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Magnetic-field-dependent thermodynamics of Mn12-acetate single crystals at low temperatures
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Thermal measurements of single microcrystals of Mn12 acetate have been performed with a particularly
sensitive nanocalorimeter. Heat-capacity measurements as a function of applied magnetic field demonstrate
magnetization quantum tunneling at the crossing of crystal-field levels. We present a theoretical model of the
magnetic heat capacity of Mn12 acetate that approximately agrees with experimental results. Temperature
measurements as a function of a slowly scanned magnetic field confirm earlier magnetization measurements
and suggest that the thermal coupling between bath and sample, as well as the thermal conductivity of the
crystals, play a major role in the magnetization reversal.@S0163-1829~98!06041-X#
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I. INTRODUCTION

There has been intensive recent study of magnetiza
reversal against a high anisotropy barrier by macrosco
quantum tunneling in very small monodomain particles.1 Be-
low a certain crossover temperature, the relaxation of m
netization in these mesoscopic particles is much faster
predicted by the classical models of magnetization rever
such as the Ne´el-Brown model.2 A great effort is underway
to determine whether this effect is due to quantum tunne
of magnetization because of both theoretical interest and
ture technical applications of nanomagnets.3 The investigator
of mesoscopic magnetic systems encounters the difficult
clearly discerning quantum-mechanical effects from class
ones. Real samples very often consist of a set of particles
unavoidably have different shapes and sizes, so that the
tribution of the relevant parameters, such as anisotropy c
stant and particle volume, is relatively broad and makes
interpretation difficult. In addition, an exchange coupling b
tween particles is often unavoidable. Therefore meas
ments are preferably made on either a single particle,4 which
presents an experimental challenge due to the smallnes
the sample, or on one of the few known systems of identi
noninteracting particles. Mn12-acetate crystals5 ~for a short
review, see Ref. 6! belong to the latter class as they a
arrangements of identical magnetic clusters in an orga
matrix, without exchange coupling from one cluster to a
other. Each cluster is composed of 12 manganese ions
are coupled in a ferrimagnetical configuration to aS510
macrospin~henceforth we will refer to it simply as ‘‘spin’’!.
Excitations within the cluster can be neglected at tempe
tures sufficiently far below7 30 K. The crystals are rectangu
lar parallelepipeds with tetragonal symmetry. A strong cr
talline anisotropy lifts the 2S11 degeneracy of the magnet
levels in zero field, creating a configuration where two we
are separated by a barrier8 of about 60 K. The relaxation time
PRB 590163-1829/99/59~1!/519~10!/$15.00
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of the magnetization is therefore very long at lo
temperatures.9 The spacing between the levels in the wells
large ~up to about 12 K! and thus typical of a microscopic
quantum system. A resonant tunneling of molecular sp
between matching levels on opposite sides of the poten
barrier formed by the anisotropy was recen
demonstrated.10–13

The manganese system is superparamagnetic and ca
described by a Hamiltonian of the form14

H52DSz
22gmBSzH1H l , ~1!

where D50.6 K is the anisotropy energy per cluster,DSz
2

560 K is the anisotropy energy,H the magnetic field ap-
plied parallel to the easy axis of magnetization,g.2 is the
gyromagnetic factor, andSz the spin per cluster. The term
H l is a Hamiltonian that does not commute withSz and
results from the demagnetizing field, dipole coupling, high
anisotropy terms, and/or hyperfine splitting. A great effort
underway to understand its origin,15,2,14as it rules the tunnel-
ing phenomenon and is the key to an enhancement of
relaxation time that would be necessary for technical ap
cations.

Up to now the Mn12 complex has been studied by ma
netization measurements, ac susceptibility, and elec
paramagnetic resonance measurements~see, for example,
Refs. 9, 12, 16, and 17!. The heat capacity has been me
sured on powder samples of Mn12 acetate.11 These studies
show that the environment acts on the quantum tunneling
magnetization, thermally activating the tunneling betwe
levels in a way that is still not well understood. For the
reasons it is important to study the interaction of the m
netic system of the crystal with the phonon bath.

Small single crystals generally have a better structu
quality than big ones, while the broadening found on pow
samples due to the slightly different characteristics of e
519 ©1999 The American Physical Society
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520 PRB 59F. FOMINAYA et al.
crystal or to their orientation dispersion in an applied ma
netic field is absent. On the other hand, the thermal cond
tivity of Mn12 acetate is very low in the usually studied ran
of temperatures~0.5–30 K!, so that small crystals reach the
mal equilibrium more rapidly than larger ones, and theref
are better suited for accurate dynamic thermal measurem
A very sensitive nanocalorimeter, especially devised for s
measurements,18 allowed us to perform unprecedente
specific-heat measurements of small Mn12-acetate single
crystals.13 In this article, we first describe the theoretic
backgrounds to specific-heat measurements of slowly re
ing modes in a magnetic double-well system. Then we co
pare the theoretical predictions to the measured specific
C(H) of small single crystals of Mn12 acetate as a function
of an applied magnetic fieldH at different temperatures an
frequencies. Finally, we study the temperatureT(H) of the
crystals as a function of a scanning magnetic field and
suggest a qualitative interpretation of the results.

II. SPECIFIC HEAT OF SLOWLY RELAXING MODES

The conditio sine qua nonto measure a specific heat
thermal equilibrium is that any internal relaxation process
the sample be much shorter or much longer than the mea
ing time. In the first case all relaxation processes have t
to take place, and a thermal equilibrium measurement ca
performed. In the second case, the slow relaxation modes
ignored and all degrees of freedom except those which
pend on the slow modes are measured.

In certain cases, as for instance the heat-capacity m
surements performed in the late 1970s on vitreous silica
other metastable systems~Ref. 19 and references therein! or
in our present measurements of Mn12-acetate, there is a mod
with a relaxation time comparable to the measuring time
that the measured magnitude cannot be considered any
an equilibrium specific heat, but rather a kind of linear ‘‘su
ceptibility.’’ This linear susceptibility represents
frequency-dependent specific heatC(v), if we admit that the
inverse of the measuring time defines a frequencyv/(2p).
Note that the measurement is nevertheless in equilibr
with regard to the average temperature and the magn
field. As pointed out by Birge and Nagel,20 frequency-
dependent specific-heat data have a unique feature. The
cific heat is linked to the thermodynamics of the system a
therefore couples not only to magnetic, electric, or structu
changes, but to all modes of the system. This is not true
dielectric, magnetic, or mechanical susceptibilities, so,
some cases, specific heat might be the only useful ana
tool.

In this section we show how to deal with nonequilibriu
specific-heat data and how to get valid microscopic inform
tion from the measurement of heat capacity by means of
ac steady-state method21 of a magnetic double-well system
We proceed in the following way. First, we define
frequency-dependent specific heatC(v) according to linear
response theory. Then the dynamics of spins in the dou
well is studied as a function of the relaxation timet of the
system and the frequencyv of the heat-capacity measure
ment. We obtain a formula@formula ~24!# that relates the
measured specific heatC(v) to v, t, Cbi , andCuni , where
Cbi5C(t→0) and Cuni5C(t→`) are the two limiting
-
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equilibrium values discussed above. Finally, we use the
tained formulas to study the example of a double-well s
tem: Mn12-acetate crystals.

A. The general case for ac steady-state measurements

The temperature modulation induced in the ac stea
state method is a sum of Fourier components. Linear
sponse theory will be assumed to hold, so that the effec
the various Fourier components is additive and is suffici
to consider a single Fourier component. The temperatur
the sample is then

T~ t !5T01dT~ t !, ~2!

where

dT~ t !5dT0cos~vt !. ~3!

Within linear response theory, formula~3! implies that the
powerP(t) transferred to the sample from the external wo
is also a sinusoidal function of time, which depends on
phase shiftw, namely,

P~ t !52dP0sin~vt2w!. ~4!

We shall now see how a frequency-dependent spec
heat can be defined and deduced from the two meas
quantitiesP(t) and dT(t). We shall generally assume tha
the measurement is performed at constant sample vol
and more generally ‘‘without external work.’’22 In such con-
ditions,at thermal equilibrium, the heat capacityMC ~where
M is the sample mass andC the specific heat! is usually
defined as the ratiodU/dT of the increasedU of the energy
of the sample to the temperature increasedT in a transfor-
mation where the sample is at equilibrium. In the noneq
librium measurement of interest, the energyU(t) of the
sample at timet is, within linear response theory, a sinu
soidal function of time, namely,

U~ t !5U01dU~ t !, ~5!

where the relationP(t)5dU(t)/dt implies

dU~ t !5dU0cos~vt2w! ~6!

with

dU05dP0 /v. ~7!

Following the usual definition of susceptibilities in linea
response theory, a frequency-dependent heat capa
MC(v) can be defined as

MC~v!5
Uv

Tv
, ~8!

where we introduced the Fourier coefficients

Tv5
1

2p E
0

2p

dtdT~ t !exp~2 ivt !5dT0/2 ~9!

and

Uv5
1

2p E
0

2p

dtdU~ t !exp~2 ivt !5~dU0/2!exp~ iw!. ~10!
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One can deduce the ‘‘absolute frequency-dependent hea
pacity’’

M uC~v!u5
dU0

dT0
, ~11!

which is the absolute value ofMC(v). Even though the
phase shiftw does not appear in Eqs.~11! and~7!, it should
be introduced in order to relate the specific heat to a mic
scopic model, which is the task of the next section.

B. C„v… in a double-well potential

We shall now consider the particular case of a syst
where a potential barrier separates the physical states
two sets or ‘‘wells’’ such that thermal equilibrium is rapidl
established inside each well while, at low temperature, th
mal equilibrium between the two wells is established o
after a long timet. Examples of such systems are given
big magnetic molecules like Mn12, as described in the Intro
duction. In reality, the double-well system is a microsco
element of a macroscopic set of many double wells, bu
the following we shall only consider a single double w
called ‘‘the system.’’ The interaction with the rest of th
sample is represented only by the relaxation timet. The two
wells will be designated by the signs ‘‘1’’ and ‘‘ 2.’’ The
system has a probabilityp1(t) to be in the1 well at timet,
and a probabilityp2(t) to be in the2 well. Of course,
p1(t)1p2(t)51. As can be seen in Fig. 1 a statem.0 can
pass from the1 well to the2 well at a high magnetic field
Thus it is appropriate to introduce a functioncm which is, at
least approximately, equal to 1 if the stateum& belongs to the
1 well and to21 if the stateum& belongs to the2 well. It
follows that the function (11cm)/2 is equal to 1 if the state
um& belongs to the1 well and to 0 if the stateum& belongs to
the2 well, while the function (12cm)/2 is equal to 0 if the
state um& belongs to the1 well and to 1 if the stateum&
belongs to the2 well.

In our numerical calculations we assumed

cm5m/umu ~mÞ0!, c050. ~12!

This definition is only correct in zero field, but can be us
also for a nonvanishing field if the temperature is so low t
the population of statesum& is negligible for smallm. One
should have

FIG. 1. Double-well system for a spinS510 at a magnetic field
of H54D.
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pm~ t !~16cm!/25p6~ t !. ~13!

Moreover, thermal equilibrium inside each well implie
that the probabilitypm(t) that the system is in stateum& at
time t satisfies the relationpm(t)/pn(t)5exp@2b(Em2En)#
for any pair of statesum& andun& belonging to the same well
It follows

pm~ t !5F11cm

2

p1~ t !

z1 1
12cm

2

p2~ t !

z2 Gexp~2bEm!,

~14!

where

z6~ t !5(
m

exp~2bEm!
16cm

2
. ~15!

Our aim is to calculate the specific heat through formula~8!,
where M is the mass of the system andUv is the Fourier
transform of the energy of the system at timet,

U~ t !5(
2s

s

pm~ t !Em . ~16!

The next task is the determination ofp1(t) @and, in the
same way,p2(t)]. At thermal equilibrium this probability
would be

peq
1 5

(
m

exp~2bEm!~11cm!/2

(
m

exp~2bEm!

5
z1

z
, ~17!

where

z5z11z2. ~18!

At any time t, the sample has a certain temperatureT(t)
given by Eqs.~2! and ~3!; expression~17! has therefore a
well-defined value andp1(t) tends to get closer to tha
value. In the simplest cases one can assume a linear rela
namely,

]

]t
p1~ t !52

1

t
@p1~ t !2peq

1 #, ~19!

where t is the relaxation time already introduced, andpT
1

depends on time through the temperatureT. Let us consider
the simple case where the jump rate is very low. Then
probability p1(t) to be in the1 well is almost independen
of t and equal to its average valuep0

1 . When, for instance,
the temperature is stationary~i.e., maximum or minimum!,
the flow of energy from one well to the other is maximu
according to Eq.~19!, so that the energy has no reason to
stationary and therefore there must be a phase shiftw. As
will be seen later,w vanishes in the absence of jumps b
tween wells.

For a weak temperature modulation, Eq.~19! can be lin-
earized and its solution is
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522 PRB 59F. FOMINAYA et al.
p1~ t !5p0
11

dp0
1

A11v2t2
cos~vt2a!, ~20!

where

tan a5vt ~21!

and

p0
15

(
m

exp~2b0Em!~11cm!/2

(
m

exp~2b0Em!

, ~22!

is the probability to be in the1 well at T5T0 . The expres-
sion of dp0

1 is given in the Appendix.
Inserting Eq.~20! into Eq. ~16! one obtains after som

calculations given in the Appendix

dU~ t !5uC~v!udT0cos~vt2w!, ~23!

wherew is not accessible to present experiments. Its exp
sion is given in the Appendix. The quantity accessible is
‘‘absolute specific heat’’ at frequencyv,

uC~v!u5ACuni
2 1

Cbi
2 2Cuni

2

11v2t2 , ~24!

whereCbi is the equilibrium or ‘‘bilateral’’ specific heat (t
50), while Cuni is the ‘‘unilateral’’ specific heat, i.e., the
specific heat that is measured when jumps over the pote
barrier are impossible during the measuring time 2p/v be-
causet5`. Their expressions are easily obtained and giv
in the Appendix. The phasea given by Eq.~A9! is equal to
p/2 in the unilateral limit, and to 0 in the bilateral limi
However, the phase shiftw is equal to 0 in both limits. It
should be so, because both limits correspond to an equ
rium situation. The bilateral limit is the true equilibrium, an
the unilateral limit is an equilibrium where one of the we
is ignored.

Eliminating a between Eqs.~21! and ~24!, one obtains

t5
1

v
AC2~v!2Cbi

2

Cuni
2 2C2~v!

, ~25!

which looks appealing since it allows the relaxation time
be determined directly from the specific heat. However,
~25! should be handled with care becauseC2(v) has to be
the magnetic specific heat, corrected for the phonon con
bution. This correction, discussed in the next section, can
a source of errors.

The essential result of this section is formula~24!, which
relates the experimentally measured specific heat to the
modynamic quantitiesCbi and Cuni and to the relaxation
time t. The timet can be compared with the results of ma
netic measurements, as we will do in the next section,
can be calculated if the spin-phonon interaction is know
This calculation has been made in the caseH50 by Fort
et al.23 and in the general case by Luiset al.25 The specific
application to specific-heat measurements has been mad
Fernándezet al.24 who also obtain a formula equivalent t
Eq. ~24! by a method different from ours.
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III. HEAT-CAPACITY MEASUREMENTS
OF Mn12-ACETATE CRYSTALS

Our nanocalorimeter18 basically consists of a 3-mm-thick
silicon membrane suspended in vacuum and linked to
thermal bath by twelve narrow silicon bridges. A planar Nb
thermometer and a CuNi heater are placed on this memb
and the samples are pasted with grease on the backside o
same. The experimental setup permits not only the stud
extremely small crystals, but also a very accurate knowle
of the temperature of the sample during measurement. E
configuration of the magnetic system can be sampled by
ing an applied magnetic field. The field was varied paralle
the easy axis of magnetization, usually from21 to 1 T. The
heat capacity was measured, as described in Ref. 18, b
cording the amplitude of the temperature oscillations. T
phase shiftw, which could in principle also be measure
turned out to be very sensitive to parasitic capacitances
was therefore ignored.

Three different samples were measured and the s
qualitative results were found in each case. The quality m
surements were obtained with the smaller crystals (30360
3400mm for 1 mg weight and 7903180375mm3 for 20
mg!. The largest one (110034803200mm3) seemed to be
less adapted for the device as, due to its size and low the
conductivity, it did not sufficiently well follow the tempera
ture oscillations of the measurement. The typical worki
frequenciesv ranged between 25 and 120 Hz.

A. Contribution of the lattice vibrations

The measured heat capacity consists of a sum of th
contributions: The ‘‘addenda’’ (sample holder1grease), the
magnetic heat capacity, and the lattice heat capacity. O
contributions like the hyperfine heat capacity are suppose
be negligible in the explored range of temperature. Adde
are the major source of error for an exact determination
the specific heat of the crystal: The contribution of the b
sample holder is known~4 nJ/K at 4 K! but that of the grease
used to paste the sample can only be estimated. In any c
addenda usually represent less than 10% of the total
capacity.

Since the lattice contribution is independent of the field
can be evaluated by subtraction of the addenda contribu
and the magnetic heat capacityin zero fieldfrom the mea-
sured heat capacity. The zero-field magnetic specific h
Cmag(0) is calculated from formula~A13! or ~A11!, which
yield the same result in zero field. The estimation of t
volume of the sample can also introduce a small error in
latter calculation. Curve 2 shows the measured total h
capacity (lattice1magnetic) of the 20-mg sample that is
compared to a calculated curve and to the values obtaine
Novaket al.11 The inset in Fig. 2 shows the determination
the Debye temperature toQDebye541 K from the lattice
contribution using the well-known low-temperature appro
mation (T!Q) of the Debye theory:26

Clat.234NakBS T

Q D 3

, ~26!

whereQ is the Debye temperature andNa is the number of
atoms of the crystal.
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B. Heat-capacity measurements as a function of magnetic field

Each of the following curves was recorded allowing th
mal equilibrium to be reached at every magnetic field st
Figure 3 shows heat-capacity curves recorded at a fixed
quency. The curves below 3.5 K have no structure. In Fig
they are compared to the calculated magnetic heat cap
in the unilateral limit~the bilateral limit is also shown fo
comparison!. At temperatures below 3 K the relaxation time
t, which roughly follows an Arrhenius law, is much long
~a few seconds! than the measuring time~tenths of ms!, so,
as expected, theT52.6 K curve clearly approaches the un
lateral limit. At those temperatures the calculated heat
pacities strongly depend on the height of the anisotropy b
rier. The curves shown fit best with a barrier ofDE/KB
56262 K. This value is in agreement with the usually a
mitted value of 61 K.27

For the frequencyv525 Hz, the productvt is of order
unity between 3.5 and 5 K. In this range of temperature
symmetric pattern of peaks appears at magnetic field va
of 60.4 and60.8 T.

FIG. 2. Squares: Heat capacity of Mn12 acetate as a function o
temperature, measured on the 20-mg single crystal. Triangles: Val-
ues of Novak et al. Continuous line: Calculated curve wit
QDebye538 K ~obtained by Novaket al.!. Dashed line: Calculated
curve withQDebye540.9 K. Pointed line: Calculated magnetic he
capacity. Inset: Determination ofQDebye.

FIG. 3. Magnetic heat capacity of the 20-mg Mn12-acetate
monocrystal vs the applied magnetic field, measured atv
525 Hz. The zero-field-calculated magnetic heat capacityCmag(0)
is 56.0, 47.7, 40.2, and 21.3 nJ/K for, respectively,T54.75, 4.14,
3.67, and 2.65 K. The differences between the measured va
Ctotal(0) and the calculatedCmag(0) are the magnetic-field
independent addenda (lattice1sample holder contribution).
-
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Above 5 K the anomalies disappear into a broad ma
mum, which shifts to higher field values when the tempe
ture is raised~see Fig. 4 of Ref. 13!. This behavior is pre-
dicted by Eq.~A12!. As can be seen from Fig. 5 a qualitative
agreement exists between the calculated curve and meas
curve. However, the measured specific heat is appreci
lower than the calculated one. Further measurements wil
necessary to clarify this discrepancy. Note that, at the te
peratureT55.7 K, which corresponds to the figure~and at
higher temperatures!, the values of the relaxation timet pub-
lished by Herna´ndezet al.28 ~which we have used to calcu
late our curve! are such thatvt!1, so the calculated curve
is equal to the equilibrium heat capacityCbi .

All the curves can be explained with the present mod
To approach the unilateral (vt@1) or the bilateral regime
(vt!1) either temperature or frequency can be varied.
T54.3 K ~Fig. 6! the system is in the intermediate regim
for v518.8 Hz and tends towards the unilateral regime
higher frequencies. As expected the peaks atH5D disap-
pear sooner than the peaks atH52D. At 5.1 K ~Fig. 7! the
system is close to the bilateral limit forv518.8 Hz and
clearly in the intermediate regime for higher frequenci

es

FIG. 4. Measured and calculated~continuous line: lateral limit,
dashed line: bilateral limit! magnetic heat capacity of the 20-mg
crystal atT52.660.05 K andT53.6560.02 K.

FIG. 5. Measured~squares! and calculated~dashed line! mag-
netic heat capacity of the 20-mg crystal atT55.7 K. The theoretical
curve was calculated forv525 Hz andt52.4 ms~Ref. 16! ~it is
nearly identical toCbi). The height of the anisotropy is a less im
portant fitting parameter: No substantial difference is observed
tween a fitDE/KB560 K and a fitDE/KB570 K. The flat curve is
Cuni .
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However, the mean timet follows an Arrhenius law of ther-
mal activation;27 thus temperature intervenes exponentia
in vt and frequency only linearly.

The higher the temperature the smaller is the magn
contribution compared to the lattice contribution, so sensi
ity is lost at higher temperatures and it is more difficult
observe the peaks. At low temperatures the experimen
limited by the minimum frequency of the lock-in amplifie
~20 Hz in our case!.

The peaks always appear in the range of temperatures
frequencies wherevt.1 when the Zeeman levels of the tw
sides of the barrier match at discrete magnetic-field valu
The sudden reduction of the relaxation time of magnetiza
due to a tunneling effect leads the system to pass from a
where vt.1 to a state wherevt,1, i.e., from a rather
unilateral regime to a bilateral regime.

Formula~25! allows the relaxation time to be calculate
from a heat-capacity curve: Figure 8 shows the calculatet
for the 4.7-K curve of Fig. 3. A comparison of the resu
with the data of Figs. 3 and 4 of Herna´ndezet al.28 shows
that the general shape of our curve agrees quite well w
theirs; the values differ however by a factor of 3. For oth
temperatures and frequencies the obtained relaxation t
are also more than two times longer than the expected
ues. A test of formula~24! is that it should be independent o

FIG. 6. Magnetic heat-capacity curves at different frequenciev
of the 20-mg crystal. The higher frequency approaches the unilat
regime.

FIG. 7. Magnetic heat-capacity curves at different frequenciev
of the 20-mg crystal. The lower frequency approaches the bilate
regime.
ic
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v. In Fig. 9A@C2(v)2Cbi
2 #/@Cuni

2 2C2(v)# has been traced
versusv for the curves of Figs. 6 and 7. In principle, straig
lines through the origin are expected. Apart from one po
this is roughly the case.

C. Nonequilibrium measurements of heat capacity
in a rapidly swept field

Nonequilibrium measurements mean in this case that
sufficient time is given for the sample to achieve equilibriu
with regard to the magnetic field, so hysteresis effects app
and a time-dependent heat capacityC(t) is measured. Non-
equilibrium measurements are analogous to usual magn
hysteresis measurements.29,12

Our measurements were performed at rather low temp
tures ~typically T,3 K), where the relaxation time of the
magnetic system~t! is long, by scanning the magnetic fiel
from 21 to 1 T at arate of 1 mT/s. The measurement w
averaged over 1 s for each data point. In this way the syste
was prevented from reaching equilibrium. In Fig. 10, disco
tinuities in theC(H) curve are observed. They can be inte
preted within the framework of the double-well model
magnetization tunneling when magnetic levels cross at p
tive magnetic-field valuesHn5n3D/(gmB).n30.4 T,n
51,2, . . . . Once a spin tunnels to the spin-up well, it r
laxes to the ground state with heat emission and, as the
perature is low compared to the 12 K of the first excit
level, the process is irreversible. This explains why the d

al

l

FIG. 8. Relaxation timest as a function of magnetic field cal
culated from Fig. 3.

FIG. 9. Triangles:T55.14 K, squares:T54.27 K. Filled:vt at
H5D, open:vt at H50.7 T.
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continuities only appear when the applied field is antipara
to the initial magnetization and why their shape strongly
pends on the sweeping rate.

The time-dependent magnetic heat capacityC(t) can be
calculated with Eq.~A11!. The coefficientspm are given by
Eq. ~14!, wherep1 andp2 obey the relaxation law~19!, but
are unknown.t is, in this case, the effective magnetizatio
relaxation time (thermal activation1tunneling). The interes
of these nonequilibrium measurements is, first, that they
be directly compared to magnetization curves and seco
they could permit, in certain cases, the measurement of
time derivative (]/]t)pm(t), thus yielding information on
the still unknown spin-phonon interaction of the system.

IV. TEMPERATURE MEASUREMENTS

A major problem in the study of macroscopic quantu
coherence effects is to evaluate the influence of thermal fl
tuations on measurements. Thermal activation is a con
rent effect to tunneling of magnetization; it is thus difficult
distinguish one from the other.

In a previous work13 we presented temperature measu
ments of the samples as a function of an applied magn
field (T@H#) ~Figs. 5 and 6!. We found that the Mn12 crystals
emitted heat pulses at discrete field values that were m
tiples ofH5D/(gmB).0.4 T. The influence of the tempera
ture of the base line and the sweeping rate were investiga
The field was ramped from a large negative value~saturated
sample! to a large positive one at a relatively high rate
5–17 mT/s. The heat capacity of the sample holder wa
least one order of magnitude smaller than the heat capa
of the sample, so we can consider the measured temper
to be the real sample temperature. The curves traced in F
5 and 6 of Ref. 13 for two different samples show a differe
character, in spite of the fact that the mass is the only dif
ence between the two crystals.

A. Total magnetization reversal

Figure 5 of our previous work13 shows the heat emissio
of the 20-mg sample at different temperatures. Close to 3
the main peak appears at 0.4 T. At lower temperatures
peak decreases, and finally disappears, while the 0.8-T p
gains in amplitude. At 2.2 K the latter peak has also dis
peared. In all cases a small peak is found at zero field.

FIG. 10. Total heat capacity of the 20-mg sample vs a magneti
field swept at 0.9 mT/s. The measuring frequency wasv525 Hz.
l
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n
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he
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due to the sample holder, not to the sample. The heat e
sion can be understood in the framework of the pres
double-well model. The system is always in the unilate
regime. When the sample is saturated in a high magn
field a great majority of spins are in the ground statem
510. The field is ramped from the starting value (21 T) up
to H5D/(gmB).0.4 T without any significant temperatur
change. At this field value them.0 and m,0 levels be-
come degenerate and a transfer of spins from them.0 well
to them,0 occurs by thermally activated tunneling betwe
degenerate levels. The observed heat emission is due to
relaxation of tunneled spins to the ground state. Their ene
is transmitted to the phonon bath. The temperature of
sample goes up to;6 K during the heat emission, a tem
perature at which the relaxation time of magnetization
comes smaller than 1 ms. At higher magnetic fields no f
ther heat emissions occur, suggesting that all spins h
already flipped.

B. Partial magnetization reversal

The peaks in Fig. 6 show a different behavior. The we
ness of the heat emission suggests that only small region
the crystal or a certain amount of single independent m
rospins reverse. When the temperature is decreased,
peaks at higher magnetic fields become visible and low-fi
ones vanish. The shape and position of the peaks depen
the relaxation time of magnetizationt and its relation to the
sweeping rate of the magnetic field. If the time spent a
crossing of levels@H5nD/(gmB)# is small compared with
t, only a small number of spins change to the other well.
the next level crossinggmBH5(n11)D, the anisotropy is
lower, so thatt is smaller, tunneling is faster, and the sp
cific peak is higher. Sooner or later a complete magnetiza
reversal is achieved. The reasons for the different beha
compared to the 20-mg crystal are~i! the shorter therma
relaxation time to the bath of the 1-mg crystal (t th5C/K
where the thermal linkK, defined by the sample holder,
the same for both samples! and ~ii ! the more favorable ratio
of surface to volume of the smaller sample. In other wor
the 1-mg sample dissipates the emitted heat faster, so tha
crystal has no time to globally increase its temperature. T
very different behavior of these otherwise identical samp
outlines the great importance of thermal effects in magn
zation relaxation. Our measurements qualitatively reprod
the magnetization measurements of a Mn12-acetate single
crystal performed by Thomaset al.29 and, in addition, they
provide important additional information, the real tempe
ture of the crystal.

C. Thermal amplification of spin tunneling

Paulsen and Park reported9 nonreproducible complete
magnetization reversals of Mn12-acetate crystals measured
very low temperatures (T!1 K). According to the authors
the reversals occurred at random magnetic-field values
they might be caused by avalanches of spin flips: A s
tunnels and relaxes to the ground state while emitting h
The temperature of the neighbor clusters is raised by the
pulse above the blocking temperature, greatly increasing
probability that they will flip. In turn they heat their neigh
bors and so on, until all spins have turned over. Paulsen
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Park had a sample that was very well thermally coupled
the bath, so the low thermal conductivity of the Mn12 acetate
at low temperatures was responsible for local overheatin
seems likely that the energy liberated by tunneling spins t
gers small avalanches of spin flips in their neighborho
This effect would strongly thermally enhance the tunnel
of spins, though total magnetization reversal may not h
pen, as in Fig. 6 of our previous work.13 The avalanches
would stop as soon as the degeneracy of opposite leve
lifted. To conclude whether microavalanches triggered
magnetization tunneling are relevant or not, the thermal c
ductivity of Mn12 acetate must be measured and the sp
lattice interaction must be known.

D. Shift of peaks with temperature

The 0.8-T peak of theT(H) curves of Fig. 5 of our pre-
vious work13 shifts slightly to higher fields with decreasin
temperature. Two possible effects could explain this shif

~1! The influence of magnetization on the local field of t
sample. The real magnetic field experienced by every spi
the crystal is, to a first approximation,B5m0(H2nM
1M ), whereH is the applied magnetic field,n the demag-
netizing factor, andM the magnetization of the sample.M
varies with temperature. Herna´ndez et al.16 explain in this
way a shift of theirdM/dH peaks that seems to be of th
same nature.

~2! Barraet al.17 have demonstrated by means of electr
paramagnetic resonance measurements the existence
fourth-order magnetic anisotropy term in the Hamiltonian
the Mn12-acetate systems. The fourth-order term introdu
an asymmetry into the Hamiltonian so that the levels of o
well do not all match exactly at the same magnetic-fi
value with the corresponding levels of the opposite well. T
population of levels varies with temperature, so different le
els can dominate at different temperatures and in con
quence the main heat emission happens at slightly diffe
fields. This effect is especially remarkable at high-fie
crossings.

Further measurements will allow the evaluation of the i
portance of these mechanisms and help to discern the n
of the higher-order terms of the Hamiltonian.

V. CONCLUSION

A study of the frequency-dependent heat capacity o
Mn12-acetate magnetic double-well system has been
sented. A theory has been developed, which relates the
perimentally measured, frequency-dependent specific he
the bilateral and unilateral specific heats~easily calculated
from electron paramagnetic resonance data! and the mag-
netic relaxation timet. The results reproduce the anomali
of t as a function of the magnetic field although they do n
provide a very precise value oft. Consideration of higher-
order terms in Eq.~1! ~for instance, the fourth-order terms i
Ref. 17! might increase the accuracy.

Measurements of heat emission confirm that the ther
coupling between bath and sample plays a major role in
magnetization reversal. We point out the importance of
rameters such as the thermal conductivity and the heat
pacity of the sample in the magnetization reversal of mole
lar magnets. We conclude that the magnetization tunnelin
o
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Mn12 acetate was, in our case, enhanced by a thermal am
fication effect caused by the weakness of the thermal link
the bath and we suggest that tunneled spins could gene
act as a trigger of microavalanches of reversed spins.
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APPENDIX: DYNAMICAL SPECIFIC HEAT

In this appendix we derive formula~24!. ReplacingT
51/(kBb) by Eqs.~2! and~3! in expression~17! of peq

1 , one
obtains

peq
1 ~ t !5p0

11dp0
1cos~vt !, ~A1!

wherep0
1 is defined by Eq.~22! and, if cm is chosen inde-

pendent ofT,

dp0
15S dpeq

1

dT D
T5T0

dT05p08
1dT0 , ~A2!

5kBb0
2
(
m

Emexp~2b0Em!~11cm!/2

(
m

exp~2b0Em!

2kBb0
2
(
m

exp~2b0Em!~11cm!/2

(
m

exp~2b0Em!

3

(
m

Emexp~2b0Em!

(
m

exp~2b0Em!

. ~A3!

Quantitiesp0
2 and p08

2 can be defined in a similar way
and are, respectively, equal top0

2512p0
1 and p08

2

52p08
1 .

Insertion of Eq.~A1! in Eq. ~19! yields Eq.~20!.
Inserting Eq.~20! into Eq.~16! one obtains for weak tem

perature modulations

U~ t !5p2~ t !U2@T~ t !#1p1~ t !U1@T~ t !#

5p0
2U2@T~ t !#1p0

1U1@T~ t !#

1
1

A11v2t2
@dp0

2U2~T0!1dp0
1U1~T0!#

3cos~vt2a!, ~A4!

where

U6~T!5
1

z6 (
m

Emexp~2bEm!
16cm

2
. ~A5!
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Relation~A4! can be written as

U~ t !5p0
2U2~T0!1p0

1U1~T0!1dU~ t ! ~A6!

with

dU~ t !5@p0
2C2~T0!1p0

1C1~T0!#dT0cosvt

1
1

A11v2t2
@dp0

2U2~T0!1dp0
1U1~T0!#

3cos~vt2a!, ~A7!
s

t

A

C

where, ifcm is independent ofT,

C6~T!5
1

kBT2 (
m

Em
2 exp~2bEm!

16cm

2z6

2
1

kBT2 @U6~T!#2. ~A8!

Formula~A7! can be written in the form~23! where
tan w5
@p08

2U2~T0!1p08
1U1~T0!#sin a/A11v2t2

p0
2C2~T0!1p0

1C1~T0!1@p08
2U2~T0!1p08

1U1~T0!#cosa/A11v2t2
~A9!

and

uC~v!u25H p0
2C2~T0!1p0

1C1~T0!1
p08

2U2~T0!1p08
1U1~T0!

A11v2t2
cosaJ 2

1
@p08

2U2~T0!1p08
1U1~T0!#2

11v2t2 sin2 a.
ain
Using relations cosa51/A11v2t2 and sina
5vt/A11v2t2, which result from Eq.~21!, the previous
formula reads

C2~v!5Cuni
2 1@Cbi

2 2Cuni
2 #cos2a, ~A10!

which reduces to Eq.~24!.
Cuni is given by

Cuni5p0
2C2~T0!1p0

1C1~T0!, ~A11!

while
Cbi5p0
2C2~T0!1p0

1C1~T0!1p08
2U2~T0!1p08

1U1~T0!.
~A12!

For low temperatures and small magnetic fields we obt
approximately

Cbi5kBb2S 1

z (
m

Em
2 exp~2bEm!

2F1

z (
m

Emexp~2bEm!G2D . ~A13!
.
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