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a b s t r a c t

Room temperature magnetocaloric effect in La-deficient bulk perovskite manganite La0.7MnO3�d

prepared by conventional solid-state reaction has been reported. The maximum value of the magnetic

entropy change (about�1.32 J/kg K) and the refrigerant capacity (approximately close to 37 J/kg) had

been obtained at 290 K corresponding to a magnetic field variation of 1 T for La0.7MnO3�d. It is the

strong Jahn–Teller coupling that changes Mn–O bond length and Mn–O–Mn bond angles and then the

canted spin arrangement and induces the strong double-exchange coupling to a comparatively high

magnetic transition temperature. This Curie temperature near room temperature with easy fabrication

and higher chemical stability makes La0.7MnO3�d a potential candidate as a working substance in

magnetic refrigeration technology.

& 2011 Elsevier B.V. All rights reserved.
Recently, increasing interest has been focused on the large
magnetocaloric (MC) effect in the perovskite manganites (ABO3)
Ln1�xTxMnO3 (Ln¼La3+, Nd3+, Pr3+, etc., T¼Ca2+, Sr2+, Ba2+, etc.),
owing to its many advantages on gas refrigeration: low noise, softer
vibration, longer usage time, absence of freon, etc. [1–7]. So far,
much attention in experiment has been paid to find refrigerants that
have large magnetic entropy change under magnetic field change
that can especially be used at room temperature. In perovskite
manganites, the large MC effect has been observed near the
ferromagnetic transition temperature (i.e. Curie temperature)
TC [3–13]. When a field is applied, the unpaired spins are aligned
parallel to the field in these materials, which lowers the entropy and
causes the sample to heat up. On the contrary, when an applied field
is removed from a magnetic sample, the spin tends to become
random, which increases the entropy and causes the material
to cool off. Therefore, MC effect in this kind of material always
occurs at its magnetic ordering temperature (i.e. TC). Among them,
La0.67Ca0.33MnO3 is the most attractive material because TC

(�250 K) is near room temperature and the large magnetic entropy
change of 0.5 J/kg K under 1 T magnetic field at TC. However, TC of
La0.67Ca0.33MnO3 is still lower than room temperature [14–15]. To
utilize MC properties at low field and around room temperature,
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some effort has been made to promote TC to room temperature
by fine tuning the average A-site cation radius/rAS [16]. Other
effort has been made to explore double-exchange mechanism by
partial change the content of oxygen [17–22]. In this paper,
we report magnetocaloric effect of a special perovskite manganite
– La0.7MnO3�d – at room temperature (TC�290 K).

In order to excite double-exchange effect, La-deficient type
La0.7MnO3�d bulk perovskite manganite was deliberately prepared
pro rata by conventional solid-state reaction processing. Appropriate
amounts of high-purity La2O3 and MnCO3 powders were mixed and
ground, then pressed into disks at a pressure of 250 MPa and
presintered at 900 1C for 10 h. After that, the disks were broken,
ground, and pressed into disks of 10 mm in diameter at 250 MPa,
and subsequently sintered for 10 h at 1100 1C inside the Muffle
furnace. The crystal structure of the bulk was determined by an
X-ray diffractometer (XRD) using a D/max-rA diffractometer
(made by Rigaku Corp.) with the CuKa radiation and a graphite
monochromator. Mn4+ content was examined by the oxidation–
reduction titration (29.2% in 5% error range, then d is 0.303 for the La
vacancies in oxygen nonstoichiometry, the experimental Mn4+

concentration is coincident with other experimental and the theo-
retical values [23–25], the rhombohedral structure of the composi-
tions supports the high value of the Mn4+ content [24–25]). M–T

and M–H curves were measured using a vibrating sample magnet-
ometer (VSM, LakeShore Cryotronics, Inc.). TC was determined from
M–T curves. The phase transition was measured by differential
scanning calorimeter (DSC, Rigaku PTC-10A).

www.elsevier.com/locate/physb
dx.doi.org/10.1016/j.physb.2011.01.044
mailto:zhimingwang@mail.njust.edu.cn
dx.doi.org/10.1016/j.physb.2011.01.044


Z. Wang et al. / Physica B 406 (2011) 1436–1440 1437
La-deficiency and oxygen nonstoichiometry suggest that the
perovskite type oxides with a mixed valence of Mn3 + and Mn4 +

lead to the changes in the structural, electronic transport, and
physical properties, which is responsible for the occurrence of
both ferromagnetic behavior and magnetocaloric effect. Series of
investigations in the La1�xMnO3�d show that above-mentioned
properties strongly depend on x and d. Until now MC effect about
the critical temperature 293 K ascribed to the self-doping is not
adequately reported.

Fig. 1 displays the X-ray diffraction (XRD) pattern of poly-
crystalline bulk sample La0.7MnO3�d. The results of X-ray diffrac-
tion display almost single structural rhombohedral phase in our
samples of self-doped manganese perovskites (the peak corre-
sponding to MnO2 and Mn3O4 had been not observed from XRD).
Magnetization was measured using a vibrating sample magnet-
ometer with an absolute accuracy of 5�10�5 emu. A sample
was placed inside a polyethylene pipe. The temperature depen-
dence of low field magnetization for La0.7MnO3�d, shown in
Fig. 2, was measured in a wide range of temperature (from 100
up to 320 K) in applied field of 0.1 T in order to determine
ferromagnetic ordering transition (i.e. spin-ordering) temperature
TC of the materials. TC, defined as the temperature at which the
Fig. 1. X-ray diffraction pattern for the polycrystalline sample La0.7MnO3�d.

Fig. 2. Temperature dependence of magnetization for La0.7MnO3�d sample obtained

in a magnetic field of 0.1 T.
qM/qT–T curve reaches a minimum, have been determined from
M–T curves.

Shown in Fig. 3 is magnetization versus applied field obtained
at various temperatures for La0.7MnO3�d sample. In our experi-
ments, the changing rate of applied field is slow enough to get
isothermal M–H curves.

The magnetic entropy change that results from the spin-
ordering (i.e. ferromagnetic ordering) and is induced by the
variation of the applied magnetic field from 0 to Hmax, is given by

DSH ¼

Z Hmax

0

@MðH,TÞ

@T

� �
H

dH ð1Þ

where Hmax is the maximum external field. According to Eq. (1),
magnetic entropy change depends on the temperature-gradient of
magnetization and attains a maximum value around Curie tem-
perature TC at which magnetization decays rapidly.

In fact, the magnetic entropy change DSH is often evaluated by
some numerical approximation methods. One way of approxima-
tion is to directly use the adiabatic measurements of M–T curve
Fig. 3. (a) Isothermal magnetizations of sample as a function of applied near Curie

temperature. The temperature step is 5 K in the region from 260 to 320 K. (b). H/M

vs. M2 plots of isotherms in the vicinity of the Curie temperature.
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under different magnetic fields. In the case of small discrete field
intervals, DSH can be approximated from Eq. (1) as

DSH ¼
X

i

@M

@T

� �
Hi

þ
@M

@T

� �
Hiþ 1

" #
1

2
DHi ð2Þ

whereð@M=@TÞHi
is the experimental value obtained from M–T

curve in magnetic field Hi. Another method is to use isothermal
magnetization measurements. In the case of magnetization mea-
surements at small discrete fields and temperature intervals, DSH

can be approximated from Eq. (1) by

DSH ¼
X

i

Mi�Miþ1

Tiþ1�Ti
DHi ð3Þ

The magnetic entropy changes associated with applied field
variations had been calculated using Eq. (3). Fig. 4 shows the
temperature dependence of magnetic entropy change for our
sample. As expected from original Eq. (1), the peak of magnetic
entropy changes is near TC, where the variation of magnetization
with temperature is the fastest. The maximum value of the
magnetic entropy change corresponding to a magnetic field
variation of 1 T for the La0.7MnO3�d is about �1.32 J/kg K. It is
clear that the magnetic entropy change in La0.7MnO3�d originates
from the considerable change of magnetization near TC.

From a cooling perspective, it is important to consider not only
the magnitude of the magnetic entropy change but also the
refrigerant capacity (RC) that depends on both the magnetic
entropy change and its temperature dependence.

The magnetic cooling efficiency of a magnetocaloric material
can be, in simple cases, evaluated by considering the magnitude
of DSH and its full-width at half maximum (dTFWHM) [26–28]. It is
easy to establish the product of the DSH maximum and the full-
width at half maximum (dTFWHM ¼ T2�T1) as

RCP¼�DSHðT ,HÞdTFWHM

which stands for the so-called relative cooling power (RCP) based
on the magnetic entropy change. In this sample, 37 J/kg RCP is
figured out.

In addition, the thermal and field hysteresis losses in magne-
tocaloric materials should also be considered in materials with
first-order magnetic phase transitions especially in high magnetic
Fig. 4. Magnetic entropy change of La0.7MnO3�d at a magnetic field m0H¼1 T as a

function of temperature.
field. The field hysteresis losses cost in energy were used to make
one cycle of the magnetic field when calculating RC of a magnetic
refrigerant material being subjected to field cycling. It had been
calculated that the influence of hysteretic losses is small in the
perovskites manganites material at 1 T magnetic field and RCP is
approximately close toRCwith thermal/field hysteresis losses [29].

An endothermic DSC peak around TC was observed during heating
up measurement (shown in Fig. 5), indicating that this phase
transition is of first-order, so that large magnetic entropy changes
occur in the material. Regarding the character of a first-order or
second-order phase transition, one of the simplest ways to determine
is use of the Banerjee criteria in 1964 by analyzing H/M vs. M2 curves.
Banerjee detected the essential similarity between the Laudau–
Lifshitz and Bean–Rodbell criteria and condensed them into one that
provides a tool to distinguish first-order magnetic transitions from
second-order ones by purely magnetic methods. It consists on the
observation of the slope of isotherm plots of H/M vs. M2. A negative
slope indicates a first-order transition. Fig. 3(b) shows H/M vs. M2

plots of Fig. 3(a) isotherms in the vicinity of the Curie temperature.
The negative sign of the slope for some temperatures from positive
sign denoting the second-order character of the phase transition is
clear [30–31]. Table 1 lists the data of several magnetic materials of
perovskite manganite as comparisons.

The LaMnO3 stoichiometry phase is characterized by a long-
range A-type antiferromagnetic order, linked to superexchange
between the Mn3+ pairs with the transition temperature TN of
140 K [39]. Usually, the modification of La vacancies in oxygen
nonstoichiometry or the divalent alkali ions injection of this phase
to introduce Mn4+, results in the double-exchange interaction
occurred between the moments of the Mn4+ and those of its
first Mn3 + neighbors associated with Mn3+–Mn4+ pairs embedded
in the Mn3+–Mn3+ antiferromagnetic matrix. The Mn3+–Mn4+

ferromagnetic cluster acts like an exchange between its neighbor-
ing top and bottom planes, whose moments point along the same
direction as the net moment of the Mn3+–Mn4+ cluster does. It is
also interesting to indicate the fact that the destabilization of the
antiferromagnetic structure (measurable field variation of Curie
temperature TC i.e. ferromagnetic ordering transition temperature)
is related to the concentration of Mn4+ due to La vacancies in
oxygen nonstoichiometry or alkali ions substitution in part. With
or without vacancies, the structures of the perovskites are deter-
mined first by the lattice parameters, relative equilibrium bond
Fig. 5. DSC curve of La0.7MnO3�d at heat up.



Table 1

Curie temperature TC, magnetic field Hmax, and the maximum entropy change DSHðTÞ
�� �� for several typical magnetic refrigeration materials.

No. Composition Curie temperature(K) Magnetic field

Hmax(10 kOe )

Entropy change

DSHðTÞ
�� ��

max.(J/Kg K)

Ref.

1 La0.7MnO3�d 290 1 1.32 This work

2 La0.67Ca0.33MnO3 250 1 0.5 [14]

3 La2/3Ca1/3MnO3 267 3 6.4 [15]

4 La0.8Ca0.2MnO3 230 1.5 5.5 [3]

5 La0.6Ca0.4MnO3 263 3 5.0 [13]

6 La0.67Ca0.33MnOd 260 1 1.1 [17]

7 La0.60Y0.07Ca0.33MnOd 230 1 0.55 [17]
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lengths, and canted spin arrangement. The transition to the
ferromagnetic ordering state is always accompanied by large
changes in structures, which are compatible with the cooperative
Jahn–Teller effect, and a corresponding polarization of eg electron
orbitals to definite planes, in which a strong Jahn–Teller effect is
involved, which cooperatively order the eg orbitals of Mn3+ ions.

This is governed by ferromagnetic interactions of double-
exchange interaction origin pointing to a fast electron transfer
between Mn ions [25]. It agrees with the general correlation
between the cooperative Jahn–Teller deformation in the rhombo-
hedral phase and strengths of the double-exchange ferromagnetic
coupling in Mn perovskites. There is a gradual increase in the
Curie temperature, which correlates with the increasing width of
the electronic eg band.

And the large value of the electron–phonon coupling is also
clear in the regime of the manganites, where a static Jahn–Teller
distortion plays a key role in the physics of the material. La
vacancies in oxygen nonstoichiometry distribution of this phase
to introduce Mn4 + urge the dynamic Jahn–Teller coupling
between an eg orbital and the surrounding O2� octahedron. Millis
et al. [40] thought that a dynamical Jahn–Teller effect may persist
at higher hole densities from La-deficiency and oxygen nonstoi-
chiometry, without leading to long-range order but producing
important fluctuations that localize electrons by splitting the
degenerate eg levels at a given MnO6 octahedron [32].

In the series of La vacancies samples [33–35] and this sample
La0.7MnO3�d, MnO3�d array is perturbed by the oxygen nonstoi-
chiometry, with the strong Jahn–Teller effect that traps Mn3 +

ions [25], so the 29.2% Mn4 + ions via double-exchange interaction
are more mobile and the canting of the spin also increases with
Mn4 + content, then result in increased TC to 290 K [25,37–38]. On
contrary, TC¼254 K in La0.9MnO2.97 samples where a few Mn4 +

ions with lower average number of Mn3 +–Mn4 + pairs originate by
the occurrence of broken bonds (calculated about 24% on the
discuss of reference paper [36]) in the case of comparatively
weakly dynamic Jahn–Teller coupling and comparatively degen-
erated eg levels at the MnO6 octahedron.

When an applied field is applied to this kind of manganites
material, the unpaired spins are aligned parallel to the field. Since
the total entropy of spins plus the lattice remains constant, the
entropy is removed from the spin system and goes into the lattice,
which lowers the magnetic entropy and produces a net heat. To
this sample La-deficiency in oxygen nonstoichiometry without the
divalent alkali ions injection of this phase, the amount of lattice is
lack of La vacancies samples, so the total value of the magnetic
entropy change corresponding to a magnetic field variation of 1 T
for the La0.7MnO3�d is still about �1.32 J/kg K and the refrigerant
capacity is approximately close to 37 J/kg at 1 T magnetic field,
though it is less than that of other series of TC around room
temperature of perovskites manganites material [28].

La-deficient bulk perovskite manganite La0.7MnO3�d has the
advantages of easy fabrication and higher chemical stability,
etc., and its large magnetic entropy changes are closer to room
temperature. The above-mentioned merits make it a likely sui-
table candidate as a working substance in magnetic refrigeration
technology.

The work was supported by the National Laboratory of Solid
State Microstructure of Nanjing University (LSSMS) under Grant
No. M23005, and Department of personnel Jiangsu Six Talent
Fund under Grant No. AD41118.
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