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The phase transition of a metallic In chain structure o) 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-dimensiofiHD) elec-  cent results challenge the present understanding of the 1D
tronic systems have attracted great interest, which includenetallic system and make it important to clarify the struc-
charge or spin density wau€DW or SDW), triplet super- tural and electronic nature of the low-temperature phase fur-
conductivity, and Luttinger liquid(LL) behaviott While  ther.
most of the previous studies on 1D systems have been per- In the present Rapid Communication, we investigate in
formed on limited types of anisotropic bulk materilgery ~ detail the valence-band and core-level photoemission from
recently unique surface 1D metallic systems were identifiedhe RT 4x1 and LT 8<‘2"" surfaces of In/SiL11). The
on the flat and vicinal $111) surfaces with atomic-scale questions to be answered drghow the periodicity doubling
chain structures induced by In or Au adsorptfoi.These (or 1D CDW) is formed at LT,(ii) what are the band disper-
systems featuring nearly half-filled 1D electron bands bringsions and the properties of the band gédmny) at LT, and
about the possibility of detailed investigation of 1D physical (i) whether this system exhibits any non-Fermi-liquid be-
properties in nanoscale and of atomic-scale fabrication ohavior. Most parts of the present results are consistent with

tailored 1D materials systems. thefluctuating Peierls transitiompicture but with some com-
On the vicinal Si557)-Au surface, the observation of plexities.
spin-charge separation was reportedhich was denied from The photoemission experiments were performed at the

a subsequent studyA Peierls band gap was introduced for angle-resolved photoemission beam line BL-33 of Max-I
an 1D surface state of Si(111¥32-Au,* which was later ~synchrotron radiation facility in SwedéA The total energy
discussed to be questionaBl@he In induced &1 chain resolution was set to 35 or 70 meV anrdé60 meV in the
structure on $iL11) exhibits an ideal 1D Fermi surface and a valence band and core-level measurements, respectively. The
unique temperature-induced periodicity-doubling phase angular resolution was only moderate to be set t¢-20.05
transition? This system was interpreted as an 1D CDW sys-A™! for in-plane momentum k)]. The single-domain
tem driven by Peierls instability. Although the atomic struc- Si(111)4x 1-In surface was prepared as reported befaye.
tures of the Au-induced 1D chains are uncertain, that of 470 K, this surface exhibits the so calledx82' (or 4
X 1-In was determined by a recent x-ray diffraction stfidy. X ‘‘2'" ) pattern with clearx2 streaks and also with the<8
The structure model was then confirmed by three indeperSUperSpotg,Which were thought to indicate the 1D CDW/
dentab initio calculation&®in consistency with the available PLD (periodic lattice distortionalong the chains and the
experiment£:® extra interchain couplin® respectively

However, recently the nature of this phase transition was The 4x 1-In surface structure determined recefitRhas
brought into question from two different point§) the 8  quadruple In atomic rows separated by Si zigzag chiies
X2 (or 4%x‘'2" ) low-temperaturgLT) phase, as stud- the inset of Fig. 1 As shown in Fig. &), the In 4 spec-
ied by x-ray diffraction, does not show any condensation intdrum of this surface is composed of two well-resolved spin-
a well ordered 2D phase against the common wisdom of bullorbit doublets (¢« and B) with an energy shift of 500
quasi-1D systenisand (i) the LT phase was shown to be not =10 meV 13 The spectral weight of averaged over differ-
perfectly insulating®! In order to explain these intriguing ent photon energies and emission angles is 40-50% of the
properties, the ideas of simple total energy reduction du¢otal In 4d intensity. This indicates two different In sites
solely to the lattice relaxatidnand of an exotic Fermi-to- within each chain, which are populated with a ratio close to
Luttinger liquid transitiof® were introduced. Furthermore, a 1:1. The RT spectrum has notable asymmetry indicating me-
calculatiorf based on the recent structure mddefl the LT  tallic response of surface electrons in consistency with the
phase denied the opening of the band gap at Fermi level ipresence of the metallic surface states. The asymmetry pa-
contradiction to the original experimental clafThese re- rameters(o) in curve fitting exhibit a large difference be-
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"Indd hy-85eV,60=0' "SiZp hve130eV, 0060 the Si_ lattice but a significant perturba_tion to the_ln rows,
(a) Rt (b) mr especially, only to the inner In rowhe siteg). That is,the
PLD/CDW along the chains is qualitatively confined on the
more metallic innerin rows of each chain Such well-
confined PLD/CDW might be related to the LT scanning tun-
neling microscope(STM) image showing a rather sharp
charge-density maximum on the central part of a cRam.

The recent x-ray diffraction study reported that the PLD is
comparable for both Irfboth inner and outer rowsand Si
surface atoms within an order ef0.5 A® This LT structure
P2 was not energetically favorable in a subsequent calculation,
which instead suggested that the PLD of Si atoms is negli-
gible while that of In rows amount te-0.5 A2 In this cal-
culation the inner two In rows undergo an asymmetric dis-

FIG. 1. In 4 (@), (c) and Si 2 (b), (d) spectra for the tortion and the outer rows exhibit a symmetric dimerization.
Si(111)4x 1-In surface at room temperatut®T) and for the 8  Thus the present core-level results seem to favor the struc-
X2 (or 4x*2" ) surface at 70 K. The inset shows the sche-ture suggested by the theory. However, even that theoretical
matic representation of the topmost layer of the ¥-In structure  model fails to reproduce the distinctive splitting of tife
determined recentl{Refs. 6—8, where the open, shaded, and filled components observed: the theory expects thedrsglitting
circles represent the In atoms in the outer rows, In atoms in thejue to the PLD of 50 and 80 meV far and 8, respectively.
inner rows, and Si chain atoms, respectively. In the inset, the arrowhjs discrepancy is not only quantitative but also qualitative
indicates the chain direction and the solid line the 1 unit cell. since the experiment clearly shows the remarkable difference

in the spectral changes @f and 8. The limitation of the
tweena and B, 0.09 and 0.18, respectively. This suggests gresent LT structure models is even more serious when we
very local difference of the metallic electron density betweerconsider the electronic structure as discussed below and the
the two different In sites. The site representeddiyas more  fact that the models could not reproduce the LT STM image
metallic environment as also suggested by the smaller bindsbserved We believe that the significant splitting of the In
ing energy ofB. Similar site-dependent electron screening4d 8 component is due to the charge ordering at LT. A simi-
was previously observed for 2D CDW systefidmong the  lar size of CDW-induced core-level splitting was observed
four In atomic rows in a chain, it is likely that the inner two for the well-known 2D CDW systen$.
rows have more metallic environment than the outer rows Figure 2 shows parts of an extensive series of angle-
with direct in-plane bonding with Si. The () sites can then resolved photoemission spectra for the<# and the 8
be assigned to the In atoms of the ouienen two Inrows ~ x*'2" phases taken at a higher resolution than béfore
of each chain(see the inset of Fig.)1A recent theoretical along the chain directiofalongI';-X3). At RT three metal-
calculation confirms this assignment and further reproducegc surface stateém;, m,, andm,) are clearly identifiedsee
the observed energy separationsofind 8 aimost exactly.  also Fig. 3.2 The change upon cooling observed is consistent

The Si 2p core levels at RTFig. 1(b)] also have asym- to the previous report: an overall suppression of spectral
metry with 0=0.035 and feature two extra compone(8&  weight near Fermi level and the change of the apparent spec-
and S2) in addition to the bulk contributiom8 [Fig. 1(b)],  tral shape extending up to 1 eV from Fermi le¥dlhe spec-
which are shifted fronB by —0.27 (S1) and 0.24 eV §2).  tra above 1.0 e(data not shownshow perfect match be-

At least theS1 component has surface origin, since its inten-tween the RT and LT surfaces. No overall energy shift is

sity is apparently suppressed at a more bulk-sensitive meabserved between RT and LT in valence-band spectra, which
surementSl is thus naturally attributed to the Si atoms of is corroborated by core-level spectra with an accuracy of
the zigzag chain on the topmost layer. +10 meV. The change near the Fermi level was previously

Upon cooling, core levels exhibit remarkable changes corinterpreted as due to the Peierls gap opening but the LT band
related with the phase transition. Most importantlye 8 structure and the size/property of the gap was not clear.
component ofn4d splits intoB; and B8, with a splitting of Figure 3 shows the dispersions of the three metallic states
0.20 eV while « exhibits no dicernible changé¢Fig. 1(c)]. at RT and 70 K. The overall band structures at RT and LT are
The split-off componenis, is not evident in the raw spectra, essentially identical except for the region very close to Fermi
but the line shape change, i.e., filling the valley between level. The apparent change of spectra shown in Fig. 2 is thus
and g of the RT spectrum, could not be accounted for otherthought to be not due to the formation of new bands at LT
wise. In addition, the asymmetry of B is reduced greatly but to the change of th&resolved photoemission matrix
from 0.17 to 0.11 although that af does not change. In elements. Such matrix element changes, which redistribute
contrast to In 4, the changes of Si|2 are onlymarginat the angle-resolved photoemission intensities, may be related
slight change of the core level shifts from0.27 to —0.23  to the change of the symmetry of surface state wave func-
eV and from 0.23 to 0.15 eV fd81 andS2, respectively, and tions induced by the symmetry-breaking phase transition.
a reduction of the asymmetric tail, fromm=0.035 to 0.01 However, near Fermi leveim, and ny move clearly away
[Fig. 1(d)]. The above spectral changes straightforwardly in-from Fermi level without crossing &s indicated by arrows in
dicate that the phase transition induces only little change irfrigs. 2 and 3. Similar tendency is not confirmed for the
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FIG. 4. High-resolution angle-resolved photoemission spectra
taken with a photon energyh¢) of 21.2 eV for the RT &1 phase
(dots and linesand the 82" (or 4X2" ) surface at 70 K
(open circles and lingsat the RT Fermi level crossinds) m; and
21 (b) m, bands, i.e., ak;=25.1 and 30.2%, respectivelic) Similar
spectrum for a Ta foil at 70 K(d) Angle-integrated spectra at RT
(dots and linesand 70 K(open circles and lingswith a similar
spectrum for Ta at RT superimposed.
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FIG. 2. Angle-resolved photoemission spectra taken with a pho-
ton energy hiv) of 21.2 eV for the RT 4 1 phasgdots and lines  suchk points wheram, andm; cross Fermi level. The lead-
and the &2’ (or 4x‘'2" ) surface at 70 K(solid lines. The  ing edges of than, and m; peaks shift away from Fermi
spectra are taken along the linear chain direction, that is alongevel by 75+20 and 4@-5 meV, respectively. Assuming a
I'5-X5 in the surface Brillouin zone shown and the in-plane mo-Symmetric gap, the size of the gaps is estimated to be 150
mentum k) along I'5-X; is specified in percentages of the full *40 and 8@ 10 meV form, andmg, respectively. What is

span of[-X-T (1.64 A™1). The spectrum of a Ta foil taken at RT is interesting is that even at 70 K, time, and m; states have
also shown. remaining intensity at Fermi level, roughly half of that at RT,

indicating thepseudogap natureThis is consistent not only
due to its weak intensity. Those changes near Fermi level amith the partial reduction of the asymmetry of the core lev-
consistent with the opening of the band gaps and the foldingls shown above but also with tipartial reduction of the
of the bands. The intensity of the folded bands is very weaknetallic tail of the electron energy loss spectra attThe
and decaying as observed commonly for CDW related-T phase at least at 70 K is still not perfectly insulating
systems® although the density of states at Fermi level is significantly

The details of the gaps can further be elucidated byeduced. Contradictorily, the recent calculation based on the

higher-resolution measurements at the RT Fermi-level crosd-T structure model does not indicate any band gap opéhing.
ings. Figure 4 shows the higher-resolution spectra at two The limitation of the LT structure modéi8in reproduc-

ing the In 4 core-level splitting, the STM images, and the

1z, %, 3%, 1% %, 3z, band gap is in clear contrast to the success of the RT struc-
Ex 4 W Y AR B z T 7 2, ture model in explaining most of the available experimental
) \ ‘ ! o'." g | 8 m:,so ,;% data®’ The present discrepancy for the LT phase may be
02 1A\ YV B T . - y explained in two different ways(i) the present structure
3 Shame L A S y model is far from the true LT structure dii) the present
Soaprg \‘° ‘\‘. Io_:/ 9’ I RS wnf s | theory co_uld not properly include the CDW of th_e_ LT phase.
o R »” ¢ Considering the fact that the CDW would sensitively affect
2 osk SHRY 1L ¢ ° 1 the In 4d core level, the STM image and the density of states
& 06 mgs "o %m 00000 R . -
@ » & R om0k N ° ” at Fermi level, the latter explanation sounds plausible.
e < S n ! ( ). Within the CDW idea, the remaining intensity at the Fermi

0.8 1 1 1 | 1 1 ) g : : A - A
84 0R OB g 22 0 (A,f;-s gs 14 d= level is understood in terms @) the intrinsic fluctuation of
g a 1D CDW systert'*® or (ii) the pinning of the metallic
FIG. 3. The dispersion curves obtained from the angle-resolvedlomains by defects. Supporting the SeCQI’ld idea, a recent
photoemission spectra partly shown in Fig. 2 for the ReMphase ~STM study showed that a very low density of defects can
(filled circles and the 82" (or 4x 2" ) surface at 70 Kopen  drive the surface metallic locally or globafly.The extrinsic
circles along (a) the first ([;-X;) and (b) the third [s-X5) SBz ~ CDW fluctuation duelgto defects was also shown for a 2D
lines. The thick gray lines are the eye guides for the experimentadystem of Sn/G@11).”” A recent photoemission study on 4

data and the dashed lines are calculated dispersions for the RT X 1-In also reported the formation of gaps fos andm;.2°
x 1 surfacé. This study, however, gave quantitatively as well as qualita-
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tively different information on the LT band structure, exceptvanishing intensity at the Fermi level, which is a character-
for the existence of the band gaps themselvi@sghe whole istic feature of LL*

band dispersions were shown to shift rigidly by 100-200 As presented above, most of the photoemission data are
meV to high binding energy at LTiji) the leading edge shift consistent to an 1D CDW phase transition with intrinsic or
associated with the gap opening were significantly biggegXxtrinsic fluctuations at LT along with the results of STNP,
than the present ones, similar in size with the rigid shift, anceléctron-energy loss spectroscapynd the surface conduc-
(i) the spectral shapes near Fermi energy at LT were ilfVity measurement’ However, there still remain important
defined with even certain structureabove the leading questions to b_e studied. At first, it is not clear why both of
edge® These results are not consistent to the present anf€ Wo metallic states show the gap opening although the
previoug photoemission studies and are in contradiction toSX@Ct Nesting occurs only fan.*“"The present system may
the CDW idea even within the fluctuating CDW scheme in_corres_pond toan 1D CDW szgggem with two competing 1D
troduced here. While any conclusive comment against thignetaIIIC bands(m, and ms). Note that the Fermi-level

result is premature, we suspect that the rigid shift and th?c]rOSSIngS ofn, andm are very closé.The other issue is the

large band gap observed could be related to artifacts such 1%9 ture and the role of the interchain interactias evident

surface photovoltaic effects and surface contamination at L y the 8<ordey in forming the LT ground state, which does

The high-resolution data in Fig. 4 also exclude the IOOSSi_not condense even at 20 XThe interchain interaction is

bility of LL behavior'® for both RT and LT phase. This is suggested to be quite weak and to occur in various forms by

because the quasiparticle of LL should have vanishing dent—he recent theofyand indeed a recent STM study showed a

) : o . variety of interchain couplings at 70 ¥.The third issue is
sity of states at the Fermi level, which is obviously not the hv th d h he LL behavior i
case in Figs. @) and 4b).?! The possibility of LL behavior why the present system does not show the enavior Irre-

T LN , spective of its ideal 1D electronic bands and Fermi surface as
was also examined in theintegrated density of states. The

23 =0
k-resolved spectra was integrated over a full span of a sufecently debated for bulk 1D system ofolMogO,7. "~ Fur

face Brillouin Zone(SB2), separately for the first and the ther study is highly requested for the above questions, which

third SBZ. Such angle-integrated spectrum at RT matche\év.OUId plefinitely brofaden our. understanding of the low-
perfectly with the Fermi edge spectra of a normal metal Ta. imensional electronic properties.

The LT angle-integratedand also angle-resolvedata also H.W.Y. is supported by ASSRC funded by KOSEF, Brain
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