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Heat Capacity Anomalies Induced by Magnetization Quantum Tunneling
in a Mn 12O12-Acetate Single Crystal
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A particularly sensitive heat capacity measuring device has allowed us to measure the tunne
process of Mn12O12-acetate single crystals (mass:1 and20 mg) from the irreversible tunneling process
below the blocking temperatureTB to the reversible resonant tunneling process aboveTB. Above
the TB (typically 3.5 K) we find specific heat anomalies at the magnetic field values that correspon
to the crossing of spin up and spin down levels of different magnetic quantum numbers. Belo
TB, heat relaxation pulses at the crossing of crystal field levels are observed for fields appl
antiparallel to the initial magnetization. These measurements give a new scope to Mn12O12-acetate
investigations and show the great interest of nanocalorimetry for studies of big magnetic molecu
[S0031-9007(97)03794-0]
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Crystals of Mn12O12-acetate clusters [1] are molecula
spin systems that exhibit spectacular effects [2]. Twelv
manganese ions (4 Mn31 and 8 Mn41) are coupled by
ferromagnetic exchange to aS ­ 10 macrospin. The
Mn12O12 clusters are embedded in an organic matrix an
show no exchange coupling from one cluster to anothe
The crystals are regular parallelepipeds with a strong ma
netocrystalline anisotropy (,60 K) along the longitudi-
nal axis. Once oriented, they present at low temperatur
and zero magnetic field a very long relaxation time of th
magnetization (two months at2 K [3]). Recently, quan-
tum tunneling of molecular spins through the anisotrop
at magnetic field values that correspond to the crossing
spin up and spin down levels of different magnetic quan
tum numbers, has been demonstrated [4–6].

The anisotropy lifts the2S 1 1 degeneracy of the mag-
netic levels in zero field, creating a double well configura
tion [5] as sketched in Fig. 1. The manganese system
superparamagnetic and can be described by a Hamilton
of the form [7]

Ĥ ­ 2DSz
2 2 gmBSzH 1 Hl , (1)

where D ­ 0.6 K is the anisotropy energy per cluster
H the magnetic field applied parallel to the easy ax
of magnetization,g . 2 is the gyromagnetic factor, and
S is the spin per cluster.Hl is a term that does not
commute withSz and is due to the demagnetizing field
dipole coupling, higher anisotropy terms, and/or hyperfin
splitting. A great effort is underway to understand how
comes about [7,8].

Thermal measurements as a function of a magnetic fie
enlighten the interplay between the spin system and t
lattice of the crystal, e.g., clarifying how the phonon
influence the tunneling of the macrospins, therefor
giving a great deal of new information.

We have performed two kinds of measurements o
Mn12O12 monocrystals, the heat capacity as a functio
0031-9007y97y79(6)y1126(4)$10.00
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of an applied static magnetic field (C[H]) and the tem-
perature as a function of a slowly scanned magne
field sT fHgd. The measure of very small single cry
tals promises a high quality of the sample and avoids
broadening found with powder samples due to the sligh
different characteristics of every crystal. On the oth
side, it implies a great experimental difficulty. An ex
perimental setup has been developed (described elsew
[9]) that allows measuring samples as small as1 mg. It
roughly consists of a3 mm thick silicon membrane with
a planar thermometer and heater. The crystal is paste
the membrane with Apiezon-N grease.

The specific heat measurements were conducted w
the ac-steady state method [10]. A modulated poweP
is applied by the heater to the sample, so the sam
temperature oscillates at a pulsationv (working fre-
quency range:4 to 20 Hz) with an amplitudeDT . In
suitable conditions the heat capacity readsC . PyDTv.
Absolute heat capacityCfTg values corresponded within
20% with values measured on Mn12O12 powder [11].

FIG. 1. Potential well of a Mn12O12-acetate crystal atH ­
2DygmB and at zero field (dashed curve).
© 1997 The American Physical Society
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However, the real interest of the device is measuringC
as a function of a magnetic fieldH. A sensitivity to heat
capacity changes ofDCyC , 1024 was achieved.

Temperature measurements were performed by reco
ing the thermometer’s resistance (Niobium-nitride wi
1yR 3 dRydT . 0.1 K21 at 4 K) versus magnetic field,
without applying the modulated powerP.

Three different samples were measured and the sa
qualitative results were found. The best measures w
performed on the smaller crystals (30 3 60 3 400 mm3

for 1 mg weight and790 3 180 3 75 mm3 for 20 mg).
The external magnetic field was varied parallel to the ea
axis of magnetization from24 to 4 T, always starting
from saturation. The heat capacity values were record
after thermalization at every magnetic field step. Fi
ure 2 shows aCfHg measurement at different tempera
tures. Above3.5 K a symmetric pattern of peaks appea
at magnetic field values of60.4, 60.8 T and, in some
cases, a residual peak at61.2 T (Fig. 3). The shape of
the anomalies changes with frequency and temperature;
height of the peaks increases as a function of the lat
The width of the anomalies does not depend on the am
tude of the temperature oscillation in the observed range
30 # DT # 500 mK. The curve envelope changes exclu
sively with temperature. Above5 K the peaks disappea
into a broad maximum, which shifts to higher field value
when the temperature is raised (Fig. 4).

Below 3.5 K no peaks appear and the envelope has
steeper fall, as can be seen for the2.7 K curve of Fig. 2.
On the other hand, if the thermalization time is too sho
the curve is asymmetric and discontinuities at discre
values are observed when the field is applied antipara
to the initial magnetization. The discontinuities strong
depend on the magnetic history of the sample and
clearly due to heat emissions. These heat pulses h
been directly recorded with the thermometer (similar he
pulses due to avalanches of the magnetization have b
observed by [3]), as it seemed more appropriate th
heat capacity measurements: Figs. 5 and 6. Differ
scanning times of the magnetic field change the heig
and the width of the peaks. When the temperature

FIG. 2. Heat capacity of a20 mg Mn12O12-acetate monocrys-
tal as a function of an applied magnetic field.
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decreased, higher field peaks are enhanced and lower fi
peaks are diminished. The distance between pulses
always close to0.4 T.

An interpretation of the results has to consider nece
sarily the relation between the measurement frequencyv

and the magnetization’s relaxation timet. If t is much
longer than the period of measurement, i.e., ifvt ¿ 1,
spins have no time to cross the anisotropy barrier and r
main generally in the same potential well (see Fig. 1). I
the following, this situation will be referred to as “unilat-
eral regime.” On the other hand, ifvt ø 1 the spin states
in both wells are in thermal equilibrium so that the hea
capacity measurement is an equilibrium measure of bo
wells. We call it “bilateral regime.” Our typical measur-
ing frequency was10 Hz, the relaxation times of magne-
tization ranged from 106 s at1.5 K to 0.1 ms at7 K, so
both cases,vt ¿ 1 andvt ø 1, were considered.

The internal energy of a magnetic system is given by

U ­

PN21
n­1 Dnexps2bDndPN21

n­0 exps2bDnd
(2)

for a spin of modulusS: N ­ 2S 1 1. In our case
S ­ 10. b ­ 1yT , Dn is the energy difference, in kelvin,
between the staten and the ground statem ­ 10. At
low temperatures (T , 3.5 K), when the magnetization
of the sample is saturated, only them ­ 9 and m ­
10 states of the spin up well, i.e., the lowest energ
states, are significantly populated. If the magnetic fiel
is augmented, the splitting of the states increases and th
the heat capacity decreases. In this case Eq. (2) gives

C ­
dU
dT

. kBb2 D
2
1exps2bD1d

f1 1 exps2bD1dg2
, (3)

where D1 ­ Em­10 2 Em­9 . 12 K. The dependence
on the magnetic fieldH is introduced by substituting
DnsHd ­ D0

n 1 H̃, where D0
n ­ DnsH ­ 0d and H̃ ­

2gmBH (m0H: magnetic field in tesla). We get

C . kBb2 sD0
1 1 H̃d2expf2bsD0

1 1 H̃dg
h1 1 expf2bsD0

1 1 H̃dgj2
. (4)

FIG. 3. Heat capacityCfHg of a 1 mg Mn12O12-acetate
monocrystal. Addenda (mainly the grease) are estimated to
, 20 nJy K.
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FIG. 4. Heat capacityCfHg of a 1 mg Mn12O12-acetate single
crystal in the bilateral regime.

This equation accounts qualitatively for the behavior
the low temperature heat capacity measurement of Fig
(T ­ 2.7 K). On the other hand, when the magnet
field is swept without permitting the system to reac
equilibrium, discontinuities appear in the curve. Th
discontinuities are due to heat emissions that appear w
the relaxation time of magnetization strongly decreases
positive magnetic field valuesHn ­ nDygmB , 0.4n T,
and they can be interpreted as a spin tunneling wh
magnetic levels cross together (Figs. 5 and 6). Once
spin tunnels to the spin up well, it relaxes to the groun
state under heat emission, so the process is irreversi
This explains the fact that the peaks only appear f
a field applied antiparallel to the initial magnetizatio
and that their shape strongly depends on the sweep
velocity. The relaxation times of the spins roughly follow
an Arrhenius law [12]t ­ t0 expsT0yT d, where t0 ­
1027 s andT0 ­ 61 K. With decreasing temperature, th
relaxation times of the lower field peaks (0.4 T, 0.8 T
become too long, so not enough spins flip to produce
heat pulse and gradually the peaks disappear, favoring
creation of new ones at higher fields wheret is still small
enough (Fig. 6).

FIG. 5. Heat emissions of a20 mg Mn12O12-acetate mono-
crystal as a function of a swept magnetic field (17 mTys).
The shift of the 0.8 T peaks to higher fields with decreasin
temperature could be due to higher order anisotropy (see [1
or to the influence of magnetization on the local field of th
sampleB ­ H 1 4pM.
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At temperatures above6 K the spins are spread on
both wells and occupy excited statesm with a probability
that is proportional to the Boltzmann factor:p6m ~

exps2bE6md. The relaxation times are so short,t ,

1 ms, that thermal equilibrium is established within the
measuring period1yv. Excitations happen not only
between states of the same well but also from one we
to the other. Both wells contribute to the magnetic hea
capacity, thus it is greater than in the unilateral case. Th
observed broad maximum (Fig. 4) can be understood b
simply considering the two most populated statesm ­
610: At zero field they are degenerated, so there is n
magnetic contribution to the heat capacity, at high field
the gap between both states is very large and only fe
excitations occur. At an intermediate valuẽH . kBT ,
a large number of excitations occur andCfHg has a
maximum. Of course, to get the real temperature valu
of the maximum, all states must be considered.

The range from 3.8 to5 K is characterized by large
heat capacity anomalies at multiples of0.4 T , DygmB.
The characteristic relaxation times do not clearly belon
to either the unilateral or bilateral regimes. The anomalie
are probably due to a change from a rather unilater
regime to a bilateral one at the discrete magnetic fie
values where reversible tunneling reduces the relaxati
time t. Lionti et al. [13] have found at5 K, t ­ 0.012 s
at zero field andt ­ 0.007 s at H ­ 0.4 T. For a
typically working frequency ofv ­ 16 3 2p Hz the
system is, forH ­ 0.4 T, rather in the bilateral regime
(vt ­ 0.7 , 1) and for other field values, where no
tunneling occurs, in the unilateral (vt ­ 1.2 . 1). The
heat capacity difference between both regimes, i.e., t

FIG. 6. Heat emissions of the1 mg Mn12O12-acetate crystal
as a function of a swept magnetic field (5 mTys).
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height of the peaks, can be estimated using Eq. (2). L
us consider only the lowest levelsm ­ 6sS 2 1d and
m ­ 6S ­ 610.

In the unilateral regime atH ­ DygmB , 0.4 T the
heat capacity is given by Eq. (4). In the bilateral regim
them ­ 2S level must also be taken into account:

Cbil . kBb2

P2
n­1sdnd2exps2bdndhP2

n­0 exps2bdnd
i

2
, (5)

whered1 ­ E10 2 E9 and d2 ­ E10 2 E210 ­ 2sH̃ ­
12 K. Thus d2 ­ d1 and Cbil . 2Cuni. Notice that at
zero fieldCbil ­ Cuni. That is why no anomaly appears
at H ­ 0, although it is the most important level crossing

An estimate of the magnetic heat capacity of th
20 mg crystal at a temperature of4.8 K yields 2Cuni ,
Cbil , 2 3 1028 JyK, the order of magnitude measured
in Fig. 2 (1.3 3 1028 JyK). From formulas (2) to (4)
it can be seen that the magnetic contribution to the he
capacity of the sample becomes actually of the sam
order of magnitude as the phonon contribution whe
the temperature is much below the Debye temperatu
(35 K according to [11]) but not too small with respec
to the first excited level (12 K) of the spin Hamiltonian
[Eq. (1)].

Nanocalorimetry has proved to be a powerful too
that permits us to measure mesoscopic effects of sing
magnetic crystals as small as1024 mm3. The tunnel-
ing process of Mn12O12 crystals, below and above the
blocking temperature, has been measured. The magn
specific heat of Mn12O12 exhibits a variety of broad and
narrow peaks as a function of external field and temper
ture that can be explained in terms of a quantum tunne
ing of magnetization through the anisotropy barrier. W
have presented a qualitative analysis in which the bas
parameters are the uniaxial anisotropy constantD and the
relaxation timet of the magnetization. Our results are
in qualitative agreement with magnetic measurements
t [6,14,15]. Moreover, a more quantitative analysis o
the specific heat data will provide a test of the theoretic
model, e.g., delivering information about the presence
et
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absence of higher order anisotropy terms (inS4
z , etc.) in

the spin Hamiltonian [Eq. (1)].
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