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Thermodynamic analysis of the ferromagnetic phase transition at TC of Y-doped La0.70Ca0.30MnO3 reveals
that the broad anomaly in the specific heat is consistent with a large pressure effect on TC. This is discussed in
terms of random local strain fields originating from a distribution of rare-earth ionic sizes that cause compe-
tition between double-exchange and superexchange interactions.
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INTRODUCTION

The colossal magnetoresistance �CMR� effect in perov-
skite manganese oxides results from the strong interplay be-
tween lattice, charge, and spin degrees of freedom.1 In the
canonical compound La0.70A0.30MnO3, smaller A ions reduce
the average Mn-O-Mn bond angle, which weakens the ferro-
magnetic double-exchange �DE� interaction.2 A similar effect
occurs when small rare-earth ions such as Y are substituted
for La.3 YMnO3 is a superexchange �SE� antiferromagnet
�TN=70 K� with hexagonal crystal structure, ferroelectric be-
havior �below 900 K�, and frustrated magnetism.4 Y �ionic
radius5 of 1.019 Å� substitution for La �ionic radius of
1.160 Å� in La0.70A0.30MnO3 will lead to significant local
distortions and competition between DE and SE interactions,
which might also promote disorder and frustration within the
magnetic lattice. In some cases a spin-glass-like state may
result or the level of frustration could be high enough to
prevent the establishment of long-range magnetic order.6 In-
deed, several studies indicate that the ferromagnetic �FM�
transition in manganese oxides can be suppressed through
doping of Y, Ga, Gd, or Dy leading to a cluster-glass state.7–9

Although the magnetic and transport properties of
Y-substituted La0.70Ca0.30MnO3 have been well studied, heat
capacity at constant pressure CP and thermal expansion have
received less attention. Herein we show that substitution of
15% Y for La suppresses the anomaly in CP at the ferromag-
netic transition temperature TC. In contrast with the CP data,
high-resolution thermal-expansion measurements reveal a
distinct anomaly in the volume at TC. Careful comparison of
CP of the undoped and doped samples reveals a very broad
feature in La0.55Y0.15Ca0.30MnO3. Furthermore, thermody-
namic analysis indicates that the peak in CP at TC should be
small and broad; this analysis correctly predicts an extremely
large pressure effect on TC as well. The results are discussed
in terms of local strain fields induced by the smaller Y ions,
and the resulting competition between DE and SE interac-
tions, which leads to an inhomogeneous ferromagnetic state
composed of FM and canted-FM regions.

Polycrystalline samples of La0.70−xYxCa0.30MnO3 �x=0.0
and 0.15� were prepared through a sol-gel method, which
provides better chemical homogeneity, smaller particle size,
and higher density �90% of theoretical density� than a stan-
dard solid-state reaction. The dried gel was heat treated at
1000 °C and 1100 °C in air for 30 h, subsequently pressed

into pellets, and subjected to a final heat treatment at
1200 °C in air for 30 h. Rietveld refinement �space group
Pnma� of x-ray powder-diffraction data confirmed the
single-phase nature. Heat capacity was measured using a
Quantum Design PPMS. A fused quartz capacitive dilatom-
eter was used to measure the linear thermal expansion with a
sensitivity in �l of 0.1 Å. ac and dc magnetization
M�T ,H , P� under zero-field cooling �ZFC� and field cooling
�FC�, was measured in a SQUID magnetometer. For hydro-
static pressure measurements, a Cu-Be clamp-type cell was
placed in the magnetometer with n-pentane-isoamyl alcohol
�50:50 mixture� as a pressure medium. Pressure was deter-
mined with a superconducting tin manometer placed in the
cell with the sample.

The dc magnetization �ZFC and FC� versus temperature
of the samples with x=0.0 and 0.15 is shown in Fig. 1. The
saturated magnetic moments, determined from the curves at
5 T and 5 K, were found to be �3.6 and 3.3�B for x=0 and
0.15, respectively. These are slightly smaller than expected
�3.7�B for a 70:30 ratio of Mn3+/Mn4+ ions� but indicate that
both samples display ferromagnetic order. The sample with
x=0.15 has a smaller magnetic moment, which suggests a
canted FM alignment. For x=0, TC=250 K at H=0.1 T. Yt-
trium doping causes a strong decrease of TC to 90 K and
100 K upon cooling and warming, respectively; the hyster-
esis disappears at 5 T. This large thermal hysteresis was not
observed for x=0. La0.55Y0.15Ca0.30MnO3 is known to exhibit

FIG. 1. Magnetization for x=0 and 0.15 upon ZFC �warming�
and FC �cooling� in magnetic fields 0.1, 0.5, and 5 T.
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cluster-glass behavior with a freezing temperature9 close to
Tf =30 K. Similar behavior occurs10 in our sample although
the magnetic transition near 100 K was frequency indepen-
dent which suggests that it is not a glasslike transition. Si-
multaneously to the magnetic-phase transition, a crossover in
the electrical resistivity from localized �insulating� to itiner-
ant �metallic� behavior occurs11 at TMI=263 K, for x=0 and
TMI=103 and 109 K, during cooling and warming, respec-
tively, for x=0.15. This hysteresis, in agreement with mag-
netic results, stems from an inhomogeneous electronic state
due to the presence of both canted-FM �insulating character�
and FM �itinerant character� regions.

Clearly, the smaller Y ion must lead to variations of Mn-O
bond lengths and Mn-O-Mn bond angles in its vicinity,
which can be thought of as the introduction of random local
strain fields. The shift of TC to lower temperatures in the
Y-doped specimen clearly indicates weakening of the FM
interaction. However, it is significant that this reduction in TC
is accompanied by hysteresis that vanishes at high magnetic
fields. We believe this suggests the coexistence of both FM
and canted-FM regions at low magnetic field, with pure FM
predominant at high field. From a theoretical standpoint,12

the introduction of a random field is not expected to induce
first-order behavior. This supports our assertion that Y dop-
ing leads to competition between DE and SE interactions,
which results in an inhomogeneous FM state in low magnetic
fields.1

The linear thermal expansion �l / l0 versus T for both
samples is illustrated in Fig. 2�a�. Contraction of the volume
sets in at TC for both specimens, which leads to a diverging
behavior in the linear thermal-expansion coefficient ��T�
near TC �Fig. 2�b��; ��T� is obtained by differentiating the

data in Fig. 2�a�. The volume change near the FM transition
�from 225 to 260 K� for x=0 is �V=0.104�6�% and
0.089�7�% �50 to 130 K� for x=0.15. The sample with x
=0 shrinks about 0.58% in the whole temperature range
while the doped sample shrinks by 0.42%. Furthermore, the
data in Fig. 2�b� reveal that the phase transition for x=0.15 is
about 3 times broader than the transition for x=0.

The molar heat capacity at constant pressure CP versus T
for La0.70Ca0.30MnO3 is displayed in Fig. 3. A sharp peak in
CP is observed at TC=250 K. The results for the doped
sample differ significantly from those of La0.70Ca0.30MnO3.
The most prominent difference is an absence of a distinct
peak at TC in CP. Careful inspection of the inset in Fig. 3
reveals that the CP /T curve of the x=0.15 specimen lies
slightly above the curve for x=0 in the region near TC. Thus,
a peak is evident in these data although it is significantly
broadened. The data in Fig. 1 also reveal that the magnetic
transition of the doped sample is broader than in the pristine
compound. Note that canted-FM ordering should also re-
move most of the system’s magnetic entropy. Theoretically,
all Mn localized spins should be ordered at T=0 resulting in
zero magnetic entropy. The entropy change resulting from
total randomization of the Mn spins is �S=R�0.7 ln 5
+0.3 ln 4�=12.7 J /mol K, where R=8.318 J /mol K and ln 5
and ln 4 are due to spin S=2 and S=3/2 of Mn3+ and Mn4+

ions, respectively.13 The magnetic contribution to the heat
capacity is difficult to separate from nonmagnetic
contributions14 even for the undoped sample, which displays
a pronounced peak.15 The total entropy change for both
samples in the temperature range 2�T�325 K is obtained
by integrating S�T�=��C /T�dT �see the inset of Fig. 2�. The
total entropies are 127.1�7� and 125.3�7� J /mol K for x=0
and 0.15, respectively. Thus, the total entropy changes are
almost identical �within our uncertainty� further indicating
that the peak of the doped sample is severely smeared out by
disorder. Our observations up to this point reveal that distinct
features in the magnetization and thermal expansion occur in
La0.70Y0.15Ca0.30MnO3, but CP exhibits substantial broaden-
ing of the feature at TC.

It is well known that CP and �T for a continuous phase
transition should scale such that their ratio is proportional to

FIG. 2. �a� Linear thermal expansion �l / l0 and �b� linear
thermal-expansion coefficient ��T�. The inset reveals the critical
behavior above and below TC for the doped sample �see the text�.

FIG. 3. Specific heat CP for both samples. The solid line depicts
the predicted peak for x=0.15. The inset displays CP /T.
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the pressure derivative of TC.17,18 This relationship is given
by18

dTC

dP
=

3v�T

CP
* , �1�

where v=3.57�10−5 m3/mol is the molar volume and CP
* is

the specific heat after subtraction17,18 of a term linear in T.
Equation �1� is applicable to continuous transitions; the
phase coexistence, suggested by the presence of hysteresis
shown in Fig. 1 in the doped sample, indicates that the
Clausius-Clapeyron equation should be used. However, there
is neither latent heat nor discontinuities in S or �l / l0 as re-
vealed in Figs. 2 and 3 for this sample. Furthermore, critical
behavior has been observed through thermal-expansion data
in our doped sample with �=0.19�2� �see the inset of Fig. 2�,
suggesting that the phase transition is continuous �i.e., sec-
ond order�; this observation agrees with other reports.19 As a
result, we believe that Eq. �1� can be applied with confidence
to this phase transition.

The ratio �T /CP
* in Eq. �1� is determined through mea-

surements of CP and �, here this ratio is referred to as �. In
previous work,18 we found �=7000 J /mol K for the sample
with x=0 using the scaling behavior between �T and CP

* ,
which yields dTC /dP=15.3�7� K/GPa, in agreement with
the experimental value found in La0.70Ca0.30MnO3. Since the
peak in CP of the doped sample has been completely sup-
pressed, it is impossible15 to subtract a polynomial to obtain
CP

* , and then to apply the scaling relationship between CP
*

and �T. On the other hand, the scaling factor can be esti-
mated by using the experimental value of dTC /dP. In order
to perform this analysis, we measured ac magnetic suscepti-
bility as a function of both temperature and pressure for the
doped sample.

The real part of the magnetic susceptibility as a function
of temperature �warming and cooling� at several pressures
and under an applied magnetic field of 100 Oe is shown in
Fig. 4. Increasing pressure results in an increase of TC. A
large thermal hysteresis between cooling and warming is ob-
served. The width of the thermal hysteresis decreases as the

applied pressure increases, in a similar fashion to the effect
of applying magnetic fields �see Fig. 1�. The pressure depen-
dence of TC is displayed in the inset of Fig. 4. The
dTC /dP=44�3� K/GPa value obtained on cooling is higher
than that obtained during warming dTC /dP=32�2� K/GPa, a
consequence of the inhomogeneous magnetic state men-
tioned above.

Equation �1�, dTC /dP, and �T are now used to estimate
the peak in CP for La0.55Y0.15Ca0.30MnO3. To obtain CP

* for
the doped sample, the scaling factor is estimated by using the
experimental value of dTC /dP=32�2� K/GPa through Eq.
�1�, yielding CP

* /�T= �3v� / �dTC /dP�=3350±210 J /mol K.
This result is displayed in Fig. 5 where 3350�T is plotted
against T. The estimated height of the peak is found to be
�4 J /mol K in the vicinity of the transition temperature near
100 K, which is very small when compared with
�80 J /mol K for the sample with x=0 �not shown�. The
peak predicted by our scaling argument is superimposed on
the CP data in Fig. 3. If the experimental value of dTC /dP
=44�3� K/GPa �upon cooling� were used, the predicted peak
shown in Fig. 3 will reduce by 25%. Given a possible varia-
tion in the predicted peak’s height due to differences in
dTC /dP �whether the warming or cooling value is used�,
uncertainties as to the correct background for the predicted
peak, as well as differences18 in peak height between CP and
�T that are typically observed, we feel that this agreement is
very good.

Let us begin the discussion by summarizing our observa-
tions. Yttrium substitution for lanthanum in
La0.70Ca0.30MnO3 leads to a magnetic transition that reflects
competition between DE and SE magnetic interactions re-
sulting in an inhomogeneous FM state. The magnetic transi-
tion is broadened such that no distinct peak appears in the
heat-capacity data. Thermodynamic scaling using the
thermal-expansion coefficient � suggests that a broadened
peak in CP is consistent with the very large observed pres-
sure dependence of TC.

We believe a qualitative understanding of the data can be
developed by considering random local strain fields, which
can lead to a distribution of Mn-O-Mn bond angles that, in
turn, promote competition between DE and SE interactions.

FIG. 4. Temperature dependence of the real component of the
magnetic susceptibility of x=0.15 �upon warming and cooling� at
100 Oe for several pressures. The inset shows the pressure depen-
dence of TC; lines are a polynomial fit.

FIG. 5. �T multiplied by the scaling factor �=3350 as a func-
tion of temperature for x=0.15.
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These random local strain fields arise through the existence
of two distinct ionic sizes for the rare-earth ions. Small ions
like Y promote local canting of the FM moments with insu-
lating character in the electrical resistivity. Large ionic sizes,
like La or Ca, lead to Mn-O-Mn bond angles closer to 180°
and FM/itinerant behavior.20 The influence of pressure on TC
of the Y-doped sample is exceptionally large since it drives
the average Mn-O-Mn angle closer to 180°, thereby reducing
the canted FM regions, the local strain fields, and DE/SE
competition. This idea also encompasses the possibility of
FM and canted-FM clusters that are strongly temperature,
magnetic field, and strain �or pressure� dependent leading to
frustrated magnetism. Furthermore, the critical behavior of
CP in frustrated systems is known to be broadened and the
entropy changes attributed to their phase transitions are
much smaller than theoretically predicted.21,22 Besides
quenched disorder, dynamic fluctuations of this inhomoge-
neous state, which have different electronic character due to
different magnetic or orbital structure �localized versus itin-

erant�, may play a role in these systems.23 If the explanation
suggested above is correct, pressure will sharpen the peak in
CP at TC in La0.55Y0.15Ca0.30MnO3.

To summarize, the suppression of the peak in CP at TC in
the compound La0.55Y0.15Ca0.30MnO3 is actually a broaden-
ing resulting from local strain fields associated with a distri-
bution of Mn-O-Mn bond angles that causes inhomogeneous
ferromagnetism. The results indicate that the small peak ob-
served in CP in this magnetically frustrated system is ther-
modynamically related �through Eq. �1�� to high sensitivity
of TC to pressure.
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