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Abstract

Supramolecular chemistry has allowed the production, by self-assembly, of inorganic complexesNuvitivaqquare matrix-like con-

figuration of N> metal centers. Interest in these systems is driven by the potential applications in information technology suggested by such
a “two-dimensional” (2D), addressable arrangement of metal ions. From the magnetic perspegtiVedrids constitute molecular model
systems for magnets with extended interactions on a square lattice, which have gained enormous attention in the context of high-temperatu
superconductors. Numerous}2?] grids as well as a few [& 3] grids with magnetic metal ions such as Cu(ll), Ni(ll), Co(ll), Fe(ll), and

Mn(ll) have been created. Magnetic studies unraveled a remarkable variety in their magnetic properties, which will be reviewed in this work
with emphasis on the underlying physical concepts. An intriguing issue is the connectiox 8f §hd [3x 3] grids with “one-dimensional”

(1D) rings, as experimentally realized in the molecular wheels. For@ZPsquare of spin centers the distinction between a 2D grid and a

1D ring is semantic, but also a [83] grid retains 1D character: it is best viewed as an octanuclear ring with an additional ion “doped” into

its center. Challenging familiar concepts from conventional magnets, the current picture of elementary excitations in antiferromagnetic rings
will be discussed, as a prerequisite to understand the comple8[grids.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction evolved into one of the most attractive research areas in the

field of molecule-based magnets. Several excellent reviews

In the last decade the investigation of nano-sized mag- are available documenting the many merits and the chemical,

netic molecules such as the celebrated Mn12 molecule hagphysical, and technological implications of these molecular

nanomagnets (MNMgL—-9]. This work thus does not elabo-
rate on such issues, but instead explores MNMs from a physi-

* Tel.: +41 31 6314253: fax: +41 31 6314399, cal point of view, asking what magnetic phenomena may arise

E-mail address: waldmann@iac.unibe.ch. and which physical concepts allow one to rationalize them.
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The magnetic properties of MNMs are in principle simple
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and, equally importantly, (iii) how can they be rationalized in

to describe. The basic principles were established decadeghysical terms. The variables in this “game” are the coupling
ago and nothing essential needs to be added here. For inmatrixJ; and the vector®;, g;, ands; (matrices and vectors

stance, the discussion for most MNMs of current interest
starts with the spin Hamiltonian

H= —ZJUS,' . Sj‘f‘z

Si'Di'Si“r‘MBZSi - g - B,
i#] i i

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 t1@j. S; is the
spin operator of théth ion with spinS;, ug 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 an
anisotropic interactiongl.0], 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
contributions: magnetic interactions, magnetic anisotropy,
and applied magnetic fields. Hamiltonian (1) constitutes
a generic model in this regard, as all three effects are
represented by their simplest possible terms. Situations of
course arise where the spin terms neglected in Hamiltonian
(1), and couplings to environmental degrees of freedom,
cause important effects. For example, in the single-molecule
magnet (SMM) Mn12, the tunneling splitting is small, on
the order of 107K, and the tunneling dynamic is thus
strongly affected by, e.g. nuclear hyperfine fields. The
defining characteristic of the Mn12 molecule, however, is a
large S =10 ground state spin with a pronounced easy-axis
anisotropy. This allows one to treat it just as a single, large

of the system entirely. In fact, most experimental findings can
be convincingly discussed within this “giant spin” model,
or, in physical terms, by an effective spin Hamiltonian
which resembles the one used for ordinary paramagnets, fo
instance by

Hs = D52 + B4oO3 + B44aO} + 1S - B. )

r

with respect to the site index;) 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. Itis thus natural to consider first the sit-
uation with isotropic interactions alone, and then the effects

f a weaker magnetic anisotropy. In the traditional approach
he 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 notgrasped by this approach, and more sophisticated tech-
nigues 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
properties by itself is not of concern here).

This work focuses on [Z 2] and [3x 3] grid molecules

and antiferromagnetic molecular wheels. Grid and ring
molecules have a great deal in common. Both systems exhibit
very high molecular symmetry. Accordingly, the number of
free parameters in the microscopic Hamiltonian is consid-
erably reduced. Even if the assumed high symmetry is only
approximately realized in the actual molecule, the variation
in the parameters due to the deviation from perfect sym-
metry is small and difficult to resolve in experiment. Thus

these systems are generally described to a very high degree

of accuracy by the simplest model Hamiltonian consistent

. . with their structure and the maximal symmetry. For instance,
spin (at least as long as only low-temperature properties are,, . ; . " .

; i . their symmetrical, planar structure dictates uniaxial magnetic
concerned) and to disregard the underlying many-spin nature

anisotropies (with the anisotropy axis, denoted ag #es,
perpendicular to the plane of the molecules). In other words,

they are excellent model systems to play the above game.

Grid and ring molecules are also related from another per-
spective. The distinction between ax22] grid and a tetra-
nuclear ring, or a square, is obviously semantic. This actually
leads to some ambiguity in the classification of tetra-nuclear
molecules as [X 2] grids, rings, or squase- a point which

Despite its success, such an approach obviously does noshall not be considered here. For{3] grids the situation

unravel, for example, why Mn12 exhibitsS&= 10 ground
state. Any attempt to understand Mnl12, or MNMs in
general, from a fundamental point of view thus starts with
Hamiltonian (1).

At this point some general questions are perfectly obvi-
ous: (i) what kind of magnetic phenomena may arise from
Hamiltonian (1), (ii) under what conditions do they arise,

is subtler. For instance, the so-called MnX{3] grid was
shown to be best described as an octanuclear ring with an
additional ion “doped” into its center. With this analogy and

the results on the molecular wheels at hand, the magnetism

of this difficult system can be successfully elucidated.
The aim of this work is two-fold. On the one hand, it aims
at reviewing the magnetic phenomena provided by the grid
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molecules, demonstrating the broad range of possible effects (a) NH Z
realized in such, conceptually simple, model systems. The \2 N ~
isotropic coupling situation encountered in grids has been = N7 N~ TOH
reviewed extensivelj11] and is not of much concern here. | =N OH

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-[X 3] grid as a particular example.

In the next section the magnetism of thex2] 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 x 3] grid molecules, with emphasis on the Mn%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 tin{ 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 applicatiofid,12]

Fig. 1. (a) The ligand 6POAP and (b) structural representation of the Cu(ll)-
[2 x 2] grid [Cu(6POAP-HY]** (1) (40% probability thermal ellipsoids, H

itted).
2. Magnetic phenomena in [2 x 2] grids atoms omitted)

Many complexes with a planar, square matrix-like ar- parameteD, and the twog factorsg,, andg,. The param-

rangement of four paramagnetic metal centers, such as CU(”)etenzatlong =./(2¢2 + g2)/3 andAg = g, — gy will be
Ni(ll), Co(ll), Fe(ll), or Mn(ll), have been synthesized so also used Y ’

far [11-13] As indicated in the introduction, classification The exchange coupling is generally observed to be anti-

as [2x 2] grids, tetranuclear rings, or squares is not always ferromagnetic/ <0 [11,13} feromagnetic exchangé> O,
obvious, but as a common feature one may demand a (ap Pwvas found in Cu(ll)-[2x 2] grids, and a Ni(ll) grid. An ex-

proximate) molecular £or C, symmetry axis. For simplic- ample of a Cu(ll)-[2x 2] grid with intramolecular ferromag-

ity these complexes will be referred to indifferently asq2] neti ;
. . : etic exchange is the complex [g6POAP-H}](ClO4)4 (1),
grids henceforth. Magnetic studies have shown a remarkabIeFig_ 1, which exhibits approximate Ssymmetry[14]. The

variety in their magnetic properties, which will be reviewed

in this paragraph. variation of the effective moment = ,/3kBXT/NAM% asa
In view of their symmetry, the magnetism of {22] grids function of temperature shows an increase in moment with
is excellently described by the spin Hamiltonian decreasing temperature from 3.8 at room temperature to

a maximum of 4.7ug at 5K (Fig. 2), which is typical for a

- 4 square of spin-1/2 centers with ferromagnetic exchakge (

H=-J (Z Si-Siva+ 384 Sl) + DZ 87 is the Boltzmann and/a the Avogadro constant). The data
i=1 could be reproduced with E¢B) yielding g =2.060(7), and

+Mngy(SxBx + SyBy) + uBg:S; B., (3) J=27(1)K §;=1/2,D= Ag=0). In the fit, the presence of a

small amount of impurity, weak intermolecular interactions,

which is obtained as an adaptation of Hamiltonian (1) to the and temperature independent paramagnetism was addition-
situation of the [2x< 2] grids, with the total spin operator ally allowed for. The ferromagnetic exchange in this com-
S = 3.8, (here and in the following, constant terms such as pound, and several others lik¢i6,16], could be rationalized

DY .[- S,(§, "11)/31 areAsuppressed) A diagonal exchange by their particular structure. The square—pyramidal coordina-
term—J>(S1 - S3+ S2 - S4) can be neglected as the ¥2] tion spheres of the Cu(ll) centers leadite_,. ground states
grids lack corresponding ligand bridges. Accordingly, four with the orbital lobes directed along the short bonds, defining
magnetic parameters are sufficient to describe the magneticequatorial planes which lie perpendicular to the grid consis-
properties: the coupling constantthe zero-field splitting tent with the (approximate)ssymmetry of the cluster. The
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4.8 structural correlations. One may thus speak here of magneto-

46 ] ; electronic correlations. The magnetism of both compléxes

' and3 were investigated in detail by magnetization and high-
= 44 field torque magnetometry on single crys{a]. Employing
= a novel data analysis scheme, this allowed a precise determi-
E 421 nation of all the parameters in E(), yieldingJ=0.9(1) K,
= 40 D=-27()K for2, andJ/=0.9(1)K,D=—-2.0(1)K for 3
[in both clusterss; =1,¢g=2.2(1),Ag=0.01(1)]. As the ge-
381 ometry of the Ni coordination spheres are essentially identi-
3.6 e cal, variations irD should be ascribed to different electronic
0 50 100 150 200 250 300 350 environments of the Ni centers. The observed variation can
Temp (K) be rationalized by the different donor capabilities of oxygen

_ and sulfur. Surprisingly, the coupling constants are identical
Fig. 2. Temperature dependence of the effective magnetic moment for \yithin experimental error for both complexes, although the

the Cu(ll)-[2x 2] grid [Cu(6POAP-H)](ClO4)4 (1). The solid line rep- .. . :
resents a fit to the data using Hamiltonian (3), yielding 2.060(7), oxygen/sulfur atoms are expected to participate in the ex

J=27(1)K (D= Ag=0). Impurities,p=4x 105, intermolecular interac-  change. Obviously, the ferromagnetic couplin@iand3 is
tions, 0=—0.4K, and TIP =232 10-6 emu/mol were additionally taken  the result of a subtle balance of various exchange contribu-
into account. Adapted from Re{fl4]. tions, which is not easily reconciled.

A broad class of [ 2] grids exhibiting excep-
exchange through the alkoxide bridges occurs along shorttional magnetic properties is based on the ligand system
equatorial and long axial contacts, resulting in orthogonal L = bis(bipyridyl)pyrimidine §ig. 4). It coordinates with
magnetic orbitals and hence the ferromagnetic behavior.  various divalent metal ions into WL 4 grid structures with

Another interesting situation is encountered in the Ni(ll) approximate By symmetry, and may be derivatized by
grid complex [NfLE]-4CH,Cl, (2) with L® = CsH4N-CON- various end-groups at the three positions Rz, and R.
CN4-CoHs5 (Fig. 3) [17]. This compound crystallizes in  This enables a wide variety of physical properties, which
the tetragonal space group l4(1)/a, and the cluster thuscan be tuned by the choice of the substituents at these
exhibits crystallographically imposed; Symmetry. Mag- positions. From the magnetic perspective, the end-group R
netic studies on powder samples furthermore revealed ais expected to be of particular relevance as it modifies the
sizeable ferromagnetic coupling of the four Ni(ll) metal bridging pyrimidine group, which mediates the exchange
centers within a molecule. Most interestingly, a second interaction between neighboring metal centers. As a further
species, [I\ﬁL§]-4CH2CI2 (3) with L¢=CsH4N-CSN-CNs- interesting aspect of this class of$2] grids, the mononu-
CoHs, could also be synthesized, in which the ligand differs clear analogues [Mterpyridine}]?* are available, which
by only one atom; the oxygen irlis replaced by a sulfur.  exhibit metal coordination spheres very close to that in the
These two Nj squares are not only isostructural, but their [2 x 2] grids. A study on these complexes allows one to gain
magnetically relevant geometrical dimensions differ by less independent insight on the magnetic anisotropy, whereby
than 3.5%. This leads to a novel situation: differences in the providing an unusual view on the exchange situation in the
magnetic properties originate predominantly from the differ- corresponding ML 4 grid structure$19].
ences in the electronic properties of oxygen and sulfur, and The magnetism of the grid [M{4a)s](PFe)s (5) was
not from structural differences as investigated in magneto- studied in detail by means of magnetization measurements

(a) ligands (b) NisL% (2) (c) Ni 4L’ (3)
NN
I
/ N
L°=
(e}
I )
Z N
L°=
S

Fig. 3. (a) Sketch of the ligandsPLand LS, and structural representation of the Ni(ll) squares (b)IN] (2) and (c) [NisLg®] (3) viewed along the
crystallographic $axis (H atoms omitted). Adapted from REE8].
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6 o Blz  m,
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Fig. 5. Temperature dependence of the magnetic moment of single crys-
tals of the Ni(ll)-[2x 2] grid complex [Nk(4a)4](PFs)s (5) with a magnetic

field of 5.5 T parallel to the axis (open diamonds) and to theplane (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 concentratjgrwith parameters given

in the panel. Adapted from RdR0].

gested the presence of a pronounced magnetic anisotropy
at low temperaturefd 9]. Subsequently recorded magnetiza-
tion curves on single crystals 6fat low temperatures unrav-
eled a remarkable magnetic behai@t]. The magnetiza-
tion curves at 1.9 K, recorded at three mutual perpendicular
orientations of the magnetic field, exhibit two characteristic
featuresFig. 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-
Fig. 4. (a) Bis(bipyridyl)-pyrimidine ligand and (b) crystal structure of the tiferromagnetic cluster22]. (ii) The magnetic moments for
Co(Il)-[2 x 2] grid [Cos(4a)4]®* (6) (H atoms are omitted). 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
on both powder and single-crystal sampl26]. The tem-  misalignments of the crystal with respect to the magnetic
perature dependent data recorded at several magnetic fieldield.
strengths with orientations perpendicular and parallel to  The magnetism of high-spin Co(ll) centes £ 3/2), as in
the plane of the molecule could be well reproduced with the grid complex, is notoriously difficult to describe because
Hamiltonian (3) §; = 1), but small, significant deviations re-  of orbital contributiong23]. However, a careful analysis of
mained. Further spin terms such as next nearest-neighbothe magnetism of the mononuclear compodnas well as
exchange, anisotropic exchange, antisymmetric exchangegeneral theoretical considerations showed that Hamiltonian
and biquadratic exchange were accordingly considered in(3) provides an appropriate description of the situation in
the analysis in addition to the terms present in Hamilto- 6. Hamiltonian (3) indeed reproduces the above two char-
nian (3). Unambiguous evidence for a biquadratic exchange, acteristics for|J| <« |D| andJ, D<0 (Fig. 6b). This range
which adds a termy’S" % (S - §i+1)2 to Hamiltonian (3), of parameter values was also inferred from the experimental
was obtained in this way with best-fit parametérs—8.4 K, findings on both the grid and the terpyridine complex, yield-
J'=0.51K,D=-7.9K,g,=2.10,ang,, = 2.02 Fig. 5. The ing J~ —1.5K andD values on the order of several tens of
complexs is a rare example of a system, where biquadratic Kelvins.
exchange could be convincingly demonstrated by (careful)  The magnetization curves observed in the Co(ll)}[2]

magnetization studies. grid 6 were explained by a perturbational analysis of Hamil-
Initial studies of the powder magnetic susceptibility tonian (3). Atlow temperaturesg7 < |D|, only the lowest-
as function of temperature for the Co(ll)-22] grid lying Co(ll) Kramers duplets are populated, and effective

[Coy4(4a)4](PFs)s (6) revealed a sizeable intra-molecular SpinssS;=1/2 were introduced to describe them. The result
antiferromagnetic exchange interaction, and results on theof first-order perturbation theory is most easily obtained by
mononuclear analogue [Co(terpyridipPFgs)2 (7) sug- the substitutiors; , = (g;/ga)zsl{a for eacha =x, y, z [23].
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related to the second-order termAf. 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 sinée= 9J.

In fact, the magnetization step was well resolved already at
a measurement temperature of 1.9K only because of this
(/"~ —13.5K). 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 o< |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 fiddg

The similarity with the two characteristic features observed
in the grid6 is apparent. Furthermore, metamagnetism ap-
pears in extended antiferromagnets wip< B, (Ba o< | D|

is the anisotropy field), mirroring the finding| <« |D]. In

fact, Hamiltonian (3) is the finite-size version of a spin Hamil-
tonian frequently used to discuss metamagnetism at the mi-
croscopic leve]25]. In the Co(ll)-[2x 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
Fig. 6. (a) Field dependence of the magnetic moment of a single cry_stal of inthis sense one may speak of a single-molecule metamagnet.
the Co(ll)-[2x 2] grid complex [Ca(4a)4)(PFe)s (6) at 1.9K for magnetic The susceptibility and magnetization curves for the “bro-

fields along the main axes. The inset displays the magnetization curve of . = B : " .
a powder sample 0. (b) Field dependence of the magnetic moment as mide” and “unsubstituted” Co(ll)-grids [Go4b)4](PFe)s (8)

calculated with Hamiltonian (3) faf=—1.8K, D=—20K, andg=2.3 at and [Caqy(4¢)4](PFe)s (9), respectively, were found to be very
1.9K for fields in thez direction and they plane. The dashed line and the  similar to those of the “methyl” grié (Fig. 7) [21]. Interest-

inset show the averaged magnetic moment corresponding to powdersamplesing|y, both the maximum in the susceptibility and the field
Adapted from Ref{21]. position of the magnetization step increase in the series of the
grids 6, 8, and9. Since both characteristics are proportion-
ally related to the coupling constaiit this unambiguously
evidences a 50% increase/ofThe variation is not dramatic,
but demonstrates the great potential inherent in these systems
of a controlled tuning of the magnetic interactions.
3. o A Bis(bipyridyl)-pyrimidine based Fe(Il)-[% 2] grids dis-

H=-J (Z S Sz + Sé;,ZS/LZ> + uBg.S.B; played another interesting magnetic behavior, which shall be

i=1 reported here in view of its importance, although it is some-

Since D <0, the low-lying Kramers duplets consist of the
states with magnetic quantum numbers=+3/2, and the
effective g factors become, =0 and g =3g;. Including
second-order contributions, the effective spin Hamiltonian

1, 5, ) what beyond tne co_ntext ofthis article as itis net covered by a
- EXO(BX + BY) (4) pure spin Hamiltonian such as (). Incorporation of Fe(ll)
in molecular complexes is interesting as this ion may undergo
is obtained, wherd’ = (g;/gZ)ZJ =9Jandyy = SMBgﬁy/ spin transitions (ST) from a low-spits;(= 0) to a high-spin
(4| D)). At low temperatures, the system thus effectively ex- (S;=2) state, which often is hysteretic providing multistabil-
hibits pure Ising-type interactions. Also, the Zeeman term ity at the molecular level. In the complex [{dd)4](ClO4)s
is then operative only for fields in thedirection, which in (10), ST phenomena were indeed obserj28]. 'H NMR,
conjunction with the Ising interaction produces a level cross- magnetic susceptibility, artiFe Mossbauer studie§ig. 8)
ing, i.e., a magnetization step in this field direction. Mag- demonstrated a gradual multistep ST between three magnetic
netic fields in the plane of the grid, in contrast, are operative states with (i) three Fe(ll) ions in the high-spin (HS) state and
only through the second—orderterni/Z%(Bﬁ + B§) corre- one in the low-spin (LS) state, (ii) two HS and two LS ions,
sponding to magnetic moments, which increase linearly with and (iii) one HS and three LS ions. The transition between
field (sincem, = —9(H) /0B, at T=0). Thus, at low tem-  these states could be triggered by the external perturbations
peratures, the [Z 2] grid 6 behaves like a cluster with pure  temperature, pressure, and light (light-induced excited spin
Ising-type interactions. state trapping, LIESST, is shownkig. 8). Extensive inves-
Some further points were noted. The linear increase for tigations on a number of Fe(ll)-[R 2] grids with modified
fields in thexy plane of the grid was found to be directly ligands showed that the ST behavior is tunable over a broad
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(a) 0.6
051 —o—[Co,(4a),] (6)
’ —o—[Co,(4b),] (8)
0.44 8 —— [004(4':)4] (9)

0.34 &

¥ (emu/mol)

0.2

0.14

Fig. 7. (a) Magnetic susceptibility vs. temperature and (b) magnetic moment
vs. field at 1.9 K for powder samples of the Co(ll)%22] grids6, 8, and9.
Adapted from Ref[21].
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Fig. 8.5"Fe Mbssbauer spectra for the Fe(ll):2] grid complex
[Fes(4d)4](ClO4)s (10) showing the increase of the low-spin fraction to-
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range by the choice of the end-group at thepRsition, and
to a lesser extend of those at the peripH@i]. Apparently,
the Fe(ll)-[2x 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 wheeliff®CHs)20(O2
CCHyCl)10], now generally called Fe10, has become the pro-
totype for this class of compound28,29], but some oc-
tanuclear wheels were previously knoj@®—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 h¢d&)-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 strongi@e infra), and it turned
out that they do not behave like 1D AF chains at all —a point
which will be picked up again in SectidnIn the current sec-
tion, the picture of the excitations in AF wheels as it emerged
in recent years shall be presented briefly.

Alarge number of different experiments demonstrated that
the magnetic properties of the AF wheels are excellently de-
scribed by the minimal spin Hamiltonian

N-1
H=-J (Z Si'3i+1+31v~.§1>

N

+D> 87,

i=1
®)

whereN is the number of spin centers wish=s for all cen-
ters, ang; = 2.0. Only four parameters enter Hamiltonian (5):
J, D, N, ands. Accordingly, molecular wheels are particularly
suited for the kind of physical considerations envisaged in
the introduction. In the AF wheels realized so far, the mag-
netic anisotropy is small and its effects are disregarded in
this section D =0), which focuses on the energy spectrum
and spin dynamics due to the AF Heisenberg interactions.
The corresponding model of an AF Heisenberg ring (AFHR)
is specified entirely by the two parametafands (|J| only
sets the energy scale). Only the zero-field situation will be
discussed in the following (once the zero-field energy spec-
trum is known, the effects of a magnetic field are simple to
consider{29,37,38).

The levels of the AFHR may be classified BSyand

wards lower temperatures. The lowest panel shows the 4.2K spectra asM' the Spin quantum numbers belonglng to the total spin

recorded after irradiation with=514 nm light (LIESST effect). Reproduced
with permission of the copyright holders from REZ6].

operator § = 5°,8;. The total net magnetic moment is
zero in the ground state, correspondingSte 0. The first
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(a) g Quasicontinuum were summed up in the so-called quasi-continuum (they are
actually of little relevance at temperatures: |J|). This par-
ticular structure of the energy spectrum is mirrored by a sur-
prisingly simple structure of the spin—spin-correlation func-
5 = tions. Analysis of the spin-correlation functions (SCFs) is of
AR / high interest because, visualizing directly the spin dynam-
&5 >4 ics, they provide the best view on the elementary excitations
in spin systems. Moreover, they are of direct relevance for
o=t L band experimental techniques such as inelastic neutron scattering
; : , , (INS), nuclear magnetic resonance, or electron paramagnetic
3 = resonance. Two different types of excitations were immedi-
ately identified from the SCHH{g. 9%). At higher frequen-
cies, weakly temperature dependent excitations appear (ex-
citations B and B in Fig. 9), 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-
L : tually already given more than 50 years ago by Anderson
L fa in his AF spin-wave theory44,45]. In the ground state all
U 3 3 15e the single-ion spins are aligned antiferromagnetically and the
4] spin configuration may be depicted classically by alternating
anti-parallel spins. Starting from this ground state configu-
Fig. 9. Energy spectrum and spin-autocorrelation function of an octanu- ration, two kinds of excitations are possible. One obvious

clear spin-3/2 antiferromagnetic Heisenberg ring. (a) Energy spectrum vs. P T : _
total spin quantum numbét The coupling constant was sette —16.9K excitation would be to “flip” one of the spins, or more pre

as appropriate for the molecular wheel C18) Arrows indicate observed _CiseIYa to change its magnetic quantum numbﬁby one Un_ita
transitions and their labeling. (b) Normalized spin-pair-autocorrelation func- 1.€., fromm; = +stom; = +(s — 1) (for a spin withs > 1/2 this

tion S5(7; w). Only that part of the spectrum with nonzero peak amplitudes  actually corresponds more to a canting of the spin than to a
is shown. Peaks were labeled as in panel (). Adapted from{4%f. flip). However, such spin-flip states are not eigenstates of the
Heisenberg Hamiltonian, and these excitations accordingly
can “hop” along the ring from one site to the next. Eigen-
phenomenological insight into the structure of the higher ly- fynctions can be constructed by appropriate linear combi-
ing spectrum came from the observation of steps in magneti- nations of spin-flip states resulting in delocalized, wave-like

|
1
I

E (meV)
i

0.5

zationandtorque curves atvery low temperat{@8s39-42]  excitations — the celebrated spin waves. However, the energy
Their analysis showed that the lowest states are those withrequired for a “flip” is on the order of |2 as one has to
minimal energy for each value of the total SR 0, 1, 2, preak up two AF bonds. In finite AF Heisenberg spin sys-

...;and the energies were found to follow closely the Land  tems there is a second, energetically lower lying, excitation.
rule E(S) «cS(S+1). In view of the analogy of such an en-  The orientation of the classical ground-state spin configura-
ergy level pattern with the spectrum of a rigid rotator, which tjon in space is not fixed, allowing for a coherent rotation
would be described by the Hamiltonidh = 3‘2/21 (Tis the of all the spins. Quantum mechanically, this rotational de-
moment of inertia), the notion of a rotational mode was intro- gree of freedom corresponds to that of a rigid rotator, and the
duced for such a set of spin lev§f]. This band of statesis  eigenstates thus belong$a0, 1, 2,.... As the underlying
also famously known as the “tower of states” in the context coherent motion of the spins may be equivalently described
of extended AF Heisenberg lattice$4—46] A subsequent by one single vector, the &l vector, this excitation mode
numerical study provided a comprehensive picture of the ex- was named quantized rotation of théél vector. The associ-
citations in AFHRS[47], which is presented here with the ation of these excitations with the structure seen in the energy

example of an octanuclear AFHR of spin-3/2 centéfs 8, spectrum and the SCFig. 9) is obvious: The L band and the
s=3/2). related low-frequency peaks in the SCF exactly correspond

The low-lying energies were found to exhibitaremarkable to the quantized rotation of theé@dl vector; the E band and
structure when plotted as function of the total sp{fig. 9a). the related SCF peaks correspond to spin waves.

Several parallel rotational bands were identified. The lowest  The numerical studies and the spin-wave theory produced
band, the L band, which starts from tlie 0 ground state,  a detailed list of properties of the excitations which were
consists exactly of those states which in the presence of asubjected to experimental test by INS measurements on the
magnetic field would produce the magnetization/torque stepschromic wheel [CgFg{ O,CC(CHs)3}16]-0.25GH14 (12), or

at low temperatures. The next higher lying rotational bands Cr8 in short[48]. The INS data were successfully fitted to
were denoted collectively as E band. The remaining statesHamiltonian (5) with/=—-16.9K andD =—-0.44K (s=3/2,
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H=Hyg

Ferric Wheels

Haldane
dichotomy

10 N

Fig. 11. Graphical overview of the properties of the antiferromagnetic
Heisenberg ring (AFHR) in the parameter space spanned by the spinfength
and the ring siz&/. The gray shading indicates the area where the spin struc-

1 Néel vector 1

ture of the AFHR is essentially classical and well described by the spin-wave

spin waves
12 rotation . " / theory and/or the effective spin Hamiltonian (6).
R, 'J’\ R ¢ \
. 104 . ‘," 1 # ',-' : ’,-' . . . J
3 ,;J:T;‘ Lé J MR gives rise to a diagram as shownfig. 11, where the gray
% 8 T”-j‘ ""‘:2***“’? #ﬁ% ) 2K area indicates weak quantum fluctuations. Obviously, for the
2 6 il © 7 8K small molecular wheels quantum fluctuations are weak and a
8 4] 12K (semi)classical theory, such as spin-wave theory, is expected
= . B towork, as demonstrated above. Thus, and thisis animportant
i’ " insight, the spin structure due to the Heisenberg interactions
01 ; 2 is essentially classical in molecular wheels.
01 2 3 4 5 6 7 8 9

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 spiSa = ) ;.5 Si and those on the
sublatticeB to Sg = 3, . S:, and then to coupl8 andSg
to yield the total spir§ = Sa + Sg (the corresponding wave
functions would be written deaapSaSg SM), wherexa and
ap abbreviate intermediate quantum numbers). For the low-
est states one expects maximally polarized sublattices, corre-
sponding t&a = Sg = Ns/2. If quantum fluctuations are negli-

E (meV)

Fig. 10. (a) Structural representation of the Cr8 wheelglg{O,
CC(CHg)s}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 ifrig. 10for various temperatures. The similarity gible, then the spin functiona/s/2,Ns/2,SM) constructed this
with the theoretical result for the SCHg. %, is apparent. way for eachs=0, 1, 2,... are essentially the exact eigen-
Careful analysis of the INS data allowed one to demonStratefunctions of the L band. As a result, as long as one is con-
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-

er:}zgsn?rgsvg;\e/:;(pligrrzetnrlezfatt)isc:anr\(/)?? I,O W?/zt(gg?%:zgaaetfns but quantum fluctuations tend to enhance the valug (€.9.,
P - Tere, hed\ for N=8 ands = 3/2, a1 = 0.5586).

unobservable because of its slow dynamics, which undercuts Importantly, this procedure could be used also to derive an

any experimental time scale, i.e., because okalbbrdered . o ) . .
. effective Hamiltonian, which describes the lowest lying states
ground state. In finite systems such as the molecular wheels, : . Lo . . .
> : N of the microscopic Hamiltonian (5), including anisotropy and
in contrast, the lowest lying excitations correspond to the g . Lo
, . X magnetic field50]. The effective Hamiltonian

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-

cerned only with the states of the L band, one can replace the
Heisenberg Hamiltoniar J (3~ S; - Siy1 + Sy - S1) by the
effective spin Hamiltoniar-a1JSa - Sg (the similarity with

the Hamiltonian of a rigid rotator should be noted). This is
an enormous simplification. In the classical linait,= 4/N,

H=—a1JSx S +b1D(S3 . + 53.) + 1egS- B (6)

was obtained, withSa =Sg=Ns/2. The two parameters
were calculated in the classical limit ag =4/N and

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 length(for the infinite
s=1/2 chain, quantum fluctuations are strong@st]. This

b1=(2s — 1)/(Ns — 1), but both are modified as quantum fluc-
tuations become stronger (i.e., the larger the ring size and the
smaller the spins become). Comparison of results calculated
numerically for the microscopic Hamiltonian (5) and the ef-
fective Hamiltonian (6) showed excellent agreemfgti].
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Hamiltonian (6) is thus a very versatile tool for the analy- (a) R
sis of, e.g., the low-temperature magnetization curves of AF
molecular wheels. R i i

The picture of the elementary excitations in AF molecular x/\()%N X N = Nék(%x
wheels has undergone a drastic change in recent years, even- ||
tually emerging as the picture outlined in this section. This I\7N oH o N\)
may be demonstrated also with the following example. The 13a 2POAP, X = CH, R' = NH,, R = H
magnetization steps were frequently explained gualitatively 13b CI2POAP X = dH R = Nll-ig R=Cl
by arguing that starting from the ground state (with0), the 13c m2POAP,’ X = CH,1 R = NHE: R = OMe
strong applied magnetic field first flips one spin at the first 13d S2POAP, X = CH, R' = NH,, R = SNH,"
level crossing (leading to &= 1 state), then a second spin, 13e 2POAPZ, X =N, R' = NH,, R = H
and so on. However, spin configurations with one flipped spin 13f CI2POAPZ, X =N, R' = NH,, R = Cl

correspond to spin waves, but these are too high in energy as 139 2POMP, X =CH, R'=Me, R=H
shown before and thus not responsible for the magnetization 13h 2POPP, X =CH, R'=Ph, R=H
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 x 3] grids

So far only few [3x 3] grids incorporating magnetic metal
ions have been synthesized. They all are based on the lig-
and 2POAP 13a) and derivatives of itFig. 12a). [3x 3]
grids were obtained with the metal ions Mn(ll), Fe(lll),
Co(ll), Ni(ll), and Cu(ll) [51-57] In the [3x 3] grid struc-
tures, nine metal ions are bridged by six 2POAP ligands
so as to form the characteristicx33 square-matrix-like ar-
rangement of the metal centemSid. 12b). The molecules
generally exhibit (approximate) 43 symmetry with the $
symmetry axis perpendicular to the grid plane, which cor-
responds to the uniaxial magnetic axisIn this section
the magnetism of the first two synthesized magnetie B Fig. 12. (a) Sketch of the ligand 2POAP, and (b) structural representation of
gridS, [Clg(13a'H)6](NO3)129HZO (14) and [Mrb(13a- the Mn(11)-[3 x 3] grid [Mng(13a-2H)e]6+ (15). H atoms are omitted.
2H)6](ClO4)6-3.75CHCN-11H,0 (15) [51,52], is reviewed
with emphasis on the Mn(Il)-[% 3] grid. The situation for ~ spectrum and the combined effect Bf: and Dre is well
the other synthesized magnetic{3] grids is covered only  described by one paramet@g.

briefly. For the Cu(ll)-[3x 3] grid 14, interesting aspects emerged
For an idealized [X 3] structure, the microscopic Hamil-  concerning the exchange coupling situation and the origin of
tonian (1) results in the spin Hamiltonian magnetic anisotropjs8]. The magnetic susceptibility as a
; function of temperature demonstrated the simultaneous pres-
H=_y 5.5 So- S ) — IS0+ Su+ § ence of both antiferromagnetic and ferromagnetic couplings
R <§ i1 Sir1t 38 1) c(S2+ Sa+ Ss in the grid €ig. 13. The data fit well to Hamiltonian (7) with

Jr=0.75K,Jc=—-35K,g=2.3(5;=1/2,Dr=Dc=0). The
oA 8 ~2 a2 A magnetization curve at low temperatures indicatet=a/2
+Sg) - So + Dr Z Si.+ DcSs .+ negS- B, (7) ground state. The spin structure in the ground state may thus
i=1 be rationalized by having all the spins on the periphery point-
which generally describes the magnetism of«[3] grids ing up and the central spin pointing down. The observation of
well (for the numbering of the spin centers deig. 12b). antiferromagnetic couplingsto the central Cuion was noted to
Jr characterizes the nearest-neighbor couplings within the be inconsistent with & . magnetic orbital of this ion inferred
eight peripheral metal ions, and those involving the cen-  from the crystal structure. A fluxonial state of the central Cu
tral metal ion.Dr and D¢ are the anisotropy constants of ion was suggeste$1,54,58]
the peripheral and central metal ions, respectively. Dhg The limit |Jr| <« |Jc| allowed a perturbational rationale
symmetry would allow in principle for different anisotropies, of the energy spectrum. Fdg =0, the Cu grid decomposes
Drc andDge, Of the corner and edge ions, respectively. This into a pentanuclear “star” with antiferromagnetic couplings
difference, however, has little effect on the low-lying energy (consisting of the centers 2, 4, 6, 8, and 9), and four “free”
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Fig. 15. Torque vs. magnetic field of a single crystal of the Mn(l1)<[3]

Fig. 13. Temperature dependence of the effective magnetic moment of agrid [Mng(13a-2H)s](ClO4)s-3.75CHCN-11H,0 (15) at low-temperature.

powder sample of the Cu(ll)-[8 3] grid [Cug(13a-H)e](NOs)12-9H,0 (14). The peak at<2 T stems from the zero-field splitting of ti$e= 5/2 ground

Adapted from Ref[58]. state. At higher fields, the torque curve exhibits unprecedented quantum
magneto-oscillations. Adapted from RES0].

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 exchatigéFig. 14.

In particular, the lowest energy level is split into fdisr 1/2,

exchange. Such a study revealed an anisotropy of the antifer-

romagnetic exchange couplings in the Cu(Il){3] grid.

six § =3/2, four§ =5/2, and thes = 7/2 ground state level. Employing a nov_el experlr_nental scheme, thermodynamlc
spectroscopy, which exploited the fact that in strong mag-

High-field torque measurements at low temperatures netic fields only theS=7/2 level is populated at low tem-

demonstrated the presence of significant magnetic anisotropy . . .
in the Cu(Il)-[3x 3] grid 14 [58]. The investigation of mag- peraturesKig. 14), the exchange anisotropy was quantified

) . : : asDex=0.11(3) K, in reasonable agreement with the theo-
netic anisotropy in exchange-coupled clusters of spin-1/2 "~ ! 5 _
. ) . : . retical expectatioMeyx~ (Aglg)” Jc =0.13K (Ag=g; — gxy
ions, such as Cu(ll), is very interesting as these ions do ) . -
L ) ; . L ' was determined experimentally to hg = —0.14). A further
not exhibit a single-ion zero-field splitting [i.e., the term . . .
. o result of the torque studies, which shall only be mentioned
> S;- D; - S; in Hamiltonian (1), or theDgr- and Dc-term :
: oL here, was to demonstrate the importance of usually neglected
in Hamiltonian (7), produce no effect and can be set to zero].

Therefore, in spin-1/2 clusters the zero-field splitting of spin higher-order term{58]. : : .
. ! . . : ; In the Mn(Il)-[3 x 3] grid 15, antiferromagnetic exchange
levels is due to anisotropic exchange and dipole—dipole inter-

. . . . couplings on the order of a few Kelvins and & 5/2 ground
actions only (antisymmetric exchange can be usually disre- state were inferred from magnetic susceptibility and magne-
garded). The effect of dipole—dipole interactions can be calcu- g P y 9

X : . tization curveg59]. High-field torque measurements at low
lated reasonably well. Anisotropy studies on spin-1/2 clusters - !
i . S - ; .~ temperaturesi{(=1.75 K) demonstrated an unusual field de-
thus provide exceptional insight into the origin of anisotropic

pendence of the magnetic anisotropy of the cluster: as a func-
tion of field, the anisotropy changes its sign at a critical field

90:‘ - of ~7.5 T, from easy- to hard-axis type. Subsequent more de-
Sp=5/2 8p=2 Soo tailed measurements, at much lower temperatre$X4 K),
< \\\ revealed spectacular quantum magneto-oscillations in the
= E— S field dependence of the torque signkig. 15 [60]. This
L N novel effect was investigated in further detail, in particular
SN, its dependence on the angle of the applied magnetic field,
p and a theoretical model was devised which described the data
0- Su32 SA=2"~-.. IO.G [ — 0;45 K excellently Fig. 16. This model and the underlying physics

will be the following subject of interest.
The analysis of magnetic data for a Mn(I1)-(33] grid is

Je non-trivial because of the huge Hilbert space. For a cluster of
nine spin-5/2 centers it consists of 10,077,696 states. Even in
Fig. 14. Schematic drawing of the energy spectrum of the Cu(IY-83grid the simplest case of retaining only isotropic exchange termsin
14. The dominating couplindc leads to the level pattern ofa pentanyclear the spin Hamiltonian, and exp]oiting all Symmetries inthe re-
“star (given labels correspond to the coupling scheéfne= > ., ;665" duction of the Hamilton matrix (spin rotational and spatial D

Sag = Sa + So). These spin levels are further split by the weaker couplings symmetry), the Iargest matrix remains of dimension 22,210.
Jrresulting in & = 7/2 ground state, which exhibits a zero-field splitting due . . . .

to anisotropic exchange and dipole—dipole interactions. In a strong magneticAccordmgly’ an accurat_e _d_etermlnatlon of the coupling _Con'
field, theM = +7/2 state becomes well separated and is exclusively thermally Stants from the susceptibility data has not yet been achieved.

populated at low temperatures. However, it was noted that the magnetic susceptibility can be
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Fig. 16. (a) Experimental and (b) calculated torque curves as functions of
the magnetic field of a Mn(I1)-[X 3] single crystal {5) at 0.4 K for various
orientations of the magnetic field. The angles between the field and the grid
plane were (1) 238 (2) 4.7, (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 cf.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] 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(Il)-[3 3] grid with a doped
ring was further supported by the analysis of inelastic
neutron scattering measurements and extensive numeric
work [61,62] The INS measurements were performed on
a non-deuterated powder sample of the complexd(¥3a-
2H)](NO3)s-H2O (16), which is a close analogue of
the Mn(I)-[3 x 3] grid 15. Excellent data was obtained
(Fig. 17 and with a sophisticated analysis the coupling and
anisotropy constants were estimated ta/Re Jc=—5.0K
and Dr =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 Rg1],
see[10]). The INS transitions at high energies evidenced a
small but significant deviation of the exchange-coupling situ-
ation from ideaD,q 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 calculatd], and is presented Rig. 18
as function of the total spifi. The similarity of the energy
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Fig. 17. Inelastic neutron scattering intensity vs. energy transfer for a powder
sample of the Mn(ll)-[3x 3] grid 16 at 1.5K with two different incident
neutron energies. Peaks |, 8, g, andy correspond to transitions within
the $=5/2 ground state multiplet and from tl§e=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 the 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
alsointhe Mn(Il)-[3x 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=a5/2
state.

Asinthe case of an AFHR, only the states of the L band are
of relevance for the field dependent low-temperature proper-

afies. Accordingly, the recipe used for the AFHR to construct

quasi continuum =

E band

E (meV)

L band

2 a2 5 S 72 92 112

Fig. 18. Low-lying energy spectrum for the Mn(l1)-f33] 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(ll)-[% 3] grid. This led to
the effective Hamiltonian

H = —jRSA . S‘B — J(;SB . Sg + DR(SﬁZ + Séz)

+DcS5. + usgS - B, (8)

where Jr=0.526 Jg and Dgr=0.197 Dg for the Mn(ll)- 1
[3 x 3] grid [60,62] The corner and edge spins were coupled S=52 72
such as to yield the sublattice spifig = > ;_; 35 75: and 0
Se =Y i_24685i respectively, withSa =Sg=10. A de-

tailed comparison with numerical results for the microscopic (b) 20
Hamiltonian (7) demonstrated that the effective Hamiltonian

(8) works remarkably well for a wide range £f/|Jr| values 154
[62]. Jc in fact may assume any valuéz(is of course lim-
ited toJr <0). The good performance of Hamiltonian (8) is

torque (a.u.)

also underpinned by the good agreement of the observed and 101
calculated quantum magneto-oscillations showfim 16

Apparently, Hamiltonian (8) grasps the essential physics. The 0.51
reason for this is that the spin structure due to the dominant

Heisenberg interactions is again essentially classical in the 0.0
Mn(I)-[3 x 3] grid. 0

The quantum magneto-oscillations in the field dependence

ofthe torqge shallnowbe eXpla,m,ed briefiy]. I_n anapplied Fig. 19. (a) Calculated energy spectrum vs. magnetic field for Mn(1R-83

magnetic field, the Zeeman splitting of the spin levisis5/2, at an angle of 2.8(energy of the lowest state was set to zero at each field).

712, 9/2,. .. leads to a series of ground-state level crossings Arrows indicate ground state level crossings, and numbers the total spin

at characteristic fields, where the ground state switches fromthe respective ground states. The inset details the energy spectrum near the

S=5/2 t0S=7/2,5=7/2 to $=9/2, and so on F(ig. 1%). first two level crossings_, where t_he ground _state change&s=&g2— 7/2

In the absence of magnetic anisotropy this would result in andS=7/2— 9/_2 (energies are given here with respect tq the ground state

) . L. energy at zero field). (b) Torque peaks at each level crossing due to the level

a staircase-like magnetization curve at low temperatures, aSmixing (dashed lines), which superimpose to produce an oscillatory field

for example is familiar for the molecular wheels. However, dependence (solid line).

in Mn(11)-[3 x 3] the magnetic anisotropy produces a strong

mixing of the spin levels at the level-crossing fields, leading cussion. Thus, their observation establishes the first experi-

to avoided level crossings (s€&@. 19). The magnetization  mental demonstration of such a band in square-matrix-like

curve is not much affected by this, it still shows the typi- Heisenberg systems. This is of great relevance in the con-

cal staircase behavior but with more broadened steps. Thetext of two-dimensional antiferromagnetic Heisenberg spin

torque curve, however, shows a strikingly different behav- systems; a point which will be picked up again in Secton

ior. It can be shown that the change in the torque signal at Based on the ligand 2POAP3a, which can be deriva-

an avoided level crossing is due to two contributi¢®@], tized at several positionEig. 12a), a zoo of ligand$3b—13h

one which is proportional to the magnetization (and accord- was synthesizefb3—-56] With the exception o13c, all lig-

ingly leads to broadened staircases again), and secondly, onands gave Mn(ll)-[3x 3] grid complexes with structures very

which produces a sharp peak in the torque signal centered asimilar to that of the parent grits [53,55,56] The magnetic

the level-crossing field. In Mn(ll)-[X 3], the first contribu- susceptibilities, which were measured for most of these com-

tion is outweighed by the second, and the torque consists of aplexes, also showed similar behaviorlaswith slightly dif-

series of peaks at the level-crossing fields which superimposeferent coupling constants (the values farranged from-5

to give the observed oscillatory field dependerieig.(1%). to —6.8 K, Jc could not be determined and was assumed to
The torque peaks arise only for avoided level crossings be zero). Beside$4, further Cu(ll)-[3x 3] grid complexes

and are thus a direct signature of level mixing. In other were obtained using ligand3a, 13b, and13c (in some cases

words, the quantum magneto-oscillations in the torque arethe grid complex contained an additional ligafs,54,57]

a striking example of an effect, which is not covered by The magnetismwas found to be very similar to the parent grid

the strong exchange limit usually used to interpret the mag- 14. ANi(l)-[3 x 3] and Co(ll)-[3x 3] grid were synthesized

netism of molecular nanomagnets with dominating Heisen- using ligand13e and 13a, respectively{53]. In both com-

berg interactions. Another point is worth mentioning. The in- plexes, magnetic susceptibility curves indicated antiferro-

timate connection of the quantum magneto-oscillations and magnetic exchange interactions. For the Ni(I1)}{3] com-

the presence of an L band is apparent from the above dis-plex, Jr=Jc=-17.4K andg=2.32 were obtainedS{=1,
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(a)
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100 1
0 50 100 150 200 230 300 330 Fig. 21. Exchange coupling paths in the Mn12 molecule as suggested by
Temp (K) its structure (on the left). The solid lines indicate the exchange gatasd
(b) 30 J2, the dashed lines thi andJ, interactions. The coupling graph of Mn12
25 Loa s r can be equivalently represented as shown on the right. This representation
Lt emphasizes the analogy with a ring topology and suggests a classical spin
20 1 a structure in Mn12 due to the dominating andJ, couplings, which is
“5_:-’“ 15 . essentially undisturbed by the weak frustration dugstandJa.
= 10 . . . .
= . molecules provided some beautiful examples in this regard,
51 sometimes of textbook quality, enlightening some aspects of
01 & the interplay between anisotropy and Heisenberg exchange.
The experimental and numerical/theoretical studies on the

o 1 2 3 4 5 6 molecular wheels unfolded a transparent picture of the ele-
FIELD (T) mentary excitations in antiferromagnetic Heisenberg rings,
) . ) from which the useful concept of a “classical spin structure”
Fig. 20. (a) Temperature dependence of the effective magnetic moment and . . .
(b) low-temperature magnetization curve of a powder sample of the Fe(lll)- emerged. This concept compnses_a rotational band Str.UCture
[3 x 3] grid [Fey(13a-2H)s](NO3)15-18H,0 (17). Reprinted with permis- of the energy spectrum and a recipe for the construction of
sion from Ref[55]. Copyright (2003) American Chemical Society. a low-temperature effective spin Hamiltonian. Importantly,
it seems to be relevant not only for the molecular wheels,
Dr=Dc =0). An interesting magnetic behavior was reported but for a broader class of antiferromagnetic Heisenberg spin
for the Fe(lll)-[3x 3] grid [Feg(13a-2H)g](NO3)15-18H,O systems (AFHSS), with the Mn(l1)-[8 3] grid as a striking
(17) [53,55] The magnetic susceptibility curv&jg. 20a, example. Carrying over the ideas developed for the wheels
shows first a slight drop followed by a steep rise with de- enabled a comprehensive understanding of the magnetism in
creasing temperatures, very similar to that found in the Cu(ll)- this grid, which otherwise would have been difficult to gain
[3 x 3] grids. From this profile the simultaneous presence of in view of the huge Hilbert space of the system.
pronounced antiferromagnetic and weaker ferromagnetic ex-  Further support for the generality of these ideas has been
change interactions was concluded, but further analysis wasobtained from numerical calculation of the energy spectra for
not attempted. The magnetization curkeg. 2(, suggested  a number of different AFHSS. The L band, or the analogue to
a high-spin ground state with~ 29/2. Mossbauer studies it, was found in rings with an odd number of centers, in poly-
provided evidence for nine high-spin Fe(lll) ions in the grid, topes such as the tetrahedron, cube, octahedron, icosahedron,
but the spectra exhibited a pronounced temperature depentriangular prism, axially truncated icosahedron, icosidodeca-
dence, which was interpreted as a possible indication of slow hedron, and in finite triangular latticé$3,63—-67,46]More-
relaxation of the magnetization at low temperatyBes. over, the analogue of the E band could also be found, and
even the spin-correlation functions showed amazingly sim-
ilar profiles[47]. For instance, the spin-correlation function
5. Conclusions and outlook of a hexanuclear ring and an octahedron basically coincide,
despite the very different coupling topologies of these two
The above sections demonstrate that in the i and kinds of AFHSS[47]. Thus, there is growing evidence that
[3 x 3] grid molecules rarely observed, novel, or sometimes the findings for the even rings are characteristic for a larger
even spectacular magnetic phenomena can be observed. Thelass of AFHSS.
high molecular symmetry of the clusters — resulting in mod- ~ The Mn12 molecule represents another interesting exam-
els describing the magnetic properties with a minimal num- ple. The exchange coupling topology in Mn12 is character-
ber of magnetic parameters — and careful studies of theized by four exchange constanksd. 21a). Several numerical
magnetic anisotropy were instrumental in the process of studies consistently concluded that the interactirendJ/>
identifying these phenomena. Since the appearance of thgboth antiferromagnetic) are dominant, while taand/,4 in-
single-molecule magnets, understanding, and eventually con-teraction paths are wed8,69] It is then possible to morph
trolling magnetic anisotropy and its interplay with exchange the exchange graph into the one showikig. 21b, unravel-
interactions has become a major issue in this field. The grid ing an analogy with the rings. Thus, disregarding.thend
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Ja interactions, a classical spin structure is also expected inpealing in the present context, as they almost trivially produce
Mn12 (as each of the peripheral Mn ions interact only with the L band. Concerning the E band, however, these methods
one Mn ion in the ring, their coupling does not disturb the are plagued by similar obstacles as the ordinary spin-wave
classical spin structure in the ring). The interactidgsnd theory.

Ja introduce some frustration effects, but being weak they Itis interesting to have a closer look at the motivation be-
are not expected to be critical. Such considerations actuallyhind the finite-size spin-wave theories. The discovery of the
led to the prediction of a classical spin structure in Mn12 high-temperature superconductors, which are characterized
[48], which has been confirmed nicely by recent numerical by 2D antiferromagnetic Cuf2louble-layers, initiated a huge
work [69]. This should be regarded as a remarkable successnterestin the properties of 2D antiferromagnetic Heisenberg
of the “classical spin structure” concept. In some sense thelattices[74]. The obviously important question, when does
standard procedure of assigning up and down spins to eacHong-range antiferromagnetic order (LRO) exist in such lat-

Mn center for explaining th6 =10 ground state in Mn12 — tices (atl'=0), has not yet been fully answered (though com-
a consideration which is intrinsically classical — received a pelling evidence for LRO has been accumulated in the recent
belated justification. years). Numerical studies are helpful, butthe energy spectrum

However intuitive and satisfying the concepts have ap- can be calculated only for small clusters, for which finite-size
peared in this work, some important issues need to be ad-effects are pronounced. Reliable methods for the finite-size
dressed. One is the issue of dimensionality. From a strict scaling of numerical results are thus needed, and finite-size
thermodynamical point of view, molecular nanomagnets are spin-wave theory aims at providing thg@2]. The existence
of course zero-dimensional (0D) objects, as they do not ex- of LRO can in principle be easily seen by an inspection of
hibit long-range effects. However, it seems perfectly obvious the lowest lying levels in the spectruj®6,46] As a matter
to be somewhat less strict here. For instance, it makes sensef fact, LRO in the infinite 2D lattice correlates to a set of
to consider a single-molecule magnet as a “OD” object, since states in the finite cluster, called the quasi degenerate joint
magnetically it can be treated as a single-spin, i.e., a point- states (QDJS), or “tower of statef6,46], whose energies
like object. However for the molecular wheels, which exhibit increase with the total spifiaccording taE(S) o< S(S+ 1) —

S§=0 ground states, such an approach would not be very use-exactly as in the L band (at this point the notations QDJS,
ful as the interesting aspects would be completely missed. Atower of states, and L band turn out to be tautologies). This
more sophisticated approach, which accounts for the ring-like puts the observation of the L band via the quantum magneto-
topology of the clusters, was needed. It is thus natural to con- oscillations in the Mn(l1)-[3x 3] grid in another perspective;
sider a wheel as a “1D” object; and & k N] grid as a “2D” it amounts to the first clear experimental proof of these lev-
one (forN > 2). However, it has become clear that the molec- els. The existence of a deep link between the level structure
ular wheels do not show any traces of the behavior typical of in grids and the question of LRO in 2D Heisenberg lattices
1D Heisenberg chains. On the contrary, their characteristicis surely surprising, and gratifying. The synthesis of larger
features were well explained by spin-wave theory, becausemagnetic grids would be highly desirable; first progress in
of the weak quantum fluctuations in the wheels (Sige 11). this direction has been reportgtb].

At this point, it is interesting to note that spin-wave theory is A final comment shall be added. The existing methods,
known to work well in 2D and 3D situations, butto have some some of them have been mentioned above, do not provide a
serious drawbacks in 1D. The reason again lies in the quan-criterion as to decide when an AFHSS behaves classically,
tum fluctuations, which are weak in 2D and 3D lattices and or when quantum fluctuations are weak. The dependence of
strong inthe 1D case. Accordingly, the OD AFHSS have more the situation on, for example, the values of the exchange con-
in common with 2D and 3D systems than with the 1D chain. stantsis subtle. Numerical calculations indicated thatin some

Unfortunately, there is no satisfying mathematical appara- cases the rotational-band structure is rather robust against
tus available so far for the consistent treatment of “classical” variations of the coupling constants, while in other cases it
AFHSS. Forinstance, the author is not aware of any analytical is not[76]. A criterion which would allow one to single out,
method, which would allow the calculation of the energies of just from the mere knowledge of the coupling matfjxand
the E band. With standard spin-wave theory one may calcu-the vectoiS;, which AFHSS fall into the class of being “clas-
late for example the energies of thie 1 states in the case of  sical”, would be a major step forward in the kind of game
rings, but not those of the=2, 3,. .. states (seEig. 9). For considered in the introduction. This review aimed at show-
extended systems this turns out to be sufficient, but not for ing that many pieces of the puzzle are known — but also that
finite ones. Spin-wave theory has been powerful enough tothey have not yet fallen into place. It hopefully will provide
suggest a clear picture of the elementary excitations in finite some guide in where to go.

AFHSS, if quantum fluctuations are weak, but by itself does
not allow consistent calculations.
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