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ABSTRACT
In this study, quaternary iron oxide compounds with Zn, Ni, Co metal dopants were grown by
using Spray Pyrolysis (SP) technique. The structural, optical, electrical and magnetic properties
of NixZn1-xFe2O4 (0≤x<0.7) and CoxZn1-xFe2O4 (0≤x<1) compounds have been carefully studied.
XRD, XPS, Raman and FE-SEM techniques have been used for structural and morphological
analysis; Absorption technique has been used for band gab calculate; Hall and Vibrating sample
magnetometer (VSM) techniques have been used for electrical (resistivity, Hall mobility, carrier
density) and magnetic properties. XRD analysis of the growth films revealed that, Ni xZn1-xFe2O4
and CoxZn1-xFe2O4 films have cubic polycrystalline structures. The XPS results show chemical
environmental properties. Raman analysis result showed that, characteristic Raman shift peaks
belonging to Fe2O3 (217 cm-1, 275 cm-1), ZnxFe3-xO4 (382 cm-1, 483 cm-1), NixZn1-xFe2O4 (462
cm-1, 677 cm-1) and Co2ZnO4 (459 cm-1,612 cm-1) compounds were in the strenching mode.
SEM-EDAX analysis showed that, the crystal structure and grain boundaries of the structure
have been seen and the crystal structure has been formed. In terms of optical properties, the band
gap values are 2,00 eV, 2.10 eV respectively. According to Hall measurements used to
characterise electrical and magnetic properties, the p-type carrier density values of NixZn1-xFe2O4
and CoxZn1-xFe2O4 films were 1,064*1016 cm-3, 3,80*1015 cm-3 respectively. Finally, the resulting
from the VSM measurement according to the intensity hysteresis curves, we can write NixZn1xFe2O4 relatively is hard magnetism, CoxZn1-xFe2O4 relatively is soft magnetism. When
evaluating films grown by SP technique in terms of device applications; CoxZn1-xFe2O4 and
NixZn1-xFe2O4 films are suitable for magnetic rectifier contact of spintronic applications.
Keywords: Codoped Iron Oxide, Magnetic properties, Hall effect, spintronic.
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INTRODUCTION
Iron oxides are in the focus of scientific
investigations due to their natural
abundance, their stability and easy
interconversion, and because of their many
applications in technology, e.g. in magnetic
devices [1–4]. Also used for spintronic
application that are key materials in
magnetic recording media, and have also
been investigated for applications in
galvanomagnetic devices, for instance as
spin- polarized materials [5–7] or as
antiferromagnetic
pinning
layers
in
exchange-biased systems [8].
It is well known that the disordered
distribution of zinc and iron ions in ZnFe2O4
leads to a drastic change in its magnetic
order [9]. This phenomen on makes
ZnFe2O4 one of the most studied magnetic
ferrites. Their on atoms occupy the so called
A-and B-sites located in tetrahedral and the
octahedral sites which are surrounded by 4
and 6 oxygen atoms.
Nanocrystalline iron oxides are widely used
in scientific and industrial fields. They are
also used in photoelectrochemistry, energy
storage and electrochromism [10]. There are
three stoichiometric forms of iron oxide at
room temperature. Maghemite (γ-Fe2O3) is
known to have a cubic spinel structure and
known to be ferrimagnetic [11]. Maghemite
films are used in high-density magnetic
recording devices and magneto-optic
recording, whereas hematite (α-Fe2O3),
which is antiferromagnetic, films are used as
www.ijetsi.org

a red-pigment, an anticorrosive agent, in
electrochromic devices and in photocatalytic
applications [12]. Magnetite (Fe3O4) is
ferrimagnetic and has spinel structure just
like maghemite. Thin films of magnetite are
used for magnetic recording applications,
tunnel magnetoresistance (TMR) devices
[13], in magnetic sensor technology and
room temperature giant magnetoresistance
(GMR) applications [14].
EXPERIMENTAL DETAILS
SP growing technique to produce thin or
thick films. Apart from the many other thin
film fabrication methods, this technique is
quite simple and cheap. Temperature control
unit, substrate heater, deposition solution
and atomizer are components of the SP
system. Different type of atomizers such as
air blast or ultrasonic can be employed
depending on properties of liquid and
operating conditions to obtain coatings with
desired properties. Therefore, temperature
and air flow rate are the main parameters of
SP
and
significantly
affects
the
microstructural, magnetic and electrical
properties of the resultant thin film.
Moreover, air flow rate, nozzle distance and
viscosity of deposition solution are the other
controllable processing parameter to
produce high quality coatings. The salts
given in Table 1 were prepared as 0.1 molar
solution in deionized water. The substrate
was sprayed with argon gas onto a substrate
heated to 320 oC at a distance of 30 cm.
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Fig. 1: a) Schematic diagram of spray pyrolysis system for the preparation of nanostructured
NixZn1- xFe2O4 and CoxZn1-xFe2O4 thin films, b) Spray pyrolysis droplets modifying as they are
transported from the atomizing nozzle to the substrate. Whether the temperature or the initial
droplet size are varied, there are four potential paths which the droplet can take as it moves
towards the substrate (A- D).
Table 1: Experimental details of the NixZn1-xFe 2 O4 and CoxZn1-xFe2O4 thin films
grown by Chemical Spray Pyrolysis technique
Solution Molar
Film

Used Chemical Salt

Ratio

Substrate
Temperatu

Carrier

Grown Time

gas

(min)

re (0C)
FeCl3.6H2O+FeCl2.4H2O
CoxZn1-xFe 2 O4

+NaOH+Co(NO3)2·

Argon
1:2:0.25:0.1:0.01

320

1:2:0.25:0.1:0.01

320

35

6H2O+Zn(NO3)2·6H2O
FeCl3.6H2O+FeCl2.4H2O
NixZn1-xFe 2 O4

+NaOH+Ni(NO3)2·

Argon
35

6H2O+Zn(NO3)2·6H2O
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RESULT AND DISCUSSION
The structural, optical, electrical and
magnetic properties of NixZn1-xFe2O4 and
CoxZn1-xFe2O4 compounds have been
carefully investigated. When the structural,
morphological, electrical and magnetic
properties of the films were taken into
account these films are suitable for

spintronic application due to the magnetic
properties.
Fig.2. shows XRD diffraction patterns of a)
NixZn1-xFe2O4 and b) CoxZn1-xFe2O4 thin
films also the structural parameters obtained
from these XRD diffraction patterns are
given in Table 2 and 3.

Fig. 2: XRD patterns of a) NixZn1-xFe2O4 and b) CoxZn1-xFe2O4 thin films
Table 2: Structural properties obtained from XRD patterns of NixZn1-xFe2O4 thin film
Experimental

(hkl)

FWHM

d (Å)

2θo

Crystal

Chemical formula

system

Lattice

Reference

constant

Code

29,94

220

0,283

2.94

Cubic

Fe2.27Zn0.73 O4

a=b=c=8,43

01-086-0508

33,16

420

0,156

2.72

Cubic

( Ni,Zn ) Fe2O4

a=b=c= 8,39

00-008-0234

34,18

311

0,337

2.62

Cubic

Fe2.27Zn0.73 O4

a=b=c=8,43

00-016-0653

36,97

111

0,47

2.44

Cubic

Ni0.7Zn0.3 O

a=b=c=4,21

01-075-0272

54,92

422

0,156

1.66

Cubic

( Ni,Zn ) Fe2O4

a=b=c= 8,3990

00-008-0234
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Table 3: Structural properties obtained from XRD patterns of CoxZn1-xFe2O4 thin film
Experimental

FWHM

d

Crystal

Chemical

Lattice

Reference

(Å)

system

formula

constant

Code

a= b=c=8.10

00-001-1149

2θ

(hkl)

31,71

220

0,155

2,81

Cubic

ZnCo2O4

32,97

222

0,035

2,71

Rhombohedral

Fe2O3

o

a=b=5,03

01-079-1741

c=13,74
35,45

311

0,11

2,53

Cubic

Zn Fe2O4

a=b=c=

01-073-1963

8,35
66,29

442

0,090

1,41

Cubic

As can be seen from the parameters given in
Table 2, that the Ni and Zn codoped
structures are in regular cubic structure. We
see that Ni and Zn elements are places
where Ni0.7 Zn0.3O is incorporated into the
structure as well as Zn and Fe elements are
Fe2.27Zn0.73O4. Furthermore, (Ni, Zn) Fe2O4
in which Zn, Fe, Ni and O are present is
present in quaternary iron oxide.

www.ijetsi.org

Zn Fe2O4

a=b=c= 8,35

01-073-1963

Table 3 gives the general structural
parameters obtained for the CoxZn1-xFe2O4
structure. The structure is generally cubic
and the most intense peak is Fe2O3 at 32.97o
2θ and is in the hematite phase in the
rhombohedral structure. 31.71o forms the
cubic structure of ZnCo2O4 from Zn, Co and
O at the 2θ angle, while it forms the cubic
structure of Zn Fe2O4 at larger 2θ angles
from Zn, Fe and O.
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Fig. 3: Raman scattering intensities are shown as a function of wavenumber
for NixZn1-xFe2O4 and CoxZn1-xFe2O4 thin films
In Table 4, the Raman shift peaks at 400700 cm -1 when NixZn1-xFe2O4 and CoxZn1xFe2O4 compounds show the results of
Raman shift observe that Ni2+ and Co2 +
ions are placed in tetrahedral places. In this

www.ijetsi.org

case, we can say that Fe2O3 to be
transformed into NixZn1-xFe2O4, CoxZn1xFe2O4. This is also possible the fact that the
actual iron oxide peaks disappear.
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Table 4: Raman shift and modes of NixZn1-xFe2O4 and CoxZn1-xFe2O4 thin films
Raman Shift (cm_1

Compound

Mod

120; 195;
Hematit [249 (Eg)], [295 (Eg)], [302 (Eg)],
NixZn1-xFe2O4

211; 294;
Magnetit; [310 (T2g)],
464; 680;
[A1g (NixZn 1-xFe2O4) (464-680)], [ (a-Fe2O3)
1320] [15-17],

1291
117; 145;

Hematit [(A1g) 229], [(Eg ) 247],[(A1g) 225]

CoxZn 1-xFe2O4
206; 273;

[A1g ( ZnCo2O4) (464-656)] , [(a-Fe2O3) 1320]
[15]

464; 591;
656; 1286

In Fig.4. the value of the energy band gap is
calculated to be 2.00 eV, 2.12 eV for
NixZn1-xFe2O4, CoxZn1-xFe 2 O4 thin films
respectively. As CoxZn1-xFe 2O4 thin

filminin gives absorption at smaller wave
lengths, it shifts at larger wave length as a
result of dopping.

Fig. 4. Plot of (αhυ)2(cm-1 eV2) vs. photon energy hυ of NixZn1-xFe2O4 and
CoxZn1-xFe2O4 thin films
www.ijetsi.org
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We can say that the holes in the valence
band of the p-type semiconducting material
are compensated by the donor type defects
and impurities .This may mean that the
energy gap is larger than NixZn1- xFe2O4

band gab. This may mean that the band gap
energy is causing the contraction of the band
gab due to the fact that the imperfections in
the structure constitute the possibility of
transition at the band edge.

Fig. 5: XPS analysis of a) NixZn1-xFe2O4 thin film and b) O2-.

As is known, XPS is used for the analysis of
elemental
and
chemical
situation
information of all solid surfaces at 5-10 nm

depth. In Fig.5b can be seen XPS analysis of
O2-.

Fig. 6: XPS analysis of a) CoxZn1-xFe2O4 thin film and b) O2-.
www.ijetsi.org
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For the Co 2+ ion included in the CoxZn1xFe2O4 structure, the binding energy of the
2p3/2, 2p1/2 orbitals is 782.60 and 797.75
eV, respectively. The C1s binding energy is
284.5 eV and has 3624 intensity. We can see
that although the atomic percentage of the
cobalt element is the smallest, the intensity

of the peaks is as much as the Fe 3+ ion,
which we looked at. It is also seen that the
Zn2+ ion has more bonds.
The binding energy of 2p3/2, 2p1/2 orbitals
of the Ni 2+ ion included in the structure is
856.70 and 874.40 eV, respectively.

Table 5: XPS measurement results of the literature binding energy according to
orbitals of Fe 3+ Co 2+Ni 2+ Zn 2+ ions
Literature
Elementler

Elemental

Literature Ion Bonding

Bonding Energy (eV)

Energy (eV)

2p 1\2

İyon

2p 3\2

3+

2p 1\2

2p 3\2

Fe

719,95

706,75

Fe (Fe2o3 )

724,30

710,70

Co

792,95

777,90

Co 2+(CoO )

795,5

780

871,70

853,30

1044,7

1021,70

2+

Ni

869,70

852,30

Ni

Zn

1044,55

1021,45

Zn 2+ (ZnO )

(NiO)

Table 6: Fe, Co, Ni, Zn elements XPS measurement results of the experimental binding
energy according to orbitals of Fe 3+ Co 2+ Ni 2+ Zn 2+ ions
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Table 7: The atomic percentage of the elements in the structure, orbital,
peak intensity, bound by ions in the compounds
Compounds

NixZn1-xFe2O4

CoxZn1-xFe2O4

Orbital

Intensity

% Atomic

O 1s

9272

65.76

C 1s

4404

9.86

Zn 2p 3\2

12517

3.68

Ni 2p 3\2

12573

3.46

Fe 2p 3\2

8337

17.25

O 1s

6687

66.35

C 1s

3672

9.87

Zn 2p 3\2

10934

4.08

Co 2p 3\2

6809

1.81

Fe 2p 3\2

6624

17.08

Fig. 7: FE-SEM images of NixZn1-xFe2O4 thin film
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The SEM image at 60,000 magnifications of
the NixZn1-xFe2O4 compound given in Fig.7.,
shows that the compound has a
homogeneous distribution on the surface and

a small porous structure. It is seen here that
Zn and Ni elements are mixed in the
structure.

Fig. 8: FE-SEM images of CoxZn1-xFe2O4 thin film
In Fig.8., we can see that the CoxZn1-xFe2O4
compound is homogeneously dispersed at
the surface of the SEM images at 60,000
magnifications and that the existing porous
structure is about to disappear, where the Zn
and Co elements seems to be involved in the
structure.
With Hall effect measurements using the
Van der Pauw technique, it is possible to

www.ijetsi.org

determine the type of semiconductor, carrier
density and Hall mobility as well as
conductivity measurement. The resistivity
depends on the type and temperature of each
material. However, if the effect of the
external magnetic field is also taken into
account, the resistivity will change
depending on the external magnetic field
[18,19].
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Figure 9: Resistivity versus temperature for a) NixZn1-xFe2O4 and b) CoxZn1-xFe2O4

Figure 10: Carrier Density versus temperature for a) NixZn1-xFe2O4 and b) CoxZn1-xFe2O4
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Figure 11: Hall Mobility versus temperature for a) NixZn1-xFe2O4 and b) CoxZn1-xFe2O4
In simple semiconductors with no magnetic
properties, resistivity usually increases with
the effect of external magnetic field,
whereas in magnetic semiconductors,
resistivity does not exhibit single valued
behavior due to external magnetic field; Can
be increased or decreased. n * p = k
(constant) with electron carrier density n,
hol carrier density p.
The p-type semiconductor thin films
generally increase in carrier density with
increasing temperature, and the resistivity
decreasing. In semiconducting materials,
carriers in the valence band can be go out to
acceptor levels by thermal excitation and
contribute to conductivity. However, it is
possible that the holes in the valence band of
the p-type semiconducting material are
compensated by donor type defects and
impurities, so that the density of the holl
carrier can be reduced.

www.ijetsi.org

Hm is Hall mobilites in semiconductors and
le is mean free path. le is the mean free path
and is proportional to T-1 . As a whole, Hm is
proportional to T-3/2 as shown in formula (1).
𝐻𝑚 =

𝑒∗𝑙𝑒
1⁄
𝑚𝑒 2

1
(3𝐾𝑇) ⁄2

(1)

Phonon scattering of the carriers becomes
predominant as temperature increases the
vibration amplitude of the lattices ions. This
may result in an average free path reduction
[20].
Fig.9a. shows the change of resistivity due
to the increasing temperature of the p-type
NixZn1-xFe2O semiconductor thin film and
As a result of the Hall measurement, the
material shows semiconductivity, the
resistivity decreases with increasing
temperature however, this feature is
observed to be declining. In particular, this
compound is relatively more affected by the
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magnetic field. It has been observed that the
This result is also compatible with VSM
measurement results.
In Fig.10a. , the carrier density of p-type
NixZn1-xFe2O4 semiconducting thin film
increased due to temperature increased from
50 K to 70 K. The carrier density decreased
with temperature increase from 70 K to 170
K and reached a minimum value at 170 K.
Can be said that, the donor-type energy
levels in the energy band gab will be range
due to the Ni element, and that the carriers
in this level are stimulated by the
temperature effect and compensate the
carrier density of the p-type material. After
this temperature value, the carrier density
again increased with increasing temperature
from 170 K to 320 K.
In Fig. 9b., CoxZn1-xFe2O4 thin filminin is
reduced in resistivity with increasing
temperature. It has even been found that the
metallic property of CoxZn1-xFe2O4 is shown
between 50 K and 100 K, which means that
resistivity is increased with increasing
temperature. As the temperature increases,
the resistivity falls, but at very low
temperature the material changes character.
Particularly, it has been observed that the
compound is more influenced by the
magnetic field, and that the magnetic field is
more strongly influenced by the resistivity.
In Fig.10b., carrier density of p-type CoxZn1xFe2O4 semiconducting thin film with
increasing temperature is reduced. We can
www.ijetsi.org

magnetic field increases the resistivity more.
say that this decrease is compensated by the
density of the donor p-type semiconductor
carrier resulting from the thermal excitation
of the donor levels in the band gab energy
range.
In Fig. 11b., Hall mobility decreased with
increasing temperature of p-type CoxZn1xFe2O4 semiconducting thin film. As the
temperature increases, the direction of the
magnetic moment can be disturbed and the
movement of ion vibrations in the lattice can
be increased. The scattering of the carriers
that will increase, due to chaos environment,
which will increase the resistivity and
reduce the average free path. It can be said
that this decrease is directly proportional to
the Halll mobility [21]. In semiconductor
materials with magnetic properties, this
arrangement may deteriorate due to the
increase in the temperature and the pressure
of magnetic moment orientations at low
temperatures.
In addition, ferrite structures are generally
represented by M2+O2-[Fe3+2O2-3] or
Fe3+[M2+Fe3+]O4[41], (M+2 is a transition
metal having a valence of +2) that cations in
tetragonal sites and octahedral sites. So we
can say that the ions sites determines spinel
properties. Here, the structure of 2+ and 3+
valence transition metals in the iron oxide
structure is located in the tetragonal and
octahedral regions. When metals such as Zn
are placed in octahedral regions, metals such
as Ni and Co are placed in tetragonal places.
While the magnetic properties of Zn metal
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are weakened, metals such as Ni and Co
increase
the ferromagnetic interaction
(Relatively Fe bigger than Co also Ni). This
shows that the net magnetic moments of the
magnetic field material atoms exhibit a
magnetic property to counteract the
temperature effect.

situations can be explained by various
scattering mechanisms. Especially in
studies, it has been reported that the
magnetic field is directed in the field
direction of magnetic moments and reduces
the probability of electrons scattering from
magnetic ions.

There are various ways in which magnetic
properties semiconductors can be influenced
by the magnetic field. The orientation of the
magnetic moments of the ions in the
structure of the material and the scattering
mechanism of the electrons from the ionlattice vibrations affect the ion. The second
interaction can affect the conductivity of the
carriers by lowering the activation energy of
the material. That is, the band gab can
change the value of the interval. These

But we can say that the structure of the films
we have grown up is not resistivity due to
irregularity and low magnetic field, on the
contrary. That is, since the magnetic field is
not large enough (2.4 Tesla) to turn the
magnetic moments of the ions in the
direction of the magnetic field, the ions of
the electrons are more likely to be scattered
from the spin waves and phonons due to the
vibrational motion of the ions [22].

Fig. 12: M-H curves for a) NixZn1-xFe2O4 and b) CoxZn1-xFe2O4 thin films
ZnxFe3-xO4 films magnified under the same conditions [23] were also used for comparison to
show the gradual change in VSM results.

www.ijetsi.org
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Fig. 13: M-H curves for ZnxFe3-xO4 [23], CoxZn1-xFe2O4, NixZn1-xFe2O4 thin films
The ZnxFe3-xO4 thin films hysteresis curve
saturation magnetic moment value is
3.94.10-5 emu, which has reached 1.72 kOe
magnetic field value. The coercive force is 2.98 kOe and the remanence magnetic
moment is 3,31.10-5 emu. When we look at
the hysteresis curve, we can say that the
material exhibits hard magnetism. This is
generally caused by Zn defects which have
no magnetic properties, which leads to
pinning which will make the movements of
the domains difficult. It has a late
permeability value and has a large saturation
magnetic moment [23]. When we look at the
magnetic hysteresis curve of the NixZn1xFe2O4 thin film, the curve is relatively
broad. But it is lower than the magnetic
hysteresis curve of ZnxFe3-xO4 thin film.
www.ijetsi.org

The NixZn1-xFe2O4 thin films hysteresis
curve has a saturation magnetic moment
value of 0.83.10-5 emu, which reaches a
magnetic field value of 0.94 kOe. In
addition, the coercive force is -0.42 kOe
and the remanence magnetic moment is
0.44. 10-5 emu. We can say that the material
exhibits hard magnetism. The film again has
zero net magnetic value after a certain
magnetic field. When the magnetic field is
reversed, it has a coercive force and a
remanence magnetic moment. This may be
due to the mutual exchange interaction of
the magnetic moments of the ferromagnetic
compounds.
When we look at the magnetic hysteresis
curve of CoxZn1-xFe2O4 thin film, it is seen
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that the curve is relatively narrow. The
CoxZn1-xFe2O4 thin films hysteresis curve
has a saturation magnetic moment value of
0,69.10-5 emu, which reaches a magnetic
field value of 10,09 kOe. In addition, the
coercive force is -0.25 kOe and the
remanence magnetic moment is 3,31. 10-5
emu. It can be said that it has a soft magnet
property. We can say that the VSM
measurement is in the form of NixZn1xFe2O4, CoxZn1- xFe2O4, ZnxFe3-xO4, which
will be sorted from small to large according
to the size of the hysteresis curve. It can be
said here that Zn, which has no magnetic
property, causes pinning which make defects
in the structure difficult to move the
domains.
CONCLUSION
The structural, morphological, electrical and
magnetic properties of the films were taken
into account due to investigeted thin films.
CoxZn1-xFe2O4 thin films XRD, Raman and
XPS measurements indicate that the Co2+
ions replaces the Fe2+ ions due to the ionic
radius difference. It is seen that the magnetic
hysteresis curve is reduced due to this
ionization (by Co2+ substitutional ions). The
net magnetic moment of the Fe2+ ion was
greater than the net magnetic moment of the
Co2+ ion, which changed the magnetic
properties of the materials. When magnetic
properties were taken into account, we can
use Spintronic applications. The magnetic
properties of the material can be replaced by
the dopping of materials. The fact that the
magnetic properties of the material can be
www.ijetsi.org

controlled and can be useful for spintronic
applications.
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