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Nanoparticles of Nb®>*-Fe>*+ codoped TiO, with various Nb>* concentrations (Nb/(Ti+Fe+Nb)=
0-10.0 at%) and Fe** (Fe/(Ti+Fe+Nb)=0-2.0 at%) were synthesized using Ar/O, thermal plasma.
Dopant content, chemical valence, phase identification, morphology and magnetic properties were
determined using several characterization techniques, including inductively coupled plasma-optical
emission spectrometer, X-ray photoelectron spectroscopy, X-ray diffraction, UV-vis diffuse reflectance
spectrometer, field-emission scanning electron microscopy, transmission electron microscopy and
SQUID commercial instrument. The XRD revealed that all the plasma-synthesized powders were
exclusively composed of anatase as major phase and rutile. The rutile weight fraction was increased by
the substitution of Fe>* for Ti** whereas it was reduced by the Nb>*+ doping. The plasma-synthesized
Nb>*-Fe3* codoped TiO, powders had intrinsic magnetic properties of strongly paramagnetic and
feebly ferromagnetic at room temperature. The ferromagnetic properties gradually deteriorated as the
Fe3+ concentration was decreased, suggesting that the ferromagnetism was predominated by the phase

composition as a carrier-mediated exchange.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Recently, the emergence of spintronic devices has enabled
faster processing and larger storage capacity to meet the increas-
ing demand for information technology [1-5]. For the use as
spintronic materials, dilute magnetic semiconductors (DMS) have
gained considerable attention as the spin injectors for spintronic
devices [5-10]. A DMS is typically a nonmagnetic semiconductor
doped with a few to several atomic percent of an open-shell
transition metal [11]. The transition metal atoms are introduced
into the semiconductor host lattice, thus enabling local magnetic
moments to be inserted into the lattice.

Doping transition metal ions into semiconductor oxides to
induce the room-temperature ferromagnetism (RTF) performance
in the DMS materials has been used in potential application to
spintronic devices, since RTF in codoped TiO, was found by
Matsumoto et al. [12-14]. TiO, as one of the promising hosts
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for the DMS materials have exhibited many technologically
attractive physical and chemical properties, such as high
refractive index, excellent optical transmittance in the visible
wavelength region, high dielectric constant and remarkable
photocatalysis [15]. Anatase (tetragonal, space groupD}lg) and
rutile (tetragonal, space groupD}}), two common modifications
of TiO,, have quite different arrangements of their structural
building blocks (Ti-O octahedrons) [16]. Owing to their different
featured structure, their some properties demonstrate big diver-
gence in terms of theoretical density, refractive index, band gap
and, particularly, carrier mobility [17]. Hitosugi et al. [18] pro-
nounced that the charge carriers in Nb-doped Co-TiO, and
Fe-TiO, epitaxial thin films fabricated using pulsed laser deposi-
tion technique are spin polarized and that they could be used to
mediate the ferromagnetic interaction between the local spins on
the transition metal ions by adjusting the Nb>* doping. In other
words, the ferromagnetism is sensitive to the carrier concentra-
tion, which depends on the Nb°>* concentration. Up to date, the
origin of RTF as one issue has remained under debate. A number
of reports pronounced that the RTF has intrinsic nature [19-22],
whereas other claimed that it is extrinsic due to the existence of
the isolated metallic clusters of doping elements as a result of
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synthesis under high vacuum or in reducing atmosphere [23-27].
Therefore, the understanding for the RTF origin should heavily
depend upon the methods and the conditions of sample
preparation.

In contrast to conventional synthetic routs, radio-frequency
(RF) thermal plasma synthesis is characterized by extremely high
temperature (up to ~ 15,000 K), enhanced reactivity due to the
high concentrations of chemically reactive radicals, and superfast
quenching rate (~10°-10°K/s) in the plasma tail flame region
[28]. These salient characteristics make it better suited than
conventional wet-chemical methods for synthesizing nanoparti-
cles with good crystallinity and a homogeneous dopant distribu-
tion within short time. Wang et al. [29] synthesized Fe>*-doped
TiO, nanoparticles with controlled Rgr; ranging from nominally
zero to 20% using oxidative pyrolysis of liquid precursors via Ar/O,
RF thermal plasma synthesis. All the as-prepared Fe3*-doped TiO,
nanoparticles were strongly paramagnetic in nature at room tem-
perature. Li et al.[30] clarified the origin of RTF using the Ar/O, RF
thermal plasma to synthesize Co?*-doped TiO, nanoparticles. The
resultant powder did not contain any metallic Co or other ferro-
magnetic impurities because of the oxidative atmosphere in the
synthesis process, meaning that the RTF properties of the plasma-
synthesized powders had an intrinsic nature.

In the work reported here, we synthesized Nb>*-Fe3*
codoped TiO, nanoparticles using Ar/O, RF thermal plasma
oxidizing liquid precursor mist. We found that the magnetic
properties of strong paramagnetic and weak ferromagnetic in
the plasma-synthesized powders as intrinsic nature, the rutile
weight fraction in the plasma-generated powders was promoted
by the substitution of Fe** for Ti** whereas it was inhibited
by the Nb®* doping, and ferromagnetism was affected by the
amount of rutile in the phase composition as a carrier-mediated
exchange. In the following sections, we describe the synthesis
process and characterization techniques, examine the chemical
analysis and valence determination, and discuss the phase com-
position and magnetic properties of the plasma-synthesized
Nb®>*+-Fe** codoped TiO, powders.

2. Experimental details

All the chemicals used in this work were reagent grade
supplied by Wako Pure Chemical Industry Ltd., Tokyo, Japan,
and were used as received. Liquid precursor was prepared by
adding, under continuous magnetic stirring, 0.1 mol of titanium
(IV) tetrabutylate (Ti(OBu)y) to 0.4 mol of diethanolamine
(HN(OC,Hs),), a chelate for Ti** that prevents hydrolysis
from occurring when water is intentionally added or when there
is exposure to moisture (solution I). Separately, niobium (V)
pentapropylate (Nb(OPr)s) was injected into the (HN(OCHs),
chelate against the hydrolysis at a molar ratio of 1:5, with a target
Nb>* content of Nb/(Ti+Fe+Nb)=0-10.0 at% (solution II). Pre-
weighed ferrocene (II) (Fe(CsHs),) was dissolved, under continuous
magnetic stirring, in ethanol (C;HsOH) at a nominal concentration
of Fe/(Ti+Fe+Nb)=0-2.0 at% (solution III). Mixing solutions I, II
and Il produced a stable clear liquid precursor solution.

The experimental apparatus used to synthesize powder are
primarily composed of a water-cooled induction plasma torch
(model PL-50, TEKNA Plasma System Inc., Sherbrooke, QC,
Canada), a water-cooled atomizer probe (model SA792-260-100,
TEKNA Plasma System Inc., Sherbrooke, QC, Canada), 2 MHz, 40 kW
RF power supply system (Nihon Koshuha Co. Ltd., Yokohama,
Japan), a water-cooled stainless steel reactor, a stainless steel filter
connecting the reactor and a vacuum pump for maintaining reactor
pressure. The liquid precursor was delivered by a peristaltic pump
into the center of the plasma plume through an atomization probe

Table 1
Experimental conditions for synthesizing the Nb®>*-Fe>* codoped TiO, powders
via Ar/O, thermal plasma.

Parameter Value

Central gas, flow rate Ar, 15 L/min

Sheath gas, flow rate Ar, 60 L/min; Oy, 10 L/min
Atomization gas, flow rate Ar, 5 L/min

Precursor feeding rate 3.0 mL/min

Induction power for plasma generation ~40 kW

Chamber pressure ~26.7 kPa

at the top of the plasma reactor in a mist state. The instantaneous
oxidation of the liquid precursor mist by the O, in the plasma
sheath formed nanoparticles. The details of the experimental setup
is described elsewhere [31], and the conditions under which the
thermal plasma was generated are summarized in Table 1.

The Fe and Nb-codoped TiO, nanoparticles formed via instan-
taneous oxidation of the liquid precursor mists by the O, mixed in
the sheath gas were collected from the inner wall of the reactor
and the filter. The total collection yield was ~90% and the mass
ratio of powder collected at the reactor inner wall to that
collected on the filter was approximately 3:1. No significant
difference was observed between the two kinds of nanoparticles,
although much difference was reported in the thermal plasma
spheroidization of micron-sized or tens-of-micron-sized particles,
in which much smaller particle size was recognized in the
particles collected on the filter than those collected at the reactor
inner wall [32]. The characterization of main product of ~70%
yield collected at the reactor inner wall is shown in this work.

2.1. Characterization techniques

The elemental concentrations of iron and niobium in the
resultant powders were analyzed using a standard inductively
coupled plasma-optical emission spectrometer (ICP-OES) (model
SPS1700HVR, Seiko Instruments Inc., Chiba, Japan). The oxidation
states of the titanium, niobium and iron in the plasma-generated
powders were determined using a high-resolution X-ray photo-
electron spectroscope (XPS) (model 5700, PHI, Chanhassen, MN,
USA), with monochromatized AlKa irradiation (1486.6 eV) and an
incident power of 200 W. The core-level binding-energy of Ti2p3,
(458.5eV) was used as a reference to compensate for any
electrostatic shifts resulting from sample charging during photo-
electron measurement. The phase identification was performed
using an X-ray diffractometer (XRD) (model RINT 2200, Rigaku,
Tokyo, Japan), nickel-filtered CuKo radiation at 40 kV/40 mA and
a scanning speed of 0.5°/20 per minute. The XRD patterns were
obtained by baseline subtraction, Lorentz polarization correction
and K, stripping. The average crystallite sizes, D, of the rutile and
anatase were estimated using the well-known Debye-Scherrer
formula by analyzing broadened rutile (110) and anatase (101)
diffraction peaks [33]:

K2
~ Bcoso M

where 2 is the XRD wavelength (CuKoe 41=0.15405 nm), K is a
shape factor taken as 0.89, f§ is the full-width at half maximum
(FWHM) of the rutile (110) or anatase (101) diffraction peak and 0
is the diffraction angle corresponding to the diffraction peak of
the rutile (110) or anatase (101). The rutile weight fraction in the
plasma-synthesized powders was estimated from the integrated
intensities of the rutile (110) and anatase (101) diffraction peaks
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in the XRD pattern, using the equation of Spurr and Myers [34]:

1
~ (1+0.79(4/Ir)

where f; is the weight fraction of the rutile phase, and Iz and I, are
the integrated intensities of the rutile (110) and anatase (101)
diffraction peaks, respectively. The absorption edge was deter-
mined by observing the ultraviolet-visible (UV-vis) absorption
spectra on a spectrophotometer (model V-560, Jasco Co., Tokyo,
Japan), using BaSO, for baseline calibration. The band gap energy
(Eg) was calculated from the relationship between the absorption
coefficient and the incident photon energy in the indirect semi-
conductor [31,35]:

fr (2)

_ Bi(hv—Eg)*
R T 3)
o
A= B @)
= 1240 ®

where « is the absorption coefficient, hv is the incident photon
energy, B; is the absorption constant for the indirect transitions
and A is the absorption proportional to o. The band gap was
obtained by extrapolating the linear parts of the curves in the
plots of (Ahv)'/? versus hv. The particle morphology was observed
using a field-emission scanning electron microscope (FE-SEM)
(model S-5000, Hitachi, Tokyo, Japan) and a transmission electron
microscope (TEM) (model JEM-2000 EX-II, acceleration voltage
200 kV, JEOL, Ltd., Tokyo, Japan). The lattice fringes of individual
anatase and rutile were identified using a high-resolution trans-
mission electron microscope (HRTEM) (model JEM-4000 EX
acceleration voltage 400 kV, JEOL, Ltd., Tokyo, Japan). The mag-
netic properties were measured at room temperature using
a SQUID commercial instrument (Model MPMS-XL, Quantum
Design, San Diego, CA, USA).

3. Results and discussion

The results of ICP-OES (Table 2) show that the concentrations
of iron and niobium in the synthesized powders were almost
equivalent to the nominal concentrations in the precursor solu-
tions, suggesting that the dopant contents were retained in the
final products via the thermal plasma synthesis.

The high-resolution XPS spectra used for determining the
oxidation states of (a) titanium, (b) niobium and (c) iron in the

Table 2
Elemental concentrations of iron and niobium in the precursor solutions and
plasma-synthesized powders.

Measured concentration in the
synthesized powders

Nominal concentration in the
precursor solutions

Fe (at%) Nb (at%) Fe (at%) Nb (at%)
0.1 0.0 0.1 0.0
0.5 0.0 0.5 0.0
1.0 0.0 1.0 0.0
2.0 0.0 2.0 0.0
0.1 2.0 0.1 2.0
0.5 2.0 0.5 2.0
1.0 2.0 0.9 2.0
2.0 2.0 1.9 2.0
0.1 6.0 0.1 6.1
0.5 6.0 0.5 6.1
1.0 6.0 0.9 6.1
2.0 6.0 1.8 6.1

TiO,-Fe3+ (2.0 at%)-Nb>* (6.0 at%) sample as representative case
are shown in Fig. 1. The Ti2p peaks (Fig. 1a) were characterized as
Ti2ps;2 (~457.9 eV) and Ti2pyj2 (~463.8 eV) with a spin-orbital
doublet splitting (4=Ti2pq;2—Ti2p3=~5.9 eV), suggesting an
oxidation state of +4 for titanium [36,37]. The Nb3ds; and
Nb3ds, ones (Fig. 1b) locating at ~207.8 and ~210.8 eV, respec-
tively, correspond to the reported values for Nb>* in Nb,Os
[38-40]. These results mean that the +4 oxidation state for Ti
and the +5 one for Nb in the precursor solution were maintained
in the plasma-synthesized powders, which we attribute to the
uses of an oxygen atmosphere in the synthesis process. In
contrast, characteristic Fe2p peaks (Fig. 1c) appear in several
shake-up satellite peaks, probably due to the low doping con-
centration. It is thus very difficult to reliably identify the chemical
valence of iron in the resultant powder by referring the 722.8 eV
of Fe2p,,, and 709.8 eV of Fe2ps, for Fe?* and the 724.3 eV of
Fe2pq;> and 711.2 eV of Fe2ps,, for Fe3* in the Fe2p spectra
obtained from the reference FeO and Fe,Os; samples [41]. How-
ever, it can find an indication from previous work [29] that the
iron doped in TiO, via the Ar/O, thermal plasma synthesis was
determined to have an oxidation state of +3 on the basis of the
isomer shift and the quadrupole splitting from Mdossbauer spec-
tra. This was ascribed to the oxidative effect of the thermal
plasma synthesis. Thus, in this work, the oxidative atmosphere
created by injecting O, into the plasma reactor during the
synthesis process should have given the Fe atoms in the TiO, an
oxidation state of +3. Moreover, the finding that the metallic
Fe2p peaks, reported values of 719.8 eV of Fe2p;,, and 706.8 eV of
Fe2ps), for Fe? in pure iron [41], in the XPS spectra (Fig. 1c) were
almost imperceptible, indicating the absence of Fe metal phase in
the plasma-synthesized powder.

The XRD patterns of the plasma-generated powders are exhibited
in Fig. 2: (a) TiO,-Fe** (0-2.0 at%), (b) TiO,~Fe>* (0.1-2.0 at%)-Nb°+
(2.0 at%) and (c) TiO,—Fe?* (0.1-2.0 at%)-Nb>* (6.0 at%). The unam-
biguous diffraction peaks indicate that the resultant powders had
high crystallinity, owing to the extremely high synthesis temperature
(up to ~15,000 K) during the thermal plasma processing. In such
case, it saved the postannealing step frequently required to obtain
good crystalline quality in many wet-chemical techniques. In
Fig. 2(d), an enlarged XRD pattern ( with the ten-times more enlarged
Y-axis scale than those in Fig. 2(a)-(c)) is shown to confirm the
formation of no other phase than rutile and anatase. Through phase
identification, mixed polymorphs of anatase (JCPDS: No. 84-1286) as
a major phase and rutile (JCPDS: No. 78-2485) were exclusively
observed in all the plasma-synthesized samples, without any metal
or magnetic impurity phases, which is in agreement with the
determination made using the XPS spectra (Fig. 1). This mixed phase
composition is understandable from the results of the thermody-
namic calculation used to analyze the nucleation of the anatase and
rutile from the TiO, melt using the estimated values of the interfacial
energy between the condensed and liquid phases [42]. The calcula-
tions show that the metastable anatase was formed as main phase in
a rapid cooling process, while the thermodynamically stable rutile
was created in a less cooling condition. This difference is reasonable
from a kinetic point of view based on classical homogeneous
nucleation theory and also agrees with the experimental observation.
This was due to the different temperature profiles in the thermal
plasma and the complex trajectories of the precursor mists. More-
over, the different cooling process in the thermal plasma processing
explains why the average crystallite size (30-40 nm) of the anatase
was smaller than that (56-74 nm) of the rutile. The sizes were esti-
mated using the nucleation aspect of these two phases and applying
Eq. (1) to the plasma-synthesized powders including undoped TiO,,
TiO,-Fe** (0.1-2.0 at%), TiO,—Fe>* (0.1-2.0 at%)-Nb>*+ (2.0 at%) and
TiO,-Fe3*+ (0.1-2.0 at%)-Nb>* (6.0 at%). As mentioned earlier, the
nucleation of the anatase from the deeply undercooled TiO, melts
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Fig. 2. XRD patterns of the plasma-synthesized powders: (a) TiO,-Fe>* (0-2.0 at%), (b) TiO,-Fe>* (0.1-2.0 at%)-Nb°>* (2.0 at%), (c) TiO,-Fe>*+ (0.1-2.0 at%)-Nb°* (6.0 at%), and
(d) TiO,-Fe** (1.0 at%)-Nb>* (2.0 at%). In Fig. (d), the Y-axis scale is ten-times more precise than those in other figures,(a)-(c). A and R denote anatase and rutile, respectively.
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was prior to that of the rutile from the less undercooled ones, which
would lead to larger rutile crystallites originating from more particle
growth in such a process.

In this study, we could not find the peaks corresponding to any
compounds related to iron or niobium in any of the XRD patterns
(Fig. 2). This peak absence is attributed to relatively large
solubilities of Fe3* and Nb>* dissolved into the TiO, lattice, due
to their effective ionic radii (0.065 nm for Fe** and 0.064 nm
for Nb®>*) being closely comparable to that (0.0605 nm) of Ti**
[43]. The solubility of Fe** in previous study was more than
Rreri=20% via the thermal plasma synthesis [29] and that of
Nb>* was as high as ~25.0 at% in the Nb>*-doped TiO, powders
synthesized by the thermal plasma [44]. Such high solubilities for
both Fe3>* and Nb>* were seldom reported in the cases prepared
by other wet-chemical techniques.

The intensities of the rutile (110) peaks relative to those of the
anatase (101) ones steadily increased with the Fe** concentration
(0-2.0 at%), as shown in Fig. 2a. This increased intensity was
inhibited at 2.0 at% Nb°* in the Nb®>*-Fe3* codoped TiO, (Fig. 2b)
and was almost negligible at 6.0 at% Nb>* (Fig. 2c), implying that the
Fe3* doping promoted rutile formation whereas the Nb®>* introduc-
tion impeded rutile crystallization.

Evidence concerning the effects of Fe3*+ and Nb>* on the rutile
formation is given in Fig. 3 through calculating rutile weight
fraction according to Eq. (2). For the Fe3*-doped TiO, powders,
the rutile percentage dramatically increased from 19.9 wt% at
0at% Fe** to 51.2 wt% at 20.0 at% Fe**. In contrast, with the
Nb>* addition, under the same conditions for the doped Fe3*
contents (0.1-2.0 at%), this enhanced tendency was much less
dramatic. Especially, at 6.0 at¥ Nb°>*+ doping concentration, it only
increased from 17.2 wt% at 0.1 at% Fe>* to 22.4 wt% at 2.0 at%
Fe3*. To account for this phenomenon, there is an argument for
the traditional crystal chemical that shared edges lead to cation-
cation repulsion and structural destabilization in accordance with
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Fig. 3. Rutile weight fraction in the plasma-synthesized Nb>*-Fe3* codoped TiO,
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relative phase stability [29]. As anatase and rutile have quite
different arrangements of structure-building blocks (Ti-O octahe-
drons) [16], as mentioned above, rutile with two shared edges
therefore is more tolerant towards defects than anatase with four
shared edges. This means that the oxygen vacancies created as the
charge compensation in the TiO, host lattice due to the discre-
pancy between the chemical valences resulting from the sub-
stitution of Fe** for Ti** are mainly responsible for the rutile
formation. This agrees with the finding reported by Vemury and
Pratsinis [45] that rutile formation is enhanced either by introdu-
cing dopant oxides with the same crystal structure or by creating
oxygen vacancies resulting from doping with subvalent cations
such as AI**. Bechstein et al. [46] recently found similar findings
in chromium-doped rutile TiO, that the enhanced formation of
surface oxygen vacancies due to the chromium doping was in
good agreement with a simple model based on maintaining
charge neutrality while minimizing lattice stress. Therefore, we
consider that the Nb®>* doping contributed to the inhibition of the
rutile formation in this study by balancing the charge between
Fe** and Ti**, which reduced the number of the oxygen vacan-
cies created.

Some typical UV-vis absorption spectra are presented in
Fig. 4a. Owing to the difference in their characteristic structures,
the rutile band gap energy (Eg) of ~3.02 eV is smaller than that of
anatase, ~3.23 eV [17]. The absorption onsets in the samples
of TiO,-Fe3* (2.0 at¥%), TiO,-Fe3*+ (2.0 at%)-Nb>* (2.0 at%) and
TiO,-Fe3* (2.0 at%)-Nb>* (6.0 at%) were clearly shifted to the
visible light region, which is associated with the great differences
in their rutile percentages (51.2, 34.3 and 22.4 wt%, respectively,
as seen in Fig. 3).

The band gap energy (E;) (Fig. 4b) was correspondingly
estimated using Egs. (3)-(5) from the UV-vis spectra (Fig. 4a).
The verification on the accuracy of the E; calculation was
previously preceded [31] using Degussa P25 powder to obtain
an indirect band gap of 2.87 eV, which is close to the calculated
value of 2.91 eV corresponding to X;,— Gqp indirect interband
transition [47] and to the reported value of 2.95 eV [35]. The E,
values we calculated for the specimens of TiO,—-Fe** (2.0 at%) and
TiO,-Fe3+(2.0 at%)-Nb>* (6.0 at%) are ~2.26 and ~2.48¢V,
respectively, indicating that the rutile percentage in the latter
was larger than that in the former due to the Nb®*+ doping. This is
coincident with their rutile weight fractions of 22.4 wt% for
the TiO,-Fe3*+ (2.0 at%)-Nb°* (6.0 at%) and 51.2 wt% for the
TiO,-Fe3* (2.0 at%) (Fig. 3), further verifying the contribution of
Nb’>* doping to the inhibition of the rutile formation.

The particle morphologies in the plasma-synthesized powders as
observed by FE-SEM are shown in Fig. 5 for some representative
samples: (a) undoped TiO,, (b) TiO,-Fe>* (2.0 at%), (c) TiO,-Fe*+
(2.0 at%)-Nb°* (2.0 at%) and (d) TiO,-Fe>* (2.0 at%)-Nb’>* (6.0 at%).
They all demonstrate quite similarly featured morphology consisting

25
2.0+
T~ 15}
£
<
~ 10
0.5 | ——20at.%Fe
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codoped TiO, powders and (b) correspondingly estimated band gap energies (Ey).
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150 nmf‘m..

Fig. 5. FE-SEM images showing overall morphology of the plasma-synthesized powders: (a) undoped TiO,, (b) TiO,-Fe>** (2.0 at%), (c) TiO,_Fe3* (2.0 at%)-Nb>* (2.0 at%)

and (d) TiO,-Fe?* (2.0 at%)-Nb>* (6.0 at%).

of a majority of nano-sized particulates in faceted shape and a small
proportion of submicrometer-sized crystals in nearly sphere. This
morphology should be attributed to the different trajectories of the
precursor mist droplets during the process of the thermal plasma
synthesis. Namely, fine particles were produced via gas-solid route
while large ones were formed via gas-liquid-solid path. To distin-
guish this featured morphology more clearly, typical TEM image of
TiO,—Fe3* (0.1 at%)-Nb>* (6.0 at%) is demonstrated in Fig. 6a. The
well-dispersed powders distinguishably presented the morphology
composition of a great many faceted nanometer particles and a few
nearly spherical submicrometer ones. HRTEM analysis through
identifying lattice space (Fig. 6b) confirms that the plasma-synthe-
sized powders were composed of anatase and rutile polymorphs, as
identified from the XRD patterns (Fig. 2).

The dependence of magnetization on magnetic-field measured
at 300K for the plasma-synthesized Nb>*-Fe3*+ codoped TiO,
powders was plotted in Fig. 7: (a1) (0-10.0 at%) Nb®>*—(0.1 at%)
Fe>* and (b1) (6.0 at%) Nb>*-(0.1-2.0 at%) Fe>*. Both the mag-
netization curves were apparently superposed by paramagnetic
and ferromagnetic components, with the former becoming pre-
dominant when applying magnetic field above about 3000 Oe.

The paramagnetic and ferromagnetic components, M, and
Mpara, of the magnetization can be separated each other. As
shown in Fig. 7(a1) weak ferromagnetic property was observed
from the hysteresis loop in the magnetic field below 3000 Oe. As
metallic impurities have been precluded in this work, as evi-
denced by the XPS spectra (Fig. 1) and XRD patterns (Fig. 2), the
paramagnetic and ferromagnetic properties can be reasonably
ascribed to the intrinsic nature of the plasma-synthesized pow-
ders in this study. As shown in Fig. 7(b1) the ferromagnetic
property gradually weaken with increase in Fe** content from
0.1 to 2.0at% while Nb®>* content was kept at 6.0 at%. The
saturation magnetization (M;) and coercive force (H.) obtained

Fig. 6. TEM micrographs showing morphology of the plasma-synthesized (6.0 at%)
Nb®* (0.1 at%) Fe** codoped TiO, powders: (a) overall particle morphology and
(b) HRTEM lattice fringe of individual anatase and rutile nanocrystals.

from the ferromagnetic components (Fig. 7(al) and (b1)) are
plotted in Fig. 7(a2) and (b2). The M; and H. remained almost
invariable for (0-10.0 at%) Nb°*-(0.1at%) Fe** (Fig. 7(a2))
but slightly decreased for (6.0at%) Nb®*-(0.1-2.0 at%) Fe*~*
(Fig. 7(b2)), respectively, with various concentrations of the
Nb>* and Fe** dopants.

Moreover, the M; values for all the samples were ~0.05 emu/mol
for various Nb°* concentrations (0-10.0 at%) and an Fe>* molar
ratio of 0.1 at%, corresponding to ~0.2% of 5N, calculated using

Mg = Nap1pgS ©6)

where Ny, g and pp are the Avogadro number, the g factor (=2) and
the Bohr magneton, respectively. This is the theoretical value from
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Fig. 7. Magnetization curves of the plasma-synthesized Nb®>*-Fe>* codoped TiO, powders measured at 300 K: (a1) (0-10.0 at%) Nb>+-(0.1 at%) Fe>* and (b1) (6.0 at%)
Nb>*+-(0.1-2.0 at%) Fe>*. Corresponding saturation magnetization (M,) and coercive force (H.) are demonstrated in (a2) and (b2) and corresponding paramagnetic

susceptibility ()para.) is exhibited in (a3) and (b3), respectively.

the contribution of the Fe** spins at S=5/2. We can recognize that
the contribution of Fe>* to the ferromagnetization is quite small. For
the paramagnetic part, it should mostly originate from the lone
(or weakly correlated) Fe** spins (S=5/2: high spin state). The
magnetic susceptibility, }para. =Mpara/H, evaluated from the para-
magnetic components, was plotted in Fig. 7(a3) and (b3). The dotted
lines were calculated using the Curie law:

C
Apara. = T

(7)
where C is the Curie constant. As the theoretical C values for the
total spin angular momentum at S=5/2 were evaluated using

_ CreNaSS+1)g’ i3

¢ 3kg

®

the cp values were assumed to be the molar ratio of Fe, as the
contribution of the ferromagnetic part to the total magnetization
was quite small. The ypqq plots are almost the same as those
evaluated from the theoretical C value. In the Supporting
Information, the ferromagnetic and paramagnetic properties dis-
cussed here were confirmed in the temperature dependence of
magnetization. The temperature dependence data was entirely
consistent with the magnetization data at 300 K in Fig. 7.

Fukumura et al. [48] found that the strong ferromagnetic
exchange coupling between localized spins is due to carrier-induced
ferromagnetism, indicating the importance of the carrier concentra-
tion and mobility in the ferromagnetic performance of the DMS
materials [17]. As a consequence, in this study, the weakening of the
ferromagnetic with the increased Fe>* content (Fig. 7(b1)) may be
achieved by phase composition as a carrier-mediated exchange,
since the carrier mobility in rutile is 0.05-0.2 cm?/V s much lower
than that of 6-10 cm?/V s in anatase [17]. For the (6.0 at%) Nb®* -
(0.1-2.0 at%) Fe** codoped TiO, sample, the rutile percentage was
17.2, 20.1, 21.3 and 22.4 wt% at Fe>* concentrations of 0.1, 0.5, 1.0
and 2.0 at%, respectively, as shown in Fig. 3, leading to lower carrier
mobility at a higher Fe** doping level. This further confirms the
proposed mechanism that ferromagnetism is a carrier-mediated
exchange in DMS materials [18].

In our experiments, however, stronger ferromagnetic proper-
ties were not obtained all the time. Because conduction electrons
were reported to play an essential role in the ferromagnetization
of codoped TiO, fabricated at relatively low oxygen partial
pressure (1 x 10> Torr) [49], the possible reason for the weak
ferromagnetism in the plasma-synthesized Nb®>*-Fe3+ codoped
TiO, powders may be related to the reduced number of conduc-
tion electrons, due to the similar electronic configurations of
Co and Fe. In the present work, the emission of electrons in
the conduction band might have been affected by the induced
impurity states in the band gap due to the creation of inter-
stitial oxygen [50], which readily formed due to the valence
discrepancy between Nb>*+ and Ti** [51], especially more readily
at an oxygen atmosphere employed in the thermal plasma
processing.

4. Conclusions

Radio-frequency thermal plasma was utilized to synthesize
Nb>+-Fe**+ codoped TiO, nanoparticles by oxidizing liquid precur-
sor mist with various concentrations of Fe** (Fe/(Ti+Fe+Nb)=
0-2.0 at%) and Nb°* (Nb/(Ti+Fe+Nb)=0-10.0 at%). All the plasma-
synthesized powders consisted of a mixture of anatase (major
phase) and rutile polymorphs, without any evident metal or
magnetic impurity phases. The average crystallite size (30-40 nm)
of the anatase was smaller than that (56-74 nm) of the rutile. The
rutile weight fraction was increased by the Fe** doping but was
decreased by the Nb>* addition. The amount of the anatase in the
phase composition affected the band gap energy of the TiO, host
lattice. All the resultant powders had similarly featured morphology
of a majority of nano-sized particles in faceted shape and a small
proportion of submicrometer-sized crystals in nearly sphere. The
plasma-synthesized Nb>*-Fe?>* codoped TiO, powders were pro-
minently paramagnetic as well as weakly ferromagnetic in nature at
room temperature. Increase in the Fe** content led to gradual
decrease in the ferromagnetic property, supporting the report that
the ferromagnetism is sensitive to the carrier concentration.
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