
PHYSICAL REVIEW B 1 MARCH 1998-IVOLUME 57, NUMBER 9
Specific heat and magnetic relaxation of the quantum nanomagnet Mn12Ac
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We present specific-heat and ac-susceptibility measurements providing more evidence that magnetic quan-
tum tunneling occurs in Mn12Ac spin clusters. The total anisotropy energy barrier determined by fitting an
Arrhenius law to the magnetic relaxation time is underestimated when compared to the specific-heat data. The
expected magnetic contribution using a quadratic spin Hamiltonian needs higher-order terms to improve the
agreement with the experiments, as recently done for electron-paramagnetic-resonance spectra. In addition,
another interesting effect was observed in the specific-heat measurements when a dc magnetic field is applied.
The extra magnetic contribution due to Zeeman splitting is suppressed below the expected superparamagnetic
blocking temperature in the time scale of the measurements.@S0163-1829~98!06109-8#
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Superparamagnetic relaxation is a well-known pheno
enon in the study of ultrafine magnetic particles since
pioneering work of Ne´el1 associated with the study of roc
magnetism. Since then, technological applications in m
netic recording and other areas such as biomagnetism
ferrofluids kept the interest high. Despite several decade
research, a complete understanding of the dynamics of s
systems is still lacking. Recently, much evidence of a lo
temperature saturation of the magnetic relaxation attribu
to macroscopic quantum tunneling2–8 focused more attention
on the subject. One of the problems encountered in this
is the lack of experimental systems whose particle sizes
exactly known and monodisperse. Many of those drawba
are overcome by the molecular cluster

@Mn12~CH3COO!16~H2O!4O12#•2CH3uCOOH•4H2O,

Mn12Ac, whose magnetization was found to undergo sl
relaxation like superparamagnets at low temperatures.9 These
magnetic clusters, embedded in large molecules, have
isolatedS510 spins at low temperatures and a high anis
ropy of crystalline origin responsible for the slow relaxati
of the magnetization observed below 4 K. The strict mon
dispersion together with the negligible dipolar interacti
puts this kind of molecular crystals in a unique position
clarify several questions in this field.

The molecular crystals have a tetragonal symmetry
spatial group I4̄with unit cell parametersa517.3 Å and
c512.39 Å and a molecular weight of 2060.10 The clusters
have crystal-imposedS4 symmetry, with eight Mn13 ions
~S52! and four Mn14 ions ~S53/2! coupled due to the su
perexchange interaction mediated by oxygen bridges. Be
20 K a ferrimagnetic structure withS510, corresponding to
all Mn 13 spins up and all Mn14 spins down, is stabilized
The high uniaxial crystalline anisotropy splits the levels
10 doublets plus one singlet, withms5610 lowest in en-
ergy. This corresponds to an Ising-type anisotropy with
easy axis of magnetization parallel to the crystallographic
570163-1829/98/57~9!/5021~4!/$15.00
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axis. At the simplest level the effective spin Hamiltonian
zero field for axial symmetry may be written as

H5DSz
2 . ~1!

The zero-field splitting parameterD has been determine
by electron-paramagnetic-resonance~EPR! spectroscopy11,12

to be D/kb5 20.86 K, corresponding to a total anisotrop
energy barrierDE/kB586 K. At very low temperatures, eac
cluster of this system can be considered as blocked in on
the two ‘‘macroscopic’’ degenerated statesums5610&.
Classically, the switching between those states occurs o
by a thermal activation process over the barrier. The m
netic relaxation time was found to follow an Arrheniu
law:11

t5t0eDE/kBT, ~2!
with DE/kB561 K and the prefactort052.131027 s. ac-
susceptibility measurements13 done in powder sample
showed a single relaxation time, evidenced by semicircu
Argand diagrams, following Eq.~2!, with DE/kB564 K and
t052.431027 s.14 Below 2 K, the relaxation time deviate
from the Arrhenius law, becoming temperatu
independent15 and being attributed to quantum tunneling
magnetization. An unusual field dependence of the relaxa
in ac-susceptibility experiments with an increase oft for
small fields14 has led the authors to propose a model ba
on thermally activated quantum tunneling. More recen
results in magnetization and susceptibility measurements
der a field16,17 showed steps in the magnetization a
maxima in the susceptibility at regular field intervals, whe
the energy levels determined by Eq.~1! would cross due to
Zeeman splitting, a process called field-tuned thermally
sisted quantum tunneling. So far, most of the studies w
done by magnetic measurements. We will present hereina
specific-heat measurements in order to check the magn
contribution due to the energy levels given by Eq.~1! and
ac-susceptibility relaxation measurements performed
single crystals that give further confirmation to the quant
tunneling hypothesis.
5021 © 1998 The American Physical Society
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FIG. 1. Arrhenius plot for the relaxation time of a
Mn12Ac single crystal in a zero field. The fit give
DE/kB565 K and shows a deviation at higher temper
ture. The inset shows a typical Ac susceptibility fro
which the relaxation time is obtained for three differe
frequencies.
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Single crystals of Mn12Ac were grown following the pro-
cedure reported in the literature.10 Five crystals with an elon-
gated prism shape weighing around 2 mg each were glue
a small glass plate with the long axis parallel to each oth
The uncertainty in the parallelism of thec axis among the
crystals was estimated to be less than 5°. The
susceptibility measurements were made in a commercial
ceptometer in the frequency range 1 Hz–10 kHz. The te
perature dependence of the relaxation data was obta
from the maxima of the imaginary part of the susceptibili
as described in detail previously for powder sam
measurements.14 The present single-crystal results, shown
Fig. 1, give a more accurate estimate of the total effec
energy barrier,DE/kB5(6562) K for a zero field,DE/kB
5(7662) K for 1.5 kOe, andt052.831028 s for both
cases. In the high-temperature region~high-frequency runs! a
small deviation is observed. If a small range of temperat
in the high-temperature~and frequency! range is considered
the fit gives a higher effective energy barrier and a sma
value for the parametert0 .

The specific-heat measurements were done using
semiadiabatic heat pulse method in a homemade calorim
from 1.3 K up to 20 K. The data were collected using a h
pulse for typically 2 min and monitoring the temperatu
in
r.
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drift for 6 min before and after the heat pulse with an au
mated data acquisition system. The measurements were
with ~0.488960.0005! g of a fresh, coarse, Mn12Ac powder
sample mixed with~0.514060.0005! g of copper powder
and ~0.084860.0005! g of Apiezon N grease. The mixtur
was pressed to provide a better thermal coupling within
calorimeter. The heat capacities of the calorimeter, cop
powder, and grease were subtracted at the end of proc
The accuracy in the net heat capacity of the sample is in
cated by selected error bars in Fig. 2. The reproducibi
from one run to another was of the order of 1%.

The total specific heat measured (ctotal) at a zero field,
shown in the inset of Fig. 2, presents no anomaly result
from interactions between the clusters~as previously
found!.13 Three different contributions toctotal should be
present: lattice (cl), hyperfine (ch), and Schottky (cSch),

ctotal5cl1ch1cSch. ~3!

The hyperfine contribution is assumed to be negligible
the temperature range measured. The lack of existence
diamagnetic compound with the same crystalline struct
makes it more difficult to separate the magnetic from
lattice contribution, so the only way to analyze the data is
compare the results with calculation of the magne
s

le
net
er-
FIG. 2. Specific heat of Mn12Ac powder in a zero
field (d). The calculated Schottky contribution i
shown forDE/kB565 K ~solid line! andDE/kb586 K
~broken line!. The inset is the specific heat in the who
temperature range measured. The accuracy in the
heat capacity of the sample is indicated by selected
ror bars.
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Schottky contribution from the energy levels given by E
~2!. It is thus possible to see whether or not the values att
uted to the anisotropy energy barrier are reasonable by w
is left for the lattice contribution. The Schottky contributio
is easily calculated by differentiating the averaged ene
over all accessible states:

^E&5

R(
r 5S

(
i 52ms

ms

e i ,r~S,ms!exp~2e i ,r /T!

(
r 5S

(
i 52ms

ms

exp~2e i ,r /T!

. ~4!

In this equatione i ,r is the energy of thei th level for the
r th multiplet andR58.314 57 JK21. The sum can be carrie
from S510 to other multiplets~S59,8, . . .!, higher in en-
ergy but being at least 40 K aboveS510 their contribution
becomes small for smallerS at low temperatures. We thu
calculated the Schottky contribution considering onlyS510
and 9, with the energy level obtained from

e i ,r~S,ms!5D~S22ms
2!1d, ~5!

where

d5H 0 for S510

40 K for S59.
~6!

Using the known zero-field splitting parameter from EP
D520.86 K ~whereD52DE/100), we calculated the lat
tice contribution by subtracting the Schottky contributi
shown in Fig. 2. The same procedure was done by set
DE/kB565 K, which is equivalent toD520.65 K, the ex-
pected energy barrier from the relaxation measureme
Here it can be seen that below 3 K, another very small
broad contribution with an apparent maximum below 2
appears, and is currently under investigation. In Fig. 3
plotted ctotal2cSch in the traditionalc/T versusT2 plot.
Clearly the results usingDE/kB565 K are eliminated as
they would imply an unphysical negative linear term (c/T
,0 asT→0). The data calculated withDE/kB586 K ex-
hibit better behavior, but imply a very big linear term. Th
higher value for the energy barrier can also be seen if
looks carefully at the Arrhenius plot in Fig. 1, where a cle
curvature deviating from the straight line is observed. W
can define an effective energy barrier from the slope of lt
versus 1/T. At the highest temperatures~near 9 K!, the slope
is about 95 K and may still increase withT. In this tempera-
ture range the quantum effects should not play a signific
role relative to thermal activation and the real value of
total energy barrier should be equal to the effective one.

The discrepancy between the anisotropy energy ba
observed at low temperature from magnetic dynamics
that estimated by specific-heat measurements can be
plained by using the recently proposed thermally activa
quantum tunneling process.14 The specific-heat results de
pend on the real energy level spacing, while the
susceptibility relaxation depends on the effective energy b
rier, which is affected by quantum tunneling between
1ms and 2ms states. As the temperature is lowered, t
pure thermal activated spin reversal process becomes
probable, with more contribution due to quantum tunneli
This also explains qualitatively the observed departure fr
the Arrhenius behavior as a change of the effective ene
barrier with temperature.
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Recently, a more refined Hamiltonian has been propo
in order to explain the high-field EPR spectra18 by including
higher-order terms:

H4DSz
21ASz

41B~S1
4 1S2

4 !. ~7!

The parameters for this Hamiltonian areD520.56 K,
A51.1131023 K, andB52.931025 K, equivalent to a to-
tal anisotropy energy barrier of 67.2 K. We thus made
same calculation for the Schottky magnetic anomaly us
the energy levels deduced from Eq.~7!. The results are also
plotted in Fig. 3 with the fit in the region where a linea
behavior could be found, obtaining a value for Debye te
peratureuD5(3864) K. It is clear from this plot that the
lattice and other contributions exhibit a better behavior us
the present Hamiltonian~7!, although an extra contribution
below 3 K still remains to be explained.

We now consider the effect of an external magnetic fie
The symmetry and degeneracy of thems states are broken
leading to an extra field-dependent Schottky anomaly of
Zeeman split states. Although the system cannot be con
ered to be in equilibrium, one may consider it to be in qu
siequilibrium and count only the states that are accessibl
the measuring time. Recall that at 3 K the average time for
spin reversal is of order of 300 s@using Eq.~2!#.

This system may be regarded as two sets of spins with
same energy-level spacing, one with the1ms or down states
and the other with the2ms or up states, separated by th
anisotropy barrier. In a zero applied field, each of the1ms
states may be thermally excited to a higher1ms or 2ms
state, but with different probabilities if they pass over
tunnel through the energy barrier. At low enough tempe
ture, when the time scale to switch to the other side of
barrier is much longer than the typical measuring time,
two sets of energy levels become independent from e
other, i.e., in the time scale of the experiment, the numbe
accessible states is reduced to about one-half. This reduc
should not change the specific heat in a zero field. Even
the presence of a magnetic field, as long as the two set
levels continue being independent of each other and main
the level spacing, the specific heat should remain the sa

We made measurements in a field of 0.30 T using a
perconducting solenoid in the persistent mode. No diff
ences between field cooling or zero field cooling were
tected within the experimental accuracy, so most runs w
done by cooling the sample in the field from 4.5 K. Figure
shows the specific-heat data in the applied field as well a

FIG. 3. ctotal2cSch in the c/T versusT2 plot. The specific heat data
obtained from Eq.~2! are shown usingDE/kB565 K, ~s! and DE/kB

586 K ~n!. Full squares are data obtained using the present Hamilton
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the zero field. A clear bump around 3 K is observed in this
case.

This is the first time, to our knowledge, that this kind
behavior has been observed in the specific heat of superp
magnetic samples. The excess contribution due to the fie
mostly suppressed at temperatures below about 3 K, w
corresponds to the blocking temperature for the experime
time window. At the lowest temperature~about 1.5 K!, the
relaxation time by thermal activation@Eq. ~2!# would be
about 109 yr. Even considering the possible quantum tunn
ing between thems5610 states, the relaxation time is o
order of 107 s ~Ref. 15! and still much longer than the tim
scale of our measurements. Therefore, we consider e
cluster spin blocked on either side of the barrier. In the pr
ence of a small field the magnetization should not relax d
ing the course of the measurements, so the specific heat
depend on the energy-level spacing between the low
states, which are almost the same on both sides of the ba
so the specific-heat data are the same as in the zero-
case. As the temperature increases, the overall relaxa
time decreases and when it becomes comparable to the
perimental time the spins are progressively unblocked.
field-shifted states of both sides become accessible and
specific heat has higher values than in the zero field.

Very recently Fominayaet al. made heat-capacity mea
surements in single crystals of Mn12Ac as a function of

FIG. 4. Specific heat of Mn12Ac powder in 0.3 T (s). The expected
specific heat is shown for a 0.3-T field~solid line!. The zero-field curve is
shown as squares and the Schottky contribution due to Zeeman splitti
shown by a dotted line.
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sweeping magnetic fields at different fixed temperatures
ing a very sensitive nanocalorimeter.19 They were able to
detect heat pulses due to resonant tunneling when the
was integral multiples of 0.4 T, where the energy-level cro
ing occurs using the second-order Hamiltonian~2!. They
could also see the different behavior above and below
blocking temperature on the time scale of 0.1 s. In th
analysis no quantitative comparison of the data with theo
ical models was done. Their measurements were not don
equilibrium due to the field sweep; also with the ac he
capacity technique used, an absolute value for the spe
heat is difficult to extract accurately.

We note here that the specific-heat behavior we fou
could only be observed in this sample due to the fact tha
is a set of identical superparamagnetic particles having
same relaxation time. We have made an estimate of the
cific heat in a field by adding a Zeeman term to the Ham
tonian ~1!, using a powder average over all directions a
only the lowest-energy levels; the result is presented in Fi
as the dotted line. The sum~full line! of this contribution and
the zero-field results agrees well with the data above
blocking temperature.

In conclusion, we have presented clear evidence fr
specific-heat measurements that the anisotropy energy ba
DE/kB565 K, deduced from an Arrhenius fit to ac
susceptibility relaxation results, is significantly smaller th
the real value considering the Hamiltonian to beDSz

2 . Even
the value deduced from early EPR measurements~86 K!
does not agree with a well behaved lattice contribution to
specific heat. Much better behavior is obtained by using
recently proposed Hamiltonian with higher-order terms. T
lower value observed by ac susceptibility can be conside
as an effective anisotropy barrier combining thermally ac
vated quantum tunneling plus pure thermal activation o
the barrier. Finally, we have seen superparamagnetic re
ation effects in specific-heat measurements. The blockin
the relaxation process could be seen by a decrease o
specific heat under the field, below the blocking temperat
due to a reduction of the accessibility between the two set
opposite magnetization states in the time scale of the m
surements.

A.M.G. and M.A.N. would like to thank to FINEP, CNPq
and FUJB~Brazil! for financial support.
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