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We systematically measure and analyze x-ray absorption fine structure and the anomalous Hall effect of
recently discovered room-temperature ferromagnetic semiconductor thin films, �In1−x−yFexCuy�2O3−�. The
x-ray fine structure demonstrates that divalent Fe ions exist in ferromagnetic samples but not in nonmagnetic
ones, suggesting a mobile-electron-mediated ferromagnetism. The anomalous Hall behavior is found to be
consistent with that of ferromagnets, in which carriers are delocalized, but qualitatively different from that of
double-exchange manganites, in which carriers are bound to magnetic ions, confirming that the ferromagnetism
in �In1−x−yFexCuy�2O3−� is mediated by mobile electrons.
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I. INTRODUCTION

Room-temperature ferromagnetic semiconductors have at-
tracted great attention because of their potential applications
in spintronics.1 Many promising candidates with high Curie
temperatures have been discovered.2–12 Recently we used a
combinatorial approach13,14 and identified a ferromagnetic
n-type semiconductor system �In1−x−yFexCuy�2O3−�

�IFCO�.15,16 The Curie temperature of this material exceeds
room temperature and the concentration x of Fe ions in the
host lattice, In2O3, can be as high as 20%. Possible impurity
magnetic phases in IFCO have been ruled out via extensive
structural, magnetic, and magnetotransport studies on both
bulk and thin-film samples.15,16 While the room-temperature
ferromagnetism in this material is robustly established, its
origin and the underlying physics remain elusive. Possible
mechanisms proposed for ferromagnetic semiconductors fall
into two categories: carrier mediated or superexchange. In
carrier-mediate models �e.g., the Ruderman-Kittle-Kasuya-
Yosida and the Zener models�,17–19 the coupling between
magnetic ions is achieved through electrons in the conduc-
tion band or holes in the valence band. In superexchange
models �e.g., the double-exchange model�,20–23 the coupling
is achieved through anions between the magnetic ions. The
key difference between these two mechanisms is that the
magnetic coupling is mediated by mobile carriers in the
former but localized ones in the latter.

To uncover which type mechanism leading to ferromag-
netism in IFCO, we carried out detailed measurements of
x-ray absorption fine structures and the anomalous Hall ef-
fect �AHE� in IFCO films at representative compositions. We
focus on these two measurements because the ferromag-
netism originates microscopically from atomic bonding and
ion valence, which can be discerned by the x-ray absorption
near-edge structure �XANES� and extended x-ray absorption
edge fine structure �EXAFS�, and manifests itself macro-
scopically in collective transport, which can be reliably mea-
sured by the AHE. Based on the lattice structure and valence
information obtained from XANES and EXAFS, we con-

clude that the presence of divalent Fe ions, or equivalently,
mobile electrons, is requisite for IFCO to be ferromagnetic,
suggesting a carrier-mediated ferromagnetism. The notion of
mobile-electron-mediated ferromagnetism in IFCO is rein-
forced by the AHE measurements, which show that the car-
rier transport behavior is more like band conduction as in
ferromagnets than hopping conduction as in double-
exchange manganites. In addition, these measurements fur-
ther confirm, both microscopically and macroscopically, that
the ferromagnetism of IFCO is intrinsic rather than from
magnetic impurities.

II. RESULTS AND DISCUSSIONS

IFCO thin films with specific compositions were grown
on �0001� �−Al2O3 substrate by pulsed laser deposition us-
ing targets of corresponding stoichiometry. Different flow
rates of high purity O2 gas are introduced to vary the O2
partial pressures for thin film deposition. A KrF excimer la-
ser ��=248 nm� with a beam energy density of
2.4–2.8 J /cm2 was used at a repetition rate of 10 Hz and
pulse duration of 10 ns. Films with a typical thickness of
0.5 �m, as measured by a Dektak 3 profilometer, were de-
posited at a rate of 2.8 Å/s. The substrates were heated dur-
ing thin film deposition. XANES and EXAFS data were col-
lected at beamline 10.3.2 at the Advanced Light Source,24

which produces a beam of 15�7 �m. Data at the Fe K-edge
were taken in fluorescence using a seven-element Ge detec-
tor at 10° grazing incidence. Counts from each detector ele-
ment were recorded separately to help the treatment of sub-
strate Bragg peaks. Hall measurements were performed by
using a Hall bar in a cryostat equipped with a 9 T supercon-
ducting magnet.

Figure 1�a� depicts XANES spectrum, ��E�, for five rep-
resentative samples, three IFCO thin-film samples with
x=0.15 and nominal 2% Cu but grown under different O2
partial pressures, a bulk �In0.94Fe0.06�2O3 sample, a thin film
of Fe3O4, and a thin film of Fe2O3.25 Cu doping was found
not to be directly responsible for the magnetism of IFCO.16,26
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Our magnetization measurements indicate that the IFCO
sample grown under a high O2 partial pressure
�5�10−4 Torr� and �In0.94Fe0.06�2O3 are nonmagnetic, while
the IFCO sample grown under a low O2 partial pressure
�10−7 Torr� is strongly magnetic, 0.8 �B /Fe at room
temperature.27 The IFCO sample grown under a medium O2
partial pressure �9�10−7 Torr� is weakly magnetic,
0.1 �B /Fe at room temperature.

Noting that in Fe2O3 only Fe3+ ions exist, whereas in
Fe3O4 one-third of the Fe ions are reduced �Fe2+�, we see
from Fig. 1�a� that the XANES edges of the �In0.94Fe0.06�2O3

and high-O2-partial-pressure samples, which both are non-
magnetic, coincide with that of Fe2O3, indicating that only
Fe3+ ions exist in these samples. On the other hand, the
XANES edge of the low-O2-partial-pressure sample, which
is highly magnetic, appears at a lower energy and overlaps
with that of Fe3O4, indicating a significant amount of Fe2+ in
the sample with a similar Fe2+ /Fe3+ ratio as in Fe3O4. The
XANES edge of the medium-O2-partial-pressure sample lies
between those of the high- and low-O2-partial-pressure
samples, suggesting that Fe2+ ions are present in the sample
but fewer than in the low-O2-partial-pressure sample. The
unmixed trivalence of Fe ions in the stoichiometric
�In0.94Fe0.06�2O3 is a direct consequence of Fe substitution
into In sites of In2O3, which is unambiguously shown in the
EXAFS data �see below�. The dependence of valence on the
O2 partial pressure can be described by the following reac-
tion formula:

OO → VO·· + 2e + 1
2O2, �1�

where OO represents an oxygen ion, VO·· a positively charged
oxygen vacancy in the lattice, and e an electron. Using the

charge neutrality condition �the number of electrons is 2
times the number of oxygen vacancies�, one obtains that in
equilibrium, both the electron and Fe2+ densities depend on
the O2 partial pressure, PO2

, via n� PO2

−1/6.28,29 From Eq. �1�,
oxygen deficiency will be balanced by Fe2+ ions and mobile
electrons, whose density increases as the O2 partial pressure
decreases. The observed correlation between valence and
magnetization suggests that the presence of Fe2+ ions �or
mobile electrons� is required for IFCO to be magnetic.

We plot the Fourier transform of k3��k� ���k�
���−�0� /�0 with �0 being the background absorption, is
the extracted EXAFS oscillation� of these samples in Fig.
1�b� and list their structural parameters in Table I from
FEFF8.1 fitting.30,31 The EXAFS spectra were analyzed ac-
cording to a standard procedure31–33 and the Fourier-
transform cutoff is k=11.5 Å−1. For an informative compari-
son between samples, we fitted the first shell by assuming a
single Fe-O distance �strictly speaking, the assumption is not
accurate for Fe3O4, in which there are two kinds of Fe-O
bonds with lengths 1.886 Å and 2.0602 Å, respectively�. The
In atoms in the host In2O3 are coordinated by six oxygens
forming distorted octahedra. There are two inequivalent In
sites, one of which �site 1� has six equal In-O distance
�2.21 Å�, and the other �site 2� having four different dis-
tances �2.09–2.22 Å�. In both sites, the neighboring octahe-
dra are shared with either corners or edges, resulting in two
distinct In-In distances, 3.35 Å and 3.83 Å.34 From Fig. 1�b�,
�In0.94Fe0.06�2O3 also has two Fe-In distances in the second
shell �2–4 Å�, suggesting Fe is substituted into In sites,
which is corroborated by the FEFF simulations of Fe substi-
tuted into In site 2 �the data agree better with a simulation of
site 2 than site 1�.25 The high-O2-partial-pressure sample has
very similar XANES and EXAFS spectra to �In0.94Fe0.06�2O3

with slightly attenuated intensity, implying that they essen-
tially have the same lattice structure. This conclusion is bol-
stered by the FEFF fitting, which shows that the two mate-
rials have virtually identical local structure with the Fe-O
bond length RFe-O=2.03 Å, close to that of In2O3 crystal
�2.1–2.2 Å�,34 and the averaged coordination N=5.3, ap-
proximately equal to 6 within experimental uncertainty. That
the Fe-O distance is shorter than the In-O distance may be
explained by the fact that Fe3+ is smaller than In3+.

However, the second-shell EXAFS of the low-
O2-partial-pressure sample is noticeably different from that

TABLE I. Structural parameters obtained from FEFF8.1 fitting
for the same materials as in Fig. 1. The fits were done assuming a
single Fe-O distance. N is the averaged coordination number, RFe-O

is the Fe-O bond length, and 	�2 is the Debye-Waller factor. Error
bars are 0.02 Å for RFe-O and 15% for N.

Sample N RFe-O �Å� 	�2 ��10−4 Å�

�In0.94Fe0.06�2O3 5.3 2.03 49.7

High-O2-partial-pressure 5.3 2.03 46.7

Medium-O2-partial-pressure 4.7 2.03 19.4

Low-O2-partial-pressure 4.4 1.97 15.5

Fe3O4 4.6 1.99 85.9

Fe2O3 5.2 1.98 83.0

FIG. 1. �Color online� XANES �a� and Fourier transform of k3

weighted EXAFS �b� spectra of thin-film samples of IFCO with
x=0.15 grown under the O2 partial pressures of 10−7, 9�10−6, and
5�10−4 Torr. Solid �black�, thin-dashed �green�, and dashed
�black� lines are for the sample of the low, medium, and high O2

partial pressures. The spectra of �In0.94Fe0.06�2O3 �dotted-dashed
lines, blue�, Fe3O4 �dotted lines, red�, and Fe2O3 �thin solid lines,
magenta� are also plotted for comparison.
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of the high-O2-partial-pressure one: The intensity is consid-
erably reduced and the first peak at 2.7 Å splits into two. The
peak splitting suggests significant lattice distortion in the
low-O2-partial-pressure sample. This is understandable by
noticing that reduced Fe ions in the sample, as seen in
XANES, are accompanied by charged oxygen vacancies,
which can cause a considerable distortion in the host In2O3
lattice. This distortion may change the local lattice structure
to one with a lower symmetry and thus reduce the intensity
of the higher shell EXAFS. The considerably reduced RFe-O
and N confirm the existence of oxygen vacancies and the
significantly distorted lattice and further suggest a strong de-
viation in the low-O2-partial-pressure sample from the sim-
ply substitutional structure as in the high-O2-partial-pressure
sample. The shorter Fe-O distance may be due to the reduc-
tion of oxygen-oxygen repulsion forces that occurs when
oxygen vacancies are introduced, or may reflect the existence
of Fe2+ in tetrahedral sites, presumably associated with oxy-
gen vacancies. It is interesting to note that if the reduction of
N in the low-O2-partial-pressure sample is assumed to be due
solely to the oxygen vacancies, 17% ��5.3–4.4� /5.3� oxygen
ions surrounding Fe will be vacant, which means 34% Fe are
divalent, according to Eq. �1�. This is in agreement with the
amount of Fe2+ �1/3� estimated from the XANES. The EX-
AFS of the medium-O2-partial-pressure sample, again, falls
between those of the high- and low-O2-partial-pressure
samples, suggesting that its lattice distortion is less severe
and the oxygen vacancies are fewer than those in the low-
O2-partial-pressure sample, which is also reflected by the
fitted values of RFe-O and N in Table I.

Hence both XANES and EXAFS suggest a connection
between the presence of Fe2+ ions and the ferromagnetism in
IFCO. The disparate magnetizations in the systems with and
without Fe2+ ions indicates that mobile electrons, which only
exist in systems containing Fe2+ ions, are required to make
IFCO magnetic. This observation is consistent with the fer-
romagnetism mediated by delocalized carriers.17–19 We em-
phasize that the observed ferromagnetism in IFCO cannot be
attributed to Fe3O4, for �1� fits to the second-shell region by
assuming the sample is a combination of Fe3O4 and the high-
O2-partial-pressure IFCO or �In0.94Fe0.06�2O3 reveal that no
more than 5% of Fe is in the form of Fe3O4, which is too
little to account for the strong magnetization, 0.8�B /Fe at
room temperature �at least 60% Fe in the form of Fe3O4,
whose saturated magnetization is 1.35�B /Fe, would be
needed�, �2� the EXAFS spectra of IFCO is quite different
from that of Fe3O4. Nor can the ferromagnetism in IFCO
come from Fe2O3, according to their dissimilar XANES and
EXAFS data.

Because mobile electrons and localized ones are expected
to lead to very different magnetotransport behaviors, we per-
form a detailed AHE study to further understand the ferro-
magnetism in IFCO. The AHE depends linearly on the mac-
roscopic magnetization of a sample, and therefore plays an
important role in establishing intrinsic ferromagnetism in a
system.35 The Hall resistivity 
xy in magnetic materials can
be expressed by


xy = R0B + �0RsM . �2�

The first term is the ordinary Hall effect and the second is the
AHE. Here B is the internal magnetic induction, R0 the or-

dinary Hall coefficient, M the magnetization, �0 the vacuum
permeability, and Rs the anomalous Hall coefficient. Figure 2
shows the anomalous Hall resistivity 
AHE, which follows
hysteresis loops similar to those of measured M-H curves, of
two ferromagnetic IFCO thin films. The two samples have
the same Fe composition �x=0.15� but were grown under
slightly different conditions, which ensure that the two
samples have a similar lattice structure but possible different
carrier density. Both thin film samples are found to be n type.
The carrier density n is deduced from the Hall coefficient R0,
n=1/eR0, and the Hall mobility is obtained from �H
=R0 /
xx, where 
xx is the sheet resistivity. The transport
properties of these two samples are summarized in Table II.

To place these results in perspective, we briefly reiterate
the AHE in two limiting cases. One is conventional ferro-
magnets, where transport is via band conduction �mobile
electrons�, the other double-change manganites like
La1−xCaxMnO3, where the conduction is via electron hopping
�localized electrons�. In the ferromagnets, the magnetism can
be reasonably described by the Stoner iterant-electron mag-
netism model and the AHE mainly comes from the so-called
“side-jump” mechanism,36,37 which is recently found to be
also responsible for the observed AHE in Mn-doped III-V
ferromagnetic semiconductors.38 If we define another AHE
coefficient, �AH��xy

AHE/�0M, where �xy
AHE is the anomalous

part of the Hall conductivity �xy �
xy / �
xy
2 +
xx

2 �, the side-
jump contribution to the AHE can be written as37,39,40

�AH = �1n , �3�

where n is the carrier density and the prefactor �1 depends on
the Compton wavelength and the Planck’s constant but not
impurity concentrations or potentials. Thus one would expect
that �AH is proportional to the carrier density in a ferromag-
net.

In the strong localization regime, the Hall resistivity has a
classical form, 
xy �B /ne,42,43 which can be obtained by

FIG. 2. �Color online� Room-temperature anomalous Hall resis-
tivity as a function of the applied magnetic field in the two IFCO
thin films with x=0.15. Squares �black� and circles �red� are for the
first and the second samples, which were grown at 550 °C under
10−7 Torr O2 partial pressure and at 575 °C under 5�10−7 Torr O2

partial pressure, respectively.
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considering hoppings among small triads. The magnetic flux
in the area enclosed by a triad gives rise to an Aharonov-
Bohm phase, which generates a Hall current. For a magnetic
system with hopping conduction, such as double-exchange
manganite La1−xCaxMnO3, this magnetic flux is proportional
to the magnetization, i.e., the core spin inside the triad,41,44

and one would expect41

Rs = �2/n , �4�

where the prefactor �2 is independent of impurity concentra-
tions and potentials. For systems where the AHE arises from
magnetic impurities,45 the classical form of the Hall resistiv-
ity still holds and it follows that Eq. �4� is also valid.

From Table II, we see that the sample with a smaller n has
a smaller Rs, which is qualitatively different from the behav-
ior of Eq. �4�, implying that the AHE in IFCO cannot be
described by electron hoppings in the double-exchange
model or attributed to magnetic impurities. On the other
hand, we see that �AH is approximately proportional to the
carrier density, consistent with the behavior expected for a
ferromagnet, where electrons are mobile and delocalized.
Thus the AHE data further confirm that the exchange cou-
plings between magnetic ions in IFCO are mediated by mo-
bile electrons rather than localized ones.

III. CONCLUSIONS

In summary, we have systematically measured and ana-
lyzed x-ray absorption fine structures and the AHE of re-
cently discovered IFCO room-temperature ferromagnetic
semiconductor thin films, to identify their origin of ferro-
magnetism. The XANES and EXAFS data exhibit a strong
correlation between the presence of Fe2+ ions and the ferro-
magnetism in IFCO. The measured AHE behavior of IFCO is
found to be consistent with band conduction as in ferromag-
nets but incompatible with hopping conduction as in double-
exchange manganites. The complementary microscopic and
macroscopic measurements lead us to conclude that the fer-
romagnetism in semiconducting IFCO originates from the
mobile-electron-mediated coupling between Fe ions and fur-
ther confirm the intrinsicness of the ferromagnetism in IFCO.
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