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The electrical conductivity and permittivity of all ferrite samples were enhanced
by augmenting the temperature. The highest values were achieved for CoFe;O4

sample. The present CoFe,04-doped Cu*" and Zn*' ions offer a decent con-
tender material with appealing characteristics suitable for different electronic

applications.

1 Introduction

Recently, nanomaterials had great curiosity ever
since their discovery to the scientific society due to
their distinct properties and daily life applications in
advanced technology. Researchers have been con-
cerned in exploring materials in their nanoscale sizes
because of their high surface area leading to
improved properties in comparison with the bulk
materials counterpart. Among various nanomaterials,
ferrites are one of the important categories of nano-
materials, especially the transition metal-based fer-
rites are important materials due to their appealing
properties such as structural, magnetic, electrical, and
thermal properties [1]. the transition metal-based
ferrites have very important applications as ferroflu-
ids, photovoltaics, high-frequency devices (MHz to
GHz) [2], and high-density recording media devices
[3]. One of these interesting ferrites is cobalt ferrite
which is widely studied because of its cubic struc-
ture, high coercivity, and superior chemical stability
[4]. In addition to various technological applications
were observed to relay on ferrites such as magnetic
resonance imaging (MRI), sensors, motors, inductors,
telecommunications, recording media, radar systems,
electromagnetic interference (EMI), electronic circuits
[5], memory cores, and biomedical applications [6].
The charming crystal structure of CoFe;0y, is inverse
spinel structure, in which Co is a divalent atom that
takes up half of the octahedral B-site, while Fe is a
trivalent atom that occupies the other half of the
octahedral B-site and all tetrahedral A site. The spinel
ferrites exhibit high magnetic properties that are
related to the exchange between A-B sublattice
which is the more dominated one [7]. Doping ferrites
with other metal ions such as (Zn, Cu, Ni, and Gd) is
aimed to develop the physicochemical properties of
nano-ferrite necessary for their purposes such as
antibacterial agents [8], photocatalysis [9], and
industrial applications [10]. Many studies confirmed
that doping affected the structure, morphology, and
related physical properties [11]. One of challenges in
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such applications the generation of a large amount of
heat during the working of devices is the thermal
management [12]. The discrepancy between the
thermal properties of magnetic oxide materials and
electrode substrate would be responsible for pro-
ducing thermal stresses. If the thermal stress is large
enough, it would lead to crack the materials during
the cycling operation [13]. CoFe,04 nanomaterial is a
good material for magnetic applications, so to
improve its thermal properties, metal oxide phase
such as Cu*t and Zn** were doped in CoFe;04 matrix
to enhance its thermal properties and overcome the
thermal stress between the material and substrate.
Literature survey was made on recently published
papers in cobalt ferrites and summarized as follow-
ing. Rather et al. [5] have studied the effect aluminum
ions on structural and magnetic properties of cobalt
ferrites. X-ray diffraction, particle size analysis, ther-
mogravimetric  analysis, differential scanning
calorimetry (DSC), scanning electron microscopy and
energy-dispersive X-ray. Magnetic-Hysteresis (M—H)
measured by vibrating sample magnetometry (VSM)
and X-ray photoelectron spectroscopy (XPS) studies.
Mahajan et al. [14] have synthesized series of cobalt
ferrites-doped manganese. The single-phase spinel
structure with cubic symmetry was assured by the
XRD studies. The crystallite size lies in the nanoscale
range of 35.4-43.6 nm. FTIR spectroscopy affirms the
formation of spinel structure. FESEM micrographs
reveal the presence of non-uniform grain Growth
VSM study exhibits soft ferromagnetic nature due to
the low coercivity value. Bajaj et al. [15] have used the
sol-gel auto-combustion method to prepare a series
of (In)-doped cobalt ferrites. XRD shows the forma-
tion of single-phase cubic spinel structure. The FE-
SEM images of the typical samples show the well
formation of spherical grains of average grain size
36 nm. The particle size determined from TEM his-
togram is found to be 35 to 32 nm. M-H plot reflects
that the saturation magnetization overall decreases
with doping due to the decreasing A-B interaction.
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The real and imaginary part of dielectric constant
varies exponentially with frequency. The dielectric
constant decreases with (In) doping. Jiang et al. [16]
were synthesized the doped Zn-Cu—Co-ferrites by
the sol-gel method. X-ray diffraction showed the
cubic spinel structure of the sample. Fourier trans-
form infrared revealed information about the func-
tional groups of the sample chemical properties. The
morphologies of the ferrite samples were observed as
spherical and cubic shapes and the samples had
polycrystalline structures by transmission electron
microscopy and selected area electron diffraction
patterns. energy-dispersive spectroscopy revealed
the absence of other impurity elements. The magnetic
properties of the samples were analyzed by hystere-
sis loops. The coercivity first decreased and then
increased with the increase in doping amount. The
coercivity showed that the samples were soft mag-
netic materials. They demonstrated that these mate-
rials are suitable for communication and high-
frequency components.

However, it is strongly observed that the recent
published papers gave focused on the structural and
morphological associated with one or two physical
properties. The full study of cobalt nanoferrites were
absent in this literature. The need to full characteri-
zation of these cobalt ferrites doped with transition
metals such as (copper and zinc) motivates us to do
this task. The current full study aims to deal with all
sides of property study of cobalt ferrites. The struc-
tural was investigated using XRD and FT-IR, the
morphology was scrutinized by FESEM and HRTEM,
the mechanical properties were evaluated, the
dielectric characteristics were explained, the mag-
netic properties were determined using vibrating
sample magnetometer, and the thermal features were
assessed such as thermal diffusivity, thermal con-
ductivity, and specific heat of our doped cobalt fer-
rites. The enthusiasm behind the choice of doping
with Cu and Zn on CoFe,0, ferrite was: (1) Ferrites
have very special properties where they have unique
magnetic, dielectric, electrical, and structural fea-
tures; (2) the electric and magnetic properties of
cobalt ferrite are sensitive to Cu and Zn content, (3)
few articles were discussed how the ferroelectric,
thermal, and elastic properties changed by doping Zn
and Cu on CoFe;04. Therefore, a full study was car-
ried out on the cobalt ferrite and its derivatives. The
main idea was driven by carrying out a treatment of
all limitations in such material as reported in the
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previous literature. The relationship between the
crystal structure and physical properties of the doped
cobalt ferrite was here presented. Structural,
mechanical, thermal, electrical, and magnetic inves-
tigations were made. The novel obtaining findings
were found to pave the route toward exploiting such
material in different technological applications.

Here, in this work, according to our knowledge,
there is a need to fully characterize a n nano-ferrite
material and its derivatives utilizing in the electronic
applications. So, we used the citrate auto-combustion
technique to successfully prepare a series of ferrites:
M, Co;_,Fe;0y; [M: Zn or Cu and x = 0.5]. A set of
complementary experiments were carried out to
study these samples. The current work represents a
systematic investigation of the impact of zinc and
copper doping on the crystal structure nature, mor-
phology, thermal, electric, and magnetic characteris-
tics. Such new obtained data related to the crystal
structure and its interrelationship with other prop-
erties are important in applications of cobalt ferrite-
doped with zinc.

2 Experimental procedures
2.1 Materials

Iron nitrate Fe(NOs3);-9H,O (99%), cobalt nitrate
Co(NO3),-6H,O, copper nitrate, Cu(NOs3),-6H,O
(99%), zinc nitrate [Zn(NO3),-6H,0] and citric acid
(C¢HgOy7) were purchased from Sigma-Aldrich and
used as mineral precursors, without any
purifications.

2.2 Nanoparticles preparation

CoFe;04, Zn—CoFe;04, and Cu—CoFe,04 nanoparti-
cles were successfully prepared using the citrate
spontaneous combustion technique as shown in
Fig. 1. The required stoichiometric quantities of
cobalt nitrate, copper nitrate, zinc nitrate, and iron
nitrate as well as citric acid were dissolved in a small
appropriate amount of distilled water, then harshly
stirring was done. Then the pH value of the solution
was adjusted to 7.0 and the solution’s temperature
was increased to 250 °C to initiate the reaction and all
fumes were gone. The final powder was annealed for
4 h at 800 °C at a rate of 4 °C/min. The resulting
powder was ground in an agate mortar and
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Co(NO,),.6H,0
and
Cu(NO,),.6H,0
or
Zn(NO,),.6H,0

Dissolve in small amount
of distilled water

Adjust pH at 7

Burning until all fumes
en

Grinding for an hour

Sintering at 800 °C for
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Grinding for 1h

Characterization

Il

Fig. 1 Flow chart for the synthesis of CoFe;04, Zn—CoFe;0y,
and Cu—CoFe;04 nanoparticles

preserved in a desiccator to prevent moisture from
the air. The obtained samples, now, are appropriate
for a set of characterization.

2.3 Nanoparticles characterization

The sample preparation in single-phase and without
any impurities was confirmed through X-ray
diffractometer type of analytical-x’'pert pro, Nether-
lands. The diffractometer was fitted with Cu K, x-ray
radiation source with a wavelength of 1 = 1.5404 A.
The operating conditions of x-ray tube were at 45 kV
and 40 mA). The diffractograms were collected from
20° to 80° for all samples. Field emission scanning
electron microscopy (FESEM) has a type of Sigma
300VP, operating at 15 kV, was exploited to study the
surface topology of all prepared samples. High-res-
olution transmission electron microscope (HRTEM)
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has a type of JEM-ARMB300F, operating at 200 kV,
was utilized for examining the atomic lattices of all
prepared nanoferrites. Fourier transform infrared
(FT-IR) spectra were carried out in the wavenumber
range of 4000-400 cm™' through a FT-IR spectrometer
(Perkin-Elmer 2000). A vibrating sample magne-
tometer (VSM) has a type of Lakeshore 7410S was
exploited to measure the magnetic properties of
prepared samples. The dielectric properties such as
dielectric constant and electrical conductivity
dependent frequencies at different temperatures of
the prepared samples were measured by TH2826
(20 Hz-5 MHz) LCR meter. The thermal characteris-
tics such as thermal conductivity, thermal diffusivity,
and specific heat of all samples were measured at
room temperature using TPS 2500 S, Hot Disk AB.
Double nickel wire spirals implanted in KPF G.e.,
Kapton polyimide film) were used as a hot disk
sensor to generate heat during measurements.
Between two cylindrical samples, the sensor was
sandwiched with 20 mm of diameter and 10 mm of
thickness and left for about 1 h for thermal stability
with the surrounding atmosphere. In this study and
as the present compositions represent a ceramic
material, so the measurement time was set between 2
and 10 s, and the out power was set as 0.2 W while
the radius of the sensor was selected to be 2.7 mm.

3 Results and discussion
3.1 Structural properties

The crystal structure of synthesized nanoparticles
was confirmed by X-ray diffraction. Figure 2 depicts
X-ray diffraction patterns of synthesized CoFe,0y,
Cu—CoFe;04, and Zn—-CoFe,04 nanoparticles. The
XRD results confirmed the formation of the cubic
ferrite spinel structure. All samples’ patterns indi-
cated the formation of single-phase according to the
ICDD cards [04-024-0072], [04-005-7078], [00-065-
0376] and [04-002-0421] for Fe,O4, CoFep04, Cu-
CoFe;04, and Zn—CoFe,04 respectively. All the
investigated samples were found to belong to the
space group (Fd-3m), and space group number (227).
The crystallite size of the studied samples was
computed through the X-ray line expansion method
according to the Scherrer’s equation (Eq. 1) [17]:
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Fig. 2 XRD pattern (a) and Rietveld Analysis (b—d) of CoFe,04, Cu—CoFe;04, and Zn—CoFe;O4 nano powder

0.9/ (FWHM) of the diffraction peak. The crystallite size
~ BeosO’ (1) of the CoFe;0;, Cu—CoFe;0;, and Zn—CoFe,0,
nanoparticles was found to be 8, 15, and 14, respec-
tively. The lattice constants were 8.4 nm, 8.39 nm,
and 8.42 nm, respectively. All XRD patterns were

where 1 is the radiation wavelength, 0 is the diffrac-
tion angle, and f is the full width at half maximum
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examined using the Full-PROOF software, which is
based on the Rietveld refinement process. The Riet-
veld fits were carried out utilizing the fundamental
initial input parameters of cubic symmetry (with the
Fd-3m space group) for CoFe;04, Cu—CoFe;04, and
Zn—CoFe,04. At ambient temperature, the Rietveld
refinement of an X-ray powder diffraction pattern for
CoFe;04, Cu—CoFey04, and Zn-CoFe,Q4 ferrites is
shown in Fig. 2b-d. A pseudo-Voigt function was
applied to simulate the peak profile based on Fd-3m
space group. The oxygen coordinates (x =y = z = u)
were considered free parameters, but all other atomic
fractional values were assumed to be fixed. A good
agreement between the observed and calculated
diffraction patterns is observed using the Rietveld
analysis, which is verified by determining the dif-
ference pattern in the measured and calculated XRD
patterns. A good agreement between the observed
and calculated diffraction patterns is indicated using
the Rietveld analysis, which is verified by determin-
ing the difference pattern in the measured and cal-
culated XRD patterns. Table 1 presents the
refinement fitting parameters, lattice parameter a (A),
amounts of different cations in A- and B-site for
CoFe;04, Cu—CoFe;04, and Zn—-CoFe,04 ferrites.
Cation distribution throughout the analyzed sample
systems confirms the mixed spinel structure. Inho-
mogeneities inside the crystal are caused by the
random distribution of cations across the two inter-
stitial sites. These inhomogeneities, as well as the size
discrepancy between host and dopant cations, are
found to be responsible for the observed increase in
lattice strain in doped samples, which is also caused
by differing ionic radii in the lattice sites.

Furthermore, structural details, the dislocation
density (6) of such nanoparticles was calculated
using the next relation [18]:

] Mater Sci: Mater Electron (2023) 34:383

6=1/D? (2)

The obtained values of the crystallite size and
dislocation density are listed in Table 3.

As well as the lattice parameters of the prepared
specimens were computed using the diffraction
planes by the following relation [18]:

o=d\/ W+ K+, (3)

where o represents the lattice constant, d is the inter-
planar spacing, and the respective h, k, I are Miller
indices. An additional informative parameter is the
lattice strain. It was obtained using the Williamson—
Hall (W-H) equation for peak broadening (f) as [18]:

92
peost = % + 4esind, (4)

where ¢ is the lattice strain of all samples. Figure 3
displays the W-H plot of CoFe,04, Cu—CoFe;04, and
Zn—CoFe;04. The strain value (¢) was estimated from
the slope of obtained fitted line [18] and listed in
Table 3.

The X-ray density of CoFe;04, Cu—CoFe;04, and
Zn—CoFe,04 nanoparticles was calculated using the
following equation [19]:

ZM
Px = W’ (5)

where Z represents the number of formula units in a
unit cell, M is the molecular weight, N, is the Avo-
gadro’s number and a is the lattice constant. While
the prepared nanoparticles’ bulk densities (p, =
mass/volume) also were calculated and listed in
Table 1, together with values of x-ray density. p, and
py values have been used to estimate the porosity (P)
of the investigated samples using the relation [20]:

Table 1 Amounts of different
cations in A- and B-site for

CoFe;04, Cu—CoFe;0y4, and
Zn—CoFe,0y4 along with
detailed Rietveld parameters

Parameter CoFe,0y4 Cu—CoFe,04 Zn—CoFe, 04
Space group Fd3m Fd3m Fd3m

V (A% 592.7 587.49 598.01

Co (8a) occupancy 0.01667 0.00529 0.01667

Fe (8a) occupancy 0.02500 0.03104 0.02500

Co (16d) occupancy 0.01667 0.01550

Fe (16d) occupancy 0.06667 0.05225 0.06667

0?" (32e) occupancy 0.16667 0.16667 0.16667
Y(Cu, Zn) (16d) occupancy 0.01550 0.01667
Y(Cu, Zn) (8a) occupancy 0.00529
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3.2 Elastic properties

FTIR transmittance spectra of CoFe;04, Cu—CoFe;0y,
and Zn—-CoFe;04 nanoparticles recorded in the range
of 4000-400 cm~! is shown in Fig. 4. It is known in the
spinel ferrites, the cations sharing the tetrahedral (A)
and octahedral (B) sites, these two structural phases
provide vibrational bands at v; (tetrahedral) and v,
(octahedral) [20-22], as shown in Fig. 3a-d. The
vibrational positions of these two bands are regis-
tered in Table 2. These two bands were found to peak
at 235, 534, and 529 cm~! for and 470, 429, and 420
cm~! for CoFe,0;, Cu—CoFe,04, and Zn—CoFe,0y,
respectively. The positions of these two bands v; and
v, are affected by the bond length in Fe*'-O%".
Generally, the bond length modification is affected by

the structural changes of the material. It is observed
that the doping of Cu and Zn was found to shift the
peaks of (A) and (B) sites towards the lower
wavenumber. This may be due to a shorter bond
length created by doping.

The Debye temperature (0p) is the crystal’s highest
typical vibration temperature, making heat capacity
integration easier [23]. (0p) of the investigated crys-
tals can be estimated using the v; and v, values [23]
using the following equation:

 hevayg

HD kB ) (7)

where C is the speed of light, / is Planck’s constant,
kg is Boltzmann’s constant and

V1 + v
Vav = 12 2 (8)

Elastic parameters usually reflect the interatomic
bonds’ strength and stability. It undergoes the
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Table 2 The crystallite size, dislocation density, microstrain,
lattice parameter, molecular mass, x-ray density, bulk density,
porosity, and tetrahedral and octahedral vibrational band positions
(v1) and (vp) for all samples

Crystallite size (D) nm 8 15 14
Dislocation density (d) (nm)_2 0.016 0.004 0.005
Micro strain (¢) 0.08 0.15 0.1
Lattice parameter (2) A 8.4 8.39 8.42
Molecular mass (M) (g/mol) 234.62 298.17 300.01
X- ray density (p,) (g/cm®) 5.26 6.709 6.679
Bulk density (p) (g/cm?) 2.6 5.33 53
Porosity (P) % 50.57 20.56 20.64
vi (cm™1) 535 534 529
vy (cm™1) 470 429 420

formation of crystalline structures. The elastic moduli
are usually corresponding to the rearrangement of
cubic crystal lattices in a solid material during a
structural phase transition. For the investigated
samples, a set of elastic parameters such as the force
constants (Ky), (K,), (Kaye) [24] of the tetrahedral and
octahedral sites, respectively, Poisson’s ratio (o),
stiffness constants Cj; and Cq; of longitudinal elastic
wave velocity (Vi) and transverse elastic wave
velocity (V,), mean elastic velocity (Vy), Young's
modulus (Y), Bulk’s modulus (B), and rigidity mod-
ulus (R), were calculated using the following rela-
tions [24-27]:

K, =5.31%1077 x Mg x v3 (9)

Ki=7.62+1077 x My x v? (10)
K +K

Kavg = “; 0 (11)

C11 = Kavg/a (12)

Vi = v Cu/py (13)
Vi=v/Cu/3py (14)

1

12 1\|°
Vo= - |l=+—= 15
3Q@+v9 (3)
7=05— 0"2’ (16)
()
GC11
— 17
Ci2 T (17)
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(Ci1 — C12)(C11 +2C12)

Y= (C11 +C12) (18)
B= % [C11 +2C12] (19)
R=p,V} (20)
U, = 3.108(MV32)10° (21)

The obtained elastic parameters of CoFe;O4, Cu-
CoFe,04, and Zn—CoFe,0y4 are listed in Table 3.

From Table 3, it can be observed that the incorpo-
ration of copper and Zinc in the CoFe,Oy crystal has
improved the crystal elastic properties of CoFe,O4
(i.e., the interatomic bonds strength of the cobalt
ferrite was improved by doping). The highest values
were obtained when CoFe,O; doped by copper.
According to the Vegard’s law [28], the CoFe,0; lat-
tice parameter increased by the incorporation of
copper and decreased by Zinc into the crystal. The
similar oxidation state of Co®*", Zn** and Cu®>" made
them have the same position in the structure. The
variation of the ionic radii, Co?* (0.58 A for the A-site
and 0.745 A for B-site) [26, 27], Cu?* is (0.57 A for the
A-site and 0.73 A for B-site) and Zn?" (0.74 A for A
site and 0.88 A- for B-site) [29, 30]. In general, Cu?*t
radius is slightly smaller than Co>" makes inter-
atomic bond strength larger, whilst Zn*" radius is
slightly greater than Co®" makes interatomic bond
strength smaller, explaining the observed variation in
the lattice parameter. Also, it is observed that the
force constant was increased by 45% and elastic

Table 3 Elastic parameters of the prepared samples

Parameter CoFe,04 Cu-CoFe,04 Zn-CoFe,0y4
K, (N/m) 1.35 x 107 1.74 x 107 1.69 x 107
K (N/m) 2.5 x 107 3.87 x 10? 3.84 x 10°
Kavg (N/m) 1.92 x 10° 2.81 x 10° 2.76 x 10°
C11 (GPa) 229.15 334.76 328.36

Vi (m/s) 66.00 x 10° 70.64 x 10° 70.12 x 10°
V (m/s) 38.11 x 10° 40.78 x 10° 40.48 x 10°
Vi (Vs) 42.30 x 10° 4528 x 10° 44.94 x 10°
o 0.153 0.255 0.254

C12 (GPa) 76.38 111.59 109.45

Y (GPa) 190.96 278.97 273.63

B (GPa) 127.31 185.98 182.42

R (GPa) 76.38 111.59 109.45

UL (KeV) 13.05 19.00 18.83
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moduli (Y and B) were improved by 46% when
CoFe,0, crystal doped by Cu®*". Poisson’s ratio is a
quantity that measures the material deformation in a
direction perpendicular to the applied force’s direc-
tion. The magnitude of Poisson’s ratio (o) of CoFe;O4
was found to increase as the crystal is doped by both
copper and Zinc by 66%. This augmentation is likely
due to the deformation that occurred in the crystal by
the doping process. It is observed that the magnitude
of () for both Cu—CoFe,04 and Zn-CoFe,04 samples
was fixed at (¢ = 0.25), which is consistent with the
isotropic elasticity theory.[28]. At the same time,
Debye temperature 0p was decreased by the addition
of copper and Zinc, where the lowest value was
obtained for CoFe,;04 doped by zinc. In addition, Cu-
CoFe, 0,4 exhibits the smallest dislocation density ().
An additional informative parameter is the lattice
energy Up. The obtained values of the lattice energy
were increased by the doping process due to the
augmentation of the interaction between ions. Cu-
CoFe;04 exhibits the highest U;, value because of it
has the smallest radius. Consequently, the energy
was released during the doping process depending
on the change in the size of ions, the distance between
their nuclei, and the attraction between them.

Finally, from Tables 2 and 3, Cu—CoFe,04 had the
smallest values of dislocation density, lattice param-
eter, and porosity, and the largest microstrain, bulk
density, and elastic properties. This behavior is rela-
ted to the Cu—CoFe,0, strongest interatomic bonds
decreased the dislocation density and porosity inside
the unit cell and increased its elastic properties.

3.3 Morphological studies

The FESEM images of CoFe,04, Cu—CoFe,04 and Zn-
CoFe;04 nanoparticles are shown in Fig. 5. The
FESEM images reveal the formation of agglomerated
clusters in all samples. The largest clusters size was
observed for Cu—CoFe;04 sample, whilst the lowest
of them were observed in Zn-CoFe,O; sample as
shown in Fig. 5. These clusters sizes depend on the
electrostatic forces between CoFe,04 and the dopant
material (Cu or Zn). Figure 6 illustrates the HRTEM
micrographs of CoFe,0O4, Cu—CoFe;O4 and Zn-
CoFe;04 samples. The HRTEM graphs reveal the
cubic shape structure for all samples. The figure con-
firms the nanoscale of the nanoparticles with few
agglomerations. HRTEM graphs show uniform
diffraction fringes, indicating the crystalline

@ Springer
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properties of all investigated nanoparticles samples.
Particle size histogram of the investigated samples
estimated from HRTEM illustrated in Fig. 6.

3.4 Magnetic properties

magnetic-hysteresis loops (M-H) of CoFe,04, Cu-
CoFe,0y4, and Zn-CoFe,04 samples at room temper-
ature are shown in Fig. 7. Magnetic parameters such
as saturation magnetization (M), coercivity (Hc),
remanent magnetization, (Retentivity, M,), magnetic
susceptibility (y), flatness, and squareness were
obtained from the measured hysteresis loop of sam-
ples. The obtained hysteresis loops of all investigated
samples are of the typical ‘S type, indicating obvious
ferrous magnetism. However, it is observed that the
magnetization parameters varied by changing the
doping material. As shown in Table 4, the substitu-
tion by (copper and Zinc) were lowered the magnetic
parameters values of CoFe,Oy. In ferrite, the satura-
tion values are belonging to the (A) site-(B) site anti-
parallel coupling interaction. This interaction is suf-
ficient to overcome any inclination for A-A or B-B
pairings to disrupt the parallel orientation of all spins
inside the A-site or B-site groups [31]. Based on the
domain structure, critical diameter, and the crystal’s
anisotropy [32-34], the replacement of Co®" ions by
Cu*", and Zn*" ions cause the super-exchange inter-
action between the A- and B-sites to be reduced.

3.5 Thermal properties

The generated temperature of the hot disk sensor and
as consequently the setting parameters are related to
the thermal characterizations of the measured sam-
ple, and it can determine via the next equation [35]:

AT(f) = VT (22)

K )

where K is the thermal conductivity, x is the thermal
diffusivity of the measured sample which refer to the
diffusion energy to storage energy ratio and must be
lower than 1 for ceramic materials, while the radius
of the nickel sensor is r. Moreover, the thermal con-
ductivity can correlate with the thermal diffusivity by
the following equation [35]:

K= pCPK7 (23)

where p is the sample density and C, is the specific
heat of surrounding samples. The thermal
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Fig. 5 FESEM micrographs and grain size error bars of CoFe;04, Cu—CoFe;04 and Zn—CoFe,O4 nano-powder

conductivity, thermal diffusivity, and specific heat of
the CoFe;0,, Cu—CoFe;04, and Zn—CoFe,04 samples
were measured at room temperature and the data are
listed in Table 5. The thermal conductivity of
CoFe,04 changed by the doping ions variation. The
thermal conductivity and thermal diffusivity of pure
CoFe;04 were enhanced by the incorporation of Zn
and Cu ions as a result of the formation of conductive
particle chains into the crystal lattice of pure CoFe;04
where the heat can flow more easily. The thermal
conductivity and thermal diffusivity increased from
0.6 W/m k, 0.52 mm?/s for pure CoFe,04 to 0.82 W/
mk, 0.6 mm?/s for Zn—CoFe,0,4. Furthermore, the
largest thermal conductivity (0.95 W/m k) and ther-
mal diffusivity (0.75 mm?/s) were achieved for Cu-
CoFe;0q4. This could be due to the superior thermal
properties of copper (398 W/m k) rather than zinc
(113 W/m k). A similar result of thermal conductiv-
ity of pure CoFe,O4 was reported by Ivan Djurek et.
al. [36].

3.6 Electrical properties

Studying the electrical properties is an important
topic in material science [37]. The real part of the AC
conductivity for the three studied nanoparticle sam-
ples of CoFe;04, Cu-CoFe,04 and Zn-CoFe,04 was
carried out in the frequency range from 20 Hz to
5 MHz at different temperatures from RT up to
250 °C. Figure 8 portrays the dependence of electrical
conductivity on the frequency logarithm for (a)
CoFe,04, (b) Cu—CoFe;04 and (c) Zn—CoFe,04. It is
well-known that ferrite consists of double superim-
pose layers. The first one is poorly conducting grain
boundaries, while the second one is well-conducting
grains. The poor conductive grains are initially active
in the low frequency range, whereas the high con-
ductive grains are initially active in the high-fre-
quency [38]. Consequently, the electrical conductivity
exhibits small values at low frequency, whilst it gives
high values at high-frequency, as shown in Fig. 8.
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Fig. 6 HRTEM micrographs of CoFe,04, Cu—CoFe,04 and Zn—CoFe,0, nano-powder

Additionally, the electrical conductivity of prepared
samples shows a strong compositional dependence, it
is observed that the values of electrical conductivity
were found to be high for CoFe;0y4, then they shrink
for Cu—CoFe;04, reaching to Zn-CoFe,O; which
involved the lowest values, (i.e., the addition of Cu
and Zn at the expense of Codiminishes the electrical
conductivity, respectively). Also, as can be seen in
Fig. 8, with increasing the temperature the electrical
conductivity was increased. Generally, Fe** ions can
exist at both A-sites and B-sites, favoring the B-sites

@ Springer

[39]. The electrical conductivity of such ferrites is
mainly due to the electron hopping between Fe*"
Fe3t ions in the octahedral positions (i.e., B-sites). It is
well-known that the Co*" ions occupy the octahedral-
coordinated sites, participating in the conduction
process [39], with increasing the temperature, Co**
ions oxidize to Co®", creating the positive holes. So,
electron hopping is accompanied by positive holes
(Co®" «+Co®") enhances the electrical conductivity of
CoFe;04. On the doping hand, Cu®** jons have a
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Table 4 The saturation
magnetization (M), coercivity Parameter CoFe,04 Cu—CoFe,04 Zn—CoFe,0y4
E]\H/IC)) ’ ::minfint magnettillf;‘ﬁon Saturation magnetization (M) (emu/g) 56.1 46.9 45.0
( )f . mag ¢ r‘i ds‘gscepr N Y . Coercivity (He) (G) 851.1 555.1 70.5
CX i:eao esz a c ;;‘i; :ls d° Retentivity (M) (emu/g) 20.3 16.7 5.0
zz C20 Fz O“ ore2ts, Magnetic susceptibility () 0.066 0.085 0.639
2 Flatness 0.75 0.73 0.77
Squareness 0.36 0.36 0.11
Table 5 The thermal
conductivity, thermal Parameter CoFe,O4 Cu—CoFe,04 Zn—CoFe,0y4
jlllfﬁlrsévgrye d*‘i‘i;g‘}ig;f“ °f  Ihermal conductivity (K) [W/m k] 0.6 0.95 0.82
prep - Thermal diffusivity (k) [mm?s] 0.52 0.75 0.6
Specific heat (C,) [MI/m’K] 0.62 0.85 0.72
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Fig. 8 Electrical conductivity against the frequency logarithm at different temperatures of all prepared nano-ferrites

strong predilection for octahedral locations, with an
amount (~ 20%) residing at A-sites [39]. Therefore,
Cu*" ions may cause some Fe>" ions to move from B-
sites to A-sites, decreasing the electron hopping
between Fe?" « Fe3* jons at octahedral sites. So, the
electrical conductivity mitigates. Zn?" ions exhibit a
strong predilection for tetrahedral sites. As zinc ions
are embedded in A-sites, they do not take part in the
conduction process. Observable mitigation in the
conductivity results from the substitution of Co*" by
Zn*" ions. This is due to the ionic size of the indicated

2+ cation on

Zn*" cation. The ionic radius of the Zn
octahedral coordination is bigger than that of Co?" in
the same coordination site. Such a size effect of the
ionic radius causes harsh distortion of the crystal
lattice, which in its turn hinders the electron hopping

exchange, worsening the conductivity.

@ Springer

It is well-known that the permittivity () is the
amount of energy that is transferred from an external
electric field to the sample. The permittivity of the
spinel ferrite depends on extrinsic and intrinsic fac-
tors. The extrinsic factors are related to the doping
atom type and the morphology of the sample (i.e.,
grains and grain boundaries). Whereas the intrinsic
factors are associated to the polarizability, the doping
ionic radius, and the electric dipole moments [40, 41].
Generally, the spinel ferrites exhibit a usual behavior
of permittivity that decreases with the frequency
increasing. The variant of permittivity with frequency
logarithm for the three studied nanoparticle samples
of CoFe,04, Cu—CoFe,04, and Zn—CoFe,04 were also
investigated in the temperature range from RT up to
250 °C. Figure 9 displays a similar behavior, it is
observed that the permittivity is high at low fre-
quencies and mitigates with the increase in fre-
quency, at various temperatures. Additionally, it is



] Mater Sci: Mater Electron (2023) 34:383

Page 15 of 18 383

e |l e s P2 CoFER0y ——T=RT
. —— T=T3 1 —&—T=7%
' ——T=1E . | ——T=1%
e i —— T=1 e | —— T=1
= | ——T-29| = 1 T3
o - 0
- ! =] |
5 ! a b
ek B - -
- ﬁ' o [ - A
§ 5
LU a q.. _— .l‘
it 4 M—- i
W W W (e (D (e W W e (e (R (e
Lag freguemcy (M2 Lag Mrequemcy {11z)
En-CoFer0y —a— T=ET
T T=F
1 - L
——T=125
EE - * i T=-m
e “ —0— T=2.i]
r
T
£
E T ||
& » %
[ .‘ 11-
M—-
L=

T T L} L] T
18 (L] likii i lisuei lisiimiai

Leg frequency (Hr)

Fig. 9 The reliance of permittivity on the frequency logarithm at different temperatures of all prepared nano-powder

noticed that the giant permittivity values were
obtained at high temperatures. Such observed
behavior is a general trend for such spinel ferrite.
This behavior can be explained by the double-layer
mechanism. Ferrites have grain boundaries, which
are well conducted, and are separated by weak con-
ducting grain boundaries. This superimpose struc-
ture supports space for charge agglomeration under
the influence of an electric field, causing interfacial
polarization (i.e., there is electric dipoles” inability to

be convoyed with the frequency of the applied elec-
tric field) [40-42]. At low frequency, the polarization
resulting from electron hopping between Fe®™ « Fe?*
is high, and the permittivity increases. When the
frequency of the alternating applied electric field
increases, it is no longer followed by the charge car-
riers, shrinking the polarization then the permittivity
worsens [43-46].

On the other hand, the CoFe,;04 exhibits high val-
ues of permittivity with increasing the temperature
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due to the increasing number of Fe’" ions at the
octahedral sites.Cu®" ions may decrease the electron
hopping between Fe*" « Fe®" ions at octahedral
positions. So, the permittivity mitigates for Cu-
CoFe,04 ferrite. The effect of ionic radius for Zn**
cation on octahedral coordination causes harsh dis-
tortion of the crystal lattice, which in its turn hinders
the electron hopping exchange, lowering the
permittivity.

4 Conclusion

Nanoferrites of pure and doped M~CoFe,0, (M=Cu?*
and Zn”") were prepared successfully by citrate auto-
combustion technique. The impact of doping by Cu®*
and Zn>" on cobalt ferrite were fully investigated.
Decent findings were obtained contribute under-
standing the relationship between the crystal structure
and the physical properties. The present study showed
that the dopant ions affected the cobalt ferrite elastic
properties, especially in the case of Cu?" wherets force
constant increased by 45%, the elastic moduli by 46%,
and its Poisson’s ratio by 66%. In general, the cobalt
ferrite elastic properties were improved remarkably by
doping process. The highest saturation magnetization
was observed for virgin sample, CoFe,Oy, (56.1 emu/
g) compared to it being 46.9 and 45 emu/g for Cu-
CoFe;04 and Zn—-CoFe,0y, respectively. The highest
magnetic susceptibility (0.639) was obtained for Zn-
CoFe,0;. In addition to the incorporation by Cu®* and
Zn** improved the thermal features of CoFe;04-doped
Zn and Cu rather than virgin CoFe;Oy4, predicting
required thermal stability in the working devices. The
Cu-CoFe;04 sample exhibits the highest value of
thermal conductivity (0.95 W/m k, W/m k, increased
to ~ 58%), thermal diffusivity (0.75 m m?/s, increased
to ~ 44%), and specific heat (0.85 Mj/m? k) compared
to (0.6 and 0.82 W/m k), (0.52 and 0.6 m m?/s), and
(0.62 and 0.72 Mj m® k) for CoFe,04 and Zn—-CoFe,0y,
respectively. The present study offers well-completely
characterization for virgin and doped cobalt ferrite
material suitable as basic working materials for dif-
ferent applications.
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