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ac susceptibility and NMR observation of a deuterium isotope effect in the magnetization
dynamics of the Mn,,-acetate nanomagnet
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The magnetization reversal dynamics of normal and deuteratgg&dpetate nanomagnets has been studied
above the blocking temperatufg=2.7 K by ac magnetic susceptibility measurements between 100 Hz and 1
MHz and deuteron NMR relaxation. A pronounced isotope effect has been found which can be attributed to the
changes in the strength of the hydrogen bonding of the water molecules on deuteration and the resulting
changes in the spin-phonon coupling. Another point to be stressed is that the activation energy and relaxation
rate obtained from our high-temperature—high-frequency magnetic susceptibility and deuteron NMR spin-
lattice relaxation data are significantly higher than the one obtained from the low-temperature—low-frequency
magnetization switching data.
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I. INTRODUCTION that the relaxation time for magnetization reversal in zero
external magnetic field is indeed given by an Arrhenious law
Molecular clusters consisting of a large number of[Eq.(1)] with A/k=64 K andr,=2.6x10" " s. The gradual
strongly coupled paramagnetic metal ions with a high spirdecrease of the Arrhenius correlation timevith increasing
ground statkoffer the possibility to study the transition from magnetic fieldB is due to the reduction in the barrier height
molecular paramagnetism to bulk ferromagnetism. Of pargnd is compatible with Eq(1) for S=10 andg=2. The
ticular interest is the mechanism responsible for the reversq}[egmar dips in the magnetic-field dependencer dfelow 2
of the cluster magnetization* Because of uniaxial anisot- K,%° on the other hand, are due to resonant quantum tunnel-

ropy the +m and —m states are separated by a potentialing of the magnetization between different levels having the
barrier, which may be overcome by thermally activatedg,yq energy in the two wells.

jumps over the potential barrier or by quantum resonant tun- Proton spin-lattice relaxation time measureménigich

. a7
neI1I'nhgethtr)zl;?-gthhdﬁeza”eligm le is the molecular ma negllow a direct determination of the correlation time
[Mn;,0;(CHsCOO),¢- (Hzo)z] -2CH,COOH: 4H,0, de-g =1/w_ from the obs_ervefl'l minimum at 60 K, yield, on the
noted as Ma,-acetaté=7 The Mny, cluster consists of an other hand, rather differentvalues. These values are by two
outer ring of 8 M+ ions each with spiS=2 and an inner orders of magnitude faster thfir_l_the ones extrapolated from
tetrahedron formed by 4 Mi ions each with a spis= 2. the low-temperature susceptibility measurements and the
Lbove Arrhenius law. The reason for this discrepancy is still

These two rings couple antiferromagnetically leading to )
molecular total spir= 10 ground state. This spin state is in unknown and further checks are necessary. There is also a

the tetragonal crystal field doubly degenerate in the absencdfference 8b9etwe_3en the values deduced frorFFMn and *H
of an external magnetic field. The magnetization switchingN\MR data,” which has been interpreted as arising from the
between the two degenerate= + 10 states has been so far different time regimes of the two sets of measurements.
studied by susceptibility and magnetizafioh as well as Recent electron paramagnetic resonancé&PR
protorf and 5®Mn NMR relaxation measuremerit? It has measurement$ suggest a possible breakdown of the total
been established that at low temperatures the magnetizati&®in (S=10) +d95C{'+pt'0U- A more microscopic approach
reversal is exponentiafollowing an initial short time recov- based on MA*-Mn*" pairs, has been proposed recently to
ery described by a square root of timé behavior't The  explain the low-temperatur@Mn NMR relaxation and other

. . . N 13 ; 5
thermally activated type relaxation via phonon excitationsdata:” It should be also pointed out that protideuteron,

has been described by and**C NMR (Ref. 16 data show that the paramagnetic spin
density of the cluster is at least in part delocalized over the
A—gugS-B entire molecule.
T=To eXF{T} 1) Here we report on ac susceptibility measurements on

Mn,,-acetate and its deuterated analog at frequencies be-
where 7 is the magnetization switching timey the inverse tween 100 Hz and 1 MHz and temperatures between 4 and
attempt frequency, the activation energdyrepresents the 20 K. The frequency range investigated is thus by three to
zero-field anisotropy induced barrier height for the groundfour orders of magnitude larger than studied previodSly.
state®-'andB is the applied external magnetic field. Low- The larger frequency range allows for an analysis of the data
field—low-temperature susceptibility measurements showsing Cole-Cole plots. This approach yields a highly reliable
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determination of the magnetization relaxation frequencieshould be noted that a similar calculation adapted for the
enabling us to search for possible deuteration isotope effectew-temperature regime has been performed by J. Villain
in the magnetization dynamics or a breakdown of the totakt al? In their work only the leading transition terms have
spin S=10 description. been kept resulting in an exponential relaxation rate. Here
We also wished to check on the reported discrepiincywe want to extend this calculation to the high-temperature
between ther values obtained from proton NMR and low- regime and therefore keep all the terms in the relaxation
frequency—low-temperature susceptibility measurements. \Wimatrix.
also decided to perform new deuteron spin-lattice relaxation The anisotropic potential acting on the cluster sfin
time measurements at a different Larmor frequency than=10 is dominated by the easy axis térth
measured previouslyand to compare the results with those
obtained from proton NMR and susceptibility measurements. 0
This should allow for a clear discrimination between Larmor Hy'=—
frequency-dependent one-phonon spin-lattice relaxation pro-
cesses and Larmor frequency-independent Raman-type prathereD=6.1 K. Only the two lowest energy levels0) and
cesses recently suggested to be rate determining foPthe  |—10), coupled by a transverse field tunneling term, are im-
relaxation™® portant at low temperatures. At higher temperatures all ten
Another point to be investigated is the possible differencedoublets plus one singlet are involved. Let us now look into
between the magnetization reversal behavior of Mitetate the linear response of this system when tunneling is ne-
in the low-temperature and high-temperature regimesglected and a small ac magnetic figltd is applied along the
Whereas it is conceivable that the to%# 10 spin of the easy axis. The Hamiltonian now becomes
nanocluster is at least approximately a good quantum num-
ber at low temperatures this is not so obvious at high tem- D\,
peratures. Hy=—|g|Sz~ yuedh S )
It should be noted that a recent neutron-diffractfestudy ‘
showed that hydrogen bonding of the water molecules bewith sSh= shye'“" standing for the applied ac magnetic field.
comes stronger at temperatures below 20 K. For one-phonon In addition to the term listed in Hamiltoniaf2) we also
processes the magnetization dynamics critically depends omssume the presence of other weak interactions containing
the spin-phonon coupling and on the phonon velocity. In caséerms proportional t&,. or S_, such as spin-orbit interac-
of Raman processes it depends on the phonon frequenciestitins or hyperfine interactions, for instance. These terms are
is thus conceivable that in both cases changes in the hydreesponsible for transitions between different spin states. The
gen bonding strength with temperattirand deuteration af- kinetic equations for the populatioms, of the various total

D) 5
35/ (2

fect the spin reversal dynamics. electronic spin states with energy, are then written
The paper is organized as follows. Section Il describes the

theoretical models of ac susceptibility and deuteron spin- Pm=—Wm+ 1mPm— Wm-1mPm* Wm m+1Pm+1

lattice relaxation in the totab=10 spin model. Section Il

contains the experimental details whereas the obtained re- +Wm,m-1Pm-1 )

sults are analyzed and discussed in Sec. IV. The conclusiong,q can be expressed in compact form as
are summarized in Sec. V.

p=Wp. (5)

Heremis the eigenvalue o6, and ranges from-10 to +10
andp=(p_19,P_9,---:Pg,P10) describes the corresponding
Let us first calculate the ac spin susceptibility in the ther-occupation probabilities of the stateg,. W is the transition

mally activated regime using th®=10 spin description. It probability matrix:

Il. THEORY

A. ac spin susceptibility in the thermally activated regime

[ —Wigg Wg 19 000 0 0 7
Wi09 —Wgg—Wg1g 0
[ [ [
w=| [ [ [ (6)
[ [ [
0 —W_g_g—W_g_10 W_g_10
Y 0 000 W_g 10 —~W_g- 10,

094401-2



ac SUSCEPTIBILITY AND NMR OBSERVATION OF A.. ..

Herew,, , stands fow,, ., . Following Lascialfariet al®we
assume that the magnetization relaxation proceeds Awith

==+ 1 transitions due to spin-phonon interactions. Expanding

p(t) =po+Ap(t) where

pozé(eE_m/kT,e—E_glkT,___,e— E1o/kTy )
andZ=Z3, exp(—E;/kT) we obtain
. JW
Ap=W(5h=0)-Ap+|— -oh-pg (8)
sh=0
as
W-po=0. 9

After some manipulations, we now obtain the frequency-

dependent complex susceptibility

_ gugSAp
x(o)= = (10
as
( )_(QMB)Z. _ 1 s (11)
Xo)= g > T ew 1 = Po

Here we introduced the vect&m=(-10,-9,...,9,10 and

the diagonal matrixs:

- _g -
-S+1

12

S

The spin-phonon transition probability,, ., (Refs. 2 and
6) is magnetic-field dependent and is given by

(Emil_ Em)3

e EKT 7 (13

Wm,milzc
wherem goes from—10 to +10. C measures the strength
of the spin-phonon coupling and is given 2y C
= (3/2mpv°h*)|(m|V|m= 1)|? wherev is the phonon veloc-
ity and V is the operator of the spin-phonon interaction. It
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FIG. 1. (a) Computed temperature dependence of the (g3l
part of theS=10 cluster magnetic susceptibility for different fre-
quenciesw and spin-phonon coupling constar@s (b) Computed
temperature dependences of the imagin@y part of theS=10
cluster magnetic susceptibility for different frequencieand spin-
phonon coupling constant.

coupling constant C, between 7,=2.1x10%s for
C=10s tandry=2.1x10"°® sforC=10°s 1. Below the
blocking temperaturer becomes so large thab=>1 and
x'(w)=CIT even for very low frequencies. In this limit the
real part of the magnetic susceptibility follows a Curie law
whereas the imaginary payt(w) drops to zero. It should be,
however, mentioned that in this temperature range the spin
phonon relaxation mechanism becomes ineffective and the
tunneling mechanism takes over.

B. NMR spin-lattice relaxation

The NMR spin-lattice relaxation rate is due to hyperfine
coupling fluctuations and can serve as a probe for the mo-
lecular cluster spin dynamics. It will be evaluated from the
same set of kinetic equations in tBe= 10 total spin model as
the ac-magnetic susceptibility. The difference is that in view
of the presence of the strong magnetic field the magnetiza-
tion double well potential is now strongly asymmetric. In the

o=

10 — . r

1

T=18K

should be mentioned that in case of susceptibility measure-
ments, where we study the response to small magnetic fields
the spin-phonon transition probability is in the first approxi- =
mation magnetic-field independent. This is, however, not
true in the presence of a large external magnetic field.

The calculated temperature dependences of the(xéal
and imaginary(y”) parts of the calculated ac magnetic sus-
ceptibility are shown in Fig. 1 fow=0, 1, 10, 16, and
10° Hz and different values of th€ constant ranging from
C=10-1C s L. The corresponding Argand plojg vs x’
are shown in Fig. 2. In all above cases calculations are made
for an activation energga =73 K. The pre-exponential factor

T=10K

X

79 varied, depending on the value of the electron-phononiifferent temperatures between 4 and 18 K.
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applied magnetic field of 9.1 T the second minimum corre- In the case of protonsl €3) and deuteronslE& 1), the

sponding to the-m states practically disappears. nuclear magnetization of a single nuclear spin decays mo-
There are many nonequivalent nuclear sites in thenoexponentiallysee the Appendixwith a spin-lattice relax-

Mnj,-acetate spin cluster. Let us in the following evaluateation rate given by

the relaxation rate for a given nucleus, e.g., a deuteron, at site

i. The essential terms of the nuclear spin Hamiltonian are 1 +oo :
T_OCJ(“)L):J' (h (0)h_(t))-e~'Ldt, (23
1 — 00

Hsz‘l‘ thf, (14)
where where
HZ:_YNhB'l (15) h.(0)h_(t))= 1 %0 -E /kTh(m) 0 h(m) t
stands for the nuclear Zeeman term and {h.(O)h_( )>—zm=710e + (0)h=7().
(24)
H“pf:azﬁ lePapSp . B=X.Y.2 (16 We now evaluate the autocorrelation function

i ) ) (h(0)h_(t)) and the related spectral densilyw ) with
for the electron-nuclear hyperfine coupling term. The isotroyhe help of the kinetic equations as discussed in the previous
pic part of the hyperfine tensor with componeAtg; is the  chapter. This approach implies that all the hyperfine field

Fermi contact interaction whereas the anisotropic part deyytocorrelation function terms containing the cluster spin
scribes the electron-nuclear dipolar interactions. The ”UCleaﬁomponents S, and S, shall be disregarded, ie.

Hamiltonian can be divided into a time-independent part, (g)h (1))~ (A2.+ A2 0)S.(1)). We assume that at
(H), which determines the NMR spectrum, and a time-t< <(ON-(0)= (At Ay (SL0)SAL). .

D ! . .~ t=0 only the state witm=m’ (determined by the strong
delpendent paf(t), which is responsible for the spin-lattice gyternal magnetic fieldis occupied. The fluctuation in the
relaxation:

magnetic field then spreads out to all magnetic states until
_ thermal equilibrium is reached. Finally one averages over all
H=(H)+H(). (17) initial states so that we get
The time-dependent part of the Hamiltonian for the molecu-

lar cluster in spin staten can be expressed as 1 > —1 i C1—
7, = N0 =AT M (W-io )~'m, (25)
HE (=2, 1,A.5S4"(1), 18
()= 2, 1aAusSE" (1) g
where 10 106 E1o/hT
—Eg/hT
S™(t) =(m|Sy(t)|m). (19 N P o
. - . m=| - |=s mT=2| e =p
The nuclear-spin transition probability{;” ,,_, depends on 9 Z| _ga-Eo/T 0
the Fourier transform of the autocorrelation function of the 10 — 10eEw0/hT
matrix elements lompf(t) at the Larmor frequency, : (26)
o 2 2 2 . : . -
Wim f MIH™ (DM = 15(M — 1IH™(0)|M andALZ=AX?+Ayz. The transition m.atrl'xw is defined by
wem-1” | [Hrp O] A [Hrpr(0)|M) Eq. (6) and is now strongly magnetic-field dependent. The

et resulting spectral density-frequency-inverse temperature sur-
-e”'rdt. (200 face is shown in Fig. 3. The results differ significantly from
The relaxation is produced by the hyperfine field perpendicuth® ones obtained for a_5|mple1e>_<por_1ent|al decay of the au-
lar to the nuclear axis of quantization. tocorrelation function. SinceT(; *) is different for different
For the sake of convenience we can introduce the effecouclear sites we hav_ela relaxation rate distribution(T, Y
tive hyperfine field at the nuclear site, which is for a giveninstead of a singleT; °). The nuclear magnetization recov-
electron spin staten, ery will be thus nonexponential as indeed observed in previ-
ous'H and D NMR experiment&®

h3(t) =2 Aup(m|Ss(t)|m) (2D)
g M (t)=Mo|1— f w(The fd(Teh|.  (27)
and
_ . Expression(27) can be in the present case fitted to a phe-
ha (1) =hy(D)Zihy(1). (22) nomenological stretched exponential decay form:

The term h(zm)(t)lZ does not contribute to the nuclear-spin
relaxation. M(t)=M[1—e VTV, (28)
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FIG. 3. Computed spectral density-frequency-inverse tempera- %D .
ture surface for the deuteron spin-lattice relaxation rate in the g 0010} *.
Mn,-acetate. é’,m .o..
= 0.005 e,
Ill. EXPERIMENTAL TECHNIQUES AND RESULTS ’ ®% ceee
A. Magnetic susceptibility 0000 b—v o 0 L
. .- 8 10 12 14 16
The frequency-dependent complex magnetic susceptibil- T (K)

ity x*(w,T)=x'—ix" was measured in frequency range
from 100 Hz to 1 MHz by a bridge technique using an FIG. 5. (a) Argand plot of ¥’ vs x' for undeuterated
HP4282 Precision LCR Meter. In a temperature scanning/n,,-acetate al =11.85 K. (b) The temperature dependence of the
run, the data were taken on cooling or heating the systemtatic magnetic susceptibility extracted from the Argand plots at
with a typical rate of+0.1 K/min. different temperatures.

The powder samples were ground to fine dust and then

pressed(in order to prevent any reorientatipmto a spe- nary part of the complex magnetic susceptibility of undeu-
cially prepared ceramic cell of volumex2x 0.8 mn? with-  terated as well as deuterated Miacetate systems at differ-
out using any additives. The temperature- and frequencyent frequencies. Both exhibit a pronounced dispersion in the
independent background value of the empty cell was latefagnetic susceptibility below 20 K. Peaks in the imaginary
subtracted from the susceptibility data. part of the complex magnetic susceptibility in the tempera-
Figure 4 shows the temperature dependence of the imagiure range from 16 to 10 K indicate slowing down of the
magnetic relaxation. They occur at different temperatures,
indicating an H/D isotope effect in the magnetization dynam-
ics on deuteration. A more comprehensive representation of
the magnetic relaxation in an Argand pldtig. 5a)] for
undeuterated Mp-acetate indeed confirms the existence of

) at least one polydispersive magnetic mode below 20 K. The
‘BE Argand plots were analyzed by the standard Cole-Cole an-
e satz:
=
(o, T) =t X (29
X 1@ X 1+(iwr)?”

Here Ax=xs— x- and xs and y., are the static magnetic
susceptibility and the high-frequency magnetic background
contribution, respectively, whereass the characteristic re-
FIG. 4. Temperature dependence of the imaginary part of thé@xation time. The parametg measures the degree of the
magnetic susceptibility of undeuterated and fully deuterated?Olydispersivity and was found to be a temperature-
Mn, -acetate at different frequencies showing an isotope effect ifndependent quantity in both undeuterated and fully deuter-
the magnetization dynamics. Circles represent the measurements&€d samples, its value ranging around 0.7.
10 kHz, squares at 100 kHz while triangles stand for 1-MHz mea- Figure 3b) shows the temperature dependence of the
surements. In all cases the solid symbols were used for undeutestatic magnetic susceptibilitys as extracted from Argand
ated while open symbols were used for deuterated samples. plots for the undeuterated sample. A clear Curie plot is ob-

B Ve

T (K)
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T (K) =(2.3+0.6)x 10'° Hz and E,/kg=160+5K for the fully
20 15 10 8 deuterated sample. The observed pre-exponential factors as
16 e well as the activation energies and relaxation rates differ con-
14 | Undeuterated siderably from those obtained previously from low-
| 1£=970x10"° Hz temperature—low-frequency ddfe
12+ 1§=168K It is interesting to note that within the experimental error

the activation energy¥e, did not change significantly with
deuteration while the magnitude of the attempt frequeiRcy

of the magnetic mode decreased by a factor of 4 in the fully
deuterated sample. This demonstrates the existence of a sig-

10

In [freq(Hz)]

6 | Fully deuterated nificant isotope effect in the magnetization reversal dynamics
L £=2.30x10" Hz on deuteration. A similar isotope effect was found in the case
4F E=160K of some of the recently observed dielectric relaxation modes

associated with the motion of @& and COOH molecules in
2r Mn,-acetaté’ and may reflect deuteration induced changes
50 60 70 80 90 100 110 120 130 140 in the H-bond structures. As already mentioned the activation
1000/T (K‘l) energies for the dielectrically active modes are by at least an
order of magnitude higher than the ones for the magnetic
FIG. 6. Temperature dependence of the relaxation frequencied0des so that a clear-cut distinction between these two sets
f=1/277 of undeuterated and deuterated Macetate. of modes is possible.

It should be noted that the above activation energy values
tained for undeuterated as well as deuterated Muetate. It ~are for about 100 K larger than those obtained from low-
should be noted that a similar Curie behavior was recenﬂ%emperature dater® However, previously reported results
observed by dc magnetic susceptibility measurenfefitds ~ have been obtained in the frequency range below 10 kHz and
seems to prove that our data indeed reflect the magnetizatid the temperature range below 10 K. As reported in Ref. 17,
reorientation dynamics. a deviation from Arrhenius behavior was observed at tem-

Figure 6 shows the temperature dependence of the relaReratures aroqnd 10K and.above, where there is a consider-
ation frequencied = 1/2rr7 for the undeuterated and fully @ble increase in the activation energy.
deuterated sample, respectively, determined by fitting the It is concelva_ble that our data, Whlc_h were performed at
magnetic susceptibility data to the ansé2). The straight higher frequenciegup to 1 MH2 and higher temperatures
lines in Fig. 7 imply a thermally activated Arrhenius-type (UP to 20 K), are actually probing the Arrhenius behavior just
behavior, f = f, exp(—E,/ksT), for the relaxation time with befo_re |t.reach(_as the crossover region, i.e., the Arrhenius be-
the following fitting parametersf,=(9.7+2.0)x 1010 Hz ~ havior with a higher activation energy.
and E,/kg=168*=5 K for the undeuterated sample aifigl

B. Deuteron spin-lattice relaxation
T (K)
100 20 15 10 5

T AAARE B o e T 5 T

O Experiment

The temperature dependence of the deuteron spin-lattice
relaxation rate was studied with both the inversion recovery
and the saturation recovery pulse sequences from the Fourier
transform of the echo decay at 9.0 T between 4 and 293 K.
The sample was prepared in the same way as for the ac-
susceptibility measurements. The deuteron Larmor frequency
was 58 MHz. The relaxation rate was measured on the least
shifted (i.e., — CD;) deuteron NMR liné?®

The nuclear magnetization recovery was studied over five
decades and was in all cases found to be strongly nonexpo-
nential. We note thatH magnetization recovery cunfes
were also strongly nonexponential and the effective spin-
lattice relaxation time was estimated from the initial slope of

[ v,(’H)=58 MHz

3 00 100 200 300 the magnetization recovery curve. Our data could be fitted
N — either with a stretched exponential foffag. (26)] or with a
0 50 100 150 200 three exponential fit with nearly the same accuracy.
1000/T (K‘l) As it can be seen from Fig. 7 the deuterdp decreases

with decreasing temperature on cooling from room tempera-

FIG. 7. Temperature dependence of the deuteron spin-lattice rdUré down to about 50 K where a Bloembergen-Purcell-
laxation time parameter§; at o /27=58 MHz extracted from a Pound (BPP-type T, minimunt® is reached. Below the
stretched exponential fit to the nuclear magnetization recoveryninimumT, increases with decreasing temperature reaching
curves. The temperature dependence of the stretched expsieent a maximum at around 25 K. After thdt, decreases again
shown in the inset. with decreasing temperature, reaches aTlaminimum be-
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tween 10 and 15 K after which it strongly increases withthe potential well. This is indeed reflected in the relaxation
decreasing temperature on approaching the blocking tenrate versus frequency versus temperature suffice 3) ob-
perature. Our present data at 58 MHz thus roughly agretined from our model calculations.
with the previous ones at 41 MH2.In our previous study Another problem is the origin of the nonexponential
we as well used a stretched exponential fit and as well foungluclear magnetization recovery process, which we described
two deuterorilT; minima as in the present study. The differ- by a stretched exponential fit. We have more than 56 differ-
ences can be attributed to the experimental errors involved iant nuclear hydrogen sites with different relaxation rates in
the Stretched eXponentia| f|t and the Sl|ght diﬁerence in thqhe Mnlz_acetate Spin C|uster_ It is therefore C|ear that we
Larmor frequencies. The high-temperature deutdfpmini-  have a spin-lattice relaxation rate distribution, which can be
mum occurring between 50 and 70 K correlates well with thesimulated by a stretched exponential nuclear magnetization
minimum observed in the protohy around 60 K at Larmor  relaxation behavior. The accuracy of the correlation times
frequencies 87 and 200 MHThe low-temperature deuteron extracted from the magnetization recovery curves depends
T, minimum occurring around 10 K was not seen in theon the stretched exponential exponentThe stretched ex-
protonT; measurements probably due to the too short protoponenta is of the order of 0.8 from room temperature down
T, values involved. Considering the electronic nuclear ento 80 K. It decreases to about 0.6 around 50 K and than
ergy conservation requirement we should mention that thexhibits a rather anomalous behavior. It increasesato
existence of proton and deuterdn minima seems to prove ~0.85 at 10 K and then decreases to 0.4 on cooling to 4 K.
that we are dealing with BPP-type direct spin-lattice relax- Since the Shape of the |ow-temperatl]'r§ minimum is
ation processéS rather than with two-phonon Raman pro- affected by the anomalous temperature dependence of the
cesses as involved for MRy data!® In this latter case n@;  stretched exponent, we decided to check the reliability of
minimum is expected. An additional support for this fact isthe above data by using a three-exponential fit for the mag-
given by the strong Larmor frequency dependence of theetization recovery. At 55 K we then obtain that 29% of the
proton T, datd between 200 and 14 MHz. Such a Larmor geuteron magnetization relaxes with &), of =1 ms, 33%
frequency dependence cannot be explained by Raman pr@jth a (T,),=6 ms, and 38% with aT;).=81 ms. All three
cesses. The difference in the rate determining spin-lattice re&components are temperature dependent and first decrease and
laxation mechanisms for Mi; on one sid®’ and’H and®H  then increase with decreasing temperature. The 1Ghd.(
Tj_ on the other side may be the rather different Larmor fre-component shows a broﬂ minimum centered around 19
quencies involved in these two cases. The Mn Larmor frex the intermediate T,);, exhibits a sharp minimum around
quencies occur between 300 and 500 MHz and thus approady K and the shortT;), component a not very pronounced
the range where two-phonon processes usually become moggnimum around 30 K. The correlation time values extracted
effective than direct one-phonon processes. from these minima are within an order of magnitude similar
The minimum around 50 K corresponds to a thermallyto the ones obtained from the stretched exponential fit. Nev-
activated electron-spin correlation time=7oexpEa/kT)  ertheless, we believe that in view of the large number of
with E,=200-250K and an attempt frequencyo  nonequivalent deuteron sites, the stretched exponential fit
=1/2m7y~0.4x 10'° Hz. Both the activation energy and the petter reflects the real physical situation than the three expo-
attempt frequency are in our deuterated sample higher thagential fit.
in protonated Mp,-acetate and are within the limits of the |t should be stressed that the deuterbp data yield
fitting uncertainty comparable with the ac magnetic suscepelectron-spin-correlation rates *, which are by two orders
tibility data (E,=160 K) described in the previous section. of magnitude faster than the ones determined from low-
Both activation energies are much higher than the valé@s temperature—low-frequency susceptibility measurements.
K) obtained from low-temperature—low-frequency magneti-This result agrees both with previous profbpdatf as well
zation reversal measurements described in the literature. as with our dynamic susceptibility measurements above the
An important question is the origin of the tilg minima.  plocking temperature. The deuterdp data also confirm the

The easiest explanation would be that we have two differengccurrence of an isotope effect in the magnetization dynam-
relaxation mechanisms characterized by two different correjcs on deuteration.

lation timesr as discussed previousiyWe believe that this
explanation is not realistic in view of the fact that two relax-

ation rates have not been seen in our dynamic susceptibilit.y IV. CONCLUSIONS
measurements. It should be also mentioned that dielectric
relaxation data, which are susceptible tgCHdipole reorien- We have presented a model for the electron-spin dynam-

tations, gave activation energies exceeding 1000 K, i.e., ades in the Mn,-acetate spin cluster where not only the
tivation energies which are by a factor of 10 higher than theground but also all higher excited electron spin states are
ones observed in susceptibility measurements and deuterdaken into account. We used this model for the determination
spin-lattice relaxation data. This means that the two minimaf the ac-magnetic susceptibility and the deuteron NMR
involved are indeed related with magnetization reversal prospin-lattice relaxation rate in the temperature range where the
cesses and not with molecular reorientations. electron-spin dynamics is determined by phonon assisted
According to our opinion the two minima reflect the fact jumps of the Mn,-acetate cluster magnetization over the po-
that the electronic spin states at the top of the barrier have &ntial barrier. The obtained results were compared with
very different relaxation rate from the states at the bottom ofmagnetic susceptibility and deuterdp measurements in the
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temperature range above the “blocking” temperature. Outtions for the nuclear spih=1 induced by hyperfine field

results show: fluctuations are thus
(i) There is a significant isotope effect in the magnetiza-

tion reversal dynamics of Mpacetate on deuteration at dN,

temperature§ >10 K. FTE (Wo1t W_19)N;+WgNg+W;_1N_q,
(i) The molecular cluster spin relaxation rates and the

activation energy obtained from our high-temperature—high-

frequency magnetic susceptibility and deuteron NMR dNo

data are significantly higher than the one obtained from the gt~ WorNa = (Wogt Wig)No+Wo-aN-y,

low-frequency—low-temperature magnetization switching
and susceptibility data. g
The observed isotope effects in the magnetization dynam- N_3
ics reflect the change |F|31 the phonon velocity and spin phonon dt =W_ 1Ny +W_3No— (Wi 1+ Wo_1)N_;.
coupling due to change in the strength of the hydrogen bond- (A1)
ing of water molecules on deuteration.
Our observations also show that there is a crossover frorplere Wy, =W,;o=Wy_;=W_;,.=W and W_;;=W,_;=0.
the low activation energy to a high activation energy behavThe deuteron magnetization is given M —1N_;+ 0N,
ior and magnetization reversal dynamics around 10 K. Thist 1N,=N,—N_;. This yields
seems to show that at higher temperatures and frequencies
the magnetic relaxation of the cluster can no longer be de- dM
scribed by the fluctuations of its total spB+ 10;% and that WM (A2)
a microscopic approach involving individual MhMn** dt
spins is necessary.
so that the deuteron magnetization decay at a given nuclear
APPENDIX: DEUTERON MAGNETIZATION DECAY FOR site is monoexponential with
RELAXATION VIA HYPERFINE FIELD FLUCTUATIONS

A given deuteron with a spin 1 has three energy levels, 1, i =Wyy. (A3)

0, —1, in an external magnetic field. The population equa- T

1D. Gatteschi, A. Caneschi, L. Pardi, and R. Sessoli, Sciésée  N. V. Prokofev and P. C. E. Stamp, Phys. Rev. Les0),

1054 (1994. 12 5794(1998.
23, Villain, F. Hartman-Bourton, R. Sessoli, and R. Rettori, Euro-~-S- Hill, J. A. A. J. Perenboom, N. S. Dalal, T. Hathway, T. Stal-
phys. Lett.27, 159 (1994 cup, and J. S. Brooks, Phys. Rev. L&, 2453(1998.
. Lett.27, : 13 .
3C. Paulsen, J.-G. Park, B. Barbara, R. Sessoli, and A. Caneschi, J.S.z(\)(gmamoto and T. Nakanishi, Phys. Rev. L&8, 157603
Magn. Magn. Mater140-144, 379 (1995. 14 (2002,

J. Dolingk, D. Arcon, R. Bling, P. Vonlanten, J. L. Gavilano, H.
4 . . . B ] i) 1 i 1
Jonathan R. Friedman, M. P. Sarachik, J. Tejada, and R. Ziolo, R. Oft, R. M. Achey, and N. S. Dalal, Europhys. Let®, 691

Phys. Rev. Lett76, 3830(1996. (1998.

SM. Hennion, L. Pardi, I. Mirebeau, E. Suard, R. Sessoli, and Alsp Arcon, J. Dolirgk, T. Apih, R. Blinc, N. S. Dalal, and R. M.
Caneschi, Phys. Rev. 86, 8819(1997). Achey, Phys. Rev. 558, R2941(1998.

6A. Lascialfari, Z. H. Jang, F. Borsa, P. Carretta, and D. Gatteschil®R. M. Achey, P. L. Kuhns, A. P. Reyes, W. G. Moulton, and N. S.
Phys. Rev. Lett81, 3773 (1998; see also A. Lascialfari, D. Dalal, Phys. Rev. B4, 064420(200)); Solid State Commun.
Gatteschi, F. Borsa, A. Shastri, Z. H. Jang, and P. Carreta, Phys. 121, 107 (2002.
Rev. B57, 514(1998. 7A. M. Gomes, M. A. Novak, R. Sessoli, A. Caneschi, and D.

’J. A. A. J. Perenboom, J. S. Brooks, S. Hill, T. Hathaway, and N.  Gatteschi, Phys. Rev. B7, 5021(1998.
S. Dalal, Phys. Rev. B8, 330(1998. 8p_ Langan, R. Robinson, P. J. Brown, D. Argyriou, D. N. Hen-

8T. Kubo, T. Koshiba, T. Goto, A. Oyamada, Y. Fujii, K. Takeda,  drickson, and G. Christou, Acta Crystallogr., Sect. C: Cryst.
and K. Awaga, Physica B94-295 310(2002). Struct. CommunC57, 909 (2001).

°T. Goto, T. Kubo, T. Koshiba, Y. Fuijii, A. Oyamada, J. Arai, K. °Z. Kutnjak, C. Filipig A. Levstik, R. M. Achney, and N. S. Dalal,
Takeda, and K. Awaga, PhysicaZB4-288 1227 (2000. Phys. Rev. B59, 11 147(1999.

107, H. Jang, A. Lascialfari, F. Borsa, and D. Gatteschi, Phys. Rev2°A. Abragam,Principles of Nuclear MagnetisrtOxford Univer-
Lett. 84, 2977 (2000. sity Press, Oxford, 1961

094401-8



