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The  structural,  electronic  structure  and  magnetic  properties  of Ni doped  GdFeO3 perovskite  materials
have  been  studied.  A  decreasing  trend  in volume  with  the  increasing  Ni concentration  without  any  struc-
tural  change  is  confirmed  from  X-ray  diffraction  studies.  The  electronic  structural  studies  show  that  the
competing  ions  within  the  ensemble  have  +3  oxidation  states,  which  includes  the  Gd,  Fe and  Ni  ions,  and
also confirms  the  octahedral  symmetry  of the  Fe/Ni  ions.  The  magnetic  properties  clearly depict  that  the
Ni doping  can  tailor  the  phase  transitions  arising  due  to temperature/field  dependence  having  a  heavy
impact  on  spin  dynamics.
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agnetization

. Introduction

The diverse structural, magnetic, transport and optical prop-
rties of transition-metal oxides due to their complex d-orbitals
f transition metal ion and f-orbitals of rare-earth ion make
hese materials important from the fundamental and technolog-
cal perspectives [1].  GdFeO3 is an important transition metal
xide belonging to the perovskite family, exhibiting the prototype
aterial for GdFeO3 (Pbnm space group) family structures, which

rystallizes in an orthorhombic lattice containing pseudo cubic sub-
ells where Gd3+ and Fe3+ ions occupy sites at pseudocube corners
nd body centers [2].  The GdFeO3 system is becoming the most
romising candidate for the detection of gasoline in monitoring the
nvironment [3]. This system not only is a weak ferromagnet but
lso possesses a ferroelectric ground state in which the striction is
enerated by the exchange interaction between Gd and Fe ions. This
utual controllability of electricity and magnetism, due to com-

osite domain wall clamping of the respective domain walls for
lectric and magnetic orders, plays an important role in the appli-

ation of multiferroics to practical devices [4].  The low-temperature
hermal conductivity is found to be strongly dependent on the mag-
etic field. The irreversibility of heat transport coincides with that

∗ Corresponding author. Tel.: +91 9419095975; fax: +91 01942420475.
E-mail address: abida.nit@gmail.com (A. Bashir).

925-8388/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2012.01.121
presenting the ferroelectricity, which is due to the phonon
scattering by ferroelectric domain walls. This result shows an
experimental feature that point to the capability of controlling the
ferroelectric domain structures by magnetic field in multiferroic
materials [5]. The substitution by a homovalent transition metal
results in a metal-insulator (MI) transition at a critical substitution
concentration, which is associated by structural transition as stud-
ied by a number of researchers [6–13]. These studies explore the
Mott’s criteria of MI  transition dependence on critical carrier con-
centration. An insight that the incorporation of Ni in GdFeO3 matrix
can bring new interactions due to Ni3+–O–Ni3+ or Fe3+–O–Ni3+ can
be studied and verified through diverse properties like structural,
magnetic, or electrical behavior or electronic structure studies.
These properties would depend on different parameters, like rare-
earth ion and transition metal ions’ radii and spin states and
hybridization of O ions with the Fe/Ni/Gd ions. In this context, the Ni
doped GdFeO3 system in the range of (0 ≤ x ≤ 0.5) is studied to bring
to light the structural, magnetic and electronic structure evolutions.

2. Experimental procedures

The polycrystalline bulk samples of chemical composition GdFe1−xNixO3

(0 ≤ x ≤ 0.5) were synthesized by solid-state reaction technique. The stoichiometric

amounts of high purity (99.99%) Gd2O3, FeO and NiO powders were ground into fine
powder in an agate mortar. The details of the solid state reaction technique are given
in  Bashir et al. [12]. Powder X-ray diffraction measurements were performed using
Rigaku Rotaflex X-ray diffractometer with Cu K� radiation at room temperature
in  the 2� range of 20–80◦ . The near edge X-ray absorption spectroscopy (NEXAFS)

dx.doi.org/10.1016/j.jallcom.2012.01.121
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:abida.nit@gmail.com
dx.doi.org/10.1016/j.jallcom.2012.01.121
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Table 1
The lattice parameters and unit cell volume for different compositions of
GdFe1−xNixO3 (0 ≤ x ≤ 0.5).

Concentration Symmetry a (Å) b (Å) c (Å) V0 (Å3)

x = 0.0 Orthorhombic 5.3464 5.6035 7.6652 229.6394
x  = 0.1 Orthorhombic 5.3350 5.6019 7.6370 228.2387
x  = 0.2 Orthorhombic 5.3343 5.6050 7.6352 228.2838
x  = 0.3 Orthorhombic 5.3425 5.5931 7.6479 228.5249
x  = 0.4 Orthorhombic 5.3341 5.5852 7.6280 227.2569

enable us to study deeply the electronic structure of the system.
Owing to its simplicity and universality, the NEXAFS technique is
most widely used in determining the valence states of atoms and
local site symmetries in solids. The active role of the orbital degrees
Fig. 1. X-ray diffraction pattern of GdFe1−xNixO3 (0 ≤ x ≤ 0.5) samples.

xperiments at O K, Fe L3,2, Ni L3,2, and Gd M5,4 edges were performed at the soft
-ray beamline 7B1 XAS KIST of the Pohang Light Source (PLS), operating at 2.5 GeV
ith a maximum storage current of 200 mA.  The spectra were collected in the total

lectron yield (TEY) mode and the fluorescence yield (FY) mode simultaneously
t  room temperature in a vacuum better than 1.5 × 10−8 Torr. Magnetic measure-
ents were taken in a SQUID magnetometer Quantum Design MPMS-5S (Magnetic

roperty Measurement System) in the temperature range of 10–350 K for applied
agnetic fields up to 1 kOe. Isothermal magnetization hysteresis measurements
ere carried out at temperature 300 K using the VSM.

. X-ray diffraction analysis

The structure of undoped GdFeO3 has been reported as
rthorhombic with space group Pbnm, which is similar to that
f RFeO3 as reported by Geller and Wood [14]. XRD data of
dFe1−xNixO3 (0.0 ≤ x ≤ 0.5) samples exhibit single phase per-
vskite structure with no trace of impurity phases (e.g. Fe2O3, NiO,
i2O3, Gd2O3 etc.), as no impurity peak is observed in the XRD

pectra. The XRD patterns of samples have been refined using the
ietveld refinement method [15]. For the ease of comparison of
efinement results, simulation is performed with the same initial
ondition as of GdFeO3 with space group Pbnm. Fitted Rietveld
efined patterns for all the samples GdFe1−xNixO3 (0.0 ≤ x ≤ 0.5) are
hown in Fig. 1. The observed pattern is in quite good agreement
ith the calculated profile with �2 (goodness of fit)  ∼1.2. It further

onfirms the fact that all GdFe1−xNixO3 samples are in single phase
nd correspond to the space group Pbnm. Calculated lattice param-
ters and unit cell volume for these samples is given in Table 1. It
s clearly evident from the XRD analysis that there is no change in

tructural symmetry (orthorhombic) except the changes in lattice
arameters with Ni substitution (see Table 1). Shift of peaks toward
igher 2� indicates lattice contraction due to the Ni3+ substitution
t the Fe3+ site, leading to the distortion of Fe/NiO6 octahedra. It is
x  = 0.5 Orthorhombic 5.3212 5.5849 7.6271 226.6643

RF = 0.0582 and Chi2 = 1.179.

also evident from Table 1 that parameter a is continuously decreas-
ing with the increase in Ni concentration, whereas parameters b
and c show small irregular variation with increasing Ni content.
The overall unit cell volume is found to decrease with the increase
in Ni concentration. This may  be attributed to the smaller ionic radii
of Ni3+ (0.58 Å) as compared to that of Fe3+ (0.61 Å). When the Ni
content is increased beyond 0.5, new peaks tend to appear. This is
due to the saturation limit of solubility of Ni in the system. These
peaks correspond to the mixed phase of Ni as indexed with the Joint
Committee on Powder Diffraction Standards (JCPDS) files.

4. X-ray absorption spectroscopy

NEXAFS and extended X-ray absorption fine structure (EXAFS)
Fig. 2. Normalized O K edge NEXAFS spectra of GdFe1−xNixO3 (0 ≤ x ≤ 0.5) samples.
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ig. 3. Normalized Fe L3,2 edge NEXAFS spectra of GdFe1−xNixO3 (0 ≤ x ≤ 0.5) sam-
les.

f freedom within its complicated perovskite structure can be typi-
ally observed in the lattice and electronic response. The electronic
tructure is derived from the hybridized transition metal ions’ (TMI)
d with O 2p orbitals in the structural and chemical environment
f a perovskite. In this quest, we have observed the XAS studies on

 K, Fe L3,2, Ni L3,2 and Gd M5,4 edges in the given system.
The O K-edge NEXAFS spectra, representing the orbital nature of

he spectral features of the O 2p unoccupied states in the conduc-
ion bands and its hybridization with different Fe and Gd orbitals,
an be efficiently used to explore all kinds of possible hybridizations
ith different cations normalized to incident photon flux. Fig. 2

epresents the normalized O K-edge NEXAFS spectra at different Ni
oncentrations. The spectra can be studied at different energy val-
es starting with the pre-peak, carrying substantial information at
29 eV marked by an inverted arrow in the figure. The pre-peak
tructure is ascribed to 1s → 3d transitions, either quadrupole-
llowed or dipole-forbidden, where the latter becomes allowed due
o a strong mixing of O 2p and Ni 3d states. The pre-peaks have
heir origin in the density of d-states of the neighboring transi-
ion metal atoms, showing the mixing of d states between different
toms, through hybridization with the oxygen p-band [16,17].  Sim-
lar pre-edge features have also been reported in the oxides, mainly
n cuprates, manganites and Ni doped SmFeO3 and NdFeO3 [18,19].
ince this feature originates with Ni doping, it is ascribed to dipole
ransitions from O 1s to O 2p states that are hybridized with the
noccupied states of Ni 3d. Thus, the intensity of this peak repre-
ents the Ni 3d density of states. A continuous increase of this peak
ith Ni doping indicates more unoccupied states at the Ni 3d levels

nd hence reflects the presence of more charge carriers, electrons

r holes.

The peaks marked (a) 529.92 eV and (b) 531.112 eV, where the
eak separation mirrors the ligand field splitting, identified as the

2g and eg symmetry bands, denote the bare (ionic) crystal field
Fig. 4. Normalized Ni L3,2 edge NEXAFS spectra of GdFe1−xNixO3 (0 ≤ x ≤ 0.5) sam-
ples.

splitting plus hybridization [20]. The spectral intensity shown by (c)
at 537 eV and the doublet shown by (d) in the range of 539–542 eV
gets merged into a single peak as the Ni concentration increases,
giving clear evidence that the Ni ions are incorporated in the system
and responsible for change in the electronic structure. The spectral
features above 545 eV are quite similar and nearly independent of
Ni concentrations, and dominated by the contribution from multi-
ple scattering effects. This suggests that Ni ions are incorporated in
the system.

L2,3 edges have a completely different nature. The L-edge XANES
are often of particular interest in the study of electronic properties
of materials because there are three different initial states, 2s (L1),
2p1/2 (L2) and 2p3/2 (L3), that may  be coupled to final states of p,
s and d character, respectively. The absorption spectrum is dom-
inated by dipole transitions from the core 2p level to the empty
3d states, and because of the large Coulomb interaction between
these two  levels, it depends on the local electronic structure. Thus,
it becomes mandatory to analyze the L2,3 edges to get the informa-
tion about the oxidation state and the symmetry of the 3d transition
metal ions. Fig. 3 represents the NEXAFS spectra at L3,2 of Fe in
the GdFe1−xNixO3 along with the reference compound Fe2O3. Fe
2p XAS spectra of �-Fe2O3 and �-Fe2O3, both formally in trivalent
Fe3+ oxides (3d5) but having different local symmetries, provide
full proof for the Fe in our system to be in +3 state and the symme-
try is completely octahedral [21,22].  There is no change in spectral
features, shifting of peaks or presence of extra peaks observed as

the Ni concentration is increased, giving evidence that there is no
change in valence state of Fe and its symmetry in the system due
to Ni substitution [9,11].
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Fig. 5. Normalized Nd M5,4 edge NEXAFS spectra of GdFe1−xNixO3 (0 ≤ x ≤ 0.5) sam-
ples.
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Fig. 4 shows the NEXAFS spectra at L3,2 edge of Ni at room
emperature for the substituted samples with the reference NiO
ompound. Similar to Fe L3,2 edge, these spectra are in the form
f two broad multiplet structures of L3 (2p3/2) and L2 (2p1/2),
ue to spin–orbit splitting of Ni 2p core holes. As per the dipole
election rules, Ni 2p electrons can be excited into empty states
ither with 3d or 4s symmetry. However, the intensity of 2p to 3d
ransition is much higher (due to higher overlap of 3d wave func-
ions with 2p orbitals) than 2p to 4s transitions. Therefore, Ni L3,2
dge spectra mainly probe the unoccupied states of 3d states. It
s well known that the spectral feature in the case of Ni L-edge
s highly sensitive to the spin states, which decide the unoccu-
ancy in 3d state [23]. There is no change in spectral feature and
eak positions for systems of higher Ni concentrations, which con-
rms the presence of Ni3+ state in octahedral environment in these
aterials.
The M5,4 edges of Gd in the GdFe1−xNixO3 are shown in Fig. 5,

hich enable the quantitative valence determination of the Gd ion.
hole et al. have given the Gd3+ plot [24]. The spectra of Gd2O3
s given by Bonnelle et al. and Kaindl et al. [25,26]. These spec-
ra are very well matched with our Gd M5,4 spectra, where the
ypical signature (i.e., peak) at 1189 eV is prominent. The XAS
pectra are similar to the calculated 3d104f7 → 3d94f8 spectra.
hese complex measured 3d absorption lines due to the d94fn+1
ultiplet enable us to estimate the actual valence state of the
are earth ion, which in our case is +3. Thus, the XAS studies
onfirm the electronic states of the competing ions within the
ystem.
Fig. 6. The isothermal M–H loops of GdFe1−xNixO3 (0 ≤ x ≤ 0.5) samples at room
temperature.

5. Magnetic properties

GdFeO3 is a system with paramagnetic Gd3+ ions interacting
with an antiferromagnetic system of Fe3+ ions. The applied field
H, along the crystal a axis, not only has a direct spin-reorientation
effect, but also increases the effect of the Gd3+–Fe3+ interaction,
which enhances the spin reorientation effect. GdFeO3 has antifer-
romagnetism with a Nèel point of about 2.5 K. The rapid increase
of magnetization at low temperatures, i.e., below about 20 K is
attributed to the slight or “parasitic” ferromagnetism in GdFeO3
exhibiting pseudo perovskite characteristics and associated ther-
mal  fluctuations [27]. In GdFeO3, the Gd3+ (8S7/2) ions possess a spin
magnetic moment giving rise to Gd3+–Fe3+ and Gd3+–Gd3+ interac-
tions. The latter interaction causes the Gd3+ ions to order at 1.5 K
while the former are investigated in this study by their effect on the
temperature dependence of the field-induced spin reorientation of
the Fe3+ ions [28].

The magnetic hysteresis loops for all the samples of
GdFe1−xNixO3 (0.0 ≤ x ≤ 0.5) are shown in the Fig. 6.The values for
coercive field (Hc) for all the samples GdFe1−xNixO3 (0.0 ≤ x ≤ 0.5)
at 300 K are summarized in Table 2. The corresponding increased
value for remnant magnetization (MR) (Table 2) suggests the
increase of the ferromagnetic interaction and the saturation mag-
netization due to incorporation of Ni. Each of these subsystems is

weakly ferromagnetic due to the canting of predominantly anti-
ferromagnetic sub lattices. The weak ferromagnetic moments of
these subsystems are oriented opposite from each other, resulting
in a weak ferrimagnetism. Also, the hysteresis loops are found to
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Table 2
Parameters extracted from magnetization hysteresis at room temperature of
GdFe1−xNixO3 (0 ≤ x ≤ 0.5).

Concentration x = 0.2 x = 0.3 x = 0.4 x = 0.5

Hc (Oe) 1291 1409 1562 1604

b
s
a

1
o
i
t
1
i
m
o
1
t

s
f
2
6
s
d

F
s

MR (�B/fu) 0.021 0.019 0.014 0.012
M  (1T) 0.079 0.080 0.066 0.063

e symmetrical. One plausible explanation is the coupling between
pin canted structure of (weakly ferromagnetic) Fe/Ni sublattice
nd (antiferromagnetic) Gd sublattice.

The magnetization as a function of temperature curves, between
 K and 300 K under ZFC and FC conditions, at the applied fields
f 10 Oe, 100 Oe and 1000 Oe are given in Figs. 7–9.  Similar stud-
es have been performed on other samples (not shown due to
he brevity of the manuscript). In case of the GdFeO3 system, at
0 Oe the ZFC and FC lines have overlapped, indicating that there

s no magnetic transition in this temperature range (1–300 K) with
agnetic moment of 4.42 �B/fu at 2 K. Similar behavior has been

bserved by Bedekar et al., who have studied GdFeO3 system at
0 kOe showing the prominent contribution of paramagnetic con-
ribution of the Gd system [29].

Otherwise, at 10 Oe, the system with 10, 20, 30 and 40% Ni
ubstitution shows slight bifurcation of the ZFC and FC. Transition
rom the paramagnetic to antiferromagnetic phase occurs at 27.5 K,
3.5 K and 21.5 K (error of 0.5 K), having magnetic moments of 4.80,

.80 and 3.07 �B/fu, respectively, while there is again a phase tran-
ition at lowered temperatures at 8.46 K, 7.97 K and 9.62 K with
ecrement in the magnetic moment of 1.33, 4.25 and 2.27 �B/fu,

ig. 7. Magnetization vs. temperature plot for GdFe1−xNixO3 (x = 0.0, 0.2, 0.3, 0.4)
ample in presence of magnetic field of 10 Oe.

Fig. 8. Magnetization vs. temperature plot for GdFe1−xNixO3 (x = 0.1, 0.3, 0.4) sample
in presence of magnetic field of 100 Oe.

Fig. 9. Magnetization vs. temperature plot for GdFe1−xNixO3 (x = 0.3, 0.4) sample in
presence of magnetic field of 1000 Oe.
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howing the dominance of paramagnetic Gd sublattice over the
e/Ni sublattices.

When the magnetic field is increased up to 100 Oe, i.e., by a factor
f 10, the doped samples with 10, 30 and 40% Ni substitution show
imilar behavior as at 10 Oe with a decremental trend in the mag-
etic moments. The transition occurs at 25.5 K, 23.5 K and 23.5 K
ith magnetic moment of 3.65, 3.56 and 2.23 �B/fu, respectively.
s the temperature is further lowered, the system shows again a

ransition at 9.50 K, 8.50 K and 8.56 K. having magnetic moments
f 1.825, 2.34 and 2.23 �B/fu, respectively. At 1000 Oe, the system
hows a completely different behavior where the antiferromag-
etic interactions of the sublattice get broken and the system shows
aramagnetic behavior, and the magnetic moments are 3.12 and
.44 �B/fu for x = 0.3 and 0.4, respectively, at 2 K. Such transition is a
ignature of complex magnetic structure, which indicates the com-
etition between paramagnetic Gd ions and ferromagnetic Fe/Ni

ons within the ensemble. While comparing the magnetic behavior
f GdFe1−xNixO3 with SmFe1−xNixO3, there is an enhanced mag-
etic moment. This can be due to the outer configuration of Gd3+

ons with 4f7, while as for Sm3+ it is 4f5 [12]. It is pertinent enough
o mention that more detailed studies are required to investigate
he temperature dependent magnetic behavior of these Ni doped
dFeO3 samples, which can be done through Mossbauer measure-
ents and magnetic measurements.

. Conclusions

Single phase polycrystalline GdFe1−xNixO3 (0 ≤ x ≤ 0.5) sam-
les were prepared using solid state reaction technique. The XRD
nalysis shows a decrease in volume with the increase in the Ni
oncentration, due to smaller ionic radii of Ni than Fe. Analysis
f the GdFe1−xNixO3 (0 ≤ x ≤ 0.5) using the NEXAFS confirms the
ctahedral symmetry and oxidation state of the Fe, Ni and Nd ions
s +3. The impact of hybridization increases between Ni 3d and

 2p orbitals and the very increase of Ni concentration increases
he density of states. The dominant paramagnetic contribution of
d sublattices clearly supported through M–H  and M–T  measure-
ents at varied fields clearly indicates the significance of the rare

arth sublattice. In a nutshell, the doping of Ni at Fe sites enables
ailoring the magnetic properties of the system, showing transition
f magnetic properties, which can be implemented in the applica-
ions of magnetic devices and hence controlling the carriers and
he moments of these systems.
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