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Crystallographic and magnetic characteristics of thin-film Ni0.5Co0.5Fe2O4 ferrimagnet prepared by a sol-gel

deposition method were investigated by X-ray diffraction, Raman spectroscopy, X-ray photoelectron spectros-

copy (XPS), and vibrating sample magnetometry (VSM). The mixed ferrite Ni0.5Co0.5Fe2O4 specimen was found

to be polycrystalline having cubic spinel structure with slightly reduced lattice constant compared to CoFe2O4.

The XPS data indicate that Co and Ni ions in Ni0.5Co0.5Fe2O4 have charge valence of +2. The VSM measure-

ments indicate that the Ni0.5Co0.5Fe2O4 film have saturation magnetization, remanent magnetization, and coer-

civity of 257 emu/cm3, 115 emu/cm3, and 0.5 kOe, respectively, which are 62 %, 68 %, and 29 % of those of

CoFe2O4. The reduction of the magnetic parameters of Ni0.5Co0.5Fe2O4 compared to CoFe2O4 is primarily

attributable to the smaller magnetic moment of high-spin Ni2+ ion (2 µB) than that of Co2+ ion (3 µB). 
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1. Introduction

Cobalt ferrite (CoFe2O4) is one of the spinel compounds

in which the magnetic ions occupy either 8a (tetrahedral)

or 16d (octahedral) sites surrounded by four and six

oxygen anions (O2), respectively, at the 32e sites. The

magnetic properties of CoFe2O4 tend to be significantly

affected by the location of Co2+ ion in either tetrahedral

(A) or octahedral (B) sites. When CoFe2O4 is in pristine

inverse-spinel state, A sites are occupied by only Fe3+

ions with the magnetic moment of 5 B, while B sites are

occupied by Fe3+ and Co2+ ions with 5 B and 3 B,

respectively. The anti-parallel alignment of magnetic

moment between A and B sites results in ferrimagnetism

with the net magnetic moment of 3 B per formula unit,

equivalent to 380 emu/cm3 (= 76 emu/g).

In reality, experimental evidences have suggested that

some of the Co2+ ions in CoFe2O4 occupy A sites [1-3].

The degree of inversion  [4] for the ionic configuration

(Co2+
1δ Fe3+

δ)
A[Co2+

δ Fe3+
2δ]

BO4 is likely to be dependent

on the synthetic methods of the ferrimagnet [1, 2, 5, 6]

and affects its physical properties, e.g., crystallographic,

electrical, and magnetic characteristics. As a ferrimagnetic

insulator, CoFe2O4 has been drawing research interest for

a wide range of applications including refrigeration,

microwave sensing, and biomedicine. With such a variety

of potentials, new ferrimagnetic oxides derivable from

CoFe2O4 are worthwhile to be studied. For example, the

magnetic properties of the ferrimagnet are variable by

replacing Co2+ ions without changing the crystal structure.

The objective of the present study is to investigate the

crystallographic and magnetic properties and the related

electronic structure of Ni0.5Co0.5Fe2O4 focusing on the

physical changes as Co2+ ions are replaced by Ni2+ ions

in the spinel lattice (CoFe2O4  Ni0.5Co0.5Fe2O4). The

crystallographic properties of the present sol-gel prepared

Ni0.5Co0.5Fe2O4 thin film were investigated by X-ray diffr-

action (XRD) and Raman spectroscopy. The electronic

structure of Ni0.5Co0.5Fe2O4 including ionic valences of

Ni, Co, and Fe were investigated by X-ray photoelectron

spectroscopy (XPS). The magnetic hysteresis curve of the

Ni0.5Co0.5Fe2O4 specimen was investigated by vibrating

sample magnetometry (VSM). 

2. Experimental

The Ni0.5Co0.5Fe2O4 samples were provided by using a

sol-gel deposition method on Si(100) substrates under the
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following sequence. (1) Preparation of the precursor solu-

tion by dissolving Fe(NO3)3·9H2O, Co(CH3CO2)24H2O,

and Ni(CH3CO2)24H2O in 2-methoxyethanol (20 ml) and

ethanolamine (2 ml) at 110 oC. (2) Repetition of spin-

coating the substrate using the precursor solution at 3000

rpm for 20 s followed by pre-heating at 300 oC for 5 min.

(3) Post-annealing of the gel film in air at 800 oC for 4 h. 

The crystalline structure of the specimen was monitored

by using XRD (Cu K line, wavelength = 0.15418 nm) in

the grazing-incidence geometry with fixed X-ray incidence

angle of 4o. The vibrational modes of the specimen were

investigated by Raman scattering spectroscopy employing

a diode laser (wavelength = 514 nm, power = 1 mW).

The XPS measurements on the specimen were performed

using Al K line (photon energy = 1486.7 eV). The mag-

netic hysteresis curve of the specimen was measured by

using VSM at room temperature. The magnetic field was

applied parallel to the film’s plane up to 15 kOe.

3. Results and Discussion

The present Ni0.5Co0.5Fe2O4 thin-film specimen had

phase purity with no secondary phase as shown in the

XRD pattern in Fig. 1. The XRD pattern of the

Ni0.5Co0.5Fe2O4 specimen is compared with that of a

CoFe2O4 specimen prepared under the same sol-gel

process [7]. The estimated lattice constant of the

Ni0.5Co0.5Fe2O4 specimen is 0.8350 nm, slightly smaller

than that of the CoFe2O4 film (0.8358 nm). 

In Figs. 2(a) and 2(b), representative top- and side-view

images, respectively, of the Ni0.5Co0.5Fe2O4 specimen

observed by scanning electron microscopy (SEM) are

exhibited. The SEM images revealed typical micro-

structures containing well-defined Ni0.5Co0.5Fe2O4 grains

with various sizes (50-200 nm). The side-view image

shows quite a flat and smooth surface of the film with the

thickness near 375 nm.

In Fig. 3(a), Ni 2p-electron binding-energy (B-E) spec-

trum of the Ni0.5Co0.5Fe2O4 specimen obtained by using

XPS is exhibited. The two major peaks at 854 and 872 eV

are ascribed to the spin-orbit splitting, 2p3/2 and 2p1/2,

respectively, of Ni 2p states. The energy difference of 18

eV between the two peaks suggests a +2 oxidation state

of the Ni ion [8]. In Fig. 3(b), Co 2p-electron B-E spec-

trum of the Ni0.5Co0.5Fe2O4 specimen exhibits the 2p3/2

and 2p1/2 peaks at 780 and 795 eV, respectively. The

observed 2p3/2−2p1/2 splitting of 15 eV suggests a +2

oxidation state of the Co ion [9]. Such single valence of

both Co and Ni ions suggests that the Fe ions in

Ni0.5Co0.5Fe2O4 have a +3 oxidation state mostly. For both

the Ni and Co 2p spectra, both the 2p3/2 and 2p1/2 peaks

entail intensive satellite peaks at the higher B-E. These

satellites are mainly attributable to the energy loss of the

photoelectrons due to their interaction with the magnetic

cations. 

Fig. 1. (Color online) X-ray diffraction pattern of thin-film
Ni0.5Co0.5Fe2O4 compared to CoFe2O4.

Fig. 2. Typical scanning electron microscopy images of sol-
gel-deposited Ni0.5Co0.5Fe2O4 film: (a) top view and (b) side
view.
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The asymmetric shapes of the Co 2p3/2 and 2p1/2 peaks

in Fig. 3(b) compared to those of the Ni 2p spectrum in

Fig. 3(a) suggest that the photoelectron peaks are com-

posed of two origins, Co2+(B) and Co2+(A) at the higher

B-E. So, each peak in the Co 2p spectrum can be fitted by

two sub-peaks as shown in Fig. 3(b). The B-E difference

between the two sub-peaks for 2p3/2 is estimated to be 2.0

eV.

In Fig. 4, the Raman spectrum of the Ni0.5Co0.5Fe2O4

specimen is exhibited in comparison with that of CoFe2O4

[7]. The Raman peaks above 600 cm1 are ascribed to A1g

vibrational modes for symmetric stretching of O2 ions at

the A sites [10, 11]. Consequently, the peaks at 693 and

615 cm1 for CoFe2O4 are assigned to A1g(Fe3+-O2) and

A1g(Co2+-O2), respectively [11]. The peaks below 600

cm-1 for CoFe2O4 are assigned to T2g (580, 470, 207 cm1)

and Eg (305 cm1) vibrational modes corresponding to

symmetric and anti-symmetric bending of O2 ions at the

B sites, respectively [11, 12]. Especially, the peak at 470

cm1, absent in the Raman spectra of Fe3O4 [13], is strong

for CoFe2O4 [11, 12]. It is assigned to T2g mode involving

Co2+(B) ions. Thus, the Raman spectrum of CoFe2O4

exhibits peaks for tetrahedral (615 cm1) and octahedral

(470 cm1) Co2+ ions together [11, 14].

The Raman spectrum for the Ni0.5Co0.5Fe2O4 specimen

exhibits a similar pattern to that of CoFe2O4: the peaks of

the former are broadened and shifted to the lower energies

compared to those of the latter, e.g., the A1g(Fe3+) peak is

located at 678 cm1 and the T2g(Co2+) peak is located at

460 cm1 for Ni0.5Co0.5Fe2O4. 

The intensity of each Raman peak could be evaluated

by a curve-fitting as shown in Fig. 4. Among the fitted

curves, the ratio of the curve areas of A1g(Co2+) and

T2g(Co2+) peaks, marked by A and B, respectively, could

be interpreted as the ratio of Co2+(A) and Co2+(B) ions in

the compound. The estimated ratio N(A):N(B) is 29:71

for Ni0.5Co0.5Fe2O4 and 30:70 for CoFe2O4. Thus, the two

specimens have the ratio of Co2+(A)/Co2+(B) close to

each other. Considering the tendency of octahedral

preference of Ni2+ ions in spinel oxides [15, 16], the

Ni0.5Co0.5Fe2O4 specimen is expected to have the ionic

distribution of (Co2+
0.15Fe3+

0.85)
A[Co2+

0.35Ni2+
0.50 Fe3+

1.15 ]
BO4.

The magnetic hysteresis curve of the Ni0.5Co0.5Fe2O4

specimen is exhibited in comparison with that of CoFe2O4

[7] in Fig. 5. The result indicates that the Ni0.5Co0.5Fe2O4

film have saturation magnetization (M
s
), remanent mag-

netization (M
r
), and coercivity (H

c
) of 257 emu/cm3, 115

emu/cm3, and 0.5 kOe, respectively. These values are

smaller than those of CoFe2O4: 415 emu/cm3 (M
s
), 170

emu/cm3 (M
r
), and 1.7 kOe (H

c
) [7]. The magnetic

parameters of Ni0.5Co0.5Fe2O4 are reduced to 62 % (M
s
),

68 % (M
r
), and 29 % (H

c
) of those of CoFe2O4.

Fig. 3. (Color online) X-ray photoelectron spectra of (a) Ni 2p
and (b) Co 2p electrons of Ni0.5Co0.5Fe2O4 film. Solid curves
below the experimental spectrum represent result of curve-fit-
ting. Dashed line below the experimental spectrum represents
background.

Fig. 4. (Color online) Raman shifts of thin-film Ni0.5Co0.5Fe2O4

compared to CoFe2O4. Solid curves below the experimental
spectra represent result of curve-fitting.
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The reduction of the saturation magnetization of

Ni0.5Co0.5Fe2O4 compared to that of CoFe2O4 can be

explained by taking the magnetic moment of high-spin

Ni2+, Co2+, and Fe3+ as 2, 3, and 5 B, respectively. Then,

the net magnetic moment of Ni0.5Co0.5Fe2O4 with the

ionic distribution of (Co2+
0.15Fe3+

0.85)
A[Co2+

0.35Ni2+
0.50

Fe3+
1.15 ]BO4 is evaluated to be 3.1 B per formula unit.

For CoFe2O4 with (Co2+
0.3Fe3+

0.7)
A[Co2+

0.7Fe3+
1.3]

BO4, the

net magnetic moment becomes 4.2 B. This theoretical

estimation predicts that the value of M
s
 for Ni0.5Co0.5Fe2O4

is reduced to 74 % of that of CoFe2O4. Thus, the decrease

of M
s
 for Ni0.5Co0.5Fe2O4 compared to CoFe2O4 is

primarily ascribed to the decrease of magnetic moment

per ferrimagnetic formula unit of the compound through

the replacement of Co2+ (3 B) by Ni2+ (2 B).

4. Conclusions

Thin-film Ni0.5Co0.5Fe2O4 prepared by the present sol-

gel process exhibits spinel structure with the lattice

parameter slightly smaller (by 0.1 %) than that of CoFe2O4.

The XPS result indicates that both Ni and Co ions have

charge valence of +2. The XPS analysis also suggests that

the Co ions occupy the tetrahedral as well as the octa-

hedral sites, while the Ni ions occupy mostly the octa-

hedral sites of the spinel lattice. The Raman spectroscopy

analysis implies that ~30 % of Co2+ ions occupy the

tetrahedral sites for both the cobalt-ferrimagnets. The

VSM measurement indicates that M
s
, M

r
, and H

c
 of

Ni0.5Co0.5Fe2O4 are reduced to 62 %, 68 %, and 29 %,

respectively, of those of CoFe2O4. The reduction of the

magnetic parameters by the Ni switching is primarily

ascribed to the smaller magnetic moment of high-spin

Ni2+ ion than that of Co2+ ion. 
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