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Core-level photoemission study of the Pb overlayers on Si„001…
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High-resolution core-level photoemission spectroscopy using synchrotron radiation and low-energy electron
diffraction have been applied to study the intriguing structures of the Pb overlayers on Si~001! up to a coverage
of 1 monolayer~ML !. At a coverage of less than 0.6 ML, two distinct components are observed in Pb 5d core
levels. This suggests that the Pb chains formed at this coverage range, as observed in the previous scanning
tunneling microscopy studies, are composed ofbuckledPb dimers consistent with the recent structure model.
The Pb 5d core-level shift due to this buckling is measured to be 0.35 eV. The spectral line shape of Pb 5d at
an intermediate coverage around 0.75 ML, exhibiting thec(834) phase in the low-energy electron diffraction,
differs significantly from that of the lower coverages in contradiction to the available structure models with
asymmetric buckled dimers. In contrast, the 231-Pb surface developed at a full monolayer coverage exhibits
only single component in Pb 5d. This result is compatible only with the close-packedsymmetricdimer model.
The spectral line shape of Pb 5d suggests a gradual change from a semiconducting to a metallic surface at
0.75–1.0 ML, which agrees with the previous valence-band photoemission study indicating the metallic nature
of the 231 phase. Detailed analyses of the Si 2p core levels for the well-ordered 232, c(834), and 231
phases at 0.5, 0.75, and 1.0 ML, respectively, are given for the discussion of the Pb-induced Si surface
reconstructions.

DOI: 10.1103/PhysRevB.65.165332 PACS number~s!: 68.35.2p, 73.20.2r, 79.60.2i
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I. INTRODUCTION

During the past decade there has been a signific
amount of research in studying the fundamental physical
chemical processes in an atomic scale of the epitaxial gro
of group-IV elements on Si surfaces, for example, Si/Si1–3

Ge/Si,4,5 Sn/Si,6 and Pb/Si.7–15 The former two systems pro
vide model systems for the homo- and heteroepita
growth on semiconductor surfaces, respectively, and the
ter systems, especially the Pb/Si system,7 were discussed a
one of the model metal/semiconductor interface systems
negligible solubility, i.e., with an abrupt interface. Recent
very exotic behaviors of the Pb/Si~111! system have been
under focus, such as the formation of Pb quantum island
unusual shapes8 and the surfactant behavior for the fract
growth of Ge two-dimensional~2D! islands.9 Such intriguing
behaviors are thought to be closely related to the detail
the atomic and electronic structures of the first monola
~wetting layer! Pb on Si surfaces.8 The Pb initial growth on
Si~001! has received relatively little attention compared
the Pb/Si~111! system. However, recent scanning tunneli
microscopy~STM! studies have revealed interesting and
triguing initial growth behaviors of Pb on the Si(001)231
surface.10–14

Pb has been known to grow in a layer-by-layer way up
a critical coverage of;2.5 ML @1 monolayer (ML)56.8
31014 atoms/cm2# ~three layers! at room temperature~RT!,
exhibiting a series of ordered surface phases.15 During the
formation of the first Pb layer on the surface, the Pb ads
bates exhibit a very anisotropic growth pattern, which lea
to the formation of well-ordered and often very long on
dimensional adsorbate chains.10–14At a coverage of 0.5 ML
these chains form a close-packed structure of a 232 period-
0163-1829/2002/65~16!/165332~7!/$20.00 65 1653
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icity. This one-dimensional growth feature is very similar
those of the group-III element adsorption~Al, In, and Ga! on
Si~001!, for which the adsorbate chains are composed
symmetricad-dimersparallel to the chains and to the sub
strate Si dimers@Fig. 1~a!#.16–21 However, very recent STM
~Refs. 11 and 14! and theoretical studies12 have proposed the
possibility of Pb dimer buckling within the adsorbate chai
in contrast to the group-III cases@Fig. 1~b!#. However, no
detailed structural studies for this unique structure propo
have been reported.

In further contrast to the well-studied group-III/Si~001!
systems, the initial 2D layer growth of Pb proceeds beyo
the 232 phase at 0.5 ML to form a complexc(834) struc-
ture at;0.7 ML and a 231 phase at;1 ML.10,11,13,15The
first Pb layer was shown to saturate at;1 ML, and further
the second and third Pb layers grow in a layer-by-la
fashion.10,11,15 Although there have been a few studie
mainly on thec(834) phase,11,13 the atomic structures o
these high-coverage phases and layers are largely unce
yet.

In this paper, we report on a high-resolution core-lev
photoemission study for the Pb overlayers on the Si(00
31 surface for the 2D growth regime up to 1.0 ML. Th
evolution of the Pb 5d and Si 2p core-level line shapes is
carefully investigated along with that of the low-energy ele
tron diffraction ~LEED! patterns. From the observed cor
level shifts, we critically review the structure models pr
posed so far and discuss the electronic property of
surfaces.

II. EXPERIMENT

High-resolution core-level photoemission measureme
using synchrotron radiation was carried out at the newly b
©2002 The American Physical Society32-1
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high-resolution vacuum ultraviolet beam line BL-1C of Ph
ton Factory, KEK. The photon energy range covered is fr
20 to 250 eV using a varied-line-spacing grating monoch
mater with a nominal spectral resolving power better th
10 000. The end station of this beam line is equipped with
angle-resolved photoelectron spectrometer system~Vacuum
Generator, ARUPS 10! with a full multichannel dectecto
system and a LEED optics.22 The base pressure of the ultr
high vacuum chamber for measurements was better tha
310210 Torr. The angle of the incident photon beam w
kept at 45° from the normal to the sample surface. The t
energy resolution was better than 75 meV for all pho
energies used and the angular resolution of analyzer wa
to 2°. An n-type Si~001! wafer was cleanedin situ by resis-
tive heating up to;950 °C and flashing at;1200 °C for a
few seconds, which gave rise to a sharp double-domai
31 LEED pattern@see Fig. 2~a!#. Pb was deposited onto th
Si(001)231 surface kept at RT from a well-degassed Knu

FIG. 1. Schematics of the structural models for~a! the
Si(001)232-Al(-Ga and -In) surface,~Refs. 16–21!, ~b! the
Si(001)232-Pb surface at 0.5 ML~Refs. 11, 12, and 14!, ~c!–~e!
the Si(001)c(834)-Pb surface at~c! 0.75 ML ~Ref. 13!, ~d! 0.5
ML ~Ref. 13!, and~e! 0.75 ML ~Ref. 11!, respectively, and~f, g! the
Si(001)231-Pb surface proposed by~f! surface x-ray diffraction
~Ref. 32! and ~g! STM ~Ref. 11! studies, respectively. The surfac
unit cells are indicated by thick gray rectangles and the arrow in~a!
indicates the 1D adsorbate chain direction.
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sen cell.23 The evaporating rate was measured by a qua
microbalance and the coverage was calibrated by the s
232 LEED pattern as 0.5 ML. The estimated uncertainty
the coverage in this way is less than60.05 ML. The pressure
was less than 8.0310210 Torr during the Pb deposition
Curve fitting of the core-level spectra was carried out by
standard least-square fitting procedure utilizing a set of s
orbit doublets in Voigt or Doniach-Sunjic function forms.21,24

III. RESULTS AND DISCUSSION

In Fig. 2, the LEED patterns are shown for Pb coverag
up to 1.0 ML. We observed32 streaky lines in the coverag
range of 0.2–0.4 ML@Figs. 2~b! and 2~c!#. At the coverage
of ;0.35 ML the streaks appear more or less as a diff
double-domain 233 pattern@Fig. 2~c!#. The streaks and the
233 pattern are very similar to those of the Al and In a
sorption on Si(001)231 in a similar coverage range.19,20As
clearly shown in the STM studies10,11,13,14in this coverage
range the Pb adsorbates@or Al, In, Ga ~Refs. 16 and 19! and
Sn ~Ref. 6!# form one-dimensional adsorbate chains, whi
are perpendicular to the substrate Si dimer rows. Ther
now a well-established consensus that the chains due to

FIG. 2. LEED patterns observed during Pb deposition
Si(001)231 at room temperature with different Pb coverages
indicated.
2-2
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Ga, and In are composed of theparallel dimer structures,
where the metal adsorbates form symmetric dimers in pa
lel to the substrate Si dimers@Fig. 1~a!#.17,18,20 Then the
streaks and the 233 pattern indicate that these chains ha
certain interchain interaction to form a long-range order
in their interchain distance, that is 3a0 for the fully devel-
oped 233 phase at13 ML ~more generally a 23n phase!.19

The 233 ordering was previously observed for Al, Ga, a
In adsorbates but only after a mild annealing
100–300 °C.19 The formation of a 233 phase at RT for Pb
adsorbates then suggests that the interchain interaction,
sibly a repulsive interaction, is stronger for the Pb dim
chains. On the other hand, the Pb chains could be more
bile than the group-III chains. The origin of such intercha
interaction has not been clarified yet. Other than the stre
and the 233 pattern, the evolution of the LEED patterns
consistent to the previous LEED studies: As the coverag
increased, the 232, c(834), and 231 phases are observe
at 0.50, 0.75, and 1.0 ML, respectively~Fig. 2!.10,11,15,23

These structures will be discussed in detail based on the
5d and Si 2p core-level data.

Pb 5d core-level spectra were measured with a pho
energy (hn) of 50 eV, as shown in Fig. 3, for the coverag
corresponding to the different LEED patterns of Fig. 2.
raw data, with a large spin-orbit splitting of;2.5 eV be-
tween the 5d5/2 and 5d3/2 components, one can easily s
that the spectral line shapes are almost the same up to;0.6
ML and then change to become sharper with increasing
coverage. The very blunt peak-top shape and the barely
ible shoulders~see the vertical line of Fig. 3! of the spectra at
0.2–0.6 ML suggests that the Pb 5d spectra consist of more
than one component. Furthermore, it is straightforwardly
pected that the local structures of the Pb adsorbates ar
sentially unchanged up to;0.6 ML but the structures chang
from 0.60 to 1.0 ML.

More detailed information is obtained by the curve-fittin
analyses.21,24 An integral or polynomial background wa
used and the Lorentzian width was optimized to be 0.37
The branching ratio is 0.65 for 0.10–0.60 ML, 0.61 for 0.
ML, and 0.58 for 1.0 ML. The difference in branching rat
is though to be due to a combined initial- and final-st
effect, which is also affected by photoelectron diffraction
an angle-resolved measurement as in the present case.25 The
results of such curve fittings are also presented in Fig. 3
suggested above, the Pb 5d spectra are found to consist o
two components~denoted asP1 and P2! at coverages les
than 0.6 ML, which clearly indicates at least two differe
adsorption sites with distinct chemical and structural en
ronment. The splitting ofP1 andP2 is determined to be 0.35
eV. We also found that these two components have roug
the same spectral intensity. This clearly means that the
kinds of Pb adsorption species are almost equally popul
throughout that coverage range.

The above result rules out the possibility of the symme
parallel dimer model in Fig. 1~a! which has been establishe
for the group-III metal adsorbates but has a unique ads
tion site.17,18The Al 2p and In 4d core-level spectra of thes
symmetric parallel dimers were shown to consist of a w
defined single component.21 On the other hand, the observe
16533
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splitting of the Pb 5d core levels can easily be explained b
thebucklingof Pb dimers within the parallel dimer structur
@Fig. 1~b!#, where the up- and down-dimer atoms have d
ferent local structures and different local valence-elect
density of states. Such a buckled~asymmetric! parallel dimer
model was indeed found to be the most energetically fav
able configuration through anab initio total-energy
calculation.12 The buckling is mainly due to an unsaturate
‘‘dangling,’’ bond on each Pb dimer atom, which tends
cause intradimer charge transfer from a dimer atom to
other. This situation is analogous to the well-known buckli
of Si and Ge dimers on the clean Si~001! and Ge~001!
surfaces.24,26–29

The energy separation betweenP1 and P2 ~0.35 eV! re-
flects the charge transfer from the down- to the up-dim
atom for the asymmetric dimer formation. The correspond
core-level shifts for Si and Ge asymmetric dimers have b

FIG. 3. A series of Pb 5d core-level spectra taken at a photo
energy (hn) of 50 eV from the Pb/Si~001! surfaces corresponding
to the Pb coverages indicated and to the LEED patterns in Fig
Experimental data~dots! are superimposed with the results of th
least-square curve fittings~solid lines on the dots! and the results of
the decompositions are also given. All the spectra are taken
photoelectron emission angle (ue) of 0° ~along the surface normal!.
2-3
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known to be in a similar energy range of 0.6–0.8 eV~Refs.
24 and 28! and 0.2–0.3 eV,29 respectively. Within this inter-
pretationP1 and P2 correspond to down- and up-dimer a
oms, respectively, that is, the electron-poor~higher binding
energy! and electron-rich ~lower binding energy!
environment.28 Only very recently a rather clear evidence
such buckling is provided by an STM study.14 That is, in Ref.
14, the dimers along a single Pb adsorbate chain are sh
to be buckled in the same direction~‘‘ferromagnetically’’!
but the buckling direction of neighboring chains is oppos
~‘‘antiferromagnetical’’!. Such a buckling leads to a local
34 periodicity, in contrast to the buckling configuration
Si and Ge dimers buckled antifferomagnetically even alo
the chains. The origin of this difference is not clear
present. Similar parallel dimer chains have also been
served during the very initial homoepitaxial growth of Si o
Si~001!, which are called ‘‘dilute dimer chains.’’1–3,30How-
ever, though there are quite a few theoretical and experim
tal studies on the Si parallel dimer chains, no explicit disc
sion of the possible dimer buckling can be found in t
literature.

With increasing the Pb coverage from 0.60 to 0.75 M
the spectra become slightly shaper and asymmetric. The
a long tail and a shoulder~see the vertical line in Fig. 3! in
the lower kinetic energy side. The spectrum for 0.75 ML
decomposed into two components~denoted asP3 andP4! in
asymmetric~Doniach-Sunjic! line shapes with a singularity
parameter of 0.09. The asymmetry~the long low-energy tail!
indicates a metallic response of the surface electrons.P3 and
P4 components are slightly sharper than those below 0
ML with a Gaussian width of 0.38 eV. The ratio betweenP3
and P4 is roughly 1:3. At a coverage of 0.75 ML, LEED
shows a very well orderedc(834) phase31 and the available
structural models of this phase are given in Figs. 1~c! ~Ref.
13! and 1~e! ~Ref. 11!. These models were introduced
explain the characteristic STM images of thec(834) phase
and are commonly composed ofbuckled Pb dimers. The
nominal coverages of these models are 0.75 ML, in ag
ment with the present and previous LEE
observations.10,11,15Another variation of thec(834) struc-
ture model introduced is shown in Fig. 1~d! where one-third
of the Pb dimers of the model in Fig. 1~c! is replaced by Si
dimers and hence the Pb coverage is 0.5 ML. We observ
trace of34 spots at around 0.5–0.6 ML, in contrast to th
model, and further this model is not compatible with our
2p result discussed below. Then the major difference
tween the models of Figs. 1~c! and 1~e! are the orientation of
the Pb dimers; orthogonal and parallel to the Si subst
dimers, respectively. Hence, in the model of Fig. 1~c! @or
1~d!#, the Pb dimers have to be totally rearranged, i.e.,
tated by 90°, when forming thec(834) phase from the 2
32 parallel dimer chain phase. A recent total energy cal
lation suggested that the model in Fig. 1~c! is energetically
stable.12 However the structure model in Fig. 1~d! and other
possible structures have never been tested energetically.
obviously prevents a consistent comparison of the energe
of different models.

However, in any case, these models are apparently
compatible with the present Pb 5d core-level spectra, sinc
16533
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all of these models are composed of buckled dimers lead
to equally weighted double 5d components. That is, the P
5d core levels of thec(834) structures composed o
buckled dimers is expected to be qualitatively the same
that of 232. Obviously this is not the case in the prese
experimental result. It is clearly suggested that the pres
structure models of thec(834) phase should be reconsid
ered. This point will be mentioned again after the analyse
the Si 2p core levels below.

In clear contrast to the 232 andc(834) phases, the 2
31 phase at 1.0 ML exhibits a sharp single component w
a Gaussian width of 0.33 eV, indicating only one adsorpt
site for Pb. This spectrum is dressed with an apparent me
lic tail at the low-energy side with a rather large asymme
parameter of 0.14. It suggests that the 231-Pb surface has a
metallic character. This corroborates the results of the pr
ous angle-resolved photoemission study for the vale
bands, which indicated the metallization of the Pb/Si~001!
surface.23 In that study, the photoemission intensity at Fer
level appears from a Pb coverage of;0.7 ML and it in-
creases along with the increase of the Pb coverage, corre
to the formation of the metallic 231 phase.

At present there are two available structure models for
231-Pb surface, as shown in Figs. 1~f! and 1~g!. In one
model @Fig. 1~f!#, Pb adsorbates have two different kinds
adsorption sites, one on top of Si dimer atoms and the o
in the hollow sites between Si dimers.32 This model defi-
nitely disagrees with the observed Pb 5d spectra, which in-
dicate only single adsorption site. Furthermore, the nom
coverage of this model is 1.5 ML, while most of the LEE
studies observed clear a 231 pattern from 1.0 ML including
the present observation.10,11,15 Within the alternative mode
@Fig. 1~g!#, Pb atoms form symmetric parallel dimers.11 This
231 structure is compatible with the Pb 5d core level. Note
that this structure is different from the case of the Ge or
monolayer structure on Si~001!, where the surface phase
132 with asymmetrically buckled orthogonal~to the sub-
strate dimer orientation! dimers.2–5 The 231 orientation of
the phase at 1 ML Pb was previously confirmed unambi
ously by observing the LEED patterns for the growth on
single-domain Si(001)231 surface.23 The 231-Pb struc-
ture is not in the proper crystallographic stacking within t
diamond structure. Within the symmetric parallel dim
model of 231, the surface is thought to be metallic due
the two half-filled dangling bond electrons on each Pb dim
in consistency with the core-level and the valence-ban23

photoemission results. An analogous metallic situation
be found for the case of the symmetric dimer model of
Si(001)231 surface.33 However, it is not clear why the Pb
dimers are allsymmetrizedwithin the 231 unit cell. A fur-
ther theoretical study is highly requested to clarify the atom
and electronic structures of thec(834) and 231 phases.

Figure 4 shows a series of Si 2p core-level spectra taken
at a photon energy of 130 eV with an emission angle of 6
to enhance the surface sensitivity. The spectrum at the
tom, which was obtained from the clean Si(001)231 sur-
face, exhibits a prominent peak~denoted asSu! at the low
binding-energy side. TheSu component corresponds to th
buckled-up atoms of the asymmetric Si dimers.24,28As the Pb
2-4
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atoms are deposited,Su gradually disappears and almost n
intensity of it is found beyond 0.5 ML. This behavior
consistent to the parallel dimer structure models of the
32 and 231 surfaces, where all Si surface atoms a
bonded to Pb adsorbates without no bare Si dimers left
mentioned above this result rules out any structure mo
with Si buckled dimers within the topmost layer, like that
Fig. 1~d!, for the coverage larger than 0.5 ML. Other than t
disappearance ofSu , the changes of the spectral shape
different coverages are rather subtle, requesting car
curve-fitting analyses. We took more than five different hig
resolution spectra for each phase at different photon ener
and at different emission angles and found a unique fitt
solution over such a set of spectra for a given phase. T
kind of procedure minimizes possible arbitrariness of
curve-fitting analyses.21,24The results of the curve fittings o
the spectra for the 232, c(834), and 231-Pb surfaces are
shown in Fig. 5. The spectra at normal (ue50°) and grazing
(ue560°) emission angles are compared to show the sur
sensitivity of each component.

As seen in Fig. 5~a!, Si 2p for the 232 surface exhibits
two major components other than the bulk componentB,
denoted asS1 and D. The appearance ofS1 can barely be
seen in the raw spectra atue560° in Fig. 5~a! in which a
weak but discernible shoulder appears~see the arrow in the
figure!. TheS1 component shows obvious surface sensitiv
and it is straightforwardly assigned to the Si atoms in
topmost Si layer bonded to Pb adsorbates. Pb adsorb
make Si dimers symmetric by saturating Si dangling bon
which then appears asS1 instead ofSu in Si 2p spectra. The

FIG. 4. A series of Si 2p core-level spectra for the same P
Si~001! surfaces as in Figs. 2 and 3 taken with a photon ene
(hn) of 130 eV at an emission angle (ue) of 60°.
16533
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intensity ofS1 is roughly twice as large as that ofSu on the
clean surface. This is consistent to the 232 structure model
with a full monolayer of Si bonded to Pb:Su represents only
the up-dimer atoms of 0.5 ML. The binding energy shift
S1 from the bulk componentB, the so-called surface core
level shift ~SCLS!, is determined as20.22 eV~see Table I!.
The other major componentD is thought to be due to the
second Si layer since its SCLS and intensity are very sim

y

FIG. 5. Decompositions by curve-fitting analyses of the Sip
core-level spectra for~a! Si(001)232-Pb at 0.5 ML,~b! 231-Pb
at 1.0 ML, and~c! c(834)-Pb at0.75 ML. The spectra are take
with photon energies of~a! 135 and~b, c! 130 eV at emission angle
(ue) of 0° and 60°. Experimental data~dots! are superimposed with
the results of the least-square curve fittings~solid lines on the dots!
and the results of the decompositions are given with different ha
ings.

TABLE I. The major curve-fitting parameters using spin-orb
doublets in Voigt function form optimized for the spectra shown
Fig. 5. The surface core-level shift~SCLS!, binding energy shift
from the bulk componentB, and the Gaussian width of each decom
posed component are given.

Structure Component SCLS~eV! Width ~eV!

232-Pb B 0 0.24
S1 20.22 0.28
D 0.19 0.28
C 0.45 0.28

c(438)-Pb B 0 0.28
S3 20.23 0.30
D 0.21 0.30
C 0.49 0.30

231-Pb B 0 0.26
S2 20.22 0.28
D 0.25 0.28
C 0.55 0.30
2-5
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to the second layer component of the clean Si(001)231
surface.21,24 This close similarity further suggests that th
second Si layer is only marginally altered by Pb adsorpt
as expected from the preserved Si dimerization in the 232
structure model and from the covalent bonding between
and Si.23 In further support of the parallel dimer model of th
232 phase and the present assignment of the Si 2p compo-
nents, the Si 2p core levels of the In-induced 232 parallel
dimer structure on Si~001! are essentially identical to thos
of 232-Pb. The SCLS of the correspondingS1 component
is 20.19 eV for the 232-In structure. The origin of a mino
intensity componentC, observed at high-binding-energy sid
for all three phases~Fig. 5!, is not clear but is thought to b
due to defects or a contamination on the surface.

The Si 2p core levels of the 231 surface at 1.0 ML@Fig.
5~b!# are decomposed into only two major componentsB
and a surface-sensitive componentS2 . Although the raw
spectra themselves are rather featureless, the existenceS2
is obvious from the noticeable shift of the apparent pe
maximum to a lower binding energy from normal to grazi
angles. TheS2 component is naturally attributed to one fu
monolayer of Si atoms bonded to Pb adsorbates. This is
sistent with the 231 parallel dimer model. The SCLS ofS2
is slightly larger~20.23 eV! than that ofS1 , which would
reflect the chemical and structural changes of the topmos
layer, that is, the breaking of Si dimer bonding and the
crease of Pb-Si coordination number~Fig. 1!. The absence o
a large second Si layer componentD is also qualitatively
understood from such changes of the first Si layer; the
lease of Si dimerization leads to a more bulklike enviro
ment for the second Si layer.

For the case of thec(834) phase, the spectral shape a
its decomposition are qualitatively in the middle of the
32 and 231 phase. The surface-sensitive componentS3
with a SCLS of20.23 eV can consistently be assigned to t
Si atoms bonded to Pb in the first Si layer. Then its intens
suggests that the number of Si atoms bonded to Pb doe
amount to 1.0 ML. However, any further insight into th
c(834) structure could not easily be provided from t
present Si 2p analyses. We finally comment about the po
sible structure model of thec(834) phase. As mentioned
above, the present structure models of this phase@Figs. 1~c!,
1~d!, and 1~e!# based on the asymmetric dimers cannot
reconciled with the Pb 5d spectral shape. If the paralle
dimer 231 model is correct, then further doubts are c
onto thec(834) model of orthogonal dimers such as tho
in Figs. 1~c! and 1~d!. This is because such structure mod
require the 90° rotation of all surface Pb dimers for the
32-c(834) phase transformation and again back-rotat
for the c(834)-231 transformation, which obviously ac
company a large energy cost. Then, the correct model sh
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IV. CONCLUSION
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