JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by ISTANBUL TEKNIK UNIV

Article

The Origin of Transverse Anisotropy in
Axially Symmetric Single Molecule Magnets

Anne-Laure Barra, Andrea Caneschi, Andrea Cornia, Dante Gatteschi,
Lapo Gorini, Leo-Philipp Heiniger, Roberta Sessoli, and Lorenzo Sorace
J. Am. Chem. Soc., 2007, 129 (35), 10754-10762+ DOI: 10.1021/ja0717921 « Publication Date (Web): 09 August 2007
Downloaded from http://pubs.acs.org on February 15, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 4 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja0717921

A\C\S

ARTICLES

Published on Web 08/09/2007

The Origin of Transverse Anisotropy in Axially Symmetric
Single Molecule Magnets

Anne-Laure Barra,T Andrea Caneschi,* Andrea Cornia,® Dante Gatteschi,*#

Lapo Gorini,* Leo-Philipp Heiniger,* Roberta Sessoli,* and Lorenzo Sorace*
Contribution from the Grenoble High Magnetic Field Laboratet@NRS, 38042 Grenoble,

France, Department of Chemistry & INSTM (UdR Firenze), dénsity of Florence,

Sesto Fiorentino, 50019, Italy, and Department of Chemistry & INSTM (UdR Modena),
University of Modena and Reggio Emilia, Modena, 41100, Italy

Received March 14, 2007; E-mail: dante.gatteschi@unifi.it

Abstract: Single-crystal high-frequency electron paramagnetic resonance spectroscopy has been employed
on a truly axial single molecule magnet of formula [Mn12012('Bu-CH>CO,):6(CH3OH)4]-CH3OH to investigate
the origin of the transverse magnetic anisotropy, a crucial parameter that rules the quantum tunneling of
the magnetization. The crystal structure, including the absolute structure of the crystal used for EPR
experiments, has been fully determined and found to belong to /4 tetragonal space group. The angular
dependence of the resonance fields in the crystallographic ab plane shows the presence of high-order
tetragonal anisotropy and strong dependence on the Ms sublevels with the second-highest-field transition
being angular independent. This was rationalized including competing fourth- and sixth-order transverse
parameters in a giant spin Hamiltonian which describes the magnetic anisotropy in the ground S = 10 spin
state of the cluster. To establish the origin of these anisotropy terms, the experimental results have been
further analyzed using a simplified multispin Hamiltonian which takes into account the exchange interactions
and the single ion magnetic anisotropy of the Mn'"' centers. It has been possible to establish magneto-
structural correlations with spin Hamiltonian parameters up to the sixth order. Transverse anisotropy in
axial single molecule magnets was found to originate from the multispin nature of the system and from the
breakdown of the strong exchange approximation. The tilting of the single-ion easy axes of magnetization
with respect to the 4-fold molecular axis of the cluster plays the major role in determining the transverse
anisotropy. Counterintuitively, the projections of the single ion easy axes on the ab plane correspond to

hard axes of magnetization.

Introduction

Molecules showing slow relaxation of the magnetization at
low temperaturé,® commonly known as single molecule
magnets (SMMs},have represented a major breakthrough in
nanomagnetism providing evidence of the coexistence of

classical and quantum effects in the dynamics of the magnetiza-
tion>"8 The key parameters characterizing these systems are
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the large spin values originated by intramolecular exchange
interactions between the paramagnetic centers and the easy axis-
type magnetic anisotropy, in most cases dominated by the single-
ion contributions. Another key feature is the transverse
magnetic anisotropy, which influences the quantum tunneling
of the magnetization.

In general the low-temperature magnetic properties of SMMs
have been interpreted by attributing a well-defined total spin
value ©) to the ground state and by using a so-called “giant-
spin Hamiltonian” (GSH). Within the GSH formalism the
splitting in zero field of the ground state and the related magnetic
anisotropy are described using a multipolar series expansion
with terms up to Sorder in spin operators. In axial symmetry
second-order terms do not yield transverse anisotropy which is
brought about by fourth- and higher-order terms. Both purely
electronic interactions and vibronic coupling can in principle
contribute to high-order anisotropy, whose physical origin
remains an open questidhHigher-order terms up tosbrder,
wheres denotes the value of the individual spins of the cluster,
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may result from the projection of the corresponding higher- rather close (ca. 43 cm) to the ground stateS= 10)3! Since
order single-ion terms on the ground state. However, the latter the overall anisotropic splitting of the latter is ca. 45¢nthe

are often very smafit2and their effect is further reduced by strong exchange limit is not attained and spin mixing effects
the very small projection coefficientd:!4 Moreover sizable could be present. However, Mn12Ac is not the best choice for
fourth-order anisotropy terms have been observed in the grounda detailed single-crystal EPR investigation. In fact in the crystal
S = 4 state of a tetranuclear cluster containind Mins & = structure of Mnl12Ac disordered acetic acid molecules of
1), for which fourth- and higher-order single-ion contributions crystallization are hydrogen-bonded to coordinated acetate ions,
are strictly zerd? In this case, fourth- and higher-order terms locally inducing a significant distortion from tetragonal sym-
have been shown to directly reflect the multispin nature of the metry3233 Among the multitude of Mn12 derivatives synthe-
system, depending on the single ion anisotropy. In a perturbativesized and investigated in the past 10 years only a few have
approach, the effect can be described as the admixture of excitedshown true axial symmetR#.3435The derivative obtained by
spin states into the ground state (the so-caffedixing'®19 exchanging acetates with the bulki¢butyl-acetates and
and implies a departure from the strong-exchange fimit. recrystallizingthe productfrommethanol/diethylether, [JaA(Bu-CH,-

In this respect, tetranickel(#j and tetrairon(Ill}8 clusters ~ CO2)16(CH3OH)4]-CH3OH (Mn12BuAc), turned out to have
have been extensively studied by using high-frequency electronaxial symmetry and to be free from fast-relaxing impuri-
paramagnetic resonance (HF-EPR), which is able to provide aties?®3**®For this reason, it is an ideal candidate for accurate
detailed view of the energy splitting of tH&multiplets1®-28 investigations using single-crystal HF-EPR spectroscopy aim-
However, a direct relation among the transverse anisotropy, theing to obtain a profound knowledge of higher-order magnetic
orientation of the hard and intermediate axes, and the geo-anisotropy terms.
metrical parameters of the molecular structure has not been We have focused our interest on the angular dependence of
established up to now. To fill this gap, we have focused on the the EPR resonance field in the hard plane of magnetization of

widely investigated family of Mn12 clusters, which exhibit either
rigorous or idealized tetragonal symmetry.

The archetypal Mn12 cluster compound, [MD;2(OAC):6
(H20)4]+4H,0-2AcOH (Mn12Ac)L2° has retained for almost

Mn12BuAc that has been analyzed by using both the GSH and
an approximate multispin Hamiltonian (MSH). The results have
evidenced the key role played by the noncollinearity of the
single-ion easy axes in the determination of high-order terms

20 years the record of the highest temperature for the observatiorP! the transverse magnetic anisotropy, which are particularly

of magnetic hysteresis, a record very recently beaten by a Mn
cluster?®? Inelastic neutron scattering (INS) experiments on
Mn12Ac have shown that the first excited spin st&e=(9) is
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gimportant in the tunneling of the magnetization.

Results and Discussion

Crystal Structure. Preliminary crystallographic data of
Mn12BuAc, including crystal space group and unit cell volume,
were communicated by Wernsdorfer et®lhut no complete
crystal analysis has been reported. A complete crystal structure
determination has then been undertaken to correlate the magnetic
anisotropy to the molecular structure (which is reported in
Figure 1).

The core of the molecule structurally resembles those of other
members of the Mn12 famil§.It is made up of a central
[Mn' 4048 cubane linked to eight peripheral Mnions by
eight uz-oxo and four carboxylate ligands. Twelve additional
carboxylates and four methanol ligands complete the coordina-
tion sphere of the Mt ions which form a [MH'gOg]8" twisted
ring. Two different Mi! ions are found in the structure, as
commonly observed in Mn12 derivatives: Mn(3) is coordinated
to two oxo groups which are on their turn connected to the same
Mn'v center; on the other hand the two oxo groups coordinated
to Mn(2) are bridging toward two different Mhcenters. The
two Mn"" centers are Jahfileller elongated, the elongated bond
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Figure 2. First derivative HF-EPR spectrum recorded at 30 K and 345
GHz on a single crystal of MniRuAc with the field along thec
crystallographic axis. The thinner line represents the simulated spectrum
using GSH (1).

Figure 1. ORTEP view of the molecular structure of [IV®1('Bu—CH,-
C0y)16(CH30H)4]-2CH;OH. Mn'" sites are reported in blue, Mhin green,
oxygen in red, and carbon atoms in pale gray. Thegebutyl groups in 1 ) N ) 1 |
the labeled region have been omitted for clarity sake.

directions being O(AMn(2)—0(12) and O(5F-Mn(3)—0O(6).
As observed in other Mn12 derivatives, the two elongation
directions form largely different angles with respect to the
tetragonal axis, namely ca. 3fr Mn(2) and ca. 11 for Mn-
(3). Selected structural parameters of MiBLAC and a view
of the crystal packing are reported as Supporting Information,
Sl (Table S1 and Figure S1).

An important feature of MnIBuAc is that disorder effects
in the crystal lattice are greatly reduced compared to Mn12Ac.
In the former, the methanol solvate molecule is found disordered
around a 4-fold axis, but it is not hydrogen-bound to the Mn12 B(T)
moiety. In fact, the closest intermolecular contact of 2.91 A is Figure 3. First derivative HF-EPR spectra recordedba and 115 GHz
observed between a methyl hydrogen atom of the solvent when the field is applied in theb crystallographic plane at a variable angle
molecule and a hydrogen atom teft-butyl groups. In freshly @ from thea crystallographic axis.
crystallized samples stored at low-temperature virtually no
disorder is observed in the cluster moiety, whose crystal- s . .
lographic symmetry is thus real§. On the other hand, in aged magnetic f|e|d along .the.crystallographm axis at 30 K and
samples the occupancy factor of the methanol carbon atom345 GHz is reported in Figure 2.
refines to a value much smaller than unity, thus suggesting a In the investigated field range 10 main lines are observed
partial substitution of methanol with water molecules. that can be attributed to transitions betwédglevels of theS

Particular attention has been devoted to resolve a poorly = 10 ground manifold. Weaker signals are also observed in
addressed issue in all previous investigations on high-symmetrybetween the main lines. The temperature dependence of their
Mn12 clusters. Although the Mn12 molecule is not chiral intensities (see Figure S2 in Sl) suggests that they originate from
(because of itsS, symmetry), thel4 space group is acentric  transitions within the first excited-spin multipled € 9). With
and the orientation of the molecules inside the crystal can be respect to the spacing between the lines and the line width, the
determined unambiguously only if the absolute structure is obtained spectra are qualitatively fully compatible with those
known. The crystal used for X-ray crystal structure gave a previously reported by Hill et & In Figure 3 we report the
final Flack parametéf of 0.04(3) but was far too small for HF-  angular dependence of the spectra record&dcand 115 GHz
EPR investigations. To perform the HF-EPR study, we have by placing the crystal on a horizontal rotator in a vertical
then used a larger crystal, which was subsequently analyzedsolenoid (Faraday configuration) and by rotating it around the
by X-ray diffraction. Its structure has been refinedRt = c crystallographic axis. The static magnetic field is applied at
11.32% for 3280 reflections witR, > 40(Fo), which allowed  an angled from thea crystallographic axis. The reported spectra
us to unambiguously establish the absolute structure (Flackshow six well resolved lines, whose intensity decreases going
parameter= —0.11(5) as compared with 1.02(6) for the from high to low field as expected for perpendicular transitions
mvgrted model). No_tlceably, racemic twinning of Iarge_ crystals, \when the zero field splitting (zf<) parameter is negative. The
which often occurs in Mn12Ac, was never observed in Ma12 angular dependence shows that the spectrad&t and +45°
BuAc. are superimposable, confirming the expected fourfold symmetry
(37) Flack, H. D.Acta Crystallogr., Sect. A: Found. Crystallogt983 39, and _indi<_:ating tha_t Fhe rot_atio_n is indeed occurring around the

876-881. c-axis with a negligible misalignment(°).

HF-EPR Spectra. The EPR spectrum obtained with the static

10756 J. AM. CHEM. SOC. = VOL. 129, NO. 35, 2007
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The highest field signal, that is associated to Me= —10
— Ms = —9 transition, shows the largest angular variation going
from B, = 10.3 T at 39to 9.95 T at—6°. On the contrary the

second highest field resonance shows almost no angular depen-

dence, as clearly evidenced in Figure 4a, where we report the
resonance fields as a function of the angle for the first five lines.
This anomalous behavior is not related to the parity of the

transition because the angular dependence is re-established for

resonances at lower field even if the amplitude of the oscillation
decreases on going toward the center of the spectrum.

A control experiment performed at 142 GHz, the highest
available frequency compatible with the maximum field of the
superconducting magnet (12 T), showed that a similar behavior
is observed at this frequency. No direct comparison with

literature is possible as the angular dependence in the hard plane

has been reported only for lines very close to the center of the
spectruns®

Simulations of the HF-EPR Spectra with Giant-Spin
Hamiltonian. The giant-spin Hamiltonian (GSH) compatible
with the tetragonal symmetry of the crystal and including up to
the sixth-order terms is given &y
T = ugB-g-S+ DS? + BIOY + BXO2 + B0, + BIO: (1)
where theO™ operators are defined as

0f = 355" — 305(S+ 1)S/ + 2557 +
3S(S+ 12— 69S+ 1) (2)
0;={5*+8%2 (3)
O =2315°— 3155S+ 1)S* + 7355 +
1055°(S+ 1)°S2— 5255(S+ 1)S7+ 29452 —
58S+ 1)° + 408(S+ 1) — 60S+ 1) (4)
Of=",{(118?— S+ 1)—38)5,"+ 5% +
(81 +59118° - s(s+1) - 38} (5)

To understand the unusual angular dependence of the HF-

EPR lines in the hard plane, a first necessary step is to obtain

B e L I e e
9 ojwadt’S
= 8] —
d Y i) A oaga a s BT
an]
iy A
71 AR EEEERRRAAEE 2R
f-_5
64 +* s + -
-150 -120 —%0 -80 -30 ? 30
b e e
ooy, Pl oo
9.6 Pog oo = o
' Opgod Opgod
(b)
942
0000000000C00000000000000000000000000
= 7.84
m"- BAAAAANAANNAAAAOBBBALDNANN NP ANNNNSNDOL
7.24
6.6 )
PV V0=V —g—g—y 7777~
150 -120 -sio 60 30 0 30
-b q:) (0) a

Figure 4. (a) Angular dependence of the resonance field in the HF-EPR
spectra recordedt® K and 115 GHz when the field is applied in thb
crystallographic plane (data of Figure 3). The solid lines represent the
calculated resonance fields using the GSH (1). (b) Resonance fields
calculated with the MSH (8) on the basis of the five-spin model described
in the text (same color code as Figure 4a).

= 1.93, determined from the fit isD = —0.459(1) cm?, B]

= —2.34(4)x 105cmL, B} = —1.0(2) x 108 cm%, B} =
+2.0(2) x 105 cm%, Bg = —1.0(1) x 107 cm™?, where the
ESD values on the last significant digit are given in parentheses.
The axial terms are equivalentto= —0.394 cni?, f = —4.8

x 1074 cm™L, y = —2.3 x 1076 cm~1 when using for the axial
part the Hamiltonian in the form

Ty = 057+ S +98° (6)

spin-Hamiltonian parameters as accurate as possible. We started N€ relations between these parameters and those of the spin

from the spin-Hamiltonian parameters available in the literature
for Mn12BuAc6 g, = 2.0,g5 = 1.94,D = —0.462 cm’?, B}
—2.5x 105cm '}, B; = +4.3 x 1075 cm L. These values
nicely fit the low-field lines when the magnetic field is applied
parallel to the tetragonal axis. However, starting from lthe

—7 — Ms = —6 transition a significant deviation between
experiment and simulation is observed. We have then included
a nonzero axial sixth-order term, which led to a significant
improvement of the fit. These new parameters are then used a
input values for a simultaneous fitting procediiref the whole

set of measurements (obtained for the magnetic field along the
tetragonal axis and for the magnetic field applied at different

® angles in the hard plane). This procedure resulted in the
determination of the transverse parameters up to the sixth ordeith B

(B; andBg). The best set of parameters, wgh= 2.00 andgy

(38) Abragam, A.; Bleaney, EElectron paramagnetic resonance of transition
ions; Dover: New York, 1986.

(39) Tregenna-Piggott, P. L. W.; Weihe, H.; Bendix, J.; Barra, A. L'.d&uH.
U. Inorg. Chem.1999 38, 5928-5929.

Hamiltonian (1) are

o =D — 3278] + 12130448, (7a)
B = 358 — 33918 (7b)
y = 231BY (7¢)

%\Iotably, the inclusion of the sixth order transverse t@@n’s

necessary to reproduce the angular dependence of the resonance
fields in the hard plane. The isotropic nature of e = —9

Ms = —8 line requiresB; and B to have different signs,
&/B3 ~ —0.5 x 102 The simulation of all the resonance
positions is plotted in Figure 4a, showing an acceptable
agreement for this type of simulation, while the calculated
spectra are given in Supporting Information (Figure S3). The
intensity pattern of the spectra is also well accounted for by
our simulation.

J. AM. CHEM. SOC. = VOL. 129, NO. 35, 2007 10757
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A modulation of the EPR lines as a function @&f, arising
from the B; and By parameters, is expected up to the highest
frequencies, as shown by perturbation theory (see Sl). However,
the amplitude and phase of the modulation are strongly
frequency dependent. When the strong-field limit is not reached,
as in the present case, numerical diagonalization of the GSH
matrix is mandatory for an accurate reproduction of the observed
angular dependencies.

Multispin Hamiltonian Calculations. The origin of the
fourth- and sixth-order parameters evidenced in the previous
section is an open question. To gain insight in the role of the .=Mn'“(site 2) @ = Mn"(site 3) @) = Mnv T_rs=2
Iocal_ amSOtropy O_n the anisotropy of the cluster We_ use_d a Figure 5. Scheme of the simplified five-spin model for MriB2/Ac. The
multispin Hamiltonian (MSH), a more fundamental Hamiltonian  eight paramagnetic centers, corresponding to doubly oxo-bridgeti-Mn
which takes into account the single-ion anisotropy, the magnetic Mn"' pairs, connected by red lines on the left scheme have been
exchange, and the Zeeman interaction at the level of the approximated W_ith an effective= 2 center with axial symmetry, the brown
individual spins. Although eight of the local spins have 2, sphere on the right
and therefore they allow for local fourth-order tert4?their
effect is expected to be negligible because of the combined effect
of their small magnitude and the very small projection coef-
ficient on the total spif® We therefore retained only second-

order single ion termsD and E, to investigate the role of gy metry to promote spin-mixing is not necessarily the closest
Smixing.15:16:18 one to the ground staté However this does not invalidate our
Unfortunately full diagonalization of the MSH is beyond any  qajitative interpretation.
computer capability given the 80« 108 dimensions of the The magnetic anisotropy of the remaining Wispins (i.e.,
Hilbert space associated to 8 spiis= 2 of Mn'! and 4 spins  \n(2) atoms in Figure 1) has been evaluated through an angular
s = of Mn. A more sophisticated approach based on sparse gyerlap model (AOM) calculation of the ligand fietdWe used
matrices diagonalization methods has been recently employedihe same electronic parameters employed for the rationalization
to evaluate axial spin Hamiltonian parameters in Mn12 clusters, of magnetic anisotropy in Mn12A&31 whereas the relative
but it has not been applied to the analysis of transverse térms. pqsitions of the ligating atoms were obtained from the X-ray
Furthermore, the exchange coupling pattern in Mn12 clusters molecular structure of Mn1BuAc. The calculations suggest
remains to be fully clarified?~** We thus decided to develop  an easy axis anisotropy with a small rhombicByg" = —3.17
a simplified model, as the essential relationship between local coj-1 g, 1 = 0.025 cntl). The easy axis direction makes an
anisotropies and transverse terms should not depend on theyngleg = 36.4 with the tetragonal axis, and deviates by°1.6
details of the exchange coupling situation. Our model was from the best-fit line passing through the OMIN(2)—0(12)
inspired by the observation that a tilting of the local easy axes gjrection. These results, substantially similar to those obtained
is required for the occurrence of magnetic anisotropy ineie  for Mn12Ac28 allowed us to build up the complete zfs tensor
plane, as also recognized by Hill et'dlHence, the dominant i, the crystallographic reference frame which was used in the
contribution must be provided by Mn(2) ions, whose Jahn  analysis reported below. The AOM calculations give for fourth-
Teller axes form the largest angle withThe Mn(1) and Mn- order terms an upper limit estimate j =12x% 104 cm?
(3) ions are then considered to be fully coupled to give an 5.4 Bﬁ = —5 x 10°3 cmL, which give a negligible contribu-
intermediate spiiss = 2 with axial anisotropy, which is assumed o to the cluster fourth-order term.
to interact ferromagnetically with the remaining four Mn(2) Itis important to stress here that not only Bgn" andEyy

Spins &1 = s, = s = s = 2). This model is schematized in  \4yes but also the orientation of the zfs tensor with respect to
Figure 5. the crystal reference frame has been taken into account. From
In this case the ground state3s= 10 with two excitedS = the calculated zfs tensor of spin 1 (Figure 5, right) the tensors
9 spin states whose energy separation from the ground stateyf the other three symmetry-related Mnsites have been
depends onJ, and Jg, the exchange-coupling constants that gptained by applying the symmetry operationSppoint group.

describe peripheral and diagonal interactions, as shown in FigureThys the full Hamiltonian of the simplified five-spin model is
5. Given that these coupling constants have no direct relationyitten as

with the real exchange interactions active in the cluster, we have
assumed for the sake of simplicily = Jg = J. TheJ value has H = J[( §5) + 55, + 85, + 5,5, + 58] +
i=T4
DI

available. No major differences are however expected between
exchange interactions in the two compounds. We want to stress
that this adjustment could over-estimate the spin-mixing effects
as, in the real system, th® = 9 spin state with the correct

been adjusted to have |A404100— |9,+90separation that
corresponds to the value experimentally observed in INS

§ *Ri'Dynn °R; 71’3 +& D& +ug ) Bg§ (8)

experiments on Mn12A# as data on MnIBuAc are not iLra iLrs

(40) Gerritsen, H. J. C.; Sabisky, E. Bhys. Re. 1963 132, 1507. . i H H

(41) Waldmann. . Gudel, H. (Phys. Re. B 2005 72, No. 004422. whereR._ are the matrices representing the symmt_etry_ qperat|ons
(42) Raghu, C.; Rudra, |.; Sen, D.; Ramasesh&®/f's. Re. B 2001, 64, 4419. of & point group, andwy" the zfs tensor of the individua

(43) Regnault, N.; Jolicoeur, T.; Sessoli, R.; Gatteschi, D.; Verdagudrhys. = 2 sites. The numbering scheme is the same as in Figure 5.

Rev. B 2002 66, No. 054409.

(44) Tupitsyn, |.; Barbara, BVlagnetism: Molecules to Materials Ill: Nanosized
Magnetic Materials Miller, J. S., Drillon, M., Eds.; Wiley-VCH: Wein- (45) Bencini, A.; Ciofini, I.; Uytterhoeven, M. Gnorg. Chim. Actal998 274
heim, Germany, 2002, pp 169.68. 90.
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Figure 7. (a) Dependence of the calculated energy splitting between the
nominalMs = +4 states on the square of the exchange parard@teviSH

(8) of the five spins model. (b) The same splitting is evaluated as a function
of the tilting angle of the MH easy axis. The values for the angles observed
for Mn(2) and Mn(3) sites in the crystal structure are reported as open
squares.

fourfold molecular axis. The larger is the exchange interaction,
and thus the energy separation of the excited-spin states, the
smaller is the energy splitting of theMs pairs, as reported in
Figure 7a for the nominalliyls = £4 pair. It has been previously
shown that th&mixing effects responsible for the fourth-order

interactings = 2 spins with the parameters indicated in the text. In the tarmg vary a9/J.2% Since the energy splitting between thiig

upper part the field is applied along the tetragonal axis, and the 21 states

that can be associated with the grovt 10 state of the GSH are reported

+4 pair involves aAMs = 8, the perturbation acts at the

in black. In the lower part the transverse field dependence is reported, andsecond order and thus a linear dependenca®fon 142 is
the EPR transitions investigated in detail are shown with the same color expected, as indeed observed in our calculation. As for the

code of Figure 4.

The zfs tensor of the central spin on site[)(is obviously
assumed to be axial and i parameter has been adjusted so
that the ground&= 10 is characterized by an overall anisotropy
comparable to that experimentally observed.

In Figure 6 we report the energies of the lowest lying states
as a function of the magnetic field applied along thend the
a crystallographic axes, calculated assuming —6.3 cnt?,
D' = —7.5 cn1l, and theDyy" tensor obtained by AOM
calculations. Even if the energy levels obtained through the full
diagonalization of the (312% 3125) matrix cannot be rigor-
ously labeled with total spin quantum numbers, the lowest-lying
levels strongly resemble ti&= 10 multiplet with negative zfs
typical of Mn12 clusters. Two almost degener&tes 9 states
are found close in energy in zero field, and fi®4+100—
|9,490separation corresponds to 42.5¢nas experimentally
observed in INS experiments on Mn12Ac. The total splitting
of the levels formally belonging to the grou&d= 10 multiplet
is ca. 41 cm™.

The presence of high-order transverse anisotropy is evident

upon inspection of the calculated energy values in zero field.
Even if we take into account the limited precision of the
diagonalization of a (312% 3125) matrix it is apparent that
the statestMs remain degenerate for odds, but are non-
degenerate for eveMs. This is fully consistent with the fourfold
symmetry of our model. In fact fourth- and higher-order
transverse anisotropy terms of the t)fpé:couple states differ-
ing by multiples of 4, which is possible for evés but not

for odd-Ms states. The amplitude of the splitting in evisly-

rhombic anisotropy of the isolated spins, a variatioEA from

0 to 0.15 just affects the splittindE(Ms = +4) for a factor of

2 (see Figure S4). In this respect, the key parameter appears to
be the misalignment of the local easy direction with respect to
the cluster symmetry axis, as shown in Figure 7b, where the
splitting of theMs = +4 pair is reported as a function 6f It

is apparent that when the local easy axes lie close to the
tetragonal axis the splitting, and thus the transverse anisotropy,
vanishes.

Here again a perturbative treatment suggests that the fourth-
order transverse anisotropy splits théls pair of a quantity
that is proportional toD(B}/D)¥s'212 Therefore by plotting
(AEL4D)Y2we can have a first insight on the effect of the tilting
angle on the transverse anisotropy term, which appears to
increase rapidly with thé angle, as expected.

The splitting in zero field of thdls = +4 states demonstrates
the occurrence of transverse anisotropy terms, but does not
provide any information about the orientation of the hard and
intermediate axes in thab plane. Hard and intermediate axes
are expected to be found at 4%om each other with 90
periodicity given the tetragonal symmetry of the molecule and
to be related to the projection of the single ion easy axes on the
ab crystallographic plane. However, it is interesting to check
whether the projections of the local anisotropy of Mn(2) do
indeed correspond to the intermediate or to the hard principal
directions. To accomplish this task, and also to compare the
results of our calculation with the experimental EPR data, we
included the diagonalization procedure in an iterative routine

pairs is directly related to the higher-order transverse anisotropy.to find the EPR resonance fields at 115 GHz. The results,
We have therefore decided to investigate the dependence ofreported in Figure 4b, show that the largest resonance field is

this energy splitting on several parameters, like the exchangecalculated atb = 43° + n90°. This angle corresponds to the

interaction, the transverse anisotropy of the Mn(2) sites, and projection on theab plane of the principal anisotropy axis of

the tilting angled of the local easy axis with respect to the

Mn(2) as estimated from the AOM calculation.
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Figure 8. Experimental angular dependence of e = —10 — Mg = Figure 9. Calculated splitting in zero longitudinal field of the nominal

—9 transition in a polar plot superimposed to the absolute structure ofMn12 +Msg pairs with the GSH up to the sixth order (solid circles) and with the
BuAc obtained for the same crystal used in the HF-EPR experiment$. Mn  GSH up to the fourth order according to ref 36 (thin lines). The color code

is reported in green while large blue spheres evidence thé siies that for the resonances is given in the legend. The open symbols represent the
have been considered in the five spins model calculation. The oxygen atomscalculatedMs = +6 splitting using the MSH. The shaded area represents
highlighted by larger red spheres are those determining the-Jediter the resolution limit imposed by our double precision 64-bit diagonalization
elongation axis of the Mh site included in the calculation. procedure.

The @ angles leading to the largest resonance fields involve ynder-barrier process, whose efficiency is directly related to the
a minimal Zeeman splitting of the levels and thus correspond extent of admixing between states on opposite sides of the
to the hard magnetic directions. That the projections of easy parrier. This admixing reflects in level repulsion, whose
axes correspond to hard magnetic directions may appeargmplitude is directly related to the tunneling rate, which is
counterintuitive but is indeed well evidenced experimentally by minimum for the levels deepest in the well. Moreover this tunnel
superimposing the crystal structure on the polar plot of the gpjitting is strongly sensitive to the application of a transverse
experimentally observels = —10— Ms = —9 transition, as  fie|d, which, if applied along the hard direction, produces
shown in Figure 8. oscillations in the tunnel splitting as a consequence of topologi-

A striking feature is evidenced in Figure 4b: the anomalous ¢3| interferences in the tunneling pathwdyé4’ These oscil-
behavior of the second highest field resonance, the one|ations reflect a fundamental theorem of quantum mech@ffics
nominally corresponding to thds = —9—Ms= —8transition  and have been employed to investigate parity effects in the

in the GSH is well accounted for by our model. In fact no  tynneling of the magnetization of integer and half-integer spin
angular dependence is calculated for this resonance. systemg?

The qualitative agreement of our approximate calculation with

o ; To evaluate the effects on the tunnel splitting of the sixth-
the observed behavior is very good, as it reproduces the angulalyger transverse terms, here for the first time experimentally

position of the extremes as well as the angular independenceyeermined and rationalized, we have plotted in Figure 9 the
of the second transition. We remind that no adjustable param-;;,nnel splitting forMs pairs in zero longitudinal field as a

eters have been introduced as far as the contribution to thegnction of the transverse field applied along the hard axis. The
transverse anisotropy is concerned. Also, neglecting the con-reqits obtained using the GSH parameters up to the sixth-order
tribution of the less tilted MH sites seems a reasonable etermined here are compared to those computed with the values

apprzoximatilcm: - i th has P to the fourth order previously suggestéd.
The simulation of the HF-EPR spectra within the GSH has Given the form ofO} its inclusion does not alter the overall

shown that the isotropic nature of thés = —9 — Ms = —8 . A4 .
transition in the hard plane comes from an accidental balancingfsymmetry provided by, and thustMs pairs are degenerate

. 2 4 . .
of the effects of the? and O terms of the spin Hamiltonian. 2o 0 field for odd values ofits. However,Og significantly
o . . . P . .. . affects the tunnel splitting. In particular, the opposite signs of
It is interesting to investigate if this accidental condition is _4 2 e a4 .
. B, andB; and the amplified effect aDg on the energies of the
correlated with the molecular structure. We have therefore levels with largelM| lead to a significant reduction of the tunnel
allowed the tilting angle? to deviate by+ 5° from the value ge&Ms g

observe n th crystalsructure of WBAc. The resurs,  SPU0 O, e onee doublr wih s fetening of e
reported in Figure S5 of SI show that such a change infthe y ) y

angle is enough to suppress this effect. The calculated resonancgIata are available for the pure tunneling regime of high-

fields for differenté values have been simulated with the GSH _symmetry M.nlz. cIus_ters because of their very slow tunneling
S . in zero longitudinal field.
and the complete set of parameters is given in Sl, Table S2.

On increasing the angle the absolute values Bﬁ and ofB? It is interesting to compare the tunnel splittings calculated
increase but the latter less rapidly, th{&)/|Bf| ratio dee- on the basis of the GSH with those evaluated on the basis of
’ 4

creases from 8.5 10-3for 6 = 31.5 t0 4.2 x 10-3 for 0 — MSH. The simplified five spins model has in fact been able to
415, reproduce quite well the transverse anisotropy that is at the origin

Tunnel Splitting Evaluation. Thq transverse high order GSH (46) Garg, A Europhys. Lett1993 22, 205.
terms have paramount relevance in the low-temperature dynam+47) Villain, J.; Fort, A.Eur. Phys. J200Q 17, 69-83.
; ~ ; ; (48) von Neumann, J.; Wigner, E. Phys. 21929 30, 467.
ics of SMMs. In the low-temperature regime the mechanism of ri 58 (e Hcioite W Chakov. N E.: Christou, Bhys. Re. Lett. 2005 95,
relaxation of the magnetization is mainly determined by an No. 037203
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of the quantum tunneling of the magnetization. The large Table 1. Crystal Data and Structure Refinement for Mn12BuAc

dimension of the spin Hamiltonian matrix does not allow the empirical formula GoH106 MN1049
necessary precision in the eigenvalues to evaluate the tunnel formula weight 2853.9

g ; temperature 150(2) K
splitting of the lower doublets. We have therefore reported in wavelength 071073 A
Figure 9 the transverse field dependence of the tunnel splitting  ¢rystal system _tétragonal
of the nominallyMs = + 6 pair. At variance with previous space group 14

a=21.481(5) Ao =90°
b=21.481(5) Ap =90°
c=15.148(5) Ay = 90°

findings for other systemé&the tunnel splitting thus evaluated unit cell dimensions

is smaller than that obtained with the GSH.

Conclusions \éolume 26990(3) A
. . ; ) density (calculated) 1.356 Mig®
In this paper, we have presen.ted.a det.a|led EPR single-crystal ahsorption coeff. 1.119 mn
study of Mn12BuAc, a Mn12 derivative with exa&, molecular F(000) 2972
symmetry. In the frame of the giant-spin Hamiltonian description crystal size 0.1x 0.1x 0.6 mn?
of the system, it has been possible to evidence the presence of i‘iurjaer)‘(grzn o _“éé”':ohszg
sixth-order terms of the magnetic anisotropy. It has also been 9 20<k <25
possible to ascribe the striking angular dependence of the —10<1<18
resonance field observed at 115 GHz in the hard plane to an  refins collected 10255
accidental balancing of the fourth- and sixth-order transverse gn:nfgleer;gﬁggéeﬂ”; oo 92523‘/”'”0 = 0.0296]
. . . . = . . 0
anisotropy contrlbutlons. These t(_arm_s play_a key rple in the refinement method full-matrix least-squares én F
guantum tunneling of the magnetization which dominates the  data/restraints/param 5344/1/379
GOF onF? 1.167

dynamics of SMMs at low temperature. To understand their
physical origin a simplified multispin Hamiltonian has been

employed based on ligand field calculations and the observed
crystal structure. For the first time it has been evidenced that
the fourth-order transverse anisotropy is directly connected to
the tilting of the single-ion easy axes. Interestingly higher-order
terms have a more complex behavior, and subtle changes infactors were used for all the non-hydrogen atoms of the cluster moiety,
the tilting angle produce significant variations in the ratio whereas those of methanol solvent molecule were kept isotropic.
between sixth- and fourth-order anisotropy and in the resulting Hydrogen atoms were added in calculated positions and allowed to

FinalR [l > 20(1)]
Rindices (all data)
absolute structure param
largest difference

peak and hole

R1 = 0.0568WR2 = 0.1450
R1 = 0.0686 WR2 = 0.1632
—0.04(3)

1.333 and-0.557 eA3

tunnel splitting.

This study shows that the effective giant-spin Hamiltonian
of complex systems can be rationalized using a simple multispin
Hamiltonian to establish magnetostructural correlations that open
the perspective to tailor on design the magnetic anisotropy of
SMMs up to higher orders.

Experimental Section

Synthesis Crystals of [Mn:0:5('Bu—CH,CO;)16(CH3;0OH),]-:CH;OH
were obtained in two steps following the procedure reported in the
literature3* Mn12Ac was used in the standard ligand substitution
reaction in toluene by exploiting the formation of an azeotrope with
acetic acid. Recrystallization from G&l, and MeCN produced small
crystals of [Mn2012('Bu-CHCO;)16(H20)4] - CH2Cl*MeCNP that were
redissolved in MeOH and ED with a small addition otert-butyl-
acetic acid. A precipitate formed after a few days. The procedure was
then repeated a second time to afford larger (ca. 0.5)mwd-shaped
crystals.

X-ray Analysis. A freshly synthesized single crystal of dimension
(0.1 x 0.1 x 0.6 mnf) was mounted on a goniometric head and
investigated at 150 K with an Xcalibur3 (Oxford Diffraction) diffrac-
tometer using Mo I§ radiation ¢ = 0.71073 A). Data reduction was
accomplished using CRYSALIS.RED The structure was solved by
direct methods (SIR9%) which gave the positions of all the non-
hydrogen atoms. The structure was refined agaistatising SHELXL-

97 prograr®® implemented in the WINGX suit& Anisotropic thermal

(50) Soler, M.; Wernsdorfer, W.; Sun, Z. M.; Huffman, J. C.; Hendrickson, D.
N.; Christou, G.Chem. Commur2003 2672-2673.

(51) Crysalis RED versions 1.171.29.9; Oxford Diffraction Ltd: Oxford, U.K.
(52) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G.; Giacovazzo, C.;
Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna, R.Appl. Cryst.

1999 32, 115-119.

(53) Sheldrick, G. MSHELX-97, an Integrated System for &ad) and Refining
Crystal Structure From Diffraction Datatniversity of Gdtingen: Ga-
tingen, Germany, 1997.

ride on their parent atoms. Details of crystal data collection and structure
refinement are collected in Table 1.

HF-EPR Spectra. A home made single-pass multifrequency spec-
trometer was use®:>6 The main magnetic field, which is vertical, is
obtained from a superconducting magnet (Cryogenic Consultant) with
a maximum field of 12 T at 4.2 K. This maximum field value
determined the highest frequency to be used to observe the perpen-
dicular transitions. The frequency source used was a Gunn oscillator
operating at 115 GHz (Radiometer Physics). The detection of the light
transmitted through the sample is performed with a hot electron InSh
bolometer (QMC Instruments), working at liquid helium temperature.
For single-crystal measurements a dedicated sample holder is used,
allowing a complete rotation (36Pof the sample around the horizontal
axis. A very important property of this holder is to enable operating in
Faraday configuration. HF-EPR spectra were recorded on several single
crystals (one at a time) with the largest dimension (along the fourth-
fold axis) of the order of 1 mm, while the two other ones were slightly
smaller (0.5 mm).
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(Figure S1), selected bond lengths and angles (Table S1),field limit. This material is available free of charge via the
temperature dependence of the axial EPR spectra (Figure S2)|nternet at http://pubs.acs.org.

additional results of multispin Hamiltonian calculations (Figures

S3, S4, Sb, and Table S2), and analytical treatment in the highJA0717921
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