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Mixed Quantum-Thermal Relaxation in Mny; Acetate Molecules
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We present a theoretical and experimental study of the magnetic field dependence of the relaxation of
the Mn;,O,, acetate compound. Fd@t = 2 K the molecule which starts from the-S) state climbs to
the excited states by means of thermal mechanism, while the remaining barrier is crossed by tunneling.
This mixed gquantum-thermal mechanism shows a critical dependence of the relaxation time with respect
to the external magnetic field. [S0031-9007(97)05090-4]

PACS numbers: 75.70.—i, 03.20.+i, 75.30.Kz, 75.30.Pd

The magnetic relaxation time of molecular clusters camproposed in Ref. [3] (which implies a monotonic decrease
become very large at low temperatures. The most impreof = when increasing the field) and suggest a field-tuned
sive example is the MpO;, group, with a spinS§ = 10,  resonant tunneling between two excited states of (1) when
whose relaxation time- reaches two months [1] in the two eigenvalues,, andE,, are equal. This occurs when
acetate compound (Mp acetate), in zero magnetic field _ _ 2 2 _
at 2 K. Above this temperature<= T = 6 K, 7 follows h = sust, A.p " -Bp(p - am 2mp), - (2)
an Arrhenius law [1,2F = 7o exp(A/kgT) with A/ky =  Wherep = m + m'is an integer. o ,

61 K while the prefactorry ~ 10~ s is extraordinarily ~In particular, the most pronounced minimum is ob-
large. This behavior results from thermally activated Or-Served ford = 0 followed by a first maximum fo#l =
bach processes [3,4]: the molecule must overcome the ety = 1.5 kOe with a high ratior(H )/ 7(H = 0).
ergy barrierA given by the anisotropy allowed by the In this L_ette_r we report the first theoretu_:al study_x_)f
tetragonal symmetry. Atvery low temperatures, relaxatiorS conS|de_r|ng bqth actlvate_d and tunneling transitions.
measurements show that the Arrhenius law is not satisfie/e@ analyze in detail the low field rangh, < H,-;. In
and = goes to a finite limit [5] wher — 0. This was this case, the lowest order spin Hamiltonian allowed by
interpreted as a resonant quantum tunneling of the magnégtragonal symmetry which does not commute viith
tization between the lowest lying energy states [6,7] but a H, = —C[s? + 547, (3)
gquantitative comparison between theory and experiment is - . " .
difficult because of the smallness of the relaxation rate. sufficient f_or tunneling transitions. This term only
X llows tunneling between energy levdls ,, and E,,—
Experimental results are usually analyzed [1-3,9-13 P

assuming a second-order anisotropvAS?.  However hen2m — p is a multiple of 4. A general treatment is
g a: PYAS; - : formidable task because also other interactions (dipolar,
recent high field electron paramagnetic resonance (EP

o random fields, etc.) must be taken into account as well
data [8] suggest the presence of a significant fourth-order . )

) . o ._as spin-phonon terms. However, we shall also discuss
term, so that an approximate spin Hamiltonian appropriate

to Mn,, acetate in the presence of an external figld quilltapvely tunneling betweefr—m) and |m — p) for
o p = 1 in the presence of a transverse field. Our analysis
parallel to the fourfold axis, is

5 . permits us to understand the difference between the

Hy = —AS? — BS? — hS., (1)  energy barrier obtained from relaxation measurements
with » = gugH andg = 2, while A/kz = 0.556 K and [1,2,5,9] and the larger ondEy — Eip)/kp = 66.6 K,
B/kg = 1.1 X 1073 K. Its eigenvector$m) are those of estimated from EPR [8] or inelastic neutron scattering
S. and its eigenvalues arg,, = —Am?> — Bm* — hm.  [14] investigations. We show that the presence of a
Recently, hysteresis loops were recorded [2,9-11Tfor  fourth-order term,B # 0, is necessary to reproduce
2 K, which show steps at roughly constant field intervalsthe experimentalT dependence ofr in the region
AH = 4-5 kOe. This implies that(H) has minimaasa 2=T = 7K.
function of H for these values of the field. These results The time evolution of a spin is described by rate equa-
are irreconcilable with the activated relaxation procesgions which should take into account possible transitions
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from any eigenstatén) to other eigenstates [3]. At high

enough temperature, these transitions are mainly due ®nergy:(E,,+;

the spin-phonon interaction, which will be written as [15]
Hepin-phonon = g(€x{Sx, S} + €,.{S,, 5.}
+ gol€x{Sy, Sy}
+ (e — €,) (7 — SD], (4)

where €;; denote the components of the deformation
tensor and{, } indicates the anticommutator. The first

term, when treated in second order perturbation theory

(Fermi golden rule), [3] gives rise to transitions
from |m) to |m + 1) and |m — 1) (we shall say that
ém = *1) with a transition probability proportional to

dN 2 2

m

dt = Z NV”*P’Y:Z—]) + Z Nm+P7$+p - N
p=1 p=1

|(m + 1|S.S+1|m)|> and to the density of phonons with
— E,). The second term of (4) (neglected
by Villain et al.[3]) can be treated in the same way
and gives rise to transitions withm = *=2. The actual
spin-phonon interaction contains other terms [7], which
could be taken into account in the same way but would
not introduce any new feature. The best fit between
theory and experiment is obtained when one assumes
g2/g = 2.

The existence of sharp minima of the relaxation time as
a function ofH shows that tunneling has to be introduced.
For the sake of simplicity, only tunneling betweén)
and|—m) will be considered. This is correct if the field
is sufficiently low, sayh < A/2. The rate equations are

2
m D> (YITP Y 4 (N_yy = NI, (5)
p=1

whereN,, is the number of molecules in spin stdie). |
ym is the relaxation rate from a stafe:) to a state|q)

eigenvectors are delocalized. This situation (which cor-
responds to the crossing of levels of the Hamiltonian)

due to the spin-phonon interaction and can be calculatedill be called a resonance. In the present Letter, only the

through the golden rule [3].I',, is the tunneling relaxa-
tion rate between the statgs) and|—m). It can be ex-

resonance all = 0 will be addressed. At the resonance
between the statds-m) and|m), eigenvectors of the crys-

pressed in two steps. In the first step, one can ignore thal field Hamiltonian can be formed as symmetric and
spin-phonon interaction and consider the spin subject tantisymmetric combinations df-m) and|m) plus small

its crystal field HamiltonianH, + #{;. If C < A, the  corrections. The energy differendew?,, between the
eigenvectors are generally localized in one of the two resymmetric and antisymmetric wave vectors can be cal-
gionsm < 0 or m > 0. For certain values of the field culated from perturbation theory [6,12,16] for an isolated
H, and in particular forH = 0, one or several pairs of| spin at resonance. The result is

2(=2|HH,12) if m= +2,
hiw?, = 1 2(4| 3,102 /(16A + 256B) if m = +4, (6)
26| H 12)2(—2|H112)/(32A + 1280B)2, if m = *6,

while »%,, = 0 for odd values ofm in the absence of| obtained by Hernandeet al. [11], who assumed tunnel-
transverse magnetic field. In the second step, spin-phonang to be driven by a transverse field alone. Even though
interactions are taken into account through the lifetije  the transverse field due to hyperfine and dipole interaction
of the excited state$—m) and |m) [17]. This lifetime is probably 3 to 5 times as large as the value 0.01 T as-
is a simple function [17] of the coefficientg” and is sumed by Hernandeat al., the difference is large enough
presumably of the order afy. Thus, the spin is subjectto to rule out any interpretation of the experimental data
decay with ratel /7,, and to an oscillation with frequency merely based on the transverse field.
w¥., between wellss, < 0 andS, > 0. Fortimes longer If a spin is thermally activated to the levietm), it can
than1/w%,, this process gives rise to the last term of (5),(i) deactivate to the level—(m + 1)), (ii) climb to the
whereT’,, is given [17,18] by next level|—(m — 1)) [or of course to|—(m — 2)), but
K%, th.is' possibi'l.i_ty will be disregarded for the sake qf ;im-
=13 72 (En — E_p)? /2 plicity], or (iii) tunnel to the statgdm). The event (i) is

the most likely but irrelevant for relaxation. The respec-
This expression depends on the magnetic figlthrough  tive probabilities per unit time of the second and third
(E, — E_,) and is peaked af{ = 0. An order of

events arey_"~Y andT,,, respectively. The transition
magnitude ofwf,, can be obtained from (6) if one writes probability y-m=1 is the product of the Boltzmann fac-
(=21H,12) = (4| H;|0) = Cs*. (8)

tor exd B(E-,» — E—(n—1))] by @ quantity which depends
For H = 0 using the valueCs*/kz = 3 X 107> K esti-

on the spin-phonon interaction, whose order of magnitude
can reasonably be expected to be the prefagtes of the

mated from EPR spectra [8] we obtain from (6) the valuedArrhenius law. Thus, tunneling is expected to dominate

w0y =~ 10" s andwiy = 10° s7!. These estimations thermal activation if

are much larger (by 5 to 7 orders of magnitude) than those CproexdBE-m-1) — E-pn)] > 1.

Ly

(7)

(9)
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This condition contains explicitly or implicitly three 4000
parametersn, H, andT. At a given temperature between

3 and 5 K, and for a given value @t = 2 or 4, formu-

las (9) and (7) show that tunneling dominates thermal ac-

tivation in a band of widtlAH,, centered atf = 0. This 3000
band is broad for smaik and becomes narrower with in-
creasingm. To go beyond these qualitative predictions,
one should calculate the relaxation timefrom the rate
equations. The calculation is similar to that of Villain
et al. [3] but the final formula is much more complicated
because of the transitions withn = 2 and we shall only
give the following qualitative expression valid at very low
temperature wheh is sufficiently large whilel’,, is neg- 1000
ligible for m = 5:

T =exdB(E-4+ — E-5)1/v; . w0 % T T

Only the coefficienty; appears at very low tempera- 0
ture because the bottleneck lies in the last activated

jump [3]. The energy barrier is no longdiy — E_g

but E_s — E_s, which is equal tc84A + 19744B. For H(kOe)

H_ =0, the mOIeCl_‘”e’ which starts from tHe-S) state, FIG. 1. Experimental field dependence af for T = 2.8
climbs to the excited statg-4) by means of thermal and 7 =2.97 K, compared with the theoretical prediction
mechanism, while the remaining barrier is crossed bytalculated from (5). The values of the coefficients have
tunneling betweeri—4) and|4). In order to understand been derived from the golden rule using formula (4) with
between which states tunneling occurs we note that thg/ks = 15.4 K and g,/¢ = 2. The coefficientsl’; and I';

ot ; ; ; ; ave been deduced from (6) while coefficiehts with m > 4
activation barrier obtained from relaxation experiment ave been neglected. The val@/k; =2 X 10-6 K has

[1,4,7,9] isA(0)/ks = 61 K for H = 0, while EPR and  peen ysed, whilet/k; and B/ks have their experimental ones
neutron scattering results suggest that the total anisotropyee text).

barrier is~67-70 K. Thus itis reasonable to hypothesize
that this value should be obtained from relaxation experi-
ment with H = H, , and that tunneling occurs between necessary to adequately reproduce the experimental data.
|—4) and [4). The fact that the activation barriéx(H) It should also be noted that our theory is correct for
is affected by tunneling implies that the correspondingld < 3 kOe and consequently the experimental minima
tunnel frequencywrs should be larger tham,, so that observed forH = H, (with p # 0) are not reproduced.
(9) is satisfied at all temperatures. This is consistent withn Fig. 2 the theoreticak-temperature dependences for
the value of the crystal field parametés*/kz = 3 X H = 0andH = H,, are shown. The calculated relaxa-
1073 K estimated from EPR experiments. df,,7o < 1,  tion times strongly deviate from a single Arrhenius
tunneling between—m) to |m) affects relaxation at low law 7 = 7oexp(A/kzT). However, in the temperature
temperature only. region2 = T = 7 K, where experimental results have
The field dependence of the magnetization relaxatiofeen analyzed, the theoretical results in zero field can be
time was measured with a SQUID magnetometer on aepresented by an Arrhenius law with/k, = 62.12 K
sample comprising six small single crystals, preparednd 7, =2 X 1073 s, in excellent agreement with the
according to literature [19] and glued together on a glasgexperimental data [2,9]. It is noteworthy that,Afwere
support with the easy axis parallel to the applied fieldassumed to be 0, the theoretical relaxation time would be
The sample was cooled in a field ef2 T to achieve fitted in the same temperature range, for= 0.726 K,
saturation, the field was then changed to the requiretddy an Arrhenius law withA /kz = 70.7 Kand 7y = 2 X
positive value, and the magnetization measured at reguldd~° s, which is inconsistent with the experimental data.
intervals in time. The decay is well described by aEquation (10) is not satisfied because the temperatures
single exponential, except at very short times where are too high andl',, is not large enough. However,
faster relaxation is observed. In Fig. 1 the experimentathe tunnel channel is still more efficient than the total
and theoretical field dependence eof are shown for thermal mechanism betwe¢r4) — [0). ForH = H; y
T =28andT = 297 K. A qualitative agreement with the activation barrier is close to the total anisotropy
the experimental data is obtained and in particular théarrier, namelyA(H = H, ) = 67.3 K. For B = 0 the
maximum position and the high ratia(H, 5;)/7(H = 0)  result would beA(H = H, ) = 72.8 K.
are correctly reproduced. It is worthwhile to note that Although the present Letter is mainly devoted to the
the theoretical results are very sensitive to the choice ofesonance ak = 0, it is necessary to say a few words
the value ofC, and a lower value than the EPR one isabout the resonance fat= A. Indeed, the model we have
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The tunneling frequencies at other resonances with odd
values ofm — m' can also be obtained from perturbation
theory. Quite generally, they are proportional to matrix
elements of the typén|FH |m + 1), and therefore to the
transverse field?,. This tunneling frequency is therefore
expected to be much smaller (at least by a factor of 10)
than the tunneling frequency for evém — m’). This
prediction does not seem to be experimentally confirmed.
This seems to be the main question to be elucidated in the
future.
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