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bstract

Supramolecular chemistry has allowed the production, by self-assembly, of inorganic complexes with a [N × N] square matrix-like con
guration ofN2 metal centers. Interest in these systems is driven by the potential applications in information technology suggeste
“two-dimensional” (2D), addressable arrangement of metal ions. From the magnetic perspective [N × N] grids constitute molecular mod

ystems for magnets with extended interactions on a square lattice, which have gained enormous attention in the context of high-
uperconductors. Numerous [2× 2] grids as well as a few [3× 3] grids with magnetic metal ions such as Cu(II), Ni(II), Co(II), Fe(II), a
n(II) have been created. Magnetic studies unraveled a remarkable variety in their magnetic properties, which will be reviewed in
ith emphasis on the underlying physical concepts. An intriguing issue is the connection of [2× 2] and [3× 3] grids with “one-dimensiona

1D) rings, as experimentally realized in the molecular wheels. For a [2× 2] square of spin centers the distinction between a 2D grid a
D ring is semantic, but also a [3× 3] grid retains 1D character: it is best viewed as an octanuclear ring with an additional ion “dope

ts center. Challenging familiar concepts from conventional magnets, the current picture of elementary excitations in antiferromag
ill be discussed, as a prerequisite to understand the complex [3× 3] grids.
2005 Elsevier B.V. All rights reserved.

eywords: Molecular magnetism; Transition metal complexes; Molecular wheels; Molecular grids; Magnetic exchange; Magnetic anisotropy

. Introduction

In the last decade the investigation of nano-sized mag-
etic molecules such as the celebrated Mn12 molecule has

∗ Tel.: +41 31 6314253; fax: +41 31 6314399.
E-mail address: waldmann@iac.unibe.ch.

evolved into one of the most attractive research areas i
field of molecule-based magnets. Several excellent rev
are available documenting the many merits and the chem
physical, and technological implications of these molec
nanomagnets (MNMs)[1–9]. This work thus does not elab
rate on such issues, but instead explores MNMs from a p
cal point of view, asking what magnetic phenomena may
and which physical concepts allow one to rationalize the

010-8545/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2004.12.019
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The magnetic properties of MNMs are in principle simple
to describe. The basic principles were established decades
ago and nothing essential needs to be added here. For in-
stance, the discussion for most MNMs of current interest
starts with the spin Hamiltonian

Ĥ = −
∑
i�=j

JijŜi · Ŝj +
∑

i

Ŝi · Di · Ŝi + µB

∑
i

Ŝi · gi · B,

(1)

which consists of the isotropic interaction terms due to
Heisenberg exchange, the single-ion anisotropy terms due to
ligand–field interactions, and the Zeeman term[10]. Ŝi is the
spin operator of theith ion with spinSi, µB the Bohr magne-
ton, andB the magnetic field. The approximations in Hamil-
tonian (1), such as assuming magnetic ions with orbitally
non-degenerate ground states or neglecting dipole–dipole and
anisotropic interactions[10], are obvious and shall not to be
discussed further here. In the following a Hamiltonian such
as Hamiltonian (1) will be referred to as a microscopic spin
Hamiltonian in order to clearly distinguish it from effective
models, which appear later on.

Hamiltonian (1) is in fact sufficient to explore the main
characteristics of MNMs. On a fundamental level, the
magnetic phenomena encountered in MNMs arise from
the mutual competition of the three elementary magnetic
c opy,
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and, equally importantly, (iii) how can they be rationalized in
physical terms. The variables in this “game” are the coupling
matrixJij and the vectorsDi, gi, andSi (matrices and vectors
with respect to the site indexi, j) and the problem is to find,
and understand, the possible outcomes. Playing this game is
not only of physical interest. For instance, to know the man-
ifold of microscopic parameters for which Hamiltonian (1)
produces a large ground state spin with easy-axis anisotropy
should help synthetic chemists to devise strategies to eventu-
ally create SMMs with higher blocking temperatures.

In general, the above task is difficult, and different strate-
gies have been used to tackle it. For most MNMs studied so
far, the Heisenberg exchange term is much stronger than the
magnetic anisotropy. It is thus natural to consider first the sit-
uation with isotropic interactions alone, and then the effects
of a weaker magnetic anisotropy. In the traditional approach
the anisotropy is treated in first-order perturbation theory (the
so-called strong exchange limit). However, it has become in-
creasingly clear in recent years that many interesting effects
are not grasped by this approach, and more sophisticated tech-
niques are required. One such technique, which is relied on
heavily in this work, is to combine numerical calculations for
Hamiltonian (1) and the effective spin Hamiltonian approach,
in order to uncover first general physical trends and then to
devise effective spin Hamiltonians, which cover the essential
physics of the system (the numerical calculation of magnetic
p
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ontributions: magnetic interactions, magnetic anisotr
nd applied magnetic fields. Hamiltonian (1) constit
generic model in this regard, as all three effects

epresented by their simplest possible terms. Situatio
ourse arise where the spin terms neglected in Hamilto
1), and couplings to environmental degrees of freed
ause important effects. For example, in the single-mole
agnet (SMM) Mn12, the tunneling splitting is small,

he order of 10−7 K, and the tunneling dynamic is th
trongly affected by, e.g. nuclear hyperfine fields.
efining characteristic of the Mn12 molecule, however,

argeS = 10 ground state spin with a pronounced easy-
nisotropy. This allows one to treat it just as a single, l
pin (at least as long as only low-temperature propertie
oncerned) and to disregard the underlying many-spin n
f the system entirely. In fact, most experimental findings
e convincingly discussed within this “giant spin” mod
r, in physical terms, by an effective spin Hamilton
hich resembles the one used for ordinary paramagnet

nstance by

ˆ
S = DŜ2

z + B40Ô
0
4 + B44Ô

4
4 + µBgŜ · B. (2)

espite its success, such an approach obviously doe
nravel, for example, why Mn12 exhibits aS = 10 ground
tate. Any attempt to understand Mn12, or MNMs
eneral, from a fundamental point of view thus starts
amiltonian (1).
At this point some general questions are perfectly o

us: (i) what kind of magnetic phenomena may arise f
amiltonian (1), (ii) under what conditions do they ar
roperties by itself is not of concern here).
This work focuses on [2× 2] and [3× 3] grid molecules

nd antiferromagnetic molecular wheels. Grid and
olecules have a great deal in common. Both systems e

ery high molecular symmetry. Accordingly, the numbe
ree parameters in the microscopic Hamiltonian is con
rably reduced. Even if the assumed high symmetry is
pproximately realized in the actual molecule, the varia

n the parameters due to the deviation from perfect s
etry is small and difficult to resolve in experiment. T

hese systems are generally described to a very high d
f accuracy by the simplest model Hamiltonian consis
ith their structure and the maximal symmetry. For insta

heir symmetrical, planar structure dictates uniaxial mag
nisotropies (with the anisotropy axis, denoted as thez axis,
erpendicular to the plane of the molecules). In other wo

hey are excellent model systems to play the above g
rid and ring molecules are also related from another

pective. The distinction between a [2× 2] grid and a tetra
uclear ring, or a square, is obviously semantic. This act

eads to some ambiguity in the classification of tetra-nuc
olecules as [2× 2] grids, rings, or squares – a point which

hall not be considered here. For [3× 3] grids the situatio
s subtler. For instance, the so-called Mn-[3× 3] grid was
hown to be best described as an octanuclear ring wi
dditional ion “doped” into its center. With this analogy a

he results on the molecular wheels at hand, the magn
f this difficult system can be successfully elucidated.

The aim of this work is two-fold. On the one hand, it ai
t reviewing the magnetic phenomena provided by the
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molecules, demonstrating the broad range of possible effects
realized in such, conceptually simple, model systems. The
isotropic coupling situation encountered in grids has been
reviewed extensively[11] and is not of much concern here.
Instead, those effects will be emphasized which are beyond
a pure isotropic exchange model, involving e.g. magnetic
anisotropy as embodied in Hamiltonian (1). On the other
hand, recent advances in the understanding of the spin struc-
tures, or, in a physical language, of the nature of the ele-
mentary excitations, in antiferromagnetic spin clusters will
be expounded. This unfolds physical concepts of general rel-
evance; with the Mn-[3× 3] grid as a particular example.

In the next section the magnetism of the [2× 2] grid
molecules is explored. Subsequently, the nature and physical
description of the elementary excitations in antiferromagnetic
Heisenberg rings are outlined, pinpointing physical ideas of
general interest. In the fourth section, the magnetism of the
[3 × 3] grid molecules, with emphasis on the Mn-[3× 3] grid,
is discussed. In the last section, the generality of the concepts
developed for the rings and related systems, and conclusions
thereof, will be examined. Two extensive reviews on [N × N]
grid molecules are available, covering the ligand systems, the
resulting grid complexes, chemical aspects, and the electro-
chemical, optical, and some magnetic properties, as well as
conclusions concerning applications[11,12].
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Fig. 1. (a) The ligand 6POAP and (b) structural representation of the Cu(II)-
[2 × 2] grid [Cu4(6POAP-H)4]4+ (1) (40% probability thermal ellipsoids, H
atoms omitted).

parameterD, and the twog factorsgxy andgz. The param-

eterizationg =
√

(2g2
xy + g2

z)/3 and�g = gz − gxy will be

also used.
The exchange coupling is generally observed to be anti-

ferromagnetic,J < 0 [11,13]; ferromagnetic exchange,J > 0,
was found in Cu(II)-[2× 2] grids, and a Ni(II) grid. An ex-
ample of a Cu(II)-[2× 2] grid with intramolecular ferromag-
netic exchange is the complex [Cu4(6POAP-H)4](ClO4)4 (1),
Fig. 1, which exhibits approximate S4 symmetry[14]. The

variation of the effective momentµ =
√

3kBχT/NAµ2
B as a

function of temperature shows an increase in moment with
decreasing temperature from 3.6µB at room temperature to
a maximum of 4.7µB at 5 K (Fig. 2), which is typical for a
square of spin-1/2 centers with ferromagnetic exchange (kB
is the Boltzmann andNA the Avogadro constant). The data
could be reproduced with Eq.(3) yielding g = 2.060(7), and
J = 27(1) K (Si = 1/2,D =�g = 0). In the fit, the presence of a
small amount of impurity, weak intermolecular interactions,
and temperature independent paramagnetism was addition-
ally allowed for. The ferromagnetic exchange in this com-
pound, and several others like it[15,16], could be rationalized
by their particular structure. The square–pyramidal coordina-
tion spheres of the Cu(II) centers lead todx2−y2 ground states
with the orbital lobes directed along the short bonds, defining
equatorial planes which lie perpendicular to the grid consis-
t e
. Magnetic phenomena in [2 × 2] grids

Many complexes with a planar, square matrix-like
angement of four paramagnetic metal centers, such as C
i(II), Co(II), Fe(II), or Mn(II), have been synthesized

ar [11–13]. As indicated in the introduction, classificati
s [2× 2] grids, tetranuclear rings, or squares is not alw
bvious, but as a common feature one may demand a
roximate) molecular S4 or C4 symmetry axis. For simplic

ty these complexes will be referred to indifferently as [2× 2]
rids henceforth. Magnetic studies have shown a remar
ariety in their magnetic properties, which will be review
n this paragraph.

In view of their symmetry, the magnetism of [2× 2] grids
s excellently described by the spin Hamiltonian

ˆ = −J

(
3∑

i=1

Ŝi · Ŝi+1 + Ŝ4 · Ŝ1

)
+ D

4∑
i=1

Ŝ2
i,z

+ µBgxy(ŜxBx + ŜyBy) + µBgzŜzBz, (3)

hich is obtained as an adaptation of Hamiltonian (1) to
ituation of the [2× 2] grids, with the total spin operat

ˆ =∑iŜi (here and in the following, constant terms suc∑
i[−Si(Si + 1)/3] are suppressed). A diagonal excha

erm−J2(Ŝ1 · Ŝ3 + Ŝ2 · Ŝ4) can be neglected as the [2× 2]
rids lack corresponding ligand bridges. Accordingly, f
agnetic parameters are sufficient to describe the mag
roperties: the coupling constantJ, the zero-field splittin
 ent with the (approximate) S4 symmetry of the cluster. Th
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Fig. 2. Temperature dependence of the effective magnetic moment for
the Cu(II)-[2× 2] grid [Cu4(6POAP-H)4](ClO4)4 (1). The solid line rep-
resents a fit to the data using Hamiltonian (3), yieldingg = 2.060(7),
J = 27(1) K (D =�g = 0). Impurities,ρ = 4× 10−5, intermolecular interac-
tions, θ =−0.4 K, and TIP = 232× 10−6 emu/mol were additionally taken
into account. Adapted from Ref.[14].

exchange through the alkoxide bridges occurs along short
equatorial and long axial contacts, resulting in orthogonal
magnetic orbitals and hence the ferromagnetic behavior.

Another interesting situation is encountered in the Ni(II)
grid complex [Ni4Lb

8]·4CH2Cl2 (2) with Lb = C5H4N-CON-
CN4-C2H5 (Fig. 3) [17]. This compound crystallizes in
the tetragonal space group I4(1)/a, and the cluster thus
exhibits crystallographically imposed S4 symmetry. Mag-
netic studies on powder samples furthermore revealed a
sizeable ferromagnetic coupling of the four Ni(II) metal
centers within a molecule. Most interestingly, a second
species, [Ni4Lc

8]·4CH2Cl2 (3) with Lc = C5H4N-CSN-CN4-
C2H5, could also be synthesized, in which the ligand differs
by only one atom; the oxygen in Lb is replaced by a sulfur.
These two Ni4 squares are not only isostructural, but their
magnetically relevant geometrical dimensions differ by less
than 3.5%. This leads to a novel situation: differences in the
magnetic properties originate predominantly from the differ-
ences in the electronic properties of oxygen and sulfur, and
not from structural differences as investigated in magneto-

structural correlations. One may thus speak here of magneto-
electronic correlations. The magnetism of both complexes2
and3 were investigated in detail by magnetization and high-
field torque magnetometry on single crystals[18]. Employing
a novel data analysis scheme, this allowed a precise determi-
nation of all the parameters in Eq.(3), yieldingJ = 0.9(1) K,
D =−2.7(1) K for 2, andJ = 0.9(1) K, D =−2.0(1) K for 3
[in both clusters,Si = 1, g = 2.2(1),�g = 0.01(1)]. As the ge-
ometry of the Ni coordination spheres are essentially identi-
cal, variations inD should be ascribed to different electronic
environments of the Ni centers. The observed variation can
be rationalized by the different donor capabilities of oxygen
and sulfur. Surprisingly, the coupling constants are identical
within experimental error for both complexes, although the
oxygen/sulfur atoms are expected to participate in the ex-
change. Obviously, the ferromagnetic coupling in2 and3 is
the result of a subtle balance of various exchange contribu-
tions, which is not easily reconciled.

A broad class of [2× 2] grids exhibiting excep-
tional magnetic properties is based on the ligand system
L = bis(bipyridyl)pyrimidine (Fig. 4). It coordinates with
various divalent metal ions into MII 4L4 grid structures with
approximate D2d symmetry, and may be derivatized by
various end-groups at the three positions R1, R2, and R3.
This enables a wide variety of physical properties, which
can be tuned by the choice of the substituents at these
p p R
i the
b nge
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e the
[ gain
i reby
p the
c

s ents

F tion of e
c

ig. 3. (a) Sketch of the ligands Lb and Lc, and structural representa
rystallographic S4 axis (H atoms omitted). Adapted from Ref.[18].
ositions. From the magnetic perspective, the end-grou1
s expected to be of particular relevance as it modifies
ridging pyrimidine group, which mediates the excha

nteraction between neighboring metal centers. As a fu
nteresting aspect of this class of [2× 2] grids, the mononu
lear analogues [MII (terpyridine)2]2+ are available, whic
xhibit metal coordination spheres very close to that in
2 × 2] grids. A study on these complexes allows one to
ndependent insight on the magnetic anisotropy, whe
roviding an unusual view on the exchange situation in
orresponding MII 4L4 grid structures[19].

The magnetism of the grid [Ni4(4a)4](PF6)8 (5) was
tudied in detail by means of magnetization measurem

the Ni(II) squares (b) [Ni4L8
b] (2) and (c) [Ni4L8

c] (3) viewed along th
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Fig. 4. (a) Bis(bipyridyl)-pyrimidine ligand and (b) crystal structure of the
Co(II)-[2 × 2] grid [Co4(4a)4]8+ (6) (H atoms are omitted).

on both powder and single-crystal samples[20]. The tem-
perature dependent data recorded at several magnetic field
strengths with orientations perpendicular and parallel to
the plane of the molecule could be well reproduced with
Hamiltonian (3) (Si = 1), but small, significant deviations re-
mained. Further spin terms such as next nearest-neighbor
exchange, anisotropic exchange, antisymmetric exchange,
and biquadratic exchange were accordingly considered in
the analysis in addition to the terms present in Hamilto-
nian (3). Unambiguous evidence for a biquadratic exchange,

which adds a termJ ′∑4
i=1(Ŝi · Ŝi+1)

2
to Hamiltonian (3),

was obtained in this way with best-fit parametersJ =−8.4 K,
J′ = 0.51 K,D =−7.9 K,gz = 2.10, andgxy = 2.02 (Fig. 5). The
complex5 is a rare example of a system, where biquadratic
exchange could be convincingly demonstrated by (careful)
magnetization studies.

Initial studies of the powder magnetic susceptibility
as function of temperature for the Co(II)-[2× 2] grid
[Co4(4a)4](PF6)8 (6) revealed a sizeable intra-molecular
antiferromagnetic exchange interaction, and results on the
mononuclear analogue [Co(terpyridine)2](PF6)2 (7) sug-

Fig. 5. Temperature dependence of the magnetic moment of single crys-
tals of the Ni(II)-[2× 2] grid complex [Ni4(4a)4](PF6)8 (5) with a magnetic
field of 5.5 T parallel to thez axis (open diamonds) and to thexy plane (open
squares), respectively, and for a sample of crushed crystals (solid circles).
Lines represent fits using the Hamiltonian (3) extended by biquadratic ex-
change (and a spin-1 impurity with concentrationρ) with parameters given
in the panel. Adapted from Ref.[20].

gested the presence of a pronounced magnetic anisotropy
at low temperatures[19]. Subsequently recorded magnetiza-
tion curves on single crystals of6 at low temperatures unrav-
eled a remarkable magnetic behavior[21]. The magnetiza-
tion curves at 1.9 K, recorded at three mutual perpendicular
orientations of the magnetic field, exhibit two characteristic
features (Fig. 6a): (i) For magnetic fields perpendicular to the
grid plane, the magnetization curve shows a behavior remi-
niscent of a thermally broadened magnetization step due to
a ground-state level crossings, as it is often observed in an-
tiferromagnetic clusters[22]. (ii) The magnetic moments for
fields in the plane of the grid, in contrast, increase linearly
with equal slope as function of magnetic field. The slight
deviations visible at higher fields were explained by small
misalignments of the crystal with respect to the magnetic
field.

The magnetism of high-spin Co(II) centers (Si = 3/2), as in
the grid complex6, is notoriously difficult to describe because
of orbital contributions[23]. However, a careful analysis of
the magnetism of the mononuclear compound7 as well as
general theoretical considerations showed that Hamiltonian
(3) provides an appropriate description of the situation in
6. Hamiltonian (3) indeed reproduces the above two char-
acteristics for|J| � |D| and J, D < 0 (Fig. 6b). This range
of parameter values was also inferred from the experimental
findings on both the grid and the terpyridine complex, yield-
i of
K

g mil-
t -
l tive
s sult
o by
t

ng J ≈ −1.5 K andD values on the order of several tens
elvins.

The magnetization curves observed in the Co(II))-[2× 2]
rid 6 were explained by a perturbational analysis of Ha

onian (3). At low temperatures,kBT � |D|, only the lowest
ying Co(II) Kramers duplets are populated, and effec
pinsS′

i = 1/2 were introduced to describe them. The re
f first-order perturbation theory is most easily obtained

he substitution̂Si,α = (g′
α/gα)2Ŝ′

i,α for eachα = x, y, z [23].
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Fig. 6. (a) Field dependence of the magnetic moment of a single crystal of
the Co(II)-[2× 2] grid complex [Co4(4a)4](PF6)8 (6) at 1.9 K for magnetic
fields along the main axes. The inset displays the magnetization curve of
a powder sample of6. (b) Field dependence of the magnetic moment as
calculated with Hamiltonian (3) forJ =−1.8 K, D =−20 K, andg = 2.3 at
1.9 K for fields in thez direction and thexy plane. The dashed line and the
inset show the averaged magnetic moment corresponding to powder samples
Adapted from Ref.[21].

SinceD < 0, the low-lying Kramers duplets consist of the
states with magnetic quantum numbersmi =±3/2, and the
effective g factors becomeg′

xy = 0 andg′
z = 3gz. Including

second-order contributions, the effective spin Hamiltonian

Ĥ ′ = −J ′
(

3∑
i=1

Ŝ′
i,zŜ′

i+1,z + Ŝ′
4,zŜ′

1,z

)
+ µBg′

zŜ
′
zBz

− 1

2
χ′

0(B2
x + B2

y) (4)

is obtained, whereJ ′ = (g′
z/gz)

2
J = 9J andχ′

0 = 3µBg2
xy/

(4|D|). At low temperatures, the system thus effectively ex-
hibits pure Ising-type interactions. Also, the Zeeman term
is then operative only for fields in thez direction, which in
conjunction with the Ising interaction produces a level cross-
ing, i.e., a magnetization step in this field direction. Mag-
netic fields in the plane of the grid, in contrast, are operative
only through the second-order term−1/2χ′

0(B2
x + B2

y) corre-
sponding to magnetic moments, which increase linearly with
field (sincemα = −∂〈Ĥ〉/∂Bα at T = 0). Thus, at low tem-
peratures, the [2× 2] grid 6 behaves like a cluster with pure
Ising-type interactions.

Some further points were noted. The linear increase for
fields in thexy plane of the grid was found to be directly

related to the second-order term in̂H ′. Its observation thus
underscores the importance of second-order contributions in
the magnetism of MNMs. Moreover, an effective “amplifica-
tion” of the magnetic interaction is realized sinceJ ′ = 9J .
In fact, the magnetization step was well resolved already at
a measurement temperature of 1.9 K only because of this
(J′ ≈ −13.5 K). And finally, a profound link with the mag-
netism of metamagnets was pointed out. Metamagnets are
characterized by a field-induced transition from the anti- to
the ferromagnetic spin configuration (spin-flip) for parallel
fields B > Bex (Bex∝ |J| is the exchange field), and a linear
increase of the magnetization due to a tilting of the magneti-
zation vectors out of an easy-axis in perpendicular fields[24].
The similarity with the two characteristic features observed
in the grid6 is apparent. Furthermore, metamagnetism ap-
pears in extended antiferromagnets whenBex < Ba (Ba∝ |D|
is the anisotropy field), mirroring the finding|J| � |D|. In
fact, Hamiltonian (3) is the finite-size version of a spin Hamil-
tonian frequently used to discuss metamagnetism at the mi-
croscopic level[25]. In the Co(II)-[2× 2] grid no long-range
order develops as intermolecular interactions are negligibly
small preventing the system from undergoing a metamagnetic
phase transition. However, the analysis of its magnetism can
be completely recast in the language of metamagnetism, and
in this sense one may speak of a single-molecule metamagnet.

The susceptibility and magnetization curves for the “bro-
m
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s -
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p of the
g on-
a y
e c,
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o

p ll be
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w by a
p )
i ergo
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ide” and “unsubstituted” Co(II)-grids [Co4(4b)4](PF6)8 (8)
nd [Co4(4c)4](PF6)8 (9), respectively, were found to be ve
imilar to those of the “methyl” grid6 (Fig. 7) [21]. Interest
ngly, both the maximum in the susceptibility and the fi
osition of the magnetization step increase in the series
rids 6, 8, and9. Since both characteristics are proporti
lly related to the coupling constantJ, this unambiguousl
vidences a 50% increase ofJ. The variation is not dramati
ut demonstrates the great potential inherent in these sy
f a controlled tuning of the magnetic interactions.

Bis(bipyridyl)-pyrimidine based Fe(II)-[2× 2] grids dis-
layed another interesting magnetic behavior, which sha
eported here in view of its importance, although it is so
hat beyond the context of this article as it is not covered
ure spin Hamiltonian such as Eq.(1). Incorporation of Fe(II

n molecular complexes is interesting as this ion may und
pin transitions (ST) from a low-spin (Si = 0) to a high-spin
Si = 2) state, which often is hysteretic providing multista
ty at the molecular level. In the complex [Fe4(4d)4](ClO4)8
10), ST phenomena were indeed observed[26]. 1H NMR,
agnetic susceptibility, and57Fe Mössbauer studies (Fig. 8)
emonstrated a gradual multistep ST between three mag
tates with (i) three Fe(II) ions in the high-spin (HS) state
ne in the low-spin (LS) state, (ii) two HS and two LS io
nd (iii) one HS and three LS ions. The transition betw

hese states could be triggered by the external perturba
emperature, pressure, and light (light-induced excited
tate trapping, LIESST, is shown inFig. 8). Extensive inves
igations on a number of Fe(II)-[2× 2] grids with modified
igands showed that the ST behavior is tunable over a b
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Fig. 7. (a) Magnetic susceptibility vs. temperature and (b) magnetic moment
vs. field at 1.9 K for powder samples of the Co(II)-[2× 2] grids6, 8, and9.
Adapted from Ref.[21].

Fig. 8. 57Fe Mössbauer spectra for the Fe(II)-[2× 2] grid complex
[Fe4(4d)4](ClO4)8 (10) showing the increase of the low-spin fraction to-
wards lower temperatures. The lowest panel shows the 4.2 K spectra as
recorded after irradiation withλ = 514 nm light (LIESST effect). Reproduced
with permission of the copyright holders from Ref.[26].

range by the choice of the end-group at the R1 position, and
to a lesser extend of those at the periphery[27]. Apparently,
the Fe(II)-[2× 2] grid system is a unique model system for
studying multilevel ST arising from communicating metal
ions within a cluster.

3. Elementary excitations in antiferromagnetic
Heisenberg rings

Molecular wheels are distinguished by a virtually per-
fect ring-like arrangement of the metal ions within a
single-molecule. The decanuclear wheel [Fe10(OCH3)20(O2
CCH2Cl)10], now generally called Fe10, has become the pro-
totype for this class of compounds[28,29], but some oc-
tanuclear wheels were previously known[30–32]. In the last
decade, many wheels with different metal ions and number
of centers in the ring have been realized (only homonuclear
wheels with an even number of metal ions, and with antifer-
romagnetic couplings, are considered here)[33–36].

Antiferromagnetic (AF) wheels were widely regarded as
models for one-dimensional (1D) AF chains in view of their
structure, implying that physical concepts found for these
chains should also describe them. However, the finite-size
effects in AF wheels are still strong (vide infra), and it turned
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ut that they do not behave like 1D AF chains at all – a p
hich will be picked up again in Section5. In the current sec

ion, the picture of the excitations in AF wheels as it eme
n recent years shall be presented briefly.

A large number of different experiments demonstrated
he magnetic properties of the AF wheels are excellently
cribed by the minimal spin Hamiltonian

ˆ = −J

(
N−1∑
i=1

Ŝi · Ŝi+1 + ŜN · Ŝ1

)
+ D

N∑
i=1

Ŝ2
i,z

+ µBgŜ · B, (5)

hereN is the number of spin centers withSi = s for all cen-
ers, andg = 2.0. Only four parameters enter Hamiltonian
, D, N, ands. Accordingly, molecular wheels are particula
uited for the kind of physical considerations envisage
he introduction. In the AF wheels realized so far, the m
etic anisotropy is small and its effects are disregarde

his section (D = 0), which focuses on the energy spectr
nd spin dynamics due to the AF Heisenberg interact
he corresponding model of an AF Heisenberg ring (AF

s specified entirely by the two parametersN ands (|J| only
ets the energy scale). Only the zero-field situation wi
iscussed in the following (once the zero-field energy s

rum is known, the effects of a magnetic field are simpl
onsider[29,37,38]).

The levels of the AFHR may be classified byS and
, the spin quantum numbers belonging to the total
perator Ŝ =∑iŜi. The total net magnetic moment
ero in the ground state, corresponding toS = 0. The firs
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Fig. 9. Energy spectrum and spin-autocorrelation function of an octanu-
clear spin-3/2 antiferromagnetic Heisenberg ring. (a) Energy spectrum vs.
total spin quantum numberS. The coupling constant was set toJ =−16.9 K
as appropriate for the molecular wheel Cr8 (12). Arrows indicate observed
transitions and their labeling. (b) Normalized spin-pair-autocorrelation func-
tion Sz

0(T, ω). Only that part of the spectrum with nonzero peak amplitudes
is shown. Peaks were labeled as in panel (a). Adapted from Ref.[47].

phenomenological insight into the structure of the higher ly-
ing spectrum came from the observation of steps in magneti-
zation and torque curves at very low temperatures[29,39–42].
Their analysis showed that the lowest states are those with
minimal energy for each value of the total spinS = 0, 1, 2,
. . .; and the energies were found to follow closely the Landé
rule E(S) ∝ S(S + 1). In view of the analogy of such an en-
ergy level pattern with the spectrum of a rigid rotator, which

would be described by the Hamiltonian̂H = Ŝ
2
/2I (I is the

moment of inertia), the notion of a rotational mode was intro-
duced for such a set of spin levels[43]. This band of states is
also famously known as the “tower of states” in the context
of extended AF Heisenberg lattices[44–46]. A subsequent
numerical study provided a comprehensive picture of the ex-
citations in AFHRs[47], which is presented here with the
example of an octanuclear AFHR of spin-3/2 centers (N = 8,
s = 3/2).

The low-lying energies were found to exhibit a remarkable
structure when plotted as function of the total spinS (Fig. 9a).
Several parallel rotational bands were identified. The lowest
band, the L band, which starts from theS = 0 ground state,
consists exactly of those states which in the presence of a
magnetic field would produce the magnetization/torque steps
at low temperatures. The next higher lying rotational bands
were denoted collectively as E band. The remaining states

were summed up in the so-called quasi-continuum (they are
actually of little relevance at temperaturesT � |J|). This par-
ticular structure of the energy spectrum is mirrored by a sur-
prisingly simple structure of the spin–spin-correlation func-
tions. Analysis of the spin-correlation functions (SCFs) is of
high interest because, visualizing directly the spin dynam-
ics, they provide the best view on the elementary excitations
in spin systems. Moreover, they are of direct relevance for
experimental techniques such as inelastic neutron scattering
(INS), nuclear magnetic resonance, or electron paramagnetic
resonance. Two different types of excitations were immedi-
ately identified from the SCF (Fig. 9b). At higher frequen-
cies, weakly temperature dependent excitations appear (ex-
citations E1 and E2 in Fig. 9b), reflecting transitions from
states of the L band to those of the E band. At lower frequen-
cies, however, another set of excitations is present, which are
related to transitions within the L band.

The physical interpretation of these excitations was ac-
tually already given more than 50 years ago by Anderson
in his AF spin-wave theory[44,45]. In the ground state all
the single-ion spins are aligned antiferromagnetically and the
spin configuration may be depicted classically by alternating
anti-parallel spins. Starting from this ground state configu-
ration, two kinds of excitations are possible. One obvious
excitation would be to “flip” one of the spins, or more pre-
cisely, to change its magnetic quantum numberm by one unit,
i
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.e., frommi =±s to mi =±(s − 1) (for a spin withs > 1/2 this
ctually corresponds more to a canting of the spin than
ip). However, such spin-flip states are not eigenstates o
eisenberg Hamiltonian, and these excitations accord
an “hop” along the ring from one site to the next. Eig
unctions can be constructed by appropriate linear co
ations of spin-flip states resulting in delocalized, wave
xcitations – the celebrated spin waves. However, the e
equired for a “flip” is on the order of 2|J| as one has t
reak up two AF bonds. In finite AF Heisenberg spin s

ems there is a second, energetically lower lying, excita
he orientation of the classical ground-state spin config

ion in space is not fixed, allowing for a coherent rota
f all the spins. Quantum mechanically, this rotational
ree of freedom corresponds to that of a rigid rotator, an
igenstates thus belong toS = 0, 1, 2,. . .. As the underlying
oherent motion of the spins may be equivalently descr
y one single vector, the Ńeel vector, this excitation mod
as named quantized rotation of the Néel vector. The assoc
tion of these excitations with the structure seen in the en
pectrum and the SCF (Fig. 9) is obvious: The L band and th
elated low-frequency peaks in the SCF exactly corres
o the quantized rotation of the Néel vector; the E band an
he related SCF peaks correspond to spin waves.

The numerical studies and the spin-wave theory prod
detailed list of properties of the excitations which w

ubjected to experimental test by INS measurements o
hromic wheel [Cr8F8{O2CC(CH3)3}16]·0.25C6H14 (12), or
r8 in short[48]. The INS data were successfully fitted
amiltonian (5) withJ =−16.9 K andD =−0.44 K (s = 3/2,
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Fig. 10. (a) Structural representation of the Cr8 wheel [Cr8F8{O2

CC(CH3)3}16] (12). H atoms are omitted. (b) Inelastic neutron scattering
intensity vs. energy transfer for Cr8 at different temperatures. Adapted from
Ref. [48].

N = 8, B = 0) [49], showing that the magnetic anisotropy is
weak and Cr8 indeed is a good model for an AFHR. The
experimental INS intensity as function of energy transfer is
presented inFig. 10for various temperatures. The similarity
with the theoretical result for the SCF,Fig. 9b, is apparent.
Careful analysis of the INS data allowed one to demonstrate
all properties expected from the numerics and spin-wave the-
ory [48].

The above results showed that AF molecular wheels are
essentially ordinary spin-wave antiferromagnets – but one
important difference has to be noted. In extended antiferro-
magnets the experimentally observed lowest lying excitations
are spin waves. Here, the rotation of the Néel vector becomes
unobservable because of its slow dynamics, which undercuts
any experimental time scale, i.e., because of a Néel-ordered
ground state. In finite systems such as the molecular wheels,
in contrast, the lowest lying excitations correspond to the
Néel-vector rotation, and not to spin waves. The AF molec-
ular wheels allow one to observe this fundamental AF exci-
tation mode for the first time – 50 years after its theoretical
suggestion.

It is interesting to ask why the above picture of elemen-
tary excitations, which is very different from that found in
1D chains, holds for the molecular wheels. It turned out
that quantum fluctuations in AFHRs decline with decreas-
ing ring sizeN and increasing spin lengths (for the infinite
s

Fig. 11. Graphical overview of the properties of the antiferromagnetic
Heisenberg ring (AFHR) in the parameter space spanned by the spin lengths
and the ring sizeN. The gray shading indicates the area where the spin struc-
ture of the AFHR is essentially classical and well described by the spin-wave
theory and/or the effective spin Hamiltonian (6).

gives rise to a diagram as shown inFig. 11, where the gray
area indicates weak quantum fluctuations. Obviously, for the
small molecular wheels quantum fluctuations are weak and a
(semi)classical theory, such as spin-wave theory, is expected
to work, as demonstrated above. Thus, and this is an important
insight, the spin structure due to the Heisenberg interactions
is essentially classical in molecular wheels.

This situation allows one to describe the rotation of the
Néel vector, or the L band, respectively, as follows. A natural
coupling scheme would be to couple first the spins on the AF
sublattice A to a total spin̂SA =∑i ∈ A Ŝi and those on the
sublatticeB to ŜB =∑i ∈ BŜi, and then to couplêSA andŜB

to yield the total spin̂S = ŜA + ŜB (the corresponding wave
functions would be written as|αAαBSASB SM〉, whereαA and
αB abbreviate intermediate quantum numbers). For the low-
est states one expects maximally polarized sublattices, corre-
sponding toSA = SB = Ns/2. If quantum fluctuations are negli-
gible, then the spin functions|Ns/2,Ns/2,SM〉 constructed this
way for eachS = 0, 1, 2,. . . are essentially the exact eigen-
functions of the L band. As a result, as long as one is con-
cerned only with the states of the L band, one can replace the
Heisenberg Hamiltonian−J

(∑
Ŝi · Ŝi+1 + ŜN · Ŝ1

)
by the

effective spin Hamiltonian−a1J ŜA · ŜB (the similarity with
the Hamiltonian of a rigid rotator should be noted). This is
an enormous simplification. In the classical limit,a1 = 4/N,
b
f

e an
e ates
o and
m

H

w rs
w
b uc-
t d the
s lated
n ef-
f
= 1/2 chain, quantum fluctuations are strongest)[47]. This
ut quantum fluctuations tend to enhance the value ofa1 (e.g.,
or N = 8 ands = 3/2,a1 = 0.5586).

Importantly, this procedure could be used also to deriv
ffective Hamiltonian, which describes the lowest lying st
f the microscopic Hamiltonian (5), including anisotropy
agnetic field[50]. The effective Hamiltonian

ˆ = −a1J ŜA · ŜB + b1D(Ŝ2
A,z + Ŝ2

B,z) + µBgŜ · B (6)

as obtained, withSA = SB = Ns/2. The two paramete
ere calculated in the classical limit asa1 = 4/N and

1 = (2s − 1)/(Ns − 1), but both are modified as quantum fl
uations become stronger (i.e., the larger the ring size an
maller the spins become). Comparison of results calcu
umerically for the microscopic Hamiltonian (5) and the

ective Hamiltonian (6) showed excellent agreement[50].
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Hamiltonian (6) is thus a very versatile tool for the analy-
sis of, e.g., the low-temperature magnetization curves of AF
molecular wheels.

The picture of the elementary excitations in AF molecular
wheels has undergone a drastic change in recent years, even-
tually emerging as the picture outlined in this section. This
may be demonstrated also with the following example. The
magnetization steps were frequently explained qualitatively
by arguing that starting from the ground state (withS = 0), the
strong applied magnetic field first flips one spin at the first
level crossing (leading to aS = 1 state), then a second spin,
and so on. However, spin configurations with one flipped spin
correspond to spin waves, but these are too high in energy as
shown before and thus not responsible for the magnetization
steps. In contrary, the magnetization steps originate from the
L band, in which no spin flips are involved whatsoever, but
represents a coherent rotation of the AF spin configuration.

4. Magnetic phenomena in [3 × 3] grids

So far only few [3× 3] grids incorporating magnetic metal
ions have been synthesized. They all are based on the lig-
and 2POAP (13a) and derivatives of it (Fig. 12a). [3× 3]
grids were obtained with the metal ions Mn(II), Fe(III),
Co(II), Ni(II), and Cu(II) [51–57]. In the [3× 3] grid struc-
t nds
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Fig. 12. (a) Sketch of the ligand 2POAP, and (b) structural representation of
the Mn(II)-[3× 3] grid [Mn9(13a-2H)6]6+ (15). H atoms are omitted.

spectrum and the combined effect ofDRc and DRe is well
described by one parameterDR.

For the Cu(II)-[3× 3] grid14, interesting aspects emerged
concerning the exchange coupling situation and the origin of
magnetic anisotropy[58]. The magnetic susceptibility as a
function of temperature demonstrated the simultaneous pres-
ence of both antiferromagnetic and ferromagnetic couplings
in the grid (Fig. 13). The data fit well to Hamiltonian (7) with
JR = 0.75 K,JC =−35 K, g = 2.3 (Si = 1/2,DR = DC = 0). The
magnetization curve at low temperatures indicated aS = 7/2
ground state. The spin structure in the ground state may thus
be rationalized by having all the spins on the periphery point-
ing up and the central spin pointing down. The observation of
antiferromagnetic couplings to the central Cu ion was noted to
be inconsistent with adz2 magnetic orbital of this ion inferred
from the crystal structure. A fluxonial state of the central Cu
ion was suggested[51,54,58].

The limit |JR| � |JC| allowed a perturbational rationale
of the energy spectrum. ForJR = 0, the Cu grid decomposes
into a pentanuclear “star” with antiferromagnetic couplings
(consisting of the centers 2, 4, 6, 8, and 9), and four “free”
ures, nine metal ions are bridged by six 2POAP liga
o as to form the characteristic 3× 3 square-matrix-like a
angement of the metal centers (Fig. 12b). The molecule
enerally exhibit (approximate) D2d symmetry with the S4
ymmetry axis perpendicular to the grid plane, which
esponds to the uniaxial magnetic axisz. In this section
he magnetism of the first two synthesized magnetic [3× 3]
rids, [Cu9(13a-H)6](NO3)12·9H2O (14) and [Mn9(13a-
H)6](ClO4)6·3.75CH3CN·11H2O (15) [51,52], is reviewed
ith emphasis on the Mn(II)-[3× 3] grid. The situation fo

he other synthesized magnetic [3× 3] grids is covered onl
riefly.

For an idealized [3× 3] structure, the microscopic Ham
onian (1) results in the spin Hamiltonian

ˆ = −JR

(
7∑

i=1

Ŝi · Ŝi+1 + Ŝ8 · Ŝ1

)
− JC(Ŝ2 + Ŝ4 + Ŝ6

+ Ŝ8) · Ŝ9 + DR

8∑
i=1

Ŝ2
i,z + DCŜ2

9,z + µBgŜ · B, (7)

hich generally describes the magnetism of [3× 3] grids
ell (for the numbering of the spin centers seeFig. 12b).

R characterizes the nearest-neighbor couplings within
ight peripheral metal ions, andJC those involving the cen

ral metal ion.DR and DC are the anisotropy constants
he peripheral and central metal ions, respectively. TheD2d
ymmetry would allow in principle for different anisotropi
Rc andDRe, of the corner and edge ions, respectively. T
ifference, however, has little effect on the low-lying ene
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Fig. 13. Temperature dependence of the effective magnetic moment of a
powder sample of the Cu(II)-[3× 3] grid [Cu9(13a-H)6](NO3)12·9H2O (14).
Adapted from Ref.[58].

Cu ions. The energy spectrum thus exhibits the level pattern
of a pentanuclear star, but with an additional weak splitting
of the levels due to the ferromagnetic exchangeJR (Fig. 14).
In particular, the lowest energy level is split into fourS = 1/2,
six S = 3/2, fourS = 5/2, and theS = 7/2 ground state level.

High-field torque measurements at low temperatures
demonstrated the presence of significant magnetic anisotropy
in the Cu(II)-[3× 3] grid 14 [58]. The investigation of mag-
netic anisotropy in exchange-coupled clusters of spin-1/2
ions, such as Cu(II), is very interesting as these ions do
not exhibit a single-ion zero-field splitting [i.e., the term∑

Si · Di · Si in Hamiltonian (1), or theDR- andDC-term
in Hamiltonian (7), produce no effect and can be set to zero].
Therefore, in spin-1/2 clusters the zero-field splitting of spin
levels is due to anisotropic exchange and dipole–dipole inter-
actions only (antisymmetric exchange can be usually disre-
garded). The effect of dipole–dipole interactions can be calcu-
lated reasonably well. Anisotropy studies on spin-1/2 clusters
thus provide exceptional insight into the origin of anisotropic

F
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t gnetic
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Fig. 15. Torque vs. magnetic field of a single crystal of the Mn(II)-[3× 3]
grid [Mn9(13a-2H)6](ClO4)6·3.75CH3CN·11H2O (15) at low-temperature.
The peak at≈2 T stems from the zero-field splitting of theS = 5/2 ground
state. At higher fields, the torque curve exhibits unprecedented quantum
magneto-oscillations. Adapted from Ref.[60].

exchange. Such a study revealed an anisotropy of the antifer-
romagnetic exchange couplings in the Cu(II)-[3× 3] grid.
Employing a novel experimental scheme, thermodynamic
spectroscopy, which exploited the fact that in strong mag-
netic fields only theS = 7/2 level is populated at low tem-
peratures (Fig. 14), the exchange anisotropy was quantified
asDex = 0.11(3) K, in reasonable agreement with the theo-
retical expectationDex≈ (�g/g)2 JC = 0.13 K (�g = gz − gxy

was determined experimentally to be�g =−0.14). A further
result of the torque studies, which shall only be mentioned
here, was to demonstrate the importance of usually neglected
higher-order terms[58].

In the Mn(II)-[3× 3] grid 15, antiferromagnetic exchange
couplings on the order of a few Kelvins and aS = 5/2 ground
state were inferred from magnetic susceptibility and magne-
tization curves[59]. High-field torque measurements at low
temperatures (T = 1.75 K) demonstrated an unusual field de-
pendence of the magnetic anisotropy of the cluster: as a func-
tion of field, the anisotropy changes its sign at a critical field
of ≈7.5 T, from easy- to hard-axis type. Subsequent more de-
tailed measurements, at much lower temperatures (T = 0.4 K),
revealed spectacular quantum magneto-oscillations in the
field dependence of the torque signal (Fig. 15) [60]. This
novel effect was investigated in further detail, in particular
its dependence on the angle of the applied magnetic field,
and a theoretical model was devised which described the data
e ics
w
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s 210.
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ig. 14. Schematic drawing of the energy spectrum of the Cu(II)-[3× 3] grid
4. The dominating couplingJC leads to the level pattern of a pentanuc
star” (given labels correspond to the coupling schemeŜA =

∑
i=2,4,6,8Ŝi,

ˆ A9 = ŜA + Ŝ9). These spin levels are further split by the weaker coup

R resulting in aS = 7/2 ground state, which exhibits a zero-field splitting
o anisotropic exchange and dipole–dipole interactions. In a strong ma
eld, theM =±7/2 state becomes well separated and is exclusively ther
opulated at low temperatures.
xcellently (Fig. 16). This model and the underlying phys
ill be the following subject of interest.
The analysis of magnetic data for a Mn(II)-[3× 3] grid is

on-trivial because of the huge Hilbert space. For a clust
ine spin-5/2 centers it consists of 10,077,696 states. Ev

he simplest case of retaining only isotropic exchange ter
he spin Hamiltonian, and exploiting all symmetries in the
uction of the Hamilton matrix (spin rotational and spatia4
ymmetry), the largest matrix remains of dimension 22,
ccordingly, an accurate determination of the coupling c
tants from the susceptibility data has not yet been achi
owever, it was noted that the magnetic susceptibility ca
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Fig. 16. (a) Experimental and (b) calculated torque curves as functions of
the magnetic field of a Mn(II)-[3× 3] single crystal (15) at 0.4 K for various
orientations of the magnetic field. The angles between the field and the grid
plane were (1) 2.8◦, (2) 4.1◦, (3) 7.3◦, (4) 20.3◦, (5) 29.8◦, (6) 38.8◦, (7)
58.8◦, and (8) 70.3◦. The main panel shows the curves for an angle of 2.8◦.
The dashed line in (b) represents the calculated torque curve for 0.4 K and
2.8◦, but with effects of level mixing artificially forced to zero. Adapted from
Ref. [60].

adequately reproduced by considering the [3× 3] grid struc-
ture as an octanuclear “ring” with a metal ion embedded in
its center (the ring is formed by the peripheral metal ions)
[59]. This viewpoint turned out to be very useful as it enables
advantage to be taken of the insights gained from the AFHRs.

The analogy of the Mn(II)-[3× 3] grid with a doped
ring was further supported by the analysis of inelastic
neutron scattering measurements and extensive numerical
work [61,62]. The INS measurements were performed on
a non-deuterated powder sample of the complex [Mn9(13a-
2H)6](NO3)6·H2O (16), which is a close analogue of
the Mn(II)-[3× 3] grid 15. Excellent data was obtained
(Fig. 17) and with a sophisticated analysis the coupling and
anisotropy constants were estimated to beJR = JC =−5.0 K
andDR = DC =−0.14 K, respectively (concerning the latter
values it should be recalled that here they include the effects
of the dipole–dipole interactions, in contrast to Ref.[61],
see[10]). The INS transitions at high energies evidenced a
small but significant deviation of the exchange-coupling situ-
ation from idealD2d symmetry, in accordance with the crystal
structure of the cluster, but we shall not dwell on this detail
here. The low-lying energy spectrum due to the isotropic ex-
change terms was calculated[61], and is presented inFig. 18
as function of the total spinS. The similarity of the energy

Fig. 17. Inelastic neutron scattering intensity vs. energy transfer for a powder
sample of the Mn(II)-[3× 3] grid 16 at 1.5 K with two different incident
neutron energies. Peaks I, II,α, β, andγ correspond to transitions within
the S = 5/2 ground state multiplet and from theS = 5/2 ground state to the
first excitedS = 7/2 level, respectively, see inset of panel (b). Peaks i and ii
correspond to transitions from theS = 5/2 ground state to the E band (compare
with Fig. 18). Adapted from Ref.[61].

level pattern with that of an AFHR is striking. In particular,
an L band, an E band, and a quasi continuum can be identified
also in the Mn(II)-[3× 3] grid, and the physical interpretation
of these excitations is analogous to that for the AFHR. The
main difference here is that the L band starts with aS = 5/2
state.

As in the case of an AFHR, only the states of the L band are
of relevance for the field dependent low-temperature proper-
ties. Accordingly, the recipe used for the AFHR to construct

Fig. 18. Low-lying energy spectrum for the Mn(II)-[3× 3] grid as calculated
with the exchange parameters determined from inelastic neutron scattering
on 16 (magnetic anisotropy is neglected here).
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an effective spin Hamiltonian for describing the L band, see
Section3, was applied to the Mn(II)-[3× 3] grid. This led to
the effective Hamiltonian

Ĥ = −J̃RŜA · ŜB − JCŜB · Ŝ9 + D̃R(Ŝ2
A,z + Ŝ2

B,z)

+ DCŜ2
9,z + µBgŜ · B, (8)

where J̃R = 0.526 JR and D̃R = 0.197 DR for the Mn(II)-
[3 × 3] grid [60,62]. The corner and edge spins were coupled
such as to yield the sublattice spinsŜA =∑i=1,3,5,7Ŝi and

ŜB =∑i=2,4,6,8Ŝi, respectively, withSA = SB = 10. A de-
tailed comparison with numerical results for the microscopic
Hamiltonian (7) demonstrated that the effective Hamiltonian
(8) works remarkably well for a wide range ofJC/|JR| values
[62]. JC in fact may assume any value (JR is of course lim-
ited toJR < 0). The good performance of Hamiltonian (8) is
also underpinned by the good agreement of the observed and
calculated quantum magneto-oscillations shown inFig. 16.
Apparently, Hamiltonian (8) grasps the essential physics. The
reason for this is that the spin structure due to the dominant
Heisenberg interactions is again essentially classical in the
Mn(II)-[3 × 3] grid.

The quantum magneto-oscillations in the field dependence
of the torque shall now be explained briefly[60]. In an applied
magnetic field, the Zeeman splitting of the spin levelsS = 5/2,
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Fig. 19. (a) Calculated energy spectrum vs. magnetic field for Mn(II)-[3× 3]
at an angle of 2.8◦ (energy of the lowest state was set to zero at each field).
Arrows indicate ground state level crossings, and numbers the total spinS of
the respective ground states. The inset details the energy spectrum near the
first two level crossings, where the ground state changes asS = 5/2→ 7/2
andS = 7/2→ 9/2 (energies are given here with respect to the ground state
energy at zero field). (b) Torque peaks at each level crossing due to the level
mixing (dashed lines), which superimpose to produce an oscillatory field
dependence (solid line).

cussion. Thus, their observation establishes the first experi-
mental demonstration of such a band in square-matrix-like
Heisenberg systems. This is of great relevance in the con-
text of two-dimensional antiferromagnetic Heisenberg spin
systems; a point which will be picked up again in Section5.

Based on the ligand 2POAP,13a, which can be deriva-
tized at several positions (Fig. 12a), a zoo of ligands13b–13h
was synthesized[53–56]. With the exception of13c, all lig-
ands gave Mn(II)-[3× 3] grid complexes with structures very
similar to that of the parent grid15 [53,55,56]. The magnetic
susceptibilities, which were measured for most of these com-
plexes, also showed similar behavior as15, with slightly dif-
ferent coupling constants (the values forJR ranged from−5
to −6.8 K, JC could not be determined and was assumed to
be zero). Besides14, further Cu(II)-[3× 3] grid complexes
were obtained using ligands13a, 13b, and13c (in some cases
the grid complex contained an additional ligand)[52,54,57].
The magnetism was found to be very similar to the parent grid
14. A Ni(II)-[3 × 3] and Co(II)-[3× 3] grid were synthesized
using ligand13e and 13a, respectively[53]. In both com-
plexes, magnetic susceptibility curves indicated antiferro-
magnetic exchange interactions. For the Ni(II)-[3× 3] com-
plex, JR = JC =−17.4 K andg = 2.32 were obtained (Si = 1,
/2, 9/2,. . . leads to a series of ground-state level cross
t characteristic fields, where the ground state switches
= 5/2 to S = 7/2, S = 7/2 to S = 9/2, and so on (Fig. 19a).

n the absence of magnetic anisotropy this would resu
staircase-like magnetization curve at low temperature

or example is familiar for the molecular wheels. Howe
n Mn(II)-[3 × 3] the magnetic anisotropy produces a str

ixing of the spin levels at the level-crossing fields, lead
o avoided level crossings (seeFig. 19a). The magnetizatio
urve is not much affected by this, it still shows the ty
al staircase behavior but with more broadened steps
orque curve, however, shows a strikingly different beh
or. It can be shown that the change in the torque sign
n avoided level crossing is due to two contributions[60],
ne which is proportional to the magnetization (and acc

ngly leads to broadened staircases again), and second
hich produces a sharp peak in the torque signal cente

he level-crossing field. In Mn(II)-[3× 3], the first contribu
ion is outweighed by the second, and the torque consist
eries of peaks at the level-crossing fields which superim
o give the observed oscillatory field dependence (Fig. 19b).

The torque peaks arise only for avoided level cross
nd are thus a direct signature of level mixing. In o
ords, the quantum magneto-oscillations in the torque
striking example of an effect, which is not covered

he strong exchange limit usually used to interpret the m
etism of molecular nanomagnets with dominating Hei
erg interactions. Another point is worth mentioning. The

imate connection of the quantum magneto-oscillations
he presence of an L band is apparent from the above
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Fig. 20. (a) Temperature dependence of the effective magnetic moment and
(b) low-temperature magnetization curve of a powder sample of the Fe(III)-
[3 × 3] grid [Fe9(13a-2H)6](NO3)15·18H2O (17). Reprinted with permis-
sion from Ref.[55]. Copyright (2003) American Chemical Society.

DR = DC = 0). An interesting magnetic behavior was reported
for the Fe(III)-[3× 3] grid [Fe9(13a-2H)6](NO3)15·18H2O
(17) [53,55]. The magnetic susceptibility curve,Fig. 20a,
shows first a slight drop followed by a steep rise with de-
creasing temperatures, very similar to that found in the Cu(II)-
[3 × 3] grids. From this profile the simultaneous presence of
pronounced antiferromagnetic and weaker ferromagnetic ex-
change interactions was concluded, but further analysis was
not attempted. The magnetization curve,Fig. 20b, suggested
a high-spin ground state withS ≈ 29/2. Mössbauer studies
provided evidence for nine high-spin Fe(III) ions in the grid,
but the spectra exhibited a pronounced temperature depen-
dence, which was interpreted as a possible indication of slow
relaxation of the magnetization at low temperatures[55].

5. Conclusions and outlook

The above sections demonstrate that in the [2× 2] and
[3 × 3] grid molecules rarely observed, novel, or sometimes
even spectacular magnetic phenomena can be observed. Th
high molecular symmetry of the clusters – resulting in mod-
els describing the magnetic properties with a minimal num-
ber of magnetic parameters – and careful studies of the
magnetic anisotropy were instrumental in the process of
identifying these phenomena. Since the appearance of the
s con-
t nge
i grid

Fig. 21. Exchange coupling paths in the Mn12 molecule as suggested by
its structure (on the left). The solid lines indicate the exchange pathsJ1 and
J2, the dashed lines theJ3 andJ4 interactions. The coupling graph of Mn12
can be equivalently represented as shown on the right. This representation
emphasizes the analogy with a ring topology and suggests a classical spin
structure in Mn12 due to the dominatingJ1 and J2 couplings, which is
essentially undisturbed by the weak frustration due toJ3 andJ4.

molecules provided some beautiful examples in this regard,
sometimes of textbook quality, enlightening some aspects of
the interplay between anisotropy and Heisenberg exchange.

The experimental and numerical/theoretical studies on the
molecular wheels unfolded a transparent picture of the ele-
mentary excitations in antiferromagnetic Heisenberg rings,
from which the useful concept of a “classical spin structure”
emerged. This concept comprises a rotational band structure
of the energy spectrum and a recipe for the construction of
a low-temperature effective spin Hamiltonian. Importantly,
it seems to be relevant not only for the molecular wheels,
but for a broader class of antiferromagnetic Heisenberg spin
systems (AFHSS), with the Mn(II)-[3× 3] grid as a striking
example. Carrying over the ideas developed for the wheels
enabled a comprehensive understanding of the magnetism in
this grid, which otherwise would have been difficult to gain
in view of the huge Hilbert space of the system.

Further support for the generality of these ideas has been
obtained from numerical calculation of the energy spectra for
a number of different AFHSS. The L band, or the analogue to
it, was found in rings with an odd number of centers, in poly-
topes such as the tetrahedron, cube, octahedron, icosahedron,
triangular prism, axially truncated icosahedron, icosidodeca-
hedron, and in finite triangular lattices[43,63–67,46]. More-
over, the analogue of the E band could also be found, and
even the spin-correlation functions showed amazingly sim-
i ion
o cide,
d two
k at
t rger
c

xam-
p ter-
i al
s
(
t h
t -
i

ingle-molecule magnets, understanding, and eventually
rolling magnetic anisotropy and its interplay with excha
nteractions has become a major issue in this field. The
e

lar profiles[47]. For instance, the spin-correlation funct
f a hexanuclear ring and an octahedron basically coin
espite the very different coupling topologies of these
inds of AFHSS[47]. Thus, there is growing evidence th
he findings for the even rings are characteristic for a la
lass of AFHSS.

The Mn12 molecule represents another interesting e
le. The exchange coupling topology in Mn12 is charac

zed by four exchange constants (Fig. 21a). Several numeric
tudies consistently concluded that the interactionsJ1 andJ2
both antiferromagnetic) are dominant, while theJ3 andJ4 in-
eraction paths are weak[68,69]. It is then possible to morp
he exchange graph into the one shown inFig. 21b, unravel
ng an analogy with the rings. Thus, disregarding theJ3 and
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J4 interactions, a classical spin structure is also expected in
Mn12 (as each of the peripheral Mn ions interact only with
one Mn ion in the ring, their coupling does not disturb the
classical spin structure in the ring). The interactionsJ3 and
J4 introduce some frustration effects, but being weak they
are not expected to be critical. Such considerations actually
led to the prediction of a classical spin structure in Mn12
[48], which has been confirmed nicely by recent numerical
work [69]. This should be regarded as a remarkable success
of the “classical spin structure” concept. In some sense the
standard procedure of assigning up and down spins to each
Mn center for explaining theS = 10 ground state in Mn12 –
a consideration which is intrinsically classical – received a
belated justification.

However intuitive and satisfying the concepts have ap-
peared in this work, some important issues need to be ad-
dressed. One is the issue of dimensionality. From a strict
thermodynamical point of view, molecular nanomagnets are
of course zero-dimensional (0D) objects, as they do not ex-
hibit long-range effects. However, it seems perfectly obvious
to be somewhat less strict here. For instance, it makes sense
to consider a single-molecule magnet as a “0D” object, since
magnetically it can be treated as a single-spin, i.e., a point-
like object. However for the molecular wheels, which exhibit
S = 0 ground states, such an approach would not be very use-
ful as the interesting aspects would be completely missed. A
m -like
t con-
s
o lec-
u al of
1 ristic
f ause
o
A y is
k me
s uan-
t and
s ore
i ain.

ara-
t ical”
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e t for
fi h to
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n

. Stan
d odi-
fi e-
o ap-

pealing in the present context, as they almost trivially produce
the L band. Concerning the E band, however, these methods
are plagued by similar obstacles as the ordinary spin-wave
theory.

It is interesting to have a closer look at the motivation be-
hind the finite-size spin-wave theories. The discovery of the
high-temperature superconductors, which are characterized
by 2D antiferromagnetic CuO2 double-layers, initiated a huge
interest in the properties of 2D antiferromagnetic Heisenberg
lattices[74]. The obviously important question, when does
long-range antiferromagnetic order (LRO) exist in such lat-
tices (atT = 0), has not yet been fully answered (though com-
pelling evidence for LRO has been accumulated in the recent
years). Numerical studies are helpful, but the energy spectrum
can be calculated only for small clusters, for which finite-size
effects are pronounced. Reliable methods for the finite-size
scaling of numerical results are thus needed, and finite-size
spin-wave theory aims at providing them[72]. The existence
of LRO can in principle be easily seen by an inspection of
the lowest lying levels in the spectrum[66,46]. As a matter
of fact, LRO in the infinite 2D lattice correlates to a set of
states in the finite cluster, called the quasi degenerate joint
states (QDJS), or “tower of states”[66,46], whose energies
increase with the total spinS according toE(S) ∝ S(S + 1) –
exactly as in the L band (at this point the notations QDJS,
tower of states, and L band turn out to be tautologies). This
p neto-
o e;
i lev-
e cture
i ices
i rger
m s in
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ods,
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c cally,
o ce of
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s ome
c ainst
v es it
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sev-
e ntial
ore sophisticated approach, which accounts for the ring
opology of the clusters, was needed. It is thus natural to
ider a wheel as a “1D” object; and a [N × N] grid as a “2D”
ne (forN > 2). However, it has become clear that the mo
lar wheels do not show any traces of the behavior typic
D Heisenberg chains. On the contrary, their characte

eatures were well explained by spin-wave theory, bec
f the weak quantum fluctuations in the wheels (seeFig. 11).
t this point, it is interesting to note that spin-wave theor
nown to work well in 2D and 3D situations, but to have so
erious drawbacks in 1D. The reason again lies in the q
um fluctuations, which are weak in 2D and 3D lattices
trong in the 1D case. Accordingly, the 0D AFHSS have m
n common with 2D and 3D systems than with the 1D ch

Unfortunately, there is no satisfying mathematical app
us available so far for the consistent treatment of “class
FHSS. For instance, the author is not aware of any analy
ethod, which would allow the calculation of the energie

he E band. With standard spin-wave theory one may c
ate for example the energies of theS = 1 states in the case
ings, but not those of theS = 2, 3,. . . states (seeFig. 9a). For
xtended systems this turns out to be sufficient, but no
nite ones. Spin-wave theory has been powerful enoug
uggest a clear picture of the elementary excitations in
FHSS, if quantum fluctuations are weak, but by itself d
ot allow consistent calculations.

There has been some progress in the recent decades
ard spin-wave theory was extended into the so-called m
ed spin-wave theories[70,71]and finite-size spin-wave th
ries[72,73]for example. The latter ones are particularly
-

uts the observation of the L band via the quantum mag
scillations in the Mn(II)-[3× 3] grid in another perspectiv

t amounts to the first clear experimental proof of these
ls. The existence of a deep link between the level stru

n grids and the question of LRO in 2D Heisenberg latt
s surely surprising, and gratifying. The synthesis of la

agnetic grids would be highly desirable; first progres
his direction has been reported[75].

A final comment shall be added. The existing meth
ome of them have been mentioned above, do not prov
riterion as to decide when an AFHSS behaves classi
r when quantum fluctuations are weak. The dependen

he situation on, for example, the values of the exchange
tants is subtle. Numerical calculations indicated that in s
ases the rotational-band structure is rather robust ag
ariations of the coupling constants, while in other cas
s not[76]. A criterion which would allow one to single ou
ust from the mere knowledge of the coupling matrixJij and
he vectorSi, which AFHSS fall into the class of being “cla
ical”, would be a major step forward in the kind of ga
onsidered in the introduction. This review aimed at sh
ng that many pieces of the puzzle are known – but also
hey have not yet fallen into place. It hopefully will provi
ome guide in where to go.
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