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High-Frequency EPR Spectra of [Fe;O,(OH),(tacn)s]|Brg:
A Critical Appraisal of the Barrier for the Reorientation of the Magnetization

in Single-Molecule Magnets

Anne Laure Barra,® Dante Gatteschi,*!*! and Roberta Sessolil?!

Abstract: A detailed multifrequency high-field —high-frequency

EPR (95—

285 GHz) study has been performed on the single-molecule magnet of formula
[FegO,(OH) ,(tacn)g]Brg- 9H,O, in which tacn = 1,4,7-triazacyclononane. Polycrys-

talline powder spectra have allowed the estimation of the zero-field splitting
parameters up to fourth order terms. The single-crystal spectra have provided the
principal directions of the magnetic anisotropy of the cluster. These results have been
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compared with an evaluation of the intra-cluster dipolar contribution to the magnetic
anisotropy; this suggests that single-ion anisotropy is the main contributor to the
magnetic anisotropy. The role of the transverse magnetic anisotropy in determining
the height of the barrier for the reversal of the magnetization is also discussed.

Introduction

Metal-ion clusters whose magnetization relaxes slowly at low
temperature have been named single-molecule magnets.['-¢!
The meaning of this somewhat emphatic definition is that
their behavior is quite similar to that of superparamagnets.
These are small, single-domain particles of bulk magnets
characterized by magnetic anisotropy comparable with ther-
mal energy. At high temperature the magnetization freely
oscillates, and particles behave like paramagnets with a giant-
sized magnetic moment. Below a blocking temperature, 75,
the magnetization is trapped in one orientation because the
thermal energy is no longer sufficient to allow free rotation.
Ty depends on the experimental technique.’! The magnet-
ization of the single-molecule magnets relaxes very slowly and
gives rise to a hysteresis cycle, which makes them bistable.®!
This is an appealing feature, since it may enable the storage of
information in one molecule. A further feature of these
molecules is that they give rise to several quantum size effects,
of which quantum tunneling of the magnetization, QTM, is
now one of the most interesting.”! These materials are
currently considered for use in quantum computing devices.
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The single-molecule magnets described so far range from
[Mn;,0,,(RCO0),((H,0),] (Mny,),['3] in which the deriva-
tive with R = CHj is the first single-molecule magnet report-
ed,l'! to [FegO,(OH) ,(tacn)s|Brg- 9H,O,' 181 (Feg), in which
tacn = 1,4,7-triazacyclononane, to CrNig and CrMng,! 2
Mn, 21 Mn,,1?l Fe, [l and Mn,,.%! The list is continuously
growing. The highest blocking temperature so far reported is
that of Mn,,, and this material gives a hysteresis cycle at
relatively high temperature. The stepped shape of the
hysteresis of oriented crystals??* ]l is now agreed to indicate
the presence of thermally assisted quantum-tunneling effects.
Mn,, has a ground S=10 state and an Ising type magnetic
anisotropy.” This means that at low temperature the M =
+10 states are the only populated ones. If the system is
prepared by saturating in a field then only M=-10 is
populated. When the field is decreased, the return to thermal
equilibrium, that is, the equalization of the populations of the
M =+10 and — 10 states, can occur by a thermally activated
process. In this case the system must climb the ladder of M
states, jumping one rung at a time, passing from M = —10 to
M = -9, then to M = —8, and so on. In an early interpretation
of the magnetic properties of Mny,,?% it was assumed that the
ladder of levels should be climbed up to the highest rung, M =
0. The energies of the states are, to a good approximation,
given by Equation (1), in which D has been experimentally

E(M)=D M 1)

determined as D =0.5(1) cm~'. The barrier to invert the
magnetization was consequently estimated as A=100|D |.
However, the system can also avoid climbing rung-by-rung up
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to M =0, and can alternatively find a short-cut by tunneling
from the state — M to + M + n, for which # is an appropriate
integer, provided there is a matrix element connecting these
two states. In other words, if a transverse anisotropy is present,
the relaxation of the magnetization may be accelerated when
pairs of levels have the same energy. This corresponds to a
quantum-tunneling process.

In order to design new single-molecule magnets the
requirements are: i) a large spin ground state, and ii) a large
Ising type magnetic anisotropy in the ground state. Further, if
one wants to observe large QTM, a large transverse magnetic
anisotropy must be present. It must be stressed that the first
two points are needed if one aims for a high blocking
temperature 75, but the presence of the transverse anisotropy
may effectively quench Tg. Therefore the strategies for high
Tg and large QTM are not coincident. As an example, the first
two points are very well met by Mn,,, but the third is not.
Mn,,, which has tetragonal symmetry and a large Ising
magnetic anisotropy, has a blocking temperature of about
10 K for alternating current (ac) susceptibility measurements,
but the tunneling effects have been observed only in the
thermally activated regime, and no genuine proof of tunneling
between the M =+ 10 states has ever been produced.

Compound Feg has the structure sketched in Figure 1.17) It
has a ground S =10 state, like that of Mn,,, and an Ising type
magnetic anisotropy. The Ising type magnetic anisotropy is

—i —-

Figure 1. Schematic view of the structure of the [FezO,(OH),(tacn)s]**+
cluster. The oxygen atoms are shown in black, nitrogen atoms in gray, and
the carbon atoms in white. The arrows represent the spin structure of the
ground state as experimentally determined in ref. [49].

about !5 that of Mn,,, but Feg also has a sizeable transverse
magnetic anisotropy, which was originally determined
through polycrystalline powder EPR spectral'¥l and inelastic
neutron-scattering experiments.’”? In agreement with the
smaller magnetic anisotropy, the ac blocking temperature is
only 3 K. However, the relaxation time of the magnetization
becomes independent of temperature below 360 mK.! This
is so far the best direct example of quantum tunneling of the
magnetization in molecular clusters. Furthermore, Feg has
been reported to show a periodical dependence of the tunnel
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splitting on the magnetic field applied along the hard axis.
This was the first observation of the so-called Berry phase in
magnets.?]

In order to pave the road to successfully design and
synthesize new single molecule magnets it is necessary to
accurately define the factors that determine the magnetic
anisotropy, both axial and transverse, of the magnetization
and to appraise the factors which determine the height of the
barrier for the reorientation of the magnetization at low
temperature. We have been able to grow single crystals of Feg
suitable for single-crystal EPR studies and will analyze in
detail the spectra that we recorded in the frequency range 95 -
285 GHz. High-field high-frequency EPR spectra have indeed
been widely used to determine the anisotropy of large
molecular clusters.!3% 31 In particular we aim to show the
interplay of axial and transverse anisotropy in the determi-
nation of the observed relaxation of the magnetization and to
provide useful hints for defining the barrier for the reorienta-
tion of the magnetization in single-molecule magnets.

Experimental Section

Single crystals (at most ca. 2 mm?®) of Feg were synthesized as previously
described."” The faces of the crystals were identified on a CAD4 Enraf
Nonius four circle X-ray diffractometer. HF-EPR spectra were recorded on
a home-made spectrometer!®! operating in the single-pass transmission
mode. The main magnetic field was supplied by a superconducting magnet
(Cryogenics Consultants) with a maximum field of 12 T. Gunn-diodes and
their multipliers (Radiometer Physics) were used as frequency sources,
with a basic frequency of 95 GHz or 115 GHz.

Results

Polycrystalline powder spectra: Powder spectra, obtained
from a polycrystalline sample pressed into a pellet in order to
avoid orientation effects, were recorded at 95, 115, 190, 230,
245, and 285 GHz and at several temperatures ranging from
1.5 K to 35 K. Owing to the large anisotropy of the system
complete spectra were obtained only for the 190 and 230 GHz
frequencies. The spectra recorded at 190 GHz are shown in
Figure 2. At 5 K the features belonging to the three principal
directions are well separated from each other. The signals
corresponding to the magnetic field applied parallel to the
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Figure 2. Experimental (bold) and calculated spectra recorded on a pellet
of Feg at 189.9540 GHz. Upper curve at 7=10 K; lower curve at 7=5K. A
small DPPH marker was added for field calibration. The calculated spectra
are obtained with the parameters reported in the text.
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easy axis of the system are found at low field, the first one
being close to 3 T. Those corresponding to the hard axis are at
high field, with the last one close to 10.5 T. The signals found
between the 1,1-diphenyl-2-picrylhydrazyl (DPPH) reference
and 82T correspond to the third principal axis. At high
frequency only the lowest M levels of the spin multiplet are
thermally populated at 5 K; this results in a large increase of
the signals at the extremes of the spectrum even if these lines
have the lowest oscillator strength. When the temperature
increases more lines are visible and the intensity pattern
changes in proportion to the thermal population and to the
transition probability. For the lower frequencies, 95 GHz
(reported in Figure 3) and 115 GHz, it is necessary to go to
temperatures lower than 5K to obtain a large polarization
effect. In particular the low field signals disappear because
they correspond to transitions from excited M levels.

BI/T

Figure 3. Experimental (bold) and calculated spectra recorded on a pellet
of Feg at 94.9770 GHz. Upper curve at T=6.5 K; lower curve at 7=1.5 K.
A small DPPH marker was added for field calibration. The calculated
spectra are obtained with g.,=g,=g,=2.00, D=-0205cm™’,
E=0.038cm~!, B}=1.6x10"°cm~!, B}i=-5x10"%cm~!, B{=-8x
10-%cm~1

Single crystal spectra: The main aims of the single-crystal
study were to determine the principal axes of the magnetic
anisotropy tensor and to obtain, with higher precision, the
zero-field splitting parameters. The latter goal proved very
difficult to achieve, especially because of the enormous
sensitivity of the spectrum to the exact orientation when
close to the hard axis: a rotation by 1° results in dramatic
changes to the spectra.

The single-crystal spectra were recorded on quite large
crystals of a few cubic millimeters. Several crystals were used,
but only one at a time. They were glued with grease and an
additional amount of grease was used to cover them in order
to reduce the interference with the exciting light. Indeed, at
the lowest wavelengths, these parasitic effects are more and
more important, particularly at the lowest temperatures. A
goniometer mount is not available for our high-frequency
EPR spectrometer, so the crystal was oriented by using
appropriate supports. The easy and hard axes were deter-
mined by using the powder spectra as references, and the
intermediate axis was chosen to be perpendicular to the other
two. The spectra obtained at 190 GHz for the easy and hard
axes are depicted in Figures 4 and 5, respectively. At the
lowest temperatures only few lines are visible, corresponding
to transitions involving the lowest lying levels. This is a well-
known feature of high-field EPR experiments because the
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Figure 4. Experimental (bold) and calculated spectra of a single crystal at
189.9541 GHz, with the main magnetic field parallel to the easy axis. The
calculated spectra are obtained with the parameters determined from the
powder study.
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Figure 5. Experimental (bold) and calculated spectra of a single crystal at

189.954 GHz, with the main magnetic field close to the hard axis. The

calculated spectra are obtained with the parameters determined from the

powder study, and with an angle of 3° between the main magnetic field and

the hard axis.

Zeeman energy becomes comparable to k7T at low temper-
ature. The depopulation effect can be used to obtain the sign
of the zero-field splitting parameters. As the temperature is
increased, more resonances are visible as more levels are
thermally populated. The intensity pattern shows that the
linewidths of the transitions increase towards the extreme of
the spectra. This means that the transitions involving states
with large M are broader than those with small M. The
linewidths approximately scale as M?. This is an indication of a
small distribution of the zero-field splitting parameters’ D;
values in the crystal (where i denotes the principal axes x, y or
), an effect similar to the so-called g strain.

Discussion

Fitting of the spectra: The parameters that describe the § =10
ground state up to the fourth order are so numerous that a
multifrequency study is required. We used a simulation
program that performs the exact diagonalization of the
hamiltonian for each sampled magnetic field.>34 A first
attempt was made with the values determined by the inelastic
neutron-scattering measurements with the addition of plau-
sible g values. Whereas the easy axis transitions are well
reproduced, those of the intermediate and hard axes do not
well agree with the measurements. This part of the spectrum is
indeed particularly difficult to reproduce and a really good
simulation was not obtained in the frame of a simple S=10
picture. In order to restrict the number of parameters and as a
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result of the quasi planarity of the magnetic core, the local
symmetry of the cluster was approximated to D,. The spin
Hamiltonian is shown in Equation (2).

H=uyS-g-B- +DS?+ E(S:—S2) + B{ 04+ B3 0} + B O} o))
0)=3584—30S(S+1)S2+2582,

0 ={(782 = S(S+1) = 5)(S2 +82) + (52 +82) (782 — S(S+1)—-5)}/4

0} =(S* +S8)2.

In this scheme, two parameters are needed to describe the
anisotropy at the second order, namely the usual D and E
parameters. Three fourth-order parameters are present,
namely BY, B% and B Taking into account the five fourth-
order parameters would have modified the numerical values
for these terms, but would have not fundamentally changed
the calculated spectra.

The best fit for the complete set of spectra was obtained
with: g,=g,=g,=2.00, D=-0205cm™', E=0.038 cm™,
By=1.6x10"%cm™!, B}=-5x10%cm™, and B}{=-8x
10°cm~'. The errors and the correlation between the
parameters will be discussed below. The simulated powder
and single-crystal spectra are depicted together with the
experimental ones in Figures 2, 3, 4, and 5. As expected for a
cluster that contains S iron(i1) ions, g is isotropic and equal to
2.0. The D value is higher than the one determined from the
first HF-EPR study,['®! as here the multifrequency measure-
ments showed that the g, value had to be reduced relative to
the previously reported value. The D value is thus closer to the
one obtained from the inelastic neutron-scattering measure-
ments.””) The uncertainty in the D value is AD =+ 0.004 cm ™.
This uncertainty in itself is not that large, but it implies large
correlated changes on the other parameters, particularly on
the B terms. For example, B{=0 for D=-0.197 cm™'. As a
result of the strong correlation, more than one set of
parameters reproduce the experimental behavior. A simula-
tion of similar quality has been achieved by using D=
—0201cm™!, E=0.038cm™!, B{=5x10"7cm™!, Bj=-7x
10°cm~!, and B} =7 x 10-® cm~'. However, this second set
seems less probable. Recent experiments have in fact shown
that the energy difference between the M =+ 10 of the ground
doublet, the so-called tunnel splitting, oscillates with a period
of about 0.4 Twhen the external field is applied along the hard
axis.””! We have calculated the field dependence of the tunnel
splitting and found that the first set of parameters gives a
period of 0.32 T, while the second one gives a period of 0.22 T,
which deviates even more from the experimental value.

In the simulation of the spectra, the main difficulty lies in
the discrepancies observed in the high-field part of the
spectra; indeed, it is not possible to reproduce the splitting
between consecutive lines of the x or y orientations together
with the position of the two sets of lines. As the fourth-order
terms influence the position of the last lines of each set, this
flaw cannot be corrected by the consideration of the other two
parameters. At this stage, it is difficult to determine with
certainty why this is so, but an explanation could be that the
single-spin model is not that good, that is, the strong coupling
limit is not met. In fact the energy of the first excited =9
level is not directly known, but the results of the calculations
to be described below, suggest a gap of approximately 25 cmL.

Chem. Eur. J. 2000, 6, No. 9

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Under these conditions the strong exchange limit is not fully
achieved and an admixture of M states belonging to the two §
states can occur. Notwithstanding these limitations the single-
crystal EPR spectra do provide unique information on the
magnetic anisotropy of the system.

From these measurements the direction of the principal
axes of the anisotropy tensor of the cluster are unambiguously
determined with respect to the molecule. The intermediate
axis is found to coincide, within the precision of the measure-
ment, with the direction defined by two iron atoms, Fel and
Fe2, which is a pseudo C, symmetry axis for the molecule.’]
Conversely, the two other principal axes do not correspond to
a direction defined by iron atoms. The hard axis is found to
make an angle of roughly 10° with the direction defined by
Fe3 and Fe4. Hence, the easy axis is not exactly perpendicular
to the plane defined by the four iron atoms Fel, Fe2, Fe3, and
Fe4, but makes an angle of about 10° with the normal to this
plane as shown in Figure 6.

Hard axis

Epsy axis

Figure 6. Crystallographic view of the core of the Feg molecule together
with the principal axes of the magnetic anisotropy.

These results confirm the expectation that the axis of
largest zero-field splitting is roughly orthogonal to the plane
of the eight iron(ii)) ions. They also compare well with
previous single-crystal magnetic measurements, which gave
an indication that the crystallographic axis a was only 5-10°
apart from the easy axis.l

Energy levels and quantum-tunneling magnetization (QTM):
The present accurate EPR data provide a picture of the
splitting of the S=10 ground states, which is displayed in
Figure 7, in the two-well formalism that is now commonplace
to describe the energy barrier of single-molecule magnets.
The energy levels for Mn,, are also shown for comparison. It is
apparent that for Feg the assumption of essentially degenerate
pairs of levels, + M, is only valid for | M | > 6. The higher levels
are still quasi degenerate in pairs, except for three states in the
middle of the barrier. This is due to the fact that the relatively
large transverse anisotropy, given by the contributions of the
E, B}, and B} parameters, results in M not being a good
quantum number and an extensive admixture of the states
must be expected. This is pictorially shown in Figure 8 for the
levels that can be loosely described as M =+5 and M ==£6,
respectively. The eigenvectors of the latter are principally
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Figure 7. Schematic view of the splitting of the ground S = 10 state due to
the magnetic anisotropy at the origin of the energy barrier for the reversal
of the magnetization. The energy levels are calculated for Feg (black) by
using the parameters reported in the text and for Mn,;,Ac (gray) by using
the parameters of ref. [31] D=0.46 cm~!, B{=—-2.2x 107 cm™!, and B} =
4x 10 cm~!. The abscissa of the energy levels of Fe8 above 20K is
arbitrary being the eigenstates of an admixture of the M states.

Figure 8. Composition in the M states of the formally £ 5, and + 6 states of
the ground S=10 manifold of Fes. In the vertical axis the square of the
coefficients of the linear combination are reported.

composed of M=+6 and M=—6 and are therefore in
agreement with the double-well description. On the other
hand, the eigenvectors of the former are largely delocalized,
and labelling one state as M =+5 and the other as M = —5is
totally formal. Under these conditions the AM =+1 rule for
the stepwise reorientation of the magnetization simply breaks
down and the system does not have to reach the top of the
barrier to invert the direction of the magnetization. In fact the
top level is not a pure M = O state, but is given by an admixture
of many states. Therefore, the A=|D|S? rule for the
estimation of the anisotropy barrier also breaks down.’”] In
accord with this view it must be stressed that the Arrhenius
law is actually never well obeyed for Feg. The behavior of
Mn,Ac is different because it has the crystal-imposed
symmetry S;. Under these conditions only the smaller Bj
terms induce some admixture of the M states differing by
multiples of £4. Therefore, the £ M states remain essentially
degenerate up to the top of the barrier, the A=| D | $? rule in
this case holds, and an Arrhenius behavior of the relaxation
time of the magnetization of Mn;,Ac is observed.’! In both
cases the first excited state, characterized by § =9, is relatively
close in energy, and overlap of the states with those arising
from the ground S=10 is expected. However, only the
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transverse anisotropy terms have some effect on the mixing of
the states of different S, and this mixing reflects small changes
in resonance fields without major alteration to the diagram
depicted in Figure 7.

Confirmation of the fact that in the presence of sizeable
transverse anisotropy the A=|D|S? rule does not hold is
dramatically proved by the low-temperature dynamics of the
magnetization of [Mn(dbm);], in which dbm = 1,3-diphenyl-
1,3-propanedionate. This simple compound with S=2 has
been found by HF-EPR spectra to have D = —4.35 cm™! and
E/D =0.060."1 Using the A=|D|S$? rule, we calculated a
barrier of 25.0 K, which would suggest slow relaxation of the
magnetization with time characteristically exceeding 1s
below about 1.5 K (on the assumption that the pre-exponen-
tial factor in the Arrhenius law 7,=1 x 107, which is in
agreement with the value of Mn;,Ac). However, we per-
formed alternating current susceptibility measurements to as
low as 0.3 K and did not find any evidence of slow relaxation
of the magnetization. The interpretation that we give is that
the M = —2 to M =+2 transition probability is large enough,
due to low symmetry effects, to allow direct inversion of the
magnetization. This also clarifies the meaning of the con-
ditions we stated above for the observation of slow relaxation
of the magnetization at low temperature. Since the largest
transverse anisotropy term is given by the Hamiltonian H =
E(S%—82), which couples states that differ by £2 in M, only
for large values of M will the effect of E be negligible and the
states degenerate in pairs. In fact the splitting terms for +M
will occur at the M level of perturbation. For M ==+ 10 the E
term gives a splitting only at the tenth-order perturbation,
whereas for M == 2 it occurs at the second order.

The presence of sizeable transverse anisotropy not only
substantially lowers the barrier for the reorientation of the
magnetization, but it also provides the admixing of the =M
states that is required for the tunneling of the magnetization
at low temperature. In fact the direct tunneling in zero field of
the magnetization of Mn,Ac has never been observed below
2 K, because the tunnel splitting of the M =410 states is
exceedingly low (7.7 x 1072 cm™!) and the corresponding
relaxation time is extremely long. The most accurate meas-
urements of 7 indicate a 7 value of about 40 years at 1.5 K for
Mn,,Ac.*] The transverse anisotropy is much larger in Feg.
With the parameters obtained here, we calculate a tunnel
splitting of the M ==+10 states of 4.9 x 10~ cm~!, which is
approximately three orders of magnitude larger than in
Mn,Ac. In agreement with this, a tunneling relaxation time
of about 6 x 10* s, which is independent of temperature below
0.36 K, has been experimentally observed.?®!

Dipolar contribution to the magnetic anisotropy: The physical
origin of the magnetic anisotropy in iron(il) clusters can be
either dipolar or single ion. The former arises from the
through-space interaction between the magnetic dipoles
prevalently located on the iron ions, and the latter by the
contribution of the single ions through their low-symmetry
components. Several analyses of these contributions have
been performed, with different results.>4U In fact in some
cases the dipolar contribution, which is easy to calculate, was
found to be in good agreement with the experimental
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anisotropy, while in other cases a single-ion contribution
corresponding to up to 75% of the experimental anisotropy
had to be included.

The evaluation of the dipolar contribution to the magnetic
anisotropy of Feg requires that the wavefunction of the ground
S§=10 state is known. The temperature dependence of the
magnetic susceptibility has been reproduced by using the
Heisenberg exchange spin Hamiltonian [Eq. (3)] with the

HZZH;‘ f/'sz's, (3)

irreducible tensor operators approach and assuming D,
symmetry to reduce the size of the matrices to be diagonal-
ized.™! A true fitting procedure was not performed; however,
the experimental data are well reproduced with the following
parameters: J;;=140cm™, J,=25cm™!, J;;=18 cm~!, and
J3;=41 cm~!. In the calculation, the zero-field splitting of the
ground state and that of the first excited state, which is an § =
9 at about 24.5cm™', were taken into account.[*! These
parameters are slightly different from those reported pre-
viously,*! for which the decrease of y Tat low temperature was
attributed to an S =9 ground state close to an excited S =10
instead of the presence of magnetic anisotropy. These new
parameters compare well with data reported in the literature
for u-oxo and u-hydroxo Fe' pairs and with the dependence
of the J values on the Fe-O-Fe bridge. In fact the smallest J;4
value is associated with a pair of ions in which the Fe-O-Fe
angle is on average 100°, and which is therefore small enough
to reduce the extent of the antiferromagnetic coupling.[*—+7]

The composition of the wavefunction describing the S =10
ground state has been determined by diagonalizing the S =10
block (6328 x 6328) and evaluating which spin functions
contribute most to the ground state. In order to easily
describe the eigenvectors it is necessary to choose a coupling
scheme of the individual s; spins that best corresponds to the
spin structure of the ground state. The basis function was
chosen according to a recent single-crystal polarized neutron
diffraction experiment, which has shown that the spin
structure at low temperature is reasonably well described by
Figure 1, with Fe3 and Fe4 roughly aligned antiparallel to the
remaining iron spins. Therefore, s; and s, are coupled to give
Si4, 81 and s, are coupled to give S),, and this intermediate spin
is successively coupled to ss to give S;_s, and so on up to S, g,
which is eventually coupled to S, to give the total spin state
Sior. - The ground state is then mainly (ca. 70 %) described by
the basis function shown in Equation 4 with a further 10 %
contribution provided by that shown in Equation 5. The
remaining 20% is provided by several states with smaller
contributions.

| S34,812,81 5:51 6,51 751 _8:8) =1 5,5,7.5,10,12.5,15,10) “4)
[ 343812581 -5:51 26:51 7,51 8:811) =| 5,5,6.5,9,11.5,14,10) (5)

The dipolar contribution to the magnetic anisotropy is
described in Equation 6, in which i and j extend over the eight
iron spins and § corresponds to the total spin operator. The

projection coefficients, d;, can be calculated by using recur-
rent formulae of angular momenta coupling,® and the
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interatomic D tensors can be expressed in the point dipole
approximations as shown in Equation 7.

Hdip:s‘D'S:s(ZKj'di/'Di/)S (6)
D;=u3/Ri(g- g —3(g Ry Ry g)/R}) (7

For the spin wavefunctionthat contributes most to the
ground state, we evaluated D =0.037 cm~! and E/D =0.24.
Neither the sign of the calculated ZFS parameters, nor the
magnitude, which is almost one order of magnitude smaller,
compares well with the experimental parameters. The calcu-
lated intermediate principal axis is oriented approximately
along the Fel-Fe2 direction, as experimentally observed,
while the easy axis is at approximately 40° from the
perpendicular to the Fel-Fe2-Fe3-Fe4 average plane. A value
of D =0.029 cm™! is calculated for the second basis function.
Therefore it seems reasonable to conclude that single ion
contributions are dominant in determining the magnetic
anisotropy of Feg. A similar conclusion was previously
suggested.'! These results are similar to those reported for
Fe,,l which show how iron(ii1) may in some cases be quite
anisotropic.

Conclusions

The accurate single-crystal EPR analysis of Feg has provided
clear indication of the principal axes of the magnetic-
anisotropy tensor and of the low-symmetry components of
the crystal field. The data clearly show that the barrier
concept in single-molecule magnets must be critically consid-
ered when the transverse fields are sizeable. Concerning the
origin of the magnetic anisotropy in iron(i11) clusters, com-
pound Feg shows that single-ion contributions are dominant.
Although this is often the case, it is important to remember
that in antiferromagnetic rings with six and ten ions the
dipolar contributions could completely justify the observed
anisotropy.*l Therefore iron(i) clusters do not easily provide
single-molecule magnets by design, because the conditions for
large Ising type anisotropy depend very unpredictably on
minor features of the coordination environment of the metal
ions. Matters are different for Mn;, and similar compounds in
which the presence of the highly anisotropic manganese(11)
ions can give rise to large anisotropy in a rather clearly
understandable way.
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