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The Cu1�xNixFe2O4 nanoparticles (with x¼ 0, 0.3, 0.5, 0.7, and 1) were synthesized by using spray

co-precipitation method at annealing temperature Ta¼ 900 �C in air for 5 h. The crystal structure,

microstructure, oxidation state, and magnetic properties of the samples were characterized by using

X-ray diffraction, synchrotron X-ray diffraction, scanning electron microscopy, X-ray absorption

spectroscopy, and vibrating sample magnetometer. It was shown that all the samples have cubic

structure. Lattice constant and grain size decrease, while the Curie temperature TC increases with

increasing of Ni2þ content. A small amount of Fe2þ was found in all the samples. Cation

distribution was determined by using a combination of magnetization measurements, extended X-

ray absorption fine structure analysis, and Rietveld refinement from synchrotron X-ray diffraction

data. It was indicated that Ni2þ ions occupy in octahedral site only, while Cu2þ ions distribute in

both tetrahedral and octahedral sites. The variation of magnetic parameters is discussed based on

Ni2þ concentration, grain size, the cation distribution, surface effect, and the presence of Fe2þ ion

in the samples. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4961722]

I. INTRODUCTION

Ferrites are materials of important applications in the

manufacture of electronic devices. Some interesting applica-

tions of these materials are in permanent magnets, magnetic

media used in computers, recording devices, magnetic cards,

electronic and microwave devices, high frequencies device

and recently in biomedicine, and catalyst for environment.1–3

The most important characteristic of ferrites is that their prop-

erties as well as structure are strongly affected by the compo-

sitional variability and synthesis method such as processing

conditions and annealing temperature.4,5 Hence, depending on

the requirements of the ultimate application, various combina-

tions of different properties can be obtained by blending a

judicious choice of the simple ferrites in an appropriate ratio.

Copper ferrite is one of the most important ferrites with

interesting physical properties and potential applications

such as information storage, gas sensors, and catalyst pro-

duction for clean energy and environmental treatment.6–8

CuFe2O4 exists in two symmetry modifications (tetragonal

and cubic) and has a mixed spinel structure with different

cation distributions (CuyFe1�y)A[Cu1�yFe1þy]BO4 depending

on the preparation methods and heat-treatment conditions.9

For bulk samples prepared by a conventional ceramic

method, on slow cooling from 900 �C to room temperature, y
is as small as 0.03 and the crystal structure has a tetragonal

symmetry due to Jahn–Teller distortion, but by quenching

rapidly from 900 �C to room temperature y � 0.2, the crystal

structure becomes a cubic symmetry.10 This cation distribu-

tion greatly influences on the properties of copper ferrite,

especially its magnetic properties. There are numerous meth-

ods for fabricating copper ferrite nanoparticles such as mill-

ing method, co-precipitation method, and hydrothermal

method.11–13 In our previous work,14 cation distribution and

magnetic properties of copper ferrite prepared by using a

spray co-precipitation method with different annealing tem-

peratures were investigated. The result indicated that with

increasing annealing temperature (Ta), the distribution of

Cu2þ in the tetrahedral (A) site (y) increases, reaches the

maximum value at Ta¼ 900 �C, and leads to the increase in

saturation magnetization. In this work, we focus on studying

the influence of doping effect on cation distribution and mag-

netic properties of CuFe2O4 nanoparticles. The substitution

of Cu2þ by Ni2þ was chosen because in the spinel structure,

magnetic nickel ions tend to occupy the octahedral [B] site,4

and therefore, it is convenient to study the distribution of

copper ions between (A) and [B] sites. Moreover, nickel fer-

rite is widely used in magnetic technologies because of their

large permeability at high frequency, high electrical resistiv-

ity, low eddy current and dielectric losses, chemical stability,

and cost effectiveness.1 Therefore, Cu-Ni ferrites can be

expected to have the advantages of both mother ferrites.

The reported studies on nickel-copper ferrite indicated

that Ni2þ ions locate only in the octahedral site, while Cu2þ

ions can occupy in both (A) and [B] sites, but the distribution

degree seems to be strongly dependent on the preparation

method as well as on the experimental conditions and Ni/Cu

ratios.15–18 It is known that the structural and magnetic
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properties of spinel ferrites are affected by magnetic interac-

tions and cation distribution in the tetrahedral and octahedral

sites.19 Hence, by changing the Ni/Cu concentration ratio,

the exchange interactions and cation distribution are varied,

leading to the change in the magnetic properties.

This paper presents a systematic study of the nickel doping

effect on the crystal structure, microstructure, oxidation

state, magnetic properties, and cation distribution of the

Cu1�xNixFe2O4 nanoparticles (with x¼ 0, 0.3, 0.5, 0.7, and 1)

prepared by using a spray co-precipitation method at an anneal-

ing temperature Ta¼ 900 �C. Various experimental techniques

have been employed to determine the morphology, the valence

states of copper and iron ions, as well as the structural and mag-

netization characterizations. Especially, the cation distribution

was determined from synchrotron X-ray diffraction (SXRD)

data using Rietveld refinement with the help of the extended X-

ray absorption fine structure (EXAFS) and magnetization anal-

yses. The N�eel model and cation distributions were taken into

consideration to explain the magnetic properties of the samples.

II. EXPERIMENT

The spray co-precipitation method was employed to fab-

ricate the Cu1�xNixFe2O4 nanoparticles (x¼ 0, 0.3, 0.5, 0.7,

and 1). The solutions of Cu(NO3)2 0.1 M, Ni(NO3)2 0.1 M,

and Fe(NO3)3 0.2 M were prepared from salts

Cu(NO3)2�4H2O, Ni(NO3)2�4H2O, and Fe(NO3)3�6H2O

mixed in molar ratios Cu:Ni:Fe¼ (1 � x): x:2 (x¼ 0, 0.3,

0.5, 0.7, and 1). A 0.8 M NaOH solution was prepared. The

chemicals and reagents are supplied by Sigma-Aldrich with

purity of 3 N. The mixed metal salt solution and NaOH solu-

tions were sprayed via high pressure nozzles into a vessel

containing NaOH 10�4 M to keep pH of the environment

equal to 10. A reddish-brown precipitate in the colloidal

form was obtained from this reaction. Precipitates were

washed by deionized water until pH reached 7–8. The pre-

cipitates were collected and heated at 60 �C for 24 h. The as-

synthesized powders were sintered at a high temperature of

900 �C for 5 h and then immediately quenched into ice-

melting water. Nanoparticles were extracted by a permanent

magnet and dried at 60 �C for 5 h.

X-ray powder diffraction (XRD) measurements were

performed by using X-ray diffractometer (Siemens D5000,

CuKa radiation, and k¼ 1.5406 Å). Synchrotron X-ray pow-

der diffraction (SXRD) experiments were carried out at beam-

line Small/Wide Angle X-ray Scattering (SAXS/WAXS) of

the Synchrotron Light Research Institute (Thailand)

(k¼ 1.54 Å). The diffraction data were analyzed using the

Rietveld method with the help of the FullProf program.20 The

diffraction peaks were modeled by pseudo-Voigt function

which is a sum of Gaussian and Lorentzian functions.21 A

standard of silicon was used to determine instrument broaden-

ing. The refinement fitting quality was checked by goodness

of fit (v2) and weighted profile R-factor (Rwp).22

Field Emission-Scanning Electron Microscopy (FE-

SEM) (JEOL JSM-7600 F) was used to examine the grain

size and morphology.

X-ray absorption spectroscopy (XAS) measurements

were performed at BL8 of the Synchrotron Light Research

Institute (Thailand).23 X-ray absorption near-edge spectros-

copy (XANES) and extended X-ray absorption fine structure

(EXAFS) spectra of the samples were measured at the Fe

and Cu K edge in the transmission mode at room tempera-

ture. A double crystal monochromator Ge (220) was used to

scan the energy of the synchrotron X-ray beam. The XAS

spectra were baseline subtracted and normalized using the

software package ATHENA.24

Magnetization curves were measured using a vibrating

sample magnetometer (VSM) (ADE Technology—DMS

5000) in the temperature range of 87–900 K and applied

magnetic fields up to 10 kOe.

III. RESULTS AND DISCUSSION

A. Crystal structure, morphological analysis, and
oxidation state

From XRD patterns (Fig. 1) and high-resolution SXRD

patterns (Fig. 2), it is seen that the Cu1�xNixFe2O4 samples

with x¼ 0.3, 0.5, 0.7, and 1 are phase pure without any sig-

nature of impurity. On the other hand, a small amount of

FIG. 1. X-ray diffraction patterns of the Cu1�xNixFe2O4 samples (x¼ 0, 0.3,

0.5, 0.7, and 1).

FIG. 2. Synchrotron X-ray diffraction patterns of the Cu1�xNixFe2O4 sam-

ples (x¼ 0, 0.3, 0.5, 0.7, and 1).
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impurity was observed in the sample with x¼ 0. By using

Rietveld refinement, this impurity is identified as e-Fe2O3

with a concentration of �5 mol. %. e-Fe2O3 is rare Fe2O3

polymorph that may exist in nanosized samples obtained via

soft chemical routes.25

All the samples are cubic and well refined in space

group Fd3m with atoms in positions O in 32 e(x, x, x), A-site

in 8a(1/8, 1/8, 1/8), and B-site in 16d(1/2, 1/2, 1/2). One of

the SXRD patterns and its Rietveld refinement is shown in

Fig. 3. The refined values of structural parameters, including

lattice constant (a), unit-cell volume (V), and oxygen coordi-

nate (x(O)), for the samples are given in Table I. The

obtained values of oxygen coordinate are characteristic of a

spinel-type structure.26 The substitution of Ni2þ for Cu2þ

leads to a decrease in lattice parameter as well as unit cell

volume which can be explained by the difference in their

ionic radii. The ionic radii of Ni2þ ion are smaller than that

of Cu2þ (rCu
2þ¼ 0.71 Å, rNi

2þ¼ 0.69 Å for the tetrahedral

site and rCu
2þ¼ 0.87 Å, rNi

2þ¼ 0.83 Å for the octahedral

site).27 This result is in a very good agreement with that

reported previously.18

The microstructural parameters, including the average

size of the coherent scattering region D (usually called the

crystallite size) and lattice microstrains Da/a (where a is the

lattice constant), were obtained by the analysis of the peak

broadening. In our work, the average size of coherent scatter-

ing region and the microstrains was determined on applying

the Rietveld method using the FullProf program with a con-

dition that instrumental resolution function was provided.

The obtained values of the microstructural parameters are

listed in Table I. The lattice microstrain allows us to charac-

terize the structure disorder of the samples. Substitution of

Cu2þ by Ni2þ leads to the change of lattice microstrain. As

seen in Table I, both the crystallite size and lattice micro-

strain first increase upon increasing of nickel substitution,

reach a maximum value at x¼ 0.5, and then decrease with

further increasing of x. The crystallite size distributes in

nano-scale from 6 to 29 nm, in which the crystallite size of

the NiFe2O4 sample is much smaller than that of the samples

containing copper. This phenomenon can be explained due

to the low melting temperature of the oxide compounds con-

taining copper.28 In these compounds, the copper ions with

high mobility easily diffuse to form larger crystallites as well

as grains.

The grain size and morphology of the Cu1�xNixFe2O4

samples characterized by SEM are shown in Fig. 4. It can be

seen that the average grain size decreases with increasing Ni

content. For the samples with x¼ 0.7 and 1, the majority of

grains are nearly spherical with uniform shape, grain size

distributes in ranges 20–30 nm and 5–15 nm, respectively,

for x¼ 0.7 and 1, which are in good agreement with the aver-

age crystallite size D (given in Table I). It was also observed

that the grains of these samples are agglomerated in the form

of clusters due to high annealing temperatures and attractive

forces such as those of magnetic dipole–dipole type, whereas

for the samples with x¼ 0, 0.3, and 0.5, the crystals grew

into polygonal blocks and the grain size distributes in ranges

of 0.5–1 lm, 100–300 nm, and 100 nm, respectively. The

grain sizes of these samples are much larger than the average

crystallite sizes D calculated via Rietveld refinement (given

in Table I); therefore, the grains may contain several

crystallites.

Figure 5 shows the XANES spectra at Fe and Cu K
edges of the Cu1�xNixFe2O4 samples and the oxide standards

(ferrous oxide, hematite, cuprous oxide, and tenorite). The

oxidation state of iron and copper in the samples was deter-

mined by comparing the absorption edge energy with those

of the standards. As known, the higher oxidation state, the

higher the chemical shift of the absorption edge. At the Cu K
edge, the edge energy of the Cu1�xNixFe2O4 samples (with

x¼ 0, 0.3, 0.5, and 0.7) corresponds to that of the standard

CuO as seen in Fig. 5(a). Therefore, it can be concluded that

the oxidation state of copper in the samples is þ2. At the Fe

K edge, a comparison of edge energy of all the samples with

FIG. 3. Synchrotron diffraction pattern of Cu0.5Ni0.5Fe2O4 and processed by

the Rietveld method. The experimental points as well as calculated and dif-

ference functions are indicated.

TABLE I. Structural parameters of the Cu1�xNixFe2O4 samples estimated from Rietveld refinement: lattice constant (a), unit cell volume (V), oxygen coordi-

nate (x(O)), crystallite size (D), microstrain (Da/a), and fitting quality (v2 and Rwp).

Sample CuFe2O4 Cu0.7Ni0.3Fe2O4 Cu0.5Ni0.5Fe2O4 Cu0.3Ni0.7Fe2O4 NiFe2O4

a (Å) 8.377(1) 8.373(1) 8.370(1) 8.363(1) 8.344(2)

V (Å3) 587.85(2) 586.91(1) 586.32(3) 584.91(3) 580.85(3)

x(O) 0.250(2) 0.251(1) 0.251(1) 0.252(2) 0.259(1)

D (nm) 22.1(1) 24.7(2) 29.4(1) 24.3(1) 5.6(1)

Da/a 5.8(2) � 10�3 12.6(1) �10�3 14.4(1) �10�3 7.5(3) �10�3 4.6(2) �10�3

v2 1.36 1.19 1.25 1.31 1.37

Rwp (%) 11.0 5.07 6.45 7.22 9.04
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those of the iron oxide standards shows that the samples con-

tain some Fe2þ in addition to Fe3þ. The fraction
P

[Fe2þ]/P
[Fe] was calculated and listed in Table II. The presence of

Fe2þ in the samples can be explained due to partial reduction

of Cu2þ to Cuþ at high temperature via the sequence of

reactions: 2CuO ! Cu2O þ 1=2O2, then Cu2O þ Fe2O3 !
2CuFeO2.29 Hence, the samples with richer copper concen-

tration have higher fraction
P

[Fe2þ]/
P

[Fe] as seen in the

table. The presence of Fe2þ ions may be due to oxygen defi-

ciency in the samples.

FIG. 4. Scanning electron microscopy

images of the Cu1�xNixFe2O4 samples

(x¼ 0, 0.3, 0.5, 0.7, and 1).

FIG. 5. Normalized Cu (a) and Fe (b) K-edges XANES spectra of the Cu1�xNixFe2O4 samples and the standards.

142115-4 Thanh et al. J. Appl. Phys. 120, 142115 (2016)



B. Magnetic characterization

The magnetization as a function of external magnetic

field for all the samples was measured at different tempera-

tures from 88 K to 900 K. For example, Fig. 6 shows the

M–H curves of the samples measured at 88 K and 298 K.

Within the investigated magnetic field range, most of the

magnetization curves do not reach the saturation state, espe-

cially those measured at low temperatures. This may be

explained due to random distribution of the magnetization

directions of the nanoparticles in the samples. In order to

estimate the saturation magnetization Ms of the samples at

each measuring temperature, we could apply the law of

approach to saturation describing the magnetization as a

function of magnetic field as follows:30,31

M ¼ Msð1 � a=H1=2 � b=H2Þ; (1)

where the term a/H1/2 arises from defects in the particles and

the term b/H2 is attributed to the effective anisotropy energy

of the samples. The fitting curves to the experimental data

points according Eq. (1) are also presented in Fig. 6. The

temperature dependence of the fitted Ms values using Eq. (1)

is shown in Fig. 7.

The saturation magnetization at zero Kelvin Ms(0) was

extrapolated based on the Ms data at temperature region

below 300 K (Fig. 7) using the modified Bloch’s function for

spin wave Ms(T)¼Ms(0)[1�BTa], where B is a constant

and a is the Bloch exponent.32 From the extrapolated satura-

tion magnetization data, the corresponding magnetic moment

values nB
exp in the Bohr magneton per formula unit were

determined for the samples using the relation:33

n exp
B ¼ Ms�MW

5585
, where MW is the molecular weight of the sam-

ple and Ms is the saturation magnetization in emu/g. The

results are presented in Table III.

From Table III, it is seen that the saturation magnetiza-

tion at 0 K of the Cu1�xNixFe2O4 samples has a decreasing

tendency upon substitution of Ni for Cu. However, the Ms

values do not vary monotonously as Ms of the sample with

x¼ 0.5 is larger than that of the sample x¼ 0.3. It is expected

that the magnetization is strongly affected by the concentra-

tion changes of magnetic ion species and their distribution in

the lattice. The influence of cation distribution in saturation

magnetization will be discussed in more details in Sec. C.

The decrease in particle size also leads to a reduction in mag-

netization, especially for the samples with mean particle

diameter below approximately 10-20 nm.34 In this size range,

the contribution of the disordered spins in the surface regions

to the total magnetic moments of the particles becomes

significant.

The Curie temperature of the samples was determined

from the Ms-T curves presented in Fig. 7 and taken as temper-

ature at which Ms vanishes. The values of the Curie tempera-

ture TC for the samples are presented in Table III. The Curie

temperature increases with increasing Ni content from 770 K

for CuFe2O4 to 860 K for NiFe2O4. The TC values of the

CuFe2O4 and NiFe2O4 samples are in agreement with that

reported earlier for the sample prepared by the solid reaction

TABLE II. Concentration of Fe2þ in the Cu1�xNixFe2O4 samples.

x 0 0.3 0.5 0.7 1

P
[Fe2þ]/

P
[Fe] (%) 6.36 5.91 4.58 3.25 1.47

FIG. 6. M–H curves measured at 88 K and 298 K for the Cu1�xNixFe2O4

samples (x¼ 0, 0.3, 0.5, 0.7, and 1). Dots are the experimental values and

solid lines are fits to the experimental data according to Eq. (1).

FIG. 7. Temperature dependence of saturation magnetization of the

Cu1�xNixFe2O4 samples (x¼ 0, 0.3, 0.5, 0.7, and 1).
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method.35,36 It is known that the Curie temperature of spinel

ferrites depends on the strength of intersublattice exchange

interaction which is manifested by the exchange integral JAB.

Because JFe(A)-Ni[B] in NiFe2O4 is larger than JCu(A)-Fe[B] in

CuFe2O4,37 when Cu2þ is replaced by Ni2þ, the exchange

integral JAB is increased, and hence TC also increases.

C. Cation distribution

Figure 8 shows the Fourier transforms (FTs) of EXAFS

data for the Cu1�xNixFe2O4 samples at the Fe K edge to obtain

the radial distribution functions. In this form, the data directly

reflect the average local environment around the absorbing

atoms where the peaks in the FTs typically represent shells of

atoms around the absorber. The range of wave number k for

Fourier transformation was 2< k< 14 Å�1. The first peak in

the FTs at about 1.1 Å corresponds to iron coordinated to oxy-

gen in the (A) site, the second peak at about 1.5 Å corresponds

to iron coordinated to oxygen in the [B] site, the third one at

about 2.6 Å corresponds to the iron-metal distance between

the neighboring octahedral sites, and the fourth peak at about

3.1 Å is due to the iron-metal distance between the neighbor-

ing octahedral and tetrahedral sites.38 The difference in the FT

profiles of the samples, especially the appearance of first FT

peak, can be seen in Fig. 8. For the Cu1�xNixFe2O4 samples

with x¼ 0.7 and 1, the FT profiles are similar to the one of the

inverse spinel Fe3O4,39,40 suggesting that these samples also

have inverse spinel structure, whereas the FTs of the

Cu1�xNixFe2O4 samples with x¼ 0, 0.3, and 5 are similar to

those of the mixed spinel structures as reported for

CuFe2O4.41 In addition, it was also observed that the first FT

peak of all the samples shifts to lower radial coordinate R
when copper concentration increases. This is an indication

that the divalent ions (Cu2þ or/and Ni2þ) occupy the tetrahe-

dral sites in the samples with higher copper content. On the

other hand, the saturation magnetization calculated from the

VSM data also reveals the presence of divalent ions in the tet-

rahedral sites in the samples with x¼ 0, 0.3, and 0. 5. If we

assume that Ni2þ and Cu2þ ions occupy only in the octahedral

sites, then the magnetic moment values per formula unit are

estimated to be 1.84lB and 2.2 lB, respectively, for the sam-

ples with x¼ 0.7 and 1 according to the N�eel model for two

magnetic sublattices. These values are higher than the experi-

mental values obtained from the VSM measurements (see

Table III), and this phenomenon can be explained due to the

surface effect, whereas for the Cu1�xNixFe2O4 samples with

x¼ 0, 0.3, and 0.5, the magnetic moment values will be,

respectively, 1 lB, 1.36 lB, and 1.6 lB, which are much lower

than the measured values from VSM (given in Table III). This

observation can be explained by the fact that in these samples,

an amount of divalent ions migrates from the [B] to (A) sites

under the quenching process that leads to the increase in the

magnetic moment. The reported studies on Ni-Cu ferrites indi-

cated that Cu2þ ions can occupy in both the tetrahedral and

octahedral sites, but Ni2þ ions prefer to reside in the tetrahe-

dral sites only.15,16,42 If some percentages of copper atoms

occupy the tetrahedral site, then an equal number of iron

atoms will move to the octahedral site.43 The cation distribu-

tion for Cu1�xNixFe2O4 compositions can then be written as

(CuyFe1�y)A[NixCu1�x�yFe1þy]B. This model is in agreement

with the model estimated from the M€ossbauer study of the

bulk copper-nickel ferrite.44

In the following, we apply the above model for cation

distribution to Rietveld analysis of SXRD data. In this analy-

sis, we have performed many versions of processing with

changing of the site occupancy factors of Cu2þ and Fe3þ

ions in the (A) and [B] sites. The refinement results for cat-

ion distribution in the samples are listed in Table III, which

were obtained with the best fitting quality parameters v2 and

TABLE III. Cation distribution, extrapolated magnetization at 0 K (Ms(0)), magnetic moment values nB, and thickness of spin-disordered surface layer d of

the Cu1�xNixFe2O4 samples.

x Cation distribution Ms(0) (emu/g) TC (K)

Magnetic moment (lB/f.u.)

d (nm)nB
theo nB

theo0 nB
exp

0 (Cu0.15 Fe0.85)A 46.0 770 2.2 2.07 1.98 …

[Cu0.15 Fe1.15]B

0.3 (Cu0.055 Fe 0.945)A 41.6 808 1.8 1.70 1.77 …

[Cu0.645Ni 0.3Fe 1.055]B

0.5 (Cu0.052 Fe 0.948)A 45.0 841 2.02 1.92 1.92 …

[Cu0.448Ni 0.5Fe 1.052]B

0.7 (Fe)A[Cu0.3Ni0.7Fe]B 40.7 850 1.84 1.78 1.72 …

1 (Fe)A[NiFe]B 34.7 860 2.2 2.17 1.46 0.35

FIG. 8. Fourier transform profiles of the k-weighted EXAFS spectra of the

Cu1�xNixFe2O4 samples at Fe K edge.
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Rwp as given in Table I. The samples with nickel contents

x¼ 0.7 and 1 have complete inverse spinel structure in which

Ni2þ and Cu2þ ions occupy in the octahedral sites only. For

the samples with x¼ 0, 0.3, and 0.5, Cu2þ ions distribute in

both the (A) and [B] sites, and the concentration of Cu2þ

ions in (A) site increases with increasing copper content. The

theoretical magnetic moment (nB
theo) per one formula unit

was calculated for the samples using cation distribution

results derived from Rietveld analysis by using the N�eel

model

nB
theo ¼ ½2:2xþ ð1 � x� yÞ þ 5ð1þ yÞ� � ½yþ 5ð1 � yÞ�:

(2)

In the calculation, the spin values of Fe3þ (S¼ 5/2, g¼ 2),

Cu2þ(S¼ 1/2, g¼ 2), and Ni2þ(S¼ 1, g¼ 2.2) were used.

The theoretical magnetic moment values denoted as nB
theo

are presented in Table III. The magnetic moment values

determined from magnetization measurements are found to

be lower than those estimated via Rietveld refinement.

However, Eq. (2) does not take into account the presence of

Fe2þ ions in the samples. As derived from XANES analysis

(Table II), all the samples contain a small amount of Fe2þ

ion with lower spin number (S¼ 2), which could be a possi-

ble source for the reduction of magnetic moments. If we

assume that Fe2þ ions occupy only in the octahedral sites

like in the case of Fe3O4,40 then the cation distribution of

Cu1�xNixFe2O4 samples is written as (Cu2þ
yFe3þ

1�y)A

[Ni2þxCu2þ
1�x�yFe2þ

dFe3þ
1þy�d]B, and the magnetic

moment per one formula unit is calculated as follows:

nB
theo0 ¼ ½2:2xþ ð1� x� yÞ þ 5ð1þ y� dÞ þ 4d�

�½yþ 5ð1 � yÞ�; (3)

where d is the Fe2þ concentration in the samples taken from

Table II. The calculated magnetic moment values according

to Eq. (3) are denoted as nB
theo0 and are also listed in Table

III. For the samples with x¼ 0, 0.3, 0.5, and 0.7, the mag-

netic moment values nB
theo0 are in good agreement with the

magnetic moment values determined from magnetization

measurements, whereas for the NiFe2O4 sample which has

the smallest crystallite size, the nB
theo0 value is higher than

that determined from magnetization measurements (see

Table III). This effect can be explained reasonably based on

the spin disorder in surface shell regions. Assuming the core-

shell model applying to spherical nanoparticles in which the

core orders ferrimagnetically and the shell is magnetically

disordered, the thickness of the surface shell d is calculated

from the formula:45 n exp
B ¼ ntheo0

B
D=2ð Þ�d

D=2

� �3

, where D is the

diameter of the nanoparticles. In the calculation, D values

are taken as the average crystallite size given in Table I. The

average shell thickness value d equals to 0.35 nm (see Table

III) which is less than a unit cell length of the sample.

IV. CONCLUSIONS

Nanosized nickel-substituted copper ferrites

(Cu1�xNixFe2O4 with x¼ 0, 0.3, 0.5, 0.7, and 1) were suc-

cessfully synthesized by using the spray co-precipitation

method and annealed at Ta¼ 900 �C. All the samples were

found to crystallize in cubic structure in which the lattice

parameter and the average grain size decrease with increas-

ing nickel content. The presence of Fe2þ ions was detected

in all the samples showing that Fe2þ amount decreases with

increasing nickel concentration. Cation distribution of all the

samples was determined, indicating that Cu2þ ions distribute

in both the tetrahedral and octahedral sites, while Ni2þ ions

occupy only in the [B] site. It was shown that the distribution

of Cu2þ ions in the (A) site (y) depends on Ni2þ content. The

samples are mixed spinel in which y decreases when the

nickel concentration increases from x¼ 0 to x¼ 0.5 and

becomes complete inverse spinel when x reaches to 0.7. The

decrease in y value and Fe2þ amount with increasing nickel

content was confirmed to be the main reason affecting the

saturation magnetization of the samples. For the sample with

x¼ 1 which has the smallest grain size, the saturation mag-

netization was strongly affected by the surface contribution.

With Ni2þ content increasing from 0 to 1, the Curie tempera-

ture TC increases monotonously. Our work showed that spray

co-precipitation is an efficient method to fabricate Cu–Ni

ferrites in large scales, with tunable particle size and mag-

netic properties.
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