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experiments on the NPs.

Octahedral and roughly spherical In-In,O3; nanoparticles ranging in average particle size from 30 up to
300 nm were prepared by levitation-jet aerosol synthesis through condensation of metal indium vapor
in helium gas flow with gaseous oxygen/air injection at ambient and reduced pressure. Scanning electron
microscopy (SEM), X-ray diffraction (XRD), BET measurements, UV-vis, FT-IR, Raman, XPS, and vibrating-
sample magnetometry (VSM) characterized the nanoparticles. Room-temperature ferromagnetism with
maximum magnetization of up to 0.17 emu/g was recorded for the nanoparticles. The results indicate
a predominant role of the actual microstructure on the nanoparticle properties. It is suggested that the
observed ferromagnetic ordering may be related to intrinsic defects at the In/In,O5 interface structure
of such a composite material. This suggestion is in good agreement with the results of optical and XPS
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1. Introduction

In 2004, an unexpected room-temperature ferromagnetism
(RTFM) was found in undoped HfO, thin films by Venkatesan
et al. [1]. The existence of RTFM, also termed “d° ferromagnetism”
[2] in metal oxides, makes these materials a potential candidate
for future spin coupled optoelectronic devices [3,4]. Up to now,
RTFM has been observed in a number of pure low dimensional
nanosized metal oxides, such as SnO, [4,5], ZnO [6,7], CuO [8,9],
MgO [10,11], Al,05 [5,12], CaO [13], etc. It has been identified that
d° ferromagnetism is closely related to the existence of defects at
the surface regions [ 14]. These defects may confine the compensat-
ing charges in molecular orbitals, forming local magnetic moments,
and RTFM may be established only if the defect concentration
essentially exceeds that of its equilibrium magnitude [15]. Due to
their large surface-to-volume ratios, d° ferromagnetism has been
observed in various oxide nanostructures. It is now believed that
both - the surface non-stoichiometry and the defects of oxide
nanostructures play a crucial role in the observance of RTFM, since
conventional ideas of magnetism are unable to account for d°
ferromagnetism [16]. However, the main obstacle to the use such
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materials for the fabrication of potential devices is the lack of
understanding of the role of defects [14]. This somewhat
controversial research topic definitely requires further detailed
investigations. Such studies are not only crucial for technological
applications, but also to further understand important fundamental
aspects of the defect-induced properties of undoped metal oxides.

Indium oxide (In,03) is a transparent wide band gap (3.75 eV)
oxide, which has a wide range of technological applications, includ-
ing flat-panel displays and gas sensors, due to remarkable combina-
tion of optical transparency and electrical conductivity combined
with a high work function [17]. The functional properties in this
oxide are, to a large extent, controlled by the presence of native point
defects [18]. Moreover, if any ferromagnetism is found in the indium
oxide nanoparticles, then it must be mediated by defects because
bulk In,05 is a typical diamagnetic inorganic material [19].

It should be noted, that magnetic properties of In,03 nanoparti-
cles (NPs) compared with thin films [16,20-22] is still a developing
subject. Prakash at al. discovered that undoped In,O3 NPs show
weak RT ferromagnetism with saturated magnetization of ~2
memu/g [18]. Naeem, Qaseem et al. founded that only smaller size
nanoparticles (5 and 12 nm) exhibit intrinsic or defect-mediated d°
ferromagnetism (of 5 memu/cm?), which may be attributed to the
uncompensated surface spins [23,24]. Patel et al. firstly prepared
monodisperse NPs with an average diameter of 11 nm by using a
solvothermal method [19]. They supposed the origin of RTFM (of
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6 memu/g) might be due to exchange interactions among localized
electron spin moments resulting from the oxygen vacancies. On
the other hand, Chandradass et al. established diamagnetic behav-
ior in 12 nm In,05 NPs [25], and Krishna et al. discovered that pure
In,03 powders with crystallite sizes of 40-50 nm show no ferro-
magnetic ordering [26]. It should be noted that Lemine et al. after
40 h mechanical milling of commercial In,03 powder (purity:
99.9%) prepared nanoparticles with crystallite size of 22 nm [27].
These authors use zirconia-grinding medium in order to avoid
any contamination with magnetic impurities during milling. Mag-
netic characterization showed that such NPs became ferromag-
netic at room temperature; having a saturation magnetization of
50 memu/g due to intrinsic defects induced during the milling pro-
cess. Since the purity of the raw material was not shown in detail,
such ferromagnetism is difficult to consider as due to d° only.

In this work, we focus on the interrelation between the devel-
opment of RTFM and the structural and optical properties of
aerosol-generated In-O NPs. Since d° ferromagnetism must be
strongly dependent on the method of its production [28] we tried
to obtain larger magnetization values in In-O nanoparticles of var-
ious sizes by using a levitation-jet generator [29]. Such technique
offers many variations of the synthesis conditions, which in turn
effect the RTFM of the NPs. Levitation-jet aerosol synthesis with
controlled gaseous oxidizer injection in an inert gas flow allows
for simultaneous manipulation of the size, shape and composition
of nanoparticles generally allowing for a large-scale production of
the nanopowders [30]. An important advantage of this crucible-free
technique is that the metal precursor load is melted into a droplet
and levitated by the action of a high-frequency electromagnetic
field in the gas flow, precluding any contact with surfaces. More-
over, due to the intrinsic self-purification effects [29] the
levitation-jet synthesis provides high-purity products compared
with those obtained by using other types of aerosol method to syn-
thesize In-O NPs [31,32]. This last circumstance is the most impor-
tant factor for detailed magnetic studies of the NPs. We suggest
that the present research provides additional clues for understand-
ing the origin of d° ferromagnetism.

2. Experimental
2.1. NPs synthesis conditions

In-O aerosol-generated nanoparticles (NPs) were obtained by
using a modified Gen levitation-jet generator described in detail
elsewhere [28,29]. In this technique an indium droplet (purity:
99.999%) was suspended in a quartz tube. The droplet was heated
by an electromagnetic field (0.44 MHz) generated using a counter-
current inductor until the levitated metal ingot began to vaporize.
An adjustable stream of He gas (99.995 at.%) blew down the vapor-
izing liquid droplet permanently supplied by an indium wire (pur-
ity: 99.999%, 1mm in diameter). The rate of the vapor
condensation was made equal to the rate of consumption of the
metal wire [29]. The NPs formation takes place inside the conden-
sation zone near the levitated droplet [29]. In all the experiments,
special precautions were taken for providing controlled metal oxi-
dation. A controlled amount of air (99.9 at.%) or oxygen (99.9 at.%)
was added to the base flow in the combined mode. In this mode the
oxidizers were mixed with the main gas before the levitated dro-
plet position [29]. Some of the experiments were performed using
only air as the carrier gas. All of the experiments were carried out
at ambient or reduced pressure (He + O,) [33]. A strategy to control
of particle size to the defined range using this approach is as fol-
lows; an average size of particles (d) is proportional to the square
root from the product of the rate of consumption of the metal and
molecular mass of the inert gas divided by the rate of total gas flow

[34]. Furthermore, (d) exponentially depends on the ambient gas
pressure [35,36] and may be controlled by the application of an
electric field to the condensation zone [29]. Some aspects of
evaporation-condensation mechanisms of the levitation-jet tech-
nique have been described earlier [37]. During the synthesis, pre-
pared nanoparticles were constantly collected on the cloth filter.
The resultant grey, white or grey-white powders were removed
from the filter into the particle container. During the levitation-
jet synthesis, appropriate measures were taken in order to prevent
any influence of extraneous magnetic contaminants [38].
Following on from the approach [28] all the parameters of NPs
synthesis, including indium metal feed rate, helium and oxidizing
gases flows rates as well as total pressure in the quartz tube are
listed in Table 1. These parameters were measured with uncertainty
in the last significant digit if it was not calculated instrumentally.

2.2. Characterization of NPs

Particle size and morphology were studied by scanning electron
microscopy (SEM) using CARL ZEISS ULTRA PLUS and LEO1450
devices and by transmission electron microscopy (TEM) using a
JEOL JEM100CX II operated at 100 kV. Electron micrographs con-
taining a total of more than 300 particles per sample were ana-
lyzed using Carl Zeiss AxioVision SE64 ver. 4.91 image processing
software by an appropriate length measure to obtain Date Tables.
Then size distribution of the particles, their volume average size
(d) and STDEV were determined from the Date Table by using Ori-
gin Pro 2015 software [29].

Specific surface area of the nanoparticles was determined by 4-
point nitrogen physical sorption BET measurements using META
SORBI-M device. Crystal structure of the NPs was studied by X-
ray powder diffractometer DRON-3M (Cu K, radiation). Their
phase composition was determined using JCPDS PDF database
(release 2011) and Crystallographica SearchMatch ver. 3.102 soft-
ware. Rietveld analysis (PowderCell for Windows ver. 2.4) of X-
ray diffraction patterns was used to evaluate the ratio of crystalline
phases in the NPs. UV-vis spectra were recorded using Lambda950
(Perkin Elmer) with integrated sphere detector in the wavelength
range of 200-1200 nm. Fourier transform infrared (FT-IR) spectra
were recorded in the solid phase using Tensor 27 spectrometer
with attenuated total reflectance accessory (Bruker) in the fre-
quency range of 400-4000 cm~!. Raman spectra were recorded
at room temperature using a Renishaw InVia Raman microscope
with an air-cooled, charge coupled device. Spectra were excited
with 55 microwatts of 514.5 nm radiation from an Ar + laser
focused to about 2 pum through a x50 objective. XPS instrument
was a Thermo Scientific X-ray Photoelectron Spectrometer
equipped with a monochromated Al Ko (1486.6 eV) source running
at 72 W with a pass energy of 50 eV. For charge correction, a one-
point scale with the C1s peak shifted to 248.8 eV was used. Mag-
netic properties of NPs were measured by means of EG&G PARC
M4500 vibrating sample magnetometer in applied magnetic fields
of up to 13 kOe. This was calibrated using pure Ni standard with
relative accuracy of 1 x 1073 at room temperature. Sample mass
(a few tenths of mg) was determined by a Sartorius A200 balance
with relative accuracy of +2 x 1072, We subtracted the magnetic
moment of samples from the experimental outputs of the diamag-
netic contribution associated with the nylon sample containers.

3. Results and discussion
3.1. NPs morphology and BET data

Fig. 1a-c show SEM micrographs of the NPs, obtained under dif-
ferent synthesis conditions. In Fig. 1a, typical NPs of around



Table 1
Main properties of In-O NPs.

Sam-ple ID  Synthesis conditions S, m?/g (d),nm dg,nm d,nm dj,, nm XRD phase composition G, memu/g
In,g/h  He, 1/h Air,I/h 0, 1/h P, mbar y,at% ao nm Vi, nm3
Oxide-rich NPs (y > 95%)
105 25 0 75 0 1000 4.09+£0.18 240 250 52 32 99.8 1.012 - 15.0
108 25 0 135 0 1000 31.92+0.3 31 32 28 4.6 99.7 1.011 - 14.1
103 40 0 135 0 1000 3.83+0.12 190 270 49 43 99.6 1.012 - 43
107 40 0 105 0 1000 3.91+0.11 250 265 52 42 99.6 1.011 - 6.0
1010 7 1150 0 25 40 24.18£0.18 40 42 29 7.2 99.5 1.011 - 6.4
109 50 1150 0 120 1000 10.93+0.1 90 95 36 17 99.4 1.010 - 6.3
106 40 0 180 0 1000 5.6+0.2 175 185 49 35 99.3 1.013 - 135
104 40 0 275 0 1000 5.23+0.08 160 195 52 38 99.3 1.012 - 44
102 25 500 135 0 1000 9.76 £ 0.04 80 105 44 39 95.1 1.012 0.05214 27
Metal-rich NPs (y < 38%)
117 7 85 0 0 90 8.36 +0.24 50 110 20 85 37.4 - - 168
116 7 500 0 0 70 1446032 40 57 30 90 36.2 - - 90
111 7 500 0 0 40 16.23+£0.38 140 51 32 44 359 1.009 0.05202 47
112 7 85 0 0 80 7.99 £0.22 53 105 22 90 343 1.009 0.05196 72
115 7 500 0 50 60 13.44+0.34 44 62 23 56 27.9 1.012 0.05219 18.6
113 7 500 0 0 20 7.41+0.12 55 110 27 100 233 1.013 0.05215  10.0
114 7 85 0 50 100 5.62+0.12 125 150 20 135 222 1.010 0.05212 11.0
I 10 500 0 0 1000 4.16+£0.16 140 200 - 200 1.2 - 0.05221 8.0

S - specific surface area.

(d) - mean particle size obtained from the micrographs.

dg - average particle size obtained from BET measurements.

d. - mean crystallite size obtained from XRD data of In,03 phase.
dy, - In core size of the NPs.

y - In,03 content.

a0 - In,05 lattice parameter.

Vin - unit cell volume of In.

o5 — maximum magnetization (RT, 10 kOe).

100 nm in size and uniform octahedral shape are shown. These NPs
were obtained in He + air gas mixtures. The particle size distribu-
tion is moderately narrow and log-normal [28,29]. The observed
particle shapes are the results of aggregation of oxide clusters
because of predominant He cooling, similar to the case of
aerosol-generated Sn-O NPs, which showed the same shapes
[33]. Similar octahedral structures have been observed previous
with other techniques by Hao et al. [39], Ye et al. [40], and Qin
et al. [41] in 100 nm undoped In,03 NPs; Kumar et al. [42,43],
and Ramén et al. [44] in 1 um In,05 particles; Chou et al. in
50 nm In NPs [45]. In Fig. 1b, typical NPs are around 30 nm in size
and octahedral or cubooctahedral (truncated) morphologies [46]
are shown. Such particles are the results of predominant oxidation
in the presence of a variable amount of air under the same metal
feed rate [30]. Almost uniform NPs, which are seen in Fig. 1c, are
tens of nanometers in size. Finally, a mix of the octahedral,
rounded agglomerates with a rough surface structure [47] as well
as flat [48] NPs with particle size from ten to hundreds of nm are
shown in Fig. 1d. Similar morphology has been observed in the lit-
erature [49-51]. Particle size distribution in this case is rather
broad with log-normal distribution function (see Fig.le). In
Fig. 1f, a TEM micrograph of NPs 117 is presented. The particles in
this image show a core-shell structure similar to those obtained
by Suzuki et al. [52] and showing appropriate Moire fringes [29].
Following methods developed by Hao et al. [39] we suggested
that the surface energy difference among several low-index crys-
tallographic planes can be changed through the manipulations of
some synthesis conditions. These factors may affect the chemical
potentials of different crystallographic planes, change the growth
rate perpendicular to these planes, and then form the different
NPs morphologies. For In,O3 with a bcc structure, a general
sequence of the surface energy of three low-index crystallographic
planes is {111} < {100} < {110} [46]. When the crystal growth rates
(proportional to the surface energies) rqooyr1113 =~ 1.73, perfect
octahedrons appeared; when 0.87 < r100y/r(1113 < 1.73, truncated
octahedrons appeared [46]. Imperfect octahedrons may be

attributed to several structural defects, such as oxygen vacancies
(Vo), indium vacancies (Vy,), indium interstitials (In;), oxygen inter-
stitials (O;) and antisite defects (Oy,) [39]. Perfect octahedrons were
generally formed during relatively short reaction time spans (the
small condensation zone [29]) and imperfect ones from larger
reaction duration times. Most of the particles in Fig. 1d were
shown to originate from a slow heat loss of the metal In clusters
in He-based flow under reduced ambient pressure (a large-sized
condensation zone).

Table 1 lists specific surface areas (S) of various NPs, obtained
from BET measurements (together with STDEV derived from corre-
lation analysis of the four measurements by using the SORBI-M soft-
ware) from which their average sizes dg (nm), were also evaluated
forideal spherical or cubic shapes of the NPs [53]. Because of the last
approach and some aggregation of the particles (see Fig. 1a-d), the
dg values are systematically larger than the morphologically esti-
mated average volume sizes (d), obtained from the micrographs of
the NPs. In following sections, we describe how the synthetic param-
eters affect the performance of different kind of NPs.

3.2. X-ray diffraction analysis

XRD patterns of NPs matched the reflections of cubic In,03
JCPDS 06-0416 with unit-cell parameters a=1.009-1.013 £ 1 nm
(see Table 1). The second crystal phase of NPs matched the XRD
patterns of tetragonal In JCPDS 85-1409 with unit-cell parameters
a=0.3248-0.3252 + 1 nm and ¢ = 0.4926-0.4942 + 1 nm. No other
crystal phases were found in our NPs by XRD. Fig. 2 shows repre-
sentative patterns of NPs related with the above-mentioned micro-
graphs. Rietveld analysis of the In,O3; phase percentages y and its
lattice parameter for all the NPs are presented in Table 1. It is seen
that the In,03 lattice parameter generally increases with oxygen
ratio in the total gas flow during NPs production.

It should be noted that to our knowledge, no NPs composed
from both crystalline In and In,Os; phases simultaneously were
previously observed in the In-O system. Earlier, a film composed
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Fig. 1. Representative SEM micrographs of some NPs from Table 1: a - 102, b - 108, ¢ - 1010, d - 112; e - size distribution of NPs 12 extracted from the SEM image, showing
the fit to a log-normal distribution function (STDEV =25 nm), and f -TEM micrograph of NPs 117.

of In/InOy structured nanoparticles with indium crystal core and
amorphous indium oxide shell was obtained by magnetron-
sputtering and natural oxidation [54]. Sputter deposition of indium
in ionic liquids could produce stable In metal nanoparticles whose
surface was covered by an amorphous In,03 layer to form In/In,03
core/shell particles [52]. The TEM image shown in Fig 1f shows the
existence of a core-shell structure in the NPs produced here. The
metallic In core sizes of the NPs (d;;) should be evaluated as
din ~ dg(1 — y)'P.

Crystallite sizes, d., of outer In,03 phase in the NPs were deter-
mined by using Scherrer equation for a coherent scattering region:

de = 2/(Bago - €OS 0) (1)

where the wavelength is A =0.1542 nm, B4go is full width at half
maximum (FWHM) for 400 peak (in radians), 0 is the Bragg angle.

d. is usually smaller than the size of NPs identified by electron
microscopy, because the coherent scattering region of the crystal
phase corresponds to the inner ordered region of a particle, and it
does not include severely distorted boundaries including interfaces.
For convenience of the further investigations, all the obtained
NPs are divided in two sets, depending on the In,O; content:
oxide-rich nanoparticles (y > 95%) and metal-rich ones (y < 38%).

3.3. Magnetic measurements

VSM magnetic measurements show that all the NPs have
ferromagnetic hysteresis loops at room temperature. Some of mea-
surement results of magnetization ¢ vs. applied magnetic field H,
are shown in Fig. 3. All the loops exhibit soft-magnetic behavior
with coercivity between 30-140 Oe. In Table 1 one of the basic
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Fig. 2. XRD patterns of typical NPs. The numbers of curves correspond to the
numbers of NPs in Table 1. Asterisks mark the reflections from In (JCPDS 85-1409).
Indexed reflections are belong to In,O5; JCPDS 06-0416.
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Fig. 3. Ferromagnetic hysteresis loops of some NPs from Table 1. The numbers of
curves correspond to sample IDs of NPs from Table 1.

characteristics of hysteresis loops — net maximum specific magne-
tization o (at H=10 kOe) is presented. The data in Fig. 3 are plot-
ted after correcting the diamagnetic contributions from magnetic
susceptibilities of bulk In and Iny03 [19] (=2 x 10~7 cm®/g and
—5 x 1077 cm®/g, respectively [55]). The highest maximum mag-
netization obtained in our NPs is about 0.17 emu/g (117). This value
was found to be above one order of magnitude higher in compar-
ison to the above-mentioned value reported for undoped 11 nm
In,03 NPs [19] and exceeded the maximum value achieved in the
indium oxide film [22].

Despite many efforts, there is still an incomplete understanding
of the origin RTFM in d° magnetic materials [56]. Due to that, the
main aim of our study was to find out whether the maximum mag-
netization of NPs depends on the other features of the NPs
[7,33,57].

As is seen from the previous paragraphs (including the data
from Table 1), there are no obvious dependencies of maximum
magnetization from the morphology, mean particle sizes, real
phase compositions as well as an oxygen content. Probably, it is
related to the fact that all the above-mentioned characteristics of
NPs are affecting the RFTM independent manners [28]. This
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Fig. 4. Maximum magnetization o5 (memu/g) values vs. the change in metal In unit
cell volume of some NPs.

suggestion explains the difference between magnetic properties
of our samples. It is known that the maximum d° magnetization
can be achieved up to a specific vacancy concentration. Beyond
it, the magnetization will reduce and eventually vanishes [58]. As
expected, the magnetic order was found only in the samples, in
which a vacancy density of several percent was achieved [59]. This
density is necessary to get magnetic order in solids, independently
of the details of the structure or elements that are presenting in the
lattice provided that the vacancies or other defects in the lattice
lead to nearly localized magnetic moments [58]. In Fig. 4, we can
see a pronounced descending behavior of maximum magnetization
from the metal In unit cell volume of some NPs. Such behavior
points out the main role of interface area between In and In,05 lat-
tices in the d° ferromagnetism of In-O NPs similarly to that seen in
the Zn-O and Sn-O cases [7,33,57].

In order to find out other possible relationships between the
observed room temperature ferromagnetic ordering and defects
in the In-O structures on the NPs surface, an optical spectroscopic
technique was used.

3.4. Optical characterization of NPs

3.4.1. UV-vis reflectance spectra

UV-vis diffuse reflectance (R) spectra of two sets of NPs at RT
are shown in Fig. 5 over the wavelength range of 200-850 nm.
Large dips in the reflectances at wavelengths A < 350 nm take place
near the fundamental absorption edge of In,0O3 for the oxide-rich
NPs. Similar behavior of reflectance was earlier observed in
undoped In;O3 NPs [26,60,61]. For the metal-rich NPs the dips
are smoother and less intense.

It is interesting to follow some changes of reflectance behavior
in the UV (A =200 nm) and NIR (2 = 1200 nm) regions for the dif-
ferent NPs. In metal-rich NPs (Fig. 5b), UV and NIR-reflectances
decrease with y (except for the NPs 113 and 115, probably, because
of a weak confinement effect). We are suggesting, that a lower
oxide content enables more free electrons from the metal core to
become available, and because of that, the amount of light,
reflected from such NPs, increases. For oxide-rich NPs in the NIR-
region, a large heat loss in the semiconductor must take place
due to free carriers inside the band gap and so the reflectance
should decreased. Fig. 6 demonstrates those dependencies as a plot
of R vs. indium core size for all the NPs. As seen in Fig. 6, a similar
behavior of the reflectance and maximum magnetization vs.
the value of metal surface also takes place. This observation
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emphasises the above-mentioned role of oxide/metal interface in
the origin of RTFM. In the NPs with maximum oy, large amounts
of charged species are presented at the energy levels of local vacan-
cies, which lie below the upper edge of the fundamental band gap.
For the other NPs, o has not reached its maximum, which may be
due to lack of oxygen vacancies or excess of In ions presented at
the In/In,03 interface.

To study the energy band gap structure of our composite NPs,
their reflectance spectra were at first analyzed using Kubelka-
Munk equation F(R) [62], which is related to the diffuse reflectance
as follows:
F=(1-R?*/2R (2)
Here, R is the absolute reflectance and F is equivalent to the absorp-
tion coefficient o.

The optical band gap energy (E;) may be calculated from o by a
Tauc’s plot using Tauc relation [63]:

ohv = A(hv — Eg)* (3)
where A is a constant, which depends from the transition probabil-
ity, hv is the energy of an incident photon, and q is an index, which
characterizes an optical absorption process in a semiconductor (q
equals 0.5 for the direct band gap and 2 for the indirect one). The
direct band gap of bulk In,03 was long thought to be ~3.75 eV from

the onset of significant optical absorption, with a low-intensity
onset of absorption below this energy, which are attributed to indi-
rect optical transitions [64,65].

Direct band gap Egq of the oxide-rich NPs was estimated by plot-
ting (Fhv)? as a function of light wave energy hv (Fig. 7a). Indirect
band gap E,; for the same NPs was estimated by plotting (Fhv)2>
as a function of hv (Fig. 7b). Fig. 7c shows possible determination
of the direct optical band gaps for the metal-rich NPs. The linear
portions of all the curves were extrapolated to zero in order to esti-
mate these band gap values.

All the estimated E,s for the NPs (based on the data of Fig. 7 a-c)
are listed in Table 2 together with their corresponding o values.
The direct band gap (Egq) values of almost oxide-rich NPs varied
in the range of 3.47-3.67 eV. These values are close to the earlier
observed ones for the In,O3 NPs [44,66,67]. The indirect band
gap values E, of such NPs varied in the range of 2.65-2.72 eV,
which are close to the values measured by Weiher et al. [64]. The
weak nature of optical absorption around this energy may be
attributed to transitions between the highest valence-band states
and states at the conduction-band minimum, being dipole forbid-
den nor having only minimal dipole intensity [65]. For the NPs
with large indium content, E,q values vary between 2.05 and
3.11 eV. In Fig. 7c, a pronounced composite structure of the NPs
with multiple energy levels near the edge of the fundamental band
gap may be seen. As listed in Table 2, o, demonstrates no definite
dependence from Eg,s values, for NPs 112 (with one of the maxi-
mum value of &5), whereas Egq for the two components is the same.
It should be emphasized that there will be equal input of defect
area of the both sides of the In/In,O3 interface in the possible
core-shell structure of our NPs.

3.4.2. FT-IR spectra

FT-IR spectra for the oxide-rich NPs in the wavenumber region of
400-1300 cm™! are shown in Fig. 8a. It is known that absorption
bands below 1000 cm~! in metal oxides are normally due to the
interatomic vibrations, and additional peaks, obtained above the
1000 cm™! may be due to the overtones [26]. Three intense peaks
located between 615 and 505 cm~! were observed, some of which
are characteristic of the cubic In,O3; phase [60]. In order to deter-
mine any changes in the bands positions of the different NPs, IR
measurements in the above-mentioned region were undertaken
and the results are shown in Fig. 8b. In that figure, the characteristic
peaks of In,03 are split into three bands centered at 596, 561, and
538-534 cm™!, respectively. The peak positions are very close to
some of the peaks positions observed by other authors [25,26,68].
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Table 2

Basic UV-vis properties of some NPs.
Sample ID Egq, €V Eg, eV G5, memu/g
105 347 2.72 15.0
108 3.65 2.69 14.1
103 3.52 2.72 43
107 3.52 2.72 6.0
1010 3.67 2.65 6.4
109 3.64 2.70 6.3
104 3.52 2.70 4.4
106 3.51 2.68 13.5
102 3.62 2.65 27
11 - - 47
112 2.86 - 72
115 3.12; 2.07 - 18.6
113 3.12; 2.33 - 10.0
114 3.12; 2.33 - 11.0
I 3.12; 2.07 - 8.0

Egq and Ey; - direct and indirect band gap values.

According to the previous literature results, the band at 566-
557 cm™! is attributed to In-O stretching whereas the bands at
607-600 cm™! are the characteristic of In-O bending vibrations
[51,60,68-70]. Inside the band at 538-534 cm™! slight changes in
the peak positions takes place. Although no obvious correlations
between the peak parameters and s were found, small red shifts

of the peak positions in the last IR-band for NPs with large maxi-
mum magnetization values could be noted. It is also interesting,
that in our NPs the strong peaks, observed previously in the litera-
ture in the region of 414-490 cm ™' are attributed to In-O stretching
in cubic In,05, and are very weak modes. At the same time, in the IR
spectra of metal-rich NPs, (Fig. 9), such peaks are pronounced,
although the rest of the regions demonstrated no obvious peak
structure.

From the UV-vis and FT-IR studies the small changes in both
band gap and bonding might be influenced by defects during the
formation of In,05 lattice [26]. A minor variation in their frequen-
cies or relative intensities occurs in different In>* distributions in
the interstitial sites. As it is known they are very sensitive to the
oxygen vacancies and other defects [60].

3.4.3. Raman spectra

Cubic In,03 belongs to the space group I,3/T,’, having: 22
Raman active modes (Aq, E; and T, symmetry), 16 infrared active
modes (T, symmetry) and 10 inactive modes (A, and E, symmetry)
in both infrared and Raman spectra [71,72]:

T = 4A, + 4E, + 14T, + 5A, + 5E, + 16T, (4)

Room temperature Raman spectra of the NPs were recorded in
the 100-700 cm™! range (Fig. 10). The Raman spectrum of the
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oxide-rich NPs revealed 16 vibrational modes (Fig. 10a, NPs 105).
The bands around 111, 155, 213, 308, 368, 393, 454, 469, 519,
547, and 630 cm ™! have T, symmetry. The bands at 133, 310, and

Raman intensity (a.u)

100 200 300 400 500 600 700

Raman intensity (a.u.)

100 200 300 400 500 600 700
Raman shift (cm™)

Fig. 10. a and b. Raman spectra of some oxide-rich NPs. The numbers of curves
correspond to the numbers of NPs in Table 1. The Raman spectra are vertically
shifted for clarity.

497 cm ™! have A, symmetry and the bands at 171, and 593 cm ™!
have E; symmetry [44,73]. All the above-mentioned bands are
assigned to the phonons associated with the bcc-structured indium
oxide [71].

For the large-sized NPs 105,107,103, 104, and 106 (dg > 120 nm),
the intensity of these vibrational modes correlates with In,03 con-
tent y. As seen from Fig. 10a and Table 1, NPs with the same
y=99.6 at.% (103 and 107), and y=99.3 at.% (104 and 106) and
closed values of dg demonstrated similar Raman peak positions
and intensities, despite the fact that their maximum magnetiza-
tions are essentially different.

For smaller-sized oxide-rich NPs 102, 108, 109, and 1010
(dg <120 nm) the situation is more complicated (Fig. 10b). For
NPs 102 (dg = 105 nm) with y = 95.1%, the intensity of Raman bands
is decreased too, but most of the major Raman bands shift towards
the lower energy side and some small peaks disappeared. Despite
the smallest size seen in the study the NPs 108 (dg =32 nm) had
Raman peaks that were pronounced, because of the large y value.
As seen in the larger specific surface could provoke the intensities
of the vibrational modes of NPs to decrease, due to structural
changes introduced by disorder and size reduction [44], the o
value of the last NPs is lower than previous one. Despite the mean
particle size of NPs 109 being twice that of 010 (as for the previous
couple), their maximum magnetizations have the same values.
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Moreover, the Raman peak at 308 cm™' corresponds to the stretch-
ing mode of the indium oxide and is very sensitive to the presence
of oxygen vacancies [71]. Thus, the observed asymmetry of this
mode in NPs 108 could be attributed to the oxygen vacancies [42].

For the metal-rich NPs, Raman spectra are much weaker, but
the band structure is still resolvable (Fig. 11). These spectra looks
like the Raman spectra observed by Prakash et al. in ca. 10 nm
spherical In,03 NPs [18], which point to the similar surface struc-
ture for both types of NPs. The maximum degree of degeneration
takes place for NPs 112 with the maximum of & value. The depen-
dence of maximum magnetization with maximum intensity of the
corresponding Raman spectra demonstrates an exponential behav-
ior (inset in Fig. 11).

The increase in intensity of Raman spectra in the metal-rich
NPs, accompanied by an enhancement in G, is apparently related
to an increase in the amount of metal and oxygen defects at the In/
In,05 interface. This phenomenon is in concordance with our UV-
vis data. Therefore, Raman spectra are pointing out the predomi-
nant role of ions vacancies, which may be responsible for the RTFM
origination in NPs.

Thus, the lattice distortion is mainly caused by the interstitial
oxygen ions as they occupy oxygen vacancy (Vo) sites, which are
generally empty in pure In,Os [44]. To verify this situation we
use the XPS technique.

3.5. XPS component analysis of the NPs

X-ray photoelectron spectroscopy analysis was performed on
the different oxide-rich and metal-rich NPs in order to understand
the chemical composition and defect state of the material. The sur-
vey scans of all the “as is” NPs showed distinguished peaks only for
indium, oxygen and carbon. In Fig. 12 the different peaks regions of
the survey spectra of some NPs, identified by using CasaXPS v. 3.17
software [74], are presented. It should be noted that no magnetic
impurities or other chemical elements was found during XPS scan-
ning, supporting the idea that RTFM is not due to magnetic impu-
rities [75,76]. There are obvious difference in the element peak
intensities among the above-mentioned sets of our NPs.

As an example, the high-resolution XPS spectra for the different
regions of NPs 117 with large maximum magnetization are shown
in Fig. 13. The XPS peaks were fitted with the Origin 2015 software
by using Gaussian profile function, including fixed XPS baseline
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Fig. 12. Survey XPS spectra from some oxide-rich and metal-rich NPs. The numbers
of curves correspond to the numbers of NPs in Tables 1. The XPS spectra are
vertically shifted for clarity.

mode in Shirley computation range method and fixed all the peaks
widths [77]. The determined values of binding energy (BE), FWHM,
and areas of all the fitted components of some NPs are listed in
Table S1 (See Appendix A. Supplementary data).

Itis known, that with the XPS method it is important to check out
that only one line appears in the C 1s range; if there is more than
one, the other effects (e.g. surface charging) must be involved
[78]. In our NPs residual amounts of adventitious carbon, carbony],
etc. were unavoidable due to their exposure to air [7], so the surface
charging effects were diminished using the BE shifts calibrated
keeping with C 1s position fixed at 284.8 eV [74,79-81]. High-
resolution C 1s spectrum was shown in Fig. 13a and the broad
energy range from 282 eV to 290 eV may be observed. The main
peak, corresponds to carbon contamination (C-C bonds [80]), was
observed at 284.8 eV. The other weak peaks were located at
286.3 eV and 288.6 eV and were characteristics of the oxygen bound
species with C-O bonds, as well as (=0 bonds, respectively [81].

For the high-resolution in the In 3d region, a perfect fit to two
peaks, located at binding energies 444.6 and 452.1 eV, are clearly
observed in Fig. 13b, which can be attributed to the characteristic
spin-orbit split In 3d s, and In 3d 3, respectively [79,82,83]. This
result indicates that the surface indium valence is mainly +3 in the
NPs [84], suggesting the In,03 phase (In 3d 5, peaks positions in
indium metal: 443.1-444.3 eV, In,05: 444.5-444.9 eV) [75,85,86].
As seen from Table S1 for the metal-rich NPs, these peaks are
slightly shifted towards higher energy from the binding energies
of pure indium metal (In0), but agreed with those of In,0s. Suzuki
et al. found similar situation for core/shell-structured particles
composed of a single-crystalline In metal core and amorphous
In,05 shell layer [52]. Li et al. observed the In 3d 5, XPS BEs at
444 .3 eV and 443.7 eV for the as-prepared and Ar ion sputtered
In NPs, respectively [87]. They attributed the XPS results to the sur-
face oxidation of indium metal, which was consistent with their
XRD and XPS results [88]. In our case, according to Auger In
MNN peak plots (Fig. 13c), it is obvious, that these peaks for the
samples with maximum amount of oxide (I05) and metal (I1) are
practically the same in terms of their shapes and similar to the
shape of pure In oxide [89]. This suggests that all the particles in
both particle size distributions were oxidized through their sur-
face, rather than an array of separated metal and oxide particles.
Together with our XRD data, that proves the existence of core-
shell structure in our NPs.

An analysis of In 3d core level plots for the NPs 105 and I1 shows
that the position of In 3d 5, peak for the metal-rich NPs does not
fall into the above-mentioned area of BEs of In metal, but is located
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Fig. 13. High-resolution XPS spectra of NPs 117 in the core level regions:

in the area belonging to the In,0s. Similar behavior for FWHM of
this peak was also observed. None of that agrees with certain
XPS data for the pure In metal and pure In oxide [89]. This situation
also confirms the surface oxidation of all the NPs under our study.
At the same time, the lack of correlation between our XPS and XRD
data (because of different sampling depths) indicates that exis-
tence of the RTFM in our NPs is not associated with perfection
degree of the outer layer of the NPs shell. Probably, it originated
from the some peculiarities of an inner core-shell interface because
of mutual diffusion of In and O ions from the surface and volume of
NPs. That supports the existence of oxidized shell in our NPs [88].

In order to understand this situation, it is necessary to look
insight the XPS data of the O 1s core level of our NPs. As it is shown
in Fig. 13d, a strongest asymmetric peak was observed in this
region. The asymmetrical XPS for O 1s could be described by three
sub-bands divided by the symmetric Gaussian peaks labelled as Oy,
01], and O[[[ in Flg 13d [90—95]

The first peak - O;, with maximum at 530.1 eV [96], corresponds
to the bulk crystal lattice oxygen. This peak was assigned to the
0%~ ions in the tetrahedral interstices of the face-centered cubic
In3* lattice [84,91,97]. It originates from the oxygen bond of
In-0-In [84,92-95,98,99].

The nature of the third peak Oy; with maximum at 533.3 eV [90]
complies with chemisorbed oxygen and water related species,
which is closely related to the hydroxyl groups, attached to the
surfaces of samples and absorbed O, from their ambient [91-95].

Behavior of the second peak Oy at 532.0 eV [96] was associated
to oxygen that forms a rather stable phase in the terminal and sub-
surface areas of the NPs. These areas of the NPs exhibit deficiency
of lattice oxygen, which corresponds to InO formula and such non-
stoichiometric state of the surface may remain stable even after
heat treatment in oxygen atmosphere [90]. It is important to note
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Fig. 14. High-resolution XPS spectra of some oxide-rich and metal-rich NPs in the
core level region O 1s.

that Oy peak, associated with an oxygen-deficient region, corre-
sponds to the oxygen defects in the matrix of metal oxide
[92,93]. As it is seen from Table S1 and Fig. 14, for the metal-rich
NPs, the intensity of peak due to oxygen vacancies is rather high,
indicating a large number of oxygen vacancies. Similar behavior
has been observed earlier in the indium-oxide nanostructures
[94,98]. Thus, it can be concluded that oxygen deficiencies exist
in our NPs [97,100].

Simulation of the O 1s XPS spectra of our NPs reveal that the
RTFM origin could be attributed to the singly charged oxygen
vacancies, which are relatively easily created at interfaces and
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surfaces of the NPs [76]. Following Yang et al. [12], we may assume
that these vacancies induce the RTFM, which may use the F* center
exchange mechanism with one trapped electron to explain [101].
The electrons in these singly charged oxygen vacancies (F") are
strongly localized [102]. Once the F* center density reaches its crit-
ical value for magnetic percolation, these F* centers will overlap
with each other and this will result in long-range ferromagnetic
ordering [12]. In Fig. 15, the data for our NPs show that the pro-
gressive increase in the peaks areas and positions of O 1s Oy com-
ponent is accompanied by an enhancement of the maximum
magnetization. It is possible in the NPs, above a percolation thresh-
old, strong mutual interactions of magnetic moments, associated
with the defected states, really take place and the long-range ferro-
magnetic order may be established. The most likely, these interact-
ing vacancies contribute to the net RTFM magnetization of our NPs
[19,103].

4. Conclusions

Oxide-rich and metal-rich In/In,O3 aerosol-generated nanopar-
ticles ranging in average particle sizes distributed from 30 up to
300 nm could be prepared by levitation-jet synthesis through con-
densation of indium metal vapor in an inert-gas flow under differ-
ent synthetic parameters. SEM, BET, XRD, UV-vis, FT-IR, Raman,
and XPS studies of uniform octahedral and rough-surface struc-
tured NPs demonstrate a predominant effect of microstructure
on their properties. All the synthesized materials are ferromagnetic
at room temperature with relatively high maximum magnetization
of up to 0.17 emu/g and coercive force of up to 140 Oe. Maximum
magnetization of In/In,03 NPs tends to grow with decrease in
metal indium unit cell volume, followed an increasing in the
Raman intensities and red shifts in the FT-IR peak positions. The
XPS study discovers a pronounced dependence of maximum mag-
netization from the oxygen deficiency, suggesting that RTFM is due
to oxygen vacancy confined to the surface of the NPs. Summary of
all the experimental data obtained, may be interpreted in terms of
the defect structure of the metal-oxide interface, containing In and
O vacancies. These surface defects are key factors regulating the
ferromagnetic ordering. Determination of the synthesis conditions
of aerosol-generated NPs favoring reproducibility of their magnetic
properties might be accepted as a starting point for the develop-
ment of some devices using the spin polarization effect.
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