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The origin of the anisotropy in the electronic property of the Au adsorbed Si(111) 5x2 surface has
been studied by investigating the Au-5ds/o shallow core level and the valence band of the surface.
The distinctly different behavior of the core level and much different surface states observed in
two different azimuths, [101] and [011], clearly reveal the anisotrpy. The observed surface-band
structure suggests that electrons of the p, , orbitals from the Si adatoms form a surface state Sy,

contributing most significantly to the anisotropy.

The adsorption of noble metals on semiconductor sur-
faces has been a subject of intensive studies due to the
unique properties induced by the adsorbates. In particu-
lar, the 5x2 structure of the Au adsorbed on the Si(111)
surface, Au/Si(111)-(5x2) (hereafter 5x2 for brevity),
has been studied extensively for its peculier quasi one-
dimensional (1D) nature of a vanishing Fermi edge. Ear-
lier photoemission studies of quasi 1D systems showed
that the emission intensity at Fermi level vanishes, which
was in sharp contrast with well-defined Fermi edges from
2D or 3D systems. Since the origin of the 1D character
of the 5x2 surface is not completely understood yet, de-
spite the possible mechanisms suggested to date [1,2],
we therefore reinvestigated the valence band structures
of this 1D system by using angle-resolved photoemission
(ARPES) spectroscopy. The 5x2 structure is an ordered
structure appearing first upon adsorption of Au atoms on
a clean Si(111)-(7x7) surface and exists for coverages up
to 0.5 monolayer (1 ML=7.84x10'* atoms/cm?). Since
further adsorption of Au produces a (1/3%x+/3)R30° and
complex silicide structures, we restrict ourselves strictly
to the anisotropic nature of the 5x2 surface in this paper.

The atomic arrangement of the 5x2 surface has been
investigated using a number of methods, including reflec-
tion high-energy electron diffraction [3], scanning tunnel-
ing microscopy (STM) [4-6], X-ray diffraction [7], and
transmission electron microscopy with a direct phasing
holographic inversion of the diffraction pattern [8]. The
most recent work by Mark and Plass [8] shows that the
5x2 surface contains two lines of Au atoms decorating
a surface dislocation together with an expanded surface
arrangement of Si atoms delineating the 1D chains of
Au atoms along the (101) direction. Due to the much
greater interchain distance than the interatomic spacing
along the chain, one naturally anticipates a metallic char-
acter from the 1D Au chains due to the wave-function
overlap, as suggested by a recent photoemission measure-

ment [1]. However, the simple interpretation of the pho-
toemission data has been challenged by another recent
inverse photoemission (IPES) study [2], which attributed
the 1D metallic nature to the anisotropic distribution of
Si adatoms rather than to the overlap of Au wave func-
tion along the chain direction. This suggestion is based
on the similarity between the inverse photoemission and
the photoemission spectra near the Fermi energy from
three different structures, Si(111)-(7x7), Au/Si(111)-
(5%2), and Au/Si(111)-(1/3%x+/3)R30°. The authors of
Ref. 2 ascribed such a similarity to the presence of Si
adatoms and concluded that the adatom-derived surface
states dominate the spectra near the Fermi level. The
Au atoms are then assumed to inhibit the formation of
a Si-adatom-derived band in the direction perpendicu-
lar to the Au chains. We, therefore, focus our attention
on identifying the 1D nature of the surface band of the
Au/Si(111)-(5%2) surface by investigating both the char-
acteristics of the Au-induced surface band that crosses
the Fermi level and the behavior of the Au 5d shallow
core level.

The experiments were performed in an UHV cham-
ber equipped with an angle-resolved photoemission and
other surface diagnostic tools such as a rear-view low-
energy-electron-diffraction (LEED), a He discharge lamp
as a photon source, and a residual gas analyzer with
a base pressure better than 1x107'0 mbar. The over-
all energy and angular resolutions were 140 meV and
+1°, respectively. All other details concerning the vicinal
Si(111) sample were essentially the same as in a previous
work [9]. Figure ?? shows a (a) 7x7 and a (b) single-
domain (SD) 5x2 LEED pattern obtained from a clean
and a Au-adsorbed Si(111) surface. The weak half-order
streaks in Fig. 7?(b) are attributed to the lack of inter-
atomic periodicity along the Au chains. The anisotropy
of the quasi-1D Au chains is also clearly demonstrated in
the dispersion of the Au-5ds /; state from the SD 5x2 sur-
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Fig. 1. (a) : The clean (7x7) LEED pattern (E=50 eV)
from a clean Si(111) surface and (b) : the (5x2) (E=88 eV)
from the Au adsorbed (5x2) surface.
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Fig. 2. A series of angle-resolved photoemission spectra
showing the dispersion of the Au-5ds/» state along the (a)
[101] and the (b) [011]. One notices quite a different behav-

ior in dispersion revealing the anisotropy in the electronic
property of the surface.

'

wn
'

S

face seen in Fig. 77. One notices that the Au-5ds/, state
in Fig. 7?(a) disperses towards the higher binding energy
side along the [101] direction, which is parallel to the 1D
Au chain while it stays rigidly unchanged in Fig. ?7(b)
along the [011] direction. The non-dispersiveness of the
Au-5ds/, state along the off-parallel chain direction has
been interpreted as an indication of the 1D character
of the Au chain due to the lack of overlap of the wave
functions [1].

We present a series of valence-band spectra measured
along the (a) [101] direction and the (b) [011] direction
in Fig. 7?7 where the anisotropy of the 1D Au chain
manifests itself in the distinctively different behaviors of
the photoemission peaks. In comparison with the corre-
sponding spectra from the clean 7x7 surface, one finds
a surface state marked S, in Fig. ??(a), barely visible
near k;=0.29 A-1, which disperses downward towards
the higher binding energy side until it almost disappears
near kj=1.09 A1 just after passing a new zone bound-
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Fig. 3. Similar set of photoemission spectra as in Fig. 2
for the valence-band of the Au-adsorbed surface. In (a), the
Sm is a surface state derived by Au adsorption while S5 and
S% are the surface resonances or modified surface states. The
anisotropy is apparent in both the presence of surface states
and in their dispersions along the (a) [101] and the (b) [011].

ary X of the 5x2 surface. Several new peaks sensitive
to Au adsorption are found to appear in Figs. ??(a) and
(b). Especially, the states S} and S} are found to grow
with increasing Au coverage, indicating that these are
newly derived surface states or surface resonances.

The surface-band structure derived from the spectra
in Fig. 7?7 is depicted in Fig. 7?7, where the solid and
the empty circles denote data points obtained from the
SD 5x2 and a clean 7x7 surface, respectively. The grey
area is the projected bulk band structure of a clean 1x1
structure [10]. Ome clearly notices that S,, is a true
surface state existing in the bulk band gap while S} and
S5 may be surface resonances or modified surface states
from substrate Si adatoms. Note also that S, disperses
downward as the wave vector approaches toward the zone
boundary X along the [101] direction parallel to the Au
chain direction, resulting in a band width of about 1.2
eV. Although the metallic surface state S, exists for
Ky > 0.25 A~! along the [101] direction, it is almost
nonexistent along the [011] direction, being only barely
visible for 0.32 A~1 < kj <0.39 A~!. This demonstrates
the 1D property of the SD 5x2 surface localized along the
direction perpendicular to the Au chain direction. It is
quite instructive to compare the surface states observed
from the Au-adsorbed surface to those from the clean
7x7 surface in order to characterize the orbital nature
of the Au-derived states. The surface states Sq, So, and
S3 are known to stem from Si adatoms, the rest atoms,
and the backbond of the adatoms, respectively [11-14].

A previous study by Hill and McLean reveals that
there exists an unoccupied surface state originated essen-
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Fig. 4. The surface band structure derived from spectra
in Fig. 3. The open and the solid circles denote data points
obtained from the clean Si(111)7x7 surface and from the Au-
induced 5x2 states, respectively. The grey area represents a
projected-bulk-band structure quoted from Ref. 10.

tially from all the twelve Si adatoms on both clean and
Au-adsorbed surfaces [2]. Therefore, as claimed in the
previous IPES study, the 1D character clearly visible in
the Au-5ds/, shallow core level, as well as in the valence
band of the SD 5x 2 surface, may be produced not by the
1D atomic chain but by the anisotropic distribution of Si
adatoms. The dispersion of the S,,, band, which reaches
a minimum at the zone boundary, further supports this
notion since a band formed by Au 6s electrons is likely to
have a minimum in dispersion at the zone center rather
than at a zone boundary. Moreover, the fact that the
Sy band resembles a dispersion from a partially filled
Dz,y state of Si favors Si adatoms as the main source of
the band. It is intersting to find that .S, crosses the S
band before corssing the Fermi level and follows a sig-
nificant part of the Sy band of the clean Si(111) surface,
which implicates a significant contribution from the Si
rest atoms in the formation of the S,, band. This obser-
vation is consistent with pervious results from a density
functional theory calculation [15]. Details of the orbital
nature of the S, band, however, need to be confirmed
directly, probably from the polarization dependence of
the surface state, by using synchrotron radiations [16].
In summary, we have investigated the behavior of the
Au-5d5/, state and the valence band of the Au-adsorbed
SD 5x2 surface to clarify the source of the anisotropy
reported earlier. We find that both the Au-5ds/, shal-
low core level and the surface band clearly reveal the
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anisotropy. In particular, the most prominent surface
band S, with a band width about 1.2 eV is found to
contribute most significantly in forming the anisotropy.
The primary source of the .S,,, band may well be the p, ,
orbitals of the Si adatom rather than the wave function
overlap of Au atoms along the 1D Au chain as suggested
in previous IPES study.
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