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Abstract

The current study unravels the structural, optical band gap and magnetic characteristics of rare-earth
(RE) gadolinium (Gd) substituted CoGd Fe, O, (x=0.00 - 0.10, in the interval of 0.02) nanocrystal-
lites synthesized by the sol-gel self-ignition route. The XRD analysis and Rietveld refinement
confirmed the existence of a single cubic phase with a crystallite size of ~15-21 nm range, further
confirmed by HRTEM results. SEM images confirmed the well-known nano-size morphology for all
the samples. The magnetization measurements show a hard ferromagnetic nature for all specimens
within the temperature range of 20-300K. Coercivity, remanent, and saturation magnetization mono-
tonically increased with a reduction in temperature from 300K to 20K. UV-Vis absorbance results
show that the band gap energy of CoFe,O, nanoparticles (NPs) decreases with increasing Gd** ion
doping and have band gap energy values 0f2.47, 2.15, 2,02, 2.00, 1.43 and 1.95 eV for x=0.00, 0.02,
0.04, 0.06, 0.08, 0.10, respectively in CoGd Fe, O, nanoferrites. The present study reveals that
structural, optical band gap and magnetic properties could be altered by monitoring the quantity of
gadolinium in cobalt nanoferrites.
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Coercivity; Optical band gap

Introduction

Spinel ferrites are around the clock, drawing researchers’
attention due to their flexible structural, electromagnetic
properties and can be used in enormous applications of
engineering and technology at a very reasonable cost (Amiri
et al.,, 2019; Goldman, 1999; Palnisamy et al., 2019; Reddy
et al., 2016; Valenzuela, 2012). Spinel ferrites at the
nano-level offer several advantages over their bulk equal
through the improved surface-to-volume (S/V) ratio. The
increased S/V ratio in NPs leads to enhancement in various
properties like thermal, electrical, mechanical, magnetic and
optical characteristics in spinel ferrites. As the S/V ratio is
linearly correlated to particle size and resultant, it plays a
significant part in determining magneto-electric properties

like anisotropy, saturation magnetization, and dielectric
properties (Issa et al., 2013; Jahan et al., 2021).

Moreover, nanocrystalline ferrites possess high chemical
stability and high transition temperatures. Nanoferrites are
also observed as suitable recyclable materials and have
good compatibility with living systems. Because of that,
nanoferrites are being utilized in many applications in
water remediation such as photocatalysis, electronic and
magnetic devices like microwave filters, power supplies,
radiofrequency coils, transfer cores in high-frequency
microwave instruments, storage devices, and sensors
(Dippong et al., 2021; Schloemann, 2000).
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The utilities of ferrites in designing and producing recent eco
& handy magnetic devices and carriers are highly dependent
upon the cation distribution and electronic and magnetic
structures of spinel ferrites. Many research papers have been
published on different platforms on ferrites; however, cobalt
ferrite is a strong candidate due to having significant assets,
for instance, raised coercivity, giant magnetocrystalline
anisotropy, high saturation magnetization, with broad uses in
technological and electrical fields. Cobalt ferrite is the most
adjustable hard ferrite since its presentation can be signifi-
cantly changed by lattice integration with different metals,
with a partially inverse spinel structure having an Fd 3m
space group (Menezes et al., 2019; Zeng et al., 2017; Parvin
et al., 2020). Co based spinels provide a perfect platform of
reasonable, simply scalable electrocatalysts. More enhance-
ment in the different electromagnetic and chemical properties
can be done by presenting metal and oxygen ion vacancies
(Debnath ez al., 2020).

Previously many researchers have done colossal work on the
consequence of assimilation of RE trivalent ions in cobalt
ferrites. One group of researchers prepared different
RE-doped Co nanoferrites and found that saturation magneti-
zation was reduced by adding rare earth metal ions in Co
nanoferrites (Dhiman and Singhal 2019). Gd-doped Co nano-
ferrites were synthesized by another research group and
informed that as the gadolinium content increased, the
coercivity was improved, the saturation magnetization
diminished, and magnetocrystalline anisotropy constant was
improved due to crystallite dimensions effect and ions disper-
sal (Murugesan et al, 2015). The structural and transport
behavior of Gd** doped Co nanoferrites were studied and
found to have high resistivity, slight dielectric loss and soft
magnetic behavior due to Gd** substitution (Pervaiz and Gul
2012). Adding Gd** in ferrite structures results in abnormali-
ties similar to an increase in lattice boundary or microstrain
owing to ionic radius inconsistency (Sharma et al, 2021),
which causes strain and suggestively alters the structural and
transport characteristics. In continuation, Q. lin et al., study
the structural and magnetic properties of CoGd Fe, O,
(x=0.00, 0.04, 0.08) NPs (Lin et al, 2015). M-H Curve
recorded at RT only up to 1 tesla applied magnetic fields and
M-T magnetization was not recorded. So, there is a need to
investigate the magnetic properties of Gd-doped CoFeO,
nanoferrites at the higher applied magnetic field and field-tem-
perature-dependent magnetic measurements to understand the
magnetization of Gd-doped CoFe,O,NPs. Hence, the impres-
sion of Gd** ions assimilation on cobalt ferrite’s structural and
magnetic behavior is worth investigating.

Instead, nanoferrites can be effortlessly prepared using stand-
ard procedures, such as the microwave refluxing technique, a
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hydrothermal method, decomposition way, sol-gel self-com-
bustion route and chemical coprecipitation method (Su et al.,
2014; Satyanarayana et al., 2003; Mykhailovych, 2021;
Samariya et al., 2013; Kumar et al., 2015; Klein et al., 2018).
We have selected the sol-gel auto-combustion method for
producing nanoferrites because it is equated to other produc-
ing methods; this process is an economical, time and
energy-saving technique for getting the comparatively even
size of ferrite NPs (Klein et al., 2018).

This article’s main work explored the significance of gado-
linium ion assimilation in CoFe O, and its impact on the
structural, optical band gap and magnetic properties. Gd**
ions substitution influenced the cobalt nanoferrites by replac-
ing the Fe ion in the fce unit cell, which were investigated by
analyzing different characterizations. Here, we first
confirmed the successful doping of Gd in Co ferrite nano-
crystals by XRD, SEM followed by HRTEM images in
addition to typically selected area electron diffraction
(SAED) patterns, and then studied various extravagant
features intensely and systematically. SQUID magnetometry
technique was employed to find magnetic parameters like
saturation magnetization, coercivity and retentivity at room
temperature and below temperatures. UV-Vis spectroscopy
measurements were done to analyze the optical band gap of
synthesized nanoferrites samples. These analyzed properties
will enhance the utility of synthesized NPs in science and
technological fields.

Furthermore, it was shown here that the structure and magnetic
properties were interrelated. Remarkably, our results estab-
lished striking improvement in the magnetic and optical band
gap characteristics of CoGd Fe, O, nanoferrites compared to
their complement undoped CoFe,O, nanoferrites.

Materials and methods

CoGd Fe, O, (x=0.0-0.10, in an interval of 0.02) nanocrys-
tallites samples have been prepared by the sol-gel self-com-
bustion method. Sigma-Aldrich brand having a great purity
analytical grade Co, Fe, Gd nitrates and CsHsO~ have been
used as initial materials. CsHsO- was taken in 3:1 to the metal
nitrates in weight. Different metal nitrate solutions were
completed by dissolving them in distilled water. After that,
all solutions were taken in a single vessel and stirred at high
speed to attain a consistent solution. Then, the CsHsO-
solution was transferred into the mixed solution of metal
nitrates with continuous mixing. The pH of the mixer was
held above eight through accumulating NH+«OH throughout
the method. The combined mixed solution was held at the
oven’s constant temperature (80°C) with continued stirring.
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In about five hours, the solution becomes changed into a
pasty gel. Afterward, the temperature was elevated to 130 °C
before starting the self-combustion procedure. The pasty gel
converts into powder by freeing the organic deposit and
fumes. This sample was put in a furnace for a day at 300°C
for dehydration. All six samples were prepared in a similar
experimental state (Chejara et al., 2022; Patta et al., 2021;
Riaz et al., 2022).

Detection method

The phase purity has been established by X-ray diffraction
(XRD, Panalytical make X’Pert PRO system Diffractome-

ter) with CuK_ line source (A =1.5406 A) at room tempera-
ture. Diffractograms with diffraction intensity versus

Bragg’s diffraction angle (20) were recorded between 10°
to 70° (20). Further, XRD data has been analyzed with
Rietveld refinement using the Fullprof software tool. To
understand the morphology of synthesized nanoferrites,
SEM measurements were carried out on a ZEISS-made
electron microscope. A high-resolution transmission
electron microscope examined particle size (HRTEM,
TecnaiTM G2 20); the samples (a pinch) were dispersed in
ethanol and sonicated for an hour. After sonication, a drop
of the solution using the syringe was mounted on the
carbon-coated copper grid. The grid was air-dried for about
half an hour before the measurement. Magnetic hysteresis
was measured at 20, 100, 200, and 300 K using a SQUID
(Quantum Design MPMS-3), changing magnetic fields
from 50 kOe to 50 kOe. Further, field cooled (FC) and zero
fields cooled (ZFC) data were recorded with an external
used magnetic field of 100, 500, and 1000 Oe in the temper-
ature limit of 10-300 K. UV-Vis spectroscopy data meas-
urement for analyzing optical band gap was done by
Shimadzu UV-2600 spectrophotometer in the wavelength
range of 200 nm to 800 nm.

Results and discussion
XRD analysis

The primary structural characterization technique (XRD) is
used to examine the phase purity, crystallographic struc-
ture, crystal size, and lattice parameters as synthesized
CoGd Fe, O, (x=0.0-0.10, in an interval of 0.02) nanofer-
rites at 300K. XRD diffractograms have been recorded for
the CoGd Fe, O, nanoferrites series with the 20 range of
10" to 70°, presented in figure 1a. This figure concludes the
phase purity of the studied nanoferrites specimens, as all the
diffraction peaks are perfectly matched with characteristic
XRD patterns of CoFe,O, nanoferrites, which is exhibited in
the cubic spinel crystalline structure within the space group
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Fig. 1(a). XRD plots of CoGd Fe, O, (x = 0.0, - 0.10,
in an interval of 0.02) ferrite NPs at room temper-
ature, (b) Enlarged view of the (311) peak shift
with diffraction angle

of Fd 3m (JCPDS file no. 22-1086) (Naik and Hasolkar
2020). Furthermore, it can also be concluded that with doping
of Gd in cobalt nanoferrites, no additional intensity peak is
detected in the XRD pattern, which attributes successful
doping of larger radius Gd*" in the cobalt ferrites structure
(John et al., 2020). The high-intensity peaks were observed at
about 20 values of 18.380, 30.260, 35.700, 43.240, 53.570,
57.200, and 62.790, indexed as (111), (220), (311), (400),
(422), (511), and (440) planes respectively. Gd** ions in the
samples preferably reside in the octahedral (B) site. Moreo-
ver, figure 1(b) showed the (311) peak’s zoomed sight in the
20 angle from 34.5° to 36.5° of the CoGd Fe, O, nanoferrites
series, and it can be concluded from figure 1b that the upper-
most intense peak is moved in the direction of larger Bragg
angle with Gd doing in cobalt nanoferrites.

For more structural analysis, Rietveld refinement of XRD
data was performed to evaluate the lattice parameters, crystal
size, and density of these nanoferrites samples using Fullprof
software (Lal et al., 2019). Figure 2(a-f) displays the fitted
Rietveld refinement XRD patterns of CoGd Fe, O, (x=0.0 -
0.10, in an interval of 0.02) nanoferrites. As shown in figure
2(a-f), it is concluded that the Rietveld fitted patterns (solid
red lines) were perfectly matched with the experimentally
observed diffraction patterns (black points) for all the studied
samples. It can also be verified with the value of y? (Fitting
parameter), as the obtained value of %? in Rietveld refinement
is found in single-digit (displayed in Table I), which confirms
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Fig. 2. Rietveld fitted XRD patterns of CoGd Fe, O, nanoferrites; (a) x = 0.00, (b) x = 0.02, (c) x = 0.04, (d)
x=0.06, (¢) x = 0.08 and (f) x = 0.10 ferrite NPs. Observed data is shown by black dots and red solid line
is the calculated profile and the lower plot (green)t is the intensity difference curve. Bragg peak positions
are marked by vertical blue lines

Table I. Structural parameters and agreement factors for CoGd Fe, O, nanoferrites

Gd Lattice Unit cell Oxygen %2 Bragg R - Crystallite size dx
Conc. parameter volume positional factor (t) (nm) (gm/cm?)

(%) a (A) V (A%  parameter (u)

0.00 8.3750 587.4 0.2503 1.42 8.58 14.0 5.31
0.02 8.3862 589.7 0.2545 1.23 16.8 11.2 5.92
0.04 8.3723 586.8 0.2581 1.84 133 10.8 5.12
0.06 8.3792 588.3 0.2568 1.31 12.1 11.1 5.72
0.08 8.3837 589.2 0.2556 1.41 26.1 10.1 5.49
0.10 8.3845 589.4 0.2517 1.07 13.2 6.7 4.88
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the goodness of fitting the experimental data. Respectable
fitting of peak position and intensity with reasonable values
of fitting parameters (%> and Bragg R factor) confirmed the
single-phase parameters, the volume of a unit cell, and fitting
parameters of CoGd Fe, O, are displayed in Table I.

Additionally, the average size (t) of pure and Gd doped
CoFe, 0, nanocrystallites has been evaluated by the standard
Debye—Scherrer formula, as revealed below (Cullity and
Stock, 1978).

(= 09X
B B cosO

where ‘A’ represents the wavelength of the X-ray diffractom-

eter (CuK  source, i.e., 1.5406 A), ‘B’ represents the FWHM
of the Braggs diffraction peaks, and ‘0’ represents the Bragg
angle agreeing to that peak. Thus, crystallite sizes are calcu-
lated by taking the average crystalline size, corresponding to
their respective 20 and FWHM for all the nanoferrites
samples. The observed average crystalline size is given in
Table I for all the studied samples. Further, the X-ray density

(d,) is obtained by the formula (Anwar et al., 2021)

where ‘a’ represents the fcc unit cell parameter, N repre-
sents Avogadro’s number, and M represents the sample’s
relative molecular mass. Calculated crystallite size and
density amplitudes are displayed in Table I for all the
studied nanoferrites.

As shown in Table I, the average crystallite sizes decrease
with a rise in Gd*" concentration in Co Ferrite, which the
following facts could explain. First, because of the greater
ionic radius of Gd** ion (0.938 A) equated to Fe** ion (0.645
A), the substitution of Gd** in place of Fe** in CoFe,0, leads
to lattice strain which produces internal stress. The internal
stress tries to stop the growth of NPs, resulting in a lessening

Fig. 3. SEM analysis of CoGd Fe, O, nanoferrites; (a) x = 0.0, (b) x = 0.02, (¢) x = 0.04, (d) x= 0.06, (¢) x = 0.08

2-x 4

and (f) x = 0.10 ferrites NPs at 200 nm resolution with 50 KX magnification factor
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crystalline size with growth in Gd** concentration in Co
ferrite. Further, it is reported that more energy is required to
form a Gd-O bond compared to a Fe-O bond. Hence, more
energy is needed in crystallization, and growing NPs in Gd
substituted ferrites than undoped ferrite (Zhao et al., 2006).

SEM analysis

Moreover, the morphology of as-synthesized cobalt nano-
crystals is illustrated by SEM micrographs at room temper-
ature. Figure 3(a-f) depicts the SEM micrographs of CoG-
d Fe, O, (x=0 to 0.1, Ax=0.02) nanoferrites series. SEM
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(Carl-Zeiss EVO 18) analysis has been executed at a high
resolution of 200 nm with a 50 KX magnification factor.
SEM micrographs clearly show that cobalt nanoferrites and
Gd doped cobalt nanoferrites have asymmetrical morphology
and un-prominent grain boundaries. Agglomeration is also
observed in certain particles because of magnetic interac-
tion among particles (Jiang and Yang, 2009). The cluster of
particles is extra noticeable in Gd doped nanoferrites parti-
cles. It may be because of the deposition of Gd** ions at
grain boundaries. Due to this aggregation, a reduction in
particle size occurred with Gd doping in cobalt nanoferrites,
further confirming the crystallite size estimated from XRD

100
d) CoGdg oFe 000,

Av. Particle size = 8 nm

\

Mowol pearticles

10 15 20
Particle size (nm)

Fig. 4. HRTEM analysis of nanoferrites; (a) HRTEM micrograph of CoFe,O,, (b) HRTEM micrograph
of CoGd,, Fe O, () fitted histograms for CoFe, O, (d) fitted histograms for CoGd, Fe, , 04,

0.10

(¢) HRTEM micrograph of CoFe, O, at 2 nm resolution
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outcomes. The average particle size obtained from all the
studied specimens by SEM analysis is in the nm range,
confirming the successful formation of NPs.

HRTEM analysis

The additional information about the structure and morpholo-
gy of CoGd Fe, O, nanoferrites are exemplified by the
HRTEM microstructural analysis, shown in figure 4.
HRTEM micrographs depict the formation of very crystalline
ferrites NPs with variable crystal size and shape. Strong
agglomeration tendency of the particles, clearly noticeable in
HRTEM micrographs (figure 4a and figure 4b), which further
agree to SEM microstructural images. Higher agglomeration

(400)
(311)
(220)
(111)

is a general tendency of nanoferrites by reason of robust
inter-particle interaction (Valenzuela, 2012). Additionally,
the average crystallite sizes were obtained by the size disper-
sal histogram fitted with a Gaussian function for CoFe O,
and CoGd, Fe, ,,O, nanoferrites exposed in figure 4c and
figure 4d, correspondingly. The synthesized nanocrystallite
size varied within the 2-40 nm range and looked like a spheri-
cal type shape. The average crystalline size is 15 nm and 8
nm for CoFe O, and CoGd,,Fe, , O, nanoferrites, respec-
tively, using a size distribution histogram, which is in good
agreement with that obtained through the Debye—Scherrer

formula using XRD data.

It can also be concluded with the size distribution histogram

(b) (440)

I'E
1511)

Fig. 5. Selected Area Electron Diffraction (SAED) patterns of CoGd Fe, O,; (a) x=0.00, (b) x=0.10, (c) TEM
micrograph of CoFe,O, at 10 nm resolution, obtained dhkl corresponds to (111) plane and (d) TEM

micrograph of CoGd

0.107 7190 — 4

Fe . O, at 10 nm resolution, obtained dhkl corresponds to (111) plane
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that crystalline size is reduced with Gd doping in cobalt
nanoferrites, which is further in excellent agreement with the
XRD result. Moreover, a 2 nm resolution HRTEM micro-
graph of CoFe,O, nanoferrites confirmed the absence of any
defects in the sample at an atomic level, see figure 4e.
Figures 5a and 5b present the bright, distinctive selected area
electron diffraction (SAED) ring pattern of CoFe,O, and
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CoGd,  Fe, O, nanoferrites, respectively. These SAED

patterns of studied nanoferrites contain concentric rings with
irregular spots. These bright spots correspond to confirm the
crystalline nature of nanoferrites. These concentric rings are
also index-able (like XRD) and marked correspond to (111),
(220), (311), (400), (422), (511) and (440) Bragg planes,
agreed to the spinel ferrite fce crystal structure within Fd3m
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Fig. 6 (a-f). Magnetization (M) versus applied magnetic field (H) hysteresis loop of CoGd Fe, O, (x = 0.00- 0.10, step
size 0.02), measured at different shown temperatures and Expanded view shown in insets, (g-h) for various Gd**
ions concentrations at temperatures 300K and 20K, respectively
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space group (JCPDS file no. 22-1086) (Naik and Hasolkar
2020). The inter-atomic d-spacing values are obtained by
measuring the diameters of these concentric rings for studied
nanoferrites. The inter-atomic d-spacing values correspond-
ing to the (111) plane are 4.83A and 4.97A for CoFe,0, and
CoGd, , Fe, ,,O, nanoferrites, respectively. HRTEM micro-
graph at a high resolution of 10 nm also confirmed the
crystalline uniformity of CoFe,O, and CoGd, Fe, , O, nano-
ferrites, see figures 5c and 5d, respectively. Thus, HRTEM
microstructural analysis further established the phase purity
and crystalline property in the spinel ferrite NPs within the
fce lattice (Praveen et al., 2016; Nandan et al., 2019; Choud-

hary et al., 2021).
Magnetization analysis

The magnetic measurements of synthesized CoGd Fe, O,
(x = 0 to 0.10 with 0.02 interval) ferrites NPs were
performed using the quantum design make SQUID down to
10K temperature and a maximum of +5 Tesla magnetic
fields. Figure 6 (a-f) depicts the relation between
magnetization and magnetic field, measured at various

constant temperatures of 20K, 100K, 200K, and 300K for
all the CoGd Fe, O, nanoferrites (x = 0.0- 0.10, in an
interval of 0.02). As the magnetization reaches the
saturation edge, the perfect saturation occurs at the
maximum field of +5 Tesla. It is evident from the
isothermal M-H curves of all the studied samples that the
nature of all the samples is hard ferromagnetic with high
coercivity at 20 K. Insets of figure 6 (a-f) show an
extensive view of the isothermal magnetization curve in
the low magnetic field region around the origin for all the
nanoferrites. From M-H curves, the saturation
magnetization (M), coercivity (H.), and remanent
magnetization (M) amplitudes are illustrated in Table II
for all the studied nanoferrites. Also, figure 7 shows the
varied saturation magnetization, coercivity, and
remanence magnetization at the different temperatures for
the CoFe,O, nanoferrites. It depicts that the coercivity,
remanent, and  saturation magnetization value
monotonically increased with a temperature decrease
from 300K to 20K. Furthermore, the saturation
magnetization in Bohr magneton units (ng) of the studied
nanoferrites was calculated by the formula given below
(Shirsath ef al., 2011; Lal et al., 2020).

Table II. Magnetic parameters for CoGd Fe, O, (x = 0.0, 0.02, 0.04, 0.06, 0.08 and 0.10) nano ferrites measured

at different temperatures

Gd Concentration (x) in  CoGd xFe2-xO4

x=0.0 x=0.02 x=0.04
T(K) Ms Hec M, Ms Hec M, Ms Hc M,
(emu/g)  (kOe) (emu/g) (emu/g) (kOe) (emu/g) (emu/g) (kOe) (emu/g)
300 70.7 1.21 23.7 73.0 1.22 20.2 40.4 1.18 9.9
200 75.5 3.56 38.5 77.2 3.27 32.1 43.6 2.95 16.3
100 76.0 9.05 51.8 78.9 9.10 48.1 44.5 8.34 26.0
20 78.5 13.4 58.8 79.1 14.6 55.1 45.2 13.96 30.2
Gd Concentration (x) in  CoGd xFe2xO4
x=0.06 x=0.08 x=0.10
T(K) Ms Hc M: Ms Hc M: Ms Hc M;
(emu/g)  (kOe) (emu/g) (emu/g) (kOe) (emu/g) (emu/g) (kOe) (emu/g)
300 48.5 1.25 14.0 45.2 0.98 10.1 42.1 1.04 9.5
200 52.3 3.30 23.0 493 2.80 17.1 45.8 2.67 15.2
100 53.8 9.12 333 51.0 8.50 27.9 47.9 8.00 24.9
20 55.8 14.6 38.2 53.8 14.7 33.9 51.9 13.8 30.7
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Table III. Magnetic parameters for CoGd Fe, O, (x = 0.0, 0.02, 0.04, 0.06, 0.08 and 0.10) nano-ferrites

measured at room temperatures

Gd Concentration (x) in  CoGd xFe2xO4

Parameters x=0.0 x=0.02 x=0.04 x=0.06 x=0.08 x=0.10
ns (1B ) 2.97 3.09 1.72 2.09 1.96 1.84
K ( x10%) emu Oe/g 87.2 90.8 48.6 61.8 45.2 44.6
M./Ms 0.33 0.27 0.24 0.28 0.22 0.22
x=0.00 The CoFe,0, is an inverse spinel [Fe’], [Co*'Fe*],0, and
the whole Gd*" preferentially occupies the octahedral B site
60 " :‘Il' mainly due to a larger ionic radius, which can be demonstrat-
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Fig. 7. Saturation magnetization M, Coercive field H,
Remanent magnetization M_versus temperature, for
CoFe,0, (x=0.00) sample

_ My xMg
B ™ 5sg5
where and M, represents the molecular weight and saturation
magnetization, correspondingly. As shown in Table III,
overall decreasing behavior in the value of was observed
with increasing Gd**ions content.

ed as [Fe’], [Co*Gd* Fe3*(l_x)]BO4. The total magnetic
moment (M) of the whole lattice is given by the formula M =
M,-M,, where M, and M, are magnetic moments of A and
B sublattices, correspondingly. In the magnetization
process, A-A and B-B interactions are feeble compared to
A-B interactions in the spinel lattice (Lal et al., 2021).
Therefore, the doping of Gd** ions on the B site reduces
the magnetization of octahedral sublattices. Hence, net
magnetization decreases on increasing Gd** concentration
further, and hence the saturation magnetization reduces
with a surge in Gd*" content, as shown in figure 7 and
Table II (Kadam et al., 2020; Sahanashree ef al., 2018;
George et al., 2020). It is also clearly reflected in Table 11
that as Gd** content rises, coercivity (H) and remanence
magnetization (M) values also decrease.

Additionally, temperature-dependent dc magnetization
measurement has been accomplished within the tempera-
ture range of 300K to 10K in two modes, i.e., zero-field
cooled (ZFC) mode and in field cooled (FC) mode under
the influence of 100 Oe, 500 Oe, and 1000 Oe external
applied magnetic fields were revealed in figure 8 (a-f) for
CoGd Fe, O, nanoferrites. From the figures, it can be
seen that a considerable broadening in ZFC and FC
curves confirmed that the relaxation mechanism of
magnetic dipole moment occurred in all the samples
(Aravind et al., 2015). Furthermore, no blocking mecha-
nism is found in ZFC mode up to room temperature,
which suggests that all the samples are not superpara-
magnetic up to room temperature, which is also ascer-
tained from their hysteresis curves. Furthermore, it can
be concluded that the significant broadening in ZFC and
FC protocol measurements confirmed the highly aniso-
tropic nature of the synthesized nanoferrites (Kumar et
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Fig. 8. FC-ZFC curves for different value of Gd (x = 0.0, 0.02, 0.04, 0.06, 0.08 and 0.10) in CoGd Fe, O,

nanoferrites

al., 2014). Moreover, figure 8 (a-f) reveals that the aniso-
tropic nature is decreased with Gd doping in studied cobalt
nanoferrites (Table III). Magneto crystalline anisotropy
constant (K) was calculated by the formula K= (M x
H_.)/0.98. The lower value of squareness ratio (SQR), as
shown in Table III, indicates the easy reorientation of
magnetization direction to the nearby, easy axis of magneti-
zation. As observed in Table III, Gd doped Co nanoferrites
samples have less SQR than pure Co nanoferrites (Assar et
al., 2015).

Optical band gap analysis

The UV-Vis spectroscopy inspected the Gd doped and
undoped cobalt nanoferrites samples at room temperature at
200-800 nm. Figure 9 displays the Kubelka—Munk—Tauc
plots of the Gd doped cobalt nanoferrites samples. The
band-gap energies (Eg) were attained by extrapolating the

straight line of the plot of [F(R)hv]*versus hv to [F(R)hv]? =
0 axis. The values of the direct optical band gap varied from
2.47 to 1.43 eV, as shown in figure 9. The band gap decreas-
es with increasing Gd content in samples. Typically, band
gap values rely on crystallite size, doping element, impuri-
ties etc. The declining nature of the band gap value in figure
9 can be understood based on the important part of Gd (4f7)
electrons in CoGd Fe, O, ferrites NPs These electrons can
provide a donor state underneath the conduction band
(C.B.) which supports the transfer of electrons from the
lower energy valence band to higher energy C.B. via this
state (Mansour et al., 2020). Consequently, the optical band
gap of CoGd Fe, O, ferrites NPs shows a reducing tenden-
cy with Gd/Fe doping process. So, Gd*" ions in the place of
Fe’* ions can regulate the energy band gap values of CoGd__
Fe, O, ferrites NPs. To available literature, there is no
report about band gap lessening related to CoFe O, ferrites
NPs doped with Gd ions (Abdoa and El-Dalya, 2021).
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Fig. 9. Plots of [F(R)hv]* of CoGd Fe, O, ferrites NPs
with x = 0.0, 0.02, 0.04, 0.06, 0.08 and 0.10. The
linear extrapolation of [F(R)hv]’> versus hv to
[F(R)hv]? = 0 axis

Conclusion

We have successfully synthesized Gd doped cobalt nanoferri-
tes series, i.e., CoGd Fe, O,, by the sol-gel self-combustion
method. The XRD analysis established the effective place of
the bigger rare-earth cations in the spinel environment. More-
over, XRD results confirmed the presence of single-phase
ferrite NPs of ~15-21 nm sizes and crystallized in the cubic
spinel structure. SEM images depicted the well-known nanos-
tructure type morphology for all the studied samples.
HRTEM results and SAED pattern show the studied samples’
crystalline properties and phase purity, which reconfirmed the
XRD outcome. Increasing Gd** concentration in studied
cobalt ferrite NPs led to a reduction in average particle size. It
may be attributed to internal lattice stress and bond energy of
Gd**-O% in nanoferrites. The magnetization measurements
show that all the studied cobalt ferrite NPs are hard ferromag-
netic within the temperature range of 300-20K. In addition,
magnetization measurements also showed that magnetic
properties are highly sensitive with Gd doping in CoGd_
Fe, O, ferrites NPs. Studies show that saturation magnetiza-
tion, coercivity, and remanent magnetization values decrease
with increased Gd** concentration. Moreover, Coercivity,
remanent magnetization and saturation magnetization mono-
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tonically increased with decreasing temperature from 300K to
20K. The optical band gap analysis shows that the band gap
decreases with increased Gd content. This property may be
used to improve the photocatalytic efficiency for water reme-
diation. This study put cobalt ferrite NPs in significant materi-
als for utilization in spintronics, photocatalysis, photovoltaics
and optoelectronics. The present study revealed that structural
and magnetic properties could be changed by monitoring the
quantity of Gd in cobalt ferrite NPs.
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