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ffect and Griffiths phase analysis
in a nanocrystalline Ho2NiMnO6 and Ho2CoMnO6

double perovskite

K. P. Shinde,a C. Hwang,a M. Manawan,b Y.-S. Choi,c S.-Y. Park,c Y. Jo,c S. Lee,a

D.-H. Kim*d and J. S. Park *a

Rare-earth double perovskite oxides have intriguing magnetocaloric properties at cryogenic temperatures.

In this study, Ho2NiMnO6 and Ho2CoMnO6 were synthesized using the sol–gel method, which crystallized

in amonoclinic structure in the P21/n space group. Themagnetic phase transition was observed at 81.2 K for

Ho2NiMnO6 and 73.5 K for Ho2CoMnO6. The presence of a paramagnetic matrix and short-range

ferromagnetic clusters causes magnetic disorder in these double perovskites, resulting in Griffiths phase

formation. The Arrott plot confirms that compounds undergo second-order phase transition. At an

applied magnetic field of 5 T, the maximum magnetic entropy change (−DS) for the studied compounds

is 1.7 and 2.2 J kg−1 K−1, respectively. The transition metals Ni and Co in a double perovskite cause

lattice distortion in the structural parameters and oxidation states of manganese (Mn3+/Mn4+), which

changes the magnetic and magnetocaloric properties. The quantitative approach provides a systematic

study of magnetocaloric properties of the rare earth double perovskite compounds with ferromagnetic

3d transition elements.
1. Introduction

Magnetic refrigeration is a cooling technology based on the
magnetocaloric effect (MCE), which has recently attracted much
attention because of its high conversion efficiency and envi-
ronmental friendliness.1–4 The MCE is dened as the magneto-
thermal response of a magnetic material arising due to the
coupling of the magnetic sublattice with the external magnetic
eld. The temperature of MCE materials increases or decreases
when we apply or remove the magnetic eld.5 So far, numerous
magnetocaloric materials have been explored for possible
applications in magnetic refrigeration (MR) at a wide range of
temperatures from ambient to liquid He temperature. The
various materials with a substantial MCE at low temperatures,
such as rare-earth based alloys,6–8 rare-earth amorphous
alloys,9,10 rare earth oxides,11,12 and double perovskites13–18 have
been extensively investigated over the years. Among them,
magnetic oxides are a class of materials that are being explored
for their potential applications in magnetic refrigeration
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technology, due to their high resistivity and low eddy current
loss. They are also attractive for fundamental studies, as they
are simple to prepare and chemically stable.19,20 However, in the
literature it was reported that the adiabatic temperature change
of magnetic oxides is limited by their relatively high heat
capacity.21

On the other hand, the rare-earth based double perovskite
(DP) compounds having the general formula A2B

′B′′O6 (A = rare
earth metal, B′ = di-valent transition metal, B′′ = tri-valent
transition metal, O = oxygen) are discovered to have a variety
of remarkable properties, including ferroelectricity, half-
metallic transport, piezoelectricity, magnetic ordering, and
a large MCE.22–24 By carefully selecting and combining the
constituent ions, it is possible to realize various exciting prop-
erties based on changes in the ionic radii and electronic
congurations of B′ and B ions.25 Among the double perovskite
families, R2MMnO6 (R = rare earth element, M = Ni, Co) has
recently attracted substantial interest due to its controllability
of magnetic and electronic properties.26,27 These DP compounds
contain Co2+ ions with electronic conguration d7 tse2g and
Mn4+ with electronic conguration d3 t2g

3 e0g, which exhibit
ferromagnetic ordering due to Co2+ and Mn4+ superexchange
interactions.28,29 These types of DP compounds are mostly
ferromagnetic and insulating, with the formation of ferromag-
netic cluster. The evolution of a Griffiths-like phase is observed
in the paramagnetic region for some cases. Due to the antisite
disorder in this type of DP, antiferromagnetic ordering has also
been observed at lower temperatures. In some compounds,
RSC Adv., 2023, 13, 9099–9108 | 9099
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anti-parallel ordering of Co2+/Mn4+ and R3+ spins have also been
observed, resulting in antiferromagnetic state at low tempera-
ture. Among the various rare-earth based DP materials, Ho2B

′B′

′O6 is relatively less studied compound.13,15,17,22 However
holmium, with its high magnetic moment and smaller ionic
radius compared to other rare-earth elements, could be an
intriguing element for A-site in determining structural and
magnetic properties of DP materials system.

It is known that non-Ho DP compounds, such as Gd2NiMnO6

and Gd2CoMnO6 exhibits signicant MCE at low temperatures,
with – DS values of 35.5 J kg−1 K−1 and 24 J kg−1 K−1, respec-
tively, for H = 0–7 T.30 In a study by Zhang et al.31 cryogenic
magnetic properties and magnetocaloric effect in Pr2NiMnO6

and Pr2CoMnO6 compounds, reporting the second-order phase
transition with −DS values of 3.15 at 208 K and 3.91 J kg−1 K−1

at 170 K under an applied eld of 7 T. In our previous work,32 we
reported that the varying the B-site in double perovskite mate-
rials prepared by solid-state reaction with different transition
metal elements results in variation of Curie temperature. Li
et al.33 recently published a study on the effect of B′-site ordering
on magnetocaloric and critical behavior in Nd2BMnO6 with B =

Ni and Co. It should be mentioned that the preparation
conditions highly inuence the microstructure of the DP
materials, with determination of related physical properties of
DP materials.34 Recently, magnetocaloric properties in distorted
double perovskite due to different ionic radius of rare earth
elements in RE2NiTiO6 have been reported. It was found that in
case of Gd2NiTiO6 compound MCE properties are better than
other two compounds.35 The transition temperature and mag-
netocaloric effect can be enhanced by substituting non-
magnetic Ti3+ ion in Gd2CoMnTiO6 compound by Zheng
et al.36 It was found that MCE enhanced from 16.64 J kg−1 K−1 to
27.16 J kg−1 K−1 under DH= 6 T at cryogenic temperature. Patra
et al.37 reported the synthesis of Ho2CoMnO6 nanorod by using
hydrothermal route and magnetocaloric effect gives a change in
entropy value of 12.4 J kg−1 K−1 at low temperature for 7 T.

Here, we report the fabrication of nanocrystalline Ho2-
NiMnO6 and Ho2CoMnO6 compounds using the sol–gel
method. The structural, magnetic, andmagnetocaloric behavior
have been systematically investigated, where the Griffiths phase
(GP) behavior and rst-/second-order phase transition behavior
are intensively explored.

2. Experimental

Double perovskite Ho2NiMnO6 (HNMO) and Ho2CoMnO6

(HCMO) were synthesized using the sol–gel method. The stoi-
chiometric amounts of high purity Ni(NO3)2$6H2O, Co(NO3)2-
$6H2O, and Mn(NO3)2$xH2O from Sigma Aldrich were dissolved
in distilled water. The trivalent rare earth Ho2O3 oxide was
dissolved in concentrated nitric acid along with few drops of
oxalic acid. In the metallic salt mixture, an appropriate amount
of citric acid and ethylene glycol is added, and the solution pH
is maintained to 8 using ammonia. The nal mixture was kept
on the hot plate at 80 °C with constant stirring for 4 h to get
a homogeneous gel. The temperature of hot plate was increased
to 100 °C to burn the gel to get the nal product in the form of
9100 | RSC Adv., 2023, 13, 9099–9108
powder. The resulting powders were grounded mechanically
and sintered at 1200 °C for 48 h. The phase purity of the
prepared compounds and crystal structures were conrmed
using powder X-ray diffraction (PXRD) with Cu-Ka radiation at
room temperature by using the Bruker D8 Advance diffrac-
tometer. The high-resolution transmission electron microscopy
(HRTEM) studies were carried out with a HITACHI HF 5000
electron microscope. The magnetic properties were measured
by using the Magnetic Properties Measurement System (MPMS,
Quantum design). The temperature-dependent magnetization
curve was measured in FC (eld cooling) and ZFC (zero eld
cooling) mode at an applied magnetic eld (H= 100 Oe, 500 Oe,
1000 Oe, and 10 000 Oe) in a temperature range of 2–200 K. The
temperature dependence of magnetization isotherms were
recorded with 3 K steps in the 0–5 T range around the Curie
temperature (TC) for each compound to estimate magnetic
entropy change.
3. Results and discussion

The X-ray diffraction (XRD) patterns for Ho2NiMnO6 (HNMO)
and Ho2CoMnO6 (HCMO) powder compounds are illustrated in
Fig. 1(a and b). The crystallographic information of the present
compounds has been extracted by Rietveld renement using the
Topas soware and structural analysis soware VESTA.38,39 The
XRD analysis conrms that the HNMO and HCMO compounds
crystallize in amonoclinic structure with space group P21/n. The
renement parameters such as Rexp, RWP, GoF, lattice constant,
volume, bond angle, and bond length for both compounds are
summarized in Table 1. It is conrmed that determined
parameters are in good agreement with the literature.40,41 The
peak located at 2q = 29.2° corresponds to the impurity phase of
Ho2O3, and the impurity phase contributions are approximately
10.35 and 7.63 wt% for HNMO and HCMO, respectively. NiO
weak impurity phase is observed as well in case of HNMO
compound. The impurity phases of rare-earth oxides exist
particularly in DP compounds prepared by sol–gel method as
reported by Zhang et al.42 Inset of Fig. 1 shows the three-
dimensional atomic arrangement of the monoclinic structure
of HNMO and HCMO. The octahedral structure of CoO6/NiO6

andMnO6 are shared in such a way to form the alternate layer in
a unit cell of double perovskite as seen in the gure. The octa-
hedron tilt angle and the perovskite structure stability change
with the difference in the radius of the A and B/B′ metal ions in
double perovskite.43 To conrm the presence of the double
perovskite structure and the degree of distortion from the ideal
cubic structure, we have calculated the Goldschmidt tolerance
factor given by the following formula.

t ¼ rO þ rAffiffiffi
2

p �
rO þ ðrB þ rB0 Þ

2

� (1)

where the rA, rB, and rB′ are the ionic radii of A, B, B′, and O ions,
respectively. The t values of HNMO and HCMO determined by
using the eqn (1) are 0.869 and 0.878, respectively. The tolerance
factor less than 1 indicates that the ionic radius of A-site cation
in DP is smaller, which causes stress in structure,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 List of parameters obtained from Rietveld refinement of
HNMO and HCMO powder XRD pattern and tolerance parameter

Ho2NiMnO6 Ho2CoMnO6

Space group P21/n P21/n
Cell mass (g mol−1) 1078.98 1079.46
Cell volume (Å3) 215.13 214.37
Crystal density (g cm−3) 8.33 8.36
Lattice parameters
a (Å) 5.2102 5.2016
b (Å) 5.5293 5.5370
c (Å) 7.4677 7.4431
b (°) 90.115 89.981
Bond angle (°)
M–O1–Mn 147.6 147.5
M–O2–Mn 145.3 145.2
M–O3–Mn 149.7 149.5
Av. bond length (Å)
M–O 1.99 2.07
Rexp (%) 1.10 0.77
Rwp (%) 3.98 2.38
GoF 3.61 3.11
t 0.869 0.878
meff (mB) cal. 15.00 15.41
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correspondingly resulting in the change in the bond length or
octahedral tilting.44

Fig. 2(a and b) shows the transmission electron microscope
images for HNMO and HCMO compounds. The particles size
and shape are not uniform due to high-temperature sintering
process. From these images, the nanocrystalline nature of
prepared DP compounds is conrmed to have a particle size of
about 50–200 nm. The selected area electron diffraction (SAED)
pattern for HNMO and HCMO compounds shown in Fig. 2(c
and d), exhibits ordered spot diffraction patterns with bright
spots at regular positions, evidencing their nanocrystalline
nature.

The temperature-dependent magnetization was measured in
zero-eld cooled (ZFC) and eld cooled (FC) mode as shown in
Fig. 3(a and b) for the HNMO and HCMO at different magnetic
elds ofH= 100, 500, 1000, and 10 000 Oe. In ZFCmode sample
was cooled down in the absence of a magnetic eld from 300 K
to 2 K, and measurement was taken in heating, while in FC
mode, the magnetic eld was applied, the sample was cooled
from 300 K to 2 K, and measurement was taken in heating. The
behavior of M–T plots indicates the paramagnetic (PM) to the
Fig. 1 Room temperature XRD patterns with Rietveld refinement
analysis for (a) Ho2NiMnO6 (b) Ho2CoMnO6. Insets: crystal structure of
corresponding compounds.

meff (mB) theo. 15.73 15.95

© 2023 The Author(s). Published by the Royal Society of Chemistry
ferromagnetic (FM) phase transition at the Curie-temperature
(TC) which can be determined precisely from the rst deriva-
tive of the magnetization curve (dM/dT). The determined values
of TC are 81 K and 73 K for HNMO and HCMO, respectively, and
slightly lower than the reported values in the literature.16,22 The
observed divergence between the FC and ZFC curves in HNMO
and HCMO was like previous reports on double perovskite
compounds, which is considered to be due to the magnetic
frustration present in the compounds at a low magnetic eld.
This magnetic frustration occurs due to the mixed oxidation
states of the Mn3+/Mn4+ cations present in the compound. As we
increase an applied magnetic eld, divergence in ZFC and FC is
reduced due to the spin reorientation process, reducing, in
turn, the magnetic frustrations present in the compounds. It is
evident that the magnetic susceptibility in the paramagnetic
phase follows the Curie–Weiss law, the magnetic susceptibility

c ¼ C
T � q

, where C represents the Curie constant and q is the

Curie–Weiss temperature. The inset of Fig. 3(a and b) shows the
temperature dependence of inverse magnetic susceptibility with
Curie–Weiss tting. The experimental value of effective
moment in paramagnetic region allows us to calculate mexpeff in
the unit of Bohr magneton by using the following equation:45

m
exp
eff ðmBÞ ¼

�
3CkB

NamB
2

�1=2

¼
ffiffiffiffiffiffiffi
8C

p
(2)

where Na and kB represent Avogadro number and Boltzmann
constant, respectively. The estimated value of experimental
paramagnetic moment was found to be 15.0 and 15.4 mB/f.u for
HNMO and HCMO, respectively. The calculated effective
magnetic moments are in good agreement with the theoretically
calculated values given by using the following equation:46
RSC Adv., 2023, 13, 9099–9108 | 9101
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Fig. 2 (a and b) Transmission electron microscope images (c and d) selected area electron diffraction (SAED) patterns of HNMO and HCMO
compounds.
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m
exp
eff ðmBÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� meff

2
�
Ho3þ�þ meff

2
�
Ni2þ

�þ meff
2
�
Mn4þ�q

(3)

where the effective paramagnetic moments for meff(Ho3+) = 10.6
mB, meff(Ni

2+)= 2.83 mB, meff(Co
2+)= 3.87 mB, meff(Mn4+)= 3.87 mB.

The calculated mTheoeff (mB) values are 15.73 mB and 15.95 mB for
HNMO and HCMO, respectively. It is worth noting that the
values obtained from experiments are highly consistent with
the theoretical predictions.

It is observed that there is a deviation in the paramagnetic
region, indicated by the downturn in the c−1 vs. T curve. This
deviation is characteristic of the Griffiths phase that exists
between the disordered paramagnetic phase and the ordered
ferromagnetic phase. Both HNMO and HCMO compounds
show the presence of the Griffiths phase. The evolution of such
phase in Ho2NiMnO6 was reported by Bhatti et al.29 and our
previous work. The GP follows a power law,

c−1 = (T − TR
C)

1−l (4)

where TRC is the random critical temperature and l is the
magnetic susceptibility exponent which lies between 0 # l #

1.47,48 The double logarithmic plot of c−1 vs. (T -TRC) is shown in
Fig. 3(c and d) for HNMO and HCMO compounds. The
9102 | RSC Adv., 2023, 13, 9099–9108
exponent l is a measure of the deviation from the Curie–Weiss
law. The accurate choice of TRC is essential for the accurate
determination of exponent l. The value of TRC was found to be
consistent, since TRC is recognized as the temperature for which
tting the data in the PM region yielded a l value of nearly
zero.49 The lGP is estimated as 0.988 and 0.991 for HNMO and
HCMO, respectively, while lPM is 0.064 and 0.005 from the
linear portion of the curve at the applied magnetic eld of 100
Oe. The larger values of lGP (∼1) implies the Griffiths
singularity.

The temperature-dependent magnetization M (H) curves
with DT = 3 K around their TC with an applied magnetic eld of
0–5 T for HNMO and HCMO are illustrated in Fig. 4(a and b).
TheseM (H) data have been used to evaluate the magnetocaloric
effect and the order of the magnetic phase transition. The
magnetization curves show non-linear behavior, where, above
TC, linear behavior is observed, implying typical characteristics
of ferromagnetic materials at nite temperatures due to
thermal agitation disorienting the magnetic moments. The
nature of the magnetic phase transition has been studied by
analyzing the Arrott plots (M2 vs. H/M) from M–H measure-
ments, as shown in Fig. 4(c and d) for HNMO and HCMO
compounds. According to Banerjee's criterion, a positive slope
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a and b) M–T FC-ZFC curves at various applied magnetic fields. Inset shows magnetic inverse susceptibility (c−1) as a function of
temperature (T) underH= 100Oe. Solid red line denotes Curie–Weiss fitting (C–W) for HNMO andHCMOcompounds. (c and d) Log–log plot of
c−1 and (T/TRC − 1) for inverse susceptibility measured at H = 100 Oe by following the eqn (4).
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corresponds to the second-order magnetic transition, while
a negative slope corresponds to the rst-order magnetic tran-
sition.50 From Fig. 4(a) and (b), the positive slopes without
inection in the low and high eld regions are observed, indi-
cating that the samples in the present study undergo the second
order FM–PM phase transition.

The total entropy in a system consist of isothermal magnetic
entropy (Sm), lattice entropy (Slat), and electronic entropy (Sele)
and is given as,

S = Sm + Slat + Sele (5)

The contributions of lattice and electronic entropy are
considered to be negligible, hence, the total entropy can be
approximated as the isothermal entropy change (DS), which can
be estimated from the magnetization isothermsM (H, T) shown
in Fig. 4(a and b). Based on the thermodynamic theory, the
isothermal eld-induced magnetic entropy change (DS) from
0 to Hmax can be calculated by using the relation:12–15

DSðT ;HÞ ¼ SMðT ;HÞ � SMðT ; 0Þ ¼
ðH
0

�
vs

vH

�
T

dH (6)

The relationship between entropy and magnetization can be
obtained by using the Maxwell equation (vS/vH)T = (vM/vT)H,
then eqn (6) becomes,
© 2023 The Author(s). Published by the Royal Society of Chemistry
DSðT ;HÞ ¼
ðH
0

�
vM

vT

�
H

dH (7)

Fig. 5(a and b) shows the temperature dependence of
magnetic entropy change (DSM) calculated at different applied
magnetic elds from 1 to 5 T for HNMO and HCMO
compounds. Both compounds show similar behavior in MCE
curve, –DSM value reaches a maximum DSMax, near the transi-
tion temperature (TC) at low applied elds, and it increases with
respect to H due to the improved ferromagnetic interactions.
The calculated –DSMax around 86 K, and 77 K are 1.7 and 2.2 J
kg−1 K−1 for HNMO and HCMO samples, respectively, at DH =

0 – 5 T. There might be a room for enhancementmagnetocaloric
properties at cryogenic temperatures, while it should be
mentioned that the HNMO and HCMO samples in the present
study are prepared by sol–gel method with nanocrystalline
features. The magnetocaloric properties for studied HNMO and
HCMO, along with other double perovskite compounds, are
tabulated in Table 2. The comparison of −DS values shows
signicant difference in values for HNMO whereas, in the case
of HCMO, it is increased slightly. The TC values are different
from our previous report as well as values reported by Chakra-
borty et al.15 The differences in isothermal entropy change
between studied samples with the literature is associated with
the mass density, homogeneity, and quantitative relations
RSC Adv., 2023, 13, 9099–9108 | 9103
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Fig. 4 (a–d) Isothermal magnetization curves and Arrot plots (M2 vs. H/M) at a various temperature in the vicinity of TC with DT = 3 K for HNMO
and HCMO compounds.
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between used reactants in the sample synthesis which are
responsible for change in crystallite size and particle size. With
decreasing crystallite size there is suppression of TC, magneti-
zation, and magnetic entropy change reported by Phan et al.51

The shape of – DS curves is symmetric around TC while it is not
exactly symmetric in literature,14 leading to the difference in –

DS peak and – DSMax values. The calculated values of – DSMax are
Fig. 5 Temperature dependence of magnetic entropy changes under d

9104 | RSC Adv., 2023, 13, 9099–9108
plotted as a function of H as shown in Fig. 6. It is clearly
observed that DSMax is proportional to an applied magnetic
eld.

Another method was used for crosscheck to determine the
order of magnetic phase transitions. The eld dependence of –
DS of the sample is determined by utilizing the relation DSMax =

aHn, where a is constant and “n” is an exponent related to the
ifferent magnetic fields for (a) HNMO (b) HCMO compounds.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 ble 2Comparison of MCE properties of HNMO and HCMO
with other rare earth based double perovskite compounds

Compound TC (K) DH (T) −DSMax (J kg
−1 K) References

Ho2NiMnO6 81.2 5 1.7 Present
Ho2CoMnO6 73.5 5 2.2 Present
Ho2NiMnO6 71.5 5 3.1 32
Ho2CoMnO6 69 5 1.8 32
Ho2NiMnO6 86 5 6.4 15
Ho2CoMnO6 8 5 8.7 17
Nd2NiMnO6 156 5 2.9 33
Nd2CoMnO6 199 5 2.7 33
Pr2NiMnO6 208 7 3.15 24
Pr2CoMnO6 170 7 3.91 24
La2NiMnO6 260 3 0.98 56
La2CoMnO6 225 5 1.2 57
Eu2NiMnO6 143 5 3.2 13
Gd2NiMnO6 130 5 3.8 13
Tb2NiMnO6 112 5 3.5 13

Fig. 6 The DSMax values at a different magnetic field of HNMO and
HCMO compounds fitted with a function DSMax = a×Hn, the values of
exponent “n” are labeled in the figure.

Fig. 7 Temperature dependence of N (T, H) curves for (a) HNMO and (b

© 2023 The Author(s). Published by the Royal Society of Chemistry
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magnetic order. Fig. 6 depicts – DSMax with respect to the
magnetic eld along with power law tting, and the resulting
values of “n” are 1.01 and 1.10 for HNMO and HCMO
compounds, respectively, which are higher than the reported
values (n = 0.67) for mean eld ferromagnetic materials.12 The
magnetic order can be analyzed from the equation DSMax f Hn,
where the value of n depends on magnetic eld and tempera-
ture, which can be calculated as follows:52–55

NðT ;HÞ ¼ dlnjDSðT ;HÞj
dlnðHÞ (8)

Fig. 7(a and b) shows temperature dependence of N (T, H) at
different magnetic eld variation DH with 1, 2, 3, 4, and 5 T for
HNMO and HCMO compounds. The overshoot of N (T, H) value
above 2 in case of HCMO compound at lower temperature
region conrms the presence of FOMT in the compound along
with SOMT while in case of HNMO compound N (T, H) below
the value 2 is conrming SOMT present in the compound. The
shape of the N (T,H) curves also indicates the FM–PM transition
separated by the minimum around the Curie temperature.
According to mean eld theory (MFT), for long-range ferro-
magnet, at T= TC,N tends to be theminimum value equal to 2/3
and n = N (TC), while it tends to be 1 and 2 as T � TC and T [

TC, respectively. The observed values of n near TC are 1.03 and
1.15 for HNMO and HCMO, respectively, which are higher than
MFT values, conrming the presence of the short-range
magnetic order in these compounds. The experimentally
determined values of n and N (T, H) at T = Tc suggest that both
the HNMO and the HCMO experienced the second-order
magnetic phase transition.
4. Conclusions

In summary, nanocrystalline double perovskite HNMO and
HCMO were successfully synthesized by the sol–gel method.
The Rietveld renement revealed the formation of DP with
space group P21/n, having a monoclinic crystal structure, along
with the secondary phase of Ho2O3. The transmission electron
) HCMO compounds at different magnetic field.

RSC Adv., 2023, 13, 9099–9108 | 9105
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micrographs conrmed the formation of agglomerated nano-
crystallites with particle size in the range of 50–200 nm. The
calculated effective magnetic moments are consistent and close
to theoretically predicted values. The downturn behavior in the
inverse of magnetic susceptibility indicates the existence of the
Griffiths phase, which has been further conrmed by the power
law analysis. This feature arises in DP due to B-site lattice
distortion, which originates from the smaller radius of the rare
earth Ho atom. It is observed that both compounds show
maximumMCE around TC. The maximum values of – DS are 1.7
J kg−1 K−1 for Ho2NiMnO6 and 2.2 J kg−1 K−1 for Ho2CoMnO6 at
H= 50 kOe. The Arrott plot conrms the second-order magnetic
phase transition present in both compounds, also consistent
with the analysis of magnetic order parameters n and N (T, H),
implying the short-range magnetic order present in the studied
compounds.
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