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Abstract
Gadolinium-substituted cobalt–nickel ferrite Co0.5Ni0.5GdxFe2-xO4 (0 ≤ x ≤ 1.0) nanostructures have been synthesized by
hydrothermal approach which results more hydrophilic surface properties important for biomedical applications. Structural
analysis by X-ray diffraction revealed the formation of a single-phase spinel ferrite for all samples and crystallite size is ranging
from 13 to 28 nm. Lattice constant decreases with increasing Gd3+ ion concentration due to differences between ionic radii of
Gd3+ and Fe3+. Morphological analysis by scanning and transmission electron microscopy indicated the shape transformed from
agglomerated particles into rod-shaped with increasing Gd content. Fourier transform infrared analysis also correlated the
presence of the spinel ferrite structure. Optical band gap measurement implied that band gap decreases with increasing Gd
content. In order to determine magnetic properties of cobalt–nickel spinel ferrite nanostructures, isothermal magnetization
measurements have been obtained at 300 and 15 K using vibrating sample magnetometer. Magnetic properties are strongly
depending on Gd substitution ratio, which alters the crystallite size, cation distribution, and exchange interactions between
octahedral and tetrahedral sites of nanostructures. Saturation magnetizations decreased with increasing Gd substitution at both
temperatures since cation distribution at different sites and large lattice distortion caused by Gd3+ ion substitution. Due to
complex relations between the shape anisotropy, crystallite size, grain boundaries, secondary phases, and increasing Gd content
observed in Co0.5Ni0.5GdxFe2-xO4 nanostructures, coercivity results in different magnetocrystalline anisotropy behavior.
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1 Introduction

Spinel ferrites are significant class of ferrite materials due to their
remarkable optical, magnetic, and electrical properties [1–5]. In
the last decades, spinel ferrite nanomaterials have been attracted
due to their wide range of applications such as read/write heads
for high-speed digital tapes [6], magnetic sensors [7], permanent
magnets [8], computer components [9], information storage sys-
tems [10], magnetic bulk cores [11], high-frequency transformers
[12], biomedical applications [13], absorbing materials for mi-
crowave [14], and medical diagnostics [15]. Spinel ferrite nano-
particles are synthesized by various methods such as the auto-
combustion method and flash combustion, citrate precursor, sol–

gel, microwave-assisted, co-precipitation, and ceramic tech-
niques [16, 17]. However, above synthesis methods generally
give hydrophobic nanoparticles stabilized by nondegradable sur-
factants which have low magnetization [18]. Therefore, it is
aimed to improve hydrophilic spinel ferrite nanostructures with
controllable morphology including their size, shape, and compo-
sition with fast magnetic response. Because hydrothermal meth-
od refers to the synthesis by chemical reactions in nonaqueous
solutions, it can drastically affect the reactivity and solubility of
reactants which allows precise control of the morphology and
high-crystallinity structures [18]. In addition, the magnetic prop-
erties of spinel ferrites can easily be modulated by alteration of
chemical composition, annealing temperature and time, and dis-
tribution of cations between tetrahedral (A) and the octahedral
(B) sites [19–21].

Spinel ferrites have general chemical formula of AB2O4 in
which A occupies tetrahedral (A) interstitial sites, while B oc-
cupies octahedral (B) interstitial sites [2]. Saturation
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magnetization values of spinel ferrites with rare earth material
concentration can be interpreted by cation distribution and ex-
change interactions between tetrahedral (A) and octahedral (B)
sites. Spinel ferrites belong to three types of interactions between
A and B sub-lattices for magnetic ions such as A–A, B–B, and
A–B super-exchange interactions. To the Neel’s sub-lattice theo-
ry, A–B intra-sub-lattice interaction is stronger than the other two
interactions since local strains and the super-exchange interaction
between different ions dominantly affect the magnetic properties
[22]. Among spinel ferrite family, cobalt ferrite (CoFe2O4) is one
of the most important materials belonging to the inverse spinel
group and exhibits high coercivity along with moderate magne-
tization, mechanical hardness, high chemical stability, and its
cubic magnetocrystalline anisotropy [23–25]. Nickel ferrite
(NiFe2O4) on the other hand is soft material with low coercivity
and saturation magnetization at room temperature [26]. Both
CoFe2O4 and NiFe2O4 have an inverse spinel structure in bulk
form where all Me2+ occupy B-position (octahedral sites) and
Fe3+ ions are equally distributed between tetrahedral and octahe-
dral sites [27].

It has been shown that the addition of proper cations into the
spinel structure causes the movement of cations among the ac-
cessible two lattice sites and this movement of cations directly
affects magnetic properties of ferrites [28, 29]. Due to their high
electrical resistivity, rare earth oxides are good electrical insula-
tors, and this makes the rare earth oxides good candidates for
substitution in spinel ferrites [30, 31]. Hence, doping of the prop-
er chosen rare earth elements can promisingly modify the mag-
netic properties of spinel ferrites [32]. Many rare earth ions (like
Gd3+, Ho3+, Y3+, Nd3+, Sm3+,, etc.) are substituted in the ferrites
system, and a number of investigations have been done in this
direction [33–35]. It was found that rare earth substitution causes
structural disorder because of their larger ionic radius than that of
both Fe and Co ions. Hence, very small amount of rare earth ion
substitution changes the physical properties of ferrites [36–38].
The effect of Gd3+ ions substituted NiFe2O4 has already been
reported by Dixit et al. [39], and they indicated that introduction
of Gd3+ decreases the saturation magnetization and coercivity of
NiFe2O4. Ahmad and Farid have investigated the effects of a
small addition of Gd on the structure electric and magnetic prop-
erties of cobalt-based ferrites (CoGdxFe2-xO4). They have report-
ed that saturation magnetization increases while the coercivity
decreases with increasing Gd content [40]. On the other hand,
Peng et al. and Sodaee et al. reported that both saturation mag-
netization and coercivity of CoFe2O4 nanoparticles decrease by
introducing Gd3+ ions [41, 42]. Additionally, many studies have
reported the decrease in saturation magnetization but enhance-
ments in coercivity values by Gd3+ ion substitution in CoFe2O4

nanoparticles [16, 35, 43].
AlthoughGd3+ substitution into cobalt and nickel ferrites is

separately studied in the literature, to the best of our knowl-
edge, synthesis and magnetic properties of Gd3+-substituted
Co0.5Ni0.5Fe2-xO4 ((0 ≤ x ≤ 1.0) obtained by hydrothermal

method have not been reported. Magnetic properties of Co–
Ni ferrites can effectively enhance with Gd3+ substitution.
Besides enhancing magnetic properties, using hydrothermal
method may induce more hydrophilic surface properties that
are extremely important in biomedical applications of these
nanoparticles.

In this work, Gd-substituted cobalt–nickel spinel ferrites
were synthesized by hydrothermal method, and their structural
(XRD (X-ray diffraction diffractometer), EDS (energy-disper-
sive X-ray spectroscopy), FT-IR (Fourier transform infrared)),
morphological (SEM (scanning electron microscopy) and
TEM (transmission electron microscopy)), optical (% DR),
and magnetic (VSM (vibrating sample magnetometer)) prop-
erties were investigated. The results propose that the Gd sub-
stitution in cobalt–nickel ferrite has considerable effect on the
properties of obtained samples toward the progress of devel-
oping biomedical-based spinel materials.

2 Materials and Method

2.1 Materials

Nickel nitrate hexahydrate (Ni(NO3)2.6H2O), cobalt (II) ni-
trate hexahydrate (Co(NO3)2.6H2O) and iron (III) nitrate
nonahydrate (Fe(NO3)3.9H2O) were purchased from
Kimetsan Company, Turkey, while gadolinium (III) nitrate
hexahydrate (Gd(NO3)3.6H2O) was received from Sigma-
Aldrich and used as received.

2.2 Synthesis of Gd-Substituted Co0.5Ni0.5GdxFe2-xO4

The hydrothermal synthesis of Gd-substituted Co0.5Ni0.5Fe2O4

((0 ≤ x ≤ 1.0) nanostructures was prepared by using the stoichio-
metric ratio of iron, nickel, cobalt, and gadolinium nitrates which
were dissolved in 50 mL deionized (DI) water with vigorous
stirring. After treated with ultrasonic bath for 30 min, the pre-
pared mixture was poured into a Teflon-lined vessel and trans-
ferred into a 100-mL stainless-steel Teflon autoclave.
Hydrothermal reaction was taken place at 180 °C for 10 h. The
obtainedmixturewas thenwashed three timeswith hot deionized
water and centrifuged at 10.000 rpm for 10 min. Final solutions
were dried at 80 °C for 5 h in Nuve FN400 dry heat oven.

2.3 Characterization

The morphology and composition analysis of Co0.5Ni0.5GdxFe2-
xO4 (0 ≤ x ≤ 1.0) nanostructures were investigated by using the
scanning electron microscopy (SEM) (FEI Quanta FEG 250)
equipped with energy-dispersive X-ray spectroscopy (EDS)
and transmission electron microscopy (TEM) (JEOL JEM-
2100) techniques. X-ray diffraction diffractometer (XRD)
(Bruker D8 Advance Twin Twin) with 40 mA, 30 kV, and Cu
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Kα radiation (λ = 1.54059 Å) at room temperature over the 2θ
range from 20° to 70° was used for the structural analysis.
Fourier transform infrared (FT-IR) spectrum (Perkin Elmer BX
FT-IR spectrophotometer) was recorded from 400 to 4000 cm−1

to observe the structure of formed chemical bonds. Characteristic
of M-type hexaferrites was used for the detection of absorption
bands. Ultraviolet-visible (UV-vis) diffuse reflectance (DR%,
Agilent Cary 700 UMS) spectra were taken at 200- to 800-nm
wavelength range for determining the optical band gap of the
samples. The magnetic properties of all samples at room temper-
ature (300 K) and 15 K were measured by vibrating sample
magnetometer (VSM) (Lake Shore 7407 Series VSM) in a field
of ±20 kOe.

3 Results and Discussion

3.1 XRD Analysis

Structural analysis of Co0.5Ni0.5GdxFe2-xO4 (0 ≤ x ≤ 1.0)
nanostructures are performed by X-ray diffraction technique
in Fig. 1. XRD measurements of samples were scanned in the
2θ range between 20° and 80°. The obtained diffraction peaks
of CoFe2O4 and NiFe2O4 can be indexed to (220), (311),
(222), (400), (422), (511), and (440) with most intense (311)
reflection correlating the phase of polycrystalline cubic spinel
structure. XRD reference patterns of CoFe2O4 (JCPDS: 22-
1086) and NiFe2O4 (JCPDS: 86-2267) are very close together;
thereby, it correlates the formation of each phase yielding
Co0.5Ni0.5GdxFe2-xO4 nanostructure [26, 44, 45].

XRD measurements show that all samples have spinel
structure. The lattice constant (a), unit cell volume (V), and
crystallite size (D) taken from the broadening of the highest
(311) peak by using Scherrer method with TOPAS refinement
program were obtained as in Table 1. Nanocrystallities of all

samples are found in the range of 13–28 nm. Due to increase
in Gd3+ at cobalt–nickel ferrite structure, it leads to stress in
crystal lattice and resulted on lattice parameter increase [45].
There is also a slight shift in the diffraction line which indi-
cates that diffraction peaks are between CoFe2O4 and
NiFe2O4. The intensity peak ratios of I220/I222 and I511/I222
decrease with an increase in Gd content, which are listed in
Table 1. Furthermore, there is no trace of secondary phase for
x ≤ 0.4. This implies that the substitution of Gd3+ ions at low
concentration is completely dissolved into the cobalt–nickel
ferrite lattices. There are a small amount of orthoferrite phases
GdFeO3 (JCPDS: 74-1900) and Gd2O3 (JCPDS: 86-2477)
appeared at concentrations where Gd content is higher than
x = 0.4. Because ionic radius of Gd3+ ion (0.938 Å) is higher
than that of Fe3+ (0.67 Å), there is a solubility limit for the
replacement of Fe3+ into Gd3+ ions. This solubility limitation
results in an excess substitution of Gd3+ ions to aggregate
around the grain boundaries in the form of GdFeO3 [16] and
also separately to form Gd2O3 rod structures [46].

3.2 FT-IR Analysis

Fourier infrared spectroscopy (FT-IR) provides the exact con-
figuration of ions in the structures. In Fig. 2, FT-IR analysis at
room temperature from 400 to 1200 cm−1 shows that two
absorption bands appeared on the structure of spinel ferrites
due to vibrations of octahedral and tetrahedral metal–oxygen
ions. Since the bond length varies for metal and oxygen atoms
at both sites, it gives two different band positions. Both these
absorption bands are characteristic for spinel ferrite structures
[16]. The first frequency band, tetrahedral sites, was in the
range of 594 to 605 cm−1, while the second frequency which
is octahedral sites was in the range of 417 to 420 cm−1. When
Gd substituted in the crystal structure, replacement of Fe3+ to
Gd3+ decreases metal–oxygen bond length and resulted in
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octahedral sites to shift through higher frequency since the
large radius of Gd3+ ions occupies octahedral sites. These
higher-frequency absorptions are more apparent for higher
concentration substitutions (x > 0.4). Furthermore, the inten-
sity of absorption peaks decreases with increasing Gd addition
due to the disordered state of the ferrite samples.

3.3 SEM and EDS Analysis

In order to get information for surface morphology, the FE-
SEM images are taken for all samples. Different amounts of
gadolinium-substituted Co0.5Ni0.5Fe2O4 nanostructures are
shown in Fig. 3. It can be seen in Fig. 3 (a) that the none-
gadolinium-substituted ferrite particles are agglomerated
spherical-shaped structures. Increasing the gadolinium con-
centration on the ferrite structures results in a transformation

from agglomerated clusters to rod-shaped structures and de-
creases in the grain size [46].

Energy-dispersive X-ray spectroscopy (EDS), which is in
conjunction with FE-SEM, was used on elemental analysis for
selected samples (x = 0.2 and x = 0.6) as shown in Fig. 4. The
obtained results indicate the presence of Fe, Co, N, Gd, and O
elements in the samples with no other impurities. The increase
of the weight % of gadolinium from 15.42 to 18.44 confirms
the increasing amount of gadolinium from x = 0.2 to x = 0.6.

3.4 TEM and SAED (Selected Area Electron Diffraction)
Analysis

Figure 5 shows the HRTEM images for x = 0.6 of
Co0.5Ni0.5GdxFe2-xO4 nanostructures. Porous and rod-shaped
particles are observed along with mild to moderate agglomera-
tion. Singular fine particles are about to 15-nm average size. The
SAED patterns of the selected image are shown in the inset of the
corresponding micrograph. The SAED pattern displays two dis-
tinct diffraction planes at one sample. Both crystal phase struc-
tures are crystalline phase of (a) cobalt ferrite spinel and Gd2O3

cubic structure. The lattice fringes of 0.45 and 0.19 nm were
observed which correspond to (221) and (440) diffraction planes
of cubic phaseGd2O3, while inter-fringe distance of 0.25 nmwas
observed which is attributed to {311} planar spaces of CoFe2O4

nanostructures.

3.5 Optical Analysis

Optical properties of Co0.5Ni0.5GdxFe2-xO4 nanostruc-
tures are analyzed by using diffuse reflectance UV-
visible spectrophotometer ranging from 200 to 800 nm
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Fig. 2 FT-IR spectra of the
Co0.5Ni0.5GdxFe2-xO4 (0 ≤ x ≤
1.0) nanostructures

Table 1. Gd content and refined structural parameters (a is the lattice
constant, V is the unit cell volume, and DXRD is the crystallite size
obtained from the broadening of the highest (311) peak by using
Scherrer method) and the I220/I222 and I511/I222 ratios for the
Co0.5Ni0.5GdxFe2-xO4 (0 ≤ x ≤ 1.0) nanostructures

x a (Å) V(Å)3 DXRD(nm) I220/
I222

I511/
I222

0.0 8,345 581,137 20.97 4.043 7.425

0.2 8,352 582,601 26.79 2.219 6.176

0.4 8,361 584,486 13.73 1.670 3.749

0.6 8,373 587,007 23.11 1.455 3.327

0.8 8,389 590,378 28.22 0.998 0.880

1.0 8,406 593,975 23.04 0.830 0.789
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as shown in Fig. 6. The optical band gap energy (Eg) of
each sample was calculated by using the Kubelka–Munk
model [47]. At this model, a Tauc plot of (αhν)1/2 versus
photon energy (hν) was drawn to obtain indirect band
gap values [27].

The band gap values as determined from the graphs are
1.625, 1.598, 1.563, 1.55, 1.519, and 1.286 eV for x = 0,
x = 0.2, x = 0.4, x = 0.6, x = 0.8, and x = 1.0, respec-
tively, with Gd addition which leads to a weaker electro-
static interaction between occupied and unoccupied sites
of Co0.5Ni0.5GdxFe2-xO4 nanostructures. The decrease in
the band gap can be occurred with Gd addition by in-
creasing the electron-hole recombination due to larger
ionic radii of Gd3+ ions.

3.6 Magnetic Properties

Magnetic hysteresis loop measurements of Co0.5Ni0.5GdxFe2-
xO4 at 15 and 300K in the magnetic field range of ±20 kOe are
shown in Fig. 7 a and b. Gd-substituted nickel–cobalt ferrite
nanostructures show a ferrimagnetic nature at both tempera-
tures. Saturation magnetization (Ms), remanent magnetization
(Mr), magnetic anisotropy constant (Kα), ratio of remanence
to saturation magnetization (SQR = Mr/Ms), coercivity (Hc),
and magnetic moment (ηB) values have been obtained for 300
and 15 K and given in Table 2 and Table 3, respectively.

It can be noticed that the Gd substitution decreases the
saturation and remanent magnetization values. The lowest sat-
uration magnetization at 300 K (Ms = 3.98 emu/g) was

(a) (b)

(c) (d)

(e) (f)

Fig. 3 Scanning electron
microscope (SEM) images of
Co0.5Ni0.5GdxFe2-xO4 (0 ≤ x ≤
1.0) nanostructures for (a) x = 0,
(b) x = 0.2, (c) x = 0.4, (d) x = 0.6,
(e) x = 0.8, and (f) x = 1.0 at
constant magnification
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observed for x = 1.0 sample while Ms = 26.25 emu/g for 15K.
Due to the larger ionic radius of Gd3+, Gd is prone to occupy
octahedral sites in Co0.5Ni0.5GdxFe2-xO4 nanostructure with
increasing Gd content, which tunes magnetic properties of
samples [48]. In addition, Gd has the magnetic ordering tem-
perature of TCurie = 292 K and a lower spin-reorientation tem-
perature Tsr = 225 K [49]. Therefore, Gd is in the

paramagnetic state at 300 K. Substitution of Gd3+ ions in
nickel–cobalt ferrite lattices is equal to the substitution of non-
magnetic atoms at the octahedral sites (B), and hence, the
magnetization of B sites is reduced. The total magnetization
of nickel–cobalt ferrite is the difference between the magneti-
zation of B and A sites [50, 51]. Consequently, the obtained
saturation magnetization values of Co0.5Ni0.5GdxFe2-xO4
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Fig. 4 SEM and their corresponding EDS spectrographs of the selected Co0.5Ni0.5GdxFe2-xO4 for (a) x = 0.4 and (b) x = 0.6 nanostructures

(a) (b)Fig. 5 Transmission electron
microscopy (TEM) images and
inset image as corresponding
selected area electron diffraction
(SAED) pattern of (a) cobalt–
nickel spinel ferrite and (b) Gd2O3

nanostructures in the fraction of x
= 0.6 at Co0.5Ni0.5GdxFe2-xO4

nanostructures
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were smaller than Co0.5Ni0.5Fe2O4 inverse spinel ferrites due
to its cation distribution and exchange interactions between
octahedral (B) and tetrahedral (A) sites. In other words, grad-
ually inserting Gd3+ ions into B sites distorted ferrimagnetic
ordering and then deteriorated the strength of A–B super-
exchange interaction which decreases its saturation magneti-
zation value from 42.47 emu/g to 3.98 emu/g.

Similar effect of Gd3+ substitution is also observed at 15 K.
Saturation magnetization is reduced from 67.32 to 26.25 emu/
g as Gd3+ substitution increases from 0 to 1.0. Compared to
room temperature (300 K), Ms, Mr,, and Hc values increase at
15 K. This occurrence caused by reduced thermal fluctuations
of the magnetic moments, which is less effective in reducing
the effects of magnetocrystalline anisotropy energy.

Similar to Ms and Mr, the variation in the values of coer-
civity is obtained from the magnetic hysteresis curves at both
temperatures. Obtained coercive field values reveal that Hc

first increases until x = 0.4 and then decreases with increasing
Gd concentration. This observed variation in coercivity can be
explained considering complex relations between the shape
anisotropy, crystallite size, grain boundaries, and secondary
phases. Depending on the crystallite size and shape observed

from XRD and SEM, it tends to go through small crystallite
size which reduces the crystallographic anisotropy of unit cell.
The coercivity is inversely proportional to the crystallite size.
Besides shape anisotropy, for higher rate of Gd3+ substitution
(x > 0.4), secondary phases appeared. Presence of secondary
phases around grain boundaries of spinel ferrites inhibits the
domain wall displacement and results in an increase in coer-
civity [51]. On the other hand, increasing Gd3+ substitution
results a shape transformation from agglomerated to rod-
shaped particles which is introducing a shape anisotropy de-
pendence on the measured coercivity. Since the nanoparticles
are randomly distributed and there is no preferred orientation,
the effect of shape anisotropy decreases the total coercivity.

Magnetic moment andmagnetic anisotropy constant can be
calculated from the following formulas for the relation with
Ms and Hc as follows:

nB ¼ MwMs

5585
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a) 15 K

b) 300 K

Fig. 7 Magnetic hysteresis curves
for Co0.5Ni0.5GdxFe2-xO4 (0 ≤ x ≤
1.0) nanostructures at (a) 15 K
and (b) 300 K

Table 2. Magnetic parameters of the Co0.5Ni0.5GdxFe2-xO4 (0 ≤ x ≤
1.0) nanostructures at 300 K temperature (x, molar ratio of Gd
substitution; T, Kelvin in temperature; Ms, saturation magnetization; Mr,
remanence magnetization; Kα, magnetic anisotropy constant; SQR,
squareness ratio; Hc, coercivity; and ηB, magnetic moment)

x Ms (emu/g) Mr (emu/g) SQR Hc (Oe) ηB (μB) Kα (emf/cm3)

0.0 42.47 2.65 0.062 36.79 1.783 0.28

0.2 37.09 17.40 0.469 863.26 1.692 5.732

0.4 32.99 18.57 0.563 1701.9 1.625 10.052

0.6 19.57 9.74 0.498 1525.1 1.035 5.345

0.8 18.63 8.84 0.474 1386 1.053 4.624

1.0 3.98 1.43 0.36 934.07 0.239 0.665

Table 3. Magnetic parameters of the Co0.5Ni0.5GdxFe2-xO4 (0 ≤ x ≤
1.0) nanostructures at 15 K temperature (x, molar ratio of Gd
substitution; T, Kelvin in temperature; Ms, saturation magnetization; Mr,
remanence magnetization; Kα, magnetic anisotropy constant; SQR,
squareness ratio; Hc, coercivity; and ηB, magnetic moment)

x Ms (emu/g) Mr (emu/g) SQR Hc (Oe) ηB (μB) Kα (emf/cm3)

0.0 67.32 53.95 0.801 5027.5 2827 60,601

0.2 46.2 31.34 0.678 4989 2107 41,267

0.4 32.57 14.71 0.451 3611.4 1604 21,062

0.6 26.94 10.02 0.372 3329 1424 16,056

0.8 26.3 8.81 0.335 3606.7 1486 16,985

1.0 26.25 6.7 0.255 3503 1579 16,462
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where Mw is the molecular weight of Co0.5Ni0.5GdxFe2-
xO4 (0 ≤ x ≤ 1.0) nanostructures. The calculated nB values
and Kα of all samples at both temperatures are summarized in
Table 2 and Table 3 as well.

The decrease innB values at both temperatures indicates a
weakening of the super-exchange interaction with increasing
Gd3+ content. Magnetic anisotropy constant is related to the
coercive field. Kα gradually decreases except x = 0.8 with
increasing Gd concentration resulting in the decrease in the
magnetic anisotropy.

The squareness ratio (SQR: Mr/Ms) of each sample was
calculated for both temperatures. It can be interpreted that
SQR equal to or above 0.5 displayed that nanostructures be-
have as a single magnetic domain with uniaxial anisotropy,
while below 0.5 represented multi-domain structure [51]. As
seen in Table 2, the SQR at room temperature is around 0.563
for x = 0.4, while other samples ranging from 0.062 to 0.498
may include surface spin disorder effects [52].

4 Conclusions

Gadolinium-substituted Co–Ni ferrite powders have been syn-
thesized by hydrothermal method. Substitution of Gd concen-
tration made a drastic change in morphological, structural,
optical, and magnetic properties of Co–Ni spinel ferrite struc-
ture. XRD and FT-IR results show the phase formation of
cubic Co and Ni-spinel structure and lattice parameter de-
creased with increasing Gd3+ ion addition. SEM and TEM
micrographs revealed that the shape of the powders trans-
formed into rod-shaped structure with increasing Gd content.
For x = 1, it is seen that the morphology is almost turned into
rod-shaped structure. Optical properties of band gap energy
decrease from 1.625 to 1.286 eV with increasing ionic radii of
Gd3+ ions which lower the electrostatic interaction energy at
octahedral sites of Co0.5Ni0.5GdxFe2-xO4 nanostructures.
Cation distribution at different sites and large lattice distortion
caused by Gd3+ ion substitution decrease the saturation mag-
netization at both (300 and 15 K) temperatures which also
reduces the magnetization of the samples. Due to complex
relations between the shape anisotropy, crystallite size, grain
boundaries, secondary phases, and increasing Gd content, co-
ercivity shows as either single or multi-domain uniaxial
anisotropy.
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