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In the present work we analyze the magnetic entropy changeDSM of the Pr1−xCaxMnO3 manganites, for a
wide range of Ca concentrationss0.20øxø0.95d. The results for the samples with 0.20,xø0.30 present the
usual behavior expected for ferromagnetic systems, peaking at the Curie temperatureTC. In contrast, for the
charge-ordered antiferromagnetic sampless0.30,x,0.90d, an anomalous magnetic entropy change starts
around the charge-ordering temperatureTCO, persisting for lower values of temperature. This effect is associ-
ated to a positive contribution to the magnetic entropy change due to the charge-orderingDSCO, which is
superimposed to the negative contribution from the spin-orderingDSspin; that is described using a mean-field
approximation. Supposing these contributions, we could also appraiseDSCO

max as a function of Ca content, which
vanishes for the limitsx,0.30 and 0.90 and presents a deep minimum aroundx,0.50, with two maxima at
x,0.35 and 0.65. We conclude that forx.0.65 only the magnetic order governs the charge ordering, con-
trarily to x,0.65, where there are more than one mechanism ruling the charge ordering. Moreover, for the
samples with phase coexistences0.30,xø0.40d, we found extremely large values for the magnetic entropy
change at low temperatures. Finally, forx.0.90, we found usual magnetic entropy change curves, peaking at
the Néel temperatureTN.

DOI: 10.1103/PhysRevB.71.144413 PACS numberssd: 75.30.Sg, 75.47.Lx, 75.47.Gk

I. INTRODUCTION

The magnetocaloric effectsMCEd is intrinsic to magnetic
materials and is induced via coupling of the magnetic sub-
lattice with the magnetic field, which alters the magnetic part
of the total entropy due to a corresponding change of the
magnetic field. The MCE can be estimated via the magnetic
entropy changeDSMsT,DHd and is a function of both tem-
peratureT and magnetic-field changeDH, being usually re-
corded as a function of temperature, at a constantDH. In
addition, the MCE has a significant technological impor-
tance, since magnetic materials with large values of
DSMsT,DHd can be employed in various thermal devices.1

The magnetic entropy is related to the magnetizationM,
magnetic field strengthH, and absolute temperatureT
through the Maxwell relation2

F ]SMsT,Hd
]H

G
T

= F ]MsT,Hd
]T

G
H

, s1d

which after integration yields

DSMsT,DHd =E
HI

HF

dSMsT,HdT =E
HI

HF F ]MsT,Hd
]T

G
H
dH.

s2d

Hence,DSMsT,DHd can be numerically calculated using Eq.
s2d and the measured magnetization as a function of mag-
netic field and temperature.

Several authors through many decades have studied the
magnetocaloric effect in a large variety of magnetic materi-
als. However, more recently, a large amount of work3–19 was
devoted to explore the MCE in the mixed-valency mangan-
ites AMnO3, whereA is a trivalent rare-earth mixed with a
divalent alkaline earth. Among these referred works, some of
them worked out the MCE around the charge-ordering tem-
peratureTCO, however, only for systems in which the charge-
ordered state arises below the Curie temperaturesTC.TCOd,
as the case of Pr-Sr11 and Nd-Sr4 manganites. On the other
hand, the magnetic properties are very different for systems
in which the charge-ordered phase arises in the paramagnetic
regime sTN,TCOd, as the case of Pr-Ca, Nd-Ca and
Sm-Ca manganites,20,21 and, from the best of our knowl-
edge, the MCE was never reported in this case, although
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there are several specific heat studies.22–24 In addition to the
charge-ordering phenomena, several interesting features
emerge for the Pr1−xCaxMnO3 manganites, series in which
we will focus our attention.

Pure PrMnO3 has anA-type antiferromagnetic-insulator
AFMI arrangement, changing discontinuously to a spin-
canted-insulator SCI structure with small amounts of Mn4+

dopant.25 This SCI phase remains up tox=0.20, whereas for
0.20,xø0.30 a ferromagnetic-insulator FMI phase arises,
with Curie temperature around 120 K.26–29 Between x
=0.15 and 0.20, a phase coexistence takes place with SCI
and FMI phases. For 0.30,x,0.90, an AFMI phase estab-
lishes for temperatures typically below 170 K,26,27,30coexist-
ing with a charge-ordered CO state with onset temperature
TCO between 210 K, forx,0.30, and 110 K, forx=0.85.26

For 0.30,xø0.40 a remarkable phase coexistence23,26–35

with FMI and CO-AFMI phases can be found. It is well
established30,32,33that the clusters embedded in the antiferro-
magnetic matrix achieve the ferromagnetic order around
110 K for x,0.30, and 42 K forx,0.40.27 In this direction,
our work using NMR31 gives the ferromagnetic fraction
within the antiferromagnetic matrix, as a function of Ca con-
tent, x. For the Ca-rich samplesxù0.90, another strong
phase coexistence arises, with ferromagnetic domains em-
bedded in a non-charge-ordered AFMI matrix. Forx=0.90
the ferromagnetic phase is stable, decreasing its volume frac-
tion as the Ca contentx increasing toward the unity, reaching
the well-known G-type antiferromagnetic CaMnO3.

36 The
phase diagram presented in Fig. 1 is slightly dependent on
the sample preparation procedure. Discrepancies found in lit-
erature can be attributed to differences in grain sizes,13,37–39

oxygen contents,39–43 vacancies on the lattice,44 etc. Addi-
tionally, the phase diagram presented here is not completely
established, since the magnetic structure for several values of
Ca concentrationx is still a matter of discussion.23,26–29,32–35

II. EXPERIMENTAL PROCEDURE

The samples withx,0.50 were prepared by the ceramic
route, starting from the stoichiometric amount of Pr2O3
s99.9%d, CaCO3 s.99%d and MnCO3 s.99%d, and heated
in air, with five intermediate crushingspressingd steps. On
the other hand, forxù0.50, we used the sol-gel method with
urea, following the procedure described in Ref. 45. The final
crushed powders were compressed and sintered in air at
1350 °C during 45 hsfor the ceramic routed and 1300 °C
during 60 h sfor the sol-gel techniqued, with a subsequent
fast freezing of the samples. X-ray diffraction patterns con-
firmed that the samples lie in thePbnmspace group, without
vestige of spurious phases.

The temperature and external magnetic field dependence
of the magnetization were carried out using a commercial
SQUID and PPMS magnetometers. The data were acquired
after the sample had been zero-field cooled, under the iso-
thermal regimesM versusH curvesd, varying the applied
magnetic field from zero up to 4 T and temperature ranges
from 10 K up to 300 K. After eachM versusH curve, the
sample was heated to the next temperature desired without
the influence of the external magnetic field. For the dc sus-
ceptibility xdc s=M /H at low fieldd, the measurements were
performed at a fixed magnetic field, sweeping the tempera-
ture.

III. RESULTS

In this section we will describe the field and temperature
dependence of the magnetizationMsT,Hd, since it is one of
the best experimental tools to understand the magnetocaloric
effect of the system under study. The zero-field-cooledsZFCd
and field-cooledsFCd dc susceptibilitiesxdc, were measured
for all samples availablesx=0.20, 0.25, 0.30, 0.32, 0.35,
0.40, 0.45, 0.50, 0.55, 0.65, 0.70, 0.75 and 0.95d. We ob-
served a similar behavior for those below the onset concen-
tration for charge orderingsx,0.30d, with a well-defined
transition from the paramagnetic to the ferromagnetic phase.
Although the dc susceptibilityxdc, after field cooling in-
creases with decreasing temperature, after the sample had
been zero-field-cooled, it keeps an almost temperature-
independent feature. Additionally, from the quantity 1/xdc,
we could observe the usual Curie-Weiss law, allowing one to
estimate the value of the paramagnetic effective momentpeff
and the paramagnetic Curie temperatureup. Thus, Fig. 2sad
presents the behavior described above, representative for all
samplesxø0.30. On the other hand, for 0.30,x,0.90, the
dc susceptibility presents a maximum aroundTCO and a well-
defined transition from the paramagnetic to the antiferromag-
netic phase. For the samples with phase coexistences0.30
,xø0.40d, the maximum amount of FMI phase allowed to
be in the system occurs atT0, also observedfsee Fig. 2sbdg.
In our recent publication,46 we discuss in details the meaning
of T0, as well as the influence of the phase coexistence on the
magnetic entropy change. Finally, the charge-ordering fea-
ture completely disappears forx.0.90, as presented in Fig.
2scd. The quantities obtained from the analysis of the dc
susceptibility are summarized in Table I. In addition, note the

FIG. 1. Magnetic and electric phase diagram for Pr1−xCaxMnO3

manganites. PMI-paramagnetic insulator; SCI-spin-canted insula-
tor; FMI-ferromagnetic insulator; CO-AFMI-charge-ordered anti-
ferromagnetic insulator; AFMI-non-charge-ordered antiferromag-
netic insulator. Open and closed circles represent PrMnO3 and
CaMnO3, respectively. Different lines denote different types of
transitions.
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ferromagnetic fluctuations that arise in the paramagnetic
phase of the CO-AFMI sampless0.30,x,0.90d, since their
paramagnetic Curie temperaturesup are positive. Neverthe-
less, the asymptotic paramagnetic Curie temperature shifts
gradually toward negative temperatures, reaching −52 K for
x=0.95, even with the small amount of ferromagnetic phase
sexpected to be found forx.0.90d.25

The temperature and field dependence of the magnetiza-
tion MsT,Hd were also measured for all samples. From the
data analysis of severalM versusH isotherms, we could
build the curves for the thermal dependence of the magneti-
zation, at a fixed magnetic field. Forx=0.20, decreasing tem-
perature, one observes that the magnetization starts to in-
crease faster below 100 K, peaking at around 35 K, as
displayed in Fig. 3sad. It is related to the coexistence of SCI
and FMI phases, for 0.15øxø0.20 ssee Fig. 1d.25,27,28 On
the other hand, forx=0.25 and 0.30 an usual ferromagnetic
behavior for the thermal dependence of magnetization is
found, as presented in the inset of Fig. 3sad. However, for Ca
concentrationsx within the phase coexistence regions0.30

,xø0.40d, different features emerge. Forx=0.40, for in-
stance, we found two humps, around 239 and 176 K, corre-
sponding to the establishment of the charge ordering and the
antiferromagnetic spin ordering, respectively, in accordance
with several works,27,28 including those using neutron
diffraction.30,32,47,48As the temperature is further decreased,
we can verify a remarkable increasing of the magnetization
also below 100 K, peaking at aroundT0=11 K, with a sub-
sequent loss of magnetic moment. This peak at low tempera-
tures is also related to the phase coexistence present in this
range of Ca concentration46 ssee Fig. 1d. A similar behavior
had been found for all samples with 0.30,xø0.40. This
feature, which can be seen in Fig. 3sbd and its inset, was
already observed forx=0.37.23 On the other hand, for 0.40
,x,0.90 finset on Fig. 3scdg, we still found the charge or-
dering and Néel temperature, however, without the metamag-
netic transition at low temperatures, since there is no more
phase coexistence. Forx=0.95 fFig. 3scdg, a well-behaved
curve arises with a defined transition from the paramagnetic
to the non-charge-ordered AFMI phase.

Finally, Fig. 4 presentsMsHd curves at 4.2 K andMsTd
curves at 4 T, forx=0.20, 0.25, 0.30, and 0.32. These curves
confirm the phase diagram, which establishes a pure ferro-
magnetic phase for the samples with 0.20,xø0.30.

IV. THE MAGNETOCALORIC EFFECT

In the previous sections, we provided detailed information
referring to the magnetic properties of the Pr1−xCaxMnO3
manganites. The aim of the present section is the discussion
of the magnetocaloric effect of these manganites obtained
from the previously presented magnetic data.

Figure 5 presents the magnetic entropy changeDSMsTd
for all samples studiedsx=0.20, 0.25, 0.30, 0.32, 0.35, 0.40,

FIG. 2. Left axis: zero-field-cooledsZFCd and field-cooledsFCd
dc susceptibilityxdc s=M /H at low fieldd as a function of tempera-
ture, for sad x=0.30, sbd x=0.40, andscd x=0.95. Right axis: tem-
perature dependence of the inverse of the dc susceptibility.

TABLE I. Values obtained for:T0, related to the maximum
amount of FMI phase allowed to be in the phase coexistent system
s0.30,xø0.40d;46 TCO, charge-ordering temperature; the critical
temperatureTcrit, obtained from the maximum ofdxdc/dT; up, the
paramagnetic Curie temperature; and, finally,peff, the paramagnetic
effective moment.

x T0 sKd TCO sKd Tcrit sKda up sKd peff smBd

0.20 94 110 7.0

0.25 119 137 5.6

0.30 125 143 5.0

0.32 26 210 113 180 4.9

0.35 19 222 178 211 4.3

0.40 11 239 176 215 4.3

0.45 244 165 270 4.2

0.50 242 140 266 4.2

0.55 252 145 262 4.2

0.65 274 150 254 4.0

0.70 256 94 191 3.9

0.75 205 104 141 4.1

0.95 108 −52 4.0

aTC for xø0.30 andTN for x.0.30.
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0.45, 0.50, 0.55, 0.65, 0.70, 0.75, and 0.95d, under 4 T of
magnetic-field change. Forx=0.20 fFig. 5sadg, the magnetic
entropy change has an usual behavior for temperatures above
100 K, where the magnetization datafFig. 3sadg has also a

well-shaped feature. However, below 100 K, the magnetiza-
tion starts to increase faster as the temperature is further
decreased, due to a SCI and FMI phase coexistence, as al-
ready discussed in the previous section. On the other hand,
for x=0.25 and 0.30, concentrations completely embedded
within the ferromagnetic region, we found an usual behavior
for DSM, as sketched in Fig. 5sad. We consider, in the case of
x=0.25 and 0.30, that the contribution to the magnetic en-
tropy change is purely due to the spin magnetic moments of
the sample, since these concentrations have pure ferromag-
netic phasesssee Fig. 4d. However, for the samples with
0.30,x,0.90, the charge-ordering arrangement plays a de-
cisive role. When the temperature is further decreased, the
magnetic entropy changeDSM follows an usual shape until
the charge-ordering temperatureTCO, below which such be-
havior is completely broken, as can be observed in Figs. 5sbd
and 5scd. Finally, for x=0.95, the magnetic entropy change
recovers the usual shape, as sketched in Fig. 5sdd.

FIG. 3. Temperature dependence of the magnetization data for
sad xø0.30, sbd 0.30,xø0.40, andscd x.0.40. These graphics
were built from the measuredM vs H curves, for several
temperatures.

FIG. 4. Magnetization as a function of magnetic field, at 4.2 K,
and temperature, at 4 T, forx=0.20 sSCI+FMId, 0.25 and 0.30
sFMId, and 0.32sCO AFMI+FMId.

FIG. 5. Temperature dependence of the magnetic entropy
change under 4 T of magnetic-field change for all samples available
and covering all different magnetic phases of this Pr1−xCaxMnO3

series: FMI-ferromagnetic insulator; CO AFMI-charge-ordered an-
tiferromagnetic insulator; AFMI-non-charge-ordered antiferromag-
netic insulator.
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To analyze this intriguing and anomalous feature, which
arises for 0.30,x,0.90, some aspects should be taken into
account. First of all, we consider two different contributions
to the total magnetic entropy changeDSM: one refers to the
spin rearrangementDSspin, and the other concerns the charge-
ordering rearrangementDSCO, as follows:

DSM = DSspin+ DSCO. s3d

For TN,T,TCO, i.e., in the paramagnetic phase, an ap-
plied magnetic-field forces a rude alignment of the spins,
increasing the Mn3+-Mn4+ electron hopping and decreasing
the concentration of Mn3+-Mn4+ charge ordering, when
compared to the zero-field case. Consequently, the entropy
because of the CO increases under an external applied mag-
netic field, allowing a positive CO entropy change. On the
other hand, forT.TCO, there is no charge ordering, imply-
ing, of course, in a null CO entropy change. In addition, as
described above, the paramagnetic phase of these samples
has ferromagnetic fluctuationssup.0, see Table Id. Thus, we
considered, as a first approximation, thatDSspin arises from a
simple ferromagnetic mean-field interaction, at least around
TCOs.TNd, i.e., in the paramagnetic phase. In this direction,
the effective field can be written as

Heff = Hext + lgJmBBJsxd s4d

where Hext stands for the external magnetic field,l the
mean-field parameter,BJsxd the Brillouin function, and

x =
gJmBHeff

kBT
s5d

Thus, from the Gibbs-Von Neumann entropy

S= − kBTrhr̂ ln r̂j s6d

is possible to obtain the magnetic entropy due to the spin
ordering, inkB units:

SspinsT,Hextd = ln5 sinhFxS1 +
1

2J
DG

sinhF x

2J
G 6 − xBJsxd, s7d

where r̂ is the density operator corresponding to a Hamil-

tonian Ĥ=−mŴ ·HW . Finally, the magnetic entropy change due
to spin ordering can be written as

DSspinsT,DHd = SspinsT,Hextd − SspinsT,0d. s8d

We know, from the high-temperature magnetic measure-
ments, the paramagnetic Curie temperatureup and the para-
magnetic effective momentpeff ssee Table Id, and from the
well-known relationships

peff = gÎJsJ + 1d s9d

l =
3kBup

peff
2 s10d

that we can obtain the mean-field parameterl and the total
angular momentJ. We consideredg=2, since this value was

already found for several manganites.49–51 Thus, using the
measuredl andJ, we estimatedDSspin fEq. s8dg, which ex-
actly matchesDSM at high temperatures. Consequently, we
could appraiseDSCO

max, the value of charge-ordering contribu-
tion slightly belowTCO, i.e., around the maximum ofDSM, as
drawn in Fig. 6, forx=0.70.

Following the procedure described above the concentra-
tion dependence ofDSCO

max could be built, vanishing for the
limits x,0.30 and 0.90 and presenting a deep minimum for
x,0.50, with two maxima aroundx,0.35 and 0.65, as
shown in Fig. 7. These values are of the same order of those
obtained for NduSr manganites,4 around the charge-
ordering temperature.

For Pr1−xCaxMnO3 manganites the charge-ordering en-
tropy arises from the excess of Mn3+ or Mn4+, depending on
whether x,0.50 or x.0.50, respectively. Since there are
s1–2xd Mn3+ unpairedsfor x,0.50, for exampled and such
excess vanishes atx=0.50, it is expected thatDSCO

max has a
deep minimum aroundx=0.50. On the other hand, the maxi-
mum atx,0.65 can be understood via the analysis ofDSspin
andDSM as a function of the magnetic-field changeDH, as

FIG. 6. Estimative of the charge-ordering contributionDSCO to
the total magnetic entropy changeDSM. See text for details con-
cerning the spin contributionDSspin fEq. s8dg.

FIG. 7. Left axes:DSCO
max as a function of Ca contentx for DH

=2 T, 4 T sestimated using experimental datad and ` fEq. s14dg.
See text for the meaning ofDSCO

max. Right axes: charge-ordering
temperature as a function of Ca content,x sopen circlesd.

MAGNETIC ENTROPY CHANGE OF Pr1−xCaxMnO3… PHYSICAL REVIEW B 71, 144413s2005d

144413-5



shown in Fig. 8. These results were obtained for tempera-
tures around the maximum ofDSM, analogously toDSCO

max.
For x.0.65fFig. 8sadg, the spin contributionDSspin fEq. s8dg
has exactly the same tendency of the total magnetic entropy
changeDSM, when analyzed as a function of magnetic-field
changeDH, with the following relations:

DSM = − 2DSspin, x = 0.70

DSM = −
1

4
DSspin, x = 0.75. s11d

Contrarily, for x,0.65 fFig. 8sbdg, DSspin increases with a
different rate, comparing toDSM. These interesting results
lead us to conclude that forx,0.65 there is more than one
mechanism governing the charge ordering, including the
magnetic order. On the other hand, forx.0.65, only the
alignment of the magnetic moments controls the charge or-
dering. This fact also explains the maximum inTCOsxd,
aroundx,0.65, shown in Fig. 7spresent datad and Fig. 1
sliterature datad. Another work also analyzed the charge-
ordering phase in terms of a interplay between the Jahn-
Teller effect and magnetic ordering52 sand references
thereind.

An interesting aspect concerning the total magnetic en-
tropy change, for several values of magnetic-field change, is
the fact that it vanishes at the same temperature aroundTCO,
for any value ofDH, as displayed in Fig. 9.

DSCO
max can also be estimated, forx.0.65, counting the

number of accessible statesV of the Mn3+-Mn4+ ions, for
two extreme cases: under zero field, i.e., with the maximum
of charge ordering, since the nonaligned magnetic moments
sparamagnetic phased do not destroy the charge ordering; and
under infinite field, i.e., with null charge ordering, since
a completely aligned magnetic moments maximize the
Mn3+-Mn4+ electron hopping, destroying the charge order-

ing. Thus, the number of accessible states for both cases are,
respectively,

VCO
0 =

sN − nd!
n!sN − 2nd!

, s12d

VCO
` =

N!

n!sN − nd!
, s13d

wheren=Ns1−xd, for x.0.5, andN is the total number of
Mn ions in the system. Thus, from the Boltzmann entropy we
could evaluateDSCO

0:`=SCOsVCO
` d−SCOsVCO

0 d, yielding

DSCO
0:` = Nfs2x − 1dlns2x − 1d − 2x ln xg s14d

The above resultsdrawn in Fig. 7d, is in agreement with the
previously presented estimate.

Another interesting aspect is referred to as the low tem-
perature of the samples with phase coexistences0.30,x
ø0.40d. Curiously,DSM vanishes exactly atT0, being highly
negativespositived for higher slowerd values of temperature.
For x=0.32, for instance,DSM reaches −19.4 Jkg−1K−1 at
32 K, and −13.4 Jkg−1K−1 at 14 K. Figure 10 shows these
features forx=0.32, 0.35, and 0.40, under 4 T of magnetic
field change. Finally, the temperature dependence of the
magnetic entropy change has a usual tendency with respect
to several values of magnetic field change, as presented in
the inset of Fig. 10, forx=0.32 andD H :0→1, 2, 3, and
4 T. Note thatDSM vanish atT0 for any value ofDH. Re-

FIG. 8. Total magnetic entropy changeDSM and the spin con-
tribution DSspin as a function of the magnetic-field changeDH, for
sad x.0.65 andsbd x,0.65. Results obtained for temperatures
around the maximum ofDSM, analogously toDSCO

max.

FIG. 9. Magnetic entropy change as a function of temperature,
for several values of magnetic-field change andsad x=0.35, sbd x
=0.40, andscd x=0.70.
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cently, we published a detailed study of the low-temperature
magnetic entropy change of these compoundss0.30,x
ø0.40d.46

V. CONCLUSION

In the present work we analyzed the magnetic entropy
changeDSM for a wide range of Ca concentrationss0.20
øxø0.95d, covering several kinds of magnetic order. For

xø0.30 andx.0.90 we found an usual behavior forDSM,
since these samples have no charge-ordering. On the con-
trary, we found an anomalous magnetic entropy change for
0.30,x,0.90 sconcentrations exhibiting charge-ordering
phenomenond, and the results could be explained considering
a spin and charge-ordering contributions. In addition, taking
some considerations into account, we could evaluateDSCO

max

as a function of Ca contentx. From the analyzes of the mag-
netic entropy change as a function of the magnetic-field
changeDH, we could conclude that forx,0.65 there is
more than one mechanism governing the charge ordering,
including the magnetic order, whereas forx.0.65 only the
alignment of the magnetic moments controls the charge or-
dering. Moreover, we found an extremely large value for the
entropy variation at low temperaturessaround T0d. Other
manganites showing this characteristic temperature can also
present a large magnetic entropy change, and, consequently,
a great potential to be employed in various thermal devices.
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