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Introduction

Magnets are widely used in a large num-
ber of applications, and their market is
larger than that of semiconductors. Infor-
mation storage is certainly one of the most
important uses of magnets, and the lower
limit to the size of the memory elements is
provided by the superparamagnetic size,
below which information cannot be per-
manently stored because the magnetiza-
tion freely fluctuates. This occurs at room
temperature for particles in the range of
10-100 nm, owing to the nature of the ma-
terial. However, even smaller particles can
in principle be used either by working at
lower temperatures or by taking advantage
of the onset of quantum size effects, which
can make nanomagnets candidates for the
construction of quantum computers.

An important point is that the proper-
ties of magnetic particles scale exponen-
tially, and therefore either it must be
possible to address individual particles, or
ensembles of absolutely identical particles
must be available. This has presented a
formidable challenge, but an attractive
potential solution is provided by the re-
cent realization that molecules containing
several transition-metal ions can exhibit
properties similar to nanoscale magnetic
particles (nanomagnets). For this reason,
such polynuclear metal complexes exhibit-
ing superparamagnetic-like properties have
been called single-molecule magnets (SMMs).!
An overview of ongoing SMM research is
presented in this review, with the goal of
describing the factors determining their
magnetic properties and giving some in-
dication of possible applications.

Origin of Single-Molecule
Magnetism

In 1993, the first SMM, the compound
[Mn;,01,(0,CCHj3)14(H,0),4]-4H,0-
2CH,CO,H (Complex 1), was discov-
ered.>* A drawing of the Mn;,0;, core of
Complex 1 is shown in Figure 1. Variable-
field magnetization and high-frequency
electron paramagnetic resonance (HFEPR)

data indicate that 1 has an S = 10 ground
state. The large spin ground state arises from
antiferromagnetic interactions between
the S = 3/2 spins of Mn" jons and the
S = 2 spins of Mn' ions, which do not
compensate. An axial zero-field splitting is
present, and this leads to a splitting of the
S = 10 state into 21 levels, each character-
ized by a spin projection quantum num-
ber, m,, where —S = m, =< S. Each level has
an energy given as E(m,) = m?D, where
for 1 it has been found that the axial zero-
field splitting parameter D = —0.50 cm ™!
(= —0.70 K). The negative sign of D leads
to a potential-energy barrier between the
“spin-up” (m, = —10) and “spin-down”
(my = 10) orientations of the magnetic mo-
ment of an individual Mn;, molecule (Fig-
ure 2). In other words, in order to flip the
spin of a Min;, molecule from along the +z
axis (Figure 1) to along the —z axis of the
disc-like Mn,Oy, core, it takes some energy
(the barrier in Figure 2) to reorient the spin

Figure 1. Drawing of the
[Mn",Mn"g(u-O),,]*¢* core of
[MN3;01,(0,CCHj)16(H,0),] -4H,0 -
2CH3CO,H (Complex 1), showing
the relative positions of the Mn"v
ions (shaded circles), Mn" ions
(solid circles), and us-O? bridges
(open circles).

via the perpendicular m, = 0 state. This is
an easy axis type of anisotropy. If this bar-
rier is appreciable, the spin of an SMM can
be magnetized in one direction. For 1, the
barrier must be E(m, = 0) — E(m, = *10) =
100D =~ 70 K. For a thermally activated
process, the time for the reorientation of
the magnetization depends exponentially
on the height of the barrier. If 1 is magnet-
ized at 2 K by applying a magnetic field
and then removing the field, the relaxa-
tion of the magnetization is so slow that
after two months the magnetization is still
about 40% of the saturation (i.e., largest)
value. At 1.5 K, the half-life for magnetiza-
tion decay is hardly measurable because
it is too long. It has been conclusively es-
tablished that the slow magnetization
relaxation shown by an SMM is due to an
individual molecule rather than to long-
range ordering as observed in nanoscale
magnetic domains of bulk magnets. Sup-
port for this conclusion comes from sev-
eral experiments, such as magnetization
relaxation data for frozen solutions® or
polymer-doped samples, the absence of
any anomaly in heat-capacity measure-
ments® (no long-range magnetic ordering),
and high-frequency electron paramagnetic
resonance (HFEPR) data.*

When a sample of 1is exposed to a large
external magnetic field, the m, = —10 state
is greatly stabilized in energy relative to
the m, = +10 state. All of the 1 molecules
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Figure 2. Plot of the potential energy
versus the magnetization direction for a
single-molecule magnet (SMM) with an
S = 10 ground state experiencing axial
zero-field splitting, DS,?, where S, is the
zth component of the electron spin
operator. The diagram is for zero
external magnetic field.
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have their spins aligned with the external
field; all of the molecules are in the
m, = —10 state, and the magnetization is
saturated. If the external field is cycled
to zero, the magnetization M is frozen
by the presence of the barrier and only
very slowly tends to the equilibrium value
(M = 0). Thus, a remanent magnetization
is observed. A negative field reduces the
height of the barrier and unfreezes the
spins, thus allowing a rapid reversal of
the magnetization. A hysteresis loop is
therefore observed, which has a molecular
and dynamical origin. The width of the loop
(i.e., the coercive field) depends on the
temperature as well as the rate of sweep of
the magnetic field. Large coercive fields of
several Tesla have been observed for 1
below 2 K. The important feature is that at
zero field, the magnetization of 1 can be
either positive or negative, depending on
the history of the sample. Therefore, it is
possible in principle to store information
in one single, bistable molecule.

The magnetic anisotropy of the ground
state of 1 largely results from the magnetic
anisotropy of the eight Mn! ions. The
bonding at each Mn™ ion is such that two
trans- bonds are longer than the other four
(in what is called a Jahn—Teller elongation).
These “crystal-field” distortions, together
with a spin-orbit interaction, establish a
zero-field splitting at each Mn" ion. Thus,
it is the vectorial projection of single-ion
anisotropies onto the S = 10 ground state
that gives rise to the easy axis type of
magnetoanisotropy. When the single-ion
anisotropy is small, as in some Fe™ clus-
ters, the anisotropy originating from di-
polar interactions is no longer negligible.
In this case, ferrimagnetic planar struc-
tures are more suited to give an easy axis
magnetoanisotropy.”

Synthesis of SMMs

It is clear from the brief introduction
just given that several synthesis-design
principles exist. The potential-energy bar-
rier scales with essentially the square of
the ground-state spin and linearly with
the axial zero-field splitting parameter D.
It is desirable to prepare SMMs with
larger and larger S values and with appre-
ciable negative D values. Polynuclear metal
complexes containing Mn, Fe, V, or Cr
have been shown to function as SMMs.

The preparation of polynuclear metal
complexes with large spin ground states
is a formidable challenge to synthetic
chemists.® In strong contrast to the pre-
dictive synthetic principles of organic
chemistry, it is very difficult to prepare
polynuclear metal complexes in a rational
manner. In the known polynuclear SMMs,
the metal ions are bridged by O*~, OH",
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OR~, RCO,, or a combination of two or
more of these units. In short, no single
strategy is available to prepare a molecule
containing, for example, 25 Mn ions. It is
also a considerable challenge to systemati-
cally build an SMM with an S = 30 ground
state. Nevertheless, chemists have devel-
oped some strategies.

One approach involves a building-block
strategy employing small complexes with
2, 3, or 4 metal ions. In this approach, the
relatively small building-block complex is
treated with a reagent that opens up one
side of the complex by removing some of
the organic ligands. Silicon forms strong
Si—O bonds, so silicon-containing reagents
have been employed as RCO,™ abstraction
reagents, and this has often led to ag-
gregation to a polynuclear product with
more metal ions. In another approach,
polydentate ligands that can form several
bonds with one or more metal ions have
been added to the building-block com-
plexes to cause aggregation and thus give
larger complexes. Using these methodolo-
gies, it has been possible to prepare
polynuclear Mn complexes with Mn;,
Mn,, Mn,, Mn;, Mng, Mn,;, Mny,, Mnyg,
and Mny, compositions.?

Unfortunately, bigger is not necessarily
better as far as SMMs are concerned. It
is important to increase the spin of the
ground state, but it is not simply the
number of metal ions in the molecule that
determines the S value. The pairwise inter-
action between a Mn!! (S = 2) ion and a
Mn' (S = 3/2) ion can be either antiferro-
magnetic, pairing up electrons to give a
net spin of S = 1/2, or ferromagnetic,
which would give S = 7/2. Magnetic ex-
change interactions are propagated by the
bridging O*", OH~, RO~, or RCO, lig-
ands. Thus, it is necessary to arrange the
metal ions and bridging ligands in an ap-
propriate manner so that they give a high
spin ground state for the polynuclear
complex, (i.e., so that the topology of the
complex can be used to obtain a high spin
ground state).

A large spin does not by itself, however,
ensure that a polynuclear complex will
be an SMM with an accessible blocking
temperature. For example, Mn"s com-
plexes have been prepared with an 5 = 12
ground state, but since the six Mn™ jons
are arranged in a high-symmetry octahe-
dron, the zero-field splitting is negligible
(D = 0) in these complexes.’ Similar re-
sults have been observed in Mn" rings,
where the axes of distortions of the indi-
vidual ions are oriented parallel to the
x, y, and z directions, respectively.'® These
Mn", complexes do not function as SMMs
because the barrier depends both on S and
D, and D is very small.

Only a few classes of SMMs have been
well studied, and the general formulas of
these are
B [MnppO45(O,CR)16(H0)4],

B (cation) "[Mny,Opp(O0,CR)1(H,O)u] 7,

B [FeyO,(OH);,(tacn)q]Brg (Complex 2),

= [Mn,0;CI(O,CCH;);(dbm);] (Complex 3),
and

® [Fe,(OH),(dpm);] (Complex 4).

In 2, the ligand tacn is triazacyclononane;
in 3, dbm™ is the anion of dibenzoyl-
methane; and in 4, dpm™ is the dipivaloyl-
methane anion. In addition to the
[Mn",Mn";] Complex 1 (R = CH,), many
other [Mnlzolz(OZCR)l6(H20)4] SMMs
have been characterized in which the sub-
stituent R on the carboxylate ligand has
been varied extensively.

Chemists can, in many cases, reduce or
oxidize a given SMM to change the spin
of its ground state. The Mn;, complexes
with S = 10 ground states can be chemi-
cally reduced to form salts of the
[Mnlzolz(OZCR)lé(Hzo)4]_ anionS.4 These
Mn,,” anions have non-integer spin
ground states with S = 19/2. Non-integer
spin nanomagnets have been predicted to
have different magnetization tunneling
characteristics than an integer spin complex.

The Feg Complex 2 also has an S = 10
ground state but has a lower symmetry
than 1, triclinic versus tetragonal.” We will
see in the following that for this reason,
the Feg Complex 2 is better suited to in-
vestigating the quantum effects on the
dynamics of the magnetization. Unfortu-
nately, it has proven difficult to chemically
modify this complex.

The chemistry of SMMs seems ideally
suited to examining the effects of chang-
ing the spin of a complex from a small
value such as S = 3 to a large value such
as S = 30. An S = 3 complex is best de-
scribed by quantum mechanics, whereas
an S = 30 complex would have a very
large number of spin states and could be
described by classical mechanics. Is mag-
netization tunneling seen in both com-
plexes? It was of interest to find that the
[Mn"YMn"™;] Complex 3 has an isolated
S = 9/2 ground state and functions as an
SMM." Chemistry is proving well suited
to finding SMMs with spin values that
cover a large range.

The chemistry of SMMs provides several
other benefits. By changing the ligands on
the periphery of a complex, it can be made
to be more or less soluble. In this way;, it
could be possible to prepare thin films of
SMMs. In the future, chemistry will be
used to attach SMMs to surfaces or poly-
mers. An early effort to make Langmuir—
Blodgett films of 1 has been reported.’? In
summary, even though some limitations
now exist relative to the capabilities of
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chemistry to modify SMMs, it is clear that
chemistry will permit a systematic study
of the physical phenomena associated
with these molecular nanomagnets.

Quantum Tunneling and
Quantum Coherence

The magnetization of nano-sized par-
ticles can in principle also relax through
an under-barrier mechanism via quantum
admixing of the “up” and “down” states.
Macroscopic quantum tunneling (MQT)
has long been sought, following theoreti-
cal predictions of its presence in nano-
sized magnetic particles.” However, MQT
must be a rare event, for a macroscopic
particle is by definition a system that is
large enough to behave classically during
most of the time it is being observed. In
1996,4°1 MQT of the magnetization was
first reported for a sample of 1. In fact, the
hysteresis loop, shown in Figure 3, is not
smooth. Steps can be observed at regular
intervals in the plot of magnetization ver-
sus magnetic field. The observed steps in
the hysteresis loop correspond to an in-
crease in the rate of change in magnetiza-
tion occurring when there is an energy
coincidence of the levels on the opposite
parts of the double-well potential. For
these critical field values, tunneling of the
magnetization is allowed, and therefore a
noticeable increase in the relaxation rate
is seen.

The origin of magnetization tunneling
in SMMs is still a matter of active research.
As illustrated in Figure 4, tunneling occurs
between two levels that have the same en-
ergy if some admixing of the two states oc-
curs. The transverse interaction that mixes
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Figure 3. Magnetization versus
magnetic field hysteresis loop for
Mn,,-acetate Complex 1. Data were
recorded on a single crystal with the
magnetic field applied along the
tetragonal axis of each Mn,, molecule.
The vertical parts of the “steps”
correspond to critical values of the field
where resonant magnetization
tunneling is allowed.

68

Figure 4. Drawing showing how the
potential-energy diagram of an SMM
changes as the magnetic field is swept
from H = 0 to H = nD/gug. Resonant
magnetization tunneling occurs when
the energy levels are aligned between
the two halves of the diagram.

the states and gives rise to the so-called
“tunnel splitting” can be provided by low-
symmetry components of the crystal field,
or by a magnetic field provided either by
magnetic nuclei or by the neighboring
molecules. The larger the value of i, the
smaller the admixture of the two wave
functions and the lower the tunneling
rate. For 1, no direct evidence of tunneling
between the m, = =10 levels has been ob-
tained, while tunneling between smaller
m, levels is indicated by the appearance of
steps on the magnetization hysteresis loop
(Figure 3).

Detailed studies” of the Fe; Complex 2
(Figure 5) using HFEPR" and inelastic neu-
tron scattering (INS)*® data clearly indicate
that the transverse magnetic anisotropy of
the Feg Complex 2 is much larger than that
of the Mn;, Complex 1. This means that
tunneling between the lowest m; states
can be observed. In fact, the Feg Complex 2
exhibits a temperature-independent mag-
netization relaxation rate below 0.35 K,
which is only explicable in terms of a tun-
neling of the magnetization occurring in
the lowest energy levels, that is, between
the m, = —10 and m, = +10 levels."” Re-
cently, the very small tunnel splitting in
the Feg Complex 2 (i.e., the matrix element
that couples the m; = —10 and m, = +10
levels) has been measured.? Its depend-

ence on the magnetic field applied along
the axis of hard magnetization has also
been measured. The application of a field
along the hard axis does not necessarily
increase the tunneling rate, but gives rise
to oscillations, with quenching of the tun-
neling for critical values of the field where
a destructive interference between the
tunneling pathways occurs. The tunneling
rate oscillates with a period that is simply
related to the zero-field splitting parame-
ter(s).?! By applying a transverse magnetic
field, it is therefore possible to control the
tunneling rate of the axial magnetization
and consequently the coercivity in the hys-
teresis loops. This phenomenon, which
has potential technological applications, is
a characteristic feature of SMMs and their
intrinsic quantum nature.

In 2, the tunnel splitting in zero field
was found to be of the order of 1078 K.
Any axial field that splits the two ground
levels by an energy exceeding this value
suppresses the tunneling mechanism. In
order to rationalize the observation of tun-
neling, the magnetic field of the nuclei,
which is still fluctuating at low tempera-
ture, has been considered a source of level
broadening and, therefore, of tunneling.

The role of the nuclear magnetic field was
very recently definitively established? for
the Fe; Complex 2. The magnetization re-
laxation rate of the standard Fey sample
was compared with those of two isotopi-
cally modified samples: (a) *Fe replaced
by *’Fe and (b) a fraction of the 'H atoms
replaced by *H atoms. The %Fe atoms had
no nuclear spin (I = 0), whereas ¥Fe had a
spin of I = 1/2. Similarly, '"Hhad I = 1/2,
while ?H had I = 1, but with a much
smaller gyromagnetic factor. A strong in-
fluence of nuclear spins on resonant mag-
netization tunneling was observed, where
the tunneling rate was found to be larger
when the hyperfine field was stronger.
Manganese-containing SMMs are not
suited to this kind of experiment, as the
hyperfine field is dominated by the only
stable ®Mn isotope (I = 5/2).

The interplay of nuclear and electron
spins in the dynamics of the macroscopic
magnetization seems very appealing for
potential use in quantum computing. In
fact, the use of the nuclear magnetization
through modified nuclear magnetic reso-
nance experiments has been suggested as
a model of quantum computing.

The S = 9/2 Mn, Complex 3 has also
been shown to have a temperature-
independent magnetization relaxation
rate.! This complex has a well-isolated
§=9/2 ground state withD = —0.53 cm ™.
Magnetization relaxation rates have been
determined in the 0.394-2.00 K range.
Below 0.60 K, the rate becomes temperature-
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Figure 5. View of the Feg cluster in Complex 2. The oxygen atoms are black, nitrogen atoms
are dark gray, and carbon atoms are white. The spin structure is represented by the arrows.

independent, with a rate of 3.2 X 107257
Above 0.60 K, the rate is Arrhenius-like,
with an activation energy of 11.8 K. This
Mn, complex shows magnetization tun-
neling in its m, = +9/2 lowest energy lev-
els. INS data for this complex show the
presence of appreciable transverse second-
order zero-field interactions, which likely
play a crucial role in the tunneling.
Another very significant point to make
about the magnetization tunneling for
Mn, Complex 3 is this: the m, = =9/2 low-
est energy levels of this S = 9/2 complex
comprise a Kramers degenerate pair in
zero magnetic field. In zero magnetic field,
such an S = 9/2 molecule cannot coher-
ently tunnel from the m, = —9/2level to the
ms = +9/2 level. However, experimentally
a very large step has been seen at zero ex-
ternal magnetic field in the hysteresis loop.
It was suggested" that in zero external
magnetic field, the magnetization tunnel-
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ing observed for Mn, Complex 3 is attrib-
utable to a transverse magnetic field due
to the nuclear spins of the manganese ions.

The (cation)*[Mn;,01(O,CR)1(H,0)4]™
salts have S = 19/2 SMM anions. As
with Mn, Complex 3, this S = 19/2
half-integer ground-state SMM should
not show magnetization tunneling in
zero magnetic field. The salt (PPhy)-
[Mn;,0,5(O,CEt);(HO),] was first reported
in 19952 and the presence of a step oc-
curring at zero external magnetic field
was noted two years later?* The Kramers
degeneracy is removed and tunneling is
allowed, even if it is less efficient than
in the integer spin analogues, as recently
reported.”

The power of chemistry to probe exqui-
site details about how even small changes
in the molecular and electronic structures
of an SMM affect the rate of magnetization
tunneling can be illustrated with the

Mn;, complex with the p-methylbenzoate
ligand (TO,CCsHy-p-Me). Two crystallog-
raphically different forms of the complex
have been characterized® with the for-
mulas [Mn;O1,(0,CCHy-p-Me)1(H,0),]-
(HO,CC¢Hy-p-Me) (Complex 5) and
[Mnlzolz(OZCC6H4‘P'Me)16(Hzo)4] -3H,0
(Complex 6). The two Mn;, molecules
in 5 and 6 are isomers and differ in
their arrangements of the H,O and
p-methylbenzoate ligands on the periph-
eries of the complexes. In addition, com-
pared with other Mn;, complexes, 5 has an
abnormal Jahn-Teller distortion oriented
at an oxide ion for one Mn!" ion. The cores
of these two isomeric complexes are com-
pared in Figure 6. In view of the fact that
these two complexes are simply isomers
of each other, and very likely have similar
ground-state spins and D values, the dif-
ferences in magnetization hysteresis loops
(Figure 7) are quite striking. As can be
seen, Complex 5, with the unusual Jahn—
Teller distortion at one Mn' ion, has a con-
siderably greater rate of magnetization
tunneling than does 6. The lower crystal
site symmetry for the Mn;, molecules in 5
leads to greater transverse zero-field inter-
action and, consequently, an enhanced
rate of tunneling.®

The presence of two isomers in the
same crystal, even if one is present in a
much smaller proportion (about 5%), has
been observed with micro-SQUID (semi-
conducting quantum interference device)
measurements on a small single crystal
of 1.7 As the minority phase shows a
larger tunneling rate at low temperature,
its magnetization can be measured, while
that of the majority phase is completely
frozen. These recent experiments have evi-
denced the presence of pure tunneling in
the minority phase, as well as the funda-
mental role played by the manganese hy-
perfine field.

Future Prospects

Perhaps the most important goal in the
field of single-molecule magnets is the
preparation of new SMMs with blocking
temperatures above liquid-nitrogen tem-
perature, 77 K. This may be achieved by
preparing complexes with larger spin
ground states that experience appreciable
negative magnetoanisotropy. Already sev-
eral compounds with ground spin states
larger than 10 have been reported, but
their magnetic anisotropy is small and
SMM behavior is observed only at tem-
peratures lower than those for the Mn;,
complexes. It must be emphasized that
only the ground state of an SMM can be
thermally populated at or below the
blocking temperatures. It is clear that
complexes with ground states where S, for

69



Single-Molecule Magnets

Figure 6. Structures of the cores of the two p-methylbenzoate Mn,, molecules: (a) Complex 5 and (b) Complex 6. The coordination geometries
about each Mn atom are shown. Each of the eight Mn" ions show a tetragonally elongated Jahn—Teller distortion. In the case of 6, the J-T
elongation axes are indicated as solid lines. For 5, one J-T axis (dashed lines) at one Mn"" ion has an unusual orientation pointed at an O2~ ion.
There are two dashed lines shown because the molecule has a crystallographic C, axis disorder.

0.10 instance, is larger than 30 should be
achievable, but it will be challenging to
have only the ground state populated at
T=77K

Another challenge is to make an SMM
with a half-integer spin state that has a
negligible nuclear spin field. Fe, Com-
plex 4 has a ground state with S = 5 and
shows SMM behavior below 1 K, with
pure quantum tunneling of the magneti-
zation below 0.1 K. The one-electron re-
duction of Fe, which has only oxygen
atoms in the coordination sphere, seems
very promising and is under study. In
such a complex, the magnetization tunnel-
ing between a pair of *m, levels can be
promoted only by the application of an
external field, allowing a better control of
the hysteresis loop.

Chemistry should lead to the means of
attaching SMMs to a variety of substrates.
Functionalized metal surfaces could pro-
vide some of the ligands to bind SMMs.
An ordered array of such SMMs would re-
sult. Perhaps functionalized (electrically
conductive) polymers could be employed
to anchor SMMs. The large magneto-
anisotropy of these SMMs could be used
to orient the polymers. It is quite clear that
it is early in the single-molecule magnet-
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