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Optical second harmonic(SH) response of rutile TiO2s110d surface was studied by the self-consistent full
potential linearized augmented plane-wave method within the local-density approximation. The calculated SH
response of the relaxed surface agrees with the measured SH intensity as a function of the excitation photon
energy and the sample rotation angle around its surface normal. In order to clarify the origin of the large
surface SH response at the SH photon energy of about 2"v=4 eV, SH intensities from various Ti-O bonds on
the surface were calculated. The result revealed that the zigzag chains consisting of bridging oxygen and
neighboring sixfold coordinated titanium atoms on the top surface layer dominantly contribute to the SH
response of the TiO2s110d surface.
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I. INTRODUCTION

Titanium dioxidesTiO2d has attracted much attention as a
material with useful properties, e.g., photocatalysis and its
related properties such as photoassisted degradation of or-
ganic molecules and photocatalytic super-hydrophilicity. For
clarifying the mechanism of catalytic and degradation reac-
tions, it is very important to know basic properties of TiO2
surfaces such as surface structure and surface electronic
states.

There are numerous studies on TiO2 surfaces reported in
the literature.1 The structure of several TiO2 surfaces was
investigated by x-ray diffraction(XRD),2 ion scattering,3,4

scanning tunnel microscopy,5 and atomic force microscopy.6

As a result, the structure of the rutiles131d TiO2s110d sto-
ichiometric surface is accurately characterized. The elec-
tronic states of the TiO2 surfaces were measured by photo-
emission spectroscopy,7,8 inverse photoemission
spectroscopy,9 and x-ray absorption spectroscopy.10 In addi-
tion to these experimental studies, optical second harmonic
generation(SHG) has been used to analyze the electronic
states of TiO2 surfaces.11–15SHG is not only sensitive to the
surface electronic structure, but also has attractive advan-
tages such as high spectral resolution, nondestructive charac-
ter, and insensitivity to ambient gas or liquid. Therefore,
SHG can be used forin situ observation of surface electronic
states of a TiO2 sample showing catalytic activity in air or
solution.

The SHG experiments for TiO2 surfaces13–15 have shown
some outstanding results: the anisotropy of the SH response
in the surface plane depends drastically on the incident pho-
ton energy, and the surface band gap estimated from a reso-
nant peak in the SH intensity spectra is slightly larger than
the bulk band gap. However, the interpretation of the experi-

mental SHG data remained unsufficient, because of lacking
knowledge on the underlying electronic transitions. There-
fore, reliableab initio calculations of the surface SH re-
sponse are needed in order to understand the results of SHG
experiments.

Ab initio calculations of the surface SH response were so
far performed only for a few surface systems of metals and
elemental semiconductors such as Si.16–21 In the case of
TiO2, there have been a lot of theoretical studies on bulk
electronic states, bulk linear optical properties,22,23 surface
structure, and surface electronic states.24–29 However, calcu-

FIG. 1. Upper half of the rutile TiO2s110d slab for the
calculation.
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lations of the SH response of the TiO2 surface have not yet
been reported.

In the present study, we show calculated data of surface
SHG of the rutile TiO2s110d by using the self-consistent full
potential linearized augmented plane-wave(FLAPW)
method.30,31 The (110) face was chosen because the basic
properties of this most stable rutile surface have been inten-
sively studied1 and sufficient experimental data15 are avail-
able for comparison with calculated results. Our calculations
agree well with the experimental results of the SH intensity
as a function of the excitation photon energy and the sample
rotation angle around its surface normal.15 The theoretical
analysis indicates that the zigzag chains consisting of bridg-
ing oxygen and neighboring sixfold coordinated titanium at-
oms dominantly contribute to the strong SH response at the
SH photon energy of 2"v=4 eV.

II. COMPUTATIONAL ASPECTS

For modeling the rutiles131d TiO2s110d stoichiometric,
defect free surface, we applied a repeated slab model. The
unit cell contains 7sTi2O4d layers as shown in Fig. 1, and the
thickness of the vacuum layer above the top surface is 8.47
Å. The structure of the relaxed TiO2s110d surface was cal-
culated by the projector augmented wave(PAW) method
within the generalized gradient approximation(GGA) as

implemented in the Vienna Ab initio Simulation Package
(vasp).32 Table I compares the atomic displacements and bond
lengths of the optimized surface geometry to the data ob-
tained from a surface XRD experiment2 and other
calculations.25,27,29 Our calculated bond lengths of the re-
laxed surface are in good agreement with the experimental
data and other calculated results, although in particular the
displacement of the bridging oxygen shows some consistent
discrepancy between the measurements and all calculations.
In addition to the relaxed surface, calculations were also per-
formed for the unrelaxed(bulk truncated) surface in order to
reveal the effect of the surface structure on the SH response.

The calculation of the electronic states and the optical
properties was performed by the FLAPW method within the
local-density approximation (LDA ) of Hedin and
Lundqvist.33,34 For Ti the semi-core 3s and 3p states were
treated in a second energy window.35 The number of basis
functions was restricted to about 100 per atom by chosing a
momentum cutoff of 4.0 a.u.−1 Density, potential, and basis
functions inside the atomic spheres were expanded into
spherical harmonics up tolmax=8. A regular mesh of 32 spe-
cial k points in the irreducible part of the two-dimensional
surface Brillouin zone was chosen, generated by 153731
Monkhorst-Pack parameters.36 The radii of the atomic
spheres were chosen asrsOd=1.68 a.u. for oxygen and
rsTid=1.90 a.u. for titanium for most atomic sites in the
slab, and slightly smaller radii ofrsOd=1.60 a.u. andrsTid

TABLE I. The atomic displacements from bulk terminated positions and bond lengths of rutiles131d
TiO2s110d surface. The labels and directions refer to Fig. 1.

Label PAW-GGA(this work) PP-LDAa PP-GGAb FLAPW-GGAc Exp-SXRDd

Displacement(Å)

Ti(1) [110] 0.20 0.13 0.23 0.08 0.12±0.05

Ti(2) [110] −0.17 −0.17 −0.11 −0.23 −0.16±0.05

Ti(3) [110] −0.077 −0.079 −0.06 −0.13 −0.09±0.04

Ti(4) [110] 0.12 0.063 0.12 0.07 0.07±0.04

O(1) [110] −0.005 −0.063 −0.02 −0.16 −0.27±0.08

O(2) [110] 0.16 0.13 0.18 0.09 0.05±0.05

f11̄0g 0.053 0.037 0.05 0.06 0.16±0.08

O(3) [110] −0.012 −0.074 0.03 −0.09 0.05±0.08

O(4) [110] 0.013 0.015 0.03 −0.05 0.00±0.08

O(5) [110] 0.01 −0.026 0 −0.04 0.02±0.06

f11̄0g −0.033 −0.047 0.02 −0.03 0.07±0.06

O(6) [110] 0.008 −0.01 0.03 −0.04 −0.09±0.08

O(7) [110] 0.004 0 −0.07 −0.12±0.07

Bond length(Å)

Ti(1)-O(1) 1.82 1.80 1.80 1.80 1.71±0.07

Ti(1)-O(2) 2.03 2.02 2.04 2.00 2.15±0.09

Ti(1)-O(3) 2.09 2.06 2.09 2.06 1.99±0.09

Ti(2)-O(2) 1.94 1.92 1.94 1.94 1.84±0.05

Ti(2)-O(4) 1.80 1.80 1.85 1.86 1.84±0.13

aReference 25.
bReference 27.
cReference 29.
dReference 2.
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=1.79 a.u. were set for some atomic sites in the relaxed
surface region.

Details of the calculation method of the linear and non-
linear optical susceptibilities are described in our previous
paper.20 The optical response was calculated within the elec-
tric dipole approximation, and excitonic and local-field ef-
fects are not considered in the present calculation. Five non-
linear optical susceptibility componentsx113

s2d , x223
s2d , x311

s2d , x322
s2d ,

andx333
s2d were obtained, where the coordinate axes 1, 2, and

3 represent the[001], f11̄0g, and [110] directions, respec-
tively. The other susceptibility components are zero due to
the selection rules for theC2v symmetry of thes131d
TiO2s110d surface.

Within standard density-functional theory calculated band
gaps are typically smaller than experimental data, leading to
red-shifted optical spectra. As an improvement, quasiparticle
(QP) corrections have been used, such as Hedin’sGW
approximation,37 where the self energy operator is expressed
as convolution of the single-particle propagatorG and the
dynamically screened Coulomb interactionW. However, this
is beyond the scope of this study, because of the enormous
computational demands required for a large TiO2 slab sys-
tem. Instead, a scissors operator scheme was used in the
present calculation. The scissors operator shifts all the con-
duction bands upward rigidly by the constant energy shift
DQP, leaving the band topology unchanged. When applying
the scissors operator in the SHG calculation, we shifted only
the energies, and did not renormalize the momentum matrix
elements. Without the renormalization, spectral intensities
are slightly underestimated.38 However, this underestimation
is insignificant for our discussion because in this study we do
not focus on absolute SH intensities but on their dependence
on various parameters such as incident photon energy, polar-
ization configuration, and sample rotation angle. The value
of DQP=1.5 eV was chosen to match the calculated optical
absorption edge with the measured one.

In order to enable direct comparison with the measured
SHG data, the SH intensity was calculated from the nonlin-

ear optical susceptibility by using the three-layer model12 for
considering the dielectric screening effect on the electric
field. In the three-layer model, a vacuum layer, a very thin
surface layer with the SHG activity, and a bulk layer are
considered. The very thin surface layer is assumed to have
the nonlinear susceptibility calculated by theab initio

FIG. 2. Surface electronic band structures of
(a) unrelaxed and(b) relaxed TiO2s110d surfaces.
The band gap is increased by a scissors operator
with DQP=1.5 eV.

FIG. 3. Density of states of(a) unrelaxed and(b) relaxed
TiO2s110d surfaces. O1 represents the bridging oxygen on the sur-
face. The band gap is increased by a scissors operator withDQP

=1.5 eV.
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method. The Fresnel factors for both input and output fields
were obtained by a conventional electromagnetic calculation
of the light propagation in the stacked dielectric layers. In
this electromagnetic calculation, the angle of the incident
light beam was 45° from the surface normal, and the linear
optical properties from theab initio calculation of the TiO2
slab structure were used as the dielectric functions of the
surface and bulk layers.

We have checked the convergence of the SHG calculation
with respect to the number ofk points, the thickness of the
vacuum layer, and the number of slab layersNslabd. Calcula-
tions using 6, 32, and 64 specialk points in the irreducible
Brillouin zone indicate that the curves of the nonlinear sus-
ceptibility sxs2dd as a function of the incident photon energy
for 32 and 64k points were quite similar to each other, but
were significantly different from that obtained for 6k points.
The calculated curves ofxs2d for the thickness of the vacuum
layer of 5.00 and 8.47 Å were also quite similar to each
other. Calculations forNslab=3,5, and 7indicate that the
curves ofxs2d for Nslab=5 and 7 were similar to each other,
but were different from that forNslab=3. It follows from
these results that good convergence of the electronic level
calculation for SH response was achieved using 32 specialk
points, a thickness of the vacuum layer of 8.47 Å, and a 7
layer surface model.

III. RESULTS AND DISCUSSION

A. Electronic band structure

The calculated surface electronic band structures of the
unrelaxed and relaxed surfaces are shown in Figs. 2(a) and

2(b). A minimum direct band gap is clearly seen atḠ in Fig.
2(b). The calculated densities of states(DOS) of the unre-

laxed and relaxed surfaces are shown in Figs. 3(a) and 3(b).
Black solid lines represent the total DOS, gray solid lines,
black dashed lines, and gray dashed lines represent the par-
tial DOS of all oxygen atoms, all titanium atoms, and the
bridging oxygen[O(1)], respectively. The DOS of the unre-
laxed and relaxed surfaces are roughly similar to each other.
However, in the DOS of the unrelaxed surface one can see
two distinct peaks assigned to the bridging oxygen at the top
of the valence band and at the energy of −15 eV. In the case
of the relaxed surface, corresponding peaks are moved to
lower energies, and the DOS of O(1) exhibit a peak at an
energy of about 1 eV below the top of the valence band as
indicated by arrows in Fig. 2. This peak shift indicates that
the surface relaxation reduces the energy of the bridging
oxygen O(1), and consequently widens the surface band gap.

B. Linear optical properties

Figure 4 shows the calculated linear optical susceptibility
of the bulk system, and the unrelaxed and relaxed surfaces as
a function of the photon energy[black solid lines in Figs.
4(a)–4(c)]. Black dashed, gray solid, and black solid lines in
Fig. 4(d) are the calculated susceptibility components ofx11

s1d,
x22

s1d, andx33
s1d, respectively. Although a rutile TiO2 crystal has

anisotropic optical properties as shown in Fig. 4(d), the
curves in Figs. 4(a)–4(c) represent the average of the three
susceptibility componentsxxx

s1d, xyy
s1d, andxzz

s1d for both experi-
ment and calculation for simplicity. The susceptibility com-
ponents calculated for the surface models contain both bulk
and surface contributions. For comparison, the measuredxs1d

of bulk rutile TiO2 (Ref. 39) are shown as gray dashed lines
in Figs. 4(a)–4(c). The calculated curves, in particular the
one for the bulk system, reproduce the structure of the ex-
perimental data. Especially, as shown in Figs. 4(a) and 4(c),

FIG. 4. Calculated linear opti-
cal susceptibilityxs1d as a function
of the photon energy for(a) bulk
TiO2, (b) unrelaxed, and(c), (d)
relaxed TiO2s110d surfaces[black
solid lines in (a)–(c)]. Gray
dashed lines in(a)–(c) represent
experimental bulk data of Ref. 39.
Black dashed, gray solid, and
black solid lines in(d) are suscep-
tibility components of
x11

s1d ,x22
s1d , andx33

s1d, where the axes
1, 2, and 3 are defined in Fig. 1.
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the structure of the sharp increase of the imaginary part of
the calculatedxs1d, i.e., the optical absorption edge around
3.5 eV, agrees well with the measured data. In the case of the
unrelaxed surface, the imaginary part of the calculatedxs1d

around 3 eV is larger than the measured data. Since this
optical absorption around 3 eV disappears when the surface
is relaxed, it results from the surface electronic states of the
unrelaxed surface. The DOS of the unrelaxed surface in Fig.
3(a) indicates that this optical absorption around 3 eV origi-
nates from the transition from the electronic level of the
bridging surface oxygen[O(1)] at the top of the valence band
to the bottom of the conduction band.

C. Second harmonic response

Second harmonic light intensity from crystalline materials
depends on the polarization of input(fundamental) and out-
put (SH) light, and on the direction of the incident light
beam. For the following discussion, the terminology applied
for these geometric parameters are defined here. The polar-
ization configurations of input and output fields are described
by the notationp-in/s-out or PS, indicating that input and
output polarizations arep ands, respectively. The symbolsp
or s denote the polarization of the electric field of light being
parallel or perpendicular to the plane of incidence, respec-
tively. For describing the azimuthal direction of the incident
light beam, we use a terminology such ask// / / f110g, where
k// is the component of the incident wave vector parallel to
the surface plane.

Figure 5 shows the calculated SH intensity as a function
of the SH photon energy 2"v in p-in/p-out (dashed lines)
ands-in/p-out (gray lines) polarization configurations for the
unrelaxed and relaxed TiO2s110d surfaces. The upper panels
[(a) and(c)] and the lower panels[(b) and(d)] of Fig. 5 show
the cases with the plane of incidence parallel to[001] and

f11̄0g directions, respectively.

Omote et al. measured the SH response of the rutile
TiO2s110d surface in air.15 By x-ray photoemission spectros-
copy, they found that some water molecules are physically
adsorbed on the sample surface. Since the TiO2s110d surface
is inert, the effect of physisorption of water molecules on
surface electronic states is expected to be small. We are using
the experimental SHG data of Omoteet al.15 (circles and
triangles in Fig. 5) for tentative comparison with our calcu-
lated results. The measured SH spectra in Fig. 5 indicate that
the SH intensity shown as dark circles(we will call this
measurement configurationk// / / f001g-PP) is much larger
than that in the other three measurement configurations, and
it sharply increases around 2"v=3.5 eV. These features are
well reproduced by the calculated SH intensity of the relaxed
surface as seen in Figs. 5(c) and 5(d). On the other hand, Fig.
5(a) shows that the calculated SH intensity of the unrelaxed
surface in thek// / / f001g-PP configuration is quite different
from the measured data.

In general, the linear optical susceptibilityxs1d as well as
the nonlinear optical susceptibilityxs2d affect the shape of the
SH spectra through the Fresnel factors. Therefore, the sharp
rise of the SH intensity at 2"v=3.5 eV in thek// / / f001g
-PP configuration may reflect only the spectral shape of the
linear optical properties. However, we confirmed that the cal-
culated nonlinear susceptibility components drastically in-
crease at 2"v=3.5 eV. For the sake of conciseness, these
detailed computational results are not shown here. It is re-
vealed that the spectral shape in thek// / / f001g-PP configu-
ration essentially results from the surface SH response. The
origin of the large surface SH response around 2"v=4 eV is
discussed below.

In Fig. 5 we see a significant difference in the surface SH
response between the unrelaxed and relaxed surfaces, while
the difference in the linear optical properties between the two
surfaces is rather small as shown in Fig. 4. This indicates that
SHG is more sensitive to the surface electronic states and to

FIG. 5. Calculated SH inten-
sity as a function of the SH pho-
ton energy inp-in/p-out (dashed
lines) and s-in/p-out (gray lines)
polarization configurations for
(a),(b) unrelaxed and(c),(d) re-
laxed TiO2s110d surfaces. The
plane of incidence is parallel to
the [001] direction for(a),(c), and

parallel to thef11̄0g direction for
(b),(d). Circles and triangles are
measured data of Ref. 15. The
scale of the measured data is ad-
justed as matching with the calcu-
lated data.
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the surface structure than the linear optical response so far as
the TiO2 surface is concerned.

Figure 6 shows the SH intensity as a function of the
sample rotation angle around its surface normal at the SH
photon energy 2"v=4 eV, where an outstandingly large SH
intensity is observed. Experimental data15 and calculated re-
sults of the unrelaxed and relaxed surfaces are presented in
Figs. 6(a), 6(b), and 6(c), respectively. The angle patterns in
Fig. 6 reflect the anisotropy of the SH response in the surface
plane. The calculated shapes of angle patterns and the rela-
tive SH intensity between the polarization configurations of
the relaxed surface agree well with the experimental data. On
the other hand, the calculated results of the unrelaxed surface
do not agree with the measured data. Summarizing the re-
sults shown in Figs. 5 and 6, we conclude that the calculated
SH intensity from the relaxed surface reproduces the mea-
sured data much better than that from the unrelaxed surface,
and reasonable SH response of TiO2 surface was obtained by
the appliedab initio method.

Further deepening our analysis, we discuss the origin of
the large SH response of the TiO2s110d surface around
2"v=4 eV. Because the valence and conduction bands of
TiO2 are mostly composed from electronic states of oxygen
and titanium character, respectively, as shown in Fig. 3, the
electronic transitions between oxygen and titanium states are
considered as important for the optical response at 2"v
=4 eV. Thus, we examined the SH response of various Ti-O
pairs on the surface. As shown in Fig. 7(e), the surface of
rutile TiO2s110d consists of four atomic sites, i.e., bridging
oxygen [O(1)], in-plane oxygen[O(2)], sixfold coordinated
titanium [Ti(1)], and fivefold coordinated titanium[Ti(2)].
There are three pairs of Ti and O atoms adjacent to each
other: O(1)-Ti(1), O(2)-Ti(1), and O(2)-Ti(2). We separated
the SH response of the electronic states, satisfying the con-
dition that their wave functions are localized in one of the
Ti-O pairs. In this procedure, eigenstates localized in one of

the Ti-O pairs were selected by evaluating the electron
charge density inside each atomic sphere for each eigenstate.
The nonlinear susceptibility components were then calcu-
lated exclusively from these selected eigenfunctions, con-
taining both localized components inside atomic spheres and
non-localized components in the interstitial region. Figures
7(b)–7(d) show the calculated SH intensity as a function of
the sample rotation angle around its surface normal inp
-in/p-out polarization configuration at 2"v=4 eV for the
O(1)-Ti(1), O(2)-Ti(1), and O(2)-Ti(2) pairs, respectively.
The experimental data are presented in Fig. 7(a). The com-
parison in Fig. 7 demonstrates that the calculated pattern of
the O(1)-Ti(1) pair agrees well with the measured pattern,

FIG. 6. SH intensity as a function of the
sample rotation angle around the surface normal
at the SH photon energy 2"v=4.0 eV:(a) experi-
mental data of Ref. 15,(b) calculated patterns for
unrelaxed surface, and(c) calculated patterns for
relaxed surface. PP, PS, SP, and SS represent the
polarization configurations of input and output
fields. The units of the radial direction are arbi-
trary units.

FIG. 7. SH intensity as a function of the sample rotation angle
around the surface normal inp-in/p-out polarization configuration
at 2"v=4.0 eV: (a) experimental data of Ref. 15,(b)–(d) the cal-
culated SH responses from the electronic states localized in(b)
bridging oxygen O(1) and six-fold coordinated Ti(1), (c) in-plane
oxygen O(2) and Ti(1), and (d) O(2) and five-fold coordinated
Ti(2). The units of the radial direction are arbitrary units. Panel(e)
shows sites of oxygen and titanium[O(1), O(2), Ti(1), and Ti(2)] on
the clean TiO2s110d surface.
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while the other two calculated patterns do not, and the SH
intensity of the O(1)-Ti(1) pair is more than a few hundred
times larger than those of the other pairs. Although Ti and O
atoms below the surface also contribute to the total surface
SH response, their contribution drastically decreases as they
are located deeper in the bulk for the case of a centrosym-
metric material like a TiO2 crystal. Therefore, we conclude
that the Ti-O zigzag chains consisting of bridging oxygen
O(1) and sixfold coordinated Ti(1) on the surface dominantly
contribute to the SH response of the TiO2s110d surface
around 2"v=4 eV.

Finally, we consider the origin of the large difference in
SH intensity between the O(1)-Ti(1) pair and the other pairs.
This difference can be qualitatively explained based on the
polarizable-bond model.40 Assuming that the SH response
due to the electronic transition between Ti and O atoms is
expressed by SH dipoles induced in the Ti-O bonds, the SH
responses from the O(1)-Ti(1), O(2)-Ti(1), and O(2)-Ti(2)
pairs can be described by the SH dipoles as shown in Fig. 8.
Figure 8(a) shows that SH dipoles corresponding to the O(1)-
Ti(1) bonds form the total SH dipole parallel to the surface
normal, so that it emits strong SH light. On the other hand,
since SH dipoles corresponding to the O(2)-Ti(1) or O(2)-
Ti(2) bonds are oriented in the opposite directions as shown
in Figs. 8(b) and 8(c), the total amount of them becomes very
small by cancellation, and it emits weak SH light. Thus we
see that orientation and symmetry of Ti-O bonds cause the
difference of SH intensity.

IV. CONCLUSION

We have calculated the SH intensity from rutile
TiO2s110d surface by theab initio FLAPW method. The cal-

culated SH spectra and azimuthal angle dependence of the
SH intensity for the relaxed surface reproduce the experi-
mental data.15 The analysis of ourab initio data suggests that
the Ti-O zigzag chains of the TiO2s110d surface make the
dominant contribution to the large surface SH response
around 2"v=4 eV.
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