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Abstract In this study copper substituted nickel–zinc

ferrite powders with the general composition Ni0.6-xCux

Zn0.4Fe2O4 (x = 0, 0.05, 0.1, 0.15, 0.2, and 0.25) were

prepared via auto-combustion sol–gel method. X-ray

diffraction (XRD), Fourier transform infrared (FTIR)

spectroscopy, field emission scanning electron microscopy,

Mössbauer spectroscopy, vibrating sample magnetometer

(VSM) and superconducting quantum interference device

analysis were carried out in order to characterize the

structural and magnetic properties of particles. The XRD

results confirmed the formation of single phase spinel

ferrite particles for all of the samples. The results of FTIR

analysis indicated that the there are two main frequency

bands, namely, the high frequency band observed at

*577 cm-1 and the low frequency band observed at

*450 cm-1. These two bands correspond to the intrinsic

vibrations of tetrahedral and octahedral Fe3?–O2- com-

plexes, respectively, and are the characteristics of all the

ferrite materials. The size of particles was around

80–800 nm. The VSM results revealed that with an

increase in the amount of copper in ferrites, the saturation

magnetization increased. Saturation magnetization

increased to 97 emu/g for x = 0.05 at room temperature

and increased to 261 emu/g for x = 0 and 0.05 at 2 K. The

results indicated that the powder is suitable for the appli-

cation in multilayer chip inductor due to its low tempera-

ture sinterability and good magnetic properties.

1 Introduction

In the latest development of ceramics, electronic and

information technology and surface mount technology

(SMT) are widely adopted instead of the insertion of the

leaded components [1, 2]. Since SMT demands electronic

devices and components to be mountable on the surface of

a printed circuit board, materials and structure of conven-

tional leaded components including capacitors, resistors

and inductors have to be redesigned to meet the require-

ments of short, thin, light and small electronic devices era.

Magnetic shielding is also important, especially for high

packaging density. Therefore, the inductor has to be housed

to prevent magnetic flux leakage between the inductors

[3–6]. As one of the most important surface mount devices

(SMD), multilayer chip inductors (MLCI) made from soft

ferrites are becoming more and more miniaturized and

integrated. This requires the soft ferrites to be co-fired with

internal contact materials layer by layer [7]. Spinel ferrites

are commercially important materials because of their

excellent magnetic and electrical properties [8]. Nano-

structured materials are now being studied intensively due

to their novel physicochemical properties. Due to their high

resistivity and low eddy currents for high frequency

application, NiZn ferrites are being considered as the most

versatile ferrites. Micro structure and magnetic properties

of NiZn ferrites are highly sensitive to composition, sin-

tering conditions, grain size, type and amount of additives,

impurities and the preparation methodology [9–11]. The

addition of copper in NiZn ferrites shows excellent mag-

netic properties (e.g. high initial permeability and very low

coercivity). This reduces the layers of MLCI and saves the

consumption of ferrite and internal contact materials,

which are expected to be an effective way to deal with the

keen market competition of SMD or MLCI.
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The increasing demand for Ni–Cu–Zn ferrites in various

applications has led to growth of interest in low tempera-

ture sintered ferrites. The Ni–Cu–Zn ferrite is an important

material that was used to develop the multilayer chip

inductor (MLCIs) in 1980. More recently, Ni–Cu–Zn fer-

rite nanostructures have been used in the development of

miniaturization of electronic components for the applica-

tion in high frequency region. Ni–Cu–Zn ferrites are

famous for their extensive utilization in MLCIs applica-

tions in high frequency region. Ni–Cu–Zn ferrites come

under the umbrella of soft ferrites and are chemically

symbolized as MFe2O4. For the sake of sharp perusal and

exploitation of the potential and possibilities associated

with the nano materials, the key aim is to synthesize well-

defined, mono disperse structures of ferrite materials

through an ingenious synthesis. The most common syn-

thesis techniques which are used to synthesize the nano-

materials include; hydrothermal [12], solvothermal [13],

mechanical milling [14], sol–gel [15], bacterial synthesis

[16] and so on. With this view in mind, current interest is to

make Ni–Cu–Zn ferrite nanoparticles and micron sized

particles via the auto-combustion sol–gel route. The

structural and magnetic characteristics were evaluated by

XRD, FESEM, FTIR, VSM, MS and SQUID.

2 Materials and methods

Analytical grade nickel chloride, zinc nitrate, copper

nitrate, iron nitrate, and citric acid were used as raw

materials to prepare Ni0.6-xCuxZn0.4Fe2O4 (x = 0, 0.05,

0.1, 0.15, 0.2, and 0.25) ferrite powders. The ferrite powder

were synthesized as follows. Appropriate amounts of metal

nitrates and citric acid, in order to form 2 g of Ni–Cu–Zn

ferrite powder, were first dissolved in 50 ml of deionized

water. The molar ratio of nitrates to citric acid was 1:1. A

small amount of ammonia was added to the solution to

adjust the pH value to about 7. During this procedure, the

solution was continuously stirred using a magnetic agitator.

Then, the mixed solution was poured into a dish and heated

at 300 �C, stirring constantly to transform it into a xerogel.

When ignited at any point, the dried gel burnt in a self-

propagating combustion manner until all the gel was burnt

out completely to form a loose powder. The powder was

calcined at 900 �C for 3 h in air.

X-ray diffraction measurement (XRD) was performed

for phase evaluation of the synthesized samples using a

Philips diffractometer (MPD-XPET model) with CuKa
(1.54 Å) radiation operated at 40 kV and 30 mA. The step

size of 0.051 and the step rate of 0.5 s per step were used.

The FTIR spectra are recorded at room temperature in the

frequency range of 450–4000 cm-1. FTIR spectroscopy

was carried out to evaluate the functional groups which

were formed during sol–gel process. In order to evaluate

the microstructure of the powders, FE-SEM micrographs

were taken using a JEOL scanning electron microscope

with an accelerating voltage of 15 kV. 57Fe Mössbauer

spectroscopic measurements were performed in transmis-

sion geometry using a 57Co/Rh c-ray source bauer spec-

troscopic measurement was performed in transmission

geometry at 293 K. 57Co/Rh was used as gamma ray and

quantitative investigation was carried out using a software.

A VSM was used to measure the magnetic properties of the

sintered ferrite powders at ambient temperature. The

magnetic hysteresis loops were obtained at room temper-

ature with maximum applied magnetic field of 10 kOe. The

magnetic field sweep rate was 5 Oe/s for all measurements.

A superconducting quantum interference device was used

to measure the magnetic properties of the sintered ferrite

powders at 2 k temperature. The magnetic hysteresis loops
Fig. 1 X-ray diffraction (XRD) patterns of the synthesized powders

Fig. 2 Shift in position of (311) diffraction peak with increasing

doping
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Fig. 3 FTIR spectra of Cu doped NiZn sample, a x = 0, b x = 0.05, c x = 0.1, d x = 0.15, e x = 0.2, and f x = 0.25
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Fig. 3 continued
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were obtained with maximum applied magnetic field of

30 kOe.

3 Results and discussion

3.1 Structural properties

3.1.1 XRD analysis

The XRD patterns of Ni0.6-xCuxZn0.4Fe2O4 spinel ferrite

compound with (x = 0, 0.05, 0.1, 0.15, 0.2, and 0.25) in

step of 0.1 are shown in Fig. 1. A close examination of the

pattern reveals the presence of well defined, sharp and

intense peaks which confirms that the Cu doped NiZn

ferrite phases have crystallized. Based on the XRD results,

it seems that copper cations could be re-arranged in the

spinel structure of Ni–Zn ferrite. It is reasonable to con-

clude from the patterns that the spinel phases have been

formed in all the specimens without the existence of any

recognizable secondary phases at a relatively low temper-

ature. The NiZn ferrite phases were characterized by the

(311), (511), and (440) diffraction peaks in 35.64, 57.16,

and 62.76 diffraction angles, respectively. The miller

indices of each appeared peak in the structure was deter-

mined in XRD patterns. The diffraction peaks confirm the

formation of single phase cubic spinel structure for all

samples. The relation between crystal plain distance in

cubic crystal lattice and lattice parameter and also Bragg

equation are explained below:

a ¼ dhkl:
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 þ l2ð Þ
p

ð1Þ

nk ¼ 2d sin h ð2Þ

In these equations a is lattice parameter, d is the distance

between lattice planes, (h, k, l) is miller indices, n is an

integer, k is the wavelength of X-ray, and h is diffraction

angle. The crystallite size can be measured by the Scherer

equation which is expressed as

D ¼ kk
b cos h

ð3Þ

where D is crystallite size, k is a dimensionless shape

factor, with a value close to unity. The shape factor has a

typical value of about 0.9, but varies with the actual shape

of the crystallite, k is the X-ray wavelength in nanometer

(nm), b is the (311) peak width of the diffraction peak

profile at half maximum height resulting from small crys-

tallite size in radians, and h is diffraction angle. The value

of 2b axis of diffraction profile must be in radians. The h
can be in degrees or radians, since the cos h corresponds to

the same number. The h can be taken as 0.89 or 0.9 for full

width half maximum (FWHM) of spherical crystals with

cubic unit cells. For an excellent discussion of k, it is better

to refer to Ref. [17].

Furthermore, the diffraction angles of peaks corre-

sponding to the doped NiZn ferrite appeared at almost a

different position from the undoped NiZn ferrite peaks with

different peak intensity. These are shown in Fig. 2. The

shift in the position of the doped NiZn ferrite peaks is

related to the substitution of copper cations in the cubic

crystal structure of the substituted NiZn ferrite. The ionic

radius of Cu2? and Ni2? cations are 0.07 and 0.078 nm,

respectively. In fact, by the replacement of Ni2? cations by

Cu2? cations the crystal lattice constant and consequently

the distance between crystal planes according to the Bragg

Fig. 4 FE-SEM micrographs of Cu doped NiZn sample, a x = 0, b x = 0.05, c x = 0.1, d x = 0.15, e x = 0.2, and f x = 0.25
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equation initially decreased, the diffraction angle changed

accordingly. However, at x = 0.25 introducing larger Cu2?

ions in the octahedral sites with smaller sites radii leads to

expansion of the cubic crystal structure of the spinel phase

and increasing the crystal lattice constant and therefore the

peaks shift to the left.

Fig. 5 Mössbauer spectra of Ni0.6-xCuxZn0.4Fe2O4 sample, a x = 0, b x = 0.05, c x = 0.1, d x = 0.15, e x = 0.2, and f x = 0.25
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3.1.2 FTIR analysis

The FTIR spectra of Ni0.6-xCuxZn0.4Fe2O4 4Fe2O4 (x = 0,

0.05, 0.1, 0.15, 0.2, and 0.25) as-prepared samples are

shown in Fig. 3.

The study of infrared absorption spectrum is an impor-

tant tool to get information about the positions of the ions

in the crystal through the crystal’s vibrational modes. It is

known that the normal and inverse cubic spinels have four

IR bands representing the two fundamental absorption

bands [18]. It is observed from Fig. 4 that there are two

main frequency bands, namely, the high frequency band

observed at *577 cm-1 and the low frequency band

observed at *450 cm-1.

These two bands correspond to the intrinsic vibrations of

tetrahedral and octahedral Fe3?–O2- complexes, respec-

tively, and are the characteristics of all the ferrite materials

[18]. It explains that the normal mode of vibration of

tetrahedral cluster is higher than that of octahedral cluster.

It should be attribute to the shorter bond length of tetra-

hedral cluster and longer bond length of octahedral cluster

Further, the change in the band position may also be due to

the occupancy of cations of the different characters on the

same site [19].

3.1.3 FE-SEM analysis

The FE-SEM micrographs of the of Ni0.6-xCuxZn0.4Fe2O4

(x = 0, 0.05, 0.1, 0.15, 0.2, and 0.25) powders sintered at

900 �C for 3 h, are shown in Fig. 4. As, can be seen, the

microstructure of the synthesized powders including,

morphology, particle size and porosity is influenced by

doping Cu cations in the spinel structure. The growth of

particle size is due to increasing in Cu substitution value.

Consequently, by increasing the Cu substitution value in

the structure, the particle size, morphology, and also,

porosity content were influenced. The doped cations

increased the growth rate of particles and consequently the

particle size increased by substitution. The porosity formed

between the particles, decreased by increasing of substi-

tution value which is due to the greater particle size. The

cation vacancy generated by Cu2? addition increases the

pore mobility and thus the mobility of pore-loaded grain

boundaries. Therefore the growth velocity increases with

the pore mobility [20]. Moreover, the grain growth depends

upon the diffusion of atoms through the Cu2?-rich liquid

phase, sintering temperature and porosity. Therefore the

average grain size gradually decreases due to increases the

thickness of diffusion layer with increase Cu2? content.

The behavior of grain growth reflects the competition

between the driving force for grain boundary movement

and retarding force exerted by pores [21].

The Cu doped NiZn ferrite particles prepared by the

agglomeration of the particle with increasing substitution

content [22].

Fig. 6 VSM graphs of Ni0.6-xCuxZn0.4Fe2O4 samples

Table 3 Magnetic parameters

obtained from Fig. 6
Samples x = 0 x = 0.05 x = 0.1 x = 0.15 x = 0.2 x = 0.25

Ms (emu/gm) 86 97 96 86 93 95

Table 1 Lattice parameters and

crystallite size of the samples
Samples x = 0 x = 0.05 x = 0.1 x = 0.15 x = 0.2 x = 0.25

Lattice parameter (a) (Å) 8.33 8.34 8.33 8.32 8.31 8.35

Crystallite size (nm) 13.17 14.64 12.8 12.37 11.07 13.65

Table 2 Mössbauer parameters

of Ni0.6-xCuxZn0.4Fe2O4

sample

Samples IS(A) (mm/s) H(A) (T) IS[B] (mm/s) H[B] (T)

Ni0.6-xCuxZn0.4Fe2O4 0.13 (4) 48.45 (8) 0.22 (6) 49.94 (5)
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3.1.4 Mössbauer studies

Mössbauer spectra of Ni0.6-xCuxZn0.4Fe2O4 (x = 0, 0.05,

0.1, 0.15, 0.2, and 0.25) ferrite particles is shown in Fig. 5.

High field Mössbauer measurements were carried out at

298 K in an external magnetic field of 51.4 T applied

parallel to the c-ray direction. The velocity scale calibrated

relative to 57Fe in Rh. Recoil spectral analysis software

[23] was used for the quantitative evaluation of the

Mössbauer spectra. The Mössbauer parameters including

isomer shift, quadrupole splitting, outermost linewidth,

hyperfine magnetic field, and fractional area of each sub

spectrum (A), are given in Table 1. Using peak intensities

and fractional area of each sub spectrum, the Fe3? ion ratio

in both octahedral and tetrahedral sublattice sites was

calculated. This site preference occupancy confirmed the

reduction of Fe3? cations in octahedral sites and it is

concluded that Cu2? cations preferred to occupy the

octahedral sites. The copper element is categorized in

paramagnetic state and have down-spin configuration, in

spite of the fact that Fe3? cations have ferromagnetic

characteristics, and also have up-spin configuration. It is

well known that the Zn2? ions exclusively occupy the

A-sites, the Cu2? ions the B-sites and the preferred site for

the Ni2? ions is the B-sites. The behavior of hyperfine

magnetic field at octahedral and tetrahedral sites showed

that, with increasing Cu2? cations, this parameter

decreased. This can be justified on the basis of decreasing

the magnetic super exchange interaction between and

within the sub lattices due to the reduction of Fe3? cations

number. It is necessary to consider not only the

tetrahedral–octahedral (A–B) super exchange, but also the

octahedral–octahedral (B–B) super transferred hyperfine

interactions [24]. Also, the Fe3?–O2-–Fe3? super-ex-

change interaction is higher than the Fe3?–O2-Cu2? [25]

(Table 2).

3.2 Magnetic properties

3.2.1 VSM analysis

Figure 6 shows the room temperature hysteresis loop plots

for the samples prepared via auto-combustion sol–gel.

Interestingly, it has been revealed from the loops that the

coercivity and the remanence are almost zero for all sam-

ples. The samples were not saturated even at magnetic field

of 10 kOe, which reflects the characteristic of super para-

magnetism. The variation of magnetization of Ni–Cu–Zn

ferrite nanoparticles up to a specific magnetic field, the

magnetic moments of core align with applied field. Beyond

that field, any increase in the magnetic field has an effect

on the shell of the particles and therefore the slope in the

increase of magnetization slows down. The value of satu-

ration magnetization was obtained by fitting the high field

data to the function M = Ms(1 - a/H), where M and Ms

are magnetization and saturation magnetization respec-

tively, a is the fitting parameter and H is the applied field,

that Ms is shown in Table 3. It is observed that with an

increase in copper content in the composition, the values of

saturation magnetization increased. Actually, the variation

of saturation magnetization with composition can be esti-

mated by exchange interaction among the ions distributed

in the octahedral [B] and tetrahedral (A) sites. Substitution

of Cu2? ions instead of Ni2? cations significantly influ-

enced the magnetic characteristic of NiZn ferrite Fig. 6

indicates that NiZn ferrite is a soft magnetic material. It is

known that zinc ions occupy A sites, while the tendency of

nickel cations is in B sites. Iron and copper cations can be

distributed in both sites; however, their preference is B

sites. With this in mind, it can be realized that the mag-

netization of B sublattice is higher than A sublattice.

Consequently, the replacement of nickel with copper gives

an increase in saturation magnetization which is consistent

with the results. At high calcination temperature, a fraction

of iron cations migrates from A to B sites and this suggests

that some of the copper ions tend to occupy A sites. This

re-arrangement of cations leads to an increase in the

magnetic moment of B sites, because Fe?3 has higher

magnetic moment (5 lB) than copper. As a result the net

magnetization of the prepared ferrites increases with

increase in copper content in the composition. On the other

hand, besides the intrinsic factors such as the site occu-

pancy of cations, the saturation magnetization can be tuned

by extrinsic variables like microstructure. As pointed in the

Fig. 7 The saturation magnetization as a function of x of Ni0.6-x

CuxZn0.4Fe2O4 samples

Table 4 Magnetic parameters obtained from Fig. 8

Samples x = 0 x = 0.05 x = 0.1 x = 0.15

Ms (emu/gm) 261 261 219 181
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literature [26]. The large saturation magnetization and

small coercivity of the NiZn ferrite sample can be ascribed

to the high crystallinity and uniform morphologies [27].

The hysteresis loops of the particles synthesized at 900 �C
expressed the ferromagnetic behavior which is due to large

magnetic particle size with large amount of ordered spins.

The obtained results reveal that the saturation magnetiza-

tion of the as-prepared ferrites, Ms, increased, while the

coercivity, Hc, decreased with increasing substitution

value, x. In spinel crystal structure of Cu-doped NiZn

ferrite, Ni2? cations have octahedral site preference, Zn2?

cations prefer to occupy the tetrahedral sites, and Fe3? can

occupy both octahedral and tetrahedral sites. It is worth

noting that the total magnetization of the lattice originates

from the difference between the magnetization of octahe-

dral and tetrahedral sites, which can be described as

M = |Mb - Ma|. The magnetic moment in a ferrite is

mainly due to the uncompensated electron spin of the

individual ions and the spin alignments in the two sublat-

tices, which are arranged in an antiparallel mode. In a

spinel ferrite, each ion at the A site has 12 B-site ions as the

nearest neighbors. According to Neel’s molecular-field

model [28], the A–B superexchange interaction predomi-

nates the intra sublattice A–A and B–B interactions.

Therefore, the net magnetic moment is given by the sum of

the magnetic moments of the A and B sublattices [29]

(Fig. 7; Table 4).

3.2.2 SQUID analysis

The SQUID curves of Ni0.6-xCuxZn0.4Fe2O4 (x = 0, 0.05,

0.1, 0.15, 0.2, and 0.25) at 30 kOe applied field and 2 K

temperature are shown in Fig. 8. It is well known that the

coercivity is highly dependent on major parameters such as

the particle size and anisotropy constant. By decreasing

particle size, the coercivity typically increases [30]. The

coercivity for submicron particles is expressed by

Hc ¼ 2K1=l0Ms
ð4Þ

In this equation, K1 is the first anisotropy constant, l0 is

permeability of free space, Ms is the saturation magneti-

zation, and Hc is the coercivity. Regarding the FE-SEM

micrographs, the particle size is increased by increasing

substitution and consequently influences coercivity. In

other words, an increase in particle size results in an

decrease in coercivity. The increase of Hc is proportional to

1/D. The reason for this is that in small particles the for-

mation of a closed magnetic flux becomes energetically

less favorable so that the magnetic domain size with a

uniform magnetization becomes more and more identical

with the grain size. This grain size is defined as the first

critical size (Dc, which is characteristic of each material),

where the multi domain materials change to a mono

domain material. This leads to a strong increase of the

coercivity (or high remanence) because a change of mag-

netization in this case cannot happen only by shifting the

domain walls which normally requires only a weak mag-

netic field [31]. According to this relation, Hc is inversely

proportional to Ms, which is consistent with the obtained

experimental results. Thus, the smaller the saturation

magnetization, the larger the coercivity.

4 Conclusions

The Cu doped NiZn ferrite Ni0.6-xCuxZn0.4Fe2O4 (x = 0,

0.05, 0.1, 0.15, 0.2, and 0.25) powders were synthesized

using auto-combustion sol–gel process. The XRD results

confirmed the formation of single phase cubic spinel

structure for all the samples. According to FTIR analysis,

there are two peaks in the range of 450–600 cm-1 which

are the characteristic bonds of the spinel structure. The low

frequency bonds, typically observed in the range of 450–

500 cm-1, are assigned to the metal-oxygen stretching at

octahedral site, Mocta $ O. These characteristic bonds

revealed the replacement of Cu doped cations instead of Ni

cations in the crystal structure. The FE-SEM micrographs

revealed the formation of particles with 80–800 nm in size.

The as-prepared Cu doped NiZn ferrite particles being

almost large in size, a tendency towards agglomeration is

observed. According to Mössbauer spectra, the Cu doped

cations prefer to occupy the octahedral sites. The hysteresis

curves of the particles exhibited the reduction of saturation

magnetization with an increase in substitution value, which

is due to substitution of paramagnetic cations in octahedral

sublattices. The magnetic characteristics represented the

ferromagnetic behavior among the particles.

Fig. 8 SQUID graphs of Ni0.6-xCuxZn0.4Fe2O4 samples
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bauer study of a nickel–zinc ferrite: ZnxNi1-xFe2O4. Phys. Rev.

B 8, 29–43 (1973)

26. I. Yaacob, A. Nunes, A. Bose, D. Shah, Synthesis and charac-

terization of magnetic nanoparticles in spontaneously generated

vesicles. J. Colloid Interface Sci. 168, 289 (1994)

27. X. Lu, G. Liang, Q. Sun, C. Yang, High-frequency magnetic

properties of Ni–Zn ferrite nanoparticles synthesized by a low

temperature chemical method. Mater. Lett. 65, 674–676 (2011)

28. L. Neel, Propriétés magnétiques des ferrites: ferrimagnétisme et

anti- ferromagnétisme. (Magnetic properties of ferrites: ferri-

magnetism and anti ferromagnétisme.). Ann. Phys. 3, 137–198

(1948)

29. Z. Peng, X. Fu, H. Ge, Z. Fu, C. Wang, L. Qi, H. Miao, Effect of

Pr3? doping on magnetic and dielectric properties of Ni–Zn

ferrites by one-step synthesis. J. Magn. Magn. Mater. 323, 2513

(2011)

30. A. Ghasemi, X. Liu, A. Morisako, Magnetic and microwave

absorption properties of BaFe12-x(Mn0.5Cu0.5Zr)x/2O19 synthe-

sized by sol–gel processing. J. Magn. Magn. Mater. 316, 105–108

(2007)

31. D.S. Mathew, R.S. Juang, An overview of the structure and

magnetism of spinel ferrite nanoparticles and their synthesis in

micro emulsions. Chem. Eng. J. 129, 51–65 (2007)

J Mater Sci: Mater Electron

123

 

 

 


	Effect of Cu2+ substitution on structural and magnetic properties of Ni--Zn ferrite nanopowders
	Abstract
	Introduction
	Materials and methods
	Results and discussion
	Structural properties
	XRD analysis
	FTIR analysis
	FE-SEM analysis
	Mössbauer studies

	Magnetic properties
	VSM analysis
	SQUID analysis


	Conclusions
	References




