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Spin dynamics of the magnetic dimer†Fe„OMe…„dpm…2‡2 studied using Mössbauer spectroscopy
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We present a study of the spin dynamics of the magnetic dimer@Fe(OMe)(dpm)2#2, using Mössbauer
spectroscopy. In this cluster, the two iron~III ! ions are antiferromagnetically coupled so that the dimer presents
a S50 spin ground state. Spin multiplets with values ofS ranging from 1 to 5 follow in order of increasing
energy. Axial anisotropyDSz

2 is also present withD of the order of a few kelvin. Spectra were collected over
a range from 6.5 K to room temperature. They consist of doublets in which any magnetic structure is lacking,
but the line widths of which increase with the temperature, due to relaxation effects. We performed their fits by
assuming a fast-fluctuating hyperfine field which stochastically inverts its direction along the anisotropy axis.
The zero-frequency Fourier transformJz of the hyperfine-field correlation function versus the temperature was
obtained from the spectrum fittings. The trend ofJz suggests that the basic mechanisms of the spin dynamics
consist of a tunnel effect due to magnetic-anisotropy transversal terms, as well as of spin-thermal bath inter-
actions. By assuming this, the following parameters were estimated from the fitting ofJz(T): D(1)'8.1 K,
E/D(1)'8.531024, andw5w0exp(22T0 /T) with w0'9.23108 s21 andT0'732 K. Lastly, similarities in
spin dynamics between the dimer and the ring shaped clusters were discussed.

DOI: 10.1103/PhysRevB.69.014418 PACS number~s!: 67.57.Lm, 61.46.1w, 87.64.Pj
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I. INTRODUCTION

Within the research field on molecular magnetic cluste
the problem concerning the nature of the basic mechanism
spin dynamics has not yet been entirely clarified. This is
important issue, both for theoretical aspects concerning
features of the spin–phonon interaction in mesoscopic
tems, and also for possible applications, since spin fluc
tions affect magnetization.

Experimental studies of spin fluctuations in a certain nu
ber of clusters were carried out by using magnetizat
measurements,1,2 1H-NMR technique,3–5 and, for clusters of
Fe~III ! magnetic ions, Mo¨ssbauer spectroscopy.6–8 Möss-
bauer spectroscopy is particularly effective in studying
spin dynamics of these clusters, since probes~i.e., the 57Fe
nuclei! are strongly coupled, through the hyperfine intera
tions, with the electrons that determine the magnetic pro
ties of the cluster. Moreover, this technique can reveal fl
tuation frequency of the hyperfine field within the very wid
range from 106 to 1012 s21.

In some of the above-mentioned studies, clusters w
high-spin ground states were considered and correla
functions of the spin components were determined in a ra
of temperatures where only the ground state
important1,2,5,7,8.

Furthermore, a family of clusters consisting of a series
even iron~III ! ions in complanar ring-shaped arrangeme
was studied.3,4,6 In these, contributions of the excited sp
states could not be disregarded because the ground sta
diamagnetic. An antiferromagnetic coupling between ir
ions is present in these compounds and the cluster spin s
0163-1829/2004/69~1!/014418~10!/$22.50 69 0144
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can be fairly well described by means of an Heisenb
Hamiltonian with nearest-neighbor coupling,9,10

H5JS (
i 51

N21

Si•Si 111SN•S1D , ~1!

whereSi is the spin of thei th magnetic ion,N is the number
of magnetic ions, andJ the exchange constant. However, t
J values change, depending on the type of bridging ligand
the range from about 15 to about 30 K. A small axial anis
ropy is also present with a constant of the order of a f
kelvin.11

In such even-ion systems, antiferromagnetic coupl
leads to anS50 ground singlet. The singlet-triplet gap de
pends on the cluster composition: in any case, its orde
magnitude isJ.

A Mössbauer study of a ring with six iron~III ! ions6

showed that spectra from 10 to 20 K were consistent with
presence of a diamagnetic ground stateS50 that, in this
temperature interval, made the prevalent contribution.
higher temperatures, the effect of the spin fluctuations
cames more and more evident. This was because the s
trum linewidth G increased monotonically with increasin
temperature from about 50 to 200 K, showing a flat tre
from 20 to 50 K. From the trend ofG versus temperature,
qualitative estimate of the correlation timet of the spin com-
ponents could be obtained:t was found to increase with th
temperature from 20 to 200 K. Results in agreement with
Mössbauer ones were obtained in a1H-NMR study on rings
with six and ten iron~III ! ions,3 by taking into account the
fact thatT1

21 is proportional to the Fourier transform of th
©2004 The American Physical Society18-1
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L. CIANCHI et al. PHYSICAL REVIEW B 69, 014418 ~2004!
correlation functions~CF! of the spin components.3 In any
case, due to the energy–level complexity, a quantita
analysis of such CF’s is very cumbersome. Therefore, a
ferent theoretical approach in terms of collecti
q-dependent spin variables, together with assumptions c
cerning the collective-excitation spectrum, was used.12 In
Ref. 12 the calculated trend ofT1

21 with temperature is found
to compare fairly well with the measured one.

In the present Mo¨ssbauer study, we will investigate th
spin dynamics of theS50 ground-state clusters, by consi
ering a member of this family with very simple sets of sp
states, i.e. a cluster with only two antiferromagnetic-coup
Fe~III ! ions; its chemical formula is@Fe(OMe)(dpm)2#2
~Fig. 1!. Such a dimer has only six spin levels: the groun
state singletS50 and, in order of increasing energy, th
multipletsS51, 2, 3, 4, 5. Detailed structure and magne
properties of this cluster are reported in Ref. 13.

II. EXPERIMENTAL PROCEDURE AND RESULTS

The material under examination consists of triclinic m
crocrystals (P1̄ space group!, the lattice sites of which are
occupied by@Fe(OMe)(dpm)2#2 clusters.13 The sample was
prepared by mixing powder of the material with wa
~Eicosano Aldrich, Inc.! and by compressing the mixture int
a disk shape. The effective thickness of iron w
8.7 mg cm22.

The Mössbauer spectra were determined by using a c
ventional sinusoidal acceleration spectrometer that oper
in a multichannel scaling mode. Theg-ray source, which
consisted of 25 mCi of57Co in a rhodium metal matrix, wa
maintained at ambient temperature. A natural abundance
foil was used to calibrate the spectrometer . A liquid-heliu
cryostat was used to cool the sample with temperature m
surement and control based on calibrated Cernox sens
conjunction with a Lab-View-driven instrument.

A. Preliminary analysis of the spectra

Fifteen spectra of 1024 channels in66 mm s21 velocity
range were collected between 6.5 and 288 K~Fig. 2!. In Fig.
3, a series of spectra are shown to illustrate the evolutio
the spectrum shape with the temperature. Since the Fe~III !

FIG. 1. ORTEP view of the complex@Fe(OMe)(dpm)2#2
01441
e
f-

n-

d

-

s

n-
ed

on

a-
in

of

sites in the dimer are identical to each other, the two l
spectra obtained are single site doublets.

The spectra have fairly narrow lines, and are similar
temperatures lower than about 50-60 K~low-temperature
range!. ForT*100 K ~high-temperature range! the spectrum
lines become wider and wider as the temperature increa
The line broadening is much more evident for the line c
responding to the most energetic transition.

Moreover, the two lines have a slightly different pea
height in all the spectra. In general, different peak heigh
can be due either to Lamb-Mo¨ssbauerf-factor anisotropy
~Goldanskii effect!,14 to hyperfine field fluctuations~Blume
effect!,15 to preferential orientations of the grains in th
sample, or to more than one of these effects. In the pre
case the grains have regular shapes, neither flat nor ne
shaped, so that we can reasonably exclude preferential g
orientations. In order to investigate the other two effects,
considered spectra in low- and high-temperature rang
Each of them was then fitted with two symmetrical doubl
~one doublet for every line!, so that the width and area of th
two spectrum lines could be compared.

In Table I, for example, the fitting results for spectra at 6
and 150 K are reported. As far as the 6.5-K spectrum
concerned, since bothD and G are, within the errors, the
same for both the lines, the corresponding linewidths
equal. Instead, their absorption areas are slightly differe
We also note that, sinceD is not null, the two lines do not
have Lorentzian shape, but have squashed tips origina
from saturation effects. However, as the lines have eq

FIG. 2. Spectra collected at the 6.5-K and 288-K boundary te
peratures. The solid lines represent the relative fits obtained f
the model described in Sec. V.
8-2
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SPIN DYNAMICS OF THE MAGNETIC DIMER . . . PHYSICAL REVIEW B 69, 014418 ~2004!
widths, the asymmetry of the doublet is not due to fluctu
tions of the hyperfine field, but rather to a small Goldans
effect.

Conversely, in the 150-K spectrum the line correspond
to the most energetic transition~line 2! has both a smalle
area and is broader than line 1. Consequently, relaxation
duces the line 2 peak height as the Goldanskii effect do
Moreover, both the lines have Lorentian shape (D'0): i.e.,
saturation effects are practically absent in this spectrum.
note the different broadening of the two lines, which is
typical feature of the Blume effect. Similar results were o
tained for the other spectra in the low-T and high-T ranges.

FIG. 3. Set of characteristic spectra collected in a range from
K to room temperature. Solid lines represent the relative fits
tained by the model described in Sec. V. The velocity range
restricted between21 and 2 mm s21 in order to emphasize the lin
shape evolution.
01441
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III. THEORY OF THE SPECTRUM FITS

A. Preliminary considerations

A theoretical model for the line shape will be now d
scribed. The cluster spin states are eigenstates of
Hamiltonian13

H5JS1•S22DSz
21HT , ~2!

where S1 and S2 are the two Fe~III !-ion spins, S15S2
55/2; J is the exchange constant,J527.4 K.13 Moreover,
Sz is the cluster spin component in the direction of the ma
netic anisotropy. The second term on the right-hand side
resents the axial magnetic anisotropy. Lastly,HT includes
high-order inner-interaction terms, as detailed in Sec. IV.

The spin states, which can be described by disregard
the HT terms (HT /D&0.01), are indicated in Fig. 4. Th
ground state corresponds toS50; the spin multipletsS
51,2,3,4,5 then follow in order of increasing energy.

As far as the magnetic anisotropy is concerned, it depe
on single ion and dipolar contributions which are involved
different ways in different multiplets. However, electro
paramagnetic resonance measurements on a similar d
showed the single ion contribution to be widely prevalen16

we therefore will suppose this to be true also for our dim
In this case the anisotropy-axis directionz can be assumed to

.5
-

is

FIG. 4. Spin levels of the complex@Fe(OMe)(dpm)2#2 accord-
ing to the Hamiltonian of Eq.~2!.
e same
es, but
TABLE I. Fitting test relative to 6.5-K and 150-K spectra. Values ofd IS ~isomer shift!, D ~quadrupolar
splitting!, A ~ratio between the absorption area and background!, andG ~linewidth! are obtained by fitting
each line of the spectra with a doublet. The 6.5-K spectrum lines have non-Lorentian shapes of th
width and a slightly different absorption area. Instead, the 150-K spectrum line has Lorentian shap
different widths and areas.

d IS ~mm/s! D ~mm/s! A G ~mm/s!

6.5 K
line 1

line 2

0.2382(5)

0.6158(6)

0.077(3)

0.076(3)

0.245(2)

0.237(2)

0.218(3)

0.221(3)

150 K
line 1

line 2

0.2041(3)

0.6098(8)

,1026

,531026

0.1105(3)

0.0985(4)

0.48(1)

0.66(1)
8-3
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L. CIANCHI et al. PHYSICAL REVIEW B 69, 014418 ~2004!
be independent ofS, although this direction is not known
Moreover, the D value depends onS according to the
expression:17

D~S!}
3S~S11!238

2~2S13!~2S21!
. ~3!

Since the spectra display no magnetic structures, we
conclude that the average of the hyperfine field in a Larm
period ('10 ns) is zero. That is, we are in thefast relaxation
limit18 in which contributions to the spectra of a single sp
multiplet correspond to a null hyperfine field and fluctuatio
affect only linewidths. This means that, in order to fit t
spectra, spin fluctuations can be considered as a sequen
fast inversions,S
2S, of the maximum value of thez
component of the spin.

Let us now consider transitions between states of differ
multiplets. Until their probabilities per unit time are muc
smaller than the Larmor frequencies of the precession
tion of the nuclear spin around the hyperfine field genera
by electron spin, Mo¨ssbauer spectra are the sum of t
single-multiplet contributions, all of which are weighted wi
the corresponding occupation probability. Conversely, if
transitions are faster than the hyperfine precessions, we
assume that the57Fe nuclei undergo a fluctuating hyperfin
field corresponding to a suitable mean value of the spin.

Lastly, if the transition rates and hyperfine frequencies
comparable, spectra shapes explicitly depend on the tra
tion probabilities between states of different multiple
However, in this case the calculation of spectrum shape
very complicated, since large complex non-Hermitian ma
ces, which contain many parameters, have to be diago
ized. As a result, long computation times are expected; m
over, great uncertainties regarding the parameter values
result from their correlations. For these reasons, two sim
fied models~which correspond to the limit cases mention
above! will be used. The fitting suitability will show us the
temperature ranges in which these models are valid.

B. General features of the models

In order to establish details of our models, we must kn
the directions of the principal axes for the elastic and E
tensors at the iron sites and also the direction of the magn
anisotropy axis. Since the Fe-Fe straight line is a symm
axis of the dimer, it has to be a principal axis of both t
elastic and EFG tensors. Moreover, as the Fe-bound distr
tion is fairly symmetrical around the Fe-Fe straight line, f
the sake of simplicity we will assume that the elastic ten
has cylindrical symmetry.

As far as the EFG is concerned, a calculation based o
point charges model was carried out in which only oxyg
ions nearest neighbors to the Fe~III ! ions were considered
Each iron atom transfers about half an electron to each
of the six closest oxygen ions (Fe→Fe13). Moreover, the
two bridging oxygen atoms are bound to both the iron io
while the other oxygen atoms are bound only to one. Las
we note that it is not important to set the charge values
their ratios, since we are interested only in the principal-a
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directions. Consequently, we assumed a value ofq0 for the
charge of the latter, and a valueq1 for the bridging oxygen
atoms: a greater value, which was varied fromq0 to 2.6q0.
From this calculation we found that one of the EFG princip
axes was effectively directed along the Fe-Fe straight line
matter how theq1 value was. Moreover, the EFG compone
with respect to this axis was of a positive sign and increa
with q1. The remaining two axes were directed, one in t
Fe1O1Fe18O18 plane~Fig. 1! and the other, perpendicularl
to this plane. However, this is true forq1.1.6q0; as q1
decreases, they rotate as far as about 45° forq15q0.

Since both the symmetry axis of the elastic tensor and
of the principal axes of the EFG tensor are directed in
Fe-Fe direction, it is convenient to assume that thez axis
~quantization axis! is in this direction. As far as the magnet
anisotropy axis is concerned, no direct experimental e
dence exists regarding its direction. However, from a p
liminary analysis of the spectra~Sec. II A!, we noted that the
line corresponding to the most energetic transition~line 2! is
broader than the other one~line 1!.

The relative peak heights of the two spectrum lines
pend on three quantities

~1! The ratior between the elastic-tensor components p
allel and perpendicular to thez axis.

~2! The sign ofVzz.
~3! The orientation of the fluctuating hyperfine field wit

respect to thez axis. Depending on whether it is parallel o
perpendicular to thez axis, we have, respectively, longitud
nal or transversal relaxation.

It is easy to see that, among all the possible phys
situations, only the following two fit the observed features
the spectra:~A! r .1, Vzz.0 and longitudinal relaxation and
~B! r ,1, Vzz,0 and transversal relaxation.

Taking the shape of the iron thermal ellipsoid in
account,13 Fig. 1, we can assume that situation~A! is satis-
fied. In addition, we note that our simple estimate of the E
components givesVzz.0.

IV. INDEPENDENT-MULTIPLET APPROXIMATION
AND RESULTS

In this approximation, spectra consist of the superposit
of the contributions belonging to each one of the spin leve
In order to determine the spectrum relative to a given m
tiplet S, the relaxation theory in the fast relaxation limit~see,
for example, Refs. 18 and 19! was used. By denoting withu
the angle between theg-ray direction and the quantizationz
axis, the absorption sections(v) can be written in the form

s~v!5
nas0Ga

4 F ^ f ~u!~11cos2u!&S H11
1 1

1

3
H22

1 D
1

4

3
^ f ~u!~12cos2u!&H22

2 G , ~4!

wherena is the number of Mo¨ssbauer atoms per unit area
the sample,s0 is the resonant absorption section,Ga and
f (u) are the linewidth and the Lamb-Mo¨ssbauer factor of the
absorber, respectively. Lastly, theH2quantities are given
by:
8-4
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H11
1 5

G12
2 G22

1 1G11
1 @G22

1 21~v1v1!2#

@G11
1 ~v1v1!1G22

1 ~v2v1!#21~G12
2 1G11

1 G22
1 2v21v1

2!2
,

~5!

H22
6 5

G12
2 G11

6 1G22
6 @G11

6 21~v2v1!2#

@G11
6 ~v1v1!1G22

6 ~v2v1!#21~G12
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G11
6 [

Jz

4
~3g17g0!21

Ga

2
, ~6!

G22
6 [

Jz

4
~g16g0!21

Ga

2
, ~7!

G12[
e2qQ

4

h

A3
, ~8!

v1[
e2qQ

4
, ~9!

where Jz is proportional to the Fourier transform of th
hyperfine-field correlation function. To be more precise,Jz is
defined by

Jz5mN
2 E

0

`

^Bhy~0!Bhy~ t !&dt. ~10!

FIG. 5. Spectra at 6.5 K and 182 K and relative fits~solid lines!
obtained by the independent multiplets model.
01441
Moreover,g050.180 andg1520.103 are the gyromagneti
factors of the ground and the excited Mo¨ssbauer levels, re
spectively,q5Vzz/ueu, and h is the asymmetry paramete
Since we chose thez axis along the Fe-Fe direction, regar
less of whether or notVzz is the maximum component o
EFG,h.1 values are possible.

As far as the hyperfine field is concerned, if the cluste
in the levelS, the maximumz component of the Fe~III !-ion
spin isS/2. Therefore, by denoting the hyperfine field corr
sponding toSz55/2 with Bmax, Bhy will be given by

Bhy5
S

5
Bmax. ~11!

The spectrum expressions of the multiplets times the rela
occupation probabilities were totaled and the average w
respect tou was carried out.

In order to take saturation effects into account, spec
were obtained by transmission integral method.20 Moreover,
a Voigt profile was used for the line shape of the source.21

The results obtained by means of the independe
multiplet model are satisfactory only for temperatures low
than about 50 K. For higher temperatures, fits are more
more unsatisfactory as the temperature increases. For
ample,x251180 was obtained in the 6.5-K spectrum fittin
while in the 182-K spectrum fitting we obtainedx2'1600.
We note~Fig. 5! that, in the calculated 182-K spectrum, th
double-line shape is still very present. This is mainly due
the contribution of theS50 state. Conversely, in the exper
mental spectrum, lines are much more enlarged. This me
that transitions between states of different multiplets can
be disregarded at high temperatures. Therefore, the se
fitting model was considered: in it these transitions are m
faster than the Larmor precession.

V. MEAN-SPIN APPROXIMATION AND RESULTS

In this model, Mössbauer spectra are given by the equ
tions of Sec. IV in which theJz parameter is related to
suitable mean value of the cluster spin~see Sec. III A!. Very
good fits were obtained at all temperatures~Fig. 3!, with x2

values varying between 980 and 1160. It is therefore wo
while analyzing the values of the parameters and their tren

Quadrupolar parameters.The quadrupolar splittingD
shows casual variations of an order of 5%; it can be there
considered independent of the temperature and its variat
can be bound to statistical effects. We then obtainD50.38
60.01 mm s21. As far as the symmetry parameter is co
cerned, apart from the 6.5-K spectrum fit, which was un
8-5
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fected by variations of this parameter, the best fits of
other spectra gaveh'4. That is, thez axis corresponds to
the smallest component of the EFG tensor.

Isomer shift.The observed monotone reduction in the is
mer shift as the temperature increases~Fig. 6! is nothing
more than the effect of the thermal atomic motion~second-
order Doppler effect!.

A cluster withN atoms has 3N freedom degrees, three o
which correspond to translations and three to rotations of
whole molecule. But clusters occupy sites of a crystal latt
so that these whole motions are in fact true oscillations. T
latter, however, have low frequencies, since the oscillat
masses are large and the interactions between cluster
very small due to the large site interdistances.

By denoting the normal coordinates of the cluster w
Qa(a51, . . . ,3N) and thei th displacement component o
an iron ion withu0

( i )( i 5x,y,z), we have

u0
( i )5

1

M (
a51

3N

S0,a
( i ) Qa , ~12!

where M is the mass of the iron ions andS is a suitable
unitary matrix22 of order 3N, so that(a51

3N S0,a
( i ) S̃a,0

( i ) 51. The
mean-square velocity of the iron ions is then given by

^v2&5
\

2M (
a51

3N

(
i

x,y,z

vacothS \va

2kBTD ~S0,a
( i ) !2. ~13!

For T@\vmax/kB , wherevmax denotes the maximum of th
mode frequencies, the classical limit is obtained from:

^v2&5
3kBT

M
. ~14!

Thus, at high temperatures IS should follow the class
trend:14 d IS5const23kBT/2Mc. M is the 57Fe mass, so that
3kB/2Mc57.3 1024mm s21K21. Indeed, we can see~Fig. 6!
that the experimental data show a linear trend for temp
tures higher than 100 K. In this range, we obtainedd IS
5(0.46–25.031024T)mm s21. That is, theT coefficient is
about 70% of the one given by the classical limit. A quali
tively similar result was obtained in a high-temperature

FIG. 6. Trend of IS vsT. High-T and low-T best-fit lines are
also indicated~see text!.
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analysis of Ce-filled antimonide skutterudites,23 and was at-
tributed to the fact that the temperature range analyzed
not high enough.24

Here as follows, we will discuss the previous result
using a molecular approach, rather than a crystalline-s
one. Let us divide the terms of the sum in Eq.~13! into low
frequency terms (\v/kB,100K) and high-frequency terms
~the other ones!. We can then rewrite Eq.~13! ~for T
.100 K) as

^v2&'
kBT

M (
a51

l

(
i

x,y,z

~S0,a
( i ) !2

1
\

2M (
a5 l 11

3N

(
i

x,y,z

vacothS \va

2kBTD ~S0,a
( i ) !2, ~15!

where l denotes the mode of the first set with the high
frequency. Since the IS data for 100 K,T,300 K follow a
linear trend, the second term on the right-hand side of
~15! must be constant within this same temperature range
other words, for the high frequencies set coth(\va/2kBT)
'1. Apart from a constant term, we thus obtain:

^v2&'
kBT

M (
a51

l

(
i

x,y,z

~S0,a
( i ) !2. ~16!

As mentioned above, the IS linear fit leads to(a51
l (S0,a

( i ) )2

'0.7, instead of 1. This means that 70% of the vibratio
energy of the iron ions is related to low-frequency mod
That is, the high-frequency modes slightly involve the ir
ions. This is obvious enough, as among the cluster atoms
iron ions have the largest mass. Moreover, we note tha
large gap separates the low-frequency set from the h
frequency one. In fact, as far as the former set is concern
it has to be\v/kBT&100 K and, with regard to the latter
\v/kBT*300 K.

We can also obtain an estimate of the mean frequency
the low-frequency set by fitting the low-temperatured data.
In fact, for low temperature, the decrease ind with the tem-
perature is slow. It is possible to verify by means of nume
cal calculations that, for a certain mode distribution, its tre
can be simulated with good approximation by supposing t
all the modes have a same suitable mean frequencyV. By
fitting the IS data in the low temperature range with a fun
tion having the formd IS5d02\V/4Mccoth(\V/2kBT), we
obtain an estimate ofV. For data in theT,80 K range, the
best fit of IS ~Fig. 6! is obtained forV5(1.1960.09)
31013s21[91 K and equivalent values are obtained f
lower temperatures. For example, values ofV of (1.18
60.1)31013 s21 and (1.1460.2)31013 s21 are obtained
for T,60 K andT,50 K, respectively.

Goldanskii parameter. Let us consider the quantitya
5k2(^z2&2^x2&), where k is the g-ray wave number and
^z2& and ^x2& are, respectively, the mean-square displa
ments along the quantization axis and perpendicular to it.
can be shown by a straightforward calculation,a is con-
nected with the ratioRG of the spectrum-line intensitie
through the relation:
8-6
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RG5

4~h213!1/21

E
0

1
A3~3j221!exp~2aj2!dj

E
0

1

exp~2aj2!dj

4~h213!1/22

E
0

1
A3~3j221!exp~2aj2!dj

E
0

1

exp~2aj2!dj

,

~17!

wherej5cosu.
The values ofRG were obtained from the spectrum fit

From these, we could obtain the correspondinga values by
means of a numerical inversion of Eq.~17!. The trend ofa
versusT is shown in Fig. 7. In this figure, thea value atT
56.5 K directly obtained from the ratio of the areas of t
two lines ~Table I! by assumingh54 is also reported. As
can be seen, the latter is much smaller than the values
tained forT,40 K through the mean spin model. These hi
low-temperaturea values, together with the sudden decrea
from 40 to 70 K, are due to the inadequacy of the mean s
model for fitting the low-temperature spectra, as we will d
cuss in detail in Sec. VI.

We note thata as a function ofT would seem to change
sign for temperatures higher than about 130 K, i.e., the
cillation amplitude of the iron ions alongz would become
smaller than the one alongx. However, our data are no
definitive. In fact, thea values forT,130 K are positive, but
near to zero, apart from the 6.5 K value, so that, taking
error bars into account, small negative values are also
sible. Moreover, since the fitting of the 6.5-K spectrum
unaffected by the changing in theh parameter, in order to
evaluate thea value atT56.5 K we assumed the value ofh
which was obtained at higher temperatures, i.e.,h54. On
the other hand,h could depend on the temperature and, sin
smaller values ofa are obtained from smaller values ofh,

FIG. 7. a values obtained from the spectrum fits using the me
spin model. Data forT.200 K are not indicated, because the spe
trum fits were not very sensitive to thea value. Thea value of
0.5360.3 atT56.5 K was obtained from the ratio of theA values
of Table I. The solid and broken lines are a visual guide.
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the valuea'0.5 calculated forT56.5 K could be overesti-
mated. However, if a change of thea sign is most unlikely
for an usual crystalline solid as atoms move in harmo
potentials, in complex molecules, such as clusters, it co
be likely that non-parabolic-shaped potentials are presen
that a change of thea sign would be evidently possible
However, these are only hypotheses, which cannot be pro
from the data of the present work, further theoretical a
experimental analyses being necessary.

Relaxation parameters. As we showed in Sec. IV, spin
dynamics causes the spectrum lines to be broadened
quantities proportional to

Jz5E
0

`

^hz~0!hz~ t !&dt5S mNBmax

5h D 2E
0

`

^Sz~0!Sz~ t !&dt,

~18!

which, in this form, is expressed in frequency units. It
usually assumed that^Sz(0)Sz(t)& has a decreasing expone
tial trend: ^Sz(0)Sz(t)&5^S2&exp(2t/t), where ^S2& is the
thermal mean of the square component of the spin alonz.
By assuming this trend, we obtain

Jz5S mNBmax

5h D 2

^S2&t. ~19!

Figure 8 showst21 values obtained from the spectru
fittings. The values for 6.5 and 20.5 K are not conside
since good fits were obtained as long asJz,104 s21 no mat-
ter what the value of this parameter was.

We can see that, as the temperature increases up to a
60 K, t21 quickly decreases. For higher temperatures,t21

shows a quasiflat trend with a slight increase forT
.200 K.

The very high values oft21 and its steep decrease
temperatures lower than 60 K do not have a physical ex
nation. Therefore, this fact denotes a substantial inadequ
on the part of the fitting model to fit the spectra atT
,60 K. The inadequacy of the mean-spin model is also c
related to the steep decrease in thea parameter, from 40 to
70 K ~see Fig. 7!.

-
-

FIG. 8. t21 values obtained from the spectrum fittings by usi
the mean-spin model.
8-7
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The inadequacies of the theory in the low-temperat
range can be explained as follows. Transitions between m
tiplet states slow down as the temperature decreases. T
fore, spectra will tend to become a superposition of indep
dent single-multiplet contributions. Moreover, th
contribution of theS50 singlet ~obviously not affected by
hyperfine interaction! becomes increasingly important as t
temperature decreases, so that the whole spectrum h
approach a sharp single doublet. Since in the fast relaxa
limit, linewidths decrease ast21 increases15 and, moreover,
the linewidths in our spectra become smaller and smalle
the temperature become lower, the fitting model comp
t21 to increase asT decreases. Furthermore, ift21 in-
creases, the asymmetry of the two spectral lines, due to
relaxation effect, tends to be lacking. Therefore, to comp
sate for this, the fitting procedure increases thea parameter.

VI. ANALYSIS OF THE SPIN DYNAMICS

In the preceding section, a decreasing exponential tr
for the CF ofSz was assumed. This is a phenomenologi
approach which is useful for obtaining qualitative inform
tion on spin dynamics. Here as follows, a more detai
analysis will be made of the CF in terms of the physic
quantities characterizing the spin states.

Two causes can be invoked in order to explain the inv
sions in the hyperfine field: one is the interaction betwe
spin and thermal bath, and the other is thequantum tunnel
effect25 ~QT!. In the first case, transitions between the tw
states of a doubletuS,6M & are related to atomic motions s
that the corresponding probability per unit timewM

(S) depends
on temperature. In the second case, the two statesuS,6M &
are coupled by inner interactions: for example, small ter
of transverse magnetic anisotropy. Such interactions give
to coherent transitions with independent temperature
quencies. Although QT is usually important only at very lo
temperatures, the flat trend oft suggests that it may als
have a role at moderate temperatures in the spin dynamic
the dimer.

For the sake of simplicity, we assumed that the basic s
Hamiltonian coupling theuS,6M & states has the lowest o
der in the spin components:HT5E(S1

2 1S2
2 ), whereE is

the coupling parameter. As far as the dependence ofE on S is
concerned, we have no theoretical or experimental refere
since hereHT has to be considered as a pure phenomenol
cal Hamiltonian. From this point of view, we can assumeE
to be independent ofS.

By following the perturbative procedure which was us
in Ref. 8, we obtained the tunneling frequency relative to
transitionsuS,M &
uS,2M &, which is given by

nM
(S)5FM

(S)S E

D~S! D
M

D~S!, ~20!

whereFM
(S) are numerical factors that depend onS andM.

Let us now determine the CF of the spin componentSz ,

^Sz~0!Sz~ t !&5Tr$rSz~0!Sz~ t !%c,s , ~21!
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where$•••%$c,s% means that the trace is calculated on a co
plete set of states of the cluster1surrounding system, and
r is the density operator. The contribution of the doub
uS,6M & to the CF can be evaluated by means of the pro
dure described in the appendix of Ref. 8. We obtain

^Sz~0!Sz~ t !&S,M5M2exp~22wM
(S)t !cos~2pnM

(S)t !.
~22!

Lastly, the CF was obtained from the thermal mean of
the doublet contributions:

^Sz~0!Sz~ t !&52(
S51

5
WS

2S11 (
M51

S

M2exp~22wM
(S)t !

3cos~2pnM
(S)t !, ~23!

whereWS is the occupation probability of theS multiplet.
Obviously, the fitting ofJz did not make it possible to obtain
the 15 transition probabilitieswM

(S) and their dependencies o
the temperature. We will therefore replace these quanti
with their appropriate meanw value.

Since a dependency oft on T is evident only forT
.200 K, we can assume that the transitions due to the in
action between spin and thermal bath have to be at leas
the second order. Furthermore, there are not other spin s
with the same electronic configuration in addition to the s
multiplets considered. It is therefore reasonable to supp
that the basic process consists of a first-order Raman effe26

We also suppose that only modes of a narrow band involv
the bridging oxygen atoms and the other atoms that are
neighbors to iron ions are important. Therefore, for a narr
band aroundkBT0 , w has the formw5w0exp(22T0 /T).

We also note that the Mo¨ssbauer excited level has a fini
mean life tM , the inverse of which could be comparab
with w. Therefore, in summary, we write the CF in the for

^Sz~0!Sz~ t !&52exp@22w8t# (
S51

5
WS

2S11

3 (
M51

S

M2cos~2pnM
(S)t !, ~24!

wherew85w1tM
21/2.

By replacing the right-hand side of Eq.~24! in Eq. ~18!,
we obtain

Jz5S mNBmax

5h D 2

(
S51

5
WS

2S11 (
M51

S

M2
w8

w821~2pnM
(S)!2

.

~25!

A. Fitting results and conclusions

In Fig. 9 are indicated the experimental values ofJz ,
together with the best fit obtained from Eq.~25!. We see that
the latter does not give a good fitting forT,60 K. This fact
confirms the inadequacy of the mean–spin model for the
temperature range.
8-8
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The corresponding values of the parameters are show
Table II. We includedtM in the fitting parameters in order t
check the foundation of Eq.~25!. The outlet value of 0.77
31027 s is of the same order of magnitude as the va
reported in the literature.14 Thus, in spite of the approxima
tions used, we were able to obtain a reliable estimate of
parameters.

The value of 732 K forT0, which corresponds to mode
of circular frequencyv058.531013 s21, could be related to
modes belonging to the high-frequency band. As far as
values ofD(1) andE/D(1) are concerned, these are su
stantially in agreement with EPR measurement on a sim
dimer.16 The corresponding tunneling frequencies of the m
tiplets are of the order of 109 s21, i.e., of the same order o
magnitude ofw0.

~1! The good fits obtained in the high-temperature ran
(T*90 K) provide support to our assumption of aVzz.0 in
the presence of fast longitudinal relaxation. This result

FIG. 9. Full circles denoteJz experimental values obtained from
the spectrum fittings by using the mean-spin model. The solid
is the best fit obtained from Eq.~25!.
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ables us to argue that the anisotropy axis is approximatel
the Fe-Fe direction, i.e. coincident with both the EFG pr
cipal axis of minimum component and the symmetry axis
the elastic tensor at the iron site.

~2! As far as the spin dynamics trend withT is concerned,
it can be summarized as follows. In the low-temperatu
range (T&60 K), the main contribution to Mo¨ssbauer spec
tra comes from the singletS50, so that only small relax-
ation effects are present. As the temperature increases,
tiplets with higher spin become more and more populat
and fast–relaxation effects forT*90 K are observed with
spin fluctuation frequencies of order of the 109 s21. These
frequencies are practically independent of the temperatur
to about 200 K, and must be attributed to QT. Above 200
transitions due to interactions with the thermal bath app
causing an increase of the spin-fluctuation frequency w
the temperature.

~3! As mentioned in the Introduction, a quasiflat part
the trend of the spin-fluctuation rate versus temperatur
i.e., spin-fluctuation frequency independent ofT—is also
present in the ring-shaped clusters, although in differ
ranges of temperatures for different clusters~for example,
from '20 to'70 K in the Fe6 cluster,3,6 and from'30 k to
'100 K in the Fe10 cluster3!. Similarly, as the temperatur
increases, the spin fluctuations for all these clusters bec
faster and faster. We can therefore conclude that the inter
tation of the spin fluctuation described in the present w
can probably be used also as a model for analyzing the m
netic fluctuations of the ring-shaped clusters.
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TABLE II. Values ofD andE/D for the triplet (S51), tM , w0,
andT0 obtained from the fitting ofJz by Eq. ~25!.

D ~K! E/D(1024) tM (1027 s) w0 (108 s21) T0 ~K!

8.1 8.5 0.77 9.2 732
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