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Reinvestigation of the band structure of the S{111)5X 2-Au surface
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The electronic band structure of the Si(11¥3-Au surface is reinvestigated in detail by angle-resolved
photoelectron spectroscofpRPES, 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 SKZL-Bb surface is
semiconducting at room temperature with a band gap larger tHa2 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 state band approachirtge with a strong dispersion from a
binding energy Egs) of ~1.3eV (denoted S,
Nanostructures or low-dimensional structures generateUereafte}.lo*lzThis band was reported to exhibit a band gap
by metal adsorption on semiconductor surfaces exhibit a vaef larger than~0.3 eV at low temperature due to the Peierls
riety of exotic physical phenomena and have attracted corinstability*~**The same group further reported that the den-
siderable interest in recent years both academically and teclsity of states afEg increases as the surface is warmed to
nologically. There have been reports of charge-density wave®om temperature, suggesting a pseudogaplike behdvior.
in two-dimensiond™* (2D) and quasi-one-dimensiofal This observation makes it very unclear whether the25Au
(quasi-1D systems, spin-charge separation in metallicsurface is metallic or not at room temperature and the pres-
chains® metallic umklapp bands arising from a discommen-ence of theS, state, closer t&, provides more complexity
surate overlayefand enhanced surface conductivity via ada-to this issue.
tom doping® In the present work, we have engaged in an extensive
One of the important current issues is the electronic strucband mapping on the Si(111)&-Au surface in order to
tures of the 1D metallic Au/Si systems, especially thedetermine its detailed electronic structure n&arat room
Si(557-Au and Si(111)5 2-Au surfaces. The 857)-Au  temperature. Four different surface states are identified
surface prepared by 0.2 ML Au adsorption on $657) is  within the silicon bulk band gap, and their dispersion along
composed of 1D chains and has two narrowly spaced bandie[101] direction (along the 1D chainswas determined in
near the Fermi levelEg).%? It has been argued to attribute detail. While the overall surface-state dispersions match pre-
these two states to a spinon-holon pair, as in a Luttingevious ARPES resultS~**®consistently, we found that the
quuid,6 or to two different electronic states related to thesurface is semiconducting with a band gap larger than
different chain structures within a unit céll. ~0.2 eV. This gap is not due to tH® state but due to the
On the other hand, a similar 1D chain structure ofs; state, which was found to exhibit an almost perfect 1D
Si(111)5x 2-Au, prepared by-0.4 ML Au on S{111),'%*®  pehavior. The implications of this finding on the Peierls-gap
shows a variety of surface-related valence-band features ifidea and the origins of the surface stafasbserved are dis-
dicating the complicated nature of its electronic structdre. cussed.
This surface was suggested to be a generic quasi-1D metallic

system in an early angle-resolved photoelectron spectros- EXPERIMENTS
copy (ARPES study'® However, in spite of a rather strong _ . -
and anisotropic photoemission Signa| n&{ (denotedsl The experiments were performed in a modified Vacuum

state hereafterno clear evidence fdEq crossing was found Generator ESCALAB 220 photoelectron  spectrometer
in a later inverse photoemission stUfyRecent high- described elsewhef®. The sample was ap-type
resolution ARPES work on this surface at a very low tem-Crystal (2-100 cm) and had an intentional miscut of
perature also observed a similar state very clodgtéprob-  2° toward[112] in order to obtain a single-domaifsD)
ably identical t0S;),* but they identified another surface- Si(111)5x2-Au surface’®3-3 The crystal orientation of
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FIG. 1. (left) He | excited normal emission
spectra for the Si(111)¥7 and single-domain
Si(111)5%x 2-Au surfaces. A bulk direct transition
(b) and surface statésandB of Si(111)7x 7 are
indicated. (right) Gray-scaleEg-k| diagram for
the Si(111)7&7 and single-domain Si(111)5
X 2-Au surfaces alond 101] taken from the
ARPES scans with the He | excitation.
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the sample was determined from x-ray photoelectron diffracstateb is shifted to a lowerEg by ~0.5 eV for Si(111)5
tion measurements to within better than 1°. Gold was evapox 2-Au as compared with Si(111)77. Since the position
rated from a hot tungsten filament with the pressure beingf the VBM with respect toEg is firmly established for
kept below 5< 10~ 1° mbar during deposition. The evolution Si(111)7x 7,222 the present data yield a VBM position of
of the low-energy electron diffractiof.EED) pattern during ~0.1 eV belowEg for Si(111)5x2-Au. This quantity is
Au deposition at different coverages and substrate temperarucial for the issue of the proposed Peierls-transition picture
tures were the same as reported previolfsSlh SD  for the surfac®*?as described below.
Si(111)5x2-Au surface, as judged from the well-defined  Figure 2 shows series of ARPES spectra taken with He |
LEED pattern, was formed by a deposition-©0.4 ML of  along thel'o-X, and I'3-X5 surface Brillouin zone(SB2)
Au at ~600°C as reported befof@!3-1° lines at RT. The SBZ is shown in Fig. 2 together with sym-
For the photoemission measurements, e(21.2 eV} bols of zone boundaries, ZB, ZB,, and ZB,,. As indi-
and He I (40.8 e} radiation were used for excitation, cated in these spectra, a surface st&g can be identified
producgd in a microwaye—driven high-flux He dischargenearE. in the vicinity of ZB,, (ZB.,,) along both SBZ
lamp with a toroidal grating monochromatoammadata |ines. This state was also observed in a previous ARPES
Burklint AB, Sweden. The energy resolution of the electron gydies by Collinset al,*® Okudaet al,® and recently by

analyzer was set to about 40 meV and the angular res:olutiogimpsmet al ! We can also identify other states labefid
to better than 1° full width at half maximum. Data acquisi- andS,, in the energy range of 0.5-1.5 eV as shown in

tion was made either by taking series of energy spectra whilgye figure. Using He Il excitation, yet another state labeled

scanning the photoelectron emisgion apgﬂpelar or azi- S, appears as an intense peak, as can be seen in Fig. 3. The
muthal angle to produce energy dispersion plots or by re- g6 5, \was observed in recent ARPES measurements by
cording the photoelectron intensity at constant energy 3B osio and co-worker&®2 That result, especially the disper-

function of both emission angles across the full her.nisphergion ofS,, is fully consistent with the present one except for
to produce constant-energy surface miapShe Fermi en- o gitarent peak intensities, which may be due to the dif-

ergy was determined by fitting the Fermi edge in Spectrg, ant ; - .
. . photon energies employed. T®gestate is hardly iden-
from polycrystaliine silver and from a Ta plate attached Otified with He | excitation, as shown in Fig. 2, which would

the Si wafer. A work function of 4.670.08 eV was deter- .0 made the earlier ARPES studies unable to identify this

mined from the low-energy cutoff of the photoemission SPE€Ciatel316)n Fig. 3, we observe thg,, S, andS, states with

tra. All the experiments were performed at room temperaturg, . same dispersion as in Fig. 2. All the above states are
(RT) with a base pressure below@0 ™ mbar. considered topbe surface states because they disperse within
the bulk band gapgas shown beloyvand their dispersion
RESULTS AND DISCUSSION does not change with respect to the excitation energy.
We will focus now on the state closestEg , S, since it
For band mapping experiments on semiconductingyoverns the electronic propertiése., being metallic or not
samples, the determination of the projected bulk band strucsf the Si(111)5<2-Au surface. As rather obviously noticed
ture or valence-band maximu@@BM ) is important for iden-  in the figure, no clear Fermi edge is detected throughout the
tifying the bulk band gap where surface states exist. In ordefyhole SBZ. A closer look of the spectra ndg¢ is provided
to determine the VBM unambiguously, we performedin Fig. 4. HereS, does not cros&g apparently but is back-
ARPES measurements alop@01] for clean Si(111)X7  folded around the middle of ZB, and ZB.,, making the
and Si(111)5< 2-Au surfaces that show the clear dispersionsSi(111)5X 2-Au surface semiconducting. From the apparent
of bulk bands. The prominent ARPES signal denotetl as  peak positions, the lowesty of S; is estimated to be about
Fig. 1 is due to the Si bulk states. It is obvious that the bulk~0.2 eV, which should correspond to the size of the band
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FIG. 2. ARPES spectra for the
single-domain  Si(111)%52-Au
surface taken with He | along
I'p-Xo andI'3-X3. The spectra are
shown as a function of emission
angle () or wave vector k).
Zone boundarie§ZB’s) and sym-
metry points in the $111)-(5
X 2) surface Brillouin zones are
also indicated. ZB, (ZB,) and
ZB, correspond to the bound-
aries of the <2 and 51 unit
cells, respectively. Positions of
peaks assigned to different surface
state bands(see the text are
marked with different symbols. A
spectrum of polycrystalline Ag is
also shown. The dashed lines cor-
respond to energy levels for the
contours in Fig. 6.
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gap belowEg. This result is in conflict with a few previous discernible dispersion of the peak for the band backfolding.
ARPES results-1®but agrees with an inverse photoemissionWe have further applied an established analysis procedure in
study™ In order to corroborate the semiconducting nature oforder to extract the density of statesEat (or the band gap

S;, we have also considered ARPES spectra as normalizeguantitatively’* Briefly, the energy scale of a measured spec-
by the Fermi-Dirac functio® This is because there is mar- trum is reflected aEr and the spectrum is added to the
ginal but still nonzero photoemission intensity rightit, original one. This procedure yield§E)=1(E—Eg) +1(Eg
which is presumably due to the therm{&ermi-Dirag exci-  —E) wherel is photoemission intensity. Each peak appears,
tation and finite instrument resolution. Figure 4 compares theéhereby, twicebelow and abové&) and both should merge
raw and Fermi-Dirac-function-normalized spectra aroundnto one when the state crossEs. Even in this analysis,
ZB!,, and ZB,, at the vicinity ofEr. Both types of spectra no trend of the gap narrowing and no sign ofE&ncrossing
show that the intensity aEg is trivial and structureless. were observed, giving further evidence for a semiconduct-
These data indicate again tH&t never crossekg ; note the ing surface.
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T T of the bulk VBM is accurately determined as shown in Fig.
1. All the bandsS;, S,, S3, S5, andS, have parts of their
dispersion curves within the projected bulk band gap, indi-
cating their surface nature. The overall dispersion curves are
found to be consistent with most of previous ARPES
result$®1?1318except for a few important details as men-
tioned above forS; and as discussed further below. Very
recently,ab initio band calculatior’s were performed for the
available structure models of thex®-Au surface proposed
by Hasegawat al® and Markset al,'* respectively. Both
models, however, yield surface band structures, which are
not in accordance either with previous or with the present
ARPES data, especially within the bulk band gap. While this
discrepancy indicates the need of a different or a refined
structure model for the surface, the calculation has shown
that surface states within the band gap originate mostly from
Si 3p (dangling bond or back bondtates.’

We then go back to thé&,; state, which is crucial for
determining the electronic properties of the surface. In order
to study the band dispersion of this state in more detail, we
have performed constant-energy surface mappingegat
=0.26-0.27 eV. As guided by the dashed lines in Figs. 2, 3,
4, and 5, the constant-energy contours at this energy repre-
sent the photoemission intensity distribution of ®estate.
Figure 6 shows the resulting constant-energy contours, as
obtained with He | and He Il photons, as functionkpf The
photoemission intensity is represented in a gray scale where
the bright part corresponds to high photoemission intensity.
The SBZ of the X1 and 5<1 unit cells as well as ZB’s of
the 5X2 unit are displayed as thick solid, thin solid, and
dashed lines, respectively. It is notable that the photoemis-
sion intensity is distributed as parallel straight lines alépg
in every image. The extra intensity variations along each
straight lines or between different lines can be attributed to
the photoemission matrix element efféct® and/or the dis-
tribution of spectral weight between umklapp bands in dif-
ferent BZ's’ The constant-energy contours composed of
straight lines clearly indicate that tH8, band has almost
perfect 1D dispersion along thd (-ZB.,-ZB.; line
(ky)—that is, no dispersion along,. Note that the
FIG. 3. Similar to Fig. 2 but for He Il excitation along tiig-X, g?(_fflx)%;ZZB_XATUIIQSHI:CZIO”Q the 1D chain structure of the
direction. The dashed lines correspond to energy levels for the con- . . : . .
tours in Fig. 6. Previously, it has been argued thgt the photoemission sig-

nals neaEg (presumably corresponding & of the present
, o work) may originate from the surface states of Si(111)7

We now turn to a comprehensive determination of the><7 or Si(111\3X \3-Au that may coexist on the
band dispersions of th_e various_surfa(_:e states observed. Fi§1(111)5><2-Au surfacet2 However. the lack of threefold
ure 5 shows the experimental dispersion curv ?S for the Spe‘é’ymmetry and the 1D dispersion sﬁown above allowsShe
tral features observed along thg-X, andl's-Xs lines in the  gi516 1o be undoubtedly assigned to an intrinsic feature of
5X2 SBZ shown in Fig. 2. The data were taken with He 1 5j111)5¢2-Au. This assignment is important since that
(solid circles for thel'y-X, line and open circles for the previous study interpreted the band topSpfas the band gap
I'5-X3 line) as well as He Il excitatiofisolid squares for the of the Si(111)5<2-Au surface itself, which is obviously
I'o-Xq line). For the ARPES scans taken with He 1l excita- misleading when we consider ti% state. Note that the band
tion, the gray-scalé€eg—k| diagram k|, the wave vector gap determination in terms of tH® state led to the idea of
component parallel to the surfgds also shown in the fig- Peierls gap formation from a half-filled 1D bafft!? More-
ure, where the photoemission intensity is plotted with respeabver the spectral weight in angle-integrated photoemission
both toEg andk|. The shaded region in the lower figure is spectra at RT was interpreted as the possible sign of a
the bulk band projected onto thextl SBZ?! The position  pseudogap® The present data obviously show that the pho-
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FIG. 4. ARPES spectra nedEg for the
Si(111)5x 2-Au surface taken with He | excita-
tion. (a) and(b) are raw and Fermi-Dirac function
normalized spectra taken alodg-X,, respec-
tively, while (c) and (d) are those along*_g-x_?,.

i The dashed lines correspond to energy levels for
— the contours in Fig. 6.
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toemission intensity nedg is due to theS, band, which is 1, the present work yields a VBM position 6f0.1 eV be-
intrinsic to the Si(111) X 2-Au surface, and the band gap of |ow Ep for Si(111)5x 2-Au. This confirms the previous de-
the surface is governed not By but by S,. Itis notable that  termination of Okudaet al?” and corrects the band top posi-
both S, andS, possess strong 1D characteristics. Moreoveriion of S, being ~0.4 eV fromEx and ~0.3 eV below the
since the band gap @&, occurs quite far away from th&2 v (see Fig. 5 We believe that such an uncertainty in the
zone boundary, the Peierls-gap idea is not valid at all. Theng_ nosition for the low-temperature measurement causes a
the gap of theS, band.a.t ZB, can be explained by a simple discrepancy in the semiconducting nature of $estate*

band picture of a splitting betwee®, andS, (an anticross-

ing behavioy.

As shown in Fig. 5, the determination of the bulk VBM is
important in identifying a surface state. This is more impor-
tant for low-temperature photoemission measurements where ) )
the surface photovoltage effect shifts the Fermi level of the We have performed detailed band mapping measurements
surface, making the determination of the metallicity or theby angle-resolved photoemission spectroscopy to study the
band gap uncertain. Indeed, the low-temperature ARPE®OM-temperature  electronic  structure  of  the
study discussed above mentioned such an uncertainty for tHgi(111)5x 2-Au surface, which is composed of a 1D chain
determination of the band gap of ti% state!? This study  structure. Through extensive ARPES measurements for dif-
assumed the VBM position at 0.3 eV beldy but an earlier ferent SBZ lines, we have identified the presence and disper-
core-level study reported it to be 0.1 &VAs shown in Fig.  sions of at least four different surface state baBdsS,, S,

CONCLUSIONS
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Single-domain Si(111)5x2-Au

FIG. 5. (uppe) The gray-scal&g-k; diagram
for the single-domain Si(111)%2-Au surface
along thel“_o-X_0 direction taken from the ARPES
scan with He Il excitation. In the diagram, the

& intensities are represented by the brightness,
i;: white corresponding to high intensity. The disper-
o0 sions for the surface states are depicted by black
= dashed curves. The white dashed lines correspond
[fn - to the energies where the contours of Fig. 6 were
.5 m‘lﬂ-"‘w- 7 taken. (lower) Experimental dispersions for the
o i P — — n . . .
5 C 5 ] single-domain Si(111)% 2-Au surface along the
M 04 ; 2 w7 S3 £ I'y-X, direction. Large and small symbols repre-
0.6_-_ i N pr T = EEEIN] | o= WS = sent rather distinctive and weak spectral features,
L | Y | S3 - respectively. Solid circleésquaresindicate peak
0.8'!.!l'w -‘ o po positions obtained with the Hexl(He I1) excita-
10 o - ' B t!ons. Peak positions tgken along the-X; direc-
E ™ .0 a tion with the He kv excitation are also shown as
125 u g - o /] open circles. The shaded region is the bulk band
e .Nu./ < 070080 ] structure projected onto thexil surface Bril-
L4 ] oot q . louin zone. The major surface state bands are
1.6; R N N T e traced by thick gray curves.
0.0 0.5 1.0 1.5

Wave Vector (A'I)

and S, within the bulk band gap. These states are shown tehown to be semiconducting with a band gap larger than 0.2
be intrinsic to the Si(111)% 2-Au surface, and th&, band eV, which is due to th&, band. This result clearly denies the
close toEg is found to have a 1D dispersion along the Peierls-gap picture proposed recently for this surface at a low
chains. The surface at room temperature is unambiguouskgmperature.

FIG. 6. He | and He Il excited photoemission
energy contour maps from the Si(11X2-Au
surface. In each image, the photoemission inten-
sity at the indicated binding energies is mapped
as a function of wave vector parallel to the sur-
face in linear gray scale. The magnified image is
shown for the image taken at a binding energy of
258 meV. The Sil11)-(1x 1) surface Brillouin
zones(SBZ's) are added as white bold lines. The
Si(111)-(5%2) SBZ's are shown as thin dashed
lines (zone boundary, ZB,) and thin solid lines
(ZBy 1) together with high-symmetry points.
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