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Strongly Anisotropic Band Dispersion of an Image State Located above Metallic Nanowires
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Indium can be grown on Si(111) in a4 3 1 pattern that contains rows of In atoms spaced
13.3 Å apart that have quasi-one-dimensional electronic structure. This ordered array of metallic wires
produces an image-induced surface state series. We have measured the dispersion of the most tightly
bound sn ­ 1d image state band and found it to be unconventional because it falls below the free
electron parabola perpendicular to the In atom rows. The most straightforward explanation for this is
that the electrons feel the surface corrugation potential produced by the rows of In atoms. We were
able to infer the form of the potential from our measurements. [S0031-9007(99)08625-1]

PACS numbers: 73.20.At, 73.20.Dx
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Indium can be grown on Si(111) in a4 3 1 pattern [1],
that contains long rows of In atoms [2–6] that are either
or 3 atoms wide [3] with a center-to-center separation
13.3 Å. The surface reconstruction is complex and st
under active study. Candidate structures conveniently
vide into two categories. There are those that place the
atoms on a largely unreconstructed Si(111) surface [3,7
and those that require the uppermost Si layer to reco
struct [6]. The electronic structure of the4 3 1 phase
has also been the subject of intense study. Recent pho
emission [9], inverse photoemission [10–12], and STM
[4] studies have provided compelling evidence that th
4 3 1 phase is both quasi-1D and metallic. It is the la
ter property that sets the4 3 1 system apart from other
quasi-1D systems like the insulating Si(111)-Ms3 3 1d
(whereM ­ hLi, Na, K, and Agj) overlayer systems [13].
Both photoemission [9] and inverse photoemission [10
12] have detected flat bands perpendicular to the ato
rows and a Fermi level crossing in single domain sampl
at ø0.6 GX parallel to the atom rows. Consequently
the experimental evidence suggests that the4 3 1 sys-
tem may contain the smallest known metallic wires i
existence. The possibility of integrating these natural
occurring wires into practical electronic devices remain
a dream. However, recent developments in lithograp
[14] have demonstrated that it should be possible to co
tinue to reduce the size of electronic devices down to t
atomic or molecular limit where the wires could be use
as atomic scale interconnects.

In the course of our study of the4 3 1 system [10–
12], we discovered an image-induced surface state loca
0.67 6 0.15 eV below the vacuum level at thēG point.
Image-induced surface states are spatially confined
both the surface barrier and the long-range image poten
[15–17]. What makes these states particularly interesti
is that the image potential is associated with electro
in an array of ordered metallic wires that are only
few atoms wide. In fact, the surface structure resembl
an atomic scale diffraction grating with a translationa
symmetry that is quite unlike that of the low index meta
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surfaces where image states have been extensively stud
[18]. Consequently, the form of the surface potentia
may also be different, and this may modify the free
electronlike image state band dispersion that is universa
found on metal surfaces [18]. This universal behavio
arises from the fact that the image state wave functio
lies mainly within the vacuum region, where there is
usually no appreciable variation in the potential paralle
to the surface [19]. Inverse photoemission provides
convenient means of measuring the dispersion of the
states. Furthermore, the binding energy of the imag
state provides a useful probe of the image potential whic
is ultimately determined by many-body interactions [20]
Although we will not address the nature of the many-bod
state within the quasi-1D atom rows, we note that rece
high resolution photoemission studies of other quasi-1
systems have provided evidence for non-Fermi-liquid-lik
behavior [21]. The nature of the many-body state withi
the In rows of the4 3 1 system is still an intriguing open
question.

The inverse photoemission studies were performed wi
a low-energy electron gun [22] and a high sensitivity
Geiger-Müller bandpass photon detector [23] that has
bandwidth of 0.6 eV FWHM centered on 10.6 eV. The
single domain4 3 1 overlayers were grown on vicinal
n-type Si(111) wafers that had a resistivity ofø5 V cm.
The wafers were miscut by3± 6 0.5± towards f1̄1̄2g.
Further details can be found in previous publication
[10–12].

In Fig. 1 we show a series of inverse photoemissio
spectra that were collected from the4 3 1 system in the
f1̄10g azimuth (hereafter the directions will be defined
with respect to the In atom rows of our single domain
4 3 1 system; i.e.,f1̄10g ! k and f1̄1̄2g ! '). The
lower spectrum was collected with the electron gun i
normal incidence and all points on the experimental curv
probe theḠ point of the surface Brillouin zone. The
state located0.67 6 0.15 eV below the vacuum level
is the n ­ 1 image state [10,24,25]. As the electron
gun is moved off-normal, the state disperses towards t
© 1999 The American Physical Society 2155
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FIG. 1. Si(111)-In(4 3 1): Inverse photoemission spectra
collected in thek direction (ḠX̄). The angles indicate the
position of the electron gun relative to the surface normal
degrees.

vacuum level. To obtain good counting statistics, on
the energy range around the image state was studied.
features at higher binding energy have been discusse
detail in previous publications [10–12]. To obtain precis
estimates of the binding energy, a Gaussian function w
superimposed on a quadratic background and fit to
experimental spectra. This simple procedure works w
and it can be justified on the grounds that the experimen
resolution is large compared with the linewidth of th
image state and the transfer function of the detector
fairly symmetric [26]. The contact potential between th
electron gun and the sample was also measured during
course of the experiment, and corrections were made
contact potential changes.

We will also present some measured image state disp
sions from the higher coverage (ø1 ML) quasi-2D

p
7 3p

3 system (hereafter
p

7 ) to illustrate the striking differ-
ence between the two systems. Ignoring the finer details
the

p
7 surface reconstruction, STM studies have revea

[5] that the spaces between the rows of In atoms have n
been filled and the surface is reconstructed. Consequen
we would not expect the magnitude of the surface cor
gation potential to be substantially different along thek
and' directions. In the upper panel of Fig. 2, the dispe
sion of the image state in the

p
7 system has been plotted

in the extended zone representation along thek direction.
The dotted line is a free electron parabola which has be
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FIG. 2. The dispersion of then ­ 1 image state in the quasi-
2D Si(111)-In(

p
7 ) system (upper panel) is compared with the

dispersion of the corresponding state in the quasi-1D Si(111
In(4 3 1) system (lower panel) along thek direction (ḠX̄).
The dispersion of both states is described very well by a fre
electron parabola matched to the experimental curves atḠ.

matched to the experimental data at theḠ point [setting
me ! 1 and h̄ ! 1; ´skd ­ 1

2 k2 2 0.67 wherek lies in
the surface plane]. In the lower panel of Fig. 2, the ban
dispersion of the corresponding image state in the4 3 1
system is presented. Again the measured dispersion is
scribed very well by the free electron parabola, suggesti
that the corrugation of the surface potential along the ato
rows in the plane of image state is weak. Within our ex
perimental resolution (60.15 eV), the binding energy of
then ­ 1 band also lies 0.67 eV below the vacuum leve

In Fig. 3 we present the measured image state disp
sions along the' direction in the reduced zone repre
sentation. In contrast to the data presented in Fig. 2, t
dispersion of the image state in the two systems is no
quite different. Although the band dispersion in the quas
2D

p
7 system is again described exceptionally well b

1
2 k2 2 0.67, the dispersion of the4 3 1 image state falls
below this curve. Furthermore, although the experime
tal dispersion is no longer parabolic (in the extended zo
representation, there is a clear discontinuity in the slop
of the band atX̄ 0), fitting a quadratic to the experimental
bands yields an effective mass of1.4me, which indicates
how much the band is contracted by the surface potenti

The most straightforward explanation for this behavio
is that the magnitude of the surface corrugation potent
in the4 3 1 system perpendicular to the rows of atoms i
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FIG. 3. As for Fig. 2, but in the' direction. The dispersion
of the image state in the

p
7 system is free electronlike. In

contrast, the dispersion of the image state in the4 3 1 system
falls below the free electron parabola (dotted line) in the upp
two bands. The full line was obtained by solving the 1
Schrödinger equation as described in the text.

very large. Although, we would not expect the surfac
corrugation within the atom chains to be substantia
different from the surface corrugation on a metal surfac
the surface corrugation potential perpendicular to t
wires could, in principle, be much larger. This suggestio
is supported by published STM images and line sca
[2,3,5,27] which indicate that the local density of state
albeit below the energy of the image state, near the Fe
level is strongly corrugated perpendicular to the In ato
chains. A fascinating line scan taken across a4 3 1y

p
7

phase boundary clearly shows the surface corrugat
almost vanishes above the

p
7 phase [5].

The magnitude of the corrugation potential can actua
be inferred from the measured energy bands by express
both the image state wave function and the surfa
corrugation potential as a Fourier series and convert
the 1D Schrödinger equation to a set of simultaneo
equations (that are described by the “central” equati
[28]). The energy eigenvalues of the resulting set
linear equations were established in analytical form usi
symbolic computer algebra [29,30]. The potential w
altered inad hocfashion until the calculated bands agree
with the experimental bands. Our main finding is th
although the first two minigaps are small (see Fig.
the third and fourth (not shown) are large. The surfa
potential (in eV) used to generate the energy bands t
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are presented in Fig. 3 is

V sxd ­ 1.07 sin G3x 1 0.41 cosG4x , (1)

whereGn ­ n2pya anda ­ 13.3 Å. This potential has
two deep minima separated byø4.2 Å (see Fig. 4). STM
line profiles taken perpendicular to the atom rows in po
tive bias possess two maxima that are also separated
4.2 Å [27]. Furthermore, recent surface x-ray diffrac
tion studies have determined that the In atom rows a
two atoms wide and the spacing between the In atoms
ø4.5 Å [31]. All three experiments are clearly probing
the internal structure of the In atom rows.

Because the energy eigenvalues were determined
actly (not using nearly free-electron theory), the first tw
minigaps are finite even though the coefficients of term
containingG1 and G2 ­ 0. Although it was relatively
easy to determine the magnitude of the third and fou
Fourier components, it was not possible for us to det
mine the first two components of the Fourier series b
cause we were unable to resolve symmetry split sta
at the high symmetry points of the lower two band
However, the good agreement between the calcula
and measured bands suggests that the surface pote
does influence the image state dispersion. This beh
ior has been observed before, but only at a zone bou
ary. Spin-polarized inverse photoemission measureme
of Co(101̄0) have recently found evidence for a larg
(0.6 eV) symmetry splitting of then ­ 1 image state at
the Ȳ zone boundary [32]. In our experiments, we hav
not been able to resolve symmetry split image states
the superlattice zone boundary. However, our calcu
tions indicate that the size of the first two minigaps shou
be much smaller than 0.6 eV (Fig. 3). Consequently, w
are unable to resolve the two components, and it is m
likely that we have measured a weighted average of
two symmetry split states at the zone boundary. This m
explain why the binding energy of the lowest lying ban
is so close to the free electron parabola nearX̄ 0.

We have measured the dispersion of then ­ 1 image
state band above an ordered array of metallic ato
rows and found it to be strongly anisotropic. Alon
the atom rows (and also in the 2D

p
7 system) mp

is close to unity, demonstrating that we have excelle

FIG. 4. The functionV sxd has two minima separated by
ø4.2 Å.
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momentum resolution [33]. Perpendicular to the row
the dispersion of the state is unconventional, fallin
below the “universal” free electron parabola [18]. I
the extended zone representation, there is a clear cha
in slope at the34 superlattice wave vector (X̄ 0). This
unambiguously implicates the surface potential as t
source of the band perturbation. The potential extract
from a 1D band calculation has two pronounced minim
spaced 4.2 Å apart in excellent agreement with STM lin
profiles measured at lower energy and also with rece
surface x-ray diffraction studies. The4 3 1 image state is
particularly interesting because it is partially delocalize
lying intermediate between the fully localized image sta
recently discovered at step edges on Cu(100) [34] and
ubiquitous free electronlike image states found on me
surfaces.
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