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We have succeeded in observing optical second harmonic generation (SHG) from steps on the TiO2 surfaces
adsorbed with HCOOH. The samples were single crystals of rutile TiO2 with (110), (15 15 4), (13 9 0), and (671)
faces. These samples underwent annealing in Oz gas, HF etching, and immersion into HCOOH aqueous solution to
adsorb HCOOH molecules on their surfaces. Their surfaces were characterized by reflection high energy electron
diffraction (RHEED) and atomic force microscopy (AFM), and were confirmed to have regularly aligned steps
created by the miscut of the samples. SH intensity as a function of the sample rotation angle was measured in
air with the incident angle of 2° at the SH photon energy of 2w = 4.66 eV. The SH intensity from the surfaces
with steps were 2 to 3 orders of magnitude stronger than that from the (110) surface. The SH intensity patterns
from these stepped surfaces were anisotropic. The result indicates that the contribution of the surface steps was

observed selectively. [DOI: 10.1380/ejssnt.2010.84]

Keywords: Second harmonic generation methods; Titanium oxide; High index single crystal surfaces; Stepped single crystal

surfaces
I. INTRODUCTION

A lot of efforts have been dedicated to the study of
TiOs as a photocatalyst [1]. When we consider the mech-
anism of their catalytic reactions, the structures and elec-
tronic states of the TiO4 surface forming the reaction field
are important. Especially, active sites on the TiOgy sur-
face should play an essential role in the catalytic reac-
tions. Surface defects of TiO5 such as oxygen vacancies,
steps, and kinks are known to be photocatalytic active
sites [2, 3]. Hence, it is very important to clarify the
structures and electronic states of the surface imperfec-
tions. In this study, we have focused our attention to the
electronic states of step defects on the TiO4 surface.

The electronic states of oxygen vacancies on the TiOq
surface have been studied well by theoretical calcula-
tions [4-6], while theoretical or experimental studies of the
electronic states at steps are rarely found in the literature.
The reason for the poor numbers of experimental studies
on the electronic states of surface defects including steps
would be the difficulty in their selective measurement. In
this work, we choose optical second harmonic generation
(SHG) method [7-12] to measure the electronic states of
steps on the TiOs surface selectively.

In the process of SHG, the light at frequency w (funda-
mental light) is incident into media, and the light at fre-
quency 2w (SH light) is radiated from it. It is well known
that the SHG occurs only in non-centrosymmetric media.
For this reason, SHG is sensitive to the surfaces or inter-
faces of materials with centrosymmetric bulk structures.
It has already been applied to the analyses of electronic
states on the surfaces and interfaces [7-14]. Maeda et al.
succeeded in measuring SHG from steps on the Au (887)
and (443) single crystal surfaces[9]. This work motivated
us to detect the electronic states of steps on the TiOq
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surface.

Rutile titanium dioxide has a centrosymmetric crystal
structure. If the fundamental light is incident vertically
onto the stepped surface, the oscillating direction of the
electric field of the light is parallel to the terrace planes.
When the fundamental electric field feels a broken sym-
metry, SHG occurs. The terraces, or the (110) surface,
has 2-fold symmetry, and the electric field feels the same
electronic response when it has a positive and negative
amplitude. On the other hand, the (15 15 4) and (13 9
0) surfaces have mirror symmetry only and the (671) has
no symmetry due to the existence of the steps. As a re-
sult, the electric field feels different responses when it has
a positive and negative amplitude. Hence, it feels a bro-
ken symmetry only at the steps, and one can obtain the
SH light with the contribution only of the steps. In this
work, our objective is to detect the contribution of steps
by comparing the SH response from three kinds of stepped
surfaces, TiO2 (15 15 4), (13 9 0), and (671), with that
from a flat (110) surface in air. These three stepped sur-
faces are nearly (110) surfaces with surface miscut angles
around 10°. The surfaces of all samples are adsorbed with
formic acid molecules known as strong adsorbents on the
TiO; surface [15], in order to avoid the direct adsorption
of unidentified contamination from air.

II. EXPERIMENTAL

Single crystal substrates of rutile TiOo (110), (15 15
4), (13 9 0), and (671) purchased from Nakazumi Crys-
tal Laboratory were used. They were immersed in 5%
HF aqueous solution for 10 minutes and were annealed
in Oy gas at 800°C for 2 hours. Then, they were
etched in HF aqueous solution again and were immedi-
ately dipped into 98% HCOOH solution for 15 minutes
to adsorb HCOOH molecules on their surfaces. In order
to characterize their surfaces, reflection high energy elec-
tron diffraction (RHEED) measurement was performed
in 1077-108 Torr at room temperature, and atomic force
microscopy (AFM) measurement was done in air at room
temperature.

The optical setup for the SHG measurement is shown in
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FIG. 2: Definition of the sample rotation angle for TiO»
(a)(110), (b)(15 15 4), (c)(13 9 0), and (d)(671).

Fig. 1. The light source was a frequency-doubled mode-
locked Nd3+:YAG laser. The power of the incident fun-
damental light was kept at 120 uJ /pulse, and the incident
angle was fixed at 2° with respect to the normal to the
surfaces (z-axis). The sample was rotated around the z-
axis, and the SH light intensity was measured at every 10°
of the azimuthal angle. Definition of the sample rotation
angle for each sample is shown in Fig. 2. The polariza-
tion of the fundamental light was either S or P, and that of
the SH light was fixed to S. The fundamental and the SH
photon energies were 2.33 eV and 4.66 eV, respectively.

III. RESULTS AND DISCUSSIONS

The AFM images of the samples are shown in Fig. 3.
The high index TiOs(15 15 4), (13 9 0), and (671) sur-
faces show regularly aligned steps. The intervals between
the steps on the (15 15 4) and (671) surfaces were both

Mode Locked
Nd*: Y! g
I — Nd*": YAG Laser
2.33eY I
| Computer |
|
T A/D Colnverter |
Monochromator Boxcar

Integratoer

estimated as ~40 nm from Figs. 3(b) and (d), and that
on the (13 9 0) surface was estimated as ~25 nm from
Fig. 3(c). The height of the steps ranged from 3 to 5 nm,
as a result of step bunching.

The RHEED patterns of the samples are shown in
Fig. 4. The brighter spots in the RHEED patterns of
the (110) surface in Fig. 4(a) and the (671) surface in
Fig. 4(d) indicate (1x1) structures on the (110) surface
terraces. The patterns attributed to steps are seen for
the (15 15 4) and (13 9 0) surfaces in Figs. 4(b) and (c),
respectively. Besides, these patterns imply that the (15
15 4) and (13 9 0) surfaces have the (110)(1x1) terraces
as well. The periodicities of the steps on the (15 15 4)
and (13 9 0) surfaces are estimated as ~3 nm and ~4 nm,
respectively. These periodicities are different from those
obtained from AFM images, i.e. 40 nm for the (15 15 4)
surface and 25 nm for the (13 9 0) surface. Therefore,
these surfaces are likely to have short and long periodic
steps. We could not identify short periodic steps by AFM.

For the TiO2(671) surface, no structures characteristic
of short periodic steps were seen in the RHEED patterns,
and thus the (671) surface is thought to consist only of
long periodic steps. The height of the bunched steps on
the (671) surface is estimated as ~5 nm (~15 ML) from
its AFM image. The parameters determined by AFM and
RHEED experiments are summarized in Table 1.

According to the STM measurement of rutile TiO5(110)
by Diebold et al. [16], step edges running parallel to the
(001) and (111) directions were observed. The directions
of these step edges are identical to those on the TiO9 (13
9 0) and (671) surfaces. Therefore, we regarded them as
the thermodynamically favorable and stable steps. Since
step edges running parallel to the (110) were never con-
firmed in the STM images, those on the (15 15 4) surface
are thought to be thermodynamically unfavorable and un-
stable. According to this information, the faces of stable
steps of TiO2 should not be oriented in the [001] direc-
tion. The instability of the short periodic steps on the
(15 15 4) surface may be reflected in the tilted streaks
seen in Fig. 4(b). Regarding the bunched steps on the
(15 15 4) surface, we also observed steps with step faces
deviated from the [001] direction like the bunched steps
on the (671) surface (not shown). These results indicate
that both the short and long periodic steps on the (15 15
4) surface may contain stable steps like those on the (671)
surface.

The SH intensity patterns from all the samples as a
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image.

TABLE I: Periodicity and

height of the periodic steps.

TiO2(15 15 4) TiO2(13 9 0) TiO2(671)
Periodicity of long periodic steps ~40 nm ~25 nm ~40 nm
Height of long periodic steps ~4 nm (~12 ML) ~3 nm (~9 ML) ~5 nm (~15 ML)
Periodicity of short periodic steps ~3 nm ~4 nm —

(a) TIO, (110) (b) TIO, (15 15 4)

K, // [001]

(c) TiO, (139 0)
K, // [001]

K,/ 1io)

(d) TiO, (671)
K,/ [110]

:

FIG. 4: RHEED patterns in high vacuum 10~7-10"% Torr at
room temperature for TiO2 (a)(110), (b)(15 15 4), (¢)(13 9 0),
and (d)(671).

function of the sample rotation angle around their surface
normals are shown in Fig. 5. The SH intensity from the
TiOy (110) surface was at the noise level as shown in
Figs. 5(a) and (b). On the other hand, the signals from
the high index surfaces show stronger SH intensity by 2
to 3 orders of magnitude as shown in Figs. 5(c) to (h).
From the fact that the SH intensity is small enough from
the (110) surface, we can disregard the contribution of
the bulk higher order electromagnetic effect [8]. Thus,
we attribute the difference in the SH intensity patterns

TABLE II: Absolute values of fitted nonlinear susceptibility
elements. The value of the most dominant component for each
surface is written in bold.

TiO2(15 15 4) TiO5(13 9 0) TiO(671)
[Xaoa] 3.01 - 1.56
IXzvy] 4.35 - 2.63
IXyey] 2.12 - 0.17
IXwuy| - 1.32 0.68
IXyez] - 0.95 0.23
IXazyl - 3.03 2.05

from different high index surfaces to the corresponding
different surface steps.

Now, we compare the SH intensity patterns of the sam-
ples with each other. Firstly, we notice that the SH inten-
sity patterns of the TiOy(15 15 4) surface in Fig. 5(d) and
the (671) surface in Fig. 5(h) for the polarization combi-
nation P in-S out have the same shapes as each other.
Hence, similar electronic states may be detected in SH
intensity patterns for the P in-S out polarization combi-
nation for the (15 15 4) and (671) surfaces. On the other
hand, the SH intensity patterns of the (15 15 4) surface
in Fig. 5(c) and the (671) surface in Fig. 5(g) for the
polarization combination S in-S out are different. More
asymmetric shape in Fig. 5(g) than in Fig. 5(c) is due to
the lower symmetry of the (671) surface.

We conducted a phenomenological pattern fitting for
the experimental data of the TiO2(15 15 4) surface in
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FIG. 5: SH intensity patterns as a function of the sample rotation angle for the polarization combinations S in-S out and P
in-S out. Dots represent experimental data, and curves represent phenomenologically fitted curves. Incident angle and photon
energy were 2° and 2.33 eV, respectively. The dashed lines represent the sample rotation angles with SH electric field E(2w)

parallel to the step edges.

Figs. 5(c) and (d), and the (671) surface in Figs. 5(g)
and (h) in order to analyze their electronic states in more
detail [8]. We do not show the details of the process to ob-
tain the fitted values here because it is complicated. The
details of the fitting are described in ref. [8]. From the
structural symmetry of these surfaces, non-zero suscepti-
bility elements are x\2s, ngy)y, and xg(fx)y for the (15 15 4)

surface, and X§2e, X£y Xy2y: Xys Xy and 52 for the

(671) surface. Here, z, y, and z represent [001], [110], and
[110] directions, respectively. By varying these nonlinear
susceptibility elements as adjustable parameters, we ob-
tained the fitted curves shown in Figs. 5(c), (d), (g), and
(h), and the absolute values of the corresponding XE?,)C are
shown in Table II.

As seen in Table II, the nonlinear susceptibility ele-
ments x%)y and x\Z, for the TiO2(15 15 4) and (671)
surfaces are relatively larger than the other elements. The
element ng)y arising from the broken symmetry in the y
direction on the (671) surface also shows stronger con-
tribution. Since only xg(fy)y and xg(ﬁc)x strongly contribute
to the SH intensity pattern for the P in-S out polariza-
tion combination, the similarity between the patterns in
Fig. 5(d) and Fig. 5(h) should be due to the relation

|X($2y)y| > |X3(,2$)$| for the (671) surface. The first suffix

of the dominant nonlinear susceptibility elements Xfy)y,

X%)w, and ng)y for the (15 15 4) and (671) surfaces are
all . This result implies that the steps on these surfaces
have strong nonlinear polarization in the z direction.

The SHG, AFM, and RHEED measurements imply
that the steps on the (15 15 4) surface could have the
structures basically composed of the ones on the (671)
surface, and they have similar electronic states to each
other. Because the steps on the (671) surface are reported
to be stable, the (15 15 4) surface should contain the same

numbers of steps stable on the (671) and (761) surfaces.
Each step on the (15 15 4) surface is expected to have
finite X&%?y value at the microscopic level because they are
similar to the ones stable on the (671) and (761) surfaces.
As the (15 15 4) surface has macroscopic mirror symme-
try in the y direction, the macroscopic average of ngz)y
goes to zero.

Next, we focus on the SH intensity patterns of the
TiO2(13 9 0) surface shown in Figs. 5(e) and (f). These
patterns are quite different from the ones of the (15 15
4) surface in Figs. 5(c) and (d), and the (671) surface in
Figs. 5(g) and (h). This difference is considered to be
mainly due to the difference in their miscut directions.

We have performed a phenomenological pattern fitting
for the TiO2(13 9 0) surface by varying the nonlinear sus-
ceptibility elements X_,%)y, X?(f,;)x, and Xéi)y as adjustable

parameters. The fitted curves are shown in Figs. 5(e) and

(f) and the absolute values of the corresponding Xg,)c are
shown in Table II. In Table II, we see that the element
Xfw)y is much larger than Xézy)y and Xﬁ)ﬂ; for the (13 9 0)
surface.

Let us discuss the origin of the dominant nonlinear
susceptibility element Xg(fx)y for the TiO2(13 9 0) surface.
Since the faces of the steps on the (13 9 0) surface are the
(110) surfaces, they are equivalent to the (110) surface.

For the (110) surface, the dominant nonlinear suscepti-

bility element is reported to be X§_21)3 in the notation of

ref. [8] due to the electronic transitions in the Ti-O-Ti-
O- chains containing surface bridging oxygen atoms [§],
where 1 is the [001] direction and 3 is the [110] direc-

tion. This component corresponds to ch)y for the (13 9
0) surface in the present paper. Thus, we suggest that the
electronic transitions in the bridging oxygen chains on the
(110) step faces may cause the optical nonlinearity of the
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steps of the (13 9 0) surface.

IV. CONCLUSIONS

We prepared four kinds of single crystal rutile TiO,
surfaces, (110), (15 15 4), (13 9 0), and (671), and char-
acterized them by RHEED and AFM. Regularly aligned
steps created by the miscut of the samples were observed
on these vicinal surfaces. SHG measurement was per-
formed using a nearly normal incident excitation beam.
The SH intensity of the flat (110) surface was at the noise
level, while that from the surfaces with steps were 2 to
3 orders of magnitude higher than that of the (110) sur-
face. This fact indicates that we observed the contribu-

tion of steps separately by this SHG method. The SH
intensity patterns for the P in-S out polarization combi-
nation from the (15 15 4) and (671) surfaces were sim-
ilar to each other. This result was found to indicate a
relation | Xg;?y)y‘ > | Xézx)ﬂ for the (671) surface from a phe-
nomenological fitting with z and y in the [001] and [110]
directions, respectively.
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