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Abstract

Magnetic anisotropy is a very important property in magnetochemistry. Its knowledge
allows us to obtain a fundamental understanding of the electronic structure of both simple
paramagnetic species and of magnetically coupled systems. The difficulties associated with its
experimental determination have so far limited its investigation. Recently new experimental
techniques using superconducting quantum interference devices (SQUID) and micro-SQUID
arrays as well as cantilever torque magnetometry have drastically reduced the size of the
crystals needed for the measurements, thus opening new perspectives. We will briefly review
here these techniques, with the aim to advertise their use in the chemical community. © 2001
Elsevier Science B.V. All rights reserved.

Keywords: Magnetic anisotropy; Micro-SQUID arrays; Torque magnetometry; Molecular magnetism

1. Introduction

Magnetochemistry is that part of chemistry which describes the magnetic proper-
ties of compounds and uses magnetic techniques for obtaining structure and
bonding information [1,2]. The first impetuous development of magnetochemistry
was in the 1950s and 1960s, when the availability of semi-quantitative theories, like
crystal-field and ligand-field theories, allowed one for the first time to effectively
relate the structure of transition-metal complexes with the nature of the chemical
bond. The measurement of the effective magnetic moment, p = \/ 8y T, at room
temperature provided an indication of the number of unpaired electrons present in
the metal center, and allowed one to discriminate, for instance, between high- and
low-spin forms of the same metal ion. The temperature dependence of the magnetic
susceptibility initially was not of large importance, except when marked differences
from the spin-only value were observed, as in the abnormal value seen for
copper(II) acetate [3]. In this case measurements down to liquid nitrogen tempera-
ture were in general performed.

Another aspect which started to attract attention was that of magnetic an-
isotropy, when the interest shifted from the high-symmetry model compounds to
low symmetry, real-life complexes. In order to acquire a detailed knowledge of the
energies of the d orbitals, the different magnetic behavior when the external
magnetic field was parallel to the z, x, and y molecular axes was measured.
However this was not an easy task with the low-sensitivity magnetometers available
at that time [4,5]. Torque magnetometry (TM) was developed, but its actual use was
limited to a few chemistry laboratories, which were interested in the sophisticated
characterization of transition-metal complexes, and it never really became popular,
mainly due to the experimental and theoretical complications.

From the late 1970s the interest of chemists shifted from the use of magnetic
measurements for obtaining information on structure and bonding to the design of
new materials with expected magnetic properties [6—10]. There was a shift from
classical magnetochemistry to molecular magnetism, meaning the application of the
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new supramolecular techniques to make objects with new and interesting magnetic
properties. This required a much heavier background in magnetism and the
mastering of complex experimental techniques. Thus the use of low temperature,
involving liquid helium, and of high-sensitivity apparatus, such as superconducting
quantum interference device (SQUID) magnetometers, became routine in many
chemical laboratories [11]. At the same time it is also true that techniques which
had been largely employed by the physicists and which were never really used by
chemists, such as AC susceptibility measurements [12], were rediscovered. All these
experimental setups were needed for characterizing low-dimensional and three-di-
mensional molecular magnetic materials, and again for these compounds an-
isotropic measurements became important. The properties of bulk magnets, such as
for instance the coercive field and therefore their soft rather than hard character,
depend on magnetic anisotropy [13]. Designing them requires a critical choice of
appropriate building blocks.

The discovery that some polynuclear complexes show slow relaxation of the
magnetization at low temperature, with hysteresis effects of molecular origin, has
been one of the most recent developments in molecular magnetism [14,15]. These
systems have properties which are intermediate between classic magnets and
quantum magnets [16,17], and have been used to observe for the first time quantum
tunneling of the magnetization [18] and quantum oscillations [19] which had been
long looked for. The design and the synthesis of these molecules, which have been
called single-molecule magnets (SMM) [20,21] requires a detailed understanding of
the exchange interactions, which determine the nature of the ground state, and of
the mechanisms responsible for the magnetic anisotropy: the possibility to observe
slow relaxation of the magnetization at low temperature is linked to this.

All these developments require the use of more efficient instrumentation, which
can drastically expand the potentialities of insight into the magnetic properties of
molecular materials.

In particular, sensitive instrumentation is needed in order to characterize the very
small crystals which are usually obtained for molecular magnets. We wish to review
here the techniques used in molecular magnetism for anisotropic magnetic measure-
ments. We will start from SQUID magnetometry, which is now almost a routine in
many chemical laboratories. We will not attempt any detailed coverage, but will
only show some significant examples. Later we will show the information which can
be obtained from two different relatively new experimental techniques, namely
cantilever torque magnetometry (CTM) and micro-SQUID (pu-SQUID) arrays,
which have been developed in physics laboratories, but are finding interesting
applications in molecular magnets.

The organization of the paper will be as follows: we will first recall the
foundations of the origin of magnetic anisotropy in molecular clusters, then we will
relate the crystal and molecular anisotropies. The following sections will be devoted
to the coverage of SQUID magnetometry, high-field CTM and p-SQUID tech-
niques. A final section will be devoted to conclusions and perspectives.
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2. The origin of magnetic anisotropy in molecular clusters
2.1. Single-spin anisotropy

The first component to be considered for the magnetic anisotropy is that
associated with the paramagnetic building block which has been chosen for
assembling the molecular magnet, be it a SMM or a bulk material. The first idea to
develop is that if the system is to show anisotropy it is necessary that there is a
difference between the x, say, and the z axis. This can occur if an orbital
contribution is present in the ground state. In fact the electron spin by itself has
spherical symmetry, and cannot distinguish different molecular axes. If we assume
that the individual magnetic center has an orbitally non-degenerate ground state,
then the origin of the anisotropy is the admixture of excited states through
spin—orbit coupling (SOC) [2]. The assumption of an orbitally non-degenerate
ground state is a sound one, because if the system has orbital degeneracy the
Jahn—Teller distortion will remove it. Since organic radicals have small SOC
constants their magnetic anisotropy is usually very small. In fact the fully organic
molecular magnets reported so far have very small coercive fields [9,22]. Matters are
different if transition-metal ions, or rare-earth ions, are taken into consideration,
because in this case the SOC is large enough to give large anisotropy effects. The
SOC can introduce anisotropy both in the way the center responds to an external
field (Zeeman effect) and by making some directions preferable even in the absence
of an external field (zero-field splitting). The former effect is described by the
g-tensor in the Zeeman Hamiltonian:

H=uS-g B )

In order to observe g-anisotropy the symmetry of the center must be lower than
cubic. If we consider for instance the typical g-values for tetragonally elongated or
compressed ions of the first transition series we see that the anisotropy introduced
by this term is generally small, except for the ions which have an orbitally
degenerate ground state of the 7T-type. In ions with an orbital-doublet (E) ground
state (high-spin d*, low-spin d’, d°) Jahn-Teller distortions are generally operative,
giving rise to large distortions from octahedral symmetry, which quench the orbital
momentum. In 7-terms, on the other hand, SOC is generally sufficient to remove
the degeneracy, but leaving a large unquenched orbital momentum. A useful
example is high-spin cobalt(I) (d7). In octahedral symmetry the ground state is
T, The orbital degeneracy is three-fold so the multiplet comprises 12 states, on
the whole. The states are split by SOC to give a ground Kramers doublet, separated
by ca. 100—150 K from the excited multiplets [2,23]. Low-symmetry components of
the ligand field may slightly change this pattern, but in most cases a single Kramers
doublet will be populated at low temperature. This can be treated as an effective
S = 1/2 spin. In octahedral symmetry the isotropic g-value is around 4.33 due to the
unquenched orbital contribution. In lower symmetries the g-values depend on the
splitting of the d orbitals, and in a first approximation on that of the t,, orbitals.
Since these are m* orbitals their splitting, and the sign of the magnetic anisotropy,
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depends on the m interaction between metal and ligand orbitals. If the xz, yz
orbitals lie lower than xy, g, becomes smaller than g=4.33, while g, slightly
increases as shown in Fig. 1. The two sets of curves correspond to the strong- and
weak-ligand field limit, respectively. The limit values for strong distortions are
g =2, g. =4. This corresponds to an easy-plane type magnetic anisotropy, because
the external field will tend to orient the spins in the xy-plane, where the highest
g-values are observed. If the xz, yz orbitals lie higher than xy the limiting values
become g =8-9, g, =0. In this case the magnetic anisotropy is of the easy-axis
type, because the field will preferentially orient the spins parallel to z. The general
problem of the g-values of high-spin cobalt(Il) in low-symmetry environments has
also been discussed [24].

Other configurations giving rise to T-type ground states are d!, d?, low-spin d*,
low-spin d®, high-spin d® [25]. Quite often the d' configuration corresponds to M=O
ions, in which the strong metal-oxygen bond strongly quenches the orbital
contributions. All the other ions do give rise to sizeable g-anisotropy. Among these
one can indicate low-spin iron(III) [26].

The metal ions of the second and third transition series have larger SOC
constants. However they also show larger covalency which tends to give excited
states at higher energies. Therefore they also show only moderate g-anisotropy.

The second contribution to the magnetic anisotropy comes from the zero-field
splitting (ZFS). The term zero-field splitting refers to the fact that a given
S-multiplet, which in spherical symmetry is degenerate in zero-field, has its degener-
acy removed when the symmetry is lower. The asymmetry can be described by a
series expansion in magnetic multipoles [27]. The first term is the quadrupolar one,
which depends on the second power of the spin operators and can be observed for
systems with S > 1. In a spin-Hamiltonian formalism it is described by:

H = D[S2— S(S+ 1)/3] + E(S2—S?) @)

D is different from zero if the symmetry is lower than cubic, while E is only
different from zero if the symmetry is lower than axial (x is different from y). The
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Fig. 1. Dependence of the g-values of high-spin cobalt(II) complexes on an axial distortion parameter
0. The solid curves correspond to the weak-field limit while the dashed curves to the strong-field limit.
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first term is diagonal in the [S,M ) basis, while the second admixes states which
differ in M by +2.

The origin of the ZFS can be twofold. The first contribution is given by the direct
interaction between the magnetic dipoles of the unpaired electrons, while the second
is brought about by SOC. The former, which is dominant for organic radicals, is
typically of the order of 0.01 cm ~ !, therefore it gives a small anisotropy, which will
be discussed in the next paragraph. The latter is dominant for transition-metal ions,
and can be of the order of a few cm ~!.

The SOC contribution is the same which is responsible for the deviation of the
g-values from the free-electron value. In order to predict the sign and the intensity
of the ZFS a simplified formula [26] can be used which relates the D and E
parameters to the g-values:

A

g t8& A
D=Z|g 2 o E="(g.—g, 3
2[& > ] 4(gx g) (3)

where / is the SOC constant within a given Russell-Saunders multiplet. It is related
to the SOC constant of the ion, {, by the relation 1= + {/2S, where the ‘ 4+’ sign
applies to configurations d” with 1 <n <4 and the * —’ sign to 6 <n<9. If |1| is
large, as in ions with large n, large ZFS can be anticipated even for relatively small
g-anisotropy [2]. For instance in a tetragonally elongated nickel(II), typical g-values
are: g.=2.30, g, =g, 2.25. Since { =649 cm ~' the corresponding D-parameter is
—8.11 ecm ~!. The negative sign of the ZFS parameter corresponds to an easy-axis
type magnetic anisotropy.

The second term contributing to ZFS is the hexadecapolar one, which depends
on the fourth power of the spin operators and can be observed for systems with
spin S > 2. The most appropriate way to express the corresponding Hamiltonian is
through the so-called Stevens operator equivalents [23]

H =) B30} 4)
k

where the Ofs are linear combinations of spin operators raised to the fourth power
and the BX coefficients must be determined from experiment. The sum is extended
to k =0-4. The number of terms to be retained depends on the symmetry of the
center: for tetragonal symmetry only k = 0 and 4 are needed, for trigonal symmetry
only k=0 and 3, while for orthorhombic symmetry only 0, 2 and 4 are different
from zero. The origin of these terms is the higher-order admixture of excited states
into the ground state via SOC.

The g, D, E and B% parameters can be obtained from the comparison with
experiment. However it is possible to calculate them with several techniques. It can
be expected that in short it will be possible to calculate the spin-Hamiltonian
parameters using ab initio approaches. So far however it is possible to use
ligand-field theories, which can provide an acceptable insight into the magnetic
anisotropy as shown in the above discussion. These treatments however in general
stop at axial symmetry and do not yield much guidance for lower symmetries.
Recently, Bencini et al. [28] have generated a computer code which can calculate the
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spin-Hamiltonian parameters without any symmetry requirement. This can be an
excellent tool for choosing suitable building blocks to introduce the required
anisotropy in a molecular magnet.

2.2. Spin—spin anisotropy

When more than one magnetic center is present in a cluster other terms must be
included to define the magnetic anisotropy. These can be described as spin—spin
interactions, and originate from either through-space or through-bond interactions
[29]. The former are given by the coupling between the magnetic centers through
dipolar interactions. At the simplest level of approximation these can be calculated
treating the magnetic centers as point dipoles. The approximation is valid if the
distance between the dipoles is large compared to their extension.

Point-dipolar interactions between two systems characterized by spin S, and S,
respectively, are easily calculated using the Hamiltonian:

H=Sl'D12'Sz (5)
where

g —3(g, " R(R - g)
D12=,u]23g1 2> i% 5]

(6)

In Eq. (6), R is a unit vector parallel to the 1-2 direction and R the distance
between the two magnetic centers. For a pair of spins the dipolar interaction tends
to align them parallel to each other, giving rise to easy-axis type anisotropy, parallel
to the line connecting the two centers. The magnitude of the dipolar terms scales as
R—3. For two spins S=1/2 at 3 A, characterized by isotropic g = 2, the splitting of
the triplet state determined by the dipolar interaction is 0.096 cm ~!, with the +1
components lying lowest. This corresponds to easy-axis type anisotropy.

The through-bond interactions originate from the admixture of excited states into
the ground state through SOC. There is no simple rule available to predict the sign
and the magnitude of the anisotropy induced by this term. Extensive correlations
have been attempted for copper(Il) dinuclear species [29]. The anisotropic-exchange
terms are expected to be small for centers with low SOC constants, such as the
organic radicals, the S-type metal ions (high-spin Mn"™, Fe™, Gd™, etc.), and in
general all the systems in which the g-values are close to the spin-only value.

2.3. Anisotropy of spin clusters

The anisotropy of a spin cluster will be given by the sum of all the contributions
described above. In the case that the isotropic exchange is much larger than all the
other interactions the total spin S is a good quantum number and the g, D, and
higher-order terms for each S-multiplet can be expressed by projecting the individ-
ual spins on the total spin [29]:
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8s= Zcisgh D= Zd?Di + Z d;‘jDij (7
i i i<j

where ¢7, d7 and d; are coefficients which can be calculated when the individual,

the intermediate and the total-spin values are defined. The validity of Eq. (7) has

been verified several times. It is important to stress that Eq. (7) is a tensorial one,

which means that the principal directions of the various tensors must be taken

into account.

2.4. Molecular anisotropy and crystal anisotropy

The first important point to make is that all the magnetic anisotropy measure-
ments performed on a single crystal provide information on the crystal an-
isotropy. The principal axes of the susceptibility tensor will reflect the space-group
symmetry and will coincide with the unit-cell axes in the case of orthorhombic,
trigonal, tetragonal and hexagonal lattices. In monoclinic space groups only the b
axis is a symmetry axis, therefore one principal direction of the tensor must be
parallel to it. In a triclinic space group no symmetry is present, beyond possibly
inversion symmetry, therefore the principal magnetic axes are not simply related
to crystal axes. The experimental measurement of magnetic anisotropy is therefore
particularly difficult for triclinic lattices, because the susceptibility tensor must be
reconstructed through many measurements, performing several rotations. In a
monoclinic space-group (with b unique) it is sufficient to measure the susceptibil-
ity parallel to b, and then to explore the ac-plane. In the orthorhombic system
three measurements are required parallel to @, b, and ¢, while in trigonal, tetrago-
nal and hexagonal groups only two measurements are needed (parallel and per-
pendicular to the unique axis).

The measured crystal anisotropy does not in general correspond to the molecu-
lar anisotropy. However, quite often the two quantities coincide and this happens
when the following two conditions are met. First, only one crystallographically
independent molecule must be present in the lattice. Second, the molecular sym-
metry must not be lower than that required by the highest-order symmetry axis in
the space group. For instance in a trigonal system, if the molecule has trigonal
point-group symmetry the observed anisotropy is the molecular anisotropy (ne-
glecting intermolecular interactions). If however the site symmetry is lower than
trigonal, there will be three molecules differing in orientation, related by 120°
rotations as shown in Fig. 2. If the molecule has an easy-axis type anisotropy the
crystal anisotropy can range from easy-axis to easy-plane in nature, depending on
the angle ¢ between the easy molecular axis and the trigonal axis. If § =0° (a) all
the easy axes are parallel to each other and the crystal anisotropy is of the
easy-axis type, while if # =90° (b) the crystal anisotropy is of the easy-plane type.
The crystal can also be completely isotropic if ¢ takes the ‘magic-angle’ value
0 = arccos(3 ~ '?) = 54.74°. Therefore caution must always be exerted in interpret-
ing the experimental data.
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Fig. 2. Three symmetry-related anisotropic centers with individual anisotropy axis parallel (a) and
perpendicular (b) to the unique crystal axis.

3. SQUID magnetometry

SQUID magnetometers are now widely used in many chemical laboratories.
Their use for the measurement of the magnetic anisotropy is associated with their
sensitivity, which allows one to use relatively small crystals. In this case the
procedure for measuring the magnetic anisotropy is that of aligning different crystal
axes with the applied magnetic field. Contrary to the torque methods to be
described below, which measure the difference in magnetization in a given crystal
plane, here the principal values of the magnetization are directly measured, with the
limitations indicated in Section 2.4.

A beautiful recent example of the determination of anisotropic magnetic proper-
ties in molecular magnets has been provided by Kahn and co-workers [30].
Mn,(H,0)sMo(CN), - 4H,0 has been obtained by assembling [Mo(CN),]*~ and
Mn? " building blocks. The strategy was that of looking for other Prussian blue
derivatives, which had been shown to yield room-temperature ferrimagnets [31,32].
Prussian blue derivatives are difficult to crystallize due to their poor solubility and
consequent rapid precipitation. Therefore the authors decided to lower the symme-
try of one of the building blocks by using the pentagonal bipyramidal [Mo(CN),]* ~
anion. Mn,(H,0);Mo(CN), - 4H,0 crystallizes in the monoclinic space group P2,/c,
and crystals of size 4 x 0.5 x 0.2 mm?® could be investigated. The temperature
dependence of the magnetization of a polycrystalline sample showed a transition to
ferromagnetic order below T = 51 K. This is a quite respectable temperature for a
molecule-based ferromagnet. Measurements on single crystals showed that «, b, and
¢* are the principal directions of the magnetization tensor. Notice that b is required
by symmetry to be a principal magnetic direction, the other two being in the ac
plane. ¢ and ¢* were experimentally determined to correspond to the principal axes
by rotating the crystal and selecting the orientations corresponding to the extreme
of the magnetization. It was found that b is the easy magnetization axis in weak
fields, a is the hard axis, and ¢* is the intermediate axis as shown in Fig. 3. On
increasing the field the magnetization parallel to ¢ increases much more rapidly
than that of other directions, and in a field of 0.2 T it becomes comparable to that
parallel to b. This behavior is associated with a spin-canting process, which could
only be observed through single-crystal measurements.
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Another relevant application of magnetic anisotropy measurements has been
performed with highly symmetric molecular clusters, which provided some evidence
for the role of antisymmetric exchange in frustrated antiferromagnetic systems.
(NH;Me,);s(NH,)s[(V'VO(H,0))s(Mo(i - H,0),(1t - OH)Mo)5(Mo;5(MoNO),Os5(H,-
0),);] - 14H,0, V4, is a large cluster whose structure [33,34] is shown in Fig. 4. The
molybdenum ions are essentially diamagnetic, therefore the magnetic properties are
associated with the six oxovanadium(IV) ions embedded in the cluster [35].

350 "oo'ooooto.. .
*o0s ;
300F ™~
7. 250F .
=4 LYYYYVVVVYYIN
g a,
8 200F ‘AAAA“
= -co........ A
§ 150F . . i
S . Gz
10op e Hia B Ti
MIEORES
X Hm..
30 35 40 45 50 55 60 65 70

T/K

Fig. 3. Temperature dependence of the magnetization of Mn,(H,0);sMo(CN), - 4H,0 along the a, b and
* crystal axes.

Fig. 4. View of the structure of the [(VVO(H,0))¢(Mo(u-H,0),(i-OH)Mo5(Mo,s(MoNO),-
Os5(H,0),);]**~ cluster. The vanadium ions are evidenced as large spheres. The molybdenum and
oxygen atoms are represented by dark gray and pale gray rods, respectively.
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They define a trigonal prism with metal-metal distances of 6.543 A in the
triangular faces and 9.587 A in the vertical rectangular faces. The vanadium ions
are bridged by molybdate groups. The V; clusters have trigonal symmetry, and so
does the crystal (space-group P6;/mmc). The temperature dependence of yT of a
polycrystalline sample shows evidence of strong antiferromagnetic coupling within
the triangles, which gives rise to a plateau, corresponding to ca. 0.7 emu mol ~! K
in the 30-80 K range [36]. This value corresponds to two unpaired electrons
localized on the two triangles. Below 20 K, yT decreases again and reaches 0.43
emumol ~' K at 2.3 K. This seems to be evidence for anti-ferromagnetic coupling
between the two triangles, even if the distance between the two triangles is very
long. Attempts to fit the experimental magnetic susceptibility using two coupling
constants, one within the triangle (J) and one between the triangles (J') yielded:
J=158,J =3.3 cm~ ', where J is defined by the Hamiltonian of isotropic exchange
H, =JS,S,. However the fit was far from satisfactory at low temperatures. Now
the important point which has so far been completely neglected is that equilateral
triangles give rise to spin-frustration effects in the presence of antiferromagnetic
exchange [37]. This means that the ground state is a pair of degenerate spin
doublets. As in all cases of degeneracy the system will tend to remove it, either by
lowering the symmetry (Jahn—Teller distortion) or through SOC. Since the cou-
pling of the spin levels to the vibrations is weak the static distortion is not very
probable, and the SOC mechanism (antisymmetric exchange) is presumably more
favorable. The theory for this has long been known, and it predicts that one of the
consequences of degeneracy lifting by SOC is a marked anisotropy [38]. In fact y
is expected to remain unchanged, while y, is strongly affected at low field and low

temperatures:
4G? B)?
tanh<v+(gﬂ]s> )

2csT

11 = Nag’un
TR a6 (gusB)

where G is the parameter describing the antisymmetric exchange interaction (N, is
Avogadro’s number). The temperature dependence of 7 and x, T" was measured
on a single crystal, with the field parallel and perpendicular to the trigonal axis,
respectively. The increase of the magnetic anisotropy on decreasing temperature
allowed the determination of the value of G=9 cm~"'. To our knowledge this is the
best example of the experimental determination of antisymmetric exchange, and it
was determined by the direct measurement of the magnetic anisotropy.

®)

4. High-field torque magnetometry
4.1. Introduction
Torque magnetometry is a versatile macroscopic method for the characterization

of magnetic substances in single-crystal form [4,5]. The technique itself has long
been used in magnetochemistry, but the need for large crystals has hampered its
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application to molecular compounds. The recent introduction of cantilever devices,
to be briefly discussed in Section 4.2, has made it possible to use tiny single crystals
thus making TM again palatable.

The TM technique measures the mechanical couple (t) experienced by a magnetic
sample under the influence of a homogeneous magnetic field B = (B,,B,,B.):

t=Mx B )

where M = (M, M,,M.) is the bulk magnetization. Without loss of generality we
can assume that M and B lie in the xz-plane, so that the magnetic torque vector
t = (7,.1,,1.) is necessarily parallel to y (see Fig. 5). It follows that 7, = 7. = 0 while
the y-component is given by:

t,=M.B,—M.B.= BZ<MZ — MV) sin 0 cos 0 (10)

B. B,

where 6 is the angle between the magnetic field and the z-axis. Hence, the
experiment measures the anisotropy of the magnetization in the xz-plane. From Eq.
(9) it follows that the origin of the magnetic torque is the non-collinearity between
the applied magnetic field and the magnetization of the sample (6 # ¢), i.e. the
presence of transverse magnetization components. The origin of the non-collinear-
ity is different in permanent magnets and in paramagnets.

In the former, the magnetic moment is fixed with respect to the sample axes and
its direction is simply determined by the crystal orientation. For instance, if the
spontaneous magnetic moment is directed along the z-axis (¢ = 0), the sample will
tend to rotate counter-clockwise and eventually bring the magnetic moment along
B. In this case, the term in parenthesis in Eq. (10) (hereafter referred to as axial
anisotropy) reduces to M/B, so that Eq. (10) becomes:

t,= BM sin 0 (11)

where B =|B| and M = [M|. Notice that the torque vanishes for 0 =0 or 180°, and
that the torque modulus is simply proportional to the bulk magnetization. Indeed,
this approach has been recently used to measure magnetization in SMM below the
blocking temperature [39,40].

AZ

y

Fig. 5. Geometrical arrangement of the external field, B, of the sample magnetization, M, and of the
torque vector, t, in a torque experiment.
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In paramagnetic materials, on the other hand, the magnetic moment is field-in-
duced and the transverse magnetization components are a direct consequence of
paramagnetic anisotropy. In this case, TM represents a powerful tool for magnetic
anisotropy investigations, as shown by the earlier applications of this technique to
simple transition-metal complexes. The different approaches to be used for crystals
belonging to the various crystal systems have been previously described [4,5]. Here
we will not enter any detail, but work out a simple example. We assume an S=1
spin in axial symmetry, with isotropic g =2.00 and crystal-field parameters D =
—0.2cm !, E=0. The crystal-field induced anisotropy is of the easy-axis type, i.e.
the magnetization at low temperature will preferentially orient along, say, z. The
behavior of the system is different in the weak-field (gugB < kgT) and in the
strong-field (gug > kgT) limits. In the former case, the magnetization is simply
M = B = (3, B..x,,B,.x--B.) so that if the field is rotated in the xz-plane the axial
anisotropy is just the difference between the z- and x-magnetic susceptibilities,

.- — Xxx- Consequently, the torque ¢, at a fixed 0-angle is simply proportional to
the square of the magnetic field:

t,=B*().. — Jx.) sin 0 cos ¢ (12)

Notice that the torque is zero when the magnetic field is applied along a principal
direction (0 =nm/2 with n integer),! and goes through extremes for nmn/4. This
simple relationship has been extensively used to determine the difference between
principal susceptibilities in paramagnetic compounds [4,5].

The quadratic field-dependence of the torque breaks down completely in the
high-field regime. In fact, when the magnetization reaches its saturation value for a
system with isotropic g, such as the one we are considering, the axial anisotropy
goes to zero. A quantitative treatment (see Appendix A), shows that the decrease of
the axial anisotropy in a strong field follows a B~ >-law. This leads to an asymptotic
behavior of the torque [41], which approaches the limiting value

limg , t,= —2DS(S—1/2)sin 0 cos 0 (13)

In Fig. 6 we show the complete field dependence of the torque and of the axial
anisotropy for the S =1 system defined above. The magnetic field is applied in the
xz principal plane of the magnetization with § =45° and T=2.0 K. A double
logarithmic scale is used to enlighten the B>-type dependence of the torque in low
fields and the inverse square dependence of the axial anisotropy in high fields.
Notice that the torque saturates to 0.1 cm ~!rad ~!, as predicted by Eq. (13) with
D= —02cm~', S=1 and 0=45°. A similar scenario holds for a hard-axis
paramagnet, with an opposite sign of D and ¢,. The simple relationship in Eq. (13)
is useful not only for isolated paramagnets, but also for exchange-coupled systems.
For instance, it has been recently exploited to determine the pattern of D values in
the excited states of anti-ferromagnetic clusters, as described in Section 4.3.

"' This is a general result. In fact, the torque component along a generic «-axis can also be obtained
by differentiating the magnetic energy, E,,, with respect to the angle, 6,, which describes the rotation of
the system around « at constant B, i.e. 7, = —dE/df,. The derivative vanishes when the magnetic field
is applied along a principal magnetic directions, leading to zero torque.
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Fig. 6. Calculated field dependence of the torque component ¢, and axial anisotropy of an S=1 spin
(D= —-02cm~ ', E=0, g=2.00, 0 =45°, T=2.0 K).

4.2. Torquemeters

In the earlier applications of TM, a single-crystal sample was simply suspended
by a calibrated torsion wire (usually a quartz fiber) and the magnetic torque was
measured by using the ‘flip-angle’ or ‘null-deflection” methods. The measured
torque directly provided the difference between the principal magnetic susceptibili-
ties (Eq. (12)), from which the principal susceptibilities themselves could be
determined with the aid of an average-susceptibility measurement [4,5]. The impor-
tance of this technique has increased greatly in recent years, following the develop-
ment of new experimental devices with increased performance and sensitivity,
specifically designed for small (often microscopic) samples. These include cantilever-
[42—-44] and rotor- (wheel) [45] torquemeters, the latter being inherently insensitive
to mechanical noise due to their symmetrical design. The sample is anchored to the
cantilever surface or to the rotatable platform. The magnetic torque is then
translated into a small displacement of the mobile part of the device, which can be
detected by various means, such as capacitive, piezoresistive, piezoelectric or optical
techniques. Capacitive detection is particularly convenient due to the simple elec-
tronics required, which includes an AC bridge and a lock-in amplifier. A cantilever
apparatus has the advantage of being a constructively simple device, as shown in
Fig. 7. The cantilever is made of silicon or a non-magnetic metallic alloy (typically
CuBe) and comprises a sample-hosting area and one or two thin legs. The
cantilever is mounted parallel to a fixed metal platform to give a parallel-plate
capacitor, whose capacitance C (neglecting edge effects) is given by:

A
C=c¢ p (14)
A is the area of the plates, ¢ is a dielectric constant of the medium in which the
torquemeter is operated and d is the separation between the two electrodes (usually
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Fig. 7. Top-view of one-leg (a) and two-legs (b) cantilevers, depicted in light gray. The sample-hosting
area is delimited by a dashed line. The lower plate of the torquemeter is in dark gray.

X
sample cantilever

kel(SE_SO)

b

Fig. 8. Side-view of a typical experimental setup used in a CTM experiment. The cantilever deflection
due to the applied magnetic field in (b) is exaggerated for the sake of clarity.

<100 pm). In this case, the device is sensitive to the component of the torque
vector which is responsible for cantilever flexion. However, two-legs piezoresistive
silicon cantilevers which are sensitive to both flexion and torsion have been
micro-fabricated to detect two components of the torque vector [43]. A typical
experimental apparatus, which provides a practical realization of Fig. 5, is shown in
Fig. 8a. The single crystal is mounted on the cantilever so that the yz-plane is
parallel to the cantilever surface, while the setting angle ¢, = 90 — d, can be chosen
by properly rotating the whole torquemeter around the y-axis. If the z-axis is an
easy magnetic direction in the xz-plane, application of a magnetic field B leads to
an increase of the J-angle to a new equilibrium value 6, with a decrease in the
capacitance (Fig. 8b). For small deflections, the difference between Jd; and J,
(torque instability) can be neglected, and the device approaches a linear-response
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regime in which the capacitance variation is directly proportional to the magnetic
torque ¢, [46]:

AC=Cy—Coox —1, (15)

It is apparent that exceedingly high sensitivities can be achieved through a
suitable design of the capacitor, for instance by using soft springs and/or by
reducing the separation between the electrodes. As a consequence, CTM works
nicely even on very small single crystals (down to a few micrograms).? This feature
has further expanded the applications of cantilever magnetometers, which can be
used for magnetization measurements as well. In this case, one exploits either the
force acting on the sample in a magnetic field gradient (‘force mode’) or the torque
which tends to align a permanent magnetic moment along the applied field (‘torque
mode’). In this configuration, cantilever magnetometers can be easily made more
sensitive than traditional SQUID-based methods.

Applications of TM in high magnetic fields and at very low temperatures have
fully exploited the development of these miniaturized cantilever or wheel devices,
which can be easily hosted in the restricted confines of *He/*He cryostats or dilution
refrigerators. Furthermore, the performances of these torquemeters are not affected
by high magnetic fields. As a result, this technique has been widely used in
solid-state physics, for instance for the characterization of High-7, superconductors
or magnetic thin films. Molecule-based magnetic materials have not been investi-
gated in detail by this technique until recently, when high-field torque studies of
large spin clusters have been reported. These are the subjects of the next two
sections.

4.3. Spin crossover in antiferromagnetic clusters

CTM has been used to investigate the electronic structure of anti-ferromagnetic
(AF) clusters which show field-tunable ground spin states [47]. The most thor-
oughly studied compounds of this class are ring-like iron(III) clusters comprising up
to 18 metal centers [48—56]. These systems often exhibit high molecular symmetries,
either crystallographically dictated or idealized. For instance, many Feq rings
crystallize in a trigonal space group and exhibit rigorous S, point-group symmetry
(Fig. 9) [49-52], while two Fe,, clusters (often referred to as the ‘ferric wheels’)
crystallize in monoclinic space groups but have idealized D, symmetry (Fig. 10)
[53,54]. The former appear to be particularly well suited for anisotropic magnetiza-
tion measurements, because the crystal anisotropy corresponds to the molecular
anisotropy. In both cases, only one exchange-coupling constant J > 0 is required to
describe AF Heisenberg interactions between nearest-neighboring metal centers,
and the pattern of lowest-lying spins levels follows the simple expression:

2 Capacitive torquemeters based on Cu/Be cantilevers can detect torques signals down to 10 ~ !> N m.
By using Eq. (12), this correspond to an axial anisotropy of 10~ !3 emu in a field of 1 T (recall that
T>=10 Nmemu}).
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27
E(S.M) =" S(S+1) + guyMB (16)

where B is an applied magnetic field and N is the number of spins in the ring. The
relative magnitude of the exchange and Zeeman terms in the right-hand side of Eq.
(16) dictates the S-value in the ground state. In the absence of a magnetic field
(B =0), the ground state of an even-membered ring is clearly non-magnetic (S = 0).
However, magnetic spin states are progressively stabilized with increasing magnetic
field, until eventually the ground state becomes magnetic at the critical field B, (see
Fig. 11). Weak AF interactions are in general observed (J = 10-40 cm ~ '), so that
several iron(IIT) rings show the transition from S=0 to S=1 in moderate fields
(<20 T). In some cases, multiple crossovers can be induced in the experimentally
accessible field range (B,, B,, Bs, etc.). At low temperature, each crossover is usually
accompanied by an abrupt variation in the static magnetic properties, such as
magnetization and magnetic torque. The spin dynamics is also dramatically affected
by the (anti)crossing between spin levels, as demonstrated by the enhanced proton

=)

O=9

Fig. 9. Structure of [NaFes(OCH,),,(pmdbm)s]*", NaFes, (Hpmdbm = 1,3-bis(4-methoxyphenyl)-1,3-
propanedione). Atom code: large hatched circles = Fe; large empty circle: Na; small empty circles = C;
small black circles = O.
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Fig. 10. Structure of [Fe,,(OCH;),,(CH,CICO,),(], Fe,,. The atom code for Fe, O and C is the same as
in Fig. 9. Large empty circles represent Cl atoms.

Energy —»

B, B, Bs

Magnetic Field —

Fig. 11. Field dependence of the low-lying energy levels of an antiferromagnetic ring of ten S = 5/2 spins.
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spin—lattice relaxation rate measured by solid-state NMR [57,58]. The detection of
field-induced crossover by TM exploits the different magnetic anisotropy of the
involved spin states [59-61]. In Fig. 12 we report torque curves recorded at
different temperatures on a single crystal of NaFe, by applying the magnetic field
at an angle 8 =mn/4 from the six-fold cluster axis [60,61]. The step-like field
dependence of the torque signal, which becomes more pronounced at lower
temperature, reflects the large magnetic anisotropy of the S=1 state when com-
pared to the non-magnetic character of the S=0 state. Additional steps are at
higher fields (~ 32.6, 48.9 T, etc.). However, host—guest interactions provide an
easy handle to tune the magnetism of Fe, rings at the synthetic level. In fact, the
size of the guest alkali-metal ion has a large influence on the strength of exchange-
coupling interactions in the ring. More precisely, the J constant is reduced by
almost 30% by replacing sodium with lithium in the cluster core. This allows the
observation of two torque steps in the experimentally accessible field range in LiFe,
(0-30 T) [41]. Similarly, the smaller J-value and the larger number of spins in the
Fe,, ring lead to five observable torque steps in the range 0-23 T [60,61].

Stepped torque curves can be used to investigate the electronic structure of
antiferromagnetic clusters, as they provide information on exchange interactions
and on the ZFS parameters, D, of the excited spin states. A very convenient
approach developed in our laboratory is based on the observation that, for an
anisotropic system, the level-crossing fields Bg depend on the #-angle between the
magnetic field and the unique molecular axis. More precisely, in the high-field
regime (gugB > Dg) the magnetic field value required for the transition from S—1 to
S is:

Ag+ (cos? 0 —1/3)Ag

Bg(0) = (17)
81
where Ay is a differential anisotropy parameter defined as
As=DsS(S—(1/2)) = Ds (S —1)(S —(3/2)) (18)

AC @V)

0 5 10 B 20
B (T)

Fig. 12. Field dependence of magnetic torque acting on a single crystal of NaFe, at different
temperatures.
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and Ay is the energy gap between the S — 1 and S multiplets at B = 0. For instance,
if we set S=1 and D,=0, as appropriate for triplet—singlet crossing, B; ranges
from

B,(0) = (A, + (1/3)Dy)/(g ) (19a)

to

B\(n/2) = (A, — (1/6)D,)/(g118) (19b)

Level-crossing fields coincide with the inflection points of the torque steps and
can be precisely determined at very low temperatures, where the steps become
narrower. Although traditional magnetization measurements would in principle
afford the same information [53,62], TM represents a more convenient technique
especially in high magnetic fields and when high sensitivities are required. Indeed,
the whole pattern of Dg-values can be determined either by extending the above-de-
scribed procedure to successive level-crossings or by using Eq. (13). These proce-
dures have been successfully applied to Fe, and Fe,, [41,60,61]. All these systems
have positive Dg-values, so that the magnetic field value required, say, for singlet—
triplet crossing is lower when the applied field lies in the ring plane. Notice that
similar results can be obtained by electron paramagnetic resonance (EPR), as
shown by a recent investigation on [Feq(tea)s] (Hstea = triethanolamine) [63].
Nevertheless, TM appears to be of more general applicability. In fact, EPR may
easily fail due to large ZFSs, excessive dipolar broadening or unfavorable spin—Ilat-
tice relaxation rates at the temperatures required to populate the excited multiplets.

These results have contributed to understanding the origin of magnetic an-
isotropy in large magnetic clusters. Exchange anisotropy terms in polyiron(III)
compounds are usually negligible due to the essentially isotropic g-tensor of the
iron(I1T) ion. By contrast, dipolar interactions are found to contribute substantially
to the observed easy-plane anisotropy. In fact, due to the dominant antiferromag-
netic coupling, dipolar terms favor an arrangement of the spins perpendicular to the
ring plane [64]. Indeed, magnetic anisotropy in LiFe, and Fe,, is almost entirely
dipolar in origin [41,60,61]. On the other hand, large single-ion terms must be
introduced in order to explain the anisotropy of NaFeq [41].

4.4. Magnetic anisotropy and quantum tunneling of the magnetization in high-spin
molecules

The Mn,,Ac cluster, [Mn;,0,,(OAc),((H,0),] - 2AcOH - 4H,0, has been the first
high-spin molecular cluster exhibiting a hysteresis loop of purely molecular origin.
The cluster has S, symmetry in the solid state and comprises four manganese(IV)
ions (S =3/2) and eight manganese(III) ions (S = 2) (Fig. 13). Since the crystal is
tetragonal this is an ideal compound for measuring the magnetic anisotropy. The
hierarchy of exchange-coupling interactions, which occur mainly through the
Ls-oxo ligands, results in a ferrimagnetic spin structure with an .S = 10 ground state.
High-frequency EPR spectroscopy has shown that the ground S = 10 manifold is
largely split in zero applied field, with an axial zero-field splitting parameter, D, of
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Fig. 13. Structure of [Mn;,0,,(OAc),s(H,0),]. The atom code for O and C is the same as in Fig. 9.

Large hatched and gridded circles represent manganese(I11) and manganese(IV), respectively.

M=6 =-6
=7 M=-7
M=8 M=-8

M=9 M=-9
M=10 M=-10
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M: =
M=9 M=-8
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M=-10

Fig. 14. View of the splitting of the S =10 manifold in zero-field (top) and in a longitudinal field

H_=|D|/guy where the M=n and M= —n+1 levels have the same energy (bottom).

the order of —0.39 em ~! [65]. The M = 4+ 10 states thus lie lowest in energy, as
shown in Fig. 14, and the system exhibits a large magnetic anisotropy of the
easy-axis type. The energy difference between the ground M = + 10 states and the
M = 0 state is as large as 40 cm — ! and, from a classical viewpoint, corresponds to
the energy barrier to be overcome for the reversal of the magnetization. However,
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at very low temperature the reversal of the magnetization occurs in a stepwise
fashion as a function of magnetic field, with acceleration of the relaxation whenever
the magnetic field has critical values that bring levels on the opposite sides of the
barrier in energy coincidence as shown in the bottom of Fig. 14 for the levels M =n
and M = —n+ 1. In these cases tunneling through the barrier is strongly enhanced
and therefore the relaxation is faster thanks to what has been called a resonant
quantum tunneling mechanism. To date, the magnetic properties of Mn,,Ac have
been investigated by TM following two different approaches. In the first approach,
CTM was used to probe the magnetization reversal below 2.8 K [39,40]. In these
conditions, the magnetic moment is essentially frozen along the easy ( + z) direc-
tion, so that TM can be used to measure magnetization through Eq. (11). The
magnetic field was applied very close to the z-axis (0 < 1°) and the spin dynamics
was studied in the field range 0—10 T. In the second approach, the torque method
was used to evaluate the spin-Hamiltonian parameters associated with second-(D)
and fourth-order (BY) anisotropy terms [46]°. Upfield and downfield torque curves
were recorded at 4.2 K by applying the magnetic field (0—-30 T) close to the hard
(xy) magnetic plane of an Mn;,Ac single crystal (6 =90.0 £+ 1.1°) (Fig. 15). Under
these conditions non-hysteretic behavior is observed, consistently with a superpara-
magnetic regime. This result is expected since the temperature of the experiment,
4.2 K, is above the blocking temperature for quasi-static measurements. Moreover
a strong transverse magnetic field can easily induce reversal of the magnetization. In
the low-field region the torque signal is proportional to B2, as predicted by Eq. (12).
A pronounced peak is detected at ca. 6.2 T, while in high fields an asymptotic field
dependence is observed (see Eq. (13)). The values D= —0.468(7) cm~' and
By= —24(1)x 10" >cm ™' are found to provide the best fit with g, =g, =1.96
and g =1.93.3 The agreement with the same parameters determined by HF-EPR
[65] and inelastic neutron scattering (INS) [66] experiments is remarkable.

400 . . . . .
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4005 5 10 15 20 25 30
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Fig. 15. Field dependence of the magnetic torque acting on a single crystal of Mn,,Ac at 4.2 K. The
angle 6 between the external field and the easy axis of Mn,,Ac is indicated.

3 The spin-Hamiltonian parameters & = — 0.389(5) and f= —8.4 x 10 cm —! used in Ref. [46] are
related to D and B through the equations « = D —[30S(S + 1) — 25]BY and S = 35 BY.
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5. Micro-SQUID arrays

The p-SQUID technique is very similar to the traditional SQUID technique. The
essential difference is that the pick-up coil is replaced by a direct coupling of the
sample with the SQUID loop. When a small sample is directly placed on the wire
of the SQUID loop, the sensitivity of the u-SQUID technique is nine orders of
magnitude better than for a traditional SQUID. This result is only achieved when
the size of the sample is smaller than that of the SQUID.

A magnetometer can be constructed using planar micro-bridge DC superconduct-
ing quantum interference devices (SQUID) fabricated by standard electron-beam
lithography [67]. The SQUID consists of a square loop, about 1-2 pm wide and
interrupted by two micro-bridge Josephson junctions. The dimensions of the
SQUID arms are between 0.05 and 0.4 um, as shown in Fig. 16. The SQUID loops
can be fabricated with Al or Nb: the former is operational up to the temperature
of 1 K (the superconducting critical temperature of Al), while with the latter 7 K
can be achieved. The first instrument was developed in the ‘Centre de Recherche
des Tres Basses Temperature’, CNRS, Grenoble [68]. An improved version at the L.
Néel laboratory, CNRS Grenoble, has been used for the investigation of the
magnetic properties of molecular clusters.

The sample is positioned through a piezo-electric quartz. If the sample is very
close to a SQUID the response will be sensitive to the local environment, while if
the sample is removed farther, then the response will be mediated over the entire
sample. The high sensitivity of the techniques allows the measurement of single
crystals of 10-500 um. The magnetometer at L. Néel laboratory works now in
fields up to 1.4 T, but an upgrading to 5 T is in course.

An early application was the measurement of the magnetization of cobalt clusters
deposited using low-energy cluster beam techniques. The clusters were directly
deposited over the chips, and the average size of the particles ranged from 2 to 6
nm [69].

Another interesting feature of the magnetometer is that the field can be swept at
very high speed. In fact the sweeping rate can be as high as 30 T s ~!. Also the field
stability is very high, better than 10 uT s —!. Finally the time resolution is also high,
about 1 ms, allowing short-time measurements.

All these unique features have been recently exploited in the analysis of the
dynamics of the magnetization of large magnetic clusters. This technique has been

Fig. 16. Schematic view of the n-SQUIDSs’ array used to measure the magnetization of samples placed
in direct contact with the SQUID loops.
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used in order to characterize a defective species present in Mn;,Ac, the cluster
mentioned in Section 4.4 [70]. The defective species, which is present in concentra-
tions of 1-2%, has a tunneling relaxation much faster than the major species. The
measurements of the low-temperature magnetization are therefore easier for the
former, because it is not necessary to wait for years, as is the case for the latter.
Both the major and the minor species are characterized by a stepped hysteresis,
which is due to thermally assisted quantum tunneling. The stepped hysteresis of the
minor species can be easily measured with the u-SQUIDs’ array between 40 mK
and 1.0 K, as shown in Fig. 17, because the magnetization of the major species is
completely frozen at these temperatures and fields. By cooling the sample in
zero-field the major species is non-magnetized and therefore does not affect the
measurements. The steps observed in Fig. 17 correspond to the fields at which the
tunneling is enhanced by the degeneracy of pairs of M levels. The steps occur at
fields almost regularly spaced by 0.39 T. This period is sensibly smaller than that
observed in the major species [16] and suggests a smaller D-value, D = AB/guy =
—0.42 cm ~! The hysteresis curve becomes practically independent of temperature
below 600 mK. This seems to be a good evidence for quantum tunneling between
the lowest M = + 10 levels. No such evidence could be achieved for the major
species, due to its extremely long relaxation times in this temperature range.
Matters are different for the minor species, which has been revealed to have a lower
barrier for the reorientation of the magnetization and faster relaxation.

Another advantage of the p-SQUIDs” magnetometer is the possibility of applying
the magnetic field along any direction and controlling separately the three compo-
nents of the magnetic field. Due to the reduced dimensions of the device, the arrays
of SQUIDs loops can be located inside three orthogonal miniaturized supercon-
ducting solenoids. The measurements on the minor phases of Mn;,Ac as a function
of the orientation of the field suggest that the easy axis is not collinear with that of
the major species, the crystallographic c-axis, and therefore the minor species lacks
the four-fold symmetry. The faster tunnel relaxation observed for the minor species
seems therefore to be originated by the lower symmetry of the magnetic anisotropy
which induces a larger admixing of the M states on the opposite site of the barrier.

1.0 15

05 0 05
MAGNETIC FIELD (T)

Fig. 17. Stepped hysteresis of the minor species of Mn,,Ac, measured at several temperatures. The
magnetization is reported as a fraction of the saturation value. The major species does not contribute as
its magnetization is frozen in a non-magnetic state by zero-field cooling.
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Fig. 18. Structure of the [VIYAs,O,,(H,0)]°~. The vanadium ions are represented by large hatched
circles. The three ions responsible of the low-temperature magnetism are evidenced by cross-hatching.
Arsenic and oxygen are represented by empty and full circles, respectively.

By comparing the signal of different SQUIDs, placed close to the edges of the
crystals or close to the center of the crystal, we concluded that the major species is
homogeneously distributed in the crystal and not located on the surface, in
agreement with the observation of isomeric forms in similar clusters containing a
different carboxylic acid [71]. This possibility of performing a sort of magnetic
imaging is one of the advantages of the u-SQUID technique.

Another molecular cluster which was investigated with this technique is
K[ VIYAs.0,,(H,0)] - 8H,0, V5, which comprises 15 oxovanadium(IV) ions, each
with S = 1/2 [72]. The vanadium ions are grouped in three layers, two external ones
with six metal ions, and a middle layer with three metal ions (Fig. 18). The external
hexagons are strongly antiferromagnetically coupled in such a way that they are
essentially non-magnetic at relatively high temperatures. The coupling between the
three oxovanadinm(IV) ions of the internal layer is much weaker, giving a ground
doublet-of-spin-doublets separated from the first excited quartet by ca. 3 cm .
This is a very interesting spin topology, which gives rise to spin frustration [73], as
discussed in Section 3.

Recently, a small single crystal (~ 50 um) of V,5 was investigated with the
u-SQUID technique (50—400 mK, 0-0.7 T s —1'). The observed hysteresis loops, are
due to slow relaxation but not originated by the presence of an energy barrier, as
in the case of SMMs [74]. The phenomenon of hysteresis has been attributed to the
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presence of a relatively large splitting of the ground doublet-of-doublets, which
makes spin-phonon interactions responsible of the relaxation. The phonon bath is
not in equilibrium with the temperature bath and therefore a time dependent
magnetization is observed.

The p-SQUIDSs’ magnetometer has also been used to investigate the dynamics of
the magnetization of another SMM, namely [Fe O,(OH)4(tacn)s|Brg-9H,0, Feq
[75], whose structure is shown in Fig. 19. This cluster has a ground S = 10 spin state
as Mn;,Ac but has a smaller magnetic anisotropy [76]. The main difference is
however the lower symmetry of Feg compared to Mn,,Ac. In fact Feg has a strong
transverse magnetic anisotropy. The larger admixing of the + M states makes this
cluster the ideal system to investigate the quantum effects on the dynamics of the
magnetization. In particular the direct tunnel transition between the almost degen-
erate M = + 10 states is observed below ca. 0.4 K [77]. A stepped hysteresis is
observed, similar to Mn,,Ac, when the field is applied along the easy axis. As in the
p-SQUIDs’ magnetometer the three components of the magnetic field can be
controlled separately, it has been possible to observe the effects of a static magnetic
field applied in the hard plane when sweeping the field component along the easy
axis. It has then been observed that if the transverse field is applied along the
intermediate axis the tunneling rate, which is proportional to the splitting of the
+ 10 states, increases monotonically as intuitively expected, but oscillates when the
field is closer to the hard axis [19]. The observed tunnel splitting as a function of the

Fig. 19. View of the structure of the [FegO,(OH)4(tacn)g]® * cluster. The iron atoms are depicted as large
spheres and the oxygen atoms as small dark spheres. The tacn (tacn = triazacyclononane) ligand is
represented by sticks with the nitrogen atoms in dark gray.
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applied field in the hard plane, at different angles from the hard axis, is shown in
Fig. 20. Such behavior has been long predicted in a magnetic system but never
observed before. It has been attributed to destructive interference of two tunneling
pathways as observed in superconducting rings [78]. The hysteresis loop recorded
sweeping the field along the easy axis, z, can be therefore modified by the
application of a field along the hard axis, x, with some jumps of the magnetization
strongly enhanced or reduced for critical values of the transverse field, as shown in
Fig. 21. Which jumps are enhanced and which ones are reduced depend on the
parity of the tunnel transition, that means if M—M" is odd or even, when M and
M’ are the states on the opposite sides of the barrier involved in the tunneling
process (see Fig. 14). In fact odd and even transitions present a similar oscillatory
behavior of the tunneling rate but with a phase shift, as can be seen in Fig. 22.

These results potentially have technological interest. In fact in magnetic data
storage a higher density of storage can be achieved by reducing the memory units,
but the dimensions of the particles approach the superparamagnetic limit and
thermal fluctuations of the magnetization reduce the stability of the data. A
larger stability can be achieved by using harder magnetic materials with a larger

Fig. 20. Transverse field dependence of the tunneling splitting between the M = 10 and M = — 10 states
of the ground S =10 multiplet of Fe; measured ad different angles from the hard axis, this last one
corresponding to ¢ = 0°.

0
MAGNETIC FIELD (T)

Fig. 21. Hysteresis loops observed for Feg; by sweeping the field along the easy axis and applying an
addition field H, along the hard axis. The jumps at + 0.2 T are strongly enhanced for H, =0.19 T while
those at +0.4 T are reduced. The application of a field H,=0.36 T gives a curve very similar to that
obtained for H, =0.
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Fig. 22. Transverse field dependence of the tunneling splitting between the M =10 and M= — 10+ n
states of the ground S = 10 multiplet of Feg. The oscillations for » odd and even have opposite phase.

coercivity. However in this case a stronger magnetic field produced by the recording
head is required in the writing process, thus providing another technological
challenge. Among the possible solutions is that of ‘softening’ the area to be written
for instance by heating it. In SMMs, where the reversal of the magnetization occurs
through a tunneling process, the coercivity can be controlled through an application
of a transverse field. This important observation has been possible through the use
of a non-standard technique of magnetometry based on p-SQUIDs’ arrays.

6. Conclusions

Traditional magnetochemistry has rapidly evolved in the last few years, using
techniques which at the beginning were in the realm of physics, and then have
become more and more familiar to chemists. At the beginning room temperature
measurements were performed, then the frontier moved to 77 K, then to 4.2 K.
Now conventional magnetometers can go down to 1.8 K, pumping helium, and in
many cases *He, and *He/*He dilution refrigerators are used to reach the mK
region. A similar escalation has been observed in the use of magnetic fields.
Nowadays it is more and more common to perform measurements in high fields, up
to 20 T and beyond. Pulsed experiments allow one to reach 40-50 T and in some
limiting experiments, 800 T can be achieved. This trend of increasing sophistication
is expected to continue, because the objects which are synthesized in the chemical
laboratories continue to increase in complexity, and thus require more complex
characterization techniques. Magnetism is a very difficult field, and experiments on
single crystals are more and more desirable. Given the difficulty to grow large single
crystals, inherent in the molecular nature of the compounds, it will be necessary to
increase the sensitivity of the instrumentation. This will be needed also for studying
nanostructured materials, which are being prepared at an increased rate. Molecular
clusters have provided an important simplification to investigate nanoparticles,
because since they are all identical to one other it has been possible to study large
assemblies of them. However if they are to become really important also for
technological reasons it will be necessary to address the individual molecules,
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suitably arranged in ordered arrays. This will be the next frontier in molecular
magnetism, that of the magnetic investigation of individual molecules.

Finally it must be remembered that the progress in the synthetic techniques and
in the experimental tools to investigate the magnetic properties requires the parallel
development of the theoretical models to interpret them. Also in this field the
developments of the last few years have been fantastic, with the possibility of
calculating the isotropic interaction between magnetic centers in an incredibly
accurate way. The next steps will be in the calculations of larger and larger clusters,
taking into account also the magnetic anisotropy starting from first principles.
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Appendix A. Limiting value of the torque for classical and quantum spins

Classical spins. We consider a classical spin S = (S sin ¢,0,S cos ¢) under the
competing effects of a magnetic field B = (B sin §,0,B cos #) and a uniaxial an-
isotropy DS? (refer to Fig. 5, replacing M with S). The magnetic energy, E,;, and
the axial anisotropy are given by

Ey=DS2—B-S=DS?cos> p — BS cos(0 — ¢) (A1)

S. S, Ssin(d—¢)
2z Bx 2V 7 A2
B. B. Bsinfcosf (A2)
The equilibrium condition for the spin (0E\,/0¢ = 0) is described by the equation:
. B .
sin ¢ cos ¢ = — DS sin(f — @) (A3)

Combining the last two equations and noticing that for B— oo the spin is
progressively oriented along the magnetic field direction (¢ — @), the axial an-
isotropy in high fields is:

S. S,  2DS*’sinpcosgp  2DS?

= ~ A4

B. B, B? sin 6 cos 6 B (Ad
so that the torque becomes field-independent:

t,~ —2DS?sin 0 cos 0 (A5)

Quantum spins. For a quantum spin with no g-anisotropy and axial ZFS, the
high-field limiting value of 7, can be easily worked out by using first-order
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perturbation theory. To perform the calculation, it is convenient to apply the
magnetic field along the z-axis of the cartesian coordinate frame, while varying the
angle, 0, between z and the anisotropy axis. The spin-Hamiltonian then takes the
following form:

H =1D[(2 — 3 cos® 0)S2 —S? + (3 cos* § — 1)S? — 3 sin 6 cos 6(S,S.+ S.S,)]
+ usgBS. (A06)

Notice that the ZFS term reduces to the familiar expression D[S2 —1S(S + 1)] at
0 = 0. In the high-field regime (gugB > kgT), the |S, — S state is the only apprecia-
bly populated. Recalling that:

(S, — S|SYS, — Sy = (S, — S|SYS, — Sy =1S

(S, —S|SS, — Sy =82
(S, — SIS,|S, — S>=<S,—S|S,|S, —§>=0
the first-order correction to the energy of the |S, — S state is:
(S,— SHIS, — S) = — upgBS + DS(S — (1/2))(cos* 0 — (1/3)) (A7)

The y-component of the torque vector can be obtained by simply differentiating
Eq. (A7) with respect to 6:

t,= —2DgS(S—(1/2)) sin 0 cos 0 (A8)
which coincides with Eq. (13).
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