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Geometric, electronic and vibrational properties of the most stable and energetically favourable configurations
of indium oxide clusters In,, O, (1 < m, n < 4) are investigated using density functional theory. The lowest energy
geometries prefer the planar arrangement of the constituent atoms with a trend to maximize the number of ionic In-O
bonds. Due to the charge transfer from In to O atoms, the electrostatic repulsion occurs between the atoms with the
same kind of charge. The minimization of electrostatic repulsion and the maximization of In-O bond number compete
between each other and determine the location of the isometric total energy. The most stable linear In-O-In-O structure
of IngO2 cluster is attributed to the reduced electrostatic repulsive energy at the expense of In-O bond number, while
the lowest energy rhombus-like structure of Inp O3 cluster reflects the maximized number of In-O bonds. Furthermore,
the vibrational frequencies of the lowest energy clusters are calculated and compared with the available experimental
results. The energy gap and the charge density distribution for clusters with varying oxygen/indium ratio are also

discussed.
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1. Introduction

Indium oxide (InpOs) has aroused the consider-
able interest for the multiple applications in micro-
It exhibits a wide
and is a suitable candidate for the fab-

electronics and optoelectronics.
band gap!—3!
rication of various devices such as field-effect tran-
sistors, light-emitting diodes, barrier layer in tunnel
junctions and solar cells.[*~6 Tin-doped indium ox-
ides are well known as transparent conducting oxides
(TCOs) widely used in a range of devices such as liquid

7=12] Many efforts

crystal displays and solar panels.!
have been made to understand structural, optical and
electronic properties of indium oxide. Its basic opto-
electronic and surface electronic properties are still un-
der intense debate. In recent years, the properties and
the applications of indium oxide nanostructures have
been extensively studied. The very high surface-to-
volume ratio can facilitate new and novel applications
of indium oxide. An outstanding example is the use

of indium oxide nanowire as chemical gas sensor, %
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which is expected to increase the gas-sensing reaction
time and reduce the power requirement.

Small clusters of indium oxide provide the proto-
type model to understand the physics and chemistry
of the formed nanostructures. There are experimen-
tal observations and theoretical calculations of equi-
librium structures, vibrations and electronic proper-
ties of indium oxide clusters.'4~18] The experimental
studies using matrix isolation technique and infrared
(IR) absorption spectroscopy reported that the InpOs
and Iny O3 clusters have the symmetric linear In-O—
In-O and In-O-In-O-In structures.'® The band ob-
served at 816.6 cm ™! is assigned to the linear In-O—
In-O and 826.6 cn ™! assigned to the linear In-O-In—
O-In. Density functional theory and ab initio stud-
ies appeared to establish the linear structures as the
global minima on the potential energy surface.[16:17]
Previous IR spectrum study also implied that the
band at 609.0 cm~! was assigned to In,,0, for m,
n > 2,19 which invokes the theoretical work for a
further understanding of structural, electronic and vi-
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brational properties of these clusters.

In the present work, the lowest energy and en-
ergetically favorable configurations of In,,O,, clusters
for 1 < m, n < 4 are explored using density functional
theory at B3LYP level. The computed results are pre-
sented on the equilibrium structures, electronic states
and vibrational properties of these clusters. The pre-
dicted vibrational frequencies and bands are compared
with the available experimental results.

2. Computational method

The geometrical optimization and the electronic
structure calculation were conducted in the frame-
work of density-functional theory (DFT) through
Becke’s three-parameter hybrid functional and Lee—
Yang-Parr correlation functional (B3LYP)[!%:29] with
6-31G(D) basis set for oxygen atom and LanL.2DZ for
indium atom, respectively. The isomers analysed in
this study are fully optimized with the convergence
criteria for an energy of 10~¢ Hartree (1 Hartree =
27.21 eV). The vibrational frequencies of the lowest
energy configurations are computed under harmonic
approximation with the analytical force constants.
All the calculations are performed by GAUSSIAN 03
codes. 1]

The reliability of the DFT-B3LYP approach was
demonstrated in the previous theoretical investigation
on the structures and vibrations of M5Os clusters
(M = Al, Ga, In, T1).'8] The predicted harmonic
vibrational frequencies accord well with the available
experimental data. Therefore, BSLYP method is ap-
plicable for theoretical study of indium oxide clusters.

3. Results and discussion

Several linear, planar and nonplanar configura-
tions of indium oxide clusters are dealt with through
DFT calculations. Some configurations are initialized
by considering previously reported structures of gal-
lium oxide clusters.?2=25 Figure 1 shows the lowest
energy and energetically favorable configurations of
indium oxide clusters. All the lowest energy struc-
tures exhibit low spin electronic state with the excep-
tion of InyO3 cluster, which has spin triplet electronic
state. The corresponding total energy, symmetry, in-
teratomic distance and the energy difference of various

isomers are collected in Table 1. In the following sub-
sections, the equilibrium structures, vibrational prop-
erties and electronic stabilities of these clusters are
discussed.

3.1. Equilibrium structures

(i) IngO

Figure 1(1a) shows the lowest energy configura-
tion of IngO, a T-type Cy, structure with spin dou-
blet electronic state. It has the base Ri,_o of 2.04 A
(1 A = 0.1 nm) and the apex Ry, o of 2.22 A. The
In3O isomers prefer to bond the extra In atom directly
to the O atom, which increases the number of In—-O
bonds. The optimization of the hyper-metallic IngO
structure with Ing cluster is converged to the lowest
T-type configuration. The formation of metalic In—
In bond is found to be energetically unfavorable and
the formation of the third additional In-O bond is ex-
pected to lower the total energy monotonically during
the convergence from the hyper-metallic structure to
T-type one. The computed results do not show the
stable Ds;, isomer. The Jahn—Teller distortion is ex-
pected to lower its energy and lead to the T or Y type
geometry. The next low lying isomer is the Cy,, linear
structure at 0.66 eV above (see Fig. 1(1b)).

(ii) IngOq

The lowest energy configuration of In3O; is found
to be a doublet planar rhombus-like configuration
with the extra oxygen attached to one In atom (see
Fig. 1(2a)). The next isomer is a planar V-shape Cs,
configuration at 0.32 eV above, which is obtained from
the optimization of a closed-pentagonal ring. Figure
1(2¢) shows a Y-shape configuration following in the
higher energy at 2.34 eV.

(iii) Ing O3

The calculated lowest energy configuration is a
singlet planar Y-shape Cj, structure, as shown in
Fig. 1(3a). It can be viewed as three terminal O-In
units attached to one In atom. The next isomer is a
rhombus-like configuration with two terminal In and
one terminal O atoms at 1.51 eV higher in energy. A
nonplanar triangular configuration follows at 1.83 eV
(see Fig. 1(3c)). It is composed of two triangles, one is
for O atoms and the other is for In atoms on its top,
The
next low lying structure is a rhombus-like configura-

with the fourth oxygen above the In triangle.

tion with one terminal In and one terminal In-O unit

at 2.10 eV higher in the energy.
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Fig. 1. The lowest energy and energetically favorable configurations of indium oxide clusters. The grey solid circles
represent indium atoms and the black solid circles denote oxygen atoms.

063101-3



Chin. Phys. B Vol. 20, No. 6 (2011) 063101

Table 1. Total energy (Hartree), symmetry and interatomic distance (A) of the most stable and the low lying
geometries of indium oxide clusters, and the energy difference AE (eV) between the lowest energy and low lying

structures.
E sym. Rin_1in Ro—-o Rin—o AFE
InzO
(1a) —80.9798075 Cay 3.35 2.04, 2.22 0.0
(1b) —80.9553814 Coov 0.66
In3zOo
(2a) —156.2565966 Cay 3.08 2.73 1.95, 1.98, 2.17 0.0
(2b) —156.2448089 Cay 0.32
(2¢) —156.1706157 Cs 2.34
IngO3
(3a) —233.4692672 C3y 3.81 3.29 1.90, 1.91 0.0
(3b) —233.4139164 Cay 1.51
(3¢) —233.4021374 C3y 1.83
(3d) —233.3919331 Cs 2.10
InyO2
(4a) —154.2917953 Coov 3.79 3.62 1.77, 1.85, 1.95 0.0
(4b) —154.2571486 Dsp, 0.94
(4¢) —154.2454004 Doy, 1.26
(4d) —154.1954007 Coov 2.62
(4e) —154.1565993 Cay 3.68
In303
(5a) —231.5010482 Cay 2.85 2.74 1.87, 1.93, 1.96, 1.98 0.0
(5b) —231.4972997 Cay 0.10
(5¢) —231.4808683 Cay 0.55
(5d) —231.4763868 Cay 0.67
Ing Oy
(6a) —308.7124037 Cop, 2.93 2.78 1.85, 1.90, 2.13, 2.37 0.0
(6b) —308.7050239 Cay 0.20
(6¢) —308.6829676 Caon 0.80
(6d) —308.6719818 Cs 1.10
(6e) —308.6574685 Cs 1.49
(6f) —308.6238562 Ch 2.41
In3Oy4
(7a) —306.6822035 Cay 3.43 3.19 1.91, 1.93 0.0
(7b) —306.6535737 Cay 0.79
(7¢) —306.6399776 C3y 1.15
(7d) —306.6396905 Cs 1.16
(7e) —306.6236409 Cay 1.59
(7£) —306.6105186 Cay 1.95
In2 O3
(8a) —229.4735869 Cay 2.83 2.73 1.94, 1.95, 1.99 0.0
(8b) —229.4733431 Coov 0.01
(8¢) —229.4386369 Cs 0.95
(8d) —229.4098645 Cs 1.73
InO3
(9a) —227.3937561 Cay 1.44 1.81, 2.13 0.0
(9b) —227.3931214 Cs 0.02
(9¢) —227.3749024 Cay 0.51
(9d) —227.3404583 Dsp, 1.45
InOy4
(10a) —302.6508479 Cay 1.37 1.79, 2.07 0.0
(10b) —302.6035276 Cay 1.29
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(iv) IngOq

Different isomeric configurations of InyOs cluster
are considered, as shown in Figs. 1(4a)-1(4e). The to-
tal energy calculations for all isomers are performed in
singlet and triplet electronic states. The singlet states
are found to be lower in energy than the triplet ones.
The most stable isomer exhibits the linear In-O-In—-O
configuration. From the viewpoint of bond energet-
ics, the Dy, rhombus structure with 42.5° O-In—O
bond angle and 1.56 A O-O separation is composed
of the higher number of In-O bonds than the lowest
linear structure. However, due to the charge transfer
between In and O atoms, there is the strong electro-
static repulsion between likely charged atoms in the
Doy, isomer. The electrostatic repulsion competes with
the number of In—O bonds and results in the Do, iso-
mer at 0.94 eV higher in energy than the lowest linear
configuration. The next low lying isomer is the Dy,
isometric structure with the bond angle close to 90°.
It is 1.26 eV above in energy. The electrostatic re-
pulsion is stronger for this isomer as a result of larger
charge transfer (0.85 e), as compared with the former
Doy, isomer (0.58 e). Figure 1(4d) exhibits the Doop
O-In—In—O isomer following at 2.62 eV in energy. The
next low lying configuration is a Y-shape Cy, struc-
ture. This isomer forms the energetically unfavorable
In—In bond and is located at a much higher energy,
3.67 eV.

(v) In3Os3

Figure 1(5a) shows the lowest energy geometry
of In3O3, a rhombus-like C structure in spin doublet
electronic state. A planar window-pane Cl, structure
is found to be almost degenerate with the most stable
structure, 0.10 eV above in energy (see Fig. 1(5b)).
The next low lying configuration is a planar hexago-
nal cyclic structure with alternating In-O sequence at
0.55 eV. A Y-shape C; structure is located at 0.67 eV.
The stability of IngO3 isomer is slightly different from
that of Ga3O3. The most stable geometry of GazOs3
is the planar window-pane Cy, structure. The maxi-
mization of the coordination number for Ga atoms is
found to play a central role in stabilizing the gallium
oxide cluster.?? In the case of IngOs, it is energeti-
cally favourable to have the coordination number of 2
for the O atoms even though the coordination num-
ber is 1 for In atoms. The coordination numbers of
In atoms in the most stable rhombus-like C, structure
are 3, 2 and 1 and those of O atoms are all 2, whereas

the planar window-pane C5, structure has the coordi-

nation number of 3 for the inner In and O atoms and
the coordinate number of 2 for the outside In and O
atoms.

(vi) IngOy

Figure 1(6a) displays a di-bridge rhombus con-
figuration with singlet electronic state, in which two
terminal In—O units are bent by an angle of 136.7°.
A hexagonal ring configuration with one terminal O—
In unit follows at 0.20 eV above in energy. The next
isomer is also a di-bridge rhombus configuration in
which two terminal In-O units are attached to two
rhombus In atoms and the In-O-In terminal units are
linear (see Fig. 1(6¢)). The next low lying structures
are a window-pane configuration with a terminal In-O
unit attached to one outside In atom and a compact
window-pane configuration with no terminal. A non-
planar distorted hexagonal ring configuration with a
terminal O—In unit attached to two In atoms follows
at 2.41 eV above (see Fig. 1(6d)).

(viil) IngOy4

The lowest energy configuration comes out to be a
doublet planar Cs, hexagonal ring configuration with
a terminal O atom attached to an In atom. The next
isomer is a rhombus-like structure with terminal O
atom and O-In unit. Figure 1(7c) shows a nonpla-
nar Cj3, isomer following at 1.15 eV above in energy.
In this configuration, one In equilateral triangle forms
above one equilateral triangle of O atoms with the
fourth oxygen on the top of In triangle. Alternatively,
it can be considered as an oxygen tetrahedron inter-
cepted by an indium triangle. The next low lying
structure is a planar window-pane configuration with
a terminal O atom. It is followed by a rhombus-like
configuration with one terminal O-In-O unit and a
rhombus-like structure with one terminal In and two
terminal O atoms.

(viii) InyO3

The most stable geometry of In,Osz is the
rhombus-like Cs, configuration in triplet electronic
state (see Fig. 1(8a)), which can be considered as an
extension of a rhombus Iny Oy configuration with an O
atom attached to one of the In atom. The energy dif-
ference of triplet-singlet state is high (0.95 eV). The
next isomer of a linear structure is almost degener-
ate in energy, only 0.01 eV above. Figure 1(8d) is a
Y-shape structure located in higher energy, 1.73 eV
above.

(ix) InO3

063101-5



Chin. Phys. B Vol. 20, No. 6 (2011) 063101

Figure 1(9a) shows a Y-type structure in spin
doublet electronic state with a terminal In—-O bond
of 1.81 A and an inner In-O bond of 2.13 A. The
planar L-type Cy structure is almost degenerate with
the doublet Y-type isomer, only 0.02 eV higher in en-
ergy. A planar distorted rhombus isomer is located at
0.93 eV above. A quartet Dsj isomeric configuration
follows at 1.87 eV.

(x) InOy4

The lowest energy structure of InOy4 cluster has an
Og cluster structure in doublet electronic state (see
Fig. 1(10a)). The geometry of InO4 is much differ-
ent from that reported for the AlO, molecule.26:27]
The lowest energy configuration of AlO,4 exhibits Doy
symmetry. In the case of InOy4, the Doy symmetric
structure is not related to a stationary point but to
a saddle point, because the imaginary vibrational fre-
quency is found to appear in the vibrational spectrum.
This means the Doy structure does not yield an energy
minimum on the potential energy surface. The next
low lying isomer is a nonplanar Cs, configuration with
one O-O distance of 1.37 A and the other O-O dis-
tance of 2.37 A.

3.2. Vibrations and band assignments

The harmonic vibrational frequencies are com-
puted to verify the stabilities of the optimized ge-

ometries. As the imaginary frequency is associated
with the saddle point, the corresponding configura-
tion is not related to global or local minimum on the
potential energy surface. The computed vibrational
frequencies of the most stable configurations are col-
lected in Table 2.

The lowest energy InsO isomer exhibits in total
six vibrational modes. The lower two modes corre-
spond to the in-plane bending movements of the apex
and base In atom. The next one is the out-of-plane
bending of O atom. It is followed by the stretching
mode of all In atoms. The fifth one displays the sym-
metric stretching of O atom to the apex atom. The
last one reflects the asymmetric stretching of O atom
to the base In atoms.

The lowest energy IngOs isomer displays nine
modes. The first mode corresponds to the in-plane
It is followed by

the movements of the terminal In atom with the O

bending of the terminal In atom.
atoms. The fourth mode displays the out-of-plane
bending of two O atoms. The next one is the in-plane
bending of tricoordinated oxygen, followed by the in-
plane bending of the dicoordininated In atoms and
the dicoordinated oxygen. The seventh mode reflects
the stretching movement of the dicoordinated oxygen.
The last two modes are related to the stretching of

two O atoms.

Table 2. Vibrational frequencies (cm™!) of the most stable configurations of indium oxide clusters.

In3O In3zOo In3O3 Ins O3

We We We We We

Ing Oy

In3zOy InOy4 In2 O3 InoOo InOg

We We We We We

57 b2 48 a’ 20 a’ 19 b2 25 a’
70 al 84  a 25 a’” 20  al 49 a’
128 bl 140 a’ 123  a” 30 bl 61 a’
165 al 176  a’” 150 a’ 95 b2 113 a
297 al 179 a’ 152 a’ 111 bl 115 a”
447 a2 185 a’ 232  a 113 a2 163 a”
457 a’ 264 &/ 149 al 164 a/

462 a’ 439 a’ 200 al 165 a’

609 a’ 466 a’ 201 b2 208 a’

525 a’ 224 bl 257 a'

578 a’ 260 b2 336 !

786 a’ 261 al 343

797 al 381 a’

797 b2 405 a’

831 al 579 a’
593  a’
657 a/
670 a’

61 bl 98 &’ 90 a’ 53 ™ 24 b2
93 a2 111 a” 117 &/ 53 ™ 98 bl
99 al 244 a’ 224 a’ 168 ™ 212 b2
105 bl 264 a” 228 a” 168 7 405 al
111 b2 308 a’ 431 a’ 200 oy 709 al
118 b2 678 a’ 478 a’ 730 og 1037 al
192 al 751 a’ 516 a’ 211 oy

202 bl 935 a/ 543 &’
365 al 992 a’ 596 a’
394 b2
414  al
537 al
621 b2
685 al
694 b2
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In total, fifteen modes are reflected in the vibra-
tions of the most stable InysO3 isomer. The six lower
frequency modes are attributed to the bending and the
torsion movements of In and O atoms. The first and
the second ones are related to the in-plane bending
movements of terminal In atoms. The third one is out-
of-plane bending of terminal In atom. The next ones
are the in-plane bending and out-of-plane bending of
O atoms. The seventh mode is the stretching move-
ments of terminal In atoms with the inner O atoms.
The next five modes reflect the in-plane and the out-
of-plane bending of O atoms. The last three modes
display the asymmetric and the symmetric stretching
movements of O atoms.

The lowest energy In2O2 isomer has seven vibra-
tional modes. The lower four vibrational modes are
associated with the bending movements of O atoms in
the directions perpendicular to the linear structure.
The fifth mode corresponds to the stretching of In
atoms. The last two modes are the stretching move-
ments of O atoms.

The lower two vibrational modes of In3O3 clus-
ter are associated with the in-plane and the out-of-
plane bending movements of terminal In atom. The
third and the fourth one are the in-plane and the
out-of-plane bending movements of terminal O atom.
The next one is the stretching of terminal In and O
atoms. It is followed by the out-of-plane bending of
all O atoms. The seventh mode displays the stretch-
ing movements of In atoms, followed by asymmetric
stretching of the rhombus O atoms. The next one is
the in-plane bending and stretching of the rhombus O
atoms. The next two modes reflect the stretching of
the rhombus O atoms. The last one is the symmetric
stretching of the terminal O atom.

Eighteen vibrational modes are found for the low-
est energy InyOy4 structure. The lower three modes
correspond to the out-of-plane and the in-plane bend-
ing of terminal In atoms. The first one is the out-
of-plane bending and the other two are the in-plane
bending. The next three modes reflect the out-of-
plane bending of terminal O and rhombus O atoms.
The seventh and the eighth one display in-plane bend-
It is
followed by the in-plane bending of the rhombus In

ing movements of terminal In and O atoms.

atoms and the out-of-plane bending of all O atoms.
The remaining modes exhibit the stretching of O
The 11th-14th ones indicate the stretching
of O atoms in the direction along the terminal In-O
unit. The 15th—18th ones are for the stretching of O

atoms.

atoms in the direction perpendicular to the terminal
In—O units.

Fifteen vibrational modes are found for the lowest
energy IngOy structure. The first mode is associated
with the out-of-plane bending of O atoms. The sec-
ond one is related to the torsion of two O atoms in
the hexagonal ring which are attached to the tricoor-
dinated In atom. The next one is related to in-plane
bending movements of ring O atoms. The fourth one
exhibits the out-of-plane bending of O atoms. It is fol-
lowed by the in-plane bending mode of the terminal O
atom. The next two modes are for the in-plane bend-
ing of O atoms and In atoms. The eighth one reflects
the out-of-plane bending of O atoms. The next three
modes correspond to in-plane symmetric and asym-
metric bending of O atoms. The last four ones reflect
the symmetric and the asymmetric stretching move-
ments of terminal O atoms and inner O atoms of the
hexagonal ring.

The most stable InyO3 configuration has nine vi-
brational modes in total. The lower two modes are
related to the out-of-plane and the in-plane bending
of terminal O atom. The next one displays the in-
plane bending of In atoms. The fourth mode reflects
the out-of-plane bending of O atoms. It is followed by
the stretching mode of the rhombus O atoms. The last
three ones correspond to the stretching movements of
all O atoms.

The lowest energy InOgs isomer displays six vibra-
tional modes. The lower two modes are related to the
in-plane and the out-of-plane bending of terminal O
atom. The next two are the asymmetric and the sym-
metric stretching modes of two inner O atoms. The
fifth one corresponds to the stretching of terminal O
atom. The last one is the in-plane bending of two
inner O atoms.

The most stable InO,4 configuration exhibits nine
vibrational modes. The lower two modes are related
to the in-plane and the out-of-plane bending of ter-
minal O atom. The next one reflects the symmetric
stretching mode of two distorted rhombus O atoms
which are attached to the In atom. The fourth mode
displays the out-of-plane bending of three rhombus O
atoms. It is followed by the asymmetric stretching of
two rhombus O atoms to the In atom. The next one
is the stretching of terminal O atom. The seventh one
corresponds to the in-plane bending of two rhombus
atoms. The last two modes are the asymmetric and
the symmetric stretching of the O atom which bonds
to other two O atoms.

063101-7
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In the infrared studies of matrix-isolated In,O,
species, 816.0 cm~! and 826.0 cm™! bands were as-
signed to the linear In-O-In-O and O-In-O-In-O

(15] The previously computed

structures, respectively.
harmonic vibrational frequencies were found to corre-
late well with the experiment and support the assign-
ment of In,O5 system.'®17] In the present study, the
calculated vibrational frequencies confirm the band as-
signment to the linear structure in the previous ex-
perimental investigation. The 826.0 cm~! band cor-
responds to the computed 888.0 cm~! band of the
linear O-In-O-In-O isomer. This band is assigned to
the stretching of O atoms. The 816.0 cm™' band is
related to the computed 811.0 cm ™! band of the linear
O-In—O-In isomer. This band is also assigned to the
stretching of O atoms. The computed 593.0 cm™! and
657.0 cm ™! oxygen stretching modes of IngO4 cluster
may account for the experimental 609.0 cm~! band.

3.3. Electronic stability

The highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO)
are important parameters to characterize the elec-
tronic stabilities of small clusters. The Koopmanns
theory demonstrates that the HOMO energy level is
associated with the cluster ability of losing its elec-
trons, while the LUMO energy level equals to the elec-
tron affinity potential and reflects the cluster ability
of obtaining the electrons. The HOMO-LUMO gap
(Egap) determines the energy required by an electron
hopping from the occupied orbital to unoccupied or-
bital. A large E,., means a higher energy required
to perturb the electronic structure. The small clus-
ter with a bigger Eg,, is more stable and possesses a
weaker chemical activity. Figure 2(a) shows the Egap
of the most stable indium oxide clusters as a function
of the oxygen atom ratio. The Eg,;, of all the isomers
is displayed, as shown in Fig. 2(b). Due to the differ-
ent structures and atomic coordinations, a trend in the
energy gap is not found with the variation of oxygen
atom ratio. The Eg,,, of the most stable cluster config-
urations varies from 0.76 eV to 4.93 eV and oscillates
significantly with the oxygen ratio. Remarkable peaks
are seen from Iny O3 and InOj clusters to be at 4.93 eV
and 3.35 eV, indicating these clusters are more sta-
ble than their neighbouring clusters. Figure 3 shows
the net charge distribution of indium oxide clusters,
obtained through Mulliken population analysis. The
average charge residing on oxygens decreases with the

increase of oxygen/indium ratio, while an increasing
trend is found for the indium atom, as expected.
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Fig. 2. The HOMO-LUMO gaps (in €V) of (a) the most
stable configurations and (b) all stable configurations of
indium oxide clusters.
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Fig. 3. Net charge distributions of all isometric configu-
rations of indium oxide clusters.

4. Conclusions

The equilibrium structures, vibrational frequen-
cies and electronic properties of indium oxide clus-
ters are explored using DFT-B3LYP method with 6-
31G(D) and LanL2DZ basis sets. The most stable
structures prefer planar configurations with a trend to
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maximize the number of ionic In—-O bonds and mini-

mize the electrostatic repulsive interaction. All these

structures, but for InoO3 cluster, exhibit low spin elec-

tronic states. The configuration stability is further in-

vestigated by computing the vibrational frequencies.

The vibrational modes are analysed and compared

with the experimental results.

The HOMO-LUMO

gap reveals the electronic stabilities of these clusters.
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