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Magnetic-field-dependent thermodynamics of Mr,-acetate single crystals at low temperatures
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Thermal measurements of single microcrystals of;Meacetate 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 My 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 revels0163-18208)06041-X

[. INTRODUCTION of the magnetization is therefore very long at low
temperatures The spacing between the levels in the wells is
There has been intensive recent study of magnetizatiotarge (up to about 12 Kand thus typical of a microscopic,
reversal against a high anisotropy barrier by macroscopiguantum system. A resonant tunneling of molecular spins
quantum tunne“ng in very small monodomain partid{&g_ between matching levels on opposite sides of the potential
low a certain crossover temperature, the relaxation of magparrier formed by the anisotropy was recently
netization in these mesoscopic particles is much faster thaiemonstrated® 3 . _
predicted by the classical models of magnetization reversal, The manganese system is superparamagnetic and can be
such as the Rel-Brown modef A great effort is underway ~described by a Hamiltonian of the fotfh
to determine whether this effect is due to quantum tunneling
of magnetization because of both theoretical interest and fu- H=— DS?— gugSH+H', (1)
ture technical applications of nanomagn&Te investigator
of mesoscopic magnetic systems encounters the difficulty ovhere D=0.6 K is the anisotropy energy per clust&rs?
clearly discerning guantum-mechanical effects from classicar 60 K is the anisotropy energyd the magnetic field ap-
ones. Real samples very often consist of a set of particles thatied parallel to the easy axis of magnetizatiga; 2 is the
unavoidably have different shapes and sizes, so that the digyromagnetic factor, an&, the spin per cluster. The term
tribution of the relevant parameters, such as anisotropy cor' is a Hamiltonian that does not commute wifh and
stant and particle volume, is relatively broad and makes theesults from the demagnetizing field, dipole coupling, higher
interpretation difficult. In addition, an exchange coupling be-anisotropy terms, and/or hyperfine splitting. A great effort is
tween particles is often unavoidable. Therefore measureinderway to understand its origih®>*#as it rules the tunnel-
ments are preferably made on either a single partisteich  ing phenomenon and is the key to an enhancement of the
presents an experimental challenge due to the smallness mlaxation time that would be necessary for technical appli-
the sample, or on one of the few known systems of identicalcations.
noninteracting particles. Mp-acetate crystals(for a short Up to now the Mn, complex has been studied by mag-
review, see Ref. B6belong to the latter class as they are netization measurements, ac susceptibility, and electron
arrangements of identical magnetic clusters in an organiparamagnetic resonance measuremenéee, for example,
matrix, without exchange coupling from one cluster to an-Refs. 9, 12, 16, and }7The heat capacity has been mea-
other. Each cluster is composed of 12 manganese ions thatired on powder samples of Mnacetaté! These studies
are coupled in a ferrimagnetical configuration toS&10  show that the environment acts on the quantum tunneling of
macrospin(henceforth we will refer to it simply as “spinj.  magnetization, thermally activating the tunneling between
Excitations within the cluster can be neglected at temperalevels in a way that is still not well understood. For these
tures sufficiently far beloW30 K. The crystals are rectangu- reasons it is important to study the interaction of the mag-
lar parallelepipeds with tetragonal symmetry. A strong crys-netic system of the crystal with the phonon bath.
talline anisotropy lifts the 3+ 1 degeneracy of the magnetic =~ Small single crystals generally have a better structural
levels in zero field, creating a configuration where two wellsquality than big ones, while the broadening found on powder
are separated by a barfi@f about 60 K. The relaxation time samples due to the slightly different characteristics of each
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crystal or to their orientation dispersion in an applied mag-equilibrium values discussed above. Finally, we use the ob-
netic field is absent. On the other hand, the thermal condudained formulas to study the example of a double-well sys-
tivity of Mn 1, acetate is very low in the usually studied rangetem: Mn,,-acetate crystals.

of temperature0.5—30 K), so that small crystals reach ther-

mal equilibrium more rapldly than Iarger ones, and therefore A. The general case for ac steady-state measurements

are better suited for accurate dynamic thermal measurements. L .
A very sensitive nanocalorimeter, especially devised for such The temperature modulation induced in the ac steady-

measurement$, allowed us to perform unprecedented Statﬁ m(;,\ghocri I\?\/”?bsum ofnl]:o(;Jt[lerhC:)dmporlﬁnist.hLlntfa'far tre}
specific-heat measurements of small Macetate single sponse theory € assumed fo hoid, so that the €ellect o

crystalst® In this article, we first describe the theoretical the various Fourier components is additive and is sufficient

backgrounds to specific-heat measurements of slowly rela ﬂ con5|dt|ar a ?;]ngle Fourier component. The temperature of
ing modes in a magnetic double-well system. Then we com- € sample IS then

pare the theoret_ical predictions to the measured specific heat T(t)=To+ 8T(1), )
C(H) of small single crystals of M3 acetate as a function

of an applied magnetic fieltl at different temperatures and Where
frequencies. Finally, we study the temperattifgd) of the _
crystals as a function of a scanning magnetic field and we OT(t)= T ocos wt). &)
suggest a qualitative interpretation of the results. Within linear response theory, formul®) implies that the
powerP(t) transferred to the sample from the external world
is also a sinusoidal function of time, which depends on a

Il. SPECIFIC HEAT OF SLOWLY RELAXING MODES phase shiftp, namely,

The conditio sine qua noro measure a specific heat in _ .
thermal equilibrium is that any internal relaxation process of P(t) = = SPpsin(wt = @). )

the sample be much shorter or much longer than the measur- \ye shall now see how a frequency-dependent specific

ing time. In the first case all relaxation processes have tim@eaat can be defined and deduced from the two measured

to take place, and a thermal equilibrium measurement can b(?JantitiesP(t) and 5T(t). We shall generally assume that
performed. In the second case, the slow relaxation modes afge measurement is performed at constant sample volume

ignored and all degrees of freedom except those which desq more generally “without external work22 In such con-

pend on the slow modes are measured. , ditions, at thermal equilibriumthe heat capacityl C (where
In certain cases, as for instance the heat-capacity mey‘ is the sample mass ar@ the specific heatis usually

sur:ements perg?rmed in thi Ialtge 19d703f0n vitreouhs sil_ica aNfefined as the ratiéU/ ST of the increaseSU of the energy
other metastable systertef. 19 and references therbor ¢ \he sample to the temperature increadein a transfor-

In our present.megsurements of Macetate, there ISa mode mation where the sample is at equilibrium. In the nonequi-
with a relaxation time comparable to the measuring time, S®brium measurement of interest. the energit) of the

that the measured magnitude cannot be considered any MO&mple at timet is, within linear response theory, a sinu-
an equilibrium specific heat, but rather a kind of linear “sus—Soidal function of time namely '

ceptibility.” This linear susceptibility represents a
frequency-dependent specific h€dtw), if we admit that the U(t)=Uqy+ 8U(t), (5
inverse of the measuring time defines a frequead¢{2 ). . o

Note that the measurement is nevertheless in equilibriuni’here the relation™(t) =dU(t)/dt implies

with regard to the average temperature and the magnetic _ _

field. As pointed out by Birge and Nag®,frequency- U(t)=2oUocogwt—¢) ©®
dependent specific-heat data have a unique feature. The speith

cific heat is linked to the thermodynamics of the system and

therefore couples not only to magnetic, electric, or structural 0Ug= 6Pyl w. )

changes, but to all modes of the system. This is not true for Following the usual definition of susceptibilities in linear

dielectric, magnetic, or mechanical susceptibilities, so, i ] :
some cases, specific heat might be the only useful analy?'\%%%(gsi ar1thbee0:jyéfinae df;esquency dependent heat  capacity

tool.

In this section we show how to deal with nonequilibrium U
specific-heat data and how to get valid microscopic informa- MC(w)= T—‘” (8)
tion from the measurement of heat capacity by means of the @
ac steady-state methddof a magnetic double-well system. where we introduced the Fourier coefficients
We proceed in the following way. First, we define a
frequency-dependent specific h&xtw) according to linear
response theory. Then the dynamics of spins in the double
well is studied as a function of the relaxation timef the
system and the frequenay of the heat-capacity measure- and
ment. We obtain a formulgformula (24)] that relates the

ep 1 2w
measured specific he@{w) t0 w, 7, Cy,;, andCyp;, where  ; _ = dtsU(t)exp —i wt)=(8Uy/2)expie). (10)
Cpi=C(7—0) and C,,=C(7—x) are the two limiting ¢ 2w Jo

1 2w
Tu,:—f dtsT(t)exp —iwt) = 5T,/2 (9)
2 0
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FIG. 1. Double-well system for a sp®= 10 at a magnetic field
of H=4D.

One can deduce the “absolute frequency-dependent heat ca-

pacity”

sU
M|C(w)|=F§, (1)

which is the absolute value df1C(w). Even though the
phase shiftp does not appear in Egéll) and(7), it should

be introduced in order to relate the specific heat to a micro-

scopic model, which is the task of the next section.

B. C(w) in a double-well potential
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; Pm(D (1% ¢)2=p=(1). (13)

Moreover, thermal equilibrium inside each well implies
that the probabilityp,,(t) that the system is in staten) at
time t satisfies the relatiop,(t)/p,(t) =exd — B(En—E,)]
for any pair of statefm) and|n) belonging to the same well.
It follows

I+ ¢gnp (1) 1—¢mp (t
poity=| P 2P U e,
(14)
where
1+ 4,
zi<t>=§ exp(— BEp) 2‘/' : (15)

Our aim is to calculate the specific heat through form@)a
whereM is the mass of the system atd, is the Fourier
transform of the energy of the system at tilme

U<t>=§‘é Pm(D)En. (16)

The next task is the determination pf (t) [and, in the
same way,p (t)]. At thermal equilibrium this probability
would be

We shall now consider the particular case of a system

where a potential barrier separates the physical states into

two sets or “wells” such that thermal equilibrium is rapidly

established inside each well while, at low temperature, ther-
mal equilibrium between the two wells is established only
after a long timer. Examples of such systems are given by

big magnetic molecules like Mp, as described in the Intro-

> expg—BEn)(L+yml2

m
peq: ’

; exp( — BEn)

duction. In reality, the double-well system is a microscopicVhere

element of a macroscopic set of many double wells, but in
the following we shall only consider a single double well

called “the system.” The interaction with the rest of the
sample is represented only by the relaxation tim&he two
wells will be designated by the signs+* and “ —.” The
system has a probabilify”* (t) to be in the+ well at timet,
and a probabilityp™(t) to be in the— well. Of course,
p*(t)+p~(t)=1. As can be seen in Fid a staten>0 can
pass from thet+ well to the — well at a high magnetic field.
Thus it is appropriate to introduce a functig, which is, at
least approximately, equal to 1 if the stéwe) belongs to the
+ well and to—1 if the statelm) belongs to the- well. It
follows that the function (% ¢,,)/2 is equal to 1 if the state
|m) belongs to thet- well and to 0 if the statém) belongs to
the — well, while the function (% ¢,,)/2 is equal to O if the
state|m) belongs to the+ well and to 1 if the statém)
belongs to the- well.
In our numerical calculations we assumed
Ym=m/|m| (m=0),

$o=0. (12)

z=z"+z". (19

At any timet, the sample has a certain temperatui(e)
given by Egs.(2) and (3); expression(17) has therefore a
well-defined value and*(t) tends to get closer to that
value. In the simplest cases one can assume a linear relation,
namely,

J + 1 + +
P ()=—=~[p" (1 —pd), (19
where 7 is the relaxation time already introduced, apgl
depends on time through the temperatlird_et us consider
the simple case where the jump rate is very low. Then the
probability p*(t) to be in the+ well is almost independent
of t and equal to its average valpg . When, for instance,
the temperature is stationafie., maximum or minimurm

the flow of energy from one well to the other is maximum
according to Eq(19), so that the energy has no reason to be
stationary and therefore there must be a phase sghifs

This definition is only correct in zero field, but can be usedwill be seen laterg vanishes in the absence of jumps be-
also for a nonvanishing field if the temperature is so low thatween wells.

the population of staten) is negligible for smalim. One
should have

For a weak temperature modulation, Ef9) can be lin-
earized and its solution is
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op¢ IIl. HEAT-CAPACITY MEASUREMENTS
0 cogwt—a), (20) OF Mn;,ACETATE CRYSTALS

p+(t) = pg + m
¢ Our nanocalorimeté? basically consists of a @m-thick

where silicon membrane suspended in vacuum and linked to the

thermal bath by twelve narrow silicon bridges. A planar NbN

thermometer and a CuNi heater are placed on this membrane

and and the samples are pasted with grease on the backside of the
same. The experimental setup permits not only the study of
extremely small crystals, but also a very accurate knowledge

tana=wr (21

%“ EXP = BoBm) (1+ m)/2 of the temperature of the sample during measurement. Every
Po = : (22)  configuration of the magnetic system can be sampled by tun-
E exp — BoEm) ing an applied magnetic field. The field was varied parallel to
m the easy axis of magnetization, usually freni to 1 T. The

heat capacity was measured, as described in Ref. 18, by re-
cording the amplitude of the temperature oscillations. The
phase shiftp, which could in principle also be measured,
turned out to be very sensitive to parasitic capacitances and
was therefore ignored.

SU(t)=|C(w)|6Tocod wt— @), (23 Three different samples were measured and the same
qualitative results were found in each case. The quality mea-

whereg is not accessible to present experiments. Its express;,raments were obtained with the smaller crystals{(G0
sion is given in the Appendix. The quantity accessible is the,, 400um for 1 ug weight and 798 180X 75 xm? for 20

is the probability to be in the- well at T=T,. The expres-
sion of 5p3 is given in the Appendix.

Inserting Eq.(20) into Eqg. (16) one obtains after some
calculations given in the Appendix

absolute specific heat” at frequenay, ug). The largest one (1100480% 200 um°®) seemed to be
CZ_c2. less adapted for the device as, due to its size and low thermal
IC(w)|= \/C2,+ bi “uni (24) conductivity, it did not sufficiently well follow the tempera-
14+ @22 ture oscillations of the measurement. The typical working

. . . f i d bet 25 and 120 Hz.
whereC,,; is the equilibrium or “bilateral” specific heat# requencies ranged between an z

=0), while C,,; is the “unilateral” specific heat, i.e., the
specific heat that is measured when jumps over the potential
barrier are impossible during the measuring time/@ be- The measured heat capacity consists of a sum of three
causer=. Their expressions are easily obtained and givercontributions: The “addenda” (sample holdegrease), the

in the Appendix. The phase given by Eq.(A9) is equal to  magnetic heat capacity, and the lattice heat capacity. Other
/2 in the unilateral limit, and to O in the bilateral limit. contributions like the hyperfine heat capacity are supposed to
However, the phase shifp is equal to 0 in both limits. It be negligible in the explored range of temperature. Addenda
should be so, because both limits correspond to an equilitare the major source of error for an exact determination of
rium situation. The bilateral limit is the true equilibrium, and the specific heat of the crystal: The contribution of the bare
the unilateral limit is an equilibrium where one of the wells sample holder is know(# nJ/K at 4 K but that of the grease

A. Contribution of the lattice vibrations

is ignored. used to paste the sample can only be estimated. In any case,
Eliminating « between Eqs(21) and (24), one obtains addenda usually represent less than 10% of the total heat
capacity.
1 C%w)— Cf,i Since the lattice contribution is independent of the field, it
™= m (29 can be evaluated by subtraction of the addenda contribution

and the magnetic heat capacity zero fieldfrom the mea-
which looks appealing since it allows the relaxation time tosured heat capacity. The zero-field magnetic specific heat
be determined directly from the specific heat. However, EqCya(0) is calculated from formul&A13) or (A11), which
(25) should be handled with care beca3 ) has to be vyield the same result in zero field. The estimation of the
the magnetic specific heat, corrected for the phonon contrivolume of the sample can also introduce a small error in the
bution. This correction, discussed in the next section, can bktter calculation. Curve 2 shows the measured total heat
a source of errors. capacity (lattice-magnetic) of the 2Q:g sample that is
The essential result of this section is form{®#), which  compared to a calculated curve and to the values obtained by
relates the experimentally measured specific heat to the theNovaket al! The inset in Fig. 2 shows the determination of
modynamic quantitieCy; and C,,; and to the relaxation the Debye temperature t@pe,,~41 K from the lattice
time 7. The timer can be compared with the results of mag- contribution using the well-known low-temperature approxi-
netic measurements, as we will do in the next section, anehation (T<®) of the Debye theory®
can be calculated if the spin-phonon interaction is known.
This calculation has been made in the cébe 0 by Fort
et al?® and in the general case by Lus al?® The specific
application to specific-heat measurements has been made by
Fernandez et al** who also obtain a formula equivalent to where® is the Debye temperature ai, is the number of
Eqg. (24) by a method different from ours. atoms of the crystal.

3
: (26)

T
C|at2234NakB(6
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FIG. 2. Squares: Heat capacity of Mmcetate as a function of FIG. 4. Measured and Calculat@bntinuous line: lateral ||m|t,

temperature, measured on the 2§-single crystal. Triangles: Val- dashed line: bilateral limitmagnetic heat capacity of the 24

ues of Novak et al. Continuous line: Calculated curve with Crystal atT=2.6=0.05 K andT=3.65+0.02 K.

Openye=38 K (obtained by Novalet al). Dashed line: Calculated

curve With@Debye: 40.9 K. Pointed line: Calculated magnetiC heat Above 5 K the anomalies disappear into a broad maxi-

capacity. Inset: Determination @ pepye- mum, which shifts to higher field values when the tempera-

ture is raisedsee Fig. 4 of Ref. 13 This behavior is pre-

, ) dicted by Eq(A12). As can be seen from Fi a qualitative
Each of the following curves was recorded allowing ther-, g eement exists between the calculated curve and measured

mal equilibrium to be reached at every magnetic field stepe rve. However, the measured specific heat is appreciably

Figure 3 shows heat-capacity curves recorded at a fixed frj(')wer than the calculated one. Further measurements will be
guency. The curves below 3.5 K have no structure. In Fig. . A
cessary to clarify this discrepancy. Note that, at the tem-

they are compared to the calculated magnetic heat CapaCIPeratureT=5.7 K, which corresponds to the figutend at

in the unilateral limit(the bilateral limit is also shown for hiah h | fh | A b
comparison At temperatures belo 3 K the relaxation time ngner tempergturest € v2a8 ues o the relaxation timepub-
lished by Hernadezet al“® (which we have used to calcu-

7, which roughly follows an Arrhenius law, is much longer
(a few secondsthan the measuring timéenths of mg so late our curve are such thatw7<<1, so the calculated curve
as expected, th&=2.6 K curve clearly approaches the uni- IS €qual to the equilibrium heat capacBy, .

lateral limit. At those temperatures the calculated heat ca- All the curves can be explained with the present model.

pacities strongly depend on the height of the anisotropy barl © @Pproach the unilaterak(r>1) or the bilateral regime
rier. The curves shown fit best with a barrier AE/Kg (w7<1) either temperature or frequency can be varied. At

—62+2 K. This value is in agreement with the usually ad- T =4-3 K (Fig. 6) the system is in the intermediate regime
mitted value of 61 K27 for ¥=18.8 Hz and tends towards the unilateral regime for

For the frequencys =25 Hz, the productr is of order ~ higher frequencies. As expected the peak$iatD disap-

unity between 3.5 and 5 K. In this range of temperatures #€ar sooner than the peakstét2D. At 5.1 K (Fig. 7) the
symmetric pattern of peaks appears at magnetic field valueystem is close to the bilateral limit fop=18.8 Hz and

B. Heat-capacity measurements as a function of magnetic field

of +0.4 and+0.8T. clearly in the intermediate regime for higher frequencies.
w=253Hz .,
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FIG. 3. Magnetic heat capacity of the 2@ Mn,,-acetate FIG. 5. Measuredsquarey and calculateddashed ling mag-

monocrystal vs the applied magnetic field, measured wat netic heat capacity of the 20g crystal aff =5.7 K. The theoretical
=25 Hz. The zero-field-calculated magnetic heat capaZity,(0) curve was calculated fop=25 Hz andr=2.4 ms(Ref. 16 (it is

is 56.0, 47.7, 40.2, and 21.3 nJ/K for, respectivaly;4.75, 4.14,  nearly identical toCy,;). The height of the anisotropy is a less im-
3.67, and 2.65 K. The differences between the measured valugmortant fitting parameter: No substantial difference is observed be-
Ciotal(0) and the calculatedC,,,(0) are the magnetic-field- tween afitAE/Kg=60 K and a fitAE/Kg=70 K. The flat curve is
independent addenda (lattieeample holder contribution). Cuni-
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FIG. 8. Relaxation times as a function of magnetic field cal-
FIG. 6. Magnetic heat-capacity curves at different frequeneies culated from Fig. 3.
of the 20ug crystal. The higher frequency approaches the unilateral
regime.

. In Fig. 9y[C2(w) — C2,J/[C2,,— C?(w)] has been traced
versusw for the curves of Figs. 6 and 7. In principle, straight
lines through the origin are expected. Apart from one point
this is roughly the case.

However, the mean timefollows an Arrhenius law of ther-
mal activation?’ thus temperature intervenes exponentially
in w7 and frequency only linearly.

The higher the temperature the smaller is the magnetic
contribution compared to the lattice contribution, so sensitiv-
ity is lost at higher temperatures and it is more difficult to
observe the peaks. At low temperatures the experiment is o o )
limited by the minimum frequency of the lock-in amplifier ~ Nonequilibrium measurements mean in this case that in-
(20 Hz in our case sgfﬂuent time is given for_the sample to achu_ave equilibrium

The peaks always appear in the range of temperatures aMyth regard to the magnetic field, so hy'_stere3|s effects appear
frequencies where =1 when the Zeeman levels of the two and a time-dependent heat capa@ft) is measured. Non-
sides of the barrier match at discrete magnetic-field valuegduilibrium measurements are analogous to usual magnetic
The sudden reduction of the relaxation time of magnetizatioflysteresis measuremens.
due to a tunneling effect leads the system to pass from a state OUr measurements were performed at rather low tempera-
where w7>1 to a state wherevr<1, i.e., from a rather tures (typically T<3 K), where the relaxation time of the
unilateral regime to a bilateral regime. magnetic systengr) is long, by scanning the magnetic field

Formula(25) allows the relaxation time to be calculated from —1 to 1 T at arate of 1 mT/s. The measurement was
from a heat-capacity curve: Figure 8 shows the calculated averaged ovel s for each data point. In this way the system
for the 4.7-K curve of Fig. 3. A comparison of the results Was prevented from reaching equilibrium. In Fig. 10, discon-
with the data of Figs. 3 and 4 of Hemaezet al?® shows tinuities in theC(H) curve are observed. They can be inter-
that the general shape of our curve agrees quite well witPreted within the framework of the double-well model as
theirs; the values differ however by a factor of 3. For otherMagnetization tunneling when magnetic levels cross at posi-
temperatures and frequencies the obtained relaxation timdélye magnetic-field valuedH,=nxD/(gug)=nx0.4T,n
are also more than two times longer than the expected vaF 1.2, ... . Once a spin tunnels to the spin-up well, it re-

ues. A test of formul#24) is that it should be independent of laxes to the ground state with heat emission and, as the tem-
perature is low compared to the 12 K of the first excited

level, the process is irreversible. This explains why the dis-

C. Nonequilibrium measurements of heat capacity
in a rapidly swept field
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FIG. 7. Magnetic heat-capacity curves at different frequeneies
of the 20ug crystal. The lower frequency approaches the bilateral FIG. 9. TrianglesT=5.14 K, squaresT=4.27 K. Filled: w at
regime. H=D, open:wratH=0.7 T.
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4.80x10° . . . . r . due to the sample holder, not to the sample. The heat emis-
ol < : _ , ] sion can be understood in the framework of the present
4.60x10°7 - ] double-well model. The system is always in the unilateral
aa0x10° | ] regime. When the sample is saturated in a high magnetic
— [ ] field a great majority of spins are in the ground state
§ 4.20x10° | ] =10. The field is ramped from the starting value{ T) up
o _ ] to H=D/(gug)=0.4 T without any significant temperature
4.00x10° ] change. At this field value thex>0 and m<0 levels be-
a80x16° [ T=2.66K % R come degenerate and a transfer of spins froomthe0 well
i AH/At=0.9 mT/s ] to them<0 occurs by thermally activated tunneling between
ggoxto® Lo e vt v e degenerate levels. The observed heat emission is due to the

-1.5 -1 0.5 0.5 1 1.5 relaxation of tunneled spins to the ground state. Their energy

is transmitted to the phonon bath. The temperature of the
FIG. 10. Total heat capacity of the 285 sample vs a magnetic Sample goes up to-6 K during the heat emission, a tem-

field swept at 0.9 mT/s. The measuring frequency was25 Hz. perature at which the relaxation time of magnetization be-
comes smaller than 1 ms. At higher magnetic fields no fur-

continuities only appear when the applied field is antiparallefner heat emissions occur, suggesting that all spins have
to the initial magnetization and why their shape strongly de-2lready flipped.
pends on the sweeping rate.

The time-dependent magnetic heat capa€ify) can be B. Partial magnetization reversal

calculated with Eq(A11). The coefficient,, are given by The peaks in Fig. 6 show a different behavior. The weak-
Eq.(14), wherep™ andp™ obey the relaxation laWl9), but  ness of the heat emission suggests that only small regions of
are UnknOWn.T IS, IN th|S case, the eﬁec“ve magnet|za.t|on the Crystai or a Certain amount Of Single independent mac-
relaxation time (thermal aCtiVatidftunneling). The interest rospins reverse. When the temperature is decreased, new
of these nonequilibrium measurements is, first, that they cageaks at higher magnetic fields become visible and low-field
be directly compared to magnetization curves and seconnes vanish. The shape and position of the peaks depend on
they could permit, in certain cases, the measurement of th@e relaxation time of magnetizatianand its relation to the
time derivative ¢/dt)p™(t), thus yielding information on  sweeping rate of the magnetic field. If the time spent at a
the still unknown Spin-phonon interaction of the SyStem. Crossing Of |eve|{H :nD/(g/-LB)] is Sma” Compared with
7, only a small number of spins change to the other well. At
IV. TEMPERATURE MEASUREMENTS the next level crossing,uBHz(n—ir 1)D, the anisotropy is
lower, so thatr is smaller, tunneling is faster, and the spe-

A major problem in the study of macroscopic quantumcific peak is higher. Sooner or later a complete magnetization
coherence effects is to evaluate the influence of thermal flugeversal is achieved. The reasons for the different behavior
tuations on measurements. Thermal activation is a concugompared to the 2@g crystal are(i) the shorter thermal
rent effect to tunneling of magnetization; it is thus difficult to relaxation time to the bath of the dg crystal (r,,=C/K
distinguish one from the other. where the thermal link, defined by the sample holder, is

In a previous work® we presented temperature measurethe same for both sampleand (ii) the more favorable ratio
ments of the samples as a function of an applied magnetigf surface to volume of the smaller sample. In other words,
field (T[H]) (Figs. 5 and & We found that the My crystals  the 1.g sample dissipates the emitted heat faster, so that the
emitted heat pulses at discrete field values that were mukrystal has no time to globally increase its temperature. The
tiples ofH=D/(gug)=0.4 T. The influence of the tempera- very different behavior of these otherwise identical samples
ture of the base line and the sweeping rate were investigategutlines the great importance of thermal effects in magneti-
The field was ramped from a large negative vals@turated  zation relaxation. Our measurements qualitatively reproduce
sample to a large positive one at a relatively high rate of the magnetization measurements of a,Macetate single
5-17 mT/s. The heat capacity of the sample holder was ajrystal performed by Thomaat al?® and, in addition, they
least one order of magnitude smaller than the heat capacifyrovide important additional information, the real tempera-
of the sample, so we can consider the measured temperatugge of the crystal.
to be the real sample temperature. The curves traced in Figs.
5 and 6 of Ref. 13 for two different samples show a different

character, in spite of the fact that the mass is the only differ- _
ence between the two crystals. Paulsen and Park reporfedionreproducible complete

magnetization reversals of Mpacetate crystals measured at
very low temperaturesT(<1 K). According to the authors,
the reversals occurred at random magnetic-field values and
Figure 5 of our previous work shows the heat emission they might be caused by avalanches of spin flips: A spin
of the 20.ug sample at different temperatures. Close to 3 Ktunnels and relaxes to the ground state while emitting heat.
the main peak appears at 0.4 T. At lower temperatures thi§he temperature of the neighbor clusters is raised by the heat
peak decreases, and finally disappears, while the 0.8-T pegkilse above the blocking temperature, greatly increasing the
gains in amplitude. At 2.2 K the latter peak has also disapprobability that they will flip. In turn they heat their neigh-
peared. In all cases a small peak is found at zero field. It ibors and so on, until all spins have turned over. Paulsen and

0
H[T]

C. Thermal amplification of spin tunneling

A. Total magnetization reversal
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Park had a sample that was very well thermally coupled tavin,, acetate was, in our case, enhanced by a thermal ampli-
the bath, so the low thermal conductivity of the Macetate fication effect caused by the weakness of the thermal link to
at low temperatures was responsible for local overheating. fhe bath and we suggest that tunneled spins could generally

seems likely that the energy liberated by tunneling spins trigact as a trigger of microavalanches of reversed spins.
gers small avalanches of spin flips in their neighborhood.

This effect would strongly thermally enhance the tunneling ACKNOWLEDGMENTS

of spins, though total magnetization reversal may not hap- i

pen, as in Fig. 6 of our previous wotk.The avalanches ~ The authors want to thank F. Bartoloymd. Giroud, M.
would stop as soon as the degeneracy of opposite levels Mdovak, and R. Sessoli for useful discussions. We also thank
lifted. To conclude whether microavalanches triggered byM. Hunt for useful help.

magnetization tunneling are relevant or not, the thermal con-

ductivity of Mn;, acetate must be measured and the spin- APPENDIX: DYNAMICAL SPECIFIC HEAT

lattice interaction must be known.
In this appendix we derive formulé&24). ReplacingT

=1/(kgB) by Egs.(2) and(3) in expressior(17) of pgq, one

D. Shift of peaks with t t i
ift of peaks with temperature obtains

The 0.8-T peak of thd (H) curves of Fig. 5 of our pre-
vious work? shifts slightly to higher fields with decreasing Pag()=Pg + Spg cog wt), (A1)
temperature. Two possible effects could explain this shift. 4. . . . .
(1) The influence of magnetization on the local field of the Wher€Po is defined by Eq(22) and, if ¢, is chosen inde-
sample. The real magnetic field experienced by every spin df€ndent ofT,
the crystal is, to a first approximatiorB= uo(H—nM dp;
+M), whereH is the applied magnetic fieldy the demag- 5p3=( eq) 5To=pg" 8T, (A2)
netizing factor, andM the magnetization of the samplil dT T=T
varies with temperature. Hemdez et al® explain in this
way a shift of theirdM/dH peaks that seems to be of the

0

same nature. > En€Xp — BoEm) (1+ ¢hn)/2
(2) Barraet all” have demonstrated by means of electron =kg 5(2) m

paramagnetic resonance measurements the existence of a Eexp(— BoE,)

fourth-order magnetic anisotropy term in the Hamiltonian of m o=m

the Mn,-acetate systems. The fourth-order term introduces

an asymmetry into the Hamiltonian so that the levels of one exnl — BAE)(1+ /2
well do not all match exactly at the same magnetic-field ) E P= BoBm) (14 Ym)
value with the corresponding levels of the opposite well. The —KgBo
population of levels varies with temperature, so different lev- > exp(— BoEm)

m

els can dominate at different temperatures and in conse-
guence the main heat emission happens at slightly different

fields. This effect is especially remarkable at high-field 2 Enexpl— BoEm)

crossings. . _ (A3)
Further measurements will allow the evaluation of the im- > _BE

portance of these mechanisms and help to discern the nature = exp = BoEm)

of the higher-order terms of the Hamiltonian.
Quantitiesp, andp,~ can be defined in a similar way,
V. CONCLUSION and are, respectively, equal tp,=1—p; and py~

R
A study of the frequency-dependent heat capacity of a Po - . .
Mn,,-acetate magnetic double-well system has been pre- :nser?on Ef I(EZqOSAlt) '%E?'lgg) ylelg? Eq.(fZO). Kt
sented. A theory has been developed, which relates the ex- n:;ser Ing dqi i Into £q. Oone obtains for weak tem-
perimentally measured, frequency-dependent specific heat pgrature modulations

the bilateral and unilateral specific hedeasily calculated U =p" (HU TT(1+pH(OUTTT(t
from electron paramagnetic resonance fdatad the mag- O=p (U TTOI+p (OUTT)]
netic relaxation timer. The results reproduce the anomalies =po U [T()]+py UT[T(1)]

of ras a function of the magnetic field although they do not
provide a very precise value af Consideration of higher-

order terms in Eq(1) (for instance, the fourth-order terms in + \/ﬁWDSU “(To)+po U™ (To)]
Ref. 17 might increase the accuracy. wT
Measurements of heat emission confirm that the thermal X cogwt—a), (A4)

coupling between bath and sample plays a major role in the
magnetization reversal. We point out the importance of pawhere
rameters such as the thermal conductivity and the heat ca-
- - - 1 1+ ¢,
pacity of the sample in the magnetization reversal of molecu- Us(T)=—= > Eexp — BE,) . (A5)
lar magnets. We conclude that the magnetization tunneling in Z- “m
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Relation(A4) can be written as where, if ¢, is independent of,

U(t)=po U (To)+po U™ (To)+8U(t)  (A6)

. . 1 1+,
with CH(M=1— 2 Ehexf~BEn) — =
kBT m 22_
SU(1)=[py C (To)+pg C*(To)]8Tocos wt
1
1 ~ . —W[U:(T)]Z- (A8)
+ —=—==10po U (To)+dpg U™ (To)] B
V1+wor
Xcod wt—a), (A7) Formula(A7) can be written in the forni23) where

[po U™ (To)+ps U (To)]sin a/ 1+ w?r? a9)
tan ¢= A9
Po C ™ (To)+pg C*(To)+[Ps U™ (To)+py U™ (To)]cos al Y1+ w?r?

and

2

Py U (To)+ps U (Ty) [Py U (To)+po U (Te)]?
cosa| + Sir? a.

V1+ w272 1+ w?7?

|C(0)[?=1Po C™(To)+py C*(To) +

Using relations coa=1/V1+w?r® and sina  Cu=pyC (To)+psC (To)+ps U (To)+ps U™ (Ty).
= w1\ 1+ w?7?, which result from Eq.(21), the previous (A12)
formula reads For low temperatures and small magnetic fields we obtain

C%(w)=C}y+[Chi— Clnlcoda, (Al0) ~ approximately
which reduces to Eq24). 1
Cuni is given by CbiszIBZ(E % Exexp— BEp)
Cuni=Po C™(To) +po C*(To), (A11) 1 2
- ~|> 2 Enexa—BEn) | |.  (AL3)
while zZ°m
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