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Heat-flow changes of La1�xCaxMnO3�� �x�0.25, 0.33, and 0.375� magnetoresistive oxides at their
Curie temperatures have been detected using differential scanning calorimetry in the temperature
range from 173 to 293 K. However, the transition does not occur in the samples of x�0.125 and 0.5.
It was found that the heat flow reflected the transition behavior and the enthalpy change of the
transition decreased as the transition temperature increased. These results indicate that the
La1�xCaxMnO3�� oxides �x�0.25, 0.33, and 0.375� undergo an endothermic phase transition from
a low-temperature ferromagnetic metal to a high-temperature paramagnetic insulator. It is assumed
that the transition is strongly associated with a local structure change, which is correlated with the
metal–insulator transition. © 2001 American Institute of Physics. �DOI: 10.1063/1.1406551�

INTRODUCTION

The electron transport behavior of mixed-valence
La1�xAxMnO3�� �A�Ca, Sr, and Ba� oxides has attracted
attention because of their colossal magnetoresistance
property.1–7 It is known that the maximum magnetoresis-
tance occurs around the temperature of a transition from
paramagnetic insulating state to ferromagnetic metallic state.
Since the double exchange mechanism8–10 could not suffi-
ciently explain the colossal magnetoresistivity around the
transition temperature �Tc�,

11 the lattice polaron theory in the
paramagnetic state has been used to describe the magnetore-
sistance behavior recently.12,13 The changes in thermal pa-
rameters, such as thermopower Q, and isotropic Debye–
Waller factor �u2�, associated with the ferromagnetic–
paramagnetic and metal–insulator transition, have been
intensively studied for understanding the mechanism of lat-
tice polaron effects on the transition behavior.14,15 It has been
reported that the La1�xCaxMnO3�� oxides with x�0.2–0.5
doping level undergo a transition from ferromagnetic metal
to paramagnetic insulator �FMM–PMI� while the
La0.875Ca0.125MnO3�� oxide transits from a ferromagnetic in-
sulator to a paramagnetic insulator �FMI–PMI�, in the heat-
ing process.16 However, the mechanism of Ca doping level
effect on the polaron behavior in the transition of
La1�xCaxMnO3�� oxides has not been clearly understood
yet and no report related to heat flow in the
La1�xAxMnO3�� manganite system has been seen. In the

present work, we report on the observations of the heat flow
of La1�xCaxMnO3�� �x�0.125, 0.25, 0.33, 0.375, and 0.5�
oxides and explore the possible mechanism of the phase tran-
sition based on thermodynamic theories. The ferromagnetic
to paramagnetic transition is the second order transition in
thermodynamics. However, the heat flow transition in the
samples of La1�xCaxMnO3�� �x�0.25, 0.33, and 0.375� ox-
ides reflects a local structure transition of first order together
with the second order magnetic transition.

EXPERIMENT

Ceramic samples of La1�xCaxMnO3�� �x�0.125, 0.25,
0.33, 0.375, and 0.5� were synthesized by the solid-state re-
action method. The La2O3 �99.99%�, CaCO3 ��99%�, and
MnO2 �99.99%� powders were mixed with a nominal stoichi-
ometry of La:Ca:Mn�(1�x):x:1, ground to a fine mixture.
The La2O3 powder was dried at 1173 K for 2 h to avoid the
hygroscopicity of the La2O3 compound before weighting.
The powder mixture was calcined at 1073 K for 24 h to
decompose calcium carbonate to calcium oxide. The decom-
posed powder mixture was ground and pressed into pellets
and subsequently sintered at 1573 K for 60 h in air to form
La1�xCaxMnO3�� oxides. The sintered oxides were then
ground and pressed into pellets again and finally sintered at
1573 K for 60 h in air atmosphere. It is assumed that the
oxygen stoichiometry in the perovskite oxides is dependent
on the oxygen-loading rate, which is dominated by the cool-
ing process. In the present work, the samples of
La1�xCaxMnO3�� oxides were cooled with the identical rate
and the oxygen stoichiometry can be considered to be similar
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in these samples. It was reported that the deviation of the
oxygen stoichiometry of the La1�xCaxMnO3�� oxides pre-
pared by the aforementioned technique is less than 1% from
the La1�xCaxMnO3 oxide �����0.01�.16 To analyze the effect
of the dopant level on the lattice structure and transition
behavior, the as-prepared materials were characterized by
x-ray diffraction �XRD�. The heat flow was measured with
differential scanning calorimetry �DSC� �SETARAM, DSC
131� in the temperature range from 173 to 293 K with the
scanning rate of 5 K/min.

RESULTS AND DISCUSSION

The XRD spectra of La1�xCaxMnO3�� �x�0.125, 0.25,
0.33, 0.375, and 0.5� oxides in Fig. 1 show that all materials
had pure orthorhombic �Pbnm� perovskite-like structures.
However, the spectra exhibited the shift of diffraction peaks,
especially at high diffraction angles. The relative intensities
of the peaks were also different in these spectra, as shown in
the figure. The lattice parameters a, b, c and unit-cell volume
versus Ca doping level are plotted in Fig. 2. The experimen-
tal results are in good agreement with the results obtained by
others in La0.75Ca0.25MnO3 and La0.5Ca0.5MnO3.17 It was
found that the lattice parameters and unit-cell volume de-
creased with the Ca doping level increase and there were
plateaus appearing in the curves between x�0.33 and
x�0.375. This effect was not only related to the substitution
of Ca2� ions for the larger La3� ions, but was also due to the
conversion of Mn3� into Mn4� in x stoichiometry. In fact,
the Mn–O–Mn bond length and angle dominate the lattice
parameters.18 Therefore, it can be inferred that the

Mn–O–Mn bond length and angle are also strongly affected
by the Ca doping level, thus resulting in different local lattice
distortion.

Figure 3 presents the raw DSC spectra of
La1�xCaxMnO3�� �x�0.125, 0.25, 0.33, 0.375, and 0.5� ox-
ides in the heating process. It indicates that the first order
endothermic phase transition only occurred in the samples of
x�0.25, 0.33, and 0.375, while there was not such a transi-
tion in the samples of x�0.125 and 0.5. Based on the tran-
sition diagram of La1�xCaxMnO3�� oxides,16 the endother-
mic phase transition could be considered to reflect the FMM-
PMI transition. The change of Gibbs free energy in this
transition can be expressed as 	G�	H�T	S . When the
transition occurs, the system reaches an equilibrium state and
	G�0. Therefore, 	S�	H/T .The endothermic phase tran-
sition�	H�0� implies that the disorder degree of the system
increased as the transition took place. It was reported that, in
the FMM to PMI transition, the bond lengths of Mn–O are
uniformly distributed below Tc , while the bond lengths are
different, thus presenting a disorder state above Tc .13 When
the uniform Mn–O bond lengths were modified to different
lengths, the undistorted Mn–O octahedra at lower tempera-
ture transformed to the distorted octahedra at higher tempera-
ture, thus the system was converted from the order state to
the disorder state. This phenomenon implies that the heat
flow peak is associated with the local lattice structure
change.

It was proposed that the local lattice structure change
originated from the delocalization and transportation of
charge carriers �holes� in the oxides as a result of bond re-
laxation below Tc .13 In the FMM state, the holes were delo-

FIG. 1. X-ray diffraction patterns of La1�xCaxMnO3�� oxides.

FIG. 2. Lattice parameters and unit-
cell volume vs Ca doping level.

FIG. 3. Raw heat flow vs temperature for La1�xCaxMnO3�� oxides in the
heating process.
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calized and the distortion of the Mn–O octahedra was uni-
formly averaged at the temperature below Tc . However, the
extent of delocalization was strongly affected by the interac-
tion between lattice and polarons, which are localized con-
duction band electrons. In this case, the Ca doping level may
dominate the interaction because of the difference in hole
concentration. The effect of doping a small amount of Ca,
such as x�0.125, on the delocalization of the small amount
of holes was too weak to affect the delocalization of the
holes and restructure the Mn–O bond length from the disor-
der state to the order state at the lower temperature. It re-
sulted that no transition took place in the measurement tem-
perature range.

On the other hand, it is assumed that the interaction be-
tween lattice and polarons is mainly attributed to the synthe-
sized effects, such as the hole concentration and the differ-
ence of ionic radii between La3� and Ca2�, and also Mn3�

and Mn4�. These effects offset each other. Once the Ca dop-
ing level reached x�0.5, the cancellation of these effects
may strongly minimize the interaction. It suggests that the
delocalization of the holes did not take place in the cooling
process, thus resulting in La0.5Ca0.5MnO3�� oxide having a
similar transition behavior like La0.875Ca0.125MnO3�� oxide,
i.e., no transition in the measurement temperature range.

The heat flow versus temperature for La1�xCaxMnO3��

�x�0.25, 0.33, and 0.375� oxides in the cooling, isothermal,
and heating process is plotted in the Fig. 4. The heat flow
was determined by the baseline subtraction from the raw heat
flow. For the heat flow spectrum of each sample, the apparent
transition widths in temperature were the same for heating
and cooling with the identical scanning rate of 5 K/min. The
temperature hysteresis for endothermic and exothermic
peaks in the samples of x�0.25, 0.33, and 0.375 was 1.1,
2.2, and 1.0 K, respectively. It was reported that the lattice
parameters and unit-cell volume as a function of temperature
in La0.75Ca0.25MnO3 and La0.65Ca0.35MnO3 demonstrated the
presence of a lattice contraction below their respective Tc ,
with an abrupt decrease of all lattice parameters and a vol-
ume discontinuity.15,17 The results above evidence that the
transitions are thermodynamically of first order. However,
the largest temperature hysteresis occurred in the sample of
x�0.33, which has the largest magnetoresistance �MR� prop-

erty. It is not clear whether the largest temperature hysteresis
can reflect the mechanism of the largest MR property occur-
ring in La0.67Ca0.33MnO3�� oxide.

The transition temperature �the temperature of the peak
in heat flow spectrum� against Ca doping level from x�0.25
to x�0.375 for the endothermic phase transition is plotted in
Fig. 5. Their Curie temperature Tc from Ref. 16 is also plot-
ted for comparison. It indicates that the transition tempera-
ture of the oxides increased with the Ca doping level increas-
ing and the Ca doping level in x�0.375 showed the highest
transition temperature. It is proposed that the lattice distor-
tion of La1�xCaxMnO3�� oxides may be affected by two
factors. One is the percentage of the large Jahn–Teller dis-
tortion ion, Mn3� �d4�, at manganese ion sites. The lattice
distortion decreases with the number of Mn3� ions decreas-
ing. The other is concentration of doped Ca2� ions substitut-
ing for La3� ions. The lattice distortion increases with in-
creasing the concentration of Ca2� since the radius of Ca2�

is smaller than that of La3�. However, the concentration in-
crease of Ca2� results in the concentration decrease of
Mn3�. This suggests that there is an optimal concentration of
Ca2�, which minimizes the lattice distortion in the
La1�xCaxMnO3�� oxides. This may be the reason for the
existence of the aforementioned plateaus in the curves of
lattice parameters and unit-cell volume versus Ca doping
level. It was reported that high lattice distortion results in
low Tc because of the narrowing of the
eg�Mn) – 2p
(O) – eg�Mn� conduction bandwidth.19 Based
on the analysis above and Fig. 5, it can be inferred that the
peak temperature of phase transitions reflected Tc . There-
fore, the transition temperature increased with the lattice dis-
tortion decrease and the La0.625Ca0.375MnO3�� oxide showed
the highest Tc due to the lowest lattice distortion in our
sample series.

Figure 6 presents the enthalpy change in the FMM–PMI
phase transition of La1�xCaxMnO3�� �x�0.25, 0.33, and
0.375� oxides. Since heat capacity (dH/dT) can be com-
puted from heat flow (dH/dt) and scanning rate (dT/dt),
the heat capacity can be integrated to obtain the area of the
endothermic peak in the heat flow spectrum with a certain
scanning rate. The integrated area depicts the enthalpy
change in the transition. A series of experiments were con-

FIG. 4. Heat flow vs temperature for La1�xCaxMnO3�� �x�0.25, 0.33, and
0.375� oxides in the cooling, isothermal, and heating process.

FIG. 5. DSC peak temperature for the endothermic transition of
La1�xCaxMnO3�� �x�0.25, 0.33, and 0.375� oxides and their Curie tem-
perature.
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ducted to investigate the effect of the temperature-scanning
rate on the enthalpy change20 and the results show that the
effect is marginal since the difference in superheating tem-
perature due to different scanning rate in the heating process
can be negligible. Therefore, the enthalpy change obtained
with the scanning rate of 5 K/min can represent the real
enthalpy change in the FMM–PMI transition at an equilib-
rium state. Figure 6 shows that the enthalpy change in the
transitions decreased with the Ca doping level increase. It
implies that the enthalpy change is strongly related to the
degree of lattice distortion in the La1�xCaxMnO3�� oxides
�x�0.25, 0.33, and 0.375�. The gain of total entropy in the
FMM–PMI transition can be calculated according to 	S
�	H/T . It was found that the total entropy change in the
transition was relatively small compared to the gain of spin
entropy that results from the spin disordering. For example,
the gain of spin entropy for La0.67Ca0.33MnO3 is approxi-
mately 6.7 �1/2R ln5, R: Gas constant� J/�mol K�21 while the
total entropy change is 1.1 J/�mol K�. It is assumed that the
difference is due to a loss of lattice entropy from electron
localization in the FMM–PMI transition. It may be deduced
that the higher distorted material has less loss of lattice en-
tropy from electron localization, resulting in more thermal
energy the system absorbed for the transition. Hence, the
enthalpy change increased with the local lattice distortion
increase. Moreover, it can be summarized that, in the
La1�xCaxMnO3�� �x�0.25, 0.33, and 0.375� oxides, the en-
thalpy change in the transition increases as the transition
temperature decreases because of the increasing lattice dis-
tortion.

CONCLUSION

In conclusion, the endothermic peaks of the
La1�xAxMnO3�� �x�0.25, 0.33, and 0.375� oxides in

FMM–PMI transition reflect that the transition is the first
order phase transition associated with a local structure tran-
sition. The metal–insulator transition in the
La1�xAxMnO3�� oxides may originate from the formation
of polarons in the paramagnetic insulating state. The en-
thalpy change in the transition is strongly affected by the
local lattice structure change, which is related to lattice dis-
tortion. This phenomenon does not occur at the lower or
higher Ca doping level, where only a magnetic transition
without local lattice structure change takes place. No local
structure transition in La0.88Ca0.12MnO3 can be detected
while a local structure change in La0.75Ca0.25MnO3 was
found using pair-distribution function analysis of neutron
powder-diffraction data.13 Further experiments will be con-
ducted to determine the hypothesis, which may reflect the
information about local structure around Curie temperature,
for the materials with other Ca doping levels.
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