Ó Indian Academy of Sciences

Bull. Mater. Sci.
(2021) 44:90
https://doi.org/10.1007/s12034-021-02399-1

Sadhana(0123456789().,-volV)FT3](012345
6789().,-volV)

Investigations on the structural and magnetic properties
of Nd12xGdxFeO3
T SHALINI1 and J KUMAR2,*
1

Crystal Growth Centre, Anna University, Chennai 600 025, India
UGC-BSR Faculty Fellow, Crystal Growth Centre, Anna University, Chennai 600 025, India
*Author for correspondence (marsjk@annauniv.edu)
2

MS received 31 August 2020; accepted 20 December 2020
Abstract. We report on the increase in spin re-orientation transition temperature (TSR) and Neel temperature (TN) in
Nd0.95Gd0.05FeO3 compound, by substituting Gd3? ions at the A-site of NdFeO3. Structural and magnetic properties of
Nd1-xGdxFeO3 (x = 0, 0.03 and 0.05 mol%) have been analysed by employing solid-state reaction method. Crystallite size
reduction and lattice contraction have been observed with increase in Gd substitution in NdFeO3. M–H curves depict
strong ferromagnetic behaviour of Nd1-xGdxFeO3 with a non-saturating and large coercive hysteresis loops. The crystallite size of Nd1-xGdxFeO3 influences the magnetic property, resulting in the ferromagnetic behaviour with higher
M and Hc values at room temperature and low temperatures.
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Introduction

Perovskite structured rare-earth orthoferrites (RFeO3) have
been investigated over decades due to their demanding scope
in solid-state physics having optical, structural, electronic and
magnetic properties for the development of integrated and
miniaturized devices. They are desirable due to their wide
variety portfolio in gas sensors, magneto-optical materials,
catalytic, magnetic field sensors, spintronic devices and solidoxide fuel cells [1–6]. NdFeO3 is a rare-earth orthoferrite,
which crystallizes in a distorted perovskite structure (ABO3)
with Pbnm symmetry. It can be visualized as a slightly tilted
three-dimensional unit cell with a corner sharing BO6 octahedral arrangement. The BO6 octahedrons would release a
structural stress by rotating about the cubic crystallographic
axis if A-cations are replaced by a smaller one. This rotation of
the BO6 octahedron leads to a decrease in the B–O–B bond
angle and the co-ordination number of A-cations. Such distortions caused by different A-cations, play essential role in
metal–insulator transition, magnetoresistance, spin transition,
etc. because the electronic structure of RFeO3 is strongly
dependent upon the B–O–B bond angle [7]. In NdFeO3, the
distorted type of orthorhombic structure is due to the presence
of Nd and it increases with increasing atomic number of rareearth elements [8]. The BO6 octahedra can be tilted, as these
structural distortions are temperature dependent as defined by
the Glazer system a?a-a- [9]. In NdFeO3, magnetic interactions takes place due to strong competitions between 3d, 4f
electron based Fe and R magnetic sublattices, which gives rise

to G-type antiferromagnetic ordering at room temperature.
This temperature-dependent magnetic coupling in RFeO3 (R =
Sm, Er, Nd, Ho, etc.) shows spin reorientation transition
(SRT), which is the change of magnetic configurations from
C4 to C1. Due to this SRT behaviour, rare-earth orthoferrites
attract renewed interest in magnetization-induced ferroelectric
applications and device design.
Despite the large number of reports on the preparation of
polycrystalline NdFeO3 [11–17] with different dopants,
information on A-site occupancy of a rare-earth ion influencing the structural and magnetic property of NdFeO3 is
limited [18,19]. However, there are few reports on the
A-and B-site doping in NdFeO3, which has been focused on
the electrical, thermal and magnetic ordering of the system.
Ahmad et al [14] had presented elaborate reports on the
effects of A-site Sr2? doped NdFeO3 compound, resulting
in anomalous octahedral distortions and magnetic ordering.
Similarly it has been reported that, A-site doping of alkaline
earth cations like Sr2? and Ca2? ions in NdFeO3 enhances
the electrical and ionic conductivity of the system by
changing the oxidation state [15]. Du et al [19] have studied
the effect of doping Sm3? ions in NdFeO3, which influences
the room temperature magnetization property when an
electric field is applied. Investigations on the structural,
optical, thermal and dielectric properties of nanocrystalline
NdFe1-xCoxO3 has been reported [17]. All the reported
literatures clearly manifests that the effect of A or B-site
doping in NdFeO3 orthoferrite can bring about changes in
the lattice parameters, volume expansion, crystallite size,
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conductivity of the compound, oxidation state, etc. along
with the control in the physical properties of the system.
Similarly, there are research articles [20–25] available on
the substitution of RE (RE = Gd, Nd, Sm, La, etc.), transition metal ions (Co, Mn, etc.) and alkaline metal ions (Ca,
Sr) in the A or B-sites of orthoferrites and perovskite oxides
for multiferroics and spintronic applications.
In this study, we have analysed the structural and magnetic properties of Nd1-xGdxFeO3 (x = 0, 0.03 and 0.05)
system prepared by solid-state reaction method. Gd has
been chosen as a dopant, owing to its effective magnetic
´
moment of 8.0 lB and ionic radii (0.94 Å) smaller than the
´
host element Nd (0.983 Å). Subsequently, minimal concentration of Gd3? ions in NdFeO3 enhanced the magnetic
property of the system with a reduced crystallite size.
Therefore, the objective of this study is to have an outlook
on the impact of doping Gd3? ions in NdFeO3, which has
not been investigated so far. Also, this work emphasizes the
role of Gd3? ions in influencing the structural and magnetic
properties of the system, which in turn can be considered for
single crystal growth and device quality applications.

2.

Experimental

Nd1-xGdxFeO3 (x = 0, 0.03 and 0.05 mol%) samples were
prepared by the solid-state reaction method. The analytical
grade precursors Nd2O3, Gd2O3 and Fe2O3 were mixed and
pre-dried at 1073 K for 4 h. Then the mixture was sintered
at 1273 K for 12 h, followed by subsequent grinding and reheating at 1073 K for 10 h. The grinding and sintering
processes were carried out several times in order to obtain
single-phase Gd-doped NdFeO3. Further, the synthesized
samples were checked for phase identification by using
PANalytical X’Pert Powder X-ray Diffraction (XRD) system, using Cu K-a radiation with a scanning speed of 1.2°
min–1. The morphology of the samples has been studied
using Carl Zeiss MA15/EVO 18 Scanning Electron
Microscope (SEM). Room temperature magnetization and
Zero field cooled-Field cooled (ZFC-FC) measurements of
the sample were analysed using vibrating sample magnetometer (VSM).

3.
3.1

Results and discussion
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pure and Nd0.97Gd0.03FeO3 sample. The reason for the shift
can be attributed to several factors such as concentration of
dopant, presence of various kinds of defects (oxygen
vacancies, hole and electron doping, impurities, etc.) in
external strains developed due to temperature, synthesis
conditions and difference between the ionic radii of dopant
and host element [23]. In order to confirm the phase purity,
Rietveld analysis has been carried out on all the samples
(figure 1a, b and c). The Gd substitution does not change the
orthorhombic structure of NdFeO3 and there is no evidence
of impure phases present in the XRD pattern. The structural
parameters of the system are summarized in table 1. The
stability of the perovskite (ABO3) structure was found using
the Goldschmidt factor,
pﬃﬃﬃ
t ¼ rA þ rO = 2ðrB þ rO Þ
ð1Þ
where rA and rB indicate the ionic radii of A-site and B-site
cations, respectively, and rO is the ionic radii of oxygen. In
addition, the presence of microstrain in the sample was
calculated by using Williamson–Hall equation,
b cos h ¼ kk=D þ 2e sin h

ð2Þ

where k = 0.9, k is the X-ray wavelength (0.154 nm), b the
full-width half-maximum of the peak, D the average crystallite size, h the Bragg angle and e is the microstrain.
From the results (table 1), it is clearly observed that the
lattice parameters and crystallite size decreases with
increase in Gd concentration. The probable clarification is
that at lower dopant concentration (x B 0.05), the lattice
contraction occurs due to the smaller ionic radii of Gd3?
ions occupying the substitutional sites in the place of Nd3?
ions. Further, the reduction in crystallite size is mainly
attributed to the increase in anisotropic microstrain signifying the presence of higher lattice defects compared to the
undoped sample, as tabulated in (table 1). It can also be
ascribed to the structural distortions caused by the
replacement of larger ionic radii Nd3? by a smaller ionic
radii Gd3? ion in NdFeO3 lattice [12,23,26–28]. Similar
structural behaviour has been observed for Sm3? doped
LaFeO3 nanopowders [20]. The solubility of Gd ions in
NdFeO3 is not more than 3–5 mol% [29–38] and the A-site
´
cation size mismatch between Nd3? (0.98 Å) and Gd3? ions
´
(0.94 Å) increases the lattice strain and expands the volume
of the unit cell [26,39–44]. When comparing the undoped
sample, the Goldschmidt’s tolerance factor increases
depicting the structural stability of the system.

XRD analysis

Figure 1 shows the XRD patterns of Nd1-xGdxFeO3 with (a)
x = 0, (b) x = 0.03 and (c) x = 0.05, respectively. All the
diffracted peaks present strong intensities indicating good
crystallization of the samples. The obtained data matches
well with the ICSD pattern no. 98-007-8587, confirming the
distorted perovskite structure of NdFeO3 (figure 1a). The
high intensity (121) peak of Nd0.95Gd0.05FeO3 (figure 1c)
shows a peak shift towards the lower angle compared to the

3.2

SEM analysis

The microstructural analysis of Nd1-xGdxFeO3 (x B 0.05) is
presented in figure 2. It has been observed that the grains
are in uniform, spherical-shaped morphology with clear
grain boundaries. It can also be seen that the grain size
decreases with increase in concentration of Gd in NdFeO3
as consistent with the earlier reports [30]. The SEM
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Figure 1. (a) XRD pattern of Nd1-xGdxFeO3 powders with x = 0, 0.03 and 0.05. (b) Rietveld refinement pattern of
(a) NdFeO3, (b) Nd0.97Gd0.03FeO3 and (c) Nd0.95Gd0.05FeO3.
Table 1.

Calculated structural parameters of Nd1-xGdxFeO3.
Lattice parameters

Sample
Nd1-xGdxFeO3
x = 0.0
x = 0.03
x = 0.05

a

b

c

5.590 ± 0.012 7.766 ± 0.022 5.454 ± 0.052
5.589 ± 0.008 7.751 ± 0.034 5.441 ± 0.008
5.589 ± 0.017 7.710 ± 0.013 5.440 ± 0.019

micrographs of NdFeO3 (figure 2a) show well-agglomerated
particles; while the Gd-doped samples (figure 2b and c)
have dense and homogeneous microstructure.

3.3

Magnetic measurements

3.3a Magnetization
measurements
at
ZFC-FC
conditions. Figure 3 shows the zero-field cooled and

Crystallite size
(nm)

Volume
(A3)

81
62
30

235.9
236.2
237.2

Tolerance factor
(t)
0.8232
0.8235
0.8239

´
Å
´
Å
´
Å

Microstrain
(e)
0.0019
0.0027
0.0038

field-cooled (ZFC-FC) curves of Nd1-xGdxFeO3 (x = 0,
0.03 and 0.05) at an applied magnetic field of 100 Oe with
temperatures ranging 0–300 K. In consistent with earlier
reports [8,10,11], the magnetization of FC curves (figure 3a, b
and c) increases for pure and Gd-doped NdFeO3 samples.
This increase in magnetization is attributed to the spin
reorientation transition of Fe3? ions at low temperature [8].
Also, the ZFC-FC curves (figure 3a and b) start splitting at
180 K showing the antiferromagnetic ordering of NdFeO3.

90

Page 4 of 7

Figure 2.
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SEM images of Nd1-xGdxFeO3: (a) x = 0, (b) x = 0.03 and (c) x = 0.05.

Figure 3.
100 Oe.

M–T measurements of Nd1-xGdxFeO3: (a) x = 0, (b) x = 0.03, (c) x = 0.05 under ZFC-FC conditions at

For pure and Nd0.97Gd0.03FeO3 samples, the spin
reorientation transition (TSR) region is at 100 and 180 K;
whereas for Nd0.95Gd0.05FeO3 sample two TSR points prevail
at 150 and 250 K. This shift in TSR might be due to the Gd3?–
Fe3? interactions over Nd3?–Fe3? interactions and complex
exchange interactions between R3? and Fe3? ions at low
temperatures [31]. In all the samples, a small cusp prevails at
low temperature (50 K) due to the ordering of A-site
substituted Nd3? and Gd3? rare-earth ions. Above 200 K,
the curves are indistinguishable and exhibit paramagnetic
behaviour. The bifurcation between ZFC-FC curves

increases with increase in Gd doping in NdFeO3. This large
difference in magnetization between ZFC-FC indicates that
Gd-doped NdFeO3 belongs to hard materials category. Also,
it is evident from table 1 that the crystallite size of
Nd1-xGdxFeO3 decreases for higher Gd content, resulting
in the enhancement of ferromagnetism with higher M and Hc
values (table 2) [20,24,25,34–38]. In RFeO3 compounds, this
magnetic conduct is due to the super exchange interactions
between Fe–O–Fe and R–O–Fe ions at low temperatures [8].
Hence, the magnetic property is expected to increase with
increase in Gd substitution in NdFeO3.
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Magnetic measurements at 300 and 180 K.

Nd1-xGdxFeO3 @ 300 K
x = 0.0
x = 0.03
x = 0.05
Nd1-xGdxFeO3 @ 180 K
x = 0.0
x = 0.03
x = 0.05

Figure 4.
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Hc (Oe)

Ms (emu g-1)

Mr (emu g-1)

231.9
4390.94
4769.92

0.125
0.811
1.26

0.048
0.180
0.304

787.2
3279.3
3805.7

0.441
1.601
2.109

0.154
0.457
0.759

Magnetic hysteresis loops of Gd:NdFeO3 at (a) 300 and (b) 180 K.

3.3b M–H measurements. In order to get clear insights
on magnetic characteristics of Nd1-xGdxFeO3, isothermal
magnetization measurements (M–H curves) were carried
out at room temperature (300 K) and spin re-orientation
temperature (180 K), as shown in figure 4. Due to the
antiferromagnetic nature of RFeO3 compounds, the M vs. H
curves of NdFeO3 (figure 4a) exhibits a non-linear, weak
ferromagnetic behaviour with canted hysteresis loops at
both the temperatures (300 and 180 K) [8]. However, there
are significant changes in the magnetic properties of
Gd:NdFeO3, as summarized in table 1. At 300 K, the M
vs. H loops of Gd-substituted samples exhibit hard magnetic
property and increased magnetization. The M–H curves
depict consistent behaviour for the samples measured at 180
K. It suggests the presence of strong ferromagnetic state
with huge coercive field in Gd-substituted samples. This
ferromagnetic behaviour might be due to the distortion of
structure and decrease in crystallite size, resulting in the
increase in spin uncompensation at the surface of the
particles [20,24,25,34–38].

At room temperature, there is a significant jump in the
coercive field with increase in Gd substitution; whereas at
180 K (spin re-orientation temperature) the coercivity
decreases slightly. The reason for the decrease in coercivity
might be attributed to the formation of multi-domains and
easy domain wall movement in Nd1-xGdxFeO3 at TSR
temperature [31,33]. Further, the saturation Ms and remanent magnetization (Mr) values increase with increase in
concentration of Gd. Hence, this enhanced magnetic property in Gd:NdFeO3 is due to the structural distortions caused
by Fe–O–Fe bonds and grain size reduction ensuing in the
disordered surface spins, which can induce a net magnetic
moment [15,19,20,24,34].
3.3c High
temperature
magnetization
measurement. Figure 5 shows the magnetization
measurement as a function of temperature for
Nd1-xGdxFeO3 (x = 0, 0.03 and 0.05) samples at an
applied magnetic field of 500 Oe. At high temperatures, it
was observed that the graph of Nd0.95Gd0.05FeO3 shows a
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Nd1-xGdxFeO3 with larger coercivity and increased magnetization. Also, the non-saturating hysteresis loops indicate
the presence of antiferromagnetism in Gd:NdFeO3 samples.
Neel temperature increases to 730 K for x = 0.05 mol% of
Gd, indicating the strong ferromagnetic interactions over
the weak antiferromagnetic interactions at high temperatures. This ferromagnetic property in Nd1-xGdxFeO3 originates from the structural distortions and crystallite size
reduction due to the decrease of lattice parameters as a
result of Gd doping. These results confirm the importance of
size effect on ferromagnetic behaviour in perovskite oxides.
Hence, the addition of Gd in NdFeO3 can effectively
increase the structural and magnetic characteristics of
orthoferrites, thereby serving as a key component for
magnetoelectronic applications.

Figure 5. High temperature magnetization measurements of
Nd1-xGdxFeO3 at 500 Oe.

drastic rise in the magnetic ordering with a Neel
temperature (TN) of 730 K. This value is greater than the
reported Neel temperature of NdFeO3 [31]. The magnetic
curves of pure and Nd0.97Gd0.03FeO3 sample shows Neel
temperature at 675 and 690 K. Generally in RFeO3
compounds, the relation between structural distortions and
superexchange interactions of R3? and Fe3? magnetic
sublattices influences TN largely. In the present study,
increase in TN can be ascribed to the addition of Gd3? ions
in NdFeO3 lattice, thereby affecting the Fe–O–Fe bond
angle. It can also be due to the increase in interactions
between antiferromagnetically aligned Gd3? moments
because of the dilution of Nd3? moments with the Gd3?
addition at high temperatures [45]. It can further be assumed
that, on increasing Gd concentration, there would be
random incorporation of Nd, Gd and Fe ions in the cation
site, leading to the disorderness in the lattice. Hence, at 730
K due to the Dzyaloshinskii–Moriya interaction the Fe
magnetic moments exhibit antiferromagnetic behavior,
resulting in GxAyFz spin structure [33]. The magnetization
evidences a sudden drop above TN = 750 K, which is due to
the onset of paramagnetic ordering.

4.

Conclusions

In this study, solid-state reaction method was employed to
synthesize Gd-substituted NdFeO3 at different stoichiometric composition (x B 0.05). From XRD analysis, it has
been asserted that a phase pure Nd1-xGdxFeO3 was
obtained with limited solubility of Gd3? ions in NdFeO3.
SEM micrographs record that, with increase in Gd concentration, the particles display spherical morphology with
an average grain size of 0.7–2 lm. It is also evident from M
vs. H curves that the structural distortions caused by Fe3?
spins, show strong ferromagnetic type of ordering in
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