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A ferromagnetic Fe–In2O3 nanocomposite thin film has been synthesized by the thermite reaction
Fe2O3þ In-Fe–In2O3. Measurements of the Hall carrier concentration, Hall mobility and magnetoresis-
tance have been conducted at room temperature. The nanocomposite Fe–In2O3 thin film had
n¼1.94 �1020 cm�3, μ¼6.45 cm2/Vs and negative magnetoresistance. The magnetoresistance for 8.8 kOe
was ��0.22%.The negative magnetoresistance was well described by the weak localization and model
proposed by Khosla and Fischer.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Thin film materials, which have a combination of different
physical properties such as optical transparency, electrical con-
ductivity and magnetism at room temperature, are highly pro-
mising from the standpoint of scientific research and practical
applications [1–3]. These materials can be obtained by two dif-
ferent concepts. The first concept is doping of transparent con-
ductive oxides (TCO) by 3d transition metal (TM) ions [4,5]. The
second concept is obtaining composites or hybrid structures,
which contains multiple solid phases. For example, bilayer films
such as ferrimagnetic layer/TCO layer [6,7] or two-phase (ferri-
magnetic-TCO) thin films [8,9] are known. At present, a large
number of research efforts are directed to the first concept.
However a lot of these studies are controversial. Recently there
appears to be an increased interest in the second concept [8,10].

Two important, widely used TCO materials are In2O3, and Sn
doped In2O3 (commonly referred to as ITO) [11–13]. In2O3 thin
films have been used in gas sensors, transparent thin-film tran-
sistors, flat panel displays, electrochromic devices and solar cells
[12,14–19]. This is because In2O3 simultaneously exhibits high
visible wavelength transparency and electrical conductivity. Dop-
ing of Fe is very often used to add magnetic properties to In2O3

because Fe has a high solubility, up to 20%, in indium oxide [20,21].
asov).
Moreover, Fe and Fe3O4 are well used for creating composite films
based on TCO.

For a sufficiently large doping, there is a probability of ob-
taining disordered materials with the created composite film [22].
Furthermore, an ultraviolet irradiation can induce disorder in TCO
[23]. Quantum phenomena such as weak localization begin to
show in these materials [22]. Weak localization can significantly
affect the transport properties [24].

Recently, we have used a new thermite reaction between α-
Fe2O3 and In layers to successfully synthesize ferromagnetic Fe–
In2O3 nanocomposite thin films that contain Fe nanoclusters im-
bedded in a In2O3 matrix and have soft magnetic properties at
room temperature [25]. The nanocomposite Fe–In2O3 thin films
had a small amount of Fe3O4 with no metallic indium and these
facts were verified by Mossbauer spectroscopy and X-ray photo-
electron spectroscopy. We can expect that the magnetite will af-
fect the magnetotransport properties of the Fe–In2O3 thin films.
Since ferromagnetic Fe–In2O3 nanocomposite thin films were first
synthesized, it has been important to know the physical properties
of these films. For this reason, we have investigated the magneto-
transport properties of Fe–In2O3 nanocomposite thin films at room
temperature.

Here we present measurements of magnetoresistance up to
8.8 kOe, Hall carrier concentration and Hall mobility.
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2. Material and methods

The nanocomposite Fe–In2O3 thin films were obtained by an
exothermic reaction in the In/Fe2O3 bilayer. This synthesis method
is described in detail in our previous work [25].

The film thickness of the nanocomposite Fe–In2O3 thin filmwas
determined by AFMDNP 5000 (Nanoink) and was �100 nm. A
chemically pure glass substrate with a thickness of 0.18 mm has
been used. The magneto-transport measurements were carried
out using a standard four-probe method. Ag contacts on top of the
Fe–In2O3 thin film were used and sputtered using an Emitech
k575x sputter coater. The thickness of the Ag contacts was ap-
proximately 50 nm. The measurements of magnetoresistance, Hall
carrier concentration and Hall mobility were performed using an
original facility based on an electromagnet, a precise Aktakom
APS-7151 current/voltage source and an E14-440 L-CARD analog–
digital converter. These measurements were measured in DC mode
at a fixed value of current.
3. Results and discussion

Fig. 1 shows the dependence of the Hall voltage on the external
magnetic field. It can be seen that Hall voltage is nearly linear with
respect to the external magnetic field. This linear dependence is
normal for semiconductors. It is possible that we did not have an
ideal geometry for the Ag top contacts, which could have had an
influence on the Hall voltage.

From the Hall voltage, we calculated the Hall carrier con-
centration (n) and the Hall mobility (μ). The nanocomposite Fe–
In2O3 thin film had n¼1.94 �1020 cm�3 and μ¼6.45 cm2/Vs at
room temperature.

The resistance of the nanocomposite Fe–In2O3 thin film as a
function of the magnetic field (B) is shown in Fig. 2.

It should be noted that the magnetoresistance has been defined
as MR % 100%R H R

R
0

0
( ) = [ ] ×( ) − ( )

( ) , where R(H) is resistance with a

magnetic field and R(0)is resistance without a magnetic field. From
Fig. 2 it is clear that MR is a negative. The MR for 8.8 kOe was
��0.22%.

Negative MR is often observed in TCO and TM–doped TCO in
the weak localization (WL) regime. However, such cases are
usually observed at low temperatures [22,26]. On the other hand,
our composite film seems to have a high degree of disorder in the
context of a single phase. Thus, it is possible that weak localization
can be observed at room temperature. For weak localization, the
condition k l e n3 / 1F

2 2/3 2 1/3π ρ= ℏ( ) ( ) > must be satisfied, where kF is
the Fermi wave vector, l is the mean free path, ℏis the Planck
constant, e is the electron charge, ρ is the resistivity. For our case,
Fig. 1. The Hall voltage versus external magnetic fieldmeasured at room
temperature.
the calculated value of kFl at room temperature is 1.351. As a result,
the studied film is in the weak localization regime. For the three-
dimensional WL regime, the expression for negative MR is given
by [27]
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length l Dτ=ϕ ϕ , where τϕ is the electron dephasing time and
D KT e/μ= is the electron diffusion constant. The function f3 δ( )used
in Eq. (1) is given by [27]
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On the other hand, the observed negative MR can be explained
by the model proposed by Khosla and Fischer (KF), where the
third-order expansion of the s–d Hamiltonian exchange was con-
sidered. Correspondingly, a semi-empirical expression of the ne-
gative MR is given as [28]
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Here, μ0 is the magnetic constant, A1 represents the contribu-
tion of spin scattering, J is the exchange interaction integral, D Fε( )
is the density of states at Fermi level, S is the spin of the localized
magnetic moment, oM4 is the average magnetization, g is the
effective Lande factor of the localized magnetic moment, μB is the
Bohr magnetron, α is a numerical constant on the order of unity
and kB is the Boltzmann constant.

We used Eq. (1) (WL) and Eq. (3) (KF) to fit the experimental
data. Furthermore, we have assumed that these two mechanisms
can exist simultaneously and thus we also used Eqs. (1) and (3) for
fitting. Fitting results are presented in Fig. 3.

As shown in Fig. 3, the best fit is the summation of Eqs. (1) and
(3). For this fit, we have received the following parameters:
a2¼1.427 �10�4 and b /2

0
2μ ¼0.5737. In addition, the phase-co-

herence length has been defined and was 7.425 nm. Thus, the
magnetoresistance of ferromagnetic Fe–In2O3 nanocomposite thin
films is well described by both weak localization and the model
proposed by Khosla and Fischer.
4. Conclusions

In conclusion, we have synthesized ferromagnetic Fe–In2O3

nanocomposite thin films and conducted measurements of Hall
carrier concentration, Hall mobility and magnetoresistanceup to
8.8 kOe, The nanocomposite Fe–In2O3 thin film had
n¼1.94 �1020 cm�3 and μ¼6.45 cm2/Vs at room temperature. It
has been shown that the magnetoresistance of ferromagnetic Fe–
In2O3 nanocomposite thin films was a negative. The MR for
8.8 kOe was ��0.22%. The magnetoresistance of ferromagnetic
Fe–In2O3 nanocomposite thin films is well described by both weak
localization and the model proposed by Khosla and Fischer.
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Fig. 2. The resistance (a) and magnetoresistance (b ) versus external magnetic field measured at room temperature.

Fig. 3. The magnetoresistanceversus external magnetic field. The lines show the
fittings of experimental data with Eqs. (1) and (3) and Eqs. (1) and (3), respectively.
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