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Among the perovskite manganites, a series of La1�xCaxMnO3 has the largest magneto-caloric effect

(MCE) (|DSm|max ¼ 3.2–6.7 J/kg K at DH ¼ 13.5 kOe), but the Curie temperatures, TC, are quite low

(165–270 K). The system of LaSrMnO3 has quite high TC but its MCE is not so large. The manganites

La0.7(Ca1�xSrx)0.3MnO3 (x ¼ 0, 0.05, 0.10, 0.15, 0.20, 0.25) have been prepared by solid state reaction

technique with an expectation of large MCE at room temperature region. The samples are of single

phase with orthorhombic structure. The lattice parameters as well as the volume of unit cell are

continuously increased with the increase of x due to large Sr2+ ions substituted for smaller Ca2+ ions. The

field-cooled (FC) and zero-field-cooled (ZFC) thermomagnetic measurements at low field and low

temperatures indicate that there is a spin-glass like (or cluster glass) state occurred. The Curie

temperature TC increases continuously from 258 K (for x ¼ 0) to 293 K (for x ¼ 0.25). A large MCE of 5 J/

kg K has been observed around 293 K at the magnetic field change DH ¼ 13.5 kOe for the sample

x ¼ 0.25. The studied samples can be considered as giant magneto-caloric materials, which is an

excellent candidate for magnetic refrigeration at room temperature region.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

The conventional thermo-mechanical cooling techniques,
through expansion and gas liquefaction can be improved by
magnetic systems. The magnetic system can reduce the size of the
refrigerators, making them more effective and more cleaner. The
magnetic refrigerators are based on the magneto-caloric effect
(MCE) [1,2], the temperature change of magnetic material,
associated with an external magnetic field change in an adiabatic
process, is defined as the magneto-caloric effect. The magneto-
caloric effect has been used for many years to achieve low
temperatures (of the order of milikelvins) through adiabatic
demagnetization of paramagnetic salts. Magnetic materials with
giant magneto-caloric effect (GMCE) have attracted growing
interests owing to their excellent performance for the magnetic
refrigeration technique [3,4]. In most cases, however, a high
cooling efficiency can only be achieved in a magnetic field change
as high as DH ¼ 50 kOe, which severely limits the household
application of magnetic refrigeration. It is therefore of significant
ll rights reserved.
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importance to search for magnetic materials that can display large
MCE in a lower field of less than 15 kOe and in a wide temperature
range. With these materials, the magnetic refrigerator can operate
effectively under a field that can be generated by permanent
magnets. In the last few years a large magnetic entropy (|DSm|)
has been discovered in ceramic manganites (A1�xA0x MnO3 with
A ¼ La and A0 ¼ Ca, Sr, Gd, etc.) [5–8] and many researchers have
published a large number of papers regarding with large MCE in
different perovskites for example in cobaltite [9], in Ni, Cu and Co
doped-LaSr manganites [10–14], in LaPb manganites [15], in LaCd
manganites [16], in PrPb manganites [17,18] and in LaPrPb
manganites [19]. Among the perovskite manganites, a series of
La1�xCaxMnO3 has the largest MCE, namely |DSm|max ¼ 5.50 J/kg K
at TC ¼ 230 K and DH ¼ 15 kOe for La0.8Ca0.2MnO3 [19],
|DSm|max ¼ 5.00 J/kg K at TC ¼ 260 K and DH ¼ 10 kOe for
La0.67Ca0.33MnO3�d [20], |DSm|max ¼ 6.40 J/kg K at TC ¼ 267 K and
DH ¼ 30 kOe for La3/2Ca1/3MnO3 [21], the largest MCE,
|DSm|max ¼ 3.2–6.7 J/kg K at quite low TC ¼ 165–270 K and
DH ¼ 13.5 kOe have been reported [22]. The system of LaSrMnO3

has quite high TC but its MCE is not so large [23]. Similar to
LaSrMnO3, another system of manganites La1�xPbxMnO3 has quite
high TC (235–360 K) but its MCE is not so large (0.65–1.35 J/kg K at
DH ¼ 13.5 kOe) [15]. We hope that the mixing of LaCaMnO3 and
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Fig. 1. Microstructure of sample La0.7(Ca0.95Sr0.05)0.3MnO3.
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LaSrMnO3 should give high enough value of |DSm|max at near room
temperature region. This report presents our study of structure,
magnetic and magneto-caloric properties of La0.7(Ca1�xSrx)0.3

MnO3 perovskistes.
The magnetic entropy can be measured through either the

adiabatic change of temperature by the application of a magnetic
field, or through the measurement of classical M(H) isotherms at
different temperature [24]. We used the second method to avoid
the difficulty of adiabatic measurements. The variation of
magnetic entropy and M(H) isotherms are related by the
thermodynamic Maxwell relation [2]
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From Eq. (1), the isothermal entropy change can be calculated by
means of magnetic measurements

DSMðT;HÞ ¼ SMðT ;HÞ � SMðT;0Þ ¼

Z H

0
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dH (2)

For magnetization measurements made at discrete field and
different temperatures, Eq. (2) can be approximated by

jDSj ¼
X ðMn �Mnþ1ÞH

Tnþ1 � Tn
DHn (3)

where Mn and Mn+1 are the magnetization values measured in a
field at temperatures Tn and Tn+1, respectively.
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Fig. 2. X-ray diffraction patterns of La0.7(Ca1�xSrx)0.3MnO3 samples.

Table 1
Lattice parameter of samples La0.7(Ca1�xSrx)0.3MnO3.
2. Experiments

La0.7(Ca1�xSrx)0.3MnO3 (x ¼ 0.00; 0.05; 0.10; 0.15; 0.20 and
0.25) manganites were prepared by using a standard ceramic
technology. Stoichiometric mixture of La2O3, SrCO3, MnCO3,
CaCO3 were ground, pressed and heated in air several times with
intermediate grinding. The samples were presintered at 900 1C for
5 h and sintered at 1200 1C for 15 h. The structure of the samples
was examined by X-ray diffractometer Bruker D5005. The
microstructure and chemical composition were studied using a
5410 LV Jeol scanning electron microscope (SEM) which includes
an energy dispersion spectrometer (EDS). Magnetic measure-
ments were performed using a vibrating sample magnetometer
(VSM) DMS 880 Digital Measurement System in magnetic field up
to 13.5 kOe.
Sample x ¼ 0 0.05 0.10 0.15 0.20 0.25

a (Å) 5.4606 5.4610 5.4613 5.4616 5.4619 5.4623

b (Å) 5.4619 5.4629 5.4633 5.4636 5.4643 5.4647

c (Å) 7.7270 7.7285 7.7292 7.7297 7.7303 7.7308

Vunit cell (Å) 230.46 230.56 230.60 230.65 230.71 230.76

TC (K) 258 263 268 275 282 293

|DSm|max (J/kg K) 6.5 0.62 3.62 1.65 1.81 5
3. Results and discussion

Fig. 1 shows a SEM image of a representative sample x ¼ 0.05.
It can be seen that the crystallites are of small size (& 0.5mm) and
homogeneous. The microstructure observation performed for the
rest samples indicated that the grain size remained almost
unchanged from this sample to another one. The XRD patterns
shown in Fig. 2 reveals that the La0.7(Ca1�xSrx)0.3MnO3 samples
are of single phase with an orthorhombic perovskite structure and
with no impurities detected. The lattice parameter of samples are
derived from their corresponding XRD patterns and presented in
Table 1. In this series of samples, the average ionic radius of the A
site /rAS (A ¼ La, Ca, Sr) is systematically increased from sample
x ¼ 0.00 to sample x ¼ 0.25 due to substitution of Ca2+ (/rCa

2+S ¼
1.14 Å) by the larger Sr2+ (/rSr

2+S ¼ 1.32 Å), therefore the lattice
parameters as well as volume of unit cell increased with
increasing x. However, no structural phase transition which is
related to increasing /rAS has been found in this system. Fig. 3
shows an example of isothermal magnetization curves for one of
the members of the series with a field step 500 Oe in a range
0–13.5 kOe and a temperature interval of 5 K in a range of
temperatures around TC. To ensure the measurements of the
figure, only some of isotherms are presented in Fig. 3 for a
representative sample of La0.7Ca0.225 Sr0.075MnO3. From this figure
it can be explained that there is a strongly purgative change of the
magnetization around TC indicating a large magnetic entropy
change. Another feature to be examined is that a large proportion
of changes of the magnetization occur in a relative low-field range
which is advantageous for the household application of MCE
materials. Fig. 4 shows the temperature dependence of
magnetization of La0.7(Ca1�xSrx)0.3MnO3 samples measured in a
low applied field of 20 Oe under both field cooling (FC) and zero-
field cooling (ZFC). The Curie temperature TC is determined from
the Arrott plots and it has been shown that the TC is 258 K (for
x ¼ 0.00), 263 K (for x ¼ 0.05), 268 K (for x ¼ 0.10), 275 K (for
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Fig. 3. Magnetization as function of magnetic field at different temperature of

samples La0.7(Ca0.95Sr0.05)0.3MnO3.

3.0

2.5

2.0

1.5

1.0

0.5

0.0

100 150 200 250
T (K)

M
 (e

m
u/

g)
)

H = 20 Oe

La0.7(Ca1-xSrx)0.3MnO3

FC: upper
ZFC: lower

x = 0.00
x = 0.05
x = 0.10
x = 0.15
x = 0.20
x = 0.25

300 350 400 450

Fig. 4. Field-cooled (FC) and zero-field-cooled (ZFC) thermo-magnetic curves of

La0.7(Ca1�xSrx)0.3MnO3 samples.
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Fig. 5. The magnetic entropy change as a function of temperature for the samples

x ¼ 0.00, 0.10 and 0.25.
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x ¼ 0.15), 282 K (for x ¼ 0.20) and 293 K (for x ¼ 0.25),
respectively. While Sr2+ substituted for Ca2+ in the samples, the
ratio Mn4+/Mn3+ unchanged therefore the increase of TC on x could
be explained by the enhancement of double exchange interaction
due to the strengthening of /rAS [25]. One can see from Fig. 4 that
the FC and ZFC curves of samples are separated from each other at
low temperatures. Below Curie temperature magnetization of the
sample decreases with decreasing temperature, i.e. in this region
the predominant anti-ferromagnetic phase coexists and competes
with the ferromagnetic phase at low temperatures. The role of
grain boundary and grain surface could be a reason of such
phenomenon. At grain boundary, exchange interactions (super
exchange and double exchange) are weak compared to those
inside the grain. This leads to the inhomogeneity of magnitude of
exchange interaction. In addition, crystal structure at grain
boundary is often distorted, only short-range order remains and
structure is similar to spin glass, leading to frustration feature to
occur easily [26]. Fig. 5 shows the magnetic entropy change as a
function of temperature for the samples x ¼ 0.00, 0.10 and 0.25 at
DH ¼ 13.5 kOe. Obviously, |DSm| has reached the largest value of
6.5 J/kg K for sample x ¼ 0.00 at 260 K and 5 J/kg K for sample
x ¼ 0.25 at 293 K in magnetic field variation of DH ¼ 13.5 kOe. The
value of |DSm|max obtained in the present work is better than that
obtained for pure Gd at room temperature (4.2 J/kg K in
DH ¼ 1.5 T) [27]. Therefore the composition x ¼ 0.00, 0.10, 0.25
could be considered as the good candidates for magnetic
refrigerant working in sub-room temperature range, because of:
(1)
 a well-defined transition temperature due to sharp shape of
|DSm| (T) curve,
(2)
 a modest magnetic entropy change upon application/removal
of a low magnetic field and easily controllable magnetic
entropy,
(3)
 good chemical stability and with quite high efficiency (�60%),
and,
(4)
 the possibility of being manufactured at a low price. From our
study it is seen that the perovskites are polycrystalline. A large
value of entropy change could be expected in single crystalline
samples. Perovskites are easy to prepare and exhibit higher
chemical stability as well as higher resistivity that are
favorable for lowering eddy current heating. Beside these,
since the Curie temperature of perovskite manganites is
doping dependent, a large entropy change could be turned
from low temperature to near and above room temperature,
which is beneficial for operating magnetic refrigeration at
various temperatures. The large magnetic entropy change in
our samples must have originated from the considerable
variation of magnetization near TC. Moreover, it provides
insight into the role of spin–lattice coupling in the magnetic
ordering process.
4. Conclusions

In conclusion, the manganites La0.7(Ca1�xSrx)0.3MnO3 were
prepared with single-phase orthorhombic structure. A detailed
study of the magneto-caloric effect in the La0.7(Ca1�xSrx)0.3MnO3

compounds has been investigated. We have found the large
magnetic entropy changes, i.e. the large magneto-caloric effect, in
these samples. Among them, the magnetic entropy change
reaches a maximum value of 6.5 J/kg K at 260 K and 5 J/kg K at
293 K for x ¼ 0.00 and 0.25 at the applied field of 13.5 kOe,
respectively. The magnetic entropy of a manganite La0.7(Ca0.75

Sr0.25)0.3MnO3 is comparable to materials considered a suitable
candidate for the advanced magnetic refrigeration technology
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(Table 1). The large magnetic entropy change produced by the
abrupt reduction of magnetization is attributed to the strong
coupling between spin and lattice in the magnetic ordering
process. There is spin glass-like state occurring in the samples.
Giant magneto-caloric effect has been observed in sample
La0.7(Ca0.75Sr0.25)0.3MnO3 around room temperature at moderate
low field variation. A large magneto-caloric effect was measured
at a Curie temperature, opening a way for the investigation of
materials for magnetic refrigerators. So the studied materials
could be considered as suitable candidates for active magnetic
refrigeration working in large temperature range and in more
realistic field.
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