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We present a systematic study of the atomic and electronic structure of the Si�111�-�5�2�-Au reconstruc-
tion using first-principles electronic structure calculations based on the density functional theory. We analyze
the structural models proposed by Marks and Plass �Phys. Rev. Lett. 75, 2172 �1995��, those proposed recently
by Erwin � Phys. Rev. Lett. 91, 206101 �2003��, and a completely different structure that was found during our
structural optimizations. We study in detail the energetics and the structural and electronic properties of the
different models. For the two most stable models, we also calculate the change in the surface energy as a
function of the content of silicon adatoms for a realistic range of concentrations. Our model is the energetically
most favorable in the range of low adatom concentrations, while Erwin’s “5�2” model becomes favorable for
larger adatom concentrations. The crossing between the surface energies of both structures is found close to
1/2 adatom per 5�2 unit cell, i.e., near the maximum adatom coverage observed in the experiments. Both
models, our structure and Erwin’s “5�2” model, seem to provide a good description of many of the available
experimental data, particularly of the angle-resolved photoemission measurements.
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I. INTRODUCTION

The low-energy electronic spectrum of a one-dimensional
metal is dominated by collective spin and charge
excitations.1–3 This is in contrast with the behavior of typical
metals, which can be understood in terms of independent-
particle-like excitations usually called quasiparticles. These
predictions are clear and well established. However, the ob-
servation of the Luttinger liquid behavior in real systems has
proven quite elusive. One of the reasons for this might be
that one-dimensional metals are in principle unstable with
respect to the Peierls distortion that drives them into an in-
sulating ground state.4 A possible route to avoid this limita-
tion is the fabrication of metallic chains absorbed on sur-
faces. The hope is that the rigidity of the substrate will make
the energy cost for the structural distortions too large and,
therefore, the one-dimensional chains will remain metallic.
Semiconductor surfaces are specially attractive for this pur-
pose. The existence of an energy gap prevents the coupling
of the electronic states of the chain in the vicinity of the
Fermi level with the substrate. The one-dimensional charac-
ter of these states is thus preserved. It is in this context that
the fabrication of monatomic wires of metal atoms on silicon
substrates has attracted much attention in recent years.

Monatomic wires of gold atoms are spontaneously formed
on flat and vicinal Si�111� surfaces after the deposition of
gold in the submonolayer regime �see Ref. 5 and references
therein�. Of particular interest are the vicinal substrates,
where gold wires run parallel to each step edge and the cou-
pling between the chains, and thus the one-dimensional char-

acter of the electronic states, can in principle be controlled
by changing the miscut angle. Examples of these systems
that have attracted much attention in the last few years are
the Si�557�-Au �Refs. 6–12� and the Si�553�-Au �Refs. 5 and
13–15� reconstructions. The photoemission spectra of these
surfaces close to the Fermi energy are dominated by bands
with a strong one-dimensional character that exhibit several
interesting phenomena including peculiar splittings associ-
ated with the spin-orbit interaction9 �although first inter-
preted as a signature of spin-charge separation6�, fractional
fillings,13 and metal-insulator transitions.11 The analog to
these one-dimensional structures in the case of the flat
Si�111� surface is the so-called 5�2 reconstruction.

The deposition of gold in the monolayer �ML� range on
the flat Si�111� surface results in a variety of phases,16 such
as �3��3R30°, 1�1, and 5�2. The 5�2 phase occurs at
�0.4 ML gold coverage.17 It was first discovered about
30 years ago18–20 and has been investigated using many ex-
perimental techniques since then. This includes low-energy
electron diffraction �LEED� studies,18–20 x-ray diffraction,21

x-ray standing-wave analysis,22 scanning tunneling micros-
copy �STM�,23–25 angle-resolved photoemission spectros-
copy �ARPES�,26–30 inverse photoemission,31 and high-
resolution electron microscopy �HREM� combined with
heavy-atom holography.32

Already the first structural models, based on LEED mea-
surements, considered two atomic gold chains per 5�2 unit
cell running in parallel.19,20 This was later confirmed by
HREM,32 and seems to be firmly established. The gold

chains run along the �1̄10� and equivalent directions �parallel
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to the �2 periodicity of the unit cell�. Therefore, three dif-
ferent domains are possible for the 5�2 reconstruction on
the flat Si�111� surface. Single-domain surfaces, necessary
for ARPES, can be fabricated using vicinal surfaces with a
slight cutoff angle.5,23 The presence of one-dimensional
structures in this reconstruction has also been confirmed by
the ARPES studies. Early studies found a strong anisotropic
signal near the Fermi level,26,31 but no evidence of Fermi-
level crossing for this band was found.31 Later studies at low
temperature found a one-dimensional band with a strong dis-
persion along the direction of the gold chains.27,28 The top of
this band appears near the 5�2 zone boundary and disperses
downward, reaching its minimum close to the 5�1 zone
boundary. This band has been reported to change its dimen-
sionality from strongly one dimensional near the Fermi en-
ergy to two dimensional at lower energies.28 In these studies
a gap of �0.3 eV was also identified for this band. The pres-
ence of this gap and its apparent closing with increasing
temperature was related to a Peierls instability.27,28 More re-
cent ARPES results,29,30 both at low and room temperatures,
have been able to identify some additional surface bands.
However, the metallic or semiconducting character of the
surface is still a matter of debate. In fact, it has been pro-
posed that the metallic or semiconducting character can de-
pend on the concentration of silicon adatoms,30,33 and even
that semiconducting and metallic segments can alternate
along the gold chains in the surface.34

The STM images are characterized by the presence of
bright, irregular protrusions,24,25 and Y-shaped features23,35

with a well-defined orientation respect to the underlying sub-
strate. The protrusions have been established to be silicon
adatoms,36 which are present on the surface with an optimum
coverage close to 1/4 adatoms per 5�2 unit cell.

In spite of all these experimental studies, the structure of
the Si�111�-�5�2�-Au reconstruction has not been com-
pletely established yet. Earlier structural models only consid-
ered the adsorption sites of the gold atoms. Many of them
could be ruled out on the bases of more detailed STM
studies24 and the knowledge of the exact gold coverage.17 A
few more refined models exist.25,32 They consider both the
position of the gold atoms on the substrate and the rebonding
of the silicon atoms in the surface layer. Probably the most
detailed structural model proposed to date is the one by
Marks and Plass �MP�.32 The MP model is based on a com-
bination off-zone HREM, transmission electron diffraction,
and heavy-atom holography data.

The first theoretical studies using first-principles elec-
tronic structure calculations appeared only quite recently.
This is due to the complicated structure and the large unit
cell of the Si�111�-�5�2�-Au reconstruction. Kang and
Lee37 studied the MP and the Hasegawa-Hosaka-Hosoki25

models using density functional theory. Their main conclu-
sion is that both models fail to reproduce some of the key
features of the STM images and the experimental band struc-
tures. Using a similar methodology, Erwin33 proposed and
studied different structures which are characterized by the
presence of the so-called honeycomb-chain silicon
structure.38 One of these models �the so-called 5�2 model�
seems to satisfy many of the constraints imposed by the em-
pirical evidence. An interesting point raised by Erwin is that

of the crucial role played by silicon adatoms in the stabiliza-
tion of the different structures. According to Ref. 33, the
surface energy of Erwin’s 5�2 model is minimized for an
optimum adatom coverage in agreement with recent experi-
mental reports.36 For lower adatom coverages other struc-
tures compete in stability. This is a very interesting result
which, however, is based on approximate calculations. Due
to the large size of the supercells necessary to simulate ex-
plicitly the effect of the different adatom concentrations, Er-
win assumed that the main role played by the adatom is to
dope the surface with electrons. He then analyzed the behav-
ior of the total energy as a function of the number of extra
electrons in the substrate, obtaining a minimum for �0.25
electrons per 5�2 unit cell.

In this work, we present a comprehensive study of the
atomic and electronic structure of different models of the
Si�111�-�5�2�-Au reconstruction using electronic structure
calculations based on the density functional theory. We have
used two different methodologies, the SIESTA code39–41 using
a basis set of localized atomic orbitals and the VASP code42,43

using a basis set of plane waves. We analyze the MP
model,32 the models proposed by Erwin,33 and a different
model that we found during our structural optimizations. We
study in detail the energetics and the structural and electronic
properties of the different models. We also calculate the
change in the surface energy as a function of the content of
silicon adatoms for the two most stable models. In order to
do so, we perform calculations for large supercells contain-
ing realistic concentrations of adatoms: 5�4, 5�6, and
5�8 supercells. Our present model is the most favorable in
the range of low adatom concentrations, while Erwin’s
5�2 model becomes favorable for larger adatom concentra-
tions. The crossing between the surface energy of both struc-
tures occurs close to 1/2 adatom per 5�2 unit cell, i.e., near
the maximum adatom concentration observed in the experi-
ments. Both models, our structure and Erwin’s 5�2 model,
seem to provide a good description of most of the experi-
mental data. Particularly, we find a general agreement be-
tween the calculated and measured band structures along the
direction parallel to the gold chains.

II. CALCULATION METHOD

Most of our calculations have been performed using the
SIESTA code.39,40 We have used here the local density ap-
proximation �LDA� to the density functional theory44–46 �the
generalized gradient approximation �GGA� has been also
used for a few test calculations�, Troullier-Martins
pseudopotentials,47 and a basis set of numerical atomic orbit-
als obtained from the solution of the atomic pseudopotential
at slightly excited energies.39,40,48,49 We have used an energy
shift40,49 of 200 meV. The corresponding 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
in the case Au, and 5.1 for the s and p states of H. The
bidimensional Brillouin-zone �BZ� sampling50 contained
4�4 points for the 5�2 unit cell �and a consistent sampling
for other cells61� and the fineness of the real-space grid used
to compute the Hartree and exchange-correlation contribu-
tions to the total energy and Hamiltonian matrix elements
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was equivalent to a 100 Ry plane-wave cutoff. This guaran-
tees the convergence of the total energy, for a given basis set,
within �20 meV/Au ��0.5 meV/Å2�.

We modeled the surface using a finite slab, similar to that
depicted in Fig. 1. For most calculations the slabs contained
three silicon bilayers �the one at the surface and two under-
lying silicon bilayers� plus an additional layer of hydrogen
atoms to saturate the silicon atoms in the bottom of the slab.
This removes the surface bands associated to the bottom sur-
face from the energy range of interest, i.e., from the band-
gap region. We have checked the convergence of the results
using thicker slabs for the most stable structural models of
the surface. We use periodic boundary conditions in all three
directions. A vacuum region of 15 Å ensures negligible in-
teractions between neighboring slabs. During the structural
relaxations the positions of the silicon atoms in the bottom
layer were kept at the bulk ideal positions. Unless otherwise
stated all other degrees of freedom were optimized until all
the components of the residual forces were smaller than
0.04 eV/Å. To avoid artificial stresses the lateral lattice pa-
rameter was adjusted to the theoretical bulk value calculated
using similar approximations to those utilized in the slab
calculations, i.e., the same basis set and grid cutoff, and a
consistent k sampling. The values are, respectively, 5.48 and
5.42 Å with double-� �DZ� and double-� polarized �DZP�
bases, to be compared with the experimental value of
5.43 Å.

Due to the large number of atoms ��70 atoms for typical
slabs and up to 273 for the largest ones� and to the need to
perform geometrical optimizations for many different struc-

tural models, we have decided to use a DZ basis set for
silicon in most of our calculations. This basis set includes
two different functions �i.e., two different radial shapes� to
represent the 3s orbitals of Si, and another two for the 3p
shell. We have tested the performance of this basis set and
the other parameters of our calculations using the well-
known Si�111�2�2 adatom reconstruction as a test. Our re-
sults using a DZ basis and a slab containing three bilayers
reproduced very well the results for the geometry and ener-
getics given by previous calculations.51 In fact, using a more
complete DZP basis set, which includes a shell of d orbitals,
or increasing the thickness of the slab �up to five bilayers�
did not change appreciably the results.

A scalar-relativistic pseudopotential similar to that uti-
lized in Ref. 52 has been used for gold. The gold basis set
included double and polarized 6s orbitals �i.e., two different
radial shapes to describe the 6s orbital plus a 6p shell� and a
single 5d shell. We refer to this basis set as DZPs-SZd. This
basis set was already used in calculations for several gold
clusters, where it was shown to lead to results in very good
agreement with more complete basis sets.53 We have also
tested that this basis set and pseudopotential yield to the
correct bulk lattice parameter and band structure.

In this work we study the relaxed structures and the ener-
getics of several models of the Si�111�-�5�2�-Au surface
reconstruction. The energy differences between different
models are of key importance since we would like to deter-
mine the most plausible structures. Whenever it is necessary
to compare the energies of structures containing different
numbers of silicon atoms, the silicon chemical potential is
set to the total energy of bulk silicon at the equilibrium lat-
tice parameter. This choice is justified by the fact that the
surface should be in equilibrium with the bulk. A summary
of our results can be found in Table I. One can see that the
relative energies are quite small in some cases. However,
they are larger than the estimated error bar for the total en-
ergy �see above�. Furthermore, the relative energies usually
exhibit a faster convergence than the total energy of a single
structure. It is also necessary to check the convergence of the
results as a function of the slab thickness and the complete-
ness of the basis set. Table II shows the results of these tests
for the most stable structures. In one case, the slab thickness
was increased by one silicon bilayer while, in the other, a
DZP basis set was used for the silicon atoms. In both cases
the systems were relaxed. The results are quite stable against
the change of the slab thickness. In particular, the energy
order of the structures is not changed and the variation of the
relative surface energies is smaller than �0.5 meV/Å2 in all
the cases. The variations with the size of the basis set are
somewhat larger. From the results in Table II we can estimate
an error bar smaller than 2 meV/Å2 for the relative surface
energies of the different structures calculated using SIESTA.

In order to check the accuracy of our predictions we de-
cided to perform calculations for some of the systems with
another electronic structure code that utilizes a different
methodology. We used the VASP code42,43 for this purpose.
We used projected-augmented-wave potentials and a well
converged plane-wave basis set with a cutoff of 312 eV. All
structures were relaxed �the equilibrium lattice parameter of
bulk silicon obtained with VASP is 5.41 Å�. In Table II we

FIG. 1. �Color online� Schematic view of a typical slab used in
our calculations. It shows the model proposed by Marks and Plass
�MP+� �Ref. 32� for the Si�111�-�5�2�-Au surface reconstruction.
Large circles in the surface layer represent the gold atoms. The
bottom surface of the slab is saturated with hydrogen atoms. �a�
Side view and �b� top view with some of the silicon atoms in the
surface and the two gold chain labeled �see the text�.
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can see some of the results obtained with VASP. They are in
good agreement with the SIESTA results, especially with those
obtained with the more complete DZP basis set. The order
between our more stable models is preserved, although the
energy difference is somewhat decreased. In particular, the
structural model found in the present work �model N in
Tables I and II� is confirmed to be the most stable surface
reconstruction between those studied here. It is also interest-
ing to note that the energy associated with the addition and
removal of adatoms for a particular structural model seems
to be quite independent of the details of the calculation.

The surface BZs of the studied systems are shown in Fig.
2�a�. For the 5�1 system the BZ is a stretched hexagon
while, for the remaining periodicities, the hexagons are dis-
torted. We plot the electronic band structures of the different

models along the �-ZB�2−ZB�1−ZB�2−� M-� line �see the dot-
ted line in Fig. 2�b��. The �-M path runs parallel to the gold
wires in the surface, crossing the 5�2 BZ through three
different regions. The M-� line is perpendicular to gold
wires. The surface on bulk and main atomic character of the
different bands is identified by means of a Mulliken popula-
tion analysis.54

Although a DZ basis is usually sufficient to obtain a quite
good description of the occupied electronic states and the
relaxed geometries in silicon systems, the use of a more
complete basis set is necessary to describe the unoccupied
part of the band structure even at low energies. For this rea-

TABLE I. Summary of the structural models studied here for the Si�111�-�5�2�-Au reconstruction and their relative surface energies
��Esurf�. Those structures containing adatoms have one silicon adatom per 5�2 cell, i.e., the concentration of adatoms is maximum.
Superscript � indicates the presence of “conventional” adatoms saturating silicon dangling bonds in the surface. Labels H3 and T4 refer,
respectively, to adatoms occupying hollow and top sites �Ref. 59�. The presence of adatoms located on top of the Au wires is indicated by
a � superscript. The data in this table have been calculated using the SIESTA code with a DZ basis for silicon and DZPs-SZd basis for gold.
The slabs contained two silicon bilayers below the surface layer �see Fig. 1�a��. All energies are referred to that of the structure recently
proposed by Erwin in Ref. 33.

Model Description �Esurf �meV/Å2�

MP+ Marks and Plass model after a constrained relaxation +46.8

RMP+ Fully relaxed MP+ structure +5.4

RMP Relaxed MP+ structure without adatoms +8.3

E�5�1� Erwin 5�1 +4.8

E�5�1�� E�5�1� with adatoms on the Au wires +6.5

E�5�2� Erwin 5�2 +1.4

E�5�2�� E�5�2� with adatoms on the Au wires 0.0

N Present model −3.3

N+ N with silicon adatoms in H3 positions −0.6

N+� N with silicon adatoms in T4 positions +1.2

N� N with adatoms on the Au wires +2.4

TABLE II. Convergence of the relative surface energies ��Esurf�
of the most stable structural models with respect to the basis set and
the thickness of the slabs used in the calculations. The first column
shows the data obtained with the SIESTA code using a DZ basis for
silicon and three silicon bilayers below the surface to construct the
slab. In the second column a slab with only two underlying silicon
bilayers was used. The third and four columns are obtained using
the thinnest slab and, respectively, a DZP basis set for silicon and
the VASP plane-wave code.

Model

�Esurf �meV/Å2�

SIESTA VASP

DZ-3 blys DZ-2 blys DZP-2 blys 2 blys

E�5�2� +1.3 +1.4 +1.6 +1.4

E�5�2�� 0.0 0.0 0.0 0.0

N −3.4 −3.3 −2.5 −1.3

N+ −1.0 −0.6 +0.9 +1.5

FIG. 2. �a� Comparison of the bidimensional Brillouin zones
corresponding to �5�1�, �5�2�, and �5�4� supercells on the
Si�111� surface. �b� Schematic view of the path �dotted lines� used
to plot the band structures in this work ��-ZB�2-ZB�1-ZB�2� -
M-��. Its relation to the �5�1� and �dashed lines� and �5�2� �solid
lines� Brillouin zones is indicated, and some special points are
defined.
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son all the band structures shown in the paper are calculated
using a DZP basis set and slabs containing three underlying
silicon bilayers �even if the relaxed geometry is obtained
from a calculation using a DZ basis and/or a thinner slab�.

Finally, the scanning tunneling microscopy images are
simulated using the theory of Tersoff and Hamann.55

III. RESULTS

In this section we present our results for the different
models of the Si�111�-�5�2�-Au surface. We first focus on
the energetics, relaxed geometries, and electronic band struc-
tures. We then turn our attention to the effect of the different
silicon adatom content and the simulated STM images,
which we only analyze in detail for the most stable structural
models. A summary of the relative energies of the calculated
configurations, accompanied with a brief description of each
of them, can be found in Table I.

Before starting with the description of the results, it is
interesting to point out some brief comments about the con-
centration of silicon adatoms on the Si�111�-�5�2�-Au sur-
face. A detailed study of the equilibrium situation has re-
cently been performed by Kirakosian et al.36,56 using STM.
Their results indicate that, at equilibrium, only one adatom
site is occupied out of every four possible sites, correspond-
ing to a 5�8 adatom periodicity �if all the adatom sites were
occupied we would recover a perfect 5�2 periodicity�. The
analysis of the adatom-adatom correlation functions obtained
from the STM images reveals a strong suppression of those
configurations with small adatom-adatom distances, a clear
maximum corresponding to 5�4 periodicities, and a long-
range oscillatory tail.56 This was interpreted in terms of a
short-range repulsion between adatoms plus a long-range in-
teraction term. In Ref. 36, Kirakosian and collaborators
showed that the density of adatoms can be increased by de-
positing additional amounts of silicon reaching an almost
perfect 5�4 arrangement of the silicon adatoms. Further
deposition of silicon does not create a stable 5�2 adatom
structure. Instead the extra silicon atoms decorate the step
edge of the terraces on the surface. These observations seem
to have at least two implications: �i� the optimal adatom
concentration must be certainly lower than one adatom per
5�2 cell and �ii� the structure of the reconstruction must be
stable against relatively large changes of the content of
adatoms62 since the density of silicon adatoms can be in-
creased by a factor of 2 without, at least apparently, dramatic
structural changes.36

A systematic study of the energetics of the surface as a
function of the adatom concentration by means of first-
principles electronic structure calculations is quite compli-
cated. This is for two main reasons. First, the energies in-
volved are rather small, which implies the need of very well-
converged calculations. A more serious limitation, however,
is the necessity to use large supercells consistent with the
low adatom densities. For this reason we have concentrated
most efforts in the two limiting cases, involving, respec-
tively, 0 and 1 adatoms per 5�2 cell. The intermediate con-
centrations usually require drastic approximations. For ex-
ample, Erwin33 assumed that the main effect of the adatoms

in the Si�111�-�5�2�-Au surface is to dope the gold chains
with electrons and studied the energetics of the system as a
function of this doping. Here we go a step beyond and
present explicit calculations for adatom contents down to
1/4 adatom per 5�2 cell, consistent with a 5�8 periodicity,
which indeed can be reached in experimental conditions.36

Due to the large size of these systems we limit this study to
our two most stable models, and only use the smaller DZ
basis set.

A. Marks and plass model

We start our investigation of the structure of the Si�111�
-�5�2�-Au surface using the model proposed by Marks and
Plass32 from experimental data obtained with heavy-atom
holography and high-resolution electron microscopy. We use
the label MP+ for this structure �see Table I�. The � super-
script indicates that the structure contains silicon adatoms
saturating some of the silicon dangling bonds in the struc-
ture, which we call “conventional” silicon adatoms. A sche-
matic view of this structure, as proposed in Ref. 32, can be
found in Fig. 1. It has to be taken into account that, due to
the limitations of the experimental techniques, there are sev-
eral uncertainties and assumptions in this structure. Only the
atomic coordinates within the surface plane are accurate. The
heights of the atoms over the substrate are only approxi-
mately resolved. The experimental beam error in combina-
tion with the size and complexity of the structure also limits
the sensitivity to possible subsurface relaxations. As a con-
sequence, the experimentally proposed structure only consid-
ers the reconstruction of the outermost bilayer and contains
limited information about the registry between this surface
bilayer and the underlying material. It is necessary to elimi-
nate these uncertainties before one can undertake any serious
study of the electronic structure of the MP+ model. In order
to do this while preserving all the information originally
present in the MP+ proposal, we started our study by per-
forming constrained relaxations of the structure. The struc-
ture in Fig. 1 was relaxed using following degrees of free-
dom: �i� the height of the different layers and �ii� the lateral
position of the surface layers with respect to the underlying
bulk slab. The grouping of the atoms in different layers given
in Ref. 32 only implies approximately equal z coordinates
�the z axis is taken here along the surface normal�. For this
reason, in a second step, the atoms were allowed to relax in
the z direction while keeping their coordinates within the xy
plane. The resulting geometry preserves the bonding pattern
of the original MP+ proposal, and provides a reasonable ini-
tial guess to start our search of the most stable models by
performing full structural optimizations.

We now consider in detail some of the structural patterns
appearing in the MP+ model of the surface. For this analysis
we find useful the comparison with the Si�557�-Au surface, a
closely related reconstruction that has been quite well char-
acterized during recent years.6–10,12 The stepped Si�557�-Au
surface is formed after the deposition of �0.2 monolayers of
gold on vicinal �111�, with the misorientation chosen along

the �1̄ 1̄2� direction. The size and orientation of the terraces
of Si�557�-Au represent an analog to the flat 5�2 unit cell

FIRST-PRINCIPLES STUDY OF THE ATOMIC AND… PHYSICAL REVIEW B 71, 235423 �2005�

235423-5



but including a single silicon step.27 With half the gold cov-
erage of the Si�111�-�5�2�-Au surface, the terraces of
Si�557�-Au contain only one Au wire running parallel to the
step edges. Gold atoms occupy silicon substitutional posi-
tions in the surface layer. This is supported both by recent
x-ray diffraction data.12 and density functional calculations
performed using a methodology similar to the one utilized
here,8 which provide a consistent structural model of the sur-
face. In particular, the highest stability of the silicon substi-
tutional sites for gold has been unambiguously demonstrated
by the ab initio calculations. For example, the substitutional
site was determined to be at least 1 eV/Au more stable than
adatomlike positions, where gold sits on the surface saturat-
ing one of the silicon dangling bonds, or even �0.5 eV/Au
more favorable than the adsorption decorating the step
edges.8 It seems, therefore, that the Au atoms on the
Si�557�-Au surface exhibit a strong tendency toward three-
fold silicon coordination. Gold atoms adapt to this situation
without much strain, with typical SiuAu distances only a
few percent larger than the bulk silicon bond length.

In the light of these observations the bonding pattern of
some of the gold atoms in the MP+ model �Fig. 1� seems
quite peculiar. In particular, the gold atoms in the chain situ-
ated at the left side of the “gold trench” �marked with an L in
Fig. 1� present a fourfold coordination. They are connected
to three silicon atoms within the surface layer and, addition-
ally, to the silicon atom immediately below. Furthermore, the
Si atoms neighboring to the mentioned gold atoms �see at-
oms a and a� in Fig. 1� present an unsaturated dangling bond
which might be avoided with a slight structural change.

It is interesting to note that the tendency of the gold atoms
to occupy silicon substitutional positions in the topmost layer
cannot help to completely rationalize the structure. A three-
fold bonding pattern of the gold atoms is inherently frus-
trated by the presence of a surface dislocation. In the MP+

model this dislocation is located at the position of the right-
hand gold wire �marked with R in Fig. 1�. Due to the change
of the bonding sequence there are not three unpaired silicon
electrons available for each of these Au atoms, but rather
two. Therefore, they do not occupy a normal threefold posi-
tion and are quite likely to be displaced from the initial sym-
metric positions after relaxation. It should be noted that, in
principle, the surface dislocation can be moved to different
locations. In fact, we will see below that this provides a
simple route to generate alternative structural models of the
surface.

The comparison between the structure of the Si�557�-Au
reconstruction8,12 and the MP+ model of Fig. 1 raises another
interesting point. In the case of the Si�557�-Au surface the
silicon atoms in the proximity of the step edge suffer a con-
siderable rebonding. They form a characteristic silicon struc-
ture which has been identified with the so-called honeycomb
chain �HC� by several authors.5,8 The presence of the silicon
HC seems instrumental to understand the stability of the
Si�557�-Au and related reconstructions �see, for example,
Ref. 5�. The silicon HC was initially proposed by Erwin and
Weitering38 as the main building block of the �3�1� recon-
struction induced on Si�111� by the deposition of metals like
Ag, Li, Na, K, Mg, or Ba. The HC structure represents a
large disturbance from the usual bonding pattern of silicon.

The stability of the silicon HC stems fundamentally from the
formation of a double bond between two threefold coordi-
nated silicon atoms on the surface.38 In the case of the
3�1 reconstruction a further stabilization mechanism comes
from the fact that, after the transfer of the valence electrons
from the metal atoms, the HC structure becomes electroni-
cally a closed shell.63 It seems somewhat surprising that the
silicon HC structure, common to the 3�1 and Si�557�-Au
metal induced reconstructions is absent from the MP+ model
of the Si�111�-Au-�5�2� surface. Indeed the MP+ model
seems to be based on an almost unreconstructed Si�111� sur-
face with a row of adatoms on top, and the clearer distur-
bance from this bonding pattern being the presence of a sur-
face dislocation.

We now proceed further with the structural relaxations of
the MP+ system. It is instructive to focus first on an optimi-
zation where only the silicon degrees of freedom are taken
into account. The gold atoms are constrained to remain at
their initial coordinates. Due to the more directional bonding
of silicon we can expect the structural changes to be simpler
to analyze and somewhat less dependent on the particular
choice of the initial guess in this case. Besides, as a stronger
scatterer, we can assume that the gold positions to be better
resolved in the experiment. The resulting geometry is plotted
in Fig. 3�a�. We observe two main effects. On the one hand,
the HC configuration clearly emerges. One of the driving
forces behind this rebonding is the movement forward of a
and a� atoms in order to form an additional covalent bond
with the silicon atoms in the underlying layer. The double-
bonded “dimers” of the HC structure are formed by atoms b
and c. This questions the location of the adatoms in the sur-
face since, in principle, the dangling bond associated with
atom b� could disappear with the formation of a silicon
double bond. We can observe the disturbing effect of the
adatom on the HC structure. The appearance of the HC
bonding pattern during the relaxation of the MP+ structure
confirms the results of recent density functional calculations
by Kang and Lee,37 who also made a geometrical optimiza-
tion of the MP+ model. The electronic bands calculated for
this structure �not shown here� are also in quite good agree-
ment with those presented by these authors in Ref. 37. Figure
3�a� also shows clearly what could be classified as a “stack-
ing fault” in the structure �bonds of atoms d and e coincide
with those in the underlying silicon layer�. This stacking
fault, which probably is energetically unfavorable, can be
easily avoided by moving the position of the surface dislo-
cation from the right hand to the left hand of the gold trench.
Alternatively we can visualize this change �at least approxi-
mately� as a 180° rotation of the surface layer with respect to
the underlying silicon structure. This transformation gives
one of the structures discussed in the next section, which
incidentally is almost identical to the 5�1 structure pro-
posed recently by Erwin in Ref. 33.

When the relaxation of the MP+ system is continued with-
out any constraints, the monatomic gold wires are strongly
distorted as can be seen in Fig. 3�b�. This distortion was not
observed in the density functional calculations of Kang and
Lee.37 The reasons for this discrepancy are not completely
clear at the moment. The break of the monatomic gold wires
seems to be related with the presence of adatoms. If they are
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eliminated from the structure the gold atoms remain in two
well-separated parallel wires. Additionally, the strain intro-
duced by the adatoms in the structure, results in the weaken-
ing of some SiuSi bonds in the surface layer �see the in-
creased distance between atoms f and g�. In spite of these
strong structural distortions, the presence of adatoms in the
structure is still energetically favorable as can be seen in
Table I. These structural distortions are reflected in the band
structure: following the nomenclature used in Ref. 37, the
band S1 is shifted to higher energies with respect to the S2
and a gap of �0.3 eV is opened with respect to the con-
strained case.

In summary, our results suggest that neither the silicon
structure nor the positions of the gold atom in the structure
proposed by Marks and Plass32 are stable. Furthermore, in
agreement with the general conclusions of Ref. 37, neither
the STM images nor the band structure of the fully relaxed or
the constrained relaxed MP+ model seem to be in agreement
with the experimental information.

B. The Erwin models

As discussed in the previous section, the MP model of the
Si�111�-�5�2�-Au surface reconstruction is characterized by

the presence of a surface dislocation between one of gold
wires and the neighboring silicon atoms. Other locations are
possible for the surface dislocation. In particular, it can be
translated to the other gold wire, this can also be assimilated
to a rotation of the surface bilayer with respect to the under-
lying bulk silicon. This eliminates the “stacking fault” noted
in the previous section, and produces a different structural
model. This structure is very similar to the 5�1 model re-
cently proposed by Erwin,33 and we refer to it as E�5�1�. In
Table I we can see that the E�5�1� model without silicon
adatoms is slightly more stable than the relaxed MP struc-
ture. Figure 4�a� shows the relaxed structure of the
E�5�1� model. The left �L� gold wire, where the surface
dislocation is located, suffers a considerable dimerization,
which is much smaller for the right �R� wire. The alternating
AuuAu distances as obtained with VASP are 4.06 and
3.59 Å for the L wire, and 3.82 and 3.83 Å for the R wire.
The geometries obtained with SIESTA are very similar, espe-
cially those obtained with the more complete DZP basis set.
Hereafter we name “SiAu complex” the structure formed by
the two gold wires and the central silicon atom connecting

FIG. 3. �Color online� �a� MP+ after the optimization of the
position of the silicon atoms in the structure. The gold atoms are
kept in the positions obtained after the initial contrained relaxation
of the experimental coordinates. The silicon honeycomb chain
structure has been highlighted. �b� The same structure after full
relaxation �RMP+�. See the text for the labels of the different atoms.

FIG. 4. �Color online� �a� Relaxed geometry of the E�5�1�
model with zero adatom coverage and �b� the corresponding band
structure. Solid symbols indicate those bands with larger weights in
the atoms of the SiAu complex. The energies are referred to the
Fermi level.
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them. The silicon structure in between two of such SiAu
complexes is quite flat and resembles what could be de-
scribed as a double honeycomb chain �DHC� silicon
structure.33 The band structure along the direction parallel to
the gold wires is shown in Fig. 4�b�. It shows several surface
bands and has a metallic character. Those surface bands
mainly associated with the SiAu complex has been high-
lighted using solid symbols. Most of these bands are occu-
pied and appear in the gap region. The unoccupied surface
bands appearing in the gap are mainly associated with the
silicon DHC. The most prominent feature is a dispersive
band associated with the weakly dimerized �right� gold wire
and the central silicon atom in the SiAu complex. This band
is, in principle, metallic and close to half occupied. Although
small gaps are opened associated with the crossings with
other bands and slight geometrical distortions, it can be eas-
ily followed in Fig. 4�b� extending from �1.3 eV below to
�2.3 eV above EF. A similar band, with a similar origin,
also dominates the band structure of the Si�557�-Au
surface.7,8 This band comes mainly from the sp3 lobes of the
central silicon atom in the SiAu complex. There is also a
strong hybridization with the 6p states of the gold atoms in
the R wire. For this reason, they are better assigned to the
SiuAu bonds connecting the central silicon with the R gold
wire. Its large dispersion is due to the large overlap between
these SiuAu bonds along the wire. The metallicity stems
from the inability of gold �each gold atom only provides one
valence electron� to saturate the bonds with all its silicon
neighbors.7 The other states in the SiAu complex give rise to
relatively flat surface bands associated either with weakly
overlapping silicon states or with the gold dimers.

In Ref. 33 it was also proposed that, under certain condi-
tions, it could be energetically favorable to remove some of
the overcoordinated silicon atoms in the neighborhood of the
surface dislocation. Our relaxed structure for this model
�hereafter E�5�2�� is shown in Fig. 5. In this case both gold
wires present an appreciable dimerization with alternating
AuuAu distances of 4.37 and 3.35 Å for the left gold wire,
and 4.16 and 3.49 Å for the right wire. Our SIESTA calcula-
tions with the smaller DZ basis set predict the E�5�2�
model to be more stable, by at least 3.4 meV/Å2, than both
the E�5�1� model and the different variants of the MP

model �see Table I�. However, the difference between the
E�5�1� and E�5�2� models is reduced with the use of
more complete basis set. In particular, our plane-wave calcu-
lations predict both models to be degenerate within
0.1 meV/Å2 �the E�5�1� slightly more stable�. This agrees
with the results of Ref. 33 where the E�5�1� model is pre-
dicted to be more stable than the E�5�2� variant by less
than 1 meV/Å2, and only after the addition of silicon ada-
toms the E�5�2� structure becomes favorable.

The band structure of E�5�2� with zero adatom coverage
is plotted in Fig. 6. The band structure along the wires is in
good agreement with that reported in Ref. 33 for this struc-
ture. Again, the surface bands close to the Fermi energy
come mainly from the SiAu complex. As in the case of the
E�5�1� model, the band structure is metallic. This is in
disagreement with one of the latest and more detailed
ARPES experiments which suggests that the Si�111�-Au-
�5�2� surface is a semiconductor with a band gap of at least

FIG. 5. �Color online� Relaxed geometry for the E�5�2�
model.

FIG. 6. Band structure of the E�5�2� model with zero adatom
coverage parallel ��-ZB�2-ZB�1-ZB�2� in �a�� and perpendicular to
the gold wires ��-M path in �a� and panels �b� and �c��. Surface
bands with the larger contributions coming from the atoms in the
SiAu complex are indicated by filled circles. The energies are re-
ferred to the Fermi level.
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0.2 eV.29 However, the metallic versus semiconducting char-
acter of this surface is still a matter of controversy. For ex-
ample, the recent ARPES study by Himpsel and collabora-
tors finds several metallic bands.30 In fact, this reference and
the scanning tunneling spectroscopy data of Ref. 34 indicate
that the surface could be composed of alternate metallic and
semiconducting regions along the gold wires. Our calculated
band structure for the E�5�2� model is very close to being
semiconducting. Just by shifting the S1 band to higher ener-
gies by a few tenths of eV we could obtain a semiconducting
surface. This might indicate that the metallic behavior is sim-
ply related to the limitations inherent to the local density
approximation used here and the very simplified assumption
that the monoelectronic eigenvalues can be directly identified
with the photoemission peaks. In spite of its metallicity, sev-
eral characteristics of the photoemission spectra are recov-
ered by the band structure in Fig. 6. The most prominent
band observed experimentally starts at the boundary of the
5�2 zone �ZB�2� dispersing downward until it reaches a
minimum at the boundary of the 5�1 zone �ZB�1�.27–30 This
band appears at binding energies between �0.2 and
�1.3 eV. Following Erwin,33 we can try to identify this band
with our S2 band, whose maximum appears close to EF in the
neighborhood of ZB�2. However, it becomes difficult to fol-
low the dispersion of this surface band as we move to higher
binding energies for two reasons: �i� the band enters the re-
gion of the projected bulk bands, becoming a surface reso-
nance and �ii� other surface bands coming from the same
region of the surface appear in the energy interval between
−0.5 and −1.2 eV. This last point is widely consistent with
the experimental data in Ref. 29, where three additional
bands are identified for binding energies larger than 0.5 eV.

Losio and collaborators28 reported an interesting effect, a
continuous dimensionality transition of the main surface
band. The character changes from strongly one dimensional
at the band maximum �i.e., only dispersing in the direction
parallel to the gold wires� to two dimensional at its minimum
�i.e., with a non-negligible dispersion also in the perpendicu-
lar direction�. The strong one-dimensional character of the
surface states close to EF has also been confirmed in the most
recent ARPES measurements.29,30 The dispersions in the di-
rection perpendicular to the wires can be found in Figs. 6�b�
and 6�c�. The bandwidths are rather small for most surface
bands. An effect similar to the reported dimensionality tran-
sition can be seen in the case of the S1 band. It is tempting to
assign the experimentally observed effect to the S2 band �see
the different dispersion of bands S2 in panel �b� and S� in
panel �c��. However, as commented above it is not so simple
to follow the S2 band as it disperses downward. In fact, we
can locate what seems to be an avoided crossing between the
S2 and the S3 bands halfway along the ZB�2−ZB�1 path in
Fig. 6�a�. Therefore, we think that the S� band in panel �c� is
rather related to the S3 band than to the S2 band, and the
dimensionality change would be absent from our results.
Also the energy position of the band S� ��0.5 eV� is quite
far from the �−1.3 eV found experimentally for the band
minimum. Therefore, in contrast to Erwin33 we conclude that
our calculated band structure for the E�5�2� model does not
provide a direct explanation to the observation by Losio et
al.

Similarly to the surface bands of the E�5�1� model, the
S1, S2 bands in Fig. 6�a� have the largest weight in the central
Si atom in the SiAu complex. The S1 band can be associated
with SiuAu bonds connecting the central Si with the left
gold wire. These SiuAu bonds have a small overlap and
this is translated into a quite flat band. The two dispersive S2
and S3 bands have stronger weights in the other SiuAu
bonds, which have a larger overlap and, therefore, present a
stronger dispersion.

We now explore the role of the silicon adatoms in these
structures. We first studied the stability of the adatoms in the
E�5�1� model when they are located over the silicon part of
the surface reconstruction, i.e., on sites equivalent to those
occupied by the adatoms in the original MP proposal. It is
interesting to note that the role of the silicon adatoms in such
positions is indeed not very clear. The stability of the ada-
toms in typical silicon reconstructions stems from the fact
that each adatom can saturate three dangling bonds in the
surface at the expense of creating just an additional dangling
bond. The energy gained in this process usually overcomes
the strain energy caused by the addition of the adatoms.
However, the E�5�1� model in Fig. 4�a� does not have sili-
con dangling bonds. The appearance of unsaturated dangling
bonds is avoided by the formation of the double-bonded sili-
con dimers that characterize the HC configuration. In fact,
the only metallic band in this model comes from the SiAu
complex as explained above. In accordance with these obser-
vations, we found it extremely difficult to reach a stable con-
figuration, i.e., with all the components of the forces below
our threshold, for the silicon adatoms over the silicon sites of
the E�5�1� model. Finally, after several hundreds of opti-
mization steps this model spontaneously relaxed into a dif-
ferent structure. This structure, labeled N+ in Table I, belongs
to a family of structural models for the Si�111�-Au-�5�2�
surface described in more detail in the next section.

In the light of the previous comments, a more stable ad-
sorption site for the silicon adatoms would be on top of the
SiAu complex. This has been previously proposed by
Erwin,33 and is confirmed by our calculations. Table I shows
the changes in surface energy after the addition of one silicon
adatom per 5�2 unit cell. The behavior is opposite for the
E�5�1� and E�5�2� models, with the addition being ener-
getically favorable for the latter model. The E�5�1� remains
metallic after the addition of the adatom, and the dispersive
band associated with the SiAu complex remains quite un-
changed. The situation with the E�5�2� model is different.
In agreement with the results in Ref. 33 we find that the band
structure becomes semiconducting after the addition of the
adatoms. The corresponding atomic and electronic structure
can be found in Figs. 7�a� and 7�b�, respectively. The sur-
faces bands with a larger contribution from the atoms in the
SiAu complex has been highlighted using solid symbols. It
has been impossible to identify a band that can be solely
assigned to the adatoms. We can see that the band structure
of the E�5�2� suffers major modifications after the addition
of adatoms, at least for the large concentrations considered
here. Besides the fact that the structure becomes semicon-
ducting, the agreement with the detailed photoemission ex-
periments of Refs. 29 and 30 seems to be somewhat de-
graded.
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C. Present structural model

In this section we present a structural model for the
Si�111�-�5�2�-Au surface reconstruction that has been
found during our investigation. Our slab spontaneously re-
laxed to this structure while trying to optimize a modified
version of the E�5�1� model commented in the previous
section. The structure can be found in Fig. 8, and will be
referred to here as model N. Table I shows that the energy of
this model compares favorably with those of the other struc-
tures proposed to date. In fact, within our calculational
scheme it is the most favorable structure. The difference
from the second most stable model without adatoms, the
E�5�2�, is 4.7 meV/Å2. This difference is reduced to
4.1 meV/Å2 when using a more complete DZP basis set as
shown in Table II. These energy differences are quite small,
so further studies have been performed in order to derive
more definitive conclusions. First, we have repeated our cal-
culations using the Perdew-Burke-Ernzerhof57 GGA ex-
change and correlation functional instead of the LDA. The
structure continues to be more stable by 3.6 and 5.1 meV/Å2

using, respectively, a DZ and a DZP basis set. As a second
step, the energy ordering between the N and the E�5�2�
structures has been confirmed using VASP and slabs contain-
ing three and four silicon double layers. Our model is more
stable than the E�5�2� by at least 2.6 meV/Å2. These re-
sults convincingly establish, at least within the framework of
density functional calculations, the larger stability of our
structural model compared to previous proposals in the limit
of negligible adatom coverage.

Given the small energy differences between both models
it may be interesting to estimate the effect of the vibrational
degrees of freedom in the surface free energy ��T�. The
vibrational contribution can affect the energy ordering even
at zero temperature due to the zero-point energy, and its
importance grows with temperature. Unfortunately, an accu-
rate estimation of the vibrational surface free energy
�vib�T� is a formidable task that would require the detailed
calculation of the dynamical properties �phonon band struc-
ture� of the different surface models. This is a computation-
ally very demanding calculation that is beyond the scope
of the present paper. We can obtain a rough estimation of the
vibrational contribution to the difference of the surface free
energies between the different structures ���T� following
Ref. 58. We have ���T�=�Esurf +��vib�T�, where ��vib�T�
� 3 NSi

E�5�2� �F �T , �surf
E�5�2�� − F �T , �bulk� � - 3 NSi

N � F �T , �surf
N �

−F �T , �bulk� � +3NAu�F �T ,�Au
E�5�2��−F�T ,�Au

N ��. Here �Esurf

is given in Table I and is independent of the temperature T;
NSi

E�5�2� and NSi
N are the number of silicon atoms per unit cell

in both surface structures, and NAu the number of gold at-
oms; F�T ,��, given in the Appendix of Ref. 58, is the free
energy of a given vibrational mode �; the frequencies �surf

N ,
�surf

E�5�2�, and �bulk characterize the average vibrational prop-
erties of the silicon atoms in both surface structures and in
bulk silicon, while �Au

E�5�2� and �Au
N are those of the gold

atoms in both surfaces. We take for �bulk values in the range
of 50–70 meV, and �surf ranging from 0.5 to 1.5 the �bulk

value. Within these range of parameters, if �surf
N and �surf

E�5�2�

differ less than �10%, then ��vib�T� stays within
�±2 meV/Å2 for temperatures up to 300 K. If the vibra-
tional properties of both surface models differ more signifi-

FIG. 7. �Color online� �a� Relaxed geometry of the E�5�2��

model �containing one adatom per 5�2 unit cell� and �b� the cor-
responding band structure. Surface bands with a larger weight in the
atoms of the SiAu complex are marked with filled circles. The
energies are referred to the Fermi level.

FIG. 8. �Color online� Present structural model for the
Si�111�-�5�2�-Au reconstruction. This is the most stable configu-
ration of the surface according to our calculations �see Table I�.
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cantly, then ��vib�T� can affect the relative order of the struc-
tures at much lower temperatures. However, we should not
expect strong differences in the average vibrational frequen-
cies of the E�5�2� and N models. Both models present very
similar bonding patterns and structures. It is interesting to
notice that ��vib�T� is nonzero even if the vibrational prop-
erties of both structures are identical, i.e., �surf

E�5�2�=�surf
N

=�surf and �Au
E�5�2�=�Au

N . This reflects the different
numbers of silicon atoms in the unit cell of the two surface
reconstructions. In this case we have ��vib�T�
�3�NSi

E�5�2�−NSi
N ��F�T ,�surf�−F�T ,�bulk��. Using the same

parameters as above we obtain ��vib�T� within
±1.5 meV/Å2 up to �1000 K. Thus we can conclude that
the energy ordering obtained in the present total energy cal-
culations is not altered by the vibrational contribution to the
free energy up to, at least, room temperature.

In our structure the gold wires along the �1̄10� direction
present a dimerization comparable to the E�5�2� structure.
The alternating AuuAu distances are 3.24 and 4.40 Å �3.19
and 4.45 Å� along the right �left� wires. The distance be-

tween nearest-neighbor Au wires along the �112̄� direction is
smaller in the N structure �3 Å� than in the E�5�2� structure
�3.8 Å�. The later value is in better agreement with the
�3.9 Å deduced from the HREM studies of the surface.32

Similarly to the E�5�1� structure, most of the surface of
the N model is covered with a silicon double honeycomb
chain structure.33 One of the silicon atoms in the DHC ap-
pears at a higher position over the surface. This indicates that
this atom has a charged dangling bond and, therefore, is try-
ing to develop a sp3 hybridization. This atom is expected to
be more visible in the STM images and to provide a prefer-
ential site for adsorption on the surface, in particular for
possible silicon adatoms. The boundaries between the DHC
stripes are occupied by the SiAu complex, in which a central
silicon atom appears bonded with three gold dimers.

The band structure of our structure is plotted in Fig. 9.
The general features are in good agreement with the most
recent ARPES studies,29,30 although some of the details are
different. The most dispersive and prominent surface bands
are quite similar to those found for the E�5�2� model. The
surface is predicted to be semiconducting, which agrees with
the results of Ref. 29. The bands named S1 and S2 by Mat-
suda et al.29 can be easily identified in our calculation, and
we use the same notation. Other less dispersive surface bands
are also observed in our calculated band structure. These can
be tentatively identified with those labeled S3 and S4 by Mat-
suda et al. However, the S3 band appears shifted to lower
binding energies by a few tenths of eV. We can relate this
upward energy shift to the use of the LDA in our calcula-
tions, which is likely to be less suited to describe more lo-
calized �less dispersive� states. Besides this energy shift, the
sole major discrepancy with the experimental band structure
in Ref. 29 is the absence of the S3� band. However, this band
is not so clearly resolved in the experiments as the others.

Different symbols are used in Fig. 9 according to the main
atomic character of the bands. S1 and S2 come from the
SiuAu bonds in the surface �solid symbols�. This is com-
mon to most of the models studied in this paper: the most

dispersive surface bands always originate in the SiuAu
bonds, with the main character corresponding to the 3p states
of the central Si atom, and a strong hybridization with the 6p
states of the neighboring Au atoms. The flat S3 band corre-
sponds to the silicon dangling bonds in the middle of the
DHC structure �open triangles�. The also quite flat S4 band is
mainly associated with the bonds between the gold atoms
and the silicon atoms in the border of the DHC structure
�open squares�. We find several unoccupied surface bands
whose atomic character is difficult to determine. One of these
bands is located at energies very close to EF, particularly
near the � point. The metallic or semiconducting character of
the surface is thus governed by the position of this band. This
situation is very similar to that already observed for the
E�5�2� model, although in this case the band reaches to

FIG. 9. Band structure corresponding to the N model with zero
adatom coverage parallel ��-ZB�2-ZB�1-ZB�2� path in �a�� and per-
pendicular to the gold wires ��-M path in �a� and panels �b� and
�c��. Surface bands are marked according to its main atomic char-
acter: filled circles indicate a strong contribution from the atoms in
the SiAu complex, open triangles from the silicon dangling bonds
in the middle of the double honeycomb chain, and open cubes from
those silicon atoms at the boundaries of the DHC stripes, neighbor-
ing to the gold wires. The energies are referred to the Fermi level.
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lower energies and becomes partially occupied driving the
system to metallic.

In agreement with experiment, most surface bands show a
strong 1D character in our structural model as can be seen in
Figs. 9�b� and 9�c�. This is particularly clear in panel �b�,
where most states are located within the bulk gap. In the
region displayed in panel �c� �at the zone boundary of the
5�1 Brillouin zone� the S2 and S1 bands merge with the
bulk bands, becoming surface resonances. It is no longer
possible to identify the S1 and S2 resonances with a single
band of our finite slab and, as a consequence, it is difficult to
follow the band dispersion of these spectral features in the
direction perpendicular to the gold wires. However, from the
data in panel �c� it is clear that the combined effect of the
possible dispersion plus the broadening of the resonances
extends over a range of �0.2 eV, much larger than its dis-
persion for energies closer to EF. This is broadly consistent
with the 1D to 2D transition reported in Ref. 28 for the most
prominent photoemission feature as the binding energy in-
creases.

We now explore the structure and energetics of the model
N under the addition of one silicon adatom per 5�2 unit
cell. We tried several different adsorption sites: directly on
the SiAu wire following the proposal by Erwin33 �referred to
as N��, and bonded to the prominent dangling bond in the
DHC structure occupying hollow H3 �N+� or top T4 �N+��
sites.59 As shown is Table I, this high coverage of adatoms is
energetically unfavorable in all cases by at least
2.7 meV/Å2. This is in contrast with the situation for the
E�5�2� model, where the addition of one silicon adatom per
unit cell is slightly favorable. In the N� structure �not shown�
the silicon adatoms tend to locate in a peculiar bridge posi-

tion between two gold dimers along the �1̄10� direction. The
structure of the N+ model is shown in Fig. 10�a�. The silicon
atoms bonded to the adatom adopt a typical silicon configu-
ration although, contrary to what is observed for the clean
Si�111� surface, the hollow site is preferred over the top
site.51

The band structure of the N+ surface is shown in Fig.
10�b�. It is very similar to that found for the model without
adatoms. S1 and S2 are largely unchanged, which clearly in-
dicates their origin in the SiAu complex. The flat S3 band
disappears from the gap region as a consequence of the satu-
ration of the dangling bond with the adatom. An unoccupied
band associated with the adatoms appears instead. This band
can be found around �0.6 eV above EF in Fig. 10�b�.

D. Adatom coverage

So far we have only considered the limiting cases with
zero or maximum adatom coverage, which correspond to a
number x of silicon adatoms per 5�2 unit cell equal, respec-
tively, to 0 and 1. However, the experimental evidence indi-
cates that the equilibrium concentration is x�1/4, corre-
sponding to one adatom per 5�8 supercell. Under silicon-
rich conditions the adatom coverage can be increased in the
experiment only up to x�1/2, consistent with a 5�4 peri-
odicity. We have performed explicit calculations for x=1/2,
1 /3, and 1/4 for our two most stable models of the recon-

struction in order to simulate these situations that can be
reached experimentally. Due to the very large supercells nec-
essary for these calculations �up to 273 atoms�, we have
performed them with the SIESTA code and restricted our-
selves to the use of a DZ basis set for silicon. The results of
the energetics as a function of the adatom content can be
found in Table III and in Fig. 11. The behavior is opposite for

FIG. 10. �Color online� �a� Optimized geometry of the N+ model
�containing one adatom per 5�2 unit cell� and �b� the correspond-
ing band structure. Surface bands with strong contributions from the
SiAu complex are indicated by filled circles, while the states asso-
ciated to the adatom are marked with open triangles. The energies
are referred to the Fermi level.

TABLE III. Relative surface energies ��Esurf� of the most stable
structural models as a function of x, the number of silicon adatoms
per 5�2 unit cell. The calculational parameters here are the same
used in Table I. Notice that E�5�2�x=0

� =E�5�2� and Nx=0
+ =N.

Model

�Esurf �meV/Å2�

x=0 x=1/4 x=1/3 x=1/2 x=1

E�5�2�x
� +1.39 +0.90 +0.86 +0.81 0.0

Nx
+ −3.35 −1.98 −1.72 −1.23 −0.60
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the two models N and E�5�2�. It should be kept in mind
that model N favors the adatoms in hollow sites over the
silicon surface, while in the E�5�2� structure the adatoms
on the gold chains are more favorable.

The surface energy monotonically decreases as a function
of the number of adatoms for the E�5�2� model. We do not
find any evidence of an energy minimum as a function of the
adatom concentration. This is in contrast with the suggestion
made by Erwin in Ref. 33. In that reference the addition of
adatoms was studied using the following simplification: it
was assumed that the sole effect of the adatoms is to dope the
gold chains with electrons and the energy of the system was
studied as a function of the doping. Erwin found a minimum
of the total energy for 0.5 extra electrons per 5�2 unit cell.
Since each adatom was found to donate two electrons to the
surface, this would correspond to the observed adatom con-
centration at equilibrium of x�1/4. However, our simula-
tions introducing explicitly the adatoms in the structure do
not confirm this behavior. The surface energy of the E�5
�2� structure always decreases as the adatom concentration
is increased. However, the slope of the curve becomes very
small for intermediate adatom concentrations, showing a
weak dependence of the surface energy in that region. We
cannot completely rule out the presence of a minimum for
the surface energy at very low adatom concentrations. How-
ever, it seems quite unlikely looking at Fig. 11. It could also
be argued that the DZ basis set is not flexible enough to
produce the correct behavior. This seems quite improbable
looking at the data in Table II, which clearly show that the
energy changes induced by the addition of adatoms are
weakly dependent on the details of the calculation.

In the case of the model N, Fig. 11 shows that the surface
energy systematically increases as a function of the adatom
concentration. With the DZ basis set the N model is always
more stable than the E�5�2� structure. Using a more com-
plete basis set and a converged plane-wave calculation we
find a crossing: the N model is always more stable at low
adatom coverage, but becomes unstable compare with the

Erwin 5�2 model at larger coverages. Scaling the data cal-
culated with the DZ basis set to reproduce the VASP results at
the end points �i.e., x=0 and 1� we can estimate that the
crossing occurs at x�1/2. We can conclude then that the N
model is, at least in the framework of density functional
calculations, more favorable than the E�5�2� model for ada-
tom concentrations below �1/2 adatoms per 5�2 cell.

E. Simulated STM images

The STM images of the Si�111�-�5�2�-Au surface are
characterized by the presence of bright “protrusions” and
Y-shaped features with a definite orientation with respect to
the underlying lattice.23,34,35 It seems quite well established
that the protrusion correspond to silicon adatoms.36,56,60

However, the origin of the Y-shaped features is less clear.
Figures 12 and 13 present our simulations of the STM

images for the E�5�2� model at −0.8 eV sample bias and
the N model at −0.6 eV, respectively. The simulations have
been performed for a 5�4 arrangement of the silicon ada-
toms, corresponding to concentration of adatoms that can be
actually reached in the experiment. In agreement with Ref.
33 and the experiments the silicon adatoms show as very
pronounced bright protrusions. With the adatoms directly
sited on the gold chains, the bright spots appear in the middle
of the underlying row structures for the E�5�2� model. For
the N model they appear in a more lateral position. This
seems to be in somewhat better agreement with the experi-
mental images �see, for example, Fig. 1�b� in Ref. 56�.
Y-shaped features can be identified in the simulated STM
images of both N and E�5�2� models. The possible candi-
dates have been highlighted in Figs. 12 and 13 �see also Ref.

FIG. 11. Relative surface energies as a function of the adatom
content. Explicit calculations have been performed for several ada-
tom concentrations using the smaller DZ basis set �circles�. The
results obtained with the DZP basis set �diamonds� and with plane-
wave VASP calculations �triangles� for the two limiting cases are
also shown for comparison. All energies are referred to those of the
E�5�2�� model. FIG. 12. �Color online� Simulated STM image of the E�5�2�

model with a sample bias of −0.8 eV and an adatom concentration
corresponding to a 5�4 periodicity. A possible candidate for the
Y-shaped structure is schematically indicated. The atomic structure
is superimposed with the simulated image in the lower part of the
figure. Large circles indicate the positions of Au atoms.

FIRST-PRINCIPLES STUDY OF THE ATOMIC AND… PHYSICAL REVIEW B 71, 235423 �2005�

235423-13



33�. The identification is, however, more clear in the case of
the less symmetric E�5�2� structure.

IV. CONCLUSIONS

We have performed a systematic study of different models
of the Si�111�-�5�2�-Au surface reconstruction by means of
first-principles density-functional calculations using the
SIESTA39,40 and the VASP42,43 codes. We start our investigation
with the structural model proposed by Marks and Plass.32

This is the most detailed model of this surface reconstruction
solely based on experimental information to date. Therefore,
it provides a logical starting point for our study. We have
also considered different variants of the relaxed MP model,
including the structures recently proposed by Erwin,33 and a
different structure found during our simulations. Within the
computational schemes used here this last structure is the
most favorable energetically, at least in the regime of low
concentration of silicon adatoms. In general, we find a rea-
sonable agreement between our results and those of the two
existing theoretical studies of the surface.33,37 The energy
differences between different models are quite small, with
most structures lying in a narrow range of surface energies of
less than 10 meV/Å2 �the estimated error bar for our ener-
gies is of the order of 1–2 meV/Å2�. This, together with the
uncertainties arising from the use of the local approximation
to the density functional theory, make difficult to draw de-
finitive conclusions solely based on the energetics. The com-
parison of the calculated band structures and local density of
states, respectively, with the available ARPES data28–30 and
the STM images23,24,34 becomes then instrumental in order to
identify the most plausible candidates for the equilibrium
structure. In the following we summarize some of our main
conclusions.

�i� As in the case of the reconstructions formed by the
deposition of gold on stepped silicon surfaces,5,7,8,12 the sili-

con honeycomb chain38 structure emerges as a fundamental
building block of the reconstruction. In agreement with the
result of Hang and Lee,37 the silicon HC is formed sponta-
neously during the relaxation of the MP model. The HC is
also present in the optimized geometries of all the other
structural models considered in our work.

�ii� For the MP model we agree with the main conclusions
of Ref. 37 that neither the simulated STM images nor the
calculated band structure compare satisfactorily with the ex-
perimental data.

�iii� We have studied in detail the models proposed in Ref.
33 by Erwin, the E�5�1� and E�5�2� structures. The E�5
�1� model is quite similar to the MP structure: they corre-
spond to two possible positions, at opposite sides of the SiAu
complex, of the surface dislocation present in these struc-
tures. The E�5�1� model and its E�5�2� variant are ener-
getically degenerate at zero adatom coverage. However,
these two structures show a different behavior against the
addition of silicon adatoms: it is always unfavorable for the
E�5�1� model, while it tends to increase the stability of the
E�5�2� model.

�iv� We have explored a different position of the surface
dislocation: at the center of the SiAu complex. We arrive in
this way at a different structure, the N model. According to
our calculations this structure is more stable, at least for low
coverages of silicon adatoms, than any of the models pro-
posed to date. The distance between the gold wires in this
model is �3 Å, which seems somewhat small compared to
the �3.9 Å deduced from the HREM measurements.32

�v� The calculated band structures of the E�5�2� and N
models without adatoms are quite similar and appear to be in
reasonable agreement with the available ARPES data.28–30

The other models fail to reproduce the main features ob-
served experimentally. The agreement seems to be particu-
larly good in the case of the N model. According to our
analysis the most prominent and dispersive surface bands,
named S1 and S2 in Ref. 29, come from the atoms in the
SiAu complex. In the case of the N model the silicon ada-
toms tend to adsorb on the silicon part of the surface, i.e.,
bonded to three silicon atoms in the surface layer. As a con-
sequence, the topology and the energy position of these
bands are quite insensitive to the coverage of silicon ada-
toms. This contrast with the situation found for the E�5
�2� model. Here the silicon adatoms tend to adsorb directly
on the SiAu complex, thus causing a notable modification of
the surface bands that worsens the agreement with the ex-
perimental ARPES spectra.

�vi� We have studied the energetics of the E�5�2� and N
models as a function of the concentration of silicon adatoms.
Contrary to the suggestion of Ref. 33, we do not find any
evidence of a minimum of the surface energy of the E�5
�2� model as a function of the adatom coverage. The sur-
face energy always decreases with the addition of adatoms,
although the changes are very small in the range of x be-
tween 1/2 and 1/4, where x is the number of adatoms per
5�2 unit cell. For the N model the addition of the adatoms
is always unfavorable. As a consequence of this opposite
behavior, the E�5�2� structure becomes more stable than
the N structure in the limit of relatively large adatom con-

FIG. 13. �Color online� Same as Fig. 12 but for the N structure
and a sample bias of −0.6 eV.
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centrations, for x�1/2 �notice that x=1/2 corresponds to a
5�4 periodicity�. According to this picture the exact content
of adatoms is instrumental in determining the equilibrium
structure of the reconstruction within the range of experi-
mentally realizable adatom coverages. This introduces a new
degree of complexity that should be taken into account when
analyzing the experimental information. In particular, this
might be behind the observed phase separation into 5�4 and
5�2 patches.30,56

�vii� The simulated STM images of the most stable mod-
els, N and E�5�2�, are in broad agreement with the experi-
mental images. The silicon atoms produce bright spots which
are located in the middle of the underlying row structures for
the E�5�2� and in a somewhat more lateral position for the
N model. In both cases Y-shaped features similar to those
observed in the experiment can be found. However, they are

more clear in the case of the E�5�2� model33 where the
structure surrounding the gold chains is less symmetric.
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