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Specific heat and thermal expansion of La0.65Ca0.35MnO3: Magnetic-field dependence,
isotope effect, and evidence for a first-order phase transition
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The specific heat and thermal expansion of the same polycrystalline samples of La0.65Ca0.35MnO3, with
either 16O or 18O, have been measured for 85,T,310 K in zero field and in magnetic fields to 60 kOe.
Anomalies atTC(16O)5265 K and TC(18O)5256 K mark the zero-field ferromagnetic transitions. Their
shapes, the derived changes in entropy and volume, and a comparison with the pressure dependence ofTC

show that the ferromagnetic ordering is a thermodynamic first-order transition, broadened by a distribution in
TC . Magnetic fields change the character of the transition, broaden the anomalies, and shift them to higher
temperatures. The shift is greater for18O than for16O, corresponding to a decrease in the isotope effect with
increasing field.
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The magnetic and electrical properties of ‘‘colossal ma
netoresistance’’~CMR! materials were reported in 19501

The double-exchange~DE! model was proposed the follow
ing year,2 but recent attempts to explain the exceedin
large magnetoresistive changes in these oxide materials3 led
to the conclusion that the DE interaction must be augmen
by an interaction between charge carriers and lat
distortions.4 Such an interaction suggests the possibility
both a first-order transition at the Curie temperature (TC),
which would be very unusual for ferromagnetic orderin
and an isotope effect.5,6 A thermodynamic analysis of ther
mal expansion~b! data,7 based on a comparison with me
surements,made on other samples, of the specific heat~C!
and the dependence ofTC on pressure~P! has been inter-
preted as showing a second-order transition. Although th
are other features that suggest first-order character,8–10 they
do not constitute thermodynamic proof of the nature of
transition, and it is frequently assumed that the transition
typical of ferromagnets and second order. The isotope ef
has been observed7,11,12but its magnitude remains at issue.
this paper we report measurements ofC andb for the same,
well-characterized16O and18O samples of La0.65Ca0.35MnO3
~LCMO!. We show that in zero magnetic field@H# the tran-
sition atTC is a slightly broadened first-order transition, wi
the broadening quantitatively accounted for by the rand
substitution of Ca on the La sites. With increasingH, there is
a dramatic diminution in the isotope effect, for which there
no apparent theoretical explanation, and a shift and broa
ing of the anomalies in bothC(H) and b(H), which, al-
though also very unusual for ferromagnetic ordering, is
qualitative agreement with a polaron/bipolaron model.13 In
combination with low-T data, theC data suggest that a sub
stantial fraction of the magnetic entropy is recovered o
well aboveTC , in agreement with the same model.13
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The procedures for making the samples are similar
those used earlier by Francket al.,14 but with 12 sintering
and regrinding steps. The density of the samples is 90%
the x-ray density.18O gas exchange was performed
1200 °C, resulting in an18O concentration~by weight! of
91.3%. The larger samples,;0.5–1 g, were used for zero
field continuous-heating measurements ofC on 16O and18O
samples. A piece from an16O sample was used for simila
measurements in fields to 70 kOe. These measurements
important in confirming the validity of in-field ac measur
ments and continuous-heating results on smaller samp
These smaller samples,;100 mg, or pieces cut from them
were used for zero-field continuous-heating measuremen
C for 85,T,300 K and for ac measurements on 5-m
samples between 250 and 320 K in fields to 70 kOe. Pie
of these samples were also used for magnetization~M!
measurements14 and measurements ofb ~Ref. 15! that will
be reported in more detail elsewhere. The ac measurem
of C, which have high precision but inaccurate absolute v
ues, were scaled by using the continuous-heating data on
same samples. Changes in the heating rate by a factor
had no effect on the continuous-heating data, but in the
cinity of TC the ac measurements did show an effect
sweep rate forH<2.5 kOe. That effect was probably assoc
ated with hysteresis, which can affect ac data at a first-or
transition.16 The measurements reported here were for sw
rates that gave results consistent with the continuous-hea
data, implying that they correspond to thermal equilibrium

Continuous-heating data forC(0) and fits~see below! are
shown in Fig. 1, and compared withb~0!, which closely
mirrors the features inC(0). The anomalies inC at TC
~taken to be the temperature of the maximum inC!, unlike
those associated with typical ferromagnetic~FM! transitions,
are very nearly symmetric, althoughC is larger on the low-
©2001 The American Physical Society41-1
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temperature side than on the high-temperature side. T
cannot be fitted with a model based on either critical
Gaussian fluctuations. However, their shapes do conform
expectations for a broadened first-order transition: a sh
peak, which corresponds to the latent heatTDS, separating
the different values ofC, with their differentT dependencies
for the two different phases.

To fit the data we assume thatC5CB1Cmag; Cmag5Ca
1Cs , whereCB is a smoothly varying background term th
corresponds to the lattice specific heat (Clat) plus possible
small magnetic and electronic contributions;Cmag5Ca1Cs
is the major ‘‘magnetic’’ contribution;Ca is the broadened
latent-heat peak.Cs , which represents the difference inC
between these two phases, is constrained to be zero
below TC , rises to a maximum value atTC , and is also
broadened by the distribution inTC . Over the temperature
range 85,T,310 K, CB could be well represented byCB
5B01B1T1B2T2. ~Variations in the fitting expression fo
CB by inclusion of harmonic-lattice17 and/or spin-wave
terms, and by changes in the interval of the fit, did not i
prove the fit.! Ca can be represented by either a Gaussian
a Lorentzian function. As the Lorentzian function was mo
tractable in the nonlinear least-squares fitting, the empir
representationCa5ab2/(y21b2) was chosen, wherey
5(T/TC21), a5height, and b5the half width of the
Lorentzian peak. A simple representation for the step inC at
the transition isCs5d exp(2fuyu)F(y/b), whered and f are
parameters andF(y/b) is a function reflecting the broaden
ing. The eight parameters that appear inC are determined by
fits to the data over the range 85,T,310 K. ~Similar fitting
procedures were used for the zero-field thermal-expan
data and for the normalized ac specific-heat data forH50.!
The Lorentzian-broadened latent-heat termCa has a half
width ;1.5 K. This half width is roughly the same fo
samples ranging in size from;5 to 1100 mg and comparabl
to the half width of the anomaly observed in single-crys

FIG. 1. Main graph: Zero-field specific heat~C! and linear ther-
mal expansion~b! vs T for 16O- and18O-doped La0.65Ca0.35MnO3.
Inset: (C2CB) vs T ~see text!. Only a fraction of the data is in-
cluded. The curves through theC-data points are fits~see text!.
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LCMO,18 suggesting that the observed distribution inTC is
an intrinsic property. It can be accounted for by a rand
distribution of Ca in the sample: If the localTC is determined
by the average concentration of Ca in a domain ofN unit
cells, the observed half width and the variation ofTC with
the overall concentration of Ca~Ref. 19! lead to an estimate
of N of ;200, a value that is in good agreement with t
results of Zuo and Tao.20

The pressure dependence ofTC ~Ref. 21! can be used to
test the anomalies inC and b, for consistency with the
Clausius-Clapeyron equation for a first-order transiti
dTC /dP5DV/DS. Since all the data were obtained o
samples from the same batches, uncertainties that would
erwise arise from the strong sample dependence of the p
erties are avoided. The entropies of the Lorentzian partCa of
the 16O and18O anomalies are, forH50, DS51.20 and 1.56
J K21 mol21, respectively~see Fig. 2!. From the data forb,
analyzed in the same way,DV50.0131 and 0.0195
cm3 mol21, giving dTC /dP510.9 and 12.5 K GPa21, re-
spectively. The corresponding experimental values21 are 10.9
and 13.2 K GPa21, supporting the conclusion that theH50
ferromagnetic ordering is a thermodynamic first-order tra
sition. Zhao et al.7 analyzed their data onb for an 16O
sample of La0.67Ca0.38MnO3, together with data forC and
dTC /dP taken on other samples, with the Ehrenfest equat
dTC /dP53VTCDb/DC, and concluded that the ordering
an Ehrenfest second-order transition. Instead of taking
areas of the anomalies inC andb as measures ofDS andDV

FIG. 2. Main graphs:C ~ac data! vs T for H50 – 6 T. Insets:
Entropy vsT ~see text for discussion!.
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at a first-order transition, they took the heights of the anom
lies asDC andDb at a second-order transition. As expect
on very general grounds, the anomalies inC andb are simi-
lar in shape and width. The heights are approximately p
portional to the areas, ensuring that ifDS andDV satisfy the
Clapeyron equation,DC andDb, when defined in that way
approximately satisfy the Ehrenfest equation. However,
shapes and widths of the anomalies inC are consistent with
a first-order transition, for which there would be a sha
symmetric ‘‘peak’’ ~the latent heat! and a ‘‘step’’ DC ~the
difference inC between the two phases!; they are not con-
sistent with an Ehrenfest second-order transition, for wh
there would be only the step. The data forC correspond to
the sum of a temperature-dependent difference inC between
the two phases and a latent heat, both broadened by the
distribution inTC . DC contributes only;10% to the height
of the anomaly; the major component of the anomaly is sy
metric and inconsistent with theDC at a second-order tran
sition. Similar considerations apply to the data forb. The
evidence of hysteresis, which frequently accompanies fi
order transitions but is not expected for continuous tran
tions, in the ac measurements ofC for H<;2.5 kOe, also
suggests first-order character of theH50 transition, which
persists in lowH. Several other measurements ofC(H) for
16O samples of La(12x)CaxMnO3 (0.3<x<0.4) ~Refs. 18,
22, and 23! are qualitatively similar to those reported her
but are not suited for a quantitative discussion of the orde
the phase transition, either because they are not abs
results,18 or because there are insufficient data nearTC to
reveal the symmetry of the anomaly.22,23

Measurements ofM also give information on the nature o
the transition: If the magnetic free energy~G! near TC is
written asG5G01a2(T2TC)M21a4M41¯ , a4 cannot
be negative if the transition is second order. Since the sl
of H/M vs M2 is 4a4 , in this approximation, a test of th
order of the transition can be obtained from such a plot.9,10

H/M vs M2 plots for smallH are shown in Fig. 3. Thes

FIG. 3. Main graph:H/M vs M2 for 16O and18O samples from
the same batchas the samples used in theC andb measurements
Inset:M vs T for H5100 Oe showing the sharp rise atTC .
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results, similar to those reported in Ref. 9, have a nega
slope, and thus support the conclusion that the transitio
first order for zero and small fields. The sharp rise inM just
belowTC , shown in the inset in Fig. 3, and similar results
electron-diffraction20 and neutron-scattering8 measurements
while not thermodynamic evidence, are more suggestive
first-order transition than a continuous transition.

Using CB obtained from theH50 data, fits toCmag(H)
5@C(H)2CB# were made forH52.5, 5, 10, 20, 40, and 60
kOe. The16O and18O ac data and the fits are shown in Fi
2. The fits provide a systematic procedure for obtaining
mean values ofTC , which correspond to the maxima inCa ,
and their quality supports the general validity of the assum
tions that underlie them. Perhaps the most striking prope
that reflects a sizable electron-phonon interaction is the la
oxygen isotope effect~;10 K!, usually observed in the mag
netic transition in low field,7,11,12 but also in the resistive
transition, including high-field measurements.12 The isotope
effect in the thermodynamic transitions forC and b is evi-
dent in Figs. 1 and 2. The isotope exponent is given byaO
[2d ln(TC)/d ln(mO), where mO is the oxygen isotopic
mass.aO is ;0.3 for H50 and decreases significantly i
higher fields.TC values shown in Fig. 4 are obtained fro
the maxima in theC andb data, as well as fromCa . Values
of TC for 60 kOe show some scatter because the maxim
that field are poorly defined, and because the fitting funct
is less satisfactory whenH560 kOe. The general decrease
a0 with H is unmistakable. The shape and field depende
of the anomalies in Figs. 1 and 2 are similar to the pred
tions of the Alexandrov and Bratkovsky bipolaron model13

which also predicts a possible first-order FM transition atTC
for H50, and continuous transitions for larger fields. TheTC
vs H results are quite similar toTC vs P data obtained from
pressure-dependent zero-field resistivity measuremen21

made on the same samples.
The specific-heat data make it possible to estim

Smag(300), the magnetic entropy change from 0 to 300
Let Smag(300)2Smag(200)[Sa1Ss5*Ca/TdT1*Cs/TdT,

FIG. 4. TC(16O), TC(18O), and isotope exponentaO vs H,
whereTC(16O) andTC(18O) are determined from theC andb data
and from fits toCa ~see text!. The values ofaO are the averages
obtained from theC and b data. Curves through the points a
guides for the eye.
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the magnetic entropy between 200 and 300 K. Plots
Sa(0), Ss(0), andSmag(0) vsT for H50 are shown as inset
in Fig. 2. As can be seen from the insets,Smag(300)
2Smag(200)52.7560.05 J K21 mol21 for both the16O and
18O materials. Below;200 K CB is indistinguishable from
C. However, we can use the data of Fisheret al.24 to make a
rough estimate ofSmag(200). They find that for 1,T
,12 K the electronic (gT) and spin-wave (BfswT3/2) contri-
butions to C have g54 mJ K22 mol21 and Bfsw
50.7 mJ K25/2mol21, and therefore Smag(200) is ;2
J K21 mol21. ~The entropy associated with the anomaly
the lattice expansion atTC is estimated to be;0.1
J K21 mol21, well within the overall uncertainty of the mea
surements.! ThenSmag(300);4.7 J K21 mol21, or ;40% of
12.7 J K21 mol21, the entropy of the ‘‘free’’ Mn31 ~spin-2!
and Mn41 ~spin-32! ions at highT. This result implies either
thatClat is considerably smaller thanCB ,25 or that;60% of
the magnetic entropy in LCMO is removed above 300
This latter possibility is consistent with Mn41/Mn31 mo-
ments combining at temperatures well aboveTC to form
clusters,26 FM inclusions,27,28polarons28 and/or bipolarons,13

or some combination of these, in dynamic equilibrium. F
example, assume that 0.35 moles of Mn31/Mn41, randomly
oriented at very highT, gradually combine, asT is lowered,
at
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to form 0.175 moles of FM bipolarons well aboveTC . If
either these bipolarons or the remaining 0.3 moles of Mn31

~or some combination of the two! are progressively ordere
as the temperature approaches 300 K, the reduction in
tropy between very highT and 300 K is;8.7 J K21 mol21.
The remaining;4 J K21 mol21 of entropy is sufficiently
close to Smag(300);4.7 J K21 mol21 to suggest that thes
interactions~or comparable ones! among the moments ap
proximate what actually occurs in LCMO well aboveTC .
This picture is consistent with both the susceptibility a
thermal-expansion measurements aboveTC .14,15 It is also
consistent with the more rigorous and detailed discussion
the entropy for CMR materials by Alexandrov an
Bratkovsky.13
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