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Temperature dependent dielectric and magnetic properties
of GdFe;_,Ni,O3 (0.0 < x < 0.3) orthoferrites
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The polycrystalline samples of GdFe;_,Ni,O; (x=0.0, 0.1, 0.2, 0.3) orthoferrites are synthesized
via solid state reaction route. The Rietveld fitted X-ray diffraction patterns confirm the formation
of orthorhombic phase with Pbnm space group for all the samples. The dielectric measurements
reveal an enhancement in dielectric constant and tangent loss with increase in both temperature as
well as Nickel (Ni) substitution. Dielectric studies are also in support with the induction of
delocalized charge carriers in the GdFeO5; matrix with increasing Ni doping. Magnetization versus
applied field study shows the non-saturating hysteresis curves suggesting the canted type
antiferromagnetic behavior in the considered orthoferrites. Moreover, the observed magnetic
behavior is complex and the doping affects the magnitude of magnetization differently at 300 K
and 80 K. It has further been noticed that the incorporated Ni* " jons enhances the symmetry of the
magnetization curves. The as-prepared samples may find their applications in the decoupling

capacitors. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4882115]

INTRODUCTION

The perovskite based ceramic oxides (ABOs) have been
the focus of scientific activity since the last many decades
owing to their simple structure, interesting magnetic, trans-
port and optical properties.' The perovskite structure is
amenable to various type dopants, which play a crucial role
in tuning its properties. In general formula ABO;, where A
refers to rare earth ion and B to transition metal (TM) ion.
Previous studies revealed that B ion plays a key role in con-
trolling electronic and magnetic properties of perovskites.
Replacing B ion with Fe®" ion gives rise to orthoferrite fam-
ily. Rare earth orthoferrites (RFeO5) were first identified by
Forestier and Guillian in 1950.* RFeOs exhibits thought pro-
voking magnetic properties like non-collinear antiferromag-
netism, high pressure induced spin cross over in iron
system.”® They have also been a subject of technological
concern because of their applications in magneto-optic devi-
ces and in gas sensors.”®

Among orthoferrites, Gadolinium orthoferrite (GdFeO3)
seeked much attention as most of the ABO; type compounds
exhibit crystal structure similar to GdFeO; and it also dis-
plays a rich assortment of interesting magnetic properties.
The crystallographic measurements on GdFeO3; were per-
formed by Geller at bell telephonic laboratories, which
shows that it crystallizes in an orthorhombic structure with
Pbnm space group containing pseudo cubic sub-cells, where
Gd** and Fe’" ions resides at pseudo cube corners and body
centers, respectively.” Below 660K, the Fe’" ions are
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antiferromagnetically ordered along the orthorhombic “a”
axis but are slightly canted to give weak ferromagnetism
along the orthorhombic “c” axis. The slight canting of Fe®"
spins due to anti-symmetric exchange produces a resultant
weak ferromagnetism.>'” This type of material is important
for opto-magnetic devices and memory based devices.
Orthoferrites recently also showed the potential as a spin-
tronic material by substituting Ni** ions at Fe sites.''™"* But
less attention has been paid to the dielectric properties of
these materials, as higher dielectric constant materials can be
used in capacitive components. So, the purpose of the pres-
ent work is to gain a deeper insight into the temperature de-
pendent dielectric and magnetic properties of GdFe;_,Ni, O;
(0.0 <x <0.3). This study also helps us to understand the in-
triguing properties of GdFeOs.

EXPERIMENTAL

Polycrystalline GdFe; (Ni,O3 (0.0 <x <0.3) samples
were synthesized by conventional double sintering ceramic
technique. The elementary reagents, Gd,Os, Fe,O3, NiO of
high purity (>99.99%) obtained from Sigma Aldrich, were
weighed and mixed in a stoichiometric amount to get the
desired compositions. All the samples were calcined at
1000°C for 12h, after calcination samples were again
ground in a wet medium with acetone to ensure good mixing.
Then, the ceramic powders were pressed into required shape
by applying a pressure up to 5 tons. It also ensures large
areas of surface contact between grains. Finally the samples
were sintered twice at 1300 °C for 24 h. To ensure the single
phase formation of all the samples, room temperature x-ray
diffraction (XRD) was performed by X’pert Pro Panalytical,
x-ray diffractometer with Cu K, radiation in the scanning
range 20° <20 <80°. After ensuring the phase purity of all

© 2014 AIP Publishing LLC
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the samples, the dielectric measurements were carried out as
a function of temperature (100 to 300K) and frequency
(75 kHz-5 MHz) using an Agilent 4284 A precision LCR
meter. The magnetization measurements were performed
using vibrating sample magnetometer Lakshore (7403), USA
at 80K and EZ9 Microsense vibrating sample magnetometer
at 300 K.

RESULTS AND DISCUSSION

Rietveld refined XRD patterns of GdFe;_,Ni,O;
(x=0.0, 0.1, 0.2, 0.3) samples have been shown in Fig. 1.
XRD data of all the samples were refined with FullProf suite
software version (1.00) February 2007 JGP-JRC using
pseudo-Voigt profile function using Pbnm space group,
which confirms that the synthesized compounds crystallize
in orthorhombic phase.'* The Rietveld refinement factors,
i.e., lattice constant, unit cell volume and goodness of fit ()(2)
for all the samples are tabulated in Table I. Quite satisfactory
values of y* have been obtained for all the compositions con-
firming a good fit between the observed and Rietveld fitted
data. The shift in most intense peak position (112) towards
higher angle side with increasing Ni’" ions concentration
can also be observed from Fig. 1. It confirms that the unit
cell volume decreases with increasing nickel substitution,
which is attributed to the smaller ionic radii of Ni*" ions
(0.56 10%) as compared to Fe’* 0.64 A) jons.'
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FIG. 1. Rietveld fitted XRD pattern for GdFe; ,Ni O3 (x=0.0,0.1,0.2,0.3).
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TABLE I. Lattice parameter (a, b, ¢), unit cell volume (V), and goodness of
fit ()(2) for GdFe; _4Ni O3 (0.0 <x <0.3) compositions obtained by Rietveld
fitting.

X a(A) b (A) c(A) V(A)? e

0.0 5.3456 5.6058 7.6627 229.6238 1.29
0.1 5.3384 5.6116 7.6427 228.9506 1.20
0.2 5.3359 5.6110 7.6371 228.6531 1.26
0.3 5.3331 5.6089 7.6346 228.3720 1.65

Fig. 2 shows the variation of dielectric constant (¢') as a
function of frequency (75 kHz—5 MHz) at different tempera-
tures for GdFe;_,Ni, O3 (x=0.0, 0.1, 0.2, 0.3). The dielec-
tric constant (¢') is calculated using the formula

, Ct

= — 1
C T A ey

where C, t, A, ¢ are capacitance, thickness, area, and abso-
lute permittivity of free space, respectively. In the measured
temperature and frequency range, ¢ decreases with increase
in frequency, while increase with increase in temperature for
all the compositions. The usual dispersion behavior, i.e., a
continuous decrease in ¢ at low frequencies, while remain-
ing almost constant at higher frequencies frequency can be
attributed to Maxwell-Wagner polarization in agreement
with the Koop’s phenomenological theory.'®'” This decrease
in ¢ and remaining almost constant at high frequencies is
due to the fact that beyond a certain frequency, the hooping
of charge carriers cannot follow the alternating field and start
lagging behind the applied field. Pure composition possesses
high dielectric constant even at room temperature, which is
consistent with the dielectric reports of other orthofer-
rites."®!? This is due to the close-packing of oxygen ions
having loosely bound electrons, as these electrons get dis-
torted in an applied electric field."”

On comparing the compositional variation of ¢, it can
be noticed that the magnitude of the dielectric constant as
well as dispersion has increased in the x =0.1, 0.2, 0.3 sam-
ples as compared to the pure sample. The observed enhance-
ment in dielectric constant may be due to the fact that Ni*"
ions doping induces free charge carriers in the system, hence
the high polarisibility of conductive particles can be respon-
sible for the increase in dielectric constant.?

The observed increase in ¢ at higher temperatures for
all compositions can be attributed to the fact that the charge
hopping is a thermally activated process hence polarization
enhances with increasing temperature.”’ Fig. 3 shows the
temperature dependence of dielectric constant at the selected
frequencies, it can be inferred that the rate of increase of
dielectric constant varies in different temperature regimes.
The slow increase in & below the critical temperature (T,)
can be attributed to the fact that, thermal energy given to the
samples was not enough to free the localized dipoles to be
oriented in the field direction. Whereas above T, increased
temperature liberates more localized dipoles, which then get
aligned in the field direction.”” The decrease in critical tem-
perature is noticed from approximately 200 °C for x =0.0 to
160 °C for x =0.3. It has further been noticed from the Fig. 3
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that below 170K dielectric constant of doped samples has
lesser value than that of pure. However, at room temperature
their ¢ attains greater value as compared to the x = 0.0 sam-
ple, implying to the enhanced contribution of delocalized
charge carriers above 170 K.

The temperature dependence of tangent loss (tan o) as
a function of frequency for all the compositions has been
plotted in Fig. 4. Dielectric loss arises due to lag of polar-
ization behind the applied alternating electric field. It is evi-
dent that the loss increases with increase in temperature and
also the loss peak shift towards higher frequency with
increase in the temperature for all compositions. The
observed peaks reflect a strong correlation among the con-
duction mechanism and dielectric behavior.”> The peak in
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FIG. 3. Dielectric constant as a function of temperature for x =0.0, 0.3 at
different frequencies.
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quency with the frequency of an applied field. On the other
hand, it can also be perceived from the Fig. 4 that tangent
loss has higher value for Ni doped samples as compared
undoped, supporting to the enhanced free charge motion
within the doped compositions at higher temperatures. The
loss peaks in Ni>" doped samples (x=0.1, 0.2, 0.3) are
comprehensive to more dispersion in their dielectric con-
stant. The loss peak is not comprehensible for x =0.0, at
room temperature as it may occur beyond the studied range
of frequency, i.e., 5 MHz.

For the knowledge of distribution of relaxation times the
Cole—Cole plots are drawn between &’ (f) versus & (f) at
room temperature, in Fig. 5. The plots do not fit into com-
plete semicircles indicating non—Debye type relaxation
phenomena in these materials. It is clear that the Ni’" ion
substitution has a significant effect on the shape of
Cole—Cole plots. According to the Grant both large values of
conductivity or high-frequency capacitance are the possible
reasons for losing semicircle shape of the Cole-Cole plot and
it start behaving like an asymptotic curve.”

The dielectric data have also been presented in the
form of the complex dielectric modulus M*(w) form to
avoid the effects of electrode and contact conductivity. The
dielectric modulus is an electrical analogue to the dynamic
mechanical shear modulus and is inversely related to the
complex permittivity.”* The dielectric modulus is repre-
sented as

S
B
i
I

M (w) + iM" (o). )

The real (M’) and imaginary (M”) parts of the complex elec-
trical modulus were obtained using the relation

where obtained ¢ and &” represent the real and imaginary
parts of dielectric constant. The variation of M" as a function
of frequency at different temperatures has been shown in
Fig. 6. The data thus presented exhibit a clear peaking
behavior at the conductivity relaxation frequency (f;,) for the
typical temperatures. It is clearly evident that the relaxation
hump gradually shifts towards the high frequency side with
the increase in temperature, implying the decrease in relaxa-
tion time (7) or an increase in conductivity. It is observed
that the relaxation time for x =0.0 sample decreases from
530x 107 ' us to 6.14 x 1072 s as temperature increases
from 220 to 260 K.

Furthermore, the effects of Ni** ions substitution in
GdFeOs crystal lattice can be noticed clearly from the peak-
ing behavior observed at different temperatures in all the
samples (see Fig. 6). The relaxation frequency is shifting
towards the high frequency side at all the measured tempera-
tures with increase in Ni doping. The relaxation time
decreases from to 5.3 x 10~ us to 1.13 x 10~ " us as the Ni
concentration increases from x =0.0 to 0.3, respectively, at
220 K. The lower value of t for the doped samples supports
the increase in conductivity for the same. The peak does not
appear for some temperatures for different compositions, this
may be due to the insufficient temperature or the peaks may
be occurring below/upper the range of frequency of the
instrument used.

The temperature dependence of conductivity relaxation
frequency (f,,) as a function of temperature can be expressed as

“E,
fm :fO exXp (kB—T) ) 4)
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FIG. 6. M” as function of frequency at different temperatures.

where fy, E,, kg, T are the pre-exponential factor, activation
energy, the Boltzmann constant, and temperature, respec-
tively. The calculated values of the activation energy (E,)
from the slope of the linear fit (see Fig. 7) reveals that E,
decreases from 0.13eV to 0.08 eV as Ni ions concentration
increases from x =0.0 to x =0.3, which in turn contributes
to the enhancement of conductivity in doped sample.
Furthermore, the values of the stretched exponent (ff) esti-
mated from the full width at half maxima (w) of the normal-
ized M” (w) vs frequency graph gives an idea about the type
of relaxation present in a system (Debye or non-Debye). For
p =1, the system exhibits Debye relaxation and if <1, it
exhibits non-Debye relaxation, where ff= 1.14/w.”> In the
considered samples f value varies from 0.9 to 0.7 which is
less than 1, indicating the presence of non-Debye type relax-
ation behavior in these materials (see inset of Fig. 7).

Orthoferrites display antiferromagnetic (AF) order
below the Curie temperature depending on the atomic size of
rare earth involved.?® For most of orthoferrites, the weak fer-
romagnetism is due to the low symmetry of the magnetic
unit cell producing canted structure in Fe sub-lattice. Hence,
for a better understanding of such magnetic behavior of stud-
ied orthoferrites, the magnetization (M) measurements as a
function of applied magnetic field (H) have been performed
at room temperature (300 K) as well as at 80 K.

Figures 8 and 9 represent the isothermal dc magnetization
hysteresis (M-H) curves for GdFe; ,Ni,O5 (x=0.0, 0.1, 0.2,
and 0.3) at 300K and 80K, respectively. It is interesting to
notice that all the samples exhibit non-saturating hysteresis

J. Appl. Phys. 115, 224102 (2014)
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curves demonstrating the canted type antiferromagnetic
behavior in these orthoferrites. Also an enhancement in the
magnetization at 80 K has been observed as compared to that
at 300K for all the compositions, which can be attributed to
the reduced thermal fluctuations of spins at lower temperature.
At room temperature, the magnetization curve for GdFeO;
sample is highly asymmetric, similar type of behavior has also
been noticed in PrFeO; orthoferrite."!

The effect of Ni substitution on magnetization can be
clearly seen, as the M-H curves tend to be more symmetric at
room temperature (see Fig. 8). Moreover the doping affects
the magnitude of magnetization differently at 300 K and 80 K.
The experimental values of corecivity and retentivity at 300 K
and 80K for each sample are listed in Table II. The observed
magnetization behavior is complex and it semi-empirically
depends upon exchange energy associated with the magnetic
moment of TM, TM-O distance, and TM-O-TM angle, etc. It
can be clearly noticed from XRD patterns (see Fig. 1) that Ni
doping reduces the unit cell volume, which in turn affects the
bond angle and bond distances resulting in different magnetic
properties as compared to pure GdFeOs.

The shape of hysteresis curve at 300K (see Fig. 8) for
x=0.1, 0.2, 0.3 samples shows that the magnetization does
not saturate up to applied field and the slope OM /OH (taken
in the linear variation of M with H) is less than that of pure
specimen (x = 0.0). This indicates that AF coupling in doped
samples is weaker than that of pure sample. This in turn con-
tributes to the enhancement of retentivity in doped samples
thus aligning a larger fraction of Fe’' ion’s magnetic
moments. The decrease in magnetization at room tempera-
ture in x=0.2, 0.3 as compared to x=0.1 samples was
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TABLE II. The coercivity, retentivity, and magnetization for the reversal
curve of GdFe; _,Ni, O3 (0.0 <x <0.3) orthoferrites at 80 K and 300 K.

Corecivity (kOe)

Retentivity (emu/g)

Magnetization (emu/g)

X 80K 300K 80K 300K 80K 300K
0.0 0.0477  1.3220 0.0786 0.1155 1.9625 1.0178
0.1 0.8235  3.3905 0.6913 0.1719 2.9643 0.7885
0.2 04965 1.1329 0.6739 0.1280 2.2727 0.5836
0.3 03576  1.1200 0.4434 0.1030 1.1740 0.5299

0
H (kOe)

expected as larger magnetic moment Fe®" (4 uB) ions are
replaced by smaller moment Ni** (2 uB) ions. The decrease
in magnetization in afore mentioned samples can also be
attributed to enhanced contribution of the delocalized con-
duction band (g*) formed by hybridization of Ni’* e, orbi-
tals and 2p orbitals of 0>~ ions.”” Enhanced delocalization
has also been supported by the dielectric measurements dis-
cussed earlier. Such type of decrease in the magnetization
with Ni doping in orthoferrites has also been reported by
other authors.'*!?

Moreover, an increase in magnetization for 10% and 20%
Ni*" doped samples at 80K (see Fig. 9) as compared to pure
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sample can be explained on the basis of the interaction between
Gd®" and Ni** ions. Gilleo reported a large interaction
between Gd>" and Fe*" ions at 75K, this temperature is in
close proximity with the considered temperature in the present
study.'® Hence, the Ni*" ions incorporated in the matrix may
generate different effective internal fields acting on gadolinium
ions leading to different magnetic contribution from the latter.

Another reason for the observed behavior can be due to
the existence of Jahn-Teller (JT) effect, as Ni°" (tgge;) ions
are known to induce JT distortions in GdNiO3 matrix with
single electron in orbitally degenerate ground state.”® In
x = 0.1 sample, John teller effect is small which can reduce
AF coupling consequently enforcing the ferromagnetic cou-
pling. Such type of behavior has also been noticed in
SmFe; _ Mn,O; orthoferrites.”’ The decrease in the magnet-
ization for x = 0.3 samples in the whole temperature range as
compared to other samples can be attributed to the fact that
increase in Ni*" ion doping induces more free electrons as
well as enhances Ni*"-Ni*" antiferromagnetic interactions.
Moreover, the variation in the magnetic properties of
GdFe;_,Ni, O3 (0.0 <x <0.3) orthoferrites can also be cor-
related to the difference in the hybridization of transition
metal ion and O®~ ion orbitals.

It can also be noticed from the isothermal magnetization
curves that the corecivity increases with increase in tempera-
ture as well as on doping. The corecivity enhancement at
300K as compared to 80K for all the samples can be attrib-
uted to the thermal dependence of anisotropy field and
exchange field as reported by Mathur et al. in YFeO5.*° The
observed increase in corecivity with doping can be due to
change in magnetocrystalline anisotropy induced by varia-
tion in bond angles, bond lengths, and exchange energy.
Similar type of corecivity enhancement in doped orthofer-
rites induced by variation in internal stresses has also been
reported by other research groups.?*-!

CONCLUSION

The Rietveld fitted XRD patterns confirm the formation
of single phase GdFe; Ni,O3 (x=0.0, 0.1, 0.2, 0.3) ortho-
ferrites having an orthorhombic crystal structure with Pbnm
space group. The unit cell volume contraction is seen with
Ni** ion substitution. Dielectric constant, tangent loss, and
dielectric modulus all show a strong dependence on fre-
quency, temperature as well as on Ni doping. Enhancement
in dielectric constant, tangent loss in the doped samples at
higher temperatures may be due to enhanced carrier concen-
tration induced by Ni** ions which is further supported by
decrease in activation energy. All the samples exhibit non-
Debye type relaxation behavior which has been noticed from
the stretched exponent (f <1) as well as from the Cole-Cole
plots. Magnetization study reveals the non-saturating hyster-
esis curves demonstrating the canted type antiferromagnetic
behavior in these orthoferrites. Enhancement in corecivity in
doped samples can be attributed to the variation in magneto-
crystalline anisotropy. The variation of magnetization in
GdFe; Ni, O3 (0.0 <x<0.3) orthoferrites is complex and
can also be correlated to the difference in hybridization in
transition metal ion and O®~ ion orbitals. The prepared Ni

J. Appl. Phys. 115, 224102 (2014)

doped orthoferrites material may find its application in the
decoupling capacitors. This work concludes that the Nickel
doping has substantially modified the structural, dielectric
and magnetic properties of GdFeOs; orthoferrite.
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