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A gold thin film with the thickness of 2nm on the TiO,(320) substrate has been
fabricated in a UHV chamber at the pressure of 2x10”7 Torr. We observed the sec-
ond harmonic response from the Au/TiO,(320) interface and bare TiO,(320) as
a function of the rotation angle around the surface normal by using of a pulsed
Nd**:YAG laser as the excitation light at a photon energy of 1.17 eV and 2.33 eV.
An isotropic response was observed from both samples for 1.17 eV photon energy
excitation. In contrast, an anisotropic response was observed from both samples for
2.33 eV photon energy excitation. From the Au/TiO,(320) interface, anisotropic
structure of SHG response was observed in the [230] direction for Pin/Pout polar-
ization combination. Nonlinear susceptibility elements were decomposed and two
groups of them were assigned as the main contribution from the step and terrace of
the vicinal TiO, surface. © 2017 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5006847

I. INTRODUCTION

The Au/TiO; interface is a well-known catalyst for many chemical reactions, especially for the
oxidation of CO gas at room temperature.'=> Gold and titanium dioxide can exhibit catalytic activity
when they exist separately. However, the combination of Au and the TiO, substrate can work as a
tremendous catalyst especially for the oxidation of carbon monoxide.* Haruta et al. found that when
Au/TiO; has long perimeters of the interfaces of the Au and TiO, particles, it shows high catalytic
activity.” When Tsubota et al. studied practical catalyst of mixed Au colloids and TiO, powder, it did
not show catalytic activity, while it showed high catalytic activity when the tight junction contact was
formed between Au colloids and TiO, powder by calcination.® This result indicates that the effect
of the perimeter of a joining interface exhibit better catalytic activity. However, the role of Au/TiO,
interface as a catalyst for many chemical reactions and the corresponding electronic phenomena
taking place at the active sites are not yet clear.”

Indeed, the catalytic activity should depend on the structure such as oxygen vacancies, step
structure and crystal imperfections and electronic states of the Au/TiO, interface.® So far many
researchers studied the electronic states of the Au/TiO, interface by using various techniques. Lai
et al. studied the electronic structure of Au/TiO; interface as a function of different Au particle size
by STM. They found that the bandgap of the TiO, (110) surface is related to the particle size of
Au.’ Tanaka et al. observed the local distribution of interstitial titanium ions in Au/TiO; by using
an aberration corrected transmission electron microscope. They suggested that interstitial Ti ions are
deficient in the peripheral region of Au nanoparticle whereas they existed at the perimeter of the Au
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and TiO, particle interface.'” Yao et al. measured the broad absorption peak at the visible region from
the particle size-dependent Au/TiO; catalyst by using UV-vis reflectance spectra. They concluded
that the observed peak was due to the localized surface plasmon resonance of the Au nanoparticles.’
A strong absorption peak was observed due to the excitation of Au nanoparticle plasmons from the
Au/TiO, interface reported by other researchers.!'~'* We believe that the precise measurement of
atomic scale electronic state from Au/TiO, interface using specific surface and interface probe such
as second harmonic generation (SHQG) is desirable. However, the number of studies of the electronic
states from the stepped Au/TiO, interface by SHG is very limited.

Only a single report was found regarding the observation of the SHG signal from a Au/TiO;
interface. Quelin et al. measured SHG intensity as a function of incident angle and input and output
polarization from the thin Au/TiO, cermet films. Cermet films are the combination of the ceramic
and metallic materials. The Au particles are randomly distributed in the TiO, matrix to form a
cermet film. They detected enhanced SHG signal due to the local field enhancement by the surface
plasmon excitation on gold clusters.'> In fact, they studied the electromagnetic mode on Au clusters
embedded in TiO, and were not interested in atomic scale electronic states at the interface between
the two materials.!> For this reason, our aim is to observe the atomic level electronic states of the
stepped Au/TiO; interface using SHG method.

SHG is forbidden in the bulk of a medium with inversion symmetry within the electric dipole
approximation.'® It has submonolayer sensitivity to the surface and interface of centrosymmetric
media because it is only allowed in non-centrosymmetric media.'® Another attractive feature of
SHG is that it is non-invasive and contactless and it can be applied to “in situ” and in “real-time”
experiments with a good time resolution.!” We can deduce information such as electronic structure
and molecular orientation from the precise determination of the nonlinear susceptibility tensor.'® We
can extract the electronic level information from the interface of Au/TiO,.

In fact, many researchers observed the SHG response from the flat and stepped bare TiO; surface
to understand the electronic states of the surface. Kobayashi ef al. observed SHG response from TiO»
(110) as a function of the polarization and azimuthal angle. They determined surface X(s%,)k elements
and compared the theoretical patterns with that obtained from the experiment. They concluded that
the SHG signal originates from a surface electric dipole.'” Omote et al. studied the SHG spectra
as a function of the photon energy from the TiO; (110) and (001) surface. In order to study the
surface electronic structure, they conducted phenomenological analysis to separate the contribution
from various nonlinear susceptibility elements, and the dominant contribution was observed from
the surface X(s?k elements.?’ They also detected a small contribution of the bulk quadrupoles. They
performed an ab initio calculation by using the FLAPW method within the local density approx-
imation and found that Ti-O-Ti-O- chains including the bridging oxygen atoms on the surface act
as the main origin of the SHG signal generation from the TiO, (110) surface.”’ Takahashi et al.
detected contribution of steps by comparing the SHG spectra from three kinds of stepped surfaces,
TiO, (15 15 4), (13 9 0) and (671) with that from a flat (110) surface. They observed large SHG
intensity from the step surfaces compared to the flat (110) surface.® They successfully separated the
step contribution of surface X(S%J)k elements from stepped surfaces, TiO; (15 15 4), (13 9 0) and (671),
respectively, because the symmetry was broken at the periodic steps within the surface plane.® In
another report,?! they observed strong SHG/SFG responses from the stepped TiO, (17 18 1) and
(15 13 0) surfaces compared to the flat (011) and (110) faces in order to understand the electronic
states of terraces and steps. The resonances in the SHG and SFG spectra for each sample suggested
that they are due to the valence-conduction interband electronic transitions at the steps. More specifi-
cally the local density of states at the step of the vicinal surfaces is distributed right below the valence
band maximum (VBM) and right above the conduction band minimum (CBM).2!

As it is well known, surface defects such as steps and kinks play an important role in generating
active sites for catalytic reactions, so it is vital to study the structure and the electronic states of such
surface defects in order to understand their catalytic performances. Thus it would be very informative
to analyse the SHG response from the interface of TiO, atomic stepped surface decorated by Au. In
this research, a rutile type TiO; (320) single crystal surface with a step height of 0.3 nm was used as
a substrate. So far as we know, there has been no previous observation of SHG from the Au/ stepped
TiO, interface.
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In this work, we attempted to detect an optical second harmonic generation signal from steps
on the TiO, surface decorated by a Au film of 2 nm thickness and tried to separate the terrace
and step contributions. On the TiO; (320) surface plane there is a structural asymmetry in the [230]
direction and this should induce SHG. We measured azimuthal angle and polarization dependent SHG
intensity patterns at photon energies 1.17 eV and 2.33 eV for Au/TiO; (320) and TiO; (320) samples.
We calculated the second order nonlinear optical susceptibility elements from the experimental results
and separated the step and terrace contributions from both the samples. This analysis provides an
important step for the future SHG spectroscopy of the electronic states of the Au/TiO; (320) interface
as a function of the photon energy and the spectrum will be closely related to the catalytic activity of
this interface.

Il. Experimental
A. Sample preparation

A rutile type TiO, (320) single crystal cut from a TiO, (110) wafer with 11.3° miscut angle
toward the [110] direction and mirror-polished on one side with thickness of 0.5 mm, was purchased
from K & R Creation Co., Ltd. The sample should have periodic 0.3nm atomic steps after annealing
appropriately. It was etched in 5% hydrofluoric (HF) acid solution for 10 minutes to remove the
impurities on the surface and rinsed with pure water. After etching it was annealed in air at 800 °C for
2 hours to remove the bulk oxygen vacancies. Then, the sample was cleaned with ethanol, acetone
and pure water in an ultrasonic cleaner. Finally, the sample was placed in a UHV chamber at pressure
2x1077 Torr and Au was deposited with thickness of 2 nm at a deposition rate of about 0.1 nm/sec
controlled by using a thickness monitor.

The surface structure of the bare TiO;, (320) single crystal and deposited 2 nm Au thin film
was checked by using AFM. Figure 1(a) shows clearly the regular periodic step on the bare TiO;.
In Fig. 1(b), an island structure was observed on the Au surface with the maximum length and
height of the island about 400 nm and 200 nm, respectively. In order to confirm the distribution
of Au, we used SEM with EDX. From these measurement, we found gold nanoparticles which are
embedded in a thin continuous gold film covering the entire surface, including the steps. Therefore,

(a) (b)

FIG. 1. AFM images and profiles of (a) bare TiO; (320) and (b) Au deposited TiO; (320).
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FIG. 2. The optical setup of the azimuthal angle and polarization dependent SHG measurement for 1.17 eV and 2.33 eV
excitation photon energy.

we observed the SHG signal from both the island structure and the other smooth areas covered by
gold.

B. Optical setup

The detailed optical setup for the SHG measurement is shown in Fig. 2. As the excitation source
of SHG, a mode-locked Nd**: YAG picosecond pulsed laser was used. The output pulse width and the
repetition rate were 30 picosecond and 10Hz, respectively. For the azimuthal angle and polarization
dependent SHG measurement, the sample was mounted on an automatic rotation stage and was
rotated around its surface normal. The incident polarized light at the photon energy of 1.17 eV or
2.33 eV corresponding to 1064 nm or 532 nm wavelength, respectively, illuminated the Au deposited
TiO (320) or bare TiO, (320) sample at an incident angle of 45° with respect to the surface normal,
after passing through a prism, a mirror, a half-wave plate, a polarizer, a 2w cut filter and a lens.
The diameter of the illuminated area on the sample was 1 mm. To avoid damaging the sample, the
average energy of the incoming beam was kept at about 80 wJ/pulse for 1.17 eV and 10 uJ/pulse
for 2.33 eV. The reflected SHG at the doubled frequency 2w was passed through a lens, an o cut
filter, an output polarizer, and a focusing lens and was finally detected by a photomultiplier through a
monochromator. The SHG data were recorded by a computer. We used four polarization combinations
Pin/Pout, Pin/Sout, Sin/Pout and Sin/Sout. Here Pin or Sin indicates p- or s-input polarization state
and Pout or Sout indicates p- or s-output polarization state, respectively. All the experiments were
conducted in air at room temperature.

lll. THEORETICAL TREATMENT

We used Maxwell’s equations with the nonlinear source term and calculated the amplitude
of a second harmonic wave in a three-layered model, with Maxwell’s boundary conditions. We
assumed that, the thickness and the dielectric function of the surface layer was 1 nm and that
of bulk TiO,, respectively, for this simulation. We used dielectric constant of TiO,, €,(2.33eV) =
8.821 and €,(4.66eV) = -7.409 + i13.24 for the electric fields parallel to the (001) crystal axis,
and €L (2.33eV) = 7.129 and €L (4.66eV) = 3.165 + i8.15 for the electric fields perpendicu-
lar to the (001) axis.?> We define the surface nonlinear susceptibility elements X.(Sfj)k according to
reference 20. The second order nonlinear polarization at the surface is calculated by the following
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equation?
PriQw)= " €x B (@) E() ()
Jk=y.z
Here, Pyy; (2w) is the second order nonlinear polarization, €, is the permittivity of the free space,
X(Sf/)k is the surface nonlinear optical susceptibility, E;(w) and Ey(w) are the incident electric field.

We can find a guideline in a textbook®* on how to calculate a nonlinear susceptibility of a sheet
layer using hyperpolarizabilities of adsorbed molecules or interface steps and on how to calculate
an electromagnetic wave amplitude emitted by this sheet. We calculated SHG intensity patterns and
the peak intensities from the dielectric structure for the Au/TiO, (320) face, when one of the 10
surface nonlinear susceptibility elements X(s%,)k is set equal to a common value and the other elements
are all set equal to zero. The result is independent of the thickness and the dielectric function of
the second layer because of the advantage of the usage of surface nonlinear susceptibility elements
Xféj)k We then fit the theoretical SHG intensity patterns to those obtained in the experiment. We
calculated the linear combinations of the patterns originating from the X(s%/)k elements in the complex
plane with each pattern multiplied by the relevant nonlinear susceptibility element and then varied the
nonlinear susceptibility elements as adjustable parameters. We fit the patterns by the least square fitting
method.

IV. RESULTS AND DISCUSSION

Figures 3 and 4 show the azimuthal angle dependent SHG intensity patterns with four different
input and output polarization combinations of Pin/Pout, Pin/Sout, Sin/Pout and Sin/Sout from the
Au/TiO; (320) interface and the bare TiO, (320) surface with the incident photon energy 1.17 eV
and 2.33 eV in air. The dots and lines represent the experimental and calculated data, respectively.
Figures 3 show that the SHG response from both Au/TiO; (320) and bare TiO, (320) samples are
isotropic when we used excitation photon energy of 1.17 eV. On the other hand, anisotropic behavior
is seen from both samples for at 2.33 eV as shown in Figs. 4. In general, when the energy of two
photon excitation is larger than the band gap of TiO; an electronic resonance will be observed.
In Fig. 3 the two photon energy of 2.34 eV of 1064 nm excitation is smaller than the bandgap of TiO»

hw=1.17eV
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FIG. 3. SHG intensity patterns as a function of the azimuthal angle ¢ for the four different input and output polarization
combinations from the Au/TiO; (320) interface and from the bare TiO, (320) surface with excitation photon energy hw=1.17¢eV.
The SHG intensity is plotted in the radial direction in an arbitrary but common unit. The input and the output polarizations are
shown at the bottom, such as Pin/Sout for P-polarized input and S-polarized output. The azimuthal angle ¢ is defined as the
rotation angle around the surface normal of the sample. The zero degree of ¢ corresponds to the configuration when the plane
of incidence includes the [230] direction. The incidence angle was set at 45°. The dots and lines represent the experimental
and calculated data, respectively.
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FIG. 4. SHG intensity patterns as a function of the azimuthal angle ¢ for the four different input and output polarization
combinations from the Au/TiO; (320) interface and from the bare TiO, (320) surface with excitation photon energy hw=2.33eV.
The SHG intensity is plotted in the radial direction in an arbitrary but common unit. The input and the output polarizations are
shown at the bottom, such as Pin/Sout for P-polarized input and S-polarized output. The azimuthal angle ¢ is defined as the
rotation angle around the surface normal of the sample. The zero degree of ¢ corresponds to the configuration when the plane
of incidence includes the [230] direction. The incidence angle was set at 45°. The dots and lines represent the experimental
and calculated data, respectively.

(3.05 eV) so that the electronic resonance did not occur. This is the reason for the isotropic SHG
response from both Au/TiO, (320) and bare TiO, (320) samples. In Fig. 4 the two photon energy
4.66 eV of 532 nm excitation is larger than the bandgap of TiO, and hence anisotropic responses were
observed. From the experimental SHG intensity patterns, we applied a least square fitting algorithm
and the results are shown by lines in Figs. 3 and 4. We conducted the phenomenological analysis of
the SHG intensity patterns using nonlinear optical susceptibility.>

In the theoretical calculation, nono-zero ij21<) elements”® are decided by the symmetry of the
structures of the Au/TiO; (320) and bare TiO, (320) samples namely Cs symmetry. Then we have

ten independent nonlinear suscept1b1l1ty elements, X223 X(23)2’ X(121)3 X(123)1’ X(lzl)z X(lé)l, X(Zzl)l’ X(222)2’

X(zzz)%’ X(322)3 ngz)z» X(321)1’ ngz)z» and X%33 Here 1, 2, and 3 represent the [001], [230], and [320] directions
on the stepped TiO, (320) surface, respectively, and their axes are fixed to the sample as shown in
Fig. 5. The mirror plane of the surface structure is the 2-3 plane. In the directions 2 and 3 there
are broken symmetries caused by the surface ste s and the terrace surface, respectively. Hence the

nonlinear susceptibility elements /\((122)1, /\/(221)1, /\/222, /\/(222)3, and ,\{(322)3 with odd number of suffices 2

originate from the step contribution. The other five susceptibilities )((121)3, )((222)3, ngl)l’ )((322)2, and )((323)3
with odd numbers of suffices 3 originate from the terrace contribution. Here the terrace contribution
contains both that from the TiO, (1 10) terrace and that from the Au film surface.

By using the ten evaluated x ) elements we separated the theoretical SHG intensity patterns
into those of the terrace and step contnbutlons However, at the excitation photon energy 1.17 eV,
the SHG intensity from the step contribution of the Au/TiO; (320) interface are 0.2 and 0.15, in an
arbitrary but common unit throughout this paper, for Pin/Pout and Sin/Pout polarization combinations,
respectively, and they were smaller than the noise amplitude of approximately 0.5. For this reason,
the fitting of the experimental data in Fig. 3 is conducted by considering only the terrace group of ijzk)
elements. Similarly, for the step contribution of the bare TiO; (320) surface, the SHG intensity is 0.1
and 0.2, in an arbitrary but common unit for the Pin/Pout and Sin/Pout polarization combinations,
respectively. They are much smaller than the terrace contribution and are below the noise level. The
simulated SHG intensity patterns for Pin/Sout and Sin/Sout for both the Au/TiO; (320) and bare TiO,
(320) were very weak. Therefore, we consider, their contributions are negligible.

On the other hand, at the excitation photon energy of 2.33eV, the step contribution was
clearly larger than the noise. The calculated SHG intensity patterns for both Au/TiO, (320) and
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Z X

2w 3(320] 1{001] w

\\
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—_—
Step up

FIG. 5. Schematic diagram of the stepped TiO, (320) substrate with the incidence plane. Here the coordinate symbols are
(X,Y,Z)=Laboratory Coordinates and (1,2,3)=Sample Coordinate. The sample coordinates are indicated by 1[001], 2[230]
and 3[320] directions. The azimuthal angle ¢ is the angle between X and the axis 1. The angle ¢ equals to zero when X
and the axis 1 are on the same direction as illustrated above. The mirror plane of the surface structure is the 2-3 plane. In a
more specific way, direction 2 is parallel to surface that lies in the mirror plane of TiO; and perpendicular to step edge where
the symmetry is broken and direction 3 is perpendicular to the surface of the stepped TiO, sample. At ¢ = 0°, direction 2
corresponds to the step up direction and it is same direction with laboratory coordinate Y.

bare TiO, (320) samples are shown in Fig. 6 for excitation at 2.33 eV separated into the terrace
and step contributions. The simulated SHG intensity patterns for Pin/Sout and Sin/Sout for the
Au/TiO; (320) were very weak. The terrace contribution for Sin/Sout for the bare TiO; (320) was

Sample Xfflz Pin - Pout | Pin - Sout | Sin - Pout | Sin - Sout

AuTiO; (320) | AuTiO; terrace

(532 nm) contribution © O

33 12.5

AuTiO, step

contribution 8 "

10 0.2
Bare TiO, TiO, terrace
(320) contribution
(537 1m0 CO| = oo
24 0.5 1
TiO; step
contribution -
0.6 0.5 0.6 0.5

FIG. 6. The calculated SHG intensity patterns for Au/TiO, (320) and bare TiO; (320) based from the terrace and step
contributions fitted to the experimental results with photon excitation energies of 2.33eV. The SHG intensity is plotted in the
radial direction in an arbitrary but common unit.
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weak. Their contributions are negligible and the corresponding intensity patterns are not shown in
Fig. 6.

From the above simulation results of the step and terrace groups of ijzk) elements, one can see
that the step contribution from the Au/TiO, (320) is different from that of the step contribution from
the bare TiO, (320) sample for the Pin/Pout polarization combination, as we can see it in Fig. 6. Also
for the Sin/Sout polarization combination in Fig. 4, the bare surface shows a finite intensity, while
the Au/TiO, (320) gives a negligible signal for Sin/Sout polarization combination as in Fig. 4. In
order to discuss the possible reasons for this difference, we considered the following candidates of
the origins of the step contribution to the signal of the Au/TiO; (320) interface.

A. Enhancement of the incident electric field by surface defects

Surface defects such as crystal imperfections, island structures, steps and kinks are considered
as a candidate origin for the electric field enhancement. The defects on the surface/interface may act
as the “hot spot” and the local field can be concentrated and coupling may occur strongly. These
couplings were the origin of the enhancement of the incident electric field.?” Namely, C. K. Chen
et al. observed a large enhancement of SHG signal from the roughened silver surface compared to
a smooth surface due to the enhancement of the electric field by the roughness.”® From Fig. 1(b),
we found that Au deposited TiO, (320) surface contains island structure and these islands might act
as “hot spot” and make the SHG intensity stronger. However, this effect should have an isotropic
nature with respect to the rotation of the sample around its normal because these islands are randomly
distributed. The effect would be similar if we consider the enhancement occurring due to the random
steps on the surface. This is not the case when we see the SHG pattern for Pin/Pout polarization
combination shown in Fig. 4, and so this candidate is eliminated.

B. Electronic resonance of Au/TiO; interface step

An electronic resonance may occur at the step region of the Au/TiO; interface. J. R. Power et al.
observed an enhancement of SHG signal from a stepped Si (001) surface due to the strong electronic
resonance.”’ T. F. Heinz et al. observed SHG and SFG spectra due to the electronic resonance from the
CaF,/Si (111) interface. This electronic resonance occurred due to the interband electronic transition
at the interface by the excitation by one photon.*” In our study we observed the enhanced SHG signal
(shown in Fig. 6) correlated with the existence of the Au/TiO, (320) interface steps. Hence this is a
credibe candidate the interface step electronic state being the origin of our signal.

C. Surface plasmon effect on SHG enhancement

The collective oscillations of the free electrons may occur in metal surface such as silver, gold or
copper induced by the interacting electromagnetic field and they are known as surface plasmons.>! In
the case of a thin gold film deposited on pre-patterned TiO, substrate, local field enhancement may
result from the surface plasmon resonance (SPR). Then the SHG intensity is non-linearly dependent
on the local field enhancement factors.?? In order to check the influence of SPR on the enhancement
of the anisotropic SHG signal, we measured the linear reflectivity of our sample at ¢ = 0° and 180°
as shown in Fig. 7. In Fig. 7 the decrease of reflectivity for the p-polarization above 600 nm might
be due to the contribution of SPR. Nevertheless, the reflectance at ¢ = 0° and 180° were found to be
approximately the same as each other for both P- and S- polarized excitation light. Thus the incident
field of frequency w makes approximately the same local field in the sample at ¢ = 0° and 180°.
So the different enhancement of SHG signal between ¢ = 0° and 180° should not occur owing to
SPR.

D. Fresnel factor effect on SHG enhancement

The intensity of the surface second harmonic signal per laser pulse /2w, [, ¢) is given by the
following equation’?

1Qw, 1L, ¢) e |LQw, 1) ¥ (1, ¢) L(w,1,¢) PI*(w) 2)

Here, L (w, [, ¢) and L (2w, I, ¢) are the Fresnel factors at frequencies of w and 2w respectively, and
I (w) is the intensity of the incident laser pulses. The parameter / indicates the polarization of the light
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FIG. 7. Linear reflectivity curve of Au/TiO; (320) sample for both P- and S- polarized light at ¢ = 0° and 180° as a function
of wavelength.
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FIG. 8. The anisotropic response for Pin/Pout polarization combination from the Au/TiO, (320) interface at excitation light
with photon energy 2.33 eV separated into the step and terrace contributions.

wave and is either s or p. The parameter ¢ indicates the sample rotation angle. The Fresnel factor
L (w, I, ¢) indicates how much light field at frequency w is generated inside the nonlinear medium
by the incident light by the linear optical process.?® From our linear measurement, we confirmed that
the linear reflectivity spectra are the same between the rotation angles ¢ =0° and 180° as shown in
Fig. 7. The fact that the reflectivity spectra are exactly the same means that the Fresnel factors are the
same between the rotation angles ¢ =0° and 180°. Hence the enhancement of the SHG signal should
only be due to the ¢-dependence of the xy® (I, ¢) term in Eq. (2). So, the influence of the Fresnel
factors on the enhancement of SHG signal can be eliminated.

From the above discussion of four candidates, it seems that only candidate (b) is feasibly respon-
sible for the enhancement of the SHG. In this case, the electronic resonance at the Au/TiO, (320)
interface step may have caused the enhancement of the SHG signal.

Although it is difficult to conclude the exact origin of the enhancement of the SHG intensity
considering the step contributions of Au/TiO; (320) compared to the bare TiO; (320) sample, we
have succeeded in decomposing theoretically the nonlinear susceptibility elements of anisotropic and
isotropic symmetry from the experimental data. There are two groups of the nonlinear susceptibility
elements corresponding to step and terrace contribution to the SHG response. These two components
give positive interference at (=180° and negative interference at ¢=0° as we show it in Fig. 8. As
the next step it is important to perform the photon energy dependence of the SHG response. At that
step, the separation of the SHG response as in Fig. 6 is necessary to discuss the terrace and step
contribution.

V. CONCLUSION

We obtained SHG intensity patterns from the Au/TiO, (320) and bare TiO, (320) samples as a
function of the polarization combinations and azimuthal angle. The isotropic response was observed
from both samples with the excitation photon energy of 1.17eV. On the other hand, at photon energy
2.33 eV, the anisotropic SHG signal was measured from both the Au/TiO, (320) and bare TiO; (320)
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samples. Our analysis suggests that, after eliminating other candidate mechanisms, an electronic
resonance at the Au/TiO; (320) interface step is the major contributor to the relevant xszk) elements.
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