
PHYSICAL REVIEW B 1 OCTOBER 1997-IVOLUME 56, NUMBER 13
High-frequency EPR spectra of a molecular nanomagnet:
Understanding quantum tunneling of the magnetization
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EPR spectra have been recorded in very high fields up to 25 T, and at high frequency up to 525 GHz, on a
polycrystalline sample of@Mn12O12~CH3COO!16~H2O!4#•2CH3COOH•4H2O ~Mn12ac!, a molecular cluster
behaving like a nanomagnet. The simulation of the spectra has provided an accurate determination of the
parameters of the spin HamiltonianH5mBH•g•S1D@Sz

221/3S(S11)#1B4
0O4

01B4
4O4

4, where O4
0535Sz

4

230S(S11)Sz
2125Sz

226S(S11)13S2(S11)2 and O4
451/2(S1

4 1S2
4 ): D520.46(2)cm21,

B4
0522.2(2)31025 cm21, andB4

4564(1)31025 cm21. The presence of the fourth-order term in the total
spin justifies the irregularities in the spacing of the jumps, recently observed in the hysteresis loop of Mn12ac
and attributed to acceleration of the relaxation of the magnetization due to quantum tunneling between degen-
erateM states of the groundS510 multiplet of the cluster. The term in (S1

4 1S2
4 ) is responsible for the

transverse magnetic anisotropy and plays a crucial role in the mechanism of quantum tunneling. The high-
frequency-EPR spectra have shown its presence and quantified it.@S0163-1829~97!08237-4#
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I. INTRODUCTION

Quantum tunneling of the magnetization~QTM! is one of
the candidates to test the possibility of observing quan
effects in macroscopic~or perhaps more appropriately mes
scopic! objects.1,2 The interest for this kind of problem i
certainly a theoretical one, aimed at understanding the lim
of validity of quantum mechanics, but in principle also
practical one. In fact small magnetic particles are used
store information and it would be desirable to have a kno
edge of the lower limit of the size which can be achieve
The requisite for storing information is that the magnetiz
tion is either up or down, but if tunneling occurs, the stor
information is lost. Therefore the limit size for observin
QTM should be known.3

Many attempts were made to produce even sma
magnets,4,5 but most efforts were plagued by the impossib
ity of obtaining ensembles of identical nanoparticles wh
could be kept well separated from each other in order
minimize interactions which would hamper the observat
of QTM. Techniques of molecular chemistry on the oth
hand suggested a different approach, using large molec
clusters as single nanomagnets.6 Surprisingly enough it was
found that nanomagnetic properties can be observed in
tively small clusters, comprising only eight metal ions.7

The main advantage that molecular clusters have c
pared to other systems, like small magnetic particles eithe
metals or of oxides, or even ferritin, is that they are ab
lutely monodisperse, their structure is perfectly known fro
x-ray techniques, they can be well separated one from
other by dissolving them in appropriate solvents and polym
films.8,9

The most accurately investigated system so far
@Mn12O12~CH3COO!16~H2O!4#•2CH3COOH•4H2O, Mn12ac,
which has the structure shown in Fig. 1. It comprises
560163-1829/97/56~13!/8192~7!/$10.00
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external ring of eight manganese~III ! ions (S52) and an
internal tetrahedron of four manganese~IV ! ions (S53/2).
The cluster has a crystal imposedS4 symmetry.10 It has a
groundS510 state, which can be loosely described sett
all the manganese~III ! spins up (S5832516) and all the
manganese~IV ! spins down (S52433/2526). The
ground multiplet is split by the tetragonal symmetry to lea
theM5610 components lying lowest.11 At low temperature
these are the only populated levels.

Mn12ac is a molecular cluster for which slow relaxatio
of the magnetization was detected at low temperatur11

similar to the blocking temperature of superparamagnets
fact, the relaxation time was found to follow a thermal
activated behavior down to 2 K, according to the equat
t5t0exp(A/kT), with a pre-exponential factort052.1
31027 s, and an energy barrierA/k561 K.12 In this range
of temperature the cluster behaves like a single-molec

FIG. 1. Sketch of the structure of the magnetic core of the cl
ter. The arrows show the spin structure of the groundS510 state.
8192 © 1997 The American Physical Society
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56 8193HIGH-FREQUENCY EPR SPECTRA OF A MOLECULAR . . .
magnet, showing also hysteresis effects. This gives the
citing perspective of storing information at the molecu
level.

Below 2 K, the relaxation time becomes independent
temperature, suggesting a quantum tunneling mechanis13

In zero applied magnetic field theM levels are degenerate i
pairs and resonant QTM may occur betweenM5210 and
M5110, M529 andM519, etc. This mechanism seem
to be active also at higher temperature as suggested by
dramatic increase of the relaxation time observed by ap
ing a weak magnetic field.14 The increase of the relaxatio
time with an applied field is certainly surprising, becau
usually the reverse is observed in superparamagnets. In
in a thermally activated process the application of the ex
nal field decreases the height of the barrier, and makes
relaxation of the magnetization faster. On the other hand
thermally activated relaxation coexists with QTM this une
pected behavior may find a justification. In fact, when t
applied field removes the degeneracy quantum tunnelin
suppressed with a dramatic increase in the relaxation tim
confirmation to this came from the fact that the relaxat
time was found to decrease dramatically for values of
external field which put theM and the2M1n levels at the
same energy.15,16 In this case pairs of degenerate levels a
again present, and QTM is efficient, thus justifying the
crease in the relaxation rate. Therefore a model which
plies tunneling effects not only involving the lowest lyin
M5610, but also the excitedM569, 68, etc. has been
postulated, in a thermally assisted QTM.17

In order to develop a quantitative understanding of
mechanism of QTM in Mn12ac several points still need to
clarified. The first is the height of the barrier for the reorie
tation of the magnetization. The experimentally determin
value from ac susceptibility measurements should be c
pared with that obtained through more direct techniques,
EPR. In fact we previously reported high-frequency EP
~HF-EPR! spectra monitoring theM5210→M529 tran-
sition and from that we obtained a zero-field splitting para
eter D520.5 cm21.11 When the system is in the groun
M5210 level in order to invert the magnetization it mu
go to the degenerateM5110 level. In the thermally acti-
vated process this can be done by climbing up the ladde
levels toM50, and then descending.18 Therefore the heigh
of the barrier is equivalent to the energy separation betw
the M5210 andM50 levels in zero field, which is given
by A5S2uDu. With the D parameter of the EPR spectra w
calculated an energy barrier for the reorientation of the m
netizationA/k572 K, which is not far from that obtained b
the measurement of the relaxation time,A/k561 K. How-
ever if the difference is significant this may be an indicati
of possible short cuts for relaxation determined by QT
between excited levels. Therefore a more accurate set of
data is needed.

The second point to be clarified is that in order to the
retically justify QTM it is necessary to identify nonzero m
trix elements of the zero-field Hamiltonian connecting t
6M levels. In an equivalent way it is necessary to identify
transverse~in-plane! magnetic anisotropy in order to justif
QTM. In the tetragonal symmetry of the cluster, this can
be provided by the quadratic crystal-field operator, which
diagonal. However, higher-order crystal-field effects may
x-
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included, the smallest being the fourth-order terms wh
mix states differing by four inM . They determine an in-
plane magnetic anisotropy and therefore can provide a c
pling between theM5110 and M5210 levels in high-
order perturbation. The same terms can couple the exciteM
states more efficiently. For instance they may couple in fi
order theM562 levels. Several attempts17,19 are currently
being made to theoretically justify the observed relaxat
times of the cluster, with and without an applied magne
field, by introducing fourth-order crystal-field paramete
whose presence up to now has not been proved. EPR
principle, can directly provide the values of the paramet
which can be compared with those required by theory.

The previously reported HF-EPR spectra11 were measured
on polycrystalline powders partially oriented by the stro
magnetic field required by the high-frequency spectrome
We have now performed more accurate experiments at
quencies ranging from 150 to 525 GHz in field up to 25 T
a blocked polycrystalline powder sample at various tempe
tures in order to determine the presence of fourth-order c
ponents of the crystal field. The results that we wish to rep
here, have allowed a quantification of the fourth-order ter
in the spin Hamiltonian and show how powerful a tool H
EPR is for obtaining information on transition-metal ion
and on systems with an even number of unpaired electro

II. EXPERIMENTAL PROCEDURE

A. Physical measurements

As no single crystals large enough are available, all
HF-EPR measurements have been performed on polycry
line powders, synthesized as previously reported.10,20 The
powder was pressed into a pellet to prevent orientation of
microcrystallites in the magnetic field. A small sample
diphenyl-dipicryl-hydrazide~dpph! was added to calibrate
the magnetic field.

A first series of measurements was performed on the s
dard HF-EPR Grenoble spectrometer.21 In this setup the ex-
citing frequency is provided by a far-infrared laser, optica
pumped by a CO2 laser ~Edinburgh Instruments!, which is
sent with oversized light pipes to the sample. A small mod
lation field is superimposed to the main one, with an os
lating frequency of 10 kHz. The transmitted light is detect
by a hot electron InSb bolometer~QMC Instruments!. The
main magnetic field is provided by a superconducting m
net ~Cryogenics Consultant!, working up to 12 T at 4.2 K. A
variable temperature insert~Oxford Instruments! enables one
to work from 1.6 to 300 K.

A second series of measurements was performed mo
the whole setup in order to replace the superconducting m
net by the hybrid magnet of the LCMI, in order to reach
maximum field of 30 T. Due to the important stray magne
field of this magnet, the laser source as well as the detec
system needed to be much farther~several meters! from the
sample than in the standard setup, resulting in a redu
signal-to-noise ratio. In that case, the spectra were reco
keeping the superconducting magnet at a constant field
sweeping only the resistive magnet.



g

lu
h

tin
t

m

nd

e
2
h
c

th

th
lly
a

a
th
fo

-

re
,
e
r

nc
a

r

en
os
e
he
ro

-
e a
re-
ig.

at
t the
ing
ome
d the
xtra
sing
. At
nd

at
the
llel
7 T,
1.14

the
ere
Zee-

pin

a
b

at

8194 56BARRA, GATTESCHI, AND SESSOLI
B. Calculations

The powder EPR spectra have been simulated usin
program developed by Jacobsenet al.,22 which calculates the
matrix associated to the effective Hamiltonian for each va
of the magnetic field and each orientation of the sample. T
kind of treatment was necessary as the zero-field split
term was too large to be considered as a perturbation of
Zeeman interaction. The Hamiltonian matrix must be co
puted for the basis of 21 functions corresponding to theS
multiplet, for a given value and orientation of the field a
diagonalized. A powder average is then performed.

III. RESULTS AND DISCUSSION

A. EPR Spectra

Polycrystalline powder spectra of Mn12ac were record
with exciting frequencies of 158, 245, 349, 428, and 5
GHz, with a spectrometer equipped with a 12 T magnet. T
spectra recorded at 245 GHz are shown in Fig. 2. The spe
at 35 K show many feature at low field corresponding to
fine structure expected for anS510 multiplet split in zero
field by crystal-field effects. On decreasing temperature
relative intensities of the transitions change dramatica
with an increase of the lowest field parallel component
0.25 T, and an increase of the high-field perpendicular tr
sition at 11.47 T. This is the result of the depopulation of
higherM levels, due to the large Zeeman energy. In fact
245 GHz the Zeeman energy corresponds to;12 K, and at
4.2 K essentially only the lowestM5610 states are popu
lated. Therefore the transition corresponding toM5
210→M529 gains in intensity on decreasing temperatu
This occurs at low field forH parallel to the tetragonal axis
and at high field forH perpendicular. This confirms that th
zero-field splitting in Mn12ac is negative and that therefo
the magnetic anisotropy is of the Ising type. The resona
field of the lowest field transition corresponds well to th
previously reported for the oriented samples.

The spectra recorded at higher frequencies are simple
be assigned on a qualitative basis, because they move
wards the high-field approximation. On increasing frequ
cies the high-field transitions are however progressively l
due to the fact that they move outside the available magn
field range. In fact for an exciting frequency of 525 GHz t
resonance field of the free electron is 18.73 T. For a ze

FIG. 2. Polycrystalline powder HF-EPR spectra of Mn12ac
245 GHz at different temperatures. The narrow signal is given
DPPH (g52.0037).
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field splitting uDu>0.5 cm21 the highest field parallel transi
tion can be at 28.9 T. Therefore it was necessary to us
hybrid magnet capable of reaching 30 T. The spectra
corded with the hybrid magnet at 349 GHz are shown in F
3~a!. The low-field region of the spectra is similar to th
observed with the standard superconducting magnet, bu
high-field region now shows a rich structure. Some doubl
of the peaks seems to be due to aging of the samples. S
experiments have been repeated on a fresh sample an
spectrum is substantially the same, except for the e
peaks. Larger polarization effects are observed on decrea
temperature since in this case the Zeeman energy is 16 K
4.2 K the lowest parallel transition is observed at 1.74 T, a
the highest perpendicular transition at 18.0 T.

The separations between neighboring parallel lines
relatively high temperature are not constant throughout
spectrum. For instance at 349 GHz the lowest field para
transitions are observed at 1.81, 3.47, 4.92, 6.23, and 7.3
with the corresponding separations 1.66, 1.45, 1.31, and
T.

The spectra recorded at 525 GHz are shown in Fig. 4~a!.
The lowest parallel transition is observed at 8.03 T, and
highest perpendicular at 24.2 T. The polarization effects h
are remarkable even at high temperature, because the
man energy is;26 K.

B. Simulation strategy

The fit of the spectra of anS510 multiplet even in tetrag-
onal symmetry is by no means a simple task. The s
Hamiltonian23 can be expressed as

t
y

FIG. 3. Polycrystalline powder HF-EPR spectra of Mn12ac
349 GHz at different temperatures:~a! experimental,~b! calculated
with the parameters mentioned in the text.
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H5mBH–g–S1D@Sz
221/3S~S11!#1B4

0O4
01B4

4O4
4,

~1!

where O4
0535Sz

4230S(S11)Sz
2125Sz

226S(S11)
13S2(S11)2 andO4

451/2(S1
4 1S2

4 ). In principle it would
be possible to include also higher-order crystal-field term
with On operators withn56,8, . . . , 20.However we re-
stricted ourselves to fourth-order terms for the sake of s
plicity.

The fit of the spectra requires the adjustment of fine
rameters, namelygi , g' , D, B4

0, B4
4. Since a cycle with a

given set of parameters requires;40 min on our worksta-
tion, it is necessary to try to have some preliminary gues
the values of the parameters, and of their relevance to
computed spectra.D is known to be;20.5 cm21, therefore
its variation was limited to a narrow range around this val
The effect of the term inD is that of splitting theS510
multiplet in pairs of6M levels. In the high-field approxima
tion, i.e, when the Zeeman energy is much larger thanS
11)uDu, the spectrum should consist of 20 parallel and
perpendicularM→M11 transitions, with resonance fields

Hr~M !5
ge

g
@H02~2M11!D8#, ~2!

where D85D/(gemb)for parallel andD85D/(2gemb) for
perpendicular transitions anM ranges from2S to S21. The
neighboring lines are therefore regularly spaced
2D/(gemB) for the field parallel and byD/(gemb) for the
field perpendicular to the tetragonal axis. The observed t
sitions were seen not to follow these conditions even at

FIG. 4. Polycrystalline powder HF-EPR spectra of Mn12ac
525 GHz and different temperatures:~a! experimental,~b! calcu-
lated with the parameters mentioned in the text.
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highest available frequency, suggesting that the inclusion
only the quadratic term is not sufficient to satisfactorily r
produce the spectra. In fact attempts to fit the spectra with
introducing quartic terms were completely unsuccessful.

The introduction of nonzeroB4
0 changes the diagonal en

ergies of theM levels, mostly affecting the parallel trans
tions. The ones which are most affected are those with la
uM u, therefore nonzeroB4

0 will change the resonance field
and the separations of the low-field transitions, correspo
ing to 210→29, 29→28, etc. In the strong-field limit,
and assuming that the quartic term is small compared to
quadratic term the resonance fields are given by

Hr~M !5
ge

g
@H02~2M11!~D823275B4

08!

235~4M316M214M11!B4
08#, ~3!

whereB4
085B4

0/(gemB). Provided thatD is negative, as in
the present case, a negativeB4

0 increases the separation b
tween the lines on decreasing the field, while the oppo
trend is observed for positiveB4

0.
A nonzeroB4

4 determines a mixing ofM levels. Therefore
it essentially affects the perpendicular spectra. In Fig. 5
show the effect of introducing nonzeroB4

4 on the high-field
perpendicular spectra corresponding to a frequency of
GHz.

C. Spectral fit

The D andB4
0 terms of the spin Hamiltonian can be d

termined analytically by looking at the spacing of the para
transitions in the spectra recorded at the highest frequen
349 and 525 GHz, but theB4

4 term requires a full simulation
of the spectra. A satisfactory agreement with experimen
spectra, as shown in Figs. 3 and 4 for 349 and 525 G
respectively, has been achieved with the following para
eters: gi51.93(1), g'51.96(1), D520.46(2) cm21,
B4

0522.2(2)31025 cm21, B4
464(1)31025 cm21.

While the position of the lines is well reproduced in th
simulated spectra the shape of the lines differs significan
This can result for the experimental setup, which allows
presence of standing wave between different parts of
spectrometer, resulting in a mixing of a pure absorpt

t

FIG. 5. High-field region of the spectrum at 525 GHz and 30
calculated withD520.46 cm21, B4

0522.231025 cm21, andB4
4

50 ~a!, 431025 ~b!, and 831025 cm21 ~c!.
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spectrum with a dispersion one. However, we do not exp
this effect to be dramatic, and poor simulation of the li
shape can be also due to the simulation program used, w
does not allow us to introduce an anisotropic linewidth.

In the spin Hamiltonian~1! Sz
2 is present both in the qua

dratic and the quartic terms. If we rewrite the zero-field sp
ting terms as

H5aSz
21bSz

41g~S1
4 1S2

4 !1const terms, ~4!

where a5D2@30S(S11)225#B4
0, b535B4

0, g51/2B4
4,

we geta520.39(3) cm21, b527.7(7)31024 cm21, and
g562.0(5)31025 cm21. The second-order zero-field spli
ting parameter, which in this notation isa rather thanD, is
distinctly lower than estimated from other EPR measu
ments performed11 on this system. This difference come
from the fact that the initial estimation was obtained from t
position of the first low-field line considering only the effe
of the second-order terms, and in the strong-field approxi
tion.

The spin-Hamiltonian parameters for the cluster can
related to the parameters of the individual ions provided t
the ground state is correctly known. The complexity of th
spin system, which comprises 106 spin states, does not allow
a quantitative estimation of the energies and an accurate
scription of the ground states. However it is possible to m
an educated guess, using qualitative considerations
schemeSI we assume that the groundS510 is reasonably
well described by the combination ofSA516 for the eight
manganese~III ! and SB56 for the four manganese~IV !. In
this case theg values are given by24

gs51051.5455gMn~III !20.5455gMn~IV ! . ~5!

gMn~IV ! is expected to be rather isotropic, while larger anis
ropy is expected for manganese~III !. Therefore the observe
anisotropy of the cluster must reflect the anisotropy of
manganese~III ! ions, and the relative orientation of the ind
vidual g tensors. All the manganese~III ! ions are elongated
octahedral, with the elongation axes essentially paralle
the tetragonal axis. Therefore theg anisotropy of the cluste
should be of the same sign as that of elongated man
nese~III ! ones, namelygi,g' , as observed.25 If we assume
gMn~IV !52, isotropic, we calculategiMn~III !51.95,g'Mn~III !

51.97.
The groundS510 state of the cluster has also been d

scribed choosing a different coupling scheme, assuming
the antiferromagnetic coupling between the four pairs
manganese~III ! and manganese~IV ! ions bridged by two oxo
groups is dominant.20 In this scheme, which we label asSII ,
there are four pairs in the groundS51/2 which are coupled
to give an intermediateSA5431/252, which are then fer-
romagnetically coupled to the remaining four manganese~III !
ions to give a groundS510 state. In this case theg tensor
for S510 is expected to be given by

g51.2gMn~III !20.2gMn~IV ! . ~6!

The same qualitative conclusion as inSI applies inSII .
The projection of the zero-field splitting parameterD of

the cluster on those of the single ions was previou
suggested24 and assuming that it is dominated by the con
ct

ich
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bution of the Jahn-Teller distorted manganese~III ! ions, the
following condition must hold inSI:

D50.2276DMn~III ! . ~7!

From the experimental value of the zero-field splitting p
rameter and Eq.~6! we calculateDMn~III !522 cm21. This
can be compared to the valueD523.4 cm21 observed for
manganese~III ! in rutile26 andD524.6 cm21 observed in
a monomeric complex, Mn(dbm)3 .27 If on the other hand,
we use theg values of manganese~III ! calculated above to
estimate the zero-field splitting parameter with the relat
D51/2l@gi2g'#,22 we obtainD521.8 cm21. If we apply
SII then

D50.1263DMn~III ! ~8!

yielding DMn~III !523.64 cm21. Therefore the observedD
parameter appears to be fully compatible with single man
nese~III ! ion anisotropy.

The analysis of the fourth-order terms was previou
given for theO4

4 terms both inSI and SII .28 In this case,
neglecting exchange determined contributions, the fou
order terms must be given by the contributions of the MIII

ions,b4
n ,because MnIV hasS53/2. It was found that

B4
n5b4

n/861, ~9!

B4
n5b4

n/1211, ~10!

for SI and SII , respectively. Using Eq.~9! and the param-
eters of the fit we obtainb4

450.03 cm21. The comparison
can again be made with the spectra reported for rutile,
which only the cubic parametera50.16 cm21 was reported.
Since the cubic parameter is given by23 a524b4

4 the agree-
ment can be considered as encouraging.

D. Hints to the mechanism of QTM

With the above parameters the height of the barrier, c
responding to the energy difference between the lowesM
5610 and the highestM50 level, is calculated asA/k
567.1 K, which is in better agreement but still larger th
the value obtained12 from the fitting of the relaxation data
A/k561 K. It is possible to justify a lower barrier obtaine
for the relaxation measurements if it is assumed that QTM
particularly efficient between the higherM levels. In this
case they might provide an efficient shortcut for the rela
ation of the magnetization also in the thermally activat
regime. In fact QTM is favored when pairs ofM states are
degenerate. This is expected to occur at regular spacing s
metric around zero field, see Fig. 6, if the term inSz

4 is not
taken into account. Some authors have shown that reg
spacing between the steps in the magnetization curve is
served if the field inductionB5H14pM is considered as
the local field experienced by the cluster.15 We believe that
the local field is more complicated than the average mac
scopic internal field,B,and recent ac susceptibility data sho
that the regular spacing is not strictly observed.29 Figure 6~b!
shows the level crossings calculated with the second-
fourth-order terms obtained from the present investigati
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In this case the crossings of the differentM levels occur at
different field values. In particular the crossings involvin
levels with largeM occur at higher fields than those involv
ing levels with smallM , and the spacing reduces on increa
ing the field. If the local field experienced by the cluster
precisely known, and the resonances sufficiently narrow,

FIG. 6. Calculated splitting of theM levels of anS510 multip-
let with D520.5 cm21 and B4

05B4
450 ~a!, and with D520.46

cm21, B4
0522.231025 cm21, B4

45431025 ~b!.
od

J.

R
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nd

e

ur

hi
.

-

e

could deduce from Fig. 6~b! which levels are mainly in-
volved in the process of tunneling at the different tempe
tures.

The term in (S1
4 1S2

4 ) of the spin-Hamiltonian mixes
state differing inM by multiples of four and can therefor
induce tunneling. However some term linear inS1 and S2

must be present in order to justify the presence of steps
any field crossings. Recently Fortet al.30 have shown that
the spin Hamiltonian deduced from HF-EPR spectra rep
duces well the field dependence of the relaxation time. T
selection ruleDM54n can be eased if a small transver
field, dipolar, external, or hyperfine, is present, but the or
of magnitude of the tunneling rate is provided by the ma
netocrystalline anisotropy evaluated by HF-EPR.

IV. CONCLUSIONS

The present results showed that HF-EPR is a unique
for the determination of the crystal-field parameters in la
spin clusters. In the particular compound of interest here
analysis of the spectra recorded in very high magnetic fi
allowed the determination of the parameter of the four
order spin operatorsSz

4 and (S1
4 1S2

4 ). The first term could
partially justify some irregularities observed in the steps
the magnetic quantum hysteresis of Mn12ac, while the s
ond one provided evidence of the presence of an in-pl
anisotropy, which can in principle justify the observation
QTM at low temperature.
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