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In the present study, different compositions having general formula Mgg 5Zng sGdyFes_xO4, (x = 0, 0.025, 0.050,
0.075, 0.1) were synthesized using chemical co-precipitation method. The substitution of Gd*>* ions have
exhibited profound impacts on the structural, morphological, magnetic, and optical parameters of Mg-Zn ferrites.
Single-phase cubic spinel structure has been substantiated by X-ray diffractometer (X-ray diffraction, XRD)
analysis for all compositions without any contamination peak. The values of the lattice constant and X-ray
density both show an increasing trend when the Gd>* ion concentration increases. (Fourier transformed infrared
spectroscopy) FTIR spectra recorded in the mid-infrared region (4000-400 cm ™) exhibit two main absorption
bands associated with the Oy, and Ty sites within the frequency range of 400-600 cm™'. Morphological studies
using (High-resolution transmission electron microscopy) HR-TEM analysis reveal agglomeration of nano-
particles and the average particle size lies between 8 and 9 nm. Maximum magnetization displays an erratic trend
with increasing Gd** ion concentration, although both retentivity and coercivity decreases. The hysteresis curve
for samples of differing ratios of Gd3* ions demonstrated the superparamagnetic nature. Tauc’s plot was
employed to calculate the energy bandgap (Eg) of synthesized nanoparticles and Eg value were observed to
decline from 3.563 eV to 3.521 eV with an increasing Gd>* ion concentration. Impedance analyzer was used in
the frequency range of 100 Hz-100 MHz to study dielectric properties at room temperature. The dielectric pa-
rameters declined as the frequency values increased. Due to lower values of dielectric parameters in Gd** ion
doped Mg-Zn nano-ferrite, these materials are suitable in the fabrication of devices that need to operate at high
frequencies such as switching memory storage devices. Moreover, these materials are appropriate for application
in ferrofluids and medicinal treatments such as magnetic hyperthermia because of their low coercive field value.

1. Introduction

In the recent past, nano-magnetism has seen prodigious technolog-
ical and scientific ameliorations. Owing to their distinctive and
astounding magnetic, dielectric, and electrical properties such as mini-
mal eddy current losses, high chemical steadiness, nanosized soft ferrites
are of special importance to scientists and find potential uses in domains
such as data storage, magnetic shielding, power generation, sensors and
other fields [1-5]. The spinel ferrites having general formula MFe;04 (M
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is any divalent cation, such as Zn?*, Mg?*, Mn?*, Cd?*, etc.) have a
cubic closed-packing arrangement of O% ions with 32 octahedral
interstitial sites (B-site) and 64 tetrahedral sites (A-site). Out of which
M?3* and Fe3* jons can occupy 16 octahedral (Oy,) or 8 tetrahedral (Tq)
sites [6]. Magnetic iron oxide nanoparticles (NPs) are being widely
researched as therapeutic and diagnostic agents owing to their low cost,
tunable characteristics, and biocompatibility. Improving the diverseness
of nano ferrite mixtures and enhancing their structural and physical
properties are two of the most vital study areas in this subject [7-9]. The
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super-exchange interaction between magnetic ions at A and B sites
causes ferrimagnetism in spinel ferrites. So, from both theoretical and an
applied perspective, it is crucial to have a deeper knowledge of the
magnetic, structural, and electrical characteristics of spinel ferrites.
These ferrite material properties are frequently controlled by the
method of synthesis, annealing temperature, time, conditions, and
doping constituents into the A-site or B-site to alter the structural pa-
rameters and cation distribution [10].

Zinc ferrite (ZnFe,04) is among commonly used spinels because of its
non-toxic nature, high chemical stability, mild saturation magnetism,
strong coercivity, and minimal band gap value [11]. Therefore, to attain
outstanding characteristics, the ZnFe;O4 NPs are doped with diverse
dopants using several techniques. Magnesium ferrite (MgFe;O4) is a
complement to ZnFe;O4 in the electrical domains [12]. The lattice
structures of these two ferrites differ between MgFe,04 (inverse spinel)
and ZnFey04 (normal spinel). As a result, the qualities of a mixed spinel
lattice structure are paramount to normal spinel [13]. Numerous
research teams from across the world have analyzed the electric and
magnetic characteristics of Mg-Zn Nano ferrites (NFs) with various
dopants. To analyze the magnetic and structural properties, Shinde and
his group synthesized Mg-Zn ferrite powders of fixed composition via
the oxalate co-precipitation method [14]. Reyes et. al explored the
magnetic and structural parameters of Mg-Zn NFs synthesized using the
sol-gel method. [15]. El Hiti investigated the dielectric behavior of Mg-
Zn nano ferrites [16].

Researchers have expressed worries about mechanical strength,
tangent loss, and physical stability despite the many features [17-19].
To overcome such fundamental issues, rare earth (RE) ions (Gd, Pr, Nd,
Sm) doping in spinel ferrite NPs is done to enhance magnetic charac-
teristics [20-22]. Introducing RE ions such as Ce3*, La®*, Tb3*, Gd3*,
Ho®" etc. into the spinel structure is said to cause structural distortion,
create strain, and thereby enhance the electrical and magnetic proper-
ties [23,24]. Many researchers studied the outcome of Gd-doped spinel
ferrites and reported remarkable shift in the characteristics of spinel
ferrites. Jinka et. al reported the electrical and magnetic analysis of
mixed Mg-Cd spinel ferrites with the doping effect of Gd®* ions [25].
Kumar et. al studied the Gadolinium doped Zn-Ni ferrite’s effects on
impedance and transport phenomenon [26]. In their investigation Vani
et al. reported a decrease in dielectric constant value for Co-ferrite
nanoparticles on doping of Gd>* ion suggesting the potential applica-
tion for high-frequency devices [27].

The NPs produce localized heat when excited by an alternating
current (AC) magnetic field, which can be used to treat malignant
cancerous tissues or pathogenic bacteria with magnetic hyperthermia
properties [28]. Biocompatibility of Mg-Zn ferrites and their utilization
as a heat mediator in magnetic hyperthermia treatments have also
received attention. The Mg-Zn ferrite’s induction heating behavior re-
quires precise control to be used for magnetic hyperthermia [29]. Few
research papers are reported for rare-earth doped Mg-Zn mixed ferrite
nanoparticles but no research paper is reported for Gadolinium doped
Mg-Zn mixed ferrite nanoparticles. Due to Gadolinium’s ion (Gd®*H
relatively higher magnetic moment than Fe>* ion, magneto-crystalline
anisotropy, and biocompatibility, it is employed as a dopant ion in the
recent study [30]. The addition of trace amounts of RE (Gd®*") ions to
Mg-Zn ferrites can change their magnetic properties. The co-
precipitation methodology is commonly employed for the synthesis of
non-coercive superparamagnetic NPs, which are crucial for biomedical
applications. As a result, a series of Gd-doped magnesium-zinc ferrite,
having the molecular formula Mgg 5ZngsGdsFes_xO4, (x = 0, 0.025,
0.050, 0.075, 0.1), (MZGD) were thus synthesized using co-precipitation
approach, resulting in nanoparticles ranging from 9 to 11 nm and their
magnetic measurement analysis shows the superparamagnetic nature of
the synthesized samples, which make these materials a potential
candidate for the preparation of stable ferrofluid. Also, the tangent loss
of these materials is low and decreases with increasing Gd>* ion con-
centration making these materials a potential candidate for microwave
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absorption applications.
2. Experimental study
2.1. Chemicals

Analytical grade chemical reagents were utilized for synthesizing
MZGD NPs are Mg(NO3)3-6Hy0 (Alfa Aesar, 99 %), Zn(NO3)3-6H20
(Alfa Aesar, 99 %), Fe(NO3)3-9H,O (Merk, 98 %), GA(NOs3)3-6H20
(Sigma Aldrich, 99.9 %), oleic acid (Fisher Scientific, 65 %), and
ammonia solution (Fisher Scientific, 25 %).

2.2. Preparation of ferrites

Stoichiometric amounts of Mg(NOs3)2-6H20, Zn(NO3)y-6H20, Fe
(NO3)3-9H,0, Gd(NO3)3-6H,0 were dissolved separately in 14 mL
deionized water (DI) and then dissolved together to obtain a homoge-
neous mixture. The synthesized samples are codes as follows
Mg0_52n0_5F6204 (MZP), Mgo_5ZI‘lo_5Fel.975Gd0_02504 (MZGDZ),
Mgo.5Zng sFe1.95Gdo.0504 (MZGD5), Mgo.5Zng sFe1.925Gdo.07504
(MZGD?7) and Mgg 5Zng sFe1.9Gdp.104 (MZGD10). Then, 12 mL of tech-
nical grade oleic acid was added as a surfactant with continuous stirring
and set on a magnetic stirrer with a heating surface for 15 min followed
by a dropwise addition of precipitating agent NH4OH with continuous
and vigorous stirring. The synthesized brown precipitates were kept at
90 °C for 1 h. After cooling the reaction mixture at room temperature, it
was rinsed multiple times with deionized water and completely dehy-
drated at 100 °C. With the aid of mortar and pestle, the acquired loose
powder was manually pulverized. The dried product was heated for 3 h
at 500 °C. Fig. 1 displays the various process involved in the preparation
of MZGD ferrite NPs and the reactions involved are mentioned in Fig. 2.

2.3. Characterization Techniques

The Rigaku-Ultima IV X-ray diffractometer (XRD) with in the angle
range of 20—70" with a scan rate of 2°/min and radiation of CuKa (A =
1.5406A) were used to record X-ray diffraction. FTIR spectra in the
range of 400-4000 cm~! was obtained using Fourier Transform-
Infrared spectroscopy technique (Perkin Elmer FRONTIER model) by
utilizing KBr pellets. Analysis of the surface and formation of spherical
structures in the synthesized MZGD samples was validated with High
resolution transmission electron microscopy (HR-TEM) (TECHNAI G-
20). The optical characteristics of MZGD ferrites were carried out using
UV-Vis. spectrophotometer (UV-3600i Plus). The Vibrating Sample
Magnetometer (VSM: Lakeshore model 7410S) instrument was
employed to study the magnetic properties. Moreover, an impedance
analyzer (WAYNE KERR 6500B) was employed to evaluate dielectric
and impedance studies at room temperature within the frequency range
of 100 Hz-100 MHz.

3. Results and discussion
3.1. X-ray diffraction study

To investigate the crystallite size, phase, and lattice characteristics of
MZGD ferrite NPs, XRD was employed. The XRD pattern for MZGD NPs
is shown in Fig. 3. The peak with maximum intensity (311) was used to
estimate the values of lattice constant (a), the crystallite size (D), and
interplanar spacing (d). The crystallite size (for all indexed peaks) of
Mgo.5Zng sGdxFea_xO4 is determined by using Debye- Scherrer’s equa-
tion (Eq. (1) [31]:

K
= Peos@

@

where 1 denotes the wavelength of X-ray used (. = 1.5406 A), g
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Fig.1. Schematical illustration for the synthesis of MZGD nano ferrites via Co-precipitation method.

Fig.2. Chemical reactions involved in the synthesis of MZGD ferrite
nanoparticles.

represents the values of full width at half maxima (in radians), K is
known as Scherrer constant and its value taken in this study is 0.9 and 6
is the diffraction or Bragg’s angle. The values of lattice constant (a), and
inter-planar spacing (d) included in Table 2 are computed using the Egs.
(2) and (3) mentioned below:

nA = 2dsin 0 2
a=dVh+ik+ B 3)

where, h, k, and 1 represent the Miller indices of the diffracted plane.
Table 1 depicts the variations in lattice parameter (a) and crystallite
size (D) values as Gd*>* ion concentration increases, and the variation is
depicted in Fig. 4. The lattice constant values show an increasing trend
when the Gd** ion concentration increases although with not much
deviation, as shown in Table 1. Increasing values of lattice parameter
can be attributed to the discrepancy between the ionic radii of Fe>* and
Gd®* ions. Gd®* ions, which have a larger ionic radius (0.094 nm),
replace Fe®* ions, which have a smaller ionic radius (0.067 nm). This

Fig.3. XRD pattern of MZP, MZGD2, MZGD5, MZGD7, and MZGD10
ferrite NPs.

causes unit cell distortion and lattice changes as a consequence of in-
ternal stress, which explains the increment of lattice constant values.
Furthermore, increasing the Gd>* ions concentration causes an inherent
tension that deforms the spinel lattice and expands the unit cell. A
similar trend of increasing lattice constant values with RE inclusion has
also been supported in the literature [32,33].

The Eq. (4) was used to calculate the X-ray density (pxgrp) for un-
doped and doped ferrite samples [34,35], and Table 1 illustrates how
density varied with Gd®* ions concentrations.

8M,,

pXRD = —~

Nod? 4
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Table 1

Interplanar spacing (d), crystallite size (D), volume (V), lattice parameter (a), X-
ray density (pxrp), and strain (Sy) and crystallite size Dy_y using W-H plot for
MZGD ferrite NPs.

Sample D d (10\) a (10\) PXRD 14 (A)3 Sex Dw-n
Composition  (nm) (g/ 107 (nm)
cm®)
MZp 12.97 0.2520 8.358 4.91 583.89 2.26 11.60
MZGD2 10.91 0.2522 8.367 5.05 585.83 2.12 13.50
MZGD5 8.69 0.2524 8.371 5.14 586.62 1.28 8.08
MZGD7 9.10 0.2524 8.371 5.16 586.68 1.61 7.92
MZGD10 7.77 0.2525 8.376 5.30 587.76 1.94 8.95
Table 2

Cationic distribution in MZP, MZGD2, MZGD5, MZGD7, and MZGD10.

Composition Cation distribution

MZP (Zno.5Mgo.0s5Feo.a5) [Mgo.45Fe1.55]
MZGD2 (Zno sMgo.os5Feo.45) [Mgo.45Fe1.525Gdo.025]
MZGD5 (Zno.sMgo.osFeo.45) [Mgo.4sFe1 5Gdo.os]
MZGD7 (Zno.sMgo.osFeo.45) [Mgo.45Fe1.475Gdo.075]
MZGD10 (Zng.sMgo.osFeo.45) [Mgo.asFe1.45Gdo.1]

Fig.4. Composition-dependent behavior of lattice constant (a) and crystallite
size (D) of MZGD ferrite NPs.

where ‘N,’ is Avogadro’s number (6.0225 x 10?2 atoms/mole) and M, is

the molecular weight of the sample and ‘a’ is lattice constant [1]. X-ray
density values increases linearly with Gd*>" ions concentration as iron
atom has smaller ionic radii than gadolinium ions, a similar trend was
found in the literature [2].

Williamson-Hall (W-H) plot was utilized to study X-ray peak
broadening, which serves as the basis for the calculation of crystallite
size and lattice strain in MZGD ferrite using a customized Scherrer’s
formula [36]. The widening of the peak caused by lattice strain (Sy) and
crystallite size (Dw_g) may be calculated with the help equations Egs. (5)
and (6), and the results are presented in Table 1 [37,38]:

091

= = 4detanf + ——— 5

Pra = PBp + Ps €lan +DW—H 08 O )
0921

JDw_ s = ——— 6

ﬁh” w- COS 4¢ sin ghkl ( )

fcosd as the y-axis and 4sind as the x-axis were plotted on the W-H plots
to estimate the values of crystallite size and strain. Hence, the fitted
straight line’s slope indicates the lattice strain in the sample, and the y-
intercept was used to calculate crystallite size. The W-H plots in Fig. 5
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display positive slopes for all compositions, which denotes the presence
of tensile strain in the lattice and particle elongates as a result of this
tensile strain indicating that these materials have strain [39,40].

The study of cation distribution offers a way to synthesize materials
with desirable characteristics that can be used for wide range of appli-
cations [41]. Mohammed et. al presented the cation distribution for the
MZP sample [42]. RE ions prefer the octahedral position by substituting
the Fe3* jon at B-site. Table 4 highlights the proposed cation
distribution:

The following relations Egs. (7) and (8) are employed to estimate the
ionic radius at A and B sites using the cation distribution mentioned
above:

ra = (0.05ry + 0.5rz, + 0.45r%,) 7

0.5r1, 1.55 — . .
rB:[ rig + _ x)rr +erd},0§x§0.1 (€))

where, x is the doping concentration of Gd®* ions ie,0<x<0.1, rvg
(0.66 1°\), rgd (0.94 Io\), rzn (0.82 }o\), and rge (0.67 Io\) are the ionic radius
of Mg, Gd, Zn, and Fe respectively. The expansion of the Oy, sites is
driven by the doping of Gd** ions which leads to an increase in rg. The
estimated structural parameters ionic radii (ra, rs), oxygen position
parameter (u), and theoretical lattice parameter (ag) are shown in
Table 3. Using the following formula Egs. (9) and (10), u and ay, are
calculated [43]:

1 1

u= <7a\/§ (ra +Ro)+1> &)
8

an = Wg[(“ +Ro)+V3(rs +Ro)] (10)

where Ry is the oxygen ion radius (1.32 A).

There are various physical and chemical parameters that affect the
oxygen position parameter (u). In spinel ferrites, the ideal ‘U’ value is
0.375 A. The experimentally calculated value of ‘v’ is about 0.392 10\,
suggesting that 0%~ ions are in cubic closed packing (ccp) arrangement.
The estimated values of u are observed to be higher than the ideal value
demonstrating a change in chemical composition by doping, which
provides an explanation behind the crystal lattice’s deviation from the
ideal spinel ferrite [44]. The hopping lengths (Ls, Lg) represent the
separation between the magnetic ions at the T4 and Oy, sites and were
calculated using the formulas Eqgs. (11) and (12) mentioned below and
the results are summarized in Table 3 [32]:

=3 an
4
-2 12

It is observable that both Ly and Lp increase with increasing Gd®* ion
doping concentration. This trend in hopping length is directly related to
values of lattice parameter. This variation could be attributed by the fact
that the constituent ions’ ionic radii differ, which leads the magnetic
ions to come closer to one another and the hopping length to increase
[45]. The inter-ionic cation-anion distance i.e., bond lengths at the T4
sites (Ra) and Oy, sites (Rp) can be estimated with the help of the Egs.
(13)-(15) [46]:

RA:a\/§<5+%) (13)
_ a2 8T

Ry = a4/ 38 4+16 14)

S=u-U (15)
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Fig.5. (a-e): W-H plots for MZGD ferrite NPs.

Table 3

Values of ionic radius (ra, rs), theoretical lattice parameter (a,), oxygen position parameter (u), hopping lengths (La, Lg), Bond length (Ra, Rg), Tq shared edge (Rx), On

edge (Rx), and unshared Oy, edge length (R,") of MZGD nano ferrites.

Composition ra B awm u La

Ly Ra Rg R R, Ry

A& @) () [y @& &) @A [y @& @) @A
MZP 0.7445 0.6678 8.4793 0.39261 3.6192 2.9550 2.06446 3.49867 3.37083 2.5383 2.9697
MZGD2 0.7445 0.6711 8.4883 0.39245 3.6232 2.9583 2.06443 3.50359 3.37080 2.5450 2.9727
MZGD5 0.7445 0.6745 8.4973 0.39239 3.6248 2.9596 2.06448 3.50553 3.37087 2.5475 2.9739
MZGD7 0.7445 0.6779 8.5063 0.39238 3.6429 2.9597 2.06441 3.50572 3.37075 2.5478 2.9740
MZGD10 0.7445 0.6813 8.5153 0.39230 3.6271 2.9615 2.06450 3.50837 3.37091 2.5513 2.9757

where § is a deviation from the ideal oxygen parameter i.e., U=0.375 A.
The smallest distance between an oxygen ion and an A-site cation or B-
site cation is known as R or Rp. Table 3 illustrates how the Gd®* ion
doping concentration affects the bond lengths Ry and Rp. The calcula-
tion of T4 edge (Ryx), Oy, shared edge (Ry), and unshared Oy, edge (Ry") of
the synthesized mixed spinel ferrites has been determined from the
relation Egs. (16)-(18) and are tabulated in Table 3 [47]:

R, = av2(1—2u) 1e6)

Rx”:a\/4u273u+£ a7
16

R, = av2(2u—0.5) (18)

The values of Ry and Ry ranges from 2.0645 A to 3.5083 A. Whereas
shared and unshared edge values decreased with Gd>* ion concentration
and lie in the range from 3.5083 A to 2.5383 A [48]. The nature of metal
ions and ‘v’ both are among the important factors responsible for these
variations in all the parameters.

3.2. FTIR Analysis

It is possible to explain the existence of various bonds in a crystalline
structure using FTIR spectroscopy. At room temperature (RT), the FTIR
spectrum of Mgg sZng sFey_xGdyO4 ferrite NPs was observed in the
400-4000 cm ™! wavenumber range. The FTIR spectra in Fig. 6 for the
synthesized MZGD ferrite samples show two prominent bands between
400 and 600 cm ™!, 445-452 cm™! is the region of low-frequency band
(v2) while the high-frequency band (v1) lies in the region 562-571 cm ™.
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Fig.6. FTIR spectra of MZP, MZGD2, MZGD5, MZGD7, and MZGD10
ferrite NPs.

These vibration bands are usual properties of spinel ferrites [49]. A
higher frequency drop (v;) at the T4 site represents the stretching vi-
brations occurring in the metal-oxygen bond, whereas (v) at the Oy, site
represents the same vibration at a lower region of frequency. The
increased frequency value of v is due to the distortion in lattice and the
breakage of the metal-oxygen (Fe>"-0?7) bond by Gd** ions [50].

The peak near 1680 cm™' belongs to N-O stretching, while that
observed around 2905 cm ™! refers to C-H stretching [51]. The possible
explanation for the shift in the values of v, and v; is because of crystal
deformation by the inclusion of Gd®* ions [52]. Moreover, due to
changes in the crystalline field effect and strain in the lattice caused by
the inclusion of Gd®* ions, the position of peaks and intensity of these
stretching modes vary with Gd3* ion concentration. In addition to the
peaks mentioned above the spectra in Fig. 6 shows broad humps due to
asymmetric and symmetric stretching of water molecules, with maxima
at about 3400 cm ™! [53]. The Egs. (19) and (20) yield the force constant
values of metal-oxygen bond at T4 and Oy, sites and are listed in Table 4
[54]:

Fr =47 19
Fo = 4n*vip (20)

where i is the reduced mass of Fe3* and 0% ions, ¢ represents the speed
of light (2.99 x100 cm/s), and FTIR modes (v; and v7) represent the
vibrational frequency at A and B sites respectively.

3.3. HR-TEM analysis

The morphology of the MZGD nano-ferrites seen in Fig. 7(a and b)
has been determined using HR-TEM. From the figure, it is apparent that
particles shape is spherical and are narrowly distributed. Doping of Gd>*
ions alter the grain nucleation and crystal development of ferrite NPs.

Ferrite nanoparticles agglomerate as a result of the addition of the Gd>*

Table 4

Values of FTIR modes and force constants of MZFGD ferrite NPs.
Composition Wave number Wave number Frx 10° Fo x 10°

vy (em™) Vo (em™Y) (Dynes/cm) (Dynes/cm)

MZp 562 446 2.315 1.458
MZGD2 571 451 2.390 1.491
MZGD5 567 452 2.356 1.497
MZGD7 568 445 2.365 1.451
MZGD10 571 447 2.390 1.465
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ion which can be attributed to the magnetic interactions arising between
the ferrite NPs.

Fig. 7(a and b) demonstrates the HR-TEM images for MZGD7 and
MZGD10 and the average crystallite size for these compositions is
calculated to be around 9 nm and 8 nm respectively. Fig. 7(c and d)
represents two histograms plotted to highlight particle size distribution
for MZGD7 and MZGD10. These results agree well with the results
estimated using XRD measurements. The average crystallite size is
discovered to be consistent with HR-TEM findings.

3.4. UV-Vis. Spectra analysis

Optical study was done by collecting “Ultraviolet-visible NIR
(UV-Vis.)” absorbance data in the region of 200~700 nm. Fig. 8 shows
the absorption spectra of the synthesized sample. As observed in Fig. 8
the strength of absorption is intense, initially and gradually decreases as
the wavelength increases until it nearly reaches saturation at the end
(almost no absorption).

The alterations in energy bandgap (E,) values of Gd3* ion-doped Mg-
Zn NFs were studied using Tauc’s plots displayed in Fig. 9. The Tauc’s
plot [(ahv)? v/s (hv)] was plotted using the UV-Vis absorbance data.
Fig. 9 shows that as the Gd®' ions doping level in Mg-Zn ferrites
increased, values of energy bandgap steadily decreased from 3.563 eV to
3.521 eV. The undoped Mg-Zn ferrite has the highest band gap value.
This was shown to be the case because of orbital overlapping within the
Fe-3d and O2p energy states. However, the value of the band gap de-
creases when Gd®* ions are doped into the lattice because the 4f energy
levels of Gd*" ions lie below the conduction band. The interaction be-
tween these energy levels of 4f and the O 2p orbital in the valence state
causes the charges to relocate from the energy levels of Gd** ions to the
conduction band of Mg-Zn ferrite NPs [55,56]. The variation of band gap
with the composition of Gd>* ions is depicted in Fig. 10.

3.5. Magnetic measurements

Room temperature VSM measurements were carried out to analyze
the magnetic characteristics for various concentrations of MZGD ferrite
NPs. The S-shaped hysteresis loops revealed the superparamagnetic
nature of the synthesized samples. This observation can be attributed to
the very small crystallite size of synthesized samples [57].

Fig. 11 depicts the hysteresis loop of synthesized samples. Table 5
lists the magnetic parameters that were determined from the hysteresis
loop: maximum magnetization (Mpqy), coercivity (H.), and magnetiza-
tion remanence (M,). Magnetic moment of the samples is calculated by
using Eq. (21).

MW X M,

Hs = 75585 @D

where, 5585 is the magnetic factor and M. W represents the molecular
weight of samples. The values of magnetic moment are found to
decrease with increasing Gd>" ion concentration except for MZGD2
sample. This is resulted because at B sites, Gd>' ions with greater
magnetic moment (7.94B.M) replaces the Fe>" ions which compara-
tively have lower magnetic moment (5.9B.M). RE metals exhibit sub-
stantial spin-orbit coupling of angular momentum in addition to having
unpaired electrons in their 4f-shells. Furthermore, the 5s25p® orbital
shields the 4f shell of rare-earth ions, which is nearly unaffected by the
crystal field of the surrounding ions [58]. It is well acknowledged that
the reason behind increasing coercivity is the resistance of domain wall
displacement, which is affected by the microstructure. The movement of
the domain wall may be restricted by the pores on grain boundaries.
Hence, the coercivity of MZGD ferrite NPs is lower than the pure sample
[59]. Except for MZGD2 and MZGD10 composition, the measured value
of maximum magnetization (Mpq) is observed to decrease with
increasing Gd>* ion doping. This is because rare earth ions have a low
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Fig.7. (a,b): HRTEM micrographs of MZGD7 and MZGD10; (c,d) particle size distribution of MZGD7 and MZGD10.

Fig.8. UV-Vis. spectra of the synthesized MZP, MZGD2, MZGD5, MZGD7, and
MZGD10 ferrite NPs.

solubility, which causes the Gd>' ions to move toward the grain
boundary and raise the My,q, value. The magnetic properties decreased
with RE cation substitution, and similar findings were confirmed in our
investigation except for MZGD2 and MZGD10 samples. It may be the
result of Fe3" ions being replaced by Gd>' ions. Strain and lattice
distortion brought on by the cation distribution could be responsible for
the decrease in magnetization remanence (M,) and coercivity (H.)
values [60]. The fluctuation in the values of H, and Mpq, with the

Fig.9. Tauc’s plot for MZP, MZGD2, MZGD5, MZGD7, and MZGD10
ferrite NPs.

composition of MZGD ferrite NPs is shown in Fig. 12. The value of
squareness (S), and anisotropy constant (K) mentioned in Table 5 were
estimated using the Egs. (22) and (23) mentioned below [61]:

_ HMy

K 0.96

(22)
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Fig.10. Variation of Energy bandgap (E;) with the composition of MZGD
ferrite NPs.

Fig.11. M-H loop for for MZP, MZGD2, MZGD5, MZGD7, and MZGD10
ferrite NPs.

Table 5

Maximum magnetization (M,,q,), Remanence magnetization (M,) and Coercivity
(H,), Anisotropy constant (K), Squareness (S), and Magnetic moment (up) for
MZGD ferrite NPs.

Composition H, M, (emu/ Mpax K (erg/ S 1B
(Oe) g) (emu/ cc) (B.M)
g)

MZp 10.88  0.199 21.97 249.14 0.0090  0.8670
MZGD2 5.47  0.150 25.69 146.46 0.0058  1.0263
MZGD5 5.23  0.074 16.10 87.78 0.0045  0.6545
MZGD7 1.49  0.010 11.76 18.34 0.0009  0.4804
MZGD10 0.74  0.006 18.46 14.28 0.0003  0.7763
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Fig.12. Variation of coercivity (H,) and Maximum magnetization (M,q,) with
the composition of MZGD ferrite NPs.

M
§==-"

M, 23)

‘S’ is a characteristic quantity for magnetic materials that also governs
the presence or absence of inter-grain exchange interlinkages between
the NPs.

The value of S = 0.5, according to Stoner and Wohlfarth, denotes
non-interactive, randomly oriented particles that rotate coherently in
response to the applied magnetic field. When the S is less than 0.5, the
only interaction between the particles is magnetostatic. Only for S
greater than 0.5 exchange coupling become apparent [62]. The
squareness ratio varies from 0.009 to 0.00036. The lower value of S
demonstrates that the synthesized samples have a single domain struc-
ture and that exchange interactions are reduced as a consequence of the
interactions between magnetic dipoles that are randomly oriented,
which also demonstrates the sample’s superparamagnetic nature.
Because magnetic hyperthermia is a feature of magnetic oxide NPs,
when injected into tumors, it causes morphological alterations by
remotely inducing heat on the application of alternating magnetic field,
thereby increasing the temperature around the tissues or organs where
the tumor is located resulting in reductions in the populations of both
innate and adaptive immune cells. Therefore, the synthesized MZGD
ferrite samples can be suitable candidates for magnetic hyperthermia
applications.

3.6. Dielectric properties

The dielectric constant (¢') is also known as relative permittivity and
it arises as a result of the interaction between the material and fluctu-
ating electric field. Understanding the electrical behavior of the charge
carrier’s or electron movement is possible through an analysis of the
dielectric characteristics. The below mentioned formula Eq. (24) is
employed to estimate the dielectric constant value:

.

= 2
€ AS() ( 4)

where C represents capacitance, d is the thickness, A is pellet area, and &,
represents permittivity of vacuum. Whereas, the dielectric loss factor
(¢") determines the dissipation of energy in a dielectric material when an
external electric field is applied. It can be estimated by employing the
Eq. (25) mentioned below [63]:

£ = etan(5) (25)

here “tan (8)” represents the tangent loss.
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Fig.13. (a-d) Variation of ¢, ¢’, tangent loss(5), and AC conductivity v/s frequency for MZP, MZGD2, MZGD5, MZGD7, and MZGD10 ferrites NPs.

Fig. 13(a) and Fig. 13(b) illustrate the graph of the dielectric constant
(¢") and dielectric loss factor (¢”), which demonstrate that there are very
small variations in ¢ and ¢” with the increasing frequency. Fig. 13(a)
depicts dielectric constant of Gd*>" ion doped Mg-Zn nano-ferrite as a
function of frequency. Up to 10° Hz, the magnitude of both dielectric
parameters declined sharply with increasing frequency. At higher fre-
quencies the values observed becomes nearly constant. It is determined
that MZGD ferrites initially displayed high € and ¢ values and declined
as the frequency values increased. Similar results were reported in Gd-
doped Ba-Sr Nano ferrites and Gd-doped Co-Ni cubic ferrite[64,65].
Both the Koop’s theory and Maxwell-Wagner Model can be used to
provide explanation for this type of behavior i.e., dielectric dispersion
and resonance peaks [66].

In lower frequency region the higher value of ¢’ is due to the grain
boundaries. At higher frequencies the grain boundaries start to conduct
resulting in decrease value of ¢ at higher frequency region. The afore-
mentioned theory is supported by the space charge polarization concept,
which is brought on by the electrons exchange between ions of the same
element in distinct valence states at interstitial sites. When electrons hop
within grains boundaries at lower frequencies, they pile up at grain
boundaries, causing the polarization thus higher ¢ value was observed.
According to the literature, Gd>* ions prefer occupying O, position by
substituting Fe3* ions, thereby enhancing the concentration of Mg?*/
Zn?* ions at grain boundaries. The process of polarization becomes more
efficient at lower frequency region due to the greater concentration of
the Fe?" ions leading to increased values of €. The increased electrical
resistance caused by iron ions replacement mitigates the movement of
charge carriers across the grain boundaries at higher frequencies. This
substantially decreases the material’s dielectric characteristics by
destroying the polarization build-up [67,68]. Therefore, with the
increasing Gd*' ion concentration, a reduction in the values of dielectric

constants is observed. Whereas, the interfacial polarization and electric
dipole polarization may be accountable for the resonance peaks [69].
Additionally, the resonance peaks may develop as a result of the hopping
frequency being synced with the applied frequency [70]. Therefore,
with the increasing Gd>* ion concentration, a reduction in the values of
dielectric constants is observed. Tangent loss is the ratio between the
current dissipation and the fluctuating current within a material [71]
and is illustrated in Fig. 13(c). The system’s energy dissipation and loss
in polarization are both represented by the dielectric loss tangent [72].
The relation mentioned below Eq. (26) can be utilized to estimate the
tangent loss.
tan (8) = % (26)
The variation in tangent loss by increasing the Gd>* ion concentration is
almost similar like other parameters with increasing frequency. It is
apparent from Fig. 13(c) that the loss tangent tan decreases as the
applied electric field frequency rises. This graph also demonstrates two
regions. The values of tan § exhibit an exponential decline in the first
region, which extends up to 10° Hz. This range is followed by the second
region where tan § seems to be frequency-independent. Moreover, these
results are supported with the findings of Gd-doped Co-Ni ferrite [65].
Because of the dispersion effect losses are higher in the lower frequency
zone than in the higher frequency zone. Another significant explanation
for the evident conduction losses is the increase in the concentration of
dopants in place of iron. These findings support the theoretical work of
Pereira [73].

Fig. 13(d) depicts the variation in the AC conductivity of MZGD
ferrite NPs from 100 Hz to 100 MHz. AC electrical conductivity was
estimated by the Eq. (27) mentioned below
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Couc = ereotamﬁ(w) 27)
Angular frequency is represented by w = 2xf and frequency is denoted by
f.

The values have remained nearly uniform in the lower frequency
region from 10 Hz to 10 kHz. This may be due to the less hopping rate of
ions. Grain boundaries prevented charge carriers from obtaining desired
energy to jump between interstitial sites. AC conductivity measurements
show strong and exponential growth as frequency is raised from > 10
kHz. Cause for this hike may be the dispersion effect along with the
relaxation and reorientation phenomena [74]. The values of MZGD
samples are higher than the pure sample indicating doped samples
behaving as semiconductors and comparable results have been
communicated in the literature in which they doped Gd in Co-Ni ferrite
[65].

4. Conclusion

In the present work, the Gd>* ion-doped Mg-Zn ferrites NPs were
successfully prepared in five distinctive concentrations via co-
precipitation methodology. The impact of Gd** ion doping on struc-
tural, optical, magnetic and dielectric properties was investigated. XRD
investigation revealed the formation of single-phase cubic spinel struc-
ture for all compositions, with lattice parameter values between 8.35 A
and 8.37 A and crystallite size between 7 and 13 nm. Morphological
study using HR-TEM analysis reveals the spherical structure and the
agglomeration of nanoparticles. Tauc’s plot was used to estimate energy
bandgap (E;) values of Gd>" ion doped Mg-Zn ferrites. With increasing
Gd>* ion concentration Eg values significantly decreased from 3.563 eV
to 3.521 eV. Magnetic parameters obtained using VSM revealed the
super-paramagnetic nature of synthesized samples. The magnetic
properties showed an extreme dependency with the change of Gd** ion
concentration. The superparamagnetic MZGD ferrite particles have the
potential to be used in ferrofluids and magnetic hyperthermia since they
can become magnetically activated and align with the field direction -
when under the influence of an external magnetic field. The dielectric
characteristics of synthesized MZGD ferrite nanoparticles were analyzed
in the range of 100 Hz to 100 MHz All the dielectric parameters i.e.,
dielectric constant ('), dielectric loss (¢"), and the loss tangent (tan &)
were observed to decrease sharply with an increasing frequency and also
by Gd>* ion substitution. AC conductivity measurements show strong
and exponential growth as frequency is raised from > 10 kHz. Reasons
for this rise may be the dispersion effect along with the relaxation and
reorientation phenomena. The findings discussed here are helpful for
supporting the fact that how Gd>* ion doping affects the transport
characteristics of Mg-Zn ferrites and offer applications in electrical
systems, such as semiconductor devices and electromagnetic devices
that operate at high frequencies.
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