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Abstract

We have studied the magnetocaloric effect of the Pr1�xCaxMnO3 manganite, with 0.30pxp0.45, from 2.5 upto 50K.
At this temperature range, the (Pr,Ca)MnO3 system present ferro/antiferromagnetic phase mixture which is responsible

for the colossal magnetoresistance. Magnetocaloric studies in manganites, up to now, have neglected this magnetic

phase mixture, mainly due to the antiferromagnetic phase which is not so well explored in magnetic refrigeration studies

as ferromagnetic systems is. In our study, we explain the origin of the negative and positive values of the magnetic

entropy change, their temperature dependence as well as the high values. The study of systems with antiferromagnetic

phase, as shown in this work, may open an important field in the search of new magnetic materials for magnetic

refrigeration.

r 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Extensive research about the magnetocaloric effect

(MCE) has been carried out over the last years [1,2], and

nowadays the main goal of the MCE study is related to

its potential for magnetic refrigeration [3]. Among the

magnetic materials with potential for magnetic refrig-

eration, the manganites are reported in the literature as

promising ones [4,5]. This is based on the high value of

magnetic entropy change under magnetic field variation,
- see front matter r 2004 Elsevier B.V. All rights reserve

/j.jmmm.2004.11.339

onding author. Tel.: +5521 2562 7666;

2562 7368.

ddress: amgomes@if.ufrj.br (A.M. Gomes).
and also the well-established fabrication process which

usually follows a ceramic route [4] and allows a fine

control of their physical properties.

Despite the extensive literature, several aspects are

still not fully understood in manganite systems, among

these we can cite the huge MCE at the charge-ordering

transition temperature [6–9], as well as the mixture of

magnetic phases with different electrical behavior.

In addition, some manganites present a coexistence of

ferromagnetic (FM) and antiferromagnetic (AFM)

phases. In this sense, Pr1�xCaxMnO3 manganites are

particularly interesting, presenting a strong phase

coexistence around x ¼ 0:30 and a charge-ordering

phenomenon for 0.30oxo0.90. Hereafter, we focus
d.
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Fig. 1. Histeresis curve of the Pr0.68Ca0.32MnO3 at 25K. The

saturation value is estimated in 107 emu/g.
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on the sample with x ¼ 0:32 on which we have observed
the largest MCE.

The magnetocaloric effect is responsible for the

applicability of the magnetic materials in a refrigeration

cycle. It is characterized by the increase of the

temperature of the magnetic material when subjected

to a positive change of the magnetic field and cooling

when the process is reversed. This is due to the coupling

of the lattice entropy with the magnetic entropy of the

material. For ferromagnetic materials, a negative max-

imum is observed in the magnetic entropy change DSmag
and in the adiabatic temperature change DTadiab near

the Curie temperature Tc. Usually, the desired tempera-

ture for maximum magnetocaloric values are obtained

by different stoichiometric sample composition or by

sample doping, in order to shift the magnetic transition

temperature. Up to now, the literature has not explored

systems where antiferromagnetic [10] and ferromagnetic

phases coexistence [11] are involved, as well as the

behavior of MCE when metamagnetic transitions

occurs. For this reason, there is no satisfactory

explanation for the behavior observed for DSmag; which
turns to be positive or negative in a given temperature

range [12].

In this letter, we present a model to explain the DSmag
due to first-order metamagnetic transition in AFM

system. We investigated a class of manganites that

present coexistence of FM/AFM phases. For this

purpose, we have studied the Pr1�xCaxMnO3 system,

which is known to present a charge-ordered state for Ca

concentration higher than 30 percent.
Fig. 2. Some isothermal magnetization curves. For the same

value of magnetic field, the magnetization increases as

temperature.
2. Experimental setup

The sample was prepared by the conventional ceramic

route with the following pure stoichiometric quantities:

Pr2O3 (99.99%) CaCO3 (499%) and MnO2 (499%).
The stoichiometric mixture was heated in air, with five

cycles of crushing and pressing. To complete the

fabrication process, the powder was compressed and

sintered in air at 1350 1C for 45 h. The lattice parameters

obtained from Rietveld analysis are a ¼ 5:4379ð5Þ (A; b ¼

5:4607ð6Þ (A; and c ¼ 5:4399ð5Þ (A: This analysis con-
firmed the orthorhombic structure of Pbnm space group.

Fig. 1 shows the ZFC hysteresis curve for T ¼ 25K:
From zero to 1T the main contribution is due to the

intrinsic FM multi-domains that tends to saturate in the

applied field. Up to 2.5T there is a coexistence of FM

single-domain and AFM phases and the susceptibility of

this last one is responsible for the slope of the

magnetization curve observed in this magnetic field

range. For higher values of magnetic field an irreversible

metamagnetic transition occurs, which has the micro-

scopic effect of decreasing (increasing) gradually the
AFM (FM) phases, until a fully FM metallic phase is

reached, with Msat ¼ 107 emu=g:
We measured successive hysteresis curves, from lower

to higher temperatures and up to a certain value of

magnetic field Hmax.

Actually, we stopped the isothermal magnetization at

the beginning of the metamagnetic transition; this

procedure enabled us to access a new initial magnetic

state for each subsequent isothermal curve as we

increase the temperature. Some measurements per-

formed in fields up to 5.0T are shown in Fig. 2. Note

the unusual behavior of magnetization, which increases

for higher values of temperature. It is a consequence of

the procedure related above, that gradually increases the

proportion the FM phase. In other words, each

isothermal magnetization curve transforms a small
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Fig. 3. Magnetic entropy change for the Pr0.68Ca0.32MnO3 for

a magnetic field change of 5T (0–5T).
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amount of AFM phase into FM phase, increasing the

FM fraction for the next M vs. H curve. This effect is

cumulative up to a critical temperature T0, above which

the isothermals are reversible. For Hmax ¼ 5:0T; T0 ¼

21:5K: At this temperature, the sample is almost

completely saturated, as can be observed. For T4T0,

the thermal energy contribution starts to reduce the

alignment induced by the magnetic field, and the system

returns to the AFM phase.

The magnetic entropy change DSmag can be derived

from the Maxwell relations, and can be written as

follows:

DSmag ¼

ZHF

H0

@M

@T

� �
dH: (1)

In the study of the magnetocaloric effect it is usual to

deal with the total entropy of the system, which has

three main contributions: Smag, the magnetic contribu-

tion, Slat, the lattice contribution and Sel, the electronic

contribution. The magnetic entropy contribution can be

obtained from Maxwell relations if we assume that Slat
and Sel are not field-dependent. We calculate the

magnetic entropy by performing integration described

by Eq. (1). The final result is obtained by numerical

integration.

Fig. 3 presents the magnetic entropy change as a

function of temperature for a DH ¼ 5:0T: The position
of the positive maximum is dependent on Hmax, whereas

the negative minimum is not. These features can be

analyzed in terms of the FM–AFM phase coexistence

and the ratio between these phases when submitted to a

different value ofHmax. On increasing the magnetic field,

it tends to align the FM domains up to Hmax which is at

the onset of the metamagnetic transition, as can be

observed in Fig. 2 and at this value of the magnetic field
some AFM domains become FM, increasing the FM/

AFM ratio. For higher temperatures, the magnetic field

value required to start the metamagnetic transition

should therefore be lower and consequently the entropy

is positive as the most ordered state is at a higher

temperature. This process continues upto 31K, from

this temperature and above we have the FM trans-

formed by the temperature into a less ordered state and

the magnetic entropy increases. The same behavior was

found for the compounds with 0.30pxp0.40 as

expected due to the AFM/FM phase mixture at low

temperatures.

The magnetocaloric effect in Pr1�xCaxMnO3 manga-

nites reveals a rich means of understanding the magnetic

phases at low temperatures. The same behavior of DSmag
is expected to be present in any system that shows a

metamagnetic transition.
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