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nhancedmagnetic entropy change
near room temperature in Sr-site deficient
La0.67Sr0.33MnO3 manganite

B. Arun,ab V. R. Akshayab and M. Vasundhara *ab

The effect of Sr-site deficiency on the structural, magnetic and magnetic entropy change of

La0.67Sr0.33�yMnO3�d (y ¼ 0.18 and 0.27) compounds was investigated. The compounds were prepared

by the conventional solid-state route and powder X-ray diffraction technique along with Rietveld

refinement was carried out to confirm the structure and phase purity. Lattice parameters and unit cell

volumes are found to increase with the increase in Sr-deficiency due to the electrostatic repulsion from

the neighbouring oxygen ions. A mixed valence state of Mn2+/Mn3+/Mn4+ was confirmed using the X-ray

photoelectron spectroscopy technique and it was observed that the change of state from Mn3+ + Mn3+

pairs to Mn2+ + Mn4+ pairs is different for both the studied compounds. A second order ferromagnetic–

paramagnetic transition with an enhancement in magnetization in comparison to the pristine compound

(La0.67Sr0.33MnO3) was observed due to multiple double exchange interactions. The

La0.67Sr0.15,0.18MnO3�d compound exhibits a magnetic entropy change (DSM) of 4.61 J kg�1 K�1 at 310

K, and the La0.67Sr0.06,0.27MnO3�d compound exhibits a DSM of 4.11 J kg�1 K�1 at 276 K under a field of

50 kOe. In our previous work, we reported a large value of DSM but at higher temperatures, around 350

K. However, in the present case, we have achieved a near room temperature (310 K) MCE with

a significant DSM value (4.61 J kg�1 K�1) which is larger than that reported for numerous perovskite

manganites. Thus, the studied material could be a potential candidate for room temperature magnetic

refrigeration applications.
Introduction

Magnetic refrigeration is a green and energy efficient tech-
nology based on the principle of the magnetocaloric effect
(MCE). The recent trends in magnetic refrigeration conrm that
it is a cost-effective and environmentally sound alternative to
the conventional vapour compression refrigeration system.1–3 In
comparison to the conventional technique, the magnetic
refrigeration system has better energy efficiency, adaptability
and does not release any greenhouse gases. In the entire
process, the magnetocaloric material is subjected to repeated
magnetization and demagnetization cycles, and as a result, the
magnetic material heats up and cools down respectively due to
the magneto-thermodynamic effect.4,5 However, the gure of
merit of magnetocaloric materials is reported in terms of
magnetic entropy change (DSM) and adiabatic temperature
change (DTad).6,7 From the literature, it could be seen that
intermetallic compounds (Gd5(Si2Ge2), La(Fe1�xSix),
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MnAs1�xSbx, Ni–Mn–X (X ¼ Ga, In, Sn), MnFe(P1�xSix) etc.) and
oxide compounds (mixed valence manganites, ErCo2, Ho2O3,
etc.) are reported as potential candidates for magnetic refrig-
eration applications.8–18 Even though the intermetallic
compounds show signicant DSM values, they are detrimental
to magnetic refrigeration applications due to their high cost,
complicated synthesis routes, large thermal and eld hysteresis
etc. On the other hand, oxide materials especially perovskite
manganites having an ABO3 structure are reported to be
potential candidates for magnetic refrigeration applications
due to their low cost, simple synthesis route, high chemical
stability and low eddy current heating.19

Doped manganites having a formula of A1�xA0
x MnO3 are

important candidates due to the correlation between charge,
spin and orbital orders and their signicant contribution
towards the MCE. In doped manganites, rare Earth ions occupy
the A-site, and alkaline rare Earth ions occupy the A0- site.20,21

The different oxidation state of rare Earth and alkaline rare
Earth ions create a mixed valence state of manganese (Mn2+/
Mn3+/Mn4+ etc.) and eventually determine the strength of the
exchange interactions. Moreover, different rare Earth ions
having the same oxidation state such as Nd1�xA0

x MnO3, Pr1�xA0
x

MnO3 and La1�xA0
x MnO3 also exhibit different exchange inter-

actions as well as different magnetic and electrical transport
This journal is © The Royal Society of Chemistry 2019
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properties due to the difference in the average A-site ionic
radius.22–27 It is understood that, in doped manganites, the
double exchange (DE) interaction via the Mn3+–O2�–Mn4+ ions
is responsible for the ferromagnetic (FM) behaviour and the
superexchange (SE) interaction through Mn3+–O2�–Mn3+ and
Mn4+–O2�–Mn4+ ions are responsible for the antiferromagnetic
(AFM) behaviour. This indicates that the strength of the
competing exchange interactions and magnetic properties are
eventually affected by different factors such as rare Earth
substitution at the A-site, replacement of manganese by other
transition elements, the introduction of deciency at A and A0-
sites, etc.28–37 Recently, many reports have demonstrated that
the creation of deciency at the rare Earth and alkaline rare
Earth sites alter the Mn2+/Mn3+/Mn4+ ratio which severely affect
the magnetic and magnetocaloric properties.37–49 The structure
of manganites is imperfect and contain vacancy type point
defects, called Schottky defects due to the cyclic temperature
changes during synthesis and sintering process.50,51 The pres-
ence of cation (V(c)) and anion (V(a)) vacancies strongly inuence
the properties of the manganites and causing a change in the
stability of the perovskite structure.52 The change in the valence
state and coordination number of cations due to defect
formation affects the magnetic phase transition temperature
and magnetic ordering of the manganites. Moreover, a change
in the bond length affects the packing of MnO6 octahedral and
leads to a change in the structure and stability of the
compounds. The interstitial point defects, called Frenkel
defects is not formed in these compounds and only vacancy type
point defects are exist due to elevated synthesis and sintering
temperature conditions.50 The anion vacancies are formed
during heating process due to the thermal dissociation of
oxygen and that leads to the reduction of oxygen content to
O3�d.51 Moreover, the presence of vacancies at the oxygen site is
compensated by a reduction in the average valence of manga-
nese ions.52 On the other hand, the cation vacancies are formed
during cooling process due to high mobility of cation sub
lattices, and the formation of vacancies at the A-site leads to
a decrease in the average valence of Mn-ions. The defectiveness
and the stability in the perovskite structure can be controlled by
changing the cooling conditions and the sintering tempera-
ture.51 Moreover, researchers have tried to tune the transition
temperature (TC) and DSM by varying the vacancy content to
a certain extent. Boujelben et al. reported the effect of Pr and Sr-
deciency in Pr0.7Sr0.3MnO3 compound and found that Pr-
deciency and Sr-deciency have different effects on the
magnetic properties.53 The effect of La deciency in (La1�x)0.8-
Ca0.2MnO3 was reported by Phan et al. and found that the La-
decient compound exhibits a large DSM value than that of
the pristine compound.54 Na-decient La0.8Na0.05,0.15MnO3

and Sr-decient La0.65Eu0.05Sr0.15MnO3 exhibit DSM values of
3.48 J kg�1 K�1 at 260 K and 4.96 J kg�1 K�1 at 280 K under
a eld change of 20 kOe.43,44 A tunable transition temperature
with a DSM value of 3.42 J kg�1 K�1 (300 K) under 50 kOe eld
was reported by Skini et al. in K-decient La0.8K0.1,0.1MnO3

compound.45

Recently, our group has reported the effect of La and Sr-
deciency on the magnetocaloric properties in
This journal is © The Royal Society of Chemistry 2019
La0.67Sr0.33MnO3 (LSMO) compound. La0.67�xSr0.33MnO3�d (x ¼
0.09) and La0.67Sr0.33�yMnO3�d (y ¼ 0.09) termed as La-0.09 and
Sr-0.09 compounds, were prepared by solid-state route and it
was found that Sr-decient compound has better magneto-
caloric properties than that of the pristine as well as La-decient
compounds.37 Compound with a deciency of y ¼ 0.09 i.e.,
La0.67Sr0.24,0.09MnO3�d displayed a DSM of 5.08 J kg�1 K�1 at
352 K and a adiabatic temperature change of 3.48 K for 50 kOe
eld. Thus the creation of Sr-deciency in LSMO exhibits
a promising MCE behaviour with an increase in magnetocaloric
properties value and a decrease in TC towards room temperature
from 365 K of the pristine compound. In the present study, as
a continuing effort, we have further increased the Sr-deciency
content in La0.67Sr0.33�yMnO3�d by a factor of y ¼ 0.18 and 0.27
to further tune the TC towards room temperature. Thus we have
synthesized La0.67Sr0.33�yMnO3�d (y ¼ 0.18 and 0.27)
compounds using solid-state method and explored their struc-
tural, magnetic and magnetocaloric properties and compared
the results with that of the pristine compound, reported in our
previous study.37

Experimental

La0.67Sr0.15,0.18MnO3�d and La0.67Sr0.06,0.27MnO3�d are
termed as Sr-0.18 and Sr-0.27 compounds and were prepared by
conventional solid-state method using La2O3 (Alfa Aesar, 99%),
SrCO3 (Sigma-Aldrich, 98%) and MnCO3 (Sigma-Aldrich, 99.9+
%) as starting materials. The raw materials were weighed
according to the stoichiometry and mixed in an agate mortar
using distilled water as solvent medium for 6 h. The homoge-
nous mixture was dried and calcined at 1000 �C and 1200 �C for
12 h with intermediate grinding. The grounded powders were
pelletized into cylindrical shape of 12 mm diameter, which was
then sintered at 1350 �C for 12 h. The pellets were then
powdered and then structural analysis was carried out by
powder X-ray diffraction (XRD) technique using PANalytical
X'Pert Pro diffractometer having Ni-ltered Cu Ka radiation.
Rietveld renement was done using GSAS-EXPGUI soware to
analyze the crystal structure and phase purity of the
compounds. Iodometric titration was performed to check the
oxygen stoichiometry. X-ray photoelectron spectroscopy (XPS)
was done to study the surface elemental composition and
oxidation states using a PHY 5000 Versa Probe II, ULVAC-PHI,
Inc. Instrument having Al Ka as the X-ray source. Initially,
a wide scan was done, and a pressure of 5 � 10�10 mbar was
maintained in the XPS chamber during the measurement. The
binding energy of the high resolution scans were corrected
using C 1s¼ 284.8 eV as the reference. Magnetic properties were
measured using the vibrating sample magnetometer attached
to the physical property measurement system (Quantum Design
Inc., USA).

Results and discussion

From the Rietveld renement of the powder XRD patterns, it is
conrmed that both the studied compounds belong to rhom-
bohedral structure with R�3c space group. The rened
RSC Adv., 2019, 9, 23598–23606 | 23599
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Table 1 Structural parameters of La0.67Sr0.15,0.18MnO3�d and
La0.67Sr0.06,0.27MnO3�d compounds obtained from the Rietveld
refinement of XRD

Sr-0.18 Sr-0.27

Cell parameters
a (Å) 5.4309 (1) 5.5379 (1)
b (Å) 5.5309 (1) 5.5379 (1)
c (Å) 13.3767 (2) 13.3805 (2)
V (Å3) 354.377 (8) 355.388 (7)

Positional parameters
La/Sr x 0 0
La/Sr y 0 0
La/Sr z 0.25 0.25
Mn x 0 0
Mn y 0 0
Mn z 0 0
O x 0.546 0.550
O y 0 0
O z 0.25 0.25

Bond distance (Å)
hd Mn–Oi 1.963 (2) 1.968 (2)

Bond angle (�)
Mn–O1–Mn 165.1 (0) 163.8 (0)

Agreement factors
RWP 5.20 4.77
RP 3.85 3.59
c2 1.84 1.51
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parameters obtained from the Rietveld analysis are shown in
Table 1 and the rened XRD patterns are shown in Fig. 1. The
experimental XRD patterns are in good agreement with the
patterns calculated by the soware, and shows better goodness
of t. In our previous study, it was conrmed that the pristine
compound LSMO was phase pure, and no impurity peaks were
detected.37 On the other hand, La-0.09 and Sr-0.09 compounds
show an additional peak at 36.1� due to the presence of Mn3O4

as a secondary phase as reported in our previous work.37,48,49

However, in the present case, Sr-0.18 and Sr-0.27 compounds
show some additional secondary peaks at 28.9�, 36.1�, 25.9� etc.
due to the prominent presence of Mn3O4 secondary phases.
Moreover, with increase in Sr-deciency, the intensity of the
secondary peaks also increases. It indicates that, with increase
in Sr-deciency content, the percentage of rhombohedral
ferrimagnetic Mn3O4 secondary phase also increases.49 Even
though the formation of Mn3O4 depends on the amount of
deciency, some reports show that the preparation conditions
such as manual grinding sometimes does not ensure perfect
homogeneity and produces Mn3O4 secondary phase.55 In La and
Sr-decient compounds, three oxidation states are possible for
manganese ions (Mn2+/Mn3+/Mn4+).37,56,57 Out of these ions,
Mn2+ ions (ionic radius of 1.13 Å) occupy the A-site along with
La3+ (ionic radius of 1.36 Å) and Sr2+ (ionic radius of 1.44 Å).37,56

However, Mn3+ (0.645 Å) and Mn4+ (0.53 Å) occupy the B-site
forming a MnO6 octahedral coordinated system. Recently,
Hundley et al. suggested a charge disproportionation model in
decient manganites based on the stability of manganese
pairs.58 According to the charge disproportionation model, in
octahedrally coordinated systems, Mn2+–Mn4+ pair is the more
stable than Mn3+–Mn3+ pair.58 Thus in decient compounds,
a change of state from Mn3+ + Mn3+ pair to Mn2+ + Mn4+ pair is
possible because of the more stable nature of the later pair.
Thus the presence of Mn2+ ions in Sr-0.18 and Sr-0.27
compounds can be attributed to the stable nature of Mn2+ +
Mn4+ pairs as suggested by the charge disproportionation
model and this indicates that a portion of the manganese ions
form Mn3O4 secondary phase, and the other portion occupies
the A-site as Mn2+ ions along with La3+ and Sr2+ ions. From
Table 1, it can be seen that Sr-0.18 and Sr-0.27 compounds have
greater unit cell volume (354.377 Å3 and 355.388 Å3 respectively)
than that of the pristine (349.468 Å3) and Sr-0.09 (351.686 Å3)
compounds.37 The increase in the unit cell volume of the Sr-
decient compounds cannot be explained on the basis of the
ionic radius of Mn2+/Mn3+/Mn4+ ions or the amount of Mn3O4

impurity phase present in the compound. The increase in unit
cell volume of Sr-site decient compounds can be related to the
decreasing concentration of oxygen due to the formation of
anionic vacancies and the increase in radius of the decient Sr-
site.37,48,49,59 The presence of oxygen vacancies is compensated by
a reduction in the average valence of manganese ions. This
leads to the reduction of some Mn4+ to Mn3+and Mn3+ to Mn2+.
Hence, due to defectiveness, the charge compensation is taking
place and the average ionic radius and the unit cell volume
increases. Moreover, the anion (V(a)) vacancies at the oxygen
sites reduces bonding electrostatic force and eventually leads to
the increase of unit cell volume.52 Due to the electrostatic
23600 | RSC Adv., 2019, 9, 23598–23606
repulsion from the neighbour oxygen ions, the radius of the
decient Sr-site (1.547 Å) is increased by 7% than the actual
ionic radius of Sr-site (1.44 Å).37,49,60 This will eventually affect
the unit cell volume of the Sr-decient compounds and hence
Sr-0.18 and Sr-0.27 compounds exhibit greater unit cell volume
than that of the pristine and Sr-0.09 compounds. As the unit cell
volume changes with Sr-deciency, distortion occurs in the
MnO6 octahedra due to the changes in the Mn– O bond lengths
and the Mn–O–Mn bond angles. The Jahn–Teller active ion,
Mn3+ distorts the MnO6 octahedra due to the strong Jahn–Teller
effect, while Mn2+ and Mn4+ are Jahn–Teller inactive and do not
tend to distort the octahedrally coordinated system. The iodo-
metric titration method was performed to estimate the oxida-
tion state of manganese and hence the stoichiometry of the
oxygen ion.48,61 Powders of Sr-decient compounds are weighed
and dissolved in a mixture of 10 ml of 10 mass% KI aqueous
solution and 2.5 ml of 2 M HCl. The liberated iodine is titrated
against 0.1 N sodium thiosulphate standard volumetric solu-
tion using 1 mass% starch solution as an indicator. It is
assumed that the oxidation state of manganese is compensated
due to the creation of vacancy and the Sr-decient compounds
can be written as La0.67

3+Sr0.33�y
2+Mn1�a

3+Mna
4+O3�d (y ¼ 0.18

and 0.27). The value of a was determined from the titration and
the amount of oxygen content was calculated for 5 titrations
using the equation as

3� d ¼ 17þ 3a

6
� x
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Rietveld refined XRD patterns of (a) La0.67Sr0.15,0.18MnO3�d and (b) La0.67Sr0.06,0.27MnO3�d compounds. Black colour indicates the
experimental data. Red lines are theoretical fits to the XRD data; pink corresponds to the Bragg reflection, and blue lines correspond to the
difference between the experimental and the calculated fits.
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The oxygen content decreases with increase in deciency and it
is found to be 2.74 and 2.69 for Sr-0.18 and Sr-0.27 compounds
respectively with an accuracy of � 0.03.

To determine the oxidation state of manganese and to
identify the elemental composition on the surface, a detailed
XPS analysis was performed. The Mn–2P3/2 spectra of Sr-0.18
and Sr-0.27 compounds were curve tted using MultiPak spec-
trum: ESCA and are shown in Fig. 2(a) and (b) respectively. The
tting was done using a standard Shirley background, and the
Mn–2P3/2 spectra was decomposed into three components for
both Sr-0.18 and Sr-0.27 compounds. In Sr-0.18 compound, the
three peak centers at 640.9, 642.4 and 643.4 eV corresponds to
Mn2+, Mn3+ and Mn4+ oxidation states respectively.37,62–66 In Sr-
0.27 compound, the peak centers of Mn2+, Mn3+ and Mn4+ are
at 640.8, 642.3 and 643.2 eV respectively.37,62–66 It was conrmed
in our previous report that in decient compounds, three
oxidation states (Mn2+/Mn3+/Mn4+) are possible for manganese
while only two oxidation states (Mn3+ and Mn4+) exist in the
pristine compound.37 The ratio of Mn2+/Mn3+/Mn4+ is calculated
from the area of each component obtained from the peak
Fig. 2 Mn–2P3/2 X-ray photo electron spectra of (a) La0.67Sr0.15,0.18Mn

This journal is © The Royal Society of Chemistry 2019
tting. For the pristine compound, the Mn3+/Mn4+ ratio is about
67.9 : 32.1, which is near to the expected ratio (67 : 33).37

However, in the present case, the ratio of Mn2+/Mn3+/Mn4+ is
found to be 70.6/6.3/23.1 and 64.7/10.4/24.9 for Sr-0.18 and Sr-
0.27 compounds respectively. Hence it is to be noted that the
change of state from Mn3+ + Mn3+ pairs to Mn2+ + Mn4+ pairs
under charge disproportionation phenomena are different for
Sr-decient compounds, and this has been conrmed from XPS
analysis. Thus the ratio of Mn2+/Mn3+/Mn4+ ions alter with the
Sr-deciency content, which inturn severely affects the DE
interactions and thereby the magnetic properties.

Fig. 3 shows the magnetization as a function of temperature
from 2–380 K for both the compounds. The measurement was
carried out under 100 Oe eld in zero-eld-cooled (ZFC) and
eld cooled (FC) modes. Large thermo-magnetic irreversibility
is witnessed in both the compounds due to the competing
interaction between different magnetic states. Both the
compounds show a hump like feature below 50 K, which was
not seen in the magnetization curves of La-0.09 and Sr-0.09
compounds, reported in our earlier work.37 This low-
O3�d and (b) La0.67Sr0.06,0.27MnO3�d compounds.

RSC Adv., 2019, 9, 23598–23606 | 23601
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Fig. 3 Temperature dependence of magnetization of La0.67-
Sr0.15,0.18MnO3�d and La0.67Sr0.06,0.27MnO3�d compounds under
100 Oe field.
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temperature anomaly is due to the ordering of the ferrimag-
netic Mn3O4 phase, which is very prominent with the increase
in Sr-deciency, this result corroborates with that obtained
from the Rietveld renement analysis.49 From our previous
report, it can be seen that the magnetization of La-0.09 and Sr-
0.09 compounds are greater than that of the pristine
compound due to the increase in DE interaction.37 In the
present case, the magnetization increases further for Sr-0.18
and then decreases for Sr-0.27, which means that Sr-0.18
compound shows maximum magnetization among all the Sr-
decient compounds. Thus the DE interaction and FM
nature of Sr-0.18 and Sr-0.27 compounds do not merely destroy
by Sr-deciency. In the pristine compound, the exchange
coupling is between Mn3+ ions having the electronic congu-
ration of 3d4 (t3[2g e[g with S ¼ 2) and Mn4+ ions having the
electronic conguration of 3d3 (t3[2g with S ¼ 3/2). However, in
decient compounds, the exchange coupling is enhanced by
the presence of Mn2+ ions due to its electronic conguration
(t3[2g e2[g with S ¼ 5/2) and spin only magnetic moment (5mB)
compared to Mn3+ (4mB) and Mn4

+ (3mB). In addition to the
traditional DE mechanism, some additional charge hopping
mechanisms take place in the decient compounds due to the
presence of Mn2+ ions.56 The Mn2+ ions at the A-site favour an
additional hopping via Mn3+–O2�–Mn2+–O2�–Mn4+ path,
called the multiple DE interactions and eventually the ferro-
magnetism and conductivity increases.37,56 Thus it can be
understood that the high magnetization value of Sr-0.18 and
Sr-0.27 compounds compared to that of the pristine
compound is due to the multiple DE interaction through
intervening Mn2+ ions at the A-site. It suggests that the coex-
istence of Mn2+/Mn3+/Mn4+ ions in Sr-0.18 and Sr-0.27
mth
effðmBÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:706

h
mth
effðMn2þÞ

i2
þ 0:06

r
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compounds can be corroborated with the result obtained
from XPS analysis. However, the unconventional charge
hopping mechanism completely depends on the ratio of Mn2+/
Mn3+/Mn4+ ions, the Sr-0.18 compound shows maximum
magnetization, and aer that decreases for Sr-0.27 compound.
It suggests that the existence of Mn2+ ions in decient
compounds is responsible for the increase in the DE interac-
tion, which is in agreement with the coexistence of the mixed
valence state of Mn2+/Mn3+/Mn4+ in decient compounds as
obtained from XPS analysis. Again, the paramagnetic (PM) to
FM transition temperature was calculated from the derivative
of M versus T graph (not shown), and found signicant
changes with the increase in Sr-content. It is to be noted that
in our previous work, we have tuned the TC from 365 K (pris-
tine) to 355 K for Sr-0.09 compound, however, in the present
case, the same is further tuned down to 314 K and 277 K for Sr-
0.18 and Sr-0.27 compounds respectively. The signicant
reduction in TC towards room temperature in both the
compounds is due to the changes in the average ionic radius
and the changes in the Goldschmidt tolerance factor.37,49 From
the Rietveld renement analysis, it is evident that the average
A-site ionic radius and unit cell volume of both the
compounds increases with increase in Sr-deciency. As the
tolerance factor of the compounds is directly proportional to
the average A-site cationic radius, the decrease in TC with Sr-
deciency can be related to the increase in tolerance
factor.37,49 The variation of inverse magnetic susceptibility c�1

with temperature was analyzed and shown in Fig. 3. The
magnetic susceptibility obey the Curie–Weiss law at T > TC,
according to the relation

c ¼ C

T � q

where q is known as Curie–Weiss temperature and is determined
from the point at which c�1 intercepts the temperature axis and
C is the Curie constant. Then the experimental effectivemagnetic
moment (mmeas

eff ) is calculated from the equation as follows

C ¼ 1

3kB

Na

Mm

mmeas 2
eff mB

2

where, kB is the Boltzmann constant, mB is the Bohr
magneton, Na is the Avogadro number and Mm is the
molecular formula weight. The mmeas

eff is found to be 5.83 mB

5.81 mB for Sr-0.18 and Sr-0.27 compounds. The theoretical
effective magnetic moment mth

eff of Sr-0.18 compound is
calculated as follows
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3
h
mth
effðMn3þÞ

i2
þ 0:231

h
mth
effðMn4þÞ

i2
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With mtheff(Mn2+) � 5.92mB, mtheff(Mn3+) � 4.90mB and
mtheff(Mn4+) � 3.87mB and the ratio of Mn2+/Mn3+/Mn4+ is taken
from the XPS analysis. The mtheff is found to be 5.45 mB 5.37 mB for
Sr-0.18 and Sr-0.27 compounds.

Further, the isothermal magnetization measurement was
carried out at 2 K and 300 K and are shown in Fig. 4(a) and
(b) respectively. Both the compounds show a small coercive
eld with so ferromagnetic nature. It can be seen that
magnetization increases rapidly at low eld and does not
saturate even at a eld of 90 kOe. The hysteresis loops at 2 K
conrm the high FM nature of the compounds, and it is
evident that the FM nature is not merely destroyed by the
increase in Sr-deciency. From the hysteresis loop at 300 K,
it can be understood that Sr-0.18 compound shows more FM
character than that of Sr-0.27 compound, which conrm the
room temperature FM behaviour of the former. The
competing exchange interaction between DE and SE due to
the FM/AFM components vary with the Mn2+/Mn3+/Mn4+

ratio, which in turn severely affects the isothermal magne-
tization behaviour of the decient compounds at 2 K and
300 K. Furthermore, the isothermal magnetization
measurements around the respective TC was measured and
are shown in Fig. 5(a) and (b). The magnetization was
measured from 284 K to 354 K for Sr-0.18, and 242 K to 322 K
for Sr-0.27 with an interval of 4 K. For T < TC, a FM nature
with a non-saturating behaviour at higher elds is seen for
both the compounds. However, for T > TC, a PM behaviour
with a reduction in magnetization was observed. To further
understand the nature of the magnetic transition, M2 versus
H/M called Arrott plots were plotted and are shown in
Fig. 5(c) and (d). The regular Arrott plot between M2 and H/M
indicates that the transition governing the mean eld model
and the curve that pass through the origin should represent
the TC. Moreover, based on the Banerjee's criterion, a posi-
tive slope in the Arrott plot conrm that both the
compounds undergo second order transition.67
Fig. 4 M–H loops at 2 K and 300 K of (a) La0.67Sr0.15,0.18MnO3�d and (
view of the coercive field.

This journal is © The Royal Society of Chemistry 2019
The magnetic entropy change is calculated from the
isothermal magnetization curve based on the Maxwell relation
as:68

DSMðT ;HÞ ¼
ðH
0

�
vMðT ;HÞ

vT

�
H

dH

The DSM as a function of temperature for 10–50 kOe eld
is shown in Fig. 6. Both the compounds show a maximum
DSM around TC, and a reduction is seen on either side of the
curve. For a eld of 10 kOe, the Sr-0.18 compound exhibit
a maximum DSM value of 1.40 J kg�1 K�1 at 306 K, and for Sr-
0.27 compound, the DSM reaches a maximum value of 1.17 J
kg�1 K�1 at 272 K. It can be seen that with increase in the
magnetic eld, the maximum DSM value is slightly shis to
the high temperature region for both the compounds. For
a eld of 50 kOe, the Sr-0.18 compound exhibit a DSM value
of 4.61 J kg�1 K�1 at 310 K, and for Sr-0.27 compound, the
DSM reaches a maximum value of 4.11 J kg�1 K�1 at 276 K. In
our previous work, we reported a DSM value of 4.78 J kg�1

K�1 at 364 K for the pristine compound and 5.08 J kg�1 K�1

at 352 K for Sr-0.09 compound for a eld change of 50 kOe.37

However, in the present case, we have achieved a near room
temperature (310 K) MCE with a signicant DSM value (4.61 J
kg�1 K�1) for Sr-0.18 compound which is larger than that
reported for numerous perovskite manganites29,31,35,45,47

Apart from the spin, charge and orbital ordering, the
conventional DE interaction is the only favourable mecha-
nism behind the entropy change in the pristine
compound.37 However, from the magnetization and mag-
netocaloric properties, it can be understood that the pres-
ence of Mn2+ ions in decient compounds enhances the
ferromagnetism and DSM due to the multiple DE interaction
via Mn3+–O2�–Mn2+–O2�–Mn4+ path. In addition to that, the
Mn2+/Mn3+/Mn4+ ratio is the key parameter that determines
the strength of the multiple DE interactions and hence, the
b) La0.67Sr0.06,0.27MnO3�d compounds. The inset shows the enlarged

RSC Adv., 2019, 9, 23598–23606 | 23603
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Fig. 5 Isothermal field dependence magnetization of (a) La0.67Sr0.15,0.18MnO3�d and (b) La0.67Sr0.06,0.27MnO3�d and Arrott plot of (c)
La0.67Sr0.15,0.18MnO3�d and (d) La0.67Sr0.06,0.27MnO3�d compounds.
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DSM of the decient compounds. For practical applications
at room temperature, the magnetocaloric materials should
have a maximum DSM value within the range of 300 K # T #

310 K. Hence Sr-0.18 compound is found to be an ideal
candidate for room temperature magnetocaloric applica-
tions. Thus, the present investigation reveals that
Fig. 6 Magnetic entropy change of (a) La0.67Sr0.15,0.18MnO3�d and (b)

23604 | RSC Adv., 2019, 9, 23598–23606
a signicant magnetic entropy change near room tempera-
ture can be achieved by the creation of deciency at the Sr-
site in La0.67Sr0.33�yMnO3�d compound and the composi-
tion with a deciency of y ¼ 0.18, i.e., La0.67Sr0.15,0.18-
MnO3�d could be a potential material for room temperature
magnetic refrigeration applications.
La0.67Sr0.06,0.27MnO3�d compounds.

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra04973h


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Ju

ly
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 1
:2

7:
48

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Conclusion

The effect of Sr-site deciency on La0.67Sr0.33�yMnO3�d (y¼ 0.18
and 0.27) compounds and a detailed investigation on their
structural, magnetic and magnetocaloric properties were
carried out. The Rietveld renement of the X-ray patterns
conrms that both the compounds belong to rhombohedral
crystal symmetry with R�3c space group. Deciency at the Sr-site
compels to form Mn2+ states in addition to Mn3+/Mn4+, and the
Mn2+ ions at the A-site favor multiple DE interactions viaMn3+–

O2�–Mn2+–O2�–Mn4+ path and hence the ferromagnetic nature
and magnetization enhanced. La0.67Sr0.15,0.18MnO3�d was
found to be ferromagnetic at 300 K and exhibit a DSM of 4.61 J
kg�1 K�1 at 310 K for a 50 kOe eld. The present study indicates
that the creation of deciency at the Sr-site of La0.67Sr0.33MnO3

helps to tune the TC towards room temperature with a signi-
cant magnetic entropy change and the compound could be
a potential candidate for room temperature magnetic refriger-
ation applications.
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