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structure, thermodynamic and
multifunctional properties of Ni–Zn–Co ferrite for
Gd3+ substitution †

M. D. Hossain,a A. T. M. K. Jamil,a Md. Sarowar Hossain,b S. J. Ahmed,a H. N. Das, c

R. Rashid,c M. A. Hakimd and M. N. I. Khan *c

This study presents a modification of structure-dependent elastic, thermodynamic, magnetic, transport and

magneto-dielectric properties of a Ni–Zn–Co ferrite tailored by Gd3+ substitution at the B-site replacing

Fe3+ ions. The synthesized composition of Ni0.7Zn0.2Co0.1Fe2�xGdxO4 (0 # x # 0.12) crystallized with

a single-phase cubic spinel structure that belongs to the Fd�3m space group. The average particle size

decreases due to Gd3+ substitution at Fe3+. Raman and IR spectroscopy studies illustrate phase purity,

lattice dynamics with cation disorders and thermodynamic conditions inside the studied samples at

room temperature (RT ¼ 300 K). Ferromagnetic to paramagnetic phase transition was observed in all

samples where Curie temperature (TC) decreases from 731 to 711 K for Gd3+ substitution in Ni–Zn–Co

ferrite. In addition, Gd3+ substitution reinforces to decrease the A-B exchange interaction. Temperature-

dependent DC electrical resistivity (rDC) and temperature coefficient of resistance (TCR) have been

surveyed with the variation of the grain size. The frequency-dependent dielectric properties and electric

modulus at RT for all samples were observed from 20 Hz to 100 MHz and the conduction relaxation

processes were found to spread over an extensive range of frequencies with the increase in the amount

of Gd3+ in the Ni–Zn–Co ferrite. The RLC behavior separates the zone of frequencies ranging from

resistive to capacitive regions in all the studied samples. Finally, the matching impedance (Z/h0) for all

samples was evaluated over an extensive range of frequencies for the possible miniaturizing application.
1. Introduction

Ferromagnetic spinel ferrite materials have attracted great
interest over the last several decades due to their multifunc-
tional applications such as inductors, phase shiers, electro-
magnetic wave absorbers,1 optical materials,2 semiconductors,3

magnetic data storage,4 and magnetic resonance imaging (MRI)
device.5 Especially, the high chemical and thermal stabilities
with the low production cost of spinel ferrites make them
a good candidate in the eld of application.6 Therefore, the
structural, magnetic and electric properties of spinels should be
of great interest to research from both an elementary and
functional point of view. In general, spinel ferrites are face-
centered cubic (FCC) crystals formed with AB2O4 chemical
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formula, where A and B are the cations of divalent and trivalent
metals, respectively. The cubic unit cell of spinel ferrite consists
of 8 divalent metal ions (M2+), 16 trivalent iron ions (Fe3+) and
32 close-packed oxygen ions.7 Spinel structures are divided into
two interstitial sites named the tetrahedral site (A-site) and
octahedral site (B-site). In addition, spinel ferrite crystallizes to
FCC structure containing 56 ions per unit cell or 8 formula
units. Therefore, a large number of interstitial sites remain
empty and only 8 tetrahedral and 16 octahedral sites are lled
up by cations.7 The M2+ions prefer to be located in tetrahedral
sites, while octahedral sites are occupied by Fe3+ ions. There is
a possibility of cationmigration in large empty interstitial sites.8

Moreover, partial inversion of ions in the spinel ferrite is also
observed, which in terms of results is dened as cation redis-
tribution between the A-site and B-site. Such an inversion has
been reported as in nickel ferrite (NiFe2O4, NFO) nanowires,
where a partial inversion of (Fe3+)A / (Fe3+)B and (Ni2+)B /

(Ni2+)A was observed to result in magnetic hardening.9 However,
the cation migration depends on various factors such as
methods of synthesis, heat treatment, and/or doping into the A-
site or B-site. Hence, physical activities like electric, magnetic
and magneto-dielectric properties of any spinel ferrite are gov-
erned by its structural conguration. A large variety of methods
including standard chemical reactions, sol–gel methods,10
© 2022 The Author(s). Published by the Royal Society of Chemistry
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hydrothermal/solvothermal methods,11 polyol,12 and co-precip-
itation.13 Have been developed by researchers to synthesize
cubic spinel ferrites. Apart from these, a conventional solid-
state reaction method14 is employed on a large scale because
the starting materials are easy to access and not expensive. Ni–
Zn ferrite is considered one of the pioneer ferromagnetic spinel
ferrites due to its enormous application in the eld of magnetic,
electric and magneto-dielectric appliances.15 Moreover, Ni–Zn
ferrites are well known due to their high resistivity and to reduce
eddy current losses16 in applications. These ferrites have been
extensively used in high-quality lters, radio frequency (RF)
circuits and transformer cores.17,18 Typically, these ferrites have
a mixed spinel structure with the cationic distribution of
(Fex

3+Zn1�x
2+)[Nix

2+Fe2�x
3+]O4 (ref. 19 and 20) where x is the

degree of inversion, while the parentheses () and [] represent the
A-site (tetrahedral) and B-site (octahedral), respectively. In most
of the cases, mixed spinels are detected as partial inverse
spinels because the cation distribution varies frequently in-
between normal and inverse spinels (0 < x < 1).21,22 In addi-
tion, Zn2+ cations show volatile nature to occupy both A and B
sites.23–26 Fe3+ may exist in two oxidation states (Fe3+/Fe2+) in
both A and B sites,27 which results in the electrical conduction
in Ni–Zn ferrite. From an earlier report28 it is observed that the
resistivity of Ni–Zn ferrite increases due to the addition of Co2+.
Furthermore, Parvatheswara et al. reported that Co2+ substitu-
tion for Zn2+ enhances the saturation magnetization, while
initial permeability decreases.29 Apart from this, nickel–zinc–
cobalt (Ni–Zn–Co) ferrites became commercially useful mate-
rials for high-frequency applications in the radio frequency (RF)
region.30 These ferrites have high resistivity, low eddy current
loss, high permeability, high Curie temperature and high
saturation magnetization.31–34 Furthermore, the electromag-
netic properties of these spinel ferrites can be enhanced by ions
substituting the trivalent ions with a controlled amount.35

Stergiou has reported that dielectric orientation polarization is
enhanced in La and Y doped Ni–Zn–Co spinel ferrites.31 Rare-
earth (RE) ions due to their unpaired 4f electrons, could be
a role of originating magnetic anisotropy because of their
orbital shape. As the magneto-crystalline anisotropy in ferrite is
related to the 4f–3d coupling between the transition metal and
rare earth ions, Gd3+ ions into spinel Ni–Zn–Co ferrite is ex-
pected to improve their electromagnetic properties.36 Apart
from this, RE elements have a larger ionic radius than Fe and
therefore, a slight amount of doping/substitution at the B site of
any spinel ferrite can modify their physical properties exten-
sively. Moreover, the electrical resistivity of Ni–Zn–Co ferrites is
expected to increase due to Gd substitution as the improvement
of electrical resistivity with RE substitution in ferrites has been
reported.37–39 However, the synthesis of Gd doped Ni–Zn–Co
ferrites is a challenging task because of the co-existence of
undesired phases such as Fe2O3 along with the spinel. In
addition, the substitution of RE ions into the spinel structure
has been reported to lead to structural distortion and to induce
strains and to signicantly modify the electrical and magnetic
properties.40,41

In the present study, the main objective is to synthesize a Ni–
Zn–Co spinel ferrite cost-effective and to enhance the physical
© 2022 The Author(s). Published by the Royal Society of Chemistry
properties of the product by Gd3+ substitution at Fe3+ located in
the B-site. This investigation aims to evaluate the modication
of structural, electrical and magnetic properties due to the
substitution of Gd3+ in Ni–Zn–Co ferrite on a large scale. Our
expectation is focused on the positive modication of the
physical properties of the synthesized samples and to ensure
that the synthesized materials will not only be restricted to the
study only but also be an ideal material for broad applications
in the future.
2. Experimental
2.1. Sample synthesis

The standard solid-state reaction method, including the double
sintering technique42 was applied to synthesize the Gd3+

substituted Ni–Zn–Co ferrite of composition Ni0.7Zn0.2Co0.1-
Fe2�xGdxO4 (where, x ¼ 0.00, 0.02, 0.05, 0.07, 0.10 and 0.12).
The raw materials of analytical-grade Fe2O3, Gd2O3, NiO, CoO
and ZnO obtained from Inframat Advanced Materials, USA were
used. The stoichiometric amounts of these materials were
carefully weighed and thoroughly mixed by hand milling for 6 h
in an agate mortar. An amount of 2% polyvinyl alcohol (PVA)
was mixed with the milled powder. The mixture was then
pressed into a pellet-shaped disk kept in stainless steel die
under a pressure of 10 kN m�2 applied by a hydraulic press.
Thereaer, each green sample was pre-sintered at the temper-
ature of 850 �C for 5 h followed by furnace cooling. The whole
process was repeated for all compositions of samples. Again
disk-shaped samples were ground thoroughly for 4 h with the
addition of acetone. The mixture was then dried up in the air
and a small amount of PVA (5%) was added with it. Again the
pellet-shaped sample disks were prepared following the same
procedure as discussed. Finally, the prepared sample disks were
sintered at 1200 �C for 3 h followed by furnace cooling naturally.
2.2. Characterization

For structural investigations, XRD patterns were recorded for
the synthesized compositions Ni0.7Zn0.2Co0.1Fe2�xGdxO4 (0 # x
# 0.12) using a Philips X'pert PRO X-ray diffractometer
(PW3040) using Cu-Ka radiation (l¼ 1.5405 Å) and the scanning
range was 20� # 2q # 70�. The microstructures were observed
using a Tecnai G2 30ST model transmission electron micro-
scope (TEM). Raman spectra were obtained in the range from
200 to 1200 cm�1 using a Raman spectrometer of the model:
Mono Vista CRS + S & I, Germany. Fourier-transform infrared
spectroscopy (FTIR) analysis was performed on all samples
using a Thermo Nicolet NEXUS 470 FTIR spectrometer in the
range of 400–1600 cm�1, wavenumbers. The disk-shaped
samples were polished using a metallurgical polishing
machine to reduce the surface roughness. Then, both sides of
the pellet were coated with silver paste and two different
connections were made from both the outer-coated surface of
the sample disks. The dielectric constant and permeability were
measured for all samples using an impedance analyzer of the
Wayne Kerr 6500B series. Temperature-dependent resistivity of
the pellet samples was measured using the same impedance
RSC Adv., 2022, 12, 4656–4671 | 4657
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analyzer and Keithley electrometer model no. 6514, placing the
sample inside a woven arranged with a temperature controller.
3. Results and discussion

The XRD patterns of the synthesized compositions Ni0.7Zn0.2-
Co0.1Fe2�xGdxO4 (0 # x # 0.12) calcined at 1200 �C for 3 h are
shown in Fig. 1(a). The XRD patterns of all samples belonged to
a single cubic spinel structure of the Fd�3m space group, which
was conrmed from the presence of (220), (311), (222), (400),
(422), (511) and (440) planes as observed in JCPDS #08-0234.43

Rietveld renement44,45 of the XRD data was performed to
obtain the structural parameters such as the lattice constant (a)
and unit cell volume (V) using a Fullprof suite program (2.05)
and the obtained values are shown in Table 1. All the samples
showed the goodness of t values (c2) ranging from 1.81 to 2.11
(Table 1). The crystallite size (d) and lattice strain (3) of the
studied samples were obtained from a sharp and separate
diffraction peaks at the (311) plane and the formulae involved in
this estimation have been included in the supplementary part.
It can be seen in Fig. 1(b) that both crystallite size (d) and lattice
constant (a) are increasing even for a slight amount of Gd3+

substation in the place of Fe3+, which is attributed to the larger
Fig. 1 Structural analysis for Ni0.7Zn0.2Co0.1Fe2�xGdxO4 (0# x# 0.12) us
lattice constants and crystallite size with the Gd content substitution an

4658 | RSC Adv., 2022, 12, 4656–4671
ionic radii of Gd3+ (0.938 �A) compared to that of Fe3+ (0.645 �A)
ions at octahedral Fe3+ ions.40 However, more amount of Gd3+

substitution could not affect longer radii except slight drops in
both a and d. In addition, the hopping lengths (distance
between magnetic ions) in the tetrahedral site (HT) and octa-
hedral site (HO) were determined according to the relations

HT ¼ a
ffiffiffiffiffiffiffiffi
3=4

p
and HO ¼ a

ffiffiffiffiffiffiffiffi
2=4

p
:46 The values of HT and HO are

illustrated in Fig. 1(c) and found to be concomitant with a and
d.

3.1. Morphological analysis

The grain nucleation and crystal growth of the derived nano-
crystals were analyzed by TEM (TALOS F200X). Fig. 2 shows
the surface morphology and diffraction rings of selected area
electron diffraction (SAED) patterns for Ni0.7Zn0.2Co0.1Fe2�x-
GdxO4 (0# x# 0.12) samples. It is observed that the diffraction
rings corresponding to (111), (220), (311), (222), (400), (422),
(511) and (440) planes for all the studied samples and the planes
are consistent with those observed in XRD data. Therefore, the
structure is well-matching with the spinel structure. However,
the ring designated in the SAED mode indicates the poly-
crystalline nature of the sample. The average particle sizes (XA)
were estimated using ImageJ 1.50i soware and Lorentz
ing (a) Rietveld refinement of X-ray diffraction patterns (b) variations of
d (c) variations of Hopping lengths with Gd content (x).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Structural parameters obtained from Rietveld refinement of XRD data recorded for Ni0.7Zn0.2Co0.1Fe2�xGdxO4 (0 # x # 0.12) ferrites
where the best fit depends on c2 (Goodness of fit), Rp (residuals for the unweighed pattern) and Rwp (residuals for the weighed pattern)

Parameters x ¼ 0.00 x ¼ 0.02 x ¼ 0.05 x ¼ 0.07 x ¼ 0.10 x ¼ 0.12
Space group Fd�3m
Crystallite size (nm) 66.07 67.04 67.09 67.09 67.08 67.07
Lattice strain 0.0018 0.0018 0.0017 0.0018 0.0018 0.0018
a ¼ b ¼ c (Å) 8.3692 (2) 8.3694 (1) 8.3695 (1) 8.3695 (1) 8.3694 (2) 8.3694 (2)
V (Å3) 586.2 (2) 586.3 (2) 586.3 (2) 586.3 (2) 586.3 (2) 586.3 (2)
c2 1.87 1.89 1.93 2.11 1.88 1.81
Rp 7.1 8.0 8.5 9.0 8.1 7.7
Rwp 4.9 5.8 6.8 6.5 6.0 5.9
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distribution function and are shown as the inset of Fig. 2(a–f).
From the micrographs, it can be observed that the particles are
almost spherical and the histogram shows the distribution size
of nanoparticles ranging from 20 to 120 nm. However, XA was
found to be around 81.7 nm for pure Ni–Zn–Co ferrite and
decreases to 42.9 nm for Gd3+ substitution in Ni–Zn–Co ferrite.
These may be attributed to the fact that Gd has a higher thermal
stability than other elements in the composition and the ionic
radius is larger than any other transition element. The sintering
temperature of Ni–Zn–Co ferrite was 1200 �C while the melting
point of Gd is 2420 �C. Therefore, increasing the content of Gd
in the composition is expected to enhance the thermal stability
of the composite as a whole restricting the grain growth of the
composite matrix.
3.2. Raman analysis

The lattice dynamics with cation disorders were investigated
using Raman spectroscopy on Ni0.7Zn0.2Co0.1Fe2�xGdxO4 (0 # x
# 0.12) samples at room temperature, RT ¼ 300 K and the
measurement range was 200 to 1600 cm�1. The spectra illus-
trated in Fig. 3(a) conrm ve primary Raman scattering bands
in all studied samples and the bands are corresponding to three
F2g modes (220–227 cm�1, 460–497 cm�1, and 570–595 cm�1),
one A1g mode (708–805 cm�1) and one Eg mode (315–340 cm�1).
In pure Ni–Zn–Co ferrite (x ¼ 0.00), a shoulder-like feature of
the Raman band at 709 cm�1 was observed at 667 cm�1, which
is nearly similar to the reported band feature for Fe3O4 in the
range of 650–750 cm�1. These adjacent bands are dened as
A1g(1) and A1g(2) modes, which reect the stretching vibration of
Fe3+ and O2� ions in the tetrahedral site and these bands are
shied to the higher side for Gd3+ substitution in the pure Ni–
Zn–Co ferrite sample. The absence of any sharper and well-
dened Raman bands at the lower wavenumber rules out the
existence of the Fe3O4 phase in most of the Gd-doped Ni–Zn–Co
ferrite samples. However, the higher frequency mode observed
at 1170 cm�1 in pure Ni–Zn–Co ferrite and also at 1112 cm�1 for
x ¼ 0.10 samples indicate the presence of the g-Fe2O3 phase as
conrmed in an earlier report.47 Therefore, Raman spectroscopy
could be a sensitive way to obtain information on this type of
extra phase whereas XRD was unable to predict the phase. In
addition, the shiing of the A1g peaks with a clear decrease in
intensity of g-Fe2O3 peak is specied by the degree of inversion
of the spinel due to Gd3+ substitution in the studied ferrite.48

The redistribution of cations and cation disorder due to Gd3+
© 2022 The Author(s). Published by the Royal Society of Chemistry
substitution have been analyzed quantitatively from the effec-
tive force constants of the ions existing in the tetrahedral (FT)
and octahedral (FO) positions. The estimation process of FT and
FO have been discussed in the supplementary part. It is
observed that FO and FT have inverse relationship as shown in
Fig. 3(b) and large variation in FO indicates that the octahedral
site is dominated by Gd3+ substitution. However, FT and FO are
also inversely proportional to the bond length (viz., Co–O, Ni–O,
Fe–O, Zn–O, and Gd–O).
3.3. Elastic properties and thermal behavior

FTIR is a powerful tool that can estimate the elastic properties
and the thermodynamic condition in ferrites. Therefore, FTIR
spectra were recorded at RT with the variation of wavenumber
from 350–1600 cm�1, and a single spinel cubic structure was
conrmed in all of the studied samples. IR spectra for all
studied samples are shown in Fig. 4(a). Here, two prominent
absorption peaks are observed at 580 cm�1 and 370 cm�1 which
are denoted as nA and nB, respectively. Generally, the absorption
band at 580 cm�1 is assigned to the motion of oxygen in the
tetrahedral site (A-site), whereas the mode at 370 cm�1 corre-
sponds to the octahedral site (B-site) for spinel ferrites.49 The
absorption band at 1085 cm�1 indicates the C–N vibration.
Moreover, the band at 1399 cm�1 is due to the presence of
trapped nitrates.50 The absorption peak nA continues to be broad
upon increasing the substitution of Gd3+ at Fe3+ ions. The
reason is that the distance between Fe–O bonds at the octahe-
dral site is highly affected when Gd3+ with its larger ionic radius
and atomic weight sits at the place of Fe3+.51 Furthermore, the
absence of any shoulder at nB conrms the presence of Fe2+

striking out of the octahedral site consequently. The slight shi
of absorption bands at nA and nB to the lower side indicates the
perturbation in the Fe2+–O2� bond that occurred for Gd3+

substitution.52 The force constants of Fe–O at the octahedral site
(kFe–OO ) and tetrahedral site (kFe–OT ) are calculated from the
wavenumber (n�) from relation53

n ¼ ð1=2pcÞ
ffiffiffi
k

m

s
(1)

where c is the velocity of light, k is force constant and the
effective mass (m) of Fe–O bond that has been calculated by m ¼
(MO �MFe)/(MO +MFe) where,MO andMFe are the atomic weight
of O and Fe, respectively. Therefore, the average bond length (r)
RSC Adv., 2022, 12, 4656–4671 | 4659
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Fig. 2 (a–f) TEM micrographs obtained for Ni0.7Zn0.2Co0.1Fe2�xGdxO4 (0# x# 0.12) nanoparticles along with selected area electron diffraction
(SAED) pattern and the diffraction rings well-matched with the spinel structure.
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between Fe and O was calculated using the formula: L ¼ ffiffiffiffiffiffiffiffiffiffi
17=k3

p
for both octahedral and tetrahedral sites. Fig. 4(b) and (c) show
the variation of the force constant of the Fe–O bond and its
bond length, respectively, due to Gd3+ substitution in place of
Fe3+. It is observed that both kFe–OO and kFe–OT are maximum for
the sample x ¼ 0.07, wherein, the Fe–O bond length is
minimum. Again, the overall force constants of ions at the
octahedral site (kO) and tetrahedral site (kT) are expressed as54,55
4660 | RSC Adv., 2022, 12, 4656–4671
kT ¼ 7:62MTnA
2 � 10�7 N m�1 (2)

kO ¼ 10:62MOnB
2 � 10�7 N m�1 (3)

where, nA and nB are the IR band frequencies at the A site and B
site, respectively. Moreover, MT and MO are the molecular
weights of ions at tetrahedral and octahedral sites respectively.
Therefore, the average bond length of cation–anion at the
octahedral and tetrahedral site using the same formula
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Raman spectra of Ni0.7Zn0.2Co0.1Fe2�xGdxO4 (0# x# 0.12) scanned from 200 cm�1 to 1600 cm�1 (b) the effective force constants of
tetrahedral (FT) and octahedral (FO) positions sites estimated from Raman spectra.

Fig. 4 (a) IR spectroscopy for Ni0.7Zn0.2Co0.1Fe2�xGdxO4 (0 # x # 0.12) samples scanned from 350 cm�1 to 1600 cm�1. (b) Forces constants of
Fe–O at the octahedral site (kFe–OO ) and tetrahedral site (kFe–OT ), (c) Fe–O bond length octahedral site (LFe–OO ) and tetrahedral site (LFe–OT ) (d) overall
force constant of ions at the octahedral site (KO) and tetrahedral site (KT) (e) cation–anion bond length at the octahedral site (LO) and tetrahedral
site (LT).
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ðL ¼ ffiffiffiffiffiffiffiffiffiffi
17=k3

p Þ: In a recent study on Ni–Zn–Al ferrite, Jalel Mas-
soudi et al.54 reported that kT was found to decrease while kO
increases. In our present system, this trend is followed by the
© 2022 The Author(s). Published by the Royal Society of Chemistry
samples 0.07 # x # 0.12 while the force constants for both
tetrahedral and octahedral sites increase for the sample 0.00 #

x # 0.07 shown in Fig. 4(d). In addition, the binding force
RSC Adv., 2022, 12, 4656–4671 | 4661
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between atoms of the spinel lattice of the studied samples due
to Gd3+ substitution was evaluated from the variation of Young's
modulus (E), rigidity modulus (G) and Poisson's ratio (s), as
discussed in an earlier report of Wooster's work.56 Here, the
elastic constants have been estimated from the average force
constant (kav) as discussed in the supplementary part. The
Poisson's ratios (s), as depicted in Table 2 are observed to
diverge from 0.29 to 0.31 depending on the compositions and
the values lie in the range from �1 to 0.5, which is consistent
with the theory of isotropic elasticity. However, the Zener
anisotropy factor,57 A as shown in Table 2 yields deviations less
than unity signifying the degree of anisotropy. Moreover, the
obtained values of stiffness (C12) are positively ranging from
81.59 GPa to 86.55 GPa depending on the compositions and
indicating the stability of the synthesized Gd-doped Ni–Zn–Co
ferrite. Fig. 5(a) shows the variation of E and G due to Gd3+

substitution in Ni–Zn–Co ferrite, which is found to be
increasing sharply with increasing Gd amount up to x ¼ 0.05
and then drops to a lower value for x ¼ 0.07. However, more
amount of Gd3+ substitution (0.07 # x # 0.12) could not
improve E and G remarkably, except a slight increase of x ¼
0.07. The overall variations of elastic moduli change concomi-
tantly with the bond lengths between ions as shown in Fig. 4(c)
and (e) and it is conrmed that the interatomic bonding
between cations is getting strengthened up to x ¼ 0.05 and
above x ¼ 0.07.

Apart from this, Debye temperature (qD) is characteristic of
a particular material that can explain the thermal behavior of
solids as dominated by homogeneous isotropic massless
phonons and qD is a temperature at which phonons can have
the maximum frequency. The values of qD in all studied samples
were obtained from the following relation58

qD ¼ ħcnav
KB

¼ 1:438nav (4)

where ħ is the Planck's constant, KB is the Boltzmann's
constant, c is the velocity of light, and nav is the average value of
wavenumbers. It was found that qD increases with the increase
in Gd3+ substitution. Fig. 5(b) shows the variation of qD and
mean elastic wave velocity (Vm) due to Gd3+ substitution. It is
well shown in Fig. 5(b) that (qD) increases initially in the range
of 0.02 # x # 0.05 and decreases with higher substitution of
Gd3+ ions. The increase in qD due to Gd3+ substitution indicates
that the lattice vibrations are holding up for Gd3+substitution.
Table 2 Shifting of Raman peaks (Du) with grain size, (XA), Poisson's rati
(TC) and exchange interaction (J) obtained for Ni0.7Zn0.2Co0.1Fe2�xGdxO

Gd content
(x) Du XA (nm) s

0.00 0.00 81.7 � 1 0.30
0.02 27.12 56.1 � 3.8 0.30
0.05 92.99 55.3 � 1.9 0.29
0.07 93 50.9 � 2.8 0.31
0.10 97.99 42.9 � 0.9 0.30
0.12 96.86 45.0 � 0.03 0.30

4662 | RSC Adv., 2022, 12, 4656–4671
According to the specic heat theory,59 the increase of qDmay be
attributed to the decrease of the conduction electron density Nn

(n-type), and therefore the density of conduction holes Np (p-
type) increases. Moreover, according to Anderson's formula,60

qD should increase linearly with Vm. However, ferrite materials
are mostly porous and anomalies are observed.
3.4. Temperature-dependent magnetic properties

The magnetic properties of the studied samples were evaluated
from magnetic permeability (m) as well as thermo-
magnetization under the application of a 1 kOe-applied eld.
Fig. 6(a) shows the real part of the magnetic permeability, m0 for
Ni0.7Zn0.2Co0.1Fe2�xGdxO4 (0 # x # 0.12) samples measured
with the variation of temperature ranging from 300 to 850 K. It
is manifested that m0 in all studied samples falls to a lower value
at a certain temperature, depending on the sample composi-
tions and the cut-off temperature (Tx) is obtained from the slope
change in m0 as depicted in the inset of Fig. 6(a). Interestingly,
the values of Tx are found to decrease initially for the low
amount of Gd3+ substitution (0.00# x# 0.05) while they rise in
Gd3+ substitutions above x ¼ 0.05.

The values of m0 at RT for other samples are also attributed to
the interplay between grain size and porosities of the synthe-
sized samples. In an illustrative way, m0 is originated from the
susceptibilities due to spin rotation (cspin) and domain wall
motion, (cdw) as estimated by m0 ¼ 1 + cspin + cdw61 where cspin ¼
2pMs

2/K and cdw ¼ 3pMs
2DSEM/4g. Hence, a decrease in m0 is an

indication of weak domain wall mobilization, which is conned
at intra-granular pores and grain sizes. Moreover, Gd3+ substi-
tution is responsible for creating a large anisotropic constant
for which m0 decreases.62 Apart from this, the thermo-
magnetization between 300 K to 850 K under the application
of a constant eld of 1 kOe conrms the ferromagnetic (FM) to
paramagnetic (PM) transition in all studied samples as illus-
trated in Fig. 6(b). Therefore, the Curie temperature (TC) of the
derived spinel ferrite was obtained from the rst-order deriva-
tive of thermo-magnetization (dM /dT) as illustrated in the
supplementary part. It is manifested that the FM to PM phase
transition becomes markedly sharper for more Gd3+ substitu-
tion, particularly for 0.07 # x # 0.12. Moreover, the value of TC
decreases from 731 to 711 K as the grain size decreases from
81.7 nm to 42.9 nm. Here in the Ni–Zn–Co ferrite sample, the
replacement of Fe3+ ions by Gd3+ ions may reduce active
o (s), anisotropy factor (A), Debye temperature (qD), Curie temperature

4 (0 # x # 0.12)

A (GPa) TC (K) J (J) � 10�14 qD (K)

0.53 731 2.52 685.67
0.54 718 2.48 680.85
0.55 715 2.47 680.85
0.53 713 2.46 680.45
0.53 712 2.45 678.01
0.53 711 2.45 675.97

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Deviation of Young's modulus (E) and rigidity modulus (G) due to Gd3+ substitution in Ni–Zn–Co ferrite and (b) variation of the mean
elastic wave velocity (Vm) and Debye temperature (qD) due to Gd3+ substitution for in Ni–Zn–Co spinel ferrite.
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magnetic connections for magnetic ion per formula unit
resulting in a decrease of TC.63–65 In addition, the exchange
interaction J for A–B sublattice is proportional to TC, which can
be expressed by66

J ¼ 3KBTC

½2z� sðsþ 1Þ� (5)

where, KB is the Boltzmann constant, z ¼ 8 and s ¼ 1/2.
Therefore, J is directly proportional to TC in thermo-
magnetization and shown in Fig. 7. The ionic radius of Gd is
much higher than that of other transitionmetals. Therefore, the
substitution of Gd into the NI–Zn–Co ferrite lattice is expected
to expand the lattice, resulting in a small rise of lattice param-
eter and this has been reected in the result of the lattice
parameter as shown in Table 1. A slight increase in the lattice
parameter was observed with the increase of Gd. The Curie
temperature was found to decrease from 731 K to 711 K with the
substitution of Gd up to x ¼ 0.12 and the decrease of TC is well
explained with the increase in the lattice parameter, which
Fig. 6 (a) Temperature-dependent real permeability (m0) for Ni0.7Zn0.2Co

magnetic field with (b) First order derivative of magnetization

�
dM
dT

�
wit

© 2022 The Author(s). Published by the Royal Society of Chemistry
reduces the strength of the exchange constant (J). TC is directly
proportional to J. So the results are compatible with the theory
of exchange interaction.
3.5. Transport properties

Direct-current (DC) resistivity (rDC) measurement is one of the
powerful techniques to explain the electrical behavior of ferrite
samples. The temperature dependence rDC was measured for
Ni0.7Zn0.2Co0.1Fe2�xGdxO4 (0 # x # 0.12) in the range of 300–
800 K and shown in Fig. 8(a). Here, a continuous decrease in rDC

with increasing temperature was observed for all samples,
which reects the semiconducting nature of the studied
samples. The reason is that activated dri mobility of electric
charge carriers increases with the rise of temperature. More-
over, the values of rDC at RT increase from 6.2 � 103 U cm to 2.2
� 105 U cm for increasing Gd3+ amount in the parent Ni–Zn–Co
ferrite. According to Verwey's hopping mechanism,67 the elec-
tronic conduction in ferrites is dominated by the hopping of
0.1Fe2�xGdxO4 (0 # x # 0.12) (b) thermo-magnetization under 1 kOe

h the variation of temperature.

RSC Adv., 2022, 12, 4656–4671 | 4663
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Fig. 7 The variation Curie temperature (TC) and exchange interaction
(J) due to Gd3+ substitution in Ni–Zn–Co ferrite.
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electrons between the same ions with different valence states
(such as Fe3+ and Fe2+ ions), which is spread arbitrarily over
lattice sites.68 In addition to this, samples with higher rDC lead
to very low eddy current losses and therefore the sample for x ¼
0.12 would be suitable for electronic inductors, electromagnets,
transformers, electronic inductors, and at high-frequency
applications,69 while the undoped Ni–Zn–Co ferrite sample
with higher conductivity may be suitable to be used in solid
oxide fuel cells.70 The activation energy (Ea) was calculated using
the well-known Arrhenius equation that describes the rela-
tionship between conductivity (sDC) and temperature (T) as:

sDC ¼ s0 exp

��Ea

KBT

�
(6)
Fig. 8 (a) Temperature-dependent DC resistivity (rDC) for Ni0.7Zn0.2Co0.1

1000/T plot and (c) variations of TCR with temperature for Gd3+ substitu

4664 | RSC Adv., 2022, 12, 4656–4671
where s0 is a pre-factor that denes the conductivity when the
reciprocal temperature approaches zero. Therefore, Ea was
calculated from the linear t of the plots between ln(sDC) and
1000/T as shown in Fig. 8 (inset gure). It is observed from
Fig. 8(b) that there is a slope change or break at a certain
temperature for all derived samples that divide the curve into two
regions and the temperature is denoted as the electronic transi-
tion temperature (TEC). However, the plots for x ¼ 0.10 and 0.12
samples show three zones, i.e., two breaks. The second breakmay
have originated due to the variations in the conduction mecha-
nism inuenced by the magnetic order.71 The calculated activa-
tion energies are denoted as E1 and E2 as shown in Fig. 9 and the
corresponding regions are identied as Tr1 and Tr2, respectively
and Tr1 < Tr2. For the lower amount of Gd3+ substitution, (0.0# x
# 0.07) E2 is lower than E1. Conversely, in the samples with higher
Gd3+ substitution (0.10# x# 0.12) E2 is higher than E1. At the Tr1
region, the conduction mechanism is dominated by the hopping
of electrons between Fe2+ 4 Fe3+ pairs,72 while at the region Tr2,
the mechanismmay be expected from Ni2+ + Fe3+4 Fe2+ + Ni3+.73

The value of the temperature coefficient of resistance (TCR) in
studied samples can be calculated from temperature (T) depen-
dent resistivity (rDC) following the relation given as54

TCR ¼ 1

r

�
dr

dT

�
� 100 (7)

Fig. 8(c) shows the TCR values for all studied samples in
between 300 to 800 K. For the temperature dependency of TCR,
all samples show a peak and the peak position increase with
increasing Gd3+ substitution. The shiing of peak position is
also dominated by the grain size where it increases for lowering
the size of the grains. The peak position (TTCR) and TCR values at
Fe2�xGdxO4 (0# x# 0.12) samples and (b) The inset showing lnsDC vs.
tion in Ni–Zn–Co ferrite.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Linear fitting of Arrhenius plot in between lnsDC and 1000/T for Ni0.7Zn0.2Co0.1Fe2�xGdxO4 at two temperature regions where (a) x¼ 0.00,
(b) x ¼ 0.02, (c) x ¼ 0.05, (d) x ¼ 0.07, (e) x ¼ 0.10 and (f) x ¼ 0.12.
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the peak are given in Table 3. It is observed that the peak TCR
values are enhanced from �2.9% K�1 at 406 K to �12% K�1 at
522 K as for 0.00 # x # 0.12 and it is maximum for sample x ¼
0.10 and 0.12. All the TCR data are shown in Table 3. The sin-
tering temperature and time play a key role in the variation of
peak TCR value.54 However, here, all samples were sintered at
1200 �C for 3 h. Hence, Gd3+ substitution is the major factor for
the variation and is enhanced for Gd3+ substitution. As compared
to the TCR values from the earlier report on Ni–Zn–Al ferrite.74

These results suggest that Gd3+substituted Ni–Zn–Co ferrite
could be suitable for applications in the bolometric device.
3.6. Electronic contribution

The study of dielectric properties was conducted to measure the
electric polarizability of Ni0.7Zn0.2Co0.1Fe2�xGdxO4 (0 # x #
Table 3 Data obtained from temperature-dependent DC resistivity
showing electronic transport temperature (TEC), activation energy on
both sides of electronic transition (E1 and E2), temperature coefficient
of resistance (TCR) and its peak temperature (TTCR)

Gd content
(x) TTCR (K) TCR (%)/K TEC (K) E1 (eV) E2 (eV)

0.00 406 2.29 344 0.70 0.69
0.02 544 1.8 417 3.20 1.44
0.05 498 3.2 406 3.95 1.52
0.07 510 5.4 400 3.53 1.91
0.10 522 12 425 1.42 2.21
0.12 523 11.7 424 1.46 1.70

© 2022 The Author(s). Published by the Royal Society of Chemistry
0.12) samples by which its electronic contribution can be esti-
mated. In general, materials with high permittivity (3) polarize
more in response to an applied electric eld, while materials
with low dielectric constant (3) can store more energy inside.
Therefore, the absolute permittivity j3j was observed with the
variation of frequency from 20 Hz to 100 MHz, as shown in
Fig. 10(a). The relatively high values of j3j at low-frequency (<1
kHz) indicate the existence of charge defects due to oxygen
vacancies. As seen from Fig. 10(a), j3j decreases with increasing
frequency. On the other hand, the absolute value of the electric
modulus jMj describes the relaxation phenomena during the
electronic response in any ferrite material. Fig. 10(b) shows
room temperature jMj in the derived samples for the frequency
ranging from 20 Hz to 100 MHz. It is observed that jMj increases
with increasing frequency above a certain frequency, which
arises due to the variation of dielectric permittivities at different
frequencies. Usually, the variation in j3j as well as jMj at lower
frequency is attributed to the electronic polarization originating
from the electronic exchange between Fe2+ and Fe3+ ions known
as n-type charge carriers at the octahedral site.75 However, in the
studied samples (Ni0.7Zn0.2Co0.1Fe2�xGdxO4 with 0 # x # 0.12)
Ni3+/Ni2+ ions are also present and it may yield p-type charge
carriers at the B site. Hence, p-type charge carriers also
contribute to the net polarization. The mobility of p-type charge
carriers is very low compared to that of n-type carriers. There-
fore, the net polarization decreases with increasing frequency
resulting in a decrease in j3j even at low frequency. A slow
variation of j3j in the frequency range of 1 to 100 kHz is observed
for the Gd3+ doped samples, which suggests that ionic and
RSC Adv., 2022, 12, 4656–4671 | 4665
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Fig. 10 Frequency-dependent dielectric properties of Ni0.7Zn0.2Co0.1Fe2�xGdxO4 (0 # x # 0.12) where (a) absolute value of dielectric constant
(j3j) and (b) absolute electric modulus (jMj) estimated in the range of 20 Hz to 100 MHz at room temperature.
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electronic polarizations become frequency independent in this
range due to Gd3+ substitution. However, j3j is almost the same
in the high-frequency region (>1 MHz). On the other hand, at
low frequency (<102 Hz), the values of jMj are observed to be very
low (�0). At high frequency (>10 MHz), dispersion in jMj is
observed due to conductivity relaxation. The relaxation
processes are spread over an extensive range of frequencies for
increasing the substitution of Fe3+ by Gd3+. Moreover, a single
relaxation process is conrmed in all studied samples from the
modulus plane plot (imaginary M00 versus real M0) shown in
Fig. 11. Here the smaller semicircle arcs are observed for 0 # x
# 0.07, which correspond to the weak grain boundary effects
rather than the dominant grain effects76 while arcs become
larger for more Gd3+ substitution (0.10 # x # 0.12). Hence, the
bulk or grain response is dominant in samples for x ¼ 0.10 and
0.12.

3.7. Impedance analyses

The impedance analysis was performed at RT to study the RLC
behavior of the studied spinel ferrites in the range of 20 Hz to
Fig. 11 Complex modulus plane plots for Ni0.7Zn0.2Co0.1Fe2�xGdxO4

(0 # x # 0.12) ferrites.

4666 | RSC Adv., 2022, 12, 4656–4671
100 MHz. This technique provides information about resistive
(real part, Z0) and reactive (imaginary part, Z00) contributions in
any ferrite materials. Generally, the total impedance acts as
pure resistance at lower frequencies and pure capacitance at
higher frequencies. Fig. 12(a) shows the frequency-dependent
absolute value of impedance (jZj). It is observed that jZj
decreases as the frequency is increased and reaches the lowest
constant value for 0 # x # 0.07 at high frequency. However, the
overall impedance shows higher values for Gd3+ substitution in
Ni–Zn–Co ferrite, which is most likely attributable to the strain
and distortion in the Ni–Zn–Co crystal structure due to Gd3+

substitution. Therefore, the pathway of mobility charge carriers
is reduced due to existing distortion to increase the overall
impedance of Gd-doped Ni–Zn–Co ferrite. In addition, by the
convention properties of an RLC circuit, the phase angles (q) are
originated from a phase lag between the current and voltage.
Therefore, phase angle (q) has been calculated from the rela-
tion, q ¼ tan�1(Z00/Z0) with the variation of frequency shown in
Fig. 12(b–d). It is observed that the phase angle (q) is discon-
tinuous in all samples. Different regions are observed in the
studied samples from low frequency (flow) to high frequency
(fhigh). The studied composition for x ¼ 0.00 and 0.02 shows
three frequency regions, while the rest of the samples, due to
more Gd3+ substitution (0.05 # x # 0.12), continue with four
different regions. The phase lag becomes completely 0 as the
sample becomes entirely resistive. All samples are identical in
region-1 and below 20 Hz samples are resistive. Now, as the
frequency increases phase angle increases to the positive side
up to a certain frequency region. In general, the voltage starts to
lead the current when the phase angle rises to the positive side
(q # 90�). Therefore, all samples start to achieve inductive
nature in region-1 as the frequency increases. For the further
increase in frequency, the phase angle suddenly drops from the
positive to a negative value for the samples 0 # x # 0.07. The
phase is negative for a capacitive circuit since the current leads
the voltage and for �90� the sample is completely capacitive.
Therefore, in region-2 the samples are capacitive. The samples
for 0# x# 0.07 are capacitive in region-2. However, for x¼ 0.10
and 0.12, samples exist in between resistance and inductance in
regions-1 and 2. The capacitance properties are achieved in the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 The frequency-dependent impedance (Z) and RLC behavior of Ni0.7Zn0.2Co0.1Fe2�xGdxO4 (0# x# 0.12) samples at RT (300 K) where, (a)
absolute value of impedance (jZj) (b) phase angle for x ¼ 0.00 and 0.02, (c) for x ¼ 0.05 and 0.07 and (d) for x ¼ 0.10 and 0.12.
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third region of frequency due to the high amount of Gd3+

substitution, while other sample properties reside in between
resistance and inductance at region-3 as well as region-4.
3.8. Magneto-dielectric properties

Matching magneto-dielectric properties of ferrites determine
the ability of the materials to be used in miniaturizing of device
applications. The ratio between permeability and permittivity
over a wide range of frequencies is used to estimate the prop-
erties. Therefore, transmission wavelength (l) inside the
studied samples was calculated from the related frequency (f) by
the formula:77

l ¼ c

f
ffiffiffiffiffiffiffiffi
3rmr

p z
c

f
ffiffiffiffiffiffiffi
30m0p (8)

where c ¼ 3 � 108 m s�1 (the velocity of light), 3r is the relative
permittivity, 30 is the real permittivity, mr is the relative perme-
ability and m0 is the real permeability. Moreover, the matching
impedance (Z/h0) was calculated from the ratio of m0 and 30 by
the formula,

Z=h0 ¼
�
m0

30

�1
2

(9)
© 2022 The Author(s). Published by the Royal Society of Chemistry
where Z is the impedance of antenna substrates suggested by
the studied samples and h0 is the impedance for air. Therefore,
a suitable miniaturizing device must follow the relation m0/30 z
1 to attain Z z h0. Fig. 13(a) and (b) show the frequency-
dependent Z/h0 ratio and l, respectively, for Ni0.7Zn0.2Co0.1-
Fe2�xGdxO4 (0 # x # 0.12) samples and the frequency range is
from 0.10 to 100 MHz). The enhancement of the overall ratio (Z/
h0) is observed due to Gd3+ substitution in Ni–Zn–Co ferrite. The
highest and stable value of Z/h0 (�1.62) is observed in the
sample for x ¼ 0.10 while it is nearly 1.60 for x ¼ 0.12 and the
stability is over a wide frequency range (390 kHz to 30 MHz).
The other samples have a lower stability in the Z/h0. Hence, the
sample for x¼ 0.10 is expected to be excellent for miniaturizing-
device applications over a wide range of 390 kHz to 30 MHz.
Moreover, the values of l having a minimum value in the
proposed frequency range as shown in Fig. 13(b).

4. Conclusion

A single-phase spinel ferrite with composition Ni0.7Zn0.2Co0.1-
Fe2�xGdxO4 (0# x# 0.12) was successfully synthesized by a low-
cost double sintering method. The sample structures corre-
spond to the Fd�3m space group and the average grain size
decreases from 81.7 nm to 42.9 nm due to the substitution of
RSC Adv., 2022, 12, 4656–4671 | 4667
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Fig. 13 (a) Frequency-dependent Z/h0 values and (b) Transmission
wavelength (l) for Ni0.7Zn0.2Co0.1Fe2�xGdxO4 (0# x# 0.12) samples at
RT (300 K).
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Gd3+ at Fe3+ of the B-site. Furthermore, an impurity phase of g-
Fe2O3 exists in undoped Ni–Zn–Co ferrite, which has been
eliminated by Gd3+ substitution, except for x ¼ 0.10. The
binding force between the atoms of spinel lattice of the studied
samples increases for Gd3+ substitution in Ni–Zn–Co ferrite and
remains unchanged for 0.07 # x # 0.12 samples. Moreover,
lattice vibrations are hindered due to Gd3+ substitution. The
magnetic permeability (m0) decreases with increasing Gd3+

content in the compositions. In addition, the exchange inter-
action, J, for the A–B sublattice is proportional to TC and grad-
ually decreases for Gd3+ substitution concomitant with the
reduction of lattice constants. The DC resistivity (rDC) at RT
increased from 6.2 � 10�3 Um to 2.2 � 106 Umwith increasing
Gd3+ substitution and lowering of the eddy current loss is ex-
pected. An electronic transition temperature (TEC) near RT is
observed in all samples and the activation energy (E2) aer T

E
C is

lower than the activation energy (E1) before T
E
C for 0.0# x# 0.07

samples. The maximum TCR value (�12% K�1 at 522 K) is
found for the x¼ 0.10 sample andmay be applied as an infrared
detector for night vision bolometer material. Apart from this,
below 20 Hz all samples are completely resistive, while above
4668 | RSC Adv., 2022, 12, 4656–4671
100 Hz, inductive properties are achieved. The conduction
relaxation processes are spread over an extensive range of
frequencies as more Fe3+ ions are replaced by Gd3+. The highest
and stable value of matching impedance (Z/h0 � 1.62) is
observed in the sample for x ¼ 0.10 while it is nearly 1.60 in the
sample for x ¼ 0.12 and the stability is over a wide frequency
range (390 kHz to 30 MHz). Hence, the composition for x¼ 0.10
is expected to be excellent for the miniaturizing-device appli-
cation over a wide range of frequencies and the transmission
wavelength (l) also reaches a minimum value in this frequency
range.
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