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Electronic structure of SnÕSi„111…-„A3ÃA3…R30° as a function of Sn coverage
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We report an investigation of the electronic band structure of the SixSn(12x) /Si(111)2(A33A3)R30° solid
solution using angle-resolved photoemission. This reconstruction was studied in the coverage range between
0.15 and 0.40 monolayers at room and low temperature, with special emphasis on the analysis of the symmetry
and morphology of the surface states and the metallic character as a function of temperature and coverage.
While there is no indication of a (333) pattern at low temperature with structural techniques, strikingly clear
features of this phase are found in the valence band analysis for a coverage of 0.33 ML. We present also an
analysis of the influence of the Si intermixing in the surface-state behavior and metallic character.

DOI: 10.1103/PhysRevB.68.235332 PACS number~s!: 73.20.At, 79.60.2i
on
a

pl

tio

ls

t
ow

gi
o

cr
c

t
n,
ec

th
u
i
c
l
e

an
th

P

two

r is

ng

ace

er-

de
top
d

as

ne

he
on

re

(

so
if-
l
her

s
pen-
I. INTRODUCTION

The properties of ordered metal overlayers on semic
ducting substrates have been investigated for many ye
due to both their fundamental interest and their many im
cations in several technologically relevant fields.1–3 One of
the most common adsorbate-induced surface reconstruc
is the (A33A3)R30° ~in the followingA3), which is found
on the~111! surfaces of Si and Ge for many different meta
TheA3 reconstruction for Sn and Pb on Si~111! and Ge~111!
is observed for coverages around 1/3 monolayer~ML ! of
adsorbate atoms, which occupy all availableT4 surface
sites.4,5 This phase has received renewed attention since
discovery of a temperature-induced phase transition to a l
temperature~LT! (333) phase for Pb/Ge~111!.6 An analo-
gous phase transition was found soon after for Sn/Ge~111!
~Ref. 7! and later on for Pb/Si~111! ~Refs. 8 and 9!. Several
different models have been put forward to explain the ori
of these phase transitions. The complementarity between
cupied and unoccupied states in scanning tunneling mi
scope~STM! pictures suggested the formation of a surfa
charge density wave6,7 ~SCDW! triggered by Fermi surface
nesting in the case of Pb/Ge~111! ~Ref. 6! or by correlation
effects in Sn/Ge~111! ~Ref. 7!. Later on it was reported tha
defects may play an important role in the phase transitio10

since (333) patches are nucleated around surface def
even at room temperature~RT!. As further experiments with
different techniques were being performed to explore
properties of Sn/Ge~111!, increasing doubts were cast abo
the SCDW model. No Fermi surface nesting was found
photoemission,11 and an analysis of the electronic band stru
tures and of the Sn 4d core level at RT and LT did not revea
any significant difference.12,13 The surface band crossing th
Fermi energy is split in two different surface state bands,
the Sn 4d core level exhibits also two components in bo
phases. Surface x-ray diffraction showed that both (333)
phases for Pb/Ge~111! ~Ref. 14! and Sn/Ge~111! ~Refs. 15
and 16! are corrugated, and there are two kinds of Sn or
atoms in the unit cell, with different heights@one atom up
0163-1829/2003/68~23!/235332~7!/$20.00 68 2353
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and two down per (333) unit cell#. This feature explains
both the two components in the Sn 4d core level ~which
appear in an approximate 1:2 proportion! and the surface
band splitting. The dynamical fluctuations model12 was pro-
posed to explain how both features survive in theA3 phase.
Molecular dynamicsab initio calculations12,17,18indicate that
the adsorbate atoms vibrate rapidly at RT between the
vertical positions. While the local (333) ordering is pre-
served during times of the order of ps, the long-range orde
lost due to the vertical fluctuations, and aA3 phase is ob-
served at RT. The vertical vibrations are frozen at LT, givi
rise to the (333) phase. The stability of the (333) phase
has been recently related to the softening of a surf
phonon,19 which has been observed experimentally.20

The A3 reconstruction is stable for a rather broad cov
age range in the case of Sn/Si~111! ~Refs. 21 and 22!—
namely, from 0.16 to 0.33 ML. This wide range is ma
possible by the intermixing of Si and Sn atoms at the
layer occupying allT4 positions, forming an adatom soli
solution. The surface phase is thus better described
SixSn(12x) /Si(111)2(A33A3)R30° (0.5,x,0). The in-
termixed Si atoms help to form a hexagonal array with o
adatom~Sn or Si! per unit cell.23 Thus, Si atoms complete
the T4 vacancies left by the lack of Sn adatoms to form t
A3 structure for coverages below 0.33 ML. It is a comm
practice to name the two limiting cases of theA3 reconstruc-
tion asg or mosaic phase for a coverage of 0.16 ML, whe
we reach half intermixing (x50.5), anda for the ideal cov-
erage of 0.33 ML, where there is nearly no intermixingx
.0) and a very small number of defects(3%).21,24

An interesting feature of Sn/Si~111! with respect to the
Sn/Ge~111! case is that no phase transition has been found
far with structural techniques like low-energy electron d
fraction ~LEED! or STM,25–27besides the formation of loca
(333) patches around defect sites. However, many ot
electronic properties are similar to the Sn/Ge~111! system, as
the existence of two components in the Sn 4d core level.25,28

We may expect that the partial intermixing of Si adatom
should affect the Sn core-level line shape. Indeed, the de
©2003 The American Physical Society32-1
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dence of the two components with Sn coverage has b
recently investigated in detail.26 It was found that intermixed
Si atoms preferentially substitute only one of the species
Sn atoms: namely, the dominating one@corresponding to a
maximum of 0.22 ML—i.e., two Sn atoms per (333) unit
cell#.

Another interesting question is the metallic behavior
the system as a function of Sn coverage. In principle, a sin
tetravalent atom per unit cell should give rise to a meta
surface for all Sn coverages. Theoreticalab initio calcula-
tions predict a partial charge transfer between Sn and S
oms, associated to a structural deformation.21,29 This effect
could give rise to a semiconducting phase forx50.5 ~mosaic
phase!, preceding the metallic a phase. Thus a
semiconductor-to-metal transition would take place at in
mediate coverages. Inverse photoemission studies sup
this idea21 and suggest that the behavior of Sn/Si~111! might
be much more complex than expected, with significant c
relation effects in the unoccupied band structure of the s
tem. A recentab initio study30 has predicted even more dra
tic features for these surfaces: besides a semiconduc
character for the mosaic phase, decoupled surface band
sociated either with Si or Sn atoms should be observed, w
a strong coverage dependence in the range of the solid s
tion (0.16 ML,Q,0.33 ML). The stability and appearanc
of other structural configurations besides the establis
structure with one Sn atom up and two down~configuration
1U! have been also analyzed within the local density
proximation~configurations 2U and 3U!.31

In this paper we set out to investigate the surface e
tronic bands by using angle-resolved photoemission a
function of Sn coverage, in order to check their nature a
evolution with coverage. The metallic character is det
mined from the photoemission intensity at the Fermi ene
and band dispersion as a function of Sn coverage. The re
are compared with theoretical predictions~band decoupling,
intermediate semiconducting phase!.17,18,21,30,31

II. EXPERIMENT

The photoemission experiments have been performe
an ultrahigh-vacuum~UHV! chamber, with a base pressu
of 3310211 mbar, using synchrotron radiation light from
the F2.2 beamline at HASYLAB~Hamburg, Germany!. The
chamber is equipped with a LEED apparatus, a quartz cry
microbalance, and an angle-resolving hemispherical elec
analyzer. An overall energetic resolution of 110 meV at
eV and angular resolution of 0.5° was available.

The Si~111! substrate was cut from a commercialn-type
~P-doped,r52.0–6.0V cm) Si~111! wafer. It was cleaned
using standard procedures until a (737) LEED pattern with
low background was observed. The quality of the reconstr
tion was checked by monitoring the intensity of the (737)
surface states along the@101̄# direction (GK (131)) using
angle-resolved photoemission spectroscopy~ARUPS!.32 Sn
was evaporated from a previously calibrated Knudsen
with the sample held at RT. The Sn coverage (QSn) was
calibrated both from the reading of the quartz microbala
and from the evaporation time. The values obtained w
23533
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cross-checked with the intensity of the dangling bond surf
state as a function of coverage25 and with the reported sta
bility range for theA3 phase. We estimate an accuracy of 5
in the quoted values of the coverage.11,12 The surface was
then annealed to 650 °C to favor the formation of theA3
structure. This annealing temperature gives rise to the low
defect density at the surface, around 3%.22 It was carefully
determined using a calibrated infrared pyrometer. The p
toemission intensity was normalized to the photon flux. T
sample temperature during the measurements was RT
170 K.

III. RESULTS AND DISCUSSION

The electronic band structure of the Sn/Si~111! interface
was determined at RT and LT~170 K! along theGK andGM
high-symmetry directions of theA3 first Brillouin zone~see
Fig. 1! using 12.5 eV and 21 eV photons. The whole cov
age range where aA3 reconstruction is observed was probe
This corresponds approximately to coverages from 0.15
to 0.40 ML.4,21

A. a-SnÕSi„111…-„A3ÃA3…R30° phase

The a phase of Sn/Si~111! is obtained for 0.33 ML cov-
erage~see above!. We expect a small number of defects
(;3%) and residual Si intermixing only. Figure 2~top!
shows the normalized photoemission intensity distribution
the valence band in reciprocal space, probed along the
high-symmetry lines~see Fig. 1! with hn512.5 eV at 170 K.
In a simple picture, each Sn adatom in aT4 site is bonded to
the three Si atoms underneath. We expect three fully oc
pied backbonds and one half-filled bond per Sn adatom,
ing rise to two different surface bands: one fully occupi
and another one crossing the Fermi energy. The sur
should be metallic. As previously reported for Sn/Si~111!
~Refs. 25, 33, and 34! and for Sn,Pb/Ge~111! ~Refs. 11–13!
these two main surface state bands are detected along the
high-symmetry directions~see Fig. 2, top!. The first surface
band appears at a binding energy~BE! of 1–2 eV and it is
associated with the fully occupied backbonds of Sn adato
The second surface band has a BE smaller than 0.5 eV a
comes from the half-occupied bond.

FIG. 1. Reciprocal space of theA3 ~bold lines! and (333) ~thin
lines! structures. High-symmetry directions are shown as das
lines. The lettering refers to the symmetry points of theA3 struc-
ture.
2-2
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ELECTRONIC STRUCTURE OF Sn/Si~111!-(A33A3)R30° . . . PHYSICAL REVIEW B68, 235332 ~2003!
Figure 2~bottom! shows two series of energy distributio
curves~EDC’s!, zoomed in from the top part of Fig. 2, bu
shown as a function of emission angle, referred to the sam
normal, along the two high-symmetry directions. The bro
peak observed corresponds to the dangling bond surface
of the Sn adatoms. The intensity is higher in the first B
louin zone and it decreases as we progress along the se
The dispersion of the half-occupied surface state is m
pronounced along theGK direction. It presents maximum

FIG. 2. Electronic bands for thea-Sn/Si~111!-(A33A3)R30°
phase (QSn50.33 ML, hn512.5 eV, 170 K). Top: binding energy
vs parallel momentum for the surface bands closer to the Fe
energy. The gray scale corresponds to the normalized photoe
sion intensity, where darker color represents less emission. Sym
try points of theA3 ~solid lines! and (333) phase~dashed lines!
are shown in the upper and lower axes, respectively. Bottom:
lected photoemission spectra showing the energy range closer t
Fermi energy as a function of emission angle along the two h
symmetry directions. Symmetry points for theA3 phase~at the
Fermi energy! are shown in the spectra.
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intensity near theK̄ point, which corresponds to the bottom
of the surface band BE. An inspection of the line shape of
surface peak along theGK direction suggests the existenc
of two different components.25 This is more clearly seen in
Fig. 3 ~top!, where selected spectra have been represente
an enlarged energy scale. In order to understand the pro
ties of the two split states, we performed ax2 line shape
deconvolution of the spectra. We used two components~la-
beledC1 andC2 in Fig. 3! with a Gaussian line shape, con
voluted with a Fermi function, broadened due to temperat
effects and the apparatus resolution,13 plus a suitable back-
ground. This deconvolution procedure was repeated for
different Sn coverages in the two symmetry directions at
and LT.

Figure 3 ~top! gives an example of the fitting accurac
Normalized spectra are shown together with the fitting
selected angles along theGK direction. The quality of the

i
is-
e-

e-
the
-

FIG. 3. Top:x2 line shape deconvolution of selected normaliz
photoemission spectra~dots! as a function of emission angle alon
the GK direction (QSn50.33 ML, hn512.5 eV, 170 K). Solid
lines represent the result of the fitting and the two components u
labeledC1 andC2 ~the background is not shown for clarity!. Some
spectra could be fitted with only one component. Bottom: intens
of C1 component as a function of emission angle~solid and open
circles!. Open circles are used for emission angles where the BE
C1 is closer to the Fermi energy than our energetic resolution. S
circles with zero intensity~for emission angles around 13° and 42
indicate that the best fit was obtained with only one compon
(C2).
2-3



ng
ve
r-

f
h

tu
b

io
ti

he
t

ne

n

ig
lk
an

flat

s a
lit
ex-

e

nt
-

wo
ce-

the
c-

s
ted

h
the
the

oms

ied

y

the
ults
o

by
-
r,

in
n

is-

os-
ore
the
dly

Sn
rom
two
oc-
ic-

ha
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fitting is quite good. The average widths are 0.22 eV~higher
BE component! and 0.15 eV~lower BE component!. These
relatively large widths are above our resolution, indicati
that they are an intrinsic property of the surface bands. E
larger widths (;230–300 meV) have been found in the pa
ent system Sn/Ge~111!.12,13 The position and intensity o
both components change visibly with emission angle. T
BE’s are represented in Fig. 4 versus parallel momen
along both high-symmetry directions. Some spectra can
fitted using only one component.35 The intensity ofC1 is
represented in the bottom panel of Fig. 3 versus emiss
angles. Open circles denote a range where the Fermi func
cuts off part of the intensity, which diminishes strongly in t
vicinity of 13° and 42° emission angles, both values close
M̄ (333) points. Indeed, in these ranges the best fit is obtai
using a single component (C2). In view of the dispersion
and intensity distribution shown in Figs. 3 and 4, we co
clude thatC1 crosses the Fermi energy in several cases~e.g.,
aroundM̄ (333) points alongGK or aroundM̄ alongGM ). In
the area close to normal emission (Ḡ point! there is no Fermi
level crossing, but we detect a strong attenuation of the h
BE component, which we attribute to a mixture with bu
states in this range. A similar result was obtained at RT
with a photon energy of 21 eV~not shown!. The band split-

FIG. 4. Binding energy ofC1 andC2 components~see Fig. 3! of
the surface band vs parallel momentum (QSn50.33 ML, hn
512.5 eV, 170 K), alongGK ~top! and GM ~bottom! directions.
Solid ~open! points correspond to intense~weak! components~Ref.
35!. Dashed gray lines represent the expected dispersion for a
occupied surface state in aA3 reconstruction~Ref. 36!. Symmetry
points of theA3 @(333)# phase are shown in the top~bottom! axis.
Shaded areas correspond to the projection of the Ge~111! bulk
bands.
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ting found cannot be explained assuming a conventional,
A3 structure where Sn atoms occupy equivalentT4 sites. The
surface state expected in this kind of structure is shown a
dashed gray line in Fig. 4.36 Besides the existence of the sp
component, another significant difference between the
perimental data and the prediction for a flatA3 phase is the

detection of surface-state intensity at theḠ point ~normal
emission!. Note that theA3 surface state lies above th

Fermi energy atḠ. The intensity detected in the experime
reflects an underlying (333) periodicity, since it can be ex
plained only from a (333) band folding, observed in this
surface with much more intensity than on Sn/Ge~111!.11–13,25

This explanation agrees well with the symmetry that the t
components exhibit: along both directions the two surfa
state components follow the (333) symmetry, and not the
A3 one, as we might expect from theA3 LEED pattern.

The surface band splitting found and the (333) symme-
try of the two surface states can be easily interpreted in
dynamical fluctuations model. The existence of vertical flu
tuations with (333) local symmetry gives rise to two kind
of Sn atoms in the unit cell and a surface band associa
with each of them~see Ref. 29 for a theoretical calculation!.
The split band with higher BE, which is fully occupied wit
two electrons, has an orbital content coming mainly from
Sn atom displaced upwards, which receives charge from
other two Sn atoms displaced downwards. These two at
are the origin of the~partially occupied! lower BE band, with
only one electron in total, and of an additional unoccup
surface band.29 Taking into account the observedA3 LEED
pattern, the (333) underlying symmetry revealed b
ARUPS can be understood only if a (333) pattern exists
locally. The behavior found for Sn/Si~111! is similar to the
features of the parent system Sn/Ge~111!.12 In the case of
Sn/Ge~111!, the observation of a (333) structure by LEED
allowed us to interpret the band splitting more easily as
result of the existence of two kinds of Sn atoms. The res
found now for Sn/Si~111! are similar, and they lead also t
the idea that there are two kinds of Sn atoms in Sn/Si~111! in
a wide range of temperatures. This model is supported
core-level studies,25,26which show the existence of two com
ponents in the Sn 4d core level, both at LT and RT. Howeve
there is no apparent stabilization of (333) long-range order
at LT. A (333) background at LT has been observed
LEED ~Ref. 25! and reflection high-energy electro
diffraction27 ~RHEED!, but a concomitant STM analysis27

failed to observe any (333) periodicity and attributed the
background to the existence of local defects randomly d
tributed, producing a short-range (333) perturbation.37 It
was claimed that defects, or maybe other effects, could p
sibly explain the two components observed in the Sn c
level. In the case of ARUPS, however, we argue that
local (333) pinning produced by random defects can har
produce a (333) ordering giving rise to a (333) reciprocal
space band dispersion. Thus, the two components in the
core level and the split surface-state band must come f
the existence at the surface of a well-ordered array of
different kinds of Sn atoms. Furthermore, the shape and
cupation of the two split bands agree well with the pred

lf-
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ELECTRONIC STRUCTURE OF Sn/Si~111!-(A33A3)R30° . . . PHYSICAL REVIEW B68, 235332 ~2003!
tions for Sn/Si~111!.29 Besides these effects, theoretical c
culations predict no phase transition for Sn/Si~111!,19 but a
wide temperature range where vertical fluctuations with lo
(333) symmetry would be significant. Since the photoem
sion process is very fast, it provides a snapshot of the sur
in a fs time scale.37 In this time range both two-core-leve
components and a split surface band would be found.
existence of surface vibrations at RT that are frozen at LT
been confirmed by a recent study,20 which found a soft sur-
face phonon related to the (333) periodicity. This is a direct
evidence of the model. The different Sn 4d core-level line
shape for Sn/Ge~111! ~Refs. 12 and 13! and Sn/Si~111! ~Ref.
25! has prompted studies on the possible existence of a
phase for any of these systems.31 Our results refer only to the
surface electronic structure, but there should be a correla
between the number of Sn atoms in up position and
surface-state filling. Indeed, recent calculations for S
Ge~111! show that the 2U structure is semiconducting a
exhibits a much smaller splitting between the two occup
surface bands.31 The band structure found by us~see Fig. 4!
cannot be described by the 2U theoretical bands. Indeed,
fairly similar to the band structure of Sn/Ge~111!-(333).
Thus, while there is a clear difference in the core-level l
shape for both surfaces, the electronic band structure is s
lar and it is well described in both cases by the 1U mode

B. SixSn
„1Àx… ÕSi„111…À„A3ÃA3…R30° phase

An interesting question is the evolution of the electron
structure with Sn coverage in the stability range of theA3
structure. Figure 5~top! shows spectra taken at normal em
sion as a function of Sn coverage withhn512.5 eV at 170
K. We note that all of them exhibit a significant intensity. A
this reciprocal space location (Ḡ), it can be attributed to (3
33) band folding only. If this intensity indeed had (333)
origin, it would be reasonable to expect the maximum n
malized intensity at the ideal coverage of 0.33 ML where
intermixing of Si and Sn is minimum. To check this hypot
esis we represent in Fig. 5~bottom! the intensity integrated
around the peak maximum as a function of the coverage.
do find that the maximum intensity lies around the ide
coverage, decreasing rapidly for higher coverages. This
havior confirms the (333) electronic origin of the surface
state atḠ. It also supports the idea that there is no signific
coverage-dependent charge transfer between Sn and S
oms, since a change in the solid solution concentration
maintains the (333) periodicity, at least in the 0.23–0.3
ML range.

Figure 6~top! shows in detail a series of selected norm
ized spectra taken at theK̄ point, the bottom of the surface
state band, as a function of coverage withhn512.5 eV at
170 K. Neither the line shape nor the BE of the surface-s
peak changes significantly in the coverage range prob
However, it is known that Si adatoms preferentially occu
the dominant site in the (333) unit cell ~forming a honey-
comb structure! in this coverage range.26 This evidence con-
firms that the surface behaves as a solid solution. Furt
more, the BE of the surface state is constant wit
experimental accuracy. This indicates that an image of fu
23533
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decoupled surface states30 is not correct, because in this cas
a shift of at least 0.25 eV would be found in the covera
range probed. We conclude that the dangling bonds of in
mixed Si atoms behave in a way not much different from
dangling bonds and that the charge transfer between Si
Sn atoms is small in the 0.23–0.33 ML range.

Figure 6~bottom! shows theK̄-point-integrated intensity
around the peak maximum~binding energy range 0.25–0.6
eV! of the dangling bond state as a function of Sn covera
For coverages below;0.28 ML, the intensity of the surface
state with higher BE is approximately constant, growing ra
idly for larger coverages. ForQ.0.23 ML and in view of
the site occupation sequence reported in Ref. 26, there a
least two Sn atoms per (333) unit cell. This suggests tha
the intensity increase forQ.0.23 ML is related to the ap-
pearance of long-range order in the structure and/or poss
to the formation of a (2A332A3)R30° structure above 0.40
ML.4

We analyze in the following the metallic versus semico
ducting character of the Sn/Si~111! interface as a function o
coverage. For an ideal, flatA3 reconstruction, simple elec
tron counting shows that the surface should be meta
since there are seven valence electrons per unit cell. As

FIG. 5. Top:x2 line shape deconvolution of selected normaliz

photoemission spectra at theḠ point ~dots!, as a function ofQSn

(hn512.5 eV, 170 K!. The spectra have been fitted to a sing
component plus a background. The result of the fit appears as
lines. Bottom: integrated surface-state intensity~binding energy
range 0.0–0.40 eV! of the spectra in the top panel, as a function
QSn. The solid line is a guide to the eye.
2-5
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coverage decreases and we get closer to theg phase, nothing
should change in principle, because intermixed Si atoms
also tetravalent and share the same electronegativity. H
ever, theoretical calculations using a first-principles dens
functional-theory local-density-approximation~DFT-LDA!
tight-binding molecular dynamics technique21 predict a dif-
ferent behavior. In the relaxed surface structure, Sn at
appear slightly higher than Si atoms, which favors the tra
fer of charge from Si to Sn atoms. This gives rise to t
opening of a surface band gap, and the surface beco
semiconducting forQSn50.16 ML (g phase!. These predic-
tions are supported by inverse photoemission results.21

Photoemission spectroscopy probes the occupied e
tronic valence band states. We find that thea phase is indeed
metallic ~see Fig. 4!. It exhibits a prominent surface-sta
band that disperses rapidly to cross the Fermi energy clos
the M̄ (333) points. The photoemission intensity at the Fer
energy can be analyzed as a function of coverage. This p
toemission intensity is a measurement of the density of st
at the Fermi energy, and thus it should be sensitive to
metallic versus semiconducting character of the surface
study this point we have performed a quantitative meas
ment of the photoemission intensity in a narrow

FIG. 6. Top:x2 line shape deconvolution of selected normaliz

photoemission spectra at theK̄ point ~dots! as a function ofQSn

(hn512.5 eV, 170 K!. Solid lines represent the result of the fittin
and the two components used~the background is not shown fo
clarity!. Bottom: integrated intensity of the componentC2 ~BE
range 0.25–0.65 eV! of the top spectra as a function ofQSn. The
solid line is a guide to the eye.
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(6200 meV! window around the Fermi energy and afterw
direction in a parallel momentum range from20.1 to
0.8 Å21 for each coverage studied~between 0.16 and 0.36
ML !. The result is shown in Fig. 7. Before the integratio
~not shown!, we have detected that the highest intensity
the Fermi energy~which corresponds to the Fermi mome
tum! remains at approximately the same value for a cover
range between 0.23 and 0.33 ML, while the Fermi mom
tum is larger for both smaller~0.16 ML! and larger coverage
~0.36 ML!. After the intensity integration of Fig. 7, it can b
seen that for coverages in the range of 0.16–0.22 ML
intensity grows steadily, while it seems to remain const
above;0.23 ML. Interestingly, we detect a Fermi edge
the whole coverage range analyzed, indicating that the
face is always metallic. However, the intensity decrease
low ;0.23 ML suggests that the system may become se
conducting at lower coverages. We conclude from the res
of Fig. 7 and from the constant Fermi momentum that,
least in the 0.23–0.33 ML range, there is no significa
charge transfer between Si and Sn atoms and the sur
exhibits constant electronic properties. In this range, the s
tem behaves as a true solid solution. The constant intensi
the Fermi energy supports the idea that both kinds of a
toms lie at the same height~no charge transfer!. At lower
coverages the reduced density of states at the Fermi en
suggests some degree of charge transfer. These experim
results confirm the intermediate semiconducting phase
posed in previous works.21,30

IV. CONCLUSIONS

The electronic band structure of SixSn(12x) /Si(111)
2(A33A3)R30° has been analyzed using angle-resolv
photoemission along the two high-symmetry directions. T
two main features of the band structure are the existence
surface band splitting, which survives even at RT, and a
nificant intensity at theḠ point, characteristic of a (333)
surface band folding. We conclude that the occupied e
tronic bands reflect an underlying (333) symmetry that sup-
ports the existence of two kinds of Sn atoms at the surf
and local (333) ordering. The coverage dependence of
surface-state line shape and BE at theK̄ point does not sup-

FIG. 7. Integrated photoemission intensity around the Fermi
ergy ~binding energy window:6200 meV) as a function of the Sn
coverage for a parallel momentum range between20.1 and
0.8 Å21 along theGK direction, withhn512.5 eV at 170 K. The
solid line is a guide to the eye.
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port a decoupling of the Sn and Si surface-state bands, m
ing that there is no significant charge transfer between Si
Sn atoms present in the solid solution in the 0.23–0.33
range. The existence of a semiconductor-to-metal transi
has been investigated in detail. The interface was found t
metallic in the 0.16–0.36 ML range, but there is a significa
Fermi surface intensity increase for coverages above 0
ML. Below 0.23 ML our data are compatible with an in
creased Si-Sn charge transfer and possibly a semicondu
phase.
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