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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 Mn;,0,5(CH3CO0);¢(H,0),]-2CH;COOH-4H,0 (Mnl12a9, a molecular cluster
behaving like a nanomagnet. The simulation of the spectra has provided an accurate determination of the
parameters of the spin Hamiltonigh= ugH - g- S+ D[ S2— 1/35(S+1)]+ B3OS+ B30, where O$=35S]
—30S(S+1)S2+ 2552 - 6S(S+1)+3SX(S+1)? and 05=1/2(S} +S*): D=-0.462)cm?,
BY=—-2.2(2)x10° % cm™, andBj}=+4(1)x10 ° cm % 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 groun@=10 multiplet of the cluster. The term irSt +S*) 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 quantifiS@163-1827)08237-4

I. INTRODUCTION external ring of eight mangand#é) ions (S=2) and an
internal tetrahedron of four manganés® ions (S=3/2).

Quantum tunneling of the magnetizaticQTM) is one of ~ The cluster has a crystal impos&d symmetry'® It has a
the candidates to test the possibility of observing quantunground S=10 state, which can be loosely described setting
effects in macroscopir perhaps more appropriately meso- all the manganesk!) spins up §=8x2=16) and all the
scopig objects™? The interest for this kind of problem is manganes#v/) spins down §=-4Xx3/2=-6). The
certainly a theoretical one, aimed at understanding the limitground multiplet is split by the tetragonal symmetry to leave
of validity of quantum mechanics, but in principle also atheM = =10 components lying lowest.At low temperature
practical one. In fact small magnetic particles are used tehese are the only populated levels.
store information and it would be desirable to have a knowl- Mn12ac is a molecular cluster for which slow relaxation
edge of the lower limit of the size which can be achieved.of the magnetization was detected at low temperattre,
The requisite for storing information is that the magnetiza-similar to the blocking temperature of superparamagnets. In
tion is either up or down, but if tunneling occurs, the storedfact, the relaxation time was found to follow a thermally
information is lost. Therefore the limit size for observing activated behavior down to 2 K, according to the equation
QTM should be knowr. 7= T10eXp@/KT), with a pre-exponential factorro=2.1

Many attempts were made to produce even smallexx10 s, and an energy barrigx/k=61 K.1? In this range
magnets;” but most efforts were plagued by the impossibil- of temperature the cluster behaves like a single-molecule
ity of obtaining ensembles of identical nanoparticles which
could be kept well separated from each other in order to
minimize interactions which would hamper the observation
of QTM. Techniques of molecular chemistry on the other
hand suggested a different approach, using large molecular
clusters as single nanomagn®Surprisingly enough it was
found that nanomagnetic properties can be observed in rela-
tively small clusters, comprising only eight metal idhs.

The main advantage that molecular clusters have com-
pared to other systems, like small magnetic particles either of
metals or of oxides, or even ferritin, is that they are abso-
lutely monodisperse, their structure is perfectly known from
x-ray techniques, they can be well separated one from the
otherstgy dissolving them in appropriate solvents and polymer
films.®

The most accurately investigated system so far is
[ Mn;,50;5(CH3C00);4(H,0),]-2CH;COOH-4H,0, Mn12ac, FIG. 1. Sketch of the structure of the magnetic core of the clus-
which has the structure shown in Fig. 1. It comprises arter. The arrows show the spin structure of the groGs«l0 state.
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magnet, showing also hysteresis effects. This gives the exncluded, the smallest being the fourth-order terms which
citing perspective of storing information at the molecularmix states differing by four inM. They determine an in-
level. plane magnetic anisotropy and therefore can provide a cou-
Below 2 K, the relaxation time becomes independent ofpling between theM =+10 andM = —10 levels in high-
temperature, suggesting a quantum tunneling mechakiism.order perturbation. The same terms can couple the exilted
In zero applied magnetic field thd levels are degenerate in states more efficiently. For instance they may couple in first
pairs and resonant QTM may occur betwddr= —10 and  order theM = =2 levels. Several attempfs:® are currently
M=+10,M=—-9 andM = +9, etc. This mechanism seems being made to theoretically justify the observed relaxation
to be active also at higher temperature as suggested by thignes of the cluster, with and without an applied magnetic
dramatic increase of the relaxation time observed by applyfield, by introducing fourth-order crystal-field parameters,
ing a weak magnetic fieltf: The increase of the relaxation whose presence up to now has not been proved. EPR in
time with an applied field is certainly surprising, becausepyinciple, can directly provide the values of the parameters
usually the reverse is observed in superparamagnets. In faghich can be compared with those required by theory.
ina Fhermally activated process the applic_ation of the exter- The previously reported HF-EPR speétraere measured
nal f|elq decreases the he|glht of the barrier, and makes t)fEn polycrystalline powders partially oriented by the strong
e et o T v oy oG o e b e gy specometr
pected behavior may find a justification. In fact, when theWe h‘%"e now performed more accurate experiments at fre-
: ' guencies ranging from 150 to 525 GHz in field up to 25 T on

applied field removes the degeneracy quantum tunneling i blocked pol talli d le at vari ¢
suppressed with a dramatic increase in the relaxation time. A blocked polycrystaliné powder Sample at various tempera-

confirmation to this came from the fact that the relaxationtUrés in order to determine the presence of fourth-order com-
time was found to decrease dramatically for values of thdPonents of the crystal field. TI'.he r_esults that we wish to report
external field which put thé4 and the—M +n levels at the here, ha\(e allowed a guantification of the fourth-order terms
same energy>!® In this case pairs of degenerate levels areln the spin Hamiltonian and show how powerful a tool HF-
again present, and QTM is efficient, thus justifying the in-EPR is for obtaining information on transition-metal ions
crease in the relaxation rate. Therefore a model which imand on systems with an even number of unpaired electrons.
plies tunneling effects not only involving the lowest lying
M= =10, but also the excitel==*=9, =8, etc. has been
postulated, in a thermally assisted Q. Il. EXPERIMENTAL PROCEDURE

In order to develop a quantitative understanding of the
mechanism of QTM in Mn12ac several points still need to be
clarified. The first is the height of the barrier for the reorien- As no single crystals large enough are available, all the
tation of the magnetization. The experimentally determinecdHF-EPR measurements have been performed on polycrystal-
value from ac susceptibility measurements should be comine powders, synthesized as previously repotfed. The
pared with that obtained through more direct techniques, lik¢yowder was pressed into a pellet to prevent orientation of the
EPR. In fact we previously reported high-frequency EPRmijcrocrystallites in the magnetic field. A small sample of
(HF-EPR spectra monitoring thé=—10-M=—9 tran-  giphenyl-dipicryl-hydrazide(dpph was added to calibrate
sition and from that we obtained a zero-field splitting param-+e magnetic field.

111 o ) .
"~ When the system is in the ground A first series of measurements was performed on the stan-

A. Physical measurements

eterD=-0.5 cm

M= —10 level in order to invert the magnetization it must dard HF-EPR Grenoble spectrome%étn this setup the ex-
go to the degeneratl = +10 level. In the thermally acti-  jting frequency is provided by a far-infrared laser, optically

vated process this can be done by climbing up the ladder Qﬁum ; C
= ; ) ped by a C@®laser(Edinburgh Instrumenjs which is
levels toM =0, and then descendiri Therefore the height sent with oversized light pipes to the sample. A small modu-

of the barrier is equivalent to the energy separation betwee%tion field is superimposed to the main one, with an oscil-

the M=—10 andM =0 levels in zero field, which is given . . A

by A=S?|D|. With theD parameter of the EPR spectra we It?tlngrl:retqulentcy Ofl 12;";2} Thettrarhl/ls&nlltte? light Edﬁ}ected

calculated an energy barrier for the reorientation of the mag-y a hat electron In- olome €@ nstruments he
main magnetic field is provided by a superconducting mag-

netizationA/k=72 K, which is not far from that obtained by . .
the measurement of the relaxation timfek=61 K. How-  net(Cryogenics Consultaptworking up to 12 T at 4.2 K. A

ever if the difference is significant this may be an indicationVariable temperature insei®xford Instrumentsenables one
of possible short cuts for relaxation determined by QTM work from 1.6 to 300 K. _
between excited levels. Therefore a more accurate set of EPR A second series of measurements was performed moving
data is needed. the whole setup in order to replace the superconducting mag-
The second point to be clarified is that in order to theo-net by the hybrid magnet of the LCMI, in order to reach a
retically justify QTM it is necessary to identify nonzero ma- maximum field of 30 T. Due to the important stray magnetic
trix elements of the zero-field Hamiltonian connecting thefield of this magnet, the laser source as well as the detection
+M levels. In an equivalent way it is necessary to identify asystem needed to be much farttiseveral metejsfrom the
transversdin-plane magnetic anisotropy in order to justify sample than in the standard setup, resulting in a reduced
QTM. In the tetragonal symmetry of the cluster, this cannotsignal-to-noise ratio. In that case, the spectra were recorded
be provided by the quadratic crystal-field operator, which iskeeping the superconducting magnet at a constant field and
diagonal. However, higher-order crystal-field effects may besweeping only the resistive magnet.
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FIG. 2. Polycrystalline powder HF-EPR spectra of Mn12ac at R 74 T
245 GHz at different temperatures. The narrow signal is given by _/W’V‘—ZO“R’“JV\/\/V\/M
DPPH (g=2.0037).

10K
B. Calculations

The powder EPR spectra have been simulated using a ~ (b)
program developed by Jacobsearal,?? which calculates the 5K
matrix associated to the effective Hamiltonian for each value
of the magnetic field and each orientation of the sample. This ‘ I I E R S
kind of treatment was necessary as the zero-field splitting 0 4 8 12 16 20
term was too large to be considered as a perturbation of the MAGNETIC FIELD (T)

Zeeman interaction. The Hamiltonian matrix must be com-

puted for the basis of 21 functions corresponding to$he  FiG. 3. Polycrystalline powder HF-EPR spectra of Mn12ac at
multiplet, for a given value and orientation of the field and 349 GHz at different temperature® experimental(b) calculated

diagonalized. A powder average is then performed. with the parameters mentioned in the text.
lll. RESULTS AND DISCUSSION field splitting|D|=0.5 cm ! the highest field parallel transi-
A. EPR Spectra tion can be at 28.9 T. Therefore it was necessary to use a

hybrid magnet capable of reaching 30 T. The spectra re-

_Polycrystalline powder spectra of Mn12ac were recordeq,, e with the hybrid magnet at 349 GHz are shown in Fig.
with exciting frequencies of 158, 245, 349, 428, and 5253, The |ow-field region of the spectra is similar to that

GHz, with a spectrometer equipped with a 12 T magnet. Th%bserved with the standard superconducting magnet, but the

spectra recorded at 245 GHz are shown in Fig. 2. The spectrhal h-field region now shows a rich structure. Some doublin
at 35 K show many feature at low field corresponding to the 9 9 : 9

fine structure expected for &= 10 multiplet split in zero of the peaks seems to be due to aging of the samples. Some

field by crystal-field effects. On decreasing temperature thgxperiments have been repeated on a fresh sample and the

relative intensities of the transitions change dramatically SPECUUM is substantially the same, except for the extra

with an increase of the lowest field parallel component af€2ks. Larger polarization effects are observed on decreasing
0.25 T, and an increase of the high-field perpendicular trantéMperature since in this case the Zeeman energy is 16 K. At
sition at 11.47 T. This is the result of the depopulation of the?-2 K the lowest parallel transition is observed at 1.74 T, and
higherM levels, due to the large Zeeman energy. In fact forN€ highest perpendicular transition at 18.0 T.

245 GHz the Zeeman energy corresponds-t2 K, and at The separations between neighboring parallel lines at
4.2 K essentially only the lowesl = + 10 states are popu- relatively high temperature are not constant throughout the
lated. Therefore the transition corresponding M= spectrum. For instance at 349 GHz the lowest field parallel

—10—M=—9 gains in intensity on decreasing temperature.tranSitionS are observed at 1.81, 3.47,4.92, 6.23,and 7.37 T,

This occurs at low field foH parallel to the tetragonal axis, With the corresponding separations 1.66, 1.45, 1.31, and 1.14

d at high field foH dicular. Thi fi that th
and at high fie'd 1O Perpendicliiar. | nis coniiims that the The spectra recorded at 525 GHz are shown in Fig). 4

zero-field splitting in Mnl12ac is negative and that therefore e

the magnetic anisotropy is of the Ising type. The resonanc _he lowest para_IIeI transition is observed at 8'03 T, and the
field of the lowest field transition corresponds well to that ighest perpendicular at 2‘."‘2 T. The polarization effects here
previously reported for the oriented samples are remarkable even at high temperature, because the Zee-

The spectra recorded at higher frequencies are simpler {gian energy is~26 K.
be assigned on a qualitative basis, because they move to-
wards the high-field approximation. On increasing frequen-
cies the high-field transitions are however progressively lost,
due to the fact that they move outside the available magnetic The fit of the spectra of aB=10 multiplet even in tetrag-
field range. In fact for an exciting frequency of 525 GHz theonal symmetry is by no means a simple task. The spin
resonance field of the free electron is 18.73 T. For a zeroHamiltoniarf® can be expressed as

B. Simulation strategy
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FIG. 5. High-field region of the spectrum at 525 GHz and 30 K

T 3g e calculated withD=—0.46 cm %, BJ=—2.2x10"° cm ?, andBj
MMM/\/\M/ =0 (a), 4x10°° (b), and 8<10°% cm™* (¢).

20K
M highest available frequency, suggesting that the inclusion of
,,JL 10K J\‘\/ only the quadratic term is not sufficient to satisfactorily re-

(@)

produce the spectra. In fact attempts to fit the spectra without
introducing quartic terms were completely unsuccessful.
The introduction of nonzerB?1 changes the diagonal en-

ergies of theM levels, mostly affecting the parallel transi-

b. ‘ ‘ i f theM level ly affecting th llel i

5 10 15 20 25 tions. The ones which are most affected are those with large
MAGNETIC FIELD (T) IM|, therefore nonzer®$ will change the resonance fields

and the separations of the low-field transitions, correspond-
ing to —10—- -9, —9— —8, etc. In the strong-field limit,
FIG. 4. Polycrystalline powder HF-EPR spectra of Mn12ac atand assuming that the quartic term is small compared to the

525 GHz and different temperature®) experimental(b) calcu-  quadratic term the resonance fields are given by
lated with the parameters mentioned in the text.

H=pgH-g-S+D[S2— 1/35(S+1)]+ BJOS+B40%, He(M)="FTHo=(2M +1)(D’ - 32785
()
_ 3 2 0’
where 09=355¢—30S(S+1)S2+ 2557~ 6S(S+1) 35(4M*+6M°+4M+1)B; ], (3)
+3S%(S+1)? and0j=1/2(S? +S*). In principle it would

O’ _ 0 . . . .
be possible to include also higher-order crystal-field terms//N€r€Ba =B4/(Geus). Provided thaD is negative, as in

with O, operators withn=6,8, . .., 20.However we re- the present case, a negatiBé increases the separation be-
stricted ourselves to fourth-order terms for the sake of simtween the lines on decreasmg the field, while the opposite
plicity. trend is observed for positiviy.

The fit of the spectra requwes the adjustment of fine pa- A nonzeroBj determines a mixing ol levels. Therefore
rameters, namelg,, g, , D, 34, 54 Since a cycle with a it essentially affects the perpendicular spectra In Fig. 5 we
given set of parameters reqU|res40 min on our worksta- Show the effect of introducing nonzeRj, on the high-field
tion, it is necessary to try to have some preliminary guess operpendicular spectra corresponding to a frequency of 525
the values of the parameters, and of their relevance to theHz.
computed spectrd is known to be~—0.5 cni’!, therefore
its variation was limited to a narrow range around this value. C. Spectral fit
The effect of the term irD is that of splitting theS=10
multiplet in pairs of= M levels. In the high-field approxima-
tion, i.e, when the Zeeman energy is much larger tha® (2
+1)|D|, the spectrum should consist of 20 parallel and 20
perpendiculaM — M + 1 transitions, with resonance fields

The D andB§ terms of the spin Hamiltonian can be de-
termined analytically by looking at the spacing of the parallel
transitions in the spectra recorded at the highest frequencies,
349 and 525 GHz, but tr‘B4 term requires a full simulation
of the spectra. A satlsfactory agreement with experimental
. spectra, as shown in Figs. 3 and 4 for 349 and 525 GHz,

H,(M)==[Hy—(2M+1)D'], (2)  respectively, has been achieved with the following param-
g eters: g,=1.931), g, =1.9§1), D=-0.46(2) cm?,

where D’ =D/(geuy)for parallel andD’ =D/(2geus) for  Bi=—2.2(2)x107° cm™%, B3+ 4(1)X10 % cm %,
perpendicular transitions av ranges from—Sto S—1. The While the position of the lines is well reproduced in the
neighboring lines are therefore regularly spaced bysimulated spectra the shape of the lines differs significantly.
2D/(gemp) for the field parallel and byD/(geup) for the  This can result for the experimental setup, which allows the
field perpendicular to the tetragonal axis. The observed trarpresence of standing wave between different parts of the
sitions were seen not to follow these conditions even at thspectrometer, resulting in a mixing of a pure absorption



8196 BARRA, GATTESCHI, AND SESSOLI 56

spectrum with a dispersion one. However, we do not expedbution of the Jahn-Teller distorted mangan#sg ions, the

this effect to be dramatic, and poor simulation of the linefollowing condition must hold irSl:

shape can be also due to the simulation program used, which

does not allow us to introduce an anisotropic linewidth. D=0.227® ) - )
In the spin Hamiltoniar(1) S§ is present both in the qua-

dratic and the quartic terms. If we rewrite the zero-field split-From the experimental value of the zero-field splitting pa-
ting terms as rameter and Eq(6) we calculateD y,q,=—2 cm . This

can be compared to the vallle= — 3.4 cmi ! observed for
H=aS2+ BS'+ y(S* +S*)+constterms, (4  manganesélll) in rutile®® andD=—4.6 cm * observed in

a monomeric complex, Mabm);.2’ If on the other hand,
where a=D—[30S(S+1)—25|B], B=35BY, y=1/2B;, we use theg values of manganeé#) calculated above to
we geta=—0.39(3) cm?, B=—7.7(7)x10 *cm?, and  estimate the zero-field splitting parameter with the relation
y==2.0(5)x 10 ° cm™’. The second-order zero-field split- D=1/2\[g,—g, ],?*> we obtainD=—1.8 cm *. If we apply
ting parameter, which in this notation ésrather tharD, is  SlI then
distinctly lower than estimated from other EPR measure-
ments performeld on this system. This difference comes D=0.126Dynq )
from the fact that the initial estimation was obtained from the
position of the first low-field line considering only the effect yielding Dynu)=—3.64 cm’. Therefore the observed
of the second-order terms, and in the strong-field approximaparameter appears to be fully compatible with single manga-
tion. nesélll) ion anisotropy.

The spin-Hamiltonian parameters for the cluster can be The analysis of the fourth-order terms was previously
related to the parameters of the individual ions provided thagiven for theO} terms both inSI and SI1.?8 In this case,
the ground state is correctly known. The complexity of thisneglecting exchange determined contributions, the fourth-
spin system, which comprises®16pin states, does not allow order terms must be given by the contributions of the!'Mn
a quantitative estimation of the energies and an accurate dens, b} ,because MY hasS=3/2. It was found that
scription of the ground states. However it is possible to make

an educated guess, using qualitative considerations. In B =hb}/861, 9
schemeSI we assume that the grour®F 10 is reasonably
well described by the combination &,=16 for the eight N_pn
manganed#ll) and Sg=6 for the four mangane&®). In By=D,/1211, (10
this case the values are given b for SI and SlI, respectively. Using Eq9) and the param-
_ eters of the fit we obtai;=0.03 cni. The comparison
9s-10=1.545Fwnqn) = 0-545Bnnqv) - ®  can again be made with the spectra reported for rutile, for

Ounav) IS expected to be rather isotropic, while larger anisot-Which only the cubic parameter= 0-%6 cm'* was reported.
ropy is expected for manganéBe). Therefore the observed Since the cubic parameter is given’bp=24bj the agree-
anisotropy of the cluster must reflect the anisotropy of thement can be considered as encouraging.

manganeddll ) ions, and the relative orientation of the indi-

vidual g tensors. All the mangangs$k) ions are elongated D. Hints to the mechanism of QTM

octahedral, with the elongation axes essentially parallel to . :

the tetragonal axis. Therefore theanisotropy of the cluster With t_he above paramete_rs the height of the barrier, cor-
should be of the same sign as that of elongated mangégspondmg to the energy difference between the lowest

el g, i 5 i s 10,3016 N0 el chutn ol
=2, isotropic, we calculat =1.95, =071 K, WhICh 1S | ut st

lef(g/% P Dimna JLuni) the value obtainéd from the fitting of the relaxation data,

A/k=61 K. It is possible to justify a lower barrier obtained

The groundS=10 state of the cluster has also been de- . o .
scribed choosing a different coupling scheme, assuming th or the relaxation measurements if it is assumed that QTM is

the antiferromagnetic coupling between the four pairs ofarticularly efficient between the highéd levels. In this
manganeg@! ) and mangane®/) ions bridged by two oxo C@S€ they might provide an efficient shortcut for the relax-
groups is dominarf® In this scheme, which we label & ation of the magnetization also in the thermally activated

there are four pairs in the grour81/2 which are coupled r€gime. In fact QTM is favored when pairs M states are
to give an intermediat&,=4x 1/2=2, which are then fer- degenerate. This is expected to occur at regular spacing sym-

romagnetically coupled to the remaining four mangaiége metric'around zero field, see Fig. 6, if the termShis not
ions to give a groun®= 10 state. In this case thg tensor taken into account. Some authors have shown that regular

for S=10 is expected to be given by spacing between the steps in the magnetization curve is ob-
served if the field inductioB=H+47M is considered as
=12~ 0-2pnav) - 6) the local field experienced by the clustéwe believe that
the local field is more complicated than the average macro-
The same qualitative conclusion asSh applies inSll. scopic internal fieldB,and recent ac susceptibility data show

The projection of the zero-field splitting parametrof  that the regular spacing is not strictly obserée&igure Gb)
the cluster on those of the single ions was previouslyshows the level crossings calculated with the second- and
suggestetf and assuming that it is dominated by the contri-fourth-order terms obtained from the present investigation.
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could deduce from Fig. (6) which levels are mainly in-
volved in the process of tunneling at the different tempera-
tures.

The term in 61+S‘l) of the spin-Hamiltonian mixes
state differing inM by multiples of four and can therefore
induce tunneling. However some term linearSn and S_
must be present in order to justify the presence of steps for
any field crossings. Recently Foet al*>° have shown that
the spin Hamiltonian deduced from HF-EPR spectra repro-
duces well the field dependence of the relaxation time. The
selection ruleAM=4n can be eased if a small transverse
field, dipolar, external, or hyperfine, is present, but the order
of magnitude of the tunneling rate is provided by the mag-
netocrystalline anisotropy evaluated by HF-EPR.

E/kg (K)

Elkg (K)

IV. CONCLUSIONS

MAGNETIC FIELD (T)

» ) The present results showed that HF-EPR is a unique tool
FIG. 6. Calculatecjlsphttm% of IZ‘M levels of anS=10 multip- 4 {he determination of the crystal-field parameters in large
let l"{'th b=-05cm. a”‘lefljBfl:O (a_‘)s’ and withD=-0.46 o1 cjysters. In the particular compound of interest here the
e, By=—2.2x107" cm, By=4x107 (b). analysis of the spectra recorded in very high magnetic field
allowed the determination of the parameter of the fourth-
In this case the crossings of the differevitlevels occur at  order spin operators‘z1 and S} +S*). The first term could
different field values. In particular the crossings involving partially justify some irregularities observed in the steps of
levels with largeM occur at higher fields than those involv- the magnetic quantum hysteresis of Mn12ac, while the sec-
ing levels with smalM, and the spacing reduces on increas-ond one provided evidence of the presence of an in-plane
ing the field. If the local field experienced by the cluster isanisotropy, which can in principle justify the observation of
precisely known, and the resonances sufficiently narrow, w&TM at low temperature.
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