PHYSICAL REVIEW B, VOLUME 64, 165111
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We present the results of a study of the specific heat on a single crystg) @CBy;MnO; 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-ordéf@) transition is presented. The total entropy
change at the CO transition, which4s1.8 J/molK at O T, decreases t01.5 J/mol K in the presence of a 8
T magnetic field. Our measurements enable us to estimate the latehtfyeaP35 J/mol involved in the CO
transition. Since the entropy of the ferromagnetic metdHiM) 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.
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[. INTRODUCTION ticularly in the low-temperature region. In the CO systems
there are reports of specific heat measurements in both single
The discovery of a number of fascinating properties likeand polycrystalline samples mainly at low temperatures.
colossal magnetoresistan@MR), charge and orbital order- Specific heat measurements in CO systems figgy have
ing, and electronic phase separation in manganites with geribeen done in polycrystalline samples and no magnetic field
eralized formulaR;_,A,MnO; (R being a trivalent rare- data have been reported. There exist no data on the thermo-
earth ion,A a divalent alkaline-earth elemertas resulted in  dynamics associated with the transitionTagfy .
a spurt of research activitié<. The charge ordering transition in these oxides is believed
For certain values ok, close to 0.5, these manganites to be a first-order transition, as mentioned before. Measure-
undergo a first-order transition at a certain temperaligg  ments across the CO transition should therefore show a dis-
to a charge-ordered insulatif@Ol) state where the M continuous jump in entropy as the compound absorbs latent
and Mrf* species arrange themselves in a commensurateeat from the bath to transform to a new phase. However, to
order in the lattice. date there exists no proof from calorimetry that the
The charge ordering transition in these oxides is accomtransitions are indeed first order and whether a latent heat is
panied by a large change in volume and hysteresis in resiseleased at the transition. There has been no calorimetric
tivity and is believed to be a first-order transition. A fascinat-investigation of the melting of the COI state to a FMM state,
ing aspect of the COI stat@vhich is also accompanied by the transition which is also believed to be a first-order tran-
orbital ordering is that it is unstable under an applied mag- sition.

netic field and there is an insulator-metal transitiorelting) In this paper we investigate these fundamental issues re-
of the COI state to a ferromagnetic metal std@&bM) below lated to changes in entropy and latent heat across the charge-
a temperatur@ . ordering transition neafco and Ty in a single crystal of

In this paper we have investigated the specific heat an®ry g€Ca 3Mn0;. Pr_,CaMnO; happens to be a proto-
related thermodynamic quantities in a single-crystalline CQypical and perhaps the most studied charge-ordered system.
system over a wide temperature range (3<XK<300 K) Due to its low tolerance factor, it remains insulating for all
and in a magnetic field upto 8 T which can melt the COvalues ofx. Forx=0.37 composition, charge and orbital or-
order. A study of the specific heat over an extensive temperadering occurs af o (=235 K), while a long-range AFM
ture range is crucial in understanding the nature of the C@rder sets in only below (=170 K). A small ferromag-
transition and in addition it can provide values of variousnetic component appears with the canting of AFM spins at a
fundamental parameters of manganites like the density dbwer temperatur@, (=30 K). Though there have been a

states at the Fermi lev®l(Ef), the Debye temperaturé, , number of studies of the low-temperature specific heat of this
ferromagnetic-antiferromagnet{&FM), spin-wave stiffness particular system T<20 K), a clear picture is yet to be
constant, etc. emerge on the presenger absenceof a linear term in spe-

Measurements of the specific heat in manganites particleific heat. Recently there have been reports of a large linear
larly with CMR composition has been reported before, parcontribution to the specific heat and the appearance of excess
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specific heat associated with charge ordetinghis system. 10°

Since such a linear term is often associated with a electronic £ 0T Pry ;Cag 3;MnO;
contribution to the specific heat, the appearance of this term i

in an insulating sample is intriguing. 10*

In this paper, we have also investigated the low-
temperature region and reached certain definite conclusions
about the linear term. 10°

In our experiments we have specifically asked the follow-
ing questions.

(i) Is it possible to identify the relevant transitions in zero
and finite magnetic fields through calorimetric measure-
ments?

(i) What latent heat is released and the entropy change I 8T
across the first-order transitions, onélat, in zero magnetic r /J
field and the other afyy in 8 T magnetic field?

(iii) When the FMM state is obtained from the COI state T P T
in the presence of a magnetic field, do we obtain a linear 0 50 100 150 200 250
term (arising from electronic contributignin the specific T(K)
heat?

(iv) Do we see a linear term in the specific heat in the col_ FIG. 1. The temperature dependence of resistivity of
state as reported by some investigators? Pry L& 3MNO; in presence of 0 and 8 T magnetic fields.

The remainder of the paper is divided into two principal )
sections. In Sec. lll, we present and discuss the experiment§lose toTy. The graph shows the actual observed steplike
data in the regio™=50 K which essentially encompasses feature inC, (at H=0 T) at Ty. In the same graph we
the region where most of the transition occurs and this als§hoW Cex after subtraction of the lattice contributidthe
happens to be the region where no experimenta| data ha\@ocedure for subtraction of the lattice contribution is given
been reported in the past either in the presence of a magnefit the next subsectionA peak inCex~6 J/molK atTy is
field or in a single crystal. The second major sectigec. Visible. This feature is suppressed by the application of a
IV) refers to the data at low temperatures where issues likB1agnetic field of 8 T. The entropy changeSq,{Ty) asso-
the linear term in the heat capacity, the Debye term, spinciated with this transition has been estimated to~&5—
wave contributions, etc., are looked into. In this region there—0.8 J/mol K.
are past studies, as mentioned earlier, and we compare our Lee etal® reported for PgeCa MnO; (polycrysta)
results on these material with results from other CO systemd Sexd Tn)~0.6 J/molK atTy=160 K. Ramirezt al. for

Lag 3Ca ggMnO;  (polycrysta)  obtained AS.,.(Tn)
~1 J/molK. It can be seen that all these are much less than
that what one would expect from a complete spin ordering.

The crystal used in our experiment has been grown by the
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II. EXPERIMENT

floating zone technique and has been used in a number of "
previous experiments by our grofp. 300} o1 | o1

The resistivity p) vs T curve in zero field and the curve
in a field ofH=8 T are shown in Fig. 1. The COI state can 250
be melted into a FMM state by the application of a magnetic
field of 8 T atTy=90 K. In the presence of a magnetic
field the regionTyy<T<T¢q is termed a “mixed charge < 200}
order” (MCO) region, where the COI phase coexists with the 3
FMM phase. We have used a semiadiabatic heat pulse tech- E
nigue to measure the specific heat in a wide temperature ilso
range of 2—300 K and in 0 and 8 T magnetic fields. o

100+
ll. SPECIFIC HEAT AT HIGH (T=50 K)

In Fig. 2 we show the specific heaCf) data over an -
extended temperature range 3—300 K for both 0 and 8 T. The
most prominent feature is the sharp peakTap both for Ol i swias paiaivellvioilaeig
H=0 and 8 T. The peak is much larger and sharper com- 0 50 100 150TK200 250 300
pared to that seen in polycrystalline matefidishich is also &)
plotted in the same graphThe peak all ¢, retains its nar- FIG. 2. C,, of single-crystalline Rr_,CaMnO; (x=0.37) over

rowness and sharpnesstat=8 T while it shifts to lowerT ~ 3-300 K in the presence of 0 and 8 T magnetic fields. Also plotted
with dT¢o/dT~—1 K/T. In Fig. 3 we show the region is theC, of the polycrystallinex=0.4 composition.
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100 the CO transition. As a result it is not advisable to include
. H=0T data abovél ¢ in the estimation of the lattice heat capacity
05 | i below T¢o. The following models were used for estimating
Py == the background lattice contribution.
o 9% L — 2 Y 1. Einstein model
Q v —_—
E : £ From Ref. 8 Cginstein= 3RS ai[ x2€X/(eX— 1)?], where
S 8 ' faZ X;=hvg/KgT;. In this model, all the 8N independent os-
&) o% cillators populate three optical modes in ratiag:a,:as
80 having Einstein frequencidsti. The best fit to the data is
) [3 given the three Einstein modes withv/Kg=145 K, 410 K,
o and 625 K. It is interesting to note that a recent Raman
measurement onx=0.37 composition observed optical
IR AL AR A ARt AR s TaEpat modes at~360 K, 417 K, and 648 K. The 417 K and 648 K
T(K) modes nicely match with those seen in our specific heat

measurements.
FIG. 3. C, andC¢ Close toTy in H=0 T.
2. Debye model
lgii c;a:l(jo;mgtgﬂiata therefore points towards an incomplete .. pof 8,CDebye:9rR/x3DféDxéexD/(exD—1)2de,
Another very interesting feature in our calorimetry data isWhe;eXD: hVD/KB-.ll_l' Ihe Sp?C'f'hC heat is thrJ]e to C()tllt;:fct]!ve
a clear signature of the magnetic-field-induced transition a&ow— requency oscifiations of pnonons with a cutott ire-
Tuu~78 K (see Figs. 2 and)9This small yet distinct fea- quency given byhvp /Kg . For our sample, the best fit was
ture, discussed in detail later on, is the first signature of fieldpbt"’"n.ed W'ﬂth 2470 K. This is typically the value ofp
induced melting in a calorimetry experiment. Seen in most oxides.

3. Thirring model

. . . . From Ref. 10, Crhirring=3rRX_oBnu~", where u
In this subsection we describe the procedure to esumatg[(.l.l.l.b)zJr 1] The harmonic portion of the lattice specific

the Iat'tice contribgt.ion to the specific heat, the backgrounq]eat can be expressed in a series with the above form where
on which the specific heat contributions by the other degrees™ " O 27 11
~0p )

S . o Th
of freedom add up. Proper estimation of the lattice contribu The above expansion permits the harmonic portion of the

tion will thus allow us to get the contribution of CO and . oo .
magnetic ordering t€, . We defineC.,. as lattice specific heat to be fitted reasonably well down to tem-
p exc peratures~50 K even when the Debye temperature is
Cexe=Cp— Clattice- (1) ~500 K. In our caseT,=65 K and we used up to 50.
TheTy gives an estimatedy~410 K, which is close to that
According to the Dulong- Petit law, the limiting heat capac- obtained from fitting the data with Debye model.
ity at high temperature for a compound withatoms per In Fig. 4 we have shown the deviation of the observed
molecule is expected to beR, whereR is the gas constafit. data from the fifi.e., AC/C=(Cyps— Ccaic)/ Cobsl in Order
In our case (=5) this limiting value of the latticdvibra-  to ascertain the extent of uncertainties involved in the back-
tional) heat capacity turns out to be 125 J/molK. From ground subtraction. We find that far<100 K the Debye
our data we find that alT =300 K, the observedC, is  model shows a large systematic deviation. The Thirring
~90% of the Dulong-Petit value. For most published data ormodel shows a systematic deviation above 15@ét shown
manganites,C, at room temperature reaches this valuein the graph. We find that over the whole range the least
~100-120 J/ mol K. This signifies that the bulk of the con-uncertainty is shown by the Einstein modetaximum de-
tribution indeed comes from the vibrational heat capacity inviation from fit =59%) and this is a random deviation.
this temperature range. This contribution must be subtracted We have used the san@ ;.. for both H=0 andH
from the observed data to obtain the excess specific heat. We8 T. We found that if we fit the&C, atH=8 T from 50 to
have obtained the lattice contributi@,;c. by fitting C, in 140 K to the above models as we have done for@eat
a region 40 KT<150 K using three standard models asH=0 T case, we end up in getting essentially the same
described below. The calculat€l], ;.. is then extrapolated C aiice USiNg the Einstein model. There is a small
to T>150 K. Since we are interested @, in the range (<10%) systematic deviatior{for the Einstein model
80-300 K, the lower temperature for the lattice contributionwhich is not numerically significant to affect our results. This
has been limited only to 40 K. The upper limit of 150 K was is shown in the inset of Fig. 4. For compounds containing
considered since it was lower than the AFM and CO transiPr’", Cp may contain a contribution coming from the crys-
tion temperatures. We have not estimated the background kgl field. We have estimated this crystal field contribution or
including the data abouf.o. We are of the opinion that C,,, the crystal field data available for iso structural com-
there is structural transition and modification associated witipounds PrNiQ and PrGa@. We find that in the range of

A. Estimation of the lattice contribution
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0.6 LH=0T The C,,. data also show clearly that barring the small
R 06 P H=S8T region aroundly (whereCg,~10% of C,) and nearTcO
\ 04 " Castye (whereC¢x>50% of Cp) the contribution by other degrees
i \\ o . of freedom compared to the lattice contribution is negligible
% U Co - )
g \ 0.2 o, inine in the temperature range>50 K.
,L\i 04 L l\. %) w‘;:::::u.“vx
LI)S i Cdeb\-‘\ 07 Conme i C. Entropy change nearT¢coin H=0 andH=8 T
o§ \ 029 L A phase transition is signaled by a singularity in a ther-
Y02l \ o W 1N 1A modynamic potential such as the free energy. If there is a
& c. v, HS) finite discontinuity in one or more of the first derivatives of
= thirr \..,‘. the free energy, the transition is first order. At a first-order
| ML 4'“4.“."% o] transition one expects a discontinuous jump in the entropy.
0 P M‘\\y...-" et T S At the charge ordering transitiofwhich is conjectured as a
" Cein first-order transition based on the observed hysteresis in
, , , , , transport data on field and temperature cydliraur system
40 60 80 100 120 140 is expected to absorb the latent heat of transformation to

T(K) transform from a charge-ordered phase to a charge-
disordered phase as it is heated throdgfy . The tempera-
~ FIG. 4. Deviation ofC, from the fit for different models. The t,re should remain constant untill this process is complete
inset shows the same negyy in H=8 T. and the entropy change is given as

interest (100 KKT<300 K) this crystal field contribution AS;1=S,—S,=L,/T, (2

<7% at 100 K is<2% at K12 .
6 at 100 K and is=2% at 300 whereS; andS, are the entropies of phases 1 and 2, apd

is the latent heat associated with the phase transformation. At
a first-order transition, since the entropy changes discontinu-
In Fig. 5 we have plotted the value &, for both H ously, the specific heat is actually undefined. Because at the
=0 andH=8 T for T>120 K. The data showC.,.using transition point the temperature does not change when heat is
all the three models. Th€.,.data in the region close fbi.o  applied, one would expect &function like behavior. In re-
are truncated in Fig. 5, because in this reglog,. is very  ality, however, one rarely sees sucl#-dunction-like behav-
large. In this temperature range the difference€if. ob-  ior of C, because the transition can get broadened either by
tained after subtraction of the lattice contribution is well the process of measurement or by the quality of the sample.
within 1—-2 J/mol K for the Debye and Einstein models. TheThis makes a part of the expected entropy change become
Thirring model shows a systematic deviation for 150 K.  continuous and it shows up as a finite measurable specific
Considering all the models we find that nélgy the uncer- heat. Interestingly, it has only been very recently that the
tainty is the largest sinc€.,. is low and this can be as large expected features in specific heat in a first-order transition
as +25%. However, close to the CO transition when, &  have been seen experimentally in rare-earth compotirds.
shoots up to~220 J/molK The uncertainty in the back- the following discussion, we have to keep in mind the above
ground estimation falls belowr 2%. special features since we are measuring the specific heat near
a transition which is expected to be first order. In Fig. 6,
Ceyxo/T is plotted as a function of within a small interval of

B. Cexc

H=0T
=l + 25K aroundT.q for bothH=0 and 8 T. In Fig. 7, we
(616
i have shown the excess entroBy,{T) associated with this
S . G . transition. The entrops.,(T) for T>200 K is calculated
-~ T :,,,//f\\_ L. by numerically integrating Ceyo/T as  SexdT)
M4 B = [1oCexc/ TAT. The lower limit of the integral is purely a
2 & Iii"} hed &\0 oot Cdeb 200 . .
g ultttliee | o0 ¢ matter of convenience. It is far removed frofy and T¢o
= O and atT=200 K, Ce~3% of C, and is negligible. We
~ 20l H=8T C.. /j ‘\ estimate the total change in entro@yS;, by using linear
& il Cusir /‘f “ extrapolation of the entropy values from above and below to
N l N W Tco as depicted in the Fig. AS;~1.8 J/molK at 0 T and
12 L petdtla \. it decreases to 1.5 J/mol K at 8 T. This total change in en-
8 - “A_Aﬂ {q‘;:r '\j:-’ 7R Cow e tropy takes place over an interval ef10-15 K around
4L :;'_,’:- e Tco. The magnitude ofAS; (0 T) agrees well with that
o Bt U found in polycrystalline samples by Leesal® by integrat-
120 160 T®) 200 240 ing the area under the peak ®,,./T. In polycrystalline

Lag 3:CaeMNO; Ramirez et al’ obtained AS;
FIG. 5. Cy. Obtained after subtracting the lattice background~5 J/mol K. In polycrystalline ¥sCa sMnO; our group
(as determined by the three modeisr bothH=0 and 8 T. observedA S;~2.5 J/mol K} The total entropy change at
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5 . .
U / >, o
02 LoasSesed Mg
100 -
230 232 234 236 238 240 242
1 | 1 | 1 | 1 T(K)
810 220 230 240 250
T (K) FIG. 8. Varying sharpness and width Gf, nearT¢q for two

different temperatures riskT=0.5 and 1 K.
FIG. 6. Cgy /T aroundTcoin H=0 and 8 T.

. . sample temperature remains quite constant throughout the
the CO transition thus seems to be a fraction of what On%roc?ass Sirlnoce the change inqsample temperatmeg s

would expect from an order-disorder transition. The error INquite small, the specific hedt,= (dQ/dT), shows a very

th_e es_t|mat|pn o_f the entropy change arising from the unceréharp peak neaf.o. As discussed before at a first-order
tainty in estimation of backgroun@, iice IS NOt more than

. .. transitionAT—0 and ideallyC, should be a5 function at
5%. In a narrow temperature range over which the transmorghe transition temperature

T e e s The sk, hoveve, s broadened due 0 two easons.
q 9 ’ 9 (a) Crystal quality. In most cases the expectgtlunction

est+mh2t|grr]1a(:f g_]grg:rcekgroﬁgge'sisn(gxsi\é?;z' to have a low ets broadened by sample quality. The real crystal contains
g P p ome defects and inhomogeneities which would lead to a

entropy than the charge-disordered insulating phas@ at br . o ;
AT oadening of the peak. With improved quality of the
>Tco. This implies that the sample absorbs latent heat tqs mple, tr?e peak wguld be larger gnd sha(r]per. )I/:or oxides

transform from the charge-ordered phase to the d'sordereégntaining multiple chemical constituents it is quite likely
phase. We would expect that at least a part of the entrop, at such is the case. As shown in Fig. 1, where we have

changeA S; released as latent heat is absorbed from the tot : :
. i : ompared th&, of a ceramic pellet and a single crystal, the
heatAQ supplied during the heat-pulse experiment and thesingl% crystal hpas a much higfler and narro@ggrat Tyco as

compared to the ceramic sample.
(b) Measurement broadening. The second reason for

4+ broadening of the peak is connected to the measurement pro-
i cedure itself.C, measurement involves measuring a finite-
I temperature jum@AT following the heat puls& Q. SinceC,

al is well behaved in the region away frofig, it does not

depend much on the size of the temperature &i$e(as long
asC, is not a very steep function df). However, close to
Tco, the height as well as the widthT of C, sensitively
depends om\T.
We have measured the latent heat by measutipgvith
different AT as suggested by Gschneidretral® A sample
of the data is shown in Fig. 8. We find that while away from
Tco there is no dependence @f, on the rise ofAT, as
- o expected, the peak becomes narrower and higher when the
0T /,,f size of AT decreases as we approathy. This continues
o untill AT=0.5 K. For this value we reach a limiting width
210 : 22'0 (at half maxima 6T~2 K. We believe that forAT
=<0.5 K, the width of the peak is not determined by the
measurement but by the crystal quality. This observation sets
FIG. 7. Excess entrop$,,. as calculated from numerically in- & limit to the height and width Of:p. We find from our
tegratingCe,/T aroundTco in H=0 and 8 T. measurement that the latent hedico/Tco=ASco

S (J /mole K)
[\

| I I
230 240 250

T (K)
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10| H=8T Pr., Ca,MnO; x=03( *4(
2 0.15 - 035 (ce) \ /
; 10 0.37 (sc) ..
= o.'.
\9 & .0'.. * 4
a M: @0 *

103} _d_é 0.1 . ’/

80 I | i | 1 1 g
g S 0.45 (ce)
% 60 Ll — 0.5 (sc)
=) l % ™ X
5 40 o'.‘... .{
P .,.o'o/ .
oHo q ...o- sc : single crystal
= 204 o0®® ce : poly crystalline
&) 0 ; . . .

| | | i | | | 0 50 1002 5 150 200 250
40 60 80 100 120 T (K%
T(K) FIG. 10. A comparison ofC, of Pr;_,CaMnO; in the low-

temperature regime as observed by different groups,
=0.5 (sc),0.45 (ce),0.35 (céRef. 3, x=0.4 (ce)(Ref 6 and
x=0.37 (sc) is our sample.

FIG. 9. C, and resistivity near th&, . The arrow marks the
melting of the COI state.

~1 J/mol K. A similar value ofAS.5 was obtained foH . . : . o
=8 T. Our estimate of the latent heat is a lower bound of=ventually att~Tyy the insulating regions increase in size

the true latent heat and with a better crystal preferably with &1d p Shows a jump irp. The resistivity transition has an
transition width<1 K, ASco/AS; will increase substan- element of percolation associated with it and thus occurs at a

tially and may even—1, as expected for a strong first-order different volume fraction of the new phase in contrast to the

transition. We note that such a narrow peak might arise fron§pecific heat transition which occurs mainly when the bulk of

a very narrow second-order transition that has been broad'® Sample is transformed. Nevertheless, the small but dis-

ened by defects or inhomogeneities. However, we find thati"Ct change irC, close toTyy is clearly seen.

the applied field shifts the position of the peak but does nof, N the temperature rang@y,<T<Tco in @ magnetic
appreciably broaden the peak. This we take as proof of eld(i.e., the MCO regiopwe find an interesting effect. The
first-order transition af co. thermal relaxation time of the sample increases by more than

one order of magnitude. This anomalously large relaxation is
not observed at any temperature range in zero field or for
T>TcoandT<Tyy in H=8 T. The existence of this large
In a field of 8 T the low-temperature phase is an FMM orthermal relaxation necessitated that the sample be properly
a spin-aligned metal, allowing for spin canting. But the phaseequilibrated before the data are taken. We have done that and
is metallic as can be seen from Fig. 1. On heating, the FMMhe data presented here are taken after the sample has been
state (8 T) becomes unstable towards COI state formatiomproperly equilibrated thermally. The thermal relaxation, how-
and makes a transition to the MCO stateTgfy . This is  ever, is interesting in its own right and has been discussed in
accompanied by a jump in. We would like to ask if there is  a separate publication.
a change in entropy associated with the melting of the COI
state to FMM state aTyy, This question is interesting be-  \/ o\ TEMPERATURE C, IN 0 AND 8 T MAGNETIC
cause both phases have ordering of a kind; in addition, the FIEED
FMM phase is expected to the have extra entropy due to
presence of free electrons. A close look at the region As has been pointed out before, the issue of low-
~95 K, as shown in Fig. 9, shows a small dip@y which  temperature specific heafT£10 K) is controversial in
as explained below can be considered as a signature of thisanganites showing charge ordering, particularly in the
melting. It is important to note that, as expected in zero fieldPr; _,CaMnO; system. A large number of observations on
this feature is absent. As shown in Fig.®,(8 T) starts to  the low-temperature specific heat are available for different
show change at=T,y~88 K wherep shows a jump on compositions of Br ,CaMnO;, mostly in polycrystalline
heating and the specific heat transition is complete at 100 kellets and some in single crystals.
after a small dip inC,, where the resistivity transition also In Fig. 10 we show the specific heat data of our sample
stops. with that of different compositions as obtained by different
The small dip inC,, is associated with a small heat releasegroups®® Such a comparison is meaningful because it brings
of ~10 J/mole at around 95-100 K on heating. This sug-out the essential similarity and differences in these materials.
gests that on heating the FMM phase, stable in 8 T forTow A large linear term y~30.6 mJ/mol K for x=0.3 andy
starts to disorder. This probably destabilizes the FMM phase=15.7 mJ/mol K for x=0.35 (Ref. 3] appears in poly-
with regions of high-resistivity COI regions appearing in it. crystalline samples withk=0.3 andx=0.35 composition

D. Entropy change nearTyy in 8 T
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1 -
/ 0.04 [
4 o i
/ :
~ 9
¥ x =0.35 (ce) K S L
202 7 E
g P s =
= . & = 0.02 [
~ o S——*— G, (037 +8C <
L Y Y . O
' «* x=037 (sc) .
° 8C calculated from a 2 level state model 0 0 2'0 4b 6'0 Sb 1(')0
& 1 1 1 1 L 1 I D 2.
3 4 5 6 7 10 &)
T(K) FIG. 12. The low-temperatureC, of single-crystalline
Pry L& 3MNO; in H=0 and 8 T. The solid line is the fitted equa-

FIG. 11. The excess specific he¥ as seen in the polycrystal-
line sample arising due to presence of two-level states.

tion.

_ _ of statesP(E)=a+bE?, wherea andb are constant¥ Us-
which decreases as—0.5. We note_that such a large linear jng this statement foC we then fitted the observed,,
y has not been seen any of the single-crystal data. From gs had been done before. The fit is shown in Fig. 11. From

comparison of the data shown in Fig. 10 we can reach thg,, fitted parameter€, and C,, we arrive at values o&

following conclusions. ~2.3x10% erg Ycm® and b~1.5x10®° erg 3/cm.

. .(') The poncrysthIme ceramic samples have higher SP€These values are quite comparable to but somewhat larger
cific heat than the single-crystal samples.

g . . than those obtained in glasses. We conclude that the extra
(if) There is a clear trend that the specific heat of theg,qific heat of the polycrystalline samples arises from exci-
ceramic samples decreases as we appraae.S. In par-  (aiions which behave as TLS's. We have no clear understand-
ticular, the linear term in the specific heat is only observeqng of the origin of these TLS’s but we can speculate that
for the ceramic samples and it decreases with increasing hey will arise from incomplete orbital and charge order that
(iii) The specific heat of the single-crystal samples Withcan happen in polycrystalline samples due to random strains.
compositions x=0.37 and 0.5 are very similar o \yhat is needed for TLS’s to occur is to have a multitude of
<10 K . ground states with almost degenerate energy. This can actu-
In Fig. 11 we have compared the specific heat of twoq|y pe due to the predominant incommensurate charge or-
close compositions: a polycrystalline=0.35 §ampl%and & dering as seen in both=0.35 andx=0.37 compositions. As
single-crystal sample witkk=0.37 composition. The com- e charge ordering becomes commensurate with the lattice
parison is to elucidate how much of the excess specific hegtith x—,0.5 the difference in the specific heat between the
is due to polycrystallinity and can we infer a likely origin of o|ycrystalline and the single-crystal samples decreases. We
the excess specific heat. Ther_e_are two mechanlsms that cgdy,s suggest that the disorder in polycrystalline samples
contribute to the excess specific hef} Due to grains of i es rise to TLS low-energy excitations typically with en-
small dimensions® and (2) due to two-level-system&TLS) ergy <10 K, and a<—0.5, P(E)—0
arising due to disorder as in amorphous solids and several Next we attend to the.lo’w-temper;ature data taken on our
disordered crystal¥’ If the excess specific heat is duze 10 single-crystal sample. Figure 12 shows the specific heat data
grains, thensC can be expressed asC=CiT+C,T"  for the x=0.37 sample plotted a8,/T vs T2, a customary
where the coefficient€, andC, are related t(zotge average yyay to plot the data in anticipation of a linear term. It is clear
grain diameter(R) as (R)=Kg[6/ivsoundC1] "~ Where  ihat the linear term is absent in the COI state. This is not
Vsoung iS the sound velocity in the crystdi.We can fit the  surprising for an insulating sample the linear term was also
experimentally observe@,,, to the equationCy,y=Csc  apsent in the specific heat data observed in the ceramic
+ 6C. Usinngcfron_w our obsgrved data and the above_ statesamples ok=0.4 by Leeset al® Neglecting the linear term,
ment of 5C we obtain an estimate of the average grain siz&ye have fitted the our observations to the following relation:
(R) and we obtain(Ry~10"* wm which is far too small
compared to the typicgR)>1 wm seen in most polycrys- Cp=aT_2+B3T3+ BsT®, 3
talline samples. We can thus rule out a finite grain size as the
source of the excess specific heat. If the excess specific heahereaT 2 is the hyperfine contribution caused by the local
SC arises from TLS'’s then it can be fit to a foriC magnetic field at the Mn nucleus due to electrons in unfilled
=C,T+C,T2. This would arise from TLS’s with a density shells, and3;T® and 85T° are the lattice contribution to the
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TABLE I. The fitting results for theC, of Pr,_,CaMnO; as  antiferromagnetic spin-wave contribution for the COI
obtained by various groups. The units Of different quantities arssample. For an antiferromagnetic spin-wave spectrum where
a(mJ K/mole), y(mJ/mol K%, Bs (mImolK) and Bs  E=Dpgq, the magnetic contribution to the specific heat is
(x107% mJ/mol k). «T3. The melting of the COI state to a FMM state leads to a
collapse of this AFM order and thus there will be no AFM

)((Pr CaMnoy) “ 4 Bs Bs spin-wave contribution to the specific heat. This would result
. 3 in a decrease of th&® term. However, the presence of FM
0.32 63.0 30.6 0.30 order should give a ferromagnetic spin-wave contribution

0.352 56.0 15.7 0.39 «T%2 We have attempted fitting 8% term to the 8 T spe-

0.45%2 28.0 3.1 0.31 cific heat data. However, we could not detect & term.

0.5 22.0 2.4 0.26 Thus, it appears that the specific heat as observed in the

0.4° 28.0 0.54 45 presence of a magnetic field does not have a ferromagnetic

0.37 H=0 T)°¢ 85.0 0.54 4.5 spin-wave contribution(Note) that we do not attach much

0.37 H=8 T) 400.0 0.16 18.0 significance to the change in thg term as observed. Nei-
ther do we interpret it as a change in the lattice contribution.

Zzgm 22‘; 2 The apparent large change 3 may be an artifact of fitting

c ' because th@s term being small irH=0 T data, it is diffi-

Our sample.

cult to fix it. Also the data aH=8 T show a small extra

specific heat, arising from phonons. A part of fi& contri- cont_ribution aboe 6 K whieh is includ.ed _in the fiBs term
bution toC,, can also arise from AFM spin waves. but it may not have anything to do with)it.

The T3 Contnbu“on is ||ke|y to be enhanced over and Brieﬂy, we find that the SpeCiﬁC heat at low temperature
above the actual Debye contribution because of the presenf@eds more investigation in single-crystalline CO systems
of AFM spin waves, since our COI sample has canted ARand in a high magnetic field. The existing ddtehich in-
order in this temperature range. The results of fitting the datgludes too few single-crystal datéoth in zero field and
to the above equation are shown in Table I. The parametemmagnetic field(high enough to melt the CO statdo not
obtained by us are very similar to that seen by Leteal® In allow us to reach many definite conclusions other than the
Table | we have collected the parameters from different pubfact that in the FMM phase obtained by melting the COI
lished data for comparison. state in a high magnetic field does not have a large engugh

However, the interesting question is whether in a magthat is comparable to FMM phases seen in manganites show-
netic field of 8 T where the COIl is melted into a FMM phaseing CMR behavior.
can we see the appearance of a linear specific heat term. In a
past investigation on polycrystaline samples of
Lay Ca sMnO; in a magnetic field of 8.5 TRef. 17 (which
is high enough to melt the COI stateo linear term had been
observed. The issue of absence of the linear term in the Our study of the specific heat in a CO system done over
FMM phase obtained after melting the COI state is thus realan extended temperature range of 3—300 K in the presence of
particularly when one compares it with the low-temperatured and 8 T magnetic field gives us much useful and new
specific heat of the FMM phase as seen in the CMR regioninformation regarding the thermodynamics of the CO transi-
y ~7.8 mJ/mol¥ in LaygCa,MnO; (Ref. 18 and tion. This paper gives a clear measurement of the entropy in
5.2 mJ/mol ¥ in Lag; Cay;MnO; (Ref. 19. a single-crystal and also the latent hétT o) in zero field

Cp/Tvs T2 for our sample in presence of an 8 T magneticand in a magnetic field. The latent heat released proves the
field is shown in Fig. 12. The specific heat data have beestrong first-order nature of the transition, which had never
fitted using Eq(1), with the parameters as shown in Table |. been shown to be so in actual measurements of the specific
Interestingly, the specific heat in the presence of a magnetioeat. An estimate of the numbers like the latent heat in 0 and
field is distinctly lower than the specific in O T for all 8 T fields sets clearly the bound and scale within which any
<40 K. Lowering of the specific heat in the presence of atheoretical models must work. It is a very important number
magnetic field has been reported Smolyanineval® Since  for any phase transition which gives the CO transition
resistivity measurements indicate the sample to be in a méoth 0 and 8 T a thermodynamic basis. Important also is the
tallic state, one would expect an extra linear term appearingbservation of a finite entropy change at the CO melting in a
in the Eq.(1) in the presence of a magnetic field. As seen inmagnetic field. The result shows that a small but finite and
Fig. 12, we could not detect the presence of any linear terngualitative difference in entropy exists between the FMM
even in presence of 8 T. From the uncertainty in the data wehase and the CI phase at the melting transition in a mag-
find an upper limit ofy<0.1 mJ/mol K, which is too small.  netic field where the formgFMM) phasewhich is the low-

It is apparent from Table I, that contribution of thg®y T phase¢ has a lower entropy than the other phéséich is
term is halved in the presence of a magnetic field. This apthe highT phase. Interesting also is the smallness of the
pears to be the main reason for lowgg in H=8 T com-  entropy.
pared to that in the absence of a magnetic field. This can be The low-temperatureC,(T<15 K) show no linear de-
explained as follows. Th@3 term contains an additional pendence onT as expected from an insulating sample.

CONCLUSION
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