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The surface structures of different Cd/Ril) surfaces were studied by low-energy electron diffraction
(LEED) and high-resolution core-level photoelectron spectroscopy. Five different phases were observed in
LEED depending on the Ca coverage. The lowest coverage phase has b@h é8dc(6x2) periodicities,
and the highest coverage phase has & 12 periodicity. The LEED patterns of the three intermediate phases
were (5X2), (7X1), and (9x1). In the Si D core-level spectra, three surface components were observed in
both the lowest and highest coverage phases. These three surface components were also observed in each
intermediate phase together with two other components. The presence of the two extra components indicates
that the intermediate phases are not completely described by simple combinations of the two end phases as
suggested in the literature. By considering the energy shift and intensity of each surface component, we
conclude that the structure of the X2) phase is basically the same as that of the honeycomb-chain-channel
model with a Ca coverage of 1/6 ML, and theX2) phase is formed by-bonded Seiwatz Si chains with a
coverage of 0.5 ML. Moreover, taking the energy shifts and intensities of the extra surface components into
account, we propose a structural model of th&x@ phase, whose Ca coverage is 0.3 ML.
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[. INTRODUCTION was explained by the presence of a(3) periodicity, which
was clearly observed using ST(Ref. 23 but not in electron

Motivated by the fundamental and technological impor-diffraction studies??*and by the Ba coveradé.That is, a
tance, one-dimension&lD) structures formed on semicon- surface with a (¥X2) periodicity and a Ba coverage of 1/6
ductor surfaces is a topic of increasing interest. From a sciML lead to an even number of valence electrons in the unit
entific point of view, a number of interesting phenomena hasell, and thus explain well the semiconducting character of
been reported for these 1D structutésThe Si(111)-a the so-called Ba/Si(111)-¢81) surface. In contrast to the
X 1) structures formed by the adsorption of alkaline-earthBa case, the semiconducting characters of(Ref. 3 and
metals(AEM’s) are candidates for such 1D systems. Mg (Ref. 21 adsorbed Si(111)-(81) surfaces were pro-

The Ca/Si111) surface is known to form a series af ( posed to result from a Mott or a CDW transition that might
X 1) reconstructionsr(=3, 5, and 7 that culminates with a occur due to strong electron correlations which can originate
(2X1) phase at 0.5 ME* The lowest coverage (81)  from the 1D structure. The propositions for the origins of the
phase is also formed by the adsorption of monovalent alkaliransitions were based on the assumption that the geometric
metals(AM’s) and Ag, and divalent rare-earth meta®m  structures of these surfaces are completely the same as the
and Yb with a coverage of 1/3 ML. The similarity of the HCC model, i.e., a surface with a ¥3L) periodicity and an
low-energy electron diffraction(LEED) |-V curves>®  adsorbate coverage of 1/3 ML. However, so far there is no
scanning-tunneling-microscop§TM) images’ ** and sur- detailed study about the geometric structure of the
face core-level shif(SCLS measurements?~® strongly  Ca/Si(111)-(3< 1) surface, and thus there is no evidence to
suggests that all (81) surfaces have a quite similar struc- support these propositions.
ture. Among the large number of proposed structural models, Concerning the other Caf3il1) phases, the (2 1) phase
the honeycomb-chain-chann@iCC) model®~18 which is  was proposed to be formed bybonded Seiwatz Si chains,
energetically more stable than the other models and fulland the two intermediate phasfthe (5x1) and (7x1)
compatible with the SCLS results and the STM images, iphase$were proposed to be formed by simple combinations
widely believed to be the most appropriate geometric strucef the HCC model and the Seiwatz modéiThe electronic
ture of the Si(111)-(X 1) surface. structures of these (81), (7X1), and (2<1) phases were

The electronic structures of the X3L) surfaces formed reported to show semiconducting characfefsnong these
by monovalent atom adsorption are expected to show semihree phases, the semiconducting electronic structure of the
conducting characters according to the even number of va2x1) phase agrees well with the even number of valence
lence electrons in the unit cell. This expectation agrees welklectrons in the unit cell, whereas those of the two interme-
with the semiconducting electronic structures obtaineddiate phases are inconsistent with the electronic character
experimentally**141920However, in the case of AEM ad- expected by electron counting. In similarity with the (3
sorption, experimental studies reported semiconducting chat<1) phase, the origins of the semiconducting electronic
acters for C&,Mg,?* and Ba(Ref. 22 adsorbed Si(111)-(3 structures of the two intermediate phases are not determined
X 1) surfaces though the electronic structures are anticipatesb far. Further, there is no experimental evidence that sup-
to show metallic characters according to the electron countports the proposition about the geometric structures of the
ing. Regarding the Ba adsorbed surface, this inconsistendptermediate phases.
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In this paper, we present detailed coverage-dependent
LEED and high-resolution Si 2 core-level studies of the e .
Ca/Si11)) surfaces. In the LEED study, five different phases /) - - GRS .
were observed at different Ca coverages. The lowest cover- - i ' “ A k.
age phase has both X) andc(6x2) periodicities, the
highest coverage phase has ax(®) periodicity, and the
three intermediate phases haveX(3), (7x1), and (9
X 1) periodicities. In the Si @ core-level spectra, three sur-
face components were observed in both the lowest and high-
est coverage phases. Taking the energy shift and intensity of
each surface component into account, we conclude that the
(3% 2) and (2<1) phases have the HCC structure with a Ca
coverage of 1/6 ML and the Seiwatz structure with a cover-
age of 0.5 ML, respectively. A (8 2) periodicity with a Ca
coverage of 1/6 ML leads to an even number of valence
electrons, and thus explains well the semiconducting elec-
tronic structure of the so-called Ca/Si(111)X3) surface.
Together with the three surface components observed in the
lowest and highest coverage phases, two other components
were observed in the three intermediate phases. The presence
of extra surface components indicates that the intermediate
phases are not formed by simple combinations of the two
end phases. By considering the energy shifts and intensities
of the extra surface components, we propose a structural
model for the (5<2) phase whose Ca coverage is 0.3 ML.  FIG. 1. LEED patterns of the Caf31L1) surfaces obtained at
The (5% 2) unit cell and the 0.3 ML Ca coverage elucidate different coverages. Ca coverage increases in the order of (a)
the semiconducting character of this phase. —(b) —(c)—(d)—(e). Primary electron energies af@ 52 eV,

(b) 67 eV, (c) 70 eV, (d) 52 eV, and(e) 76 eV. All patterns are
obtained after cooling the sample down to 100 (K. shows the
schematic LEED patterns of a three domains Si(111¥%-23 sur-

The high-resolution photoemission measurements anthce and a three domains Si(11d06X 2) surface.

LEED studies were performed at beamline 33 at the MAX-I
synchrotron radiation facility in Lund, Sweden. The $ 2 tern of the lowest coverage phase is displayed in Fig), 1
core-level spectra were obtained with an angle-resolved phand the Ca coverage increases in the order of—{#b)
toelectron spectrometer with a total-energy resolution of—(c)— (d)— (e). Together with thex 3 spots, some extra
~80 meV and an angular resolution af2°. The S{111) spots are clearly observed in Figal Comparing the LEED
sample, cut from a Sb-doped-type, 3Q0cm) Si wafer, was pattern shown in Fig. (h) with the schematic LEED patterns
preoxidized chemically before it was inserted into theof Si(111)-(3x2) and €(6x2) surfaces[Fig. 1(f)], we
vacuum system. To obtain a clean surface, we annealed tlwnclude that the lowest coverage phase consists of large
sample at 1230 K by direct resistive heating in the vacuun{3x2) andc(6x2) domains. This result obtained at 100 K
chamber to remove the oxide layer, and at 1520 K to removés different from the results obtained at room temperature
carbon contamination from the surface. After the annealingusing STM (Ref. 3,4, 10 in which only local (3x2) and
we observed a sharp §7) LEED pattern, and neither the ¢(6x2) structures were observed. It is also different from
valence-band spectra nor the Sip 2core-level spectra the results of previous electron diffraction studies in which
showed any indication of contamination. Eachonly weak X2 streaks were observed at room
Ca/Si(111)-0x 1) reconstruction was prepared by either temperaturé;'®and no trace o 2 was observed at a higher
depositing a certain amount of Ca onto the cleantemperaturé.Taking into account that the (32) structure
Si(111)-(7x7) surface that was subsequently annealed afvas reported to be formed by 1D chains that shzg
approximately 825 K, or by reducing the Ca coverage bymodulation along each chain by STM? these thermal-
annealing the 0.5 ML Ca adsorbed Si(111)4(2) surface at dependent results suggest that the correlation betweef a
a temperature between 900 and 1050 K. All LEED and coreperiodicity along a chain and the 2 periodicity along the
level studies were performed after cooling the sample dowmeighboring chains becomes weaker at higher temperatures.
to 100 K. That is, the basic structure of the lowest coverage ChI$i
phase has (82) andc(6Xx2) periodicities, and the obser-
IIl. RESULTS vation of only a (3x1) periodicity at high temperatures re-
sults from thermal-induced disorder of the2 periodicity.

In Fig. 1(b), sharpXx5 spots are observed together with

Figures I1a)—(e) show the LEED patterns of the Ca/ dim diffuse spots. Since no trace of other phdseg., spots
Si(111) phases formed at different coverages. The LEED pateriginating from a (3<2) phasé is observed in Fig. (b),
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Il. EXPERIMENTAL DETAILS

A. LEED
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FIG. 2. Si 2p core-level spectra of the Ca($11) surfaces mea-
sured at 100 K witthv=135 eV andf,=60°. (a) is the spectrum
of the (3x“2" ) phase,b) the (5X“2" ) phase,(c) the (7x“2")
phase(d) the (9x“2" ) phase, ande) the (2x 1) phase. The spec-
tra are obtained from the same surfaces as those used in Fig. 1.
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energy fv) of 135 eV and an emission anglédy of 60°

from the surface normal direction were used for all spectra.
The spectral shapes of the X32” ) and (2x1) phases are
quite similar with those observed previoudlyyhereas the
shapes of the (5“2” ) and (7x“2" ) phases are different.
This difference might come from the different quality of the
samples used in the previous study. For example, since the
difference in Ca coverages of the X52” ) and (7xX“2")
phases is small, i.e., less than 0.03 ML in the model proposed
in the previous studie$? and the sample was annealed at a
temperature high enough to desorb Ca atoms to form those
phases, an uneven heated sample might produce a difference
in Ca coverage and thus different phases at different sample
positions. In the present study, the high quality of each
sample is confirmed by LEED.

In order to determine the number of SpZomponents
that compose the spectra shown in Fig. 2, we have measured
each phase using differeniv and 6, that give a difference in
the surface sensitivity. We have useldv( 6,)=(135 eV,
60°) for the most surface sensitive measurement, dng (

0.) = (108 eV, 0°) for the most bulk sensitive measurement.
In Fig. 3 we show thév- and §.-dependent Si @ core-level
spectra of the Ca/Si(111)-¢32" ), (2X1), and (5<“2")
surfaces. Without any processing, the spectra of the
(3x“2" ) phase reveal the presence of several components
that contribute to the shape of the spectra. The most evident
one isS1, whose 3, component is clearly observed at a

these dim spots originate from the so-called Ca/Si(111)-(%inding energy Eg) of 99.75 eV. The presence @2 is
X 1) surface itself. The positions of these dim spots correfevealed by the behavior of the valley between thgy,2

spond to the positions of thg 2 spots of (5<2) andc(10

components oS1 andB. That is, the flat part observed at

X 2) structures. Thus, the presence of these dim spots ind&round EB=99.9 e_V in the spectra obtained a_iln(, 0e)
cates that the basic structure of the so-called Ca/Si(111)-(5 (145 eV, 0°) is impossible to reproduce by using o&ly.

X 1) surface has actually both ¥2) andc(10x 2) period-

The contribution from a third componen$g) is confirmed

icities, and suggests that this surface is basically formed by the observation of its (&, component as a shoulder at

combinations of the (X2) and (2<1) phases. Below, we
call the mixed Ca/Si(111)-(82) andc(6X2) surface as
the Ca/Si(111)-(¥%“2") surface, and the mixed
Ca/Si(111)-(5¢2) and c¢(10x2) surface as the
Ca/Si(111)-(5<“2" ) surface to simplify the description.
Figures 1c) and Xe) show the LEED pattern of the
Ca/Si(111)-(7< 1) and (2x1) surfaces, and Fig.(d) dis-
plays the pattern of the Ca/Si(111)X4) surface that was
not reported in the previous studig$°Taking the observa-
tion of the (5X“2” ) phase into account, the two other inter-

Eg=100.4 eV in the spectra measured ahv( 6,)
=(135 eV, 0°), and by its g,,, component that is observed
as a shoulder aEg=101 eV using fv, 6,)=(135 eV,
60°). The presence of three surface components is also re-
vealed for the (X 1) phaseS1 is clearly observed as a peak
at Eg=99.75 eV, and the presence 2 andS3 is recog-
nized from the broadening of thgg, component oB in the
spectra obtained with high surface sensitivity.

Taking its complicate spectral shape into account, one
easily knows that the number of surface components of the

mediate phases might also be basically formed by combind5Xx“2" ) phase is larger than those of theX3" ) and

tions of the (3x“2” ) and (2x 1) phases, and we propose
that these two phases have actually<(2” ) and (9x“2")
periodicities. The invisiblex 2 spots and/or<2 streaks of
the (7x“2") and (9x“2" ) phases in Fig. 1 can be ex-
plained by the long distances betwee2 chains that lead to
very weak correlation between the neighborik@ period-
icity chains.

B. Si 2p core level

Figure 2 shows the Sif2 core level spectra of the five

(2X1) phasesS2 is observed as a peak withi, 6,)
=(135 eV, 60°) atEg=99.9 eV.Sl is revealed by the tall
on the low binding energy side of thepg, component of
S2. S3 is obvious from the observation of a shoulder in the
spectrum obtained withh(p, 6.)=(135 eV, 0°), and the
observation of a clear peak di%, 6,)=(135 eV, 60°). The
presence of54 is revealed by the peak observed at around
99.35 eV using lfv, 6,)=(135 eV, 60°), and the small
structure observed at the safag in other spectra. The con-
tribution from a fifth componeng5 is deduced by the long
tail on the high binding energy side that extends to 101.4 eV

phases observed using LEED. The spectra were obtaindd the spectrum obtained witth¢, 6,) = (135 eV, 60°). The
from the same surfaces as those used in Fig. 1. A photohv- and 6.-dependent Si @ core-level spectra of the
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FIG. 4. Decomposition of the Sif2core-level spectra of the
Ca/Si(111)-(3X"2"), (5x“2"), (7x"2"), (9%x*2"), and (2
X 1) surfaces. All spectra were recorded with=135 eV andé,
=60°. The open circles are the experimental data, and the solid
lines overlapping the open circles are the fitting curves. Each com-
ponent is indicated by different hatching.

FIG. 3. Si 20 core-level spectra of the Ca/Si(111)%32" ),
(2X1), and (5<“2" ) surfaces measured at differémt and 6, .
The solid lines indicate the energy positions of the Bj,2parts of
the four components for the §3“2” ) and (2x1) phases, and of
the six components for the ¢56“2" ) phase.

(7Xx“2" ) and (9x“2" ) phases, which are not shown here,
also reveal the presence of five surface components each
similarity with the (5x“2” ) phase.

decomposition of each spectrum, and each component is in-
icated by different hatching.

From the result of the fitting procedure, we can conclude
that both the (X “2” ) and (2x 1) phases have three surface
components, a nhumber which is larger than that reported
previously® We can also conclude that the three other phases

Quantitative information about the structures of the Cahave five surface components each. Among the surface com-
Si(111) surfaces, is obtained by analyzing the $i @pectra ponents S1 andS3 are observed in all phases at the same
by a standard least-squares-fitting method using spin-orbkinding energy, an&2 is observed in all phases with a shift
split Voigt functions. Figure 4 shows the results of the analy+t0 higher binding energies as the coverage of Ca increases.
sis for the Si D core-level spectra of the Ca($i1) surfaces Concerning the two surface components observed only in the
obtained with bv, 6,)=(135 eV, 60°). The open circles intermediate phase§4 has the same binding energy in the
are the experimental data, and the solid lines overlapping théree phases, arsb shifts to higher binding energies as the
data are the fitting curves. We used 608 meV for the spinCa coverage increases. The constant binding energig$,of
orbit splitting and a 80 meV full width at half maximum S3, andS4, and the continuous shifts 82 andS5 indicate
(FWHM) for the Lorentzian contribution for all components that the origin of each component is the same or quite similar
in the fitting procedure. The Gaussian widths of the bulkin all phases. Below, we only investigate the geometric struc-
components are 225 meWFWHM) for all surfaces, and tures and discuss the origins of the surface components for
those of the surface components are between 268 and 31e (3xX“2" ), (2X 1), and (5<“2” ) phases within the ini-
meV. A polynomial background was subtracted before thdial state effects, since the 32" ) and (2<1) are the two

IV. DISCUSSION
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ments. Further, a structural model with a{3) periodicity
and a Ca coverage of 1/3 ML, was used to attribute the
origins of the surface components of the lowest coverage
phase in that study, while the periodicity of the basic struc-
ture is actually (% “2” ) as shown in the present study and
the accurate Ca coverage of this phase was undetermined.
To investigate the geometric structure of thex(@" )
phase, we first compare the present result with the previous
Si 2p core-level studies performed on the 1/3 ML AM’s
adsorbed Si(111)-(81) surfaces:*2131518 pye to the
charge transfer from AM to Si, the two surface components,
whose binding energies are lower than that of the bulk com-
ponent, were attributed to originate from the surface Si at-
oms bonded directly to the adsorbdthe “a” and “b” Si
atoms in Fig. 5'>8The difference in binding energy results
from the different AM-Si bonding configuration, i.e., aa™
atom bonds to two AM atoms, whereas B"“atom bonds to
o S (ad-layen) only one AM atom. In a theoretical calculation performed on
o Si (st layer) the Na/Si(111)-(X 1) surface'® the surface component
° Si (2nd laver) with the lowest binding energy is assigned to originate from
the “b” Si atoms, and the component with the second lowest
binding energy is expected to result from tha"“atoms.
Taking into account that different bonding configurations
produce different surface components for the alkali metal

of the (3x1) is completely the same as that of the HCC model@dsorbed Si(111)-(81) surfaces, and that there are also
proposed for AM/Si(111)-(X1) surfaces, and the geometric WO different “C?'S' bonding configurations in both the (3
structure of Si atoms in the (82) phase is the same as the HCC X 1) and (3<*2" ) phases as shown in Fig. 5, we regard the

structure. Filled circles are Ca atoms, and open circles are Si atom§1 andS2 components FO originate from Si. atoms .that bQHd
The dashed lines indicate the unit cells of each phase. to Ca atoms and have different Ca-Si bonding configurations.

In order to discuss the origins 81 and S2 in more
end phases of the series, and the<(8” ) is a typical inter- ~ details, we pay attention to the intensity ratio of the two
mediate phase. components. This intensity ratio gives information about the

number of corresponding Si atoms in the unit cell, which
makes it possible to obtain more accurate information about
A. (3X"2") and (2X1) phases the geometric structure of the §3'2” ) phase and to make
Based onab initio calculations, the most energetically more precise assignments of the originsSafandS2. Using
stable adsorption site of AEM atoms was reported to be th@ condition of fiv, 6,)=(135 eV, 60°), the intensity ratios
T, site (just above the second layer Si atonis the two of S1 and S2 were approximately 7:1 for the ¢3°2" )
structural models proposed for the so-called AEM/phase and 7:3 for the (21) phase. These intensity ratios
Si(111)-(3x 1) surfaces, i.e., the HCC structures with AEM were almost the same using a condition div( 6)
coverages of 1/3 ML(Refs. 3,4 and 1/6 ML?® Ca atoms =(135 eV, 0°).However, as shown in Fig. 3, the intensity
were also reported to adsorb on ftlig site in the Seiwatz of S1 becomes smaller in the spectra obtained using other
model of the (1) phase®* Comparing the experimental photon energies. Using photon energies of 125 and 145 eV,
results and calculations performed on a 1/3 ML Ca adsorbethe intensity ratios o561 andS2 were approximately 2:1 for
Si(111)-(3x 1) surface and on a 0.5 ML adsorbedx2)  the (3X“2" ) phase, and 1:1 for the (21) phase. By com-
surface® the surface component observed on the lower bindparing the intensity ratio obtained withv= 135 eV and
ing energy side of the bulk component was assigned to origiether photon energies, one notices that the intensitylois
nate from the Si atoms bonded directly to Ca atoms, i.e., thenlarged athv=135 eV due to a diffraction effect. This
“a”and “b” Si atoms of the (3x1) phase and theF”and  means that the intensity ratio of the surface components ob-
“G” atoms of the (2< 1) phase in Fig. 5. The surface com- tained withhv»=135 eV does not correspond to the number
ponent observed on the higher binding energy side of theatio of Si atoms that produc®l andS2. Since the intensity
bulk component was assigned to originate from the secontatios obtained with other photon energies were identical, we
layer Si atoms that are situated just below the Ca atoms, theonclude the intensity ratios of 2:1 and 1:1 to be the number
“c”and “H” Si atoms in Fig. 5° However, since the num- ratios of Si atoms that produc®l andS2 in the (3x“2" )
ber of surface components is different from that observed ipphase and the (21) phase, respectively.
the present study, i.e., only two surface components were Even by modifying the Ca adsorption sites and by form-
observed for both the lowest and highest coverage phasesiing a (3X“2” ) periodicity, a ratio of 2:1 cannot be achieved
the previous study, we cannot just use these previous assigasing a Ca coverage of 1/3 ML, i.e., a coverage proposed in

FIG. 5. Structural models for the Ca($11) surfaces. The (3
X 1) phase with a Ca coverage of 1/3 ML, thex3) phase with a
Ca coverage of 1/6 ML, the (82) phase with a coverage of 0.3
ML, and the (2x1) phase with a coverage of 0.5 ML. The model
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the early studied? Since the accurate coverage of Ca was Regarding the (X 1) phase, there are also two different
not measured in the early studies, and the 1/3 ML coverag€a-Si bonding configurations in the Seiwatz model, i.e., each
was only based on the assumption that the coverage of Ca I5Si atom bonds to two Ca atoms and e&htom bonds to
the same as that of the AM/Si(111)%3) surfaces, we one Ca atom as shown in Fig. 5. The good agreement in the
have investigated the Ca coverage of {B&X 2) phase by number ratio of thd= and G atoms and the intensity ratio of
the Ca deposition time and the Ca 8ore-level spectra. In  S1 andS2 (1:1) supports that the geometric structure of the
the present study, the §&‘2” ) and (2x 1) phases were ob- (2X 1) phase is the Seiwatz structure with a Ca coverage of
tained with a Ca deposition time ratio of 0.35:1, in the casd).5 ML. By using the same discussion as for thex(2" )
of annealing the sample to 825 K following the room tem-phase, thes orbitals of Ca atoms should energetically prefer
perature adsorption. An annealing at 825 K hardly desorbto interact with the dangling bonds of tleSi atoms. This
Ca atoms from the surface, and thus the deposition time imeans that the origins @1 andS2 of the (2x1) phase
closely related to the Ca coverage supposing that the adsorpight be theF and G Si atoms, respectively. The distance
tion probability is constant for all coverages. The intensitybetween Ca atoms and tl@ Si atoms is longer than the
ratio of the Ca P core-level spectra, normalized using the distance between Ca atoms and Batoms, and thus the
background intensities that are proportional to the photorinteraction between Ca ar@ atoms should be weaker than
flux, was 0.31:1 for the (82" ) and (2x1) phases. Based that between Ca anB atoms. Since a weaker interaction
on these ratios and on the 0.5 ML Ca coverage of the (Zuggests a smaller amount of charge transfer, we conclude
X 1) phase, we conclude that the Ca/Si(111)<(2" ) sur- that the origin ofS2 of the (2<1) phase is th& Si atoms.
face has the HCC structure with a Ca coverage of 1/6 MLFurther, the smaller amount of charge transfer explains well
This conclusion indicates that the geometric structure of théhe energy shift 052 observed in Figs. 3 and 4.
Ca/Si(111)-(3<“2" ) surface is the same as that of the Asinthe case of th& andB atoms, the distance between
Ba/Si(111)-(3x2) surface, and therefore supports theCa atoms and thE atoms is larger than the distance between
propositiorf® that the geometric structures of all AEM’s ad- Ca atoms and thé atoms. The weaker interaction between
sorbed Si(111)-(&“2" ) surfaces are universal. Ca atoms and the atoms should produce an energy shift of
By using the 1/6 ML model, we consider the origins3if Sl to a higher binding energy. On the other hand, the num-
andS2 of the (3x“2” ) phase. As shown in the 1/6 ML (3 bers of Ca-Si bonds of th& andF atoms are different. That

X 2) model in Fig. 5, the number ratio of theA” and “ B” is, theA Si atoms bond to only one Ca atom, while the&Si
Si atoms is 2:1 in the unit cell. This ratio fits with the ratio of atoms bond to two Ca atoms. A larger number of Ca-Si
S1 andS2. In the case of attributin§l andS2 to the “A” bonds suggests a larger amount of charge transferred into the

and “B” Si atoms, respectively, the assignment becomes difF atoms, and therefore a shift 8 to a lower binding en-
ferent from that done for the AM/Si(111)-¢31) surfaces. ergy. By assuming that the effect of the larger number of
That is, the surface component with the lowest binding enbonding orbitals is canceled by the weaker interaction, we
ergy is attributed to originate from theb® Si atoms in the  attribute the origin ofS1 in the (2<1) phase to be thé&
case of AM that correspond to theB* atoms of the (3 ~ atoms.

x 2) phase in Fig. 5. Taking the difference in adsorbate into The third surface component observed in the<(2" )
account, this conflict can be explained by the symmetry ofind (2<1) phases §3) was reported to originate from the
the surface structure and the difference in the number ofi atoms that form the honeycomb and are not bonded to the
valence electrons. The dangling bonds of the 4nd “B”  adsorbate for the AM adsorbed Si(111)X3) surface, i.e.,

Si atoms face the adsorbates, whereas the dangling bondstg d ande Si atoms in Fig. 5>'*On the other handS3 is

the “a” and “A” atoms should change their direction to Stated to originate from the second layer Si atoms situated
interact with thes orbitals of the adsorbates. This means thatust below the adsorbate in a theoretical calculation done for
in the case of an AM/Si(111)-(81) surface, as orbital of ~ the 1/3 ML Ca adsorbed Si(111)-(3l) surface(the c Si
monovalent adsorbate energetically prefers to interact with atoms.® In the present study33 is observed in all phases at
dangling bond of théb Si atom. The preferable interaction the same binding energy. The constant binding energy indi-
indicates that the amount of charge transfer from AM atomsgates that the origin d3 should be basically the same in all
to theb Si atoms should be larger than that to thatoms, phases. Since there is no honeycomb in th& {2 phase,
and that the energy shift of the surface component produceidie second layer Si atoms situated just below the adsorbate
by theb Si atoms is larger than the component produced byare more probable as the origin 8. However, the FWHM
the a atoms. On the other hand, tlseorbitals of a divalent of S3 is larger than the FWHM’'s ofS1 and S2 in the
AEM atom would energetically prefer to interact with two (3% 2" ) phase, while the FWHM's of the three components
dangling bonds rather than only one dangling bond. By asare almost the same in the X2L) phase. In the (82" )
suming that the interaction between a Ca atom and two synphase, the FWHM 083 is 290 meV and those &1 andS2
metric dangling bonds is energetically preferable though there 268 and 272 meV, respectively. The larger FWHM sug-
dangling bonds have to change their direction, the amount ajests the possibility of more than one origin for %% of the
charge transfer from the Ca atoms to th&i atoms becomes (3Xx*“2” ) phase. Therefore, since it is hard to exclude the
larger than that to th® atoms of the (X 2) phase. There- possibility of other origins for the (8“2" ) phase, we at-
fore, we conclude that the origins 81 andS2 observed in tribute S3 to theC, D, andE atoms for the (X “2” ) phase,

the (3x“2" ) phase are thé andB Si atoms, respectively. and to theH atoms for the (X 1) phase.
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Here, we would like to mention briefly about tBeandC  than that to obtain the (82" ) phase, and the intensity of
atoms of the 1/6 ML (X 2) model, which have dangling the Ca % core-level was 1.74 times higher than that of the
bonds. The presence of dangling bonds indicates that thgdx“2” ) phase. Since the coverage of thex(®” ) phase
environments of thé and C atoms are different from the s 1/6 ML, these ratios indicate that the Ca coverage of the
bulk Si atoms, and thus can be the origin of one of thg5x“2" ) phase is 0.3 ML. Therefore, we conclude that the
surface components. However, taking into account that therg 5 coverage of the (§“2” ) phase is 0.3 ML, and the cov-
is no Si atoms with dangling bonds in theX2) phase and  grage reported in the previous studitsvas overestimated.
that the origin of each surface component is the same Ofhe 0.3 ML Ca coverage supports that the<('2” ) phase is

quite similar in all phases, these atoms cannot be the origiBasicallyformed by the combination of the (32" ) and

of a surface component observed in the present study. Withip, 1) phases
the initial state effects, this result can be explained by th Since the energy shift &4 is larger than that 081 and

har ates of thB and C atoms. That is, if there is no . ; . 2 . .
charge st S2, a possible assignment of its origin is the Si atoms with a

charge transfer from or into thB and C atoms, the charge ¢ oh torrod f b
states of these atoms are the same as the charge states of Hgfig€r amount of charge transferred from Ca. Such large

Si atoms, and therefore the binding energies of the surfacga’ge can be transferred in the case of a larger number of
components, which originate from these atoms, should be thga-Si bonding orbitals per Si atom and/or a stronger interac-
same as the binding energy of the bulk component. tion between the Ca orbital and the Si dangling bond,
which is formed by a shorter Ca-Si bond length. As shown in
. Fig. 4, the intensity 064 is smaller than those of ti&l and
B. (5X"2") phase S2 components. By considering thgt andS2 should origi-

In order to investigate the geometric structure of the (5nate from Si atoms that are situated on Thesite and bond
X*2" ) phase, we consider the origins ® andS5. Of the  to Ca, the small intensity @4 suggests that among the three
S4 andS5 componentsS4 was also reported in the Sp2  Ca atoms in the unit cell, one of them bonds to a Si atom
core-level study of divalent rare-earth meté®&m and Yb with a Ca-Si bond length shorter than the other two Ca at-
adsorbed Si(111)-(81) surfaces, which were also pro- oms. Based on these suggestions, we propose a structural
posed to be formed by a combination of the rare-earth metalsiodel of the (5¢“2” ) phase that is shown in Fig. 5. Ac-
induced (3<“2” ) and (2x1) phase$>? In this previous cording to this structural model, we attribute the origin of S4
study, S4 is attributed to originate from the dimers of the firstto theN Si atoms, which have the shortest Ca-Si bond length.
layer Si atoms. Here, we notice that the structural models of Thel andJ Si atoms have the same coordination asAhe
the (3x“2” ) and (2x 1) phases used in this previous study andB atoms of the (X 2) phase, and the atoms have the
are different from the HCC and Seiwatz models, i.e., Sm angame coordination as th@& atoms of the (X 1) phase. The
Yb atoms were proposed to be adsorbed in the bridge sites efquivalencies in coordination indicate that thatoms pro-
an ideal S{111)-(1x1) surface. Thus, we cannot use the duceS1, and thel andL atoms produces2. On the other
assignment o84 derived for rare-earth metals adsorbed sur-hand, the coordination of th atoms is slightly different
faces. from that of theF atoms of the (X 1) phase, i.e., only one

Although the observation of the ¢56“2” ) LEED pattern Ca atom bonds to th& atoms whereas two Ca atoms are
suggests that this phase might be basically formed by thsituated near th& atoms. The lower number of surrounding
combination of the (¥*“2” ) and (2<1) phases, the pres- Ca atoms per Si atom suggests a lower amount of charge
ence of theS4 and theS5 components indicates a more transfer into these Si atoms. Thus, by assuming that the
complex situation. Taking these conditions into account, weamount of charge transfer into th€ atoms is almost the
propose that the geometric structure of the Si atoms followsame as the amount transferred into JredL atoms, the
the HCC and Seiwatz models, while not all Ca atoms areatoms might also contribute ®2. In this case, the intensity
adsorbed on th&@, sites as suggested in the literature. Theratio of S1, S2, andS4 should be the same as the ratio of
Ca coverage of the (8“2” ) phase was reported to be 0.4 1:(J+K+L):N in the (5x“2" ) unit cell, which is 2:5:1.

ML in the previous studie$? This coverage determination This ratio is in good agreement with the intensity raticSaf

was based on the fact that only ax8) periodicity and no S2, and S4 obtained experimentally, which varied from
trace of thex 2 periodicity was observed in these studies.2:4:1 to 3:6:1 depending on the experimental condition for
That is, the adsorption of one Ca atom in the<(b) unitcell  the (5x“2" ) phase. Therefore, we attribugl andS2 of
leads to a coverage of 0.2 ML that is lower than their estithe (5X“2" ) phase to thé atoms, and to the combination of
mated coverage for the ¢38“2” ) phase, and the adsorption the J, K, andL atoms, respectively.

of three Ca atoms in the (51) unit cell leads to a coverage Finally, we discuss the origin 085. S5, which is ob-

of 0.6 ML that is higher than the coverage of theX(2) served only in the intermediate phases in similarity v8th
phase. However, there is no experimental evidence about trehows the highest binding energy. In theq®” ) phase, the
coverage in the previous study, and the periodicity of theSi 2p component that has a higher binding energy than the
basic structure is obtained to be X52” ) in the present bulk component originates from thé atoms and/or th®
study. To investigate the Ca coverage of the(2” ) phase, andE atoms. In the (X 1) phase, the higher binding energy
we compare the Ca deposition time and the @ac8re-level component originates from the atoms. This means that the
spectra with those of the (8“2” ) phase. The Ca deposition second layer Si atoms situated just below the Ca atoms and
time to obtain the (X“2” ) phase was 1.86 times longer the Si atoms that form the honeycomb but are not bonded to
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Ca atoms are positively charged in theX®” ) and (2 ing energies as the Ca coverage increases. These results in-
X 1) phases. The large amount of charge transferred into thaicate that the origin of each component is the same in each
N atoms can change the charge states of the Si atoms thphase. By considering the energy shift and intensity of each
form the honeycomb but are not bonded to Ca atoms, and th&urface component, we conclude that the structures of the
slightly different Ca adsorption site can also change th€3Xx“2" ) and (2x1) phases are given by the HCC model
charge states of the second layer Si atoms. Thus, althoughith a Ca coverage of 1/6 ML and the Seiwatz model with a
there is no strong evidence, we propose the origin of S5 to beoverage of 0.5 ML, respectively. Regarding thex(2" )

the O atoms and/or th® andQ atoms in Fig. 5. phase, the observation of the2 periodicity in LEED, a Ca
coverage of 0.3 ML, and the presencesSdf andS5 in the
V. CONCLUSION core-level studies indicate that the geometric structure of the

. . Si atoms of this phase is basically formed by a combination

_In conclusion, we have studied the surface structures o the two end phases, while not all Ca atoms are adsorbed

different Ca/Sil1l) surfaces by LEED and high-resolution on the T, sites as suggested in the literature. Taking the
core-level photoelectron spectroscopyX(2" ), (5X*2" ), energy shift and the intensity &4 into account, we have

(7X72"), (9x*2" ), and (2<1) phases were observed in yronosed a structural model of the Ca/Si(111)4(2” )
LEED at different Ca coverages. In the Sp Zore-level g face.

spectra, three surface componensi (S2, andS3) were
observed in both the (8“2” ) and (2<1) phases. These
three surface components are also observed in the three in-
termediate phases together with two other componeds (
andS5). The binding energies &1 andS3 are the same in Experimental support from Dr. T. Balasubramanian and
all phases, and the binding energy 82 shifts to higher the MAX-lab staff, and suggestions on the sample prepara-
binding energies as the Ca coverage increaSdsis ob-  tion from Dr. T. Sekiguchi are gratefully acknowledged. This
served at the same binding energy in the three intermediateork was financially supported by the Swedish Research
phases, an85 shows a continuous shift toward higher bind- Council and the Carl Trygger FoundatigK.S.).
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