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Nature of the broken-symmetry phase of the one-dimensional metallic InÕSi„111… surface
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The phase transition of a metallic In chain structure on Si~111! was investigated by high-resolution photo-
emission. Core-level spectra clearly elucidate that the symmetry breaking at low temperature occurs only
within the inner parts of the In chains. In the valence bands, the transition is accompanied by the formation of
pseudogaps of 80–150 meV and the band backfolding with only marginal changes of the band dispersion. No
sign of Luttinger liquid behavior is observed in the spectral function near the Fermi level. This result is
generally consistent with the idea of a fluctuating one-dimensional charge-density wave state but conflicting
with the present structure model for the low-temperature phase.
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Exotic electronic properties of one-dimensional~1D! elec-
tronic systems have attracted great interest, which incl
charge or spin density wave~CDW or SDW!, triplet super-
conductivity, and Luttinger liquid~LL ! behavior.1 While
most of the previous studies on 1D systems have been
formed on limited types of anisotropic bulk materials,1 very
recently unique surface 1D metallic systems were identi
on the flat and vicinal Si~111! surfaces with atomic-scal
chain structures induced by In or Au adsorption.2–4 These
systems featuring nearly half-filled 1D electron bands br
about the possibility of detailed investigation of 1D physic
properties in nanoscale and of atomic-scale fabrication
tailored 1D materials systems.

On the vicinal Si~557!-Au surface, the observation o
spin-charge separation was reported,3 which was denied from
a subsequent study.5 A Peierls band gap was introduced f
an 1D surface state of Si(111)532-Au,4 which was later
discussed to be questionable.4 The In induced 431 chain
structure on Si~111! exhibits an ideal 1D Fermi surface and
unique temperature-induced periodicity-doubling pha
transition.2 This system was interpreted as an 1D CDW s
tem driven by Peierls instability. Although the atomic stru
tures of the Au-induced 1D chains are uncertain, that o
31-In was determined by a recent x-ray diffraction stud6

The structure model was then confirmed by three indep
dentab initio calculations7,8 in consistency with the availabl
experiments.2,6

However, recently the nature of this phase transition w
brought into question from two different points;~i! the 8
3 ‘ ‘2’ ’ ~or 43 ‘ ‘2’ ’ ! low-temperature~LT! phase, as stud
ied by x-ray diffraction, does not show any condensation i
a well ordered 2D phase against the common wisdom of b
quasi-1D systems9 and~ii ! the LT phase was shown to be n
perfectly insulating.10,11 In order to explain these intriguing
properties, the ideas of simple total energy reduction
solely to the lattice relaxation9 and of an exotic Fermi-to-
Luttinger liquid transition10 were introduced. Furthermore,
calculation8 based on the recent structure model9 of the LT
phase denied the opening of the band gap at Fermi leve
contradiction to the original experimental claim.2 These re-
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cent results challenge the present understanding of the
metallic system and make it important to clarify the stru
tural and electronic nature of the low-temperature phase
ther.

In the present Rapid Communication, we investigate
detail the valence-band and core-level photoemission fr
the RT 431 and LT 83 ‘ ‘2’ ’ surfaces of In/Si~111!. The
questions to be answered are~i! how the periodicity doubling
~or 1D CDW! is formed at LT,~ii ! what are the band disper
sions and the properties of the band gap~if any! at LT, and
~iii ! whether this system exhibits any non-Fermi-liquid b
havior. Most parts of the present results are consistent w
thefluctuating Peierls transitionpicture but with some com-
plexities.

The photoemission experiments were performed at
angle-resolved photoemission beam line BL-33 of Ma
synchrotron radiation facility in Sweden.12 The total energy
resolution was set to 35 or 70 meV and;60 meV in the
valence band and core-level measurements, respectively.
angular resolution was only moderate to be set to 2°@;0.05
Å21 for in-plane momentum (ki)#. The single-domain
Si(111)431-In surface was prepared as reported before.2 At
70 K, this surface exhibits the so called 83 ‘ ‘2’ ’ ~or 4
3 ‘ ‘2’ ’ ! pattern with clear32 streaks and also with the 83
superspots,2 which were thought to indicate the 1D CDW
PLD ~periodic lattice distortion! along the chains and th
extra interchain coupling,8,9 respectively.2

The 431-In surface structure determined recently6–8 has
quadruple In atomic rows separated by Si zigzag chains~see
the inset of Fig. 1!. As shown in Fig. 1~a!, the In 4d spec-
trum of this surface is composed of two well-resolved sp
orbit doublets ~a and b! with an energy shift of 500
610 meV.13 The spectral weight ofa averaged over differ-
ent photon energies and emission angles is 40–50% of
total In 4d intensity. This indicates two different In site
within each chain, which are populated with a ratio close
1:1. The RT spectrum has notable asymmetry indicating m
tallic response of surface electrons in consistency with
presence of the metallic surface states. The asymmetry
rameters~s! in curve fitting exhibit a large difference be
©2002 The American Physical Society07-1
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tweena andb, 0.09 and 0.18, respectively. This suggest
very local difference of the metallic electron density betwe
the two different In sites. The site represented byb has more
metallic environment as also suggested by the smaller b
ing energy ofb. Similar site-dependent electron screeni
was previously observed for 2D CDW systems.14 Among the
four In atomic rows in a chain, it is likely that the inner tw
rows have more metallic environment than the outer ro
with direct in-plane bonding with Si. Thea ~b! sites can then
be assigned to the In atoms of the outer~inner! two In rows
of each chain~see the inset of Fig. 1!. A recent theoretical
calculation confirms this assignment and further reprodu
the observed energy separation ofa andb almost exactly.8

The Si 2p core levels at RT@Fig. 1~b!# also have asym-
metry with s50.035 and feature two extra components~S1
and S2! in addition to the bulk contributionB @Fig. 1~b!#,
which are shifted fromB by 20.27 (S1) and 0.24 eV (S2).
At least theS1 component has surface origin, since its inte
sity is apparently suppressed at a more bulk-sensitive m
surement.S1 is thus naturally attributed to the Si atoms
the zigzag chain on the topmost layer.

Upon cooling, core levels exhibit remarkable changes c
related with the phase transition. Most importantly,the b
component ofIn 4d splits intob1 and b2 with a splitting of
0.20 eVwhile a exhibits no dicernible change. @Fig. 1~c!#.
Thesplit-off componentb2 is not evident in the raw spectra
but the line shape change, i.e., filling the valley betweena
andb of the RT spectrum, could not be accounted for oth
wise. In addition, the asymmetrys of b is reduced greatly
from 0.17 to 0.11 although that ofa does not change. In
contrast to In 4d, the changes of Si 2p are onlymarginal;
slight change of the core level shifts from20.27 to20.23
eV and from 0.23 to 0.15 eV forS1 andS2, respectively, and
a reduction of the asymmetric tail, froms50.035 to 0.01
@Fig. 1~d!#. The above spectral changes straightforwardly
dicate that the phase transition induces only little chang

FIG. 1. In 4d ~a!, ~c! and Si 2p ~b!, ~d! spectra for the
Si(111)431-In surface at room temperature~RT! and for the 8
3 ‘ ‘2’ ’ ~or 43 ‘ ‘2’ ’ ! surface at 70 K. The inset shows the sch
matic representation of the topmost layer of the 431-In structure
determined recently~Refs. 6–8!, where the open, shaded, and fille
circles represent the In atoms in the outer rows, In atoms in
inner rows, and Si chain atoms, respectively. In the inset, the ar
indicates the chain direction and the solid line the 431 unit cell.
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the Si lattice but a significant perturbation to the In row
especially, only to the inner In rows~the siteb!. That is,the
PLD/CDW along the chains is qualitatively confined on th
more metallic inner In rows of each chain. Such well-
confined PLD/CDW might be related to the LT scanning tu
neling microscope~STM! image showing a rather shar
charge-density maximum on the central part of a chain.2,15

The recent x-ray diffraction study reported that the PLD
comparable for both In~both inner and outer rows! and Si
surface atoms within an order of;0.5 Å.9 This LT structure
was not energetically favorable in a subsequent calculat
which instead suggested that the PLD of Si atoms is ne
gible while that of In rows amount to;0.5 Å.8 In this cal-
culation the inner two In rows undergo an asymmetric d
tortion and the outer rows exhibit a symmetric dimerizatio
Thus the present core-level results seem to favor the st
ture suggested by the theory. However, even that theore
model fails to reproduce the distinctive splitting of theb
components observed: the theory expects the In 4d splitting
due to the PLD of 50 and 80 meV fora andb, respectively.
This discrepancy is not only quantitative but also qualitat
since the experiment clearly shows the remarkable differe
in the spectral changes ofa and b. The limitation of the
present LT structure models is even more serious when
consider the electronic structure as discussed below and
fact that the models could not reproduce the LT STM ima
observed.8 We believe that the significant splitting of the I
4d b component is due to the charge ordering at LT. A sim
lar size of CDW-induced core-level splitting was observ
for the well-known 2D CDW systems.14

Figure 2 shows parts of an extensive series of ang
resolved photoemission spectra for the 431 and the 8
3 ‘ ‘2’ ’ phases taken at a higher resolution than befo2

along the chain direction~alongG3-X3!. At RT three metal-
lic surface states~m1 , m2 , andm3! are clearly identified~see
also Fig. 3!.2 The change upon cooling observed is consist
to the previous report: an overall suppression of spec
weight near Fermi level and the change of the apparent s
tral shape extending up to 1 eV from Fermi level.2 The spec-
tra above 1.0 eV~data not shown! show perfect match be
tween the RT and LT surfaces. No overall energy shift
observed between RT and LT in valence-band spectra, w
is corroborated by core-level spectra with an accuracy
610 meV. The change near the Fermi level was previou
interpreted as due to the Peierls gap opening but the LT b
structure and the size/property of the gap was not clear.

Figure 3 shows the dispersions of the three metallic sta
at RT and 70 K. The overall band structures at RT and LT
essentially identical except for the region very close to Fe
level. The apparent change of spectra shown in Fig. 2 is t
thought to be not due to the formation of new bands at
but to the change of thek-resolved photoemission matri
elements. Such matrix element changes, which redistrib
the angle-resolved photoemission intensities, may be rel
to the change of the symmetry of surface state wave fu
tions induced by the symmetry-breaking phase transiti
However, near Fermi level,m2 and m3 move clearly away
from Fermi level without crossing itas indicated by arrows in
Figs. 2 and 3. Similar tendency is not confirmed for them1
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due to its weak intensity. Those changes near Fermi leve
consistent with the opening of the band gaps and the fold
of the bands. The intensity of the folded bands is very we
and decaying as observed commonly for CDW rela
systems.16

The details of the gaps can further be elucidated
higher-resolution measurements at the RT Fermi-level cr
ings. Figure 4 shows the higher-resolution spectra at

FIG. 2. Angle-resolved photoemission spectra taken with a p
ton energy (hn) of 21.2 eV for the RT 431 phase~dots and lines!
and the 83 ‘ ‘2’ ’ ~or 43 ‘ ‘2’ ’ ! surface at 70 K~solid lines!. The
spectra are taken along the linear chain direction, that is a

Ḡ3-X̄3 in the surface Brillouin zone shown and the in-plane m

mentum (ki) along Ḡ3-X̄3 is specified in percentages of the fu

span ofḠ-X̄-Ḡ ~1.64 Å21!. The spectrum of a Ta foil taken at RT i
also shown.

FIG. 3. The dispersion curves obtained from the angle-reso
photoemission spectra partly shown in Fig. 2 for the RT 431 phase
~filled circles! and the 83 ‘ ‘2’ ’ ~or 43 ‘ ‘2’ ’ ! surface at 70 K~open

circles! along ~a! the first (Ḡ1-X̄1) and ~b! the third (Ḡ3-X̄3) SBZ
lines. The thick gray lines are the eye guides for the experime
data and the dashed lines are calculated dispersions for the
31 surface7.
24130
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suchk points wherem2 andm3 cross Fermi level. The lead
ing edges of them2 and m3 peaks shift away from Ferm
level by 75620 and 4065 meV, respectively. Assuming
symmetric gap, the size of the gaps is estimated to be
640 and 80610 meV form2 andm3 , respectively. What is
interesting is that even at 70 K, them2 and m3 states have
remaining intensity at Fermi level, roughly half of that at R
indicating thepseudogap nature. This is consistent not only
with the partial reduction of the asymmetry of the core le
els shown above but also with thepartial reduction of the
metallic tail of the electron energy loss spectra at LT.11 The
LT phase at least at 70 K is still not perfectly insulatin
although the density of states at Fermi level is significan
reduced. Contradictorily, the recent calculation based on
LT structure model does not indicate any band gap openi8

The limitation of the LT structure models8,9 in reproduc-
ing the In 4d core-level splitting, the STM images, and th
band gap is in clear contrast to the success of the RT st
ture model in explaining most of the available experimen
data.6,7 The present discrepancy for the LT phase may
explained in two different ways:~i! the present structure
model is far from the true LT structure or~ii ! the present
theory could not properly include the CDW of the LT phas
Considering the fact that the CDW would sensitively affe
the In 4d core level, the STM image and the density of sta
at Fermi level, the latter explanation sounds plausib
Within the CDW idea, the remaining intensity at the Fer
level is understood in terms of~i! the intrinsic fluctuation of
a 1D CDW system17,18 or ~ii ! the pinning of the metallic
domains by defects. Supporting the second idea, a re
STM study showed that a very low density of defects c
drive the surface metallic locally or globally.15 The extrinsic
CDW fluctuation due to defects was also shown for a
system of Sn/Ge~111!.19 A recent photoemission study on
31-In also reported the formation of gaps form2 andm3 .20

This study, however, gave quantitatively as well as qual
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FIG. 4. High-resolution angle-resolved photoemission spe
taken with a photon energy (hn) of 21.2 eV for the RT 431 phase
~dots and lines! and the 83 ‘ ‘2’ ’ ~or 43 ‘ ‘2’ ’ ! surface at 70 K
~open circles and lines! at the RT Fermi level crossings~a! m3 and
~b! m2 bands, i.e., atki525.1 and 30.2%, respectively.~c! Similar
spectrum for a Ta foil at 70 K.~d! Angle-integrated spectra at RT
~dots and lines! and 70 K ~open circles and lines! with a similar
spectrum for Ta at RT superimposed.
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tively different information on the LT band structure, exce
for the existence of the band gaps themselves;~i! the whole
band dispersions were shown to shift rigidly by 100–2
meV to high binding energy at LT,~ii ! the leading edge shif
associated with the gap opening were significantly big
than the present ones, similar in size with the rigid shift, a
~iii ! the spectral shapes near Fermi energy at LT were
defined with even certain structuresabove the leading
edge.20 These results are not consistent to the present
previous2 photoemission studies and are in contradiction
the CDW idea even within the fluctuating CDW scheme
troduced here. While any conclusive comment against
result is premature, we suspect that the rigid shift and
large band gap observed could be related to artifacts suc
surface photovoltaic effects and surface contamination at

The high-resolution data in Fig. 4 also exclude the pos
bility of LL behavior10 for both RT and LT phase. This is
because the quasiparticle of LL should have vanishing d
sity of states at the Fermi level, which is obviously not t
case in Figs. 4~a! and 4~b!.21 The possibility of LL behavior
was also examined in thek-integrated density of states. Th
k-resolved spectra was integrated over a full span of a S
face Brillouin Zone~SBZ!, separately for the first and th
third SBZ. Such angle-integrated spectrum at RT matc
perfectly with the Fermi edge spectra of a normal metal
The LT angle-integrated~and also angle-resolved! data also
show that it cannot be fitted with the power law lines wi
:

,

B
d
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vanishing intensity at the Fermi level, which is a charact
istic feature of LL.21

As presented above, most of the photoemission data
consistent to an 1D CDW phase transition with intrinsic
extrinsic fluctuations at LT along with the results of STM,2,15

electron-energy loss spectroscopy,11 and the surface conduc
tivity measurement.15 However, there still remain importan
questions to be studied. At first, it is not clear why both
the two metallic states show the gap opening although
exact nesting occurs only form3 .2,20The present system ma
correspond to an 1D CDW system with two ‘‘competing’’ 1
metallic bands~m2 and m3!.20,22 Note that the Fermi-leve
crossings ofm2 andm3 are very close.2 The other issue is the
nature and the role of the interchain interaction~as evident
by the 83order! in forming the LT ground state, which doe
not condense even at 20 K.9 The interchain interaction is
suggested to be quite weak and to occur in various forms
the recent theory8 and indeed a recent STM study showed
variety of interchain couplings at 70 K.15 The third issue is
why the present system does not show the LL behavior i
spective of its ideal 1D electronic bands and Fermi surfac
recently debated for bulk 1D system of Li0.9Mo6O17.23 Fur-
ther study is highly requested for the above questions, wh
would definitely broaden our understanding of the lo
dimensional electronic properties.
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