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Abstract Structural characteristics and magnetocaloric
effect of SmyNiMnOg double perovskite oxide nanopar-
ticles synthesized via the solution combustion technique
have been investigated. From the X-ray structural study,
it is found that the Sm,NiMnOg compound crystallizes
in the monoclinic structure (P2,/n space group), where
Ni and Mn atoms are ordered at 2c and 2d sites, respec-
tively. Transmission electron microscopic image reveals
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agglomerated nanoparticles with an average particle size
of 60 nm. Two magnetic Curie transition points (7¢; =
141 K, Tc, =67 K) observed from the isofield magne-
tization measurement affirmed the short-range ferro-
magnetic behavior of SmyNiMnOg creating the contin-
uous second-order transition followed by the discontin-
uous first-order transition. A minor cusp at 10 K con-
firmed the microscopic superparamagnetic behavior at
low fields apart from the dual magnetic phase transition.
Adiabatic demagnetization of Sm,NiMnQOg4 nanoparti-
cles was measured in terms of magnetic entropy, and the
magnetic refrigerant capacity was calculated to be
0.44 T kg ' K" and ~20 J kg ! respectively.

Keywords Magnetically ordered materials - Chemical
synthesis - Magnetocaloric - Magnetic measurements -
Perovskite - Nanomaterials

Introduction

Modern solid-state cooling technology transcends the
volatile liquid refrigerant-based conventional cooling
system as it is inclined on offering higher working
efficiency which helps in the conservation of energy.
Solid-state cooling technologies involves the
magnetocaloric, electrocaloric, elastocaloric, and
barocaloric effects found in advanced novel caloric ma-
terials. Among these, magnetocaloric cooling has well
developed over the years, bringing the technology for
practical applications such as in heat pumps, centralized
air conditioners, liquor distillation process, waste
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purification, magnetic hyperthermia, and helium lique-
faction (Chakraborty et al. 2017a; Kotnana et al. 2018).
The refrigeration capacity (RC), magnetic entropy
change (AS),), and adiabatic temperature range have
been evaluated by three distinctive factors such as tem-
perature, magnetic field, and external pressure
(Takeuchi and Sandeman 2015). These key parameters
are used to correlate each other to evaluate the refriger-
ation capacity of the magnetocaloric material, which are
derived from the variation of magnetic entropy change
by external pressure and applied magnetic field. The
cooling technology requires materials with high mag-
netic refrigeration capacity along with a large magnetic
moment such as Gds(Si,Ge,), MnAs,;_Sb,, ErNiBC,
and GdNiBC respectively (Romero Gémez et al.
2013). Apart from the materials that exhibit high mag-
netic refrigeration capacity, the double perovskite mate-
rials still need to be explored to find their
magnetocaloric properties and tuned for attaining higher
refrigeration capacity (El Kossi et al. 2015). Previous
reports demonstrated a giant magnetocaloric effect on
gadolinium-based double perovskite materials such as
Gd,CoMnOg¢ and Gd,NiMnOg, which also gives the
scope for other rare earth—based double perovskites for
similar effects (Brown 1976; Moon et al. 2017).
A,BB’Og is the general formula for these double perov-
skites, wherein the “A” site is occupied by rare-earth
(divalent or trivalent) ions or alkaline-earth cations.
Furthermore, the transition metal ion has 12-fold coor-
dination in the B and B’ sites and exhibits an ideal
octahedral coordinated orthorhombic structure.

The B and B’ sites play a main role in the origination
of both the magnetic and electric ordering in the parent
material (Zhong et al. 2004; Gheorghiu et al. 2015;
Masrour and Jabar 2016). In Sr,FeMoQOsg, which is a
well-known double perovskite material, the half-
metallic ferromagnetic ordering and colossal magneto-
resistance at room temperature have been observed si-
multaneously. As the oxygen ion cages contain either of
the two transition metal cations (Mn/Ni) in the double
perovskite structure in octahedral coordination, both the
Ni** and Mn*" ions assist in inducing the strong ferro-
magnetic superexchange (SE) interaction
(Chandrasekhar et al. 2012). These materials tend to
adopt two different types of crystal structures depending
on the location of the Ni and Mn ions, i.e., if they are
randomly arranged, they form the orthorhombic crystal
structure with the Pbnm space group, and monoclinic
structure with the space group of P2;/n if the
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arrangement is symmetric. Also ferromagnetism at low
temperature for double perovskites is due to the anti-site
defects occurred by interchange of B-site ions. This
interchange in B-site crystallographic position is due to
the variation in synthesis methods, annealing, controlled
heating, and cooling rates at different atmospheres and
also due to reduction of particle size to a nanometer
scale, etc. (Chandrasekhar et al. 2012). Furthermore,
double perovskite shows interesting spin glass (SG)
behavior and spin glass transition like “freezing transi-
tions” that show a state of new kind of spin order and
produce long-range ferromagnetic (FM) or antiferro-
magnetic (AFM) ordering, which positively impacts
the magnetocaloric effect (Su et al. 2018). Apart from
the synthesis procedure, the crystal structures such as
octahedral tilting of Ni/Mn—O, Ni-O—Mn bond length,
and bond angles also play a great role in the magnetic
exchange interaction.

The downturn of magnetization of Sm- and Nd-based
systems is the cause of large crystalline anisotropy (due
to spin-orbit coupling of Ni-Mn network rare earth); on
the other hand, the same effect was not observed in the
case of rare earth with larger moments such as Tb, Gd,
Ho, and Dy (Tsui et al. 2017). This unusual behavior of
Sm has been investigated before; however, no research
work of its influence on the materials’ magnetocaloric
effect has been reported. In the present work, for the first
time, novel Sm,NiMnOg nanoparticles were prepared
using a combustion technique, and its magnetocaloric
properties were investigated for its application in mag-
netic refrigeration.

Experimental section

Sm,NiMnOg nanoparticles were prepared via the solu-
tion combustion synthesis method. Samarium oxide
(Sm,05), manganese nitrate (Mn(NO3),), and nickel
nitrate (Ni(NOs),) of >99% purity were taken for the
syntheses of Sm,NiMnOg nanoparticles. A 2:1:1 molar
mixture of Sm,03, Mn(NO3),, and Ni(NOs), was dis-
solved in distilled water, and dilute nitric acid (HNO3)
was added dropwise, to ensure the complete dissolution
of all precursors. Finally, the combustion agent citric
acid (CcHgO5) was added to initiate the combustion
process. The reaction mixture was kept on a preheated
hot plate and stirred continuously using a magnetic
stirrer for 2 h. After stirring, a black-colored powder
was obtained that was ground for 10—15 min in a mortar
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to get fine powders. The resulting mixture (black raw
powder) was calcined at 700 °C for 4 h at a heating rate of
5 °C/min in a tube furnace under atmospheric conditions.

The phase analysis of as-synthesized Sm,NiMnOg
nanoparticles was performed using the powder X-ray
diffraction (XRD) pattern obtained from Bruker D8
advance X-ray Diffractometer equipped with a Cu—Ka
target (A1 = 1.5405 A) operating at 40 kV/40 mA and
having a Bragg—Brentano geometry with fixed slits. The
slow-scanned (step size: 0.02° step time: 3 s) XRD
pattern was Rietveld refined using the GSAS program
with the EXPGUI graphical interface (Nederland 1969;
Toby etal. 2001; Larson et al. 1994). The refined crystal
structure was further illustrated using the DIAMOND
3.0 software (Pennington 1999). The morphology of the
as-prepared Sm,NiMnOg nanoparticles was analyzed
using the JEM 2100 high-resolution transmission elec-
tron microscope (HRTEM) instrument operating at 200-
kV accelerating voltage equipped with an EDAX ana-
lyzer. The selected area electron diffraction (SAED)
pattern was captured by using a Gatan Orius CCD
camera fixed within the JEM 2100 instrument. The
magnetic measurements of Sm,NiMnOg nanoparticles
were acquired from the magnetic property measurement
system (MPMS) equipped with the vibrating sample
magnetometer. Magnetization as a function of tempera-
ture in the range of 2-300 K was probed in both the
field-cooled (FC) and zero field—cooled (ZFC) mode
with a constant external magnetic field of 100 Oe ac-
quired. In the ZFC mode, the sample was cooled from
300 down to 2 K in the absence of any magnetic field.
Subsequently, the desired external field was applied,
and the data were collected on heating the sample up
to 300 K. After reaching 300 K, the data record referred
to as the FC mode was carried with the same strength of
the field on cooling the sample down to 2 K.

Results and discussion
Phase, structural, and microstructural characterization

The diffraction pattern obtained from the X-ray diffrac-
tometer at room temperature confirms the single phase
from the Rietveld refinement carried out using the
GSAS program as shown in Fig. 1. It shows the exper-
imental and calculated pattern with the difference be-
tween their refined data and respective calculated Bragg
positions; lattice parameters lie in the agreeable limit

SmZNiMI‘IOa ——Exp
22=3.02 - — Cal
- Bkg
— Diff
| Bragg peaks

Intensity (a.u.)

B TR By s R R SN
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Fig. 1 Rietveld refinement of the synthesized Sm,NiMnOg
nanoparticles

when compared with the previous reports and the theo-
retically calculated values by the SPuDS program.
Sm,NiMnOg refined using the monoclinic P2,/n space
group (No. 11) with the ordered stacking of B-site ions
resulted in satisfactory outputs rather than the orthorhom-
bic Pbnm space group. This confirms the centrosymmetric
space group P2;/n, which permits Ni/Mn ordering on the
B sites (Booth et al. 2009; Shi et al. 2011; Snchez-Benitez
et al. 2011). The rare-carth ions occupy 4e (x, y, ) sites in
the lattice, while the oxygen atoms were found in three
sites, namely, O1, O2, and O3. The remaining Ni and Mn
atoms were positioned independently in 2d (0, 1/2, 0) and

Fig. 2 Polyhedral representation of the unit cell of SmyNiMnOg
compound viewed along the a-axis with blue and yellow octahedra
that correspond to NiOg and MnOy octahedra respectively

@ Springer
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Table 1 Crystallographic parameters of the Sm;NiMnOg com-
pound obtained from Rietveld refinement

Crystallographic parameters of SmyNiMnOg

Formula weight 510.3478
Crystal system Monoclinic
Space group (No.) P2,/n (14)
a (A) 5.3522 (3)
b (A) 5.5392 (4)
cA) 7.6126 (6)
5(°) 89.893 (12)
V(A% 225.339 (1)
VA 2
Temperature (K) 293 (2)
wRp/Rp 0.0313/0.0229
Chi’ value 3.795
Average bond angle (°) (Ni-O-Mn) 153.4

Table 3 Bond lengths (A), bond valance sum (BVS) (left), and
bond angles (right), obtained from Rietveld analysis of powder
XRD data, of the Smy,NiMnOg compound

Bond Bond length (A) BVS
Ni—O(1) x2 2.06 0.3337x2
Ni—O(2) x 2 1.98 04143 x2
Ni-O(3) x 2 2.00 0.3925x2
BVS 2.29
Mn-O(1) x 2 1.84 0.7904 x 2
Mn-O(2) x 2 1.96 0.5715%2
Mn-O(3) x 2 1.99 0.5270 x 2
BVS 3.78

Bond angle (°)

Ni-O1-Mn 154.6

Ni-O2-Mn 155.5

Ni—O3-Mn 149.9

Ni—O-Mn» 1534

2¢ (1/2, 0, 0) sites, respectively. To compute the crystallo-
graphic parameters corresponding to the Sm,NiMnOg
structure, the DIAMOND 3.0 software was used, and
Fig. 2 shows the crystal structure of the SmyNiMnOg
compound. The structural data containing the complete
crystallographic description of the compound and average
bond valence sum (BVS) are listed in Table 1. BVS
formalism was adapted to determine the individual Ni
and Mn ion valence states. Effective valence (V;)),
the relation between the ith and jth atoms is given by
Vij= Z_/e{(dfd"f)/ 037} \where d;— is the bond length
measure in between ith and jth atoms, and dy— empirically
determined bond valence parameter for the i~ pair (Su
et al. 2018). The BVS indicates valence fluctuations be-
tween the Ni** (2.29) and Mn** (3.78) as calculated from
their corresponding bond lengths (Ni-O and Mn—0O). The
values of atomic coordinates (Table 2), bond lengths, bond
valence sums, and bond angles of NiZ*-O-Mn*" (Table 3)
obtained as such from Rietveld analysis of the powder
XRD data were tabulated.

Figure 2 shows the three-dimensional connection of
the Sm,NiMnOQOy structure, where the NiOg and MnQOg
octahedra are arranged. This displays the space group
symmetry emerging from the combination of octahedral
tilting similar to the Glazer tilt system (a—a—c+) and
rock salt ordering of the octahedral cation as pre-
viously reported in double perovskites (Morrow
et al. 2017). The tolerance factor has been calcu-
lated using the formula

t = 'R+70
2 [Vng’MnJrrO]

where, rg, Ini, I'nm, and ro are the effective ionic radii of
R, Ni, Mn, and O ions respectively. The tolerance factor
for the sample is found to be 0.921. From the literature,
it can be observed that Sm,NiMnOg nanoparticles show
a tolerance factor lower than 0.97, which gives the
distortions of perovskite structure from cubic symmetry
and is in agreement with the P2,/n monoclinic symme-
try (Serrate et al. 2007).

Table 2 Atomic coordinates and thermal parameters (A?), obtained from Rietveld analysis of powder XRD data, of the Smy,NiMnOg

compound

Atom Site X Y z Ui (A% Occupancy
Sm 4e —0.0139 (1) 0.05339 (3) 0.2500 (3) 0.0258 (1) 1

Ni 2¢ 0.500000 (0) 0.000000 (0) 0.500000 (0) 0.0265 (3) 1

Mn 2d 0.500000 (0) 0.000000 (0) 0.0000000 (0) 0.0245 (1) 1

Oo(1) 4e 0.078 (4) 0.4840 (3) 0.264 (1) 0.0440 (5) 1

02) 4e 0.719 (15) 0.275 (5) 0.047 (3) 0.0261 (4) 1

0@3) 4e 0.692 (1) 0.306 (1) 0.464 (2) 0.0260 (4) 1

@ Springer
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Isofield and isothermal magnetization

The microstructure of Sm,NiMnOg was studied using the
HRTEM as shown in Fig. 3(a and b). The Sm,NiMnOg
nanoparticles obtained has an average particle size of about
60 nm. Furthermore, the lattice parameters were found to
be about 0.369 nm as shown in Fig. 3(c). It also suggests
that the orientation of Sm;NiMnOg nanocrystallite is along
the (110) plane. The results obtained from HRTEM are
consistent with the analysis noted down from the diffrac-
tion pattern of XRD. The polycrystalline nature of
Sm,NiMnOg nanoparticles has been confirmed from the
SAED as shown in Fig. 3(d).

The temperature-dependent ZFC and FC magnetiza-
tion measurements were carried out for SmyNiMnOg
nanoparticles as shown in Fig. 4(a). It can be seen that
below 150 K, ZFC and FC curves bifurcate, and the

bifurcation point is termed as irreversible temperature
(Tiyr). The occurrence of combination of irreversible
temperature with two anomalous peaks points towards
the formation of frustrated FM phase in SmyNiMnOg
nanoparticles at low temperature, which changes to
paramagnetic phases on increasing the temperature
above the Curie temperature. Two magnetic Curie tran-
sitions (T¢y = 141 K, T, =67 K) corresponding to these
broad maxima surfaced in the ZFC curve alongside its
subsequent 7, =152 K in the FC curve. Such kind of
behavior confirms the presence of ferromagnetism in the
short range coupled with a paramagnetic behavior in the
long range (Lekshmi et al. 2013). The dM/dT vs T plot
from Fig. 4(b) shows the magnetic transition minima of
the curves extracted from the derivative curves of the
ZFC measurement. This spin ordering at low tempera-
tures might be due to the spin reorientation caused by

Fig. 3 HRTEM images. a 100 nm. b 50 nm. ¢ Lattice distance indexed. d SAED pattern of the synthesized SmyNiMnQOg with its

corresponding (h k 1) values

@ Springer
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the uncompensated magnetic spins, which contributes to
the weak ferromagnetic interactions. The magnetic field
dependence of magnetic moments at 300 K and 5 K
confirms the dominance of a weak ferromagnetic be-
havior at low temperatures as shown Fig. 4(c).

This weak ferromagnetic interaction at low tempera-
tures might be due the valence fluctuations in the mag-
netic ordering of Ni**~O—-Mn** as complemented by the
calculated BVS from the X-ray diffraction pattern. This
is analogous to the decrease in magnetization at low
temperatures observed from the FC curves. Previous
reports commend on the similar behavior in the Sm-
and Nd-based Re,NiMnOg systems, where the spin-
orbit coupling inherent to the Mn—Ni matrix surround-
ing the R atoms could be due to the presence of
magnetocrystalline anisotropy or the anti-site defects.
Henceforth, the Sm®" magnetic moment contribution is
correlated with the magnetic ordering induced by the
spin-orbit coupling phenomenon (Zhang et al. 2011;
Yang et al. 2012). Besides the two magnetic transitions,
a minor magnetic cusp can be observed from the ZFC
curves at 10 K as shown in the Fig. 4a inset.

Magnetic phase transition

Full-range (30-170 K) isothermal measurement has been
plotted as shown in Fig. 5(a) for studying the
magnetocaloric effect in SmyNiMnQg. In order to deter-
mine the order of magnetic phase transition occurring at
the two magnetic transition (7 = 141 K, T, =67 K), the
magnetic isotherms were plotted between 170 and 130 K
and 50 and 80 K successively as shown in Fig. 5(c and ).
From the second derivative of Maxwell’s equation,

(where, € = T}—T is the dimensionless measure of tem-

perature (7) in relation to critical transition temperature
(T,), “a” and “b” are material parameters), the corre-
sponding Arrott plots (H/M vs M?) were plotted as
depicted in Fig. 5(b, d, and f).

The Arrott plot corresponding to the Ty, low-
temperature regime shows a non-linear variation, which
gives a negative slope, and that corresponding to the 7y
temperature regime shows a linear variation with a positive
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slope. It can be inferred from the Banerjee criterion that the
former indicates the first-order magnetic phase transition
and the latter presents a second-order transition. The major
role of ferromagnetic interaction in Sm,NiMnOg because
of the superexchange interaction between Ni-O—Mn can

K
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Fig. 5 Isothermal magnetization (M (emu/g)) vs magnetic field

(H (Oe)) curves in the temperature range of a 30-175 K, and ¢ 50—
80K, and e 130-170 K. Arrott plots of SmyNiMnOg nanoparticles

be confirmed from the linear fitting line cutting across in
the positive x-axis from the positive slopes of the Arrott
plot (Booth et al. 2009; Shi et al. 2011; Snchez-Benitez
et al. 2011). The superexchange interaction occurs
mainly between half-filled e, electrons of Ni and
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Mn, giving rise to ferromagnetic ordering (Das
et al. 2008). Generally, the complexity of the Sm
magnetism is given by anomalous magnetic ground
state of the Sm>* ion (Schmidt et al. 2015).

Magnetocaloric effect

The magnetocaloric properties of Sm,NiMnOg in the T
temperature have been investigated by the estimation of
magnetic entropy change (AS,,,) using the Maxwell relation
from the magnetic isotherms taken from 50 to 170 K. AS,,,
values determined from the magnetization—temperature
relation at various applied fields are given by

AS, (T, H) = I (66M> HdH

From the above equation, it can be noticed that the
values of (AS,,) depend on both values of M and (6M/
OT) H. From AS,,, vs T plot, the maximum entropy value
of 0.44 J kg 'K™! was obtained for the maximum ap-
plied field (1.5 T) as shown in Fig 6a. The relative
cooling power (RCP) value can be calculated using the

formula RCP =S X Tewin, Where RCP is another im-
portant factor for assessing the capacity of the material
to be used as a magnetic refrigerant. The RCP calculated
was ~20 J kg, and it depends not only on the magni-
tude of AS,, but also on the temperature dependence of
AS,,, which is the full width at half maximum of the AS,,
maxima as shown (Fig. 6b) in comparison tabulated in
Table 4. For an applied field, the change in entropy
increases with increase in temperature up to a certain
temperature, and then it decreases. The peak change in
entropy value decreases on increasing the applied field.
This suggests that on increasing the field, the frustrated
FM phase decreases its randomness.

Chakraborty et al. (2017b) have explained that variation
of AS,,, does not follow any common trend when compared
with M or per of the samples. The AS,, and RCP values
obtained for Sm,NiMnQOg are less than any other double
perovskite manganites. The value of AS,, (0.44 Jkg 'K ")
at 7. (Tc» = 141 K) is due to adiabatic magnetization of the
material, which can be well-suited as a magnetic refriger-
ant at cryogenic temperatures. The magnetic entropy
change is also correlated with the spin lattice coupling in
the presence of a magnetic field as it increases along the

Table 4 Comparison of entropy 7, (K) and RCP of the synthesized Sm,NiMnOg with the literature

Compound name T. (K) AS,, J/kg K @ H RCP J/kg References
Sm,NiMnOg 141 044@1.5T 20.1 This work

Y,>NiMnOg 81 29@2T 74.88 [1] Chakraborty et al. 2017a
Pr,NiMnOg 213 24@2T 41.35[1] Chakraborty et al. 2017a
Tb,NiMnOg 110 24@2T 5249 [1] Chakraborty et al. 2017a
Nd,NiMnOg 191 lL.1@2T 24.05[1] Chakraborty et al. 2017a
Dy,NiMnOg 101 34@7T 169 [27] Law et al. 2018
Ho,NiMnOg 93 3.7@7T 194 [27] Law et al. 2018
Er,NiMnOg 84 34@7T 169 [27] Law et al. 2018

@ Springer



J Nanopart Res (2020) 22:233

Page 9 of 10 233

applied field. The applied magnetic field and magnitude
of exchange interaction between Mn and Ni ions
play an important role in the values of the param-
eters related to the magnetocaloric effect (MCE).

The role of structural defect in the MCE can be
shown by the coercive field of this double perovskite.
The structural defects such as anti-phase boundaries
acting as domain pinning centers can be very important
in such highly anisotropic compounds. Here, the anti-
phase boundaries form a plane consisting of antiferro-
magnetic superexchange interaction between Mn and Ni
ions over oxygen ions in both B and B’ sites. This can be
confirmed when there is a shift in lattice, which is equal
to half a lattice parameter (Law et al. 2018; Kim et al.
2019). The external large magnetic entropy change may
be attributed to a large number of weakly interacting
spins. This inference indicates that the material is a
promising magnetocaloric refrigerant candidate for
low-temperature application and possibly could make
ultra-low temperatures easily achievable for most labo-
ratories as well as space applications.

Conclusion

Monoclinic double perovskite Sm,NiMnOg nanoparti-
cles synthesized via the solution combustion technique
were found to have valence fluctuations (Ni**—O—
Mn*") as observed from the BVS values calculated from
the Rietveld-refined XRD pattern, which contributed to
the short-range ferromagnetic behavior. Two magnetic
Curie transitions (7¢; =141 K, T, =67 K) were ob-
served exhibiting their respective second-order and first-
order magnetic phase transition from the Arrott plot,
revealing the long-range paramagnetic ordering of
spins. Furthermore, the magnetic entropy caused by
the adiabatic demagnetization of Sm,NiMnOg nanopar-
ticles was calculated to be 0.44 J kg' K' for the
maximum applied field (1.5 7) at 141 K, and its corre-
sponding magnetic refrigeration capacity was ~
20 J kg '. The suppressed magnetic entropy values
compared with the other rare-earth double perovskite
manganites were due to the dominance of short-range
ferromagnetic ordering of the magnetic spins along with
multiple orders of magnetic phase transition across the
10-170 K range. Yet, this is an interesting phenomenon
extending the scope of further exploring the wide range
of switching magnetic transition from low to high mag-
netic applied fields, which could be used in the case of

layered magnetic refrigeration. Furthermore, the com-
plementary magnetic dielectric and magnetic resistance
behaviors inherent to the SmNiMnOg could be consid-
ered as an excellent multifunctional material.
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