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refrigeration and optoelectronic applications.

INTRODUCTION

The pursuit of advanced materials with multifunctional
properties has intensified in recent years, driven by the increa-
sing demand for efficient energy conversion, storage and magn-
etic refrigeration technologies [ 1,2]. Among the various classes
of materials, garnet-type compounds, especially those based
on rare-earth elements (RE garnets), have garnered significant
attention due to their distinctive combination of structural, optical
and magnetic properties. These materials, represented by the
chemical formula A;B,C30,, (where A is a RE**ion and B and
C may be Ga*, AI** or Fe* ions), exhibit unique magnetic and
optical characteristics [3,4]. Gadolinium iron garnet (Gds;FesO,
or GdIG) stands out for its exceptional magneto-optical and
magneto-dielectric properties, making it a highly promising
candidate for various technological applications [5-8].

The dodecahedral (c), octahedral (a) and tetrahedral (d)
sites within the garnet structure contribute significantly to their
physical properties. These sites accommodate a variety of
cations, with 24 A ions, 16 B ions and 24 C ions in the (¢), (a)
and (d) Wyckoff positions, respectively. Each unit cell of garnet
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structure houses 8 formula units, forming a network of metal-
oxygen polyhedra. These polyhedra are interconnected, with
each tetrahedron linked to four octahedra and each octahedron
connects with six tetrahedra, creating a 3D framework. This
structural arrangement results in slightly distorted cubic voids
that accommodate rare earth ions, leading to the garnet’s charac-
teristic space group [9-11].

The magnetic properties of rare earth garnets arise from
the antiferromagnetic exchange interactions among the ions at
the (a), (d) and (c) sites. GdIG, a ferrimagnetic material, exhibits
remarkable magnetic properties driven by interactions between
Gd* and Fe** ions. In GdIG, the Fe** ions at the octahedral (a)
and tetrahedral (d) sites align antiparallel, resulting in a net
magnetic moment, while the Gd** ions in the dodecahedral (c)
sites contribute a weaker magnetic moment. GdIG is character-
ized by a magnetic compensation temperature, where the net
magnetization becomes zero due to the cancellation of the Gd**
and Fe** sublattice moments [12-14]. Below this temperature,
the Gd** sublattice dominates, while above it, the Fe** sublattice
prevails. GdIG also exhibits a Curie temperature of around 560
K, above which it transition to a paramagnetic state. Its strong

This is an open access journal, and articles are distributed under the terms of the Attribution 4.0 International (CC BY 4.0) License. This
license lets others distribute, remix, tweak, and build upon your work, even commercially, as long as they credit the author for the original
creation. You must give appropriate credit, provide a link to the license, and indicate if changes were made.



https://orcid.org/0009-0001-8599-6104
https://orcid.org/0000-0003-4960-9979

Vol. 36, No. 11 (2024)

Structure, Optical Properties and Magnetocaloric Effects in Gd;FesO,, Garnet 2641

magneto-optical effects, such as Faraday rotation, make it valu-
able in optical isolators and photonic devices. The magnetic
behaviour is further influenced by the antiferromagnetic exch-
ange interactions between the Fe** ions at the (a) and (d) sites,
as well as the interactions between Gd** and Fe** ions across
different sites. These unique properties position GdIG as an
important material for various technological applications, parti-
cularly in microwave and magneto-optical devices [5,15-18].

The extensive study on GdIG underscores its importance
as a material with significant magnetic and optical properties.
Studies continue to explore ways to optimize these properties
for a variety of applications, including magnetic sensors, memory
devices, optical isolators and advanced photonic systems [19].
Recent developments have highlighted the requirement for a
comprehensive understanding of the structure-property relation-
ships in GdIG, particularly in optimizing its magnetocaloric
effects for practical applications. While some studies have
explored the influence of doping on GdIG’s magnetic prop-
erties [20,21]. There remains a significant gap in the literature
regarding the systematic study of the material’s structural and
optical characteristics in correlation with its magnetocaloric
behaviour. This research aims to address these gaps by provi-
ding a detailed analysis of the synthesis, structure and multi-
functional properties of GdIG. Using the solid-state approach,
this research aims to prove a relationship between the synthesis
parameters and the normal and inverse magnetocaloric effects,
which would help in developing better materials for magnetic
refrigeration and other applications. In this context, the present
study investigates the structural, optical, magnetic and magneto-
caloric properties of GdIG synthesized via the solid-state route.
Understanding the magnetic behaviour, including the Curie
temperature and magnetic moment, is crucial for evaluating its
potential as a magnetic refrigerant. Moreover, exploring both
normal and inverse magnetocaloric effects provides insights
into the underlying mechanisms and broadens the scope of
potential applications.

EXPERIMENTAL

Synthesis of gadolinium iron garnet (GdIG): The
synthesis of Gds;FesO,, garnet (GdIG) was achieved using the
conventional solid-state ceramic route, a widely used method
for producing polycrystalline ceramics [22,23]. In this process,
high-purity gadolinium oxide (Gd,Os) and iron oxide (Fe,O53)
powders were used as starting materials. The respective oxides
of Gd and Fe were weighed and mixed in the stoichiometric
proportions to achieve the desired chemical composition of
GdIG. The mixed powder was then subjected to ball milling
using distilled water to form a homogeneous slurry. The homo-
geneous mixture was then dried and subjected to calcination
at 1300 °C for 12 h, to promote solid-state reactions between
the components, leading to the formation of garnet phase. After
calcination, the sample was ground, pressed and sintered at
1400 °C for 2 h, to strengthen the material and enhance its
crystalline quality.

Characterization: The X-ray diffraction (XRD) pattern
of GdIG was recorded using a PANalytical X’Pert Pro diffracto-
meter with copper Ko radiation. The scan covered a 20 range

from 10° to 90°, with a step size of 0.017° and a scan step time
of 40.702 s per step. Microstructure studies of the sintered sample
were done by scanning electron microscope (SEM, Hitachi
S53400).The magnetization measurements were conducted with
varying temperature and applied magnetic field using a vibr-
ating sample magnetometer (VSM). The resulting magneti-
zation data were used to calculate the change in magnetic entropy
(-ASwm) by applying the Maxwell’s equation [24]:

AS_(T,AH) = j (%j dH )

The magnetization isotherms measured at 5 K intervals
were used in the computations.

The ultraviolet-visible (UV-vis) absorption spectrum of
the GAIG was obtained using a Shimadzu UV-3600 double-
beam spectrophotometer. The emission spectrum was recorded
using a Jobin Yvon SPEX-Fluorolog 3 (Horiba) spectrofluoro-
meter, with a 450 W xenon arc lamp serving as the excitation
light source. Both excitation and emission monochromators
were employed and emitted photons were detected using a photo-
multiplier tube detector.

RESULTS AND DISCUSSION

Structural studies: The X-ray diffraction data of GdIG
was collected and subjected to Rietveld refinement with GSAS
software to obtain the lattice parameters, unit cell volume, space
group and atomic positions (Table-1) [25]. The initial parameters

TABLE-1
STRUCTURAL PARAMETERS OF
Gd,Fe,0,, AFTER RIETVELD REFINEMENT

Material GdIG
Space group la3d
Lattice parameter, a (A) 12.47135 (7)
Volume (A% 1939.72 (3)
Atomic positions
Gd, x 0.125
Gd, y 0
Gd, z 0.25
Fe, x 0
Feyy 0
Fe, z 0
Fe x 0.375
Feqy 0
Fey z 0.25
Ox -0.0347
Oy 0.0549
Oz 0.1503
Bond angle (°)
Fe**,, — 0 - Fe*, 129.408
Gd*, — 0 - Gd*, 101.324

Fe*, — 0 - Gd*,
3+ 3+
Feo'y - 0-Gd™

100.020, 101.530
92.971, 124.358

Bond length (A)
Fe*,, — 0, 2.04 (6)
Fe** - 07 1.81 (4)
Gd3*@ -0 2.44 (4), 2.49 (4)
Goodness of fit
Rwp % 6.51
Rp % 5.13
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for the Rietveld refinement of GdIG were obtained from the
known structural data of GdsFesO;, single crystal [26]. The mono-
phasic garnet structure of GdIG was ascertained by the Rietveld
analysis and was found to crystallize in the cubic space group,
la3d. The most prominent reflection peaks observed in the
XRD pattern (Fig. 1a) correspond to the (211), (420), (321),
(400), (422), (521) and (611) planes, which are characteristic
of the garnet lattice and indicative of garnet-type materials.
The refined XRD patterns of GdIG are also consistent with the
expected garnet structure, validating the refinement process.
The refined structural parameters, including lattice constants
and atomic positions, were determined with high precision.
Additionally, the Fel, — O, Fedi, — Ofy, Gdi, — Of;, bond lengths
and Fe{) — O — Fei), Gdi — O — Gd, Fell, — O — Gdi, Fell -
O — Gd{} bond angles were also estimated from the refinement
and all are consistent with the result obtained in the literature
(Table-1) [26].

The SEM study was conducted on sintered pellet of GAIG
to investigate their microstructural characteristics and is depicted
in Fig. 1b. The SEM analysis revealed that the sintered GdIG
pellet exhibits a well-defined grain structure. The grain bounda-

ries were observed to be clean and distinct, indicating effective
densification during the sintering process. The micrographs
showed that the grains are closely packed, suggesting minimal
porosity. Additionally, the uniform grain size distribution in
the range of 1 to 8 wm across the pellet surface reflects the
homogeneous nature of the material.

Optical studies: The UV-vis absorption spectrum (Fig
2a) of Gd;FesOi, garnet exhibits a broad absorption range from
250 to 410 nm, with a pronounced absorption peak at 300 nm,
indicating strong interaction with ultraviolet light. The optical
band gap was determined to be 3.64 eV, as calculated from the
Tauc plot (Fig. 2b), which suggests the material has potential
applications in optoelectronic devices. The fluorescence emis-
sion spectrum spans from 350 to 625 nm, with a significant
emission peak at 435 nm (Fig. 3a). Additionally, the excitation
spectra revealed two distinct bands with maxima at 275 and
360 nm, corresponding to the energy levels involved in the
optical transitions (Fig. 3b).

Magnetic studies: The M-T curve of GdIG offers valuable
insights into the magnetic behaviour of the material across
various temperature ranges. Both zero field cooled (ZFC) and
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Fig. 2. (a) UV-vis absorption spectrum and (b) Tauc plot of GdIG
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Fig. 3. (a) Emission spectrum and (b) excitation spectrum of GdIG

field cooled (FC) magnetization data were collected at 0.01 T
magnetic field (Fig. 4). Previous reports showed that GdIG
exhibits paramagnetic behaviour at high temperature and a
transition to ferrimagnetic state as the temperature decreases,
with a Curie temperature (Tc) of ~ 560 K [27,28]. In the present
study, the temperature dependence of magnetization was exam-
ined from 2 K to 380 K to investigate the precise magnetic
behaviour of GAIG. The M-T curve shows high magnetization
at lower temperatures due to the ordering of the Gd** sublattice
[29,30], followed by a gradual decrease as the temperature rises
to about 200 K. Beyond this point, the magnetization decreases
more rapidly, reaching zero around 290 K in the ZFC curve.
This sharp decline corresponds to the compensation point
(Tcomp), a distinctive feature of rare earth iron garnets, where
the magnetic moments of Gd** and Fe** sublattices cancel each
other out, leading to net zero magnetization [31,32]. After the
compensation temperature, the magnetization increases again
as the Fe** ions in the octahedral and tetrahedral sublattices align
antiparallel to each other due to strong ferrimagnetic coupling

Magnetization (emu/g)

0 50 100 150 200 250 300 350 400

Temperature (K)
Fig. 4. M-T curve of GdIG (at 0.01 T)

[31]. The M-T curve of GdIG thus reflects the intricate interplay
of ferrimagnetic interactions within the material, highlighted
by the compensation point and the alignment of the Gd** ions
at low temperatures [32].

Based on the M-T data, the magnetocaloric effect in GdIG
is particularly interesting due to the compensation effect and
significant magnetization observed at low temperatures. The
magnetic field dependence of magnetization was recorded across
two temperature ranges: 225 K to 290 K (Fig. 5a) and 295 K to
350 K (Fig. 5b). In Fig. 5a, GdIG exhibits strong magnetization,
which is attributed to the large magnetic moment of Gd** ions
[33]. The magnetization shows a clear response to the applied
magnetic field, with no saturation observed within the meas-
ured field range at lower temperatures. Fig. 5b displays the
M-H behaviour of GdIG after the compensation point, high-
lighting the non-saturating nature of the M-H curve. This behav-
iour is indicative of the ferrimagnetic coupling between Fe**
ions at the (a) and (d) sites [31]. The Arrott plots for GIG garnet
are shown in Fig. Sc-d to further explore its magnetic proper-
ties. All the curves exhibit a positive slope, which indicates
that GdIG undergoes a second-order magnetic phase transition
within the measured temperature range. This suggests that the
energy loss due to thermal hysteresis is minimal in GdIG [34].

From the M-H data at different temperatures, the magnetic
entropy change (-ASy) for GdIG was calculated using Maxwell’s
relation (eqn. 1). Fig. 6 shows the temperature dependence of
-ASy under different magnetic fields, where the absolute value
of -ASy increases with the application of a stronger magnetic
field. GdIG displays a normal magnetocaloric effect (-ASy >
0), with the sign of -ASy reversing at a certain temperature,
indicative of the compensation point unique to heavy rare earth
iron garnets [32]. For the normal magnetocaloric effect, -ASy
reaches a maximum of 1.05 J kg K™ at T = 230 K under a
magnetic field of H = 9 T. As the temperature increases -ASy
decreases rapidly, approaching zero as the temperature nears
the compensation point. Beyond the compensation tempera-
ture, it displays the maximum inverse magnetocaloric effect,
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Fig. 6. Temperature dependence of magnetic entropy change of GdIG

then again trends toward zero. This behaviour underscores the
potential of GdIG in magnetic refrigeration applications, partic-
ularly within the temperature ranges where the magnetocaloric

Magnetization (emu/g)

0 0.2 0.4 0.6 0.8 1.0 1.2
H/M (T g/emu)
Fig. 5. (a,b) Field dependent magnetization curves of GdIG before and after Tcomp; (c,d) Arrott plots of GAIG before and after Tcowp

effect is most pronounced. The observation of both normal and
inverse magnetocaloric effects in GdIG is linked to the complex
magnetic interactions within the material, especially involving
gadolinium ions and the iron sublattice.

The field-dependent magnetic entropy change (-ASy) in
a material is a measure of the change in entropy under the infl-
uence of magnetic field, typically observed during a magnetic
phase transition [35,36]. In magnetic systems like GdIG, the
application of a magnetic field causes the magnetic moments
to align, leading to a reduction in magnetic entropy and the
release or absorption of heat, depending on the nature of the
magnetocaloric effect. The magnitude of ASy is influenced
by the strength of the applied field and the specific temperature
at which the phase transition occurs, with maximum changes
often observed near critical temperatures such as the Curie
temperature or spin reorientation temperature [35,37]. A linear
relationship between In(—ASy) and In(H) was analyzed from
230 K to 280 K (Fig. 7a) and at the compensation point (Fig.
7b). The slope of these plots yielded the value of n, which was
then plotted against temperature from 230 K to 280 K (Fig. 8).
The constant value of n across this temperature range suggests
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similar magnetic interactions within this interval, while the
distinct value of n at the compensation temperature indicates
the presence of different magnetic interactions at that specific
temperature.

Conclusion

Gadolinium iron garnet (GdsFesO,) was successfully syn-
thesized via the solid-state ceramic method, with structural
analysis confirming a single-phase garnet structure. The material
exhibited uniform grain size and homogeneity, as revealed by
SEM. The optical characterization demonstrated strong ultra-
violet interaction, with a UV-vis absorption peak at 300 nm
and an optical band gap of 3.64 eV, highlighting its potential
for optoelectronic applications. Fluorescence and excitation
spectra further supported the material’s suitability for these
applications. Magnetic measurements revealed Gd ion ordering
at low temperatures and identified a compensation temperature
around 290 K. The second-order nature of the magnetic phase
transition was confirmed by Arrott plots. Remarkably, Gd;FesO,

displayed both normal and inverse magnetocaloric effects, with
a maximum magnetic entropy change of 1.05 J kg™ K™ at230 K
under a 9 T magnetic field. These results emphasize Gd;FesO,
as a promising candidate for both magnetic refrigeration and
optoelectronic applications, making it a versatile material for
advanced technological applications.
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