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Abstract

High coercivity and saturation magnetization are well-known properties of the hard magnetic material cobalt ferrite
(CoFe,0,). There are enormous prospects for a variety of biological, electrical, and recording applications due to many of
these hard magnetic properties. The studies of Co sCu, 5., Zn ,Fe,O4 (x=0, 0.1, 0.2 and 0.3) samples using thermogravimetric,
X-ray diffraction, scanning electron microscopy, and infrared technology are reported in this work. The biggest exothermic
peaks were initially observed between 300 and 400 °C, and they were attributed to mass loss from the thermogravimetric
breakdown of the nitrate and citrate content. At (111), (220), (311), (222), (400), (422), (551), and (555), X-ray powder
diffraction patterns can be seen reflecting (440). It is discovered that the transmission bands fall within the range that was
anticipated based on the spectra. The produced compounds are equivalent in terms of morphology and particle size, but they
are somewhat aggregated as a result of interactions between magnetic nano-ferrites. Because the porosity decreases with
increasing dopant concentration, the coercivity values of the synthesized samples rise with copper content. Each compound's
resistance decreases as temperature rises, indicating that all samples exhibit semiconducting characteristics.
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communications [1-5]. With a distinctive crystal structure
and a dark-gray or black color, ferrites are brittle, rigid,
and chemically inert ceramic materials. Ferrites are highly
prized, and electrical and magnetic studies are greatly influ-
enced by their chemical composition, as well as by the many
heat treatments employed in their preparation process and
conditions including firing time, heating rate, cooling rate,
and crystal structure. The interest in ferrites began with the
search for a ferromagnetic substance with a low eddy current
loss [6-9]. Because eddy current losses are proportional to
resistivity, eddy current losses can be reduced by magnetic
materials with greater resistivity estimates [10—12].

With the chemical formula MFe,0O,, ferrites are ceramic
magnetic materials. M stands for a metal ion that is divalent,
such as iron, manganese, magnesium, nickel, zinc, cadmium,
or cobalt, among others. The spinel structure that these fer-
rites generate is named for the mineral spinel, CoFe,O,. The
main factors affecting spinel structure are the oxygen ions.
Eight MFe,0, molecules, thirty-two ions of oxygen, a close-
packed cubic structure, and ninety-six interstitial spaces
make up a spinel lattice unit cell. Among the 96 interstitial
positions, there are 64 A-tetrahedral positions surrounded
by 4 ions of oxygen and 32 B-octahedral positions, each
surrounded by 6 ions of oxygen, in that order [12—-14]. Very
few of the abovementioned locations are engaged with 24
ions of metal (i.e., 8 divalent and 16 trivalent metal ions). In
this work, we have synthesized Co, sCu, 5, Zn Fe,O, (x=0,
0.1, 0.2 and 0.3) nano-ferrites using sol—gel auto-combustion
route, and an assortment of characterization processes are
engaged to explore the structural, physical, magnetic, and
DC resistivity studies.

2 Experimental section
2.1 Materials and methodology

Using the sol—gel auto-combustion process, cobalt ferrite
with the chemical formula CoFe,0, and the copper and
zinc substituted CoFe,O, with dopant concentration x=0,
0.1, 0.2, and 0.3 have been produced. For this procedure,
raw materials such as citric acid (C4HgO-), cobalt nitrate
(Co(NOy),.6H,0, 99%), copper nitrate (Cu(NO;),.3H,0,
98%), zinc nitrate (Zn(NO,),.6H,0, 99%), ferric nitrate
(Fe(NO;);.9H,0, 99%) are used. The ratio of 1:3 between
molar metal nitrates and citric acid is maintained. Ammonia
solution is combined to maintain pH-7. After being sintered
at 900 °C for 5 h, the powder was cooled to room tempera-
ture. A two percent PVA binder was used to granulate the
sintered powder and the resulting mixes were compacted
into pellets with a 10 mm diameter and 3 mm thickness.
Now the pellets are subjected to sintering at 1200 °C for 5 h
and subsequently cooled to normal temperature.
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2.2 Materials characterization

The mass variations with heat flow were studied with TG/
DTG/DSC measurements taken from HITACHI STA 7300.
The manufactured structures were analyzed with PANalyti-
cal X’pert pro X-ray diffractometry (XRD) (CuKa energy
with wavelength 41 =1.54056 A was used). The surface mor-
phology and the chemical composition of the synthesized
materials are studied using scanning electron microscope
(SEM) and energy dispersive analysis (EDAX) on various
regions by JEOL JSM-6610L. The EDAX study established
the projected stoichiometric quantity of Co, Cu, Zn, and Fe
ions in the currently examined sample. The IR spectra were
recorded using Shimadzu spectrometer. The magnetic prop-
erties (hysteresis loop) are obtained from Lakeshore VSM
instrument at room temperature. The DC resistivity analysis
is carried out via Wayne-Kerr high frequency LCR meter
Model 65,120 between frequencies 20 Hz-1 MHz, at tem-
peratures between 303 and 453 K.

3 Results and discussion
3.1 DTG/TGA/DSC

The mass loss and thermal decomposition of made-up
Coy sCuy 5. ,Zn Fe, 0, (x=0, 0.1, 0.2, and 0.3) ferrites
were investigated using DTG/TGA/DSC experiments. Fig-
ure 1a—d shows the results of a thermal analysis of the manu-
factured samples using thermogravimetric analysis (TGA)
and differential thermogravimetric analysis (DTG). The
mass loss brought on by the decomposition of nitrate and
citrate is what is responsible for the substantial exothermic
peaks that have been observed at temperatures between 300
and 400 °C. A systematic fast decline of the curves in the
TG pattern suggests that organic material or water content
exhausts at temperatures between 30 and 400 °C, leading to
crystallization at higher temperatures. Above 400 °C, the
samples’ mass loss is modest, proving that oxides are trans-
formed into the ferrite spinel phase with crystal develop-
ment. The synthesis of ferrite may be the cause of an extra
exothermic peak that appears between 818 and 830 °C and
has the lowest mass loss. Furthermore, we assume that sam-
ples were sintered above 850 °C because no mass loss was
found above 830 °C. The DSC curve of Co sCu, sFe,0, is
different than zinc substitution curves. It may be expected
that the crystallite size is increasing with the zinc concen-
tration on account of condensation reactions that may be
accompanying heat treatment. But in view of earlier studies,
we kept the current sintering temperature over 1200 °C for
5h[15-17].
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Fig. 1 TG, DTG, and DSC curves of Co, sCu, 5, Zn Fe,0, (x=0, 0.1, 0.2, and 0.3) nano-ferrites

3.2 Structural studies

The typical variation of XRD graphs of Co, sCu, 5_,Zn Fe,0,
(x=0, 0.1, 0.2 and 0.3) is shown in Fig. 2. The most signifi-
cant lines of CoFe,0, spinel ferrite sample are effectively
indexed to single-phase cubic spinel structure synthesized
via sol-gel auto-combustion technique which is again
confirmed by JCPDS card#22-1086. The diffraction pat-
tern peaks are matched with (220), (311), (222), (400),
(422), (511), and (4 4 0) reflection planes confirming
cubic spinel structure. The similar behavior is observed in
Coq 5Cuys,Zn Fe,0, (x=0, 0.1, 0.2, and 0.3) ferrite pre-
pared with similar conditions. The parameter (a) is estimated
taking into consideration the values of inter-planar spacing
(d) and (hkl) indices depicted by Miller. The lattice constant

(@) numbers are tabulated in Table 1. Cubic structure of the
spinel class and single phase belonging to the Fd-3 m space
group is observed in the generated nano-ferrite samples.
For all the sintered compounds, XRD relieved no impurity
phase. The substituted Zn>* and Cu** content has a sub-
stantial effect on the relative strength and breadth of the dif-
fracted peaks. The crystallite size of CoFe,0, is 64 nm and
this size rises for all materials. When a spinel-like structure
is doped with zinc and copper ions, the elastic deformation
of the material causes a homogeneous strain in the lattice.
The diffraction peaks shift to a lower 260 location as a result
of this impact, changing the lattice plane spacing. Figure 3
shows the variation of lattice parameter and crystallite size
with Cu composition.
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Fig.2 XRD patterns of
Coy5Cuy 5.,Zn,Fe,0, (x=0, 0.1,
0.2, and 0.3) nano-ferrites
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Table 1 Lattice constant, crystallite size, and X-ray density of
Coy 5Cuy 5.,Zn,Fe,0, (x=0, 0.1, 0.2, and 0.3) nano-ferrites

Compound Lattice con-  Crystallite X-ray
stant (A) size (nm) density (gm/
cm’)
Coy 5Cu, sFe, 0, 8.3526 64 5.4614
CoysCuy 4Zn, ;Fe,0, 8.3559 71 5.4595
Coy 5Cuy 3Zn, ,Fe,0, 8.3567 87 5.4535
Coy 5Cuy,Zn, 5Fe,0, 8.3591 89 5.4458

The Cu, Zn, and Co ionic radii difference is responsible
for the observed crystallite size variance. According to the
literature, the lattice constant and micro strain has a simi-
lar relationship with crystallite size. The molecular weight
and volume of the unit cell were used to compute the X-ray
density of all produced materials. It drops from 5.4614 to
5.4458 g/cm’. The lattice parameter is inversely related to
the density of X-rays. Table 1 reveals an increase in lattice
constant and a corresponding fall in X-ray density with rise
in Curatio [17, 18].

By adjusting the equation previously described and using
cation distribution, it is possible to determine the mean ionic
radius of the octahedral B-site and tetrahedral A-site. The
larger Cu?* (0.72 A) ions are migrating more quickly from
the B-site to the A-site, replacing the smaller Fe** (0.67 A)
ions at the B-site, which causes the r, to fall for x=0.1 and
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Fig. 3 Variation of lattice constant and crystallite size with Cu com-
position

x=0.2. When x=0.3, Cu?* (0.72 A) begins to occupy the
A-site, replacing Zn** (0.83 A) ion, which causes the r, to
increase. The gradual rise in ‘rg’(x=0.3) results from the
gradual replacement of Cu* ions at the B-sites with big-
ger Zn”>* ions. When x=0.3, r increases rapidly, which is
caused by the migration of Cu>*ions from the B-site to the
A-site and, in turn, Zn?* ions from the A-site to the B-posi-
tion. Table 2 shows the list depicting radii of ions located at
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Table 2 Ionic radii of tetrahedral A-site (r,), octahedral B-site (rp),
theoretical lattice constant (a,,) and oxygen positional parameter (i)
of Coy sCuy 5. Zn Fe,0, (x=0, 0.1, 0.2, and 0.3)

Compound A (10\) s (1&) ay, (A) u value (A)
Co, sCuy sFe,0, 0.6299 0.6748 8.5075 0.3735
Co,sCuy4Zn, Fe,0, 0.5875 0.7870  8.5087  0.3735
Co,sCuy3Zn,,Fe,0, 05744 0.7921 85174 0.3735
Co,sCuy,Zn;5Fe,0, 0.5831 0.7935 8.5242  0.3735

the sites of tetrahedral-A (r,), octahedral-B (rg), theoretical
lattice parameter (a,;,), and oxygen positional parameter (i)
of Coq 5Cuq5.,Zn Fe,0, (x=0, 0.1, 0.2, and 0.3).

3.3 Suggested cation distribution

The examination of X-ray diffraction patterns was used to
determine the cation distribution in the current system. The
observed intensity ratios in this method were compared
with the ratios of estimated intensities. Bertaut’s research is
being done now. The cation distribution is calculated using
method. This technique chooses a few reflection pairs based
on the statement

Obs Cal
Ihkl Ihkl

Ob. Cal
Ih’ kfl’ Ih’?c’ I

where 107 and I£ are the experimental seen and theoreti-
cally deliberated intensities for reflection (hkl), in that order.
When matching up these ratios of intensity for reflections
whose intensities (1) are almost not dependent on the oxygen
parameter, (2) vary oppositely in direction with the cation,
and (3) do not significantly differ, this method yields the best
information on cation distribution.

The physical properties of the ferrite are principally
affected by the allotment of cations between the sub-lattice
A and B. The following equation is utilized to compute
the cation distribution of cobalt ferrites samples using the
CoFe,0, formula,

[CoxFel—x] [Col—xFel+x] 04

The tetrahedral and the octahedral positions are indicated
by parenthesis and bracket respectively, x is the inverse
parameter that governs the distribution of cations among the
tetrahedral and octahedral locations in cobalt ferrite samples.
Comparison of reflection intensities belonging to the calcu-
lated and observed data coming from plates (220), (311),
(400), (422), (511), (440) yields the best data on CoFe,0,
cation distribution [18, 19, 25]. The contents of Tables 3
and 4 show that Co®* ions live in tetrahedral A-site. The
Zn>* and Cu®" ions largely restore Co’" to the tetrahedral

Table3 Cation  distribution and  intensity = ratios  of

Coy 5Cuy 5.,Zn,Fe,0, (x=0, 0.1, 0.2, and 0.3)

Material Cation distribution

A-site B-site
Co, 5Cuy sFe,0,4 (Coy sFeq 1) [CugsFe; 3104
Coy 5Cuq4Zny  Fe,04  (Cug,CopsFe65) [Cug,Zng  Fe, 35104
CoysCug3Zng,Fe,0,  (CugyysCoysFegers)  [Cug sZng,Fe; 375104
Coy 5Cuq,Zny3Fe,0,  (Cugy ;CoysFeyqr) [Cuy,1Zng 3Fe; 33104

location. The suggested intensities, as well as the cation dis-
tribution are tabulated.

3.4 W-H plots

The graphs for fcos@ versus 4siné for all the synthesized
systems for ferrites are portrayed in Fig. 4. The y-intercept
magnitudes and the slopes for the graphs drawn are exploited
to guess the crystallite sizes and lattice strain values. The
lattice parameter pertaining to the experiment was deducted
by interpreting the data obtained via X-ray powder diffrac-
tion experiment by means of the 260 numbers [18]. The
increase in crystallite size reflects in the decrease of lattice
strain. High level of inconsistency was seen between the
experimentally reported lattice constant and the theoretically
calculated number. It is argued that the secondary phases
seen in the current ferrite samples may predominantly affect
structural properties leading to smaller lattice parameter
numbers when compared to reported values.

3.5 SEM analysis

The surface morphologies of the synthesized
Co(sCuys.,Zn,Fe,0, (x=0, 0.1, 0.2, and 0.3) samples
formed at 1200 °C are shown in Fig. 5. The particles consti-
tuted of nearly spherical shape with grain sizes are 3.27 pm,
3.22 pm, 1.90 pm, and 2.56 as shown in Fig. 6. XRD meas-
urements of average crystallite sizes of produced substances
are substantially smaller than SEM measurements. This
demonstrates that each particle is made up of a collection
of crystallites or grains [19-21]. According to the litera-
ture, the XRD crystallite size and SEM particle size have a
direct relationship, implying that a particle can be created
by agglomeration of crystallites. The size of the secondary
particles, which comprises several or more crystallites by
soft reunion, is the size of the secondary particles observed
by SEM. Furthermore, only the size of a single crystallite
is revealed by X-ray line broadening analysis [22-24]. Fig-
ure 5 shows also the quantitative results of EDS analysis
that is carried out on the synthesized samples. The results
confirmed the presence of all the elements i.e., Zn, Fe, Co,
Cu, and O ions in the synthesized samples. It is confirmed

@ Springer
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Table 4 Intensity distribution of

Coy 5Cuy 5. Zn,Fe,0, (x=0, 0.1, Material 20/ 1400y T2y a40) T220/L440)
0.2, and 0.3) Obs. Cal. Obs. Cal. Obs. Cal.
Co, sCu, sFe,0, 0.9298 0.9736 0.5621 0.5005 0.5550 0.5522
Co, sCuy 4Zn,, |Fe,0, 0.9164 0.9602 0.5367 0.4871 0.5416 0.5388
Co, sCuy 3Zn,, ,Fe,0, 0.9094 0.9532 0.5297 0.4801 0.5346 0.5318
Coy 5Cuy,Zn ;Fe, 0, 0.9304 0.9742 0.5507 0.5011 0.5556 0.5528
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Fig.4 W-H curves of Co, sCu, 5Zn Fe,0, (x=0, 0.1, 0.2, and 0.3) nano-ferrites

that the final composition of the sample is the same as that

of starting composition without any impurity elements.
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3.6 IRspectra

Infrared (IR) spectra of Co, sCuy s ,Zn Fe,O, series nano-
ferrites obtained in the range 200—1300 cm™' are shown in
Fig. 7. Spinel ferrites v, and v, have two distinct bands, one



Exploring the influence of zinc substitution on structural, physical, magnetic, and DC... Page 7 of 12

48

Quantitative results

Weight%

Quantitative results

Weight%

Quantitative results

Weight%

Weight%

x=0.3

Fig.5 SEM and EDS images of synthesized Co, sCu, 5., Zn,Fe,O, (x=0, 0.1, 0.2, and 0.3) nano-ferrites
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Fig.6 Histograms of Co,5Cuy 5,Zn Fe,0, (x=0, 0.1, 0.2, and 0.3) nano-ferrites

between 574 and 582 cm™! and the other between 397 and
470 cm~!. The band 1 corresponds to inherent vibrations
of stretching belonging to the tetrahedral A-positions metal
ion—oxygen bonds, which have the maximum restoring force,
while the band 2 corresponds to intrinsic bond-bending
vibrations of the octahedral B-positions metal ion—oxygen
complexes. The presence of absorption bands 1 and 2 in IR
spectra validates the single-phase cubic spinel structure of
Coy5Cuy5.,Zn Fe,0, (x=0, 0.1, 0.2, and 0.3) materials. The
values of 1 are more than 2, indicating that the tetrahedral
cluster's normal mode of vibration is greater in compari-
son to the octahedral bunch. This is endorsed to the smaller

@ Springer

A-location bond length in comparison with the B-position
ones [25, 26].

3.7 Magnetic properties

The vibrating sample magnetometer is used for reorgani-
zation of magnetic properties of the synthesized ferrites at
room temperature and is shown in Fig. 8. From the obtained
data, we can determine saturation magnetization (M), rem-
nant magnetization (M,), and coercivity (H,). The satura-
tion magnetization values, remnant magnetization values,
and coercivity values of Co, ;Cus_,Zn Fe,0, (x=0, 0.1,
0.2, and 0.3) nano-ferrites are listed in Table 5. From these
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Fig.7 IR spectra of synthesized Co,sCu, 5 Zn Fe,0, (x=0, 0.1, 0.2,
and 0.3) nano-ferrites
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Fig. 8 Hysteresis loop for Co,sCuy s ,Zn Fe,0, (x=0, 0.1, 0.2, and
0.3)

Table 5 Saturation magnetization, coercivity and remnant values of
Coy 5Cuy 5.,Zn,Fe,0, (x=0, 0.1, 0.2, and 0.3)

Material Saturation mag- Coercivity (Oe) Remnant
netization (M) (emu/g)
(emu/g)
Coy 5Cu, sFe, 0, 137.246 0.223 18.141
Coy 5Cug 4Zn, |F 132.949 0.245 15.353
e,0,
CoysCuy 3Zn, ,F 120.863 0.281 14.070
e,0,
Coy 5Cuy,Zn, ;F 114.888 0.290 9.458
e,04
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Fig.9 Variation of DC resistivity with
Coy5Cuy 5., Zn Fe,04 (x=0, 0.1, 0.2, and 0.3)

temperature  of

results, we can observe that only the particle size reduces,
and a slight increase of the magnetization will be occur-
ring [19]. The coercivity value of the synthesized materi-
als increases with copper ratio owing to the porosity fall
with rising dopant concentration. For obvious reasons, the
coercivity is manipulated by aspects such as magneto-crys-
tallinity, micro-strains, magnetic particle morphology, size
distribution, and domain size [27].

The following explanation explains how the particular
saturation magnetization of doped zinc Co, sCu, sFe,0,
evolved: spinel ferrites have the chemical formula (M,_sFe)
[MFe, 510,, where the parentheses and square brackets
denote the cation positions of tetrahedral (A) and octahe-
dral (B) coordination, respectively. The symbol denotes the
degree of inversion, which is measured as the percentage of
(A) locations taken by Fe** ions. The cations in parenthesis
have magnetic moment directions that are the opposite of
those in square brackets. The magnetic moment of each ion
for Zn**, Cu®>*, Co®* and Fe** ions is O pB, 0.5 pB, 1.5 uB,
and 5 pB, respectively. When the spinel Co sCu, sFe,0,,
the Cu®* ions are partially replaced by Zn>* ions, Zn** ions
occupy the tetrahedral-A locations, while partial Fe** ions
in the tetrahedral locations return to the octahedral-B loca-
tions. This causes an overall rise in the magnetic moment
and/or specific saturation magnetization initially and then
for higher [28-30].

3.8 DCresistivity
The plot has two straight-line parts, as seen in Fig. 9; hence,
there are two activation energies for the two distinct regimes.

The two slopes can be described by the following. When the
temperature is high, the thermal energy is enough to create
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vacancies and the activation energies are the total of the
energies needed to generate vacancies and move electrons
into them. The thermal energy is only sufficient at lower
temperatures to permit the migration of electrons into vacan-
cies that are already present in the crystal. The Neel tem-
perature or a change in the conductivity mechanism can both
affect the slope. This anomaly provides compelling evidence
that magnetic ordering affects conduction. Figure shows the
variation of DC resistivity of Co sCuy 5_,Zn,Fe,0, (x=0,
0.1, 0.2, and 0.3) nano-ferrite samples measured by Wayne
kerr impedance analyzer within the temperature range
308—403 K. From this study, we observed that the resistiv-
ity of each compound reduces with increasing temperature;
it means that it shows the semiconducting nature of all the
synthesized samples. The fall in DC resistivity with rise in
temperature can be accredited to the enhancement of hop-
ping of charge carriers between Fe?* and Fe>* ions that are
thermally activated and also to the soaring drift mobility. De-
Verwey model explicated the ferrite conduction mechanism
according to which characteristic conduction in nano-ferrites
is a result of the electron hopping among Fe?* and Fe** ion
at the B-location [31]. It is as well seen that the resistivity
falls swiftly with rising temperature that ensures that the
conductivity rises progressively [32-34].

The resistivity values for a specific ferrite do not vary
significantly between samples. Additionally, there was no
discernible change between the heating and cooling cycles
for any given pellet. A number of ferrites have DC values
between 107 and 10° S/ ¢cm close to room temperature, indi-
cating that they are effective insulators there. The figure
shows the DC temperature variations for various composi-
tions. The curves for each composition have two slopes and
a single transition that are all somewhat near to the ferrites'
Neel temperature. It is discovered that the values of Ty are
in good agreement with those discovered theoretically by
molecular field theory and experimentally using AC suscep-
tibility tests [35, 36].

4 Conclusion

In comparison to the other three materials
Coy sCuq5.,Zn Fe,04 (x=0, 0.1, 0.2, and 0.3), the synthe-
sized cobalt ferrite sample had the largest mean crystallite
size and the smallest lattice constant size at 1200 °C. The
cubic spinel structure is confirmed by the X-ray diffrac-
tion and FTIR data. With increased Cu content, the lattice
constant rises. This sample’s cation distribution exhibits
a normal spinel shape. The ferrites transmission bands
are found to be within the expected range. The produced
powders are homogeneous in shape and particle size, as
evidenced in SEM pictures, although they are agglomer-
ated to a certain extent owing to the interactions among

@ Springer

magnetic nano-ferrites. The resistivity drops swiftly with
rising temperature that ensures that the conductivity rises
progressively. The coercivity is manipulated by aspects such
as magneto magneto-crystallinity, micro-strains, magnetic
particle morphology, size distribution, and domain size. HR-
TEM and EDS data will be analyzed for future research, and
also Mossbauer studies of these ferrites could be carried out
as a part of future research.

Data availability Data is available on request to the corresponding
author.
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