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Optical second harmonic generation spectrum of AgÕSi„111… reconstructed surfaces
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Optical second harmonic generation~SHG! spectra were measured at Ag/Si~111! reconstructed surfaces; the
excitation photon energy ranged from 1.0 to 1.7 eV. The Si~111! surface exhibited two peaks resonant to the
transition between the surface states of the 737 reconstruction at 1.15 and 1.35 eV. These peaks disappeared
in the Ag deposition at room temperature with the completion of the Ag-induced 131 surface structure.
Instead, theE08 transition peak red-shifted to appear at 1.6 eV. The peaks of the 737 reconstruction disap-
peared at 0.5 monolayers in the deposition at 400 °C, and two new peaks then grew at 1.15 and 1.45 eV with
the appearance of the Ag-inducedA33A3 reconstruction. The peak at 1.15 eV was reasonably assumed to be
the transition from the free-electron-like surface state to the surface Umklapp empty state of theA3
3A3-Ag reconstruction. The intense peak at 1.45 eV was tentatively assigned to the multipole plasmon
excitation at the Si(111)A33A3-Ag reconstructed surface with a metallic nature.

DOI: 10.1103/PhysRevB.63.155413 PACS number~s!: 78.66.2w, 73.20.2r, 73.20.At, 73.20.Mf
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I. INTRODUCTION

Reconstructions of a Si surface as 737 andA33A3 have
been reported to be maintained at the interface betwee
thick Ag film and Si~111! substrate.1,2 In addition, a close
correlation between the interface reconstruction a
Schottky barrier height~SBH! of the interface has bee
identified.3,4 An investigation into the characteristic ele
tronic states of these interface reconstructions is of grea
terest. Unfortunately, conventional electron spectrosc
cannot approach interfaces buried under thick metal fil
However, light can penetrate the film, and reach the bu
interface. Optical second harmonic generation~SHG! in par-
ticular is sensitive to the electronic excitations at the surf
and interface of centrosymmetric crystals like Si.5 Thus SHG
is expected to be a useful tool for characterizing buried
terface states.

SHG intensity has been monitored at several excita
beam energiesin situ during Ag deposition up to 25 mono
layers~ML’s ! at Si~111! surfaces by Pedersenet al.6,7 They
observed a coverage-dependent change of the SHG inten
However, the change was concluded to be caused by
formation of Ag islands to enhance the local plasmon ex
tation and the resonance to the quantum well states confi
in the Ag films. Although a different Ag coverage depe
dence of the SHG intensity has been observed
Si(111) 737, A33A3, and 131-H surfaces, the varianc
is attributed to differences in the growth modes. No interfa
state-related excitation was reported in their studies. One
son that interface excitation has not been observed is tha
SHG has been measured at a fixed excitation beam ene
The interface excitation is expected to be detected as pea
the energy resonant to the interface excitation in a spect
of SHG intensity obtained by varying the excitation bea
energy. However, the resonance to the quantum well sta
an Ag film will overlap the interface-related peaks and ma
the assignment somewhat complicated for a thick Ag film
an Si~111! surface. Thus we investigated the SHG spectr
of Si(111) 737-Ag, A33A3-Ag, and 131-Ag recon-
0163-1829/2001/63~15!/155413~6!/$20.00 63 1554
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structed surfaces in this study as a first step in examining
possibility of SHG spectrum measurement to monitor int
face excitation. The characteristic peaks of the 737 recon-
struction disappeared in the submonolayer Ag deposition
the Si~111! surface, while new peaks appeared in accorda
with Ag-induced changes of the surface reconstruction
close correlation between the SHG spectrum and the e
tronic states of Ag-induced reconstructions at Si~111! was
clearly demonstrated in this study.

II. EXPERIMENT

The experiments were performed in an ultrahigh vacu
apparatus with a base pressure of 531029 Pa. The appara-
tus was equipped with reflection high-energy electron d
fraction ~RHEED!, low-energy electron diffraction-Auge
electron spectroscopy~LEED-AES!, and an Ag Knudsen cel
with a shutter. An 839-mm2, sample was cut from an
n-type Si~111! wafer. The sample was loaded into the UH
apparatus after being rinsed in a chemical solutions and
flashed up to 1200 °C to expose a clean surface. The cl
liness of the surface was confirmed by observing sh
RHEED spots on the 737 reconstruction. Ag was deposite
at 400 °C and at room temperature on the Si(111) 737
surface to causeA33A3-Ag and 131-Ag reconstruction.8

The Ag coverage was determined by AES under the assu
tion that theA33A3-Ag reconstruction was completed
one monolayer~ML !.9

The sample was illuminated by a pulsed laser beam fr
an optical parametric oscillation/amplifier~OPO! system
pumped by aQ-switched Nd:YAG laser. A 10-nsec lase
pulse was supplied with a repetition rate of 10 Hz.The wa
length of the beam could be changed within a range of 1.0
1.70 eV~729–1180 nm!. The pulse energy changed depen
ing on the wavelength, but was in the range of 2–8 mJ i
6-mmf spot. The laser beam was introduced to the sam
in the UHV apparatus through a quartz window from a ne
surface-normal direction~the off-normal angle was 1.5°)
The beam was polarized along the@011̄# direction of the
Si~111! surface. The SHG signal was separated from the f
damental beam by the combination of color filters in t
©2001 The American Physical Society13-1
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specular reflected beam. The filters blocked the fundame
beam but penetrated the beam in a narrow wavelength ra
around the SH component. The@211̄# polarized componen
of the SHG signal was detected with a polarizer. The ga
SHG signal applied to the excitation laser pulse was dete
by a photomultiplier tube~PMT! and was averaged over 12
laser shots by a digital storage oscilloscope. A succes
separation of the SHG signal from the fundamental be
was confirmed by observing that the SHG signal show
azimuthal rotation angle dependence, as expected
theory.10 The SHG intensity was calibrated by dividing th
detected signal intensity by the transmittance of the co
filters, and the sensitivity of the PMT at each SH wav
length. The quadratic dependence of the SHG intensity to
excitation beam was also considered. The excitation p
energy was checked at every wavelength every time b
power meter.

Two types of experiments were performed in this stu
One experiment was anin situ measurement of the SHG
intensity during the Ag deposition with the excitation wav
length fixed at 1064 nm~1.17 eV!. The coverage dependenc
of the SHG intensity was measured in detail with respec
the change of the surface reconstruction induced by s
monolayer Ag atoms both at room temperature and
400 °C. The surface reconstruction was monitored
RHEED during and after the Ag deposition. This measu
ment corresponded to the recent study by Pedersenet al.6,7 in
which the change of SHG intensity was measured up t
coverage of 25 ML’s with respect to the number of Ag laye
deposited on the Si~111! surfaces. The second experime
was the SHG spectrum measurement. Since this meas
ment took time, the spectra were taken only for several c
erages in both the room-temperature and 400 °C depositi
The surface structures were not changed by lowering
substrate temperature from 400 °C to room temperat
Thus all the spectra were measured at room temperatu
prevent thermal desorption of Ag atoms during the meas
ment.

III. RESULTS

The 737 RHEED spots of the clean Si~111! surface be-
came faint at 0.25 ML, and almost disappeared at around
ML in the room temperature deposition. No spots other th
the 131-Ag structure were observed in further depositio
In the 400 °C deposition, the 737 spots became faint at 0.2
ML as well as in the room-temperature deposition. Howev
the spots of theA33A3- Ag reconstruction started to appe
at ;0.5 ML. TheA33A3 diffraction became intense wit
the coverage, and theA33A3 reconstruction was complete
at ;1.0 ML.8

Figure 1 shows the results of thein situ measurement o
the SHG intensity excited by a 1.17-eV photon energy la
beam. The SH intensities in the room-temperature
400 °C depositions are indicated by dots and circles. T
SHG intensity initially decreased with the coverage in bo
the room-temperature and 400 °C depositions. However,
SHG intensity did not change in further depositions and
mained at a low level in the room-temperature depositi
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while it recovered to a higher level in the 400 °C depositio
Lowering the substrate temperature from 400 °C to ro
temperature did not change the RHEED pattern, but the S
intensity increased by several times~not shown!. Thus the
high SHG intensity in the 400 °C deposition was not due
the high substrate temperature, but was essential to theA3
3A3-Ag reconstruction.

Figure 2 shows the SHG spectrum of the Ag/Si~111! sur-
faces. The spectra obtained in the 400 °C deposition an
the room-temperature deposition are shown in the left
right columns. The spectra were obtained at 0, 0.25, 0
0.75, and 1.00 ML coverage. Note that the bottom panel
the left and right column show the same spectrum of
Si(111) 737 clean surface at different magnifications. Fu
thermore, the spectra at 0, 0.25, and 0.50 ML in the
column are magnified by a factor of 2 with respect to those
0.75 and 1.00 ML. Consequently, the maximum intensity
the SHG spectrum of theA33A3-Ag reconstructed surfac
~top panel in the left column! was roughly six times large
than that of the Si(111) 737 surface. The maximum inten
sity of the 131-Ag surface~top panel in the right column!
was 1/3 that of the Si(111) 737 surface.

The spectrum of the Si(111) 737 surface~the bottom
panel in the right column! contained two peaks at excitatio
photon energies of 1.15 and 1.35 eV. In addition to the
peaks, a small increase of the SHG intensity was observe
;1.7 eV. Since the region above 1.7 eV could not
reached in our optical system, no obvious peak was dete
at ;1.7 eV. However, a peak has been reported
;1.7 eV in previous studies on the SHG spectrum fro
Si(111) 737 surfaces in a wider energy range.11–14 Thus
we regard the increase of the SHG intensity as a trace of
peak at;1.7 eV. For the peak intensity dependence on
combination of the polarized directions of the excitation a
the resulting SHG light,14 theP-polarized excitation has bee
reported to exhibit only a small peak at;1.7 eV in the
S-polarized SHG signal. Since our optics were Pin-Sout,

FIG. 1. Ag coverage dependence of the SHG intensity from
Ag/Si~111! surfaces. The SHG intensity was measuredin situ with
the fixed excitation photon energy at 1.17 eV. The dots and cir
indicate the SHG signal measured for room-temperature and 40
depositions.
3-2
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attribute the small increase to the trace of the peak
;1.7 eV.

The peaks at 1.15 and 1.35 eV disappeared at 0.50 M
the 400 °C deposition~the left column!. The peak at 1.7 eV
red-shifted to;1.6 eV. At coverages above 0.5 ML, whe
the A33A3-Ag reconstruction started to appear, two ne
peaks grew at 1.15 and 1.45 eV. The evolution of the pea
1.45 eV was particularly outstanding. The peak at;1.6 eV
was not distinct at 0.75 and 1.00 ML. It may be involve
under the shoulder of the intense peak at 1.45 eV, but
has not been clarified.

The peaks at 1.15 and 1.35 eV of the Si(111) 737 sur-
face were reduced in the room-temperature deposition.
found the reducing rate of the peak at 1.35 eV to be clea
faster than that at 1.15 eV. The peak at 1.7 eV red-shifte
1.6 eV with the coverage as well as in the 400 °C deposit
However, no new peak appeared at coverage above 0.5

The coverage dependence of the SHG intensity at 1.17
excitation~Fig. 1! is consistent with the change of the SH
spectrum shown in Fig. 2. Figure 2 indicates that the S
intensity initially reduced from the intensity at 1.17 eV, a
then recovered in the 400 °C deposition, while it reduc
monotonically in the room-temperature deposition, as sho
in Fig. 1.

IV. DISCUSSION

The SHG spectrum at the Si(111) 737 surface has re
cently been reported by several groups.11–14 Our result is

FIG. 2. The SHG spectrum of the Ag/Si~111! surfaces. The
spectra obtained in the 400 °C deposition and in the roo
temperature deposition are shown in the left and right colum
Circles: data. Solid line: least-square fit of the data. The coverag
indicated in each panel. Note that the bottom panels in the left
right columns show the same spectrum of the Si(111) 737 clean
surface with different magnifications. In the left column, the sp
trum of 0, 0.25, and 0.50 ML are magnified by a factor of 2 w
respect to those at 0.75 and 1.00 ML.
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consistent with these previous studies, in which peaks w
observed at;1.2, ;1.4, and;1.7 eV. Since the peak a
;1.7 eV is not reduced with the oxygen adsorption,11 it has
been attributed to the band transition in the strained sub
face Si layers, as described later. The peaks at;1.2 and
;1.4 eV have been attributed to the transition with the s
face states of Si(111) 737, since these peaks decrease w
the oxygen adsorption.11,12Based on the energy levels of th
occupied and empty surface states of Si(111) 737,15,16 the
peak at;1.4 eV has been designated as a one-photon t
sition between the occupied rest atom (S2) state to the empty
adatom (U1) state. However, the assignment of the peak
;1.2 eV is controversial. Pedersen and Morgen designa
the peak as the transition fromS2 to the lower edge of the
broadU1 state band,11 while Suzuki assigned the peak to th
two-photon transition between the occupied back bond (S3)
state to theU1 state.12 In this study, the two peaks wer
found to reduce at different rates with the Ag coverage. T
different reducing rates indicate that the two peaks have
ferent origins. Thus we support that the peak at 1.15 eV w
a S3-U1 two-photon transition. This designation is consiste
with the results of our STM study.17 STM images have
shown that the long-range ordering of 737 dimer-adatom-
stacking fault~DAS! reconstruction18 is preserved in a room
temperature deposition even after the 1-ML Ag depositi
though the adatom and rest atom sites of the surface
already covered by the Ag wetting layer. Therefore it is re
sonable to assume that the peak at 1.35 eV with the rest a
state is quenched faster than the peak at 1.15 eV with
back bond state.

The spectrum changed in a different way in the Ag dep
sition depending on the substrate temperature as show
Fig. 2. We obtained the spectra of the 400 °C deposition
room temperature by cooling the substrate after a small
crease of the coverage. Thus the difference in the SHG s
trum is related to a difference in the electronic states of
A33A3-Ag structure in the 400 °C deposition and the
31-Ag structure in the room-temperature-deposition.

The peaks in the SHG spectrum of the Si(111)A3
3A3-Ag are related to the transition with the characteris
surface electronic states of this surface reconstruction.
though one of the two characteristic peaks of theA3
3A3-Ag reconstruction appeared at the same energy as
S3-U1 transition of the Si(111) 737 surface~1.15 eV!, it
was regarded to have originated from the intrinsic transit
of the A33A3-Ag surface because A33A3-Ag
reconstruction9 has a completely different framework from
DAS reconstruction.18 Angle-resolved ultraviolet photoelec
tron spectroscopy~AR-UPS! studies have revealed three o
cupied surface states (S18 , S28 , S38) at the Si(111)A3
3A3-Ag surface.19,20S18 was located at;20.3 eV and had

a free-electron-like upward dispersion at aroundḠ, whereas
S28 and S38 were degenerated at21.4 eV at K̄. Only one
distinct surface state (U8) has been observed at11.9 eV
above Fermi level by inverse photoemission spectrosc
~IPS!.16 U8 was designated as a surface Umklapp of the

empty state atK̄ to Ḡ. Judging from the energy differenc
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andki conservation, we attributed the peak at 1.15 eV at
A33A3-Ag reconstructed surface to the two-photon tran
tion between theS18 and 2U8 states ~energy difference
;2.2 eV). In addition to these surface states, the vale
band can also contribute to the SHG in the surface lay
which lacks inversion symmetry. However, no suitable v
ance band was found at theA33A3-Ag surface in the theo
retically calculated band structure.21

In an unpolarized AR-UPS study, theS18 state was ob-
served clearly only under the electric vector parallel to
surface.20 Therefore the transition from theS18 state could be
excited strongly in our SHG measurement with the excitat
beam polarized parallel to the surface. Recent theoretical
culation indicated that theS18 state has an Ag-Si bondin

characteristic.21 Since the Ag-Si bond directs along$112̄%,

the S18 state is regarded to have even parity with the@112̄#

mirror plane. The UmklappedU8 state atḠ also has even
parity with the@112̄# mirror plane. The SHG was excited i
this study by the electric field polarized along@11̄0# ~which
is perpendicular to the@211̄# mirror plane!. Thus the optical
transition matrix is nonzero in the one-photon process
tween the states of different parity with the@211̄# mirror
plane, and in the two-photon process between the states
the same parity.22 In this case, the above assignment of t
two-photon transition betweenS18 andU8 state is reasonable

The intense peak at 1.45 eV has no suitable transi
between the characteristic states of theA33A3-Ag
reconstruction. Judging from its strong intensity, we ten
tively attribute this peak to plasmon excitation. Th
Si(111) A33A3-Ag surface is regarded to have a metal
nature in respect to the free-electron-like dispersion of theS18
surface state.19,20 The Na overlayer makes surfaces meta
similar to the Si(111)A33A3-Ag surface. A theoretica
study demonstrated that this Na overlayer shows plasm
peaks at 0.8vp andvp , wherevp is the bulk Na plasmon.23

The multipole plasmon at 0.8vp in particular has been
shown to cause a strong peak in SHG at the excitation p
ton energy of 0.4vp .24,25 The multipole plasmon peak wa
expected to appear at 1.51 eV (0.4vp) in our case of the
Si(111) A33A3-Ag surface, assuming thatvp is 3.78 eV
~the bulk plasmon value!. This estimation is satisfactorily
close to the observed peak position at 1.45 eV. In respec
the peak position and intensity, the peak at 1.45 eV can
attributed to multipole plasmon excitation at the meta
Si(111) A33A3-Ag surface.

The problem here is whether the surface parallel elec
field of our normal incident laser beam can excite the mu
pole plasmon. A time-dependent density-functional appro
has indicated that the multipole plasmon excitation is a re
of dynamic screening of the surface normal electric field
the edge of the jellium surface.24,25 The strong resonanc
enhancement of SHG has in fact been found at an excita
photon energy of 0.4vp at metal surfaces in an SHG expe
ment with ap-polarized off-normal incident laser beam.25,26

However, the surface parallel electric field does not coupl
the multipole plasmon excitation within the framework of
15541
e
i-

e
s,
-

e

n
al-

-

ith

n

-

n

o-

to
e

ic
-
h
lt
t

n

to

jellium model where the anisotropic response in SHG
neglected.27 The surface parallel electric field does couple
however, with the surface normal electric field through
anisotropic response at the Si~111! surface. In this study, we
observed an SHG signal with the surface parallel elec
vector along@211̄#(x-axis! excited by a laser beam with th
surface parallel electric vector along@011̄#(y-axis!. The sec-
ond order nonlinear polarization along@211̄# is described by
the following equation for normal incident beam geometry10

Px
2v;~xxxx

2v cos2f1xxyy
2v sin2f1xxyx

2v sin 2f!E2.

x2v s are the nonlinear susceptibility components,f is
the angle between the incident electric field vectorE and the
x axis. f590 ° in our experimental setup, and the respon
came from anisotropic tensor componentxxyy

2v . This aniso-
tropic response is understood in the bond model5 as the sum
of the nonlinear polarization at each surface bond alo

$211̄% directions. The surface bond does not lie in the~111!
plane here, and it has a surface normal component. Thus
surface parallel electric field can couple with the surface n
mal excitation at the Si~111! surface via polarization of the
surface bond. Therefore our electric field can couple with
multipole plasmon.28

The multipole plasmon peak became sharper and b
shifted with the coverage in electron energy-loss spect
copy of Na and K overlayer formation on Al~111!.29 This is
in contrast to the peak at 1.45 eV not shifting for 0.75
1.0-ML coverage at theA33A3-Ag surface. Theoretica
works have indicated that the blue-shift and sharpening
the peak are due to a reduction of the coupling between
collective mode and one particle excitation.23,29 The alkali
atoms distributed uniformly in the overlayer and their d
tance reduced gradually with the coverage. The overlap
the electron orbital with the coverage enhances the met
nature of the overlayer and causes a peak shift. However
atoms demonstrated perfectA33A3-Ag reconstruction lo-
cally on the Si~111! surface even at a small coverage. T
local domain of theA33A3-Ag reconstruction extende
with the coverage and finally covered all of the surface at
ML. We deduced that the localA33A3-Ag domain forma-
tion is the reason why the peak did not shift at 1.45 eV.

The SHG spectrum of an Si(111) 131-Ag surface is
characterized by a single peak at;1.6–1.7 eV. This feature
has been commonly observed in the SHG spectrum
molecule-adsorbed Si surfaces and SiO2 /Si
interfaces.11,14,30,31The peak was attributed in these previo
cases to the bulk band transition since the intrinsic surf
states of the Si surface had been quenched. The peak
since been assigned to be due to theE08 transition in the
strained subsurface layers that lacks the inversion symm
for the SHG excited by the surface parallel electric field31

The Si(111) 131-Ag surface is similar to SiO2 /Si inter-
faces in that the dangling bonds of the Si surface are pa
vated. Thus we also attributed the peak to theE08 transition in
the subsurface Si layers. The peak position has been
served to shift at SiO2 /Si interfaces depending on the film
thickness and the film growth condition.30–32Some previous
3-4
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studies have determined the vertical tensile strain to be
cause of the red-shift.30,31 Ag film has been reported to ac
cumulate tensile strain in the~111! plane at the epitaxia
Ag/Si~111! interface.33 Assuming volume conservation i
the deformation, the in-plane tensile strain in the Ag fi
causes a vertical tensile strain in the Si layer. This is qu
tatively consistent with the redshift of the peak with the A
coverage. However, a recent study indicated that the cha
in the surface local electric field, not the strain, is the prim
origin of the peak shift.32 In that case, a charge redistributio
due to the quenching of the dangling bonds may be the m
reason for the redshift of the peak.

Finally, we compare the present results with previo
studies on the SHG from thick Ag film on an Si~111!
surface.6,7 A change of the SHG intensity has been repor
in coverage up to 25 ML’s with the excitation beam fixed
1.17, 1.40, 1.70, and 2.34 eV in the room-temperature de
sition of Ag film on an Si(111) 737 surface.7 The oscilla-
tory behavior with the film thickness has been attributed s
cessfully to the resonance of the transition from the quan
well states localized in the Ag film at each excitation phot
energy. Our results suggest that theE08 interface SHG should
also be observed at;1.6 eV. However, it is difficult to
judge whether theE08 interface SHG was detected in th
previous data, though the excitation energy at 1.70 eV
close toE08 transition and a relatively larger SHG intensi
was recorded at this excitation photon energy. The thickn
dependence of the SHG intensity has also been measure
thick Ag film at 1.17 eV on Si(111) 737 and A3
3A3-Ag surfaces.6 In this study, the thickness dependenc
were found to differ depending on the starting surface str
ture, though the oscillatory behavior was not as obvious a
P.
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the study cited above.7 The starting surface dependence w
related to a difference in the growth mode of the Ag film
The quantized states in the Ag film and enhancement of
field by the localized plasmon in three-dimensional Ag
lands have been suggested as the origins of the cove
dependence of the SHG intensity. However, this local pl
mon in Ag islands is not the same as the plasmon of
A33A3-Ag surface discussed in this study. Further stud
with a full spectrum measurement for a thick Ag/Si~111!
system are necessary to examine whether the electr
states at a buried interface can be detected by SHG.

V. SUMMARY

The SHG spectrum was measured at Si(111) 737, A3
3A3-Ag, and 131-Ag surfaces. The SHG spectrum exhi
ited features characteristic of the surface electronic state
these surfaces. The peaks at 1.15 and 1.35 eV of the 737
reconstruction reduced in the Ag deposition. Based on th
different reducing rates, these peaks were designated
S3-U1 two-photon transition andS2-U1 one-photon transi-
tion of the 737 reconstruction. Two intense peaks were o
served at 1.15 eV and 1.45 eV at the Si(111)A33A3-Ag
surface. These were attributed to the two-photon transi
from the free-electron-likeS18 state to the surface Umklap
U8 state, and the multipole plasmon resonance at theA3
3A3-Ag reconstructed metallic surface. The dangling bon
related peaks disappeared at the Si(111) 131-Ag surface,
and only the peak due to theE08 transition at the strained
surface layers was observed. These results demonstrate
possibility of using SHG spectrum measurements to de
characteristic electronic states localized at the surface.
.
s.

shi,

. G.

d

s.

ys.

uld
1H. Hong, R. D. Aburano, D.-S. Lin, H. Chen, T.-C. Chiang,
Zschack, and E. D. Specht, Phys. Rev. Lett.68, 507 ~1992!.

2K. Akimoto, M. Lijadi, S. Ito, and A. Ichimiya, Surf. Sci. Lett.5,
719 ~1998!.

3D. R. Heslinga, H. H. Weitering, D. P. van der Werf, T. M
Klapwijk, and T. Hibma, Phys. Rev. Lett.64, 1589~1990!.

4H. H. Weitering, J. P. Sullivan, R. J. Carolissen, P. Perez-San
W. R. Graham, and R. T. Tung, J. Appl. Phys.79, 7820~1996!.

5Y. R. Shen,The Principle of Nonlinear Optics~Wiley, New
York, 1984!.

6K. Pedersen, C. Thomas, and P. Morgen, Surf. Interface Anal26,
872 ~1998!.

7T. G. Pedersen, K. Pedersen, and T. B. Kristensen, Phys. Re
60, R13 997~1999!.

8Y. Goto and S. Ino, Jpn. J. Appl. Phys.17, 2097~1978!.
9T. Takahashi and S. Nakatani, Surf. Sci.282, 17 ~1993!.

10J. F. McGilp and Y. Yeh, Solid State Commun.59, 91 ~1986!.
11K. Pedersen and P. Morgen, Phys. Rev. B52, R2277~1995!.
12T. Suzuki, Phys. Rev. B61, R5117~2000!.
13U. Hofer, Appl. Phys. A: Mater. Sci. Process.63A, 533 ~1996!.
14K. Pedersen and P. Morgen, Surf. Sci.377-379, 393 ~1997!.
15R. J. Hamers, R. M. Tromp, and J. E. Demuth, Phys. Rev. L

56, 1972~1986!.
z,

. B

t.

16J. Viernow, M. Henzler, W. L. O’Brien, F. K. Men, F. M
Leibsle, D. Y. Petrovykh, J. L. Lin, and F. J. Himpsel, Phy
Rev. B57, 2321~1998!.

17H. Hirayama, H. Okamoto, and K. Takayanagi, Phys. Rev. B60,
14 260~1999!.

18K. Takayanagi, Y. Tanishiro, S. Takahashi, and M. Takaha
Surf. Sci.164, 367 ~1985!.

19L. S. O. Johasson, E. Landemark, C. J. Karlsson, and R. I
Uhrberg, Phys. Rev. Lett.63, 2092~1989!.

20X. Tong, C. S. Jiang, and S. Hasegawa, Phys. Rev. B57, 9015
~1998!.

21H. Aizawa and M. Tsukada, Phys. Rev. B59, 10 923~1999!.
22L. E. Urbach, K. L. Percival, J. M. Hicks, E. W. Plummer, an

H.-L. Dai, Phys. Rev. B45, 3769~1992!.
23H. Ishida and A. Liebsch, Phys. Rev. B45, 6171~1992!.
24A. Liebsch, Phys. Rev. B36, 7378~1987!.
25A. Liebsch, Phys. Rev. Lett.61, 1233~1988!.
26J. M. Hicks, L. E. Urbach, E. W. Plummer, and H-L. Dai, Phy

Rev. Lett.61, 2588~1988!.
27R. Murphy, M. Yeganeh, K. J. Song, and E. W. Plummer, Ph

Rev. Lett.63, 318 ~1989!.
28A more direct evidence of the multipole plasmon excitation co
3-5



e

er

ev

.

.

H. HIRAYAMA, T. KOMIZO, T. KAWATA, AND K. TAKAYANAGI PHYSICAL REVIEW B 63 155413
be given by the experiment with the off-normal,p-polarized
excitation beam. However, this was not conducted becaus
the geometrical restriction in our vacuum chamber.

29J. A. Gasper, A. G. Eguiluz, K.-D. Tsuei, and E. W. Plumm
Phys. Rev. Lett.67, 2854~1991!.

30W. H. Daum, H.-J. Krause, U. Reichel, and H. Ibach, Phys. R
15541
of

,

.

Lett. 71, 1234~1993!.
31C. Meyer, G. Lupke, U. Emmerich, F. Wolter, H. Kurtz, C. H

Bjorkman, and G. Lukovsky, Phys. Rev. Lett.74, 3001~1995!.
32J.I. Dadap, Z. Xu, X. F. Hu, M. C. Downer, N. M. Russel, J. G

Eckerdt, and O. A. Aktsipetrov, Phys. Rev. B56, 13 367~1997!.
33G. Neuhold and K. Horn, Phys. Rev. Lett.78, 1327~1997!.
3-6


