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In this article we report Si 2p core-level spectroscopy results from the alkalisLi, Na, and Kd induced
Sis111d-331 reconstructions. The experimental results are compared to the theoretical honeycomb-chain
channelsHCCd model for the 331 reconstruction using density functional theorysDFTd to calculate core-level
shifts using both initial and final-state calculation schemes. Si 2p core-level spectra for the Li, Na, and K
reconstructions showed two surface related components lying on either side of the main bulk Si 2p3/2 peak. An
additional higher binding energy component was found for K. All core-level spectra showed strong similarities
leading to the conclusion that the surfaces do indeed share a common structure. With increasing alkali metal
size, the lower binding energy component was found to shift away from the main bulk peak. Our theoretical
calculations also show a similar trend. It is concluded that the lower binding energy surface component
originates from the alkali atom bonded Si atoms. The origin of the higher binding energy component was
determined based on trends in the peak height and final-state DFT calculations. It was found that this compo-
nent derives from several atoms in the first and second layers. Calculations which include final-state effects
were found to be in good agreement with the experimentally determined surface core-level shifts.
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I. INTRODUCTION

The alkali metal induced reconstructions on Si surfaces
have long been of interest due to their believed simple bond-
ing configuration, making them ideal as model systems. One
of these reconstructions is theM /Sis111d-331 reconstruc-
tion for M =Li, Na, K, and Cs. This reconstruction is also
formed forM =Mg, Ba, Ca, and Ag. Over the years a number
of structural models have been proposed for this reconstruc-
tion including both the extended Pandey-chainsEPCd sRef.
1d and the Seiwatz-chain model,2,3 neither of which showed
good agreement with valence band photoemission measure-
ments. To date, the honeycomb chain-channel model pro-
posed by Collazo-Davillo, Grozca, and Marks4 and indepen-
dently by Lottermoseret al.5 has shown greatest promise.
This result was based on work done using a combination of
experimental surface x-ray diffractionsSRXDd, low energy
electron diffractionsLEEDd and density functional theory
sDFTd calculations for the Li/Sis111d-331 reconstruction
and on comparisons between calculations and valence band
spectra. Initially this model was denoted by Lottermoseret
al. as the 560560 or 650650 depending on the Si atom re-
sponsible for bonding with the surface alkali metal adatom.
It will, however, be referred to here as the honeycomb chain-
channel sor HCCd model, as proposed by Erwin and
Weitering.6 First principles calculations for the Li/Sis111d
-331 reconstruction performed by Erwin and Weitering6

have shown this model to have the lowest energy of all mod-
els proposed thus far. Similar DFT calculations for the
Na/Sis111d-331 reconstruction have been carried out by
Kang, Kang, and Jeong.7

Of further interest is the belief that the same 331 recon-
struction as that induced by the alkali metals on Sis111d is

also formed for Ag,8,9 Ca,10 Mg, and BasRefs. 11–13 on
Sis111d as well as for the alkali induced Ges111d-331
reconstruction.14

One of the more interesting details of this model is the
inclusion of a Si double bond located on the top layer. A

one-dimensional channel is formed in thef1̄10g direction, in
which one adatom per 331 unit cell s1/3 monolayerd is
located in the first layer.

The electronic structure of theM /331 surfaces have
been studied by angle-resolved photoemissionsARUPSd for
the cases of Na,15 Mg,16 K,17 and Ag.8,9A previous core-level
study of the Li/Sis111d-331 surface has been presented by
Weitering, Shi, and Erwin.18 and core-level measurements on
the Na/Sis111d-331 surface have been performed previ-
ously by Okudaet al.19 and Paggelet al.20,21 We have re-
cently studied the Ag/Sis111d-331/631 reconstruction9

by means of angle-resolved photoelectron spectroscopy

in which experimental band structures taken in theḠ-K̄ and

Ḡ-M̄ directions were found to show good agreement with
calculated band maps for the HCC model.

In the following article we present our findings on high
resolution surface core-level shifts of the alkalisLi, Na, and
Kd induced Sis111d-331 reconstructions. Comparisons are
then made with DFT calculations of the surface core-level
shifts performed using both initial and final-state schemes.

II. EXPERIMENTAL DETAILS

Measurements were performed at the MAX-lab national
synchrotron radiation laboratory in Lund, Sweden. All mea-
surements, with the exception of Li/Sis111d-331, were per-
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formed at beamline 33.22 This beamline is equipped with a
large spherical grating monochromator, which allows for
photon energies ranging between 15 and 200 eV. An
ARUPS10 angular resolved electron energy analyzer from
VG Microtech and low energy electron diffractionsLEEDd
optics are both incorporated in the end station. The base
pressure in the analyzer chamber during the experiments was
less than 1310−10 mbar during the K and Na experiments.

Measurements on Li/Sis111d-331 were performed at
beamline 22. This beamline was equipped with a modified
SX-700 monochromator yielding a highly monochromatic
photon beam in the UVsultravioletd and soft x-ray range.
The end station of this beamline was built up around a large
hemispherical Scienta electron analyzer. The base pressure
was less than 1310−10 mbar.

Energy resolutions were of the order of 85 meV for a
photon energy of 130 eV for the measurements performed on
the Li/Sis111d-331 at beamline 22. A total energy resolu-
tion of around 100 meV at a photon energy of 130 eV was
used at beamline 33.

The sample used for all measurements with the exception
of Li was an n-type sphosphorous dopedd r
=0.01–0.02V cm Shiraki etched23 vicinal Sis111d 5
315 mm wafer with a thickness of 300mm. The misorien-

tation of the crystal was 2±0.5 in thef112̄g crystallographic
direction. The reason for the use of a vicinal sample was an
attempt to obtain a single domain reconstruction in order to
simplify analysis of valence band maps. This was, however,
not achieved in this case. Single domain 331 reconstruc-
tions have previously been studied for Mg by Anet al.,16 Ca
by Petrovykhet al.,24 Galluset al.,25 and Kimet al.,26 Ba by
Okudaet al.11 and Schäferet al.,13 and in our previous study
of the Ag/Sis111d-331/631 reconstruction.9 The sample
used in the case of the Li measurements was a medium
n-doped Shiraki etched Sis111d wafer.

The samples were outgassed in the ultrahigh vacuum
sUHVd chambers for several hours at about 600 °C by

means of direct current heating. A good-quality clean 737
surface was obtained after several minutes of annealing at
900 °C. In the Li/Sis111d experiment, the 737 surface was
obtained by several flash heatings to 1175 °C. During the
experiment, surface temperatures were measured by means
of an infrared pyrometer.

The alkali metals were deposited by means of well out-
gassed alkali metal dispensers from SAES Getters S.p.A. at a
distance of a few centimetres from the sample. Before each
alkali deposition, the quality of the 737 sample surface was
checked using both LEED and photoemission spectra.

III. COMPUTATIONAL DETAILS

Density functional theorysDFTd calculations were per-
formed using the full-potential linear augmented plane wave
with local orbitals methodsFP-LAPW+lod as implemented
in WIEN2K27 using the general gradient approximationsGGAd
exchange-correlation potential of Perdew, Burke, and
Ernzerhof.28

This method solves the Kohn-Sham equations by separat-
ing regions in space into non-overlapping atomic spheres and
interstitial regions. The size of the atomic spheres is specified
by the muffin tin radius,Rmt. Inside the atomic sphere a basis
set comprised of a linear combination of radial functions
multiplied by spherical harmonics is used. In the interstitial
region a plane wave basis is used.

The three systems were modeled using a periodic slab
geometry consisting of 12 Si layers separated by a 18 Å
vacuum gap. The slab itself was mirrored in thexy plane
halfway along thef111g directionsspacegroup 6pmd. A single
adatom was placed on either side of the slab, thus allowing
for the formation of the reconstruction on both sides of the
slab. All atoms with the exception of the two single layers
that lie on either side of the mirror plane were allowed to
relax through total energy minimization until the individual

FIG. 1. Honeycomb chain-channel model for the alkali metal induced Sis111d-331 reconstructionssRef. 30d. The adatomssindicated by

darker spheresd are located in a 1D channel which travels along thef1̄10g direction. The formation of a double bond between Si atomsb and
c is also included in the model. The choice of notation is the same as for Ref. 10.
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force components on any given atom was no greater than
1 mRyd/Å. The resulting geometry of the surfaces for the
Li, Na, and K induced Sis111d-331 reconstructions can be
seen in Fig. 1. A muffin tin radius of 2 a.u. was used for the
Si, Li, Na, and K atoms. An energy cut-off of −6 Rydberg
was used to separate core and valence states. A plane wave
cut-off of 85 eV sRmtKmax=5d was used with 12k points in
the irreducible Brillouin zone. Local orbitals were added to
improve calculations. Volume optimization of a hexagonal
Sis111d unit cell resulted in an SiuSi bulk bond length of
2.365 Å. This compares fairly well with the experimental
values of 2.33 Å and that calculated by Kang, Kang, and
Jeong7 s2.38 Åd. Various distances for the three reconstruc-
tions together with a comparison to previously reported dis-
tances, as calculated by Kang, Kang, and Jeong7 for the
Na/Sis111d-331 reconstruction, can be found in Table I.
These lengths are found to be in good agreement, especially
when one takes into account the differences in the bulk bond
lengths between the calculations.

Surface core-level shiftssSCLSd were calculated using
two different schemes. Initial state core-level shifts are found
by determining the difference in the Kohn-Sham energy ei-
genvalues between the surface and bulk atoms. However,
calculations of this type neglect the formation of core-holes
and their effect on the surrounding atoms due to screening.
These effects can lead to relatively large changes in the shifts
from those obtained from initial state core-level calculations.
With the introduction of so-called Slater-Janak transition
states29 it is possible to model, to some degree, final-state
effects. In this approach, the occupation number for a given
state and atom is reduced by 0.5 and then reintroduced as
background so as to maintain a neutral system. The self-
consistent fieldsSCFd procedure is then run as usual until the
calculations are well converged. This procedure is then re-
peated until all atoms of interest have been processed. Using
this scheme we obtain core-level shifts that include both ini-
tial and final-state effect contributions.

In order to include final-state effects, the 331 unit cell

size was doubled in thef1̄10g direction. This is done so as to

separate the ionized atoms, which was found to be important
for an accurate determination of the bulk reference energy.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

The following subsections contain the resulting experi-
mental core-level data and fits obtained for the
M /Sis111d-331 reconstructions forM =Li, Na, and K.
Spectra were taken at various photon energies,hn, so as to
obtain both bulk and surface sensitive core-level spectra. The
more surface sensitive measurements are found to occur at

TABLE I. Assorted distancessin Åd for the Li/Sis111d-331, Na/Sis111d-331, and K/Sis111d-331 reconstructions. Also included are
the 131 Si bulk unit cell parameters and that of the 331 slab.

Sis111d-131 shexagonald

a b c a b g

3.86 3.86 9.49 90° 90° 120°

M/Sis111d-331 slabsspace group 6pmd

a b ca a b g Vg

10.21 3.86 52.86 90° 90° 100.89° 18

M d1 d2 dab dbc dcd dbe dce daf ddg

Li 2.77 2.93 2.38 2.33 2.38 2.59 2.60 2.44 2.42

Na 2.90 2.96 2.36 2.30 2.36 2.58 2.58 2.44 2.42

Nab 2.95 3.05 2.38 2.31 2.38 2.59 2.59 2.45 2.44

K 3.19 3.22 2.35 2.28 2.35 2.58 2.57 2.43 2.42

aThis value includes the vacuum gap,Vg.
bNa values are the distances found in Ref. 14.

TABLE II. Parameters used to fit the experimental Si 2p core-
level data for the Li, Na, and K induced Sis111d-331 reconstruc-
tions. The Lorentzian FWHM, was set to 85 meV for all fits. The
spin-orbit split was approximately 0.607 eV for all fits performed.
Branching ratios were allowed to vary between 0.45 and 0.55. The
binding energies are relative to the bulk component in each case.

Binding energy shift
seVd

Gaussian FWHM
smeVd

Li/Sis111d-331

Bulk 247

S1 −0.36 332

S2 0.22 368

Na/Sis111d-331

Bulk 248

S1 −0.40 290

S2 0.24 294

K/Sis111d-331

Bulk 324

S1 −0.57 362

S2 0.25 384

S3 0.57 396
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photon energies of<130 eV. Increasing the emission angle
further increases surface sensitivity. Photon energies higher
and lower than 130 eV yield more bulk sensitive spectra.

Data analysis was performed by least-square fitting of
convoluted Gaussian and Lorentzian peak shapessso-called
Voigt profilesd to the experimental core-level data. Peaks that

originate from the Si 2p orbitals have a spin-orbit split with
a theoretical branching ratio of 2:1 giving rise to doublets.
Shirley-type backgrounds were removed prior to fitting
swhen applicabled. A summary of the fitting parameters for
all reconstructions studied herein can be found in Table II.

A. Li/Si „111…-3Ã1

The Li/Sis111d-331 surface was prepared by evapora-
tion of about 1.5 ML s1 ML=7.8331014 atoms/cm2d Li
onto a gently heated surface, with 2 min postannealsabout
200–300 °Cd. The quality of the surface was checked by
LEED and core-level spectra, showing sharp line shapes. The
Li 1s spectrumsnot shownd displayed only one component.

Si 2p core-level spectra from the Li/Sis111d-331 surface
were taken using photon energies 120, 130, 140, and 150 eV.
A collection of spectra is shown in Fig. 2, together with the
results of the curve fitting procedure and the residual.

The experimental Si 2p data could be fitted by means of
two surface related doublets lying at either side of the bulk Si
2p3/2 peak. The peak at lower binding energy,S1, is shifted
−0.36 eV with respect to the bulk. A shift of 0.22 eV was
found for the higher energy peak,S2. These values can be
compared to a previous study by Weitering, Shi, and Erwin18

in which the shifts for theS1 andS2 components were −0.4
and 0.46 eV, respectively.

The Lorenztian full width at half maximumsFWHMd was
kept constant at 85 meV. The bulk peak Gaussian FWHM
was found to be 247 meV. The lower and higher shifted
surface peaks,S1 and S2, were found to have a Gaussian
FWHM of 332 meV and 368 meV, respectively. The ratio
between the two surface components was found to be ap-
proximately 1:2.

B. Na/Si„111…-3Ã1

Surface preparation of the Na/Sis111d-331 surface was
achieved by depositing Na while heating the sample to a

FIG. 2. Li/Sis111d-331 Si 2p core level spectra taken at sev-
eral photon energies. Experimental data is indicated by circles, fit-
ting data is shown as a continuous line. Also shown are the indi-
vidual doublets, representing bulk,sblackd, and surface
components,S1 slight greyd and S2 sgreyd. Binding energies are
referenced to the bulk position. Finally, the residual between experi-
mental and fitted data is included under each spectra.sThe back-
ground has been removed prior to display.d

FIG. 3. Na/Sis111d-331 LEED image taken at 65 eV. Similar
LEED patterns were observed for both Li and K.
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temperature of 500 °C. This resulted in a three-domain 3
31 surface, as seen in LEEDsshown in Fig. 3d. A number of
Si 2p core-level spectra at photon energies between 115 eV
and 150 eV were taken. The sample was cooled using liquid
nitrogen during measurements to minimize phonon broaden-
ing. A collection of the spectra is shown in Fig. 4. The spec-
tra could be fitted using one bulk componentsblackd and two
surface components,S1 slight greyd, andS2 sgreyd.

The shifts for the two surface components,S1, and S2,
with respect to the main bulk Si 2p component were found to
be −0.40 eV and 0.24 eV, respectively. The Lorentzian
FWHM was kept constant at 85 meV. The Gaussian broad-

ening of the bulk component was found to be 248 meV,
whereas the surface components were found to be 290 meV
and 294 meV forS1 and S2, respectively. The residual be-
tween the experimental data and the fitted curve is also
shown in Fig. 4. The intensity ratio between the two surface
components was found to be approximately 1:1.25sS2 was
slightly larger thanS1d. We note that theS2 component for
both the Li/Sis111d-331 and Na/Sis111d-331 reconstruc-
tions have similar shifts, whereas theS1 component has
shifted to lower binding energy in the case of Na.

C. K/Si„111…-3Ã1

The K/Sis111d-331 surface was obtained in a similar
way as for Na. During the 5 min K deposition, and for a
short time after the deposition was stopped, the sample was
heated to a temperature of 500 °C. The quality of the surface
was checked using LEED and core-level spectra of the K 3p
peak. LEED showed a well defined three-domain 331 pat-
tern similar to that shown in Fig. 3. The K 3p core-level
spectra showed a dominant single peak, but also a small
second peak at higher binding energy, as seen in Fig. 5.

A number of Si 2p core-level spectra at photon energies
between 115 eV and 150 eV were taken. A collection of Si
2p core-level data taken at various photon energies is shown
in Fig. 6. In addition, valence band spectra were recorded
snot shownd. The sample was cooled using liquid nitrogen
during measurements to minimize phonon broadening.

Fitting of the experimental data was achieved using one
spin-orbit split doublet from the bulk,B, and three surface
related doublets,S1, S2, andS3. These were found to lie at a
distance of −0.57 eV, 0.25 eV, and 0.57 eV from the main
bulk Si 2p3/2 peak. Once again, we find that theS2 compo-
nent is similar to the previous cases. TheS1 component was
found to shift to a lower binding energy than both the Li and
Na induced Sis111d-331 reconstructions. The height ratios

FIG. 4. Na/Sis111d-331 Si 2p core-level spectra taken at vari-
ous photon energies. Experimental data is indicated by spheres,
fitting data is shown as a continuous line. Also shown are the indi-
vidual doublets, representing bulk,sblackd, and surface compo-
nents,S1 slight greyd andS2 sgreyd. Binding energies are referenced
to the bulk position. Finally, the residual between experimental and
fitted data is included under each spectra.

FIG. 5. sColor onlined Experimentally obtained K 3p core-level
spectrum taken at 40 eV. Experimental data is indicated by spheres,
fitting data are shown as a continuous line. A smaller second peak is
present in the spectrum.

CORE-LEVEL SPECTROSCOPY STUDY OF THE… PHYSICAL REVIEW B 71, 195408s2005d

195408-5



between theS1 and S2 components was ascertained to be
approximately 1:1.2. Most notable in the K/Sis111d-331 Si
2p core-level spectra is the requirement of an additional sur-
face component,S3, to obtain a consistent fit. An additional
component was also observed in the K 3p core-level spectra
ssee Fig. 5d. This component was observed to decrease when
gently heating the sample. A similar component in the Na 2p

spectra has been discussed by Paggelet al.21 for the case of
the Na/Sis111d-331 reconstruction and was attributed to
the presence of Na in a precursor state on the surface. This
peak was also seen by Paggelet al. to decrease when heating
gently.

V. DISCUSSION

For the honeycomb chain-channel model, one would ex-
pect four Si 2p surface components that are derived from the
top layer. These surface components would originate from
the alkali metal bonded Si atoms,a andd, and the Si double
bonded atoms,b andc. Surface components may also origi-
nate from the second and third layersssee Fig. 1d.

It is however, by no means certain that all of these surface
related peaks can be resolved due to the relatively small dif-
ferences in core-level shifts between them. This was found to
be the case here for the Li, Na, and K induced Sis111d-3
31 reconstructions, in which only two surface related com-
ponents,S1 andS2, were found for Li and Na, and three for
K.

With the exception of theS3 component found in the core-
level spectra for K/Sis111d-331, all three spectra series are
strikingly similar. This is a strong indication that the alkali
metals, Li, Na, and K do indeed share a common Sis111d
-331 reconstruction.

In all three cases we observe a lower binding energy com-
ponent,S1, which is well separated from the main bulk com-
ponent. Furthermore, from the summary of fitting parameters
sTable IId it becomes evident that as the size of the alkali
atom increases, so does the shift ofS1 away from the main
bulk component to lower binding energies. The fact that the
S1 component clearly depends on the alkali metal adatom
size suggests that this component derives from the alkali
bonded Si atoms,a andd. On the higher binding energy side

FIG. 6. K/Sis111d-331 Si 2p core-level spectra taken at vari-
ous photon energies. Experimental data are indicated by spheres,
fitting data is shown as a continuous line. Also shown are the indi-
vidual doublets, representing bulk,sblackd, and surface compo-
nents,S1 slight greyd, S2 sgreyd, and S3 swhited. Binding energies
are referenced to the bulk position. Finally, the residual between
experimental and fitted data is included under each spectra. Contri-
butions from the background have been removed.

FIG. 7. Calculated core-level shifts for both initialsopen circlesd
and final-state effectsfilled circlesd schemes for the three uppermost
layers for the Li/Sis111d-331 reconstruction. Energies are refer-
enced to the bulk core-level energy.
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of the main bulk component we observe a surface compo-
nent,S2, which is located at approximately the same energy
for all three cases. However, the intensity ratio between this
peak and theS1 component was found to vary for the three
reconstructions. Identification of the origin of theS2 compo-
nent based on experiment is problematic, since one expects
contributions from several atoms in this spectral range. The
relatively broad components for the alkali adatom cases also
allows for composite peaks. Especially the Li case, with an
anomalously high intensity forS2, clearly suggest contribu-
tions from several atoms. Nevertheless the dominant contri-
bution is expected to come from the double bonded top Si
atoms,b andc.

A. Li/Si „111…-3Ã1

Results from DFT calculations using both initial and
final-state schemes together with the experimentally deter-
mined SCLS can be seen in Fig. 7. Initial state calculations
show shifts of −0.18 and −0.28 eV for the alkali bonded Si
atoms. This confirms our assignment of theS1 component.
The calculated values are however underestimated compared
to the experimentally found shift for theS1 component which
was found to be −0.36 eV. On the high energy side, the two
core-level energies related to the double bond are found at
approximately 0.4 eV above the bulk, which can be com-
pared to theS2 component which was found to lie at
0.22 eV. The 1:2 intensity ratio of the two surface compo-
nents,S1 andS2, is inconsistent with the HCC model assum-
ing that the peaks originate from the first layer alkali bonded
and double bonded Si atoms. The cause of this discrepancy
could be a photoelectron diffraction effect. However, a more
likely explanation would be a superposition of several peaks
at theS2 position.

With the introduction of final-state effects in the calcula-
tions, one observes significant differences in the SCLS, es-

pecially on the high binding energy side. Here one observes
that the double bonded atomsb andc move down in binding
energy coming closer to the energies for atomse and j . The
gap between energies reduces to a point in which the lower
energy double bonded atom is only 0.03 eV larger that the
third layer channel atomj . Also, the dangling bond Si atom,
e, is found to lie in proximity to the double bond energies
s0.08 eV lower energyd. The clustering of these core-levels
may explain the experimentally obtained data with a ratio of
1:2 betweenS1 andS2. This would indicate that theS2 com-
ponent is a composite peak with contributions from four dif-
ferent atoms. Similar effects and differences between calcu-
lations for initial and final-state schemes have been reported
by Baskiet al.10 for the Ca/Sis111d-331 reconstruction.

B. Na/Si„111…-3Ã1

A look at the experimental Na/Sis111d-331 core-level
data sFig. 4d shows two surface components with relative
peak heights between the two components of approximately
1:1.25. This would be more consistent with surface compo-
nents that originate from the alkali bonded Si atoms and
from the double bonded Si atoms only compared to that of
the Li induced Sis111d-331 reconstruction. The heights of
the two surface components both show similar changes with
variations of the surface sensitivity of the measurements.
This is an indication again that both components derive from
the same layer. Density functional theory calculations both
using initial and final-state schemes show that theS1 compo-
nent at lower binding energy derives from the alkali bonded
Si atomsa andd sshown in Fig. 8d. Initial state calculations
show two almost identical eigenvalues for the double bonded
top layer atomsb andc at 0.35 eV. The alkali bonded atoms
were found to have initial state energies of −0.26 and
−0.35 eV, respectively. These values are comparable to pre-
vious calculations by Kang, Kang, and Jeong.7

FIG. 8. Calculated core-level shifts for both initialsopen circlesd
and final-state effectsfilled circlesd schemes for the three uppermost
layers for the Na/Sis111d-331 reconstruction. Energies are refer-
enced to the bulk core-level energy.

FIG. 9. Calculated core-level shifts for both initialsopen circlesd
and final-state effectsfilled circlesd schemes for the three uppermost
layers for the K/Sis111d-331 reconstruction. Energies are refer-
enced to the bulk core-level energy.
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By inclusion of final-state effects, the eigenvalues for at-
omsb andc move down and the energy of atomj increases
causing overlap of the energies. This additional component is
consistent with the variation from a 1:1 ratio for the two
surface components,S1 and S2, in the Na induced
Sis111d-331 reconstruction

C. K/Si„111…-3Ã1

Initial state calculations for the K/Sis111d-331 recon-
struction show two core-level components from the two al-
kali bonded Si atoms,a and d, at −0.38 and −0.33 eV, re-
spectivelyssee Fig. 9d. The shifts are observed to be larger
than both the Li and Na induced reconstructions and as such
is consistent with the observed trend for the experimentally
obtainedS1 surface component. However, as was the case for
both the Li and Na induced reconstructions, this shift is un-
derestimated. On the high binding energy side initial state
calculations show two double bonded components,b andc,
at 0.31 and 0.25 eV respectively. At approximately 0.15 eV
we find the SCLS for the atomse and j . Final-state calcula-
tions show a similar picture to that of the Li/Sis111d-331
final-state calculations, in which both the channel atomj ,
and the dangling bond atom,e, move closer in energy to the
double bonded atoms,b andc, giving rise to core-levels with
significant energy overlap. One can, based on the final-state
calculations, conclude that theS2 component is a composite
of the double bonded Si atoms,b and c, together with the
dangling bond atome, and the atomj situated at the bottom
of the channel. This assignment is consistent with the ob-
served height ratio between theS1 and S2 surface compo-
nents. Differences in the height ratios between the Li and K
induced reconstructions may be explained by the larger size
of the K adatom suppressing emission from thej atoms situ-
ated at the bottom of the channel to a greater extent than for
the case of the Li adatoms.

However, one surface component does not appear in ei-
ther the initial or final-state calculations, and that is theS3
component. We therefore conclude, based on DFT calcula-
tions for the HCC model, that this surface component is not
consistent with the HCC model, and could therefore be re-
lated to imperfections in the surface structure.

VI. CONCLUSION

In conclusion, we have studied the surface core-level
shifts, using synchrotron radiation, for theM /Sis111d-331
reconstruction forM =Li, Na, and K. The alkali induced

Sis111d-331 reconstructions were found to have at least two
surface related components,S1 and S2. Density functional
theory calculations have also been performed using both ini-
tial and final-state schemes to determine core-level shifts for
these reconstructions based on the HCC model. Trends in the
energy of theS1 component show shifts to lower binding
energies with respect to the main bulk component with in-
creasing alkali metal size. This trend was found to be emu-
lated by both the initial and final-state scheme calculations.
We therefore conclude thatS1 does indeed originate from the
alkali bonded Si atoms,a andd.

The origin of theS2 component is more complicated.
Based on the ratios between theS1 and S2 components we
conclude that theS2 component derives from a number of
atoms and not simply from the top layer double bonded Si
atoms, b and c. Li /Sis111d-331 final-state calculations
show four atoms with energies in close proximity to each
other. All of these atoms may contribute to theS2 component.
We therefore conclude that for the Li induced Sis111d-331
reconstruction, theS2 component derives from the double
bonded Si atoms,b andc, together with the dangling bond Si
atome and channel atomj .

In the case of the Na induced Sis111d-331 reconstruction
we propose that theS2 component derives mainly from the
double bonded Si atoms,b and c, with additional contribu-
tions from atomj situated at the bottom of the channel and
possibly atome.

Also for the K induced surface we observed, in the final-
state calculations, an additional two atoms from which theS2
component may derive besides the two double bonded Si
atoms, namely atomse and j .

By inclusion of final-state effects, the calculated SCLS
were found to be in fairly good agreement with the experi-
mental results, especially for theS1 component. TheS2 com-
ponent is less well reproduced using final-state DFT calcula-
tions. The small shift to larger binding energy of theS2
component with increasing alkali size was not seen in either
the initial or final-state DFT calculations, although final-state
DFT calculations were found to show a more quantitative
agreement with experiment than those calculations based
solely on initial-state calculations.
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