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Abstract

Compositions of ferrimagnetic NiSm,Fe,_,04 (0.00 < x < 0.25) ceramics were synthesized by the self-propagating sol-gel
autocombustion method. Structural information was found using X-ray diffraction. It reveals that all the ceramics possess cubic
symmetry of spinel ferrite with a small amount of orthoferrite phase SmFeOj;, which is a ferroelectric material. The amount of
phases and lattice parameter were determined by the Rietveld refinement method using the Fullprof suite software. As doping
concentration increases, the secondary phase fraction of the ferroelectric SmFeQOj; also increases. Due to the increase of the
ferroelectric phase in NiFe,0y, the electrical properties of doped samples also modify. To know this modification, the electrical
properties of these samples have been investigated. The room temperature dielectric and complex impedance analysis have been
measured in the frequency range of 1-10° Hz. The dielectric behavior for x=0.05 concentration (NiSmg osFe; 950,) has a
maximum dielectric constant value with a minimal loss tangent. Cole-Cole plot brings out the role of grain and grain boundaries
in the bulk. Using impedance study, the resistance and capacitance of grain and grain boundaries have been determined. The
ferroelectric behavior has been performed through the P-E (polarization versus electric field) and J-E (leakage current versus
electric field) curves at room temperature.
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1 Introduction

In the last decade, spinel ferrites have been extensively used as
materials from a technological point of view because of their
superior electrical, magnetic, and optical properties such as high
saturation magnetization (M) as well as high dielectric properties
[1]. Based on the available ferrites, nickel ferrite (NiFe,O,) is an
essential magnetic material because of its chemical stability high
electrical resistivity and low magnetic coercivity, which is pri-
marily required in technological applications, such as in trans-
former cores, microwave devices, and magnetic storage devices
in electronics and telecommunication, targeted drug delivery
agents in medicine, and lithium-ion batteries and nanocatalysis
agents in the energy industry [2].
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The spinel ferrites adopt one of the three kinds of structure:
inverse, normal, or mixed cubic spinel structure. Nickel ferrite
adapted an inverse spinel crystal structure. In this crystalline
structure, anions (oxygen) form face-centered cubic arrange-
ments, and metal cations 8Ni>* ions are distributed at octahe-
dral (Oy) sites while 16Fe** occupied equally the tetrahedral
(T4) and octahedral (Oy) sites [3]. There are various tech-
niques for the synthesis approach used to fabricate the nickel
ferrite such as co-precipitation, microwave synthesis, thermal
decomposition, sol-gel autocombustion method, citrate-ni-
trate—assisted, electrospinning, reverse micelle, and
ultrasonication [4]. One of the abovementioned techniques,
the sol-gel autocombustion approach has proved to be a
time-saving method for easily obtaining high-purity materials.
When compared with other traditional methods, this approach
provides low-cost and simple tools, the formation of desired
products at low temperature, and easy-to-control particle size
and stoichiometry [5].

Many researchers tried to enhance the structural and mag-
netic properties of NiFe,O4 by substituting varieties of mag-
netic, nonmagnetic, and rare earth ions active metals. One of
the highly promising alternatives to enhance the features of
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spinel ferrites is the rare earth (RE) ions [6]. As far as the
magnetic moment of rare earth ions is concerned, it ranges
from 0 (La**) to 10.5 pp (Dys,) that makes them able to
demonstrate a variety of magnetic variations [7]. Due to the
existence of multiplicity in both ground and first excited spins
states, which are highly degenerate, the rare earth isolated
Sm>* jons exhibit interesting magnetic moment. The experi-
mentally observed magnetic moment (0.84 ) has a major
mismatch with the theoretical (1.74 pg) values that are gener-
ally referred to as the Van Vleck effect [8]. Modified magnetic
properties of Samarium (Sm**)-doped nickel ferrites were an-
alyzed through low-temperature magnetization, zero-field
cooled (ZFC), and field cooled (FC) measurements. Such
samples have shown a super-paramagnetic (SPM) response
with very low coercivity (H.) and remanence magnetization
(M), and this makes them ideal for the development of soft
magnets [9]. The electrons in the 4f'shell of the RE metals are
the sources of magnetism, but they are shielded by shells of 5s
5p. The interaction between the rare earth ion and ferrite ion
occurs through the 41-3d coupling [2].

Earlier studies involve various complications in the synthe-
sis of rare earth—doped ferrites in a single-phase rare earth—
based ions with larger radii than Fe** tending to spread on
grain boundaries of the spinel network even with very little
content, causing the precipitation of crystalline or extra sec-
ondary phases of orthoferrite (RFeOs), which strongly affects
the transport, dielectric, and magnetic properties of the host
material [7]. The composition of these types of secondary
phase (RFeQ3) is orthorhombic unit cells with a distorted pe-
rovskite structure [10]. In such a structure, the iron atoms are
slightly canted resulting in weak ferromagnetic interactions.
Since the RFeO; compounds are included in the family of
centrosymmetric ferrites, there still exists the ferroelectric
property at room temperature where the non-equivalent spins
are responsible for the induced ferroelectric property [11].

To the best of our knowledge, this is the first investigation
that utilized ferroelectric, dielectric, transport, and leakage
current behaviors to perform samarium-substituted nickel fer-
rite. This study aims to obtain NiSm,Fe,_, O, ferrites using a
self-propagating sol-gel autocombustion method and to inves-
tigate the structural and electrical properties of nickel ferrite—
based ceramics, Besides, a complete description of the modu-
lus and impedance study is performed to disclose the role of
grain and grain boundaries to the mechanism of electrical
transport and relaxation.

2 Experimental Details
2.1 Sample Preparation

Materials Required All the chemicals were used for this study
without any further purification. For this goal, highly pure raw
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chemical materials iron(IIT) nitrate nonahydrate purified
Fe(NO3)3-9H,0 [>98% Merck], nickel(I) nitrate AR hexa-
hydrate Ni(NO3),-6H,0 [99% LOBA Chemie], samarium(IIT)
nitrate hexahydrate Sm(NOs);-6H,O were prepared by samar-
ium oxide AR Sm,05 [99.9% LOBA Chemie], and nitric acid
HNOs;, citric acid anhydrous C¢HgO7, ethylene glycol
C,H40O,, ammonia solution NH4OH, polyvinyl alcohol
(C,H40),,, and distilled water were selected.

Synthesis of Samarium Nitrate To ensure the production of
samarium nitrate, the stoichiometric quantity of Sm,0O3 was
liquefying at 90 °C in a solution of nitric acid. The solution
was then vaporized up to dryness, and the remaining content
was dissolved in purified water to create a solvent for samar-
fum nitrate. The feasible chemical reaction for the samarium
nitrate hexahydrate synthesis can be illustrated through the
following equation:

Sm, 05 + 6HNO;—2Sm(NOs); + 3H,0

Synthesis of Sm-Doped Nickel Ferrite Different concentrations
of rare earth samarium doped nickel ferrites, i.e., NiSm,Fe,_ O4
(0.00 < x < 0.25) were synthesized by self-propagating sol-gel
autocombustion method. In this study, a combination of two
fuels was used: (1) citric acid and (2) ethylene glycol. The citric
acid was used as the complexing agent and ethylene glycol was
used as the gelating reagent, which helps to form monophasic
spinel ferrites. The fuel-to-nitrate ratio was calculated based on
total oxidization and reduction of nitrate, fuel, and oxidizer
valencies, respectively. The required ratio of precursors, the dop-
ants, and both the fuels was measured individually using a digital
balance (Shimadzu) and liquefied individually in a minimum
amount of distilled water. These aqueous solutions are blended.
The obtained solution was further stirred for 30 min at room
temperature on a magnetic stirrer at 500 RPM until a homoge-
nous mixture was obtained. The aqueous ammonia (NH,OH)
was added dropwise into the homogenous mixture to maintain
pH 7 of the solution and to complete 3D networks. The well-
stirred homogenous neutralized solution was then heated at a
temperature of 90 °C on a magnetic stirrer to form a viscous
gel. This viscous gel was further heated at 400 °C on a heating
calotte to promote the self-ignition process. The self-ignition pro-
cess capitulated a voluminous and fluffy product. The flufty
powder was grounded in agate mortar and pestle to get fine
powders. The as-prepared powders were calcined in a furnace
in an air atmosphere at 900 °C for 2 h for spinel phase formation.
Furthermore, all the calcined powders were pressed into cylin-
drical pellets with a diameter of 10 mm and nearly 1 mm thick-
ness by applying a pressure of 6 tons using a hydraulic press.
These pellets were sintered at 1100 °C for 1 h to obtain a compact
and less porous material. For dielectric measurement, the adja-
cent surfaces of pellets were coated with a thin layer of silver
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paste for improved electrical communication. The flow chart of
the synthesis procedure is given in Fig. 1. The prepared pallets
were designated as Sm00, Sm05, Sm10, Sm15, Sm20, and
Sm25, respectively, with increasing Sm content in NiFe,O,.

2.2 Sample Characterizations

To classify the phase formation and atomic arrangements of
the sintered pellet, X-ray diffraction was recorded using the
Bruker D8 Advance equipped with monochromatic CuKa
source of radiation (A =1.5406 A) with a current (18 mA)
and a steady voltage (40 kV). The scan speed was 0.019s;
the scan angle ranges from 10 to 90°. To know the phase
fraction of the sintered samples, Rietveld refinement was done
using the Fullprof software. The room temperature dielectric

Intermediate Grinding

Combustion Ash

Powdered Sample

measurement and complex impedance analysis have been
measured using the Broadband Dielectric Impedance analyzer
(NovoControl) in the frequency range of 1-10° Hz. The
radiant-precision material analyzer was used for the ferroelec-
tric study at room temperature with each sample pressed, cov-
ered by or without silver electrodes on both sides.

3 Results and Discussions
3.1 Structural Study
X-ray diffraction patterns of the NiFe,_ .Sm, 04 (x=0.0, 0.05,

0.10, 0.15, 0.20, and 0.25) ceramics are displayed in Fig. 2.
All the XRD patterns validate that all the ceramics possessed a

~

Heating of Solution

Sample Pellet

Fig. 1 Flow chart of synthesis of NiFe,_,Sm, 0, ceramics using self-propagating sol-gel autocombustion method
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polycrystalline cubic symmetry with inverse spinel structure
and space group Fd3m (227), and the reflection planes (111),
(220), (311), (222), (400), (422), (511), and (440) are perfectly
indexed and well matched to the NiFe,O,4 (JCPDS Card No.
100-325) [12—14]. Furthermore, we have noticed that samples
exhibit a pure spinel phase only for x = 0.0 (without doping of
samarium). When Sm>* ions were doped in nickel ferrite,
there is the emergence of few very weak peaks of the second
phase that also appears with the spinel phase. The secondary
phase corresponds to the SmFeO; phase which has an ortho-
rhombic structure with space group Pbnm. The appearance of
the second phase might be due to the isolation of Sm** ions at
the grain boundary, indicating the solubility edge of Sm** at
the spinel structure [15]. Due to their larger radii, Sm*>* ions
are not accommodated in the spinel lattice and start to segre-
gate at grain boundaries. With increasing the Sm** content,
the intensity of the secondary phase also increases. It suggests
that the Sm** did not generate a solid solution or had a very
poor solid solubility with spinel ferrites. The ionic radius of
Sm>* ion is (0.958 A) higher than that of Fe** (0.645 A), and
thus, there is a solubility limit for replacing Fe** ions with
Sm>* ions, and it is predicted that the excess substitution of
Sm>* ions appears to accumulate in the form of SmFeOs
across the grain boundaries [16].

Figure 3 represents the Rietveld refinement analysis of
dual-phase NiFe,_,Sm,0, ceramics sintered at 1100 °C. The
refined XRD profile was obtained using the Fullprof software
and analyzed by providing the required structural information
from the literature. It indicates that the diffraction peaks be-
longing to the cubic spinel structure of NiFe,O, and ortho-
rhombic (with distorted perovskite) structure of SmFeOs. It
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has been noticed that the amplitude of the ferroelectric
SmFeO; peaks increases as the samarium content rises, and
at the same time, the ferrite peaks decrease. The consistency of
fit to the observed pattern of XRD was evaluated through the
factors of the Rietveld agreement (R, Ry, and XZ). A good
similarity was noted between the observed and calculated pat-
terns of diffraction (Fig. 3) using the Rietveld analysis which
is confirmed by observing the patterns of difference in mea-
sured and calculated XRD patterns. Table 1 shows the refined
structural parameter values including crystallite size, lattice
parameter, and unit cell volume of both phases of the samples.
Phase fraction is also estimated from Rietveld refinement and
also mentioned in Table 1. For pure nickel ferrite, the value of
lattice constant, determined with the co-precipitation proce-
dure is 8.3381 A which is very close to that for the stated
NiFe,04 value [17]. With Sm** doping concentration, no reg-
ular trend has been noticed in the lattice parameter. The lattice
parameter independence on Sm>* concentrations clearly
shows the quarantine of samarium in the boundaries of the
grain. This could be demonstrated by the fact that nickel ferrite
reveals the mixed existence of the spinel such that some of the
Ni ions are transferred to the B-site. The presence of Sm ions
at the B-site raises the strain, but the transfer of nickel ions
from B-site to A-site decreases the strain to strengthen the
structure; thus, the lattice parameter shows little variance with
low Sm concentration. Sm originates to the grain boundaries
for high concentration and does not act on the lattice param-
eter [18]. The X-ray density estimated for NiFe,O, is 5.47 g/
cm’. With Sm>* replacement, it has been found that the X-ray
intensity increases. The increased value of the X-ray density
can be described in such a manner that the samarium ion molar



J Supercond Nov Magn (2021) 34:763-780

767

—a—Sm 00
-
s
2
@
c
o
2
£
L) 1 1 1 1 I L 1
L L N L L L L
10 20 3 40 50 60 70 80 90
20 (degree)
——Sm 10
S
s
2
@
c
[}
o
£
[} 1 B ] 1 1 1 1 1 " 1 [ [
LI I} LR IR L N B L BRI R R RO RE L RS L
10 20 30 40 50 €0 70 80 90
20 (degree)
- ——Sm 20
E]
8
2
7]
c
[}
2
£
i TR ) O 1 SO L .
I 1 LU RN LA L N L | BRI IR RN RE | B ANE LN
i A L i i M i i
10 20 30 40 50 60 70 80 90

20 (degree)

—— Fitted
Yobs-Ycal

——Sm 05

3 Brag Positions
s
2
7]
c
Q
2
£
1 L ) 1 1 1 | 1 L 1 [ i I
1 [ I e oemrern o one [LL BRI R NE LU AR L B AL LRI
10 20 30 0 50 60 70 80 90
20 (degree)
——Sm 15
E]
s
2
[}
o
Q
]
£
1 L ] 1 1 1 ] ] 1 ] 1 (L ]
I [ ; e rwiermn one L BRI R SRR R L R N L
10 20 30 40 50 60 70 80 90

20 (degree)

Intensity (a. u.)

I (] 1 P Pl L il I
NN R T Y T T T T T R TN RN R Ty R

A\

-

10 20 30 40 50 60 70 80 90
20 (degree)

Fig. 3 Rietveld refinement plots of NiFe,_,Sm, 0,4 ceramics with different Sm content

density is very large in contrast to iron ions. Due to the mas-
sive nature of samarium, the molecular weights of the samples
have been increased with samarium concentration, and the X-
ray density explicitly depends on the molecular mass and the
lattice parameter [19]. The crystallite size of all the calcined
powders was estimated from Sherrer’s formula [20], and the
average crystallite size (D) is also given in Table 1. The crys-
tallite size increases with the doping of Sm**. This could be
owing to the presence of the orthoferrite phase of SmFeO;.
When the doping amount of Sm®* goes up, Sm® begins to
reach the boundary of the grain, and the extra Sm at the grain
boundary are responsible to develop the SmFeO3 phase. This
observation shows that part of the energy needed to incorpo-
rate Sm>" ions into octahedral sites during synthesis is now
used for crystallite growth.

3.2 Electrical Properties
3.2.1 Dielectric Constant and Dielectric Loss
The room temperature frequency dependence of the dielectric

constant (the real and the imaginary parts) of NiFe,_,Sm, O,
ceramics in the frequency range 1 to 10° Hz are shown in Figs.

4 and 5. Two types of variations may be detected from the
figures, one being the variance in dielectric permittivity (&’
and ¢") with the frequency applied and the other being with
the composition of samarium ions. The real as well as the
imaginary parts of dielectric constants are seen to decrease
with increasing frequency. At lower frequencies, this decline
is found to be rapid and sluggish at higher frequencies. The
higher value of dielectric constants at the low-frequency re-
gion may be caused by the presence of all sorts of polarization
(electronic, atomic, orientational, and space charges). Koop’s
hypothesis describes the reduction in permittivity with fre-
quency, which is that dielectric can be considered an inhomo-
geneous two-layer Maxwell-Wagner model type medium.
According to this model, the dielectric structure includes con-
ductive grains that are isolated by insulating the boundaries of
grain. The influence of grain boundaries is dominant over
grain at lower frequencies. When grain boundaries are strong-
ly resistive, the electrons enter the grain boundary by jumping
and piling up and thereby creating a polarization that is ex-
tremely permittivity. Nevertheless, when the frequency in-
creases, there is a drop in the permittivity; the electrons on
the grain boundaries usually change their direction of motion
at higher frequencies. It reduces the chance of electrons

@ Springer



768

J Supercond Nov Magn (2021) 34:763-780

Table 1

Structural parameters: lattice parameters, volume, density, phase fraction, crystallite size, etc., of pure and Sm-doped NiFe,O,4 ceramics using
Rietveld refinement of X-ray diffraction

Parameters x=0.0 x=0.50 x=0.10 x=0.15 x=0.20 x=0.25
Phase Phase Phase Phase Phase Phase
NF NF SmF NF SmF NF SmF NF SmF NF SmF
Space group Fd3m Fd3m Pbnm Fd3m Pbnm Fd3m Pbnm Fd3m Pbnm Fd3m Pbnm
a 8.3372 83384 54033 83374  5.4001 83384  5.4011 83374  5.4005 8.3375 5.4005
b 8.3372 83384 55836 83374 55854 83384  5.5868 83374  5.5859  8.3375 5.5862
c 8.3372 83384  7.7076 83374  7.7064 83384  7.7064 83374  7.7055 8.3375 7.7055
Volume 579.50 579.75 23254 57954 23244 57975 23256 579.55 23245 579.57  232.46
Density (in g/em?) 5.47 5.47 6.80 5.551 6915 5.62 6.94 5.626 7.014 5.642 7.285
Phase fraction 100 96.75 3.25 91.66 8.34 86.14 13.86 81.18 18.82 74.04 25.96
Crystallite size (innm)  87.02 101 67.43 101.73 70.56 97.34 71.71 84.97 71.94 85.71 70.08
Re 4.76 3.76 33.92 3.682 24.27 4.093 17.16 4.012 14.89 5.755 10.16
Rorag 3.87 3.36 35.99 3454 23.03 4.67 15.40 5.170 13.35 7.306 10.80
Ryp 20.9 21.80 22.6 23.9 23.6 24.8
Re 19.16 20.63 21.04 22.66 20.97 21.19
R, 38.0 37.70 373 372 359 352
Zero point -0.0148  —0.0200 —0.0615 —0.0155 -0.0217 -0.0213
GOF 1.2 1.1 1.1 1.1 12 1.2
X 1.19 1.12 1.16 1.22 1.27 137

crossing the grain boundary, and,= as a result, the permittivity
declines [17]. From Fig. 4, it is quite clear that the frequency-
dependent dielectric permittivity of the real part increases for
the concentration of samarium (x = 0.05) but decreases sharp-
ly for a higher concentration of Sm>* ions. The value of the

real dielectric constant of 2.5% Sm-doped (at x = 0.05) nickel
ferrite is much higher as compared with those of other ce-
ramics. This could be ascribed to the increase in the amount
of Fe’* ions at the octahedral site. The doping of Sm3+ ions
migrate Ni** ions to the tetrahedral sites to relax the strain, and

Fig.4 Variation of the real part of
dielectric constant with frequency
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Fig. 5 Variation of the imaginary
part of dielectric permittivity with

frequency 3.0

—a— Sm00 —e— Sm05
—A— Sm10 —v— Sm15
—— Sm20 <« Sm25

equal amounts of iron ions are migrating from tetrahedral to
octahedral sites, and therefore, there is an increment in hop-
ping of electrons in octahedral sites from Fe** < Fe’* ions;
hence, the real part of dielectric permittivity increased [21].
For higher doping concentration, the value of the real part of
dielectric permittivity decreases. This could be caused by the
non-incorporation of higher Sm*>* content into NiFe,Oy, and
the transport of Fe** ions from the tetrahedral to the octahedral
sites are slightly restricted. Since the ionic radius of Sm** is
much higher as compared with that of Fe®* ion. Thus, there
was the formation of a large number of SmFeO; secondary
phases in NiFe,_,.Sm,04. Now, due to this secondary phase
SmFeO;, Sm>* ions replace the F e>* jons at octahedral sites
which further brings down the hopping rate of electrons be-
tween Fe’* < Fe’*, and the real part of dielectric permittivity
decreased [22]. For the power application of the ferrites, a
high dielectric constant is desired. Therefore, for application
purposes, the concentrations of Sm>* must be kept low.
Energy loss is commonly defined as a dielectric loss factor
and refers to tan 6, where & constitutes a phase difference
betwixt the applied electric field and the induced current.
Polarization is located behind the applied alternating field
and tangent dielectric loss occurrence can be caused by grain
boundary, impurity, crystal defect, and structural inhomoge-
neity in ferrites [22]. Figure 6 also demonstrates variations in
the dielectric loss at room temperature with frequency ranges
of 1 to 1 MHz. It has been perceived that the dielectric loss
decreases with shoulder-like behavior as the frequency in-
creases. The loss was found to be extreme at lower frequen-
cies, and it drops at higher frequencies with one resonance

10! 10? 10° 10* 10° 10°
Frequency (in Hz)

(relaxation) peak at around 3 kHz for all the samples. This is
caused by the jump of the electron between the Fe** and Fe**
sites. If the frequency of the externally applied electric field is
roughly equivalent to the frequency of the charging carriers
being hopped, then the resonance condition is achieved. This
resonance behavior was exhibited by all the samples empha-
sized in the inset of Fig. 6. The rationale for the moving res-
onance peaks with the dopant (Sm**) material to higher fre-
quencies is due to reduced oxygen vacancies as Sm>" ions
replace Fe** ions. This type of resonance behavior can also
be caused by the distortion of the lattice produced by the
greater Sm*” ion radii. The value of tan & first decreases and
then increases by adding Sm concentration. It is found that all
other Sm-doped samples except for x =0.05 exhibit high di-
electric loss compared with pure NiFe,O,. Thus, it can cur-
rently be assumed that at the concentration of x =0.05, the
ceramic confined the maximum dielectric constant value
with a tangent of minimal loss. Thus, sample with x =
0.05 data in NiFe,O4 is perfect for the point of view of
applications such as high-frequency data reading/writing
in electronic structure and also used in memories, trans-
former, and inductor cores [23, 24].

3.2.2 AC Conductivity

The AC conductivity variation with frequency (1 to 1 MHz)
for NiFe,_,Sm,04 ferrites are shown in Fig. 7. The conduc-
tivity spectra have been divided into three different regions. In
region | (1-10% Hz), the sample does not respond to the ap-
plied frequency. This region is known as the plateau region,

@ Springer



770

J Supercond Nov Magn (2021) 34:763-780

Fig. 6 Variation of dielectric loss 80
with frequency
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and the value of constant conductivity is called DC conduc-
tivity. Region I corresponds to grain boundary contribution. In
region II (10>~10* Hz), the 0, curve depends on frequency as
both increase simultaneously and is also called dispersion at
moderate frequency. Whereas in region III (10*~10°Hz), the
increase in the o, curve is sharp in comparison with region II
depicting bound charge carriers. This region is known as the
second plateau region and corresponds to the conductions of
grains followed by high-frequency dispersion. The frequency-
independent plateau region (DC conductivity) at lower fre-
quency is assigned to the long-range translation movement

10’ 10° 10° 10 10° 10°
Frequency (Hz)

of ions. The jump relaxation model can be explained [25]. In
this model, the hopping of an ion from one site to
another nearby empty site leads to the material’s DC
conductivity at lower frequencies. Conduction takes
place in the dispersion region via the hopping mecha-
nism of the charging carriers. The frequency of hopping
is the frequency at which the dispersion region is ob-
served. Conductivity increases at higher frequencies, due
to forward and backward hopping along with ion relax-
ation [26]. For such a case, the high frequency increases
the electronic jumps between the localized states.

Fig. 7 Variation of AC
conductivity with frequency
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In most materials, the value of conductivity of ceramics is
evaluated from the theoretical fitting of AC conductivity using
Jonscher’s universal power law [27]

Opc = Ogc + A"

where o, represents AC conductivity, oq. is the dc limit of the
conductivity, Aw” refers to the transport properties of the charg-
ing carriers (that could be polarons, ions, and electrons), A refers
to the pre-exponential factor which determines the polarizability
strength and w refers to the angular frequency and 7 is the frac-
tional exponent (lies in the range of 0—1) which provides the
information about the degree of correlation between ion hops
in the conduction process. Parameters A and s depend on the
temperature of the material and its nature. By analyzing the re-
sults, there are two plateau regions for the conductivity spectrum
for all the samples, which correspond to the grain boundary (at a
lower frequency) and the contribution of grain (at a higher fre-
quency). The spectrum is not adequate for explaining the mech-
anism of conduction using single power law. Consequently, a
modification in Jonscher’s power law [25] could explain the
conductivity behavior in all samples:

Oae = Oge + A" + Ay

where o, represents total conductivity; o4, is the DC
conductivity; A, ny, A, and n, are the pre-exponential
and the fractional components for grain and grain
boundaries (for regions I and II), respectively. The con-
ductivity spectra have been well equipped with the
modified Jonscher’s power law are shown in Fig. 8,
and the values of the extracted parameters are enlisted
in Table 2. Withrising frequency, AC conductivity values of
all the samples were found to grow. This conductivity process
in ferrites is responsible owing to the exchange of electrons
between Fe** and Fe’* and the presence of oxygen vacancies.
If the frequency is raised, the conductive grains become more
active in the sample. The electrons were then jumped in Fe**
and Fe* ions. Therefore, the AC conductivity will also in-
crease with rising frequency. Figure 7 also shows the compo-
sitional variability of rare earth ion (Sm>*)—doped nickel fer-
rite conductivity spectra and found that NiFe,_,Sm,O, con-
ductivity increases with an increase in Sm** material. This is
due to the small polaron hopping [28, 29].
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Fig. 8 Conductivity data fitted using modified Jonscher’s power law
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Table 2 Fitted different

parameters using the modified Sample 0gc (S/cm) A (polarizability strength) S (degree of correlation)

power law of Jonscher’s for pure

and Sm-doped samples Al A2 S1 S
Sm00 7.116x 1077 1.707 x 10”7 1471x10°% 0.278 0.365
Smo05 5203 x1077 1.043 %1077 5.093x 1077 0.381 0.439
Sm10 1.152x10°° 8.171x107® 5225%107° 0.406 0.451
Sml5 1416 x107° 3419x 107 1.627 x 107° 0.470 0.530
Sm20 1.942x10°° 6.626 x 107° 2.132%107° 0.695 0.518
Sm25 1.766 x 10°° 1.403 x 10~° 1.095x10° 0.8149 0.561

3.2.3 Impedance Analysis

The electro-ceramics have the main electrical properties be-
cause of the inter-grain, intra-grain, and electrode effects.
Grain and grain boundaries are generally affected by a poly-
crystalline material. In polycrystalline materials, the inter-
grain boundaries are defective areas in which deviations from
the stoichiometry of oxygen and separation of dopants, impu-
rities, or subsequent phases could occur [30]. Impedance anal-
ysis is a powerful tool to completely understand the electrical
properties of heterogeneous materials. Complex impedance in
the form of Z = Z' + Z", which provides the details for both
resistive and reactive contributions to conductivity on the ap-
plication of the AC field. The resistive component acts as a
real part Z', and the reactive component acts as an imaginary
part Z". To find the entire contribution of the microstructure
resistance, owing to the grain or grain boundaries, a diagram is
constructed between resistive and reactive parts of complex
impedance. This scenario is referred to as the Nyquist or Cole-
Cole plot. This constructed diagram gives three half circles,

which generally represent the grain, grain boundaries, and
electrode effect. Although ferrite substance contains a lack
of an ionic polarization so that only two half circles are feasi-
ble owing to the contribution of grain and grain boundaries.
Here, the key purpose to analyze the conduction process is
attributable to either the grain or grain boundary or both of
them [28]. Figure 9 shows the variations of the resistive part
(Z) of impedance with applied frequency, for the pure and
Sm-doped NiFe,0,4. At lower frequencies, the magnitude of
resistive part Z' is higher, and monotonous decreases in the
high-frequency regime. This suggests an improvement in AC
conductivity as the frequency rises. Figure 9 also indicates that
various Z' curves coincide with higher frequency values for all
of the samples. That may be because the space charge is re-
leased, and the barrier potential is reduced inside the material
[30]. Figure 10 shows the reactive part (Z”) as a function of
applied frequency at various dopings of samarium ion. For all
of the compositions, 2 peaks related to the grain boundary and
the grains were remarked in the low- and high-frequency re-
gimes. The value of Z” increases to maximum (Z",.x), after

Fig.9 Variation of the real part of
impedance with frequency
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Fig. 10 Variation of the 5x10*

imaginary part of impedance with
frequency
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which the value begins to decline. This relaxation behavior is
due to the presence of immobile species [31], hopping proce-
dure of the charge carriers, and intrinsically domination of
small polaron in the polycrystalline substances. Further, the
Z" max 18 pronounced to relocate to higher frequencies with
improving doping concentration except for x =0.05. The de-
clined magnitude of Z",,,, with doping concentration indi-
cates a decline in the resistive property. Again, the merger of
various Z" curves at high frequencies is a symbol of space
charge accumulation in the materials. Since the height of Z”
peak (Z" ,ax) = R/2, the Z" graph is linked to the most resistive
component of the material. Bulk capacitances (Cy,) of the sam-
ples were described from the peaks of semicircles, using the
ratio WmaxCpRy, =1 [32]. The relaxation time is equal to the
reciprocal of w .. The reactive component of impedance
versus the resistive portion of impedance is constructed
through a wide variety of frequencies (1-1 MHz), which are
shown in Fig. 11. All the Nyquist plots for pure and doped
samples compose of two overlapping depressed semicircles at
low and high frequencies which assist to distinguish the resis-
tance of grain and grain boundary and interfacial resistance of
conducting electrode. The semicircle appearing at a low-
frequency region is due to grain boundaries, which takes place
due to parallel combination of the grain boundary resistance
Ry, and grain capacitance Cy, of the material, and the other
one semicircle at a higher frequency region belongs to bulk
(grain), which takes place due to parallel combination of the
grain resistance (R,) and grain boundary capacitance (Cy) of
the material [16, 21]. Furthermore, there is no other relaxation
tool like the electrode effect that has been noticed, which is
normally present on the lower frequency portion of the con-
tinuum of impedance. The data depicted in Table 3 was

Frequency (Hz)

examined by the reactive part (Z") versus frequency curve to
evaluate various parameters including resistance of grains
(Ry), the relaxation time of grains (T,), the capacitance of
grains (C,), resistance at grain boundaries (Rgp), the capaci-
tance at grain boundaries (Cy,), and relaxation time of grains
(Tg), at room temperature. The resistances (R, and Ry,) could
be also obtained by intersections of the circular arc on x-axis
(Z') and the capacitances (Cy and C,,) were estimated by
taking out the height of the circular arcs [28]. The magnitude
of resistance R, and Ry, (diameter of the semicircle in the
Cole-Cole plot) initially increases at x =0.05 but decreases
for a higher concentration of samarium ions which indicates
that the overall DC conduction of the Sm**-doped nickel fer-
rite nanoparticles increases. At a lower concentration (at x =

0.05 and 0.1), the resistance of grain boundary is higher as
compared with the resistance of grain. Through the Cole-Cole
plot, it has been found that the diameter of the grain boundary
region is greater as compared with the diameter of the grain
region. This fact suggests that when Sm ions are substituted in
the NiFe, Oy, the process of conduction is primarily caused by
grain boundaries. This implies that the contribution at the
grain boundaries is greater than the contribution from the grain
because of the small crystallite effects. All the semicircles
exhibit a certain degree of depression in the place of centered
at the Z' axis. This is because of the spread of relaxation time.
This form of machine relaxation refers to the relaxation of the
non-Debye type [28, 30]

3.3 Ferroelectrical Study

Generally, the dielectric is a substance in which the electrons
are very closely bound together. The electric charges in the

@ Springer
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Fig. 11 Nyquist or Cole-Cole plots for samarium (Sm>*)-doped NiFe,Oy4

dielectrics can react to an applied electric field by adjusting the
dielectric polarization. The polarization of pure and doped
nickel ferrite against the electric field (P-E) was assessed in
two separate ways, firstly with silver paint and secondly with-
out silver paint. Starting with silver paint, we have applied a
maximum electric field of ~ 1 kV/cm (50 Hz) at room temper-
ature and are displayed in Fig. 12. It looks nearly circular. We
observe maximum polarization (P,,,) at zero electric fields,
whereas the value of P, is equal to remnant polarization
(+ P,). In this case, charging carriers do not tend to produce
dipoles with the electric field being applied to that. Instead, at
the maximum electric field (~0.72 kV/cm), polarization is

Table 3 Resistance of grains and
grain boundaries (R, and Rgy), the
capacitance of grains and grain
boundaries (Cg and Cy,),
relaxation time of grains and grain
boundaries (T, and Tg), etc.,
measured by impedance study

@ Springer

zero. Such a polarization loop does not demonstrate real elec-
trical polarization and is due to the conductive effect [33].
Without silver paint, we have applied a maximum elec-
tric field of order 3 kV/cm with 1000 Hz frequency at
room temperature and is displayed in Fig. 13. In this field
and frequency range, the entire sample shows a non-linear
PE loop with very weak remnant polarization. However,

we observe for pristine nickel ferrite, the value of P« (~

0.0024 uC/cm?) is not zero at the higher electric field
(3 kV/em) without a coating of silver paste at 300 V.
The sample is still semi-conductive in these observations
but is made more conductive by the silver paint [33].

Sample R, Ry Cg (nF) Cgp, (nF) Ty (S) Tgp (S) wy(Hz)  wgy
(KD) (K) (Hz)
SmO00 44292 41,318 0.08078  140.702 3.57814E-06  5.814E-03 279,475 172.01
SmO05 38,346 94,363 0.0733 493.429 2.81171E-06  46.562E—03 355,654 21.47
Sm10 29,922 42310 0.1165 102.304 3.48849E-06 4.328E-03 286,657  231.02
Sml5 32,166 31,904 0.0849 88.1376  2.73259E-06  2.812E-03 365,953  355.62
Sm20 27,212 21,236 0.0951 139.749 2.58916E-06  2.968E—03 386,226  336.95
Sm25 26,558 19,750 0.0863 111.529 2.29211E-06  2.203E-03 436,280  453.99
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Fig. 12 PE hysteresis loop with
silver paint at 50 Hz frequency
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From Figs. 12 and 13, it has been clear that with increas-
ing doping concentration, there is a steep enhancement
found in remnant polarization (P,) and coercive field
(E.), which are shown in Table 4. The remnant polariza-
tion in samarium-doped samples is increased in compari-
son with the pure one, thereby increasing ferroelectric
properties in the doped sample. P-E loops demonstrate
that doping renders the most resistive nature of loops.
As in many of the rare earth ions, Sm>* ion substitution

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8

Electric Field (kV/cm)

in NF will suppress oxygen vacancies because of its
higher ionic radius and enhancement of impurity of the
secondary phase of SmFeO; in samples. Consequently,
the current leakage density decreases (Fig. 14
confirmed), and the ferroelectric property enhances. The
leakage current density was widely assumed to play a
significant role with regards to the ferroelectric property.
Therefore, further study would also concentrate on the
behavior of leakage current.

Fig. 13 PE hysteresis loop
without silver paint at 1000 Hz
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Table 4 Dielectric constant and loss tangent, polarization, and coercivity of pure and Sm-doped samples using P-£ and dielectric measurement

Sample Dielectric constant Dielectric loss Poax (LC/em?) + P, (uClem?) — P, (uClem?) Coercivity (kV/cm) Loop area

At 50 Hz
Sm00 6165 6.17 -1.77x107" 233 -147 0.72045 3.87x 107
Sm05 13,000 2.62 -220x107" 2.97 -1.65 0.6623 4.37x107
Smi0 10,582 5.15 -587x107" 422 -1.74 0.5594 4.56x107
Sml5 6581 8.87 -5.63x10"" 3.69 -1.60 0.5744 4.38x107
Sm20 6761 10.92 -341x107" 4.02 —-1.46 0.5428 436x107
Sm25 4165 15.43 -53x%107! 3.83 -1.52 0.6075 4.35x107

At 1000 Hz
Sm00 493 5.53 241x1072 5.57x107 -6.83x107 0.5154 5.78
Sm05 893 4.00 231x1072 9.30x10° -9.92x107 0.8760 8.10
Sm10 1457 3.22 2.37%1072 8.10x1072 —8.88x107° 0.7400 7.54
Sml5 977 4.40 2.27x1072 5.24x107 -6.25%x107 0.5517 4.66
Sm20 938 5.51 2.10x1072 9.93x107 —11.4x107 1.1364 8.09
Sm25 708 5.96 2.15x1072 7.32x107 -7.99x107 0.7758 5.69

3.4 Leakage Current Behavior (J-E Measurement)

Figure 14 indicates the leakage current density (J) depending/
based on the applied electric field (E) at different doping con-
centrations of samarium (Sm>*) ion. From Fig. 14, the Sm>*
doping helps in reducing the leakage current. These reduced
values of leakage current densities are given in Table 5. This
reduced leakage current density shows that the samples have
high resistivity with increasing doping concentration in pris-
tine NiFe,O,. The leakage current of NiFe,Oy is produced as a
known source from oxygen vacancies, which is primarily
caused by the volatilization of Fe**. The substitution can

regulate Fe®* volatilization and reduce the vacancies in oxy-
gen, especially the substitution of rare earth ion and thus re-
ducing the density of the leakage current [34]. With the result
of'the incorporation of Sm modifier in the Fe site, consequent-
ly, we thus assume that many effects contribute to the source
of decreased leakage current in the pristine nickel ferrite and
doped samples, including the existence of SmFeO; phases in
the lattice, decreases in oxygen vacancies, stabilizing oxida-
tion state (Fe**) and smooth surface micro-structure with
dense grains. This kind of J-E response may be interpreted
according to the process of space charge-limited current
(SCLC) conduction [35]. A trap-controlled SCLC is

Fig. 14 Leakage current density r'yy g i':
as a function of the applied 104 ,.A
electric field h’ aq 1-:.:3,(”':‘:‘
o $ P
; )
< -5
2 10°F 4
N L |
£ % ;“
2 <
5 - g2
2 10k Negative bias § Positive bias
5 X
=
=
=
= 7
107 ! = Sm00 © Smo05
A Sm10 v Sm15
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10-8 1 1 1 1
- -2 -1 0 1 2 3
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Table 5 Leakage or conduction

mechanisms for pristine and Sm-
doped nickel ferrites using double
logarithmic plot [log(J) vs log(E£)]

composed of three sections: (1) ohmic region (I « V), (2)
Child’s square law region (/ « V%), and (3) steep growth in
the high field region. The conductive mechanism in the low
field regime is controlled by the free electrons in the ceramics
which is produced thermally. Once the field goes beyond the
onset voltage of the square law, the density of electrons which
are injected progressively goes beyond the concentration of
the equilibrium and dominates the conduction. Region I-V? is
classified as a trap unfilled region that has not been filled with
trap, while the third region is also referred to as a trap-filled
region that is filled with traps. In summary, the conduction of
SCLC has been found in many different materials, and it is

777
Sample name Leakage current (A/cm?) First slope S} Second slope S, Threshold
field (kV/cm)
Sm00 2.18x107* 1.25 £ 0.05 2.32 +0.04 0.54
Sm05 6.40x107° 1.81 £ 0.05 1.52 £ 0.01 1.17
Sm10 1.75%x107* 1.97 £ 0.05 2.29 +0.03 1.09
Sml5 1.07x107* 1.98 £ 0.01 2.08 + 0.02 1.13
Sm20 8.96x107 2.12 £0.05 1.62 + 0.02 1.12
Sm25 5.10x107° 1.27 £ 0.01 1.56 = 0.01 1.09

generally known that the defect-related traps, such as the ox-
ygen vacancies, are generally correlated with the conduction
of the SCLC. The SCLC signature is fairly confirmed by two
regions of the discrete slopes when the distinctive function of
I-V is constructed in a double logarithmic scale [36].

To investigate the type of leakage or conduction mecha-
nisms for pristine and doped nickel ferrites, the leakage cur-
rent density and an applied electric field was plotted as double
logarithmic scale [log(J) vs log(£)] which are presented in
Fig. 15. As one can see, the data can be divided into two
regions (corresponding to low and high applied electric
fields) and can be well fitted by two linear segments with
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Fig. 15 log (J) versus log (E) characteristics of pure and doped NiFe,O4
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distinct slopes. The value of these two slopes are given in
Table 5 and also mentioned in Fig. 15. The slope m of
these plots gives information about various leakage mech-
anisms contributing to the leakage behavior of the sample.
These are the following mechanisms: (1) grain boundary
limited conduction (/ « V", m<1); (2) ohmic conduction
(m=1); (3) trap-unfilled SCLC (m =2); (4) the trap-filled
limit (reached at voltage Vrgr, m>2); and (5) trap-free
SCLC (m =2) [37]. Therefore, several I-V curves can be
shown depending on the existence of material defects. For
pristine nickel ferrite, the slope of In £ vs In J curves is
1.25+0.05 around 1 at low electric field (0.54 kV/cm)
region which indicates the dominance of ohmic conduc-
tion. This suggests that the density of injected carrier n is
small compared with the density of thermally stimulated
free electrons ng, and the injected carriers are distributed
again with a propensity to preserve electric charge neu-
trality. But with the further increase of the electric field up
to 3 kV/cm, the leakage current density J increases sharp-
ly, and the slope of the log E vs log J curves is 2.32 +
0.04, which indicates that the leakage current conduction
mechanism agrees well with trap-unfilled SCLC conduc-
tion mechanism at high field region. This suggests that in
the presence of a sufficiently higher electric field, the density
of free electrons by carrier injecting is higher than that of free
electron density with thermal stimulation [38]. It is also ob-
served from Fig. 15 and data are given in Table 5, at lower
field regime (below threshold electric field £ < E;), and ini-
tially, the value of slope S| is approximately 1.25 for the pure
sample. With increasing doping concentration, there is an en-
hancement in the value of slope S; For x=0.20, the value of
the first slope reaches approximately 2.12 which is greater
than two. This behavior (changing of slope from ~ 1 to ~ 2)
could be due to a transition of the conduction mechanism from
ohmic to SCLC. At a sufficiently high applied electric field,
(above threshold electric field £ > E,, regime), the value of
slope S, is initially 2.32 for the pure sample. With increasing
doping concentration, decay has been observed in the value of
slope S,. This could be due to a transition of the conduction
mechanism from SCLC to ohmic. The key difference in the
conduction activity of these ferrites is the difference in the E;
threshold (minimum field needed to transition from the ohmic
to the trap-unfilled SCLC) [34, 39]. An SCLC mechanism is
typically related to free carriers trapped by vacancies in oxy-
gen. When injected electron passes through samples, the ther-
mal electrons are affected by traps, which are generated from
oxygen vacancies. Due to a reduction in oxygen vacancies, the
density of free carriers will be also reduced. When the density
of'the injected free carrier is less than the density generated by
the free carrier, then ohmic conduction will become dominant.
Because of the reduction in oxygen vacancies, at a higher
field, samples have dominant ohmic conduction with doping
concentrations.

@ Springer

4 Conclusion

Pristine and samarium-doped nickel ferrite ceramics with the
formula NiFe,_,Sm 0,4 (0.00 < x <0.25) were synthesized
using self- ignited sol-gel autocombustion method. The struc-
tural information has been investigated by XRD which reveals
that Sm enters the spinel lattice of nickel ferrite partially as a
samarium ferrite orthorhombic phase (SmFeO3) is detected in
small proportions confirming that samarium has limited solu-
bility in spinel lattice due to its higher ionic radius. Also,
Rietveld refinement enables us to determine the amount of
impurity phase presented in the samples. Phase fraction of
the samarium ferrite is increased with doping concentration.
Due to the maximum value of dielectric constant and minimal
loss tangent with x =0.05, data in nickel ferrite is good for
application point of view such as high-frequency data
reading/writing in the electronic structure and is also used in
memories, transformer, and inductor core. All the samples
show two plateau regions in the conductivity spectrum and
are represented as the grain and grain boundaries. The Cole-
Cole plot confirms that the process of conduction is mainly
owing to the grain boundaries because the diameter of the
grain boundary region is greater than that of the grain region.
The enhanced ferroelectric properties are confirmed by the
increased value of remnant polarization and reducing leakage
current with doping. This kind of leakage current is based on
SCLC.
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