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In order to investigate the electronic states of step sites on Au surfaces, we have observed the reflected
optical second-harmonic (SH) intensity from Au(887) and Au(443) surfaces in ultrahigh vacuum with a normal
incident excitation light beam, as a function of the photon energy and the incident and SH light polarizations.
The second-order surface nonlinear susceptibility elements observed in this measurement configuration were
Xiil, Xgi" and X;i)y where x and y are defined as the [112] and [110] directions, respectively. The step edges
lie in the y direction. The ratios of the nonlinear susceptibility elements | X(Z) 2) )

VI and [D]/ X3 were
different on the two surfaces in the photon energy range from 2% w=2.5 to 3.3 eV. The deviation of the SH
response from that of an ideal 3m symmetric Au(111) surface was found to be larger for the Au(443) surface
than for the Au(887) surface. This deviation is attributed to the atomic steps created by the miscut of the
samples. In order to analyze the observed SH spectra, we calculated the electronic states of a Au(554) slab
using a density-functional theory. We found that the low-energy onset of the SH intensity caused by the steps
can be qualitatively interpreted by referring to the calculated partial density of the d-electronic states of the step

and terrace atoms on the Au slab.

DOI: 10.1103/PhysRevB.78.075440

I. INTRODUCTION

Both the response of free electrons in a positive back-
ground (the jellium model) and that of localized electrons
near the metal atoms should be considered in the interpreta-
tion of electronic phenomena in metals. The chemisorption
of atoms and molecules is a typical phenomenon on solid-
state surfaces; on noble metal surfaces it is thought to in-
volve d electrons.! However, in the example of hydrogen
adsorption on the surface of the familiar noble metal Au, the
H-Au bond is not stable due to the occurrence of antibonding
electronic orbitals. These orbitals consist of hydrogen 1s and
Au 5d-electronic wave functions just below the Fermi en-
ergy. This is why Au is the most inert of the noble metals and
it rarely adsorbs atoms or molecules on its surface.

On the other hand, it has been found that chemisorption
selectively occurs at defects or step sites on Au surfaces.” It
has been shown experimentally that the 77*(CO)-d(Au) bond
of the adsorbed CO molecules on the steps is stronger than
the one on the terraces. This fact suggests that the electronic
states near the steps are quite different from those in the
middle of the terraces. Thus it is essential to analyze the local
electronic structures around the steps in order to clarify the
mechanism of real surface reactions on the Au surface.

Recently Au has been found to have a considerable cata-
Iytic ability to oxidize CO into CO, when it is supported on
a TiO, substrate as nanoparticles, as reported by Valden and
co-workers.>™ Au nanoparticles become insulators when
their sizes are smaller than a certain threshold. At the same
sizes, they become catalytically reactive. This fact suggests
that there could be a correlation between the catalytic func-
tion and the electronic structure of the nanosized Au par-
ticles.

Several possible origins of this catalytic activity of the Au
particles have been proposed. They are (1) coordinative
unsaturation of the surface atoms, (2) active sites at the
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Au/TiO, support interface, (3) reactivity of small gold par-
ticles due to quantum size effects, and (4) the nanosized
structures, such as steps or kinks formed at the surfaces of
the Au nanoparticles.® Determining the most feasible of these
candidates to explain the origin of the CO oxidation is still
considered to be an important topic of discussion.

In this study, as a possible step in determining the origin
of the catalytic activity of Au nanoparticles, we have focused
on candidate (4) above, namely, the nanosized structures on
Au surfaces or interfaces, especially the electronic states of
the step sites. In a previous study of the electronic states of
stepped Au surfaces, Ortega et al.” and other researchers in-
vestigated vicinal Au(111) surfaces by angle-resolved photo-
emission spectroscopy. They reported that the electronic
states show one-dimensional levels, due to the confinement
of electrons on the terraces between the steps. Shiraki et al.
deposited Fe on a Au(887) surface and found that the Fe
atoms are preferentially adsorbed at the step sites, reducing
the step barrier potential. With this reduction in the step bar-
rier potential, electron propagation across the decorated steps
on the vicinal surfaces became more free-electron-like.®
These results suggest that the electronic structure of bare step
atoms is different from that of terrace atoms. However, nei-
ther paper reported on the electronic spectra of the steps. So
far, as we know, there has been no measurement of the en-
ergy spectrum of the electronic structure of the step sites on
Au.

We chose high index Au surfaces, Au(443) and Au(887),
as our samples and analyzed their electronic structure by
optical second-harmonic (SH) spectroscopy. The surfaces of
Au(443) and Au(887) are tilted from the Au(111) plane in the
[112] direction by 7.2° and 3.5°, respectively. These vicinal
Au(111) surfaces consist of atomic steps separated by (111)
terraces. For Au(775) tilted by 8.5° from Au(111), it has been
reported that step bunching occurs and the surface has a
phase separation into two kinds of vicinals.” The Au(443)
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surface is tilted only a little less than Au(775) so we expect
that the phase separation and step bunching occurs in a simi-
lar fashion. On the other hand, it has been reported that step
bunching does not occur on Au(887) and a single phase of
vicinals was observed.®!”

Optical second-harmonic generation (SHG) is forbidden
in centrosymmetric bulk media and occurs only at their
surfaces.!! Janz et al.'> performed SHG measurements of
vicinal AI(100) surfaces at several incident angles and have
detected a SH response from the steps. In an experiment
involving the normal incidence of a centrosymmetric me-
dium, similar to the one in this study, SHG occurs only if
there is asymmetry in the two-dimensional surface plane; so
it is more advantageous to detect the signal from the steps.

In the Au(l11) terrace the top atomic layer alone has
6/mmm symmetry and is centrosymmetric. However, the in-
corporation of the second and third atomic layers yields 3m
symmetry and loss of the center of inversion. Vicinal
Au(111) surfaces, such as Au(443) and Au(887), have or-

dered surface steps with faces oriented in the [112] direction,
and these oriented steps add further asymmetry in the surface
plane. On the terraces of the Au surfaces tilted from the (111)

surface in the [112] direction, structures known as discom-
mensuration lines caused by the 3 X 23 reconstruction are

reportedly formed.®!3 This \3 X 23 reconstruction also adds

asymmetry in the [112] direction. The additional asymmetry
caused by both the step structures and the reconstruction is
expected to modify the SH response.

Since the structures of the Au(443) and Au(887) surfaces

have m symmetry with a mirror plane normal to the [110]

direction, they have nonzero second-order nonlinear suscep-

2 2 2 2 2
tibility elements x{ Xk Xiys Xioh Xoms Xiges Xoes Xorh

XE)’V’ and XZZE Here the x, y, and z axes are defined to lie in
the [112], [110], and [111] directions, respectively. The step
faces and substrate normal lie in the y and z directions, re-
spectively.

For normal 1n01dence onto this surface, SH light occurs
due to the )(xxx, Xx) > and X ) elements. The SH response for
normal incidence from the Au(lll) surface with 3m symme-
try is generated by the same nonlinear susceptibility
elements but with an additional relation, as discussed in
Ref. 14;

2 2 2 .
chxzc X,(ry)y Xix)y =L-1:-1 (1)

The SH response arises from the sum of the nonlinear sus-
ceptibility,

X+ X 2)
where X%)l and Xﬁ;m represent the nonlinear susceptibility
originating from the 3m symmetric surface and the asymmet-
ric structures such as steps or reconstructed terraces, respec-
tively. The resonant deviation of the SH intensity pattern
from the 3m symmetry as a function of the photon energy
thus observed is expected to reflect the electronic level at the
asymmetric site.
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The Au(443) surface has greater step density than the
Au(887) surface. In contrast, the Au(887) surface has a larger
area of reconstructed terraces than the Au(443) surface. This
is because the reconstruction does not occur on the narrow
terraces of the Au(443) surface.”” We expect the SH re-
sponse due to the asymmetry of the steps to be stronger for
Au(443), while that of the reconstruction should be stronger
for Au(887).

In our results, the deviation of the SH response from that
of 3m symmetric Au(111) was stronger for Au(443) than for
Au(887), indicating that the SH response due to the addi-
tional asymmetry originates with the steps. Thus, we can
consider SHG information for the stepped surfaces to be fun-
damental for understanding the catalytic activity of Au nano-
structures.

II. EXPERIMENT

The samples were mechanically polished Au(443) and
Au(887) disks (Surface Preparation Laboratory) mounted as
delivered in an ultrahigh vacuum chamber with a base pres-
sure at around 2.5 X 1078 Pa. After five repetitions of anneal-
ing at 500 °C by flash heating and sputtering by Ar* ions of
0.5 keV, annealing was done once more at the end of the
cleaning. There was no contamination on the Au surfaces
thus prepared, as checked by Auger electron spectroscopy
(AES). This cleanliness was confirmed to be maintained for
at least 8 h at room temperature, and our SH spectroscopy of
the Au surfaces was carried out within 8 h after cleaning.

In order to characterize the Au surface structures, a reflec-
tion high-energy electron diffraction (RHEED) was observed
with an incident electron energy of 15 keV and the beam

direction parallel to [110]. As a result of step bunching, the
RHEED pattern of the Au(443) surface showed two kinds of
satellite streaks corresponding to two different terrace
widths, in addition to the main streaks. The terrace widths
were estimated to be 1.4+0.1 and 3.4*0.3 nm. On the
wider terraces \EX 23 reconstruction occurred with the X23

periodicity in the [110] direction. On the narrower terraces
the V3 X 23 reconstruction was not observed by scanning
tunnel microscope (STM).%!3 On the other hand, the Au(887)
surface was found to be a single domain structure of
3.8+0.4 nm width terraces with 3 X 23 reconstruction.
The orientation of the Au samples was adjusted for optical
measurement using the RHEED patterns.

Figure 1 diagrams the experimental setup for the SHG
measurements used in this study. The light source of the
fundamental frequency was an optical parametric oscillator
(Spectra Physics MOPO-730) driven by a frequency-tripled
QO-switched Nd:YAG (yttrium aluminum garnet) laser. The
laser power was 1.5 mJ/pulse with a duration of 3 ns and a
repetition rate of 10 Hz. The incident beam was passed
through a dichroic mirror (YHS-50-C08-355, DIF-50S-
RED) and focused into a 3-mm diameter spot on the Au
sample surface with a normal incident angle. The reflected
SH light beam in the normal direction was reflected selec-
tively by the dichroic mirror, passed through an w cut filter, a
polarizer, lenses, and a monochromator, and finally was de-
tected by a photomultiplier. To compensate for the temporal
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FIG. 1. Block diagram of the SHG measurement system. The laboratory coordinates x and y on the sample surface are defined in the inset
in the lower part of the figure. The angle ¢ is defined as the angle between the [112] direction and incident polarization. PMT: photomul-

tiplier, AMP: amplifier, and OPO: optical parametric oscillator.

variation of the incident laser pulse power, we used a refer-
ence sample [GaAs(001) in air] and calibrated the signal in-
tensity by taking the ratio of the intensities measured in the
signal and reference channels. To compensate for the sensi-
tivity variation of the optical system as a function of the SH
photon energy, a sliding mechanism inserted a mirror into the
optical path and the SH intensity was measured at each
wavelength by the reflected beam from an «@-Si0,(0001)
plate. The SH intensity from the Au samples was calibrated
by that from this reference a-SiO,(0001) plate.

The incident polarization angle ¢ of the excitation beam
is defined as the angle between the direction of the electronic

field of light and the [112] direction of the Au crystals. When
measuring the SH intensity as a function of ¢, the observed
polarization of the SH light was set at either 0° or 90° and
the measurement was done for every 10° of ¢. When mea-
suring the SH intensity as a function of the photon energy,
the observed polarization of the excitation beam was set at
¢$=0°, 45°, or 90° and the polarization of the SH light was
set at 0° or 90°. The ratios of the SH intensity with these
values to that with ¢=0° incidence and SH polarization
angle 0° was measured as a function of the photon energy.
When measuring the absolute SH intensity spectra normal-
ized by using the a-SiO,(0001) reference sample, the exci-
tation beam was set at ¢»=0° and the SH light polarization
was set at 0°.

III. RESULTS AND DISCUSSION

Figure 2 shows the SH intensity patterns from the
Au(443) sample as a function of the incident polarization
angle ¢. The SH photon energy was 2.7 eV and the observed
polarization of the SH light was fixed at 0° for /29 () in

exp,x

Fig. 2(a) and 90° for Ig;’?v((j)) in Fig. 2(b). We see four lobes
in each pattern but the incident polarization angles giving the
SH intensity maxima are different in Figs. 2(a) and 2(b).

Phenomenologically the SH intensity is written as
2 2 2 2 .
129(¢) =1 {IXLLV cos* ¢+ [x\)|” sin* ¢

1 .
+ ERe(Xngg)y )sin’ 2¢}, (3)
for the pattern in Fig. 2(a) and

) )2 .
1§2 () = CI'|¥2) |2 sin? 2, (4)

yxy

for that in Fig. 2(b).Here C is a coefficient defined as
|F(2w)F(w)?=C, where F(w) is a linear Fresnel factor and

90° 00°
@ T (b)

SH intensity [arb.units]
g
—
i * j

FIG. 2. SH intensity from Au(443) as a function of the angle ¢
of the polarization of the incident beam at SH photon energy of 2.7
eV. The observed polarization angle of the SH light is (a) 0° and (b)
90°. The solid curves in (a) and (b) are least-square-fitted curves to
the experimental data using Egs. (3) and (4). The SH intensity is in
an arbitrary unit on a common scale in the two patterns.
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F(2w) is a second-order Fresnel factor.'® The difference be-
tween the Fresnel factors of Au(887) and Au(443) is very
small because their linear dielectric constants are nearly the
same. Comparing the SH intensity patterns Ig;’x(qﬁ) and

ei‘[;’)}(qb) in Figs. 2(a) and 2(b) with I<2“’ (¢) and I 2“’)(gb) in
Eqgs. (3) and (4), respectively, we have obtained the ratios of
the absolute values of the nonlinear susceptibility elements

as

XD X = 1:0.89:0.66, (5)

at a photon energy of 2iw=2.7 eV. From Eq. (1), the 3m
symmetric Au(111) surface will give the ratios as in Ref. 14:

|Xxxx| |Xxy}| |X}xy| _1 1 1 (6)

The values of |Xxy)|/|Xxxx|_O 89 and |X) |/1x2|=0.66 for
Au(443) in Eq. (5) are both smaller than | Xxyy|/ IX?]=1 and
| )(m,|/ X2 |=1 for the 3m symmetric Au(111) surface in Eq.

(6). Solid curves in Figs. 2(a) and 2(b) are least-square-fitted
curves to the experimental data using Egs. (3) and (4), where
the phase difference (B8—«) between the susceptibility ele-
ments ch and XX\)y is also a fitting parameter. We define the
phase difference as (8- a), rewriting the two susceptibility
elements as x\2=|x"le™ and x2=[x2)Je. As men-
tioned in the introduction, both the step structures and the
reconstruction on the terraces give asymmetry in the x direc-
tion on the Au(443) surface. The difference in the SH inten-
sity patterns of Au(887) and Au(443) compared to that of
Au(111) are due to either the steps or the reconstruction.

Figure 3 shows the SH intensity ratios Ig;’)x(d)

=90°) /132 (¢=0°) and IGY) ($=45°)/102) (¢=0°) as a
functlon of the SH photon energy. Dots 1ndlcate Au(887) and
empty circles are for Au(443). The difference in the SH re-
sponses of Au(887) and Au(443) is clearly seen in the SH
photon energy range from 2.5 to 3.3 eV.

From Eq. (3) the vertical axis in Fig. 3(a) is found to be

—ia

(0] o w o |XX
159 (= 90°)1532) (¢ =0°) = LOE (7)
and that in Fig. 3(b) is found to be
2 2 |X(2) |2
159 (p=45)150) ($=0°) = o (8)

| X’CX

According to Eq. (6) the SH intensity ratios, Egs. (6) and (7),
are unity for 3m symmetric Au(111). The SH intensity ratios
observed in Fig. 3 1ndlcate that the ratios of the nonlinear
susceptibility elements |x! X N/1x2| and | X(z) /] Xxxx| for
Au(887) are closer to unity than those for Au(443) in the SH
photon energy range from 2.5 to 3.3 eV.

As was already mentioned, the Au(443) surface has two
kinds of terraces. Long terraces have a width of about
3.4*0.3 nm, while narrow terraces have a width of about
1.4*+0.1 nm. Because reconstruction does not occur on the
narrow terraces of Au(443), the total area of reconstruction is
larger for Au(887). Thus the effect of the broken symmetry
by V3 X 23 reconstruction should be greater for Au(887) than
for Au(443). However, in Fig. 3 the deviation of the SH
intensity ratios from unity are larger for Au(443). Therefore,
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0.2¢ Au(887) ——
Au(443) -0

SH intensity ratio

0.0

24 2.6 28 3.0 32 34 3.6 38 40 42
SH photon energy [eV]
FIG. 3. SH intensity ratios (a) 12 (p= 90°)/I(2“’)(¢ 0°) and

(b) 129 ($=45°)/129 ($=0°) as a ;‘)S;IXCHOH of thee)gl—xl photon en-
exp,x exp,x

ergy for Au(887) and Au(443) surfaces. The dashed lines are the

values of the ideal Au(111) surface. The solid and dashed curves are

sixth-order polynomial approximations to SH experimental results,

provided as guidelines to highlight the difference between the two

spectra.

the effect of the reconstruction on SH intensity cannot be
regarded as dominant.

On the other hand, the effect of the broken symmetry due
to the steps is considered to be larger for Au(443) because
the density of steps is greater than on Au(887). This is con-
sistent with the result observed in Fig. 3; that the deviation of
the SH response from unity is larger for Au(443) than for
Au(887). Therefore, we consider that the decrease in reso-

nance  of 1&“’&(({) 90°)/Ig‘”)x(¢ 0°) and Ig‘l‘)’)\,(qb
:45°)/I$“’x(d> O°) from unity in the SH photon energy

range from 2.5 to 3.3 eV is due to the electronic state of steps
on the sample surface. However, we must be cautious here;
that in order to analyze this deviation from the 3m symmetric
response in further detail, it will be necessary to consider the
contributions not only from the steps but also from the re-
constructions.

Figure 4 shows the SH intensity spectra /2)(¢=0°) from
Au(443) and Au(887) calibrated by a- 5102(0001) The SH
intensity tends to be larger for the lower photon energy re-
gion in both spectra. Iwai et al.'” observed SHG from the
Au(111) surface and the spectra exhibited stronger SH sig-
nals in a similar energy range. The SH spectrum of Au(887)
in Fig. 4(b) shows a peak at the SH photon energy of 2.4 eV,
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FIG. 4. The SH intensity of Ig“’))(((;&:O") as a function of the SH
photon energy for (a) Au(443) and (b) Au(887). The vertical axis is
calibrated by the SH intensity from an a-SiO,(1000) plate. The
solid and dashed curves are sixth-order polynomial approximations
to SH experimental results, provided as guidelines to highlight the

difference between the two spectra.

similar to the data from Iwai ef al. Otherwise the two spectra
show different structures from their data. The difference be-
tween the spectra in Figs. 4(a) and 4(b) can be seen around
the SH photon energy range of 2.5-3.3 eV. The origin of the
difference is suggested to be the difference of the step den-
sity.

Iwai et al.'” argued that the SH intensity peaks around 2.4
eV of the Au(111) and Au(100) surfaces originate from the
transition from the d-electronic band to the s and p surface
bands. Similarly, we may well say that the peak around 2.5
eV in the SH spectra of Au(443) reflects the transition from
the occupied d electronic to the empty s and p surface bands.
However, the absolute SH intensity is a function of not only
the nonlinear susceptibility but also the Fresnel factors, and
thus we do not analyze the detailed structures of the spectra
in Fig. 4 in the present study.

In order to see the second-order nonlinear optical re-
sponse of the step site in more detail, we have calculated the
phase differences between the nonlinear susceptibility ele-
ments xﬁl and (2)y from the experimental results. For the 3m
symmetric Au(111) surface, Ifi;’l(¢=45°)/l$;’x(¢ 0°) is

equal to zero, as found from Egs. (1) and (3). However,
129 (¢=45°)/1%%) ($=0°) is not equal to zero for Au(443)

exp.x exp,x

and Au(887) as can be seen in Figs. 5(a) and 5(b). The finite
values of 1 (p=45° )/ 129 (=0°) is due to the deviation

exp,x exp,x

of |x! )(x)y /x'?| from unity and the phase difference between
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0.6
05k @
0.4+ 1
03F 1
02+ o 4
01k o™ 000 °'é~ ..................... 9‘_3‘{‘_ g

@ 00005“ 908 o 600 o o°
00 ‘ ) ) . g

o5l (® Au(887)—e— |

041 B

Au(443) o |

SH intensity ratio

03+ B
02F o

0.1}

0.0 L .A ot 0 L L L

24 26 28 30 32 34 36 38 40 42
SH photon energy [eV]

°®
1

FIG. 5. The SH intensity ratios Ig(‘;)x(¢=45°)/ Igg’?x(tb:OO) for
(a) Au(443) and (b) Au(887). The solid and dashed curves are sixth-
order polynomial approximations to SH experimental results, pro-
vided as guidelines to highlight the difference between the two

spectra.

the nonlinear susceptibility elements Xgl and )((2)

Using the relations x\o=|x\2le™™, x2)=[x!

Eq. (1), we can find a relation as

| XX\ )|e=®, and

(Zw) 0 (Zw) 45° 1
COS(IB—CK)=2 ()zc:’xp( O)( x;)[(l;;( O)__
xexp(go ) xexp(o ) 4
_ LLgp00° )) )
2w)
4 I,(rexp

Figure 6 shows the values of cos(8—a) as a function of the
SH photon energy, obtained by using Eq. (9) and the data in
Figs. 3(a). In Fig. 6 we see a difference between the phases
cos(B—a) on Au(443) and Au(887), especially in the SH
photon energy range from 2.5 to 3.3 eV. In the same SH
photon energy range we saw dependence of | Xxw/ )(Jm| and
| )(m/ Xxxx| on the face index in Fig. 3.

The value cos(8—«) is equal to —1 for a 3m symmetric
surface from Eq. (1). The value of cos(8— ) is closer to —1
for Au(887) than for Au(443), indicating that the phase dif-
ference cos(B—«a) also depends on the step density.

T T T T T T T T

Au(887) —e—
Au(443) - o -

=
T

o
n
T
.

<
=]

'
S
W

Phase difference cos(f—o)

'
—
(=]

Ll
24 26 28 30 32 34 36 38 40 42
SH photon energy [eV]

FIG. 6. The phase difference cos(B8—«) between the )(x and
Xgi elements as a function of the SH photon energy for Au(443)
and Au(887). The solid and dashed curves are sixth-order polyno-
mial approximations to SH experimental results, provided as guide-

lines to highlight the difference between the two spectra.
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We suggest that the dependence of the absolute value of
the susceptibility elements on the face index and the differ-
ence between the phases of the two susceptibility elements,
X;(cil and Xg)w originate from the anisotropy of the local con-
ductivity of electrons around the step site. In order to analyze
the origin of the optical nonlinearity of the steps on the Au
surfaces in more detail, we need to calculate the local con-
ductivity of electrons at the step sites with a microscopic
model. At present we cannot calculate the microscopic con-
ductivity around the step site. In Sec. IV, we calculate the
electronic states of stepped Au surfaces and compare them

with our experimental results.

IV. CALCULATION OF THE ELECTRONIC DENSITY
OF STATES ON STEPPED AU SLABS

In order to analyze the dependence of the SH intensity
spectra on the surface index, we have performed a first-
principles calculation of the electronic states of a vicinal Au
crystalline slab with atomic steps. The slab model has
Au(554) surfaces on both sides. The thickness of the unit cell
in the slab was chosen to be five atomic layers because in
this condition the local density of states (LDOS) of the atoms
at the step, on the terrace, and in the bulk depended weakly
on the thickness. In the directions parallel to the surfaces, the
unit-cell size was 1 X 5 times that of the ideal (111) surface
and the periodic boundary condition was adopted. In the di-
rection perpendicular to the surfaces, a vacuum layer was
added and the structure was repeated. When the vacuum
thickness was changed from 0.4 to 0.6 nm, from 0.6 to 0.8
nm, from 0.8 to 1.0 nm, and from 1.0 to 1.2 nm, the ratios of
the total energy changes were 13:4:1:1. Therefore, we chose
0.8 nm as the vacuum thickness. It was difficult for us to
optimize the structure of the 3 X 23 reconstructed terrace
due to the large unit cell. The length of the unit cell in the
direction parallel to the step edges was thus taken to be that
of the bulk structure. The atomic structures were geometri-
cally optimized before the calculation of the electronic states.

The electronic states of the Au(554) slab were calculated
by the density-functional method. The exchange interaction
and correlation of electrons were handled by using a gener-
alized gradient approximation (GGA) within the Perdew-
Burke-Ernzerhof (PBE) scheme. A double numerical plus
polarization (DNP) basis set was used. The calculations were
conducted using the code named DMol3 in Materials Studio
(ACCELRYS, version 4.2).18-20

From the obtained Kohn-Sham orbitals, the d partial den-
sity of states at three atomic sites in the bulk [Fig. 7(a)], on
the terrace [Fig. 7(b)], and on the step [Fig. 7(c)] were cal-
culated. These three sites are schematically illustrated in the
insets in Fig. 7. The solid curve in Fig. 7(d) shows the dif-
ference between the d partial density of states of the step
atom [Fig. 7(c)] and the terrace atom [Fig. 7(b)], and the
dashed curve shows the difference between the terrace atom
[Fig. 7(b)] and the bulk atom [Fig. 7(a)]. The calculated s
and p partial density of states of the step, terrace, and bulk
atoms are widely spread from —8 to 3 eV. The differences in
s and p between the different atomic sites are much smaller
than those for the d partial density of states and are not
shown here.
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FIG. 7. The d partial electronic density of states of Au atoms (a)
in the bulk, (b) on the terrace, and (c) on the step, obtained from
DFT calculation of a Au (554) slab consisting of five atomic layers.
The solid curve in (d) indicates the difference between the d partial
electronic density of states of the Au atoms on the step and those on
the terrace. The dashed curve indicates the difference between the
Au atoms on the terrace and in the bulk. Fermi level corresponds to
0eV.

In Fig. 7 we see that the 5d partial density of states of the
step and the terrace differ from each other below the energy
of —2.5 eV. The SH intensity ratios 129 ($=90°)/1%%) (¢

exp.x exp,.x
=0°) in Fig. 3(a) gradually split between the Au(443) and
Au(887) surfaces above the SH photon energy of 2.5 eV and
s0 do those of 15 (¢=45°)/132) (¢=0°) in Fig. 3(b).

The SH intensity is a function of the transition moments
between the electronic states involved in the optical process,
relaxation constants of the states, Fresnel factors, and LDOS.
The first three parameters are seen to be weakly dependent
on the photon energy for the following reasons.

The main term in the second-order nonlinear optical sus-
ceptibility is given as

I ; l
ng)(— 20:0,0) 2 ( |/‘Lz|f?<f|ﬂj|m><m|ﬂk| ) . ’
Imf (Zﬁw - Eﬂ - lﬁ’yﬂ)(ﬁw - Eml - lﬁ%nl)

(10)

where |l), m), and | /) represent the initial, intermediate, and
final electronic states, respectively, in the three-photon
process.'* If we limit ourselves to the case of a specific reso-
nance, the electronic states |I), |m), and |f) in Eq. (10) can be
assumed as specific. Consequently, the transition moments
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(Ul {flmjlm), and {m|wu|l) are roughly constant.

In the denominator of Eq. (10) vy and 1, are relaxation
constants of the states. These relaxation constants can be
regarded as constant if one specific resonance is
considered.?!

If we further assume that only the photon energy 274w is
resonant with electronic levels, Eq. (10) is roughly propor-
tional to the sum of Lorentzian terms of width 7y, related to
the transition from [f) to |/} states. Then the whole equation
is roughly proportional to the joint density of states (JDOS)
between the states of |/) and |f).

Our discussion focuses on the onset of the deviation of the
SH response from the 3m symmetric pattern near 2.5 eV. In
this energy range the linear optical response, such as the
optical reflectance of Au, varies moderately so that the varia-
tion of the Fresnel factors can be regarded as sufficiently
moderate compared to the steepness of the onset of the SH
response of the steps, as sharp as 0.1 eV. Under the above
assumptions the SH intensity should be roughly proportional
to the square of the joint density of states for the two-photon
transition between the occupied d-electronic states and the
empty s and p states just above the Fermi level. Thus the
resonance with the two-photon transition from the d-bands to
should enlarge the nonlinear

2 the SH response originating

susceptibility Xstep: ep
from Xg%;+ nge)p is modulated through interference.

Since the binding energy at the onset of the undulation of
the solid curve (2.5 eV) in Fig. 7(d) is roughly equal to the
onset energy of the splitting in Fig. 3, we suggest that the
splitting of the SH intensity ratios in Fig. 3 is due to the
modification of the LDOS of the d electrons by the steps.
Because the Au(443) surface has step bunching, unlike the
Au(887) surface, the SH intensity should not simply be pro-
portional to the step density so far as our two samples are
concerned.

On the high-energy side, in Fig. 3, the results suggest the
contribution of the electrons at the step is smaller in the SH

By this x;
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response because it does not show dependency on the face
index. Candidate reasons for this disappearance of the split-
ting would be the decrease in the joint density of states and
the dipole transition moments, and the increase in the relax-
ation rate at the step sites. On the other hand, there also
should be a reason why the SH intensity ratios I(ei‘l‘)')x( ¢
=90°)/132) (¢=0°) and 132 (=45°)/152 ($=0°) are still
far from unity, around 3.7 eV in Fig. 3. The broken symme-
try caused by the reconstruction on the terraces is one pos-
sibility. The details are not clear yet and calculation of the

reconstructed surface is required for further discussion.

V. CONCLUSION

Reflected SH spectroscopy with normal incidence was
performed for Au(443) and Au(887). A difference in SH in-
tensity patterns between Au(443) and Au(887) was detected
around the SH photon energy in the 2.5-3.3 eV range. This
difference originates from the broken symmetry caused by
the periodic steps on the vicinal surfaces. Phase differences
between the nonlinear susceptibility elements )()(26 and Xi%)y
were also found to depend on the face index in the SH pho-
ton energy range from 2.5 to 3.3 eV.

We performed a first-principles calculation to determine
the electronic density of states of a stepped Au(111) slab
consisting of five atomic layers. The calculation showed a
difference in the d partial density of states between the atoms
at the step and terrace sites for a binding energy larger than
2.5 eV. This result suggests that one of the reasons for the
dependency of SH intensity on the surface index is the con-
tribution of the d electrons at the steps.
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