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Spin dynamics study of magnetic molecular clusters by means of Mo¨ssbauer spectroscopy
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Spin dynamics of the two magnetic molecular clusters Fe4 and Fe8, with four and eight Fe~III ! ions,
respectively, was studied by means of Mo¨ssbauer spectroscopy. The transition probabilitiesW’s between the
spin states of the ground multiplet were obtained from the fitting of the spectra. For the Fe4 cluster we found
that, in the range from 1.38 to 77 K, the trend ofW’s versus the temperature corresponds to an Orbach’s
process involving an excited state with energy of about 160 K. For the Fe8, which, due to the presence of a
low-energy excited state, could not be studied at temperatures greater than 20 K, the trend ofW’s in the range
from 4 to 18 K seems to correspond to a direct process. The correlation functions of the magnetization were
then calculated in terms of theW’s. They have an exponential trend for the Fe4 cluster, while a small
oscillating component is also present for the Fe8 cluster. For the first of the clusters,t vs T (t is the decay
time of the magnetization! has a trend which, at low temperatures (T,15 K), corresponds to an Arrhenius law
with a potential barrier of the order of the energy difference between the statesuM u55 andM50 ('7 K).
Instead, forT.15 K, t follows the trend ofW21. For the Fe8,t follows an Arrhenius law, but with a
prefactor which is smaller than the one obtained susceptibility measurements.

DOI: 10.1103/PhysRevB.65.064415 PACS number~s!: 67.57.Lm, 61.46.1w, 87.64.Pj
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I. INTRODUCTION

In the last decade the magnetic properties of Fe4 and
molecular clusters,1,2 with four and eight Fe~III ! ions~Figs. 1
and 2!, respectively, have aroused much interest and h
been extensively studied from both a theoretical and an
perimental point of view. The ground state of these clust
was determined by using different experimental techniq
such as susceptibility measurements,1,3 high field EPR,4,5 in-
elastic neutron scattering~INS!,6,7 and the spin Hamiltonian
parameters are now fairly well known.

The two clusters have ground states withS55 and 10,
respectively, and a prevalently axial magnetic anisotro
Moreover, a transverse component is present in both clus
However, for Fe4, it is small and, in certain cases, negligib
Conversely, for Fe8, the transverse component of the an
ropy strongly perturbs the spin states.

Many studies have dealt with the quantum tunneling
the magnetization.8–10 This phenomenon is possible due
the presence of the axial anisotropy, which splits the gro
spin multiplet intoS Kramer’s doubletsuS,6M & plus the
singletuS,0&. The doubletuS,6S& has the lowest energy, an
at very low temperatures is the only doublet populated. T
tunnel effect consists of coherent jumps between the
states of the doublet. As the temperature increases, dou
of higher and higher energies are populated and the inte
tions of the spin with the vibrational freedom degrees of
cluster produce transitions between doublets. The spin
namics is then characterized by these transitions and by
tunnel effect inside the doublets.

In this paper, a Mo¨ssbauer study of the spin dynamics
0163-1829/2002/65~6!/064415~10!/$20.00 65 0644
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these two clusters, as a function of the temperature, is
sented. We obtained the transition probabilities between
spin states from the fitting of the Mo¨ssbauer spectra. More
over, the tunneling frequencies were evaluated by mean
perturbation theory, starting from the spin Hamiltonian p
rameters present in the literature. These parameters w
then kept free, and their values were determined in orde
optimize the spectrum fits. Finally, the correlation function
the magnetization was calculated from the transit

FIG. 1. Schematic structure of the Fe4 cluster. Large sphe
represent Fe~III ! ions; black and white circles denote oxygen a
carbon atoms, respectively. Hydrogen atoms are not indicated.
©2002 The American Physical Society15-1
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probabilities between the spin states and the tunne
frequencies.

II. EXPERIMENT

The Mössbauer spectra were determined using a conv
tional constant acceleration spectrometer operated in a
tichannel scaling mode. The gamma ray source consisted
fresh 51 mCi of 57Co in a rhodium metal matrix, that wa
maintained at ambient temperature. The spectrometer
calibrated using a 6-mm-thick natural abundance iron foi
Isomer shifts are reported relative to the center of the m
netic hyperfine pattern of the latter foil taken as zero vel
ity. The linewidths of the innermost pair of DMI transition
equal to 1 of the latter Zeeman pattern were reproduc
determined to be 0.214 mm s21. The sample temperatur
variation was achieved using a standard exchange gas li
helium cryostat~Cryo Industries of America, Inc.!, with tem-
perature measurement and control based on silicon d
thermometry in conjunction with a 10-mA excitation source
~Lakeshore Cryotronics, Inc!. The spectra were initially fit to
unconstrained Lorentzians using the program ORIGIN~Mi-
crocal Software, Inc.!

III. THEORY OF THE SPECTRUM FIT

For a cluster withN Fe13 ions, the electronic states ar
obtained by coupling the Fe13 ion spins~s55/2!. Thus 6N

cluster spin states are obtained. For Fe4 and Fe8, we
1296 and 1 679 616 spin states, respectively. Detailed ca
lations for the two clusters were reported in Refs. 1 and
These were based on the Heisemberg antiferromagn
Hamiltonian, and tested using susceptibility measureme
Since we are mainly interested in spin dynamics at low te
peratures, only the ground spin states of the Fe4 and
clusters will be considered. They have values ofS55 and
10, respectively.

FIG. 2. Schematic structure of the Fe8 cluster. Large sph
represent Fe~III ! ions; black and white circles denote oxygen a
nitrogen atoms, respectively. Finally, carbon atoms are at the v
ces of the black lines. Hydrogen atoms are not indicated.
06441
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The main terms of spin Hamiltonian for the ground sta
have the same form for both clusters,

Hs5DSz
21

E

2
~S1

2 1S2
2 !1Hh.o. , ~3.1!

whereHh.o. denotes fourth-order terms in the spin comp
nents. The measurements of theD andE parameters, as wel
as the fourth-order parameters that have not been expli
written here, were performed by means of high-field elect
paramagnetic resonance~HF-EPR!2–5,10and inelastic neutron
scattering~INS!.6,7 For Fe4, these measurements are com
cated as three different isomers are present in the sin
crystal samples. However, the two techniques give pra
cally the same values for the axial parameterD. For the three
isomersAA, AB, and BB ~see Ref. 4!, the values of this
parameter were20.29,20.27 and20.25 K, respectively. On
the other hand, very different values were obtained forE. For
example, for theAA isomer, HF-EPR and INS gaveE5
20.014 and20.029 K, respectively. However, since bo
the E values are much smaller than theD values, theS55
ground state consists approximately of five Krame
quasidegenerate doubletsu5,6M &, with the u5,65& doublet
having the lowest energy, plus the singletu5,0&.

Now, let us consider the Fe8 cluster. For this cluster, I
gaveD520.29 K, against the value of20.275 K obtained
from the EPR, while both techniques gave the same valu
E: E520.047 K. In this case, by diagonalizingHs in the
space of the ground spin statesu10,M &, we obtained the
states shown in Fig. 3. We can see that the six quaside
erate lowest doublets do not differ much from the ones c
responding to the axial term of the spin HamiltonianHS .
Conversely, as far as the nine highest singlets are concer
we have a strong mixing of the states with differentM ’s, due
to the transverse term ofHS .

As mentioned above, the stateu5,6M & of Fe4 and the
statesu10,6M & for uM u>5 of Fe8 are almost degenerat
Their energy differencesnM ~in unit s21), which are due to
the transverse terms ofHS , represent the so-calledquantum
tunneling frequencies: i.e., for a givenM, the frequencies of
the coherentM⇔2M jumps.

It will be useful to evaluate thenM ’s as functions ofM
and E/uDu. In order to do this, it is appropriate to use th
Brillouin-Wigner perturbation theory, which gives the effe
tive Hamiltonian11

He f f5H1(
m

Hum&^muH

E2Em
0

1(
m,n

Hum^muHun&^nuH

~E2Em
0 !~E2En

0!
1•••,

~3.2!

whereHe f f is the Hamiltonian which couples the statesM
and 2M of the Kramer’s doublets. Here we consider on
the term ofHe f f which gives the first non-null contribution
to ^M uHe f fu2M &, and putsE5EM

0 .
H consists of terms of the spin Hamiltonian containi

S1 and S2 operators. The largest term is obviously th
rhombic term (E/2)(S1

2 1S2
2 ). In order of magnitude, the

following term is (C/2)(S1
4 1S2

4 ) Ref. 4. For Fe4, an esti
mate of C was obtained from HF-EPR, which gaveC'6

es

ti-
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SPIN DYNAMICS STUDY OF MAGNETIC MOLECULAR . . . PHYSICAL REVIEW B 65 064415
31025 K. For Fe8, from INS we haveC58.631026 K.
By using Eq.~3.2!, we can verify that for the Fe8 the fourth
order term is quite negligible with respect to the rhomb
term. Conversely, for Fe4, the contributions of the two ter
are comparable. For the sake of simplicity and in order
reproduce the line shape of the Mo¨ssbauer spectra, we wi
assume that the tunneling frequencies are determined on
the rhombic term ofHs for both the clusters; however, fo
Fe4,E/D will be treated as an iterative parameter.

By using Eq. ~3.2! the following expression fornM is
obtained:

nM5F~M !S E

2uDu D
M uDu

h
, ~3.3!

whereF(M )’s are rational numbers that are independent
E and D. Their value for the two clusters are reported
Table I.

In order to determine the shapes of the Mo¨ssbauer spectra
in addition to the static interactions between electrons
nuclei of 57Fe, we have to take into account the dynamics
the spins which produce fluctuations in the hyperfine fie
These fluctuations have a twofold origin: first, as mention
above, the quantum tunneling of the magnetization, wh
causes inversions of the hyperfine field with frequenciesnM ;
second, the interactions with the vibrational freedom degr
of the cluster, which, we assume, cause transitionsM⇔M
21.12 The corresponding dynamic spin Hamiltonian can

FIG. 3. Level scheme of the ground state of the Fe8 clu
obtained from the INS data. The six lowest levels~bold lines! are
quasidegenerate Kramer’s doublets. The nine highest levels are
glets with^M &50. The dashed lines denote the levels correspo
ing to the axial term ofHs . The scale on the left gives the energi
in the unit uDu. Only the larger terms of the states are written.
06441
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written in the form:Hd5FA(Sx ,Sy ,Sz), whereF is an op-
erator acting on the vibrational freedom degrees, and is u
ally assumed to have an order of magnitude ofHd . More-
over, A is a dimensionless operator. IfF has a magnetic
origin, A is simply Sx or Sy or, equivalently, a linear combi
nation of these. In fact, sinceHd has to be an even operato
to time inversion, asF is an odd operator,A also has to be
odd. Instead, ifF has an electric origin,F is an even operato
andA also has to be even. For instance,A5 1

2 (SxSz1SzSx).
The probabilities per unit time for the transition

uS,M &⇔uS,M21& read13

WM ,M215u^M uAuM21&u2J~vDM !,

WM21,M5WM ,M21exp~vDM /T!, ~3.4!

wherevDM is the difference between the energies~in unit K!
of the two states andJ(v) is the Fourier transform of the
correlation function ofF. We have assumed that the correl
tion time ofF is much shorter thanD21. In this case we have

J5E
2`

`

^F~0!F~ t !&dt ~3.5!

i.e., J is the same for all the transitions.

A. Fe4 cluster

The spectrum shapes will be evaluated by using Blum
stochastic theory, as described in Ref. 12, where only
thermal motion of the spins was studied in the 10–60
temperature range. With respect to Ref. 12, tunnelingsM⇔
2M—the frequences of which we denoted above
nM—were considered here, and spectra at lower temp
tures, down to 1.38 K, were collected. By taking all this in
account, the spectrum shape corresponding to one of the
can be expressed in terms of eigenvectors and eigenvalu
a complex non-Hermitian matrix—Blume’s matrix—whic
in this case has dimensions of 88388.

The following fitting hyperfine parameters were assum
the quadrupolar parameters and the isomer shifts at the t
nonequivalent Fe sites, and the hyperfine field at the57Fe
nuclei for the statesz55/2 ~the same for the three sites!.
Finally, as far as the relaxation parameters are concerned
used the probability per unit timeW5W5,4 and the ratio
E/D. Moreover, as D value was assumed the weighed a
age of the values corresponding to the three isomers.

r

in-
-

TABLE I. Values of the quantityF(M ) corresponding to the
ground-state doublets of the two clusters.

M F(M ) M F(M )

Fe4 1 60 Fe8 5 147804
2 420 6 118244
3 630 7 55838
4 315 8 15384
5 1575/32 9 2284

10 140
5-3
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B. Fe8 cluster

In this case, in order to calculate the spectrum shapes
met a twofold difficulty. First, the energy of theS59 state is
not precisely known, but should be of the order of t
ground-state energy range ('100D527.5 K).1 The calcula-
tion of the spectra, disregarding the excited levels, is t
corrected only forT!30 K. Second, the Blume matri
would have the order of 1683168, so that, also by taking
into account the large number of parameters, the spect
fittings occupy a rather long computation time.

However, a simplified theoretical approach can be us
which is based on the particular structure of the ground-le
states. As we have seen above, these states can be id
divided into two groups: the first group consists, with a go
approximation, of the six lowest Kramer’s double
u10,6M & ~for M from 5 to 10!. The second group consists o
the other nine states~singlets!. Since in every one of thes
statesM has an average value of zero, their Mo¨ssbauer-
spectrum contribution does not have a magnetic struc
and will be the same for all of them, apart from the abso
tion area. In order to reproduce the experimental spectra
will then consider the nine states as a single fictitious s
u f &, the occupation of which is the sum of the occupations
the nine states. This fictitious state will be assumed to
coupled with the first group of states through the interact
with the thermal bath. The corresponding transition pro
abilities are evaluated by the relation

WM , f5(
i 51

9

WM ,i}(
i 51

9

u^10,M uAuc i&u2, ~3.6!

where$uc i&% ( i 51 to 9! are the states of the second grou
Moreover,

Wf ,M5(
i 51

9

WM ,iexp$~v i ,M /T!%, ~3.7!

wherev i ,M is the energy difference~in K! between theuc i&
and u10,M & states. By using this simplified model, the ord
of the Blume’s matrix is reduced from 1683168 to 104
3104.

For the first group of states, we assume the tunne
frequencies to be known. To be precise, these frequen
will be evaluated from the EPR or INS values ofD and E.
Their values are reported in Table II.

As far as the hyperfine magnetic field is concerned, i
very cumbersome to correlate fields at different sites with
cluster spin states, as we could do for the Fe4 cluster. In f
in the case of Fe8, the relation between the spin of the clu
and the spin of the single iron ions depends on four excha
parameters, the values of which are not exactly known.
shall then consider the magnetic fields at the three sites

TABLE II. Tunneling frequencies for the Fe8 cluster.

M 5 6 7 8 9 10

nM~Hz! 3.63109 2.43108 9.63106 2.23105 2.83104 14.8
06441
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M510 as fitting parameters, and evaluate theBM field for
the spin stateM by scaling in proportion toM:

BM5
M

10
BM510. ~3.8!

In a previous work, in which a spectrum at 2 K in the pre
ence of an applied field of 0.22 T was reported,3 the quadru-
polar splitting was found to be negligible. However, here,
order to evaluate the spectra, we will assume the presen
each site of an EFG having axial symmetry, with the a
parallel to the hyperfine field.

IV. RESULTS OF EXPERIMENTS

A. Fe4 cluster

The Mössbauer spectra, together with their fits, are sho
in Fig. 4. The quadrupolar parameters (DQ and h) (DQ
5e2VzzQ/2) and the isomer shift~IS! at the three sites and th
hyperfine field corresponding tosz55/2 were obtained from

FIG. 4. Mössbauer spectra of the Fe4 cluster at the temperat
of ~starting from the top! 1.38, 4.25, 12.5, 25.7, 45, and 77 K.
5-4
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the fit of the spectra at 1.38 K. At this temperature, the
laxation effects on the spectrum shape are negligible, so
the spectrum contains maximum information about the
perfine parameters. An estimate of the EFG showed that
of the principal axes of this tensor has a direction tha
practically perpendicular to the iron containing plane, for
three sites.12 In the fitting, we assumed thez axis to be in this
direction, and we found that theh values at all sites were
much greater than 1. That is, the corresponding maxim
EFG components are directed in the iron plane. The va
of DQ and the IS are reported in Table III. We note that t
DQ absolute value for the apical site is smaller than for
central site. Conversely, on the basis of the symmetry of
two sites, it would seem that the central iron should exp
ence an EFG smaller than the apical iron. Moreover,
hyperfine field corresponding tosz55/2—the same at all the
sites—wasBmax556.760.6 T.

As far as the spin Hamiltonian parameters are concern
we first performed spectrum fittings using the weighed av
age of INS or EPR values of the three isomers. Howe
very poor results were obtained (x2.3100). ThenE/D and
uDu were kept free. The best fit of the spectrum at 1.38 K w
obtained foruDu50.2060.05 andE/D in the ~from 1 to 2!
1023 range. TheuDu value is of 20–30 % smaller than th
INS or EPR values, whileE/D is smaller by one order o
magnitude.

In order to establish the presence of quantum tunnel
fitting of the spectrum at 1.38 K withE50 was carried out.
However, the central part of the spectrum was poorly rep
duced andx2 passed from 1770~with E/D free parameter!
to 2186~with E50).

We observed that, although the spectra were fitted by
ing a dynamic Hamiltonian corresponding to both magne
and electric fluctuating fields, we obtained satisfactory
sults only with the former. For instance, for the 4.25-K spe
trum, the best fit obtained with the second Hamiltonian h
x253864.

As we can see in Fig. 4, 45- and 77-K spectra are
fitted quite well in the central region. This is probably wh
we did not take into account the contribution from the e
citedS54 spin state, which, at these temperature, should
of about 15% and 30%, respectively.

The values ofW(T) obtained with the first Hamiltonian
are reported in Table IV, together with thex2 values. A good
fit of the trend ofW(T) is given by the function

W~T!5~98856564!exp@2~16164!/T#. ~4.1!

This is the characteristic trend of the Orbach mechanism
volving an excited state with an energy of about 160

TABLE III. Hyperfine parameters obtained from the fitting o
lowest-temperature spectrum for the Fe4.

Parameter Central site Apical site Lateral sites

DQ (mm s21) 20.5560.3 0.1160.1 20.3260.06
ISa (mm s21) 0.3860.05 0.3760.07 0.4260.04

aValues referring to metallic iron.
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States of this energy are definitely present, since the en
difference between the groundS55 state and the topS
510 state is about 1200 K (J'30 K), with 1296 spin states
shared in this range.

On the other hand, up to now neither the microsco
relaxation mechanism nor the vibrational mode of the clus
is known. However, on the basis of result~4.1!, we can hy-
pothesize that a 160-K centered peak of the vibrational–s
density is present, and this could account for theW(T) trend
observed. Nevertheless, further studies are necessary in
to clarify this issue.

B. Fe8 cluster

In this case, only three spectra at temperatures lower t
20 K were collected~Fig. 5!. The reason for this is that a
higher temperatures the contribution of the excited s
states are not negligible. The spin Hamiltonian parame
were fixed at the INS values (D520.29 K and E
50.047 K). However, almost equivalent fittings were o
tained by allowingD to change in the range from20.27 to
20.30 K.

TABLE IV. Transition probabilities per unit time for the trans
tion M55→M54 of Fe4. Values obtained from the fitting of th
spectra.x2 values are also shown.

T ~K! W(T) ~MHz! x2

1.38 2.060.1 1171
4.25 3.360.1 2488
12.5 7.560.3 1128
25.7 37.061 1016
45.0 267.065 1428
77.0 1198640 1022

FIG. 5. Mössbauer spectra of the Fe8 cluster at temperature
~starting from the top! 4.2, 11, and 18 K.
5-5
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Like the procedure followed for the Fe4 cluster, the h
perfine parameters were obtained from the spectrum at
lowest temperature~4.2 K!, which presents a well-resolve
hyperfine structure. The values of these parameters are
ported in Table V.

In this case, differently from that for the Fe4 cluster, bo
the dynamic spin Hamiltonians gave satisfactory fittings. T
values ofW for the three temperatures considered toget
with the x2 values are reported in Table VI. Similar to th
Fe4 cluster, the increase ofx2 with the temperature is prob
ably due to the excited-state contributions to the spectra

We see thatW(1)(T) has a linear trend with the temper
ture. To be precise, the best fit gave~in MHz!

W(1)~T!5~2.260.1!T, ~4.2!

which is a characteristic trend of the direct relaxation p
cess. Also the trend ofW(2)(T) is approximately linear with
the temperature. The best linear fit is

W(2)~T!5~212.568.5!1~4.560.6!T. ~4.3!

But the power lawW(2)(T)51.2T1.4 gives a better fit of the
data. However, whether this trend could be characteristic
direct process is fairly questionable.

V. DYNAMICS OF THE MAGNETIZATION

Let us suppose a magnetic field is applied to a crystal
sample of noninteracting magnetic clusters in the direction
the anisotropy axis. The solid will then present a magnet
tion parallel to the applied field, which is given by the sum
the magnetic moments of the clusters. If the magnetic fiel
slowly reduced to zero, atT50 the magnetization can persi
for a long time. In fact, atT50 the magnetization can b
canceled only by quantum tunneling, that is, by a transit
between the two statesum& and u2m&—corresponding to

TABLE V. Hyperfine parameters obtained from the fitting of th
Fe8 lowest temperature spectrum.

Parameter Central sites Apical sites Lateral site

DQ (mm s21) 0.1360.01 20.1160.02 0.05760.002
ISa (mm s21) 0.2560.01 0.3660.01 0.2460.01
Bmax ~T! 47.360.1 47.960.1 53.160.1

aValues referred to metallic iron.

TABLE VI. Transition probabilities per unit time for the trans
tion M510→M59 of Fe8. Values obtained from the spectru
fittings by using the two different interaction Hamiltonians d
scribed in the text~see notes!. x2 values are also shown.

T ~K! W(T)(1)a ~MHz! x2 W(T)(2)b ~MHz! x2

4.2 8.260.6 1050 9.160.7 1103
11.0 23.261.3 1389 31.362.2 1856
18.0 40.262.5 2272 70.863.0 2610

aValues obtained withH5FSx .
bValues obtained withH5(F/2)(SxSz1SzSx).
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opposed magnetic moments–which is due to an internal
teraction He f f coupling the two states:̂muHe f fu2m&Þ0.
Then, if the cluster is in the stateum& at a timet50, its state
will jump, in a coherent way, fromum& to u2m&, and vice
versa, with frequencynT52^muHe f fu2m&/h. This phenom-
enon is called thequantum tunneling of the magnetizatio.
Usually, nT is very small because the coupling between
two states is weak. However, as the temperature increa
the tunneling frequency becomes higher and higher. T
means that the phenomenon is mainly determined by in
actions of the cluster magnetic moments with the therm
bath. We are now considering athermally assisted tunne
effect.

The characteristic times of the thermally assisted tun
effect can be obtained by evaluating the correlation funct
for the magnetizationI,

^I ~0!I ~ t !&5Tr$rI ~0!exp~ iHt !I ~0!exp~2 iHt !%M ,b ,
~5.1!

where$ %M ,b means that the trace is made on a complete
of states of the system cluster plus thermal bath,r is the
density operator, andH is the total Hamiltonian

H5H11H21H12, ~5.2!

in which H1 andH2 are the Hamiltonians of the cluster an
the thermal bath, respectively, andH12 is the interaction
Hamiltonian. Since we are interested in the evolution of
cluster state, and its interaction with the bath can be s
posed to be weak, we can describe the action of the latte
a stochastical interaction. This can be done by projecting
state of the entire system onto the cluster-spin space.14 In this
approximation, we have

^I ~0!I ~ t !&5Tr$rMI ~0!^exp~ iH xt !&bI ~0!%M , ~5.3!

where the trace is now made on the spin statesuS,6M & of
the cluster. Moreover, we have written the temporal evo
tion operator in terms of the Liouville operator correspon
ing to the HamiltonianH. In the Appendix, the calculation o
^I (0)I (t)& is developed in terms of the probabilities per un
time for the transitions between the ground spin states, wh
have been determined by means of Mo¨ssbauer spectroscopy

In summary, the results are as follows. Let us conside
Liouville space15 of the spin statesuS,M &. Each Liouville
state is labeled with two componentsM and M 8 of S, and
will be denoted uM ,M 8&. The matrix L of the operator
2 iH e f f

x 1R have to be built on this space, whereR is the
operator describing the stochastic interaction of the clu
with the thermal bath, andHe f f

x is the Liouville operator of
He f f . The non-null elements of matrix ofHe f f

x and R are
given by

^M ,M uHe f f
x u2M ,M &5^2M ,M uHe f f

x uM ,M &5nM ,

^M ,M uHe f f
x uM ,2M &5^M ,2M uHe f f

x uM ,M &52nM ,
~5.4!

and
5-6
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^M ,M uRuM 8,M 8&5H (
M9(ÞM )

WM ,M9 for M5M 8

2WM ,M8 for MÞM 8.
~5.5!

SinceL is not Hermitian, its eigenvectorsUa are different
from the eigenvectorsVa of L†. If aa’s denote the autoval
ues ofL and we consider the matrixP(t) defined by

P~ t !5(
a

UaVa
†exp~2aat !, ~5.6!

we have

^I ~0!I ~ t !&5 (
M ,M8

pMPM8,M~ t !MM 8, ~5.7!

wherepM is the probability that the cluster is in the stateM,
and PM8,M(t) are the elements of the line (M 8,M 8) and of
the column (M ,M ) of P.16

A. Fe4 cluster

Since we have obtainedE!uDu from the fittings of the
Mössbauer spectra, in order to evaluate the correlation fu
tion of the magnetization, we can consider only the clus
thermal bath interaction, disregarding the tunneling effe
The trend of^I (0)I (t)& is reproduced, with very good ap
proximation for all of the temperatures considered, by me
of an exponential function

^I ~0!I ~ t !&}expS 2
t

t D , ~5.8!

where the decay constantt depends on the temperature.
For very low temperatures, the thermally assisted tunn

ing of the magnetization consists of a stochastic proces
which, starting from one of the twouM u55 states, the cluste
climbs as far as theM50 state and then descends to t
other uM u55 state. The order of the matrixP is then of 11
311. In this case,t is expected to be well represented by
Arrhenius law that concerns the overcoming of a potentialD:

t5t0exp~D/T!. ~5.9!

However, as the temperature increases, this simple law
agrees with the experimental behavior. For instance, foT
.D, according to the Arrhenius law,t should keep the con
stant valuet0, while the experimental data show a grea
and greater decrease int as the temperature increases. Th
is why, according to the trend ofW obtained from the Mo¨ss-
bauer data, the steps between the subsequent statesM be-
came faster and faster. Taking these considerations into
count, we have fitted the trend oft21 with the temperature
by a function of the form~see Fig. 6!

t215@t0
211a exp~2b/T!#exp~2D/T!. ~5.10!

The value obtained for the parameters are

t0
215~1.960.4!107 s21,
06441
c-
r-
t.

s

l-
in

is-

r

c-

a5~1.660.5!1010 s21,

b5~138613! K,

D5~6.460.5! K.

We see that, at low temperatures (T,15 K), the second
term in square brackets of Eq.~5.10! can be disregarded, an
that the trend oft21 is well described by an Arrhenius law
with D of order of the energy difference between the lev
M50 and uM u55, i.e., 7 K. For high temperatures (T
.20 K), the exponential exp(2D/T) is near unity, and the
first term in square brackets becomes negligible with resp
to the second. The trend oft21 is then similar to the trend o
W.

B. Fe8 cluster

Calculation of the correlation function is more comp
cated than for Fe4, because now the tunneling effect can
be disregarded. The trend of^I (0)I (t)& can be reproduced
by means of an exponential function plus an oscillating co
ponent ~Fig. 7!, at all of the temperatures considered. B
fitting the decay constantt21 as a function of the tempera

FIG. 6. Plot of ln(t21) vs T21 The experimental points are ob
tained as described in the text. The full line represents the curv
obtained with the function defined by Eq.~5.10!.

FIG. 7. Correlation function of the magnetization vs time, f
the Fe8 cluster at a temperature of 4.2 K The experimental po
are obtained as described in the text. The full line represents
curve fit obtained with an exponential plus an oscillating functio
The dashed line is the fit obtained with the exponential funct
alone.
5-7
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ture by means of a simple Arrhenius law, forH5FSx and
H5F(SxSz1SzSx), respectively, we obtain

t0
215~1.660.2!107 s21 and D513.760.8 K,

t0
215~2.160.9!107 s21 and D516.962.4 K.

Figure 8 shows a comparison between the fittings co
sponding to the Mo¨ssbauer and susceptibility data. In th
range from 1.9 to 2.8 K,3 the latter gives

t0
215~5.4!106 s21 and D522.2 K. ~5.11!

The differences between the Mo¨ssbauer and susceptibilit
fitted data can be explained in part as follows. The sim
Arrhenius law assumes a potential barrier whose magnit
is independent of the temperature. Actually, as the temp
ture increases, spin states with greater and greater en
become populated. Therefore, the magnitude barrier that
to be overcome decreases as the temperature increases
it is not surprising that the Mo¨ssbauer data, which were co
lected between 4 and 18 K, give a value forD that is smaller
than that determined from susceptibility measurement. Mo
over, sincet0

21 increases with the transition probabilities p
unit time,t0

21 is also expected to increase with the tempe
ture.
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APPENDIX

Let us start from the equation expressing the tempo
evolution of I:

I ~ t !5exp~ iH xt !I ~0!. ~A1!

Passing to the Laplace transformI (p) of I (t),

FIG. 8. Plot of ln(t21) vs T21 for the Fe8 cluster. Crosses refe
to susceptibility data; full and empty diamonds refer to Mo¨ssbauer
data corresponding toH5FSx and H5F(SxSz1SzSx), respec-
tively.
06441
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I ~p!5E
0

`

dt exp~2pt!I ~ t !, ~A2!

we have

I ~0!5~p2 iH x!I ~p!. ~A3!

Now, let us introduce the operatorP defined by

PO5Tr$rbO%b5^O&b , ~A4!

where O is an operator which depends on both spin a
thermal-bath variables. SinceP25P andP(P21)50, P is
a projecting operator on the spin space.

By applying, firstP and then 12P to both sides of Eq.
~A3!, posing I (p)5I 1(p)1I 2(p) with I 1(p)5PI(p) and
I 2(p)5(12P)I (p), and, lastly, eliminatingI 2(p) from the
equations, we obtain

$p2 iPHx1PHx@p2 i ~12P!Hx#21~12P!Hx%I 1~p!

5I ~0!. ~A5!

Let us define

R~p!5PHx@p2 i ~12P!Hx#21~12P!Hx. ~A6!

We write Hx5H1
x1H2

x1H12
x , and take into account tha

PH1
xO5H1

xPO, whateverO may be, andPH2
xO50, as fol-

lows from the relationPH2
xO5P(H2O2OH2)50. Then,

by considering the equality

@p2 i ~12P!Hx#215p21H 11(
n

S i

pD n

@~12P!Hx#nJ ,

~A7!

it can easily be seen thatR(p) can be rewritten in the form

R~p!5PH12
x ~12P!@p2 i ~12P!Hx#21~12P!H12

x P,
~A8!

and, finally,

I 1~p!5@p2 iH 1
x1R~p!#21I ~0!. ~A9!

From this equation, we see that the effects of the interac
with the thermal bath on the spin cluster are described by
operatorR. Moreover, the quantum tunneling is described
H1. To be more precise, for the cluster ground state we
write H15H1

(0)1He f f , where H1
(0) is the unperturbed

Hamiltonian, the states of which are the six lowest Krame
doublets and the nine highest singlets.He f f , by coupling the
two states of each doublet, causes the quantum tunnelin
occur.

Now let us consider the Laplace transformf (p) of the
correlation function of the magnetization, which can be wr
ten in the form

f ~p!5^I ~0!@p2 iH 1
x1R~p!#21I ~0!&

5 (
M ,M8

rM M M 8 ^M ,M u@p2 iH 1
x1R~p!#21uM 8,M 8&.

~A10!
5-8
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In order to determine the matrix elemen
^M ,M u@p2 iH 1

x1R(p)#21uM 8,M 8&, we first have to build
the matrix of@p2 iH 1

x1R(p)#, and then take the inverse o
it. As shown in Ref. 16, the only relevant matrix elements
@p2 iH 1

x1R(p)# are the ones between Liouville stat
uM ,M 8&, for which the energiesEM5EM8 are equal. For
these elements, we have

^M1 ,M18u@p2 iH 1
x1R~p!#uM2 ,M28&

5^M1 ,M18u@p2 iH e f f
x 1R~p!#uM2 ,M28&. ~A11!

At this point, we will expressR(p) in terms ofW’s. Since
H12 is small with respect to the energy difference betwe
the spin states, we can perform the calculation, at the low
order in the perturbation theory, by writing17

R~p!5PH12
x ~12P!E

0

`

dt exp@2pt1 i ~H1
(0)x1H2

x!t#

3~12P!H12
x P. ~A12!

As H125FA(Sx ,Sy ,Sz), we have (12P)H12
x PO5(F

2^F&b)@A,^O&b#, and assuminĝ F&b50 we obtain (1
2P)H12

x PO5FAxPO. Taking this relation into account, w
can rewriteR(p) in the form

R~p!5E
0

`

dt exp~2pt!^F~0!F~ t !&Axexp~H1
(0)xt !Ax.

~A13!

Since operatorA does not couple the states of the doublets
is sufficient that we consider theR matrix elements within
the set of states$uMi ,Mi&%. We have

^Mi ,Mi uAxexp~H1
(0)xt !AxuM j ,M j&

5(
k,l

~^Mi uAuMk&d i l 2^Mi uAuMl&d ik!~^MkuAuM j&d j l

2^Ml uAuM j&d jk!exp~ ivklt !, ~A14!

where vkl5(EMk
2EMl

)/\. From this the following rela-
tions follow:

^Mi ,Mi uAxexp~H1
(0)xt !AxuM j ,M j&

5H 2 Re(
k

Aik
2 exp~ ivkit ! per i 5 j

22 ReAi j
2 exp~ ivkit ! per iÞ j

~A15!
D

t-
e

R

06441
f

n
st

it

whereArs5^Mr uAuMs&
We wish now to show that, to a good approximatio

R(p)'R(0). In order to prove this, by assuming fo
^F(0)F(t)& an exponential trend witht0 as the correla-
tion time, according to Eqs.~A13! and~A15!, we can write,
for iÞ j ,

^Mi ,Mi uR~p!uM j ,M j&'22Ai , j
2 F2ReS 1

p1t0
211 iv i j

D .

~A16!

Since we assumedt0
21@v i j , with all the more reason also

Ft0!1. As order of magnitude, we then have

R'F~Ft0!
1

11pt0
5F~Ft0!S 12

pt0

11pt0
D . ~A17!

The p-dependent term of this equation differs fromp for the
quantity (Ft0)2/(11pt0), which, for our assumptions, is
much smaller than 1. That is, the termsp1R(p) in Eq.
~A11! can be replaced byp1R(0). Finally, the nondiagonal
matrix elements ofR(0) are given by

^Mi ,Mi uR~0!uM j ,M j&52Ai j
2 E

2`

`

dt^F~0!F~ t !&

52WMi ,M j
, ~A18!

and the diagonal matrix elements by

^Mi ,Mi uR~0!uMi ,Mi&5 (
k(kÞ i )

Aik
2 E

2`

`

dt^F~0!F~ t !&

5 (
k(kÞ i )

WMi ,Mk
. ~A19!

As far as the matrix elements ofHe f f are concerned, the
non-null ones are~Fig. 3!

^M ,M uHe f f
x u2M ,M &5^2M ,M uHe f f

x uM ,M &5nM ,

^M ,M uHe f f
x uM ,2M &5^M ,2M uHe f f

x uM ,M &52nM ,
~A20!

wherenM is the quantum tunneling frequency for the sp
stateM.
oe-
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