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The quasi-one-dimensional Si�557�-Au reconstruction has attracted a lot of attention in recent years. We
study here the interplay between the electronic and structural degrees of freedom in this system. Our calcula-
tions are in good agreement with recent experimental data obtained using scanning tunneling microscopy and
spectroscopy both at room and low temperatures. Together with the quite successful description of the experi-
mental band structure, these results give further support to the current structural model of the Si�557�-Au
surface. We consider in detail the energetics and variation of the band structure as a function of the buckling
of the step edge and its implications to explain the observed metal-insulator transition. Finally, we present the
results of a first-principles molecular dynamics simulation of several picoseconds performed at room tempera-
ture. As expected, we find a strong oscillation of the step-edge atoms. The dynamics associated with other
vibrational modes is also observed. Particularly apparent are the oscillations of the height of the restatoms and
adatoms and the associated fluctuation of the Si–Au–Si bond angles along the gold chain. This mode, together
with step-edge buckling, has a strong influence on the insulating and/or metallic character of the surface.
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I. INTRODUCTION

An interesting family of quasi-one-dimensional recon-
structions is formed by the deposition of submonolayer
amounts of gold on flat and vicinal Si�111� surfaces.1,2 These
structures are characterized by the formation of ordered ar-
rays of gold wires with cross sections of atomic dimensions.
One of these systems, the Si�557�-Au reconstruction, has
been intensively studied in recent years due to its intriguing
electronic properties. The terraces of the Si�557�-Au surface
have a width of �19 Å, each of them containing a mon-
atomic chain of gold atoms running parallel to the step edge.
For this reason, the Si�557�-Au surface was proposed as a
possible realization of a one-dimensional metal and has at-
tracted much attention.1–18

Angle resolved photoemission spectroscopy �ARPES� ex-
periments observed two strongly dispersing one-dimensional
electronic bands near the Fermi energy �EF� in this surface.
Segovia et al.4 first interpreted the appearance of these two
proximal bands as a signature of the spin-charge separation
in a Tomanaga-Luttinger liquid.19–21 Although this proposal
was ruled out by later measurements,5 the origin of these two
one-dimensional bands remained a mystery. It was proposed
that they could be associated with two different types of
wires in the substrate.5,8 The structure of the Si�557�-Au sur-
face is relatively well established from x-ray diffraction
measurements6 and density functional theory �DFT�
calculations.7,10 This structure is shown in Fig. 1. Besides the
monatomic gold chains, this reconstruction exhibits other
one-dimensional structures suitable to give characteristic sig-
nals in photoemission. Each terrace contains a row of silicon
adatoms and the step edge is reconstructed according to the
so-called honeycomb chain structure.10,22 However, the two
bands that dominate the spectrum of the Si�557�-Au have
very similar dispersions and cross EF at nearby points in

reciprocal space. Thus, it seems quite unlikely that they
originate in wires having very different structures or contain-
ing atoms of different chemical species. An alternative ex-
planation was given by us in Ref. 11 and supported by cal-
culations showing a nice agreement with the experimentally
measured band structure: the two proximal bands would ap-
pear due to the spin-orbit �SO� splitting �Rashba effect� of a
one-dimensional band associated with the gold chains. This
model has received some experimental support recently.
Measurements of the plasmon dispersion in the Si�557�-Au
surface by Nagao et al.17 point to the importance of the SO
interaction in this system. Furthermore, very recent photo-
emission measurements in the Si�553�-Au surface, which
shows a band structure very similar to the Si�557�-Au
reconstruction,1 seem to confirm that the origin of the two
proximal bands is the SO splitting.18 However, the authors of
this reference arrived to this conclusion based on the ob-
served pattern of avoided crossings in the band structure.
This indirect method was used by Barke et al.18 since the
requirements of energy and angle resolution are difficult to
combine with the low count rate imposed by spin detection.
Thus, the band structure of the Si�557�-Au surface is still a
matter of certain debate that needs further experimental and
theoretical work to be fully understood.

Another interesting observation on the Si�557�-Au system
was recently made by Ahn et al.8 using variable temperature
scanning tunneling microscopy �STM�. The structure located
at the edge of every step in the Si�557�-Au surface was ob-
served to undergo a periodicity doubling consistent with a
Peierls-type instability23 as the temperature was decreased to
�78 K. These temperature dependent STM images were cor-
related with ARPES measurements. One of the two proximal
one-dimensional bands was shown to suffer a metal-insulator
transition, while the other band was claimed not to cross EF
�i.e., remain insulating� independently of the temperature.8
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This last observation is in contrast with previous1,5 ARPES
measurements where both bands were found metallic at
room temperature. From their results, Ahn et al. concluded
that at least one of the two proximal bands should be asso-
ciated with the atoms forming the step edge. This is in clear
contrast with our suggestion that the SO splitting is respon-
sible for the appearance of the two proximal bands11 and the
recent experimental evidence that seems to support this
idea.17,18

The strong interaction between the electronic and atomic
degrees of freedom, and the corresponding appearance of
structural distortions and accompanying electronic transi-
tions at low temperature, is characteristic of low-dimensional
systems and is expected for quasi-one-dimensional surface
reconstructions like the one considered here. It has been ob-
served for systems like, for example, the In/Si�111�-4�1
�Refs. 24–26� and the Si�553�-Au �Refs. 27–29� surfaces.
The calculations presented in Ref. 11 provided insight into
some of the structural distortions suffered by the Si�557�-Au.
The most important one involves the atoms at the step edge.
In principle, the silicon atoms forming the step edge are all
equivalent and have a dangling bond occupied by one elec-
tron. This structure would give rise to a flat electron band
with half occupation. This is a quite unstable situation. Thus,
the system suffers a distortion in which the step-edge atoms
alternate between up and down positions. The dangling
bonds corresponding to the up-edge silicon atoms become
doubly occupied, whereas those associated with the down-
edge atoms are empty. A gap �step is opened between occu-
pied and unoccupied step-edge bands.

The stabilization of the step-edge buckling as the tem-
perature is decreased provides a plausible explanation for the

Peierls-type transition observed by Ahn et al.8 In Ref. 11, we
proposed that this could happen by the freezing of the dy-
namical fluctuations of the step edge, in analogy with the
accepted model to explain the 3�3→�3��3 transition ob-
served with STM in Sn/Ge�111�.30 A similar mechanism has
been recently proposed for the In/Si�111�-4�1→8�2
transition,31 although this identification is the subject of
some controversy.32–34

The situation presented so far raises questions about the
relation between the Peierls-type transition of the step edge
and the metal-insulator transition observed in the ARPES
experiments. According to the existing theoretical model,11

none of the two dispersive one-dimensional bands in the sur-
face is associated with the step edge and, therefore, these
bands should remain basically unaltered by the distortion of
the step edge. If this is the case, what would be the relation
between the experimentally observed structural and elec-
tronic transitions? A possible connection was outlined in Ref.
11, and will be presented with more detail in the present
paper. The main idea for this scenario of the metal-insulator
transition is the following �see Fig. 2 below�: the position of
the Fermi level is controlled by the size of the band gap at
the step edge �step which, in turn, is determined by the de-
gree of buckling of the step edge. Depending on the relative
energy positions of the gold-derived and step-edge bands, a
change in size of the �step gap can drive the system from
insulator to metallic.

The theoretical model presented above has been strongly
criticized by Yeom et al.13 in a recent experimental paper
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FIG. 1. �Color online� �a� Top and �b� side views of the structure
of the Si�557�-Au reconstruction. The larger circles correspond to
the gold atoms. The most prominent features of the surface are
highlighted: a row of adatoms �ad�, restatoms �res�, a buckled step
edge with up-edge �a� and down-edge �b� Si atoms, and a chain of
gold atoms with alternating Si-Au-Si bond angles �� and ��. The
symbols close to each type of atom correspond to those used below
in Fig. 4 to indicate the main atomic character of the different
surface bands.
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FIG. 2. Schematic picture of a plausible model, based on the
theoretical band structure, of the metal-insulator transition in the
Si�557�-Au surface controlled by the buckling of the step edge.
Panel �a� shows the insulator situation for the equilibrium, low-
temperature, structure. The Si-Au label indicates the spin-split gold
bands with a gap �Au due to the periodicity doubling caused by the
row of silicon adatoms in the terrace. The buckling of the step edge
opens a gap �edge, leaving an occupied band coming from the up-
edge atoms �Sia� and an unoccupied band coming from the down-
edge atoms �Sib�. The position of the Fermi level is indicated by EF,
and h= �ha−hb� is the height difference between the atoms a and b
in the step edge. Panel �b� shows the metallic situation for h�0. If
the buckling of the step edge takes place through a displacive dis-
tortion, h�0 corresponds to the high-temperature undistorted con-
figuration. If the transition takes place through an order-disorder
transition, configurations close to h�0 will have a larger weight as
the temperature is increased.
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using spatially resolved scanning tunneling spectroscopy
�STS� measurements. According to Yeom et al., the existing
structural model10,11 of the Si�557�-Au surface and the band
structure that is derived from it fails to reproduce the main
characteristics of their STS data either at low or room tem-
perature. Furthermore, they claim that the observation of the
opening of a symmetric gap at the step edge is inconsistent
with the theoretical description of the surface given in Refs.
10 and 11.

In this paper, we revisit the problem of the Si�557�-Au
surface using DFT calculations. We use a more complete
basis set than in our previous work11 and, therefore, the re-
laxed structures and the energy barriers are expected to be
more reliable. We focus on the coupling between the atomic
and electronic degrees of freedom and address the most re-
cent STM and STS results for the Si�557�-Au surface. In
particular, we consider in detail the studies performed at
room temperature by Krawiec et al.14 and the variable tem-
perature STS results of Yeom et al.13 Our predictions are in
qualitative agreement with the results presented by these au-
thors, giving further support to the current structural model
of the Si�557�-Au surface6,10 and the predictions of the DFT
calculations for its electronic band structure.11 We also con-
sider in detail the energetics and variation of the band struc-
ture as a function of the buckling of the step edge and its
implications to explain the observed metal-insulator
transition.8 Finally, we present the results of a first-principles
molecular dynamics simulation of several picoseconds. We
find that the step-edge atoms indeed fluctuate at room tem-
perature. The dynamics associated with other modes is also
observed. Particularly apparent are the oscillations of the
height of the restatoms and adatoms, which induce important
changes in the Si–Au–Si bond angles along the gold chains.
This is important for the electronic band structure, since
these angles are the main parameters that control the size of
the band gap �Au that opens in the spin-split one-
dimensional band associated with the gold chains.

II. COMPUTATIONAL METHOD

Our density functional calculations are performed using
the SIESTA code.35–37 We have used here the local density
approximation �LDA� to the DFT,38–40 Troullier-Martins
pseudopotentials,41 and a 5�2 k-point sampling. The fine-
ness of the real-space grid used to compute the Hartree and
exchange-correlation contributions to the total energy and
Hamiltonian matrix elements was equivalent to a 100 Ry
plane-wave cutoff. This guarantees the convergence of the
total energy, for a given basis set, within �50 meV/Au
��0.7 meV/Å2�. Several surface bands are much more dis-
persive along the step-edge direction. Therefore, we have
checked the convergence of our band structures using a 16
�2 k-point sampling, which is denser along this direction.
We have used a double-� polarized �DZP� basis set of nu-
merical atomic orbitals obtained from the solution of the
atomic pseudopotential at slightly excited energies.35,36,42,43

This basis set includes two different functions �i.e., two dif-
ferent radial shapes� to represent the 3s and 3p orbitals of Si,
the 5d and 6s orbitals of Au, and the 1s orbital of H. In

addition, it contains a polarization shell with d symmetry for
Si and p symmetry for Au and H. The cutoff radii of the
orbitals are defined using an energy shift36,43 of 200 meV.
These radii are 5.3, 6.4, and 6.4 a.u. for the s, p, and d
orbitals of Si, 6.2, 6.2, and 4.5 a.u. in the case of Au, and
5.1 a.u. for the s and p states of H. We notice that this basis
set is more accurate than the double-� �DZ� basis used in our
previous study of the energetics of the Si�557�-Au.11 In Ref.
43, it was shown that, for a large variety of systems, the DZP
basis sets were able to provide results �for the geometry and
energetics� comparable to those of reasonably well-
converged plane-wave calculations. Indeed, in our recent
study of the Si�111�-�5�2�-Au �Ref. 44� reconstruction we
found that, with calculational parameters similar to those
used here, our SIESTA results are in very good agreement
with those obtained with well-converged plane-wave calcu-
lations �see, in particular, Table II in Ref. 44�. We have also
applied a similar methodology to the study of the Si�553�-Au
�Refs. 45 and 46� and In-Si�111�-4�1 �Ref. 47� surface re-
constructions.

In the present calculation, we do not include the spin-orbit
interaction. The SO coupling is necessary to recover the two
proximal one-dimensional dispersive bands observed in the
experimental band structure.11 However, the SO splitting
should not play a crucial role in determining the structural
properties and energetics of the system. Without the SO in-
teraction, we obtain only one gold-derived dispersive band at
the average energy. In order to compare with the experiment,
one should always keep in mind the existence of a SO split-
ting of this band by a few tenths of eV ��300 meV at EF�.

We modeled the surface using a slab consisting of three
silicon bilayers �one at the surface and two underlying sili-
con bilayers� plus an additional layer of hydrogen atoms to
saturate the silicon atoms in the bottom of the slab. During
the structural relaxations, the positions of the silicon atoms
in the bottom layer were kept at the bulk ideal positions. The
corresponding hydrogen atoms were also kept fixed. Unless
otherwise stated, all other degrees of freedom were opti-
mized until all the components of the residual forces were
smaller than 0.04 eV/Å. To avoid artificial stresses, the lat-
eral lattice parameter was adjusted to the theoretical bulk
value calculated using similar approximations to those uti-
lized in the slab calculations, i.e., the same basis set and grid
cutoff, and a consistent k sampling. The calculated lattice
parameter of silicon with our DZP basis is 5.42 Å, to be
compared with the experimental value of 5.43 Å.

In our calculations, we study in detail the influence of the
step-edge buckling in the electronic structure and simulated
STM and STS images. We do this using constrained struc-
tural relaxations in which a given buckling is fixed in the
step edge, while the rest of the degrees of freedom of the
system are optimized. However, we have also performed mo-
lecular dynamics �MD� simulations. These simulations are
important to check whether a well-defined fluctuation of the
step edge actually takes place and how it is coupled to other
vibrational modes in the surface. For the MD simulation, the
computational details are identical to those described above,
with the exception of the basis set for silicon: we have used
a DZ basis. This was necessary to accelerate the calculations
and allow performing simulations of several picoseconds.
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The Verlett algorithm was used for the integration of the
equations of movement48 and the time step was chosen to be
1 fs. Finally, the simulations of the STM and STS images
were performed using Tersoff-Hamann theory.49

III. RESULTS

A. Step-edge buckling and the metal-insulator transition

The interpretation of the electronic structure of the
Si�557�-Au surface based on the DFT calculations10,11 leaves
open the question about the nature of the connection between
the structural transition of the step edge observed by STM
and the metal-insulator transition observed by ARPES.8 Ac-
cording to these calculations, the two dispersive one-
dimensional bands that dominate the ARPES spectra are
spin-split bands coming from the Au-Si-Au chains in the
terraces �Si-Au bands hereafter�. The gold chains are spa-
tially well separated from the step edge �see the structure in
Fig. 1� and, therefore, the Si-Au bands should not be affected
by a Peierls-type distortion of the step edge. This point has
been recently stressed by Yeom et al.13

However, we claim that the theoretical band structure of
Si�557�-Au surface contains all the necessary ingredients to
justify the appearance of a metal-insulator transition driven
by the step-edge distortion. Figure 2 schematically presents
the main ingredients and clarifies a possible mechanism for
such transition. These are as follows.

�i� Due to the periodicity doubling imposed by the pres-
ence of a neighboring row of silicon adatoms, a band gap
�Au appears in the Si-Au bands at the Brillouin zone bound-
ary.

�ii� The buckling opens a gap between occupied and un-
occupied levels at the step edge �step, and the size of this gap
depends on the strength of the step-edge distortion, i.e., is a
function of �h�= �ha−hb� the difference between the height of
up- and down-edge atoms along the step edge �see Fig. 1�.

�iii� The Fermi level position is controlled by the relative
position of the upper step-edge band �this band is unoccupied
at low temperature, its energy being dependent on the step-
edge distortion� and the top of the occupied Si-Au bands.

�iv� If the alignment of the Si-Au and step-edge bands is
appropriate, a change in size of �step will drive a metal-
insulator transition �compare Figs. 2�a� and 2�b��.

If the band structure of Si�557�-Au is qualitatively similar
to that in Fig. 2 �and we will show that this is the case�, a
displacivelike transition of the step edge between a distorted
�h=heq� low-temperature and an undistorted �h�0� high-
temperature configuration will be accompanied by a transi-
tion from an insulator to a metallic state as the temperature is
raised, in agreement with the experimental observations.8

Thus, the connection between the step-edge distortion and
the metal-insulator transition of the Si-Au bands has been
established: the metallic and/or insulating character is deter-
mined by the position of EF, the size of �step controls EF, and
�step is determined by the strength of the distortion h.

In Ref. 11, we pointed out the possibility that the step-
edge transition could be order-disorder, with the system fluc-
tuating between two equivalent equilibrium configurations at
room temperature. Such an order-disorder transition would

make difficult the direct application of the model of the
metal-insulator transition sketched in Fig. 2. However, this
assignment was only an attempt to draw an analogy with the
“dynamical fluctuation” model accepted for the Sn/Ge�111�
and related surfaces.30 The displacive or order-disorder char-
acter of the phase transition depends on the ratio between the
energy gain associated with the local distortion and interac-
tion between distortions created in nearby sites, and how
such interaction decays with distance. As a function of these
parameters, there is a continuous crossover between both
types of phase transitions.50–52 Unfortunately, the informa-
tion necessary to fully characterize the step-edge structural
transition in the Si�557�-Au cannot be obtained from ab ini-
tio calculations using small unit cells and thus is beyond the
scope of the present study. We notice, however, that the time
spent by the system in configurations with small values of h
�slightly distorted step edge�, and thus metallic, increases as
the temperature is raised even in the case of an order-
disorder transition.

In Fig. 1 of Ref. 11, we can find the LDA band structure
of the Si�557�-Au surface in its equilibrium configuration
calculated with and without the SO interaction. The sole dif-
ference between both band structures is the splitting of the
Si-Au bands. Very similar band structures are found using
the generalized gradient approximation to DFT. The surface
is metallic. However, the metallicity stems from the small
overlap between the upper step-edge band and the occupied
Si-Au bands. If the step-edge band is lifted by �0.1 eV, the
surface becomes insulating, in agreement with some of the
most recent experimental observations.8,12,13 Taking into ac-
count the use of LDA, and the very different origin of both
bands, the existence of inaccuracies of a few hundreds of
meV in their relative positions is not surprising. In fact, the
limitations of LDA to describe the excitation spectra associ-
ated with the dangling bonds in silicon surfaces have been
studied in detail by several authors. For example, in the case
of the Si�001�-�2�1� �Ref. 53� and Si�111�-�2�1� �Ref.
54�, the gap between the occupied and unoccupied surface
bands is widened �0.5 eV using the GW approximation for
the electron self-energy. The unoccupied surface bands ap-
pear shifted to higher energies with respect to the occupied
surface and bulk states. The GW approximation provides a
better description of the exchange and correlation effects
than the LDA. In particular, the use of a nonlocal self-energy
allows for a better description of the electronic exchange
which is crucial for an appropriate treatment of the relatively
localized silicon dangling bonds. The origin of the step-edge
bands in Si�557�-Au is very similar to, for example, the sur-
face bands associated with the tilted dimers in the
Si�001�-�2�1� surface. We can exploit this analogy in order
to understand the possible effect of the GW approximation in
the electronic structure of the Si�557�-Au surface. The dis-
torted low-temperature structure of the step edge is similar to
the asymmetric dimer model of the Si�001�-�2�1� surface,
whereas the undistorted step edge can be considered as
equivalent to the symmetric dimer model. In accordance with
this analogy, the buckled structure presents a band gap in the
step-edge band even within the LDA approximation. This
band gap becomes zero as the distortion of the step edge
disappears. Thus, from what is known for the Si�001�-�2
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�1� surface, for the distorted structure we can expect a shift
of the unoccupied step-edge band to higher energies by a few
tenths of eV using a description of the exchange and corre-
lation beyond DFT-LDA. The undistorted step edge, how-
ever, should remain metallic, with a negligible step-edge
band gap. This would render the low-temperature structure
of the Si�557�-Au surface insulating, corresponding to the
scheme shown Fig. 2�a�, in agreement with recent experi-
mental observations, and would explain the observation of an
insulator-to-metal transition as the buckling of the step edge
decreases. Of course, this suggestion should be verified by
performing the actual calculations. Unfortunately, most the-
oretical methods beyond DFT become rapidly inapplicable to
the large unit cells necessary to simulate the present system,
containing close to 100 atoms, and we will restrict to LDA
calculation in the present paper.

In the following sections, we will analyze the changes of
the electronic structure as a function of the step-edge distor-
tion. We will see that these results support the plausibility of
the model proposed in Fig. 2 and reproduce most of the
features of the recent STM and STS experiments.13–15

B. Step-edge buckling: Energetics and band structure

Figure 3 presents the total energy as a function of the
step-edge buckling h. With the DZP basis set used here, the
buckling distortion is favorable by at least 120 meV. This is
four times larger than the �30 meV obtained with the less
complete DZ basis set used in Ref. 11. The value of the
distortion at equilibrium heq is 0.65 Å, also larger than the
0.4 Å obtained with a DZ basis. A value of h corresponds to
a given up-down configuration along the step edge, while −h
corresponds to the reverse arrangement. Therefore, we find
equilibrium configurations at heq and −heq. Notice, however,
that one of them is slightly more stable �by 11 meV�. This
asymmetry is due to the different registry of the two step-

edge atoms with respect to the silicon adatoms on the same
terrace, which are located �12 Å away. Both step-edge po-
sitions are equivalent with respect to the closest adatom row,
located �7 Å away from the step edge.

Our results for the energetics of the buckling distortion
seem to be more consistent with the experimental observa-
tion. The previously reported value of 30 meV had been
claimed too small to explain the observed stabilization of the
step-edge buckling at temperatures of 78 K.13 However, we
should stress two points here. On the one hand, present the-
oretical methods55 are probably not accurate enough to reli-
ably estimate the small energy associated with the step-edge
distortion in the Si�557�-Au surface. We can expect consid-
erable inaccuracies associated with the use of approximate
DFT functionals. On the other hand, this quantity is not suf-
ficient to determine the apparent transition temperature in a
real system with defects �see, for example, the “vacancies” in
the step edge and the adatom row of the Si�557�-Au surface
in Fig. 3 of Ref. 8�. It has been shown56 that the presence of
defects can stabilize locally a reconstruction well above the
phase transition temperature of the system. Given the very
small energy differences between different reconstructions of
the surface, the presence of defects is usually a very strong
perturbation. Defects typically pin a particular surface con-
figuration in their neighborhood. Therefore, the temperature
at which a single step-edge configuration starts to be re-
solved in the STM images will depend critically on the type
and the density of defects present on the Si�557�-Au surface.
For example, the room-temperature STM images of Krawiec
et al.14 resolve the step-edge modulation in clean sections of
the step edge of at least 10 nm limited by defects. The sta-
bilization of the periodicity doubling of the step edge at
room temperature nearby defects has also been observed by
other authors.5,13 Since the appearance of a relatively large
density of defects seems unavoidable in this surface, the es-
timation of the transition temperature from calculations of
the “perfect” surface can be questionable.

In Fig. 3, we have selected three different configurations
corresponding to �1� a very small step-edge distortion
�h=0.06 Å�, �2� an intermediate value �h=0.25 Å�, and �3�
close to the equilibrium configuration �h=0.70 Å�. The cor-
responding band structures along the direction of the step
edge are plotted in Fig. 4. The different surface bands are
marked according to their main atomic character. Solid
�blue� squares indicate the Si-Au bands, open �red� circles
mark those bands associated with the adatoms and restatoms,
and �yellow� diamonds correspond to the bands coming from
the step-edge atoms. We see that only those bands that come
from the step-edge atoms are modified as we change the
strength of the buckling distortion. The step-edge gap �edge is
strongly reduced as the size of the distortion diminishes. The
difference between the average position of the step-edge
bands is 0.9 eV for configuration �3�, but only 0.2 eV for
structure �1�. The occupied step-edge band, associated with
the up-edge atoms, is always very flat �dispersion smaller
than 0.1 eV�, and its position evolves from −0.8 eV �below
EF� in �3� to −0.17 eV in �1�. The behavior of the “unoccu-
pied” step-edge band, coming from the down-edge atoms, is
somewhat more complex. For configurations �1� and �2�, this
band is pinned at EF, whereas its average position in �3� is

(3)

(2)

(1)
E

ne
rg

y
(m

eV
)

h (Ang)

FIG. 3. �Color online� Total energy calculated with a DZP basis
set as function of the relative height �h� of the step-edge atoms.
Notice the slight asymmetry of the curve corresponding to the in-
equivalency of the two step-edge positions due to the presence of a
row of adatoms in the same terrace. Three configurations, corre-
sponding to different sizes of the step-edge buckling, are selected:
configuration �1� corresponds to a negligible buckling, �2� to an
intermediate value, and �3� is close to the optimum strength of the
distortion. The local density of states and band structure of these
configurations are analyzed and presented below in Figs. 4–6.
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�0.15 eV above EF. This is in agreement with our proposal
for the metal-insulator transition. However, while the disper-
sion of the band is very small for configurations �1� and �2�,
for structure �3� it becomes �0.35 eV. This small occupation
is probably an artifact of the DFT-LDA calculation as we
pointed out in the previous section. As commented there, in
relation with the GW results for the asymmetric dimer recon-
struction of the Si�001�-�2�1� surface,54 a better treatment
of electron exchange and correlation is likely to shift this
band to higher energies.

As expected, when the step-edge buckling h is reduced,
the down-edge atom band is shifted to lower energies and
this shift is accompanied by a charge transfer from the Si-Au
band to the step edge. However, we can expect this charging
to be moderate and the occupation of this band should al-
ways remain relatively small. Indeed, going from configura-
tion �3� to �2� shifts down the center of the band �0.2 eV,
while going from configuration �2� to �1� this band does not
considerably move with respect to the other surface bands.
As a consequence, the closing of the step-edge gap implies a
larger movement of the occupied step-edge band, which
moves �0.6 eV to higher energies. This asymmetric closing
of the step-edge gap is a distinct feature of our theoretical
model of the Si�557�-Au and has been claimed to be in dis-
agreement with the experimental evidence.13 In fact, the ob-
served gap closing in the dI /dV spectra on the step edge
reported in Ref. 13 is apparently symmetric. However, if we
examine these data in detail, we can find several features that
are in qualitative agreement with the predictions of our
model. For example, the differences between the low- and
room-temperature data are more significant for the occupied
part of the spectrum. In particular, a strong peak located at
�0.7 eV below EF in the low-temperature spectrum disap-

pears at room temperature. This energy coincides nicely with
the position of the occupied step-edge band in our low-
temperature configuration �3�.

C. Simulated STM and STS images

In Fig. 5, we show the projected density of states �PDOS�
onto the step-edge atoms as a function of the energy. This
can be directly compared with the dI /dV spectra measured
on the step edge and presented in Fig. 4 of Ref. 13. The solid
�blue� curve presents the PDOS for the our low-temperature
configuration �3�. Below EF, we find the main peak at
−0.71 eV, in good agreement with the experiment. We also
find the contribution coming from the bulk states up to
�0.2 eV below EF. At higher energies, we find a gap in the
PDOS. Two peaks, at EF and 0.24 eV above EF, appear due
to the dispersion of the down-edge atom band. Besides the
small occupation of the down-edge atom band, which is not
observed in the experiment and gives rise to a peak at EF, the
main peak at −0.71 eV and the gap extending down to
−0.2 eV agree with the observed low-temperature dI /dV
spectra. For configurations �2� and �1�, the main occupied
peak shifts to higher energies and, as a consequence, the gap
in the PDOS is considerably reduced. Although the changes
are more modest above EF than below EF, we also observe a
shift to lower energies of the main unoccupied peak that
becomes pinned at EF. Configurations like �1� and �2� are
only available at high-temperature. If the structural transition
is purely displacive, then the high-temperature spectra can be
identified with the curve for structure �1�. However, in an
order-disorder transition the high-temperature dI /dV corre-
sponds to an average of the curves obtained for different
structures. Since STM is a local probe, such an average has
to reflect the dynamics of the fluctuation process, not just a
thermal average. Thus, we can expect structures similar to
configuration �1� to have a strong weight in this average.

Thus, we have seen that our model can explain some fea-
tures of the dI /dV obtained on the step edge of the
Si�557�-Au surface. It is also interesting to note that these
experiments mainly reflect the changes in the atomic and
electronic structure of the step edge. The curves in Fig. 5 do
not contain features directly related with the Si-Au bands
that dominate the photoemission. In our model, the metal-

(1) (2) (3)

FIG. 4. �Color online� Band structures of the three configura-
tions selected in Fig. 3. The different symbols �also indicated in Fig.
1� indicate the main atomic character of the different surface bands:
filled squares for bands coming from the gold atoms and their
neighboring silicon atoms, diamonds for the step-edge atoms, and
open circles for the adatoms and restatoms. In the case of the step
edge, the �partially� unoccupied band corresponds to the down-edge
atoms �Sib in Fig. 1�, while the fully occupied one comes from the
up-edge atoms �Sia�. As expected, the band coming from the ada-
toms is unoccupied, while the restatom band is fully occupied. En-
ergies are referred to the Fermi level.
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FIG. 5. �Color online� Density of states projected onto the step-
edge atoms for the three configurations selected in Fig. 3. The en-
ergies are referred to the Fermi level.
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insulator transition of the Si-Au bands is a consequence of
the change in position of the down-edge atom band, from
above EF to be pinned at EF.

Figure 6 shows the calculated maps of the local density of
states �LDOS�. These maps can be compared with the dI /dV
maps in Fig. 3 of Ref. 13. The LDOS maps of the surface
were produced mimicking the experimental procedure: First,
we find the “tip height” Ztip�x ,y� corresponding to a constant
current image at a positive bias of +2.0 V �the results of the
LDOS maps do not significantly depend on this voltage�,

I = �
EF

EF+V

d�	„x,y,Ztip�x,y�,�… = const, �1�

where 	�r ,�� is the local density of states calculated for the
energy � at point r. We then plot the local density of states on
the surface Ztip�x ,y� integrated in small energy intervals �V
as an approximation to the measured dI /dV maps,

LDOS�x,y,V� = �
EF+V−�V/2

EF+V+�V/2

d�	„x,y,Ztip�x,y�,�… . �2�

The size of the intervals �V depends on the fineness of the k
sampling and the dispersion of the bands. For typical calcu-
lational parameters, �V cannot be too small. In our case, we
have divided the range between +0.15 and −0.9 eV in two
intervals of 0.3 eV and one of 0.4 eV, which correspond to
the main position of the different surface bands in the low-
temperature structure.

In agreement with the experimental results, the data in
Fig. 6 are dominated by features coming from the step edge
and the adatom-restatom row, that correspond, respectively,
to the � and � chains of Ref. 13. At low temperatures and
small voltage �panels �a� and �c��, the LDOS maps are domi-
nated by the signal coming from the restatoms at �0.3 eV
below EF. We can only see extremely faint features associ-
ated with the step edge and the Si-Au chain in the middle of
the terrace. We need to go to lower energies, around
−0.8 eV, to observe a strong feature associated with the step
edge �panel �e��. We can also see an increase in the intensity
of the signal coming from the middle of the terrace. This
corresponds to a relatively flat band associated with one of
the three silicon atoms bonded to each gold atom. This sur-
face resonance is not clearly marked in Fig. 4 but can be
found in the band structures presented in Refs. 10 and 11.
The bonds between gold and the other two silicon atoms
generate the dispersive Si-Au band seen in photoemission
that, however, only produces a very weak signal in the STM
and STS images. At high temperature �panels �b�, �d�, and
�f��, the situation changes as seen in the experiment: the step
edge becomes clearly visible at low voltages.

Recently, Krawiec et al.14 have reported an interesting
experimental result. While the topography of one of the two
atomic rows that characterize the STM images of the
Si�557�-Au depends on the sign of the applied bias voltage, it
remains unchanged for the other wire. They suggest that the
different behavior is an indication that both wires are made
of different materials, gold and silicon. However, we claim
that this experimental observation can be perfectly under-
stood using the present structural model where the two
prominent chains are assigned to the step edge and the ada-
tom row, respectively. The step edge shows a reverse corru-
gation as function of the bias polarity, whereas this does not
happen for the adatom row. The silicon adatoms are �1.3 Å
higher than the other atoms in the surface layer, except for
the restatoms that only lie �0.8 Å below. Although the ada-
toms produce more pronounced features at positive bias and
the restatoms at negative bias, for scan lines taken along the
rows of adatoms the atomic topography dominates over the
electronic effects. Therefore, the STM images show maxima
at the adatom positions irrespective of the sign of the applied
voltage. This can be seen in Fig. 7�d�. The corrugation is
larger for empty states and the data are in good qualitatively
agreement with the images of Krawiec et al. �see the data for
chain D in Fig. 3 of Ref. 14�. In contrast, the electronic
effects dominate for the scans taken along the buckled step
edge, and the topography can show a pronounced bias de-
pendence. This is shown in Fig. 7�c�, again in good qualita-
tive agreement with the data for chain C in Ref. 14 �see Figs.
3 and 5 in that reference�. Notice that we use our low-
temperature structure �with fully developed step-edge buck-
ling� to generate the images in Fig. 7. Although the experi-
ments of Krawiec et al. are made at room temperature, the
use of this geometry is justified by the fact that these authors
concentrate in sections of the step edge of a few nanometers
bounded by defects. The presence of defects stabilizes the
step-edge distortion up to room temperature for these rela-
tively short chains, as was mentioned above.

It is interesting to note that one of the criticisms of Yeom
et al.13 toward the low-temperature structure proposed by
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FIG. 6. Calculated maps of the density of states as a function of
the energy for the Si�557�-Au surface. Panels �a�, �c�, and �e� show
the result for a buckled step edge �corresponding to configuration
�3� in Fig. 3�. Panels �b�, �d�, and �f� correspond to a negligible
step-edge buckling �using configuration �1� in Fig. 3�. The density
of states is integrated in various energy ranges: from −0.9 to
−0.5 eV �panels �e� and �f��, from −0.45 to −0.15 eV �panels �c�
and �d��, and from −0.15 to 0.15 eV �panels �a� and �b��, with zero
corresponding to the Fermi energy. The locations of one adatom
row and one step edge are indicated by “ad” and “edge,” respec-
tively. The dimension of each image is �3.3�1.5 nm2. The used
gray scale �arbitrary units� is indicated.
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Robinson et al.6 and Sánchez-Portal et al.10,11 was based on
the predictions, using such structural model, of the appear-
ance of a step-edge modulation for both empty and occupied
states.11 According to Yeom et al., such modulation could
only be observed for empty states. However, this is in dis-
agreement with the results presented in Ref. 14. Of course,
one could argue that the step-edge modulation observed in
the presence of defects is different from the modulation sta-
bilized at low temperature. However, most experiments to
date have been performed on samples with a considerable
concentration of defects and the observations of Krawiec et
al. seem to agree with the predictions from theory. Thus, it is
quite tempting to identify the distortions observed at low
temperature and in the presence of defects. Furthermore, the
simulated STM images seem to reproduce the change in the
relative intensity of the step edge and the adatom row as a
function of voltage. In Figs. 7�a� and 7�b�, we can see that
for a voltage of −1.0 V the step edge is more intense that the
adatoms, whereas for +0.6 V the situation is reversed. This is
in agreement with the STM images shown in Fig. 2 of Ref.
14, although might be strongly dependent on the tunneling
conditions �e.g., this change is not so clear in the data in Fig.
2 of Ref. 13�.

The agreement of the simulations in Fig. 7 with experi-
ment is qualitative. From a more quantitative point of view,
there are some discrepancies: �i� the calculated corrugations
are too large and �ii� the step edge shows a larger corrugation
for occupied states than for empty states, which is not ob-

served in the experiment.14 We should point here that we are
using the simple Tersoff-Hamann49 theory for our simula-
tions. In this theory, the STM images are obtained from the
local density of states of the surface according to Eq. �1� and
all the effects induced by the tip are neglected. The observed
discrepancies are probably related to the simple theoretical
treatment and the use of a basis set of confined atomic orbit-
als in our calculations.35,43 This basis set is numerically very
efficient. However, due to the short cutoff radii of the orbit-
als, it is not adequate to simulate the smooth decay of the
wave functions toward the vacuum and tends to emphasize
the structural corrugation over the electronic effects and, in
general, leads to an overestimation of the surface corruga-
tion. This also explains, at least partially, the second discrep-
ancy. The empty state images might also be influenced by the
difficulties of the DFT calculations to properly describe the
excited states.

D. Molecular dynamics simulations

Our MD simulations have been performed using a DZ
basis set, similar to that used in previous studies of the struc-
tural properties of the Si�557�-Au surface.7,10,11 With this ba-
sis set, we can perform simulations of several picoseconds.
Although less complete than the DZP basis set used in the
previous sections, the structural and electronic properties ob-
tained with the DZ basis set are very similar to those de-
scribed above. Figure 8 shows the behavior of several de-
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FIG. 7. �Color online� Simu-
lated STM images with bias of �a�
−1.0 V and �b� +0.6 V. Plots in
�c� and �d� show the calculated to-
pography along the step edge
�“edge”� and the row of adatoms
�“ad”�, respectively. Solid lines
are for empty states �positive bias�
and dashed lines for occupied
states �negative bias�. The used
scan lines are indicated by dotted
lines in �a� and �b�.
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FIG. 8. �Color online� Last 4 ps of a molecu-
lar dynamics simulation of the Si�557�-Au recon-
struction performed at a temperature of �300 K.
A DZ basis set was used for this calculation and
the total simulation time is 8 ps. Panel �a� dis-
plays the height of different atoms as a function
of time �see also Fig. 1�: adatom �ad, green
dashed line�, restatom �res, solid black line�, and
the step-edge atoms �a, solid blue line and b,
dashed red line�. The two inequivalent Si-Au-Si
bond angles �� and �� are presented in panel �b�.
The vertical lines mark the instantaneous con-
figurations for which the band structures are
shown in Fig. 9.
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grees of freedom during the last 4 ps of one of our MD
simulations. The total simulation time is 8 ps �8000 time
steps�. The temperature of the system oscillates around
300 K after a thermalization time of �1 ps. Our simulation
cell contains one unit cell of the Si�557�-Au surface. With
this “small” cell, we cannot obtain a realistic picture of the
structural transition in the surface. Furthermore, we have
seen that the use of a DZ basis set causes a severe underes-
timation of the energy barrier between the two step-edge
equilibrium configurations �the barrier is �30 meV and the
equilibrium step-edge distortion heq�0.4 Å�. However, the
MD simulations are a very important tool to understand the
coupling between different vibrational modes and between
the atomic and electronic degrees of freedom. In particular,
we want to check if a well-defined fluctuation of the step
edge exists at high temperatures and how this movement is
coupled with other vibrational modes. We also study the ef-
fect in the electronic structure of atomic movements that can
be excited at reasonable temperatures and are different from
the step-edge fluctuation studied in detail above.

Figure 8 shows a clear oscillation of the step edge, the
atoms changing their relative positions and residing for in-
tervals of less than 1 ps in a given up-down configuration.
We can also observe that the system spends a considerable
amount of time in configurations where the step-edge distor-
tion h is small �corresponding to a small step-edge gap
�edge�. Besides the step edge, other degrees of freedom show
strong fluctuations in spite of the moderate temperature. Par-
ticularly remarkable are the cases of the restatom �marked
with res in Fig. 8, see also Fig. 1�, the Si-Au-Si bond angles
�� and �� and, to less extent, the adatom �ad�. As a conse-
quence, the corresponding energy levels also exhibit a con-
siderable movement during the simulation. The case of the
step-edge bands has been studied in detail in the previous
sections. The bands associated with the restatom and the ada-
tom oscillate with an amplitude of up to �0.2 eV. This can
be easily appreciated for the adatom band �flat band �0.5 eV
above EF� in the band structures shown in Fig. 9 correspond-
ing to different snapshots of the simulation. This movement
might be one of the reasons why a well-defined restatom
state has not been detected in photoemission experiments2 on
this surface and why the adatom band appears as a relatively
broad structure between 0.5 and 1 V �with its maxima at
�0.7 V� in recent STS spectra obtained at room
temperature.15 The Si-Au-Si bond angle has an important
influence on the Si-Au band that dominates the photoemis-
sion of the surface. The presence of a row of adatoms in-
duces a periodicity doubling in the terraces of the surface
that is reflected in an alternating Si-Au-Si bond angle and the
opening of a gap �Au in the dispersive Si-Au band. In the
equilibrium configuration, the values of these two angles are
111.6° and 103.7°, respectively, for � and �. In Fig. 8, we
see that these values change by �±10° along the simulation.
Changing the Si–Au–Si bond angles changes the size of the
�Au gap and thus influences the metallic or insulating char-
acter of the instantaneous configurations.

The influence of the coupling between the electronic and
atomic degrees of freedom in the band structure is clearly
shown in Figs. 9 and 10. We stress that these band structures
are calculated with a DZ basis set and, therefore, differ

slightly from those shown in Fig. 4, calculated with a more
complete DZP basis. Figure 9 shows the band structure for a
few selected structures �indicated in Fig. 8�. Figure 10 shows
the band structure averaged over the last 3 ps of the simula-
tion �using 151 different configurations, each one taken ev-
ery 20 fs� and compares it with the band structure for the
equilibrium structure. The three band structures in the upper
panels of Fig. 9 are clearly metallic: the dispersive Si-Au
band crosses EF and the down-edge atom band is pinned at
the Fermi level. For configurations �ii� and �iii�, there is an
evident reduction of the Si-Au gap �Au and a shift in the
position of the Si-Au band. This is due to the change of the
� and � angles that become quite close or, like in structure
�ii�, even appear reversed with respect to the equilibrium
configuration. For configuration �v�, we can also see that the
step-edge gap �edge is almost closed due to the very similar
height of both step-edge atoms. The three lower panels of
Fig. 9 show semiconducting band structures where the lower
branch of the Si-Au band is fully occupied and a small gap is
developed between the down-edge atom band and the Si-Au
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FIG. 9. �Color online� Band structures �calculated with a DZ
basis set� corresponding to the snapshots selected in Fig. 8. For
configurations �ii�, �iii�, and �v� �upper panels�, the dispersive Si-Au
band clearly crosses EF and the down-edge atom band is pinned at
EF, whereas for configurations �i�, �iv�, and �vi� �lower panels�, the
lower branch of the Si-Au band lies below EF and a tiny gap is
developed between this band and the down-edge atom band, i.e., EF

lies within the Si-Au band gap �Au.
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band. As a consequence, the Fermi level lies inside �Au. This
is particularly clear in the case of configuration �i�. In the
three configurations, angles � and � differ by a similar or
larger amount than in the equilibrium structure and the step
edge shows a considerable buckling. This guarantees large
values of �Au and �step and thus insulating configurations of
the surface.

The results of the MD simulation indicate that at room
temperature we find large fluctuations of �edge and �Au. Ac-
cording to our model of the electronic structure of the
Si�557�-Au surface �schematically summarized in Fig. 2�,
this implies that at room temperature the system alternates
between metallic and insulating configurations. This phe-
nomenon does not depend on the character of the ground
state, which will be insulating if the values of �Au and �step
are large enough in the equilibrium configuration.

Interestingly, many bands that can be found in the equi-
librium band structure produce very faint signals in the MD
average shown in Fig. 10. This is the case, for example, of
the adatom band and the occupied �up-edge atom� step-edge
band which almost disappear from the average. The restatom
band also produces a quite weak and broad structure around
−0.2 eV. The most visible features in the MD averaged band
structure are �i� the occupied part of the Si-Au band which
extends from EF at the zone boundary down to −0.6 eV
where it merges with the bulk bands and the unoccupied
branch of the Si-Au band from �0.4 eV above EF to higher
energies, �ii� a quite flat feature coming from the unoccupied
step-edge band right above EF �and thus not visible by pho-

toemission�, and �iii� the silicon bulk bands extending around

 from �0.5 eV below EF toward lower energies.

IV. CONCLUSIONS

We have presented a detailed discussion of the electronic
structure of the Si�557�-Au surface and its coupling to the
structural degrees of freedom. Our calculations are based on
the structural model for the low-temperature phase of the
surface obtained from x-ray diffraction6 and density func-
tional calculations.10 The results are compared with recent
experimental information obtained by STM and STS.13–15

Our main observations are as follows.
�i� Contrary to the claims of Yeom et al., we have seen

that the calculations using the theoretical structural model in
Fig. 1 provide nice qualitative agreement with the STM and
STS images obtained at low temperatures13 and around struc-
tural defects that stabilize the step-edge distortion up to room
temperature.14 Together with the successful description of
the experimental band structure,11 these results give further
support to the current structural model of the Si�557�-Au
surface.

�ii� We have shown that the theoretical band structure is
close to a metal-insulator transition. The transition is con-
trolled by the relative positions of the dispersive gold-
derived and the flat step-edge bands. The latter splits into an
occupied and an unoccupied band separated by a gap �edge
whose size depends on the degree of step-edge buckling,
while the former shows a gap �Au associated with the pres-
ence of a row of adatoms doubling the periodicity along the

�1̄10� direction. If �Au and �edge are large enough, the sur-
face becomes insulating at low temperature �see Fig. 2�.

�iii� At low temperature, the step-edge distortion is large
and so is �edge. As the temperature increases, configurations
with a smaller step-edge buckling, and thus with a smaller
�edge, are available. For sufficiently small values of �edge, the
system becomes metallic. We argue that this is consistent
with the observation of a metal-insulator transition in the
Si�557�-Au transition.8

�iv� In the present model, the metal-insulator transition is
accompanied by an asymmetric �with respect to EF� closing
of the gap. Yeom et al. claimed that this is in disagreement
with their experimental results. However, we argue that our
data provide a simple explanation to the strong changes ob-
served for the occupied states in the dI /dV spectra taken
over the step edge by these authors13 �a strong peak at
−0.71 eV in the low-temperature spectra disappears at higher
temperatures�.

�v� Our simulated dI /dV maps are in good qualitative
agreement with the experimental results at both low and high
temperatures. We assume that at room temperature, the sys-
tem spends a considerable amount of time in structures with
a small step-edge distortion. The step edge produces a strong
signal that dominates the dI /dV maps of these structures at
low voltages; however, in the low-temperature structure the
step edge does not produce any distinct feature at small volt-
ages.

�vi� Molecular dynamics simulations of the system show
that, besides the fluctuation of the step edge, other vibra-
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FIG. 10. �Color online� Average band structure �calculated with
a DZ basis set� during the last 3 ps of the molecular dynamics
simulation of the surface at room temperature shown in Fig. 8. The
average is done over 151 configurations �i.e., the band structures are
calculated at intervals of 20 fs�. The time average is compared with
the band structure �also calculated with a DZ basis set� for the
equilibrium configuration. Note that the band structure of the right
panel corresponds to band structure �3� in Fig. 4. Although both
band structures are qualitatively identical, there are small quantita-
tive differences due to the use of different basis sets. In particular,
the distortion of the step edge in the equilibrium structure is much
smaller when using a DZ basis set ��0.4 Å� than a DZP basis set
��0.65 Å�.
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tional modes are present at room temperature and also have
an influence on the electronic structure. In particular, the
oscillation of the Si-Au-Si bond angles changes considerably
the �Au gap. Most configurations with small �Au are metallic
and contribute efficiently to the metallic character of the sur-
face at room temperature.

�vii� Below EF, the MD averaged band structure is domi-
nated by a gold-derived band that extends from EF down to
−0.6 eV where it merges with the bulk silicon bands. Other
surface bands in the occupied part of the spectrum produce
weaker features due to the thermal fluctuations of the struc-
ture. This seems to be agreement with the observed photo-
emission.

The results presented in this work seem to correctly ex-
plain many of the experimental observations on the
Si�557�-Au surface. However, further theoretical and experi-
mental work is still necessary to understand this surface. In
particular, it is necessary to characterize the dynamics of the
structural transition52 and its relation with the observed
metal-insulator transition. Furthermore, the photoemission
data of Ahn et al.8 suggest that only one of the dispersive
bands that dominate the spectrum of the Si�557�-Au suffers
the metal-insulator transition. This is difficult to explain
within the current theoretical model, where the appearance of
two bands is due to the spin-orbit splitting. The disorder
associated with the presence of defects and the different pho-
toemission matrix elements of the two bands can be behind

this observation and have to be analyzed before drawing fur-
ther conclusions from this observation. Finally, we have seen
that the calculated LDA ground state of the Si�557�-Au is
metallic. This is due to the small overlap between the down-
edge atom band and the dispersive Si-Au band. We have
argued that this failure could be corrected with an improved
treatment of the electron exchange and correlation that
would provide a better description of the excited electronic
states. This is challenging due to the large cell necessary to
study the Si�557�-Au surface. However, it would be very
interesting to direct future effort along this direction.
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