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Spin dynamics of the magnetic dime Fe(OMe) (dpm),], studied using Massbauer spectroscopy
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We present a study of the spin dynamics of the magnetic d[fie(OMe)(dpm}],, using Masbauer
spectroscopy. In this cluster, the two ifth) ions are antiferromagnetically coupled so that the dimer presents
a S=0 spin ground state. Spin multiplets with valuesSafanging from 1 to 5 follow in order of increasing
energy. Axial anisotropp S? is also present witlD 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 transfodpof the hyperfine-field correlation function versus the temperature was
obtained from the spectrum fittings. The trendJgfsuggests 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 fittihgTof D(1)~8.1 K,
E/D(1)~8.5x10 4, andw=wyexp(—2T,/T) with wy~9.2x10° s and T,~732 K. Lastly, similarities in
spin dynamics between the dimer and the ring shaped clusters were discussed.
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I. INTRODUCTION can be fairly well described by means of an Heisenberg
Hamiltonian with nearest-neighbor couplifrd’

Within the research field on molecular magnetic clusters,
the problem concerning the nature of the basic mechanism of
spin dynamics has not yet been entirely clarified. This is an H=J 241 S-St SeS, @
important issue, both for theoretical aspects concerning the
features of the spin—phonon interaction in mesoscopic sysvhere§ is the spin of theth magnetic ionN is the number
tems, and also for possible applications, since spin fluctuaef magnetic ions, and the exchange constant. However, the
tions affect magnetization. Jvalues change, depending on the type of bridging ligand, in

Experimental studies of spin fluctuations in a certain num-the range from about 15 to about 30 K. A small axial anisot-
ber of clusters were carried out by using magnetizatiorropy is also present with a constant of the order of a few
measurements? *H-NMR techniqué® = and, for clusters of kelvin.**

Felll) magnetic ions, Mssbauer spectroscopy? Moss- In such even-ion systems, antiferromagnetic coupling
bauer spectroscopy is particularly effective in studying théeads to anS=0 ground singlet. The singlet-triplet gap de-
spin dynamics of these clusters, since probes, the>’Fe  pends on the cluster composition: in any case, its order of
nuclej are strongly coupled, through the hyperfine interac-magnitude isJ.

tions, with the electrons that determine the magnetic proper- A Mdssbauer study of a ring with six irdifl) ions’

ties of the cluster. Moreover, this technique can reveal flucshowed that spectra from 10 to 20 K were consistent with the
tuation frequency of the hyperfine field within the very wide presence of a diamagnetic ground st&te0 that, in this
range from 16 to 102 s™ 1. temperature interval, made the prevalent contribution. For

In some of the above-mentioned studies, clusters withigher temperatures, the effect of the spin fluctuations be-
high-spin ground states were considered and correlatiopames more and more evident. This was because the spec-
functions of the spin components were determined in a rangum linewidth I" increased monotonically with increasing
of temperatures where only the ground state istemperature from about 50 to 200 K, showing a flat trend
important-2>78 from 20 to 50 K. From the trend df versus temperature, a

Furthermore, a family of clusters consisting of a series ofqualitative estimate of the correlation timef the spin com-
even irorflll) ions in complanar ring-shaped arrangementsponents could be obtained:was found to increase with the
was studied:*® In these, contributions of the excited spin temperature from 20 to 200 K. Results in agreement with the
states could not be disregarded because the ground stateM&ssbauer ones were obtained irttd-NMR study on rings
diamagnetic. An antiferromagnetic coupling between ironwith six and ten irofill) ions? by taking into account the
ions is present in these compounds and the cluster spin statfct thatT[l is proportional to the Fourier transform of the

N—-1
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FIG. 1. ORTEP view of the compleie(OMe) (dpm}],

372100
correlation functiongCF) of the spin componentsin any
case, due to the energy—level complexity, a quantitative
analysis of such CF’s is very cumbersome. Therefore, a dif- 3.68 10°
ferent theoretical approach in terms of collective
g-dependent spin variables, together with assumptions con-
cerning the collective-excitation spectrum, was uSeth 3.6410 P— ; ; ; '
Ref. 12 the calculated trend ®f * with temperature is found o
to compare fairly well with the measured one.

In the present Mssbauer study, we will investigate the  FIG. 2. Spectra collected at the 6.5-K and 288-K boundary tem-
spin dynamics of th&=0 ground-state clusters, by consid- peratures. The solid lines represent the relative fits obtained from
ering a member of this family with very simple sets of spinthe model described in Sec. V.
states, i.e. a cluster with only two antiferromagnetic-coupled
Felll) ions; its chemical formula i§Fe(OMe)(dpm)],
(Fig. 1). Such a dimer has only six spin levels: the ground-
state singletS=0 and, in order of increasing energy, the
multiplets S=1, 2, 3, 4, 5. Detailed structure and magnetic
properties of this cluster are reported in Ref. 13.

counts

v (mm s'l)

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

The spectra have fairly narrow lines, and are similar for
temperatures lower than about 50-60 (Kw-temperature
rangg. For T=100 K (high-temperature rang¢éhe spectrum
lines become wider and wider as the temperature increases.
The line broadening is much more evident for the line cor-

The material under examination consists of triclinic mi- responding to the most energetic transition.
crocrystals P1 space group the lattice sites of which are ~ Moreover, the two lines have a slightly different peak
occupied by[ Fe(OMe)(dpm)], clusters'® The sample was height inall the spectra. In general, different peak heights
prepared by mixing powder of the material with wax can be due either to Lamb-Msbauerf-factor anisotropy
(Eicosano Aldrich, Ing.and by compressing the mixture into (Goldanskii effect™ to hyperfine field fluctuation¢Blume
a disk shape. The effective thickness of iron waseffect,' to preferential orientations of the grains in the
8.7 mgcm 2, sample, or to more than one of these effects. In the present

The Massbhauer spectra were determined by using a concase the grains have regular shapes, neither flat nor needle
ventional sinusoidal acceleration spectrometer that operateshaped, so that we can reasonably exclude preferential grain-
in a multichannel scaling mode. Theray source, which orientations. In order to investigate the other two effects, we
consisted of 25 mCi of’Co in a rhodium metal matrix, was considered spectra in low- and high-temperature ranges.
maintained at ambient temperature. A natural abundance iroRach of them was then fitted with two symmetrical doublets

foil was used to calibrate the SpeCtrome_ter A |iquid'he|ium(one doublet for every |ir)eso that the width and area of the
cryostat was used to cool the sample with temperature megyo spectrum lines could be compared.

surement and control based on calibrated Cernox sensor in |, Taple I. for example, the fitting results for spectra at 6.5

conjunction with a Lab-View-driven instrument. and 150 K are reported. As far as the 6.5-K spectrum is

concerned, since both andI" are, within the errors, the

same for both the lines, the corresponding linewidths are
Fifteen spectra of 1024 channelsi6 mms ! velocity ~ equal. Instead, their absorption areas are slightly different.

range were collected between 6.5 and 286K. 2). In Fig.  We also note that, sinc& is not null, the two lines do not

3, a series of spectra are shown to illustrate the evolution dfiave Lorentzian shape, but have squashed tips originating

the spectrum shape with the temperature. Since tli#l Fe from saturation effects. However, as the lines have equal

Il. EXPERIMENTAL PROCEDURE AND RESULTS

A. Preliminary analysis of the spectra
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FIG. 4. Spin levels of the complg¥e(OMe)(dpm}], accord-
ing to the Hamiltonian of Eq(2).
Ill. THEORY OF THE SPECTRUM FITS
A. Preliminary considerations
A theoretical model for the line shape will be now de-
scribed. The cluster spin states are eigenstates of the
o Hamiltoniart®
-1 0 1 2
v (mm 1) H=JS,-S,~ DS}+Hy, @

FIG. 3. Set of characteristic spectra collected in a range from 6.5 . . _
K to room temperature. Solid lines represent the relative fits Ob_vvhere S, and S, are the wo Fll)-ion spins, $,=S,

/o 7 _ 13
tained by the model described in Sec. V. The velocity range is_ 5/2; Jis the exchange constarlt=27.4 K™ Moreover,

restricted betweer 1 and 2 mms? in order to emphasize the line S§ i_s thg cluster spin component in the dirgction of th(.a mag-
shape evolution. netic anisotropy. The second term on the right-hand side rep-

resents the axial magnetic anisotropy. LasHy; includes
widths, the asymmetry of the doublet is not due to fluctua-high-order inner-interaction terms, as detailed in Sec. IV.
tions of the hyperfine field, but rather to a small Goldanskii The spin states, which can be described by disregarding
effect. the H; terms H{/D=<0.01), are indicated in Fig. 4. The

Conversely, in the 150-K spectrum the line correspondingground state corresponds ®=0; the spin multipletsS

to the most energetic transitidtine 2) has both a smaller =1,2,3,4,5 then follow in order of increasing energy.
area and is broader than line 1. Consequently, relaxation re- As far as the magnetic anisotropy is concerned, it depends
duces the line 2 peak height as the Goldanskii effect doesin single ion and dipolar contributions which are involved in
Moreover, both the lines have Lorentian shape<0): i.e., different ways in different multiplets. However, electron
saturation effects are practically absent in this spectrum. Wparamagnetic resonance measurements on a similar dimer
note the different broadening of the two lines, which is ashowed the single ion contribution to be widely prevafént,
typical feature of the Blume effect. Similar results were ob-we therefore will suppose this to be true also for our dimer.
tained for the other spectra in the Iolvand highT ranges. In this case the anisotropy-axis directidrcan be assumed to

TABLE |I. Fitting test relative to 6.5-K and 150-K spectra. Valuesdy (isomer shiff, A (quadrupolar
splitting), A (ratio between the absorption area and backgrjuawdI" (linewidth) are obtained by fitting
each line of the spectra with a doublet. The 6.5-K spectrum lines have non-Lorentian shapes of the same
width and a slightly different absorption area. Instead, the 150-K spectrum line has Lorentian shapes, but
different widths and areas.

S (mm/9 A (mm/g A I' (mm/g
line 1 0.2382(5) 0.077(3) 0.245(2) 0.218(3)
5K
65K jine 2 0.6158(6) 0.076(3) 0.237(2) 0.221(3)
0 line 1 0.2041(3) <106 0.1105(3) 0.48(1)
Kjine 2 0.6098(8) <5x107° 0.0985(4) 0.66(1)
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be independent 0§, although this direction is not known. directions. Consequently, we assumed a valuggofor the
Moreover, theD value depends orS according to the charge of the latter, and a valag for the bridging oxygen

expressiort! atoms: a greater value, which was varied frqgto 2.6 qq.
From this calculation we found that one of the EFG principal
35(S+1)—-38 axes was effectively directed along the Fe-Fe straight line, no
D(S)= 2(25+3)(25-1)° (3 matter how theg, value was. Moreover, the EFG component

with respect to this axis was of a positive sign and increased

Since the spectra display no magnetic structures, we caﬁ'th g;. The remaining two axes were directed, one in the

conclude that the average of the hyperfine field in a Larmo
period (=10 ns) is zero. That is, we are in tfest relaxation

limit*® in which contributions to the spectra of a single spin
multiplet correspond to a null hyperfine field and fluctuations
affect only linewidths. This means that, in order to fit the
spectra, spin fluctuations can be considered as a sequence

fast inversions,S=—3S, of the maximum value of the . 7 . . .
component of the spin. anlsotropy axis is qoncgrneq, no direct experimental evi-
Let us now consider transitions between states ofdifferenger.‘Ce exists rggardmg its direction. However, from a pre-
multiplets. Until their probabilities per unit time are much I!mlnary anaIyS|_s of the specti®ec. |l A).’ we noFeq that Fhe
Cg)ne corresponding to the most energetic transitiame 2) is

el1O1FelO1’ plane(Fig. 1) and the other, perpendicularly
to this plane. However, this is true far;>1.6qo; as q;
decreases, they rotate as far as about 45Yferq,.

Since both the symmetry axis of the elastic tensor and one
of the principal axes of the EFG tensor are directed in the
FsFe direction, it is convenient to assume that zhaxis
(quantization axisis in this direction. As far as the magnetic

smaller than the Larmor frequencies of the precession m .
9 n roader than the other orjene 1).

by electron spin, Mssbauer spectra are the sum of the The relative peak heights of the two spectrum lines de-

single-multiplet contributions, all of which are weighted with penf EI)_?] thre-tg ql;a?t't'es the elastic-t N
the corresponding occupation probability. Conversely, if the I(I) de ratior d? V\{ee? tfme astic-tensor components par-
transitions are faster than the hyperfine precessions, we ce?rhe and perpendicular to theaxis.

assume that th&Fe nuclei undergo a fluctuating hyperfine  (2) The sign ofV,. . L .
field corresponding to a suitable ?nean value ofgtheyr;pin. (3) The orientation of the fluctuating hyperfine field with

Lastly, if the transition rates and hyperfine frequencies arespect to the axis. Depending on whether it is parallel or

comparable, spectra shapes explicitly depend on the trans;?_erpendlcular to the axis, we have, respectively, longitudi-

tion probabilities between states of different multiplets.nal or transversal relaxation.

However, in this case the calculation of spectrum shapes is_t It tl's easy Itothsefe I':hat_, arpongf;_t ?rlll thg poss(;bfle tphyS|cef1I
very complicated, since large complex non-Hermitian matri->'tuations, only the foflowing two fit the observed features o
he spectratA) r>1, V,,>0 and longitudinal relaxation and

ces, which contain many parameters, have to be diagonzi— .
ized. As a result, long computation times are expected; mor B) r<.1, V,,<0 and transversa}l relaxation. L
over, great uncertainties regarding the parameter values will Tak'ngg t_he shape of the iron thermal_ elllpsmd' Into
result from their correlations. For these reasons, two Simp"gccounﬁ F'|g. 1, we can assume Fhat sﬂugﬂdh) Is satls-
fied models(which correspond to the limit cases mentionedf'ed' In add't'or.]’ we note that our simple estimate of the EFG
abové will be used. The fitting suitability will show us the COMPONeNts givey;,>0.

temperature ranges in which these models are valid.

tion of the nuclear spin around the hyperfine field generate

IV. INDEPENDENT-MULTIPLET APPROXIMATION

AND RESULTS
B. General features of the models

In this approximation, spectra consist of the superposition
f the contributions belonging to each one of the spin levels.
0 order to determine the spectrum relative to a given mul-

In order to establish details of our models, we must know
the directions of the principal axes for the elastic and EF

tensors at the iron sites and also the direction of the magnet let S, the relaxation theory in the fast relaxation lirfsee
anisotropy axis. Since the Fe-Fe straight line is a symmetr P Y . !
or example, Refs. 18 and 1%as used. By denoting with

axis of the dimer, it has to be a principal axis of both the e 2
elastic and EFG tensors. Moreover, as the Fe-bound distribﬁhe. angle between theray direction and the quantizatian

tion is fairly symmetrical around the Fe-Fe straight line, for XIS the absorption sectian(w) can be written in the form

the sake of simplicity we will assume that the elastic tensor naool 1
has cylindrical symmetry. o(w)= a4 2 (f(6)(1+cogh)) Hl*l+§H§2>

As far as the EFG is concerned, a calculation based on a
point charges model was carried out in which only oxygen 4
ions nearest neighbors to the(FE) ions were considered. + §<f(0)(1—co§0)>H2’2
Each iron atom transfers about half an electron to each one
of the six closest oxygen ions (FeFe'®). Moreover, the wheren, is the number of Mesbauer atoms per unit area of
two bridging oxygen atoms are bound to both the iron ionsthe sample,o is the resonant absorption sectidn, and
while the other oxygen atoms are bound only to one. Lastlyf(#) are the linewidth and the Lamb-Msbauer factor of the
we note that it is not important to set the charge values buabsorber, respectively. Lastly, tHé—quantities are given
their ratios, since we are interested only in the principal-axedy:

: 4
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‘ GGt G1i Go)' + (w+ w)?]
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©)
HE= Gizeﬁ"‘szz[Gﬁz-i-(w—wl)z]
2= — . ’
[Gii(w+w1)+Gyfw—w) P+ (Gl+ GGy 0+ w))’
|
e Moreover,go=0.180 andy, = —0.103 are the gyromagnetic

factors of the ground and the excited d&bauer levels, re-
R _ 5. T spectively,q=V,,/|e|, and 5 is the asymmetry parameter.
G1= 7301790+ 5 (6)  since we chose theaxis along the Fe-Fe direction, regard-
less of whether or noYV,, is the maximum component of
3 r EFG, »>1 values are possible.
G,= —Z(glr go)2+_a’ 7) As far as the hyperfine field is concerned, if the cluster is
4 2 in the levelS the maximumz component of the Fél)-ion
spin isS/2. Therefore, by denoting the hyperfine field corre-

” sponding toS,=5/2 with Bp,ax, Bpy Will be given by
Gio= = 8
4 /3 S
5 Bhyngmax- (11
_€71qQ
1= © The spectrum expressions of the multiplets times the relative

occupation probabilities were totaled and the average with
where J, is proportional to the Fourier transform of the respect tod was carried out.
hyperfine-field correlation function. To be more precibgis In order to take saturation effects into account, spectra
defined by were obtained by transmission integral metRdoreover,
a \Voigt profile was used for the line shape of the sodfce.
5 (7 The results obtained by means of the independent-
JZIMNL (Bny(0)Bpy(1))dt. (10 multiplet model are satisfactory only for temperatures lower
than about 50 K. For higher temperatures, fits are more and
T T T T T more unsatisfactory as the temperature increases. For ex-
ample,x?=1180 was obtained in the 6.5-K spectrum fitting,
while in the 182-K spectrum fitting we obtaingd~ 1600.
We note(Fig. 5 that, in the calculated 182-K spectrum, the
double-line shape is still very present. This is mainly due to
the contribution of the&s=0 state. Conversely, in the experi-
mental spectrum, lines are much more enlarged. This means
that transitions between states of different multiplets cannot
be disregarded at high temperatures. Therefore, the second
6.5K fitting model was considered: in it these transitions are much
faster than the Larmor precession.

V. MEAN-SPIN APPROXIMATION AND RESULTS

counts (arb. units)

In this model, Mssbauer spectra are given by the equa-
tions of Sec. IV in which thel, parameter is related to a
suitable mean value of the cluster sjjaee Sec. Il A. Very
good fits were obtained at all temperatufBsy. 3), with x?
values varying between 980 and 1160. It is therefore worth-
while analyzing the values of the parameters and their trends.
. . . . . Quadrupolar parametersThe quadrupolar splittingh

1 050 05 1 15 2 shows casual variations of an order of 5%; it can be therefore
v (mm sy considered independent of the temperature and its variations
can be bound to statistical effects. We then obt&in0.38

FIG. 5. Spectra at 6.5 K and 182 K and relative fislid lineg ~ =0.01 mms®. As far as the symmetry parameter is con-
obtained by the independent multiplets model. cerned, apart from the 6.5-K spectrum fit, which was unaf-
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o045 T T T T T analysis of Ce-filled antimonide skutterudifésand was at-
tributed to the fact that the temperature range analyzed was
el e . l not high enougi*
oz} ¢ i Here as follows, we will discuss the previous result by
T using a molecular approach, rather than a crystalline-solid
E 0375} . one. Let us divide the terms of the sum in E§3) into low
@ frequency terms# w/kg<100K) and high-frequency terms
a.35 1 (the other ongs We can then rewrite Eq(13) (for T
0325 i >100 K) as
a o KaT o X¥2
T 0w w1 ow 2o <UZ>%% > > (si))?
7K a=1 i
% 3N x\y,z ho
FIG. 6. Trend of IS vsI. High-T and low-T best-fit lines are o a | ()2
also indicatedsee text +2M =Tl 2. wacotl'< 2Kg )(SO'“) » (19

fected by variations of this parameter, the best fits of thevherel denotes the mode of the first set with the highest
other spectra gavgy~4. That is, thez axis corresponds to frequency. Since the IS data for 106K <300 K follow a
the smallest component of the EFG tensor. linear trend, the second term on the right-hand side of Eq.
Isomer shift The observed monotone reduction in the iso-(15) must be constant within this same temperature range. In
mer shift as the temperature increas€fy. 6) is nothing other words, for the high frequencies set coib(/2kgT)
more than the effect of the thermal atomic motigecond- ~1. Apart from a constant term, we thus obtain:
order Doppler effegt
A cluster withN atoms has Bl freedom degrees, three of Kg ! ,
which correspond to translations and three to rotations of the (v~ M > 2 (S (16)
whole molecule. But clusters occupy sites of a crystal lattice, ezt
so that these whole motions are in fact trge oscillation_s. 'I_'h(;ao\S mentioned above, the IS linear fit |eads§t§:1(sg;)2
latter, however, have low frequencies, since the OSCII|at|n%0.7, instead of 1. This means that 70% of the vibrational

masses are large and the interactions between clusters Yfergy of the iron ions is related to low-frequency modes.

Ve%’ src?all ?lue tt?]the Iargel site |Q.ter(t:ilstar}c$hs. lust .thThat is, the high-frequency modes slightly involve the iron
0 (Z: 1eno m%\l) Znn(;)rtw; tf?ot;)igpllgiee;eont cngpL(J)Snee;tV\gf @ons._This is obvious enough, as among the cluster atoms the
o iy iron ions have the largest mass. Moreover, we note that a
an iron ion withug’(i=x,y,2), we have large gap separates the low-frequency set from the high-
. frequency one. In fact, as far as the former set is concerned,
(ih_— (i) it has to befiw/kgT=100 K and, with regard to the latter,
RV ;1 S0 Qs (12 # wlkgT=300 K.
, ) , . . We can also obtain an estimate of the mean frequency for
where M is the mass of the iron ions arflis a suitable ¢ |oy-frequency set by fitting the low-temperatueata.
unitary matrix? of order N, so thatS3Y,S{)S0=1. The  |n fact, for low temperature, the decreasesimith the tem-
mean-square velocity of the iron ions is then given by perature is slow. It is possible to verify by means of numeri-
cal calculations that, for a certain mode distribution, its trend
N R hoa | iy .2 can be simulated with good approximation by supposing that
(v)= oM Z’l Z ®,COt 2kgT (Sow)® (13 4) the modes have a same suitable mean frequéncBy
fitting the IS data in the low temperature range with a func-
For T>#f wmay/Kg, Wherewp,, denotes the maximum of the tion having the forms,s= 6,—# Q/4Mccoth@Q/2kgT), we

X,Y,z

mode frequencies, the classical limit is obtained from: obtain an estimate df}. For data in theT <80 K range, the
best fit of IS (Fig. 6) is obtained for()=(1.19+0.09)

,  3kgT x 10 '=91 K and equivalent values are obtained for
(%= M (14) lower temperatures. For example, values (of of (1.18

+0.1)x10% s ! and (1.14r0.2)x10*s™ ! are obtained
Thus, at high temperatures IS should follow the classicafor T<60 K andT<50 K, respectively.

trend* §,s=const-3kgT/2Mc. M is the °'Fe mass, so that: Goldanskii parameterLet us consider the quantitg
3kg/2Mc=7.310 “mms K. Indeed, we can se€ig. 6)  =k?((z%)—(x?)), wherek is the y-ray wave number and
that the experimental data show a linear trend for tempera:z?) and (x?) are, respectively, the mean-square displace-
tures higher than 100 K. In this range, we obtaindd  ments along the quantization axis and perpendicular to it. As
=(0.46—5.0x 10 “T)mms *. That is, theT coefficientis can be shown by a straightforward calculati@njs con-
about 70% of the one given by the classical limit. A qualita-nected with the ratioRg of the spectrum-line intensities
tively similar result was obtained in a high-temperature ISthrough the relation:
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FIG. 7. avalues obtained from the spectrum fits using the mean- FIG. 8. 7~ values obtained from the spectrum fittings by using
spin model. Data foll >200 K are not indicated, because the spec-the mean-spin model.
trum fits were not very sensitive to theevalue. Thea value of
0.53+0.3 atT=6.5 K was obtained from the ratio of thé values  the valuea~0.5 calculated foff = 6.5 K could be overesti-
of Table I. The solid and broken lines are a visual guide. mated. However, if a change of thesign is most unlikely
for an usual crystalline solid as atoms move in harmonic
1 : : .
2 2 potentials, in complex molecules, such as clusters, it could
\/5(35 1)exp(—ag")d¢ be likely that non-parabolic-shaped potentials are present, so
0 y p ) ped p _ pres
4( P+ 3)12+ . that a change of tha sign would be evidently possible.
f exp(—agd)dé However, these are only hypotheses, which cannot pe proved
0 from the data of the present work, further theoretical and

RG:

1 ) ) ' experimental analyses being necessary.
jo V3(3&2—1)exp —aé?)d¢ Relaxation parametersAs we showed in Sec. IV, spin
A( P+ 3) 12— - dynamics causes the spectrum lines to be broadened by
J' exp —ag?)dé guantities proportional to
0

17

o B 2 o

3= JO <hz<0>hz(t>>dt=(““5—r;"”) fo (S0)S,(1)dt,
where {= cod. (18

The values ofRg were obtained from the spectrum fits. _ ) ) ) _
From these, we could obtain the correspondingalues by which, in this form, is expressed in frequency units. It is
means of a numerical inversion of E(.7). The trend ofa  usually assumed th&§,(0)S,(t)) has a decreasing exponen-
versusT is shown in Fig. 7. In this figure, the value atT  tial trend: (S,(0)S,(t))=(S?)exp(~t/7), where(S?) is the
=6.5 K directly obtained from the ratio of the areas of thethermal mean of the square component of the spin aiong
two lines (Table ) by assumingy=4 is also reported. As By assuming this trend, we obtain
can be seen, the latter is much smaller than the values ob- 5
tained forT <40 K through the mean spin model. These high J= ( MNBmax) <SZ>T
low-temperature values, together with the sudden decreases z 5h '
from 40 to 70 K, are due to the inadequacy of the mean spin
model for fitting the low-temperature spectra, as we will dis- Figure 8 showsr~ ! values obtained from the spectrum
cuss in detail in Sec. VI. fittings. The values for 6.5 and 20.5 K are not considered

We note that as a function ofT would seem to change since good fits were obtained as longlas:10* s~ no mat-
sign for temperatures higher than about 130 K, i.e., the oster what the value of this parameter was.
cillation amplitude of the iron ions along would become We can see that, as the temperature increases up to about
smaller than the one along However, our data are not 60 K, 7! quickly decreases. For higher temperatures:
definitive. In fact, thea values forT<130 K are positive, but shows a quasiflat trend with a slight increase fér
near to zero, apart from the 6.5 K value, so that, taking the=200 K.
error bars into account, small negative values are also pos- The very high values of~ ! and its steep decrease at
sible. Moreover, since the fitting of the 6.5-K spectrum istemperatures lower than 60 K do not have a physical expla-
unaffected by the changing in the parameter, in order to nation. Therefore, this fact denotes a substantial inadequacy
evaluate the value atT=6.5 K we assumed the value gf  on the part of the fitting model to fit the spectra &t
which was obtained at higher temperatures, ies4. On <60 K. The inadequacy of the mean-spin model is also cor-
the other handy could depend on the temperature and, sinceelated to the steep decrease in ghparameter, from 40 to
smaller values of are obtained from smaller values @f 70 K (see Fig. 7.

(19
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The inadequacies of the theory in the low-temperaturavhere{- - -}. i means that the trace is calculated on a com-
range can be explained as follows. Transitions between muplete set of states of the clustesurrounding system, and
tiplet states slow down as the temperature decreases. There-is the density operator. The contribution of the doublet
fore, spectra will tend to become a superposition of indepen}S, = M) to the CF can be evaluated by means of the proce-
dent single-multiplet  contributions.  Moreover, the dure described in the appendix of Ref. 8. We obtain
contribution of theS=0 singlet(obviously not affected by

hyperfine interactionbecomes increasingly important as the (S0)S,(1))sm=MZexp — 2w{Pt)cod 271 {Pt).
temperature decreases, so that the whole spectrum has to (22
approach a sharp single doublet. Since in the fast relaxation

limit, linewidths decrease as ! increase® and, moreover, Lastly, the CF was obtained from the thermal mean of all

the linewidths in our spectra become smaller and smaller athe doublet contributions:
the temperature become lower, the fitting model compels
7! to increase asT decreases. Furthermore, i ! in-
creases, the asymmetry of the two spectral lines, due to the (SA0)S,(1))= 22 28+l 2 M2exp( —2w{Pt)
relaxation effect, tends to be lacking. Therefore, to compen-

sate for this, the fitting procedure increases drgarameter. X cog2mv{dt), (23

5

where Wg is the occupation probability of th& multiplet.
Obviously, the fitting of], did not make it possible to obtain

In the preceding section, a decreasing exponential trenthe 15 transition probabilitie\avf\,ls) and their dependencies on
for the CF ofS, was assumed. This is a phenomenologicalthe temperature. We will therefore replace these quantities
approach which is useful for obtaining qualitative informa- with their appropriate meaw value.
tion on spin dynamics. Here as follows, a more detailed Since a dependency of on T is evident only forT
analysis will be made of the CF in terms of the physical>200 K, we can assume that the transitions due to the inter-
guantities characterizing the spin states. action between spin and thermal bath have to be at least of

Two causes can be invoked in order to explain the inverthe second order. Furthermore, there are not other spin states
sions in the hyperfine field: one is the interaction betweerwith the same electronic configuration in addition to the spin
spin and thermal bath, and the other is theantum tunnel multiplets considered. It is therefore reasonable to suppose
effect® (QT). In the first case, transitions between the twothat the basic process consists of a first-order Raman éffect.
states of a doubldS,=M) are related to atomic motions so We also suppose that only modes of a narrow band involving
that the corresponding probability per unit timg) depends  the bridging oxygen atoms and the other atoms that are near
on temperature. In the second case, the two st&esM) neighbors to iron ions are important. Therefore, for a narrow
are coupled by inner interactions: for example, small term$and arounkgT,, w has the formw=wgexp(—2T,/T).
of transverse magnetic anisotropy. Such interactions give rise We also note that the Misbauer excited level has a finite
to coherent transitions with independent temperature fremean life 7y, the inverse of which could be comparable
guencies. Although QT is usually important only at very low with w. Therefore, in summary, we write the CF in the form
temperatures, the flat trend of suggests that it may also

VI. ANALYSIS OF THE SPIN DYNAMICS

have a role at moderate temperatures in the spin dynamics of Wq
the dimer. (S0)S(t)y=2exd —2w't] 2, 55+ 1
For the sake of simplicity, we assumed that the basic spin st
Hamiltonian coupling theéS, +M) states has the lowest or- S
der in the spin component$i;=E(S> +S%), whereE is ><MEl M?2cog 27 v{P), (24)

the coupling parameter. As far as the dependen¢emf Sis

concerned, we have no theoretical or experimental referencgvhereW —w+ 1l

since hereH 1 has to be considered as a pure phenomenologi- By replacing 'f["he right-hand side of E4) in Eq. (18)
cal Hamiltonian. From this point of view, we can assuke we obtain '
to be independent d.

By following the perturbative procedure which was used B 25 W s ,
in Ref. 8, we obtained the tunneling frequency relative to the J,= MN maX) S E M2 w _
transitions|S,M)=|S,— M), which is given by 5h =1 1= w2+ 2mP)?

(25)
M

(P = F<S>( D(S), (20)

D(S) A. Fitting results and conclusions

S ) In Fig. 9 are indicated the experimental valuesJof
whereFy;” are numerical factors that depend Smnd M. together with the best fit obtained from Hg5). We see that
Let us now determine the CF of the spin comporBnt  he |atter does not give a good fitting for< 60 K. This fact
confirms the inadequacy of the mean—spin model for the low
(SA0)S,(1) =Tr{pS,(0)S,(V)}¢ s, (21)  temperature range.
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108 ¢ T T T - TABLE Il. Values of D andE/D for the triplet S=1), 7y, Wq,
1 3 and T, obtained from the fitting ofl, by Eq. (25).

D(K) E/DA0Y 74 (1077s) wo(1PshH Ty (K)

7 8.1 8.5 0.77 9.2 732

10" 3
DA ables us to argue that the anisotropy axis is approximately in
:N the Fe-Fe direction, i.e. coincident with both the EFG prin-

6 cipal axis of minimum component and the symmetry axis of
the elastic tensor at the iron site.
(2) As far as the spin dynamics trend withis concerned,
it can be summarized as follows. In the low-temperature
range =60 K), the main contribution to Mgsbauer spec-
103 1 1 1 1 1 tra comes from the singlé=0, so that only small relax-
0 50 100 150 200 250 300 ation effects are present. As the temperature increases, mul-
T (K) tiplets with hlghgr spin become more and more popu!ated,
: and fast—relaxation effects fof=90 K are observed with
FIG. 9. Full circles denotd, experimental values obtained from SPin fluctuation frequencies of order of the?0'*. These
the spectrum fittings by using the mean-spin model. The solid lindrequencies are practically independent of the temperature up
is the best fit obtained from E25). to about 200 K, and must be attributed to QT. Above 200 K,
transitions due to interactions with the thermal bath appear,

The corresponding values of the parameters are shown Fausing an increase of the spin-fluctuation frequency with
Table Il. We includedr, in the fitting parameters in order to € emperature. , ,
check the foundation of Eq25). The outlet value of 0.77 (3) As mentioned in the Introduction, a quasiflat part of
X107 s is of the same order of magnitude as the valuethe trend of the spin-fluctuation rate versus temperature—
reported in the literatur¥ Thus, in spite of the approxima- -6 SPin-fluctuation frequency independent Bi-is also
tions used, we were able to obtain a reliable estimate of th@'€Sent in the ring-shaped clusters, although in different
parameters. ranges of temperatures for different clustéisr example,

The value of 732 K fofT,, which corresponds to modes [T0M ~20t0~70 Kinthe Fg cluster;® and from~30 k to
of circular frequencyw,=8.5x 10" s™1, could be related to _~100 K in the F%o cIusteF): Similarly, as the temperature
modes belonging to the high-frequency band. As far as thicreases, the spin fluctuations for all these clusters'become
values ofD(1) andE/D(1) are concerned, these are sub- aster and faste_r. We can Fherefore _concl_ude that the interpre-
stantially in agreement with EPR measurement on a similaf2tion of the spin fluctuation described in the present work
dimer® The corresponding tunneling frequencies of the mul-ca" probably_ be used als_o as a model for analyzing the mag-
tiplets are of the order of 20s 1, i.e., of the same order of Netic fluctuations of the ring-shaped clusters.
magnitude ofw,.

(1) The good fits obtained in the high-temperature range
(T=90 K) provide support to our assumption o¥/a,>0 in We wish to acknowledge Dr. R. Sessoli and Dr. A. Cornia
the presence of fast longitudinal relaxation. This result enfor useful discussions and criticisms.
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