
PHYSICAL REVIEW B, VOLUME 64, 165111
Specific heat of single-crystalline Pr0.63Ca0.37MnO3 in the presence of a magnetic field
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We present the results of a study of the specific heat on a single crystal of Pr0.63Ca0.37MnO3 performed over
a temperature range 3–300 K in the presence of 0 and 8 T magnetic fields. An estimate of the entropy and
latent heat in a magnetic field at the first-order charge-ordering~CO! transition is presented. The total entropy
change at the CO transition, which is'1.8 J/mol K at 0 T, decreases to;1.5 J/mol K in the presence of a 8
T magnetic field. Our measurements enable us to estimate the latent heatLCO'235 J/mol involved in the CO
transition. Since the entropy of the ferromagnetic metallic~FMM! state is comparable to that of the charge-
ordered insulating state, a subtle change in entropy stabilizes either of these two states. Our low-temperature
specific heat measurements reveal that the linear term is absent at 0 T and surprisingly not seen even in the
metallic FMM state.

DOI: 10.1103/PhysRevB.64.165111 PACS number~s!: 65.40.2b, 75.30.Kz, 75.30.Vn
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I. INTRODUCTION

The discovery of a number of fascinating properties l
colossal magnetoresistance~CMR!, charge and orbital order
ing, and electronic phase separation in manganites with g
eralized formulaR12xAxMnO3 (R being a trivalent rare-
earth ion,A a divalent alkaline-earth element! has resulted in
a spurt of research activities.1,2

For certain values ofx, close to 0.5, these manganite
undergo a first-order transition at a certain temperatureTCO
to a charge-ordered insulating~COI! state where the Mn31

and Mn41 species arrange themselves in a commensu
order in the lattice.

The charge ordering transition in these oxides is acco
panied by a large change in volume and hysteresis in re
tivity and is believed to be a first-order transition. A fascin
ing aspect of the COI state~which is also accompanied b
orbital ordering! is that it is unstable under an applied ma
netic field and there is an insulator-metal transition~melting!
of the COI state to a ferromagnetic metal state~FMM! below
a temperatureTMH .

In this paper we have investigated the specific heat
related thermodynamic quantities in a single-crystalline
system over a wide temperature range (3 K,T,300 K)
and in a magnetic field upto 8 T which can melt the C
order. A study of the specific heat over an extensive temp
ture range is crucial in understanding the nature of the
transition and in addition it can provide values of vario
fundamental parameters of manganites like the density
states at the Fermi levelN(EF), the Debye temperatureuD ,
ferromagnetic-antiferromagnetic~AFM!, spin-wave stiffness
constant, etc.

Measurements of the specific heat in manganites part
larly with CMR composition has been reported before, p
0163-1829/2001/64~16!/165111~9!/$20.00 64 1651
n-

te

-
is-
-

d

a-
O

of

u-
-

ticularly in the low-temperature region. In the CO system
there are reports of specific heat measurements in both s
and polycrystalline samples mainly at low temperatur
Specific heat measurements in CO systems nearTCO have
been done in polycrystalline samples and no magnetic fi
data have been reported. There exist no data on the the
dynamics associated with the transition atTMH .

The charge ordering transition in these oxides is belie
to be a first-order transition, as mentioned before. Meas
ments across the CO transition should therefore show a
continuous jump in entropy as the compound absorbs la
heat from the bath to transform to a new phase. Howeve
date there exists no proof from calorimetry that t
transitions are indeed first order and whether a latent he
released at the transition. There has been no calorime
investigation of the melting of the COI state to a FMM sta
the transition which is also believed to be a first-order tra
sition.

In this paper we investigate these fundamental issues
lated to changes in entropy and latent heat across the cha
ordering transition nearTCO andTMH in a single crystal of
Pr0.63Ca0.37MnO3. Pr12xCaxMnO3 happens to be a proto
typical and perhaps the most studied charge-ordered sys
Due to its low tolerance factor, it remains insulating for a
values ofx. For x50.37 composition, charge and orbital o
dering occurs atTCO ('235 K), while a long-range AFM
order sets in only belowTN ('170 K). A small ferromag-
netic component appears with the canting of AFM spins a
lower temperatureTCA ('30 K). Though there have been
number of studies of the low-temperature specific heat of
particular system (T,20 K), a clear picture is yet to be
emerge on the presence~or absence! of a linear term in spe-
cific heat. Recently there have been reports of a large lin
contribution to the specific heat and the appearance of ex
©2001 The American Physical Society11-1
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specific heat associated with charge ordering3 in this system.
Since such a linear term is often associated with a electr
contribution to the specific heat, the appearance of this t
in an insulating sample is intriguing.

In this paper, we have also investigated the lo
temperature region and reached certain definite conclus
about the linear term.

In our experiments we have specifically asked the follo
ing questions.

~i! Is it possible to identify the relevant transitions in ze
and finite magnetic fields through calorimetric measu
ments?

~ii ! What latent heat is released and the entropy cha
across the first-order transitions, one atTCO in zero magnetic
field and the other atTMH in 8 T magnetic field?

~iii ! When the FMM state is obtained from the COI sta
in the presence of a magnetic field, do we obtain a lin
term ~arising from electronic contribution! in the specific
heat?

~iv! Do we see a linear term in the specific heat in the C
state as reported by some investigators?

The remainder of the paper is divided into two princip
sections. In Sec. III, we present and discuss the experime
data in the regionT>50 K which essentially encompass
the region where most of the transition occurs and this a
happens to be the region where no experimental data h
been reported in the past either in the presence of a mag
field or in a single crystal. The second major section~Sec.
IV ! refers to the data at low temperatures where issues
the linear term in the heat capacity, the Debye term, sp
wave contributions, etc., are looked into. In this region th
are past studies, as mentioned earlier, and we compare
results on these material with results from other CO syste

II. EXPERIMENT

The crystal used in our experiment has been grown by
floating zone technique and has been used in a numbe
previous experiments by our group.4,5

The resistivity (r) vs T curve in zero field and the curv
in a field ofH58 T are shown in Fig. 1. The COI state ca
be melted into a FMM state by the application of a magne
field of 8 T at TMH'90 K. In the presence of a magnet
field the regionTMH,T,TCO is termed a ‘‘mixed charge
order’’ ~MCO! region, where the COI phase coexists with t
FMM phase. We have used a semiadiabatic heat pulse t
nique to measure the specific heat in a wide tempera
range of 2–300 K and in 0 and 8 T magnetic fields.

III. SPECIFIC HEAT AT HIGH „TÐ50 K…

In Fig. 2 we show the specific heat (Cp) data over an
extended temperature range 3–300 K for both 0 and 8 T.
most prominent feature is the sharp peak atTCO both for
H50 and 8 T. The peak is much larger and sharper co
pared to that seen in polycrystalline materials6 ~which is also
plotted in the same graph!. The peak atTCO retains its nar-
rowness and sharpness atH58 T while it shifts to lowerT
with dTCO /dT'21 K/T. In Fig. 3 we show the region
16511
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close toTN . The graph shows the actual observed stepl
feature inCp ~at H50 T) at TN . In the same graph we
show Cexc after subtraction of the lattice contribution~the
procedure for subtraction of the lattice contribution is giv
in the next subsection!. A peak inCexc'6 J/mol K atTN is
visible. This feature is suppressed by the application o
magnetic field of 8 T. The entropy changeDSexc(TN) asso-
ciated with this transition has been estimated to be'0.52
20.8 J/mol K.

Lee et al.6 reported for Pr0.6Ca0.4MnO3 ~polycrystal!
DSexc(TN)'0.6 J/mol K atTN5160 K. Ramirezet al.7 for
La0.35Ca0.65MnO3 ~polycrystal! obtained DSexc(TN)
'1 J/mol K. It can be seen that all these are much less t
that what one would expect from a complete spin orderi

FIG. 1. The temperature dependence of resistivity
Pr0.63Ca0.37MnO3 in presence of 0 and 8 T magnetic fields.

FIG. 2. Cp of single-crystalline Pr12xCaxMnO3 (x50.37) over
3–300 K in the presence of 0 and 8 T magnetic fields. Also plot
is theCp of the polycrystallinex50.4 composition.
1-2
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SPECIFIC HEAT OF SINGLE-CRYSTALLINE . . . PHYSICAL REVIEW B 64 165111
The calorimetry data therefore points towards an incomp
spin ordering atTN .

Another very interesting feature in our calorimetry data
a clear signature of the magnetic-field-induced transition
TMH'78 K ~see Figs. 2 and 9!. This small yet distinct fea-
ture, discussed in detail later on, is the first signature of fie
induced melting in a calorimetry experiment.

A. Estimation of the lattice contribution

In this subsection we describe the procedure to estim
the lattice contribution to the specific heat, the backgrou
on which the specific heat contributions by the other degr
of freedom add up. Proper estimation of the lattice contri
tion will thus allow us to get the contribution of CO an
magnetic ordering toCp . We defineCexc as

Cexc5Cp2Clattice . ~1!

According to the Dulong- Petit law, the limiting heat capa
ity at high temperature for a compound withr atoms per
molecule is expected to be 3rR, whereR is the gas constant.8

In our case (r 55) this limiting value of the lattice~vibra-
tional! heat capacity turns out to be'125 J/mol K. From
our data we find that atT5300 K, the observedCp is
'90% of the Dulong-Petit value. For most published data
manganites,Cp at room temperature reaches this val
;100–120 J/ mol K. This signifies that the bulk of the co
tribution indeed comes from the vibrational heat capacity
this temperature range. This contribution must be subtra
from the observed data to obtain the excess specific heat
have obtained the lattice contributionClattice by fitting Cp in
a region 40 K<T<150 K using three standard models
described below. The calculatedClattice is then extrapolated
to T.150 K. Since we are interested inCp in the range
80–300 K, the lower temperature for the lattice contributi
has been limited only to 40 K. The upper limit of 150 K wa
considered since it was lower than the AFM and CO tran
tion temperatures. We have not estimated the backgroun
including the data aboutTCO . We are of the opinion tha
there is structural transition and modification associated w

FIG. 3. Cp andCexc close toTN in H50 T.
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the CO transition. As a result it is not advisable to inclu
data aboveTCO in the estimation of the lattice heat capaci
below TCO . The following models were used for estimatin
the background lattice contribution.

1. Einstein model

From Ref. 8,CEinstein53rR( iai@xi
2exi/(exi21)2#, where

xi5hnE /KBTi . In this model, all the 3rN independent os-
cillators populate three optical modes in ratiosa1 :a2 :a3
having Einstein frequencieshnEi

. The best fit to the data is

given the three Einstein modes withhn/KB5145 K, 410 K,
and 625 K. It is interesting to note that a recent Ram
measurement onx50.37 composition observed optica
modes at'360 K, 417 K, and 648 K. The 417 K and 648
modes nicely match with those seen in our specific h
measurements.9

2. Debye model

From Ref. 8,CDebye59rR/xD
3 *0

xDxD
4 exD/(exD21)2dxD ,

wherexD5hnD /KBT. The specific heat is due to collectiv
low-frequency oscillations of phonons with a cutoff fre
quency given byhnD /KB . For our sample, the best fit wa
obtained withuD5470 K. This is typically the value ofuD
seen in most oxides.

3. Thirring model

From Ref. 10, CThirring53rR(n50
` Bnu2n, where u

5@(T/Tb)211# The harmonic portion of the lattice specifi
heat can be expressed in a series with the above form w
Tb'uD /2p.11

The above expansion permits the harmonic portion of
lattice specific heat to be fitted reasonably well down to te
peratures;50 K even when the Debye temperature
;500 K. In our case,Tb565 K and we usedn up to 50.
TheTb gives an estimateduD'410 K, which is close to that
obtained from fitting the data with Debye model.

In Fig. 4 we have shown the deviation of the observ
data from the fit@i.e., DC/C5(Cobs2Ccalc)/Cobs# in order
to ascertain the extent of uncertainties involved in the ba
ground subtraction. We find that forT,100 K the Debye
model shows a large systematic deviation. The Thirr
model shows a systematic deviation above 150 K~not shown
in the graph!. We find that over the whole range the lea
uncertainty is shown by the Einstein model~maximum de-
viation from fit 65%) and this is a random deviation.

We have used the sameCLattice for both H50 and H
58 T. We found that if we fit theCp at H58 T from 50 to
140 K to the above models as we have done for theCp at
H50 T case, we end up in getting essentially the sa
CLattice using the Einstein model. There is a smal
(,10%) systematic deviation~for the Einstein model!
which is not numerically significant to affect our results. Th
is shown in the inset of Fig. 4. For compounds contain
Pr31, CP may contain a contribution coming from the cry
tal field. We have estimated this crystal field contribution
Cxtal , the crystal field data available for iso structural com
pounds PrNiO3 and PrGaO3. We find that in the range o
1-3
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interest (100 K,T,300 K) this crystal field contribution
,7% at 100 K and is,2% at 300 K.12

B. Cexc

In Fig. 5 we have plotted the value ofCexc for both H
50 andH58 T for T.120 K. The data showCexc using
all the three models. TheCexc data in the region close toTCO
are truncated in Fig. 5, because in this regionCexc is very
large. In this temperature range the differences inCexc ob-
tained after subtraction of the lattice contribution is w
within 1–2 J/mol K for the Debye and Einstein models. T
Thirring model shows a systematic deviation forT.150 K.
Considering all the models we find that nearTN the uncer-
tainty is the largest sinceCexc is low and this can be as larg
as 625%. However, close to the CO transition when Cexc
shoots up to'220 J/mol K. The uncertainty in the back
ground estimation falls below62%.

FIG. 4. Deviation ofCp from the fit for different models. The
inset shows the same nearTMH in H58 T.

FIG. 5. Cexc obtained after subtracting the lattice backgrou
~as determined by the three models! for both H50 and 8 T.
16511
l

The Cexc data also show clearly that barring the sm
region aroundTN ~whereCexc'10% of Cp) and nearTCO
~whereCexc.50% of Cp) the contribution by other degree
of freedom compared to the lattice contribution is negligib
in the temperature rangeT.50 K.

C. Entropy change nearTCO in HÄ0 and HÄ8 T

A phase transition is signaled by a singularity in a th
modynamic potential such as the free energy. If there i
finite discontinuity in one or more of the first derivatives
the free energy, the transition is first order. At a first-ord
transition one expects a discontinuous jump in the entro
At the charge ordering transition~which is conjectured as a
first-order transition based on the observed hysteresis
transport data on field and temperature cycling!, our system
is expected to absorb the latent heat of transformation
transform from a charge-ordered phase to a char
disordered phase as it is heated throughTCO . The tempera-
ture should remain constant untill this process is comp
and the entropy change is given as

DS215S22S15L21/T, ~2!

whereS1 andS2 are the entropies of phases 1 and 2, andL21
is the latent heat associated with the phase transformation
a first-order transition, since the entropy changes discont
ously, the specific heat is actually undefined. Because at
transition point the temperature does not change when he
applied, one would expect ad-function like behavior. In re-
ality, however, one rarely sees such ad-function-like behav-
ior of Cp because the transition can get broadened eithe
the process of measurement or by the quality of the sam
This makes a part of the expected entropy change bec
continuous and it shows up as a finite measurable spe
heat. Interestingly, it has only been very recently that
expected features in specific heat in a first-order transi
have been seen experimentally in rare-earth compounds.13 In
the following discussion, we have to keep in mind the abo
special features since we are measuring the specific heat
a transition which is expected to be first order. In Fig.
Cexc/T is plotted as a function ofT within a small interval of
6 25K aroundTCO for both H50 and 8 T. In Fig. 7, we
have shown the excess entropySexc(T) associated with this
transition. The entropySexc(T) for T.200 K is calculated
by numerically integrating Cexc/T as Sexc(T)
5*200

T Cexc/TdT. The lower limit of the integral is purely a
matter of convenience. It is far removed fromTN and TCO
and atT5200 K, Cexc'3% of Cp and is negligible. We
estimate the total change in entropy,DST , by using linear
extrapolation of the entropy values from above and below
TCO as depicted in the Fig. 7.DST'1.8 J/mol K at 0 T and
it decreases to 1.5 J/mol K at 8 T. This total change in
tropy takes place over an interval of'10–15 K around
TCO . The magnitude ofDST(0 T) agrees well with that
found in polycrystalline samples by Leeset al.6 by integrat-
ing the area under the peak inCexc/T. In polycrystalline
La0.35Ca0.65MnO3 Ramirez et al.7 obtained DST
'5 J/mol K. In polycrystalline Y0.5Ca0.5MnO3 our group
observedDST'2.5 J/mol K.14 The total entropy change a
1-4
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SPECIFIC HEAT OF SINGLE-CRYSTALLINE . . . PHYSICAL REVIEW B 64 165111
the CO transition thus seems to be a fraction of what
would expect from an order-disorder transition. The error
the estimation of the entropy change arising from the unc
tainty in estimation of backgroundCLattice is not more than
5%. In a narrow temperature range over which the transi
occurs the change in entropy being the difference of t
quantities with similar background, the error arising from t
estimation of the background is not severe.

The charge-ordered phase is expected to have a lo
entropy than the charge-disordered insulating phase aT
.TCO . This implies that the sample absorbs latent hea
transform from the charge-ordered phase to the disord
phase. We would expect that at least a part of the entr
changeDST released as latent heat is absorbed from the t
heatDQ supplied during the heat-pulse experiment and

FIG. 6. Cexc/T aroundTCO in H50 and 8 T.

FIG. 7. Excess entropySexc as calculated from numerically in
tegratingCexc/T aroundTCO in H50 and 8 T.
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sample temperature remains quite constant throughout
process. Since the change in sample temperature (DT) is
quite small, the specific heatCp5(dQ/dT)p shows a very
sharp peak nearTCO . As discussed before at a first-ord
transitionDT→0 and ideallyCp should be ad function at
the transition temperature.

The peak, however, is broadened due to two reasons
~a! Crystal quality. In most cases the expectedd function

gets broadened by sample quality. The real crystal cont
some defects and inhomogeneities which would lead t
broadening of the peak. With improved quality of th
sample, the peak would be larger and sharper. For ox
containing multiple chemical constituents it is quite like
that such is the case. As shown in Fig. 1, where we h
compared theCp of a ceramic pellet and a single crystal, th
single crystal has a much higher and narrowerCp at TCO as
compared to the ceramic sample.

~b! Measurement broadening. The second reason
broadening of the peak is connected to the measurement
cedure itself.Cp measurement involves measuring a finit
temperature jumpDT following the heat pulseDQ. SinceCp
is well behaved in the region away fromTCO , it does not
depend much on the size of the temperature riseDT ~as long
asCp is not a very steep function ofT). However, close to
TCO , the height as well as the widthdT of Cp sensitively
depends onDT.

We have measured the latent heat by measuringCp with
different DT as suggested by Gschneidneret al.13 A sample
of the data is shown in Fig. 8. We find that while away fro
TCO there is no dependence ofCp on the rise ofDT, as
expected, the peak becomes narrower and higher when
size of DT decreases as we approachTCO . This continues
untill DT<0.5 K. For this value we reach a limiting widt
~at half maxima! dT'2 K. We believe that for DT
<0.5 K, the width of the peak is not determined by t
measurement but by the crystal quality. This observation
a limit to the height and width ofCp . We find from our
measurement that the latent heatLCO /TCO5DSCO

FIG. 8. Varying sharpness and width ofCp nearTCO for two
different temperatures riseDT50.5 and 1 K.
1-5
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;1 J/mol K. A similar value ofDSCO was obtained forH
58 T. Our estimate of the latent heat is a lower bound
the true latent heat and with a better crystal preferably wit
transition width,1 K, DSCO /DST will increase substan
tially and may even→1, as expected for a strong first-ord
transition. We note that such a narrow peak might arise fr
a very narrow second-order transition that has been bro
ened by defects or inhomogeneities. However, we find
the applied field shifts the position of the peak but does
appreciably broaden the peak. This we take as proof o
first-order transition atTCO .

D. Entropy change nearTMH in 8 T

In a field of 8 T the low-temperature phase is an FMM
a spin-aligned metal, allowing for spin canting. But the pha
is metallic as can be seen from Fig. 1. On heating, the FM
state ~8 T! becomes unstable towards COI state format
and makes a transition to the MCO state atTMH . This is
accompanied by a jump inr. We would like to ask if there is
a change in entropy associated with the melting of the C
state to FMM state atTMH , This question is interesting be
cause both phases have ordering of a kind; in addition,
FMM phase is expected to the have extra entropy due
presence of free electrons. A close look at the regionT
'95 K, as shown in Fig. 9, shows a small dip inCp which
as explained below can be considered as a signature of
melting. It is important to note that, as expected in zero fie
this feature is absent. As shown in Fig. 9,Cp~8 T! starts to
show change atT5TMH'88 K wherer shows a jump on
heating and the specific heat transition is complete at 10
after a small dip inCp , where the resistivity transition als
stops.

The small dip inCp is associated with a small heat relea
of '10 J/mole at around 95–100 K on heating. This su
gests that on heating the FMM phase, stable in 8 T for lowT,
starts to disorder. This probably destabilizes the FMM ph
with regions of high-resistivity COI regions appearing in

FIG. 9. Cp and resistivity near theTMH . The arrow marks the
melting of the COI state.
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Eventually atT'TMH the insulating regions increase in siz
and r shows a jump inr. The resistivity transition has an
element of percolation associated with it and thus occurs
different volume fraction of the new phase in contrast to
specific heat transition which occurs mainly when the bulk
the sample is transformed. Nevertheless, the small but
tinct change inCp close toTMH is clearly seen.

In the temperature rangeTMH,T,TCO in a magnetic
field~i.e., the MCO region! we find an interesting effect. The
thermal relaxation time of the sample increases by more t
one order of magnitude. This anomalously large relaxatio
not observed at any temperature range in zero field or
T.TCO andT,TMH in H58 T. The existence of this large
thermal relaxation necessitated that the sample be prop
equilibrated before the data are taken. We have done that
the data presented here are taken after the sample has
properly equilibrated thermally. The thermal relaxation, ho
ever, is interesting in its own right and has been discusse
a separate publication.15

IV. LOW-TEMPERATURE Cp IN 0 AND 8 T MAGNETIC
FIELD

As has been pointed out before, the issue of lo
temperature specific heat (T,10 K) is controversial in
manganites showing charge ordering, particularly in
Pr12xCaxMnO3 system. A large number of observations o
the low-temperature specific heat are available for differ
compositions of Pr12xCaxMnO3, mostly in polycrystalline
pellets and some in single crystals.

In Fig. 10 we show the specific heat data of our sam
with that of different compositions as obtained by differe
groups.3,6 Such a comparison is meaningful because it brin
out the essential similarity and differences in these materi
A large linear term@g'30.6 mJ/mol K2 for x50.3 andg
'15.7 mJ/mol K2 for x50.35 ~Ref. 3!# appears in poly-
crystalline samples withx50.3 and x50.35 composition

FIG. 10. A comparison ofCp of Pr12xCaxMnO3 in the low-
temperature regime as observed by different groups,x
50.5 (sc),0.45 (ce),0.35 (ce)~Ref. 3!, x50.4 (ce) ~Ref 6! and
x50.37 (sc) is our sample.
1-6
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which decreases asx→0.5. We note that such a large line
g has not been seen any of the single-crystal data. Fro
comparison of the data shown in Fig. 10 we can reach
following conclusions.

~i! The polycrystalline ceramic samples have higher s
cific heat than the single-crystal samples.

~ii ! There is a clear trend that the specific heat of
ceramic samples decreases as we approachx50.5. In par-
ticular, the linear term in the specific heat is only observ
for the ceramic samples and it decreases with increasingx.

~iii ! The specific heat of the single-crystal samples w
compositions x50.37 and 0.5 are very similar forT
,10 K.

In Fig. 11 we have compared the specific heat of t
close compositions: a polycrystallinex50.35 sample3 and a
single-crystal sample withx50.37 composition. The com
parison is to elucidate how much of the excess specific h
is due to polycrystallinity and can we infer a likely origin o
the excess specific heat. There are two mechanisms tha
contribute to the excess specific heat:~1! Due to grains of
small dimensions,16 and ~2! due to two-level-systems~TLS!
arising due to disorder as in amorphous solids and sev
disordered crystals.16 If the excess specific heat is due
grains, thendC can be expressed asdC5C1T1C2T2,
where the coefficientsC1 andC2 are related to the averag
grain diameter^R& as ^R&5kB@6\vsoundC1#20.5, where
vsound is the sound velocity in the crystal.16 We can fit the
experimentally observedCpoly to the equationCpoly5Csc
1dC. UsingCsc from our observed data and the above sta
ment ofdC we obtain an estimate of the average grain s
^R& and we obtain̂ R&'1024 mm which is far too small
compared to the typical̂R&.1 mm seen in most polycrys
talline samples. We can thus rule out a finite grain size as
source of the excess specific heat. If the excess specific
dC arises from TLS’s then it can be fit to a formdC
5C1T1C2T3. This would arise from TLS’s with a densit

FIG. 11. The excess specific heatdC as seen in the polycrystal
line sample arising due to presence of two-level states.
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of statesP(E)5ã1b̃E2, whereã andb̃ are constants.16 Us-
ing this statement fordC we then fitted the observedCpoly
as had been done before. The fit is shown in Fig. 11. Fr
the fitted parametersC1 and C2, we arrive at values ofã
'2.331035 erg21/cm3 and b̃'1.531035 erg23/cm3.
These values are quite comparable to but somewhat la
than those obtained in glasses. We conclude that the e
specific heat of the polycrystalline samples arises from e
tations which behave as TLS’s. We have no clear understa
ing of the origin of these TLS’s but we can speculate th
they will arise from incomplete orbital and charge order th
can happen in polycrystalline samples due to random stra
What is needed for TLS’s to occur is to have a multitude
ground states with almost degenerate energy. This can a
ally be due to the predominant incommensurate charge
dering as seen in bothx50.35 andx50.37 compositions. As
the charge ordering becomes commensurate with the la
with x→0.5, the difference in the specific heat between
polycrystalline and the single-crystal samples decreases
thus suggest that the disorder in polycrystalline samp
gives rise to TLS low-energy excitations typically with e
ergy <10 K, and asx→0.5, P(E)→0.

Next we attend to the low-temperature data taken on
single-crystal sample. Figure 12 shows the specific heat
for the x50.37 sample plotted asCp /T vs T2, a customary
way to plot the data in anticipation of a linear term. It is cle
that the linear term is absent in the COI state. This is
surprising for an insulating sample the linear term was a
absent in the specific heat data observed in the cera
samples ofx50.4 by Leeset al.6 Neglecting the linear term
we have fitted the our observations to the following relatio

Cp5aT221b3T31b5T5, ~3!

whereaT22 is the hyperfine contribution caused by the loc
magnetic field at the Mn nucleus due to electrons in unfil
shells, andb3T3 andb5T5 are the lattice contribution to the

FIG. 12. The low-temperatureCp of single-crystalline
Pr0.63Ca0.37MnO3 in H50 and 8 T. The solid line is the fitted equa
tion.
1-7
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specific heat, arising from phonons. A part of theT3 contri-
bution toCp can also arise from AFM spin waves.

The T3 contribution is likely to be enhanced over an
above the actual Debye contribution because of the pres
of AFM spin waves, since our COI sample has canted
order in this temperature range. The results of fitting the d
to the above equation are shown in Table I. The parame
obtained by us are very similar to that seen by Leeset al.6 In
Table I we have collected the parameters from different p
lished data for comparison.

However, the interesting question is whether in a m
netic field of 8 T where the COI is melted into a FMM pha
can we see the appearance of a linear specific heat term
past investigation on polycrystalline samples
La0.5Ca0.5MnO3 in a magnetic field of 8.5 T~Ref. 17! ~which
is high enough to melt the COI state! no linear term had been
observed. The issue of absence of the linear term in
FMM phase obtained after melting the COI state is thus r
particularly when one compares it with the low-temperat
specific heat of the FMM phase as seen in the CMR reg
g '7.8 mJ/mol K2 in La0.8Ca0.2MnO3 ~Ref. 18! and
5.2 mJ/mol K2 in La0.7 Ca0.3MnO3 ~Ref. 19!.

Cp /T vs T2 for our sample in presence of an 8 T magne
field is shown in Fig. 12. The specific heat data have b
fitted using Eq.~1!, with the parameters as shown in Table
Interestingly, the specific heat in the presence of a magn
field is distinctly lower than the specific in 0 T for allT
,40 K. Lowering of the specific heat in the presence o
magnetic field has been reported Smolyaninovaet al.3 Since
resistivity measurements indicate the sample to be in a
tallic state, one would expect an extra linear term appea
in the Eq.~1! in the presence of a magnetic field. As seen
Fig. 12, we could not detect the presence of any linear t
even in presence of 8 T. From the uncertainty in the data
find an upper limit ofg<0.1 mJ/mol K2, which is too small.

It is apparent from Table I, that contribution of theb3
term is halved in the presence of a magnetic field. This
pears to be the main reason for lowerCp in H58 T com-
pared to that in the absence of a magnetic field. This can
explained as follows. TheT3 term contains an additiona

TABLE I. The fitting results for theCp of Pr12xCaxMnO3 as
obtained by various groups. The units of different quantities
a(mJ K/mole), g(mJ/mol K2), b3 (mJ/mol K4) and b5

(31024 mJ/mol K6).

x a g b3 b5

(Pr12xCaxMnO3)

0.3a 63.0 30.6 0.30
0.35a 56.0 15.7 0.39
0.45a 28.0 3.1 0.31
0.5a 22.0 2.4 0.26
0.4b 28.0 0.54 4.5
0.37 (H50 T) c 85.0 0.54 4.5
0.37 (H58 T) 400.0 0.16 18.0

aFrom Ref. 3
bFrom Ref. 6
cOur sample.
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antiferromagnetic spin-wave contribution for the CO
sample. For an antiferromagnetic spin-wave spectrum wh
E5Dq, the magnetic contribution to the specific heat
}T3. The melting of the COI state to a FMM state leads to
collapse of this AFM order and thus there will be no AF
spin-wave contribution to the specific heat. This would res
in a decrease of theT3 term. However, the presence of FM
order should give a ferromagnetic spin-wave contribut
}T3/2. We have attempted fitting aT3/2 term to the 8 T spe-
cific heat data. However, we could not detect anyT3/2 term.
Thus, it appears that the specific heat as observed in
presence of a magnetic field does not have a ferromagn
spin-wave contribution.~Note! that we do not attach much
significance to the change in theb5 term as observed. Nei
ther do we interpret it as a change in the lattice contributi
The apparent large change inb5 may be an artifact of fitting
because theb5 term being small inH50 T data, it is diffi-
cult to fix it. Also the data atH58 T show a small extra
contribution above 6 K which is included in the fitb5 term
but it may not have anything to do with it.!

Briefly, we find that the specific heat at low temperatu
needs more investigation in single-crystalline CO syste
and in a high magnetic field. The existing data~which in-
cludes too few single-crystal data! both in zero field and
magnetic field~high enough to melt the CO state! do not
allow us to reach many definite conclusions other than
fact that in the FMM phase obtained by melting the C
state in a high magnetic field does not have a large enougg
that is comparable to FMM phases seen in manganites sh
ing CMR behavior.

CONCLUSION

Our study of the specific heat in a CO system done o
an extended temperature range of 3–300 K in the presenc
0 and 8 T magnetic field gives us much useful and n
information regarding the thermodynamics of the CO tran
tion. This paper gives a clear measurement of the entrop
a single-crystal and also the latent heat~at TCO) in zero field
and in a magnetic field. The latent heat released proves
strong first-order nature of the transition, which had ne
been shown to be so in actual measurements of the spe
heat. An estimate of the numbers like the latent heat in 0
8 T fields sets clearly the bound and scale within which a
theoretical models must work. It is a very important numb
for any phase transition which gives the CO transition~in
both 0 and 8 T! a thermodynamic basis. Important also is t
observation of a finite entropy change at the CO melting i
magnetic field. The result shows that a small but finite a
qualitative difference in entropy exists between the FM
phase and the CI phase at the melting transition in a m
netic field where the former~FMM! phase~which is the low-
T phase! has a lower entropy than the other phase~which is
the high-T phase!. Interesting also is the smallness of th
entropy.

The low-temperatureCp(T,15 K) show no linear de-
pendence onT as expected from an insulating samp

e
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Surprisingly, this electronic term is absent even when
COI state is melted to a FMM state by a 8 T magnetic fie
An attempt had been made to understand the observed
crepancy between the specific heat of a single-crystal an
polycrystalline sample in the low-temperature regime.20–26
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