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A periodic array of metallic In atomic chains on a Si(111) surface, 4x 1-In superstructure, has been investigated by
angule-resolved photoemi ssion spectroscopy (ARPES) at room temperature and 100 K, and by scanning tunneling micros-
copy (STM) at 6 K. We have found from ARPES measurements a one-dimensional metallic band folding back at 100 K
and leaving an energy gap at Fermi level. This leads to a metal-to-insulator phase transition and thus supports the charge-
density-wave (CDW) model rather than an order-disorder model for the 4x 1 (room temperature) to 8x ' 2' (low tempera-
ture) phase transition. We also have found a CDW-lattice locking effect from STM observation at 6 K, that is alack of one-
to-one correspondence between the filled- and empty-state images. The effect is interpreted that the CDW is pinned on the
frozen lattice in two different ways. Furthermore, dynamics of a highly movable soliton in the CDW has been observed,
which is acharacteristic of thiskind of quasi-one-dimensional systems.
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Fig. 1. Band dispersion mapping of the Si(111)-4x 1-In sur-
face at room temperature. Three metallic bands, m 1,
m 2, m 3, are observed. The inset shows the surface
Brillouin zone (SBZ) of the single-domain 4x 1 pe-
riodicity in the repeated zone scheme (solid rectan-
gles). Symbols are for symmetry points. The solid
hexagon indicates the 1x 1-SBZ. ARPES measure-
ment was made in the [ilO] direction aong the thick
line in the inset. A vertical line at the wave number
of 0.8200 U1 in the dispersion map is the Xo point.
The Fermi-energy position was measured using the
Tafoil which had a good electronic contact with the
sample.
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Fig. 2. Series of ARPES spectra of the Inl Si(111) one-dimensiona In
chain structure at room temperature (RT) and 100 K. The emission
angle of photoelectrons 6e is measured from the surface normal
toward [ilO] direction which is parallél to the In chains. The Fermi
energy position was measured with a Ta foil contacted to the sam-
ple a RT. However, due to the surface photovoltage shift at low
temperatures, it was also determined from the Fermi-edge like fea-
ture which was seen at m 1 band in the spectra around 6 0 25° at
100 K. While the m 3 band crosses the Fermi level around 6el]
38° (the thick spectra) at RT, it obviously folds back at that emis-
sion angle, leaving an energy gap near the Fermi level at 100 K.
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Fig. 3. (a) Filled-and (b) empty-state STM images of the
same area (1300 x 15000 ). The tip biases were 2.0
V and O 1.5V respectively. The black line is the
marker used to identify the same place. The 4x 2 and
8x 2 unit cellsaredrawnin (a) and (b) by white par-
alelograms. (c¢) An enlarged image of rectangular
areain (a). White circles indicate the protrusions in
the empty-state image (b). Grey and black €ellipses
outline the cocoons in (a). The 8x 2 unit cells are
drawn by black paralelogram. (d) The same area as
(c), superimposed by a structure model proposed in
Ref. 13. The upper haf is the empty-state and the
lower half isthe filled-state images, respectively.
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Fig. 4. Schematic illustrations of a normal 1 D metdlic
chain (A), and its CDW states (B, C, D). Black cir-
cles and grey shadows represent atoms and electron
clouds, respectively. (B) and (C) are in anti-phase
with each other. The domain boundary between (B)
and (C) isasoliton, and the domain (B) changes into
(C) as the soliton moves. (D) shows a situation in
which the charge density is pinned in away different
from (B) or (C) on the lattice, which illustrates the
difference between Chain No. 1,2,4,6,7 and Cain No.
3,5inFig. 3 (seethe text).
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Fig.5. (@0 (e): A series of STM images taken successively
(130x 13001 ). The elapsed time (t) from the first im-
aging and thetip bias (Vr) of eachimage are (a) t0 0
min, ViO O 15V, (b) t0 12 min, V7O 2.0V, (c) tO

18 min, VvO 0 1.5V, (d) t0 24 min, VsO O 15V,
(e) td 30 min, Vrd 2.0 V. A protrusion marked as
“A” indicates a marker for identifying the position.
Black arrowsin (a)—(c) indicate “misty areas” (soli-
tons) moving along the Chain No. 3. The relation be-
tween Chain No. 2 and No. 3 is seen with help of
white circles on (@) (c) and (d), and ellipses on (b)
and (e), which leadsto an illustration (f) showing the
phase shift caused by the soliton in Chain No. 3.
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Fig. 6. A part of the STM image of Fig. 5 (c) which is ro-
tated by 90° (top panel), and the line profiles aong
sub-chains indicated in the STM image (lower
panel). The grey shadow in the line profile indicates
amisty areain each sub-chain.
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