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Abstract
We report a detailed investigation of the magnetocaloric properties of self-doped
polycrystalline LaMnO3+δ with δ = 0.04. Due to the self-doping effect, the system exhibits a
magnetic transition from a paramagnetic to ferromagnetic-like canted magnetic state (CMS) at
∼120 K, which is associated with an appreciably large magnetocaloric effect (MCE). The
CMS is an inhomogeneous magnetic phase developing due to a steady growth of
antiferromagnetic correlation in its predominant ferromagnetic state below ∼120 K. The
stabilization of CMS in this material is concluded from a comprehensive analysis of
magnetocaloric data using Landau theory, which is in excellent agreement with our neutron
diffraction study. The magnetic entropy change versus temperature curves for different applied
fields collapse into a single curve, revealing a universal behavior of MCE. Our studies suggest
that investigation of MCE is an effective technique to acquire fundamental understanding
about the basic magnetic structure of a system with complex competing interactions.

1. Introduction

The physics of rare-earth based perovskite manganites with
a general formula R1−xBxMnO3 (R—rare-earth, B—bivalent
ion) remains a topical area of intense research from both
fundamental and application points of view [1–3]. These
materials belonging to a class of strongly correlated electron
systems exhibit extraordinarily rich physical properties
due to an unusual interplay between different complex
interactions, such as double exchange (DE), super-exchange
(SE), electron–phonon interaction, and electron–electron
interaction [1–6]. Although research in this field was initiated
almost six decades back, recently there has been a renewed
interest in this subject after the discoveries of some intriguing
phenomena in these materials, e.g. colossal magnetoresistance
(CMR), charge ordering (CO), metal–insulator transition, and

a large magnetocaloric effect (MCE) [1–7]. The findings
of CMR and large MCE in manganites open a door for
potential applications in magneto-electronic devices as well
as in magnetic refrigeration [1, 7].

The understanding of doping concentration dependent
structural, magnetic, and transport properties of manganites
is a real challenge from a fundamental physics perspective.
Depending on bivalent doping concentration and ionic radius
mismatch between rare-earth and bivalent ions, the systems
offer a huge variety in magnetic and crystal structures in
different temperature ranges, which have a strong influence on
their electron transport properties. Moreover, by introducing
external perturbations such as magnetic field, electric field,
and external strain, the structural, magnetic, and transport
properties can be largely modified [1–8].
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Among all the manganites, LaMnO3 is a prototypical
parent compound and serves as the basis of intense
investigations in this field. It is an A-type antiferromagnetic
(AFM) material in its ground state [1]. The cooperative
Jahn–Teller effect in this compound gives rise to strong
orthorhombic distortion which favors AFM ordering. Due to
variations in the synthesis process, in particular the degree of
annealing, vacancies develop in the cationic sites that result in
an oxygen content slightly higher than ‘3’ to maintain charge
neutrality. This results in the generation of Mn4+ ions in
the system [9–11]. This ‘non-stoichiometry effect’ (quantified
as a finite δ), commonly known as ‘self-doping’ enhances
the ferromagnetic DE mechanism. This also weakens the
cooperative Jahn–Teller effect, responsible for orthorhombic
distortion. Thus, the concentration of Mn4+ ions due to
self-doping has a direct influence on the crystal structure of
the material. A number of previous studies have highlighted
this self-doping effect [9–15]. The structure changes from
orthorhombic to rhombohedral for δ ≥ 0.1 (Mn4+

≤ 20%)
which has a drastic impact on its electronic and magnetic
properties [12–15]. The variation of δ also modifies the
resulting magnetic structure due to a competition between
DE and SE interactions, which leads to a ferromagnetic-like
canted AFM structure for low δ and the formation of long
range ferromagnetic (FM) order for larger δ [1]. The system
with δ > 0.05 exhibits a metal–insulator transition at a Curie
temperature similar to the case of canonical DE manganites.
A tentative δ–T phase diagram was proposed by Topfer and
Goodenough [16, 17]. In addition to the average value of
δ (that one can determine from titration experiments), the
relative distribution of vacancies among the cations is also
an important parameter controlling the magnetic property of
this material. It appears that the cation-deficiency in only
one sublattice is favorable for ferromagnetism [18]. Recently,
Patra et al have reported that large magnetoresistance and
MCE can arise due to the self-doping effect, which is
interesting from an application point of view [15]. Despite
these studies, there is scope for further investigations to shed
light on the complex nature of the phase transition and low
temperature magnetic structure of LaMnO3.

It is now widely accepted that the magnetic field induced
change of magnetic entropy (−1SM) is a basic parameter for
quantifying the magnetocaloric property of a material. For
magnetic refrigeration, materials with large −1SM are often
considered as potential active refrigerants [19]. Aside from its
technological relevance, the study of MCE as a function of
magnetic field and temperature can be very useful to identify
magnetic transitions, the nature of magnetic phase transitions,
and ground state magnetic properties, which may not be
obvious and conclusive from conventional dc magnetization
and resistivity measurements [20–22].

The present work deals with the effect of self-doping on
the magnetic and magnetocaloric properties of LaMnO3+δ
(δ = 0.04). Large MCE and refrigerant capacity (RC) have
been observed in the system, which are interesting from the
magnetic cooling application point of view. Since magnetic
entropy change is directly proportional to the first derivative
of magnetization with temperature, the evolution of −1SM

with temperature and magnetic field is very sensitive to
small changes in the magnetic state of the system. In our
study we have exploited the sensitivity of −1SM(T,H) to
demonstrate the usefulness of MCE as a powerful probe to
acquire insightful and comprehensive information about the
magnetic features of the system owing to self-doping. The
magnetic structure of the system is also determined from
neutron diffraction studies which corroborate well with the
MCE results.

2. Experiments

Polycrystalline LaMnO3+δ was prepared by using the
standard solid-state reaction method. La2O3 and MnCO3
(purity ∼99.99%) were used as starting materials, which
were preheated at 800 ◦C for 3 h and at 200 ◦C for 2 h
respectively [23]. After intermediate homogeneous mixing
it was calcined in air at ∼1200 ◦C for 12 h followed by
a final heat treatment at 1300 ◦C for 12 h and then it was
quenched in liquid nitrogen. The successful preparation of
the polycrystalline form of the samples was verified through
powder x-ray diffraction (XRD) studies. From Rietveld
analysis of the XRD pattern, the crystal structure was found to
be orthorhombic with Pnma space group (lattice parameters:
a ∼ 5.583 Å, b ∼ 7.778 Å, and c ∼ 5.552 Å). We have
determined the oxygen content of the samples using a standard
iodometric titration method, which indicates the presence of
excess oxygen content of δ ≈ 0.04 confirming self-doping.

A commercial physical property measurement system
(PPMS) equipped with a vibrating sample magnetometer and
AC-magnetometer was utilized for dc and ac magnetization
studies of the systems. Magnetization measurements were
conducted in the temperature range of 10–250 K and
the magnetic field was varied from 0–5 T. In addition
to dc magnetization study, the temperature and frequency
dependence (10 Hz–10 kHz) of the ac-susceptibility of the
system was investigated in the temperature range 10–175 K
under a probe field of 10 Oe.

In order to understand the microscopic nature of the
magnetic state along with the crystal structure of the sample,
neutron diffraction (ND) measurements were conducted over
a temperature range 25–400 K using a high intensity powder
D20 diffractometer facility at the Institut Laue–Langevin
(ILL), Grenoble, France using a neutron wavelength λ =

of 1.87 Å. ND data was analyzed in the framework of the
Rietveld profile fitting method using FULLPROF [24].

3. Results and discussions

Figure 1 shows the zero-field cooled (ZFC) and field cooled
(FC) dc-susceptibility versus temperature (χdc–T) curves for
the sample. It can be seen that the material undergoes a
magnetic transition at TC ∼ 120 K which leads to an increase
of M, a typical feature of ferromagnetic transition. TC is
defined as the temperature at which the sharpest change in
magnetization occurs, i.e. the minimum in the dχdc/dT versus
T curve. In addition to this, a bifurcation is observed in
the ZFC–FC curve with a lowering of temperature similar
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Figure 1. Temperature dependence of the dc magnetization
collected at 0.01 T following ZFC and FC protocols. Inset: inverse
susceptibility versus temperature curve indicating a linear relation
above TC according to the Curie–Weiss law.

to other ferromagnetic manganites [1]. Ideally LaMnO3
should undergo a paramagnetic to antiferromagnetic (AFM)
transition at ∼140 K. However, due to the self-doping,
ferromagnetic interaction can arise in the sample, which may
suppress the AFM transition [9–16]. It has been observed that
due to the self-doping effect, ferromagnetic-like CMS may
form as a result of strong competing interactions between
FM and AFM states [14]. On the other hand, in some cases
a long range FM phase can be established in self-doped
LaMnO3+δ . The CMS phase exhibits all the macroscopic
features of FM phases and hence it is difficult to distinguish
paramagnetic (PM) to CMS transition from conventional PM
to FM transition through just dc magnetization studies. The
temperature dependence of χ−1

dc shows linearity above TC
in accordance with the Curie–Weiss law: χdc ∼ C/(T −
θP) (inset, figure 1) [25]. The obtained positive value of
Curie–Weiss temperature, (θP ∼ 128 K), suggests that the
system has a predominantly ferromagnetic interaction. The
effective paramagnetic moment (µeff) for the sample obtained
from the slope of the linear χ−1

dc versus T curve above TC
is ∼5.54 µB. Neglecting spin–orbital coupling, the effective

paramagnetic moment for manganites can be calculated
theoretically using the following expression [26]:

µth
eff = g[xS1 (S1 + 1)+ (1− x) S2 (S2 + 1)]1/2, (1)

where ‘g’ is the Landé g factor (=2), S1 = 3/2 and S2 = 2 for
Mn4+ and Mn3+ respectively.

For LaMnO3+δ (δ ≈ 0.04), µth
eff is calculated to be

∼4.86 µB according to equation (1) which is lower than
the experimentally obtained value (∼5.54 µB). This is not
unusual and is consistent with many other reports indicating
a higher value of experimentally obtained µeff than the
theoretical value for self-doped LaMnO3, which is attributed
to the formation of magnetic polarons above TC [26–29].

To evaluate the MCE of the present sample, the
isothermal magnetic field dependence of magnetization
(M(H)) was measured at different temperatures in the range
20–175 K, as shown in figure 2(a) (magnetic field was
varied from 0 to 5 T). According to the Banerjee criterion,
the positive slope of Arrott plot (figure 2(b)) confirms the
second-order phase transition (SOPT) at TC [30]. The change
in entropy (S) of a material in a magnetic field (H) is related to
the change in magnetization (M) with respect to temperature
(T) through the thermodynamic Maxwell relation [7]:[

∂S (T,H)

∂µ0H

]
T
=

[
∂M (T,H)

∂T

]
µ0H

. (2)

From equation (2), 1SM due to the variation of magnetic
field from 0 to Ho can be expressed as

1SM (T,HO) = µo

∫ Ho

0

(
∂M(T,H)

∂T

)
µ0H

dH. (3)

The magnetic entropy change is calculated using
equation (3). Figure 3 shows the variation of −1SM with
temperature for different magnetic field changes (1µoH).
The sample exhibits a broad maximum in −1SM(T) around
its transition with an appreciably large maximum value
(−1SMax) obtained at TC. One of the important figures
of merit of a potential magnetic refrigerant is magnetic

Figure 2. (a) M(H) curves at some selected temperatures. (b) H/M versus M2 (Arrott plot) for different temperatures. The positive slope of
the Arrott plots confirms the occurrence of SOPT.
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Figure 3. Temperature dependence of magnetic entropy change
(−1SM) at different applied fields up to 5 T for LaMnO3+δ .

refrigerant capacity (RC), which is defined as [7]

RC = −
∫ T2

T1

1SM (T) dT, (4)

where T1 and T2 are the temperatures corresponding to
1SMax/2 on either side of the peak of −1SM(T). In the
present sample, −1SMax is calculated to be 2.69 J kg−1 K−1

for 1µoH = 5 T, which yields an RC of 173 J kg−1.
There are many theoretical studies to describe 1SM(T)

associated with SOPT for a ferromagnetic system [31–35].
It has been demonstrated that the 1SM(T)/1SMax versus θ
(as defined below) curves corresponding to different applied
magnetic field are found to collapse into a single universal
curve for a ferromagnetic material with SOPT, suggesting a
universal behavior of MCE. The reduced temperature, θ , is
defined as follows [31] :

θ =
T − TP

Tr − TP
, (5)

where Tr is a reference temperature corresponding to a certain
fraction ‘f ’ that satisfies 1SM(T)/1SMax = f and TP is the
temperature corresponding to1SMax (TP ≈ TC). However, the
choice of ‘f ’ does not influence the construction of a universal
curve as it acts as a proportionality constant. Such universal
behavior of −1SM(T) has been experimentally verified in
many ferromagnetic systems including manganites [33–35].
Figure 4 shows such a universal behavior where all
normalized 1SM versus θ curves obtained for different
magnetic fields collapse into a single curve (f is taken as 0.5)
indicating that its magnetic transition at ∼120 K is indeed a
ferromagnetic-like SOPT.

Furthermore, for an FM system, the temperature
dependence of −1SM can be theoretically calculated on
the basis of Landau theory [36–38]. According to Landau
theory of phase transition, the Gibbs energy can be expressed
as [36–38]:

G (T,M) = GO +
1
2 AM2

+
1
4 BM4

−MH, (6)

where A and B are functions of T . Subsequently, the magnetic
equations of state at TC and 1SM around transition can be

Figure 4. Normalized 1SM versus θ (defined in equation (5))
curves for different applied magnetic fields collapse into a single
universal curve. Here Tr in the definition of θ is taken such that
1SM(Tr)/1SMax ≈ 0.5.

Figure 5. Comparison of the temperature dependence of magnetic
entropy change (−1SM) at 5 T obtained from experiment (solid
squares) and Landau theory of phase transition (empty circles).

expressed as follows [36–38]

H

M
= A+ BM2, (7)

1SM = −
1
2
∂A

∂T
M2
−

1
4
∂B

∂T
M4. (8)

For the present sample, we have obtained the parameters
A(T) and B(T) from the linear regions of Arrott plots
following equation (7). Using the extracted A(T) and B(T),
the temperature dependence of 1SM (around TC) can be
calculated from equation (8), which has been shown in
figure 5 for a 5 T change in magnetic field. Usually, in
the case of ferromagnetic manganites with SOPT, 1SM(T)
calculated from Landau theory according to equation (8)
agrees quite well with experimental results [37, 38]. However,
as shown in figure 5, there exists a significant difference
between the theoretically calculated and the experimentally
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obtained 1SM(T). In an earlier work, Demin et al studied the
magnetocaloric properties of La1−xSrxMnO3 and pointed out
that the measured magnetocaloric parameter 1Tex is smaller
than that computed from magnetic entropy change in the
Curie temperature region (1Tth) due to the presence of two
magnetic phases: ferromagnetic and antiferromagnetic [39].
The temperature dependence of 1Tex is also markedly
different from the temperature dependence of 1Tth for that
case. Similarly, the observed deviation of experimentally
obtained and theoretically calculated 1SM(T) for the present
sample can also be due to the presence of FM and AFM
phases.

We further studied the magnetic field dependence of
−1SMax corresponding to the peak at ∼TC. By using the
molecular field theory, the magnetic field dependence of1SM
at ∼TC can be expressed as [40]

1SM ≈ −1.07qR

(
gµBJH

KTC

)2/3

. (9)

According to equation (9), −1SM is proportional to H2/3

at ∼TC. However, this law does not agree well with the
experimental results for a wide range of magnetic field;
the linear relation between H2/3 and −1SM deviates at
the lower field region [41, 42]. It has also been noticed
that a linear fit to the region where the relation holds
yields a negative y-intercept in the 1SM versus H2/3 curve.
Recently, Kuz’min et al have analyzed the magnetic field
dependence of 1SM on the basis of the Landau theory of
phase transitions to understand the physical significance of
this negative y-intercept [42]. They derived a similar H2/3

dependence of −1SM along with a second term that accounts
for the negative intercept [42]

−1SMax = α

(
H

4b

) 2
3

−
α2

18b
1TC, (10)

where 1TC is the width of distribution of transition
temperature and α and b are two quantities that are
independent of T and H. This distribution of TC denoted as
1TC is attributed to the presence of magnetic inhomogeneity
within the material [42, 43]. The second term according
to equation (10) is proportional to 1TC and vanishes for
a perfectly homogeneous magnetic material. It has been
observed that purity in magnetic phase has a drastic effect
on the magnitude of 1TC [43]. Hence, the presence of
any other secondary magnetic phase associated with an
actual ferromagnetic transition would also be reflected in
the value of 1TC. As shown in figure 6, −1SMax shows
a linear dependence on H2/3 following equation (10) at
higher magnetic fields, but the linear relation deviates at
smaller fields [42]. A mathematical fit to the linear region
yields for the intercept (α2/18b) 1TC ∼ 0.8 J kg−1 K−1.
Following the method used by Kuzmin et al, α2/6b is
calculated from the temperature dependence of −1SM for
a magnetic field change of 5 T [42]. The calculated value
for α2/6b is 0.05 J kg−1 K−2, which yields 1TC ≈ 48 K.
This is almost four times larger than that obtained for other
polycrystalline ferromagnetic samples without the presence

Figure 6. The maximum entropy change near transition
temperature is plotted against H2/3.

of any magnetic inhomogeneity [42, 43]. In polycrystalline
samples, the presence of grain boundaries has a significant
extrinsic disorder effect on magnetic properties [44–48]. The
crystalline defects, dislocations, and magnetic dead layers
present near grain boundaries may originate local spatial
inhomogeneity giving rise to a small distribution in TC
or temperature corresponding to −1SMax. Usually 1TC
calculated from equation (10) is ∼5–10 K for polycrystalline
samples having such spatial inhomogeneity [42, 43]. The
relatively large value of 1TC for the present LaMnO3+δ
(∼48 K) indicates that inhomogeneity in the sample is not just
the usual ‘spatial inhomogeneity’ associated with the typical
polycrystalline nature of samples.

In some cases, magnetic frustration occurs near grain
boundary regions resulting in the development of a ‘glassy
state’. As a consequence of that, magnetic transition
extends over a broader temperature region. In the case
of polycrystalline manganites, there are many examples
of the observation of the glassy magnetic state [10,
49]. We performed temperature dependent ac-susceptibility
measurements on our sample in an ac field of 10 Oe at
different frequencies ranging from 10 Hz to 10 kHz. As
shown in figure 7, the position of the peak in χ ′ (real
part of ac-susceptibility) is independent of the measurement
frequency. This clearly rules out the possibility of a glassy
magnetic state that may exist in the sample. From the
foregoing discussion, it is clear that such a large value of1TC
is an unusual feature in the case of polycrystalline magnetic
samples and may arise if an intrinsic inhomogeneous
magnetic phase develops in the system.

Thus a detailed analysis of temperature and magnetic
field dependence of magnetic entropy change clearly indicates
that magnetocaloric properties of the present sample are
quite anomalous in comparison with the conventional
ferromagnetic system. The value of −1SM around the
transition as well as below the transition temperature is
considerably smaller than that calculated on the basis of
Landau’s theory (figure 4) and also it has large 1TC
(calculated from equation (10)) due to the appearance of an
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Figure 7. χ ′ versus T for the sample showing no frequency
dependent shift of the peak (see inset).

intrinsically inhomogeneous magnetic state in the vicinity
of the transition. On this point an important question arises
concerning the reason behind such an unconventional MCE
for the system. It is well known that the value of −1SM
is positive for materials exhibiting an FM transition because
of the fully magnetically ordered configuration with the
application of an external magnetic field. Meanwhile, negative
values of −1SM are found in AFM ordered systems due to
orientational disorder of the magnetic sublattice anti-parallel
to the applied magnetic field [7]. Thus if AFM correlation
develops within FM ordering, it can effectively reduce the
magnitude of 1SM. In such a situation one can expect
the deviation of an experimental −1SM(T) curve from the
theoretically generated curve as observed in the present
case. The formation of AFM correlations with FM phases
can render magnetic inhomogeneity, resulting in large 1TC
also. As the LaMnO3 without any excess of oxygen has
an AFM ground state, the possibility of the presence of
AFM interaction even in a slightly oxygen-rich sample cannot
be ruled out. We conclude that the unusual magnetocaloric
behavior of the present sample appears due to the influence of
AFM correlation developing within its FM phase.

It should be pointed out that the presence of AFM
correlation can lead to two possible scenarios as far as the
magnetic state of the sample is concerned: (i) the AFM
phase either co-exists with the FM phase as a secondary
magnetic phase or (ii) a canted magnetic ground state (CMS)
can develop due to the competition between AFM and
FM interactions. The co-existence of AFM and FM phases
certainly gives rise to a magnetic inhomogeneous state and
even CMS can also be inhomogeneous [50–52]. In addition,
the magnetic entropy change could be lower than that of
the theoretical value for both cases. Thus, in principle, large
1TC as well as the difference between theoretically calculated
and experimentally obtained 1SM can be possible for both
situations as mentioned above.

It has been argued in recent studies that the presence
of secondary magnetic phase in a ferromagnetic system
can prevent the construction of a universal curve (with

one reference temperature Tr) for magnetic entropy change
associated with a SOPT [34]. Under such circumstances,
universal behavior of MCE cannot be observed. However, as
discussed earlier, the normalized magnetic entropy change
curves obtained for different magnetic fields collapse into
a single universal curve (figure 4) for the present sample.
This suggests that the AFM phase may not be present as
a secondary magnetic phase with the FM phase. Thus the
development of CMS (due to interplay between competing
FM and AFM interactions) below the transition is the most
plausible magnetic structure in this case.

Finally, we carried out neutron diffraction (ND) studies to
determine the magnetic structure at low temperature. The ND
pattern is successfully indexed with orthorhombic space group
Pnma, which is in excellent agreement with XRD analysis.
Moreover, from the refinement of ND patterns, the calculated
value of δ is found to be ∼0.04, which is consistent with
results from iodometric titration tests. A typical ND pattern
of the sample taken at 80 K is shown in figure 8(a). In
the theromodiffractograms of the sample, a clear magnetic
peak (010) corresponding to AFM correlation is observed to
gradually develop below the transition temperature (∼120 K)
along with two nuclear peaks ((101) and (111)) (figure 8(b)).
Enhancement in intensity of the nuclear peaks along with
the AFM peak is observed with lowering temperature. The
inset of figure 8(b) shows the variation of AFM peak
intensity (010) with temperature. The appearance of peaks
corresponding to both FM and AFM correlations and their
simultaneous enhancement with lowering of temperature
proves the development of CMS in the system [14], which
has been concluded from the magnetocaloric study.

The large value in 1TC obtained from analyzing 1SMax
versus H according to equation (10) arises due to the creation
of magnetically inhomogeneous CMS in the system that
further causes disagreement between experimentally obtained
−1SM(T) and the calculated magnetic entropy change on
the basis of Landau theory. Hence the study of MCE can
be considered a powerful technique in order to get insightful
information about this kind of intrinsic inhomogeneous CMS
associated with a magnetic sample in general.

4. Summary

The magnetic and magnetocaloric properties of LaMnO3+δ
(δ = 0.04) have been extensively investigated. The system
exhibits large −1Smax associated with a second-order
magnetic transition, and its magnetic entropy change follows
a universal behavior irrespective of applied magnetic fields.
A detailed analysis of the MCE data using Landau theory
points to the existence of intrinsically inhomogeneous CMS
in the sample due to the strong interplay between competing
FM and AFM correlations. The existence of CMS is verified
by neutron diffraction measurements. We demonstrate that
the sensitivity of magnetic entropy change is instrumental in
identifying the different competing magnetic phases present
in a system and their role in determining the ground state in
general. Hence, from the present work it can be concluded
that the magnetocaloric study is a useful method to acquire
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Figure 8. (a) A typical neutron diffraction pattern taken at 80 K. (b) Thermodiffractograms for the sample indicating the presence of AFM
peaks (010) and FM peaks (101) and (111). Inset: temperature dependence of the intensity of the (010) peak.

insightful understanding of the magnetic properties of a
material, which is interesting from the fundamental point of
view.
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