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We present a theoretical and experimental study of the magnetic field dependence of the relaxation of
the Mn12O12 acetate compound. ForT $ 2 K the molecule which starts from thej2Sl state climbs to
the excited states by means of thermal mechanism, while the remaining barrier is crossed by tunneling.
This mixed quantum-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
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The magnetic relaxation time of molecular clusters ca
become very large at low temperatures. The most impre
sive example is the Mn12O12 group, with a spinS  10,
whose relaxation timet reaches two months [1] in the
acetate compound (Mn12 acetate), in zero magnetic field
at 2 K. Above this temperature2 # T # 6 K, t follows
an Arrhenius law [1,2]t  t0 expsDykBT d with DykB 
61 K while the prefactort0 ø 1028 s is extraordinarily
large. This behavior results from thermally activated O
bach processes [3,4]: the molecule must overcome the
ergy barrierD given by the anisotropy allowed by the
tetragonal symmetry. At very low temperatures, relaxatio
measurements show that the Arrhenius law is not satisfi
and t goes to a finite limit [5] whenT ! 0. This was
interpreted as a resonant quantum tunneling of the mag
tization between the lowest lying energy states [6,7] but
quantitative comparison between theory and experimen
difficult because of the smallness of the relaxation rate.

Experimental results are usually analyzed [1–3,9–1
assuming a second-order anisotropy:2AS2

z . However,
recent high field electron paramagnetic resonance (EP
data [8] suggest the presence of a significant fourth-ord
term, so that an approximate spin Hamiltonian appropria
to Mn12 acetate in the presence of an external fieldH
parallel to the fourfold axisz, is

H0  2AS2
z 2 BS4

z 2 hSz , (1)

with h  gmBH andg  2, while AykB  0.556 K and
BykB  1.1 3 1023 K. Its eigenvectorsjml are those of
Sz and its eigenvalues areEm  2Am2 2 Bm4 2 hm.
Recently, hysteresis loops were recorded [2,9–11] forT .

2 K, which show steps at roughly constant field interva
DH . 4 5 kOe. This implies thattsHd has minima as a
function of H for these values of the field. These result
are irreconcilable with the activated relaxation proce
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proposed in Ref. [3] (which implies a monotonic decrea
of t when increasing the field) and suggest a field-tun
resonant tunneling between two excited states of (1) wh
two eigenvaluesEm andEm0 are equal. This occurs when

h  gmBHp  Ap 1 Bpsp2 1 2m2 2 2mpd , (2)

wherep  m 1 m0 is an integer.
In particular, the most pronounced minimum is o

served forH  0 followed by a first maximum forH 
H1,M . 1.5 kOe with a high ratiotsH1,M dytsH  0d.

In this Letter we report the first theoretical study oft

vs H considering both activated and tunneling transition
We analyze in detail the low field range,H , Hp1. In
this case, the lowest order spin Hamiltonian allowed
tetragonal symmetry which does not commute withSz,

H1  2CfS4
1 1 S4

2g , (3)

is sufficient for tunneling transitions. This term onl
allows tunneling between energy levelsE2m and Em2p

when2m 2 p is a multiple of 4. A general treatment i
a formidable task because also other interactions (dipo
random fields, etc.) must be taken into account as w
as spin-phonon terms. However, we shall also disc
qualitatively tunneling betweenj2ml and jm 2 pl for
p  1 in the presence of a transverse field. Our analy
permits us to understand the difference between
energy barrier obtained from relaxation measureme
[1,2,5,9] and the larger one,sE0 2 E10dykB  66.6 K,
estimated from EPR [8] or inelastic neutron scatteri
[14] investigations. We show that the presence of
fourth-order term, B fi 0, is necessary to reproduc
the experimentalT dependence oft in the region
2 # T # 7 K.

The time evolution of a spin is described by rate equ
tions which should take into account possible transitio
© 1998 The American Physical Society
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from any eigenstatejml to other eigenstates [3]. At hig
enough temperature, these transitions are mainly du
the spin-phonon interaction, which will be written as [1

Hspin-phonon  gsexzhSx , Szj 1 eyzhSy , Szjd

1 g2fexyhSx , Syj

1 sexx 2 eyyd sS2
x 2 S2

y dg , (4)
where eij denote the components of the deformat
tensor andh , j indicates the anticommutator. The fir
term, when treated in second order perturbation the
(Fermi golden rule), [3] gives rise to transition
from jml to jm 1 1l and jm 2 1l (we shall say that
dm  61) with a transition probability proportional t
t

r

f
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]
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jkm 6 1jSzS61jmlj2 and to the density of phonons with
energy:sEm61 2 Emd. The second term of (4) (neglecte
by Villain et al. [3]) can be treated in the same wa
and gives rise to transitions withdm  62. The actual
spin-phonon interaction contains other terms [7], whi
could be taken into account in the same way but wou
not introduce any new feature. The best fit betwe
theory and experiment is obtained when one assum
g2yg  2.

The existence of sharp minima of the relaxation time
a function ofH shows that tunneling has to be introduce
For the sake of simplicity, only tunneling betweenjml
and j2ml will be considered. This is correct if the field
is sufficiently low, sayh , Ay2. The rate equations are
dNm

dt


2X
p1

Nm2pgm
m2p 1

2X
p1

Nm1pgm
m1p 2 Nm

2X
p1

sgm2p
m 1 gm1p

m d 1 sN2m 2 NmdGm , (5)
t
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whereNm is the number of molecules in spin statejml.
g

q
m is the relaxation rate from a statejml to a statejql

due to the spin-phonon interaction and can be calcula
through the golden rule [3].Gm is the tunneling relaxa-
tion rate between the statesjml and j2ml. It can be ex-
pressed in two steps. In the first step, one can ignore
spin-phonon interaction and consider the spin subjec
its crystal field HamiltonianH0 1 H1. If C ø A, the
eigenvectors are generally localized in one of the two
gions m , 0 or m . 0. For certain values of the field
H, and in particular forH  0, one or several pairs o
ed

the
to

e-

eigenvectors are delocalized. This situation (which co
responds to the crossing of levels of the Hamiltonia
will be called a resonance. In the present Letter, only t
resonance atH  0 will be addressed. At the resonanc
between the statesj2ml andjml, eigenvectors of the crys-
tal field Hamiltonian can be formed as symmetric an
antisymmetric combinations ofj2ml and jml plus small
corrections. The energy differencēhv

0
Tm between the

symmetric and antisymmetric wave vectors can be c
culated from perturbation theory [6,12,16] for an isolate
spin at resonance. The result is
h̄v0
Tm 

8<: 2k22jH1j2l if m  62 ,
2k4jH1j0l2ys16A 1 256Bd if m  64 ,
2k6jH1j2l2k22jH1j2lys32A 1 1280Bd2, if m  66 ,

(6)
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0
Tm  0 for odd values ofm in the absence of

transverse magnetic field. In the second step, spin-phon
interactions are taken into account through the lifetimetm

of the excited statesj2ml and jml [17]. This lifetime
is a simple function [17] of the coefficientsgm0

m and is
presumably of the order oft0. Thus, the spin is subject to
decay with rate1ytm and to an oscillation with frequency
v

0
Tm between wellsSz , 0 andSz . 0. For times longer

than1yv
0
Tm, this process gives rise to the last term of (5)

whereGm is given [17,18] by

Gm 
4sv0

Tmd2tm

1 1 t2
msEm 2 E2md2yh̄2 . (7)

This expression depends on the magnetic fieldH through
sEm 2 E2md and is peaked atH  0. An order of
magnitude ofv0

Tm can be obtained from (6) if one writes

k22jH1j2l ø k4jH1j0l ø Cs4. (8)

For H  0 using the valueCs4ykB  3 3 1025 K esti-
mated from EPR spectra [8] we obtain from (6) the value
v

0
T2 ø 1011 s21 and v

0
T4 ø 109 s21. These estimations

are much larger (by 5 to 7 orders of magnitude) than tho
n

s

e

obtained by Hernándezet al. [11], who assumed tunnel
ing to be driven by a transverse field alone. Even thou
the transverse field due to hyperfine and dipole interact
is probably 3 to 5 times as large as the value 0.01 T
sumed by Hernándezet al., the difference is large enoug
to rule out any interpretation of the experimental da
merely based on the transverse field.

If a spin is thermally activated to the levelj2ml, it can
(i) deactivate to the levelj2sm 1 1dl, (ii) climb to the
next level j2sm 2 1dl [or of course toj2sm 2 2dl, but
this possibility will be disregarded for the sake of sim
plicity], or (iii) tunnel to the statejml. The event (i) is
the most likely but irrelevant for relaxation. The respe
tive probabilities per unit time of the second and thi
events areg2sm21d

2m and Gm, respectively. The transition
probability g2sm21d

2m is the product of the Boltzmann fac
tor expfbsE2m 2 E2sm21ddg by a quantity which depends
on the spin-phonon interaction, whose order of magnitu
can reasonably be expected to be the prefactor1yt0 of the
Arrhenius law. Thus, tunneling is expected to domina
thermal activation if

Gmt0 expfbsE2sm21d 2 E2mdg . 1 . (9)
613
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This condition contains explicitly or implicitly three
parameters:m, H, andT . At a given temperature between
3 and 5 K, and for a given value ofm  2 or 4, formu-
las (9) and (7) show that tunneling dominates thermal a
tivation in a band of widthDHm centered atH  0. This
band is broad for smallm and becomes narrower with in-
creasingm. To go beyond these qualitative predictions
one should calculate the relaxation timet from 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 withdm  2 and we shall only
give the following qualitative expression valid at very low
temperature whenG4 is sufficiently large whileGm is neg-
ligible for m $ 5:

t . expfbsE24 2 E2Sdgyg5
4 . (10)

Only the coefficientg5
4 appears at very low tempera-

ture because the bottleneck lies in the last activat
jump [3]. The energy barrier is no longerE0 2 E2S

but E24 2 E2S, which is equal to84A 1 19744B. For
H  0, the molecule, which starts from thej2Sl state,
climbs to the excited statej24l by means of thermal
mechanism, while the remaining barrier is crossed b
tunneling betweenj24l and j4l. In order to understand
between which states tunneling occurs we note that t
activation barrier obtained from relaxation experimen
[1,4,7,9] isDs0dykB  61 K for H  0, while EPR and
neutron scattering results suggest that the total anisotro
barrier is,67 70 K. Thus it is reasonable to hypothesize
that this value should be obtained from relaxation expe
ment with H  H1,M and that tunneling occurs between
j24l and j4l. The fact that the activation barrierDsHd
is affected by tunneling implies that the correspondin
tunnel frequencyvT4 should be larger thant0, so that
(9) is satisfied at all temperatures. This is consistent w
the value of the crystal field parameterCs4ykB  3 3

1025 K estimated from EPR experiments. IfvTmt0 , 1,
tunneling betweenj2ml to jml affects relaxation at low
temperature only.

The field dependence of the magnetization relaxatio
time was measured with a SQUID magnetometer on
sample comprising six small single crystals, prepare
according to literature [19] and glued together on a gla
support with the easy axis parallel to the applied fiel
The sample was cooled in a field of22 T to achieve
saturation, the field was then changed to the requir
positive value, and the magnetization measured at regu
intervals in time. The decay is well described by
single exponential, except at very short times where
faster relaxation is observed. In Fig. 1 the experiment
and theoretical field dependence oft are shown for
T  2.8 andT  2.97 K. A qualitative agreement with
the experimental data is obtained and in particular th
maximum position and the high ratiotsH1,M dytsH  0d
are correctly reproduced. It is worthwhile to note tha
the theoretical results are very sensitive to the choice
the value ofC, and a lower value than the EPR one i
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FIG. 1. Experimental field dependence oft for T  2.8
and T  2.97 K, compared with the theoretical prediction
calculated from (5). The values of the coefficientsg

p
m have

been derived from the golden rule using formula (4) with
gykB  15.4 K and g2yg  2. The coefficientsG4 and G2
have been deduced from (6) while coefficientsGm with m . 4
have been neglected. The valueCykB  2 3 1026 K has
been used, whileAykB and BykB have their experimental ones
(see text).

necessary to adequately reproduce the experimental da
It should also be noted that our theory is correct fo
H , 3 kOe and consequently the experimental minim
observed forH  Hp (with p fi 0) are not reproduced.
In Fig. 2 the theoreticalt-temperature dependences for
H  0 andH  H1,M are shown. The calculated relaxa-
tion times strongly deviate from a single Arrhenius
law t  t0 expsDykBT d. However, in the temperature
region 2 # T # 7 K, where experimental results have
been analyzed, the theoretical results in zero field can
represented by an Arrhenius law withDykb  62.12 K
and t0  2 3 1028 s, in excellent agreement with the
experimental data [2,9]. It is noteworthy that, ifB were
assumed to be 0, the theoretical relaxation time would b
fitted in the same temperature range, forA  0.726 K,
by an Arrhenius law withDykB  70.7 K and t0  2 3

1029 s, which is inconsistent with the experimental data
Equation (10) is not satisfied because the temperatur
are too high andGm is not large enough. However,
the tunnel channel is still more efficient than the tota
thermal mechanism betweenj24l ! j0l. For H  H1,M
the activation barrier is close to the total anisotropy
barrier, namely,DsH  H1,Md  67.3 K. For B  0 the
result would beDsH  H1,Md  72.8 K.

Although the present Letter is mainly devoted to the
resonance ath  0, it is necessary to say a few words
about the resonance ath  A. Indeed, the model we have
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FIG. 2. T dependence oft for H  0 (solid line) and for
H  H1,M (dashed line). The parameters are the same as
Fig. 1.

used to explain the resonance ath  0 is based on
formulas (1) and (3), which only allow tunneling between
statesjml and jm0l for which the differencedm  m0 2

m is a multiple of 4. This implies thatm andm0 should
have the same parity, so thatp  m 1 m0 is an even
number in (2) and no resonance can occur nearh  A in
the model used above. It is therefore necessary to mod
the model and to assume that some transverse magn
field is present [7]. This field can be either external [11
or the result of dipole interactions with other molecule
[7,20] or of hyperfine interactions. As stated above, a
external field alone is probably too weak to accoun
for the order of magnitude of the observed tunneling
Both a transverse external fieldHx  hxysgmBd and the
anisotropy (3) are probably necessary. The former brea
the selection ruledm  multiple of 4, and the latter
provides the right order of magnitude. For instance, th
tunneling frequency betweenj23l and j2l at resonance
(i.e., for E0

2 ø E0
23 or h ø A 1 13B) can be obtained

from perturbation theory [12,16] as the absolute value o

h̄v
0T
3̄2  2

k23jH j1l k1jH j2l
k1jH 2 E0

2 j1l

1 2
k23jH j22l k22jH j2l

k22jH 2 E0
2 j22l

, (11)

whereH is the total spin Hamiltonian.
in

ify
etic
]
s
n
t
.

ks

e

f

The tunneling frequencies at other resonances with od
values ofm 2 m0 can also be obtained from perturbation
theory. Quite generally, they are proportional to matrix
elements of the typekmjH jm 6 1l, and therefore to the
transverse fieldHx. This tunneling frequency is therefore
expected to be much smaller (at least by a factor of 10
than the tunneling frequency for evensm 2 m0d. This
prediction does not seem to be experimentally confirmed
This seems to be the main question to be elucidated in th
future.
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