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Electronic structure of the single-domain Si„111…-„3Ã1…-Li surface
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The band structure of the single-domain Si(111)-(331)-Li surface is investigated by angular resolved
photoelectron spectroscopy~ARPES! with synchrotron radiation. Vicinal surfaces are used as templates for
obtaining a single-domain (331) reconstruction. The surface band structure consists of a single, well-
pronounced state at about 0.9 eV below the valence band maximum. Its dispersion matches local density
calculations for the honeycomb-chain-channel~HCC! structure, but the calculated energy is 0.31 eV too high.
This shift is reminiscent of localized surface states on other silicon surfaces, such as Si~111!-H.
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I. INTRODUCTION

Low-dimensional systems have attracted a great dea
interest due to their unusual electronic properties. In rec
years, a new type of one-dimensional system has been
ated by self-assembly of atomic chains at stepped surf
~for an overview see Ref. 1!. These are, in principle, idea
systems to observe the change from two-dimensional to o
dimensional character by changing the step spacing. O
dimensional systems are predicted to display strange fea
sometimes due to the strong electron-electron correlat
that are imposed on electrons confined to a single direc
in space.

Si~111! and its vicinal surfaces, in particular, have show
a wealth of chain structures after depositing metal atom
the submonolayer regime. Metallic chains have been fo
with In ~Ref. 2! and with Au on a variety of vicinal
surfaces.3–10 Semiconducting (331) structures are formed
by alkali metals, alkaline earths, and by Ag.11–24

Our focus lies on the fairly large group of metal-drive
(331) reconstructions that spontaneously break the th
fold symmetry of the flat Si~111! surface. They can be
formed by a rather simple procedure~see Ref. 13, and refer
ences therein!. In addition to their quasi-one-dimension
structure they exhibit quite unusual chemical and electro
properties for an alkali-covered surface, such as low oxy
uptake25 and a large surface band gap of about 1 eV.26

Since its first observation11,12the (331) reconstruction of
the Si~111! surface has generated widespread interest.
spite some uncertainties about the details of the atomic
rangement there is a consensus that this reconstructio
driven by the metal adsorbate and that it occurs for mono
lent adsorbates at a metal coverage of 1/3 of a monola
measured in units of one Si~111! layer ~see Refs.
13,15,18,20,21, and references therein!. In all the structural
models15–19,27the metal atoms form one chain per unit ce
which are separated by Si chains. Among the proposed s
tural models, the recent ‘‘560560’’ model16,17and the similar
honeycomb-chain-channel~HCC! model18 have the lowest
total energies and explain most of the structural features s
in STM and diffraction experiments. These two models co
tain almost the same arrangement of the surface atoms~see
0163-1829/2003/68~7!/075320~7!/$20.00 68 0753
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Fig. 1 in Ref. 16 for the ‘‘560560’’ model and Fig. 1 in Re
18 for the HCC model!. There are four nonequivalent S
surface atoms which form a planar honeycomb chain para
to the surface while the metal atoms form a row in betwe
these chains. For the ‘‘560560’’ model this configuration fo
lows from a rehybridization of a Si atom from asp3 to asp2

configuration which just leads to three planar bonds w
angles of 120° each in between them. In the HCC model
planar configuration is thought to be a consequence of a
double bond as the four top Si atoms have almost the s
configuration as the planar disilene (Si2H4). The calculated
electron density plots18 support this explanation.

From energy considerations it seems obvious that the
kali metal atoms act as electron donors, saturating the
paired Si dangling bond in the (331) reconstruction. This
aside, very little is known about the role of the metal atom
the reconstruction itself. Recent NMR experiments22,28 con-
tributed new information about the local geometry and
electronic structure of the Li site. A large, positive elect
field gradient at the adsorbed Li nucleus places the Li
inside surrounding Si atoms and not above the surface
accordance with the ‘‘560560’’ and HCC models. The que
tion of a completely ionized Li atom which is an essent
component of the HCC-model18 will be accessible to an ex
perimental test through nuclear spin relaxation experime
(T1 times!.29,30If theoretical predictions of a completely ion
ized Li adsorbate in the (331) reconstruction are true,18 the
relaxation rate 1/T1 should vanish~no s-electron density at
the nucleus!.

Even though the (331) reconstruction can be obtaine
by adsorption of various metal atoms, such as Li, Na, K, A
Mg, Ca, or Ba, the Li-induced reconstruction is of spec
importance because of the simple electronic structure o
and its accessibility to NMR measurements. The favo
models~HCC and ‘‘560560’’! have five Si surface orbitals
per unit cell and thus five surface states. There are altoge
six electrons available to fill these states, five from the
atoms and one from the Li atom. Since the surface is se
conducting we expect three filled surface states and
empty ones. There is no calculated band structure for
‘‘560560’’ model. The calculated band structure of the HC
model,18 however, confirms this reasoning with three occ
©2003 The American Physical Society20-1
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pied surface state bandsS1
1 , S2

1 , andS2
2 . The symmetry of

the S2
2 state prevents it to be observed in our photoemiss

geometry (p-polarized light with the plane of incidence in
cluding the chain direction!. Therefore, we expect to see tw
occupied surface states. However, only one surface state
observed in a previous experiment using the same geom
but samples with three domains.31 Thereby, emission from
three regions of the surface Brillouin zone becomes mi
and blurs the features ink space.

In order to clarify theE(k) band dispersion further we
have set out to map the bands of a single domain. In a
tion, we use improved experimental equipment that has
come available in the meantime, such as energy plus a
multidetection. Using synchrotron radiation the photon e
ergy is tuned to the optimum cross section for detecting s
face states on Si~111!, which is near 34 eV~Refs. 5,8,32,33,
and references therein!.

The easiest way to produce a three domain Li-indu
(331)-reconstructed Si~111! surface is Li adsorption and
subsequent thermal desorption of the excess amount to
ceive the (331) structure.13 This preparation relies entirel
on thermal programmed desorption~TPD! spectroscopy and
produces the desired structure reproducibly with minim
effort. Since our arguments above rely to a large extent
electron counting, it is important to know the absolute co
erage of the metal semiconductor interface.34 Both topics,
preparation and coverage determination, have been ex
sively described in separate papers.13,35

A single-domain (331) reconstruction is obtained from
Si~111! surfaces slightly miscut towards the@ 1̄1̄2# azimuthal
direction. The resulting steps are used as template to o
the Li chains parallel to the step edges.1,7,8,36,37With this
method we are able to acquire spectra for well-defined m
menta both parallel and perpendicular to the chains.

II. EXPERIMENT

The ARPES spectra were taken at a substrate temper
between 200 and 300 K with a hemispherical SCIENTA ph
toelectron spectrometer~SES 200! equipped with energy and
angle multidetection. It was coupled to a 4 mnormal inci-
dence monochromator at the Synchrotron Radiation Ce
~SRC! in Madison. Connected to the analyzer chamber wa
preparation chamber where low-energy electron diffract
~LEED!, a Li getter source~SAES Getters!, and sample heat
ing was available. The base pressure in the prepara
chamber was at 1.5310210 mbar and the one in the analyz
chamber was believed to be in the same range. There wa
ion gauge installed near the sample, since firstly the free
from it lead to an enhanced deposition of rest gas atoms
or molecules on the sample surface and secondly the ele
static fields of the ion gauge may distort the static elec
spectrometer fields. From the readings of the other
gauges in the chamber and from the fading rate of the
31) surface state we believed, however, that the pressu
the sample has to be around a few 10210 mbar.

The samples were 4318 mm2 large slices of 0.5 mm
thick vicinal Si~111! wafers. The data shown are for a misc
07532
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of 2° in the @ 1̄1̄2# direction. The samples were clamped
one side between Ta plates and on the other side betw
sapphire plates with a Ta contact sheet to allow resis
heating. The heating current was passed parallel to the s
in order to avoid electromigration effects and st
bunching.38 The temperature was measured with an opti
infrared pyrometer. Sample and holder were outgassed at
K for at least half an hour. A clean surface was obtained
flashing the samples several times up to 1520 K for a f
seconds where the native oxide evaporates and the res
surface carbon diffuses into the bulk. After the last flash,
samples were postannealed at 1100 K for about 3 min
obtain a (737) surface with straight steps.37 We started the
preparation of the Li induced (331) structure by depositing
about three monolayers of Li at room temperature, measu
with a quartz crystal monitor in front of the sample. A tho
oughly outgassed Li getter source was used. As the
31)-Li reconstruction forms at a coverage of 1/3 of a mon
layer, we flashed the sample afterwards to 860 K to des
the surplus Li.13,35

We found that it is possible to produce Li-induced sing
domain (331) reconstructions using vicinal Si~111!
samples,39 while, for example, on the Na induced one ev
on vicinal surfaces all domains are evenly distributed with
slight preference for the@11̄0# direction.14 In order to obtain
a perfect single domain (331) reconstruction we teste
samples with various miscuts. For a sample miscut betw
0° and 0.5° this procedure led always to a three dom
reconstructed surface. However, already at a sample mi
of 1° the surface was predominantly single domain. T
sample eventually used for the photoemission experime
(n type, arsenic doped, 0.005V cm) had a miscut of 2°
towards the@21̄1̄# direction. With this sample the prepara
tion procedure led in its center area to a perfect single
main (331) surface with no other domains visible by LEE
@Fig. 1~a!#. In Fig. 1~b! the corresponding surface Brilloui
zones of the Si(111)-(131) and (331) surfaces are shown
The perfect single domain reconstruction existed only ove
range of about 439 mm2 in the middle of the sample, due t
a temperature gradient on the surface during flashing. S
the light spot was at most 2 mm in diameter this did n
affect the photoemission measurements.

The photoemission data in Figs. 2–6 were acquired a
photon energy ofhn534 eV giving a maximum yield for
surface states on Si~111! surfaces.8 Photon energies in the
range of 28 eV<hn<37 eV were used in order to demon
strate that there is no coupling of the observed surface s
to bulk states, which would manifest itself by a change
band energies with changinghn at fixed parallel momentum
ki . The energy resolution was 39 meV for the photons a
33 meV for the electrons with data points every 20 meV. A
measurements were performed withp-polarized light with
the plane of incidence containing the axis of the elect
spectrometer which was fixed at 61° from the incoming ph
tons. The chains in the surface reconstruction were in
perpendicular to this plane. TheE(k) band dispersion was
mapped by rotating the sample with the rotation axis perp
dicular to the plane of incidence while keeping the emiss
plane equal to it. Angular multidetection covered a range
0-2
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ELECTRONIC STRUCTURE OF THE SINGLE-DOMAIN . . . PHYSICAL REVIEW B68, 075320 ~2003!
12° with data points every 0.25°. For optimum overlap
adjacent angular ranges the sample was rotated in step
6°. Slight variations of the detector-efficiency times the a
lyzer transmission as a function of angle were corrected
normalizing the spectra to energy-integrated spectra take

FIG. 1. ~a! LEED image of the single-domain Si(111)-(
31)-Li surface at 80 eV. ~b! Surface Brillouin zones of
Si(111)-(131) and (331) surfaces.
07532
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the secondary electron spectrum. The procedure is to
spectra with identical analyzer settings, just at a photon
ergy 8 eV higher~42 eV!. Energy integrating these spect
yields the detector-efficiency times the analyzer transmiss
as a function of the emission angle. In panels~a! and ~c! in
Figs. 3 and 6 these measured angles were converted in va
of ki5A(2m/\2)Ekin sinue. We usedEkin528.5 eV corre-
sponding toE2EVBM520.9 eV where most of the feature
were observed. In the case of umklapp scattering this pro
dure leads to an error which is small in the angular ran
covered and in the case of the (331) surface, 0.04 Å21 at
most. This limit follows from the very value of the reciproc
lattice vector.45

As the data were taken while the sample was cool
down a small photovoltage needed to be considered.40 This
effect leads onn-type surfaces to a shift of the spectra
lower kinetic energies. Spectra taken at room tempera
immediately after the transfer into the analyzer were not
affected. These were used as energy reference, and th
creasing photovoltage shift upon cooling was taken out
adjusting the peak positions in successive spectra with o
lapping angular range. Because of the photovoltage ther

FIG. 2. Energy distribution of photoelectrons from the sing

domain Si(111)-(331)-Li surface atk50 (Ḡ). The valence band
maximumEVBM is determined from the high-energy cutoff by lin
ear extrapolation.
e-

f

te
FIG. 3. Photoemission data from the singl
domain Si(111)-(331)-Li surface forki along

@11̄0#, the direction of the chains.~a! Photoemis-
sion intensity versusE and ki ~high intensity
shown dark!. ~b! Energy distributions versus
angle from normal.~c! Data of part~a! after high
pass filtering, together with symmetry points o
the (331) surface@see Fig. 1~b!# and results of
peak fits ~white diamonds for the surface sta
and round symbols for the two bulk states!.
0-3
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C. BROMBERGERet al. PHYSICAL REVIEW B 68, 075320 ~2003!
an uncertainty of about 0.1 eV in the absolute position of
Fermi energy. Therefore, the energy scales in all figures
referred to the valence band maximum (EVBM), which we
found to be located at 0.48 eV below the Fermi energy in
agreement with the value of 0.43 eV from a previous work31

This value was obtained by comparing Si 2p core level spec-
tra to those of the (737) surface where the Fermi level
pinned.EVBM was determined by extrapolating the slope
the high energy end of the spectrum atḠ to zero yield~Fig.
2!. This procedure was independent of the photon ene
over the range 22 eV<hn<37 eV ~not shown!.

Contamination of the surface was monitored by the
crease of the oxygen 2p peak at26.2 eV and the decreas
of the surface state intensity. A fresh surface was prepa
every 30 min.

III. RESULTS

ARPES measurements for electron momenta along

@11̄0# and@ 1̄1̄2# crystallographic directions are summariz
in Figs. 3 and 6, respectively. Figure 3 gives theE(k) band
dispersion along the chains, Fig. 6 perpendicular to th
Panel ~b! always shows individual energy distributions

FIG. 4. Energy distribution of photoelectrons from the sing
domain Si(111)-(331)-Li surface at emission angles of621° @see
Fig. 3~b!#, showing the asymmetry in the intensities at positive a
negative emission angles.
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various angles, while panels~a! and~c! represent the photo
emission intensity versusE and k ~high intensity shown
dark!. ki is plotted in the repeated surface Brillouin zone
the (331) superlattice. Thereby we automatically take t
possibility of surface umklapp scattering@i.e., transfer of re-
ciprocal lattice vectors of the (331) surface lattice# into
account. Panel~c! has been filtered by a high pass to enhan
the visibility of the bands.

The data along the chains in Fig. 3 display a well pr
nounced surface state band at about 0.9 eV belowEVBM .
The state exists near the (331) Brillouin zone boundary
@vertical zig-zag line passing through theĀ point in Fig.
1~b!, with ki50.85 Å21 for Ā]. It is quenched near
ki560.5 Å21 probably due to interaction with the bul
bands~compare Fig. 7!. The bulk bands themselves are vi
ible as faint, steeply dispersing parabolas centered around
Ḡ point in Fig. 3. They are also visible near theM̄ point in
the second Brillouin zone atki51.64 Å21, which is equiva-
lent to C̄ in the first. There is no intensity atEF at 0.48 eV
aboveEVBM , confirming that the Si(111)-(331)-Li surface
is semiconducting. The intensity of the surface state is

-

d

FIG. 5. Energy distribution of photoelectrons from the sing

domain Si(111)-(331)-Li surface atĀ @see Fig. 1~b!#, showing a
strong surface state peak for a single-domain sample. A Gaussia
to the peak position and width plus a fit of a Fermi function to t
background is shown.
e-

s.
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r-
FIG. 6. Photoemission data from the singl
domain Si(111)-(331)-Li surface forki along

@ 1̄1̄2#, the direction perpendicular to the chain
~a! Photoemission intensity versusE andki ~high
intensity shown dark!. ~b! Energy distributions
versus angle from normal.~c! Data of part~a!
after high pass filtering, together with symmet
points@see Fig. 1~b!# and the top of the projected
bulk bands for a (331) reconstructed surface
~white line, from Ref. 24!. The arrows mark a
feature that may correspond to a surface st
found recently on the Ag induced (331) surface
~Ref. 24!. The ellipses show the periodic appea
ance of the back folded bulk bands.
0-4
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ELECTRONIC STRUCTURE OF THE SINGLE-DOMAIN . . . PHYSICAL REVIEW B68, 075320 ~2003!
symmetric aroundḠ in the ARPES spectra. This is seen b
comparing the intensities at corresponding positive and ne
tive emission angles, e.g., atue5621° ~Fig. 4!. Such an
asymmetry is typical for the photoemission cross section
surface states on Si~111!, which tends to be larger for grazin
incidence of the light where the perpendicular componen
the polarization vector dominates.8

Figure 5 shows an individual spectrum of the surface s
which demonstrates how pronounced the signal beco
when using a single domain sample. To determine an a
rateE(k) dispersion we fitted Gaussians to such energy
tributions, as shown in Fig. 5. For the rapidly dispersing b
bands such fits were performed with the momentum dis
bution curves~not shown!. The positions obtained from suc
fits are indicated in Fig. 3~c! by white diamonds for the sur
face state and by round symbols for the two bulk sta
aroundḠ. The bulk bands show almost a parabolic disp
sion whereas the surface state exhibits only a weak o
which indicates a rather localized state. It is compared w
band calculations in Fig. 7.

Figures 6~a!–6~c! show the ARPES data for momen
perpendicular to the chains withk along the@ 1̄1̄2# (Ḡ-C̄)
direction @C̄ is the zone boundary of the (331) zone per-
pendicular to the chains atki50.315 Å21, see Fig. 1~b!#. We
suggest that these spectra are dominated by bulk bands o
nating from the valence band maximum atk50 (Ḡ). The
bulk bands are folded back by the reciprocal lattice vecto
the (331) reconstruction, which gives some of the featu
in Fig. 6~c! a periodic appearance@see ellipses and arrows i
Fig. 6~c!#. This assignment is corroborated by the white li
in Fig.6~c! which marks the top of the projected bulk band
back folded by the (331) surface.24 Near the minima of the
white line one discerns a feature that might be related t
surface state@arrows in Fig. 6~c!#. If true, it would match a

FIG. 7. Band dispersion of surface states on single-dom
Si(111)-(331)-Li. Open circles are for a single domain~this ex-
periment!, full triangles for three domains~from Ref. 31!, and lines
for a local density calculation of the surface statesS1

1 , S2
1 , andS2

2

for the HCC model~Ref. 18!. The calculated bands are 0.31 e
higher than the experiments, pointing towards correlation effect
localized states.
07532
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recently found state~called S1) for the Ag-induced single-
domain (331) surface.24 In addition a few other feature
may be visible in Fig. 6~c! ~at about21 eV and below! as
well. But as they have no (331) periodicity they are related
to various superpositions of photoemission spectra from
back-folded bulk bands.

IV. DISCUSSION AND CONCLUSIONS

These photoemission results can be compared to prev
photoemission data from three-domain surfaces31 and to first
principles band calculations using the local density appro
mation~LDA !.18 The band dispersion along the chains agre
between single and multidomain experiments, as shown
Fig. 7 ~circles versus triangles!. Minor differences exist ink
regions where the photoelectron yield from the surface
very weak ~around ki50.7 Å21). Both data sets are als
consistent in the sense that they show only one surface
at 20.9 eV. The calculations, however, predict two surfa
state bands with the correct symmetry to be observable,
S1

1 andS2
1 ~bold lines in Fig. 7!. They are separated by 0.

eV at Ā, and the experimental band falls between them. T
suggests two possible explanations. Either, the obse
band is an unresolved combination ofS1

1 and S2
1 , or the

calculated bands need to be shifted down in energy such
the photoemission results correspond more favorable w
the data. The necessary shift is 0.31 eV.S1

1 would end up
inside the projected bulk bands in that case and loses ma
its surface character.

We can rule out the first interpretation based on the w
defined, sharp peaks observed for single domain surfa
such as that shown in Fig. 5~full width half maximum 0.33
eV!. The multidomain data gave less-defined, broader f
tures~full width half maximum 0.7–0.8 eV!, which did not
allow a distinction. In fact, the interpretation as unresolv
peaks was favored in Ref. 31.

To further corroborate the interpretation as down-shif
bands one can search for vestiges of the lower band (S1

1). It
is interesting to note that a feature exists nearḠ in our data
with an energy of20.9 eV~open circles in Fig. 7!. It would
connect with the calculatedS1

1 band after the downward
shift of 0.31 eV required to match theS2

1 band. A photoemis-
sion experiment using Ba as adsorbate23 found a weak sur-
face state~called S3), which may correspond toS1

1 in the
nomenclature used here.

The third band in the calculation (S2
2) has odd parity. As

explained in Ref. 18 the plane defined by the@11̄0# direction
and the surface normal is an approximate mirror plane
respect to the Si surface atoms which predominantly ge
ate the surface states~the Li atom turns out to be completel
ionized, at least theoretically!. If so, the matrix element for
photoemission in our geometry~polarization parallel to the
approximate symmetry plane! would be very small. And in-
deed an experiment with a the Ba induced (331)
reconstruction23 supports this reasoning. This experime
was performed with both polarization directions and theS2

2

band was found only for the perpendicular light polarizatio
We were not able to perform a measurement in this geom

in
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C. BROMBERGERet al. PHYSICAL REVIEW B 68, 075320 ~2003!
as it was not possible to rotate the experimental chambe
The energy shift of 0.31 eV required to bring experime

and theory into coincidence may have its origin in the inh
ent limitations of LDA calculations, particularly when ap
plied to semiconductor surfaces.41 First of all, the LDA ei-
genvalues are for a neutral ground state that does not m
the positive ion state created in photoemission. The L
approach becomes particularly questionable for locali
states with large electron correlations. Roughly speakin
localized state will be pulled down in energy by the Coulom
attraction of the hole. The observed surface state
Si(111)-(331)-Li falls into that category, based on its wea
E(k) dispersion and on its localized charge contours in LD
calculations. They show that the stateS2

1 is localized at one
Si surface atom in the HCC model~labeled ‘‘a’’ in Ref. 18!.
A similar situation has been encountered for H-induced s
face states on Si~111!, where LDA energies come out to
high by almost 0.5 to 1 eV relative toEVBM .42 Quasiparticle
calculations of the excited hole state within the GW appro
mation are able to explain the shift in large part.42 With these
results in mind it is suggestive to assume that the LDA c
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