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increases with copper substitution.

INTRODUCTION

Spinel ferrite’s structural and magnetic properties are
usually modified by altering the compositions of dopants or
also by modifying the shape and size of the particles [1]. Copper
ferrite has a fundamental application in the nanoscience and
technology field such as radio frequency circuits, transformer
cores, antennas and read-write heads for high speed digital
tape and in high quality filters [2]. Multi-layered chip inductors
(MLCI) formation better result obtained due to the copper
substituted Ni-Zn ferrites [3]. The nanocrystalline ferrite mate-
rials synthesis was day by day increasing due to its desired
properties such as geometry, size and stoichiometry better than
the bulk material. Structural and magnetic properties depend
upon the composition, cation distribution, size and shape of
the material [4]. Ni-Zn ferrite is mixed spinel in which tetrahedral
(A) sites are occupied by Zn?* and Fe** ions and octahedral sites
(B). This distribution of cations depend on synthesis temper-
ature [5].

Copper shows the coordination geometries such as octa-
hedral, pyramidal, tetrahedral square planar [6]. Cu® () ions
show the strong John-Teller effect, its substitution in the ferrite
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Nanocrystalline copper substituted nickel zinc ferrites with composition, NigpsCu,Znos<Fe.O4 (x =0.0, 0.1, 0.2, 0.3, 0.4 and 0.5) synthesized |
by sol-gel auto combustion technique. All the precursors sintered at 400 °C for 4 h. The stoichiometry and single phase cubic spinel |
structure confirmed from EDAX and XRD patterns, respectively. Morphology studied by SEM technique. Infrared spectrum of prepared
samples investigated at room temperature in the range of 800-300 cm™. Three major IR absorption bands of tetrahedral frequency in the |
range of 578-551 cm™, octahedral frequency in the range of 422-406 cm™ and v; in the range of 352.08 to 325.01 cm™ observed. The |
stiffness constant (Cy; and Cy,), elastic moduli, such as Young’s modulus, rigidity modulus, Poisson’s ratio and Debye temperature were |
determined from IR and structural data. The stiffness constant (C;; and C;,) and elastic moduli decreases while Debye temperature |
|
|
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system it preferred to the octahedral (B) sites and it cause the
tetrahedral structure distortion [7-9]. In the spinel ferrite lattice,
different cations occupied in A and B sites and the force constant
determined by using infrared spectroscopy [10,11]. Many
researchers have studied the IR spectra for several ferrites.
Waldron [12] has also reported the presence of low as well as
high-frequency shoulders in his observations. Srinivasan et al.
[13] investigated the infrared absorption in spinel ferrite. while
Zaki and Dawoud [14] studies the far infrared spectra for
copper-zinc mixed ferrite used to cation distribution. The elastic
properties of its technologically and basic research important
for the ferrite. The studies of elastic behaviour to understand
the nature of interatomic forces and interionic forces [15].
Herein we report the synthesis of NiysCuxZngs.<Fe,04 (x =0.0,
0.1,0.2,0.3, 0.4, 0.5) by sol-gel auto-combustion method and
also examined the effect of Cu** substituted in Ni-Zn ferrites
on the elastic properties.

EXPERIMENTAL

Nanocrystalline copper substituted nickel zinc ferrites,
with composition NiysCu,Zngs.<Fe,O, synthesized by sol-gel
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Fig. 1. Energy-dispersive X-ray spectroscopy (EDAX) Patterns, x = 0.0, 0.2 and x = 0.5

auto-combustion method [16]. All the precursors sintered at
400 °C for 4 h. The elemental stoichiometry was determined
by energy dispersive X-ray analysis (EDAX, Inca Oxford). The
X-ray powder diffraction patterns were recorded on Philips
X-ray diffractometer (Model PW3710) at room temperature
by using CuKo radiation. The XRD patterns were recorded at
room temperature in 26 range of 20°-80° with scanning rate
1°/min. The microstructure and morphology of the prepared
samples were studied by scanning electron microscopy (SEM)
(model JEOL JSM 840). The infrared spectra of all the samples
were recorded at room temperature in the range 200 to 800
cm’' using Perkin Elmer infrared spectrophotometer.

RESULTS AND DISCUSSION

Energy dispersive X-ray analysis (EDAX): EDAX patterns
of copper substituted nickel zinc nano-spinel ferrites with
chemical composition of NiysCu.Zngs«Fe,O, (x =0.0, 0.3 and
0.5) is shown in Fig. 1. The observed percentage of elements
are in close agreement with the composition of theoretical
values as listed in Table-1.

SEM analysis: SEM micrographs of sintered copper substi-
tuted nickel zinc nano-spinel ferrites (x = 0.2 and 0.5) are shown
in Fig. 2, illustrates the fine crystallite structure with weak
agglomeration due to high reactivity.

X-ray diffraction: X-ray diffraction (XRD) patterns of
NiysCu,Zngs..Fe O, spinel ferrite system with x = 0.0 to 0.5,
in the steps of 0.1 are shown in Fig. 3. The XRD patterns confirmed
the formation of single phase cubic spinel structure of ferrites
(JCPDS No. 48-0492) [17] without additional peaks consequent
to any other phases. The crystal structures of copper substituted
nickel zinc ferrite are identified as cubic spinel (space group:
fd’m) with the matching (220), (311), (222), (400), (422), (333)
and (440) planes.

The results revealed that after the addition of small amount
of Cu* ions, the lattice constant decreases. The values of lattice
parameter 'a’ listed in Table-2. The calculated value of lattice

X109,
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Fig. 2. Scanning electron microscopy (SEM) images, x = 0.2 and 0.5

parameter shows that the samples are to be cubic spinel structure.
The lattice constant decreases with Cu** concentration. The
decrease in the lattice constant is related to the difference
in ionic radii of Zn** and Cu*. In the present ferrite system,

TABLE-1
THEORETICAL AND OBSERVED ELEMENTAL ANALYSIS FROM EDAX OF Ni,sCu,Zn,s.Fe,0,
Theoretical value (%) Observed value (%)

X Ni Cu Zn Fe Ni Cu Zn Fe (@)
0.0 12.34 0.00 13.75 46.98 26.93 12.29 0.00 13.98 46.97 26.76
0.1 12.35 2.68 11.01 47.02 26.94 12.44 2.61 11.12 47.02 26.81
0.2 12.36 5.35 8.26 47.06 26.97 12.47 5.27 8.37 47.06 26.83
0.3 12.37 8.04 5.52 47.09 26.98 12.49 8.02 5.45 47.11 26.93
0.4 12.38 10.73 2.76 47.13 27.00 12.51 10.62 2.72 47.08 27.07
0.5 12.39 13.42 0.00 47.17 27.02 12.53 13.11 0.00 47.15 27.21
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TABLE-2
LATTICE CONSTANT (a), X-RAY DENSITY (d,), BAND POSITION (v,, v, AND v,),
FORCE CONSTANT (K, AND K,) OF Ni,sCu,Zn,s.Fe,O,

Band position Force constant
X ‘@A) dy (glem) i i i x 10° x 10°
v, (cm™) v, (cm™) v; (cm™) R, Ry ((If}‘,’ne fem) (dene fem)
0.0 8.394 5.34 578.231 422.834 335.390 0.3563 0.2959 1.108 1.544
0.1 8.345 5.429 576.231 417.769 325.966 0.3562 0.2958 1.089 1.510
0.2 8.334 5.446 569.702 416.764 358.063 0.3561 0.2958 1.091 1.452
0.3 8.328 5.454 566.503 412.705 361.528 0.3561 0.2957 1.077 1.412
0.4 8.311 5.463 563.038 411.170 346.068 0.3560 0.2957 1.076 1.372
0.5 8.310 5.484 551.043 406.694 352.998 0.3559 0.2957 1.060 1.301
100
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Fig. 3. XRD patterns of NipsCusZngs.<Fe,Os4, x = 0.0 to 0.5

Zn** ions (0.74 A) ions are replaced by the relatively smaller Cu®*
jons (0.72 A) [18]. Here Cu®" is substituted for Zn>". In addition,
the existence of Cu and Fe in B-site can result in the John
Teller distortion of the octahedral symmetry of B-sites which
might lead to a crystal lattice distortion in the ferrites that causes
the value of ‘a’to decrease [19]. The values of lattice parameter
revealed an almost linear dependence, thus obeying Vegard's
law [20]. The values of X-ray density are shown in Table-2.
The X-ray density also increased with increasing Cu** content
x. The increased in X-ray density is attributed to decrease in
lattice constant. It is observed that X-ray density increase for
x =0.5. This may be related to the molecular weight of sample
overtakes the volume (a*). The atomic weight of Cu**ion (63.55
amu) is higher than Zn** ions (55.84 amu) due to this increases
in the X-ray density 5.340 to 5.484g/cm’ [18].

Infrared analysis: The infrared analysis provides the
crystal information such as vibration modes and ions occupied
in the lattice sites. The ferrite substitution due to metal ions
resulted to changes in the unit cell while the whole crystal is
not affected. This structural change strongly affected the
vibrations modes within the crystal [12]. The IR spectra of
copper substituted nickel zinc nano-spinel ferrites are shown
in Fig. 4 were recorded at room temperature in the frequency
range 800-200 cm™. The IR spectra illustrated the three major
absorption bands as listed in Table-2. The highest v,, is obser-
ved in the range 600-500 cm™, and it corresponds to stretching
vibrations of the metal at the tetrahedral site M-O, while v,
lowest band is usually observed in the range 450-385 cm™, is
assigned to octahedral-metal stretching (M-O) [21].

Wavenumber (cm71)
Fig. 4. Infrared spectra of NipsCuxZnos<Fe,04, x = 0.0 to 0.5

The absorption band frequency v, decreases with an increase
in copper concentration (x). This variation in the band positions
may be due to the variation in the cation-oxygen bond length
[14], which results in a decrease in the frequency of v, band.
The octahedral band has a constant value of around 395 cm’!
and this may be due to the neutralization effect for the migration
of both Cu” and Fe™ ions to this site. The octahedral vibration
frequency (v,) can attributed due to to John-Teller effect in
the octahedral site of Cu* ions, cause to crystal lattice distortion
[22]. The ligand lying in z-axis is due to the shortening of band.
The lower band v; observed in the range of 352.08 to 325.01
cm’ is related to divalent Cu**~O* bond in the complex [23].

The bond lengths R4 and Rg have been calculated using
the formula given by Gorter [12,24] as follows:

R, =(u—%jamﬁ—Ro (1)

5
Ry = (g - ujam -R, 2)

The values of bond lengths for tetrahedral A-site (Rs) and
octahedral B-site (Rp) were calculated and shown in Table-2.
The bond lengths R4 and Rg decrease with increase in the compo-
sition of Cu® ion content. Decrease in the lattice constant by
the increasing value of x; this is in coherence with the bigger
ionic radii of Zn ions, which has been replaced by a smaller
one for the copper ions [14].

The force constants corresponding to tetrahedral and octa-
hedral complexes are calculated by using the standard formulae
[12] as given below:
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K, =7.62xM, xv;x107 (3)

K, = 10.62><%><v§><10‘2 “4)

where K, is the force constant on octahedral site, K, is the
force constant on tetrahedral site, M, is the molecular weight
of tetrahedral site, M, is the molecular weight of octahedral
site, v, is the corresponding centre frequency on tetrahedral
site and v, is the corresponding center frequency on octahedral
site.

The molecular weights M, and M, for each sample were
determined from the cation distribution. The force constant is
the second derivative of the potential energy with respect to
the site radius with the other independent parameters kept
constant. The force constants values (K, and K,) are listed in
Table-3. The force constant K, increases with the increasing
Cu** content whereas K, decreases with the increasing in Cu**
content. This variation can be related with the difference in
ionic radii of Zn** and Cu** ions and their occupancy at A and
B sites [14]. Analysis of IR spectra with crystallographic know-
ledge helps us to determine the Debye temperature and elastic
properties. The Debye temperature (v,) of all samples was
determined [25] using the wave numbers of IR bands:

hACv

Bl = )
K

where 7 = h/2p, K is Boltzmann constant, C is velocity of
light (C = 3 x 10° cm/s) and v,, is average wave number of
bands. Variation of Debye temperature with Cu** content is
shown in Fig. 5.

TABLE-3
MEAN FORCE CONSTANT (K), PORE FRACTION, STIFFNESS
CONSTANT (C,, AND C,,) OF Ni,:Cu,Zn, 5. .Fe,0,

Mean force constant Pore Passion’s

X (K) (K, +K,) fraction  ratio 6 Cu Coo
0.0 1.326 0.142 0276 15801 60.24
0.1 1.299 0.138 0277 15571 59.77
0.2 1.272 0132 0279 15259 59.16
03 1.245 0128 0281 14948 5835
0.4 1.224 0125 0282 14731 57.79
0.5 1.181 0111 028 14207 57.05
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Fig. 5. Variation of Debye temperature determined from infrared (6/) and
elastic (OE) data with Cu** content

o -

Elastic properties: The elastic properties were determined
using infrared spectroscopy [26,27]. The elastic modules and
Debye temperature were determined by using the IR and struc-
tural data [28]. These elastic moduli were determined using
the lattice constant 'a', X-ray density 'dx' pore fraction 'f' and
force constant 'k'. The average force constant (K) was calculated
using following relation:

K, +K,
5 (6)

The stiffness constant (C;) and (C1,) were calculated using

the following relation [28] and the results are shown in Table-3.

K

K=

Co="" @)
a
where K is average force constant and a is lattice constant.
cC
Stiffness constant (C,,) = ——L
€p) (1-0) ®

where G is Poisson ratio.

The Poisson ratio is function of pore fraction (o = 0.324
x 1-1.043 f). Using eqns 7 and 8, the stiffness constant is calcu-
lated and the variation is tabulated in Table-3. It is observed
from Fig. 6, both stiffness constants were decrease with increase
in Cu** substitution. The values of Poisson's ratio were deter-
mined using the relation discussed elsewhere [29] and the
values are presented in Table-3.
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Fig. 6. Variation of stiffness constants (C;; and Cy,) with Cu** content

The Poisson ratio is lies in between 0.276 and 0.266. These
values are lie in the range of 1 to 0.5, which is in agreement
with the theory of isotropic elasticity [30]. The other elastic
moduli for cubic structure are calculated using following
relation [31]:

Rigidity modulus(G) = E
S 2(c+1) ©)

The rigidity modulus (G) is calculated using eqn. 9 and
the variation are presented in Fig. 7. Bulk modulus (B), rigidity
modulus (G), young modulus ( E ) decreases with increase in
Cu* content, it indicates that deformation of the solid is easy
and the solid has less tendency to spring back to its equilibrium
position [27]. According to Wooster [32], the decrease in the
modulus attributed inter-atomic bonding between Cu, Zn, Ni,
Fe ions in present ferrite system.
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Fig. 7. Variation of Young’s modulus (E), bulk modulus (K) and modulus
of rigidity (G) with Cu®* content

The interatomic bonding between the various ions weaken
continuously with the addition of Cu** ions therefore decreases
in modulus with increasing Cu* content. The longitudinal
elastic wave velocity (Vi) and transverse (shear) wave velocity
(Vs) were calculated using following equations:

172
Longitudinal velocity (V, ) = [%) (10)

172
Transverse (Shear) velocity (V) = (EJ (11)
Y

where G is rigidity modulus with correct zero pore fraction.
The values of Vi and Vs used to calculate the mean wave velocity
(V) which is further used to calculate Debye temperature
using following formula:

Debye temperature (6,,) = E ﬂ : XV 12

y p E k 4TCM m ( )
where h is Plank’s constant, k is Boltzmann’s constant, M is
molecular weight, q is number if atom in the unit formula and
V., mean wave velocity.

31,2
\AR VAR A

The values of longitudinal wave, shearing wave and mean
wave velocity were calculated using eqns. 10, 11 and 13 respec-
tively.

The longitudinal elastic wave velocity is decreases whereas
transverse (shear) wave velocity increased with Cu** substi-
tution [27]. The variation of Debye temperature (Og) is given
Fig. 5. The Debye temperature increased with Cu®* substitution.
It suggested that lattice vibrations are hindered due to Cu**
substitution. This may be due to the fact that strength of inter-
atomic bonding increases with concentration (x and y) as supp-
orted by present results on the variation of elastic moduli [25].

13)

Conclusion

The copper substituted NigsCu,Zns.<Fe.O4 (x = 0.0, 0.1,
0.2, 0.3, 0.4 and 0.5) ferrite nanoparticles were prepared by
sol-gel auto-combustion technique. All the precursors sintered

at 400 °C for 4 h. The stoichiometry and single phase cubic spinel
structure confirmed from EDAX and XRD patterns, respectively.
The infrared spectroscopy technique was used to locate the
band position of the vibration. The band frequency v, and v,
slightly decreased to increases the Cu®* ion doped contents.
These variations in band frequency is due to the distributions
of Cu*, Zn*, Fe* ions in A and B sites. The elastic properties
such as elastic wave velocity, elastic constant and Debye temp-
erature determined using structural and IR data. The stiffness
constants (C;; and C,») and elastic moduli decreases while
Debye temperature increases with copper substitution.
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