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Reinvestigation of the band structure of the Si„111…5Ã2-Au surface
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The electronic band structure of the Si(111)532-Au surface is reinvestigated in detail by angle-resolved
photoelectron spectroscopy~ARPES!, especially for the surface-state bands near the Fermi energy. Through
extensive ARPES measurements and analyses, four different surface-state bands are identified within the bulk
band gap, the dispersions of which are determined. It was clearly shown that the Si(111)532-Au surface is
semiconducting at room temperature with a band gap larger than;0.2 eV in contrast with previous ARPES
results. Furthermore, the band dispersions determined are not compatible with a Peierls-gap idea proposed
recently.
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INTRODUCTION

Nanostructures or low-dimensional structures genera
by metal adsorption on semiconductor surfaces exhibit a
riety of exotic physical phenomena and have attracted c
siderable interest in recent years both academically and t
nologically. There have been reports of charge-density wa
in two-dimensional1–4 ~2D! and quasi-one-dimensiona5

~quasi-1D! systems, spin-charge separation in meta
chains,6 metallic umklapp bands arising from a discomme
surate overlayer,7 and enhanced surface conductivity via ad
tom doping.8

One of the important current issues is the electronic str
tures of the 1D metallic Au/Si systems, especially t
Si~557!-Au and Si(111)532-Au surfaces. The Si~557!-Au
surface prepared by;0.2 ML Au adsorption on Si~557! is
composed of 1D chains and has two narrowly spaced ba
near the Fermi level (EF).6,9 It has been argued to attribut
these two states to a spinon-holon pair, as in a Luttin
liquid,6 or to two different electronic states related to t
different chain structures within a unit cell.9

On the other hand, a similar 1D chain structure
Si(111)532-Au, prepared by;0.4 ML Au on Si~111!,10–19

shows a variety of surface-related valence-band feature
dicating the complicated nature of its electronic structure10

This surface was suggested to be a generic quasi-1D me
system in an early angle-resolved photoelectron spect
copy ~ARPES! study.13 However, in spite of a rather stron
and anisotropic photoemission signal nearEF ~denotedS1
state hereafter!, no clear evidence forEF crossing was found
in a later inverse photoemission study.15 Recent high-
resolution ARPES work on this surface at a very low te
perature also observed a similar state very close toEF ~prob-
ably identical toS1),11 but they identified another surface
0163-1829/2003/68~19!/195319~7!/$20.00 68 1953
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state band approachingEF with a strong dispersion from a
binding energy (EB’s! of ;1.3 eV ~denoted S2
hereafter!.10,12 This band was reported to exhibit a band g
of larger than;0.3 eV at low temperature due to the Peie
instability.10–12The same group further reported that the de
sity of states atEF increases as the surface is warmed
room temperature, suggesting a pseudogaplike behavi10

This observation makes it very unclear whether the 532-Au
surface is metallic or not at room temperature and the p
ence of theS1 state, closer toEF , provides more complexity
to this issue.

In the present work, we have engaged in an extens
band mapping on the Si(111)532-Au surface in order to
determine its detailed electronic structure nearEF at room
temperature. Four different surface states are identi
within the silicon bulk band gap, and their dispersion alo
the @101̄] direction ~along the 1D chains! was determined in
detail. While the overall surface-state dispersions match p
vious ARPES results10–13,16consistently, we found that the
surface is semiconducting with a band gap larger th
;0.2 eV. This gap is not due to theS2 state but due to the
S1 state, which was found to exhibit an almost perfect 1
behavior. The implications of this finding on the Peierls-g
idea and the origins of the surface states17 observed are dis-
cussed.

EXPERIMENTS

The experiments were performed in a modified Vacu
Generator ESCALAB 220 photoelectron spectrome
described elsewhere.20 The sample was a p-type
crystal (2 –10V cm) and had an intentional miscut o
2° toward @ 1̄1̄2# in order to obtain a single-domain~SD!
Si(111)532-Au surface.10,13–15 The crystal orientation of
©2003 The American Physical Society19-1
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FIG. 1. ~left! He I excited normal emission
spectra for the Si(111)737 and single-domain
Si(111)532-Au surfaces. A bulk direct transition
~b! and surface statesA andB of Si(111)737 are
indicated. ~right! Gray-scaleEB-ki diagram for
the Si(111)737 and single-domain Si(111)5

32-Au surfaces along@101̄# taken from the
ARPES scans with the He I excitation.
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the sample was determined from x-ray photoelectron diffr
tion measurements to within better than 1°. Gold was eva
rated from a hot tungsten filament with the pressure be
kept below 5310210 mbar during deposition. The evolutio
of the low-energy electron diffraction~LEED! pattern during
Au deposition at different coverages and substrate temp
tures were the same as reported previously.14 A SD
Si(111)532-Au surface, as judged from the well-define
LEED pattern, was formed by a deposition of;0.4 ML of
Au at ;600 °C as reported before.10,13–15

For the photoemission measurements, He Ia ~21.2 eV!
and He IIa ~40.8 eV! radiation were used for excitation
produced in a microwave-driven high-flux He dischar
lamp with a toroidal grating monochromator~Gammadata
Burklint AB, Sweden!. The energy resolution of the electro
analyzer was set to about 40 meV and the angular resolu
to better than 1° full width at half maximum. Data acquis
tion was made either by taking series of energy spectra w
scanning the photoelectron emission angles~polar or azi-
muthal angle! to produce energy dispersion plots or by r
cording the photoelectron intensity at constant energy
function of both emission angles across the full hemisph
to produce constant-energy surface maps.20 The Fermi en-
ergy was determined by fitting the Fermi edge in spec
from polycrystalline silver and from a Ta plate attached
the Si wafer. A work function of 4.6760.08 eV was deter-
mined from the low-energy cutoff of the photoemission sp
tra. All the experiments were performed at room temperat
~RT! with a base pressure below 8310211 mbar.

RESULTS AND DISCUSSION

For band mapping experiments on semiconduct
samples, the determination of the projected bulk band st
ture or valence-band maximum~VBM ! is important for iden-
tifying the bulk band gap where surface states exist. In or
to determine the VBM unambiguously, we perform
ARPES measurements along@101̄# for clean Si(111)737
and Si(111)532-Au surfaces that show the clear dispersio
of bulk bands. The prominent ARPES signal denoted asb in
Fig. 1 is due to the Si bulk states. It is obvious that the b
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stateb is shifted to a lowerEB by ;0.5 eV for Si(111)5
32-Au as compared with Si(111)737. Since the position
of the VBM with respect toEF is firmly established for
Si(111)737,21,22 the present data yield a VBM position o
;0.1 eV belowEF for Si(111)532-Au. This quantity is
crucial for the issue of the proposed Peierls-transition pict
for the surface10,12 as described below.

Figure 2 shows series of ARPES spectra taken with H
along theG0-X0 and G3-X3 surface Brillouin zone~SBZ!
lines at RT. The SBZ is shown in Fig. 2 together with sym
bols of zone boundaries, ZB32 , ZB31, and ZB328 . As indi-
cated in these spectra, a surface state (S1) can be identified
near EF in the vicinity of ZB32 (ZB328 ) along both SBZ
lines. This state was also observed in a previous ARP
studies by Collinset al.,13 Okuda et al.,16 and recently by
Himpselet al.11 We can also identify other states, labeledS38 ,
S3, andS4, in the energy range of 0.5–1.5 eV as shown
the figure. Using He II excitation, yet another state labe
S2 appears as an intense peak, as can be seen in Fig. 3
stateS2 was observed in recent ARPES measurements
Losio and co-workers.10,12 That result, especially the dispe
sion ofS2, is fully consistent with the present one except f
the different peak intensities, which may be due to the d
ferent photon energies employed. TheS2 state is hardly iden-
tified with He I excitation, as shown in Fig. 2, which woul
have made the earlier ARPES studies unable to identify
state.13,16In Fig. 3, we observe theS1 , S3, andS4 states with
the same dispersion as in Fig. 2. All the above states
considered to be surface states because they disperse w
the bulk band gap~as shown below! and their dispersion
does not change with respect to the excitation energy.

We will focus now on the state closest toEF , S1, since it
governs the electronic properties~i.e., being metallic or not!
of the Si(111)532-Au surface. As rather obviously notice
in the figure, no clear Fermi edge is detected throughout
whole SBZ. A closer look of the spectra nearEF is provided
in Fig. 4. HereS1 does not crossEF apparently but is back-
folded around the middle of ZB31 and ZB32, making the
Si(111)532-Au surface semiconducting. From the appare
peak positions, the lowestEB of S1 is estimated to be abou
;0.2 eV, which should correspond to the size of the ba
9-2
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REINVESTIGATION OF THE BAND STRUCTURE OF . . . PHYSICAL REVIEW B 68, 195319 ~2003!
FIG. 2. ARPES spectra for the
single-domain Si(111)532-Au
surface taken with He I along
G0-X0 andG3-X3. The spectra are
shown as a function of emissio
angle (ue) or wave vector (ki).
Zone boundaries~ZB’s! and sym-
metry points in the Si~111!-(5
32) surface Brillouin zones are
also indicated. ZB32 (ZB328 ) and
ZB31 correspond to the bound
aries of the 532 and 531 unit
cells, respectively. Positions o
peaks assigned to different surfac
state bands~see the text! are
marked with different symbols. A
spectrum of polycrystalline Ag is
also shown. The dashed lines co
respond to energy levels for th
contours in Fig. 6.
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gap belowEF . This result is in conflict with a few previou
ARPES results11,13but agrees with an inverse photoemissi
study.15 In order to corroborate the semiconducting nature
S1, we have also considered ARPES spectra as normal
by the Fermi-Dirac function.23 This is because there is ma
ginal but still nonzero photoemission intensity right atEF ,
which is presumably due to the thermal~Fermi-Dirac! exci-
tation and finite instrument resolution. Figure 4 compares
raw and Fermi-Dirac-function-normalized spectra arou
ZB328 and ZB32 at the vicinity ofEF . Both types of spectra
show that the intensity atEF is trivial and structureless
These data indicate again thatS1 never crossesEF ; note the
19531
f
ed

e
d

discernible dispersion of the peak for the band backfoldi
We have further applied an established analysis procedu
order to extract the density of states atEF ~or the band gap!
quantitatively.24 Briefly, the energy scale of a measured spe
trum is reflected atEF and the spectrum is added to th
original one. This procedure yieldsI (E)5I (E2EF)1I (EF
2E) whereI is photoemission intensity. Each peak appea
thereby, twice~below and aboveEF) and both should merge
into one when the state crossesEF . Even in this analysis,
no trend of the gap narrowing and no sign of anEF crossing
were observed, giving further evidence for a semicondu
ing surface.
9-3
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We now turn to a comprehensive determination of
band dispersions of the various surface states observed.
ure 5 shows the experimental dispersion curves for the s
tral features observed along theG0-X0 andG3-X3 lines in the
532 SBZ shown in Fig. 2. The data were taken with He
~solid circles for theG0-X0 line and open circles for the
G3-X3 line! as well as He II excitation~solid squares for the
G0-X0 line!. For the ARPES scans taken with He II excit
tion, the gray-scaleEB2ki diagram (ki , the wave vector
component parallel to the surface! is also shown in the fig-
ure, where the photoemission intensity is plotted with resp
both toEB andki . The shaded region in the lower figure
the bulk band projected onto the 131 SBZ.21 The position

FIG. 3. Similar to Fig. 2 but for He II excitation along theG0-X0

direction. The dashed lines correspond to energy levels for the
tours in Fig. 6.
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of the bulk VBM is accurately determined as shown in F
1. All the bandsS1 , S2 , S3 , S38 , andS4 have parts of their
dispersion curves within the projected bulk band gap, in
cating their surface nature. The overall dispersion curves
found to be consistent with most of previous ARPE
results10,12,13,16except for a few important details as me
tioned above forS1 and as discussed further below. Ve
recently,ab initio band calculations17 were performed for the
available structure models of the 532-Au surface proposed
by Hasegawaet al.18 and Markset al.,14 respectively. Both
models, however, yield surface band structures, which
not in accordance either with previous or with the pres
ARPES data, especially within the bulk band gap. While t
discrepancy indicates the need of a different or a refin
structure model for the surface, the calculation has sho
that surface states within the band gap originate mostly fr
Si 3p ~dangling bond or back bond! states.17

We then go back to theS1 state, which is crucial for
determining the electronic properties of the surface. In or
to study the band dispersion of this state in more detail,
have performed constant-energy surface mapping atEB
50.26–0.27 eV. As guided by the dashed lines in Figs. 2
4, and 5, the constant-energy contours at this energy re
sent the photoemission intensity distribution of theS1 state.
Figure 6 shows the resulting constant-energy contours
obtained with He I and He II photons, as function ofki . The
photoemission intensity is represented in a gray scale wh
the bright part corresponds to high photoemission intens
The SBZ of the 131 and 531 unit cells as well as ZB’s of
the 532 unit are displayed as thick solid, thin solid, an
dashed lines, respectively. It is notable that the photoem
sion intensity is distributed as parallel straight lines alongky
in every image. The extra intensity variations along ea
straight lines or between different lines can be attributed
the photoemission matrix element effects25,26 and/or the dis-
tribution of spectral weight between umklapp bands in d
ferent BZ’s.7 The constant-energy contours composed
straight lines clearly indicate that theS1 band has almos
perfect 1D dispersion along theG0-ZB32-ZB31 line
(kx)—that is, no dispersion alongky . Note that the
G0-ZB32-ZB31 line is along the 1D chain structure of th
Si(111)532-Au surface.

Previously, it has been argued that the photoemission
nals nearEF ~presumably corresponding toS1 of the present
work! may originate from the surface states of Si(111
37 or Si(111)A33A3-Au that may coexist on the
Si(111)532-Au surface.12 However, the lack of threefold
symmetry and the 1D dispersion shown above allows theS1
state to be undoubtedly assigned to an intrinsic feature
Si(111)532-Au. This assignment is important since th
previous study interpreted the band top ofS2 as the band gap
of the Si(111)532-Au surface itself, which is obviously
misleading when we consider theS1 state. Note that the ban
gap determination in terms of theS2 state led to the idea o
Peierls gap formation from a half-filled 1D band.10,12 More-
over the spectral weight in angle-integrated photoemiss
spectra at RT was interpreted as the possible sign o
pseudogap.10 The present data obviously show that the ph

n-
9-4
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REINVESTIGATION OF THE BAND STRUCTURE OF . . . PHYSICAL REVIEW B 68, 195319 ~2003!
FIG. 4. ARPES spectra nearEF for the
Si(111)532-Au surface taken with He I excita
tion. ~a! and~b! are raw and Fermi-Dirac function
normalized spectra taken alongG0-X0, respec-
tively, while ~c! and ~d! are those alongG3-X3.
The dashed lines correspond to energy levels
the contours in Fig. 6.
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toemission intensity nearEF is due to theS1 band, which is
intrinsic to the Si(111)532-Au surface, and the band gap
the surface is governed not byS2 but byS1. It is notable that
both S1 andS2 possess strong 1D characteristics. Moreov
since the band gap ofS1 occurs quite far away from the32
zone boundary, the Peierls-gap idea is not valid at all. Th
the gap of theS2 band at ZB32 can be explained by a simpl
band picture of a splitting betweenS1 andS2 ~an anticross-
ing behavior!.

As shown in Fig. 5, the determination of the bulk VBM
important in identifying a surface state. This is more imp
tant for low-temperature photoemission measurements w
the surface photovoltage effect shifts the Fermi level of
surface, making the determination of the metallicity or t
band gap uncertain. Indeed, the low-temperature ARP
study discussed above mentioned such an uncertainty fo
determination of the band gap of theS2 state.12 This study
assumed the VBM position at 0.3 eV belowEF but an earlier
core-level study reported it to be 0.1 eV.27 As shown in Fig.
19531
r,

n,

-
re
e

S
he

1, the present work yields a VBM position of;0.1 eV be-
low EF for Si(111)532-Au. This confirms the previous de
termination of Okudaet al.27 and corrects the band top pos
tion of S2 being;0.4 eV fromEF and;0.3 eV below the
VBM ~see Fig. 5!. We believe that such an uncertainty in th
EF position for the low-temperature measurement cause
discrepancy in the semiconducting nature of theS1 state.11

CONCLUSIONS

We have performed detailed band mapping measurem
by angle-resolved photoemission spectroscopy to study
room-temperature electronic structure of t
Si(111)532-Au surface, which is composed of a 1D cha
structure. Through extensive ARPES measurements for
ferent SBZ lines, we have identified the presence and dis
sions of at least four different surface state bandsS1 , S2 , S3,
9-5
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IWAO MATSUDA et al. PHYSICAL REVIEW B 68, 195319 ~2003!
FIG. 5. ~upper! The gray-scaleEB-ki diagram
for the single-domain Si(111)532-Au surface
along theG0-X0 direction taken from the ARPES
scan with He II excitation. In the diagram, th
intensities are represented by the brightne
white corresponding to high intensity. The dispe
sions for the surface states are depicted by bla
dashed curves. The white dashed lines corresp
to the energies where the contours of Fig. 6 we
taken. ~lower! Experimental dispersions for th
single-domain Si(111)532-Au surface along the
G0-X0 direction. Large and small symbols repre
sent rather distinctive and weak spectral featur
respectively. Solid circles~squares! indicate peak
positions obtained with the He Ia ~He II! excita-
tions. Peak positions taken along theG3-X3 direc-
tion with the He Ia excitation are also shown a
open circles. The shaded region is the bulk ba
structure projected onto the 131 surface Bril-
louin zone. The major surface state bands a
traced by thick gray curves.
e
us

0.2
e
low
andS4 within the bulk band gap. These states are shown
be intrinsic to the Si(111)532-Au surface, and theS1 band
close to EF is found to have a 1D dispersion along th
chains. The surface at room temperature is unambiguo
19531
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shown to be semiconducting with a band gap larger than
eV, which is due to theS1 band. This result clearly denies th
Peierls-gap picture proposed recently for this surface at a
temperature.
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FIG. 6. He I and He II excited photoemissio
energy contour maps from the Si(111)532-Au
surface. In each image, the photoemission inte
sity at the indicated binding energies is mapp
as a function of wave vector parallel to the su
face in linear gray scale. The magnified image
shown for the image taken at a binding energy
258 meV. The Si~111!-(131) surface Brillouin
zones~SBZ’s! are added as white bold lines. Th
Si~111!-(532) SBZ’s are shown as thin dashe
lines ~zone boundary, ZB32) and thin solid lines
(ZB31) together with high-symmetry points.
9-6
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