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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 overlayer€01)Sip to a coverage
of 1 monolayerfML ). At a coverage of less than 0.6 ML, two distinct components are observed id Bboré
levels. This suggests that the Pb chains formed at this coverage range, as observed in the previous scanning
tunneling microscopy studies, are composethwdkledPb dimers consistent with the recent structure model.
The Pb 3 core-level shift due to this buckling is measured to be 0.35 eV. The spectral line shape dfa®b 5
an intermediate coverage around 0.75 ML, exhibitingdfx 4) 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 2-Pb surface developed at a full monolayer coverage exhibits
only single component in Pbdb This result is compatible only with the close-paclssgnmetricdimer model.
The spectral line shape of PlilSuggests 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 2X1 phase. Detailed analyses of the $i @ore levels for the well-ordered>22, c(8x4), and 2x1
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 nuni§er68.35—p, 73.20-r, 79.60—i
I. INTRODUCTION icity. This one-dimensional growth feature is very similar to

those of the group-IIl element adsorptiohl, In, and Ga on
During the past decade there has been a significar®i(001), for which the adsorbate chains are composed of
amount of research in studying the fundamental physical an8ymmetricad-dimersparallel to the chains and to the sub-

R H H 16-21
chemical processes in an atomic scale of the epitaxial growtftrate Si dimergFig. 1(a)].> " However, very recent STM
of group-IV elements on Si surfaces, for example, $i5i (Refs. 11 and 1¥and theoretical studi&shave proposed the

Ge/Si*® sn/Si6 and Pb/ST-15The former two systems pro- possibility of Pb dimer buckling within the adsorbate chains
vide model systems for the homo- and heteroepitaxial! contrast to the group-lil casd&ig. Ab)]. However, no

growth on semiconductor surfaces, respectively, and the |aﬁetailed structural studies for this unique structure proposed

ter systems, especially the Pb/Si sysfewere discussed as ave been reported. _

one of the model metal/semiconductor interface systems with ' further contrast to the well-studied group-lIi{80D)
negligible solubility, i.e., with an abrupt interface. Recently, SYStems, the initial 2D layer growth of Pb proceeds beyond
very exotic behaviors of the Pb(SL1) system have been 1€ 2x2 phase at0.5 ML toforma compIeD(lEE)>l<l41)3 1struc-
under focus, such as the formation of Pb quantum islands df'ré at~0.7 ML and a 2<1 phase at-1 ML= °The
unusual shap8sand the surfactant behavior for the fractal 'St PP layer was shown to saturate-al ML, and further
growth of Ge two-dimensiondPD) islands® Such intriguing ("€ second and third Pb layers grow in a layer-by-layer

H 10,11,15 H
behaviors are thought to be closely related to the details deShion: Although there have been a few studies,

H 1,13 H
the atomic and electronic structures of the first monolayef&inly on thec(8x4) phaset** the atomic structures of
(wetting layey Pb on Si surfacebThe Pb initial growth on these high-coverage phases and layers are largely uncertain

Si(001) has received relatively little attention compared toYet- _ .
the Pb/Si111) system. However, recent scanning tunneling !N this paper, we report on a high-resolution core-level
microscopy(STM) studies have revealed interesting and in-Photoemission study for the Pb overlayers on the Si(001)2

triguing initial growth behaviors of Pb on the Si(oozya <1 surface for the 2D growth regime up to 1.0 ML. The
surfacel0-14 evolution of the Pb 8 and Si 2 core-level line shapes is

Pb has been known to grow in a layer-by-layer way up tocarefu_lly inyestigated along with that of the low-energy elec-
a critical coverage of~2.5 ML [1 monolayer (ML)=6.8 tron dlffractlon (LE_E_D) patterns. From the observed core-
X 10 atoms/crA] (three layersat room temperaturéRT), level shifts, we crltlcz_illy review the structure models pro-
exhibiting a series of ordered surface phaSeBuring the PO0Sed so far and discuss the electronic property of the
formation of the first Pb layer on the surface, the Pb adsorSUrfaces.
bates exhibit a very anisotropic growth pattern, which leads
to the formation of well-ordered and often very long one-
dimensional adsorbate chaits!*At a coverage of 0.5 ML High-resolution core-level photoemission measurements
these chains form a close-packed structure ok&®2period-  using synchrotron radiation was carried out at the newly built

II. EXPERIMENT
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FIG. 1. Schematics of the structural models fta) the
Si(001)2x 2-Al(-Ga and -In) surface(Refs. 16-21 (b) the FIG. 2. LEED patterns observed during Pb deposition on
Si(001)2x 2-Pb surface at 0.5 MiRefs. 11, 12, and 14(c)—(e) Si(001)2x 1 at room temperature with different Pb coverages as
the Si(001¢(8x4)-Pb surface at(c) 0.75 ML (Ref. 13, (d) 0.5 indicated.
ML (Ref. 13, and(e) 0.75 ML (Ref. 11, respectively, andf, g) the
Si(001)2x 1-Pb surface proposed H§) surface x-ray diffraction sen cell?® The evaporating rate was measured by a quartz
(Ref. 32 and(g) STM (Ref. 1)) studies, respectively. The surface microbalance and the coverage was calibrated by the sharp
unit cells are indicated by thick gray rectangles and the arrof@in 22 LEED pattern as 0.5 ML. The estimated uncertainty of
indicates the 1D adsorbate chain direction. the coverage in this way is less thai.05 ML. The pressure

was less than 8X10 ° Torr during the Pb deposition.

high-resolution vacuum ultraviolet beam line BL-1C of Pho- cyrve fitting of the core-level spectra was carried out by a
ton Factory, KEK. The photon energy range covered is fromstandard least-square fitting procedure utilizing a set of spin-

20 to 250 eV using a varied-line-spacing grating monochroorbit doublets in Voigt or Doniach-Sunjic function forrfs?*
mater with a nominal spectral resolving power better than

10 000. The end station of this beam line is equipped with an Il RESULTS AND DISCUSSION
angle-resolved photoelectron spectrometer systémcuum '
Generator, ARUPS 10with a full multichannel dectector In Fig. 2, the LEED patterns are shown for Pb coverages

system and a LEED optic4.The base pressure of the ultra- up to 1.0 ML. We observec 2 streaky lines in the coverage
high vacuum chamber for measurements was better than range of 0.2—0.4 ML[Figs. 2b) and Zc)]. At the coverage

x 1071 Torr. The angle of the incident photon beam wasof ~0.35 ML the streaks appear more or less as a diffuse
kept at 45° from the normal to the sample surface. The totaflouble-domain X 3 pattern[Fig. 2(c)]. The streaks and the
energy resolution was better than 75 meV for all photon2 X3 pattern are very similar to those of the Al and In ad-
energies used and the angular resolution of analyzer was ssorption on Si(001)& 1 in a similar coverage randé?°As

to 2°. Ann-type S{001) wafer was cleaneih situ by resis-  clearly shown in the STM studigs'***4in this coverage
tive heating up to~950 °C and flashing at-1200°C for a  range the Pb adsorbates Al, In, Ga(Refs. 16 and 1Pand

few seconds, which gave rise to a sharp double-domain 3n (Ref. 6] form one-dimensional adsorbate chains, which
X 1 LEED patterrisee Fig. 2a)]. Pb was deposited onto the are perpendicular to the substrate Si dimer rows. There is
Si(001)2x 1 surface kept at RT from a well-degassed Knud-now a well-established consensus that the chains due to Al,
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Ga, and In are composed of tiparallel dimer structures, P
where the metal adsorbates form symmetric dimers in paral- Pb 5d hv =50 eV e =0
lel to the substrate Si dimerdig. 1(a)].1"*%?° Then the coverage
streaks and the:23 pattern indicate that these chains have (ML)
certain interchain interaction to form a long-range ordering
in their interchain distance, that isag for the fully devel-

1.0 P4
oped 2x 3 phase a& ML (more generally a  n phasé.'®
The 2X 3 ordering was previously observed for Al, Ga, and
In adsorbates but only after a mild annealing at
100—-300 °Ct® The formation of a X3 phase at RT for Pb 0.75 ‘ E k §
P3

adsorbates then suggests that the interchain interaction, pos-
sibly a repulsive interaction, is stronger for the Pb dimer
chains. On the other hand, the Pb chains could be more mo-
bile than the group-lll chains. The origin of such interchain
interaction has not been clarified yet. Other than the streaks
and the 23 pattern, the evolution of the LEED patterns is
consistent to the previous LEED studies: As the coverage is
increased, the 2, ¢c(8x4), and 2x 1 phases are observed

at 0.50, 0.75, and 1.0 ML, respectivelfig. 2).10:11:1523
These structures will be discussed in detail based on the Pb
5d and Si % core-level data.

Pb 5d core-level spectra were measured with a photon
energy ov) of 50 eV, as shown in Fig. 3, for the coverages
corresponding to the different LEED patterns of Fig. 2. In
raw data, with a large spin-orbit splitting of2.5 eV be- 0.35
tween the 8l;, and g, components, one can easily see
that the spectral line shapes are almost the same wDt6
ML and then change to become sharper with increasing the
coverage. The very blunt peak-top shape and the barely vis- 0.20
ible shouldergsee the vertical line of Fig.)3f the spectra at ; P1
0.2-0.6 ML suggests that the Pll Spectra consist of more e T e __
than one component. Furthermore, it is straightforwardly ex- 23 24 25 26 27 28 29
pected that the local structures of the Pb adsorbates are es- T—
sentially unchanged up t60.6 ML but the structures change Kinetic Energy (eV)
from 0.60 to 1.0 ML. FIG. 3. A series of Pb & core-level spectra taken at a photon

More detailed information is obtained by the Curve—fitting energy fiv) of 50 eV from the Pb/$001) surfaces corresponding
analyse€?* An integral or polynomial background was to the Pb coverages indicated and to the LEED patterns in Fig. 2.
used and the Lorentzian width was optimized to be 0.37 eMexperimental datddots are superimposed with the results of the
The branching ratio is 0.65 for 0.10—0.60 ML, 0.61 for 0.75least-square curve fittingsolid lines on the dojsand the results of
ML, and 0.58 for 1.0 ML. The difference in branching ratio the decompositions are also given. All the spectra are taken at a
is though to be due to a combined initial- and final-statephotoelectron emission anglég) of 0° (along the surface normal
effect, which is also affected by photoelectron diffraction in
an angle-resolved measurement as in the presenft@se.  splitting of the Pb 8l core levels can easily be explained by
results of such curve fittings are also presented in Fig. 3. Ashe bucklingof Pb dimers within the parallel dimer structure
suggested above, the Pll Spectra are found to consist of [Fig. 1(b)], where the up- and down-dimer atoms have dif-
two componentgdenoted asP; and P,) at coverages less ferent local structures and different local valence-electron
than 0.6 ML, which clearly indicates at least two different density of states. Such a bucklesymmetrig¢ parallel dimer
adsorption sites with distinct chemical and structural enviimodel was indeed found to be the most energetically favor-
ronment. The splitting oP, andP,, is determined to be 0.35 able configuration through amab initio total-energy
eV. We also found that these two components have roughlgalculation’ The buckling is mainly due to an unsaturated,
the same spectral intensity. This clearly means that the twtdangling,” bond on each Pb dimer atom, which tends to
kinds of Pb adsorption species are almost equally populatechuse intradimer charge transfer from a dimer atom to the
throughout that coverage range. other. This situation is analogous to the well-known buckling

The above result rules out the possibility of the symmetricof Si and Ge dimers on the clean(®)1) and G&001)
parallel dimer model in Fig. (B which has been established surfaceg26-2°
for the group-lll metal adsorbates but has a unique adsorp- The energy separation betweBn and P, (0.35 eV} re-
tion site}”*8The Al 2p and In 4 core-level spectra of these flects the charge transfer from the down- to the up-dimer
symmetric parallel dimers were shown to consist of a well-atom for the asymmetric dimer formation. The corresponding
defined single componeft.On the other hand, the observed core-level shifts for Si and Ge asymmetric dimers have been

0.60

0.50

Photoelectron Intensity (arb. units)

P
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known to be in a similar energy range of 0.6-0.8 @éfs.  all of these models are composed of buckled dimers leading
24 and 28 and 0.2—0.3 e¥? respectively. Within this inter- to equally weighted doubledscomponents. That is, the Pb
pretationP; and P, correspond to down- and up-dimer at- 5d core levels of thec(8x4) structures composed of
oms, respectively, that is, the electron-pdbigher binding buckled dimers is expected to be qualitatively the same as
energy and electron-rich (lower binding energy that of 2<X2. Obviously this is not the case in the present
environment® Only very recently a rather clear evidence of experimental result. It is clearly suggested that the present
such buckling is provided by an STM stutfyThat is, in Ref. ~ structure models of the(8x4) phase should be reconsid-
14, the dimers along a single Pb adsorbate chain are showated. This point will be mentioned again after the analyses of
to be buckled in the same directigfferromagnetically”)  the Si 2o core levels below.
but the buckling direction of neighboring chains is opposite In clear contrast to the 22 andc(8X4) phases, the 2
(“antiferromagnetical’). Such a buckling leads to a local 2 X1 phase at 1.0 ML exhibits a sharp single component with
X 4 periodicity, in contrast to the buckling configuration of a Gaussian width of 0.33 eV, indicating only one adsorption
Si and Ge dimers buckled antifferomagnetically even alongsite for Pb. This spectrum is dressed with an apparent metal-
the chains. The origin of this difference is not clear atlic tail at the low-energy side with a rather large asymmetry
present. Similar parallel dimer chains have also been obparameter of 0.14. It suggests that the P-Pb surface has a
served during the very initial homoepitaxial growth of Si on metallic character. This corroborates the results of the previ-
Si(001), which are called “dilute dimer chains®3%°How-  ous angle-resolved photoemission study for the valence
ever, though there are quite a few theoretical and experimerbands, which indicated the metallization of the P{61)
tal studies on the Si parallel dimer chains, no explicit discussurface?® In that study, the photoemission intensity at Fermi
sion of the possible dimer buckling can be found in thelevel appears from a Pb coverage 0.7 ML and it in-
literature. creases along with the increase of the Pb coverage, correlated
With increasing the Pb coverage from 0.60 to 0.75 ML,to the formation of the metallic 1 phase.
the spectra become slightly shaper and asymmetric. There is At present there are two available structure models for the
a long tail and a shoulddsee the vertical line in Fig.)3n 2x1-Pb surface, as shown in Figs(f)land Xg). In one
the lower kinetic energy side. The spectrum for 0.75 ML ismodel[Fig. 1(f)], Pb adsorbates have two different kinds of
decomposed into two componelitienoted a®5 andP,) in  adsorption sites, one on top of Si dimer atoms and the other
asymmetric(Doniach-Sunii¢ line shapes with a singularity in the hollow sites between Si dimetsThis model defi-
parameter of 0.09. The asymmetftire long low-energy tail  nitely disagrees with the observed Pt Spectra, which in-
indicates a metallic response of the surface electiegsnd  dicate only single adsorption site. Furthermore, the nominal
P, components are slightly sharper than those below 0.600verage of this model is 1.5 ML, while most of the LEED
ML with a Gaussian width of 0.38 eV. The ratio betweepn  studies observed clear a2 pattern from 1.0 ML including
and P, is roughly 1:3. At a coverage of 0.75 ML, LEED the present observatidfti*>*>Within the alternative model
shows a very well orderet{8x 4) phasé' and the available [Fig. 1(g)], Pb atoms form symmetric parallel dimétsThis
structural models of this phase are given in Figg) IRef. ~ 2X1 structure is compatible with the Plal®ore level. Note
13) and 1e) (Ref. 1. These models were introduced to that this structure is different from the case of the Ge or Si
explain the characteristic STM images of @x4) phase monolayer structure on @01), where the surface phase is
and are commonly composed bfickled Pb dimers. The 1X2 with asymmetrically buckled orthogonéo the sub-
nominal coverages of these models are 0.75 ML, in agreestrate dimer orientationdimers®=® The 2x 1 orientation of
ment with the present and previous LEED the phase at 1 ML Pb was previously confirmed unambigu-
observationd®*11® Another variation of thec(8x4) struc-  ously by observing the LEED patterns for the growth on a
ture model introduced is shown in Fig(dl where one-third ~ single-domain Si(001)2 1 surface’® The 2x1-Pb struc-
of the Pb dimers of the model in Fig(d is replaced by Si ture is not in the proper crystallographic stacking within the
dimers and hence the Pb coverage is 0.5 ML. We observe ndiamond structure. Within the symmetric parallel dimer
trace of X4 spots at around 0.5-0.6 ML, in contrast to thismodel of 2<1, the surface is thought to be metallic due to
model, and further this model is not compatible with our Sithe two half-filled dangling bond electrons on each Pb dimer
2p result discussed below. Then the major difference bein consistency with the core-level and the valence-Band
tween the models of Figs(d) and 1e) are the orientation of photoemission results. An analogous metallic situation can
the Pb dimers; orthogonal and parallel to the Si substratbe found for the case of the symmetric dimer model of the
dimers, respectively. Hence, in the model of Figc)lor ~ Si(001)2x 1 surface’® However, it is not clear why the Pb
1(d)], the Pb dimers have to be totally rearranged, i.e., rodimers are alsymmetrizedvithin the 2x 1 unit cell. A fur-
tated by 90°, when forming the(8x4) phase from the 2 ther theoretical study is highly requested to clarify the atomic
X 2 parallel dimer chain phase. A recent total energy calcuand electronic structures of tlig8x4) and 2<1 phases.
lation suggested that the model in Figc)lis energetically Figure 4 shows a series of SpZore-level spectra taken
stable!? However the structure model in Fig(d) and other  at a photon energy of 130 eV with an emission angle of 60°
possible structures have never been tested energetically. THiB enhance the surface sensitivity. The spectrum at the bot-
obviously prevents a consistent comparison of the energetidem, which was obtained from the clean Si(00X)2 sur-
of different models. face, exhibits a prominent pedkenoted asS,) at the low
However, in any case, these models are apparently ndiinding-energy side. Th&, component corresponds to the
compatible with the present Phi5core-level spectra, since buckled-up atoms of the asymmetric Si dim&é3As the Pb
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_.C_._.——/ Su . FIG. 5. Decompositions by curve-fitting analyses of the Bi 2
| ] 1 1 l ] 1 core-level spectra fofa) Si(001)2x2-Pb at 0.5 ML,(b) 2X1-Pb
2.0 1.0 0 -1.0 at 1.0 ML, and(c) c(8x4)-Pb at0.75 ML. The spectra are taken
Relative Binding Energy (eV) with photon energies df) 135 and(b, ¢) 130 eV at emission angles

(6e) of 0° and 60°. Experimental datdots are superimposed with
FIG. 4. A series of Si P core-level spectra for the same Pb/ the results of the least-square curve fittirigslid lines on the dols
Si(00D surfaces as in Figs. 2 and 3 taken with a photon energyand the results of the decompositions are given with different hatch-
(hv) of 130 eV at an emission angl@{) of 60°. ings.

atoms are deposite®, gradually disappears and almost no . . . .
intensity of it is found beyond 0.5 ML. This behavior is intensity ofS, is roughly twice as large as that 8 on the

consistent to the parallel dimer structure models of the 20Iean surface. This is consistent to the 2 structure model

%2 and 2<1 surfaces, where all Si surface atoms areWlthafull monolayer of Si bonded to PI§;, represents only

bonded to Pb adsorbates without no bare Si dimers left. Atgh efruo%dmeerbitlﬁrzzmogghzrlw\gmtg eh es : |(r:1:||lgg iﬂﬁgg;’: (;f;[eof
1 ’ - -

mentioned above this result rules out any structure model . ; .
with Si buckled dimers within the topmost layer, like that in [2vel shift SCLS, is determined as-0.22 eV/(see Table)l
The other major componer is thought to be due to the

Fig. 1(d), for the coverage larger than 0.5 ML. Other than the . : ) . . -
disappearance o8, the changes of the spectral shape atsecond Si layer since its SCLS and intensity are very similar

dlffere]rjt_coveralges a\;\? ratflw(er SUbEe' fr_equ;?ftlng Cr?r?]fm TABLE |. The major curve-fitting parameters using spin-orbit
curve- ]ttlng analyses. We took more t_an ve different hig “doublets in Voigt function form optimized for the spectra shown in
resolution spectra for each phase at different photon energiesy 5 The surface core-level shiSCLS, binding energy shift

and at different emission angles and found a unique fitting,m the bulk componerB, and the Gaussian width of each decom-
solution over such a set of spectra for a given phase. Thigosed component are given.

kind of procedure minimizes possible arbitrariness of the
curve-fitting analyse$:2* The results of the curve fittings of  structure Component  SCL&V)  Width (eV)
the spectra for the 22, c(8xX4), and 2<x 1-Pb surfaces are

shown in Fig. 5. The spectra at normalE 0°) and grazing 2X2-Pb B 0 0.24
(6,=160°) emission angles are compared to show the surface Sy —-0.22 0.28
sensitivity of each component. D 0.19 0.28

As seen in Fig. &), Si 2p for the 2x2 surface exhibits c 0.45 0.28
two major components other than the bulk componBnt c(4x8)-Pb B 0 0.28
denoted asS; and D. The appearance &; can barely be S; —-0.23 0.30
seen in the raw spectra a,=60° in Fig. 5a) in which a D 0.21 0.30
weak but discernible shoulder appeésse the arrow in the C 0.49 0.30
figure). TheS; component shows obvious surface sensitivity 2x1-Pb B 0 0.26
and it is straightforwardly assigned to the Si atoms in the S, -0.22 0.28
topmost Si layer bonded to Pb adsorbates. Pb adsorbates D 0.25 0.28
make Si dimers symmetric by saturating Si dangling bonds, C 0.55 0.30

which then appears &; instead ofS, in Si 2p spectra. The
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to the second layer component of the clean Si(004)2 be composed of two different Pb sites with different popula-
surface?™?* This close similarity further suggests that the tions, as indicated by the PhdSdata and the major Pb site
second Si layer is only marginally altered by Pb adsorptiorcould be close to the parallel Pb dimers. As far as we have
as expected from the preserved Si dimerization in the22 tried, any simple structure model with such constraints and
structure model and from the covalent bonding between P@ith a Pb coverage of 0.6-0.8 ML was not successful in
and Si? In further support of the parallel dimer model of the €xplaining the characteristic STM images. A more elaborate
2x 2 phase and the present assignment of thepSi@mnpo-  theoretical study is needed to solve this issue.
nents, the Si @ core levels of the In-induced>22 parallel
dimer structure on $01) are essentially identical to those IV. CONCLUSION
of 2X2-Pb. The SCLS of the correspondifSg component
is —0.19 eV for the 2¢2-In structure. The origin of a minor High-resolution core-level photoemission spectroscopy
intensity componen€, observed at high-binding-energy side using synchrotron radiation and LEED have been applied to
for all three phasefFig. 5), is not clear but is thought to be study the surface reconstructions induced by Pb adsorption
due to defects or a contamination on the surface. on the S{001 surface at room temperature. The present
The Si 2o core levels of the X 1 surface at 1.0 M[Fig.  LEED study observed a serious of LEED patterns of2
5(b)] are decomposed into only two major componers: C€(8x4), and 2<1 for the Pb coverages of 0.5, 0.75, and 1.0
and a surface-sensitive componeBit. Although the raw ML, respectively, in consistency with previous repdfts*®
spectra themselves are rather featureless, the exister®e of In addition X2 streaks and a diffuse>23 pattern are ob-
is obvious from the noticeable shift of the apparent peakserved for 0.2-0.3 and 0.35 ML, respectively. These newly
maximum to a lower binding energy from normal to grazingfound features in LEED are similar to the initial growth of
angles. TheS, component is naturally attributed to one full Al, Ga, and In on $D01)," indicating a certain interchain
monolayer of Si atoms bonded to Pb adsorbates. This is corateraction of 1D Pb dimer chains. Pld Spectra below 0.6
sistent with the X 1 parallel dimer model. The SCLS & ML are essentially the same with two components of an
is slightly larger(—0.23 e\j than that ofS;, which would  equal intensity. This clearly evidences the buckling of Pb
reflect the chemical and structural changes of the topmost Slimers formed on the surface in consistent with recent STM
layer, that is, the breaking of Si dimer bonding and the in-(Ref. 14 and theoreticaf results. The Si p component for
crease of Pb-Si coordination num€ig. 1). The absence of the topmost Si layer bonded with Pb dimers is identified.
a large second Si layer componddtis also qualitatively ~These results are fully consistent with the asymmetric paral-
understood from such changes of the first Si layer; the relel dimer model of the X 2 phasé?'*However, for the case
lease of Si dimerization leads to a more bulklike environ-of the c(8X4) phase at 0.75 ML, two Pbdbcomponents
ment for the second Si layer. appear with an intensity ratio of1:3. This is in contradic-
For the case of the(8X4) phase, the spectral shape andtion to the currently available structure models composed of
its decomposition are qualitatively in the middle of the 2 buckled Pb dimers as in thex2 phase. At 1.0 ML a well-
X2 and 2<1 phase. The surface-sensitive compongnt ordered X1 phase is observed, which exhibits a sharp Pb
with a SCLS of—0.23 eV can consistently be assigned to the5d level with single component. This result favors the 2
Si atoms bonded to Pb in the first Si layer. Then its intensityX 1 model with symmetric and parallel Pb dimers. The Bi 2
suggests that the number of Si atoms bonded to Pb does neemponent for the topmost Si layer is also resolved. The Si
amount to 1.0 ML. However, any further insight into the 2p decomposition further suggests the release of the Si
c(8x4) structure could not easily be provided from the dimerization underneath the Pb layer in consistency with the
present Si p analyses. We finally comment about the pos-2Xx1 parallel dimer model. The Pbd5line-shape analyses
sible structure model of the(8x4) phase. As mentioned also show long inelastic tails at 0.75-1.0 ML, corroborating
above, the present structure models of this phi&sgs. 1c),  the metallization of the surface when forming the 2 phase
1(d), and Xe)] based on the asymmetric dimers cannot beas reported by a recent valence-band photoemission Study.
reconciled with the Pb & spectral shape. If the parallel
dimer 2x1 model is correct, then further doubts are cast
onto thec(8X4) model of orthogonal dimers such as those
in Figs. Xc) and 1d). This is because such structure models This work was performed under the special project 97S1-
require the 90° rotation of all surface Pb dimers for the 2002 at the Institute of Material Structure Science in KEK.
X 2-c(8%4) phase transformation and again back-rotatiorH.K. and H.W.Y. are supported by KOSEF through ASSRC
for the ¢c(8x4)-2X 1 transformation, which obviously ac- at Yonsei University, BK21 program, and Tera-level Nanode-
company a large energy cost. Then, the correct model shouldce project of the 21 Century Frontier program.
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