PHYSICAL REVIEW B VOLUME 54, NUMBER 15 15 OCTOBER 1996-1

Band dispersions of thesr-bonded-chain reconstruction of S{111)3x 1-Li:
A critical evaluation of theory and experiment
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The surface-state band-structure of the three-domdihl®Bx1-Li reconstruction has been determined
using angle-resolved photoemission. Experimental band dispersions are compared to theoretical calculations
for the extended Pandey model and the Seiwatz model. Even though the extended Pandey model is favored on
the basis of scanning tunneling microscopy and total-energy considerations, the calculated surface states are
inconsistent with experiment. The calculated states for the Seiwatz model are consistent with the experimental
dispersion along the main symmetry directiofi A) but serious discrepancies exist in other parts of the
Brillouin zone. The disparity between the density-functional-theory calculations and experiment indicate that
exchange and correlation bonded Si chains may need to be analyzed beyond the mean-field band-structure
approach[S0163-182806)03039-1

[. INTRODUCTION [1120] direction which are separated by dark channels. Sev-
eral models have been proposed to explain these inf4ges.
The complexity of semiconductor surface reconstructiondgHowever, with the determination of the absolute metal cov-
poses a tremendous challenge to the surface scientist. It to@gage(: ML),*® the number of realistic candidates has been
26 years of combined efforts to solve the structure of theeduced to two, namely, the Seiwatz md@iél and the ex-
Si(111)7x7 surface® Other reconstructions such as tended Pandey mod8I(Fig. 1).
Si(111)2x1.27° Si(111)(y3% \3)R30°-Ag®” and S{111)5 The Seiwatz moddFig. 1(a)] was first proposed by Weit-
x2-Au (Ref. 8 were solved after many years of experimen-ering and co-worker§ and later independently by Sakamoto
tal and theoretical research. One of the main difficulties inand co-workers! In this model, fivefold Si rings form quasi-
establishing a “final” model is the need to reconcile the one-dimensionatr-bonded Si chains alond 10], separated
seemingly conflicting results from numerous experimentaby channels which can accommodate upitML of metal
and theoretical studies. Generally speaking, surface x-ragtoms. To account for the asymmetry in the STM
diffraction is the most straightforward technique for the de-
termination of the surface structure. Nonetheless, the “best
fit” to the diffraction data still needs to be consistent with
results from other measurements. For example, diffraction
studies have led to conflicting structural models for the
Si(111)(v3% \/3)R30°-Ag reconstructiof}® The precise
structural model was pinned down later when density-
functional-theory calculations identified the honeycomb-
chained-trimer model as the Ilowest total-energy
configuratioi and nicely reproduced published scanning
tunneling microscopySTM) images! and surface-state dis-
persions in angle-resolved photoemissidA.Such a com- ‘ i
parison between theory, STM, and angle-resolved photo-§ 7 7 7 7 7 T
emission data is also of paramount importance even if the ® o > v v oo oo e o o o
interface structure has been firmly established by other Seiwatz extended
means because it reveals how accurately state-of-the-art elec- Pandey
tronic structure calculations can reproduce the ground-state
properties of the interface. FIG. 1. Idealized geometrigsinrelaxed and nonbucklgdf the
One puzzle that remains to be solved is the alkali-induce&ejwatz model(a) and the extended Pandey modé) for the
Si(111)3X1 reconstruction. This reconstruction has attractednetal-induced $111)3x1 reconstructior{Refs. 16 and 20 Total-
considerable attention recently after it was found that thisnergy calculations by Erwin suggest that the fivefold Si rings of
surface exhibited unusual chemital and electronic  the Seiwatz model and sevenfold rings of the extended Pandey
properties:* Filled-state STM images of &i11)3X1-Na re-  model undergo a Jahn-Teller distortion, resulting in a buckling of
vealed the presence of zigzag rows of adatoms parallel to thiae 7-bonded Si chains.
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image of S{111)3x1-Li,*® Weitering et al. suggested that quench the substrate as soon as the deposition was stopped.
the m-bonded chains exhibit a Peierls-like instability, result- Otherwise, thermal desorption of the metal species would
ing in a modulation of the Si-Si bond length along thelead to a coexistence aBx1) and (7X7) domains. After
chains'® This situation would resemble the dimerization in cooling to RT, high quality three-domaiBx 1) (LEED) pat-
conjugated polymers such as polyacetyléh@he Seiwatz terns were observed.
model also appeared to be the best fit to the x-ray-scattering The theoretical dispersion curves for the Seiwatz and Pan-
data from the Si111)3X1-Ca interface although the issue of dey models were calculated from first principles, within the
dimerization was left opef? framework of the local-density approximatiofi.DA) to

The extended Pandey modgtig. 1(b)] was introduced density-functional theoryDFT). The calculations were per-
independently by Erwi? and by Okudaet al,'® and was formed using the electronic-structure code of Teter, Payne,
proposed as the correct structural model on the basi$) of and Allan?* which solves the Kohn-Sham equations with a
first-principles total-energy calculations for Li, Na, K, and plane-wave basis using norm-conserving pseudopotentials.
Rb adsorbates, andi) the close correspondence betweenThe two reconstructions were modeled by a slab-supercell
theoretical and experimental STM imad8sThe total- geometry, and full structural relaxation was performed by
energy results slightly favored the Pandey model relative tdollowing the Hellmann-Feynman forces until the root-mean-
the Seiwatz modefby ~0.1 eV/cel) for K and Rb but the square forces were no more than 0.05 eV/A; details of the
difference was negligiblé~0.01 eV/cell for Li and Na. computational procedure can be found in Ref. 20. For the
According to the calculations, the-bonded chains of the dispersion curves, the slabs were passivated on one side with
fully relaxed Pandey and Seiwatz structures are buckletl, hydrogen in order to obtain a single set of surface states.
dimerized. Alternatives such as adsorption on the bulk+rom the full eigenvalue spectrum, surface states were iden-
truncated surfaces and substitutional models were found ttified by examining the electronic density associated with
be significantlyhigher in energy. each separate band state. Only states with strong components

In this paper, we present angle-resolved photoemissionn surface atoms were labeled as true surface states.
data of the Sil11)3X1-Li surface and compare the results
with density-functional-theory calculations of the surface-
state dispersions for the Seiwatz model and extended Pandey
model. In addition, we present Sip2and Li 1s core-level A. The surface-state band structure
photoemission data. The experimental surface-state disper-
sions agree in part with those calculated for the relaxed Sei-

matz rhecotntitrufctlllon ?Ut tg'ﬁl agreementF dtohes not Tr?l ion angles. In Fig. @) the light beam, polarization vector,
roughout the full surface briflouin zone. FUrtn€rmore, e,y yetector are all in the plane defined by the surface nor-

zigzag chains observed in STM are inconsistent with thef'nal and thd 110] direction (shaded plane in Fig.)3Figure

relaxed Seiwatz reconstruction. The relaxed Pandey reCO%a) thus represents the dispersion along the chain direction,
struction predicts ar-bonded chain surface state that is;

. o i.e.,[110]. Due to the threefold symmetry of the underlying
strongly at odds with our photoemission data. However, pre'substrate, thé3x 1) surface is composed of three domains,

viously published STM data are consistent with this model.making angles of 120¢Fig. 4). Accordingly, the spectra in

Yﬁlgsglgigé?guﬁcsig\s/eral scenarios that possibly account fOI’:ig. 2(a) not only contain information about the surface-state
P : dispersion along th¢110] or I A direction but also along
theI" D direction. Likewise, the spectra in Fig( contain
information alongl” C andI" E. These symmetry symbols
for the (3x1) Brillouin zone follow the convention intro-
duced by Sakamotet all’ Unfortunately, it is impossible to
Angle-resolved photoemission experiments were carriedleconvolute the contributions from the various domains.
out at beam line U12b of the National Synchrotron Light Nonetheless, the photoemission data reveal the presence of a
Source at Brookhaven National Laboratory. The incidenfprominent surface state or resonance which is marked by the
light was dispersed by a toroidal grating monochromatorsolid line S. In Fig. 2a), it emerges as a surface resonance
The total-energy resolution is 0.15 eV at a photon energy ofiear ©.,~12.5° and disperses downward alofil0] to A
21.2 eV and 0.5 eV at a photon energy of 100 eV. Theand K (0.,~33° at K) where it enters the gap region in the
hemispherical analyzer has an acceptance angte26f The  projected bulk band structuréig. 5. The measured band
Fermi level of the spectrometer was calibrated from thewidth is ~0.6 eV. Note that the surface-state dispersion is
Fermi cutoff of a thick Li film, deposited near 77 K. Lightly not symmetric around the zone boundary atb&cause A
doped n-type Si{111) wafers were cut into 20 mnf  coincides with the Bpoint of the second3x1) Brillouin
samples, cleaned by the Shiraki method, and inserted into thmne[Fig. 4a)]. We also measured the dispersion along the
vacuum chamber which had a base pressure i@@!!  [112] orT C direction, i.e., normal to the chains, by moving
mbar. The thin oxide layer was removed by direct resistivethe detector out of the horizontal plane. These spectra reveal
heating to 850 °C. After cooling to room temperatyReT), a surface state which has a much smaller disperfsigh1
sharp(7Xx7) low-energy electron diffractiofLEED) patterns eV, Fig. 2b)]. To accurately map the dispersion aloR¢,
were consistently observed. The(Hi1)3x1-Li reconstruc- we determined the peak positions from the minima of the
tion was prepared by exposing the cleafil$il)7x7 surface  second derivatives. The experimental results are summarized
to a thoroughly degassed SAES Li getter source at a sampla a dispersion plot in Fig. 5(circles, using standard
temperature of 580 °C. Special care was taken to thermallprocedure$® The shaded areas in this plot represent the pro-

Ill. RESULTS AND DISCUSSION

Figure 2 shows the valence-band photoemission spectra
f a three-domain $111)3x1-Li surface for various emis-

Il. EXPERIMENTAL AND COMPUTATIONAL
PROCEDURES
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FIG. 3. Geometry of the angle-resolved photoemission experi-
ment when probing the band dispersion along the chain direction
[see Fig. 2a)]. The polarization vector of the synchrotron light and
the detector are both in the shaded plane which is defined by the
surface normah and the[110] direction. The angle of incidenag
is 45°.

expect for a single-domain surface. Furthermore, the experi-
mental dispersion alonfj C seems to follow the symmetry
of the 3x1 Brillouin-zone.

The solid lines in Fig. 5 are théheoreticaldispersions of
the filled states which possesgyanuine surface character
The full theoretical band structufencluding the bulk statgs
of the Seiwatz and extended Pandey models are shown in
Figs. §a) and @b), respectively. In Fig. 5, the theoretical
surface states of the extended Pandey model are offset by
0.55 eV in order to obtain a reasonable match with the ex-
perimental data points. No offset was needed for the Seiwatz
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FIG. 2. Angle-resolved photoemission spectra of the three-
domain S{111)3x1-Li surface along theéa) [110] and (b) [1 12]
direction for different emission angl€3, . Surface states are “con-
nected” by the solid line$ which are meant only as a guide to the
eye. The polarization vector of the incident radiation is in the plane
spanned by th¢110] vector and the surface norm@ee also Fig.

3). The angle of incidence af; is 45°. The photon energy is 21.2
eV. The valence-band maximum and Fermi energy are indicated by
the vertical dashed and dotted lines, respectively.

jection of the bulk bands onto th@11) plane®® The energy
scale is defined with respect to the valence-band maximum,
as determined from Si |2 core-level spectroscopySec.
[l B). This makes it possible to compare the data directly
with the dispersions from our first-principles calculations
(solid lines in Fig. 5.

A few features in the spectra are worth mentioning. First
of all, there is no emission intensity anywhere ngarand
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FIG. 4. (8 The surface Brillouin zones of the ($L1)1X1

hence the surface is semiconducting. Second, even thougfashes and Si111)3x1-Li reconstructiongsolid lines. The dot-
the surface consists of three domains, we measure a Stromgli lines serve as a guide to the eyl) Three equivalent 31
dispersion along the chain direction and a small dispersiomrillouin-zone-making angles of 120°. The symmetry symbols are
perpendicular to the chains. This is precisely what one woulddentical to those introduced by Sakametoal. (Ref. 17.
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FIG. 5. Band dispersions of the ($11)3x1-Li surface. The .
filled circles are the experimental data. The solid lines are the cal- F!G- 6. Full band structure of the Seiwatz model and ex-
culated surface-state bands of the Seiwatz mégleand extended ~tended Pandey modeb). The solid lines connect the electronic
Pandey modelb) with buckledgeometries. In order to obtain a States which have a true surface charadterand U’ are empty
reasonable match between theory and experiment, the theoreticiii"face states.
surface-state bandsf the extended Pandey model were offset by
0.55 eV. No offset was needed for the Seiwatz states. The shaddily occupied dangling-bond surface state of the “chain-up”
areas represent the projected band structure as calculated by lvan@atpm of them-bonded Si chainsS; has a large backbond
Mazur, and PollmanfRef. 26. The projected bulk bands @ and ~ component betweeh and K but at Mit has taken over the
(b) arenot vertically offset. dangling-bond character &,. S, is nicely reproduced by
experiment betweeh and A In between Aand K the data
states. The most noticeable differences in the theoreticahatch S;. Assuming that the three surface states along
surface-state dispersions between the Seiwatz and Pandgy-A—K cannot be properly resolved in experiment, there
models show up in the direction parallel to thebonded Si s a fairly good agreement between theory and experiment up
chains, i.e.[110]. Only subtle differences exist in the direc- to the K point. However, serious discrepancies exist beyond
tion normal to the chain directions. In fact, the calculationsthe zone boundary when probing the “upper edge” of the
did not reveal states with genuine surface character there. second(3x1) Brillouin zone (see Fig. 4 The channel-atom
According to theory, the extended Pandey reconstructiostateS, is clearly missing heréor too weak to be observed at
exhibits_a filled surface stat&,;, which dispersesipward  |arge emission anglgsvhereas the calculated dispersion of
along[110] for wave vectors approaching the zone boundarys; is inconsistent with experiment. In this regic{, changes
at A.ZO This is the surface state associated with thikonded from a backbond state at 6 a dang”ng-bond Surface state
Si chains and its dispersion is qualitatively similar to that ofat Mm: S, has lost its surface character in betweerard K.
another m7-bonded  chain  reconstruction,  namely, pespite the discrepancy between theory and experiment be-
Si(11)2x1.3° Another surface stateS,, dispersesdown-  yond theK point, we tentatively conclude that the angle-
ward along[110] to A and K This state is associated with resolved photoemission data are in better agreement with the

the outermost Si atoms of the sixfold rings, i.e., the channekeijwatz model. This will be discussed further in Sec. IIl C.
atoms?° 3, is roughly reproduced by experiment but the

agreement is far from satisfactory. The most disturbing dis-
crepancy, however, ithe absence of the upward dispersing
m-bonded surface state in experimeing., 2. Si 2p core levels were recorded with a photon energy of
The calculations for the Seiwatz reconstruction reveall20 eV(Fig. 7; see also Table.IThis is close to the limits of
three filled surface statdfabeledS,, S,, andS;) which all  our grating. The kinetic energy of the photoelectrons is thus
disperse downward along tH&10] direction to Aand K ~15 eV which means that the core-level spectra are not very
The surface stat&, is clearly associated with the channel surface sensitive. In order to enhance the surface sensitivity,
atoms throughout much of the Brillouin zor, is the dou- we moved the detector away from the surface normal to

B. The core levels
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FIG. 8. Li 1s core-level spectrum, fitted with two components.
FIG. 7. Si 20 core-level photoemission spectrum of&i1)3 The background is a third-order polynomial function. Fitting pa-
x1-Li showing two surface core levels and one bulk component@meters are given in Table II. The photon energy is 91.32 eV.

The solid lines represent a nonlinear least squares fit to the experi- . ) -
mental spectrum, using Lorentzian lineshapes with a FWHM of 150 down-atoms” of the buckledr-bonded Si chains; the low-

meV, convoluted with a GaussiaffWHM=0.43 e\}. The back- binding-energy core has been attributed to the
ground is a third-order polynomial function. Fitting parameters are‘up-atoms.”” A tentative conclusion would be that the
given in Table I. The photon energy is 119.67 eV. m-bonded Si chains of the @i11)3X1-Li reconstruction are
also buckled, consistent with the LDA calculations. How-
grazing exit angles. The best fit to the core-level spectrunever, naively one would also expectchemically shifted
includes one bulk component and two surface components @iomponent for the Si atoms neighboring the alkali. This third
equal intensity, one on either side of the bulk peak. Thiscomponent is absent but most likely coincides with the bulk
deconvolution is very similar to that of the recently pub- core level. This is not unreasonable considering the fact that
lished high-resolution Si |2 core-level spectra of Gi11)3  other alkali/Si interfaces also lack any appreciable chemical
x1-Na(Refs. 18, 27, and 28&nd is also remarkably similar shift of the Si 2 core levef! The alternative interpretation
to that of S{111)2x1.2° Compared to the clean @il1)7x7 is that the high-binding-energy core is associated with the
surface, the bulk component has shifted 0.20 eV towardikali-bonded Si atoms and that the low-binding-energy core
lower binding energy. The Fermi leveEf) at the (7X7)  corresponds to ther-bonded chaing This, however, is
surface is pinned at 0.63 eV above the valence-band maxhighly unlikely because it would require an intensity ratio of
mum (VBM).2® We thus infer that for $111)3x1-Li, 1:2. Based on the similarity between the core levels of
Er—Eygu=0.43 eV. Si(111)2X1 and S{111)3x1-Li we conclude that the Sig2
The deconvolution of the Sif® core-level spectrum of core-level of S{111)3X1-Li is consistent with ducklingof
Si(111)2x1 can be understood as follo#sThe 7-bonded the m-bonded Si chain.
Si chains of Si111)2Xx1 exhibit a Jahn-Teller instability The Li 1s core level is displayed is Fig. &ee also Table
which induces a buckling of the chains, accompanied by al). First of all, we note that the binding energy of the main
charge transfer from the inward relaxed chain atoms to théine is exceptionally higt{56.9 eV}, even higher than that of
outward relaxed chain atoms. Accordingly, the high-binding-the Li 1s core in most Li halide$~56-57 e\}.** This could
energy core of $111)2x1 has been attributed to the be due to the ionic configuration of the Li atom, as indicated
by the LDA calculations, or to the lack of final-state screen-
TABLE |. Fitting parameters of the Sif2core-level spectrum ing at this nonmetallic interface, or perhaps both. Interest-
of Si(11)3x1-Li (Fig. 7). The branching ratio of the (%, and
2p4, components was fixed at 0.5. The spin-orbit splitting is 0.606 TABLE II. Fitting parameters of the Li 4 core-level spectrum
eV. The Gaussian full width at half maximu(@WHM) is 0.43 eV.  of Si(11)3X1-Li (Fig. 8. The Gaussian FWHM is 1.25 eV.

Core level 3 pI Bulk Core level Main line Satellite
Kinetic energy Si 5, (V) 14.86 15.72 15.26 Binding energy Li & (eV) 56.9 57.9
Relative intensityl /1 i, 0.138 0.138 0.724 Relative intensityl /144 0.75 0.25

Lorentzian FWHM(eV) 0.150 0.150 0.150 Lorentzian FWHM(eV) 0.125 0.125
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ingly, the Li 1s core cannot be fitted with a single compo- ~ TABLE lll. Consistencieg+) and inconsistencies-) between
nent. As can be seen, there is a need to include a secofie various experimental techniques, LDA calculations, and the pro-
component at higher binding energy. A similar observationPosed structural models. BP stands for buckled Pandey model. BS
has been made for @i11)3x 1-Na?"*® According to Paggel for buckled Seiwatz model, DP for dimerized Pandey model, and
etal, the high binding-energy component corresponds td®S for ’t,he dimerized Seiwatz model. The symkibimeans “un-
some alkali metal present at domain bound&fiesin some ~ Known.” The angle-resolved photoelectron spectroscOiRPES

precursor state to th@x 1) structure?® However, the excep- data are consistent with the buckled Seiwatz model florA —K

tionally high binding energy(57.9 eV} of this shoulder (see text

makes an .interpretation in terms of a simple initial state piC'Technique BP BS DP DS
ture questionable. It could perhaps represent a shake-up sat-

ellite. As pointed out previously, core-level spectra of alkaliSTMm + - O O
metals on various substrates tend to exhibit broad asymmetRrPES - + O O
ric line shapes and rather high binding energies, especially &j 2p core level + + _ _
very small coveragé>>* DFT-LDA + N _ _

C. Buckling versus dimerization configurationg? So far, no realistic alternatives have been

Total-energy considerations slightly prefer the extendegut forth. We therefore discuss the latter two alternatives
Pandey model over the Seiwatz reconstructfbim addition,  below.
the calculated STM images of the extended Pandey model A key structural unit of each of the two reconstruction
are in good agreement with experimérf whereas the models is a polysilenelike chain of Si atoms: in the Seiwatz
agreement is poor for thieuckledSeiwatz reconstructioff.  model it essentially sits on the unreconstructed substrate, and
However, the present study casts serious doubts on the ein the Pandey model it forms the upper part of the sevenfold
tended Pandey model. The most salient feature of the exings. The same chain occurs in th& 2 Pandey reconstruc-
tended Pandey model is the presence aflaonded surface tion of Si(111),® and an analogous polyacetylenelike chain
state that has a large positive dispersion along the chains faccurs in  G1112)2x13>% For the S{f111)2x1 and
wave vectors approaching the the zone bouné&arfhis  C(111)2x1 surfaces, the precise geometry and orientation of
state is clearly absent in angle-resolved photoemission. Thihis chain have been the focus of much theoretical and ex-
experimental data are consistent with the calculated dispeperimental scrutiny. Two distinct displacive distortions are
sion for the buckled Seiwatz model along the main symmetrygenerally considered: tilting, or buckling, of the plane of the
direction, i.e.,I’A. However, discrepancies exist at other chain with respect to the surface plane; and dimerization
points in the X1 surface Brillouin zone. along the chain. The former is often described as a band

We fully acknowledge the fact that the photoemissionJahn-Teller distortion, while the latter is a Peierls instability.
data from a three-domain surface should be interpreted witkor Si111)-2X1, precise LDA total-energy calculations
care. It is somewhat surprising that the experimental dispershow a substantial buckling-0.49 A), and no evidence for
sion along thg110] direction is much larger than along the dimerization whereas for the closely related(111)-2x1
[112], exactly what one would expect for_a single-domainsurface, identical calculations show substantial dimerization
surface. In addition, the dispersion along f€l2] direction  (1.4% but no buckling®>® The different behavior in Si and
seems to follow th€3 1) periodicity. However, because we C is in part explained by carbon’s larger Coulomb repulsion;
cannot deconvolute the contributions from the individual do-since buckling is accompanied by charge transfer between
mains, the prominent surface state in Figa)2may be a the two inequivalent chain atoms, this distortion is costlier
superposition of unresolved states along th& andI"'D  for C than for SF° It is not clear, however, whether one
directions. This does not prevent us from making some defidistortion always preempts the other, as appears to be the
nite conclusions. In fact, the lack of an upward dispersingcase in Si111)2x1 and G111)2X1.
surface state alon§A is in serious disagreementith the For the Pandey model of @&@i11)3X1-M
extended Pandey model. The possibility that we may havéM =Li,Na,K,Rb), Erwin’'s LDA total-energy calculations
missed this state because of symmetry selectionFutesst  also found a buckled geometry without any evidence for
be dismissed. ThgL10] direction is not in a symmetry plane dimerization?° consistent with the results for the Pandey re-
of the surface and hence, thebonded surface state does not construction of Sil11)-2x1;> for the S{111)3x1 Seiwatz
have a definite parity with respect to the emission plane. model, the equilibrium geometry was also buckled and again

Given the discrepancy between the theoretical and experno dimerization was fountl. As a consequence of these
mental surface-state dispersion, we now consider possibleuckled chain geometries, simulated STM images for the
resolutions. Broadly speaking, there are three distinct possBX1 Pandey model are consistent with experiment, while
bilities: (i) a completely different structural modéii) small  simulated images from the Seiwatz model were in strong
structural distortions to either the Pandey or Seiwatz modetontradiction. As we have noted, however, neither model
with an accompanying change in the band structurdjiior  leads to calculated dispersions in perfect agreement with ex-
electron correlation effects that alter ttguasiparticleband  periment. Table Ill summarizes the above discrepancies.
structure but leave the atomic geometry unchanged. Al- In light of this discrepancy, we propose the possibility of
though an entirely different model can never be ruled outgcoexistingstatic distortions, i.e., both buckling and dimeriza-
Erwin’s LDA calculations have clearly identified the tion. Three observations are pertinent. First, STM images
m-bonded chain models as the lowest total-energyrom Si(111)3X1-Li and S{111)3X1-Ag show a slight sym-
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metry breaking that is qualitatively consistent with claim to observe a surface state wjtbsitivedispersion par-
dimerization*>3®Second, the Sig core levels are consistent allel to the chains and interpreted this state as-laonded
with buckling Third, detailed studies of hypotheticahns  surface state. Based on the assumption thhbnded chains
polysilene (the analog oftrans-polyacetyleng have shown should have a positive dispersion, they also arrived at the
that when electron correlation is included via many-bodySeiwatz model; the issue of buckling versus dimerization
methods, substantial dimerization is predict8lo); in con-  was not discussed. However, in their photoemission data,
trast, density-functional theory with gradient corrections pre-this state wa®nly visible as a very weak shoulder near 30°
dicts only 1% dimerizatiori® Whether this result will carry emission angle. We therefore believe that the study of Saka-
over into the surface environment is at present not knowngnoto et al. does not provide strong evidence fotrebonded
but it is clear that exchange and correlation should be treatesurface state with positive dispersion. In contrast, the present
at a more rigorous level than in the LDA. The consequencestudy of S{111)3X1-Li reveals awell-resolvedsurface state
of a dimerization distortion for the surface-state dispersiorthat has anegativedispersion alongi110]. LDA calculations
are not clear, but we believe that substantial perturbations atey Jeong and Kang also predicted a negative dispersion for a
plausible. At the very least, we speculate that including thessimple ML adatom reconstructiof Even though their cal-
effects may alter both the detailed geometrical and electroniculated dispersion seems to be in qualitative agreement with
structure of the proposed reconstruction models. In the casaur experimental data, we dismiss this structure as a likely
of the extended Pandey model, such coexisting distortionsandidate because its total energy is well above that of the
would have to reverse the dispersion of thebonded m-bonded chains modefS.
dangling-bond states, in order to obtain agreement with ex-
periment. In the case of the Seiwatz model, however, addi- V. SUMMARY AND CONCLUSIONS
tional dimerization should only significantly alter the disper-
sion along the upper edge of the Brillouin zone and leave the We presented angle-resolved photoemission data of the
dispersion of ther-bonded dangling-bond state alofil0] three-domain $111)3Xx1-Li reconstruction and compared
more or less intact. A similar scenario has been reported fathe data with calculated dispersions for the Seiwatz model
C(111)2Xx1 where the quasiparticle bands of the buckled andand extended Pandey model. Among the large variety of pro-
dimerized geometries have similar dispersion parallel to thgposed structural models, thegebonded chain models rep-
m-bonded chains but opposite dispersion in other parts of theesent the lowest total-energy configuration. Nonetheless, the
surface Brillouin zond® m-bonded chain surface state of the extended Pandey recon-
The second alternative we consider here is of purely elecstruction could not be reproduced in experiment. The experi-
tronic origin. Pankratov and Scheffler have recently dis-mental dispersion along the main symmetry directibrA)
cussed the importance of properly accounting for the Couseems qualitatively consistent with the theoretical predic-
lomb repulsionU in a Hubbard Hamiltonian to describe tions for thebuckledSeiwatz model. However, serious dis-
GaAS110-K.* This system shares several features with thecrepancies exist in other parts of the surface Brillouin zone.
metal-induced $111)3X 1 reconstruction: the alkali valence We believe that the LDA'’s failure to fully reproduce the
charge is almost completely transferred into surfaceexperimental band dispersions indicates that electron corre-
dangling-bond states; several inequivalent dangling-bonthtions in 7-bonded Si chains should be treated on a more
sites are available in the unit cell; and the occupied surfacegorous basis than the LDA.
states are narroless than 1 ey For GaA$110-K, U was
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