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The surface structures of the Ba-induced B, 5X 1, and 2x 8 reconstructions on the 3il1) surface were
investigated by means of Sp2and Ba 4l core-level photoemission and the coverage was estimated by x-ray
photoemissiorfXPY9). In the Si D core-level spectrum of every reconstructed surface, three prominent surface
components that are shifted to lower and higher binding energies from the bulk peak have been observed. In
the case of the 3 1 surface, these surface components are well explained by the so-called honeycomb-chain-
channel(HCC) model which is considered to be the most plausible structure for alkali-metal-inducdd 3
surfaces. The similarity of the core-level spectra between th@& Burface and the Ca- or Yb-induceka
surface suggests that both thex8 and 2< 1 surfaces have similar short range Si structures. The observed
double component in the Bald4&ore-level spectra of theX61 and 2x 8 surfaces implies the existence of more
than one Ba adsorption configuration on these surfaces. Our estimated metal coverages by XPSXdr the 5
and 2x 8 surfaces are-0.2 and~0.3 monolayers which are different from those of previous studies for the
Ca/Si111) system. On the basis of these results we proposed possible surface structural models for the
5X1 and 2x 8-Ba surfaces based on a combination model of the HCC and Seiwatz chain structures. The
intensity change of each Spaurface component and the other experimental results are qualitatively explained
with the models.
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I. INTRODUCTION such as monovalent alkali meta(&Ms, Li, Na, K, Rb,
C9,noble metalgAg),81%%and divalent rare earth met-
One-dimensional1D) nanostructures on semiconductor als (REMs, Yb, Sm, Ei'®-18 as well as AEMs. Through
surfaces have attracted significant attention because of thgilenty of experimental and theoretical studies, the
interesting electronic properties caused by the 1D electronihoneycomb-chain-channé@HCC) model is now believed to
structure as well as their potentials for nanoelectronic debe the most plausible geometric structure for monovalent
vices. Self-assembling 1D patterning is one of the promisingAM- and Ag-induced 3 1 surface$?2°In this model, AM
ways to prepare multiple regular nanopatterns on solid suter Ag atoms of 1/3 monolayer(ML; 1 ML=7.83
faces at a time and it may be very suitable to make nanodex 10'/cn¥) form linear chains in the channels between hon-
vices practically. In order to use this kind of self-assembledeycomb structures. This HCC model is energetically more
1D structure in real nanodevices, control of the length orstable than the other proposed models, and the calculated
width of the wire must be important. Alkaline-earth-metal- scanning tunneling microscog$TM) images, surface core-
(AEM-) induced 1D structures on the($11) surface are one level shift (SCLS of the Si D level, and band dispersion
of such interesting systems; their wire width can be con-having semiconducting character are in fully accordance
trolled by changing the metal coverage and the substrateith the experimental result§:?°
temperature. In the case of Ca adsorption, for example, a From the similar low-energy electron diffractidhEED)
variety of 1D reconstructions having different wire widths I-V curve$ and the STM image¥;!! it had been suggested
with nX 1 periodicity (n=3, 5, 7, 9, and Ris observed for that the AEM-induced X 1 surface has almost the same
increasing Ca coverade? In addition to Ca, other AEMs reconstruction with the same metal coverddé¢3 ML) as
induce thenx 1 reconstructiongn=3 for Mg> n=3 and 5 the AM- and Ag-induced X 1 surfaces. If this is the case,
for Ba (Ref. 6)]. the divalent AEM-induced &1 surface withd=1/3 ML
Among thesen X 1 surface reconstructions, the<3 sur-  should be metallic within the one-electronic picture due to
face, the smallest coverage phase, has been investigated mtig¢ odd number of surface electrons in the unit ¢gé.,
extensively. This X 1 reconstruction is commonly induced three Si dangling bonds and two electrons from the AEM
by a variety of metals having different valence electrons,The surface electronic states observed by photoemission
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studies?>?! however, are semiconducting. At the same time surface and the Ca- and Yb-inducec 2 surfaces strongly
in the atomically resolved STM images, a2 periodicity = suggests that they have quite similar short-range atomic
was observed on the>81-Ca surface, while it was not ob- structures. The intensity change of each surface component
served in the LEED patterh. from the 3x 1 to the 2x 8 via the 5x 1 structure is basically

To understand the semiconducting character with thexplained by a model that is a combination of the HCC and
3X 2 periodicity, an electron correlation effect, such as thesejwatz chain structures. In addition, the existence of two
Mott transition or charge density wau€DW), was sug-  components in the Baddcore-level spectra of the28 and
gested at first:®> The other explanation attributed it to the 5x 1 surfaces suggests that there is more than one Ba ad-
different metal coverage of the AEM-induce surfaces  g4piion configuration in these reconstructed surfaces. On the
from AM-induced 3x 1 surfaces?*That is, the metal coV-  |ocic of the Si @ and Ba 4 core-level photoemission re-
erage ofg=1/6 ML in the 3x2-AEM surface leads to the sults, as well as the estimated Ba coverage by x-ray photo-

same surface electron number as the< BAM with S "
0=1/3 ML, resulting in a semiconducting character of the EMISSION SPectroscopyXPS), we propose one possible
structural model for the 5 1 and 2x 8 surfaces.

3X 2-AEM surface within the one-electron picti¥e Re-
cently, an estimation of the absolute Ba coverage in the

3X2-Ba surface has been done by means of a medium- Il. EXPERIMENT

energy ion scattering stuéf/and it confirmed the Ba cover- ) _

age of 9=1/6 ML on the 3x 2-Ba surface. A coverage of The high-resolution core-level measurements were per-
0#=1/6 ML has also been estimated on the Ca-inducedfOTmEd mainly at the undulator beamline BL-16A, and XPS
3% 2 surface very recentfThese experimental results are and work-function measurements were done at the bending
also supported by theoretical studies. A recent first-principlegnagnet beamlines BL-18A and 1C of the Photon Factory in
calculatior® shows that the HCC model with=1/6 ML of ~ KEK (Tsukuba, JapanCore-level spectra were recorded us-
an AEM is energetically the most stable compared with théng the CL10QVSW) hemispherical analyzer with an accep-
HCC model withd=1/3 ML of an AEM or theother models tance cone of £8° at the sample temperature of 110 K. For
with #=1/6 ML of anAEM, and the STM images and semi- different surface-sensitive core-level measurements, we used
conducting band gap are also well reproduced by thé&everal different photon energi¢sry=110, 113, 115, 120,
model?3 130, 135, and 140 e\Vand electron emission angléd® and

Compared to the 8 1- (=3x 2-)AEM surface, AEM in-  60° from the surface normalSince the angle between the
duced othenx 1(n=5,7,9, 3 surfaces have not been inves- incident light and the analyzer was fixed at 45°, the light
tigated intensively. From the STM observations, it is pro-incident angle is 45(15°) from the sample normal direction
posed that the intermediate phafes5, 72-4and 9(Ref. 4] ~ When we measure normgd0°) emission. Am-type S{(111)
are formed by simple combinations of the HCC model hav-Wwafer (20—30() cm) was cleaned by direct current heating
ing X3 periodicity and a structure having2 periodicity>®  up to 1525 K in an ultrahigh-vacuum chamber at a base pres-
The electronic structures of these Ca-induced intermediatsure of 2< 1078 Pa. The sample cleanliness was ascertained
phases were reported to be semiconducting by angledy the sharp K7 LEED pattern and the surface components
integrated photoemissidiiThe STM images of the interme- of the core-level spectrum which are typical of thex7
diate structures, however, are always unclé&? and the clean surfacé’ Absence of the Odand C & peaks in the
relation between electronic and atomic structures of the inXPS spectra was also confirmed. Ba was evaporated from a
termediate phases has not been established yet. thoroughly outgassed commercial getter so{®AES Get-

In the above mentioned model for the intermediate phaségers under a pressure of less thax30™’ Pa onto the clean
the structure having 2 1 periodicity is assumed to be the sample at substrate temperatures of 1290, 1250, and 1120 K
so-called Seiwatz chain structure witt=1/2 ML metal for the 3X1, 5X1, and 2x8 phases, respectively. This
coverage:® The semiconducting character of the<2-Ca  evaporation resulted in sharp<3dl, 5X1, and 2<8 LEED
surface observed by photoemission stutffié€®is qualita- patterns as indicated in Fig. 1. After the evaporation, samples
tively consistent with the Seiwatz chain structure. At thewere cooled down immediately to 110 K for the high-
present, however, it is not evident that the AEM-inducedresolution core-level photoemission measurement. The total
2X 1 reconstruction has the Seiwatz chain structure, anénergy resolution of the core-level measurements was
even the absolute coverage is not apparent. Unlike Ca aritD0—200 meV at 110 K depending on the photon energy.
REMs(Yb and Ey, in the case of Ba adsorption, the highest-Work functions and coverages of Ba were estimated from the
coverage phase observed by LEED is not the12but the  secondary electron cutoff energies and the BaBd Si D
2x 85 The difference between the Ca- or REM-inducedXPS intensities.
2Xx 1 and the Ba-induced:28 surface, however, is not clear
and there is no study to investigate the difference between IIl. RESULTS
them, thus far.

In this paper, we present the results of surface-sensitive Figures 1a)-1(c) show the LEED patterns of the three
Si 2p and Ba 4l core-level photoemission of the Ba-induced Ba-induced phase&) 3x1, (b) 5X1, and(c) 2x8. Al-
3X1, 5X1, and 2x 8 reconstructions. From the analysis of though the intensity is very weak, faint streaks are visible in
the Si 2 surface core-level shifts, it is affirmed that the the pattern of the X1 phase at half-order lines as indicated
HCC model is plausible for the structure of the<3-Ba by white arrows. Such half-order streaks have been observed
surface. The resemblance of the SCLSs between th& 2 on the Ca- or Yb-evaporated3l surfaces more clearly2®
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FIG. 2. Si 2 core-level spectra of the Ba/3il1) surfaces mea-
sured with differentiv at 100 K in normal emission. The solid lines
indicate the energy positions of the Sis2 parts of the four surface
and one bulk components derived from the core-level fitting in Fig.
3.

The work function® observed by photoemission cutoff
(3%x1, 3.44£0.09 eV and 51, 3.22+0.22 eY are in good
agreement with the microscopically analyzed work function
for 3x 1-Ba(3.0+0.9 eV).?° The (Ba 3d)/(Si 2p) XPS in-
tensity ratios are 0.336+0.047, 0.508+0.017, and 0.58 for
the 3x1, 5X 1, and 2<8 phases. The change of intensity
ratios is in good agreement with that observed by Weitering
in an Auger electron spectroscopy measurerfientwhich
the Ba intensity changes 0.35, 0.5, and 0.65 for thel3
5X1, and 2x 8, respectively. Taking account of the metal
coverage ofg=1/6 ML for the 3x 1 phase&!~2% the XPS

FIG. 1. Low-energy electron diffraction pattern of theg1di1) results lead to coverage of thex8 and 2x8 phases of
(@ 3x1, (b) 5X1, and(c) 2x 8-Ba surfaces. Very weak streaks 9 21-0.30 and 0.25—0.33 ML, respectively.

(indicated by white arrowsparallel to thex3 spots at half of a<1 Figure 2 shows the Sif2core-level spectra of the>31
periodicity in (8 indicate that the surface has actually €3 5y 1 and 2<8 surfaces taken with different surface sensi-
periodicity. tivity, i.e., by differenthy, at the surface normal direction

and the sample temperature of 110 K. These spectra are nor-
The existence of these weak streaks reaffirms the recempalized to the highest peak intensities. Because of the exis-
STM findings that the AEM-induced 81 surfaces actually tence of several surface compone(®s-S; andS'), which
have a 3x 2 periodicity!~2 Thus, we use the designation of are deconvoluted as described later, surface-sensitive spectra
3% 1-Ba for the Ba-induced reconstructed surface havinghr=130-140 eY show characteristic shapes deviating
3 X 2 periodicity for simplicity, hereafter. from the bulk-sensitive spectfar=110 or 113 eV. That is,
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SRR TABLE I. Relative energy shift of each surface component from

the bulk component and the averaged intensity ratio of each com-
ponent to the total surface intensity at different photon energies for
the Ba/S{111) systems.

s S S S

Gaussian widths were 134-182 meW#WHM) for bulk
components and 243—-298 meV for surface components de-
pending on measurements at different surface sensitivities.
The intensity ratio of the 2 1/2 to 3/2 component was
changed slightly around the theoretical value
0.5(0.499+0.04%. The credibility of these values was con-
firmed by the fitting of the K 7 clean surfacé€not shown
herg in which the fitting result is essentially consistent with
those of previous high-resolution core-level measurements of
the 7x 7 surface?’3132As a result, every Ba-induced surface
R is well fitted with three prominent surface compone(g
1 0 -1 S,, andS;), a bulk componen(B), and a very weak surface
Relative Binding Energy (eV) component(S), and the convoluted curveghick solid
curves reproduce well the experimental data poifdpen
FIG. 3. Si surface-sensitive core-level spectra of the Circles. In every surfaceS, and S, components shift to
3x1, 5x1, and 2x 8-Ba surfaces measured B=110 K andhv  lower Eg’s than the bulk pealB, andS; shifts to higherEg
=130 eV. Experimental spect(apen circley are well reproduced thanB. The shift of each component is not changed signifi-
by the convolution(thick solid curveg of the four surface compo- cantly in different phases as indicated by the dashed lines in
nents(labeledS,, S,, S;, andS’) and a bulk componeritabeledB). Fig. 3. By using these components and the parameters, we
The surface components and the bulk component are represented bguld fit all of the core-level spectra having different surface
dashed and thin solid curves. sensitivities(hy=110, 113, 115, 120, 130, 135, and 140 eV,
=0, and 607 without changing the energy shift of each
in the spectra of X 1, a flat shoulder or peak appears at thecomponent.
lower-binding-energyEg) side of the bulk peak. In addition, Table | summarizes the fitting parameters of each phase.
the main peak is broadened due to the high intensity of thén the table, as well as the energy shifts of surface compo-
surface state (S;) at the highefEg side. In the nents from the bulk component, the intensity ratios of each
5X 2 surface, the spectral shapes become more structurelesgrface component to the total intensity of the surface com-
and symmetric. The peak at the lowss-side of the 2<8  ponents averaged over different surface sensitivities are pre-
surface grows again and the spectral shapes become asyaented. The change of the intensity ratio as a function of
metric. The shape of the main peak is, however, sharper thatifferent surface reconstructions is more easily grasped in
the other phases because of the shift of $yestate to the Fig. 4. As mentioned above and shown in Fig. 2, the intensity
bulk peak position. As will be discussed later, the shape ofatios of the surface components are affected by the diffrac-
the core-level spectra characteristic of each reconstructiotion effect and a little scattered. The range of the intensity
changes a little depending on the photon energies due to theriations of each component due to the diffraction effect in
diffraction effect even though the spectra were measuredifferent photon energies is indicated by error bars in the
with the angle-integrated photoelectron analyzer. figure. The tendency of each intensity ratio is, however, char-
The observed core-level spectra were analyzed by a sta@acteristic of each surface reconstruction. That is, in the 3
dard nonlinear least-squares fitting algorithm using VoigtX 1 surface, the intensity ratio & andS, is nearly the same
functions. The fitting results of the representative surfaceand that ofS; is twice as large as each of them. The intensity
sensitive spectra taken at 130 eV with normal emission areatio of S; decreases monotonically fromx3L to 2X 8 via
presented in Fig. 3. In the curve fitting, the parameters ofhe 5X 1 phase. At the same time, that 8f(S,) is almost
608 meV for the spin-orbit splitting and 93 and 95 meV full constant in both the 81 and 5x 1 phases but increases
width at half maximum(FWHM) for the Lorentzian contri- (decreasesin the 2x 8 phase. As for th& state, the inten-
butions for all Si  3/2 and 1/2 components were used. Thesity ratio is almost constant.

3X 1 energy shifitmeV) -930 -474 =271 215
oy Intensity ratio 0.04 0.24 0.22 0.51
i 5x1 energy shiffmeV)  -880  -453  -206 228
= Intensity ratio 007 027 024 043
o 2 X 8 energy shifimeV) -837 -420 —-244 146
© Intensity ratio 0.06 0.35 0.19 0.40
N—r
P
=t
0 |,
c
Q
)
£
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0.7F 7 ' ' ' ' ' N multiple components, the spectrum ok3 shows a small
S1 & shoulder at the lower-binding-energy side of the main peak.
§2 {3~ This result suggests that there is more than one Ba adsorp-
0.6r gf’ :<’>: i tion site on the 51 and 2x 8 surfaces.
= o5} + \ 1 IV. DISCUSSION
Qg A. 3X1 phase
V\f 04 | T 2 From the wide range of experimental and theoretical stud-
8 ies, the Si structure of the lowest-coverage phase, the
S 3% 1-(=3X2-) AEM, is considered to be almost the same as
> 031 7 that of the AM-induced X 1 surface, i.e., the HCC model.
2 We present the structural model of the HCC model in the left
S ol | hand side of Fig. @). In the figure, AM atoms are indicated
E=R by small shaded circles and the topmost, second-layer, and
third-layer Si atoms are represented by open, filled, and
0.1k J small filled circles, respectively. In the HCC model, metals
_________________ @% are assumed to be positioned on fhe sites in channels
e formed by neighboring Si honeycomb chain structures. In the
0.0L | \ . . , . LA case of AM-induced X1 surface, since the coverage is
3x1 5x1 2x8 #=1/3 ML, every T, site in the channel is occupied by an

AM atom.

FIG. 4. Change of the intensity ratio of each surface component The fitting results of Si @ core-level spectra of the 3
to the total intensity of surface components in the different surfacex 1-Na (Ref. 12 are well explained by the calculated SCLS
reconstructions. of Kang and co-workers using the initial-state theory based

on the HCC modet? According to the calculation, the sur-

Figure 5 represents the Bal4spectra recorded atr  face component shifted to low&g than the bulk component
=140 eV. The intensity ratio between thel 8/2 and 3/2  originates from the Si atoms bonding with AM atoifred
components deviates from the theoretical val6=l), espe- and yellow circles in Fig. @)]. As shown in the figure, these
cially in the 3X1 and the 5<1 surfaces. The reason of the surface Si atoms are in a little different bonding configura-
deviation is not evident at present but it may be due to theion resulting in different energy shifts in the calculation. The
diffraction effect combined with the different initial and final other surface Si atoms making the double boribkie
states betweend45/2 and 3/2 components which was dis- circles in the honeycomb structure are assigned as the com-
cussed in the In d core-level study in the In/$L00) ponent shifted to higheEg than the bulk peak. According to
system®® The spectrum of the 81 surface is well repro- the calculation, the core-level shifts of these atoms making
duced by a single Baddlcomponent with the Gaussian width the double bond are approximately the same.

(FWHM) of 291 meV and the Lorentzian width of 265 meV,  Our fitting results of the Si state of the X 1-Ba sur-
respectively. On the contrary, the Bd dbpectra of the face are in good agreement with the calculation for the 3
5X 1 and the X 8 surfaces cannot be fitted by a single@ 4 X 1-Na surface; namely, th® andS, components shifted to
component with the same Gaussian and Lorentzian widths dewer Eg than the bulk componerB) in Fig. 3 correspond
those of the X1 surface. As a proof of the existence of to the atoms indicated by red and yellow circles in the left
hand side of Fig. @. Correspondingly, thé&; component
i Ba;d ’ | . C ] shifted to higherEg than B corresponds to the atoms indi-
hv =140 eV . cated by blue circles. Regarding the intensity of each surface
component, the observed intensity rat®:S,:S;~1:1:2)
is also in good agreement with the assignment in which the
intensity of theS; from two blue atoms should be twice as
large as those of th&, and S, components from red and
yellow atoms.

In the case of the AEM-adsorbed<dl phase, the cover-
age of 1/6 ML (half of the AM coveraggis strongly sup-
ported by recent experimental and theoretical stuthes.
Thus, it is considered that AEM atoms are located on every
otherT, site as indicated by large shaded circles in the right

FIG. 5. Ba4l core-level spectra of the 81, 5x1, and hand side of Fig. @& and cause the 8 2 surface periodicity.

2 8-Ba surfaces measured lab=140 eV. Two components are In the model, the atomic structure of Si is the same as that of
required to fit the experimental spectra of th& 5 and 2<8 sur-  the AM-induced 3< 1 model. However, the relative position
faces, in contrast with the 81 surface in which only the one between AEM atoms and the Si atoms labesed different
component can reproduce the experimental spectrum. from that ofa in the 3X 2 unit cell. As well as thea anda

Intensity (arb. units)

96 94 92 90
Binding Energy (eV)
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FIG. 6. (Color) Proposed surface structural models for tap3x 1, (b) 5X 1, and(c) 2 X 8-Ba surfaces. The models are based on a
simple combination model of the HCC and Seiwatz chain structures as proposed by severaf-gtmtpsodified in accordance with the
results of the Si @ and Ba 4l core-level fitting and the coverage estimation by XPS. The Ba and topmost Si atoms are indicated by the
shaded circles and large open circles. Second- and third-layer Si atoms are represented by filled and small filled circles. Each parallelogram
is the unit cell of each surface reconstruction.

atoms, the atoms labeledandc are also in different con- the number of prominent surface components and the
figurations. Although these atoms in different configurationsamounts of shifts are almost the same in both the experi-
may cause different SCLSs in a simple consideration, ouments. In the fitting results of theX31-Ca surface, however,
fitting result is surprisingly in good agreement with the cal-the intensity ratio of5, is much smaller than that &, in the
culation based on the HCC model with-1/3 ML AM in measurement with some photon energies. From the intensity
which thea anda or ¢ and c atoms are equivalent. The ratio, the authors of Ref. 4 assigned the surface components
results suggest that the valence electron of the AEM is disS; andS, as thea andd atoms, respectively, and tleatoms
tributed almost equally to both tteeanda or c andc atoms  are excluded from the contribution to these surface compo-
causing almost the same SCLSs of these two red or blueents. Considering the environment of thatoms, it seems
colored atoms. Similar surface state band structures of th be a little bit unnatural that these atoms have almost the
3% 1-Ba to that of the X 1-Na surface in a recent angle- same core-level shift as the bulk atoms. The reason for the
resolved photoemission spectroscopy (ARPES different intensity ratios between the present results and
measuremeft suggest that the chemical environmentthose of the Ca-induced »31 surface is not evident at
around surface Si atoms and their electronic states in the Bresent. Since their core-level spectra were recorded by an
X 2-AEM surface are quite similar to those of thx3-AM. angle-resolved analyzer with a small acceptance édhe,
Thereby, AEM atoms may behave as electron donors thadhtensity ratio in their measurement may be affected much
donate two electrons to the Si substrate and make the HC@ore by diffraction and the small intensity ratio of ti&g
model stable rather than as adsorbates making strong covaray be caused by the diffraction effect.
lent bonds with surface Si atoms. In other words, one elec- As for the assignment of the surface components of the
tron in every 3< 1 unit cell in average makes the HCC struc- 3 1-Ca system, there is another calculatfdn. the calcu-
ture stable in both the 8 1-AM and 3X 1-AEM surfaces. lation, the assignment of the surface componénty; and

The fitting results of a recent SCLS study of theS,) having lowerEg is consistent with our results although
3 1-Ca surfackare almost consistent with our results, i.e., these two components are treated as one component in their
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analysis. However, they have assigned the component witmetal coverage is considered to#el/2 ML. Thecoverage
higher Eg(=S;) as the Si atoms under Ca atdgreen small of 2X8-Ba#=0.25-0.33 ML) estimated by our XPS
circles labeledj andg in the right hand side of Fig.(6)]. measurement, however, was considerably smaller than
Because of the potential of the positively charged AEM at-#=1/2 ML. Although it is not evident that the coverage of
oms, it is natural that these atoms are more positivel\2 X 1-Ca is#=1/2 ML, because of the larger size of the Ba
charged than bulk atoms and contribute to fdecompo- than the other AEMs, they probably cannot occupy eviery
nents. However, considering the expected intensity reductiosite in the channel of the Seiwatz chain structure resulting in
of the j andg atoms because of the short mean free path o& lower coverage and causing th& 8 periodicity. From the
the surface-sensitive measurement and the strong intensity eftimated coverage af~ 0.3 ML, the number of Ba atoms
the S; component, which is twice as large as the other comin the 2Xx 8 unit cell can be calculated as about five. Further-
ponents, the contribution of the extra surface Si atoms suchore, considering the fitting results of Bd 4h which the
as theb and c atoms in addition to the atoms under AEM intensity ratio of the two components is 1:0.8, these two
atoms seems to be necessary. As the authors pointed out @omponents may correspond to three and two Ba atoms.
Ref. 2, in spite of the semiconducting character observed by In accordance with the estimation and the results of the
photoemission spectroscopy, they assumed that th8i2p SCLS, we tentatively propose one possible structural
3X1-Ca surface was a metallic surface in their calculatiormodel for the 2x 8 surface as indicated in Fig(d. This
since they considered the Ca coverage is 1/3 ML for thenodel consists of the Si substrate having the same recon-
3X1-Ca surface. The over estimation of the screening effecstruction as the original Seiwatz chain structure and Ba at-
in the calculatioA may cause the different results from the oms with #=0.3 ML. In the 2< 8 unit cell (parallelogranm
calculations of Kang and co-workef$. Ba atoms are located at thré&g sites and twdHs sites in the
light of the aforementioned XPS and Bd 4ore-level re-
sults. Since the exact order of tflg and H; sites is not
B. 2X8 phase evident, we positioned them tentatively. Because of the dif-

From LEED and STM observation, the surface structureferent kinds of sites, the Bad4core-level spectrum can con-
of the AEM-induced highest-coverage phase is assumed f&in two components. The modification of Ba positions from
be the so-called Seiwatz chain structéréThis structure the original Seiwatz chain structure makex & periodicity
consists of dimerized Si chains as indicated in the right han@long the dimer row. Thus, in this model, the2 periodicity
side of Fig. 6c) and forms the X 1 reconstruction. In the ©f the Seiwatz chain structure of the Si substrate and<@e
model, the locations of metals are assumed to bdjtsites ~modulation caused by the Ba adsorption make>a82peri-
(broken circley and the metal coverage &=1/2 ML. The  odicity.
semiconducting character observed in the recent ARPES
studie$>?® and the angle-integrated PES stidgf the C. 5X1 phase
Ca-induced X1 surface is qualitatively consistent with @ g for the structures of the intermediate phases, a concept
structure having an even number of electrons in the unit cellyy the series of reconstructio8x 1, 5x1, 7X1,...,2
In the case of Ba adsorption, however, the & reconstruc- w1 was proposed by two different groups based on STM
tion is observed as the highest-coverage phase instead of {3gservatior?:3 The fundamental concept of the model is that
2x1.% The reason for the different surface reconstructionsne intermediate phases consist of simple combinations of
between Ba and other AEM adsorption is not evident. One ofhe 3% 1 (HCC) and the 2<1 (Seiwatz chaih structures.
the explanations suggested by Weitering is that the AEM- Ok e gb) is our proposed possible structural model for the
REM-induced hlghest-(_:overage_ phase commonly has thgx 1_ga surface on the basis of the concept. In this model,
2 8 structure but the high density of defects on the surfaceg,e Ba atoms are located at every otfigrsite and the cov-
causes the eighth-order spots to vanish in the LEED pattergrau‘:]e is 0.2 ML, approximately consistent with our XPS re-

with a high background intensity. However, the clear LEED g 15 (6=0.21-0.30 ML. Since both the structural units

pattern of the X 1-Ca with a very weak backgrouh@nd

the STM images with little defettare inconsistent with the havex2 periodicity a_1|or_19_ th¢101] direction the surface has
actually a 5<2 periodicity. In our LEED pattern of the

explanation. . : .
It is worthwhile to note that the spectral shape and the®* 1 surface, however, there is no sign of existence &fza

fitting results of the Si @ core level of the X 8-Ba surface  Periodicity. As shown in Fig. @), the shift of the Ba row
are quite similar to those of the Yb- and Ca-induced 2  along [101] can be more randontsee the three kinds of
surfaceg:*16 The resemblance of the SCLSs strongly sug-parallelogrampthan the 3< 1(=3X 2) surface[see the thick
gests that the short-range Si structure of & Ba is essen- and thin broken parallelograms in Figap]. As indicated by
tially the same as those of the other AEM- and REM-inducedhe LEED simulation of the & 1-Ba=3x 2-Ba),** consid-
2X1 surfaces. At the same time, the existence of multiplesring the possible higher randomness in the registration of
components in the Baddcore-level spectrum suggests that the 5x 1(=5X 2) surface, thex2 LEED spots(or streak$
the Ba adsorption site is not only one as assumed in theay vanish in our LEED observation. In addition, very re-
simple Seiwatz chain structure. Therefore, we consider thatently, in the LEED pattern of the %1-Ca surface at low
the structure of the & 8-Ba surface is a modified structure temperature, very faint spots originating from the 8 peri-

of the 2X1 structure, i.e., a modified Seiwatz chain struc-odicity have been observédTherefore we believe that the
ture. In the case of the original Seiwatz chain structure, thé¢ocal structure of the & 1-Ba surface has actually ax&
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periodicity. (Note, we use the notation,>61, rather than It is more difficult to assign th&, andS; components in
5% 2 for simplicity hereaftey. the 5X1 and 2x 8 surfaces. The assignment of the atoms
The fitting results of the Badlicore-level spectrum imply making the zigzag chain which exists in both th& 5 and
that there are also two kinds of Ba sites with almost the sam2 X 8 structures is not evident. In previous SCLS studies of
occupation ratio on the 81 surface. In the model, because 2X 1-Ca, Baskiet al. assigned the Si atoms neighboring
of the asymmetric Si structure, the environments around BAEM atoms[red colored atoms labeledin Fig. 6(c)] as the
in neighboring rows are different from each other even if theS; component based on their calculation, although &e
only Ba site is theT, site. Thus, the existence of two kinds of component is not resolved from the bulk component in their
Ba core levels can be explained without considering the difstudy? The dominantS; component for the X 8 surface in
ferent sites of Ba atoms. In the recently proposed structurdFig. 3 is in agreement with their observed surface component
model for the 5< 1-(=5X 2-)Ca with #/=0.3 ML,* Ca atoms and we infer the component as the red colored Si atoms
are assumed to occupy evefy site in one row and every labeleda. In the same analogy, the atoms labeledn the
otherT, site in the other row, as indicated by broken circles5 X 1 model can be assigned &sof the 5X 1 surface.
in the left side of Fig. &). However, in this case, the ex- As seen in Figs. ®) and 6c), the Si atoms labeled and
pected intensity ratio of the two Ba components is 2:1 and3 (yellow colored atomksin the zigzag chain are a little far

inconsistent with our fitting results for the Bal 4urface. from Ba atoms compared with theandK atoms. Due to the
_ _ weaker influence of the Ba atoms in these Si atoms, the
D. Interpretation of the SCLS of the Si 2p state energy shift of these surface atoms may be smaller than those

The results of the Si2 SCLS can be explained qualita- ©f the e andK atoms. Thus, these atoms in the zigzag chain
tively by these proposed models. As shown in Figs. 3 and 4nay contn.bute to thé&, Compohents. The Iarggr |nten3|ty of
the intensity ratio of theS; component decreases monotoni- 1 than$; in the 2x 8 surface is consistent with the assign-
cally from 3x 1 to 2x 8 via the 5< 1 phase. Since thg, ~ment. o _ _
state in the HCC model is assigned as the double-borfrling  Considering the similar chemical environment, thand
andc atoms making the honeycomb structure in the calculaP atoms in the honeycomb structure of the<s model
tion of Kang and co-worker® the successive decrease of Should have a similar core-level shift to those of éhandd
the honeycomb structure from the<al to the 2<8 in these ~ atoms in the X1 surface and contribute to tf and S
models is consistent with the reduction of tBg intensity ~COmPponents in addition to the aforementioriécand L at-
ratio. In this assignment, however, the intensity of e OMS. Thus, the number of atoms that contribut&tand S,
component of the X 8 phase should be zero if the compo- IN the 5X1 model is roughly the sam&, =K andA, S,=L
nent consists of only the double-bonding Si atoms. The re@ndD), being consistent with the observed intensity ratio of
sidual intensity of th&s; component even in theX28 surface the S and$,. ) ) ) )
suggests that thg, component includes the contribution of ~ Finally, we discuss a little the faint componesit This S
other atoms such as atoms underneath the Ba afgresn ~ COmMponent is observed in every phase in the lowggtre-
circles in Fig. 6 as discussed in the preceding section. Condion. In the previous SCLS studies of the Ca13i)
sidering the similar configurations of these green atégis Systent*a similar component was also observed. Sakamoto
andj of the 3x1, G, J, F, andM of the 5x 1, and green and co-workers assigned the component as the intrinsic com-
circles of the 2<8), we assume a similar CLS for these ponent of the 5% 1 structure since they did not observe the
surface atoms. In this assumption, the numbers of the atonfmilar component in the 8 2 and 2< 1-Ca surface$In the
underneath Ba which may contribute to Bestate are 3, 6, Present core-level study, however, we observeSheompo-
and 10 in the X 1, 5x 1, and 2x 8 unit cells. Although, in nent in every surface reconstruction. In a SCLS study of the
the 2x8 model, the order of thd, and H; sites is not Ba-deposited $001) surface at room temperature, the sur-
evident, the number of green atoms in the unit cell is alwaydace component originating from the formation of Ba mono-
10. Thus, the contribution of the atoms underneath Ba to théilicide has been observed at the energy range of -0.8 to
S, components changes as 3/6, 6/10, and 10415, 0.6, —1.0eV from the bulk componeRt. When the sample is
and 0.625 for the 3x 1, 5x 1, and 2< 8 surfaces. Taking annealed, it is considered that the formation of the silicide is
account of the intensity reduction due to the finite penetramore likely to occur. The formation of Ca silicide on(511)
tion depth of the electrons, the contribution of the atomss frequently observed? In addition the STM images of in-
underneath Ba should be smaller than that of the atoms fornfermediate phasg§x 1, 7X 1,..) are always not clear and
ing the honeycomb structure. Therefore, in this interpretain high-resolution images many defectlike structures have
tion, the intensity of theS; component which is the sum of been observe#® Therefore, from theEg shifts similar to
these contributions decreases from thg Bto 2x8 via  those of the Ba monosilicide and the above mentioned con-
5x1 but does not become zero. In addition, the slightsiderations we infer that th8 component is due to a small
change of the energy position of tf& component in the portion of Ba silicide or a defect structure.
2X 8 surface from those of the other reconstructions may
reflect that_ theS; component in the ¥ 8 gurface consi_sts of V. CONCLUSION
only the Si atoms under the Ba atoms in contrast with those
in the 3x 1 and the 5< 1 surfaces in which the contributions ~ The structures of the Ba-induced reconstructi¢dis 1,
from the Si atoms of both the honeycomb structure and th&X 1, and 2<8) on the S{111) surface have been investi-
underneath Ba are included. gated by spectroscopic measurements such as surface-
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sensitive core-level spectroscopy of $i 2nd Ba 41 and these models, we can explain the change of thepSide-
XPS. The fitting results of the SiRand Ba 4l core levels level spectra qualitatively. In order to verify the proposed
reconfirmed that the surface structure of the B (which is  models as well as the origin of thex28 structure for Ba
actually the 3<2) is in good agreement with the adsorption, atomically resolved STM observation and theo-
honeycomb-chain-channel model. From the similarity of theretical calculations of the core levels and valence electronic
Si 2p core-level spectrum, the short-range Si structurestructures for the Ba-induced reconstructions are expected.
of the 2X 8 surface must be almost the same as that of the
2X 1-Ca or -Yb surface. The observed double component in
the Ba 4l core levels of the X 1 and 2x 8 surfaces strongly
suggests the existence of multiple Ba adsorption configura- The authors would like to thank the staff of the Photon
tions on these surfaces. Considering the estimated Ba covefFactory, especially Dr. J. Adachi and Dr. K. Ito for their
age, which is different from that in the Ca($11) system, support in the experiment. We also appreciate Dr. Y. Ya-
as well as the results of the Sp2and Ba 4l core levels, mashita, Dr. S. Machida, and Professor J. Yoshinobu for their
modified structural models are proposed for the Ba-inducedind help in the experimental setting. T.O. is grateful to S.
5% 1 (which is actually the % 2) and 2x 8 surfaces based Nakazono and K. Nakamura for their help in the experiment.
on previously proposed models which are a combination offhis study was supported in part by a Grant in Aid for Cre-
the HCC and the Seiwatz chain models. In the model of thative Basic Research from the Ministry of Education, Sci-
2X 8 surface, two different Ba adsorption sitds, andH;  ence, Sports and Culture of Japan. This work was performed
sites, play an important role to form ax8 periodicity. With  under the Photon Factory Proposal No. 2000G006.
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