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Structural and electronic properties of the quasi-one-dimensional metallic chains
of the Au-induced facets on the Si„5 5 12… surface

S. S. Lee, N. D. Kim, C. G. Hwang, H. J. Song, and J. W. Chung*
Physics Department and Basic Science Research Institute, Pohang University of Science and Technology,

San 31 Hyoja Dong, Pohang 790-784, Korea
~Received 22 January 2002; revised manuscript received 21 May 2002; published 23 September 2002!

We have investigated the atomic arrangements and electronic properties of the quasi-one-dimensional~Q1D!
atomic chains of the Au-induced facets formed on the clean Si~5 5 12!-231 surface. The interchain distances
of the two well ordered facet structures are estimated to be 30.2 and 22.8 Å. By utilizing linearly polarized
synchrotron photons, we also determine a complete band diagram of the surface bands and their symmetry
characteristics along the two high symmetry azimuths (Ḡ2M̄ and Ḡ2X̄) of the surface Brillouin zone. The
Q1D nature of the Au-induced atomic chains has been well demonstrated by the extremely anisotropic band
dispersions of the Au-induced surface bands in addition to the 231 surface morphology. We find that while the
clean reconstructed Si~5 5 12!-231 surface is insulating, the Au-induced chains form a highly anisotropic
metallic system.

DOI: 10.1103/PhysRevB.66.115317 PACS number~s!: 73.20.2r, 73.50.2h, 68.43.2h
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I. INTRODUCTION

With the advent of nanotechnology, much interest h
been devoted to the fabrication of nanosized structures
solid surfaces. One of the potential applications of su
nanostructures is to utilize their unique properties to deve
more advanced devices such as a single-electron transis
quantum dot laser, and a quantum computer. Althoug
number of sophisticated experimental techniques using v
ous forms of lithography1 have been developed, adsorptio
on a highly stepped single crystalline surface has been u
most extensively to form various nanosized structures
solid surfaces. Such stepped vicinal surfaces provide w
defined binding sites for foreign adsorbates to grow vari
nanostructures such as quasi-zero-dimensional nanodot~or
atom clusters!, quasi-one-dimensional~Q1D! wires, and
nanofilms through much efficient self-assembli
processes.2–7 The degree of steps, the kinds of substrate m
terials, and temperature~of both adsorbate and substrate! are
major experimental variables to control with in order to pr
duce a well defined nanostructure.

Despite the vast library for the structural studies of t
Q1D nanostructures on vicinal silicon surfaces,6–11 only a
few have been made for the electrical properties of such Q
nanostructures except the cases of the Au/Si~111! ~Refs. 12–
14! and Si~557!-Au ~Refs. 15 and 16! systems. Such scarcit
might be attributed partially to the difficulty in understandin
the unusual behavior in photoemission data taken from Q
nanowires, for example, the vanishing intensity at Fe
level even for a metallic wire and a complication due to t
non-Fermi-liquid properties unique to the 1D nanostructur
Such an ambiguity has caused two contradictory interpr
tions on the temperature-induced band splitting for
Si~557!-Au surface as the lifting of degenerated surfa
bands at Fermi energy16 and as the indication of the spin
charge separation15 predicted by Luttinger and others for 1
metals rather than a typical Peierls transition.17

Here we provide photoemission data taken from A
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induced facet structures self-assembled on the Si~5 5 12!
surface. Our data unambiguously show that the Au-indu
Q1D chains are metallic along the direction parallel to t
chains. This is seen by a unique dispersing surface b
which crosses the Fermi level along the chain direction w
a significant intensity. The surface band, however, rema
dispersionless, with a binding energy fixed at about 1.0
below the Fermi level along the direction perpendicular
the chain direction. These Au-induced Q1D structures t
reveal a unique anisotropic band dispersions to exhib
Q1D metallic nature.

The Si~5 5 12! surface is an energetically stable hig
index surface 30.5° miscut from the@001# to the @111# ori-
entations, as sketched in Fig. 1.18 In contrast the Si~557!
surface is a 9.5° miscut Si~111! surface toward the@112̄#
direction. When this bulk-terminated Si~5 5 12! surface is

FIG. 1. Schematic drawings of the top view~upper panel! and
the side view~lower panel! of the bulk-terminated Si~5 5 12! sur-
face. The crystalline orientations@665̄#, @1̄10#, and @5 5 12# refer-
enced to the top view are indicated by the arrows above the
view. H andT indicate a hollow site and an on-top binding site f
Au atoms. Note that the unit vector along the@665̄# direction con-
sists of two unit vectors of the~337! surface and a single unit vecto
of the ~225! surface. The short bars attached on the topmos
atoms in the side view denote dangling bonds.
©2002 The American Physical Society17-1
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reconstructed to reduce its surface free energy, the perio
ity along the@1̄10# direction becomes doubled with a un
cell of size 7.7353.5 Å2. Although the precise atomic ar
rangement of the reconstructed Si~5 5 12! surface is still
under dispute, one finds that the long side of the unit c
along the@665̄# direction, perpendicular to the long Si chain
in the @1̄10# direction, consists of two unit cells of the~337!
surface plus one unit cell of the~225! surface.18–22

II. EXPERIMENTAL DETAILS

We have utilized a combination of several surface di
nostic tools to investigate both the clean Si~5 5 12!-231 and
the Au-induced facet structures on the Si~5 5 12! surface. A
conventional rear view low-energy-electron diffractio
~LEED! system has been used to probe changes in the at
arrangement of the Au-induced facet structures on the Si~5 5
12! surface as a function of Au coverage. We have measu
surface band structures using angle-resolved photoemis
spectroscopy~ARPES! with linearly polarized synchrotron
photons at the 3B1 beamline of the Pohang Light Sourc
Korea. The normal incidence monochromator beamline
its ARPES chamber provide overall energy and angular re
lutions of ;100 meV and61°, respectively in the photon
energy range from 13 to 29 eV. The base pressure of
ARPES chamber has been maintained below 1310210 Torr
during the entire course of our measurements.

A Si~5 5 12! surface was prepared by cutting a Si~5 5 12!
wafer purchased from Virginia Semiconductor INC into
ribbon shape with area of 1835 mm2. It is a phosphorus-
doped Si~5 5 12! wafer with a resistivity of;2V cm. The
sample surface was heated resistively and its tempera
was monitored by using an optical pyrometer. The sam
surface was cleaned by repeatedly flashing at 1100 °C
10 secs and then annealing at 700 °C for 5 min. The sam
thus prepared showed a well-defined 231 LEED pattern
with dark background indicating the clean reconstructed S~5
5 12!-231 surface. We have confirmed the cleanness of
surface from the absence of any detectable signals of O 1s or
C 1s peaks in our x-ray photoemission spectroscopy~XPS!
data. A Au rod (f;1.6 mm) wrapped with a tungsten fila
ment (f;0.025 mm) was used as a Au source. The dep
tion of Au was made by resistively heating the Au rod l
cated about 5 cm ahead of the sample surface. The vac
of the chamber has been maintained below 3310210 Torr
during evaporation of Au while the sample was kept
600 °C. We continually increased Au coverage until we o
served a well-developed LEED pattern at room temperat
We then measured the Au core-level XPS peak to estim
the Au coverage. The Au-induced facet structures turned
to be remarkably inert, producing an almost identical vale
band or Au core level even after extended hours. We h
measured a set of ARPES spectra along the two major s
metry axes (Ḡ2M̄ andḠ2X̄) of the 131 surface Brillouin
zone~SBZ! of the clean reconstructed Si~5 5 12!-231 sur-
face. The linear polarization of synchrotron photons has b
utilized to identify symmetry of the characteristic surfa
electronic states. The Fermi level (EF) was determined by
using a Ta clip attached to the Si sample.
11531
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III. RESULTS AND DISCUSSION

A. Interchain distances of the Au-induced facet structures

Figure 2~A! shows a 231 LEED pattern obtained from
the clean reconstructed Si~5 5 12! surface at room tempera
ture. The weak streaks between the lines of well defin
diffraction spots along theḠ2M̄ direction indicate the
doubled periodicity of the reconstructed surface from its b
terminated 131 structure schematically drawn in Fig. 1. Th
atomic arrangement of the 231 reconstructed surface ha
been discussed intensively in terms of a combination of s
eral structural elements such as dimers, tetramers, adat
and p-bonded chains~for example, see Fig. 5 in Ref
18!.18–21However, here we focus on the Au-induced chang
of surface morphology. As shown in Figs. 2~B! and 2~C!, we
first observe two well-ordered Au-induced structures reve
ing essentially the same type 231 pattern. Previous scan
ning tunneling microscopy~STM! and reflection electron mi-
croscopy~REM! studies identified these ordered structures
particular types of the Au-induced Q1D chain-like face

FIG. 2. LEED patterns observed from the clean reconstruc
Si~5 5 12!-231 surface~A!, the Au-induced (337)32 facets~B!,
and the Au-induced~225! facets~C! depending on Au content. The
doubled periodicity of the reconstructed 231 surface in~A! is in-
dicated by the weak stripes between the lines of normal spots f
the unreconstructed Si~5 5 12!-131 structure.~D! Intensity profiles
of LEED spots along the@665̄# direction for these surfaces. Th
interchain distance of the Au chains which is inversely proportio
to the separation between two neighboring LEED spots in~B!
and~C! can be determined when compared by the well known va
of 53.5 Å from the separation in~A!. The LEED beam energy wa
88 eV.
7-2
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STRUCTURAL AND ELECTRONIC PROPERTIES OF THE . . . PHYSICAL REVIEW B 66, 115317 ~2002!
more specifically the (337)32 facets@Fig. 2~B!# at 0.14 ML
and the~225! facet @Fig. 2~C!# at 0.5 ML, respectively.10,11

The interchain distances of these facets determined
measuring the separation between the neighboring LE
spots@see the intensity profiles in Fig. 2~D!# are 30.2 and
22.8 Å, respectively. Note that these values are much sho
than the corresponding value of 53.5Å) of the clean 231
surface. Apparently the interchain distances decrease
increasing Au contents and turn out to be wider than t
(19 Å) of the Au-induced Si~557! surface.16 These values
obtained are in excellent agreement with those for the fa
structures observed by STM and REM. We thus identify
two ordered structures as the~337! and the~225! facets re-
ported earlier.10,11

B. Electronic structure of the clean Si„5 5 12… surface

Figure 3 shows the energy distribution curves collected
normal emission geometry from the clean reconstructe
31 surface as a function of incident photon energy. The s
S1 at the binding energy of 1.1 eV, also observed earlier,7,20

appears to be a surface state since its binding energy rem
fixed with varying photon energy. Note that the two oth
statesB1 andB2 change their binding energies significant
indicating that they are either surface resonances or b
states.

The energy-momentum dispersions of theS1 surface state
are presented along the@1̄10# direction in Fig. 4~A! and the
@665̄# direction in Fig. 4~B!. All the spectra were normalize
by the incident photon flux. The Q1D nature of theS1 band
is well demonstrated by the extremely anisotropic disp
sions along the two orthogonal directions, the@665̄# and the
@1̄10#, which are perpendicular and parallel to the Si chai
respectively. Such an anisotropic feature, observed bot
LEED and in the band dispersions, is quite consistent w
previous observations.7,18,20Since theS1 band does not cros
the Fermi energy throughout the SBZ and the unit cell has
even number of dangling bonds, the surface has to be a Q

FIG. 3. Resonance photoemission spectra obtained from
clean reconstructed Si~5 5 12!-231 surface at normal emissio
geometry for photon energies ranging from 13 to 21 eV. The in
dent angle of the photon beam was kept fixed atu i545° with
respect to the surface normal. Note that while the bulk bandsB1 and
B2 exhibit significant changes in binding energy with photon e
ergy, the surface stateS1 remains fixed.
11531
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band insulator in the scheme of a single electron band the
The orbital nature of theS1 is found to be primarily apz
character probably from the buckledp-bonded chains of top-
most Si adatoms,23 as discussed below in Sec. III D.

C. Electronic structure of the Au-induced facets

We have also obtained changes in the valence band
photon energy~Fig. 5! and band dispersions~Fig. 6! of the
characteristic surface bands of the two different Au-induc
facet structures@the Si~337! and the Si~225!#. The two Au-
induced statesSm andS2, with binding energies of about 0.
and 1.1 eV below the Fermi energy, are apparently surf
states since their binding energies remain unaltered w
varying photon energy, as seen in Fig. 5. Note that the
markably enhanced intensities of these states at photon
ergy near 25 eV as also seen for other Au/Si systems.13,16

Such a variation with photon energy at a fixed parallel co
ponent of electron momentum (ki50.426 Å21) mainly re-
flects the coupling to the final state wave function.24 From
the remarkably anisotropic band dispersions along the
azimuthsḠ-X̄ and Ḡ-M̄ 8 ~Fig. 6!, one can clearly notice the
Q1D nature of these surface states. Note the change o
zone boundary fromM̄ (p/53.550.058 Å21) of the clean
reconstructed Si~5 5 12! surface toM̄ 8 (p/31.450.1 Å21)

he

i-

-

FIG. 4. Band dispersions of the surface bandS1 along the@1̄10#

~or Ḡ-X̄) ~A! and along the@665̄# ~or Ḡ-M̄ )~B! of the clean recon-
structed Si~5 5 12!-231 surface. Note the extremely anisotrop
feature of the dispersions along the two perpendicular directi
indicating a typical Q1D character of the stateS1. The inset in~B!
shows the 131 SBZ.
7-3
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LEE, KIM, HWANG, SONG, AND CHUNG PHYSICAL REVIEW B66, 115317 ~2002!
of the Si~337! facets. Interestingly enough the band disp
sions of the two surface bands are almost identical for
~337! facets and the~225! facets.

The important observation to make from the dispersion
that the facets@both the~337! and ~225!# are metallic only

FIG. 5. Resonance photoemission spectra obtained from the
induced Si~337! facets at a fixed momentum (ki50.426 Å21) for
photon energies ranging from 15 to 29 eV. Note that the two A
induced surface states are most significant at photon energies i
range 20 eV<\v<25 eV.

FIG. 6. Similar band dispersions of the Au-induced Si~337! fac-
ets as in Fig. 4 along theḠ-X̄ azimuth parallel to the Au-induced
chain direction~A! and along theḠ-M̄ 8 azimuth perpendicular to
it ~B!. Note that the surface stateSm clearly crosses Fermi leve
indicating metallic nature of the Au chains along the chain dir
tion. The inset shows the 131 SBZ of the the Au-induced Si~337!
facets.
11531
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along theḠ-X̄ azimuth~parallel to the Au chains! while in-
sulating perpendicular to it in a simple band picture. This
seen by the surface stateSm that clearly crosses the Ferm
level along theḠ-X̄ azimuth but remains far from the Ferm
level along theḠ-M̄ 8 azimuth. Such a feature is sharply co
trasted to the insulating character of the clean Si~5 5 12!-2
31 surface ~Fig. 4! but is quite similar to that of the
Si~557!-Au surface.15,16 As discussed later in Sec. III D, th
stateSm has apz orbital character probably stemming from
the Si dangling bonds of the facets. The origin of such apz
orbital character of the Au-induced surface state is discus
further in Sec. III D. We summarized the dispersions a
band diagram in Fig. 7. From the dispersion of theSm band
that crosses the Fermi level at precisely one-half of the z
boundary, one may expect the Q1D metallic facets to exh
a Peierls-like metal-insulator transition upon cooling below
certain transition temperature by forming a charge den
wave with a doubled periodicity. An investigation to fin
such a Peierls-like transition is currently underway.

The metallic nature of these Au-induced facets may
understood qualitatively in terms of electron counting in
single electron band theory as discussed below. For
Si~337!-231 facets assuming the Au contents of about 0
ML,10,11 we have an odd number~15! of electrons in each
231 unit cell @the 14 dangling bonds of the Si~337!32 fac-
ets and one from each Au adsorbate#, so that the facets may
be metallic. Similar electron-counting also applies to the m
tallic Si~225! facets.

D. Orbital symmetries of the surface states of the clean Si„5 5
12…-2Ã1 and the Au-induced facets

We have measured the orbital symmetry of the surf
states using linearly polarized synchrotron photons. Acco
ing to the so-called Hermanson’s rule,24,25one measures only
the even component of a wave function with respect to
particular scattering plane when a detector is located wit
the scattering plane. A scattering plane here is defined by
propagation vector of incident photon beam and the outgo
momentum vector of photoelectron beam. This rule can e
ily be understood in terms of the Fermi golden rule,I

u-

-
the

-

FIG. 7. Band diagram for the surface bands along theḠ-X̄ azi-
muth of the clean reconstructed Si~5 5 12!-231 surface~empty
circles! and of the Au-induced Si~337! facets~filled circles!. The
solid curves and dotted curve drawn by extrapolating the data,
to guide the eye.
7-4
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STRUCTURAL AND ELECTRONIC PROPERTIES OF THE . . . PHYSICAL REVIEW B 66, 115317 ~2002!
;2p/\^ f uA•Pu i &d(Ef2Ei2\v), whereI , A, andP are the
intensity of a peak in photoemission spectrum, the vec
potential of incident photon beam, and the momentum op
tor of a photoelectron, respectively. The statesu i& and uf&
denote initial and final states of the photoelectron excited
an incident photon of energy\v. In order to detect an odd
component, the detector should be located out of the sca
ing plane.

In order to determine the symmetry of a surface state w
respect to a scattering plane, we utilized three different s
tering geometries as sketched schematically in inset of
8: ~1! u i545°, detector-in,~2! u i515°, detector-in, and~3!
u i515°, detector-out of the scattering plane. We con
niently took the ~1̄10! symmetry plane as the scatterin
plane. We adopted photons of energy 21 eV which nea
maximizes the intensity of the surface states~see Figs. 3 and
5!. The parallel component of electron momentum was fix
at ki50.415 Å21 along theḠ-X̄ azimuth during our mea
surements. Apparently anyz component should decreas
upon changing the scattering geometry from~1! to ~2!, while
an odd component should remain unaffected. Upon chan
the scattering geometry from~2! to ~3!, however, any odd
component should be enhanced while even componen
unaltered.

For the surface stateS1 of the clean reconstructed 231
surface, the spectral behavior shown in Fig. 8 indicates
even character, probably of apz-type, as anticipated from th
scattering geometry. The finite intensity for the geometry~3!
is attributed to the z-component~even! of the wave function

FIG. 8. Spectral changes as the scattering geometry change
changing either the incidence angleu i of the photon beam or the
outgoing angleu f of the photoelectrons to examine the symmetry
electron wave functions of the surface states. The photon en
was 21 eV and the momentum of photoelectron was kept fixe
ki50.415 Å21 along theḠ-X̄ azimuth. Note that each surface sta
exhibits its unique behavior to show even orbital character w
respect to the~1̄10! mirror plane. See the text for details.
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excited by the remaining nonvanishingz component of the
incident photon field. According to recent calculation, thep
chains of the clean reconstructed Si~5 5 12! surface becomes
significantly buckled to reach a minimum energ
configuration.26 The charge transfer accompanying the buc
ling then is likely to produce a dangling bonds of apz char-
acter as for the asymmetric dimers of the clean Si~100!-2
31 reconstruction.27 For the Au-induced facets, the stateSm
appears to behave almost the same way theS1 of the clean
surface does. This suggests that theSm also has apz orbital
character. TheS2 state, however, behaves quite differen
from that of theS1 or Sm , i.e., it stays almost unchanged
its intensity upon varying the scattering geometry from~1! to
~2!, while it disappears nearly completely at geometry~3!.
This indicates that the stateS2 has an in-plane even orbita
character ofpx,y type, so that the state remains unaffect
when thez component of incident photon field varies. It
interesting to note that the two statesS1 andS2, despite their
nearly identical binding energies, exhibit quite different o
bital symmetries.

Based on our observation presented in Fig. 8 and rec
theoretical calculations, we conclude thatS1 has apz orbital
character originating probably from the buckled Sip chains,
and thatS2 has either apx,y orbital character or ans-p hy-
bridized orbital character stemming from the Au-Si bon
ings. It is somewhat surprising to find that theSm has apz
character also rather than ans-p hybridized orbital characte
as a Au-induced surface state. However, a small contribu
from a Si-Au hybridized orbital, if any, to theSm state may
not be completely ruled out because of the weak but non
nishing intensity barely observed at the scattering geom
~2!. The fact that theSm state has primarily apz orbital
character suggests an important clue regarding to the bin
sites for Au. If Au occupies an on-top site~see Fig. 1! of Si
adatoms, it may waste some of the dangling bonds of
adatoms by forming ans-pz hybridization of which the char-
acter has not been found in Fig. 8. On the other hand, if
occupies a hollow site, the Au-Si bonding would be ans-px,y
character rather than ans-pz hybridization. We may then
safely ascribe theS2 state of apx,y orbital character to the
Au-Si hybridization. The confirmation of the binding sites
Au, however, demands a quantitative theoretical analysis
surface bands and their orbital characteristics which are
available at the present time.

IV. SUMMARY

We have observed two ordered Q1D Au-induced fac
formed essentially by Au atoms introduced to the clean
constructed Si~5 5 12!-231 surface at an elevated temper
ture. We have confirmed the Q1D nature of the Au-induc
chains both by observing well defined characteristic LEE
patterns and by measuring the extremely anisotropic b
dispersions of the Au-induced surface bands along the di
tions parallel and perpendicular to the chain direction.
find that these Au-induced atomic chains are metallic in
band picture only along the chain direction, and insulat
perpendicular to it. In addition, we identify the symmet
properties of the surface states both of the clean rec

by
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structed Si~5 5 12!-231 surface and of the Au-induced Q1
facets by utilizing linearly polarized synchrotron photon
We find that the only surface stateS1 from the clean Si~5 5
12!-231 surface is of thepz orbital character probably
stemmed from the possible buckling of thep chains of the
topmost Si atoms. We also find that the two surface stateS2
y

.

l

d

J

S

11531
.
and Sm from the Au-induced facets are ofpx,y ~or s-p hy-
bridized! character and ofpz character, respectively.
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