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Abstract

In the present study, we examined the effects of doping with Zn-Zr on the structural, optical, electrical, and
mechanical properties of cobalt ferrite. Nanocrystalline cobalt ferrites comprising CoZn,ZriFe; 5,04 (x = 0.0 to
0.4, Ax = 0.1) were prepared via the sol-gel route. X-ray diffraction analysis indicated the formation of a spinel
phase in the ferrites. An additional ZrO, phase was observed for x = 0.3. Characteristic absorption bands at
frequencies of 580-610 cm ' and 375-400 cm ' related to spinel structures were observed in the Fourier transform
infrared FTIR spectra obtained for the ferrites. The elastic constants decreased as the Zn-Zr contents increased.
The longitudinal and shear velocities of ultrasound through the ferrite materials were measured using the
ultrasonic pulse transmission method. The variations in the ultrasound velocities could be attributed to the
changes in density. The dielectric parameters &” (dielectric constant) and tand (dielectric loss tangent) were
analyzed as functions of the frequency and Zn-Zr composition. Both ¢” and tand decreased as the frequency and
Zn-Zr contents increase. The variations in the values of parameters ¢ and tand were explained using Maxwell—
Wagner interfacial polarization according to Koops phenomenological theory. The values of the activation energy
and Curie temperature were calculated based on plots of the thermal variation in the direct current resistivity. The
activation energy values indicated that electron hopping was the mechanism responsible for conduction in the

ferrites.
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1. Introduction

Recently, spinel ferrites have been developed as versatile ceramic magnetic materials with special optical,
magnetic, electrical, photocatalytic, and biomedical properties [1-5]. The complex structures of spinels are due to
their high compositional variability where solid solutions can be prepared with various metal cations. Spinel
ferrites have close-packed cubic crystal structures where anions (O*") are amalgamated with cations (Fe’ and
divalent metal ions) in two sub-lattices, such as tetrahedral (A) and octahedral [B] sites [6-8]. Many attempts have
been made to modify the electrical and elastic properties of ferrites by substituting divalent, trivalent, and
tetravalent cations for divalent metal ions or trivalent Fe*" ions [9-11]. The cobalt ferrite CoFe,0 is a unique
ferrite with high magnetocrystalline anisotropy of 14 KJ/m® [12] and an inverse spinel structure with cations
distributed along the (A) and [B] site as (CoyFe,)"* [Co,Fe,]", where x is an inversion parameter. The
substitution of Zn>" into CoFe,04 allows ferrites to be obtained with suitable magnetic and electrical properties for
various applications such as magnetic storage media and microwave electronics [13, 14].

Substitution with Zr** modifies the magnetic and structural properties of cobalt ferrite [15, 16]. Thus,
significant changes in terms of the saturation magnetization, coercivity, and magnetic anisotropy of cobalt ferrite

were obtained after substitution with Zr*" by Reddy et al. [17]. Zr*

" substituted cobalt ferrite is a suitable material
for magnetostrictive applications [18]. Cobalt ferrites doped with Zn-Zr have many technological applications at
high frequencies due to their low magnetic losses [19-20]. In spinel ferrites, Zn** ions occupy the tetrahedral (A)
sites [21] whereas Zr*" ions occupy both the (A) and [B] sites [22]. Combinations of divalent and tetravalent ions
such as Zn-Ti [23], Zn-Sn [24], and Zn-Mo [25] have been used to dope ferrite systems in many studies. In
particular, it was shown that simultaneous doping with Zr-Mg to replace Fe’* ions modified the electrical and
structural properties of cobalt ferrites [26].

Various approaches have been used to prepare nanoferrites, such as co-precipitation [27], mechanochemical

reaction [28], citrate gel [29], precursor [30], sol—gel [31], hydrothermal [32], chemical spray [33], and



microwave combustion methods [34, 35]. In particular, the sol—gel autocombustion method is the most suitable,
effective, and inexpensive [36] method for preparing ferrite nanoparticles. The other advantages of this method
include the production of homogeneous and uniformly distributed particles with relatively smaller sizes compared
with other approaches, such as the co-precipitation and citrate gel methods [37]. The production of spinel ferrites
with a single phase is an important feature of the sol-gel auto combustion method, particularly when preparing
spinel ferrites with various cations at the (A) and [B] sites [38].

Analyzing the mechanical behavior of ferrites is very important for understanding the nature of the inter-
atomic and ionic forces in ferrites. Determining the mechanical properties of ferrites can facilitate the selection of
suitable ferrites for industrial applications [39]. In particular, the elastic behavior of a material is important for
determining the nature of the binding forces and thermal properties, such as the specific heat and Debye
temperature. The mechanical properties of ferrites are also crucial, such as the strength of a material under various
strained conditions [40].

In the present study, we determined how the physical properties of cobalt ferrites change after simultaneous
substitution with Zn**-Zr*" for two Fe’" cations because both Zn*" and Zr*" have strong preferences for the
tetrahedral (A) site, but they can replace Fe®' ions at both the (A) and [B] sites. The incorporation of Zn*" and Zr*'
cations into CoFe,Q, ferrite could yield ferrites with enhanced elastic and electrical properties. Thus, we
synthesized cobalt ferrites nanoparticles doped with Zn-Zr via the sol—gel auto-combustion method and
investigated the effects of Zn-Zr doping on the structural, optical, mechanical, and electrical properties of the

cobalt ferrites.
2. Experimental Methods

2.1. Synthesis




Fig. 1. Flow chart illustrating the sol-gel synthesis of CZ’FO.

Figure 1 illustrates the sol—gel autocombustion method employed for synthesizing Zn-Zr substituted cobalt
ferrites with the chemical formula CoZn,ZrFe, »,0,4 (CZ2FO), where x = 0.0 to 0.4. The chemicals used for
synthesizing the ferrites comprised nitrates of the compositional metal elements, ammonia solution, and citric
acid, where all of the reagents were analytical grade. The solutions were prepared in deionized water by
dissolving the metal nitrate salts in stoichiometric amounts for all of the elements. A molar ratio of 1:2 was
maintained for the divalent and trivalent ions. An aqueous solution of citric acid was prepared. The aqueous
solutions of metal nitrates and citric acid were mixed together, and the mixed solution was stirred continuously for
30 min with a magnetic stirrer. The pH of the solution was maintained at 7 by adding ammonium hydroxide
solution [41]. The solution was stirred and heated simultaneously at 100°C to obtain a thick solution comprising
the sol phase. Continuous heating of the sol converted it into a viscous gel, which automatically ignited to yield
the precursor known as the xerogel. The precursor was converted into a powder by grinding in an agate mortar.
The powder was annealed at 650°C for 5 h in a furnace at a constant temperature under an air atmosphere to

obtain the dense ceramic ferrite material.
2.2. Measurements

The structural characteristics of the ferrites were determined by X-ray diffraction (XRD) and Fourier transform
infrared (FTIR) spectroscopy. The XRD patterns were recorded in the 20 range from 20° to 80° using an XRD
instrument (Philips X Pert model) with Cu-Ko radiation at & = 1.54056 A and with a scanning rate of 10° per
second at room temperature. The FTIR spectra were recorded in the wave number range from 300-1100 cm™'
using an infrared spectrometer (Perkin Elmer model 783). The mechanical properties were measured using the
ultrasonic pulse transmission method. The longitudinal and shear wave velocities (V; and V) were obtained for all
of the samples at room temperature. The ultrasonic waves were generated using lead zirconate titanate (PZT)
crystals at 124.6 KHz. The measurements were obtained with an accuracy of +5 m/s using the interferometer. An
impedance analyzer (HIOKI 3532-50) was used to obtain electrical measurements in the frequency range from 50

Hz to 5 MHz at room temperature.



The two-probe method was used to measure the direct current (DC) resistivity in the temperature range from
300 K to 700 K. Disk-shaped pellets were prepared with a diameter of 10 mm and thickness of 3 mm. The
samples were held between the two electrodes in a sample holder. A specially designed sample holder was used to
measure the resistivity. The pellets were rubbed with zero grade emery paper to obtain parallel smooth faces. A
thin layer of silver paste was applied to both of the flat surfaces of the pellets to obtain secure electrical contacts.
The sample holder containing the sample was placed in an electric furnace. The temperature in the furnace was
modulated as required. A suitable thermocouple (chromel-alumel) was used to measure the temperature of the

sample. The resistance of each sample was measured over a regular temperature interval with steps of 10 K.

3. Results
3.1. XRD Analysis
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Fig. 2. X-ray diffraction patterns obtained for typical CZ’FO samples where x = 0 and x = 0.3. The symbol *

indicates (111) for ZrO,.

The typical XRD patterns obtained for CZ*FO where x = 0 and 0.3 are shown in Fig. 2. The peaks observed in the
XRD patterns were indexed using Bragg’s law. The sequences and Miller indices of the peaks matched with
JCPDS file No. 22-1086 for cobalt ferrite, thereby indicating the formation of cubic crystals comprising spinel

phase ferrites with space group Fd3m. The extra peak observed at 31.44° for the ferrite where x = 0.3



corresponded to the peak (111) for ZrO, (zirconium oxide) according to JCPDS file No. 37-1484 [42, 43]. XRD
analysis was performed to calculate the lattice parameters (a) for the ferrites. Table 1 shows that the lattice
parameter increased with the amount of Zn-Zr substituted (x). The replacement of two Fe*" (0.67A) ions by two
Zn*" (0.82 A) and Zr** (0.80 A) ions with larger radii increased the size of the unit cell, thereby increasing the

value of a [44, 45].
The bulk density values of the ferrites were calculated using the relationship [47]:
dm = m/mr’h, §))

where m, r, and h are the mass, radius, and thickness of the ferrite pellet, respectively. The values obtained are
shown in Table 1. The increases in the bulk density values indicated that the densities of the ferrite samples

increased after the substitution of Zn-Zr into the CZ*FO ferrites.

The bond lengths (tetrahedral and octahedral), tetrahedral edges, and octahedral edges (shared and

unshared) were calculated using the following formulae [47].

dax = (u — 1/4)a\3 )
dpx = a(3u’ — 11u /4 + 43/64)"* (3)
daxe= (Qu— 1/2)a\2 “)
dixEsharea) = (1-2u)aV2 (5)
dbXEunsharea) = a(4u” —3u+ 11/16)"? (6)

The values obtained are listed in Table 1. The increases in the bond lengths and edges as the Zn-Zr content
increased were due to the increases in the lattice parameters. The increases in the bond length values were due to
the increases in the amount of Zn>* (0.82A) and Zr** (0.80A) ions with larger ionic radii that replaced the
relatively smaller Fe’" ions (0.67A). Site occupancy by the incorporated Zn>" and Zr*" ions was responsible for the

increases in the tetrahedral and octahedral edges. In the CZ*FO ferrites, Zn®" occupied the tetrahedral site whereas



Zr*" occupied the octahedral site after replacing the Fe*™ ions. Due to the ion replacements at these sites, the

tetrahedral and octahedral edges increased with the amount of substituted Zn-Zr [47].

Table 1. Lattice constant (a), tetrahedral bond (dax), octahedral bond (dgyx), tetrahedral edge (daxe), and

octahedral edge (dgxg) (shared and unshared) values determined for CZ’FO.

Bond Lengths (A) Edges (A)
x a(d)  p(gko)
dAXE dBXE
dax dpx Shared Unshared

0.0 8.375 4.076 1.900 2.047 3.103 2.818 2.969
0.1 8.383 4.161 1.902 2.049 3.106 2.821 2971
0.2 8.395 4.204 1.904 2.051  3.109 2.825 2.975
0.3 8.402 4.331 1.906 2.053 3.113  2.828 2.978

0.4 8.412 4.501 1.908 2.055 3.116 2.830 2.981

3.2. FTIR Analysis
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Fig. 3. Fourier transform infrared spectra obtained for CZ°FO with different Zn-Zr contents (x).

The infrared absorption spectra were measured for the synthesized samples using the KBr pellet method over
the range from 300—1100 cm™' at room temperature. The FTIR spectra obtained for all of the samples are shown
in Fig. 3. Transmission bands v, and v, were observed at around 600 and 400 cm ', respectively. The measured
bands indicated the characteristic ferrospinel bands representing stretching vibrations due to the interactions
between the oxygen atom and cations at the tetrahedral and octahedral sites. Significant changes occurred in the v,
band where it shifted from lower to higher frequencies as the amount of doping with Zn-Zr ions increased, which
was due to the stretching of Fe-O bonds. This shift in the band position may have been due to the replacement of
Fe with Zn-Zr [38]. The location of absorption band v, at a lower frequency may have been related to oxygen—
metal (octahedral) vibrations. The band positions and their values are shown in Table 2. According to Table 2, the
v; and v, bands gradually shifted toward the higher frequency side because the Zn”" ions occupied the tetrahedral
A-site in the ferrite lattice.

The relative ratio of the line positions for v, and v, is given by the relationship [48]:

vi _V2Kq
v2 Ko '

(™)



where K and K, are force constants due to the displacement of cations—oxygen at the (A) and (B) sites. The ratio
of the force constants was calculated using equation (6) and the values obtained are given in Table 2. The ratios of
the force constants were ~1, thereby indicating that expansion of the octahedral (B) sites and compression of the
tetrahedral (A) sites were not the same. The splitting of the bands indicated the replacement of cations at the (A)
and [B] sites.

Table 2. Bands positions (v, and v), ratio of force constant (K/K,), and Poisson’s ratio () for CZ*FO samples.

Composition Bands Position (cm') K/K, Poisson

(%) v % Ratio
0.0 584 376 1.09  0.249
0.1 592 384 1.09  0.258
0.2 597 388 1.08 0.260
0.3 607 393 1.09  0.268

3.2. Mechanical Properties

The longitudinal (v;) and shear (v,) ultrasonic wave velocities were measured with the ultrasonic pulse

transmission technique at room temperature.
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Fig. 4. Longitudinal velocity (v;), shearing velocity (v,), and mean velocity (v,,) of CZ*FO with different Zn-Zr

contents (X).
Figure 4 shows the variations in the longitudinal wave velocity and mean velocity according to the Zn-Zr
contents, where the wave velocity clearly decreased as the Zn-Zr contents (x) increased. The decrease in the wave
velocity was due to the increase in the bulk density of the material. The shearing wave velocity was always less
than the longitudinal velocity. The mean sound velocity was calculated using the relationship reported by Algude
et al. [49] and the mean velocity clearly decreased as the Zn-Zr contents (x) increased.

The longitudinal modulus (L), Young's modulus (E), rigidity modulus (G), Poisson's ratio (o), and bulk
modulus (K), were calculated using the experimental values of v;, v,, and bulk density (p) according to the

following relationships [49].

L =pv? (8)
E =3GK/(3K+G) )
G =pvi (10)
K =§ (3vE-4v2) (11)
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6 = (E/2G)-1 (12)
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Fig. 5. Variations in Young’s modulus (E), longitudinal modulus (L), bulk modulus (K), and modulus of

rigidity (G) for CZ°FO with different Zn-Zr contents (x).

The variations in all of the moduli with the Zn-Zr contents (x) are shown in Fig. 5. Clearly, all of the moduli
decreased as the Zn-Zr contents (x) increased. The decreases in the values were as follows: L from 21.3 x 10" to
15.2 x 10" N/m’, E from 17.8 x 10'° to 12.7 x 10" N/m*, K from 11.8 x 10" to 8.4 x 10'* N/m’, and G from 7.1
x 10" to 5.1 x 10" N/m’. The decreases were due to the replacement of the Fe ions with high values for all of the
moduli by Zn-Zr ions with comparatively low values for all of the moduli. The elastic properties of materials
depend on the crystal structure, bonding stiffness, hardness, and strength. The elastic moduli decreased slightly as
the lattice expanded due to the replacement of the Fe ions by Zn-Zr ions. Table 2 shows that the Poisson’s ratio
values were almost constant (¢ = 0.26) for all of the samples tested, in a similar manner to other ferrites [25]. The

value of 6 varied in the range from —1 to 0.5, thereby providing theoretical evidence of isotropic elasticity.

The Debye temperatures of all the samples were obtained from the mean velocities as [49]:

1
h /3gpN\3
o =2 vy e

where h, q, p, N, k, and M are Planck’s constant, the number of atoms in the ferrite molecule, material density of

11
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Fig. 6. Variations in the Debye temperature (8g) for CZ’FO with different Zn-Zr contents (x).
the ferrite, Avogadro’s number, Boltzmann’s constant, and molecular weight of the ferrite, respectively. Figure 6
shows the variations in the Debye temperature as the Zn-Zr contents (x) increased. Clearly, the Debye temperature
decreased as the Zn-Zr contents (x) increased due to the decrease in the mean velocity. The characteristic
temperature of a solid at which most of the vibration modes of the solid are agitated is recognized as the Debye

temperature. The decrease in the Debye temperature for the CZ’FO ferrites indicated a decrease in the rigidity as

the Zn-Zr contents (x) increased. The vibrations were increased due to the substitution of Zn-Zr in the Co ferrite.
3.3. Electrical Properties

3.3.1. Dielectric Properties

The dielectric properties comprising the dielectric loss tangent (tand) and dielectric constant (¢) were calculated
based on the capacity values measured for the materials in the frequency range from 50 Hz to 5 MHz. The
variations in &’ with the frequency of the electric field are shown in Fig. 7. According to Fig. 7, ¢’ decreased as the
frequency increased but remained almost constant at higher frequencies. Similar results were reported for Co-Ni
ferrites doped with Zr-Co [50]. The decrease in the dielectric constant at higher frequencies conformed with the
Maxwell-Wagner mechanism. The ferrite materials comprised conducting grains with non-conducting grain

boundaries. There were more grains in the conducting layer than the non-conducting layer. Polarization and

12



conduction existed in the ferrites due to the hopping of electrons from Fe*" to Fe’" ions. The dielectric polarization
decreased as the electric field frequency increased and then reached a constant value at a certain frequency beyond

which the hopping of electrons could not follow the applied field [51].

800 —e—x=0.0
—e— x=().1
—e—x={.2
S 600 e i:gi
= —e—x=0,
E
g 400 -
&}
'E
2 200
&
=)
0 -
2 3 4 5 6

Log F
Fig. 7. Variations in the dielectric constant (¢”) with the frequency (logF) for CZ’FO with different Zn-Zr

contents (X).
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Figure 8 shows the variations in the dielectric loss tangent (tand) with the frequency of the electric field. The
values of tand decreased as the applied electric field frequency increased. The Maxwell-Wagner model could be
used to explain the variations in the dielectric loss tangent. The substitution of Zn-Zr for Fe*™ decreased the
hopping mechanism from Fe’* to Fe* ions. The dielectric loss tangent appeared due to the lag in the polarization
behind the applied electric field. The value of tand depended on the structural inhomogeneities and the impurities
present in the ferrite samples. The maximum value obtained for tand was 0.8. The small values for the dielectric
loss tangent indicated the structural perfection of the ferrite samples synthesized via the sol—gel route [52].

Table 3. Dielectric constant (¢) and dielectric loss tangent (tand) determined for CZ*FO at different

frequencies.
Frequen Dielectric constant (&) Dielectric loss tangent (tand)
cy x=0 x=0.1 x=0.2 x=0.3 x=0.4 x=0 x= X = X = X =

0.1 0.2 0.3 0.4
1 KHz 776.63 630.992  445.139  313.193  246.573 0.810 0.787 0.726 0.662 0.609

10KHz  10.238 7.632 6.725 5.792 6.425 0229 0.185 0.177 0.177 0.154

100 KHz 0.0425 3.01 x 2.65 x 2.52 % 2.88 x 0.079 0.067 0.065 0.061 0.061
1072 1072 1072 1072

IMHz  1.80x 1.43 % 1.28 x 1.05 x 1.25 % 0.032  0.027 0.025 0.025 0.026
107 107 107 107 107

10 MHz 8.24 x 8.63 x 7.92 x 6.98 x 5.54 x 0.014 0.017 0.016 0.014 0.015
107 1077 1077 1077 107

The values of the dielectric constant (') and loss tangent (tand) at frequencies of 1, 10, and 100 KHz, and
1 and 10 MHz for all of the CZ*FO ferrites are shown in Table 3. The differences in the values of €' and tand as
the Zn-Zr contents (x) increased were greater up to frequencies of 100 KHz. At high frequencies >1 MHz, the
differences in the values were negligibly small. The values of both &' and tand decreased with the frequency as the

Zn-Zr contents (x) increased. The decrease in €' as the Zn-Zr contents (X) increased was due to the increase in the

resistivity, as shown in Fig. 9 [51].
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3.3.1. DC Resistivity
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Fig. 9. Variations in direct current resistivity with temperature for CZ*FO with different Zn-Zr contents (x).
The dependences of the electrical resistivity on the composition and temperature for the samples were
studied using the two-probe technique. The resistivity values were calculated using the following equation:
p=R.A/, (14)
where A is the cross-sectional area of the pellet, R is the measured resistance, and 1 is thickness of the pellet.
Figure 9 shows the variations in the DC resistivity with temperature for the cobalt ferrites doped with Zn-
Zr. The high conductivity values determined for the ferrites were due to the presence of both Fe** and Fe*' ions in
the crystallographically equivalent sites. The low resistivity of ferrites was related to the occupancy of divalent
metal ions and trivalent iron ions at the octahedral B-sites. The doped Zn*" and Zr*" ions occupied the (A) and [B]
sites, respectively, whereas the Fe’" and Fe" ions occupied the (A) and [B] sites. The conduction in the ferrites
occurred via the hopping of electrons between Fe*" and Fe*" ions. The increasing concentration of Zn-Zr in
CZ’FO increased the amount of Fe*" ions to increase the hopping between Fe ions, and thus the DC resistivity
decreased [17]. The activation energy was calculated using the Arrhenius equation (p = po exp [AE /kT]) and the

Curie temperature was calculated from the plots of logp versus 1000/T. The activation energy and Curie

15



temperature are shown in Table 4. The activation energy was AE < 0.2 eV for all of the ferrite samples, thereby
indicating that the hopping of electrons was the possible mechanism responsible for conduction in the ferrites.
Clearly, the values decreased as the Zn-Zr contents (x) increased from 0.128 eV with x =0 to 0.086 eV with x =
0.4. This was due to the more stable bonding between the Fe’™ and Fe** ions compared with that between the Fe’*
and Zr*" ions [53]. Thus, the changes in the activation energy and Curie temperature may have been due to
electron hopping and the occupancy of cations at tetrahedral and octahedral sites. The Zn®" ions occupied the
tetrahedral site and the Zr*" ions occupied the octahedral sites. Similar results were obtained in previous studies
[54, 55].

Table 4. Activation energies (Ep, E;, and AE) and Curie temperature (T,) for CZ*FO samples with different Zn-Zr

contents.

Zn-Zr Content  Activation Energy (eV) (£ 0.001) (T,) (K)

Ep E¢ AE
0.0 0.238 0.110 0.128 600
0.1 0.217 0.102 0.115 585
0.2 0.203 0.098 0.105 570
0.3 0.187 0.092 0.095 553
0.4 0.176 0.090 0.086 543

4. Conclusions

In this study, cobalt ferrites doped with Zn*" and Zr*" were prepared successfully via the sol—gel route. XRD
analysis confirmed the formation of spinel phases in the ferrite crystals. The variations in the lattice parameter
according to the Zn-Zr contents conformed to Vegard’s law. The FTIR spectra contained two main bands
corresponding to the spinel structure of ferrite. The frequencies of both bands changed slightly as the Zn-Zr
contents increased. The variations in the frequencies of the bands were due to the distributions of the Co*', Zn*",
Zr*', and Fe®" ions over the tetrahedral (A) and octahedral (B) sites. The elastic constants decreased as the Zn-Zr

contents (x) increased. The addition of Zn-Zr decreased the elastic moduli, which reflected the strengthening of

16



the inter-atomic bonding. The dielectric constant and dielectric loss tangent also decreased as the electric field
frequency increased. The calculated activation energy values showed that the hopping of electrons could explain
the conduction in the ferrites. The occupancy of the tetrahedral site by Zn”" and the octahedral site by Zr*" ions
reduced the Curie temperatures of the ferrites as the Zn-Zr contents increased. The extra ZrO, phase (x = 0.3) had

no effects on the properties of the ferrites.
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