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Abstract The phenomenon of single-molecule magnetism was established in the early
1990s with the cluster [Mn12O12(AcO)16(H2O)4]. Since then, a large number of com-
pounds displaying this behaviour have been synthesized. The vast majority of these
consist of coordination clusters of 3d transition metals prepared by self assembly pro-
cesses where the structure of the final product has not been predicted. The majority
feature manganese ions, primarily in the MnIII oxidation state, but over the years the
search for novel examples of such compounds has been extended to other metals of the
3rd row, including iron, nickel, vanadium and cobalt. A host of new approaches and syn-
thetic methodologies have been successfully explored and developed in order to prepare
SMMs with new and improved properties. This review covers the synthesis and magnetic
properties of SMMs consisting of homometallic coordination clusters of 3d transition
metals made via serendipitous self-assembly – by far the largest source of such species
– together with a brief overview of emerging methods.

Keywords Hysteresis · Molecular nanomagnets · Self-assembly ·
Single molecule magnets · Transition metal clusters

1
Introduction

The ability of certain molecular transition-metal clusters to be magnetized
without need for long-range cooperative interactions was discovered in the
early 1990s [1–3]. The phenomenon was first seen in a coordination complex
made of 12 oxide and acetate bridged manganese ions (Fig. 1), with formula
[Mn12O12(O2CMe)16(H2O)4] (1) hereafter abbreviated as Mn12OAc [4]. The
bulk magnetisation as induced by an external magnetic field is retained upon
removal of the latter, thanks to the presence of an energy barrier (∆E) to the
thermal equilibration of all possible quantised orientations of the molecular
magnetic moment (Fig. 2), giving rise to a hysteresis curve below a certain
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Fig. 1 PovRay representation of [Mn12O12(O2CMe)16(H2O)4] (1). Hydrogen atoms are
omitted for clarity. Code for atoms: large grey, Mn; medium black, O; rest, C

blocking temperature. Such orientations correspond to the various MS com-
ponents that result from the zero-field splitting (ZFS) of the spin ground
state, ST, of the cluster. In this manner, superparamagnetic-like behaviour
was shown unambiguously in discrete molecules, and these have been now
given the name single-molecule magnets (SMMs). This discovery has great
significance since it suggests the possibility of employing molecules as the
smallest possible particle for the storage of a bit of magnetic information.

The advent of single-molecule magnetism has stimulated a great deal of
research in areas as diverse as physics, theoretical chemistry, spectroscopy,
materials chemistry and synthetic coordination chemistry, as demonstrated
by the several hundred papers published on the topic over the last 10 years.
This effort has lead to the experimental observation of the long predicted
phenomenon of quantum tunnelling of the magnetisation (QTM) [5], and
to detailed descriptions of the dynamics of relaxation of the magnetic mo-
ment in such systems [6–8]. Understanding and mastery of such quantum
processes are of primary importance if SMMs are to be used as information
storage devices or as qubits in quantum computers [9]. A remarkable achieve-
ment is the thorough description of the magnetic and electronic structure
of several SMMs through the use of sophisticated techniques such as high-
field (HF) EPR [10–13], solid-state 55Mn-NMR [14, 15], 1H-NMR [16] and
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Fig. 2 Energy diagram showing the relative positions of the zero-field split MS levels of an
ST = 10 system, and the barrier mediating between the MS = + 10 and the MS = – 10 states

13C-NMR [17], inelastic neutron scattering (INS) [18, 19], and magnetic cir-
cular dichroism [20]. Invaluable knowledge about the properties of SMMs
has also been obtained, thanks to the important effort made in this direc-
tion from the theoretical point of view in the form of density functional
studies [21–23], employment of Monte Carlo methods [24] and ab initio
calculations [25].

Much of the above progress has been made thanks to the work of synthetic
chemists, who have provided the molecules of study for physicists, whose
knowledge and work has, in turn, helped to highlight the next desirable syn-
thetic targets. For example, it quickly became clear that in order to observe
this behaviour from a molecular compound it is necessary to have a high spin
ground state, ST, and a large and negative ZFS of that ground state. The en-
ergy barrier ∆E is proportional to S2

T|D| (integer spin) or (S2
T – 1/4)|D| (half-

integer spin). However, despite the large number of SMMs prepared since
the property was first discovered in [Mn12AcO] (1), the latter continues to
show the highest blocking temperature hitherto observed. This temperature
being very low (∼ 3 K), it remains the main obstacle to some of the poten-
tial applications of SMMs. Nevertheless, important advances have been made
in other aspects; for example, the ground state spin number has risen from
ST = 10 originally, to a record value of ST = 51/2 ± 1 on a Mn25 SMM [26].
Also, the family of compounds has been extended to various other metals
besides manganese, including iron, vanadium, cobalt, nickel and, very re-
cently, combinations of 3d with 4d [27], 5d [28] and 4f [29–31] paramagnetic
ions. In this synthetic effort, different methodologies towards the molecu-
lar assembly of coordination compounds have been put to use. Of these, the
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most prolific has been serendipitous self-assembly [32]. In this method, lig-
ands capable of coordinating to one or more ions in a variety of modes are
mixed with metal salts or compounds in a solvent where the precise outcome
is rarely predicted. Conditions can be created, however, for the isolation of
discrete polynuclear species that, in many instances, will display interesting
magnetic properties. An alternative strategy, which has proven to be more
challenging, can be termed “rational molecular design”. In this approach,
the components of the reaction system display lower flexibility, such that the
geometry and properties of the products can often be forecasted. This sug-
gests a “customized” preparation of SMMs. Some very interesting systems
have been created in this manner, taking advantage of the linearity of the
cyanide ligand in combination with the predictable geometry and electronic
structure of specific transition metals [33, 34]. An alternative “rational” ap-
proach, the synthesis of complicated polytopic and polynucleating ligands,
has allowed the preparation of many magnetically interesting clusters with
fascinating pre-determined geometries [35–38]. However, this method has so
far failed to produce any new SMM.

The task of preparing SMMs has met with a considerable degree of suc-
cess over the decade since their discovery. It is surprising that no account
exists that describes systematically the progress made in this area from the
perspective of the synthetic chemistry. Only a few small reviews, gather-
ing families of manganese [39, 40] or iron [41] SMMs, were published a few
years ago, although the rate at which new SMMs are now being discov-
ered quickly renders these accounts somewhat out of date. Likewise, re-
cent papers have appeared compiling the progress made toward the syn-
thesis of SMMs based on the predictable reactivity of the cyanide ligand
with transition metals [42, 43]. The present paper is an attempt to exhaus-
tively gather all the work done to date (up to May 2005) in the prepar-
ation of SMMs of 3d metals (the vast majority) using the serendipitous
approach. A section briefly summarising all SMMs of a different class is
also included at the end of this review. The majority of compounds re-
viewed here have had their SMM behaviour distinguished only by the pres-
ence of frequency-dependent out-of-phase ac susceptibility signals. While
this is indeed an excellent indication of such behaviour, it is not definitive
evidence, and ideally it should be coupled with the existence of tempera-
ture and sweep-rate dependent hysteresis loops. However, we recognise that
many of these complexes would display hysteresis at temperatures below that
obtainable with commercial SQUID magnetometers and that many work-
ers do not have access to ultra-low temperature magnetometers. Thus, we
include all of these clusters as SMMs bearing this very important caveat
in mind.

The emphasis will be on the preparative and structural aspects, while
the most relevant issues regarding the magnetic properties of the reviewed
systems will be briefly discussed. No detailed descriptions of the exten-
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sive physical or spectroscopic studies carried out on some of these com-
pounds will be made. Reviews of this can already be found in the litera-
ture [5, 44–47].

2
SMMs of Manganese

Each of the complexes described in this section have been synthesised, at least
initially, by the serendipitous assembly of manganese salts or pre-formed
clusters of Mn with a combination of one or more flexible organic bridg-
ing ligands. These species represent the vast majority of SMMs reported
to date. Mn cluster chemistry involves complicated processes in which the
crystallographically characterised products are almost certainly not the only
complexes present in solution at any one time and where the synthesis
also involves the protonation/deprotonation, redox chemistry and structural
rearrangement of many species simultaneously. Thus, mechanistic, kinetic
and any other detailed studies of the reaction processes are almost impos-
sible.

Compared to other 3d transition metals, clusters of manganese are of-
ten characterised by large spin ground states, and this, in conjunction with
the presence of Jahn-Teller distorted Mn(III) ions (the source of the single-
ion anisotropy) make manganese clusters ideal candidates for SMMs. How-
ever, there exists few “simple”, readily available, soluble sources of Mn(III)
and thus synthetic strategies toward making polymetallic complexes con-
taining Mn(III) ions have generally involved either, the oxidation of Mn(II)
species, the reduction of Mn(IV) or Mn(VII) species, and the use of small
(or in some cases, large) pre-formed Mn(II/III/IV) containing species such
as [Mn3O(O2CR)6L3]0/+ or [Mn12O12(O2CMe)16(H2O)4] in the presence of
flexible organic bridging ligands such as carboxylates and alkoxides via self-
assembly. This has been achieved both chemically and electrochemically, and
here we give an overview of some of these procedures and the molecules they
produce.

2.1
The [Mn12O12(O2CR)16(H2O)x]n– Family; The Prototype SMMs

The first, and most studied family of SMMs are the dodecanuclear com-
plexes of general formula [Mn12O12(O2CR)16(H2O)x]n– (n = 0, 1, 2; x = 3,
4). Of the more than 100 different Mn clusters known to display SMM be-
haviour more than half the members belong to the [Mn12] family. This class
of compounds retains the record for the largest energy barrier for the reorien-
tation of the magnetisation and this, combined with the fact that [Mn12OAc]
is the prototype SMM and is extremely easy to make, has led to numerous
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papers describing its chemistry and physics, including the first examples of
quantum tunnelling of the magnetisation [48, 49] and quantum phase inter-
ference [50].

[Mn12O12(O2CMe)16(H2O)4] (1, Fig. 1) was first synthesized in 1980 [4].
It results from the oxidation of Mn(OAc)2 ·4H2O with MnO4

– in an acetic
acid/water mixture, quickly and in extremely high yield. Somewhat sur-
prisingly, it took many more years to discover [1] that the molecule has
a spin ground state of S = 10 resulting from the antiferromagnetic interac-
tion between the eight outer Mn(III) ions and the four inner Mn(IV) ions.
This coupled with a ZFS parameter of D = – 0.50 cm–1 gave rise to the first
molecule with an energy barrier to magnetisation reversal, and the birth of
SMM chemistry. The origin of the cluster anisotropy arises from the near-
parallel alignment of the Jahn-Teller (JT) axes on the eight Mn(III) ions.
Indeed, the initially puzzling appearance of two separate out-of-phase ac
susceptibility signals in some of the [Mn12] derivatives [51] has now been as-
cribed to the presence of separate isomers in which some of the JT axes are
orientated differently [52]. The presence of JT-isomers means that there are
slower and faster relaxing species within the same crystal that have different
energy barriers to the reorientation of the magnetisation. This is a “problem”
that has been recently overcome with the preparation of the bromoacetate
analogue [Mn12O12(O2CCH2Br)16(H2O)4] (2) which shows only one out-of-
phase ac susceptibility signal and a “cleaner” hysteresis loop, thus simplifying
the subsequent analysis [53].

Substitution of the carboxylate ligands surrounding the [Mn12] core can
be achieved via ligand exchange on the original pre-formed cluster or by
repetition of the original reaction in the presence of excess RCO2H [2, 51].
For example reaction of [Mn12O12(O2CMe)16(H2O)4] (1) with a large excess
of the appropriate carboxylic acid (e.g. PhCO2H) in CH2Cl2 often gives rise
to the fully substituted analogue, in this case [Mn12O12(O2CPh)16(H2O)4]
(3). The reaction works by taking advantage of the relative pKa values of
the two carboxylic acids and the fact that acetic acid forms an azeotrope
with toluene that can be easily removed. Thus the continual cycling – add-
ition of substituting carboxylic acid/removal of toluene-acetic acid azeotrope
– ensures complete substitution. An alternative, but less efficient route to
[Mn12O12(O2CR)16(H2O)4] complexes is the oxidation of the appropriate
oxo-centred metal triangles [Mn3O(O2CR)6(py)3]0/+ with MnO4

– in MeCN
or CH2Cl2 (vide infra). However, the yields obtained from this procedure can
be 5–10 times smaller than that obtained via ligand substitution.

This substitution procedure has been successful not just with a wide var-
iety of neutral and charged carboxylic acids (to produce model systems
for the deposition of polycationic [Mn12]n+ units on oxide surfaces [54] or
as precursors for the organisation of SMMs on silicon [55], or gold sur-
faces [56], for example), but also with other ligands that can bond in a simi-
lar manner. Thus, nitrate (e.g. [Mn12O12(O2CPh)12(NO3)4(H2O)4], 4) [57],
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phosphinates (e.g. [Mn12O12(O2CMe)8(O2PPh2)8(H2O)4], 5) [58], sulfonates
(e.g. [Mn12O12(O2CMe)8(O3SPh)8(H2O)4], 6) [59], and dicarboxylates (e.g.
[Mn12O12(O2CPh)8(L1)4(H2O)4] (7), where H2L1 = 10-(4-acetylsulfanyl-
methyl-phenyl)-anthracene-1, 8-dicarboxylic acid) [60] amongst others, have
all been incorporated into the [Mn12] molecule. One of the primary objec-
tives of this substitution was to allow access to different oxidation levels
of the [Mn12] core, i.e. so that the Mn ions could be reduced or oxi-
dized and the subsequent effect on the magnetism studied. Electrochem-
istry on various [Mn12] clusters revealed the presence of quasi-reversible
one-electron oxidation and reduction processes. Thus, the ability to lig-
and exchange electron-withdrawing or electron-donating carboxylates onto
the periphery of the molecule suggested that the isolation of reduced
or oxidised versions was possible. The first one-electron reduced species,
(PPh4)[Mn12O12(O2CEt)16(H2O)4] (8), was made from the reaction of PPh4I
with [Mn12O12(O2CEt)16(H2O)3] (9) in CH2Cl2. A lone Mn(II) ion is localised
on a formerly Mn(III) site to give a trapped valence [MnIIMnIII

7MnIV
4]

metallic core [51]. Magnetic studies revealed the complex to have a spin
ground state of S = 19/2 with D ∼ – 0.40 cm–1. This complex also repre-
sented the first example of a half-integer spin SMM, the added interest here
being that QTM was observed even though theory predicts that it should
not [61].

The first two-electron reduced species, (PPh4)2[Mn12O12(O2CCHCl2)16
(H2O)4] (10), was prepared in an analogous manner to the one electron re-
duced complex, except that this time two equivalents of PPh4I were used in
conjunction with the more electron-withdrawing dichloroacetate ligand [62].
The second Mn(II) in 10 is again located on a formerly Mn(III) position to
give a trapped valence [MnII

2MnIII
6MnIV

4] metallic core. Magnetic studies
of this complex revealed an S = 10 ground state with D ∼ – 0.30 cm–1. The
reduction in the number of Mn(III) ions in the [Mn12] compounds leads to
a concomitant decrease in the value of |D|. As has now been seen for many
SMMs, the magnetic properties of the [Mn12]2– cluster were found to be
highly sensitive to subtle differences in environment [63], such as the pres-
ence of solvent molecules, the nature of the molecular packing and the overall
crystal symmetry – an important caveat for workers in the field. To date, there
are no published examples of a three-electron reduced complex, nor of any
oxidised [Mn12]n+ cluster.

2.2
[Mn84O72(OAc)78(OMe)24(OH)6(MeOH)12(H2O)42] (11); A Giant SMM

One of the most successful routes for SMM synthesis is the reaction between
a pre-formed Mn cluster and (a) solvent, (b) reductant/oxidant, and/or (c)
flexible organic bridging ligand. Commonly the metal complexes used are
the triangular species [64] [Mn3O(O2CR)6(py)3]0/+, but all Mnx (x ≥ 2) clus-
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ters can, and should be, regarded as starting materials, even those already
exhibiting SMM behaviour, like the series of [Mn12O12(O2CR)16(H2O)4] com-
pounds. The advantages of using pre-formed clusters are (i) they are con-
venient sources of Mn(III) ions; (ii) they can often be made in gram scale
quantities very easily; (iii) they already contain multiple Mn ions; (iv) they
may already contain multiple O2–/OH– ions; (v) they may already possess
large spin ground states; (vi) they may already display large anisotropies; and
(vii) they may already display SMM behaviour.

One of the most spectacular examples of this is the preparation of the larg-
est known SMM, the cluster [Mn84O72(O2CMe)78(OMe)24(OH)6(MeOH)12

Fig. 3 PovRay representation of the molecular cluster [Mn84O72(O2CMe)78(OMe)24(OH)6
(MeOH)12(H2O)42] (11). Hydrogen atoms are omitted for clarity. Code for atoms: large
grey, Mn; medium red, O; rest, C
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(H2O)42] (11, [Mn84], Fig. 3) [65]. This complex forms from the reaction
of [Mn12OAc] (1), MnO4

–, and CH3COOH with MeOH, in what can be ef-
fectively regarded as a reductive aggregation – dissolution of a high ox-
idation state ([MnIV

4MnIII
8]; MnVII) species in an alcoholic solution that

will reduce the Mn ions, but also provide additional bridging ligands (in
this case MeO–). The structure consists of a series of [Mn4] cubanes and
[Mn3O] triangles linked together to form a giant “wheel” or “torus”. Mag-
netic studies on [Mn84] indicate a relatively small spin ground state of
S = 6, but low temperature micro-SQUID measurements confirm the pres-
ence of temperature and sweep rate dependent hysteresis loops. [Mn84] is
by far the largest SMM made with a diameter of ∼ 4.2 nm (the next larg-
est is [Mn30] – vide infra) and can be regarded as the first meeting point
of the top-down and bottom-up approaches to building nanoscale magnetic
materials [65].

2.3
[Mn30O24(OH)8(O2CCH2

tBu)32(H2O)2(MeNO2)4] (13);
The Second Largest SMM

The use of alcohol as solvent in the synthesis of Mn SMMs is now an es-
tablished and successful method (vide infra), but prior to the advent of the
reductive aggregation concept, this was generally avoided when using pre-
formed Mn clusters as starting materials, since it would inevitably lead to
the reduction of the Mn centres and protonation of the oxo- and/or hydroxo
groups that are generally responsible for holding these large Mn aggregates
together. Thus, reactions of clusters of the type [Mn3O(O2CR)6(py)3]0/+,
(TBA)[Mn4O2(O2CR)9(H2O)], (TBA)[Mn8O6Cl6(O2CPh)7(H2O)2] or [Mn12
O12(O2CR)16(H2O)4] [39], with ligands such as H3thme, Hhmp, Hhep and
H2pdm amongst others (Scheme 1) were carried out in non-protic solvents,
typically MeCN and CH2Cl2. This produced a beautifully diverse array of
SMMs.

The simplest way of applying this concept is by induction of structural
rearrangement (and/or change in oxidation state) through reaction with sol-
vent alone. For example, dissolution of [Mn12O12(O2CCH2

tBu)16(H2O)4] (12,
a [MnIV

4MnIII
8] compound) [66] in a mixture of CH2Cl2 and MeNO2 leads

to the isolation of the second largest known SMM: [Mn30O24(OH)8(O2CCH2
tBu)32(H2O)2(MeNO2)4] (13) containing a [MnIVMnIII

26MnII
3] metallic

core [67]. The cluster bears little resemblance to its parent molecule, and con-
sists of a central, near-linear [Mn4O6] backbone to which are attached two
[Mn13O9(OH)4] units. Magnetic studies reveal a spin ground state of S = 5
and D = – 0.51 cm–1.
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Scheme 1
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Scheme 1 (continued)
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Scheme 1 (continued)
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2.4
[Mn12O8Cl4(O2CPh)8(hmp)6] (14); A New Type of [Mn12] SMM

Rearrangement of a pre-formed cluster can also be achieved by the addition
of a bridging co-ligand. For example, reaction of the octanuclear com-
plex (TBA)[Mn8O6(Cl)6(O2CPh)7(H2O)2] with the ligand hmpH in MeCN
produces the dodecanuclear complex [Mn12O8Cl4(O2CPh)8(hmp)6] (14,
[Mn12hmp], Fig. 4) [68] which comprises a [MnIII

10MnII
2O6Cl2] core made

from three pairs of face-sharing cuboids. This complex has a ground state
of S = 7 with D = – 0.60 cm–1. Interestingly, the identical reaction with hepH
produces its structural isomer [Mn12O8Cl4(O2CPh)8(hep)6] (15). However,
this complex has a diamagnetic ground state and is thus not an SMM.

Fig. 4 PovRay representation of [Mn12O8Cl4(O2CPh)8(hmp)6] (14). Hydrogen atoms are
omitted for clarity. Code for atoms: largest grey, Mn; second largest grey, Cl; medium
black, O; medium grey, N; rest, C

2.5
Use of [Mn3] Triangles as Starting Materials

Probably the most successful use of pre-formed Mn clusters as starting mate-
rials in SMM synthesis involves the triangular complexes of general formula:
[Mn3O(O2CR)6(L)3]0/+ (where L is a terminal ligand such as H2O, MeCN or
pyridine). These complexes are easily made in a short timescale and their re-
activity is highly versatile. They are stable in solution, accessible to ligand
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variation, i.e. the nature of the carboxylate can be changed at will as can the
terminal ligand L, and they can be prepared with either three Mn(III) ions
to give the charged complexes [Mn3O(O2CR)6(L)3]X (X– = ClO4

–, NO3
–, etc.)

or with two Mn(III) ions and one Mn(II) ion to give the neutral complexes
[Mn3O(O2CR)6(L)3]. For the charged complexes, the nature of the anion is an
additional reaction variable. These variables allow for a systematic synthetic
strategy which, if successful, can help to produce large families of related
compounds. Indeed, the prototype SMMs [Mn12O12(O2CR)16(H2O)x] can be
made via the oxidation of the appropriate [Mn3O(O2CR)6(L)3]0/+ complex
with MnO4

– in MeCN or CH2Cl2, albeit in rather poor yields.
Another good example of this approach is the reaction of the tripodal

ligands H3thme, H3tmp and H4peol (Scheme 1) with the neutral [Mn3] trian-
gles. For example, reaction of [Mn3O(O2CMe)6(py)3] with H3thme in MeCN
produces the enneanuclear complex [Mn9O7(thme)(O2CMe)11 (py)3(H2O)2]
(16, [Mn9thme], Fig. 5) [69, 70]. This complex has a core of six Mn(III) and
two Mn(II) ions surrounding a central triangle of Mn(IV) ions – a struc-
ture with obvious parallels to [Mn12OAc]. Indeed, the observed S = 17/2
ground state also arises from the antiferromagnetic interaction between the
ferromagnetically coupled inner Mn(IV) ions and the peripheral Mn(III/II)
ions. Low temperature micro-SQUID measurements of [Mn9thme] (16) pro-
vide a beautiful example of temperature and sweep rate dependent hystere-
sis loops in which the QTM steps are clearly seen (Fig. 6). Repetition of
the reaction that produced [Mn9thme] (16) but using the benzoate trian-
gle [Mn3O(O2CPh)6(py)3] does not produce an analogous compound but the

Fig. 5 PovRay representation of [Mn9O7(thme)(O2CMe)11(py)3(H2O)2] (16). Hydrogen
atoms are omitted for clarity. Code for atoms as in Fig. 4
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Fig. 6 Variable field isothermal magnetisation curves, recorded at different temperatures,
for complex [Mn9O7(thme)(O2CMe)11(py)3(H2O)2] (16), emphasising large hysteresis
loops caused by slow relaxation of the magnetisation and clearly showing steps as a result
of enhanced relaxation due to quantum tunnelling

Fig. 7 PovRay representation of [Mn12O4(OH)2(O2CPh)12(thme)4(py)2] (17). Hydrogen
atoms are omitted for clarity. Code for atoms as in Fig. 4

species [Mn12O4(OH)2(O2CPh)12(thme)4(py)2] (17, [Mn12thme], Fig. 7) [71].
This complex consists of a series of ten edge-sharing triangular units, as dir-
ected by the tripodal organic ligands, which combine to form a long, thin,
rod-like complex. The presence of so many triangular units and thus the pres-
ence of many competing exchange interactions, results in an intermediate
spin ground state for the complex of S = 7. Repetition of the same reaction but
utilising a number of different carboxylates leads to the formation of a large
family of rod-like Mn species of differing nuclearities and spins [72].
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Changing solvent from MeCN to MeOH, and use of the [MnIII
3] triangles,

brings about a drastic change in the nature of the products obtained. For ex-
ample, reaction of [Mn3O(O2CMe)6(HIm)3](O2CMe) with H3tmp in MeOH
affords the wheel-like complex [Mn22O6(OMe)14(O2CMe)16(tmp)8(HIm)2]
(18, [Mn22tmp], Fig. 8) [73] [Mn22tmp] is a mixed valent [MnIV

2MnIII
18MnII

2]
complex comprising a series of linked [Mn3O] triangles and partial [Mn4]
cubanes, similar to that seen in [Mn84] (11). [Mn22tmp] has a spin ground
state of S = 10 with D = – 0.10 cm–1, and is a rare example of a “cyclic”,
high-spin Mn SMM.

Reaction of [Mn3O(O2CMe)6(py)3](ClO4) with the ligand Hhep in MeCN
produces the complex [Mn18O14(O2CMe)18(hep)4(hepH)2(H2O)2] (19,
[Mn18hep], Fig. 9) [74] containing a complicated [MnIII

16MnII
2] metallic core

made from a central, near-linear [Mn4O6] unit either side of which is at-
tached a [Mn7O9] unit. The complex thus has some structural similarities to
[Mn12hmp] (14). Magnetic studies reveal the complex to have a spin ground
state of S = 13, with D = – 0.13 cm–1. At the time of its publication this was
both the largest spin and highest nuclearity SMM to show QTM.

Reaction of [Mn3O(O2CCHPh2)6(py)3](ClO4) with H3tea in MeCN yields
the hexanuclear SMM [Mn6(teaH)2(teaH2)2(O2CCHPh2)8] (20, [Mn6tea],

Fig. 8 PovRay representation of [Mn22O6(OMe)14(O2CMe)16(tmp)8(HIm)2] (18). Hydro-
gen atoms are omitted for clarity. Code for atoms as in Fig. 4
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Fig. 9 PovRay representation of [Mn18O14(O2CMe)18(hep)4(hepH)2(H2O)2] (19). Hydro-
gen atoms are omitted for clarity. Code for atoms as in Fig. 4

Fig. 10 PovRay representation of [Mn6(teaH)2(teaH2)2(O2CCHPh2)8] (20). Hydrogen
atoms are omitted for clarity. Code for atoms as in Fig. 4

Fig. 10) [75]. The centrosymmetric complex contains a central planar [MnIII
2

MnII
2] rhombus and two peripheral Mn(II) ions. Magnetic studies reveal the

complex to have a ground state of S = 5 with D = – 0.20 cm–1.
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2.6
A Family of Tetranuclear Mn SMMs

The central planar rhombus in [Mn6tea] (20) is similar to that found in the
tetranuclear SMM [Mn4(O2CMe)2(pdmH)6]2+ (21, [Mn4pdmH], Fig. 11), ex-
cept that the Mn(II) and Mn(III) sites are interchanged. The latter complex
is made via the reaction of [Mn3O(O2CMe)6(py)3](ClO4) with H2pdm in
either MeCN or CH2Cl2. The planar core consists of two “inner” Mn(III)
ions and two “outer” Mn(II) ions that are ferromagnetically coupled to give
an S = 9 ground state [76] with D = – 0.32 cm–1. The [MnIII

2MnII
2] core

has subsequently been observed in a number of tetranuclear SMMs, in-
cluding [Mn4(hmp)6(NO3)4] (22) [77], [Mn4(hmp)6Br2(H2O)2]Br2 (23) [78],
[Mn4(hmp)6(NO3)2(MeCN)2](ClO4)2 (24) [77], [Mn4(hmp)4(acac)2(MeO)2]
(ClO4)2 (25) [77] and [Mn4(O2CPh)4(mda)2(mdaH)2] (26) [79]. This is an
important series of molecules because in order to understand the detailed
physical properties displayed by SMMs, such as the mechanism of QTM, the
origin of cluster anisotropy or the exact role of intermolecular interactions,
it is imperative that families of related complexes displaying these proper-
ties are prepared. These [MnIII

2MnII
2] clusters now represent only the third

well established “family” of SMMs after the [Mn12O12(O2CR)16(H2O)x]n–

complexes and the [MnIVMnIII
3O3X] cubanes (vide infra). Another tetranu-

clear SMM, although made with a completely different ligand, is the
complex [Mn4O2(MeO)(O2CPh)2(bis – bpy)2(MeOH)](ClO4)2 (27, [Mn4bis-
bpy]) [80], which is formed from the reaction of [Mn3O(O2CMe)6(py)3](ClO4)
with bis-bpy in MeOH. The complex contains a ladder-like [Mn4O4] core, but
this time consisting of three Mn(III) ions and one Mn(II) ion. Magnetic studies
suggest a ground state of S = 7/2 with D = – 0.77 cm–1.

Fig. 11 PovRay representation of the complex cation [Mn4(O2CMe)2(pdmH)6]2+ (21).
Hydrogen atoms are omitted for clarity. Code for atoms as in Fig. 4
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2.7
SMMs from Dinuclear Mn Complexes

Aside from the well used [Mn3] triangles another useful starting material
is the dinuclear complex [Mn2O2(bpy)4](ClO4)3. As it contains high oxida-
tion state Mn ions ([MnIVMnIII]) and is easy to make in large quantities it
is an ideal starting material [81]. In fact, there exist many such small Mn
compounds in the literature that, as yet, are untried candidates for use in
Mn cluster synthesis. For example, reaction of [Mn2O2(bpy)4](ClO4)3 with
H3thme in MeCN produces the complex [Mn2(H2thme)2(bpy)4](ClO4)2 (28,
[Mn2thme], Fig. 12) [82]. Here the partial deprotonation of the ligands is
accompanied by a reduction of one of the Mn ions. The two Mn(III) ions
couple ferromagnetically through the alkoxide bridges to give a ground state
of S = 4, with D = – 0.65 cm–1, but the analysis of the magnetism is hindered
by the weak exchange and resultant low-lying excited states. Single crystal
micro-SQUID measurements do however show the existence of temperature
and sweep rate dependent hysteresis loops at low temperature, suggesting
[Mn2thme] to be only the second example of a dinuclear Mn SMM after the
complex [Mn2saltmen] (vide infra).

Replacing H3thme with another tripodal ligand, H3cht, in the same reac-
tion scheme produces the trinuclear SMM [Mn3(Hcht)2(bpy)4](ClO4)2 (29,
[Mn3cht], Fig. 13) [83]. Again, the aggregation process is accompanied by re-
duction of one of the Mn ions and partial deprotonation of the ligand. The
complex consists of a linear trinuclear array of Mn ions linked by alkox-
ides where the central metal is the sole Mn(III) ion, the other ions being in
the oxidation state +2. Magnetic studies show the metal centres to be ferro-
magnetically coupled to give a ground state of S = 7, with D = – 0.10 cm–1.
[Mn3cht] is the only trinuclear homometallic SMM reported to date and the
first SMM to contain only one Mn(III) ion.

Fig. 12 PovRay representation of [Mn2(H2thme)2(bpy)4](ClO4)2 (28). Hydrogen atoms
are omitted for clarity. Code for atoms as in Fig. 4
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Fig. 13 PovRay representation of [Mn3(Hcht)2(bpy)4](ClO4)2 (29). Hydrogen atoms are
omitted for clarity. Code for atoms as in Fig. 4

2.8
Use of Ce(IV) as a Template

A recent, and elegant, extension to the methodology of using pre-formed
Mn clusters as starting materials is the use of a templating agent to in-
duce a structural and/or oxidation state change in clusters without the

Fig. 14 PovRay representation of [CeMn8O8(O2CMe)12(H2O)4] (30). Hydrogen atoms are
omitted for clarity. Code for atoms: largest grey, Ce; second largest grey, Mn; medium
black, O; rest, C
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need for additional bridging ligands. For example, addition of the oxophilic
Ce(IV) ion (in the form of (NH4)2Ce(NO3)6) to the Mn(III) linear polymer
{[Mn(OH)(O2CMe)2] · (MeCO2H) · (H2O)}n in MeCN results in the forma-
tion of the “saddle-like” complex [CeMn8O8(O2CMe)12(H2O)4] (30, [Mn8Ce],
Fig. 14) [84]. The structure contains a central, diamagnetic, Ce(IV) ion
around which the polymer is “wrapped”, forming an outer [Mn8O8] wheel
or loop. This wheel is reminiscent of the outer [Mn8] wheel in [Mn12OAc]
although in this case the Jahn-Teller axes are not all co-parallel. Magnetic
studies show the Mn ions to be coupled ferromagnetically to give a ground
state of S = 16, with D = – 0.10 cm–1. This is the second largest spin ground
state known for a Mn cluster, and one of the largest for any molecule.

2.9
A Series of SMMs from Simple One-Pot Reactions

The simplest synthetic route to Mn SMMs is the one-pot approach whereby
a simple Mn(II) salt is combined with a bridging ligand (or combination of
bridging ligands) and/or (a) a base – which has the dual purpose of deproto-
nating the ligand(s) and inducing the oxidation the manganese ions and/or

Fig. 15 PovRay representation of the complex cation of [Mn25O18(OH)2(N3)12(pdm)6
(pdmH)6](Cl)2 (31). Hydrogen atoms are omitted for clarity. Code for atoms as in Fig. 4
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(b) a solution of permanganate – in order to trigger a comproportionation
reaction.

One of the most spectacular examples of this is the formation of the com-
plex [Mn25O18(OH)2(N3)12(pdm)6(pdmH)6](Cl)2 (31, [Mn25], Fig. 15) via
the reaction of MnCl2 ·4H2O with pdmH2, NaN3 and Me4NOH in a mixture
of MeOH and MeCN [26]. The complex describes a complicated barrel-like
structure containing a core of five parallel layers of Mn ions held together
through a combination of oxide, alkoxide and azide bridges. Magnetisation
data taken below 4 K and in fields up to 7 Tesla were fit to give a ground state
of S = 51/2 ± 1, with D = – 0.022 cm–1. This complex represents the largest
mixed-valent [MnIVMnIIIMnII] cluster known and the largest spin SMM to
date. Indeed, it displays the largest spin ground state of any isolated molecule,
surpassing the S = 25 of an [Fe14] cluster [85], and the S = 39/2 of a mixed-
metal [W6Mn9] cluster [86].

The largest Mn cluster made from the one-pot approach is the hex-
aicosanuclear compound [Mn26(pdol)12(OMe)12O16(N3)6] (32, [Mn26pdol],
Fig. 16) [87], which results from the reaction of MnCl2 ·4H2O with dpk,
NaOH, and NaN3 in MeOH. The structure contains a central core of 16
Mn(III) ions held together by a combination of oxide and methoxide ions, and
surrounded by a “metallocryptand” comprised of ten Mn ions linked through
the pdol2– ligands. The metallocrypt and has an adamantoid type structure
comprising four Mn(II) and six Mn(III) ions. Ac susceptibility studies in the
temperature range 1.9–10 K show the tails of frequency-dependent out-of-

Fig. 16 PovRay representation of the core of the cluster [Mn26(pdol)12(OMe)12O16(N3)6]
(32). Code for atoms: large grey, Mn; small black, O
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phase signals, but no peaks. No values for S and D have been reported thus
far.

Reaction between Mn(O2CMe)2 ·4H2O, H3tea and NEt3 in MeCN results
in the formation of the complex [Mn16(O2CMe)16(teaH)12] (33, [Mn16tea],
Fig. 17) [75]. The structure comprises a loop of alternating Mn(III) and
Mn(II) ions held together by teaH2– ligands, that describes a closed sinusoidal
or saddle-like topology. Magnetisation measurements suggest a spin ground
state of S = 10, with D = – 0.06 cm–1. Given that ferromagnetic interactions
between the metal centres would lead to a ground state of S = 36 and that anti-
ferromagnetic interactions would give S = 0, this result is somewhat unusual.
Therefore, both ferro- and antiferromagnetic interactions must be present
and the competition between them results in the stabilisation of an intermedi-
ate spin value. [Mn16tea] is the first example of a mixed valent Mn wheel and

Fig. 17 PovRay representation of [Mn16(O2CMe)16(teaH)12] (33). Hydrogen atoms are
omitted for clarity. Code for atoms as in Fig. 4
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the largest single-stranded Mn wheel reported to date. The second such wheel
[Mn12(O2CMe)14(mda)8] (34, [Mn12mda], Fig. 18) [79], made in a very simi-
lar fashion from the reaction of Mn(O2CMe)2 ·4H2O with mdaH2 and NEt3
in MeCN, adopts a chair conformation. Again the Mn(III) and Mn(II) ions
alternate around the loop, with competing ferro- and antiferromagnetic ex-
change interactions leading to an intermediate spin ground state of S = 7, with
D = – 0.26 cm–1. Here DFT calculations suggest that the ground state arises
from weak ferromagnetic exchange between the two antiferromagnetically
coupled S = 7/2 halves of the wheel.

Interestingly, the same complex and the N-ethyl-diethanolamine (H2edea)
analogue can also be made from the reaction of [Mn12O12(O2CMe)16(H2O)4]
(1) with H2mda or H2edea in CH2Cl2. Here, however, magnetisation measure-
ments suggested spin ground states of S = 8 with with D ≈ – 0.47 cm–1 [88].

One of the simplest and most elegant one-pot syntheses is the reductive
aggregation of MnO4

–. Normally permanganate is used in comproportiona-
tion type reactions with another Mn salt, usually simple Mn(II) salts such as
MnCl2, Mn(NO3)2 or Mn(O2CMe)2, but recently it has been shown that the
simple addition of a bridging ligand (e.g. a carboxylic acid) to an alcoholic
solution of MnO4

– results in the formation of beautiful clusters. The high ox-
idation state source is reduced by the solvent in the presence of excess ligand
and as this process develops, the aggregation of the cluster occurs. For ex-
ample, reaction of TBAMnO4 with PhCOOH in MeOH produces the complex

Fig. 18 PovRay representation of [Mn12(O2CMe)14(mda)8] (34). Hydrogen atoms are
omitted for clarity. Code for atoms as in Fig. 4
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(TBA)2[Mn12O12(OMe)2(O2CPh)16(H2O)2] (35, [Mn12OMe], Fig. 19) [89].
The complex is a structural derivative of the [Mn12O12(O2CR)16(H2O)4] fam-
ily. It again has the same outer wheel of eight Mn(III) ions but this time
the core is comprised of a central [MnIV

4O4(OMe)2]6+ rhombus instead
of a [MnIV

4O4]8+ cubane. The complex has a spin ground state of S = 6
with D = – 0.37 cm–1. When the reaction is repeated using different car-
boxylic acids (phenylacetic acid, chloroacetic acid and bromoacetic acid) the
obtained product is different: [Mn16O16(OMe)6(O2CR)16(MeOH)6] ([Mn16],
R = PhCH2 (36); R = ClCH2 (37); R = BrCH2 (38), Fig. 20) [90]. The structure
is again very similar to [Mn12], but now there is an outer non-planar wheel
of ten Mn(III) ions encapsulating a [MnIV

6O6(OMe)4]8+ core. The Mn(IV)
ions are in a plane with the connecting oxides above and below that plane.
Dc and ac magnetic susceptibility studies show the molecule to have a rather
small spin ground state (S ≈ 2), but no satisfactory fit of the magnetisation
data could be obtained – probably because of the presence of many low-lying

Fig. 19 PovRay representation of the complex anion of (TBA)2[Mn12O12(OMe)2(O2CPh)16
(H2O)2] (35). Hydrogen atoms are omitted for clarity. Code for atoms as in Fig. 4
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Fig. 20 PovRay representation of [Mn16O16(OMe)6(O2CCBrH2)16(MeOH)6] (38). Hydro-
gen and bromine atoms are omitted for clarity. Code for atoms as in Fig. 4

excited states. Despite the small ground state, sweep rate and temperature
dependent hysteresis loops were observed below ∼ 1.0 K suggesting that the
complex must display appreciable ZFS within that ground state, most likely
due to the near parallel alignment of the ten Jahn-Teller axes. Indeed, these
molecules may well be the smallest spin SMMs known. The acetate ana-
logue of these [Mn16] SMMs, [Mn16O16(OMe)6(O2CMe)16(MeOH)3(H2O)3]
(39) which was actually the first member of this family, was made somewhat
differently from the reaction of Mn(NO3)2 ·6H2O, MeCOOH, and TBAMnO4
in MeOH [91]. The magnetic properties reported for this complex appear
somewhat different. Out-of-phase ac susceptibility signals were seen in the
3.9–4.6 K temperature range with the tail of a second peak appearing at ∼ 2 K.
This is in contrast to the other [Mn16] analogues where only the tail of the sec-
ond peak is seen. Detailed studies of the acetate analogue (S and D) have yet
to be reported.

Reaction of MnBr2 ·4H2O with biphenH2 and NEt3 in MeCN affords the
complex (Et3NH)2[Mn(CH3CN)4(H2O)2][Mn10O4(biphen)4Br12] ([Mn10bi-
phen], 40, Fig. 21) [92]. The [MnIII

4MnII
6] decanuclear anion consists of an

adamantine-like inner core connected to four peripheral Mn(II) ions. The
overall topology resembles the metal chalcogenide clusters of general for-
mula [E4M10(E′R)16]4– whose structures are based on four fused adamantine
units [93]. Magnetic studies show the decanuclear anion to have an S = 12
ground state with D = – 0.037 cm–1.
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Fig. 21 PovRay representation of the decanuclear cluster anion of (Et3NH)2[Mn(CH3CN)4
(H2O)2][Mn10O4(biphen)4Br12] (40). Hydrogen atoms are omitted for clarity. Largest
grey, Mn; second largest grey, Br; medium black, O; rest, C

Fig. 22 PovRay representation of [Mn7(L2)6] (41). Hydrogen atoms are omitted for clarity.
Code for atoms as in Fig. 4
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Reaction of the ligand N-(2-hydroxy-5-nitrobenzyl)iminodiethanol (H3L2)
with MnCl2 ·4H2O in MeOH gives the heptanuclear complex [MnIII

4MnII
3

(L2)6] ([Mn7], 41, Fig. 22) [94]. The structure comprises a centred hexanu-
clear wheel in which the central ion and two peripheral ions are the Mn(II)
ions. Magnetisation data collected in the ranges 1.8–5.0 K and 5–30 kG were
fitted for S = 21/2 and D = – 0.20 cm–1. This ground state can be rationalised
by assuming an antiferromagnetic interaction between the central Mn ion
and the six peripheral Mn(II) and Mn(III) ions. The metal topology of this
species has been seen before in Mn and Fe cluster chemistry, but none of these
other complexes have been reported as SMMs [95, 96].

2.10
A New Family of Hexanuclear SMMs

Reaction of Mn(O2CR)2 ·4H2O (R = Me, Ph) with H2salox and TBAMnO4 in
EtOH leads to the isolation of the hexanuclear complex [Mn6O2(O2CMe)2
(salox)6(EtOH)4] (42, [Mn6salox], Fig. 23) and its benzoate analogue [97].
The core of the complex consists of two [MnIII

3O] triangles linked together
by oximato oxygen atoms to give a near planar [Mn6O2(OR)2]12+ unit. Com-
peting ferro- and antiferromagnetic interactions lead to the stabilisation of an
S = 4 ground state, with D = – 1.22 cm–1. The observed anisotropy is the larg-
est displayed by any polynuclear Mn (> [Mn2]) SMM and presumably arises
from the parallel alignment of the Jahn-Teller axes. The same reaction can be
performed successfully with a series of other carboxylate ligands, and thus
this group of complexes already constitutes the beginning of a new family of
SMMs.

Fig. 23 PovRay representation of [Mn6O2(O2CMe)2(salox)6(EtOH)4] (42). Hydrogen
atoms are omitted for clarity. Code for atoms as in Fig. 4
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2.11
Use of Schiff Bases as Ligands to Prepare SMMs

The application of Schiff base ligands is vast and spans diverse areas of co-
ordination chemistry [98–101], but this rarely includes the preparation of
SMMs [102]. The first such compound with Mn was prepared from the reac-
tion of the ligand salicylidene-2-ethanolamine (H2sal) with MnCl2 ·4H2O in
EtOH, which produces the tetranuclear complex [Mn4Cl4sal4] (43, [Mn4sal],
Fig. 24) [103]. The compound comprises a planar square of four Mn(III)
ions linked together along each edge by one oxygen and one halide. The Mn
ions are coupled ferromagnetically to give a spin ground state of S = 8, with
D = – 0.10 cm–1.

The smallest example of a Mn SMM, [Mn2(saltmen)2(ReO4)2] (44,
[Mn2salt], Fig. 25), also contains a Schiff base ligand, in addition to two
Mn(III) ions and two diamagnetic Re(VII) ions. The complex is formed
by the reaction of Mn(O2CMe)2 ·4H2O with H2saltmen and NaReO4 in
MeOH/H2O [104]. The complex can be described as a linear line of four metal
ions with the two Mn(III) ions in the centre and the two Re(VII) ions on the
periphery. The two Mn ions couple ferromagnetically to give a spin ground

Fig. 24 PovRay representation of [Mn4Cl4sal4] (43). Hydrogen atoms are omitted for
clarity. Code for atoms as in Fig. 4



Synthesis of 3d Metallic Single-Molecule Magnets 31

Fig. 25 PovRay representation of [Mn2(saltmen)2(ReO4)2] (44). Hydrogen atoms are omit-
ted for clarity. Code for atoms: large dark grey, Re; large light grey, Mn; medium black, O;
medium grey, N; rest, C

state of S = 4, with D = – 1.2 cm–1. Single crystal measurements at tempera-
tures below 1 K show the sweep-rate and temperature dependent hysteresis
loops indicative of SMM behaviour, though like the previous dinuclear SMM,
[Mn2thme], tunnelling at H = 0 appears to be very fast.

2.12
Use of MnF3 as a Synthon in the Formation of SMMs

The only “simple”, readily available source of Mn(III) is MnF3. How-
ever MnF3 is only sparingly soluble in common organic solvents and
this has, so far, limited its use as a source of Mn(III). In addition F–

ions would be expected to promote rather weak exchange between metal
centres (cf. hydroxide), although they happily function as terminal lig-
ands. The first “problem” can be easily solved by one of two methods,
as demonstrated by the formation of the only MnF3-based SMM syn-
thesised [Mn26O17(OH)8(OMe)4F10(Bta)22(MeOH)14(H2O)2] (45, [Mn26F],
Fig. 26) [105]. Originally the insolubility of the MnF3 was overcome through
the use of a “melt” type reaction whereby the MnF3 and organic ligand
(Hbta) were mixed together in a Schlenk tube under an inert atmosphere. The
mixture was heated to the melting point of the organic ligand (in this case
∼ 100 ◦C), which acted as solvent, and the MnF3 then dissolved as the reac-
tion proceeded. The “melted” product could then be crystallised from alcohol
to give the final product, 45. It was later found that the same product could be
obtained from a much simpler reaction scheme. Simply reacting MnF3 with
BtaH in boiling MeOH produces [Mn26F] directly, in much larger yield. The
compound is a complicated array of metal tetrahedra linked by a combination
of oxides, hydroxides and methoxides, into a topology that loosely describes
a half-wheel or ellipse. Magnetisation measurements were fit to give a spin
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Fig. 26 PovRay representation of the molecular cluster [Mn26O17(OH)8(OMe)4F10(Bta)22
(MeOH)14(H2O)2] (45). Hydrogen atoms are omitted for clarity. Code for atoms: large
grey, Mn; red, O; blue, N; yellow, F; rest, C

ground state of S = 4, with D = – 0.90 cm–1. As with many “large” SMMs, sin-
gle crystal measurements show that the hysteresis loops do not display the
step-like features associated with QTM, but instead appear smooth and typi-
cal for a cluster with a distribution of energy barriers. The steps may well be
present but simply broadened or smeared out as a result of the inherent dis-
order associated with such a large structure, which results in a distribution of
Mn environments.

2.13
The Family of Distorted Cubane [MnIVMnIII

3 O3X]6+ SMMs

This group of high-spin Mn clusters constitutes the second largest and
second most studied family of SMMs. In general, these clusters contain a
[MnIVMnIII

3(µ3 – O)3]7+ partial or distorted cubane whose “vacant” vertex is
occupied by a η1,µ3-ligand “X” (where X = halide, N3

–, etc.) to give an overall
[MnIVMnIII

3(µ3 – O)3X]6+ core. The first member of this family was the com-
plex (HIm)2[Mn4O3Cl6(O2CMe)3(Im)] (46, Fig. 27) [106] and for many years
the sole interest of this class of compounds remained their consideration as
models for the water oxidation centre of photosystem II. They were later dis-
covered as high-spin molecules that display slow relaxation of the magnetisa-
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Fig. 27 PovRay representation of the anion of (HIm)2[Mn4O3Cl6(O2CMe)3(Im)] (46).
Hydrogen atoms are omitted for clarity. Code for atoms as in Fig. 4

tion. Antiferromagnetic exchange between the Mn(IV) ion (S = 3/2) and the
three Mn(III) ions (S = 2) leads to the stabilisation of an S = 9/2 ground state.
After the preparation of complex 46 followed several reports on the synthesis
of various analogues containing the same overall topology, but with different
combinations of µ2 – RCO2 (R = Me, Et, Ph, etc.) and terminal ligands (Im,
py, etc.). In most cases, the products were formed by carboxylate abstrac-
tion from polymeric “Mn(O2CMe)3” arrays or polynuclear oxo/carboxylate
Mn complexes, by use of Me3SiCl, triggering a disproportionation reaction
that resulted in the formation of the high-valent cubanes and Mn(II) side
products [107, 108]. In some cases, derivatives with other carboxylates were
obtained by carboxylate metathesis [109]. An interesting addition to this fam-
ily was the complex of formula [Mn4O3Cl(O2CMe)3(dbm)3] (47), prepared in
a similar manner to that above but using a starting material containing the
chelating ligand dbm– [110]. Complex 47 was the first member of this family
for which SMM properties were discovered [111].

An important breakthrough was the preparation of the analogue [Mn4O3
(O2CMe)4(dbm)3] (48) by controlled potential electrolysis of the butterfly-
type complex [Mn4O2(O2CMe)6(py)2(dbm)2] [112]. Complex 48 (which was
subsequently also prepared from a simple one-pot reaction [113]) was the
first derivative of the series not to contain halides in the core. Instead, one
of the acetate groups now acts as the η1,µ3-ligand “X”. This acetate group
is amenable to selective substitution by other η1,µ3-ligands, and thus com-
plex 48 is the basis from which a large group of compounds of formulae
[Mn4O3X(O2CMe)3(dbm)3] (X= F, Br, MeO, OH, NO3, N3, NCO, etc.) [113–
115] can be made. In addition, the preparation of complex 48 could be re-
produced with a variety of carboxylates, leading to an analogous series of
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Fig. 28 PovRay representation of [Mn4O3Cl4(O2CEt)3(py)3] (49). Hydrogen atoms are
omitted for clarity. Code for atoms as in Fig. 4

compounds of formula [Mn4O3(O2CPh – R)4(dbm)3] (R = H, p-Me, p-OMe,
o-Cl) [116, 117]. These families of compounds have proved highly useful
for the detailed study of SMM properties. For example, the latter family
established a relationship between the molecular symmetry (or degree of
distortion) of the cluster with the dynamics of relaxation of magnetisation
through quantum tunnelling [118]. In another instance, some compounds
of the series [Mn4O3X(O2CMe)3(dbm)3] were studied by INS in order to
determine the influence of the species “X” on the various parameters defin-
ing the ZFS [119]. More recently, the magnetic properties of one of the
oldest members of this large group, [Mn4O3Cl4(O2CEt)3(py)3] (49) [108],
were investigated in detail. This complex ([Mn4prop], Fig. 28) crystallises
in the hexagonal space group R-3 with pairs of [Mn4prop] molecules ly-
ing head to head on a crystallographic S6 axis. The two units are held to-
gether by six C – H · · · Cl hydrogen bonds between the pyridine rings on one
[Mn4prop] and the Cl– ions on the other to form [Mn4prop]2 dimers. This
has an important consequence on the observed magnetic properties as these
H-bonds introduce a weak inter-molecular antiferromagnetic exchange in-
teraction that greatly changes the observed quantum behaviour [120, 121].
Each [Mn4prop] unit acts as an exchange bias upon its neighbour which
shifts the tunnel resonances from zero field, where they are seen in the
isolated cubanes. The absence of tunnelling at zero field is an important
issue, if SMMs are to be considered as serious candidates for information
storage.
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3
SMMs of Iron

Iron coordination clusters constitute the second largest family of SMMs after
the group of manganese aggregates. In this context, the properties of some
compounds of Fe(III) have been described in detail in a recent review [41].
However, a few polynuclear complexes of iron in the oxidation state 2 + have
also been shown to display slow relaxation of the magnetisation. The pro-
liferation of SMMs of this metal has benefited from the fact that synthesis
of high-spin iron cages had been an intense area of investigation for a long
time before the discovery of magnetic bistability in molecules. Such early
work stemmed from (i) the quest for building blocks for the construction of
molecule-based magnetic materials, (ii) the interest in modelling the prop-
erties of ferritin (the iron storage protein in cells) [122], (iii) the use of the
synthetic analogue approach for the study of iron containing enzymes [123].

3.1
The [Fe8O2(OH)12(tacn)6]8+ (50); The Prototype Fe SMM

It is generally agreed that the complex cation [Fe8O2(OH)12(tacn)6]8+ (50,
Fig. 29) was the first properly identified SMM of iron, and it was the second
molecular species after the class of [Mn12] clusters, where this behaviour was
firmly established [124]. First evidence of superparamagnetic relaxation phe-
nomena arising from nanosised Fe(III) molecular species had been suggested
by Mössbauer spectroscopy on a [Fe11] and a [Fe16Mn] cluster [125]. Such
dynamics of relaxation were determined with a measuring time of ∼ 10–8 s
and the existence of intramolecular magnetic ordering was attributed to the
pseudo three-dimensional structure of the cluster. The ground spin state
of these clusters, however, was not unambiguously determined, and it was
proven later with the [Mn12] family and subsequently with the [Fe8] clus-
ter 50 that a “globular” shape was not responsible for the slow relaxation in
molecular species.

As with the case of [Mn12OAc] (1), the preparation of cluster 50 was
reported more than a decade before its properties as SMM were discov-
ered [126]. Obtained from the reaction of [Fe(tacn)Cl3] with NaBr in H2O
and formulated as [Fe8O2(OH)12(tacn)6]Br8, it was claimed to be the first
oxo/hydroxo bridged Fe(III) cluster with a nuclearity higher than three. Trap-
ping such discreet species in aqueous medium without rapid precipitation of
insoluble Fe2O3 is very difficult and can only be achieved by blocking core
growth with chelating ligands while carefully controlling the pH. Since then,
reports of polynuclear oxide/hydroxide iron clusters have become increas-
ingly frequent [127], in particular after organic solvents started to be used
for the syntheses [85, 128, 129]. The structure of 50 (Fig. 29) shows a central
unit of four Fe(III) ions linked by two µ3 – O2– ligands in a “butterfly” ar-
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Fig. 29 PovRay representation of the complex cation [Fe8O2(OH)12(tacn)6]8+ (50). Hy-
drogen atoms are omitted for clarity. Code for atoms: largest grey, Fe; medium black, O;
medium grey, N; rest, C

rangement. Bound to the metals of this central core via hydroxide bridges are
four additional Fe(III) centres. These and the wing metals of the “butterfly”
are capped by tridentate tacn (triazacyclononane) ligands. A pioneering study
using the irreducible tensor operator (ITO) approach for the calculation of
the spin Hamiltonian matrix and magnetic susceptibility of large clusters al-
lowed the spin value of the ground state of 50 (S = 10) to be established [130].
This spin number is the consequence of spin frustration effects arising from
the presence of several competing antiferromagnetic interactions within the
cluster. The superparamagnetic-like behaviour of 50 was established by use
of both, Mössbauer and AC magnetic susceptibility measurements [124], and
the electronic nature of the ground state was described in detail by use of HF
EPR, polarised neutron diffraction (PND) [131] and INS [132]. Compound 50
was only the second system to show hysteresis of molecular origin and dis-
playing quantum tunnelling of the magnetisation [133]. The mechanism of
the quantum tunnelling in 50 has been investigated in detail [124, 134–136],
and this work has been paramount in the understanding of this phenomenon,
inherent to SMMs.

The breakthroughs described above have turned the octanuclear iron clus-
ter 50 into a major reference molecule within the family of SMMs. This has
undoubtedly stimulated the search for other polynuclear iron clusters dis-
playing similar properties. Following this, a growing group of compounds
has been prepared or revisited, the study of which has thrown light to other
important aspects on the physical properties of SMMs. The number of iron
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clusters displaying this behaviour remains, however, very small when com-
pared with the existing examples based on Mn.

3.2
[Fe19(metheidi)10(OH)4O6(H2O)12](NO3) (51);
The Largest Nuclearity and Spin Fe SMM

The complex [Fe19(metheidi)10(OH)4O6(H2O)12](NO3) (51, Fig. 30) belongs
to a family of [FeIII

19] clusters whose first example was made in 1992 within
a pair of co-crystallised Fe17/Fe19 species. At the time this was a rare ex-
ample of a polynuclear hydroxo/oxo/iron aggregate stabilised by peripheral
organic ligands, made in order to mimic the properties of ferritin and still
is the largest synthesised since then. The multi-dentate ligand used to pre-
vent core growth into an infinite “Fe(OH)3” array was H3heidi (Scheme 1).
Despite the ambiguities related to the fact that both components of this pair
could not be studied separately, it was established that the spin ground state
of at least one of them was S = 33/2. This remained the largest spin ground

Fig. 30 PovRay representation of [Fe19(metheidi)10(OH)4O6(H2O)12](NO3) (51). Hydro-
gen atoms are omitted for clarity. Code for atoms as in Fig. 29
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state observed in any molecular species for some time [86]. Although it could
be shown that the Fe17/Fe19 pair was responsible for hysteresis phenomena
at low temperatures [137], its molecular origin was not confirmed until the
independent synthesis of only one member of the pair in form of compound
51, which led to the proper characterisation of the largest iron SMM hitherto
studied [138]. Such description was made by means of powder and single-
crystal bulk magnetisation studies, as well as HF-EPR. Stabilisation of 51
as a unique compound was achieved by introducing a small modification to
the H3heidi ligand (Scheme 1). The structure of this cluster (Fig. 30) can be
described as a central disk-like [Fe7(µ3 – OH)4(µ2 – OH)4((µ3 – O)Fe)2]13+

unit, surrounded by Fe/metheidi units and bound to it by a combination of
µ2 – OH, µ3 – O, and alkoxo groups. Recent studies have revealed intercluster
antiferromagnetic ordering within the lattice of compound 51 [139]. This rep-
resents an important contribution to the understanding of long range effects
in SMMs – a topic of great relevance in this field [120, 140].

3.3
[Fe4(OR)6(dpm)6]; Insights into the Origin of ZFS

The tetranuclear Fe(III) cluster [Fe4(OMe)6(dpm)6] (52, Fig. 31) is the small-
est nuclearity Fe SMM. Compound 52 is one of a number of alkoxide bridged
Fe aggregates stabilised by β-diketones [141, 142]. The identity of the iso-
lated product depends on the exact type of chelate and the solvent system
employed during the reaction and crystallisation processes. Complex 52 was
prepared from the reaction in MeOH of FeCl3 with Hdpm in the presence of
NaOMe, followed by recrystallisation from Et2O/MeOH [143]. The structure
of this cluster comprises a centred triangle of four Fe(III) ions bridged by six
µ2 – OMe– ligands, with the peripheral Fe ions each chelated by two dpm–

ligands. The nearest and second-nearest neighbour magnetic interactions be-
tween iron centres (S = 5/2) within the molecule can be modelled using the
Heisenberg spin-Hamiltonian H = – 2J(S1S2 + S1S3 + S1S4) – J′(S2S3 + S2S4 +
S3S4), where S1 is the spin of the central metal in Fig. 31 and the S2 to S4 are
the spins of the other metals. The χMT vs. T curve obtained from bulk mag-
netisation measurements is typical of a ferrimagnetic system and a good fit
was obtained for parameters g = 1.97, J = – 10.5 cm–1 and J′ = 0.6 cm–1, lead-
ing to an S = 5 spin ground state, in addition to a ZFS term of D = – 0.20 cm–1.
The above description was confirmed by a HF-EPR investigation whereas dy-
namic susceptibility measurements demonstrated that compound 52 exhibits
slow relaxation of its magnetisation. This complex being among the smallest
polynuclear SMMs observed to date, it could be subject to a semi-quantitative
treatment in the characterisation of its ZFS parameters via angular-overlap
model (AOM) calculations. The single ion and spin-spin contributions to
the total D parameter of the cluster were established, and these results then
helped to rationalise the enhanced magnetoanisotropy (D = – 0.4 cm–1) of
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Fig. 31 PovRay representation of [Fe4(OMe)6(dpm)6] (52). Hydrogen atoms are omitted
for clarity. Code for atoms as in Fig. 29

the analogous cluster [Fe4(thme)2(dpm)6] (53), obtained from 52 by lig-
and substitution [144]. Compound 53 exhibits hysteresis loops featuring very
marked steps as a result of increased relaxation by quantum tunnelling, oc-
curring at certain values of the external magnetic fields. The related complex
[Fe4(thme)2(CH3CH2CH2OH)6Cl6] (54) [145], reported simultaneously as 53,
is also a SMM. It was made from the reaction of FeCl3, H3thme and NaOMe
in alcohol. This compound was proven to undergo quantum tunnelling of
the magnetisation, but the hysteresis loops do not show the clear steps seen
in 53. The smearing out of the steps has been ascribed to a combination of
the disorder associated with the terminal alcohols and the presence of weak
ferromagnetic ordering within the crystal, mediated through a network of
intermolecular Cl · · · Cl interactions. Such interactions are not present in 53.

3.4
Control of Anisotropy in Ferrous Cubes [Fe4(sae)4(MeOH)4] (55)

Tetranuclear clusters with a cubane structure are common in 3d-metal co-
ordination chemistry. The relative disposition of orbitals from metal and
bridging ligands within such structures favour orthogonality between metal-
lic magnetic orbitals and consequently, ferromagnetic interactions leading
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to high spin ground states. Thus, ferromagnetic [Cu4] [146], [Ni4] [147],
[Mn4] [113], [Fe4] [148] or [Co4] [149] cubane complexes have been de-
scribed.

The first alkoxide bridged ferrous cube was reported in 1992 [150]; how-
ever, no details of its magnetisation properties were given. The complex
[Fe4(sae)4(MeOH)4] (55) is the first ferrous cubane identified as a SMM [151].
The core of the cube (Fig. 32) is formed by four Fe(II) ions and the µ3-
alkoxide moiety of four sae2– ligands which also chelate one metal each
through the remaining N and O donor atoms. The sixth coordination sites on
the iron ions are completed by MeOH molecules. The formation of 55 takes
place through a self assembly process following the reaction in methanol be-
tween FeCl2 and H2sae in strictly anaerobic conditions.

The Fe – O – Fe bridging angles within the core of 55 fall within the range
expected to facilitate ferromagnetic superexchange interactions between the
Fe(II) centres (S = 2). This results in a total spin ground state of S = 8. Ac mag-
netic susceptibility measurements revealed that this complex exhibits slow
relaxation of the magnetisation. The D parameter was subsequently estimated
to be – 0.64 cm–1, from fitting variable field reduced magnetisation data. The
importance of a negative value of D for observing the properties of SMMs
was elegantly shown by a study of a family of compounds related to com-
plex 55 [102]. This series of complexes was prepared using three derivatives
of H2sae and three forms of the related ligand H2sap. All complexes being

Fig. 32 PovRay representation of [Fe4(sae)4(MeOH)4] (55). Hydrogen atoms are omitted
for clarity. Code for atoms as in Fig. 29
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structurally analogous, they are divided into two groups that crystallise in
the space groups P1̄ and I41/a, respectively, depending on the type of lig-
and. The two groups present small differences in the JT distortions of the
octahedral coordination geometry around Fe(II). The six complexes are all
ferromagnetically coupled and therefore, display an S = 8 spin ground state,
but the structural differences induced by the two types of ligands cause the
ZFS D parameter for the complexes of both groups to be of opposite sign.
Complexes with the H2sae ligand have negative D and thus behave as SMMs,
whereas the other group of compounds possess a positive D value and do
not show SMM behaviour. In all cases, AOM calculations allowed the deter-
mination of the single ion D values in both groups of compounds and the
total D values could be rationalised from the crystallographic symmetry of
each system.

3.5
[Fe9(N3)2(O2CMe)8(pdol)4] (56); An Azido Bridged Fe(II) SMM

The compound [Fe9(N3)2(O2CMe)8(pdol)4] (56) is the first crystallographi-
cally characterised nonanuclear Fe(II) cluster [152]. This molecule (Fig. 33)
comprises two groups of four Fe(II) centres, linked via a central Fe(II)
by four pdol2– ligands. Within each group, the Fe(II) atoms are bridged
by a rare µ4 – N3

– ion and four µ2 – OAc– ligands. This complex was
prepared from the structurally related cluster [Fe9(OH)2(O2CMe)8(pdol)4]

Fig. 33 PovRay representation of [Fe9(N3)2(O2CMe)8(pdol)4] (56). Hydrogen atoms are
omitted for clarity. Code for atoms as in Fig. 29
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(57) via the selective replacement of two µ4 – OH– ligands by µ4 – N3
–

groups. This synthetic approach had been previously implemented success-
fully for the preparation of the Co(II) and Ni(II) analogues of 56 from
the corresponding hydroxide parent complexes [153, 154]. This led to the
formation of clusters that exhibit spin numbers 7 and 9 times higher, re-
spectively, than their corresponding precursors [153, 155]. The reason for
this dramatic increase of spin is that the end-on µ4 – N3

– bridge induces
ferromagnetic exchange interactions that previously were antiferromag-
netic. However, neither the [Co9] nor the [Ni9] cluster show SMM be-
haviour. Bulk magnetisation measurements show that the [Fe9] congener
(56) also possesses a high spin ground state number (S = 14), and the
presence of an out-of-phase ac signal indicates that this compound ex-
hibits slow relaxation of the magnetisation and therefore behaves as an
SMM. This system is an excellent example of where chemistry has been
wisely used for the design of a molecular species with desired properties,
in this case the generation of a high-spin ground state through N3

– ligand
substitution.

3.6
[Fe10Na2O6(OH)4(O2CPh)10(chp)6(H2O)2(Me2CO)2] (58);
A Decanuclear Fe SMM with S = 11

The magnetic properties of the compound [Fe10Na2O6(OH)4(O2CPh)10(chp)6
(H2O)2(Me2CO)2] (58) were revisited 5 years after it was first reported [156].
The preparation of this complex was the result of a programme aimed at

Fig. 34 A PovRay representation of the molecular cluster [Fe10Na2O6(OH)4(O2CPh)10
(chp)6(H2O)2(Me2CO)2] (58). Hydrogen atoms are omitted for clarity. B Representation
of the [Fe10O12] core of the cluster. Code for atoms: largest grey, Fe; second largest dark
grey, Cl; second largest light grey, Na; medium black, O; medium grey, N; rest, C
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the formation of polynuclear metal clusters containing a combination of car-
boxylate and pyridonate ligands [32]. Crystals of 58 can be obtained from
the addition of acetone to the filtrate resulting from the reaction between the
dimer [NEt4]2[Fe2OCl6], NaO2CPh and Na(chp) in acetonitrile. The structure
of the cluster (Fig. 34A) consists of a heterometallic aggregate of ten Fe(III)
centres and two Na+ ions, bridged by two µ4-oxo, four µ3-oxo and four
µ3-hydroxo ligands, in addition to bridging benzoate and chp– ligands. The
core (Fig. 34B) can be described as two distorted [Fe6O6]6+ hexagonal prisms
sharing one “square” face. Original susceptibility and reduced magnetisation
studies led to the conclusion that the spin ground state is S = 11, as a result of
spin frustration caused by competing antiferromagnetic interactions within
the cluster. During the re-examination of the magnetic properties of 58, it was
found that this cluster is an SMM and the intramolecular magnetic exchange
was properly described by use of a Monte Carlo methodology [24]. A good fit
of the experimental χMT versus T curve could be obtained for J1 = – 22 cm–1,
J2 = – 6.5 cm–1 and J3 = – 5 cm–1, where J1, J2 and J3 are the coupling con-
stants describing the Fe · · · Fe interactions mediated through two oxygen
atoms, a single hydroxide group and a single oxide bridge, respectively.

3.7
(NEt4)[Fe11O4(O2CPh)10(thme)4(dmhp)2Cl4] (59);
An Undecanuclear Fe(III) SMM

Complex 59 is only the second class of undecanuclear iron clusters described
in the literature [157] and it exhibits a spin ground state (S = 11/2) 11 times
higher than its predecessors [158]. This complex constitutes another example
of the series of aggregates [69, 159] formed with the tripodal ligand H3thme.
The cluster was obtained, in a procedure very similar to that used for complex
58 (vide supra), by reaction of the dimer [NEt4]2[Fe2OCl6] with NaO2CPh,
dmhp and H3thme in acetonitrile. The core of 59 (Fig. 35) comprises four
fused butterfly [Fe4O2]8+ subunits, thereby incorporating many competing
antiferromagnetic FeIII · · · FeIII interactions into the structure. Thus, the spin
number of the ground state, shown to be 11/2 by susceptibility and reduced
magnetisation measurements is the consequence of spin frustration. Low
temperature magnetisation studies revealed the presence of hysteresis loops,
demonstrating 59 to be a new example of SMM. The study of the hysteresis
as a function of the field sweep rate showed that this complex is subject to
strong quantum tunneling of the magnetisation. In what is a very rare case
for SMMs, the ground state of 59 could be characterised by means of Q-band
EPR spectroscopy. Most EPR investigations on SMMs have been conducted
using high fields and frequencies. The simulation of the spectrum provided
the following parameters; g = 2.03, D = – 0.38 cm–1 and E = 0.055 cm–1. These
results were found to be in good agreement with the values obtained from
bulk magnetisation measurements.
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Fig. 35 PovRay representation of the anion of (NEt4)[Fe11O4(O2CPh)10(thme)4(dmhp)2
Cl4] (59). Hydrogen atoms are omitted for clarity. Code for atoms as in Fig. 34

3.8
[Fe9O4(OH)5(heia)6(Hheia)2] (60);
A Piece of All-Ferric Molecular Magnetite

The cluster [Fe9O4(OH)5(heia)6(Hheia)2] (60, Fig. 36) [160] was prepared in
methanol from Fe(NO3)3 ·9H2O and H2heia in the presence of tetramethyam-
monium hydroxide. The structure features a central tetrahedral Fe(III) ion
bound by four µ3 – O2– groups to eight peripheral octahedral ferric centres.
Further bridging and peripheral ligation of the outer Fe(III) metals is en-
sured by six heia2– and two Hheia– ligands, in addition to five µ2 – OH–

groups. The core of the complex is related to the lattice of magnetite. Fit-
ting of the low temperature magnetisation data was consistent with a ground
state of S = 25/2 with g = 1.99 and D = – 0.07 cm–1. The ground state was
rationalised by the antiferromagnetic interaction between the central Fe(III)
ion and all of the external Fe(III) ions except one. The coupling scheme is
that expected from consideration of the Fe – O – Fe angles within the various
Fe2 pairs. Single crystal magnetisation measurements performed on an array
of micro-SQUID show the temperature and sweep rate dependent hysteresis
loops expected for an SMM with an effective barrier for the re-orientation of
the magnetisation of approximately 5.4 cm–1.
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Fig. 36 PovRay representation of [Fe9O4(OH)5(heia)6(Hheia)2] (60). Hydrogen atoms are
omitted for clarity. Code for atoms as in Fig. 29

4
SMMs of Nickel

The synthesis of large polynuclear cages featuring Ni(II) has been studied
for a long time as a potential route to high-spin molecules [127, 161], and
SMMs since Ni(II) is known to display large single-ion anisotropy [162, 163].
Thus, the magnetic properties of new and pre-existing Ni clusters have been
examined with this in mind.

4.1
[Ni12(chp)12(O2CMe)12(thf)6(H2O)6] (61); The First Ni SMM

The cyclic complex [Ni12(chp)12(O2CMe)12(thf)6(H2O)6] (61) was first pre-
pared in 1994 [164]. In the structure of 61 (Fig. 37) there are only two inde-
pendent Ni(II) centres and thus two types of nearest-neighbour Ni · · · Ni in-
teractions: one via two µ2 – O atoms from chp– and one syn,syn-carboxylate,
and the other via one µ2 – O atom from an H2O molecule, one from a car-
boxylate and one syn,syn-acetate. Crystals of 61 form from the melt reaction
of Ni(AcO)2 with Hchp at 130 ◦C followed by crystallisation from THF [165].
Interestingly, most reactions involving nickel and cobalt carboxylates and
pyridonate ligands produce compact cages [166], rather than cyclic com-
pounds like 61. Initial bulk magnetisation studies [164] revealed the presence



46 G. Aromí · E.K. Brechin

Fig. 37 PovRay representation of [Ni12(chp)12(O2CMe)12(thf)6(H2O)6] (61). Hydrogen
atoms are omitted for clarity. Code for atoms: largest grey, Ni; second largest dark grey,
Cl; medium black, O; medium grey, N; rest, C

of ferromagnetic interactions within the wheel and the presence of a spin
ground state of high multiplicity. A more detailed analysis allowed a good
recreation of the χmT vs. T curve using a Heisenberg exchange coupling
model with a unique J value of J = 4.7 cm–1 [164]. Very low temperature
magnetisation measurements confirmed the presence of an S = 12 ground
state and a small amount of Ising-type magnetoanisotropy (D = – 0.05 cm–1),
making this compound the first SMM of Ni [167]. This condition was con-
firmed by ac magnetic susceptibility studies and by the presence of hysteresis
in the curve of magnetisation versus field. The latter also revealed the ex-
istence of QTM. The dynamics of relaxation has been the object of more
recent studies through micro-SQUID measurements on single crystals. An
INS investigation unveiled the necessity of using two J values to describe
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the exchange coupling between the two different nearest Ni · · · Ni vectors
existing in the ring and a third J exchange coupling constant for the second-
nearest Ni · · · Ni interactions. The best parameters were J1 = 5.7, J2 = 0.95 and
J3 = – 0.45 cm–1.

4.2
[Ni(hmp)(ROH)Cl]4 (62–64); A Family of Exchange-Biased SMMs

The family of tetranuclear Ni(II) cubanes 62 to 64 represent a recent and very
interesting addition to the group of Ni SMMs. Clusters with a [Ni4O4] cubane
core are relatively common. Complexes with all antiferromagnetic [168],
both ferro- and antiferromagnetic [169, 170] or all ferromagnetic interac-
tions [171] have been described. The first category displays S = 0 and the
last S = 4 ground states, whereas the spin of the intermediate case depends
on the symmetry of the cluster and the relative strength of the competing
interactions. The compounds [Ni(hmp)(ROH)Cl]4 (R = CH3, 62; CH2CH3,
63; CH2CH2C(CH3)3, 64) are the first family of Ni(II) cubanes to be con-
firmed as SMMs. In all cases, the structure (Fig. 38) consists of a cube
formed by four crystallographically equivalent Ni(II) cations and the alkoxide
O atom from four hmp– ligands. The coordination around each Ni cen-
tre is completed by the N atom from hmp–, one Cl– ion and one molecule
of ROH. The three compounds were prepared from the reaction of NiCl2,

Fig. 38 PovRay representation of [Ni(hmp)(EtOH)Cl]4 (63). Hydrogen atoms are omitted
for clarity. Code for atoms as in Fig. 37
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Hhmp and NaOR in the corresponding alcohol. Variable temperature bulk
magnetisation measurements revealed the presence of intramolecular fer-
romagnetic exchange and a spin ground state S = 4. This series of com-
pounds are among the few clusters that allow the use of the Kambe vector
coupling approach [172] to obtain the coupling constants describing the in-
tramolecular magnetic exchange. For this, the appropriate spin Hamiltonian
is H =– 2J(S1S2 + S1S3 + S1S4 + S2S3 + S2S4 + S3S4), which yields the following
expression for the energies of the various spin states; E(ST) = – J [ST(ST + 1)].
The J value obtained by fitting the Van Vleck equation to the experimental
data was + 5.2 cm–1. Confirmation of the ground state and the ZFS parame-
ters D and B0

4 (e.g. D = – 0.60 and B0
4 = – 4.6×10–5 cm–1, respectively, in 62)

could be obtained by fitting reduced magnetisation measurements by means
of a full matrix diagonalisation. The results were consistent with those ob-
tained from a HF-EPR investigation. Particularly interesting about this EPR
study was the finding that all the signals were split in two. This could be due
to the presence of different local environments around the cluster within the
crystal or the existence of intermolecular exchange. The latter suggestion was
confirmed from the hysteresis loops of the complexes. The magnetisation ver-
sus field curves showed steps due to faster relaxation at certain fields caused
by the presence of quantum tunnelling. This is a normal feature in SMMs,
but in complexes 62–64 the first step occurs before H = 0 due to the pres-
ence of an exchange bias effect. This is a very rare phenomenon, only recently
discovered in tetranuclear SMMs [120]. The exchange bias originates from in-
tercluster magnetic interactions, and consequently its effect on the hysteresis
and EPR, has been found to decrease as the bulk around the cluster increases
(R = CH3 > CH3CH2 > CH2CH2C(CH3)3).

The most recent example of a [Ni4] cubane acting as an SMM is the com-
pound [Ni(H2thme)(MeCN)]4(NO3)4 (65) [171]. In this complex, only one
alcohol arm of each thme ligand is deprotonated and acts as a µ3 – O group
within the cubane core. The other two alcohol arms of each ligand coordinate
to Ni(II) terminally. The coordination around the metal ions is completed by
one molecule of MeCN. The charge of the cluster cation (+ 4) is compensated
by four NO3

– anions. The ground state of 65 was found to be S = 4 as a result
of intramolecular ferromagnetic interactions of magnitude J1 = 7.5 cm–1 and
J2 = 4 cm–1; with D = – 0.43 cm–1 and E/D = 0.04. Hysteresis loops featuring
steps caused by quantum tunnelling of the magnetisation were also observed
in single crystal micro-SQUID measurements.

4.3
The [Ni21(cit)12(OH)10(H2O)10]16– (66); The Largest Ni SMM

The use of carboxylates as co-ligands has been one of the most successful
strategies in the production high-nuclearity transition metal aggregates [39,
127]. The method has been extended to the use of polycarboxylates such
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Fig. 39 PovRay representation of the cluster anion [Ni21(cit)12(OH)10(H2O)10]16– (66).
Hydrogen atoms are omitted for clarity. Code for atoms as in Fig. 37

as citric acid [173]. Among the compounds with Ni(II) is 66 [174], one of
the largest Ni clusters known [175]. The structure (Fig. 39) contains a pla-
nar central unit [Ni7(µ3 – OH)6], similar to that seen in a layer of Ni(OH)2,
and comparable with that found in [Fe19] [138] or [Co24] [176] clusters.
Twelve bridging citrate ligands in five different binding modes link the re-
maining metal centres to this unit. Cluster 66 displays two chiral centres on
Ni(II) atoms at both ends of the molecule. Originally the compound was
isolated as the ∆ – Λ isomer, whereas further research on the system al-
lowed the formation of the enantiomeric pair ∆ – ∆ + Λ – Λ (67), by simply
changing the amounts of reagents used during the synthesis. The magnetic
properties of both diastereoisomers were found to be identical. The χmT
vs. T curve revealed domination of antiferromagnetism within the cluster
leading to a spin ground state of S = 3. Ac magnetic susceptibility meas-
urements revealed the presence of a frequency dependent out-of-phase sig-
nals suggesting slow relaxation of the magnetisation. The relaxation of the
magnetisation at the lowest temperature occurs mainly through quantum
tunnelling caused, at least in part, by the presence of a rhombic term (E)
of the magnetic anisotropy. The value of the D parameter obtained by fit-
ting the linear part of the Arrhenius plot ( – 0.22 cm–1) can only be a lower
limit of the actual value, since it represents an energy barrier smaller than
the true one.

4.4
[Ni8Na2(N3)12(tBuPhCO2)2(mpo)4(Hmpo)6(EtOAc)6] (68);
Ferromagnetism Induced by Azide Bridges

It is now well known that end-on bridging azide ligands mediate the ferro-
magnetic exchange between paramagnetic centers [177]. Magnetostructural
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correlations between the strength of the interaction and the M – N – M angle
in these bridges have been reported for Cu(II) [178] and Mn(II) [179]. This
property has only recently started to be exploited in the preparation of
SMMs. An elegant example was the substitution of µ4 – OH– by µ4 – N3

–

on a preformed [Fe9] cluster, resulting in the change from antiferro- to fer-
romagnetic interactions and thus leading to a new example of SMM [152].
The compound [Ni8Na2(N3)12(tBuPhCO2)2(mpo)4(Hmpo)6(EtOAc)6] (68)
(Fig. 40) is another of the very rare SMMs whose high spin state (S = 8)
is caused by the ferromagnetic coupling induced by end-on azide lig-
ands. Complex 68 was prepared [180] by refluxing in MeOH Ni(BF4)2,
Hmpo, tBuPhCO2H, NaOMe, and NaN3, followed by evaporation of the sol-
vent and extraction with ethylacetate. The core of 68 is a [Ni8(N3)12]4+

rod where the peripheral ligation is completed by bridging or terminal
carboxylate and pyrazolinolate ligands, which also link this core to two
Na+ at both ends. Magnetic susceptibility measurements revealed ferro-
magnetic intramolecular coupling and a spin ground state of S = 8 with
D = – 0.07 cm–1. The SMM behaviour at very low temperature was confirmed
by the presence of temperature and sweep rate dependent hysteresis loops
(Fig. 41).

Fig. 40 PovRay representation of the cluster [Ni8Na2(N3)12(tBuPhCO2)2(mpo)4(Hmpo)6
(EtOAc)6] (68). Hydrogen atoms are omitted for clarity. Code for atoms: largest grey, Ni;
second largest grey, Na; medium black, O; medium grey, N; rest, C
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Fig. 41 Variable field isothermal magnetisation curves, recorded at different temperatures,
for complex [Ni8Na2(N3)12(tBuPhCO2)2(mpo)4(Hmpo)6(EtOAc)6] (68), emphasising the
hysteresis loops caused by slow relaxation of the magnetisation and showing large steps
as a result of enhanced relaxation due to quantum tunneling at zero field

5
SMMs of Co

The chemistry of polynuclear Co(II) complexes is quite rich [32, 161, 181] and
has been particularly exploited in the context of molecular magnetism [154,
182]. Since this ion can possess up to three unpaired electrons (S = 3/2)
and display large single-ion anisotropy, it is a suitable candidate for SMM
synthesis. However, only two SMMs of Co(II) have been reported to date,
although the first identified single-chain magnet (SCM) [183] also contains
Co(II).

5.1
[Co4(hmp)4(MeOH)4Cl4] (69); The First Co SMM

A number of complexes with a [Co(II)4O4] cubane topology exist in the lit-
erature [184, 185], but only a few have been shown to exhibit intramolecular
ferromagnetic coupling [154, 186]. Compound 69 is the only to have been
identified as an SMM [149]. This complex was prepared from the reaction
of CoCl2 with Hhmp in MeOH, in the presence of NaOMe. The structure
of [Co4(hmp)4(MeOH)4Cl4] has four Co(II) ions arranged in a cube with
the alkoxide O-atoms from four hmp– ligands. Six-coordination around each
metal is completed by the N-atom of hmp–, one Cl– and one MeOH molecule.
Variable temperature magnetisation data recorded at various magnetic fields
were fit to the Van Vleck equation, including ZFS effects, by means of a full
matrix diagonalisation of the Hamiltonian. The results were consistent with
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the presence of an S = 6 spin ground state resulting from dominant ferro-
magnetic interactions within the cluster, and a negative ZFS parameter of
D = – 2.78 cm–1. SMM behaviour was confirmed by the presence of tem-
perature dependent hysteresis loops in micro-SQUID measurements, which
showed evidence of quantum tunnelling of the magnetisation.

5.2
(NMe4)3Na[Co6(cit)4(H2O)10] (70); A SMM Assembled by Citrate

The second SMM of Co reported, (NMe4)3Na[Co6(cit)4(H2O)10] (70) [187],
is a hexanuclear cluster (Fig. 42) bridged by four cit4– ligands. It comprises
a central [Co4O4] cubane core where the µ3 – O donors are the alkoxide
O-atoms from cit4–. The three carboxylate groups of each ligand act as mon-
odentate donors that complete the coordination around these four Co(II)
centres. Two of these carboxylate groups bind, in a syn,anti manner to the
free coordination site of two peripheral [Co(H2O)5]2+ moieties. Variable tem-
perature bulk magnetisation data are difficult to model due to the existence
of first order spin-orbit coupling effects. At low temperatures, each Co(II)
may be treated as an effective spin S = 1/2. In this manner, the reduced mag-
netisation curve was interpreted as that produced by a cluster with total spin
of S = 3 and average g value of g > 3, suggesting ferromagnetic coupling be-
tween the six Co(II) ions. Evidence that this cluster is a new SMM came from

Fig. 42 PovRay representation of the cluster anion of (NMe4)3Na[Co6(cit)4(H2O)10] (70).
Hydrogen atoms are omitted for clarity. Code for atoms: largest grey, Co; medium black,
O; rest, C
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the presence of frequency dependent signals in the out-of-phase component
of ac susceptibility. Changes in the degree of solvation of the molecule had
important effects on the dynamics of the relaxation of the magnetisation, pre-
sumably caused by the subtle changes in geometry as a result of solvent loss.
Such solvent dependent effects had been previously observed on Mn-based
SMMs [68].

6
SMMs of Vanadium

Polynuclear aggregates of octahedral V(III) (d2, S = 1) are also a potential
source of SMMs. The fact that the number of known V(III) clusters is small
is due to its air-sensitivity, which adds some difficulty to their preparation
and handling. Among the relatively few paramagnetic vanadium clusters re-
ported [188–190], only one structural type has proved to be a SMM.

6.1
Complex Ions [V4O2(O2CEt)7(L–L)2]z (L–L = pic–, z = –1, 71a;
L–L = bpy, z = +1, 71b); The Only Vanadium SMMs

Complexes 71 possess a [V4O2] butterfly-type core. They are prepared
from the reaction in acetone of VCl3(THF)3, the corresponding chelate and
NaO2CEt under anaerobic conditions, followed by addition of the appro-
priate counter-ion. This is a common motif in 3d M(III) clusters, including
Mn [191], Fe [192], Cr [193], and/or mixtures of these [194], and one that
can often lead to spin frustration effects. Complex 71a (ClO4) [195] exhibits
spin frustration as a result of “body-body” versus “body-wing” competing ex-
change interactions leading to a ground state of S = 3 with D = – 1.5 cm–1.
A re-investigation [196] of the magnetic properties of 71a (ClO4) and the re-
lated complex (NEt4) 71b established this family of compounds as the only
class of vanadium-based SMMs identified to date. Ac magnetisation measure-
ments revealed the presence of frequency dependent out-of-phase signals and
slow relaxation of the magnetisation.

7
SMMs with Other Metals

Despite the success in the preparation of SMMs achieved during the last
decade, it is significant that the first identified member [Mn12OAc] (1) [2]
remains the one with the highest observed blocking temperature. In the
search for new and improved SMMs, synthesis has been expanded toward
heterometallic complexes and other synthetic methods.
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7.1
Cyanide-Bridged SMMs

Cyanide bridged coordination compounds early became a cornerstone in mo-
lecular magnetism, in particular, those related to Prussian blue solids [197].
This has inspired attempts to prepare molecular CN– bridged transition metal
compounds, using polydentate capping ligands to prevent the growth of infi-
nite arrays. The predictable geometry of the final compound and the nature of
the resulting magnetic interactions make these systems suited for the design
of molecules with desired properties. Recent reviews illustrate the remarkable
progress made with cyanide-based complexes at the molecular level [42, 43].
In the context of SMMs, this work has resulted in the synthesis of the first ex-
amples of such type of compounds made by rational design. The first reported
cyano-bridged SMM is the complex cation [(Me3tacn)6MnMo6(CN)18]2+

(72) [27], being also the first molecule of this type incorporating 4d metals
in the structure. Complex 72 possesses a spin ground state of S = 13/2, by
virtue of antiferromagnetic coupling between a central Mn(II) metal (S = 5/2)
and six peripheral Mo(III) centres (S = 3/2). Another related molecule with
SMM properties is the mixed valence cluster [MnII(tmphen)2]3[MnIII(CN)6]2
(73), with a S = 11/2 spin ground state resulting from strong antiferro-
magnetic coupling between three high spin MnII centres (S = 5/2) and two
low spin MnIII ions (S = 1) [198]. The two heterometallic trinuclear com-
plexes, K[(5 – Brsalen)2(H2O)2MnIII

2MIII(CN)6] (M = Cr, 74; Fe, 75) [199],
have been also made in this manner, and exhibit ground states of S =
5/2 and 9/2 as a result of intramolecular antiferro- and ferromagnetic
coupling, respectively. Both species displaying negative values of the ZFS
parameter D, they behave as SMMs. To these, a new example has been
added very recently, with formula (NEt4)[(salmen)2(MeOH)2Mn2Fe(CN)6]
(76), S = 9/2 and D = – 0.87 cm–1, which has been used as a precursor
to build a single chain magnet [130]. In the same manner, the tetranu-
clear ion [(dipropy2)2Ni3Cr(CN)3]3+ (77) has been shown to have a spin
ground state of S = 9/2 arising from Cr · · · Ni ferromagnetic interactions
and the magnetisation versus field curve shows a hysteresis loop [42]. Re-
cently, spectacular molecular cubes have been prepared. The first has formula
[(MnCl)4(Re(triphos)(CN)3)4] (78) and is the only existing example of SMM
with a 5d element [28]. The most recent is [(Tp)(H2O)6Cu6Fe8(CN)24](ClO4)4
(79) [200], with a spin ground state of S = 7. Finally, two octacyanometallate-
based clusters with formulae [CoII

9(MV(CN)8)6(CH3OH)24] (M = W, 80; Mo,
81) have been prepared [201], which display SMM behaviour by virtue of their
high spin ground state of S = 21/2, as a result of antiferromagnetic coup-
ling between Co and M ions. The slow relaxation of 80 and 81 is in contrast
with the behaviour observed for the MnII analogues, synthesised a few years
earlier [86, 202, 203].
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7.2
Heterometallic 3d–4f Single-Molecule Magnets

It is surprising that to date, very few 3d–4f compounds have been shown to
act as SMMs. 4f elements can provide up to seven unpaired electrons and
introduce large magnetic anisotropy. Recent developments indicate that this
situation is beginning to change with reports of a few hybrid 3d–4f SMMs.
The first such species was the complex [CuTbL(hfac)2]2 (82) [29], which, as
a result of ferromagnetic coupling between its paramagnetic centres, exhibits
very large magnetisation and the properties characteristic of SMMs. However,
a detailed study of the variable temperature magnetisation is hampered by
first order spin-orbit coupling effects of the lanthanide ions.

The cluster [Dy6Mn6(H2shi)4(Hshi)10(CH3OH)10(H2O)2] (83) [30] is pre-
pared from the self-assembly of the components in methanol, involving the
oxidation of Mn(II) to Mn(III/IV). Finally, a family of mixed manganese-
lanthanide SMMs with a [Mn11Ln4]45+ (Ln = Nd, Gd, Dy, Ho, Eu) core has
been recently prepared. Of these, the magnetic properties of compound
[Mn11Dy4O8(OH)6(OMe)2(O2Ph)16(NO3)5(H2O)3] (84) have been discussed
in detail in a recent report [31].

7.3
The Smallest Possible Heterometallic SMM

Mixing the chloride salts of Mn(II) and Cu(II) with the Schiff base lig-
and H25 – Br – sap leads, following air oxidation of manganese, to the SMM
[MnCu(5 – Br – sap)2(MeOH)] (85) instead of the corresponding homometal-
lic analogues [204]. Complex 85 exhibits strong intramolecular ferromagnetic
coupling as a result of strict orthogonality between magnetic orbitals and is
the smallest possible heterometallic SMM. A slightly larger partner in this
new family of compounds is the tetranuclear cluster [Mn2Ni2Cl2(salpa)2]
(86) [205], which shows S = 6 spin ground state, resulting from dominant
ferromagnetic interactions within the cluster. The ground state could be
also confirmed from single-crystal HF-EPR spectra and their simulation.
The compound [Mn8Fe4O12(O2CCH2Cl)16(H2O)4] (87) [206] is the first het-
erometallic derivative of the [Mn12] family to display properties of SMM.
A previously reported compound [207], only differing from 87 in the nature
of the carboxylate (O2CCH3 instead of O2CCH2Cl) did not show slow relax-
ation of the magnetisation.

7.4
Mononuclear SMMs

A remarkable novelty in the area of investigation covered by this review is the
discovery of SMM behaviour on the mononuclear compounds (NBu2)[Pc2Ln]
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(Ln = Tb, 88; Dy, 89) [208]. It is shown that the origin of the slow relaxation of
the magnetisation in 88 and 89 is the energy barrier necessary to equilibrate
the spin-orbit ground state ±Jz upon removal of an external magnetic field.
This barrier would result from the necessity to climb over certain of the var-
ious Jz sublevels of the ground multiplet of the lanthanide, in order to toggle
between the ±Jz sublevels of the ground state. A recent report offers details
on the mechanisms of relaxation of the magnetisation of these compounds
for each temperature range [209]. This discovery is substantial, and it is sur-
prising that such behaviour has not been noted before, on other mononuclear
lanthanide complexes.

7.5
Photomagnetic Creation of a SMM

The use of light irradiation in order to trigger changes of the magnetic prop-
erties in materials has been pursued with intensity and has led to important
subtopics of investigation [210–212]. At the molecular level, an important de-
velopment was the formation of a high-spin molecule in this manner [213].
It has now been shown that the compound [Co(SCN)2(dabp)4] (90, dabp = 4-
(α-diazobenzyl)pyridine) can be transformed into an SMM upon exposure
to light [214]. Thus, the carbene ligand-radicals (S = 1/2) originating from
irradiation of the diazo compound couple ferromagnetically with the cen-
tral Co(II) ions, and the resulting high spin-entity, because of the anisotropy
induced by the Co(II) ion, behaves as SMM.

8
Conclusions

In this review, we have shown that the intense synthetic effort made during
the approximately 10 years elapsed since the discovery of SMMs has led to
the preparation of a large number of new and very diverse examples, most of
them based on 3d metals. This work and the large number of physical stud-
ies that have derived from its fruits have undoubtedly provided a very good
understanding of the phenomenon and of the necessary requirements to ob-
serve it. This has in turn opened new and original lines of research such as the
quest for poly-functional materials including the property of single-molecule
magnetism, the search for magneto-chiral dichroism based on SMMs, or at-
tempts to organise these species on surfaces of different nature, as well as
stimulating many new synthetic investigations. It was early recognised that
increasing the spin ground state and the magnetoanisotropy were among
the necessary conditions if the temperature for observing memory effects
on single molecules was to be raised. While there has been considerable
progress in improving the first condition with the preparation of SMMs ex-
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hibiting larger and larger spin numbers, it is interesting to note that the first
identified SMM, [Mn12AcO] (1), still remains that with the highest blocking
temperature observed hitherto. It is thus clear that a huge amount of work
still lies ahead before the possibility of using this property for routine appli-
cations in the context of nano-technologies can be considered. As has been
summarised in the last section of this manuscript, new synthetic method-
ologies and approaches are beginning to be explored in order to expand the
area relevant to SMM research. This has led to the first members of what
will undoubtedly be new generations of SMMs, such as 3d–4f mixed-metal
aggregates, only 4f or 5d clusters, or systems prepared using a rationally de-
signed approach. The speed at which progress is being made in this area
might soon render this review outdated. We think that it will nevertheless
be an adequate reference as a compilation of the first consolidated family
of SMMs.

Table 1 Complexes cited in this review

[Mn12O12(O2CMe)16(H2O)4] (1)
[Mn12O12(O2CCH2Br)16(H2O)4] (2)
[Mn12O12(O2CPh)16(H2O)4] (3)

[Mn12O12(O2CPh)12(NO3)4(H2O)4] (4)
[Mn12O12(O2CMe)8(O2PPh2)8(H2O)4] (5)
[Mn12O12(O2CMe)8(O3SPh)8(H2O)4] (6)
[Mn12O12(O2CPh)8(L1)4(H2O)4] (7)
(PPh4)[Mn12O12(O2CEt)16(H2O)4] (8)

[Mn12O12(O2CEt)16(H2O)3] (9)
(PPh4)2[Mn12O12(O2CCHCl2)16(H2O)4] (10)
[Mn84O72(O2CMe)78(OMe)24(OH)6(MeOH)12(H2O)42] (11)
[Mn12O12(O2CCH2

tBu)16(H2O)4] (12)
[Mn30O24(OH)8(O2CCH2

tBu)32(H2O)2(MeNO2)4] (13)

[Mn12O8Cl4(O2CPh)8(hmp)6] (14)
[Mn12O8Cl4(O2CPh)8(hep)6] (15)
[Mn9O7(thme)(O2CMe)11(py)3(H2O)2] (16)
[Mn12O4(OH)2(O2CPh)12(thme)4(py)2] (17)
[Mn22O6(OMe)14(O2CMe)16(tmp)8(HIm)2] (18)
[Mn18O14(O2CMe)18(hep)4(hepH)2(H2O)2] (19)

[Mn6(teaH)2(teaH2)2(O2CCHPh2)8] (20)

[Mn4(O2CMe)2(pdmH)6]2+ (21)
[Mn4(hmp)6(NO3)4] (22)

[Mn4(hmp)6Br2(H2O)2]Br2 (23)
[Mn4(hmp)6(NO3)2(MeCN)2](ClO4)2 (24)
[Mn4(hmp)4(acac)2(MeO)2](ClO4)2 (25)
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Table 1 (continued)

[Mn4(O2CPh)4(mda)2(mdaH)2] (26)
[Mn4O2(MeO)(O2CPh)2(bis – bpy)2(MeOH)](ClO4)2 (27)

[Mn2(H2thme)2(bpy)4](ClO4)2 (28)
[Mn3(Hcht)2(bpy)4](ClO4)2 (29)
[CeMn8O8(O2CMe)12(H2O)4] (30)
[Mn25O18(OH)2(N3)12(pdm)6(pdmH)6](Cl)2 (31)
[Mn26(pdol)12(OMe)12O16(N3)6] (32)

[Mn16(O2CMe)16(teaH)12] (33)
[Mn12(O2CMe)14(mda)8] (34)
(TBA)2[Mn12O12(OMe)2(O2CPh)16(H2O)2] (35)
[Mn16O16(OMe)6(O2CCH2Ph)16(MeOH)6] (36)
[Mn16O16(OMe)6(O2CCH2Cl)16(MeOH)6] (37)

[Mn16O16(OMe)6(O2CCH2Br)16(MeOH)6] (38)
[Mn16O16(OMe)6(O2CMe)16(MeOH)3(H2O)3] (39)
(Et3NH)2[Mn(CH3CN)4(H2O)2][Mn10O4(biphen)4Br12] (40)
[MnIII

4MnII
3(L2)6] (41)

[Mn6O2(O2CMe)2(salox)6(EtOH)4] (42)
[Mn4Cl4sal4] (43)

[Mn2(saltmen)2(ReO4)2] (44)
[Mn26O17(OH)8(OMe)4F10(bta)22(MeOH)14(H2O)2] (45)
(HIm)2[Mn4O3Cl6(O2CMe)3(Im)] (46)
[Mn4O3Cl(O2CMe)3(dbm)3] (47)
[Mn4O3(O2CMe)4(dbm)3] (48)

[Mn4O3Cl4(O2CEt)3(py)3] (49)

[Fe8O2(OH)12(tacn)6]8+ (50)
[Fe19(metheidi)10(OH)4O6(H2O)12](NO3) (51)
[Fe4(OMe)6(dpm)6] (52)

[Fe4(thme)2(dpm)6] (53)
[Fe4(thme)2(CH3CH2CH2OH)6Cl6] (54)
[Fe4(sae)4(MeOH)4] (55)
[Fe9(N3)2(O2CMe)8(pdol)4] (56)
[Fe9(OH)2(O2CMe)8(pdol)4] (57)

[Fe10Na2O6(OH)4(O2CPh)10(chp)6(H2O)2(Me2CO)2] (58)
(NEt4)[Fe11O4(O2CPh)10(thme)4(dmhp)2Cl4] (59)
[Fe9O4(OH)5(heia)6(Hheia)2] (60)
[Ni12(chp)12(O2CMe)12(thf)6(H2O)6] (61)
[Ni(hmp)(CH3OH)Cl]4 (62)

[Ni(hmp)(CH3CH2OH)Cl]4 (63)
[Ni(hmp)((CH3)3CCH2CH2OH)Cl]4 (64)
[Ni(H2thme)(MeCN)]4(NO3)4 (65)
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Table 1 (continued)

[Ni21(cit)12(OH)10(H2O)10]16– (∆ – Λ) (66)

[Ni21(cit)12(OH)10(H2O)10]16– (∆ – ∆ + Λ – Λ) (67)
[Ni8Na2(N3)12(tBuPhCO2)2(mpo)4(Hmpo)6(EtOAc)6] (68)
[Co4(hmp)4(MeOH)4Cl4] (69)

(NMe4)3Na[Co6(cit)4(H2O)10] (70)
[V4O2(O2CEt)7(pic)2]– (71a)
[V4O2(O2CEt)7(bpy)2]+ (71b)

[(Me3tacn)6MnMo6(CN)18]2+ (72)
[MnII(tmphen)2]3[MnIII(CN)6]2 (73)
K[(5 – Brsalen)2(H2O)2Mn2Cr(CN)6] (74)
K[(5 – Brsalen)2(H2O)2Mn2Fe(CN)6] (75)
(NEt4)[(salmen)2(MeOH)2Mn2Fe(CN)6] (76)

[(dipropy2)2Ni3Cr(CN)3]3+ (77)
[(MnCl)4(Re(triphos)(CN)3)4] (78)
[(Tp)(H2O)6Cu6Fe8(CN)24](ClO4)4 (79)

[CoII
9(WV(CN)8)6(CH3OH)24] (80)

[CoII
9(MoV(CN)8)6(CH3OH)24] (81)

[CuTbL(hfac)2]2 (82)
[Dy6Mn6(H2shi)4(Hshi)10(CH3OH)10(H2O)2] (83)

[Mn11Dy4O8(OH)6(OMe)2(O2Ph)16(NO3)5(H2O)3] (84)
[MnCu(5 – Br – sap)2(MeOH)] (85)
[Mn2Ni2Cl2(salpa)2] (86)
[Mn8Fe4O12(O2CCH2Cl)16(H2O)4] (87)
(NBu2)[Pc2Tb] (88)

(NBu2)[Pc2Dy] (89)
[Co(SCN)2(dabp)4] (90)
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Abstract A review of spectroscopic studies of single-molecule magnets (SMMs) is pre-
sented, covering Electron Paramagnetic Resonance (EPR; field and frequency swept),
Nuclear Magnetic Resonance (NMR), Inelastic Neutron Scattering (INS), and Magnetic
Circular Dichroism (MCD; UV/Vis and X-ray) spectroscopies. The range of important
information available from each technique on this class of compounds is highlighted,
including, for example, cluster spin states, zero-field splitting parameters, exchange coup-
ling constants, nuclear spin dynamics, etc. The review covers the literature from the first
spectroscopic studies of SMMs (ca. 1990) to date (May 2005).

Keywords Single molecule magnets · Spectroscopy · EPR · NMR · INS · MCD

1
Introduction

The spectroscopic techniques covered in this review are: Electron Param-
agnetic Resonance (EPR), Nuclear Magnetic Resonance (NMR), Inelastic
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Neutron Scattering (INS), and Magnetic Circular Dichroism (MCD) spec-
troscopies. The main advantage of spectroscopic techniques in the study of
single molecule magnets (SMMs) is their ability to probe molecular or even
single-ion magnetic or electronic properties directly, as opposed to tech-
niques that measure bulk properties such as magnetic susceptibility or mag-
netisation. This allows much more accurate determination of, for example,
the spin-Hamiltonian parameters that control magnetic memory or quantum
tunnelling of magnetisation (QTM) effects in SMMs. This review is not in-
tended to give an in-depth overview of the principles of these techniques or
their instrumentation, rather to highlight important work that has been done
exploiting these techniques as applied to SMMs and related molecules. Some
of their particular advantages (and disadvantages) in this area are discussed.
The vast majority of spectroscopic studies of SMMs have been performed on
just two molecules, namely [Mn12O12(O2CMe)16(H2O)4] ·2MeCO2H ·4H2O
(“Mn12”) and [Fe8O2(OH)12(tacn)6]Br8 ·9H2O (“Fe8”), and these are re-
viewed separately under each spectroscopic heading below, followed by re-
views of work on other SMMs and other relevant large spin ground state
systems. I have not tried to be exhaustive in listing every paper that has been
published on SMMs using these techniques, nor have I attempted to cover
every spectroscopic technique used to probe SMMs (e.g., Mossbauer spec-
troscopy is only mentioned in passing). Inevitably, I may have missed some
papers that the reader deems to be important in such a large literature.

2
EPR Spectroscopy

SMMs have an energy barrier to relaxation of magnetisation due to the com-
bination of a large ground state electronic spin S with a significant negative
zero-field splitting (ZFS) within this ground state. Because both S and the
ZFS parameters D, E, etc. are in principle EPR observables, in addition to
the electronic g-values, EPR spectroscopy was one of the first spectroscopic
techniques to be exploited for probing the electronic and therefore magnetic
structure of these molecules directly. For example, EPR gave the first direct
measurement of D in the S = 10 ground state of Mn12 and gave the first un-
ambiguous determination of the ground state value of S in Fe8 (see below).
The ∆MS = ±1 selection rule implies that in the high-field limit 2S allowed
transitions will be observed for a molecule with spin state S at a given orienta-
tion with respect to the applied magnetic field. The separations of these lines
are a function of the ZFS parameters. Moreover, at sufficiently high magnetic
fields and consequently large Zeeman splittings, cf. the available thermal en-
ergy kT (k = Boltzmann constant, T = temperature), Boltzmann depopulation
effects as a function of temperature can be used to determine the sign of D
directly. In addition, single crystal measurements can give the orientation of
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the principal axes of the D-tensor and g-matrix with respect to the crystal and
molecular geometries. Single crystal measurements are only possible because
of the high sensitivity of EPR and this requirement of only small amounts of
material is a major advantage of EPR over complementary techniques such
as INS (see below). The development of high-frequency/field (HF) EPR tech-
niques in the last two decades has been of crucial importance to the study of
SMMs, and indeed these materials have been one of the drivers for the devel-
opment of HF techniques. Because of the large values of S and/or |D|, the EPR
spectra can be spread over many Tesla in magnetic field. Therefore, in princi-
ple, EPR at sufficiently high frequency and extending to sufficiently high mag-
netic fields allows measurement of the entire spectrum and/or measurement
in the high field limit to simplify the spectra. Many of the advantages of HF-
EPR as applied to high spin ground state molecules and large |D| systems have
been laid out in an excellent review article by Gatteschi and co-workers [1].

2.1
EPR of Mn12 and Related Compounds

The first reported EPR study of Mn12, and the first of any SMM, was by
Caneschi et al. [2] on a loose-powdered sample at frequencies and applied
magnetic fields in the ranges 246 to 525 GHz (using a far-infrared laser
source) and 0 to 12 T, respectively. Although they only observed a limited
number of features, they were able to conclude that they were observing the
fine structure arising from transitions within the S = 10 cluster ground state,
that the axial ZFS parameter |D| was ca. 0.5 cm–1 in magnitude, and that it
was negative in sign. Barra et al. reported a more complete study on a pressed
pellet of Mn12 (to prevent orientation in the applied magnetic field) at fre-
quencies and fields up to 525 GHz and 25 T, respectively (Fig. 1) [3].

The spectra appear axial with the lowest and highest field components
of the parallel and perpendicular manifolds, respectively, most intense. At
4 K and at 525 GHz the Zeeman splittings are sufficiently large that only the
M = – 10 sublevel of the cluster S = 10 ground state is significantly populated,
and the only observed transitions are M = – 10 to – 9 for the parallel and per-
pendicular field orientations (note MS is not a good quantum number for the
perpendicular manifold). On warming the sample, new features grow in to
higher field in the parallel manifold, and to lower field in the perpendicu-
lar manifold. These are EPR transitions originating from higher energy M
sublevels (– 9, – 8, ...) which become successively thermally populated. The
thermal population/depopulation behaviour can be used to determine the
sign of D; in Mn12 this is confirmed as negative. The spectra were simulated
using the spin-Hamiltonian:

H = βH ·g ·S + D
[

S2
z –

1
3

S(S + 1)
]

+ B0
4O0

4 + B4
4O4

4 , (1)
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Fig. 1 525 GHz EPR spectra of an immobilized powder sample of Mn12 at variable tem-
perature. The narrow signal is a dpph marker (g = 2.0037). At 5 K, only the M = – 10
sublevel of the S = 10 ground state is populated, and only two transitions are ob-
served. The low-field feature corresponds to MS = – 10 to – 9 transition for the subset of
molecules with their molecular z axes parallel to the applied magnetic field; the high-
field feature corresponds to the equivalent transition for the subset of molecules with
their z axes perpendicular to the applied field. As the temperature increases, higher en-
ergy M states are populated successively, and further transitions are observed (M = – 9 to
– 8, etc.). Figure from [3]

where β is the electronic Bohr magneton, and

O0
4 = 35S4

z – [30S(S + 1) – 25] S2
z – 6S(S + 1) + 3S2(S + 1)2

O4
4 =

1
2

(
S4

+ + S4
–
)

,

with g|| = 1.93, g⊥ = 1.96, D = – 0.46 cm–1, B0
4 =– 2.2×10–5 cm–1 and B4

4 =
±4×10–5 cm–1. They could not fit the spectra without inclusion of the 4th
order terms, and found that B0

4 and B4
4 mostly affected the parallel and per-

pendicular regions of the spectra, respectively. The importance of the 4th

order terms for the mechanism of QTM is discussed in this work: B4
4 mixes

sublevels differing in MS by multiples of four and, hence, can connect sub-
levels on either side of the barrier to reversal of magnetization, as is necessary
for QTM. The first single crystal EPR study of Mn12 was reported by Hill et
al. [4]. They studied the frequency (35–115 GHz in regular increments) de-
pendence of the resonances (applied field parallel to the molecular z axis) to
construct a field-frequency diagram, and determine D = – 0.53 cm–1, B0

4 = –
1.8×10–5 cm–1 and B4

4 =– 8.8×10–5 cm–1, although they later revised these
values based on more detailed single crystal work (see below). [Note these
values are for the parameters as defined in spin-Hamiltonian (Eq. 1); [4] uses
a different form of Eq. 1.] However, they state that the fit to the data is not
as good for the transitions between the MS sublevels at the top of the energy
barrier, and in particular noted several peaks that could not be fit with the
standard S = 10 Hamiltonian, and suggested that this implied an inadequacy
of this model (see below).

Hill, Dalal and co-workers have published a series of papers studying
linewidth and line position effects in single crystals of Mn12 and Fe8, oriented
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with the applied field along the molecules’ easy axis of magnetization [5–9],
and have reviewed this work themselves [10].

In both SMMs they find a strong increase in linewidth with increasing
|MS| (the sublevel from which the EPR transition originates), due to D-strain
effects—a discrete distribution of D-values in the clusters. In Mn12 there
is only a weak temperature dependence on linewidth in the range 10–40 K
(cf. Fe8, see below). Fitting the linewidths gives a distribution in D of ca. 1.8%
for Mn12, although the authors note that this can vary from sample to sam-
ple which suggests that crystal defects may be a possible source of the strain
effects. The same authors also present a model for the slight asymmetry ob-
served in the EPR lineshapes, based on a random (static) distribution of the
orientation of molecular z axes with respect to the crystal c axis (in add-
ition to D-strain) [9]. Cornia et al. discussed one possible source of crystal
“defects” by showing that disorder in the hydrogen bonding network due to
the solvents of crystallisation in crystals of Mn12 gives rise to a symmetry
breaking effect on the global 4-fold symmetry of the molecule [11]. The two
MeCO2H molecules are disordered over the four possible positions on the
in-plane 2-fold axes perpendicular to the C4. This leads to six different iso-
mers of Mn12 in the lattice, only 2 of which retain 4-fold symmetry. Using
angular overlap calculations, they estimate the spin-Hamiltonian parameters
for each of these sites, and the misorientation between the molecular z axes
and the crystal c axis (0–0.4◦), and use these to provide an improved simula-
tion of the 525 GHz EPR spectra. D-values are calculated ranging from – 0.527
to – 0.554 cm–1 and importantly the lower symmetry sites can have an ad-
ditional, non-zero rhombic term E(S2

x – S2
y) in spin-Hamiltonian (Eq. 1). The

significant calculated values of E (in the range 0 to 0.003 cm–1) have poten-
tially important consequences for QTM because this rhombic term can mix
MS sublevels differing by ±2.

Further EPR spectroscopic support for this model came from Hill et al. [12,
13], from detailed single crystal measurements in transverse applied mag-
netic fields. In this work a fourfold symmetry in the resonance field variations
with angle was observed, thus providing good evidence for, and a direct
measure of, the B4

4 term as 3.2×10–5 cm–1 (they also give D = – 0.455 and
B0

4 = – 2.0×10–5 cm–1) [12]. Furthermore, they detected a partially resolved
splitting of the main EPR transitions, and plots of the EPR linewidths and
splittings (shoulders were observed on each main resonance) versus angle in
the hard plane also revealed a fourfold symmetric pattern. They argue that
this effect is actually disorder-induced twofold rhombic distortions (E �= 0) as
described by Cornia. Because the four possible (in-plane) MeCO2H sites are
90◦ apart, a 50 : 50 mixture is produced of molecules with their hard axes of
magnetization along one of two perpendicular axes and an apparent fourfold
symmetry is observed in the angular variation. The same group performed
a much more detailed study of this phenomenon and further incorporated
discrete angles of tilting of the molecular, with respect to the crystal, easy



74 E.J.L. McInnes

axes of magnetization into their model [13]. These were necessary in order to
reproduce their single crystal (0.1◦ resolution) data in the hard plane of the
crystal and selected narrow (±10◦) ranges of angles from this hard plane to-
wards the easy axis. With the magnetic field applied in the hard plane, the
EPR transitions can be considered in two groups: those between states orig-
inating from the same zero-field (±MS; MS ceases to be a good quantum
number in non zero-field) doublet, and those between states which originate
from adjacent zero-field doublets. These two types of resonance should have
very different applied frequency dependences – specifically, the latter should
not be observable below frequencies of ca. 90 GHz. However, they are. The
same authors had observed these “anomalous” EPR peaks previously (see
above) [4], and had argued that they were due to a low lying S = 9 excited state
with a very similar D to the S = 10 ground state [14]. Amigó had argued that
that such anomalous peaks could be due to stress induced dislocations in the
crystal lattice introducing a rhombic E term [15]. In this latest work, Hill ar-
gued that this behaviour could be explained by the tilting of the molecular
z axes, and the consequent longitudinal component of the transverse applied
field for the subsets of tilted molecules [13]. Modelling the single crystal data
revealed the tilting to be in two distinct orthogonal orientations from the
crystal easy axis, as predicted by the Cornia model. The authors conclude
that this tilting, which when the applied field is along the crystal easy axis of
magnetization would give rise to subsets of molecules with transverse field
components, could be the mechanism allowing QTM between MS sublevels
differing by an odd integer value (which cannot be explained by non-zero E
or B4

4).
Aubin et al. have probed the effect of “Jahn–Teller isomerism” in Mn12

– isomers differing by the orientation of the Jahn–Teller distortion axis
of one or more of the Mn(III) ions – on the cluster spin-Hamiltonian
parameters by EPR on [Mn12O12(O2C6H4-p-Me)16(H2O)4].HO2C6H4Me and
[Mn12O12(O2C6H4-p-Me)16(H2O)4].3H2O [16]. The former material has one
Jahn–Teller axis approximately perpendicular to the easy axis of magnetiza-
tion of the molecule, leading to much faster magnetization relaxation proper-
ties, and is found to have a slightly lower axial ZFS parameter D compared to
the latter form (– 0.46 and – 0.49 cm–1, respectively).

Two EPR studies have appeared on one-electron reduced forms of Mn12.
Kuroda–Sawa et al. [17] determined that [Fe(C5Me5)][Mn12O12(O2C6F5)16
(H2O)4].2H2O has a S = 21/2 ground state from magnetisation data, and
HF-EPR gave D =– 0.35 cm–1. [Note that later studies on a salt of [Mn12O12
(O2C6F5)16(H2O)4]– showed the ground state to be S = 19/2, although the
INS determined D value agrees well. See below.] In contrast, Aubin found
(PPh4)[Mn12O12(O2CEt)16(H2O)4] to have a S = 19/2 ground state [18]. They
measured the ZFS from EPR at 328 and 438 GHz on a polycrystalline sample
that had been oriented in a 10 T magnetic field, and then applied a correc-
tion to account for the misalignment of the molecular and crystal easy axes
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of magnetisation to give D = – 0.62 cm–1, considerably larger than accepted
values for Mn12 variants.

Finally, HF-EPR spectra have been reported for some interesting chem-
ical variants of Mn12 (other than simple substitution of carboxylates). Artues
et al. have substituted four carboxylates for four nitrates in [Mn12O12(NO3)4
(O2CCHt

2Bu)12(H2O)4], which still has an S = 10 ground state, and find
g = 1.99, D = – 0.46 cm–1 and B0

4 = – 2.0×10–5 cm–1, very similar to Mn12 it-
self, from 330 GHz EPR [19]. Hachisuka et al. have prepared [Mn11CrO12
(O2CMe)16(H2O)4].2MeCO2H.4H2O, where one of the Mn(III) ions in Mn12
has been replaced by Cr(III) [20]. This material has an S = 19/2 ground state,
as expected from replacement of an S = 2 ion with S = 3/2, but the ZFS param-
eters are identical within experimental error. This is unexpected because an
isotropic Cr(III) has replaced an anisotropic Mn(III) – they suggest that the
Cr(III) ions only substitute one of the two distinct Mn(III) sites, and this site
does not contribute to the cluster anisotropy.

2.2
EPR of Fe8 and Related Compounds

The first HF-EPR (245 GHz) study of Fe8 was reported in 1996 by Barra
et al. [21]. In this important study, EPR was used to confirm unambiguously
the nature of the cluster ground state as S = 10 (previous magnetic studies had
left S = 9 as a possibility). Powder spectra at 5 K gave an essentially three line
spectrum (due to significant population of only the M = S sublevels, as with
Mn12), and this immediately reveals the rhombic nature of the ZFS – the x
and y manifolds are no longer degenerate, in contrast to the higher symme-
try Mn12. At higher temperatures the fine structure grows in a pattern which
confirms the value of S = 10 and the sign of D as negative (Fig. 2).

Simulations using the Hamiltonian (Eq. 1), but including the rhom-
bic E term and neglecting 4th order terms, gave D = – 0.191 cm–1, |E| =
0.032 cm–1, and gx = gy = 2.00, gz = 2.04. The same group later published
single crystal studies at 95 to 285 GHz [22]. Simulations now included the
rhombic and 4th order terms in Hamiltonian (Eq. 2),

H = βH ·g ·S + D
[

S2
z –

1
3

S(S + 1)
]

+ E
(

S2
x – S2

y

)
+ B0

4O0
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4O2
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where the additional operator is
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] (
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)

+
(
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–
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]}
,

giving much better fits than previously reported, with D = – 0.205 cm–1, |E| =
0.038 cm–1, B0

4 = 1.6×10–6 cm–1, B2
4 = – 5×10–6 cm–1, B4

4 = – 8×10–6 cm–1,
and gx = gy = gz = 2.00. However, they noted significant discrepancies in the
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Fig. 2 245 GHz EPR spectra of a polycrystalline sample of Fe8 at variable temperature. In
contrast to Mn12, which has global axial symmetry (x = y), in Fig. 1, three transitions are
observed at the lowest temperature (M = – 10 to – 9 within the S = 10 ground state) for
the lower symmetry Fe8, corresponding to the x, y and z orientations of the ZFS tensor,
giving direct evidence for a non-zero E term in the spin-Hamiltonian. Upper spectra are
experimental, lower spectra are simulated. Figure from [21]

high field region of the spectra, which they suggested may be due to a break-
down of the single spin model and the presence of a relatively low-lying S = 9
excited state. From the single crystal studies, the principal axis of the ZFS (the
easy axis of magnetization for negative D) is found to be approximately per-
pendicular to the best plane of the 8 Fe(III) ions. Maccagnano et al. reported
single crystal studies in the same year, using multiple frequencies between
ca. 60 and 160 GHz at low temperatures [23]. By constructing frequency-
resonance field plots and extrapolating back to zero-field, they claim much
greater accuracy in measurement of ZFS parameters.

Both Barra [22] and Hill [23] had noted pronounced D-strain ef-
fects in the single-crystal spectra of Fe8, as were also observed in Mn12
(see above). However, in contrast to Mn12, the linewidths and line pos-
itions of Fe8 are strongly temperature dependent as well, as discussed by
Hill, Dalal et al. [5–10]. In Mn12 these temperature effects are masked
by the much larger distribution in D (ca. threefold larger than in Fe8).
Both the linewidths and the line positions (measured at 116 GHz be-
tween 2 and 35 K) show a complicated temperature dependence that also
depends on the transition (i.e., MS values) involved. Importantly, they
argue that both effects are due to inter-cluster spin–spin interactions,
and find that in order to quantitatively fit these behaviours they had
to invoke both dipolar and exchange interactions, and the best fit was
found with an effective dipole field of 20 G (an antiferromagnetic in-
teraction) and an exchange coupling constant of – 7 G (a ferromagnetic
interaction).

Further, direct, evidence of the S = 9 excited state in Fe8 came form Zipse
et al. [24]. In single crystal studies at 131 GHz with the applied field along the
easy axis of magnetization, a regular series of peaks was observed between
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the S = 10 peaks and with considerably lower intensity. The temperature de-
pendence of the weaker peaks was consistent with a thermally populated
excited state ca. 17 cm–1 above the S = 10 ground state (much lower energy
than had been suggested from magnetic susceptibility data). The ZFS par-
ameters for the S = 9 state were found to be D = – 0.19 cm–1, E = 0.03 cm–1 and
B4

4 = – 0.9×10–6 cm–1.
Finally, Barra et al. studied the effect on the spin-Hamiltonian param-

eters of substitution of the counter-ions in Fe8, in [Fe8O2(OH)12(tacn)6]
Br4.3(ClO4)3.7.6H2O [25]. This material has a higher molecular symmetry (Ci)
than the parent (all bromide) salt, although the disorder of the counter-ions
leads to four different isomers in the lattice. EPR spectra at 190 GHz be-
have similarly to those of Fe8 itself, and analysis leads to the parameters
D = – 0.200 cm–1, E = – 0.042 cm–1, B0

4 = 3×10–7 cm–1, B2
4 = – 4×10–6 cm–1

and B4
4 = – 8×10–6 cm–1. The major difference with Fe8 is the significantly

larger rhombic term E, which is consistent with the much larger QTM rate
observed for the perchlorate analogue at very low temperatures.

2.3
EPR of other SMMs and Molecules of Interest

Several interesting studies have been reported on the tetranuclear Fe(III)
SMM [Fe4(OMe)6(dpm)6] (“Fe4”; Hdpm = dipivaloylmethane) and deriva-
tives, which are based on a centered triangle of Fe(III) ions and have an
S = 5 ground state that arises from the antiferromagnetic coupling between
the central and apical irons [26–29]. Barra et al. determined the ground
state ZFS parameters D = – 0.2 cm–1 and E = 0 with g|| = 2.003 and g⊥ = 2.023
from 245 GHz spectra on a pressed pellet, and they determined that the
dipolar contribution to this ground state ZFS was significant [26]. Single
crystal 95 GHz studies were performed on the same molecule by Bouwen
et al. [27], who showed that the principal axis of the cluster ZFS tensor,
and hence the molecular easy axis of magnetization, was approximately
perpendicular to the plane of the four Fe(III) ions. Their studies also re-
vealed the presence of three distinct molecular species resulting from dis-
order of the ligand sets on two of the apical Fe(III) ions. These isomers
have subtly distinct D-values ranging from – 0.175 to – 0.206 cm–1. The full
set of spin-Hamiltonian terms was determined for the dominant species
as: gz = 2.009, gx = 1.995, gy = 1.997, D = – 0.206 cm–1, E = 0.010 cm–1, B0

4 =
– 1.1×10–5 cm–1, B2

4 = – 0.8×10–4 cm–1 and B4
4 = – 0.4×10–4 cm–1. D-strain

effects were also studied in this work. Cornia et al. prepared the analogous
complexes [Fe4L2(dpm)6] where the six methoxides that bridge the central
and apical Fe(III) ions in Fe4 have been replaced by the deprotonated tris-
alcohol ligands MeC(CH2OH)3 and PhC(CH2OH)3 [28]. 230 GHz EPR shows
these clusters to have much larger ground state |D|-values than the parent Fe4,
with D = – 0.445 and – 0.42 cm–1, respectively, in agreement with the higher
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blocking temperatures found for these complexes. They ascribed this effect to
the different trigonal distortions, and consequent different single-ion ZFSs, of
the central Fe(III) ions [29].

Several tetranuclear Mn clusters have been found to behave as SMMs, and
several of these have been studied by EPR. Christou and co-workers report
the heterovalent Mn(III)3Mn(IV) cluster [Mn4O3Cl(O2CMe)3(dbm)3] (Hdbm
= dibenzoylmethane) which is based on a {Mn4O3Cl} heterocubane struc-
ture with a pseudo-C3 axis passing through the Mn(IV) ion and Cl, and
the Cl– ion sitting at the intersection of the 3 Mn(III) Jahn–Teller distor-
tion axes [30]. EPR at frequencies between 220 and 440 GHz on oriented
(by strong magnetic field) polycrystalline samples, corrected for the canting
angle of 4.5◦ between the C3 axes of the individual molecules (expected to be
the principal axes of their D-tensors) and the external magnetic field, gives
D = – 0.53 cm–1 and B0

4 = – 7.5×10–5 cm–1 in the S = 9/2 ground state. The
related Mn(III)3Mn(IV), S = 9/2 ground-state clusters [Mn4O3(O2CC6H4-p-
R)4(dbm)3] (R = H, Me) have lower symmetry (approximately CS) due to
replacement of Cl– with a η2,µ3-carboxylate, opening up one edge of the
cubane [31]. This results in a better alignment of the Mn(III) Jahn–Teller axes
with the cluster easy axis of magnetization, and hence significantly larger
D-values (D = – 0.567 and – 0.646 cm–1 for X = H and Me, respectively), as de-
termined by EPR. The second consequence of the lower symmetry is to allow
a significant E-term (E = 0.140 cm–1 for X = Me), leading to very fast QTM
in zero-field. Other members of the Mn(III)3Mn(IV) family of SMMs include
[Mn4O3(OSiMe3)3(O2CEt)3(dbm)3] and [Mn4O3Cl4(O2CEt)3(py)3]2 (py =
pyridine) [32, 33], both of which have crystallographic or pseudo-threefold
symmetry. In the former, the molecules are well isolated in the crystal lattice
and single crystal studies at 138 GHz give the parameters D =– 0.484 cm–1,
B4

4 = – 6.2×10–5 cm–1, g = 2.00 for the S = 9/2 ground state [32]. (Related
molecules had been studied previously at X-band [34].) In the latter, the
molecules exist as discrete head-to-head dimers (the dimer having S6 symme-
try), H-bonded via intermolecular terminal Mn – Cl ... H – C(pyridine) con-
tacts [33]. This results in a weak antiferromagnetic exchange interaction
between the two halves of the dimer. Thus, each molecule experiences an
“exchange bias” field due to the other half of the dimer. This had been pro-
posed previously as the reason that QTM steps are not observed at zero
magnetic field in single crystal magnetization vs. applied field loops [35]. Sin-
gle crystal EPR spectra at 145 GHz in the temperature range 2–20 K, with
the applied field parallel to the dimer S6 axis, reveal extra structure over that
expected for isolated S = 9/2 molecules, due to transitions between coupled
states of the dimer. The spectra can be modeled by including an isotropic
exchange term JS1S2 in the spin-Hamiltonian (where S1 and S2 refer to the
ground-state spins of the independent Mn4 clusters), giving: D = – 0.521 cm–1,
B0

4 = – 4×10–5 cm–1, gz = 2 with J = 0.083 cm–1. They note that, although the
derived J is isotropic, it is the transverse part of the exchange interaction
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that gives rise to the extra structure. Thus EPR gives a direct measure of
the “exchange bias” interaction, and the possibility of exploiting such in-
teractions for construction of quantum logic gates is discussed. The same
group present evidence (unexpected structure in single crystal EPR spectra)
for a similar phenomenon in the tetranuclear, heterocubane Ni(II) SMMs,
[Ni(hmp)4(ROH)4Cl4] (Hhmp = 2-hydroxy-6-methylpyridine; R = Me, Et,
tBu), where the isolated clusters have S = 4 ground states and are arranged in
a diamond-like topology in the crystal lattice [36, 37]. However, the authors
also state that the extra structure may alternatively be due to more than one
distinct form of the cluster in the lattices. The dominant species (for R =
tBu) gives D = – 0.577 cm–1, B0

4 = – 1.2×10–4 cm–1, gz = 2.3. They argue from
complementary magnetization studies, and because the extra EPR structure
is more pronounced (and linewidths broader) for smaller R groups, that the
former explanation is more likely.

Non-cubane based Mn4 SMMs have been reported by Yoo et al. [38, 39]
and Boskovic et al. [40]. Yoo’s compounds [Mn4(O2CMe)2(Hpdm)6](ClO4)2
(H2pdm = pyridine-2,6-dimethanol) [38] and [Mn4(hmp)6Br2(H2O)2]
Br2.2H2O [39], are based on planar Mn(II)2Mn(III)2 rhombus-like cores. The
former complex was isolated as its 2MeCN.Et2O solvate. However, this was
found to desolvate, and subsequently to form the 2.5H2O hydrate, on ex-
posure to air. Magnetic susceptibility and magnetization studies indicated
the desolvated complex had an S = 8 ground state while the hydrate had
S = 9. Fits of HF-EPR spectra of a magnetic field-oriented powder sample of
the hydrate were attempted assuming both S = 8 and 9 ground states. The
latter was favoured on the basis of the more sensible determined g-values,
giving S = 9, D = – 0.31 cm–1, B0

4 = 2.0×10–5 cm–1, gz = 1.99 (gz = 2.10 was
found assuming S = 8). [Mn4(hmp)6Br2(H2O)2]Br2.2H2O is also found to
have an S = 9 ground state from magnetization and HF-EPR studies, with
D = – 0.346 cm–1, E = 0.086, B0

4 = 1.2×10–5 cm–1, gz = 1.999. The authors note
that the rhombicity parameter |E/D| = 0.25 is unusually high for Mn clusters.
Boskovic’s [Mn4X4L4] (X = Cl or Br; H2L = salicylidene-2-ethanolamine) are
based on Mn(III)4 squares, where ferromagnetic exchange gives S = 8 ground
states [40]. HF-EPR on oriented polycrystalline samples, although limited in
resolution, give a good estimate of the ground state ZFS, at D ≈ – 0.2 cm–1

with gz = 1.96. Like Christou’s Mn4 SMMs [33], these complexes are “exchange
biased” by intermolecular interactions although these are not manifest in the
EPR spectra.

Possibly the highest spin state to give rise to a fine structure resolved EPR
spectrum to date is from the Mn(II)6Mn(III)4 cluster (Me4N)[Mn10O4(bi-
phen)4Cl12], studied by Barra et al. [41]. Previous magnetic susceptibility
and magnetization measurements revealed a large spin ground state, but
the exact value was ambiguous with 12 ≤S≤ 14. EPR at 245 GHz on a mag-
netic field-oriented polycrystalline sample unambiguously gave S = 12 with
D = – 0.047 cm–1, E = 0, g|| = 1.974 and g⊥ = 1.983. Despite the very high S,
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no SMM behaviour was observed for this complex down to 1.5 K, due to the
very low value of |D|. The S = 6 ground state dodecametallic Cr(III) clus-
ter [Cr12O9(OH)3(O2CCMe3)15] has been studied by EPR [42–44]. 90 and
180 GHz data on powders and single crystals confirm the value of S and
give D = + 0.088 cm–1, E = 0, g|| = 1.965 and g⊥ = 1.960 (consistent with the
high D3 molecular symmetry) – here, the positive sign of D prevents SMM
behaviour, and the authors argue that this is due to the relative orienta-
tions of the local and cluster ZFS axes where the single-ion ZFS (estimated
from optical data) is negative in sign [42, 43]. Piligkos et al. have studied the
same molecule by parallel mode EPR, at X-band on a single crystal at 5 K
(the first parallel modulation study of non-biological very high spin clus-
ters), demonstrating the possible selection of different transitions at a given
EPR frequency by exploiting the different selection rules of perpendicular
and parallel mode modulation [44]. There have been a few recent reports of
heterometallic SMMs, some of which have been studied by EPR. A notable
recent example, which is also one of the smallest SMMs, is the bimetal-
lic Mn(III)Cu(II) complex [MnCu(5-Br-sap)2(MeOH)] where 5-Br-sapH2 =
5-bromo-2-salicylideneamino-1-propanol [45]. The metal ions are strongly
ferromagnetically coupled, giving an S = 5/2 ground state, due to the or-
thogonality of the magnetic orbitals [the Mn(III) Jahn–Teller axis being per-
pendicular to the Cu(II) coordination plane]. Nicely resolved EPR spectra at
342 GHz between 4.2 and 60 K are presented, allowing characterization of the
ground state D = – 1.81 cm–1. The data are analysed using a microscopic spin-
Hamiltonian – possible because of the small size of the problem – allowing
determination of the single-ion Mn and Cu g-values, and the Mn(III) ZFS
using vector coupling techniques in the assumption that this is the only con-
tribution to the observed cluster ZFS. The S and D values are consistent with
the molecule behaving as an SMM at very low temperatures.

2.4
Frequency Domain EPR Spectroscopy of SMMs

One very powerful variant on the EPR technique is the frequency swept,
static field experiment. This has become possible at the high frequencies suit-
able for studying many SMMs, in the range ca. 30 GHz to 1.5 THz (ca. 1 to
50 cm–1 energy range). Of course this experiment can be performed in zero
applied magnetic field, allowing determination of ZFS parameters in zero-
field, without the considerable demands on amount and nature of sample in
other zero-field techniques such as INS. A short review of the benefits of this
technique in the study of molecular magnetic materials has been published by
van Slageren et al. [46]. The first report of frequency-swept EPR on a SMM
was Muhkin’s Mn12 study in 1998 [47]. They reported 3–33 cm–1 spectra, be-
tween 2 and 20 K, on a pressed polycrystalline sample in zero applied field.
At the lowest temperatures, at which only the MS = ±10 sublevels of the clus-
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ter ground state are populated, only one transition is observed, at ca. 10 cm–1

which corresponds well to the expected energy gap between the MS = ±10
and ±9 sublevels with D of ca. – 0.5 cm–1. As the temperature is increased
new peaks are found to lower energy as higher energy sublevels are populated
(Fig. 3).

The data were fitted to give D = – 0.460 cm–1 and B0
4 = – 2.19×10–5 cm–1

[parameters as defined in Hamiltonian (Eq. 1); converted from the equivalent
Hamiltonian used in [47]. Note the Zeeman term is redundant in zero-field.],
in excellent agreement with Barra’s [3] EPR data. The authors also noted
much higher energy transitions between 30–35 cm–1, which they suggest may
be due to an excited spin state. Dressel et al. explored the frequency domain
EPR spectra in static, non-zero applied magnetic fields [48]. They monitored
the MS = + 10 to + 9 transition at 2.6 K in an applied magnetic field of + 0.45 T
(only MS = + 10 is populated). This occurs at ca. 10.4 cm–1, shifted from its
zero-field position of 10.1 cm–1 due to the Zeeman effect. On rapid reversal
of the applied field to – 0.45 T, the transition from the metastable MS = + 10
sublevel to + 9 occurs at ca. – 9.8 cm–1; the intensity of this transition de-
creases with time as the system relaxes to the MS = – 10 ground state, and
the MS = – 10 to – 9 transition grows in at ca. 10.4 cm–1. This experiment was
then repeated at 1.96 K, below the blocking temperature, and using larger

Fig. 3 Frequency domain EPR spectra of pressed pellet of Mn12 at variable tempera-
ture and zero applied magnetic field. At 2 K, only MS = ±10 are populated and only the
MS = ±10 to ±9 transition is observed; MS = ±9 to ±8, etc. observed on warming. Figure
from [46]
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applied fields (±0.9 T). Now, at specific frequencies above and below the zero-
field frequency, dips or peaks in the spectra are observed which correspond
to faster relaxation from the metastable state. These “tunnel dips” are due
to QTM effects at the sublevel crossing between MS = + 10 and – 9. Vong-
tragool et al. [49, 50] have studied the linewidths of the frequency domain
EPR spectra of Mn12, including D-strain effects and their consequences on
inhomogeneous broadening.

Fe8 and its partially perchlorate substituted counter-ion form, [Fe8O2
(OH)12(tacn)6]Br4.3(ClO4)3.7.6H2O, have also been studied by frequency do-
main EPR, by Gorshunov and co-workers [51]. As had been found pre-
viously via field-swept EPR [25], the most significant difference between
the two derivatives was in the rhombic E parameters: D = – 0.205 cm–1,
E = 0.0307 cm–1 for Fe8 and D = – 0.207 cm–1, E = 0.05 cm–1 for the perchlo-
rate analogue.

Brechin and co-workers have recently reported a new manganese-based
SMM, the ennanuclear [Mn9O7(O2CMe)11(thme)(py)3(H2O)2].MeCN.Et2O
[H3thme = tris-(hydroxymethyl)ethane], based on a {Mn(III)4Mn(II)2O6}
ring centered on a triangular {Mn(IV)3O} fragment, including zero-field fre-
quency domain EPR studies of the ZFS in the S = 17/2 ground state [52]. This
gives D = – 0.247 cm–1 and B0

4 = 4.6×10–6 cm–1, in excellent agreement with
INS studies (see below).

2.5
Magnetization-detected EPR of Fe8

One very recently published result must be mentioned. Petukhov et al. have
reported the detection of the “EPR spectrum” of micron-sized crystals of
Fe8 via their magnetization response as a function of applied magnetic field,
using a Hall-probe magnetometer under either continuous wave or pulsed
microwave irradiation at 118 GHz and between 1.4 and 50 K [53]. Dips are
observed in the magnetization vs. field curves corresponding to resonant
absorption – that is, EPR transitions. This method offers potentially extraor-
dinary sensitivity and, furthermore, manipulation of the magnetization data
in the absence and presence of the microwave radiation allows determination
of the spin temperature.

3
NMR Spectroscopy

NMR has proved to be an enormously powerful tool in the study of SMMs,
over and above the obvious use of characterising clusters in solution by
1H, 13C NMR studies of coordinated ligands (not covered in this review).
NMR is a direct probe of the local spin dynamics of magnetic nuclei, al-
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lowing determination of, for example, nuclear spin relaxation rates and their
mechanism. NMR is also a microscopic probe to investigate the internal
magnetic structure of the cluster, providing direct information on nuclear
hyperfine interactions with the local magnetic moments (information not
readily available from EPR due to the large experimental linewidths). Al-
though the review below is focussed on SMMs (as ever the literature is
dominated by Mn12 and Fe8) it should be noted that some of the very im-
portant early work on NMR of cluster complexes regarding, for example, the
effect of fluctuations of local magnetic moments on nuclear spin-lattice re-
laxation rates [54] and 1/T1 enhancement due to spin level crossings [55],
were on antiferromagnetically coupled rings such as the “ferric wheel”
[Fe10(O2CCH2Cl)10(OMe)20].

3.1
NMR of Mn12 and Related Compounds

1H and 2D NMR studies on the archetypal SMM Mn12 appeared in 1998.
Lascialfari et al. reported 1H nuclear spin-lattice relaxation rate (1/T1) stud-
ies measured as a function of temperature (10–400 K) on pressed (to avoid
orientation effects in applied magnetic fields) polycrystalline samples of
Mn12 [56]. The determined values were assumed be averages for the 56 pro-
tons in each cluster (which are not resolved experimentally). 1/T1 increased
rapidly at temperatures below 100 K, which tracks the increase in χT in this
temperature range due to the ordering of the local electron spins (slowing
of the local spin fluctuations) towards the S = 10 ground state. However, on
further cooling 1/T1 went through a maximum at ca. 60 K (observed at 87
and 200 MHz NMR frequency). No definitive explanation was offered for this,
although it was suggested that it may be due to the frequency of the local
spin fluctuations matching the nuclear Larmor frequency. The same group
reported further 1/T1 studies to lower temperature (3 K) and as a function
of applied magnetic field, on polycrystalline samples that had been oriented
in a strong field (molecular z axes parallel to applied field) [57]. Two peaks
are observed in the low temperature 1H NMR spectra (measured at 4.7 T),
due to the sixteen – CH3 groups (assumed to be coupled to Mn by a dipo-
lar hyperfine interaction only, because the peak is unshifted from the Larmor
frequency) and to coordinated H2O (significantly shifted, and assumed to be
coupled to Mn by an isotropic hyperfine interaction), respectively. The shift
of the latter line plateaus below ca. 5 K indicating that the local hyperfine
field is now constant as the cluster is in its S = 10 ground state. They fur-
ther observed a maximum in 1/T1 (as measured by 1NMR and µSR) at ca.
10–20 K, a different maximum to that observed at higher temperatures/fields.
This behaviour was modeled as due to thermal fluctuations of the orienta-
tion of the total magnetization of the cluster, i.e., spin-phonon transitions
between the MS components of the S = 10 ground state. Such transitions re-
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sult in changes in the transverse component of the local hyperfine fields at the
nuclear spins via the dipolar interactions with the electronic spins. A model
was derived which allows determination of the lifetimes of the individual MS
states.

In related studies, two maxima were observed in the deuteron 1/T1 as
a function of temperature (at ca. 60 and 10 K; measured at 9 T, 58 MHz) in
the 2D NMR of the fully deuterated form of Mn12 by Dalal and co-workers,
and they suggested that molecular motion (rotation of CD3 groups) could
be responsible for the high temperature maximum [58, 59]. Although they
subsequently supported this conclusion with 13C NMR studies on oriented
samples of the 13CH3-labelled analogue of Mn12 (in which a peak is also ob-
served in 13C 1/T1 versus temperature at ca. 60 K) [60], they later concluded
that both maxima were due to magnetization reversal processes and that the
higher temperature maximum was associated with the MS states at the top
of the energy barrier [61]. In their 13C NMR study, they resolved and as-
signed the four different CH3 group environments and concluded that there
is significant electron spin density at the C nuclei on the basis that there is
a significant isotropic contribution to the local hyperfine fields (determined
from the orientation dependence of the spectrum, with the applied field var-
ied from the molecular z axis).

Jang et al. [62] reported a method for monitoring the relaxation rate of
magnetization of Mn12 (in an oriented powder) by following the NMR in-
tensity of the unshifted 1H NMR signal (see above) as a function of time
after switching on a longitudinal applied field (i.e., along the molecular
z axis, 0.5 T) at 2.5 K starting from a thermally equilibrated sample at zero-
field (zero net magnetization). The same authors extended this method by
monitoring the NMR intensity of the shifted lines (see below) at 2.4 K and
30.8 MHz, after starting in equilibrium conditions in an applied field and then
sudden reversal of the direction of the field (by rotating the sample through
180◦) [63]. The NMR spectrum is inverted because of the inversion of the
local hyperfine fields, and the recovery of the system to equilibrium can be
monitored at a field corresponding to one of the (Larmor) shifted NMR tran-
sitions (because these are much more strongly effected than the unshifted
line). This was also monitored as a function of applied field at 2.4 K, and they
found minima in T1 at fields that correspond to MS sublevel crossings within
the S = 10 ground state. Thus, they had observed QTM effects via the 1H NMR
response. In this work they also observed better resolved 1H NMR spectra
(160.5 MHz and 2.4 K) than previously, with several new, weaker peaks sig-
nificantly shifted from the Larmor frequency. The magnetic field shifts of all
these peaks as a function of applied frequency are identical at 2.4 K, which
implies that the shifts arise from the hyperfine field at the 1H nuclei due to
the frozen orientation of the molecular magnetization (MS = – 10 in the pos-
itive applied magnetic fields). The spectra could be simulated assuming the
local hyperfine fields are due entirely to dipolar interactions between the nu-
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clear spins and the local magnetic moments of the Mn(III) and Mn(IV) ions,
modeled using the known crystal structure. This also allows assignment of
the spectrum and confirmation that the local magnetic moments at Mn(IV)
are oppositely aligned to those at Mn(III), as in the common description of
the S = 10 ground state with four Mn(IV) ions “spin down” and eight Mn(III)
ions “spin up”.

The first 55Mn NMR studies of Mn12 were reported by Goto et al. [64],
recorded on a powder sample at 1.4 K in zero external field. They observed
a beautifully simple spectrum, with just three resonances, related to the three
different Mn sites in the Mn12 structure. The Mn(IV) ion gives a relatively
sharp signal at ca. 230 MHz while the two inequivalent Mn(III) sites give
broader peaks at 280 and 365 MHz. They argue that the Mn(IV) line is much
sharper because of its orbital singlet nature cf., the orbital doublet Mn(III)
ions (although this neglects the Jahn–Teller distortions of these ions). These
conclusions were extended shortly after by Furukawa et al. by measurements
on oriented powders (Fig. 4) [65].

They point out that the observation of a spectrum in zero magnetic field
at 1.5 K verifies that the magnetic moment is frozen on the NMR timescale
at this temperature. They argue that the Mn(IV) line is much sharper due to
the much weaker quadrupole coupling due to the more symmetric electron
density distribution in this near-octahedrally coordinated ion. In contrast
the Jahn–Teller distortions of the Mn(III) ions gives rise to much greater

Fig. 4 55Mn NMR spectrum of an oriented polycrystalline sample of Mn12 at 1.4 K in zero
applied magnetic field. The three peaks correspond to the three different Mn environ-
ments in Mn12; P1 is Mn(IV). Inset: applied magnetic field dependence of the resonance
frequencies for P1 to P3. The Mn(IV) peak shifts in the opposite sense to the two Mn(III)
peaks, indicating opposite signs of the internal magnetic fields. Figure from [63]
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electric field gradients at the nuclei, and hence much larger quadrupole cou-
plings. The two Mn(III) resonances shifted to lower frequencies on appli-
cation of a longitudinal magnetic field. In contrast, the Mn(IV) peak shifts
to higher frequencies (Fig. 4, inset). This implies that the internal magnetic
field, and hence electron spin direction, at Mn(IV) is opposite in sign to
those at Mn(III), and again this confirms the simple picture of the mag-
netic structure of Mn12. The local hyperfine fields at Mn are concluded to
be dominated by core polarization in each case (3d orbital spin density at
Mn). 1/T1 was measured by saturation recovery for each of the three peaks
and were all found to have the same temperature dependence, as expected
if the spin dynamics are controlled by the total cluster S = 10 moment. The
temperature dependence could again by described by the fluctuating mag-
netic moment model – this is now being probed much more directly by
monitoring the Mn nuclei rather than remote 1H or 13C. Kubo et al. later
observed thermally assisted QTM in 55Mn NMR by magnetization recovery
experiments at the Mn(IV) ion at 1.65 K in crystals in a longitudinal field
(Fig. 5) [66, 67].

Two Mn(IV) lines are observed in zero-field cooled samples corresponding
to clusters frozen in the MS = + 10 and – 10 sublevels (resulting in different
signs of the local fields) – only one peak is observed for a field-cooled sam-
ple (only MS = – 10 populated). They probed cluster magnetization recovery
by field cooling (1 T) a sample, sudden reversal of the field and monitoring
the growth of the “second” Mn(IV) line. T1 generally decreases with applied
field due to destruction of the barrier to relaxation of magnetization, and also

Fig. 5 Relaxation times τ for magnetization of an oriented single crystal of Mn12 at 1.94 K
as a function of applied longitudinal magnetic field H. τ values are determined by moni-
toring the recovery in intensity of the 55Mn NMR signal from Mn(IV) after field cooling
(1 T) and sudden reversal of the applied magnetic field. The dips in τ vs. H are at fields
corresponding to MS sublevel crossings and are due to QTM effects. Figure from [64]
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shows characteristic minima due to QTM at applied fields corresponding to
MS sublevel crossings. The same authors also argue that there is a signifi-
cant dipolar contribution to the local hyperfine at Mn(III), and analyse the
hyperfines in terms of the covalency of the Mn ions [68]. They estimate the
hyperfine interaction in the S = 10 ground state at 324 G, implying a total
spread of energy in each MS level of ca. 0.3 cm–1.

55Mn NMR studies down to 20 mK were reported by de Jongh and co-
workers [69, 70]. At these temperatures only the MS = ±10 sublevels are
populated and the magnetization relaxation is expected to be dominated
by QTM between these sublevels (the “quantum regime”). Thus, the 55Mn
1/T1 [for Mn(IV)] becomes essentially independent of temperature below
0.75 K at ca. 0.03 s–1, and they note that below this temperature magneti-
zation vs. external field hysteresis loops for Mn12 also become temperature
independent. Thus, above 0.75 K the nuclear spin relaxation is dominated
by spin-phonon driven fluctuations in MS, and below this temperature it is
dominated by QTM between MS = ±10. They also express surprise at the
magnitude of the relaxation rate, too large to be solely due to QTM, and sug-
gest that an additional relaxation process is possible via inter-cluster nuclear
spin diffusion to a small (defect) amount of fast relaxing molecules in the
lattice (as have been observed in ac magnetic susceptibility studies) that act
as a heat sink for the nuclear spin system. Evidence for this was presented
later from the transverse spin–spin relaxation rate, 1/T2, measurements on
the 55Mn(IV) NMR spectrum of field-cooled and zero field-cooled samples of
Mn12 [71].

Kubo et al. [72] and Furukawa et al. [73] published 55Mn NMR studies
on the effect of transverse (to the molecular z axis) applied magnetic fields
(Hx) on T1. Kubo observed a decrease in T1 with increasing Hx, measured at
1.95 K and static longitudinal fields (Hz), which is explicable in terms of the
reduction of the energy barrier [74]. They also observed that this decrease
in T1 with Hx is suppressed when Hz corresponds to a MS sublevel cross-
ing field. Furukawa also observed a general decrease in T1 with Hx but did
not observe any significant change in the difference in T1 measured at Hz on
and off these special field values [73]. Thus, there appeared to be no signifi-
cant enhancement of QTM with applied Hx. The same authors extended this
study and reported that 1/T1 increases rapidly with increasing Hx [at 1.5 K,
measured at Mn(IV)] but then goes through a broad maximum at 5.5 T [74].
This behaviour is explained qualitatively by the decrease in the energy gap
between the ground and first excited sublevels (which can no longer be accu-
rately described by MS) and the consequent increase in spin-phonon driven
fluctuations of the magnetization. However, in order to quantitatively repro-
duce this behaviour it was also necessary to include the effect of Hx on the
canting of the total cluster magnetization versus the local internal field and
hence the different axes of quantization of the electron and nuclear spins.
Hx gives rise to perpendicular (with respect to the nuclear spin quantisation)
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components of the local field, the fluctuations of which provide an additional
enhancement of 1/T1.

Finally, Kubo et al. [75] and Dalal et al. [76] have published comparative
55Mn NMR studies of chemical variants of Mn12, namely [Mn12(O2CPh)16
(H2O)4].2PhCO2H (“Mn12Ph”) and [Mn12(O2CCH2Br)16(H2O)4].4CH2Cl2
(“Mn12BrAc”), respectively. Seven distinct Mn resonances are observed in the
NMR spectrum of an oriented powder of Mn12Ph at 1.3 K and zero field, con-
sistent with the lower molecular symmetry cf. Mn12 [75]. Dalal demonstrates
the enhanced resolution of the quadrupole structure in the three Mn peaks
(Mn12BrAc also has four-fold symmetry) available from single crystal studies
compared to oriented powders [76].

3.2
NMR of Fe8

The first reported NMR study of Fe8 was from Gatteschi, Lascialfari and
Borsa [77] who studied the 1H spectra of a powdered sample and probed
the temperature dependence of the 1H 1/T1 (by saturation recovery) down to
4 K. 1/T1 (an average of the values for all the inequivalent 1H nuclei in the
molecule) goes through a maximum with decreasing temperature, and this
behaviour was used to estimate the relaxation time of the molecular mag-
netisation (related to the fluctuations of the local Fe magnetic moments) and
compared to magnetic susceptibility data. The same group reported detailed
low temperature (down to 1.3 K) 1H and 2D NMR studies of natural abun-
dance and partially deuterated (all non-aliphatic protons substituted) Fe8,
on collections of aligned single crystals and oriented powders [78]. At high
temperatures broad single lines were observed (field-swept/fixed-frequency
spectra), which resolved into highly structured spectra on decreasing tem-
perature, with the peaks shifted significantly from the Larmor frequency as
the magnetisation of the cluster is “frozen” in its S = 10 ground state. At the
lowest temperature studied, only the MS = 10 sublevels are significantly pop-
ulated. The differences between the spectra of the protonated and partially
deuterated samples allowed assignment of the different proton environments.
The authors were not able to simulate the spectra based on simple models
where only the dipolar component of the local hyperfine fields was considered
(between H and the individual Fe magnetic moments, using coordinates from
a neutron scattering derived structure), and thus concluded that the contact
hyperfine contributions cannot be ignored, i.e., the spin densities must be
delocalised beyond the Fe(III) ions to the H nuclei to some extent. Reason-
able simulations were obtained by including significant contact terms to the
8 OH nuclei, with smaller terms to the NH and CH2, and none to the unbound
H2O. These largest values correspond to a ca. 1% delocalisation of spin dens-
ity to each H. The temperature dependence of the proton 1/T1 was interpreted
in terms of the MS sublevel transitions within the S = 10 ground state, using
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the same model as developed for Mn12. The paper concludes by stating that
low temperature (< 360 mK) NMR experiments were underway to study T1 in
the pure quantum regime. In the same year Ueda et al. reported 1H nuclear
spin T1 studies on single crystals of Fe8 down to 15 mK [79, 80]. They demon-
strated that T1 becomes temperature independent below 300 mK, at a value of
longer than 100 ms. They further detected QTM enhancement of 1H nuclear
spin relaxation at applied magnetic fields corresponding to MS level cross-
ings, where the QTM transitions cause fluctuations of the local fields of the 1H
nuclei.

Borsa and co-workers studied the effect of QTM on 1H nuclear spin relax-
ation rates in an oriented powder of Fe8 at 1.5 K [81]. They measured T1 as
a function of an external magnetic field applied perpendicular to the easy axis
of magnetisation of the molecule. 1/T1 was found to decrease on increasing
transverse field up to ca. 2 T (due to transitions between the MS sublevels),
then to increase to a maximum between 2 and 5 T. The transverse field is ex-
pected to increase the tunnel splitting ∆T (and hence enhance QTM) between
the MS = ±10 sublevels. At a certain field between 2 and 5 T (depending on
the orientation of the applied field within the molecular plane perpendicular
to the easy axis) the magnitude of ∆T will equal the 1H Larmor frequency and
the resulting fluctuation of the hyperfine fields gives rise to an efficient nu-
clear spin relaxation mechanism. This was later confirmed by single-crystal
studies from the same group [82]. Furukawa et al. showed that isotopic sub-
stitution in 96% 57Fe-enriched samples of Fe8 has no effect on the 1H NMR
spectrum at 1.5 K, nor on the 1H nuclear spin T1 at 1.5 K [27]. This confirms
that the spin–phonon coupling, the dominant relaxation mechanism at this
temperature, is not perturbed by the metal nuclear spin.

The first 57Fe NMR studies of Fe8 were reported on the same 57Fe-enriched
material by Furukawa et al. [83, 84]. At 1.5 K and zero applied magnetic field,
beautiful eight-line spectra were observed corresponding to the 8 Fe(III) ions
in the structure of Fe8 and revealing that all the metal ions are magnetically
distinct consistent with the crystallographic symmetry (Fig. 6).

Furthermore, when an external magnetic field was applied parallel to the
easy axis of the molecule, two of the eight signals shift to a higher frequency
with increasing field, while the other six shift to lower field, thus indicating
the internal fields at these two sites are opposite in sign (direction) to the
other six. This is consistent with the simple six “spin up”, two “spin down”
description of the S = 10 ground state of Fe8 and also aids the assignment of
the individual peaks in the spectra. The calculated internal fields at the dif-
ferent Fe sites agreed well with those determined previously by Mossbauer
spectroscopy [85], and were used to gain insight into the differences in co-
valency of the chemically distinct Fe(III) sites. Finally, Dalal and co-workers
have reported a 81Br NMR study of Fe8, which clearly distinguishes between
the seven bromide anions which are H-bonded to the cluster cation (via OH
and NH), and the single bromide which is isolated from the cluster [86]. They
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Fig. 6 57Fe NMR spectrum of a powder sample of 96% 57Fe-enriched Fe8 at 1.5 K in zero
applied magnetic field. The eight peaks correspond to the eight different Fe(III) environ-
ments. Inset: applied magnetic field dependence of the resonance frequencies, indicating
opposite signs of the internal magnetic field for two of the eight Fe(III) ions. Figure
from [81]

estimate that there is a small amount of unpaired electron density (0.3%) on
the seven H-bound bromides.

4
INS Spectroscopy

In an INS experiment energy and momentum are transferred (gain and loss)
between incident neutrons and the sample under study which undergoes ex-
citations dictated by the selection rules ∆S = 0, ±1 and ∆MS = 0,±1. Thus,
INS can give detailed information on the fine structure (ZFS parameters;
including sign of D) of cluster spin states, in common with and complemen-
tary to EPR. However, in contrast to field-swept EPR, the INS experiment is
performed in zero-field, thus allowing determination of the ZFS parameters
without the perturbing influence of an applied magnetic field. It has been ar-
gued that this gives far greater accuracy in determining the relatively small
magnitude, 4th order ZFS parameters in SMMs. Another major advantage
is given by the ∆S = 0, ±1 selection rule which means that INS transitions
can be observed between cluster total spin states – this gives a direct meas-
ure of their energy separations and therefore, with an appropriate model,
information on the isotropic exchange couplings J within the cluster. The
main disadvantage of INS is the requirement of gramme-scale quantities of
material. This is compounded further by the large cross-section of 1H for
incoherent neutron scattering which often necessitates at least partial deuter-
ation of the sample (the incoherent cross section of 2D is ca. 1/40th that of
1H), although several well-resolved INS studies of SMMs on non-deuterated
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materials in relatively low energy transfer ranges have been reported recently
(see below). An excellent tutorial on the applications of INS to magneti-
cally exchange coupled clusters has been published recently by Güdel and
co-workers, together with a review of the important work in the field by this
group [87].

4.1
INS of Mn12 and Related Compounds

The first INS study of Mn12 was reported by Hennion et al. in 1997 [88]. They
studied a partially (ca. 70%) deuterated powder sample in the neutron excita-
tion energy range 0–14.5 meV at temperatures down to 1.6 K. They observed
a sharp peak at 1.24 meV due to excitations from the S = 10, MS = ±10 ground
state (the only significantly populated state at 1.6 K) to S = 10, MS = ±9 (the
only allowed transition within the S = 10 state starting from MS = ±10). With
this assignment the axial ZFS parameter D was determined as 0.52 cm–1. This
peak broadened on warming the sample, with intensity shifting to the low
energy side, as lower values of |MS| are successively populated and more
(lower energy) transitions become allowed. They also observed several higher
energy peaks centered at ca. 5.0 and 9.1 meV. These are far too high in en-
ergy to be transitions within the cluster ground state, and were assigned as
transitions between S = 10 and cluster spin excited states. Finally, they ob-
served a broad, weak peak at ca. 0.83 meV that was later [89] assigned to
a fast relaxing isomer of Mn12 in the sample. This new INS study of Mn12,
on a 93% deuterated powder sample using a high energy resolution time-of-
flight spectrometer, gave spectacular resolution of the transitions within the
S = 10 ground state (Fig. 7).

At 1.5 K only the |MS| = 10 to 9 transition is observed as before, and
further peaks are resolved as the temperature is increased and higher en-
ergy |MS| states are populated. At 24 K, seven of the possible nine peaks are
clearly resolved on either side of the elastic scattering. The data were fitted
to the (axial symmetry) spin-Hamiltonian (Eq. 1), where the Zeeman term
is neglected because of the zero applied field, to give D = – 0.457 cm–1, B0

4 =
– 2.33×10–5 cm–1 and B4

4 = ±3.0×10–5 cm–1. The off-diagonal 4th order
term B4

4 has the effect of making the spacing between the peaks uneven –
this is observed experimentally and thus this parameter is determined with
good accuracy. Ground state fine structure resolution in Mn12, albeit with
poorer resolution, was also reported by Zhong et al. in the same year [90],
and they gave values equivalent to |D| = 0.45 cm–1 and |B0

4| = 2.4×10–5 cm–1.
Higher resolution studies still, from Bircher et al. [91], allowed far bet-
ter definition of the lowest energy transitions, i.e., those between sublevels
of low |MS|. These transitions were not reproduced well using the previ-
ously determined (axial) parameters above, and it was necessary to introduce
a small rhombic term, E(S2

x – S2
y), in the spin-Hamiltonian – this splits the
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Fig. 7 INS spectra of 93% deuterated powder sample of Mn12 at variable temperature. At
1.5 K, only MS = ±10 are populated and only the MS = ±10 to ±9 transition is observed,
on the energy gain side of the spectrum at 1.24 meV; MS = ±9 to ±8, etc. are observed
on warming, as are the energy loss transitions (MS = ±9 to ±10, etc.). The intense central
peak is due to elastic scattering. Figure from [87]
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MS = ±1 sublevels and hence the low energy INS transitions are very sen-
sitive to this term. The authors found that they could best model the data,
assuming a single species, with D = – 0.460 cm–1, B0

4 = – 2.24×10–5 cm–1 and
B4

4 = ±2.58×10–5 cm–1 and |E| = 5.5×10–3 cm–1. They could also get a good
agreement assuming six different site symmetries in the lattice, due to dis-
order in the molecules of solvation as proposed by Cornia [11], and with
|E| parameters ranging from 0 to 0.011 cm–1, thus providing support to this
model.

Chaboussant et al. [92] returned to the problem of the very high energy
peaks observed in the original [88] INS study of Mn12, extending the ex-
citation energy range studied up to 45 meV. They observed discrete sets of
high energy peaks in the ranges 5–6.5 and 8–10.5 meV at 8 K, and, from the
temperature and Q dependence data, argue that they are resolving S = 10,
MS = ±10 to S = 9, MS = ±9 transitions for five different S = 9 states all within
30 meV of the S = 10 ground state. Furthermore, they determined that the first
transition that could feasibly be assigned to an S = 10 or 11 excited state was
at 27 meV. They then considered the values of the isotropic exchange coup-
ling constants (J) within the cluster that would reproduce the ground and low
lying excited total spin states consistent with this INS data (and of course
be consistent with susceptibility and magnetization data). They modelled the
molecule with four unique J values, between Mn(IV) and Mn(III) via two µ-
oxo bridges (J1) and via one µ-oxo bridge (J2), between Mn(IV) and Mn(IV)
via two µ-oxo bridges (J3) and between Mn(III) and Mn(III) via one µ-oxo
and two µ-carboxylato bridges (J4), and find the best match to the INS data
is with J1 = 67.2 , J2 = 61.8, J3 = 7.8 and J4 = 5.6 K. Exact diagonalisation with
these parameters, considering only the ground and low-lying excited states,
gives the seven lowest lying excited states as S = 9 (including two sets of dou-
bly degenerate states) with the first S > 9 excited state being S = 11 at 24.6 meV
(starting from the S = 10 ground state, only transitions to S = 9, 10, 11 are
allowed by INS) [93].

Basler et al. have probed the effect of successive one-electron reductions
on the ground state ZFS by INS studies on the family [Mn12O12(O2C6F5)16
(H2O)4]0/–/2– (the counter-ions are not specified), which have ground states
of S = 10, 19/2 and 10, respectively [94]. INS spectra at 2 K spectra show simi-
lar behaviour to that of Mn12 itself (only the |MS| = S sublevels are populated)
and increasing the temperature leads to the growth of new intra-ground
state transitions to lower energy. They find that the parent (unreduced) com-
plex has D = – 0.463 cm–1 and B0

4 = – 2.09×10–5 cm–1, while the mono- and
di-reduced species have D = – 0.368 cm–1 and B0

4 = – 1.59×10–5 cm–1 and
D = – 0.274 cm–1 (B0

4 not determined), respectively (approximating to axial
symmetry, and quoting data only for the dominant isomers). Thus, reduc-
tion leads to a reduction of |D|, consistent with the reduction of anisotropic
Mn(III) ions to pseudo-isotropic Mn(II).
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4.2
INS of Fe8 and Related Compounds

The first INS study of Fe8 was in 1998 from Caciuffo et al. [95]. They recorded
remarkably well resolved data on a powder sample of non-deuterated ma-
terial, measured between 1 and 10 K. As with Mn12 a single peak is found
at 1.3 K corresponding to the S = 10, MS = ±10 to S = 9, MS = ±9 tran-
sition, at 0.465 meV, with lower energy peaks growing in on raising the
temperature. They fit the data to the rhombic Hamiltonian (Eq. 2), giving
the parameters D = – 0.203 cm–1, E =– 3.24×10–2 cm–1, B0

4 = 7.0×10–7 cm–1,
B2

4 = 8.1×10–8 cm–1 and B4
4 = ±6.0×10–6 cm–1. Again, the low energy re-

gion of the spectrum was found to be more sensitive to the non-diagonal
terms in the Hamiltonian, as the higher energy sublevels are substantially
mixed by these terms and many transitions become allowed. They later
provided support for the values of the higher order terms, which were
significantly different from those determined by HF-EPR, with a higher
resolution experiment in the energy transfer region below 0.085 meV [96].
Carretta et al. studied the partially counter-ion substituted version of Fe8,
[Fe8O2(OH)12(tacn)6]Br4.3(ClO4)3.7.6H2O [97]. INS spectra in the tempera-
ture range 2–10 K behave similarly to those of Fe8 itself, and analysis leads to
the parameters D = – 0.204 cm–1, E = – 4.5×10–2 cm–1, B0

4 = 5.6×10–7 cm–1,
B2

4 = 0 and B4
4 = – 1.6×10–5 cm–1. As found by EPR, there is a significantly

larger rhombic term E than in Fe8 itself.

4.3
INS of other SMMs

Andres et al. reported INS studies on the family of tetranuclear Mn(IV)
Mn(III)3 SMMs, [Mn4O3X(O2CMe)3(dbm)3] where X = Cl, Br, O2CMe and
F, and Hdbm = dibenzoylmethane [98], previously studied by EPR (see
above). All the family have a ground state spin of S = 9/2. The transitions
within this ground state are well resolved by INS in the temperature range
2–20 K. There is a significant variation of the ground state D, ranging from
– 0.529 cm–1 for X = Cl to – 0.379 cm–1 for X = F, which the authors ratio-
nalized in terms of the Mn(III) single-ion contribution to the cluster ZFS.
They conclude that the single-ion Mn(III) |D| decreased down the halogen
group due to the reduction of the spin-orbit coupling of the Mn(III) ions
due to covalency effects. They also show the X = Cl analogue is signifi-
cantly more rhombic than X = Br (E = 0.022 and 0.017 cm–1, respectively)
and that this has a direct consequence on the QTM rates and energy bar-
riers to reversal of magnetization. Sieber et al. also studied the pressure
dependence of the ZFS parameters in the deuterated form of the X = Br com-
pound by INS spectroscopy [99]. They found that D decreases from – 0.505
to – 0.486 cm–1 on applying 12 kbar pressure. They argue that the pressure
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induces a shrinkage of the Mn(III)-Br bonds and thus an increase in the
angle between the Mn(III) Jahn–Teller axes and the easy axis of magnetiza-
tion of the cluster hence the reduction in the cluster ground state D. Piligkos
et al. probed the ZFS in the S = 17/2 ground state of the ennanuclear SMM,
[Mn9O7(O2CMe)11(thme)(py)3(H2O)2].MeCN.Et2O (see above), by INS on
the non-deuterated material [52]. The INS values of D = – 0.249 cm–1, B0

4 =
7×10–6 cm–1 are in excellent agreement with frequency domain EPR, and
this study provides another example of beautiful INS resolution (in the rela-
tively low energy transfer window corresponding to intra-ground state tran-
sitions), on a non-deuterated material.

The tetranuclear SMM [Fe4(OMe)6(dpm)6] (S = 5 ground state) has been
studied by INS by Amoretti et al. [100]. The spectra could only be modeled
by including rhombic terms in the Hamiltonian, whereas previous powder
HF-EPR measurements had been modeled as axial. Furthermore, they had
to consider three different isomers of the clusters as previously observed by
single crystal HF-EPR studies.

Finally, the Ni(II) SMM [Ni12(chp)12(O2CMe)12(thf)6(H2O)6] (Hchp =
chlorohydroxypyridine) has been probed by INS by the Winpenny and Güdel
groups [101]. The cluster has an S = 12 ground state due to ferromagnetic
coupling between the Ni(II) ions. Fitting of susceptibility data, assuming
a single unique J value, had given J = ca. + 6 cm–1, although there is no re-
quirement for this as there are two unique Ni(II) ions by symmetry. Two
inelastic transitions were observed in the INS spectra at 1.5 K (at 2.85 and
3.35 meV), and from their temperature dependence these were assigned to
transitions between the S = 12 ground state and two S = 11 excited states.
The data could only be fitted by considering two unique nearest neighbour
J-values of + 11.3 and + 1.9 cm–1 and also a next-nearest neighbour exchange
of – 0.9 cm–1. Thus, INS gives a much more direct, and therefore accurate,
measure of the J-values than was possible by modeling of susceptibility data.

5
MCD and XMCD Spectroscopies

Magnetic Circular Dichroism (MCD) spectroscopy is the differential absorp-
tion of left and right circularly polarized light by a substance in an applied
magnetic field. Thus, the sign (and intensity) of the MCD spectrum is de-
pendent on the spin polarization of the sample induced by the applied field.
Therefore, this magneto-optical technique has great potential in the study
of SMMs because transitions originating from the MS = + S and – S sub-
levels will have opposite sign. The first MCD study of an SMM was from
Cheeseman et al., on a dmf/MeCN glass (dmf = N,N-dimethylformamide) at
1.7 K between 400 and 800 nm [102]. The MCD spectrum in 5 T applied field
shows spectacular resolution of the optical transitions [Mn(III) and Mn(IV)
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dd transitions and charge transfer transitions] in contrast to the rather fea-
tureless absorption spectra in the same wavelength region. They found that
after removal of the field a strong CD spectrum remains with ca. 30% of its
original intensity, and furthermore that the sign of this CD signal was de-
pendent on the sign of the original applied field. Thus they had optically
detected the magnetic bistability of Mn12. They also measured hysteresis
loops by monitoring the MCD intensity as a function of applied field at
fixed wavelengths. This work was extended by the same group, to studies of
a long-chain carboxylate version of Mn12, [Mn12O12(O2CC15H29)16], doped
in a thin poly(methylmethacrylate) (PMM) film and in a CHCl3/toluene glass
(Fig. 8) [103].

By modeling the MCD magnetisation curves at fixed wavelengths, the opti-
cal polarizations of the individual electronic transitions could be determined,
and the extent of retention of magnetization as monitored by the CD spec-
trum after removal of the applied field was found to be dependent on these
polarizations. This effect is also observed in the different remanent fields
of the hysteresis loops measured at different wavelengths. Steps were seen
in these hysteresis loops at zero field, which are due to QTM. Similar MCD
studies on Mn12 in glasses were reported later by Domingo et al., who also
showed that the magnetization vs external field loops measured on the glasses
by MCD and by SQUID were essentially identical [104]. Collison et al. have
probed the local electronic structure of the Cr(III) ions in the S = 6 ground
state cluster [Cr12O9(OH)3(O2CCMe3)15] by low temperature MCD [105].
Although the room temperature UV/Vis spectrum looks similar to that of
a monomeric Cr(III) ion, with two of the three allowed dd transitions re-
solved (4A2 → 4T2 and 4T1), the MCD spectrum at 4 K reveals that these are
split (into 4E and 4A terms) in the lower than Oh symmetry, and also en-
hances the intensity of the spin forbidden transitions (e.g., 4A2 → 2E). This
resolution allowed an estimate of the single-ion ZFS from crystal field models
developed for the Cr(III) ion in ruby. The authors concluded that although the
single-ion ZFS is negative in sign and the cluster ground state ZFS is domi-
nated by the single-ion contribution, the cluster ZFS is positive in sign due to
mis-alignment of the local and cluster ZFS axes at 9 of the 12 sites.

Two reports have appeared on the use of X-ray MCD (XMCD) to probe
the relative contributions of the spin and orbital contributions of the angu-
lar momentum to the local magnetic moments on Mn12 and Fe8 [106, 107] –
this is possible, in principle, by the application of sum rules. Ghigna et al. re-
port Mn-LII,III and Fe-LII,III edge studies on Mn12 and Fe8, respectively [106].
XMCD spectra on Mn12 are reported at 5 K in an applied magnetic field
of 5 T, and show partial resolution of the different absorption edges due to
Mn(III) and Mn(IV), with the latter at higher energy (642.5 and 643.5 eV, re-
spectively, for the LIII edge). The authors note that the integral of the XMCD
spectrum over a complete core-level edge is proportional to the expectation
value of the orbital angular momentum in the ground state. In Mn12 the total
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Fig. 8 (A) Electronic absorption spectra at room temperature of a doped PMM film, (B)
MCD spectra at 1.8 K of a CHCl3 glass, and (C) MCD spectra at 1.8 K of a doped PMM
film of [Mn12O12(O2CC15H29)16]. In (B) and (C) applied magnetic fields are: (–) + 5 T,
(-·-) – 5 T, (–––) 0 T after application of + 5 T, (· · ·) 0 T after application of – 5 T. The
sign of the retained CD spectrum in zero-field depends on the sign of the original applied
field. The retention of magnetization depends on the polarization of the optical transition
monitored. Figure from [101]

integral over the LII,III edges is zero and this confirms the quenching of the
orbital angular momentum in this molecule. Independent analysis of the two
different oxidation states via the sum rules was hampered by their incom-
plete resolution. The integral of the total XMCD spectrum of Fe8 at 4 K and
7 T is also small. The spin angular momentum was estimated from the differ-
ence between the integrals of LII and LIII edges, and the ratio of the orbital
to spin moments was found to be ca. 0.02, again confirming almost complete
quenching of orbital angular momentum in Fe8. Moroni et al. studied Mn12
in more detail, and addressed the problem of the overlapping Mn(III) and
Mn(IV) spectra by comparison with the model compounds [Mn(dbm)3] and
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[Mn2L2O(O2BPh)2](ClO4)2 (L = 1,4,7-trimethyl-1,4,7-triazacyclononane), re-
spectively [107]. They used crystal field multiplet calculations to simulate
the XMCD spectra of the reference complexes, thus obtaining their crystal
field parameters, and use these data as a starting point in the analysis of
Mn12. Thus, the ratios of the ground state expectation values of the spin and
orbital moments along the easy axis of magnetization of the cluster were de-
termined to be < 0.005 and – 0.03 for Mn(III) and Mn(IV), respectively, where
the difference in sign implies anti-parallel orientations of the magnetic mo-
ments. Thus, the orbital contributions to the magnetic moments are largely
quenched for both ions in Mn12.

6
Conclusions

The extraordinary number of studies on (and battery of techniques applied
to) the two best known SMMs, Mn12 and Fe8, has led to a detailed un-
derstanding of the origin and mechanism of their unique physics and by
extension that of SMMs in general. It is to be hoped that further exciting
discoveries will be forthcoming as attention turns to the rapidly increasing
number of new SMMs (for example, see the review elsewhere in this volume
by Arómi and Brechin).
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Abstract Cyanometallate building blocks are inert and stable molecules that may act
as ligands towards metal complexes. A stepwise approach allows preparing polynuclear
complexes with predictable architectures. The knowledge of the nature of the exchange
interaction through the cyanide bridge enables chemists to reasonably predict the spin
of the ground state and in some cases the magnitude of the magnetic anisotropy. Dur-
ing the last 10 years, hexacyanometallates led to the discovery of polynuclear complexes
that behave as single-molecule magnets (SMMs). For such low-nuclearity complexes,
these SMMs have a relatively high anisotropy barrier in comparison to other metal–
oxo-based clusters with larger spin ground state. On the other hand, the introduction
of tricyanometallates led to different architectures in complexes with higher nuclearity
(up to 14). Chemists took advantage of the step by step approach to introduce within the
polynuclear complexes metal ions of the first or second transition metal series that have
large spin–orbit coupling. All the cyanometallate clusters with such ions have been shown
to behave as SMMs.

Keywords Hexacyanometallate · Magnetic anisotropy · Single-molecule magnets ·
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1
Introduction

At the beginning of the 1990s, Gatteschi and coworkers discovered that
a manganese mixed valence (Mn4

IVMn8
III, Fig. 1) complex synthesized

a decade before by Lis shows slow relaxation of the magnetization of
the order of a few months at T = 2 K [1, 2]. The complex of formula
[Mn12O12(CH3COO)16(H2O)4], i.e. Mn12-ac, has a S = 10 ground state and
behaves, due to the presence of a hysteresis cycle in the M = f (H) plot, as
a tiny magnet [3]. Mn12-ac has a S = 10 ground state and a non-zero uniaxial
magnetic anisotropy (D = – 0.5 cm–1) that lead to an energy barrier (|D|S2) of
50 cm–1. Its structure consists of a Mn4O4 cubane surrounded by eight other
Mn atoms bridged by oxo and acetate groups. The four central Mn atoms are
at the oxidation state IV while the eight peripheral ones are MnIII (Fig. 1). The
molecule that has a disk-like shape possesses a S4 symmetry axis that is re-
sponsible for the uniaxial anisotropy. Within the crystal, the Mn12 molecules
are stacked with their anisotropy axes parallel to the c direction, leading to an
easy magnetization axis for the crystal.

Other related complexes (where the acetate can be replaced by another
carboxylate) and new complexes were synthesized and found to have similar
behavior; they are now called “single-molecule magnets”, SMMs [4–8].

What is the origin of the SMM behavior? Let us assume, for a given
molecule, a spin ground state S. At sufficiently low temperature only the
ground state is populated. If the molecule has a relatively high symmetry, the

Fig. 1 View of the structure of Mn12-ac along the S4 symmetry axis
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2S + 1MS sublevels are likely to have the same energy (or very close) and the
reversal from the MS – S state (prepared by applying a sufficiently high mag-
netic field) to the MS = + S state will cost no energy; the molecule will behave
as a simple paramagnet. In other words, when the magnetization is saturated
by applying an external magnetic field, the return to equilibrium when the
field is switched off is very fast and no hysteresis loop is observed. If, for
structural reasons, the molecule has an axial symmetry (presence of a prin-
cipal symmetry axis ≥ 3), the degeneracy of the 2S + 1MS levels is lifted in
zero field (zero-field splitting) to give pairs of MS levels of the same energy.
In some particular cases the energy of the degenerate + S and – S levels can
be the lowest. In such cases, when the molecule is prepared in the MS = – S
state and then the field is switched off, the reversal of the magnetization to
the + S state implies overcoming an energy barrier with a magnitude that is
proportional to the square of the spin value and to the magnitude of the axial
anisotropy. The anisotropy can be described in a phenomenological manner
by the following spin Hamiltonian:

H = D(S2
z – S(S + 1)/3) + E(S2

x – S2
y) , (1)

where S is the spin value and Sz, Sx, and Sy are the three components of the
spin operator; D and E are scalars (related to the anisotropy tensor) and ex-
press the magnitude of the axial and the rhombic anisotropies, respectively.

In the simple case of a strictly axial anisotropy, E is equal to zero and the
energy levels calculated from Eq. 1 for a spin S = 5, for example, and a nega-
tive D value are shown in Scheme 1.

Another way is to plot the energy vs. MS for a negative value, which allows
us to show the presence of a barrier between the MS = – S and + S sublevels
(Scheme 2).

Scheme 1
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Scheme 2

The height of the energy barrier is equal to |D|S2. In such a case, the mag-
netization energy is minimum when the spin is along a single axis. When
a magnetic field is applied along such an axis, the saturation is reached for
a very small value of the applied magnetic field; one can say that the molecule
has an easy axis of magnetization and thus a hard plane of magnetization.
The presence of the barrier leads to the blocking behavior and the hysteresis
curve. In the case where D is positive, the magnetization energy is minimum
when it is perpendicular to the anisotropy axis and can thus have any orien-
tation within the perpendicular plane; thus, no barrier to the reorientation of
the magnetization within the plane can exist and the blocking of the magne-
tization cannot occur.

The requirements to observe the blocking of the magnetization associated
with a single molecule are

– a spin ground state as large as possible well separated from the first excited
state;

– a large uniaxial (Ising-type) anisotropy.

However, even though the single molecule may have uniaxial anisotropy, one
must insure that the molecules are organized in the crystal so that all their
axes are in the same direction in order to maximize the overall anisotropy of
the crystal.

Most of the synthetic work in this area has focused on metal–oxo clusters
using a serendipitous assembly approach [9]. The general synthetic approach
is to build up oxo-type cores in the presence of organic ligands that play
simultaneously the roles of bridging and peripheral ligands and enable the
stabilization of discrete molecular species. Christou and Winpenny [9–13]
are the most active in this area and they succeeded in preparing a large var-
iety of clusters among which some behave as SMMs. Among the numerous
compounds, three are particularly interesting because they combine large
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nuclearity and a high spin ground state. The first is a complex based on
FeIII of formula [Fe14(bta)6O6(OMe)18Cl6] obtained by a solvothermal route
using benzatriazole (bta) as the bridging/capping ligand [14]. Preliminary
magnetic studies suggest a spin ground state S between 23 and 25 and a pos-
itive axial parameter D, so no blocking of the magnetization was observed
despite the large spin ground state of this complex. The second compound
is a Mn25 complex of formula [Mn25O18(OH)2(N3)12(pdm)6(pdmH)6Cl2],
where pmdH2 is pyridine-2,6-dimethanol [10]. It contains six MnII ions, 18
MnIII ions, and one MnVI ion. The spin ground state of this complex was
found to be as large as 51/2 based mainly on the susceptibility value at low
temperature. The fit of the M = f (H) data at different temperatures con-
firms the S = 51/2 value but with a rather small g value that may suggest
a smaller spin value for the ground state. The D value extracted from the mag-
netization data was found to be negative and the height of the anisotropy
barrier to be equal to 8.3 cm–1. The SMM behavior was thus observed only
at very low temperature. The third compound is a Mn20 complex of formu-
la [EtNH]2[Mn18

IIIMn2
II(O)12(OH)2(O3PCH2Ph)12(O2CCMe3)10(py)2] ob-

tained from the reaction of the mixed valence trinuclear [Mn3O(O2CCMe3)6
(py)3] complex and PhCH2PO3H2 in the presence of triethylamine [11]. The
structural analysis shows that 12 Mn atoms (including the two MnII) lie in
one plane with four Mn atoms above and four below giving a cigar shape
to the molecule. Magnetization studies at very low temperature confirm the
susceptibility data that indicates that the ground state is equal to 19 or 20.
A SMM behavior is observed at a temperature higher than the former Mn25
complex but still below 4 K. Other metal–oxo complexes with high nuclear-
ity (Mn84...) have been reported but, unfortunately, the spin ground state is
always relatively low [12, 13].

Even if the serendipitous assembly approach has produced most of the
SMM complexes, none has an anisotropy barrier as high as those of the Mn12-
carboxylate derivatives. On the other hand, due to the synthetic approach
itself, it is difficult to have a control on the nature of the spin ground state
and on the orientation of the anisotropy axes of the individual metal cen-
ters within the molecules. In metal–oxo clusters, the presence of metal ions
in a triangular geometry leads to a competition between the exchange coup-
ling interactions, making the prediction of the value of the spin ground state
very difficult. Furthermore, when the number of metal ions becomes large,
the first excited states with large spin values are very close to the ground state,
making the exact determination of the value of the spin ground state very
difficult.

One alternative is to construct molecular clusters with already preformed
mononuclear or polynuclear species with well-known electronic structure, so
that the nature of the ground state and even in some cases the magnitude and
the nature of the magnetic anisotropy may be easier to predict. Such a step
by step approach was first used by Kahn and coworkers to prepare the very
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first complexes that have a high spin ground state using CrIII(C2O4)3
3– as

a “complex as ligand” [15]. These ideas were exploited further when chemists
succeeded for the first time in using hexacyanometallates as an inert building
block to construct molecules with nuclearity higher than 4.

In the following, we will mainly focus on the different synthetic routes
that allowed obtaining discrete species with a high spin ground state using
cyanometallates. Particular attention will be given to the molecules that
turned out to behave as single-molecule magnets.

2
Nature of the Exchange Coupling Interaction Through the Cyanide Bridge

Exchange coupling interaction through the cyanide bridge was perfectly well
studied from the theoretical point of view by Weihe and Güdel [16]. We would
like here to just give simple rules that help to predict the nature of the ex-
change coupling interaction between two metal ions through the cyanide
bridge. The synthesis of polynuclear complexes with the cyanide as a bridge
is carried out using inert M(CN)6

3–(M= CrIII, FeIII...) complexes as build-
ing blocks. Since the cyanide induces a strong crystal field, all mononuclear
cyanometallates are at the low-spin state with the single electrons in the dxy,
dxz, and dyz orbitals. Even though the M – CN – M′ linkage is almost never
linear in molecular species, the C – N – M′ angle is usually larger than 160◦
in most complexes. Thus, the prediction of the nature of the magnetic coup-
ling follows simple rules such as overlap and orthogonality. In systems with
octahedral geometry, one may safely assume that the single electrons are de-
scribed by t2g orbitals for the metal ions linked to the carbon end of the
cyanide. For the metal ions linked to the nitrogen end, a high spin state occurs
in most cases and, depending on the nature of the M′ metal ion, the t2g and eg
orbitals may have single electrons. When M′ is NiII or CuII with respectively
one and two single electrons in the eg orbitals, one expects to observe a fer-
romagnetic interaction because of the orthogonality of the magnetic orbitals
(Scheme 3). For M′ = VII, VIII, or VIV only the t2g orbitals are filled and be-
cause of the overlap between the magnetic orbitals the interaction is expected
to be antiferromagnetic (Scheme 4).

In the case of high-spin CrII (d4), MnIII (d4), MnII (d5), FeII (d6), and CoII

(d7) ions the prediction is not straightforward, because the overall exchange
interaction is the result of the antiferromagnetic contribution coming from
the t2g – t2g overlap and the ferromagnetic one resulting from the orthogonal-
ity of the t2g – eg orbitals (Scheme 5). However, the experimental results can
be qualitatively rationalized on the basis of the number of exchange pathways
expected for the different configurations of the metal ions.

Let us consider the case of a hexacyanochromate(III) with a t3
2g config-

uration. For a CrIII – CN – MnII linkage, the MnII ion has five d electrons
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(t3
2g e2

g) and the number of exchange pathways is equal to 15 (3 × 5). There
are nine t2g – t2g pathways; among them only two, the dxz – dxz and dyz – dyz,
are effective (we assume the z direction along the Cr – CN – Mn linkage)
and are responsible for the antiferromagnetic contribution arising from the
t2g – t2g overlap. The remaining six pathways correspond to the t2g – eg in-
teraction and only the two dxz – dz2 and dyz – dz2 pathways are effective for
the ferromagnetic contribution. Thus, when the M′ metal ion has single elec-
trons in the t2g and eg orbitals it is difficult to predict easily the nature of

Scheme 3

Scheme 4

Scheme 5
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the overall exchange coupling interaction. Experimental studies show that, in
the case of the CrIII – CN – MnII linkage, the interaction is antiferromagnetic,
which means that t2g – t2g contribution dominates. The exchange coupling
parameter J (based on the spin Hamiltonian H = – JS1 · S2) was found to
be equal to – 8 and – 5 cm–1 for two similar heptanuclear CrIIIMnII

6 com-
plexes [17, 18]. When MnII is replaced by FeII or CoII that possess two and
one single electrons respectively in their t2g orbitals, the overall interaction
is found to be ferromagnetic in the corresponding three-dimensional Prus-
sian blue analogues [19]. Clearly, the ferromagnetic contribution dominates
because the number of t2g – t2g antiferromagnetic exchange pathways has de-
creased (six for the CrIII–FeII linkage and three for CrIII – CoII), while the
number of ferromagnetic t2g – eg pathways is still maximal.

It is interesting at this stage to consider the case where CrIII is replaced by
low-spin FeIII with the t5

2g configuration and thus one single electron in the
t2g orbitals. For the FeIII – CN – FeIII(HS) linkage, the number of antiferro-
magnetic and ferromagnetic exchange pathways is three and two respectively
and the overall interaction was found to be ferromagnetic in three reported
cases [20–22]. Because of the presence of one single electron in the low-spin
FeIII t2g orbitals, only one antiferromagnetic exchange pathway is operative
and the ferromagnetic contribution dominates. If the number of eg electrons
on the M′ metal ion is reduced (as for high-spin MnIII), the nature of the in-
teraction may well be ferromagnetic or antiferromagnetic; this will in such
a case highly depend on the MnIII – N – C angle. However, one will expect in

Fig. 2 Variation of the exchange coupling parameter J as a function of the Ni – N – C angle
in the case of the NiII – CN – CrIII linkage
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either case a rather weak overall magnetic coupling, because the two contri-
butions can be very close in magnitude.

In order to complete this rather qualitative analysis of the nature of the
exchange coupling interaction through the cyanide bridge, it is interesting
to mention the results obtained by Julve, Cano and coworkers for the de-
pendence of the magnitude of the ferromagnetic interaction in the case of
the CrIII – CN – NiII linkage [23]. As stated above when the linkage is linear,
a ferromagnetic interaction is expected and observed due to the orthogonal-
ity of the magnetic orbitals. However, when the Ni – N – C angle starts to be
bent, the overlap between the magnetic orbitals is not zero any more and
an antiferromagnetic contribution arises that weakens the magnitude of the
ferromagnetic magnetic coupling. Density Functional Theory (DFT) calcula-
tions showed that the Ni – N – C angle must be lower than 140◦ in order to
overcome the ferromagnetic coupling (Fig. 2).

The analysis we have made is clearly qualitative; however, it explains well
almost all the experimental results reported in the literature. When the num-
ber of exchange pathways leads to ferromagnetic and antiferromagnetic con-
tributions that are very close in magnitude, a small variation of the M′ – N – C
angle and the nature of the M and M′ metal ions start to be the important
factors that determine the nature of the exchange interaction.

3
SMMs Based on Hexacyanometallates

Cyanometallates are probably the most adapted building blocks that allow
chemists to carry out a stepwise approach in order to prepare molecular
clusters. Two prerequisite conditions have to be fulfilled in order to put into
practice the stepwise approach. Firstly, the building block molecular com-
plex must be able to play the role of a ligand (complex as ligand), i.e. must
possess on its periphery atoms bearing lone electron pairs able to coordinate
to a metal ion; this complex must be stable and inert since all reactions are
performed in solution. Secondly, the molecule that plays the role of complex
towards the lone pairs of the ligands must bear chelating organic ligands that
cannot be substituted by the nitrogen end of the cyanide and available sites in
order to link to the hexacyanometallate.

3.1
Heptanuclear Complexes

Applying the simple ideas developed above and reacting a “complex as metal”
bearing a pentadentate ligand with hexacyanochromate(III) lead to the for-
mation of the first heptanuclear complex of formula [CrIII(CNNi(tetren))6]
(ClO4

–)9(CrNi6) (tetren is H2NC2H4(HNC2H4)3NH2) that has a spin ground



112 J.-N. Rebilly · T. Mallah

state S = 15/2 as a result of the ferromagnetic interaction between the cen-
tral CrIII (S = 3/2) ion and the six peripheral NiII (S = 1) metal ions, as was
expected [24]. Unfortunately, the crystal structure of this compound has not
been fully solved mainly because of a large disorder on the organic ligands.
However, the magnetic properties below 1 K were investigated and a slow re-
laxation of the magnetization was evidenced [25].

The best way to probe the dynamic properties consists in measuring the
magnetic susceptibility in the presence of an oscillating ac magnetic field at
different frequencies. Alternating current (ac) measurements allow probing
the relaxation time of the magnetization. For a simple paramagnet, the mag-
netization of the system stays in phase with the oscillating magnetic field that
gives the magnetic susceptibility. When the relaxation time of the magnetiza-
tion of the system probed and the frequency of the oscillating field become of
the same order of magnitude, the magnetization does not follow the magnetic
field and the susceptibility will exhibit two components: the real in-phase part
(χ ′) and the imaginary out of phase part (χ ′′). For CrNi6, ac measurements
show, at a frequency of 1000 Hz, a maximum for χ ′ at T = 0.38 K. Associ-
ated with this maximum, the out of phase component (χ ′′) increases and, on
cooling, reaches a maximum at 0.24 K. Measurements at different frequencies
(1000, 300, and 30 Hz) show that the maxima of χ ′ and χ ′′ are frequency de-
pendent and shift to low temperature when the frequency of the oscillating
field is decreased (Fig. 3).

The magnetization relaxation time (τ) is proportional to the inverse of the
frequency (f ) of the oscillating field: τ = 1/2πf . The blocking temperature
(TB) at a given frequency corresponds to the temperature of the maximum of

Fig. 3 χ ′′
M = f (T) for different frequencies of the magnetic oscillating field in zero dc field

for CrNi6
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Fig. 4 ln (τ) = f (1/T) for CrNi6

the χ ′′ signal. Plotting ln(τ) against 1/TB (including a measurement made at
680 MHz using a different apparatus) gives a straight line (Fig. 4). The block-
ing phenomenon is thus thermally activated (Arrhenius type). The relaxation
time can be expressed as τ = τo exp(EA/kTB), where τo is the relaxation time
at infinite temperature and EA/k is the activation energy. τo and EA are found
equal to 1.1 × 10–11 s and 3.98 cm–1, respectively, for CrNi6. This complex is
the first based on a cyanometallate that exhibits a SMM behavior, even though
around 200 mK [25]. This result is intriguing since an octahedral complex
does not possess an axial magnetic anisotropy.

Actually, Marvaud and coworkers have recently reported a complex with
the same composition but that crystallizes in a different space group of the
original complex [26]. One possible explanation of this difference and of
the difficulty in refining fully the crystal structure of the original complex
is the presence of different isomers of tetren capping the NiII ions, which
lowers the symmetry of the heptanuclear complex and thus leads to the pres-
ence of a very small but non-zero Ising-type magnetic anisotropy within
the original complex. Even though several heptanuclear complexes based on
Fe(CN)3–

6 and Cr(CN)3–
6 with a relatively high spin ground state (S = 27/2 for

the CrIIIMnII
6 ) or using high-spin MnIII complexes to introduce anisotropy

were prepared, none has shown the SMM behavior to date [18, 27, 28].

3.2
Pentanuclear Complexes

The use of pentadentate ligands restricts the architecture of the polynuclear
complexes to that of a central ion surrounded by up to six peripheral ones.
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One possible tactic to access new architectures is to use organic ligands with
less than five chelating sites to stabilize a molecular complex. This is a dif-
ficult task because of the propensity of the cyanide bridge to form extended
networks.

In 1997, Murray and coworkers reported the structure of a pentanu-
clear complex obtained from the reaction of ferricyanide and [Ni(bpm)2]2+

(bpm = bis(1-pyrazolyl)methane) of formula [Fe(CN)6]2[Ni(bpm)2]3 · 7H2O
(Fig. 5) [29].

The [Ni(bpm)2]2+ complex has two available sites in cis position and may
form with a hexacyanometallate a linear chain structure. However, a mo-
lecular discrete species was isolated. The complex has a trigonal bipyramidal
shape with the three [Ni(bpm)2]2+ bridging two ferricyanides. The complex
has a spin ground state S = 4, but a long-range ferromagnetic order due the
ferromagnetic intermolecular interactions mediated by a three-dimensional
network of hydrogen bonds was observed below 23 K. The formation of
a polynuclear complex instead of an extended network can be understood
by looking at the steric hindrance of the organic ligand, which precludes
the extension of the molecule in one dimension by bridging the cyanide on
its periphery. Since then, several complexes with the trigonal bipyramidal
structure were synthesized. Very recently, Dunbar and coworkers reported
a similar structure by using low-spin MnIII(CN)3–

6 as building block and
MnII(tmphen)2+

2 as the assembling metal complex (Fig. 6) [30].

Fig. 5 View of the molecular structure of the pentanuclear complex [(Ni(bpm)2)3
(Fe(CN)6)2]
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Fig. 6 View of the molecular structure of the pentanuclear complex [(MnII(tmphen)2)3
(MnIII(CN)6)2]

The magnetic studies performed on this complex showed an antiferromag-
netic interaction through the cyanide bridge that leads to a high-spin ground
state. The study of the magnetization indicates a S = 11/2 ground state with
an effective D parameter equal to – 0.348 cm–1. Alternating current suscep-
tibility studies show an out of phase χ ′′ susceptibility signal above T = 2 K
that depends on the frequency of the oscillating magnetic field. Even though
no measurements below 1.8 K were carried out, the frequency dependence al-
ready observed indicates that the complex behaves as a SMM. The presence
of spin–orbit coupling for the MnIII(CN)3–

6 complex is probably responsible
for the relatively large magnetic anisotropy of the complex especially since the
high-spin d5MnII ions have negligible magnetic anisotropy.

3.3
Tetranuclear and Trinuclear Complexes

In some particular cases, it is possible to stabilize tetranuclear complexes with
hexacyanometallates taking advantage of the neutrality of the polynuclear
complex and isolate them in a given solvent. To the best of our knowledge, the
first tetranuclear complexes obtained using this tactic and where anisotropic
high-spin MnIII ions were introduced were obtained from the reaction of
M(CN)3–

6 (M = FeIII or CrIII) and mononuclear complexes of general formula
M′L5Cl (M′ = FeIII, MnIII; for L5 see Scheme 6) [21].

Unfortunately, no crystals suitable for structural determination were ob-
tained. It is interesting to note that when the building block was hexa-
cyanochromate(III), the exchange interaction with the FeIII and the MnIII
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Scheme 6

ions was found to be antiferromagnetic while, for Fe(CN)3–
6 , the interaction is

ferromagnetic. Since no structure was available for the four compounds, no
ac studies were carried out.

Very recently, Miyasaka, Clérac and coworkers reported the synthe-
sis and the crystal structure of two tetranuclear complexes of formula
[(NC)3M(CNMn(salen))3] with M = FeIII and CrIII obtained from the reac-
tion of {NH2(n-C12H25)2}3[M(CN)6] and [Mn(salen)(H2O)]ClO4 (salen =
N,N′-ethylene bis(salicylideneiminate)) in a 1 : 1 mixing ratio in EtOH/MeOH
solution [31]. The two complexes are isostructural with the Mn units sur-
rounding the central cyanometallate in a meridional fashion through the
cyanide bridge. The MnIII ions have as expected a Jahn–Teller distortion
leading to Mn – N(NC) distances ranging from 2.29 to 2.32 Å (Fig. 7).

Fig. 7 View of the molecular structure of the tetranuclear complex [(CN)3FeIII(CNMnIII

(salen))3]
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The magnetic studies showed clearly that the exchange interaction be-
tween CrIII and MnIII is antiferromagnetic with an exchange parameter
JCr–Mn = – 4.6 cm–1. The exchange interaction within the FeMnIII

3 compound
was found to be antiferromagnetic along two of the three bridges and ferro-
magnetic for the third one. This was rationalized as due to a Mn – N – C angle
equal to 149◦, much smaller than the other two (> 161◦). Such an interaction
(Scheme 7) leads to a spin ground state S = 3/2 for the FeMnIII

3 complex.
The dynamics of the magnetization of the two complexes were probed by

ac susceptibility measurements. Only the FeMnIII
3 complex showed the pres-

ence of an out of phase signal. The ac studies were performed above T = 1.8 K,
so the maximum of the susceptibility curves could not be observed; however,
a hysteresis loop occurs in the magnetization vs. field studies at T = 0.5 K
confirming the characteristics of a SMM behavior for this compound. De-
tailed studies at lower temperatures are necessary for this compound in order
to confirm without doubt the SMM behavior; this is important because of
the rather low value of the spin ground state (S = 3/2). However, since the
anisotropy plays a determinant role, we examined for this particular com-
pound the contribution of the local anisotropy to the S = 3/2 ground state
relative to the S = 11/2 state that is stabilized in the case where the mag-
netic coupling is antiferromagnetic for the three Fe – CN – Mn linkages (see
Sect. 5).

The use of [MnIII(salen)(H2O)]+ with the potassium salt of hexacyanomet-
allate(III) leads to heptanuclear complexes [27, 28]. In one case, however,
a trinuclear FeMnIII

2 complex was isolated by Long and coworkers [27]; how-
ever, the crystal contains dimeric [Mn(salen)(H2O)]2 species, two mononu-
clear Mn complexes, and one Fe(CN)3–

6 molecule. It is interesting to note here
that the stoichiometry corresponds to a neutral FeMn3 compound. The same
situation is found for the heptanuclear complex based on hexacyanoferrate
that cocrystallizes with one molecule of Fe(CN)3–

6 to lead to the FeMn3 neutral
stoichiometry as well [28].

Isolated trinuclear complexes were obtained by using 5-X-salen (X = Cl,
Br) derivatives [32]. Recently, Long and coworkers investigated the behav-
ior of trinuclear complexes obtained from the reaction of hexacyanomet-
allate(III) (Fe and Cr) and [Mn(5-Br-salen)(H2O)]+ in MeOH and water
(Fig. 8) [33].

Scheme 7
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Fig. 8 View of the molecular structure of the trinuclear complex [(CN)4FeIII(CNMnIII(5-
Br-salen))2]–

The dc magnetic studies indicate a ferromagnetic exchange coupling (J =
4.6 cm–1) between the low-spin FeIII and the MnIII ion through the cyanide
bridge, leading to a spin ground state S = 9/2. An antiferromagnetic coupling
was found for the CrMn3 complex, leading to a spin ground state S = 5/2. The
two complexes show slow relaxation of the magnetization. The maxima of the
out of phase signal of the Fe-based compound are present above T = 2 K. An
estimation of the anisotropy barrier for this complex (|D|S2) gives a value of
25 cm–1. However, the out of phase signals (χ ′′) for the two compounds are
extremely weak in comparison to the χ ′ signals when compared to other fully
characterized SMM complexes.

Very recently, a report by Miyasaka and Clérac on a FeMIII
2 complex using

a modified salen ligand (N,N′-(1-methyethylene)bis(salicylideneiminate))
showed that the complex has a S = 9/2 spin ground state that undergoes
a slow relaxation of the magnetization. Very low temperature magnetization
studies on one single crystal using a micro-squid array show a hysteresis for
the M = f (H) curves but with fast relaxation at zero field [34].

4
SMMs Based on Tricyanometallates

Tricyanometallates with the three cyanide ligands in facial positions were
first used by Long and coworkers in order to stabilize new polynuclear
complexes with cubic architecture [35]. They used an inert diamagnetic
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CoIII complex with the triazacyclononane (tacn) ligand blocking three
facial positions of the octahedron; the three remaining sites were oc-
cupied by cyanides: [(tacn)Co(CN)3]. The reaction of this complex with
[(tacn)Cr(H2O)3](CF3SO3)3 leads to the octanuclear [Cr4Co4(CN)12(tacn)8]
(CF3SO3)12 · 8H2O compound. The structure of the cation showed a cubic
complex with the vertices occupied by Co and Cr atoms (Fig. 9).

This complex is not interesting from the magnetic point of view because of
the presence of diamagnetic CoIII ions, but its preparation can be considered
as a precursor work for a new class of compounds based on tricyanometallate
among which some behave as SMMs. It is noteworthy that the synthesis of this
complex was possible mainly because of the inertness of the building blocks
that allowed carrying on the reaction in boiling water in order to reach the
thermodynamic compound. The use of assembling paramagnetic complexes
bearing an organic ligand will generally not allow us to perform reactions in
such extreme conditions, because paramagnetic complexes with metal of the
first transition metal series are generally labile.

Long and coworkers extended their tactic by using a similar paramagnetic
building block based on CrIII, i.e. [(Me3tacn)Cr(CN)3]. The reaction between
this complex and Ni(H2O)2+

6 in boiling water allowed us to isolate another
cubic architecture for the complex of formula [(Me3tacn)8Cr8Ni6(CN)24]12+

(Cr8Ni6) (Fig. 10) [36].

Fig. 9 View of the cubic structure of [CoIII
8 (CN)12(tacn)8]12+
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Fig. 10 View of the cubic structure of [(Me3tacn)8CrIII
8 Ni6(CN)24]12+

The Cr atoms occupy the vertices of the cube and the Ni atoms the centers
of the six faces. Unfortunately, because of the relative lability of CrIII and par-
ticularly because of the stability of the Ni(CN)2–

4 complex, linkage isomerism
occurs, leading to Ni atoms linked to the carbon end and Cr atoms to the ni-
trogen end of the cyanide bridge. Such a structure where an atom occupies
the center of the cube’s faces stabilizes strongly a square planar geometry, es-
pecially when the assembling paramagnetic ion is NiII. Even if this result is
at first view deceiving from the magnetic point of view (square planar NiII

complexes are diamagnetic), it opens new perspectives in the chemistry of
cyanide bridged clusters.

4.1
Cubic Complexes

One of the main problems with the chemistry based on [(Me3tacn)M
(CN)3] is the insolubility of the building blocks in almost any solvent. A new
type of anionic and soluble building block must therefore be prepared. An
interesting paramagnetic complex was reported recently by Julve and cowor-
kers [22]. It has the same facial structure but the tacn-type ligand was re-
placed by the monoanion HB(pz)–

3 (HB(pz)–
3 = hydrotris-(1-pyrazolyl)borate)

and Cr by Fe, i.e. [(HB(pz)3)FeIII(CN)3]– (Fig. 11) [22].
Very recently, the reaction between (Bu4N)[(HB(pz)3)FeIII(CN)3] and

[Cu(H2O)6](ClO4)2 in acetonitrile and water led to the formation of a com-
plex of formula [(HB(pz)3)8(H2O)6Fe8Cu6(CN)24](ClO4)4 (Fe8Cu6) [37]. This
complex has the same structure as the cubic Cr8Ni6 with the Fe atoms oc-
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Fig. 11 View of the structure of fac-[Fe(HB(pz)3)(CN)3]–

cupying the vertices of the cube and the Cu atoms the centers of the faces.
The important difference is that d9 CuII is paramagnetic (S = 1/2) and, since
Cu(CN)2–

4 is not particularly stable, no linkage isomerism occurs. The mag-
netic studies reveal, as expected, a ferromagnetic exchange coupling between
the low-spin FeIII and CuII, leading to a spin ground state S = 7 for the
complex. The magnetization studies as a function of field at different tem-
peratures suggest that the axial D parameter is negative (D = – 0.16 cm–1)
with a very small rhombic parameter E (E/D = 0.03). The investigation of
the dynamic behavior shows the presence of a non-zero out of phase signal
below 3 K. Even though no maximum was observed above T = 1.8 K, there
is a frequency dependence of χ ′′ that strongly suggests a blocking of the
magnetization at lower temperatures. However, low-temperature studies are
necessary to confirm the SMM behavior. The determination of the anisotropy
axes by magnetic measurements on single crystals will add to the understand-
ing of the slow relaxation observed.

Efforts to incorporate transition-metal ions of the second or third se-
ries that possess large spin–orbit coupling in order to enhance the overall
anisotropy of the molecular clusters is one of the possibilities that chemists
try to explore. Dunbar and coworkers reported the preparation of an octanu-
clear complex of formula [(MnCl)4(Re(triphos)(CN)3)4] from the reaction of
(Et4N)[Re(triphos)(CN)3] and MnCl2 in a mixture of acetone and acetonitrile
under reflux. The complex has a cubic structure similar to Cr4Co4, where the
metal ions occupy the vertices of the molecular cube (Fig. 12) [38].

This complex seems to have a SMM behavior suggested by the presence
of an out of phase susceptibility signal which is frequency dependent. It is
interesting to note that the Mn atoms are tetracoordinated and bonding the
nitrogen end of three cyanides and a Cl atom. The local symmetry on the Mn
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Fig. 12 View of the cubic structure of [(MnCl)4(Re(triphos)(CN)3)4]

is close to C3v, which lowers the overall symmetry of the cube due to a C3
symmetry axis. This structural distortion is thought to be the origin of the
axial magnetic anisotropy responsible for the anisotropy barrier of the com-
pound. Again, in this case lower magnetic studies are necessary in order to
confirm the suggested SMM behavior.

4.2
Square Complexes

Even though not based on tricyanometallates, one of the first examples of
paramagnetic molecular squares based on the cyanide bridge was reported
by Oshio and coworkers [39] by reacting the [(bpy)2FeIII(CN)2](PF6) building
block with [Cu(bpy)(MeOH)2](NO3) in MeOH. The outcome of such a reac-
tion may be either a zigzag cationic FeCu chain, or a molecular square with
six positive charges. It is clear that thermodynamically the molecular square
is more stable, because all the bonds are fulfilled and the entropy of the reac-
tion is maximal. The important point is to avoid the precipitation of the chain
before reaching the thermodynamic conditions. Oshio and coworkers left the
reactants to stir for three days and then added NH4PF6 in order to isolate the
tetranuclear molecular square complex [FeIII

2 CuII
2 (µ-CN)4(bpy)6](PF6)6 from

solution (Fig. 13) [39].
Recently, Holmes and coworkers succeeded in stabilizing molecular

squares by reacting [Tp∗Fe(CN)3]– (Tp∗ = hydridotris(3,5-dimethylpyrazol-
1-yl)borate) is a derivative of (HB(pz)3) and MII(OTf)2+

2 (OTf = trifluo-
romethanesulfonate, M = Mn, Co, and Ni) in DMF and obtained tetranuclear
Fe2M2 complexes (Fig. 14) [40]. The metal ions occupy the vertices of the
square; the coordination sphere of the Ni atom is completed by four DMF
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Fig. 13 View of the structure of the molecular square [(FeIII(bpy)2)2(CuII(bpy))2(CN)4]6+

Fig. 14 View of the structure of the molecular square [Tp∗FeIII(CN)3NiII(DMF)4]2+
2

molecules and each Fe atom has one pendant cyanide ligand. The complex
containing the Ni atoms has a S = 3 ground state and presents an out of phase
ac signal. The height of the anisotropy barrier was estimated from a mag-
netization study to be equal to about 36 cm–1, the largest value reported for
a cyanide bridged complex. This is a relatively large value when compared to
other SMMs even though it is still lower than that of Mn12-ac. However, the
spin ground state is only 3 in this complex while it is equal to 10 for Mn12-ac.

4.3
Heptanuclear Trigonal Prismatic Complex

Introducing transition-metal ions of the second series that has large spin–
orbit coupling seems to be an interesting route to prepare new SMMs. Long
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and coworkers succeeded in isolating a heptanuclear complex of formula
K[(Me3tacn)6MnIIMoIII

6 (CN)18](ClO4)3 from the reaction of [(Me3tacn)6MoIII

(CN)3] and Mn(ClO4)2 · 6H2O in the presence of KClO4 (Fig. 15) [41].
The structure of the complex consists of a central Mn atom surrounded by

six nitrogen atoms from six (Me3tacn)MoIII(CN)3; each Mo complex has two
non-bridging cyanide ligands. The geometry of the complex is close to trigo-
nal prismatic with parallel faces twisted about the three-fold axis 22.6◦ away
from the fully eclipsed position. The antiferromagnetic exchange coupling in-
teraction found leads to a S = 13/2 spin ground state. The D value extracted
from the fit of the magnetization was found to be equal to – 0.33 cm–1 with
E/D = 0.05, indicating a relatively axial anisotropy. A maximum in the χ ′
signal was observed; it is associated with an out of phase signal. The χ ′′ fre-
quency dependence leads to an activation barrier of 10 cm–1, much smaller
than for other complexes with lower spin states and metal ions which have
weaker single-ion anisotropy such as for Fe2Ni2 (see Sect. 4.2).

Fig. 15 View of the structure of the trigonal prismatic complex [(Me3tacn)6MnIIMoIII
6

(CN)18]2+

5
Predicting the Magnetic Anisotropy

For cyanide bridged systems, the prediction of the nature and even the mag-
nitude of the exchange coupling parameters between the different magnetic
ions is relatively well established and the behavior of most of the reported
molecular clusters follows quite well the simple rules expressed in Sect. 2.
These rules have been successfully used to build clusters with relatively high-
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spin ground states. Magnetic anisotropy is the other ingredient necessary to
achieve a large activation barrier for the reversal of the magnetization.

When looking at all the SMMs reported in the literature, it is quite de-
ceiving to conclude that to date Mn12-ac (and the other Mn12 belonging to
the same family) still have the record for the value of the anisotropy barrier
(50 cm–1) and actually very few compounds have a value larger than 30 cm–1.

The molecular clusters based on cyanide offer a simple example to predict
the nature and the magnitude of the magnetic anisotropy of the ground spin
state.

In order to compute the anisotropy of a given spin state in a molecular
cluster, one must take into account different contributions: (i) the contribu-
tion of the single-ion anisotropy for the relevant spin state, (ii) the contribu-
tion coming for dipolar interaction, and (iii) the contribution coming from
the exchange itself. We will assume in the following that the exchange inter-
action within the complexes we will consider is relatively large, so that we
can thus express the anisotropy of the total spin states resulting from the in-
teraction between the local spins in the case of a dinuclear complex A – B
as

D = d1DA + d2DB + d12DAB . (2)

Here DA, DB, and DAB are the tensors corresponding to the single ion A, to
the single ion B, and to the anisotropic interaction, respectively; d1, d2, and
d12 give the contributions of each tensor [42]. Since Eq. 2 is a tensorial rela-
tion, the orientation of each tensor must be known. The metal–metal distance
through the cyanide bridge is around 5 Å, so one can safely neglect the con-
tribution to anisotropy coming from the dipolar interaction; furthermore,
the exchange interaction between the metal ions even though not negligi-
ble is still relatively weak for the anisotropic term to be considered. So, for
cyanide bridged systems, we assume that mainly the single-ion anisotropy
contributes to the overall anisotropy. This approximation is not valid for
metal–oxo clusters for instance, since the M – M distances are much shorter
so that the anisotropy coming from dipolar interaction cannot be neglected.
Furthermore, the exchange anisotropy may be important because of the large
exchange coupling parameter that can be present for such cases.

We will, in the following, consider a “T”-like geometry with a central S =
1/2 (metal M) ion and three peripheral S = 2 (metal M′) ions (Scheme 8).

Scheme 8
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We will assume that the peripheral metal ions have axial anisotropy (E = 0)
and that the principal axis is along the M – M′ bonds. We will assume as well
that the exchange interaction between the central M and the peripheral M′
ions is of the same nature, either ferromagnetic or antiferromagnetic. Such
a situation can be found, for example, if the peripheral atoms are high-spin
MnIII with a Jahn–Teller distortion along the M – M′ bond and the central
metal ion has only three bridging cyanides in meridional fashion. The com-
putation of the total D tensor for the tetranuclear “T”-like complex leads to
a maximum rhombicity for the anisotropy, which means that the axiality of
the peripheral M′ ions is completely lost [43]. This result does not depend
of course on the sign (easy axis or easy plane of magnetization) of the local
D parameter. If the same calculations are performed in the similar case as
above but with the M′ – M – M′ angles equal to 120◦ instead of 90 and 180◦
(Scheme 9) and considering a negative D value (easy axis of magnetization)
for M′, the D tensor of the complex remains axial (E = 0) but the D value be-
comes positive (an easy plane of magnetization). Thus, using a metal ion with
a negative Dlocal value does not insure the same sign for Dtotal of the polynu-
clear complex. A local easy axis of magnetization may well lead to an easy
plane for the molecule.

Let us consider again the “T”-like complex but now the local anisotropy
axes of the M′ ions are perpendicular to the plane formed by the four MM′

3
metal ions. This can be the case if M′ are MnIII ions with their Jahn–Teller
axes perpendicular to the M – M′ bonds. In such a case, the anisotropy axes
of the three peripheral M′ ions are parallel and clearly the overall anisotropy
axis keeps the same direction. Thus, the sign of Dtotal will be the same as that
of Dlocal. This result is true, of course, in the case of a planar complex for any
value of the M′ – M – M′ angle.

When the three peripheral M′ metal ions have the same spin orientation
i.e. ferromagnetic exchange coupling, the dn (d1, d2, and d3 for the particular
case we considered) coefficients are all equal. However, these values depend
on the spin state considered. In the case of a ferromagnetic interaction be-
tween the central and the peripheral ions (case A, Scheme 10), the ground
spin state will be equal to 13/2 and d1 (= d2 = d3) is found equal to 0.076923.

In the case of an antiferromagnetic coupling where the ground spin state
is S = 9/2 (case B, Scheme 11), d1 is equal to 0.104895. Numerical calculations

Scheme 9
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Scheme 10

Scheme 11

for the case where all the local anisotropy axes of the M′ ions are perpendicu-
lar to the plane of the molecule for a spin ground state S = 13/2, D = – 4 cm–1,
and E = 0 (case A) lead to D13/2 = – 0.93 cm–1, and in the case of S = 11/2
(case B) to D11/2 = – 1.27 cm–1.

So, the antiferromagnetic interaction leads to a larger magnetic anisotropy.
However, the activation barrier (given by |DS|S2) is found equal to 39
and 38.4 cm–1 for the spin states 13/2 and 11/2, respectively. The gain in
anisotropy in the case of the antiferromagnetic coupling is lost by the weaker
spin value of the ground state.

In order to complete this discussion, we computed the value of the
anisotropy parameters for an intermediate spin ground state S = 3/2 arising
from an antiferromagnetic coupling between the central S = 1/2 and the two
peripheral ions that are at opposite sides and a ferromagnetic interaction with
the third M′ ion (case C, Scheme 12).

In such a case, we have d1 = d2 = 0.7857 and d3 = 0.4. The value of D3/2 was
found to be equal to – 7.88 cm–1 with E = 0 assuming the same conditions as

Scheme 12
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for the other spin states. Everything being equal, the DS value depends highly
on the interaction scheme and for intermediate spin states this value can be
very large. However, the increase in the value of the anisotropy parameter
does not compensate at all the decrease of the S value since, despite the large
D value, the anisotropy barrier is reduced to 17 cm–1.

The qualitative results found concerning the orientation and the degree of
rhombicity of the total D tensor in different cases can be considered as gen-
eral and can be easily understood. Parallel local anisotropy axes for the single
ions keep the same axial anisotropy for the total tensor. Non-parallel local
anisotropy axes lead to a rhombic total tensor if the M′ – M – M′ angles are
different. Only in the case where the angles are equal (120◦) is the axiality re-
tained for the molecule but the sign of the D parameter is changed. This is not
surprising because, for equal angles, the molecule possesses a three-fold sym-
metry axis that imposes the axiality of the global D tensor. The calculations
for particular cases show that a decrease of the spin ground state increases the
value of the D parameter but reduces the anisotropy barrier. It is thus difficult
to draw general conclusions on the relation between the nature of the ground
state and the height of the anisotropy barrier; each particular case must be
considered.

6
Concluding Remarks

In this review, we mainly focused on the cyanide-based complexes that be-
have as SMMs; however, during the last 10 years many compounds based on
bridging cyanides have been reported using the same synthetic stepwise ap-
proach [44–57]. The stepwise approach allows us to prepare molecules where
the spin ground state can be relatively easily predicted. Even when the archi-
tecture of the polynuclear complex is not expected, the determination of the
nature of the ground state is straightforward, since the nature of the cyanide
bridge does not lead to competition between different exchange interactions
as for metal–oxo complexes where triangular units are usually present. Fur-
thermore, it is possible to calculate the orientation of the D tensor for the spin
ground state, providing a good knowledge of the local tensors. This is where
probably the stepwise approach is rewarding, because one can carry out a de-
tailed study by different spectroscopic techniques to determine precisely the
nature of the magnetic anisotropy on the precursors used to build up the final
polynuclear complexes.

One of the important issues in the domain of SMMs is the temperature
of the blocking of the magnetization. To date, the Mn12 derivatives hold
the record with a relaxation time of the order of a few months at T = 2 K.
One of the challenges is to be able to increase the temperature of the block-
ing of the magnetization in order to access slow relaxation times at higher
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temperatures. Considering the results of the last 10 years, a blocking of the
magnetization at a temperature of 10 K is a real challenge. To reach such
a blocking temperature, a molecule with an easy magnetization axis and
an anisotropy barrier larger than 200 K is needed. The calculations of the
D values for the spin ground state of a polynuclear complex (see Sect. 5) show
clearly that for high-spin states the total anisotropy is dramatically reduced.
This leads to the conclusion that in order to obtain a reasonably large acti-
vation barrier so that a molecule would store information at a temperature
around 10 K, one must build up molecules with very large spin ground states
(100 of higher) and at the same time use metal ions with very large single-ion
anisotropy. This is probably not out of reach of chemists. However, a molecule
with a slow relaxation of the magnetization at room temperature is, for the
time being, just a dream.
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Abstract Magnetic hysteresis is considered a distinctive feature of bulk magnetic mate-
rials, where it arises from long-range ordering and irreversible motion of domain walls.
However, many anisotropic high-spin molecules, referred to as Single-Molecule Magnets
(SMMs), display a hysteresis loop at low temperature and have the potential of being
used as molecular-scale units for information storage. This work reviews recent advances
in the realization of new bulk materials and low-dimensional nanostructures based on
SMMs. Particular reference will be made to mixed-valence Mn12 complexes, which com-
prise the most versatile and best-performing SMMs available to date. Nonetheless, the
described criteria for structure tailoring as well as the guiding principles in material
design are of general value and applicability. Examples are given of multifunctional mate-
rials of either inorganic or hybrid nature which combine in a unique fashion the magnetic
properties of embedded SMMs with the conductive, optical and mechanical character-
istics of a polymeric host. In the framework of the molecular approach to electronics,
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successful attempts to organize SMMs into bidimensional arrays on surfaces and to ad-
dress them individually have been reported. Recent results in this area will be treated
exemplarily, with emphasis on molecular design and surface functionalization. The con-
struction of molecular-scale electronic devices embodying SMMs as active components
is finally highlighted among the future developments of this lively research area, which
straddles the interface between chemistry and physics.

Keywords Molecular magnetism · Molecular electronics · Manganese · Surface science
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UHV ultra high vacuum
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction

1
The Chemistry and Physics of Single-Molecule Magnets (SMMs)

1.1
Introductory Remarks

The investigation of molecular materials has clearly demonstrated that prop-
erties traditionally associated with inorganic materials, such as conductivity,
superconductivity and non-linear optical behavior, can be observed even in
discrete molecular entities or in crystal lattices assembled from molecular
building blocks. Magnetic materials [1–3] make no exception to this trend
and RT molecular magnets have been available since the early nineties of
the last century [4, 5]. Also during this time it was discovered that mo-
lecular nanosize assemblies of paramagnetic metal ions may show mag-
netic hysteresis below a certain temperature (TB), from which the acronym
single-molecule magnets (SMMs) was coined [6, 7]. Unlike in traditional
ferro- or ferrimagnetic materials, however, the hysteresis loop of SMMs
does not originate from long-range ordering of magnetic moments and ir-
reversible motion of domain walls, since each molecule effectively acts as
a monodomain particle. Rather, it is the outcome of an exceedingly slow
paramagnetic relaxation observed when intramolecular magnetic interac-
tions produce a high spin ground state and a large Ising-type anisotropy.
For both conditions to be fulfilled, not only the constituent ions have to
be chosen correctly, but also molecular architecture must be properly de-
signed. In this respect, synthetic chemistry has massively contributed to
the development of molecular nanomagnetism, which has rapidly matured
into a unique discipline at the interface between chemistry and solid-state
physics.

The main advantages of a molecular approach to nanomagnetism [8, 9]
lie in the high reproducibility and monodispersity of the molecular build-
ing blocks, naturally identical to each other and with well-defined sizes and
electronic levels. Furthermore, molecular magnetic properties can be finely
tuned at the synthetic level and combined with mechanical, electrical and/or
optical properties to give multifunctional systems [10]. As a result, molecu-
lar nanomagnetism is now further expanding toward neighboring areas, in-
cluding material science [11], molecular electronics [12] and information
technology [13].
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Herein we review recent progress in the rational moulding of SMMs into
new materials and devices. Many different structural types have been shown
to lead to SMM behavior, and the interested reader is addressed to dedicated
reviews [14–17] and the remainder of this volume. Our choice has been to
focus on the family of Mn12 complexes, which exhibit the highest TB and
the greatest chemical versatility among known SMMs. Their synthesis, struc-
ture, reactivity and physical behavior are briefly outlined in Sects. 1.2 and
1.3. Section 2 is devoted to the preparation of new bulk materials containing
SMMs, whereas Sect. 3 focusses on the organization of SMMs into bidimen-
sional nanostructures. A perspective view of the future developments in the
field is eventually provided in Sect. 4.

1.2
Synthesis, Structure and Reactivity of Mn12-type SMMs

The chemical methods applicable to the synthesis of SMMs rely on concepts
pertaining to the wider realm of supramolecular chemistry, such as molecular
recognition, host-guest interactions and self-assembly [18]. As will be illus-
trated in Sect. 1.3, however, the structural and electronic requirements for
SMM behavior are so demanding that truly general synthetic routes to SMMs
have not yet been developed. Instead, the vast majority of SMMs known to
date have been obtained using serendipitous/combinatorial methods not dis-
similar from those widely used in pharmaceutical drug discovery [19, 20]. By
contrast, the reactivity of preformed cluster cores has been widely exploited
to design new molecular compounds endowed with additional properties and
functionalities, as discussed in the next sections.

The prototypal SMM was synthesized and structurally characterized by
XRD in 1980 [21], though its unusual magnetic properties were uncovered
only about a decade later [6, 7]. It is a crystalline, molecular compound with
formula [Mn12O12(OAc)16(H2O)4] ·4H2O ·2AcOH (Mn12-acetate) and can be
isolated in high yield (∼ 80%) by reaction of manganese(ii) acetate tetrahy-
drate with potassium permanganate in a 60% v/v AcOH-water mixture (the
possible occurrence of dodecanuclear manganese acetate complexes had been
anticipated by Weinland and Fischer as early as in 1921, see [22]). Each Mn12
cluster contains eight manganese(iii) and four manganese(iv) ions, which are
produced by comproportionation of the reactants [15, 16], as described by the
Eq. 1:

44Mn(OAc)2 + 16MnO4
– + 16H2O + 8H+ (1)

→ 5[Mn12O12(OAc)16(H2O)4] + 8AcO– .

The disk-like Mn12 molecule, whose structure is schematically depicted
in Fig. 1, has crystallographic S4 symmetry. The four manganese(iv) ions
are found in a central cubane unit, which is surrounded by a ring of eight
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Fig. 1 Structure of the [Mn12O12(OAc)16(H2O)4] cluster in Mn12-acetate viewed along
the S4 axis, with the labelling scheme for acetate ligands. Atom code (size/color):
MnIII = large/light-gray; MnIV = large/gray; O = medium/black; C = medium/light-gray;
H = small/gray. Methyl hydrogen atoms omitted for clarity

manganese(iii) ions. The resulting [Mn12O12(OAc)16(H2O)4] core is held to-
gether by 12 µ3-O2– ions and 16 µ-acetates, while the four water molecules
provide terminal ligation to every second manganese(iii) ion. The acetate
bridges are partitioned into three chemically distinct sets, labelled with A, B
and C in Fig. 1. A-type and B-type acetates provide axial ligation to MnIV–
MnIII and MnIII–MnIII pairs, respectively, whereas C-type acetates bridge
MnIII–MnIII pairs equatorially. Notice that C-type acetates comprise two crys-
tallographically independent subsets, labelled with C′ and C′′ in Fig. 1. All the
constituent ions reside in distorted octahedral environments, the eight man-
ganese(iii) centers displaying pronounced JT distortion by tetragonal elonga-
tion. The elongated Mn – O bonds involve exclusively axial acetate (A,B) and
water ligands, so that the JT axes are essentially collinear with the unique
S4 molecular axis. Such peculiar arrangement of the JT axes has important
consequences on the magnetic properties, as discussed in Sect. 1.3. The crys-
tal lattice of Mn12-acetate also comprises non-coordinated water and acetic
acid molecules, which are hydrogen bonded to the dodecamanganese unit.
The acetic acid molecules, in particular, are disordered over two equally-
populated positions and determine a local symmetry lowering [23, 24], as
recently confirmed by detailed spectroscopic investigations [25].

Mn12-acetate is soluble and perfectly stable in organic solvents such as
acetonitrile and DMF.

The 1H-NMR spectrum in acetonitrile, for instance, shows three reso-
nances at 48.2, 41.8 and 13.9 ppm (vs. tetramethylsilane) with integrated in-
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tensities in a 1 : 2 : 1 ratio. The signals arise from the CH3 groups of B-, C- and
A-type acetates, respectively, and demonstrate that the solid-state structure is
preserved in solution [26]. However, Mn12-acetate easily undergoes ligand ex-
change reactions when treated with suitable carboxylate or non-carboxylate
ligands, such as those gathered in Fig. 2. In fact, the total replacement of
AcO– groups (Eq. 2) has been widely exploited to access new homocarboxy-
late derivatives, like [Mn12O12(O2CPh)16(H2O)4] (Mn12-benzoate) [27], the
second member of the Mn12 family to be reported after Mn12-acetate:

[Mn12O12(OAc)16(H2O)4] + 16RCO2H (2)

� [Mn12O12(O2CR)16(H2O)4] + 16AcOH .

In order to drive the equilibrium to the right, it is advisable to use
a large excess of incoming ligand and to remove the produced acetic acid

Fig. 2 A selection of ligands used in Mn12 chemistry
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by azeotropic distillation with toluene1. It is important to notice here that,
although the basic structure of the Mn12O12 core is preserved upon ligand
replacement, the arrangement of axial water and carboxylate ligands may dif-
fer from that observed in Mn12-acetate. For instance, whereas for R = Me one
water ligand is present every second manganese(iii) ion, in Mn12-benzoate
two trans H2O ligands are found every fourth manganese(iii) center [27].
For R = Et, the cluster features three water ligands and one five-coordinated
manganese(iii) ion [26]. Derivatives with no coordinated water are also
known [28].

As compared with homocarboxylates, the preparation of mixed-ligand
complexes is considerably more challenging. In favorable cases, they are ac-
cessible by direct comproportionation of manganese(ii) and permanganate
salts. For instance, the complex [Mn12O12(OAc)4(O2CEt)12(H2O)4] was con-
veniently prepared by reaction between Mn(OAc)2 ·4H2O and KMnO4 in
a mixture of propionic acid and water [29]. Heterocarboxylate species have
also been synthesized by ligand redistribution as in Eq. 3 (R = Et or CH2But

and R′ = CHCl2) [30]:

[Mn12O12(O2CR)16(H2O)4] + [Mn12O12(O2CR′)16(H2O)4] (3)

� 2[Mn12O12(O2CR)8(O2CR′)8(H2O)4] .

However, the simplest route to mixed-ligand Mn12 complexes involves
treatment of a homocarboxylate with a stoichiometric amount of the proper
incoming ligand. This strategy proved to be successful for the introduction,
among others, of nitrates, sulfonates, phosphates and phosphinates, as shown
exemplarily in Eq. 4:

[Mn12O12(O2CCH2But)16(H2O)4] + 4HNO3 (4)

� [Mn12O12(O2CCH2But)12(NO3)4(H2O)4] + 4ButCH2CO2H .

Interestingly, the exchange reaction is usually site selective, i.e. the differ-
ent ligands are located at specific sites rather than being disordered. Table 1
lists the distribution of the ligands amongst A, B and C coordination sites
for a selection of Mn12 derivatives. For each ligand, the pKa of the conju-
gated acid is also reported in parentheses. The weaker bases (lower pKa for
the conjugated acid) are most often found in B-type axial sites, i.e. those
bridging a pair of MnIII ions, whereas stronger bases usually occupy A-type
axial or C-type equatorial positions. The observed trend is ascribed to the
strength of the ligand-to-metal interaction, which is minimal for B-sites
due to the larger Mn – O distances along the MnIII JT elongation axes [30,
34]. However, Table 1 also reveals exceptions to this rule. For instance,
in [Mn12O12(dph)8(O2CMe)8(H2O)4] and [Mn12O12(dph)9(O2CPh)7(H2O)4]
the weaker diphenylphosphinate base is distributed among axial (B) and

1 Toluene and acetic acid form a negative azeotrope which contains 28 wt % of the acid and boils at
100.6 ◦C at 1 atm vs. 110.7 and 118.1 ◦C for pure toluene and acetic acid, respectively.
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equatorial (C) sites. Beside ligand basicity, other factors like steric hindrance
and crystal packing must therefore play a role. It is important to notice
here that ligand redistribution between the available coordination sites has
been clearly detected in solutions of heterocarboxylate derivatives by NMR
spectroscopy [30].

To overcome these difficulties, an alternative strategy for site-selective lig-
and replacement has been recently proposed. It is based on conformationally
rigid dicarboxylate ligands derived from anthracene-1,8-dicarboxylic acid
(H2adc), which are capable of exclusive axial coordination because of geo-
metric reasons. The ligands act in a bis-bidentate fashion and occupy A + B
sites only. As an additional advantage, the anthracene moiety can be read-
ily functionalized in the 10-position. Figure 3 illustrates the structure of the
complex [Mn12O12(O2CPh)8(adc)4(H2O)4], which contains eight benzoates
in equatorial sites and four adc-derived ligands in axial sites [38].

Fig. 3 Structure of [Mn12O12(O2CPh)8(adc)4(H2O)4] [38]. Atom code as in Fig. 1 plus:
S = large/black. Hydrogen atoms omitted for clarity
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Table 2 First- and second-reduction potentials for [Mn12O12(O2CR)16(H2O)4] complexes
(adapted from [41]) a

R E1 (V) E2 (V)

C6H5
b + 0.12 – 0.23

Me + 0.18 – 0.06
2-NO2 – Ph + 0.47 + 0.19

4-NO2 – Ph b + 0.49 + 0.23
CH2Cl + 0.60 + 0.30
C6F5 + 0.64 + 0.46

2,4-(NO2)2 – Ph + 0.74 + 0.45
CHCl2 + 0.91 + 0.61

a Determined by Differential Pulse Voltammetry in acetonitrile unless otherwise indi-
cated, vs. ferrocene
b In CH2Cl2

Another important aspect of the reactivity of Mn12 complexes emerges
clearly from their cyclic voltammograms in organic solution. Most
[Mn12O12(O2CR)16(H2O)4] derivatives show multiple redox waves, the 1st ox-
idation and the 1st reduction being usually reversible. The first-reduction
potential generally lies in the range 0.0–1.0 V vs. Fc+/Fc and the actual
value depends predictably on the electron-withdrawing capability of the
carboxylate ligands (Table 2). Many one- and two-electron reduced species
have indeed been isolated in crystalline form by reacting preformed Mn12
complexes with mild reducing agents, such as iodides [26, 39–43] or metal-
locenes [40, 44], as exemplarily reported in Eqs. 5–7 (M = Fe, Co).

[Mn12O12(O2CEt)16(H2O)3] + H2O + PPh4I (5)

→ (PPh4)[Mn12O12(O2CEt)16(H2O)4] + 1/2I2

[Mn12O12(O2CCHCl2)16(H2O)4] + 2PPh4I (6)

→ (PPh4)2[Mn12O12(O2CCHCl2)16(H2O)4] + I2

[Mn12O12(O2CC6F5)16(H2O)4] + M(C5Me5)2 (7)

→ [M(C5Me5)2][Mn12O12(O2CC6F5)16(H2O)4] .

In the reduced variants, the extra electron usually resides on for-
mer manganese(III) ions, affording trapped-valence MnIIMnIII

7 MnIV
4 and

MnII
2 MnIII

6 MnIV
4 cores. Interestingly, a two-electron reduction occurs con-

comitantly with ligand replacement when Hbet is used as an incoming ligand,
presumably due to the strong electron-withdrawing ability of the trimethyl-
ammonium substituents [45].



Preparation of Novel Materials Using SMMs 143

1.3
The Physics of SMMs in a Nutshell

The distinctive property of SMMs is the occurrence of magnetic hysteresis
at low temperature [6, 7, 46, 47]. When the magnetization of a single crys-
tal of Mn12-acetate is measured at 2 K by applying the magnetic field along
the tetragonal Z axis, the zero-field magnetization depends on the previous
history of the sample (Fig. 4). If the sample is first magnetically saturated
in a 3 T magnetic field (1) and the field is subsequently reduced to zero,
the magnetization is maintained essentially unaltered (2). In order to bring
the magnetization back to zero, a magnetic field exceeding 1 T (coercive
field) has to be applied in the opposite direction (3). By further increas-
ing the applied field to 3 T, saturation is achieved again (4). Switching off
the field the magnetization largely persists (5), but now lies in the oppo-
site direction as compared with (2). Again, demagnetizing the system re-
quires the application of a substantial field (6). The resulting hysteresis loop
(1) → (2) → (3) → (4) → (5) → (6) → (1) recalls the magnetic behavior of
bulk ferromagnetic materials, but the underlying physics is completely differ-
ent. In fact, no long-range order is established in the crystal lattice due to the
efficient magnetic shielding provided by the organic ligands which surround
the cluster core.

Rather, magnetic bistability originates purely from intramolecular mag-
netic interactions, as firmly established by dilution experiments [48–50]. In
essence, SMM behavior arises from the association of a high-spin ground

Fig. 4 (Left) Hysteresis loop recorded at 2.1 K on a single crystal of Mn12-acetate, with the
magnetic field directed along the tetragonal axis. (Right) Splitting of the S = 10 ground
spin state in Mn12-acetate. The lowest-lying substates are labelled with the MS quantum
number. The arrows indicate the successive spin transitions required to overcome the
anisotropy barrier U
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state with an easy-axis (i.e. Ising-type) magnetic anisotropy. In the vast ma-
jority of Mn12 complexes, superexchange interactions transmitted by the
bridging oxide ligands result in an S = 10 ground state, which can be pic-
torially (but not rigorously) described by arranging the MnIII S = 2 spins
antiparallel to the MnIV S = 3/2 spins [51]. The second ingredient required
for SMM behavior is an easy-axis anisotropy, which in Mn12 complexes is
brought about by the manganese(iii) ions. HF-EPR investigations on simple
model complexes [52] have established that the JT elongation axis of man-
ganese(iii) corresponds to an easy magnetic direction for the S = 2 spin. Since
the eight JT axes in Mn12-acetate are roughly collinear (see Sect. 1.2), the
local anisotropies sum up and determine a huge Ising-type anisotropy in the
S = 10 ground state of the molecule. The magnetic moment then preferably
lies along the tetragonal axis and much less favorably perpendicular to it. In
other terms, the energy of the 2S + 1 = 21 substates pertaining to the S = 10
multiplet decreases with increasing |MS| in a way most simply described by
Eq. 8:

E(MS) = DM2
S MS = – S, – S + 1, ..., S – 1, S , (8)

where D < 0 is called the axial zero-field splitting parameter. Evidently, the
total splitting of the multiplet is U = |D|S2 for integer S and |D|(S2 – 1/4) for
half-integer S (Fig. 4).

Experimentally, at temperatures such that kBT � U the magnetization re-
laxes with a characteristic time τ which follows the Arrhenius law:

τ = τ0 exp(Ueff/kBT) , (9)

where Ueff ≤ U is the effective anisotropy barrier. The value of τ can be
measured either in DC mode, i.e. by following the time dependence of the
magnetization as the field is switched off, or more commonly in AC mode,
i.e. by applying a small, oscillating magnetic field with frequency ν. When the
condition:

τ = (2πν)–1 (10)

is fulfilled, the out-of-phase component of magnetic susceptibility, χ ′′, is
a maximum. Though Eq. 10 can be satisfied by varying ν at constant T, in
practice the temperature dependence of χ ′′ is measured for a set of different
frequencies ν. When the results are plotted in the form of ln τ-vs.-T–1, the
slope and intercept of the best straight line through experimental datapoints
directly provide Ueff and τ0 (61 K and 2.1×10–7 s in Mn12-acetate [7]). The
activation parameters, and in particular the height of the anisotropy barrier,
are distinctive features of Mn12 complexes and have been often used to probe
their structural integrity in a variety of organic or inorganic matrices (vide
infra).

From Eq. 9, it is clear that the relaxation time increases exponentially upon
cooling. At sufficiently low temperatures, the relaxation of the magnetization



Preparation of Novel Materials Using SMMs 145

becomes so slow that hysteresis appears (Fig. 4). More generally, a charac-
teristic temperature TB exists for each investigation technique, below which
the magnetization is blocked on the timescale of the experiment (TB = 3 K in
SQUID measurements).

The temperature dependence of τ in SMMs has been theoretically ex-
plained by Villain et al., who described thermally activated magnetization
reversal as a step-by-step process driven by spin-phonon interactions [53]. By
successive exchange of phonons, the system undergoes the transition from
MS = – S to – S + 1, to MS = – S + 2, etc. climbing up the ladder of states and
then descending to MS = S (Fig. 4). Quite simply, the total splitting of the mul-
tiplet, U, can be perceived as an energy barrier which must be overcome for
spin reversal to occur. For integer S, the pre-exponential factor τ0 is given by

τ–1
0 ≈ 1

�4c5
sρ

∣∣〈±1
∣∣V̂sp

∣∣ 0
〉∣∣2 (

E0 – E±1
)3 , (11)

where cs is the speed of sound in the material, whose density is ρ, and Vsp is
the Hamiltonian describing spin-phonon interaction. Because of the phonon
distribution and Eq. 8, the transitions between MS = 0 and MS = ±1 states at
the top of the anisotropy barrier are the slowest and thus represent the rate-
determining step of the whole relaxation process. For this reason, τ0 depends
exclusively on the energy separation between the MS = 0 and MS = ±1 states
(E0 – E±1) and on the corresponding spin-phonon matrix element.

What makes SMMs unique magnetic systems, however, is the coexistence
of classical and quantum mechanisms for spin reversal. In fact, beside the
above-described thermally activated process, spin reversal in SMMs may also
occur by QT [46, 47, 54]. Whenever two states lying on opposite sides of the
barrier have the same energy and are quantum-mechanically admixed, a dir-
ect underbarrier transition is in principle permitted. QT effects are indeed
responsible for the stepped hysteresis loops of Mn12-acetate (Fig. 4) and ex-
plain why the effective anisotropy barrier probed by relaxation measurements
(Ueff) is usually lower than U. Clearly, QT effects are of paramount impor-
tance for an accurate description of SMM behavior and their origin is among
the most actively investigated topics in molecular nanomagnetism [54].

In the previous section we mentioned the possibility to isolate one- and
two-electron reduced Mn12 complexes. These generally retain SMM behavior,
but with different S values and activation parameters. Only two series of truly
isostructural compounds have been isolated to date [55, 56], but a clear trend
is already evident: the effective energy barrier decreases with the number of
added electrons, consistently with a decreasing MnIII content upon reduc-
tion. For instance, in the series (NMe4)n[Mn12O12(O2CC6F5)16(H2O)4], the
measured energy barriers are Ueff = 59 K, 49 K and 25 K for n = 0, 1 and 2, re-
spectively while the ground spin value is S = 10 for n = 0, 2 and S = 19/2 for
n = 1 [55].
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2
New Bulk Materials Based on SMMs

The chemical versatility of Mn12 complexes and, in particular, their ability to
undergo ligand-exchange and redox reactions without molecular disruption,
has inspired the design and realization of new, multifunctional systems com-
bining SMM behavior with additional properties (mechanical, optical, electri-
cal, magnetic, etc.). Three main categories of materials have been conceived:
salts with functional cations/anions, host-guest compounds with mesoporous
silica and hybrid inorganic/organic materials.

2.1
Salts with Functional Cations/Anions

Positively charged Mn12 complexes can be most simply prepared by lig-
and substitution introducing cationic substituents on the incoming carboxy-
late. The cationic derivatives can be subsequently combined with functional
anions to give new, multifunctional materials based on an ionic lattice.
Following this strategy, a Mn12 derivative with 16 quaternary-ammonium
substituents (HZ in Fig. 2) [57] has been used as a countercation in the
preparation of hybrid salts with polyoxometalate anions, like [W6O19]2–,
[PW12O40]3–, [(H3O)PW11O39Ni]4– and [(H3O)PW11O39Co]4– by metathesis
reactions (see Eqs. 12 and 13) [58]:

[Mn12O12(OAc)16(H2O)4] + 16HZ(PF6) (12)

→ [Mn12O12(Z)16(H2O)4](PF6)16 + 16AcOH

[Mn12O12(Z)16(H2O)4](PF6)16 + 4(NBun
4)4[(H3O)PW11O39Ni] (13)

→ [Mn12O12(Z)16(H2O)4][(H3O)PW11O39Ni]2 + 16(NBun
4)(PF6) .

Conversely, one- and two-electron reduced Mn12 derivatives can be com-
bined with functional cations, such as metallocenium ions [40, 44] and the or-
ganic radical mpyNIT (S = 1/2) in Fig. 5 [43]. The former have been prepared
directly from neutral Mn12 complexes and metallocenes according to Eq. 7,
while the compound (mpyNIT)[Mn12O12(O2CPh)16(H2O)4] was synthesized
by a one-pot reaction between mpyNIT+I– and Mn12-benzoate (Eq. 14).

[Mn12O12(O2CPh)16(H2O)4] + mpyNIT+I– (14)

→ (mpyNIT)[Mn12O12(O2CPh)16(H2O)4] + 1/2I2 .

In materials containing open-shell polyoxoanions, ferrocenium ions or the
organic radical mpyNIT great attention was devoted to the influence of the
additional paramagnetic species on the relaxation of the Mn12 unit. How-
ever, the interpretation of the results is still controversial, due to the possible
implication of JT isomerism and other environmental factors [44].
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Fig. 5 A stable organic radical and an arylamine polymer used to prepare multifunctional
Mn12-containing bulk materials

2.2
Host-Guest Compounds with Mesoporous Silica

The non-covalent immobilization of Mn12 complexes (R = Me, Ph) into
SBA-15-type mesoporous silica with pore sizes ranging from 25 to 100 Å was
investigated by Coradin et al. [59, 60]. As expected, the pore size deeply af-
fects the amount of embedded cluster. Silica with 60-Å pores was found to
be the most efficient to incorporate the acetate derivative (36 wt %) as small
aggregates which appear to fill the channels in TEM micrographs. Size se-
lectivity of a silica host toward Mn12 complexes was reported by Coronado
et al., who studied the incorporation of the R = Me, Et, Ph and C6F5 deriva-
tives into MCM-41 silica (pore diameter ca. 26 Å) [61, 62]. Only the smaller
Me and Et derivatives could be inserted into the mesoporous material, and
no immobilization at all was observed after reduction of the pore diameter
by trimethylsilylation. However, structural integrity was demonstrated for the
R = Et derivative only and under special preparative conditions.

2.3
Hybrid Inorganic/Organic Materials

Hybrid inorganic/organic materials are assembled from molecular building
blocks of different composition and combine (in a simply additive or syner-
gic way) the properties of the inorganic and organic constituents into a single
material [10, 63, 64]. Organic polymers represent a convenient choice for the
design of hybrid materials because they provide excellent mechanical char-
acteristics (toughness, low-temperature processability, etc.) and, in specific
cases, optical and electrical properties. With these ideas in mind, SMMs of the
Mn12 family were embedded into organic polymers exploiting either covalent
or non-covalent interactions.

Following the former approach, Mn12 clusters functionalized with Hmet
(Fig. 2) have been reported to act as cross-linkers in the radical copoly-
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merization with MMA monomer, affording hybrid, reinforced copoly-
mers [65]. The reaction was carried out at 60 ◦C with AIBN as the rad-
ical initiator, using a MMA-to-Mn12 molar ratio ranging from 100 to
1000. The embedded manganese clusters were shown not only to keep
their chemical integrity and their characteristic SMM behavior, but also
to display enhanced chemical and thermal stability, due to the effect-
ive shielding provided by the polymer matrix. Interestingly, the prop-
erties of the organic skeleton (glass transition temperature, solubility,
swelling behavior) are also significantly affected by cross-linkage with
the cluster.

As far as non-covalent embedding is concerned, organic polymers like
PMMA, PC and PS have been widely used to prepare Mn12 dispersions.
Thanks to the chemical inertness of the polymer, such nanocomposites
provide the simplest method for diluting intact Mn12 complexes in a dia-
magnetic matrix suitable for optical studies [26, 48] or single-molecule ad-
dressing at the polymer-air interface [66, 67]. On the other hand, when
the polymer is redox active the embedding of Mn12 complexes may occur
with concomitant electron transfer, leading to a profound alteration of the
electronic properties of both constituents. An arylamine-containing poly-
mer, pTPD in Fig. 5, has been recently doped and made conductive with
the complex [Mn12O12(O2CC6F5)16(H2O)4] [11]. Because of the electron-
withdrawing C6F5 substituents, the cluster [Mn12O12(O2CC6F5)16(H2O)4] is
able to oxidize pTPD, allowing the creation of free carriers in the poly-
mer matrix. From the effective energy barrier of the embedded clusters,
Ueff ∼ 28 K, a concomitant two-electron reduction of the Mn12 complex

Fig. 6 Conductivity of pTPD films as a function of the fraction of oxidized hTPD units
using Mn12 (�) and AgSbF6 (�) as oxidant (reprinted from [11])
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was inferred (see Sect. 1.3). The conductivity of the hybrid material was
found to increase rapidly with the fraction of oxidized monomer units,
hTPD+/hTPD (Fig. 6), reaching ca. 0.01 S cm–1 for hTPD+/hTPD as low as
0.04 (Mn12/hTPD = 0.02) and remaining essentially constant up to high
doping ratios. Comparison with pTPD polymers doped using classical oxi-
dants, like AgSbF6, revealed a superior conductivity of the Mn12-containing
material at low levels of doping, suggesting that the manganese clusters
not only function as oxidants, but also contribute to the charge-transport
process.

3
Low-Dimensional Nanostructures

3.1
General Considerations

Assembling nanodevices and circuits directly from molecular constituents
holds the premise to become a leading paradigm in electronics [68, 69]. The
first single-molecule device idea, the “molecular diode”, was theoretically
proposed as early as in 1974 by Aviram and Ratner, who predicted that single
molecules with a donor-spacer-acceptor structure would behave as electri-
cal rectifiers [70]. Since that time, several fundamental devices containing
single (or few) molecules as active components have been demonstrated
and methods for contacting molecules to metallic electrodes have been con-
textually proposed. Quite simply, two-terminal conductance measurements
can be performed by depositing the molecules of interest on a conduct-
ing substrate and using the metallic tip of an STM as a second, movable
counterelectrode [71–73]. Alternative, more sophisticated methods are based
on cross-wire or magnetic-bead junctions [73], on micromachined silicon
nanopores [74] and on mercury-drop electrodes [75]. Lithographically fab-
ricated electrodes [76, 77] and nanogaps [78, 79] are also widely utilized to
probe individual nanotubes or molecules, with the possible addition of a third
electrode (gate) which allows one to modulate the source-drain current in
a molecular FET configuration [80–82].

The fast development of molecular electronics in the last decade has pro-
duced an increasing interest for probing and eventually manipulating the
magnetic moment of individual SMMs, which act as true molecular-scale
units for information storage (Sect. 1.3). A new direction in molecular nano-
magnetism is therefore emerging, namely the organization of SMMs into
low dimensional arrays suitable for single-molecule addressing and their in-
vestigation by scanning probe techniques. We herein review a selection of
available strategies to assemble SMMs into 2D domains, starting from the
earliest one: the incorporation of SMMs into LB films.
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3.2
LB Films

The first-reported attempt to organize SMMs into an ultrathin film was un-
dertaken by Clemente-León et al. using the LB technique [83, 84]. The ability
of behenic acid CH3(CH2)20COOH, an amphiphilic molecule, to form a ML
at the air–water interface was exploited to prepare a hybrid film incorporat-
ing Mn12 complexes (R = Me, Ph) (Fig. 7). According to SQUID measurements
performed on a multilayer sample, the LB films present some magnetic fea-
tures reminiscent of SMM behavior, such as the appearance of magnetic
hysteresis below 2 K. However, the coercive field is reduced by one order of
magnitude and the saturation field is well above 5 T, at variance with crys-
talline samples. Apparently, the LB approach has not been developed any
further, partially because of its inherent limitations, such as the instability of
LB films.

Fig. 7 LB films formed by behenic acid and Mn12 complexes as a function of the cluster
concentration (reprinted from [83])

3.3
SMMs on Surfaces

The interactions between molecules and surfaces represent a central topic
in modern surface science and have been extensively shown throughout
biology, chemistry and physics. One of the most remarkable manifestations
of molecule-substrate interactions is the spontaneous formation of ordered
molecular arrays at surfaces (SAMs). SAMs are typically generated upon
exposure of the substrate to molecules (in solution or in the gas phase)
bearing suitable functional groups. Many different molecule/substrate com-
binations have been studied, ranging from amines on platinum [85] to alkyl-
trichlorosilanes on glass [86], from fatty acids on metal oxides [87] to sulfur-
containing adsorbates (thiols, disulfides and sulfides) on gold [88]. The char-
acterization of these MLs is far from trivial because the amount of active
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material is extremely small. The use of surface-sensitive analytic techniques
such as XPS, ATR-FT/IR, ToF-SIMS, STM and AFM is therefore mandatory.

Different strategies have been proposed for the preparation of MLs or sub-
MLs of SMMs on surfaces based on either covalent, electrostatic or Van der
Waals interactions. In each case, the required complementarity between the
molecule and the surface can be attained by properly functionalizing the
cluster periphery, the surface or both interacting pairs, as we now describe
in detail.

3.3.1
Direct Deposition

Functionalization with sulfur groups is expected to promote chemical inter-
action of Mn12 clusters with native gold surfaces, thus providing the driving
force for their spontaneous organization on the substrate. One major dif-
ficulty at the synthetic level arises from the redox instability of free thiols
toward the [Mn12O12] core during the ligand-exchange reaction. By contrast,
acetyl-protected thiol or thioether groups are fully compatible with the Mn12
core and can be easily incorporated in the structure (HL and Hmtb, respec-
tively, in Fig. 2) [89, 90].

As an example, the acetyl-protected derivative [Mn12O12(L)16(H2O)4] has
been deposited on Au(111) by soaking the gold substrates in a diluted THF
solution of the cluster, with the addition of a catalytic amount of NH3 (aq)
to facilitate deacylation of thioacetyl groups (Scheme 1) [89]. STM images
and the chemical composition of the layers obtained from XPS measurements
lend support to a successful deposition, although no structural ordering is
observed (Fig. 8a).

At variance with thiols, thioether groups interact directly with the
Au substrate, and the above-described protection/deprotection procedure
is therefore unnecessary. In addition, they afford a more coordinative
grafting, the Au – S bond energy being ca. 60 kJ mol–1 as compared with

Scheme 1 Deposition of Mn12 derivatives on gold, based on in situ deprotection of
thioacetyl groups (a) and subsequent interaction with the substrate (b)
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Fig. 8 Constant-current STM images of Au-bound Mn12 clusters containing the ligands
L (a) and mtb (b). The insets show three isolated molecules (a) and a 3-D representa-
tion of a 200×200 nm2 area with gold terraces and a triangular feature typical of Au(111)
reconstruction (b) (adapted from [89] and [90])

ca. 120 kJ mol–1 for thiolates [91]. Following this strategy, adsorbates of
[Mn12O12(mtb)16(H2O)4] have been prepared by simply soaking a Au(111)
substrate in a THF solution of the cluster with no additives. STM investi-
gations (Fig. 8b) have evidenced sub-ML coverage of the surface by well-
isolated particles. The size distribution (2.7±0.5 nm) is very narrow and fully
compatible with the cluster’s dimensions (2.8 × 2.1 nm), suggesting that ag-
gregation is largely prevented and that single-molecule addressing is indeed
achieved [90]. A similar deposition protocol, but leading to molecular aggre-
gates rather than to isolated molecules, has been described by Phark et al.,
who used a Mn12 complex functionalized with Htc ligands [92].

3.3.2
Surface Prefunctionalization

The covalent anchoring of native SMMs can be alternatively carried out
by surface prefunctionalization with carboxylate groups. As first reported
by Condorelli et al. [93], the reaction of hydrogen-terminated Si(100) with
methyl-10-undecenoate leads to the grafting of the ester by formation of
a robust Si – C bond (Scheme 2). The use of long aliphatic chains is quite
common in SAM preparation, since the Van der Waals interactions among
hydrocarbon chains contribute to a significant amount of order of the assem-
bly. The subsequent hydrolysis of the ester group atop the grafted ML leads
to carboxylic functions which actively bind Mn12-acetate clusters through
a ligand exchange reaction. A detailed angle-dependent XPS investigation
has been performed by the authors to monitor each reaction step. In par-
ticular, analysis of the valence state of manganese in the SMM layer pro-
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Scheme 2 Procedure used to anchor SMMs on a Si(100) surface: (1) reaction of the termi-
nal double bond with the Si(100)-H surface; (2) hydrolysis of the ester groups; (3) reaction
of the grafted carboxylic acid layer with Mn12-acetate (adapted from [93])

vided clear evidence that the clusters remain intact during the grafting
process.

A similar strategy has been followed by Fleury et al. to graft a mixed-ligand
derivative, [Mn12O12(CHCl2CO2)8(ButCH2CO2)8(H2O)3] [30], on the Si(100)
surface. In the crystalline material, the eight chloroacetate ligands occupy the
axial A- and B-type sites whereas tert-butylacetate groups are found in equa-
torial C-positions (see Table 1). The Mn/Cl atomic ratio determined by XPS
on the SAM is 0.75(4), hence identical with the solid-state value. This result
was taken as evidence of preferential replacement of equatorial ligands and,
as a consequence, of a partially oriented grafting [94].

The covalent anchoring of SMMs onto organically modified surfaces
proved to be practicable for gold substrates as well. As a first step, long-
chain ω-mercaptocarboxylic acids are deposited as a stable SAM on gold.
This appears a favorable solution since n-alkanethiolate adsorbates on gold
are generally well-ordered and crystalline [88]. Furthermore, gold-bound
thiolates are redox inactive and fully compatible with the Mn12 core. Next,
immobilization of Mn12 clusters on the prefunctionalized surface occurs
as described for silicon substrates. Following this strategy Nait Abdi et al.
succeeded in grafting [Mn12O12(O2CBut)16(H2O)4] clusters [95] on Au(111)
prefunctionalized with 11-mercaptoundecanoic acid [96] or HL′ [97]. This
particular Mn12 complex was chosen because it easily undergoes ligand-
exchange reactions and, in addition, shows optimal solubility in organic
solvents. STM investigations in UHV conditions revealed the formation of
ordered molecular domains with coherence length of ca. 40 nm when HL′
was employed [97]. However, the saturation magnetization evaluated by
SQUID measurements pointed to the presence of more than one ML on the
surface. For one sample with a number of Mn12 molecules comprised be-
tween 1 and 2 MLs simple paramagnetic behavior was observed at 1.8 K, in
sharp contrast with the wide hysteresis loop shown by the bulk crystalline
compound.

The same procedure was adopted by Steckel et al. who demonstrated
through ellipsometric and QCM measurements the formation of a ML
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Scheme 3 Schematic representation of the two-steps electrostatic grafting of a cationic
Mn12 derivative on a prefunctionalized gold surface (reprinted from [99])

of Mn12-acetate clusters on a Au(111) surface prefunctionalized with 11-
mercaptoundecanoic acid [98].

The pool of available methods for grafting Mn12 complexes on prefunc-
tionalized surfaces has been recently enriched by the successful use of elec-
trostatic interactions rather than coordination bonds to deposit a cationic
derivative, [Mn12O12(bet)16(EtOH)4]14+ [99]. As depicted in Scheme 3, the
Au(111) surface is first treated with MES to give a densely packed SAM termi-
nated with negatively charged sulfonate groups. The second step encompasses
the electrostatic grafting of Mn12 complexes, which affords partial surface
coverage by isolated molecules.

To conclude this section, we remark that sub-MLs of individually accessi-
ble clusters represent the conceptually simplest situation for a detailed study
of single molecules in a STM configuration [12]. We have shown how these
can be accessed by following two different strategies: a direct self-assembly of
suitably functionalized clusters on native gold and a secondary self-assembly
on a premodified gold surface. On the other hand, ordered patterns of micro-
and nanoscale molecular arrays with characteristic sizes and positions may
be more easily addressed and read differentially using a magnetic head or
a magnetic scanning probe. In the next section the possibility to generate
lithographically such structured Mn12 films will be discussed.

3.3.3
Lithography and Other Techniques

To date, a variety of lithographic techniques, including advanced soft- and
photolithographic methods, have been extensively used for constructing mo-
lecular architectures at multiple length scales [100]. Thanks to their versa-
tility, such approaches can be easily transferred to different substrates and
molecular materials, including SMMs. For instance, solution-cast thin films of
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Mn12-acetate on Si/SiO2 have been patterned by photolithography and char-
acterized through spatially resolved XPS analysis [101]. The patterning has
been extended down to the nanometer scale by Cavallini et al., who reported
the stamp-assisted deposition of a hydrophobic Mn12 derivative on an oxi-
dized Si(100) substrate [102]. In the adopted procedure, a patterned stamp
is used to control the wetting/dewetting phenomena arising from molecule–
substrate interactions. As shown in Fig. 9, the stamp is first brought in contact
with a layer of solution which covers the substrate (1). As the solvent evap-
orates, capillary forces accumulate the solution below the protrusions of the
stamp (2). When saturation is reached the clusters start to precipitate, result-
ing in parallel arrays of nanometer-sized SMM aggregates (3). Acting on the
concentration of the solution and on the distance between the stamp and the
substrate it is possible to control the droplet size and the interdroplet dis-
tance. Using very dilute solutions, split structures pinned to the edges of the
protrusions can also be obtained (4). One of the advantages of this approach
is the possibility to pattern length scales much smaller than the size of the
stamp features. On the other hand, molecules are only physisorbed onto the
surface and the resulting adsorbates have lower stability as compared with
covalently grafted layers.

The patterning of chemically stable, washable Mn12 films has been re-
ported by Mannini et al. using a combination of µCP and the direct-
deposition method described in Sect. 3.3.1 [103]. µCP is a soft lithographic
technique suited to pattern molecular stripes with a defined size and pos-
ition on the surface and has been widely employed with organic molecules,
biomolecules and nanoparticles but rarely used with polynuclear coordi-
nation compounds [104, 105]. The authors have prepared covalently bound
nanostructures of [Mn12O12(L)16(H2O)4] on Au(111) following two different
procedures, which are schematized in Fig. 10. In both cases, a PDMS stamp
exhibiting 5-µm wide protrusions separated by 3-µm wide gaps was used. In
the “direct-printing method”, 5-µm wide ML stripes of Mn12 complexes were

Fig. 9 Stamp-assisted wetting/dewetting method (left). AFM images of Mn12 complexes
printed on oxidized silicon using a dilute solution (center) and a very dilute solution
(right) (modified from [102])
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Fig. 10 µCP of Mn12 SMMs on gold by direct printing (1) and back filling (2,3)

created on the Au(111) surface by simply inking the stamp in a dilute Mn12
solution (1). The effective patterning in the regions defined by the stamp pro-
trusions has been confirmed by ToF-SIMS imaging applied for the first time
to the investigation of SMMs adsorbates. In the “back filling” approach, the
substrate was initially pre-patterned with octadecylthiol (2) and subsequently
soaked in a dilute solution of the cluster (3). Thanks to the different width of
protrusions and gaps it was possible to superimpose profile sections extracted
from AFM images of the same sample taken at stages (2) and (3). This pro-
cedure, also known as “molecular ruler”, allowed one to directly measure the
thickness of the Mn12 adsorbate confined in the bare gold regions, which was
found to be consistent with a single layer of molecules [103]. Because of the
characteristics of the µCP technique, these stripes are scalable and different
architectures can be created starting from a different stamp.

Other deposition methods, commonly used for simple molecular systems,
can in principle be transferred to SMMs, including thermal evaporation, sput-
tering, electron-beam evaporation and so on. However, the thermolability of
Mn12 molecules often requires the adjustment of deposition techniques. For
instance, Dunbar and coworkers have prepared thin films of Mn12-acetate
using PLD [106] and MAPLE [107]. The MAPLE technique allows milder
evaporation conditions, because the clusters are solubilized in a relatively
volatile solvent matrix, which is frozen before irradiation. The laser energy
is then mostly absorbed by the solvent and the solute molecules can be
transferred to the vapor phase without structural damage. When a suitable
substrate is placed in the path of the evaporated clusters, a continuous film is
deposited. The authors invoke an improved quality of the MAPLE films with
respect to those produced by PLD, whose structural and magnetic properties
clearly suggest remarkable fragmentation of the clusters.
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We conclude this section by highlighting procedures that enable orga-
nization of Mn12 aggregates into bidimensional domains at the surface of
polymeric thin films. Quite simply, a dispersion of Mn12 complexes in PC is
prepared and cast into a thin film which is subsequently exposed to solvent
vapors. With this technique, randomly arranged Mn12 aggregates become
accessible at the polymer–air interface and can be addressed by AFM and
MFM [66]. The position of the clusters can be controlled by molding the dis-
persion with a structured master, such as a recorded DVD. When the polymer
replica is treated with solvent vapors, the polymer softening leads to accu-
mulation of Mn12 molecules at the positions of the original protrusions. The
resulting magnetic pattern faithfully reproduces the topographic features of
the master and can be read using MFM [67]. Notice, however, that the possi-
bility to observe a MFM magnetic signal from a paramagnetic sample, like the
Mn12 clusters, at RT is still debated. In fact, the force gradient is expected to
be extremely weak, as the stray magnetic field of the tip is the only source of
magnetic polarization.

4
Concluding Remarks

SMMs are a class of magnetic molecules that exhibit borderline behavior
between classical and quantum physics and offer the possibility of storing
magnetic information at the molecular level. The incorporation of SMMs
into new, multifunctional materials is thus expected to become a very fruit-
ful research area in the near future. We have illustrated selected examples
of Mn12-containing materials in which the SMM complex not only carries
its unique magnetic properties, but also leads to structural reinforcement or
enhanced electrical conductivity of a polymeric network. In this area, the im-
portance of controlled structural alteration and molecular design cannot be
overemphasized.

Beside bulk materials, new devices containing individual SMMs as active
units are being conceived as well. The simplest consists of a single molecule
deposited on a substrate and investigated by a scanning probe technique.
Along this line, strategies that allow a controlled deposition of Mn12 clus-
ters on Au(111) or on the technologically relevant Si(100) surface are already
available and represent a viable route toward high-density molecular de-
vices for data storage and spin electronics. Many important issues, however,
remain to be addressed. For instance, the influence of the surface on the mag-
netic properties of deposited molecules has not been fully ascertained yet.
In addition, reliable techniques to prepare arrays of iso-oriented SMMs are
still lacking. Finally, after carbon nanotubes, organic molecules or simple
metal-organic complexes it is conceivable that SMM will soon be contacted to
metallic leads and the first SMM-containing devices will be investigated. The
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unique physical behavior of SMMs, combined with the accessibility of multi-
ple charge states, are expected to lead to exotic transport properties. Work in
this area is only at a very early stage.
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Abstract Recently, a new class of nano-magnets has been discovered and called single-
chain magnets (SCMs) by analogy to the single-molecule magnets (SMMs). These materi-
als are composed of magnetically isolated chains that can be individually magnetized. As
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purely one-dimensional systems are known to have a long-range order only at T = 0 K,
these SCM materials remains in their paramagnetic state at any finite temperature. Nev-
ertheless, the combination of a large uni-axial anisotropy and large magnetic interactions
between the high-spin magnetic units of the chain promotes long relaxation times and
the system can behave as a magnet. Although the presently available materials possess
long relaxation times only below about 10 K, the limitations to produce SCMs com-
patible with industrial applications seem less severe than for SMMs. This is one of the
reasons explaining why the chemistry and the physics on SCMs have quickly become
a very active field. In the first part of this review, we have summarized the last devel-
opments on the theoretical understanding of the SCM behavior. In these systems, the
key analysis of the magnetic properties is the comparison between static susceptibil-
ity and dynamic data that leaves no arbitrary parameter and allows an unambiguous
identification of a SCM. The second part of this review is devoted to the experimen-
tal SCM systems reported so far. In particular, selected examples are presented to
illustrate how it is possible to characterize experimentally a material with SCM proper-
ties.

Keywords Magnetic properties · Low dimensional systems · Magnets ·
Single-chain magnets

Abbreviations
SCM single-chain magnet
SMM single-molecule magnet
EPR electron paramagnetic resonance spectroscopy
DFT density functional theory
1D one dimensional
NMR nuclear magnetic resonance
µSR muon spin rotation

1
Introduction

The synthesis of new magnets, i.e. of magnetic systems being able to keep
a magnetization (M) in the absence of an applied magnetic field (H)1, is
a major issue for many industrial applications. The commonly used mag-
nets are systems exhibiting three-dimensional ferromagnetic or ferrimag-
netic order; but the perpetual quest to reduce the size of the magnetic unit
being able to store information has led to the tailoring of these materials
into small grains [1, 2]. Below a critical size, these grains become single
magnetic domains and exhibit field hysteresis loops when they possess a sig-

1 In some papers, materials that display a three-dimensional order with a spontaneous magne-
tization (e.g. ferromagnet, ferrimagnets . . .) are qualified as “true” or “classical” magnets while
single-molecule and single-chain magnet properties have been often described as a magnet-like be-
havior. In this review, we have decided to use a general definition of a magnet that includes all the
systems exhibiting M vs. H hysteresis loops with a bistability at zero field.
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nificant uni-axial magnetic anisotropy. Nevertheless, this approach has its
own limit. Indeed, reducing the size of the particles, the magnetic anisotropy
is itself decreased until it becomes comparable to the thermal energy. The
thermal fluctuations then randomly reverse moments carried by the par-
ticles and the relaxation time of the magnetization becomes fast. The system
thus displays a superparamagnetic behavior and its potential applications as
a magnet are lost. Therefore, miniaturization of the elementary memory unit
is stopped by what is called the superparamagnetic limit [3, 4]. In this con-
text, the discovery of single-molecule magnets (SMM) [5–7] has been viewed
as an important step in the miniaturization process of future memory de-
vices. In this case, the relaxation of the magnetization is understood at the
molecular level. A macroscopic material is an assembly of non-interacting
SMMs and is therefore in a paramagnetic state. Very long relaxation times
are, however, observed at low temperature and this type of material is in-
deed considered to be a magnet. SMMs have been intensively studied in the
last 15 years and it is now well established that the observed slow magne-
tization relaxation results from the combined effect of high molecular spin
ground state and large uniaxial anisotropy (promoting an easy axis). As for
magnetic nano-particles, evaluation of parameters immediately shows that
it will be very hard to produce SMMs with a long enough relaxation time
at room temperature for potential applications in information storage. More
recently, a new class of nano-magnets has been discovered and called single-
chain magnets (SCMs) by analogy to the SMMs [8]. The idea is to produce
a material composed of magnetically isolated chains that can be individually
magnetized. It is already well established that independently of the spin di-
mensionality, n (n = 1, Ising; n = 2, XY; n = 3, Heisenberg), one-dimensional
magnetic systems with short-range interactions do not experience long-range
order at a finite temperature. Nevertheless, the whole material can remain in
a paramagnetic state like SMMs, and also display long relaxation times of the
magnetization promoted by the combination of a large uni-axial anisotropy
and large magnetic interactions between the high-spin magnetic units of the
chain. This type of one-dimensional system can thus behave as a magnet. Al-
though the presently available materials only show long relaxation times at
low temperature, the limitations to produce samples compatible with indus-
trial applications seem less severe than for SMMs. This is one of the reasons
that explains why the synthesis and characterization of SCMs have quickly
become a very active field. In this review, we will successively present the
latest developments in the theoretical understanding of SCM behavior, se-
lected examples to illustrate how it is experimentally possible to characterize
a material with SCM properties and an exhaustive list of the systems labeled
SCM.
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2
Theoretical Approach on SCMs

As mentioned in the Introduction, single-chain-magnet materials are com-
posed of magnetically isolated chains for which a finite magnetization can be
frozen in the absence of an applied magnetic field. The relaxation of the mag-
netization becomes so slow at low temperature that these systems can then
be considered to be real magnets. As this situation is metastable, the main
theoretical challenge is to understand the slow dynamics of return to an equi-
librium state. However, the description of the thermodynamic state is also
a key point in the analysis of SCM properties. In fact, we will demonstrate that
an accurate understanding of SCM behavior is achieved only when both dy-
namic and thermodynamic data are consistently described. Thus, the two first
parts of this section will deal successively with the thermodynamic descrip-
tion of magnetic chains and then with the theory of the magnetic relaxation.
Both parts will be essentially devoted to the infinite chain of ferromagneti-
cally coupled spins that gives the simplest approach for SCMs. In the third
part, we will show how these theoretical models should be adapted to discuss
the simplest real SCM systems studied so far. In particular, the mechanism for
individual spin-flips, the description of non-regular chains in terms of effect-
ive spins and the role of the defects always present in real materials will be
discussed.

2.1
Thermodynamic Description of a Magnetic Chain

As single-chain magnet materials are composed of magnetically isolated
chains, the magnetic measurements obtained for these systems essentially
reveal the intrinsic behavior of a single chain, i.e. of a one-dimensional sys-
tem. 1D models have been extensively discussed and studied over the last
few decades as they are more tractable than the same models developed
at higher dimensions (for a review, see for example [9]). Moreover, many
kinds of quasi-one dimensional systems have been experimentally synthe-
sized and their properties have been successfully compared to the theory (for
a review, see for example [10]). For both these theoretical and experimen-
tal reasons, 1D systems and their experimental properties are well known.
One of the main conclusions demonstrated for 1D systems with only short-
range interactions (like a magnetic exchange usually restricted to the first
neighbors) is that long-range magnetic order can not be obtained at a finite
temperature. However, their low temperature behavior is singular as strong
short-range order is present until a critical point is finally reached at T = 0 K.
Thus, the description of the low temperature magnetic response of a chain is
strongly influenced by magnetic correlations and thus the simple mean-field
approximation fails to describe these systems at low temperature. Fortunately,
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specific methods are available to obtain exact results for 1D magnetic systems
and in particular for the zero-field magnetic susceptibility [11]. We will first
summarize here the main results of these models, focusing the discussion on
ferromagnetic chains. For simplicity, we will consider systems with only first
neighbor interactions and a single orientation of the magnetic easy axis.

2.1.1
The Classical-Spin Heisenberg Chain

Analytical results are essentially obtained when the spins are treated in the
classical approximation to avoid any heavy quantum mechanical problems. In
this approximation, relevant when the spin is large enough (typically larger
than 2), the spin operators can be replaced by classical vectors. A simple
example to illustrate this approach is the classical-spin Heisenberg chain de-
scribed by the following Hamiltonian2:

H = – 2J
+∞∑
–∞

�Si�Si+1 = – 2JS2
+∞∑
–∞

�ui �ui+1 , (1)

where �ui is a unit vector [12]. With ferromagnetic interactions (J > 0), the
zero-field susceptibility, χ, presents a T–2 divergence at low temperature [12].
This result can be readily obtained using a relationship valid for any classical
model:

χT
C

=
n=+∞∑
n=–∞

< �ui �ui+n > , (2)

with < �ui �ui+n >= Γ n and Γ =< �ui �ui+1 > being the nearest neighbors correla-
tion function (<> means average on the chain). It should be noted that C is
the Curie constant (C = g2µ2

BS(S + 1)/(3kB)) normalized per site, g is the gy-
romagnetic factor, µB is the Bohr magneton, S is the spin value and kB is the
Boltzmann constant. Then, Eq. 2 can be simplified as:

χT
C

=
n=+∞∑
n=–∞

Γ n =
1 + Γ

1 – Γ
. (3)

For the classical Heisenberg model and using the notations of Eq. 1, the cor-
relation function Γ is given by:

Γ = coth(2βJS2) – (2βJS2)–1 , (4)

2 By convention J > 0 corresponds to ferromagnetic interactions. Note that a factor 2 has been in-
troduced to remain consistent with our previous publications, but this factor is not always present
in other publications.
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where β = 1/(kBT). As the temperature goes to 0, the correlation function
becomes close to 1 and, in this limit, Eq. 3 can be simplified to:

χT
C

≈ 4βJS2 . (5)

Equation 5 demonstrates the T–2 divergence of the susceptibility and the oc-
currence of a critical point at T = 0 K. Finally, it should be mentioned that the
magnetic correlation length, ξ , can also be introduced in an equivalent form
of the Eq. 5:

χT
C

≈ 2
ξ

a
, (6)

with a being the cell parameter of the chain. In this limit, χT directly mea-
sures the magnetic correlation length that diverges as 1/T for the classical
Heisenberg model.

2.1.2
The Ising Chain

An exact solution has also been obtained for the Ising chain model, for which
the spins are assumed to be aligned along a given z axis. In this limit, the
spins possess an infinite uni-axial magnetic anisotropy with an easy z axis.
The corresponding Hamiltonian reads3

H = – 2J
+∞∑
–∞

Si,zSi+1,z = – 2JS2
+∞∑
–∞

σiσi+1 , (7a)

where σi = ±1. Note that this Hamiltonian is often written in a more compact
form in Physics papers:

H = – JI

∑
i

σiσi+1 . (7b)

This form is obviously equivalent to Eq. 7a with JI = 2JS2. The parameter JI,
proportional to the exchange between neighboring atoms, measures directly
the characteristic energy in the chain.

The Ising model is also a classical model and Eqs. 2, 3 and 6 are still valid
when �ui is replaced by σi. Equation 3 gives the parallel susceptibility (when
the magnetic field is applied along the z axis) with the Curie constant per spin
C = g2µ2

BS2/kB. The main difference with the classical Heisenberg model is
the expression of the correlation function Γ [14]:

Γ = tanh(2βJS2) . (8)

3 The Hamiltonian given by Eq. 7a is equivalent to an S = 1/2 Ising model after rescaling the
exchange and the individual magnetic moment. A (2S + 1) state Ising model has also been consid-
ered [13]. Both models differ by the expression of the Curie constant but the magnetic susceptibility
follows in both cases an exponential low temperature dependence.
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Therefore, at low temperature and in the ferromagnetic case, the correlation
function is obtained by Γ ≈ 1 – 2 exp(4βJS2) and the parallel magnetic sus-
ceptibility (χ//) of the uniform Ising chain diverges exponentially as:

χ//T

C
≈ exp(4βJS2) . (9)

As deduced from Eq. 6, the correlation length increases also exponentially
at low temperature. Note that the perpendicular susceptibility of the Ising
chain has also been calculated [15] and stays constant at low temperature re-
maining much smaller than the parallel susceptibility. The above Eqs. 5 and
9 show that the Heisenberg and the Ising models possess completely different
low temperature behaviors. This result comes from the different nature of the
magnetic excitations. They are gapless in the Heisenberg case, while the low
energy excited states of the 1D Ising model consist of large oriented domains
separated by sharp domain walls as illustrated by Fig. 1.

Following Eq. 7, the energy necessary to create one of these domains is
∆ξ = 4|J|S2. The correlation length can thus be obtained by writing that this
energy is balanced by the entropy gained when creating a defect on a chain
segment of 2ξ size:

∆ξ = kBT ln
(

2ξ
a

)
. (10)

This relation is equivalent to Eq. 9, as the correlation length is still given by
Eq. 6. It is also important to notice that the magnitude of the correlation
length between the Heisenberg and the Ising models is dramatically different.
For a given value of J/kBT, Eqs. 5 and 9 lead to a much larger value of ξ in
the Ising case. We will see in the next section the importance of this remark
in discussing the slow relaxation of the magnetization.

Using theoretical methods specifically adapted to 1D problems, like the
matrix transfer method, the field dependence of the magnetization can also
be determined [16, 17]. In particular, a compact expression is obtained for the
infinite Ising chain:

m =
sinh(µβH)√

sinh2(µβH) + exp(– 8βJS2)
, (11)

Fig. 1 Schematic view of a magnetic Ising chain in zero applied magnetic field with large
oriented domains of average length 2ξ separated by sharp domain walls
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where m is the normalized magnetization per site: m = M/Msat (where Msat
is the magnetization at saturation) and µ is the site magnetic moment. Then
increasing the ferromagnetic interaction along the chain, the saturation of
the magnetization with the applied field will be increasingly quicker at low
temperature even if the system is still in the paramagnetic phase.

2.1.3
The Anisotropic Heisenberg Chain

Although the Heisenberg and Ising models have been intensively used in
theoretical works, the description of real materials often requires more com-
plicated Hamiltonians. For example when single-ion anisotropy is relevant,
a finite magnetic anisotropy has to be considered. In this case, the corres-
ponding Hamiltonian can be written:

H = – 2J
+∞∑
–∞

�Si�Si+1 + D
+∞∑
–∞

�S2
iz . (12a)

As seen previously, unit vectors can be introduced in Eq. 12a:

H = – 2JS2
+∞∑
–∞

�ui �ui+1 + DS2
+∞∑
–∞

�u2
iz . (12b)

The magnetic properties deduced from this model have been described
in [18]. When z is an easy axis (i.e. when D is negative following Eq. 12), the
correlation length diverges exponentially at low temperature. In fact, the na-
ture of the low temperature magnetic excitations is the same as for the Ising
model, i.e. large oriented domains separated by domain walls. The shape and
the energy of these domain walls have been calculated by B. Barbara (in the
papers by B. Barbara, our J and D parameters are noted W and K, respec-
tively [19]). As long as |D/J| is larger than 4/3, sharp domain walls (with
a thickness equal to a single unit cell) are present with a creation energy still
given by ∆ξ = 4|J|S2. For smaller anisotropies (|D/J| < 4/3), the width of a do-
main wall is larger than a unit cell and its energy ∆ξ is a function of D and
J. A simple expression, ∆ξ ≈ 4S2√|JD|, is obtained in the limit of a small
anisotropy (i.e. when |D| � |J|). As long as D is negative, the domain wall is
still a localized topological defect and the argument given above for the Ising
model leading to Eq. 10 still applies. At low temperature, when the correlation
length is much larger than the width of the domain wall, one obtains:

χT
C

≈ exp(β∆ξ ) , (13)

where ∆ξ is the energy of the domain wall. Equation 13 is therefore the gener-
alization of Eq. 9. As expected, both equations give an identical result for large
anisotropy (|D/J| � 4/3). For any negative value of the magnetic anisotropy,
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a plot of ln(χT) versus 1/T gives a straight line at low temperature with
a slope directly related to the creation energy of the domain walls.

2.2
Relaxation of the Magnetization

The simplest descriptions of a magnetic chain in terms of non-equilibrium
states rely on stochastic models (for a review, see for example [20]). Back
in the 1960s, the time-dependent statistics of an Ising chain were described
in the pioneering work of R.J. Glauber [21]. The interacting spins are repre-
sented by stochastic functions of time, σi(t), in contact with a large thermal
bath which induces spontaneous spin-flips. Glauber’s model assumes only
single-spin flips where the transition probability per unit time that the i th

spin flips from σi to – σi, Wi(σi), depends on the neighboring spins as:

Wi(σi) =
1

2τ0

(
1 –

γ

2
σi

(
σi–1 + σi+1

))
, (14)

where τ0 is the characteristic time which describes the flip of a given spin
in the absence of interaction and γ = tanh(4βJS2), following the notations of
Eq. 7. It is worth noting that the time τ0 is a priori temperature dependent
even if in this model τ0 is considered to be a simple adjustable parameter [22].
As discussed in the following, the expression of the transition probability
given by Eq. 14 is not the only possible choice. The unique requirement is that
the equilibrium state is a solution of the dynamic equations at infinite time.
This condition implies a detailed balance relation [21, 23, 24] also verified for
generalized versions of Eq. 14. However, Glauber’s assumption remains the
simplest choice allowing an exact resolution of the 1D case and consistent
conclusions with experimental results. When introduced in a master equa-
tion, Eq. 14 implies (with <> meaning average on the chain):

τ0
d < σi >

dt
+< σi > = < tanh(βEi) > . (15a)

Ei is the local field (in energy units) seen by the spin σi which is given by:

Ei = 2JS2(σi–1 + σi+1) . (15b)

Then, the dynamic equation can be simplified to:

τ0
d < σi >

dt
+ < σi > (1 – γ ) = 0 . (16)

This equation implies that the magnetization relaxes exponentially, i.e. with
a single characteristic time (τ):

τ =
τ0

1 – tanh(4βJS2)
. (17)
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In other words, Eq. 16 is the familiar Debye equation which also leads to a lin-
ear response of a chain to an ac magnetic field of frequency ν:

χ(ω) =
χdc

1 + iωτ
, (18)

with χdc being the static susceptibility and ω = 2πν.
At low temperature and in the ferromagnetic case, Eq. 17 can be approxi-

mated by:

τ =
τ0

2
exp(8βJS2) . (19)

Indeed, the Glauber model predicts a divergence of the relaxation time as:

τ = 2τ0

(
ξ

a

)2

. (20)

Equation 20 shows that magnetic correlations imply an enhancement of the re-
laxation time which is nothing but the “critical slowing down” expected near
any critical point. A singular situation occurs in one dimension as the critical
point is located at T = 0 K. In this case, the enhancement factor, τ/τ0, is propor-
tional to ξ2, i.e. the dynamic exponent, z, deduced from the Glauber model is
thus z = 24. It is interesting to mention that the above expression of the relax-
ation time can be deduced with very simple arguments (omitting numerical
arguments) [23]. Considering the Ising model, the low temperature equilib-
rium state can be described as large domains of size ξ separated by narrow
domain walls. From Eq. 15b, the local field Ei is equal to 4JS2 inside a magnetic
domain and thus much larger than kBT at low temperature. The consequence
is a very small probability of spin-flip inside the domain. On the other hand,
the local field vanishes for a spin of the domain wall and thus this spin can flip
with the characteristic time τ0. The dominant mechanism for the decay of the
magnetization at zero field is the random motion of the domain walls behaving
like free particles along the chain. One step of this dynamic occurs every τ0 and
according to the diffusion theory [23], the wall moves statistically during (ξ/a)2

steps to cover the distance ξ . Therefore, the characteristic time for this event to
occur scales as predicted by Eq. 20.

As we have seen before, several models (like the anisotropic Heisenberg
model when D is negative) also predict domain walls at low temperature. For
this class of models, the above argument can be applied and Eq. 20 is also
valid even if the definition of τ0 may need to be generalized in the case of
broad domain walls. This equation shows that large τ values are essentially
obtained when the correlation length increases exponentially at low tempera-
ture and therefore explains why the anisotropy is an essential ingredient in
order to obtain single-chain magnet behavior.

Models for which n simultaneous spin flips have also been considered [25].
By analogy with the Glauber model, the transition probability for the n-flip

4 Generally, the dynamic critical exponent z is defined by τ ∝ ξz .
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model is:

Wi,n(σi) =
1

2τ0n

(
1 –

γ

2
(σi–1σi + σi+n–1σi+n)

)
. (21)

The individual time τ0n is expected to be temperature dependent and a func-
tion of n. The parameter γ has the same meaning as for the Glauber model.

The essential result is that the critical behavior (i.e. the dependence upon
ξ) is independent of n [25]:

τn ∝ τ0n

(
ξ

a

)2

. (22)

Nevertheless, several competing channels (for different n values) must be
considered to describe the relaxation of the magnetization, but the expression
of the different times τ0n must be first clarified. In the next paragraph, we will
come back to this particular point.

2.3
Towards Real Systems

In the following sections, we will see that even the simplest presently known
SCM system can not be considered as a regular ferromagnetic Ising chain.
Therefore, some improvements of the previous models are essential to de-
scribe experimental magnetic properties.

2.3.1
The Characteristic Time τ0

As already mentioned, the individual time τ0 is considered to be an adjustable
parameter in the Glauber theory. The same remark can be made for models
considering n spin-flip processes. To compare with experimental results, the
temperature dependence of this characteristic time should, however, be con-
sidered. This discussion has been made for magnetic chains described by
the anisotropic Heisenberg model (Eq. 12) and in the large anisotropy limit
(|D/J| > 4/3) which corresponds to narrow domain walls [26]. As seen in the
previous paragraph, τ0 describes the dynamics of a spin inside a domain wall,
where the local field vanishes. Then, the problem is reduced to the flip of
a single spin (from + z to – z). During this flip, Eq. 12b shows that the spin
experiences an energy barrier ∆A = DS2. Thus, τ0 follows an Arrhenius law,
i.e. the temperature dependence of τ0 is given by:

τ0(T) = τi exp(∆A/kBT) , (23)

where the pre-factor τi describes the intrinsic dynamics of the spin in contact
with the thermal bath, in the absence of an energy barrier.
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It should be noted that this argument can be generalized for an n spin-flip
process. Considering the simultaneous flip of two spins, each of them expe-
riences an energy barrier ∆A = |D|S2. The probability to observe this double
flip is the square of the probability for a single flip. In other words, the activa-
tion energy of the Arrhenius law becomes 2|D|S2.

This approach can be easily generalized to the n spin-flip process and
therefore the temperature dependence of τ0n is obtained by:

τ0n(T) = τin exp(n|D|S2/kBT) . (24)

At low temperature, the influence of n on τ0n is dominated by the exponen-
tial term. Hence, it is interesting to note that Eq. 22 implies that the n spin-flip
process is slower than the single spin-flip for an infinite chain.

2.3.2
Non-Regular Chains, the Effective Spin Limit

The theoretical descriptions detailed in the two previous paragraphs have
been developed for a regular ferromagnetic chain (i.e. presenting only one
exchange interaction J and a single local easy axis along the chain). Unfortu-
nately, as we will see in Sect. 3, chemistry has not succeeded yet in designing
this type of simple system exhibiting slow relaxation of the magnetization.
Therefore, these theoretical approaches must be generalized to non-regular
chains (presenting several exchange interactions Ji) such as those described
in Sect. 3.2 that present a structure composed of an assembly of trimers in-
teracting along the chain through a ferromagnetic interaction.

Thermodynamic properties of non-regular chains have been described in
reference [27]. In that case, several correlation functions Γi should be intro-
duced. Taking the simple example of a chain of spin S with an alternation
of J1 and J2 magnetic exchanges (i.e. a chain of dimers with J1 and J2 being
the intra-dimer and inter-dimer interactions, respectively), the correspond-
ing Ising Hamiltonian reads:

H = – 2J1S2
+∞∑
–∞

σisi – 2J2S2
+∞∑
–∞

siσi+1 , (25)

where σi and si are equal to ±1. Thus, χT/C can still be deduced from the
generalization of Eq. 2 (�ui being replaced by σi or si):

χT
C

=
1 + Γ1 + Γ2 + Γ1Γ2

1 – Γ1Γ2
. (26)

In the low temperature limit and for J1 and J2 positive, the correlation func-
tions are given by Γi ≈ 1 – 2 exp(– 4βJiS2). Thus, Eq. 26 can be approximated
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to:
χT
C

≈ 2
exp(– 4βJ1S2) + exp(– 4βJ2S2)

. (27a)

When, 0 < J2 � J1, an equivalent expression is:

χT
C

≈ 2 exp(4βJ2S2) . (27b)

It is interesting to note the analogy between this last expression and Eq. 9
that highlights the notion of effective spin. When J1 � J2, the only populated
states at low temperature correspond to si = σi. Therefore, the first term of the
Hamiltonian (Eq. 21) remains constant and can be omitted. The Hamiltonian
becomes:

Heff = – 2J2S2
+∞∑
–∞

σiσi+1 = – 2JeffS
2
eff

+∞∑
–∞

σiσi+1 , (28)

with Seff = 2S and Jeff = J2/4. This result demonstrates that a dimer unit com-
posed of two S spins strongly coupled by J1 can be considered as an effective
spin of size 2S. Equation 27b can be rewritten as:

χT
Ceff

≈ exp
(
4βJeffS

2
eff

)
, (29)

which gives the expected result for a regular chain of these effective spins
(Seff) coupled by Jeff

5. The magnetic correlations and therefore the magnetic
susceptibility are thus only controlled by the weakest interaction.

The relaxation of the dimerized chain can also be described by a stochastic
approach. Assuming single spin-flips and an alternation of exchange interac-
tions J1 and J2 along the chain, one obtains [27, 28]:

τ1 ∝ τ01

(
ξ

a

)1+|J1/J2|
, (30)

where it was assumed |J1| ≥ |J2|. Hence, independently of the signs of the ex-
change interactions, a non-universal dynamic critical exponent z is found. At
low temperature and in the ferromagnetic case (J1 � J2 > 0) where the mag-
netic susceptibility is given by Eq. 27b, the above expression is equivalent to:

τ1 ∝ τ01 exp(4βJ1S2 + 4βJ2S2) . (31)

As expected, this expression is equivalent to Eq. 19 when J1 = J2. It implies
that the characteristic time for single spin-flips becomes dramatically long as
soon as one of the exchange constants is large. In particular, this is the case
if the spins are strongly coupled inside dimers with the J1 interaction while

5 Note that the effective Curie constant per site, Ceff, is equal to 2C: quite generally C is proportional
to S2, which brings a factor of 4 from Seff = 2S, but the number of sites becomes divided by 2 and
the final multiplicative factor is thus only 2. This remark can be generalized for an effective spin
Seff = nS and the corresponding Curie constant per site will be Ceff = nC.
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the inter-dimer J2 interaction is much smaller. However, the competition with
double spin-flips (where the two spins of a dimer flip together) should be also
considered. For this process, the starting Hamiltonian is given by Eq. 28 and
we can apply the result obtained for regular chains, i.e.:

τ2 ∝ τ02 exp
(
8βJeffS

2
eff

) ∝ τ02 exp
(
8βJ2S2) . (32)

Therefore, two channels of magnetization relaxation are in competition. In
order to compare them, the temperature dependence of the two individual
times τ01 and τ02 should be introduced. Considering Eq. 24 (i.e. assuming
that both spins in the dimer experience the same energy barrier), one readily
obtains the activation energy for τ1 and τ2:

∆τ1 = 4
(
J1 + J2

)
S2 + |D|S2 for single spin-flips (33a)

∆τ2 = 8J2S2 + 2|D|S2 for double spin-flips (33b)

When J1 becomes very large, the double spin-flips process becomes the fastest
pathway of relaxation. In this limit, the description in terms of effective spin
units becomes also relevant for the dynamics and Eq. 33b can be identified to:

∆τ2 = 8JeffS
2
eff + |Deff|S2

eff . (33c)

This argument can be generalized to chains with more complex magnetic
units as soon as intra-unit interactions are much stronger that the coupling
between units along the chain. In this case, the global flip of the unit effective
spin becomes the dominant process for the relaxation of the magnetization.
When these units are coupled by a unique ferromagnetic interaction along the
chain, the problem is then reduced to the description of a regular ferromag-
netic chain as we will see on an experimental system in Sect. 3.2.

2.3.3
Ferrimagnetic Chains

Although the previous sections were essentially devoted to ferromagnetic
chains, some of the given arguments can be extended to the ferrimagnetic
case. Considering an alternation of two kinds of spins, S1 and S2, and an anti-
ferromagnetic exchange interaction, J, the corresponding Hamiltonian in the
Ising limit (using the same notations as for Eq. 25) reads:

H = – 2JS1S2

∞∑
–∞

(
σisi + siσi+1

)
. (34)

At low temperature, the chain magnetic structure also consists of large ori-
ented domains separated by domain walls. Their creation energy is now
4|J|S1S2 in the case of a large Ising-like anisotropy (i.e. for narrow domain
walls). Whatever is the anisotropy value, we expect an activated behavior of
ln(χT) versus 1/T with a gap ∆ξ giving the creation energy of these domain
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walls. This means that Eq. 13 is still valid. A detailed theory for the relaxation
of the magnetization in the ferrimagnetic case is still missing. However, the
physical arguments given in Sect. 2.2 suggest that Eq. 20 can also be used in
the ferrimagnetic case.

2.3.4
Finite-Size Effects

As the magnetic correlation length becomes very large at low tempera-
ture, even the presence of a very small number of defects on the chain can
have a drastic effect. This is particularly true in the Ising case (or for the
anisotropic Heisenberg model) where an exponential increase of the correla-
tion length is predicted (vide supra). To understand this phenomenon, we will
specifically consider the Ising model assuming the presence of non-magnetic
defects breaking the chain into finite magnetic segments. Two different kinds
of models have been developed based on a “mono-disperse” and “poly-
disperse” description of the chain length.

2.3.4.1
Finite-Size Effects in the “Monodisperse Approximation”

As a first approach, all the chain segments can be considered to possess the
exact same length. Within this “mono-disperse” description and considering
an open uniform chain of n sites, the magnetic susceptibility per site can be
calculated (with the notations of Eq. 7) [29]:

χnT
C

= exp
(
4βJS2)(

1 –
2Γ (1 – Γ n)
n(1 – Γ 2)

)
. (35a)

In the ferromagnetic case (J > 0), the low temperature expression of Γ can be
used (Γ ≈ 1 – 2 exp(– 4βJS2)) which implies (for n � 1):

χnT
C

= exp
(
4βJS2)(

1 –
1 – exp(– 2n exp(– 4βJS2))

2n exp(– 4βJS2)

)
. (35b)

This expression leads to a crossover of χnT/C when 2n exp(– 4βJS2) ≈ 1,
i.e. for n ≈ ξ/a, between the exponential regime expected for the infinite
chain and a new regime at lower temperature where χnT/C ≈ n. Below the
crossover temperature, all the spins are parallel within a segment which can
be seen as an effective spin of size nS. The response of these segments is then
a Curie law with the Curie constant per site equal to nC.

A small number of defects can also have a drastic effect on dynamics at low
temperature, when the correlation length becomes very large. The problem of
finite size scaling has been discussed by J.H. Luscombe et al. in the frame of
the single-spin-flip Glauber model [30]. For an open chain of size L = na (with
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a being the cell parameter of the chain), the relaxation time becomes:

τ = τ∞f (L/ξ) (36)

where ξ and τ∞ are the correlation length and the relaxation time (given by
Eq. 20) for the infinite chain. The function f can be obtained numerically as
shown by J.H. Luscombe et al. [30]. When ξ becomes much larger than L,
f (x) ≈ x/2 and the low temperature relaxation time is:

τ =
τ0L
2a

exp(4βJS2) . (37)

As for the magnetic susceptibility, a crossover is expected for L ≈ ξ . Below
the temperature of this crossover, magnetic correlations still give a contri-
bution to the relaxation time but the corresponding enhancement factor is
now proportional to ξ (while it was in ξ2 in the high temperature regime,
Eq. 20). Following this model, the magnetization still relaxes exponentially in
this finite-size regime.

As for the infinite chain, a simple physical argument supports this re-
sult [27]. In this low temperature regime, spin-flips are expected to occur
essentially at the ends of the finite segment with a probability proportional
to exp(– 4βJS2). Moreover, the probability for the domain wall to reach the
other side of the chain segment instead of being destroyed is 1/(N – 1) ≈ 1/N.
Then, 1/τ is proportional to the joint probability for the creation and propa-
gation of a domain wall [31], in agreement with Eq. 37. As for the high
temperature regime, Eq. 37 may be presented in a more general form valid for
any Ising-like model:

τ =
τ0ξL

a2 . (38)

Finally, n spin flip processes can also be considered. In the case of short
chains, a collective reversal of the magnetization has also been discussed [31].
In this latter case, the interaction between magnetic units plays no role and
the result is simply, for a segment of n magnetic sites:

τ = τ0n . (39)

Note, however, that this collective reversal can be ignored in the Ising limit
(when |D| � J). In fact, the activation energy deduced from Eq. 39 (n|D|S2)
is always larger in this limit than the one resulting from Eq. 38 (4JS2 + |D|S2),
even for small values of n.

2.3.4.2
Finite-Size Effects in the “Poly-Disperse Approximation”

The ideal image of perfectly mono-disperse segments is probably far from
reality even if for most of the systems, this approach might be enough to
describe the observed magnetic properties. Nevertheless, when this is not
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the case, “poly-dispersity” on the segment size can be introduced. In this
frame, two new adjustable parameters must be considered: (i) the concentra-
tion of defects and (ii) the statistics to distribute these defects along the chain.
Two types of spatial defect distributions have been described in the literature
respectively called annealed and quenched limits [32]. True thermal equilib-
rium is assumed in the annealed case, while defects are randomly distributed
in the quenched limit. Discussing SCM systems, we expect that the existing
defects are created during the synthesis and therefore randomly distributed
along the chains without the possibility of annealing. Hence, the quenched
limit has been adopted to describe SCMs. Nevertheless, there are still two
approaches to describe the introduction of defects, called respectively site
and bond models where either non-magnetic sites (bearing no spin) or non-
magnetic bonds (with J = 0) are considered [32]. Introducing the probability
c of finding a defect (respectively a diamagnetic site or a non-magnetic bond),
both models give an average value of the site number per segment6, < n >,
equal to 2/c. Moreover, the average magnetic susceptibility per site, < χ >,
can be calculated from:

< χ > =
1
N

∞∑
n=1

n < ν(n) > χn , (40)

where χn is the susceptibility per site (N being the total number of sites for
the system) for an open chain of size n and < ν(n) > the average number
of open chains of size n. For regular chains, and when the concentration of
defects is small, both the site and bond models give [32, 33]:

< χ > T
C

=
1 + (1 – c)Γ
1 – (1 – c)Γ

. (41)

For ferromagnetic interactions, an approximate expression can be deduced at
low temperature:

< χ > T
C

≈ 2
c + 2 exp(– 4βJS2)

. (42)

As for the mono-disperse case, a crossover is predicted, when < n >
exp(– 4βJS2) ≈ 1. Below the crossover, < χ > T/C ≈ 2/c = < n >. Figure 2
compares the prediction of the mono-disperse and poly-disperse models, for
n = 100 and < n > = 2/c = 100, respectively. As very similar < χ > T/C vs.
2βJS2 plots are found, it is clear that the magnetic susceptibility cannot be
used to discriminate between the two descriptions.

6 As shown in [32], the average number of size n segment, < ν(n) >, can be estimated in the ther-
modynamic limit: < ν(n) > = N(1 – p)2pn and < ν(n) >= N(1 – b)2bn–1 for the site and bond model
respectively (p and b are respectively the probability of finding a diamagnetic site or a missing bond
on the chain of N sites). Introducing the probability of finding a defect, i.e. c = 1 – p or c = 1 – b to
describe respectively the site and bond problems, one obtains the probability that a site belongs
to a chain of size N. When c is small and n in the thermodynamic limit, p(n) = nc2(1 – c)n–1 and
< n > =

∑∞
n=1 np(n) ≈ 2

c in both cases.
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Fig. 2 < χ > T/C vs. 2βJS2 plots for the mono-disperse and poly-disperse models taking
n = 100 and < n > = 2/c = 100, respectively

The effect of disorder on the relaxation has also been discussed using
a poly-disperse model [34]. In particular, the relaxation of the magnetiza-
tion has been studied for the bond model, i.e. when diamagnetic bonds
are introduced with a probability c. This poly-disperse description preserves
the existence of the crossover described by J.H. Luscombe et al. The essen-
tial difference is the time dependence of the relaxation below the crossover
temperature. Except at very short or very long times, the decay of the magne-
tization, m(t), is now given by Eq. 43 (using the notations of Eqs. 36 and 37,
where L is now the average chain length):

ln m(t) = – t/τ∞ – 2
√

t/τ . (43)

Below the crossover temperature, the square root term becomes dominant
and the relaxation of the magnetization is no longer exponential. In con-
trast with the magnetic susceptibility, the mono-disperse and poly-disperse
models predict qualitatively different dynamic behaviors. However, the dom-
inant characteristic time τ is still given by Eqs. 37 or 38.

2.4
Concluding Theoretical Remarks

To conclude on this theoretical part dedicated to the SCM behavior, the most
important points are summarized in the following paragraph.

For infinite chains, an activated correlation length, ξ , is predicted at low
temperature for the Ising model (see Sect. 2.1.2) but also for any anisotropic
model which favors an easy axis (like the anisotropic Heisenberg model, see
Sect. 2.1.3). All these models are usually classified as “Ising-like”. This par-
ticular temperature dependence of the correlation length is the result of the
low temperature magnetic ground state: large magnetic oriented domains
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of average size 2ξ separated by domain walls (Fig. 1). The consequence is
a linear variation of ln(χT) vs. 1/T which can be probed experimentally.
The corresponding slope, ∆ξ , gives the creation energy for a domain wall
along the chain independently of the domain wall structure which depends
on the anisotropy value. Taking the example of the anisotropic Heisenberg
model, we have shown that a threshold between narrow and broad do-
main wall regimes occurs for ∆A = 4JI/3 (where JI and ∆A are introduced
in Eqs. 7b and 23). More generally, these two situations are expected for
∆A � JI and ∆A � JI, respectively. In the first case, ∆ξ = 2JI (or ∆ξ = 4JS2

using the notations of Eq. 7a), i.e. the structure and the formation energy of
the domain walls are identical to the Ising model. To emphasize this point,
the regime where narrow domain walls are obtained is sometimes qualified
as the “Ising limit”. In the latter case (∆A � JI), a more complex expres-
sion of ∆ξ is predicted which depends on both the exchange and anisotropy
energies.

For an infinite chain, the relaxation time (τ) of the magnetization is ac-
tivated with the corresponding energy gap (∆τ ) expressed as a function of
∆A and ∆ξ . The difference between ∆A and the total activation energy of τ

describes the effect of the magnetic correlations. For the infinite chain, the
expression of ∆τ is:

∆τ = ∆A + 2∆ξ . (44)

As this expression only relies on the temperature dependence of the magnetic
correlations, Eq. 44 is valid for any Ising-like chain independently of the do-
main wall structure. More specifically, in the case of narrow domain walls
and for single-ion anisotropy this expression becomes (using the notations of
Eqs. 7a and 23):

∆τ = |D|S2 + 8JS2 . (45)

At lower temperature, when defects become relevant, we expect a saturation of
the correlation length and therefore of the χT product (Fig. 2). Similarly, the
general expression of ∆τ becomes:

∆τ = ∆A + ∆ξ . (46)

For narrow domain walls and for single-ion anisotropy, Eq. 46 is:

∆τ = |D|S2 + 4JS2 . (47)

The above expressions show that the key analysis of a single-chain magnet
system is the comparison between susceptibility and relaxation data. In fact,
the observation of an activated relaxation time is not characteristic of SCM
behavior (a similar behavior is obtained for other systems like SMMs) and
a discussion based only on the dynamic data remains highly ambiguous. The
situation is different if the thermodynamic and dynamic properties are com-
pared as ∆ξ can be deduced from susceptibility data and then considered to
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discuss the relaxation time and to estimate ∆A. Independently, this energy
can be determined (i) from the study of isolated magnetic units composing
the chain; or (ii) from direct measurements on a single crystal of the chain
compound, i.e. from the field dependence of the magnetization when a mag-
netic field is applied perpendicular to the easy axis. A detailed comparison of
these data leaves no arbitrary parameter and allows an unambiguous analysis
of single-chain magnet materials.

3
Experimental SCM Systems

3.1
First Evidence of Slow Relaxation in a 1D System

Surprisingly, the first evidence of slow relaxation in a one-dimensional
compound was reported only in 2001 by the group of D. Gatteschi [35].
Far from the prototype 1D topology imagined by Glauber, this com-
pound is composed of “ferrimagnetic” chains: CoII(hfac)2(NITPhOMe)
(hfac = hexafluoroacetylacetonate, NITPhOMe = 4′-methoxy-phenyl-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide), where Co(hfac)2 and NITPhOMe
radical moieties are alternately arranged in a helical chain (Fig. 3a) [35, 36].
In an octahedral coordination sphere, CoII metal ions can be considered as
an effective S = 1/2 spin with highly anisotropic g values. The strong uni-
axial anisotropy of the CoII ions has been studied in CoII(hfac)2(NITPhOMe)
by single crystal susceptibility experiments [35] and also on related com-
plexes: CoII(hfac)2(NITPhOMe)2 by EPR spectroscopy and susceptibility
measurements on single crystals [37]. Therefore, the antiferromagnetic al-
ternating arrangement of CoII and NITPhOMe radical (S = 1/2 and g ≈ 2)
leads to a non-compensation of the magnetic moments, i.e. a “ferrimagnetic”
chain.

The exchange interaction between CoII and the NITPhOMe radical has
been estimated by several models [35, 37, 40] with the more reliable value
being around 2JS1S2/kB = – 90 K [38, 39] (using Eq. 34). The helical arrange-
ment of the cobalt local anisotropy tensors leads to a complex magnetic
behavior involving step features in the field dependence of the magnetization
(Fig. 3b) [35, 40]. This particular behavior has been qualitatively modeled by
Vindigni et al. and attributed theoretically to the proximity of a disorder
point [41]. In the vicinity of this point, they also conclude there is a van-
ishing of the correlation length while the energy gap of the relaxation time
remains finite. In other words, they argue that the Eq. 20 is no longer valid in
this special case. Nevertheless, independently of this complicated structural
arrangement, the correlation length of the system exponentially increases
above 25 K as seen on the ln(χT) vs. T–1 plot (Fig. 3c) with an energy gap of
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Fig. 3 a View of the helical chain in CoII(hfac)2(NITPhOMe) (Co: in purple, C: in black,
N: in blue, O: in red) adapted from [36]. For the sake of clarity, the hydrogen and fluo-
rine atoms have been omitted. b Hysteresis loops recorded on a single crystal applying
the field in the a∗b plane (solid line) at 2 K and along the chain axis at 2.0 K (�), 3.5 K
(◦) and 4.5 K (�). Reprinted with permission from [40]. Copyright 2002, EDP Science.
c ln(χT) vs. 1/T scaling plot, the dashed line evidences the linear behavior observable
between 55 and 25 K. All data were taken in zero dc field and at an ac field frequency
of 27 Hz on iso-oriented crystals along the c axis. Measurements were taken for differ-
ent concentrations of the ZnII dopant: (�) represent the undoped sample, (�) C = 0.3%,
(◦) C = 1.9%, (∆) C = 4.7%. Reprinted with permission from [38]. Copyright 2005, APS.
d Temperature dependence of the imaginary component of the ac susceptibility measured
in zero static field and with an ac field oscillating parallel to the c axis for frequencies
ranging from 0.18 Hz to 95 kHz. Inset: Cole–Cole plot measured at 10 K. Reprinted with
permission from [40]. Copyright 2002, EDP Science. e ln(τ) vs. 1/T plot. The solid line
represents the fit to the Arrhenius law. Reprinted with permission from [40]. Copyright
2002, EDP Science

∆ξ/kB = 117 K [38]. As explained in the theoretical section of this paper, these
results highlight the presence of uni-axial anisotropy in this one-dimensional
compound. At low temperature, slow relaxation of the magnetization is ob-
served as seen by the hysteresis loops displayed in Fig. 3b and by the ac
measurements shown in Fig. 3d [35, 40]. The characteristic time of relax-
ation has been studied using different techniques: ac susceptibility [35, 40],
µ-SQUID magnetometer [42], 1H nuclear magnetic resonance (NMR) [43, 44]
and muon spin rotation (µSR) [44]. This relaxation time follows an Arrhenius
law with a gap ∆τ/kB = 153 ± 2 K and a pre-exponential factor of 3(±2) ×
10–11 s [35, 40]. Moreover, no crossover is observed in the temperature range
experimentally available. It is worth noting that NMR and µSR measurements
have demonstrated the existence of a second relaxation time faster than the
one observed on the ac susceptibility and on the magnetization decay. The
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two modes have been tentatively assigned to the magnetization relaxation
of the two different sub-lattices composed of CoII and radical spins [43, 44].
As the energy gap of the relaxation time is smaller than 2∆ξ , the dynamic
measurements are clearly made in the regime where the finite-size effects (see
Sect. 2.3.3) are relevant even in the pristine CoII(hfac)2(NITPhOMe) material.
This result is further supported by the fact that the relaxation time has been
measured in the temperature domain where the ln(χT) vs. 1/T plot is satu-
rated (Fig. 3c). Controlled introduction of further defects has been done by
doping the system by diamagnetic ZnII metal ions [38, 39, 45]. Detailed static
(Fig. 3c) and dynamic properties of the doped materials have been investi-
gated and understood invoking a collective relaxation mode of the magnetic
segments [31]. Despite the complexity of this system, we may still try to use
the general arguments given in Sect. 2.4. As relaxation data are taken in the
low temperature regime, the activation energy ∆A should be deduced from
Eq. 38, ∆A/kB = (∆τ – ∆ξ )/kB ≈ 36 K. Therefore, as 2|J|S1S2 > ∆A, the system
seems to be far from the Ising limit and large domain walls are then expected.
This conclusion is also in agreement with the occurrence of collective spin
reversal which cannot exist in the Ising limit (see Sect. 2.3.3.1).

3.2
Simple Ferromagnetic-Like SCMs

3.2.1
[Mn2(saltmen)2Ni(pao)2(L)2](A)2SCM Compounds

In 2002, a new 1D compound [Mn2(saltmen)2Ni(pao)2(py)2] (ClO4)2 (salt-
men2– = N,N′–(1,1,2,2-tetramethylethylene) bis(salicylideneiminate), pao– =
pyridine-2-aldoximate, py = pyridine) [8] was synthesized and can be con-
sidered to be an isolated chain of ferromagnetically coupled anisotropic
S = 3 units. Packing diagrams of this compound are given in Fig. 4a–c to
highlight the parallel arrangement of the chain and also their good mag-
netic isolation (without π – π stacking or hydrogen bonding...). Moreover,
the asymmetric unit contains only one MnIII moiety leading by symme-
try to an easy axis of magnetization along the chain direction. Fitting of
the susceptibility above 30 K was achieved using a Heisenberg model con-
sidering a one-dimensional arrangement of [MnIII · · ·NiII · · ·MnIII] trimer
with NiII · · ·MnIII antiferromagnetic interaction (J/kB = – 21 K) connected
through weak ferromagnetic interactions between the trimers (treated in
the frame of a mean field approximation, J′/kB = + 0.7 K) [8]. Therefore, at
low temperature, this compound can be described as an assembly of iso-
lated chains of ferromagnetic coupled S = 3 [MnIII · · ·NiII · · ·MnIII] units. As
shown by oriented single-crystal measurements, the susceptibility becomes
very anisotropic below 60 K [8]. Above 6 K (Fig. 4d), the exponential increase
of the ln(χT) vs. 1/T plot further confirms the one-dimensional nature of
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the system and its Ising-like magnetic anisotropy [26]. The deduced energy
gap is ∆ξ/kB = 28 K in good agreement with the inter-trimer interaction ob-
tained at high temperature (J′/kB ≈ + 0.77 K). Below 5 K, the ln(χT) vs. 1/T
plot shows a saturation as expected in the presence of finite-size effects when
ξ � L (Fig. 4d). The fit of the data (solid line, Fig. 4d) using the generalization
of Eq. 35a for weakly interacting segments (inset of Fig. 4h) leads to a chain
length of about 110 units or L ≈ 140 nm [26].

At low temperatures, slow relaxation of the magnetization is detected as
shown on Figs. 4e and 4f. When the magnetic field is applied in the easy di-
rection, large field hysteresis loops of the magnetization are observed with
a coercive field reaching up to 2.75 T below 0.4 K [46]. Applying the magnetic
field perpendicular to the easy axis (Fig. 4g), the magnetization follows linear
field dependence at low fields before saturation at higher fields as expected in
the presence of a uni-axial anisotropy. An anisotropy field of 11.0 T is deduced
from these data which gives D/kB = – 2.5 K for the [MnIII · · ·NiII · · ·MnIII]
units and therefore ∆A = 23 K [26]. It is interesting to note that the magnetic
properties of the isolated [MnIII · ··NiII · ··MnIII] unit has been also studied on
two related compounds: [Mn2(5-Rsaltmen)2Ni(pao)2(phen)](ClO4)2 (where
R is Cl or Br and phen is the 1,10-phenanthroline) [47]. These S = 3 com-
plexes display SMM behavior and a D value (D/kB = – 2.3 to – 2.4 K) close to
the estimation made for the tri-nuclear units of the chain compound.

The magnetization relaxation time of [Mn2(saltmen)2Ni(pao)2(py)2]
(ClO4)2 has been studied using combined ac (temperature and frequency
dependences of the ac susceptibility) and dc (time relaxation of the mag-
netization, inset Fig. 4h) measurements [8, 26]. The resulting temperature
dependence of the relaxation time, displayed in Fig. 4h, exhibits a crossover at
2.7 K between two activated regimes. Above and below 2.7 K, the energy gaps
are ∆τ1/kB ≈ 74 K (τ0 = 3.5×10–11 s) and ∆τ2/kB ≈ 55 K (τ0 = 2.5×10–8 s),
respectively [26]. This crossover has been attributed to the effects of the chain
finite-size as already observed on the susceptibility measurements (Fig. 4d).
The experimental energy gaps are in very good agreement with theoretical
ones (∆τ1/kB ≈ 79 K and ∆τ2/kB ≈ 51 K) deduced from the energy param-
eters of the system (∆A/kB ≈ 23 K and ∆ξ/kB = 28 K) and Eqs. 44 and 46.
The effects of poly-dispersity and weak inter-segment or inter-chain interac-
tions have been invoked to explain the difference of crossover temperature
observed on the susceptibility (5 K) and the relaxation time (2.7 K) [26].

In the past 5 years, a rational synthetic approach has been developed to ob-
tain SMM and SCM systems [48]. This research project has led to a complete
family of SCM compounds related to the original SCM compound described
above: [Mn2(saltmen)2Ni(pao)2(L)2](A)2 (A– = ClO–

4 with L = 4-picoline, 4-t-
butylpyridine, or N-methylimidazole; and L = pyridine with A– = BF–

4, PF–
6 or

ReO–
4) [46]. The magnetic properties of these compounds have been studied

in details highlighting a similar SCM behavior of these heterometallic chains
independently of their inter-chain environments.
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Fig. 4� Views of [Mn2(saltmen)2Ni(pao)2(py)2](ClO4)2 showing a the hetero-metallic chain
b the projection in the ac plane and c the projection along the chain axis. Hydrogen
atoms and perchlorate ions located between chains are omitted for clarity. Reprinted with
permission from [8]. Copyright 2002 American Chemical Society. d Semi-log plot of χT
vs. 1/T. Reprinted with permission from [26]. Copyright 2004 American Physical Soci-
ety. e M vs. H plots at different temperatures and f at 2 K and 0.04 K at different field
sweep rates measured on a single crystal in the easy direction. Reprinted with permission
from [46]. Copyright 2003 American Chemical Society. g M vs. H plots when the mag-
netic field is applied perpendicular to the easy axis at 1.5 K. Inset: Similar measurements
than the main figure at three angles in the plane normal to the easy axis. The main figure
is at θ = 0◦. Reprinted with permission from [26]. Copyright 2004 American Physical So-
ciety. h Semi-log plot of τ vs. 1/T. The full and open dots were obtained from ac and dc
measurements, respectively. Inset: Relaxation of the magnetization at 3 K and schematic
view of the magnetic interactions. Reprinted with permission from [26]. Copyright 2004
American Physical Society

3.2.2
The (NEt4)[Mn2(5-MeOsalen)2Fe(CN)6] System

In 2005, a new cyano-based single-chain magnet system: (NEt4)[Mn2(5-
MeOsalen)2Fe(CN)6] [where 5-MeOsalen2– is N,N′–ethylethylene bis(salicyl-
ideneiminate)] has been reported illustrating a step-by-step strategy to de-
sign SCMs by coupling ferromagnetically SMMs in one-dimension [49].
Although many examples of architectures built from MnIII/salen building
blocks and hexacyanometalate are known to date [50–59], (NEt4)[Mn2(5-
MeOsalen)2Fe(CN)6] constitutes the first example of SCM behavior in this
family of materials.

This compound was synthesized arranging the trinuclear [MnIII(SB) – NC
– FeIII – CN – MnIII(SB)] motif into a one-dimensional assembly (Fig. 5a) well
separated by [NEt4]+ counter-cations. Down to 10 K, the susceptibility was
fitted to a Heisenberg model considering a one-dimensional arrangement
of [MnIII · ··FeIII · ··MnIII] trimer with FeIII · ··MnIII ferromagnetic interaction
(J/kB = + 6.5 K) connected through weak ferromagnetic interactions between
the trimers (treated in the frame of a mean field approximation, J′/kB = +
0.07 K). Considering that J � J′, this 1D system can be viewed at low tempera-
ture as a chain of ferromagnetically coupled S = 9/2 units. To probe the mag-
netic characteristics of the constitutive S = 9/2 trinuclear unit, the magnetic
properties of the trimer complex: (NEt4)[Mn2(salmen)2(MeOH)2Fe(CN)6]
[where salmen2– is N,N′–(methylethylethylene) bis(salicylideneiminate)] [54]
has been reinvestigated demonstrating its SMM behavior and estimating
its uni-axial anisotropy (D/kB = – 1.3 K) [49]. As expected for a 1D sys-
tem with Ising-like anisotropy, the ln(χT) vs. 1/T plot for the chain com-
pound increases exponentially at low temperatures (Fig. 5b). The obtained
energy gap (∆ξ/kB = 6.1 K) confirms the magnitude of the inter-trimer in-
teraction (J′/kB ≈ + 0.08 K). Below 1.4 K, the saturation of ln(χT) reveals the
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Fig. 5 a View of the crystal structure of (NEt4)[Mn2(5 – MeOsalen)2Fe(CN)6] showing the
hetero-metallic chain. b Semi-log plot of χT vs. 1/T (where χ is the zero-field susceptibil-
ity). Red and blue dots have been obtained with ac (0.1 Hz, 0.3 mT of ac field modulation)
and dc (numerical derivative of M vs. H plots around zero dc field) techniques, respec-
tively. c Field dependence of the normalized magnetization (M/Ms) as a function of
a magnetic field applied perpendicular to the chain direction (in the hard plane), meas-
ured on a single crystal at 1.5 K. Reprinted with permission from [49]. Copyright 2005
American Chemical Society

presence of finite-size effects expected when ξ � L (Fig. 5b) with a chain
length of about 40 units or L ≈ 55 nm [49]. Applying the magnetic field
in the easy direction, large field hysteresis loops of the magnetization have
been observed below 1.4 K in agreement with the presence of magnetiza-
tion slow relaxation (the coercive field reaching 0.36 T at 0.04 K with a field
sweep rate of 0.14 T/s). The magnetization measured at 1.5 K when the mag-
netic field is applied perpendicularly to the easy axis (Fig. 5c), is almost
isotropic and confirms the presence of a uni-axial anisotropy. In this hard
plane, the magnetization increases linearly with the magnetic field before
saturation around 6.3 T. This field corresponds to D/kB = – 0.94 K for the
[MnIII · ··FeIII · ··MnIII] units and therefore to ∆A = 19 K. It is interesting to
note that the magnitude of the uni-axial single-ion anisotropy parameter
is in agreement with the value deduced for the isolated trimer complex:
(NEt4)[Mn2(salmen)2(MeOH)2Fe(CN)6].
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Fig. 6 a Frequency dependence of the real (χ ′) and imaginary (χ ′′) parts of the
ac susceptibility for (NEt4)[Mn2(5 – MeOsalen)2Fe(CN)6] measured between 1.82 and
2.9 K. The solid lines are the best fits obtained with the generalized Debye model.
All data have been well simulated with small α values of less than 0.06. b Single-
crystal relaxation measurements: scaling plot of M/Ms vs. t/τ . Inset: Single-crystal
relaxation measurements plotted as M/Ms vs. t curves. c Relaxation time (τ) versus
1/T plot for (NEt4)[Mn2(salmen)2(MeOH)2Fe(CN)6] (black dots) and (NEt4)[Mn2(5-
MeOsalen)2Fe(CN)6] deduced from ac (red dots) and dc (blue dots) measurements.
Reprinted with permission from [49]. Copyright 2005 American Chemical Society

As for the previous example described in Sect. 3.2.1, the relaxation of the
magnetization has been studied using combined ac (Fig. 6a) and dc (Fig. 6b)
measurements. In order to extract the relaxation time of the system (τ), the
obtained frequency dependence of the in-phase χ ′ and out-of-phase χ ′′ sus-
ceptibilities and furthermore the Cole–Cole plots (χ ′′ vs. χ ′ plot) were fitted
simultaneously to a generalized Debye model (solid lines in Figs. 6a and 6b).
The fact that the found α parameters of this model are less than 0.06, indicates
that the system is close to a pure Debye model with hence a single relax-
ation time. This indication is confirmed by the quasi-exponential decay of the
magnetization observed between 1.8 and 0.8 K (Fig. 6b).

Combining these two techniques, an experimental relaxation time of the
magnetization has been obtained (Fig. 6c). It is first very interesting to note
on Fig. 6c that the thermal variations of the relaxation time observed for the
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chain compound and for the tri-nuclear complex composing the chain are
completely different and attest that the exchange coupling between the SMM
trimers dramatically influences the relaxation of the magnetization. Inter-
estingly, two activated regimes (with the following characteristics: ∆τ1/kB ≈
31 K/τ0 = 3.7×10–10 s and ∆τ2/kB ≈ 25 K/τ0 = 3×10–8 s) have been identi-
fied with a crossover temperature of about 1.4 K in perfect agreement with
the saturation the ln(χT) vs. 1/T plot (Fig. 5b) and the presence of finite-
size chain effects. In both regimes, the energy parameters of the system
∆A/kB ≈ 19 K and ∆ξ/kB ≈ 6.1 K used in the Eqs. 44 and 46 (∆τ1/kB = 31.2 K
and ∆τ2/kB = 25.1 K are obtained) reproduce very well the experimental en-
ergy gaps of the relaxation time.

Chronologically (NEt4)[Mn2(5-MeOsalen)2Fe(CN)6] is the second ex-
ample of a system that exhibits a SCM behavior with the two relaxation
regimes: (i) above the crossover temperature, the chain can be considered
as infinite (ξ � L) and introducing a finite anisotropy, the observed relax-
ation can be understood in the frame of Glauber’s theory; (ii) while below
the crossover temperature, the chains must be viewed as finite objects (ξ ≥ L)
and finite-size effects become relevant to describe the relaxation. To date,
the two families of materials reviewed in Sect. 3 seems to be the simplest
systems known to study single-chain magnet behavior. Three important
advantages can be mentioned: (i) each chain is structurally and magneti-
cally well isolated by the counter anions and bulky ligands, which precludes
a magnetic order; (ii) the local easy axes of the chain repeating units are all
parallel to the unique chain orientation; and (iii) the magnetic anisotropy
can be easily modeled by a single-ion term while staying larger than the
intra-chain interaction (∆A > 4JI/3 or ∆A > 2∆ξ/3). In this regard, these
chains, composed of ferromagnetically coupled anisotropic units, are the
archetype that we had of a Glauber Ising-type chain and hence supplies
us with simple experimental systems to model the magnetic dynamics in
one-dimension.

3.3
Other Known SCM Systems

Since 2001, only a few examples of material exhibiting single-chain mag-
net behavior have been reported. In addition to chains of ferromagnetically
coupled Ising spins (Sects. 3.2, 3.3.1.2 and 3.3.1.3), different types of system
have been identified that lead to SCM properties: helical ferromagnetic chains
(Sect. 3.3.1.1), double “zig-zag” ferromagnetic chains (Sect. 3.3.1.4), ferri-
magnetic chains (Sects. 3.1 and 3.3.2) and canted-antiferromagnetic chains
(Sect. 3.3.4). It is worth noting that in most of these systems the anisotropy
has been introduced using CoII or MnIII metal ions known to possess a large
uni-axial anisotropy. Recently, two original approaches have been employed
to introduce anisotropy into one-dimensional systems using the easy-plane
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magnetic anisotropy of FeII ions and the large uni-axial anisotropy of rare-
earth metal ions. The compounds obtained with these ingredients will be
presented in Sects. 3.3.2.2 and 3.3.3, respectively. In most cases, magnetic
properties of the claimed SCM materials have been analyzed only from the
dynamic side studying the relaxation time of the magnetization. As explained
in the theoretical part of this review, this monolithic view (without a detailed
study of the static data) does not clearly answer the question: “Is the observed
slow relaxation of the magnetization derived from SCM behavior?”. Neverthe-
less, we would like to review here a hopefully exhaustive list of the compounds
that have been labeled SCM materials in the past 3 years.

3.3.1
Chains of Ferromagnetically Coupled Units

3.3.1.1
A One-Dimensional Helical Arrangement of Ferromagnetic Coupled CoII Metal Ions

In 2003, Gao et al. reported on a helical CoII chain, [Co(2,2′-bithiazoline)
(N3)2], which displays slow relaxation of the magnetization [60]. This com-
pound possesses a structure composed of chains of CoII metal ions bridged
by two azide ligands in the end-on coordination mode (Fig. 7a). Three inde-
pendent Co sites with three different octahedron environments are present
leading to a helical arrangement of the Co metal ions along the chain direc-
tion (Fig. 7b). The magnetic susceptibility was fitted considering a Heisen-
berg S = 3/2 chain model. The interactions between CoII were found to be
ferromagnetic and estimated at 2J/kB = + 17.8 K (using the notation of Eq. 1).
Slow relaxation of the magnetization is observed on the field dependence of
the magnetization at 1.85 K that exhibits a small hysteresis effect with a coer-
cive field of about 1000 Oe. Moreover, step features are observed at 17, 26 and
46 kOe and have been attributed to the presence of different anisotropy axes
on the three CoII sites. The relaxation time of the system was studied using
ac susceptibility measurements above 1.8 K. As shown on Fig. 7c, strong fre-
quency dependences of both ac susceptibility components are observed. The
relaxation mode was found to be very broad and was fitted with a general-
ized Debye model considering α values between 0.65 and 0.7. The relaxation
time extracted from the ac data (Fig. 7d) follows an Arrhenius law with
∆τ/kB = 94 K and τ0 = 3.4×10–12 s.

Using the description of a SCM made in the first part of this review, the
creation energy of a domain wall should be in this system about 80 K (∆ξ )
from the ferromagnetic interactions mentioned above (2J/kB = + 17.8 K using
Eq. 7a notation). As ∆τ < 2∆ξ , the system should be in the finite-size chain
regime with ∆A/kB ≈ (∆τ – ∆ξ)/kB ≈ 14 K. This quick analysis suggests that
this compound is not in the Ising limit and large domain walls are probably
relevant.
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Fig. 7 (a) Molecular structure of [Co(2,2′-bithiazoline)(N3)2]. (b) Helical chains along
the a axis and the octahedrons of Co(II) ions. (c) Temperature dependence of the real
(top) and imaginary (bottom) components of the ac susceptibility in zero applied static
field with an oscillating field of 3 Oe at a frequency of 111–9999 Hz. The lines are guides.
(d) Arrhenius plot using τ vs. T–1 data extracted from the ac susceptibility measurements.
The red line is a fit to the Arrhenius equation. Reprinted with permission from [60].
Copyright 2003 American Chemical Society

3.3.1.2
A Supramolecular SCM built from Ferromagnetic Coupled MnIII Metal Ions

Another example of magnetization slow relaxation in a one-dimensional
arrangement has been reported by Shaikh et al. [61]. The compound of for-
mula: MnII

2 (bispicen)2(µ3-Cl)2MnIII(Cl4Cat)2MnIII(Cl4Cat)2(H2O)2 (where
bispicen is N,N′-bis(2-pyridylmethyl)-1,2-ethanediamine and Cl4Cat is tetra-
chlorocatecholate dianion) exhibits a two-dimensional network of MnII and
MnIII (Fig. 8a). Because of dimerization of the MnII metal ions and the intra-
dimer antiferromagnetic interaction, the compound has been described as
a chain of ferromagnetically coupled MnIII (Fig. 8a).

As suggested by the authors, the ferromagnetic interaction (of about
+ 1.4 K) would be mediated between MnIII through strong hydrogen-bonding
interactions. The analysis of the magnetic properties has been done only on
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Fig. 8 a Skeletal representation of MnII
2(bispicen)2(µ3 – Cl)2MnIII(Cl4Cat)2MnIII(Cl4Cat)2

(H2O)2 in the ab plane. b Temperature dependence of the real and imaginary component
of the ac susceptibility in zero applied static field with an oscillating field 2 Oe in a fre-
quency of 111–9999 Hz. The solid lines are guides. Reprinted with permission from [60].
Copyright 2004 American Chemical Society

the dynamics studying the relaxation time by ac susceptibility that follows
an Arrhenius law with an energy gap of 50.5(5) K (and τ0 = 3.4×10–10 s)
(Fig. 8b).

3.3.1.3
A Supramolecular SCM built from Ferromagnetic Coupled Mn7 Complexes

In a recent paper of G. Christou et al. [62], two mixed-valence MnIII/MnIV

materials: [Mn7O8(O2SePh)8(O2Me)(H2O)] and [Mn7O8(O2SePh)9(H2O)]
exhibiting a supramolecular one-dimensional arrangement have been de-
scribed as SCMs. Both compounds possess a unique [Mn7O8]9+ core compris-
ing three MnIII and four MnIV metal ions bridged by [PhSeO2]– groups. These
heptanuclear complexes are arranged in a chain motif through weak Se...O
inter-cluster interactions as seen in Fig. 9a.

Combined dc and ac magnetic measurements have been used to deter-
mine an S = 2 ground state of the Mn7 units. Between 1.8 and 4 K, frequency
dependence (up to 997 Hz) of the ac susceptibility is observed for both com-
pounds. This indication of magnetization slow relaxation has been confirmed
by the detection of hysteresis loops on the M vs. H plot below 4 K. The
analysis of these data leads to the conclusion that intra-chain and inter-
chain magnetic interactions were of ferromagnetic and antiferromagnetic
nature, respectively. Moreover the dc susceptibility below 10 K was fitted to
the Curie–Weiss law (θ = – 2 K) to argue that antiferromagnetic interactions
were much weaker than the intra-chain ferromagnetic ones. Unfortunately,
the magnitude of these interactions was not determined due to low-lying
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Fig. 9 a ORTEP representation in PovRay format at the 50% probability level of the
packing of complex [Mn7O8(O2SePh)8(O2Me)(H2O)] along the a axis of the crys-
tal. For clarity, the hydrogen atoms have been omitted and only the ipso C atoms
of the phenyl groups are shown. b M/Ms vs. t decay plots for a single crystal of
[Mn7O8(O2SePh)8(O2Me)(H2O)] at the indicated temperatures. c Arrhenius plot using
the resulting relaxation lifetime τ vs. 1/T data. The green line is a fit of the thermally acti-
vated region to the Arrhenius equation. Reprinted with permission from [62]. Copyright
2004 American Chemical Society

excited states of the Mn7 complexes. Direct time relaxation of the magneti-
zation has been measured below 1 K using a µ-SQUID technique (Fig. 9b)
in order to determine the characteristic relaxation time of the systems. As
shown for [Mn7O8(O2SePh)8(O2Me)(H2O)] in Fig. 9c, τ follows an Arrhe-
nius law (∆τ/kB = 14.2 K and τ0 = 1.9×10–9 s) between 1 and 0.5 K before
a progressive saturation (at ≈ 104 s). This temperature independence of the
relaxation time has been attributed to quantum tunneling of the magnetiza-
tion through the anisotropy barrier. It is worth noting that this effect has not
yet been observed in any other material reported to be a SCM.
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3.3.1.4
Cyanide-Bridged Heterometallic Double and bis-Double Zig-Zag Chains

The use of versatile building-blocks such as [FeIIIL1(CN)4]– and [FeIIIL2
(CN)3]– [where L1 is 2,2′-bipyridine (bpy) or 1,10-phenanthroline (phen)
and L2 is tris(pyrazolyl)hydriborate (Tp)] together with CoII or CuII metal
ions has led to two types of one-dimensional architecture (Fig. 10a–c) in
materials that were reported to be single-chain magnets. The first type of
chain is made of shared-corner squares (also called a double zigzag chain)
as illustrated in Fig. 10a by [Fe(bpy)(CN)4]2Co(H2O)2 ·4H2O [63, 64]. Re-
stricting ourselves to the materials relevant for this review, a few other re-
lated systems have been reported: [Fe(phen)(CN)4]2Co(H2O)2 ·4H2O [63,
64], [Fe(bpy)(CN)4]2Cu(H2O)2 ·4H2O [65] and [Fe(Tp)(CN)3]2Cu(CH3OH)·
2CH3OH [66]. In all these compounds, the intra-chain coupling FeIII...MII (M:
Co and Cu) has been found to be ferromagnetic based on dc susceptibility
measurements [63–66], fitting procedures [66] and DFT calculations [64, 65].

For [Fe(L1)(CN)4]2Co(H2O)2 ·4H2O compounds, large hysteresis loops
are observed below 7 K together with the apparition of a frequency depen-
dent ac signal in a zero dc magnetic field (Fig. 10d–e). The relaxation time
deduced from ac data for [Fe(bpy)(CN)4]2Co(H2O)2 ·4H2O follows an acti-
vated behavior with ∆τ/kB = 142 K and τ0 = 9.4×10–12 s [64]. The absence
of a transition signature in heat capacity measurements and the presence of
slow relaxation are indications that have been used by the authors to qual-
ify these compounds as single-chain magnets7. The same type of magnetic
behavior has been observed for [Fe(Tp)(CN)3]2Cu(CH3OH) ·2CH3OH (τ fol-
lows an Arrhenius law with ∆τ/kB = 112.3 K and τ0 = 2.8×10–13 s) [66] and
[Fe(bpy)(CN)4]2Cu(H2O)2 ·4H2O [65]. The second type of one-dimensional
arrangement can be viewed as a fusion of two shared-corner square chains
(also called a bis-double zigzag chain) as illustrated in Fig. 10b–c [65, 67].
As for the previous one-dimensional architecture, FeIII/CoII and FeIII/CuII

systems have been reported to exhibit slow relaxation of the magneti-
zation: [Fe(bpy)(CN)4]2Co(H2O) ·MeCN ·0.5H2O [67], [Fe(phen)(CN)4]2
Cu ·H2O [65] and [Fe(bpy)(CN)4]2Cu ·2H2O [65]. In these materials, the
one-dimensional objects possess intra-ferromagnetic interactions (in agree-
ment with the double zigzag chain described above) and are coupled
together through space by weak antiferromagnetic interactions (of the
order of – 0.1 K). At low temperature, this type of magnetic topology
leads to a metamagnetic-like behavior as seen on the M vs. H plot dis-
played in Fig. 10f. A maximum of susceptibility is observed at 7.5 K, 5.2 K
5.5 K for [Fe(bpy)(CN)4]2Co(H2O) ·MeCN·0.5H2O [67], [Fe(phen)(CN)4]2
Cu ·H2O [65] and [Fe(bpy)(CN)4]2Cu ·2H2O [65], respectively. Below these

7 See [63]; measurements of the 2nd harmonic non-linear susceptibility for [Fe(phen)(CN)4]2·
Co(H2O)2 ·4H2O was taken as a evidence for a ferromagnetic ordering at 8.1 K. The authors suggest
the possibility of a coexistence between a ferromagnetic ordering and a glassy relaxation behavior.
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Fig. 10 a View of a fragment of the double zigzag chain: [Fe(bpy)(CN)4]2Co(H2O)2 ·4H2O
running parallel to the a axis. Uncoordinated water molecules have been omitted for
clarity. Reprinted with permission from [64]. Copyright 2004 Wiley. b A view of the struc-
ture of [Fe(bpy)(CN)4]2Co(H2O) ·MeCN ·0.5H2O along the b axis. The metals are yellow
(Fe) and pink (Co) [67]—Reproduced by permission of The Royal Society of Chemistry.
c Schematic view of the metallic frame of [Fe(bpy)(CN)4]2Co(H2O) ·MeCN ·0.5H2O [67]—
Reproduced by permission of The Royal Society of Chemistry. d Hysteresis loops as a func-
tion of the temperature at 0.002T/s for a single crystal of [Fe(bpy)(CN)4]2Co(H2O)2 ·4H2O
in its easy direction. Reprinted with permission from [64]. Copyright 2004 Wiley.
e Temperature dependence of the out-of-phase (χ ′′) component of the ac susceptibility
on a single crystal of [Fe(bpy)(CN)4]2Co(H2O)2 ·4H2O in zero applied static field and
with the oscillating field (1 Oe) applied along the b axis at different frequencies. Reprinted
with permission from [64]. Copyright 2004, Wiley. f Magnetization vs. H plot at 2 K for
[Fe(bpy)(CN)4]2Co(H2O) ·MeCN ·0.5H2O. Inset: χ ′′

ac susceptibility (1 G oscillating field,
0.1–1000 Hz, 800 G applied dc field) [67]—Reproduced by permission of The Royal Society
of Chemistry
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temperatures, the susceptibility becomes strongly field dependent as ex-
pected for antiferromagnetic or metamagnetic orders. Nevertheless, when
applying only a small dc field (800–1000 Oe), a frequency dependent ac
signal appears which, for the authors, rules out the possibility of three-
dimensional order (inset Fig. 10f)8. The relaxation time of this mode
has been studied for [Fe(bpy)(CN)4]2Co(H2O) ·MeCN ·0.5H2O [67] and
[Fe(bpy)(CN)4]2Cu ·2H2O [65] for which the ac signal is observed above
1.8 K. In both cases, τ follows an Arrhenius law with ∆τ/kB = 152 K/τ0 =
1.5×10–17 s and ∆τ/kB = 50.3 K/τ0 = 4×10–13 s, respectively. These com-
pounds have been classified as metamagnetic-like systems that display
“single-chain magnet behavior under low applied magnetic fields” [65].

Nevertheless, an interesting question concerning the magnetic anisotropy
remains open after the description of these cyanide-bridged heterometallic
double and bis-double zig-zag chains. While in the FeIII/CoII systems, the
magnetic anisotropy is clearly coming from the CoII metal ions, its origin
remains unclear in the FeIII/CuII systems and will probably require further
investigations.

3.3.2
Chains with a Ferrimagnetic Arrangement

We have described in Sect. 3.1 the first evidence of a single-chain magnet
behavior in a chain of antiferromagnetically coupled CoII and NITPhOMe
radical. This system, CoII(hfac)2(NITPhOMe) [35], is thus also the first ex-
ample of single-chain magnet behavior in a “ferrimagnetic chain”. Since this
pioneering work, only two new examples of a chain with a ferrimagnetic ar-
rangement have been described in the literature.

3.3.2.1
CoII–CuII Bimetallic Single-Chain Magnet

In 2004, E. Pardo et al. reported on a CoII – CuII bimetallic single-chain
magnet: [CoCu(2,4,6-tmpa)2(H2O)2]· 4H2O (2,4,6-tmpa: N-2,4,6-trimethyl-
phenyloxamate) [68]. This compound consists of neutral ribbon-like oxamato-
bridged CoIICuII chains where the bis(oxamato)copper(II) unit acts as a bis-
bi-dentate donor ligand through the cis carbonyl oxygen atoms towards trans
diaquacobalt(II) units (Fig. 11a). The phenyl ring of the tmpa ligands affords
an effective shielding between neighboring chains running along the c axis
(Fig. 11b). Dc susceptibility measurements at high temperature have been
performed and a preliminary analysis of the data leads to an estimation of
the antiferromagnetic coupling (2J/kB using Eq. 7a notation) between CoII

8 Note that for [Fe(bpy)(CN)4]2Co(H2O) ·MeCN ·0.5H2O, heat capacity measurements have been
performed and don’t show any λ-peak [67].
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Fig. 11 a View of a fragment of the bimetallic chain of [CoCu(2,4,6-tmpa)2(H2O)2]·4H2O
[68]. b Perspective drawing of the crystal packing of [CoCu(2,4,6-tmpa)2(H2O)2]·4H2O
along the c axis [68]. Temperature dependence of the real c and imaginary d compo-
nent of the ac susceptibility in zero applied static field with an oscillating field 1 Oe at
different frequencies of the oscillating field (�) 50, (�) 75, (∆) 100, (�) 200, (♦) 300,
(�) 400, (�) 700, (•) 1000, (◦) 1400 Hz. The solid lines are guides. Inset of c: Cole–
Cole plot at 2.0 K. Inset of d: Arrhenius plot (ln τ vs. 1/T). Reprinted with permission
from [68]. Copyright 2004 Wiley

and CuII of about – 38 K. [CoCu(2, 4, 6 – tmpa)2(H2O)2] ·4H2O exhibits in-
phase and out-of-phase ac susceptibility signals at low temperature which are
frequency dependent (Figs. 11c and 11d). A Cole–Cole plot (inset Fig. 11c)
at 2.0 K has been fitted to a generalized Debye model with an α value of
0.05 indicating the presence of a single relaxation process. The characteris-
tic relaxation time (τ) of this mode has been extracted from the ac data and
is shown as an ln τ vs. 1/T plot (inset Fig. 11d) to emphasize its activated
behavior (∆τ/kB = 23.5 K and τ0 = 4×10–9 s).

3.3.2.2
FeII–FeIII Mixed Valence Single-Chain Magnet Induced by a Twisted Arrangement of
Easy-Plane Magnetic Anisotropy

T. Kajiwara et al. reported in 2005 on a quite original 1D system, [FeII(ClO4)2
{FeIII(bpca)2}](ClO4), that displays a single-chain magnet behavior induced
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by a ferrimagnetic arrangement of FeII and FeIII metal ions and the easy-
plane anisotropy of the FeII sites [69]. This group has developed a synthetic
method for the preparation of homo- and hetero-metallic chain systems
using [M(bpca)2] and [M′(bpca)2]+ building units [70–74] (with M: MnII,
FeII, NiII; M′: CrIII, FeIII, CoIII and Hbpca: bis(2-pyridylcarbonyl)amine).
Among this series of material, [FeII(ClO4)2{FeIII(bpca)2}](ClO4) is an al-
ternating chain of FeII and FeIII metal ions connected through the bpca
ligand (Fig. 12a) [69]. The FeII ions (orange atoms of Fig. 12a) have an axial-
elongated geometry with four equatorial carbonyl oxygen atoms and two axial
ClO4

– oxygen atoms. While the FeIII ions can be considered as isotropic,
the distorted geometries of the two FeII sites leads to an easy-plane (or
hard axis) anisotropy. The important aspect is that the two easy-planes are
orthogonally oriented alternately along a chain (Fig. 12a). The dc suscepti-

Fig. 12 a Crystal structure and spin arrangement of high-spin FeII and low-spin FeIII alter-
nating in [FeII(ClO4)2{FeIII(bpca)2}](ClO4). Each atom is depicted as follows: FeIII blue,
FeII orange, Cl green, O red, N pale blue, and C gray. b Temperature dependence of µeff
(O) for the powder sample. Inset Magnetic measurements on an oriented single crystal
of [FeII(ClO4)2{FeIII(bpca)2}](ClO4) in the dc field applied along (�) and perpendicular
(•) to the chain. The solid lines are theoretical curves. c Out-of-phase (χ ′′

m) ac magnetic
susceptibility versus temperature in a 3.0 Oe ac field oscillating at the indicated frequen-
cies and with a zero dc field. Solid lines are a guide for the eyes. d Arrhenius plot for
[FeII(ClO4)2{FeIII(bpca)2}](ClO4). Reprinted with permission from [69]. Copyright 2005
American Chemical Society
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bility of [FeII(ClO4)2{FeIII(bpca)2}](ClO4) has been measured on both poly-
crystalline and single-crystal samples. These data have been fitted based on
an anisotropic Heisenberg alternating S = 2, S = 1/2 chain model (Fig. 12b)
allowing an estimation of the intra-chain interactions: J/kB = – 10 K and of
the FeII anisotropy: D/kB = + 14.9 K (using the notation of Eqs. 34 and 12a).
Single-crystal measurements show the presence of an easy axis along the
chain (a–c axis) that has been rationalized on the basis of the FeII/FeIII anti-
ferromagnetic coupling and the orthogonal orientation of the two easy-plane
anisotropic FeII.

Slow relaxation of the magnetization is observed as shown by the fre-
quency dependence of the ac susceptibility (Fig. 12c). Fitting of the Cole–Cole
plot using a generalized Debye model leads to small α values ranging from
0.09 to 0.13 indicating that the relaxation possesses a characteristic time with
a narrow distribution. This relaxation time was deduced from the ac sus-
ceptibility together with Mössbauer data (with a time scale of 10–7 s) and
plotted in a – ln τ vs. 1/T diagram (Fig. 12d) to highlight its activated behav-
ior (∆τ/kB = 27 K and τ0 = 1.6×10–8 s). Even if a theoretical treatment of the
relaxation in such ferrimagnetic SCMs is not yet available, the authors com-
ment that the obtained ∆τ gap is quite small in comparison to the energy
barrier of Glauber’s approach suggesting that the easy-plane anisotropy plays
a key role in the relaxation process.

3.3.3
Rare-Earth Based Single-Chain Magnet

The group of J.P. Costes was the first to report on the use of rare-earth ions
as the anisotropic source to design single-chain magnet systems [75]. Slow
relaxation of the magnetization was observed in a CuII/TbIII heterometal-
lic complex unfortunately not structurally characterized but formulated
(LCu)2Tb(NO3) on the basis of elemental analysis (with H3L: 2-hydroxy-N-
{2-[2-hydroxyethyl-amino]ethyl}benzamide). Frequency dependence of the
ac susceptibility was observed below 5 K (for frequencies ranging from 1 to
1000 Hz). From these data, the relaxation time of the magnetization was ex-
tracted and found to follow an activated behavior with ∆τ/kB = 28.5 K and
τ0 = 3.8×10–8 s. Without further analysis of the magnetic properties, this
feature was attributed to a SCM behavior.

More recently, D. Gatteschi et al. have reported on a dysprosium-
nitronyl nitroxide 1D compound with interesting dynamic properties [76].
Their work illustrates nicely how presently coordination chemistry can
modulate a known system [Dy(hfac)3NITEt] [77–80] (with hfac: hexa-
fluoroacetylacetonate and NITEt: 4′-ethyl-4,4,5,5-tetramethylimidazoline-1-
oxyl-3-oxide) to achieve fine control of the physical properties. [Dy(hfac)3
NITEt] is composed of alternating chains of Dy(hfac)3 units and NITEt
radicals. This compound displays a transition to a three-dimensional mag-
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netic order at 4.3 K induced by the through space inter-chain couplings.
Gatteschi’s idea was then to functionalize the radical moieties in order
to minimize these inter-chain interactions and thus to avoid the mag-
netic order for the benefit of a single-chain magnet behavior. The NITEt
radical was replaced by the bulky NITPhOPh derivative (NITPhOPh: 4′-
phenoxy-benzyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide) leading to
the [Dy(hfac)3NITPhOPh] compound and increasing the inter-chain dis-
tances in all the different directions (Fig. 13a). As shown by the dc sus-
ceptibility measurements, this engineering strategy was successful as no
magnetic order was observed above 1.8 K. Moreover, the activated behav-
ior of the χT product (shown in Fig. 13b) highlights the magnetic one-
dimensional nature of the compound together with its Ising-like anisotropy.
The corresponding slope, ∆ξ , is not quoted by the authors but can be
estimated from Fig. 13b at about 20 K. It is also worth noting that the

Fig. 13 a View of the crystal structure of the [Dy(hfac)3NITPhOPh] chain compound
along the a axis, showing the chain structure together with the unit cell. The aromatic
tail of the radical of an adjacent chain is also shown, in green. Ellipsoids are drawn at 50%
confidence and fluorine and hydrogen atoms were omitted for clarity [76]. b Semi-log plot
of χT vs. 1/T (where χ is the zero-field susceptibility) [76]. c Temperature dependence
of the real (top) and imaginary (bottom) components of the ac magnetic susceptibility
measured in zero applied field in the frequency range 25 Hz–20 kHz. The inset shows
the obtained Arrhenius plot and the crossover. Reprinted with permission from [76].
Copyright 2005 Wiley
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ln(χT) vs. 1/T plot has a maximum around 2.7 K, which might be indica-
tive of finite-size effects (ξ � L) as observed in CoII(hfac)2(NITPhOMe)
(Fig. 3c), [Mn2(saltmen)2Ni(pao)2(L)2](A)2 (Fig. 4d) or in (NEt4)[Mn2(5-
MeOsalen)2Fe(CN)6] (Fig. 5b).

Dc measurements made in zero-field cooled and field cooled modes at
100 Oe are different below 2.6 K indicating the presence of a slowing down
of the magnetization relaxation. As expected from this result, a small hys-
teresis loop is observed on the M vs. H data at 1.9 K. The dynamics of the
system were studied using ac susceptibility measurements and is shown in
Fig. 13c. Both in-phase and out-of-phase susceptibilities are frequency de-
pendent. Cole–Cole diagrams have been fitted to a generalized Debye model
with an α value of 0.16 indicating a narrow distribution of relaxation time.
The average relaxation time is given as a ln(τ) vs. 1/T plot (Inset Fig. 13c).
Two different activated regimes are observed above and below 2.7 K with
∆τ1/kB ≈ 69 K and ∆τ2/kB ≈ 42 K, respectively. As suggested by the ln(χT)
vs. 1/T plot (Fig. 13b), this crossover has been attributed to the finite-size
of the chains. The difference between the two gaps of the relaxation time
is estimated at 27 K, which would be equal to ∆ξ following Eqs. 44 and
46. It is interesting to note that this value is slightly higher but coherent
with the experimental ∆ξ deduced from Fig. 13b. However, the description
of this system may be more complicated as the authors invoke compa-
rable values of nearest-neighbor ferromagnetic and next nearest-neighbor
antiferromagnetic interactions along the chain. Indeed, this special interac-
tion topology leads to the presence of a disorder point where two types of
short-range orders are in competition. Nevertheless, the whole set of data
reported by the authors shows unambiguously the single-chain magnet be-
havior of their compound and demonstrates the success of their synthetic
strategy.

3.3.4
A Canted Antiferromagnetic Chain

In 2005, J.-G. Mao and K.R. Dunbar et al. reported on an antiferromag-
netically coupled CoII chain exhibiting single-chain magnet behavior [81].
Hydrothermal synthesis of 4-Me – C6H4 – CH2N(CH2PO3H2)2 (noted H4L in
the following) and cobalt(II) acetate lead to a one-dimensional compound:
Co(H2L)(H2O). Pseudo-octahedral CoII sites are linked by phosphonate oxy-
gen atoms to form a zig-zag chain. Using an Ising chain model of Co(II)
spins [82], the dc susceptibility of Co(H2L)(H2O) was fitted allowing an es-
timation of the inter-CoII interaction J/kB = – 15.1 K (using the notation of
Eq. 7a). Frequency-scan and temperature-scan measurements of the ac sus-
ceptibility reveal the presence of slow relaxation of the magnetization. The
relaxation time extracted from these data follows an Arrhenius law with
∆τ/kB ≈ 27–29 K and τ0 ≈ 8.4–34×10–10 s. According to the authors, the
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presence of slow relaxation in Co(H2L)(H2O) is induced by canting of the CoII

spins along the chain.

4
Concluding Remarks

We hope to have shown in this review that the subject of single-chain magnets
is an appealing new trend of research that is currently emerging in the field of
molecule-based magnetic materials. The motivation of the community on this
topic can be explained essentially by their potential technological applications
and the theoretical questions that can be raised by these systems. Indeed, a re-
markable opportunity has been opened by the discovery of SCM properties
to synthesize new nano-magnets interesting for future industrial applications.
Although the presently available systems do not exhibit a frozen magnetiza-
tion near ambient temperature, the synthesis of more efficient systems seems
possible by a further increase of the magnetic exchange and anisotropy en-
ergies. This quest is certainly a major challenge for chemists in this field. On
the other hand, the understanding of SCM properties involves very specific
one-dimensional theories. Although it is still necessary to fill the gap between
the existing models and the real materials, basic arguments deduced from the
theory have been clearly confirmed by recent experimental results. A typical
example is the pioneering work of R.J. Glauber that has received a spectacu-
lar validation with the study of the first SCM systems described in this review.
This breakthrough is encouraging physicists to adapt and to generalize the
existing theoretical models in order to establish a more realistic description
of the experimental properties. Among the problems that researchers are cur-
rently working on, a few important ones should be highlighted as a conclusion
of this review. At this stage of the subject, it appears that the known models
describing simple regular ferromagnetic chains are not adapted for all the
experimental systems. Hence, new models deriving from the available ones
should be tailored to discuss more complicated arrangements, as for example
ferrimagnetic chains. On the other hand, it is certainly important to synthe-
size new materials with very simple chain structure to analyze in detail their
magnetic properties. For example, a simple regular chain of ferromagneti-
cally coupled anisotropic spins (with iso-oriented local anisotropy tensors)
is still missing. The role of small inter-chain couplings is another import-
ant point that should be considered as these interactions become relevant as
soon as the intra-chain correlation length becomes very large. In fact, the
occurrence of a 3D magnetic order can always compete with SCM behav-
ior. On this topic, new experimental systems (as for example described by D.
Gatteschi et al. [76] and in Sect. 3.3.3) with a fine tune of the inter-chain inter-
actions would be very helpful to probe the frontier between these two extreme
magnetic behaviors. Finally, defects along the chains could become rapidly
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a major issue in this domain. Although finite-size effects have already been
emphasized, more efforts are certainly needed to discover potential specific
behaviors of finite chains. A recent example is given by the work of L. Bogani
et al. [39] showing that a specific field dependence of the magnetization does
exist for finite ferrimagnetic chains. Moreover, we have recently discovered
that a slow relaxation of the dc magnetization can be observed with finite-
size antiferromagnetic chains due to the presence of segments with an odd
number of spin units. The time dependence of this relaxation has also been
shown to be in agreement with the poly-disperse description [83]. The moti-
vation for these problems is still reinforced by the fact that future application
of SCMs will necessarily involve finite chains as defects are always present in
real systems.
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Abstract After recalling the basic physical backgrounds, we examine the concept of mag-
netic orbital, which is very useful for treating the mechanism of superexchange. Then
we recall the general broad lines of the first historical model proposed by Anderson. In
a second step, we develop a new general treatment for superexchange, in the case of the
centrosymmetrical model AXB. A and B are 3d1 metal cations characterized by σ-type
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bonds on both sides of the diamagnetic bridge X without the presence of a π-type or-
bital (with here A = B or A �= B). The cationic orbitals are of the d-type, whereas that
of diamagnetic ligand is of the s- or p-type. This treatment allows one to retrieve the
expression of exchange energy J vs key molecular integrals, as respectively proposed by
several authors such as Anderson, on the one hand, Hay, Thibeault and Hoffmann, on
the other one, and, finally, Kahn and Briat. This toy model may be easily generalized
to 3dn ions (with n > 1) with or without transfer between both cations, with A = B or
A �= B. Under these conditions we show that this general treatment allows one to calculate
superexchange interactions in any type of molecule.

Keywords Superexchange · Magnetic orbital · Anderson model ·
Hay–Thibeault–Hoffmann model · Kahn–Briat model

1
Introduction

The concept of exchange coupling within and between atoms and molecules
has been long to emerge, and its development was marked by many er-
rors and obscurities. One may consider that this concept took place in 1895
when P. Curie reported in his thesis entitled “Magnetic properties of com-
pounds at various temperatures”, that magnetic systems could be classified
into three distinct groups: diamagnetics, paramagnetics and ferromagnetics,
where exchange couplings will appear later as crucial [1]. In 1905 Langevin
gave a good interpretation of Curie’s results on diamagnetism and paramag-
netism [2, 3]. The most important point was the link between a microscopic
variable (the magnetic moment per atom in presence of an external magnetic
field) and a macroscopic one (the magnetization derived from experiment).
In order to understand the existence of ferromagnetism below a characteris-
tic temperature (the Curie temperature), Langevin suggested that a possible
mechanism could be a co-operative phenomenon between atomic moments.
In 1906 Weiss exploited this fruitful idea and introduced the notion of “mo-
lecular field”, acting on these moments and proportional to the net magneti-
zation [4–6]. An interesting idea then emerged when considering a possible
electrostatic origin of this field [7, 8]. However (i) the field magnitude rapidly
appeared as “physically” unrealistic and (ii) various attempts to quantify the
Weiss theory failed [7–9].

The first convincing mechanism for the exchange interaction came with
the formal development of quantum mechanics which gave an important
impetus to the microscopic understanding of magnetism. Notably the intro-
duction of the concept of electron spin in 1925 allowed the identification
of the fundamental origin of magnetism. Finally the recognition by Heisen-
berg [10] and Dirac [11] that Pauli’s exclusion principle (1925) implies that
the wave function of a many-electron system must be antisymmetrical under
coordinate–spin permutations has played an important role. Then, the ap-
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plication of Hund’s rules for the coupling of spins in atoms [12, 13] has
immediately followed [14].

In this context, the notion of “exchange energy” resulting from elec-
trostatic interactions between the electrons shared by two atoms i and j,
with spins si and sj, was successfully represented by the “Heisenberg–Dirac”
Hamiltonian, Jsi · sj (where J is the “exchange constant”). These formal devel-
opments naturally led to the first coherent microscopic theory of ferromag-
netism. Clearly the lowest state of a ferromagnet is characterized by a parallel
alignment of spins. Discussing the sign of exchange energy, Néel [15] first in-
troduced the concept of antiferromagnetism, a state in which two sublattices
of spins in a crystal may align themselves antiparallel. Two years later the idea
of “superexchange” first appeared when Kramers [16] tried to understand
early adiabatic demagnetization measurements, which indicated that small
exchange couplings existed even between ions separated by one or several
diamagnetic groups. Finally, to these central themes of the microscopic the-
ory of magnetism in insulators and semiconductors, one may add the basic
ideas of the crystal field theory introduced by Van Vleck [17].

It was necessary to wait for the end of the 1950s to have a good understand-
ing of superexchange interactions when Anderson first proposed a theory
of coupling between identical ions characterized by a 3dn electronic con-
figuration, without orbital degeneracy (n = 1) [18, 19], later generalized to
n > 1. In this case the exchange Hamiltonian is of the Heisenberg–Dirac type
Js1 · s2. Anderson’s publication has been the starting point for generalizations,
notably with the introduction of orbital degeneracy [20–23]. A recent gener-
alization of the Anderson model has been derived by one of us for identical
3d1 ions A appearing in the symmetrical entity AXA, where X is a diamag-
netic ligand. The exchange energy J of each bond A–X has been expressed
vs fundamental molecular integrals characterizing each of the σ -type bonds
created between the diamagnetic ligand and the magnetic ion A [24].

In this review, we consider the most general case of two different magnetic
3d1 ions A and B characterized by σ -type bonds on both sides of the diamag-
netic bridge X without the presence of a π-type overlap. The cationic orbitals
are of d-type whereas that of the diamagnetic ligand is of s- or p-type. The pa-
per is ordered as follows. After a first section devoted to physical background,
we will detail the key points of the Anderson model of superexchange as well
the limits of this model and the Goodenough–Kanamori rules (Sect. 2). In
Sect. 3 we shall consider the most general case of two different magnetic 3d1

ions. As for the entity AXA the exchange energy J of each bond A–X (or X–B)
is expressed vs fundamental molecular integrals characterizing each of the
σ -type bonds created between the diamagnetic ligand and the magnetic ion
A or B. This toy model may be easily generalized to 3dn ions (with n > 1).
Under these conditions we show that this general treatment allows one to
calculate superexchange interactions in any type of molecule. Doing so the
exchange energy J of any bond is evaluated vs the key molecular integrals
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characterizing this bond as well as the other bonds of the molecule. This as-
pect may reveal itself as being of high interest for biopolymers or molecules
showing magnetic tunnelling, photomagnetism.

2
Physical Background

In this section we discuss the main difficulties which arise when describ-
ing the basic coupling of two electronic spins. This fundamental operation
which is a purely quantum mechanism is of high interest whatever the na-
ture of the considered exchange i.e., for direct exchange or superexchange.
Here, for clarity and simplicity, we shall precisely define the problem of
direct exchange only and see that the required theoretical adaptations of
Anderson’s model for superexchange use the same basic principles involved
in the formal description of direct exchange. This will allow one to intro-
duce in an easy way the main “technical” differences which will necessarily
appear.

2.1
The Hamiltonian Symmetries and Pauli’s Exclusion Principle

Let us consider a system containing N electrons, each one being labelled by
the current index i (i = 1, ..., N). Each electron is characterized by its pos-
ition ri (with respect to the atom to which it belongs) and its spin si. If we set
ui = (ri, si), the corresponding Hamiltonian may be written:

H(u1, u2, ..., ui, uj, ..., uN ) =
N∑

i=1

(Ti + Vi) +
∑
i�=j

Ui,j (1)

where Ti is the kinetic energy of each particle i, Vi the corresponding poten-
tial energy and Ui,j the interaction potential between two different electrons i
and j i.e.,

Ti = –
�2

2m
∇2

i , Vi = V(ri), Ui,j = U(ri, rj) . (2)

H is even with respect to the interchange of any particle index (double sym-
metry group for each pair). As a result of group theory we immediately derive
that the corresponding eigenstates are either even or odd:

Ψ (u1, u2, ..., ui, ..., uj, ..., uN) = ±Ψ (u1, u2, ..., uj, ..., ui, ..., uN) , (3)

so that many types of solutions combining all the pair behaviours (symmetry
or antisymmetry) are possible. However Pauli’s exclusion principle states that
the eigenstates which are relevant when dealing with electrons (i.e., fermions
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characterized by half-integer spins) must be strictly odd with respect to the
interchange of any two particle indices:

Ψ (u1, u2, ..., ui, ..., uj, ..., uN) = – Ψ (u1, u2, ..., uj, ..., ui, ..., uN) , (4)

bringing a considerable restriction to the available solution domain.

2.2
Formal Coupling of Two Electrons Initially Isolated
and Their Binding to a Single Atom

Let us consider the formal case of two electrons labelled 1 and 2, respectively,
initially isolated and which may couple their spin. We suppose that there is
no spin-orbit coupling. As a consequence, the orbital and spin parts of the
collective wave function describing the system of coupled electrons are dis-
connected i.e.,

Ψ (u1, u2) = Φ(r1, r2)χ(s1, s2) . (5)

The Hamiltonian given by Eq. 1 (in which V1 = V2 = 0) only determines the
orbital contribution:

HΦ(r1, r2) = EΦ(r1, r2) . (6)

Pauli’s exclusion principle imposes that either Φ(r1, r2) or χ(s1, s2) must be
odd (the other one remaining even) with respect to the interchange of in-
dices 1 and 2. If the Coulomb repulsion U(r1, r2) = e2/4πε0|r1 – r2| between
both electrons is small, this contribution to the Hamiltonian H may be con-
sidered as a perturbation. Let Φa(r) (respectively, Φb(r)) be the eigenstate of
the Hamiltonian H1 = T1 = p2

1/2m (respectively, H2 = T2 = p2
2/2m) character-

ized by the eigenvalue Ea (respectively, Eb). In this framework, this approx-
imation allows us to solve the well-known secular equation det(H – E1) = 0
(where 1 is the identity matrix and H = T1 + T2 + U(r1, r2)). In the subspace
spanned by the spatially symmetrical and antisymmetrical wave functions
ΦS(r1, r2) and ΦA(r1, r2) containing functions Φa(r1) and Φb(r2), we have:

ΦS(r1, r2) =
1√
2

(Φa(r1)Φb(r2) + Φa(r2)Φb(r1))

ΦA(r1, r2) =
1√
2

(Φa(r1)Φb(r2) – Φa(r2)Φb(r1)) . (7)

Note that these functions are orthogonal by construction i.e., 〈ΦS(r1, r2)|
ΦA(r1, r2)〉 = 0, and are the eigenstates of the permutation operator P of both
particles:

PΦS(r1, r2) = + ΦS(r1, r2), PΦA(r1, r2) = – ΦA(r1, r2) . (8)

Let us now consider the spin part. As the spin states |s1〉 and |s2〉 are discon-
nected, the collective spin states χ(s1, s2) = |s1, s2〉 may be written as direct
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products |s1〉⊗ |s2〉. If one arbitrarily defines a z-direction in each spin space
i.e., an axis of quantization, we have:

χ(s1, s2) = |s1, s2〉 = |s1〉⊗ |s2〉 =
∣∣sz

1

〉⊗ ∣∣sz
2

〉
=

∣∣sz
1, sz

2

〉
=

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

|↑↑〉
|↑↓〉
|↓↑〉
|↓↓〉

(9)

Even and odd linear combinations of these spin states may be built up. As
there is no spin-orbit coupling, the full rotation group operates in each spin
space with the representation D1/2 for a spin 1/2 associated with each elec-
tron. We have:

D1/2 ⊗D1/2 = D0 ⊕D1 , (10)

where ⊕ is the direct sum symbol. It means that, if we introduce the total spin
operators:

S = s1 + s2, Su = su
1 + su

2 , u = x, y or z (11)

we may define a new basis |S, Sz〉 in a 4×4 dimensional space from the start-
ing basis as |s1, s2〉 with S = 0 (Sz = 0, singlet state) and S = 1 (Sz = 0, ±1, triplet
state):

|0, 0〉 =
1√
2

(|↑↓〉 – |↓↑〉), S = 0 (singlet state)

|1, 1〉 = |↑↑〉 ,
|1, 0〉 = 1√

2
(|↑↓〉 + |↑↓〉),

|1, – 1〉 = |↓↓〉

⎫⎬
⎭ S = 1 (triplet state) (12)

The triplet states |1, Sz〉 are even with respect to the interchange of indices 1
and 2, while the singlet state |0, 0〉 is odd. Consequently, because of Pauli’s
exclusion principle, we have the following symmetries:

S = 1 χ(s1, s2) = |s1, s2〉 even, Φ(r1, r2) = ΦA(r1, r2) odd

S = 0 χ(s1, s2) = |s1, s2〉 odd, Φ(r1, r2) = ΦS(r1, r2) even . (13)

From a physical point of view, a singlet state (S = 0) will be a non-magnetic
state (i.e., a purely diamagnetic state) whereas the triplet state (S = 1) will be
a magnetic one.

Now we wish to express the Hamiltonian H given by Eq. 1 vs spin op-
erators, exclusively. As H commutes with the permutation operator P, its
representation in the subspace spanned by the basis functions ΦS(r1, r2) and
ΦA(r1, r2) is diagonal:

H =
(

Ea + Eb + u + j 0
0 Ea + Eb + u – j

)
(14)
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where Ea and Eb are the eigenvalues associated with the eigenstates Φa(r1)
and Φb(r2) appearing in ΦS(r1, r2) and ΦA(r1, r2) given by Eq. 7; similarly u
and j are defined as:

u =
∫

dr1 dr2|Φa(r1)|2U(r1, r2)|Φb(r2)|2

j =
∫

dr1 dr2Φ
∗
a(r1)Φ∗

b (r2)U(r1, r2)Φb(r1)Φa(r2) (15)

u is the Hartree term (or direct term) whereas j is the Fock term (or
exchange term). j is nothing but the electrostatic energy of the charge
distribution – eΦ∗

a(r)Φb(r) and is positive definite. As a consequence, if
we examine Eq. 7 where the spatially symmetrical and antisymmetrical
wave functions are defined, we derive that the function ΦA(r1, r2) cor-
responds to the state of lowest energy. Owing to Pauli’s exclusion princi-
ple, it is associated with the triplet spin state (S = 1, cf Eq. 12) character-
ized by a symmetrical spin function. Under these conditions, the singlet
state (S = 0 and antisymmetrical spin wave function, cf Eq. 12) is associ-
ated with a spatially symmetrical wave function ΦS(r1, r2) and character-
izes the state of highest energy. At this step the physical interpretation is
easy: the Coulomb repulsion between both electrons favours the state with
a parallel spin alignment (see comments below about Hund’s rule). The
energy

J = ES,0 – ET,0 = 2j , (16)

where ES,0 and ET,0 are the energies associated with the low-lying singlet
and triplet states, is called “exchange energy”. It characterizes the process
of direct exchange between two electronic spins. As noted by Herring [25],
it is possible to give a physical picture for describing this quantity. If we
consider both electrons at the time origin t = 0 and in the initial state
Φa(r1)Φb(r2), the potential U(r1, r2) achieves a connection with the per-
muted state Φa(r2)Φb(r1) by the bias of the matrix element j. Over a small
time range ∆t, the probability amplitude of the permuted state increases
as j∆t ( j > 0). In other words j measures the initial ratio with which two
tagged electrons, placed one in each state, may be exchanged between these
states.

It is straightforwardly shown that the spectrum and the eigenvalues of the
effective spin Hamiltonian (expressed in � units)

Heff = E01 – Js1 · s2, E0 = Ea + Eb + u –
j
2

(17)

coincide with those of H defined by Eq. 1, restricted to the two electrons 1
and 2, with V1 = V2 = 0, the spin operator of which is given by the set of Pauli’s
matrices σ1 and σ2 (with si = �σ i/2, i = 1, 2). 1 is the 4 × 4 identity matrix.
The quantity – Js1 · s2 is called exchange Hamiltonian. Then, if we express the
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projector operators PT and PS on the triplet and singlet states, respectively, we
have for spins 1/2 (in � unit):

PT =
3
4

1 + s1 · s2, PS =
1
4

1 – s1 · s2 (18)

so that:

Heff = E01 –
j
2

(PT – 3PS) (19)

corresponds to the electronic Hamiltonian expressed in terms of the singlet
and triplet states.

Now, this study may be simply extended to the case of a single atom with
two-valency electrons, simply by adding the Coulomb potential U(r). This
effective potential describes the global interaction of the nucleus and the
internal electronic shells with the two-valency electrons, belonging to the
external shell. If the Coulomb repulsion between these electrons may be neg-
lected, a treatment similar to the previous case of the two isolated electrons
may be set on: this is the well-known Hartree–Fock approximation. We im-
mediately derive that the atom with two-valency electrons has a ground state
which is a triplet, thus satisfying Hund’s rule. The effective Hamiltonian is
given by Eq. 17 where Ea and Eb must be renormalized due to the presence
of the extra term U(r) in H1 and H2.

2.3
What are the Formal Difficulties
and the Usual Approximations Encountered
when Describing an Atomic or a Molecular System?

The first fundamental point concerns the nature of the Hamiltonian used when
describing any quantum system composed of interacting spins. We have pre-
viously seen that the spin–spin exchange coupling between two electrons
initially isolated has a strictly orbital origin [26]. Furthermore the exchange
coupling has appeared as a consequence of the interplay between Pauli’s
exclusion principle and various energy terms. Thus, any term T1, T2, V1,
V2 and/or U12, ... may contribute to the exchange coupling between two
electrons, through the energy difference of the singlet and triplet states,
ES,0 – ET,0 (see Fig. 1 where the excited states are also reported, the ground
state being the triplet). The use of the spin–spin Hamiltonian – Jsi · sj, with
here J = ES,0 – ET,0, is submitted to the two conditions: (i) J 
 ∆ and (ii)
kBT 
 ∆ where T is the absolute temperature, kB the Boltzmann’s constant
and ∆ = ES,1 – ES,0 is the difference between the ground state and the first
excited state energies in the singlet spectrum.

At this step we must mention that the energy level spectrum described
in Fig. 1 corresponds to a case often encountered in molecular systems. In
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Fig. 1 Description of a commonly encountered molecular energy level spectrum; the
singlet (S = 0) and triplet (S = 1) spectra have been artificially separated

addition the following spin Hamiltonian

H = E01 + Js1 · s2, J =– (ES,0 – ET,0) (20)

may be conventionally employed ( J > 0 corresponds to an antiferromagnetic
arrangement, with ET,0 > ES,0, whereas J < 0 corresponds to a ferromagnetic
one, with ET,0 < ES,0). Slight modifications in the crystal structure (for in-
stance due to the static or dynamical Jahn–Teller effect [27, 28]) or in the
molecular arrangement (crystallized or solvated state) should have strong ef-
fects on exchange couplings and, correlatively, on the ground state spin of the
molecule.

Finally we must examine the property of additivity of the exchange Hamil-
tonian. Let us consider, for instance, four interacting electrons and let us
specifically examine the exchange coupling between electrons 1 and 2. The
effect of electrons 3 and 4 is treated through the effective (mean) potentials
δV(r1) and δV(r2) “seen” by electrons 1 and 2 (Hartree–Fock approximation).
Under these conditions the general Hamiltonian for electrons 1 and 2 may be
written:

H(r1, r2) + δH(r1, r2) =
2∑

i=1

(Ti + Vi) +
e2

4πε0r12
+ δV(r1) + δV(r2) (21)

where Ti and Vi are given by Eq. 2 and r12 = |r1 – r2|. The energies of the
even and odd low-lying solutions allow one to define the effective exchange
constant J12 between spins s1 and s2. Through δH(r1, r2) = δV(r1) + δV(r2),
J12 depends on the mean distribution (orbital functions) of electrons 3 and 4,
which depends itself on the relative orientation of spins s3 and s4:

J12 = J12(s3 · s4) . (22)
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Hence the exchange Hamiltonian may be written as:

Hex(s1, s2) = – J12(s3 · s4)s1 · s2 . (23)

Of course this argument holds for the six distinct electron pairs and, in the
present Hartree–Fock approach, the general Hamiltonian will be:

Hex(s1, s2, s3, s4) =
∑

i

∑
j �=i

Hex(si, sj) . (24)

This simple form of the exchange Hamiltonian will be severely complicated by
the introduction of spin–orbit couplings [29]. Some questions resulting from
the presence of this kind of coupling will be examined in the next subsection.

In the general case where more than two spins interact, several contri-
butions to the Hamiltonian may co-exist and compete. As a consequence,
it would be necessary to introduce higher-order couplings involving all the
mechanisms describing the totality of spin interactions. In this respect a spe-
cial review has been achieved by Herring [25]. However, due to the specific
treatment of higher-order couplings, this aspect will not be evoked in the
present article in spite of the fact that the importance of these couplings has
been pointed out since the beginning of the 1960s. More particularly we shall
see that the general model proposed in this article for superexchange and
involving fundamental molecular integrals allows one to avoid this difficulty.

The second fundamental point concerns the nature of wave functions that
must be employed when dealing with molecules. In 1927 Heitler and Lon-
don [30–35] gave the first treatment for atoms coupling to form molecules
by considering the particular case of the dihydrogen molecule. They assumed
spatial wave functions of the same form, as those given by Eq. 7. But, the im-
portant mass difference between electrons and nuclei allowed them to fix the
nuclei positions Ra and Rb. As a consequence, the Hamiltonian describing the
motion of the two electrons in the field of the two nuclei may be decomposed
into two hydrogenoid contributions and a potential interaction describing the
Coulomb repulsion between electrons (respectively, between protons) and the
attraction with the other proton. This is the well-known Born–Oppenheimer
approximation [36]. It will be always used when treating quantum atomic or
molecular systems. Under these conditions the Hamiltonian may be written:

H = H1a(r1) + H2b(r2) + Uint(r1, r2) (25)

with:

H1a(r1) =
p2

1

2m
–

e2

4πε0r1a
, H2b(r2) =

p2
2

2m
–

e2

4πε0r2b

Uint(r1, r2) =
e2

4πε0

(
1

Rab
+

1
r12

–
1

r2a
–

1
r1b

)
(26)

where the various distances r1a, r1b, r2a, r2b, r12 and Rab are defined in Fig. 2.
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Fig. 2 Description of the distances between protons and electrons in the molecule H2; the
dashed lines correspond to repulsive interactions

Let Φa(r1) = Φ(r1a) and Φb(r2) = Φ(r2b) be the eigenstates of Hamilto-
nians H1a(r1) and H2b(r2), respectively; the corresponding ground state is
characterized by the energy E∗

0. The approximation consisting in the choice
of free-atom wave function for each atom of the molecule is called Heitler–
London approximation. Oppositely to the case of the formal coupling of
two electrons where the orbitals are orthogonal by definition, the orbitals
Φa(r1) = Φ(r1a) and Φb(r2) = Φ(r2b) are not orthogonal and allow one to con-
struct the spatially symmetrical and antisymmetrical wave functions of the
two electrons of the molecule:

ΦS(r1, r2) =
1√

2(1 + S2)

(
Φa(r1)Φb(r2) + Φa(r2)Φb(r1)

)

ΦA(r1, r2) =
1√

2(1 – S2)

(
Φa(r1)Φb(r2) – Φa(r2)Φb(r1)

)
. (27)

They are eigenfunctions of the permutation operator (see Eq. 8) and are orth-
ogonal. They have been normalized by introducing the overlap integral S:

S =
∫

drΦ∗
a(r)Φb(r) . (28)

The terms of Hartree u (direct term) and Fock j (exchange term) may be
defined as in Eq. 15 where U(r1, r2) is here Uint(r1, r2) given by Eq. 26.

In addition the spatial wave functions ΦS(r1, r2) and ΦA(r1, r2) must be
multiplied by the spin wave function of the adequate symmetry, as imposed
by Pauli’s exclusion principle (see Eq. 13). Achieving the same reasoning as
for the formal coupling of two electrons, it is easy to derive:

J = ES,0 – ET,0 = – 2
uS2 – j
1 – S4 . (29)

The associated effective Hamiltonian expressed in terms of spin operators is:

Heff = E01 – Js1 · s2, E0 = 2E∗
0 +

u – jS2

1 – S4 –
J
4

. (30)
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Ignoring the first two terms in E0, we find that the eigenvalues of Heff are
– J/4 (triplet state) and 3J/4 (singlet state) in � unit, thus reproducing the
electronic spectrum. When the separation between hydrogen atoms is large
enough, the overlap S is small, and we have:

J ≈ 2( j – uS2) . (31)

As for a single atom, j is an electrostatic energy and is positive definite,
as u. Thus, J appears as the difference of two positive quantities and may be:
(i) positive, ES,0 > ET,0 and the ground state is characterized by a ferro-
magnetic spin arrangement with a spatially antisymmetrical wave function
ΦA(r1, r2); (ii) negative, ES,0 < ET,0 and the ground state is characterized by an
antiferromagnetic spin arrangement with a spatially symmetrical wave func-
tion ΦS(r1, r2).

A calculation shows that, for realistic values of the separation distance Rab
between the two protons, case (ii) prevails (antiferromagnetic arrangement).
However, for large values Rab, case (i) now prevails (ferromagnetic arrange-
ment). Sugiura [37] has given an exact evaluation of the difference ES,0 – ET,0
for the case where Φa(r1) and Φb(r2) are hydrogenic 1s eigenfunctions:

J = ES,0 – ET,0 ≈
[

–
56
45

+
4

15
γ +

4
15

ln
(

R
aH

)] (
R

aH

)3

exp
(

– 2
R

aH

)
,

(32)

where γ = 0.577 is the Euler’s constant and aH is the radius of hydrogen
atom (Bohr radius). Thus, for reasonable values of R, J < 0 (antiferromag-
netic arrangement) but J > 0 (ferromagnetic arrangement) at very large R
values because of the logarithm. Unfortunately the latter result contradicts
a theorem established by Courant ( [38, 39], Chap. VI, Sect. 6; 25) that states
that the ground state eigenfunction of a semi-bounded Sturm–Liouville dif-
ferential operator, acting in a space of any dimension, must be free from
nodes. In the H2 problem, this means that, for any R, the ground state must
be a singlet (the triplet being characterized by a spatially antisymmetrical
wave function). This problem simply comes from the fact that, using atomic
orbitals in the Heitler–London approximation, electron–electron correlations
are not very well accounted for. The presence of a second atom induces a po-
larization in the atomic orbitals and increases the probability of finding the
electrons between the two protons. In addition, the two electrons do not ex-
change themselves on the axis joining the two protons because both electrons
try to avoid each other to minimise the Coulomb repulsion.

Nevertheless this method has been successfully used by Van Vleck when
establishing the nature of the effective Hamiltonian for a magnetic insula-
tor [40]. In that case, the electrons involved in the magnetic properties are
localized on each atom. In other words, an assumption of localization is
made for each free-atom wave function: its magnitude decreases exponen-
tially when any electron is removed to a large distance from the center Ri(m) of
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its own atom i(m) so that it may be written as C exp
(
–

∑
m αi(m)

∣∣rm – Ri(m)
∣∣),

where C is an algebraic factor and αi(m) is the decay constant of the atomic
wave function. Due to the fact that the electrons belonging to different atoms
are weakly correlated, the overlaps between atomic orbitals are weak and the
Heitler–London approximation is plainly justified. The main credit of Van
Vleck’s work [40] was to point out that the exchange energy J characterizing
the direct exchange between the involved electrons is determined by the coor-
dinate functions and the symmetries of the problem. When giving below the
general model for superexchange, we shall see that a similar physical situation
occurs with the coupling of the electrons belonging to the magnetic ion and
the diamagnetic ligand, respectively.

All the problems evoked in this subsection have been thoroughly and re-
cently examined by Silvi et al. for the topological analysis of the electron
localization function [41] and by Bocǎ and Linert [42] for the dihydrogen
molecule and the related molecular cation and anion.

2.4
The Problem of Spin-orbit Coupling and its Consequences

In the absence of interactions, electrons are described by the Dirac equa-
tion (1928), which rules out the quantum relativistic motion of an electron in
static electric and magnetic fields E =– ∇U and B = curl A (where U and A are
the scalar and vectorial potentials, respectively) [43–45]. As the electrons in-
volved in a solid structure are characterized by a small velocity with respect
to the light celerity c (v/c ∼ 10–2) a 1/c-expansion of the Dirac equation may
be achieved. More details are given in a paper published by one of us [46].
At the zeroth order, the Pauli equation (1927), in which the electronic spin
contribution appears, is retrieved then conferring to this last one a relativistic
origin. At first order the spin-orbit interaction arises and is described by the
following Hamiltonian He

so:

He
so = –

µB

2mc2 σ · (E × (p – qA)) , (33)

where µB =– e�/2m is the Bohr magneton. This Hamiltonian He
so may be

rewritten under the form (for a vanishing field B i.e., for A = 0):

He
so = λe(r)l · s, λe(r) =

1
2m2c2r

dV(r)
dr

, l = r ×p, s =
�

2
σ . (34)

For an atom composed of N electrons, the spin-orbit Hamiltonian is simply:

Hso =
N∑

i=1

λe(ri)li · si, λe(ri) =
1

2m2c2ri

dV(ri)
dri

. (35)

If we define the total orbital momentum L =
∑N

i=1 li and the total spin mo-
mentum S =

∑N
i=1 si, L and S are no more constants of motion, separately,
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due to the fact that the spin momentum of each electron is coupled to its or-
bital momentum. However, the total momentum J = L + S becomes the new
constant of motion as well as its projection MJ = ML + MS along the z-axis of
quantization. In addition, owing to the Wigner–Eckart theorem which states
that, inside each multiplicity J, all the vectorial operators have identical ma-
trix elements via a multiplicative constant, Eq. 34 may be replaced by:

Hso = λL ·S . (36)

Under these conditions, if we consider the coupling relation J = L + S, the
orbital momentum L acts in a space EL (with dimEL = 2L + 1) and the spin
momentum S in a space ES (with dimES = 2S + 1). Consequently, the total mo-
mentum J acts in the tensorial product space EJ = EL ⊗ES (with dimEJ =
(2L + 1)×(2S + 1)). A basis of this new space is given by |LMLSMS〉 = |LML〉⊗
|SMS〉. Then important consequences appear.
(i) The spin-orbit coupling splits (2J + 1) times each initial multiplet char-

acterized by the set {LMLSMS}. As just seen, the spaces EL (which is
linked to the crystallographic group space) and ES (spin space) are
coupled so that a relation of the type Φ(ri)χ(si) given by Eq. 5 is no longer
valid (Φ(ri) and χ(si) being eigenfunctions of the crystallographic and
spin spaces, respectively).

(ii) Hund’s rules [12, 13] may be derived. These rules try to explain how
Coulomb repulsion and Pauli’s exclusion principle must be considered
simultaneously. This aspect has been thoroughly examined in a recent
paper [46]. Hund’s rules are exclusively valid for ground state configu-
rations and we must have: S = Smax, L = Lmax (for S = Smax) compatible
with the exclusion principle; the eigenvalue of the total orbital momentum
J = L + S is J = |L – S| if the shell is at most half-filled (L and S are an-
tiparallel) and J = L + S if the shell is more than half-filled (L and S are
parallel).

(iii) When the spin-orbit contribution remains small, a perturbation theory
may be used. For instance, this is the case of 3d transition ions (for which
the mean value of orbital momentum in the ground state |0〉 is null due
to time reversal symmetry). In a first step, if one examines the case of
a single ion, one may use an effective Hamiltonian Heff acting on the spin
states of the subspace |0〉. At second order, the corresponding eingenvalue
Eeff is:

Eeff = 〈0| (HZ + Hso) |0〉 , HZ = – (gLL + gSS)µBB , (37)

where Hso is defined by Eq. 36, gL and gS are Landé factors, respectively,
associated with the orbital and spin momenta and are given by gL = 1
and gS = 2. Expanding Eeff at second order in perturbation theory, this
allows one to introduce the tensor of anisotropy Λ and the correspond-
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ing Hamiltonian. As a consequence the Landé factor becomes anisotropic
and is described by the g-tensor: gij = gSδij – gLλΛij, where δij is the Kro-
necker symbol. When two magnetic ions characterized by spins S1 and
S2, respectively, are involved, a similar treatment may be achieved but,
now, an exchange interaction J between both ions must be added [47]. It
leads to the Dzialoshinski–Moriya contribution [48–50] characterized by
the following Hamiltonian HDM [46–50]:

HDM = D · (S1 ×S2) , (38)

where D is called the Dzialoshinski–Moriya vector.

(iv) Taking into account all the previous remarks, a general Hamiltonian may
finally be written between two magnetic centres A and B as:

H = – JSA ·SB + SA(Λ)SB + D · (SA ×SB) + ... (39)

the ellipses representing the possible contribution of higher-order cou-
plings. This Hamiltonian is a purely phenomenological one. J appears
as the difference between the first low-lying energy levels with S = 0
and S = 1 (cf. Eq. 16 and Fig. 1); the tensor Λ and the vector D have
just been defined above. These two latter contributions come from the
presence of spin-orbit coupling whereas higher-order couplings (omit-
ted here for clarity) have a completely different origin. In other words,
the first term in Eq. 39 leads to a singlet–triplet splitting; the second
term splits the triplet state and the third one couples the singlet and
triplet states. As for the spin-orbit coupling, it shows itself a domain of
validity (for more details see [46]). In conclusion, the phenomenological
Hamiltonian given by Eq. 1 shows eigenvalues which correspond to the ex-
perimental low-lying states but does not provide any information on the
microscopic mechanisms really involved so that it has no predictive char-
acter. Consequently, it becomes necessary to built up a new microscopic
Hamiltonian.

2.5
The Concept of Magnetic Orbital [51, 52]

Let us consider the simplest case of an A–B bimetallic system in which
A and B are metal ions surrounded by their ligands, with a common lig-
and between A and B. In addition the ground states of A and B are both
characterized by one unpaired electron. As a consequence, the interaction be-
tween the two single-ion doublet states gives rise to molecular singlet and
triplet states and the singlet-triplet energy gap, J, is a physical observable
and not a simple phenomenological parameter. Due to the non-predictive
character of the phenomenological Hamiltonian (cf Eq. 39), it becomes ne-
cessary to use a microscopic Hamiltonian taking into account the kinetic



222 J. Curély · B. Barbara

energy of the unpaired electrons Ti on A and B, the electron-cores poten-
tial energies Vi and the electrostatic interaction between the electrons of the
system:

Hmicro =
n∑

i=1

(Ti + Vi) +
n∑

i=1

∑
i<j

e2

4πε0rij
+ Hso , (40)

where rij = |ri – rj| is an interelectronic distance and Hso is the spin-orbit
coupling Hamiltonian. In this article, we shall take Hso = 0. Of course, the
microscopic Hamiltonian seems less easy to handle than the phenomeno-
logical one given by Eq. 1. However, the idea of comparing the eigenval-
ues of Hmicro and Hphen may be maintained owing to justified approxima-
tions. In other words, each orbital model employed for finding the eigenval-
ues of Hmicro must be precisely characterized by the nature of the chosen
approximations.

Without interactions the wave functions describing A and B are simply:

Φ±(r1, r2) =
1√
2

[
ΦA(r1)ΦB(r2)±ΦA(r2)ΦB(r1)

]
, (41)

where + holds for the singlet and – for the triplet. If the interaction between
A and B is no longer zero but remains weak enough, the Heitler–London [30]
function Φ±(r1, r2) given by Eq. 41 is a good first-order approximation to
describe the two low-lying states thermally populated. Note that the overlap
S = 〈ΦA(r1)|ΦB(r1)〉 must appear in the normalization coefficient. The semi-
localized orbitals ΦA and ΦB, which will describe the magnetic properties of
A–B, are called magnetic orbitals. They are, in principle, non-orthogonal and
the overlap S plays a key role in the description of the interaction between
A and B. These non-orthogonal magnetic orbitals (NMO) have been named
natural by Girerd et al. [53]. For most authors, the magnetic orbitals may be
rigorously orthogonal by construction (OMO) [54]. In the case on which we
focus, non-orthogonal magnetic orbitals (NMO) will be denoted ΦA and ΦB
whereas orthogonal magnetic orbitals will be Φ′

A and Φ′
B.

ΦA and ΦB are chosen as the highest occupied molecular orbitals for
the A (or B) fragment. Thus, ΦA and ΦB are nothing but the eigenfunc-
tions of one-electron local Hamiltonians [55, 56]. By definition, they are cen-
tred on each metal ion and partially delocalized towards the surrounding
ligands.

When ΦA and ΦB are orthogonalized through a Löwdin procedure [57]:
(

Φ′
A

Φ′
B

)
=

(
1 S
S 1

)– 1
2

(
ΦA
ΦB

)
. (42)

Φ′
A is still localized on centre A, with a residual contribution on cen-

tre B, outside the bridging region common to A and B, and increasing
with the overlap [53]. Φ′

A and Φ′
B may be derived by another process. We
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start from the two-highest singly occupied molecular orbitals ϕ+ and ϕ–
for the low-lying triplet state of A–B. When A = B, Φ′

A and Φ′
B are given

by [54]:

Φ′
A =

1√
2

(ϕ+ + ϕ–) , Φ′
B =

1√
2

(ϕ+ – ϕ–) . (43)

They are equivalent to the Wannier functions used by Anderson for periodic
lattices (see below) [54]. Under these conditions, OMO’s derived by Eqs. 42
and 43 are not strictly equivalent, simply due to the fact that the one-electron
Hamiltonian of A–B is not the sum of the local Hamiltonians for A and B,
considered separately. However, both types of OMO’s show the same defect of
localization. In addition, from a practical point of view, the OMO approach
leads to much simpler calculations, as shown by Anderson [54], whereas
the NMO approach is closer to the real mechanism involved in the nature
of interaction and will favour the use of more realistic molecular integrals.
From now and for clarity, magnetic orbitals will be written without the prime
(′) notation.

3
Anderson Model for Superexchange

According to Anderson [54] superexchange acquired its name because of
the relatively large distances over which the exchange effect often was
found to act between ions, radicals or molecules. In other words (i) the
direct overlap of the wave functions associated with the two magnetic
centres separated by a non-magnetic bridge (or ligand) is quasi negligi-
ble [58]; (ii) the ligand wave function is slightly modified by the pres-
ence of the magnetic ions and (iii) the corresponding modification con-
fers a magnetic character which is at the origin of the exchange interac-
tions between the two ions. Under these conditions, Anderson [59] has
considered the simplest modification: the transfer of one of the ionic lig-
and electron into the external shell of the magnetic ion. For instance, in
the well-known case of 3d shells, this transfer could only take place into
a partially empty d orbital. This transfer has been illustrated by meas-
urements of the hyperfine interaction of the ligand nuclear spin in the
presence of the “magnetic” ion. Indeed these results demonstrated graph-
ically that the ligand wave function is partially magnetic, with the ex-
pected degree [60–63]. The electronic transfer of the spin up (down) of
the diamagnetic ligand to the empty left (right) d orbital being ballis-
tic, it conserves the spin, thus leading to an antiferromagnetic coupling.
The diagram of Fig. 3 gives an illustration of the process leading to super-
exchange.
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Fig. 3 “Ground” and “excited” configurations in the original superexchange process for
the sequence Mn – O – Mn appearing in the crystallized compound MnO (from [54])

3.1
Description of Anderson Model

Of course, for treating analytically superexchange, the choice of wave func-
tions is fundamental and finally conditions the important aspect of over-
lap. The main problem concerns the interaction of an electron with the
rest of the lattice. This aspect is taken into account through the ligand
field theory. As experimentally shown by the comparative NMR study of di-
lute and concentrated versions of a same compound, the electronic transfer
from ligands is weak enough so that their wave functions are not strongly
disturbed. Thus, one can consider that the wave function characterizing
each magnetic ion is well-defined and is not drastically modified by its
surrounding.

As a consequence, Anderson chose two levels of sophistication for treat-
ing the electrons belonging to the magnetic ions and the ligand, respectively.
The first level consists in treating the extra electrons in terms of the sim-
ple one-electron Hartree–Fock functions while the second is treating them
as excitations of a many-body system. Thus, Anderson considers the extra
electrons in the periodic potential of the nuclei and the “core” electrons as
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weak excitations of the “magnetic” electron system. It is important to note
that core electrons (including those of the involved ligand) contribute to the
self-consistent field and the “magnetic electrons” wave functions must be
orthogonalized to all the cores. It interesting to remark that true spin polar-
ization of the cores is considered as a minor effect, in contrast to the situation
of the free (or “s”) electrons in the Zener–Ruderman–Kittel exchange via free
electrons in metals.

Under these conditions, the Coulomb interaction between the electrons
involved in the collective wave function is introduced by the bias of the
Hartree–Fock mean-field approximation. As previously seen in the intro-
duction, an assumption concerning the starting magnetic configuration is
required: Anderson chose a ferromagnetic configuration. This aspect could
have been questionable but Kondo showed that there is no pernicious ef-
fect [64]. Then the secular problem may be solved self-consistently. The lig-
and field wave function ϕi(r) is assumed to be a solution of the Hartree–Fock
equations:

–
�2

2m
∇2ϕi(r) +

⎡
⎣

⎛
⎝V(r) +

∑
j

e2

4πε0

∫
dr′ |ϕj(r′)|2

|r – r′|

⎞
⎠ ϕi(r)

–
e2

4πε0

∑
j

(∫
dr′ ϕ

∗
j (r′)ϕi(r′)
|r – r′|

)
ϕj(r)

⎤
⎦ = εiϕi(r) . (44)

Note that the integrals are also spin sums and the j sums may extend over all
occupied functions including i. At this step, due to the experimental reasons
previously evoked, we may recall that one can neglect the relative arrange-
ment of the “magnetic” electrons. In this purpose Anderson has adopted the
Wigner–Seitz scheme of removing the “magnetic” electron charge from the
cell in which it finds itself (this scheme must be understood as a “trick” to
find usable wave functions). Then the equation for the ligand field wave func-
tion may be simply rewritten artificially as:

–
�2

2m
∇2ϕk(r) + V(r)ϕk(r) +

e2

4πε0

(∑
k′

∫
dr′ |ϕk′(r′)|2

|r – r′|

)
r and r′ not in
the same cell

ϕk(r)

+
e2

4πε0

∑
j

(∫
dr′ |ϕj(r′)|2

|r – r′| ϕk(r) –
∫

dr′ ϕ
∗
j (r′)ϕk(r′)
|r – r′| ϕj(r)

)
ligands
and cores

= ε(k)ϕk(r) . (45)

Since Eq. 45 has the periodicity of the lattice, its solutions are Bloch waves
ϕk with wave vectors k. The most important properties of these functions
are deducible from the quantity ε(k). It contains both the crystal field effects
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and the kinetic energy. To each d band labelled m, non-degenerate and well
separated with respect to the other bands, corresponds a particular energy
spectrum εm(k). Since εm(k) is periodic, it may be expanded in a Fourier
series:

εm(k) = am +
∑
τ

bm(τ) exp(– ik ·τ) , (46)

where the τ’s are fundamental translations of the lattice.
Now the final Bloch solutions of Eq. 45 may be unitary transformed to

a new orthonormal set composed of Wannier functions:

ϕm(r – n) =
1√
N

∑
k

ϕm
k (r) exp(ik ·n) , (47)

where N is the number of lattice sites involved. Thus, the effect of the self-
consistent field on the localized functions ϕm is obtained by applying Eqs. 46
and 47 in the following Schrödinger equation:

Hscϕm(r – n) = amϕm(r – n) +
∑
τ

bm(τ)ϕm(r – (n + τ)) . (48)

am represents the crystal field parameter, this crystal field separating the dif-
ferent d levels m. bm(τ) appears as a transfer integral representing the effect
of the kinetic energy (responsible of the electron motion through the lattice).
A more rigorous discussion [65] has allowed us to take into account other d
bands m′ and Eq. 48 may be simply generalized as:

Hscϕm(r – n) = amϕm(r – n) +
∑
m′,τ

bmm′(τ)ϕm′(r – (n + τ)) , (49)

where now the transfer integral bmm′(τ) is:

bmm′(τ) =
∫

drϕ∗
m(r – n)(T + V)ϕm′(r – (n + τ)) . (50)

m and m′ thus label the corresponding orbitals, each one containing one
electron. Anderson has designated this contribution to exchange coupling as
kinetic exchange, simply due to the fact that, during the formation of the weak
chemical bond characterized by an antiferromagnetic effect, there is a gain in
kinetic energy.

Interactions between magnetic electrons on the same ion core interact very
strongly and may show three forms:
(i) Two electrons belonging to the same ion may repel each other with an

average Coulombic energy called U which does not depend on their rela-
tive orbital or spin functions (for d electrons U ≈ 10 eV [18, 19]). U is
nothing but the energy which keeps the electrons localized. In other
words, each electron stays on its own core exactly and the difference be-
tween the first excited state and the ground one is precisely U.
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(ii) When the unpaired electrons are in orthogonal orbitals the spins are
coupled parallel and the contribution to the exchange coupling is given
by:

Jmm′(potential) =∫
dr dr′ϕ∗

m(r – n)ϕ∗
m′(r – n)

e2

4πε0|r – r′|ϕm′(r′ – n)ϕm(r′ – n) . (51)

It is attractive because two electrons described by similar wave func-
tions tend to avoid each other through the Fermi hole, which occurs
when spins are parallel, this hole being less repulsive when electrons are
closer to each other. Anderson has designated this contribution as po-
tential exchange. In the next subsection we shall give physical comments
concerning the labels kinetic and potential exchanges.

(iii) Small differences in the repulsive energies may also occur due to the
relative orientations of the orbitals involved i.e.,∫

dr dr′|ϕm1 (r – n)|2 e2

|r – r′| |ϕm2 (r′ – n)|2

�=
∫

dr dr′|ϕm3 (r)|2 e2

|r – r′| |ϕm4 (r′)|2 . (52)

These differences are the well-known Slater integrals, which determine
how the orbital moments orient themselves for a free ion. In a real crystal,
there will always exist a competition between the crystal field parameters
(described by the am′s) and integrals like those appearing in Eq. 52 which
will condition the ionic state.

Thus, superexchange occurs because the best Hartree–Fock orbitals are
not the Wannier functions of Eq. 47 when some of the spins are antiparallel
to others. As Anderson noted [54], when two neighbouring spins are paral-
lel, their orbitals must, of course, be orthogonal; when they are antiparallel,
their spin functions are automatically orthogonal and the orbitals may over-
lap each other. The gain of energy has been calculated by Anderson [18, 19]
and Kondo [64], owing to perturbation theory. For two antiparallel neigh-
bours at a distance τ we have from Eq. 49:

ϕm(r – n) → ϕm(r – n) +
∑
m′

bmm′(τ)
U

ϕm′(r – n – τ)

ϕm′(r – n – τ) → ϕm′(r – n – τ) +
∑

m

bmm′(τ)
U

ϕm(r – n) , (53)

where U > 0 is the Coulomb repulsion energy so that, for a single pair of spins:

∆E(parallel/antiparallel) = –
2bmm′(τ)2

U
. (54)

The effect is always antiferromagnetic and depends on the presence of half-
filled orbitals on the two involved ions, with non-vanishing bmm′ ’s. Finally,
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Kondo [64] and Anderson [18, 19] have separately shown that, in spite of the
fact that superexchange differs from true usual exchange, it is equivalent to an
s1 · s2 coupling:

∆H =
∑

m,m′,
n,τ

bmm′(τ)2

U

(
–

1
2

1 + 2sm
n .sm′

n+τ

)
, (55)

so that the “kinetic” contribution to the exchange integral is:

Jmm′(kinetic) = –
2bmm′(τ)2

U
, (56)

and is characterized by a negative sign. It means that the energies of parallel
spins (ferromagnetic arrangement) are not affected but those of antiparallel
spins (antiferromagnetic arrangement) are lowered. This is opposite to the
true exchange effect where antiparallel spins are not affected. The total ex-
change is finally J = Jmm′(potential) + Jmm′(kinetic), the conventional writing
of exchange Hamiltonian being – 2JSA.SB.

3.2
Physical Comments and Improvements of the Model

We have just seen that Anderson has suggested that the ferromagnetic
part be called potential exchange and the antiferromagnetic one kinetic ex-
change [18, 19]. These terms are only partially adequate. The first one takes
into account the Coulombic potential energy, which plays a major role in this
mechanism but ignores the fact that the extension of the Fermi hole is gov-
erned by the smoothness of the wave functions, which find their origin in the
kinetic energy term. For the second label, despite the contribution to the en-
ergy lowering which results from a partial electron delocalization, it must be
recalled that this comes in fact from the non-vanishing term bmm′(τ) which
contains both kinetic and potential contributions.

These remarks allow one to point out the fundamental complexity of the
exchange problem. Indeed we deal with tiny (or at least very small) energy
terms, generally accessible through a chain of perturbation process. In add-
ition, since any modification of the wave functions simultaneously affects
most of contributions to the Hamiltonian, it is not possible to strictly sepa-
rate them via a variational process and to specifically attribute to one of them
any energy lowering. Finally, it must be emphasized that bmm′(τ) contains the
Coulomb electron–electron interactions as well as the one-electron energy
terms, since the self-consistent Hamiltonian involves the two-particle energy
through the effective mean-field interaction potential.

After the publication of Anderson’s initial model [59], experimental
works [66] have pointed out that superexchange could also lead to purely
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ferromagnetic spin arrangements between magnetic centres. A first improve-
ment to Anderson’s model has consisted in considering the true polarization
effects [18, 19]. In addition, the perturbation expansion has been examined
at higher orders, in particular the case of a delocalized orbital containing the
unpaired electron and overlapping with an empty orbital on a second metal
ion. Intra-atomic coupling of the electrons in the orthogonal metal orbitals
leads to a ferromagnetic spin arrangement. This contribution to the exchange
integral is:

J′
mm′(potential) =

(
bmm′(τ)

U

)2

J(intra-atomic) . (57)

Calculations have given |Jmm′(kinetic)| � J′
mm′(potential) so that, when both

kinetic and potential exchanges co-exist, the kinetic contribution is usually
the largest one and the resultant exchange coupling is antiferromagnetic. Fer-
romagnetic interactions have been considered as resulting from the operation
of Hund’s rules where the unpaired electrons are delocalized into orthogonal
orbitals on a common bridging ligand. Only the exchange pathways involving
overlaps between non-orthogonal orbitals give rise to antiferromagnetism.

It early appeared that qualitative rules allowing the prediction of the nature
of the interaction between two magnetic centres A and B should be pro-
posed according to the symmetry of the AXB entity. From Anderson’s first
paper [59], it was suggested that superexchange between ions with d shells
half filled or more might be antiferromagnetic, with less ferromagnetic. How-
ever experimental contradictions have rapidly appeared (for instance, with
compounds containing Cr3+ ions which are almost uniformly antiferromag-
netic, with a d shell less than half full [66]). A first step proposed by Anderson
has involved the orientation of magnetic orbitals in the entity AXB. Ander-
son’s rules suggest that there is a stronger interaction between two spins with
a ligand directly between them in 180◦ position than at right angles with re-
spect to the ligand ion.

However a considerably more satisfactory system of semi-empirical rules
has been developed in the second part of the 1950s by Goodenough [67, 68]
and most clearly stated by Kanamori [69]. These rules take into account the
occupation of the various d levels as recommended by ligand field theory.
They are related to Anderson’s prescription about the sign of superexchange
energy. Finally, the angular relationship to the intermediate ligand ion does
not play a major role. Under these conditions the Goodenough–Kanamori
rules are [54]:
(i) When the two ions have lobes of magnetic orbitals pointing toward each

other in such a way that the orbitals would have a reasonably large overlap
integral, the exchange is antiferromagnetic. There are several subcases:
1. When the lobes are dz2 -type orbitals in the octahedral case, particularly

in the “180◦ position” in which these lobes point directly toward a ligand
and each other, one obtains a large superexchange energy.
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2. When dxy orbitals are in the 180◦ position to each other, so that they in-
teract via pπ orbitals on the ligand, one again obtains antiferromagnetic
superexchange.

3. In a 90◦ ligand situation, when one ion has a dz2 occupied and the other
a dxy, the pπ for one is the pσ for the other and one expects a strong
overlap and thus antiferromagnetic exchange.

(ii) When the orbitals are arranged in such a way that they are expected to be
in contact but to have no overlap integral – most notably a dz2 and a dxy
in 180◦ position where the overlap is zero by symmetry – the rule gives
ferromagnetic interaction (not as strong as the antiferromagnetic one in
absolute value).

These two rules have explained almost the complete gamut of spin arrange-
ments encountered in a wide variety of compounds. At this step we may make
the following comments. (i) Antiferromagnetic superexchange effect can only
arise between two orbitals having a finite transfer integral b connecting them
and the exchange energy is proportional to b2 (cf. Eq. 56). In other words,
the two orbitals must have the same symmetry in the region of overlap. (ii)
If the orbitals do not have the same symmetry so that b = 0 (orthogonality
by symmetry), one can expect a ferromagnetic exchange. Important applica-
tions have been achieved for verifying these rules [70] as well as numerous
regularities suggested by theory [54].

4
A New General Treatment for the Superexchange Mechanism

In this part we develop a general formalism for the AXB centrosymmetrical
model system, where A and B are two magnetic centres with one unpaired
electron each, and X is a closed-shell diamagnetic bridge (or ligand). A first
approach has been previously given by Georges [71]. Under these conditions,
let us start with the two-particle Hamiltonian for the fragment AX of the
entity AXB:

HAX = T1 + V1 + T2 + V2 +
e2

4πε0r12
, r12 = |r1 – r2| . (58)

The potentials V1 = V(r1) and V2 = V(r2) include all the nucleus and extra
electron contributions to the Coulomb field acting on electrons 1 and 2. In
other words, we operate in the framework of the Hartree–Fock approximation
i.e., the action of extra electrons over electrons 1 and 2 is taken into account
through a mean-field approximation. A similar Hamiltonian HXB may be writ-
ten for the fragment XB (with HAX = HXB when A = B). In this article we shall
exclusively consider the fragment AX of the entity AXB. Thus, all the physical
quantities globally labelled QXB and derived from the Hamiltonian HXB will
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be simply transposed from the corresponding ones QAX by interchanging B
and A. They will be here omitted for clarity.

4.1
Basic Assumptions

The potential operator V(r) commutes with any symmetry operator O.
O forms a double group G with the identity operation 1. Thus, as we deal with
a two-electron problem on both sides of ligand X, separately, the two low-
lying states of each of the bonds A–X and X–B are a spin singlet and a spin
triplet of respective irreducible representations (irreps) 1Γg and 3Γu. They are
close enough in energy to both be populated at room temperature. In Fig. 4
we have reported the general shape of V(r) as well as the energy diagram for
the AXB model. The three atomic orbitals involved are ΦA and ΦB centred
on A and B, respectively, and ΦX centred on the bridge X (the corresponding
states are |A〉, |B〉 and |X〉). ΦA, ΦB and ΦX are assumed to be real and are
considered as starting (non-disturbed) wave functions i.e., free atomic wave
functions, which give a spatial description of each of the states |A〉, |B〉 or |X〉.
For instance, ΦA and ΦB are cationic d-orbitals and ΦX is an anionic (s or p)
orbital.

We have the following conventions based on the symmetry problem, no-
tably on the fact that A and B are far apart and without interaction:
(i) the states are normalized but not orthogonal (except |A〉 and |B〉):

〈A|A〉 = 1, 〈B|B〉 = 1, 〈X|X〉 = 1, 〈A|B〉 = 〈B|A〉 = 0 . (59)

The fact that |A〉 and |B〉 are orthogonal (i.e., without overlap) simply
means that there is no π bond between A and B (but this could be taken
into account in the present model). As noted after Eq. 58, only two un-
paired electrons belonging respectively to cations A and B participate in
the creation of a bond on each side of the central ligand X, the other
electrons being considered as passive. This is the active-electron approxi-
mation, which is plainly justified from an experimental point of view. In-

Fig. 4 Energy diagram for the periodic AXB model in the general case of different mag-
netic centres (A �= B) on both sides of ligand X
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deed, for numerous compounds (for instance, for oxo- or fluoro-bridged
compounds), the highest-occupied molecular orbitals of the bridging lig-
ands that interact with the metal ions are low in energy compared to the
cationic d orbitals. In addition they are well separated from other metal
or ligand occupied orbitals.

(ii) the overlap between A and X on the one hand, X and B on the other one,
may be defined as follows:

〈A|X〉 = sA, 〈X|B〉 = sB, sA > 0, sB > 0 , (60)

in the particular case where A = B, then sA = sB = s > 0.
(iii) both magnetic centres A and B have a cationic energy level higher than

the anionic one, as is generally the case for transition metal compounds;
the energy difference between A and X levels (respectively, X and B lev-
els) is 2δAEA, with EA > 0 (respectively, 2δBEB, with EB > 0), so that we
have for the fragment AX:

〈A| (T1 + V1) |A〉 = – (1 – δA)EA, 〈B| (T1 + V1) |B〉 = – (1 – δAB)EB,

〈X| (T1 + V1) |X〉 = – (1 + δA)EA, EA > 0, EB > 0, A �= B,

〈A| (T1 + V1) |A〉 = 〈B| (T1 + V1) |B〉 = – (1 – δ)E,

〈X| (T1 + V1) |X〉 = – (1 + δ)E, E > 0, A = B . (61)

As previously noted, similar expressions may be written for the fragment
XB. δA for the fragment AX (respectively, δB for the fragment XB) is lower
than unity but not necessarily small; δi > 0 (with i = A or B) is a very
usual case and δi < 0 corresponds to the particular case of dihydrogen
molecule (with A = X = B). A similar remark may be given for δAB, which
is defined by analogy with respect to δA and characterizes the link be-
tween fragments AX and XB. In Fig. 4 it is also reported that, due to the
stabilization of the entity AXB during the creation of the bonds A–X and
X–B, we must have automatically – (1 + δA)EA = – (1 + δB)EB. When A =
B, the two magnetic ions show the same energy level; the system becomes
degenerate and δA = δAB = δB.

(iv) The transfer integrals between |A〉 and |X〉 on the one hand, |X〉 and |B〉
on the other one, are given by:

〈A| (T1 + V1) |X〉 = – tAXEA, 〈X| (T1 + V1) |B〉 = – tXBEB, A �= B,

〈A| (T1 + V1) |B〉 = 0 (62)

for the fragment AX. When A = B we have tAX = tXB but when A �=
B we have automatically tAX �= tXB. The last equation which states that
there is no transfer between A and B but exclusively between A and
X or X and B is a consequence of condition (i). However, as previ-
ously noted, the case 〈A|(T1 + V1)|B〉 �= 0 could be introduced in a more
general model, without difficulty, notably by the bias of a π orbital be-
tween A and B.
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(v) sA, tAX and tXB are small compared to unity and tAX or tXB is mainly
related to the potential interaction between the anion and the cation so
that:

– tAXEA ≈ – sA∆′
A <– sA(1 – δA)EA , (63)

where ∆′
A is defined in Fig. 4. A similar relation may be written for the

fragment XB, with ∆′
B defined in Fig. 4.

4.2
Construction of the Intermediate Cationic States

Without direct overlap and transfer between A and B, any exchange inter-
action between electrons belonging to the magnetic centres A and B must
automatically occur through the anionic intermediate bridge X. In a first step
we diagonalize the one-particle Hamiltonian Ti + Vi (i = 1, 2) in the reduced
basis {|A〉, |X〉} for the fragment AX (respectively, Ti + Vi (i = 3, 4) in the re-
duced basis {|X〉, |B〉} for the fragment XB, separately). The goal of such an
operation is to obtain the new cationic (antibonding) normalized eigenstates
|A〉 and |B〉 such as:

|A〉 = (1 – αA) |A〉 + βA |X〉 , |B〉 = βB |X〉 + (1 – αB) |B〉 , (64)

where αi and βi (with i = A or B) are real numbers. As we deal with a weak
chemical bond between A and X or X and B, βi must remain small. Then,
using condition (i) of the previous subsection i.e., the normalization con-
dition 〈A|A〉 = 〈B|B〉 = 1, as well as condition (ii), the new normalization
condition 〈A|A〉 = 〈B|B〉 = 1 leads to the following equation:

(1 – αA)2 + 2βA(1 – αA)sA + β2
A – 1 = 0 ,

(1 – αB)2 + 2βB(1 – αB)sB + β2
B – 1 = 0 , (65)

characterized by the solutions 1 – αi = – βisi ±
√

1 – β2
i + (βisi)2 (with i =

A or B). If we define the new direct overlap S = 〈A|B〉 = 〈B|A〉 we derive:

S = βB(1 – αA)sA + βA(1 – αB)sB + βAβB > 0 , A �= B ,

S = 2β(1 – α)s + β2 > 0 , A = B . (66)

Setting:

SA = 2βA(1 – αA)sA + β2
A > 0 , SB = 2βB(1 – αB)sB + β2

B > 0 , (67)

where SA and SB are functionals of the various overlaps corresponding to the
bonds A–X and X–B, respectively, we have:

S =
1
2

(
βB

βA
SA +

βA

βB
SB

)
(68)
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and by reporting Eq. 67 in Eq. 65 we have:

1 – αA = ±√
1 – SA , 1 – αB = ±√

1 – SB , A �= B ,

1 – α = ±√
1 – S , A = B . (69)

From now, the sign + will be conventionally adopted. The new energy is:

EA = 〈A| (T1 + V1) |A〉 , EAB = 〈B| (T1 + V1) |B〉 , A �= B ,

E = EA = EAB = 〈A| (T1 + V1) |A〉 , A = B . (70)

Thus, if A �= B (general case), the system is non-degenerate (EA �= EB) but, if
A = B, we deal with a degenerate state (E = EA = EB). Introducing the defin-
ition of |A〉 and |B〉 given by Eq. 64 we may write:

EA = –
[
(1 – αA)2(1 – δA) + β2

A(1 + δA)
]

EA – 2βA(1 – αA)tAXEA ,

EAB = –
[
(1 – αB)2(1 – δAB)EB + β2

B(1 + δA)EA
]

– 2βB(1 – αB)tXBEB ,

A �= B ,

E = EA = EAB = –
[
(1 – α)2(1 – δ) + β2(1 + δ)

]
E – 2β(1 – α)tE , A = B .

(71)

The undetermined parameter βi (with i = A or B) may now be chosen so that
Ei is minimum i.e., owing to Eq. 71, the equation ∂Ei/∂βi = 0 gives after few
calculations:

βA = ±(1 – αA) = ±√
1 – SA , βB = ±(1 – αB) = ±√

1 – SB , (72)

where SA and SB are given by Eq. 67. Thus, βi and 1 – αi (with i = A or B)
may show the same sign or opposite signs: if βi > 0 (respectively, βi < 0) the
state |A〉 or |B〉 will be represented by a spatially symmetrical wave function
(respectively, spatially antisymmetrical). In addition, as βi is small, 1 – αi is
small too and αi is close to unity. Then, using the particular value of βi given
by Eq. 72, the ground state energy is:

EA = – 2(1 – SA)(1± tAX)EA ,

EAB = – (1 – SB)[(1 – δAB)EB + (1 + δA)EA ±2tXBEB] , A �= B ,

E = EA = EAB = – 2(1 – S)(1± t)EA , A = B , (73)

with t = tAX = tXB. We finally define the transfer integral TAB as:

TAB = 〈A| (T1 + V1) |B〉 = 〈B| (T1 + V1) |A〉 . (74)

Proceeding as for S and E we derive:

TAB = – βB(1 – αA)tAXEA – βA(1 – αB)tXBEB – βAβB(1 + δA)EA , A �= B ,

T = – 2β(1 – α)tE – β2(1 + δ)E , A = B , (75)
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with t = tAX = tXB and T = TAB = TBA whereas TAB �= TBA if A �= B. Then, using
the particular value of βi (with i = A or B) given by Eq. 72 we have:

TAB = –
√

1 – SA
√

1 – SB [(1 + δA)EA ± tAXEA ± tXBEB] , A �= B ,

T = – (1 – S)(1 + δ±2t)E , A = B , (76)

where the sign + holds for βi > 0 and – for βi < 0. As Ei > 0, 1 – Si > 0,
1 + δi > 0 whatever the sign of δi, EA ≈ EB and |t| 
 1, TAB (if A �= B) or T
(if A = B) is negative. Thus, before constructing the collective states, it is clear
that SA, EA and TAB (respectively, SB, EB and TBA) appear as the basic paramet-
ers of the bond A–X (respectively, X–B) and finally characterize the collective
states of AXB.

4.3
Construction of the Collective States

The cationic states |A〉 and |B〉 may now give rise to four cationic spin–orbital
states: |A, +〉, |A, – 〉, |B, + 〉 and |B, – 〉 from which we may construct, in a first
step, four molecular states adapted to the G symmetry group molecular or-
bitals. Notably, owing to their behaviour under the interchange of |A〉 and
|B〉, we may call them “gerade” (unchanged) or “ungerade” (sign change).
Thus we may write:

∣∣g, σ
〉

=
1√

2(1 + S)
(|A, σ〉 + |B, σ〉) ,

|u, σ〉 =
1√

2(1 – S)
(|A, σ〉 – |B, σ〉) , σ = ± , (77)

for the “gerade” and “ungerade” states, respectively labelled g and u. The co-
efficients [2(1±S)]–1/2 are self-evident normalizing factors and σ = ± recalls
the nature of the corresponding spin state (“up” or “down”). At this step,
due to the orthogonality conditions

〈
X, σ

∣∣X, σ ′〉 = δσσ ′ (with X =A or B) and〈
A, σ

∣∣B, σ ′〉 , = Sδσσ ′ , we must have
〈
X, σ

∣∣X, σ ′〉 = δσσ ′ , with X = g or u. Then it
is easily shown that the related energies are:

EAg =
EA + 2TAB + EAB

2(1 + S)
, EAu =

EA – 2TAB + EAB

2(1 – S)
, A �= B ,

Eg =
E + T

1 + S
, Eu =

E – T

1 – S
, A = B , (78)
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where E and T are given by Eqs. 73 and 76, respectively, and the difference of
energy between the “gerade” and “ungerade” states is:

EAg – EAu =
2TAB – S(EA + EAB)

1 – S2 , A �= B ,

Eg – Eu = 2
T – SE

1 – S2 , A = B , (79)

i.e., as βi, si (with i = A or B), tAX and tXB (A �= B), t = tAX = tXB (A = B) and S
are small:

EAg – EAu ≈ – 2βAβB(1 + δA)EA , A �= B ,

Eg – Eu ≈ – 2β2(1 + δ)E , A = B . (80)

Thus, EAg – EAu is independent of the sign of βAβB, as expected, remains very
small, as βA or βB is small, and negative.

With two electrons and four available spin orbitals, 24 determinantal col-
lective states may be then built. However, Pauli’s exclusion principle coupled
to the notion of particle indiscernibility contributes to reduce this number
to 6. Let us label |XS,Sz〉 the collective states: X = U (ungerade) or X = G (ger-
ade) refers to the symmetry of the orbital part with respect to the interchange
of |A〉 and |B〉; S and Sz describe the total spin configuration. We shall denote
|P, σ ;P ′, σ ′〉 the Slater determinant:

∣∣P, σ ;P′, σ ′〉 =
1√
2

∣∣∣∣∣
|P(r1)σ(s1)〉 |P′(r1)σ ′(s1)〉
|P(r2)σ(s2)〉 |P′(r2)σ ′(s2)〉

∣∣∣∣∣ . (81)

It is then easy to understand that a combination of a g-type orbital and
a u-type one allows one to obtain a U-type collective state, whereas combin-
ing two g- or two u-orbitals gives rise to a G-type orbital. As a consequence
we may build the six following collective states:∣∣U1,1

〉
=

∣∣u, +; g, +
〉

,∣∣U1,0
〉

=
1√
2

(∣∣u, +; g, –
〉

+
∣∣u, –; g, +

〉)
,

∣∣U1,–1
〉

=
∣∣u, –; g, –

〉
,∣∣U0,0

〉
=

1√
2

(∣∣u, +; g, –
〉

–
∣∣u, –; g, +

〉)
,

∣∣Gg
0,0

〉
=

∣∣g, +; g, –
〉

,∣∣Gu
0,0

〉
= |u, +; u, – 〉 . (82)

It is very easily checked that these functions are orthogonal by construction.
Their spin characters may be simply verified by applying to each of the pre-
vious collective states the convenient total spin operator. Then, introducing
the expressions previously obtained for the molecular spin-orbital states (cf.



General Theory of Superexchange in Molecules 237

Eqs. 77 and 81), we derive:
∣∣U1,1

〉
=

1√
1 – S2

|A, +;B, + 〉 ,

∣∣U1,0
〉

=
1√

2(1 – S2)

(|A, –;B, + 〉 + |A, +;B, – 〉) ,

∣∣U1,–1
〉

=
1√

1 – S2
|A, –;B, – 〉 ,

∣∣U0,0
〉

=
1√

2(1 – S2)

(|A, +;A, – 〉 – |B, +;B, – 〉) ,

∣∣Gg
0,0

〉
=

1
2(1 + S)

( |A, +;A, – 〉 + |A, +;B, – 〉
+ |B, +;A, – 〉 + |B, +;B, – 〉 )

,∣∣Gu
0,0

〉
=

1
2(1 – S)

( |A, +;A, – 〉 – |A, +;B, – 〉
– |B, +;A, – 〉 + |B, +;B, – 〉 )

. (83)

Concerning these latter states, it is useful to notice that they may be also ex-
pressed by means of the polar and non-polar normalized (but non strictly
orthogonal) states |Gp

0,0〉 and |Gnp
0,0〉, respectively:

∣∣Gg
0,0

〉
=

√
1 + S2

√
2(1 + S)

(∣∣Gp
0,0

〉
+

∣∣Gnp
0,0

〉)
,

∣∣Gu
0,0

〉
=

√
1 + S2

√
2(1 – S)

(∣∣Gp
0,0

〉
–

∣∣Gnp
0,0

〉)
(84)

with:∣∣Gp
0,0

〉
=

1√
2(1 + S2)

(|A, + ;A, – 〉 + |B, + ;B, – 〉) ,

∣∣Gnp
0,0

〉
=

1√
2(1 + S2)

(|A, + ;B, – 〉 + |B, + ;A, – 〉) . (85)

4.4
Hamiltonian Matrix and Energy Spectrum

The last step consists in evaluating the elements of the Hamiltonian ma-
trix in the new basis {|Gg

0,0〉 , |Gu
0,0〉 , |U0,0〉 , |U1,1〉 , |U1,0〉 , |U1, –1〉}. The non-

vanishing terms are those ones existing between states belonging to the same
irreducible representation (irrep) of the orbital (G) and spin (R) symmetry
groups. As a consequence one may expect: (i) diagonal and off-diagonal terms
between |Gg

0,0〉 and |Gu
0,0〉; (ii) only diagonal terms for the states |US,Sz〉 with

S = 0 (Sz = 0) and S = 1 (Sz = 0, ±1); (iii) finally all the diagonal terms of the
states |U1,Sz〉 are equal because we deal with the irrep D1 ⊗3Γu. Under these
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conditions, the Hamiltonian matrix is:

H =

⎛
⎜⎜⎜⎜⎜⎜⎝

EGg
0 K 0 0 0 0
K EGu

0 0 0 0 0
0 0 EU

0 0 0 0
0 0 0 EU

1 0 0
0 0 0 0 EU

1 0
0 0 0 0 0 EU

1

⎞
⎟⎟⎟⎟⎟⎟⎠

, (86)

with:

EGg
0 =

〈
Gg

0,0

∣∣ H
∣∣Gg

0,0

〉
, K =

〈
Gg

0,0

∣∣ H
∣∣Gu

0,0
〉

=
〈
Gu

0,0

∣∣ H
∣∣Gg

0,0

〉
,

EGu
0 =

〈
Gu

0,0

∣∣ H
∣∣Gu

0,0

〉
, EU

0 =
〈
U0,0

∣∣ H
∣∣U0,0

〉
,

EU
1 =

〈
U1,1

∣∣ H
∣∣U1,1

〉
=

〈
U1,0

∣∣ H
∣∣U1,0

〉
=

〈
U1, –1

∣∣ H
∣∣U1, –1

〉
. (87)

At this step we introduce the following quantities:

UA = 〈A| 〈A| U1,2 |A〉 |A〉 , UAB = 〈B| 〈B| U1,2 |B〉 |B〉 ,

CA = 〈A| 〈B| U1,2 |B〉 |A〉 ,

γ1A = 〈A| 〈B| U1,2 |A〉 |B〉 = 〈A| 〈A| U1,2 |B〉 |B〉 ,

γ2A = 〈A| 〈A| U1,2 |A〉 |B〉 , γ2AB = 〈A| 〈B| U1,2 |B〉 |B〉 , (88)

with:

〈W| 〈X| U1,2 |Y〉 |Z〉 =
∫

dr1 dr2Φ
∗
W(r1)Φ∗

X(r2)
e2

4πε0r12
ΦY(r2)ΦZ(r1) ,

(89)

where r12 = |r1 – r2|. The physical meaning of parameters UA, UAB,CA, γ1A,
γ2A and γ2AB is simply the following one: (i) Ui (with i = A or B) and UAB rep-
resent the Coulomb energy for an electron pair occupying the same site (they
are both in A or in B); when A = B then U = UA = UAB; (ii) CA is the Coulomb
energy for two electrons occupying different sites (1 in A and 2 in B or vice
versa); when A = B then C = CA; (iii) γ1A is the Coulomb self-energy of the
exchange charge distribution – eΦA(r)ΦB(r) and is thus referred to as the ex-
change integral; (iv) γ2A (respectively, γ2AB) appears as the Coulomb energy
between the exchange charge distribution and an electron charge localized on
site A (respectively, site B); when A = B then γ2 = γ2A = γ2AB. In other words
γ2A or γ2AB is a transfer integral between two cationic orbitals, resulting from
the effective Coulombic potential created by the charge of another electron
involved in the secular problem.
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Under these conditions, the matrix elements given by Eq. 87 may be easily
calculated:

EGg
0 = 2EAg +

UA + UAB + 2CA + 4γ1A + 4γ2A + 4γ2AB

4(1 + S)2 ,

EGu
0 = 2EAu +

UA + UAB + 2CA + 4γ1A – 4γ2A – 4γ2AB

4(1 – S)2 , A �= B , (90a)

EGg
0 = 2Eg +

U + C + 2γ1 + 4γ2

2(1 + S)2 ,

EGu
0 = 2Eu +

U + C + 2γ1 – 4γ2

2(1 – S)2 , A = B , (90b)

K =
UA + UAB – 2CA

4(1 – S2)
, A �= B , (91a)

K =
U – C

2(1 – S2)
, A = B (91b)

EU
0 = 2(EAg + EAu) +

UA + UAB – 2γ1A

2(1 – S2)
,

EU
1 = 2(EAg + EAu) +

CA – γ1A

1 – S2 , A �= B , (92a)

EU
0 = 2(Eg + Eu) +

U – γ1

1 – S2 , EU
1 = 2(Eg + Eu) +

C – γ1

1 – S2 , A = B , (92b)

where EAg and EAu (respectively Eg and Eu if A = B) are given by Eq. 78 and
UA, UAB, CA, γ1A, γ2A and γ2AB (respectively, U, C, γ1 and γ2 if A = B) by
Eq. 88. In addition, by diagonalizing the upper 2×2 matrix in Eq. 86, we have
the following eigenvalues:

E±
0,0 =

1
2

(
EGg

0 + EGu
0 ±

√
(EGg

0 – EGu
0 )2 + 4K2

)
, (93)

as well as the diagonal energy terms Ep and Enp for |Gp
0,0〉 and |Gnp

0,0〉, respec-
tively:

Ep =
2(EA + EAB + 2STAB) + UA + UAB + 2γ1A

2(1 + S2)
,

Enp =
2(EA + EAB + 2STAB) + 2CA + 2γ1A

2(1 + S2)
, A �= B , (94a)

Ep =
2(E + ST ) + U + γ1

1 + S2 , Enp =
2(E + ST ) + C + γ1

1 + S2 , A = B . (94b)

From the definitions of γ2, C, γ1 and U given by Eq. 88 (if A = B), we may
deduce the following classification:

γ2 
 C ≈ γ1 
 U , (95)
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Fig. 5 Description of the energy level scheme for the AXB centrosymmetrical model
system (A �= B); the difference |EAg – EAu| has been artificially zoomed for clarity

the “physical” values ranging from tenths of eV to a few eV. The resulting en-
ergy level scheme is reported in Fig. 5 and it will be the basis of the physical
discussion in next subsection. Most of considerations will concern the classi-
fication of the Coulombic terms with respect to the difference |EAg – EAu| and
the relative positions of the levels characterized by the energies EU

1 and E–
0,0,

their difference giving rise to the expression of J.

5
Comparison with Previous Models and Illustrations

5.1
Return to Hund’s First Rule

Let us briefly show that the previous formalism is suitable to establish the
Hund’s first rule. Here, the orbitals describing the states |A〉 and |B〉 belong
to the same ion, atom or molecule (with here A = X = B). Since they are solu-
tions of the same secular problem, they exhibit vanishing common overlap and
transfer integrals. Thus, the eigenvalues of the upper 2×2 matrix appearing
in the Hamiltonian and given by Eq. 93 may be written:

E+
0,0 ≈ 2E + U + γ1 +

4γ 2
2

U – C
, E–

0,0 ≈ 2E + C + γ1 –
4γ 2

2

U – C
, (96)

where E = EA = EB = EAB (as A = B) is given by Eqs. 70, 71 and 73 and which
must be compared to EU

0 and EU
1 (given by Eq. 92), respectively close to 2E +

U – γ1 and 2E + C – γ1. In addition, for an atom, γ2 = 0 and, for a molecule or
a polyatomic ion, γ2 �= 0.

Clearly, owing to the previous discussion concerning the order of magni-
tude of the Coulombic terms, the ground level corresponds to the triplet state
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and appears to be stabilized by about 2γ1 (∼ eV for intra-atomic exchange)
with respect to the first excited level. A similar argument may prevail when-
ever some orbital degeneracy occurs. The ferromagnetic interaction based on
the Coulomb exchange integral γ1 is often called Heisenberg exchange.

The Pauli exclusion principle states that two electrons cannot occupy the
same spatial position, when showing the same spin, since due to its anti-
symmetry property, the corresponding wave function then vanishes. This
function must vary smoothly, as required for avoiding too large kinetic en-
ergy. Thus, it keeps weak values when two electrons characterized by parallel
spins are not enough separated. This result also concerns the probability
density. As a result a hole appears in the up (down) spin electron distribu-
tion in the vicinity of one of them (Fermi hole). As a consequence, the larger
distance thus maintained between similar spin electrons explains their lower
Coulomb energy, as compared to antiparallel spin electrons.

5.2
Molecular Orbital Model

In that case, the Coulomb interaction is assumed to play a secondary role.
Then, the scheme of energy levels appearing in Fig. 5 becomes that one
given in Fig. 6. Clearly, the ground state is one of the singlets |g, + ; g, – 〉
or |u, + ; u, – 〉 owing to the relative stability of the orbital states |g, σ〉 and
|u, σ〉 (G-type collective state). The first excited state is the triplet |U1,Sz〉, with
Sz = 0, ±1.

This approach is relevant when the overlap between orbitals belonging to
neighbouring sites is large (for instance in C – C covalent bonds). In case of
orbital degeneracy, two low-lying states |g, σ〉 or |u, σ〉 are available for the
electron pair which may then form a singlet or a triplet. Of course, the Hund’s
first rule tells us that the triplet is more stable, as often encountered.

Fig. 6 Description of the energy level scheme for the AXB centrosymmetrical model sys-
tem (with A = B for simplicity) when Coulomb interactions are negligible (molecular
orbital model)

5.3
Comparison with the Anderson Model [54]

The Anderson model of the isotropic exchange has been proposed for ex-
tended systems like oxides and fluorides. In a first step, Anderson builds up
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the molecular orbitals of the A–B system in a triplet state (with A = B). Then,
he determines the orthogonal magnetic orbitals (OMO), as defined in Eq. 43.
These functions are the Wannier functions (the symmetry group being the
crystal translation group). From the ground state (with one unpaired elec-
tron per magnetic orbital), it appears a singlet state and a triplet one. One
singlet state arises from the excited configurations and may couple with the
low-lying singlet state, thus allowing its stabilization. We have seen that the
total exchange constant is such as: J = Jmm′(potential) + Jmm′(kinetic), where
Jmm′(potential) and Jmm′(kinetic) are given by Eqs. 51 and 56. The link be-
tween the transfer integral bmm′(τ) defined by Eq. 50 and our model is:

bmm′(τ) = γ2 + T , (97)

where T = TAB and γ2 = γ2A are given by Eqs. 74 and 88. In addition, the
Coulomb energy U appearing in Anderson model corresponds to the quan-
tity U – C in our model. Taking into account the conventional writing of the
exchange Hamiltonian (Hex = – 2JSA ·SB) we may write:

JAnd = γ1 –
2(γ2 + T )2

U – C
. (98)

From the eigenvalues of the upper 2×2 matrix in the Hamiltonian given by
Eq. 93, we obtain the lowest eigenvalue:

E–
0,0 ≈ 2E + C + γ1 –

4(γ2 + T )2

U – C
. (99)

We must now compare this value to EU
1 written in the vanishing-S limit i.e.:

EU
1 ≈ 2E + C – γ1 ≈ 2E as C ∼ γ1 . (100)

From the conventional writing of the exchange Hamiltonian we have now
– 2J = EU

1 – E–
0,0 i.e.,

JAnd = γ1 –
2(γ2 + T )2

U – C
= J , (101)

where J is derived from our model.

5.4
Comparison with Hay–Thibeault–Hoffmann (HTH) Model [72]

In spite of the fact that the method of calculation is somewhat different,
the HTH model is very close to the Anderson one. This model may be seen
as the reduction of the homo-(poly)nuclear Anderson model to the homo-
(bi)nuclear case (A= B). The HTH model also focuses on the two-singly
occupied magnetic orbitals in the triplet state ϕ+ and ϕ– (cf. Eq. 43), with
the energies ε+ and ε–. These authors introduce orthogonal magnetic orbitals
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(OMO) and find J (with, as in Anderson model, Hex = – 2JSA ·SB):

JHTH = Kab –
(ε+ – ε–)2

2(Jaa – Jab)
, (102)

where we have the following correspondence with our model Kab = γ1, Jaa –
Jab = U – C, Kab being the exchange integral, and, Jaa and Jab, the one- and
two-centre Coulomb repulsion integrals. Let us make the following comments
about Eq. 102: (i) the ground state will be a triplet for the degenerate case
ε+ = ε– (J = Kab, with Kab > 0); (ii) the triplet state is destabilized with respect
to the singlet state if ε+ �= ε–; (iii) the difference |ET,0 – ES,0| can become van-
ishingly small for certain values of the integrals and energies which describe
the exchange coupling process, but in some cases the paramagnetic centres
remain exchange coupled; (iv) for certain values of the integrals and energies,
the singlet state may become the ground state [73].

The HTH model derives from our general framework by: (i) taking into
account the polar state, (ii) neglecting the overlap integral S. This situation
is thus formally analogous to that one which prevails in the establishment of
the Hund’s first rule. The last correspondence with our model concerns the
quantity ε+ – ε–: we have ε+ – ε– = 2(γ2 + T ), where T does not a priori van-
ish between orbitals which are no longer distinct eigenfunctions of the same
one-particle effective Hamiltonian. As a consequence, we have, with the same
conventional writing of the exchange Hamiltonian as Anderson’s one:

JHTH = JAnd = J , (103)

where J is derived from our model. Thus, the exchange coupling shows a fer-
romagnetic contribution (basically Coulombic) and an antiferromagnetic one
(mixing orbital and Coulomb processes).

Here the important novelty is that the antiferromagnetic contribution ap-
pears even in the case of vanishing overlap. It is related to the possibility of
virtual excitation of an electron from one site to another one, without simul-
taneous reverse motion of the other electron (formation of a polar state). It
results from an elementary perturbation theory that such an admixture nec-
essarily pushes down the lowest non-disturbed energy level. In the present
framework, since only two orbitals are involved in the mechanism, such polar
states are possible only with antiparallel spins. As a consequence, this admix-
ture favours the singlet state.

When orthogonality occurs because the orbitals involved in the mechan-
ism are solutions of the same one-particle Hamiltonian, T may vanish. In
practice, this situation is not often encountered: (i) the intervening orbitals
are primarily considered in their own idealized environments and are solu-
tions of distinct Hamiltonians; (ii) the effects of the surrounding extra atoms
(potential energy contribution, symmetry lowering) introduced when syn-
thetizing the molecule are generally neglected. However, even if T vanishes,
γ2 remains and favours an antiferromagnetic coupling.
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5.5
Comparison with Kahn–Briat (KB) Model [74]

Kahn and Briat have investigated many molecular systems involving metal
cations linked by various organic bridges. The situation is at the opposite of
that one which supports the molecular orbital model. The overlap and trans-
fer integrals are small now and the Coulomb integrals must no longer be
ignored.

Kahn and Briat start from the observation that, in this limit, the states
|Gg

0,0〉 and |Gu
0,0〉 are nearly degenerate. Thus, the strong off-diagonal term K

in the upper 2×2 matrix associated with the Hamiltonian (cf. Eq. 96) strongly
mixes them, then giving the eigenstates |G±

0,0〉 ∼ |Gg
0,0〉± |Gu

0,0〉, which appear
to be respectively very close to the polar and non-polar states |Gp

0,0〉 and |Gnp
0,0〉

(cf. Eq. 94 in the vanishing-S limit). Kahn and Briat exclude the polar state
due to its very high energy. As a consequence, the low-lying states are the
non-polar triplet and singlet states i.e., |U1,Sz〉 (with Sz = 0, ±1) and |Gnp

0,0〉.
Using the conventional writing of Eq. 39 for the exchange part, also adopted
in the KB model, we may immediately derive the difference – J = EU

1 – E–
0,0 (up

to second order in S and T ), with EU
1 and E–

0,0, respectively, given by Eqs. 92
and 93:

J = 2(γ1 – CS2) + 4S(T – SE) – 4
[γ2 + T – S(C + γ1)]2

U – C
+ ... (104)

After a convenient translation with the KB notation [51–53, 74], it is easy to
show that Eq. 104 exactly coincides with the result obtained by these authors.
The first contribution finds its origin in the electron-electron Coulomb in-
teraction U12. Since γ1 and C have been shown to be of the same order
of magnitude, γ1 dominates CS2. The Coulomb contribution remains posi-
tive and favours a ferromagnetic coupling. In the second term, the quantity
T – SE is proportional to the quantity Eg – Eu defined by Eq. 79. It empha-
sizes the key role of the overlap in the stabilization of the singlet state. As it
is negative (cf. Eq. 80), this term added to the third one describes the antifer-
romagnetic contribution. Following Kahn and Briat we define:

J↑↑ = 2(γ1 – CS2) , J↑↓ = 4S(T – SE) – 4
[γ2 + T – S(C + γ1)]2

U – C
+ ... , (105)

so that:

J = J↑↑ + J↑↓ . (106)

The ferromagnetic contribution J↑↑ dominated by γ1 is actually a misadven-
ture of the Hund’s first rule (Fermi hole), while the antiferromagnetic one
J↑↓ is mainly associated with the prohibition for the electrons to occupy the
same orbital with the same spin. Both are demonstrations of Pauli’s exclusion
principle. The first term of J↑↓ vanishes with the overlap, while the second
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one remains a residual contribution. Thus, in case of orbital orthogonality, we
asymptotically deal with the ferromagnetic contribution only.

This has been an important axis of research to elaborate high-spin molecu-
lar ferromagnets [75–86, 91–102]. In this respect, a strategy has been pro-
posed to favour ferromagnetic interactions between nearest magnetic centres,
based on the concept of orthogonality of the magnetic orbitals [26, 75–77]. It
may be summarized as follows. The starting point concerns an A–B pair, with
nA unpaired electrons on A occupying the aµ magnetic orbitals, and nB un-
paired electrons on B occupying the bν magnetic orbitals. aµ (respectively, bν)
transforms as Γ a

µ (respectively, Γ b
ν ), the irreducible representation (irrep) of

the point symmetry group characterizing the A–B pair. The magnetic orbitals
are orthogonal if Γ a

µ �= Γ b
ν for any couple (µ,ν). As a consequence, the ground

state has the highest spin multiplicity (nA + nB)/2. Because of the orthogonal-
ity of the magnetic orbitals aµ and bν, it is not possible to form low-energy
molecular orbitals, delocalized on the whole A–B pair, for which the “mag-
netic” electrons would pair. Under these conditions, Hund’s rule holds and
one obtains a parallel spin arrangement for the lowest energy state. This
strategy has been successfully tested on the copper(II)-orthosemiquinone
entity, a copper(II)-vanadyl(II) complex and a Cr(III)Ni(II)3 tetranuclear
species [75].

5.6
Other Models Illustrating the Charge Transfer Process

Models for organic ferromagnets with unpaired electrons in non-bonded or-
bitals have been proposed by Mataga and Ovchinnikov [78, 79]. A model
using π electrons in a mixed (...DADADA...) stack has been proposed by Mc-
Connell [87] and extended by Breslow [88], in the context of charge transfer
complexes. It is characterized by the introduction of excited (anomalously po-
larized) configurations in the Hamiltonian basis, similarly to the polar states
introduced in our model. From that point of view, they do not basically dif-
fer from that scheme based on the energy lowering term 4(γ2 + T )2/(U – C)
involving the transfer integral.

In the Anderson model (see Fig. 7, case (a)), the excited configuration is as-
sumed to be a singlet whereas the ground starting configuration is a triplet,
thus contributing to antiferromagnetism. Conversely, McConnell has pointed
out that molecules showing a triplet ground state might be used to con-
struct organic ferromagnets [87]. In this respect, McConnell considers an
ionic molecular crystal D+A– characterized by an alternation of species D+

and A–, and formed with: (i) a donor molecule D whose neutral ground state
is a triplet and a singlet state acceptor molecule A (case (b1)), (ii) a donor
molecule D characterized by a neutral singlet ground state and an acceptor
A showing a neutral triplet ground state (case (b2)). In both cases a charge
transfer mechanism is involved, thus leading to a charge-transferred diradi-
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Fig. 7 Various examples of charge transfer models proposed by McConnell [87], Bres-
low [88] and Torrance et al. [89] for explaining ferromagnetic molecular ground states

cal characterized by a triplet ground state, keeping the spins parallel on both
species. The charge transfer can go in either direction: the spin on a given A–

is parallel to the spins on both neighbours D+ so that ferromagnetic domains
may appear in the whole crystal. If the charge transfer is not only linear, one
can expect 2D or 3D domains. Of course, this model does not work if both D
and A show a triplet ground state.

A simple change has been proposed by Breslow [88]: the triplet species is
a dication. In Fig. 7 case (c) shows a version in which species M has fully do-
nated an electron to species N, making the M+·/N–· pair. But the charge transfer
study indicates that there is a contribution of M2+/N2– to the structure. If M2+

has a triplet ground state, N2– being a singlet, the charge transfer then leads
to a ferromagnetic coupling. This mechanism also works if N2– is the triplet
and M2+ the singlet.

Later on, Torrance et al. [89] have proposed another model for a segregated
stack of radical ions causing a ferromagnetic spin alignment. In this respect,
they consider a pair of adjacent radical anions M–

1
· and M–

2
·, each species hav-

ing an unpaired electron delocalized in a π orbital over an aromatic molecule.
The ground state of the two molecule dimer may be written as M–

1
· M–

2
· and

may be either a singlet or a triplet. The excited state is the one induced by
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the charge transfer of an electron from one molecule to its neighbour i.e.,
M2–

1 M0
2 or M0

1M2–
2 . The effect of the overlap is to mix ground and excited

states. When synthetizing the molecule the aim is to make a triplet with the
lowest excited state. This occurs via Hund’s rule in case of orbital degeneracy:
the two unpaired electrons in the dianion must go into different (but degen-
erate) orbitals, with their spins parallel. In the case of an aromatic molecule,
the orbital degeneracy is caused by the high molecular symmetry; in an-
other molecule, it may arise from appropriate non-bonded orbitals (see Fig. 7,
case (d)).

Part of the difficulties arises from the triplet state molecular engineer-
ing [90–102]. As already pointed out incidentally, stabilizing a triplet state
generally requires special symmetry properties. These properties are not of-
ten met in free molecules due to their own conformation. Electron–phonon
coupling itself (Jahn–Teller effect) may be quite efficient in reducing the de-
generacy of the available orbitals. In addition, the crystallization process may
contribute to reduce it again. Although strict degeneracy or orbital orthog-
onality is not required, molecular crystals showing ferromagnetic couplings
are not numerous [80–86, 91–102].

6
Conclusion

In this article we have developed a general model in order to describe the su-
perexchange mechanism for the centrosymmetrical system AXB, where A and
B are magnetics centres and X is a common bridging ligand. We have consid-
ered the degenerate case A = B, but also the general one A �= B, where A or
B is described by a cationic d-orbital and X by a p (or s) ligand orbital. In
addition the orbitals describing the states |A〉 and |B〉 do not overlap but the
important case of overlap between A and B may be also taken into account.
However, in both cases, the overlap between |A〉 and |X〉 or |X〉 and |B〉 is
always considered as weak.

Under these conditions, the general treatment which has been set on has
allowed us to construct an energy level spectrum and the corresponding en-
ergies have been derived. Notably, from the singlet–triplet splitting of the
low-lying states, a closed-form expression of the exchange energy J may be
expressed vs. key molecular integrals. The restriction of the present model to
the most important cases previously published allows one to exactly retrieve
the J expression respectively derived by Anderson on the one hand, Hay–
Thibeault–Hoffmann on the other or finally by Kahn and Briat, thus bringing
a strong validation to our model.

Important generalizations may be brought. Notably, spin polarization ef-
fects may be introduced for the fragment AXB, as well as the spin-orbit
coupling. In particular, as this latter contribution must remain small, the
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formalism may be slightly altered by replacing the zeroth-order magnetic
orbitals by new magnetic orbitals taking into account the spin-orbit pertur-
bation. However, the most important key point concerns the possible general-
ization of our formalism to any kind of molecule or polyatomic ion, opening
the possibility of exact calculations of exchange couplings in real molecules.
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