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A B S T R A C T

Polycrystalline Gd2NiIrO6 double perovskite compound was synthesized by the solid-state route. Rietveld 
refinement of the X-ray diffraction pattern revealed that the compound was crystallized in a monoclinic structure 
with P21/n space group (IUCr. No. 14). The scanning electron micrograph showed that the grains were spherical 
and well distributed with an average grain size of around 1 μm. The temperature-dependent magnetic mea
surements showed magnetic transitions at 165 K and 149 K in the low-temperature region. Below the transition 
temperatures, weak ferromagnetism was evidenced by field-dependent magnetization measurements. Exchange 
bias effects were observed which were driven by Dzyaloshinsky–Moriya interactions in the compound. The 
UV–visible measurement evidenced that the compound had an optical band gap of 1.8 eV. The electronic 
structure calculations using the DFT + U method revealed that Gd2NiIrO6 compound exhibited a bandgap only 
when on-site correlations for the d-states were included, and the calculation showed that the AF1 configuration 
was energetically favourable.

1. Introduction

Double perovskite oxides with the general formula A2BBʹO6 (A = Sr, 
Ca, Pb, La, Nd, Gd, etc., and B/Bʹ is a transition metal ion) have been 
studied extensively since the 1950s [1]. These materials have garnered 
significant attention due to their ability to incorporate diverse elements 
at the B and Bʹ sites, as well as their interesting physical properties, such 
as high Curie temperature, colossal magnetoresistance, metal-insulator 
transition, etc. [2–5]. The physical properties of these materials 
mainly depend on the chemical structure, nature and the oxidation 
states of transition metal ions. The double perovskites with 5d transition 
metal elements at the B/B′ site would offer fascinating properties 
compared to those systems with 3d metal elements at both the B and B′- 
sites. The 5d iridium-based oxide double perovskites show exotic 
properties such as Weyl semimetals, Kitaev spin liquid, novel Mott 
insulator [6], etc., due to the strong spin-orbit coupling (SOC) with an 
energy comparable to on-site Coulomb interaction and crystal field en
ergies [7]. The Ir and Ni-based double perovskite compounds were 
synthesized in 1965 [8], and their magnetic properties were investigated 

in 1993 [9]. Recently, T. Ferreira et al. synthesized a series of Ir-based 
double perovskites with the chemical formula R2TIrO6 (R = La, Pr, 
Nd, Sm− Gd; T = Mg, Ni) and investigated their structural and magnetic 
properties. For smaller A-site lanthanide cations, larger monoclinic 
distortions and smaller Ni− O− Ir bond angles are observed in the unit 
cell, which leads to higher magnetic ordering temperatures [10]. The 
magnetic ground state and electronic properties of the La2NiIrO6 com
pound have also been explored [11,12], and its exchange bias (EB) 
properties are extensively studied [13]. Exchange bias (EB) manifests 
off-centering of magnetic hysteresis loops along the axes [14]. When a 
system consisting of ferromagnetic (FM) and antiferromagnetic (AFM) 
spin interface is cooled below the Néel temperature (TN) of the AFM 
material in an external magnetic field, anisotropy (exchange bias) is 
induced at the interface, leading to the shift of hysteresis loops. The EB 
effects have been studied extensively in diverse systems like FM films on 
AFM single crystals [15], nanoparticles [16], intermetallics [17], bulk 
compounds such as Cobaltites, Manganites and in other perovskite 
compounds [18–20]. However, it is reported that low crystallographic 
symmetry La2NiIrO6 compound exhibited EB properties due to 
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Dzyaloshinsky-Moria (D-M) interactions [13]. The Hamiltonian for the 
interaction between spins is given as 

H=
∑

<ij>

[

Jij S→i. S
→

j + D→ij.

(

S→i × S→j

)]

1 

where Jij is the exchange interaction between the spins Si and Sj. The 
second term in equation (1) is due to the D-M interaction, which favours 
the canting of spins and produces weak ferromagnetism in the antifer
romagnetic structure.

As the Gd2NiIrO6 compound is isostructural to the La2NiIrO6 com
pound, it can be expected that the Gd2NiIrO6 compound will show ex
change bias properties due to D-M interactions. The exploration of 
exchange bias effects in the double perovskite oxides may offer an 
additional degree of freedom in device applications, such as permanent 
magnets, spintronics, magnetic recording media, etc, along with inter
esting physics. To the best of our knowledge, the structural and magnetic 
properties of the Gd2NiIrO6 compound have been reported so far, 
leaving a significant gap in the literature regarding its other properties, 
such as optical, electronic, dielectric, etc. A comprehensive investigation 
into these aspects is essential, as it would not only deepen our under
standing of the intrinsic properties of the Gd₂NiIrO₆ compound but also 
provide valuable insights for potential device applications. Based on the 
above discussion, we have synthesized the Gd2NiIrO6 compound by 
solid-state reaction and carried out its structural, magnetic, optical and 
electronic structural calculation studies.

2. Experimental details

Polycrystalline Gd2NiIrO6 (GNIO) double perovskite compound was 
prepared by the solid-state route. Stoichiometric amounts of Gd2O3, NiO 
and IrO2 metal powders were mixed and ground for 3 h thoroughly. The 
powder was calcined at 1000 ◦C for 24 h, then at 1100 ◦C for 24 h and 
finally at 1200 ◦C for 24 h. The calcined powder was made as a pellet and 
sintered at 1220 ◦C for 24 h. The crystal structure of the compound was 
confirmed by X-ray diffractometer (Bruker D8-Discover diffractometer 
with Cu Kα radiation. The scanning electron microscope (MIRA 3 LMU, 
Tescan, Brno, Czech Republic) equipped with energy dispersive x-ray 
spectroscopy was used to study the microstructure of the compound. 
Magnetic properties were investigated using a physical property mea
surement system (PPMS) with a VSM assembly (Quantum Design, USA). 
The optical energy band gap studies were conducted on a UV–VIS–NIR 
spectrometer (SHIMADZU) in the absorbance mode.

The ab-initio quantum mechanical calculations are performed using 
the plane wave basis set formalism within the framework of density 
functional theory (DFT) [21] as implemented in the VASP Package [22]. 
The interactions between core and valence electrons are approximated 
using the projected augmented wave (PAW) potentials [23]. The GGA +
U approach [24] is used to include the on-site correlations for the d or
bitals on atoms. In the case of Gd atoms, the localised 4f states and 
semi-core 3p states are treated as core states and valence states, 
respectively. The (5d7, 6s2), (3d8, 4s2), (2s2, 2p4) valence electron con
figurations are considered for Ir, Ni, and O atoms, respectively. The 
exchange-correlation (XC) effects are treated using the Perdew-Burke- 
Ernzerhoff (PBE) [25] form of generalized gradient approximation 
(GGA). A kinetic energy cutoff of a minimum of 520 eV is used to expand 
the Kohn-Sham orbitals in a plane wave basis set. The integrations in the 
k-space are performed by sampling the Brillouin zone using 8 × 8 × 6 
Monkhorst-Pack k-point mesh. The lattice parameters and the fractional 
coordinates of the atoms in the unit cell are relaxed until the 
Hellmann-Feynman forces become less than 10 meV/Å. Self-consistency 
in calculations is achieved with total energies converging down to 10− 6 

eV/cell.

3. Results and discussions

3.1. Structural and microstructure studies

The X-ray diffraction (XRD) pattern of the polycrystalline GNIO 
compound at room temperature is shown in Fig. 1. Inset in the figure 
shows the crystal structure of the GNIO compound. The crystal structure 
of the GNIO compound is analyzed by Rietveld refinement using Fullprof 
software [26]. From the refinement, it is observed that the compound 
crystallizes in a monoclinic structure with P21/n space group (IUCr No. 
14). The obtained lattice parameters, position coordinates and site oc
cupancies from the refinement are given in Table 1. The appearance of 
(011) and (013) superstructure reflections in the XRD pattern at around 
19.37◦ and 38.4◦ respectively, indicates the presence of rock-salt or
dered arrangements of Ni and Ir cations in BO6 and BʹO6 octahedra as is 
observed in some A2BB’O6 double perovskites [13,27,28]. Although 
there exists a long-range ordering of B and Bʹ-site cations, the anti-site 
disorder is quite common in these compounds. In A₂BB’O₆ double pe
rovskites, the disordered arrangement of B-site ions is referred to as 
anti-site disorder (ASD). ASD results in B-O-B′, B-O-B, and B′-O-B′ in
teractions, which can significantly alter the magnetic and other intrinsic 
properties of these materials. For instance, D. Rubi et al., observed an 
increase in the Curie temperature of (Ca₁₋ᵧNdᵧ)₂Fe₁₊ₓMo₁₋ₓO₆ materials 
for x > 0, attributing this enhancement to the presence of disorder [29]. 
Similarly, in the Sr₂FeMoO₆ double perovskite, studies on cationic 
Fe/Mo ordering have demonstrated that cation disorder influences the 
material’s saturation magnetization [30]. More broadly, disorder plays a 
crucial role in determining the magnetic, optical, thermal, and electrical 
properties of materials. The B-site (Ni/Ir) cation degree of order can be 
estimated as S = 2gB − 1, where gB is the occupancy of the B-site cation 
on its correct site [31]. For complete ordering of B-site, S = 1, whereas 
for complete disorder, S = 0. Relatively, better fitting is observed in the 
XRD pattern after allowing the B-site cation disorder in their sites. The 
value of S is found to be 0.976, indicating a small amount of B-site cation 
disorder present in the compound. The refined composition of the 
compound can be modelled as Gd2[Ni0.4940Ir0.0060]2b[Ir0.4942

Ni0.0058]2aO6 [32,33].
The crystal structure of double perovskites can be analyzed using the 

Goldschmidt tolerance factor t, which defined as 

t =
1

√2

⎡

⎢
⎣

rA + rO
(

rB+rB’
2

)
+ rO

⎤

⎥
⎦ 2 

where rA, rB, rBʹ and rO, are radii of ions at their respective sites. For 
1.05 > t > 1, the crystal structure adopts cubic with Fm3m structure; for 
1 > t > 0.97, it adopts tetragonal; and for 0.97 > t, it adopts ortho
rhombic or monoclinic [34]. The calculated value of t obtained using 
equation (2) is 0.8604, which is also in corroboration with the stabili
zation of the monoclinic crystal structure of GNIO.

Fig. 1. Room temperature XRD pattern of GNIO compound. The inset shows 
the crystal structure of GNIO.
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Fig. 2 shows the microstructure image of the GNIO compound. It is 
evident that the compound has homogeneous, identical and spherical 
grains with an average grain size of around 1 μm. The compound has 
some pores, indicating its density is lower. The atomic percentages of 
constituent elements as obtained from energy-dispersive X-ray (EDAX) 
analysis indicate that the compound maintains stoichiometry in the ratio 
Gd:Ni:Ir:O close to 2:1:1:6, which is in corroboration with the X-ray 
findings.

3.2. Magnetic studies

The zero-field cooled (ZFC) and field-cooled (FC) magnetization of 
the GNIO compound, measured from 5 K to 300 K under 1 kOe, is shown 
in Fig. 3 (a). The ZFC and FC curves merge with each other from 300 K to 
160 K, below which the two curves start bifurcating. The ZFC curve 
increases with the decrease in temperature until 85 K, below which the 
magnetization decreases up to 15 K. Again the magnetization starts 
increasing from 15 K to 5 K with the further decrease in temperature.

In contrast, the FC magnetization shows an increasing trend as the 
temperature decreases. Notably, two magnetic transitions are detected 
at 165 K and 149 K. These transitions are also evident in the first de
rivative of the ZFC curve, as shown in the inset of Fig. 3 (a). In the case of 
a single crystal, the magnetic transition is observed at 170 K [10]. Fig. 3 
(b) shows the magnetization hysteresis plots of the GNIO compound 
measured at temperatures 5 K and 300 K. The M-H curve measured at 
300 K shows the paramagnetic nature, whereas the M-H loop measured 
at 5 K shows a remanent magnetization (Mr) of 0.09 emu/g and a co
ercive field (Hc) of 575 Oe. The non-saturation of magnetization curves 
with the field (up to the maximum applied field) indicates the presence 
of an antiferromagnetic nature of the compound. Further, a non-zero 
remanent magnetization in the low temperature has appeared in the 
M-H loop, as shown in the inset of Fig. 3 (b), with the enlarged view of 
the M-H curve near the origin. A nonzero remanent magnetization is 
attributed to the presence of weak ferromagnetism (WFM) in the com
pound due to Dzyaloshinsky–Moriya (D-M) interactions [35]. The hys
teresis loops centered at the zero field are observed, indicating no 
exchange bias properties in the M-H curve under zero field cooled 
conditions. To test the exchange bias properties in the GNIO sample, a 
field-cooled (FC) M-H hysteresis loop under a cooling field 8T is 
measured between ±70 kOe at 10 K, 20 K, and 150 K as shown in Fig. 4. 
It is observed that FC M-H hysteresis loops show a shift in the magnetic 
field axis, indicating the presence of exchange bias properties in the 
compound.

The exchange bias field HE, and remanence asymmetry ME are 
defined as HE = − H1+H2

2 , and ME = −
MR1+MR2

2 respectively, where H1 and 
H2 are respectively the left and right coercive fields, MR1 and MR2 are 
respectively the positive and negative remanent magnetizations. The 
magnitude of values of HE and ME are calculated and given in Table 2. 
Generally, the EB effects are observed due to the development of ex
change interactions between the WFM and AFM interfaces. The WFM 
could be due to the canting of antiferromagnetic spins in the compound. 
The canting of spins arises due to D-M interactions and/or due to the 

Table 1 
Lattice parameters, position coordinates, site occupancies and 
reliability factor of Gd2NiIrO6 in the monoclinic structure with 
P21/n space group, at 300 K. Gd, O1, O2 and O3 atoms at 4e (x, 
y, z) sites, Ni at 2b (0,0,1/2), Ir at 2a (0,0,0).

a Å 5.4284(5)
b Å 5.6546(6)
c Å 7.7497(8)
V Å3 237.88
β(o) 90.118(8)
Gd
x 0.0235
y 0.5587
z 0.7500
Occupancy 0.9940
(Ni/Ir)2b

Occupancy (Ni/Ir)2b 0.4940/0.0060
(Ir/Ni)2a

Occupancy (Ir/Ni)2a 0.4942/0.0058
O1
x 0.1677
y 0.0600
z 0.2288
Occupancy 1.0428
O2
x 0.2168
y 0.2497
z − 0.036
Occupancy 0.9975
O3
x 0.2311
y 0.2954
z 0.5596
Occupancy 1.0764
Overall B-factor (Å2) 0.6
Reliability factor
χ2 1.60

Fig. 2. (a) SEM micrograph and, (b) Energy dispersive spectroscopy (EDS) spectrum of GNIO compound.
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anisotropy of the compound. The increase in irreversibility between ZFC 
and FC curves signifies the increase in WFM below 165 K due to D-M 
interactions and/or to the anisotropy of the compound. It is reported 
that the low crystallographic symmetric compounds such as La2BIrO6 (B 
= Cu/Zn), along with the strong spin-orbit coupling, facilitate D-M in
teractions [36,37]. These D-M interactions would have caused WFM in 
the AFM matrix of the Gd2NiIrO6 compound and led to the observed 
exchange bias properties. In some perovskite compounds with AFM 
structures, the EB effects are observed because of D-M interactions [38,
39]. In the GNIO compound, the EB effects could be ascribed to the 
development of exchange interactions between the WFM components 
and the AFM matrix. During the FC process, the freezing of these un
compensated spins will induce the exchange anisotropy and hence, the 
exchange bias in the compound. At low temperatures (10 K and 20 K), 
the irreversibility between ZFC and FC curves is high, and a strong WFM 
component is expected, and hence higher exchange interactions be
tween the WFM components and the AFM matrix. Hence, the EB effects 
are significant. At 150 K, the irreversibility is very small, and the EB 
effects weaken, implying a decrease in exchange contacts. The appear
ance of remanence asymmetry ME is due to the presence of uncompen
sated pinned spins in the AFM material [40], and the exchange bias field 
HE is due to exchange interaction between the AFM/FM interfaces [41].

3.3. UV–visible spectroscopy

The optical properties of the compound are studied by analyzing its 
UV–vis absorption spectrum. Fig. 5 shows the absorption spectrum of 
the GNIO compound. The optical band gap of the GNIO compound is 
calculated using Tauc’s equation [42]. 

(αhv)n
=A

(
hv − Eg

)
3 

where α,A, hv, and Eg are the coefficient of absorption, proportional 
constant, photon energy, and energy gap respectively.

Insert of Fig. 5 shows a plot drawn between (αhv)2 and hv. The 
intercept of the tangent drawn to the most linear portion of the curve 
gives the band gap Eg which is found to be 1.8 eV. From the obtained 
band gap, the sample is classified as a semiconductor [43]. J. A. Khan 
et al. observed an indirect band gap of 0.96 eV in the La2CrMnO6 sample 
[44]. S. R. Mohapatra et al. prepared a Gd2NiMnO6 compound by con
ventional solid-state reaction route and reported a band gap of 1.48 eV 
in it [45]. The band gap of material has many applications. The wave
length of emitted radiation from LED or Laser diodes strongly depends 
on the band gap of a material. Researchers have focused on designing 
materials with desired band gaps to achieve specific applications. The 
band gap of 1.8 eV in the GNIO compound would be useful in photo
catalysis, optoelectronics, solar cells and sensors. Though there have 
been halide and chalcogenide perovskites which show interesting opti
cal properties in optoelectronics [46,47], the double perovskite oxides 
offer advantages in terms of chemical and thermal stability, environ
mental safety, better mechanical properties, and a broader range of 
functionalities.

3.4. Electronic structure

The spin-polarized calculations are performed using the DFT + U 

Fig. 3. (a) ZFC-FC magnetization curves of GNIO compound measured under 1 kOe. Inset in (a) shows the derivation of magnetization, (b) M-H loops of GNIO 
compound at 5 K and 300 K and Inset shows the enlarged view of the same M-H plot.

Fig. 4. FC M-H curves of GNIO compounds at 10 K, 20 K and 150 K. Inset shows 
an enlarged view of M-H curves near the origin.

Table 2 
The variation of HE, and ME of GNIO compound at different temperatures.

Temperature (K) HE (Oe) ME (emu/g)

10 210 0.0267
20 343.5 0.007
150 8 ∼ 0

Fig. 5. UV–vis spectrum of GNIO compound. Inset shows the Tauc’s plot of 
GNIO compound.
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method to explore the atomic and electronic structure of GNIO. Though 
we have also performed calculations with the GGA scheme, our results 
suggest that the bandgap is opened only when on-site correlations and 
repulsions for the d-states of atoms are considered using the GGA + U 
scheme. Standard GGA functionals often underperform in describing 
materials with strongly correlated d or f electrons. The DFT + U method 
addresses this limitation, providing a more accurate description of these 
systems. DFT + U can be considered as an approximate spectral- 
potential method, with U being determined by imposing the piecewise 
linearity of the total energy with respect to electronic occupations in the 
Hubbard subspace or manifold. This results in the removal of self- 
interaction errors, thereby improving the bandgap [48]. We use a 
value of U = 3 eV for all d- orbitals. The calculations are performed for 
two different anti-ferromagnetic (AF1 and AF2) as well as ferromagnetic 
(FM) configurations for Ni and Ir atoms. In the AF1 configuration, the Ni 
magnetic moments are aligned parallel to each other in the (001) plane. 
Likewise, the Ir magnetic moments are aligned parallel to each other. 
However, the magnetic moments of Ni are aligned antiparallel to those 
of Ir. In the case of AF2 configuration, the magnetic moments of both Ni 
and Ir are aligned antiparallel to each other. The energies of all three 
configurations are found to be comparable. Our calculations reveal that 
the AF1 state is energetically favorable, with an energy of 1.1 meV/atom 
lower than the AF2 state and 3.6 meV/atom lower than the FM state. The 
observed small energy differences between the AF1, AF2, and FM states 
suggest a possible competition between various magnetic ordering 
configurations. This competition could lead to a more complex spin 
structure or magnetic ordering in the ground state. Furthermore, 
nano-regions with a different type of AF ordering and/or competing 
magnetic spin structures may also exist in the system [49]. Table 3
presents the lattice parameters of the optimized unit cell for the AF1, 
AF2, and FM states. These values were obtained from spin-polarized 
calculations employing a U value of 3 eV for the d-orbitals of the 
atoms. The calculated lattice parameters exhibit good agreement with 
experimental data and align with the expected trends for the GGA 
exchange-correlation approximation. In general, the GGA approxima
tion slightly overestimates the lattice parameters [50], and the same 
trend is observed for the GNIO. In the past, using GGA and GGA + U 
formulations within the full potential linearized augmented plane wave 
(FP-LAPW) method, theoretical studies on R2NiMnO6 (R = La and Gd) 
have been conducted and the results were reported in Ref. [51]. Using 
this method, the band gap values of Gd2NiMnO6 and La2NiMnO6 com
pounds were found to be 1.36 eV and 1.41 eV, respectively. Table 3
shows that the GGA lattice parameters are slightly overestimated (by <
3 %).

Our GGA calculations yielded a band gap of approximately 1.05 eV, 
which underestimates the experimental value of ~1.8 eV. This under
estimation is consistent with the known limitations of the GGA scheme, 
which can systematically underestimate band gaps by up to 50 % [50]. 
The absolute value of the magnetic moment of each Ni and Ir atom is 
found to be ~1.67 μB and ~0.75 μB, respectively. Fig. 6 (a) shows the 
total and partial density of states (DOS) for GNIO in AF2 configuration. 
The total DOS of GNIO in AF1, AF2 and FM configurations are shown in 
Fig. 6 (b). The energy scale in Fig. 6 is rescaled so that the valence band 
maximum (VBM) is at 0. The valence band (VB) width is ~7 eV, with VB 
extending from ~ − 7 eV to VBM at 0 eV.

The states in the VB in range − 1.5 eV < E < 0 are mainly comprised 

of Ni-3d, Ir-5d and O-2p states. In the range − 1.5 eV < E < − 5 eV, the 
contribution comes primarily from Ni-3d, and O-2p states. The VB in 
range − 5 eV < E < − 2 eV are primarily contributed by Ni-3d, and O-2p 
states. The conduction band (CB) in range 1 eV < E < 4 eV is primarily 
contributed by Ni-3d, and Ir-5d states. The states in CB in range 5 eV < E 
< 7 eV are mainly Gd-5d and Gd-5s states. Our theoretical calculation 
based on DFT using GGA + U scheme predicted an optical band gap of 
about 0.98–1.0 eV. Fig. 6 (b) shows the DOS for AF1, AF2 and FM 
configurations, wherein the slight differences between spin-up and spin- 
down DOS can be clearly seen. In particular, exchange splitting for FM 
configuration can be seen. Our experimental findings comply qualita
tively with theoretically predicted results. As the band gap of the GNIO 
sample is in the visible region, it can be useful in photocatalysis-based 
devices.

3.5. Conclusions

Polycrystalline Gd2NiIrO6 double perovskite compound was syn
thesized by solid-state route. Structural analysis using X-Ray diffraction 
studies indicated that the compound crystallized in a monoclinic 
structure with P21/n space group. The B-site cations showed a nominal 
amount of disorder at the B-site. Spherical and well-distributed grains 
were observed from the scanning electron micrographs. Weak ferro
magnetism was observed in the low temperature (below 165 K) due to 
the Dhzalonshinsky- Moriya interactions. The WFM component below 
the transition temperature, coupled with the antiferromagnetic nature 
of the compound, led to uncompensated spins in the AFM material, 
which resulted in the EB properties in the system. The UV–visible 
spectroscopy studies indicated that the optical band gap of the GNIO 
sample was 1.8 eV. The electronic structure calculation using the DFT +
U method revealed that on-site correlations for the d-states were 
responsible for the bandgap in Gd2NiIrO6 and our calculation showed 
that the AF1 configuration was energetically favourable.
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Fig. 6. a) Total and projected density of states for GNIO in AF-2 state. b) Total 
DOS for GNIO in AF-1, AF-2 and FM states. The dotted line in the DOS plot 
indicates the valence band maximum.
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