PHYSICAL REVIEW B

VOLUME 43, NUMBER 17

15 JUNE 1991-1

Au(111): A theoretical study of the surface reconstruction and the surface electronic structure

Noboru Takeuchi, C. T. Chan, and K. M. Ho
Ames Laboratory and Department of Physics, Iowa State University, Ames, Iowa 50011
(Received 6 December 1990)

On the reconstructed Au(111) surface, atoms on the surface layer occupy both the hcp and the fcc
sites. Using first-principles calculations to obtain the surface energies of the system with the top Au
layer occupying the fcc, hep, top, and bridge sites, we found that the hcp site is only 1 mRy per sur-
face atom higher in energy than the fcc site. The complex Au(111) reconstruction is then discussed
with use of a two-dimensional Frenkel-Kontorowa model. We calculated the surface band structure
of the Au(111) surface along high-symmetry lines in the surface Brillouin zone, with the top layer
occupying the fcc, hep, and bridge sites. We found that the surface electronic structure is almost in-

dependent of the position of the top layer.

I. INTRODUCTION

Clean metal surfaces may have a structure that is not a
simple termination of the bulk. This phenomenon, called
reconstruction, is seen in all the low-index surfaces of
Au.! The (100) surface exhibits a ¢ (26X 68) pattern, the
(110) surface shows a (1X2) reconstruction, and the (111)
surface reconstructs with a [(2241)X V3] surface unit
cell. The case of the (111) surface is particularly interest-
ing because gold is the only clean face-centered-cubic
(fcc) metal with a (111) surface that has a reconstructed
ground state. This reconstruction was well-studied by
many techniques, including low-energy electron
diffraction (LEED),"? reflection high-energy electron
diffraction (RHEED),> and transmission electron
diffraction (TED).!"> Van Hove et al.! proposed a model
of a (p XV'3) structure with p=21-22, with a surface
layer contraction in one of the three equivalent [110]
directions. High-resolution transmission electron
diffraction experiments conducted by Takayanagi and
Yagi’® suggested that the compression is not uniform, but
is localized in two transition regions where the stacking
changes abruptly from ABC to ABA. Harten, Lahee,
and Toennies studied this reconstruction with helium-
atom diffractions.® Their experiment gave more informa-
tion about the ABC and AB A stacking, and the bound-
ary regions between the two of them. They interpreted
the diffraction pattern as a manifestation of a one-
dimensional sine-Gordon solitonlike misfit structure.
However, in the same experiment, they showed that the
width of the regions with 4B A and ABC stacking are
not equal. A single sine-Gordon model assumes equally
spaced solitons, and so cannot describe two regions with
different widths. El-Batanouny et al.” proposed a double
sine-Gordon model that allows for the existence of ABC
and 4B A stacking with different domain sizes.

In most of these models both the hexagonal-close-
packed (hcp) sites and the face-centered-cubic sites are
occupied by the surface atoms. Experimentally, this has
been shown in scanning tunneling microscopy (STM) ex-
periments.® A necessary condition for this to happen is
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that the fcc and hcp sites have very similar energies for
top-layer Au atoms. Using first-principles total-energy
calculations, we show that the two sites differ in energy
by only 1 mRy per surface atom. Another necessary con-
dition for the Au(111) reconstruction is the tendency of
the top layer to contract to a higher density than in an
ideal (111) surface layer. Our previous calculations have
demonstrated that this is possible.” Using the informa-
tion that we have about the top-layer contraction,’ and
the energy of occupancy of various surface sites comput-
ed by total-energy techniques, the surface reconstruction
is described with a two-dimensional Frenkel-Kontorowa
(FK) model.!®

The STM measurements of Woll et al.® confirmed pre-
vious models of the reconstruction, and at the same time
provided images of the real-space atomic arrangement of
the surface with atomic resolution. The fact that the
STM is giving images with atomic resolution for the sur-
faces of a metal is slightly surprising and may suggest the
existence of surface electron state near the Fermi level
that give larger corrugation than the overall charge den-
sity. We investigated the surface electronic structure of
the (111) surface of Au along the I'-M -K -T" lines, togeth-
er with the projected bulk band structure on the two-
dimensional Brillouin zone. The rest of the paper is or-
ganized as follows: the first-principles techniques used in
our calculations are described in Sec. II, the calculation
of the energies for the different sites are in Sec. III, the
simulation with the two-dimensional Frenkel-Kontorowa
model is described in Sec. IV, the surface bands and the
projected band structures are presented in Sec. V, and the
summary of the paper is in Sec. VI.

II. FIRST-PRINCIPLES CALCULATIONS

We use in our calculations nonlocal ionic pseudopoten-
tials generated using the norm-conserving scheme of
Hamann, Schliiter, and Chiang.!! The total energies are
calculated within the local-density-functional formalism!?
with the Hedin-Lundqvist'® form of the local exchange-
correlation energy and potential. The wave functions are
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expanded by means of an efficient mixed basis set consist-
ing of planes waves with kinetic energy (k+G)? up to
certain E_,, and a set of localized functions centered at
the atomic sites to describe the more tightly bound d or-
bitals.!* For the calculation of the energies of the
different sites, we use E_,; =12 Ry and a set of Gaussian
as local orbitals. For a given E_,,, the decay coefficient of
the local Gaussian orbital is determined variationally
from bulk calculations to optimize the convergence of the
basis set. A slab consisting of seven Au (111) layers is
used to describe the surface. For the surface-state calcu-
lations, the number of Au layers is increased to 15 to fa-
cilitate the identification of surface states. We found
that, using numerical functions to represent the local or-
bitals, a cutoff of 7.5 Ry for the plane-wave expansion is
sufficient to provide accurate surface band-structure re-
sults.’® The pseudopotential mixed-basis approach has
been used in previous investigations of the structural
properties of bulk Au,'® and the reconstruction of the
Au(110) (Ref. 17) and Au(100) (Ref. 9) surfaces, with ex-
cellent results.

III. ABC AND AB A PACKING

The face-centered-cubic and the hexagonal-close-
packed structures represent two different ways of arrang-
ing hard spheres in a regular array to minimize the inter-
stitial volume. The fcc structure corresponds to an
ABC - - - packing of hexagonal layers of atoms, while the
hep structure corresponds to an ABA - -+ packing. For
the Au(111) surface, if a continuation of the bulk struc-
ture occurs, an ABC stacking is expected (Au is an fcc
metal). However, the Au(111) surface reconstructs to a
(22+1)X V'3 superlattice. Previous studies of the ener-
getics of a Au monolayer on top of a uniform substrate’
show that a single layer of Au atoms favors contraction
to a smaller lattice constant from the bulk value. The in-
trinsic tendency for the Au surface layer to contract to
higher surface density is opposed by the substrate poten-
tial, which tries to keep the top layer in registry (ABC
stacking) with the underlying atomic layers. However, if
the energy required to occupy the hcp sites (4B A stack-
ing) is close to the energy required to occupy the fcc sites,
the energy cost in losing registry is expected to be small
and a contraction of the top layer can be favorable.

We use first-principles techniques to obtain the total
energy of the top Au layer occupying the fcc sites and the
hep sites (labeled C and A4, respectively, in Fig. 1). The
energies for the top site 7 and the bridge site B are also
obtained. For the fcc, hep, and top-site calculations, an
evenly spaced sampling grid of 15 k points in the irreduc-
ible part of the surface Brillouin zone (SBZ) [Fig. 2(a)] is
used for the calculation of the electronic charge density
during the iteration to self-consistency. In the case of the
bridge site, the sampling grid is increased to 45 k points
due to reduced symmetry [see Fig. 2(b)]. All the inter-
layer distances are fully relaxed using forces calculated by
the Hellmann-Feynman theorem. For the unreconstruct-
ed Au(lll) surface, we found the surface energy to be
1.04 J/m2. The fcc sites have the lowest energy. Results
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FIG. 1. A schematic top view of the (111) face of Au. The

symbols A4, C, T, and B label atoms in the hcp, fcc, top, and
bridge sites, respectively.

(a)

FIG. 2. (a) The 2D Brillouin zone of Au(111) for the surface
atom at the fcc, hep, and top sites; (b) the 2D Brillouin zone of
Au(111) for the surface atom in the bridge site. The irreducible
parts of the Brillouin zones are shaded.
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TABLE 1. Energy per surface atom for the top layer occupy-
ing different sites, using the fcc site as reference.
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TABLE II. Change of interlayer separations in percentage of
the bulk interlayer separation for the top layer at various sites.

Site Energy (mRy) Top Bridge fcc or hcp
fcc 0 Ay 16.2 3.7 1.5
hep 1 Ays —0.1 —0.3 —0.3
Top 14
Bridge 3

comparing the energies of the various sites are summa-
rized in Table I. The surface energies quoted are in units
of mRy per surface atom, and the zero of the energy is
taken to be the energy of the top layer occupying the fcc
site. We observe that indeed the energy of the hcp site is
very close to the energy of the fcc site. The small energy
difference is consistent with the observed occupation of
both sites. We can also see that the energy difference be-
tween the fcc site and the bridge site is only about 3 mRy.
This is a small number compared with the energy
difference with the top site (14 mRy for the fcc site and
13 mRy for the hep site). This fact allows a gradual shift
of the atoms from the fcc to the hep stacking through the
bridge site B, and a contraction of the surface layer along
the [110] direction. The very-high-potential energy at
the top site makes the contraction of the lattice in the
[112] direction very unfavorable in energy. Hence, it is
rather natural that the reconstruction observed is uniaxi-
al rather than a uniform contraction.

In Table II, we show the relaxation of the interlayer
separations in the direction normal to the (111) surface
(in percentages of the ideal bulk separation) for the top
Au layer occupying different positions. We observe that
in all cases, only the first layer shows a significant relaxa-
tion. From the vertical position of the surface atoms at
the hollow sites (4 or C) and the one at the bridge site,
we can estimate a corrugation height of the order of 0.05
A on the reconstructed surface. This is smaller than the
0.15 A found experimentally.® However, this should not
be regarded as a large discrepancy. The corrugation,
whether deduced by theory or experiment, is rather small
anyway, and closer examination of published experimen-
tal data (e.g., Fig. 2 of Ref. 8) would reveal that the 0.15
A quoted is more like an order-of-magnitude estimate.

In the above calculation, the surface is modeled by
periodic slabs seven layers thick separated by an empty
space of a thickness equivalent to four layers. The ade-
quacy of the vacuum spacing between the slabs has been
tested. We increase the vacuum distance to six layers and
repeat the calculations with the top layer of Au atoms in
the fcc and bridge sites, respectively. The difference in
the energy per surface atom between the two sites
remains the same (3 mRy). We have also tested the
thickness of the slab. Increasing the number of Au layers
to nine does not give any significant change. The inter-
layer distances with the top layer at the fcc and the
bridge sites computed with different slab thickness and
separation are compared in Table III. Considering the

dependence of our results on the slab thickness, vacuum
thickness, and basis convergence, we found that the cal-
culated interlayer separations are reliable to about 1%.

IV. FRENKEL-KONTOROWA MODEL

While the first-principles results shown in Sec. III offer
valuable insight and information about the energetics of
the Au(111) reconstruction, it is difficult to give a com-
plete description of the reconstruction based on ab initio
calculations alone because of the large size of the recon-
structed surface unit cell. However, a good description
of the reconstruction can be obtained using a simple
two-dimensional Frenkel-Kontorowa model, with param-
eters extracted from our first-principles results. The
two-dimensional FK model describes a situation with two
competing interactions: the top-layer interactions favor a
uniform contraction to a smaller lattice constant, while
the underlying potential due to the substrate atoms tries
to pin the surface atoms in registry. The surface will
transform if the energy gained by contraction is larger
than the energy lost in losing registry with the substrate
atoms, and if the surface does transform, the final atomic
arrangement will be governed by the interplay between
the strain energy in the top layer and the potential energy
due to the underlying layers.

Our previous calculations® show that a Au monolayer
prefers a higher packing density than the arrangement of
the surface atoms on a Au(111) surface with bulk lattice
constant. It remains to be tested whether the tendency
for contraction is large enough to overcome the potential
due to the substrate.

Since the effect of the substrate atoms can be expressed
in the form of a periodic potential with the symmetry and
periodicity of the unreconstructed substrate surface (with
the bulk lattice parameter), we expand the potential ener-
gy per surface atom in a Fourier series of the form

E(R)=3 Wge'®R | (1
G

where the G’s are the two-dimensional (2D) reciprocal-
lattice vectors of the substrate surface and R=(x,y) is
the position of an atom on the top layer.

Our knowledge of the binding energies at a few high-
symmetry sites (top, bridge, fcc, and hcp) allows us to
determine the first few terms in Eq. (1). Explicitly, we
have
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TABLE III. Percentage relaxation of the interlayer separations for different sizes and separations of

the slab.
Seven layers of Au Seven layers of Au Nine layers of Au
Four layers of vacuum Six layers of vacuum Four layers of vacuum
fcc Bridge fcc Bridge fcc Bridge
A, 1.5 3.7 0.8 3.7 1.6 2.1
Ay, —0.3 —0.3 —0.3 —0.3 0.2 0.3
Ay, 0 0 0 0 0.1 —0.1
Ays 0 0
3V, (Ve+Vy)
E(x,y)= E__¢ 4 lcos —Z—Ex +cos —2—7—T—y +cos 2—77(): +y)
4 9 a a a
(Ve—V,4) 27 2 2T
= sin |[=——x |+sin | =y | —sin [—(x +y)
3V3 a’ a Y
VetV V 2
+ < 9 4 —41 cos E-E(Zx +y) | +cos Tﬂ(2y +x) | +cos 2777(x —y) , (2)
a

where V is the energy at the C site, ¥V, is the energy at
the A site, Vy is the energy at the bridge site, and the
zero of the potential energy is taken to be the energy at
the top site. The lattice constant of the 2D hexagonal lat-
tice is given by a. The Hamiltonian of the corresponding
2D FK model is

H=3eR;,—R;)+3 E(x;,y;) , (3)
iJj i

where R; =(x;,y;) is the position of the ith surface atom.
The first term describes the interaction of the top Au
atoms under the influence of the substrate, and this is the
term that favors the contraction of the surface. Since the
relative energy differences in occupying different posi-
tions with respect to the underlying layers are taken care
of by the second term in Eq. (3), the first term can be de-
duced from the energetics of a monolayer on top of a
smooth surface that mimics the average effect of the sub-
strate. We obtain this interlayer interaction from our
previous calculations of the energetics of a Au monolayer
on top of a uniform background.” In these calculations
we put a layer of Au atoms on a jellium surface, with the
jellium density determined by the electron density of Au
midway between two nearest neighbors. The distance of
the monolayer from the jellium edge was determined by
energy minimization, and the energy of the jellium slab
was subtracted so our final energy describes the atomic
interactions within the surface layer in the background of
a decaying electron sea. The function e(R; —R;) is plot-
ted in Fig. 3(a), where we also mark the interatomic dis-
tance on an unreconstructed surface. It is clear from the
figure that as far as the intralayer interaction is con-
cerned (under the average effect of the substrate), the top
layer would prefer to contract to a higher surface density
arrangement.

The second term in Eq. (3) is the potential imposed on

the top layer of the Au atoms by the underlying layers,
and it is described in Eq. (2), with all the parameters
(V 4,Vg,etc.) coming from our first-principles calcula-
tions. We note that E(x,y), as formulated in Eq. (2),
does not describe the total interaction potential energy of
the top Au layer with the substrate, but rather the rela-
tive energy change as the atoms in the top layer change
from one site to another. In Fig. 3(b), this relative poten-
tial energy per surface atom, E (x,y), is plotted as a func-
tion of the position. The x axis and the y axis are chosen
to be the [110] and [112] directions respectively. Figure
3(c) shows a corresponding contour plot of the same
function in the (111) plane. From these plots, the big
difference in energy between the top site and the other
sites is conspicuous and we can also see rather clearly
low-energy ‘“‘channels” spanning the fcc, bridge, and hep
sites along which the top layer can contract with minimal
potential-energy loss. The ground-state configuration of
the system is determined using numerical techniques. In
our calculations a mesh of 119X 119 atoms is used. The
positions of the atoms, R;’s are relaxed by an iterative
procedure until a configuration that gives a local
minimum is reached. Initially all the atoms are placed in
the fcc site [i.e., in an ideal (111) surface configuration].
We find the forces that act on each atom, and then dis-
place them in the direction of the force by an amount
proportional to the force (the proportional constant is
chosen variationally). We repeat this process until the
force is zero. The atomic arrangement of the ground
state of our FK simulation is shown in Fig. (4), where the
surface Au atoms are represented by filled circles, and the
unreconstructed second-layer atoms are shown as crosses,
for reference. Our results indicate that it is indeed ener-
getically favorable for the surface atoms on Au(111) to
contract to a higher packing density. The reconstructed
surface pattern, as shown in Fig. 4, agree nicely with the
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FIG. 3. (a) The intralayer interaction potential e(R;—R;)
[the first term in Eq. (3)]. The dotted line marks the interatomic
distance on an ideal unreconstructed (111) surface. (b) A three-
dimensional plot of the potential energy per surface atom ex-
perienced by the top layer as a function of position [the second
term in Eq. (3)]. (c) Contour plot of the potential energy per
surface atom in the (111) plane. A4, C, T, and B label atoms in
the hcp, fcc, top, and bridge sites, respectively. The contour in-
terval is 1-5 mRy.
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FIG. 4. The reconstructed Au(111) surface as given by the
FK model. The crosses denote the positions of the unrecon-
structed second-layer atoms and the filled circles denote the po-
sitions of atoms in the reconstructed top layer.

patterns deduced from experiments. This shows that the
2D FK model, though simple, contains the essence of the
physics underlying this particular problem. Further-
more, all the parameters needed are determined by
theoretical computations. A closer examination of Fig. 4
shows that the surface layer does not contract to form a
uniformly contracted hexagonal layer, but rather, the
surface atoms contract along the [110] direction. In fact,
we may view an ideal (111) surface as composed of linear
rows of atoms in the [110] direction, and the reconstruc-
tion causes each [110] row of atoms to distort into a
sinusoidal-like pattern, lying above and sandwiched by
two rows of atoms in the second layer. The lattice con-
stant in the [110] direction is reduced by 5.0%, close to
the experimentally observed 4.3% contraction. With this
contraction our unit cell is a (20X V'3) superlattice.

Both the fcc and the hcp sites are occupied and the
reconstructed pattern reflects a gradual shift from one
site to another. This is a consequence of the fact that the
fcc and hcp sites have almost the same energy of occupa-
tion and the bridge site (midway between fcc and hcp
sites) is only slightly higher in energy (see Table I and
Fig. 3) so that the system finds it easier to contract along
a [110] ““channel,” occupying the fcc, hep, and all inter-
mediate sites. Note that the surface does not contract in
the [112] direction, since some surface atoms would have
to climb above the top site, which is very unfavorable in
energy (Table I and Fig. 3). Recent experiments'®!® have
indicated that the system relaxes the surface stress in the
[112] direction by forming ordered patterns of different
domains over long distances: There are three equivalent
[110] directions on the surface, so that three types of
domains of equal energies can be formed on the surface,
separated by domain boundaries. Recent STM (Ref. 18)
and x-ray-scattering experiments!® indicated that at room
temperature these domain boundaries are ordered paral-
lel to each other with a separation of =150 A. In our
simulations, only a single domain was found, since our
system is relatively small in size. The 119X 119 mesh is
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FIG. 5. One row of surface atoms on the reconstructed
Au(111) surface in the [170] direction. The scale in the [112]
direction has been exaggerated. Filled circles denote the posi-
tion of the reconstructed top layer, open circles at the top
denote the positions of fcc sites, and open circles at the bottom
denote the position of the hcp sites. C and A4 mark the regions
of ABC and AB A stacking, respectively.

large enough to simulate the reconstruction in the local
scale, but larger sample sizes will be needed to observe
domain structures, and algorithms like simulated anneal-
ing should be preferred over the steepest decent method
used in the present calculation.

Data from He scattering and STM experiments indi-
cated that there are more surface atoms in fcc ( ABC)
stacking than in hcp ( AB 4) stacking. This is consistent
with the fact that the calculated energy is lower for the
fcc than the hcp sites. However, different experimental
techniques did not seem to agree on the exact ratio be-
tween the size of the regions with fcc and hep stacking.
This discrepancy can be partly attributed to the different
assumptions used in the analysis of the experimental
data. Even for a direct real-space imaging technique like
STM, the image is a convolution of topological and elec-
tronic information.

It is interesting to display the reconstruction pattern
from our simulation in greater detail. In Fig. 5 we plot
one row of atoms (filled circles), exaggerating the scale in
the [112] direction. The empty circles at the top
represent the fcc sites in the ideal surface, and the empty
circles at the bottom represent the position of the hcp
sites. We observe from Fig. 5 that the pattern is more
sinusoidal-like than square-wave-like, so that it is difficult
to define the “‘size” of regions corresponding to fcc or
hcep stacking for the pattern we have obtained. If we
define, for the purpose of discussion, that sites that lie
closer to the ideal fcc sites than the hcp sites belong to
the region of fcc stacking, then there are indeed more
atoms in the fcc than in the hep stacking.

V. SURFACE STATES

The fact that the scanning tunneling microscope gives
atomic resolution images for Au(111) is interesting since
Au is a metal and the (111) surface is a compact surface,
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so that the charge-density profile should be very smooth
at a few angstroms above the surface. This suggests that
there may exist surface states near the Fermi energy, with
interesting nodal structures that give rise to the atomic
resolution in STM experiments. It is also interesting to
investigate the effect of the surface stacking sequence on
the surface electronic structures. In particular, we want
to see the influence of the position of the layer on the ex-
istence, the energy, and the dispersion of the surface
states. We are thus motivated to calculate the surface
band structure of the Au(111) surface, not only for the
ideal situation with the top layer in the fcc stacking se-
quence, but also for the top-layer atoms occupying the
hcp, and the bridge sites, respectively. For better and
easier identification of the surface states or resonances,
we increased the slab thickness from seven layers (which
has been fully relaxed using Hellmann-Feynman forces)
to 15 layers by inserting eight extra layers (with bulk in-
terlayer distances) in the middle of the slab. A vacuum
equivalent to five atomic layers separates the periodic
slabs. The self-consistent potentials are obtained by
iterating with 15 k points in the irreducible SBZ for the
Au top layer at the fcc, and hcep, sites (45 k points are
used for the top layer at the bridge sites, which has less
symmetry). After reaching self-consistency, the electron-
ic band structures of the systems are calculated along the
symmetry directions I'-M -K -T" for the fcc and hcp sites
and along I'-M-K |-T'-M,-K ,-T for the bridge site.”’ To
facilitate the identification of the surface states, we also
calculate the projected band structure for Au(111) sur-
face. This is done by projecting the bulk band structure
of Au onto the two-dimensional (111) SBZ. Results are
shown in Figs. 6-8, where the zero of the energy corre-
sponds to the Fermi energy. The shaded areas indicate
regions where bulk states can exist. For the top layer at
the fcc and hcp sites, the Hamiltonian matrix has
reflection symmetry about the plane perpendicular to the
(111) surface that passes along the I'-M line. For the case
of top-layer atoms at the bridge site, this symmetry
occurs only in the plane that passes along the I'-M, line

fcc SITE

Energy(eV)

' even M odd T

<l
Xl

FIG. 6. Surface states and resonances along high-symmetry
lines for Au(111) with the surface-layer atoms at the fcc sites.
The inset compares the dispersion of the surface state labeled 4
with photoemission data marked by crosses.
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FIG. 7. Surface states and resonances along high-symmetry
lines with the surface atoms at the hcp sites.

Energy (eV)

Energy (eV)

even Mz  odd r

FIG. 8. Surface states and resonances along high-symmetry
lines with the surface atoms at the bridge site (a) along the
M ,-K,-I'-M, and (b) along the M,-K, I'-M,.
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but not in the I'-M, line. Whenever reflection symmetry
exists, the electronic states with wave vectors along these
symmetry lines can be separated into two groups with
even and odd symmetries, and they are plotted separately
in Figs. 6-8.

To locate the surface states and resonances in the sur-
face band structure, we look for states with wave-
function amplitudes highly localized (more than 50%)
within the first two surface layers. Such states are
displayed in Figs. 6-8 as solid or dashed lines according
to the degree of localization at the surface. By compar-
ing Figs. 6-8, we observe that the surface band structures
along the high-symmetry lines are very similar for the top
layer occupying fcc, hep, and bridge sites. Most of the
surface states and resonances that exist on the surface
with the top layer in fcc stacking have corresponding sur-
face states and resonances that exist on the surface with
the top layer at the hcp and bridge sites. The dispersion
of the surface states is also very similar. A closer exam-
ination reveals that even the charge densities of the corre-
sponding surface states are very much alike. As an exam-
ple, we show here a surface state at I" (the state marked
as A in the plots) near the Fermi level. This surface state
has been observed by photoemission experiments?!' and is
probably the one probed by STM experiments. The fact
that the energy and dispersion of the surface state do not
depend very much on whether the top layer is in the fcc,
hcp, or bridge site allows us to compare with the experi-
mental results. This is shown in the inset in Fig. 5. We
observe that our calculations agree very well with the ex-
perimental results. In Fig. 9, we plot the charge-density
contours of this surface state at the ' point in the plane
formed by the vectors [111] and [112], for the surface
atoms occupying the fcc, hep, and bridge sites. The posi-

PP q PG PP
? 9 9 9 ¢ @
¢ 3 . o c o
fcc.site bridge site hcp‘site

FIG. 9. Contour plots of the charge density of the surface
state A in the plane formed by the vectors [111] and [112] with
the top layer atoms at (a) the fcc sites, (b) the bridge sites, and
(c) the hcep sites.
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tions of the atoms are indicated by filled black circles.
From the plot we see that the surface state is localized in
the top two or three layers, and is indeed rather similar
for the three cases considered. We may conclude that the
surface electronic structure is only very weakly depen-
dent on the position of the top-layer Au atoms. We also
observe that the charge-density profile for this surface
state becomes rather smooth at a short distance above the
top layer. Thus, we cannot rationalize the atomic resolu-
tion obtained by the STM by the charge-density corruga-
tion of surface states near the Fermi energy. Strong tip
and surface interaction or local elastic deformation of the
surface by the tip may be other possible explanations that
should not be overlooked.

VI. SUMMARY

We have used first-principles calculations to obtain the
energies of the top layer of Au atoms occupying the fcc,
hcp, top, and bridge sites on the Au(111) surfaces. For
each of the geometries considered, the atomic positions
are fully relaxed with Hellmann-Feynman forces. We
found that the fcc and hcp sites are almost degenerate in
energy, with the hcp site higher in energy by only 1 mRy
per surface atom. The knowledge of the energy of occu-
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pation of a few high-symmetry sites allow us to extract
the surface potential “seen” by the top-layer atoms.
Combined with our previous results of a Au monolayer
contraction on top of a homogeneous medium (jellium
surface), we can use a Frenkel-Kontorowa model to de-
scribe the contractive reconstruction on the Au(111) sur-
face. The equilibrium configuration of this model is
found numerically, resulting in a top-layer configuration
very similar to the one deduced from experiments. In
particular, we found that the top layer contracts along a
[170] direction by 5%, and both fcc and hcp sites are oc-
cupied in the final configuration. The surface electronic
structure of the Au(111) surface is also investigated, and
we found that the surface band structure is rather insensi-
tive to the position of the top layer.
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