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PHYSICAL REVIEW B, VOLUME 65, 045305
Identification of the basic structure of the AgÕSi„111…-„6Ã1… surface:
Observation of a low-temperaturec„12Ã2… phase

Kazuyuki Sakamoto,1,2,* Hidenori Ashima,2 H. M. Zhang,1 and Roger I. G. Uhrberg1
1Department of Physics and Measurement Technology, Linko¨ping University, S-581 83 Linko¨ping, Sweden

2Department of Physics, Graduate School of Science, Tohoku University, Sendai, 980-8578, Japan
~Received 8 January 2001; revised manuscript received 18 May 2001; published 26 December 2001!

The surface structure of the so-called Ag/Si~111!-(631) surface is studied by low-energy electron diffrac-
tion ~LEED!, high-resolution core-level photoelectron spectroscopy, and angle-resolved photoelectron spec-
troscopy. Ac(1232) phase is observed in LEED after cooling the room-temperature (631) phase to 100 K.
In the Si 2p core-level spectra, no significant difference is observed between the two surfaces. In the valence-
band spectra, five surface states are observed on both the (631) andc(1232) surfaces. None of these surface
states crosses the Fermi level. The binding energies and dispersions of the surface states observed on the (6
31) surface are quite similar to those of thec(1232) surface. These results indicate that the basic structure
of this Ag/Si~111! surface has ac(1232) periodicity, and that the (631) structure results from thermal
vibrations of the surface atoms. Moreover, we assign two of the surface states to bonding states between Ag
and Si atoms, and one of them to ap-bond state.

DOI: 10.1103/PhysRevB.65.045305 PACS number~s!: 68.35.Rh, 68.35.Bs, 79.60.2i, 61.14.2x
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I. INTRODUCTION

Semiconductor surfaces modified by the adsorption
metal atoms have been a topic of experimental investiga
for the creation of nanoscale quantum structures with h
perfection. These nanoscale structures are quite nice sys
for the study of low-dimensional physics, e.g., phase tra
tions in one- or two-dimensional systems,1 and they are also
of a profound interest from the technological point of vie

Among the great number of metal induced surface rec
structions, the Si~111!-(331) surface is one of the most we
known. This Si~111!-(331) surface is formed by variou
adsorbates, e.g., alkali metals, alkaline-earth metals, r
earth metals~Sm and Yb!, and Ag with a coverage of 1/3
ML. Although some of the adsorbates actually show differ
diffraction patterns, e.g., Ag shows a (631) pattern,2,3 all
reconstructed surfaces are widely believed to have a q
similar structure based on the similarity of the low-ener
electron diffraction ~LEED! I -V curves,4,5 scanning-
tunneling-microscopy~STM! images,6–9 and surface core
level shift ~SCLS! measurements.8,10,11The atomic geometry
of metal-adsorbed Si~111!-(331) surface has been studie
using a vast number of experimental and theoretical m
ods, and several structural models have been propose9,12

Recently, a model that is energetically more stable than
former ones was reported independently by seve
groups.13–15 This model, called the honeycomb-chai
channel ~HCC! model,13–15 is fully compatible with the
SCLS results and the STM images.

The electronic character is stated to be semiconducting
Li,11 Na,16 K,17 and Mg18 adsorbed Si~111!-(331) surfaces
by angle-resolved photoelectron spectroscopy~ARPES!.
This semiconducting character agrees well with the scann
tunneling spectroscopy~STS! study, in which a gap of ap
proximately 1 eV is obtained for a Na/Si~111!-(331)
surface.7 Moreover, several surface states are observed in
band gap and pockets of the bulk band projection in
0163-1829/2001/65~4!/045305~8!/$20.00 65 0453
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ARPES studies.11,16–18 Using theoretical calculations, th
two surface states situated in the band gap are attribute
the bonding states between the adsorbate and the surfa
atoms.13,15

In the case of the Ag/Si~111!-(631) surface, the structure
is reported to originate from a slight displacement of t
surface atoms of the (331) structure.3 This report is based
on the observation of the (331)↔(631) transition at a
temperature of approximately 500 K.2,3 Using STM, both
(331) ~Refs. 6 and 19–21! and (631) ~Refs. 9, 20, and 21!
structures are observed at 300 K. Taking into account
observation of a tip-induced (331)→(631) transition,20

the (631) structure is suggested to be the stable phase,
the (331) structure a metastable one. This idea is suppo
by a theoretical calculation,22 in which the (631) phase is
reported to have a slightly lower energy than the (331)
phase. Despite these previous reports, the origin of the
31)↔(631) phase transition is not determined yet, and
accurate structural model has been proposed for the
Si~111!-(631) surface up to now. Furthermore, since t
adsorption of a different species on the same substrate s
ture might show a difference in the electronic structure, i
very exciting to study the electronic structures of Si~111!-
(331) surfaces formed by metal atoms besides alkali- a
alkaline-earth metals.

In this paper, we present temperature-dependent LE
high-resolution Si 2p core-level, and ARPES studies of th
Ag/Si~111!-(631) surface. After cooling the surface to 10
K, a c(1232) pattern is observed in LEED. In the Si 2p
core-level study, no significant difference is observed
tween 300 and 100 K. These results indicate a strong s
larity between the atomic structures of the (631) and
c(1232) phases. In the ARPES study, five surface sta
with negligible dispersion are clearly observed in the g
and pockets of the bulk band projection on both surfac
Since none of the surface states crosses the Fermi leve
conclude that both Ag/Si~111!-(631) andc(1232) surfaces
©2001 The American Physical Society05-1
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have semiconducting characters.

II. EXPERIMENTAL DETAILS

The high-resolution photoemission measurements
LEED studies were performed at beamline 33 at the MAX
synchrotron radiation facility in Lund, Sweden. The pho
emission spectra were obtained with an angle-resolved p
toelectron spectrometer with an angular resolution of62°.
The total-energy resolutions were;80 and;50 meV for
the Si 2p core-level and valence-band measurements,
spectively. The Si~111! sample, cut from a Sb-dope
(n-type! Si wafer, was preoxidized chemically before it w
inserted into the vacuum system. We annealed the samp
1230 K by direct resistive heating in the vacuum chambe
remove the oxide layer, and at 1520 K to remove carb
contamination from the surface. After the annealing, we
served a sharp (737) LEED pattern, and neither th
valence-band spectra nor the Si 2p core-level spectra showe
any indication of contamination. To make a Ag/Si~111!-(6
31) surface, we first formed a Ag/Si~111!-(A33A3) sur-
face by annealing a surface covered with 1.0 ML of Ag
approximately 700 K, and then gently annealed the samp
a temperature between 850 and 900 K. Neither evapora
of Ag on the Si~111! surface at a temperature between 8
and 900 K nor annealing of the sample after adsorption
1/3 ML of Ag at 300 K was successful to obtain an entire
uniform (631) surface.

III. RESULTS

A. LEED

Figure 1~a! shows the LEED pattern of a three doma
Ag/Si~111!-(631) surface, obtained with a primary electro
energy (Ep) of 58 eV at 300 K. The36 spots observed in
Fig. 1 did not show up immediately after annealing t
sample at 850 K, i.e., they only appear upon cooling
sample close to room temperature. This result agrees
with the previous studies,2,3 in which the (331)→(631)
phase transition is reported to occur near 500 K. Since
surface has both stable (631) and metastable (331) phases
at 300 K,20,22 we cooled down the sample to a lower tem
perature to obtain a more stable surface. Figure 1~b! shows
the LEED pattern obtained withEp558 eV at 100 K. In this
LEED pattern, we clearly observe some extra spots that
not present at 300 K. Comparing the LEED pattern shown
Fig. 1~b! with the schematic pattern of Si~111!-c(1232)
@Fig. 1~c!#, we conclude that the surface structure has tra
formed to ac(1232) structure at 100 K.

B. Si 2p core level

In order to understand the origin of the (631)→c(12
32) phase transition, we have measured the Si 2p core level
at 300 and 100 K. The uppermost Si 2p core-level spectrum
in Fig. 2 was recorded at 300 K for a Ag/Si~111!-(631)
surface. The photon energy (hn) is 130 eV, and the emissio
angle (ue) of the photoelectrons is 0°, i.e., the surface n
mal direction. We also show the corresponding spectrum
04530
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tained from the low temperature Ag/Si~111!-c(1232) sur-
face in Fig. 2, together with spectra taken at differenthn and
ue that give a difference in the surface sensitivity. For t
most surface sensitive measurement, we have usedhn
5130 eV andue560°. A rigid shift of 0.45 eV toward a
higher binding energy, which is observed after cooling t
sample to 100 K, results from the surface photovolta
effect.23 The spectra in Fig. 2 look different from those o
served previously.10,24That is, the peak indicated by a dash
line has not been observed in the previous Si 2p core-level
studies.10,24This difference might come from the lower res
lution of the experimental setups and/or a different quality
the samples used in these studies.

By comparing the two spectra obtained withhn
5130 eV andue50° at 300 and 100 K@Figs. 2~a! and
2~b!#, we find that the Si 2p core-level spectra of the Ag
Si~111!-(631) and Ag/Si~111!-c(1232) surfaces are quite
similar. To discuss the similarity in more detail, we consid
the components that contribute to the spectra. Without
processing, the spectra shown in Fig. 2 reveal the presenc
several components that contribute to the shape of the s
tra. The most evident one isS1 which is revealed by its 2p1/2
component. The 2p1/2 component ofS1 is indicated by a
dashed line, and it is clearly observed as a peak at sev
hn. The presence ofS2 is confirmed by the behavior of th
valley between the 2p3/2 and 2p1/2 components of B. That is
comparing the spectra obtained withhn5130 and 145 eV,
the valley is shallower at 145 eV though the intensity ofS1
is weaker. This shallower valley indicates the presence
another component situated between the 2p3/2 and 2p1/2 of
B. The S3 component is recognized by the extension of

FIG. 1. LEED pattern of the three-domain Ag/Si~111!-(631)
surface obtained withEp558 eV at 300 K~a!. The LEED pattern
obtained with the sameEp at 100 K is displayed in~b!. ~c! shows
the schematic LEED pattern of a three domain Si~111!-c(1232)
surface.
5-2
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tail at the right side of the 2p3/2 component of B observed in
the spectra obtained at a higher surface sensitivity.

C. Valence band

In Fig. 3, we show the valence-band photoelectron sp
trum of a Ag/Si~111!-(631) surface in~a!, and those of
surfaces where the (631) and (A33A3) phases coexist in
~b! and~c!. The incidence photon angle is 55°, and the em
sion angle (ue) of the photoelectrons is 6° from the surfa
normal along the@11̄0# direction. The Fermi-level position
(EF), which is indicated by a dashed line, was determined
measuring the metallic Fermi edge of a Ta foil fixed on t
sample holder. In LEED, the sample used for Fig. 3~c!
showed brighter (A33A3) spots than those of the samp
used for ~b!. A difference in brightness of the (A33A3)
spots suggests a different ratio of the (A33A3) to the (6
31) area, and thus a larger area of the Ag/Si~111!-(A3
3A3) domain is expected for the sample in~c! compared to
the sample in~b!. Comparing the three surfaces, we notice
drastic change in the Ag 4d band region, i.e., around a bind

FIG. 2. Si 2p core-level spectrum of the Ag/Si~111!-(631)
surface measured at 300 K withhn5130 eV~a!. The spectra of the
Ag/Si~111!-c(1232) surface measured at 100 K using differenthn
andue are displayed from~b! to ~f!. The spectra from~a! to ~e! were
measured atue50°, while ~f! was obtained atue560°. The solid
lines indicate the energy positions of the Si 2p3/2 parts of the four
major components, and the dashed line the Si 2p1/2 part of the S1
component.
04530
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ing energy (EB) of 5 eV, and the growth of peaks atEB

51.0, 2.0 and 3.9 eV as the area of the (A33A3) phase
increases. The binding energies of 1.0 and 2.0 eV agree
with those of the surface states of a Ag/Si~111!-(A33A3)
surface.25 On a complete Ag/Si~111!-(631) surface, the
main peak of the Ag 4d level is located atEB55.1 eV. On
a surface for which LEED shows a comparable brightn
for the (631) and (A33A3) spots, the main 4d component
has a large peak atEB55.9 eV with a shoulder atEB

55.1 eV. On a surface with a smaller (A33A3) area, two
peaks are clearly observed atEB55.1 and 5.9 eV. This resul
suggests that the binding energies of the Ag 4d bands have a
difference of 0.8 eV between the Ag/Si~111!-(631) and
(A33A3) surfaces, and that the binding energies and a
the shape of the Ag 4d bands are good indicators of th
surface quality.

Figure 4 shows the valence-band photoelectron spectr
three-domain Ag/Si~111!-(631) and Ag/Si~111!-c(1232)
surfaces measured atue50°, 20°, and 40° along both th

@11̄0# and@112̄# directions. The solid and dashed lines co
respond to the spectra of the Ag/Si~111!-(631) and c(12
32) surfaces, respectively. The light beam, polarization v
tor, and detector were all in the plane defined by the surf
normal and the@11̄0# direction, for the measurements alon
the @11̄0# direction. For the measurements along the@112̄#
direction, we have moved the detector in the vertical pla
The spectra of the Ag/Si~111!-(631) andc(1232) surfaces
along both the@11̄0# and @112̄# directions are very similar.
This result indicates that the Ag/Si~111!-c(1232) surface is
not formed by gas adsorption during the cooling, since
sorption of residual gases should change the electronic s
ture. Further, both hydrogen and oxygen have strong ph
emission features in a binding-energy range from 5 to 7

FIG. 3. Valence-band photoelectron spectrum of a Ag/Si~111!-
(631) surface~a!, and those of surfaces where (631) and (A3
3A3) phases coexist@~b! and ~c!#, measured at a sample temper
ture of 300 K. Sample~c! showed brighter (A33A3) LEED spots
than sample~b!.
5-3
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but no additional features were observed in this binding
ergy region after cooling the sample.

IV. DISCUSSION

A. Surface structure

A quantitative information for the structures of the A
Si~111!-(631) andc(1232) surfaces, is obtained by ana
lyzing the spectra in Fig. 2 by a standard least-squares-fit
method using spin-orbit split Voigt functions. Figure 5 sho
the results of the analysis for the Si 2p core-level spectra o
the Ag/Si~111!-(631) and c(1232) surfaces obtained a
hn5130 eV. ue is 0° in ~a! and ~b!, and 60° in~c!. The
open circles are the experimental data, and the solid l
overlapping the data are the fitting curves. We used 605 m

FIG. 4. Valence-band photoelectron spectra of three-domain
Si~111!-(631) andc(1232) surfaces measured at emission ang

of 0°, 20°, and 40° along the@11̄0# and @112̄# directions. Solid
and dashed lines correspond to the Ag/Si~111!-(631) and the Ag/
Si~111!-c(1232) surfaces, respectively.
04530
-
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es
V

for the spin-orbit splitting and a 80 meV full width at ha
maximum ~FWHM! for the Lorentzian contribution for al
components in the fitting procedure. The Gaussian width
the bulk components are 217 and 212 meV~FWHM! for the
(631) and c(1232) surfaces, respectively. The other p
rameters used in the fitting procedure are shown in Table
polynomial background was subtracted before the decom
sition of each spectrum, and each component is indicated
different hatching.

From the result of the fitting procedure, we can conclu
that both the Ag/Si~111!-(631) andc(1232) surfaces have

g/
s

FIG. 5. Decomposition of the Si 2p core-level spectra of the
Ag/Si~111!-(631) surface measured at 300 K in~a!, and the Ag/
Si~111!-c(1232) surface measured at 100 K in~b! and ~c!. The
three spectra were recorded withhn5130 eV atue50° for ~a! and
~b!, and 60° for~c!.

TABLE I. Energy shifts and intensities of the surface comp
nents relative to the bulk Si 2p component. The Gaussian widt
~FWHM! of each surface component is also tabulated.

S1 S2 S3

300 K, 0° energy~meV! 424 145 2129
intensity 0.478 0.512 0.285

Gaussian~meV! 228 245 239

100 K, 0° energy~meV! 430 143 2115
intensity 0.454 0.451 0.183

Gaussian~meV! 225 238 225

100 K, 60° energy~meV! 433 150 2123
intensity 0.694 0.795 0.183

Gaussian~meV! 225 238 225
5-4
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three surface components that agree well in the energy sh
Such results for Si 2p core-level spectra from different su
face structures, are also observed on a clean Si~001!
surface.26 That is, the room temperature Si~001!-(231) and
low-temperaturec(432) phases show very similar Si 2p
spectra, and they have surface components with the s
energy shifts.26 In this case, the similarity of the Si 2p core-
level spectra indicates that the local surface structure is
same for the two phases, and that the room-temperatur
31) phase results from the dynamical flipping of the asy
metric dimers27 at a high frequency. Since the translation
vectors of thec(1232) unit cell are twice as long compare
to the (631)-reconstructed structure, there should be an
ternate displacement of Ag atoms and/or the site of the
layer Si atoms along both translational vectors. The obse
tion of only the (631) pattern at a higher temperature c
be explained by a disorder in the atomic displacements
to thermal vibrations in similarity with the clean Si~001! sur-
face. Hence we conclude that the basic unit cell of the
called Ag/Si~111!-(631) surface has ac(1232) periodicity,
and the (631) phase results from the thermally induc
disorder of the atomic displacements of thec(1232) struc-
ture.

To support this picture, we observed the LEED pattern
a surface where the (631) and (A33A3) phases coexist a
300 K. Figure 6 shows the LEED pattern of the mixed A
Si~111!-(631) and (A33A3) surface obtained withEp
580 eV at 300 K. Besides the spots from the (631) and
(A33A3) structures, weak32 streaks reveal the presen
of the c(1232) structure with frequent phase mismatchin
The phase mismatching of thec(1232) structure can be
explained by pinning at the domain boundaries, and it s
ports the idea that thermally induced disorder in the ato
displacements causes thec(1232)→(631) conversion.

In order to discuss the origins of the surface compone
shown in Fig. 5, we assume that the structure of the
Si~111!-c(1232) surface is basically the same as that of
HCC model,13,15 but with a slight displacement of Ag and/o
top-layer Si atoms to introduce the necessary atomic
placements. In the Si 2p core-level spectrum of the Ag

FIG. 6. LEED pattern of a Ag/Si~111! surface on which the (6
31) and (A33A3) phases coexist.Ep580 eV, and the sample
temperature was 300 K.
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Si~111!-(A33A3) surface,28 the surface component of Si a
oms bonded directly to Ag atoms shows a shift of 250 m
to the higher binding energy side of the bulk compone
Comparing the density of Ag and the number of surround
Si atoms of the Ag/Si~111!-(A33A3) surface29 with that of
the HCC model,13–15 the charge transfer to Ag from the su
rounding Si atoms should be smaller on the Ag/Si~111!-(6
31) and/or Ag/Si~111!-c(1232) surfaces. Since a smalle
charge transfer leads to a smaller energy shift for the sur
component, we assign theS2 component to Si atoms bonde
directly to the Ag atoms. In order to make an assignmen
the S1 andS3 components, we compare the Si 2p spectra
obtained at different emission angles, i.e., Figs. 5~b! and
5~c!. The intensities of theS1 andS2 components increase a
the higher emission angle. On the other hand, the intensit
the S3 component hardly changes. This result suggests
the S1 andS2 components originate from the top-layer
atoms, and thatS3 corresponds to second layer Si atom
Further, comparing the intensity ratio of theS1 andS2 com-
ponents, the number of Si atoms that contributes toS1 and
S2 should be the same for the HCC model. Since two
atoms of the top layer are bonded directly to Ag and two
not in the HCC model,13–15 we assignS1 to the Si atoms in
the top layer not bonded to Ag. Moreover, these Si atoms
suggested to rehybridize into asp2 and pz orbitals13,15 and
form p bonds. The energy shift of thesep-bonded Si atoms
is reported to be approximately1370 meV by a theoretica
calculation ,15 which supports our assignment of theS1 com-
ponent.

B. Electronic structure

In order to obtain clearer information on the surface el
tronic states, we have measured the angle-resolved ph
electron spectra of the Ag/Si~111!-(631) andc(1232) sur-
faces at every 2.5° fromue50° to 40°, and at every 5.0° fo
angles larger than 40° along both the@11̄0# and @112̄# di-
rections. For the Ag/Si~111!-c(1232) surface, we have also
measured the spectra at every 4°. Here, we have to recog
that due to the threefold symmetry of the Si~111! substrate,
we obtain three orientations of the surface Brillouin zon
~SBZ’s! for both (631) andc(1232) surfaces that are ro
tated azimuthally. Figure 7~a! shows the SBZ’s of a Si~111!-
(131) surface, and single-domain (631) and c(1232)
surfaces. The thin solid line represents the SBZ of the
31) surface, and the thick dashed and solid lines are
SBZ’s of the (631) andc(1232) surfaces. The symbolsḠ,
M̄ , and K̄ are the symmetry points of the (131) SBZ. In
Fig. 7~b!, we display the three orientations of the SBZ’s th
differ by 120°. Accordingly, the spectra measured along

@11̄0# direction contain not only information about the su
face state dispersion along theḠ-K̄ direction of the (131)
surface, but also information along the direction labeledA,
regarding the SBZ’s of the (631) andc(1232) surfaces, is
obtained. Likewise the spectra measured along the@112̄# di-
rection contain information along theḠ-M̄ direction of the
(131) surface and the direction labeledB for the SBZ’s of
the (631) andc(1232) surfaces.
5-5
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Figures 8~a! and 8~b! display the band maps along th

@11̄0# and @112̄# directions, respectively. The open circle
represent the peak and shoulder positions observed in
valence-band photoelectron spectra of the Ag/Si~111!-(6
31) surface, and the filled ones are those of the Ag/Si~111!-
c(1232) surface. Three different sizes of the circles ha
been used to indicate the intensity of the peaks and sh
ders. The shaded area is the bulk band projection taken f
Ref. 30. The valence-band maximum~VBM ! is estimated
from the binding energy of the Si 2p core level using the
relation amongEB(VBM) , EF , and EB(Si2p3/2) given in Ref.
31. Five states, labeledS1–S5, are clearly observed in th
band gap and pockets of the bulk band projection. The b
ing energies of these states are approximately 1.1, 1.6,
4.2, and 4.6 eV. Comparing their dispersions with those
the surface states observed previously for the alkali
alkaline-earth metals adsorbed Si~111!-(331)
surfaces,11,16–18we realize that the dispersions of theS1–S5
states are quite small. The dispersion widths of the two
face states with smallest binding energies (S1 and S2) are
less than 0.2 eV for the Ag/Si~111!-(631) and c(1232)
surfaces, while values between 0.4 and 0.7 eV are found
alkali and alkaline-earth metals adsorbed Si~111!-(331)
surfaces.11,16–18 In Na- and K-adsorbed Si~111!-(331)
studies,16,17 in which three equivalent (331) domains were
also present, the large dispersion made it difficult to obt
the real number of surface states. That is, because
ARPES spectrum contains information of surface state
two different wave vectors and the large dispersion sho
produce a difference in binding energy of a state at differ
wave vectors, the number of the observed surface bands
larger than the real one. In the present study, though
measurements were also done along two directions of
SBZ simultaneously, the negligible dispersions help us
obtain the real number of surface states, as well as the b

FIG. 7. Surface Brillouin zones of the Si~111!-(131), (631),
and c(1232) surfaces are indicated by thin solid lines, thi
dashed lines, and thick solid lines, respectively, in~a!. ~b! shows the
three orientations of the surface Brillouin zones of the (631) and
c(1232) surfaces that differ by 120°.
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structures. Hence we conclude that both the Ag/Si~111!-(6
31) and c(1232) surfaces have five surface states w
negligible dispersion that are located in the band gap
pockets of the bulk band projection. Moreover, no Ferm
level crossing is observed on either the Ag/Si~111!-(631) or
the Ag/Si~111!-c(1232) surface. This result suggests a com
pletely semiconducting character of the two surfaces, an
agrees well with the STS study20 in which a gap of 0.9 eV is
observed for the Ag/Si~111!-(631) surface.

Regarding the binding energy and dispersion, no obvi
difference is observed between the surface states of the
Si~111!-(631) surface and those of the Ag/Si~111!-c(12
32) surface. Such a result for surface states of differ
surface structures is also observed on the clean Si~001!
surface.32 That is, the surface states of the room-temperat
Si~001!-(231) phase and those of the low-temperaturec(4
32) phase have quite similar binding energies and disp
sions. In this case, the similarity of the surface states res

FIG. 8. Band dispersion of the Ag/Si~111!-(631) and c(12

32) surfaces measured along the@11̄0# direction in ~a!, and the

@112̄# direction in ~b!. The open circles represent the peak a
shoulder positions obtained in the valence-band photoelectron s
tra of the Ag/Si~111!-(631) surface, and the filled ones are those
the Ag/Si~111!-c(1232) surface. Three different sizes of circle
have been used to indicate the intensity of the peaks and shou
in the valence-band photoelectron spectra. The shaded areas a
bulk band projection.
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from the fact that the room-temperature (231) phase is due
to thermally induced disorder of surface atoms, and the lo
structures of the two surfaces are the same. Therefore
conclude that the Ag/Si~111!-c(1232) surface is the basic
structure, and the appearance of a (631) structure is a resul
of thermally induced disorder that hardly affects the el
tronic structure. This conclusion agrees well with the Sip
core-level study that shows no significant difference betw
the (631) andc(1232) surfaces.

Finally, we discuss the origins of theS1 , S2, and S3
states. Among the surface states observed experimental
alkali and alkaline-earth metals adsorbed Si~111!-(331)
surfaces,11,16–18 the origins of the three with the smalle
binding energies are explained by theoretical calculations
ing the HCC model.13,15 The two states with lower binding
energies are attributed to the bonding states between the
sorbates and the surface Si atoms, and the remaining o
assigned to thep-bond state formed by two Si atoms that a
contained in the honeycomb. The observation of two alk
metal–Si bonding states results from the presence of
different alkali-metal–Si bonding configurations in the HC
model. Assuming that the structure of the Ag/Si~111!-c(12
32) surface is basically the same as that of the H
model,13–15 but with a slight displacement of Ag and/or top
layer Si atoms to form a larger unit cell, the observation
surface states with the same origins as those on alkali
alkaline-earth metals adsorbed Si~111!-(331) is expected.
Since the p-bond state is located at approximatelyEB
52 eV on both Na~Ref. 16! and K ~Ref. 17! adsorbed
Si~111!-(331) surfaces, the binding energy of this state
hardly affected by the adsorbate. Therefore, the same bin
energy of theS3 state, at 2.1 eV, suggests its origin to be t
p-bond state. On alkali and alkaline-earth metals adsor
Si~111!-(331) surfaces, all surface states, which origina
from the surface Si atoms only, have binding energies hig
than 2 eV. Hence we conclude that the origins ofS1 andS2
are the Ag-Si bond with different configurations. As we me
tioned above, the structures of Ag/Si~111!-(631) andc(12
32) surfaces should be slightly different from the HC
model. This difference might result in a larger number
adsorbate bonding configurations compared to the H
-

g

e
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model, and thus a larger number of surface states on
Ag/Si~111!-(631) andc(1232) surfaces. However, assum
ing that the displacement of surface atoms is too smal
give large shifts in the binding energies of the surface sta
it is reasonable to observe only two Ag-Si bonding states
to the finite experimental resolution.

V. CONCLUSION

In conclusion, we have studied the surface structure of
Ag/Si~111!-(631) surface by means of LEED, high
resolution core-level photoelectron spectroscopy, a
ARPES. The (631) LEED pattern observed at 300 K, ha
changed to ac(1232) pattern at 100 K. Taking into accoun
that there is no significant difference between the Si 2p core-
level spectra and the valence-band spectra for the (631) and
c(1232) surfaces, we conclude that the basic structure
the surface has ac(1232) periodicity and that the appea
ance of a (631) structure is a result of thermally induce
disorder. The weak32 streaks observed in LEED on th
mixed Ag/Si~111!-(631) and (A33A3) surface at 300 K
supports our picture. The three surface components obse
in the Si 2p core-level spectra are assigned to the top-la
Si atoms bonded to Ag, Si atoms of the top layer which fo
p bonds, and the second-layer Si atoms, respectively. In
ARPES study, five surface states with negligible dispers
are observed in the gap and pockets of the bulk band pro
tion on both the (631) andc(1232) surfaces. Among the
five surface states observed in the valence-band spectrS1
andS2 are assigned to the bonding states between Ag an
atoms, and theS3 state to thep-bond state. Moreover, no
Fermi-level crossing is observed in the valence band spe
indicating a completely semiconducting character of the A
Si~111!-(631) andc(1232) surfaces.
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