36(btr)2(NCS)2].H2O, in the heating mode.
An excellent agreement is obtained.

In Fig. 3 we have reported the data for the direct LIESST of the same material.
The reflectivity data show a rapid transformation of the surface, up to saturation,
while magnetization data reveal a slower transformation of the bulk. This is due
to bulk absorption of light, which sizably reduces the intensity with respect to the
incoming intensity. Another feature of Fig. 3 deserves to be discussed: the increase
in the reflectivity signal. Such an increase seems to be the rule for spin-crossover
compounds upon light-induced transformations, and is explained as merely due to
the progressive removal of the absorbing centers, in other words to a bleaching
process. The bleaching process works as well for the reverse LIESST, with another
radiation, as shown in Fig. 4.

The case of the PB analog, Cobalt hexacyanoferrate, is shown in Fig. 5. The pho-
todarkening effect is presumably due to a light-induced shift of the charge-transfer
bands which are very intense. The complete understanding of the photodarkening
effect requires a spectral study, which is in progress. The effect of bulk absorption of
light is quite large in this deep blue compound.
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Fig. 3. Direct LIESST of [Fe0.64Co0.36(btr)2(NCS)2].H2O, at 8 K, 50 Oe, 550 nm, 25 mW cm−2

(after [35b]). The magnetization increases due to the light-induced population of the HS state.
The reflectivity increases, thus indicating a bleaching process. The reflectivity signal, given by
the surface of the sample, saturates rapidly. The magnetization signal increases slowly, because
absorption of light reduces the intensity of light in the bulk. Also notice the jumps due to the
thermal effect of light (developed in Fig. 6)

Fig. 4. Reverse LIESST of [Fe0.64Co0.36(btr)2(NCS)2].H2O, at 8 K, 50 Oe, 800 nm,
25 mW cm−2, after photoexcitation shown in Fig. 3 (after [35b]). The magnetization decreases
due to the light-induced depopulation of the HS state. Bleaching, bulk absorption of light and
thermal effects are again evidenced
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Fig. 5. Simultaneous measurement of reflectivity and magnetization of the PB analog
Rb0.52Co[Fe(CN)6]0.84.2.31H2O, at 18 K, 1000 Oe, 750 nm, 50 mW cm−2 (after [29a]).The de-
crease in reflectivity indicates photodarkening of the sample

8.2.2 An Unavoidable Side-effect: Heating of the Sample

We first discuss an inherent effect of irradiation, which is the heating of the sam-
ple. Indeed, under permanent energy flow, the sample temperature may sizably rise
above the controlled temperature of the heat exchanger. This heating effect is easily
evidenced by chopped light experiments, as shown in Fig. 6. The sample is warmer
when light is on, yielding to a quasi-immediate decrease in magnetization. The ther-

Fig. 6. Chopped light experiments on [Fe0.64Co0.36(btr)2(NCS)2].H2O, at 10 K, 500 Oe,
550 nm, 25 mW cm−2. The reversible jumps when light is switched on and off evidence the
thermal effect of light
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mal shift can be estimated for this paramagnetic sample, through the Curie law,
as � 0.25 K.

Another feature in Fig. 6 can be discussed: during the light-off stages, the mag-
netization decays a little, according to a stretched exponential, which is better seen
on the right hand part of the curve. The complete explanation combines the bulk
attenuation of light, previously discussed, the concept of cooperative relaxation, to
be developed in the next section, and a “frontal propagation mode” of light in the
sample, previously introduced by A. Hauser [16]. In a frontal mode, light enters
progressively, bleaching the sample layer after layer. Cooperative relaxation is such
that layers having reached the higher (weaker) excitation have the longer (shorter)
lifetime. The chopped experiment is thus described as follows: during the light-on
stages, a weakly excited layer is formed, at the penetration depth of light; this “fron-
tier” layer decays rapidly during each light-off stage and can be created again during
the next light-on stage. The stretched exponential decay is associated with the inho-
mogeneous excitation state of the sample, the detailed explanation of which will be
given later.

8.2.3 The Problem of Bulk Absorption of Light

Optical absorption plays an ambiguous role in photoexcitation, since the photo
process is based on a given absorption band, d–d or metal-to-ligand transfer, which, it
is hoped, is intense, while strong bulk absorption prevents the light from penetrating
in the bulk. It will be shown in the next section that cooperative effects may lead
to an intensity threshold effect, making intensity problems crucial for a successful
photoexcitation. Therefore, very often, in the most absorbing solids, photoexcitation
is restricted to the vicinity of the surface of the sample. Reflectivity may be an elegant
way to by-pass this difficulty, and may be encouraging towards applications, by optical
means. However, it is not directly useful for magnetic purposes, and the recourse to
thin films may be necessary. The recent success in photoexciting Langmuir-Blodgett
films [37,38] is a real progress in this field.

8.3 Cooperative Effects (after Ref. [39])

A preliminary review of cooperative effects in photoswitchable systems is useful for
understanding some of the features of the photomagnetic experiments in the solid
state. We focus here on the relaxation effects which depopulate the photoexcited
state, i. e. the decay which competes with the photoexcitation process during irradia-
tion experiments, and therefore leads to a “photostationary state”, or “steady state”
of the system under permanent irradiation. We recently observed that the so-called
“cooperative relaxation”, previously analyzed by the Mainz and Bern groups [40],
could induce an instability of the steady state, and hence lead to light-induced hys-
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tereses: as a function of temperature, LITH = light-induced thermal hysteresis [41],
of light intensity, LIOH = light-induced optical hysteresis, or of pressure, LIPH =
light-induced pressure hysteresis. LIPH was predicted in [42] and partially observed
in [43]. Examples so far reported are those of the spin transition solids, but this is not
exclusive and such effects should be observed as well with other photoswitchable
cooperative systems. The properties of spin-crossover solids [17] at low temperature
are summarized as follows:

Spin-crossover solids usually have a low spin (LS) ground state. The optical switch-
ing is performed at low temperatures, by the so-called direct or inverse LIESST ef-
fect, using different wavelengths for the back and forth processes (blue/green and red
light respectively). At higher temperatures (after photoexcitation) the metastable
high spin (HS) state decays through a radiationless process [15,16], i. e. HS → LS
relaxation occurs. Experimentally, the HS fraction, i. e. the relative amount of spin-
crossover molecular units in the high-spin state, denoted nHS, is measured as a func-
tion of time, via magnetic or optical measurements.

Cooperative relaxation [40] is characterized by a post-LIESST relaxation curve,
nHS(t) of sigmoidal shape, see Fig. 7. The relaxation rate kHL = −dnHS(t)/nHS(t)dt
is an increasing function of time, such that the effect is also denoted “self-accelerated
relaxation”. Detailed investigations of the former examples, in terms of thermally
activated process showed a quasi linear dependence of the activation energy on the
high-spin fraction, so that the relaxation rate could be expressed as:

kHL(T, nHS) = k∞ exp
(

− Ea(nHS)

kT

)

= k∞ exp
(

− Ea(0)

kT

)
exp(−α(T )nHS) (1)

where the self-acceleration factor α is proportional to the inverse temperature, the
strength of interactions and the atomic concentration x in the active element. The
linear dependence Ea(nHS) is correlated to a linear variation of the electronic energy
gap 
(nHS) in the mean-field approach. The “moving” configurational diagram is
shown in Fig. 8. A similar expression holds in the tunneling regime [40b].

Besides of the sigmoidal decay curves, cooperative relaxation results in a typical
feature, already displayed in Fig. 6, in the case of inhomogeneous photoexcitation, a
stretched exponential decay due to the distribution of relaxation times: the weakly
excited layers of the sample (the deeper layers) decay faster that the more saturated
layers (closer to the sample surface). In any relaxation experiment, after photoex-
citation, as soon as the light is switched off, the weakly excited layers rapidly decay,
and only the saturated layers remain excited, with a long lifetime; then the sigmoidal
decay can be properly observed, at a long time scale.

Irradiation competes with the thermal HS → LS relaxation, and the balance
between the HS → LS and LS → HS processes determines the evolution and the
steady state of the system. In this balance, the spontaneous LS → HS relaxation is
negligible at low temperatures, as shown by the detailed balance equation:

kHLnequil.
HS = kLHnequil.

LS , with nequil.
HS � nequil.

LS
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Fig. 7. Relaxation curve, i. e. HS → LS decay in the dark after photoexcitation, of
[Fe0.85Co0.15(btr)2(NCS)2].H2O, at several temperatures, H = 1000 Oe (after [46]). The sig-
moidal shape, i. e. that of a self-accelerated decay, is typical for the so-called “cooperative
relaxation” (see text)

Fig. 8. Configurational diagram for spin-crossover,
adapted from [39]. Cooperativity makes 
 a de-
creasing function of nHS. In general terms, coopera-
tivity correlates population and stability: increasing
the population of a state increases its stability, both
statically (lower energy) and dynamically (higher
energy barrier)

Then, the master equation (evolution equation) of the system becomes:

dnHS

dt
= �up − �down

= I0σ(1 − nHS) − nHSk∞ exp
(

− Ea(0)

kT

)
exp(−α(T, x)nHS) (2)

where �up, �down are the flows up and down, I0σ the transition rate for a molecular
unit to switch LS → HS, with I0 the beam intensity and σ the atomic absorption
cross-section.
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Fig. 9. Graphical resolution of Eq. (3) computed with α = 5.83 (after [39]). “up” and “down”
stand for LS → HS and HS → LS, respectively. The steady state values are given by the
intersects of the curve (�down) and the straight line (�up). The slope of the straight line is
proportional to I0. nLSS, nUSS, nHSS, respectively stand for LS-rich, unstable, HS-rich steady
states

The steady state of the system (dynamical equilibrium) occurs when �up, �down
are set equal, leading to the nonlinear state equation:

nHSk∞ exp
(

− Ea(0)

kT

)
exp(−α(T, x)nHS) = I0σ(1 − nHS) (3)

Equation (3) has previously been proposed by Prigogine [44] for adsorption prob-
lems and may have up to 3 solutions for α > αc = 4. The 3-solution situation is treated
graphically in Fig. 9, which shows the number of solutions depends on the slope of
the straight line, i. e. on the value of I0.

The stability character of the steady states is shown in Fig. 10, through the time
dependence of the system for various initial states. Such time dependencies have
been indeed observed and modeled (see [45] Fig. 6).

The relaxation rates depend on temperature and pressure [40b,c], so that the
steady states are controlled by intensity, temperature, and pressure. Therefore, ther-
mal (constant I0, p), optical (constant T , p) or pressure (constant T , I0) hystereses,
could be expected. We focus here on the optical hysteresis (LIOH), see Fig. 11.
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Fig. 10. Computed time dependence
of the population of the photoexcited
state under continuous excitation, us-
ing Eq. (2), for different initial states,
with parameter values of Fig. 9 (after
[39])

Fig. 11. Light Induced Optical
Hysteresis loop, obtained with
[Fe0.50Co0.50(btr)2(NCS)2].H2O at
58 K, 600 nm, and computed curve
using Eq. (3) (after [39])

8.3.1 The Intensity Threshold Effect

Because the goal of quantitative LIESST is to reach the HS-rich steady state, it is
clear that light-induced optical hysteresis has the effect of an intensity threshold.
Of major importance is the fact that the threshold value dramatically increases on
increasing the cooperativity parameter. This is illustrated in Fig. 12.

Strongly cooperative materials may even miss the initial energy barrier needed
to provide the excited state a sufficient lifetime; the barrier has to be induced by the
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Fig. 12. Computed curves for the
intensity threshold effect, using
Eq. (3), plotted as a function of
I0σ/kHL(nHS = 1/2), with x the
atomic proportion of the spin-
crossover element, and α(x =
0.5) = 4.7 (after [39]). In a ideal
case, Ea(nHS = 1/2) and conse-
quently kHL(nHS = 1/2) can be
considered as independent of x ,
making the horizontal scale a true
intensity scale. It is observed that
the intensity needed for reaching
the HS-rich steady state increases
very rapidly with increasing coop-
erativity

Fig. 13. Photoexcitation of [Fex Co1−x (btr)2(NCS)2].H2O for different values of x , under
identical conditions: P ≈ 5 mW cm−2, unfiltered white light, H = 1000 Oe (after [46]). The
most diluted compounds reach the larger magnetization because of the weaker cooperativity
(see text)

population of the excited state. This explains, at least qualitatively, why the LIESST is
almost inefficient for the pure [Fe(btr)2(NCS)2]H2O solid, while the light excitation
is relatively easy for the diluted case. Illustrative data are reported in Fig. 13.

As a further consequence of light-induced instabilities, the onset of patterns, spin-
domain like, can be predicted. Optical microscopy studies should be carried out on
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single crystals under permanent irradiation. Both steady-state and transient patterns
are expected, with possible periodic and chaotic behaviors. Transient patterns in
single crystals [47] and “spurious” transient behaviors in powders [39a] have each
been reported once and deserve more systematic studies.

8.4 Magnetic Properties of Prussian Blue Analogs

Bimetallic transition metal hexacyanides form 3D structures isotypic of the Prussian
Blue (PB) KFeIII[FeII(CN)6]. The ideal so-called 1:1 structure KIAIII[BII(CN)6] is
cubic, as sketched in Fig. 14.

Chemical synthesis can be performed in aqueous solution, enabling the control
of the nature of the metal in each site [48]. However, sizeable departures from ideal
stoichiometry may occur with KI or BII(CN)6 vacancies, partially filled by water
molecules. Also some of the CN ligands may be reversed by irradiation with short
wavelengths. This reversal did not seem to occur during our investigations. Recent
attention has been drawn to these systems for two main reasons:

High-TC ferrimagnets (TC above room temperature [49]) have been prepared,
thanks to a suited choice of transition metals [50].

Spectacular photo-induced magnetic effects have been observed [26] in the Cobalt
hexacyanoferrate K0.2Co1.4[FeII(CN)6] (TC = 16 K). Irradiation at low temperature
with red light induces a long lasting increase in both the magnetization and the Curie
temperature (TC from 16 to 20 K), see Fig. 15. By consecutive irradiation with blue

Fig. 14. The ideal Prussian Blue structure, formu-
lated KIAIII[BII(CN)6].It contains tetrahedral sites
for alkaline cations K, weak ligand-field octahedral
sites, with N as first neighbors, for transition metal
A, strong ligand-field octahedral sites, with C as first
neighbors, for transition metal B
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Fig. 15. Field cooled magnetization curves of K0.2Co1.4[FeII(CN)6] at H = 5G before (1) and
after (2) red light irradiation. The magnetization enhanced by illumination can be removed
by thermal annealing above 150 K (after [26])

light the sample (almost) recovers its initial magnetic properties. This is explained as
due to an optical electron transfer from Fe to Co (red light) or from Co to Fe (blue
light), according to:

CoIII(LS) + FeII (LS) → CoII (HS) + FeIII (LS)

S(A) = 0 S(B) = 0 S(A) = 3/2 S(B) = 1/2
(4)

The evidence for the electron transfer was provided by Mössbauer spectroscopy
[27]. In this reference, it was also shown that for a chosen stoichiometry, the mate-
rial initially is (approximately) a diamagnet, and the ferrimagnetic state is entirely
created by application of light. Thus the concept of “photo-tunable magnet” was
created for which recent work was presented in [53], and further applications were
researched, e. g. “photo-induced magnetic pole inversion” [32]. The best evidence
for CoII spin conversion consecutive to the electron transfer was provided quite re-
cently by XANES experiments [51] on the analogous Cobalt hexacyanoferrate series
Rbx Co [FeII(CN)6]y · zH2O.

It was tempting to undertake photoexcitation experiments on high-TC ferrimag-
nets. Compositions such as CrII

1.5[CrIII(CN)6] · 5H2O and Cs0.83CrII
1.10[CrIII(CN)6]3 ·

9H2O were available in Prof. M. Verdaguer’s group [52], with TC = 240 and 170 K
respectively, see Fig. 16. Indeed, the absorption spectrum of these compounds con-
tains an intervalence band in the near IR, so that optical electron transfers were
expected, according to:

CrIII + CrII (LS) ↔ CrII (HS) + CrIII

S(A) = 3/2 S(B) = 1 S(A) = 2 S(B) = 3/2
(5)

Because of the antiferromagnetic coupling between A and B sites, only the dif-
ference between the A and B sublattices is considered for the net magnetization,
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Fig. 16. Field-cooled magnetization curves at H = 5G, for (1) CrII
1.5[CrIII(CN)6] · 5H2O and

(2) Cs0.83CrII
1.10[CrIII(CN)6] · 3.9H2O (extracted from [49])

and it was therefore expected to be little sensitive to the light. On the contrary, the
light-induced increase in the atomic moments, in presence of large interactions, was
expected to sizably shift the Curie temperature upwards.

We performed photomagnetic experiments on these compounds, and found totally
different behaviors. The stoichiometric compound CrII

1.5[CrIII(CN)6] ·5H2O was not
photomagnetic. The nonstoichiometric compound Cs0.83CrII

1.10[CrIIICN)6] · 3.9H2O
showed photomagnetic effects, but nonpermanent, even at low temperature, and we
evidenced [14a] an optical stimulation of the Magnetic After Effect (MAE). This is,
to our knowledge, the first example of light-stimulated MAE in an inorganic solid.
A detailed report will be given in the next section. The occurrence of MAE results
from a structural disorder which is linked to the nonstoichiometry.

We also understood that the long lifetime (at low temperature) of the photoexcited
state in the Co-hexacyanoferrates was because of the occurrence of the CoII spin state
conversion, which creates the needed energy barrier. We then started investigating,
again in collaboration with Prof. M. Verdaguer’s group, other Co-hexacyanoferrates
series, with alkaline cation Rb [28] or Cs [53] instead of K. All these compounds
have basically similar photomagnetic properties, and we mainly report here on the
novel aspects inherent to the photo-induced character of the magnetic properties.

While developing extensive studies of these materials, we came to the conclusion
[29,51] that structural relaxation accompanying the spin conversion might be steri-
cally hindered in the crystal. It appears that the proximity of vacancies is needed to al-
low the occurrence of the spin conversion, so that the photo-switching properties are
closely related to the amount and distribution of vacancies in the crystalline structure.
Thus, the effect of composition could be cleared up in the Cs Co-hexacyanoferrate
series [53], and the crucial effect of the details of preparation (washing conditions of
the sample, for instance) on the photomagnetic performances of the samples could
be qualitatively understood.
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8.4.1 Light-stimulated MAE of Cs0.83Cr2.10(CN)6 · 3.9H2O

At the time of the measurements, the SQUID magnetometer (MPMS5) was
equipped with a thin optical fiber made of plastic, 1.5 mm in diameter, guiding
the light down to 1.5 cm from the sample. With the filtered red light (cut-off fil-
ter λ ≥ 665 nm), the power received by the sample was typically ∼2 mW cm−2. The
sample was made of ∼3 mg of microcrystalline powder spread over a 4 mm inner
diameter plexiglass cell. Preliminary experiments without the filter or with a green
filter showed that the efficient wavelength range was in the near IR, which corre-
sponds to a charge-transfer optical band. It was also shown that the light-induced
changes mainly affected the MAEs and we focussed on the isothermal remanent
magnetization IRM(t), i. e. the magnetization measured versus time after applying
the field on a demagnetized state. Other magnetic characteristics, such as the FC
and ZFC curves, or the M–H loops at low temperatures, only showed minor changes
under the effect of irradiation.

To record the IRM(t) curves, the magnetization was measured in the dark, after
the sample was annealed at 200 K and zero-field cooled down to 10 K. We controlled
the reproducibility of the measurements, after renewed thermal annealing at 200 K
and ZF cooling, and we tested the role of the parameters which define the initial
state of the system. We observed that the only crucial parameter for “preparing” the
system was the actual value of the magnetic field during cooling. Other parameters
such as applying or not the light while cooling, or waiting for long or short times
before applying the magnetic field, under light or in the dark, did not sizably affect the
initial magnetization and the kinetics of the MAE in the dark. These experiments also
showed the absence of irreversible effects of light in the CrII–CrIII system, at variance
from the Co–Fe system. The main experimental problem was the remanent field of
the superconductive magnet, which we could not perfectly control, thus resulting in
a small scatter of the initial magnetization values. However, the main features of the
MAE which are reported here (IRM logarithmic slope, photo-induced acceleration,
reversible jumps of thermal origin . . . ) remained very reproducible during the whole
year needed by the experimental work.

A typical IRM(t) curve obtained at 10 K and 50 Oe is shown in Fig. 17. The
occurrence of MAE is usually related to a structural disorder, e. g. in spin-glasses
or semi spin-glasses. Indeed, the saturation magnetization value, corresponds to a
noncollinear ferrimagnetic structure [49], presumably due to the nonstoichiometric
character of the compound. As usual for a first approach of the MAE, we fitted the
IRM(t) by a logarithmic dependence M(t) = M0 + p ln(t + ti ). This empirical law
well describes, for a finite time interval, over several decades of time, the evolution
of a system which possesses a broad distribution of relaxation times. M0 and ti are
constants governed by the evolution of the system before the first measurement (at
t = 0), usually fitted to the experimental data for obtaining the best linear plot in
logarithmic scale. We show in Fig. 18 the logarithmic plot of the data presented in
Fig. 17.

The effect of light is first illustrated in Fig. 19, where we show the striking effect of
switching on the light some time after the magnetic field. The MAE effect is obviously
speeded up by light. In agreement with this test experiment, further experiments



274 8 Photomagnetic Properties of Some Inorganic Solids

Fig. 17. Magnetic after effect of Cs0.83CrII
1.10[CrIII(CN)6] ·3.9H2O: IRM(t) in the dark, at 10 K,

50 Oe

Fig. 18. The previous IRM(t) curve plotted on a logarithmic scale and fitted to a law M(t) =
M0+ p ln(t +ti ), with M0 = 0.234 emu g−1, p = 0.0070 emu g−1, t in minutes and ti = 1.60 min

where the light was switched on before the field was applied gave an increased
value of the logarithmic slope, and confirmed the photomagnetic properties of the
system. But, however, the role of the thermal effect of light had to be cleared up
before establishing the presence of a purely optical mechanism in the photomagnetic
process.

The most straightforward way to control the thermal effect consisted in repeating
the experiment at several different temperatures. We report in Fig. 20 the logarithmic
slope data obtained at various temperatures and light intensities. Simple inspection of
the figure shows that the effect of light cannot be assimilated to a pure thermal effect,
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Fig. 19. The effect of light on the previous IRM(t) curve, with filtered red light (λ > 665 nm),
2 mW cm−2. Light speeds up the MAE. Reversible thermal effects are observed when the
light is switched off and on (see Fig. 22)

Fig. 20. The logarithmic slope data obtained at various temperatures and intensities for
Cs0.83CrII

1.10[CrIII(CN)6] · 3.9H2O, at 50 Oe, filtered red light, 2 mW cm−2. Notice that a pure
thermal effect would only shift the curve along the temperature axis

i. e. a simple temperature shift of the curve. These data provided the evidence for a
light-stimulated effect, i. e. for the reality of an optical process. We also determined
the initial parameters ti and M0, which were found to be almost light-insensitive, but
strongly temperature-dependent. The temperature dependence of M0 is reported in
Fig. 21.

It is worth discussing further the test-experiment reported in Fig. 19. To obtain
linear plots of both parts of the curve in logarithmic scale, it was necessary to use
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Fig. 21. The M0 data obtained at various temperatures and light intensities for
Cs0.83CrII

1.10[CrIII(CN)6] · 3.9H2O, derived from the same experiments than the logarithmic
slope data in Fig. 20. Notice the M0 values are little sensitive to the effect of light

Fig. 22. The chopped light experiments, continued after Fig. 19. The light-induced temperature
variations result in reversible magnetization jumps the amplitude of which remains constant all
over the experiment: switching on (off) the light leads to an increase (decrease) in temperature
and magnetization

different values of the initial time when the white light was used, but a unique value
was sufficient when the red filter was used. This observation will be correlated to the
fact that illumination with the unfiltered light source results in a much larger heating
of the sample, such that the ti and M0 values are sizably modified, instantaneously.
The thermal effect has been specifically investigated by combining chopped light
(Fig. 22) and “alternate temperature” experiments in the dark (Fig. 23).

For the needs of the discussion below, we have given in Fig. 24 the FC and ZFC
curves of the sample under the same field 50 Oe. In Figs 22, 23, we first analyze
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Fig. 23. A typical “alternate temperature” experiment, for Cs0.83CrII
1.10[CrIII(CN)6] · 3.9H2O,

T = 10 or 12 K, H = 50 Oe, filtered red light, 2 mW cm−2, (a) from the beginning, (b) at longer
times. The first jump is large and not entirely reversible, the following ones are reversible, with
a constant amplitude during the whole experiment. The reversible variations in magnetization
have been reported in Fig. 24 for further discussion

the reversible jumps which are associated with the switching on and off, of light
or temperature. Switching on the light or increasing the temperature leads to an
increase in magnetization, switching off the light or decreasing the temperature leads
to a decrease in magnetization. This agrees qualitatively with the positive slopes of
both the FC and ZFC curves at the same temperature and field (Fig. 24). It is worth
noting the reversible character of the magnetization jumps which all exhibit the same
amplitude along the M(t) curve, the first jump excepted, of course.

The reversible effects of temperature variations have been schematically reported
in Fig. 24 as straight segments, with slopes that are remarkably equal and close to
the slope of the FC magnetization curve in the same temperature range. In addition
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Fig. 24. Field cooled and zero field cooled curves of Cs0.83CrII
1.10[CrIIICN)6] · 3.9H2O, at

H = 50 Oe. Notice the initial positive slope of both curves. The MAE data with alternate
temperatures of the previous figure are shown in the insert; the common slope of the reversible
jumps is figured as a thick straight line in the main figure. Notice this “reversible” line is grossly
parallel to the FC branch

– which is the more useful here – these data enable us to calibrate the thermal
effect of light: linear interpolation of the reversible temperature effect (
M � 4 ×
10−3 emu g−1 for 
T = 2 K) leads to estimate the temperature increase due to
light, as: +0.25 K for filtered red light at 10 K. Now, using the data of Fig. 20, it can be
concluded that the thermal effect at low temperatures only weakly contributes to the
observed increase in the logarithmic slope: at 10 K with filtered red light it contributes
only ∼+8%, while the total measured increase was ∼+60%. For a similar experiment
performed without filter, at 10 K, the thermal effect (
T = 3 K) was responsible for
∼ one half of the total increase.

Thus, the optical mechanism of the photomagnetic process has been established.
It presumably involves the optical electron transfer described by Eq. (5). One might
imagine that this transfer results in a small drift of the valence equilibrium in the sys-
tem. However, the similarity between light and temperature effects rather suggests
that the valence equilibrium of the system (little temperature dependent) should
not be sizably light sensitive. Indeed, due to the usually fast electronic relaxation in
mixed valence systems, and the low fluence of the photon flux, the drift of the valence
equilibrium is expected to be extremely small. The situation is to be compared to
that of a spin-crossover system at room temperature or above, where clearly pho-
toexcitation cannot compensate the short lifetime of the photoexcited state. Under
these conditions, the photomagnetic effect essentially remains a kinetic effect, which
provides an additional channel for the relaxation of the magnetic system. The ex-
act nature of this channel remains to be elucidated. The creation of photo-induced
defects may be suggested, as resulting in a de-pinning of the domain walls, or more
generally, as producing local fluctuations liable to de-trap the system from a local
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free-energy minimum. A more extensive study of the system, e. g. as a function of
the applied magnetic field, should be necessary to try to elucidate the microscopic
mechanisms involved in the photomagnetic effect.

This example opens attractive perspectives for the study of aging effects in disor-
dered systems. An appealing property of photostimulated MAE is the flexibility of
the optical parameter, which can be controlled within very short times, which is not
the case for the temperature (see for example [54]). We could observe in Fig. 22 that
the system can be optically driven to the quasi-equilibrium value of the magnetiza-
tion in the dark: during the light-on stages, magnetization increases, far from reaching
saturation, i. e. the FC value; during the light-off stages, magnetization no longer in-
creases. This is shown again in Fig. 25, on a “cumulative” logarithmic time scale. A
linear plot, common to all data of the light-on stages, can be obtained provided that
the time data of the light-off stages are not accounted for. This plot shows that during
the light-off stages the system no longer ages, i. e. it has reached a quasi-equilibrium
state. In further experiments, with unfiltered radiation, we even observed that mag-
netization might decrease during the light-off stages: the quasi-equilibrium value
was passed. A tentative description of these metastable properties is the following:
the photo-induced fluctuations enable the system to reach a quasi-equilibrium state
which is closer to the FC stable state than the quasi-equilibrium state reachable by
the thermal fluctuations alone. This way, the photostimulated MAE might offer a
novel way for investigating the hierarchy of the free-energy valleys [55] of the system,
in addition to temperature, magnetic field and (for dielectrics) electric field [54].

Fig. 25. Chopped light data of Figs. 19 and 22, plotted in a “cumulative” logarithmic scale, only
accounting for the light-on stages. The light-off stages are indicated by vertical arrows. In the
upper part of the figure, the light-on data follow a single straight line. Thus, the system remains
frozen during the light-off stages, i. e. it has reached a light-off quasi-equilibrium state
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8.4.2 The Photo-induced Ferrimagnetic State of
Rb0.52Co[Fe(CN)6]0.84 · 2.31H2O

The synthesis and physicochemical analysis of the Co-hexacyanoferrate
Rb0.52Co[Fe(CN)6]0.84 · 2.31 H2O are described in [51]. We briefly summarize the
photoexcitation properties of the system, already reported in [29], before dealing
with the (mostly novel) properties of the photo-induced ferrimagnet. A typical pho-
toexcitation curve, obtained with the multi-wire optical fiber, is reported in Fig. 26.

The initial part of the magnetization curve, shown in the insert, displays a nonlinear
increase obviously attributable to the simultaneous onset of the magnetic moments
and interactions. On the contrary, similar experiments above the Curie temperature
display a linear initial variation, which is consistent with the presumed linear increase
in the number of magnetic moments (no evidence for a DOMINO effect [21]). Also,
photo-experiments with different optical filters showed a maximum efficiency in the
range 650–800 nm [29].

We observed the decay of the excited electronic state, at ∼110 K, by warming
the sample up to 150 K, at the temperature sweeping rate ∼0.5 K min−1. This is
shown in Fig. 27 for the magnetization recorded in the dark. This value enabled us to
determine the systematic de-excitation treatment needed for further photoexcitation
experiments: a systematic thermal annealing at 150 K during 10 min.

After renewed photoexcitation, we investigated the kinetics of the thermal re-
laxation, in the dark, at the constant temperature of 95 K. The curve is plotted in
Fig. 28. The major part of the curve follows a nonexponential law, with a sigmoidal
shape typical for a self-accelerated process, already analyzed (in Section 3) as due to
cooperative effects on the energy barrier. The presence of cooperative relaxation is
confirmed by chopped light experiments (reported in [29]), similar to those shown in
Fig. 6, and also giving evidence for a frontal propagation mode of the photoexcited
state, despite the darkening effect.

Fig. 26. Rb0.52Co[Fe(CN)6]0.84 · 2.31H2O, photoexcitation at 10 K, filtered red light,
60 mW cm−2, 150 Oe. Insert: zoom of the nonlinear beginning of the curve (after [29])
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Fig. 27. Photoexcited Rb0.52Co[Fe(CN)6]0.84 · 2.31H2O, decay of the excited electronic state
in the dark. Above 110 K, the system recovers its initial electronic state. Typical temperature
sweeping rate is 0.5 K/min (after [29])

Fig. 28. Photoexcited Rb0.52Co[Fe(CN)6]0.84 · 2.31H2O, decay of the excited electronic state
at 95 K. The first part of the curve is presumably due to chemical inhomogeneity of the sample.
The main part of the decay curve displays a sigmoidal shape typical for a cooperative process
(after [29])

The cooperative effect on the energy barrier plays a crucial role at the very begin-
ning of the photoexcitation process: the first excited Co-Fe pairs have a very short
lifetime. Consequently, the photoexcitation process has to be fast enough to provide
a sufficient population of the excited state, which ensures the raising up of the energy
barrier. Then, only the saturated parts of the sample have a long lifetime and there-
fore remain populated at higher temperatures, until the thermal decay is observed
as in Fig. 28. Also, due to the presence of cooperativity, a light-induced instability
may be expected at low temperatures, according to the general phase diagram pub-
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Fig. 29. Rb0.52Co[Fe(CN)6]0.84 · 2.31H2O, Field Cooled (FC) magnetization data recorded
in the dark, before and after illumination at 10 K, 50 Oe, red filtered light, 50 mW cm−2 for
different illumination times. (after [29])

lished in [39b], and reflectivity experiments are in progress to detect such an effect
in this very absorbing material. The comparison to the spin-crossover compounds
also suggests the eventuality of a phase transition, entropy-driven. The transition
temperature is expected at Tequil = 
/ ln(gH/gL), where 
 is the energy gap and
gH,L the degeneracies of the two states ([56] and references included). The expected
transition was not observed, on warming up to room temperature. It presumably is
too high, but direct measurements of the thermodynamic parameters 
, ln g, are
desirable to clarify this point. On the Cs-system studied later [53], such a thermal
transition has been indeed observed at ∼250 K.

We show in Fig. 29 the field-cooled (FC) magnetization data recorded in the dark,
before and after illumination. Before illumination, i. e. in the nonexcited state, the
magnetization is small, due to few CoII ions, diluted in a diamagnetic matrix. After
illumination the FC procedure was carried out in the dark. During the whole exper-
iment (excitation + magnetic annealing at 30 K + measurement) the field was kept
constant. The FC curves are shown for different illumination times, and beyond a
short illumination time, ∼10 min, all the curves indicate the same value for the mag-
netic ordering temperature ∼21 K. According to the antiferromagnetic nature of the
A–B interactions [49,50], this is a Curie temperature, TC, and the photo-induced
state is ferrimagnetic. Further experiments show that this photo-induced TC does
not sizably depend on the value of the magnetic field applied during the illumina-
tion of the sample. The quasi-constant value of this photo-induced TC confirms the
frontal process, with a photo-induced saturated state, which progressively propagates
through the sample as a function of the illumination time.

Repeated experiments on a given sample, after the thermal annealing which re-
turns the sample to its nonexcited state, always gave reproducible TC values. Also,
the TC data for different polycrystalline samples were in the range 20–21 K. In [29] we
argued that the TC value enabled us to conclude there was a rather complete transfor-
mation of the material according to Eq. (4), by comparison to the well-documented
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case of Co3Fe2, representative of the ideal ferrimagnet with 3:2 structure, and for
which TC = 15 K.

Quantitative estimates of the (totally) transformed fraction of the material are
interesting since they reveal the efficiency of the various photoexcitation devices. In
Mössbauer experiments [28,29], no more than ∼20 at.% were transformed. In the
SQUID experiments, due to the large parasitic contributions of the optical device, we
had to estimate this fraction from the decrease in magnetization during the thermal
decay (shown in Fig. 27); assuming a Curie law, the fraction was estimated to be
∼ 14 ± 3% in the best case.

8.4.3 The Magnetic Properties of the Photo-induced State

We now focus on the magnetic properties of the photoexcited state, and start with
the M–H loops obtained after different photoexcitation experimental conditions
(temperature, field, magnetization). Typical M–H loops are reported in Fig. 30, giving
evidence for a ferrimagnetic state. All loops at the same temperature (10 K) have
the same coercive field ∼1000 Oe and similar shape.

We have systematically determined the saturation magnetization values MS, i. e.
the magnetization values extrapolated to H = 0 from the saturated branches of the
M(H) curves. The data are reported in Fig. 31, as a function of the illumination time,
and all of them define a single plot, except for temperatures above ∼60 K, and save
for a sizable scatter of the data, presumably due to the uncontrolled condensation
of gases on the sample holder.

From Fig. 31 it is apparent that the photoexcitation yield does not sizably depend
on field and temperature (below 60 K). The time dependence of the magnetization

Fig. 30. Photoexcited Rb0.52Co[Fe(CN)6]0.84 · 2.31H2O, M–H loops obtained after different
experimental excitation conditions. The linear extrapolation which provides the saturation
spontaneous magnetization (H = 0) is shown
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Fig. 31. Photoexcited Rb0.52Co[Fe(CN)6]0.84 ·2.31H2O, saturation spontaneous magnetization
data, H = 50 Oe, T = 10 K, for various experimental condition during photoexcitation,
plotted as a function of excitation time. The full line is taken from Fig. 26

grossly has the shape of a stretched exponential, in agreement with the previous
Fig. 26. The lack of sensitivity to the magnetic field can be explained by the weakness
of the magnetic energy with respect to the optical transition energy. The process is
expected to be temperature-independent, as long as the lifetime of the excited state
remains long.

However, the magnetic field applied during photoexcitation governs some subtle
and unexpected features of the magnetic properties. For example, when the photoex-
citation process is performed at low temperature (e. g. 10 K), under weak magnetic
field (e. g. 50 Oe) and moderate light intensity (few mW cm−2), so as to avoid a large
heating effect, the resulting magnetic state reveals a metastable character, with a
thermal magnetization curve between the field-cooled (FC) and zero-field cooled
(ZFC) curves, see Fig. 32.

The FC and ZFC curves could be repeated several times, at will. On the contrary,
the metastable magnetic state was lost as soon as the sample was heated above TC.
The state provided by the photoexcitation process is denoted here the raw photo-
induced state (RPI). When temperature is raised for the first time, under the same
field, the system follows the RPI curve; after annealing at TC, it reversibly follows
the FC curve. This establishes the metastable character of the RPI state, inherent to
any low-temperature process which builds up a magnetic structure below its ordering
temperature. Systematic investigation of the conditions which influence the RPI state
will be reported below. We first follow, in Fig. 33, the irreversible evolution of the
RPI state upon thermal annealing. The magnetization curve, under constant field,
progressively shifts towards the FC curve, during a set of successive annealing at
higher and higher temperatures. It must be observed that the annealing effect begins
close to TC, and continues well above, presumably due to the kinetics of magnetic
domain relaxation. Further experiments at different temperature sweep rates are
needed for reaching a definitive conclusion with respect to the range of magnetic
correlations which are involved in the RPI domain structure.
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Fig. 32. Magnetic metastability of photoexcited Rb0.52Co[Fe(CN)6]0.84 ·2.31H2O, after illumi-
nation at 5 K, 50 Oe, red filtered light, 3 mW cm−2, 12 h. The four magnetization curves have
been recorded in the dark, at constant field, with the following sequence: the nonexcited state
(bottom curve); the up-going curve of the metastable raw photo-induced state (RPI) obtained
just after illumination; the reversible field-cooled (FC) curve, obtained after annealing at 30 K.
For comparison the corresponding zero-field cooled (ZFC) curve has been recorded

Fig. 33. Magnetic metastability of the RPI state of Rb0.52Co[Fe(CN)6]0.84 · 2.31H2O, after
photoexcitation at 10 K, 50 Oe, 10 h, filtered red, P = 3 mW cm−2: the irreversible evolution of
the RPI state towards the FC state is shown upon successive annealing stages, with increasing
maximum temperatures: [5 → 17 K → 5 K]; [5 → 19 K → 5 K ]; [5 → 21 K → 5 K ]; [5 →
22 K → 5 K ]; [5 → 23 K → 5 K ], [5 → 25 K → 5 K ], [5 → 30 K → 5 K ], [5 → 40 K → 5 K ];
typical temperature sweep rate is 0.5 K/min. The top curve is FC (annealed at 40 K). Sizable
annealing effects start close to TC, and extend far above



286 8 Photomagnetic Properties of Some Inorganic Solids

In the following experiments, we have investigated the value of the genuine mag-
netization of the RPI state, i. e. the magnetization measured at the end of the pho-
toexcitation process. For various experimental conditions, we have compared the
genuine RPI magnetization and the corresponding FC value, i. e. the magnetization
values obtained in the same field before and after thermal annealing above TC (at
30 K, 10 min, systematically). To allow for the different irradiation times, we have
normalized all these values to the corresponding value on the M-H loop. The so-
reduced data are displayed in Fig. 34, as a function of the magnetic field value. It is
shown that both RPI and FC values have a linear initial increase, and then saturate,
i. e. they remain inside the M–H loop. Also, the RPI value always remains smaller
than the FC value (for the same field). These data are consistent with the simple
picture [29] that the specificity of the RPI state merely lies in a nonrelaxed domain
structure.

In further experiments, we carefully compared the M–H loops obtained before
and after thermal annealing, and found them identical within a high accuracy. This
means that the RPI state is destroyed by application of a large field which saturates
the magnetization and obviously wipes out the genuine nonrelaxed domain structure.
In a quite recent paper [61] we described the RPI state as resulting from a hybrid
process, schematized by a simple combination of FC and ZFC states.

Quite recently, we also started investigating the coercivity of the nonrelaxed mag-
netic structure, i. e. in the genuine RPI state and, for comparison, in the FC state
obtained by thermal annealing under the same field. For this, after photoexcitation
at 10 K, 200 Oe, we have performed the minor hysteresis loops reported in Fig. 35.

According to Fig. 35, the RPI state is “softer” than the FC state, with (pseudo)
coercive field values of ∼650 and ∼700 Oe, respectively. Another obvious difference
lies in the shape of the minor loop, which is wider for the RPI state than for the FC
state. This presumably is due to kinetic effects, which are faster in the RPI state, as
revealed by the successive measurements at −700 Oe. Thus, a magnetic after-effect

Fig. 34. Photoexcited Rb0.52Co[Fe(CN)6]0.84 ·2.31H2O, collected data of FC and genuine RPI
magnetization, as a function of the applied field during irradiation. To allow for the different
irradiation times, we have normalized all values to the corresponding value on the M–H loop
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Fig. 35. Photoexcited Rb0.52Co[Fe(CN)6]0.84 · 2.31H2O, minor hysteresis loops in the RPI
state (top) and FC state (bottom) recorded with the same sequence of magnetic fields

is evidenced in the RPI state and should be related to nonrelaxed character of the
genuine light-induced domain structure. An extensive study of the MAE is obviously
worth being done for following the evolution of the domain structure properties, in
the genuine state, after magnetic saturation, and after thermal annealing. The lifetime
of the RPI state is under study, and a general comprehension of the aging properties
of the light-induced domain structure might emerge.
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8.5 The Valence Tautomeric Solid Co-semiquinone

The valence tautomeric solids [Co-(phen)(3,5-DTBSQ)2]-L where L is an organic
ligand were first studied by Hendrickson et al. [31]. The valence tautomerism consists
of a metal to ligand (or vice-versa) electron transfer associated with a spin change
of the transition metal, according to the following reaction equation (where cat =
catecholate is the reduced form of sq• = semiquinone):

CoIII(LS) + sq• + cat ↔ CoII(HS) + sq• + sq•
S = 0 S = 1/2 S = 0 ↔ S = 3/2 S = 1/2 S = 1/2

(6)

With the appropriate aromatic ligand L = C6H5–CH3, at the solid state, a phase
transition has been observed, see Fig. 36.

It is worth considering the thermodynamic parameters which are associated with
the reaction Eq. (6), namely the changes in molar enthalpy and entropy, 
H and

S. These quantities have not been obtained directly, by the usual calorimetric
methods. They have been derived from the thermal dependence of the equilibrium
constant, in solution [31c]. 
S and 
H are obviously related to the equilibrium
temperature (
H = Tequil × 
S), and we focus on the measured 
S value, ca.
118 J K−1 mol−1, which indicates, as for the spin transitions [57], a contribution in
large excess of the expected electronic contribution, calculated through the spin and
orbital contributions 
S = R ln(2S + 1)HS − R ln 2(2S + 1)LS where two-fold
orbital degeneracy of the (sq•)(cat) mixed-valence pair has been accounted for. The
electronic contribution is thus [31c]: R ln(16/4) = 11.5 J K−1 mol−1. The presence
of a large vibrational contribution is consistent with a large change in the elastic
properties of the solid, upon the CoII spin conversion. We have introduced these

Fig. 36. The valence tautomeric transition of [Co(phen)(3,5-DTBSQ)2] · C6H5CH3: from
Co(sq•)(cat) (low temperature) to Co(sq•)2 (high temperature) (adapted from [31]). The full
line is the best fit using a Ising-like model (see text): 
 = 
H/Na = 3300 K, ln(gH/gL) =

S/R = 14.2, J = 210 K
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data for reproducing the experimental curve of Fig. 36, i. e. those of the system at
the solid state. A good agreement is obtained by introducing an interaction term,
in the mean-field Ising-like formalism currently used for the spin transition solids
[56]. Thus, the obvious cooperativity of the system is quantified; the value of the
interaction parameter is a little smaller than the threshold value Jthreshold = kBTequil
associated with the occurrence of the first-order transition.

Following the example of spin transition compounds [58], application of pressure
was expected to induce the CoII(HS)(sq•)2 → CoIII(LS)(sq•)(cat) transformation,
due to the smaller Co-ligand distances in the LS state. The pressure-induced transi-
tion was indeed evidenced by Verdaguer’s group, using EXAFS measurements [59],
see Fig. 37. We have also reproduced the data, using the two-level model completed
by the pressure contribution to the energy gap + p
V (pressure × increase in the
molar volume). The curve was reasonably fitted with the parameter values already
determined and 
V = 1980 K GPa−1 mol−1 = 27 Å3/molecule. This value compares
well with typical values for the spin-crossover solids: 
V = 22–26 Å3/molecule [60].

Following further the striking analogy to spin crossover systems, we tried to
carry out the light-induced trapping of the high-temperature form, i. e. the low-
temperature photo-induced transformation CoIII(LS)-(sq•)(cat) → CoII (HS)-
(sq•)2. Previous experiments by Hendrickson et al. [31b,c] at higher temperature,
showed that transient photoexcitation was possible using visible light. We report
here, in Figs. 38 and 39, some of the preliminary results we obtained with a sample
of [Co-(phen)(3,5-DTBSQ)2]-C6H5-CH3.

In Fig. 38 is shown the photoexcitation at 10 K, with the most efficient radiation
for the present device. The photoexcitation features are rather similar to those of the
PB analog Co-hexacyanoferrate, typical for a material with strong bulk absorption.
The weakness of the magnetization increase, compared to the PB analog, may be

Fig. 37. [Co(phen)(3,5-DTBSQ)2]·C6H5CH3, the application of pressure at room temperature
induces the transformation: high-temperature form → low-temperature form (after [59]).
The full line is a computed curve with a Ising-like model (see text): 
 = 
H/Na = 3300 K,
ln(gH/gL) = 
S/R = 14.2, J = 210 K, 
V = 1980 K GPa−1
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Fig. 38. [Co(phen)(3,5-DTBSQ)2] · C6H5CH3, photoexcitation at 10 K, 550 nm, 20 mW cm−2.
The expected features of photoexcitation in an absorbing cooperative solid are observed:
relatively large thermal effect, small increase in magnetization which rapidly saturates, non-
exponential decay. The lifetime of the photoexcited state is short, compared to all other
examples reported here

Fig. 39. [Co(phen)(3,5-DTBSQ)2] · C6H5CH3: Thermal decay of the photoexcited state CoII-
(sq•)2 → CoIII-(sq•)(cat) for temperature sweep rate 0.5 K/min

due to the presumably paramagnetic state of the solid in the CoII(HS)(sq•)2 excited
state, which misses the strong magnetic interactions of the PB analog. The relaxation
exhibits a nonexponential shape. Indeed, the high-temperature transition indicates
a strong cooperativity, and the relaxation curve presumably combines the sigmoidal
behavior and the stretched exponential previously discussed. There are some indi-
cations that the rapid character of the low-temperature relaxation may be due to the
rather weak light-induced population of the photoexcited state, as a consequence of
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the strong threshold effect described in Section 3. Therefore, we are now preparing
experiments with a stronger source of light, and if a rapid decay was to be observed
in the case of a saturated population of the excited state, we would conclude it is the
effect of a tunneling mechanism, for which the cooperative relaxation equations of
Section 3 would be adapted as well [39a].

In Fig. 39, we show the thermal decay of the photoexcited state, which occurred
at ∼40 K, i. e. sizably lower than for the spin transition systems (∼60–70 K) and the
Co-hexacyanoferrate (∼110 K). This is consistent with the observation of a short
lifetime at 10 K.

8.6 Conclusion and Perspectives

The photomagnetism of inorganic solids is based on optical electron transfers, ei-
ther intra-atomic (spin crossover compounds), or inter-atomic (valence tautomeric
systems and PB analogs). The consequences of the photosensitivity of the com-
pound considerably differ according to the lifetime of the photoexcited state which
is governed by the eventual existence of an energy barrier created by the structural
relaxation which may follow the photon absorption.

The photoexcitation processes which involve a change in the spin state of the
transition metal have an excited state with a long lifetime, and the compound may
be switched reversibly by the use of suited wavelengths. These compounds form a
novel class of magnetic materials, where the concentration of magnetic ions can be
controlled reversibly by light, an external parameter easy to tune and to switch. There
is no doubt that these systems will provide diluted systems in novel experimental
conditions, of basic interest for the magnetism of disordered and spin-glass like
systems.

On the other hand, the photosensitive compounds which do not possess the energy
barrier only undergo transient photomagnetic effects, the most spectacular being the
light-stimulated magnetic after effects. Then, photoexcitation provides a novel optical
channel to the aging processes. Precisely, the optical excitations of the system, due
to their higher energy, may be much more efficient than the thermal fluctuations for
driving the system above the multiple energy barriers associated with the underlying
structural disorder.

A specific character of the light-induced magnetic structures is metastability. In-
deed the raw photo-induced (RPI) state results from a peculiar building process of
the magnetic system, the magnetic moments and interactions of which have been
created at low temperature, e. g. below TC. At such low temperatures a nonrelaxed
domain structure is obtained, which combines the FC and ZFC characters. It can be
destroyed by either thermal annealing or by isothermal magnetic saturation.

The practical applications of the photomagnetic properties of inorganic solids
remain, at the moment, quite hypothetical. Among drawbacks for eventual devices,
e. g. the low yield of the photoexcitation process, we focus the discussion on the
working temperatures. These are obviously limited by both the magnetic ordering
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temperatures and the decay temperature of the photoexcited state. Much effort is
presently devoted to increasing the decay temperatures up to room temperature, and
in this respect the use of novel photoswitchable ligands seems to be promising. In all
cases, however, the devices have to face the crucial problem of the optical density.
Thin layer samples, or the recourse to optical and magneto–optical measuring devices
might solve the problem. For all these reasons, we speculate that optical applications
such as erasable optical memories emerge out first, and specific magnetic applications
might appear later.
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9 Colossal Magnetoresistance and Charge-ordering
in Rare Earth Manganites

Bernard Raveau and Chintamani N. R. Rao

9.1 Abstract

Rare earth manganites of general formula Ln1−x Ax MnO3 (Ln = rare earth, A =
alkaline earth) with the perovskite structure have become a subject of intense study
in recent years, because of colossal magnetoresistance, charge-ordering, and their
other fascinating properties. Structural and magnetotransport properties of these
manganites are examined in this article in the light of recent findings. The extraor-
dinary sensitivity of the properties of these materials to structure, composition, size
of the cations, impurity substitution at the Mn site, and magnetic and electric fields
is reviewed in some detail.

9.2 Introduction

Since the discovery of negative magnetoresistance in perovskite manganites of the
type Ln1−x Ax MnO3 (Ln = rare earth, A = Ca, Sr, etc.) [1], extensive studies have
been performed on these materials, which have very large resistance ratios, R0/RH ,
where R0 and RH are the values of the resistance in the presence and the absence of
a magnetic field [2]. This effect has been called colossal magnetoresistance (CMR).
Intense activity in this field [3] originates from the possible application of these mate-
rials in magnetic sensors and recording. The particular transport and magnetic prop-
erties of these materials mainly arise from the double-exchange mechanism between
the Mn3+ and Mn4+ species [4], and are closely related to the crystallographic struc-
ture so that a structural transition often induces a magnetic and resistive transition.
The double-exchange process gives rise to ferromagnetism and an insulator-metal (I–
M) transition around the ferromagnetic TC in these materials. In this review, we shall
describe the main features which characterize the CMR manganites with respect to
their crystal chemistry. Other important aspects such as charge- and orbital-ordering
in the manganites will also be presented.

Magnetism: Molecules to Materials I: Models and Experiments.
Edited by Joel S. Miller and Marc Drillon
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9.3 From Hole-doped to Electron-doped CMR Manganites

The manganites Ln1−x Ax MnO3 with the perovskite structure, where A is a divalent
cation (e. g. Sr or Ca), can be subdivided into two groups depending on the x value. For
x < 1/2, one obtains hole doped manganites which correspond to the introduction
of Mn4+ species in the Mn3+ lattice of LnMnO3, whereas for x > 1/2 the electron-
doped manganites are formed, which correspond to the introduction of Mn3+ species
in the Mn4+ lattice of CaMnO3 (or SrMnO3). The Ln0.5A0.5MnO3 manganites which
contain an equal number of Mn3+ and Mn4+ species (x = 1/2) are generally called
half doped manganites.

In the hole-doped manganites, the CMR effect appears when the Mn4+ content is
sufficiently large [1–3], the optimum value being around 30% (x 0.30). As illustrated
for the manganite Pr0.7Ca0.25Sr0.05MnO3 (Fig. 1), the material exhibits an insulator

Fig. 1. Pr0.7Ca0.25Sr0.05MnO3: Temperature-dependence of (a) the resistance R under 0 T (◦)
and 5 T (〈) and (b) magnetization registered under 1.4 T



9.3 From Hole-doped to Electron-doped CMR Manganites 299

to metal transition (I → M) at a low temperature (Fig. 1a) which coincides with
the Curie temperature TC, corresponding to the paramagnetic (PM) to ferromag-
netic (FM) transition (Fig. 1b). Application of a magnetic field of 5 T decreases the
resistivity by several orders of magnitude around TC (Fig. 1b).

In the electron-doped manganites, the CMR effect is observed for a rather small
Mn3+ content around 15% (x ∼ 0.85) [5]. More importantly, the behavior of the
electron-doped materials is fundamentally different from the hole doped ones as
illustrated for Sm0.85Ca0.15MnO3 (Fig. 2). One indeed observes that, in contrast to
hole doped manganites, the electron-doped phases, exhibit a metal (or semi-metal)
to insulator (M → I) transition at decreasing temperature (Fig. 2a). Moreover, this
electron-doped manganite is no more ferromagnetic at low temperature, but anti-
ferromagnetic (AFM) and the M(T ) curve registered under 1.4 T registered shows a
peak at the resistive transition temperature (Fig. 2b). In fact this M(T ) peak, which
corresponds to a competition between FM and AFM is induced by the applied

Fig. 2. Sm0.85Ca0.15MnO3: Temperature-dependence of (a) the resistivity, ρ, under 0 and 7 T
and (b) the magnetization registered under 1.4 T
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magnetic field (its intensity is dramatically decreased under 100 G). Thus, the M–I
transition in the electron-doped manganites coincides with a PM–AFM transition,
instead of a PM–FM transition for the hole doped ones. For this optimum composi-
tion, the resistivity is decreased by two orders of magnitude at low temperature by
application of a magnetic field of 7 T (Fig. 2a).

In the half-doped manganites, the CMR effect can also be observed as shown for
instance for Pr0.5Sr0.5MnO3 by Tomioka et al. [2]. In that case, two transitions are
observed versus temperature as shown from the ρ(T ) curves (Fig. 3a) and M(T )

curves under 100 G (Fig. 3b). The first one around 250 K corresponds to a PMI →
FMM transition like in the hole doped manganites, whereas the second one at 140 K
involves a FMM → AFMI transition. The application of a magnetic field decreases
also the resistivity, but much more importantly in the AFM region, i. e. by about 20
times, than in the FMM region (Fig. 3a).

Fig. 3. Pr0.5Sr0.5MnO3: Temperature-dependence of (a) the resistivity under 0 and 7 T and (b)
the magnetization registered under 100 Gauss
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9.4 Key Factors Controlling the CMR Properties-Magnetic
Phase Diagrams

Like for most transition metal oxides, the transport and magnetic properties of the
manganites are controlled by the carrier density and by the bandwidth which results
from the overlapping of the Mn-3d and O-2p orbitals. The first one is determined
by the amount of Mn4+ in the Mn3+ matrix of the hole doped system and vice-
versa by the amount of Mn3+ in the Mn4+ matrix of the electron-doped oxides. The
bandwidth depends on the Mn–Mn distance and more so on the Mn–O–Mn angle,
and consequently can be modified by varying the size of the A-site cation. Besides
the carrier concentration and size of the A site cation, there exists a third factor,
the A site ion size mismatch, first introduced by Rodriguez-Martinez and Attfield
[6]. These authors have shown that for the same average size 〈rA〉, the TC decreases
as the cationic disorder because of the size difference between the A site cations
increases. They have quantified this effect by the variance σ 2 of the A site cations
radii distribution, σ 2 = ∑

yr2
i −〈rA〉2, where yi are the fractional occupancies of the

different i cation with ri radius.
The effect of hole concentration and of the size of the A site cation upon the mag-

netoresistive properties of hole doped manganites was studied by several groups
simultaneously [2a,7]. For a constant hole carrier concentration, TC increases prac-
tically in a linear way with the average ionic radius of the interpolated cation, pro-
vided the size difference between the A cations be not too large. This is illustrated
for the series Pr0.7Ca0.30−xSrxMnO3 and Pr0.7−xLaxCa0.3MnO3 and for the series
Pr0.66Ca0.34−xSrxMnO3 (Fig. 4). Thus, the large size of the A site cation seems to be
the dominant factor responsible for the increase in TC and, consequently, the CMR
at higher temperature. The comparison of the “Pr0.7” and “Pr0.66” series shows also
that the influence of the hole carrier density upon TC is spectacular: for the same
〈rA〉 value, each member of the series “Pr0.66” exhibits a Curie temperature 50 K

Fig. 4. Evolution of the depen-
dence of TC on 〈rA〉 for the se-
ries (a) Pr0.7Ca0.30−x Srx MnO3,
(b) Pr0.66Ca0.34−x Srx MnO3,
(c) Pr0.7−x Lax Ca0.3MnO3
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Fig. 5. Dependence of 〈rA〉 (or tolerance factor) on TC for Ln0.7A0−.3MnO3 manganites (after
H.Y. Hwang et al. [7a])

smaller than the oxide of the series “Pr0.7”. This demonstrates that TC and CMR are
both strongly reduced when the hole concentration deviates from the optimal hole
concentration of 30% (x � 0.30). Nevertheless, CMR and the PMI–FMM transition
can be obtained over a rather wide range of hole concentrations, provided the size
of the A site cation is sufficiently large.

Taking into consideration the size effects, magnetic phase diagrams can be es-
tablished as shown for the compounds Ln0.7A0.3MnO3 (Fig. 5). This diagram shows
clearly that the FMM state appears only above a certain critical 〈rA〉 value, whereas
below this 〈rA〉 value (∼1.18 Å), one observes only a FMI state at low temperatures.
Thus, the PMI-FMM transition, and consequently the CMR properties require a
minimum value of 〈rA〉 of 1.18 Å (or of the tolerance factor) in the hole doped
manganites, to appear. Such a decrease of the ferromagnetism with 〈rA〉 is easily ex-
plained by the decrease of the Mn-O-Mn angle with 〈rA〉, which creates a bandwidth
narrowing [8]. Moreover, it can be seen from this diagram, that TC first increases
practically linearly with 〈rA〉 in the region 1.18–1.22 Å, in agreement with the above
statements. But then, for higher 〈rA〉 value, TC deviates from the linearity, becoming
smaller than the expected value, goes through a maximum for 〈rA〉 = 1.24 Å, and
finally decreases as 〈rA〉 increases. Such an evolution is easily explained by the A
site size mismatch effect [6]. In order to continue to increase 〈rA〉, one must indeed
introduce strontium and then barium on the La site so that the size difference and
consequently the mismatch effect are increased dramatically. As a result, the size
mismatch which tends to decrease TC, competes with the size effect which tends to
increase TC, and finally becomes predominant for 〈rA〉 > 1.24 Å.
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In the electron-doped manganites, the CMR effect appears only for a small range
of electron concentration, and in contrast to the hole-doped manganites requires
a small size of the A-site cation. This is illustrated in Fig. 6 where the magnetic
diagrams of the manganites Pr1−x Srx MnO3 and Pr1−x Cax MnO3 [9] are compared.
The Pr1−x Srx MnO3 diagram (Fig. 6a), characterized by a large size of the A-site
cation (Pr/Sr) displays a wide FMM domain and consequently CMR properties over
a large range of composition (0.25 ≤ x ≤ 0.54) extending especially in the hole
doped region, whereas in the electron-doped region close to SrMnO3 (x ∼ 0.7–

Fig. 6. Magnetic phase diagrams of (a) Pr1−x Srx MnO3 and (b) Pr1−x Cax MnO3
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0.9) no CMR effect is observed. In contrast, the Pr1−x Cax MnO3 diagram (Fig. 6b),
which corresponds to a smaller size of the A site (Pr/Ca), shows that the CMR
domain in the hole-doped region has been considerably reduced (0.3 ≤ x ≤ 0.45),
FMM properties being not detected in the diagram, but there exists a second CMR
domain in the electron-doped region (0.85 ≤ x ≤ 0.90).

It is remarkable that the CMR domain in the electron-doped system is narrow and
the situation is common to all the lanthanides from La to Ho in the Ln1−x Cax MnO3
system (x = 0.80–0.87) [5]. It is easy to determine the role of the electron concentra-
tion upon the magnetic and transport properties of these materials by plotting the
temperature Tpeak of their M(T) curve against 1 − x (Fig. 7), because it was shown
that this peak corresponds to the maximum CMR effect [5a].

For most of the lanthanides Tpeak appears for the same electron concentrations
(1− x � 0.13 to 0.20), whereas for cerium and thorium Tpeak and consequently CMR
appear for a much lower electron concentration (1 − x ∼ 0.07 to 0.12). This differ-
ence comes from the tetravalent character of thorium or cerium which introduces an
electron concentration per atom twice higher than that introduced by trivalent lan-
thanides. By plotting Tpeak against 2(1 − x) or Th or Ce phases (dashed line Fig. 7),
it can be seen that these oxides exhibit a similar behavior. These results demon-
strate that the electron concentration is a predominant factor for the magnetic and
transport and especially CMR properties of the electron-doped manganites. The
transition temperature Tpeak is also slightly affected by the size of the lanthanide.
For a fixed electron concentration, the transition temperature Tpeak decreases with

Fig. 7. Evolution of the dependence of Tpeak (or metal-insulator temperature transition) on
electron concentration x for electron-doped manganites Ln1−x Cax MnO3. The dashed line
corresponds to the 2(1 − x) electron concentration for Th and Ce
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the lanthanide size. In other words, as the mean ionic radius 〈rA〉 of the interpolated
cation increases, a smaller electron concentration is necessary to replace the FMM
state at the benefit of the AFMI state. Thus, in contrast to the hole-doped mangan-
ites, the stability of the FMM state increases as the size of the interpolated cation
decreases. Note that the size of the A site cation also influences the optimal electron
concentration, for the appearance of CMR, increasing slightly from 0.135 for Pr to
0.16 for Eu and remaining constant down to Ho. The size of the A-site cation and
the electron concentration are not the only factors which influence the CMR prop-
erties of these materials; the size mismatch effect should also be considered, but the
latter effect is too small in this series to be evaluated easily. Nevertheless in a recent
study of the perovskites Th0.35AE0.65MnO3 (AE = Ca, Sr, Ba), it has been shown
that a transition from a FMM to a SPGI (spin glass insulator) state is induced as
the A-site size mismatch is increased. Moreover, the magnetoresistance is strongly
reduced for the spin glass insulators, demonstrating that the A-site cationic disorder
is detrimental for the CMR properties in the electron-doped manganites.

The size of the A site cation plays also an important role in the magnetic and
transport properties of the half doped manganites [10], as illustrated for the series
Pr0.5Sr0.5−x Cax MnO3 (Fig. 8a). In these oxides, TN increases and TC decreases as x
increases i. e. as 〈rA〉 decreases, showing that the AFMI and PMI states are favored at
the expense of the FMM state by decreasing the size of the A site cation. Moreover,
application of a magnetic field shows that the size of the A site cation also affects
the amplitude of the CMR effect, giving a resistance ratio of 3000, a value higher
than for Pr0.5Sr0.5MnO3 (� 20). A similar magnetic phase diagram is observed for
(Ln, Ln′)0.5Sr0.5MnO3 manganites [10] as shown in Fig. 8b. The two diagrams are
not superimposable and the 〈rA〉 dependence of TC is more severe for the “Sr0.5”
phases (Fig. 8b) than for the “Pr0.5” phases (Fig. 8a). Thus, TN is nearly constant
for “Sr0.5” (Fig. 8b), whereas it decreases significantly as 〈rA〉 increases for “Pr0.5”
(Fig. 8a). This difference between the two series is explained on the basis of the A
site size mismatch.

It has been observed that σ 2 and 〈rA〉 are not univocally related [11] making
it necessary for a new magnetic phase diagram in the (σ 2, rA) plane (Fig. 9) ob-
tained by measuring TN and TC for the different members of the general formula
Ln0.5A0.5MnO3. Four regions can be distinguished: weak ferromagnetic (WFM),
ferromagnetic (FM) and two charge-ordered (CO) regions. The first type of charge
ordered phases (1.21–1.26 Å) exhibit two transitions, AFMI–FMM and FMM–PMI.
For those compounds, the larger is 〈rA〉, wider is σ 2, indicating that this CO-type be-
comes less sensitive to size mismatch when 〈rA〉 increases. Nevertheless, the FMM–
PMI transition (FM regions) is observed beyond a critical σ 2 value. In contrast,
when 〈rA〉 is small (<1.19 Å) and σ 2 is not too high (<0.002 Å2), a second type of
charge-ordered phase is obtained wherein a AFMI–PMI transition occurs. Note that
whatever be the 〈rA〉, whenever σ 2 is increased CO tends to disappear leading either
to a FM or to WFM behavior. These results indicate the important role of both 〈rA〉
and σ 2 on the magnetoresistive properties of these manganites.
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Fig. 8. Dependence of 〈rA〉 on both TC and TN for (a) Pr0.5Sr0.5−x Cax MnO3 and (b) for (Ln,
Ln′)0.5Sr0.5MnO3 manganites

Fig. 9. Magnetic phase diagram in the
σ 2-〈rA〉 plane of Ln0.5A0.5MnO3 man-
ganites
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9.5 Structural Transitions

The magnetic and transport properties of the manganites are closely related to the
crystallographic structure. It is indeed remarkable that most of the magnetic and
transport transitions coincide with a structural transition. The evolution of the per-
ovskite structure versus temperature (distortion of the MnO6 octahedra, tilting of
the octahedra, cationic displacements, ordering of the Mn3+ and Mn4+ species called
charge-ordering) is one of the key points for the understanding of the magnetotrans-
port transitions in those materials.

In the hole-doped CMR manganites, which show the PMI–FMM (I–M) transi-
tion, a significant contraction of the lattice, without any change of the symmetry
is generally observed just below TC in the FMM state [12]. This is illustrated by
the evolution of the Mn–O distances versus temperature in the CMR manganite
Pr0.70Ca0.20Sr0.1MnO3 (Fig. 10a), which has a TC of 170 K. It can be seen that an
abrupt variation of the Mn–O distances is observed at the transition. In the PMI
state, the Jahn–Teller distortion increases as T decreases, whereas in the FMM state
the Jahn–Teller distortion still exists but does not vary significantly at low temper-
atures. Clearly, TC coincides exactly with the decrease in the Jahn-Teller distortion
(Fig. 10b).

Although they correspond to a static effect, these correlations between Jahn–
Teller distortion and magnetic ordering are in agreement with the theory of Millis
et al. [8] which emphasizes the important role of the dynamic Jahn–Teller effect in
the properties of these materials. For smaller size of the interpolated cation, the
FMM domain is reduced and finally replaced by an AFM domain at low tempera-
ture as 〈rA〉 decreases, as shown in La1−x Cax MnO3 [13], Nd1−x Cax MnO3 [14] and
Sm1−x Cax MnO3 [15]. The PM → AFM transition which occurs at low temperatures
in the latter manganites is related to the appearance of charge-ordering, i. e. to the
ordering of the Mn3+ and Mn4+ species as the temperature decreases below the
transition temperature. In the half-doped regime, this charge-ordering involves the

Fig. 10. Evolution of the Mn–O distances (a) and of the Jahn–Teller distortion dMn-Oapical/
dMn-Oequatorial (b) for the hole doped manganite Pr0.7Ca0.2Sr0.1MnO3
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doubling of one parameter of the orthorhombic cell at low temperature, in agree-
ment with the 1:1 ordering of Mn3+ species with Mn3+/Mn4+ mixed species type.
This issue of charge-ordering will be discussed in detail in the next section. Never-
theless it is worth pointing out, that it is the charge-ordering phenomenon which
hinders the appearance of the metallicity and consequently the FMM state in zero
field. The application of a magnetic field can then melt the charge-order in large 〈rA〉
systems and generate the FMM state, so that CMR properties can be obtained at
high magnetic fields.

9.6 Charge-ordering

Charge-ordering is a phenomenon observed in solids wherein electrons become lo-
calized due to the ordering of cations of differing charges on specific lattice sites.
Several of the rare earth manganites of the general composition Ln1−x Ax MnO3 (Ln
= rare earth, A = alkaline earth) have fascinating properties and phenomena asso-
ciated with charge-ordering [3,16]. Historically, the occurrence of charge-ordering in
these manganates was first observed by Wollan and Koehler [17] and later examined
by Jirak et al. [18]. Charge-ordering competes with double-exchange, and promotes
insulating behavior and antiferromagnetism in the manganites. The charge-ordered
phases in the manganites are manifestations arising from the interaction between
the charge carriers and the phonons wherein the Jahn–Teller distortions play a sig-
nificant role. Charge-ordering arises because the carriers get localized into specific
sites below a certain temperature, TCO, giving rise to long-range order throughout
the crystal structure. Furthermore, the Mn3+ (eg) orbitals (3d2

z) and the associated
lattice distortions (long Mn–O bonds) also develop long-range order, giving rise to
orbital-ordering. Then, the magnetic exchange interactions between the Mn ions be-
come anisotropic because the Mn–O–Mn superexchange interaction is ferromagnetic
through a filled and an empty 3d2

z orbital, but antiferromagnetic through two empty
3d2

z orbitals. This gives rise to complex magnetic-ordering in these structures. Thus,
at low temperatures, the rare earth manganites get antiferromagnetically ordered
(AFM) with CE or A type ordering, but only the former occurs in the charge-ordered
materials where the eg electrons are localized. The CE-type spin-ordering is charac-
terized by the ordering of Mn3+ and Mn4+ ions alternately. The spin-ordering in the
ab plane is somewhat complex and it stacks antiferromagnetically along with c axis.
In the A-type spin-ordering, the spins order ferromagnetically in the ab plane (with
the moments pointing towards the a axis) and these planes stack antiferromagneti-
cally along the c axis. In Fig. 11 we show the features of CE- and A-type ordering in
half-doped manganites (x = 0.5). Orbital-ordering can occur in both A and CE-type
AFM ordering, but they differ in detail. The CE type AFM state can be attained on
cooling a ferromagnetic state or a charge-ordered paramagnetic state.

The basic features of charge-ordering in the perovskite rare earth manganites,
Ln1−x Ax MnO3, can be understood by examining the properties of Pr0.6Ca0.4MnO3
and Nd0.5Sr0.5MnO3. These two manganites with different sizes of the A-site cations
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Fig. 11. A-type and CE-type antiferromagnetic (AFM) ordering in rare earth manganites,
Ln0.5A0.5MnO3. The figure shows spin-ordering (ab plane) and orbital-ordering (dx2−y2 in A

type, dy2−r2 in CE type) in the two types. The Mn3+O6 octahedra have long Mn–O bonds in
the ab plane, specially in the AFM state

(the average radius 〈rA〉 being 1.17 and 1.24 Å respectively), exhibit significantly dif-
ferent properties Pr0.6Ca0.4MnO3 is an insulator at all temperatures and becomes
charge-ordered around 235 K. At this transition temperature, TCO, anomalies are
found in the magnetic susceptibility as well as the resistivity [19] (Fig. 12). In the
charge-ordered (CO) state, the Mn3+ and Mn4+ ions are regularly arranged in the
ab plane with the associated ordering of the dx2−y2 and dy2−r2 orbitals. On cooling,
antiferromagnetic (AFM) ordering (CE type) occurs at 170 K (TN). The CE-type
spin structure contains ferromagnetically aligned chains along the c-axis. The ferro-
magnetic spin-ordering in Pr0.6Ca0.4MnO3 is likely to be due to the extra electrons
(arising from the deviation from x = 1/2) which hop in a manner that aligns the
t2g spins in the Mn4+ sites by the double-exchange mechanism. It must be noted
Pr0.5Ca0.5MnO3 is a CO material with an antiferromagnetic chain along the c-axis.
Around 40 K, Pr0.6Ca0.4MnO3 exhibits canted antiferromagnetic ordering. Applica-
tion of an external magnetic field transforms the CO state to a ferromagnetic metallic
(FMM) state as shown in Fig. 12. The transition is first-order and is associated with
large hysteresis. The basic features the CO state in Pr0.6Ca0.4MnO3 are exhibited by
other rare earth manganites with relatively small A-size cations, in that the CO state
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Fig. 12. Temperature-variation of (a) resistivity and
(b) magnetic susceptibility of Pr0.6Ca0.4MnO3 [19]

is the ground state. These materials do not become ferromagnetic in the absence of
an external field. Thus, Nd0.5Ca0.5MnO3 (〈rA〉 = 1.17 Å) is a paramagnetic insulator
with a charge-ordering transition around 240 K.

Nd0.5Sr0.5MnO3 is a ferromagnetic metal with a TC of ∼250 K and transforms to an
insulating CO state around 150 K [20] (Fig. 13). The FMM–CO transition is accom-
panied by spin- and orbital-ordering, and the CO insulator is antiferromagnetic (CE
type). Application of a magnetic field of ∼6T destroys the CO state, and the material
becomes metallic. The transition is first-order showing hysteresis and is associated
with changes in unit cell parameters. Pr0.5Sr0.5MnO3 undergoes a transition from a
FMM state to an AFM state (A type) at 140 K, but is not charge-ordered [21]. Note
that there can be charge-ordering only in the CE-type AFM structure. Note that the
CO states of both Nd0.5Sr0.5MnO3 and Pr0.6Ca0.4MnO3 could be transformed into
the FMM state by the application of magnetic fields. The sensitivity of the CO state
to magnetic fields depends on the average size of the A-site cations, 〈rA〉.

A few decades ago, Goodenough [22] interpreted the CE-type antiferromagnetic
structure of La0.5Ca0.5MnO3 as evidence of charge-ordering and suggested a possi-
ble orbital-ordering pattern associated with it. The crystallographic superstructure
arising from such ordering has been observed by electron diffraction and solved by
neutron and X-ray diffraction. La0.5Ca0.5MnO3 shows a ferromagnetic transition at
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Fig. 13. Temperature-variation of
(a) magnetization and (b) resistivity of
Nd0.5Sr0.5MnO3 [20]

225 K, followed by a first-order transition at 135 K to an AFM(CE) state. The latter
transition coincides with a change from incommensurate to nearly commensurate
charge-ordering. What is surprising, however, is the co-existence of ferromagnetism
and charge-ordering in the narrow temperature range (220–135 K). This is appar-
ently due to an inhomogeneous spatial mixture of the incommensurate CO and FM
(charge-disordered) microdomains [23].

In Pr1−x Cax MnO3 (0.35 ≤ x ≤ 0.5), CE type charge-ordering occurs around
230 K (TCO) and AFM ordering around 170 K. The paramagnetic state is charac-
terized by ferromagnetic spin fluctuations with a small energy scale [24]. At TCO,
these fluctuations decrease and disappear at TN. It appears that charge-ordering is
incommensurate in the paramagnetic insulating state (180–260 K) of the x = 0.5
composition. At TN, there is an incommensurate to commensurate CO transition.
In the incommensurate CO structure, partial orbital-ordering is likely to be present.
Similar charge, orbital and spin-ordering is found in the 0.3 composition as well.
Pr0.67Ca0.33MnO3 shows thermal relaxation effects from the metastable FMM state
(produced by the application of a 10 T magnetic field) to the CO state [25]. An
electron microscopic study of La1−x−yPryCax MnO3 with x = 3/8 suggests this man-
ganate to be electronically phase-separated into a sub-micrometer-scale mixture of
CO insulating regions and metallic, ferromagnetic domains [26]. The balance be-
tween the two states is affected by changes in chemical substitution, magnetic field
etc. Percolative transport between the two states could be responsible for the high
CMR in such manganites with low TC.

In Nd0.5Sr0.5MnO3, which has a first order transition from the FMM state to the
CO-AFM state, the Imma space group renders the Mn–O–Mn angle in the ab plane
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to be closer to 180◦, promoting the overlap of the Mn(eg) and O(2p) orbitals. The
eg electrons are delocalized in the FMM state, but localized in the AFM (CE) state
below TCO. Vacuum tunneling measurements show that at the 150 K transition, a
CO gap of 250 meV opens up [27]. The gap collapses on applying the magnetic field,
suggesting that a gap in the density of states at EF is necessary for the stability of the
CO state. Nd0.5Sr0.5MnO3 shows anomalous magnetostriction behavior, with a large
positive magnetovolume effect due to the magnetic field-induced structural transi-
tion accompanying the CO–FMM transition [28]. It is to be noted that the unit cell
volume of the FMM phase is higher than that of the CO phase. In Pr0.7Ca0.3MnO3,
the destruction of the CO state gives rise to a negative magneto volume effect. It ap-
pears that the magnetic field-induced structural transition occurs when the CO state
is established in the FM state, as in Nd0.5Sr0.5MnO3. The magnetovolume effect in
Nd0.5Sr0.5MnO3 is consistent with the existence of an electron phase segregation at
low temperatures which is reversed by a magnetic field.

High-resolution X-ray and neutron diffraction investigations show that
Nd0.5Sr0.5MnO3 phase separates into three macroscopic phases at low tempera-
tures. These are the FMM high-temperature phase (Imma), the orbitally ordered
AFM (A-type) phase (Imma), and the charge and orbitally ordered AFM (CE type)
low-temperature phase (P21/m) [29]. The A-type AFM phase starts manifesting it-
self around 220 K, while the CE type CO phase first appears at 150 K. In Fig. 14, we
show the phase compositions at different temperatures. The presence of the high-
temperature FMM phase, even at very low temperatures, is noteworthy. These results
are of considerable significance in interpreting many properties of this manganite.
The FMM phase has a larger volume than the average volume or the volume of the
low-temperature CO phase. The phase segregation behavior of this system and the
relative stabilities of the structures seem to depend crucially on the Mn4+/Mn3+ ra-
tio. Thus, Mn4+/Mn3+ > 1 appears to stabilize the orbitally ordered AFM (A-type)
phase.

In the hole-doped manganites exhibiting CMR, the ferromagnetic TC increases
with the average radius of the A-site cations, 〈rA〉. Increasing 〈rA〉, which is equivalent
to increasing the hydrostatic pressure, increases the Mn–O–Mn angle and eg band-

Fig. 14. Variation in the percentage of the dif-
ferent phases of Nd0.5Sr0.5MnO3 with tempera-
ture: FMM phase (diamonds); orbitally ordered
A-type AFM phase (squares); Charge-ordered
CE-type AFM phase (circles) [29]
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width. If there is considerable mismatch in the radii of the different A-site cations,
however, the TC does not increase with 〈rA〉, an aspect that we will discuss later. The
charge-ordering transition is also highly sensitive to 〈rA〉 and the TCO increases with
decrease in 〈rA〉. The sensitivity of TCO to 〈rA〉 has been discussed in some detail
recently [16,30,31] and is generally attributed to an increased tilting of the MnO6
octahedra as the 〈rA〉 decreases. Careful structural investigations [30] show that
the Mn–O(eq)–Mn and Mn–O(ax)–Mn bonds are identical in Ln0.5Ca0.5MnO3 (ex-
cept when Ln = La). For Ln0.5Ca0.5MnO3 and all the Ln0.5Sr0.5MnO3 compounds,
the Mn–O(eq)–Mn angle is significantly larger (2–6◦) than the Mn–O(ax)–Mn an-
gle. While the Ln0.5Ca0.5MnO3 manganites crystallize in Pnma symmetry, in the
Ln0.5Sr0.5MnO3 manganites, there is an evolution from Pnma to I4/mcm through
Imma with increase in 〈rA〉. The changes in the octahedral tilt system have conse-
quences on the low-temperature magnetic structure. This is seen in Nd0.5Sr0.5MnO3
where the charge-ordering in the CE-type AFM state is associated with the Imma
structure.

We noted earlier that the CO state of Nd0.5Sr0.5MnO3 (〈rA〉 = 1.24 Å) and
Pr0.6Ca0.4MnO4 (〈rA〉 = 1.17 Å) are both destroyed by magnetic fields. The field
required to melt the CO state varies with 〈rA〉 and the manganites with very small
〈rA〉 remain charge-ordered even on application of high magnetic fields. Thus,
Y0.5Ca0.5MnO3 (〈rA〉 = 1.13 Å) has a very robust CO state which is not affected
by high magnetic fields (>15T). We can thus distinguish three types of manganite by
their sensitivity to magnetic fields [31]: (a) manganites that are ferromagnetic and be-
come charge-ordered at low temperatures (e. g., Nd0.5Sr0.5MnO3), with the CO state
transforming to a FMM state on application of a magnetic field, (b) manganites that
are charge-ordered in the paramagnetic state and do not exhibit an FMM state, but
transform to a FMM state under a magnetic field (e. g. Pr1−x Cax MnO3) and (c) those
which are charge-ordered in the paramagnetic state as in (b), but are not affected by
magnetic fields up to ∼6T (e. g. Y0.5Ca0.5MnO3). Some of the manganites in category
(c), such as Nd0.5Ca0.5MnO3, show a CO → metal transition only on the application
of very high fields (≥15T). The x = 0.5 manganites with 〈rA〉 ≤ 1.17 Å seems to be-
long to category (c). The apparent one-electron bandwidths estimated on the basis
of the experimental Mn–O–Mn angles and Mn–O distances in Ln0.5A0.5MnO3 do
not vary significantly with 〈rA〉, suggesting that other factors may be responsible for
the sensitivity of the CO state to 〈rA〉. One possibility is the competition between
A- and B-site cations for covalent mixing with the O(2p) orbitals [31]. By increasing
the size of the A-site cations, the CO state in the manganites can be transformed to a
FMM state. Here also, increasing 〈rA〉 has the same effect as increasing the external
pressure.

While one employs 〈rA〉 as a parameter to vary the eg bandwidth for purpose of
convenience, it should be realized that there are no simple systematics in charge-
ordering and magnetic behavior of Ln0.5A0.5MnO3 compounds with 〈rA〉. Consider-
ing that the rare earth manganites with large 〈rA〉, as exemplified by Nd0.5Sr0.5MnO3
(〈rA〉 = 1.24 Å), and those with small 〈rA〉, as exemplified by Nd0.5Ca0.5MnO3
(〈rA〉 = 1.17 Å), exhibit entirely different characteristics of the CO state, and that
〈rA〉 = 1.17 Å categorizes the manganites with respect to the effect of the magnetic
fields, we would expect interesting and unusual properties in the intermediate range
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of 〈rA〉 of 1.20 ± 0.20 Å. In this regime, TCO approaches TC leading to a competition
between charge-ordering and ferromagnetism.

Nd0.25La0.25Ca0.5MnO3 (〈rA〉 = 1.19 Å) reveals an intriguing sequence of phase
transitions [32]. On cooling, this manganite develops an incipient CO state below
220 K. The formation of this state is accompanied by an increase in electrical resis-
tivity and the opening up of a gap in the density of states near EF. The orthorhombic
distortion also increases as a consequence of cooperative Jahn–Teller distortion of
the lattice and short-range ordering of the Mn3+ and Mn4+ ions. Around 150 K,
the incipient CO state becomes unstable and the material undergoes a re-entrant
transition to a FMM state. The transition is characterized by a sharp decrease in
resistivity, collapse of the CO gap (Fig. 15), development of FM ordering and an
abrupt decrease in the orthorhombic distortion. There is a two phase coexistence
region (150–220 K) around the CO-Fmm transition (see Fig. 15).

The effect of magnetic fields on the CO states of rare earth manganites was dis-
cussed earlier. In Pr1−x Cax MnO3 (x ≈ 0.4), magnetic fields cause a CO–FMM tran-
sition. High electric fields and X-irradiation also give rise to such a transition. Irradi-
ation with visible light at small electric fields is reported to delocalize the CO state,
causing an insulator-metal transition. The light-induced insulator-metal transition in
Pr0.7Ca0.3MnO3 appears to generate a localized conduction path, although the bulk
of the sample is insulating. A recent study of the electric-field induced effects in thin
films of several charge-ordered rare earth manganites including Nd0.5Ca0.5MnO3
and Pr0.7Ca0.3MnO3, shows that very small dc currents (fields) destroy the CO state
and give rise to insulator–metal transitions [33]. The current–voltage characteris-
tics are nonohmic and show hysteresis. The I–M transition temperature decreases
with increasing current (Fig. 16). The hysteretic I–M transition in Fig. 17 is specially
noteworthy, in that there is a reproducible memory effect in the cooling and heating
cycles. The current-induced I–M transition occurs even in Y0.5Ca0.5MnO3, which is

Fig. 15. Temperature variation of the
CO gap in Nd0.5Sr0.5MnO3 (Trian-
gles) and in Nd0.25La0.25Ca0.5MnO3
(circles). Shaded area is the mixed
phase (CO–FM) region where a first
order transition occurs. Inset shows
a typical conductance curve [32]
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Fig. 16. Electric current-induced insulator-metal transition in Pr0.7Ca0.3MnO3 films deposited
on Si(100) at different values of the current. Inset (a) shows I –V curves at different temper-
atures. Inset (b) shows resistance oscillations at low temperatures (from Parashar et al., to be
published)

not affected by large magnetic fields. Furthermore, there is no need for prior laser
irradiation to observe the current-induced I–M transitions. It is proposed that elec-
tric fields cause depinning of the randomly pinned charge solid. There appears to
be a threshold field in the CO regime beyond which nonlinear conduction sets in
along with a large broad-band conductivity noise. Threshold-dependent conduction
disappears around TCO suggesting that the CO state gets depinned at the onset of
nonlinear conduction. It is interesting that at small currents or low magnetic fields, re-
sistance oscillations occur because of temporal fluctuations between resistive states.
The role of possible inhomogeneities or phase segregation in these materials giving
rise to percolative conduction has to be considered.

In the electron-doped manganites, the situation is different, close to CaMnO3 or
to SrMnO3 [34]. As stated above, for large A site cation, the electron-doped man-
ganites, close to SrMnO3, do not exhibit any CMR properties, nor ferromagnetism.
Nevertheless, a metal to insulator transition is observed at low temperatures. This
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Fig. 17. (a) Temperature-
variation of resistance of an
oriented Pr0.7Ca0.3MnO3 film
deposited on LaAlO3(001)
for different values of the
current; (b) Resistance-
temperature plots for two
current values recorded over
cooling and heating cycles
showing memory effect.
Inset in (a) show I –V curves
at different temperatures
(from Parashar et al., to be
published)

is illustrated for Sr0.85Pr0.15MnO3 (Fig. 18) which has an R(T ) curve similar to that
observed for Ca0.85Sm0.15MnO3 (Fig. 2a) but with a much higher transition tem-
perature (260 K instead of 110 K). More importantly, this resistive transition is also
correlated to a magnetic and structural transition. One indeed observes a transition
from a cubic (Pm3m) symmetry (a ∼ ap) in the PMI state to the orthorhombic
14/mcm symmetry (a ∼ ap

√
2, b ∼ 2ap, c ∼ ap

√
2) in the C-type antiferromagnetic

phase, as T decreases below 260 K.
For a smaller size of the A site cation, close to CaMnO3, the appearance of CMR,

i. e. the resistive transition close to 110 K and the magnetic peak at this temperature
(Fig. 2), is related to a structural transition. This is shown for Sm0.15Ca0.85MnO3 [34]
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Fig. 18. Evolution of the depen-
dence of resistivity on temperature
for the electron-doped manganite
Sr0.85Pr0.15MnO3, under 0 and 7 T

for which a transition from the orthorhombic Pnma symmetry (a ap
√

2, b ∼ 2ap,
c ∼ ap

√
2) in the PM state to the monoclinic P21/m symmetry with similar parame-

ters in the C-type AFM state is observed at 110 K. Note that, although both, low
temperature forms of “Sr0.85” and “Ca0.85” phases exhibit a C-type AFM behavior,
they differ by the tilt arrangement of their octahedra (I4/mcm and P21/m respec-
tively). This is certainly correlated to their different magnetotransport properties,
CMR being only obtained for Ca0.85Sm0.15MnO3. In the small A cations system such
as Sm1−x Cax MnO3 [35], it is remarkable that charge-ordering appears as x decreases.
In the latter system, electron microscopy shows indeed the appearance of short range
charge-ordering for x = 0.80. For lower x values, 0.80 ≤ x ≤ 0.75, the low tempera-
ture ED patterns observed at 92 K show the presence of extra reflections with respect
to the basic reflections of the room temperature Pnma structure. Charge-ordering
phenomena take place along �a leading to a supercell with the following parameters
“a ∼ 1/q ap

√
2, b ∼ 2ap, c ∼ ap

√
2”. In this supercell, q characterizes the commen-

surate or incommensurate nature of charge-ordering and is found roughly equal to
the Mn3+ content, i. e. q ∼ 1 − x . Thus, for x = 3/4, 2/3 and 1/2 the [010] patterns
registered at 92 K (Fig. 19a, b, c) show a commensurate superstructure with a qua-
drupling (q = 1/4), a tripling (q = 1/3) and a doubling (q = 1/2) of the a parameter
respectively. In contrast, for intermediate x values, the structure is incommensurate,
as shown for instance for x = 0.55 (Fig. 20) for which q �0.43 at 92 K. High resolution
lattice images recorded at 92 K show a system of fringes spaced by 22 Å for x = 0.75
(Fig. 12a), 16.5 Å for x = 0.66 (Fig. 19b) and 11 Å for 0.50 (Fig. 19c), confirming the
a parameter 4ap

√
2, 3ap

√
2, and 2ap

√
2 respectively. As for La1−x Cax MnO3 [18],

these observations suggest that the various superstructures involve the alternation
along �a of one Mn3+ stripe with n Mn4+ stripes (Fig. 21), but does not bring the direct
proof of the existence of such stripes, contrary to what is written in many papers. For
intermediate x values, i. e. nonintegral 1/q values, the distribution of the stripes is
then incommensurate. The evolution of the q value against T for each x composition
(Fig. 22) clearly shows the rather abrupt transition from the Pnma room temperature
structure to the charge-ordered one. It is remarkable that this structural transition
coincides with the peak observed on the M(T ) curves of all these oxides.
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:

Fig. 19. [010] ED patterns and [010] lattice images recorded at 92 K for (a) x = 0.75 (b)
x = 0.66 and (c) x = 0.50 of the Sm1−x Cax MnO3 manganites
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(a)

(b)

Fig. 20. [010] ED pattern (a) corresponding to long-range ordering (b) in Sm0.45Ca0.55MnO3
(x = 0.55)

[100]

[001]

Fig. 21. Structural model showing the ordering be-
tween the Mn3+ octahedra (white) and the Mn4+
octahedra (gray) in the form of stripes parallel to
[001]. From the top to the bottom 1:1, 1:2 and 1:3
Mn3+:Mn4+ ordering
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Fig. 22. Evolution of the depen-
dence of the modulation vector q
on T for Sm1−x Cax MnO3 mangan-
ites with 0.40 ≤ x ≤ 0.85

The behavior of the half doped manganites discussed earlier is clearly more com-
plex. For small A-site cations a transition to a charge-ordered state by decreasing tem-
perature is generally observed for Ln0.5Ca0.5MnO3 manganites. This is illustrated by
Nd0.5Sr0.5MnO3 and Pr0.5Sr0.5MnO3. Both manganites exhibit similar PMI–FMM–
AFMI transitions at decreasing temperature. Nevertheless these oxides exhibit sig-
nificant differences in their structural transition. The AFMI low temperature phase
of Nd0.5Sr0.5MnO3 is charge-ordered and belongs to the CE-type whereas the AFMI
phase of Pr0.5Sr0.5MnO3 belongs to the A-type and no charge-ordering is observed.

9.7 Effect of Mn-site Doping

The substitution of divalent, trivalent or tetravalent elements for manganese (M = Al,
Ga, In, Ti, Fe, Sn, Mg) in CMR hole doped manganites such as Pr0.7Ca0.2Sr0.1MnO3
[36] decreases TC but increases significantly the magnetoresistance. In contrast, sim-
ilar substitutions in Pr0.5Sr0.5MnO3 do not enhance significantly the magnetore-
sistance. The most spectacular effect concerns the doping of the Mn sites with
chromium, cobalt or nickel [37]. This is illustrated by the R(T ) curves (Fig. 23a)
and M(T ) curves (Fig. 23b) of the series Pr0.5Ca0.5Mn1−x Crx O3 which show that
chromium doping not only destroys charge-ordering but induces an insulator to metal
transition and ferromagnetism as T decreases. This behavior is different from that
observed for other doped manganites such as Pr0.5Ca0.5Mn1−x Mx O3 with M = Fe,
Al, Ga, Ti, that remain insulator whatever M. Another remarkable feature concerns
the transition temperature TIM which increases with the chromium content (Fig. 23a).
The similar effect is observed for Co- and Ni-doped manganites. This transition from
an insulator to a ferromagnetic metal suggests that the so doped samples exhibit
colossal magnetoresistance properties. The induced CMR effect is indeed spectacu-
lar with resistance ratio at 60 K ranging from 3 × 104 for Cr-doped phase to 3 × 106

for Co-doped manganites.
The possibility to induce MI transition in small A-site cation manganites by doping

with Cr, Co, or Ni has been extended to different series of Ln0.5Ca0.5Mn1−x Mx O3.
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Fig. 23. Temperature-dependence of the resistance (a) and of the magnetization (b) for the
chromium doped manganites Pr0.5Ca0.5Mn1−x Crx O3

Chromium has been found to be the most efficient cation to induce the MI transition.
This is illustrated by comparing the saturated magnetization at 5 K for different
doping elements (Fig. 24). It can be seen that the highest magnetization values are
obtained for Cr-doping and moreover the chromium effect is not limited to a narrow
composition range, in contrast to cobalt or nickel. Finally, the investigation of the
A site size effect in the Cr-doped manganites Ln0.5Ca0.5Mn1−x Crx O3 shows that
the doping with chromium pushes down the 〈rA〉 limit for the appearance of the MI
transition and consequently for the appearance of CMR properties. This is illustrated
on the TMI(〈rA〉) diagram (Fig. 25) for these compounds: in the undoped materials the
MI transition and consequently the CMR effect cannot be obtained for 〈rA〉 smaller
than 1.19 Å, whereas by Cr-doping these effects can be obtained for significantly
smaller 〈rA〉 values down to 1.15 Å. These results show that Cr not only destroys
charge-ordering but certainly participates to double exchange mechanism, i. e. is
ferromagnetically coupled to its manganese neighbors so that charge-delocalization
occurs.

Fig. 24. Dependence of the magneti-
zation at 5 K registered under 1.4 T
on the doping level x for the series
Pr0.5Ca0.5Mn1−x Mx O3 with
M = Cr, Ni, Co, Fe, Sn, Al Mg
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Fig. 25. Evolution of the dependence of the
metal-insulator transition temperature TMI
on 〈rA〉 for the undoped Ln0.5Ca0.5MnO3
manganites (full circles) and the chromium
doped Ln0.5Ca0.5Mn1−x Crx MnO3 (open cir-
cles). Stars represent the undoped phases
which are insulating

Fig. 26. Temperature variation
of the (a) magnetic suscep-
tibility and (b) resistivity of
Nd0.5Ca0.5Mn1−x Rux O3

Besides those doping elements, a recent study of the substitution of Mn by Ru
in Nd0.5Ca0.5MnO3 [38] shows that ruthenium is very effective. Doping with this
element not only destroys charge-ordering but also renders this material ferromag-
netic with TC increasing with Ru content; the material also shows an insulator-metal
transition (Fig. 26). The effectiveness of Ru4+ (t4

2g) is because it will be surrounded
by Mn3+ (t3

2ge1
g), promoting electron transfer.
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10 Neutron Scattering and Spin Densities in Free Radicals

Jacques Schweizer and Eric Ressouche

10.1 Introduction

Neutron scattering has progressed over the last fifty years to become an invaluable
tool to probe experimentally condensed matter. As far as magnetism is concerned,
this technique has been recognized from the early days as unique. The most wide-
spread use of neutron diffraction is the determination of magnetic structures, that
is the determination of the directions in which moments point in a magnetically or-
dered material. In such studies, the distribution of the magnetization density M(r)
around magnetic atoms is usually taken from ab-initio calculations for free ions in the
appropriate configuration. On a sub-atomic scale, neutron diffraction also permits
to go beyond this simple approximation and to investigate the distributions them-
selves. These distributions of magnetization density contain precious information
on the electronic structure of the sample. The nature of the magnetic orbitals, the
interactions with neighboring molecules in the solid, effects such as chemical bond-
ing, spin delocalization or spin polarization strongly affect this function and can thus
be revealed experimentally. Furthermore, these distributions can be directly related
to the wave functions calculated from first principles and can therefore provide a
stringent test for theory.

Such studies require very precise measurements of the so-called magnetic struc-
ture factors, and therefore the use of polarized neutron diffraction (PND). This
technique has been mostly used for systems in which the magnetization is due to d
or f electrons in the unfilled shells of transition metals, rare earths or actinides. More
recently, it has been successfully applied to molecular compounds, where the role
played by 2p electrons is crucial. In this chapter, a review of the results obtained in
this field is made after an introduction to the experimental technique, to the meth-
ods used for the data analysis and a presentation of the different types of theoretical
calculations.

10.2 Measurement and Reconstruction of
Magnetization Distributions

10.2.1 Experimental Technique

The classical polarized neutron diffraction technique is a very sensitive tool to probe
magnetization distributions. This technique applies to single crystals which are mag-
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netized by an external field and scatter a beam of polarized neutrons, the polarization
of the beam being either parallel to the magnetic field or reversed. Neutrons inter-
act in the sample both with nuclei and magnetic moments. When the periodicity of
the magnetic and chemical structures are the same, magnetic and nuclear scattering
occur at the same points in reciprocal space corresponding to the Bragg peaks and
interfere. The intensity scattered in such a mixed reflection is:

I (K) = |FN (K)|2 + P · Q(K)F∗
N (K) + P · Q∗(K)FN (K) + |Q(K)|2 (1)

In this equation, P is the polarization of the incident beam, K is the scattering
vector, FN (K) is the nuclear structure factor and Q(K) is the magnetic interaction
vector. This latter quantity, also written as F⊥

M (K), is the projection of the magnetic
structure factor FM(K) on to the plane perpendicular to the scattering vector K. It
should be noted that both Q(K) and FM(K) are complex vector quantities, whereas
FN (K) is a scalar (also complex in the general case). All these quantities are real in
the case of centric structures. The nuclear structure factor is defined for a scattering
vector K through:

FN (K) =
∑

j

b j eiK·r j e−W j (2)

where the sum is performed over the j atoms contained in the unit cell, b j being
the nuclear scattering length characteristic of the chemical element j (expressed
in 10−12 cm), r j the position within the unit cell of the atom and W j the thermal
Debye–Waller factor.

Magnetic structure factors are the Fourier components of the magnetization den-
sity M(r) and are defined by:

FM(K) =
∫

cell
M(r) eiK·rd3r (3)

The interference term between nuclear and magnetic scattering in the expression
of the intensity is at the origin of the high sensitivity of polarized neutrons to weak
magnetic signal. In practice, the ratios, R, between the intensities for the two po-
larization states, + and −, of the incident beam are investigated systematically for
a set of K vectors corresponding to Bragg reflections. These ratios, called “flipping
ratios”, are given by:

R(K) = |FN (K)|2 + P · Q(K)F∗
N (K) + P · Q∗(K)FN (K) + |Q(K)|2

|FN (K)|2 − P · Q(K)F∗
N (K) − P · Q∗(K)FN (K) + |Q(K)|2 (4)

where P is the polarization of the incident beam. When all the quantities are real
(centric structures) and if the magnetization in the sample is aligned along the vertical
magnetic field that defines the quantization axis (z axis), this equation simplifies to:

R(K) = 1 + 2Pγ sin2 α + γ 2 sin2 α

1 − 2Pγ sin2 α + γ 2 sin2 α
(5)
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where α is the angle between the vertical axis and the scattering vector K, and with:

γ = FMz(K)

FN (K)
(6)

For a weak magnetic signal (γ 	 1), Eq. 5 can be approximated to R ≈ 1 +
4(P sin2 α)γ . R varies linearly with γ whereas for an unpolarized beam (P = 0) the
magnetic signal contributes as γ 2. The improvement is thus substantial and induced
magnetic moments as small as 10−3 ÌB can be detected routinely. Moreover, in such
centric cases, the experiment gives access both to the modulus and to the sign of the
Fourier components of the magnetization density.

10.2.2 Methods of Analysis

To determine the shape of the magnetization density in real space from the measured
Fourier coefficients, the inverse Fourier problem has to be solved. Several approaches
exist, and belong to two main families: direct (model free) methods and parametrized
models. This latter class requires the system to be well enough understood for a model
to be proposed. On the contrary, direct methods use nothing but the experimental
data, and are therefore a necessary step before any attempt to refine a model.

10.2.2.1 Model-free Methods: Fourier Inversion

Because the experiment gives (at least in centrosymmetric cases) the Fourier com-
ponents of the magnetization density, the first idea to relate the data to the density
in real space is to use the Fourier inversion:

M(r) = 1
V

∑
K

FM(K) e−iK·r (7)

where V is the unit cell volume. This technique is very simple to operate and has been
widely used in the past. However, the number of measured reflections is limited and
all the Fourier coefficient which are not measured are considered as being equal to
zero. This default, combined to the fact that no use is made of standard deviations of
the observations, results in spurious spatial correlations which do not represent real-
ity. This problem is particularly acute for molecular compounds, in which large cells
of low symmetry are often encountered, resulting in a set of independent reflections
completely prohibitive to be measured completely. The quality of the reconstruc-
tions performed under these conditions is thus generally very poor. Moreover, this
technique is restricted to the centric structures only.

10.2.2.2 Model-free Methods: The Maxent Solution

A major breakthrough in the way of treating polarized neutron diffraction data
has been reached with the maximum of entropy (Maxent) solution. This method,
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based on Bayesian statistical techniques, was first applied to radio astronomy [1]
and has been transposed to magnetization reconstructions from polarized neutron
diffraction data by Papoular [2]. It essentially provides the least informative map
consistent with the observations, taking into account their standard deviations.

Actually, given the limited number of data points (measurements) and given the
experimental error bars, an infinite number of maps consistent with the experiment
exists. The Maxent approach defines a probability for all these possible maps. This
probability, or posterior probability, is the product of two quantities, namely the like-
lihood and the prior. The likelihood is directly related to the usual χ2, that is the
agreement with the observed data. The prior represents the intrinsic probability of
the map, and can be expressed in terms of Boltzmann entropy. The “best map” is
chosen in a way to maximize this entropy under the constraint to keep a good agree-
ment with the data. The considerable advantage of this method relies on the fact that
no assumptions are necessary about nonobserved Fourier coefficients. The quality
of the obtained reconstructions, especially in the case of molecular compounds, is
incomparably improved compared to the classical Fourier inversion and therefore
can be used at a quantitative level. Another advantage arises from the fact that this
approach has been extended to acentric structures [3], and can thus operate directly
from the experimental flipping ratios.

10.2.2.3 Parametrized Model: Wave-function Approach

In the two next approaches, the spin density is developed according to a parametrized
model, and this model is refined to fit the experimental data: the magnetic structure
factors FM(K) for the centric structures or the flipping ratios R(K) for the acentric
ones. Here, in the wave function approach, the spin density is defined as the square
of atomic wave functions. At each magnetic site j , a Hartree–Fock type magnetic
wave function |ψ j 〉 is constructed from atomic orbitals |φk〉 according to:

|ψ j 〉 =
∑

k

α jk |φk〉 (8)

To allow for both positive and negative values, the magnetization density is obtained
by first squaring the atomic wave functions and only then a linear combination is
made:

M(r) =
∑

atoms
S j 〈ψ j | ψ j 〉 (9)

The atomic orbitals |φk〉 are standard orbitals, with a Slater radial part and a
spherical part built with the spherical harmonics functions Ylm . The parameters of
the model are the spin populations, s j , at each magnetic sites, the coefficients, α j , and
the radial exponents of the Slater orbitals, |φk〉. They are obtained by least-squares
fit to the measured data.
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10.2.2.4 Parametrized Model: Multipole Expansion

In this second parametrized model, more flexibility is introduced as the spin density
is directly projected on to a basis set of Slater-type functions for the radial parts and
spherical harmonic functions centered at the atomic positions for the angular parts
[4], according to:

M(r) =
∑

atoms

∑
	

R	(r)
m=+	∑
m=−	

P	m y	m(r̂) (10)

where the Ylm are now the real spherical harmonics. The parameters of the model are
the populations Plm (populations of the harmonic functions) and the radial exponents
of the Slater functions, the starting values coming from free atoms or ions ab-initio
calculations. All these parameters are obtained by least-squares fit to the measured
data.

We emphasize the fact that these two last methods apply to acentric as well as
centric structures.

10.2.3 Ab-initio Calculations of the Spin Density

Theoretical calculations are very often carried out in parallel with PND determina-
tion of the spin density because the comparison between experimental and theoret-
ical distributions is of the highest importance. On the one hand, contrarily to the
charge density which corresponds to a sum, the spin density represents a difference
between the charge distribution of the two spin states ρ+(r) and ρ−(r). Therefore,
comparing the theoretical map with the experimental one is a very severe test to
judge the validity of the calculation method. On the other hand, as it is in general
possible to perform several calculations with modified configurations of the mole-
cule, the comparison allows to test different possible assumptions to explain some
unexpected feature which appears in the experimental results.

There are two main families of ab-initio calculations. The first family, based on
the Hartree-Fock approximation, calculates the multicoordinate molecular wave
functions, expressed as Slater determinants of single particle atomic wave functions.
The Hamiltonian is a sum of single particle Hamiltonians including kinetic energy,
Coulomb attraction by the nucleus and Coulomb repulsion by the other electrons.
To express this last term, one assumes that the electrons are distributed over their
wave function. The calculation is processed self consistently. Each molecular wave
function is occupied by two electrons, one with spin + and one with spin −. The
unpaired electron occupies the SOMO (single occupied molecular orbital). In the
restricted Hartree–Fock method (RHF), the orbital part of the wave functions of
electrons of spin + and − are the same. Therefore, the spin density obtained by this
method is automatically positive. In the unrestricted Hartree-Fock method (UHF),
the spatial part of the wave functions of electrons of spin + and − may be different.
The spin density thus obtained may be negative in some parts of the molecule. To go
beyond the Hartree–Fock approximation, that is to take into account the correlations
which exist between the electrons (the electrons do not stay unperturbed over their



330 10 Neutron Scattering and Spin Densities in Free Radicals

wave function when another electron passes by) one may develop the multiparticle
molecular wave functions on the basis of the Hartree–Fock molecular wave functions
and optimize the different coefficients. The method is time consuming. According to
the complexity of the development one has the Moller-Plessey [5] methods (MP2,
MP3) or the full configuration interaction (full CI) [6].

The second family of electronic calculations, called the Density Functional Theory
(DFT), is based on the Hohenberg–Kohn theorem [7] which states that the energy
of an ensemble of electrons is a functional of the charge density only and that the
fundamental state is the state which minimizes this functional. The method calcu-
lates directly the electron density instead of the wave functions, which simplifies
the problem very much. The functional contains a kinematic term, a Coulomb term
and an exchange–correlation term. However, the analytical expression of this last
term cannot be derived in the general case. A first approximation is the local den-
sity approximation (LDA) [8] which assumes that the exchange-correlation term for
electrons in a crystal has the same expression as for an homogeneous interacting
electron gas. This approximation has been extended to magnetic systems (local spin
density approximation or LSD) [9,10] by introducing a functional of two electronic
densities ρ+(r) and ρ−(r), where the exchange-correlation term is the same as for
an homogeneous interacting and partly polarized electron gas (Vosko–Wilk–Nusair
functional [11]). Other approaches have been proposed for the exchange-correlation
term, to go beyond this local approximation. One of them is the gradient method
[12].

10.3 Spin Densities in Isolated Radicals

In conventional insulating magnetic materials, the magnetization density is the sum
of contributions due to individual magnetic atoms, each of them being characteristic
of a particular configuration. The magnetic moments are well localized around the
atoms or ions, and the shape of the density corresponds to one particular atomic
orbital. A small part of the density on the metal can be transferred on the ligands,
but this fraction is generally weak and does not affect strongly the nature of the
magnetic orbital.

In the case of magnetic molecular compounds, the situation is completely different.
In the framework of elementary molecular orbital theory, the magnetism of a free
radical is attributed to an unpaired electron described by the SOMO. This molecular
orbital is built up from the individual atomic orbitals of the atoms constituting the
molecule. It can happen that orbitals on different atomic sites strongly contribute to
this SOMO, resulting in one unpaired electron strongly delocalized over the complete
molecule. The spin is no longer restricted to one particular atom, but is spread over
the whole molecule or over a part of the molecule. This property is often referred in
the literature as “spin delocalization”. To understand the role of these free radicals
as chemical and magnetic ligands, the knowledge of their electronic structure, in
particular the nature of the SOMO, is essential.
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10.3.1 The Spin Delocalization Effect

A particularly interesting illustration of the spin delocalization is met in the nitroxide
free radicals, where the spin density is a priori located on a group of two atoms:
N and O. One of the first cases which was investigated by PND is the tempone
radical (4-oxo-2,2,6,6-tetramethyl-1-piperidinyloxy) [13] (Fig. 1a). In the solid state,
this compound crystallizes under three different forms: triclinic, orthorhombic, and
hexagonal. The orthorhombic phase (space group Pca21) has been investigated by
polarized neutrons. Magnetically, this compound remains paramagnetic down to
very low temperatures (0.05 K) [14], with very small interactions with neighboring
molecules. It is therefore representative of a well isolated radical.

The spin density, as determined experimentally, is mainly localized on the NO
bond, as shown in the left part of Fig. 2, in a π∗-antibonding orbital, mainly built
from the 2pz atomic orbitals of the oxygen and of the nitrogen atoms. It is equally
shared between these two atoms (0.40(2) ÌB on N, 0.36(2) ÌB on O). However, a non-
negligible delocalization (21% of the total spin) is observed on the alkyl backbone,
and represents the contribution of these atoms to the total magnetic molecular or-
bital. This delocalization concerns mainly the α-dimethyl groups directly connected
to the nitrogen atom.

Another nitroxide spin density investigation is that of the indolinonic nitroxide
radical (1,2-dihydro-2-methyl-2-phenyl-3H -indole-3-oxo-1-oxyl) [15]. This free rad-
ical is a stable compound where the nitroxide function is involved in conjugative
interactions through the adjacent fused benzene ring. It crystallizes in the mon-
oclinic space group P21/c. In this radical, the spin delocalization effect has been
found, using a multipolar expansion refinement, much larger than for the tempone,
as shown in Fig. 3 which represents the projection of the reconstructed spin density
on to the principal plane of the molecule. The spin transferred from NO to the other
atoms amounts to 42% of the total spin, 24% being associated to the carboxide
group. Positive and negative contributions are carried out by the carbon atoms of
the benzene ring. In contrast to the case of tempone, and certainly resulting from

Fig. 1. View of the two closely related molecules (a) tempone and (b) tempol
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Fig. 2. Spin density projections along the π -direction for tempone and tempol. The spin
densities have been normalized to 1 ÌB per molecule. Equidistance between the contours:
high level plots (I) 0.20 ÌB Å−2, low level plots (II) 0.01 ÌB Å−2

Fig. 3. Projection of the spin density on to the plane
of the principal ring of indolinonic nitroxide. Equidis-
tance of 0.005 ÌB Å−2 between the positive contours and
0.0025 ÌB Å−2 between the negative contours

this strong delocalization, the spin localized on the nitroxide function is not equally
shared between the N and the O atoms, 59% of it being on the oxygen. The 2p or-
bitals on the nitrogen and oxygen atoms are almost perpendicular to the N–O bond
as expected.
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10.3.2 The Spin Polarization Effect

Spin delocalization is easily understood in terms of molecular orbitals. The SOMO
may account for spin density over several atoms in the molecule. But, at the first
level at least of the Hartree–Fock theory (RHF), this spin density should be positive
everywhere, which means parallel to the applied field. A spin density with an opposed
sign, when it exists, should relate to a further step in theory. Such a negative density
is often encountered; it is called spin polarization.

The phenyl nitronyl nitroxide compound (NitPh; 2-phenyl-4,4,5,5-tetramethyl-
4,5-dihydro-1H -imidazol-1-oxyl 3-oxide), is an interesting example to illustrate both
the spin delocalization and the spin polarization effect. In the recent years, nitronyl
nitroxide free radicals have played a key role in the engineering of molecular-based
magnetic materials: they are stable, capable of being handled under ordinary con-
ditions, and they carry a spin S = 1/2. The phenyl derivative crystallizes in the
monoclinic space group P21/c with two molecules per asymmetric unit, and remains
paramagnetic down to very low temperature, with very little interactions between
neighboring molecules. The knowledge of the ground state of this isolated radical
was a necessary step to understand the properties of the interacting derivatives, that
will be treated in the next section.

Fig. 4 shows the projection of the Maxent reconstructed spin density from polar-
ized neutron diffraction data [16] on to the molecular O–N–C–N–O plane of one of
the two molecules and Fig. 5 its projection on to the π plane. These two projections
show that most of the spin density is carried out by the two nitrogen and the two
oxygen atoms. They also confirm the equivalence of the two NO groups within the
molecule and even suggest the π -shape of the magnetic molecular orbital (Fig. 5),
despite the rather low experimental resolution available. It is indeed important to
stress that such a Maxent reconstruction is model-free and does not include any
assumption concerning the shape of the magnetic orbital. Maxent also shows that
the spin density is evenly shared by the N and O atoms within each NO group. No
spin density is detected on the carbon skeleton, but this cannot be considered as a
definitive proof of the absence of such contributions, since the method is well known
to smooth out small details that are just beside strong contributions, as long as this
is permitted by the data.

To obtain individual spin populations and to extract some information on the
spin density of the molecular skeleton (including the phenyl ring), a magnetic wave-

Fig. 4. Projection of the Maxent re-
constructed spin density of NitPh on
to the nitroxide mean plane. Contour
step 0.02 ÌB Å−2
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Fig. 5. Projection of the Maxent reconstructed spin
density of NitPh on to the π plane of the nitroxide.
Contour step 0.01 ÌB Å−2

function refinement method has been used. The reconstructed spin density is repre-
sented on Fig. 6 as a projection on to the O–N–C–N–O plane. As expected from the
Maxent result, the unpaired electron occupies a π∗ antibonding molecular orbital
mainly built from the 2pz atomic orbitals of the two oxygen and the two nitrogen
atoms. The magnetization density is equally shared between these four atoms. The
fraction of spin delocalized on the rest of the molecule is rather small. One other
feature deserves a special attention: there is a large negative contribution (roughly
1/3 of the other contributions) on the sp2 bridging carbon atom C20. Such a spin
polarization effect is conveniently explained in term of a triplet HOMO–LUMO
excitation, induced by the unpaired spin of the SOMO. These frontier orbitals have
a large contribution from the atomic orbital 2pz on C20, which becomes polarized.
The resulting density is negative since, as pointed out by Anderson, the positive spins
on the frontier molecular orbitals are attracted by the positive spin on the SOMO,
leaving behind the negative spins on the node of the SOMO, that is on the C20 site.
The sign alternating spin densities found on the carbon atoms of the phenyl ring are
also manifestations of this spin polarization effect.

At this stage, it is relevant to compare the experimental results with the spin
densities calculated by the different ab-initio methods. This has been done for an op-
timized, planar and truncated molecule, where the phenyl and methyl groups were
replaced by hydrogen atoms [16]. The theoretical spin populations on the oxygen,
nitrogen and central carbon are reported in Table 1, together with the experimental
values averaged and normalized to 1 ÌB/NitPh molecule. In the Hartree-Fock ap-
proach, no calculation has been made by the RHF method as it is clear that it would
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Fig. 6. Spin density of NitPh reconstructed by wave function modeling and projected on to the
nitroxide mean plane: (a) high level contours (step 0.1 ÌB Å−2), (b) low level contours (step
0.01 ÌB Å−2)

not find the negative density on the central carbon. We report here UHF results
with two basis sets: the rather small 3-21G and the huge 6-311G∗∗, the results of
the MP2 method and the full CI. All these methods overestimate considerably the
negative spin density on the central carbon. Another discrepancy, for all but MP2, is
the ratio O/N. Surprisingly, full CI, which in principle is more elaborate than MP2, is
farther from reality considering this ratio. We can then conclude than the methods
based on Hartree-Fock do not account correctly for the spin density in free radicals.
Furthermore, they are unstable: the results depend very much on which method is
exactly used and which basis set has been taken for the calculation.

In Table 1 are also displayed the results obtained by the DFT approach: at the local
approximation level (VWN functional), with DZVP and TZVP basis sets, and at the
nonlocal level referred as B88VWN. There are two points which must be emphasized.
On the one hand these calculations are stable: changing approximation or basis set
changes very little the calculated spin populations. On the other hand, even if the
observed ratio O/N is not exactly reproduced, the theoretical results are not very
far from the experimental one. This substantial assertion which acknowledges that
methods based on DFT are much more reliable than methods based on Hartree–
Fock to calculate the spin densities in molecular compounds from first principles, is
not new. It was already demonstrated by systematic calculations on nitroxide [17]
and DPPH [18] radicals. Therefore, in the following sections, we shall restrict the
comparison of experimental spin densities to DFT calculations only.

A complete calculation of the NitPh molecule in its crystal geometry, using the
LSD approximation is reported in Table 2, together with the experimental spin
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Table 1. Experimental and theoretical atomic spin populations for the ONCNO fragment
of NitPh. DFT calculations were performed using the DGAUSS(a) [42] and DMOL(b) [43]
programs

Site

O N C(sp2)

UHF 3-21G 0.50 0.27 −0.55
UHF 6-311G∗∗ 0.40 0.36 −0.52
MP2 3-21G 0.32 0.34 −0.31
CI 3-21G 0.39 0.23 −0.24
VWN(a) D-ZVP 0.32 0.21 −0.08
VWN(a) TZVP 0.30 0.22 −0.07
VWN(b) DNPP 0.29 0.20 −0.02
B88VWN(b) DNPP 0.29 0.21 −0.04
Experiment 0.27 0.27 −0.11

Table 2. Theoretical atomic spin populations of NitPh calculated by the DFT (DGAUSS)
program for the experimental geometry of one of the two molecules, in comparison with the
experimental values found for this molecule and scaled to 1 ÌB

Site Experiment DFT

O4 0.277(13) 0.319
N4 0.278(15) 0.238
C20 −0.121(17) −0.065
N3 0.278(16) 0.210
O3 0.247(13) 0.288
C21 −0.025(16) −0.004
C22 0.009(13) −0.005
C23 0.055(12) 0.021
C24 0.009(13) 0.000
C25 −0.008(12) 0.001
C26 −0.005(13) 0.023
C15 0.000(13) −0.009
C16 0.025(13) 0.002
C17 −0.016(12) −0.009
C18 0.011(12) 0.002
C19 −0.037(13) −0.009
C14 0.024(16) 0.004

populations normalized to 1 ÌB/NitPh molecule. As found experimentally, because of
their environment, atoms O3 and O4 are no longer exactly equivalent. Furthermore,
the sign alternation on the phenyl ring is very well reproduced, though the amplitudes
are less than found experimentally.
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10.3.3 The Shape of the Spin Density

In the previous section, we have seen through the example of the phenyl nitronyl
nitroxide compound how polarized neutron diffraction combined with the Maxent
method was able to reveal the shape of the magnetic distributions around magnetic
atoms, in particular the 2p character of these distributions. The method also per-
mits in particular cases to demonstrate the bonding or antibonding character of the
molecular wave function.

The radical-based cyano-acceptor tetracyanoethylene TCNE has received con-
siderable interest since the compound V[TCNE]x .yCH2Cl2 [19] was discovered to
magnetically order above room temperature. Another successful synthesis involving
TCNE was that of [Fe(C5Me5)2]•+[TCNE]•−, a ferromagnet with TC = 4.8 K [20].

The spin density in [TCNE]•− has been determined with polarized neutrons in a
compound where [TCNE]•− was crystallized together with the nonmagnetic coun-
terion [Bu4N]+ [21]. Fig. 7 represents the Maxent projection of this spin density on
to the molecular plane of TCNE. This projection confirms that the singly occupied
orbital of [TCNE]•− is the π∗ antibonding molecular orbital consistent with mole-
cular orbital predictions. A careful examination of this map reveals however that
on each of the central carbons the spin density is not centered at the nuclei but is
bent away from the midpoint of the bond between these two atoms. This bending has
been carefully checked by a multipolar expansion analysis and by an extension of the
Maxent method to include a non-uniform prior [22]. It came out from both analysis
that this shape was not an artifact but the result of the antibonding character of the
singly occupied molecular orbital containing the unpaired electron in this radical. It
is well known indeed from molecular orbital theory that antibonding orbitals do not
have their maximum electron density centered over the bond, but rather the density
is bent away from the center of the bond due to the presence of a node. Polarized

Fig. 7. Projection of the Maxent recon-
structed spin density on to the plane
of the [TCNE]•− molecule. Step of the
contours 0.01 ÌB Å−2
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neutron diffraction give access to such details, and is therefore presently the most
powerful tool for determining the absolute spin density of a radical.

Such an effect was also observed in the more complex situation of imino nitrox-
ides. In these free radicals, the unpaired electron is mainly located on the N–C–N–O
fragment, but, on the contrary to what happens for nitronyl nitroxides, the carbon
atom is no longer a node of the SOMO and participates to this magnetic mole-
cular orbital. A polarized neutron investigation has been performed on the meta-
nitrophenyl derivative (m-NPIM; 2-(3-nitrophenyl)-4,4,5,5-tetramethyl-4,5-dihydro-
1H -imidazol-1-oxyl) [23]. This compound crystallizes in the monoclinic space group
P21/c, with two different molecules A and B in the asymmetric unit, and presents
from susceptibility measurements only very weak antiferromagnetic intermolecular
interactions.

Figure 8 is the Maxent projection of this spin density on to the N–C–N–O planes of
the two independent molecules. The majority of the spin resides in the two molecules
on the N1, N2 and O1 atoms, and is equally shared between those sites. On the N1
and O1 atoms of both molecules the density is not centered on the nuclei but is
slightly shifted away from the center of the NO bond, as already observed in the case
of [TCNE]•−. This shifting is what one would expect from the antibonding nature of
the SOMO, which has a node on this N1–O1 bond.

The central carbon atom C1 carries in each molecule a negative spin density which
is shifted from the nucleus position in the N1–N2 direction. This density is in fact the

Fig. 8. Projection of the Maxent reconstructed spin density on to the NCNO plane of the
two independent A and B m-NPIM molecules. Above: high level contours (step 0.05 ÌB Å−2),
below: low level contours (step 0.003 ÌB Å−2)
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Fig. 9. DFT spin projection on to the NCNO plane
of m-NPIM. Step for positive contours 0.02 ÌB Å−2,
for negative contours 0.002 ÌB Å−2

sum of two competing contributions, namely the positive spin delocalization of the
SOMO and the negative spin polarization. The SOMO has two nodes-one between
N1 and O1 and one between C1 and N2. This orbital is thus antibonding on N1–O1,
bonding on N1–C1 and antibonding on C1–N2. As a result, the positive contribution
due to the spin delocalization effect on C1 is attracted in the direction of N1. The
negative contribution arising from spin polarization is centered on the nucleus and
larger in amplitude, and superimposed to the former one results in a small negative
contribution shifted towards N2. This effect has been retrieved by DFT calculations
performed on this molecule. The theoretical spin density, projected on to the O–N–
C–N plane is represented in Fig. 9: the density on C1 is negative and clearly shifted
from the C1 nucleus in the N1–N2 direction.

10.4 Spin Densities in Interacting Molecules

We shall consider now the rather frequent case where the free radicals are arranged in
the crystal in such a way that it is no more possible to neglect the magnetic interactions
which exist between them. On the macroscopic scale, the magnetic susceptibility does
not follow a Curie law at low temperature, and the deviations from the Curie law
inform on the nature and the dimension of the magnetic couplings.

Neutron diffraction (ND) is able, at least in principle, to see, in the absence of
any external magnetic field, all kinds of ordering: magnetic clusters, magnetic chains,
magnetic planes and magnetic structures. On the other hand, polarized neutron
diffraction (PND) , though it is usually performed above the ordering temperature
and despite the fact that it implies a large external field to align the magnetic moments,
is perfectly suited to explore whether the magnetic interactions modify the spin
distribution throughout the free radical. We shall examine such examples, going
from the cases of weakly to more and more interacting molecules.

10.4.1 Positive Coupling Between Neighboring Molecules

The main aim of molecular magnetism is to obtain ferromagnets, which means the
building of compounds with positive interactions between the constitutive molecules.
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Such interactions should couple the spin densities of neighboring molecules, and one
can expect that the investigation of these spin densities by PND illustrates the paths
of the magnetic interactions, sheds some light on the interaction mechanisms and
helps improving the performances of the expected magnets.

The first purely organic ferromagnet that was ever synthesized [24] is the β phase
of the para-nitrophenyl nitronyl nitroxide (p-NPNN; 2-(4-nitro-phenyl)-4,4,5,5-
tetramethyl-4,5-dihydro-1H -imidazol-1-oxyl 3-oxide), a derivative of the nitronyl
nitroxide free radical, with a temperature TC = 0.6 K. The arrangement of the mole-
cules in the orthorhombic cell [25,26] is represented in Fig. 10: the nitrogen atom N2
of molecule I is just at the midpoint between the oxygen atoms O1 and O1′ of the two
adjacent molecules II and III, at a distance of 3.22 Å. A PND experiment, performed
at T = 2 K, in the paramagnetic state, revealed a spin density represented in Fig. 11.
The atomic spin populations, scaled to 1 ÌB/molecule are reported in Table 3. As for
NitPh, most of the spin density lies on the O–N–C–N–O group, with the shape of p
orbitals and a negative density on the central carbon. But, contrarily to the NitPh, the
sign alternating density on the phenyl ring does not exist anymore: the main feature
here is the presence of a positive density on the nitrogen atom of the NO2 group,
also with a p orbital shape, but orthogonal to the orbitals on O1 and O1′. We have
here an outlook over the ferromagnetic interaction mechanism between molecules
I, II and III, in the frame of the theory proposed by Kahn et al. [27,28]. According to
this theory, the interaction between two adjacent molecules is the sum of two terms:
a Coulomb exchange term which is positive and an overlap term which is negative.
The contacts between the spin density of molecules I, II and III concerns the spin
densities on atoms N2, O1 and O1′. As the orbital on N2 is orthogonal to orbitals
on O1 and O1′, the overlap term disappears and only remains the exchange term

Fig. 10. Arrangement of the molecules in the orthorhombic β phase of p-NPNN
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Fig. 11. Wave function refined spin density of p-NPNN projected on to the nitroxide mean
plane: (a) high level contours (step 0.1 ÌB Å−2), (b) low level contours (step 0.005 ÌB Å−2)

Table 3. Selected experimental atomic spin populations of p-NPNN, scaled to 1 ÌB/
molecule, in comparison with the theoretical results calculated by the DFT (DMOL) method
for one isolated molecule and for the crystal

Atom Experiment DFT (DMOL) DFT (DMOL)
one isolated molecule crystal

O1 0.283(7) 0.291 0.274
N1 0.257(7) 0.193 0.198
O2 −0.002(5) −0.001 −0.001
N2 0.021(5) −0.001 0.001

which, as the three densities are positive, ensures a ferromagnetic coupling between
the three molecules (see Fig. 10).

To check theoretically the interconnection between spin density and magnetic
interactions in β p-NPNN, we report in Table 3 the results based on the DFT method:
calculations for an isolated molecule and calculations for a molecule surrounded by
the other molecules of the crystal [44]. In this last case, compared to the former one,
some positive density appears on the nitrogen of the nitro group, but it is smaller by
one order of magnitude to that observed experimentally. Another trend is visible in
this comparison: the interaction with neighboring molecules depletes the spin density
on the oxygen atoms of the O–N–C–N–O group, and we shall see in the future that
this feature is widespread.
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Another example of path research for the magnetic interactions concerns Cl-
tempo (4-(p-chlorobenzylideneamino)-2,2,6,6-tetramethylpiperidin-1-oxyl), a fer-
romagnetic tempo derivative, with a Curie temperature TC = 0.28 K [29]. The dif-
ference with the magnetic behavior of the parent compound, tempone, described
in the first sections and which remains paramagnetic down to very low tempera-
tures, is related to the piling of molecules. In Cl-tempo, the NO sites, which are
supposed to carry the unpaired electrons, are located on zigzag sheets, but far
enough inside a sheet to prevent direct interactions. However, there are interact-
ing methyl and methylene groups which can play the role of ferromagnetic exchange
couplers.

The spin density, measured at 1.5 K, above the Curie temperature, is represented
in Fig. 12 [30]. Beside the NO group, where most of the magnetization is located,
some density appears on the rest of the molecule. In particular, among the pos-
sible exchange couplers, methyl hydrogens H61, H63, H72 and H93, at distances
2.37 Å, 3.40 Å, 2.62 Å and 2.49 Å of the oxygen atom, carry significant spin popula-
tions (0.038(12) ÌB, 0.038(12) ÌB, 0.056(14) ÌB, and 0.053(14) ÌB respectively). They
certainly participate to the exchange process. A mechanism of ferromagnetic interac-
tions inside the sheets had been proposed by Nogami et al. [31] between the oxygen
atom and the N1 spin of one neighboring molecule through a path: O1–H93–C9–
C4–N1 and between the same oxygen atom and the N1 spin of another neighbor-
ing molecule through another pass: O1–H61–C6–C3–N1. In this model, the signs of
the spin populations on O, H, C, C and N should alternate, as a result of the hy-
perconjugation, with a negative sign on the hydrogen atoms. The experimental spin
density does not show this sign alternation and, in particular, the difference of signs
on C3 and C4, the two neighboring atoms of nitrogen N1, indicates that the coupling
scheme is more complex than the model which has been proposed.

Fig. 12. Spin density of Cl-tempo reconstructed by wave function modeling and projected
along the π direction of the nitroxide. Step between the contours 0.01 ÌB Å−2
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On the other hand, a surprising spin density has been found on the imino nitro-
gen N2 (−0.069(14) ÌB) and on the terminal chlorine: −0.059(13) ÌB. These densities
have been interpreted [30] as spin polarizations resulting from the intramolecular
interactions between atoms N1, N2 and Cl and followed by an intermolecular in-
teraction between the N2 and Cl atoms of two adjacent molecules (distance N2-Cl:
3.77 Å), interaction which is weak, but enough at low temperature to couple zigzag
sheets.

A last example of a purely organic ferromagnet is the nitronyl nitroxide free rad-
ical Nit(SMe)Ph (2-(4-thiomethylphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-
oxide), with a Curie temperature TC = 0.2 K [32]. On the basis of spin diffusion
observed by EPR, the magnetic interactions in this compound were attributed to
an exchange pathway involving the NO group of one molecule with the SMe group
of a neighboring molecule. In particular, it was assumed that the S atom, with its
expanded electron cloud play a major role. To check this assumption, a PND experi-
ment [33] was performed at low temperature, in the paramagnetic state (T = 5.3 K).
The spin density, thus obtained, and projected on to the nitronyl nitroxide plane, is
represented in Fig. 13 for high contours and low contours. Besides the usual scheme
of positive and negative density on the ONCNO group, the striking point is the ab-
sence of any density on the sulfur atom. Instead, the methyl carbon C14 carries a

Fig. 13. Spin density of Nit(SMe)Ph reconstructed by wave function modeling and projected on
to the nitroxide mean plane: (a) high level contours (step 0.02 ÌB Å−2), (b) low level contours
(step 0.006 ÌB Å−2)
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Fig. 14. Spin density of Nit(SMe)Ph reconstructed by wave function modeling and projected
on to the π plane of the nitroxide. Step between the contours 0.03 ÌB Å−2

positive spin population of 0.031(7) ÌB. On the phenyl ring, the density is significant
on the three carbon atoms: C4, C5 and C6. Another projection of the spin density,
perpendicular to the former one, is reported in Fig. 14. It shows that the orbitals
carrying the spin density, particularly on oxygen atoms O1 and O2, are distorted.
They are no more perpendicular to the nitronyl nitroxide plane and the two lobes of
these p orbitals are no more equivalent: one is more inflated than the other. These
deformations of the oxygen orbitals are not artifacts of the reconstruction, they
have been carefully checked by the multipole expansion and the maximum entropy
method. At the opposite, no significant distortion exists on the nitrogen orbitals
[33].

The contacts between one molecule and its neighbors is represented in Fig. 15.
On the one hand, oxygen O1 is at short distances of carbon atoms C4, C5 and C6 of
the phenyl ring of one neighboring molecule, at distances 3.64 Å, 4.12 Å and 4.08 Å
respectively. On the other hand, oxygen O2 is at 3.74 Å of the methyl carbon C14
of another neighboring molecule. The appearance of a significant spin density on
these carbon atoms and the distortion of the oxygen orbitals are certainly signatures
of the pathways of the magnetic interactions. In particular, the pathway which was
assumed along the sulfur and the methyl carbon is confirmed, but the assumption
that the sulfur atom should carry a spin density appears to be unfounded.

This contact between O2 and C14 has been investigated by an ab-initio DFT
calculation [33] which compares the spin populations on one isolated molecule and
on two molecules connected through this contact. The result is given in Table 4. The
effect is there: the spin density is depleted on the interacting oxygen and some spin
density appears on the corresponding carbon C14. But once more, the quantitative
result is one order of magnitude smaller than experimentally observed.
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Fig. 15. Intermolecular contacts in Nit(SMe)Ph (a) between O1 and C4, C5, C6; (b) between
O2 and C14

Table 4. Selected experimental atomic spin populations of Nit(SMe)Ph scaled to 1 ÌB/
molecule, in comparison with the theoretical results calculated by the DFT (DGAUSS)
method for one isolated and two interacting molecules

Atom Experiment DFT (DMOL) DFT (DMOL)
one isolated molecule crystal

O1 0.226(7) 0.304 0.307
N1 0.272(9) 0.221 0.221
C1 −0.099(8) −0.063 −0.063
N2 0.247(9) 0.225 0.229
O2 0.226(8) 0.308 0.298
C14 0.031(7) 0.000 0.001

10.4.2 Hydrogen Bonds

Hydrogen bonds are often present in molecular magnetic materials. They couple
most of the time the O–H group of one molecule to an oxygen atom belonging
to the next molecule, to form a bond which is weak, but, nevertheless, able to bind
neighboring molecules. Magnetic interactions can propagate through these hydrogen
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bridges. These interactions are positive or negative, and are frequently at the origin
of ferromagnetic or antiferromagnetic chains.

The first investigation of the effect of an hydrogen bond on the spin density dis-
tribution of a free radical was obtained in comparing the spin distribution of two
alkyl nitroxides [13]: tempone, already described, and tempol (4-hydroxy-2,2,6,6-
tetramethyl-1-piperidinyloxy). With their six-membered ring and their N–O group,
the two molecules look very similar (Figs. 1a and 1b) and differ mainly by their
chemical function: ketone for tempone and alcohol for tempone. In the first com-
pound, the molecules are isolated and the magnetic susceptibility exhibits a Curie
behavior. In the second compound, the hydrogen of the alcohol function induces
a bridge between the H of the alcohol group of one molecule and the O of next
molecule’s NO group. As a result, tempol susceptibility departs from the Curie law:
it reaches a maximum at T = 5 K and drops at lower temperatures, as a result of
antiferromagnetic intermolecular interactions.

The spin densities of the two compounds are represented in Fig. 2. They are
localized mainly on the N–O groups in 2pz orbitals centered on oxygen and nitrogen
atoms. However, in the tempol case, the spin partitioning inside the N–O group
is strongly affected by the coupling with the next molecule through the hydrogen
bond. It changes from 53%(N)/47%(O) for the tempone to 61%(N)/39%(O) on the
tempol. The density on the bonding oxygen is depleted and consequently the density
on the nitrogen is reinforced. This feature has been encountered in all the nitroxide
radicals affected by an hydrogen bond.

Furthermore, a small and negative spin density:−0.012(12) ÌB after normalization,
at the limit of the detection threshold, is found on the hydrogen of the bridge. In spite
of its small amplitude, this polarization seems also to be a signature of the magnetic
interaction through the hydrogen bond.

The case of the nitronyl nitroxide radical 6-NitPy(C≡C-H) (2-(6-ethynyl-2-
pyridyl)-4,4,5,5-tetramethylimidazoline-1-3-oxide) is of particular interest as the hy-
drogen bonds which connect adjacent molecules imply a carbon (C7) instead of
an oxygen atom: C6≡C7-H16. . . O1. These bonds organize the molecules in zigzag
chains, but, in contrast to tempol, the magnetic interactions along the chains are
positive [34]: the χT product increases with decreasing temperature, down to 0.56 K
where it reaches a sharp maximum; it decreases steadily below this temperature as
a result of the negative interactions between adjacent chains.

The spin density, measured at 4.75 K by PND [35], is displayed in Fig. 16. As usual
for the nitronyl nitroxide radicals, most of the density is concentrated on the O–N–
C–N–O part of the molecule, positive on O, N, N and O and negative on the central
carbon, but the striking points concern the hydrogen bond: first, a significant density
exists on hydrogen H16 (0.045(10) ÌB) and second, there is a difference between
the spin populations on the two oxygen atoms of the nitronyl nitroxide group: O1
which participates to the bond is markedly depleted: 0.203(10) ÌB, compared with
O2: 0.278(7) ÌB while the two nitrogen atoms carry spin populations which are nearly
equal: 0.242(12) ÌB for N2 and 0.225(12) ÌB for N3.

The spin populations, obtained by ab-initio calculations (DFT method) for the
NitPy(C≡C-H) molecules, in their crystal geometry, (first: one isolated molecule,
secondly: two molecules connected via the hydrogen bond and finally: the whole
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Fig. 16. Spin density of NitPy(C≡C-H)
reconstructed by wave function model-
ing and projected on to the nitroxide
mean plane. Step between the contours
0.1 ÌB Å−2

crystal) are reported in Table 5 and compared to those found experimentally. As
already seen for nitronyl nitroxide radicals, the DFT overestimates the spin density
on the oxygen atoms of the O–N–C–N–O group and weakens it on the nitrogen ones.
But here, the calculations made on the isolated molecule evidence some depletion on
oxygen O1, which must originate from the asymmetry of the molecule itself: either
the position of the ethynyl group C≡C-H or the presence of the nitrogen atom N1
in the pyridine cycle. Other DFT calculations have then been accomplished on one
isolated molecule but with different geometries [35]. Attaching the ethynyl group
to C3 instead of C1 does not modify practically the spin densities calculated on O1
and O2. But, inverting atoms N1 and C4 in the pyridine cycle reverses the balance,
and the spin density becomes larger on O1 than on O2 for the isolated molecule

Table 5. Selected experimental atomic spin populations of NitPy(C≡C-H), scaled to
1 ÌB/molecule, in comparison with the theoretical results calculated by the DFT method for
one isolated molecule, for two interacting molecules and for the crystal

Atom Experiment DFT DFT DFT
Isolated molecule Two molecules connected Crystal

O1 0.203(10) 0.270 0.243 0.239
N2 0.242(12) 0.212 0.224 0.188
C8 −0.071(11) −0.086 −0.084 −0.075
N3 0.225(12) 0.230 0.230 0.212
O2 0.278(7) 0.312 0.318 0.312
H16 0.045(10) 0.000 0.002 0.004
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[35]. However, for the real geometry, the comparison between calculations for one
isolated molecule with calculations either for two molecules in interaction via the
hydrogen bond or for the whole crystal, shows that half the difference between
O1 and O2 results from the intermolecular magnetic interactions which propagate
along the chain and deplete the O1 site. The examination of Table 5 shows that,
according to the DFT results, the magnetic interaction induces also a spin density
on the hydrogen atom of the bond, but very small. The DFT method is unable to
account for the 0.045(10) ÌB found experimentally. The agreement is only qualitative
and not quantitative.

10.4.3 Strongly Interacting Spin Carriers

In their attempt to produce molecular materials with efficient properties, the magnet
builders keep optimizing the magnetic interactions and also the number of magnetic
carriers present in the synthesized compounds. Quite frequently, they prepare mole-
cules which are themselves composed of two or more spin carrier entities. In these
cases, the magnetic interactions between these entities will be stronger than formerly,
as they are related to the chemical bonds inside the molecule instead of bonds be-
tween separate molecules. The spin density maps will show up these strong coupling
and illustrate their mechanism.

A case of organic molecular compound, which clearly corresponds to a unique
entity, but which includes different spin carriers is the ball-shaped DTDA,
named also dupeyredioxyl (catena(µ-1,3-(2,4,4,5,5-pentamethyl-4,5-dihydro-1H -
imidazolyl-1-oxyl 3-oxide)bis(hexafluoroacetylacetonato)copper(II)), and repre-
sented in Fig. 17. This molecule is a biradical, with two unpaired electrons which are
expected to be localized on the two NO groups. The molecular backbone ensures
orthogonal 2p orbitals for the nitrogen atoms of these two groups and therefore a
positive interaction between the related moments. The magnetic susceptibility [36]
corresponds indeed at higher temperatures to two independent spin 1/2, but indi-
cates below 100 K that these two spins couple ferromagnetically. Furthermore, at
TC = 1.48 K, a three dimensional magnetic order occurs [37], representing the high-
est Curie temperature ever reported for a purely organic ferromagnet.

Fig. 17. The DTDA molecule
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Fig. 18. Spin density of DTDA reconstructed by
wave function modeling and projected on to the π

plane of one of the two NO groups. Step between
the high level contours 0.1 ÌB Å−2, between the low
level contours 0.005 ÌB Å−2

A PND experiment was performed at T = 2 K, still in the paramagnetic state
[38]. The spin density, projected on to the π plane of one NO group and along
the direction of the other is represented in Fig. 18. The spin populations, scaled to
2 µB/molecule are presented in Table 6. The density is positive on the two NO groups
and has, on each of these atoms, the shape of a 2p orbital. It is not absolutely evenly
shared between the N and O sites: the former site carries approximately 15% more
spin than the latter. Between the two radicals, the ferromagnetic exchange interaction
is not direct but should pass through the polarized carbon skeleton of the molecule.
This is supported by the experimental results, which confirm the alternating sign of
the carbon spin populations along all the paths linking the two NO groups.

Two ab-initio DFT calculations of this molecule, in its crystal geometry, have
been performed : the first one [39] using the deMon program and the second one
[38] with the DMol program package. The results are also reported in Table 6. Both
calculations produce very close results, confirming the good stability of the DFT
method. Compared to experiment, the spin populations are not too far. On the NO
part, the balance has been reversed, but on the carbon skeleton, the sign alternation is
there. Furthermore, contrarily to the experimental data treatment where sites C1, C4,

Table 6. Experimental atomic spin populations of DTDA, scaled to 1 ÌB/molecule, in compar-
ison with the theoretical results calculated by the DFT method by the DEMON and by the
DMOL program

Atom Experiment DFT (DMON) DFT (DMOL)

N 0.536(17) 0.451 0.441
O 0.469(14) 0.501 0.484
C1 0.057(9) 0.062 0.067
C2 −0.027(10) −0.021 −0.040
C3 −0.033(8) − 0.000
C4 0.057(=C1) 0.037 0.039
C5 −0.027(=C2) −0.019 −0.010
C6 −0.033(=C3) − 0.000
C7 0.057(=C1) 0.012 0.017
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and C7 were incorrectly considered as equivalent, in the calculations, the nitroxide
groups, because they are not planar, induce different spin densities on these carbon
sites. These subtle results are the same in the two calculations. We can say that, inside
this molecular entity, the exchange interactions are reproduced in a satisfactory way
by the DFT method.

We shall now examine the spin densities of two complexes between copper (II) and
nitronyl nitroxides [40] presenting different types of bond. In the first one, of axial co-
ordination, Cu(hfac)2NitMe (catena(µ-1,3-(2,4,4,5,5-pentamethyl-4,5-dihydro-1H -
imidazolyl-1-oxyl 3-oxide)bis(hexafluoroacetylacetonato)copper(II)), each Nit lig-
and bridges to two Cu atoms, Cu1 and Cu2, creating alternate chains. The Cu atoms
are bonded to four oxygen atoms from the hfac parts (distance range from 1.86 Å
to 2.01 Å), which nearly form a square. The axial positions are occupied by two O
atoms from the NO groups of the Nit radical (distance 2.39 Å and 2.56 Å), giving
an elongated octahedral environment to each Cu (see Fig. 19a). In such an axial
coordination, the overlap between the Cu orbital (orbital 3dx2−y2 ) and the oxygen
orbital is very reduced; one can expect nearly orthogonality and therefore a positive
interaction between the copper spin (S = 1/2) and the Nit spin (S = 1/2). The
temperature dependence of the magnetic susceptibility shows that there are actually
ferromagnetic interactions inside the chains, but no three dimensional ordering.

The spin density was measured at 2.5 K by PND. Its projection on to the plane
of the Nit radical is represented in Fig. 20 and the spin populations of the different
atoms, normalized to 4 ÌB for 2 Cu and 2 Nit, are reported in Table 7. The first point
to be noticed is that the spin density is delocalized around the copper atoms: O1,
O2 around Cu1 and O3, O4 around Cu2. This leads to three different sub-units
having the following moments: 1.093(20) ÌB around Cu1, 0.925(23) ÌB on the Nit
and 1.058(20) ÌB around Cu2. The deviation from 1 ÌB per sub-unit shows that the
molecular wave function is not limited to each sub-unit but includes all them along
the chain. We can also note that the oxygen atoms of the Nit radical are seriously
affected by the bond with the copper sub-units: on the one hand, they carry a spin
population much lower than the nitrogen atoms (average 0.208(6) ÌB for O and
0.322(6) ÌB for N), a difference which is much larger than those observed previously,
and in the other hand, as it can be observed on Fig. 20, their orbitals have still a p
shape, but are no more perpendicular to the Nit plane as the N orbitals are: they have
been rotated by the magnetic interactions. Unfortunately, up to now, no calculation
has been performed on Cu(hfac)2NitMe to compare with the experiment.

Fig. 19. Coordinations between Nit and
Cu: (a) axial coordination, (b) equatorial
coordination
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Fig. 20. Spin density of Cu(hfac)2NitMe
reconstructed by wave function modeling
and projected on to the π plane of the Nit.
Step between the contours 0.2 ÌB Å−2

Table 7. Experimental atomic spin populations of Cu(hfac)2NitMe, scaled to 4 ÌB for 2 Cu
and 2 Nit

Atom Spin population Spin per subunit

Cu1 0.905(9)
O1 0.032(6) 1.093
O2 0.062(6)

Cu2 0.796(8)
O3 0.054(6) 1.058
O4 0.077(6)

N1 0.328(8)
O5 0.216(7)
N2 0.316(8)
O6 0.201(10) 0.925
C11 −0.106(9)
C13 0.012(8)
C16 −0.042(8)

The second Cu complex, CuCl2(NitPh)2 (bis(2-phenyl-4,4,5,5-tetramethyl-4,5-
dihydro-1H -imidazolyl-1-oxyl 3-oxide)copper(II)), corresponds to an equatorial co-
ordination around the copper. There is only one Cu site in the compound, which is
surrounded by a square: two Cl atoms (distances 2.19 Å) and the two O atoms (dis-
tances 1.98 Å) of two neighboring NitPh, to give a 3 sub-unit molecule. With this
square environment (see Fig. 19b), one expects a large overlap between the 3dx2−y2

orbital of Cu and the oxygen orbitals and therefore a negative interaction between
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the copper spin and each of the NitPh spin on both sides of the copper. Actually,
the susceptibility measurements in the range 30–300 K [41] show a Curie law with
S = 1/2 for the whole molecule, indicating that the negative coupling between the
three spins 1/2 of each sub-unit is very strong. At lower temperature, the suscepti-
bility presents a maximum and then decreases, as a result of the negative couplings
existing between the molecules.

The spin density, measured by PND at T = 13 K, the temperature of the suscepti-
bility maximum, is displayed in Fig. 21 and the spin populations, normalized to 1 ÌB
per molecule, are reported in Table 8. The spin density is positive on most of the
two NitPh atoms and negative on the copper. Actually, each NitPh sub-unit carries
0.70(11) ÌB and the sub-unit CuCl2 carries −0.40(11) ÌB. Considering the coupling
of three spins 1/2, which may lead to one quadruplet (S = 3/2) and two doublets
(S = 1/2) with two possible repartitions for the spin density: (0 ÌB, 1 ÌB, 0 ÌB) and
(2/3 ÌB, −1/3 ÌB, 2/3 ÌB), the observed spin density corresponds clearly to this last
case. However, one feature is particularly striking: there is no spin density on O1, the
oxygen atom bonded to Cu, while the spin populations on the two nitrogen atoms
and the other oxygen are nearly equal. We are here in an extreme case where the
spin distribution has been completely upset by the magnetic interactions. We can
say that oxygen O1 belongs both to the Nit sub-unit with a positive density and to
the Cu sub-unit with a negative density and the result of this strategic position is the
complete loss of its spin density.

A DFT calculation of the spin density has been performed on this molecule,
with the geometry observed in the crystal [44]. The Mulliken spin populations are
reported in Table 8 and compared to the experimental results. The moment found
on the copper is much less than that measured. On the Nit fragment, the calculation
yields 0.082 ÌB for the binding oxygen O1, that is a reduced value, but not a zero
value as found experimentally. On the contrary, the population calculated on O2
is almost the double of those of N1 and N2. More globally, the DFT method finds
a moment of 0.580 ÌB on the O–N–C–N–O fragment and −0.193 ÌB on the CuCl2
group. We have now discrepancies with the Heitler-London (2/3 ÌB, −1/3 ÌB, 2/3 ÌB)
distribution. The DFT method tends to fade out the partition in magnetic subunits,
more than what the neutron experiment indicates.

Fig. 21. Spin density of CuCl2(NitPh)2 reconstructed by wave function modeling and projected
along the π direction of the Nit. Step between the contours 0.01 ÌB Å−2
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Table 8. Experimental atomic spin populations of CuCl2(NitPh)2, scaled to 1 ÌB/molecule, in
comparison with the theoretical results calculated by the DFT (DMOL) method

Atom Experiment DFT (DMOL)

Cu −0.36(4) −0.123
Cl −0.02(5) −0.035
N1 0.32(4) 0.144
N2 0.35(4) 0.142
O1 −0.01(4) 0.082
O2 0.33(4) 0.263
C1 −0.19(4) −0.042
C2 −0.06(4) −0.004
C3 −0.04(4) −0.005

10.5 Conclusions

Neutron scattering, a microscopic technique which measures the spin density on
each point of the crystal, has brought a lot to the knowledge of magnetism in free
radicals. It is the only way which allows to know this spin density on the different
atoms of a molecular compound. Some of the results obtained by this method are
rather unexpected since they are difficult to anticipate by theoretical considerations.

Concerning the ab initio calculations, the comparison with the experimental re-
sults have definitely shown that methods based on the Hartree–Fock approach are
not reliable to provide correct spin density maps. On the contrary, for isolated mole-
cules, calculations based on DFT can reproduce quite well, though not rigorously,
the main features of the experimental maps. However, in the case of molecules in
interaction, the coupling mechanisms cannot be correctly determined, even with the
DFT approach. In these cases, some modifications brought to the spin density dis-
tribution by the magnetic couplings, do appear in the theoretical results, but their
value is underestimated by almost one order of magnitude. Therefore, for the present
time, the only way to approach the magnetic interactions and to know the related
spin densities in interacting free radicals, is polarized neutron experiments.

Acknowledgments

We want to thank Dr Paul Rey (CEA-Grenoble), who opened for us the field of
molecular magnetism and took part, together with us, in many investigations and
Dr. Bernard Delley (PSI Zurich) who introduced the DFT method in spin density
calculations for free radicals. We also want to express our acknowledgments to Dr.
Andrey Zheludev (Brookhaven National Laboratory) and Dr. Yves Pontillon (ILL
Grenoble) who participated actively to most of the experiments reviewed in this
paper.



354 10 Neutron Scattering and Spin Densities in Free Radicals

References

[1] S.F. Gull and G.J. Daniell, Nature 272 (1978) 686.
[2] R.J. Papoular and B. Gillon, Europhys. Lett. 13 (1990) 429.
[3] P. Schleger, A. Puig-Molina, E. Ressouche, O. Rutty, and J. Schweizer, Acta Cryst. A53

(1997) 426.
[4] N.K. Hansen and P. Coppens, Acta Cryst. A34 (1978) 909.
[5] C. Moller and M.S. Plessey, Phys. Rev. 46 (1934) 618.
[6] Shavitt, Methods of Configurational Interaction, in Modern Theoretical Chemistry, H.F.

Shaefer, Editor, Plenum Press, New York, (1977), 189.
[7] P. Hohenberg and W. Kohn, Phys. Rev. 136 (1964) 864.
[8] W. Kohn and L.J. Sham, Phys. Rev. A140 (1965) 1133.
[9] U. von Bart and L. Hedin, J. Phys. C 5 (1972) 1629.

[10] A.K. Rajagopal and J. Callaway, Phys. Rev. B7 (1973) 1912.
[11] S.H. Vosko, L. Wilk, and M. Nausair, Can. J. Phys. 58 (1988) 1200.
[12] A.D. Becke, Phys. Rev. A38 (1988) 3098.
[13] D. Bordeaux, J.X. Boucherle, B. Delley, B. Gillon, E. Ressouche, and J. Schweizer,

Z. Naturforsch. 48A (1993) 120.
[14] Y. Karimov, Sov. Phys. JETP 30 (1970) 1062.
[15] R. Caciuffo, et al., Mol. Phys. 74 (1991) 905.
[16] A. Zheludev, et al., J. Am. Chem. Soc. 116 (1994) 2019.
[17] B. Delley, P. Becker, and B. Gillon, J. Chem. Phys. 80 (1984) 4286.
[18] E. Wimmer, A. Freeman, C.-L. Fu and B. Delley: Computational Chemistry by Su-

percomputer: Steps toward Computer-aided Design of New Materials. Cray Channels,
pp. 2–9, 1986.

[19] J.M. Manriquez, G.T. Yee, R.S. McLean, A.J. Epstein, and J.S. Miller, Science 252 (1991)
1415.

[20] J.S. Miller, J.C. Calabrese, H. Rommelmann, S.R. Chittipeddi, J.H. Zhang, W.M. Reiff,
and A.J. Epstein, J. Am. Chem. Soc. 109 (1987) 769.

[21] A. Zheludev, A. Grand, E. Ressouche, J. Schweizer, B.G. Morin, A.J. Epstein, D.A.
Dixon, J.S. Miller, J. Am. Chem. Soc. 116 (1994) 7243.

[22] A. Zheludev, R.J. Papoular, E. Ressouche, and J. Schweizer, Acta Cryst. A51 (1995)
450.

[23] A. Zheludev, M. Bonnet, B. Delley, A. Grand, D. Luneau, L. Ohrstrom, E. Ressouche,
P. Rey, J. Schweizer, J. Magn. Magn. Mater. 145 (1995) 293.

[24] P. Turek, K. Nozawa, D. Shiomi, K. Awaga, T. Inabe, Y. Maruyama, and M. Kinoshita,
Chem. Phys. Lett. 180 (1991) 327.

[25] K. Awaga, T. Inabe, U. Nagashima, and Y. Maruyama, J. Chem. Soc., Chem. Commun.
(1989) 1617.

[26] K. Awaga, T. Inabe, U. Nagashima, and Y. Maruyama, J. Chem. Soc., Chem. Commun.
(1990) 520.

[27] O. Kahn and B. Briat, J. Chem. Soc., Faraday II 72 (1976) 268.
[28] O. Kahn and B. Briat, J. Chem. Soc., Faraday II 72 (1976) 1441.
[29] R. Imachi, T. Ishida, T. Nogami, S. Ohira, K. Nishiyama, and K. Nagamine, Chem. Lett.

(1977) 233.
[30] Y. Pontillon, A. Grand, T. Ishida, E. Lelièvre-Berna, T. Nogami, E. Ressouche, and
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11 Spin Distributions in Molecular Systems
with Interacting Transition Metal Ions

Béatrice Gillon

11.1 Introduction

The first applications of polarized neutron diffraction (PND) to metal-containing
molecular systems were devoted to the study of covalence in the metal–ligand bonds
of paramagnetic complexes of the first-series transition metals with monoatomic
ligands, such as [CrIIIF6]3− [1,2] and CoIIX4 with X = Br− and Cl− [3]. De-
tailed spin density determinations were then performed in larger molecules with
polyatomic coordination groups, i. e. the nitro NO−

2 and ammonia NH3 groups in
NiII(NH3)4(NO2)2 [4] and the cyano ligand CN− in Cs2K[MIII(CN)6] complexes
with M = Cr3+ and Fe3+ [5], or the more extended ligands in [FeIII(bipy)2Cl2],
[FeIIICl4] [6] and phtalocyaninato-CoII and -MnII [7,8]. The family of octahedral
Tutton salts of divalent transition metal ions MII(OH2)6 has been thoroughly inves-
tigated for various 3d configurations with M = Mn2+, Ni2+, V2+, Fe2+ and Cr2+
[9]. The most recent studies of spin distributions in paramagnetic transition metal
mononuclear complexes concern second-series transition metal complexes (Mo3+,
Tc6+, Re4+, Ru3+), which display enhanced covalence effects because of the larger
radial extension of the 4d orbitals [10].

In PND studies of paramagnetic transition metal compounds, the unpaired elec-
tronic moments are aligned by an external magnetic field and the spin density is
mostly positive; the regions with negative spin density are those where the majority
of spins oppose the field. From a theoretical point of view, in order to account for
the main features of experimental spin distributions, it is necessary to go beyond the
restricted Hartree-Fock scheme, in which the spin density is given by the square of
the singly occupied molecular orbital and is therefore always positive, and to take
into account electron correlation, using the configuration interaction (CI) or the un-
restricted Hartree-Fock (UHF) method. Density functional theory (DFT) has been
revealed in the past fifteen years to be the most convenient method for spin density
calculations in large molecules, such as organic free radicals as described in the pre-
vious chapter. The spin density is then given by the difference between the density of
electrons with spin up and the density of electrons with spin down and may therefore
be positive or negative.

The spin density observed on the ligand atoms in transition metal complexes
results essentially from the sum of two contributions with opposite signs: the spin
delocalization and the spin polarization of bonding or nonbonding, doubly-occupied
molecular orbitals due to the unpaired electrons of the metallic ion [11]. The sign
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of the spin density on the ligands is then governed by the sign of the dominating
effect. An illustration of these general trends is given by the systematic study, both
experimental [9] and theoretical [11], of octahedral [MII(OH2)6]2+ systems with σ -
donor ligands OH2, for different 3d configurations of the metal ion, leading to the
following conclusions:

– the spin delocalization effect is dominant for σ -bonding compounds of an e2
g ion

(i. e. Ni2+) and leads to positive spin density of σ -type on the oxygen atom;
– the spin polarization effect is dominant for π -bonding systems of a t3

2g ion (i. e.
V2+) and is responsible for σ -type negative oxygen spin density;

– for a mixed occupation of the eg and t2g orbitals like in Mn2+, the spin delocaliza-
tion from the eg orbital is stronger than for the t2g orbitals and induces a positive
spin population on the oxygen atom.

In the peculiar case of the octahedral π -bonding system of a t3
2g ion with unsat-

urated cyano ligands [CrIII(CN)6]3− [5a], a large positive π delocalization is found
on the nitrogen atom together with a negative σ spin on the carbon atoms. This
results from the particular topology of the singly occupied molecular orbital con-
sisting of the combination between the t2g orbital of Cr and the π and π∗ orbitals
of CN− [11]. No contribution due to spin delocalization exists on the carbon atom
and so a pure spin polarization effect occurs. The study of the related compound
[Co(NH3)5(OH2)] [Cr(CN)6] [12] deserves special attention as a spectacular exam-
ple of spin and charge transfer from a magnetic ion, CrIII, towards a nonmagnetic
ion, CoIII, through hydrogen bonding via the Cr–C–N · · · H–N–Co pathway.

This chapter is devoted to molecular systems containing magnetic transition metal
ions which interact through pure spin exchange mechanisms, i. e. excluding charge
transfer [13]. Our first purpose is to show what the determination of spin density
maps by PND brings to the understanding of the magnetic interaction mechanisms
between magnetic transition metal ions through organic bridges.

The experimental spin distributions in binuclear compounds displaying either
antiferro- or ferromagnetic intramolecular couplings will be discussed with the help
of theoretical calculations involving the electron active model [14], or using the DFT
method which allows ab initio spin density calculations on such extended molecules.
Spin delocalization and spin polarization will be invoked in this discussion.

The investigations of bimetallic compounds displaying one-dimensional magnetic
properties, ferrimagnetic as well as ferromagnetic, will also be reported. In particular
the evolution of the spin distribution from a dimer of antiferromagnetic coupled ions
to a ferrimagnetic chain will be followed, both experimentally and theoretically.

The second objective of this chapter is to show how PND allows us to elucidate
the exact spin configuration in the spin ground state for large molecular clusters
containing up to twelve metal ions.

Polarized neutron diffraction on single crystals [15], as described in the previous
chapter, devoted to organic radicals, provides a set of experimental magnetic struc-
ture factors which are the Fourier components of the magnetization density. All the
studies reported in this chapter concern paramagnetic materials, in which the mag-
netization density [16] is induced by an external magnetic field. The spin density is
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reconstructed from these measurements either by the maximum of entropy method
[17] or by refinement of a model based either on a multipole description of the spin
density [18,19], or on the wave function [20,21].

11.2 Antiferromagnetic Intramolecular Coupling
in Heterometallic Dimers

Heterometallic dinuclear species with two different local spin values SA and SB on the
metal ions are of special interest in molecular magnetism because their spin ground
state is never a singlet even in the most usual case of intramolecular antiferromagnetic
coupling.

In the electron-active approximation, it is well established that the overlap be-
tween the magnetic orbitals centered on each metal ion favors antiferromagnetic
coupling [14]. The experimental determination of the spin density allows us to quan-
titatively test the magnetic orbital model for heterometallic dimers having an in-
tramolecular antiferromagnetic coupling, through different types of bridges, as well
as more elaborate theoretical DFT wave function calculations.

11.2.1 Short Bridge in a CuIINiII Dimer

The nonplanarity of the CuO2Ni bridging network in the heterodinuclear compound
CuII(salen)NiII(hfa)2, with salen = N ,N ′-ethylenebis(oxosalicyldiiminato) and hfa
= hexafluoroacetylacetonato, leads to a short Cu· · ·Ni distance of 2.91 Å. The Ni2+
ion (SA = 1) resides at the center of a slightly distorted octahedra of six oxygen atoms
including the two bridging oxygen atoms. The Cu2+ ion (SB = 1/2) lies in a square
planar environment formed by the two bridging oxygen atoms and two nitrogen
atoms. Because the Cu2+ and Ni2+ xy basal planes are not coplanar [22], the mag-
netic orbitals centered on each metal ion are not expected to strongly overlap, which
is consistent with the relatively weak exchange coupling parameter J = −23.6 cm−1,
the doublet-quartet energy gap of 35.4 cm−1 being equal to 3|J |/2 (the spin Hamil-
tonian is expressed in the form −JSA · SB).

The induced spin density in the doublet ground state [23] represented in Fig. 1
with high density levels, shows a strong positive spin density on the Ni2+ ion and
a weak negative density on Cu2+, reflecting the antiferromagnetic nature of the
intramolecular coupling [24]. The low density levels of Fig. 1 gives evidence for a
positive spin transfer from the nickel ion towards the oxygen atoms outside of the
bridge (the O3 and O6 atoms are superimposed onto Ni) together with a negative
transfer from the copper ion towards the nitrogen atom N5, but no spin density
appears on the bridging oxygen atoms. The corresponding spin populations are listed
in Table 1. The sum of these populations amounts 1.13 ÌB which is in good agreement
with the experimental magnetization close to saturation of 1.15 ÌB mol−1 at 2 K and
under 5 Tesla [25].
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Fig. 1. Induced spin density map for
Cu(salen)Ni(hfa)2 at 2 K under 5 Tesla inte-
grated along the Ni–O6 direction. The solid
lines represent positive levels and dashed
lines are negative levels. Top: high levels
lines 0.2 ÌB Å−2 by steps of ±0.4 ÌB Å−2. Bot-
tom: low-level lines 0.005 ÌB Å−2 in steps of
±0.010 ÌB Å−2

Table 1. Experimental (from PND) and calculated spin populations (in ÌB) using the (Heitler–
London + Extended Hückel) method (H.L. + E.H.) for the CuIINiII compound in the doublet
ground state

Atom PND H.L. + E.H.

N5 −0.017(11) −0.023
N6 −0.003(10) −0.022
Cu −0.250(10) −0.285
O1 0.006(10) 0.002
O2 −0.003(10) 0.008
Ni 1.259(11) 1.288
O3 0.039(9) 0.032
O4 0.027(9) 0.025
O5 0.039(9) 0.034
O6 0.034(9) 0.039

The most striking feature of this map lies in the almost zero spin population
found on the bridging oxygen atoms, within the experimental uncertainty (0.010 ÌB),
in contrast with the nonbridging oxygen atoms bonded to nickel, which carry about
0.035(9) ÌB each.

A theoretical calculation of the spin density has been performed in the frame
of the electron active model. Only the unpaired electrons in the magnetic orbitals
centered on each metallic ion are taken into account in this approach, i. e. the spin
delocalization mechanism alone is implied. Two magnetic orbitals originate from the
3dx2−y2 and 3dz2 orbitals of Ni2+ and one from the 3dx2−y2 of Cu2+. The magnetic
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orbitals are determined by semi-empirical extended-Hückel calculations using the
contracted orbital method [23]. The component MS = 1/2 of the molecular doublet
wave function ψ1/2,1/2 is then built in the Heitler-London formalism for the system
of antiferromagnetically coupled local spins (SNi2+ = 1, SCu2+ = 1/2) on the basis of
the three magnetic orbitals a1, a2 and b, centered on nickel and copper, as given by
Eq. (1):

ψ 1
2 , 1

2
= 2√

6

∣∣a1(1)a2(2)b̄(3)
∣∣ − 1√

6
|ā1(1)a2(2)b(3)|

− 1√
6

|a1(1)ā2(2)b(3)| (1)

The spin populations pi are calculated from the populations Pki of atom i in the
magnetic orbitals k by use of Eq. (2):

pi = g 1
2

[
1
3

Pa1i + 1
3

Pa2i − 1
6

Pbi

]
(2)

where the g-factor is equal to 2.30.
As is apparent from Table 1, the experimental spin distribution is remarkably

described in this approach, including the very weak spin populations on the bridging
oxygen atoms. This allows us to the conclude that the positive spin density delo-
calized from the Ni2+ ion towards the bridging atoms is almost cancelled by the
negative spin transferred from copper, although the Cu2+ moment is much smaller
than the Ni2+ one, due to the strong covalent character of the Cu2+–ligand interac-
tion. This result confirms that the spin delocalization mechanism, which allows for
the overlap between the copper and nickel magnetic orbitals, is responsible for the
antiferromagnetic intramolecular interaction in this compound.

11.2.2 Extended Bridge in a MnIICuII Dimer

Extended bisbidendate bridges such as oxamato, oxamido and other related bridges
are the magnetic couplers which are the most widely used in molecular magnetism.
One of the first molecular-based ferromagnetic compounds to be synthesized was
an oxamato-bridged MnIICuII system [26]. The spin distribution on such an ex-
tended bridge has been determined for the oxamido-bridged molecular compound
[MnII(cth)CuII(oxpn)](CF3SO3)2, where cth = (Me6-[14]ane-N4) and oxpn = N ,N ′-
bis(3-aminopropyl)oxamido) [27]. The Mn2+ ion (SA = 5/2) is surrounded by the
two oxygens of the bridge and four external nitrogen atoms building a distorted oc-
tahedra. The square planar Cu2+ (SB = 1/2) environment is formed by four nitrogen
atoms, two of them belonging to the bridge. The coplanarity between xy basal planes
of both transition ions and the oxamido plane, as well as the unsaturated character
of the oxamido bridge favor antiferromagnetic coupling, which is characterized by a
non-negligible coupling constant J of −31.3 cm−1 [28] although the distance between
the ions is equal to 5.44 Å.
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Fig. 2. Induced spin density map for
[Mn(cth)Cu(oxpn)](CF3SO3)2 at 2 K under
5 Tesla, integrated along the perpendicular to
the oxamido mean plane. Same levels as in
Fig. 1 (top: high levels, bottom: low levels)

Table 2. Atomic spin populations (in ÌB) for the MnIICuII pair compound in the ground state
(S = 2) from PND experiment and (H.L. + E.H.) calculations. DFT calculations are reported
for the dimer [MnII(cth)CuII(oxpn)]2+ (S = 2) and for the [CuII(oxpn)] precursor

PND H.L.+E.H. DFT

[MnII(cth)CuII(oxpn)]2+ [CuII(oxpn)]

Nax 0.07(1) 0.02 0.03
Neq 0.07(1) 0.02 0.02
Mn 4.32(2) 4.47 4.41
O 0.03(1) 0.05 0.02 −0.09
C −0.03(1) 0.00 0.00 0.01
N −0.05(1) −0.12 −0.08 −0.15
Cu −0.47(1) −0.36 −0.27 −0.38
N −0.02(1) −0.02 −0.06 −0.06

The induced spin density maps in the quintet ground state (S = 2) shown in Fig. 2
visualize the spin delocalization over the whole molecule [Mn(cth)Cu(oxpn)]2+: a
region of strong positive spin density is observed on and around manganese, while
negative spin resides on copper and its surroundings [29a]. The opposite signs of
the spin densities associated to each magnetic center reflects the intramolecular
negative coupling. The experimental populations are reported in Table 2 [29b]. The
delocalization from the Cu2+ ion towards its first neighbors represents 30% of the
total negative population while the spin transfer from Mn2+ amounts to only 7% of
the total positive population. This again is a sign of the large covalent character of
copper-ligand bonds.



11.2 Antiferromagnetic Intramolecular Coupling in Heterometallic Dimers 363

The application of the Heitler-London formalism to the system of antiferromag-
netically coupled local spins (SMn2+ = 5/2, SCu2+ = 1/2) leads to Eq. (3) of the
MS = 2 component of the wave function ψ2,2 for the ground state S = 2, where
a1, a2, a3, a4, a5 are the five magnetic orbitals centered on manganese and b is the
magnetic orbital centered on copper:

ψ2,2 =
√

5
6

∣∣a1a2a3a4a5b̄
∣∣ −

√
1

30
[|ā1a2a3a4a5b| + |a1ā2a3a4a5b|

+ |a1a2ā3a4a5b| + |a1a2a3ā4a5b|
+ |a1a2a3a4ā5b|] (3)

The spin populations pi are then obtained from the populations Pki of atom i
in the magnetic orbitals k deduced from extended-Hückel calculations on a model
molecule [27]:

pi = g2

[
7
15

(
Pa1i + Pa2i + Pa3i + Pa4i + Pa5i

) − 1
3

Pbi

]
(4)

where the Zeeman factor g2 is equal to 2.
The resulting populations reported in Table 2 are in relatively good agreement with

the experimental spin distribution. No spin populations due to spin delocalization
appear on the central carbon atoms.

DFT calculations were also performed, using the Dgauss program with a DZVP
basis set (double-zeta split valence plus polarization). The DFT single determinant
wave-function corresponding to the configuration with five unpaired electrons with
spin up on Mn2+, opposite to the unpaired spin on Cu2+, is not an eigenstate of
S2, that is why the so-obtained state is called a broken symmetry (BS) state. The
theoretical map for the BS state presented in Fig. 3 gives evidence for pσ delocalized
spin densities on the nitrogen atoms linked to copper while the spin density on
the oxygen and nitrogen atoms surrounding manganese possess both pσ and pπ

characters. The DFT populations given in Table 2 for the dimer were corrected in
order to reconstruct the S = 2 spin distribution from the BS spin distribution [27].

In the same table, the DFT results for the precursor CuII[oxpn] are reported, after
changing all the signs for comparison with the pair compound in which the copper
carries a negative spin population. The formation of molecular orbitals involving

Fig. 3. Theoretical spin density map for the
MnCu pair compound from DFT calcula-
tions. Same integration as in Fig. 2. Only the
low levels lines are drawn: 0.005 ÌB Å−2 in
steps of ±0.010 ÌB Å−2
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the Cu2+ 3dx2−y2 orbital and the σ ligand atomic orbitals leads to a substantial
delocalization of σ -symmetry on the nitrogen atoms as well as on the oxygen atoms
at the extremities of the oxamido group [30]. The small positive population which
can be noticed on the carbon atoms, is due to the spin polarization of the pπ carbon
orbital, with a sign opposite to the sign of the Cu2+ population.

The comparison between the spin distributions in the Cu2+ precursor and the
dimer shows that contributions of opposite signs arising from Mn2+ add to the popu-
lations on the O, C and N atoms of the bridge originating from Cu2+. On the carbon
atoms both contributions compensate in the calculated distribution, in contrast with
the experimental distribution. The negative sign observed on the carbon atoms can
then be attributed to a dominating negative spin polarization effect due to Mn2+.

The strong delocalization at long distance from Cu2+ towards the bridge, due to
the unsaturated nature of the oxamido group, is responsible for the strong overlap
between the copper and manganese magnetic orbitals, giving rise to an antiferro-
magnetic coupling between the copper and manganese ions.

11.3 From a Molecule to a Chain of Antiferromagnetically
Coupled MnIICuII Ions

As pointed out in the previous section, the ground state of a pair of antiferromag-
netically coupled ions with different spins SA and SB cannot be described by a single
determinant wave function. The ground state wave function is expressed as a lin-
ear combination of determinants corresponding to different spin configurations as
shown by Eq. (3) for a system of antiferromagnetically coupled spins (5/2, 1/2).

The spin populations PA and PB for a pair of local spins (5/2, 1/2) in the quintet
ground state calculated from Eq. (4), are equal to:

PA = 7
g2

3
= 4.67 and PB = −g2

3
= −0.67 (5)

They differ from +5 and −1, because of the mixing of the spin configurations in the
ground state wave function (Eq. 3).

The experimental populations associated to the manganese site and to the copper
site in the MnIICuII pair compound can be taken as the sum of the spin populations
of the metallic ions and their first neighbors listed in Table 2, in order to take into
account the spin delocalization towards the ligands. The so-obtained populations,
equal to 4.67(8) ÌB for the manganese site and −0.67(8) ÌB for the copper site, agree
remarkably well with the calculated populations PA and PB given by Eq. (5).

When the number of coupled AB ions increases, the relative weights of the spin
configurations in the ground state wave function change and the spin distribution
is modified. What is the spin distribution that is reached when the number of AB
units becomes infinite in a ferrimagnetic chain of alternating AB ions? To answer
this question, the evolution of the spin distribution from a pair of antiferromagnet-
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ically coupled ions to a ferrimagnetic chain, has been investigated for the system
(MnII, CuII), with help of the combined spin density determinations in the isolated
oxamido-bridged MnIICuII molecular compound [27] (see previous section) and in
the oxamato-bridged ferrimagnetic chain compound MnIICuII(pba)(H2O)3.2H2O,
with pba = 1,3-propylenebis(oxamato) [31].

The oxamato and oxamido bridge are very similar, one oxygen atom in the oxam-
ato group replacing one nitrogen atom in the oxamido group. However, the Cu2+
environment is square pyramidal, due to the coordinated water molecule, in the
chain compound, instead of square planar as in the molecule, which leads to a non-
planar bridging network along the chain. The spin density maps projected along the
perpendicular to the bridge for the chain compound in Fig. 4 and the molecule in
Fig. 2 display very similar features [32a], i. e. the positive region of spin density on
and around manganese, the negative spin density on and around copper and the
weak negative spin densities on the carbon atoms of the bridge. The experimental
spin populations in the chain compound are reported in Table 3 [32b]. No significant
population was found on the oxygen belonging to the water molecule coordinated
to copper.

The spin density is more localized on the metal ions in the chain than in the
molecule: the Mn2+ ion carries 97.6% of the total positive spin density in the chain
instead of 92.5% in the molecule and the Cu2+ population amounts 76.0% of the
total negative spin instead of only 70.1% in the molecule. A point of note is that, in
the oxamato bridge, the spin delocalization from copper towards the oxygen atom O3
(−0.05(1) ÌB) is smaller than that towards the nitrogen atom N1 (−0.08(1) ÌB), which
reflects the less covalent character of the Cu–O bond with respect to the Cu–N bond.
The weaker spin delocalization in the oxamato-bridged compound with respect to

Fig. 4. Induced spin density map for
MnCu(pba)(H2O)3.2H2O at 10 K under
5 Tesla integrated along the perpendicular to
the oxamato mean plane. Same levels as in
Fig. 1 (top: high levels, bottom: low levels)
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Table 3. Atomic spin populations (in ÌB) for the MnIICuII ferrimagnetic chain compound
from polarized neutron diffraction and DFT(DMol-DSolid) calculations

Atom PND DFT

O4 0.02(1) 0.03
Mn 4.93(3) 4.56
O1 0.02(1) 0.02
O2 0.01(1) 0.02
C1 −0.03(2) 0.0
C2 −0.03(1) 0.0
N1 −0.08(1) −0.08
O3 −0.05(1) −0.07
Cu −0.75(2) −0.42
O5 0.01(2) 0.0

the oxamido-bridged one can be explained by the noncoplanarity between the Cu2+
xy basal plane and the oxamato plane, which reduces the spin delocalization from the
3dx2−y2 orbital towards the oxamato group as well as the overlap between the copper
and manganese magnetic orbitals. The weaker delocalization on the oxamato bridge
is directly correlated to the smaller value of the J parameter (J = −23.4 cm−1) [33]
in comparison with the oxamido bridge (J = −31.3 cm−1).

The most striking difference between the chain and the molecular compound
concerns the sum of the spin populations on each metal and its neighbors, 5.05(7) ÌB
for the manganese site and −1.05(10) ÌB for the copper site for the chain, compared
to 4.67(8) ÌB and −0.67(8) ÌB in the dimer.

DFT calculations performed for the chain compound using the DMol-DSolid
program, which takes into account periodic boundary conditions, are reported in
Table 3. While the DFT calculations agree relatively well with the experiment for
the pair compound, the sum of the populations associated to the manganese and
copper sites in the chain, equal to 4.72 and −0.72, are largely underestimated.

A quite different approach has been followed on an other side, in order to study
the evolution of the spin distribution from the pair of antiferromagnetically coupled
spins to the ferrimagnetic chain, using the DMRG (Density Matrix Renormalization
Group) method [30]. This method originating in theoretical physics was revealed to
be very successful for one-dimensional Heisenberg systems. The Hamiltonian for a
chain of alternating spins SA and SB is given in Eq. (6):

H = −J
∑

i

[SA,i · SB,i + SB,i · SA,i+1] (6)

where J is the exchange coupling constant and the total number of sites is equal to
2N , i. e. the number of AB units is equal to N . The properties of a long chain of 2N
sites are reconstructed following an iterative process starting from a small system of
2n sites and adding two sites in the middle at each step [34].

The spin populations calculated by the DMRG method for a ferrimagnetic chain
(AB)N of local spins SA and SB = 1/2 are reported in Table 4 for increasing values of
SA from 1 to 5/2 together with the spin populations obtained by exact diagonalization
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Table 4. Spin populations for the A and B (SB = 1/2) sites in the antiferromagnetically
coupled pair (from exact diagonalization) and in the chain calculated by the DMRG method
for increasing SA values from 1 to 5/2. The experimental spin populations (in ÌB) from PND
associated to the manganese (SMn2+ = 5/2) and copper (SCu2+ = 1/2) sites in the (MnII,
CuII) pair and chain compounds are reported for comparison

SA SB Pair Chain

PA PB PA PB

1 1/2 1.333 −0.333 1.586 −0.586
3/2 1/2 2.500 −0.500 2.715 −0.715
2 1/2 3.600 −0.600 3.781 −0.781
5/2 1/2 4.667 −0.667 4.821 −0.821

(MnII, CuII) PND [27, 31] 4.67(8) −0.67(8) 5.05(7) −1.05(10)

of the Hamiltonian for a pair AB. The DRMG calculations demonstrate that for the
chain (AB)N , the spin population PB becomes closer to −1 than in the pair; they also
show that when SA is larger, PB becomes closer and closer to −1. The comparison
of the calculated and experimental populations for the (MnIICuII) system reported
in Table 4 shows that the DMRG method provides a rationalization of the evolution
of the experimental populations from the pair to the chain.

11.4 Ferromagnetic Coupling in Copper(II) Dimers

Copper(II) dimers constitute the most extensively studied class of dinuclear com-
pounds because they provide the simplest model for investigating the magnetic ex-
change interaction between transition metal ions, due to the presence of only one
unpaired electron on each Cu2+ ion. Most of them are antiferromagnetically coupled,
which is why the better understanding of the ferromagnetic coupling in the triplet
ground states of one di-µ-hydroxo- and one di-µ-azido copper(II) dimer through
spin density determinations, is particularly important.

11.4.1 Di-Ì-hydroxo Bridged Dimer Cu(OH)2Cu

The correlation between the nature of the magnetic coupling and the geometry of
the bridging network in planar di-µ-hydroxo-bridged copper(II) dimers has been
known for a long time. The first established empirical linear relationship between
the exchange coupling constant J and the bridging angle α = (Cu–O–Cu) [35], shows
that the intramolecular interaction is antiferromagnetic for α larger than α0 = 97.5◦
and ferromagnetic for smaller values of α, close to 90◦. The geometrical dependence
of J has been latter rationalized in the electron active approximation [14], involving
the magnetic orbitals centered on each copper formed by the linear combination
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of the 3dx2−y2 copper orbital and the 2pσ orbitals on the bridging oxygen atoms
and external ligand atoms. Only spin delocalization effects are accounted for in this
approach. The arrival at a ferromagnetic coupling for α = α0 close to 90◦ in that case
is attributed to the “accidental orthogonality” of the magnetic orbitals.

The di-µ-hydroxo-bridged CuII dimer, [(H2O)(bipy)Cu(OH)2Cu(bipy)(OSO3)] ·
4H2O, with bipy = 2,2′bipyridine, characterized by a Cu· · ·Cu distance of 2.9 Å and an
angle α equal to 94◦, takes place in the ferromagnetic-coupling range, with a singlet–
triplet splitting of 49 cm−1 [36]. The spin density model map [36] represented in
Fig. 5 with logarithmic levels of isodensity, gives evidence for a 3dx2−y2 shape of the
density on the copper atoms and a positive spin transfer onto the bridging oxygen
atoms and onto the external nitrogen atoms [37]. The associated spin populations
are respectively equal to 0.847(5)/0.810(5) ÌB on Cu(1)/Cu(2), 0.094(4)/0.121(4) ÌB
on the bridging oxygen atoms O(1)/O(2) and 0.008(5) to 0.045(6) ÌB on the external
nitrogen atoms. This spin distribution is consistent with a spin delocalization model,
in which the positive population of the bridging oxygen atoms results from the sum
of the positive spin contributions transferred from both copper ions. However the
model map in Fig. 5 exhibits regions of negative spin density “behind” the oxygen
atoms which cannot be interpreted by the spin delocalization only, but would imply
some spin polarization effects.

Most of the theoretical ab initio studies on di-µ-hydroxo-bridged CuII dimers were
dedicated to the calculation of the J coupling constant and its dependence upon the
Cu· · ·Cu distance, Cu–O–Cu angle and out-of-plane displacement of the H atom
of the hydroxo group [38,39]. The calculated spin distribution for the related com-
pound [(bipy)Cu(OH)2Cu(bipy)](NO3)2 in the triplet state by DFT using the hybrid
B3LYP method [39], qualitatively agrees with the above experimental distribution
and no theoretical evidence for spin polarization in the bridging region was found
[40]. These features confirm the spin delocalization mechanism for interpreting the
ferromagnetic coupling in this compound [11].

Fig. 5. Projection of the spin density along the c-axis in [(H2O)(bipy)Cu(OH)2Cu(bipy)-
(OSO3)] · 4H2O (from Ref. [36]). The contours are ±2n ×10−3 e Å−3 for n = 1 to 11 (the zero
line is not drawn)
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11.4.2 Di-Ì-azido Bridged Copper Dimer Cu(N3)2Cu

The azido bridge N−
3 occupies a particular place in the large variety of organic bridges

used in molecular magnetism. For all the symmetrical di-µ-azido copper(II) dimers
synthesized up to now, either a strong ferromagnetic coupling, or alternatively a
strong antiferromagnetic coupling occurs, depending on the way in which both azido
groups are bridging, either in an “end-on” (µ-1,1-) or an “end-to-end” (µ-1,3-) fash-
ion.

Until recently a long controversy had developed concerning the origin of the
strong ferromagnetic coupling in “end-on” bridged di-µ-azido copper(II) dimers.
The two principal mechanisms which were invoked are:

– the pure spin polarization mechanism [41], which implies the presence of negative
spin density on the bridging atoms and predicts a ferromagnetic coupling whatever
the bridging angle is,

– the spin delocalization mechanism, in a similar way to the di-µ-hydroxo-bridged
copper(II) dimers. A magic angle of 108◦ was suggested, above which antiferro-
magnetic coupling should occur, from experimental data on copper dimers con-
taining one azido bridge associated to another type of bridge [42].

Because these two mechanisms predict contradictory signs for the spin density on
the bridging nitrogen atoms, the experimental spin density determination provides
a deciding test for discriminating them.

The spin density in the triplet ground state of [Cu2(t-Bupy)4(N3)2](ClO4)2, with
(t-Bupy = p-tert-butylpyridine) is represented in Fig. 6 [43,44a]. The corresponding
atomic spin populations are given in Table 5. The spin is mainly localized on the
copper ions but positive spin density on the bridging and terminal nitrogen atoms
of the azido bridge is observed as well as on the nitrogen atom of the pyridine rings.
The positive sign on the bridging nitrogen atom N1 definitely rules out the spin
polarization mechanism [44b] and demonstrates that the spin distribution is mainly

Fig. 6. Induced spin density projection for [Cu2(t-Bupy)4(N3)2](ClO4)2 along a perpendicular
to the (Cu–N1–Cu′) plane at 1.6 K under 4.6 Tesla. Same levels as in Fig. 1 (left: high levels,
right: low levels)
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Table 5. Spin populations (in µB) in the triplet ground state of [Cu2(t-Bupy)4(N3)2](ClO4)2
from PND (normalized to 2 ÌB per molecule) and from density functional calculations using
a Mulliken population analysis

Atom PND [43] DFT [45a]

Cu 0.783(7) 0.60
N1 0.069(6) 0.14
N2 −0.016(6) −0.04
N3 0.057(7) 0.12
N4 0.067(8) 0.09
N5 0.049(7) 0.09

due to a spin delocalization mechanism. However, the spin density map also reveals
the existence of some negative spin density on the central nitrogen atom N2, which
can be assigned to the spin polarization of the doubly-occupied azido bridge πg type
orbital, which is superimposed upon the spin delocalization mechanism.

Both Hartree-Fock and DFT calculations using different density functional forms
have been reported in the literature for various di-µ-azido bridged compounds
[43,45a,b]. The spin populations calculated by the DFT-B3LYP method using the
Gaussian 94 program for the triplet ground state of [Cu2(t-Bupy)4(N3)2](ClO4)2
[45a] are given in Table 5. This method predicts a singlet ground state for an angle
α larger than 104◦ in agreement with the spin delocalization mechanism. The spin
delocalization is overestimated as always in DFT calculations on copper-containing
compounds, but the spin alternation on the azido bridge, due to spin polarization, is
in agreement with the experiment.

The ferromagnetic coupling constant in the above di-µ-azido dimer is much
stronger (J = 105(20) cm−1) [41] than in the di-µ-hydroxo dimer described in the
previous section (J = 49 cm−1) [46] although the (Cu–N–Cu) angle equal to 100◦
is larger than the corresponding (Cu–O–Cu) angle of 94◦. The comparison between
the experimental spin distributions in the two compounds indicates that the spin
delocalization in the di-µ-azido dimer is slightly stronger than in the di-µ-hydroxo
dimer, as reflected by the smaller spin population of copper in the di-µ-azido dimer.
This feature can be related to the relative strength of the ferromagnetic interactions.

11.5 Ferromagnetic Chain Bimetallic Compound

Up to now, to the best of our knowledge, only one bimetallic compound forming
ferromagnetic chains has been entirely characterized from both the structural and
magnetic point of view [47]. The compound MnNi(NO2)4(en)2 (with en = ethylene-
diamine) forms zigzag chains of alternating MnII and NiII ions bridged by a bidentate
NO−

2 group. The two oxygen atoms of the bridging nitro group are linked to the man-
ganese ion while the nitrogen atom is bonded to the nickel ion, with an intrachain
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Mn· · ·Ni distance of 4.817 Å. The NiII ion is surrounded by four nitrogen atoms
originating from two ethylenediamine groups and by two NO−

2 bridging nitrogen
atoms. An unusual coordination sphere is observed for the MnII ion, consisting of
eight oxygen atoms, of which two nonbonding oxygen atoms are at a slightly larger
distance than the other six.

The MnII and NiII ions are ferromagnetically coupled, with a weak intrachain
positive coupling J = 1.33 cm−1, as deduced from the magnetic susceptibility data
using the spin Hamiltonian −J

∑
i SMn,i · SCu,i [47]. At TN = 2.35 K, a long range

antiferromagnetic ordering occurs between the chains. The compound is actually
metamagnetic, with a threshold field of 0.12 Tesla.

Fig. 7 displays the induced spin density in projection perpendicular to the N1–Ni–
N3 plane [48]. The unpaired spin on Ni2+ is found to be essentially located in the
3dx2−y2 and 3dz2 orbitals. For Mn2+ the five 3d orbitals were assumed to be equally
populated [49]. The respective sum of the Mn2+ and Ni2+ spin populations and their
neighbors are equal to 4.85(8) ÌB and 2.15(8) ÌB, close to the idealized values of
5 ÌB and 2 ÌB [50]. The quantity of spin transferred from Mn2+ to its neighbors only
amounts to 7% of the moment associated to the manganese region, while the spin
delocalization from Ni2+ represents 24% of the total moment on the nickel site,
reflecting the stronger covalent character of the nickel than the manganese ion.

Fig. 7. Induced spin density integrated
along the perpendicular to the N1-Ni-N3
plane in the ferromagnetic chain compound
MnNi(NO2)4(en)2 at 4 K under an applied
field of 2 Tesla. Top: high levels lines. Bottom:
low-level lines. Same levels as in Fig. 1
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The amount of spin (0.01(3) ÌB) carried by the bridging N3 atom of the nitro
group is significantly weaker than the moment found on each nitrogen atom of the
ethylenediamine groups, N1 (0.16(3) ÌB) and N2 (0.09(3) ÌB). The spin populations
of the oxygen atoms surrounding Mn2+ are not so contrasted and range from 0.01(2)
to 0.08(2) ÌB, with slightly smaller values on both oxygen atoms of the bridge O1 and
O2 than on the O3 and O4 atoms of the nonbridging NO−

2 groups.
The study of the spin delocalization in Ni(NH3)4(NO2)2 [4] gives evidence of a

spin transfer of around 0.10 ÌB on the nitrogen atom of the nitro group from the Ni2+
ion, which carries about 2 ÌB. This is the same order of magnitude as the moment
transferred onto the ethylenediamine nitrogen atoms, but ten times more than the
moment on the bridging nitrogen atoms. The apparent absence of spin transfer from
Ni2+ towards the nitrogen atom of the NO−

2 bridge in the chain compound remains
quite puzzling. This feature is not reproduced by recent DFT calculations of a bin-
uclear MnIINiII model in the S = 7/2 state, for which equivalent populations are
found on all the nitrogen atoms linked to Nickel [51].

11.6 Clusters

Magnetic molecular clusters are formed by a large number of transition metal
ions, strongly coupled through organic bridges. They have attracted much atten-
tion over recent years, particularly because they constitute single molecule magnets
of nanometer size, each isolated from the others in the crystal and may be character-
ized by a strong Izing type anisotropy. Because the size of the clusters is intermediate
between simple paramagnetic molecules and a bulk material, they may present both
quantum mechanical and classical magnetic behaviors.

Magnetic measurements and ESR studies allow one only to propose a model
for the configuration of the magnetic ground state of the cluster, resulting from the
competition between various intra-cluster antiferromagnetic interactions. In con-
trast, PND allows one to determine the distribution of the spins in the ground state
of large clusters without any ambiguity.

11.6.1 Mn12 Cluster

The paramagnetic Mn12 cluster, Mn12O12(CH2COO)16(H2O)4·2CH3COOH·4H2O
is formed by twelve manganese ions, of which eight are MnIII ions (S = 2) and
four are MnIV ions (S = 3/2), linked by oxo and carboxylato bridges. This cluster
has been extensively studied, by various techniques: X-ray diffraction, magnetic
measurements, ESR, inelastic neutron scattering [52], which have elucidated the
spin structure of the magnetic ground state S = 10. The cluster is characterized by a
strong magnetic anisotropy along the tetragonal c-axis.

A tentative method using unpolarized neutron diffraction on a deuterated pow-
der sample was applied to determine the spin distribution in this cluster as no single
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crystal of sufficient size was available [53]. This method could offer an alternative
to the p.n.d. technique in the case of strongly magnetic materials where no large
single crystals are available. The principle of this method is to measure the neutron
diffraction pattern of the powder sample in which the magnetic moments are aligned
by an applied magnetic field at low temperature [54] and then to subtract the purely
nuclear spectrum obtained in zero-field at the same temperature, to yield the mag-
netic powder pattern. The model refinement based on the analysis of this diagram
confirms the configuration proposed for the magnetic ground state S = 10 with pos-
itive magnetic moments on the eight MnIII ions and negative moments on the four
MnIV ions, but leads to unrealistic negative spin populations on the bridging ligands.

11.6.2 Mn10 Cluster

The first precise spin density study on a large cluster was realized by PND on the
Mn10 cluster, [Et3NH]2[Mn(CH3CN)4(H2O)2][Mn10O4(biphen)4Br12] [55]. A spin
ground state S = 12 was proposed from magnetization measurements and ESR
studies. The cluster exhibits a strong anisotropy, with the easy magnetization axis
being the c-axis which is also a tetragonal symmetry axis. The structure of the cluster
is schematized in Fig. 8. Six MnII ions (S = 5/2) occupy the Mn(1) and Mn(2) sites
while four MnIII ions (S = 2) lie in the Mn(3) sites. The metallic ions are bridged by
oxo and bromide ligands. The maximum entropy reconstruction of the spin density
represented in Fig. 8, in projection along the c-axis, gives evidence of isotropic spin
distributions on the MnII ions and elongated shapes on the MnIII ions, reflecting the
local anisotropy of the 3d4 high spin ion. The negative spin density located on the
site Mn(1) reveals a ferrimagnetic arrangement, with spins on the two MnII ions in

Fig. 8. Left: structure of the Mn10 cluster. Right: maximum entropy reconstruction of the
induced spin density in the Mn10 cluster at 10 K in projection along the c-axis from reference
[54]. A field of 4.8 Tesla was applied along the easy magnetization c-axis
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Mn(1) sites opposite to the spins on the other MnII and MnIII ions. The spins appear
to be strongly localized on the metallic ions as no significant spin density is observed
on the ligands, contrary to the results obtained on the Mn12 cluster.

11.6.3 Fe8 Cluster

The Fe8 cluster, {[Fe8O2(OH)12(tacn)6]Br7 · H2O}[Br.8H2O], (with tacn = 1,4,7-
triazacyclononane) [56], has attracted special attention in recent years as displaying
pure quantum tunneling of the magnetization [57]. Another interesting feature is the
strong magnetic anisotropy of the cluster, although each FeIII ion (S = 5/2) is indi-
vidually isotropic. This cluster, formed by eight FeIII ions linked by oxo and hydroxo
bridges, has the well-known “butterfly” structure [56] used to describe tetranuclear
clusters Fe4O2: the body of the butterfly is formed by the ions 1 and 2, and the ex-
tremities of the wings are defined by the ions 3 and 4 as can be seen on Fig. 9. Four
peripheral iron atoms 5, 6, 7, 8 are connected to the sides of the wings. A model
with six spin up and two spin down irons was proposed for the spin configuration of
the magnetic ground state S = 10 from magnetic susceptibility measurements. The
magnetization density [58], reconstructed by the Maximum entropy method applied
to noncentrosymmetric structures [59], is drawn in Fig. 9. The spin density map con-
firms that six ions carry spins parallel to the applied field, which are the body ions 1
and 2 and the four peripheral ions, while the ions 3 and 4 of the wings carry opposite
spins. Similar to the Mn10 cluster, the spin density is strongly localized on the metallic
ions.

The examination of the structure allows one to draw the following conclusions
– the dominating antiferromagnetic interactions take place between the ions 4 and
8, 1, 2, 6 (and similarly between 3 and 5, 1, 2, 7) which are joined by single µ-oxo
bridges – the ions connected by double bridges carry parallel spins while the ions
connected by single bridges carry opposite spins. For the single µ-oxo bridges, the

Fig. 9. Maximum entropy reconstructed
induced magnetization density at 2 K
under 4.6 Tesla projected onto the bc crystal-
lographic plane of the Fe8 cluster from ref-
erence [58]. Contours by steps of 0.7 ÌB Å−2
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Fe–O–Fe angles are larger (i. e. 128.8◦ for the 2–4 bridge) than for the double µ-oxo
bridges (i. e. 96.8◦ for 1–2). The strength of the antiferromagnetic interaction then
increases when the Fe–O–Fe angle increases, as already known for µ-oxo-bridged
FeIII binuclear compounds [60].

11.7 Conclusion

Experimental spin density maps, as given by polarized neutron diffraction, provide
rich and detailed information about the spin ground state in magnetic molecular
compounds: not only the visualization of the distribution in the space away from the
metal ions which gives evidence for spin delocalization, but also the sign of the spin
density which provides information on spin polarization. The spin density determi-
nation constitutes one of the best tests of a theoretical model for the mechanism of
magnetic interaction between metal ions through an organic bridge. As a matter of
fact, the spin density map alone has allowed us to definitely conclude the long con-
troversy between the spin delocalization and the spin polarization mechanisms in the
interpretation of the strong ferromagnetic coupling in “end-on” di-µ-azido copper
dimers. In most of the compounds reported here, the spin delocalization mecha-
nism is responsible for either antiferro- or ferromagnetic coupling but evidence of
negative spin density regions shows that spin polarization is always subjacent.

It should be pointed out that the Heitler-London approach, using the magnetic
orbital model, is remarkably convenient to describe the spin distribution in heter-
obimetallic compounds, in which the metal ions are antiferromagnetically coupled
through di-µ-oxo bridges or extended bridges such as the oxamido bridge. How-
ever no spin polarization effect is accounted for in this approach. Density functional
theory has proved to be very efficient to predict the spin distribution in the binu-
clear compounds reported here, either antiferro- or ferromagnetically coupled, and
particularly the spin polarization effects on the bridge which can exist beside the
dominating spin delocalization effect, even if this method systematically overesti-
mates the spin delocalization for CuII complexes.

The density matrix renormalization group method allows one to rationalize the
evolution of the experimental spin values associated to each magnetic ion, from an
antiferromagnetically coupled dimer MnIICuII to a ferrimagnetic chain. The DRMG
calculations demonstrate that for a chain (AB)N , with local spins SA and SB = 1/2,
the spin population PB is closer to −1 than in the pair AB, and that the spin population
PB in the chain is closer to −1 for larger SA values.

An other interest of PND investigations for molecular-based magnetism is that
the spin density map directly visualizes the arrangement of the spins in the ground
state of polymetallic clusters which cannot be elucidated without ambiguity by other
techniques.
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12 Probing Spin Densities by Use of NMR Spectroscopy

Frank H. Köhler

12.1 Introduction

In open-shell compounds the unpaired electrons are usually not concentrated at one
or just a few atoms, regardless whether organic radicals, coordination compounds,
organometallic molecules, or inorganic solids are concerned. Rather, there is a finite
probability of finding the unpaired electrons at remote atoms of substituents, lig-
ands, and counter ions. In other words, in molecule-based magnetic materials we are
dealing with spin sources that give rise to spin density at various sites of a molecule
in the lattice. How the spin density is transferred to these sites will be outlined below.
Occasionally, the spin source is not well defined when the spin is equally distributed
over the skeleton of a molecule like benzene radical anion and cation.

The appearance of spin density at sites other than the spin source is of paramount
importance in materials because it is related to magnetic interaction. For instance, it
has been known for long time that in di- and oligonuclear coordination compounds
magnetic interaction is often mediated by intramolecular spin alignment. While the
spin alignment energy of up to a few hundred cm−1 is much weaker than that of
chemical bonds the alignment path follows the bonding skeleton, and hence, it is of-
ten regarded as through-bond interaction across the bridging ligands. Experimental
evidence for this pathway, termed “superexchange” [1a], has been first presented for
single diamagnetic ions intermediate between paramagnetic centers by Kramers and
Becquerel et al. [1] while the theory has been developed by Anderson [2]. That some
spin density can indeed be localized on lattice components originally introduced as
diamagnetic species was first demonstrated by the EPR spectrum of (NH4)2[IrCl6]
which did not only show the expected hyperfine interaction with the isotopes 191/193Ir
of the spin-1/2 metal center but also those with 35/37Cl− [3]. The concept of superex-
change was soon introduced in transition metal chemistry where early examples are
multi-atomic bridging ligands that mediate the magnetic interaction between cop-
per(II) ions [4]. When the spin-transmitting ligands became larger the introduction of
“magnetic orbitals” [5] proved useful for the understanding of magnetic interactions.
Chemists are mainly using natural magnetic orbitals (as opposed to orthogonalized
magnetic orbitals) which are defined as singly occupied orbitals of coupled frag-
ments, each including a somewhat arbitrary number of atoms of the bridging ligand.
A timely summary of this approach has been given by Kahn [6]. It is intuitively clear
that the magnetic interaction modeled by combining magnetic orbitals will strongly
depend on the sign and the amount of spin at the various atoms of the bridging
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ligands. Any method that provides experimental spin density data would, therefore,
be very helpful for understanding the mechanism(s) of magnetic interaction and for
designing new magnetic materials derived from coordination compounds. The most
popular approach in coordination chemistry for obtaining ferromagnetic interaction
combines fragments [7] whose magnetic orbitals are orthogonal either by accident
or by systematically choosing appropriate pairs of building blocks.

Spin alignment through bonds is an attractive topic in organic chemistry as well.
Thus, numerous doublet (or higher multiplicity) radicals have been bridged or, in the
organic chemist’s language: linked by coupling units [8]. The basic features of fer-
romagnetic and antiferromagnetic coupling units are well understood. For instance,
m-phenylene-bridged radicals usually afford ferromagnetic coupling whereas an-
tiferromagnetic coupling results with o- and p-phenylene bridging. Nevertheless,
there are exceptions where the expected ferromagnetic interaction could not be es-
tablished [9] and where antiferromagnetic interaction has been found instead [10].
In these and other cases it would be very useful to know how the spin distribution
in the coupling unit is modulated by steric and other constraints.

Another important general approach is based on intermolecular spin alignment.
Since no additional bonding is present, it is also regarded as through-space inter-
action of spin densities at two (or more) radical centers held at short distance. For
simplicity, a less strict meaning of through-space interaction is accepted here, which
includes very weak hydrogen bonds (typically below 6 kJ mol−1 or about 500 cm−1).
This approach has been realized in solid organic radicals, mostly nitronyl nitroxides
[7a,b,c,e,f,8f,11], by suitably stacking triplet-carbene-substituted benzenes in a para-
cyclophane [12], and in metallocenium tetracyanoethenides and the like [7e,f,13]. The
important feature common to this sort of materials is that spin densities at neighbor-
ing interacting sites must have different signs in order to achieve ferromagnetic in-
teraction. The interaction mechanism which has been proposed by McConnell [14b]
(McConnell I mechanism) requires spin polarization to induce spin sign inversion at
appropriate radical sites. Spin induction has been also discussed by Orgel [14a] and
Anderson [14c], and magnetic polarization of closed shells has already been treated
by Sternheimer [15]. It should be noted that the inter-ionic magnetic interaction in
metallocenium tetracyanoethenides has not only been ascribed to the McConnell I
mechanism [16] but also to charge transfer states (McConnell II mechanism) [7e, 16].
In any case, experimental methods are again highly desirable for probing spin densi-
ties including their sign. This would not only confirm the mechanism of the magnetic
interaction but also establish the spin delocalization within the engaged radicals.
Once the delocalization path is known it can be used as a guide for adjusting the spin
density at given sites of a radical.

NMR spectroscopy is one of these methods. In what follows it will be shown
how spin densities can be understood, how they are related to NMR spectroscopy,
and what the experimental limitations are. Subsequently selected examples will be
discussed.
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12.2 The Spin Density and its Sign

In a paramagnetic molecule the unpaired electrons are normally delocalized over a
number of atoms. The probability of finding the unpaired electron at a given atom
may be expressed as the square of the amplitude of the wave function |ψ(r)|2 at point
r and by integrating over the electron coordinates. This probability is also known as
spin density ρA at the atom A, and we can write:

ρA = |ψ(r)|2 (1)

The term spin density emphasizes the fact that we are dealing with electron density
that has an uncompensated electron spin moment (to which the angular momentum
must be added in many cases). The spin density is often given in Å−3, i. e., we have
to think in spaces, and chemists usually approximate this by drawing atomic and
molecular orbitals (AOs and MOs, respectively). It is also useful to think of spin
density in terms of the fraction of time the unpaired electron spends at a given atom
of the radical. Because the electron spin gives rise to a magnetic moment that orients
in an applied magnetic field, H0, the spin density will also be associated with that
moment. Its orientation relative to H0 has been termed parallel and antiparallel, up
and down, α and β, and positive and negative, respectively. “Positive” and “negative”
spin density is used in this review in accord with the convention of theoretical calcu-
lations. There, the spin orientation is often accounted for by using the unrestricted
Hartree–Fock (UHF) formalism, i. e., by assigning different orbitals to parallel and
antiparallel electrons, and the sign of the spin density at a given atom follows from
the difference between the average number of positive and negative spins including
all occupied orbitals ψi .

12.3 Relating Spin Density to Magnetic Resonance

In principle, any magnetically active nucleus N can be used to study the spin density
as far as the electron–nuclear interaction is measurable. The interaction, which may
be also viewed as an electron–nuclear coupling by analogy to internuclear coupling,
gives rise to an energy splitting that may be extracted from magnetic resonance
experiments in the form of the hyperfine coupling constant, A(N), between the un-
paired electron and the observed nucleus N. When A(N) is expressed in units of Hz
(to underscore the coupling) it takes the form:

A(N) = µ0

3S
gEµBγN|ψ(0)|2 (2)

Here µ0 is the vacuum permeability, gE the electron g-factor, µB the Bohr mag-
neton, γN the nuclear gyromagnetic ratio, S the electron spin quantum number, and
|ψ(0)|2 the probability of finding the unpaired electron at the observed nucleus.
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Throughout this review parameters and symbols for use in NMR recommended by
IUPAC have been considered as far as possible [17]. When Eq. (2) is applied to
the hydrogen atom, A(1H) = 1420 MHz is calculated in accord with the experiment
[18]. When nuclei of larger molecules are considered g-factor anisotropy is taken
into account by using the mean g-factor gav instead of gE and |ψ(0)|2 is replaced by
the spin density at the nucleus, ρN. Then the hyperfine coupling becomes

A(N) = µ0

3S
gavµBγNρ(N) = F

∑
i

[
|ψ+

i (0)|2 − |ψ−
i (0)|2

]
(3)

by analogy with Eqs. (2) and (3) and by subsuming the constants under F . The
calculation of A(N) consists in evaluating the one-electron spin density matrix for
which several approaches are available. Most recently, density functional methods
have proven particularly useful [19].

It must be pointed out that magnetic resonance spectroscopies determine ρN
rather than ρA. Thus the shape of the spin-containing orbital does not directly emerge
although useful correlations between A(N) and ρA have been established as we shall
see later. The fact that ρN is strictly limited to the nucleus may be emphasized by
quoting it in atomic units (a.u.) instead of Å−3 (1 a.u. = a−3

0 Å−3, a0 = Bohr radius).
As an important consequence, there may be differences between the spin density
obtained from polarized neutron diffraction and spectroscopy.

Magnetic resonance methods that have been used for measuring hyperfine cou-
pling constants include EPR [18], ENDOR (electron nuclear double resonance)
[20], NMR [21], and ÌSR (muon spin resonance) [22]. Although ÌSR is a nonroutine
method it provides important data, e. g., on radicals in the gas phase [22b]. Electron
resonance-based methods are most popular for investigating organic radicals and
transition metal compounds as far as the metals and their first coordination sphere
are concerned. Here we focus on NMR studies which are well suited for the ligands
of coordination and organometallic compounds as well as for organic radicals.

What appears in the NMR spectra as signal shifts are actually the hyperfine cou-
plings (and additional components, see below) that are averaged by rapid electron
spin relaxation to give one weighted mean signal per magnetically nonequivalent
nucleus [21a]. This coupling is mediated through bonds and termed (Fermi) con-
tact interaction. The corresponding contact shift of the nucleus N at the absolute
temperature T , δcon

T (N), and A(N) are related by Eq. (4):

δcon
T (N) = A(N)

gavµBS(S + 1)

3γNkT
(4)

where k is the Boltzmann factor. Substitution of Eq. (2) into Eq. (4) yields the formula
for converting NMR contact shifts into spin densities in a.u.

ρ(N) = 9kT

µ0g2
avµ

2
Ba3

0(S + 1)
δcon

T (5)

Some useful conclusions may be drawn from Eq. (5): 1) Small spin densities can
be detected. In these cases the signals are usually narrow, and shifts smaller than
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1 ppm can be measured. For instance, for a spin-1/2 radical with g = 2 a contact shift
of 1.2 ppm measured at 25 ◦C corresponds to 10−5 unpaired electrons. The precision
of the signal shift depends on the line width and may be better than 0.12 ppm or
ρN = 10−6 a.u. 2) A given spin density is determined equally well for protons and
other nuclei. In practice this is limited, however, by the lower signal-to-noise (S/N)
ratio obtainable for other nuclei. 3) Some care must be devoted to the measurement
of the temperature. Near room temperature an error of 3 K leads to a 1% difference
in δcon and hence in the spin density. 4) The spin densities may suffer from consider-
able errors when the g-factor is not well known experimentally. This is an issue for
transition metal compounds which do not yield EPR spectra in X and Q band (e. g.
owing to large zero field splitting) or at low temperature (where states having other
g-factors may be populated). Even though there are some error sources that may
render absolute spin densities unreliable, the trends of the spin distribution are well
reproduced. 5) The measured shifts are not always pure contact shifts. Careful sepa-
ration of other shift contributions (see below) is necessary, because for a spin density
of 10−3 a.u., which is often encountered in paramagnetic compounds, a 6-ppm shift
contamination of δcon corresponds to an error of 5% in ρN.

12.4 The NMR Method: Effects of Unpaired Electrons

Paramagnetism adds some features to NMR spectroscopy which are illustrated in
Fig. 1 [23]. The signal shifts are usually much larger than for diamagnetic compounds.
The same is true for the signal widths which, in addition, may vary strongly. For
instance, the solid-state 13C NMR spectrum of the depicted nitronyl nitroxide shows
signals in a range of about 1700 ppm. Those of the triazolyl substituent are narrow
while the remaining ones are less well resolved owing partly to the larger widths and
to similar spin densities on the respective carbon atoms.

12.4.1 Experimental Hints

Although the NMR spectra of many open-shell molecules can be recorded by using
conventional spectrometers some precautions are useful. Thus the large shifts require
the free induction decay (FID) to be sampled at high rates. For example, a proton
signal shift of 700 ppm (almost arrived at by (C5H5)2VCH3 [24]) would require a rate
of 280 kHz when recorded with a 400-MHz instrument. Analog-to-digital converters
working at this rate often have a lower digital resolution of the signal amplitude thus
deteriorating the detection of small signals in the presence of large solvent signals
(dynamic range [25]).

Another issue of large signal shift ranges is signal excitement. The excitation
bandwidth, ν1, is determined by the pulse as delivered by the emitter and by the
properties of the probe head. When a 90 ◦ pulse of duration τp90 is applied an estimate
is ν1 = 1/(4τp90). Thus for a typical minimal value of τp90 = 5 Ìs for a 400-MHz
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Fig. 1. 13C Magic-angle spinning (MAS) NMR spectrum of the depicted nitroxyl nitroxide
radical at 315 K. Spinning rate 15 kHz, X is the background signal of the probe head

instrument would yield ν1 = ±50 kHz or ±50 ppm relative to the carrier frequency
under quadrature detection. Of course, a more powerful emitter provides shorter
pulses, but this is limited by the quality factor Q of the probe head circuit. The
points at which the excitation has dropped to a value corresponding to 1/4 of the
maximal signal height is given by ν1 = ±νN/2Q where νN is the nuclear Larmor
frequency. If we take the 13C NMR signals of nickelocenes as an example which are
very broad and cover a range of more than 2100 ppm [26] a probe head with Q ∼ 100
(pushing the 1/4-height to 500 ppm) and τp90 = 1.3 Ìs would be desirable. Recording
can be improved by moving the carrier frequency close to the signal in question
while arranging for possible fold-over of the solvent signals (if a digital filter is not
available). ν1 may be also increased by decreasing τp at maximum power level. This
reduces S/N by sin α (where α is the rotation angle of the nuclear magnetization in
the rotating frame of reference). Note that for very rapid relaxation the optimal α

stays close to 90 ◦ even at rapid pulse repetition [27].
Large line widths which are equivalent to fast nuclear relaxation have advantages

and disadvantages. Thus spectrum accumulation may be also fast (often more than
20 times faster than for diamagnetic samples) thereby saving spectrometer time.
But, usually, a compromise is necessary in order not to arrive at a duty cycle that
would destroy the probe head. Disadvantages are possible errors in signal integration
and difficulties in distinguishing broad signals from baseline rolling. Integration is
particularly hampered when broad signals appear next to narrow ones, for the latter
are easily saturated at high repetition rates. Baseline rolling is a widespread defect
of NMR spectra which is most annoying for paramagnetic molecules. It is often
due to the break-through of the excitation pulse, to a pre-sampling delay, and to
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acoustic ringing [28]. In any case the amplitudes of the first data points of the FID
are distorted. If the signals of interest are narrow, broad baseline distortions can
be avoided by special pulse sequences which also affect broad signals [28,29]. Broad
features are more difficult to separate, but reverse linear prediction of the first points
of the FID and/or baseline correction routines are usually successful. Note that these
procedures may affect the signal shape and lead to improper phasing.

The sample temperature has already been mentioned as an error source. Com-
mercial controllers indicate the temperature close to the sample, but not in itself, and
calibration [30] is indispensable. As for solid-state NMR spectroscopy special care
is necessary as the sample temperature depends on the rotor spinning rate. Several
external calibration methods have been proposed [31], while internal referencing
can be realized by adding to the sample a paramagnetic solid and by measuring its
1H NMR signal shift [32].

12.4.2 Relaxation Constraints

Not all compounds having unpaired electrons are susceptible to NMR spectroscopy.
Actually, the possibility to detect a signal is determined by spin relaxation, and
the nuclear relaxation rate, T −1

N (in Hz), may be so fast that the NMR signals are
broadened beyond the detection limit. The nuclear spin–lattice (or longitudinal)
relaxation rate, T −1

1N , and the spin–spin (or transverse) relaxation rate, T −1
2N , have been

first derived for the solution state by Solomon et al. [33], and elaborate treatments
of the topic have been published more recently [34].

Here we are mainly interested in the signal width at half height, ν1/2 (in Hz),
which is equal to (πT2N)−1. When we restrict ourselves to small- and medium-sized
molecules in solution, there are two contributions to T −1

2N : the dipolar and the contact
contribution, (T dip

2N )−1 and (T con
2N )−1, respectively. The latter arises from the delocal-

ization of unpaired spin and thus from the local magnetic field at the observed
nucleus. When the local field is modulated in such a way that frequency components
correspond to νN efficient relaxation can occur. Note that, on the one hand, spin
density at the nucleus is responsible for hyperfine coupling as measured by contact
shifts; on the other hand, when time dependence is considered, it leads to contact
relaxation. The latter is given by Eq. (6).

1
T con

2N
= 1

3
[A(N)]2S(S + 1)

(
TE

1 + ν2
ET 2

E

+ TE

)
(6)

This is a simplified version where the correlation time has been assumed to be
dominated by the electron relaxation time, TE, and that T1E ∼ T2E ∼ TE. It has
been further considered that the resonance frequency of the electron, νE, is much
larger than that of the nuclei and that ν2

NT 2
E can be neglected for nuclear frequencies

νN ≤ 300 MHz and in the range TE ≤ 10−9 s (see below). For designing experiments
one is interested in the signal width, ν1/2, which is associated with a given contact
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shift (or spin density) and a given electron relaxation; it may be calculated after
substituting Eq. (4) into Eq. (6):

1
T con

2N
= νcon

1/2 (N) = Fcon k2T 2

µ2
B

γ 2
N

g2
avS(S + 1)

(δcon
T )2TE (7)

Here the electron relaxation term in Eq. (6) has been further simplified to FconTE
where the constant Fcon is 9/2π if νETE equals one (e. g. for a 300-MHz instrument
and TE = 5.1 × 10−12 s) and increases up to 6/π if TE decreases until νETE � 1.
For a spin-1/2 species with gav = 2 investigated at 25 ◦C a proton contact shift
of 100 ppm would lead to νcon

1/2 (1H) ∼ 2300 Hz when TE is 10−9 s. Clearly, faster
electron relaxation is advantageous, while longer TE values are acceptable for 13C
rather than 1H; for instance νcon

1/2 (13C) ∼ 1400 Hz for TE = 10−8 s.
The remaining dipolar relaxation results from time-dependent through-space in-

teraction of the magnetic moments of the unpaired electron and a given nucleus. The
corresponding signal width at half height is given by:

ν
dip
1/2(N) =

(µ0

4π

)2 µ2
B

15π

γ 2
Ng2

avS(S + 1)

r6

(
13TE

1 + ν2
ET 2

E

+ 7TE

)
(8)

All symbols have been stated previously except for r which is the distance be-
tween the spin source and the given nucleus. Eq. (8) is obtained by applying the
same simplifications mentioned with Eq. (6). For estimating the signal half width the
expression corresponding to Eq. (7) is:

ν
dip
1/2(N) = Fdip

(µ0

4π

)2
µ2

B
γ 2

Ng2
avS(S + 1)

r6
TE (9)

where Fdip is 9/10π and 4/3π for ν2
ET 2

E = 1 and �1, respectively. It follows from
Eq. (9) that the distance r is the most important parameter. Again for spin-1/2 species
with gav = 2 protons at 1 Å from the spin source can be detected only if TE very
short. For instance, the signal half width will exceed 7 kHz when TE becomes longer
than 10−11 s. When ν

dip
1/2(

1H) ∼ 2.8 kHz is assumed to be the detection limit and if
TE = 10−9s the proton should be 2.5 Å away from the spin source. It should be noted
that Eqs. (8) and (10) are only valid if the spin source can be approximated by a
point and that the point–dipole model breaks down when spin delocalization occurs.
In such a case ligand atoms become secondary spin sources, and for adjoining nuclei
considerable signal broadening occurs even though the delocalized spin density is
small. This is known as ligand-centered dipolar relaxation.

The general conclusion for relaxation restraints is summarized as follows: 1) It
is difficult to record NMR signals of compounds having electron relaxation times
longer than 10−9 s unless some other process leads to a shorter correlation time which
replaces TE. 2) Dipolar relaxation often dominates. Only if nuclei at the periphery
of the molecule have large signal shifts, contact relaxation will be important [35].
But still the ligand-centered component of dipolar relaxation must be considered.
3) For a given molecule the signal half width decreases with γ 2

N regardless whether
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contact or dipolar relaxation is concerned (Eqs. 8 and 10). Therefore, low-γ nuclei,
not least 13C, are worth being studied provided that receptivity limitations can be
overcome. An especially useful example is 2H NMR spectroscopy. After deuteration
the signal shift of a given molecule is virtually unchanged (although small primary
isotope effects can be detected [36]) while the signal half width is decreased by a
factor of up to [γ (1H)/γ (2H)]2 = 42.6. In this way signals with shifts up to 1500 ppm
have been recorded for Cr(III)–CD2R fragments [37] whereas the corresponding
proton signals could not be detected.

Because electron relaxation is often a decisive parameter some facts are in place;
for details the reader is referred to the literature [38]. Electron relaxation in liquid
solution and in the solid state are similar although the formalisms for describing
them are different. In any case energy is exchanged between the spin moment and
its surroundings which can be thought of as a thermal bath regardless whether the
paramagnetic species is locked in a lattice or whether it is tumbling in a liquid.

NMR spectra are routinely recorded down to about −120 ◦C. In this temperature
range the most efficient electron relaxation mechanism involves the uptake of a
phonon (lattice vibration quantum) of an energy that allows the species to pass from
the ground state (spin parallel to the field) to an excited state. From there a phonon
of slightly smaller energy is emitted thus bringing the species back to a “near-ground
state” with the spin antiparallel to the field and vice versa (Orbach process). Many
paramagnetic transition metal compounds have low-lying electronic states and are
thus suitable for NMR spectroscopy. As the energy of the closest excited state raises
NMR signals become broader. When an angular momentum is coupled to the spin
momentum (leading to large g-factor anisotropy) electron relaxation becomes more
efficient. The same is true for large zero-field splitting for species having S > 1/2.
In short, transition metal ions behave differently as can be seen from the TE ranges
listed in Table 1 [39]. Notoriously difficult cases are V(IV), Cu(II), and Gd(III),
and molecules containing other ions may be close to the unfavorable limit of the
TE range. Diluted radicals which have spin centered at light main group elements
experience only small spin-orbit coupling, and usually there are no low-lying excited
states. These radicals are suitable for EPR rather than NMR spectroscopy.

From the foregoing it follows that slow electron relaxation can be accelerated in
the following ways. 1) Chemical exchange. Radicals may be in equilibrium with their
neutral counterparts (e. g. arene anions and arenes) or in dissolved paramagnetic
transition metal derivatives coordinated ligands may rapidly change place with free
ligands present in solution. These processes often shorten TE. 2) Increasing the tem-
perature. In solution the energy transfer from the spin system to the thermal bath is
mediated by some reorientation process characterized by the correlation time, τ . If
τ is dominated by the rotation time, τr, of the species it is given by τr = 4πηr ′3/kT ,
where η is the viscosity and r ′ is the radius of the molecule. η is temperature-
dependent in turn, and the overall dependence is τr ∼ [exp(E/kT )]/T , where
E is the activation energy. Before choosing a solvent with a higher boiling point
in order to make better use of the temperature dependence, it should be checked
whether a higher viscosity of the solvent possibly counterbalances the temperature
effect. In the solid state T −1

E increases with temperature in a more complicated way,
and the reader is referred to the literature [38]. 3) Inter-radical interaction. Electron



388 12 Probing Spin Densities by Use of NMR Spectroscopy

Table 1. Typical electron relaxation times of transition metal ions

Ion (Spin state) T1E [s] Ion (Spin state) T1E [s]

Ti3+ (1/2) 10−9–10−10 Co2+ (1/2) 10−9–10−10

VO2+ (1/2) 10−8–10−9 Ni2+ (1) 10−10–10−12

V3+ (1) 5 × 10−12 Cu2+ (1/2) 1–3 × 10−9

V2+ (3/2) 5 × 10−10 Ru3+ (5/2) 10−11–10−12

Cr3+ (3/2) 5 × 10−10 Re3+ (2) 10−11

Cr2+ (2) 10−11

Mn3+ (2) 10−10–10−11 Gd3+ (7/2) 10−8–10−9

Mn2+ (5/2) 10−8–10−9 Tb3+ (3) 8 × 10−13

Fe3+ (5/2) 10−10–10−11 Dy3+ (5/2) 8 × 10−13

Fe3+ (1/2) 10−11–10−12 Ho3+ (2) 7.5 × 10−13

Fe2+ (2) 10−12 Tu3+ (1) 8 × 10−13

Co2+ (3/2) 10−11–10−12 Yb3+ (1/2) 10−12

relaxation is also mediated by magnetic dipole–dipole interaction and by electron
spin exchange [40] between overlapping singly-occupied orbitals of different radi-
cals. Therefore, it is possible to pass from the EPR to the NMR regime by increasing
the concentration, thereby shortening TE up to several orders of magnitude; an ex-
ample is given in Fig. 2 [23]. The shortest TE would be expected for solid radicals,
but often the narrowing of the NMR signals is thwarted by nuclear dipole interac-
tions unless they are (partly) averaged out by magic angle spinning (MAS) [41] 4)
Exchange coupling. If two (or more) spin centers A and B having short and long
electron spin relaxation times, respectively, are present in a molecule the relaxation
depends on the coupling energy J between A and B. Usually J is large enough so
that A speeds up the relaxation of B [34b,c]. There are also cases where equal spin
centers experience an increase of the electron relaxation rate for both strong and
weak magnetic interaction [42]. Finally, it should be noted that instead of discussing
the manipulation of electron spin relaxation times, the correlation time τ may be
broken down into various components that are considered separately [34].

12.4.3 Contact, Dipolar, and Experimental Signal Shifts

The NMR signal shift of a paramagnetic compound recorded at temperature T , δexp
T ,

is the sum of three contributions:

δ
exp
T = δcon

T + δ
dip
T + δdia

T (10)

where δcon
T is the contact shift mentioned previously, δ

dip
T is the dipolar (or pseudo-

contact) shift, and δdia
T is the shift (usually independent of T ) that the signal would

have if the molecule were diamagnetic. In addition, the shift due to the bulk sus-
ceptibility, δsusc, must be considered in solution but not in the solid state [43]. It
is eliminated by referencing to the internal signal of a diamagnetic molecule, most
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Fig. 2. 1H NMR spectra of m-pyridylnitronyl nitroxide dissolved in acetone-d6 at 300 K [23];
the concentration decreases from top to bottom. S = solvent. Small peaks close to S are due
to impurities

often the solvent, which experiences the same bulk susceptibility. Therefore, exter-
nal referencing of solution NMR spectra [44] cannot be recommended unless the
susceptibility is known. There are also cases where organic [45a] and organometallic
[45b] radicals cause paramagnetic signal shifts of supposedly inert solvents. Proper
referencing is then achieved by concentration-dependent measurements. The sign
convention of the signal shifts is the same as for diamagnetic compounds, i. e., shifts
to high frequency are positive. Note that in the earlier literature reversed signs have
been used.

The shift δdia is eliminated by referencing each signal to the corresponding signal
of an isostructural diamagnetic molecule. Often δdia is taken from the literature while
the shift of the solvent signal, δsolv, is used as intermediate reference. Then the signal
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shift which is exclusively due to the paramagnetism of the molecule under study,
δ

para
T , is given by

δ
para
T = δcon

T + δ
dip
T = δ

exp
T + δsolv − δdia

T (11)

Alternatively, temperature-dependent spectra may be recorded. When the data
are plotted in a δexp-over-T diagram (see Eq. (4) the intercepts of the straight lines are
δdia. This is a particularly elegant method when closely related diamagnetic species
are not available. However, serious errors arise when the temperature range is nar-
row, when δexp is difficult to determine (e. g. for broad noisy signals), and when dy-
namic effects like geometric changes and high-spin/low-spin equilibria are present.

Finally, the dipolar shift must be eliminated to obtain δcon
T and thus the spin density.

For an axially symmetric species δ
dip
T is given by [46]:

δ
dip
T (N) = µ0

4π

µ2
BS(S + 1)

9kT

(3 cos2 θ − 1)

r3 (g2
‖ − g2

⊥) f (g, D) (12)

The last term is a function of the g-factor and the zero-field splitting, D; it depends
on S and becomes unity for S = 1/2. The last but one term considers the g-factor
anisotropy, where g‖ and g⊥ are the g-factors parallel and perpendicular to the
magnetic axis, respectively. The third last term is the geometric factor where r is
the vector relating the spin center and the nucleus under study, and θ is the angle
between r and the magnetic axis of the species. The g-factor anisotropy of organic
radicals is usually so small that δ

dip
T can be neglected. When transition metal ions

are involved g2
‖ − g2

⊥ is often smaller than 2 and hence δ
dip
T is also small. So even if

the g-factors are not known experimentally, estimates of δ
dip
T are helpful. The term

f (g, D) is close to unity when D < 20 cm−1 which applies in many cases.
For studies in solution the geometric term is calculated from (symmetrized) X-ray

and calculated minimum-energy structures, or reasonable estimates of bond lengths
and angles are made. δ

dip
T can be neglected when θ is close to 54.7◦ and/or when the

distance of the nucleus from the spin center is large. As an example, assume that
we have a spin-1/2 compound with a medium-sized g-factor anisotropy leading to
g2
‖ −g2

⊥ = 1. If we consider nuclei at θ = 35◦ or 0◦, and if we accept δcon
T to be in error

by δ
dip
T = ±1 ppm at 298 K the nucleus should be at r ≥ 5.6 Å. For 35◦ > θ > 0 ◦ and

the ±1-ppm limit the nucleus may be closer to the spin center. Note, however, that
Eq. (12) must be corrected for small r [47].

12.4.4 Signal Assignment Strategy

Owing to the special features of NMR spectroscopy of paramagnetic molecules de-
scribed in the previous sections, some signal assignment procedures known for dia-
magnetic molecules are not (or not fully) applicable to paramagnetic ones. On the
other hand, there are additional methods that are based on the paramagnetism.
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Fig. 3. 13C NMR spectrum of bis[hydrotris(pyrazol-1-yl)borato]iron hexafluorophosphate dis-
solved in CDCl3 at 305 K [48a] (S = solvent)

Important methods of assignment are: 1) Signal areas. Special care is necessary
with regard to distorted base lines and signals of different widths in the same spectrum
(see Section 3.1). 2) Internuclear coupling. Normally proton signals are too broad
as to detect H, H couplings, but exceptions are known [48b]. By contrast, one-bond
C, H multiplets are more often resolved (see Fig. 3) and thus of great help for the
assignment of 13C NMR signals. But even if a carbon signals is narrow it may not
show the expected C, H coupling owing to excessive proton relaxation [48a,c]. In
any case, ν1/2 of all nuclei engaged in the coupling should be smaller than about
twice the coupling constant. 3) Signal shifts. In many cases a spin delocalization
mechanism can be assumed (see Section 5) which predicts the sign and the orders of
magnitudes of the signal shifts. High-level spin density calculations may guide more
detailed assignments. 3) (Isotopic) Substitution. Exchangeable protons are easily
assigned after deuteration by 1H and 2H NMR spectroscopy. Also, upon selectively
changing the substitution pattern (mostly CH3 for H) signals can be identified. 4)
Temperature variation. It is often difficult to distinguish weakly shifted signals of a
paramagnetic compound from those of diamagnetic impurities. As can be seen from
Eqs. (5) and (11) the signals of the first should move with temperature whereas those
of the latter should not. A precise δ

exp
T -over-T plot enables correlation of the signals

of a paramagnetic molecule and its diamagnetic analog whose signal assignment is
known. 5) Redox titration. Many paramagnetic species are synthesized by oxidizing
or reducing diamagnetic precursors. When the electron transfer between both is
rapid on the NMR time scale mean signals are observed, and the signals of the para-
and diamagnetic compounds can be correlated. In this way the proton signals of a
paramagnetic triple-decker sandwich have been assigned [49]. 6) Signal half widths.
As stated in Section 3.2, dipolar relaxation is usually predominant, and hence ν1/2 is
proportional to r−6 (Eq. 5). Precise correlations of ν1/2 and r−6 may be disturbed by
ligand-centered dipolar relaxation. But usually, the broader of two similarly shifted
signals can be safely assigned to the nucleus which is closer to the spin source. An
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example is given in Fig. 3, where all carbon signals should be doublets and have
the same area. Since r(C3) < r(C5) < (C4) the signal widths are rather different
thus establishing the assignment. This is confirmed by the spin delocalization which
should place the signal of C4 on one frequency side and C3/5 on the other as actually
found. 7) NOE, saturation transfer, and correlation spectra. These techniques are
applicable to relatively narrow signals and have been worked out in great detail for
bioinorganic molecules [50].

12.5 Spin Delocalization Mechanisms

Through recent progress in theoretical calculations spin density distributions of var-
ious molecules are available which are in good accord with the results of, e. g., po-
larized neutron diffraction. These data must be interpreted in order to understand
why a certain spin delocalization pattern is obtained and how it can be changed
deliberately by chemically modifying the compound. Simple qualitative and semi-
quantitative mechanisms have been proposed which explain how spin is transferred
from one molecular fragment or from a given atom to the next. Most of these mech-
anisms have been developed to explain EPR spectra. It is not attempted to give a
comprehensive overview here; rather, examples are selected that can be adopted to
other compounds.

12.5.1 Spin Distribution in  Orbitals

Spin density is found in π orbitals, if the molecule itself is a radical, like allyl and
benzene anion radical, or if spin is transferred from an adjacent source into π or-
bitals. These sources may be either limited areas of purely organic compounds where
the unpaired electron is concentrated, or they may be transition metals to which lig-
ands are π -bonded (polyhapto-bonded) like in arene and cyclopentadienyl (Cp)
complexes. This section selects delocalization mechanisms which are relevant for
compounds studied by NMR spectroscopy.

12.5.1.1 Direct Spin Delocalization

Figure 4 shows a generalized MO scheme for the bonding of conjugated cyclic ligands
Cx R+/−/0

x (for instance, C5H−
5 , C6H6, C7H+

7 ) to a transition metal ion Mn+. In any
case and to a good approximation, only the five lowest ligand π orbitals interact
with the metal d and s (not shown) orbitals to yield MOs which are relevant for spin
delocalization. They have been labeled e1, e2, a, and e∗

1 to refer to the type of ligand
orbital that is mixed in. Depending on Mn+, the unpaired electrons occupy the front
orbitals given in the frame. Only two, e∗

1, have a considerable ligand content and thus
mediate direct spin delocalization from the metal to the ligand when they are singly
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Fig. 4. Simplified MO scheme relevant for spin delocalization in paramagnetic π compounds.
Cx R+/−/0

x might be C5H−
5 , C6H6, and C7H+

7 . The generalized MO phases are those parts of
the MO shapes seen by the d orbitals which are sandwiched between the ligands

Fig. 5. Direct delocalization of spin in a MO that extends from
the metal to the ligand

occupied. Here “direct” means that the spin sign remains unchanged. It follows that
in symmetric low-spin sandwich compounds, (Cx Rx )2Mm+/−/0, direct delocalization
is expected for d>6 compounds, i. e., for M = Fe, Co, and Ni. A similar reasoning
applies for compounds having two different π ligands (mixed sandwich compounds)
and high-spin congeners. A simplified view of direct spin delocalization is given in
Fig. 5.

12.5.1.2 Adjusting the Spin Distribution in π Radicals and π -bonded Ligands

Conceptually it does not matter whether spin appears in π orbitals because they
belong to genuine π radicals [51] or because it has been delocalized from (or induced
by, see below) a transition metal source. Consequently, π ligands can be regarded as
spin-reduced radicals carrying less than one unpaired electron.

As already mentioned, only e∗
1 orbitals and thus e1-type ligand orbitals (see Fig. 4)

are engaged in delocalization. A more detailed but still general view of these orbitals
is given in Fig. 6. The carbon 2pz coefficients of e1s and e1a orbitals (symmetric and
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Fig. 6. Spin density changes resulting from orbital splitting; only the Cx R+/−/0
x ligand contri-

butions of the MOs are given. (a) Degenerate e1-type orbitals. (b) and (c) Orbital splitting
after introducing donor and acceptor substituents D and A, respectively

antisymmetric with respect to the C2 axis) are different as indicated qualitatively
by the different size of the lobes. Yet each ring carbon has the same spin density
as both orbitals are degenerate (Fig. 6a). When a donor substituent is introduced
(Fig. 6b) the orbital degeneracy is lifted, the e1s orbital will be more populated, and
the spin density at C1 will be smaller than at C3/3′ and C2/2′. When an acceptor
substituent is introduced (Fig. 6c) the orbital population is inverted and C1 will have
more spin density than the other carbons. The energy gap between the e1s and e1a
orbitals can be adjusted by choosing an appropriate substituent; most efficient will
be the replacement of a CR fragment by heteroatoms like N, P, As, and B. Once the
orbital degeneracy is lifted, the energy gap will also depend on the strength of the
metal–ligand bond which normally changes upon substitution.

12.5.1.3 Spin Delocalization into  Orbitals of Û-bonded Aryls

Instead of being π -bonded, an unsaturated molecule may also serve as a monohapto
substituent, R, of a spin source and still receive spin density in its π orbitals. The
sources may be very different if only they have spin in a π -type orbital at the site
to which R is bonded. Some examples shown in Fig. 7 are transition metal frag-
ments LnM, amine oxide residues R′NO, and π -bonded ligands (Fig. 7a, b, and c,
respectively). Here we take R = phenyl as an example and assume that R and the
fragments a, b, and c of Fig. 7 are conjugated.

Figure 8 demonstrates that the spin-carrying fragment can interact with four of the
six phenyl π orbitals in a bonding (π1, π2) and antibonding (π4, π6) fashion. When
these interactions are summarized the orbital contributions at C1 and C3/5 subtract,
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Fig. 7. Examples of monohapto binding
of R to spin sources. Shown at the bottom
are relevant spin-containing orbitals at
the binding site

at C2/6 and C4 they add, and the spin-containing MO looks like in Fig. 8a; examples
are phenylated metallocenes [52]. As we pass to benzylidene and phenylacetylide
the same procedure yields the MOs shown in Figs 8b and 8c, respectively. In this way
the phenyl positions with large positive spin density can be predetermined. Note that
the MOs in Fig. 8a–c are oversimplified; “empty” positions mean that there is finite
but little positive spin density which is overcompensated by negative spin density
induced by polarization as we shall see below. A more detailed treatment of cases
similar to those in Figs. 8a and 8c with the spin source being a bent (Cp)2V fragment
have been published [24,53].

Fig. 8. Phenyl orbitals π1, π2, π4, and π6 interact with a spin-containing orbitals of Fig. 7 to
yield orbital (a). Other examples are (b) and (c) (see text)
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Fig. 9. Molecular structure of [(C5H5)CrBr]2(µ-CHC6H5) and spin transfer from two d or-
bitals to the π orbitals of the bridging benzylidene. For clarity only the 2pz orbital of the
bridging carbon is given

The examples in Fig. 8 are special cases in so far as the substituents see π -faced
orbitals from which they receive spin. Other cases are conceivable where just one
lobe of a spin-carrying d orbital is engaged. For instance, benzylidene may not only
be a monohapto ligand (Fig. 8b) but also serve as a bridge as shown in Fig. 9 [54].
Often the π substituent cannot be fixed with respect to the spin source as assumed
here. Then the spin distribution is modulated according to the population of the
rotamers and σ delocalization (see below) comes into play.

12.5.1.4 Spin Polarization

Spin density may be found in both localized and delocalized orbitals of radicals
and ligands even if they are not mixed in the singly occupied MO, i. e., when direct
delocalization is negligible. This is quite common for paramagnetic π complexes
with less than six d electrons. As can be seen in Fig. 4 these electron occupy e2
and a orbitals which have a small ligand content. However, unpaired spins in these
MOs can polarize the paired spins in lower-lying orbitals as has been suggested early
for metallocenes [55]. The treatment is based on electron exchange interaction and
has been applied to similar problems [56]. Qualitatively, in the present case, a spin
in an e2 orbital can polarize the electrons in the lower e1 orbitals which have a
considerable ligand content and which are allowed to have different orbital energies
(UHF formalism). This rests on the fact that Coulomb exchange stabilizes a system
when spins are parallel. Hence paired e1-type electrons with positive spins spend
more time close to the unpaired spin at the metal than do e1-type electrons with
negative spins. This is compensated by a higher probability of finding the latter
electrons in an orbital region distant from the metal. As a result positive spin density
at the source is increased while negative spin is induced on the ligand π orbital. This
is illustrated in Fig. 10 which resembles Fig. 5 except that now the unpaired electron
is in the dx2−y2 orbital which has a bad overlap with the ligand π orbital. Polarization
is experienced by the bonding electron pair in the MO which has dyz and carbon 2pz
contributions. Note that for clarity the spin arrows in Fig. 10 have similar size while
the induced spin is actually small.
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Fig. 10. Metal-localized unpaired electrons (e. g. in the dotted
dx2−y2 orbital) induce negative spin density in ligand π orbitals
through polarization of paired metal–ligand bonding electrons
(e. g. in the MO which has some dyz character)

Alternatively, polarization can be described by starting from paired electrons
which are not allowed to have different orbital energies (restricted Hartree–Fock
(RHF) formalism). The delocalization of positive spin is accounted for by the singly
occupied MO, and negative spin density is introduced by configuration interaction.
The latter method considers excited states of the molecule which have the same
symmetry as the ground state so that they can mix in. When applied to metal-
locenium ions [16b,c] this leads to negative spin in the e1-type π orbitals of the
Cp ligands. Similarly negative spin density at the central carbon of allyl radical, the
most simple example of odd alternant radicals, has been explained [57].

Fig. 11. Polarization of the C–H bonding electrons by spin in the carbon 2p
orbital

The most simple case of spin polarization is met in the CH fragment of a π radical
where the carbon is sp2-hybridized and spin density, ρ(13C), sits in the remaining p
orbital (Fig. 11). Owing to polarization of the C–H bond, positive spin density on
the carbon is enhanced and negative spin density, ρ(1H), is induced at the proton.
Clearly, ρ(1H) must be proportional to ρ(13C), and since ρ(1H) is measured via the
hyperfine coupling constant the so-called McConnell relationship [58] applies

A(1H) = Qρ(13C) (13)

where the constant Q is −64.5 MHz for the benzene radical anion.
For π radicals and spin-reduced analogs it is straightforward to approximate the

spin densities by the squared coefficients, c2
i , of the carbon 2pz orbitals obtained

by MO calculations. This approach has been applied to nuclei other than protons
by Karplus and Fraenkel [56a], and their work has been extended by Yonezawa et
al. [56b]. For instance, when we are interested in the hyperfine coupling constant,
A(13C), of the carbon C in Fig. 11 we must not only consider polarization of the
C–H bond but also that of the bonds to the adjacent sp2 carbons C′ and C′′ of the
enlarged fragment shown in Fig. 12a. The following spin contributions are induced
at the nucleus of C. π -Spin at C polarizes: 1) the bonds C–C′, C–C′′ (Fig. 12b,c),
and C–H (Fig. 11) inducing positive spin; and 2) the 1s electron pair of C (Fig. 12f)
inducing negative spin. 3) π -Spin at C′ and C′′ polarizes the bonds C–C′ and C–C′′
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Fig. 12. Polarization of paired elec-
trons in a C′′C′CH fragment. The sum
of the contributions of (b) through (f)
is the spin induced on carbon C (see
text)

(Fig. 12d, e), respectively, thus inducing additional negative spin. For the C′′C′CH
fragment the contributions can be summarized by Eq. (14):

A(13C) = QC p0
CC +

3∑
i=1

QXi
p0

i i +
3∑

i=1

RCXi
p0

Ci
(14)

where Xi = C ′, C′′, H and where p0
CC, p0

ii, and p0
Ci are elements of the spin matrix

obtained from MO calculations. Here we follow Yonezawa et al. [56b] who have
given a more general treatment and determined the polarization constants Q and R.

For spin in ligand π orbitals it follows qualitatively, that negative spin is induced at
all carbon atoms which have a small 2pz orbital coefficient. In Fig. 8a–c we have seen
that the alternation of large and small AO coefficients is characteristic of π ligands.
Owing to polarization this is transformed into alternating positive and negative spin
at the respective carbon nuclei. On passing to the adjacent proton the spin sign is
inverted (see Fig. 11). The result is illustrated in Fig. 13 where the expected sign
patterns of the signal shifts are given for the examples in Fig. 8b,c. In summary, the
spin signs in aryls can be switched in two ways: 1) The spin source can be chosen
to have negative or positive spin as in phenylated metallocenes [52]. 2) The number
of nuclei between the spin source and the aryl can be adjusted as shown in Figs. 8
and 13.
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Fig. 13. Relevant MOs for
π delocalization (left) and
spin sign patterns (right) ex-
pected for the signal shifts
of the phenyl carbons and
protons of benzyl (top) and
phenylacetylide (bottom)
substituents

12.5.2 Spin Delocalization into Û Orbitals

When the ligand content of a spin-containing orbital has σ symmetry all nuclei
experience positive spin density and hence have positive contact shifts unless they
are lying in a nodal plane of the orbital. The hyperfine coupling constant is again
proportional to the corresponding squared AO coefficient, this time of the s orbital.
As the coupling is now a first order process it is more efficient, and Q is much
larger: 1420 MHz and 3338 MHz for the unpaired hydrogen 1s and carbon 2s electron,
respectively [18,56a].

For instance, in π complexes ligand orbitals of a1 and e2 nodal properties but σ

character [59] (which are lying below the ligand π orbitals shown in Fig. 4) may mix
into the e2-type front orbitals. This leads to additional σ delocalization which will
be considered further in Section 6.2. Other instructive examples are iron porphyrins
whose spin state determines whether σ or π delocalization dominates. For instance,
pentacoordinate iron(II) porphyrins like those shown in Fig. 14a have a S = 2 ground
state [60]. It can be seen in Fig. 14a′ that two spins are occupying σ -type (dx2−y2 and
dz2 content) and π -type (dxz and dyz content) MOs, respectively. Of the possible σ

and π MOs [61] those relevant for the reasoning are given in Figs. 14a′′ and 14b′′. As
stated above, a given spin density in σ MOs yields much larger hyperfine couplings
and hence contact shifts than if it were in π MOs. Actually, in the present case σ

delocalization dominates, and this is verified by a large positive signal shift of the
pyrrole protons [60] (Fig. 14a, δcon(H4) = 46.5). In addition, σ delocalization is
confirmed by the signal shift of the adjacent CH2 protons which is also positive
(Fig. 14a, δcon(CH2) = 10.5). Note that this shift would be negative if π spin at C3
were dominating as we shall see below.

In contrast, the hexacoordinate iron(IV) porphyrins shown in Fig. 14b have a
S = 1 ground state [62] with spin exclusively in π -type orbitals (Fig. 14b′, dxz and
dyz content). The most important MO is that given in Fig. 14b′′, and, therefore,
considerable positive spin must be in the 2pz orbitals of the outer pyrrole carbons like
C3/4. Subsequent C–H-bond polarization as shown in Fig. 11 must lead to negative
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Fig. 14. Spin delocalization in iron porphyrins. (a) Dominating σ delocalization in S = 2
iron(II) derivatives leads to positive contact shifts for pyrrole-H and pyrrole-CH2. (b) π

Delocalization in S = 1 iron(IV) derivatives leads to negative contact shifts for pyrrole-H.
See text for more details
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Fig. 15. MOs relevant for spin delocaliza-
tion into R = phenylacetylide and phenyl
of Cp2VR derivatives (S = 1) and signs of
the contact shifts of the phenyl protons.
(a) π Delocalization leads to alternating
signs. (b) σ Delocalization leads to equal
signs

spin at the pyrrole protons. This is confirmed by a large negative signal shift [62]
(Fig. 14b, δcon(H4) = −77.4).

Switching from π to σ delocalization cannot only be realized by choosing an
appropriate ground state of a molecule but also by adjusting the orientation of
ligands. This is illustrated with bent vanadocenes, Cp2VR [24], (S = 1) in Fig. 15.
When R is phenylethinyl the rotamer in Fig. 15a is favored and hence spin transfer
from the (rehybridized) dyz orbital into theπ system of the phenyl. Indeed, the proton
signal shifts given in Fig. 15a confirm the pattern of alternating signs predicted in
Fig. 13. By contrast, when R is phenyl (Fig. 15b) steric hindrance by the Cp ligands
force the phenyl at right angles to the Cp–V–Cp plane. Now spin transfer proceeds
into the σ orbital (represented by the carbon 2py contributions), and this is confirmed
by equal signs of the proton signal shifts given in Fig. 15b.

In many cases the symmetry of the molecule does not allow to separate σ and π

orbitals [63]. Yet it is often possible to establish σ besides π delocalization as will be
shown below.

12.5.3 Spin Delocalization from  Orbitals to Nuclei of Substituents

Spin density can be also detected on various nuclei of substituents other than phenyls
and other aryls which are bonded directly to transition metals of a paramagnetic
fragment or to the skeleton of π radicals and π ligands of paramagnetic complexes.
How the spin gets there depends on the number of bonds by which the nucleus is
separated from the spin-carrying π orbital. According to a widely-used convention
α, β, γ . . . nuclei are one, two, three . . . bonds away, respectively.

12.5.3.1 · Nuclei

The prototype is the proton of a C, H fragment shown in Fig. 11 where sign inversion
of the spin occurs on passing from C to H. In much the same way α nuclei other than
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protons should experience, e. g., negative spin if it is positive at carbon and unless
σ delocalization takes over (see Figs. 14a and 15b) or the α nucleus is engaged in π

bonding (as in the case of fluorine).

12.5.3.2 ‚ Nuclei

Once spin has been induced at a nucleus in α position it is obvious to continue so
that consecutive polarization of σ bonds (Fig. 16a) would induce spin at a nucleus
in β position; the sign would be the same as that of the spin in the starting π orbital.
It is also conceivable that direct polarization of the α–β bond through spin in the π

orbital (Fig. 16b) induces spin at the β nucleus. Finally, hyperconjugation leads to
spin transfer. The orbitals relevant for hyperconjugation are visualized in Fig. 16c. In
a three-orbital interaction the spin-containing orbital of the π ligand as well as the
bonding and antibonding C–H orbital of appropriate symmetry yield the fragment
orbital given in the box of Fig. 16c. It can be seen that little spin is transferred to
α nuclei and much to β nuclei, so that hyperconjugation is a selective mechanism.
The relative importance of polarization and hyperconjugation has been investigated
[64]. There is general agreement that hyperconjugation dominates, but polarization

Fig. 16. Spin transfer from the π orbital of a sp2 center to β nuclei. (a) Consecutive polarization
of σ bonds. (b) Direct polarization of the α–β bond. (c) Hyperconjugation
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Fig. 17. Selective spin transfer from chromium to β deuterons of CpCr(benzyl-d7)Cl(PEt3) (a).
In the 2H NMR spectrum (b) large signal shifts of the β deuterons are due to hyperconjugation;
S = C6H6, X = impurity. Part (c) shows the MO relevant for selective spin transfer to βD

(sometimes restricted to direct polarization) is considered more [64b, d] or less [64a,c]
important.

The example in Fig. 16c which combines a π ligand like benzene or Cp and a
methyl group may be generalized. Thus, the methyl nuclei may be replaced by oth-
ers (thereby possibly switching from a donor to an acceptor group), and the spin-
containing π orbital may be a metal orbital. For example, chromium-deuterium
hyperconjugation is illustrated in Fig. 17. In the 2H NMR spectrum of the S = 3/2
compound (benzyl-d7)CpCr(PEt3)Cl [54b,37] the signals of the phenyl deuterons
are weekly shifted (inset of Fig. 17b) while those of the diastereotopic benzylic
deuterons have extremely large shifts. The latter establish selective hyperconjuga-
tional spin transfer to the β deuterons of the benzyl group reflected by the MO in
Fig. 17c.

The spin delocalization to β nuclei depends on the dihedral angle θ between the
spin-containing π -type orbital and the α–β bond as illustrated in Fig. 18a,b. This has
been suggested early [65], and the most simple NMR-adapted relationship is:

δcon(N) = δ0(N) + B(N) cos2 θ (15)

Thus, the contact shift of nucleus N is the sum of an angular-dependent shift
reflecting hyperconjugation (plus some direct polarization) and δ0(N) which accounts
for all other shift contributions. The constants B(N) and δ0(N) may differ even for
closely related molecules. Fixing of θ is straightforward, e. g., by investigating bicyclic
molecules. When rotation occurs as for (substituted) methyl groups θ depends on
the population of the rotational isomers. In the most simple case equal population
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Fig. 18. Spin transfer from a π -type orbital to nuclei in β position. (a) Perspective view and
(b) Newman projection. (c) Calculated angular dependence of the spin transfer expressed as
hyperfine couplings for the β protons of ethyl radical (curve I) and for the β protons (curve
II) and β carbon (curve III) of n-propyl radical. Adapted from Ref. 64d

(sometimes incorrectly called “free rotation”) gives δcon = δ0 + 0.5B, and maximum
spin transfer occurs for θ = 0, e. g., nucleus β ′′ in Fig. 18b.

The trends of the contact shifts can be derived from the hyperfine coupling con-
stants calculated [64d] for the β protons of the ethyl radical and the β carbon of the
n-propyl radical (curves I and III of Fig. 18c). The curves correspond to Eq. (15)
and apply also to spin-reduced (e. g. organometallic) radicals after scaling. When the
symmetry of the molecule is lowered the curves become asymmetric. For instance,
on passing from ethyl to n-propyl radical CH3 is replaced by CH2R, and the curve
for the β protons (curve II, Fig. 18c) is described by

A(1Hβ) = A0(
1Hβ) + B ′(1Hβ) cos2θ + C sin θ cos θ (16)

More sophisticated approaches include bending [64d] of the radical by an angle
ω as illustrated in Fig. 18a and the variation of substituents [66].

12.5.3.3 Á Nuclei

When proceeding one bond further to nuclei in γ position the spin transfer depends
on the angle ϕ in addition to θ . This is illustrated by the Newman projection in Fig. 19b
which is obtained when looking down the α–β bond of the radical in Fig. 19a. Fig. 19c
shows how A(1Hγ ) of n-propyl radical varies with ϕ and that different curves result
depending on θ [64d]. Efficient transfer of positive spin is limited to a small range of
angles with a maximum at ϕ = 180◦ and θ = 0◦ which is much smaller than in the case
of β protons (see Fig. 18c). The optimum path resembles the letter W [67] formed
by the direction of the π orbital and the bonds leading to the investigated γ nucleus



12.6 Experimental Examples 405

Fig. 19. Spin transfer from a π -type orbital to nuclei in γ position. (a) Perspective view
emphasizing the “W path” (see text) and (b) Newman projection looking down the α–β bond.
(c) Calculated dependence of the spin transfer on the angles ϕ and θ of expressed as hyperfine
couplings for the γ protons of n-propyl radical. Adapted from Ref. 64d

(bold lines in Fig. 19a). For nonrigid chains the mean angles are ϕ = θ = 45◦, and
hence little spin is transferred. This is why the contact shifts of γ (and more distant)
nuclei is usually much smaller than that of β nuclei. Note that around ϕ = ±60◦ the
spin at γ nuclei becomes always negative. For more details the reader is referred to
the literature [63,68].

12.6 Experimental Examples

The number of paramagnetic compounds investigated by NMR spectroscopy is le-
gion. Most often the mere classification as paramagnets, confirmation of the structure,
magnetic exchange, and spin crossover have been the focus of interest. As for spin
densities, the method has been applied to quantitative analysis in many cases, but
most often its distribution and the mechanisms of delocalization have been discussed
qualitatively or briefly mentioned. Therefore, it is not intended to present a com-
prehensive compilation but to select representative examples of various classes of
compounds ranging from pure organic radicals to inorganic solids.

12.6.1 Organic Radicals

Important types of stable radicals that have been investigated by NMR spectroscopy
are listed in Fig. 20. Early examples are diphenylpicrylhydrazyl (DPPH, 1) and its
derivatives which have been studied as static powders or single crystals [69a–d] and
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in solution [69e,f]. These studies include the first experimental proof of negative spin
density on a carbon adjacent to the investigated proton of an organic radical [69a] and
the use of 2H NMR spectroscopy for the precise measurement of hyperfine coupling
constants [69e]. It is gratifying that the NMR data are in good accord with the results
obtained by applying ENDOR and triple resonance. In all DPPH derivatives the spin
is positive at H3/5 and H3′/5′, while it is negative at H2/6 and H4. The alternating
sign is clear evidence for spin in the aryl π systems (see Section 5.1) with more spin
at the ortho and para positions than at the meta position.

Fig. 20. Selected organic radicals studied by NMR spectroscopy
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The radical anions of aromatic hydrocarbons (Fig. 20, 2a–g) have also been inves-
tigated in detail [70a–j]. Among these solid pyrene radical anion (2e) is another early
example for which negative spin has been detected by 1H NMR spectroscopy [70a].
The spin distribution in radical anions of alkylated benzenes (2a) and condensed
aromatic species (2b–g, partly deuterated) have been studied by de Boer’s group
in solution by using 1H and 2H NMR spectroscopies, respectively [70b–j]. While
the magnitude of the resulting spin densities is virtually the same as that calculated
from the EPR data, NMR spectroscopy has added complete sign information. The
results can be well reproduced by theoretical calculations, and often the LUMO
of the aryl accommodating the excess electron satisfactorily explains the data. For
instance, the LUMO of biphenyl given in Fig. 21 approximates (after squaring the
MO coefficients) the spin density distribution in the corresponding radical anion.
Much positive spin is expected at C2/4/6 and negative spin at H2/4/6 after C–H bond
polarization (see Fig. 11). Also, the spin density at H4 should be slightly less than half
that at H2/6 which agrees with experiment [70e]. Because only little positive spin is
delocalized directly to C3/5, C–C bond polarization (see Fig. 12d,e) takes over, the
overall spin density at C3/5 is negative, and hence that at H3/5 is positive. Again, this
has been shown experimentally [70e].

Phenoxy radicals (Fig. 20, 3) are good candidates for NMR investigations when
they are stabilized by bulky groups at C2/6 and, most often, by substituents R at C4
which improve delocalization of the unpaired electron. 1H and 19F NMR spectra of
various substituted derivatives have been recorded in solution [71a–i]. They show
that the species are π radicals with much negative spin at H2/6, less at H4, and even
less positive spin at H3/5. Delocalization into aliphatic substituents R is governed
by hyperconjugation [71c], the hyperfine coupling constants may depend on the
temperature owing to molecular motion [71g], and the spin density at fluorine is
about 7.5% of that at carbon [71i]. A particular stable derivative is glavinoxyl radical
(3a) which yields positively shifted proton signals for H3/5 as expected [71a,d].

The 1H and 2H NMR spectra of (selectively deuterated) verdazyl radicals (Fig. 20,
4) [72a–h], mostly obtained by Neugebauer’s group, have revealed that the spin is
delocalized in the π system including phenyl substituents in positions 2, 4, and 6.
This follows from the NMR signal pattern which establishes alternating spin signs
on passing from ortho to meta and para positions. Aliphatic substituents at these
phenyl groups have shown hyperconjugation to be most efficient for delocalization
to β-type protons (see Fig. 18), while the W arrangement (see Fig. 19) is important for

Fig. 21. Experimental A(1H) values in MHz
of biphenyl radical anion (right) and singly
occupied molecular orbital (left). The rela-
tive size of the atomic orbital lobes reflect
the MO coefficients
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γ -type protons [72e]. Spin transfer across the bridges of paracyclophane introduced
as substituents at N4 of 4 turned out to be negligible [72g].

N-oxides (Fig. 20, 5) constitute another family of stable radicals which have been
studied thoroughly for the most part by 1H [71a,h,73a–g,j–p,s], but also by 2H [73o],
13C [73h,i,q], 15N [73r], 19F [73j], and 31P [73l] NMR spectroscopies. After revision
of early data [73a] by Torssell [73g] it turned out that considerable spin density is
delocalized to both aliphatic and aromatic substituents at nitrogen. As for phenyl
substituents, alternating signs of 1H NMR signal shifts indicate π delocalization.
However, after methylating the phenyl, steric congestion may twist the π system
of the NO group relative to that of the phenyl so that σ delocalization comes into
play. This is most evident at the meta positions [73f]. As for aliphatic substituents,
cyclic N-oxides such as 5a and bicyclic congeners have been used to relate the spin
delocalization to the stereochemistry [73c,e,m,n]. For instance, at low temperature
ring inversion of 5a is slow enough as to distinguish equatorial and axial methyl
groups. The latter receive more spin as reflected by the signal shifts of the γ protons.
This is due to the axial methyl’s smaller dihedral angle θ (see Figs. 18 and 19) while
ϕ (see Fig. 19) is 45◦ for all methyl groups owing to equally populated rotamers.
The dihedral-angle dependence of spin delocalization in 5a has been confirmed by
solution-state 13C NMR data which are more difficult to obtain but easier to interpret
[73h,i].

Nitronyl nitroxides (Fig. 20, 6) have been investigated by 1H, 13C, and 19F NMR
spectroscopies [73d,j,74a–c]. On the one hand, they resemble N-oxides with the spin
residing essentially on NO. On the other hand, changing the substituent directly at
nitrogen is possible for 5 while for 6 the substituent is always separated from N by
C2. The consequences are easily seen by NMR spectroscopy. If R of 6 and R1 of 5
is phenyl the sign pattern of the spin at the ortho, meta, and para protons for 6 is
+/−/+, respectively, whereas for 5 it is −/+/−. This corresponds to what has been
illustrated in Figs. 8 and 13. Furthermore, the magnitude of the spin density at the
ortho and meta protons of 6 is smaller than that of 5, while at the para protons it is
similar.

Some other radicals for which the spin density distribution has been determined by
NMR spectroscopy are triarylaminium cations [75] (Fig. 20, 7), dihydrobenzotriazinyl
radicals [76] (8), 3-triazolinyl radicals [77] (9), and 2-imidazoline-1-oxide radicals [78]
(10). In 7 like in 5, where the phenyl is directly connected to the spin source, the sign
pattern of the spin is −/ + /− as just mentioned. By contrast, the situation of R in
position 3 of 8, 9, and 10 resembles that in nitronyl nitroxides (6). Correspondingly,
when R is phenyl, the sign pattern of the spin is +/ − /+, but the amount of spin
induced in the phenyls is larger for 6 than for 8, 9, and 10.

12.6.2 Organometallic Radicals

Compounds having metal–carbon bonds are commonly called organometallics in
contrast with coordination compounds where metal–ligand bonding occurs through
atoms other than carbon. Of course, there are also many mixed species like the por-
phyrin derivative in Fig. 14a which has an iron–phenyl fragment. In these cases the
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Fig. 22. Paramagnetic sandwich compounds investigated by NMR spectroscopy; the spin state
is given in parentheses. Compounds labeled by references have not been analyzed with regard
to spin delocalization, the others are discussed in Section 6.2.1

classification corresponds to the most important part of the molecules. The follow-
ing discussion will be mainly concerned with open d-shell compounds; reviews on
paramagnetic f-element molecules exist [79].

12.6.2.1 Sandwich Compounds

The various types of paramagnetic sandwiches for which NMR signals have been
recorded are listed in Fig. 22. Note that not all parent compounds are stable so
that substituted congeners have been investigated instead. In many cases the spin
delocalization problem has not been addressed. The spin distribution can be deduced,
however, by applying the principles outlined in Section 5; some examples are given
below.

For sandwiches having more than six d electrons positive spin is transferred from
the metal to the ligand. This has been first demonstrated for the neutral metallocenes
[81] (Cp2M, 12) and the neutral and cationic bis(benzene)metal compounds [81f]
(14, 14+, 142+). Experimental evidence came from negative 1H NMR signal shifts
which can be explained by two delocalization steps: direct delocalization (Fig. 5)
followed by C–H bond polarization (Fig. 11). The positive 1H NMR signal shifts
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of sandwiches having less than six d electrons were more difficult to understand.
Besides two successive polarization steps of the metal–ligand and the C–H bond
[55,81c] (Figs. 10 and 11) direct metal–hydrogen interaction [82a,b], also termed
“metal–hydrogen hyperconjugation” [82c] (not well understood and different from
that outlined in Section 5.3.2) and σ delocalization [80c,e,f] have been proposed.
Things became more complicated when polarization of electrons in the σ skeleton
and direct delocalization via a higher, thermally accessible state were proposed [83]
to operate in ferrocenium ions (12+Fe) besides metal–ligand bond π polarization.
Much progress in the understanding of spin distribution was achieved by introducing
13C NMR spectroscopy [35,84]. Negative shifts of the ring carbon signals proved that
metal–ligand bond polarization dominates for d<6 sandwiches while corresponding
positive shifts confirmed direct metal–ligand delocalization for d>6 sandwiches. Some
early work has been reviewed [85].

The precise knowledge of the spin distribution is important in connection with
molecular magnets of the type [sandwich]+ [TCNE]− as mentioned in the Introduc-
tion. As for the two concurring models for magnetic interaction in these materials:
the McConnell mechanisms I [16] and II [7e,13]; the first one has to assume nega-
tive and positive spin in the ligand π system, respectively, in order to explain ferro-
and antiferromagnetism. NMR spectroscopy allows to selectively monitor spin in π

orbitals by making use of hyperconjugation [86] (see Section 5.3.2). The approach
relies on nuclei (preferably carbons) in β position of the π system. When the α–β

bond makes up a dihedral angle (θ in Fig. 18) close to 90◦ hyperconjugation and thus
π spin will not affect the NMR signal shift. When θ is adjusted close to 0 ◦ or 180 ◦ the
effect of π spin on the β nucleus is switched on, and its NMR signal shift becomes
more negative if the π spin is negative and vice versa. This has been realized by
introducing rotating and blocked substituents (Fig. 23a,b), respectively, leading to
θ = 45◦ and 0◦. In this way negative π spin has been established for the sandwiches,
12+Mn, 12+Fe, and 13Cr and positive π spin for 12+Ni [86b,c].

Even better model compounds have β nuclei with two different dihedral angles
in the same molecule (Fig. 23c), because perturbation through changes in the metal–
ligand bonding of different molecules (Fig. 23a,b) can be excluded. The dihedral an-
gles visualized in Fig. 23d yield negative signal shift differences δ(13Cβ ′)−δ(13Cβ) and

Fig. 23. Probing spin density in π systems of sandwiches. (a) and (b) Two different molecules
whose β nuclei sense little (a) and much (b) π spin, respectively. (c) Metallocene having nuclei
β and β ′. (d) Side view looking down the bond C6–C5 of (c) showing different dihedral angles
associated with β and β ′
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hence prove (or confirm) negative π spin for 12V, 12Cr, 12+Cr, and 12+Fe whereas
a positive sign applies for 12Co, 12Ni, and 12+Ni [86d]. In addition σ delocalization
can be analyzed. It turns out to be more effective in 12V than in 12Cr, 12+Cr, and
12+Fe. In general σ spin (see Section 5.2) shifts the signals of the ring and, less so,
α and β nuclei to more positive values. When combined with metal–ligand bond
polarization this leads to smaller spin density at the ring carbons and β nuclei and
to increased spin at α nuclei (Fig. 24a). Opposite trends are expected for joint ac-
tion of σ and direct π delocalization (Fig. 24b). Experimental evidence for this kind
of spin density modulation is provided by the 13C NMR spectra of polyalkylated
metallocenes [86a,b,87] (12), metallocenium cations [83b,84c,86a,b] (12+), neutral
CpCr(arene) derivatives (13Cr) and CpCr(arene) cations [88] (13+Cr). The combi-
nation of σ delocalization and metal–ligand bond polarization, which has been also
discussed for CpV(C7H7) [89] (15), may even lead to equal signs of the spin density
at ring and α carbons of low-spin manganocenes [90] (12Mn). Particularly interesting
are high-spin manganocenes because each front orbital (Fig. 4) accommodates an
unpaired electron so that all three mechanisms of spin delocalization are expected to
operate. It has been shown by 13C NMR spectroscopy [90] that considerable positive
spin sits on the ring and β carbons while little negative spin is found at the α carbons.
This means that direct metal–ligand π delocalization is more important than π po-
larization and that σ delocalization modulates the spin distribution as illustrated in
Fig. 24b.

There are still other possibilities of varying the overall spin density on the ligands
of sandwich compounds which can be controlled by the chemist. For a given number
of unpaired electrons these are: 1) the ring size; 2) substitution of the ligand; and 3)
the charge of the molecule. With increasing ring size the energies of the π orbitals
decrease [91], while they increase upon alkylating a given ligand. Also, the energy
of the d orbitals decreases when a metal is ionized. In a MO diagram like that in
Fig. 4 this entails changes in the energy match and thus the ligand content of the
spin-carrying MO. In addition, the orbital overlap changes with the ring size of the
ligand. Discussion of the details is outside the scope of this review. However, some
general consequences for the spin distribution is uncovered by the NMR data. 1)
In a mixed-ligand d<6 sandwich more spin is found on the larger ring; examples are
13Cr [80h,88], 13+Cr [88], 13+Co [92], and 15+ [80h]. 2) The spin density on the
ligands increases slightly when the sandwich is alkylated as in the series 12 [86a] and
13+Co. 3) Passing from neutral to cationic isoelectronic sandwiches is accompanied
by an increase of spin at the ligands of d<6 species and a decrease in the case of d>6

species.

Fig. 24. Combined effect of spin delocalization via
σ (dotted arrows) and π orbitals (normal arrows).
(a) σ delocalization plus metal–ligand bond polar-
ization, (b) σ delocalization plus direct π delocal-
ization
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Fig. 25. Spin density changes in sandwich ligands visualized by 13C NMR data (scales in ppm).
Only C1–5 (symmetry-adapted numbering) are shown as stick spectra. (a) and (b) Change of
π acceptor for donor substituent. (c) and (d) Change of the substitution pattern of π donor
substituents. Also shown is the ligand content of the MOs which are most important for spin
delocalization

Changes of the spin density within the ligands of sandwiches can be also detected
by NMR spectroscopy. Examples are given in Fig. 25; they follow the principles
outlined in Section 5.1.2 and Fig. 6. Thus in chromocene the unique carbon receives
minimal or maximal spin depending on whether the substituent is a π donor or accep-
tor, respectively [26,87,93]. The same is true for cobaltocenes when going from mono
to 1,3-dimethylated ligands [94]. Since these spin density changes depend on the rel-
ative population of the front orbitals of sandwiches (Fig. 4), they are temperature-
dependent [93a,95], and they are much less pronounced if there are two unpaired
electrons in the e orbitals as in the case of nickelocenes and vanadocenes [26,87,93]
The stronger the perturbation of a substituted ligand, the larger will be the energy
splitting of the e1s and e1a orbitals in Fig. 6, and eventually only one e-type orbital
of chromocenes and cobaltocenes will receive spin density. Regardless whether e1s
or e1a is concerned, both have 2pz functions with small coefficients so that negative
next to positive spin will be found on the ring atoms of a given ligand; an example is
1,1′-diphosphachromocene [96]. In interconnected sandwich compounds like bimet-
allocenes the spin distribution may be determined by more than two ligand orbitals
[97].

As already mentioned spin delocalization has not been analyzed for a number of
molecules studied previously. This can be done following the principles outlined
above. For instance, (substituted) mixed-ligand sandwiches of type 10, 11 [80a],
and 13+Rh [80g] should have positive spin in their ligand π system as indicated
by negative and positive signal shifts of the ring and methyl protons, respectively.
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Decamethyltitanocene [80b] seems to behave like polyalkylvanadocenes [86a,b,87]
as both show methyl proton signals which have positive shifts. Interestingly, the pro-
ton signals of decamethylferrocenium [83b] and decamethylosmocenium [80d] ion
have different shift signs (−38.3 and 22.5 ppm, respectively). This does not necessar-
ily mean that the sign of the spin in the ligand π system is also different, because
dipolar signal shifts and σ delocalization may be responsible. Other sandwiches such
as triple-deckers [49,98] and sandwiches having carborane [99] and dienyl [100a] or
trienyl [100b,c] ligands can be rationalized along these lines.

12.6.2.2 Bent Sandwiches and Half-sandwiches

Electron-deficient sandwiches may accommodate additional ligands to yield bent
sandwiches. Paramagnetic representatives derived from the 3d metals are 18–20 in
Fig. 26 where Cp2TiX is a monomer or dimer depending on the ligands. Moreover,
one of the pentahapto Cp ligands may be replaced by an anionic and two neutral
donor ligands so that half-sandwiches are obtained which are paramagnetic in many
cases [101]. The examples 21–31 listed in Fig. 26 are generalized; many derivatives
are known where the spin density distribution may be of interest. These may be
charged, the number of donor ligands (L) may vary, their ligands may be chelates,

Fig. 26. Paramagnetic bent sandwiches (18–20) and half-sandwiches (21–31) of the 3d metals.
The spin state is given in parentheses
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and they may be dinuclear species featuring magnetic interaction. Paramagnetic half-
sandwich fragments may also form oligonuclear species through metal-metal bonds
and through bridging by oxygen and sulfur.

While NMR investigation of Cp2VX (19) is straightforward, Cp2TiX (18) and
Cp2VX2 (20) have less favorable electron relaxation. Usually Cp2VX2 yields useful
signals only for substituents at Cp. For Cp2TiX mostly 1H and 2H NMR spectra have
been recorded without considering spin densities [80b,102]. Joint 13C and 1H NMR
data known for Cp2TiX have established negative spin density in the Cp π system
as a result of combined metal–ligand bond polarization and σ delocalization [103].

The 13C and 1H NMR data of Cp2VX derivatives [24,53,104] have shown that,
similar to Cp2TiX, negative spin resides at the Cp ligands. The signal shifts and
thus the spin densities at the Cps of Cp2VX are larger than those of (monomeric)
Cp2TiX in accord with the number of unpaired electrons. Quantitative analysis has
not been performed, because partly the zero-field splitting and g-factors and thus
the dipolar shifts are unknown. Spin delocalization in Cp2VX seems to resemble
that in chromocenes and vanadocenes, but actually there are symmetry-imposed
differences. On going from parent to bent sandwiches the symmetry is lowered (e. g.
from D5d to C2v) thereby mixing some e1 orbital content of the ligands into the spin-
containing MO. As a result negative spin induced by metal-ligand bond polarization
is reduced not only by σ delocalization but also by direct π delocalization [86a].
This corresponds to the scenario in the high-spin manganocenes mentioned above
(although the origin is different), and it should apply to any paramagnetic bent
sandwich.

The frontier orbitals of half-sandwich compounds [105] (21–31) are similar to
those of the sandwiches (Fig. 4). Therefore, the spin density on the ring ligands
should depend on the d-electron count in the same way as described in the previous
section. This is best confirmed by analyzing both 13C and 1H NMR data. For instance,
chromium(III) half-sandwiches (27) show signal shifts between −30 and 90 ppm for
Cp ring carbons, α protons and carbons have large positive signal shifts, and those
of β protons are negative [106]. This has been attributed to the effect of combined
metal-ligand bond polarization and σ delocalization [106c]. (Fig. 24a) so that the
spin in the Cp π system should be negative. Manganese(II) half-sandwiches are
another example for which ample data are available [107]. They indicate that the
spin delocalization parallels that in high-spin manganocenes [107c], i. e., negative
spin sits in the Cp π system.

By contrast, in the case of nickel(II) half-sandwiches the spin at the Cps should be
positive. (C5Me5)Ni(acetylacetonate) is an intriguing example as it undergoes spin
crossover near room temperature (S = 0 → 1). At high temperature the proton
signal of C5Me5 has a positive shift [108] while the carbon signal shifts of C5Me5 and
C5Me5 are strongly positive and negative, respectively, as shown in Fig. 27.

The discussion presented so far can be applied to the 1H NMR data which
have been published for numerous half-sandwiches of the type CpTiX−

3 [109a],
CpVX−

3 [109a], CpVX3 [109a], CpVXL2 [109b], CpVX2L2 [109c], CpNbX2L2 [109d],
CpMoXL2 [109e], CpMoX3L [109f], CpWX4 [109g], CpFeXL2 [109h,i], and Cp-
CoXL [109j] and which have not been analyzed in view of spin distribution.
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Fig. 27. 13C NMR spectrum of
(C5Me5)Ni(acetylacetonate)
dissolved in toluene-d8 at
333 K. S = solvent signals

12.6.2.3 Metal Alkyl and Aryl Compounds

Spin delocalization from paramagnetic organometallic fragments into monohapto
(η1) hydrocarbon ligands, R, has been investigated for bent vanadocenes [24,53,104],
Cp2VR, and chromium half-sandwiches [37,54a], CpCrR2L, or CpCrXRL. Normally,
α carbons cannot be observed because of the relaxation constraints described in
Section 4.2. Exceptions are molecules where the spin at the carbon is strongly re-
duced, e. g., by dynamic phenomena like metallatropic shifts of the η1-ligand in (η5-
Cp)2V(η1-Cp) [104c].

The spin distribution in alkyl ligands is dominated by hyperconjugation which
transmits much spin to β nuclei (Section 5.3.2). This has been established for the β

protons of R = CH2R′ (R′ = H, n-C3H7, C5H6, and Si(CH3)3 which have signal
shifts of up to 700 ppm (1H NMR [24]) and 1500 ppm (2H NMR [37]). For a given
type of compounds the spin on π nuclei may vary considerably when R is susceptible
to steric hindrance and when it receives spin preferably from one π -faced d orbital.
An example are the of the β-proton signals of Cp2VCH2R( which appear between
389 and 686 ppm. This is another variant of the dihedral-angle dependence illustrated
in Fig. 18. Nuclei that are more distant from the metal receive much less spin (see
Section 5.3.3) as has been found for Cp2V(n-Bu) and Cp2V(CH2SiMe3) [24].

Aryl substituents may have spin in their σ and/or π orbitals depending on the
stereochemistry as has been outlined in Section 5.2. Apart from the examples
given there predominating σ spin has been found on the p-phenylene bridge of
Cp2V(C6H4)VCp2 [104b] while π spin takes over when the bridge is longer as
in Cp2V(CCC6H4CC)VCp2, when R in Cp2VR is ferrocenyl, and in the case of
CpCr(CH2C6H5)2(PEt3) [37].

12.6.3 Paramagnetic Coordination Compounds of Organic Ligands

Spin density distribution in coordination compound has been investigated for a long
time, and the basic theory has been deduced essentially from 1H NMR results [110].
In more recent years interest has shifted to paramagnetic ions in biological systems
where structure rather than spin distribution is the main issue as can be seen in
recent reviews on metalloproteins and the like [111]. In particular much work has
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Fig. 28. Typical chelating ligands of
coordination compounds (see text for
details)

been devoted to metal porphyrin complexes [112] because of their close relation
to heme proteins. Paramagnetic coordination compounds are much more abundant
than organometallics, because derivatives of the heavier d-block metals are more
easily accessible and because there is a plethora of mono-, bi-, and oligodentate
ligands. Therefore, only selected examples are given.

12.6.3.1 Simple Metal Chelates

Some general and common types of chelating ligands are given in Fig. 28 where L1

may be, for instance, acetylacetonate-type ligands (X, Y = O, S, NR) having vari-
ous substituents R1−3. Alternatively, L1 represents the large variety of Schiff-base
ligands with X = O, Y = NR and R1,2 being part of an aryl. Surprisingly few com-
pounds have been investigated by 13C alongside 1H NMR spectroscopy. An example
are Schiff-base iron(III) compounds, L1

2FeX, where L1 is salicylideneiminate and X
is a bridging oxygen [113]. Alternating signs of both 1H and 13C NMR signals of the
aryl part are clear evidence of dominating π delocalization. However, comparison of
experimental and expected magnitudes of the shifts points to additional σ delocaliza-
tion. Efficient tuning of the spin distribution in L1

2FeX (L1
2 = substituted salene) has

been realized by substituting X = Cl for phenolates and thiophenolates; a decrease
of the spin density on L1

2 up to a factor of two has been achieved [114]. Independent
of this effect the spin distribution in the aryl part of L1

2 is unsymmetrical with less
spin close to X = O than close to Y = NR. Similarly, π delocalization has been
claimed for L1

2Co although different ground states have been assumed [115]. Many
other Schiff-base complexes of transition-metal ions have been discussed previously
[21a].

13C NMR data have also proven to be important for the analysis of spin delo-
calization in aminotroponiminato (L2 with X = Y = NR in Fig. 28) complexes of
Ni(II). While proton NMR results alone pointed to π delocalization, 13C NMR spec-
troscopy has shown that additional σ delocalization augments positive spin density
at C3/7 and (less so) C5 while negative spin density at C4/6 is diminished [116]. The
measured spin densities are actually mean values resulting from rapid interconver-
sion of tetrahedral S = 1 and square planar S = 0 isomers which can be tuned by
the size of R in X = Y = NR [116].

Among transition-metal diimine (L3 in Fig. 28) complexes those of substituted
bipyridines (bipy) have been studied most intensively for [L3

3M]2+ (M = Cr, Co, Ni)
and [L3

3M]3+ (M = Fe, Ru, Os) [21a,117]. In the case of d5 species the spin delocal-
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ization mechanism has been subject of some controversy because π delocalization
[117] and σ delocalization [118] have been claimed to dominate. More recently it
has been shown that in [L3

3M]− (M = Ru, Os; L3 = bipy) all carbons of the ligand
receive positive spin except for those next to nitrogen [119].

As has been mentioned in the Introduction, it is necessary to know the spin distri-
bution within molecules in order to understand and to design magnetic interaction
between them. In particular, it matters whether the spin is located in σ or π orbitals
because intermolecular interaction is usually mediated more efficiently through π

orbitals. Therefore, a more detailed investigation of supposedly well-known com-
pounds is advisable. For instance, in some of the coordination compounds men-
tioned above π -spin density may be probed selectively as described for sandwich
compounds in Section 6.2.1 and Fig. 23.

The spin distribution in a large number of monodentate nitrogen-donor ligands
bonded to bis(acetylacetonato)nickel (Ni(acac)2) has been investigated by 1H, 13C,
and 14N NMR spectroscopies. The spectra have been recorded at low concentration
of Ni(acac)2 with rapidly exchanging monodentate ligands so that the mean spin
densities at the nuclei and hence the signal shifts were small. Representative papers
[68a,120] demonstrate that it is not always clear which delocalization mechanisms
lead to the observed spin distribution. Aromatic amines like aniline feature alter-
nating signs of both 1H and 13C NMR signal shifts so that π delocalization should
prevail [120d,h]. “σ -Electron effects” have been claimed to operate in pyridine-type
donors [120b], but polarization of bonding electrons has also been favored [120a,g].
Mono- and bicyclic amines seem to be more complicated, because alternation of sig-
nal shift signs is found for 13C but not for protons. Again σ delocalization [120a,e,f]
and spin polarization [120a,f] has been suggested. Yet there are still differences be-
tween expected and experimental data which have been explained by direct spin
transfer from nickel to carbons [120b] and through space [120f]. Other important
issues were how the spin transfer is determined by steric arrangement of α, β, γ , and
δ nuclei (see Section 5.3), by the orientation of the lone-pair at sp3-nitrogen donors
[120e], and by the hybridization of the nitrogen [120g].

These basic findings on spin distribution and spin delocalization mechanisms have
been applied to many other coordination compounds. In view of magnetic materi-
als this is of particular interest for polynuclear compounds for which recent ex-
amples exist. Thus, in a tetranuclear vanadium(III) compound with S = 3 ground
state spin is delocalized into the π system of bipyridine ligands as derived from 1H
NMR spectroscopy [121]. Bipyridine-type ligands have also been studied in tetranu-
clear chromium(III) compounds by using 1H and 2H NMR spectroscopy. Again π

delocalization has been found to be prevalent [122]. 1H NMR results have been
obtained for acetato-bridged di- and trimetallic compounds containing high-spin
tris(imidazol)iron(II) fragments [123]. The fact that all signals of the imidazoles
have positive shifts has been ascribed to σ delocalization. In addition, correspond-
ing mononuclear low-spin iron(III) and high-spin iron(II) compounds have been
shown to experience π and σ delocalization, respectively.
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12.6.3.2 Metal Porphyrins

Porphyrin complexes are another type of coordination compounds that have been
widely studied by NMR spectroscopy [112] and that have been applied successfully to
the design of molecule-bases magnets [7i]. With respect to intermolecular interaction
the knowledge of the spin density at various sites of these disc-shaped molecules
(see Fig. 14) is of interest. Thus, when these discs are assembled in stacks, spin
in the porphyrin π system determines interaction. If stacking is achieved through
bridges spin delocalization into axial ligands must be studied. Finally, inter-stack
interaction is controlled by spin at the periphery of the porphyrin discs. As has been
outlined in Section 5.2, spin can be canalized predominately into the porphyrin σ or
π orbitals by selecting the spin state of the metal. Details on other spin states can
be found in a recent review by Walker and Simonis [112d]. By switching between σ

and π delocalization it is not only possible to adjust the spin above and below the
porphyrin plane, but also to change the sign of the spin at the periphery (see Fig. 14).
Besides, the periphery is generally controlled by varying the substituents at C3/4 of
the individual pyrrole and the meso position of the porphyrin as we shall see below.

Whenever an impair number of electrons is accommodated by degenerate orbitals
of a metal porphyrin, it is possible to change the spin distribution within the ligand
by selecting one of the orbitals for spin transfer through appropriate substitution.
The principle has been demonstrated with organometallic π compounds in Section
6.2.1 (Fig. 25). For instance, it has been found that the spin density on the pyrroles
of low-spin iron(III) porphyrins can be shifted arbitrarily between C3 and C4 (see
Fig. 14 for numbering) depending on whether one of the meso substituents is more
electron-withdrawing (or -donating) than the others [124]. Changing the substitution
pattern of the pyrroles [125] and of the stereochemistry adopted by axial ligands of
porphyrin complexes [126] also entail redistribution of the spin density. For a long
time only 1H NMR spectroscopy has been applied for this sort of studies. More re-
cently the influence of axial ligands on the spin distribution of S = 2 manganese(III)
porphyrins has also been determined by 13C NMR spectroscopy [127]. For instance,
appropriate choice of the axial ligands can be used for spin density changes by switch-
ing the spin state of the manganese(III) center between S = 1 and S = 2 [128]. A
particularly strong perturbation of the spin distribution is realized by variation of the
porphyrin donor centers by reducing one of the pyrroles (yielding chlorine ligands
[112d]) and by substituting the nitrogen for other donors. The latter approach is
illustrated by tetraphenyldithiaporphyrin whose high-spin nickel(II) derivative ex-
periences prevailing π and σ delocalization into the thiophene and pyrrole rings,
respectively, yielding negative and positive spin at the respective protons [129].

Spin delocalization into axial ligands, which is of interest for magnetic interaction
between metal porphyrin building blocks across axial bridges, has been investigated
mostly for iron derivatives. The CN− ligand is a prominent example owing to biolog-
ical implications. In the 13C NMR spectra of biscyano adducts of S = 1/2 iron(III)
porphyrins the cyanide resonance is found at roughly −2500 ppm relative to analo-
gous diamagnetic molecules [130]. This can be understood as arising from π interac-
tion between the spin-carrying iron dxz and dyz orbitals with the cyanide π and π∗
orbitals. Similar to the acetylide ligand in Fig. 13, this leads to much positive spin at
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nitrogen and little at carbon. The latter is largely overcompensated by negative spin
induced by polarization of metal-carbon and C-N bonding electrons. The negative
spin at carbon varies strongly depending on the meso substituents. Evidence has been
presented that this arises from a shift of the unpaired electron from the iron dxz and
dyz orbitals to the dxy orbital owing to substituent-induced distortion of the mole-
cule [130b]. At nitrogen positive spin density has actually been established by 15N
NMR signal shifts in a range of 550–1180 ppm relative to uncoordinated CN− [131].
The shift range does no seem to reflect large spin density changes; rather it must
be attributed to changes of the dipolar shift as a result of hydrogen-bond formation
with the cyano ligands [131b].

Many other ligands bonded to S = 1/2 iron(III) porphyrin complexes have been
reported, but in most cases the NMR data of the porphyrin and not the axial lig-
ands have been discussed [112d]. Representative exceptions include axial amines
[132a,b], phosphanes [132c], and alkyls [132d,e]. Although little emphasis has been
laid on spin delocalization in the literature the results can be analyzed by following
the principles outlined in Section 5.3. Thus, the large signal shifts of protons in β

position (ca. 240 ppm and 530 ppm for the fragments Fe-NH3 [132b] and Fe-CD3
[132e] respectively) should be due to hyperconjugation. The selective spin transfer
is confirmed by the fact that the signal shifts decrease abruptly when passing to more
distant protons of amines [132a] and alkyls [132d]. Nothing seems to be known for β

protons of coordinated phosphanes. Surprisingly, however, the spin at γ protons of
phosphane ligands is negative [132c] while it is positive for amine ligands [132a]. This
might have to do with the fact that amines are σ donors while phosphanes have addi-
tional π -acceptor capabilities. The 1H NMR signal shifts of imidazole coordinated to
S = 1 manganese(III) porphyrins indicate negative spin at the protons [128a] while
pyridine coordinated to S = 2 congeners experiences positive spin at all protons
[128b]. Only in the latter case does the manganese dz2 orbital (which directs to-
ward the axial pyridine) accommodate an unpaired electron so that σ delocalization
becomes efficient.

12.6.4 Inorganic Compounds

Typical paramagnetic inorganic compounds such as transition metal oxides, halides,
salts of oxo-acids and mixed compounds thereof are particularly worth being studied
because a large number of NMR-active nuclei is accessible, the structure is often sim-
ple, and hence spin delocalization mechanisms are easier to establish. Representative
examples are given in Table 2.

Many compounds have been studied in the solid state which offers additional
information. It turns out that spin is not only found at the paramagnetic transition
metal ion but also at all other nuclei of, e. g., halo- and oxo-salts. The spin densities
(previously termed “fractional spin”) are obtained from the experimental shift data
after subtraction of the classical dipolar contribution from adjoining spin centers in
the lattice. This contribution vanishes if the environment is cubic, otherwise it can
be calculated based on crystal structure data. In addition, second-order quadrupolar
shifts must be determined and subtracted when nuclei with I > 1/2 are concerned
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Table 2. Spin density in selected inorganic compounds investigated by NMR spectroscopy

Nucleus Compound Experimental conditions Ref.

1/2H CuCl2(H2O)2 Solid, MAS [133]
6/7Li Li6VCl6 Solid, static [134a]

Li2MnO3 Solid, static + MAS [134b]
LiMn2O4 Solid, static + MAS [134b,c]
LiMn2−x Mx O4

(a) Solid, static [134c]
Li4Mn5O12 Solid, static [134c,d]
LiMnO4 Solid, MAS [134d]
Li2Mn4O9 Solid, MAS [134d]

9Be BeCr2O4 Solid, static [135]
13C K3[Fe(CN)6] Solution; solid, static [136a,b]

K3[Mn(CN)6] Solution; solid, static [136b]
K4[Mn(CN)6] Solution; solid, static [136b]

14N K3[Fe(CN)6] Solution [136a,c]
K3[Mn(CN)6] Solution [136a,c]
K4[Mn(CN)6] Solution [136a]
K3[Cr(CN)6] Solution [136a,c,d]
Na2[Fe(CN)5(NH3)] Solution [136d]
Na2[Fe(CN)5(H2O)] Solution [136d]
Na3[Fe(CN)5(NO2)] Solution [136d]
K3[Cr(CN)5(NO)] Solution [136d]

17O MnO, CoO Solid, static [137a]
M2CuX4(H2O)2

(b) Solid, static [137b]
19F RbMnF3 Solid, static [138a]

RbCoF3 Solid, static [138b]
RbFeF3 Solid, static [138c]
NaMnF3 Solid, static [138d]

23Na NaMnF3 Solid, static [138d]
27Al Na8[Si6Al6O24] Solid, MAS [139]
29Si Na8[Si6Al6O24] Solid, MAS [139]
31P MPO4

(c) Solid, static [140a]
VO(HPO4)(H2O)2 Solid, static [140b]

39K KNiF3 Solid, MAS [138e]
51V MVO4

(c) Solid, static [141]
59Co RbCoF3 Solid, static [138b]
85/87Rb RbMnF3 Solid, static [138a]

RbCoF3 Solid, static [138b]
RbFeF3 Solid, static [138c]

133Cs CsMnCl3 Solid, static [138f]
205Tl Tl3[Fe(CN)6] Solid, static [136e]

(a) M = Co, Ni.
(b) M = K, Rb, Cs, NH4; X = Cl, Br.
(c) M = lanthanide.
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[138d]. What results are signals whose shifts and shapes reflect hyperfine interaction.
The shift is related to the spin density as described in Section 3. For instance, typical
spin densities in the fluorine 2s orbital of fluorometalates (Table 2) are in the order
of 10−4 [138a–c]. This has played an important role in assigning a small covalent
contribution to ionic bonding commonly accepted for these compounds. Analysis of
the signal shape obtained from static powders or spinning side-band patterns of MAS
experiments as well as single-crystal studies yield anisotropic hyperfine interactions
which may be converted into spin densities in p orbitals [133,134a,137b,138a–d].

The sign of the spin density at the fluorides and oxides is positive while for the
counter ions of the fluorometalates negative spin has been reported [137a,138a–d]
and attributed to spin polarization. It follows that in the lattice the spin densities
show a periodic change of sign which has been viewed as spin oscillation or spin
waves. The spin at alkali counter ions must not necessarily be negative; positive spin
density has been detected, for instance, at lithium in Li6VCl8 [134a] and various
lithium manganates [134b–d].

In the context of recent progress in magnetic materials based on cyanometalates
[142] NMR studies on this type of compounds are of interest. 13C and 14N NMR
spectroscopies in solution and in the solid state have established spin density on
the CN− ligand; it is negative at carbon and positive at nitrogen for all examples
of Table 2. The spin density pattern can be traced to the general MO scheme of
octahedral species [ML6]n+/− with L being a σ -donor/π -acceptor ligand [143] which
has been recently extended to halo- and cyanometalates [56c]. The frontier orbitals
consist of the familiar two-over-three orbital set representing σ and π interaction,
respectively. It follows that for d>6 metal centers σ delocalization and hence positive
spin at both carbon and nitrogen of the cyanide ligands is expected. This does not
seem to have been established by NMR spectroscopy yet. In contrast, the observed
alternation of the spin sign at CN− is indicative of π delocalization in keeping with
the fact that the cyanometalates studied so far are d<6 metal derivatives (Table 2).
For the latter the spin-carrying MOs result from three-orbital interactions (metal-d,
cyano-π , and -π∗ orbitals) similar to the situation of CN− coordinated to porphyrin
complexes which has been described in Section 6.3.2. From the MO model it is clear
that the spin density at CN− can be tuned by shifting the d-orbital energy relative
to that of the cyanide π and π∗ orbitals. This may be realized by changing the metal
and/or the external charge of [M(CN)6]n− and by substituting some cyanides for
other ligands. As for the counter ions of hexacyanometalates positive spin has been
reported at thallium in Tl3[Fe(CN)6] [136e].

12.7 Concluding Comments (Knight Shifts, Evaluation
of the NMR Method)

This review has been restricted to compounds that are not metallically conducting.
It must be noted, however, that one goal of research on molecule-based magnetic
materials is to combine useful magnetic properties with others, not least conduct-
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ing behavior [144]. In the case of metallic conductance hyperfine interaction occurs
between the magnetic moment of the observed nucleus and conducting electrons
giving rise to so-called Knight shifts [145]. Most often the conducting electrons are
in s states, they align parallel to the external field and hence the shifts (of typically
several hundred ppm) are positive. These shifts are also related to the spin density
at the respective nucleus. The conducting electrons may be also in d states. Then
negative Knight shifts are observed due to polarization of core s-state electrons
by d-state electrons. Most notably, these shifts do not depend on the temperature
unless some indirect process is effective. It follows that temperature-dependent mea-
surements can be used to distinguish Knight shifts from paramagnetic signal shifts
considered so far and, should both be present, to separate them. While Knight shifts
have long been studied with genuine metallic phases, molecule-oriented chemists
are mainly interested in materials that contain ordered π compounds such as tetra-
chalcogenofulvalenides, tetracyanoethenide, tetracyanoquinodimethanides and the
like combined with suitable organic and metal cations. The resulting organic conduc-
tors and superconductors also yield (mostly 1H and 13C) Knight shifts which have
been discussed in a recent review [146].

Most of the paramagnetic NMR spectra have been recorded for molecules in
solution. Although the available data yield precise spin density maps solid-state
investigations are more appropriate, because the magnetic properties of materials
depend strongly on intermolecular or inter-ionic interactions and because structural
changes upon passing from solutions to the solids are usually accompanied by spin
density changes. Almost all solid-state studies mentioned so far have been carried
out with static powders and single crystals. These experiments are restricted to simple
compounds, because most often spin densities of different nuclei cannot be resolved.
A solution of this problem is MAS NMR spectroscopy. Besides some examples given
in Table 2 which have one or only few signals the method is particularly well suited
for resolving the spin densities of many different nuclei of complicated molecules.
This has been exemplified with the 13C, 2H, and 1H MAS NMR spectra of nitronyl
nitroxides [11] as well as the 2H, and 1H MAS NMR spectra of similar organic
radicals [147]. The results suggest that MAS NMR spectroscopy is also promising
for all sorts of compounds discussed in Section 6 as has been verified for metallocenes
[32,148].

Determination of spin densities by the NMR method has advantages and lim-
itations. Advantages are: 1) costs are relatively low; 2) small spin densities can be
detected; 3) the sign of the spin is easy to determine; 4) nuclei with rather low natural
abundance are accessible; and 5) high-resolution data may be obtained from (even
undiluted) solutions and solids. Points 1 and 2 makes NMR more favorable than po-
larized neutron diffraction, while the others are advantageous as against EPR. An
interesting option is temperature-dependent NMR spectroscopy, but routine work
is limited to temperatures above about −120 ◦C. Other limitations are: 1) signal as-
signment is not always simple; 2) compounds with long electron relaxation times
cannot be studied; 3) molecular sites with large spin densities and/or very close to
the spin source are not accessible; and 4) the spatial spin distribution at atoms must
be deduced indirectly.
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[49] F. H. Köhler, U. Zenneck, J, Edwin, W. Siebert, J. Organomet. Chem. 1981, 208, 137.
[50] (a) G. N. La Mar, J. S. de Ropp in NMR of Paramagnetic Molecules, Eds. L. J. Berliner,

J. Reuben, Plenum Press, New York, 1993, Chapter I. (b) I. Bertini, P. Turano, A. J. Vila,
Chem. Rev. 1993, 93, 2833.

[51] (a) E. T. Kaiser, L. Kevan, Radical Ions, Interscience Publishers, New York, 1968, Chap-
ters 4, 5, and 6. (b) E.G. Janzen, Acc. Chem. Res. 1969, 2, 279.
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S. E. O’Connor, R. I. Walter, H. Zimmermann, J. Phys. Chem. 1979, 83, 3449. (f) R. E.
Sagdeev, Yu. N. Molin, V. I. Koryakov, A. K. Chirkow, R. O. Matevosyan, Org. Magn.
Reson. 1972, 4, 365.



426 12 Probing Spin Densities by Use of NMR Spectroscopy

[70] (a) M. E. Anderson, P. J. Zandstra. T. R. Tuttle, J. Chem. Phys. 1960, 33, 1591. (b) E. de
Boer, C. McLean, Mol. Phys. 1965, 9, 191. (c) E. de Boer, C. McLean, J. Chem. Phys.
1966, 44, 1334. (d) E. de Boer, J. P. Colpa, J. Phys. Chem. 1967, 71, 21. (e) G. W. Canters,
E. de Boer, Mol. Phys. 1967, 13, 395. (f) G. W. Canters, B. M. P. Hendricks, E. de Boer,
J. Chem. Phys. 1970, 53, 445. (g) J. A. M. Brockhaven B. M. P. Hendricks, E. de Boer,
J. Chem. Phys. 1971, 54, 1988. (h) B. M. P. Hendricks, G. W. Canters, C. Corvaja, J. W.
M. de Boer, E. de Boer, Mol. Phys. 1971, 20, 193. (i) G. W. Canters, B. M. P. Hendricks,
J. W. M. de Boer, E. de Boer, Mol. Phys. 1973, 25, 1135. (j) B. M. P. Hendricks, E. de
Boer, Mol. Phys. 1975, 29, 129.

[71] (a) K. H. Hauser, H. Brunner, J. C. Jochims, Mol. Phys. 1966, 10, 253. (b) R. W. Kreilick,
J. Am. Chem. Soc. 1968, 90, 2711. (c) R. W. Kreilick, J. Am. Chem. Soc. 1968, 90, 5991.
(d) R. W. Kreilick, Mol. Phys. 1968, 14, 459. (e) F. Yamauchi, R. W. Kreilick, J. Am.
Chem. Soc. 1969, 91, 3429. (f) W. G. Esperson, R. W. Kreilick, Mol. Phys. 1969, 16, 577.
(g) W. G. Esperson, R. W. Kreilick, J. Phys. Chem. 1969, 73, 3370. (h) P. W. Kopf, R. W.
Kreilick, J. Am. Chem. Soc. 1969, 91, 6569. (i) S. Icli, R. W. Kreilick, J. Phys. Chem. 1971,
75, 3465.

[72] (a) F. A. Neugebauer, H. Trischmann, G. Taigel, Monatsh. Chem. 1967, 98, 713. (b)
H. Brunner, K. H. Hauser, F. A. Neugebauer, Tetrahedron, 1971, 27, 3611. (c) F. A.
Neugebauer, H. Brunner, K. H. Hauser, Tetrahedron, 1971, 27, 3623. (d) P. W. Kopf,
K. Morokuma, R. W. Kreilick, J. Chem. Phys. 1971, 54, 105. (e) F. A. Neugebauer,
H. Brunner, Tetrahedron, 1974, 30, 2841. (f) F. A. Neugebauer, H. Fischer, R. Bern-
hardt, Chem. Ber. 1976, 109, 2389. (g) F. A. Neugebauer, H. Fischer, Tetrahedron Lett.,
1977, 3345. (h) F. A. Neugebauer, R. Bernhardt, H. Fischer, Chem. Ber. 1977, 110,
2254.

[73] (a) R. W. Kreilick, J. Chem. Phys. 1966, 45, 1922. (b) R. W. Kreilick, J. Chem. Phys.
1967,46, 4260. (c) R. Brière, H. Lemaire, A. Rassat, P. Rey, A. Rousseau, Bull. Soc.
Chim. France 1967, 12, 4479. (d) P. W. Kopf, R. W. Kreilick, D. G. B. Boocock, E. F.
Ullman, J. Am. Chem. Soc. 1970, 92, 4531. (e) R. Brière, H. Lemaire, A. Rassat, J.-
J. Dunand, Bull. Soc. Chim. France 1970, 15, 4220. (f) A. Calder, A. R. Forster, J. W.
Emsley, G. R. Luckhurst, R. A. Storey, Mol. Phys. 1970, 18, 481. (g) H. J. Jakobsen, K.
Torssell, Tetrahedron Lett., 1970, 5003. (h) G. F. Hatch, R. Kreilick, Chem. Phys. Lett.
1971, 10, 490. (i) G. F. Hatch, R. Kreilick, J. Chem. Phys. 1972, 57, 3676. (j) J. Goldman,
T. E. Petersen, K. Torssell, Tetrahedron 1973, 29, 3833. (k) K. Torssell, J. Goldman, T. E.
Petersen, Liebigs Ann. Chem. 1973, 95, 231. (l) K. Torssell, Tetrahedron 1977, 23, 2287.
(m) R. M. Dupeyre, A. Rassat, Bull. Soc. Chim. France 1978, 23, 612. (n) R. M. Dupeyre,
A. Rassat, Tetrahedron 1978, 34, 1501. (o) A. R. Forrester, F. A. Neugebauer, H. Fischer,
J. Chem. Soc., Perkin Trans. 2 1978, 1014. (p) D. Ondercin, T. Sandreczki, R. W. Kreilick,
J. Magn. Reson. 1979, 34, 151.(q) I. A. Grigor’ev, L. B. Volodarsky, A. Z. Gogolev, R.
Z. Sagdeev, Chem. Phys. Lett. 1985, 122, 46. (r) I. A. Grigor’ev, L. B. Volodarsky, A.
Z. Gogolev, R. Z. Sagdeev, Chem. Phys. Lett. 1983, 100, 19. (s) B. L. Bales, D. Mareno,
F. L. Harris, J. Magn. Reson., Ser. A 1993, 104, 37.

[74] (a) R. W. Kreilick, J. Becher, E. F. Ullman J. Am. Chem. Soc. 1969, 91, 5121. (b) M. S.
Davis, K. Morokuma, R. W. Kreilick, J. Am. Chem. Soc. 1972, 94, 5588. (c) J. W. Neely,
G. F. Hatch R. W. Kreilick, J. Am. Chem. Soc. 1974, 96, 652.

[75] (a) T. H. Brown, D. H. Anderson, H. S. Gutowsky, J. Chem. Phys. 1960, 33, 720. (b)
G. A. Pearson, R. I. Walter, J. Am. Chem. Soc. 1977, 99, 5262. (c) S. J. G. Linkletter,
G. A. Pearson, R. I. Walter, J. Am. Chem. Soc. 1977, 99, 5269.

[76] F. A. Neugebauer, I. Umminger, Chem. Ber. 1980, 113, 1205.
[77] F. A. Neugebauer, H. Fischer, Tetrahedron, 1995, 51, 12883.
[78] J. W. Neely, C. H. Lam, R. W. Kreilick, Mol. Phys. 1975, 29, 1663.



References 427

[79] (a) R. D. Fischer in Fundamental and Technological Aspects of Organo-f-Element Chem-
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[146] P. Wzietek H. Mayaffre, D. Jérome, S. Brazovskii, J. Phys. I France 1996, 6, 2011.
[147] (a) G. Maruta, S. Takeda, R. Imachi, T. Ishida, T. Nogami, K. Yamaguchi, J. Am. Chem.

Soc. 1999, 121, 424. (b) G. Maruta, S. Takeda, A. Yamaguchi, T. Okuno, K. Awaga,
K. Yamaguchi, Mol. Cryst. Liq. Cryst. 1999, 334, 295.
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