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Spin dynamics study of magnetic molecular clusters by means of Msbauer spectroscopy
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Spin dynamics of the two magnetic molecular clusters Fe4 and Fe8, with four and eigih) Fms,
respectively, was studied by means of $8bauer spectroscopy. The transition probabili\és 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 \Ms 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 iMsihahe 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 thé/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 clustes§, (7 is the decay
time of the magnetizatiorhas a trend which, at low temperaturds{(15 K), corresponds to an Arrhenius law
with a potential barrier of the order of the energy difference between the $kates5 andM=0 (=7 K).
Instead, forT>15 K, 7 follows the trend ofW 1. For the Fe8,r follows an Arrhenius law, but with a
prefactor which is smaller than the one obtained susceptibility measurements.
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[. INTRODUCTION these two clusters, as a function of the temperature, is pre-

In the last decade the magnetic properties of Fe4 and Fesented. We obtained the transition probabilities between the
molecular cluster$? with four and eight Féll ) ions(Figs. 1 spin states from the fitting of the Msbauer spectra. More-
and 2, respectively, have aroused much interest and havever, the tunneling frequencies were evaluated by means of
been extensively studied from both a theoretical and an exPerturbation theory, starting from the spin Hamiltonian pa-
perimental point of view. The ground state of these cluster§ameters present in the literature. These parameters were
was determined by using different experimental technique&en kept free, and their values were determined in order to
such as susceptibility measuremeltsigh field EPR}® in- optimize the _spe_ctrum fits. Finally, the correlation functlo_n_of
elastic neutron scatteringNS),®” and the spin Hamiltonian the magnetization was calculated from the transition
parameters are now fairly well known.

The two clusters have ground states w8k5 and 10,
respectively, and a prevalently axial magnetic anisotropy.
Moreover, a transverse component is present in both clusters.
However, for Fe4, it is small and, in certain cases, negligible.
Conversely, for Fe8, the transverse component of the anisot-
ropy strongly perturbs the spin states.

Many studies have dealt with the quantum tunneling of
the magnetizatiofi-° This phenomenon is possible due to
the presence of the axial anisotropy, which splits the ground
spin multiplet intoS Kramer’s doubletdS,+=M) plus the
singlet|S,0). The doubletS, = S) has the lowest energy, and
at very low temperatures is the only doublet populated. The
tunnel effect consists of coherent jumps between the two
states of the doublet. As the temperature increases, doublets
of higher and higher energies are populated and the interac-
tions of the spin with the vibrational freedom degrees of the
cluster produce transitions between doublets. The spin dy-
namics is then characterized by these transitions and by the FIG. 1. Schematic structure of the Fe4 cluster. Large spheres
tunnel effect inside the doublets. represent F@ll) ions; black and white circles denote oxygen and

In this paper, a Mssbauer study of the spin dynamics in carbon atoms, respectively. Hydrogen atoms are not indicated.
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The main terms of spin Hamiltonian for the ground state
have the same form for both clusters,

2 E 2 2
Hs=DS}+ 5 (ST +S%)+Hp, , (3.1

whereH,, , denotes fourth-order terms in the spin compo-
nents. The measurements of BeandE parameters, as well
as the fourth-order parameters that have not been explicitly
written here, were performed by means of high-field electron
paramagnetic resonang@erF-EPR?~>%and inelastic neutron
scattering(INS).®” For Fe4, these measurements are compli-
cated as three different isomers are present in the single-
crystal samples. However, the two techniques give practi-
cally the same values for the axial paramdefor the three
isomersAA, AB, and BB (see Ref. 4 the values of this
parameter were-0.29,—0.27 and—0.25 K, respectively. On
the other hand, very different values were obtaineddror
FIG. 2. Schematic structure of the Fe8 cluster. Large sphereexample, for theAA isomer, HF-EPR and INS gavE=
represent Fgll) ions; black and white circles denote oxygen and —(0.014 and—0.029 K, respectively. However, since both
nitrogen atoms, respectively. Finally, carbon atoms are at the vertihe E values are much smaller than tBevalues, theS=5
ces of the black lines. Hydrogen atoms are not indicated. ground state consists approximately of five Kramer's
. ) _ quasidegenerate doubld&&=M), with the |5,+=5) doublet
probablllt_les between the spin states and the tunnelmga\,ing the lowest energy, plus the singB10).
frequencies. Now, let us consider the Fe8 cluster. For this cluster, INS
gaveD=—0.29 K, against the value 6f0.275 K obtained
[l EXPERIMENT from the EPR, while both techniques gave the same value of
The Massbauer spectra were determined using a convenE' E= —fO.(:]47 K. In thls.case, by dlagonallzn‘rg? n thﬁ
tional constant acceleration spectrometer operated in a mupPace © the .grOl.md spin statgs0M), we obFa|ned t €
states shown in Fig. 3. We can see that the six quasidegen-

tichannel scaling mode. The gamma ray source consisted of’ @ .
fresh 51 mGi of5’Co in a rhodium metal matrix. that was erate lowest doublets do not differ much from the ones cor-

e . responding to the axial term of the spin Hamiltonidr.
maintained at ambient temperature. The spectrometer w. . . .

; . . ; . onversely, as far as the nine highest singlets are concerned,
calibrated using a Gem-thick natural abundance iron foil.

Isomer shifts are reported relative to the center of the ma Wwe have a strong mixing of the states with differsis, due

: ; . o the transverse term ¢fs.
netic hyperfine pattern of the latter foil taken as zero veloc- : S
ity. The linewidths of the innermost pair of DMI transitions As mentioned above, the stal,= M) of Fed and the

equal to 1 of the latter Zeeman pattern were reproducibI;?rtk‘;’m.eSJ10:M>.f0r IM[=5 c_)f Fe_8 a_rle aIm_ost degenerate.
determined to be 0.214 mm$& The sample temperature eir energy differencesy (in unit s™ ), which are due to
variation was achieved using a standard exchange gas quu[ge trqnsverse terms'dafs, repregent the so-callewantum
helium cryostafCryo Industries of America, Ing.with tem- unneling frequenC|eS:e., for a givenM, the frequencies of
perature measurement and control based on silicon dioo‘@e coherenM@—M Jumps. . .
thermometry in conjunction with a 1QA excitation source It will be useful to evaluqte t.h(.?/'\" S as fupctlons oM
(Lakeshore Cryotronics, IncThe spectra were initially fit to an.d E/.|D|' n order to do_th|s, It Is appropriate to use the
unconstrained Lorentzians using the program ORIGA- Brillouin-Wigner perturbation theory, which gives the effec-

: VTS
crocal Software, Ing. tive Hamiltoniart

H|M><M|H+E H|p(u|H[v)(v[H
E-E% v (E-E%(E-E))
For a cluster withN Fe'® ions, the electronic states are . . 3.2
obtained by coupling the Fé ion spins(s=5/2). Thus 6" _ o _
cluster spin states are obtained. For Fe4 and Fe8, we hayd1€reHes is the Hamiltonian which couples the statés
1296 and 1679 616 spin states, respectively. Detailed calc@"d —M of the Kramer's doublets. Here we consider only
lations for the two clusters were reported in Refs. 1 and 2the term ofH ¢ which gives the first non-null contributions
These were based on the Heisemberg antiferromagnett® (M[Het —M), and putsE=Ey .
Hamiltonian, and tested using susceptibility measurements. H consists of terms of the spin Hamiltonian containing
Since we are mainly interested in spin dynamics at low temS; and S_ operators. The largest term is obviously the
peratures, only the ground spin states of the Fe4 and Fe®ombic term E/2)(S%+S%). In order of magnitude, the
clusters will be considered. They have valuesSef5 and  following term is (C/2)(S? +S*) Ref. 4. For Fe4, an esti-
10, respectively. mate of C was obtained from HF-EPR, which ga¥e~6

Ill. THEORY OF THE SPECTRUM FIT Heri=H+ 2
"
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120 — TABLE |. Values of the quantityF(M) corresponding to the
_| ground-state doublets of the two clusters.
0.7110>-0.47 (I 2>+-2>)+...
110 — 0.35 (13> -1-3>) - 0.53('l> - I-1>)+...
] M F(M) M F(M)
100 862 3>+ 3>)) 0.44(1 1>+-1>)+...
- 060|0> 0AN By Fed 21 42?) Fe8 65 111‘;725“&4
90— 0 57(13> - 1-3>)+...
. 82% 8 411>4i|41>))+0 35(1 3>+1-3>)+... 3 630 7 55838
p—— >-1-4>) + 4 315 8 15384
80— ——0.46 (14> + -4 4 -
0 6 (I 4> + 1-4>)+0.42(1 2> + 1-2>)+ 5 1575/32 9 2284
60 | = 0.65 (1 651-6) +...
— written in the form:Hy=FA(S,,S,,S,), whereF is an op-
50 7 == 0.68 (17>t}-7>) +... erator acting on the vibrational freedom degrees, and is usu-
g deg
] ally assumed to have an order of magnitudeHgf. More-
40— over, A is a dimensionless operator. K has a magnetic
] e 069 (1 85H-8>) ... e e . . .
. origin, Ais simply S, or S, or, equivalently, a linear combi-
30_ nation of these. In fact, sindéy has to be an even operator
20— to time inversion, a$ is an odd operatoA also has to be
| =070 (195119>) +. odd. Instead, if has an electric origirf; is an even operator
10 — andA also has to be even. For instanées 3(S,S,+S,S,).
- . The probabilities per unit time for the transitions
3
0~ —————— 0.70 (| 10>+-105)+... |SM)«|S,M~1) read
FIG. 3. Level scheme of the ground state of the Fe8 cluster Wi m—1=[(M|AIM = 1)|23(wm),
obtained from the INS data. The six lowest levéisld lines are
quasidegenerate Kramer's doublets. The nine highest levels are sin- WMfl,M :WM,Mflqu wam!T), (3.9

glets with(M)=0. The dashed lines denote the levels correspond-

ing to the axial term of. The scale on the left gives the energies Wherew, is the difference between the energigsunit K)

in the unit|D|. Only the larger terms of the states are written. of the two states and(w) is the Fourier transform of the
correlation function of. We have assumed that the correla-

X105 K. For Fe8, from INS we hav€=8.6x10"% K. tion time ofF is much shorter thaB ~*. In this case we have

By using Eq.(3.2), we can verify that for the Fe8 the fourth-

order term is quite negligible with respect to the rhombic _ [

term. Conversely, for Fe4, the contributions of the two terms )= f,w<F(O)F(t)>dt (3.9

are comparable. For the sake of simplicity and in order to

reproduce the line shape of the Mbauer spectra, we will i.e.,J is the same for all the transitions.

assume that the tunneling frequencies are determined only by

the rhombic term oHg for both the clusters; however, for A. Fe4 cluster

Fe4,E/D will be treated as an iterative parameter.

By using Eq.(3.2 the following expression fowy, is The spectrum shapes will be evaluated by using Blume’s

stochastic theory, as described in Ref. 12, where only the

obtained: thermal motion of the spins was studied in the 10—60-K
MID| temperature range. With respect to Ref. 12, tunnelMgs
vm= F(M)(2|D|) o (33  —M—the frequences of which we denoted above by

vy—were considered here, and spectra at lower tempera-
whereF(M)’s are rational numbers that are independent oftures, down to 1.38 K, were collected. By taking all this into
E and D. Their value for the two clusters are reported in account, the spectrum shape corresponding to one of the sites
Table 1. can be expressed in terms of eigenvectors and eigenvalues of

In order to determine the shapes of theddbauer spectra, a complex non-Hermitian matrix—Blume’s matrix—which

in addition to the static interactions between electrons anih this case has dimensions of 888.
nuclei of >’Fe, we have to take into account the dynamics of The following fitting hyperfine parameters were assumed:
the spins which produce fluctuations in the hyperfine fieldthe quadrupolar parameters and the isomer shifts at the three
These fluctuations have a twofold origin: first, as mentionechonequivalent Fe sites, and the hyperfine field at Yfee
above, the quantum tunneling of the magnetization, whicthuclei for the states,=5/2 (the same for the three sijes
causes inversions of the hyperfine field with frequenejgs  Finally, as far as the relaxation parameters are concerned, we
second, the interactions with the vibrational freedom degreessed the probability per unit timg&/=Ws, and the ratio
of the cluster, which, we assume, cause transitighlxs M E/D. Moreover, as D value was assumed the weighed aver-
— 1.2 The corresponding dynamic spin Hamiltonian can beage of the values corresponding to the three isomers.
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TABLE Il. Tunneling frequencies for the Fe8 cluster. T ' v T T

M 5 6 7 8 9 10

vm(Hz) 3.6x10° 2.4x10% 9.6x10° 2.2x10° 2.8x10* 14.8

B. Fe8 cluster

In this case, in order to calculate the spectrum shapes, we
met a twofold difficulty. First, the energy of tf&=9 state is
not precisely known, but should be of the order of the
ground-state energy range-(L00D =27.5 K)!The calcula-
tion of the spectra, disregarding the excited levels, is then
corrected only forT<30 K. Second, the Blume matrix
would have the order of 168168, so that, also by taking
into account the large number of parameters, the spectrum
fittings occupy a rather long computation time.

However, a simplified theoretical approach can be used,
which is based on the particular structure of the ground-level
states. As we have seen above, these states can be ideally
divided into two groups: the first group consists, with a good
approximation, of the six lowest Kramer's doublets
[10,=M) (for M from 5 to 10. The second group consists of
the other nine stateinglets. Since in every one of these
statesM has an average value of zero, their $4bauer-
spectrum contribution does not have a magnetic structure
and will be the same for all of them, apart from the absorp-
tion area. In order to reproduce the experimental spectra, we
will then consider the nine states as a single fictitious state
|f), the occupation of which is the sum of the occupations of
the nine states. This fictitious state will be assumed to be
coupled with the first group of states through the interaction
with the thermal bath. The corresponding transition prob-

counts (arbitrary unit)

abilities are evaluated by the relation 12 -8 -4 0 4 8 12
9 9 v (mm s‘l)
— 2 .
WM,f_izl WM,iO‘iZ1 [(1IOM|A|)]%, (3.6 FIG. 4. Massbauer spectra of the Fe4 cluster at the temperatures

of (starting from the top1.38, 4.25, 12.5, 25.7, 45, and 77 K.
where{|¢;)} (i=1 to 9 are the states of the second group.
Moreover, M =10 as fitting parameters, and evaluate Byg field for
the spin statéVl by scaling in proportion tdv:
9
Wi = >, Wy exp{(w;w/T)}, (3.7 M
i=1 BM:EBM:]'O. (38)

wherew; y is the energy differencén K) between the ;) . . . .
and|10M) states. By using this simplified model, the order " @ Prévious work, in which a spectrum at 2 K in the pres-
of the Blume's matrix is reduced from 16868 to 104 €nce of an applied field of 0.22 T was reportetie quadru-

< 104. polar splitting was found to be negligible. However, here, in

For the first group of states, we assume the tunnelingsgder to evaluate the spectra, we will assume the presence at

frequencies to be known. To be precise, these frequenci ch site of an EFG. ha\(lng axial symmetry, with the axis
will be evaluated from the EPR or INS values bfandE,  Parallel to the hyperfine field.
Their values are reported in Table II.

As far as the hyperfine magnetic field is concerned, it is IV. RESULTS OF EXPERIMENTS
very cumbersome to correlate fields at different sites with the
cluster spin states, as we could do for the Fe4 cluster. In fact,
in the case of Fe8, the relation between the spin of the cluster The Massbauer spectra, together with their fits, are shown
and the spin of the single iron ions depends on four exchang@ Fig. 4. The quadrupolar parameterdq and 7) (Aq
parameters, the values of which are not exactly known. We=€?V,,Q/2) and the isomer shifiS) at the three sites and the
shall then consider the magnetic fields at the three sites fdnyperfine field corresponding & =5/2 were obtained from

A. Fe4 cluster
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TABLE Ill. Hyperfine parameters obtained from the fitting of TABLE IV. Transition probabilities per unit time for the transi-
lowest-temperature spectrum for the Fe4. tion M=5—M=4 of Fe4. Values obtained from the fitting of the
spectra.,y? values are also shown.

Parameter Central site Apical site Lateral sites
= T (K) W(T) (MHz) X
Ag (mms™) —0.55+0.3 0.1x0.1 —0.32+0.06
IS? (mms 1) 0.38+0.05 0.37#0.07 0.42£0.04 1.38 2.0:0.1 1171
4.25 3.3:0.1 2488
&alues referring to metallic iron. 12.5 7.5-0.3 1128
. . 25.7 37.0:1 1016
the fit of the spectra at 1.38 K. At this temperature, the reyg 267.0:5 1428
laxation effects on the spectrum shape are negligible, so that, 5 1198- 40 1022

the spectrum contains maximum information about the hy-
perfine parameters. An estimate of the EFG showed that one
of the principal axes of this tensor has a direction that isStates of this energy are definitely present, since the energy
practically perpendicular to the iron containing plane, for alldifference between the groun=5 state and the tof®
three sites” In the fitting, we assumed treaxis to be in this =10 state is about 1200 KI&30 K), with 1296 spin states
direction, and we found that the values at all sites were shared in this range.
much greater than 1. That is, the corresponding maximum On the other hand, up to now neither the microscopic
EFG components are directed in the iron plane. The valueglaxation mechanism nor the vibrational mode of the cluster
of Ag and the IS are reported in Table Ill. We note that theis known. However, on the basis of res(4t1), we can hy-
Aq absolute value for the apical site is smaller than for thepothesize that a 160-K centered peak of the vibrational—state
central site. Conversely, on the basis of the symmetry of thelensity is present, and this could account for\t#T) trend
two sites, it would seem that the central iron should experi-observed. Nevertheless, further studies are necessary in order
ence an EFG smaller than the apical iron. Moreover, theo clarify this issue.
hyperfine field corresponding &= 5/2—the same at all the
sites—wasB,,,=56.7-0.6 T. B. Fe8 cluster

As far as the spin Hamiltonian parameters are concerned, .

; s . . In this case, only three spectra at temperatures lower than

we first performed spectrum fittings using the weighed aver- : L
. 20 K were collectedFig. 5. The reason for this is that at
age of INS or EPR values of the three isomers. Howeverh. h h buti f th ited spi
very poor results were obtainegt{>3100). TherE/D and igher temperatures the- contribution of the excited spin
. ' states are not negligible. The spin Hamiltonian parameters
|D| were kept free. The best fit of the spectrum at 1.38 K wag, : _

. ) ere fixed at the INS valuesD(=-0.29 K and E
obtained for|D|=0.20+=0.05 andE/D in the (from 1 to 2 —0.047 K). H | valent fitti b
10 2 range. TheD| value is of 20—-30 % smaller than the ,_.~ db )I.I qweE;/er, ahmost gqurllva ent |t;[|ngsovxée7re ob-
INS or EPR values, whil&/D is smaller by one order of tained by allowingb to change in the range from0.27 to

: —0.30 K.
magnitude.

In order to establish the presence of quantum tunneling,
fitting of the spectrum at 1.38 K witB=0 was carried out.
However, the central part of the spectrum was poorly repro-
duced andy? passed from 177Qwith E/D free parameter
to 2186(with E=0).

We observed that, although the spectra were fitted by us-
ing a dynamic Hamiltonian corresponding to both magnetic
and electric fluctuating fields, we obtained satisfactory re-
sults only with the former. For instance, for the 4.25-K spec-
trum, the best fit obtained with the second Hamiltonian had
x>=3864.

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

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

counts (arbitrary unit)

W(T)=(9885+564exd — (161+4)/T]. (4.1 v (mm s-1)

This is the characteristic trend of the Orbach mechanism in- FIG. 5. Mssbauer spectra of the Fe8 cluster at temperatures of
volving an excited state with an energy of about 160 K.(starting from the top4.2, 11, and 18 K.
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TABLE V. Hyperfine parameters obtained from the fitting of the opposed magnetic moments—which is due to an internal in-

Fe8 lowest temperature spectrum. teraction Hq¢s coupling the two states{m|Hg¢ —m)#0.
Then, if the cluster is in the stafe) at a timet=0, its state
Parameter Central sites  Apical sites Lateral sites || jump, in a coherent way, fromim) to |—m), and vice

IS (mm's ) 0.25+0.01 0.36-0.01 0.24-0.01 enon is called thejuantum tunneling of the magnetization

Boax (T) 47301 47.9-0.1 53.1-0.1 Usually, vt ?s very small because the coupling between the
two states is weak. However, as the temperature increases,
a/alues referred to metallic iron. the tunneling frequency becomes higher and higher. This
means that the phenomenon is mainly determined by inter-
Like the procedure followed for the Fe4 cluster, the hy-actions of the cluster magnetic moments with the thermal
perfine parameters were obtained from the spectrum at thgath. We are now considering taermally assisted tunnel
lowest temperaturé4.2 K), which presents a well-resolved effect
hyperfine structure. The values of these parameters are re- The characteristic times of the thermally assisted tunnel
ported in Table V. effect can be obtained by evaluating the correlation function
In this case, differently from that for the Fe4 cluster, bothfor the magnetizatiom,
the dynamic spin Hamiltonians gave satisfactory fittings. The
values ofW for the three temperatures considered together  1(0)I(t))=Tr{pl (0)exp(iHt)I (0)exp —iHt)}y .
with the x? values are reported in Table VI. Similar to the 5
Fe4 cluster, the increase gf with the temperature is prob-
ably due to the excited-state contributions to the spectra.
We see thatW)(T) has a linear trend with the tempera-
ture. To be precise, the best fit gaire MHz)

where{ }\ , means that the trace is made on a complete set
of states of the system cluster plus thermal bathis the
density operator, antl is the total Hamiltonian

WO(T)=(2.2-0.1)T, 4.2) H=H;+Hy+Hy,, (5.2)

which is a characteristic trend of the direct relaxation pro-n Which H; andH, are the Hamiltonians of the cluster and

cess. Also the trend aV)(T) is approximately linear with (he thermal bath, respectively, artd, is the interaction
the temperature. The best linear fit is Hamiltonian. Since we are interested in the evolution of the

cluster state, and its interaction with the bath can be sup-
W®)(T)=(-12.5+8.5+(4.5+0.6)T. (4.3  Posed to be weak, we can describe the action of the latter as
a stochastical interaction. This can be done by projecting the
But the power lawW(?)(T)=1.2T*4 gives a better fit of the state of the entire system onto the cluster-spin sphlrethis
data. However, whether this trend could be characteristic of approximation, we have
direct process is fairly questionable.

(1O (1) =Tr{pyl (0)(exXp(iH*))pl (O}, (5.3

where the trace is now made on the spin sta&s M) of

Let us suppose a magnetic field is applied to a crystallinghe cluster. Moreover, we have written the temporal evolu-
sample of noninteracting magnetic clusters in the direction ofion operator in terms of the Liouville operator correspond-
the anisotropy axis. The solid will then present a magnetizaing to the HamiltoniarH. In the Appendix, the calculation of
tion parallel to the applied field, which is given by the sum of (1(0)I(t)) is developed in terms of the probabilities per unit
the magnetic moments of the clusters. If the magnetic field i¢ime for the transitions between the ground spin states, which
slowly reduced to zero, at=0 the magnetization can persist have been determined by means ofddbauer spectroscopy.
for a long time. In fact, alf=0 the magnetization can be  In summary, the results are as follows. Let us consider a
canceled only by quantum tunneling, that is, by a transitiorLiouville space® of the spin state$S,M). Each Liouville
between the two statgsn) and | —m)—corresponding to state is labeled with two componerits and M’ of S, and

will be denoted|M,M’). The matrix L of the operator

TABLE VI. Transition probabilities per unit time for the transi- —|fof+R have to be built on this space, wheReis the
tion M=10—-M=9 of Fe8. Values obtained from the spectrum gperator describing the stochastic interaction of the cluster
fittings by using the two different interaction Hamiltonians de- ith the thermal bath, aan .1 is the Liouville operator of
scribed in the textsee notes x? values are also shown. Hor. The non-null elements of matrix dﬂxff and R are

V. DYNAMICS OF THE MAGNETIZATION

TR WOPIMH) WD (MHy 2 Iven Dy

4.2 8.2-0.6 1050 9.#0.7 1103 (M,M|H% ¢ =M ,M)=(=M,M|H|M,M)=1p),,

11.0 23.2-1.3 1389 31.32.2 1856

18.0 40.2-2.5 2272 70.83.0 2610 (M,M[H: M, —M)=(M,=M|H;{M,M)=—ny,
5.4

&/alues obtained withH=FS; . 649

byvalues obtained withH = (F/2)(S,S,+S,S,). and
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WM’MH fOI’ M:M,

M”(#M)
_WM’M!

(M,M|RIM",M")=
for MM’
(5.9

SincelL is not Hermitian, its eigenvectots, are different
from the eigenvector¥, of L. If a,’s denote the autoval-
ues ofL and we consider the matri®(t) defined by

P(t)=>, U, Viexp—a,t), (5.6)

we have

1O)1D)= 2 puPu (MM, (5.7)
M,M’

wherep,, is the probability that the cluster is in the stafe
and Py y(t) are the elements of the lind/(',M") and of
the column M,M) of P.1®

A. Fe4 cluster

Since we have obtaineB<|D| from the fittings of the

PHYSICAL REVIEW B 65 064415

10
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FIG. 6. Plot of Ing™ %) vs T~! The experimental points are ob-
tained as described in the text. The full line represents the curve fit
obtained with the function defined by E@.10.

a=(1.6+x0.510° s 1,
b=(138+13) K,
A=(6.4+0.5 K.

We see that, at low temperatureb<(15 K), the second
term in square brackets of E(h.10 can be disregarded, and

Mossbauer spectra, in order to evaluate the correlation funGnat the trend of—* is well described by an Arrhenius law

tion of the magnetization, we can consider only the cluster
thermal bath interaction, disregarding the tunneling effect
The trend of{1(0)I(t)) is reproduced, with very good ap-
proximation for all of the temperatures considered, by mean
of an exponential function

(I(O)I(t))ocexp(—t;), (5.8
where the decay constantdepends on the temperature.

For very low temperatures, the thermally assisted tunnel
ing of the magnetization consists of a stochastic process i
which, starting from one of the twj | =5 states, the cluster
climbs as far as thél =0 state and then descends to the
other|M|=5 state. The order of the matrR is then of 11
X 11. In this caser is expected to be well represented by an

Arrhenius law that concerns the overcoming of a poteuriial

= ToeXp(A/T). (5.9

However, as the temperature increases, this simple law dis-

agrees with the experimental behavior. For instance,Tfor
>A, according to the Arrhenius law, should keep the con-
stant valuery, while the experimental data show a greater
and greater decrease thas the temperature increases. This
is why, according to the trend &% obtained from the Mss-
bauer data, the steps between the subsequent $thtes
came faster and faster. Taking these considerations into a
count, we have fitted the trend ef ! with the temperature
by a function of the form(see Fig. 6

T i=[7y +aexp—b/T)]exg(—A/T).  (5.10

The value obtained for the parameters are

7o 1=(1.9+0.410 s},

with A of order of the energy difference between the levels
M=0 and|M|=5, i.e., 7 K. For high temperaturesT (
>20 K), the exponential exp(A/T) is near unity, and the
first term in square brackets becomes negligible with respect
to the second. The trend of ! is then similar to the trend of

W.

B. Fe8 cluster

Calculation of the correlation function is more compli-
cated than for Fe4, because now the tunneling effect cannot
Be disregarded. The trend ¢F(0)I(t)) can be reproduced
by means of an exponential function plus an oscillating com-
ponent(Fig. 7), at all of the temperatures considered. By
fitting the decay constant™ ! as a function of the tempera-

1.4,
0.8
A 06
N8
Vo o0.4
0.2
0.
-0.2 L

IO I(H>

15.
t (unit W)

25.

30.

c- 20. 35.

FIG. 7. Correlation function of the magnetization vs time, for
the Fe8 cluster at a temperature of 4.2 K The experimental points
are obtained as described in the text. The full line represents the
curve fit obtained with an exponential plus an oscillating function.
The dashed line is the fit obtained with the exponential function
alone.
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18 T T TT T T T’ T T 0
16F sy o In(t")=16.9 - 13.6 T"] |(p)=J dtexp(—pt)l(t), (A2)
1ak \ olIn(th=17.4-16.9T" ] °
= 12k X ln('t'])=15.5 -222 Tl_g we have
X 10 £ E (A igX
£ _ 1(0)=(p=iH")1(p). (A3)
p ] \x ] Now, let us introduce the operatérdefined by
‘2‘ ; PO=Tr{p,0},=(O)p, (A4)
00 010 020 030 040 0.0 0.60 where O is an operator which depends on both spin and
UT (K thermal-bath variables. Sind®*=P andP(P—1)=0, P is

a projecting operator on the spin space.

FIG. 8. Plot of IngY) vs T~ for the Fe8 cluster. Crosses refer By applying, firstP and then P to both sides of Eq.
to susceptibility data; full and empty diamonds refer toddloauer (A3), posing I(p)=14(p)+1,(p) with 1,(p)=PI(p) and

O_Iat? corresponding t41=FS, and H=F(S5,5,+S,S), respec- | 5y—(1-P)I(p), and, lastly, eliminatind,(p) from the
tively. equations, we obtain

ture by means of a simple Arrhenius law, far=FS,and  (p—ipH*+ PHp—i(1—P)H*]"1(1—P)H*}4(p)
H=F(S:S,+S,S,), respectively, we obtain
=1(0). (A5)
7o '=(1.6+0.210" s and A=13.7-0.8 K,
Let us define
7o '=(2.1x0.910" s! and A=16.9-2.4 K. R(D)=PHp—i(1— PYH] H1-P)H*.  (A6)
Figure 8 shows a comparison between the fittings corregy s \vrite H*=H
sponding to the Mssbauer and susceptibility data. In the
range from 1.9 to 2.8 R the latter gives

1+H3+H],, and take into account that
PHIO=H’PO, whateverO may be, and®PH30=0, as fol-
lows from the relationPH30=P(H,0—OH,)=0. Then,
701=(5.410° s and A=22.2 K. (5.17) by considering the equality

- i\n

The differences between the Bgbauer and susceptibility ; Xx]-1_ -1 : ) xn
, = : —i(1-P)H] 1= 1+ | =] [(1—P)HX]"},
fitted data can be explained in part as follows. The simple [p=i JH P [ zn: p [ JH]
Arrhenius law assumes a potential barrier whose magnitude (A7)
is independent of the temperature. Actually, as the tempera; . . .
ture increases, spin states with greater and greater enerbtyCan easily be seen th&(p) can be rewritten in the form
become populated. Therefore, the magnitude b_arrler that has R(p)=PHX(1—P)[p—i(1—P)H] Y(1—P)HP,
to be overcome decreases as the temperature increases. Thus (A8)
it is not surprising that the Mssbauer data, which were col- .
lected between 4 and 18 K, give a value fothat is smaller ~and, finally,
than that determined from susceptibility measurement. More-

Cx _
over, sincer(;l increases with the transition probabilities per li(P)=[p—IHI+R(P] 1(0). (A9)
unit time, 7, * is also expected to increase with the temperaFrom this equation, we see that the effects of the interaction
ture. with the thermal bath on the spin cluster are described by an
operatorR. Moreover, the quantum tunneling is described by
ACKNOWLEDGMENTS H,. To be more precise, for the cluster ground state we can

write H;=H{®¥+H.¢, where H{® is the unperturbed
We wish to thank Dr. A. Cornia, Professor D. Gatteschi,Hamiltonian, the states of which are the six lowest Kramer’s
Dr. R. Sessoli, and Dr. L. Sorace for many fruitful discus-doublets and the nine highest singlétis.¢¢, by coupling the
sions about this work. Also, we wish to thank EC throughtwo states of each doublet, causes the quantum tunneling to
MOLNANOMAG (Contract No. HPRN-CT-00012and  occur.

INFM-PRA for their financial support. Now let us consider the Laplace transfoififp) of the
correlation function of the magnetization, which can be writ-
APPENDIX ten in the form

Let us start from the equation expressing the temporaf (p)=(I(0)[p—iH}+ R(p)]~11(0))
evolution ofl:
_ ’ X -1 ’ ’
I(t):equth)l(o) (Al) _MEM, pMM M <M’M|[p |H1+R(p)] |M 'M >

Passing to the Laplace transfotifp) of I(t), (A10)
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In  order to determine the matrix elements whereA =(M|A|M)
(M,M|[p—iH}+R(p)] }M’,M"), we first have to build We wish now to show that, to a good approximation,
the matrix of[p—iHX+R(p)], and then take the inverse of R(p)~R(0). In order to prove this, by assuming for
it. As shown in Ref. 16, the only relevant matrix elements of(F(0)F(t)) an exponential trend withry as the correla-
[p—iH}+R(p)] are the ones between Liouville states tion time, according to EqsA13) and(A15), we can write,
IM,M"), for which the energie€,=Ey are equal. For fori#j,
these elements, we have

(M1, Mi|[p—iHI+R(p)1|M;,M3) (M ,M;[R(p)[M; M)~ —2A? F’Re| ————
p+TO +|(1)ij
=(M1,Mi|[p—iHZH+R(pP)I[Mp,My). (A11) (A16)

At this point, we will expres®(p) in terms ofW's. Since  Since we assumed, > w;; , with all the more reason also
H1, is small with respect to the energy difference betweerr r,<1. As order of magnitude, we then have
the spin states, we can perform the calculation, at the lowest

order in the perturbation theory, by writitlg D7

R~F(F o) ~Trpr

=F(FTO)(1 ) (A17)

1
o0 1+ pTO
R(p)zPH)l(z(l—P)f dtexd —pt+i(H{®*+H¥)t]
0 The p-dependent term of this equation differs frgnfor the
X (1— PYHSP. (A12) quantity (F7o)?/(1+pmg), which, for our assumptions, is
much smaller than 1. That is, the terms-R(p) in Eq.
As H;,=FA(S,.S,,S), we have (F P)H,PO=(F (A11) can be replaced bg+ R(0). Finally, the nondiagonal
—(F)p)[A,(O)p], and assuming(F),=0 we obtain (1 matrix elements oR(0) are given by
—P)H},PO=FA*PO. Taking this relation into account, we

can rewriteR(p) in the form , [
(M;,M;|R(0)|M; ij>:_Aileoodt<F(0)F(t)>

R(p)= f:dt exp(— pt)(F(0)F(t))A%exp H{*t)AX,
(A13)

Since operatoA does not couple the states of the doublets, i2nd the diagonal matrix elements by
is sufficient that we consider thR matrix elements within
the set of state§M;,M;)}. We have

=~ Ww, .m;» (A18)

<Mi,Mi|R<0>|Mi,Mi>=k§_ A?kfm di(F(0)F(1))
(M; M| A%exgt HO"t) AX|M M) (7D

= > Wy u.- (A19)
=2 (Mi|AIM) 3 = (MiAIM) 81) ((MJAIM ) Wiy M
—<M||A|Mj>5jk)exli(iwk|t), (A14) As far as the matrix elements d¢i.¢; are concerned, the

non-null ones aréFig. 3
where wk|=(EMk— EMl)/h. From this the following rela-

tions follow: (MM = M M) =( = MM M M) =y,

(M; M| AexpHEPO A M, M) N x
<M1M|Heff|M1_M>:<M1_M|Heff|MrM>:_VM’
2 Re§k: Adexpliogt) peri=] (A20)

. . o (A15) where vy, is the quantum tunneling frequency for the spin
—2 ReAjjexpli wyit) per i+]j stateM.
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