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The dodecametallic Cr(lll) cluster [Cr;,09(OH)3(0,CCMe3)ys5] has a ground spin state of S = 6 characterized by the
spin Hamiltonian parameters gzz = 1.965, gxx = gyy = 1.960, Ds—s = +0.088 cm™*, and Es—s = 0 (where D and
E are the axial and rhombic zero-field splitting parameters, respectively) as determined by multifrequency EPR
spectroscopy and magnetization studies. Micro-SQUID magnetization studies reveal steps due to the fine structure
of the ground state, with the spacing between the steps in excellent agreement with the Ds—s value determined by
EPR. Analysis of high-resolution optical data (MCD) allows us to determine the single-ion g values and D value
(= -1.035 cm™Y) of the constituent Cr(lll) ions directly. A vector coupling analysis demonstrates that the cluster
ZFS is almost entirely due to the single-ion component. Thus, the relative orientations of the local and cluster
magnetic axes can lead to a cluster ZFS of opposite sign to the single-ion value, even when this is the only
significant contribution.

Introduction temperatures and the possibility of storing information in
single molecule$.Moreover, the observation of magnetiza-
tion quantum tunneling effecthas led to the proposal that
SMNMs could be exploited as Qbits in quantum computing.
The original discovery was in a dodecametallic, mixed-
valence manganese cluster [MD;(O,CMe);¢(H20)4], trivi-

ally known as “Mn5’, which has anS = 10 ground state
with an axial ZFS of—0.42 K! Because the temperature
below which SMMs operate is controlled in large part by
the productDg|S, whereDs is negatie in sign, a primary
goal in this field is to maximiz& and |Dg|. This requires a
detailed understanding of the factors that control these
parameters. Larg8 can arise from ferri- or ferromagnetic
exchange in polymetallic complexes of paramagnetic transi-

There has been great interest in molecules with large
ground-state spir since the discovery that such molecules,
when combined with a significant negative zero-field splitting
(ZFS, Dg) within this ground state, can lead to the phenom-
enon of single-molecule magnetism (SMMn such mol-
ecules there is a barrier to relaxation (reorientation) of spin,
the magnitude of which is given byDg/S. This leads to
magnetic hysteresis of an entirely molecular origin at low
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tion metal ions, and molecules with ground st&ep to of the Cr(lll) ion, closed-form analytical expressions have
33,, 39,, or %Y, have been reportedCluster ZFSs are less  been developed for the ZFS of th&, ground state in terms
predictable as there are many competing factors: the single-of the optical excited states that can be mixed in via spin
ion ZFS, anisotropic and dipolar exchange, and relative orbit coupling>™*” The most successful model is that
orientations of the single ions and the cluster magnetic axes.described by Macfarlane that considers all possible excited
To controlDsit is first necessary to quantify the importance states of the Hconfiguration that make a contribution B
of these factors. in a third-order perturbation treatment, including both the
The ideal way to quantify the single-ion ZF®)(is to spin quartet and doublet staféslo exploit these formulas,
dope the appropriate paramagnetic ion into an isostructuralit is necessary to have good-quality (high-resolution) optical
and diamagnetic analogue of the clustBr.can then be  data. Fortunately, spin-forbidden (and therefore weak) optical
determined directly by electron paramagnetic resonancetransitions to the spin doublet states can often be enhanced
(EPR) spectroscopy. A simple, but very elegant, example relative to the spin-allowed transitions in magnetic circular
of this approach is the work of Kremer on the antiferromag- dichroism (MCD) spectré? Enhancement of these transitions

netically coupled Cr(lll) dimers [LCr(OHELrL]3" (L = via magnetic exchange interactions has also been observed
tridentate ligand), where the ZFSs of tBe= 1, 2, 3 excited in absorption spectra of Cr(lll) dimefsand trimers!
states were all observable by EPRhe analogou§CoCd In this work, we report the magnetic characterization of

dimer could also be made, and doping Cr(lll) into this the dodecametallic Cr(lll) cluster [GOo(OH)3(0-CCMes)15]
allowed direct measurement of the single-ion ZFS for the (1) (Figure 1) by multifrequency (9180 GHz) EPR
system. Abbati et @ demonstrated the utility of this  spectroscopy and micro-SQUID magnetometry, and dem-
approach to larger clusters in the cyclic hexametallic Fe(lll) onstrate thal has arS= 6 ground state. The micro-SQUID
complex [Fg(OCHs)1z(pmdpm}] (Hpmdpm = 1,3-bis(4- magnetization studies reveal a stepped structure due to the
methoxyphenyl)-1,3-propanedione) by doping Fe(lll) into the fine structure of the ground state, the first time this effect
diamagnetid Gas} analogue. Unfortunately, for more com- has been observed. We then demonstrate that optical (UV/
plicated clusters, this direct approach often becomes impos-visible absorption and MCD) studies of large clusters can
sible because the appropriate diamagnetic analogue canndbe used to determine tlsingle-ionZFSs directly by treating

be made. Some workers have made the approximation thathe system as a pseudomonomeric Cr(lll) ion and applying
the single-ion parameters can be estimated from simple Macfarlane’s model to the experimentally determined excited-
monomeric complexes where the metal ion has a similar state energies. Using this method, and by application of the
coordination sphere. The single-ion ZFS can then be vector coupling approach, we find that the ground-state ZFS
projected on to the cluster ground-state ZFS using the vectorof 1, as determined by multifrequency EPR, is almost
coupling techniques detailed by Bencini and Gatte%&tur exclusively due to the single-ion Cr(lll) contributions.
example, Barra et dlused this methodology to conclude Furthermore, we demonstrate that the relative orientations
that the ground statBs-10 in Mn;, itself is largely due to of the local and cluster magnetic axes agimportantas

the single-ion anisotropy of the Mn(lll) ions, which they the single-ion ZFSs in determining the sign of the cluster
assumed to be similar to that observed in [Mn(dfjrthidbm ZFS. Some of these results have appeared in a preliminary
= 1,3-diphenyl-1,3-propanedion®) The same group have  communicatior?

used empirical angular overlap model calculations to estimate

the single-ionD in Fe(lll) clustersi! It would be far ~ Experimental Section

preferable to have a more direct measurement of the single- 1\ 2s made as reported previoudiy?

ion ZFS. ) ] EPR spectra were measured on powders and frozen solutions
Several authors have attempted to interpret ZFS in (cH,Cl /toluene, 10:1 viv) ofL at about 9 (X-), 24 (K-), and 34

monomericspecies within a ligand field theory framework  GHz (Q-band) on a Bruker ESP 300E spectrometer. The 90 and
and hence in terms of optical data. For the specific example
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An S= 6 Ground-State Cluster

Figure 1. (a) Crystal structure ol and (b) view of the Gr skeleton
emphasizing the penta-capped, trigonal prismatic core, the numbering
scheme for the four crystallographically independent Cr(lll) sites, and the
relative orientations of the single-ion and cluster ZFS axes.

180 GHz EPR spectra were measured on a home-built instriéfhent.
EPR simulations were performed using in-house softwatév/
visible and MCD spectra were recorded on solution$ iof CHCly/
toluene (1:1 v/v) using methods reported elsewB&&mulations
of MCD magnetization curves used in-house software described
elsewhere’

Magnetic measurements were performed on a powdgrsgfaled
in a gelatin capsule, using a Quantum Design SQUID magnetom-
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Figure 2. »TvsT for a powder sample df measured in a 0.1 T magnetic
field.
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molecule at any orientation of the crystal with respect to the
applied magnetic field in single-crystal EPR and magnetiza-
tion experiments (see later). The molecular structurg isf
based on a centered, pentacapped trigonal prism of Cr(lll)
ions (Figure 1b), and the cluster has crystallografdbic
symmetry. The two triangular face capping Cr(lll) ions [Cr(2)
and Cr(2A)] and the central Cr(lll) ion [Cr(1)] are on the
Cs axis. The vectors between each of the rectangular face-
capping Cr(lll) ions [Cr(3) and symmetry equivalents] and
the central ion define the thre@ axes. Only the vertexes
of the trigonal prism are in a general position [Cr(4) and
symmetry equivalents]. Therefore, there are only four
independent Cr(lll) sites in the structure bfThe structure
is held together by 9 oxides and 3 hydroxides, as determined
by neutron diffractiorf? and capped by 15 pivalate anions.
Susceptibility and Magnetization Studies. Magnetic
susceptibility studies on a powder samplelothow two
maximums inyT versusT (wherey is the molar magnetic
susceptibility), at~10 and~150 K (Figure 2). At room
temperature,yT = 19.6 cn¥ K mol™%, lower than that
expected for 12 noninteracting = %/, ions (21.6 crd K
mol~! based org = 1.96; see later). The lower temperature
maximum is at a value gfT = 21.6 cn? K mol~*. Although
this value is that expected for 12 noninteracting Cr(lll) ions,
this is entirely coincidental as demonstrated by the nontrivial
(non-Curie law)y T versusT curve. The value of T can be
explained by a large ground ste8eS= 6 would giveyT =

eter. Magnetic susceptibilities were measured between 1.8 and 3250.2 cn?# K mol~1. The complexity of the structure df

K in an external magnetic field of 0.1 T and corrected for
diamagnetism. Magnetization data were measured at 1.8 K in
magnetic fields up to 5 T. Low-temperature (0-04 K) single-
crystal magnetization data were measured using an array of micro-
SQUIDs developed at the LLNCNRS in Grenoble using proce-
dures detailed elsewheté.

Results and Discussion

1 crystallizes in theR32 space group, and the molecule
lies on a 32 site. This results in only one magnetically distinct

(24) Smith, G. M.; Lesurf, J. C. G.; Mitchell, R. H.; Riedi, P. Rev. Sci.
Instrum. 199§ 69, 3924.

(25) Mabbs, F. E.; Collison, DMol. Phys. Rep1999 26, 39.

(26) Thomson, A. J.; Cheeseman, M. R.; George, $ethods Enzymol
1993 226, 199.

(27) Mclnnes, E. J. L.; Pidcock, E.; Oganesyan, V. S.; Cheeseman, M. R;

makes exact modeling of these data in terms of the possible
exchange pathways impossible at present, and we restrict
ourselves to the characterization of the ground spin state.
Magnetization measurements performed on a powder sample
of 1 at 1.8 K do not quite reach saturation at the maximum
magnetic field strength employef®T (Figure 3). However,
it is clear that the plot is tending toward a saturation
magnetization oMz = 11.8ug, which is consistent with a
ground-state spin db = 6 with g = 1.96 (see below).
Magnetization measurements on a single crystal at
temperatures below 0.5 K, and at magnetic field sweep rates
above 0.07 T ., reveal a narrow hysteresis. As EPR
measurements demonstrate that the axial ZFS parameter of

Powell, A. K.; Thomson, A. JJ. Am. Chem. So2002 124, 9219.

(28) Wernsdorfer, WAdv. Chem. Phys2001, 118 99.
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Figure 4. (a) Energy level diagram for th& = 6 ground state of. on

application of a magnetic field parallel to the molecufafCs) axis. (b)
Calculated plot of magnetization vs magnetic field at 0, 0.04, and 1 K.

the ground staté)s—g, is positive (see below), this hysteresis
cannot be due to SMM behavior. In fact, it is due to a
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Figure 5. (a) Magnetization vs magnetic field fdrmeasured on a micro-

SQUID with the magnetic field applied parallel (hard axis) and perpendicular
(easy plane) to the moleculdrCs) axis at 0.04 K and magnetic field sweep
rate of 0.14 T s. (b) Derivative of a part of the curve in (a) corresponding
to the hard axis for the field sweep from 1.4+d.4 T.

in Figure 4. In principle, steps should be seen in a
magnetization versus external magnetic field sweep when
the Mg levels cross, i.e., when the ground st&techanges
from O, 1, 2...6. Figure 4b shows calculated magnetization
curves supposing a Boltzmann distribution among khe
states. At very low temperatures, the six steps are seen
clearly. However, at temperatures higher than 0.1 K, the steps
are smeared out. If this step function could be observed
experimentally, it would give a direct measurelfe. For

1, theZ axis is defined by symmetry to be tiig axis of the
cluster and corresponds to the body diagonal of the diamond-
shaped crystals. The experimental magnetization curve
measured at 0.04 K using a micro-SQUID is shown in Figure
5, and a derivative of this curve reveals the presence of the
steps (Figure 5b). The steps are only observed for the lower
values of|Mg| and are easier to observe as the field is swept

“phonon bottleneck’; i.e., the spin system cannot thermally toward zero. This behavior is due to a phonon bottleneck

equilibrate at the sweep rates used. Such behavior has beefe .

observed previously for fV1s} cage with arS= %, ground

state?® where this effect has been used to estimate the
effective tunnel splitting. Here, we use the phonon bottleneck

effect to measure the magnetic field separation betvivken
level crossings.
An energy level diagram for aB = 6 ground state with

a positive, axial ZFS (see later) with the external magnetic

field parallel to the moleculaZ axis (the principal axis of

the ZFS tensor or the “hard axis” of magnetization) is given

(29) Chiorescu, |.; Wernsdorfer, W.; Mer, A.; Bogge, H.; Barbara, BI.
Magn. Magn. Mater200Q 221, 103.
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the spin temperature decreases below the bath
temperature (temperature of the cryostat) when the field is
swept down to zero (adiabatic cooling) whereas it increases
above the bath temperature when the field is swept up to
high values. At much lower field sweep rates, the steps are
not well resolved because in this case the spin temperature
is always in equilibrium with the bath temperature. The
separations between the steps M/dH versusH are~0.16

T. With the magnetic field parallel to the molecul&dixis,

we would expect the steps to be separatedby-g which
gives usDs—s ~ +0.08 cnrl. This value is in excellent
agreement with that measured by EPR (see below).
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. Figure 7. 90 GHz EPR spectra of a powdered sampld @it 4 K: (a)
E}lglu:aet i.K(a) X-band and (b) K-band EPR spectra of powdered samples experimental and (b) simulation with the parameters in the text.

Stepped magnetization functions have been seen previously (a)
in antiferromagnetically couplefFe s wheels® but these 20K
are due to the groun8istate changing as the magnetic field
is increased% = 0 in zero field and theis = 1, 2, etc., at
specific values of applied field). We believe that the work
here is the first example where steps between consecutive
Ms levels within a giverSstate have been observed directly
by magnetization measurements on a molecular system.

EPR Studies.The cluster ground-state spin Hamiltonian
parametersS and Ds can be determined directly by EPR
spectroscopy, where transitions are observed betweavighe
substates of a giveBmanifold, as opposed to susceptibility
techniqgues where a bulk response from a Boltzmann
distribution over all spin states is measured. WHarg|,
or both are large, it is often the case that the EPR spectrum®’ L
spreads over several tesla in magnetic field and therefore Magnetic Field / T
high-frequency (90 GHz and above) EPR techniquesl with Figure 8. 180 GHz EPR spectra of a_powdered ‘sampla between 29
their much larger possible magnetic field sweeps, are ;r;((il.S K: (a) experimental and (b) simulated with the parameters in the
necessary* Moreover, the large Zeeman splittings induced
at large applied magnetic fields also allow determination of GHz, the transitions toward the high-field end of the multiplet
the sign ofDs by monitoring depopulation effects within a  decrease in intensity while those at the low-field end increase
spin manifold. in intensity (Figure 8a). A2 K and 180 GHz, only one

At room temperature, powder sampleslajive rise to a transition is observed at6.2 T. These observations are all
broad single line centered @t= 1.96. On cooling, this signal  consistent with an isolated, largeground state wittDs <
sharpens until at temperatures belowd0 K a highly hv at all frequencies. Very similar spectra are observed from
structured multiplet is observed. At X-band, this spectrum frozen CHCl,/toluene solutions of—this demonstrates that
is complicated (Figure 6a), but it simplifies considerably at the cluster remains intact in this solvent system.
K-band (Figure 6b), where a broad multiplet spreads from  Simulation of the powder EPR spectra is necessary in order
~0.7 to over 1.8 T (the maximum field strength of the to determineSand also the values and the magnitude and
electromagnet), corresponding to formally allow&is = sign of the ZFS. The separations of the transitions in Figures
+1 transitions within a large spin manifold, and there are 6—8 are~0.09 T (~0.08 cn1?), and we used this as an initial
weaker, spin-forbidden transitions that spread over the entireestimate oDs. Good simulations of the powder spectra are
field range. A similar spectrum is observed at Q-band with possible with the spin Hamiltonian paramet8rs 6, gzz =
slightly poorer resolution. The powder spectra are simplified 1.965,gxx = gvy = 1.960,Ds—s = +0.088 cm?, andEs-¢
further at 90 and 180 GHz (Figures 7a and 8a, respectively),= 0 (whereDs-¢ and Es—¢ are the axial and rhombic ZFS
with the formally forbidden transitions now at much lower parameters, respectively anf] Y, Z refer to thecluster
magnetic fields and well separated from the formally allowed principal axes), and the 90 and 180 GHz simulations are
transitions. On cooling the sample from 492 K at 180 shown in Figures 7b and 8b, respectively. Note that these
axial parameters are consistent with the crystallographic
(30) Taft, K. L.; Delfs, C. D.; Papaefthymiou, G. C.; Foner, S.; Gatteschi, symmetry of the cluster. The axial symmetry dictates that
(31) gér';;?‘frfj;sérﬂﬂéf\f'g?%”;itsgg]?gél;légrgﬁ.; SessoliARC. the most intense features in the experimental powder spectra

Chem. Res1998 31, 460. (the multiplet centered &= 1.960) are the “perpendicular’

(b)
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Figure 9. Single-orientation 90 GHz EPR spectrum of a single crystal of 209
1 at 10 K: first derivative (top) and second derivative (bottom).
-404
transitions, i.e., arise from the subset of molecules with their 0 2 4 6 8
unique axis (Z) perpendicular to the applied field. The Magnetic Field / T

“parallel” transitions are much weaker, broader, and poorly (Faiguge} 10.h gneggy Ievecljdiagraor;ls and all_lowed EfPR transitiolns(180 )

H H Hz) for theS= ground state on application of an external magnetic
resowe_d in the powder spectra. prever’_ dESpl_te the poorfield (a) parallel to and (b) perpendicular to the clusigraxis.
resolution of the parallel transitions, simulations with

isotropic rather than axiaj values give noticeably poorer Figures 6-8 illustrate how the spectral line widths are
fits to the experimental spectra. Simulations with other values sharper at lower frequencies. It is also apparent that the line
of Sbetween 4 and 8 also give much poorer fits. Final and yjdths of the transitions within th& = 6 manifold are not
conclusive evidence for the value 8icomes from a single  ¢onstant at a given frequency: transitions are narrow in the
(arbitrary) orientation spectrum of a single crystal bf  center of the multiplet¢0.03 T at 180 GHz) and broaden
(Figure 9). TheAMs = +1 EPR selection rule predictsS2  severely in the wings (e.g., the solitary, remaining transition
allowed transitions at a given orientation. The 12 observed 5t 2 K and 180 GHz is0.2 T wide). This phenomenon has
transitions in Figure 9 (number of maximums in second- peen observed previously for lar@esystems and has been
derivative spectrum) define the ground state unambiguously gscribed taD strain?? i.e., there is a statistical distribution
asS= 6. of Dsvalues rather than a single discrete value. Because the
The sign ofDs—¢ comes from modeling of depopulation energy of each substate within tBe= 6 manifold is given
effects within theS = 6 manifold at 180 GHz and between by M{Dss, there is a broader distribution of energies of
20 and 2 K (Figure 8). Energy level diagrams calculated the substate levels with highgvlg. Thus, there is a broader
using the spin Hamiltonian parameters above and a positiverange of transition energies between hilyh substates (i.e.,
Ds-¢ value, for the applied magnetic field parallel to and transitions in the wings of the spectrum), and larger line
perpendicular to the moleculdraxis (defined by symmetry  widths are observed. Conversely, transitions between sub-
to be the principal axis of the ZFS in th&; point group),  states of smallMg| (in the middle of the spectrum) are much
are shown in Figure 10. narrower. In the simulations in Figures 7 and 8, this has been
The 12 formally allowed EPR transitions at each orienta- modeled by calculating the line widthAH = A + BM<.
tion are shown fon = 180 GHz. On cooling the sample, For example, at 180 GHz, the inherent line widthAis=
the upper energy levels are depopulated in favor of the lower400 G for Z (parallel) and 270 G foiXY (perpendicular)
ones, resulting in skewing of the intensities of the EPR transitions, withB = 50 G.
transitions within theS = 6 manifold. The most intense Optical Studies.The UV/visible spectrum aof in CHCIy/
features of the powder spectra are the perpendicular transitoluene (1:1 v/v) at room temperature (Figure 11a) resembles
tions (see above). Within this perpendicular manifold, the that of monomeric Cr(lll) with two &d absorptions corre-
transition arising from the grounmls substate (which can  sponding to théA, — *T, and 4T, transitions (16 475 and
be labeledMs = —6 in the high-field limit) is the one at 22 883 cm?, respectively). Note that we have labeled the
lowest field; hence, the intensity of this transition is enhanced optical transitions using terms appropriate for a single ion,
on cooling the sample. Within the parallel manifold, the and the appropriate energy level diagfardor a { Cr(lll)-
transition arising from the grounils state Ws = —6 — Og} center is in Figure 12. The first of these transitions is
—5) is the one at highest field; hence, this transition is expected to giveA (or 10Dq) directly for O, symmetry (A

enhanced on cooling the sample. If the ZFS were negative,= 16 475 cm?), and the Racah paramet&andC can be
the highest and lowest field transitions in the perpendicular

and parallel manifolds, respectively, would be enhanced on (3) (a) Park, K.; Novotny, M. A.; Dalal, N. S.; Hill, S.; Rikvold, P. A.
cooling. Variable-temperature simulations, which include the Phys. Re. B 2001 65, 014426. (b) Bouwen, A.; Caneschi, A;
Boltzmann distribution of states, are in Figure 8b and confirm Gatteschi, D.; Goovaerts, E; Schoemaker, D.; Sorace, L.; Stefan, M.

) o J. Phys. Chem. 2001, 105, 2658.
that Ds—g iS positive. (33) Macfarlane, R. MJ. Chem. Phys1963 39, 3118.
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10001 @ K (where only theS= 6 ground state is populated), and the
resultant magnetization curves can be simulated to give the
7501 linear polarizations of the optical transitions. The transition
fg at 15 673 cmt is found to be 91%XY polarized, consistent
2 with assignment a$A, — 4E, while that at 16 502 crit is
3 65% XY and 35%XZ(Y2) (“A; — *A;). These simulations

assumed ars = 6 ground state an®s-¢ = +0.088 cnt

(as determined by EPR spectroscopy). Simulations based on

S= 5 gave near identical curves, which suggests that MCD

magnetization data are not sensitive enough to determine (or

discriminate between different possible values of) large spin

guantum numbers.

The“A, — &T, absorption at 22 880 cm also consists

of two transitions as witnessed by the unsymmetric UV/

visible absorption profile and also by the significant shift

20 : : . compared to the MCD maximum in this region (21 598

80,000 25*°°°En 2‘3000_1 15,000 cmY). The 4T, state would be expected to be split in trigonal
eroy fem symmetry tad*A, and*E—we are only observing one of these

Figure 11. (a) UV/visible spectrum at 293 K; (b) MCD spectra at 1.8 K, . . . .
and+5 (solid line) and-5 T (dashed line) magnetic fields, bin CHCly  transitions clearly in the MCD spectrum. A Gaussian fit to

Ae/M'em”

toluene (1:1 v/v) solution. the absorption and the MCD spectrum is possible by
. assuming two components in this region at 21 598 and 24 154
b T1 — cm~L. The third spin-allowed transitiot, — b*T; for Cr(lll)

would be expected at35 000 cm? (based on the calculated
Racah parametersyve do not observe this in the absorption

sz - or MCD spectra because it is presumably masked by charge-
- 2 4 transfer transitions.
o = In addition to the formally spin-allowed transitions above,
8 a“T1 —_— lv/2 +V' several sharper features are resolved in the MCD spectra that
w - 'T are not apparent in the UV/visible spectrum. These can be
a T2 ik assigned to the spin-forbiddéA, — %E (14 085 cm?), “A,
T B \ — 2T, (~15 150 cnl), 4A, — &2T, (20 000 cnl), and*A,
T —2- —_— i V2 — b?T, (2 7933 cm?) transitions, where the assignment of
12 A the ordering of the states is based on that for ofi@x111)-
E 1

Og} centers?1333The transitions to A, would be expected
at~30 000 cni! based on the calculated Racah parameters,
and we assign the experimentally observed, sharp peak at
27 933 cmt accordingly. The enhancement of spin-forbidden
quartet-doublet transitions in MCD has been observed
previously for monomeric Cr(lll) complexé8.

4 — . . . .

A2 Relationship between Optical and EPR Data. (i) Zero-
Figure 12. Optical ground and excited states for a monomé@e(l11)- Field Splitting. Macfarlané® ha§ given an"?llytlcal express!ons
Og} center, after Macfarlan®. for the ground-state ZFS of trigonally distorted Cr(lll) ions

in terms of the energy gaps to the excited spin quartet and
spin doublet states arising from th& @bnfiguration (eq 1),

W2 22 22  2V2

calculated from this and the other transition energigs=(
534 cmt, C ~ 3000 cnmt).34
The MCD spectrum at 1.8 K (Figure 11b) has much

greater resolution than the room-temperature UV/visible 2D=:—;(i2—i2 ve? + 5.5 +<S S +3<S S +6 S
spectrum (as has been observed previously for exchange 057 0 194 003 90504 004
coupled system®,including large spin clustety and reveals 16B 8v2B n ov2B| , > 1
that the*A, — “T, band actually consists of two transitions 01005 0005 0,20, vt (1)

at 16 502 and 15 673 crh, assigned tdA, — “A; and“E,
respectively (see below), consistent with lowering fr@m

to Ds symmetry. Field-dependent MCD spectra of the
transitions at 15 673 and 16 502 chwere measured at 1.8

wherev andv' are related to the splitting of th&, and
a'T, states due to a trigonal distortion (see Figure32)is
the spin-orbit coupling parameter for Cr(Il1)B is a Racah

(34) Lever, A. B. P.Inorganic Electronic Spectroscop¥lsevier: Am- parameter, and the are the optical ground-stat@xcited-

. ScEerda?]' 1884#%- Kk M. L. Stemmier T. L Samudranil. p. state energies as defined in Table 1. Macfarlane noted that

39) Ar?nn;frtljr:{g, W H Fl:er;nerl—Hé’hn, \l]e.mEn.]; eSrc’>lor'nor'1’, Eﬁr;\]rl:].rg?]gm. " the ground'State ZFS is80% due to mixing with théTZ’
Soc.1994 116, 2392. a'Ty, &T,, and BT, excited states in this mod&.These
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Table 1. Optical Data forl in CHClyToluene (293 K UV/Visible and covalency, and anisotropy in the covalency, are much less
1.8 K MCD) in the lighter (cf. Ct, Br) oxide host. Thus, although these
UV/visible/cmmta  MCD/cm™iP  assignmerit  energy labeF effects were crucial in Solomon’s study of [Fg[CI%8 we
—e 14085 4A,—2E  9B+3C can neglect them in the present studycén be considered
- ~15150 “A;—?T; 9B+3C as a chromium oxide core surrounded by a carboxylate shell)
16 475 15673 4A2_’4T2 A 61 and use eq 1
16502  (E+“Aj) " ‘
_ 20000 A, —@T, 158+ 4C 0 (i) g Values. Abragam and Bleanéy stated that the
22883 21598 4A,—d&T; A+12B 04 deviation of theg values from the free electron valug. &
3‘7‘ égg 4(‘AE + ‘LAZg? Aropiic 2.0023) in Cr(lll) ions is caused by mixing of tha, ground
- 27— 2 3 1 1 I H i I N
(35 000§ = aa,—bT, 2A+3B o state with thefT, excited state via spinorbit coupling:
a Absorption maximums from UV/visible spectrufFrom MCD spec- 0,,= 0e — (8@/3A4A1)

trum. ¢ Assignment and nomenclature from Macfarldhé® d Excited-state
energies in terms of crystal field splittify and Racah parameters. These

data giveA = 16475 cnTt, B = 534 cnt?, andC ~ 3000 cnt! and trigonal O = Oy = G — (8E/3AE) 2
splitting parametefd v = 1658 cnt! andv' ~ 1700 cnT?. € Not observed.
"Not observed, calculated frot andB. where A%A; and A“E are the excitation energies to the

expressions have been used successfully to correlate opticalim'zlon‘fjIIIy split components of theT, excited state. When

li imple monomericCr
and EPR data for many monomed€r(Il)O¢} centers app ed to§ pie monome eCrQ:} centers such as ruby,
. . L : . this analysis giveg values much lower than those observed
including coordination complex&sand mineral lattices such : _ 215 :
a7 experimentally § = 1.98 cf. 1.96):2'5 However, this
as ruby, emerald, and spinféf : o ;
L treatment neglects the important contribution of excited states
Because the UV/visible and MCD spectra foresemble ) . .
. : o other thanT,. Macfarlane’s treatment considers the contri-

those of single-ion Cr(lll), we analyzed these data similarly,

: . . : bution from all possible excited spin quartet and spin doublet
treating the system as a trigonally distorted (recalling the . 3 . . -
o .~ states arising from the3atonfiguration (eqs 43’
D3 cluster symmetry), pseudomonomeric ion, to determine

the single-ionZFS in this clgster directly. AIthough there 8tk —28%(k + 9) 48%(k — 2g,)

are four crystallographically independent Cr(lll) sites in the g,,= g, — 3. + 5 5 +

crystal structure of, their metrical parameters do not differ 1 39, 904

dramatically, and the differences are not resolved in the 82°(k — 2g,) 4% | Atk Ak

optical experiments. Therefore, at worst this approximation w2 300, + 9,0, + 36,0, +

will give the mean single-ion optical parameters and therefore 1

a mean single-ion ZFS for the system. 8Cvk 8v2ev'k
Using the assignment of the transitions given in Table 1, 99,2 30,0,

and the trigonal distortion parameters= 1658 cnm* and

v' & 1700 cn! (from the experimentally observed splittings atvk  aV2ev'k

of the*T, and 4T, excited states; see Figure 12), we calculate 92~ G = glz - W ©)

a value of|D| = 1.035 cmt with { = 273 cn? (free-ion

value for Cr(lll)). Calculations based on simpler models  \here k is the orbital reduction factor that accounts for

that ignore mixing with spin doublet states result in much coyajency. Equations 3 reproduce the magnitude and relative

smaller values. magnitude of the values of Cr(lll) in ruby (and other oxide
Solomon et al. in their work on [Feg}l" and [F¢ S(Mer- lattices) much more accuratel{Using our optical data for

CeH)a} 4]~ noted that analytical expressions relating the ZFS 1 \ye calculate the following expressions for the single-ion
of pseudotetrahedral Fe(lll) to optical excited-state energies, q yajues (assuming axial symmetry):

analogous to the treatment in eq 1 for Cr(lll), can fail because
of the neglect of anisotropic covalency effet#laolu and g,,= 2.0009— 0.044%
Rudowicz considered this problem explicitly for trigonally
distorted Cr(lll), adapting Macfarlane’s model to incorporate
two spin—orbit coupling parametef. They found that
neglect of anisotropic covalency effects leads to large errors
(even in sign) in the ZFS of th#\, ground state for Cr(lll)
doped in chloride and bromide lattices. However, in oxide
lattices, the ZFS could be reproduced satisfactorily with a
single spir-orbit coupling parameter model, because the

G = Gy = 2.0009— 0.039% 4)

Thus, we expect,; < g« for the single ions, withy,, =
1.957 andg«w = 1.961 in the ionic limit kK = 1). In
Macfarlane’s treatment, this is expected to lead to a negative
single-ion ZFS7 This pattern of single-iorg values is
opposite to the measured clustevalues forl.

Rationalization of the ZFS in the S = 6 Ground State

(36) Andriessen, W. T. M.; Groenewege, M. IRorg. Chem.1976 15, of 1. The ZFS of a spin stat8that results from the coupling
621. of two individual spinsS, and S can be described By
(37) Macfarlane, R. MPhys. Re. B 197Q 1, 989.
(38) (a) Deaton, J. C.; Gebhard, M. S.; Koch, S. A.; Millar, M.; Solomon, —
E. l.J. Am. Chem. S0d988 110 6241. (b) Deaton, J. C.; Gebhard, Ds dlDA + dZDB + dlzDAB )

M. S.; Solomon, E. lInorg. Chem.1989 28, 877. . . .
(39) Maolu, D.; Rudowicz, CPhys. Re. B 1992 46, 8974. where the projection coefficientbcan be calculated given
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the values ofS, Sy and $%.8 DA andDg are the ZFSs 08, Table 2. Spin Projection Coefficients for Vector Coupling Scheme
and_Sg, r_espectively, anﬁ_)AB is the ZFS due to the excha_nge S S s d dp dho
(WhIC.h mcludes the an|sotrop|c_ exchange and the dipolar 3, 3, 3 0.200 0200 0.300
contributions). This vector coupling approach has beenused 3 3, 3, 2.400 0.200 —0.800
successfully by Kremer to analyze the ZFSs of the excited 3 32 2 0.417 0.083 0.250
spin states of antiferromagnetically coupled Cr(lll) dimers 2 2 g 8-251 85;2 ggg
where the single-iorD could be measured directly from 9 o, 9%, 3.182 0.545 ~1.364
doping Cr(lll) into the isostructural and diamagnetic Co- 9, 3, 6 0.545 0.045 0.205
(1) dimer.® %, 3, 3 1.833 0.083 —0.458
9 3 6 2.000 0.143 -0571

Barra et aP have attempted to apply this relationship to
much more complicated clusters by successive coupling Ofdefine a coupling scheme to achieve this: we have tried

spins to generate the global cluster ground-state spin. Thisqe, e 5| schemes and find that the final results do not vary a
depends on the mode one chooses for the.exchange. CouDIinggreat deal and we illustrate this with two alternatives.

F_or example_, for Mi, the_ structure consists of a ring of Scheme 1The three Cr(lll) ions that lie along the cluster
eight Mn(lll) ions surrour_1d|ng @Mn(IV)4O4} cuba.ne core. Cs axis are each connected by three single-atom bridges, and
TheS= 10 ground state is often described as being the resultWe expect them to be strongly coupled. The outer two spins
of coupling the eight Mn(lll) ions together ferromagnetically (Cr(2) and Cr(2A)) are aligned parallel with each other but

]EO give Sy t': ||16t anq the_fgur I\élr:SV) ionsl_togter;cher antiparallel to the central spin (Cr(1)). The ground state of
erromagnetically to give = 6, and then coupling these such a system is given by coupling the two outer ions to

two total spins antiferromagnetically to gi&= 10. Using give S= 3 and then with the third to give = %,. We then

eq 5 successively to generate expressions for the ZFS for le the th t lar f ina Crain i cr3
S.— 16,5 — 6, and finallyS = 10, they then make the couple the three rectangular face capping Cr(lll) ions (Cr(3),

i . . Cr(3A) and Cr(3B)) ferromagnetically to givé = ..
;‘; Sgﬂ;nrghogégag;h&r?(lﬁls)ti\:vﬁi ﬁ \izlliasp?ei?;;etlg g:errtltéﬂe Equivalent vertexes of the trigonal prism (Cr(4) and Cr(4E);
) 4A 4D); Cr(4B 4 led ferro-
larger than that of Mn(lV) because of the Jatireller Cr(4A) and Cr(4D); Cr(4B) and Cr(4C)) are coupled ferro

. . . X ) magnetically to giveS = 3 and then coupled together
distortion of Mn(lll)); i.e.,Dag is assumed to be zero. Using ¢ y g P g

the experimental value of the cluster ground-state ZFS feromagnetically to gives = 9. TheS = 9 and”; states
: ) ) are coupled antiferromagnetically to gige= °/, which is
(—0.46 cn1?), they calculate the single-ion ZFS of the Mn- P g yod 2

. ) ; finally coupled ferromagnetically with th&= 3/, (resulting
— 1
(I_”) lons to be —2 cnr". An alternative coupling scheme from the three ions on th€; axis) to give the total ground-
gives —3.64 cml. These values are comparable to those

. ) ) state spirS = 6.
found in [Mn(dbmy}] (—4.6 cnT?) and Mn(lll) doped in rutile Sch 2The th crany i the clust&. axi
(—3.4 cnT), both of which contain isolate@Mn(II1)O ¢} cheme 2.The three Cr(lll) ions on the cluste; axis

centers, and thus, they conclude that the model is reasonabl are coupled as before. The result 721s then coupled
’ ’ o ) ntiferromagnetically with the three rectangular face-cappin
and that the ZFS of M is indeed largely due to the single- g y g bping

ion anisotropy of Mn(lll). This analysis works because the lons (Cr(3), Cr(3A) and Cr(38)), each of which is connected
’ to Cr(1) by two single-atom bridges. This spin topol
Jahn-Teller distortion axes of all the Mn(lll) ions, which 0 Cr(1) by two single-atom bridges. This spin topology (a

: . triangle of S= %/, centered on a fourth, oppositely aligned
are expected to define the principal axes of lteal ZFSs, S =3, is an:jllogous to that used by Gatteschi and
are approximately collinear with each other and with the

i . co-workerd! for the S= %, ions in the Fe(lll) cluster [Fa-
principal axis of theclusterZFS (the molecule has tetragonal (OMe)(dpm)] (Hdpm = dipivaloylmethane) and can be
symmetry). The same group has applied similar analyses to,

) . treated similarly to giveS = 3. Equivalent vertexes of the
Fe(lll)4, Fe(lll)s, and Fe(lll} clusters with the conclusion y 10 g d

) L : trigonal prism (which are connected by two single-atom
that dipolar contributions to the cluster ZFS are important bridges and are related by 2-fold symmetry) are coupled
i 11,40
in these clusters! . . . ferromagnetically to give a triangle & = 3 states, which

For 1 we can attempt a similar analysis but with the great are then coupled together to gi®= 9 as in scheme 1
advantage that we have the optically determined value forAntiferromagnetic coupling of thi§ = 9 with the S = 3 '
the single-ion ZFS of the Cr(lll) ions. We first assume that

C . ) : . gives the final spin o5 = 6.
this smgI(_a-lon Z.FS is valid for all Cr(lll) sites. To generate = g projection coefficients required for all these calcula-
a total spin of 6 in the ground state we require that, in crude

X ) . . tions, obtained by the method detailed by Bencini and
terms, eight of the Cr(lll) ions are "spin up” and four are Gatteschf are in Table 2. HoweveD is a tensor quantity
“spin down”. From symmetry considerations, the only logical '

explanation is if the spins of the central ion [Cr(1)] and the related o its diagonal elements by
three rectangular face-capping ions (Cr(3) and symmetry D=D,,+ (D, + D,)/2
equivalents, Figure 1b) are aligned with each other, but S
oppositely to those of the vertexes of the trigonal prism and 4g

of the triangular face-capping Cr(lll) ions. We then need to

. . Dyt Dy, +D,,=0 (6)
(40) (a) Barra, A.-L.; Gatteschi, D.; Sessoli, Rhem. Eur. J200Q 6,
1608. (b) Gatteschi, D.; Sorace, IL. Solid State Chen2001, 159, . . . .
253. Therefore, we must consider the relative orientations of the
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local and cluster magnetic axes before we can use these The vector coupling approach can also be applied to the

coefficients to calculate the single-ion contribution to the
cluster ground-state ZFS. In the following discussibpare
diagonal elements of tHecal D tensors (hence, y, zdoes
not imply a common coordinate frame), aldg are diagonal
elements of thelusterDs—¢ tensor K, Y, Z coordinate frame).
Equations 6 give the component ofDatensor along itz
axis asdD,,= 2D/3, and in the assumption of axial symmetry,
the in-plane componenDy = Dy, = —D;J/2, is half the
magnitude and opposite in sign @,

1 has crystallographi®; symmetry and the unique axis
of theS= 6 ground-state ZF3)z;) is required to be parallel
to the C; axis. The trigonal face capping and the central
Cr(lll) ions lie on theC; axis and therefore their loc#),,
axes must be collinear with each other and with@aaxis;
i.e., theirD,; values project directly ont®z; (Figure 1b).
Each of the rectangular face-capping Cr(lll) ions lie dB,a
axis and theirD,, axes will be collinear with these in the
approximation of axial local symmetry. The€g axes are
perpendicular to the clusté&; axis and hence only the in-
planeDy components of their ZFSs project onto the cluster
Dzz. The vertexes of the trigonal prism do not lie on any
symmetry element but are all related by symmetry. Analysis
of the coordinates of the loc&lCrOs} coordination geom-
etry?2 shows that there is a statistically significant elongation
of one of the axes, along the Cr4p(2) and Cr(4)-O(1A)
bonds, which we assign as the loaabxis. There is no

calculated single-iog values vid

Os=Ci0a 1 C0s 8)
wherega andgg are theg values of centers A and B, and
the projection coefficients ¢ can be calculated fr&TS,,

and S. Using either coupling scheme 1 or 2 above, and
taking into account the relative orientations of the local and
global axes as before, gives the following expressions for
the clusterS = 6 ground-state values:

gZZ = (3/4)gxx + (1/4)922

Oxx = (1/4)g, + (3/4)g,, )
Hence, substituting egs 4 into 9 we have

07y = 2.0009— 0.040k

Oyx = 2.0009— 0.043k (10)

Note that, in contrast to the single-igrvalues, the expected
pattern for the clusteg values isgzz > gxx. This is in
agreement with the experimental EPR data. Thus, the above
analysis using Macfarlane’s treatment to calculate the single-
ion spin Hamiltonian parameters, and the vector coupling
approach to reproduce the cluster parameters, is self-

marked trigonal compression along any of the octahedral consistent. The calculated clustgvalues in the ionic limit

faces. Therefore, we assume that the I@zabxes for these
sites are parallel to the O2JD(1A) vectors. These are nearly
perpendicular to the clust€) axis (93), so effectively, only
the in-planeDyy components project onto the clusies;.

Thus when the single-ion ZFSs from the Cr(lll) ions lying
on theCs; axis are used in eq 5, the coefficients in Table 2
must be used witlD,, while the D, value is appropriate
for all the other sites. If we assume that the cluster ZFS is
entirely single ion in origin, i.e., we assurbgg = 0 at each
stage of the calculation, then using scheme 1 we have

D,,=0.27D,,+ 0.05D,, (7a)
And for scheme 2
D,,=0.30D,,+ 0.01D,, (7b)

Using the optically determined value for the local ZF3of
= 41.035 cn1?, we haveD,, = +0.693 cnT! and Dy =
+0.347 cmil. Scheme 1 give®;z = +0.061 cnt?, which
corresponds to a ZFS @s-¢ = +0.091 cm for the S=

(k=1) are gz = 1.960 and gx = 1.958, which are in good
agreement, albeit slightly low, compared to the experimental
0zz = 1.965 and gx = 1.960. If we use these experimental
values to estimate the covalency parameter via eqs 10, we
getk &~ 0.9. This is very high compared to that Macfarlane
assumed for, e.g., ruby~0.7)3" but is consistent with the
low covalency of Cr(lll) ions in oxide lattices discussed by
Rudowicz®® If we then include this covalency in the
calculation of the single-ion ZFS (and hence the cluster
ground-state ZFS) in the form of a reduced spimbit
coupling parameter (recalling thiatis proportional ta;?),1837

we get values 0Ds—¢ in the range 0.0740.115 cm?. If

we assume the same covalency as Macfarlane assumed for
ruby®” we get the range 0.04%.069 cm?. The simulta-
neous reproduction of the experimengaedndD values ofl

from optical data gives confidence in the validity of the
method.

The range of calculate®s—s-values are in very good
agreement with experiment-0.088 cm?), and we conclude
that the ZFS in the ground state bfs almost entirely due
to the single-ion ZFS of the constituent Cr(lll) ions. These

6 ground state of the cluster. This is in remarkable agreementresults are consistent with Kremer’s studies on Cr(lll) dimers

with the experimentally determined value ©0.088 cnt?.
Scheme 2 give®s-¢ = +0.142 cnT. The positive sign of
the experimental clusteDs-¢ (determined by HF-EPR)
implies that the single-ion ZFS is negative: this is consistent
with the experimentally determined sign for isolated, trigo-
nally distorted{CrOgs} centers such as in rubyand with

the calculated pattern of the single-igrnvalues §,; < Qux

see above).
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where the single-ion ZFS was found to bel order of
magnitude larger than the anisotropic exchange contributions
to the cluster ZFSsIf we had simply assumed the single-
ion ZFS inlto be similar to that in ruby or in a monomeric
{CrQg} complex such as [Cr(acat)Hacac= acetylaceto-
nate), we would calculate cluster ZFSs that are under half
that of the true value, and this demonstrates the value of
determining the single-ion ZFSs directly.



An S= 6 Ground-State Cluster

The fact that the cluster ZFS happosite sigrto that of such that the local principal axes were perpendicular to that
its component single ions is a result of the relative orienta- of the cluster. If the single-ion ZFS in this study was positive,
tions of the local and cluster magnetic axes: all but 3 of the then1 would be a SMM.

12 Cr(lll) ions project the in-plane, positive component of )

their D tensors onto the unique cluster axis. Other workers Conclusions

have also noted the importance of the orientation of magnetic We have demonstrated by multifrequency EPR spectros-
axes. Christou, Hendrickson, and co-workers have demon-copy thatl has arS= 6 ground state and that the ZFS within
strated that the effective barriers to relaxation of magnetiza- this ground state i3-0.088 cntl. This is supported by micro-
tion can be very different between isomeric Mderivatives SQUID magnetization measurements on single crystals of
that differ only in the orientation afneof the local Mn(ll1) that show a stepped structure becausdefenergy level
Jahnr-Teller axes (“JahnTeller isomerism”f* However,no  crossings solely within the ground state. Unfortunately, the
quantitative relationship betweeDs-10 and the relative  positive sign of the ZFS negates the possibilityl dfehaving
orientation was founé? Caneschi et al. have analyzed the as a SMM.

ZFS of theS = 1 excited state of [ROCHs):(pmdbmj] We have shown that the single-ion ZFS in a geometrically
on the basis that the principal axes of the local ZFSs are complicated cluster, where synthesis of diamagnetic ana-
perpendicular to that of the clust&étHowever, the predomi-  |ogues for doping experiments is impossible, can be directly

nantly antiferromagnetic coupling in that case results in determined from high-quality optical data (e.g., low-tem-
negative projection coefficients, and thus, tBe<(1 excited  perature MCD). Using this information and a vector coupling
state) cluster and local ZFSs still have themesign. The approach, we have shown that the ground-state ZFSi®f
work presented here gives a clear example of a cluster havingaimost entirely single ion in origin and have calculatgd

a large spin ground-state ZFS of a sign opposite to that of values consistent with experiment. More importantly, we
its single ions. This demonstrates that in the design of have shown that the relative orientations of the local and
molecules with the large negative ZFSs necessary for SMM cluster magnetic axes can lead to a cluster ZFS opposite in
behavior, the alignment of the single-ion magnetic axes sign to the single ion, even when this is the only significant
relative to each other and to the cluster axessismportant  contribution. This implies that SMM research need not be
as the sign of the single-ion ZFS. Mrhas a large negative  restricted to the use of metal ions that give rise to negative
ZFS because the local Mn(lll) distortion axes, where the zFSs,

single-ion ZFS is negative, are approximately parallel to each
other and the cluste€, axis®41 A SMM could be made Acknowledgment. We thank the EPSRC (UK) for

from a metal ion with a positive ZFS if it could be engineered funding of the EPR Service at Manchester and St. Andrews
and for studentship (S.P.) and postdoctoral (M.M.) grants.
(41) (a) Sun, Z.; Ruiz, D.; Dilley, N. R.; Soler, M.; Ribas, J.; Folting, K; i ichi
Maple. M B.: Christou, G.. Hendrickson, . KEhem. Commuri.908 The collaboration between Manchester and Kishinev has
1973. (b) Aubin, S. M. J.; Sun, Z.; Eppley, H. J.; Rumberger, E. M.; P€en supported by INTAS (Contract 00-0172), and The
Guzei, I. A.; Folting, K.; Gantzel, P. K.; Rheingold, A. L.; Christou,  Royal Society provided support for an Ex-Agreement Fel-

G.; Hendrickson, D. NInorg. Chem.2001, 40, 2127. .
(42) Aubin, S. M. J.; Sun, Z.; Rumberger, E. M.; Hendrickson, D. N; |OWShIp (G'A'T')' We are also gratefu' to the EU-TMR

Christou, G.J. Appl. Phys2002 91, 7158. “MolNanoMag” for support, and for an OSS award to G.R.
(43) Caneschi, A.; Cornia, A.; Fabretti, A. C.; Foner, S.; Gatteschi, D.;
Grandi, R.; Schenetti, LChem. Eur. J1996 2, 1379. 1C034541B

Inorganic Chemistry, Vol. 42, No. 17, 2003 5303





