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Abstract: We have investigated the saturation magnetization and structure of MFe2O4 (M = Co, Ni and Mn) films
prepared by annealing process of MO (1 nm) / Fe2O3 (1 nm) multilayers. The highest saturation magnetization Ms of
330 G and spinel structure are obtained in insulating CoFe2O4 films after annealing at 773 K. In the case of our semiconducting NiFe2O4 films, the highest saturation magnetization Ms of 167 G and iron segregated spinel structure are
observed after annealing at 823 K. The highest saturation magnetization Ms of 198 G and spinel structure are found in
MnFe2O4 films after annealing at 873 K. The spinel MFe2O4 films obtained by annealing are become the promising
candidate materials for the research area of spintronics.
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I. INTRODUCTION
Spintronic research deals with the spin direction of
electron; as a result one can control the direction of spin of
electron by magnetic fields and flow of electrons [1]. The
spin polarization is of fundamental importance for the use
of materials in spintronics applications. The spin
polarization also determines the manipulation of
magnetization itself and thus the realization of spin based
logic circuits [2-3]. Spin transport through a device
defines the current spin polarization, Pi = (i up, α – i down, α) /
(i up, α + i down, α); where α = d, sp orbit of the device
materials [4]. One of the successful approaches is to
manipulate the spin polarization through tunnelling
probability by using a ferromagnetic insulator known as
spin filter [5]. Some classical techniques to determine the
spin polarization P of a material are spin-polarized
photoemission, Meservey-Tedrow technique, Andreev
reflection using superconducting contact [6-8]. An
introduction of weakly polarized states at the Fermi level
can also be realized in the materials itself by chemical
bonding. These materials are called half-metals [9]. In
contrast to the spin polarization, optical pump-probe
experiments can determine the demagnetization time τm,
which is related to the half-metallicity of the material [10].
The classification of different half-metals due to their
transport characteristics was given by Coey et al [11]. The
half-Heusler alloys, full-Heusler alloys and oxides are well
known as highly (100%) spin-polarized materials [12-15].
Magnetic oxides are also the candidates for half-metals
because of their high spin polarizations and high Curie
temperatures [16]. The MFe2O4 (M = Co, Ni and Mn)
magnetic oxide films have been attracted much attention
recently as the candidate materials for the research area of
spintronics [17-19]. Several films preparation methods
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have been introduced including sol-gel, sputtering, pulsed
laser deposition (PLD), spin spray, chemical vapor
deposition and molecular beam epitaxy [20-24]. Many
research groups are investigating how to improve
magnetic properties by controlling the structure or doping
with different elements [25]. In this study, we will discuss
the experimental results of MFe2O4 (M = Co, Ni and Mn)
films obtain from MO / Fe2O3 multilayers by annealing.
II. EXPERIMENTAL PROCEDURE
The 50-nm-thick [MO (1 nm) / Fe2O3 (1 nm)]25 (M = Co,
Ni and Mn) multilayers were fabricated at room
temperature (RT) by ion beam sputtering (IBS) from MO
and Fe2O3 targets on thermally-oxided Si(100) substrates.
All multilayers were covered with 3-nm-thick SiO2 layer
as a capping layer in order to prevent oxidation. The base
pressure of the apparatus was better than 1.0 x 10-4 Pa and
the Ar pressure during sputtering was 0.002 Pa. The
acceleration voltage of the ion gun was 600 V with the ion
current of 60 mA. The deposition rates of [MO / Fe2O3]
multilayers and SiO2 layers were 0.11 nm / sec and 0.12
nm / sec respectively. The thickness of MFe2O4 films was
fixed at 50 nm. In order to obtain MFe2O4 films, the asdeposited multilayers were annealed at various
temperatures (Ta) up to 823 K and carefully observed the
magnetic properties and structure with Ta for the spinel
structure formation of the films. The magnetization curves
of the films were measured using a vibrating sample
magnetometer at room temperature with the applied
magnetic field of 10 kOe parallel to the films plane. The
structures of the MFe2O4 films were determined by an Xray diffractometer (XRD) with Cu-Kα radiations.
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III. RESULTS AND DISCUSSION
Fig.1. shows the change of saturation magnetization Ms of
CoFe2O4 films with annealing temperatures Ta. The
saturation magnetization Ms of CoFe2O4 films enhances
from room temperature to annealing temperature up to 773
K and reduces in the films annealed at 823 K. The
CoFe2O4 films annealed at 773 K shows the highest
saturation magnetization Ms of 330 G. This changing
behavior of magnetic properties is due to the structural
change in CoFe2O4 films with annealing [26].
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Fig.1. Change of saturation magnetization Ms of 50-nmthick CoFe2O4 films as a function of annealing
temperatures Ta
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Fig.2. High angle XRD profile of the 50-nm-thick
CoFe2O4 films annealed at various temperatures Ta
In order to observe the changes in CoFe2O4 films with
annealing temperature Ta, we have performed XRD
experiments. Fig.2. shows the XRD profiles of CoFe2O4
films before and after annealing at various temperatures
Ta. The peak of bulk CoFe2O4 films (311), (711), (440),
(533) and peak of bulk Fe (110) and Co (111) are shown
by the broken line on XRD profile. Bulk peak of FeO
(220) is also shown by the broken line on XRD profiles.
Since the structure of Fe3O4 and CoFe2O4 films are similar
spinel structures, therefore, the peaks of the Fe3O4 and
Copyright to IJIREEICE

CoFe2O4 films are considered at the same position on the
profile. Furthermore, peaks of Si (100), Si (400) and Si
(600) originated from the thermally oxided substrates are
also shown by the broken line but the Si peaks of
thermally-oxided Si substrate are in amorphous condition
so that the determination of Si and SiO2 should be
difficult. The peak at 2Ө = 35.8o can be considered as the
main peak of CoFe2O4 (311), similar to the main peak
Fe3O4 spinel structure. The strength of this peak increases
with annealing temperature up to 823 K. This means that
the grain size of CoFe2O4 films also increases with
annealing temperatures. A broad peak of FeO (220) appear
at 2Ө = 35.8o up to the annealing temperature of 723 K.
In the case of annealing above 723 K the diffracted peaks
were found at 2Ө = 57o, 62.5o, 73.5o on the XRD profile.
These peak are the diffracted peak of CoFe2O4 (711),
(440), (533) therefore, the spinel CoFe2O4 films is
produced by annealing at 773 K. Again, in the case of
annealing temperature 773 K, the main peaks of Fe (110)
and Co (111) do not appear at 2Ө = 44.6o and 2Ө = 53.6o
on the XRD profile, which determine the Fe particles and
Co particles are not segregated in CoFe2O4 films.
Furthermore, in the case of annealing of 823 K the
appearance of two different peak at 2Ө = 47.6o and 2Ө =
53.5o indicate about the diffusion of oxygen atom from the
multilayers during annealing, which may create defect in
spinel structures. Another point view of crystal structure,
the CoFe2O4 films obtain the attribute of spinel structure
after annealing at 773 K.
The resistivity of the CoFe2O4 films has been observed in
the range of 1 x 1010 Ω.cm to1 x 1010 Ω.cm for all Ta,
while the resistivity of metal is in the order of 10 -4 Ω.cm
and the resistivity of semiconductor is in 10-3 Ω.cm to 107
Ω.cm [27]. Therefore, the resistivity of CoFe2O4 films is
103 times higher in the insulating range and thus the
CoFe2O4 films can be determined as magnetic insulator.
Fig.3. shows the change of saturation magnetization Ms of
NiFe2O4 films with annealing temperatures Ta. The
saturation magnetization Ms increases from room
temperature to the annealing temperature up to 823 K. The
maximum saturation magnetization, Ms of 218 G is
obtained after annealing at 823 K, however, as-deposited
NiFe2O4 films does not show any magnetization. The
reported bulk value of saturation magnetization of
NiFe2O4 ferrite is 300 G [28].
But our experimental result is much lower than that of the
reported value. However, the properties of bulk materials
and thin layers are also different. There are such examples
in materials having spinel structure for obtaining different
saturation magnetization between the bulk and thin films
[28-29]. Again, since Fe is ferromagnetic particle,
therefore, Fe particles have contribution to the
enhancement of saturation magnetization in NiFe2O4 with
annealing temperature.
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Fig.3. Change of saturation magnetization Ms of 50-nmthick NiFe2O4 films as a function of annealing
temperatures Ta
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Fig.4. High angle XRD profile of the 50-nm-thick NiFe2O4
films annealed at various temperatures Ta
Due to the above reason, the experimental results differ
from that of the bulk value of NiFe2O4. Consequently, the
experimental results of the fabricated NiFe2O4 cannot be
comparable to the bulk value.
Especially, in the case of multilayers, the saturation
magnetization may be obtain near to the bulk value of
NiFe2O4 films after annealing above 823 K, however, the
similar saturation magnetization does not mean that the
perfect NiFe2O4 films can be produced above Ta = 823 K.
Rather, Fe particle dominate the NiFe2O4 films above 823
K, which results lower resistivity in NiFe2O4 films. The
measured resistivity of the NiFe2O4 films for all Ta is
observed in the range of 0.5 Ω.cm to 1.2 Ω.cm and thus
the NiFe2O4 films can be determined as magnetic
semiconductor.
The structural changes of NiFe2O4 films with annealing
temperature Ta is shown in Fig.4. The peak of bulk
NiFe2O4 films (111) (311), (222), (333), (444) and peak of
bulk Fe (110) are shown by the broken line on XRD
profile. Furthermore, Si substrate peaks are not shown on
the XRD profile because of the amorphous condition of
the thermally oxided Si substrates. The peaks at 2Ө =
35.8o and 37.8o can be considered as the main peak of
Copyright to IJIREEICE
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Fig.5. Change of saturation magnetization Ms of 50-nmthick MnFe2O4 films as a function of annealing
temperatures Ta
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NiFe2O4 (311) and (222), similar to the main peak
CoFe2O4 spinel structure. The strength of this peak
increases with annealing temperature up to 823 K. This
means that the grain size of NiFe2O4 films also increases
with annealing temperatures. In the case of annealing
above 723 K the diffracted peaks were found at 2Ө = 57 o,
80o on the XRD profile. These peak are the diffracted peak
of NiFe2O4 (333) and (444) therefore, the NiFe2O4 films is
produced with spinel structure by annealing at 773 K.
Again, in the case of annealing temperature above 773 K,
the main peaks of Fe (110) appears at 2Ө = 44.6o on the
XRD profile, which determine the Fe particles are
segregated in NiFe2O4 films. From the point view of
crystal structure, the NiFe2O4 films attain iron segregated
spinel structure after annealing above 773 K.
Again, Fig.5. Show the change of saturation
magnetization, Ms of MnFe2O4 films with annealing
temperature up to 873 K. The saturation magnetization of
the MnFe2O4 films increases gradually from the asdeposited value to annealing temperature T a = 823 K and
rapidly increases for the films annealed up to 873 K. The
maximum saturation magnetization, Ms of 198 G is
obtained from the MnFe2O4 films annealed at 823 K.
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Fig.6. High angle XRD profile of the 50-nm-thick
MnFe2O4 films annealed at various temperatures Ta
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The structural changes of MnFe2O4 films as a function of
annealing temperature Ta is also shown on the XRD
profile in Fig.6. The crystal structure of the MnFe2O4 films
annealed up to 723 K shows only the amorphous
conditions of the film structures. The main peak of spinel
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G and spinel structure are observed in the MnFe2O4 films
after annealing at 873 K. Our experimental results suggest
that the spinel MFe2O4 films can be considered as the halfmetallic oxide materials or half-metals. The properties of
MFe2O4 films obtain from multilayers are the promising
properties for spintronic device materials.
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