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In this work, Nig.7Zng.2Cug.1Fea—;CryO4 (z = 0.02, 0.04, 0.06, 0.08 and 0.1) ferrites were syn-
thesized by using the solid state reaction method and how relevant properties of the samples were
modified accordingly. The structural, morphological, magnetic and electrical features of the fer-
rites were evaluated by using X-ray diffraction, scanning electron microscopy, Fourier transmission
infrared (FTIR) spectra, vibrating sample magnetometry, electron spin resonance and network anal-
yser. The lattice constant decreases with increasing chromium concentration and the decrease in the
lattice constant is attributed to the ionic radius of chromium being smaller than that of iron. The
distribution of metal cations in the spinel structure was estimated from the X-ray diffraction data
and showed that along with Ni*t ions, most of the Zn>* and the Cu®T ions additionally occupied
the octahedral [B] sites. The FTIR spectra revealed two prominent frequency bands in the wave
number range 400-600 cm ™' which confirm the cubic spinel structure. The magnetic properties,
such as the initial permeability, saturation magnetization and coercivity, were investigated at room
temperature. The frequency-dependent dielectric constant was observed to decrease with increasing
chromium concentration. This behavior was using Koops phenomenological theory.

PACS numbers: 75.50.Vv, 73.63.Bd, 61.05.cp, 75.75.—¢c, 77.22.—d
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I. INTRODUCTION

Group of magnetic materials consists of ferrites, where
ferrite is a general term utilized for any ferrimagnetic ce-
ramic material. Due to the intrinsic atomic level interac-
tion between oxygen and metal ions, ferrites have higher
resistivities on the order of 10° to 107 ohm-cm compared
to ferromagnetic metals [1-5]. This allows ferrites to
be applied at higher frequencies and makes them tech-
nologically very valuable. The main component of iron
oxide and metal oxides are ferrites. Among the different
spinel ferrite materials, nickel ferrites are of great impor-
tance because of their excellent chemical stability, high
electrical resistivity, high coercivity and moderate satu-
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ration magnetization [6-12]. They belong to an inverse
structure category. The important magnetic properties
originate mainly from the magnetic interaction between
the cations that are present in the tetrahedral A and the
octahedral B sites [13-16]. The nickel ferrite and the sub-
stituted nickel ferrite have been studied by a number of
researchers due to their vast applications. The properties
of nickel, zinc ferrite materials can be further modified
by substituting with cations like copper ions. The sub-
stitution of copper in nickel ferrite enhances the prop-
erties of nickel ferrite which are useful in many device
applications. Ni-Zn-Cu ferrites have emerged as impor-
tant materials in recent years owing to their potential ap-
plications in power transformers in electronics, antenna
in rods telecommunication, loading coils and microwave
devices. In the present paper, we report the structural,
magnetic, electric and dielectric properties of nickel-zinc-
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Fig. 1. (Color online) TG/DTG pattern for Nig.7Zng.2Cug.1Fea—Cr, O4 for z = (a) 0.02, (b) 0.04, (c) 0.06, (d) 0.08, and (e)

0.1.

copper ferrite in order to study the effect of chromium
at the B-site.

II. EXPERIMENTAL SET-UP

The Nio_7Zn0.QCu0.1FeQ_mCrmO4 (I = 002, 004, 006,
0.08 and 0.1) ferrites were synthesized by the using solid
state reaction method. Analytical reagent grade chemi-
cals, such as nickel oxide (NiO), zinc oxide (ZnO), iron
oxide (FeyOs3), copper oxide (CuO) and chromium ox-
ide (Crz03), were used for the synthesis process. Stoi-
chiometric proportions of these starting materials were
accurately weigh and mixed thoroughly. Then the first
pre-sintering of the powder was carried out at 1100°C for
5 h. The powder samples with polyvinyl alcohol (PVA)
added as a binder was ground and then pressed at a force
of 5 tons for 5 minutes into a circular-disk-shaped pel-
let. The synthesized pellet was sintered at 1200°C for
5 h and then used for further investigations of its struc-
tural, morphological, magnetic and electrical properties.
The surface layers of the sintered pellet were carefully
polished and washed with acetone; then, the pellet was
coated with silver paste on opposite faces to act as elec-
trodes.

The synthesized Nig7Zng2Cug1Fes_,Cr,O4 (z =
0.02, 0.04, 0.06, 0.08 and 0.1) ferrites were characterized
by using standard techniques such as (XRD), (SEM),
(ESR) and (LCR) meter. The XRD patterns were
recorded at room temperature in the 260 range of 10° to

70° by using PANalytical, X-Pert pro with Cu-K radia-
tion (A = 1.5405 A). The particle morphology of the pow-
ders was observed using SEM images taken with a JEOL
JSM-6610L system. Fourier transform infrared (FT-IR)
spectra measurements were accomplished using a Shi-
madzu IR-Prestige21 instrument and the transmittance
method with potassium bromide (KBr) as the IR win-
dow in the wave- number region from 400 to 1300 cm™".
The magnetic properties were measured using a JEOL-
JES-FA100 ESR spectrometer with the X-band at room
temperature. The impedance study was performed by
using a Wayne-Kerr high- frequency LCR meter Model
65120 in the frequency range from 100 Hz to 120 MHz at
room temperature. The initial permeability was deter-
mined with 10 turns of SWG enameled copper wire on
a toroid and inductance measurements were carried out
at various frequencies by using a Wayne-Kerr high fre-
quency LCR meter Model 65120 in the frequency range
from 100 Hz to 120 MHz at room temperature.

III. RESULTS AND DISCUSSION

1. Thermogravemetric /differential thermo
gravimetric analysis

TG/DTA measurements were performed to inves-
tigate the mass loss and thermal decomposition of
the synthesized Nig 7Zng2Cug.1Fes_Cr,O4 (2 = 0.02,
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Table 1. Interplaner spacing (d) for Nig.7Zng.2Cug.1Fea_s
Cr;O4 (z = 0.02, 0.04, 0.06, 0.08 and 0.1) ferrites.
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Fig. 2. (Color online) X-ray diffraction patterns for

Nig.7Zng.2Cug.1Fea—Cr;O4 (1’ = 0.02, 0.047 0.06, 0.08, and
0.1).
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Fig. 3. (Color online) Variation of the lattice constant and
unit cell volume with dopant concentration.

0.04, 0.06, 0.08 and 0.1) ferrites. Thermal analyses
of the synthesized powders were carried out by using
thermo gravimetric analysis (TG)/differential thermo-
gravimetric analysis (DTG) and the results are shown
Fig. 1. The Maxima of the exothermic peaks were ob-
served initially at 300-400°C and were attributed to
weight loss because of decomposition of organic residues
and chemically bound water. The systematic faster de-
crease of the curve in the TG pattern suggests burn out of
the organic material or the water content in the tempera-
ture range of 30—400°C, leading to crystallization process
at higher temperature condition. Weight loss is mini-
mum above temperature >400°C, confirming the con-
version of oxides into a ferrite spinel phase with crystal
growth. An additional exothermic peak with minimum
weight loss occurs around ~818-830°C, and it could be
attributed to the formation of ferrite. Further weight
loss is not observed above 830°C, leads to our assump-

Plane Interplanar distance (d) (A)
hkl =002 2=004 =006 z=0.08 z=0.10

220 29080 2.9538 2.9162 2.8967 2.9500
311 24870 2.5190 2.4925 2.4941 2.5343
222 23835 2.4124 2.3880 2.4467 2.4973
400 206853  2.0888 2.0724 2.0666 2.0883
422 1.6931 1.7061 1.6967 1.6910 1.6863
511 1.5978 1.6086 1.5996 1.5962 1.6131
440 1.4692 1.4779 1.4705 1.4716 1.4720

tion that the samples had to be sintered at a temperature
above 850°C. With our previous studies, we maintained
our current sintering temperature over 1200°C/5 hours
[16-18].

2. X-ray diffraction

The indexed XRD patterns for all the sam-
ples corresponding to the as-burnt powder of the
Nio,7ZD0AQCUQA1F62_$CI‘$O4 (J? = 002, 004, 006, 0.08
and 0.1) ferrites are shown in Fig. 2. The patterns are
indexed by different Bragg reflections, the strongest of
which comes from the (311) plane, which denotes the
spinel phase. The pattern clearly shows a pure cubic
spinel ferrite phase with reflections due to the (220),
(311), (222), (400), (422), (511) and (440). The analysis
of the XRD pattern reveals the formation of single-phase
compounds. No extra peaks other than cobalt ferrite are
present in the XRD patterns of the prepared samples.
The XRD data for the present samples were used to de-
termine the various structural parameters. From the X-
ray peak broadening of the (311) peak, the crystallite size
of the synthesized ferrites were calculated using Scherrer
formula. Table 2 shows that the values of the crystallite
size vary in the range from 5 to 14 nm. The particle size
is not the same for all compositions, even though all the
samples were prepared under identical condition. The
variation in the crystallite size occurred due to the prepa-
ration conditions, which give rise to different rates of fer-
rite formation for different concentrations of chromium.

The average value of the lattice parameter (a), cal-
culated from various Braggs reflections observed in the
XRD pattern of each samples are given in the Table 2.
The lattice constant (a) varies from 8.2873 A to 8.3584 A.
The lattice constant decreases with increasing chromium
content from x = 0.02 to 1.0. The variation in the lattice
parameter (a) shows a linear chromium content depen-
dence, as shown in Fig. 3. The lattice constant variation
depends upon the ionic radii of the dopant ions. A de-
crease in the lattice constant is observed for an increase
in the Cr3* content in the synthesised ferrite system. A



Effect of Cr®T Substitution on the Structural, Electrical and Magnetic Properties- - - — G. SATYANARAYANA et al.

-687-

Table 2. Lattice constant, cell volume, X-ray density, strain and crystallite size for Nig.7Zno.2Cug.1Fez_;Cr;O4 (x = 0.02,

0.04, 0.06, 0.08 and 0.1) ferrites.

z-value  Lattice constant (A)  Volume (A)®>  X-ray density (g-cm™3) Crystallite size (nm)  Molecular weight (g)
0.02 8.3584 583.9413 5.5058 5.6047 236.1286
0.04 8.3557 583.3801 5.4994 6.9642 236.0516
0.06 8.3044 572.7076 5.4737 7.3155 235.9746
0.08 8.2932 570.4018 5.3701 14.0197 235.8977
0.10 8.2873 569.1781 5.3700 9.2875 235.8207
Table 3. Ionic radii of the tetrahedral A-site (ra) The hopping lengths (Ly and Lp) between magnetic

and the octahedral B-site (rp) and theoreticallylattice
constant (a;;,) and oxygen positional parameter (u) for
NionIloAQCUOA1F€2,xCI‘xO4 (.T = 002, 004, 006, 0.08 and
0.1) ferrites.

z-value ra (A) re (A) awmn (A) u-value (A)
0.02 0.613 0.6492 8.2293 0.3890
0.04 0.613 0.6494 8.2287 0.3890
0.06 0.613 0.6496 8.2283 0.3890
0.08 0.613 0.6498 8.2275 0.3890
0.10 0.613 0.6500 8.2272 0.3890

decrease in lattice constant is reasonably expected and
can be attributed to the substitution of Cr3* with a
smaller ionic radii of Cr®* (0.64 A) for Fe3*t with a larger
ionic radius (0.67 A) in the present ferrite system. Tt also
causes an increase in the interatomic spacing parameter
d, shown in Table 1. The variation in the lattice param-
eter with chromium content x obeys Vegards law. The
value of the lattice parameter for the present nickel ferrite
sample was found to be 8.3259 A, which is fairly closed
to the reported value. A similar type of variation in the
lattice constant was observed for chromium-substituted
nickel ferrite [19,20].

ra = [0.1(Cu%T) - r(Cu’t) + 0.9(Fedh) - r(Fedt)]

ions (the distance between the ions) in the tetrahedral
A site and the octahedral B sites can be calculated, and
the values of the hopping lengths are listed in Table 5.
The variations in the hopping lengths decreased with
increased chromium substitution, a behavior similar to
that of the lattice constant. The result can be explained
on the basis of the variation in the lattice constant with
dopant concentration, Table 5 shows clearly decreases in
the L and the Ly values.

3. Theoretical lattice constant

In order to verify the cation distribution, we calculated
theoretical lattice parameters from the following relation
and compared the values with experimental results,

agp, = (%)(TA +7,)+ \/g(rB +75) (1)

where r 4 is tetrahedral sites radius, rp is the octahedral
sites radius, and r, is the radius of the oxygen ion (1.32
A). The ionic radii of the tetrahedral (r4) and the oc-
tahedral (rp) sites are calculated by using the following
relations:

rg = [0.7(Ni%T) - r(Ni3T) +0.2(Zn%50) - r(ZnF) + 2(Cry") - r(Crt) + 2 — x(Fedt) - r(Feh)] /2 (2)

where ryi2+, Tcuz+, Tzn2+ Tops+ and rpes+ are the cationic
radii of Ni, Cu, Zn, Cr and Fe ions, respectively taken
from the work of Shannon. From Table 4, clearly, the
cation distribution based on X-ray intensity calculations
is in close to the real distribution. The table shows
that ra4 is constant and rp increases with increasing
chromium concentration. The theoretical and the ex-
perimental lattice parameters have the same decreasing
trends. The difference is that the theoretical lattice con-
stants are a little higher than the experimentally deter-

(

mined values. This variation is due to the occupation of
A sites by the chromium ions and the replacing of iron
ions in B sites [21].

The oxygen parameter (u-value) is determined by us-
ing the formula

1 1
w=[ra+r) =+ 3)

In the spinel structure, the oxygen positional parame-
ter has a value in the neighbourhood of 0.375 A for which
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Table 4. Cation distribution and intensity ratios for Nig.7Zng.2Cuo.1Fe2—>Cr;O4 (x = 0.02, 0.04, 0.06, 0.08 and 0.1) ferrites.

z-value Cation distribution I(220) /I(a00) La22) /I(a10) L(220) /(aao)
Obs. Cal. Obs. Cal. Obs. Cal.
0.02 [Cuo.1Feq.9][Nig.7Zng.2Fe1.0sCro.02]O4 0.7485 0.7478 0.2607 0.2607 0.2858 0.2837
0.04 [Cug.1Feq.9][Nio.7Zng.2Fe1.06Cro.04]O4 0.8952 0.8906 0.2621 0.2599 0.4845 0.4828
0.06 [Cuo,lFEQ,g][Ni0,7Zn0,2Fe1,04CI‘0‘06}O4 0.8239 1.1294 0.5036 0.4664 0.4625 0.5413
0.08 [CuollFe()_g][Niojzno,gFel,oQCro‘og}04 0.0220 0,0274 0.4159 0.5066 0.0137 0.0194
0.10 [Cuo.1Feq.9][Nig.7Zng.2Fe1.00Cro.1]O4 0.9316 0.9706 0.3341 0.3099 0.4799 0.4814

Table 5. Hopping lengths Lo and Lg, tetrahedral bond (dar), octahedral bond (dgr,), tetrahedral edge (dag) and octahedral
edge (dse) (shared and unshared) for Nip.7Zng.2Cuo.1Fea—>Cr;O4 (z = 0.02, 0.04, 0.06, 0.08 and 0.1) ferrites.

x—value LA (A) LB (A) dAL dBL dAE dBE dBEU
0.02 3.6192 2.9551 2.0123 1.9795 3.2861 2.6241 2.9643
0.04 3.6181 2.9541 2.0116 1.9788 3.2850 2.6233 2.9634
0.06 3.5959 2.9360 1.9993 1.9667 3.2648 2.6072 2.9452
0.08 3.5911 2.9321 1.9966 1.9640 3.2605 2.6037 2.9413
0.10 3.5885 2.9300 1.9952 1.9626 3.2582 2.6018 2.9392

the arrangement of O?~ ions corrosponds exactly to cu-
bic closed packing. However, in our case, The u-value is
found to be 0.3890 A. This value is larger than the ideal
value (u = 0.375 A); this may be due to the history of
the samples or to experimental or measurement errors. It
also may be attributed to the small displacements of the
anions from the ideal situation to form extended tetra-
hedral interstices [22,23]. Using the experimental values
from the oxygen positional parameter u and the lattice
parameter a, we calculated the interionic distances, i.e.,
octahedral and tetrahedral bond lengths dpr, and day,,
tetrahedral edge, shared and unshared octahedral edge
(dag, dpg and dpgy), and the values are listed in Table 5.
Clearly the values of dAE, dAL, dBE7 dBL and dBEU de-
creasing with increase in chromium concentration. This
variation may be attributed to the substitution a cation
and its distribution.

4. Fourier-transforms infrared spectroscopy

Figure 4 describes the FTIR spectra of
NinZn()‘QCUO‘1F€2,ICT3€O4 (l‘ = 0.02, 0.04, 0.06,
0.08 and 0.1) room temperature in the 350-1500 cm~*
wavenumber range. In the FTIR spectra, two persistent
absorption bands corresponding to stretching vibrations
of octahedral and tetrahedral complexes at around
~400 and ~600 cm~! can be observed and confirms the
formation of a spinel ferrite structure [24]. We observe
that all samples exhibit two prominent absorption bands
in the ranges ~600 cm™! (v1) and ~400 cm™' (1),
respectively the band at ~400 cm™! (15) corresponds to
octahedral group complexes (Fe3t-027), and the band
at ~600 cm~! (v1) corresponds to stretching vibrations
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Fig. 4. (Color online) FTIR spectra of

Nio_7Zn0,2Cu0,1Feg,xCer4 (JZ = 002, 004, 006, 008,
and 0.1)

of the tetrahedral groups (Fe3*t-0O2~). Table 6 represents
different values of v; and o, the values are seen to vary
slightly due to the difference in the Fe3*-O2?~ distances
for the octahedral and the tetrahedral sites. In this
present study, two major frequency bands are observed,
a lower frequency band (o) at 400 cm~! and a high
frequency band (1) at 600 cm~!. The higher frequency
band (v1) is nearly constant for all synthesized com-
pounds. The low frequency band (v2) slightly shifts to
the high frequency side and the spectral band broaden
with increasing chromium concentration [25]. Due to Cr
higher atomic weight and smaller ionic radius compared
to iron, which affects Fe3t-02~ distances on B sites, the
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Table 6. FTIR transmittance bands for Nig.7Zng.oCug.1
Fea_;CryO4 (z = 0.02, 0.04, 0.06, 0.08 and 0.1) ferrites.

K; x 10° K, x 10°
z-value 21 V2
(dyne/cm) (dyne/cm)
0.02 667.39 419.50 1.555 1.442
0.04 669.32 418.57 1.551 1.443
0.06 667.39 419.53 1.555 1.442
0.108 668.36 418.57 1.551 1.443
0.10 667.39 418.57 1.551 1.442

broadening of the spectral band and the shift in (v3) to
the higher frequency side is attributed to chromium ions
occupying octahedral (B) sites. Therefore, a slight shift
of v5 bands towards low frequency is expected because
an increase in the sites radius reduces the fundamental
frequency; therefore, the center frequency of bands
should shift to lower frequency side and vice versa [26,
27].

5. Scanning Electron Microscope

The scanning electron  microscope provided
morphological patterns of the synthesized
Ni0.7Zn0,QCu0,1Feg_wCer4 (l‘ = 0.02, 0.04, 0.06,
0.08 and 0.1) ferrites. Clear from SEM images of the
ferrite system, the particles are almost spherical in
shape, but are agglomerated to some extent due to
the interaction between magnetic particles. We also
observe uniformly sized grains distributed throughout
the surface, which exhibits a decreasing trend with
increasing chromium substitution. The particle size
decreases significantly with increasing dopant concen-
tration because the ionic radius of chromium is smaller
than that of iron. The clearness of the SEM images of
all our samples also reveals that no secondary phases are
present. This is supported by the absence of additional
peaks in the XRD patterns. The micrographs of all the
samples exhibit the presence of a number of smaller
grains having a large number of interfaces, which have
a direct effect on the properties of these ferrites. These
microstructural modifications may reflect the difference
in the radii of the substituting cations [28,29]. The
average grain size calculated from the instrument was
found to be in the nanometre range of 10mm. The
specific surface area was calculated by using the formula

6000

S D,

m?/gm, (4)

where p is the density of the particles measured in
gm/cm?, and D is the particles diameter in mm. With
increasing in dopant concentration, the surface area de-
creases, which indicates the nanocrystalline nature of the

Sum
0004 21Jun 2018

Fig. 5. SEM images of Nig.7Zng.2Cup.1Fes_5Crz04 (z =
0.02, 0.04, 0.06, 0.08, and 0.1).

prepared samples. The decrease in the grain size in-
creases the surface area. As observed from the SEM
images the porosity for all our samples is low. That the
crystallite size and surface area play significant roles in
the magnetic properties of ferrites due to the sizes of the
magnetic domains; is well known.

A reliable quantitative composition analysis was done
using the EDS, and measurements, the values calculated
in the present system indicate that the stoichiometry
of the samples were still almost the same after sinter-
ing process. The EDS spectra illustrated in Fig. 6 show
the presence of the elements Ni, Zn, Cu, Cr, Fe and O
without impurities. These results confirm that the final
composition of the samples is the same as the starting
composition without any extra impurities. The observed
quantitative results indicate that the chromium concen-
tration increases in the samples as expected based on
the synthesis method. The approximate compositions
estimated from the EDS data agree well with the stoi-
chiometric chemical compositions. The compositions of
chromium are found to be 0.99, 1.05, 1.30, 1.47 and 2.54,
respectively.
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Quantitative results
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Fig. 6. (Color online) EDS images of Nig.7Zng.2Cug.1Fea_»
Cr;04 (x = 0.02, 0.04, 0.06, 0.08, and 0.1).

6. Dielectric constant (&,)

In Fig. 7, we have presented the variation in the di-
electric constant measured as a function of frequency
for all synthesized ferrites under investigation at room
temperature. We observe from the Fig. 6 that the di-
electric constant decreases when the frequency is in-
crease. No change in the behavior of the dielectric con-
stant is seen for any of the different dopant concentra-
tions, which is a normal dielectric behavior for spinel
ferrites. The decrease in the dielectric constant with
increasing frequency is exponential in nature and anal-
ogous to Maxwell-Wagner interfacial type polarization,
which is in agreement with Koops phenomenological the-
ory. The maximum dispersion of the dielectric constant
is 0.08, which is minimum for the sample. The maximum
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Fig. 7. (Color online) Variation of dielectric constant with
frequency for Nip 7Zng.2Cup.1Fe2—Cr,O4 (x = 0.02, 0.04,
0.06, 0.08, and 0.1).
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Fig. 8. (Color online) Variation of log with log frequency
for Ni()‘7ZH0_20U0_1F€27ICI‘IO4 (ZE = 0.02, 0.04, 0.06, 0.08,
and 0.10) ferrites.

dispersion is attributed to the fact that the number of
available ferrous ions is higher than it is in other composi-
tions. As a consequence, these ions may be polarized to
the maximum possible extent. The dielectric constant
decreases with the frequency of the externally applied
field increases gradually (100 Hz to 120 MHz). This is
because of the fact that beyond a certain frequency of
the externally applied electric field, the electronic ex-
change between ferrous and ferric ions cannot follow the
alternating field. Fe?T « Fe?t The other fact is that
the electron exchange between Fe?t and Fe?* in n-type
semiconducting ferrites and the whole exchange between
Ni3* and Ni?* ions in p-type semiconductor ferrites can-
not follow the frequency of the applied alternating field
beyond a critical value of the frequency [30-33].
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Table 7. g-value, resonance field, saturation magnetization (M), magnetic moment and coercivity (H.) for
Nig.7Zng.2Cug.1Fea—;Cry 04 (z = 0.02, 0.04, 0.06, 0.08 and 0.10) ferrites.
Resonance field Saturation magnetization ) Magnetic moment Coercivity
z-value g-value
(mT) (M) (emu/gm (n8) (He) (Oe)
0.02 1.8792 359.369 98.28375 4.149 21
0.04 1.6549 408.075 92.19975 3.987 26
0.06 1.8370 367.616 90.38775 3.821 31
0.08 2.0818 324.441 88.77375 3.752 38
0.10 1.9277 350.336 86.05575 3.635 46
7. DC resistivity (p) m x=002
100
—o—x=0.04
— |+~ x=0.06
Figure 8 shows the variation in the DC resistivity with g —v—x=0.08 f
frequency for the synthesized ferrites. With increasing E 50 x=0.10 J'
frequency, the resistivity is found to also increase. For o ¥
ferrites, electron hopping between Fe?T and Fe3* and & 3
hole hopping between Ni** to Ni%t in B sites. Is well g o
brown to occur due to the fact that the ionic radius of 9 !
Cr®* (0.64 A) ions is smaller than that of Fe?* (0.67 A) g §
ions in the present ferrite system and when the chromium g 50 i
is substituting for iron, some chromium or iron will oc- ®
cupy the tetrahedral sites, displacing those in octahedral %
sites, leading to a decrease in the resistivity. This in- -100
crease in the Fe?t or Cr3* ions in octahedral sites will — T T —T T
15000  -10000  -5000 0 5000 10000 15000

increase the number of Fe?t, Fe3* or Cr?+, Cr3t pairs
in octahedral sites, which increases the conductivity of
ferrites. Therefore, the resistivity is decreased by the
addition of chromium. The decrease in the resistivity
might also be related to the decrease in the porosity be-
cause the pores are non-conductive, which increases the
resistivity of the material. The resistivity decreases with
increasing porosity because on the charge carriers move,
they encounter pores [34].

8. Magnetic properties

The magnetic properties play an important role in
the applications of soft magnetic materials. The mag-
netic properties of the synthesized ferrite samples of
Ni0,7Zn0_2Cu0_1Fe2_xCer4 ($ = 002, 0047 006, 0.08
and 0.10) were studied by using the hysteresis loops at
room temperature. The variation in the saturation mag-
netization with applied field is shown in Fig. 9 for all
compositions. The saturation magnetization decreases
with increasing Cr concentration due to the Cr3* cations
occupying in B sites having less magnetic moment than
the Fe?* and to the Cr?®t co moving an equal number of
Fe3t from B to A sites. In Nig7Zng 2Cug.1Feq_Cry Oy
(r = 0.02, 0.04, 0.06, 0.08 and 0.10) ferrites, Ni®>T ions
occupy octahedral (B) sites, and equal numbers of Fe3*
ions occupy tetrahedral (A) and octahedral sites [35,36].
This substitution decreases the number of active link-
ages and weakens the AB exchange interaction. This

applied field (OCe)

Fig. 9. (Color online) Hysteresis loops for Nig.7Zng.2Cug.1
Fea_»Cr;O4 (z = 0.02, 0.04, 0.06, 0.08, and 0.10) ferrites.

exchange interaction is not sufficient to align all the iron
ions at B sites in one direction, resulting in spin canting
of iron ions [37]. Therefore, the magnetic moment in the
A sub lattice increases while it decreases in the B sublat-
tice, and as a result, the net magnetic moment decreases.
The observed variation in the saturation magnetization
can be explained on the basis of Neels theory.

According to Neels theory, the net magnetic moment
is given by ng = Mp — M4, where Mp is the magnetic
moment of the B-sublattice and M4 is the magnetic mo-
ment of the A sublattice.

The magnetic moments of Ni, Zn, Cu, Fe and Cr are
2 uB, 0 4B, 1 uB, 5 uB and 3 B, respective and Neels
magneton number can be obtained by using

_ Molecular Weight x Mj (5)
"= 5585

where np is the magneton number of the samples, and
M is the saturation magnetization of the samples.

The saturation magnetization gradually decreases in
the system with increasing Cr content. This is due to
the fact that the magnetization of a spinel cubic struc-
ture depends on the types of cations in the tetrahedral A
and the octahedral B sites. When the Cr content is in-
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Fig. 10. (Color online) variation of the initial permeability
with log frequency for Nig.7Zng.2Cug.1Fea—CryO4 (z = 0.02,
0.04, 0.06, 0.08, and 0.10).

creased, the paramagnetic Cr3* has a stronger tendency
to occupy octahedral B sites. This will reduce the quan-
tity of magnetic ions in the B sites, thereby reducing the
magnetic moment of B sites, From Table 7, the coerciv-
ity increases with increasing Cr concentration. As the
porosity increases with increasing Cr concentration, the
coercivity is also expected to increase. With increasing
porosity, a higher field is needed to push the domain wall,
which results in a high coercivity [38-40].

9. Initial permeability (u;)

The compositional variation of the initial permeabil-
ity was measured using a Waynn-Kerr network analyser
at room temperature for frequencies from 20 Hz to 120
MHZ. The initial permeability of toroids can be calcu-
lated by using the formula

L
i = do (6)
1

where L is the inductance in yH, N is the number of
turns, d; is the inner diameter in cm, ds is the outer
diameter in cm, and h is the height of the core in cm.
The variations of the initial permeabilitys for all the syn-
thesized ferrites are shown in Fig. 10. From the figure,
we observe that the permeability slightly increases with
increasing Cr concentration. The increased permeability
is due to the combined effect of increased grain size and
increased densification. Low frequency dispersion, which
may be attributed to domain wall movement, is also seen.
This can be attributed to the increase in grain size with
increasing concentration. Increasing concentration may
causes decreasing magnetic anisotropy, thereby reducing

1600
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Fig. 11. (Color online) ESR spectra for Nig.7Zng.2

Cug.1Fea_;Cr;O4 (z = 0.02, 0.04, 0.06, 0.08, and 0.10).

the internal stresses and crystal anisotropy, which may
resulting minimum hindrance required for moving the
domain walls. Thus, the initial permeability increasing
with increase in dopant concentration [41-46].

10. Electron spins resonance spectroscopy

The ESR spectra of the as synthesized ferrite materi-
als are shown in Fig. 11. The spectra of these samples
show a single broad signal with a g-value of approxi-
mately 2.0, indicating the presence of Fe3*, Cu?*, Zn?+,
Cr3*t and Ni?* ions with dominance of Fe3T ions. signal.
The variation in ESR parameters, such as the peak-to-
peak linewidth (AHpp), the g-value and the spin con-
centration of paramagnetic centers present in these fer-
rites, can be discussed in terms of the interparticle mag-
netic dipole-dipole interactions and super-exchange in-
teractions. The interparticle super-exchange interactions
between magnetic ions (through oxygen) can reduce the
value of peak-to-peak linewidth. The magnitude of this
interaction is determined by the relative positions of the
metallic and the oxygen ions. The g-value increases with
increasing chromium ion concentration in these ferrite
samples due to a strengthening of the super-exchange in-
teraction via magnetic ordering within each sublattice of
ferrite through a rearrangement of cations between A and
B-sites. The value of the resonance field decreases with
increasing chromium content in these ferrite analogues,
with an increase in intensity. The decrease in linewidth,
i.e., the narrowing of resonance derivative signal with re-
spect to the increase in the chromium concentration has
been attributed to chromium ions occupying octahedral
B sites. The presence of Cr37 ions in the octahedral B
sites causes a decrease in the magnetic moment of the B
sublattice. This causes an overall decrease in the total
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magnetic moment. This decrease in the magnetic mo-
ment of the sample may be the reason for the decrease
in the linewidth of the sample [47,48].

IV. CONCLUSION

The Nio_7Zn0,2Cu0,1Feg,zCrzO4 (.’E = 002, 004, 006,
0.08 and 0.10) ferrites were successfully synthesized
through a solid state reaction method at temperature
1100°C. The synthesized ferrites exhibited good crystal
structure, fine grain size and improved initial perme-
ability. The percentages of weight loss and gain were
obtained at different temperatures by employing the
thermal properties of the synthesized ferrites. X-ray
diffraction confirmed the formation of a single ferrite
phase with no impurities. The SEM analysis indicated
uniform grain growth and less agglomeration. The
FTIR spectrum exhibited two major absorption bands,
one near 600 cm~! and the other near 400 cm™!,
which are characteristic features of spinel ferrites. The
initial permeability and dielectric constant was found to
increase at high frequency. The dielectric study showed
normal dielectric behavior for all samples and a strong
influence of frequency. The saturation magnetization
(Ms), which is decreased this is due to the fact that
the magnetization of the spinel cubic structure depends
on the types of cations in the tetrahedral A and the
octahedral B sites, and the coercivity (H.) increased
as the chromium concentration was increased. The
present study, thus, reveals that the solid-state- reaction
method is one of the simplest effective chemical routes
for preparing a wide range of ferrites for diverse appli-
cations.
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