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High-Spin Molecules with Magnetic Anisotropy toward Single-Molecule
Magnets

Hiroki Oshio*!*! and Motohiro Nakano'!
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Abstract: High-spin molecules with easy-axis magnetic
anisotropy show slow magnetic relaxation of spin-flip-
ping along the axis of magnetic anisotropy and are
called single-molecule magnets (SMMs). SMMs behave
as molecular-size permanent magnets at low tempera-
ture and magnetic relaxation occurs by quantum tunnel-
ing processes; such molecules are promising candidates
for use in quantum devices. We first discuss intramolec-
ular ferromagnetic interactions for preparing high-spin
molecules. Second, we determine the magnetic anisotro-
py for single metal ions with d” configurations and dis-
cuss how molecular anisotropy arises from single-ion
anisotropy of the assembled component metal ions.

Keywords: heterometallic complexes + high-spin mole-
\cules - magnetic properties - single-molecule studies )

Introduction

Paramagnetic metal complexes have been thoroughly inves-
tigated with respect to their catalytic, biochemical, and phys-
ical properties, and a number of recent studies involve high-
spin molecules with easy-axis-type magnetic anisotropy.
These high-spin molecules have an energy barrier prevent-
ing easy reversal of the magnetic moment. They show slow
magnetic relaxation with respect to spin flipping along the
magnetic anisotropy axis, and at very low temperatures the
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spin cannot thermally flip, but flips by means of quantum
processes. Thus, the high-spin molecules behave as if they
are molecular-size permanent magnets. Molecules that have
this superparamagnetic behavior are called single-molecule
magnets (SMMs).!"! Since the discovery of the first SMM, a
manganese—oxo cluster [Mn,,],” several types of SMMs
have been reported,” and recently larger size SMMs have
been prepared with hope that novel physical properties
might appear on the border between mesoscopic and bulk
systems.” Studies involving quantum tunneling of the mag-
netization® and quantum phase interference have been
conducted with the hope of using SMMs in quantum devices
in the future.”” SMMs are required to possess a high-spin
ground state and magnetic anisotropy to trap molecular
magnetization. First, we discuss strategies for preparing
high-spin molecules with intramolecular ferromagnetic inter-
actions. Second, we will review magnetic anisotropy of
single metal ions with d” configurations and discuss how mo-
lecular magnetic anisotropy arises due to the arrangements
of the constituent anisotropic metal ions. Molecular magnet-
ic anisotropy, which mainly comes from single-ion anisotro-
py, should be easy-axis rather than easy-plane type in
SMMs. A simple ligand field approach gives some insights
into single-ion magnetic anisotropy.”®

Discussion

High-spin molecule with ferromagnetic interactions: For
cluster molecules to be classified as SMMs, they must have
a large uniaxial easy-axis type of magnetic anisotropy and a
large ground-state spin multiplicity. Different strategies
need to be used in order to prepare high-spin molecules
composed of hetero- and homometal complexes. In hetero-
metal systems, antiferromagnetic interactions lead to a ferri-
magnetic high-spin ground state, and this strategy has been
used often to prepare SMMs. In homometal systems ferro-
magnetic interactions tend to have a higher spin ground
state, although spin-frustrated, spin-canted, and mixed-
valent homometal systems have lower spins. Ferromagnetic
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spin systems must be designed with special care, or the mol-
ecules have low-spin ground states.

Paramagnetic metal ions in a molecule are subject to mag-
netic interactions through superexchange and/or spin polari-
zation mechanisms, among which the superexchange mecha-
nism is predominant in metal complexes bridged by single
anions. Superexchange interactions are mediated by charge-
transfer (CT) interactions between metal ions and bridging
ligands. Isotropic superexchange interaction is expressed by
the spin Hamiltonian, H=—2%J;S;-S;, in which J is the ex-
change coupling constant and a positive J value means the
occurrence of ferromagnetic interactions. The superex-
change mechanism, proposed by Anderson, Goodenough,
and Kanamori,’! can be used to predict the sign of the J
values. When two homometal ions are bridged by an anion
with a bridging angle of 180°, for example, strong antiferro-
magnetic interactions (J<0) occur through ligand-to-metal
(LM) CT interactions and a low-spin ground state is stabi-
lized (Scheme 1). For example, if metal ion on the left in the

Scheme 1.

dinuclear system shown in Scheme 1 has an “up” spin, the
LMCT interaction transfers a “down”-spin electron from
the central anion to this metal ion, leaving an “up” spin on
the anion. The remaining “up” spin on the anion stabilizes
the “down” spin on the right-hand metal ion, and this situa-
tion leads to the occurrence of the antiferromagnetic inter-
action. There are a few exceptions of this rule for complexes
in which metal ions have spins on degenerate orbitals. For
linearly oxo-bridged V™ dimers ferromagnetic interactions
are observed, which have been explained by a kinetic ex-
change mechanism.'”

Magnetic interactions between bridged metal ions are typ-
ically antiferromagnetic. There are, however, two ways that
ferromagnetic interactions for hetero- and homometal sys-
tems can occur (Scheme 2).

1) A combination of heterometal ions, each with orthogo-
nal magnetic orbitals, leads to the ferromagnetic interac-
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Scheme 2.
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tions. A strong ferromagnetic interaction was reported
for a [Cu—V=0] complex (Figure 1, top), in which strict
orthogonality of the metal ions (do and dm spins for Cu
and V=0 ions, respectively) is responsible for the occur-
rence of the ferromagnetic interaction.!'!

2) When homometal ions are linked without magnetic orbi-
tal overlaps, a high-spin ground state occurs. Metal ions
bridged with a bond angle of 90° have ferromagnetic in-
teractions, and a high-spin ground state is observed.

0

Figure 1. ORTEP drawings of dinuclear Cu-V=0 (top)""*” and bis-imi-
nonitroxyl Cu' (bottom)!'!! complexes showing ferromagnetic interac-
tions.

A relatively strong ferromagnetic interaction was ob-
served between two iminonitroxy radicals orthogonally
linked by a copper(1) ion (Figure 1, bottom), which favors a
tetrahedral coordination geometry and causes an orthogonal
arrangement (dihedral angle of 90°) of magnetic orbitals on
the coordinated bidentate ligand.'” Phenoxo and alkoxo
groups sometime bridge metal ions without magnetic orbital
overlaps (bridging bond angle close to 90°), leading to ferro-
magnetic interactions.™ It should be noted that CT interac-
tions play very important roles in the propagation of mag-
netic interactions, and weak magnetic interactions due to
magnetic dipolar interactions are operative without the CT
interaction.

Magnetic anisotropy: Molecules with easy-axis-type zero-
field splitting (D,,,;<0) have a double minimum potential
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with an energy barrier profile of DS’ at the inversion of
the magnetic moment from §.=4S5 to —S. These high-spin
molecules show slow magnetic relaxation of the spin flipping
at very low temperature. The spin Hamiltonian is defined in
Equation (1) in which the first term represents the Zeeman
energy, and the second and third terms are contributions
from the magnetic anisotropies of uniaxial (D,,,) and rhom-
bic (E,) zero-field splittings, respectively.

I:I = 7g/uBHS‘ + Dmol [S?*S(S + 1)/3} + Emol(Siis‘i) (1)

Magnetic anisotropy of paramagnetic molecules occurs
due to several factors including single-ion anisotropy of the
constituent metal ions, anisotropic exchange interactions be-
tween these ions, and magnetic dipolar interactions. Among
them, single-ion anisotropy often dominates molecular ani-
sotropy. Chemists are mostly interested in how molecular
anisotropy arises from single-ion anisotropy through molec-
ular architecture. Before proceeding to the construction of
molecular anisotropy, magnetic anisotropy for a single ion is
reviewed within conventional ligand-field theory.

Magnetic anisotropy for a single metal ion: The sign of
single-ion D values depends upon the electron configuration
and ligand-field environment of the metal ion. The electron-
ic ground state of a transition metal ion is usually represent-
ed with a term symbol, which transforms as an irreducible
representation of the point group reflecting the molecular
symmetry. Table 1 summarizes the ground states of high-

Table 1. Electronic ground states of transition metal ions under O, and D,, environments. !
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The sign of the D value depends upon the relative ampli-
tude of A, These anisotropy terms originate from spin-
orbit coupling AL-S, which mixes higher energy multiplets
into the ground state by means of second-order perturba-
tions, and they dominate low-temperature magnetism of
transition metal complexes that are either easy-axis type
with negative D or easy-plane type with positive D. On the
other hand, because the zero-field splittings in degenerate
ground states are more complicated and cannot be ex-
pressed in terms of simple D and E parameterization, the
magnetic anisotropies of those ions are not identified by the
sign of the D parameters. Instead, the easy-axis or easy-
plane anisotropies are found in the difference between lon-
gitudinal and transverse Zeeman effects if the lowest sub-
levels are not extremely diamagnetic. For example, the E,
states under D,;, symmetry in Table 1 (compressed d elon-
gated d°, and compressed d’) are all easy-axis type with a
large parallel component of the g tensor. Of course, most
doubly degenerate ground states in metal complex mole-
cules split to give a nondegenerate ground state with lower
symmetry perturbations, and, therefore, the anisotropies can
be described in terms of the parameters D and E.

The energy level diagrams for d'-d’ electron configura-
tions under low-symmetry ligand field were calculated by
using the angular overlap model (AOM).' The full Hamil-
tonian can be expressed as the
sum of ligand field (Hyg), spin-

dl d2 d3 d4 dS d6
clongated Dy, ’E, Ay (+) ‘B (+) B, (=) C‘A,(+) °E,
octahedral O, Ty, Ty ‘Ag °E, A, T,
compressed Dy, ’B,, °E, B (=) AL (+) ‘A, (-)

SBZg (+) AEg

a4 & & orbit coupling (Hyg), electron
A (1) By (1) By repulsion (H,.) 'and 'Zeeman
T, Ay ’E, (Hz) terms as given in Equa-

B, (-) A, tions (4)—(7),0% in which N,

[a] Metal ions with d*-d’ configurations are in the high-spin states. (4-) and (—) signs denote ions possessing
positive and negative D values, respectively, if the ground state is not a Kramers doublet and the orbital de-

generacy is fully quenched.

spin d" metal ions under O, and D,, symmetry. The *'T
and ¥*'E electronic ground terms under O, symmetry are
often unstable towards distortion of the coordination sphere
which breaks the symmetry (Jahn—Teller effect).

When the orbital degeneracy is completely lifted in the
electronic ground state under a low-symmetry ligand field,

€5 or n(i)a in Feg or tpy? kv 8es and C
represent the  coordination
number, the AOM parameters
and Eulerian angle of i-th
ligand atom, the overlap factor
between metal d and ligand orbitals, the Stevens’ orbital re-
duction factor, the Landé g factor for a free electron, and
the spin-orbit coupling constant, respectively.

H=H+Hs+H.,+H, (4)

the Abragam-Pryce’s derivation of the spin Hamiltonian . i, . ,
can be used to define the zero-field splittings as the quadrat- Hyr = ; les(9) Ze: Z |eg>Feg(Qi)Fe’g(Qi)<eg +
ic forms of the spin operators including uniaxial D and %
. [14] : . . ,

rhombic E term§ [Egs. (2) and (3)],"* in whlch /1 and A el (i) Z Z |123>F‘ILE(‘Qi)Fl‘Zg’(Qf)<t2g‘+ (5)
are the spin-orbit coupling constant and the mixing tensor -
of the ground and excited states. §

i)Y ST ) FL(Q)FL(2)(5,]

tog /

D =2 (A, +A,-24,,)/2 (2a) 2

I:I = k . 21 . S‘i
E =1 (Ay—A,)/2 oy MR ©)
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The values of the ligand-field strengths and other model
parameters used in the AOM calculations, which were
chosen from physically reasonable range referring to the ref-
erences,” are summarized in the caption for Figure 2. The
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7
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g
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Figure 2. a) Energy splitting diagram calculated for a six-coordinate 3d*
system with ML, conformation. The scaling factor p changes the axial
ligand-field strengths of e, and e,. O, symmetry has a p parameter of 1.0,
while compressed and elongated forms have p >1 and p <1, respectively.
Ligand-field strengths: e,=4000 cm ' and e,=1200 cm™'; Racah parame-
ters: B/hc=600.0cm™' and C/B=4.3; Spin-orbit coupling constant: ¢/
hc=400.0 cm™!; Stevens’ orbital reduction factor: k=0.7."" (4) and (-)
signs represent positive and negative D values, respectively. Zeeman
splitting schemes by the applied magnetic field parallel to the apical axis
at b) p=0.99 (elongated form) and c¢) p=1.01 (compressed form).

o and & characters of the ligand atoms are measured by e,
and e, parameters. The symmetry lowering of the O, ligand
field is expressed by introduc-
ing a scaling factor p, which

shown in Figure 2a. A Mn"" ion with O, symmetry has a ’E,

ground state, which splits to provide SBlg and SAlg ground
states under tetragonal elongation (p<1) and compression
(p>1) of the coordination sphere, respectively (Jahn—Teller
effect). The A, term has two quasi-twofold degenerate sub-
levels above the nondegenerate ground sublevel, which is
well-described by positive D. The *B, term has the inverted
sublevel structure corresponding to negative D (Figure 2).
This was proven by calculations with the magnetic field ap-
plied along the apical axis. The Zeeman effect for these
ground multiplets clearly confirms the sign of uniaxial zero-
field splitting parameter D. When the axial & and o dona-
tions is weaker than equatorial ones (elongated form with
p<1), the °B,, term shows quasi-first-order Zeeman splitting
into M;=+2, £1, and 0 in order from the lowest energy
(Figure 2b), suggesting negative D values (Figure 2b). When
axial donation is stronger (p>1), the A,, state splits into
five states, and the two sets of the higher energy states show
Zeeman splitting by the magnetic field along the apical axis
(Figure 2c). The lowest state was assigned to the M,=0
state, which corresponds to a positive value of D for the ax-
ially compressed Mn™ ion (Figure 2c).

Energy splitting diagrams of metal ions with high-spin d”
electron configurations are shown in Figures 3 and 4, and
Table 1 lists the sign of D values for orbitally nondegenerate
terms. Orbitally degenerate terms (Figure 3) have large
splittings due to the first order perturbation of the spin-orbit
coupling, while orbitally nondegenerate terms (Figure 4)
such as ®*'A terms in the d°, d°, and d® electron configura-
tions have a small amount of splitting because of mixing
with higher energy terms.

Degenerate orbital terms have more complicated zero-
field splitting, which is very sensitive to ligand-field distor-
tion. Energy splittings of a °E, term for a d° electron config-
uration were calculated as a variable p’ representing rhom-
bic distortion from an axially elongated system, whereby the
parameter p was fixed to 0.9. The results were shown in
Figure 5, left. In this situation, the ligand-field strengths
along three coordination axes (x, y, and z) have the ratio of

modulates both e, and e, of the 400! 100 400 400

axial ligands, keeping the equa- p b

torial ligand field unchanged. & s d 200 d 200 \\d_//

Deviation of p from unity cor- 200 ——

responds to either compressed - %Q

(p>1) or elongated (p<1) oc- 5

tahedral coordination. The re- § or 0 0

sults for ground multiplet split- 3 \> —

tings for each state under Dy, NS ~

symmetry (ML) are shown in 2003 200 . 200 Ny, B,

Figures 2—4. o ha E, L S(Bjr)g T |
First, we discuss Mn™ (3d*) oL, ' P I R R B R 00

ions, which have been used 090 1.00 110 099 100 101 090 100 110 090 100 110

often to prepare SMMs. The P P P r

calculated  energy  splitting
scheme for the 3d* system is
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Figure 3. Energy splitting diagrams calculated for 3d% 3d*, 3d°, and 3d’ systems with ML, coordination. The pa-
rameters used in the calculations are summarized in Figure 2.

www.chemeurj.org Chem. Eur. J. 2005, 11, 51785185


www.chemeurj.org

Single-Molecule Magnets

AE  he em”™

Figure 4. Energy splitting diagrams calculated for 3d’, 3d°, and 3d® sys-
tems with MLg coordination. The parameters used in the calculations are
summarized in Figure 2.
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Figure 5. Left: Energy splitting diagram calculated for a six-coordinate
3d° system. The axial ligand-field parameter p was fixed to 0.9 (elongated
octahedron), and the variable p’ changes ligand-field strength from trans-
equatorial positions. Right: Energy splitting diagram by the applied mag-
netic field parallel to the equatorial axis at p’=0.9. The same parameters
were used as in the previous calculations, except for scaled ligand-field
strengths.

x:y:z=p"1.0:p=p"1.0:0.9. The z-elongated octahedral coor-
dination at p’=1.0 becomes rhombic by lowering p’, and re-
stores tetragonal symmetry of y-compressed octahedral co-
ordination at p’=0.9. Further reduction of p’ again distorts
the coordination to rhombic with x-axis elongation. Zeeman
splitting at p’=0.9 with an applied magnetic field along the
y axis gave the positive D pattern with M;=0, +1, and +2
sublevels in order from the lowest energy (Figure 5, right).
Further deviation to an asymmetric ligand-field strength
from the equatorial ligands (p’ <0.9) leads to a reversal of
the energy sublevels with the lowest becoming M,=+2
state, which corresponds to a negative D value. Care should
be taken, therefore, when predicting the sign of the D value
for the states that originate from **'E terms.

Chem. Eur. J. 2005, 11, 51785185 www.chemeurj.org
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Molecules with a negative D, value: High-spin molecules
composed of magnetically anisotropic metal ions can have
either negative or positive D, values, and the sign of the
D, value depends upon how the anisotropic metal ions are
assembled in the molecule. The parameter D, is generally
provided by a tensorial sum over constituent ions for a
strong coupling limit,"'"” and several non-collinear molecular
magnets were analyzed on this basis."¥! More intuitive ap-
proaches useful for molecular design will be discussed here.
Based on a classical vector picture, molecules with negative
values of D, have two possible origins: 1) a collinear easy-
axis alignment or 2) an orthogonal hard-axis alignment of a
single anisotropy.””) We consider magnetic anisotropy of a
cubane complex (so-called “metal cube”), which is a typical
example of the latter case (Scheme 3). The metal cube has
S, symmetry and four single-ion spins are ferromagnetically
coupled, such that their quantization axes are mutually or-
thogonal.

Scheme 3. Orthogonally aligned magnetic anisotropy in a cube. Arrows
represent quantization axes.

The spin Hamiltonian for this complex is given by Equa-
tion (8) in which J stands for exchange interaction between
nearest neighbour spins and D is uniaxial zero-field splitting
parameter for component ions. Introducing a resultant spin
operator, S= " §,, leads to Equations (9)—(11).

H=-2]>"8-8+D(S,+8 +5+85,) ®)
i#j

I:I:—](SZ—ZS?)-f—Hl-f—IZIZ 9)

H=3(3 8-y %) (10)

D Q Q o P 2 A A
H, =5 [(81,-5)~(83,-53) + (85,-83)- (53-8 (1)

If only the ground-spin manifold |S,M;) is considered, the
first term in Equation (9) is constant, and the term H, con-
tributes only off-diagonal elements, but is not significant in
the strong exchange limit (/> D >0). Since S, can be substi-
tuted with (1/4)S in the large-J limit, H, vanishes. Addition-
ally, when S, is substituted by (1/4)S,, H, is then given by
Equation (12) and thus, D,,,=—(1/8)D.
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H, = 7(1/8)DS‘§ + constant (12)

It can be expected from Equation (12) that the metal-ion
assemblage with mutually orthogonal single-ion quantization
axes induces a sign inversion of uniaxial magnetic anisotro-
py in a molecule, that is, orthogonal hard- and easy-axis
alignments of the component metal ions give easy- and
hard-axis anisotropy for molecules, respectively. This strat-
egy can be extended to larger molecular systems to predict
the sign of the D, values. Collinear easy-axis and orthogo-
nal hard-axis alignments give negative D, values. Some
possible spin alignments for molecules with the negative
D, values are shown in Figure 6 for easy- and hard-axis
components.

Figure 6. a,b) Collinear easy-axis (D <0) and c,d) orthogonal (or radial)
hard-axis (D >0) alignments required for the negative D, value for
molecules. Arrows in a,b) and c,d) represent easy and hard axes, respec-
tively.

Conclusion

In the SMM [Mn,,],?' each Jahn-Teller axis of the eight
Mn" ions is collinearly aligned in the molecule; this leads to
easy-axis magnetic anisotropy for the whole molecule. In
alkoxo-bridged ferrous cubes,’”! on the other hand, hard
axis type Fe" ions are assembled in the orthogonal way, and
the ferrous cubes are SMMs. Although many SMMs have
been prepared, they were SMMs by accident and rational
synthetic strategies to control magnetic anisotropy have not
yet been established. In this paper, we show how molecular
anisotropy occurs when single-ion anisotropies are assem-
bled. This work may extend choices of component metal
ions beyond limited easy-axis ions and should help to design
bridging ligands for assembling metal ions to be SMMs.
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