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Ferromagnetic cobalt-doped indium oxide, (In;.,Co,),0s3, thin films with x between 1.6% and 8.1% have
been studied by x-ray, magnetic, and optical methods. Evidence gathered from x-ray diffraction and x-ray
absorption fine-structure studies suggest that the Co atoms are substitutional within the In,O; matrix. The
magnetization of the films were found to consist of two components: a paramagnetic term that agrees with
what is expected for paramagnetic cobalt ions and a temperature-dependent ferromagnetic hysteresis loop. The
ferromagnetic component was too large to have been generated by the free carriers, implying that it originates
from electrons bound in defect states associated with oxygen vacancies. This is confirmed by optical absorption
and magneto-optical studies because the magnetic circular dichroism scales with concentration of cobalt and
temperature in the same way as the measured magnetization.
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I. INTRODUCTION

Dilute magnetic oxides (DMOs) have attracted significant
interest in recent years on account of their potential application
in spintronic devices."> There are numerous reports in the
literature that the inclusion of transition metal (TM) dopants
leads to ferromagnetism at room temperature, and early work
attributed this effect to the s(p)-d exchange interaction between
the sp band of the host semiconductor and the localized d elec-
trons of the TM ion.? However recent work, particularly using
x-ray magnetic circular dichroism (XMCD), has indicated that
the TM ions are paramagnetic*> and hence do not contribute
to the ordered moment. The origin of the ferromagnetism
thus remains controversial, with even the necessity for TM
doping being called in to question. It has emerged that the
most obvious sources for ferromagnetism could be either
localized electrons in donor states or free electrons in the
conduction band.® Coey et al. have recently developed a model
for defect-related ferromagnetism that involves a spin-split
defect band populated by charge transfer from a proximate
charge reservoir.® In this model, magnetization is limited by
defect concentration, not by 3d TM ion doping.

A great many experimental hurdles must be overcome
when dealing with DMO materials. A lack of stability and
reproducibility halts any concrete conclusions from being
made on ferromagnetic behavior. Garcia et al. give a full
account of the errors that can be encountered when measuring
dilute magnetism.” Additionally, a comprehensive study by
Khalid et al. has also shown it is possible to measure very
weak ferromagnetic signals from the substrate alone.®

Magnetic circular dichroism (MCD) in the optical range
is another powerful tool capable of studying spin polarization
in the band and defect states associated with the host oxide.
This sensitive probe is ideal for exploring the magnetic
and electronic properties of DMOs. A measurement of the
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MCD at photon energy E gives the difference in absorption
for left and right circularly polarized light. Therefore, it
provides information regarding the way states that participate
in the transition at that particular energy are affected by the
magnetism. A number of MCD studies have been performed on
DMO materials, particularly on ZnO,%"'! and these have given
very useful information concerning the spin polarization of the
conduction electrons.

In this paper, we focus on indium oxide (In,O3), which is an
important functional transparent conducting oxide, especially
for the developing field of transparent spintronics.'” There
have been several reports that TM-doped In, O3 exhibits fer-
romagnetism beyond room temperature, and this has sparked
interest in its use in spin transport devices.'3!> We present here
an extensive study on Co-doped In, O3 thin films, which exhibit
room temperature ferromagnetism, grown using dc magnetron
sputtering in an oxygen-deficient sputtering ambient. These
films have been characterized in detail using x-ray diffraction
(XRD), x-ray absorption fine structure (XAFS), along with
magnetic and magneto-optical techniques as a function of
both the Co concentration, x, and temperature. We find that
Co successfully substitutes for In in the In,O3 system and that
the Co ions are paramagnetic in nature and hence not part
of the observed ferromagnetic phase, in agreement with the
XMCD data.’> Furthermore, the magnetization was found to
be significantly larger than that which could arise from the
free carriers, which leads us to conclude the ferromagnetism
is due to localized electrons in donor states. Spectroscopic
measurements, especially MCD, indicate that the most likely
candidates are the oxygen vacancy levels approximately 0.9 eV
below the conduction band. Our results thus explain the
previous studies that indicated that oxygen vacancies were
essential to ferromagnetism for TM-doped'*~'® and undoped
In203 ﬁlms.”
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II. EXPERIMENTAL

A series of five Co-doped In,O3 films with Co concentra-
tions ranging from 1.6% to 8.1% were grown using dc mag-
netron sputtering in a highly oxygen-deficient environment to
generate a large density of oxygen vacancies. Pure, undoped
In,O5 films were also grown under the same conditions
as the Co-doped samples and served as a set of control
samples. Compositional analysis was performed using energy
dispersive x-ray spectroscopy (EDX) using 20 x 20 pm?
areas positioned at a number of locations over the sample.
The films had thicknesses between 210 and 230 nm and were
grown at 300° C on (0001) c-plane sapphire substrates. The
system base pressure was better than 1x10~° Pa. Films were
sputtered in 1.2 £ 0.01 Pa of an Ar-O; (95:5) mix. Phase
identification and structural properties of the Co-doped In, O3
were analyzed using XRD on a Bruker diffractometer in the
0-260 mode using Cu K, radiation.

The XAFS measurements were performed at beamline
20-ID-B at the Advanced Photon Source using a microfocused
beam incident on the sample at approximately 5° glancing an-
gle. The sample was spun about the surface normal to minimize
interference from the substrate Bragg peaks. The monochro-
mator used Si (111) crystals, giving an energy resolution of
1 eV. The XAFS signal was detected in fluorescence using a
four-element Vortex® detector. Data were collected with the
x-ray polarization parallel and perpendicular to the surface. No
orientation dependence was found. Because it was of higher
quality, the data reported here are for the polarization perpen-
dicular to the surface. Data analysis was carried out using the
Athena and Artemis interfaces to the Ifeffit analysis program, '®
and theoretical calculations were made using Feff 8.4."°

A superconducting quantum interference device (SQUID)
magnetometer was employed for characterization of the bulk
magnetic properties. The samples were mounted using a
plastic straw fastened with cotton thread. These components
were measured alone within the SQUID system and con-
sistently produced a diamagnetic response. Measurements
were performed in the temperature range of 5-300 K in
magnetic fields up to 1 T. Transport properties were performed
through standard four-point measurements in the van der Pauw
configuration in the 10-300 K temperature range. Optical
absorption and MCD measurements were made with a xenon
lamp and monochromator. A photoelastic modulator was used
to obtain the MCD as a function of frequency between 1.5
and 3.3 eV. Temperature-dependent MCD spectra in the range
10-300K were taken at 0.5 T in a helium flow cryostat inserted
between the poles of an electromagnet. Higher fields, up to
1.8 T, were available for room temperature measurements
when the cryostat was removed.

III. RESULTS

A. Structure and composition

EDX analysis revealed that the films were uniformly doped
with minimal variation in Co concentration (~ % 0.15%).

Figure 1 shows the 6-26 XRD scans of Co-doped In,O3
films grown on c-plane sapphire for a range of Co doping
levels. All peaks displayed on the diffractogram could be
indexed assuming the same bixbyite cubic structure as pure
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FIG. 1. (Color online) 6-20 XRD diffractograms focusing on the
In, O3 (222) and (400) reflection peaks for Co-In,O; films of varying
Co concentrations, demonstrating the shift in the peak position upon
Co doping. Inset: The steady decrease in the average lattice parameter,
a (A), as a function of Co doping.

In,O3. The peaks are relatively sharp, indicating that the films
have a reasonable degree of crystallinity. At first glance, no
detectable peaks corresponding to any secondary Co oxides
or Co metal were found. This is often the case in DMOs
which appear to be phase pure and of high crystalline quality.
Raising the integration time per point to 100 s still gave the
same outcome. A shift in the In, O3 (222) and (400) diffraction
peaks toward higher values of 26 with increasing levels of
Co doping is observed and suggests a gradual decrease in the
average out-of-plane lattice parameter, (a) (inset, Fig. 1). This
is evidence that the smaller Co?t ions (ionic radius 0.74 A)
substitute for the larger In®* ions (ionic radius 0.94 A) at In
sites rather than forming a defect phase.

Figure 2 shows the near-edge XAFS data for the sample
with 8.1% Co compared with CoO and Co metal. From
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FIG. 2. (Color online) Normalized Co near-edge XAFS spectra
for an In, O3 sample doped with 8.1% Co compared with CoO and
Co metal.
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0.8 TABLE I. Comparison of the In sites in the bixbyite structure
06 [ (a) of In,O3 used to fit the EXAFS data and its Fourier transform (see
T Fig. 3). Site 1 is three times more numerous than Site 2. Structure
0.4+ data taken from Ref. 21.
0.2
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X-02 W W Site 1 (24d) 20 at2.04 2Inat3.34 2Inat3.84
e 3 20at2.14 4 In at 3.35 4 In at 3.85
0471 20at241
-0.6 Co(8.1%)-In,0, Site 2 (8a) 60at2.15 A 6 In at 3.34 6 In at 3.84
08l Fit 60 at3.89
-1.0 L ! ! L
2 4 6 8 10 12 preferred a single site. For site 2 (six O at a single distance),
k (Al) the fits were inferior and required an unrealistic reduction in
the EXAFS amplitude, whereas for the more disordered and
3.5 more numerous site 1, the fits were similar in quality to the
Co(8.1%)-In,0, (b) random case. When Co metal was added to the model, the
K> 3.0 Fit amount always refined to near zero within experimental error
=] (£2% of the 8.1% of Co doping). Therefore, the XAFS results
OED are consistent with all of the Co substituting into In sites in the
g 2 + valence state.
£ . .
é B. Magnetic properties
é In-plane magnetization (M) versus applied magnetic field
= (o H) measurements displayed clear evidence for ferromag-
netism in each of the Co-doped In,Os; films up to and
above room temperature. The substrates have been repeatedly

R (A)

FIG. 3. (Color online) Comparison of the Co EXAFS data for an
In,O; sample doped with 8.1% Co compared with a substitutional
model fit for the k*>-weighted EXAFS (a) and its Fourier transform
(b).

the position of the edges, we can conclude that the Co is
predominately Co?*. The increased pre-edge feature near
7710 eV for the sample possibly indicates the presence of
a small amount of Co metal. However, the main substitutional
site in the bixbyite structure is asymmetric with three different
In-O distances in contrast to CoO, which has a symmetric
arrangement. Previous results for Co-doped In,O; found a
similar increase in the pre-edge region, which was attributed
to disorder in the Co site.”” Asymmetry and disorder tend to
increase the magnitude of the pre-edge feature, so we need
to look at the extended fine structure (EXAFS) for a more
definitive identification of the amount of metal.

The EXAFS data and its Fourier transform are shown in
Fig. 3(a) and 3(b), along with fits to the data. The fits were made
assuming the Co is substituting into both In sites of the bixbyite
structure in the same ratio as their multiplicity (see Table I for a
comparison of the two sites). The transform range was k = 2—
10 A~! and the R-space data was fit over the range of R =
1-3.7 A. The EXAFS signal was quite weak, showing a large
amount of disorder, but the simple substitutional model fits
quite well, with a modest relaxation of the neighboring atoms
toward the smaller Co ions. Because the two substitutional
sites are quite different, fits were also made assuming the Co

measured at both low and high temperature and consistently
give a diamagnetic response, and the measured ferromagnetic
signals are in fact considerably larger than those that have
previously been obtained from substrates.®

Raw magnetization loops at 5 and 300 K for an 8.1%
Co-doped In,O3 sample are shown in Fig. 4(a). The raw
magnetization was decomposed into two parts: M = M| + M.
M, varied linearly with the magnetic field (i.e., M; = xH,
in the field range of 0.5-1 T), whereas M, followed a
hysteretic loop. We first consider the linear contribution, M.
At 300 K the paramagnetic contribution from the film (if
present) would have been too small to detect, and the measured
value of x is consistent with the diamagnetic substrate.
On cooling to 5 K, a clear positive contribution appeared.
Because the susceptibility of the substrate was confirmed to
be independent of temperature, we can define xqm(5 K) =
x(5 K)—x (300 K). The value of xgm(5 K), normalized to
the film volume, V, is plotted against the Co concentration,
x, in Fig. 4(b). The experimental data are compared with the
expected susceptibility for paramagnetic Co>* ions, namely

Nxp2 upito . . -3
33(7, where N is the number of In ions (cm™),

x is the cobalt concentration, and 7= 5 K. The linear variation
of xcurie With x indicates that this additional susceptibility arises
from the Co ions. The expected moment is pes; =5 for Co>*
ions?” in octahedral coordination and takes the spin-only value
of p=3.87 for symmetry that is low enough to quench the
orbital contribution fully. The agreement with the spin-only
value is in agreement with the EXAFS data, which indicates
that a high fraction of the Co ions are in sites of low symmetry.
This measurement of xcuie, particularly when taken together
with other XMCD data, gives compelling evidence that all of

XCurie __
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FIG. 4. (Color online) (a) Raw magnetization data for an 8.1%
Co-doped In, 05 thin film at both 5 K (solid circles) and 300 K (open
circles). (b) xam(5 K), normalized to the film volume, versus the
Co concentration, compared with the expected susceptibility of para-
magnetic Co®" ions in octahedral coordination. (c) Ferromagnetic
hysteresis loops for an 8.1% Co-doped In,O; thin film at both 5 K
(solid circles) and 300 K (open circles).
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the Co”* ions are paramagnetic and thus do not contribute
to the ferromagnetic moment M;. A similar conclusion was
reached from a detailed fit to the low temperature susceptibility
of Mn ions in Indium Tin Oxide.?

We now consider the ferromagnetic component, M,. Hys-
teresis loops for the 8.1% Co sample are shown in Fig. 4(c).
The values of the saturated magnetization and coercive fields
measured at 300 K and their enhancement on cooling to
5 K for pure and Co-doped In, O3 films are given in Table II.
This increase in the saturation magnetization is typical for
semiconducting samples in which the carrier concentration
falls as the temperature is lowered.'*!# The moment per Co
ion atroom temperature for the film with highest concentration,
8.1% Co, is 0.38 wg/Co which is less than the value of
0.83 ug/Co for the film with 1.6% Co, indicating that this
magnetism is not due to cobalt clustering (a similar analysis
follows if we compare the moments per Co measured at low
temperatures). The magnetization recorded for the pure In, O3
sample is consistent with zero, although the experimental limit
is comparable to the moment observed by Panguluri et al.'” in
pure In,Os. The values for H, are similar to those that have
been reported for other DMOs?* and are considerably smaller
than those observed at low temperatures if the magnetization
is dominated by metallic cobalt.??

From Mg(5)/Ms(300) in Table II, we can see that the
magnetization in these samples is greatly affected by the
changes in temperature, which has been observed before in
semiconducting oxide films."!

C. Transport properties

Film carrier concentration and mobility were measured
to gain insight into the possible mechanisms responsible for
magnetism in these samples. These results are summarized in
Table II. Results from the Hall measurements indicated that
all of the films were found to be n-type, as expected for film
growth in an oxygen-deficient environment. The resistivities
of all the films rose as the temperature was lowered, indicating
semiconducting behavior, with the total film resistivity rising
with increasing levels of Co doping. Figure 5 shows a typical
resistance (R) versus T curve for a Co-doped In,Os; film
reported in this study. We found a straight line fit for a plot
of log R against T~'/4 for each of the samples (inset, Fig. 5).
The fit was good below 50 K (= T*), but because the fitted
values of Ty (a fitting parameter) ranged between 22 and 31 K,
the data failed to satisfy the condition T* <« Ty needed for a
consistent fit to the variable range hopping theory.!!

The carrier concentration is reduced for films with 1.6<Co
(%)<6.4 compared with a pure In,O; film (4.53x 10" cm~3);
within this doping range, the carrier concentration is relatively
constant, with minimal variation in the saturation magnetiza-
tion. At 8.1% doping, the carrier concentration has increased
and has almost returned to the value of pure In,Os; this is
accompanied by a sudden rise in the saturation magnetization.
Mobility dropped monotonically with doping between 1.6%
and 8.1%—from 3.34cm?> V™! s71t00.95 cm?> V-1 571

The drop in carrier density between the undoped film and
the film with 1.6% Co is as one might expect for substituted
Co** ions on In sites acting as acceptors. However, the rest
of the samples do not follow this pattern because the carrier
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denotes the saturation magnetization, o H, the coercive field, n. the free carrier density, and uy the carrier mobility.
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TABLE II. Summary of the magnetization, carrier density, and mobility data for pure and Co-doped In,Oj3 thin films at 5 and 300 K. M,

Co M, (300 K) noH.(300 K) n.(300 K) 1300 K) Ms(5 K)/ o He(5 K)/
(%) (emu/cm?) (mT) (x10%cm™3) (cm?> V71s™h Ms(300 K) oHc (300 K)
0 <0.30 - 4.53 +0.12 31.8 £0.08 - -

1.6 3.80 £0.10 14.0 £ 0.70 1.89 £ 0.16 3.34 +£0.18 1.72 £ 0.10 1.01 £ 0.06
3.1 2.59 £ 0.07 21.5 4+ 0.90 1.57 £ 0.19 2.88 £0.18 1.95 £ 0.06 1.06 &+ 0.05
4.7 2.58 £0.12 124 £1.10 1.84 £ 0.17 221 +£0.22 2.14 £0.10 1.73 £ 0.20
6.4 6.48 +0.30 5.4+ 0.40 1.87 £ 0.16 2.27 £ 0.20 2.02 £0.10 3.524+£0.30
8.1 8.75 £ 0.50 3.4 +0.30 3.86 £0.12 0.95 £ 0.25 1.63 £+ 0.09 3.29 +£0.25

concentration stays approximately constant up to 6.4% and
then rises back, almost to the level of pure In O3, at 8.1%.
There are many defect states in In,O3; the oxygen vacancy
states are actually very deep (~0.9 eV below the conduction
band) and therefore cannot be responsible for the carriers we
observe. The mobile carriers must therefore come from other,
shallower, defects. Theory suggests In interstitials either on
their own or in combination with an oxygen vacancy.?® The
optical evidence presented in Fig. 6 shows that the Co>*
acceptors are taking electrons from the deep donors that do not
contribute to the observed carrier density. Hence, we find that
the density of mobile carriers measured at room temperature
is not linearly dependent on the concentration of Co?* ions, as
would be expected for a simple semiconductor.

The total magnetization that can arise from spin-polarized
free electrons is n.up. This is of the order of 0.1 emu/ cm? for
carrier densities of approximately 10'® cm~3, which is more
than a factor of 10 smaller than the observed magnetization for
these samples. We thus deduce that the ferromagnetism cannot
be attributed to the free electrons. Given that we have argued
above that the ferromagnetism is not due to the Co®* ions
either, we therefore need to look at the possible contribution
from localized donor states.

A number of studies on doped In,O3; have found that the
magnetization measured at a given temperature is higher for
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FIG. 5. (Color online) Resistance, R, versus temperature curve
for an In, 03 film doped with 1.6% Co. Inset: log R versus T~'/* plot
for temperatures below 50 K.

samples that have been grown more oxygen deficient and have
a higher carrier concentration.'*'* This led to the supposition
that a high carrier density is important for magnetism.
However, we find here that magnetization increases upon
cooling, even though R is rising. Values for n, for these
films were not measured at low temperatures because the
resistance was far too high. However, given the R versus T
behavior of these samples, we can be fairly certain that n, falls
upon cooling, implying that a greater fraction of the electron
carriers are now localized. We see in this study that if the
carrier density is reduced by lowering the temperature, the
magnetization does not follow the carrier density and in fact
does the opposite. This is similar to that reported by Jiang et al.
for Fe-doped In, O3, wherein the magnetization was also found
to increase at low temperatures in semiconducting samples.'*
This appears to indicate that the determining feature is the
density of defects and not the carrier density itself; the increase
in the magnetization at low temperatures, where the carrier
density has fallen, may indicate electrons are more magnetic
when they are in localized states rather than in extended
states.

4.00
20
395
% 390|
15F w* ey
385} e
.—4/\ I'
=) 380} .
)
< 10F ‘ ‘ ‘ ; )
o 0 2 4 6 8
— ’
~ Co doping level,(%) ’
3 .
S5k I' ==== PureIn O,
,, ——16%
_____ A 4T %
0 R e —o—8.1%
1 1 1 1 " 1
2.0 2.5 3.0 35 4.0 4.5
Energy (eV)

FIG. 6. (Color online) Optical absorption spectra for Co-doped
In,O; films with x =1.6%, 4.7%, and 8.1% at room temperature. The
films show the main absorption edge at ~3.4 eV together with an
impurity-band shoulder down to ~2.5 eV. Inset: Band gap energy as
a function of the Co doping level.
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FIG. 7. (Color online) (a) MCD measured at room temperature and 1.8 T for In,O; films with different Co doping levels. (b) Room
temperature MCD (taken at 3.28 eV) and saturation magnetization, Ms, as a function of Co doping level. (The scale is chosen so that points

superimpose for 8.1%.)

D. Magneto-optical properties

Figure 6 presents optical absorption measurements for pure
In,; O3 and Co-doped In, O3, with doping levels of 1.6%, 4.7%,
and 8.1%. The band edge of In,O3 at 3.4 eV is apparent
in each case, together with a shoulder down to 2.5 eV,
which is considerably lower than the weak gap transitions
seen above 2.9 eV.?’” The shoulders are significantly more
pronounced in the Co-doped samples compared with the pure
In, O3 sample. We attribute this to donor states that have been
partially ionized through the compensating effect of the Co**
acceptors substituting for In>*. The donor levels become more
pronounced in absorption after doping with Co because more
transitions from the valence band to these partially empty states
are now possible. The most likely origin of these donor levels
is oxygen vacancy states, which have been calculated to lie
~0.9 eV below the band edge.?® The increasing numbers of
allowed transitions from the valence band to the conduction
band as a consequence of the broken symmetry introduced
by Co doping is also a likely source for the decreasing band
gap energy. The inset of Fig. 6 shows the behavior of the
band gap energy, E, as a function of Co doping. The values
for E, were estimated using Tauc plots, a method that first
determines the absorption coefficient, «. Using the relationship
ahy ~ (hv — Eg)l/2 and plotting (ahv)? against the photon
energy, one can estimate E,. A sharp decrease is seen upon the
initial doping of the In, O3 host, after which a much smoother
monotonic reduction is observed.

Strong evidence that these donor states are related to
the ferromagnetism was obtained by MCD spectroscopy.
Figure 7(a) shows the MCD spectra at 300 K and 1.8 T
as a function of doping level. The data presented here are
the spectra of the films obtained after the MCD of a blank
substrate has been subtracted. A clear MCD signal emerges,
peaking at the band edge for each of the samples. The
magnitude of the MCD is determined both by the strength of
the absorption at that energy and the extent to which that state is
magnetically polarized. The observation that the MCD is rising
for energies above 2.5 eV demonstrates that the transitions
that gave rise to the shoulder on the absorption edge involve
spin-polarized states. The MCD is significantly lower for the

pure In, O3 sample compared with the Co-doped samples and
is consistent with the very low value of the magnetization and
the strength of the shoulders observed in the absorption spectra
in Fig. 6. In Fig. 7(b), we show a comparison of the room
temperature MCD measured at 3.28 eV with the measured
saturation magnetization as a function of the doping. There is
a striking similarity between these measurements although the
agreement is not fully quantitative.

The origin of the MCD signal was explored in more detail
by investigating its temperature dependence. Figure 8 shows
the MCD signal at 0.5 T for the 8.1% Co-doped sample
from 10 to 300 K. No significant difference is observed at
300 K compared with the 1.8 T measurements in Fig. 7(a),
which indicates that the samples are already saturated at 0.5 T,
consistent with the magnetization data shown in Fig. 4. The
ratio of the magnitude of the MCD at 10 and 300 K agrees
very well with the reduction of the magnetization between 5
and 300 K given in Table II. We note that the decrease in
magnetization becomes less pronounced as the temperature
is raised, unlike that for a localized magnet, in which the
reverse is true. The fact that the MCD and the magnetization
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FIG. 8. (Color online) Temperature dependence of the MCD
signal for the 8.1% Co-doped In, O3 sample measured at 0.5 T.
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FIG. 9. (Color online) Hysteresis loops for an 8.1% Co-doped
In,O; film using a SQUID magnetometer (open circles and line) and
using MCD taken at 3.2 eV (solid line) at room temperature. In both
cases, the background signal from the substrate was subtracted.

have the same temperature and concentration dependence is
strong evidence to support the contention that the observed
ferromagnetism originates from the same donor states as those
involved in the optical transitions. The ferromagnetic origin of
the band edge MCD is confirmed further by the observation
of an open MCD hysteresis loop for the Co-doped films.
Figure 9 shows such a loop measured at room temperature
for an 8.1% Co-doped In,O3 sample superimposed upon a
magnetic hysteresis loop for the same film measured using a
SQUID (data also shown in Fig. 4(c), open circles). The shapes
of the loops are very similar, and the coercive fields are almost
identical (inset, Fig. 9).

We therefore believe that, in our Co-doped In,O3 films,
the TM ions are merely acting as acceptors to ionize a larger

PHYSICAL REVIEW B 84, 085201 (2011)

fraction of the donors and hence produce a partially occupied
donor band, as has been suggested theoretically.?® It is this
donor band that is responsible for the magnetism. At this
stage, we are unable to determine whether the donor states are
distributed evenly through the material or concentrated at the
grain boundaries, as has been suggested by other studies.®?

IV. SUMMARY AND CONCLUSIONS

We have shown through magnetometry and magneto-
optical measurements that semiconducting In O3 is fer-
romagnetic beyond room temperature both in pure form
and when doped using a range of Co content between
1.6% and 8.1%. The Co is found to substitute for In
within the In,O;3 lattice and exists in a Co*t ionic state.
Taken together, our data strongly suggest that the mag-
netism is due to polarized electrons in localized donor
states, most probably because of oxygen vacancies. We
expect that similar mechanisms might be important in other
DMOs.
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