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Structure of the quasi-one-dimensional Si(553)-Au surface:
Gold dimer row and silicon honeycomb chain
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The Si(553)-Au surface consists of a periodic array of single steps and (111) terraces with a quasi-one-
dimensional electronic structure. In this paper, the determination of the atomic structure of this surface with
x-ray diffraction is reported. The gold coverage of the surface was measured to be 0.5 monolayer using x-ray
fluorescence spectroscopy, i.e., two gold atoms per primitive unit cell. A structural model was constructed
directly from the x-ray diffraction intensities with a step-by-step approach. First, the relative positions of the
gold atoms were obtained from the Patterson map. Using the positions of the gold atoms, the deconvolution of
the Patterson map was calculated and the positions of the gold atoms relative to the substrate were determined.
Finally, the positions of the silicon atoms at the surface were obtained from a reconstruction of the electron
density with an iterative phase and amplitude recovery algorithm. The main features of the structural model
obtained in this way are a row of gold dimers on the (111) terraces in the topmost layer of the surface, and a
honeycomb chain of silicon atoms near the step edge. Structural refinement of this model with the experimental
diffraction data gave reasonable atomic positions and a x> value of 3.35, better than previous models. The
model is related to the X2 m1 model recently proposed by Krawiec [Phys. Rev. B 81, 115436 (2010)] but

without the strong X2 modulation.
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I. INTRODUCTION

Deposition of submonolayer amounts of metal atoms onto
silicon surfaces can lead to the formation of anisotropic sur-
face structures with electronic states that are highly confined
into one dimension. These structures have been investigated
with a view to how their nearly one-dimensional atomic and
electronic structures influence the physical properties. For
example, in many cases metal-insulator transitions or other
phase transitions occur on these surfaces. As prominent ex-
amples the Si(111)-4X 1-In and the Si(111)-5X2-Au sur-
faces have been studied for a long time, but there are still
many unresolved questions, even on such basic issues as the
atomic structure. Since about 10 years ago, one-dimensional
structures on vicinal surfaces of silicon have attracted
interest.! These surfaces consist of periodic arrays of steps
separated by terraces with a (111) orientation. The presence
of the steps naturally leads to the formation of highly aniso-
tropic structures. The electronic structure and the strength of
the two-dimensional coupling can be varied depending on
the vicinal angle of the surface and the type of adsorbate
atoms.

The Si(553)-Au surface obtained by depositing submono-
layer amounts of gold onto the Si(553) surface is an example
for such a structure.” It is composed of 1.5-nm-wide terraces
with a (111) orientation, separated by single bilayer steps.
The electronic structure is metallic with a highly one-
dimensional character along the steps.? An interesting feature
is that two metal-insulator transitions occur on the surface, in
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which two different local superstructures appear in different
parts of the unit cell.3* In addition, the electronic structure is
significantly influenced by the Rashba effect.> This surface
can be prepared with a high quality and could also be used as
a template for the further growth of one-dimensional struc-
tures, as has been done for Pb on the Si(335)-Au surface®
and In on the Si(553)-Au surface,” or as a template for the
adsorption of organic molecules.

The structure of the Si(553)-Au surface has been investi-
gated theoretically and experimentally by several
groups>8~13 but without reaching a consensus. A problem is
that the gold coverage is still under discussion. Until re-
cently, most authors assumed a gold coverage of 0.25 mono-
layer (ML), i.e., one gold atom per primitive unit cell. Re-
cently, however, evidence has been presented that the gold
coverage is 0.5 ML, i.e., two gold atoms per primitive unit
cell.' An early model with a gold double row at the step
edge proposed by Ghose et al.® from x-ray diffraction was
later shown to be unstable in ab initio calculations.” Other
proposed models have a single row of gold atoms substitut-
ing for silicon in the top-most surface layer.>!%13 Very re-
cently, Krawiec!® has investigated several models with two
gold atoms theoretically, and found two models that repro-
duce the experimental band structure and scanning tunneling
microscopy (STM) images reasonably well. The X1 ml
model has a 1X1 structure, like the high temperature
Si(553)-Au surface. When a X2 superstructure parallel to the
steps was allowed, the model changed significantly to the
X2 ml model.
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We have determined the structure of the Si(553)-Au sur-
face from surface x-ray diffraction and obtained a model
with two gold atoms per primitive unit cell directly from the
experimental intensities. The gold atoms arrange in a double
row parallel to the steps as in the model of Ghose et al., but
on the terraces. The Si atoms near the step edge form a
honeycomb chain. The model is closely related to the
X2 ml model, although it was determined without knowl-
edge of Ref. 15. It does not have the X2 modulation of the
X2 ml model, however, and it is incompatible with the
X1 ml model suggested as the high-temperature phase in
Ref. 15.

II. EXPERIMENTAL METHODS

The x-ray diffraction experiments were done with the ul-
trahigh vacuum surface diffractometer at beamline 15B2 of
the Photon Factory at KEK.'® The sample was a P-doped
Si(553) wafer (p=2—4 () cm). The experiments were done
in ultrahigh vacuum (base pressure 1X 1078 Pa).

The sample preparation was similar to our previous
reports.'>1718 First a clean Si(553) surface was prepared by
flashing the sample to 1250 °C. Then gold was deposited
onto the sample at 600 °C, followed by annealing at 850 °C
for 5 s. The vacuum was about 2 X 10~/ Pa during the depo-
sition. A sharp specular spot in the reflection high-energy
electron diffraction (RHEED) pattern confirmed that the sur-
face structure was of high quality.

A centered orthorhombic surface unit cell with two steps
per unit cell is used in this paper.® The real space coordinates
x, y, and z are in the [3310] (perpendicular to the steps),

[110] (parallel to the steps), and [553] (perpendicular to the
surface) directions. &, k, and [ are the corresponding Miller
indices of reciprocal space. The size of the unit cell is
295 A in the x direction, 3.84 A in the y direction, and
41.7 A in the z direction.

X-ray diffraction measurements were done at room tem-
perature with a wavelength of 1.07 A. Intensities of 54 crys-
tal truncation rods (CTRs) with /=1.5—-14.8 were collected.
The integrated intensities were corrected for the scattering
geometry, polarization and active sample area.!” Averaging
of symmetry-equivalent intensities resulted in 34 symmetry-
independent CTRs with 616 data points. CTRs with k=0
could not be measured due to constraints of the sample
holder. The systematic error of the intensities estimated from
the symmetry-related data points was 16%.?° The experimen-
tal data are available in the online supplementary materials.”!

The Si(553)-Au surface undergoes a phase transition
slightly above room temperature, in which a X2 superstruc-
ture forms in the direction of the steps.>* Half-order streaks
from this superstructure were visible both with RHEED and
x-ray diffraction but x-ray intensities could only be measured
for a few half-order reflections because of the low intensity.
It was difficult to find a common scale of the integrated
intensities of the half-order reflections and the CTRs because
the former are streaks in reciprocal space while the latter are
sharp spots. The half-order reflections were not included in
the analysis for this reason.

The gold coverage was determined ex situ with x-ray
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fluorescence spectroscopy at beam line 15B1 of the Photon
Factory. The exciting x-rays had an energy of 12.78 keV. The
intensity of the Au L« fluorescence line was measured with a
CdTe detector (Amptek XR-100T) in the polarization plane
of the incident x-rays at an angle of about 85° with respect to
the incident direction.

III. RESULTS

A. Gold coverage

A fundamental piece of information necessary in order to
determine a surface structure is the coverage of adsorbate
atoms. For the Si(553)-Au surface, most authors have as-
sumed an Au coverage of 0.25 ML (one Au atom per unit
cell) (e.g., Refs. 2 and 11-13). A recent measurement of the
gold coverages of the Si(557)-Au, Si(111)-5X2-Au, and
Si(553)-Au surfaces by Barke et al.,'* however, has found a
gold coverage of 0.5 ML for the Si(553)-Au surface, i.e., two
Au atoms per unit cell, in agreement with the x-ray diffrac-
tion investigation by Ghose et al.®

We have measured the relative gold coverages of the
Si(557)-Au, Si(111)-5X2-Au, and Si(553)-Au surfaces us-
ing x-ray fluorescence spectroscopy. The gold coverages
were determined by comparing the intensities of the Au La
fluorescence peak of the three surfaces. The ratio of the peak
intensity of the Si(557)-Au surface to that of the Si(553)-Au
surface was 2.48 and the ratio of the intensity of the
Si(557)-Au surface to that of the Si(111)-5X2-Au surface
was 2.96. Assuming a gold coverage of 0.2 ML for the
Si(557)-Au surface>?>?? gives coverages of 0.50 ML for the
Si(553)-Au surface and 0.59 ML for the Si(111)-5X2-Au
surface.

These coverages are in good agreement with those found
by Barke et al.'* The correctness of the results depends on
the correctness of the gold coverage of 0.2 ML for the
Si(557)-Au surface. This coverage corresponds to one gold
atom per unit cell. A coverage of two gold atoms for the
Si(557)-Au surface would lead to twice as large gold cover-
ages for the Si(553)-Au and Si(111)-5X2-Au surfaces,
which is much larger than other estimations. In addition,
coverages of one gold atom for the Si(557)-Au surface and
two gold atoms for the Si(553)-Au surface explain the x-ray
diffraction data well (see the next section and Refs. 8 and
24).

B. Model construction

To solve a complex structure like the Si(553)-Au surface,
it is necessary to obtain as much information as possible
directly from the experimental diffraction intensities. We
adopted a step-by-step approach, in which first the positions
of the heavy gold atoms were determined, then the positions
of the surface Si atoms.

The simplest way to obtain information directly from the
diffraction intensities is by Fourier transforming the intensi-
ties. This gives the autocorrelation function of the electron
density, the Patterson map®
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FIG. 1. (Color online) (a) Patterson map of the Si(553)-Au sur-
face. The arrow indicates the interatomic vector of the two gold
atoms. (b) Patterson map deconvolved with the electron density of
the two gold atoms [Eq. (8)]. The contribution of the gold atoms
was subtracted. (c) Reconstructed electron density. Hashed yellow
circles in (b) and (c) mark the positions of the two gold atoms,
dashed black circles the positions of gold atoms at y=0.5. Blue
circles show the positions of atoms determined from the maps, the
blue circles with a cross the positions of atoms in the honeycomb
chain. The black crosses in (b) indicate the ideal positions of bulk Si
atoms. For all three maps, x is in the surface plane perpendicular to
the steps and z perpendicular to the surface. The maps show a
section at y=0.0, the section at 0.5 can be obtained by shifting x by
0.5. Negative values were set to zero.

1
P(x,y,2) = ;E |FpulPcosl2m(hx + ky +12)], (1)
hkl

where F,;; is the structure factor of the reflection with Miller
indices (h,k,[), and V the volume of the unit cell. Peaks in
P(x,y,z) correspond to interatomic vectors between two at-
oms. The intensity of the peaks is proportional to the product
of the electron densities of the two atoms.

Figure 1(a) shows a section of the Patterson map at y=0.
The strongest peak in the Patterson map besides the origin is
at about x=0.088, z=0.013 (The peak at x=0.912,
z=-0.013 is its inversion image). This peak can be inter-
preted as the interatomic vector between the two gold atoms
in the unit cell as indicated by the arrow in Fig. 1(a) because
gold has a much higher electron density than silicon. The
gold-gold distance is about 2.64 A.

The other peaks in the Patterson map correspond to vec-
tors between Si atoms and Au atoms. Si-Si vectors are too
weak to be visible. Extracting the positions of the Si atoms
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from the Patterson map is difficult because there are many
peaks from Si-Au interatomic vectors, which partly overlap.
In addition, test calculations of Patterson maps for model
structures showed that the Patterson map is distorted by Fou-
rier ripples of the gold peaks caused by the truncation of the
Fourier series. Near the Au peaks, the ripples can be compa-
rable in peak height to the Si-Au peaks because the gold
atoms are much heavier than the Si atoms. Some real Si-Au
peaks are shifted by this effect, or are reduced in intensity.
We therefore used methods that are easier to interpret for the
further structure determination, as explained in the follow-
ing.

An approximate deconvolution of the Patterson map was
performed to obtain information about the positions of the
gold atoms relative to the substrate. The Patterson map can
be seen as the convolution of the electron density p(7) with
its inversion image

P(7) = p(-=7) ® p(7), (2)

where ® denotes convolution. The electron density is the
sum of the electron density of the gold atoms and the silicon
atoms

p(7) = pau(F) + psi(7). 3)
Inserting Eq. (2) into Eq. (3) gives

P(7) = pau(=7) ® pau(F) + pau(=7) ® psi(7)
+ psi(=7) ® pau(F) + psi(—= ) ® ps;(7), (4)

= pau(F) @ [pan(F) + psi(7) + psi(= P)]. Q)

The term pg;(—F) ® pgi(7) has been neglected in Eq. (5) be-
cause the electron density of the gold atoms is much larger
than that of the silicon atoms. In addition, for two gold atoms
Pau 18 centrosymmetric if the origin of the coordinate system
is chosen at the center of the two gold atoms, S0 pa,(—7)
=pau(P). Since py, is determined by the relative positions of
the gold atoms, which are known from the Patterson map,
Eq. (5) can be deconvolved by Fourier transforming it

FLP(#)] = Flpau(D I FLpau(P) + psi(P) + psi(= 7). (6)

The Fourier transform of P is proportional to the experimen-
tal intensities 7(P)=|F|*=cl,,,, with a scale factor c, and the
Fourier transform of p,, is the structure factor of the two
gold atoms F,. One can therefore rewrite Eq. (6) in the
following way:

CIexp = FAu{FAu + f[p&(’?) + pSi(_ F)]} (7)

and Fourier transform it to obtain an approximation of the
electron density of the silicon atoms superimposed with its
inversion image

psi(7) + psi(— ’7)=f<%cﬂ)—f(FAu)- (®)
Au

A problem in the application of Eq. (8) is that the scale
factor ¢ is usually not known, because the absolute value of
the experimental intensities /,,, is difficult to measure. It can
be estimated if the numbers and types of scattering atoms are
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known. This is usually the case in the determination of bulk
structures, but for a surface structure the number of atoms
contributing is generally difficult to estimate. Fortunately, in
the present case, the number of gold atoms is known. This
allows us to estimate the scale factor by comparing the in-
tensities of the peaks from the gold atoms in the Patterson
map to the origin peak. The intensities of the peaks are pro-
portional to the sum of the squared number of electrons of
the contributing atoms, the gold atoms in the case of the gold
peak, and all atoms in the case of the origin peak. The ratio
of the two peaks gives the ratio of the scale factor calculated
for two gold atoms to the real scale factor. Strictly speaking,
the volume of the peaks has to be used, but we found that
using the peak height gave adequate results. The decon-
volved Patterson map did not change dramatically when the
scale factor was changed 10—-20 %.

We found that in the calculation of the structure factor of
the gold atoms, F,,, the Debye-Waller temperature factor of
the gold atoms has to be taken into account. The Debye-
Waller factor was estimated from the Wilson plot?® to
10.5 A_z, that is, a mean square amplitude of atomic vibra-
tions u? of 0.13 A2

Equation (8) is applicable when the scattering from the
gold atoms is the largest contribution to the total intensity.
This is generally not true at each point in reciprocal space,
even if it is true on average. For example, the contribution
from the bulk atoms is much larger than from the surface
atoms near Bragg peaks. In addition, in the case of the
present surface structure, there are points in reciprocal space
for which the scattering amplitudes from the two gold atoms
are out-of-phase and therefore cancel. When Eq. (8) is ap-
plied, the Fourier components corresponding to these regions
in reciprocal space will be large, since cl,,,> Fa,, but their
phase is likely not correct. It is better to neglect these Fourier
components. In the present work only Fourier components
with Fy,> %clex,, were used.

The deconvolution of the Patterson map using Eq. (8) is
shown in Fig. 1(b). The strong peaks near z=0 are due to the
silicon atoms at the surface or their inversion images. Peaks
at larger negative z are due to substrate atoms, those at larger
positive z are their inversion images. The deconvolution of
the Patterson map is distorted by the Fourier ripples of the
gold atoms, as in the case of the Patterson map. Neverthe-
less, inspection of the peaks at negative z shows that most of
them can be identified with bulklike Si atoms. These peaks
are indicated with blue circles in Fig. 1(b). The positions of
the gold atoms relative to the substrate can be inferred from
their positions. The black crosses indicate the ideal positions
of the bulk atoms.

Peaks of the surface Si atoms are clearer in the deconvo-
lution of the Patterson map than in the Patterson map. How-
ever, there still is the ambiguity that the map contains both
the electron density of the silicon atoms and its inversion
image. An approximation of the electron density without this
ambiguity can be obtained using the known positions of the
gold atoms and the substrate silicon atoms. The scattering is
dominated by the substrate near the Bragg peaks and by the
gold atoms almost everywhere else. The real structure factors
are therefore close to those calculated for a model containing
only the substrate atoms and the gold atoms. The positions of
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FIG. 2. (Color online) Side view of the model constructed from

the electron density map. Large yellow spheres are gold atoms, blue

spheres are Si atoms obtained from the electron density map, and

small gray spheres are bulk Si atoms. The surface consists of a gold
dimer row and a Si honeycomb chain.

the other atoms can then be determined by difference Fourier
synthesis,?’ a holographic method,?’ or iterative phase recov-
ery methods. Application of each of the three methods leads
to similar surface models. In the following the results of the
application of the phase and amplitude recovery and diffrac-
tion image generation method (PARADIGM) algorithm of Sal-
din et al.?®3° to obtain the electron density of the silicon
atoms are presented. This algorithm recovers the electron
density directly from the measured structure factors by itera-
tively applying constraints in real space and reciprocal space.
The surface electron density is constrained in real space to be
positive and to vanish above and below the surface region.
The surface region was chosen to be from 3.3 A below to
2.6 A above the left gold atom. In reciprocal space, the
agreement with the measured structure factors is enforced.

The algorithm was started with the surface electron den-
sity of the gold atoms in the positions relative to the bulk
determined from the deconvolution of the Patterson map.
The phases of the structure factors calculated from this elec-
tron density are already close to the real ones, and the algo-
rithm converged in a few iterations. The reconstructed elec-
tron density is shown in Fig. 1(c). The positions of the
surface atoms can be determined from the peaks of the den-
sity map. Figure 2 shows the structural model obtained in
this way. The empty blue circles in Fig. 1(c) mark the peaks
with positions close to those expected from a continuation of
the bulk. Si atoms placed at the positions of the peaks
marked with the blue circles with a cross inside form a so-
called honeycomb chain,®' a common feature in surface
structures induced by gold on silicon.?*3? The atoms in the
honeycomb chain have a nearly planar threefold bonding
configuration, similar to graphene.

Test calculations showed that the reconstructed density in
the vicinity of the gold atoms is distorted by Fourier ripples,
as in the case of the Patterson map, so peaks in that region
are not reliable. The honeycomb chain and most of the bulk-
like atoms are clearly resolved in the electron density map
but the Si atoms immediately left [x,z=0.77,1.02 in Fig.
1(c)], right (0.02,1.05) and especially between (0.40, 1.04)
the gold atoms are influenced by the Fourier ripples. The
presence of these atoms makes sense considering the bond-
ing configuration but their exact position has to be deter-
mined from the structural refinement below. No atoms were
placed on the peaks at (0.11,1.03), at (0.71,1.04) and near the
gold atoms, because that would lead to unreasonable bonding
configurations. These peaks are probably caused by the Fou-
rier ripples or by holes in the experimental data.
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C. Structural refinement

The atomic positions in the model in Fig. 2 were refined
by least-squares fitting to the experimental intensities. Varia-
tions in the model and previously proposed models were
fitted as well, to check whether other models give a better fit.
Positions of the atoms in the top-most layer and their isotro-
pic Debye-Waller factors were used as parameters. The fit-
ting was repeated about 1000 times with different starting
parameters to ensure that a global minimum for each model
was found. The quality of the fit was judged using the x?
value.

Fitting of the model in Fig. 2 gave a y* value of 3.6. The
atomic positions in the fitted structure were very similar to
the starting model. Some variations in the model in Fig. 2
were investigated as well. First, the presence of the Si atom
between the two gold atoms was checked. The electron den-
sity map is distorted by the close proximity to the gold atoms
in this region and the presence or absence of this Si atom is
difficult to judge from the electron density map. A model
without this atom gave a significantly higher x> value of 6.3.
It was also tried to place additional adatoms above the gold
atoms, above the honeycomb chain and as an extension of
the step edge. These models gave lower values of x> but the
adatom moved to unphysical positions in all cases. It was
therefore concluded that no adatom is present, in agreement
with STM images.'!

Previously proposed models were fitted as well. The
model by Ghose et al. gave a best-fit x* value of 4.3. The
refined model was completely changed from the starting
model and the Si atoms had unphysical bonding configura-
tions. Riikonen et al. have studied a number of models with
a gold coverage of 0.25 ML with density functional
calculations.'> The models with the lowest energy in that
paper are called the f2, f3, and f4 models. They consist of a
Si honeycomb chain at the step edge and a gold atom in
different positions on the terrace. Riikonen et al. favor the {2
model based on the comparison of the electronic structure to
experiment while a density-functional theory and STM study
by Ryang et al.'' favored the f4 model based on the similar-
ity of the STM images to experimental ones. The f3 model
gave the best agreement of experimental and calculated
Patterson maps in a previous x-ray diffraction study by us.'3
Fitting of these models gave X2 values of 5.3, 6.6, and 6.3 for
the f2, f3, and f4 models, respectively. They can therefore be
excluded.

The weak half-order streaks observed both with RHEED
and x-ray diffraction indicate that the sample has a weak 1
X2 structure. The influence of the 1X2 structure on the
intensities is too small for a complete determination of the
nature of the X2 superstructure including the Si atoms. For
this, measurements at low temperature have to be done. We
have, however, tried to fit a X2 superstructure of the gold
atoms, in which the gold atoms were allowed to move par-
allel to the steps. If the two gold atoms move in opposite
directions parallel to the steps, then the model in Fig. 2 is
similar to the X2 m1 model of Krawiec.'> Only the integer-
order intensities were used in the fit but a X2 superstructure
can be detected by split positions of the atoms. Several con-
figurations with almost the same y* were found. The left
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FIG. 3. (Color online) Structural model after the refinement of
the atomic positions. Large yellow spheres are gold atoms, blue
spheres Si atoms in the top-most layer, and small gray spheres bulk
Si atoms. The dashed rectangle indicates the centered surface unit
cell.

gold atom moved by between 0.13 A and 0.03 A parallel to
the steps but the right gold atom stayed at the symmetric
position. The x? value did not change with regard to the X1
structure, hence it is not possible to judge whether the gold
atoms form a X2 structure. Any possible displacement along
the steps is smaller than in the X2 ml model, however,
where the gold atoms are both displaced by about 0.26 A
from the symmetric positions of Fig. 2.33

Finally, the least-square fit of the model in Fig. 2 was
repeated including some substrate Si atoms in the second
bilayer. This reduced x? slightly to 3.35 but did not change
the model significantly. The refined model is shown in Fig. 3.
The refined atomic coordinates are available in the online
supplementary materials.”! Examples of the agreement be-
tween the calculated CTR profiles and the experimental data
are shown in Fig. 4.

IV. DISCUSSION

Krawiec!® found in their ab initio calculations two models
that gave reasonable agreement with the experimental band
structures, the X1 ml and X2 ml models. They were ten-
tatively assigned as the high-temperature and low-
temperature phases, respectively. The X2 m1l model devel-
oped from the X1 ml model when a X2 superstructure
along the steps was allowed but it has a fundamentally dif-
ferent bonding configuration. The X1 ml model is incom-
patible with the Patterson map in Fig. 1(a) because it would
have a very different position of the Au-Au peak. The
X2 ml model, however, is in fact closer to the model in Fig.
3 than to the X1 m1l model from which it was derived. The
X2 ml model could therefore be the low temperature struc-
ture of the present model. It should be pointed out, however,
that there is a fundamental difference in the band structure of
the X2 ml model compared to experiment at low
tempe:rature:s:3’4 the former is metallic, while in the latter a
band gap opens when the X2 superstructure forms. The me-
tallic surface is also in conflict with the experimental classi-
fication of the transition as a Peierls transition.>*!” The for-
mation of the low-temperature phase needs therefore further
investigation.
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FIG. 4. Comparison of measured structure factors F (solid
circles) and those calculated from the best-fit model (lines) for rep-
resentative CTRs. The curves are vertically offset for clarity.

The model for the Si(553)-Au surface has similarities
with models for other gold chain structures on silicon sur-
faces, the Si(557)-Au, Si(335)-Au, and Si(111)-5X2-Au
surfaces. The silicon honeycomb chain is a common struc-
tural component in metal-induced surface structures on the
Si(111) surface and vicinal surfaces.’! In the case of models
for the Si(557)-Au and Si(335)-Au surfaces, the honeycomb
chain is located at the step edge’*3* as in the present model.
Models for the Si(111)-5X2-Au surface proposed from ab
initio calculations also have a honeycomb chain next to a
double gold row.3?33 The local structure of the gold double
row is similar to the one in the present model. There is no
experimental confirmation of the models for the Si(111)-5
X 2-Au and Si(335)-Au surface yet, so the present structure
can be seen as giving support to these models as well.

An interesting question is why the gold atoms form a
double row on this surface, in contrast to the single rows on
the closely related Si(557)-Au and Si(335)-Au surfaces. The
Si(557)-Au surface has wider terraces than the Si(553)-Au
surface (19.1 A compared to 14.7 A) so naively one could
expect that more gold atoms would fit onto the terraces of the
Si(557)-Au surface. There are two possible explanations. The
first is the instability of Si dangling bonds, an important driv-
ing force for reconstructions on Si surfaces.’® If the
Si(553)-Au surface would be composed of a honeycomb
chain and a single gold row, for example, by replacing one of
the gold atoms with silicon in Fig. 3, then a Si dangling bond
would be created on the terraces, which cannot be saturated
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easily. In the case of the Si(557)-Au and Si(335) surfaces, on
the other hand, either no Si dangling bonds (except for the
step edge atoms) are present, or the dangling bonds are satu-
rated by adatoms.?*3* If there were two gold rows on the
Si(557)-Au surface, then the saturation by the adatoms
would not be possible and a row of dangling bonds would be
created. Another possible reason might be that the honey-
comb chain necessarily introduces a stacking fault, which
has to be corrected for by a surface dislocation on the
terrace.!” At the dislocation a silicon atom bonded to four
neighbors in the surface plane appears. This atom is situated
between the gold atoms in the present model. It is easily
imaginable that this bonding configuration is only stable if
the four neighbors are all gold atoms. The honeycomb chain
on the Si(557)-Au and Si(335) surfaces does not create a
stacking fault so similar bonding configurations do not
appear.

The structure of the gold double row is also interesting.
The two gold rows are separated by 2.67 A, somewhat
smaller than the interatomic distance in gold of 2.88 A. The
atomic distances in the same row are 3.84 A. The gold
double row can therefore be seen as a row of gold dimers.
The connection in the direction of the steps is provided via Si
atoms.

V. CONCLUSION

The atomic structure of the Si(553)-Au surface was deter-
mined with surface x-ray diffraction. The gold coverage was
found to be 0.5 ML, in agreement with a previous x-ray
investigation® and a recent determination of the gold
coverage.'* A combination of different methods for directly
obtaining structural information from the diffraction intensi-
ties proved to be effective for the structure determination.

The structure consists of a row of gold dimers on the
(111) terraces and a Si honeycomb chain near the step edges.
It is closely related to the X2 ml model of Krawiec, which
might be the low temperature structure of the surface.!”> The
determination of the structure should help to clarify the ori-
gin of the metallic band structure and the two metal-insulator
phase transitions.
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