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Abstract

Nickel–copper ferrites with the general formula Ni1�x Cux Fe2 O4 (0rxr1) were studied using X-ray diffraction and infrared absorption spectroscopy.
XRD diffraction patterns show that all samples have a pure single-phase cubic spinel structure over the whole composition range. From these patterns, the
lattice parameters, crystallite size and porosity of these samples have been calculated and compared with those predicted theoretically. Most of the values
were found to increase with increasing Cu content. Far infrared absorption spectra show high and low absorption bands corresponding to tetrahedral and
octahedral sites confirming the single phase spinnel structure. The calculated force constants, Kt and Ko for the two sites are found to increase with
increasing Cu content and their relative values are consistent with bond length magnitudes at tetrahedral and octahedral sites.
Crown Copyright & 2014 Published by Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Mixed ferrites are widely used for many kind of industrial
applications such as information storage systems, high frequency
microwave devices and transformers because of their singular
electrical and magnetic properties. Various substitutions in these
materials have been incorporated to achieve the desired char-
acteristics and investigations have been focused on Ni–Cu mixed
spinel ferrite because copper containing ferrites have interesting
structural, electrical and magnetic properties [1–7].

The application of IR spectroscopy to the ferrite materials can
be used to observe the achievement of the solid-state reaction as
well as the purity of the spinel structure phase. IR spectra
provide important information on the deformation of the spinel
structure and various ordering problems [8,9]. Furthermore, the
concentration variation of metal cations in some mixed ferrites
may produce structural changes within the unit cell without
affecting the spinel structure as a whole. These structural

changes brought by the metal cations that are either lighter or
heavier than other metal ions in the ferrites strongly influence
the lattice vibration. The IR spectra absorption bands mainly
appear due to the vibrations of the oxygen ions with the cations
producing various frequencies of the unit cell [10]. Note also
that the vibration frequency depends on the cations-oxygen
distance, the bonding force and the cations mass [11].
The study of cations distribution at octahedral and tetra-

hedral position is essential for industrial applications of
copper–nickel ferrites. As far as we are aware, no structural
and IR study of the completely Cu-substituted Ni ferrites have
been reported. The present work is concerned mainly with the
analysis of experimental result of X-ray diffraction and
infrared spectra in Ni1�xCuxFe2O4 over the whole composition
range from x¼0 to x¼1.

2. Experimental

The conventional double sintering technique was used to
prepare samples of Ni1�x Cux Fe2 O4 (x¼0–1 step 0,1). The
ingredient materials were analytical high purity grade NiCO3,
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Fe2 O3 and CuO (BDH). They were weighed stoichiometri-
cally as per chemical formula unit. They were mixed thor-
oughly in an agate mortar to produce a homogeneous mixture
of fine particles; the process of mixing was carried out in slurry
of acetone to ensure uniformity. Pellets of 10 mm and 3–5 mm
thick are prepared using a hydraulic press at 4 tons/cm2. These
pellets were first sintered at 1000 oC for 12 h in air medium
followed by cooling at room temperature. The pre-sintered
samples were ground then remixed once more and reshaped in
the hydraulic press to pellets. These, were finally re-sintered at
1100 1C for 24 h followed by natural cooling. The sample
compositions were confirmed by energy dispersive X-ray
spectroscopy (EDS) analysis. The single-phase spinel structure
was confirmed by the X-ray diffraction spectrum of these
samples obtained with a Panalytical X'Pert Pro diffractometer
using CuKα radiation (λ¼1.540598 Å). Scan's range was kept
the same for all samples 2θ¼20–1001 using a step size of
0.01o with sample time of 10 s.

For recording IR spectra, samples were prepared by mixing
small quantity of the powdered ferrites with KBr. Then, the
samples mixed powder was pressed in a cylindrical disc at
10 tons/cm2 by hydraulic press. The IR measurements of the
prepared samples were recorded at room temperature in the
range from 200 cm�1 up to 1000 cm�1 using Perkin-Elmer
783 FT-IR spectrophotometer. The microstructure and sample
morphology were examined with analytical scanning electron
microscope (ASEM) JEOL; JSM6360. The ASEM is coupled
with an energy dispersive system (EDS, EDAX) for elemen-
tary composition analysis of samples.

3. Results and discussion

Specimen spectra of X-ray diffraction for the Ni1–x Cux Fe2
O4 samples at compositions of x¼0; 0.2; 0.5; 0.8 and 1 are
shown in Fig. 1. As can be seen, the XRD patterns present
peaks at reflection planes indexed (220), (311), (222), (400),
(422), (511), (440), (620), (533) and (553) for all samples, thus
proving the formation of the single phase cubic spinel
structure. The lattice parameters aexp for all samples have
been calculated using the Nelson–Riley extrapolation method
[12]. Values of aexp are tabulated in Table 1 and their
variations with Cu content are shown in Fig. 2. Values of
the lattice parameter aexp for NiFe2O4 and CuFe2O4 samples
have been found equal to 8.331 and 8.407 Å, respectively,
which agrees reasonably well with the literature values for
NiFe2O4 [13,14] and for CuFe2O4 [7,14]. The bigger aexp
value for CuFe2O4 compared with that of NiFe2O4 is due to the
larger ionic radius of Cu2þ (0.72 Å) than both Fe3þ (0.67 Å)
and Ni2þ (0.69 Å). The increasing trend with Cu content is
attributed to the replacement of smaller Fe3þ ions by a larger
ionic radius of the Cu2þ at the tetrahedral sites (A), and the
replacement of the Ni2þ ions by a smaller ionic radius Fe3þ at
the octahedral sites [B]. The non-linear behavior of aexp with
Cu content was reported for other similar ferrites systems
passing from partially to completely inverse spinel type
structure [15]. Nickel ferrite, NiFe2O4 has totally inverse

spinel structure with half of the Fe3þ ions in B sites and the
other half in A sites and all the Ni2þ ions in octahedral sites
[13]. Copper ferrite, CuFe2O4 is partially an inverse spinel and
the degree of inversion depends upon heat treatment [7,16]. In
the Ni1�xCuxFe2O4 ferrites the Ni2þ ions exclusively occupy
the octahedral sites [17], while some of the Cu2þ ions prefer to
occupy the tetrahedral sites and the rest are stable in the
octahedral sites [13]. Thus, the cations distribution for Ni1�x-

CuxFe2O4 ferrites can be written as [18]

ðCu2þ fiFe
3þ

1� fiÞ½Ni2þ 1� xCu
2þ

x� fiFe
3þ

1þ fi�O2�
4 with 0rxr1

ð1Þ

Where the factor of inversion fi can be taken as:
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Fig. 1. The X-ray diffraction pattern for Ni1�x Cux Fe2 O4 of samples x¼0,
0.2, 0.5, 0.8, 1.
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Given this cations distribution, the average cation radius at
the A and B sites, rA and rB can be calculated for all samples
using the relations [19]:

rA ¼ firCuþð1� fiÞrFe ð2Þ

rB ¼ ½ð1�xÞrNiþðx� fiÞrCuþð1þ fiÞrFe�=2 ð3Þ

where rNi, rCu and rFe are the ionic radii of Ni2þ , Cu2þ and
Fe3þ ions, respectively.

The theoretical lattice parameter can be calculated using the
following relation between the average cation radius of the
constituents at different sites [20]

ath ¼
8

3
ffiffiffi

3
p rAþRoþ

ffiffiffi

3
p

ðrBþRoÞ
h i

ð4Þ

where Ro (¼1.38 Å) is the radius of the oxygen ion. Table 1
shows aexp, the calculated ath, rA, rB and the cation distribu-
tions. Fig. 2 shows the variation of experimental and theore-
tical lattice parameter with Cu ions content. As can be seen,
aexp is smaller than ath, this is because the theoretical value
assumes a perfectly filled spinnel structure where anions and
cations are taken as plain spheres. Similar behavior has been
seen in Li–Mn ferrites [20]. Fig. 3 shows clearly that values of
rA and rB increase with increasing Cu2þ ions content, we can
interpret this to the replacement of Fe3þ ions with larger ionic

radius of the Cu2þ , at both the tetrahedral and octahedral sites.
Similar results have been reported for Co–Cd [15] ferrites.
The inter-ionic cations–anions distances (bond lengths) at

A-sites, RA, and B-sites, RB can be evaluated using the
relations [21]

RA ¼ a
ffiffiffi

3
p

δþ 1
8

� �

ð5Þ

RB ¼ a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3δ2� δ

2
þ 1

16

r

ð6Þ

δ¼U�0:375 ð7Þ

U ¼ ðrAþRoÞ
a

ffiffiffi

3
p þ 1

4
ð8Þ

where U represents the oxygen positional parameter and δ

represents the deviation from the ideal value Uideal (¼0.375).
Values of U, RA and RB are shown in Table 3. It is clear that
the bond length of A-site RA is less than that of B-site RB. In
addition, both lengths show an increasing trend with Cu
content. This may be attributed to the increase of the lattice

Table 1
Lattice parameters aexp and ath, cation radius at (A) and [B] sites, rA and rB, cation distributions of Ni1�xCuxFe2O4 ferrites.

x aexp (Å)70.001 ath (Å) rA (Å) rB (Å) Cation distributions [Refs. [7, 13, 14, 16, 17]]

0 8.331 8.650 0.6727 0.6786 ðFe3þ1�0;05Þ
A½Ni2þ1�0 Fe

3þ
1þ0;05�B

0.1 8.336 8.655 0.673 0.680 ðCu2þ0;06Fe3þ1�0;06Þ
A½Ni2þ1�0:1 Cu

2þ
0:1�0;06 Fe

3þ
1;06�B

0.2 8.342 8.659 0.6732 0.6818 ðCu2þ0;06Fe3þ1�0;06Þ
A½Ni2þ1�0;2 Cu

2þ
0;2�0;06 Fe

3þ
1;06�B

0.3 8.348 8.664 0.6735 0.6832 ðCu2þ0;07Fe3þ1�0;07ÞA½Ni2þ1�0;3 Cu
2þ
0;3�0;07 Fe

3þ
1;07�B

0.4 8.353 8.669 0.6737 0.6845 ðCu2þ0;07Fe3þ1�0;07Þ
A½Ni2þ1�0:4 Cu

2þ
0:4�0;07 Fe

3þ
1;07�B

0.5 8.359 8.673 0.6741 0.6863 ðCu2þ0;08Fe3þ1�0;08Þ
A½Ni2þ1�0;5 Cu

2þ
0;5�0;08 Fe

3þ
1;08�B

0.6 8.364 8.678 0.6744 0.688 ðCu2þ0;08Fe3þ1�0;08ÞA½Ni2þ1�0;6 Cu
2þ
0;6�0;08 Fe

3þ
1;08�B

0.7 8.371 8.683 0.6745 0.690 ðCu2þ0;09Fe3þ1�0;09Þ
A½Ni2þ1�0:7 Cu

2þ
0:7�0;09 Fe

3þ
1;09�B

0.8 8.379 8.687 0.6749 0.6918 ðCu2þ0;09Fe3þ1�0;09ÞA½Ni2þ1�0;8 Cu
2þ
0;8�0;09 Fe

3þ
1;09�B

0.9 8.391 8.692 0.675 0.693 ðCu2þ0:1 Fe3þ1�0:1Þ
A½Ni2þ1�0:9 Cu

2þ
0:9�0:1 Fe

3þ
1:1 �B

1 8.407 8.696 0.6754 0.6943 ðCu2þ0:1 Fe3þ1�0:1ÞA½ Cu2þ1�0:1 Fe
3þ
1:1 �B
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Fig. 2. Lattice parameters aexp and ath as the function of Cu(x).
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parameter due to replacement of nickel ions by bigger size
copper ions.

The tetrahedral edge length RX, the shared octahedral length
RX' and the unshared octahedral length RX″ of these cubic
mixed spinel oxides have been calculated using the following
equations [22]:

RX ¼ a
ffiffiffi

2
p

ð2U�0:5Þ ð9Þ

R
X'
¼ a

ffiffiffi

2
p

ð1�2UÞ ð10Þ

R
X''

¼ a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4U2�3Uþ 11
16

r

ð11Þ

Values of RX, RX' and RX″ are shown in Table 2. All three edge
lengths show an increasing trend with Cu content certainly for
the same reasons as RA and RB. Moreover, it is interesting to
note that the largest values are those of the tetrahedral edge
lengths RX and the smallest are those of the shared octahedral
edge lengths RX' for all concentrations Cu(x).

The X-ray density dX for each sample is calculated accord-
ing to the relation [12]

dX ¼
ZM

Na3
ð12Þ

where Z, M, N and a
3 represent the number of molecules per

unit cell (¼8), molecular weight, Avogadro's number and
volume of the unit cell, respectively. The bulk densities dexp
(¼mass/volume) of the sample were measured using a
pycnometer. Values of the calculated dX and measured dexp
are shown in Table 2 and plotted in Fig. 4 as function of Cu
content. dX increases linearly while dexp increases non-linearly
with Cu content. These trends support the variation in the
lattice parameters. The true density, dX, is higher than the bulk
density dexp for all samples. This is due to the existence of
pores appearing during the preparation. Hence, the porosity P
(%), can be calculated using the following relation:

P¼ 1� dexp

dX
ð13Þ

The variation of the porosity P with Cu content is shown in the
inset of Fig. 4 and appears to decrease non-linearly with Cu
content between about 18% and 13%. Similar values of P and
behavior have been reported for Ni–Co ferrites [23].
The average crystallite size, L, of all samples was evaluated

from the reflected diffraction peaks using Scherrer's equation
[12]:

L¼ kλ

β cos θ
ð14Þ

where the constant k¼0.89, λ is the wavelength of the X-ray
radiation (¼1.540598 Å), θ is the diffraction angle of the most
intense peak (311) and β is its full width at half maximum
(FWHM) in radian. Values of the crystallite size are given in
Table 2. The average value of L was observed to be 130 nm.
Comparable results have been reported for Ni–Cr ferrites [17].
The analysis of the results of the scanning electron micro-

scope (SEM) coupled with EDS and the observations with

Table 2
Edge lengths RX, RX0 and RX″, bulk and XRD densities dexp, dX, porosity P and
crystallite size L as the function of Cu(x).

x RX

(Å)
RX0

(Å)
RX″

(Å)
dexp (g/cm3)
70.01

dX (g/cm3) P

(%)
L (nm)
71

0 3.356 2.535 2.960 4.41 5.357 17.7 143
0.1 3.356 2.538 2.961 4.46 5.362 16.8 124
0.2 3.353 2.542 2.963 4.50 5.368 16.2 146
0.3 3.357 2.545 2.965 4.53 5.373 15.7 115
0.4 3.3572 2.548 2.967 4.54 5.378 15.6 150
0.5 3.358 2.552 2.969 4.55 5.383 15.5 123
0.6 3.358 2.555 2.971 4.56 5.390 15.3 133
0.7 3.359 2.560 2.973 4.58 5.395 15.1 101
0.8 3.359 2.565 2.976 4.60 5.399 14.7 121
0.9 3.359 2.573 2.979 4.66 5.405 13.8 116
1 3.360 2.584 2.985 4.72 5.409 12.7 162

Table 3
Lattice parameter aexp, oxygen parameter U, bond lengths at (A) and [B] sites
RA and RB, band frequencies ν1, ν2 and force constants Kt and Ko as the
function of Cu(x).

x aexp (Å)
70.001

U RA

(Å)
RB

(Å)
ν1

(cm�1)
ν2

(cm�1)
Kt� 105

(dyne/cm)
Ko� 105

(dyne/
cm)

0 8.331 0.3942 1.890 2.034 580 400 2.315 1.045
0.1 8.336 0.3924 1.891 2.035 583 400 2.320 1.045
0.2 8.342 0.3923 1.893 2.037 585 405 2.324 1.035
0.3 8.348 0.3922 1.894 2.038 587 400 2.335 1.045
0.4 8.353 0.3921 1.895 2.039 590 397 2.343 1.096
0.5 8.359 0.3920 1.897 2.041 592 395 2.346 1.124
0.6 8.364 0.3920 1.898 2.042 595 393 2.350 1.135
0.7 8.371 0.3919 1.899 2.044 597 392 2.355 1.140
0.8 8.379 0.3918 1.901 2.046 598 390 2.358 1.144
0.9 8.391 0.3916 1.904 2.049 600 390 2.360 1.144
1 8.407 0.3913 1.908 2.053 600 390 2.360 1.144
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backscattered electron images confirm well the samples purity.
A representative EDS graph in Fig. 5 for sample of Cu content
x¼0.5 shows a homogeneous composition of the expected
stoichiometry. The SEM micrographs of Fig. 6 (a) and (b) are
in morphological and compositional modes for sample

compositions x¼1 and x¼0 respectively. Both images show
well packed and continuous grain structure with pores and
small holes at the grain boundaries. It can be observed from
secondary electrons image of Fig. 6 (a) that most of the pores
are within the grains and not on the boundaries. The existence
of pores is consistent with our porosity calculations using
densities dexp and dX (Table 2).
The infrared spectra measurements of the Ni1-xCuxFe2O4 in

the range 200–1000–1000 cm�1 indicate the presence of two
strong absorption bands ν1 (580–600 cm�1) and ν2 (400–
390 cm�1). Fig. 7 shows the typical IR spectra of Ni1�xCux-
Fe2O4 ferrites. The band positions are listed in Table 3 as the
function of Cu content. The observed absorption bands within
this limit reveal and confirm the formation of single-phase
spinel structure having two sublattices: tetrahedral (A) site and
octahedral (B) site [11]. The absorption band ν1 observed
around 580 cm�1 is attributed to the stretching vibration mode
of metal–oxygen in the tetrahedral sites, whereas ν2 observed
around 400 cm�1 is assigned to octahedral group complexes.
The difference in the position of the two strong bonds can be
related to the differences in the Fe–O bond lengths at A-sites
and B-sites. It is clear that the Fe–O bond length at A-sites
(1.890–1.908 Å) is shorter than that of the B-sites (2.034–
2.053 Å). Clearly, this effect can be interpreted as due to more

Intensity (a.u) 

Energy (keV) 

Fe

O

Ni Cu

Fig. 5. EDS pattern of sample x¼0.5 for qualitative and quantitative element
analysis.

KV  25.0   MAG  1000      MICRONS  1  

Fig. 6. SEM micrograph of ferrites Ni1�x Cux Fe2 O4 samples: (a) x¼1:
Secondary electron (SE) image in morphological contrast mode. (b) x¼0:
backscattered electron (BSE) image in compositional contrast mode.
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covalent bonding on A-sites than that on B-sites [24]. The
wave number of the first band ν1, increases with Cu content,
while ν2 decreases with Cu content. These variations can be
attributed to the effects of increasing bond lengths of both sites
with Cu content and the stretching of the lattice parameter as
Cu2þ replaces Fe3þ in B-sites and partially in A-sites. This
indicates the strengthening of the metal–oxygen bonds at the
octahedral sites due to the shifts of more Fe ions from A-sites
to B-sites. These results agree to some extent with results of
Ni–Al [19].

The force constants of the ions at the tetrahedral site (Kt)
and octahedral site (Ko) have been calculated using the IR
band frequencies ν1 and ν2 in the following formula [25]:

K t=o ¼ 4π2c2ν21=2μ ð15Þ

where c is the light speed (E2.99� 1010 cm/s), ν is the
vibration frequency of the A- and B- sites and m is the reduced
mass of the Fe3þ and O2� ions. Table 3 shows variation of Kt

and Ko with Cu content. It can be seen that the trend of both Kt

and Ko is increasing with Cu content. One may interpret this
behavior as due to the increase in bond lengths of both A and
B-sites, RA and RB with Cu content. Moreover, for a given
concentration x, shorter bond length RA has larger force
constant Kt, possibly because breaking long bond length
requires less energy than breaking short bond length. The
variation of force constants Kt and Ko with the corresponding
bond lengths RA and RB, respectively, is shown in Fig. 8.
According to Srivastava and Srinivasan [26] the band stretch-
ing for tetrahedral sites would lead to higher force constant
than that of band stretching for the octahedral site. From Fig. 8,

it can be seen that the magnitude of Kt is higher than Ko and
that the force constants Kt and Ko increase with the increasing
bond lengths. Similar results have been reported for the Cu–Zn
system [9]. Since for a given x, the increase in bond length
tends to decrease the force constant, one may attribute this to
the fact that oxygen can form under favorable conditions,
strong bonds with the metal ions even at large inter-ionic
separations. Similar behavior has been reported for other metal
oxides like Cu–Zn–Cr [27] and Li–Mg–Zn [8].

4. Conclusion

The characterization of Ni1�x Cux Fe2 O4 ferrites system
prepared by the conventional solid state reaction with double
sintering around 1000 1C shows that

1. The crystalline structure is a pure single phase cubic spinel
over the whole composition range from x¼0 to x¼1.

2. The measured lattice constant aexp increases non-linearly
with increasing Cu(x) content, thus deviating a bit from
Vegard's law.

3. The theoretical lattice ath, cation radius and bond length at
A and B sites calculated on the basis of proposed cations
distribution show the same trend. Values of aexp agree
reasonably well with ath.

4. The IR spectra indicate two main absorption bands, a high
band (580–600 cm�1) for tetrahedral (A) sites and a lower
band (390–400 cm�1) for octahedral [B] sites, thus con-
firming the single phase spinel structure.
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Fig. 8. Force constants Kt and Ko versus bond lengths RA and RB.
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5. The calculated force constants, Kt and Ko for the two sites are
found to increase with increasing Cu content. In addition, for
a given concentration x, Kt is larger than Ko. This is consistent
with the bond length magnitudes at A and B sites.
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