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Structure and bonding configuration of dense Pb overlayers on the Si�111� surface have been studied by
low-energy-electron diffraction and high-resolution photoelectron spectroscopy using synchrotron radiation.
Several representative phases in its devil’s staircase phase diagram have been systematically investigated by
varying the Pb coverage at 200–300 K. Pb 5d photoelectron spectra indicate that there exist two distinct
bonding configurations of Pb, which are interpreted as the hollow and on-top �T1� sites of the structure models
proposed earlier. In case of surface Si atoms, mainly two different bonding environments are revealed by
surface Si 2p components for the low-density �7��3 phase. These can be assigned to T1 and modified on-top
�T1�� sites surrounding hollow-site adatoms. As the coverage increases, the minority site T1 converts to T1�
making the topmost Si layer have a unique bonding configuration. This behavior is also consistent with the
structure models. The temperature-dependent study reveals that the �7��3 phase undergoes a reversible phase
transition into a 1�1 phase. This phase transition induces no significant change in Pb core levels but a
marginal increase in the Si 2p component for the T1� sites. We suggest a plausible scenario of the phase
transition based on the structure model with 1.2 monolayer Pb and the active diffusion of hollow-site adatoms.
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I. INTRODUCTION

Pb films on the Si�111� surface have been extensively
studied due partly to the formation of an abrupt interface
based on the low mutual solubility of Pb and Si.1 Tradition-
ally, this ideal interface has played the role of a model sys-
tem to understand fundamental aspects of metal-
semiconductor interfaces such as the Schottky barrier
formation.2–6 However, recent extensive researches on Pb ul-
trathin films on Si�111� have attracted renewed interest due
to the electron quantization7 and its consequences on various
physical properties such as superconductivity,8 surface
diffusion,9 and surface chemical bonding10 as well as the
growth mode of the films themselves.11–15

On the other hand, as a wetting layer or the interfacial
layer between Pb films and the Si�111� substrate,13 the dense
Pb overlayer plays an important role, for example, to govern
the electron scattering at the interface, which affects cru-
cially the electron-quantization condition.15–17 Moreover, the
dense Pb overlayer itself exhibits a very complex and inter-
esting phase evolution, which was, at sufficiently low tem-
perature, shown to be the realization of the theoretical model
of “devil’s staircase �DS�.”18,19 In the DS phase diagram, two
competing long-range orders with different densities produce
an enormous variety of linear phases within a very small
coverage window. In the case of Pb/Si�111�, the �7��3
structure of 1.2 monolayer �ML� �Fig. 1�d��22,23 and dense
�3��3 of 1.33 ML �Fig. 1�b�� were suggested as the com-
peting orders and the other phases with large commensurate
unit cells are constructed by the linear combination of the
two phases.18 What makes the phase landscape more compli-
cated is that the DS phases are not stable above 150–300 K
to transit into phases with hexagonal or striped domain walls,
which were called as hexagonal or striped incommensurate
phases �HIC or SIC� �see Fig. 1�e��.21,24–26 The HIC and SIC
phases were suggested to be composed of dense �3��3
domains surrounded by domain walls with a �7��3-like

structure.24 At a higher temperature around 270–350 K, all
these complicated phases transit into the 1�1 or disordered
phase, where all domain walls and superstructures disappear
�Fig. 1�e��.21,24 However, the detailed local bonding and
structural aspects at the interface during this complex phase
evolution have not been disclosed and the origin of the
temperature-induced phase transition is not clear.24

In this work, we focus on the changes in the local struc-
ture and the bonding configuration in the dense Pb overlayers
on Si�111� during the phase evolution as functions of cover-
age and temperature. We apply core-level photoelectron
spectroscopy in combination with low-energy-electron dif-
fraction �LEED� �Refs. 27 and 28� to the Pb coverage up to
1.3 ML at 200–400 K. Pb core-level spectra indicate that all
these phases have two distinct bonding configurations for Pb
atoms. The majority and the minority configurations can be
related to the on-top �T1� and the hollow sites, respectively,
from the structure models proposed previously.18,20,22,23 Si
surface-core levels also exhibit two different Si sites, which
can also be explained within the present structural
models,18,20,22,23 by the difference among on-top sites caused
by hollow-site adatoms. The temperature-induced phase tran-
sition from �7��3 to 1�1 exhibits no significant changes
in the Pb core level but a small noticeable change in the Si
core level. These behaviors lead to a microscopic explana-
tion of the phase transition.

II. EXPERIMENT

A Si�111� wafer, miscut by 2° toward �112̄�, was flash
heated up to 1470 K repeatedly to get a clean surface and
then postannealed at 1123 K carefully to get a regular array
of steps and terraces with a well-ordered 7�7
reconstruction.29 The slightly miscut substrate with limited
terrace widths or higher anisotropy is helpful in avoiding a
mixture of triple rotated domains.30 After the cleaning pro-
cedure, Pb was deposited onto the substrate held at 500 K
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using an effusion cell and the surface was postannealed at the
same temperature to achieve a better surface ordering. The
sample was then cooled down to 230–300 K for LEED and
photoemission measurements, where various orderings oc-
cur. By varying the deposition time, we got a systematic
series of uniform diffraction patterns from the submonolayer
phase to the 14��3 phase of about 1.28 ML.30 Since this
phase formation at an elevated temperature involves the de-
sorption of Pb, the deposition time does not linearly depend
on the actual Pb coverage. We estimate the coverage of Pb
roughly by the intensity of Pb 5d with the reference of the
well-known �3��3 phase formed at a different temperature
and at about 1/3 ML. Since different phases with proximal
Pb coverages can easily coexist on the surface,18 the uniform
phase formation is important for an area-averaging spectros-
copy study. We found that the direct resistivity heating,
which flows the current through the sample, is far from being
ideal in this respect due probably to the temperature gradient
over the surface. In order to heat the sample more uniformly
in the low-temperature range �300–500 K�, we applied the

indirect heating using a resistive heater built into the sample
holding plate.

Photoelectron spectroscopy measurements were per-
formed using synchrotron radiation from the soft x-ray un-
dulator beamline 8A1 at Pohang Accelerator Laboratory. The
end station was equipped with a high-resolution electron
analyzer �SES-2002, Gammadata, Sweden� and a LEED op-
tics. The overall instrumental energy resolution, defined by
the photon beam and the electron analyzer, was set better
than 20 meV. The sample temperature was controlled from
200 to 400 K during the measurements using liquid nitrogen
and the feedback-controlled heater. For an unambiguous
identification of surface components in Si 2p, we used vari-
ous photon energies and emission angles, which provide the
varying surface sensitivity through the change in the photo-
electron mean-free path. The photon energy �h�� used was
100–150 eV.

III. RESULTS AND DISCUSSION

A. Coverage dependence

Figure 2 shows the LEED patterns at two different tem-
peratures of 250 and 300 K with different Pb deposition
times. At 300 K, the 7�7 spots gradually diminish as the Pb
coverage increases and turn into a 1�1 pattern with no su-
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FIG. 1. �Color online� Schematics of structure models for the
representative surface phases of Pb/Si�111�. �a� The 1�1 phase
at 1 ML �Ref. 20�, �b� �3��3 at 1.33 ML �Refs. 18 and 20�, �c�
�7��3 at 1.0 ML �the trimer model� �Refs. 20 and 21�, and �d�
�7��3 at 1.2 ML �Refs. 18, 20, 22, and 23�. Large �small� open
circles denote the first- �second-� layer Si atoms and lager filled
circles with different contrasts Pb atoms in different registries. �e�
Phase diagram of the dense Pb/Si�111� system taken from Ref. 24,
where the 1�1 phase over 1.2 ML was assigned as a disordered
phase. The wide stripes �A, B, and C� indicate the phases probed in
the present work.
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FIG. 2. �Color online� �a� LEED pattern with the beam energy
of 82 eV for the 1�1 phase. �b� Schematic for the boxed area in �a�
to identify the satellite spots shown in �c�. �c� Enlarged LEED pat-
terns of that boxed area for different Pb deposition times at 250 and
300 K.

CHOI, KIM, AND YEOM PHYSICAL REVIEW B 78, 195425 �2008�

195425-2



perstructure spots at the deposition of 5 min �Figs. 2�a� and
2�c��. From about 6–7 min, weak split-off spots with a three-
fold symmetry appear as centered on the �3��3 positions
�K points of the 1�1 unit cell indicated in Fig. 2�b��. This
set of spots is composed of three rather elongated features
but each one can barely be resolved into two spots as sche-
matically shown in Fig. 2�b�. The separation of the elongated
features shrinks gradually as the deposition time increases
until the diffraction features with a distinct symmetry appear
at 8 min. Above 7 min, the almost merged triple spots evolve
into a set of linearly spilt spots �Fig. 2�b��. The splitting
between these spots increases with the coverage but no fur-
ther change is noticed above 9 min. While the triply degen-
erated spots correspond to the HIC phases of the phase dia-
gram, the linearly split spots are assigned as the high-
coverage DS phases. For the 9-min deposited surface, the
superstructure-spot splitting can rather reliably be measured,
which makes it possible to assign the phase as 14��3. This
phase belongs to the DS phase diagram with a coverage of
1.28 ML as composed of two �7��3 and six �3��3 units.
However, since the distinction between the high-coverage
DS phases and the SIC phases is not sufficiently clear, we
call all phases with the linearly spilt LEED spots as SIC
phases for simplicity.

At a slightly lower temperature of 250 K, the evolution of
LEED patterns is very much consistent except for the ap-
pearance of a �7��3 pattern at around 5–6 min. This pat-
tern develops well without any noticeable mixing with other
spots at about 5 min, which corresponds to the 1�1 phase at
300 K. This clearly indicates that there is a phase transition
between the �7��3 and the 1�1 phases. This transition is
found to be completely reversible.

Figure 3 shows the high-resolution Pb 5d5/2 spectra taken
for the series of phases at 250 K. All the spectra in Fig. 3 are
normalized by the peak intensity to show the line-shape
change more clearly. Since the coverage change is smaller
than 0.1 ML �1.2 ML at 5 min and 1.28 ML at 9 min accord-
ing to the structure model proposed�,18 the variation in the
total intensity is not significant. The spectra exhibit appar-
ently asymmetric shapes with a shoulder feature and a long
asymmetric tail at the high-binding-energy side. The tail
structure is due to the inelastic scattering of photoelectrons,
generating electron-hole pairs, which reflects the metallic na-
ture of the surface. The two-dimensional metallic surface
states of the dense Pb overlayers were characterized in detail
recently by our group.30 This line shape is very consistent
over the whole coverage range probed here with little cover-
age dependence. In principle, this behavior is not beyond
one’s expectation because �i� the Pb coverage difference be-
tween the highest and the lowest phases is only 6% and �ii�
no drastic change in local structures is expected in the struc-
ture models.18,20,22,23 That is, within the DS model, the same
building block structures are persistent while mainly the lat-
eral arrangement of the building blocks changes.

The weak but discernible shoulder at the high-binding-
energy side indicates rather unambiguously that there exist at
least two different components with different binding ener-
gies and intensities. As for the �7��3 phase, the two com-
ponents were more clearly resolved at a lower temperature
due to the reduced thermal broadening.31 We analyzed the

Pb 5d spectra by a standard least-squares fitting procedure
with the Doniach-Sunjic line shape for metallic systems,
which incorporates Lorentzian and Gaussian functions along
with the asymmetry due to the inelastic scattering. The
Lorentzian width is optimized to be 0.20�0.02 eV, while
the asymmetry parameter to be 0.13. Since the apparent
spectral resolution is not sufficient in the present measure-
ment, the peak positions of the minor component are not
uniquely determined, but a consistent fitting can be per-
formed for the whole spectra with the aid of the previous
higher resolution data for the �7��3 phase.31 The dominat-
ing P1 component and the higher-binding-energy P2 compo-
nent, which explain the shoulder in raw spectra, have an
energy splitting of 0.25–0.32 eV �see Table I for the detailed
fitting parameters�. The energy difference between P1 and
P2 gradually decreases as the coverage increases while the
relative intensity ratio is 1:4 �P2: P1� on �7��3 but slightly
decreases to 1:3 on the 14��3 surface.
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FIG. 3. �Color online� Pb 5d5/2 photoelectron spectra for Pb/
Si�111� at 250 K. From the bottom to the top, the deposition time of
Pb was changed from 5 to 9 min. The corresponding LEED patterns
are denoted as assigned in Fig. 2�c�. All spectra were taken with an
h� of 101 eV at an emission angle of 60° from the surface normal.
The decompositions by the standard curve-fitting analysis are
shown for two different coverages with well-defined LEED pat-
terns. The results of the fits �solid lines� are overlaid onto the raw
data �dots�.
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The two components of Pb 5d indicate that there exist two
distinct bonding configurations for Pb adsorbates. Within the
structure model,18,20,22,23 these may correspond to the adsor-
bates on nearly T1 sites and those on hollow sites �so-called
H3 or T4 depending on the registry with the second Si layer�.

The ratio between these two sites �hollow vs on top� varies
from 1:5 to 1:3 from the �7��3 phase at 1.2 ML to dense
�3��3 at 1.33 ML �1:3.2 for the 14��3 phase at 1.28 ML
with two �7��3 and six �3��3 units�. These values are
qualitatively consistent with the observed intensity ratio be-
tween P2 and P1. For the trimer �1.0 ML� model of
�7��3, there are no adatoms on hollow sites but the trimers
and monomers of Pb on basically on-top sites instead �Fig.
1�c��. One may still attribute the P1 and P2 components to
the Pb trimers and monomers. Then, the corresponding popu-
lation ratio should be 1:1.5 deviating significantly from the
experiment. Since the measured intensity ratio is not
uniquely determined due to the uncertainty of the curve fit-
ting, the distinction between the structure models may be not
conclusive enough here. However, our previous analysis of
the surface band structure and our own coverage estimation
by the Pb 5d intensity do not favor the 1.0 ML model.30

More importantly, the 1.0 ML model cannot easily explain
the consistent Pb 5d line shape for the high-coverage phases
since this model requests a distinct bonding configuration,
that is, an extra Pb 5d component, for the extra Pb adsorbates
beyond 1.0 ML. Note also that the first-principles calculation
indicated that the trimerization is energetically
unfavorable.20,23 The limitation of the 1.0 ML model will
become more obvious in the study of the phase transition
into the 1�1 phase as discussed below.

Si 2p spectra for the same coverage series as those in
Figs. 2 and 3 are shown in Fig. 4. The line shape of Si 2p is
so sharp that the previous photoemission study assigned only
single spin-orbit doublet for this coverage range.32 However,
the higher-resolution data here make it obvious that there
exist extra surface-related components. In the raw spectra,
one can already notice the shoulder feature at the low-
binding-energy side of the main peak �see the arrow�. More
detailed line shape is revealed by the curve-fitting analysis as
partly shown in the figure. The curve-fitting analyses were
performed for a set of spectra for a given coverage with
different surface sensitivities �at different photon energies
and emission angles� in order to unambiguously assign sur-
face components.33–35 The fitting shows two surface compo-
nents S1 and S2 for the �7��3 phase with the surface-core-
level shifts of −0.18 and 0.17 eV, respectively �see Table II
for the detailed fitting parameters�. The existence of the third

TABLE I. The major curve-fitting parameters for the Pb 5d5/2
spectra shown in Fig. 3. The binding energy �BE�, the Gaussian
width �GW�, and the normalized intensity �I� of each component
are given. The Lorentzian width is optimized to be 0.20�0.02 eV.

Phase Comp.
BE

�eV�
GW
�eV� I

14��3 P1 18.27 0.25 0.76

P2 18.52 0.25 0.24
�7��3 P1 18.27 0.26 0.81

P2 18.59 0.26 0.19

TABLE II. The major curve-fitting parameters optimized for the
spectra �5 and 9 min� shown in Fig. 4. The surface-core-level shift
�SCLS�, binding-energy shift from the bulk component B, the GW,
and the relative intensity ratio �Irel� to B of each component are
given. The Lorentzian width is optimized to be 60 meV.

Phase Comp.
SCLS
�eV�

GW
�eV� Irel

14��3 B 0 0.14 1.00

S1 −0.14 0.17 0.73
�7��3 B 0 0.16 1.00

S1 −0.18 0.17 0.38

S2 0.17 0.18 0.25

S3 0.38 0.18 0.11
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FIG. 4. �Color online� Si 2p photoelectron spectra for the Pb
dense phases at 250 K shown in Fig. 2. All spectra were taken with
an h� of 140 eV at a grazing emission angle of 60°. The subtracted
spectrum, between the 5 and 9 min spectra, is drawn to show the
existence of the increase �decrease� in the S1 �S2� component at
high coverage.
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component S3 with a marginal intensity at a higher-binding
energy is not clearly confirmed since its intensity largely
depends on the asymmetry parameter of the other compo-
nents. Since both S1 and S2 components exhibit a similar
dependence on the emission angle �data not shown here� and
the high surface sensitivity, we assign both to surface com-
ponents from the topmost Si layer. For a Si surface with a
monolayer adsorbate overlayer in a unique bonding configu-
ration, one would expect a huge Si 2p component for the
topmost Si layer.33 This is in qualitative contrast to the
present case suggesting that the �7��3 surface has Si sur-
face atoms in, at least, two different bonding configurations.

As the coverage increases, the S1 component exhibits a
gradual increase in intensity and binding energy while S2’s
intensity decreases. The 14��3 phase �SIC3� has the S1
component with an energy shift of −0.14 eV �Table II�. In
particular, the intensity increase is significant. This change is
obvious even without the curve fittings as manifested by the
subtraction of the low- and high-coverage spectra shown in
the figure. That is, the surface Si atoms represented by S1
�S2� undergo a systematic increase �decrease� in their popu-
lation during the phase evolution.

In the present structure model of the DS phases,18,20,22,23

the low-density �7��3 structure has two slightly different
Si bonding configurations: T1 and the deviated T1 site �T1��
�see Fig. 1�. The T1� site is generated by the hollow-site
adatoms distorting the neighboring T1 sites. In contrast, the
high-density �3��3 phase has only a unique one: the T1�
site with the increase population of the hollow-site adatoms.
In both 1.0 and 1.2 ML models of �7��3, the population
ratio of the two Si sites �T1 vs T1�� is 2:3 in quantitative
accord with the intensity ratio of S2:S1 �see Table. II�. This
interpretation attributes the S1 �S2� component to the T1�
�T1� site. The binding-energy difference then suggests that
the hollow-site Pb adatoms provide a more electron-rich en-
vironment for the Si atoms bonded to the adatoms on T1�
sites. The increase in S1 can be understood from the fact that
the portion of the local �3��3 structure increases with the
coverage, which, in turn, increases the population of the T1�
sites. The present result indicates clearly that the interfacial
bonding configuration evolves systematically during the DS
phase evolution, which is compatible with the present struc-
ture models.18

B. Temperature dependence

Temperature-dependent phase transition is one of the in-
teresting issues within the complex phase diagram since all
the DS phases transform into domain-wall phases of HIC or
SIC and eventually to a 1�1 or disordered phase. It was
suggested that the phase change between the DS phases and
the HIC or SIC phases can be understood from the domain-
wall rearrangement, where the domains are �3��3 phases
and the domain walls are �7��3.24 In particular, the HIC
phase has hexagonal domain walls instead of linear ones
found in DS and SIC phases. However, the atomic structure
of the 1�1 phase as well as the origin of the transition is
unknown.

The LEED patterns in Fig. 5�a� show the temperature de-

pendence from the �7��3 phase at 240–380 K. Above 240
K, three phases are observed. First, the �7��3 diffraction
pattern �with �1 and �2 spots� appears from 240 to 255 K,
while only 1�1 spots are seen above 270 K. However, be-
tween two phases, very weak and fuzzy satellite spots ��� are
observed. The intermediate phase looks very similar to the
HIC phase. The line profiles given in Fig. 5�b� indicate that
the �7��3 order decreases gradually as the temperature in-
creases. The HIC-like order also decays gradually until it
disappears completely at 380 K. This behavior is qualita-
tively consistent with the phase transitions of DS phases into
HIC and 1�1 �disordered� phases and with the higher tran-
sition temperature into the 1�1 phase for the HIC phases
�see Fig. 1�e��.24 That is, the HIC-like spots can be due to the
coexistence of minor domains of a higher density than the
�7��3 phase.

Figure 6 shows the core-level spectra, which reflect the
instantaneous local charge distributions on Si and Pb atoms
for the �7��3 �lines� and 1�1 �symbols� phases at 250 and
300 K, respectively. The same data set for the high-coverage
14��3 phase with no phase transition at the given tempera-
tures is shown for comparison. From the subtracted spectra
for the 14��3 phase, both Si 2p and Pb 5d, one can esti-
mate the pure temperature broadening, which is marginal for
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FIG. 5. �a� LEED patterns from the surface with the Pb deposi-
tion of 5 min taken at 84 eV �for the boxed area in Fig. 1�a�� for
different temperatures indicated. �b� The line profiles from A to B
are shown in �a�.
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the 50 K difference. Although not conclusive, one may no-
tice that the temperature-induced broadening of the spectrum
of �7��3 is larger than that of 14��3, which might be
related to the enhanced fluctuation of the 1�1 phase. In
contrast, the subtracted Si 2p spectrum exhibits more pro-
nounced changes. It indicates that mainly the S1 component
�for the T1� configuration� has increased with the tempera-
ture increase for the �7��3 phase. These changes can trivi-
ally be confirmed by the curve-fitting analysis �not shown
here�. These results suggest that �i� the Pb overlayer configu-
ration of hollow and on-top �T1 or T1�� sites does not
change significantly and �ii� the Si topmost layer becomes
slightly more uniform in their bonding configuration with the
increased population of the T1� configuration. It is notable
that the 1�1 phase keeps two Pb bonding configurations of
the �7��3 phase. One may also suspect that the 1�1 phase
has an enhanced thermal fluctuation than the �7��3 phase.

The above results are apparently not compatible with the
phase-transition model based on the 1.0-ML model for the
�7��3 phase, where the T1-site 1�1 structure and the tri-

merization at low temperature is assumed �see Fig. 1�.21 The
1�1 phase in this model assumes a unique bonding configu-
ration and a unique Pb 5d binding energy. Instead, a plau-
sible scenario of the phase transition can be suggested based
on the 1.2-ML model shown in Fig. 1�d�. We suggest that the
Pb adatoms in the hollow �H3 or T4� sites diffuse around
rapidly on the surface. The diffusion can be the hopping
between the H3 �T4� sites or the exchange diffusion between
the H3 �T4� and T1 �T1�� sites. Recently it was shown that
the extra Ag adatoms on the Si�111��3��3-Ag surface re-
side within the surface layer on the interstitial sites and dif-
fuse very actively by the exchange diffusion.36 While these
diffusing adatoms are frozen into a superstructure at low
temperature, the room-temperature phase looks just like the
ideal �3��3 phase in LEED and scanning tunneling
microscopy.36 In the present case, the diffusing hollow-site
adatoms would not be visible and only the host structure,
1�1, is detected. This scenario can explain two different Pb
bonding configurations by the persistent adatoms on the hol-
low sites and the possible enhanced fluctuation by the ada-
tom diffusion. The slightly increased population of the T1�
configuration �about 15%� may also be explained since the
diffusing Pb adatoms would affect more T1 sites and make
the topmost Si layer more uniform.

IV. CONCLUSION

The evolution and the transition of phases in the dense Pb
overlayers on the Si�111� surface have been studied by low-
energy-electron diffraction and high-resolution core-level
photoelectron spectroscopy using synchrotron radiation. The
Pb 5d and Si 2p core-levels are measured for several repre-
sentative phases in its devil’s staircase phase diagram for the
Pb coverage of 1.2–1.3 ML at 250 and 300 K.

Pb 5d photoelectron spectra are found to have two com-
ponents indicating two distinct bonding configurations of Pb.
These components can be related to the different Pb adsorp-
tion sites within the present structure models of hollow and
on-top sites. In case of surface Si atoms, mainly two different
bonding environments are revealed by surface Si 2p compo-
nents for the low-density �7��3 phase. These are attributed
to the Si surface atoms bonded with the Pb adsorbates on T1
and T1� positions. As the coverage increases, the minority
site T1 converts to the majority one T1�. That is, the topmost
Si layer has a unique bonding configuration in the high-
coverage phase. This behavior can be understood from the
present structure models since the high-coverage DS phases
are dominated by the �3��3 phase with a unique surface Si
bonding configuration �T1�� due to the increased population
at the hollow-site adatoms.

The temperature-dependent study confirms that the
�7��3 phase undergoes a reversible phase transition into a
1�1 phase. This phase transition induces no significant
change in Pb core levels with two different components. The
simple structure model of 1�1 at 1.0 ML is thus denied. The
Si 2p component for the T1� site increases slightly in the
1�1 phase. We suggest a phase-transition scenario based on
these results, in which the local �7��3 structure with 1.2
ML Pb on hollow and on-top sites is more or less intact but
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FIG. 6. �Color online� Temperature-dependent photoemission
spectra for the �7��3 phase at 250 K �lines and dots� and 1�1 at
300 K �open circles�. �a� Pb 5d and �b� Si 2p core levels taken at
the same conditions as those in Figs. 3 and 4. For comparison, the
spectra of the 14��3 �9 min� phase, exhibiting no phase transition,
are shown together. The subtracted spectra after normalization by
the peak intensity �300 K–250 K� are shown together, whose inten-
sities are magnified by five times.
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the Pb atoms in the hollow sites diffuse rapidly to prevent a
long-range order. The present results emphasize the impor-
tance of the bonding with the Si substrate atoms in the phase
evolution of dense Pb overlayers.
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