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We have studied the local structural environment of Co in Co-doped indium oxide and indium-tin oxide
films, obtained by magnetron sputtering. The Co K-edge x-ray absorption spectroscopic studies have been
correlated with the x-ray photoelectron spectroscopy, magnetic, and electrical transport measurements per-
formed on the same films. Different contributions of oxidized (Co?*) and metallic (Co®) cobalt to the observed
ferromagnetism in these films are found depending on the host semiconductor and Co content. Homogeneous
substitution of Co atoms for the In sites is found in indium-tin oxide films with less than 7 at. % of Co,
obtained preferably by direct, not sequential, cosputtering. In indium oxide films with similar Co content,
obtained by sequential deposition, substitution of Co for the In site is accompanied by a larger static local
disorder. As the Co content increases, Co-metal clusters are formed.
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I. INTRODUCTION

Diluted magnetic semiconductors (DMS) that are ferro-
magnetic (FM) at room or higher temperatures attract much
attention because of their potential applicability in spin-
based devices.! In recent years, high-temperature FM behav-
ior has been reported in a number of transition-metal (TM)
doped oxides such as ZnO, TiO,, and In,05.2-% However, the
origin of ferromagnetism in these systems remains unclear
even in most extensively studied ZnO:TM.’ Intrinsic ferro-
magnetism in TM-doped oxides has been claimed in many
papers.>” On the other hand, a number of reports point to
precipitation of metal clusters or secondary magnetic phases
as a likely source of ferromagnetism.®” This can be related to
the low solubility of TM atoms in host semiconductors.

To gain insight into the origin of the magnetic properties
of DMS, the determination of the chemical state of the dop-
ant is required. Therefore, carefully prepared materials
should be analyzed using the adequate techniques to discern
whether the dopant is substituted in the host lattice or it is
segregated in small aggregates of another chemical specie,
such as oxide or metal particles. X-ray diffraction (XRD),
transmission electron microscopy (TEM), and x-ray photo-
emission spectroscopy (XPS), commonly used as character-
ization techniques, do not fully characterize the dopant, par-
ticularly in polycrystalline material. XRD is insensitive to
minority phases present in amounts that are small by volume,
but potentially large enough to dominate the magnetic re-
sponse. TEM gives information only for a tiny fraction of the
specimen volume and may modify the sample. XPS is an
appropriate technique since it reveals the valence state of the
dopant but it cannot resolve if this is substituted in the host
matrix or it forms aggregates. X-ray absorption spectroscopy,
like x-ray absorption near edge structure (XANES) and ex-
tended x-ray absorption fine structure (EXAFS), probe the
entire sample and provide direct information on either the
valence state or the local geometrical structure of the absorb-
ing atom.
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In this paper, we report results of x-ray absorption spec-
troscopy measurements in Co-doped indium oxide (IO) and
indium-tin oxide (ITO) films. Several films obtained by mag-
netron sputtering under various deposition conditions and
with different Co concentrations have been studied. The
same films have been characterized by XRD, XPS, TEM,
and magnetic and electrical transport measurements. Mag-
netic and electrical transport behavior of Co-doped ITO
films, grown by simultaneous deposition of Co and ITO, has
been reported in our earlier papers.'®!! Here, we extend our
study to In,0; films, obtained by a direct or sequential depo-
sition. XANES and EXAFS results at the Co K-edge permit
us to discern whether the Co ion is substituted for the In site
or it forms aggregates. In this way, we may judge whether
the observed ferromagnetism in our films is of intrinsic or
extrinsic origin.

II. EXPERIMENT

We grew Co-doped thin films by dc magnetron cosputter-
ing from cobalt and ceramic In,05 and ITO (90% In,05 and
10% SnO, by weight) targets mounted on two separate guns,
in a vacuum system with a base pressure of ~4
X 107% Torr. We varied the Co content in the deposited films
by placing fused-quartz substrates on a heating block at dif-
ferent locations. The partial pressure of argon was fixed at
1.1 X 1073 Torr during deposition. The substrate temperature
was also kept constant at 200 C. The typical deposition rates
were of (0.5—1) A/s and film thickness ranged from 200 to
800 nm. We applied two methods in our growth: simulta-
neous deposition and sequential process. In the sequential
process, Co and In,O5 or ITO has been deposited for periods
varying from 1 to 6 s. After growth, some films were an-
nealed. We obtained the Co content and its distribution in the
films from electron probe microanalysis. For the rest of the
paper, the Co content will be expressed as total atomic per-
cent, i.e., [Co]/([Co]+[In]+[Sn]+[O]). The Co content in
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TABLE I. Fabrication conditions of (In;_,_,Sn,Co,),05 thin films used in the present x-ray absorption

spectroscopy study.

Chemical formula Deposition method Thermal treatment

ITO:Co (3 at. %) (Ing ggSng 05C00.07)203 Simultaneous Annealed 2 h in Ar/H, at 300 C
ITO:Co (4 at. %) (Ing g5Sng 05C0p.1)203 Simultaneous Annealed 1 h in Ar/H, at 300 C
ITO:Co (12 at. %) (Ing 65Sng 05C00.3)203 Simultaneous Annealed 3 h in air at 400 C
In,05:Co (2 at. %) (Ing 96C00.04)203 Sequential As-grown

In,05:Co (3 at. %) (Ing 935C00 065)203 Sequential As-grown

In,05:Co (7 at. %) (Ing §3C00.17)203 Sequential Annealed 2h in Ar/H, at 300 C
In,05:Co (18 at. %) (Ing 56C00.44)203 Simultaneous As-grown

the films varied between 2 and 18 at. %. These values are
determined to within 5%. The composition and growth con-
ditions of the seven samples studied in the present work are
summarized in Table I.

XPS depth profiling was performed with Al K, radiation
at the etching rate of approximately 0.5 nm/min. The addi-
tional structural characterization of films was done with
XRD and TEM. A superconducting quantum interference de-
vice (SQUID) magnetometer was used for magnetic mea-
surements. The diamagnetic contribution from the quartz
substrate, which is linear in the magnetic field and does not
vary with temperature, is subtracted from all data. Van der
Pauw geometry was used to obtain the resistivity and Hall
effect data in magnetic fields of up to 5 T.

XANES and EXAFS measurements were performed at
BM29 beamline'? of the European Synchrotron Radiation
Facility (ESRF) in Grenoble (France). The Co K-edge (7709
eV) spectra were recorded using a fixed-exit Si(111) double
crystal and harmonic rejection better than 10~ was achieved
by using the Si mirror coating of the double flat mirror in-
stalled after the monochromator. Energy calibration was
achieved by measuring a cobalt foil and the energy reso-
lution, 8E/E, was estimated to be about 107, All measure-
ments were done at room temperature in fluorescence mode.
The intensity of the incident x-ray beam was monitored with
an ionization chamber, while a 13-element solid-state germa-
nium detector was used to collect the fluorescence signals.

The XANES spectra were normalized to the incident in-
tensity and, after background subtraction they were also nor-
malized to the high energy part of each spectrum (~100 eV
beyond the edge). EXAFS signals [ x(k)] were obtained by
removing the smooth atomic absorption coefficient (u,) by
means of a cubic spline fit. These x(k) spectra were then
weighted with k and Fourier transformed (FT) into the real
space between 2 and 11 A~ using a sine window for detail
comparison. The data analysis was carried out by ab initio
modeling of the theoretical amplitudes and phase shifts for
all single and multiple scattering paths by the FEFF code.!?
The ARTEMIS program'# was exploited to fit data in R space
within the window of 0-5 10\, which includes the first and
second coordination shells. We have fitted the bond lengths
R; and Debye-Waller (DW) factors o7 of the different atomic
shells. The amplitude reduction factor (S(z)) as 0.96+0.1 was
determined by best-fit analysis for the reference CoO.

III. RESULTS AND DISCUSSION

All films grown on quartz substrate by either direct or
sequential processes show a cubic bixbyite structure of
In,O5;. We observe no peaks corresponding to Co oxides or
to metallic Co in the XRD spectra. As-grown films with less
than 15 at. % of Co exhibit mainly (400) texture. Films with
higher content of Co are randomly oriented. There is a thin
amorphous layer at the interface between the quartz substrate
and the film in as-grown films as can be seen in the cross-
sectional TEM image of the ITO with 6 at. % of Co, shown
in the lower inset of Fig. 1. This layer has slightly higher Co
content than the bulk and decreases upon annealing. No clus-
tering of Co ions nor secondary phases are observed in TEM
images, like the one in Fig. 1, for films with less than
7 at. % of Co.

XPS depth-profile measurements have shown that the Co
atoms are distributed uniformly over the whole film thick-
ness. Co 2p XPS spectra for some 10:Co and ITO:Co thin

FIG. 1. (Color online) A cross-sectional TEM image of 6 at. %
Co-doped ITO thin film. The lower inset shows an amorphous in-
terface (i), approximately 2 nm thick, between the quartz substrate
(s) and the polycrystalline film (f). The upper inset exhibits electron
diffraction, indexed in In,O5 structure.

094118-2



LOCAL STRUCTURE STUDY OF Co-DOPED INDIUM...

Co?2
| Sn 2yCo 2XO s P

n
2(1-y-x) 32

Co2p 1/2

}

ITO 12 at.%Co

7In203 7 at.% Co

Intensity (arbitrary units)

ITO 4 at.% Co

800 790 780 770
Binding Energy (eV)

FIG. 2. Co 2p core-level x-ray photoemission spectra after sev-
eral cycles of Ar* etching at 300 K for 4 at. % Co-doped ITO,
7 at. % Co-doped 1O, and 12 at. % Co-doped ITO samples.

films are shown in Fig. 2. The Co atoms are mainly in the
high spin divalent state for the low Co content. However, as
the content of Co in In,O5 and ITO films becomes larger
than 7 at. %, Co atoms start to segregate into metallic clus-
ters. This is seen in XPS spectra of Fig. 2 as additional
peaks'> at 778.2 eV and at 793.2 eV in an In,0; film with
7 at. % of Co and in an ITO film with 12 at. % of Co. Peak
fitting indicates that approximately 7% and 50% of total Co
atoms precipitates into metallic clusters for 10:Co (7 at. %)
and ITO:Co (12 at. %), respectively.

Normalized Co K-edge XANES data for Co-doped ITO
thin films with 3 up to 12 at. % and for Co-doped IO thin
films with 2 up to 18 at. % are plotted in Fig. 3(a) and Fig.
3(b), respectively. Typical XANES spectra for Co metal foil
(Co% and for CoO powder (Co**) are also shown in these
plots for reference purpose. The energy of the K-absorption
edges shifts according to the formal valency of the absorber,
since the binding energy of bound electrons rises as the va-
lency increases. The coordination symmetry of the absorbing
element determines the shape of the XANES spectrum.

Let first discuss XANES spectra for films with low con-
tent of Co. As seen in Fig. 3(a), the spectra for ITO films
with Co contents less or equal to 4 at. % are alike. The
position of the absorption edge for the two samples shown
coincides with that for divalent CoO. In addition, a weak
pre-edge peak around 7709 eV and a strong white line,
around 4 eV above the absorption edge, typical of Co?* in
octahedral coordination of oxygen atoms, are observed.
However, in the near-edge region (up to 60 eV above the
absorption edge) these spectra are quite different from that of
CoO0. This points to a different local structure in the films.
Nevertheless, all Co atoms seem to be substituted for In at-
oms. XANES spectra of 10 films with Co contents less or
equal to 4 at. % [Fig. 3(b)] have also a similar shape as
ITO:Co films corresponding to the most of Co atoms in the
2+ state. As Co content increases, the intensity of the pre-
edge feature in these spectra is enhanced whereas the white
line and the structures above the edge are considerably re-
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FIG. 3. (Color online) Normalized x-ray absorption spectra at
the Co K-edge for (a) ITO:Co and (b) 10:Co thin films with differ-
ent Co content. XANES spectra for several reference compounds
(Co metal foil and rocksalt CoO) are also shown.

duced indicating more disorder in the local structure. Inter-
stitial Co atoms or very small Co clusters may be responsible
for such features. Finally, these XANES spectra show an
increase in intensity in the valley between the pre-edge fea-
ture and the onset of the absorption edge, as compared to
either CoO or ITO:Co films. A very small quantity of Co®
may give rise to such effect.'® The detection limit for Co® by
XANES is approximately 4% of the total Co content.

Now we turn to the films with high Co content. The
XANES spectrum of the ITO:Co (12 at. %) sample lies be-
tween that of Co metal foil and of CoO. Simulation of this
spectrum using weighted averages of Co metal, CoO, and
ITO:Co (3 at. %) (the reference for a film in which Co is
substituted) yields that approximately 55% of Co precipitates
into metallic aggregates, 30% forms CoO, and only 15% of
Co substitutes for In. Therefore, metallic Co® and oxidized
Co?* valence states are in the ratio close to 1:1 in this film, in
agreement with XPS results (Fig. 2). However, the majority
of the oxidized Co atoms forms CoO secondary phase. For
IO films with Co contents more or equal to 7 at. %, a frac-
tion of Co metallic inclusions are quite likely as also seen in
XPS spectra. In addition, the local structure disorder in-
creases as the Co content increases.

Co K-edge EXAFS analysis follows the same lines. Fig-
ure 4(a) compares the k-weighted EXAFS spectra for the
ITO films doped with 3, 4, and 12 at. % of Co with the ones
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FIG. 4. (Color online) (a) Experimental k-weighted EXAFS
[x(k)] spectra (solid lines) and best fits obtained from FEFF calcu-
lations (dashed lines) for the Co-doped ITO thin films, Co metal
foil, and CoO. (b) The Fourier transform of ky(k) functions (solid
lines) for the same samples. The dashed lines correspond to the best
fits.

for hep Co metal foil and for rocksalt CoO. The amplitude of
the ky(k) functions for films with 3 and 4 at. % of Co shows
oscillations distinct from those of either Co metal or CoO.
On the other hand, EXAFS oscillations for the ITO film with
12 at. % of Co and for metallic Co are quite similar,
strongly suggesting the presence of metallic Co® clusters.
The FTs of these EXAFS spectra are shown in Fig. 4(b). The
peak at 1.5 /0%, which is observed in the films and in CoO,
corresponds to the first oxygen shell. The intensity of this
peak in ITO films with 3 and 4 at. % of Co and in CoO is
similar, revealing the same octahedral symmetry for oxygen
atoms. However, the second coordination shell in the FT
curves of the films with low Co content is quite different
from that of CoO and Co metal. There is no evidence of
metallic Co® or CoO clusters in these films. For high Co
content (12 at. % of Co), the intensity of the nearest-
neighbor oxygen peak is strongly reduced and the peak cor-
responding to the Co-Co metallic distance (at about 2.2 A)
is observed.

PHYSICAL REVIEW B 79, 094118 (2009)

TABLE II. Best-fit structural parameters of ITO:Co and 10:Co
thin films at the Co K edge. N is the effective coordination number
defined as (S(Z)CN) with CN the crystallographic coordination num-
ber, R is the interatomic distance, and o” is the Debye-Waller factor.
Numbers in parentheses are statistical errors in the last significant
digit.

R @
Sample Neighboring atom N (A) (A%
CoO 0 6 2.1002) 0.017(3)
Co 12 3.01(1) 0.008(2)
Co metal foil Co 12 2.50(1) 0.008(1)
Co 6 3.49(2) 0.010(2)
ITO (Co:3 at. %) (0] 6 2.07(2) 0.023(2)
In 6 3.27(3) 0.017(4)
In 6 3.83(4) 0.023(7)
ITO (Co:4 at. %) (0] 6 2.08(2) 0.020(2)
In 6 3.28(3) 0.014(3)
In 6 3.87(5) 0.027(10)
ITO (Co:12 at. %)
Phase CoO (38%) (0] 6 2.08(3) 0.014(5)
Co 12 2.98(8) 0.022(9)
Phase Co (50%) Co 12 2.50(1) 0.008(1)
Co 6 3.44(7) 0.007(7)
In,053 (Co:2 at. %) (0] 6 2.03(3) 0.033(3)
In 6 3.21(6) 0.033(10)
In 6 3.80(5) 0.026(10)
In,05 (Co:3 at. %) 0 6 2.01(4) 0.035(4)
In 6 3.2009) 0.040(20)
In 6 3.78(6) 0.024(10)
In,0; (Co:7 at. %) 0 2 201(4) 0.0154)
In 2 3.21(6) 0.014(8)
In 2 3.79(8) 0.012(9)
Phase Co (4%) Co 12 2.40(6) 0.007(6)
In,05 (Co:18 at. %) (0] 1.5 1.93(5) 0.010(4)
In 1.5 3.14(10) 0.026(20)
In 1.5 3.63(10) 0.026(20)
Phase Co (10%) Co 12 2.44(2) 0.006(3)

Dashed curves in Fig. 4 are the best fits to the experimen-
tal spectra (solid lines) of ITO:Co films and reference com-
pounds. The fitting parameters are given in Table II. The
following structural models have been applied: (1) rocksalt
structure for CoO; (2) hep structure for metallic Co?; (3)
In,O5 structure for the films. The quality of fittings ensures
that Co atoms substitute for the In in low Co-content ITO
films. Attempts to fit data for the ITO film with 12 at. % of
Co using the above model failed. We fitted it assuming two
different phases: metallic Co® and CoO (see Table II). Taking
into account the fraction of Co” and oxidized Co found in the
XPS and XANES analysis, we believe that the remaining
12% of the total Co substitutes for In atoms but with a large
structural disorder. In the ITO thin films with 3 and 4 at. %
of Co, our analysis shows that, within experimental error, the
Co-O distance is nearly the same as in pure CoO. However,
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it is much smaller than the In-O distance (2.19 A) in In,O3,
in qualitative agreement with x-ray diffraction results.'® In
addition, a contribution from the second coordination (Co-
In) shell is found. This contribution is weak because the
second shell DW factor is quite large. The shortening of the
Co-O bond length and the increase of local static disorder,
particularly in the second coordination cell, was previously
reported for Sn in ITO films doped with similar Sn content.!”
These effects are related to the relaxation of oxygen environ-
ment of Co®* ions to a CoO-like configuration upon
substitution.'® This relaxation also distorts the second Co-In
coordination shell and leads to the increase in the corre-
sponding DW factor.

Figures 5(a) and 5(b) show best fits (dashed curves) to the
experimental k-weighted Co K-edge EXAFS spectra (solid
curves) of 10:Co thin films. The results, shown in Table II,
are quite different for low and high Co-content films. The
analysis of the spectra of the films with 2 and 3 at. % of Co
can be done along the same lines as for ITO thin films with
Co content less than 7 at. %. In all these films Co substitutes
for In. However, in 10:Co films we have larger static local
disorder than in ITO:Co films. This disorder, estimated from
the Debye-Waller factor, increases as the Co concentration
increases. In addition, a slight decrease in the interatomic
Co-O distance (see Table II) is observed. On the other hand,
in the high Co-content films (7 and 18 at. %), metallic Co’
clusters contribute significantly to spectra, as clearly seen in
either the EXAFS spectra or their FT in Fig. 5. Here, we
have performed a two-phase fitting in order to estimate the
fraction of metallic Co” in each sample. We find that 4 and
10% of total Co atoms precipitate into metallic Co® clusters
for films with 7 and 18 at. % of Co, respectively. The re-
maining Co atoms may substitute for In atoms. However, we
observe an anomalously large structural disorder in these
films which leads to a small (=2) effective coordination
number. It is remarkable that the 18 at. % of Co film, grown
by simultaneous deposition, show the largest static local dis-
order with a very short Co-O distance of 1.93 +0.05 A. We
note that either the ITO (12 at. %) or the IO (7 and
18 at. %) thin films with high Co content show an unex-
pected reduction in the amplitude of the nearest O-neighbor
peak. Because of that, some amount of Co is missing in the
EXAFS analysis. This may follow from a random distribu-
tion of interatomic distances. Structural defects, such as in-
terstitial sites occupied by Co or very small Co clusters, are
not detected in EXAFS spectra. Nevertheless, they do con-
tribute to the total EXAFS signal and are likely to be respon-
sible for the missing Co atoms.

Next, we briefly discuss magnetic and electrical properties
of the films studied in order to correlate them with XANES
and EXAFS results. Both Co-doped IO and ITO films, with
the electron concentration larger than 1X 10'® cm™, show
ferromagnetic behavior. We estimate carrier concentration
from the Hall effect measurements. XANES and EXAFS re-
sults indicate that Co enters substitutionally into IO and ITO
lattices for concentrations less than 7 at. %. For higher Co
content, metallic Co clusters are found. It marks the solubil-
ity limit of Co in the films studied. Figure 6 shows how the
magnetization varies with applied magnetic field at 5 and
300 K in the two ITO films: one with 4 at. % of Co and
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FIG. 5. (Color online) (a) Experimental k-weighted EXAFS
[x(k)] spectra (solid lines) and best fits obtained from FEFF calcu-
lations (dashed lines) for the Co-doped IO thin films. (b) The Fou-
rier transform (FT) of kx(k) functions (solid lines) and correspond-
ing best fits to the FT data (dashed lines) for the same samples. In
the upper panels, the kx(k) and FT curves of Co metal foil and CoO
are also exhibited. The crosses show the experimental FT of the
kx(k) signal for 4 at. % Co-doped ITO, corresponding to a refer-
ence for the substituted bixbyite structure.

another with 12 at. % of Co. Both samples show magneti-
zation saturation at 300 K. The magnetic response is much
larger in the film with 12 at. % of Co; at low temperatures,
the magnetization saturates at approximately 1.3 wp/Co.
Noting that approximately 50% of the Co forms metallic Co
clusters in this film and that values of ~1.72 uz/Co and of
~2.1 up/Co are found for bulk Co and small Co clusters, !
respectively, we would expect a saturation value closer to
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FIG. 6. Magnetization loops at 5 and 300 K for 12 at. % Co-
doped ITO and 4 at. % Co-doped ITO with field applied perpen-
dicular to the film plane. The lower inset shows the field-cooled
(FC) and zero-field-cooled (ZFC) magnetizations measured at 100
and 500 Oe for the ITO film with 12 at. % of Co versus tempera-
ture. The upper inset shows ZFC and FC curves for the ITO film
with 4 at. % of Co.

(0.86—1.1)uB/Co. The measured saturation moment is
somewhat higher. This extra contribution to the saturation
magnetization can be associated with ferromagnetic clusters
such as very small Co metal or CoO with uncompensated
spins, not detected by EXAFS. Partial unquenching of the
orbital moment of cobalt can also account for this discrep-
ancy. The zero-field-cooled and field-cooled susceptibilities
plotted in the lower inset of Fig. 6 are different for T
=150 K in this film. Such irreversible behavior is typical of
a superparamagnetic system. In addition, these films show an
anomalous Hall effect, which follows the magnetization.'*!!
A similar behavior has been found in TiO, films with super-
paramagnetic Co clusters.?” Based on these magnetic results
together with those discussed above from XANES, EXAFS
and XPS, we conclude that the interacting clusters of metal-
lic Co® dominate the magnetic response of the ITO films
with more than 4 at. % of Co. This is also a case for the
In,O5 films doped with Co. We show the anomalous Hall
effect (AHE) hysteresis loop at 10 and 300 K for a 10:Co
film with 18 at. % of Co, grown by simultaneous deposition,
in Fig. 7. The AHE was obtained by subtracting the ordinary
linear contribution from the total Hall resistivity. The upper
inset exhibits the FC and ZFC magnetizations and the lower
inset shows magnetization hysteresis loops for the same film.
The effects of Co clustering are clearly observed in the trans-
port and magnetic properties of this film. Magnetization of
10 film with 7 at. % of Co is exhibited in Fig. 8. Surpris-
ingly, the zero-field-cooled and field-cooled magnetizations,
plotted in the upper inset of Fig. 8, do not show superpara-
magnetic irreversibility and no anomalous Hall effect is ob-
served in this film. Nevertheless, assuming that 5% of Co
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ions precipitates into clusters, with the magnetic moment per
Coion of ~2 uB, we obtain for the total magnetic response
of this film at room temperature a value of 4 emu/ cm’,
which is very close to the experimental one. The estimate of
5% of metallic Co comes from XANES and EXAFS fittings,
in agreement with XPS results. The remaining Co atoms en-
ter substitutionally into the In,O; lattice but they may also
occupy interstitial sites or form very small oxidized-Co clus-
ters as evidenced by the large static disorder in this film

In2(’] —x)COZXOB-S

0.8 |- ‘
5 H=1kOe |
5 7 at% Co ,
g ] x=0.06
04153 i \ 3 at.% Co/|
s £ x=017
zFC 7 7at% y

MAGNETIZATION (u/Co atom)

O il
H=1 kOe
14 3at.% Co
0.4 R 1]
g
G2
=
ZFC
08 1 ‘ |
10 100
‘ ‘ L TR
4 2 0 2 4

APPLIED MAGNETIC FIELD (T)

FIG. 8. Magnetization loops at 5 and 300 K for In,Oj5 films with
3 and 7 at. % of Co. The lower inset shows the FC and ZFC mag-
netizations measured at 1 kOe for the film with 3 at. % of Co
versus temperature. The upper inset shows ZFC and FC curves for
the In,O5 film with 7 at. % of Co.

094118-6



LOCAL STRUCTURE STUDY OF Co-DOPED INDIUM...

obtained from XANES and EXAFS analysis. Some of these
Co atoms contribute to slowly saturating part of magnetiza-
tion (paramagnetic response) observed at low temperatures,
and other to FM response with approximately 0.53 ug/Co at
5K

On the other hand, observed magnetization at 300 K in
films with Co contents less or equal to 4 at. % are small. For
instance, the saturation moment for the I0:Co (3 at. %) thin
film is 0.06 wp/Co. Smaller values are obtained for ITO:Co;
i.e., in 4 at. % of Co thin film this value is 0.023 wp/Co,
similar to that reported for Mn-doped ITO and Co-doped
In, 05 thin films.?!?> Magnetizations of these samples do not
saturate at low temperatures in magnetic fields up to 5 T.
This clearly indicates that a large fraction of the Co*? (S
=3/2) ions does not contribute to the ferromagnetic moment
observed in these films and gives a paramagnetic response.
Our results seem to point out to an intrinsic property of the
observed weak FM in low-doped (equal or less than 4 at. %)
films. These films show thermally activated conductivity
with a relatively low carrier binding energy. Therefore, a
large number of itinerant (thermally activated) carriers exist
at moderate temperatures. These carriers may mediate an in-
direct Ruderman-Kittel-Kasuya-Yosida exchange between
the local magnetic moments and give rise to FM coupling.”
The relatively low density of carriers suppresses sign fluc-
tuations of this mechanism which otherwise would lead to
frustration effects. However, we cannot completely exclude
noncarrier mediated or extrinsic mechanisms as a source of
FM. Therefore, very small quantities of Co metal, below the
detection limit of XANES, EXAFS, or XPS, could be re-
sponsible for the weak FM observed.'®

PHYSICAL REVIEW B 79, 094118 (2009)

IV. CONCLUSIONS

Our studies show that Co atoms substitute homoge-
neously for In atoms in ITO thin films with less than 7 at. %
of Co, obtained by direct, not sequential, cosputtering at low
substrate temperature (~200 °C). These films show ferro-
magnetic behavior at room temperature but with a small ef-
fective magnetic moment. In,O5 thin films with less than
7 at. % of Co, obtained by sequential deposition, show also
homogeneous substitution of Co for the In site but accompa-
nied by a larger static local disorder. Their magnetic response
is similar. We conclude that the observed FM in low-doped
films is an intrinsic property caused by exchange coupling
between the spin of the carriers and the local magnetic mo-
ments. However, we cannot completely exclude noncarrier
mediated or extrinsic mechanisms (magnetic impurity clus-
ters) as a source of the observed FM. Increase in the Co
content in both ITO and In,O; thin films leads to the forma-
tion of metallic Co” clusters, which are mainly responsible
for the observed ferromagnetism.
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