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The thin film synthesis and characterization of room temperature ferromagnetic semiconductor
sIn1−xFexd2O3−s are reported. The high thermodynamic solubility, up to 20%, of Fe ions in the In2O3

is demonstrated by a combinatorial phase mapping study where the lattice constant decreases almost
linearly as Fe doping concentration increases. Extensive structural, magnetic and magneto-transport
including anomalous Hall effect studies on thin film samples consistently point to a source of
magnetism within the host lattice rather than from an impurity phase. ©2005 American Institute of
Physics. fDOI: 10.1063/1.1851618g

Room temperature ferromagnetic semiconductors have
been of great interest due to their potential spintronics appli-
cations. Many candidates have been discovered through con-
ventional and combinatorial approaches.1–11 In most of the
other magnetic semiconductors, doped magnetic ions exhibit
very low solubility in host semiconductors, and the origins of
ferromagnetism in some of the compounds have been attrib-
uted to magnetic impurities.12 Therefore, materials systems
based on host semiconductors with high solubility of mag-
netic ions are highly desirable to form thermodynamically
stable magnetic semiconductors. In this letter, we describe
the discovery and characterization of a ferromagnetic semi-
conductor system based on In2O3 host lattice in thin film
format.

In2O3 is a wide band gap semiconductor with cubic bix-
byite crystal structure. Its lattice constant is 10.12 Å in a bcc
unit cell. In2O3 can be made to a highly conductingn-type
semiconductor by introducing oxygen deficienciesssd or Sn
doping. The high solubility of Fe in In2O3 host lattice was
first identified by a combinatorial experiment using a con-
tinuous phase diagram mapping technique. A thin film
sIn1−xFexd2O3 with 0,x,0.4 was fabricated on an
Al2O3s0001d substrate using a combinatorial ion beam sput-
tering system. The resulting continuous phase diagram was
investigated using a scanning microbeam diffractometer with
a focus spot of 50mm.13,14Figure 1 shows Vegard’s law plot
derived from Lorentzian fitting ofs222d peak. The lattice
constant decreases linearly asx increasessthe Fe3+ ion is
smaller than the In3+ iond, indicating solubility up to 20% Fe
concentration. Above 20% Fe concentration, the lattice con-
stant remains constant and the impurity phase, likely to be
Fe3O4 or InFeO3,

15 starts to appear as evidenced by the XRD
map. The high solubility of Fe in In2O3 lattice may be ex-
plained by the fact that the most probable valence states of

both In and Fe ions are the same, i.e., In3+ and Fe3+, while
those of other semiconducting oxides, such as Zn2+O,
Ti4+O2, Sn4+O2, are different.

The sIn1−xFexd2O3−s thin films of single compositions
were grown on Al2O3s0001d substrate by pulsed laser depo-
sition sPLDd using corresponding stoichiometric targets. Va-
lence variations of doped magnetic elements were induced
by growing the samples in high vacuumsi.e., oxygen defi-
cientd, and/or co-doped with a small amount of Cu in the
range of 2 at. %, in order to create mixed valence cations,
i.e., Fe2+, Fe3+, necessary for ferromagnetism and charge
transport.16 The background pressure of PLD system is in
10−7 Torr. Different flow rates of high purity O2 gas were
introduced to vary the O2 partial pressures. The pulsed Ex-
cimer laser of KrFsl=248 nmd with the beam energy density
of 2.4–2.8 J/cm2, repetition rate of 10 Hz, and pulse dura-
tion of 10 ns was used, yielding a typical deposition rate of
2.8 Å/s. The substrates were heated during thin film deposi-
tion, and a typical film thickness of a sample was 5000 Å
measured by Dektak 3 profilometer.

The x-ray diffraction patterns for the individual thin
films were obtained using Rigaku Mini Flex+ Diffractometer.
The respective XRD patterns forsIn1−xFexd2O3−s with x
=15% and Cu co-doping, and the sample withx=10% and
no Cu doping, grown at 550 °C under 10−7 Torr, are shown
in Fig. 2. The data exhibit onlys222d and s444d orientation
peaks of In2O3, indicating highly oriented growth along
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FIG. 1. Vegard’s lawslattice constant as a function of Fe doping concentra-
tiond plot of thin film sIn1−xFexd2O3sx=0–0.4d phase diagram.
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f111g direction. No impurity peak was detected in both thin
film samples, indicating a single-phase growth. For compari-
son, the XRD pattern of a Fe3O4 thin film sample grown on
the same substrate at 650 °C under 10−7 Torr is presented in
Fig. 2, along with standard XRD patterns for bulk In2O3 and
Fe3O4. Although not all peaks are visible due to the preferred
growth orientation of thin film samples, it is clear that the
XRD of the doped In2O3 thin film samples is completely
different from that of Fe3O4.

The magnetic field dependence of sample magnetic mo-
ment was measured by superconducting quantum interfer-
ence device magnetometer. Only those thin films with good
conductivity grown under high vacuum were found to be
ferromagnetic. TheM-H curve taken at 5 K for the thin film
sample of Fe 15% with Cu co-doping, grown at 550 °C in
vacuums5310−7 Torrd, is shown in Fig. 3. Ferromagnetic
behavior is evident with measured coercive fields of about
450 Oe. The inset shows the room- temperatureM-H curve
of a different sample, withx=0.2, indicating room tempera-
ture ferromagnetismsTc of 750 K was measured on bulk
ceramic samples17d. The saturation magnetization is

,1.45mB/Fe atom, assuming all the Fe atoms contribute to
the magnetization. The coercive fields are much larger than
those of bulk samples17 indicating a larger magneto-
crystalline anisotropy, probably due to stress-induced inverse
magnetostriction caused by lattice and thermal expansion
mismatches with the substrate. Higher temperature measure-
ments of thin films were not made since oxygen content in a
thin film will change significantly due to slow heating pro-
cess.

The possible magnetic impurity phases in the system are
Fe3O4 and CuFe2O4. CuFe2O4 samples annealed in oxygen
gain maximum magnetizationsFe 3+ is responsible for the
magnetism in the systemd while sIn1−xFexd2O3−s thin films
with Cu co-doping annealed in a slightly high O2 partial
pressure show no sign of ferromagnetism. This observation
rules out contribution by CuFe2O4 impurity phase, because,
if CuFe2O4 impurity phase had been responsible for the ob-
served magnetism in thesIn1−xFexd2O3−s samples with Cu
co-doping, the ferromagnetism must be present in the
samples annealed in oxygen. Since the saturated magnetic
moment of Fe3O4 is reported to be about 1.3mB/Fe,18 if the
observed magnetic moment of about 1.45mB/Fe had been
attributed to Fe3O4, one would have to assume that almost
100% of doped Fe ions ended up forming Fe3O4. This is
impossible because significant XRD peaks of Fe3O4 would
appear if such a large amount of Fe3O4 were present. Also, if
most of the doped Fe ions had formed Fe3O4, the significant
lattice constant change, indicative of incorporation of Fe ions
into In2O3, would not have been observed in Fig. 1. Further
investigation using extended x-ray absorption fine structure
sEXAFSd spectrum has confirmed that indeed, the magne-
tism is originated from mixed valence of Fe2+/Fe3+ situated
in In2O3 lattice sdue to space limitation, this data will be

FIG. 2. sColor onlined XRD of thin film samples ofsIn1−xFexd2O3−s and
Fe3O4 in logarithmic scale. The intensity bars from standard diffraction
patterns for bulk In2O3 and Fe3O4 are also included for comparison.

FIG. 3. M-H curves at 5 K forsIn1−xFexd2O3−s thin film sample with 15%
Fe and 2% Cu co-doping. The magnetic field is applied to parallelsHid to
the film surface. The inset shows room temperatureM-H curve of
sIn1−xFexd2O3−s thin film sample with 20% Fe and 2% Cu co-doping.

FIG. 4. The resistivity ofsIn1−xFexd2O3−s with Cu co-doping and Fe3O4 thin
films as function ofT−1. sIn1−xFexd2O3−s with Fe 20% was grown at 650 °C
while Fe 15%, at 550 °C.

FIG. 5. sad Hall resistivity vsm0H of the sIn1−xFexd2O3−s thin films with Cu
co-dopingsx=0.2 and 0.15, respectivelyd. sbd is the AHE term after subtract-
ing the ordinary Hall effect term for the thin film sample with Fe 15%; the
data were collected at 286 K. Also shown is theM-H curve of the same
sample measured at 5 K.

052503-2 He et al. Appl. Phys. Lett. 86, 052503 ~2005!

Downloaded 19 Feb 2009 to 129.2.19.102. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



published elsewhere19d, not the impurity phase of Fe3O4 or
CuFe2O4.

The electrical and magneto-transport properties were
measured at various temperatures in a cryostat equipped with
a 12 T superconducting magnet. Normal resistivititiessrd of
different thin film samples as a function ofT−1 are shown in
Fig. 4.rsTd of a pure Fe3O4 thin film, deposited at 650 °C in
a similar vacuum condition assIn1−xFexd2O3−s thin film
samples, is drastically different from those of
sIn1−xFexd2O3−s thin film samples, which better fitT1/n be-
havior in low temperature region withn close to 2. The ac-
tivation energy Eact obtained for Fe3O4 is 55 meV, similar to
the values reported for a single crystal sample and from other
thin film studies.20 However, the resistivity of,170 mV cm
at room temperature and saturation magnetic moment of
0.14mB/Fe at 5 K are not optimized to the ideal values of
bulk Fe3O4, which are,10 mV cm at room temperature and
1.3 mB/Fe, respectively.18,20 In fact, to our knowledge, no
Fe3O4 thin film work has demonstrated magnetization value
that is close to 1.3mB/Fe. For this reason, it is unlikely that
the observed saturation magnetic moments1.45mB/Fed and
transport properties ofsIn1−xFexd2O3−s thin film samples
originated from Fe3O4.

Hall resistivity rxy in magnetic materials can be ex-
pressed asrxy=R0B+m0RAHEM. The first term is an ordinary
Hall effect and the second is the anomalous Hall effect
sAHEd, whereB is the internal magnetic induction,M the
magnetization andRAHE the anomalous Hall coefficient.
RAHEsTd=arxxs0,Td, whererxxs0,Td is the normal resistivity
at zero field anda is aT-independent parameter with dimen-
sion of mobility.21 Hall resistivityrxysrHd m0H curve for two
sIn1−xFexd2O3−s thin films are plotted in Fig. 5sad; rxy is lin-
ear up to high field as expected, with a vertical shift at low
field indicating an AHE. If the ordinary Hall resistivity term
is subtracted, as shown in Fig. 5sbd sformed by triangle sym-
bold, the AHE term near zero field can be seen more clearly
with a similar hysteretic loop as measuredM-H curve, also
shown in Fig. 5sbd sdotted curved. Note some small discrep-
ancy in details of field dependence can be attributed to the
effect of small negative magnetoresistance and sample align-
ment issue for each measurement. TheM-H curve used here
was measured at 5 K. As theTc of the sample is about
750 K,17 and theM-H curve is fully saturated, we do not
expect significant difference between low temperature and
room temperature magnetization due to ferromagnetism.
Both thin film samples were measured to ben-type semicon-
ductors and their corresponding physical parameters are
listed in Table I. The observed AHE suggests that transport
carrier interacts strongly with the local magnetism.

Discovery of thermodynamically stable ferromagnetic
n-type semiconductorsIn1−xFexd2O3−s system is an important
advance for future coherent spin transport device applica-
tions. Because In2O3-based compounds have been widely
used as transparent conductors, they are attractive for the

semiconductor industry, where a wealth of knowledge is
available regarding their interface with conventional semi-
conductors.
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TABLE I. Various physical parameters from Hall measureaments at 286 K:mH: Hall mobility; n: carrier density;Ms: saturated magnetic momentsat 5 Kd.

sIn1−xFexd2O3−s with 2% Cu R0 10−2 cm3/C mH cm2 V−1 S−1 n 1020 cm−3 RAHE cm3/C a cm2 V−1 S−1 r 10−3 V cm Ms mB/Fe

1 x=0.2 650 °C, 7310−7 Torr −5.84 8.55 1.07 0.06 9.3 6.84 1.53
2 x=0.15 550 °C, 7310−7 Torr −19.1 32.2 0.33 0.28 48 5.79 1.47
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