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Abstract

Coy sMg 5s.,Cu,Fe,0, (x=0.0, 0.2 and 0.4) nanoferrites were prepared by sol-gel auto combustion method. XRD, FT-IR, and
HRTEM studies revealed the single-phase spinel cubic crystal structure of all samples with Fd-3 m space group. The lattice
constant, calculated using the XRD data, was found in the range 8.3936-8.4735 A. The average crystallite sizes were found
to be in the range of between 38.8 and 49.9 nm. The microstructural behavior and elemental composition of all samples were
detected by FE-SEM and EDS, respectively. FTIR curves showed two absorption bands v; with higher frequency and v, with
a lower frequency, indicating metal cation and oxygen bond stretching at tetrahedral and octahedral sites. DC resistivity was
decreased with increasing the content of copper. VSM study confirmed the ferrimagnetic behavior of all samples. The values
of remnant ratios obtained from VSM data showed their isotropic nature forming single domains ferrimagnetic particles
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1 Introduction

The ferrites are ceramics materials made up of a large
amount of Fe,O; blended with a small number of other
elements like barium, cobalt, manganese, nickel, and zinc
[1]. Their ferrimagnetic behavior is famous for making
permanent magnet used in refrigerator, loudspeakers, elec-
tric motors, etc., due to their high coercivity or difficulty
of demagnetizing and termed as hard ferrites and in high-
frequency inductors, transformers, antennas, microwave
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components, etc., due to their low coercivity or easily
demagnetize and termed as soft ferrites [2—4]. At the same
time, cobalt ferrites are hard ferrites. Many ferrites have spi-
nel structures in the form of AB,0,, A, and B are metal cati-
ons. ‘A’ cation covers 1/8th of the holes belonging to tetra-
hedral positions, and ‘B’ cations include ¥z of the octahedral
holes, i.e., A**B,**0,*". Cobalt ferrites (CoFe,0,) are hard
ferrimagnetic materials. They are accessible to synthesis and
have a simple structure for analysis. They have sizeable mag-
netocrystalline nature, wider coercivity, medium magnetic
saturation, chemically stable, mechanically strong, and high
electrical resistivity [5—7]. The spinel-type ferrites are set
up in various biomedical, catalysis, wastewater purification,
and industries [8].

In contrast, MgFe,O, ferrite is a soft one with a magnetic
moment lower than other spinel ferrites [9]. Here, Mg*" ions
want to stay in the octahedral site and have no magnetic
moment. Few magnetic anisotropies are consequently the
occurrence of Fe** ions.

The saturation magnetization and real part of perme-
ability increase when divalent magnetic cations like Co,
Ni, etc., are substituted by non-magnetic cations like Mg,
Cu, etc., up to 50%. The allocation of the cations in the
sample is greatly affected by the synthesis procedure [10].
These days, researchers employ various synthesis techniques
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such as sol-gel auto-combustion technique among hydro-
thermal, co-precipitation, electrodeposition, glass crystal-
lization, solid-state reaction technique, and solvothermal,
ultrasonic spray pyrolysis and microemulsion, etc. [11-13].
The sol—gel auto-combustion method is more comfortable,
efficient, and faster than others for producing a large amount
of homogeneous product [14].

In the present work, sol—gel auto-combustion method was
utilized to make Co, ;Mg s.,.Cu,Fe,O, (at x=0.0, 0.2 and
0.4) nanoferrites. The structural, morphological, magnetic,
and dc resistivity properties of all nanoferrites were investi-
gated using advanced characterization techniques. This is the
first report about Co, sMg, sFe,0,, Co, sMg ;Cu, ,Fe,0,,
and Co, sMg Cu, 4Fe,O, nanoferrites synthesized by the
sol-gel auto-combustion method to the knowledge of the
authors.

2 Experimental details

Cobalt nitrate hexahydrate of analytical grade of 99%
purity [Co(NO;),-6H,0], zinc nitrate hexahydrate
[Zn(NOy), 6H,0], nickel nitrate [Ni(NO;),-6H,0], magne-
sium nitrate hexahydrate [Mg(NO;),-6H,0], ferric nitrate
[Fe(NO3);-9H,0] are mixed with the same grade of citric
acid monohydrate [C;HgO4-H,O] in 1:1 M ratio. The pri-
mary function of citric acid is to segregate metal ions, make
a homogeneous colloidal solution and reduce the prepara-
tion temperature. The interaction between oxygen and metal
ions controls the precipitation of metal nitrates during water
dehydration. The addition of ammonia neutralizes the mixed
solution to pH-7 and supports forming a gel by increasing
the solubility of metal ions. The distilled water is added to
the metal nitrates at their optimal to make a clear solution.
The resultant is stirred continuously at around 150 °C for the
gel formation. The excess water in the gel is dried generally
to remove excess water and powdered finely by agate mortar
and pestle. The powder is sintered for 3 h continuously at
1000 °C. The disk-shaped pellets are made ready after sub-
jecting the powder to 5 tons of pressure.

The structural data, including lattice parameters and
crystallite size of the ferrite sample, were examined with
XRD (PANalytical XPert PRO diffractometer with 1.5402
A CuKa radiation step size of 0.008). The morphology
and chemical compositions were studied with Scanning
Electron Microscope (Carl Zeiss, EVOMA 15, Oxford
Instruments, Inca Penta FETx3.JPG instrument) and
attached Electron Dispersive X-ray (EDX). Transmis-
sion Electron Microscopy (TEM) (Hitachi H-8100) the
accelerating TEM voltage was nearly 200 kV. FTIR (IR
Prestige21 Shimadzu) confirms the chemical and struc-
tural changes. VSM (1T) at room temperature gives the
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Magnetic measurements. DC electrical resistivity was esti-
mated, employing two probe procedures in the temperature
range of 30°C and 215°C.

3 Result and discussion

The X-ray diffraction pattern of Co,sMg, 5., Cu Fe,O,
(x=0.0, 0.2 and 0.4) powdered nanoferrites sintered at
1000 °C for 3 h brought about via sol-gel technique with
auto-combustion is displayed in Fig. 1. Every peak is indexed
about the standard pattern JCPDS card Nos. 79-1744 and
"73-2410 for the nanoferrites CoFe,0, and MgFe,0,, respec-
tively, and found to be (220), (311), (400), (442), (511), and
(440) [15]. These indexes represent reflections belonging
to the f.c.c cubic structure. Other than these reflections, no
additional phases were recorded in the XRD pattern. The
patterns are indexed with all the planes indicative of spinel
cubic crystal structure with the space group of Fd-3 m.

The phase and lattice parameter of the sample was iden-
tified by the powder X-ray diffraction method. The inten-
sity of the diffracted beam and the angle of diffraction in
terms of angular width (20) in the range 10°-70° are as
shown in the figure. In the figure, the sharp and narrower
peaks show that the sample has a high crystalline nature.
Also, the shifting of peaks toward the lower value of 20
with the rise in the density of Cu reveals the respective
increment of the lattice parameter.

The X-ray diffraction pattern (371) gives the crystallite
size using an online calculator. The lattice parameter, a,
of the Co, sMg, 5.,Cu,Fe,0, powder samples is calculated
with the following relation [16]:
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Fig. 1 XRD design considered for Co, sMg, 5 Cu, 4,0, nanoferrites
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where d represents interplanar spacing for the (hkl) plane,
values of 8 and d are obtained from the experiment based on
Bragg’s diffraction law.

The lattice parameters estimated are tabulated in Table 1.
The ionic radius of Cu** (0.73 A) is more significant than
that of Mg?* (0.72 A). So, the lattice constant after doping
with Cu?" increases [17]. The graph between lattice constant
a of Co, sMg, 5.,.Cu,Fe,0, (x=0.0, 0.2 and 0.4) and Cu den-
sity (x) is as shown in Fig. 2.

The maximum peak from the XRD pattern (3717) is con-
sidered for the calculation of crystallite size with the help
of a calculator depending on Scherer’s formula. The more
significant separation of diffraction peaks (Fig. 1) indicates
a smaller crystallite size of the samples. The broadness of
the peak decreases with increasing Cu content which shows
increasing crystallite size. Scherer’s formula is given as [18]:

094
3= Beoso 2

where Dj;,; is the crystallite size, A denotes X-ray wave-
length exactly of 1.5406 A, p represents full width at half
maximum (FWHM) of (317) peak, and € symbolizes angle
of diffraction. =4/ ﬂexpz - ﬂmstz is the FWHM in radians
where B, is the experimental FWHM and p;, is the instru-
mentation broadening factor. Its value is 0.06° for silicon
powder used as a standard sample. The peak (3117) obtained
by Gaussian profile fit and crystallite size of samples under
consideration are revealed in Fig. 1. The plot between crys-
tallite size and Cu concentration (x) of Co,sMg, sFe,O,
samples is displayed in Fig. 2.

As we have seen from Fig. 2, lattice constant increases
and then decreases, but crystallite size always increases
with Cu®* concentration increasing. The lattice parameter is
observed to increase up to x=0.2, and for higher copper con-
centrations, it decreases. An increase in the lattice constant
with increasing copper concentration is expected because
of the large ionic radius of Cu>* (0.73 A) compared to that
of Mg>* (0.72 A). Thus, the decrease in a for x>0.2 may be
due to the transfer of Co** ions from octahedral sites to tet-
rahedral sites without bringing phase change because of the
increased concentration of copper ions [19]. Additionally,
the lattice parameter does not depend on ionic radii alone
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Fig.2 Variation of lattice constant and crystallite sizes with Cu con-
centration for Co, sMg, 5_,Cu, Fe,0, nanoferrites

but also the contributions from many other factors such as
the long-range attractive Coulomb forces, bond length, etc.
The proportion increase in crystallite size may be due to
the uniform distribution of Mg and Cu ions. The calculated
crystallite sizes are in the range of 38.83 to 49.94 nm.

The FESEM gives images of the physical texture and
morphology of Coy sMg 5..Cu Fe,0, (x=0.0,0.2, and 0.4)
of the mixed ferrite material. The images are as shown in
Fig. 3. In the figures, the crystal grains are clear and inho-
mogeneous in shape and size. The decrease in agglomeration
with a concentration of Cu®* may be due to non-magnetic
dopant addition in place of magnetic cations, and the syn-
thesis condition [20]. The pores and voids are created after
releasing gases in the synthesis process.

The value of the grain size of Co, sMg s .Cu,Fe,0, sam-
ples is listed in Table 1. Here, the grain size increases with
increasing Cu concentration. Since Cu has a larger ionic
radius than Mg, there is a more considerable volume expan-
sion by which the density of X-rays is lowered. Neverthe-
less, the bigger atomic weights of Cu overcome the volume
expansion and reduce the density [21]. As a result, the grain
size keeps increasing.

The increase in Cu concentration in each synthesized
sample and its percentage of the elemental composition is
shown by the EDS spectra, as shown in Fig. 4a to d. Histo-
gram for elemental weight composition is shown in Fig. 5,

Table 1 Structural parameters

Composition Lattice con-
for Coy sMgy 5.,Cu Fe,0, A

Cell Volume (/&3)

Crystallite size Space group Grain size (um)

. (x) stant (A) (nm)
nanoferrites
0.0 8.394 591.3541 38.83 Fd-3m 0.45
0.2 8.474 608.3949 47.17 Fd-3m 0.50
0.4 8.469 607.4015 49.94 Fd-3m 0.55
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Fig.3 SEM images of Co, sMg 5s.,Cu,Fe,O, nanoferrites

and it is listed in Table 2. It agrees with the stoichiometric
composition. The spectra have shown the appropriate ratios.

The morphology and structure of the prepared
Coy sMg 5. ,Cu,Fe,0, (x=0.0 and 0.2) ferrite samples are
confirmed by HRTEM as shown in Figs. 6a to c and 7a to
c. The results agreed well with the previous ones [22]. The
selected area electron diffraction (SAED) gives the spotty
ring pattern with cubic structure nanoferrite [23]. The par-
ticle sizes decreased with increasing Cu content. Mean
particle size and interplanar distance d from HRTEM and
crystallite size and d from XRD agree well. Similarly, the
SAED ring pattern of the samples resolved at (220), (311),
(400), (422), (511), (440) reflections agrees with that in the
XRD pattern.

It helps to identify the chemical functional group analyti-
cally in both liquid and solid phases. The specific feature
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creates infrared absorption due to the molecule’s electric
dipole moment change due to its bond’s expansion and
contraction. The infrared spectra of Co, sMg 5,Cu,Fe,O,
sample for the concentrations (x=0.0, 0.2 and 0.4) are as
shown in Fig. 8. The two strong absorption bands are seen
on the IR curve in Fig. 8 of sintered powder. The two bands
v, with higher frequency (octahedral complexes) and v, with
lower frequency (tetrahedral complexes) indicate that metal
cation and oxygen bond stretching M, <> O and M, <> O
with respective force constants K, and K, at tetrahedral and
octahedral sites, respectively [24, 25]. Their values are tabu-
lated in Table 3.

The vibrating sample magnetometer (VSM) is utilized
to find the magnetic properties of a material. Their hys-
teresis loops for respective concentrations obtained from
VSM under the field of + 10,000 Oe are shown in Fig. 9.
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Fig.4 EDS spectra of Co, 5Ni, 5., Cu,Fe,0, nanoferrites

The S-shaped hysteresis loop indicates that the sample is fer-
rimagnetic, and the higher coercive value of these samples
indicates them as hard ferrimagnetic ferrites [26, 27]. Higher
the retentivity (lower coercivity), it is more strongly magnet-
ized and more rapidly loses its magnetism. The magnitude
of saturation magnetization first rises, becomes maximum
and again declines with increasing Cu concentration. The
exchange interaction between the ions belonging to tetra-
hedral and octahedral positions may cause this effect. The
particle and magnetic domain size reduction decreases the
coercivity and hence H, [28-30].

The measured values of saturation and remnant magnet-
ization (M, and M,), coercive field (H,), the experimental

and theoretical importance of Bohr magnetron (uy), and
anisotropy constant (K) of Co, sMg, 5., Cu, Fe,O, samples
of all concentrations are in Table 4.

The remnant ratio (R=M,/M,) below 0.5 shows the
isotropic nature of the materials forming single domain
ferrimagnetic particles [31]. Ferrites have high M, and
moderate H, [18] required for magnetic recording media
[32]. It is clear from Fig. 10 shows that saturation, rem-
nant magnetization increased with x up to 0.2 and then
decreased with further doping 0.4, and coercivity values
are increased with increasing concentration.

As can be seen, the saturation magnetization of
undoped Co-Mg ferrite is (x=0.0) 13.81 emu/g and
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Fig.5 Histogram for elemental weight composition of

Co, sMgy s.,Cu,Fe,0, nanoferrites

increases to a maximum value of 42.95 emu/g (x=0.2),
and then decreases for higher concentrations. Magnetiza-
tion in nanoferrite is known to be strongly influenced by
the site preference of the ions in the spinel lattice. So,
Cu®* ions are preferential to occupy the A-sites, while
Co?* and Mg?* ions have a strong preference to occupy the
B-sites. Fe** ions show preference for the B-sites. On fur-
ther increasing the concentration of Cu in Co-Mg-Fe,0,
nanoferrite, it is due to the dopant Cu®* ions, which prefers
to occupy the octahedral sites pushing Fe** to the A-site,
which in turn decreases the value of M. Similar variation
in the result of magnetization is reported by others [33].
The initial permeability decreased for lower frequencies
(1-50 MHz) and remained almost constant at a higher fre-
quency (up to 50 MHz) with a copper concentration at room

Table 2 Conformation of

Composition x=0.0 x=02 x=04

elements of each sample of

Co, sMg, 5s..Cu,Fe,0, analyzed Elements Wt. % At. % Wt. % At. % Wt. % At. %

by EDS
OK 25.48 52.24 25.27 53.28 24.38 52.63
MgK 5.82 7.85 3.31 4.59 2.38 3.38
Fe K 53.87 37.65 50.17 30.30 48.14 29.78
CoK 14.84 8.26 13.19 7.55 13.29 7.79
CuK — — 8.06 4.28 11.81 6.42

Fig.6 HRTEM images of

Co, sMg, sFe,O, nanoferrites a
SAED pattern, b lattice planes,
and c particle size
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Fig.7 HRTEM image of

Coy sMg sCu, ,Fe,04; a SAED
pattern b lattice planes, and ¢
particle size

temperature. Figure 11 shows the stability of the material
at higher frequencies. This is the “utility region of ferrite”
[34-36]. At lower frequencies, the increase in domain wall
energy and spin rotation decreases the permeability irre-
spective of the saturation magnetization. The magnetic ani-
sotropy, magnetostriction, and inner stress show the same
behavior with permeability [37, 38]. Also, the sample’s per-
meability first increases and decreases with concentration,
as shown in Fig. 12. The initial permeability is sensitive
to many other parameters like magnetization, composition,
grain size, anisotropy, etc. The Cu substitution changes the
Fe*™ and Co*" ion concentration at B-site.

The DC electrical resistivity (log p) with Cu concentra-
tion at normal temperature is shown in Fig. 13. In the figure,
the resistivity decreases with the increase in copper as cop-
per is a good electricity conductor. The plot of temperature
with dc electrical resistivity of Co, ;Mg s.,Cu,Fe,0, sam-
ples (x=0.0, 0.2 and 0.4) is shown in Fig. 14. The electrical
resistivity decreases with an increase in the temperature,
i.e., it has a negative temperature coefficient with resistance
similar to semiconductors [20]. The influence of impurities
or hopping of electrons increases conductivity at a lower
temperature [39]. When fitted in the Arrhenius equation,

ol x=0.0
x=0.2
f -
T w0 x=0.4
o
@
2
< 60 V.
k=1 v, 1
= A
o 40 -
c
©
S
~ 20 -
04

T T T T T T T T
400 500 600 700 800 9200 1000 1100 1200

Wavenumber (cm'1)

Fig.8 Infrared spectra of Co, sMg, 5_.Cu,Fe,0, nanoferrites

the dc resistivity data give the electrons’ activation energy
hopped with temperature. The equation is

p=poe () 3)
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Fig.9 Hysteresis loops of Coj,sMg 5. .Cu Fe,0, nanoferrites at room
temperature

Table 3 Tetrahedral (v;) and octahedral (v,) absorption bands and
force constants (K, K,) of Co, sMg 5.,Cu,Fe,0, nanoferrites

Cu content (x) v, (cm™) K, (dyne/cm) v, (cm™) K, (dyne/cm)

0 587.32 1.39x10° 401.91 4.76 % 10*
0.2 580.23 1.31x10° 357.09 6.62x10*
0.4 585.58 1.45%10° 389.84 5.88x10*

where p is the dc electrical resistivity at temperature 7, p,
is the pre-exponential factor, AE is the activation energy, K
is the Boltzmann constant and 7 is the absolute tempera-
ture. Change in activation energy for Cu concentration (x) of
Co, sMg 5.,Cu,Fe,O, samples is shown in Fig. 15.

The increase in Cu concentration or conductivity
decreases the activation energy. This may be due to the for-
mation of a few oxygen vacancies [40, 41].

- 1000
=12

- 800
10

-3 600

- 400

L 200

0.0 0.'2 0.4
Cu Concentration (x)

Fig. 10 Saturation magnetization (M), remnant magnetization (M,),
and coercivity (H,) plot of Co, sMg, 5.,Cu, Fe,O, nanoferrites at room
temperature
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Fig. 11 Variation of initial permeability as a function of Cu concen-
tration of Co, sMg, 5.,Cu, Fe,O,4 nanoferrites

4 Conclusions

Cu substituted mixed ferrites Co, sMgg s.,Cu, Fe,O, for
(x=0.0, 0.2 and 0.4), and sample was manufactured with
sol—gel method. The sharper peaks in XRD show the
high crystalline character of the sample. Also, the peak
shift toward the lower 20 value with the increase in the
concentration of Cu shows that the lattice parameter is

Table4 M, M, H,, ug,,.

s Concentra- M (emu/g) M, (emu/g) H. (Oe) HBobs g KM H J2) (erg/Oe)
Up,, and anisotropy constant tion (x)
(K) of Coy sMgy 5 Cu,Fe,0,
nanoferrites 0 13.81 4.24 321.06 0.49 6.13 439%10°
0.2 4295 12.4 264.14 1.79 55 1.20x 10*
0.4 23.64 11.9 959.65 1.04 5.14 2.45%10*
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Fig. 12 Variation of initial permeability with Cu concentration for
Co, sMg 5s.,Cu,Fe,0, nanoferrites
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Fig. 13 Variation of room temperature DC resistivity as a function of
Co, sMg 5s.,Cu, Fe,O,4 nanoferrites

increasing. Crystallite initially increases with Cu®* con-
centration up to x=0.2 and then declines. This is the result
of the non-uniform allocation of Mg and Cu ions. SEM
analysis shows that the volume expanded by Cu of a larger
ionic radius than Mg was overcome by its larger atomic
weight and decreased density, resulting in decreased grain
size. EDS analysis reaffirms O, Mg, Fe, Co, and Cu in
the appropriate composition. The particle size calculated
from HRTEM images by SAED pattern mode agreed well
with the XRD values. The two strong absorption bands
v, with higher frequency and v, with lower frequency
in the FTIR curve show bond stretching M,.,,, <> O and
M, ., <> O (metal cation and oxygen) with respective force
constants K, and K, in tetrahedral and octahedral posi-
tions, respectively. The remnant ratio (R =M,/M,) below

15
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T g T g T g T g T g T g T g
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1 (k1

Fig. 14 Temperature @ Vs. DC  electrical

Co, sMg 5s.,Cu,Fe,0, nanoferrites

resistivity ~ of

0.64

0.63 n
0.62
0.61
0.60
0.59 -
0.58 -

0.57 < \

0.56

Activation energy (eV)

0.0 0'.2 0.4
Cu concentration (x)

Fig.15 Activation energy Vs. Cu
Co, sMg 5.,Cu,Fe,O, nanoferrites

concentration(x)  of

0.5 shows the isotropic nature of the materials forming
single domain ferrimagnetic particles. The permeability of
the sample varies at lower frequencies and is stable at high
frequency. This stability region is the zone of the utility of
the ferrite. DC resistivity decreases with an increase in the
copper content as copper is a good conductor of electricity.
The electrical resistivity decreases with an increase in the
temperature, i.e., it has a negative temperature coefficient
with resistance similar to semiconductors. The increase
in Cu concentration or conductivity decreases the activa-
tion energy. This is due to the formation of a few oxygen
vacancies.
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