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A B S T R A C T

Magnetic refrigeration technology (MRT) leverages the magnetocaloric effect (MCE) to deliver an innovative,
energy-efficient, and eco-friendly cooling solution. The primary challenge in advancing MRT lies in optimizing
materials with a robust MCE and developing practical systems for widespread refrigeration and cooling appli-
cations. In this study, a double perovskite-structured Gd2FeCrO6 (GDFCO) compound is synthesized following the
conventional sol–gel technique and its structural, microstructural, and magnetocaloric properties are examined.
The X-ray diffraction (XRD) analysis along with Rietveld refinement, confirms the presence of two coexisting
phases, monoclinic structure with P21/n space group (90.94 %) and minimal amount of trigonal structure with
R3 c space group (9.06 %). The average crystallite size, determined from the Williamson-Hall plot, is ~ 120 nm.
Field Emission Scanning Electron Microscopy (FESEM) image reveals a homogeneous microstructure with nearly
spherical shapes, while Energy Dispersive X-ray Spectroscopy (EDS) verifies the presence and correct proportion
of required elements. The compound exhibits two magnetic transition temperatures, with TN1 occurring at ~ 220
K and TN2 at ~ 6 K. Arrott’s plot conforms to the second-order phase transitions (SOPT). A remarkable mag-
netocaloric effect (MCE) was observed, with a maximum entropy change (− ΔSM) ~ 38.6 J/kg K and relative
cooling power (RCP) ~ 418 J/kg at 4 K with applied magnetic fields of 0–70 kOe. These findings indicate that
GDFCO can be a better material for cryogenic magnetic refrigeration, with the potential to advance the field of
magnetic cooling technology.

1. Introduction

The rapid industrial growth and the rise in global population have
led to growing demand for efficient and sustainable cooling technologies
[1,2]. Magnetic refrigeration, an emerging technology in the field of
cooling systems, offers a promising alternative to traditional gas-
compression based refrigeration that relies on volatile refrigerants,
which contribute to global warming and ozone depletion. Magnetic
refrigeration utilizes solid-state materials, eliminating the need for
harmful gases and potentially improving energy efficiency [3,4]. The
solid-state approach not only reduces environmental impact but also
offers the possibility of quieter, more reliable, and compact cooling
systems. Magnetic refrigeration exploits the magnetocaloric effect
(MCE), a phenomenon where certain materials experience, entropy or
temperature change when exposed to varying magnetic fields [5].

However, a considerable gap persists between the laboratory develop-
ment of these materials and their practical applications. As a result, the
search and design of suitable magnetocaloric materials continue to be
the primary objectives in this field. Among the various classes of mag-
netocaloric materials, rare-earth based double perovskite oxides have
garnered considerable attention owing to their diverse physical and
chemical properties [1,6–9]. These materials exhibit unique character-
istics such as magnetic field-induced metamagnetic transitions, multi-
ferroic behaviour, temperature-induced magnetization reversal, and
significant magnetocaloric effects (MCE), making them highly prom-
ising for advanced technological applications, particularly in magnetic
refrigeration [7,10–19]. The chemical formula of the double perovskites
is denoted by the RE2BB’O6, where RE represents a rare-earth element, B
and B’ are two distinct transition metal cations [20,21]. Due to the broad
selection of B and B’ cations available across the periodic table, the
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electronic structure, and magnetic properties of these materials can be
precisely tuned [12,20–24].

Recently, rare-earth based single and double perovskites have
attracted much attention for their better magnetocaloric properties,
offering great potential for advancing magnetic refrigeration technol-
ogy. Wang et al. reported excellent magnetocaloric effects (MCE) in
GdCrO3 and DyCrO3 compounds with maximum entropy change (ΔSM)
~ 39.9 J/kg K and 15.9 J/kg K, and maximum adiabatic temperature
change (ΔTad) ~ 18.18 K and 10.58 K, respectively, under a 50 kOe
applied magnetic field. They also achieved the corresponding refrigerant
capacity (RCP) values ~ 373.4 J/kg and ~ 276 J/kg, respectively for
GdCrO3 and DyCrO3 compounds [25]. In another study on Ho2CrMnO6
and Er2CrMnO6 compounds, ΔSM~ 11.03 J/kg K and 12.94 J/kg K were
achieved with RCP values of 322.7 J/kg and 277.5 J/kg, respectively
across a magnetic field range of 0–7 T [26]. Prusty et al. synthesized the
Dy1-xGdxMnO3 (0 ≤ x ≤ 1) compositions and examined their structural,
electronic, and magnetocaloric properties. Their study revealed that
increasing the Gd concentration led to a significant enhancement in the
magnetocaloric properties of these compounds. They reported that the
maximum entropy change was almost two times ~ 15.35 J/kg K in
Dy0.5Gd0.5MnO3 composition as compared to that of the pristine com-
pound, where ΔSM ~ 7.48 J/kg K was achieved. The RCP value for
Dy0.5Gd0.5MnO3 compound was ~ 307 J/kg, whereas it was ~ 174 J/kg
for the DyMnO3 sample at 9 T magnetic field [27]. Shi et al. also high-
lighted the enhancement of magnetocaloric properties in ErCrO3
composition through Gd substitution at the A-site. They observed that
ΔSM increased from 10.7 J/kg K in ErCrO3 to 27.6 J/kg K in
Er0.33Gd0.67CrO3, while RCP values increased from 416.4 J/kg to 531.1
J/kg, respectively under 7 T applied magnetic field [28]. Murthy et al.
conducted a comparative study of the magnetocaloric effect in
Gd2BMnO6 (B = Ni and Co) compounds, observing ferromagnetic
ordering at 130 K and 112 K, with the maximum entropy changes ΔSM~
35.5 J/ kg K and ~ 24 J/kg K in Gd2NiMnO6 and Gd2CoMnO6, respec-
tively [29]. These findings demonstrate that Gd substituted or Gd-based
compounds exhibit significant magnetocaloric effect due to the large
magnetic moment associated with Gd3+ (7 µB) and quenched orbital
momentum. Thus Gd-based perovskites are promising candidates for
next-generation magnetic refrigeration technologies.

In particular, R2FeCrO6 compounds exhibit captivating magnetic
properties due to the coexistence of two transition metal ions, Fe3+ and
Cr3+ [30,31]. Based on the Goodenough-Kanamori rules, these com-
pounds are anticipated to exhibit ferromagnetic order due to the 180◦

superexchange interaction between Fe3+ and Cr3+ ions connected by
oxygen [32,33]. This theoretical prediction is supported by numerous
studies, including the exploration of multiferroic properties in com-
pounds like Bi2FeCrO6 and Pr2FeCrO6 [34,35]. Notably, R2FeCrO6
compounds (R = La, Nd) have demonstrated temperature-induced
magnetization reversal and magnetic switching effects, while
Y2FeCrO6 nanocrystals have shown a significant magnetodielectric ef-
fect [36,37]. A remarkable magnetization reversal of –12 emu/mol,
accompanied by a high compensation temperature (TCOMP) of ~ 192 K,
along with sign reversal in both conventional and spontaneous exchange
bias fields was obtained by Patra et al. [38]. Further investigations on
Dy2FeCrO6 revealed a magnetic transition from paramagnetic to anti-
ferromagnetic state, with Néel temperature (TN) of 15.5 K, and the
corresponding magnetocaloric properties characterized by a change in
ΔSM of ~ 12.64 J/kg K and RCP value of ~ 241.4 J/kg under a 5 T
magnetic field [11]. Huang et al. studied the Tb2FeCrO6 oxide and
observed the magnetocaloric effects with ΔSM and RCP values of ~ 12.9
J/kg K and ~ 341.4 J/kg, respectively under 7 T magnetic field [39].
Bhuyan et al. developed Gd2FeCrO6 nanomaterial and obtained the
absence of a sharp magnetic transition, indicating a lack of long-range
magnetic ordering between Fe3+ and Cr3+ ions. They also carried out
the first principles calculations on Nd2CrFeO6 and Gd2FeCrO6 com-
pounds and predicted the ferrimagnetic nature of these materials
[40–42]. These studies highlight the diverse and complex magnetic

behaviour in the R2FeCrO6 double-perovskites family, sparking signifi-
cant interest in their potential applications in magnetocaloric, spin-
tronics, and other advanced magnetic technologies. Despite the
promising attributes of R2FeCrO6 double-perovskites, the magneto-
caloric effect (MCE) of these materials remains largely unexplored
which offers an exciting opportunity for future research.

The intriguing magnetic properties of Gd-based double perovskites
motivated us to study these materials. Therefore, in this study, the
Gd2FeCrO6 compound was synthesized using the conventional sol–gel
method, and its structural and magnetic properties were investigated,
with a particular focus on the magnetocaloric effect, in an effort to
further advance the development of materials for cryogenic magnetic
refrigeration application.

2. Experimental procedures

2.1. Sample preparation

The Gd2FeCrO6 (GDFCO) sample was prepared through the con-
ventional sol–gel method. High-purity chemicals, including Gadolinium
Nitrate Hexahydrate (Gd(NO3)3⋅6H2O, 99.90 %), Chromium Nitrate
Nonahydrate (Cr(NO3)3⋅9H2O, 99.00 %), and Iron Nitrate Nonahydrate
(Fe(NO3)3⋅9H2O, 99.00 %), and were precisely measured in their stoi-
chiometric ratios (2 mmol: 1 mmol: 1 mmol), respectively and each
chemical was dissolved separately in 20 ml of de-ionized water under
continuous stirring at room temperature for 30 min. All the solutions
were mixed in a single beaker and stirred for an additional 30 min until a
clear, transparent brown solution was obtained. Citric acid (CA) and
ethylene glycol (EG) were dissolved in deionized water in separate
beakers and stirred continuously for 10 min to ensure complete disso-
lution. Subsequently, the solutions were gradually added dropwise to
the metal precursors solution, maintaining a molar ratio of 1:1:4
(metals: CA: EG). The resulting solution was stirred at 80 ◦C for 6 h to
create a homogeneous brown gel. The gel was dried at 120 ◦C for 12 h to
yield a brown fluffy mass in a hot air oven. The fluffy mass was ho-
mogenized into the powdered form and calcined at 800 ◦C for 6 h. The
calcined powder was again milled and compressed into uniform cylin-
drical pellets of 1.5 mm thickness using hydrostatic pressure. These
pellets were sintered at 1200 ◦C for 24 h and gradually cooled to room
temperature. After sintering, the pellets were finely ground for subse-
quent characterization. The schematic representation of the whole
synthesis process of the GDFCO compound is shown in Fig. 1.

2.2. Characterization

The phase purity and crystal structure of the synthesized compound
were analyzed using a Rigaku Smart Lab 3 kW powder X-ray diffrac-
tometer (XRD) equipped with Cu-Kα radiation (λ = 1.540 Å). Data were
recorded over a 2θ range of 20◦-80◦ with a 0.02◦ step size, at room
temperature. The structural parameters were refined using the Rietveld
method with FULLPROF software. The crystal structure was built from
refined results using VESTA software. Fourier transform infrared (FTIR)
spectra were collected using a PerkinElmer spectrometer over the
wavenumber range from 400 to 4000 cm− 1 at room temperature to
analyze the functional groups and bonding characteristics. The
morphological analysis of the compound was examined through the
Zeiss Gemini SEM 500 field emission scanning electron microscopy
(FESEM). The magnetic properties were thoroughly investigated using a
vibrating sample magnetometer (VSM) (Model: J3338, Cryogenic Ltd).
Magnetization versus temperature (M− T) data were recorded in both
field cooling (FC) and zero-field cooling (ZFC) modes over the temper-
ature range of 3–300 K, with an applied magnetic field of 100 Oe.
Magnetization versus field (M− H) data were performed under a
maximum applied field of ± 70 kOe in ZFC mode at different tempera-
tures between 10–300 K. Additionally,M− H isotherms were recorded in
the first quadrant under the applied field of 70 kOe over the temperature
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range of 3–30 K.

3. Results and discussion

3.1. Crystallographic structural analysis

The Rietveld-fitted XRD pattern of the Gd2FeCrO6 composition, as
depicted in Fig. 2 (a), verifies the sample’s phase purity. The sample

contains two phases including a monoclinic with the P21/n space group
and trigonal with space group R 3 c. However, the monoclinic was the
dominating phase with 90.94 %while the trigonal phase associated with
Fe2O3 was 9.06 % only. The existence of the secondary phase has been
ascribed to both the local structural inhomogeneity and the martensitic
type of transition. These results were consistent with previously re-
ported findings [40,43–45]. The refinement results in terms of lattice
parameters (a, b and c), unit cell volume (V), goodness fitting parameter

Fig. 1. Schematic representation of the preparation Gd2FeCrO6 (GDFCO) compound.

Fig. 2. (a) Rietveld-refined XRD pattern, (b) Schematic crystal structure using VESTA software, (c) Williamson-Hall plot, and (d) FTIR spectra of GDFCO compound.
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(χ2) and reliability factors for both phases, are summarized in Table 1.
Moreover, based on the refined parameters, the crystal structure of
GDFCO was generated using the VESTA software. The unit cell consists
of corner-shared FeO6 and CrO6 octahedra, with Gd ions located within
the voids of the octahedral framework, as illustrated in Fig. 2 (b). These
cations, Fe and Cr are slightly displaced from the centers of the octa-
hedra, contributing to the octahedral distortion. To assess the structural
stability of the GDFCO compound, the Goldschmidt tolerance factor (tg)
[24], was calculated using the formula, tg = rGd+rO

̅̅
2

√
(
rFe+rCr

2

)
+rO

, where rGd, rFe,

rCr and rO represent the ionic radii of the Gd3+, Fe3+, Cr3+ cations, and
O2– anions, respectively [6]. The tg value for the GDFCO compound is
calculated to be ~ 0.88, which emphasizes the octahedral distortion and
aligns with values reported for similar perovskites [46,47].

From the XRD results, the average crystallite size (D) and lattice
microstrain (ε) were determined using the Williamson-Hall (W-H)
relation as expressed through the following equation [48,49]:

BTcosθ =
Kλ
D

+4εsinθ (1)

Where BT represents the full width at half maximum (FWHM) of XRD
peaks, K ~ 0.94, denotes the Debey-Scherer constant, λ represents the
wavelength of the X-ray source (0.15406 nm), and θ denotes the XRD
peak position. Fig. 2 (c) illustrates the Williamson-Hall plot, from which
the average crystallite size (D) and lattice microstrain (ε) were extracted.
The calculated average values of D and ε are ~ 120 nm and 1.64 x10-3,
respectively. These findings are consistent with other double perovskite
oxides [46].

Fig. 2 (d) demonstrates the FTIR spectrum of the GDFCO compound
in a frequency range 400–4000 cm− 1. The absorption peaks ranging
from 450 to 640 cm− 1 are attributed to the stretching and bending vi-
bration of Fe/Cr-O within the FeO6/CrO6 octahedra [40,47,50]. Addi-
tionally, absorption bands near 1000–1700 cm− 1 are associated with the
C = O and C–O–C stretching vibration modes [51,52], while a broad
band observed between 2840–3500 cm− 1 corresponds to antisymmetric
and symmetric stretching of H2O and O–H bonds due to water’s surface
adsorption [40,53].

3.2. Morphological analysis

Fig. 3 (a) exhibits the FESEM image of the GDFCO compound. It can
be seen from the figure that the GDFCO compound possesses grains of
irregular to nearly spherical shapes. The inset histogram in Fig. 3 (a)
displays the average grain size (G) distribution. The average grain size of
the compound was found to be ~ 281 nm using ImageJ Software. The
EDS spectrum as display in Fig. 3 (b), confirms the presence of the
desired elements i.e.Gd, Fe, Cr, and O in their intended proportion in the
GDFCO compound. Table 2 indicates that the experimentally obtained
mass and atomic percentages of these elements are well-aligned with the

theoretical calculation, thereby confirming the successful synthesis of
the GDFCO double perovskite.

3.3. Magnetic properties

The magnetic properties of the Gd2FeCrO6 (GDFCO) compound were
investigated by measuring magnetization as a function of temperature
(M− T) between 3–300 K under a 100 Oe magnetic field in both field-
cooled (FC) and zero-field-cooled (ZFC) modes, as illustrated in Fig. 4.
The compound exhibits two distinct magnetic transitions. The first
transition occurs at TN1 ~ 220 K, marking a shift from the PM to AFM
state. This transition is attributed to magnetic interactions among Cr3+/
Fe3+ ions mediated by oxygen anions [46,47,54,55]. It is indicated by a
small peak in FC mode, as highlighted in the zoomed area of the right
inset in Fig. 4. However, this peak is not prominently visible in the dM/
dT curve due to the very low magnetization in the high-temperature
region that is apparently obscured by the significantly higher magneti-
zation at lower temperatures. This transition has also been identified in
the same magnetic structure-based half-doped orthochromite, specif-
ically in the GdFe0.5Cr0.5O3 compound [56]. As the temperature de-
creases further, a second magnetic phase transition is observed at TN2 ~
6 K, as determined by the derivative (dM/dT) of FC magnetization with
respect to temperature, as shown in the left inset of Fig. 4. This transition
corresponds to the antiferromagnetic spin order of the Gd3+ ions
[27,57]. This behaviour slightly differs from the previous findings
[40,43]. A strong bifurcation emerges between the ZFC and FC curves,
with the FC magnetization continuing to rise, reaching a maximum
positive value at 4 K. This suggests a super-exchange interaction be-
tween the Gd3+ spins through the Gd3+–O2--Gd3+ pathway [58].

Meanwhile, the ZFC magnetization decreases with decreasing tem-
perature, reaching its minimum value at 4 K. This unusual negative
magnetization behaviour may be accredited to the exchange interaction
between the Gd3+ ions and canted Fe3+/Cr3+ spins. This phenomenon
has also been observed in other similar perovskite compounds
[46,59,60].

To enhance a better insight into the magnetic ordering in the present
GDFCO compound, isothermal magnetization loops were recorded as a
function of the applied field within the range of ± 70 kOe at various
temperatures (10 K, 20 K, 30 K, 100 K and 300 K), as illustrated in Fig. 5.
The loops exhibit a clear hysteresis in the low magnetic field region,
below TN1, as shown in the upper inset of Fig. 5. As the temperature
increases, the hysteresis loops become narrower, and above TN1, loops
disappear at 300 K, indicating a transition to the paramagnetic PM state.
Additionally, the hysteresis loops remain unsaturated (symmetrically
closed) even at ± 70 kOe magnetic fields, suggesting the presence of
both high-field antiferromagnetism and low-field weak ferromagnetism,
likely resulting from antisymmetric Dzyaloshinskii-Moriya (DM)
interactions.

The contribution of these mixed states can be described by the
relation M(H) = χAFMH + MS, where the first term (χAFM) represents the
antiferromagnetic (AFM) contribution, and the second term (MS) de-
notes the magnetization saturation. To determine MS at different tem-
peratures, the high-filed linear AFM contribution is subtracted from the
total magnetization. The lower inset of Fig. 5 illustrates the changes in
the coercive field (HC) and magnetization saturation (MS) as a function
of temperature, which consistently decrease as the temperature in-
creases, and above TN1, both parameters drop to zero, indicating the
onset of the paramagnetic phase in the GDFCO compound.

3.4. Magnetocaloric properties

To further investigate the nature of the magnetic transition at TN2
and examine the magnetocaloric (MC) properties of the GDFCO com-
pound, isothermal magnetization curves were measured in the first
quadrant at various temperatures from 3 K to 30 K, with the applied
magnetic field varying from 0 to 70 kOe, as shown in Fig. 6 (a). The

Table 1
The structural and microstructural parameters for both the phases of the GDFCO
compound.

Parameters Gd2FeCrO6 Fe2O3

Phase fraction (%) 90.94 9.06
a 5.3299(1) Å 5.0145(1) Å
b 5.5580(1) Å 5.0145(1) Å
c 7.6315(2) Å 13.864(2) Å
V 226.07(7) Å3 301.91(8) Å3

α, γ and β 90◦, 90◦ and 89.96 90◦, 120◦ and 90◦

RF 6.9 15.7
χ2 2.7 ​
tg 0.88 ​
D 120 nm ​
ε 1.60 x10-3 ​
G 281 nm ​
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magnetocaloric effect is typically associated with magnetic transitions
and is significantly affected by the nature of these magnetic transition
[7,61]. To ascertain the characteristics of the magnetic phase transition
at TN2 in the GDFCO compound, the Banerjee criterion was employed.
According to this, Arrott’s plot (H/M vs. M2) displays a negative slope
for first-order phase transition (FOPT) and a positive slope indicates
second-order phase transition (SOPT) [62,63]. Arrott’s plots for the
GDFCO compound, illustrated in Fig. 6 (b), clearly show a positive slope,
indicating a second-order magnetic phase transition (SOMT). Materials
exhibiting second-order magnetic phase transitions (SOPT) with a sig-
nificant magnetocaloric effect (MCE) are preferred for magnetic refrig-
eration. Their ability to provide substantial magnetic cooling capacity
across a wide temperature range makes them ideal candidates for effi-
cient magnetic refrigeration applications [63,64].

The magnetocaloric effect of the GDFCO compound can be examined
in terms of magnetic entropy change (ΔSM) and the relative cooling

power (RCP). These parameters are critical for evaluating the magnetic
refrigeration capacity and its cooling efficiency, respectively. The
magnetic entropy change (ΔS) can be determined using the Maxwell’s
thermodynamic relations [65].

ΔS(T)ΔH =

∫ HF

HI

(
∂M(T,H)

∂T

)

dH (2)

The numerical integration of equation (2), using the Trapezoidal rule
is given by [66]:

ΔS(Tav)ΔH =
δH
2δT

(

δM1 +2
∑n− 1

i=2
δMi + δMn

)

(3)

Here, the average temperature, Tav is calculated as [(Tj + Tj+1)/2)],
where Tj and Tj+1 are two consecutive temperatures corresponding to

Fig. 3. (a) FESEM micrographs and inset show the histogram of average grain size distribution, and (b) EDS spectra of GDFCO compound.

Table 2
The experimentally and theoretically calculated mass and atomic counts of different elements in the GDFCO compound.

Elements Theoretically Mass of Elements
(%)

Experimentally Mass of Elements
(%)

Theoretically Atomic Count of
Elements (%)

Experimentally Atomic Count of
Elements (%)

Gd 60.67 58.88 20 18.90
Fe 10.77 10.98 10 10.01
Cr 10.03 11.98 10 11.73
O 18.52 18.65 60 59.36
Total 100 100 100 100

Fig. 4. Temperature-dependent magnetization (M− T) data in both FC and ZFC
modes at an applied magnetic field of 100 Oe between 3 K to 300 K. The left
inset displays the dM/dT vs. T in FC mode, while the right inset shows the
zoomed-in view of M− T curve for the GDFCO compound.

Fig. 5. Field-dependent magnetization (M− H) data at various temperatures
from 10 K to 300 K with an applied magnetic field up to ± 70 kOe. The upper
inset displays the enlarged view of hysteresis loops, while the lower inset shows
the coercive field (HC) and saturation magnetization (MS) variation with the
temperature of the GDFCO compound.
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magnetization isotherms with a change in the magnetic field by ΔH=HF
– HI with a uniform step size δH. The difference in temperature between
the two isotherms is represented by δT = Tj+1 − Tj. For each of the two
isotherms, n points are measured as the magnetic field varies from H1 =

HI toHn=HF at a step size of δH= ΔH / (n − 1). Additionally, the change
in magnetization between Tj and Tj+1 for each magnetic field step,
ranging from 1 to n represented by δMi= [M(Tj+1)I − M(Tj)i]. The sign of
–ΔS provides information on the magnetic transition type; it is positive
for a ferromagnetic transition and negative for an antiferromagnetic
transition. Fig. 7 (a) shows the variation of entropy change (–ΔS) with
temperature across various magnetic fields. The graph exhibits that –ΔS

remains positive over the entire temperature range, reaching a peak
value of –ΔSM ~ 38.6J/kg K at 70 kOe. This value significantly exceeds
those reported for other rare earth double perovskite compounds
[11,29,36,67–70]. Several factors contribute to this significant MCE
such as the compound’s higher magnetization and lower coercive fields,
which reduce energy loss during thermal processes and result in a higher
change in magnetic entropy (− ΔS) values. Additionally, the magnetic
interaction between Gd3+ ions near their magnetic ordering tempera-
ture (around 4.5 K) further enhances the (− ΔS) values. The alignment of
the orbital and spin moments of Gd ions with the Fe-Cr sublattice con-
tributes to the large rare earth moments of the heavier Gd3+ ions,

Fig. 6. (a) Selected M(H) curves in the 1st quadrant from 10 K to 300 K with an applied magnetic field up to 70 kOe (b) Arott plot (M2 versus H/M) between 3 K to
30 K for GDFCO compound.

Fig. 7. (a) The change in magnetic entropy ( − ΔSM), as a function of temperature, (b) variation of RCP with temperature between 3 K to 30 K with an applied
magnetic field up to 70 kOe, (c) The values of maximum change in entropy (− ΔSmax) versus applied field fitted by relation − ΔSmax = αHη and (d) temperature
dependence of η(T, H) at different magnetic fields for GDFCO compound.
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resulting in a positive change in entropy during magnetocaloric effect
measurements at low temperatures [25,28,70]. These factors suggest
that the compound has promising potential for magnetic refrigeration
applications.

Moreover, the relative cooling power (RCP), serves as a metric for
assessing the efficiency of magnetic refrigeration and the material’s
potential for magnetic cooling applications. It quantifies the heat
transfer in an ideal magnetic refrigeration cycle from a warm reservoir
to a cold reservoir and is determined by the following expression:

RCP =

∫ T2

T1
ΔS(Tav)ΔHdT (4)

Where T1 and T2 represent the magnetic refrigeration cycle’s lower
and higher temperatures respectively. The calculated RCP values at
different applied magnetic fields are shown in Fig. 7 (b). The maximum
RCP observed is ~ 418 J kg− 1 at 70 kOe. Table 3 provides a comparison
of magnetocaloric parameters, including − ΔSM, RCP and TM values for
our GDFCO compound and other recently studied rare-earth based
double perovskites. The comparison demonstrates that Gd-doped com-
pounds, particularly GDFCO, exhibit superior magnetocaloric properties
compared to other rare-earth doped double perovskites. GDFCO shows
the highest value − ΔSM = 27.61 J/kg K and an RCP of 299.5 J/kg at
0–50 kOe, significantly exceeding the values reported for other com-
pounds Additionally, compounds in the R2FeCrO6 family generally show
lower − ΔSM and RCP values when compared with those for Gd2FeCrO6
compound, further emphasizing the exceptional magnetocaloric per-
formance of the Gd2FeCrO6 compound in the present study. These re-
sults suggest that Gd2FeCrO6 is a highly promising candidate for
magnetic refrigeration applications, offering enhanced efficiency and
performance compared to other materials.

For materials exhibiting a SOPT, the field dependence of the
maximum magnetic entropy change (ΔSmax) is expected to follow a
power-law relationship, expressed as [71,72]:

− ΔSmax = aHη (5)

Here, a represents a constant, and the exponent η is indicative of the
magnetic order of the material. Fig. 7 (c) presents the power law fitting
of the experimental data (ΔSmax versus H) yielded a value of η = 1,
suggesting that the power law exponent aligns with the expected
behaviour. Moreover, the value of η was calculated using the given
expression [73].

η =
dln|− ΔSmax|

dlnH
(6)

Fig. 7 (d), illustrates the temperature dependence of η across
different magnetic field strengths. Remarkably, η consistently equals 1
over the entire temperature range, aligning with other compounds [74].
This value exceeds the commonly reported η = 0.67 for ferromagnetic
materials governed by mean-field theory [72]. The high value of η
suggests the existence of antiferromagnetic interactions in the ferro-
magnetic matrix [74–76]. However, if the value of η exceeds 2, it cor-
responds to the first-order phase transition (FOPT) [72]. Thus, the value
of η = 1, in this case, confirms that the material exhibits second-order
magnetic behaviour with possible mixed magnetic interactions,
including antiferromagnetic correlations.

4. Conclusions

In summary, the Gd2FeCrO6 (GDFCO) was synthesized using the
conventional sol–gel route. XRD refinement confirmed the predomi-
nantly monoclinic (P21/n) crystal structure with a minor secondary
trigonal phase (R 3 c). The FESEMmicrograph displayed a homogeneous
grain distribution with well-defined grain boundaries. The EDS spec-
trum verified the existence of required elements i.e. Gd, Fe, Cr, and O as
per their stoichiometric proportion in the GDFCO compound. The
compound shows the second-order phase transition (SOPT). The mag-
netocaloric effect, characterized by the change in entropy (− ΔSM) and
relative cooling power (RCP) under a varying field of 0–70 kOe ach-
ieved ~ 38.6 J/kg K and ~ 418 J/kg, respectively. These properties
make the Gd2FeCrO6 compound a promising applicant for magneto-
caloric effect (MCE) based magnetic refrigeration applications, partic-
ularly at cryogenic temperatures.
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