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Weakly correlated one-dimensional indium chains on Sil11)
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Quasi-one-dimension&l D) metals often exhibit a broken symmetry state. Here our first-principles density-
functional theory calculations show that quasi-1D indium chains on i Bi(4X 1) surface are stabilized
with (4X2) or (8X2) symmetry by lattice distortions of the two zigzag indium rows composing the chain.
The ground state is almost degenerate, consistent with recent experiments which indicate that several phases
coexist at low temperature.
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It is very challenging to understand the nature of phaséARP) band structurg, scanning tunneling microscopy
transitions recently observed in one-dimensidid&)) metal-  (STM) imagesS,'6 and core-level photoemission ddtahe
lic chains on silicon substratés® These quasi-1D materials calculated atomic structures for the X2) and (8x<2) re-
have been a fascinating subject to material scientists, becausenstructions agree in many but not all respects with the
of the technological importance of the formation of atomic-interpretation of the x-ray-diffraction data in Ref. 3.
scale structures. Due to recent developments in lithography, Our first-principles calculations were performed using
the size of electronic devices can be reduced to the atomiﬁorm_conserving pseudopotenti]&and the genera"zed gra-
limit where quasi-1D materials are anticipated for atomic-gjent approximatiofGGA).™ The S{111) substrate is simu-
scale interconnects. _ _ lated by a repeating slab model of six Si atomic lay@rst

Indium atoms are known to forT 7quaS|-1D chains on ajnc|yding the Si surface chainThe bottom of the slab has a
(4x1)-reconstructed &111) surface.™" The correct struc-  |kjike structure, with each Si atom saturated by one H
tural model of this (41) surface reconstruction has been agiom. A 10.4-A vacuum region between H and outer In
longstanding issue. Unlike several qualitative structural modzomic planes is included. The electronic wave functions are
els proposed earliér’ a recent x-ray-diffraction experiment expanded in a plane-wave basis set with a cutoff energy of
determined a detailed structural model for the indium-15 Ry Thek-space integrations in various unit-cell calcuia-
induced S(111)-(4x1) surface, which is consistent with {ions are done equivalently with 64 points in the surface
previously existing experimental data. It was recently re-gijiouin zone(SB2) of the (4x 1) unit cell. The position of
ported that this system undergoes a reversible phase trangj atoms, except the innermost Si layer atoms, held at their
tion from a room-temperature ¢41) structure t0 a (4 caiculated bulk positionsay="5.47 A), are allowed to relax
x''2"") structure at about 100 K, driven by a 1D charge-gjong the calculated Hellmann-Feynman forces until all the
density wave(CDW) or, equivalently, a Peierls instability yesjqual force components are less than 1 mRy/bohr.
along the indium chaif Here “2” indicates the presence of First we present our results for the atomic and electronic
half-order streaks rather than peaks in a reflection highgyctures of In/SL11)-(4X 1). The optimized atomic struc-
energy electron-diffraction pattern. Subsequently an x-rayyre within a recently proposed structural mddelshown in
diffraction experimeritobserved a well-developed X8 su- Figs. 1a) and 1b). A quasi-1D indium chain is composed of
perstructure in the direction perpendicular to the indiumine two zigzag rowsA andB [see Fig. 1b)], each of which
chains, but half-order streaks along the chains still persisgontains two indium atoms per unit cell. Note that in each
even at 20 K. This result apparently indicates that this systeff,yy the indium atoms are located at different adsorption
does not exhibit a simple quasi-1D CDW-driven transition,sjtes. The height differences of the indium atoms are
because at 20 K the CDW has not yet condens_ed into &h,, ,,.=0.46 A andAh,, _,, =050 A, and the dis-
superstructure even though a good transverse cham-to-challn ! B i top-I 2 ¢ 4 —304 A
coupling was established. Based on the analyzed atomi@NCce Deween lop-iayer atoms am“r'“a ' ’
structure of the low-temperature ¥8'2") phase from  din,—in,=3.03 A, dyp,_1n,=3.12 A, anddy, s, =din,-s;,
x-ray-diffraction data, the new driving force for the phase =2.67 A. The bond lengths from jrand In, to the Si sub-
transition was a proposed reduction in the total free energgtrate are 2.71 and 2.72 A, respectively. The overall struc-
due to trimer formation of the indium atoms. Thus the driv-tures of the indium chain and the silicon substrate agree well
ing force behind the phase transition is still controversialwith x-ray-diffraction datd. The calculated band structure
while a detailed atomic structure of the low-temperaturefor the (4x 1) structure is shown in Fig.(8). We find four
phase remains uncertain. surface-state bands;, S,, S;, andS, near the Fermi level.

In this paper we investigate the surface reconstruction anBemarkably, the dispersions of these surface-state bands
the electronic structure of the In(&11) system, based on along high-symmetry lines are in good agreement with ARP
first-principles density-functional theory calculations. Ourdata® The charge character of these surface states, shown in
results for the (& 1) structure give a successful theoretical Fig. 2(c), reveals that thé&; and S, states represent appre-
reproduction of the measured angle-resolved photoemissiatiable indiump character hybridized with neighboring Si
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FIG. 2. Surface band structure @ In/Si(111)-(4x1) and(b)
In/Si(111)-(4 < 2). The inset in(b) shows the surface Brilloin zone
for the (4x 1) and (4x2) unit cells with that for the (X 1) unit
cell as a reference. Shaded areas are the projected bulk-band struc-
ture. Filled circles represent the ARP data of Abukatal. (Ref.
8). (c) Charge characters of the surface st&8gsS,, S;, andS, at
the X point in the (4x 1) structure. The plots fd8, andS, (S, and
S;) are drawn in the verticayz plane containing Ipand In, (In,
and Iny). The contour spacings are 0.0674 3.

midpoint of the symmetry lineEX andY M (at 0.48['X and
0.48Y M). This crossing of th&; state is found to show no
dispersion along theXM direction. It is expected that a
charge density wave coupled to a lattice vibration of wave-
length 2a;;70; along the indium chains might lead to a
Peierls-like instability To examine this possibility, we per-
formed an optimization of the symmetry-unrestricted geom-
etry within the (4x2) and (8<2) unit cells, employing the
indium-trimer geometry(reported in Ref. Bas the initial
one. Our optimized (X 2) and (8x2) structures are shown
FIG. 1. Equilibrium structure of In/$L11): (a) the perspective in Figs. 1c) and Xd), respectively. We find that the ¢82)
view of the (4x1) structure and the top views @) the (4<1)  gtrycture is more stable than theX{2) structure by 0.9 meV
structure/(c) the (4x 2) structure, andd) the (8x2) structure. The - sar (4 1) unit cell, and that both structures are more stable
dark and grey circles represent In and Si atoms, respectivelyxThethan the (4<1) structure by about 8 meV per ¥41) unit

andy directions arg 110] and[112], respectively. Two different  ca|| Our band structures for the ) structurdFig. 2(b)]
choices for the (% 1) unit cell are indicated by the thin solid and

dashed lines. The arrows {n) and(d) show pairing patterns of the
outer indium atoms. The solid lineg in (d) represent the equiva-
lent glide lines. The interatomic distances between the two zigzag
indium rows are given in A.

states, whereas th®; (S,) state mainly originates from Si
substrate states, contributing to the interface bonding be-
tween the indium atom 8) and the underlying Si substrate
atom. Simulated STM images for the filled and empty states,
shown in Figs. 8) and 3b), are also in good agreement
with the STM measurement$.In the filled-state imaggFig.
3(a)] the brightest regions represent tpe orbitals of the
“inner” indium atoms 3 and 4. Here the asymmetric images
for the two zigzag indium rows are due to different contri-  £iG. 3. Simulated STM images of In3LY)-(4x 1) and In/
butions of the four surface states which have site-dependeRfj111)-(4x 2): (a) the filled-state image for (4 1), (b) the empty-
charge characters on each rgsee Fig. 2)]. The empty-  state image for (4 1), (c) the filled-state image for (4 2), and(d)
state image shows two line images related to the “outer’the empty-state image for ¢42). The filled-(empty) state image
indium atoms 1 and 2. is obtained by integrating the charge from Fermi leigl to Ex
Our band-structure calculations for In{&L1)-(4X1) +1.0 (—1.0) eV. The images were obtained at 3.1 A above the Si
show that theS; state crosses the Fermi level at almost thesurface chain.
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TABLE |. Calculated atomic displacements of In and Si atoms in the Z3 structure, relative to their

positions in the (K1) structure. Sj; (Sisupy) represents the Si atoms in the subsurface, bonding to the In

(top-layer S) atoms. The axes and labeling of atoms are shown in Fig. 1. The displacements are given in A.

AX Ay Az
In,(Ins) +0.137 (= 0.143) +0.046 (—0.048) +0.004 (- 0.001)
In,(Ing) +0.139 (- 0.133) +0.042 (- 0.050) +0.001 (+0.009)
In5(Iny) +0.126 (—0.064) +0.122 (- 0.107) +0.024 (+0.035)
Ins(Ing) +0.063 (—0.125) +0.102 (- 0.130) +0.032 (+0.013)
Si;(Siy) +0.019 (- 0.022) +0.029 (- 0.032) —0.002 (—0.008)
Si,(Siy) +0.021 (- 0.020) +0.031 (- 0.030) —0.010 (- 0.005)
Sisub1 ~+0.008 ~*+0.003 ~+0.025
Sisub2 ~+0.003 ~*+0.005 ~*+0.005

as well as the (&2) structure do not support the CDW  There are three possible ¥&) structures for a given
formation, where a total energy gain occurs from the elecleft-hand chain in Fig. @). Note that atom 15) is displaced
tronic contribution due to a band gap opening at the Fermalong the positivénegative x direction in both chains, while
level. Instead, the small energy gain in thex(2) and (8 the displacements of atoms 2 and 6 are negative and positive
X2) structures can be attributed to the energy loweringn the left-hand chain and positive and negative in the right-
through the charge redistribution between the indium atomshand chain. The other two possibilities are 1 and 5 reversed
accompanied by lattice distortion@s discussed below or both 1 and 5 and 2 and 6 reversed in the right-hand chain.
Note that in the (4 2) structure the lattice distortions lead The reversal of a single pair results in the glide planes seen
to band splittings of 170 and 18 meV, respectively, for thejn the x-ray daté,and is shown in Fig. (©). Our choice of
unoccupieds, and occupied; states at th& point[see Fig.  which pair to reverse was arbitrary, but, since the energy
2(b)]. Note that neither _ splitting results in states beinggifference between the two £82) choices is expected to be
pushed across the Fermi energy along Xié1" line. The 1y ,ch smaller than the tenths of a meV difference between
significant band splitting 05, shows that the lattice distor- the (4x2) and (8<2) structures, it is pointless to calculate

tions largely affect theS, state which contains indiurp- it. Because of this very small energy difference between the

character. On the other hand, the lattice distortions yield . .
. s ' . . . (8X2) structures, one would expect very little correlation
slight band splitting for thé&; state which originates from Si ;E)etwe)en the (% 2) subcells anngpthe cha)i/ns. This explains

trate states. .
substrate states Ilhe recent experimental observatidhat half-order streaks

We note that our surface-state energy bands for the ( | the indi hai in in th diffracti i
x 1) structure are in near perfect agreement with the photo? 09 1€ INAiUM chains remain in the x-ray-difiraction pat-

emission data of Ref. 8, whereas our bands for the 2} tern even 29 K. ) . _

structure are inconsistent with the 1D-CDW interpretation of _ 1N€ relative atomic positions in the t42) subcell of the
the photoemission data in Ref. 2 because no important e8> 2) structure are very close to those in the«(2) struc-
ergy gaps are opened up at the Fermi surface. While it igyre. The atomic displacements in the?(a) structure rela-
possible that this is a consequence of our bulk energy gafive to the (4<1) structure are given in Table I. The outer
being only about 60% of its experimental val(@nsistent Indium atoms in the (%(2) and (8<2) structures are dis-
with every other local-density-approximation and GGA cal-placed alternatively to form paifsee Figs. () and Xd)].
Cu|ati0n, and having no effect on ground_state properties The distance of the paired indium atoms is reduced to
we think it more likely that the authors of Ref. 2 misinter- 3.59 A, compared with the corresponding distance of
preted their data. They compared the photoemission from 887 A in the (4<1) structure. Such pairings relax the inner
(4% 2) structure with that from a (41) structure for sev- indium atoms 3 and &4 and 7 toward (away from the
eral values ok along thel'X line. They found a reduction in center of the indium chain. Here our optimized structure
spectral weight within 1 eV of the Fermi energy for mést Shows that the indium atom @) is closer to the indium
and within 2 eV for somé. For only two values ok is any ~ atom 4(7), indicating some attraction between those atoms.
increase in the spectral weight observed, and that is mor&he distancesl,, i, anddy, |, become shorter, 3.06 A,
than 1 eV belowEg. This is perfectly consistent with our compared to 3.12 A in the (41) structure. This rearrange-
band structures. We note that all surface states around thement of indium atoms in the (42) structure changes the
point in the (4x 1) SBZ are folded back around thiepoint  simulated STM images. We find that in the filled- and empty-
in the (4x2) SBZ, where they become continuum states. Tostate images the interstitial regions between the indium pairs
the extent that these states become bulkik® opposed to appear dark or of reduced brightnesee Figs. &) and
narrow surface resonangeshey will only contribute to the 3(d)]. The filled-state image for the ¢42) structure shows a
photoemission when there exists a wave-vector and energyarge difference compared with the STM result of Ref. 2 in
conserving final state. Thus the reduction in spectral weighthat bright protrusions were observed with;2;,; periodic-

is accounted for. ity along the indium chains. However, theX4) filled-state
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image of Ref. 2 also disagrees with FigaBas well as the atoms by measuring core-level binding energies. Our initial-
experimental images of Refs. 5 andhich did not have state theory calculatioh®for the (4x1) structure predict
(4% 2) image$ in that the latter have double-row images that the almost degeneratd 4ore levels of the inner indium
whereas Ref. 2 has its brightest region in the center of thatoms 3 and 4 are shifted to lower binding energy by 0.46
double row. eV, relative to those of the outer indium atoms 1 and 2. This
A recent x-ray-diffraction experimehtreported that at initial-state result is in excellent agreement with XPS
low temperature the periodicity along the indium chainsexperiment,in which two well-resolved core-level peaks are
doubles due to a pairing effect of the outer indium atomsseparated by 0.47 eV. While final-state effects can be impor-
resulting in the formation of indium trimers where the inter- tant, their calculation involves removing a core electron from
atomic distances are between 2.8 and 3.1 A. However, ian atom in a supercell, and restoring charge neutrality by
our (4x2) structure the corresponding distances within theadding one more conduction-band electron per supercell. The
trimers, composed of the indium atoms 1-3%56-8), are  error introduced by the addition of these extra electrons is
dyn.—1n.=3.08 A, d,._,,.=3.00 A, andd,, _,,,=3.59 A  uncertain, but it is certainly enhanced when the only
e S0 vy conduction-band states are localized on the surface. Past ex-
(din,-1n,=3.01 A, Oing—1n, = 3.09 A, and in, - Ing . h C I ) e
) 6 perience shows that final-state contributions sometimes im
=3.60 A). Here the separation between the outer indiumhoye agreement with experiment and sometimes worsen it.
atoms (1-5 and 2-6 is larger than the x-ray-diffraction for example, we have foutitthat the 4 initial-state surface

result® We believe our calculations are sufficiently accuratecore-level shift(SCLS at the W110) surface is—0.25 eV
to distinguish energdifferencesetween different structures (relative to the bulk whereas the final-state SCLS is

of 1 meV per (4<1) unit cell, but we are unable to say why _( 30 eV and the experimental value4€.31 eV. On the

the interpretation of the (4 2) structure x-ray data disagrees giher hand, the initial, final, and experimental values for the
with our calculated atomic positions. We note that our energ¥iep edge atom on @20 are —0.34, —0.23, and

differences of 8 and 0.9 meV correspond to temperatures of 41 ev, respectively. Thus our initial-state calculations
92.8 and 10.4 K, consistent with the transition temperatureggre are as least as likely to be accurate as final-state calcu-

of 100 and 20 K. Our picture of the phase transitions is asations, but their near-perfect agreement with experiment
follows. The (4x<2) structure[Fig. 1(c)] is the basic unit. ¢4yd be fortuitous and should only be taken as an additional
Note that we have chosen a unit cell where atoms In 1 and i gication of the accuracy of our (41) structure. Our re-
5 move toward each other and atom In 2 moves down toward, s for the (4<2) and (8<2) structuregfor which there

atom In 6 on the lower edge of the cell. Because atoms In 2.6 ng experimental resultshow that the d core levels of
and In 6 are on reflection planes of thexX(4) structure, @ poih the inner and outer indium atoms are split into two

degenerate state would be obtained if we had chosen atom Wy itional components: The core levels of the indium atoms
2 to move up and atom In 6 to move down. Note from Table; 54 6(4 and 7 are shifted to lower binding energy by 0.05

I that atoms In 1 and In 5 do not move equally toward eaCI'EO.O& eV, relative to those of atoms 2 and%and §. These
other, their equivalence being destroyed by the motion ofjittings in the indium-d core levels clearly indicate the

atoms In 2 and In 6. Thus this degenerate state also requirearge redistribution around the indium atoms after the lat-
changes in the positions of all the other atoms in the unit cell;¢ gistortions.

Similarly atoms In 1 and In 5 could move apart, bonding |y symmary, the atomic and electronic structures of
with ne!ghbors outside the chosen umt cel!. Thus each (Aquasi-lD indium chains on the (311 surface have been
X2) unit cell has four degenerate configurations. Above 10G estigated by first-principles density-functional theory cal-

K the atoms oscillate between their energy minima, theiryations. Excellent agreement with experiment was found
average positions ylgldlng a §41) structure. Between 100 ¢4 the (4x 1) structure. We found that the (42) and (8
and 20 K the atoms in each &) cell are frozen randomly 5y reconstructions consist mainly of a pairing of the outer
into one of the four degenerate ground states. TREZB  jndium atoms in the chain, qualitatively in agreement with a
structure consists of two (42) structures which are very recent x-ray-diffraction measurement. However, our results
weakly coupled through the Si chain. Note that opposite oy the [attice distortions and the band structure are not com-
2-6 pairs[e.g., those on the two glide planes shown in Fig-patible with a simple quasi-1D CDW formation. We also
1(d)] are displaced in opposite directions. This splits the tWO-argued that a (% 1) structure results above 100 K as a con-
fold degeneracy of every one-electron state that would ocCUequence of it representing the average positions of atoms
if the two (4X2) structures were _|denF|caI and therefore vibrating between equivalent minima in theX2) structure,
lowers the total energy. An almost identical result would begnq that the (&2) structure occurs only at very low tem-

expected if we had opposing In 2-6 pairs move together anderatures because of the extremely weak coupling between
opposing In 1-5 pairs move oppositéfyOne might think yha 1" chains in neighboring (42) structures which are
that if both In 1-5 and In 2-6 opposing pairs move Oppos'tely’separated by Si chains.

the difference between the ¥&) and (4x2) binding ener-

gies would be twice that calculated by us, yielding a transi- This work was supported by the National Science Foun-
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