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Structural determination of indium-induced Si„111… reconstructed surfaces by LEED analysis:
„A3ÃA3…R30° and „4Ã1…

S. Mizuno,1,2 Y. O. Mizuno,1 and H. Tochihara1
1Department of Molecular and Material Sciences, Kyushu University, Kasuga, Fukuoka 816-8580, Japan

2PRESTO, Japan Science and Technology Corporation, Kawaguchi, Saitama 332-0012 Japan
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Two indium-induced Si~111! reconstructed surfaces, the (A33A3)R30° and the~431! structures, were
examined by dynamical low-energy electron diffractionI -V analysis. As suggested in former studies, theT4

model of the (A33A3)R30° structure showed the best agreement with the experiments. For the~431!
structure, we examined 45 models and selected the model proposed by a surface x-ray diffraction study as the
most appropriate structure. The low-temperature phase, whose diffraction pattern is~831!-p1g1 with half-
order streaks, hasI -V curves almost identical to those of the~431! phase. Therefore, the structural changes
accompanying a phase transition between the~431! and ~831!-p1g1 structures should be very small.
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I. INTRODUCTION

It is well known that metals on the Si~111!-~737! surface
form various periodic structures upon annealing.1 In the
case of indium, the surface periodic structure chan
with increasing indium coverage, to (A33A3)R30°,
(A313A31)R9°, ~431!, and (A73A3). The Si~111!-
(A33A3)R30°-In @hereafter, the (A33A3)] is formed at an
indium coverage of 1/3 of the monolayer~ML !, and the
Si~111!-~431!-In @the ~431!# is formed at 0.5–1 ML. The
(A33A3) has been extensively studied using various te
niques, including low-energy electron diffraction2 ~LEED!,
scanning tunneling microscopy3 ~STM!, low-energy ion scat-
tering spectroscopy4 ~ISS!, medium-energy electron
diffraction5 ~MEED!, and impact collision ion scatterin
spectroscopy6 ~ICISS!. These studies and total-energ
calculations7,8 have revealed that indium atoms locate at
T4 site. The atomic positions have been also determined
both surface x-ray diffraction9 ~SXRD! and reflection high-
energy electron diffraction10 ~RHEED! analysis.

Some fascinating properties of the~431! structure have
been revealed in numerous experimental studies. STM s
ies indicated that the~431! structure consists of indium
chains along thê1̄10& direction.11,12 In angle-resolved pho
toelectron spectroscopy13 ~ARPES! and inverse PES
studies,14,15 the electronic structure on the~431! at room
temperature~RT! showed metallicity only along the chain
and semiconductivity perpendicular to the chains~^1̄1̄2& di-
rection!. Recent ARPES studies demonstrated that the o
dimensional metallic nature of the chain changes to be se
conductive below 100 K.16,17 In addition, charge density
modulation along the chains was observed by STM on co
ing at 65 K. This modulation might indicate the Peie
transition.16

To clarify the characteristics of the phase transition, it
first essential to ascertain the atomic arrangement. Var
~431! structural models have been proposed using vari
experimental techniques: ICISS, Auger electron diffract
~AED!, STM, transmission electron microscopy~TED!, and
SXRD.18–24 Remarkably, the latest SXRD analysis24 might
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have determined the atomic positions of the~431! structure.
Besides the experimental studies, several theoretical stu
have been done very recently.25–27 The results of the calcu
lations are in good agreement with those obtained from
previous SXRD study.24 However, the problem regarding th
coverage of indium remains, given that another STM stud28

proposed that the coverage of indium is different from tha
the SXRD model. LEED analysis, a powerful and we
established method by which atomic positions on surfa
can be determined quantitatively, had not been used in
~431! case prior to this study. In this study, we analyze t
(A33A3) and the~431! reconstructed surfaces by a tens
LEED calculation and compare our results to those of pre
ous investigations.

II. EXPERIMENT AND CALCULATION

Experiments were carried out in an ultrahigh-vacuu
~UHV! chamber with a base pressure of 1310211 Torr. A
boron-doped~7–17 V cm! Si~111! sample was cleaned b
resistive heating to 1150 °C for 5 s toproduce a~737! sur-
face. Indium atoms were deposited on the~737! surface at
RT by evaporating indium drops from a tantalum-foil tub
until a broad~131! LEED pattern was observed. Indium
deposition time was ca. 5 min for the (A33A3) surface and
ca. 10 min for the~431! surface. After the deposition, th
surface was annealed at 500–550 °C for 5 min to obtai
clear (A33A3) LEED pattern and at 450–500 °C for 5 m
to obtain a clear~431! LEED pattern. On cooling the~431!
sample, eighth-order spots and half-order streaks appe
on the~431! LEED pattern below 130 K. At 80 K, a clea
~83‘‘2’’ ! LEED pattern could be observed. The ‘‘2’’ indi
cates the presence of the streaks. Intensity-voltage (I -V)
curves were measured in a range of 40–280 eV on a 1
grid at 80 K.

To determine the atomic positions, full dynamical calc
lations were performed using a Barbieri–Van Hove symm
trized automated tensor LEED~SAT-LEED! package.29 Eight
phase shifts were used to represent atomic scattering (l max
57), and further structural refinement utilized 11 pha
©2003 The American Physical Society10-1
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shifts (l max510). The real part of the inner potential wa
determined during the theoretical- and experimental-cu
fitting. The damping was represented by an imaginary par
the potential of25.0 eV. Debye temperatures of 108 K an
640 K were used for indium and silicon atoms, respective
The PendryR factor (Rp) was used to direct the automate
search algorithm, and the best agreement of experime
and theoreticalI -V curves involved minimizingRp .

III. RESULTS AND DISCUSSION

A. „A3ÃA3…R30° structure

Four highly symmetrical adsorption sites of indium atom
with the space group ofp31m, shown in Fig. 1, were con
sidered. Indium atoms on theT4 or H3 site saturate three
silicon dangling bonds. TheS5 site is given to boron
adsorption.30 Nine symmetrically inequivalent beams we
measured and used in the analysis. We allowed displ
ments of indium atoms and the first and second bilayer
con atoms. TheT4 model with p31m symmetry produced
an Rp value of 0.135. The other three models,H3 , S5,
and on-top, had higherRp’s over 0.35 and could be rule
out. Since a double-domain (A33A3)R30° structure with
p3 symmetry can give the same LEED pattern as
structure with p31m symmetry, and since the Si~111!-
(A33A3)R30°-Ag surface has a symmetry-broken structu
with p3 symmetry below 62 K,31 theT4 model was recalcu-
lated usingp3 symmetry. However, in several loops of ca
culation, the atomic positions did not converge into defin
values. That is, the symmetry-brokenT4 model at low tem-
perature~LT! could be ruled out at this stage. For the fin
structural refinement of theT4 model, indium and three sili-
con bilayers were displaced usingl max510, and the subse

FIG. 1. Top and side views of four models examined for t
Si~111!-(A33A3)R30°-In structure. Solid and open spheres are
dium atoms and silicon atoms, respectively.
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quentRp value was slightly reduced to 0.127. TheR-factor
value of Zanazzi-Jona,Rz j , of this structure was 0.054
which was sufficiently small when compared with theRz j

values for the Si~111!-(A33A3)R30°-B, -Al, and -Ga
~group-13 elements! structures, the values of which wer
0.211, 0.177, and 0.15, respectively, in previous LEE
studies.30,32,33Experimentally measuredI -V curves and theo-
retically calculated ones for the optimizedT4 structure fit
very well, as shown in Fig. 2.

The optimized parameters are listed in Table I along w
the errors obtained from the variance of theRp , DRp
5Rmin(8V0i /Et)

1/2, whereDRp , Rmin , andV0i are the error
of Rp , the minimumRp , and the imaginary part of the inne
potential, respectively.34 Directions of silicon atom displace
ments from bulk positions are indicated by arrows in Fig.
Our results for two bilayers and three bilayers gave con
tent parameter values and showed good convergence in
analysis. Silicon atoms in the first layer have little perpe
dicular displacement and a lateral displacement of 0.08
towards the indium adatom. Silicon atoms in the second
third layers have large perpendicular displacements. Si at
under the indium adatom, Si2a and Si3a, relax downwa
by 0.36 Å and 0.25 Å, respectively. By contrast, other
atoms in the second layer~Si2b! and in the third layer~Si3b!
relax upwards by 0.07 Å and 0.04 Å, respectively. Silic
atoms in the fourth layer have only slight perpendicular d
placements. Silicon atoms below the fourth layer maint
the bulk positions within the error range.

-

FIG. 2. Comparison between the experimental and the bes
theoreticalI -V curves for the Si~111!-(A33A3)R30°-In structure.
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TABLE I. Optimum parameters of the best-fit structure of Si~111!-(A33A3)R30°-In structure illustrated
in Fig. 3. The perpendicular distances and lateral displacements refer to bulk-terminated sites.

LEED LEED RHEED SXRD SXRD
~present! ~present! ~Ref. 10! ~Ref. 9! ~Ref. 9!

Two bilayers Three bilayers Two bilayers Two bilayers Three bilaye

Height difference~Å!

h~In-Si1! 1.7360.05 1.7360.04 1.8360.01 1.8560.05 1.61
Perpendicular distances~Å!

d~Si1! 20.0160.02 20.0460.02 0.0160.11 0.0160.08 20.03
d~Si2a! 20.3260.02 20.3660.04 20.2060.14 20.3460.08 20.41
d~Si2b! 0.1160.03 0.0760.02 0.1060.15 0.0060.07 0.19
d~Si3a! 20.2260.06 20.2560.05 20.2660.25 20.3460.08 20.34
d~Si3b! 0.0860.03 0.0460.03 0.1160.15 0.0060.08 0.16
d~Si4! 20.0260.03 20.0560.03 0.01
d~Si5! 20.0160.06 0.01
d~Si6! 20.0460.04 0.01
Lateral displacement~Å!

u~Si1! 20.0960.09 20.0860.07 20.0260.13 20.2060.01 20.2060.01a

u~Si4! 0.0360.22 0.0360.23 0.1460.01 0.1260.01
u~Si5! 20.0660.18 0.01
u~Si6! 20.0260.13 20.01
Bond length~Å!

In-Si1 2.74 2.75 2.86 2.7460.03 2.58

aIn Ref. 9,u~Si1! is 1.196 Å. According to the other values, however, it should be 0.196 Å.
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The tendency of these relaxations almost agrees with
SXRD and the RHEED analysis.9,10 The perpendicular dis
placements of the second and third layer atoms show par
larly good agreement. Only the lateral displacements of
and Si4 atoms differ between SXRD and other methods.
lateral displacement of Si1 is extremely large in SXR
while the error bars of lateral displacements in LEED a
RHEED are large. However, the directions of displaceme
are identical.

Because the Debye-Waller factors of indium according
SXRD were large, the accuracy of the atomic position

FIG. 3. Side view of the best-fit Si~111!-(A33A3)R30°-In
structure (T4 model!. Arrows indicate the directions of displace
ments from bulk-terminated sites.
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indium should be checked by LEED for the (A33A3) struc-
ture before analysis of the~431! structure. In the case o
gallium, which is also a group-13 element and forms t
same (A33A3) structure, extremely large anisotropic the
mal vibrations have been reported.35 The giant vibrations are
prominent at higher temperatures~e.g., 830 K!, but the vi-
brations become moderate at RT. In this study, the influe
of the vibration amplitude was decreased by cooling
sample at 80 K. We fixed the Debye temperature of the
dium in this study because we did not want to increase
number of parameters during determination of the m
probable model among many models. The obtained struct
parameters of indium atoms are comparable to those
tained by RHEED and SXRD. The bond length between
dium and silicon atoms was 2.75 Å by this study. This va
is almost equal to the mean bond length of the In-In a
Si-Si bond lengths in the elements, 2.80 Å. These res
show that the LEED analysis has the potential to determ
structures of indium adsorbed silicon surfaces.

B. „4Ã1… structure

A LEED pattern of the~431! structure at RT is shown in
Fig. 4~a!. When we cool down the sample at 80 K, the~431!
structure changes to the~831!-p1g1 structure with streaks
as shown in Fig. 4~c!. Schematic illustrations of the pattern
with a single domain are shown in Figs. 4~b! and 4~d!, re-
spectively. Details of the~831!-p1g1 LEED pattern and the
phase transition are described in the following section.
slightly higher indium coverages, we can obtain the~431!
structure even at 80 K as reported by Ryjkovet al.36 There-
0-3
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fore, we compared theI -V curves of the~431! structure
formed at 80 K with theI -V curves of the~431! structure at
RT and with theI -V curves of the~831!-p1g1 structure at
80 K. Their features of both integer- and fourth-order bea
are very similar, as shown in Fig. 5. It seems that the o
broadening occurred at 300 K due to increase of the Deb

FIG. 4. ~Color online! ~a! A LEED pattern of the Si~111!-~4
31!-In structure at 85 eV at 300 K.~b! A schematic illustration of
~a! for a single domain.~c! A LEED pattern of the Si~111!-~831!-
p1g1-In with half-order streaks structure at 86 eV at 80 K.~d! A
schematic illustration of~c! for a single domain.

FIG. 5. Comparison between experimentalI -V curves of the
~431! structure at 300 K, of the~431! structure at 80 K~slightly
higher indium coverage!, and of the~831!-p1g1 structure at 80 K.
19541
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Waller factors. Actually, there were no significant differenc
in the analysis even when we used experimentalI -V curves
of the ~831!-p1g1 structure, instead of experimentalI -V
curves for the~431! structures. Therefore, the structur
changes accompanying phase transition between the~431!
and ~831!-p1g1 structures should be very small. In th
study we usedI -V curves of the~431! structure at 80 K for
determination of the~431! structure to decrease the influ
ence of the atomic vibration. Nine symmetrically inequiv
lent beams were used for the analysis. The energy range
the measured beams (Et) was 1683 eV.

Since the core-level PES study showed that the siliconp
spectra had two components, one from the bulk, the o
from the reconstruction;37 we specifically focused on re
cently proposed models with silicon reconstructions. Mod
from the SXRD, TED, and STM are shown in Figs. 6~a!,
6~c!, and 6~d!, respectively. The indium coverage of the
models has been shown as 1.0, 0.5, and 0.75 ML, res
tively.21–25 We made other models, modifying the covera
of each basic model by addition or removal of silicon a
indium atoms. Models 2-15, models 17-35, and mod
37-45 are derived from the SXRD model, TED model, a
STM model, respectively. At the first step we allowe
displacements of the reconstructed surface layer and
bulk bilayer. Models have 26–40 structural parameters w

FIG. 6. Top and side views of typical models examined for t
Si~111!-~431!-In structure. Solid and open spheres are indium
oms and silicon atoms, respectively.~a! SXRD model~model 1!. ~b!
One of missing SXRD models~model 12!. ~c! TED model~model
16!. ~d! STM model~model 36!. The dotted parallelogram indicate
a ~431! unit cell.
0-4
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STRUCTURAL DETERMINATION OF INDIUM-INDUCED . . . PHYSICAL REVIEW B67, 195410 ~2003!
p1m1 symmetry. The list of calculated models includingRp
is shown in Table II. Model 1~SXRD model! has the lowest
Rp , 0.257. TheRp of model 16~TED model! and model 36
~STM model! are 0.466 and 0.525, respectively. Followin
the SXRD model, some modified SXRD models~models
12–15! have smallRp values. Since theRp1DRp of the
SXRD model is 0.297, the other trial models listed in Tab
II can be excluded.

Model 12 has the second lowestRp , 0.278. As shown in
Fig. 6~b!, model 12 has almost the same structure as
SXRD model, except that one of the four indium rows
missing. In the models 13-15, In1, In2, and In3 rows a
missing, respectively, and we call them ‘‘missing SXR
models’’ ~models 12–15!. Because the result of STM sug
gested that the coverage of indium should be 0.75,25 we
treated the missing SXRD models carefully. Then we cal
lated the SXRD model and four missing SXRD models, a
ing the deeper bulk bilayer. Finally, theRp of the SXRD
model reached 0.151, while theRp of the missing SXRD
models reached 0.182, 0.187, 0.213, and 0.198, respecti
Despite the fact that theRp values of the missing SXRD
models are small, missing SXRD models could be ruled
because those structural parameters were not converge
several calculations. In addition,Rp1DRp of the SXRD
model is 0.174, which is smaller than theRp of any of the
missing SXRD models. Figure 7 shows the comparison
I -V curves between experimental and theoretical values

TABLE II. Pendry R factor for the 45 models is examined
Coverages of indium (u In) and silicon (uSi) atoms in reconstructed
layers are also shown.

Model
No. R factor u In uSi

Model
No. R factor u In uSi

1 0.257 1 0.5 24 0.499 0.75 1
2 0.382 1 0.5 25 0.363 1.25 0.5
3 0.474 1 0.5 26 0.369 1.25 1
4 0.534 1 0.5 27 0.465 0.75 1
5 0.387 0.75 0.75 28 0.425 0.75 1
6 0.423 0.75 0.75 29 0.541 0.75 1
7 0.380 0.75 0.75 30 0.459 0.75 1
8 0.486 0.75 0.75 31 0.608 1 1
9 0.537 0.5 1 32 0.477 1 1
10 0.504 0.5 1 33 0.676 1 0.75
11 0.537 0.5 1 34 0.509 0.75 0.5
12 0.278 0.75 0.5 35 0.434 0.75 0.5
13 0.292 0.75 0.5 36 0.525 0.75 2
14 0.301 0.75 0.5 37 0.384 0.75 0.5
15 0.315 0.75 0.5 38 0.443 0.75 0.5
16 0.466 0.5 1.5 39 0.420 0.75 0.5
17 0.449 0.75 1.25 40 0.375 0.75 0.5
18 0.447 0.75 1.25 41 0.428 0.75 0.5
19 0.428 0.5 1.25 42 0.453 0.75 0.5
20 0.486 0.75 1.25 43 0.462 0.75 0.5
21 0.470 0.75 1.25 44 0.424 0.75 0.5
22 0.441 0.75 0.75 45 0.587 0.75 0.512
23 0.483 0.75 1
19541
e

e

-
-

ly.

t
by

f
of

the SXRD model. Since theRp of the SXRD model is suffi-
ciently low and the agreement ofI -V curves is good, we
conclude that the SXRD model is the appropriate one.

The final atomic positions are listed in Table III. The d
rection of displacements and the bond lengths derived fr
the optimized parameters are shown in Fig. 8 and in Ta
IV, respectively. Compared with the In-In bond length in t
element, 3.25 Å, the two In-In distances are remarkably sh
at 2.91 Å~a-b! and 3.00 Å~c-d!, while the other one is 3.24
Å ~b-c!. The In-Si bond lengths~a-f, d-e, b-1, and c-2! are
also shorter~2.51–2.67 Å! than the mean bond length of th
In-In and Si-Si bond lengths in the elements, 2.80 Å, wh
they are similar to the sum of the covalent radii of In and
2.55 Å. In contrast, the Si-Si bonds~e-f and f-4! are extended
~2.43 and 2.40 Å, respectively!, while the other Si-Si bond
~e-3! has almost the same value~2.33 Å! as the Si-Si bond
length in the element, 2.35 Å. Though we did not use
Keating method38 to consider stresses, LEED analysis cou
obtain reasonable structural parameters for silicon subs
layers. Moreover, the obtained structural parameters ar
good agreement with the SXRD and theoretical studies,24–27

and bond lengths are compared in Table IV. The agreem
between the present and SXRD studies are good excep
Si-Si bond lengths of e-3 and f-4, where the SXRD resu
show apparently larger values.

If we neglect the bonds between In~b! and In~c!, all in-
dium atoms have three bonds: one with a silicon atom
the other two with indium atoms. And all of the bond lengt

FIG. 7. Comparison between the experimental and the bes
theoreticalI -V curves for the Si~111!-~431!-In structure.
0-5
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and bond angles suggest reasonable formation of cova
bonds without any dangling bond as mentioned in the th
retical studies.25,26 However, we emphasize again that t
distance of In~b! and In~c! is the same as the In-In bon
length in the element, as mentioned in Ref. 27.

C. Phase transition of the„4Ã1… structure at low temperature

On cooling the~431! sample, eighth-order spots and ha
order streaks appeared on the~431! LEED pattern below
130 K. A LEED pattern at 80 K is shown in Fig. 4~c!. In this
pattern, the„(2m11)/8,0… spots, wherem is any integer,
along the~1 0! direction, were missing at all electron ene
gies, as reported in a recent SXRD study.39 Therefore, we
suggest that, as a general rule, the~83‘‘2’’ ! should be called
the ~831!-p1g1 with half-order streaks.

In this study we could not obtain certain structural para
eters for the low-temperature phase, because the unit
became large and the symmetry became low,p1g1. There-
fore, the number of structural parameters became too m
to converge. Furthermore, the measurable energy range
the eighth-order beams were limited. However, we can e
pirically conclude that the difference in structural paramet
of the ~431! and~831!-p1g1 should be very small, becaus
their I -V curves are almost identical, as shown in Fig. 5.
fact, we calculated the~431! structure also usingI -V curves
of the ~831!-p1g1, and similar structural parameters we
obtained. In the calculation we used 15 symmetrically

TABLE III. Optimum parameters of the best-fit structure for th
Si~111!-~431!-In structure~SXRD model!. The axes of coordinate
are shown in Fig. 8. The surface unit cell is shown in Fig. 8~a! as a
dotted rectangle with the size of 13.30 Å33.84 Å.

@1̄1̄2# ~Å! @11̄0# ~Å! @111# ~Å!

In ~a! 11.5060.23 1.92 9.2660.04
In ~b! 0.3560.18 0.00 8.8860.04
In ~c! 2.9660.21 1.92 8.8360.05
In ~d! 5.2260.24 0.00 9.2660.05
Si ~e! 7.5960.10 0.00 8.4460.02
Si ~f! 9.0760.12 1.92 8.3760.02
Si ~1! 20.0260.31 0.00 6.2460.06
Si ~2! 3.3160.16 1.92 6.1960.04
Si ~3! 6.8560.26 0.00 6.2260.05
Si ~4! 9.9660.26 1.92 6.1560.06
Si ~5! 12.2060.23 1.92 5.4960.05
Si ~6! 2.3460.20 0.00 5.4060.05
Si ~7! 5.5260.19 1.92 5.4860.05
Si ~8! 9.1960.20 0.00 5.1960.07
Si ~9! 12.0860.22 1.92 3.1660.04
Si ~10! 2.3060.18 0.00 3.1060.05
Si ~11! 5.5060.23 1.92 3.1560.05
Si ~12! 8.9560.14 0.00 2.9760.04
Si ~13! 11.1360.37 0.00 2.3360.07
Si ~14! 0.8760.32 1.92 2.3860.07
Si ~15! 4.5160.29 0.00 2.3460.07
Si ~16! 7.6460.41 1.92 2.2260.15
19541
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equivalent beams of the~831!-p1g1 without eighth-order
beams, and the total-energy rangeEt was 2493 eV. Thus
obtained structural parameters were similar to those in Ta
III. In contrast, the structural parameters obtained by SX
analysis at low temperature show rather large differen
from those obtained at RT.24,39

With regard to diffraction patterns, there are four chara
teristic elements related to the structure of the lo
temperature phase:~1! eighth-order spots,~2! glide plane
symmetry,~3! streaks appearing at the half-order positio
and~4! the same streaks expanding along the~1 0! direction.
Eighth-order spots and glide plane symmetry are both rela
to the ~831!-p1g1 structure, having long-range order. O
the other hand, half-order streaks indicate the presenc
short-range order, and the element~3! should be considered
separately from the element~4!. The presence or absence
dependence between eighth-order spots and half-o
streaks is an interesting aspect. In other words, clarifica
of the relationship between the~831!-p1g1 structure and
twofold periodicity modulation of the STM images is of in
terest. In our experiments, the half-order streaks appe
simultaneous with the eighth-order spots, and the width
the streaks was always narrow. Therefore, it is plausible
say that the twofold periodicity modulations in the indiu
chains have long-range order along indium chains when
~831!-p1g1 structure has been achieved. This means
elements~1!, ~2!, and~3! have the same origin and appear

FIG. 8. ~a! Top and ~b! side views of the best-fit Si~111!-
(431)-In structure~SXRD model!. Solid and open spheres ar
indium atoms and silicon atoms, respectively. Arrows indicate
directions of displacements from bulk-terminated sites. The pa
lelogram indicates a~431! unit cell, and the dotted rectangle ind
cates an alternative~431! unit cell.
0-6
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the same time. If the twofold periodicity modulation has pu
one-dimensional property, the simultaneous appearing of
eighth-order spots is not inevitable. Our LEED analysis s
gests that the atomic displacements due to the twofold p
odicity modulation might be small. Since STM images a
sensitive to the valence electrons, the small displacem
would produce bright cocoons.16,36 The cocoons have well
ordered twofold periodicity in the indium chains, corr
sponding to the element~3! of the LEED pattern. Another
feature of the cocoons is their tilting directions. There a
two opposite directions of the tilt angle. The neighbori
rows have alternate tilt angles, making well-developed eig
hfold periodicity perpendicular to the indium chains@the el-
ement~1! of the LEED pattern#. On the other hand, the rela
tive position of the cocoons along the@1̄1̄2# direction is not
definite,36 since there are two equivalent arrangemen
which is suggested by Kumpfet al. @Figs. 4~a! and 4~b! of
Ref. 39#. As a result, the streaks appear along the~1 0! di-
rection, and the streaks will not converge to spots even
low temperatures.39 Therefore, we have to separate the e
ment ~4! from the other three elements.

Consequently one can make a following scenario of
phase transition. At first, the pairing of the indium chai
occur. Then, silicon atoms in zigzag chains are drawn by
indium atoms. Since the displacements of the silicon zig
chains occur in opposite directions in neighboring row

TABLE IV. List of bond lengths for the Si~111!-~431!-In struc-
ture.

Bond LEED ~Å! SXRD ~Å! Bond length
~present! ~Ref. 24! in the element~Å!

In ~a! – In ~b! 2.91 2.99 3.25
In ~b! – In ~c! 3.24 3.15 3.25
In ~c! – In ~d! 3.00 2.97 3.25
In ~a! – Si ~f! 2.59 2.62 2.80a

In ~d! – Si ~e! 2.51 2.50 2.80
In ~b! – Si ~1! 2.66 2.56 2.80
In ~c! – Si ~2! 2.67 2.74 2.80
Si ~e! – Si ~f! 2.43 2.40 2.35
Si ~e! – Si ~3! 2.33 2.54 2.35
Si ~f! – Si ~4! 2.40 2.55 2.35

aAn average value of the In-In and Si-Si bond lengths in the e
ments.
rt

c

19541
he
-

ri-

ts

e

t-

,

at
-

e

e
g
,

these effects spread in the@1̄1̄2# direction alternatively, and
the silicon atoms form the~831!-p1g1 structure. This de-
scription fits that of a typical charge density wave formatio
In this case, the streaks also appear along the~1 0! direction,
and the streaks will not converge to spots at low tempe
tures when the~831!-p1g1 structure of silicon atoms ha
been completed. Thus, the remaining streakiness does
support the premise that the phase transition is not driven
a charge density wave. On the other hand, we cannot d
another possible scenario for the phase transition caused
different origin. At first, Si atoms form the~831!-p1g1
structure, although the reason for it is unknown. The form
tion of the~831!-p1g1 structure modulates the bonding n
ture of indium atoms, and a doubling of the indium chai
takes place. It is not possible to distinguish these two s
narios at this stage. Further theoretical studies are neces
to deepen the current understanding, but we would like
emphasize that the low-temperature phase should be tre
as ~831!-p1g1 with twofold modulations structure, bu
should not be treated as a~432! structure. The eighthfold
periodicity along the@1̄1̄2# direction should be as importan
as the twofold periodicity along the@1̄10# direction.

IV. SUMMARY

We determined the atomic structures of t
(A33A3)R30° and the~431! structures quantitatively. The
T4 model is the best-fit model of the (A33A3) structure,
and indium adatoms maintain the characteristics of
group-13 elements. For the~431! structure, we analyzed 45
models, consisting of three basic models proposed by SX
TED, and STM studies, and modified models. The resu
suggested that the SXRD model was appropriate. The l
temperature phase, the~831!-p1g1 with half-order streaks,
has I -V curves similar to those of the~431! phase. Our
results suggest that the phase transition is accompanie
slight displacements to produce glide plane symmetry
twofold periodicity modulation in indium rows.
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