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Anisotropic electronic structure of the Si„111…-„4Ã1…In surface
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We have investigated the atomic structure and electronic states of the Si(111)-(431)In surface using the
first-principles total energy calculations. The atomic coordinates optimized for this surface are in excellent
agreement with those obtained from the recent x-ray diffraction experiment@Bunk et al., Phys. Rev. B59,
12 228 ~1999!#. The calculated surface electronic structure, which is anisotropic, provides a satisfactory de-
scription of angle-resolved photoemission data. These calculations provide strong support for the model pro-
posed by Bunket al.
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In past years, much interest has been devoted to ex
physical phenomena of quasi-one-dimensional~1D! materi-
als on semiconductor surfaces, such as the carbon at
chain on beta-SiC~100! ~Ref. 1!, group-III metals on Si~100!
~Ref. 2!, bismuth on Si~100! ~Ref. 3!, and cesium on
InAs~110! ~Ref. 4!. In these systems, Peierls-like instabiliti
and a charge density wave~CDW! characteristic of quasi-1D
metals have not yet been observed. Recently, howe
Yeom et al. have revealed that the electronic structure
self-assembled indium~In! chains on Si~111!, i.e., the
Si(111)-(431)In surface@hereafter referred to as the (
31)In surface#, shows the characteristics of a 1D metal
system:5 ~1! The Fermi contours of the room-temperatu
metallic phase measured by angle-resolved photoemis
exhibit a perfect nesting;~2! This room-temperature phas
undergoes a temperature-induced, reversible transition in
semiconducting (832) phase;~3! The 1D CDW along the In
chains is observed using a scanning tunneling microscop
low temperature. On the contrary, very recently, Kum
et al. have given a negative view of the CDW of th
system:6 The formation of CDW cannot be the driving forc
for the phase transition. Moreover, they have concluded
there exist very strong chain-to-chain correlationsonly in the
direction perpendicular to the chains.6 Thus, opinion is di-
vided among researchers on this subject.

Before turning to a mechanism of the phase transition
this system, we have to investigate the atomic arrangem
and electronic states of the (431)In surface. In this report
we give the first theoretical investigation of the atomic a
electronic structures of the (431)In surface using the first
principles total energy and band calculations.

The reconstruction of the (431)In surface has been in
vestigated with a variety of techniques such as low-ene
electron diffraction,7,8 reflection high-energy electro
diffraction,9–11 impact collision ion-scattering
spectroscopy,12,13 photoemission spectroscopy,14–18 x-ray
diffraction ~XRD!,19–21Auger electron spectroscopy,22 scan-
ning tunneling microscopy,23–25and direct methods of trans
mission electron diffraction.26 In particular, the atomic ar-
rangement of this surface, as well as the electronic struct
has been extensively debated to date. Recently, a plau
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structural model has been proposed by Bunket al.using sur-
face XRD,21 which consistently explains all previously pub
lished experimental data. Furthermore, very recently, th
model has also been supported by electron diffuse scatte
experiments.27 Hence, we focus our attention on the mod
of Bunk et al.21 in the present report. Indeed, only on th
basis of the Bunket al. model, both optimized atomic struc
ture and calculated dispersions of bands crossing the F
level are in excellent agreement with the experimental on
Another plausible model proposed by Saraninet al.25 does
not provide a satisfactory description of angle-resolved p
toemission data. Thus, our calculations provide strong s
port for the Bunket al. model.

The theoretical calculations were performed withTAPP

~Tokyo Ab initio Program Package!.28 The total energy cal-
culations were performed within density functional theory29

in the generalized gradient approximation,30,31 using the

FIG. 1. Top~a! and side~b! views of the optimized geometry fo
the the (431)In surface. The (431) unit cell is indicated by the
shaded area.
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TABLE I. Reduced atomic coordinates obtained by the present calculation and experiment~Ref. 21! in
reduced coordinates~see text!. In column 2, shown are the ideal~bulk-like! positions for comparison. Column
4 shows the difference between measured and calculated atomic positions in(Å).

Bunk et al.~Ref. 21! Ideal ~bulklike! position This work Deviation in (Å)

In~1! ~0.11, 0.06, 0.86! ~0.143, 0.072, 0.843! ;0.12
In~2! ~0.86, 0.93, 0.85! ~0.863, 0.931, 0.857! ;0.02
In~3! ~1.53, 0.77, 0.99! ~1.553, 0.776, 0.981! ;0.08
In~4! ~3.43, 0.22, 0.99! ~3.459, 0.229, 0.992! ;0.10
Si~1! ~2.28, 0.14, 0.73! ~2.297, 0.149, 0.698! ;0.12
Si~2! ~2.71, 0.86, 0.76! ~2.713, 0.856, 0.708! ;0.16
Si ~0.31, 0.65,20.26) ~0.333, 0.667,20.250) ~0.331, 0.666,20.259) ;0.07
Si ~3.96, 0.98,20.00) ~4.000, 1.000, 0.000! ~4.001, 0.999, 0.002! ;0.14
Si ~1.30, 0.65,20.25) ~1.333, 0.667,20.250) ~1.335, 0.668,20.227) ;0.14
Si ~0.96, 0.98, 0.04! ~1.000, 1.000, 0.000! ~0.994, 0.997, 0.014! ;0.14
Si ~2.29, 0.64,20.33) ~2.333, 0.667,20.250) ~2.328, 0.664,20.305) ;0.15
Si ~2.01, 0.00,20.03) ~2.000, 0.000, 0.000! ~2.025, 0.012,20.023) ;0.06
Si ~3.29, 0.65,20.23) ~3.333, 0.667,20.250) ~3.326, 0.663,20.232) ;0.12
Si ~2.95, 0.97,20.01) ~3.000, 1.000, 0.000! ~2.973, 0.987,20.007) ;0.08
Si ~0.66, 0.33,21.24) ~0.667, 0.333,21.250) ~0.668, 0.334,21.252) ;0.05
Si ~0.33, 0.67,21.01) ~0.333, 0.667,21.000) ~0.332, 0.666,21.008) ;0.02
Si ~1.65, 0.32,21.26) ~1.667, 0.333,21.250) ~1.656, 0.328,21.260) ;0.03
Si ~1.32, 0.66,20.99) ~1.333, 0.667,21.000) ~1.336, 0.668,20.990) ;0.05
Si ~2.67, 0.33,21.27) ~2.667, 0.333,21.250) ~2.670, 0.335,21.270) ;0.02
Si ~2.32, 0.66,21.04) ~2.333, 0.667,21.000) ~2.330, 0.665,21.046) ;0.04
Si ~3.66, 0.33,21.25) ~3.667, 0.333,21.250) ~3.665, 0.332,21.250) ;0.02
Si ~3.31, 0.65,20.98) ~3.333, 0.667,21.000) ~3.330, 0.665,20.993) ;0.08
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scalar-relativistic32,33 ultrasoft pseudopotentials.34–37 We in-
troduced a partial core correction to the In pseudopotentia
order to consider a nonlinear effect for the exchan
correlation term.38 A slab geometry was used for the simp
calculation, which has a supercell consisting of six atom
layers of Si, adlayers of Si and In, and a vacuum reg
corresponding to eight atomic layers in thickness. The b
surface of the slab was terminated with four hydrogen ato
that eliminate artificial dangling bonds and prevent it fro
coupling with the front surface of the slab. The wave fun
tions were expanded in a plane-wave basis set with an en
cutoff of 25.0 Ry. Twenty-five specialk points were em-
ployed to sample the irreducible Brillouin zone for the
31) unit cell. Both electronic and ionic degrees of freedo
were optimized using the conjugate gradient method.

The optimized atomic configuration and its coordina
(a,b,c) for the (431)In surface are shown in Fig. 1 an
Table I, respectively. Here, we adopted reduced atomic
ordinates witha51/2@101̄#cubic ,b51/2@ 1̄10#cubic , and c
51/3@111#cubic . The cubic coordinates are in units of th
silicon lattice constant, 5.43 Å. In this table, the ideal~bulk-
like! coordinates and the results of the surface XRD by Bu
et al.21 are also shown for comparison. The overall mag
tude of the atomic relaxations are in excellent agreem
with the surface XRD results. Deviations from the expe
ments in absolute coordinates are less than;0.16 Å. The
interatomic distances of In~3!-Si~1! and In~4!-Si~2! are 2.63
and 2.64 Å, respectively, which are comparable to the s
of the covalent bond radii of Si and In, 2.61 Å. This mea
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that the neighboring In atoms on the Si chain, In~3! and
In~4!, are covalently bonded to the Si atoms in the Si cha
On the other hand, the nearest-neighbor distances betw
the In atoms are within the range of 3.01;3.07 Å and are
slightly shorter than the bulk In value (3.25 Å). This im
plies that the bondings between In atoms have not onl
metallic character but also a covalent one. Figure 2~a! shows
the total valence charge density in the~111! plane cutting the
topmost In atoms, In~3!. As evident in this figure, the valenc
charges are localized along the bonds for In~3!-Si~1! and
In~4!-Si~2!, suggesting the covalent nature of those bon

FIG. 2. Total valence charge-density map, which is drawn
the ~111! plane including the topmost In atom labeled 4 in Fig.
7-2
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Furthermore, the charge distributions between In~1!-In~4!
and In~2!-In~3! have directivity to some extent, indicatin
that two In chains, -In~1!-In~4!-In~1!- and -In~2!-In~3!-In~2!-,
are formed as well as the Si chain.

Figure 3 shows the band structure of the (431) surface,
where various symbols denote the orbitals having large
plitudes at the surface In atoms~see figure caption!. In the
inset of this figure, the surface Brillouin zones of the
31)In surface are also shown with thick solid lines. In th
report, we adopted a rectangular (431) Brillouin zone, in
which theGX and GX8 directions correspond to the direc
tions perpendicular and parallel to the atomic chains, resp
tively. As is clearly evident, the electronic structure of th
surface is strongly anisotropic: There are three meta
bands,m1, m2, andm3, crossing the Fermi level along th
GX direction, which have large amplitude at the surface
atoms, while along the direction perpendicular to the atom
chain (GX8, XM, and any directions parallel to those! we
can see finite-energy band gaps, that is, the electronic s
ture is semiconducting along this direction. This anisotro
feature of the electronic states has been confirmed by
experiments.5,16

The surface states for the (431)In surface can be class
fied into three groups;~1! three metallic bands crossing th
Fermi level,~2! nearly flat bands at about21 eV, and~3!
parabolically dispersive bands at24;27 eV. Three me-
tallic states,m1, m2, andm3, are localized at the surface
which consists of In-5p orbitals and Si-2p orbitals of sub-
strate Si atoms. Therefore, these states are attributed not
to the metallic bonds in the In overlayer as predicted
Abukawaet al.16 but also to covalentlike bondings betwee
In atoms and substrate Si atoms beneath In~1! and In~2!.
Next, nearly flat band lying at;21 eV seems to corre

FIG. 3. Band structure of the (431)In surface. Closed square
cross, open square, and open circle denote the orbitals having
amplitudes at In~1!, In~2!, In~3!, and In~4!, respectively. Here, the
numbers of atoms correspond to those in Fig. 1 and Table I.
J

19330
-

c-

c

n
ic

c-
c
he

nly
y

spond to the bandd (d1 andd2) in Ref. 16, which is origi-
nated from the localized, covalent bondings between the
face Si and In atoms, i.e., In~3!-Si~1! and In~4!-Si~2!. On the
other hand, in the range from27 to 24 eV, dispersive
bands having large amplitude at the In atoms are origina
from In-5s orbitals, which contribute to the bondings b
tween the In atoms.

Figure 4 shows the two-dimensional Fermi surfaces
the three metallic states at the surface. All of the states
empty on the left sides of the Fermi surfaces. The Fe
surfaces ofm2 andm3 are approximately straight and pa
allel to the (43) direction, while that ofm1 is warped and
nearly closed at theM point. Here, them1, m2, andm3
bands cross the Fermi level at 0.86GX20.98X8M , 0.58GX
20.62X8M , and 0.46GX20.48X8M , respectively. The frac-
tions of electron occupation of each band are estimated
0.08, 0.40, and 0.52 for them1, m2, andm3 bands, respec
tively. These calculated Fermi surfaces are in excell
agreement with angle-resolved photoemission results
were obtained by Abukawaet al.16 What must be noted is
that the Fermi surface of them3 bandnearly bisects the (4
31) Brillouin zone, showing a 1D-like metallic charact
along the chains. Hence, it can be said that the Fermi sur
for the m3 band has the possibility of nesting. Howeve
further theoretical, as well as experimental, investigations
the detailed electronic structures are necessary to revea
true mechanism of the phase transition of this system.

In summary, we have performed the first theoretical c
culations for the Si(111)-(431)In surface using the first
principles density-functional method. The optimized atom
coordinates and the calculated band structures agree
with the experimental results. As a result, we are able
conclusively support the structural model proposed by Bu
et al. However, in order to clarify the nature of the Peier
like instabilities of this surface, much still remains to b
done.

We acknowledge helpful discussions with Professor H.
Yeom and Dr. T. Abukawa. The authors would like to e
press their thanks to Dr. J. Yamauchi for valuable sugg
tions concerning the computational method. Numerical c
culations were performed on Fujitsu VPP700/E at RIKEN

rge

FIG. 4. Calculated Fermi surfaces of the (431)In surface. We
plotted the points where three metallic bands crossEF in the rect-
angular (431) Brillouin zone.
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