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Abstract

(In;_,Fe,)203_, amorphous ferromagnetic semiconductor films were prepared
by sputtering under thermal non-equilibrium conditions, and their correspond-
ing Fe-In, O3 granular films were obtained by annealing. Unexpectedly, they
both showed Mott variable range hopping behavior in the low temperature
range, indicating that the interaction between the carriers can be neglected in
the hopping process. For a system with a high carrier concentration the negligi-
ble interaction between the carriers was due to the electronic screening effect on
the long range Coulomb interaction. The magnetoresistance in (In;_,Fe,),0s3_,
magnetic semiconductor and Fe—In,O5 granular films is also discussed. How-
ever, electronic transport through intergrain tunneling was not observed in the
annealed Fe—In, O3 granular films.

1. Introduction

In recent years, intense researches have been carried out in the field of magnetic semiconductors
due to their potential spintronics applications.  Various electrical transport [1-9] and
ferromagnetic phenomena [10-15] in such disordered systems have been extensively studied
because of their significant importance in fundamental physics. For most magnetic
semiconductors, the solubility of doped magnetic ions in the host semiconductor lattice is very
low and the carrier density is hard to tune. Magnetic semiconductors with a high solubility
of transition metal ions and tunable carrier density are highly desirable for achieving a high
Curie temperature. In this sense, a magnetic semiconductor based on an In, O3 host is a good
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candidate since In, O3 is a wide band gap semiconductor with a cubic bixbyite crystal structure
which can become a highly conducting n-type semiconductor with the introduction of oxygen
deficiencies or Sn doping [11-15]. An encouragingly high thermodynamic solubility of as
much as 20% for Fe ions in In,O3 has been reported [13]. However, experimental results for
Fe-doped In,03 magnetic semiconductors reported by different groups are different and even
contradictory [13-15].

Recently, spin dependent Efros and Shklovskii variable range hopping (VRH) was
observed in Zn;_,Co,0O [16] and Ti;_,Co,0O; [17] magnetic semiconductor films with high
Co concentration. This was attributed to the presence of electron—electron Coulomb interaction
and spin—spin exchange interaction between the carriers. Furthermore, the transformation of
electrical transport from Efros and Shklovskii VRH to ‘hard gap’ resistance was experimentally
observed in a low temperature range as the Fe composition in the Zn;_,Fe,O;_, ferromagnetic
semiconductor increased [18]. Even less is known about the electrical transport and
magnetoresistance of (In;_,Fe,),03_, ferromagnetic semiconductor films with high Fe
concentration and Fe-In,Os granular films. In this paper, (In;_,Fe,),03_, amorphous
ferromagnetic semiconductor films with high Fe compositions were synthesized, and Fe-
In, O3 granular films were obtained by annealing. In contrast to Efros and Shklovskii VRH
and ‘hard gap’ transport observed in Zn;_,Co,0, Ti;_,Co,0, and Zn,_,Fe,O;_, magnetic
semiconductor films [18, 19], Mott VRH was observed in both as-deposited (In;_,Fe,),0s_,
ferromagnetic semiconductors and annealed Fe—-In, O3 granular films, and was attributed to an
electronic screening effect on the long range Coulomb interaction.

2. Experiment

The nominal [Fe 0.5 nm/In,O; y nm]gp structures were prepared on a water-cooled glass
substrate (thermal non-equilibrium process) by alternately depositing very thin Fe and
In, O3 bilayers for 60 periods in a flow of Ar gas and the remanent O, background
with good reproducibility. The growth rate of Fe and In,Os3 layers is 0.25 A s~! and
0.13 A s71, respectively. The method used here is similar to that used in [16]. Due to
atomic interdiffusion, the nominal structures formed metastable (In;_,Fe,),0O3_, amorphous
ferromagnetic semiconductor films with different Fe compositions. Since the solubility of Fe in
In, O3 in a thermal equilibrium state is lower than that in the as-deposited films, the as-prepared
films can further develop into Fe—In, O3 granular composite films after proper annealing in a
vacuum (such as annealing at 400 °C for 1 h and 450 °C for 2 h).

Magnetic properties were measured by a superconducting quantum interference device
(SQUID) with a magnetic field in the film plane. The electrical transport properties were
measured in a Van der Pauw configuration by adding a Keithly 2400 as the current source
and a Keithly 2182 as a voltage meter in the SQUID machine with a magnetic field in the film
plane or without a magnetic field.

3. Experimental results and discussion

Crystal structures of the as-deposited and post-annealing films were analysed by x-ray
diffraction (XRD) using Cu Ke irradiation. Figure 1(a) is a XRD pattern of the as-deposited
(Inp 31Feq.60)205_, film. No diffraction peak was observed except for the wide peak of the
glass substrate, indicating that the film is in an amorphous state. Figures 1(b) and (c) are XRD
results for the (Ing 31Feq.69)205_, film annealed at 400 and 450 °C. It was obvious that Fe and
In, O3 diffraction peaks appeared in the annealed samples, but no Fe3O,4 and Fe,O3 compounds
were found. Therefore we believe that in the annealing process phase segregation occurs along

2



J. Phys.: Condens. Matter 19 (2007) 326206 Y F Tian et al

150 - E

100 - E

Intensity (CPS)

50 -

250 - In0,(222)  Fe(110)  (b)

' ]
150 | .

200 -

Intensity (CPS)

100 - B

300 T
050 L InO,(222)  Fe(110)  (c) ]
200 | ]
150 |-

100

Intensity (CPS)

20 30 40 50 60
20 (deg.)

Figure 1. XRD patterns of the (Ing 31Fe.69)205_, films: (a) as-deposited magnetic semiconductor
film, (b) granular film annealed at 400 °C for 1 h, and (c) granular film annealed at 450 °C for 2 h.

with the crystallization such that the amorphous films are transformed into crystalline Fe-doped
In, O3 with ferromagnetic Fe inclusions.

Figures 2(a) and (b) show the temperature dependence of the sheet resistance of two as-
deposited films, (Ing31Feq69)205_, and (Ings9Fep61)205_,. The sheet resistance decreases
with increasing temperature, which is a typical feature of the semiconductor resistance.
Although the sheet resistance strongly depends on the sample composition, the good linear
relationship between In R and T~'/# in the low temperature range indicated that the electronic
transport mechanism was Mott VRH. This behavior indicated that the interaction between
the carriers can be neglected in the hopping process. By contrast, in similar magnetic
semiconductor films such as Zn;_,Co,O [16], Ti;_,Co0,0, [17] and Zn,_,Fe,O_, [18]
prepared by the same method, electronic transport shows Efros and Shklovskii VRH and/or
hard gap resistance, where the electron—electron Coulomb interaction and the hard gap
potential played a crucial role in the hopping transport. On the other hand, it is noticed
that the resistivity (3.8 x 107 Q m) of (Ing3,Fey69)20;_, film was 2 or 3 orders lower
than that of Zng5C00720 (7.4 x 1072 @ m), Tig24Co0760> (8.73 x 107 Q m), and
Zngy3Fep70,_, (5.1 x 1073 € m) films at 5 K. The much less resistivity in (Ing 3;Fep 69)205_,
films may originate from higher carrier concentration, larger localization length of the carriers,
and/or lower hopping potential in the (In;_,Fe,),03_, ferromagnetic semiconductors. It is
very interesting to notice that the electronic transport in such a (In;_, Fe,),03_, ferromagnetic
semiconductor system can be well described by Mott VRH without considering the interaction
between the carriers.

In the following, we gave an explanation of the experimental results by taking into account
the screening effect on the long range Coulomb interaction. A mathematical analysis shows
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Figure 2. The dependence of In R on T~/* for (Inj_Fe,),03_, ferromagnetic semiconductor
films with different Fe compositions: (a) (Ing 31Feo.69)205_, and (b) (Ing 39Feq 61)203_,. Squares
represent the experimental data and solid lines are theoretical fittings according to Mott VRH. The
inset curves show the temperature dependence of the sheet resistance.

that an impurity ion in a semiconductor is shielded by oppositely charged carriers as part of
the neutralization process. Because of the screening effect of the shielding electrons or holes,
the Coulomb field around the impurity state becomes short range. Beyond a certain distance
(the screening length), the interaction between two localized states becomes negligible. The
screening length is proportional to the square root of temperature and inversely proportional to
the square root of carrier density [20]. Since (In;_,Fe,),03_, the ferromagnetic semiconductor
has a lower resistivity, and it is reasonable to believe that it has high carrier concentration.
So the (Inj_,Fe,),03_, films should have a relatively small screening length in the low
temperature range. In addition, the hopping length of Mott VRH is proportional to 7 /4
and it can be very large in the low temperature range. Therefore, for the long range hopping
process beyond the electronic screening length, the Coulomb interaction between the initial and
final states can be neglected and Mott VRH for noninteracting carriers was discovered instead
of Efros and Shklovskii VRH for interacting carriers.

Figures 3(a) and (b) show the temperature dependence of sheet resistance of the annealed
Fe—In, 03 granular films. It is well known that most metal-insulator granular systems show
a linear relation between In R and T~'/? in a wide temperature range [3], and this linear
relation was even suggested as a rapid method for determining the presence of clustering in
magnetically doped semiconductor systems [6]. Unexpectedly, the annealed Fe—In, O3 granular
films still show Mott VRH in the low temperature range, rather than the intergrain tunneling
transport usually observed in the granular systems [3].

4



J. Phys.: Condens. Matter 19 (2007) 326206 Y F Tian et al

1 2 T T T T T T T T T
(a) 400°C-1hour
1M .
E 10 /_." z .
S I Se
T 2
= ,.. T "gmy
8F o % 100 200 300
: T (K) ]
1 1 1 1 1
T T T T T
11F
E 10t
o €
<
o o
5 9 . ././ i{g/ 2 “H.
. = T (K™ nna
g 0 100 200 300
1 " 1 " 1 " 1 " 1

0.2 . 0.3 0.4 0.5 0.6 0.7
T-1/4 174y

Figure 3. The dependence of In R on T~'/4 for annealed (Ing 31Fe.69)203_, films at (a) 400°C
for 1 hand (b) 450 °C for 2 h. Squares stand for the experimental data and solid lines are theoretical
fittings according to Mott VRH. The inset curves are the temperature dependence of the sheet
resistance.

The unexpected Mott VRH in the Fe-In,O; granular films can be understood by
considering the following factors. First, in the low temperature range the charging energy
of the small Fe clusters should be much larger than the thermal energy. In this case the electron
tunneling between the small Fe clusters was highly suppressed. The small size of the Fe
clusters can be known from the weak and wide Fe(110) peak of the XRD patterns as shown in
figure 1. Second, strictly speaking, the Fe—In, O3 granular films should be Fe—(In;_,Fe,),03_,
composite, due to the relatively large solubility of Fe in In,O3. The remanent (In;_,Fe,),03_,
matrix after annealing can provide additional transport paths through VRH between localized
defect states in the matrix. As a result, in the Fe—(In;_,Fe,),03_, granular films the carriers
prefer to transport through VRH between localized defect states rather than tunneling between
small Fe clusters. However, at high temperatures the electrical transport deviated from the Mott
VRH behavior because the thermal energy is high and allows other electrical transport paths,
such as nearest neighbor hopping, direct tunneling between Fe clusters and so on.

The M-H and R-H curves of the as-deposited (Ing3;Fegg9)205_, ferromagnetic
semiconductor films are shown in figures 4(a) and (b), respectively. The ferromagnetism is
clearly shown by the coercivity, remanence and low saturation field in figure 4(a). In figure 4(b),
the R—H curve shows a butterfly-like shape and the two resistance peaks correspond to the
measured coercive field (21400 Oe). The resistance tends to be a saturation value as the
magnetic moment tends to saturate with increasing the field. No detectable difference in the
magnetoresistance was observed for different orientations of the magnetic field in the film plane
with respect to the current flow (no anisotropic magnetoresistance in the film plane). Almost
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Figure 4. The magnetic hysteresis loop (a) and the magnetoresistance (b) of the as-deposited
(Ing 31Fep.69)205_, film measured at 5 K with the magnetic field in the film plane.

the same small magnetoresistance ratio was observed for the magnetic field parallel to the
film plane and perpendicular to the film plane. This means that the magnetoresistance due
to the orbital effect was negligible. Analogously to the negative MR due to spin dependent
Efros and Shklovskii VRH observed in Zn;_,Co,O and Ti;_,Co,O; [19], this negative MR in
(In;_,Fe,),03_, can be explained by spin dependent Mott VRH.

Figures 5(a) and (b) show the M—H and R-H curves of the annealed granular films
measured with the magnetic field in the film plane. Although the electronic transport
mechanism was the same for (In;_,Fe,),03_, amorphous ferromagnetic semiconductor and
Fe—(In;_,Fe,),03_, granular films, the MR behavior was quite different. ~Although an
obvious hysteresis loop was observed in the M—H curve, no hysteresis behavior in R—H
curve was found for the granular films. This revealed that the variation of the resistance
with the applied magnetic field had no correlation to the reversal of the magnetization in Fe
clusters. It may be useful to mention that the observed magnetic transport properties are
very similar to the reported experimental results in dilute Zn;_,Fe,O, Zn;_,Co,O magnetic
semiconductors [7-9]. This further indicates that the observed MR in the annealed granular
films is not due to spin dependent tunneling between Fe grains. However, the peculiar
magnetoresistance in the annealed films is not well understood. Further research work on
magnetic transport is desirable.

4. Conclusions

In conclusion, both (In;_,Fey),03_, ferromagnetic semiconductor films and their
corresponding Fe—In, O3 granular films show Mott VRH behavior in the low temperature range,
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Figure 5. The magnetic hysteresis loop (a) and field dependence of sheet resistance (b) of the
(Ing.31Fep.69)205_, film annealed at 400 °C for 1 h measured at 5 K.

indicating that interaction between the carriers can be neglected in the hopping process. For
a system with a high carrier concentration, the negligible interaction between the carriers is
caused by the electronic screening effect on the long range Coulomb interaction. However,
electronic transport through intergrain tunneling was not observed in the annealed Fe—In, 03

granular films.
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