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Strong correlation between ferromagnetism and oxygen deficiency
in Cr-doped In,0;_s nanostructures
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Single-crystalline Cr-doped In,O5_s nanostructures with diverse morphologies including nanotowers, nano-
wires, and octahedrons are synthesized by using a vapor transport method. X-ray photoelectron spectroscopy
results indicate that the as-grown samples contain 3 at. % Cr and are significantly oxygen deficient. The large
surface-to-volume ratio in the nanostructures enhances their susceptibility to the postsynthesis treatments;
high-temperature annealing in air boosts the oxygen contents in the samples, which is accompanied by a
weakened defect-related emission in the photoluminescence spectra. Magnetization measurements on the as-
grown and the annealed nanostructures suggest room-temperature ferromagnetism, and importantly the ferro-
magnetism is stronger in samples with higher oxygen deficiency. Electronic band alterations as a result of the
Cr doping and the oxygen vacancies as well as the formation of bound magnetic polarons are suggested to play

important roles in stabilizing the long-range ferromagnetism.
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I. INTRODUCTION

The prospect of incorporating magnetic properties into
semiconductors has provoked intensive research on develop-
ing diluted magnetic semiconductors (DMSs).' Since the
theoretical prediction of room-temperature ferromagnetism
(RTFM) in Mn-doped p-type ZnO and GaN,* considerable
efforts have been concentrated on exploring new DMS to
enable potential applications in spintronics. Both experimen-
tal and theoretical works on DMS with RTFM have been
reported, in particular, for a few 3d transition-metal-doped
wide-gap semiconductors, such as TiO,, ZnO, and SnO,.>!*
Among the oxide hosts, In,O3 (IO) is a transparent semicon-
ductor with a body-centered-cubic bixbyite structure (space

group Iag, lattice constant a=10.114 A, and JCPDF # 71—
2195) and a direct band gap of 3.75 eV. Its conducting alloy
with Sn, i.e., ITO has been widely used in electronics, pho-
tovoltaic devices, liquid crystal displays, and light emitting
diodes.'!"> Recently, 10-based DMSs have attracted lots of
attention and RTFM was reported in 10 doped or codoped
with Ti, V, Cr, Mn, Fe, and Ni.!3-7

Among these elements, Cr doping is particularly interest-
ing and has attracted lots of attention.'®22 A Curie tempera-
ture of 850 K was reported on Cr-doped IO (Cr:I0) thin
films.'® Unlike many other metals, Cr itself is antiferromag-
netic and it would not induce an extrinsic ferromagnetism
even if Cr clustering occurs. Furthermore, trivalent Cr** ions
exhibit 3@* high-spin configuration, which may help to gen-
erate large magnetic moments in the host semiconductors.
Most of the previous studies on doped IO were focused on
bulks and thin films. Only recently RTFM was reported for
Fe-doped IO nanocrystals.?? So far there have been few re-
ports on one-dimensional I0-based DMS nanomaterials.
Compared with the bulk counterparts, nanostructures are
characterized by larger surface-to-volume ratios and are
more amenable to postgrowth treatments, such as thermal
annealing!® and chemical modifications,”* which bring out
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additional freedoms to tailor the magnetic properties in DMS
nanostructures.

In this work, we carried out a systematic investigation on
the magnetic properties of Cr:IO nanostructures. By tuning
the growth conditions in the vapor transport synthesis, we
obtained nanostructures with different morphologies includ-
ing nanotowers, nanowires, and octahedrons. Regardless of
the morphologies, RTFM was observed in the as-grown
oxygen-deficient samples and the ferromagnetism was sig-
nificantly weakened after annealing in air, which suggests a
strong correlation between the ferromagnetism and the oxy-
gen deficiency. The origin of the observed magnetism was
discussed in terms of the defect-assisted formation of bound
magnetic polarons and the doping-induced alteration of the
host band structure. Our studies suggest that a precise control
on the doping characteristics and the defect structures must
be achieved before DMS nanostructures can be used as
building blocks in nanoscale spintronic devices.

II. EXPERIMENT DETAILS

We successfully synthesized three types of Cr:I0 nano-
structures, i.e., nanotowers, nanowires, and octahedrons by
using a chemical vapor transport method in a horizontal tube
furnace. The detailed experimental setup was described in
previous publications.>>?® In a typical process, for the
growth of Cr:IO nanotowers and nanowires, In,O3
(99.999%, Aldrich), CrCl, (99.99%, Aldrich), and graphite
(99.99%, Aldrich) powders with a weight ratio of 5:0.6:4 and
a total weight of 0.1 g were mixed, ground for 20 min, and
then used as the source. The mixture was loaded in a slender
quartz tube and inserted into a horizontal tube furnace
(Lindberg/Blue Mini-Mite). Carefully cleaned silicon sub-
strates with a dimension of ~6 mm X 8 mm were sputtered
with 2 nm Au films as catalyst and placed downstream from
the powder mixture. Before heating to the desired tempera-
ture, the tube furnace was evacuated to ~1072 torr
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(I torr=133.32 Pa) to remove the residual oxygen. During
the synthesis, high-purity argon mixed with 0.5% oxygen
with a constant flow rate of 80 SCCM (standard cubic cen-
timeter per minute) was used as the carrying gas and the
products were grown under an inner pressure of ~100 torr.
The temperature of the furnace was ramped to 980 or
800 °C, which led to the growth of nanotowers or nano-
wires. Total growth time was kept for 1 h and then the fur-
nace was cooled down to room temperature (RT) naturally.
After the reaction, a layer of light-yellow product was found
on the silicon substrates. For the synthesis of Cr:IO octahe-
drons, the source material was a mixture of In (99.999%,
Aldrich) and CrCl, powders and the growing temperature
was 980 °C. The final product has a yellow color. For the
synthesis of undoped 10 samples, all the experimental con-
ditions remained the same except that CrCl, was not used in
the source powder.

A JEOL JSM-6700F FESEM (field emission at 5 or 10
kV) was used to investigate the morphology of samples. The
crystalline structures were characterized by x-ray diffraction
(XRD) using Cu K« radiation (A=0.15418 nm) in 26 range
from 20° to 70° with 0.005° step size. High-resolution trans-
mission electron microscope (HRTEM) (JEOL2100F) was
operated at an accelerating voltage of 300 kV. The chemical
bonding states and the compositions of the products were
determined by x-ray photoelectron spectroscopy (XPS) (VG
ESCALAB 220i-XL system equipped with a monochromatic
x-ray source) in an ultrahigh-vacuum chamber at a pressure
lower than 1.0X 107 torr. Peak positions are referenced to
the adventitious Cls peak which was taken to be 285.0 eV.
The relative chemical compositions were calculated by using
the atomic sensitivity factors (In 3d5: 6; O 1s: 0.66; and
Cr 2p: 2.3) after calibration and fitting to the integrated in-
tensities of the core-level XPS peaks. The data analysis was
done using XPSPEAK 4.1 software (UK Surface Analysis).
Photoluminescence (PL) measurements were carried out to
investigate the optical properties of the nanotowers. The
samples were excited by using a He-Cd laser with 325 nm
wavelength and 2 mW power. The samples were mounted on
an xyz table which moves the samples to the intersection
point of the laser beam and the optical axis to achieve better
S/N ratio. The signals were collected with Olympus camera
lens at RT. Raman spectra were carried out with a WITEC
CRM200 Raman system. The excitation source is 532 nm
(2.33 eV) laser and the samples were placed on an x-y piezo
stage. The stage movement and data acquisition were con-
trolled by using SCANCTRL SPECTROSCOPY PLUS software
(WITec GmbH, Germany). Magnetization measurements
were carried out on a superconducting quantum interference
device (SQUID) magnetometer (Quantum  Design,
MPMSXL-5). Multiple curves were recorded to ensure the
data reproducibility. Throughout all the experimental steps
taken during synthesis and measurements, only plastic twee-
zers were used to avoid any unintentional contact with met-
als.

II1. PHYSICAL PROPERTIES OF Cr:10
NANOSTRUCTURES

Since the procedures of structural and compositional char-
acterizations are similar to all the samples, in this section we
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TABLE 1. Morphologies and compositions of the as-grown and
the annealed Cr:IO and IO nanostructures.

Sample Morphology Composition® Annealed
CIO-T-1 Nanotowers (Ing 97Cr.03)204 57 No
CIO-T-2 Nanotowers (Ing 97Cr,03)205 g3 Yes
I0-T-1 Nanotowers In,0, 57 No
CIO-W-1 Nanowires (Ing.97Cr.03)202.08 No
CIO-W-2 Nanowires (Ing.97Cr.03)2032 55 Yes
10-W-1 Nanowires In,05 59 No
CIO-O-1 Octahedrons (Ing.97Cr.03)202.40 No
CIO-0-2 Octahedrons (Tng.97Cr.03)202.530 Yes
10-O-1 Octahedrons In,05 4» No

#The compositions were determined by fitting to the XPS spectra.

focus on the experimental results obtained on nanotowers.
The oxygen content in the nanotower samples was adjusted
by annealing the as-grown products at 600 °C in air for 1 h.
As listed in Table I, we named the as-grown and the annealed
Cr:IO nanotower samples as CIO-T-1 and CIO-T-2, respec-
tively.

As shown in Fig. 1(a), the towerlike tapered nanostruc-
tures were grown on the silicon substrates and their fourfold
symmetry is consistent with the bixbyite structure of 10. A
magnified FESEM image in Fig. 1(b) shows a faceted mor-
phology on the side surfaces. The diameter of the nanotowers
typically decreases from 200 to 30 nm along the growth
direction and their lengths are several micrometers. We syn-
thesized 24 undoped and Cr-doped IO nanotower samples;
their growth and physical properties are highly reproducible.
Compared with the undoped 10 samples, Cr doping does not
change the sample morphology. Since much less nanostruc-
tures were produced without the Au catalyst, the growth

FIG. 1. (a) Low- and (b) high-magnification FESEM images of
the Cr:IO nanotowers. HRTEM images taken at (c) the tip and (d)
the side of a nanotower. (e) Corresponding SAED patterns.
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mechanism appears to be the vapor-liquid-solid (VLS)
growth.”’

The structural characteristics of the Cr:IO nanotower
samples were investigated in detail by using a HRTEM. The
smooth top surface as shown in Fig. 1(c) possibly suggests a
significant Au migration during the VLS growth, similar to
the previous observations in other nanowire systems.?®2 The
nanotowers grow along the [100] direction, in accordance
with the previous reports on undoped 10 nanotowers.*’ Fig-

ure 1(d) shows that the side surfaces reconstruct into (111)

and (111) facets, as a result of the slower growth rate along
(111) compared with those along the (100) and (110) direc-
tions. As shown in Fig. 1(e), the selected area electron dif-

fraction (SAED) pattern taken along the [011] zone axis in-
dicates a cubic structure with no detectable secondary phase.

Consistent with the TEM data, the XRD pattern of CIO-
T-1 in Fig. 2(a) suggests the cubic bixbyite structure without
any detectable impurity phase. As shown in the inset, com-
pared with the undoped IO nanotowers sample (IO-T-1), the
(222) peak of CIO-T-1 exhibits a shift of 0.06° to a larger
angle, which corresponds to a decrease in the lattice constant
by 0.14%. The shrinkage of lattice constant after doping can
be attributed to the substitution of the smaller Cr** ions
(0.76 A) onto the In* (0.94 A) lattice sites,>! which indi-
cates that Cr ions are incorporated into the 10 matrix. In
CIO-T-2, the annealing treatment did not introduce any new
phase. The (222) peak in the annealed sample CIO-T-2 is
slightly narrower compared with that of the as-grown sample
CIO-T-1, which indicates an improved crystal structure after
annealing.

To investigate the chemical compositions and the bonding
states, XPS measurements were performed on the nanotower
samples. Ar ion sputtering was carried out first for a few
minutes to eliminate any potential surface contamination.
The XPS results for the samples CIO-T-1 and CIO-T-2 are
shown in Fig. 2(b). The survey scans show no magnetic im-
purity within the detection limit. Cr 2p;, peaks were de-
tected at 577.5 and 577.2 eV for CIO-T-1 and CIO-T-2, re-
spectively. The detailed scans of these peaks are shown in
the insets of Fig. 2(b). The peak positions are different from
Cr metal (574.0 eV), Cr** (576.0 eV), Cr** (576.3 eV), and
Cr® jons (579.0 eV) but match Cr** ions (577.2 eV).3>3
Since the extensive HRTEM, SAED, and XRD experiments
did not detect substantial Cr interstitials or undesired phases
containing Cr**, the XPS results suggest that Cr ions may
replace the In3* ions in the IO matrix. From the XPS spectra,
the eventual nonstoichiometric formula for CIO-T-1 and
CIO-T-2 were determined to be (Ingg7Crgg3)20,57 and
(Ing 97Crp 03)204 55, Tespectively. Since the penetration depth
of Al Ka XPS is several nm, after the top layers of the
samples were sputtered off, the compositions determined for
the nanostructures should be quite close to the actual values,
which allowed quantitative comparisons among the samples.
We found that the doping method consistently led to a
3 at. % Cr concentration, which is comparable to the
2 at. % chosen by Philip et al.'® in their thin-film study. It is
important to note that substantial oxygen vacancies exist in
the as-grown Cr:I0 nanotower samples. This high level of
oxygen deficiency can be attributed to the incomplete oxida-
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FIG. 2. (a) XRD patterns of the as-grown Cr:I0 nanotower
sample CIO-T-1. Inset shows the (222) peaks of the as-grown doped
(CIO-T-1), the annealed doped (CIO-T-2), and the undoped (IO-
T-1) samples. (b) XPS survey spectra of the samples CIO-T-1 and
CIO-T-2. Insets are the detail scans of Cr 2p;/, and 2p;,, peaks. In
the insets, solid lines and circles indicate the data taken before and
after the sputtering treatment, respectively. (c) Raman spectra taken
on the samples CIO-T-1 and CIO-T-2. Solid circles correspond to
the 1O phase (dashed line) and solid squares are due to the Si
substrates.

tion during the vapor transport growth. Air annealing dra-
matically increases the oxygen concentration by 12% and
decreases the oxygen deficiency in CIO-T-2 to 4%.

There have been a few reports attributing RTFM to ex-
trinsic sources such as ferromagnetic clusters or secondary
phases. Raman measurements were carried out on samples
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FIG. 3. PL spectra of the samples CIO-T-1 and CIO-T-2 taken at
room temperature.

CIO-T-1 and CIO-T-2 and there was no Cr-related secondary
phase within the detection limit, as shown in Fig. 2(c). IO
has the cubic C-type rare-earth oxide structure and the factor
group analysis predicts 44, (Raman) +4E, (Raman) +14T,
(Raman) +5A, (inactive) +5E, (inactive) +167, (infrared)
modes.** Characteristic Raman peaks appear at 308, 368,
498.5, and 628.5 cm™!; all the observed modes match well
with the frequency positions reported for cubic 10.3*

The oxygen deficiency in the 10-based samples strongly
affects their optical properties. To the best of our knowledge,
photoluminescence studies have not been reported before for
one-dimensional transition-metal-doped IO nanomaterials.
We used RT PL excited by a He-Cd laser (325 nm) to inves-
tigate the optical properties and the band structures of the
nanotowers. As shown in Fig. 3, CIO-T-1 and CIO-T-2 ex-
hibit broad orange-red emission peak at ~640 nm, which
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has been previously reported in undoped IO thin films and
was attributed to oxygen vacancies.? In the photoexcitation
process, the emission results from the radiative recombina-
tion of the photogenerated holes with the electrons induced
by the Cr doping and the ionized oxygen vacancies. Some
theoretical calculations have suggested that the large oxygen
deficiency in IO should be attributed to oxygen vacancies
instead of cation interstitials.3® Compared with the annealed
sample (CIO-T-2), the stronger visible emission in the as-
grown sample (CIO-T-1) reflects its higher oxygen defi-
ciency, which confirms the XPS results. Moreover, there ex-
ist another two peaks at 413 and 444 nm for CIO-T-2, which
could be related to the near-band-edge emission.?” The ap-
pearance of these two peaks indicates an improved crystal
structure and fewer defects in CIO-T-2, consistent with the
XRD results.

After determining the levels of oxygen deficiency in the
as-grown and annealed Cr:IO samples, we carried out the
magnetic measurements using a SQUID magnetometer. Fig-
ure 4(a) shows the raw magnetization versus applied
magnetic-field (M-H) data measured at 5 and 300 K for CIO-
T-1 and CIO-T-2 without subtracting the substrate contribu-
tion; it is clear that there is a ferromagnetic component in the
M-H curves. In order to exclude the effect of any potential
contamination of the substrates that may contribute to the
observed ferromagnetism, we measured the silicon substrates
using the same procedures. As shown in Fig. 4(b), the bare
substrate exhibits only diamagnetic behavior. The diamag-
netic backgrounds of the silicon substrates were subtracted
from the raw data according to the sample weights. Typically
the magnetic signals after substrate subtraction are on the
order of 10™ emu. The weights of nanotowers were deter-
mined after chemical etching and the magnetic moments
were calculated. Figure 4(c) shows the M-H data measured
at 5 and 300 K for CIO-T-1 and CIO-T-2 after subtraction of
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FIG. 5. FESEM images of (a)
Cr:I0 nanowires and (b) Cr:IO

octahedrons. Insets show the cor-
responding high-magnification
images. (c) XRD patterns of
samples CIO-W-1, CIO-W-2,
CIO-O-1, and CIO-O-2, respec-
tively. (d) Raman spectra taken on
the samples CIO-W-1, CIO-W-2,
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the diamagnetic substrate contribution. Both Cr:IO nano-
tower samples exhibit clear hysteresis loops, suggesting
RTFM. For the as-grown sample CIO-T-1, the coercive field
and the saturation magnetization at 300 K are 59 Oe and
0.81 wp/Cr, respectively, which is in agreement with the
previous results obtained on oxygen-deficient Cr:IO thin
films.'® With an applied field of 500 Oe, both the zero-field
cooled (ZFC) and the field cooled (FC) measurements were
performed and the data are shown in Fig. 4(d). However,
without high-temperature measurement, 7. cannot be deter-
mined. Importantly, we found that the magnetic properties
are closely correlated with the oxygen concentration: the
saturated RT magnetic moment of CIO-T-1 is almost four
times stronger than that of CIO-T-2.

IV. STRONG CORRELATION BETWEEN
FERROMAGNETISM AND OXYGEN DEFICIENCY

In order to gain insight on the origin of the magnetism in
Cr:10, we carried out a systematic and comparative study on
Cr:IO nanostructures comprising not only nanotowers but
also nanowires and octahedrons. It is well known that R-TFM
in DMS is often linked with extrinsic origins such as unin-
tentional sample contamination and metal clustering. Since
doped IO samples with distinct morphologies were synthe-

4
Magnetic Field (kOe)

sized with different growth conditions, a comparative study
may help to reveal the dominant parameters and to elucidate
the underlying mechanism. Furthermore, these nanomaterials
are characterized with different levels of oxygen deficiency,
which we hypothesize may affect their magnetic properties.
As we will show, indeed, oxygen deficiency dictates the
strength of ferromagnetism in Cr:IO samples. Cr:IO nano-
wire and octahedron structures were grown on the silicon
substrates by adjusting the growth temperature and the
source content. As listed in Table I, the as-grown nanowire,
the annealed nanowire, the as-grown octahedron, and the an-
nealed octahedron Cr:IO samples were named as CIO-W-1,
CIO-W-2, CIO-O-1, and CIO-O-2, respectively. Figures 5(a)
and 5(b) are the FESEM images taken on the nanowire and
the octahedron samples. The Cr:IO nanowires typically have
a length of ~10 um and a rectangular cross section with a
dimension of 100-200 nm. The octahedron surfaces com-
prise of eight equilateral triangles with a typical side length
of ~200 nm. Their morphologies and dimensions are com-
parable to those of undoped IO nanowires and octahedrons
reported previously.*® We found that Cr doping does not af-
fect the morphology and the density of the growth products.
The structural and compositional characteristics of the nano-
wire and the octahedron samples were investigated by XRD,
Raman, and XPS measurements. In Fig. 5(c), the XRD re-
sults indicate that there was no detectable impurity phase in
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the as-grown and the annealed samples CIO-W-1, CIO-O-1,
CIO-W-2, and CIO-O-2. XPS characterizations were also
performed and the nonstoichiometric formula for CIO-W-1,
CIO—W—Z, CIO-O-l, and CIO-O-2 are (In0.97Cr0_03)202.28,
(Ing.97Cro,03)202 55, (Ing,97Cro,03)202.40, and
(Ing 97Crg 03)204 50, respectively. Therefore, the Cr doping
levels are the same for the nanotower, nanowire, and octahe-
dron samples. Importantly, these samples show different lev-
els of oxygen deficiency; air annealing always helps to in-
crease the oxygen content. Figure 5(d) shows the Raman
spectra of the samples CIO-W-1, CIO-W-2, CIO-O-1, and
CIO-0O-2, and no additional peak due to Cr doping was ob-
served.

The magnetic behaviors of Cr:IO nanowires and octahe-
drons are similar to what observed on Cr:IO nanotowers. As
shown in Figs. 5(e) and 5(f), both CIO-W-1 and CIO-O-1
show clear hysteresis loops at 5 and 300 K, which indicates
RTFM. For the nanowire samples, the RT saturation mag-
netic moment decreases from 0.95 wup/Cr in the as-grown
sample CIO-W-1 to 0.35 up/Cr in the annealed sample
CIO-W-2. A similar decrease from 0.72 ug/Cr to
0.31 up/Cr was observed in the octahedron samples. In gen-
eral, annealed samples always exhibit weakened magnetism;
this trend is also consistent with the observations on Cr:10
nanotower samples.

A comparative study on the as-grown and the annealed
Cr:I0 nanotower, nanowire, and octahedron samples re-
vealed a strong correlation between the ferromagnetism and
the oxygen deficiency. The room-temperature saturation
magnetizations of the Cr:IO nanostructures CIO-T-1, CIO-
T-2, CIO-W-1, CIO-W-2, CIO-O-1, and CIO-O-2 versus
their corresponding levels of oxygen deficiency are shown in
Fig. 6. For this particular material system of Cr:1O, the trend
is quite clear: the ferromagnetism is enhanced by the oxygen
deficiency. Previous studies from other groups also suggested
that the oxygen deficiency plays a critical role in the onset of
ferromagnetism.'® In these reports on Cr:IO thin films, the
oxygen content was controlled by the background oxygen
pressure during deposition.'® We should note that unlike the
conventional thin-film synthesis the vapor transport method
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often does not allow a wide-range tuning of the oxygen con-
tent in the inert carrying gas during the nanostructure
growth. The supersaturation of the metal vapors and the
oxygen-poor environment often result into severe oxygen de-
ficiency in the as-grown nanostructures. Indeed, our results
indicate that the particular growth method used to produce
Cr:I0 nanotowers, nanowires, and octahedrons consistently
lead to a high degree of oxygen deficiency. For the as-grown
and the annealed samples, even if the quantitative levels of
the oxygen deficiency may not be accurately determined by
fitting the XPS data, the qualitative comparison between the
samples is still valid and the trend revealed in Fig. 6 is un-
ambiguous.

This strong correlation between the ferromagnetism and
the oxygen deficiency must be taken into account in order to
understand the origin of the observed RTFM. Since the pre-
diction and discovery of DMS, there is still a lack of unified
models to explain the experimental observations on a wide
range of materials from a variety of synthesis methods. The
discrepancies frequently appear due to extrinsic factors such
as intentional contaminations and clustering of doping ele-
ments which could contribute to weak magnetism. In the
present study, we took extra care to avoid any source of
contamination by means such as using plastic tweezers and
checking straws used in the SQUID measurements. We also
believe that the clustering of Cr or the formation of CrO,
cannot account for the observed magnetism. Although the
ferromagnetic CrO, has a T, of 396 K, its pure phase is
difficult to synthesize.3° Besides, the XPS data in Fig. 2(b)
suggests that most Cr ions have the +3 valence and likely
replace the In ions in the IO matrix.

The low Cr doping concentration does not favor the con-
ventional short-range superexchange or double exchange
mechanism as the origin of the observed RTFM. In such a
low-spin-concentration regime, the long-range ferromagnetic
ordering may be established if the carrier-mediated exchange
interaction is effectively ferromagnetic as suggested in the
Ruderman-Kittel-Kasuya-Yosida and the Zener models.* On
the other hand, the strong correlation between the ferromag-
netism and the oxygen deficiency suggests that the formation
of bound magnetic polarons may dictate the magnetic order-
ing in our samples. Donor electrons from the oxygen vacan-
cies mediate the ferromagnetic coupling between impurities
within the hydrogenic orbits.*>*! The radius of the hydro-
genic orbits is given by ry=e(m/m*)a,, where ¢ is the high-
frequency dielectric constant, m is the electron mass, m" is
the effective mass of the donor electrons, and a is the Bohr
radius (53 p.m.).*! For 10, £=9 and m*/m=0.3 give ry of 1.6
nm, which is much larger than the values for ZnO (0.76 nm),
TiO, (0.48 nm), and SnO, (0.86 nm). Therefore, in 10, a
lower level of oxygen deficiency may be required to create a
spin-split impurity band and to trigger the percolative transi-
tion from para- to ferromagnetic ordering. A general charac-
teristic of the bound magnetic polarons model is that a high
level of oxygen vacancies is a prerequisite to reach the per-
colation threshold for the onset of ferromagnetic ordering,
which is readily satisfied in the as-grown oxygen-deficient
Cr:IO samples.

We also found that the oxygen vacancies alone are not
adequate to establish a robust ferromagnetism; the Cr doping
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FIG. 7. Comparison of M-H loops taken at 300 K on (a) nano-
tower samples CIO-O-1, CIO-O-2, and I0-T-1; (b) nanowire
samples CIO-W-1, CIO-W-2, and I0-W-1; (c) octahedron samples
CIO-O-1, CIO-0-2, and 10-O-1.

is dispensable. Figure 7 compared the M-H loops of the as-
grown and the annealed Cr-doped samples with those of the
undoped counterparts. The as-grown undoped nanotower,
nanowire, and octahedron samples are also oxygen deficient;
from the XPS results their nonstoichiometric formula can be
written as In,0, 57, Iny0549, and In,0, 4, for 10-T-1, 10-
W-1, and I0-O-1, respectively. Although the oxygen-
deficient undoped IO samples also show modest ferromag-
netic behaviors at RT, their magnetism is more than ten times
weaker than that of the as-grown Cr:1O samples. This obser-
vation is consistent with the report by Hong et al.,*> who
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observed that the magnetic moments in 1O films are much
smaller than those in TiO, and HfO, films. Thus both the Cr
doping and the oxygen vacancies are critical to establish
stable RTFM in 10-based DMS. The interplay between the
Cr ions and the oxygen vacancies and the possible formation
of defect complex warrant further investigations.

In Cr:IO samples, the charge transfer between the host
and the doped ions and the alteration of the electronic struc-
ture induced by the Cr doping and the oxygen vacancies
appear to play important roles in establishing the ferromag-
netism. A recent density-functional calculation showed that
in Cr:IO the ferromagnetic Cr-Cr interaction can be tuned
and even switched via electron doping.?> Although Cr itself
may not produce any free electrons,?? the extrinsic additional
electrons doping, such as the large amount of donors induced
by oxygen vacancies could provide the needed carriers to
stabilize the long-range ferromagnetic ordering.??> Since the
partially filled Cr 3d states have to interact with the impurity
band to create spin-split levels, both the Cr substitutions and
the oxygen vacancies must be present to stabilize the ferro-
magnetic ordering, which is in line with our experimental
observations. On the other hand, we should note that even
though 10 is a prototypical n-type transparent conducting
oxide, open questions still remain regarding to the band
structures of the undoped and doped IO. A recent x-ray spec-
troscopic study suggested that the fundamental band gap in
10 is much smaller than the widely quoted value of 3.75 eV
and a Burstein-Moss shift should also be taken into account
after doping.*® Furthermore, in contrast to other semiconduc-
tors, a strong electron accumulation may occur at the 10
surface,** which may further make the magnetic ordering
surface sensitive.

Recently, spinodal decomposition and self-assembled for-
mation of Cr-rich and Cr-poor metallic nanocrystals were
observed in (Zn,Cr)Te and was suggested to account for the
ferromagnetic ordering.*> The charge state of the Cr ions and
the Fermi energy can be tuned by doping and lead to a varia-
tion in the apparent 7,. In our experiments, the HRTEM
(JEM-2100F) equipped with energy dispersive spectroscopy
(EDS) has an analytical probe size of 0.5 nm. The spatial
resolution in the mapping plane was about 5 nm, comparable
to that reported in Ref. 45. Both the HRTEM imaging and
the EDS mapping did not reveal any nonuniform Cr distri-
bution or the formation of Cr-rich nanocrystals. Furthermore,
as we shown in Fig. 2(b), the Cr peak position in the XPS
spectra suggests that the majority of the doped Cr ions are
Cr**, which may replace the In ions in the IO matrix. How-
ever, the attractive force between the metal ions may still
drive the spinodal decomposition to a certain degree, which
should be evaluated and warrant further studies.

V. CONCLUSIONS

In summary, a comprehensive study on the RTFM has
been carried out on the Cr:IO nanotowers, nanowires, and
octahedrons grown with a vapor transport technique. XRD,
HRTEM, Raman, and XPS measurement results confirmed
the Cr doping and indicated no secondary phase or cluster
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formation within the detection limits. In this study, we fo-
cused on isolating the effect of oxygen vacancies and found
a strong correlation between the enhanced ferromagnetism in
the as-grown samples with the high-oxygen deficiency lev-
els. This correlation suggests a defect-mediated mechanism;
both the oxygen vacancies and the Cr dopants play critical
and complimentary roles to alter the electronic band struc-
ture of the IO host and to stabilize the long-range ferromag-
netic ordering. Further experiments of magnetotransport on
individual nanostructures and x-ray magnetic circular dichro-

PHYSICAL REVIEW B 79, 174406 (2009)

ism studies are currently under way to investigate the mecha-
nism in more details and to explore the possibility of con-
structing nanoscale transparent spintronic devices.
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