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Band structure of the Ca/Si(111)-(2X 1) surface
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We have investigated the electronic structure of the CBI%i-(2X 1) surface using angle-resolved photo-
electron spectroscopy. Two semiconducting surface states were clearly observed in the bulk band gap, and one
was found in a pocket of the bulk band projection. Qualitatively, the dispersions of the two surface states
observed in the band gap agree well with theoretical dispersions for a cledl)gi2 X 1) surface with the
Seiwatz structure. Taking this result into account, we conclude that the two surface states in the band gap
originate from orbitals of Si atoms that form a Seiwatz structure, and that two electrons are donated from Ca
to Si per (2<1) unit cell. This conclusion supports the structure of the Ga13)-(2X 1) surface proposed in
the literature.
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[. INTRODUCTION diate phases are proposed to be a combination of the (3
X2) and (2<1) phases and it is therefore essential to first
In the past decade, one-dimensioffdD) and quasi-1D understand the surface band structures of these end phases.

superstructures formed on semiconductor surfaces by the a&ince the surface electronic structure of thex(@ phase is
sorption of metal atoms have been subject of much interestiready comprehended, it means that the determination of the
due to their fundamental and technological importance. Fronsurface band structure of the X21) phase is quite important
a scientific point of view, various exotic physical phenomenato fully understand the electronic properties of the Ca in-
such as formations of non-Fermi-liquid-like ground statesduced 1D and quasi-1D reconstructions on @Hi surface.
Peierls-like phase transitions, or order-disorder transitidhs Moreover, no strong evidence has been reported regarding
have been reported for these 1D structures. These observidte atomic structure of the (21) phase, and the determina-
tions led to a profound interest to measure the electronition of the surface band structure of theX(2) phase is thus
structure of the Ca/8111) surface, which is known to form a an important input to the structure determination.

series of quasi-1D(X2) reconstructionsn(=3, 5, 7, and In this paper, we present detailed angle-resolved photo-
9) that culminates with a 1D (2 1) phase at 0.5 monolayer electron spectroscopyARPES measurements of the Ca/
(ML).® Si(111)-(2x 1) surface. Two semiconducting surface states

The lowest coverage (82) phase, with a Ca coverage of were observed in the bulk band gap, and one in the pocket of
1/6 ML, has been proposed to be ordered according to ththe bulk band projection. Qualitatively, the dispersions of the
honeycomb-chain-channgHCC) structuré®=*? while the  two states observed in the band gap agree well with those of
Seiwatz structur¢Ref. 13 has been proposed for the highestthe surface states obtained theoretically for a cledhl®Hr-
coverage (X 1) phas€® The intermediate phasé¢the (5 (2x 1) surface with a Seiwatz structure. This indicates that
x2), (7x2), and (9<2) phasebare considered as combi- the two surface states in the band gap originate from Si at-
nations of the HCC and Seiwatz structufe$The experi- oms that form a Seiwatz chain, and therefore strongly sup-
mental surface band structure of theX(3) phase was re- ports the structure of the Ca($11)-(2X1) surface pro-
ported to be semiconductif§®and shows good agreement posed in the literature.
with the calculated band structure of the LiRi1)-(3X 1)
surface that was obtained using the HCC madrf. 10. Il. EXPERIMENTAL DETAILS
The good agreement between the experimental and calcu- .
lated surface band structures supports the HCC model for the The ARPES measurements were performed at beamline
basic structure of the Ca inducedX2) phase. Further, the 33 at the MAX—_I synchrotron radiation faqhty in L.und, Swe-
(3X2) surface with a 1/6 ML Ca coverage, and the (3 den. Photoemission spectra were obtalned_ using an a_ngle-
X 1) surface with a 1/3 ML Li coverage, are similar in the resolved photoe_le_ctron spec_trometer a_nd linearly polarized
sense that they have the same number of valence e|ectr0ﬁ¥,nchrotron radiation light using three d|ﬁerent' photon ener-
per (3x 1) cell. This indicates that the interaction betweendi€S hv=17, 21.2, and 35 e)N The total experimental en-
the Ca and Si atoms is rather ionic, which supports the¢¥rgy resolutions were 45 meV athy=17 eV, ~50 meV at
proposal® that a donation, from the metal to the silicon, of h¥=21.2 eV, and~100 meV ath»=35 eV, and the angu-
one electron per (81) cell is necessary in order to stabilize | resolution wast2°. A Si(111) sample ( type) with a
the HCC reconstruction of the Si substrate. 1.1° miscut towards thg112] direction was cleaned by di-

Regarding the other Caf%il1) phases, although all of rect resistive heating following the procedure described in
them were reported to show semiconducting electronidRefs. 17 and 18. After the cleaning, a sharpx(7) low-
structures, there is no detailed experimental study of theirenergy electron diffractiofLEED) pattern was observed,
surface band structures so far. The structures of the intermeénd neither the valence-band spectra nor thepSi@e-level
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FIG. 1. LEED pattern of the Ca/Qil1)-(2x 1) surface obtained
with a primary electron energy of 124 eV.
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spectra showed any indication of contamination. Ca was
evaporated from a thoroughly outgassed Knudsen cell-type
evaporator onto the clean Si surface at a substrate temper:
ture of ~850 K. The base pressure was below 4
% 10" * Torr during the measurements, and below® ~1°
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Torr during the Ca evaporation. [112] 212eV [112] 17 eV
Figure 1 shows the LEED pattern of the Cal3li)-(2 A RAARARAAL SR o SALAALLALASEALAARARR NN
X 1) surface obtained after the Ca evaporation. Strer®) === 4 932

spots are observed in th&12] direction, whereas only quite
weak X 2 spots are observed in tfi&21] and[211] direc-
tions. This indicates that a single-domain Cé&l$D)-(2
X 1) surface of quite high quality was obtained, and thus £
ARPES spectra can be analyzed without the ambiguity™

caused by contributions from the two other{2) domains NET PP PPPRT PO PP P el

in the SpeCtra- ) iiindii]g Enzergy EEV) ’ ! ’ -/l;indiilg Engergy (le\") ! N
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Ill. RESULTS AND DISCUSSION (b)

In Fig. 2, we show(a) the ARPES spectra of the Ca/

Si(111)-(2x 1) surface measured along thE10] and[112]
directions usinghv=21.2 eV and 17 eV, together witf)
the Surface Brillouin zone$SBZ's) of the S{111)-(1x1)

and (2x1) surfaces. The spectra in thel2] direction were
measured using the in-plane polarization geométrg elec- 1
tric field of photons is parallel to the photoelectron emission [110]

plane and the spectra in thgl 10] direction were obtained

using the out-of-plane polarization geomeftite photoelec- — - . B
tron emission plane is perpendicular to that of the in-pland"€asured along td10] and[112] directions usingi»=21.2 and

o S - - 17 eV. The spectra in thgl10] and[llf] directions were mea-
polarization geometny As "Efa_teg |n_F|g. @), the [110] sured using the out-of-plane polarization geometry and the in-plane

direction corresponds to thHe-J-K-I'(M) direction, and the  polarization geometry, respectively. The angle-resolved photoelec-
[112] direction corresponds to thE-J'-I'(M) direction. tron spectra were recorded at every 1° in both directi@nsSur-

The Symbolsl\W andK are the symmetry points of the (1 face Brillouin zones of the §i11)-(1x1) and (2x1) surfaces.

— . Black letters are the symmetry points of theX(2) SBZ and the
!
X 1) SBZ, and the symbolsandJ’ are the symmetry points gray letters are those of the ¥i1) SBZ.

of the (2x 1) SBZ. The angle-resolved photoelectron spectra

Werf recorijgd at every 1. frqm emission angl@g)o(of level and no other state is observed at lower binding ener-
—2° 10 61° in the[110] direction, and at every 1° from yios e conclude that the electronic structure of the Ca/
6e=0° to 34° in the[112] direction. The Fermi-level posi- Sj(111)-(2x 1) surface is semiconducting. This agrees well
tion (Eg) that is indicated by dashed lines, was determinedyith the result of the angle-integrated valence band stirdy

by measuring the metallic Fermi edge of a Ta foil fixed onwhich no density of states was observed at the Fermi level.
the sample holder. Compared to the spectra observed using Figure 3 displays the band dispersions of the Ga3)-
hy=21.2 eV, the cross section of the state with a binding(ZXl) surface along théTlO] and [115] directions ob-
energy of approximately 1 eV is larger using=17 eV at tained usinghv=21.2 eV and 17 eV. The bold dashed lines
small 6. The binding energy of this state becomes larger ag, ¢ the valence-band edge and edges of pockets taken from
6 increases in th€110] direction, and becomes smaller in Ref. 19, and the thin dashed lines represent the symmetry
the[112] direction. Since this state does not cross the Fermpoints of the (X1) and (2x1) SBZ'’s indicated at the top

—

— (IX1)
— (2x1)

Exlal

FIG. 2. (a) ARPES spectra of the Ca($l1)-(2x1) surface
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K M the S; band shows an upward dispersion and a downward
I

212¢v M _
r T

il

_ dispersion between th# point and thel’ point of the sec-
i ond SBZ. The dispersion width of th®, state is approxi-

mately 0.15 eV in the[TlO] direction, and it is approxi-
mately 0.25 eV in thg112] direction. TheS, state is only
observed in thg 112] direction, and disperses downward

from the J’ point to thel” point of the second SBZ using
hy=21.2 and 17 eV. ThiS, state is also observed faintly
between thd" point to thed’ point usinghv=17 eV. The
dispersion width of thé&, state is approximately 0.3 eV. The
dispersion features of th®, andS, states indicate that these
two surface states follow a ¢21) periodicity. Concerning

Binding Energy (eV)

1.0 0.5 0.0 0.5 1.0 15 S;, we cannot give its dispersion features since this state is
K, (A'l) only observed in a smak,, region.
B B B B In addition to the three surface states, five other sidies
17 eV M _ r _ K M B,, 21, 25, 04, ando, states, which are not observed on
r J I J I the S{111)-(7x7) surface, are shown in Fig. 3. Three ori-
0 [ e ey gins can be considered for these five states. That is, direct

bulk transitions, folding of bulk states by umklapp processes,
and surface states or resonance states.Bhetate, which
completely follows the (X1) periodicity, has the same dis-
persion features in both tHd12] and[112] directions(the
dispersion in thé¢ 112] direction is not shown in this paper
should not originate from bulk transitions since such bulk

Binding Energy (eV)

s y features show different dispersions in fhe12] and[112]
N B | Nl directions(Ref. 21). Further, taking into account that the dis-
[ = — -
5 ;TI . |‘ri|‘h_| i :-. .i.'.-‘f % g{f‘. g ._. persion ofB, from the M point to theJ’ point is quite

similar to that of theB state from tthpoint to thed’ point,
1 we conclude that thB, state results from the folding & by
k, (A7) a reciprocal lattice vector of the high quality X2L) surface

, , ) , used in the present study. Regarding yeand X, states,

';'G' f3 (Color 0”"29 lBand du%?ersza[[o;]tge CalSlD-(2  \yhich are observed in the bulk band gap, they disperse up-
X 1) surface measured along th&12] and[110] directions using — . — .
hp=212 eV andhv=17 eV. The bold dashed lines are the ward from theK point to theM point. The calculated bind

valence-band edge and edges of pockets taken from Ref. 19, and {9 energies of bulhtran.smzc;ns are much higher than those of
thin dashed lines represent the symmetry points indicated at the top1 @nd =, at the M point= Moreover, no structures that

1.0 0.5 0.0 0.5 1.0 1.5

of each figure. could be the origins of; and., are observed around tie
point. Thus,X; andX, might be surface states. Thq state
of each figure. The valence-band maximi#BM) is esti- is observed clearly around tHé point of the (1X1) SBZ

mated from the binding energy of the Sp Zore level using usinghv=21.2 eV, and has almost no dispersion, whose
the relation betweelggy) . Er, andEgsippa) given in - binding energy is approximately 4.8 eV at thepoint, has
Ref. 20. The intensities of th(_e spectral features are approxiém upward dispersion from thHe point to theM point. Since
mately represented by the brightness of the grayscale whidlps is roughly the dispersion expected for a direct transition
represents the second derivatives _of_ the original ARPES; 11, =21 2 eV2L the origin of o, might be a direct bulk
spectra. Here we note that the validity of th_e use of the,,nsition. However, we do not discuss g, 3, 3,, oy,
sec.ond den\(atlye of the spectra ha; been conﬂrmgd by COMnd o, states more due to the lack of detailed information.
paring the binding energies and brightness from Fig. 3 with In order to discuss the surface electronic structure of the

binding energies and intensities of the spectral features iE:a/S(lll)—(le) surface in more detail, we compare the

Figﬂ]z' ¢ labels learlv ob q band dispersions of the two surface states observed in the
in th rebe Sgr ace st%tes, i e gf_% glrtlakcbear dy observed: 1k pand gafthe S; andS, state$ with the dispersions of
In the band gap and pockets of the bulk band projection g o rface states obtained by the theoretical calculations per-

Fig. 3.5y, which is the _surface state ob.served.as a promine%rmed for the Si111)-(2X 1) clean surface with Seiwatz
peak in the spectra usiriy=17 eV in Fig. 2, disperses first g ctre?223 Here we note that although the structure of the

slightly upward and then downward between #eandJ  sj(111)-(2x1) surface is called the three-bond scission
points. In the second SBZ, the dispersion is upward from theTBS) model in Refs. 22 and 23, we use the name Seiwatz in
J point to thel” point. Between thé&" point and thel’ point  the present paper since first the structures of the two models
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T r 7 dispersion behaviors of the two surface states are similar.
— o0 LN LN LN LN L That is, the upper surface stat_edisperses firs_tslightly upward
= i : 'Dg SVV +35ev T and then downward from th& point to theJ point and
P e : < L L upward from thel" point to theJ’ point, and the lower sur-
3 ., " vl bt ' face state disperses upward in both fhel and thel'-J’
:ﬂ ‘ o . directions(it is hard to observe the upward dispersions of the
£ 15 _‘A% I L gray solid lines in Fig. 4 but they are clear in Ref) ZPhese
= Lo o . dispersion behaviors agree well with those f and S,.
g 20k T H Compared with the dispersions of the surface states of the
Ml b b by a b Ly a g I Si(11D-(2x 1) clean surface with the Seiwatz structure,
04 02 00 02 04 06 08 those of the SiL11)-(2x 1) clean surface with other struc-
k, (A'l) tures, i.e., the Pandey-bonded chain structuré the Chadi

FIG. 4. Surface-state dispersions of the CA/S)-(2x 1) sur- 7-bonded molecular structu?égnd the buckling structur?é,
— = . . , are different. The corresponding two surface states disperse
face along thel’-I"-J symmetry lines. The filled squares, circles,

and triangles represent the peak and shoulder positions of thgovynward in tgezl;-.]’ direction with a Pandeyr-bonded
ARPES spectra obtained usitig =17, 21.2, and 35 eV, respec- chain structuré>?’ the lower surface state has a downward

tively. The open squares and circles are those obtained in thdispersion in thd'-J’ direction with a Chadir-bonded mo-

J7-T'3,4 direction (['5,, means thd" point of the second Brillouin  €cular structuré? and the upper surface state has only a
zona with hy=17 and 21.2 eV. SolidRef. 22 and dashedRef. ~ continuative downward dispersion in theJ direction with a
23) gray lines are the theoretical surface-state dispersions derivebuckling structuré?282°This indicate that only the disper-
from calculation for the $111)-(2x 1) clean surface with Seiwatz sion behaviors of the surface states of a clean surface with a
structures. Seiwatz structure agree with those of tBgand S, states.
Taking into account that an ionic interaction hardly affects
are basically the same, and second the name Seiwatz wgse dispersion behaviors of surface states and that a differ-
used in the literature on the Ca($l1)-(2x 1) surface. Fur- ence in magnitude of buckling might cause different disper-
ther, since the interaction between Ca and Si atoms would bsion widths, we conclude that ti® andS, states originate
ionic on a Ca/Sil11)-(2X 1) surface likewise the interaction from orbitals of Si atoms that form a Seiwatz structure.
on a Ca/Sil11)-(3x 2) surface, we compare ti® andS,  Moreover, the observation of the semiconductig state
states with the two surface states of th€lED)-(2X 1) clean  suggests that the lowest unoccupied surface state of the
surface that are originally situated just above and just belovgi(111)-(2X 1) clean surface with a Seiwatz structure is fully
the Fermi level. The filled squares and circles in Fig. 4 rep-occupied by the donation of two electrons per<(2) unit
resent the peak and shoulder positions of the ARPES spectezll. The presence of a Seiwatz structure and the number of
obtained a|on97-F.J_ usinghv=17 and 21.2 eV, respec- electrons per unit cell, which corresponds to a 0.5 ML Ca
tively, and the filled triangles represent those obtained alongoverage, strongly support the surface structure of the Ca/

the T-J' direction usingh»=235 eV (spectra are not shown Si(111-(2x1) surface proposed in the literature.
in this papey. The open squares and circles are the peak and
shoulder positions of the ARPES spectra obtained along the IV. CONCLUSION

3" point to thel" point of the second Brillouin zone using In conclusion, we have studied the electronic structure of

hv=17 and 21.2 eV, and plotted in the-J direction by  he Ca/Sj111)-(2x1) surface by ARPES using different
considering the symmetry of the surface-state band structurﬁhoton energies. Two semiconducting surface staesa(d
The gray solid lines are the dispersions of the surface state\s}z) were clearly observed in the bulk band gap, and & (
derived from the theoretical calculations in Ref. 22, and thg, 5 pocket of the bulk band projection. The dispersionS,of
gray dashed lines are those derived from Ref. 23. The bindfa'ndsz completely follow a (2 1) periodicity. TheS, state

i

ing energies of the calculated surface states are shifted toé liahtl d and then d dqf n
the upper calculated surface states to the binding energy s_perses sl9 _y upward an en Oﬂnw‘_"“ rom Ihe
T point to theJ point, and upward from th& point to theJ’

the S; state at thd™ point. Concerning the gray solid lines, ™~ P . il

the dispersion widths of the two calculated surface states anPint, and theS, state, which is only observed in tfi&12]

the gap between them were reduced by a factor of 10 frondirection has an upward dispersion from th@oint to theJ’

their original valueqthe factor was chosen to fit the calcu- point. These dispersion features agree well with the disper-

lated gap and the gap betwe&np and S,) by considering sions of the surface states obtained theoretically for a clean

that the dispersion widths and the band gap reported in ReBi(111)-(2X 1) surface with a Seiwatz structure. Taking the

22 were stated to be overestimaféd. ionic interaction between Ca and Si atoms into account, we
As shown in Fig. 4, although the two calculations wereconclude that th&; andS, states originate from orbitals of

performed using different methodshe Hartree-Fock ap- Si atoms that form a Seiwatz structure. This is a strong evi-

proximation method was used in Ref. 22 and the local-dence that the Ca/8i11)-(2X 1) surface is formed by a Sei-

density approximation method in Ref.)2and different mag- watz structure with a 0.5 ML Ca coverage as proposed in the

nitude of buckling for Si atoms forming Seiwatz chains, theliterature.
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