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Multifunctional materials are greatly appealed in electrical, electronic and magnetic devices which are developed
by several researchers for future device fabrications. Among such materials, the double perovskites with rare
earth metals are actively studied. In this work, we synthesized the double perovskite Gd;MnFeOg nanoparticles
through a simple sol-gel process and studied the crystal structure, morphology, optical, electronic structure and
magnetic characteristics. The orthorhombic crystal type with the Pbnm space group of the double perovskite
GdoMnFeOg nanoparticles was confirmed using X-ray diffraction analysis. String-of-beads like a continuous

network morphology were observed by scanning electron microscopy. The divergence in the spin-polarized
electronic structures such as the density of states and band structure indicates the presence of magnetic prop-
erties in the compound. The nanoparticles show paramagnetic nature at room temperature and complex mag-
netic nature below room temperature.

1. Introduction

Single perovskites with the general formula ABO3 (A = alkaline and
rare-earths, B = transition metals) are identified as excellent materials
for their interesting structural, optical, electrical and magnetic proper-
ties for multifunctional applications [1-3]. Despite the continuing
dominance of single perovskites, it has recently found them to show
insufficient performance and insufficient stability. In the meantime, the
double perovskite structure can bring many significant advantages to
the physicochemical properties, stability, and efficiency. Recently, the
single perovskites were converted to double perovskites AA’B;Og or
ABB’Og (A = Rare-earths and alkaline earth, B = transition metals) by
occupying the two different cations in the A or B sites [4]. These ma-
terials are constructed in the fashion of two single perovskites such as
ABOj3 and AB’Og alternate to each other. The A-site cations behave as an
electron donor to the BOg unit [5]. The double perovskites show an
interesting structural, electronic, physical, and chemical properties [6].
Double perovskites may be the potential replacement of the conven-
tional single perovskites for several reasons. First, they are expanding

the compositional space of the perovskite family because they have
more space to accommodate the new atoms [7]. Second, it creates
complex atomic environments that can lead to electronic structures not
commonly found in single perovskites. Third, it can show enhanced
chemical stability under catalytic conditions, such as a wide range of
oxidizing or reducing environments, acidic or basic solutions, and en-
vironments involving humidity, heat, light, or CO,. The double perov-
skites are showing superior electrocatalysis, and photo (electro)
catalysis, magnetocaloric, and thermoelectric performance. The mixture
of rare-earth and transition metal double perovskites are turned to be
significant materials because of their structural stability with control-
lable physical and chemical properties [7]. These significant properties
mainly arise from the electronic interaction between 4f-3d rare-earth
and transition metals. Amongst all the rare-earths, the gadolinium
(Gd) is an interesting element because of its partially occupied 4f and 5d
states which enables the inter (5d-5d) and intra (5d-4f) exchange in-
teractions [8].

The structure, morphology and particle size of these double perov-
skites are definitely dependent on the dopants and synthetic techniques
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In particular, the B site ordering double perovskites were reported as
most fascinating for its physical properties that are strongly associated
with the B-B interactions. These can be used in technological applica-
tions that comprise superconductivity, magnetic memory devices, sen-
sors, optic devices, and magnetocaloric materials. In the reported
RoMnB’Og double perovskites, the Mn, Fe and rare-earth ions are mak-
ing the compound structurally stable and magnetically interesting due to
its complex magnetic ordering [9-11]. The magnetic exchange in-
teractions between Mn**/Fe?" ions facilitate the formation of ferro-
magnetic clusters, anti-ferromagnetic ordering, and the existence of
spin-glass behavior. Currently, numerous synthetic techniques have
been employed to synthesize the RyBB’Og double perovskites, such as
co-precipitation [12], solid-state reaction [13], hydrothermal [14],
sol-gel [15], and decomposition techniques [16,17]. Among all these
methods, the sol-gel technology is superior because of their easy
controlled advantages, including the particle shape, structure, compo-
sition and product homogeneity.

As per the literature survey, there is no report available on the double
perovskite of Gd;MnFeOg nanoparticles. Hence, we focus on this work
aimed to study the crystal structure, morphologies, electronic, optical
absorbance and magnetic behavior of the double perovskite GdyMnFeOg
nanoparticles prepared using a simple sol-gel method.

2. Experimental
2.1. Preparation of double perovskite GdoMnFeOg nanoparticles

Double perovskite GdoMnFeOg nanoparticles were prepared through
the simple sol-gel process. Gadolinium acetate (Sigma-Aldrich, 99.9%),
Iron acetate (Sigma-Aldrich, 99.9%), and manganese acetate (Himedia,
99.5%), and citric acid (Himedia, C¢HgO7; 99.7%) was used without
further purification. Gadolinium, manganese and iron nitrates were
prepared from the corresponding acetates and the nitrates were added
separately to 2 M nitric acid (HNOs) solution. All solutions (metal ni-
trates) were mixed together and stirred for about 2 h, Thereafter, 50 ml
of 2 M citric acid solution was added. Then the pH (~7) of the whole
solution mixture was altered using liquid ammonia to enhance the gel
formation. The resulted solution was kept in stirring at 343 K until it
transforms to gel. Then, it was dried at 373K for 2h to form a highly
porous xerogel. Finally, it was sintered at 773K for 6h to get dense
nanoparticles and cooled in the air. The schematic flowchart of the
synthesis route is presented in Figure S1 (Supporting materials).

2.2. Characterizations

The phase purity and structural properties of the nanoparticles were
obtained by an X’Pert PRO PANalytical X-ray diffractometer (XRD). The
surface morphology and composition were examined using an TESCAN-
VEGAS3 electron microscope with energy dispersive X-ray analysis (SEM-
EDX). The optical absorption spectrum was recorded using an UV-VIS
diffuse reflectance spectrometer (Shimadzu 2600). The magnetic
behavior was identified by an LAKESHORE VSM 7404 vibrating sample
magnetometer (VSM) and quantum design; E2 PPMS (physical property
measurement system).

2.3. Computational details

The geometry relaxation and electronic structure calculations were
carried out by the density functional theory (DFT) using the Cambridge
serial total energy package (CASTEP) code [18]. The generalized
gradient approximation-Perdew-Burke-Ernzerhof (GGA-PBE) functional
was implemented to obtain electronic structure calculations [19,20].
The convergence of geometry optimization was set On-the-fly genera-
tion (OTFG) norm-conserving pseudopotentials with Koelling-Harmon
relativistic treatment. We used the Brillouin zone integration with
3 x 3x2 Monkhorst-Pack (MP) grid, and the cutoff energy was applied to
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571 eV. The threshold conditions, such as maximum force, maximum
displacement, maximum stress and maximum energy change, for the
geometry convergence were set to 1.0 x 105, 0.03eV/ A, 0.05 GPa and
0.001 A.

3. Results and Discussion
3.1. X-ray diffraction

The phase identification, cell parameters, and average crystallite size
of the Gd2 MnFeOg nanoparticles were revealed using room temperature
powder XRD (PXRD) analysis. The PXRD pattern was indexed in the
Pbnm space group. To get the structural information, the Rietveld
refinement was executed with the use of FullProf package.

Subsequent refinements were carried out in the space group Pbnm
employing the structural model of the assigned occupation sites are 4c
for La, 4b for Mn/Fe whereas two oxygen atoms are located at 4c and 8d
sites. The unit cell parameters (a =5.5675, b =5.5952, ¢ = 7.8734) are
related to the ideal orthorhombic perovskite. After sequential iterations
good agreement between experimental and calculated patterns was
achieved [22]. The refined cell parameters of a, b, c, unit cell volume (V)
and calculated density (d) are equal to 5.6131, 7.5787 and 5.3259 [o\,
226.56 A%, and 7.549 g/cm?®, correspondingly. The recorded and simu-
lated XRD patterns are shown in Fig. 1. All the predominant peaks in the
experimental pattern are well comparable with the simulated pattern.
The refined crystal data and atomic positions were given in supporting
materials (Tables T1-T3).

The Goldschmidt factor (t) is an essential factor to provide the
structural information of the perovskites. In general, the tolerance factor
for the cubic structure is 1 and for the tetragonal structure it is
1.00 >t > 0.97. When tolerance factor is below 0.97, the octahedrons
are distorted or tilted that leads to the lower symmetries like ortho-
rhombic or monoclinic. The tolerance factor of the double perovskite
(A2BB’Og) can be calculated by relation [21]

(rtA) +rO

- V2 (rB) + rO W

Where t denotes the tolerance factor rA, rO and rB are the ionic radii of
ions A, B and O, respectively. In the orthorhombic structure of A;BB’Og
double perovskite, the Gd®* ionic radius of 1.06 A is appropriate for the
A position, and Mn** (0.58 A) and Fe?* (0.64 A) atoms are in the B and
B’ positions, respectively. The calculated tolerance factor of the double
perovskite GdaMnFeOg nanoparticle is 0.905 which is in good relation
with the orthorhombic structure of the compound.

The XRD pattern peak width is directly related to the crystallite size
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Fig. 1. Powder X-ray diffraction patterns of double perovskite Gd;MnFeOg
nanoparticles.
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in the compound. The strong and broadened nature of the PXRD in-
dicates the fnanocrystallite formation. The crystallite size was estimated
by the Debye-Scherrer method with the use of equation 2 [22-24].

D = KMBcoso @

where D signifies the average crystallite size, K represents the Scherrer
constant, A stands for the CuKa radiation wavelength, p stands for the
FWHM (full with of the half maximum) value and 6 denotes the Bragg
angle. The estimated average crystallite size of the nanoparticles was
found to be 32 nm.

3.2. Structural information

The optimized double perovskite Gd2 MnFeO6 crystal structure and
ion coordination are displayed in Fig. 2. The crystal structure consists of
four formula units in which the oxygen atoms are occupied the Wyckoff
positions 8d (01; 1.2021, 0.5377, 0.72153) and 4c (02; 1.0582, 0.7500,
1.0687), gadolinium ions are placed in 4c (Gd1; 0.5658, 0.2500, 1.0295)
and the mixed manganese and iron ions occupied the position 4a (Mn/
Fe; 0.000, 0.000, 0.000). In the crystal structure, six oxygen atoms are
connected with the Mn/Fe ions (Mn/Fe-Og) that form a complex octa-
hedral geometry. The Mn/Fe-Og octahedron is distorted and that created
three different bond lengths between Mn/Fe and O atoms (Mn/Fe-O1-
2.0660, Mn/Fe-O1- 1.8893, Mn/Fe-02-1.9571 A) in which one is along
the b axis and the other two are along the c axis. Also, the bond angle has
deviated from 180 to 150 and 155. The distraction in the bond lengths
and bond angles is due to John-Teller effect.

3.3. Electronic structure

The DFT calculations were implemented to calculate the electronic
structure of the double perovskite GdaMnFeOg. The optimization energy
(-21235.51 eV) reveals that the studied structure is stable and can be
synthesized. The spin-polarized band structure and the partial density of
states (PDOS) are shown in Figs. 3 and S2. The Fermi level is indicated in
a stippled mark in the electronic structures. In the total band structure,
the valence and conduction bands are passing through the Fermi region
which indicates that the compound is metallic. To visualize further in
detail, we implemented the spin-polarized electronic structure calcula-
tions, where the up spins are showing bandgap of 0.55 eV in the lower
region of the Fermi level and the down spins are crossing the Fermi
region in the band structure which indications that the studied com-
pound is half-metallic. In partial DOS, the individual (Gd, Mn/Fe, and
01 and 02) electronic contributions are presented, in which the up spins
and down spins are marked in up and down arrows. It is noticed that the
down spin of the Gd 4f electrons is dominating at the conduction band

150.96
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minimum (CBM) and up spins of the Mn/Fe 3d electrons are dominating
near the valence band maximum (VBM) in the energy region of -1 to
1 eV. The up and down spins of Gd 3d electrons are overlapping with the
down spins of the Mn/Fe p-electrons. The Gd 4f up spin electrons are
mainly contributing in -5 to —7 eV energy range. The Gd-4f and Mn/Fe-
3d orbitals are overlapped by O-2p orbitals in the energy range between
-5and —10 eV. Also, the 2p electrons of O1 and O2 ions are significantly
contributed to the VB region. From the band structure and density of
states, the difference is observed between the up-spins and down-spins
that confirms the half-metallic and ferromagnetic behavior of the stud-
ied compound.

3.4. Morphology analysis

The surface morphology, X-ray mapping and EDX quantitative
measurement table of the GdaMnFeOg nanoparticles are presented in
Fig. 4. From the SEM images, it is observed that the nanoparticles are
fused to form the string-of-beads like continuous network structure such
morphology was observed for different compounds synthesized by the
solid-state reaction If the annealing time was long enough for the grain
interdiffusion. Generally, such morphology indicates a homogeneous
chemical composition and uniform phase composition [26-28]. The
energy dispersive X-Ray analysis (EDX) confirms that only principal
components of Gd, Fe, Mn, and O are present to expected composition
ratios. From the X-ray mapping, it is observed that all the constituent
elements are distributed homogeneously throughout the compound. The
X-ray mapping and EDX-analysis reveal the purity of the nanoparticles
which is in a good agreement with the results of X-ray diffraction
analysis.

3.5. Spectroscopy studies (Ultraviolet-visible diffuse reflectance and
Raman Spectroscopy)

The ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis DRS)
spectrum of the GdaMnFeOg nanoparticles was measured from 200 to
800 nm at 300K, and it is presented in Fig. 5(a). The broad absorption
band centered at 581 nm (2.1 eV) is due to the charge transfer between
Mn(3d)-O(2p) electronic states. The optical energy band-gap was esti-
mated by the Tauc plot (Fig. 5 (b)) with the use of equation 2 [25-27].

aho =A(hv-Ep)" (2)

where Eg is the band-gap, hv represents the photon energy, o is the
absorption coefficient, A is a constant and n denoted the transition type.
The observed optical energy band-gap of the nanoparticle is 1.09 eV
which is narrower than the band-gaps of other related reported
(GdaNiMnOg =3.05 eV [30]; LagMnNiOg = 1.5eV [31]) nanoparticles.
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Fig. 2. Crystal structure and coordination environments of the crystallographic sites of double perovskite Gd,MnFeOg nanoparticles.
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Fig. 3. Spin polarized band structures (Total, spin up, and spin down), and partial density of states of double perovskite Gd;MnFeOg nanoparticles.
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Fig. 4. (a) SEM images at different magnification, and (b) X-ray elemental mapping of double perovskite Gd,MnFeOg nanoparticles.

The Fe/Mn ions integration into the lattice sites reduces the optical Fig. 5 (c). In general, the rare-earth orthorhombic manganites show 24
energy band-gap. bands. The predominant peaks in Fig. 5 (c) were compared and assigned
The Raman spectrum of the synthesized nanoparticles is shown in according to the earlier reported results [28]. The strong peak at
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Fig. 5. (a) Optical absorption spectra, (b) optical band gap (Tauc plot) and (c) Raman spectra of double perovskite Gd;MnFeOg nanoparticles.

616 cm’! corresponds to the By symmetric stretching mode. The
shoulder peak at 523 cm™ is attributed to Byg symmetric rotational
mode and the peat centered at 497 em? appeared due to Ag symmetric
starching mode. The peaks at 340 cm™! and 255 cm™! correspond to the
Ag mode of distracted octahedral MnOg [29].

3.6. Magnetic Studies

The magnetization (Magnetic moment Vs Magnetic moment) curves
with the applied magnetic field from -12,000 G to +12,000 G at different
temperatures (320, 303, 120, 77, 38, 25 and 10K) are presented in
Figs. 6 (a) and S3. The hysteresis shape of the magnetization curves

20
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reveals the ferromagnetic behavior of the nanoparticles even at 320 K.

The magnetic characteristics such as magnetic susceptibility (y),
coercivity (Hc), remanence (Mr) and saturation (Ms) were obtained
from the magnetization plots and the values are given in Table 1. The
magnetic susceptibility (y) was estimated by equation [32]:

M=yH 3

Where M represents the magnetization and H signifies the magnetic
field. The field-dependent hysteresis curves are unsaturated even at the
higher magnetic field (+12000 G). This unsaturation may be induced by
the occurrence of the multi-domain ferromagnetic nanoparticles. The
magnetic properties, such as magnetic Hc, Mr and Ms, are increased on

(b)

4.0x10"

4

Magnetic Moment (emu/g)
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100 Tem%)?:gature (K) 300

Fig. 6. (a) The magnetic hysteresis loop at various temperature, and (b) Induced magnetization curves (ZFC and FC) of double perovskite Gd,MnFeOg nanoparticles.
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Table 1
Magnetic Properties of double perovskite Gd;MnFeOg nanoparticles.

Magnetic Properties

Temperature

Susceptibility Saturation Remanence Coercivity
0 9 (Ms) (emu/ (M) (emu/g)  (HO) (&)
g)
320 6.1072 x 107 2.5410 0.5672 108.52
303 2.2482 x 107 2.8193 0.5841 121.23
120 1.3592 x 103 5.7739 0.8379 197.17
77 1.0522 x 103 7.2087 1.3178 241.61
38 2.6256 x 107 9.7704 1.4323 308.26
25 1.7770 x 103 11.8950 1.0140 324.92
10 4.4352 x 107 19.9520 2.2331 508.22

temperature reducing from 300 to 10 K. The absence of sudden jerks in
the hysteresis curves indicates that the compound has good mechanical
stability due to low residual strain and high homogeneity.

To further investigate the magnetic behavior of the synthesized
nanoparticles, the field cooled and zero-field cooled (FC, and ZFC)
magnetic curves were obtained from 320 to 100K by applying the
external magnetic field of 1.2 T, as displayed in Fig. 6 (b). In Fig. 6 (b), it
is seen that, on decreasing the temperature, the FC curve maintains
almost a steady trend whereas the ZFC curves show decreasing against
magnetization. The divergence between the FC and ZFC curves reveals
ferromagnetic nature even at 320 K. In general, the gadolinium-based
manganese oxide systems show multiple exchange interactions such as
ferromagnetic double interchange interaction (Mn**-0-Mn®") and an-
tiferromagnetic super-interchange interaction (Gd>*-0-Gd*>* and Mn>*-
O-Mn3+,) and negative exchange interactions between 3d(Fe2+/Mn4+)-
02-4f (Gd®*) electrons [20]. Also, the deviation of Fe/Mn>*-O-Fe/Mn**
angle from the 180 leads to a decrease in ferromagnetic nature, not the
antiferromagnetic nature. However, in the present compound, the large
ferromagnetic Fe dopant and dominating the double exchange in-
teractions (Fe/Mn3+-O-Fe/Mn4+) confirms the ferromagnetic nature of
the compound.

4. Conclusions

In summary, the multifunctional orthorhombic double perovskite
GdyMnFeOg nanoparticles were synthesized by the simple sol-gel pro-
cess. The calculated optical energy band-gap was found to be 1.09 eV.
The ferromagnetic behavior was confirmed by temperature dependence
magnetization plots, ZFC and FC. The estimated narrow optical energy

band-gap and magnetic properties of the double perovskite Gd;MnFeOg
nanoparticles can offer this material as magnetically separable catalyst.
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