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Room-temperature ferromagnetism observed in Nd-doped In,0;
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Nd-doped In,O3 nanowires were fabricated by an Au-catalyzed chemical vapor deposition method. Nd atoms were
successfully doped into the Inp O3 host lattice structure, as revealed by energy dispersive x-ray spectroscopy, x-ray photo-
electron spectroscopy, Raman spectroscopy, and x-ray diffraction. Robust room temperature ferromagnetism was observed
in Nd-doped In, O3 nanowires, which was attributed to the long-range-mediated magnetization among Nd>*-vacancy com-

plexes through percolation-bound magnetic polarons.
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1. Introduction

Dilute magnetic semiconductors (DMSs) simultaneously
manipulate the degrees of freedom of both the charge and
spin of electrons in a single device, which has the poten-
tial to revolutionize the current microelectronic devices.!!!
In some aspects, the envisioned spintronic devices surpass
their counterparts in conventional semiconductor electronics,
thus immensely stimulating research efforts in DMSs.[>~12]
An intuitively straightforward route toward magnetic semicon-
ductors is to dope the conventional semiconductors to make
them ferromagnetic.!'*! As an important semiconductor mate-
rial, InpO3 has been widely studied in various fields includ-
ing semiconductor spintronics. Since Philip et al. reported
the interesting carrier-controlled above room-temperature fer-
romagnetism (RTFM) in transparent Cr-doped In,O3 thin
films, !4 there have been abundant research reports on RTFM
in InyO3-based DMSs!15-2%1 a5 well as in pure In, 03.>!1 How-
ever, most of the research focused on the 3d transition metal
(TM) doping,[13-2%1 where TM ions occupy the corresponding
lattice sites in the host with a dilute concentration to minimize
the possibility of anti-ferromagnetic ordering.[*?!

Compared with TMs with open d shells, 4f rare earth
(RE) ions may offer the stronger magnetic interaction and
anisotropy and thus may possess the larger magnetic moments
in doped semiconductors. However, there have been few re-
search efforts focusing on RE doping in DMSs. Concerning
RE-doped In,03, the related research is rather limited. Re-
cently, Xing et al. have reported the RTFM in Nd-doped In,O3
thin films,!?*! but no work on Nd-doped In,O3 nanowires has
been reported up to now. On the one hand, nanowires stimu-
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late considerable interest due to their miniaturized features as
building blocks for future nanoscale spintronic devices. On the
other hand, nanowires have the higher aspect ratios and may
enhance the ferromagnetic ordering in DMSs.

In this work, we report on the fabrication and properties
of Nd-doped Inp,O3 nanowires, which are successfully syn-
thesized by the chemical vapor deposition (CVD) technique.
When In atomic sites in the host are substituted by Nd atoms,
robust RTFM occurs in Nd-doped In,Osz nanowires. The
observed RTFM does not come from any experimental arti-
facts/contaminations. Instead, it is ascribed to the long-range-
mediated magnetization among Nd>*-vacancy complexes.

2. Experimental details

Nd-doped In; O3 nanowires were grown by a CVD tech-
nique, similar to the previous route for the synthesis of Nd-
doped ZnO nanowires!! and Fe-doped In,O3 nanowires. '8!
Source powders were produced by solid state reaction. Nd,O3
(99.995%) and InyO3 (99.995%) powders were mixed with
alcohol as the weight ratio of 1:4 and milled for 16 h, fol-
lowed by drying in air at room temperature. The powders
were pressed into small pellets, and then sintered at 950 °C
for 12 h. This process of milling, pressing and sintering was
repeated for three times to achieve homogeneous Nd-doped
InpO3; powders. To grow the nanowires, the precursor pow-
ders and the graphite (99.995%) with a weight ratio of 2:1
were mixed and ground for 60 min, and then loaded into the
middle of the quartz tube. Si substrates with 7.5-nm sputtered
Au catalysis layers were placed a few centimeters downstream
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from the source. After the quartz tube was evacuated to a few
mTorr, the tube furnace was heated up to 1150 °C at a rate
of 10 °C-min~!. During the growth of 150 min, the pressure
inside the quartz tube was maintained at ~ 135 Torr with a
constant flow ~ 200 sccm of Ar and ~ 2.1 sccm of O,. After
the furnace was cooled to the room temperature, a light gray
layer was visible on the surface of the substrates. Care was
taken to prevent samples from directly contacting any ferrous
tools during preparation. As a control experiment, pure In,O3
sample was also prepared under the identical conditions for
comparison.

The crystal structure and morphology of the samples were
characterized by x-ray diffraction (XRD), scanning electron
microscopy (SEM), and transmission electron microscopy
(TEM). The doping level and the valence state of Nd ions
were determined by x-ray photoelectron spectroscope (XPS)
in an ultra-high-vacuum chamber at a pressure lower than
1.0 x 1072 Torr. Peak positions were referenced to the ad-
ventitious C Is peak taken at 285.0 eV. Raman spectra were
recorded at room temperature from a micro-Raman spectrom-
eter (NT-MDT nanofinder-30) with a 514.5-nm Ar™" laser as
an excitation source in the backscattering geometry at room
temperature. The magnetic properties were measured by a su-
perconducting quantum interference device (SQUID) magne-

tometer (Quantum Design MPMS XL-7).

3. Results and discussion

Figures 1(a) and 1(b) show the typical SEM and TEM im-
ages of Nd-doped In, O3 nanowires, respectively. The diame-
ter of the Inp O3 nanowires is about 50-200 nm, and the length
is about 10-30 um. The high-resolution transmission elec-
tron microscopy (HRTEM) image in Fig. 1(c) shows excellent
crystallinity of our samples without any secondary phase. The
fast Fourier transform (FFT) pattern of the HRTEM image in
the inset further confirms that the Nd-doped In, O3 nanowires
can be indexed as the expected cubic bixbyite structure. Fig-
ure 1(d) presents the XRD patterns of the Nd-doped In,O3
nanowires along with the reference sample. Both the undoped
and Nd-doped In,O3 nanowires exhibit diffraction peaks as-
signed to cubic bixbyite structure of InoO3. No extra diffrac-
tion peaks from Nd-related secondary phase or impurities are
observed within the sensitivity of XRD. Compared to other
diffraction peaks, the intensity of (400) peak is very strong,
indicating that all nanowires are highly crystalline and have a
good c-axis preferred orientation. It is interesting to note that
the incorporation of Nd in InyO3 leads to the shift of peaks
towards the larger angle as compared with that of the undoped
In, O3 [inset of Fig. 1(d)].
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Fig. 1. (a) Typical SEM image of Nd-doped In;O3 nanowires. (b) TEM image of a single Nd-doped In,O3 nanowire. (¢) HRTEM
image of a Nd-doped In,O3 nanowire. Inset shows the FFT of the HRTEM image, indicating the cubic bixbyite structure of In,Os3.
(d) XRD patterns of pure and Nd-doped In, O3 nanowires. Inset is the magnification of the (400) diffraction peak.
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To investigate the chemical binding states of the Nd
dopant in nanowires, XPS measurements are performed for
Nd-doped Inp,O3; nanowires after removing a thin layer via
electron bombardment. As shown in Fig. 2(a), only the peaks
of In, O, Nd, and C elements are detected. Figures 2(b) and
2(c) show the high-resolution XPS spectra for In 3d and Nd 3d,
respectively. In 3ds/; and In 3d3/, are observed at approxi-
mately 443.2 eV and 450.7 eV, respectively. Thus In has va-
lence state of 43, corresponding to the formation of the In, O3
phase. The Nd peaks are located at 979.8 eV and 999.6 eV,
corresponding to Nd 3ds, and Nd 3d5 », respectively.!*! The
positions of these peaks indicate that the valence state of Nd is
also +3. It is noted that the spectral shape is different from that
of Nd,03,>] suggesting that In should be substituted by Nd.
The Nd element is also detected by the energy dispersive x-ray
spectroscopy (EDS), as seen from Fig. 2(d). The rough atomic
concentration of Nd dopant is about 1.1 at.%, as deduced from
EDS result [inset of Fig. 2(d)]. In addition, the atomic ratio of
O and In is about 58.74 versus 40.16, smaller than the standard
ratio of 3:2. This implies that abundant oxygen vacancies exist
in Nd-doped In,O3 nanowires, which should actively partici-
pate in the electronic structures.

The Raman spectra of InpO3 and Nd-doped In;O3
nanowires are shown in Fig. 3. In the range of 100700 cm ™!
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(the silicon Raman signal from substrates is eliminated), six
Raman scattering peaks (110 cm™!, 132 cm™!, 306 cm™!,
366 cm~!, 495 cm~!, and 629 cm_l) are observed, and
their positions are in agreement with those reported in body-
centered cubic InyOs previously.?®! The peak at 132 cm™! is
assigned to the In—O vibration of [InOg] structural units; the
peak at 306 cm™! is assigned to the bending vibration of §-
[InOg] octahedra; the other two peaks 495 cm~! and 629 cm™!
are attributed to the stretching vibrations of the same v-[InOg]
octahedra; whereas the 366 cm™! is assigned to the stretch-
ing vibrations of the In-O-In bonds.?”) It can be seen that
Nd doping in In;O3 leads to the shift of peaks towards the
lower frequency (the inset of Fig. 3), as compared to the pure
In203,[26’28] which is attributed to the strain induced by Nd
doping.

The key finding of this work is the robust RTFM ob-
served in the InyO3; nanowires induced by the intrinsic Nd
doping. Figure 4(a) depicts the magnetization versus applied
magnetic-field (M—H) curves with clear hysteresis loops af-
ter subtracting the substrate contribution measured at 200 K
and 300 K, respectively, suggesting the spin—spin coupling-
induced ferromagnetic ordering. In contrast, the diamagnetic
signal is observed in the undoped sample as indicated in upper
inset of Fig. 4(a). In order to exclude the effect of potential
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Fig. 2. (color online) (a) XPS survey spectrum of Nd-doped In,O3 nanowires. (b) and (c) High-resolution XPS spectra of In 3d and
Nd 3d, respectively. (d) EDS spectrum of Nd-doped In, O3 nanowires. Inset shows the rough atomic percent of O, In, and Nd.
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Fig. 3. (color online) Raman spectra of pure InpO3 and Nd-doped In; O3
nanowires. Inset is the magnification of the dashed rectangular region.

any contamination of the substrates that may contribute to the
observed RTFM, we measure the bare silicon substrates fol-
lowing the same procedure and their contributions are deter-
mined to be solely diamagnetic. For the Nd-doped In;O3
nanowires, the coercive field and the saturation magnetiza-
tion at 300 K are 100 Oe and 0.12 emu/g, respectively. This
saturation magnetization value is roughly 0.1055 ug/FU (i.e.,
up/formula unit), assuming that the distribution of Nd atoms
in the In,O3 nanowires is uniform and all Nd atoms contribute
to the RTFM. Its saturation magnetization value is comparable
with that reported by Xing and colleagues in Nd-doped In,O3
films.[?*! According to the aforementioned structural charac-
terization results as well as the comparison between undoped
and doped samples, it is suggested that the observed RTFM in
Nd-doped In, O3 nanowires is due to the doping effect rather
than any ferromagnetic metallic impurities or any other Nd
oxidic impurities. Such an intrinsic RTFM in Nd-doped In;O3
nanowires is closely associated with the spin coupling of in-
trinsic defects (i.e., oxygen vacancies) with Nd dopants. In
other words, it is believed that an oxygen vacancy in Nd-doped
In, O3 nanowires can trap one weakly localized electron from
the nearby Nd ions. Then the localized carriers will polar-
ize the surrounding magnetic ions of Nd3* to form the mag-
netic polarons.?*-!1 When the density of such magnetic po-
larons reaches a certain percolation threshold, the overlapping
of magnetic polarons will induce the spin—spin interaction be-
tween Nd3T ions and vacancies, and eventually establish the
long-range ferromagnetic ordering. This elucidation is reason-
able in spite of the lack of the direct experimental evidence for
the moment. Note that the direct evidence of dopant—vacancy
coupling responsible for the RTFM has been reported in Fe-
doped In;0O3 films by resonant inelastic x-ray scattering very
recently.[3?]

For a better understanding of the RTFM in the Nd-doped
In,O3 nanowires, we have measured field-cooled (FC) and
zero-field-cooled (ZFC) magnetization curves at 500 Oe as

a function of temperature, as shown in Fig. 4(b). The result
indicates no blocking temperature in the whole temperature
range of 5-400 K, suggesting that there should be no tiny con-
tamination of ferromagnetic nanoclusters, 33! consistent with
the above results. Moreover, no indication of order—disorder
phase transition is observed, indicating the Curie temperature
(Tc) higher than 400 K. The discrepancy of T¢ between Nd-
doped In,O3 films (~ 375 K)!Z! and our nanowires is pre-
sumably ascribed to the higher aspect ratios of nanowires that
may enhance the robust ferromagnetic ordering.
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Fig. 4. (color online) (a) Magnetic hysteresis loops of Nd-doped In, O3
nanowires at 300 K and 200 K. Upper inset shows the diamagnetic sig-
nal of pure In, O3 nanowires, and lower inset is the enlargement of loops
near the origin. (b) Temperature dependence of ZFC—FC magnetization
curves measured at 500 Oe.

4. Conclusion

In summary, we have fabricated Nd-doped In,O3

nanowires by a CVD route. Nd-doped In,O3 nanowires
exhibit a robust ferromagnetic ordering at room tempera-
ture. The detailed investigations on the structures demon-
strate the high quality of Nd-doped In;O3 nanowires with-
out any impurity phases or clusters. The origin of the RTFM
is attributed to the long-range-mediated magnetization among
Nd3*-vacancy complexes through percolation-bound mag-
netic polarons. This work will boost the potential applications

towards the realization of future nanoscale spintronic devices.
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