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Polycrystalline spinel ferrites Zn,Mg;_,Fe>O4 (where x = 0.0, 0.1, 0.15, 0.2,
0.25 and 0.3) were prepared by standard ceramic method and characterized by
x-ray diffraction, Fourier transform infrared spectroscopy (FTIR), and
vibrating sample magnetometer. Structural, electric and magnetic properties
have been discussed in detail on the basis of Zn composition. The composition
shows formation of a single-phase cubic spinel structure and the lattice con-
stant ‘a’ increases with increasing Zn concentration. FTIR spectra show two
prominent frequency bands in the wave number range 400—-600 cm !, which
further confirms the cubic spinel structure and completion of chemical reac-
tion. Magnetic studies revealed that the saturation magnetization increases
with increasing the substitution of Zn. Cation distribution for the present
system was estimated by comparing observed and calculated x-ray line
intensities. From this it is observed that Zn?* ions prefer to occupy A sites, and
Mg?* and Fe®" ions distributed into both A and B sites. The observed variation
in magnetization has been explained on the basis of distribution of cations
among A and B sites of the spinel lattice. A significant influence of cation
distribution is observed on DC electrical resistivity and activation energy.
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INTRODUCTION

Spinel ferrites are promising ceramic magnetic
materials due to their potential applications in
microelectronics, microwave devices and as a core
material in telecommunications at higher frequen-
cies. The general formula of spinel ferrites can be
written as AFe;O4 (where A is a divalent metal ion).
The unit cell of spinel ferrite comprises 32 oxygen
ion forming a cubic, closed-pack arrangement in
which 8 are tetrahedral sites (A) and 16 are
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octahedral sites [B]. Studies have revealed that
cations occupying A and B sites are significantly
changes the electromagnetic properties of the
ferrite.

Among the spinel ferrites, numerous works have
been carried out on Mg—Zn ferrites due to their
potential applications at high frequencies. Magne-
sium ferrite (MgFe;0,) is a soft magnet suitable for
microwave devices, satellite communication, trans-
formers, audio—video in digital recording, and as
ferrite core due to the low coercivity and high
resistivity.! Several authors studied the influence of
cation distribution on the physical properties of
magnesium ferrite and the distribution of cations
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among A and B sites reported as (Mg?* Fe*)[Mg2*
Fe3*, 10", where round and square brackets
denoted tetrahedral (A) and octahedral [B] sites,
respectively, and x represents the degree of inver-
sion.>® However, the amount of Mg ions occupying
each site is temperature-dependent. Therefore,
minor changes in the distribution of cations and
their occupancy ratio among A and B sited due to
thermal treatment changes in electromagnetic prop-
erties. On the other hand, zinc ferrite (ZnFe,O,) has
a normal spinel structure, in which the majority of
Zn?* ions occupy the A sites while the B sites are
occupied by the Fe3' ions. In spinel ferrite, the
magnetic moments of the ions on (A) sites are anti-
parallel to those on the [B] sites due to the exchange
interaction, which is known as superexchange
interaction. This interaction is strongly influenced
by the magnetic properties and depends on mag-
netic cation distribution between (A) and [B] sites.
Thus, replacing Mg ions by Zn ions on the A site
would enhance the physical properties of the ferrite
to a great extent. With this view, in the present
study, the influence of Zn doping on structural,
magnetic and electric properties of Mg;_,7Zn,Fes04
(where x = 0.0, 0.1, 0.15, 0.2, 0.25 and 0.3) has been
investigated.

EXPERIMENTAL DETAILS

Polycrystalline zinc-substituted magnesium ferrite
Mg;_,Zn,Fe,04 with x = 0.0, 0.1, 0.15, 0.2, 0.25 and
0.3 samples were synthesized by a solid-state reaction
method. High-purity, analytical-grade (A.R.) precur-
sors of MgO (99.9% Himedia), Fe;03 (99.9% Himedia)
and ZnO (99.9%) were used as starting materials in
desired proportions. The starting precursors were
weighed as per stoichiometric proportions and mixed
thoroughly in an agate mortar and pestle with
acetone medium for 6 h. These mixed, metal-oxide
powder materials were calcined at 900°C for 4 h and
compacted into pellets by adding 5% polyvinyl alcohol
(PVA) as a binder. Finally, the powder materials and
pellets were sintered at 1200°C for 4 h followed by
natural cooling to room temperature.

RESULTS AND DISCUSSION
Structural Analysis
Phase and Lattice Constant

The x-ray diffraction (XRD) pattern of all the
compositions of the system Mg;_,Zn,Fe,0,4 (x = 0.0,
0.1, 0.15, 0.2, 0.25 and 0.3) is shown in Fig. 1. The
diffracted peaks are identified as (111), (220), (311),
(222), (440), (422) and (511) planes, which are
present for all samples. These peaks closely corre-
spond to the standard pattern for a spinel magne-
sium ferrite (JCPDS card no. 04-002-5442) and no
extra reflections were observed. This ascertains the
formation of a single phase of the spinel compound

without traces of any detectable impurities. The
Rietveld refinement is a well-known and useful tool
for structure determination.* It allows the determi-
nation of lattice parameters, atomic positions, occu-
pation parameters, and isotropic and anisotropic
temperature parameters. XRD patterns are ana-
lyzed by General Scattering Analysis Software
(GSAS) using Rietveld refinement method. The
Rietveld refinement of pure Mg ferrite is shown in
Fig. 2. The experimental lattice parameter “aey,’
was calculated according to the following equation:

ey = AVR? + 12 4 12 (1)

where d is the interplanar distance of each plane and
(hkl) are Miller indices. The obtained values of “@exp”
are shown in Fig. 3 as a function of Zn concentration.
The lattice constant of undoped Mg ferrite was found
to be consistent with the reported values in the
literature.®® A slight enhancement in the lattice
constant is observed with substitution of Zn** con-
tent. Similar behavior in the lattice constant as a
function of Zn is reported in the literature.”® The
observed decrease in lattice constant has been
attributed to the difference in the ionic radii of Mg
and Zn. The substitution of the smaller-ionic-radii
Zn’* (0.6 A) ions in place of large Mg?* (0.72 A) ions
and their occupancy ratio in tetrahedral and octa-
hedral sites results in a gradual increase in the
lattice constant. The average crystallite size (D311),
cell volume (V,), x-ray density (dy) are calculated
from XRD data and bulk density (d},) is measured
from Archimedes’ method by using the following
equations and the results are listed in Table 1.

Crystallite size (D) is calculated by the following
well-known Scherrer equation:
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Fig. 1. XRD patterns for Mg, _,Zn,Fe>,O, powders.
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be in the range of 41-20.28 nm (Table I). Average

Fig. 2. Rietveld refined XRD pattern of Mg;_,Zn,Fez04 (x = 0). crystallite size has been observed to decrease with
Zn substitution. In general, factors like liberation of
energy during sintering, site preference of cations,
sg— s electronic configuration and bonding energy influ-
ence the growth of crystallite size. Sharifi et al.’
——a, reported that more heat will be liberated when Zn is
—0—a, introduced in the system, which in turn obstructs
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This is also a pertinent reason for the observed
decrease in crystallite size with increasing Zn
concentration. It is clear from Table I that the cell
volume (V.) follows the same trend similar to the
lattice constant (Table I). However, no significant
enhancement in lattice constant and cell volume is
observed due to the insignificant difference in ionic
radii of Mg and Zn ions. The values of x-ray density
(dy) and bulk density are observed to follow an
inverse trend with each other (Table I). The
837 +—1/——1——7———F——1——7————+837 observed increase in dy, with Zn content is due to
000 005 010 015 020 025 030 the substitution of larger-molar-mass zinc content
Zn Concentration (x) at the expense of Mg. In general, the magnitude of
Fig. 3. Lattice parameters a.,, and anas a function of Zn concen- the bulk density, dy, is smaller than that of the x-ray
tration Mgy_»Zn,FezO0s. density (dy) due to the presence of pores created
during the sintering process.

Lattice Constant (a_, )

covalent interaction with their neighbors (ligands).
838 | L 8.38

Table I. Average crystallite size (D3;,), density (dp, dyx), volume of the cell (V.,) and porosity (P) of
Mg, _,Zn,Fe,04 with composition (x)

Composition Average Bulk density X-ray density .

(x) crystallite size (nm) dy, g/ecm®) d, g/lecm®) Cell volume (A®) Porosity (%)
0.0 47.1 4.44 4.53 588.08 2.0

0.1 44.56 4.47 4.57 592.7 2.1

0.15 31.14 4.3 4.61 592.8 6.7

0.2 20.28 4.32 4.65 593.5 7.1

0.25 20.3 4.31 4.7 593.5 8.2

0.3 21 4.44 4.75 593.5 6.5
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Cation Distribution and Theoretical Lattice Con-
stant

In order to understand the variation in lattice
parameters, the distribution of cations among tetra-
hedral (A) and octahedral [B] sites is estimated using
a well-known x- ray intensity calculation method
reported by Burger. ° This method is quite suitable if
there is a s1gn1ﬁcant dlfference in scattering factors
between the Zn?* and Mg**ions present in the lattice.
The investigation of cation distribution provides a
means to develop materials with desired properties
which are useful for many devices.!! The XRD
intensities of various Bragg planes such as (220),
(311), (400), (440) and (422) have been considered, as
the intensities of these planes (hkl) are mostly
sensitive to the cation distribution in A and B sites.

I = |FpaP-Ly (6)

where I, is the relative integrated intensity, Fyq is
the structure factor, P is the multiplicity factor and L,
is the Lorentz polarization factor. In the process of
arriving at the final cation distribution, the site
occupancy of all the cations was varied for many
combinations, and those that agree well with the
experimental intensity of the diffracted peaks were
taken into consideration.'? The final cation distribu-
tion thus obtained for Mg;_ xanFe204 system is given
in Table II. It is observed that Zn?* ions completely
occupy A sites, while Mg?* and Fe®* ions are simul-
taneously distributed into both A and B sites. By using
the cation distribution, lattice parameters have been
evaluated theoretically form the following relation,
since there is a correlation between the ionic radii of
both A and B sub-lattices and the lattice parameter.
a = 3[ [(ra +70) + VB(rs +70)| (7)

where r, is the radius of the oxygen ion (0.138 nm)
and ra and rg are the ionic radii of tetrahedral (A)
and octahedral [B] sites, respectively. The values of
the theoretical and experimental lattice parameters
follow the same trend for all values of ‘x’ (Fig. 3),
which confirms the agreeability of the suggested
cation distribution.
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Infrared Spectra

Infrared spectroscopy is an important tool to iden-
tify the functional groups, phase and purity of sam-
ples FTIR absorption measurements were carried out
using the KBr pellet techmque Figure 4 deplcts the
FTIR spectrum of Zn?* substltuted MgFe;0O4 in the
range of 1000400 cm . It is observed that the two
prominent absorption bands corresponding to the
metal-oxide (M-O) stretching vibrations of tetrahe—
dral (v;) and octahedral (v5) sites around 570 cm™ ! and
400 cm™ !, respectively. The observed bands from
FTIR spectra provide supportive evidence of the
formation of a single-phase cubic spinel structure.
The difference in the frequency assignment is due to
the difference in the bond length between octahedral
and tetrahedral coordinates. The spectra show
(Fig. 4) a shifting of frequency in tetrahedral bands
and no significant change in octahedral bands with
increasing Zn concentration. The tetrahedral bands
are shifted from a higher band value (573.84 cm ™) to
a lower band value (569.45 cm™'). The octahedral
bands are shifted from a higher band value
(406.99 cm™1) to a lower band value (400.02 cm™1).
The shifting of v; and ve reconfirms the cation
distribution in both octahedral and tetrahedral sites.
In general, the shift towards hi gher frequency can be
attrlbuted to the shifting of Fe*? ions towards the O 2
ions.'® The band frequencies v and vy are reported in
Table III. Besides, the octahedral band exhibits split-
ting of absorption bands, including a few small
subsidiary bands. The detected subsidiary bands are
mainly due to John-Teller dlstortlon evolved by the
presence of ferrous (Fe?*) ions.**'® The force constant
can be calculated for the tetrahedral site (K;) and
octahedral site (K,) by using the method suggested by
Waldron.'®

K; = 7.62 x M; x 92 x 10-3dyne/cm (8)

K, = 10.62 x % x 92 x 10" 3dyne/cm  (9)

where M; and M, are the molecular weights of
cations present at A and B sites, respectively. Both
M, and M5 were calculated from the cation distri-

bution formula suggested in Table II. The

Table II. Cation distribution of Mg,_,Zn,Fe;04 with composition (x)
Experimental Calculated

Co content (x) 1220/1400 1400/1422 1220/1400 1400/1422 A site B site
0 1.1232 0.9132 1.1911 0.8612 Mg2% Fed% MgZ4Fed?,
0.1 1.1456 0.9258 1.1877 0.8743 ZnZiMgi2e Feddy Mgi%; Feils
0.15 1.1262 0.9049 1.3541 0.8911 Zn25sMgt2es Fedes Mg}%es Fetdss
0.2 1.1366 0.9041 1.1584 0.8924 Zn25Mgt3s Fey?o Mgi%o Fetdg
0.25 1.1138 0.9237 1.1594 0.8625 ZnZ5sMgt2qs Feddos Mgi%ss Fetdos
0.3 1.1589 0.9162 1.2675 0.859 Zn25Mgt3,; Fed, Mgi%s Fetds
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calculated values of the force constants K; and K,
are listed in Table III. It can be seen that both K,
and K, increase with increasing Zn content. Fur-
thermore, the calculated values of K; are greater
than that of K,, due to the A-site bond length (r,)
being smaller than the B-site bond length (rg). The
increase in force constants with increasing Zn
content suggests the strengthening of interatomic
bonding.

Scanning Electron Microscopy

It is well known that grain size and shape
strongly influence the electrical and magnetic prop-
erties of the ferrite. The surface morphology of the
samples was determined via field emission scanning
electron microscopy (FE-SEM). The images of the
Zn-substituted Mg;_,Zn,Fe;O4 (where x = 0.0, 0.1,
0.15, 0.2, 0.25 and 0.3) are shown in Fig. 5. The
micrographs clearly indicate the presence of larger
grains, which are sufficiently crystalline with
uneven size, and have less agglomeration due to
the relatively higher sintering temperature. The
average grain size for each sample was estimated
using Image J4 software and listed in Table III. The
overall trend of average grain size increases with
‘Zn’ content, consistent with densification results. It
was evident that the Zn promotes grain growth.'”

Saturation Magnetization

The room-temperature hysteresis loops of Mg—Zn
spinel ferrite are shown in Fig. 6. The magnetization
of the undoped Mg ferrite sample increases with
applied field strength and magnetization of the

1|=—0.0
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r+ 1 ' 1 ' 1 T T 1 7
40 S0 60 /M W 0 1000
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Fig. 4. Infrared spectra as a function of Zn concentration of
Mgy _Zn,Fe,0,4 powders.

material attains a maximum of 20.69 emu/g with an
applied field strength of 19 kOe. The lower magneti-
zation value for undoped Mg ferrite is owing to a larger
concentration of non-magnetic magnesium cations
occupying B sites. The obtained magnetization value
of the pristine Mg ferrite is comparatively less than
that of the reported value.'® Further, magnetization
increases with increasing Zn concentration and
reaches a maximum value of 44.35 emu/g. The
observed variation has been explained based on Neel’s
two-sub-lattice model. According to the Neel sub-
lattices model, in spinel-type ferrites, magnetic
moments of A and B sites are aligned in a direction
opposite to each other. Thus, the resultant magnetic
moment depends on the difference in the magnetic
moments of A and B sites. The magnetic interaction
between ions present at A and B sites is comparatively
stronger than that of the ions residing in the same sub-
lattice, i.e. A—A or B-B. The substitution of magnetic
or non-magnetic ions in the spinel ferrite alters the
cation distribution. If the substituted ion has different
ionic radius, this causes an increase/decrease in the
bond length and bond angle. This may enhance or
reduce the magnetic interaction and affects the mag-
netic properties of the ferrite. In the present study, the
non-magnetic Zn?* (0 ug) ions replace non-magnetic
Mg?* (0 ug)ions. Therefore, one can expect no change
in the magnetization with increasing Zn®* content. In
contrast to the above argument, saturation magneti-
zation increases with zinc substitution. Thus, the
presence of Fe?* ions and their distribution is respon-
sible for the observed variation in magnetization. In
the present case, Mg®* and Fe®* ions are partially
distributed into A and B sites in different proportions
(Table II) and Zn®* jons preferentially occupy tetra-
hedral sites (A). Due to this reason, a fraction of Fe3*
ions with a large magnetic moment (5 ug) migrates
from A sites to B sites. This migration causes an
increase in magnetic moment of B sites. As mentioned
above, the resultant magnetic moment of the spinel
lattice is the difference between magnetic moments of
A and B sites. Therefore, the net magnetic moment of
the system increases. The present cation distribution
estimated from x-ray line intensity calculations sup-
ports the observed variation in magnetization.

It is well known that the coercivity varies
inversely with the grain size. The samples with
larger grain size would have greater number of
domain walls. In the process of magnetization or
demagnetization, the domain wall movement
increases with the number of domain walls. The
domain wall movement requires less energy than
that required by domain rotation. Hence, samples
with larger grain size are expected to have low
coercivity values.

DC Electrical Resistivity

The temperature dependence of electrical resis-
tivity (p) for Mg;_,Zn,Fes0, is shown in Fig. 7. It is
clear that all the samples exhibit a linear
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Table III. FTIR absorption band frequencies (v; and vy), force constants (K; and K,) and average grain size of
Mg, _.Zn Fe;04 with composition (x)

Composition K, x 10° K, x 10° Average Magnetization
(x) v (em™) ve (em™1) (dyne/cm) (dyne/cm) grain size (um) (emu/g)

0 573.84 406.99 1.322 0.732 1.26 20.69

0.1 572.88 401.21 1.349 0.7363 0.98 24.8

0.15 571.12 397.35 1.357 0.734 0.97 35.12

0.2 570.22 400.24 1.368 0.7569 1.42 37.76

0.25 569.45 401.12 1.38 0.772 1.04 39.65

0.3 569.45 400.02 1.427 0.77 1.53 42.43

Fig. 5. FESEM images of Mg;_,Zn,Fe-O, powders (a) x = 0.0, (b) x = 0.1, (¢c) x = 0.15 (d) x= 0.2 (e) x = 0.25 and (f) x = 0.3.

relationship with temperature. This confirms the
semiconducting nature of the prepared samples. It
has been observed from Fig. 7 that resistivity
decreases with increasing Zn concentration. This
change in resistivity with zinc content has been
explained based on the hopping mechanism. The
spinel ferrites known to be low-mobility materials

and their conductivity are governed by the charge
carrier transfer between the similar ions (with
different valence states) presented at different
octahedral sites, through a process known as “hop-
: . » 19 .
ping mechanism”.”™ Thus, hopping of electrons
between Fe?* and Fe3* ions located on octahedral
sites [B] is the primary mechanism which allows
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Fig. 6. Hysteresis loops of Mg, _,Zn,Fe,04 (a) x =0, (b) x = 0.1, (c)
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electrical transport. When the samples are sintered
at high temperature, the formation of oxygen
vacancies causes conversion of some of the Fe®*
ions into Fe?* ions to maintain charge neutrality of
the spinel lattice. It has been reported that the
presence of 0.3% Fe?* content in a ferrite can reduce
the electrical resistivity by a factor of more than two
orders of magnitude.?’ At high sintering tempera-
tures, zinc volatilization occurs and they escape
from the samples in the form of ZnO, thus creating
oxygen vacancies during the process. In this situa-
tion, to maintain charge balance, a fraction of Fe®*
converted into Fe?* ions, resulting in increasing the
hopping possibility. As the substitution of Zn
increases, some Mg and Fe ions will migrate
between B and A sites. From Table II, it is clear
that the amount of Fe®* ions at B sites increases
with increasing Zn. This in turn increases the
conduction at B sites, and thereby decreases the
resistivity.

The electrical resistivity of ferrites also depends
upon the activation energy, which is associated with
the electrical energy barrier experienced by the
electrons during hopping. The values of activation
energy were calculated using the following relation
and shown in Fig. 8 as a function of Zn concentra-
tion. The relationship between resistivity and tem-
perature may be expressed as

— p, x &bl (10)
Py = Po X €

0,1s the pre-exponential factor with dimension of (Q-
cm), p (7 is the resistivity at T K, AE is the activation
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energy for conduction, Ky is the Boltzmann constant
and T is the absolute temperature. The activation
energy (AE) of the studied specimens was within the
range 0.32-0.42 eV, which is in good agreement with
previously reported values for other spinel ferrites.?!
It is well known that grain size, density and porosigy
strongly influence the conductivity of ferrites.??
Figure 8 clearly shows that grain size and activation
energy follow an inverse trend with each other. As
discussed above, hopping of charge carriers also
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varies with grain size. This is due to the fact that
grain boundaries will act as poor conductors. With
decreasing grain size, the number of grain bound-
aries also decreases, which in turn reduces the
hopping of charge carriers.

CONCLUSIONS

The results of this work could be summarized as
follows: Zn-doped MgFe;04 was prepared by a solid-
state sintering route. The formation of cubic spinel
phase was confirmed by XRD and FTIR spectra.
Structural, electrical and magnetic properties were
analyzed as a function of Zn concentration. The
lattice parameter decreases with increasing Zn
content. Saturation magnetization follows a linear
increasing trend. DC electrical resistivity and acti-
vation energy decreases, as the presence of Zn**
enhances the conduction of charge carriers. It is
observed that control over grain size and cation
distribution is important to tailor the electric and
magnetic properties.
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