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The driving force for the phase transition of quasi-one-dimensionals1Dd indium chains on the Sis111d-4
31 surface has been controversial. Using first-principles density-functional calculations we investigate the
surface band structure of the low-temperature phase including a periodic lattice distortion. We find that the
surface statesm2 andm3 hybridize to yield a band-gap opening, while the surface statem1 crosses the Fermi
level. The simulated scanning tunneling microscopysSTMd images reproduce the features observed in the
STM measurements, such as a double periodicity and an out-of-phase distribution in the filled- and empty-state
images. The present results agree in many respects with recent photoelectron spectroscopy and STM experi-
ments but do not support a 1D charge-density-wave mechanism accompanying a metal-insulator transition.
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Low-dimensional systems provide many interesting
physical phenomena such as charge-density wavessCDWsd,
Jahn-Teller distortions, or the formation of non-Fermi-liquid
ground states.1 Recently, self-organized one-dimensional
s1Dd metallic chains on silicon surfaces have attracted much
attention because of technological applications for the forma-
tion of atomic-scale structures.2,3 As a consequence of a
rapid development in lithography, the size of electronic de-
vices is expected to be reduced down to the atomic limit
where quasi-1D systems can be utilized as atomic-scale in-
terconnects.

An important example of quasi-1D systems is the self-
organized indium chains on the Sis111d surface.3–11 Each 1D
indium chain is composed of the two zigzag rowsssee Fig.
1d.11 Using angle-resolved photoemissionsARPd, scanning
tunneling microscopysSTMd, and reflection high-energy
electron diffractionsRHEEDd, Yeom et al.3 found that this
system undergoes a reversible phase transition from a high-
temperature 431 structure to a low-temperature 43 “2”
structure at about 100 K. Here, “2” means the presence of
half-order streakssalong the chain directiond rather than
peaks in a RHEED pattern, indicating little correlation be-
tween the chains which contain a periodic lattice distortion.
The ARP study3 of Yeom et al. found a dramatic change in
the surface-state bandssdenoted asm1, m2, andm3d between
the 431 and 43 “2” structures, indicating that the former is
metallic whereas the latter is almost semiconducting without
any electronic states crossing the Fermi level. However, ac-
cording to later low-temperature ARP data7 of Yeom et al.,
the two surface statesm2 andm3 exhibited pseudolike band
gaps with their remaining spectral weights at the Fermi level.
Mainly from the presence of a half-filled metallic bandsm3d
which has a nearly flat Fermi surface, Yeomet al.3,7 inter-
preted the observed phase transition in terms of a 1D CDW
mechanism or, equivalently, a Peierls instability along the
indium chain. On the other hand, an x-ray diffractionsXRDd
experiment4 observed a low-temperature 83 “2” structure
which is not fully developed even at 20 K, implying that the
phase transition is not driven by a CDW. Moreover, our
previous5 first-principles density-functional calculations

showed that both the 431 and 432 structures have three
metallic bands crossing the Fermi level. Recently, other ARP,
scanning tunneling spectroscopysSTSd, and STM experi-
ments of Yeom and his co-workers8,9 obtained more informa-
tion on the temperature-dependent electronic structures of
the In/Sis111d system. This recent ARP experiment8 ob-
served that the three surface-state bandsm1, m2, and m3
clearly exhibit a band-gap opening below the transition tem-
peratureTc, indicating a metal-insulator transition. The STS
experiment9 estimated this energy gap as,0.16 eV. Using a
temperature-variable microscopic four-point probe method,
Tanikawaet al.10 found a dramatic change of electrical con-
ductivity around 130 K and estimated an energy gap of
,0.3 eV, which is two times larger than that estimated by
the STS. It is noticeable that the recent STM experiment9

also observed that at low temperatures belowTc the charge-
density maximasi.e., bright protrusionsd in both the filled-
and empty-state STM images not only doubled along the
indium chain but were also completely out of phase with
each other, thereby demonstrating occurrence of charge or-
dering in the low-temperature phase. Based on their ARP,
STS, and STM data, Yeom and his co-workers8,9 proposed a
gap-opening mechanism in a multiband system where only

FIG. 1. Optimized structure of In/Sis111d: sad the side view of
the 431 structure,sbd the top view of the 431 structure, andscd
the top view of the 432 structure. The dark and gray circles rep-
resent In and Si atoms, respectively. Two different choices for the
431 and 432 unit cells are indicated by the solid and dashed
lines. The arrows inscd show pairing patterns of the outer indium

atoms. Thex andy directions aref1̄10g and f112̄g, respectively.
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one sm3d band among the three surface bands has a Fermi-
surface nesting with 2kF=p /ax sax is the lattice constant
along thex direction: see Fig. 1d.

In this paper, using first-principles density-functional cal-
culations we reinvestigate the electronic structure of the
In/Sis111d system within the 432 structure. We find that the
m2 andm3 states hybridize to yield a band-gap opening. The
size of this band gap is 0.19s0.24d eV along the symmetry
line GK sK8X8d, in accordance with thats,0.16 eVd mea-
sured by a recent STS experiment.9 However, the present
calculations show that them1 state still crosses the Fermi
level along theGK andGX8 symmetry lines. In addition, we
find that the patterns of simulated STM images are strongly
sensitive to the position of the Fermi level. If the Fermi level
moves up toward the middle of the pseudogaps, the observed
double periodicity and out-of-phase patterns in the filled- and
empty-state STM images are well reproduced. Our results for
the surface-state energy bands and the simulated STM im-
ages agree well with the recent ARP, STS, and STM
experiments,8,9 but are not compatible with a 1D CDW for-
mation accompanying a metal-insulator transition.

Our first-principles calculations are performed using
norm-conserving pseudopotentials12 and the generized gradi-
ent approximationsGGAd.13 We used the same calculational
parameters14 as employed in our previous5 calculations, ex-
cept the number ofk points for thek-space integrations. The
presentk-space integration was done with meshes of 224
s112d k points in the surface Brillouin zonesSBZd of the
431 s432d unit cell, which is more than the 64s32d k
points used in our previous5 calculations. Despite the present
greaterk-point samplings, there is little change in the atomic
positions of the 431 and 432 structures, as well as in the
energy difference between the two structures, compared with
those of our previous calculations. The calculated surface
band structure of In/Sis111d-432 is displayed in Fig. 2.
Unlike our previous5 surface band structure, where them2
andm3 states cross each other along theGK andK8X8 sym-
metry lines just above the Fermi level, the present one shows
that band gaps open along the theGK andK8X8 lines by 0.19
and 0.24 eV, respectivelyssee Fig. 2d. In our previous cal-
culations, the mapping of the surface bands was in error
because of the choice of sparse meshes along the symmetry
lines, but here we obtain the energy levels at dense meshes as
shown in Figs. 2sbd and 2scd. Remarkably, the magnitudes of
the present pseudogaps are close to the measured band gap
s,0.16 eVd from the STS experiment.9 However, as shown
in Fig. 2sad, the m1 state still crosses the Fermi level along
the GK and GX8 symmetry lines, indicating that the 432
structure is metallic. Therefore, our band-structure calcula-
tions of In/Sis001d-432 do not support a metal-insulator
transition claimed by Yeom and his co-workers.3,7–9

The formation of the pseudogaps in Figs. 2sbd and 2scd is
caused by the hybridization of them2 andm3 states. Noting
that them2 and m3 states have similar charge distributions
fsee Fig. 2scd in Ref. 5g, such a hybridization easily takes
place when the surface states around theX sMd point in the
431 SBZ are folded back around theG sX8d point in the
432 SBZ fsee the inset of Fig. 2sadg. The band-gap opening
in the 432 structure results in the energy lowering of the the

m2 andm3 states near theK andK8 pointsfi.e., at the points
A andB in Fig. 2sadg, consistent with low-temperature ARP
data7 where the edges of them2 andm3 states around theK
point shift away from the Fermi level. Despite the signifi-
cantly reduced spectral wights of them2 andm3 states near
the Fermi level, the ARP data of Ref. 7 showed some remain-
ing spectral weights representing thepseudogapnature. It is
notable that this low-temperature ARP data showed the pres-
ence of them1 state, though its intensity is very weak. In this
sense, the earlier7 ARP experiment finding the presence of
m1 near the Fermi level seems to differ somewhat from the
recent8 ARP experiment where them1 band disappears at low
temperatures belowTc ssee belowd.

Recently, Yeom and his co-workers performed another8

ARP experiment to determine the dispersions of the surface
states over more extended regions in the SBZ. At low tem-
peratures they observed a clear gap opening of them2 andm3
bands with the disappearance of them1 band. Here, the dis-
persions of them2 andm3 bands along theXK sequivalently
GKd andMK8 sequivalentlyX8K8d lines are nearly parabolic
with energy minima at theX point and around a half point
between theM and K8 points, respectively. In Ref. 8, it is
difficult to find the energy minimum along the latter symme-
try line because the intensity around theM point was very

FIG. 2. Surface band structure of In/Sis111d-s432d. The inset
in sad shows the surface Brillouin zone for the 431 and 432 unit
cells with that for the 131 unit cell as a reference. The shaded
areas are the projected bulk-band structure.sbd andscd magnify the
calculated energy levels aroundA, A8, B, andB8, equivalent to the
two boxes insad. Three different choices for the Fermi levelsi.e.,
EF0, EF1, andEF2d are given insbd and scd: see the text.
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weak. Such a parabolic feature of them2 andm3 bands along
the XK sor GKd and MK8 sor X8K8d lines agrees well with
our calculated surface-state bandsfsee Fig. 2sadg of the 4
32 structure. According to the ARP data of Ref. 8, the band-
gap positionssi.e., energy maximad of m3 were found to be
nearly at theK andK8 points, while those ofm2 are some-
what shifted from theK and K8 point. These experimental
observations are consistent with our calculated band disper-
sion of Fig. 2, where the pointC sDd corresponding to the
maximum ofm3 along theGK sX8K8d line is at theK sK8d
point while the pointA sBd corresponding to the maximum
of m2 is slightly shifted from theK sK8d point. From their
ARP data,8 Yeom and his co-workers estimated that the
maxima ofm2 andm3 are located at 0.04 and 0.34 eV below
the Fermi level, respectively. Here, the position of the experi-
mental Fermi level does not correspond with our theoretical
one, but the energy differences0.30 eVd between the
maxima ofm2 andm3 is in good agreement with the present
result s0.29 eVd between theA point fthe maximum ofm2:
see Fig. 2sadg and theC point fthe maximum ofm3: see Fig.
2sadg. Also, the ARP data of Ref. 8 showed that the band-gap
size ofm2 varies over thek space as much as 0.05 eV; that
is, the band maximum along theXK line is higher than that
along theMK8 line. This behavior can be seen in our calcu-
lated dispersion ofm2 where theA point along theGK line is
higher in energy than theB point along theX8K8 line by
0.16 eV. Thus, the overall dispersions ofm2 and m3 agree
well between the recent8 ARP experiment and the present
calculations. However, unlike the recent ARP experiment our
calculations show no evidence for the disappearance of the
m1 band. Noting in the recent experiment that the spectrum
intensity of the low-temperature phase was significantly re-
duced compared with that of the high-temperature phase, it
seems that in the former phase the dispersion of them1 state
could not be measured because of its weak intensity.

Using a combination of STM and STS, Parket al.9 ob-
served an energy gap opening of,0.16 eV as the tempera-
ture is lowered belowTc, and therefore claimed that the
phase transition is truly a metal-insulator transition with a
clear band gap rather than a pseudogap. According to their
STM data for the low-temperature phase, the filled and
empty state images showed the charge-density maxima with
a double periodictys32d along the indium wires, and the
maxima of the two images are completely out of phase with
each other. Such a charge ordering together with a band-gap
opening may be related with formation of a CDW in indium
wires. However, our results for the band structure of
In/Sis111d-432 reveal that them1 state does not disappear
but still crosses the Fermi level. This metallic feature ofm1 is
not compatible with a simple 1D CDW mechanism for the
phase transition. For comparison with the STM measure-
ments, we simulate the STM images for the filled and empty
states of In/Sis111d-432. We have to notice that, because
the STS experiment9 measured a clear band gap at low tem-
peratures belowTc, the position of the Fermi levelsEFd was
not definitely determined within the band gap. Therefore, we
choose the three different locations of the Fermi level to
simulate the STM images: i.e., atsid EF0 being the real Fermi
level, sii d EF1 located 0.10-eV aboveEF0, and siii d EF2 lo-

cated just belowB8 fsee Figs. 2sbd and 2scdg. Our simulated
STM images for the filled and empty states are displayed in
Fig. 3. Here, the filled-statesempty-stated image mapping the
electron density integrated at 0.3 eV downwardsupwardd
from a given Fermi level is taken at about 3.8 Å above the
outermost indium atom.s0.3 eV was the voltage at which the
experimental STM data9 was taken.d We find that the STM
simulation fFigs. 3sad and 3sbdg with a choice ofEF=EF0
does not agree with the observed9 STM images. On the other
hand, withEF=EF1 and EF2 the filled- and empty-state im-
ages show bright spots with a double periodicity, which are
completely out of phase with each other along the indium
wires fsee Figs. 3scd–3sfd. Especially, in case ofEF=EF2
such double periodic and out-of-phase patterns are conspicu-
ous, in good agreement with the experimental STM data.9 It
is interesting to note that the location ofEF2 is 0.05-eV
above theA point fi.e., the maximum of them2 band: see
Fig. 2sbdg, similar to the experimental8 Fermi level which is
located at 0.04 eV above the maximum of them2 band.

Since our band structure of In/Sis111d-432 shows no
evidence of being an insulator, the observed phase transition

FIG. 3. Simulated STM images of In/Sis111d-s432d: sad the
filled-state image withEF=EF0, sbd the empty-state image with
EF=EF0, scd the filled-state image withEF=EF1, sdd the empty-state
image withEF=EF1, sed the filled-state image withEF=EF2, andsfd
the empty-state image withEF=EF2. For the definition ofEF0, EF1,
andEF2, see Fig. 2. The filledsemptyd-state images are obtained by
integrating the charge fromEF to EF−0.3 s+0.3d eV. The images
are taken at 3.8 Å above the outermost indium atom. The open
circles mark bright spots in the empty-state images.
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is possibly due to an energy lowering lattice distortion with
the hybridization of the surface statesm2 andm3, rather than
a simple 1D CDW mechanism.3,7–9 In our previous5 calcula-
tions, them2 state represents appreciable indium-p character
localized between “inner” indium atomsfi.e., In2, In28, In3,
and In38 in Fig. 1scdg, whereas them3 state originates mainly
from the indium-Si interface bonding. Therefore, it is likely
that the m2-m3 hybridization induces some attraction be-
tween In2 sIn28d and In3 sIn38d fsee Figs. 1sbd and 1scdg. As a
result, the distancesdIn2−In3

and dIn28−In38
become shorter,

3.06 Å, compared to 3.12 Å in the case of 431 structure.
Because In3 and In38 are on reflection planes of the 431
structure, a degenerate state would be obtained if we had
chosen In2 to be attracted to In38. Including the additional
possibility of the pairing directions of “outer” indium atoms
fi.e., In1, In18, In4, and In48 in Fig. 1scdg, each 432 unit cell
has four degenerate configurations.5 Thus, aboveTc the at-
oms oscillate between their energy minima, their average
positions yielding the 431 structure, whereas belowTc the
atoms in each 432 cell are frozen randomly into one of the
four degenerate ground states. This simple picture for the

phase transition would provide an explanation for the
RHEED sRef. 3d and XRD sRef. 4d observations that the
low-temperature superstructure was not fully developed as
43 “2” sor 83 “2” d reconstructions.

In summary, we reinvestigated the surface band structure
of In/Sis111d-432 using first-principles density-functional
theory calculations. Our results for the surface band structure
showed that the 432 structure has a metallic feature, there-
fore not supporting a simple 1D CDW mechanism accompa-
nying a metal-insulator transition. However, the dispersions
of the surface bandsm2 and m3 agree well with the recent
ARP data.8 The simulated scanning tunneling microscopy
sSTMd images also reproduce the features observed in the
STM experiment,9 such as a double periodicity and an out-
of-phase distribution in the filled- and empty-state images.
We hope future ARP experiments will observe the presence
of the m1 state crossing the Fermi level.

This work was supported by the KOSEF through the
Quantum Photonic Science Research Center and the Welch
FoundationsHouston, TXd.

*Author to whom correspondence should be addressed. Electronic
address: chojh@hanyang.ac.kr

1G. Grüner,Density Waves in SolidssAddison-Wesley, Reading,
MA, 1994d.

2P. Segovia, D. Purdie, M. Hengsberger, and Y. Baer, Nature
sLondond 402, 504 s1999d.

3H. W. Yeom, S. Takeda, E. Rotenberg, I. Matsuda, K. Horikoshi,
J. Schaefer, C. M. Lee, S. D. Kevan, T. Ohta, T. Nagao, and S.
Hasegawa, Phys. Rev. Lett.82, 4898s1999d.

4C. Kumpf, O. Bunk, J. H. Zeysing, Y. Su, M. Nielsen, R. L.
Johnson, R. Feidenhans’l, and K. Bechgaard, Phys. Rev. Lett.
85, 4916s2000d.

5J.-H. Cho, D.-H. Oh, K. S. Kim, and L. Kleinman, Phys. Rev. B
64, 235302s2001d.

6O. Gallus, Th. Pillo, M. Hengsberger, P. Segovia, and Y. Baer,
Eur. Phys. J. B20, 313 s2001d.

7H. W. Yeom, K. Horikoshi, H. M. Zhang, K. Ohno, and R. I. G.
Uhrberg, Phys. Rev. B65, 241307sRd s2002d.

8J. R. Ahn, J. H. Byun, H. Koh, E. Rotenberg, S. D. Kevan, and H.

W. Yeom, Phys. Rev. Lett.93, 106401s2004d.
9S. Park, H. W. Yeom, S. H. Min, D. H. Park, and I.-W. Lyo, Phys.

Rev. Lett. 93, 106402s2004d.
10T. Tanikawa, I. Matsuda, T. Kanagawa, and S. Hasegawa, Phys.

Rev. Lett. 93, 016801s2004d.
11O. Bunk, G. Falkenberg, J. H. Zeysing, L. Lottermoser, R. L.

Johnson, M. Nielsen, F. Berg-Rasmussen, J. Baker, and R.
Feidenhans’l, Phys. Rev. B59, 12 228s1999d.

12N. Troullier and J. L. Martins, Phys. Rev. B43, 1993s1991d.
13J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett.77,

3865 s1996d; 78, 1396sEd s1997d.
14The surface is modeled by a periodic slab geometry. Each slab

contains six Si atomic layerssnot including the Si surface chaind
plus an In overlayer, and the bottom Si layer is passivated by
one H atom per Si atom. The thickness of the vacuum region
between these slabs is about 10 Å. The electronic wave func-
tions are expanded in a plane-wave basis set with a cutoff energy
of 15 Ry.

CHO, LEE, AND KLEINMAN PHYSICAL REVIEW B 71, 081310sRd s2005d

RAPID COMMUNICATIONS

081310-4


