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ABSTRACT: We report on the tunable dielectric properties 10° Fe, Mg,.0, | 10°
achieved in cation-substituted nickel ferrite (NiFe,O,; NFO) by . 2 1o*
selectively engineering the crystallographic site occupation of the =10 _:; \
dopant cation in the NFO ceramics. The NFO, Mg-substituted 210’ S10
NFO (NiMg,,Fe,30,; NMFO), and In-substituted NFO 10? 10?
.(NiInO,ZFeL804; NIFO') nanocrystals were synthgsizgd by empl;)y— 10! 10!
ing a tartrate-gel chemical route, followed by calcination at 500 °C. 10 )

High-resolution transmission electron microscopy (HRTEM) 23 s 6T s 112103 108 105 116 107 108
analyses indicate the crystal quality of NFO, NMFO, and NIFO 10710 10102003 1(1012%0 10710 1010 1010};0@ 1(%2%0 10710
nanomaterials. The HRTEM data revealed that all of the ferrite

materials were nanocrystalline with sizes in the range of 15—25 nm. Coupled with HRTEM analyses, X-ray diffraction analyses
indicate the formation of single-phase spinel-structured NFO, NMFO, and NIFO materials without any detectable impurities.
Chemical analysis performed using Mossbauer spectroscopy indicates that Mg>* occupies the octahedral site, while In** preferably
occupies the tetrahedral site of the spinel-structured NFO. The Fourier transform infrared (FTIR) absorption bands corresponding
to metal—oxygen (M—O) intrinsic stretching vibration in the octahedral unit (MOg) and the tetrahedral unit (MO,), respectively,
were noted in all of the samples. However, the trend in the frequency shift of these bands in Mg- and In-substituted NFO materials is
different due to the occupation of different sites of Mg and In as confirmed by Mossbauer studies. The electronic structure and
chemical valence state analysis using X-ray photoelectron spectroscopy (XPS) corroborates with chemical bonding analyses
performed by FTIR and cation distribution evaluation carried out by Mossbauer spectroscopy. The energy-dispersive X-ray
spectrometry (EDS) data, in addition to XPS and FTIR analyses, further validate the formation of uniform and chemically
homogeneous samples. The corresponding cation distribution revealed from Mossbauer studies correlates with the variation of
dielectric properties of the doped NFO samples with respect to intrinsic NFO. At room temperature, the dielectric constant (¢) of
NFO and NMFO is found to be nearly the same and constant over a wide range of frequencies. However, in NIFO, ¢ decreases with
the applied frequency. The differences are attributed to the size effect and site preference of dopants (Mg** and In**). Irrespective of
the dopants, an increase in the temperature enhances the dielectric constant, which is due to an increase in the number of free charge
carriers. A thermally activated electrical conduction mechanism was operative in NFO, NMFO, and NIFO materials. The activation
energies for NFO, NFMO, and NIFO were 18.84, 34.48, and 57.14 meV, respectively. The enhanced dipolar effect of In*" at the
tetrahedral site compared to Mg*" at the octahedral site may be the origin of the relatively higher value of activation energy in NIFO
compared to intrinsic and Mg-substituted NFO.

H INTRODUCTION devices.> % The recent attention to the intrinsic and doped

Nickel ferrite (NiFe,0,; NFO) is one of the metal-oxide-based NFO materials is primarily due to the possibility of the design

soft magnetic materials owing to its high magnetization at low and development of their nanoscale architectures for utilization

magnetic fields and low coercive force. " The physical, in electromagnetics, electrochemical energy storage 3anlcg
chemical, and electromagnetic properties of NFO and NFO- conversion technologies, and biomedical applications.

based composites are attractive for utilization in numerous

scientific and technological applications.” " Due to the Received: January 21, 2022
intrinsic nature of NFO, it has been employed as a suitable Revised:  April 22, 2022
active material in a wide range of applications, which include Published: May 23, 2022

electronic memory, biomedical sensors and actuators, tele-
communication, electromagnetic interference (EMI) shielding,
catalysis, energy storage, and high-frequency electromagnetic
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Additionally, using intrinsic or doped NFO in multilayered
structures or in conjunction with polymers has been proposed
to design highly efficient EMI shielding materials.” For
instance, the EMI absorber materials designed by means of a
multilayer assembly of poly(vinylidene fluoride)-containing
Zn-doped NFO have shown to increase the EMI shielding
effectiveness dramatically.> The highest absorbance (>91%)
was reported for a multilayer assembly with a tailored
composition and layering sequence.3 Therefore, understanding
the electrical, magnetic, and dielectric properties of intrinsic
and doped NFO nanomaterials warrants further investigations.
Furthermore, compared to bulk materials, transition-metal-
based engineered nanostructured materials are expected to
provide excellent opportunities to tailor and/or manipulate the
quantum effects and thereby derive novel electrical, optical,
and magnetic properties.s_15

From the crystal structure point of view, NFO belongs to the
cubic spinel ferrite category and crystallizes in the inverse
spinel structure (Figure 1a).'" Represented by the general

(a)

Unit cell of NiFe,0,

(c)

(b)

© Oxygen

Tetraliedral site (A-site) Octaliedral site (B-site)

Figure 1. Crystal structure of a cubic spinel ferrite. (a) NiFe,O, spinel
ferrite structure with the representation of the unit cell, (b)
tetrahedral (A) site, and (c) octahedral (B) site.

chemical formula of AB,O, all Ni** ions are situated in
octahedral sites (B-sites) and equal amounts of Fe®" ions are
disseminated in tetrahedral sites (A-sites) and octahedral sites
(Figure 1b,c) in the spinel structure."’ Each NFO unit cell
consists of eight tetrahedral sites occupied by Fe*" and 16
octahedral sites occupied by equal amounts of divalent (Ni*")
and trivalent (Fe®*) metal ions, leading to a perfect inverse
spinel structure (Figure 1). In practice, NiFe,O, manifests a
slightly mixed spinel structure due to the presence of a small
fraction of Ni** in the A-site. The distribution of cations
between the two distinguishable sublattices depends solely on
the synthesis methods and processing conditions. When doped
with other metal ions, the properties of the parent NFO
change depending on the nature and site preferences of the
dopant cations.

Nickel ferrite offers numerous ways to obtain desirable
properties and/or tailor the structure and properties at the
nanoscale dimensions, although researchers often aim at
achieving tunable magnetic and electrical properties.'' >°
Apart from variable synthetic procedures, strategies, and
processing conditions, metal-ion doping is one of the
promising routes to achieve desirable properties in
NFO."'™'* Typically, the dopant ionic size must be
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comparable to the size of metal cation (Ni or Fe in NFO),
resulting in the formation of a well-defined solid solution,
without any secondary phases. In addition to the size of the
dopant ion, the nature (magnetic or nonmagnetic), crystallo-
graphic site preference (A-site or B-site), amount of
substitution (lower or higher), and ionic charge (chemical
valence state) of the dopant ion are also crucial parameters in
tuning the properties of the parent NFO compound.
Therefore, the choice of metal ion for doping is the most
important aspect to obtain the desired properties of NFO.

A wealth of information is available in the literature, where
various dopant-induced effects on the structure and properties
of nickel ferrites are evident.">”™>’ Also, plenty of reports are
available on the dielectric properties of nanocrystalline NFO
and doped NFO."*~'® However, based on the studies available
in the literature and the aforementioned structural details, it is
quite important to understand the effect of crystallographic site
preference of the cations on the magnetic and electrical
properties. Specifically, a comparative study of the metal
cations with the same composition but different site
preferences in NFO can provide clues to manipulate the
properties and performance. Therefore, we focused our
attention on the effect of Mg and In cations substituted in
NFO with a fixed chemical composition to elucidate the effect
of site occupancy of the cations on the magnetic and dielectric
properties. Also, studies on the temperature-dependent
dielectric properties of nickel ferrite and its derivatives (mainly
In**- and Mg**-substituted NFO) are limited and yet to be
explored thoroughly. Recently, we have investigated the
synthesis, structure, and magnetostrictive properties of nickel
ferrite and Mg**- and In**-doped nickel ferrite samples sintered
from their nanocrystalline powders.”® The present study
focused on elucidating the effect of cation site preference on
the dielectric properties of NFO and Mg- and In-doped NFO.
To gain a deeper understanding and accurately determine such
site preference-induced effects, we relied on estimating the
cation distribution and deriving a correlation between the
dielectric properties and chemical cation distribution in these
ferrites. Mg®* and In*" ions are considered primarily due to
differences in their size, charge, and crystallographic site
preference. Interestingly, as presented and discussed in this
paper, the crystallographic site preference of the dopant ion has
a significant impact on the dielectric behavior of nickel ferrites.

B MATERIALS AND METHODS

Synthesis. The intrinsic and Mg- and In-substituted Ni-
ferrite (NiFe,O,, NiFe,sMg,,0, and NiFe,In,,0,) nano-
materials were synthesized by a tartrate-gel method. We
followed the previously established synthetic procedure to
obtain the NFO, NMFO, and NIFO nanomaterials.** Briefly, a
homogeneous solution of respective metal nitrates (Fe(NO;)5-
9H,0, Ni(NO;),"6H,0, and Mg(NO,),-6H,0) with high
purity was mixed with 75 mL of tartaric acid (1.5 moles per
metal ion). The metal nitrates were weighed according to
stoichiometry. The chemical reaction mixture, thus prepared,
was then subjected to continuous stirring for 30 min at 50 °C.
For this metal tartrate solution, the polymerizing agent
ethylene glycol (TA/EG with a ratio of 70:30) was added
while increasing the reaction temperature to 75 °C. The
solvent molecules expelled from the reaction mixture yielded a
thick brownish viscous gel, which was then dried at 80 °C.
Subsequently, the dried gel was ground to obtain a fine
powder, which was calcined at 500 °C for 2 h. Characterization
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Figure 2. HRTEM data and selected area electron diffraction (SAED) patterns of NFO, NMFO, and NIFO nanoferrites. The left panel shows the
TEM images of NFO, NMFO, and NIFO nanomaterials. The agglomeration and size variation (15—25 nm) of nanoferrites are evident. The middle
panel shows the high-resolution TEM images of the samples. The crystalline nature of the samples is evident by the presence of lattice fringes. The
values of lattice fringe spacing are as indicated in the images. The right panel shows the SAED patterns of the nanoferrites.

(discussed in the subsequent section) of the calcined powders
thus obtained was carried out to confirm the phase purity of
the calcined ferrite powders. After confirmation, these
nanocrystalline powders were wetted with minimum amounts
(2%) of a poly(vinyl alcohol) (PVA) solution and compacted
into disk-shaped pellets. The green pellets were then sintered
at 1200 °C for 2 h in a furnace atmosphere. The samples thus
obtained were subjected to further characterization to probe
the structural and dielectric properties.

Characterization. High-resolution transmission electron
microscopy (HRTEM) (FEI Tecnai G2 F30 with an applied
voltage of 300 kV) measurements were performed on the
NFO, NMFO, and NIFO samples. The crystal structure,
morphology, and microstructure of the ferrite samples were
studied to understand the effect of Mg- and In- cation
substitution. Additionally, X-ray diffraction (XRD) measure-
ments were also made on these ferrite samples using a
PANalytical X'pert pro diffractometer. The elemental analysis
and chemical homogeneity of the samples were examined by
means of energy-dispersive X-ray spectrometry (EDS)
measurements. The EDS spectra of the samples were recorded
using a scanning electron microscope (TESCAN VEGA3
LMU) equipped with an EDS detector. Fourier transform
infrared (FTIR) spectroscopy was employed to understand the
chemical bonding in the NFO, NMFO, and NIFO samples.
The FTIR spectra of all of the samples were recorded at room
temperature using an FTIR spectrometer (Bruker, Alpha-P,
Diamond ATR cell). The electronic structure, chemical
composition, and valence states of various cations were probed
by means of X-ray photoelectron spectroscopy (XPS). The
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XPS spectra of the samples were recorded using a Thermo K-
alpha+ spectrometer equipped with a monochromatic Al Ko
X-ray source with an energy of 1486.6 eV. Mossbauer spectra
were recorded with a constant-acceleration drive, driven in
synchronization, having a $12-channel analyzer using a *’Co
radioactive source with 30 mCi activity. Calibration of the
Mossbauer spectrometer was carried out using an enriched
iron foil. The dielectric properties of the NFO, NMFO, and
NIFO samples were recorded using an impedance analyzer
(HP 4294A, Agilent technologies). The measurements were
made in the temperature range of 25—200 °C and by varying
the frequency (40 Hz—100 MHz).

B RESULTS AND DISCUSSION

Crystal Structure, Phase, Microstructure, and Mor-
phology. Transmission Electron Microscopy (TEM). The
TEM images of NFO, NMFO, and NIFO are presented in
Figure 2 (left panel). As revealed from these TEM images, the
ferrite particles are nearly spherical in shape and agglomerated
into clusters. This is the common feature that can be noted in
all of the samples. The agglomeration into clusters occurs in
these ferrite nanomaterials due to the magnetic nature of the
nanoparticles. The average particle size of the samples is in the
range of 15—25 nm.

The high-resolution TEM (HRTEM) images of the samples,
shown in the middle panel of Figure 2, revealed the presence of
lattice fringes, which signifies that the NFO, NMFO, and
NIFO ferrites are crystalline in nature. The spacing between
the crystal planes (d-spacing) of the samples was measured
from the HRTEM images using digital micrograph software,

https://doi.org/10.1021/acs.jpcc.2c00529
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and the values are given in the respective images. The d-
spacing value determined for intrinsic NFO was 0.217 nm,
which corresponds to the lattice spacing of the (311) planes.
Interestingly, the analyses revealed that the d-spacing values
increase in Mg- and In-substituted NFO. The corresponding d-
spacing value for NMFO was 0.244 nm, while it was 0.281 nm
for NFIO. The two general remarks derived from these
observations are the following. The increased d-spacing values
demonstrate that the dopants (Mg’ and In*") successfully
integrated into the spinel Ni-ferrite lattice framework. Thus,
this first observation validates the synthesis process and
processing temperature to substitute the respective cations into
the NFO structure effectively. The latter feature is about the
magnitude of d-spacing values. The increase in the d-spacing,
after the substitution, is attributed to the replacement of a
smaller cation (Fe®*) by cations (Mg** and In**) of larger sizes,
which induces the lattice distortion, leading to the expansion,
i.e., d-spacing enhancement, compared to intrinsic NFO. The
selected area electron diffraction (SAED) patterns of the
calcined samples are shown in the right panel of Figure 2. In all
of the SAED patterns, well-defined concentric circles could be
seen, confirming that the ferrite samples are polycrystalline in
nature.

X-ray Diffraction (XRD). The phase formation and purity of
the sintered NFO and Mg’*- and In**-substituted NFO
samples were ascertained using XRD measurements and
analyses. The XRD patterns of all of the samples sintered at
a high temperature (1200 °C) are presented in Figure 3. The
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Figure 3. XRD patterns of sintered NFO, NMFO, and NIFO samples.
The indexing of the diffraction peaks made according to the cubic
spinel structure with a space group of Fd3m and as shown in the
figure. No peaks due to impurity phases, such as Mg-oxide or In-
oxide, are present, indicating the chemical quality of the ferrite
compounds synthesized.

patterns and peaks indexed indicate that all of the samples
crystallized in the cubic spinel structure with a space group of
Fd3m, without any detectable secondary phases. Moreover, the
diffraction peaks of the sintered samples are sharp and intense,
indicating a high degree of crystallinity, which is also evident in
TEM measurements made on calcined samples. Corroborating
with TEM data, with the absence of peaks corresponding to
impurity phases, the XRD data also suggest that the
substituents (Mg®" and In**) fully assimilated into the lattice
structure of nickel ferrite. The peaks situated at the diffraction
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angles of 18.55, 30.36, 35.77, 37.40, 43.44, 53.89, 57.42, and
63.07° are assigned to the (111), (220), (311), (222), (400),
(422), (511), and (440) crystal planes of the cubic spinel
structure, respectively.”* The lattice parameters of the samples
extracted from the XRD data were found to be 8.339, 8.347,
and 8.374 A for NiFe,0,, NiFe, jMg,,0,, and NiFe, 3In,,0,,
respectively. A similar increase in the lattice parameter has
been observed and reported for In- and Mg-substituted spinel
ferrite systems.”*~>* For instance, Shirsath et al.*® studied the
structural and magnetic properties of In-substituted nickel
ferrite samples (NiFe, ,In,O,) sintered at a higher temper-
ature (1323 K) and reported an increase in the lattice
parameter from 8.337 A for x = 0 to 8.424 A for x = 0.3. The
current observation matches with the reports in the literature.
A higher value of lattice parameter obtained for the substituted
samples is primarily due to the replacement of a smaller cation
(Fe®) by larger cations (Mg®* and In*") as the ionic radii of
substituents are larger than those of the Fe®" in both fourfold
(tetrahedral) and sixfold (octahedral) coordination environ-
ments.

The unit cell volume was also found to increase in both
NMFO and NIFO samples. The physical parameters calculated
from XRD data are listed in Table 1. It can be noted (Table 1)

Table 1. Lattice Parameter (a), Unit Cell Volume (V),
Theoretical and Experimental Densities of the Intrinsic and
Mg- and In-substituted Ni Ferrite Materials

4 Pheor,
ad) (0% an)  (gem)  p (gem)
sample (£0.003)  (+03) (3:0.03) T40.02)
NiFe,0, 8.339 579.8 537 462
NiFe, Mgo,O, 8347 S81.5 521 443
NiFe, gIny,0, 8.374 5872 5.56 4.84

that unlike the volume of the unit cell, the theoretical density
(Ptheor.) is lower for the NMFO compound compared to
intrinsic NFO. On the other hand, the py... of the NIFO
sample is much higher compared to that of the intrinsic NFO
compound. This variation in pg., can be interpreted
reasonably on the basis of molecular mass and volume of the
unit cell. The theoretical density varies proportionally with
molecular mass and is inversely proportional to the volume of
the unit cell using the relation

ZM

VN, (1)

where Z is the number of molecules in the unit cell (for the
cubic spinel ferrite system, Z = 8), M is the molecular mass of
the sample in gram/mole, V is the volume of the unit cell in
cm®, and N, is the Avogadro’s number (N, = 6.023 X 10*
molecules/mole). In comparison with the parent compound,
the molecular mass of NMFO is considerably lower but has a
higher unit cell volume. Therefore, theoretical density
decreases for the Mg-substituted NFO. On the other hand,
both molecular mass and unit cell volume of the NIFO are
significantly higher than those of the parent compound.
However, the magnitude of increase in molecular mass is more
pronounced than that of the unit cell volume and results in an
overall increase in Py, for In-doped NFO.

Chemical Bonding and Elemental Analysis. EDS
Elemental Analysis. The EDS analysis helps to identify
various elements present in the sample in addition to

ptheor. =
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NIFO
NMFO
NFO

Figure 4. EDS spectra of the NFO, NMFO, and NIFO samples. The data are representative of the scans captured on the selected areas of the

sample surface.

information on the chemical homogeneity.””*" To accurately
probe the chemical information, the EDS spectra of the
samples were recorded from different selected areas, and the
results are shown in Figure 4. As can be seen from the images,
all of the elements corresponding to the compositions of the
samples are present, and no other elements were found. Note
that the X-ray energy is characteristic of a specific atom
involved in the X-ray generation.m31 Therefore, the detection
of X-rays emitted provides the signature of the atoms
present.so’31 As such, EDS measurements and mapping
analyses can be used to qualitatively discuss the chemical
quality and chemical homogeneity of NFO, NMFO, and NIFO
samples. To extract the elemental compositions of each
sample, more than four EDS spectra on different spots of the
samples were recorded from each sample, and the average
values of weight % and atomic % were calculated. The obtained
weight % (wt %) and atomic % (at %) values of all three
samples are compared with the target compositions in Table 2.
It is evident (Table 2) that the wt % and at % values estimated

Table 2. Comparison of the Elemental Composition of the
NFO, NMFO, and NIFO Samples Obtained from the EDS
Analysis with that of the Target Composition

elemental
composition
target elemental estimated from EDS
composition analysis
sample elements weight % atomic % weight % atomic %
NiFe,0, Ni 25 14 25 16
Fe 48 29 54 36
NiFe, {Mgy,0, Ni 26 14 28 15
Fe 44 26 48 30
Mg 2 3 3 4
NiFe, 4Ing,0, Ni 24 14 25 15
Fe 41 26 44 28
In 9 3 7 2
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from the EDS spectra are comparable to the values of target
compositions. This observation validates the fact that either
the synthetic method or the processing conditions adapted for
the sample preparation did not alter the composition of the
intrinsic as well as Mg-/In-substituted ferrite samples. Such
chemical homogeneity and uniform distribution of cations and
dopants were evidenced in Mn-substituted cobalt ferrites.*”
Thus, in the present work on nickel ferrites coupled with our
previous studies on cobalt ferrites, we can conclusively confirm
that the chemical synthesis route as well as processing
conditions employed results in the uniform and chemically
homogeneous samples.

FTIR Spectroscopy. Spectroscopic analyses provide direct
information on the chemical bonding; they are quite useful,
particularly to probe the dopant-induced changes (if any).*”
In fact, the vibrational spectroscopic analyses proved to be
quite useful to understand the effect of metal-ion-substitution
on the magnetic ion site in simple and complex metal
oxides.**™*° Therefore, in the present work, we relied on FTIR
measurements to understand the chemical bonding and Mg/
In-substitution-induced changes (if any) in the chemical
bonding in nickel ferrite materials. The FTIR spectra of
sintered NFO, NMFO, and NIFO samples are shown in Figure
S. It is well-known that spinel ferrite systems demonstrate two
prominent fundamental absorption bands in the wavenumber
region below 1000 cm™" and emanate from the different metal
ions located in the two crystallographic sites (tetrahedral and
octahedral) of the spinel ferrites.””*> The absorption band
situated at a lower wavenumber (~408 cm™), designated as
v, is contributed by the metal—oxygen (M—O) intrinsic
stretching vibration in the octahedral unit (MOg), whereas the
higher wavenumber (~567 cm™'), designated as v,, is
attributed to the metal—oxygen (M—O) intrinsic stretching
vibration in the tetrahedral unit (MO,). The higher stretching
frequency of the MO, unit is mainly due to the shorter M—O
bond length as compared to that of M—O bond length of the
MOy unit>**” The frequencies of the absorption bands

https://doi.org/10.1021/acs.jpcc.2c00529
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Figure 5. FTIR spectra of NFO (NiFe,0,), NMFO
(NiMg,,Fe, sO,), and NIFO (Nilny,Fe,3O,) samples, recorded at
room temperature.

obtained for the parent compound (NFO) are in accordance
with the reported values in the literature.”® The values of the
absorbance bands of all of the samples are listed in Table 3. In

Table 3. Infrared Absorption Bands Observed for the NFO,
NMFO, and NIFO Samples

absorption bands

sample v; (em™) v, (ecm™)
NFO 408 567
NMFO 419 549
NIFO 408 561

the case of the NMFO sample, the v, and v, bands shifted to a
higher wavenumber (blue shift) and lower wavenumber (red
shift), respectively, compared with the intrinsic nickel ferrite
NFO sample. This is due to the Mg-substitution at the
octahedral site. The atomic weight of Mg (24.3 amu) is nearly
twofold lower than Fe atomic weight (55.8 amu), and
therefore, a higher stretching frequency is necessary to stretch
the Mg—O band compared to the Fe—O band at the
octahedral sites. In the case of the NIFO sample, the band
position of v; remains the same, but that of v, shifted to lower
wavenumbers (red shift); this clearly suggests that In*" ions
have been substituted at the tetrahedral site. The observed red
shift of the v, band is primarily due to synergistic effects of
atomic mass and longer bond length (In-O > Fe—O bond
length).”>*” In addition to the bands contributed by the spinel
ferrite phase, other characteristic broad bands situated at
wavenumbers ~1100 cm™" have been observed for all of the
samples and are attributed to the out-of-plane bending
vibrations of O—H stretching of the H,O molecules physically
adsorbed over the surface of the samples.

Chemical and Cation Distribution. *"Fe Mgassbauer
spectroscopy provides accurate information on Fe*" content
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located in the different crystallographic sites (A- and B-sites) of
the spinel-structured ferrites, such as cobalt-, nickel-,
magnesium- and manganese-ferrites. The cation distribution
in NFO, NMFO, and NIFO was effectively probed using
Mossbauer spectra, which are shown in Figure 6. The least-

Niln, Fe, ,

RELATIVE TRANSMISSION

-8 -4 0 +4
VELOCITY (mm/s)

Figure 6. Mossbauer spectra of NFO, NMFO, and NIFO samples.
The least-squares fitted curves are as shown in the figure. All of the
spectra fitted using the NORMOS program to obtain hyperfine
parameters, namely, the isomeric shift (), nuclear quadrupole level
shift (A), magnetic hyperfine field (By;), and line-width (I'). The data
have been used to derive the cation distribution in NFO, NMFO, and
NIFO sintered materials.

squares-fitted Mossbauer spectra of all of the ferrite samples
are presented in Figure 6. All of the spectra fitted using the
NORMOS program and the fitting parameters, also known as
hyperfine parameters, such as isomeric shift (§), nuclear
quadrupole level shift (A), magnetic hyperfine field (Byy), and
line-width (") are listed in Table 4. It is evident from Figure 6

Table 4. Mossbauer Parameters for the Intrinsic and Mg-
and In-substituted NFO

0 A r area

sample site:  (mm/s) (mm/s) By (T) (mm/s) (%)
NiFe,0, A 023 —0017 508 0.33 )
B 0.11 0.005 47.5 0.42 S8

NiFe,(Mgy,O, A 022 0030  50.5 035 41
B 0.12 0.035 47.4 0.43 59

NiFe,gIn;,0, A 035 0187 4818 047 29
B 0.09 —0.045 47.12 0.57 71

that all three samples exhibited a well-defined two-sextet
pattern, primarily due to the random distribution of ferric ions
(Fe*") among the tetrahedral and octahedral coordination sites
of the spinel ferrite. As widely documented in the
literature,”**° the sextet with a higher magnitude of magnetic
hyperfine field (By) is contributed by the tetrahedral Fe** ions,
whereas the sextet with a lower magnitude of By¢is due to the

https://doi.org/10.1021/acs.jpcc.2c00529
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octahedral Fe®* ions®. The area under the curve of the

subspectrum reveals the percent of iron content in the
respective crystallographic sites. For the unsubstituted nickel
ferrite sample, the percentages of area are found to be 42 and
58%, respectively, for A-site and B-site sublattices and the
corresponding cation distribution is obtained as
[Nig ,¢Fegss]a[NiggsFe; 16]g- This distribution is nearly com-
parable to the reported cation distribution for the Ni-ferrite.*'

Compared with intrinsic NFO, no significant changes in the
area, line-width, and the magnetic hyperfine field are observed
for NMFO. However, in the case of In-substituted NFO, an
area corresponding to the A-site is considerably lower than that
observed for the intrinsic nickel ferrite sample. This is mainly
due to the replacement of an equivalent amount of Fe*" by
nonmagnetic In*" ions at the tetrahedral sites. Also, the line
width of the A- and B-sublattices of NiFe, ¢Iny,0, is
considerably higher than that of the other two samples due
to the presence of In** at the tetrahedral sites that changes the
magnetic interaction between A- and B-sites cations. As each
A-site cation is surrounded by 12 B-site cations and each B-site
cation is coupled magnetically with only six A-site cations,*
the substitution of the nonmagnetic cation In** at the
tetrahedral sites significantly reduces the magnetic interaction
between A-sites and B-sites and hence the lower B, value for
the A-site of NIFO. A similar feature has been reported for In-
substituted spinel ferrite systems.”>** The cation distributions
of the NFO, NMFO, and NIFO samples are listed in Table 5.

Table 5. Cations Distribution in the Tetrahedral (A-site)
and Octahedral (B-site) Sites of the Spinel Ferrite”

sample A-site B-site
NiFe,0, Ni6Feqs4 Nig s4Feq 16
NiMgy,Fe; 504 Nigs6Feq74 Mg,Nig74Fe; o6
Nilng,Fe, 3O, Ing,Nig 2sFeq 52 Nig 7, Fe; 55

“The cation distribution in intrinsic as well as Mg- and In-substituted
NFO included.

Electronic Structure and Chemical Valence State
Analysis. X-ray photoelectron spectroscopy (XPS) is a very
valuable analytical technique to investigate the electronic
structure, chemical valence states, and aualitative analysis of
various elements present in the samples."*** In addition, it is
possible to determine the cation distribution of the spinel
ferrites through the deconvolution of the resultant XPS spectra
of the sample.*® In the present study, XPS spectra of NFO,
NMFO, and NIFO samples were recorded using carbon as an
internal reference material, and the resultant survey spectra are
shown in Figure 7. It is evident from the survey spectra that all
of the elements corresponding to the respective sample
composition are present. The results and observations of
XPS characteristic peaks with respect to various elements are in
good agreement with the results of the EDS analysis. To
extract further detailed information on individual elements (Fe,
Ni, In, Mg) of the samples, high-resolution spectra of the
elements were deconvoluted, using the standard proce-
dures,"** after correction using carbon 1s peak (284.6 V).

The detailed core-level peaks, i.e., the deconvoluted XPS
spectra, of Fe, Ni, In, and Mg are presented in Figure 8. In the
XPS spectra of Fe (Figure 8a), two major peaks situated at
binding energy (BE) values of ~710 and ~724 eV are
observed. These two correspond to the spin—orbit doublet of
Fe 2p, i.e,, Fe 2p;/, and Fe 2p, ), respectively.*® The broad and
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Figure 7. XPS survey spectra of NFO, NMFO, and NIFO samples.
The respective XPS peaks identified and corresponding binding
energy positions are as indicated.

intense Fe 2p;, peak has been deconvoluted into two
subpeaks, pertaining to ferric ions (Fe®*) in two different
crystallographic environments (tetrahedral and octahedral
sites). The BE and area under the curves of Fe** in the B-
and A-sites are tabulated in Table 6. It can be noted that the
XPS data of the Fe 2p core-level indicates the characteristic of
Fe ions predominantly in the Fe’* state. Furthermore, the BE
values are comparable to those reported in the literature
values.***” 1t is worth mentioning here that both 2p;,, and
2py ), peaks are accompanied by low-intensity satellite peaks at
~718.8 and ~734 eV, signifying that all of the samples
predominantly comprised Fe’*.

Similar to XPS spectra of Fe, two major XPS peaks have
been observed for Ni (Figure 8b) at BE values ~856.5 eV and
~875.5 eV and are assigned to Ni 2p;, and Ni pj,
respectively. Here again, the main Ni 2p;,, peaks in all of
the samples were deconvoluted, and the corresponding BE
values are listed in Table 6. These values are comparable to the
reported BEs of Ni** in nickel ferrite.*” Unlike the XPS spectra
of Fe, the intensities of the satellite peaks of Ni 2p;/, and Ni
2py/, are significantly higher due to the fact that all samples
consist of a higher concentration of Ni** ions.*” An attempt
has been made to estimate the cation distribution of the
samples using the areas under the curves of the cations (Fe and
Ni). The results are presented in Table 7. It is important to
note that for all of the samples, the cation distribution obtained
from the XPS analysis is comparable to that obtained from the
Mossbauer analysis. The marginal discrepancies of the cation
distribution found from two different techniques can be
attributed to the error while taking the baseline and
deconvolution the spectra, i.e., postprocessing analysis of the
XPS spectral data.

Two prominent peaks situated at binding energies of 443.96
and 451.51 eV are observed in the XPS spectrum of indium
(see Figure 8c) and are designated as In 3ds;, and In 3d;),,

https://doi.org/10.1021/acs.jpcc.2c00529
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Figure 8. High-resolution XPS spectra of (a) Fe 2p, (b) Ni 2p, (c) In 3d, and (d) Mg 1s. The data shown are for NFO, NMFO, and NIFO

samples.

Table 6. Binding Energies (BE) of Fe®>" and Ni** Located at the A- and B-sites and the Relative Areas under the Curves of 2p;,,

Main and Its Satellite Peaks for the Sintered NFO, NMFO,

and NIFO Samples

Fe Ni
Fe 2p;/ Ni 2p;/, Ni 2p,/,
B-site B.E. B-site A-site B.E. A-site Fe 2p,,, B.E. B-site B.E. B-site A-site B.E. A-site Sat. B.E. Sat.
sample (eV) area (eV) area &V) (eV) area (eV) area B.E. (eV) B.E.
NFO 710.1 1600 712.6 900 723.9 854.4 1584 856.2 616 860.6 872.4 879.6
NMFO 710.1 1543 712.4 980 724.0 854.5 1534 856.4 689 861.1 872.5 878.9
NIFO 710.0 1675 712.8 848 723.9 854.3 1798 855.8 422 860.7 872.2 878.6
Table 7. Cation Distribution in the Tetrahedral (A-site) and 0, 1 O1s
L |

Octahedral (B-site) Sites of the Spinel Ferrite Samples,
Obtained from the XPS Analysis

sample A-site B-site
NiFe,04 Nig5Feq7, Nig7,Fe; 25
NiMgj,Fe; 504 Nig26Feq.60 Mg,Nip goFe, 1
Nilng,Fe, 3O, Ing,Nig 19Feg 61 Nig g, Fey 19

respectively. These peak positions are in good agreement with
those reported in the literature.* Both In 3ds/, and In 3d;,
peaks are accompanied by low-intensity satellite peaks
centered at 447.65 and 45546 eV. A single and nearly
symmetric peak centered at 1303.4 eV can be seen in the 1s
spectrum of magnesium (Figure 8d). The symmetrical nature
of the 1S peak of Mg signifies that Mg*" occupies a specific
crystallographic site, preferably octahedral sites of the spinel
ferrite.”

Finally, Figure 9 shows the O 1s core-level XPS spectra of all
three samples. In the spectrum of the unsubstituted NFO
sample, two peaks with almost equal intensities are observed at
binding energies of 529.58 and 531.58 eV and are attributed to
lattice oxygen and chemically adsorbed oxygen on the
surface.”” However, in the case of substituted samples
(NIFO and NMFO), the intensity of the $31.58 eV peak is
significantly lower than that of the NFO sample, probably due

1

530
B. E. (eV)

1

535

525 540

Figure 9. Oxygen 1s core-level XPS data of NFO, NMFO, and NIFO
samples.
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Figure 10. Real and imaginary parts of the dielectric constant for NiFe,O,, NiFe, jMg,,0,, and NiFe, 3In,,0, obtained at varying temperatures in
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Figure 11. Cole—Cole plots (top panel) for NiFe,0,, NiFe, jMg,,0,, and NiFe, ¢In,,0, samples at 50 °C. The activation energy determination

for the respective samples is also shown (bottom panel).

to less adsorbed oxygen over the surface of the samples. Also,
the position of the 529.58 eV peak of the NIFO and NMFO
samples shifted to lower binding energies owing to the effect of
metal-ion doping.

Dielectric Properties. Figure 10 shows real (&) and
imaginary (e,”) parts of the dielectric constant of NiFe,O,,
NiFe, gMg,,0,, and NiFe, gIny,0, samples. The temperature
(25—200 °C)-dependent dielectric data measured in the
frequency range of 40 Hz—100 MHz are shown. For
NiFe,0,, the real part of the dielectric constant seems very
high (~6000) at a lower frequency (40 Hz) and remains nearly
constant with increasing frequency. However, at or above 10
kHz, this value starts decreasing while revealing a steplike
feature at a higher frequency. Consequently, the imaginary part
of the dielectric constant shows a relaxation peak at 0.5 MHz.
The high value of the dielectric constant at a lower frequency
(40 Hz) is due to Maxwell-Wagner (M—W)-type interfacial
polarization effect.’”>" This occurs due to free charge carriers
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present in the materials. With increasing frequency, these free
charge carriers do not follow field change, and hence space
charge polarization decreases with increasing frequency,
leaving only dipolar polarization; this explains the constant
value of the real part of the dielectric constant till 10 kHz
frequency. Above this frequency, dipolar contribution toward
the dielectric constant starts decreasing, leaving behind the
steplike feature in the real part and the dielectric loss peak in
the imaginary part of the dielectric constant. In conclusion, the
frequency-dependent dielectric constant dispersion of NiFe,O,
shows a high value of dielectric constant at a lower frequency
due to the M—W type and dipolar polarization, which is
sustained and finally suppressed with further frequency.

It is also observed that with an increase in temperature, &’
plots indicate an increase in the dielectric constant (at lower
frequency) while shifting the dipolar relaxation at a higher
frequency end. The increase in the dielectric constant at a
lower frequency is due to the increase in the number of free
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charge carriers with temperature.”> As the temperature
increases, more number of free charge carriers contribute to
the interfacial polarization. The shifting of dipolar polarization
at a higher frequency is due to the decrease in the relaxation
time for dipolar polarization. The origin of dipolar polarization
in the ferrites system is due to the response of the cations
(Mg?*, Fe*, and In**) with respect to the oxygen octahedra
and tetrahedron. With increasing temperature, dipoles respond
by means of thermally activated dipole interactions, which
explains the shifting of relaxation of dipolar polarization at a
higher frequency end. Similar behavior was also observed in
NiFe, Mg ,0, and NiFe, gIn,,0, samples, as shown in Figure
10, with respect to an increase in the frequency and
temperature. It is interesting to see the dipolar polarization
of the NiFe, gIn;,0, sample, whose dipolar relaxation starts
very early at 200 Hz as compared to the other two samples.
This is due to In** having larger ionic radii as compared to
Mg** and Fe*'.

Figure 11 shows the cole—cole plots for the dipolar
relaxation for NiFe,O, NiFe,sMg;,0, and NiFe,zIny,0,
samples at 50 °C. From the plots, it is observed that there
exists a straight line followed by a distorted semicircle with an
increase in frequency. This tail-like straight line is due to the
free charge carriers as explained above, and the semicircular
curve is due to the dipolar polarization. It is observed that
there are two depressed semicircles (prominent for NiFe,O,
and NiFe, {Mg,,0,) whose center lies below the real axis. This
indicates the presence of dipolar polarization due to the two
different types of charge species. One is due to the response of
the cations at the tetrahedral site, and another is due to the
response at the octahedral site. For NIFO, a single semicircle
was observed, which is due to the enhanced effect of the
tetrahedral site. In the In-substituted sample (NIFO),
In**occupies the tetrahedral site. Activation energy calculated
for NFO, NEMO, and NIFO samples are as follows: 18.84,
5.75; 34.48, 6.74; and 57.14, 1.19 meV, respectively. The high
value of NIFO could be due to the enhanced dipolar effect of
In** located at the tetrahedral site.

B SUMMARY AND CONCLUSIONS

We demonstrated the tunable dielectric properties derived in
Mg- and In-substituted nickel ferrite, where the selective
crystallographic site occupation of the dopant cation is evident.
High-quality NFO, NMFO, and NIFO materials were realized
by a simple tartrate-gel chemical route. Structural studies
indicate the formation of defect-free, single-phase spinel-
structured NFO, NMFO, and NIFO nanomaterials. The Mg“
occupies the octahedral site, while In** occupies the tetrahedral
site of the spinel-structured NFO. The cation distribution
obtained from Mossbauer studies accounts for the dielectric
properties of all of the samples as a function of variable
temperature. The electronic structure and chemical valence
state analysis using XPS corroborate with chemical bonding
analyses made using FTIR and cation distribution by
Mossbauer spectroscopy. Overall, the FTIR and XPS along
with EDS analyses validate the chemical homogeneity of the
NFO, NFMO, and NIFO samples. The differences and tunable
dielectric properties obtained in these materials are primarily
due to the size effect and site preference of dopants (Mg** and
In**). A thermally activated electrical conduction mechanism
was operative in NFO, NMFO, and NIFO materials. Due to
the enhanced dipolar effect of In** at the tetrahedral site
compared to Mg®" at the octahedral site, the activation energy
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of NIFO is relatively higher compared to intrinsic and Mg-
substituted NFO materials.
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