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A particularly sensitive heat capacity measuring device has allowed us to measure the tunneling
process of M, Oj,-acetate single crystals (madsand20 wg) from the irreversible tunneling process
below the blocking temperaturéz to the reversible resonant tunneling process abbye Above
the T (typically 3.5 K) we find specific heat anomalies at the magnetic field values that correspond
to the crossing of spin up and spin down levels of different magnetic quantum numbers. Below
Ty, heat relaxation pulses at the crossing of crystal field levels are observed for fields applied
antiparallel to the initial magnetization. These measurements give a new scope 40, Macetate
investigations and show the great interest of nanocalorimetry for studies of big magnetic molecules.
[S0031-9007(97)03794-0]

PACS numbers: 75.45.+j, 61.46.+w, 07.20.Fw

Crystals of Mn,01,-acetate clusters [1] are molecular of an applied static magnetic fieldC[H]) and the tem-
spin systems that exhibit spectacular effects [2]. Twelveperature as a function of a slowly scanned magnetic
manganese ionstMn3** and 8 Mn*") are coupled by field (T[H]). The measure of very small single crys-
ferromagnetic exchange to & = 10 macrospin. The tals promises a high quality of the sample and avoids the
Mny,01, clusters are embedded in an organic matrix androadening found with powder samples due to the slightly
show no exchange coupling from one cluster to anotherifferent characteristics of every crystal. On the other
The crystals are regular parallelepipeds with a strong magside, it implies a great experimental difficulty. An ex-
netocrystalline anisotropy~60 K) along the longitudi- perimental setup has been developed (described elsewhere
nal axis. Once oriented, they present at low temperaturd®]) that allows measuring samples as smalllggg. It
and zero magnetic field a very long relaxation time of theroughly consists of & wm thick silicon membrane with
magnetization (two months atK [3]). Recently, quan- a planar thermometer and heater. The crystal is pasted on
tum tunneling of molecular spins through the anisotropythe membrane with Apiezon-N grease.
at magnetic field values that correspond to the crossing of The specific heat measurements were conducted with
spin up and spin down levels of different magnetic quanthe ac-steady state method [10]. A modulated power
tum numbers, has been demonstrated [4—6]. is applied by the heater to the sample, so the sample
The anisotropy lifts theS + 1 degeneracy of the mag- temperature oscillates at a pulsatien (working fre-
netic levels in zero field, creating a double well configura-quency range# to 20 Hz) with an amplitudeAT. In
tion [5] as sketched in Fig. 1. The manganese system isuitable conditions the heat capacity redtls- P/ATw.
superparamagnetic and can be described by a Hamiltoniagkbsolute heat capacit¢[7] values corresponded within
of the form [7] 20% with values measured on MyO;, powder [11].
H = -DS,> — gusS,H + H, (1)
where D = 0.6 K is the anisotropy energy per cluster,
H the magnetic field applied parallel to the easy axis A
of magnetizationg = 2 is the gyromagnetic factor, and
S is the spin per cluster.H! is a term that does not
commute withS, and is due to the demagnetizing field,
dipole coupling, higher anisotropy terms, and/or hyperfine | H ™=
splitting. A great effort is underway to understand how it m= 8
comes about [7,8]. m= 9
Thermal measurements as a function of a magnetic field
enlighten the interplay between the spin system and the m = 10
lattice of the crystal, e.g., clarifying how the phonons
influence the tunneling of the macrospins, therefore,
giving a great deal of new information.
We have performed two kinds of measurements OIF|G. 1. Potential well of a MpO,,-acetate crystal atl =
Mn 1,01, monocrystals, the heat capacity as a functioreD/gu and at zero field (dashed curve).

spin-up spin-down

H = 2D/(1,g)
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However, the real interest of the device is measukihg decreased, higher field peaks are enhanced and lower field
as a function of a magnetic field. A sensitivity to heat peaks are diminished. The distance between pulses is
capacity changes afC/C ~ 10~* was achieved. always close t®.4 T.

Temperature measurements were performed by record- An interpretation of the results has to consider neces-
ing the thermometer’s resistance (Niobium-nitride withsarily the relation between the measurement frequency
1/R X dR/dT = 0.1 K~! at 4 K) versus magnetic field, and the magnetization’s relaxation time If 7 is much
without applying the modulated power. longer than the period of measurement, i.e.@if > 1,

Three different samples were measured and the sanspins have no time to cross the anisotropy barrier and re-
qualitative results were found. The best measures wemnain generally in the same potential well (see Fig. 1). In
performed on the smaller crystal30(x 60 X 400 um3  the following, this situation will be referred to as “unilat-
for 1 ug weight and790 X 180 X 75 um? for 20 ug).  eralregime.” On the other handdfr < 1 the spin states
The external magnetic field was varied parallel to the easin both wells are in thermal equilibrium so that the heat
axis of magnetization from-4 to 4 T, always starting capacity measurement is an equilibrium measure of both
from saturation. The heat capacity values were recordedells. We call it “bilateral regime.” Our typical measur-
after thermalization at every magnetic field step. Fig-ing frequency wad0 Hz, the relaxation times of magne-
ure 2 shows aC[H] measurement at different tempera- tization ranged from 19s at1.5 K to 0.1 ms at7 K, so
tures. Above3.5 K a symmetric pattern of peaks appearsboth casesp™ > 1 andwr < 1, were considered.
at magnetic field values 0£0.4, =0.8 T and, in some The internal energy of a magnetic system is given by
cases, a residual peak atl.2 T (Fig. 3). The shape of N—1
the anomalies changes with frequency and temperature; the U = 21 Anexp(=BA) )
height of the peaks increases as a function of the latter. 2’;01 exp(—BA,)

The width of the anomalies does not depend on the ampl'%-
tude of the temperature oscillation in the observed range of
30 = AT = 500 mK. The curve envelope changes exclu-
sively with temperature. Abovg K the peaks disappear
into a broad maximum, which shifts to higher field values . - -

. . of the sample is saturated, only the =9 and m =
when the temperature is raised (Fig. 4). . )

10 states of the spin up well, i.e., the lowest energy

Below 3.5 K no peaks appear and the envelope has a L o
steeper fall, as can be seen for the K curve of Fig. 2, States, are significantly populated. If the magnetic field

On the other hand, if the thermalization time is too short> augmented, the splitting of the states increases and thus

the curve is asymmetric and discontinuities at discretétzhe heat capacity decreases. In this case Eq. (2) gives
Afexp(—BA1)

values are observed when the field is applied antiparallel dUu )
to the initial magnetization. The discontinuities strongly ¢= ar ksfp [1 + exp(—BADE’ (3)
depend on the magnetic history of the sample and are

clearly due to heat emissions. These heat pulses havéhere Ay = E,—io — En—9 = 12 K. The dependence
been directly recorded with the thermometer (similar heaPn the magnetic field is introduced by substituting
pulses due to avalanches of the magnetization have beén(H) = A} + H, where A} = A, (H = 0) and H =
observed by [3]), as it seemed more appropriate thaRg#sH (noH: magnetic field in tesla). We get
heat capacity measurements: Figs. 5 and 6. Different . (A0 + I:I)zexp[—,B(A(l) .

r a spin of modulusS N = 2§ + 1. In our case
= 10. B = 1/T, A, is the energy difference, in kelvin,
between the state and the ground state: = 10. At

low temperaturesT( < 3.5 K), when the magnetization

scanning times of the magnetic field change the height C = kg T (4)
and the width of the peaks. When the temperature is {1 + exp[-B(A}] + H)]}
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FIG. 3. Heat capacityC[H] of a 1 ug Mn;,0,-acetate
FIG. 2. Heat capacity of 20 ug Mn,,0,,-acetate monocrys- monocrystal. Addenda (mainly the grease) are estimated to be
tal as a function of an applied magnetic field. ~20nJ/K.
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500 10" e T T At temperatures abové K the spins are spread on
so0 10of N both wells and occupy excited stataswith a probability
z . that is proportional to the Boltzmann factopi-,, o
S 300 0K exp(—BE+,). The relaxation times are so showt,<
g 200 10° 1 ms, that thermal equilibrium is established within the
gm - measuring periodl/w. Excitations happen not only

between states of the same well but also from one well
to the other. Both wells contribute to the magnetic heat
400 100t capacity, thus it is greater than in the unilateral case. The
H([)T] observed broad maximum (Fig. 4) can be understood by
simply considering the two most populated states=

+10: At zero field they are degenerated, so there is no
magnetic contribution to the heat capacity, at high fields
the gap between both states is very large and only few

Thi i ¢ litativelv for the behavi 1Eexc:itations occur. At an intermediate valde = kzT,
IS equation accounts qualitatively Tor the benavior o large number of excitations occur at{H] has a

t?elogv;eKnﬁpegtur; heatthcapscn)é mer?sur(:[:‘r?ﬁent of F'?.' aximum. Of course, to get the real temperature value
]S. Id_' 7 K). ¢ n‘th eto er 'ttan ,thW en ' € rtnagne 'ﬁof the maximum, all states must be considered.
ield 1S swept without permiting the system 1o reach o range from 3.8 t& K is characterized by large

equilibrium, discontinuities appear in the curve. Theheat capacity anomalies at multiples®o# T ~ D /g s
discontinuities are due to heat emissions that appear Wheﬂm characteristic relaxation times do not clearly belong

the _r(_elaxatlon time .Of magnetization strongly decreases 35 either the unilateral or bilateral regimes. The anomalies
positive magnetic field values, = nD/gup ~04n T,  opq probably due to a change from a rather unilateral
and the_y can be interpreted as a spin wnneling Whepegime to a bilateral one at the discrete magnetic field
magnetic levels Cross together (Flgs. 5 and 6). Once falues where reversible tunneling reduces the relaxation
spin tunnels to the spin up well, it relaxes to the grounqimeq_. Lionti et al. [13] have found af K, 7 = 0.012 s
state under heat emission, so the process is irreversiblgt zero field andr = 0.007 s at H — 0’4 T ‘For a
This explains the fact that the peaks only appear fo'fypically working frequéncy ofw = 16 >< 27 Hz the

a field applied antiparallel to the initial magnetizationS stem is, forH = 0.4 T, rather in the bilateral regime

and t_hat their shapg strpngly depend; on the sweepirkq\jT = (0.7 < 1) and for other field values, where no
velocity. The relaxation times of the spins roughly follow tunneling occurs, in the unilaterab = 1.2 > 1). The

an Arrhenius law [12]r = 7oexp(Ty/T), where 7y = heat ity diff W th . e th
1077 s andT, = 61 K. With decreasing temperature, the eat capacity difference between both regimes, i.e., the

relaxation times of the lower field peaks (0.4 T, 0.8 T)
become too long, so not enough spins flip to produce a

FIG. 4. Heat capacitf'[H] of a1 ug Mn;;0,-acetate single
crystal in the bilateral regime.

heat pulse and gradually the peaks disappear, favoring the 3.04
creation of new ones at higher fields wheres still small Z 300k
H = 298 F
enough (Fig. 6). B ek
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FIG. 5. Heat emissions of a0 ug Mn;;0p,-acetate mono- 195 £ .
crystal as a function of a swept magnetic fielt7 (mT/s). 1.90
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The shift of the 0.8 T peaks to higher fields with decreasing H?'I]

temperature could be due to higher order anisotropy (see [16])

or to the influence of magnetization on the local field of theFIG. 6. Heat emissions of thé ug Mn;,O,-acetate crystal
sampleB = H + 47 M. as a function of a swept magnetic fiefl g T /s).

1128



VOLUME 79, NUMBER 6 PHYSICAL REVIEW LETTERS 11 AcusT 1997

height of the peaks, can be estimated using Eq. (2). Letbsence of higher order anisotropy terms {i) etc.) in

us consider only the lowest levels = =(S — 1) and  the spin Hamiltonian [Eq. (1)].
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-~ 2 25=1(84)’exp (= B3y) assistance.
Cuit = kg8 )

[Zi:o exp(_lg5iz)]2 ’
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