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Electronic structure of the single-domain S{111)-(3X1)-Li surface
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The band structure of the single-domain Si(111x(®)-Li surface is investigated by angular resolved
photoelectron spectroscogpRPES with synchrotron radiation. Vicinal surfaces are used as templates for
obtaining a single-domain (81) 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-chan@¢CC) structure, but the calculated energy is 0.31 eV too high.
This shift is reminiscent of localized surface states on other silicon surfaces, sudi®B-Bi
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[. INTRODUCTION Fig. 1 in Ref. 16 for the “560560” model and Fig. 1 in Ref.
18 for the HCC model There are four nonequivalent Si
Low-dimensional systems have attracted a great deal cfurface atoms which form a planar honeycomb chain parallel
interest due to their unusual electronic properties. In recerip the surface while the metal atoms form a row in between
years, a new type of one-dimensional system has been créhese chains. For the “560560” model this configuration fol-
ated by self-assembly of atomic chains at stepped surfacdgws from a rehybridization of a Si atom froms®® to asp?
(for an overview see Ref.)1These are, in principle, ideal configuration which just leads to three planar bonds with
systems to observe the change from two-dimensional to onengles of 120° each in between them. In the HCC model the
dimensional character by changing the step spacing. Onglanar configuration is thought to be a consequence of a Si
dimensional systems are predicted to display strange featureouble bond as the four top Si atoms have almost the same
sometimes due to the strong electron-electron correlationsonfiguration as the planar disilene £8i). The calculated
that are imposed on electrons confined to a single directiorlectron density plot§ support this explanation.
in space. From energy considerations it seems obvious that the al-
Si(111) and its vicinal surfaces, in particular, have shownkali metal atoms act as electron donors, saturating the un-
a wealth of chain structures after depositing metal atoms ifpaired Si dangling bond in the ¢31) reconstruction. This
the submonolayer regime. Metallic chains have been foundside, very little is known about the role of the metal atom in
with In (Ref. 2 and with Au on a variety of vicinal the reconstruction itself. Recent NMR experiméht§ con-
surfaces!° Semiconducting (% 1) structures are formed tributed new information about the local geometry and the
by alkali metals, alkaline earths, and by Ag?* electronic structure of the Li site. A large, positive electric
Our focus lies on the fairly large group of metal-driven field gradient at the adsorbed Li nucleus places the Li site
(3% 1) reconstructions that spontaneously break the thregnside surrounding Si atoms and not above the surface, in
fold symmetry of the flat $i11) surface. They can be accordance with the “560560” and HCC models. The ques-
formed by a rather simple proceduisee Ref. 13, and refer- tion of a completely ionized Li atom which is an essential
ences therein In addition to their quasi-one-dimensional component of the HCC-mod&lwill be accessible to an ex-
structure they exhibit quite unusual chemical and electronig@erimental test through nuclear spin relaxation experiments
properties for an alkali-covered surface, such as low oxygefT; times.?*3°If theoretical predictions of a completely ion-
uptaké® and a large surface band gap of about 1°®V. ized Li adsorbate in the (81) reconstruction are trué the
Since its first observatidh?the (3x 1) reconstruction of relaxation rate 1/, should vanishno s-electron density at
the Si111) surface has generated widespread interest. Dethe nucleus
spite some uncertainties about the details of the atomic ar- Even though the (1) reconstruction can be obtained
rangement there is a consensus that this reconstruction g/ adsorption of various metal atoms, such as Li, Na, K, Ag,
driven by the metal adsorbate and that it occurs for monovaMg, Ca, or Ba, the Li-induced reconstruction is of special
lent adsorbates at a metal coverage of 1/3 of a monolayeimportance because of the simple electronic structure of Li
measured in units of one @il1) layer (see Refs. and its accessibility to NMR measurements. The favored
13,15,18,20,21, and references thereln all the structural models(HCC and “560560%) have five Si surface orbitals
model$°~1?"the metal atoms form one chain per unit cell, per unit cell and thus five surface states. There are altogether
which are separated by Si chains. Among the proposed strusix electrons available to fill these states, five from the Si
tural models, the recent “560560” modéf'”and the similar  atoms and one from the Li atom. Since the surface is semi-
honeycomb-chain-channéHCC) modet® have the lowest conducting we expect three filled surface states and two
total energies and explain most of the structural features seeampty ones. There is no calculated band structure for the
in STM and diffraction experiments. These two models con-‘560560" model. The calculated band structure of the HCC
tain almost the same arrangement of the surface ateees model’® however, confirms this reasoning with three occu-
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pied surface state ban@ , S, , andS, . The symmetry of  of 2° in the[112] direction. The samples were clamped at
the S, state prevents it to be observed in our photoemissiommne side between Ta plates and on the other side between
geometry p-polarized light with the plane of incidence in- sapphire plates with a Ta contact sheet to allow resistive
cluding the chain direction Therefore, we expect to see two heating. The heating current was passed parallel to the steps
occupied surface states. However, only one surface state wis orQIerss to avoid electromigration effects and step
observed in a previous experiment using the same geometBHnching™ The temperature was measured with an optical
but samples with three domaifsThereby, emission from infrared pyrometer. Sample and holder were outgassed at 970

three regions of the surface Brillouin zone becomes mixed< for at least half an hour. A clean surface was obtained by

and blurs the features i space. flashing the samples several times up to 1520 K for a few
; ; : seconds where the native oxide evaporates and the residual

In order to clarify theE(k) band dispersion further we surface carbon diffuses into the bulk. After the last flash, the

have set out to map the bands of a single domain. In addléamples were postannealed at 1100 K for about 3 min to

tion, we use improved experimental equipment that has be'btain a (7 7) surface with straight steg&We started the

come available in the meantime, such as energy plus angle . - "
multidetection. Using synchrotron radiation the photon en-g[)%%?rﬁ]t;gg (r)rrotﬂgls g;glé;eﬂ g??goir%gxrzg);uigp(r):gg;%re d
ergy is tuned to the optimum cross section for detecting sur- Y P '

o with a quartz crystal monitor in front of the sample. A thor-
;C;rztgrisnggsstﬁel)r’emhmh is near 34 e\(Refs. 5,8,32,33, oughly outgassed Li getter source was used. As the (3

The easiest way to produce a three domain Li-induce 1)-Li reconstruction forms at a coverage of 1/3 of a mono-
(3% 1)-reconstructed §111) surface is Li adsorption and ayer, we flashed the sample afterwards to 860 K to desorb

subsequent thermal desorption of the excess amount to rg]e surplus Li->*

bsed 3p . ; . . We found that it is possible to produce Li-induced single-
ceive the (3 1) structure:® This preparation relies entirely domain (3<1) reconstructions using vicinal (@f1)
on thermal programmed desorpti6APD) spectroscopy and 9

9 . .
produces the desired structure reproducibly with minimumsampleg’ while, for example, on the Na induced one even

effort. Since our arguments above rely to a large extent og" vicinal surfaces all domains are evenly distributed with a
electron counting, it is important to know the absolute cov-Slight preference for thg110] direction:“ In order to obtain
erage of the metal semiconductor interfd¢eBoth topics, @ Perfect single domain (81) reconstruction we tested
preparation and coverage determination, have been extefi@mples with various miscuts. For a sample miscut between
sively described in separate pap&ts® 0° and 0.5° this procedure led always to a three domain

A single-domain (3<1) reconstruction is obtained from reconstructed surface. However, already at a sample miscut

Si(111) surfaces slightly miscut towards th&12] azimuthal of n]1- Ithevsgtrfaclzle :’JV:; d aroerdt%rgIn?]rc])ttl())lei:?sgslﬁ)nd%?(]ag:i.mg;ﬁs
direction. The resulting steps are used as template to orier?f" pie eventually P P

the Li chains parallel to the step edde3637with this (1 tYPe, arsenic doped, 0.083c¢m) had a miscut of 2°
method we are able to acquire spectra for well-defined motowards the[211] direction. With this sample the prepara-

menta both parallel and perpendicular to the chains. tion procedure led in its center area to a perfect single do-
main (3X 1) surface with no other domains visible by LEED

[Fig. 1(@]. In Fig. 1(b) the corresponding surface Brillouin
zones of the Si(111)-(X 1) and (3x 1) surfaces are shown.
The perfect single domain reconstruction existed only over a
The ARPES spectra were taken at a substrate temperaturange of about &9 mn¥ in the middle of the sample, due to
between 200 and 300 K with a hemispherical SCIENTA pho-a temperature gradient on the surface during flashing. Since
toelectron spectrometéBES 200 equipped with energy and the light spot was at most 2 mm in diameter this did not
angle multidetection. It was coupled & 4 mnormal inci-  affect the photoemission measurements.
dence monochromator at the Synchrotron Radiation Center The photoemission data in Figs. 2—6 were acquired at a
(SRO in Madison. Connected to the analyzer chamber was ghoton energy ohv=34 eV giving a maximum yield for
preparation chamber where low-energy electron diffractiorsurface states on @il1) surface$ Photon energies in the
(LEED), a Li getter sourc¢éSAES Getterg and sample heat- range of 28 evshy<37 eV were used in order to demon-
ing was available. The base pressure in the preparatiostrate that there is no coupling of the observed surface state
chamber was at 13610 '° mbar and the one in the analyzer to bulk states, which would manifest itself by a change of
chamber was believed to be in the same range. There was mand energies with changiriy at fixed parallel momentum
ion gauge installed near the sample, since firstly the free ionk . The energy resolution was 39 meV for the photons and
from it lead to an enhanced deposition of rest gas atoms arTB% meV for the electrons with data points every 20 meV. All
or molecules on the sample surface and secondly the electrsmeasurements were performed witkpolarized light with
static fields of the ion gauge may distort the static electriche plane of incidence containing the axis of the electron
spectrometer fields. From the readings of the other iorspectrometer which was fixed at 61° from the incoming pho-
gauges in the chamber and from the fading rate of the (3ons. The chains in the surface reconstruction were in or
X 1) surface state we believed, however, that the pressure perpendicular to this plane. TH&(k) band dispersion was
the sample has to be around a few dmbar. mapped by rotating the sample with the rotation axis perpen-
The samples were 18 mnt large slices of 0.5 mm dicular to the plane of incidence while keeping the emission
thick vicinal S(111) wafers. The data shown are for a miscut plane equal to it. Angular multidetection covered a range of

Il. EXPERIMENT
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FIG. 2. Energy distribution of photoelectrons from the single-
domain Si(111)-(X 1)-Li surface atkk=0 (I'). The valence band
4 maximumE,gy, is determined from the high-energy cutoff by lin-
@) ear extrapolation.

[112] the secondary electron spectrum. The procedure is to take
T_, spectra with identical analyzer settings, just at a photon en-
ergy 8 eV highern(42 eV). Energy integrating these spectra
yields the detector-efficiency times the analyzer transmission
as a function of the emission angle. In pan@lsand(c) in
Figs. 3 and 6 these measured angles were converted in values
of k= J(2m/4?)Eyin Sin6,. We usedE,;,=28.5 eV corre-
sponding toE— Eygy= —0.9 eV where most of the features
were observed. In the case of umklapp scattering this proce-
dure leads to an error which is small in the angular range
covered and in the case of theX3) surface, 0.04 A at
most. This limit follows from the very value of the reciprocal
. . o lattice vectof®
FIG. 1. (2 LEED image of the single-domain Si(111)-(3  As the data were taken while the sample was cooling
X-l)-LI surface at 80 eV.(b) Surface Brillouin zones of down a small photovoltage needed to be consid&ddhis
Si(111)-(1x1) and (3x 1) surfaces. effect leads om-type surfaces to a shift of the spectra to
lower kinetic energies. Spectra taken at room temperature
12° with data points every 0.25°. For optimum overlap ofimmediately after the transfer into the analyzer were not yet
adjacent angular ranges the sample was rotated in steps affected. These were used as energy reference, and the in-
6°. Slight variations of the detector-efficiency times the anacreasing photovoltage shift upon cooling was taken out by
lyzer transmission as a function of angle were corrected bydjusting the peak positions in successive spectra with over-
normalizing the spectra to energy-integrated spectra taken dapping angular range. Because of the photovoltage there is

[110]

(b)
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3 _ FIG. 3. Photoemission data from the single-
1.0 % 1.0 33 K domain Si(111)-(%1)-Li surface fork; along
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1
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FIG. 4. Energy distribution of photoelectrons from the single-
domain Si(111)-(X 1)-Li surface at emission angles af21° [see
Fig. 3(b)], showing the asymmetry in the intensities at positive an
negative emission angles.

FIG. 5. Energy distribution of photoelectrons from the single-
gdomain Si(111)-(31)-Li surface atA [see Fig. 1b)], showing a
strong surface state peak for a single-domain sample. A Gaussian fit
to the peak position and width plus a fit of a Fermi function to the

an uncertainty of about 0.1 eV in the absolute position of thé?ackground is shown.

Fermi energy. Therefore, the energy scales in all figures are, . .
2 . arious angles, while pane{s) and(c) represent the photo-
referred to the valence band maximutgy), which we emission intensity versug and k (high intensity shown

found to be located at 0.48 eV below the Fermi energy in fair

agreement with the value of 0.43 eV from a previous wirk. dark. k; is plotted in the repeated surface Bn_lloum zone of
. . . : the (3X1) superlattice. Thereby we automatically take the
This value was obtained by comparing i 2ore level spec-

tra to those of the (X 7) surface where the Fermi level is possibility of surface umklapp scatterifige., transfer of re-

inned. E was determined by extrapolating the slope atciprocal lattice vectors of the (81) surface latticg into
pinned. Evew y extrap gt OP€ AL, ccount. Pandk) has been filtered by a high pass to enhance
the high energy end of the spectrumlato zero yield(Fig.

J ) the visibility of the bands.
2). This procedure was independent of the photon energy the data along the chains in Fig. 3 display a well pro-
over the range 22 e¥hv=37 eV (not shown. _ nounced surface state band at about 0.9 eV befq, .

Contamination of the surface was monitored by the in—Tha state exists near the ¥a) Brillouin zone boundary
crease of the oxygenm®peak at—6.2 eV and the decreasee%/ertical zig-zag line passing ihrough e point in Fig.

of the surface state intensity. A fresh surface was prepar ] - _
every 30 min. 1(b), with k=0.85 A"t for A]. It is quenched near

ki==0.5 A~ probably due to interaction with the bulk
bands(compare Fig. Y. The bulk bands themselves are vis-
ible as faint, steeply dispersing parabolas centered around the
ARPES measurements for electron momenta along th& point in Fig. 3. They are also visible near thve point in
[110] and[112] crystallographic directions are summarized the second Brillouin zone &=1.64 A”*, which is equiva-
in Figs. 3 and 6, respectively. Figure 3 gives k) band lent to C in the first. There is no intensity & at 0.48 eV
dispersion along the chains, Fig. 6 perpendicular to themaboveE,g,, , confirming that the Si(111)-(81)-Li surface
Panel (b) always shows individual energy distributions at is semiconducting. The intensity of the surface state is not

Ill. RESULTS

{
c( )

FIG. 6. Photoemission data from the single-
|t axt domain Si(111)-(X1)-Li surface fork; along

c" [112], the direction perpendicular to the chains.
_ (&) Photoemission intensity vers&sandk (high
8«1 intensity shown dark (b) Energy distributions
c versus angle from normalc) Data of part(a)
after high pass filtering, together with symmetry
x points[see Fig. 1b)] and the top of the projected
0 bulk bands for a (¥X1) reconstructed surface
(white line, from Ref. 24 The arrows mark a
3x1 feature that may correspond to a surface state
o found recently on the Ag induced &31) surface
(Ref. 24. The ellipses show the periodic appear-

-2.0 0.0 -2.0' ' 0.0' 2.0 0.0 ance of the back folded bulk bands.
(@) EBweuleVl  (b) E-EyemleV] (©) E-EyauleV]

Intensity [arb. u.]
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recently found statécalled S;) for the Ag-induced single-
domain (3x1) surface€® In addition a few other features
may be visible in Fig. &) (at about—1 eV and below as
well. But as they have no (81) periodicity they are related

to various superpositions of photoemission spectra from the
back-folded bulk bands.

IV. DISCUSSION AND CONCLUSIONS

These photoemission results can be compared to previous
photoemission data from three-domain surfatasd to first
principles band calculations using the local density approxi-
mation(LDA).*® The band dispersion along the chains agrees
between single and multidomain experiments, as shown in
! ' T Fig. 7 (circles versus trianglesMinor differences exist irk
0 0.5 K, [A'1]1'0 15 regions where the photoelectron yield from the surface is
very weak (aroundk =0.7 A~1). Both data sets are also

FIG. 7. Band dispersion of surface states on single-domairconsistent in the sense that they show only one surface state
Si(111)-(3x 1)-Li. Open circles are for a single domaithis ex- at —0.9 eV. The calculations, however, predict two surface
perimeny, full triangles for three domaingrom Ref. 31, and lines  state bands with the correct symmetry to be observable, i.e.,
for a local density calculation of the surface stegs S; , andS, sf ands;r (bold lines in Fig. 7. They are separated by 0.6

Lc;r r:zstr?;cih?céieléi;f.e nltz Tgﬁtiﬁalig\l/?;?gsbci??eﬁa?ir:n %f?;c?svo eV atA, and the experimental band falls between them. That
Iogalize d states P P 9 guggests two possible explanations. Either, the observed
' band is an unresolved combination 8f andS; , or the
symmetric around in the ARPES spectra. This is seen by calculated bands need to be shifted down in energy such that
comparing the intensities at corresponding positive and negd® Photoemission results correspond more favorable with
tive emission angles, e.g., @=+21° (Fig. 4. Such an the data. The necessary shift is 0.31 &Y. would end up
asymmetry is typical for the photoemission cross section ofnside the projected bulk bands in that case and loses mainly
surface states on @il1), which tends to be larger for grazing its surface character. _
incidence of the light where the perpendicular component of We can rule out the first interpretation based on the well-
the polarization vector dominatés. defined, sharp peaks observed for single domain surfaces,
Figure 5 shows an individual spectrum of the surface statéuch as that shown in Fig. @ull width half maximum 0.33
which demonstrates how pronounced the signal becomeV). The multidomain data gave less-defined, broader fea-
when using a single domain sample. To determine an accdures (full width half maximum 0.7-0.8 e) which did not
rate E(k) dispersion we fitted Gaussians to such energy disallow a distinction. In fact, the interpretation as unresolved
tributions, as shown in Fig. 5. For the rapidly dispersing bulkP€aks was favored in Ref. 31. _ _
bands such fits were performed with the momentum distri- 10 further corroborate the interpretation as down-shifted
bution curvesnot shown. The positions obtained from such bands one can search for vestiges of the lower b&jd. (It
fits are indicated in Fig. (8) by white diamonds for the sur- is interesting to note that a feature exists nEan our data
face state and by round symbols for the two bulk statesvith an energy of-0.9 eV (open circles in Fig. ) It would
aroundl’. The bulk bands show almost a parabolic disper-connect with the calculate®, band after the downward
sion whereas the surface state exhibits only a weak oneshift of 0.31 eV required to match tt& band. A photoemis-
which indicates a rather localized state. It is compared withsion experiment using Ba as adsorBafeund a weak sur-

band calculations in Fig. 7. face state(called S3), which may correspond t8; in the
Figures 6a)—6(c) show the ARPES data_for momenta nomenclature used here.
perpendicular to the chains withalong the[112] (I'-C) The third band in the calculatior{ ) has odd parity. As

direction[ C is the zone boundary of the §31) zone per- explained in Ref. 18 the plane defined by fAd.0] direction
pendicular to the chains &f=0.315 A1, seeFig. Ib)]. We and the surface normal is an approximate mirror plane in
suggest that these spectra are dominated by bulk bands origespect to the Si surface atoms which predominantly gener-
nating from the valence band maximumlat0 (I'). The ate the surface statéthe Li atom turns out to be completely
bulk bands are folded back by the reciprocal lattice vector ofonized, at least theoretica)lylf so, the matrix element for
the (3x 1) reconstruction, which gives some of the featuresphotoemission in our geometipolarization parallel to the

in Fig. 6(c) a periodic appearangsee ellipses and arrows in approximate symmetry plapvould be very small. And in-
Fig. 6(c)]. This assignment is corroborated by the white linedeed an experiment with a the Ba induced X(B)

in Fig.6(c) which marks the top of the projected bulk bands,reconstructio?? supports this reasoning. This experiment
back folded by the (% 1) surface?* Near the minima of the was performed with both polarization directions and 8e
white line one discerns a feature that might be related to &and was found only for the perpendicular light polarization.
surface stat¢arrows in Fig. €c)]. If true, it would match a We were not able to perform a measurement in this geometry
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as it was not possible to rotate the experimental chamber. culations underbind the weakly dispersing states3 to

The energy shift of 0.31 eV required to bring experiment—0.4 eV. An investigation of these final state effects with
and theory into coincidence may have its origin in the inher-methods, such as dynamical mean-field theory of strongly
ent limitations of LDA calculations, particularly when ap- correlated fermion systeffis**#4would probably shed new
plied to semiconductor surfac&sFirst of all, the LDA ei-  light to this interesting problem.
genvalues are for a neutral ground state that does not match In conclusion the electronic structure of the single-domain
the positive ion state created in photoemission. The LDASIi(111)-(3X 1)-Li surface was studied by means of angular
approach becomes particularly questionable for localizedesolved photoemission spectroscopy using single-domain
states with large electron correlations. Roughly speaking, gurfaces and improved resolution. The observed surface state
localized state will be pulled down in energy by the Coulomboriginates from a single band, which is shifted down from its
attraction of the hole. The observed surface state omDA energy by 0.31 eV due to final state effects within the
Si(111)-(3x1)-Li falls into that category, based on its weak localized surface electrons.
E(k) dispersion and on its localized charge contours in LDA
calculations. They show that the st&g is localized at one
Si surface atom in the HCC modgabeled “a” in Ref. 18.
A similar situation has been encountered for H-induced sur- This work was supported by the Deutsche Forschungsge-
face states on Gill), where LDA energies come out too meinschafifDFG), Bonn, Germany. The authors would also
high by almost 0.5 to 1 eV relative 8,5 .*> Quasiparticle like to thank the staff of the Synchrotron Radiation Center
calculations of the excited hole state within the GW approxi-(SRQO where this work was conducted. The SRC is sup-
mation are able to explain the shift in large p&rith these  ported by the NSF under Award No. DMR-0084402, FJH by
results in mind it is suggestive to assume that the LDA calNSF under Award No. DMR-9815416.
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