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Electronic structure of the Sb-induced Si(1 1 3)2 · 5 surface
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Abstract
The surface electronic structure of Sb/Si(1 1 3)2 · 5 was investigated by angle-resolved photoemission spectroscopy experiments. This
reveals Sb/Si(1 1 3)2 · 5 to have three surface bands with anisotropic two-dimensional characteristics. The band widths of the surface
bands along ½1 1 0 is larger than along ½3 3 2. The number of surface bands of Sb/Si(1 1 3)2 · 5 and their band dispersions along
½1 
1 0 and ½3 3 2 are quite analogous with those of Sb/Si(1 1 3)2 · 2 composed of Sb adatom and Si tetramer chains. The electronic structure analogy suggests that Sb/Si(1 1 3)2 · 5 and Sb/Si(1 1 3)2 · 2 have common building blocks such as Sb adatom and Si tetramer chains.
 2006 Elsevier B.V. All rights reserved.
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1. Introduction
Atomic wires have attracted much interest for studies
related to exotic phenomena in one-dimensional (1D) electron systems such as Luttinger liquid [1], Peierls instability
[2–4], 1D ferromagnetism [5], and a 1D Mott–Hubbard
insulator [6]. This has encouraged the fabrications of
various atomic wires on surfaces [1,2,5–8]. In general, an
atomic wire on a surface is provided in the form of a
two-dimensional (2D) array rather than a single atomic
wire. A long-range order across atomic wires is related to
an interwire (transverse) interaction between atomic wires
so that atomic wires in the form of a 2D array are called
quasi-1D ones rather than ideal 1D ones. The transverse
interactions are due to various origins depending on physical properties of atomic wires: the transverse component
of a nesting vector on a quasi-1D charge density wave [9]
and a transverse spin–spin interaction on a quasi-1D
Mott–Hubbard insulator [10].
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One of transverse interactions is two competing periodicities [11], which results in a series of phases. A representative structure due to two competing periodicities is the
Devil’s staircase [11], as recently observed on Pb/Si(1
p1ﬃﬃﬃ1)
[12].
A
competing
interaction
between
Pb/Si(1
1
1)
3
pﬃﬃﬃ
pﬃﬃﬃ pﬃﬃﬃ
3 and Pb/Si(1 1 1) 3  7 was suggested to produce
various
pﬃﬃﬃ pﬃﬃﬃcommensurate
pﬃﬃﬃ pﬃﬃﬃ phases, where the 1D strips of
3  3 and 3  7 are arranged alternatively [12]. Besides, 2 · n phases (n is an integer) on Si(1 0 0) are provided
by a competing interaction between the dimer chain of
Si(1 0 0)2 · 1 and its dimer vacancy line [13], and 1 · n
phases on O/Ag(1 1 0) are based on the two building blocks,
Ag chains with and without oxygen [14]. Similarly, two
competing periodicities were also reported on H/Si(1 1 3),
where 2 · n (n = 13, 7, 5, and 2) phases were found with
increasing H coverage [15]. The sequential phase transitions were explained in terms of a competing interaction
between the H/Si(1 1 3)2 · 2 structure and its domain wall,
as observed using scanning tunneling microscopy (STM)
[15]. Sb/Si(1 1 3) also produces sequential phase transitions
with increasing Sb coverage (hSb) : Sb/Si(1 1 3)1 · n (1 · nSb hereafter), Sb/Si(1 1 3)2 · 5 (2 · 5-Sb hereafter), and
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Sb/Si(1 1 3)2 · 2 (2 · 2-Sb hereafter) [16]. This motivated us
to investigate the electronic structure of 2 · 5-Sb in comparison with 2 · 2-Sb by angle-resolved photoemission
spectroscopy (ARPES) experiments.
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2. Experimental
The photoemission measurements were performed at the
beamline BL-18A of photon factory, high energy accelerator research organization (KEK) [17]. The nominal energy
and angle resolutions were better than 150 meV and 1,
respectively. Energy bands were measured using a photon
energy of 11 eV. Clean Si(1 1 3)3 · 2 was prepared by the
repeated cycles of ﬂashing at 1200 C and subsequential
annealing at 900 C, as conﬁrmed by low energy electron
diﬀraction (LEED) patterns with clear non-integer spots.
Sb atoms were deposited using quartz crucibles, and relative hSb was calibrated from the intensity ratio of Sb 3d
and Si 2p spectra.
3. Results and discussion
The 1 · n-Sb, 2 · 5-Sb, and 2 · 2-Sb phases were sequentially observed with increasing hSb on clean Si(1 1 3)3 · 2, as
reported previously [16,18], while similar phase transitions
were also found on Cs/Si(1 1 3) [19] and H/Si(1 1 3) [15].
Fig. 1 shows the energy bands of 2 · 5-Sb along ½1 1 0.
The highly dispersive band B with a band width (BW) larger than 1.5 eV, not expected for a surface band on a semiconductor surface, is assigned as a bulk band [17]. Other
three bands are located at bulk band gaps and, consequently, are assigned safely as surface bands, where the
three surface bands, S1, S2, and S3, have binding energies
(BE) of 0.6, 1.08, and 1.64 eV at C, respectively. The three
surface bands are dispersive along ½1 
1 0, while the S3 band
has a larger BW of 0.64 eV than the S1 and S2 bands with
BW’s of 0.35 and 0.45 eV, respectively. In comparison, the
dispersions along ½3 3 
2 of the three surface bands behave
diﬀerently, as shown in Fig. 2. Along ½3 3 
2, the S1, S2,
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Fig. 2. Energy bands of Sb/Si(1 1 3)2 · 5 shown in angle-resolved photoemission spectra along k ? ð½3 3 2Þ using a photon energy of 11 eV. The
three surface bands, S1, S2, and S3, are denoted by diﬀerent circles.

and S3 bands have smaller BW’s of 0.2, 0.15, and 0.52 eV,
respectively, than along ½1 1 0. The ratios ðBW½1 1 0 =
BW½3 3 2 Þ of BW’s along ½1 1 0 and ½3 3 2 are, thus, 1.8
(S1), 3.0 (S2), and 1.2 (S3). This indicates that the three surface bands have anisotropic 2D characteristics, while the S2
band is close to a quasi-1D one; electrons on 2 · 5-Sb are
delocalized along ½1 1 0 and are relatively localized along
½3 3 2. The coexistence of surface bands with diﬀerent
dimensional characteristics on 2 · 5-Sb is similar with the
energy bands of In atomic wires on In/Si(1 1 1)4 · 1 with
two quasi-1D bands and an ideal 1D band, where recent
ARPES experiments suggested that only quasi-1D bands
are related to interwire interactions between In atomic wires
and contribute to a long-range order across In atomic
wires [3].
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Fig. 1. Energy bands of Sb/Si(1 1 3)2 · 5 shown in angle-resolved
photoemission spectra along k k ð½1 1 0Þ using a photon energy of 11 eV,
where the Brillouin zone of Si(1 1 3)1 · 1 is drawn in the inset. The three
surface bands, S1, S2, and S3, are denoted by diﬀerent circles and the bulk
band B is denoted by triangles.

Fig. 3. (a) Energy bands of Sb/Si(1 1 3)2 · 5 (solid circles) along ½1 1 0 and
½3 3 2 are drawn in comparison with those of Sb/Si(1 1 3)2 · 2 (open
circles), where the shaded region is a bulk-projected band and the energy
bands of Sb/Si(1 1 3)2 · 2 are redrawn from An et al.’s report [18].
(b) Atomic structure of Müssig et al.’s adatom–tetramer model of
Sb/Si(1 1 3)2 · 2 [22].
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The surface bands of 2 · 5-Sb along ½1 
1 0 and ½3 3 2 are
drawn in Fig. 3(a) in comparison with 2 · 2-Sb [18]. 2 · 2Sb also has three surface bands with diﬀerent dimensional
characteristics, where the three surface bands of 2 · 2-Sb,
S1 0 , S2 0 , and S3 0 , are denoted by open circles in Fig. 3(a)
[18]. The atomic structure of 2 · 5-Sb is unknown up to
now, but the comparison of the surface bands of 2 · 5-Sb
with 2 · 2-Sb provides a clue for an atomic structure of
2 · 5-Sb. One may notice that the surface bands of 2 · 5Sb are quite similar with those of 2 · 2-Sb except the overall binding energy shift by 0.2 eV. The electronic structure
analogy may reﬂect that 2 · 5-Sb and 2 · 2-Sb have common building blocks. Nevertheless, we do not exclude that
an atomic structure of 2 · 5-Sb, not sharing a common
building block with 2 · 2-Sb, could explain the analogy
of the surface bands.
Firstly, we consider an atomic structure of 2 · 5-Sb
which is not related to one of 2 · 2-Sb. One of possible
atomic structures is based on the bulk-terminated
Si(1 1 3)1 · 1 structure. It was suggested that Sb atoms of
Sb/Si(1 1 1)1 · 1 are located at the three-fold sites of the
bulk-terminated Si(1 1 3)1 · 1 structure saturating all Si
dangling bonds [20]. Similarly, an atomic structure of
2 · 5-Sb can be built, where Sb atoms, located at the
three-fold sites, should be arranged to satisfy the longrange order of 2 · 5. Two representative arrangements of
Sb atoms producing the long-range order of 2 · 5 are

Fig. 4. Tentative atomic structure models of Sb/Si(1 1 3)2 · 5. The atomic
structure models in (a)–(b) and (c)–(d) are based on the bulk-terminated
Si(1 1 3)1 · 1 structure and Müssig et al.’s adatom–tetramer model of
Sb/Si(1 1 3)2 · 2 [22], respectively.
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shown in Fig. 4(a) and (b). The hybridized Sb–Si and
unsaturated Si dangling bonds of the structures are expected to produce surface bands with diﬀerent BW ratios
ðBW½1 1 0 =BW½3 3 2 Þ, though it is not obvious to assign the
three surface bands of 2 · 5-Sb to the hybridized Sb–Si
and unsaturated Si dangling bonds.
Secondly, we adopt the fact that the analogy of the surface bands of 2 · 5-Sb with 2 · 2-Sb indicates the existence
of common building blocks between them. Here, we need
to introduce the atomic structure of 2 · 2-Sb. Since most
adsorbates, H2 molecules and Ga, Ge, Cs, and Sb atoms,
produce 2 · 2 on Si(1 1 3) [15,21–24], the atomic structure
of adsorbate-induced Si(1 1 3)2 · 2 has been studied extensively. Recently, it comes to be conclusive that the atomic
structure of adsorbate-induced Si(1 1 3)2 · 2 is composed
of two atomic chains of adatoms and tetramers (or pentamers), aligned along ½1 1 0 and alternatively arranged along
½3 3 2, while Sb adatom and Si tetramer chains (Fig. 3(b))
were suggested to be preferable on 2 · 2-Sb [22]. For this
reason, we suggested that the S1 0 –S2 0 and S3 0 bands originate from the Sb adatom and Si tetramer chains, respectively, in comparison with the energy bands of Cs/
Si(1 1 1)2 · 2 and Sb/Si(1 1 1)1 · 1 [18]. Since each surface
band of 2 · 5-Sb has a one-to-one analogous band on
2 · 2-Sb, it is persuasive that the S1–S2 and S3 bands of
2 · 5-Sb may be due to the Sb adatom and Si tetramer
chains, respectively.
The existence of common building blocks could be supported by Heringdorf et al.’s STM experiments of H/
Si(1 1 3) [15]. Firstly, we need to understand how hydrogen
atoms on Si(1 1 3) provide sequential phase transitions
through H/Si(1 1 3)2 · n (n = 13, 7, 5, and 2) [15]. The
STM images of H/Si(1 1 3)2 · n are composed of two common chains, a ‘bean-like’ chain and a double linear chain
aligned along ½1 1 0 which were interpreted as due to the
H/Si(1 1 3)2 · 2 structure and its domain wall, respectively,
[15]. A competing interaction between the ‘bean-like’ chain
and the double linear chain produces various ·n across the
chain direction ð½3 3 2Þ [15]. The ‘bean-like’ chain, arranged
uniformly on H/Si(1 1 3)2 · 2 [15], could be assigned as due
to the tetramer (or the pentamer) chains in comparison
with other adsorbate-induced Si(1 1 3)2 · 2 [22,23]. The
H/Si(1 1 3) surface also produces a 2 · 5 phase with two
possible conﬁgurations: one ‘bean-like’ chain + two double
linear chains and two ‘bean-like’ chains + one double linear chain in the 2 · 5 unit cell [15]. Similarly, Müssig
et al.’s STM experiments [22] show that the 2 · 2-Sb structure and its domain wall make local 2 · 5-Sb in the STM
image of 2 · 2-Sb, which is not mentioned in the report.
From the analogy of STM images between H/Si(1 1 3)
and Sb/Si(1 1 3), we suggest that the 2 · 5-Sb structures
could be built up of the 2 · 2-Sb structure and its domain
wall, as shown in Fig. 4(c) and (d). The atomic structure
model with a smaller domain wall (Fig. 4(c)) is more persuasive because the BW’s of the surface bands of 2 · 5-Sb
along ½3 3 2 are similar with those of 2 · 2-Sb and a wider
domain wall results in a smaller BW along ½3 3 
2.
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4. Conclusions
ARPES experiments reveal Sb/Si(1 1 3)2 · 5 to have
three surface bands with BE’s of 0.6, 1.08, and 1.64 eV at
C. Besides, the three surface bands were observed to have
anisotropic 2D characteristics, where one of them is close
to a quasi-1D band. The number of surface bands of
2 · 5-Sb and their band dispersions are quite similar with
those of 2 · 2-Sb. This indicates that 2 · 5-Sb and 2 · 2Sb have common building blocks, where 2 · 2-Sb is
composed of Sb adatom and Si tetramer chains. We, thus,
suggest tentatively that 2 · 5-Sb is built up of the 2 · 2-Sb
structure and its domain wall, which could be also supported by the STM experiments of H/Si(1 1 3) and Sb/
Si(1 1 3) [15,22]. Nevertheless, we do not exclude that a
2 · 5-Sb structure does not share a common building block
with the 2 · 2-Sb structure, so that we also suggest tentative atomic structure models of 2 · 5-Sb based on the
bulk-terminated Si(1 1 3)1 · 1 structure.
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