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Optical second harmonic spectroscopy of reconstructed Au(100) and (111) surfaces
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We have performed optical second harmonic (SH) spectroscopy of Au(100)5 X 20 and Au(lll)\gx23
surfaces, in order to gain an insight into the formation mechanism of electronic states of reconstructed surfaces.
The SH intensity spectra measured in the p-in/p-out (p-polarized input and p-polarized output) polarization
configuration showed peaks near 2Ziw=2.4 and 2.8 eV for both the Au(100) and (111) reconstructed surfaces,
while a peak at 2fiw=3.2 eV was observed only for the Au(100) reconstructed surface. The SH intensity peaks
near 2hw=2.8 eV are attributed to an electronic transition in the hexagonal structures at the top layers of the

two surfaces.
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It has been known that the surfaces of some noble metals
such as platinum and gold reconstruct in order to reduce their
surface energy. The detailed mechanism of this surface re-
construction has not been clarified and has been the topic of
many research programs.'-® It has been suggested that
d-electronic states near the band gap energy region are in-
volved in the surface reconstruction of noble metals. For
example, theoretical calculations have found that the top
layer of Au(100) has a stronger tendency to go to a more
compact arrangement than that of Ag(100), and that this is
mainly due to a stronger participation of the Au d orbitals in
the bonding than those of Ag.’> Hence, an advanced study of
the electronic spectra of reconstructed surfaces will clarify
the interaction between the surface lattice and d-electronic
states and the mechanism of surface reconstruction.

We have been carrying out optical second harmonic (SH)
spectroscopy on Au films*!” and a Au(100) single crystal
surface!! in order to study the d-electronic states of these
noble metal surfaces. Optical second harmonic generation
(SHG) offers information on surface electronic states, since
it is allowed only at surfaces for centrosymmetric media.'? In
many of the former studies, the SH response of metal sur-
faces was discussed using the “jellium” model.!*'* In this
model, the contribution of free electron gas to the SH re-
sponse is considered. Introducing a finite corrugation of the
effective potential of positive ion cores at the crystal surface,
this model predicts correctly the Schockley and image poten-
tial surface states.!>16

However, our recent investigations of the SH response of
Au surfaces have revealed that the d electrons can make a
large contribution. The peak energy in the SH intensity spec-
tra in the d- to s, p-electronic transition region of Au crystal-
line surfaces depends strongly on the face index on the
sample surface’® so that the optical transition is suggested to
involve the surface d-electronic states. In our previous study
we carried out SH spectroscopy on the Au(100)5 X 20 recon-
structed surface and observed three intensity peaks at 2w
=24, 2.8, and 3.2 eV.!"! The SH intensity peak at 2Aw
=2.8 eV was tentatively attributed to a resonant transition
from d- to s,p-electronic states with hexagonal structure®
formed in the 5X20 reconstructed domain, while that at
3.2 eV was tentatively attributed to a resonance of fourfold
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symmetric electronic states formed in the second layer.!”

A part of our main interest in the present paper is to as-
certain if these SH intensity peaks at 2Aw=2.8 eV and
3.2 eV can also be observed on the Au(111) reconstructed
surface. The Au(100) and (111) reconstructed surfaces have
structures consisting of (100) and (111) bulk crystals covered
by similar hexagonal topmost monolayers. If the electronic
states are formed independently in the topmost layer and in
the second layer, and the SH intensity peak at 2hw=3.2 eV
originates from the fourfold symmetric electronic states in
the second layer, the peak at 3.2 eV will not be observed on
the Au(111) surface. On the other hand, if the peak at 2.8 eV
originates from the hexagonal structure, it will be seen for
both the surfaces. In the present paper, in order to check
these points and also to examine the effect of the surface
atomic arrangement upon the electronic structure, we have
carried out a comparative study of the SH spectra of
Au(111)y3x23 and (100)5 X 20 reconstructed surfaces. In
our results, we did not observe the peak at 2Aw=3.2 eV for
the Au(111) surface, but observed peaks at 2.8 eV for both
the surfaces in the p-in/p-out (p-polarized input and
p-polarized output) polarization configuration. We also found
an anisotropic rise in the SH intensity above 2Aw=3 eV
from the Au(100) reconstructed surface in the s-in/p-out po-
larization configuration.

Mechanically polished Au(100) and (111) disks were ther-
mally annealed at 650 °C by flash heating and sputtered by
Ar* ions of 0.5 keV for 30 min in an UHV chamber with a
base pressure of 2X 1078 Pa. After five repetitions of this
procedure, we obtained well-defined Au(100)5X20 and
Au(111)43 X 23 reconstructed surfaces! with no contamina-
tion, as checked by reflection high energy electron diffraction
(RHEED) and auger electron spectroscopy (AES). The SH
spectroscopy of the Au reconstructed surfaces was carried
out in an UHV chamber at room temperature. Optical exci-
tation and observation were done through two glass windows
attached to the chamber. The angle of incidence of the exci-
tation beam at the fundamental frequency was 45°. The plane
of incidence was parallel to the [011] and [112] directions on
the Au(100) and (111) surfaces, respectively. The experimen-
tal setup for the SH intensity measurement was described in
our previous paper.'8
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FIG. 1. SH intensity spectra of (a) the Au(100)5 X 20 and (b) the
Au(111)y3 X 23 reconstructed surfaces, measured in the p-in/p
-out polarization configuration. The plane of incidence in (a) and
(b) was parallel to the [011] and [112] direction, respectively. The
solid lines are guides for the eyes.

The SH intensity spectra from the Au(100)5%20 and
Au(111)y3 X 23 reconstructed surfaces are shown in Fig. 1
as a function of the SH photon energy measured in the p
-in/p-out polarization configuration. Those in the s-in/p
-out polarization configuration are shown in Fig. 2. In the SH
intensity spectra measured in the p-in/p-out polarization
configuration (Fig. 1), the peaks at 2hw=2.4 and 2.8 eV are
observed for both Au(100)5 X 20 and Au(11 1)v‘§>< 23 recon-
structed surfaces, while that at 2Zw=3.2 eV is observed only
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FIG. 2. SH intensity spectra of (a) the Au(100)5 X 20 and (b) the
Au(111)y3 X 23 reconstructed surfaces, measured in the s-in/p
-out polarization configuration. The plane of incidence in (a) and
(b) was parallel to the [011] and [112] direction. The solid line is a
guide for the eyes.
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for the Au(100)5 X 20 reconstructed surface. In the SH in-
tensity spectrum measured in the s-in/p-out polarization
configuration (Fig. 2), a rise in the SH intensity above 27w
=3.2¢eV is observed for the Au(100)5X20 reconstructed
surface, while a broad band around 2hiw=2.7 eV is observed
for the Au(111)v3 X 23 reconstructed surface. In the follow-
ing we analyze these SH intensity spectra and discuss the
origin of the observed structures.

The SH intensity peak at 2Aw=2.4 eV was observed both
for Au(100) and (111) reconstructed surfaces, so it may be
attributed to the electronic states common to these recon-
structed surfaces. There are two possible origins of these SH
intensity peaks.!' One is the enhancement of the local elec-
tric field by surface plasmon excitation and the other is the
resonance of the electronic states in the bulk. The former
prediction stems from the fact that the surface plasmon en-
ergy of Au is located around 2.4 eV. Similar peaks assigned
to the resonance of surface plasmon were observed at this
photon energy in the SH spectra of Au thin films on
NaCl(100)° and Au particles.' The latter prediction stems
from the fact that the optical absorption edge of bulk
d-electronic states of gold is located around 2.5 eV.?’ Two-
photon resonance of SH radiation will be possible around
this photon energy region.

The SH intensity peak at 2Aw=2.8 eV was also observed
for both Au(100) and (111) reconstructed surfaces, and it
should again be attributed to the lattice structure or electronic
states common to these two reconstructed surfaces. The
structure common to these reconstructed surfaces is the hex-
agonal structure at the topmost layer. According to the band
structure calculated by Takeuchi et al.® there is an occupied
surface d-electronic state at 1.5 eV below the Fermi level
and an unoccupied surface s,p state at 1.3 eV above the

Fermi level at M point in the surface Brillouin zone of the
Au(111) reconstructed surface. The combination of these
states gives a maximum joint density of states (JDOS) at
2hw=2.8 eV, so the resonance in SH intensity observed in
Fig. 1 is attributed to the transition between these two elec-
tronic states. SH intensity peaks around 24 w=2.8 eV have
already been observed for a Au thin film consisting mainly of
(111) faces by Kitahara et al.® and a glass/Au(111) interface
by Tanaka et al.'®

The SH intensity peak at 2Aw=3.2 eV was observed only
for the Au(100) reconstructed surface and not for the
Au(111) surface. Thus the peak should be attributed to the
electronic states characteristic of the Au(100) reconstructed
surface. The structure existing only on the Au(100) recon-
structed surface in our study is the (100)1 X 1 structure with
fourfold symmetry in the unreconstructed domain on the top-
most layer or in the second layer. According to the band
structure calculated by Eibler er al.,'” there is an occupied p
state at 1 eV below the Fermi level and an unoccupied sur-

face s state at 2.2 eV above the Fermi level at X point in the
surface Brillouin zone of the Au(100)1 X1 structure. The
combination of these states gives a maximum JDOS at
2hw=3.2 eV so the observed resonance in the SH intensity
in the p-in/p-out polarization configuration in Fig. 1 may be
due to the transition between these two electronic states. The
SH intensity peak around 2Zw=3.2 eV has been observed
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for a Au thin film consisting mainly of (100) faces by Ki-
tahara er al.® However, the area of the fourfold structure on
the topmost layer should be smaller than that of the hexago-
nal structure on the single crystal (100) surface?' because the
latter is the more stable on the (100) surface without defects.
If we consider the fact that the SH intensity of the peak is
stronger at 2Aw=3.2 eV than at 2hw=2.8 eV, it is not ap-
propriate to assign the former peak to the electronic states
formed by the fourfold structure on the topmost layer. In-
stead, it should be attributed to the electronic states formed
by the fourfold structure in the second layer. Later we will
discuss whether surface electronic states are stable in the
second layer of metal crystals.

A rise in SH intensity above 2 w=3 eV was observed for
the Au(100) reconstructed surface in the s-in/p-out polariza-
tion configuration, as shown in Fig. 2(a). In the same photon
energy region, the SH intensity in the p-in/p-out polarization
configuration decreases as a function of the photon energy, as
seen in Fig. 1(a). This rise in SH intensity could be assigned
to a resonance of an image state because the image state on
Au(100) surface is located at 4.5 eV above the Fermi level.22
However, it has been reported by Ishida et al. that the image
state on the Cu(111) surface gives a SH signal in the p
-in/p-out polarization configuration.”? Since we do not see a
rise in the SH intensity in this energy region in the p-in/p
-out polarization configuration in Fig. 1(a), this assignment is
not acceptable.

In order to determine whether the signals observed in Fig.
2(a) are attributable to surface electronic levels, we measured
the SH intensity in the two polarization configurations in
vacuum and in air in the same UHV chamber. The SH inten-
sity in vacuum in the s-in/p-out polarization configuration
was much stronger than that in the p-in/p-out polarization
configuration for the SH photon energy above 3.75 eV, while
this inequality was reversed in air. This result indicates that
there are surface electronic levels sensitive to air exposure
and that the signal in Fig. 2(a) was due to these levels.

Here we also note that this sensitivity of the SH signal to
air exposure was not observed when the sample was rotated
by 90° around its surface normal. Namely, there is an aniso-
tropy of the surface electronic states created by the surface
reconstruction. Friedrich ef al. have reported that there is an
imbalance between the areas of two equivalent 5 X 20 recon-
structed domains on Au(100) at a macroscopic scale.?* Our
experimental result may indicate predominant formation of
one reconstructed domain in the probed area. As for the
structures seen in Fig. 2(b) below 2fiw=3.2 eV, we could not
obtain enough signal-to-noise ratio for spectral shape analy-
sis and the clarification of its origin is our future problem.

It is noteworthy that similar SH intensity spectra were
observed for the Au(100) and (111) reconstructed surfaces
below 2iiw=3 eV in the p-in/p-out polarization configura-
tion, as seen in Fig. 1. By surface reconstruction, the arrange-
ment of the atoms in the topmost layer changes so as to
smooth the electronic wave function at the surface. As a
result, a hexagonal structure similar to the one at the unre-
constructed (111) surface is formed at the topmost layer of
the (100) surface.’ In the bulk (100) plane of gold, each Au
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atom has four atoms at the nearest neighbor distance, 2.89 10\,
and four atoms at the second nearest neighbor distance,
4.08 A. As for the topmost hexagonal plane of reconstructed
Au(100), each Au atom has six atoms at the nearest neighbor
distance, nearly equal to 2.89 A. Accordingly, the atomic
density of the hexagonally reconstructed topmost layer of the
Au(100) surface is 15% higher than that of the second layer
of the nearly fourfold structure. Such a large difference in the
atomic density may give rise to electronic states localized in
each of the two layers.

For heteroepitaxially grown metallic monolayers on
single crystal metal surfaces, the electronic states localized in
the overlayers and the top substrate layers have been
reported.” 2% Wesner et al.>> and Memmel et al.’® reported
that localized electronic states occur in a monolayer of so-
dium on Ni(110) and a monolayer of Pd on Co(0001), re-
spectively. Dutton et al.”’ have reported that the n=1 image
state of Cu(111) is stable in the presence of one monolayer of
Cgo. Frank et al.?® reported that the A intrinsic surface-state
band of Cu(111) is found to persist in the presence of the Ni
overlayer without changing its binding energy or dispersion.
Similarly, two electronic states localized in the topmost layer
and in the second layer might be expected to exist on the
Au(100) reconstructed surface in our case, if we regard the
first and the second layers of this surface as different mate-
rials because they have different two-dimensional atomic
densities.

The rise in the SH intensity in higher energy regions ob-
served for the Au(100) reconstructed surface in the s-in/p
-out polarization configuration in Fig. 2(a) disappeared when
the sample was rotated by 90° around its surface normal. If
the hexagonal structure alone is responsible for this rise in
the SH intensity, the rise should also have been observed for
the Au(111) reconstructed surface. If the fourfold structure
alone is responsible for this rise, the spectrum should not
change when the sample is rotated by 90° around its surface
normal. Therefore, the rise in the intensity should not be
attributed to the electronic states localized in one of the two
structures, but should be attributed to those at the interface
between them. Since one of the two equivalent 5 X 20 struc-
tures might have been dominant in the probed region, the
observed anisotropy in the SH spectrum might have been
caused by the way the hexagonal structure was stacked on
the fourfold bulk layer.

In summary, we have carried out SH spectroscopy on the
Au(100)5 X 20 and (111)y3 X 23 reconstructed surfaces. SH
intensity peaks at 2w=2.8 eV were observed for both the
Au(100) and (111) reconstructed surfaces in the p-in/p-out
polarization configuration and are attributed to the electronic
states formed by the hexagonal structure common to these
surfaces. The SH intensity peak at 2Aw=3.2 eV was ob-
served only for the Au(100) reconstructed surface and may
reflect the electronic states formed by the fourfold structure
located in the second layer. The rise in the SH intensity
above 2Aw=3 eV was observed in the s-in/p-out polariza-
tion configuration and it diminished with the exposure of the
surface to air, indicating that surface electronic states are
involved in this photon energy.
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