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Quantum confinement and surface relaxation effects in rutile TiO2 nanowires
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Spin-polarized density functional theory calculations within the generalized gradient approximation have been
applied to investigate the size- and shape-dependent atomic and electronic properties of [001]-oriented rutile
TiO2 nanowires of rectangular cross section. We find pronounced even-odd oscillation in the formation energy
and band structure of the nanowires as a function of the number of TiO2 layers, which are largely connected
to the presence or absence of a mirror Ti-O plane along either confinement direction. We demonstrate that the
relative stability and the oscillation in the band structure characters of the rutile TiO2 nanowires arise from the
interplay between surface relaxation and quantum confinement effects, which depend on the even-odd parity of
the number of TiO2 layers and can be tuned separately along each confinement direction.
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I. INTRODUCTION

Titanium dioxide (TiO2) is an important material for het-
erogeneous catalysis and photocatalysis, and has been widely
used as a model system for fundamental surface science study
of oxide materials.1–3 With the advent of nanotechnology, TiO2

nanowires in different crystalline order have been exploited in a
wide range of applications including dye-sensitized solar cells,
proton-exchange-membrane fuel cells, and gas sensors.4,5 The
majority of these applications have focused on nanowires with
diameters of tens of nanometers. The recent developments
in the synthesis of TiO2 nanowires with diameters on the
atomic scale6 have opened up new grounds for studying
structure-property relationships in the regime where quantum
confinement effects are important. In the subnanometer range,
the properties of nanowires can be sensitive to atomic-
level control of surface morphology, functionalization, and
nanowire stoichiometry during the growth and fabrication
processes, thereby opening the way for new applications.

Relatively few theoretical studies on atomic-scale TiO2

nanowires in either rutile or anatase structures have been
published.7–15 In particular, two recent studies14,15 have shown
that the stability and electronic properties of TiO2 nanowires
are sensitive to the nanowire orientation, the presence of screw
symmetry, and the size of the nanowires. Both works have
focused on nanowires with square cross section. In this paper,
we attempt to shed new light on the structure-property rela-
tionship in these novel one-dimensional (1D) nanomaterials
by presenting a systematic density functional theory (DFT)
study on the size- and shape-dependent atomic and electronic
properties of rutile TiO2 nanowires with rectangular cross
section of different size and aspect ratio.

The TiO2 nanowires studied correspond to those cut along
the [001] direction of the bulk rutile crystal and enclosed by the
{110} facets, which are the most stable facets for [001]-oriented
rutile nanowires.12,14 We use the notation m × n to classify
these stoichiometric nanowires of rectangular cross section,
where the two indices m and n characterize the number of
TiO2 layers parallel to the facets along each lateral dimension.
The examples of 6 × 8, 5 × 8, and 3 × 7 nanowires are shown
in Fig. 1. We note that the TiO2 layer is composed of a
mixed Ti-O plane with an equal number of Ti and O atoms
sandwiched between two layers of O atoms. At the (110)

surface, rows of sixfold coordinated Ti atoms (Ti-6c) alternate
with rows of fivefold coordinated Ti atoms (Ti-5c) along the
[001] direction. The bridging O atoms in the outermost layer
are twofold coordinated (O-2c), while all other O atoms are
threefold coordinated (O-3c) as in the bulk (Fig. 1).

The bulk rutile TiO2 crystal belongs to the space group
P 42/mnm.1 For square m × m rutile nanowires oriented along
the [001] direction, we can identify two rotational axes parallel
to the nanowire axis:15 one fourfold screw axis going through
the interstitial region in the middle of the concentric squares
of Ti atoms for an even number of m and one twofold
axis going through the Ti atoms for an odd number of m.
Recent studies14,15 have shown that the presence or absence
of the screw axis in the square nanowires is coupled to the
indirect or direct character of the band structure, with the
m × m nanowire with odd (even) m having direct (indirect)
band gap. In addition, square wires with screw symmetry
have been found to possess consistently lower formation
energy and higher band gap than square wires without
it.14,15

However, for general m × n nanowires, this simple classi-
fication no longer applies, as the nanowires possess different
reduced symmetry depending on the even-odd parity of m

and n. We show instead that the key element determining the
difference in electronic properties of rectangular nanowires
is the presence (when m or n is odd) or absence (when m

or n is even) of a mirror Ti-O plane in either confinement
direction, with the square nanowires being a special case of
the general classification. In addition, if both m and n are
odd and m �= n, two different ways of constructing nanowires
exist that are not related to symmetry but depend on whether
the mirror Ti-O plane terminates on the sixfold (Ti-6c) or
fivefold (Ti-5c) coordinated Ti atoms at the facet surfaces along
each confinement direction. The example of 3 × 7 nanowire
is shown in Fig. 1(B). We find that the differences in the
electronic properties of these rectangular nanowires are a direct
consequence of the different surface relaxations occurring
along each lateral confinement direction as a function of the
corresponding number (m or n) of TiO2 layers.

The importance of the even-odd parity of the number of
TiO2 layers in determining the electronic properties of ultrathin
rutile TiO2(110) films was first recognized by Bredow et al.16
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FIG. 1. (Color online) Atomic structures of the 6 × 8 (left figure
in A), 5 × 8 (right figure in A), 3 × 71 (left figure in B), and 3 × 72

(right figure in B) rutile TiO2 nanowires oriented along the [001]
direction. For the type-1 3 × 71 nanowire, the mirror Ti-O plane
along the first confinement direction terminates on the Ti-5c atoms
at the corresponding facet surfaces. For the type-2 3 × 72 nanowire,
the mirror Ti-O plane instead terminates on the surface Ti-6c atoms
which are bound to the twofold coordinated bridging O atoms (O-2c).
The large gray and small red spheres represent Ti and O atoms,
respectively. For each nanowire, both the axial view (upper figure)
and side view (lower figure) are shown.

It has also been extensively studied in the context of slab
model calculations of the rutile TiO2(110) surface, mainly to
determine the number of layers that are needed to obtain a
reliable description of surface and adsorption properties.17–23

In this paper we show that the ability to tune separately the
number of TiO2 layers along two confinement directions leads
to additional subtle and interesting effects arising from the
interplay between surface relaxation and quantum confinement
in rutile TiO2 nanowires.

II. COMPUTATIONAL METHODS

Our first-principles density functional theory (DFT) cal-
culations are performed using the SIESTA code24 with
norm-conserving pseudopotential.25 Either the Perdew-Burke-
Ernzerhof (PBE) parametrization26 within the general-
ized gradient approximation (GGA) or the Perdew-Zunger
parametrization27 within the local-density approximation
(LDA) of the exchange-correlation functional have been
employed. The pseudopotentials used in this calculation
were generated using the ATOM program28 with the corre-
sponding DFT functionals. In the pseudopotential generation
procedure, the valence electron configuration was chosen to
be 3s23p63d2 for Ti and 2s22p4 for O, while the cutoff
radii for the [s,p,d,f ] angular momentum channels were
1.30, 1.30, 1.30, 1.98 Bohr and 1.14, 1.14, 1.14, 1.14 Bohr
for Ti and O, respectively. All calculations are spin polarized
using the optimized double-ζ plus polarization (DZP) basis
set and a real-space mesh cutoff of 570 Ry. The cutoff radii
and soft-confinement parameters for the numeric orbital basis
functions of Ti and O were obtained by minimizing the Harris
energy in the bulk rutile TiO2 crystal in a multistep approach
using the simplex method29 as implemented within the SIESTA

code.24,30

Benchmark calculations were first performed on the bulk
rutile crystal of TiO2, which was relaxed to its ground state with
a 12 × 12 × 16 Monkhorst-Pack k-point mesh31 and a max-
imum force tolerance of 0.008 eV/Å, from which we obtain
bulk lattice parameters of a = 4.657 Å, c = 2.989 Å,
u = 0.304, which compare well with both the ex-
perimental values32,33 and results from previous DFT
calculations16,17,19,23,34,35 using plane-wave (PW) basis set and
the projector augmented wave (PAW) or linearized augmented
plane-wave (LAPW) methods. The results are summarized in
Table I. The bulk indirect and direct band gaps are found to
be 1.78 and 1.82 eV, respectively, in good agreement with
previous DFT calculations but being significantly smaller
than the experimental values.32,36,37 We note that this well-
known underestimation of band gap in the current DFT-
GGA functionals38 can be corrected within the quasiparticle
approach using the the self-consistent GW approximation,39

as shown in a recent study on bulk rutile TiO2.40 However,
due to its large computational cost, similar studies on TiO2

nanowires have not been reported in the literature. The present
investigation may serve as a useful qualitative guide to the
more rigorous (and more expensive) quasiparticle calculations.

A further benchmark test was performed on the rutile (110)
TiO2 surface constructed from the optimized bulk structure.
Using a slab model composed of 3–7 TiO2 layers with either
one or two bottom layers fixed at the corresponding bulk
positions, we were able to reproduce the well-known even-odd
oscillation in surface energy and band gap with respect to the
number of TiO2 layers, with the relaxed bond lengths in the
surface and subsurface layers and interlayer distances being
in good agreement with those documented in literature.16,20–23

In particular, the work function of the rutile (110) surface
computed using a six-layer slab model41 is found to be
6.49 eV in PBE-GGA, compared with the values (∼7.2 eV)
reported for plane-wave PAW calculation in Ref. 22. This
underestimation of work function is consistent with the recent
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TABLE I. Benchmark comparison of lattice parameters a and c, structural parameter u, and direct band gap at the � point (indirect band gap
in parentheses) for bulk rutile crystal of TiO2 between our linear-combination-of-atomic-orbital (LCAO) calculation and selected theoretical
and experimental studies.

Method a (Å) c (Å) u Band gap (eV)

LCAO-PBE (this work) 4.657 2.989 0.304 1.82 (1.78)
LCAO-LDA (this work) 4.551 2.953 0.304 1.76
PW-PW91a 4.658 2.977 0.305 1.75
PW-PW91b 4.639 2.976 0.305
PAW-PBEb 4.594 2.959 0.306
PAW-PBEc 4.647 2.974 0.305 1.69
PAW-LDAc 4.557 2.928 0.304 1.67
LAPW-PBEd 4.622 2.958 0.305 2.00
LAPW-LDAd 4.563 2.939 0.304 2.00
PW-PBEe 4.649 2.966 0.305 1.86
Experimentf 4.594 2.958 0.305 3.05 (2.95)

aReference 16.
bReference 22.
cReference 34.
dReference 35.
eReference 23.
fReferences 32,33.

study in Ref. 30 on the accuracy of strictly localized atomic
orbital bases in describing surface properties, considering the
fact that the work function is sensitive to the long-range tails
of wave-function decay in the vacuum region.

With the validity of our computational setup verified, we
performed a systematic study on the atomic and electronic
properties of a series of rectangular [001]-oriented rutile TiO2

nanowires with cross-sectional areas between 0.2 and 4.8 nm2

(defined through the four bridging O atoms at the corner; see
Fig. 1), corresponding to the number of TiO2 layers m and n

ranging from 3 to 8. The nanowire structure is considered fully
relaxed if the force on any atom is reduced below 0.016 eV/Å.
The lattice constant along the nanowire axis (chosen as the
z axis) is optimized by minimizing the uniaxial stress. The
supercell sizes were chosen to give a vacuum region of at least
1.3 nm in the lateral directions between the image nanowires.
This spacing between the nanowire images ensures an energy
convergence of less than 0.1 meV per atom. The 1D Brillouin
zone was sampled using a 1 × 1 × 16 Monkhorst-Pack k-point
mesh. The total energy convergence threshold is set at
1 × 10−4 eV.

III. RESULTS AND DISCUSSION

A. Structure and energetics

We report in this section trends in the dependence of
nanowire structural and energetic properties on the number of
TiO2 layers in each confinement direction. Due to their small
size, the nanowires undergo significant relaxation in both the
surface and interior layers. Along each confinement direction,
the deviation from the bulklike termination follows a general
pattern depending on the even-odd parity of the number of
TiO2 layers (m or n), similar to that observed in the TiO2(110)
thin films.16 This is illustrated in Tables II–V, where we show
the interlayer distances along both confinement directions for
the four nanowire series. The interlayer distances are defined

through the average distance between the Ti atoms facing each
other on neighboring TiO2 layers.16

For all the nanowires studied except for the smallest 2 × n

and 3 × n nanowires, the first and second TiO2 layers are
separated by a distance ranging from 3.28 to 3.31 Å, slightly
longer than the bulk value of 3.27 Å. If the number of layers (m
or n) along any confinement direction are even, the distance
between the second and third layers becomes considerably
larger by at least 0.08 Å and up to 0.14 Å. This oscillation
in interlayer distance persists into the interior of the larger
nanowires, albeit with reduced magnitude. As a result, the
nanowire can be considered as composed of a series of bilayers
with the first two surface layers weakly bound to the rest along
the corresponding confinement direction. In contrast, when
m or n are odd, no oscillation in the interlayer distance is
observed. Although the distance between the second and third

TABLE II. Interlayer distances (Å) along both confinement
directions for m × n TiO2 nanowires where both m and n are even

m × n Interlayer distance (Å)

2 × 2 3.28
3.29

2 × 4 3.34
3.30 3.43 3.30

4 × 4 3.30 3.45 3.30
3.31 3.45 3.31

4 × 6 3.31 3.47 3.30
3.32 3.40 3.29 3.40 3.30

4 × 8 3.31 3.48 3.31
3.30 3.38 3.29 3.35 3.29 3.38 3.30

6 × 6 3.30 3.41 3.29 3.41 3.30
3.30 3.41 3.29 3.40 3.31

6 × 8 3.30 3.41 3.28 3.41 3.30
3.30 3.39 3.28 3.36 3.28 3.39 3.30
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TABLE III. Interlayer distances (Å) along both confinement
directions for 3 × n TiO2 nanowires.

m × n Interlayer distance (Å)

3 × 2 3.29 3.29
3.35

3 × 3 3.23 3.23
3.35 3.35

3 × 4 3.31 3.31
3.35 3.49 3.30

3 × 51 3.27 3.27
3.33 3.34 3.34 3.33

3 × 52 3.31 3.31
3.27 3.33 3.32 3.27

3 × 6 3.29 3.29
3.34 3.43 3.29 3.44 3.28

3 × 71 3.31 3.31
3.28 3.36 3.29 3.29 3.36 3.28

3 × 72 3.27 3.27
3.34 3.38 3.31 3.31 3.38 3.34

layers is still larger than that between the first and second
layers, the difference is reduced compared to that of even m

or n. This trend is consistent with previous studies on rutile
TiO2(110) thin films.16

The key element distinguishing the nanowires with odd
number of TiO2 layers from the even ones is the presence of
a mirror Ti-O plane, which ensures the center TiO2 layer not
being skewed as shown in Fig. 1. If either m or n is odd,
pairs of surface Ti-5c or Ti-6c atoms exist that face each other
on the opposite facets along the corresponding confinement
direction. Since the Ti-5c (Ti-6c) atoms on the rutile (110)
surface tends to relax inward (outward), surface relaxations on
opposite facets tend to interfere with each other. This is not
the case when m or n is even, where we find pairs of Ti-5c and
Ti-6c atoms facing each other on the opposite facets.

The changes in the energetic and electronic properties of
the rectangular nanowires are a direct consequence of the
different structural rearrangements occurring in the nanowires
as a function of the number of TiO2 layers m and n along each
confinement direction. The trends in the formation energies

TABLE IV. Interlayer distances (Å) along both confinement
directions for 5 × n TiO2 nanowires.

m × n Interlayer distance (Å)

5 × 4 3.29 3.32 3.32 3.29
3.33 3.50 3.30

5 × 5 3.28 3.32 3.32 3.28
3.31 3.34 3.34 3.31

5 × 6 3.30 3.32 3.33 3.30
3.29 3.44 3.30 3.43 3.33

5 × 71 3.29 3.33 3.33 3.28
3.32 3.36 3.30 3.30 3.36 3.32

5 × 72 3.31 3.35 3.35 3.31
3.28 3.36 3.28 3.28 3.37 3.28

5 × 8 3.29 3.33 3.33 3.29
3.30 3.42 3.29 3.38 3.29 3.42 3.32

TABLE V. Interlayer distances (Å) along both confinement
directions for 7 × n TiO2. Note that the 7 × 51,2 nanowires are
rotationally equivalent to the 5 × 71,2 nanowires.

m × n Interlayer distance (Å)

7 × 4 3.29 3.34 3.29 3.29 3.34 3.29
3.30 3.48 3.32

7 × 51 3.32 3.36 3.30 3.30 3.36 3.32
3.29 3.33 3.33 3.29

7 × 52 3.28 3.36 3.28 3.28 3.37 3.28
3.31 3.35 3.35 3.31

7 × 6 3.30 3.35 3.29 3.35 3.30
3.30 3.44 3.29 3.43 3.31

7 × 7 3.29 3.36 3.29 3.29 3.36 3.29
3.31 3.37 3.30 3.30 3.37 3.31

are shown in Fig. 2, where we show also the optimized lattice
constant c along the nanowire axis. The formation energies
determine the relative stability of the nanowires compared
to the bulk rutile phase of TiO2 and are computed from
Eform = (ENW − μTiO2nTiO2 )/nTiO2 , where ENW and nTiO2 are
the total energy and number of TiO2 units in the nanowires,
respectively. μTiO2 is the chemical potential of a TiO2 unit
in the bulk rutile crystal. Note that we have neglected the
vibrational contributions to the formation energy, because their
effects were found to be small from a previous study on square
nanowires.15

If both m and n are even, the formation energy of the m × n

nanowires decreases monotonically with increasing perimeter
and cross-sectional area. The other nanowires corresponding
to m = 3, 5, 7 show even-odd oscillation with respect to the
number of TiO2 layers n along the other confinement direction,
with the formation energy of the 3 × n series of nanowires
being significantly larger. This is consistent with previous
study of rutile TiO2(110) thin films,16 where the surface
energy of a three-layer film is found to be significantly larger
than that of other thin films. If we specialize to the square
m × m nanowires, we observe strong even-odd oscillation in
formation energy with respect to m with the nanowires with
screw symmetry (even m) being consistently more stable, in
agreement with previous studies.14,15 In contrast, the axial
lattice constant c increases toward the bulk value with similar
functional dependence on the perimeter and cross-sectional
area for all nanowires studied, although the 3 × n nanowires
have consistently smaller lattice constant than other nanowires
of similar cross-sectional area and perimeter (Fig. 2).

B. Band structure

We report in this section trends in the dependence of
nanowire band structures on the number of TiO2 layers in
each confinement direction. The computed band gaps and
conduction-/valence-band edges using PBE-GGA functional
are shown in Fig. 3 as a function of both the nanowire
perimeter42 and cross-sectional area, The band edges are
aligned by lining up the Fermi levels of all the nanowires
studied, which are chosen as the energy reference. Three
distinct trends can be identified. First, if both m and n are
even, the corresponding nanowires have C2h symmetry and
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FIG. 2. (Color online) The upper figures show the dependence of the axial lattice constant on the perimeter (left) and cross-sectional area
(right) with the PBE functional. The horizontal line denotes the corresponding bulk value. The lower figures show the formation energy per
TiO2 unit as a function of the perimeter (left) and cross-sectional area (right). In all figures, the filled markers denote a direct band gap at the �

point and empty markers denote an indirect gap.

possess an indirect band structure with the band gap decreasing
monotonically toward the bulk value with increasing cross-
sectional area (perimeter). The reduction in band gap is
accomplished by both a decrease in conduction-band edge and
increase in the valence-band edge as expected from simple
quantum confinement consideration. From the computed band
structure, we find that the valence-band maximum (VBM) is
located at the � point, while the conduction-band minimum
(CBM) shifts gradually from nearly (0,0,0.5) for the smallest
2 × 2 nanowire to nearly (0,0,0.4) for the largest 6 × 8
nanowire along the �-X direction in the 1D Brillouin zone. In
comparison, the conduction-band minimum in the bulk rutile
crystal is located at the M points with a k vector of ( 1

2 , 1
2 ,0)

and equivalent.
Second, for 3 × n nanowires with the smallest odd number

of TiO2 layers along the first confinement direction, both
indirect and direct band structures are observed. Note that for
odd n and n �= 3, there are two ways to construct stoichiometric
rutile 3 × n (in general, also for odd m × n nanowires with
m �= n) nanowires that are not related to symmetry. The
example of the 3 × 7 nanowire has been shown in Fig. 1(B).
For the type-1 3 × 71 nanowire, the mirror Ti-O plane along the
first confinement direction terminates on the Ti-5c atoms at the
corresponding facet surfaces. For the type-2 3 × 72 nanowire,
the mirror Ti-O plane instead terminates on the surface Ti-6c

atoms which are bound to the twofold coordinated bridging
O atoms (O-2c). This seemingly trivial difference in structure
can lead to a significant change in the electronic structure, as

we find that the type-2 3 × n nanowires possess direct band
structure, with both CBM and VBM located at the � point.
In contrast, all other 3 × n nanowires possess indirect band
structure, with the CBM located at the � point and the VBM
shifted toward the X point.

Finally, the 5 × n and 7 × n nanowires possess a direct band
structure with both CBM and VBM located at the � point, for
both even and odd n and for both types of surface termination
schemes when n is odd. Overall an even-odd oscillation can
still be observed in the computed band gap for the 3 × n, 5 × n,
and 7 × n nanowires depending on the number of TiO2 layers n

along the second confinement direction. However, the changes
in the conduction-band and valence-band edges are similar
with increasing perimeter and cross-sectional area (Fig. 3).

If we consider again only the cases of square m × m

nanowires, the computed band gaps show strong even-odd
oscillations with respect to m, with the nanowires with
screw symmetry (even m) being indirect and having consis-
tently larger band gap, which are also observed in previous
studies.14,15 The convergence of the computed band gap
towards bulk value with increasing number of layers is rather
slow and far from being completed for the nanowires studied
here, which is consistent with previous studies on rutile
TiO2(110) thin films and surfaces16,20–23 but differs from that
in Ref. 14 where the convergence toward bulk value is already
achieved around m = 8. We note that a significantly smaller
real-space mesh cutoff (150 Ry) is used in Ref. 14 than that
used here (570 Ry).
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FIG. 3. (Color online) Dependence of the band gap (upper figures) and the conduction- and valence-band edges (lower figures) of the
rectangular rutile TiO2 nanowires on the perimeter (left figures) and cross-sectional area (right figures). The band edges are aligned by lining
up the Fermi levels of the different nanowires, which are chosen as the energy reference. In all figures, the filled markers denote a direct band
gap at the � point and empty markers denote an indirect gap. The two horizontal lines in the band-gap plot show the bulk indirect and direct
band gaps, respectively. The two horizontal lines in the band-edge plot show the positions of the bulk conduction- and valence-band edges
relative to the bulk Fermi level (set at the energy reference).

Since the computed band structures may be sensitive to the
choice of exchange-correlation functionals, a spin-polarized
LDA calculation with the corresponding pseudopotentials has
also been performed for all the nanowires studied at the PBE
relaxed geometries. We note that such LDA band structures
often form the basis for the more rigorous quasiparticle
calculation.39,40 The results are shown in Fig. 4. We find that the
absolute difference in the band gap between the PBE and LDA
calculations typically ranges from 0.01 to 0.07 eV. And for the
nanowires studied, the choice of PBE or LDA functionals does
not affect the trends in band-structure character as a function
of either nanowire perimeter or cross-sectional area (Fig. 4).

C. Density of states and orbital interaction analysis

To provide a deeper understanding into the electronic origin
of the structural changes with the number of layers and its
effect on the direct and indirect character of the nanowires,
we analyze the band structure through the density of states
projected onto the 3d and 2p orbitals of the surface Ti and
O atoms (PDOS) in Fig. 5, the nature of the wave functions
at the conduction- and valence-band edges through the spatial
distribution of the local density of states (LDOS) in Figs. 6
and 7, and the orbital interaction within the nanowire through
the crystal orbital overlap population (COOP)43 in Fig. 8 for
selected nanowires along both confinement directions. Note

that the crystal orbital overlap population is essentially the
density of states weighted with the overlap population of the
corresponding crystal orbitals, the positive, negative, and zero
values of which denote bonding, antibonding, and nonbonding
characters between the selected orbitals at the corresponding
energy.43

The plot of the PDOS is shown in Fig. 5 for the 6 × 8
TiO2 nanowire, where we find that the conduction-band states
are contributed predominantly by the 3d orbitals of Ti atoms,
while the valence states arise primarily from the 2p orbitals
of O atoms with some mixing from the 3d orbitals of Ti
atoms. For the even 6 × 8 nanowire, the surface PDOS plots
along both confinement directions are qualitatively similar to
that obtained from slab model calculation of rutile TiO2(110)
surface with an even number of layers.23

From the LDOS plots of the 6 × 8 nanowire in Fig. 6(A),
we find clearly the signature of the formation of bilayers within
the nanowire along both confinement directions. The spatial
distribution of the wave functions at both conduction- and
valence-band edges are nearly identical moving along each
confinement direction. The state at the conduction-band edge
is mainly contributed by the 3d orbitals of the surface Ti-5c

atoms and the neighbor subsurface Ti-6c atoms, the tails of
which penetrate into the interior of the nanowire. The state at
the valence-band edge is contributed mainly by the 2p orbitals
of the threefold coordinated O atoms (O-3c) and is delocalized
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FIG. 4. (Color online) Dependence of the band gap (upper figures) and the conduction- and valence-band edges (lower figures) of the
rectangular rutile TiO2 nanowires on the perimeter (left figures) and cross-sectional area (right figures) computed at the PBE relaxed geometries
using the LDA exchange-correlation functional and corresponding pseudopotentials, similar to those shown in Fig. 3.

throughout the nanowire. Due to the small size of the nanowire,
both surface and interior atoms contribute to the total DOS as
shown in the LDOS plot of Fig. 6(A).

FIG. 5. (Color online) Density of states projected onto the
3d orbitals of Ti and the 2p orbitals of O atoms on both the
first and second TiO2 layers along the horizontal (a) and vertical
(b) confinement directions for 6 × 8 nanowire. The zero of the DOS
energy scale is the vacuum level. We have also shown the total DOS
of the nanowire as a common reference in both figures.

The mixed-parity 5 × 8 nanowire exhibits an interesting
spatial separation between the electron and hole states due to
the lack of mirror symmetry along the vertical confinement
direction, as demonstrated in Fig. 6(B) (similar patterns are
also observed in other mixed-parity nanowires). The wave
function at the valence-band edge is localized at the top half
of the nanowire. Along each confinement direction, the spatial
distribution of the wave function is qualitatively similar to
that of the 6 × 8 nanowire, with additional contributions from
the O-2c atoms at the outermost layers and corners of the
nanowire. In contrast, the wave function at the conduction-
band edge is localized primarily at the second layer from the
bottom facet. Along the horizontal confinement direction, the
wave function remains mainly contributed by the 3d orbitals
of the surface Ti-5c and the subsurface Ti-6c atoms, with
significant mixing with the 2p orbitals of the intermediate O
atoms.

The 3 × n nanowires are rather special due to the absence
of a surface bilayer when there are only three TiO2 layers along
the first (horizontal) confinement direction (Fig. 7). We find
that the opposite tendency for surface Ti-5c and Ti-6c atoms
to relax inward and outward is significantly enhanced along
the first confinement direction, with the relative displacement
between the two types of Ti atoms along the surface normal
increased to around 0.25 Å compared to 0.1–0.15 Å in
other nanowires. Consequently the nanowire property becomes
sensitive to whether the mirror Ti-O layer terminates on
the Ti-5c or Ti-6c atoms along the horizontal confinement
direction. From the LDOS plots in Fig. 7, we find that the
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FIG. 6. (Color online) Isosurface plots of the local density of
states (LDOS) at the valence-band maximum (left figure) and the
conduction-band minimum (right figure) for the 6 × 8 (A) and 5 × 8
(B) rutile TiO2 nanowires. The large gray and small red spheres
represent Ti and O atoms, respectively. For each nanowire, both the
top view (upper figure) and side view (lower figure) of the LDOS are
shown.

wave functions at the conduction-band edge for both 3 × 71

and 3 × 72 nanowires are centered around the Ti-6c atoms
on the mirror Ti-O plane, which bridge the two Ti-5c atoms
on opposite facets along the horizontal confinement direction
with significant mixing with the 2p orbitals of the intermediate
O atoms. In contrast, the wave functions at the valence-band
edge are contributed by both the surface O-2c atoms and the
subsurface O-3c atoms that bridge the Ti-6c atoms on both the
mirror Ti-O layer and the opposite facets along the horizontal
confinement direction.

Further insights into the nature of bonding within the
TiO2 nanowires are provided by the crystal orbital overlap
population (COOP) plots (Fig. 8). Close to the conduction-
band edge of the 6 × 8 nanowire, we find that the overlap

FIG. 7. (Color online) Cross-sectional view of the type-1 3 × 71

(A) and type-2 3 × 72 (B) nanowires. For each nanowire, we have
shown the isosurface plots of the LDOS at the valence-band edge
(left figure) and the conduction-band edge (right figure). The type-1
3 × 71 nanowire has an indirect gap due to a shift in the valence-band
maximum away from the � point (empty marker in Fig. 3), while the
type-2 3 × 72 nanowire has a direct gap at the � point (filled marker
in Fig. 3).

between the 3d orbitals of the surface Ti-5c and subsurface
Ti-6c atoms possess strong antibonding character along both
confinement directions. Consequently the conduction-band
edge decreases in energy with increasing cross-sectional area
as the quantum confinement effect is reduced (Fig. 3). Close to
the valence-band edge, we find that the overlaps between the
3d orbitals of the subsurface Ti atoms and the 2p orbitals of the
O atoms above (underneath) possess strong bonding (nearly
nonbonding) character. This explains the strong coupling
between the first and second layers, which in turn are weakly
bound to the interior of the nanowires, corroborated by the
intertrilayer distances presented in Table II.

For the mixed-parity 5 × 8 nanowire, we find that the
overlap between the 3d orbitals of surface Ti-5c and subsurface
Ti-6c atoms remains strongly antibonding from the COOP plot
in Fig. 8. Due to the localized nature of the wave function at
the conduction-band edge, the quantum confinement effect is
effectively reduced. This lowers the conduction-band energy
at the � point and gives rise to direct band gap. We note
that the antibonding character between the surface Ti and O
orbitals in the conduction band appears at much lower energy
in the horizontal direction than that in the vertical direction,
showing that the change in band structure arises from quantum
confinement effect along the horizontal direction. Between the
5 × n and 7 × n nanowires, we find instead overall similar
characteristics in both the LDOS and COOP plots, leading to
a qualitatively similar trend in their band structures.

From the COOP plot between the surface Ti and O atoms in
Fig. 8, we find the corresponding orbital overlap changes from
nonbonding in the indirect-band 3 × 71 nanowire to strong
antibonding character in the direct-band 3 × 72 nanowire
close to the conduction-band edge along the second (vertical)
confinement direction. Close to the valence-band edge, the
corresponding orbital overlap changes from antibonding in
the indirect-band 3 × 71 nanowire to nonbonding character in
the direct-band 3 × 72 nanowire (curve d in the corresponding
COOP plots of Fig. 8). As the indirect band character of the
3 × 71 nanowire is caused by the shift in the VBM away from
the � point, we analyze in addition the COOP between the
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FIG. 8. (Color online) COOP plot for the 6 × 8, 5 × 8, 3 × 71, and 3 × 72 TiO2 nanowires. For each nanowire, a and b show the COOP
between the 3d orbitals of the surface Ti-5c and subsurface Ti-6c atoms (“5c-6c”) and the COOP between the 3d orbitals of the surface and
subsurface Ti-6c atoms (“6c-6c”) along both horizontal (a) and vertical (b) confinement directions. c and d show the COOP between the 3d

orbitals of the second layer Ti atoms and the 2p orbitals of the O atoms above (“Ti 3d–O 2p 2 : 1”) and the COOP between the 3d orbitals
of the second layer Ti atoms and the 2p orbitals of the O atoms underneath (“Ti 3d–O 2p 2 : 3”) along both horizontal (c) and vertical
(d) confinement directions. For the two 3 × 7 nanowires, (e) shows the COOP plots between the 2p orbitals of the neighbor O layers along
both the horizontal (“O 2p–O 2p m”) and vertical (“O 2p–O 2p n”) confinement directions. The zero of each energy scale is set to the vacuum
level.41

2p orbitals of the surface and subsurface O atoms (curve e in
the corresponding COOP plots of Fig. 8). We find that close
to the valence-band edge, the antibonding character between
the neighbor O layers is significantly more enhanced in the
indirect-band 3 × 71 nanowire than that in the direct-band
3 × 72 nanowire along the horizontal confinement direction.
Since the indirect and direct gaps differ by less than 0.03 eV
in the 3 × 71 nanowire, the different effects arising from
quantum confinement along both directions are sufficient to

change the band characters between the two types of 3 × 7
nanowires.

IV. CONCLUSION

In this paper we have analyzed the atomic and electronic
properties of the rectangular rutile TiO2 nanowires oriented
along the [001] direction and enclosed by {110} facets. We
find that the dependence of the nanowire properties on the
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number of TiO2 layers is largely connected to the presence
or absence of a mirror Ti-O plane along each confinement
direction. Although this dependence on the even-odd parity
of the number of TiO2 layers has been discussed in previous
studies on rutile TiO2(110) thin films and surfaces, we find
that the ability to tune separately the number of layers in each
confinement direction leads to interesting size- and shape-
dependent electronic properties in rutile TiO2 nanowires,
which arise from the interplay between surface relaxation and
quantum confinement effects.

We have focused exclusively on stoichiometric nanowires
that can be constructed directly from the bulk rutile TiO2 crys-
tals. In contrast, most of the interesting catalytic properties in
rutile TiO2 are connected with the presence of oxygen vacancy
on the (110) surfaces.1–3 In addition, it would be interesting
to understand how the properties of TiO2 nanowires may
be modified by surface functionalization, which invariably
occurs in realistic growth and fabrication environment. In this
context, a recent study has shown9 that small-diameter rutile

TiO2 nanowires with pseudohydrogen passivation may exhibit
direct band gap for different sizes and cross-section shapes.
Previous work on rutile TiO2(110) surfaces has also shown that
adding pseudohydrogen passivation in the bottom layer leads
to significant suppression of the even-odd oscillation effect.23

We plan to address these and other interesting questions in
future works.
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