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Structural investigation of CaÕSi„111… surfaces

Kazuyuki Sakamoto,1,2,* Wakaba Takeyama,2 H. M. Zhang,1 and R. I. G. Uhrberg1
1Department of Physics and Measurement Technology, Linko¨ping University, S-581 83 Linko¨ping, Sweden

2Department of Physics, Graduate School of Science, Tohoku University, Sendai, 980-8578, Japan
~Received 18 March 2002; revised manuscript received 5 July 2002; published 29 October 2002!

The surface structures of different Ca/Si~111! 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 both (332) andc(632) periodicities,
and the highest coverage phase has a (231) periodicity. The LEED patterns of the three intermediate phases
were (532), (731), and (931). In the Si 2p 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 (332) phase is basically the same as that of the honeycomb-chain-channel
model with a Ca coverage of 1/6 ML, and the (231) phase is formed byp-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 the (532) phase, whose Ca coverage is 0.3 ML.

DOI: 10.1103/PhysRevB.66.165319 PACS number~s!: 68.35.2p, 79.60.2i, 61.14.Hg
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I. INTRODUCTION

Motivated by the fundamental and technological imp
tance, one-dimensional~1D! structures formed on semicon
ductor surfaces is a topic of increasing interest. From a
entific point of view, a number of interesting phenomena h
been reported for these 1D structures.1,2 The Si(111)-(n
31) structures formed by the adsorption of alkaline-ea
metals~AEM’s! are candidates for such 1D systems.

The Ca/Si~111! surface is known to form a series of (n
31) reconstructions (n53, 5, and 7! that culminates with a
(231) phase at 0.5 ML.3,4 The lowest coverage (331)
phase is also formed by the adsorption of monovalent al
metals~AM’s ! and Ag, and divalent rare-earth metals~Sm
and Yb! with a coverage of 1/3 ML. The similarity of the
low-energy electron diffraction~LEED! I -V curves,5,6

scanning-tunneling-microscopy~STM! images,7–11 and sur-
face core-level shift~SCLS! measurements9,12–15 strongly
suggests that all (331) surfaces have a quite similar stru
ture. Among the large number of proposed structural mod
the honeycomb-chain-channel~HCC! model,16–18 which is
energetically more stable than the other models and f
compatible with the SCLS results and the STM images
widely believed to be the most appropriate geometric str
ture of the Si(111)-(331) surface.

The electronic structures of the (331) surfaces formed
by monovalent atom adsorption are expected to show se
conducting characters according to the even number of
lence electrons in the unit cell. This expectation agrees w
with the semiconducting electronic structures obtain
experimentally.8,13,14,19,20However, in the case of AEM ad
sorption, experimental studies reported semiconducting c
acters for Ca,3 Mg,21 and Ba~Ref. 22! adsorbed Si(111)-(3
31) surfaces though the electronic structures are anticip
to show metallic characters according to the electron co
ing. Regarding the Ba adsorbed surface, this inconsiste
0163-1829/2002/66~16!/165319~8!/$20.00 66 1653
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was explained by the presence of a (332) periodicity, which
was clearly observed using STM~Ref. 23! but not in electron
diffraction studies,22,24 and by the Ba coverage.23 That is, a
surface with a (332) periodicity and a Ba coverage of 1/
ML lead to an even number of valence electrons in the u
cell, and thus explain well the semiconducting character
the so-called Ba/Si(111)-(331) surface. In contrast to the
Ba case, the semiconducting characters of Ca~Ref. 3! and
Mg ~Ref. 21! adsorbed Si(111)-(331) surfaces were pro
posed to result from a Mott or a CDW transition that mig
occur due to strong electron correlations which can origin
from the 1D structure. The propositions for the origins of t
transitions were based on the assumption that the geom
structures of these surfaces are completely the same a
HCC model, i.e., a surface with a (331) periodicity and an
adsorbate coverage of 1/3 ML. However, so far there is
detailed study about the geometric structure of
Ca/Si(111)-(331) surface, and thus there is no evidence
support these propositions.

Concerning the other Ca/Si~111! phases, the (231) phase
was proposed to be formed byp-bonded Seiwatz Si chains
and the two intermediate phases@the (531) and (731)
phases# were proposed to be formed by simple combinatio
of the HCC model and the Seiwatz model.3,4 The electronic
structures of these (531), (731), and (231) phases were
reported to show semiconducting characters.3 Among these
three phases, the semiconducting electronic structure of
(231) phase agrees well with the even number of vale
electrons in the unit cell, whereas those of the two interm
diate phases are inconsistent with the electronic chara
expected by electron counting. In similarity with the (
31) phase, the origins of the semiconducting electro
structures of the two intermediate phases are not determ
so far. Further, there is no experimental evidence that s
ports the proposition about the geometric structures of
intermediate phases.
©2002 The American Physical Society19-1
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In this paper, we present detailed coverage-depen
LEED and high-resolution Si 2p core-level studies of the
Ca/Si~111! surfaces. In the LEED study, five different phas
were observed at different Ca coverages. The lowest co
age phase has both (332) and c(632) periodicities, the
highest coverage phase has a (231) periodicity, and the
three intermediate phases have (532), (731), and (9
31) periodicities. In the Si 2p core-level spectra, three su
face components were observed in both the lowest and h
est coverage phases. Taking the energy shift and intensi
each surface component into account, we conclude tha
(332) and (231) phases have the HCC structure with a
coverage of 1/6 ML and the Seiwatz structure with a cov
age of 0.5 ML, respectively. A (332) periodicity with a Ca
coverage of 1/6 ML leads to an even number of valen
electrons, and thus explains well the semiconducting e
tronic structure of the so-called Ca/Si(111)-(331) surface.
Together with the three surface components observed in
lowest and highest coverage phases, two other compon
were observed in the three intermediate phases. The pres
of extra surface components indicates that the intermed
phases are not formed by simple combinations of the
end phases. By considering the energy shifts and intens
of the extra surface components, we propose a struct
model for the (532) phase whose Ca coverage is 0.3 M
The (532) unit cell and the 0.3 ML Ca coverage elucida
the semiconducting character of this phase.

II. EXPERIMENTAL DETAILS

The high-resolution photoemission measurements
LEED studies were performed at beamline 33 at the MAX
synchrotron radiation facility in Lund, Sweden. The Si 2p
core-level spectra were obtained with an angle-resolved p
toelectron spectrometer with a total-energy resolution
;80 meV and an angular resolution of62°. The Si~111!
sample, cut from a Sb-doped (n-type, 3Vcm) Si wafer, was
preoxidized chemically before it was inserted into t
vacuum system. To obtain a clean surface, we annealed
sample at 1230 K by direct resistive heating in the vacu
chamber to remove the oxide layer, and at 1520 K to rem
carbon contamination from the surface. After the anneal
we observed a sharp (737) LEED pattern, and neither th
valence-band spectra nor the Si 2p core-level spectra
showed any indication of contamination. Ea
Ca/Si(111)-(n31) reconstruction was prepared by eith
depositing a certain amount of Ca onto the cle
Si(111)-(737! surface that was subsequently annealed
approximately 825 K, or by reducing the Ca coverage
annealing the 0.5 ML Ca adsorbed Si(111)-(231) surface at
a temperature between 900 and 1050 K. All LEED and co
level studies were performed after cooling the sample do
to 100 K.

III. RESULTS

A. LEED

Figures 1~a!–~e! show the LEED patterns of the Ca
Si~111! phases formed at different coverages. The LEED p
16531
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tern of the lowest coverage phase is displayed in Fig. 1~a!,
and the Ca coverage increases in the order of (a)→(b)
→(c)→(d)→(e). Together with the33 spots, some extra
spots are clearly observed in Fig. 1~a!. Comparing the LEED
pattern shown in Fig. 1~a! with the schematic LEED pattern
of Si(111)-(332) and -c(632) surfaces@Fig. 1~f!#, we
conclude that the lowest coverage phase consists of l
(332) andc(632) domains. This result obtained at 100
is different from the results obtained at room temperat
using STM ~Ref. 3, 4, 10! in which only local (332) and
c(632) structures were observed. It is also different fro
the results of previous electron diffraction studies in whi
only weak 32 streaks were observed at roo
temperature,4,10 and no trace of32 was observed at a highe
temperature.3 Taking into account that the (332) structure
was reported to be formed by 1D chains that show32
modulation along each chain by STM,4,10 these thermal-
dependent results suggest that the correlation between a32
periodicity along a chain and the32 periodicity along the
neighboring chains becomes weaker at higher temperatu
That is, the basic structure of the lowest coverage Ca/Si~111!
phase has (332) andc(632) periodicities, and the obser
vation of only a (331) periodicity at high temperatures re
sults from thermal-induced disorder of the32 periodicity.

In Fig. 1~b!, sharp35 spots are observed together wi
dim diffuse spots. Since no trace of other phases@e.g., spots
originating from a (332) phase# is observed in Fig. 1~b!,

FIG. 1. LEED patterns of the Ca/Si~111! surfaces obtained a
different coverages. Ca coverage increases in the order of
→(b) →(c)→(d)→(e). Primary electron energies are~a! 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.~f! shows the
schematic LEED patterns of a three domains Si(111)-(332) sur-
face and a three domains Si(111)-c(632) surface.
9-2
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these dim spots originate from the so-called Ca/Si(111)
31) surface itself. The positions of these dim spots cor
spond to the positions of the32 spots of (532) andc(10
32) structures. Thus, the presence of these dim spots
cates that the basic structure of the so-called Ca/Si(111
31) surface has actually both (532) andc(1032) period-
icities, and suggests that this surface is basically formed
combinations of the (332) and (231) phases. Below, we
call the mixed Ca/Si(111)-(332) and c(632) surface as
the Ca/Si(111)-(33 ‘‘2’’ ! surface, and the mixed
Ca/Si(111)-(532) and c(1032) surface as the
Ca/Si(111)-(53 ‘‘2’’ ! surface to simplify the description
Figures 1~c! and 1~e! show the LEED pattern of the
Ca/Si(111)-(731) and (231) surfaces, and Fig. 1~d! dis-
plays the pattern of the Ca/Si(111)-(931) surface that was
not reported in the previous studies.3,4,10Taking the observa-
tion of the (53 ‘‘2’’ ! phase into account, the two other inte
mediate phases might also be basically formed by comb
tions of the (33 ‘‘2’’ ! and (231) phases, and we propos
that these two phases have actually (73 ‘‘2’’ ! and (93 ‘‘2’’ !
periodicities. The invisible32 spots and/or32 streaks of
the (73 ‘‘2’’ ! and (93 ‘‘2’’ ! phases in Fig. 1 can be ex
plained by the long distances between32 chains that lead to
very weak correlation between the neighboring32 period-
icity chains.

B. Si 2p core level

Figure 2 shows the Si 2p core level spectra of the five
phases observed using LEED. The spectra were obta
from the same surfaces as those used in Fig. 1. A pho

FIG. 2. Si 2p core-level spectra of the Ca/Si~111! surfaces mea-
sured at 100 K withhn5135 eV andue560°. ~a! is the spectrum
of the (33 ‘‘2’’ ! phase,~b! the (53 ‘‘2’’ ! phase,~c! the (73 ‘‘2’’ !
phase,~d! the ~93 ‘‘2’’ ! phase, and~e! the (231) phase. The spec
tra are obtained from the same surfaces as those used in Fig.
16531
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energy (hn) of 135 eV and an emission angle (ue) of 60°
from the surface normal direction were used for all spec
The spectral shapes of the (33 ‘‘2’’ ! and (231) phases are
quite similar with those observed previously,3 whereas the
shapes of the (53 ‘‘2’’ ! and (73 ‘‘2’’ ! phases are different
This difference might come from the different quality of th
samples used in the previous study. For example, since
difference in Ca coverages of the (53 ‘‘2’’ ! and (73 ‘‘2’’ !
phases is small, i.e., less than 0.03 ML in the model propo
in the previous studies,3,4 and the sample was annealed a
temperature high enough to desorb Ca atoms to form th
phases, an uneven heated sample might produce a differ
in Ca coverage and thus different phases at different sam
positions. In the present study, the high quality of ea
sample is confirmed by LEED.

In order to determine the number of Si 2p components
that compose the spectra shown in Fig. 2, we have meas
each phase using differenthn andue that give a difference in
the surface sensitivity. We have used (hn, ue)5(135 eV,
60°) for the most surface sensitive measurement, and (hn,
ue)5(108 eV, 0°) for the most bulk sensitive measureme
In Fig. 3 we show thehn- andue-dependent Si 2p core-level
spectra of the Ca/Si(111)-(33 ‘‘2’’ !, (231), and (53 ‘‘2’’ !
surfaces. Without any processing, the spectra of
(33 ‘‘2’’ ! phase reveal the presence of several compon
that contribute to the shape of the spectra. The most evid
one isS1, whose 2p3/2 component is clearly observed at
binding energy (EB) of 99.75 eV. The presence ofS2 is
revealed by the behavior of the valley between the 2p3/2
components ofS1 andB. That is, the flat part observed a
around EB599.9 eV in the spectra obtained at (hn, ue)
5(145 eV, 0°) is impossible to reproduce by using onlyS1.
The contribution from a third component (S3) is confirmed
by the observation of its 2p3/2 component as a shoulder a
EB5100.4 eV in the spectra measured at (hn, ue)
5(135 eV, 0°), and by its 2p1/2 component that is observe
as a shoulder atEB5101 eV using (hn, ue)5(135 eV,
60°). The presence of three surface components is also
vealed for the (231) phase.S1 is clearly observed as a pea
at EB599.75 eV, and the presence ofS2 andS3 is recog-
nized from the broadening of the 2p3/2 component ofB in the
spectra obtained with high surface sensitivity.

Taking its complicate spectral shape into account, o
easily knows that the number of surface components of
(53 ‘‘2’’ ! phase is larger than those of the (33 ‘‘2’’ ! and
(231) phases.S2 is observed as a peak with (hn, ue)
5(135 eV, 60°) atEB599.9 eV.S1 is revealed by the tai
on the low binding energy side of the 2p3/2 component of
S2. S3 is obvious from the observation of a shoulder in t
spectrum obtained with (hn, ue)5(135 eV, 0°), and the
observation of a clear peak at (hn, ue)5(135 eV, 60°). The
presence ofS4 is revealed by the peak observed at arou
99.35 eV using (hn, ue)5(135 eV, 60°), and the smal
structure observed at the sameEB in other spectra. The con
tribution from a fifth componentS5 is deduced by the long
tail on the high binding energy side that extends to 101.4
in the spectrum obtained with (hn, ue)5(135 eV, 60°). The
hn- and ue-dependent Si 2p core-level spectra of the
9-3
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(73 ‘‘2’’ ! and ~93 ‘‘2’’ ! phases, which are not shown her
also reveal the presence of five surface components ea
similarity with the (53 ‘‘2’’ ! phase.

IV. DISCUSSION

Quantitative information about the structures of the C
Si~111! surfaces, is obtained by analyzing the Si 2p spectra
by a standard least-squares-fitting method using spin-o
split Voigt functions. Figure 4 shows the results of the ana
sis for the Si 2p core-level spectra of the Ca/Si~111! surfaces
obtained with (hn, ue)5(135 eV, 60°). The open circle
are the experimental data, and the solid lines overlapping
data are the fitting curves. We used 608 meV for the sp
orbit splitting and a 80 meV full width at half maximum
~FWHM! for the Lorentzian contribution for all componen
in the fitting procedure. The Gaussian widths of the b
components are 225 meV~FWHM! for all surfaces, and
those of the surface components are between 268 and
meV. A polynomial background was subtracted before

FIG. 3. Si 2p core-level spectra of the Ca/Si(111)-(33 ‘‘2’’ !,
(231), and (53 ‘‘2’’ ! surfaces measured at differenthn and ue .
The solid lines indicate the energy positions of the Si 2p3/2 parts of
the four components for the (33 ‘‘2’’ ! and (231) phases, and o
the six components for the (53 ‘‘2’’ ! phase.
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decomposition of each spectrum, and each component is
dicated by different hatching.

From the result of the fitting procedure, we can conclu
that both the (33 ‘‘2’’ ! and (231) phases have three surfac
components, a number which is larger than that repor
previously.3 We can also conclude that the three other pha
have five surface components each. Among the surface c
ponents,S1 andS3 are observed in all phases at the sa
binding energy, andS2 is observed in all phases with a sh
to higher binding energies as the coverage of Ca increa
Concerning the two surface components observed only in
intermediate phases,S4 has the same binding energy in th
three phases, andS5 shifts to higher binding energies as th
Ca coverage increases. The constant binding energies ofS1,
S3, andS4, and the continuous shifts ofS2 andS5 indicate
that the origin of each component is the same or quite sim
in all phases. Below, we only investigate the geometric str
tures and discuss the origins of the surface components
the (33 ‘‘2’’ !, (231), and (53 ‘‘2’’ ! phases within the ini-
tial state effects, since the (33 ‘‘2’’ ! and (231) are the two

FIG. 4. Decomposition of the Si 2p core-level spectra of the
Ca/Si(111)-(33 ‘‘2’’ !, (53 ‘‘2’’ !, (73 ‘‘2’’ !, (93 ‘‘2’’ !, and (2
31) surfaces. All spectra were recorded withhn5135 eV andue

560°. The open circles are the experimental data, and the s
lines overlapping the open circles are the fitting curves. Each c
ponent is indicated by different hatching.
9-4
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STRUCTURAL INVESTIGATION OF Ca/Si~111! SURFACES PHYSICAL REVIEW B66, 165319 ~2002!
end phases of the series, and the (53 ‘‘2’’ ! is a typical inter-
mediate phase.

A. „3Ã ‘‘2’’ … and „2Ã1… phases

Based onab initio calculations, the most energetical
stable adsorption site of AEM atoms was reported to be
T4 site ~just above the second layer Si atoms! in the two
structural models proposed for the so-called AE
Si(111)-(331) surfaces, i.e., the HCC structures with AE
coverages of 1/3 ML~Refs. 3,4! and 1/6 ML.23 Ca atoms
were also reported to adsorb on theT4 site in the Seiwatz
model of the (231) phase.3,4 Comparing the experimenta
results and calculations performed on a 1/3 ML Ca adsor
Si(111)-(331) surface and on a 0.5 ML adsorbed (231)
surface,3 the surface component observed on the lower bi
ing energy side of the bulk component was assigned to o
nate from the Si atoms bonded directly to Ca atoms, i.e.,
‘‘ a’’ and ‘‘ b’’ Si atoms of the (331) phase and the ‘‘F ’’ and
‘‘ G’’ atoms of the (231) phase in Fig. 5. The surface com
ponent observed on the higher binding energy side of
bulk component was assigned to originate from the sec
layer Si atoms that are situated just below the Ca atoms
‘‘ c’’ and ‘‘ H ’’ Si atoms in Fig. 5.3 However, since the num
ber of surface components is different from that observed
the present study, i.e., only two surface components w
observed for both the lowest and highest coverage phas
the previous study, we cannot just use these previous as

FIG. 5. Structural models for the Ca/Si~111! surfaces. The (3
31) phase with a Ca coverage of 1/3 ML, the (332) phase with a
Ca coverage of 1/6 ML, the (532) phase with a coverage of 0.
ML, and the (231) phase with a coverage of 0.5 ML. The mod
of the (331) is completely the same as that of the HCC mo
proposed for AM/Si(111)-(331) surfaces, and the geometr
structure of Si atoms in the (332) phase is the same as the HC
structure. Filled circles are Ca atoms, and open circles are Si at
The dashed lines indicate the unit cells of each phase.
16531
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ments. Further, a structural model with a (331) periodicity
and a Ca coverage of 1/3 ML, was used to attribute
origins of the surface components of the lowest cover
phase in that study, while the periodicity of the basic stru
ture is actually (33 ‘‘2’’ ! as shown in the present study an
the accurate Ca coverage of this phase was undetermin

To investigate the geometric structure of the (33 ‘‘2’’ !
phase, we first compare the present result with the prev
Si 2p core-level studies performed on the 1/3 ML AM
adsorbed Si(111)-(331) surfaces.9,12,13,15,18 Due to the
charge transfer from AM to Si, the two surface componen
whose binding energies are lower than that of the bulk co
ponent, were attributed to originate from the surface Si
oms bonded directly to the adsorbate~the ‘‘a’’ and ‘‘ b’’ Si
atoms in Fig. 5!.15,18The difference in binding energy resul
from the different AM-Si bonding configuration, i.e., an ‘‘a’’
atom bonds to two AM atoms, whereas a ‘‘b’’ atom bonds to
only one AM atom. In a theoretical calculation performed
the Na/Si(111)-(331) surface,18 the surface componen
with the lowest binding energy is assigned to originate fro
the ‘‘b’’ Si atoms, and the component with the second low
binding energy is expected to result from the ‘‘a’’ atoms.
Taking into account that different bonding configuratio
produce different surface components for the alkali me
adsorbed Si(111)-(331) surfaces, and that there are al
two different Ca-Si bonding configurations in both the
31) and (33 ‘‘2’’ ! phases as shown in Fig. 5, we regard t
S1 andS2 components to originate from Si atoms that bo
to Ca atoms and have different Ca-Si bonding configuratio

In order to discuss the origins ofS1 and S2 in more
details, we pay attention to the intensity ratio of the tw
components. This intensity ratio gives information about
number of corresponding Si atoms in the unit cell, whi
makes it possible to obtain more accurate information ab
the geometric structure of the (33 ‘‘2’’ ! phase and to make
more precise assignments of the origins ofS1 andS2. Using
a condition of (hn, ue)5(135 eV, 60°), the intensity ratios
of S1 and S2 were approximately 7:1 for the (33 ‘‘2’’ !
phase and 7:3 for the (231) phase. These intensity ratio
were almost the same using a condition of (hn, ue)
5(135 eV, 0°).However, as shown in Fig. 3, the intensi
of S1 becomes smaller in the spectra obtained using o
photon energies. Using photon energies of 125 and 145
the intensity ratios ofS1 andS2 were approximately 2:1 for
the (33 ‘‘2’’ ! phase, and 1:1 for the (231) phase. By com-
paring the intensity ratio obtained withhn5 135 eV and
other photon energies, one notices that the intensity ofS1 is
enlarged athn5135 eV due to a diffraction effect. This
means that the intensity ratio of the surface components
tained withhn5135 eV does not correspond to the numb
ratio of Si atoms that produceS1 andS2. Since the intensity
ratios obtained with other photon energies were identical,
conclude the intensity ratios of 2:1 and 1:1 to be the num
ratios of Si atoms that produceS1 andS2 in the (33 ‘‘2’’ !
phase and the (231) phase, respectively.

Even by modifying the Ca adsorption sites and by for
ing a (33 ‘‘2’’ ! periodicity, a ratio of 2:1 cannot be achieve
using a Ca coverage of 1/3 ML, i.e., a coverage propose

l

s.
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SAKAMOTO, TAKEYAMA, ZHANG, AND UHRBERG PHYSICAL REVIEW B 66, 165319 ~2002!
the early studies.3,4 Since the accurate coverage of Ca w
not measured in the early studies, and the 1/3 ML cover
was only based on the assumption that the coverage of C
the same as that of the AM/Si(111)-(331) surfaces, we
have investigated the Ca coverage of the~3‘‘ 32) phase by
the Ca deposition time and the Ca 3p core-level spectra. In
the present study, the (33 ‘‘2’’ ! and (231) phases were ob
tained with a Ca deposition time ratio of 0.35:1, in the ca
of annealing the sample to 825 K following the room te
perature adsorption. An annealing at 825 K hardly deso
Ca atoms from the surface, and thus the deposition tim
closely related to the Ca coverage supposing that the ads
tion probability is constant for all coverages. The intens
ratio of the Ca 3p core-level spectra, normalized using th
background intensities that are proportional to the pho
flux, was 0.31:1 for the (33 ‘‘2’’ ! and (231) phases. Based
on these ratios and on the 0.5 ML Ca coverage of the
31) phase, we conclude that the Ca/Si(111)-(33 ‘‘2’’ ! sur-
face has the HCC structure with a Ca coverage of 1/6 M
This conclusion indicates that the geometric structure of
Ca/Si(111)-(33 ‘‘2’’ ! surface is the same as that of th
Ba/Si(111)-(332) surface, and therefore supports t
proposition23 that the geometric structures of all AEM’s ad
sorbed Si(111)-(33 ‘‘2’’ ! surfaces are universal.

By using the 1/6 ML model, we consider the origins ofS1
andS2 of the (33 ‘‘2’’ ! phase. As shown in the 1/6 ML (3
32) model in Fig. 5, the number ratio of the ‘‘A’’ and ‘‘ B’’
Si atoms is 2:1 in the unit cell. This ratio fits with the ratio
S1 andS2. In the case of attributingS1 andS2 to the ‘‘A’’
and ‘‘B’’ Si atoms, respectively, the assignment becomes
ferent from that done for the AM/Si(111)-(331) surfaces.
That is, the surface component with the lowest binding
ergy is attributed to originate from the ‘‘b’’ Si atoms in the
case of AM that correspond to the ‘‘B’’ atoms of the (3
32) phase in Fig. 5. Taking the difference in adsorbate i
account, this conflict can be explained by the symmetry
the surface structure and the difference in the numbe
valence electrons. The dangling bonds of the ‘‘b’’ and ‘‘ B’’
Si atoms face the adsorbates, whereas the dangling bon
the ‘‘a’’ and ‘‘ A’’ atoms should change their direction t
interact with thes orbitals of the adsorbates. This means th
in the case of an AM/Si(111)-(331) surface, ans orbital of
monovalent adsorbate energetically prefers to interact wi
dangling bond of theb Si atom. The preferable interactio
indicates that the amount of charge transfer from AM ato
to theb Si atoms should be larger than that to thea atoms,
and that the energy shift of the surface component produ
by theb Si atoms is larger than the component produced
the a atoms. On the other hand, thes orbitals of a divalent
AEM atom would energetically prefer to interact with tw
dangling bonds rather than only one dangling bond. By
suming that the interaction between a Ca atom and two s
metric dangling bonds is energetically preferable though
dangling bonds have to change their direction, the amoun
charge transfer from the Ca atoms to theA Si atoms becomes
larger than that to theB atoms of the (332) phase. There-
fore, we conclude that the origins ofS1 andS2 observed in
the (33 ‘‘2’’ ! phase are theA andB Si atoms, respectively.
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Regarding the (231) phase, there are also two differe
Ca-Si bonding configurations in the Seiwatz model, i.e., e
F Si atom bonds to two Ca atoms and eachG atom bonds to
one Ca atom as shown in Fig. 5. The good agreement in
number ratio of theF andG atoms and the intensity ratio o
S1 andS2 ~1:1! supports that the geometric structure of t
(231) phase is the Seiwatz structure with a Ca coverage
0.5 ML. By using the same discussion as for the (33 ‘‘2’’ !
phase, thes orbitals of Ca atoms should energetically pref
to interact with the dangling bonds of theF Si atoms. This
means that the origins ofS1 and S2 of the (231) phase
might be theF and G Si atoms, respectively. The distanc
between Ca atoms and theG Si atoms is longer than the
distance between Ca atoms and theB atoms, and thus the
interaction between Ca andG atoms should be weaker tha
that between Ca andB atoms. Since a weaker interactio
suggests a smaller amount of charge transfer, we conc
that the origin ofS2 of the (231) phase is theG Si atoms.
Further, the smaller amount of charge transfer explains w
the energy shift ofS2 observed in Figs. 3 and 4.

As in the case of theG andB atoms, the distance betwee
Ca atoms and theF atoms is larger than the distance betwe
Ca atoms and theA atoms. The weaker interaction betwee
Ca atoms and theF atoms should produce an energy shift
S1 to a higher binding energy. On the other hand, the nu
bers of Ca-Si bonds of theA andF atoms are different. Tha
is, theA Si atoms bond to only one Ca atom, while theF Si
atoms bond to two Ca atoms. A larger number of Ca
bonds suggests a larger amount of charge transferred into
F atoms, and therefore a shift ofS1 to a lower binding en-
ergy. By assuming that the effect of the larger number
bonding orbitals is canceled by the weaker interaction,
attribute the origin ofS1 in the (231) phase to be theF
atoms.

The third surface component observed in the (33 ‘‘2’’ !
and (231) phases (S3) was reported to originate from th
Si atoms that form the honeycomb and are not bonded to
adsorbate for the AM adsorbed Si(111)-(331) surface, i.e.,
the d ande Si atoms in Fig. 5.15,18 On the other hand,S3 is
stated to originate from the second layer Si atoms situa
just below the adsorbate in a theoretical calculation done
the 1/3 ML Ca adsorbed Si(111)-(331) surface~the c Si
atoms!.3 In the present study,S3 is observed in all phases a
the same binding energy. The constant binding energy in
cates that the origin ofS3 should be basically the same in a
phases. Since there is no honeycomb in the (231) phase,
the second layer Si atoms situated just below the adsor
are more probable as the origin ofS3. However, the FWHM
of S3 is larger than the FWHM’s ofS1 and S2 in the
(33 ‘‘2’’ ! phase, while the FWHM’s of the three componen
are almost the same in the (231) phase. In the (33 ‘‘2’’ !
phase, the FWHM ofS3 is 290 meV and those ofS1 andS2
are 268 and 272 meV, respectively. The larger FWHM s
gests the possibility of more than one origin for theS3 of the
(33 ‘‘2’’ ! phase. Therefore, since it is hard to exclude
possibility of other origins for the (33 ‘‘2’’ ! phase, we at-
tributeS3 to theC, D, andE atoms for the (33 ‘‘2’’ ! phase,
and to theH atoms for the (231) phase.
9-6
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STRUCTURAL INVESTIGATION OF Ca/Si~111! SURFACES PHYSICAL REVIEW B66, 165319 ~2002!
Here, we would like to mention briefly about theB andC
atoms of the 1/6 ML (332) model, which have dangling
bonds. The presence of dangling bonds indicates that
environments of theB and C atoms are different from the
bulk Si atoms, and thus can be the origin of one of
surface components. However, taking into account that th
is no Si atoms with dangling bonds in the (231) phase and
that the origin of each surface component is the same
quite similar in all phases, these atoms cannot be the or
of a surface component observed in the present study. W
the initial state effects, this result can be explained by
charge states of theB and C atoms. That is, if there is no
charge transfer from or into theB and C atoms, the charge
states of these atoms are the same as the charge states o
Si atoms, and therefore the binding energies of the sur
components, which originate from these atoms, should be
same as the binding energy of the bulk component.

B. „5Ã ‘‘2’’ … phase

In order to investigate the geometric structure of the
3 ‘‘2’’ ! phase, we consider the origins ofS4 andS5. Of the
S4 andS5 components,S4 was also reported in the Si 2p
core-level study of divalent rare-earth metals~Sm and Yb!
adsorbed Si(111)-(531) surfaces, which were also pro
posed to be formed by a combination of the rare-earth me
induced (33 ‘‘2’’ ! and (231) phases.25,26 In this previous
study, S4 is attributed to originate from the dimers of the fi
layer Si atoms. Here, we notice that the structural model
the (33 ‘‘2’’ ! and (231) phases used in this previous stu
are different from the HCC and Seiwatz models, i.e., Sm
Yb atoms were proposed to be adsorbed in the bridge site
an ideal Si~111!-~131) surface. Thus, we cannot use t
assignment ofS4 derived for rare-earth metals adsorbed s
faces.

Although the observation of the (53 ‘‘2’’ ! LEED pattern
suggests that this phase might be basically formed by
combination of the (33 ‘‘2’’ ! and (231) phases, the pres
ence of theS4 and theS5 components indicates a mo
complex situation. Taking these conditions into account,
propose that the geometric structure of the Si atoms follo
the HCC and Seiwatz models, while not all Ca atoms
adsorbed on theT4 sites as suggested in the literature. T
Ca coverage of the (53 ‘‘2’’ ! phase was reported to be 0
ML in the previous studies.3,4 This coverage determinatio
was based on the fact that only a (531) periodicity and no
trace of the32 periodicity was observed in these studie
That is, the adsorption of one Ca atom in the (531) unit cell
leads to a coverage of 0.2 ML that is lower than their e
mated coverage for the (33 ‘‘2’’ ! phase, and the adsorptio
of three Ca atoms in the (531) unit cell leads to a coverag
of 0.6 ML that is higher than the coverage of the (231)
phase. However, there is no experimental evidence abou
coverage in the previous study, and the periodicity of
basic structure is obtained to be (53 ‘‘2’’ ! in the present
study. To investigate the Ca coverage of the (53 ‘‘2’’ ! phase,
we compare the Ca deposition time and the Ca 3p core-level
spectra with those of the (33 ‘‘2’’ ! phase. The Ca depositio
time to obtain the (53 ‘‘2’’ ! phase was 1.86 times longe
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than that to obtain the (33 ‘‘2’’ ! phase, and the intensity o
the Ca 3p core-level was 1.74 times higher than that of t
(33 ‘‘2’’ ! phase. Since the coverage of the (33 ‘‘2’’ ! phase
is 1/6 ML, these ratios indicate that the Ca coverage of
(53 ‘‘2’’ ! phase is 0.3 ML. Therefore, we conclude that t
Ca coverage of the (53 ‘‘2’’ ! phase is 0.3 ML, and the cov
erage reported in the previous studies3,4 was overestimated
The 0.3 ML Ca coverage supports that the (53 ‘‘2’’ ! phase is
basically formed by the combination of the (33 ‘‘2’’ ! and
(231) phases.

Since the energy shift ofS4 is larger than that ofS1 and
S2, a possible assignment of its origin is the Si atoms wit
larger amount of charge transferred from Ca. Such la
charge can be transferred in the case of a larger numbe
Ca-Si bonding orbitals per Si atom and/or a stronger inter
tion between the Cas orbital and the Si dangling bond
which is formed by a shorter Ca-Si bond length. As shown
Fig. 4, the intensity ofS4 is smaller than those of theS1 and
S2 components. By considering thatS1 andS2 should origi-
nate from Si atoms that are situated on theT4 site and bond
to Ca, the small intensity ofS4 suggests that among the thre
Ca atoms in the unit cell, one of them bonds to a Si at
with a Ca-Si bond length shorter than the other two Ca
oms. Based on these suggestions, we propose a struc
model of the (53 ‘‘2’’ ! phase that is shown in Fig. 5. Ac
cording to this structural model, we attribute the origin of S
to theN Si atoms, which have the shortest Ca-Si bond leng

The I andJ Si atoms have the same coordination as theA
andB atoms of the (332) phase, and theL atoms have the
same coordination as theG atoms of the (231) phase. The
equivalencies in coordination indicate that theI atoms pro-
duceS1, and theJ and L atoms produceS2. On the other
hand, the coordination of theK atoms is slightly different
from that of theF atoms of the (231) phase, i.e., only one
Ca atom bonds to theK atoms whereas two Ca atoms a
situated near theF atoms. The lower number of surroundin
Ca atoms per Si atom suggests a lower amount of cha
transfer into these Si atoms. Thus, by assuming that
amount of charge transfer into theK atoms is almost the
same as the amount transferred into theJ andL atoms, theK
atoms might also contribute toS2. In this case, the intensity
ratio of S1, S2, andS4 should be the same as the ratio
I :(J1K1L):N in the (53 ‘‘2’’ ! unit cell, which is 2:5:1.
This ratio is in good agreement with the intensity ratio ofS1,
S2, and S4 obtained experimentally, which varied from
2:4:1 to 3:6:1 depending on the experimental condition
the (53 ‘‘2’’ ! phase. Therefore, we attributeS1 andS2 of
the (53 ‘‘2’’ ! phase to theI atoms, and to the combination o
the J, K, andL atoms, respectively.

Finally, we discuss the origin ofS5. S5, which is ob-
served only in the intermediate phases in similarity withS4,
shows the highest binding energy. In the (33 ‘‘2’’ ! phase, the
Si 2p component that has a higher binding energy than
bulk component originates from theC atoms and/or theD
andE atoms. In the (231) phase, the higher binding energ
component originates from theH atoms. This means that th
second layer Si atoms situated just below the Ca atoms
the Si atoms that form the honeycomb but are not bonde
9-7
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SAKAMOTO, TAKEYAMA, ZHANG, AND UHRBERG PHYSICAL REVIEW B 66, 165319 ~2002!
Ca atoms are positively charged in the (33 ‘‘2’’ ! and (2
31) phases. The large amount of charge transferred into
N atoms can change the charge states of the Si atoms
form the honeycomb but are not bonded to Ca atoms, and
slightly different Ca adsorption site can also change
charge states of the second layer Si atoms. Thus, altho
there is no strong evidence, we propose the origin of S5 to
the O atoms and/or theP andQ atoms in Fig. 5.

V. CONCLUSION

In conclusion, we have studied the surface structures
different Ca/Si~111! surfaces by LEED and high-resolutio
core-level photoelectron spectroscopy. (33 ‘‘2’’ !, (53 ‘‘2’’ !,
(73 ‘‘2’’ !, ~93 ‘‘2’’ !, and (231) phases were observed
LEED at different Ca coverages. In the Si 2p core-level
spectra, three surface components (S1, S2, andS3) were
observed in both the (33 ‘‘2’’ ! and (231) phases. These
three surface components are also observed in the thre
termediate phases together with two other componentsS4
andS5). The binding energies ofS1 andS3 are the same in
all phases, and the binding energy ofS2 shifts to higher
binding energies as the Ca coverage increases.S4 is ob-
served at the same binding energy in the three intermed
phases, andS5 shows a continuous shift toward higher bin
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