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Identification of Au—S complexes on Au(100)}
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Using a combination of scanning tunneling microscopy and density functional theory (DFT) calculations,
we have identified a set of related Au-S complexes that form on Au(100), when sulfur adsorbs and lifts
the hexagonal surface reconstruction. The predominant complex is diamond-shaped with stoichiometry
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A qualitative model is developed which incorporates competitive formation of complexes, Au rafts, and
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1. Introduction

In surface science, complexation reactions between adsorbates
and indigenous surface metal atoms are reported with increasing
frequency. Such complexes can influence metal mass transport,>
engender exotic organometallic nanoarchitectures,®” and allow
control of surface properties by tuning the availability of metal
atoms.®

In this paper we present evidence for a new type of complex
that forms between S and Au atoms on Au(100). The interaction
of S with Au surfaces is important because it is the most basic
prototype for a large class of systems in which the S-Au bond
anchors molecular ligands. These ligands range from (functio-
nalized) alkyl groups”° to biological molecules.'®'" Such systems
have many potential or real uses, such as detection of antibiotic-
resistant bacteria'® or fabrication of thin film transistors."* There
is evidence that some of these molecular adsorbates can also
form complexes with Au atoms via the S group.'®"® In this vein,
a “staple” motif has been reported whose basis is a linear
S-Au-S subunit. As the name implies, the Au atom interacts
weakly with the metal substrate in comparison to the S atoms,
which are the ends of the staple.**™*”

Previously, we reported that unexpected complexes can form
between sulfur atoms and metal atoms on Ag(111)'® and
Cu(111),"**° with stoichiometries Ag;¢S1; and Cu,S;, respectively.
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p(2 x 2) sulfur islands, as Au atoms are released by the surface structure transformation.

Surprisingly, we found no evidence for complexation on Au(111)
under similar conditions, although another group® did report
some evidence for Au-S clusters. While the Ag and Cu moieties
are very different from one other, they possess features that we
attributed to certain common principles of formation: high metal
coordination around one or more sulfur atoms, and/or linear
S-M-S subunits (M = Cu, Ag). The latter resemble the staple units
mentioned above.

The specific system described in this paper, sulfur on Au(100),
has been characterized previously using STM, low-energy electron
diffraction, and other techniques, in ultrahigh vacuum (UHV)
and in electrochemical environments. It has been characterized
over a large coverage range, and often at room temperature. The
clean surface is hexagonally (hex) reconstructed, with an atomic
density 25% higher than that of the unreconstructed (1 x 1)
phase (e.g. ref. 22-30). Adsorption of sulfur causes the hex
structure to revert to the (1 x 1), with the concomitant release
of excess Au atoms.’’* Depending on temperature, some of
the excess Au can coalesce into single layer islands (rafts) on the
terraces.>" Sulfur forms ordered structures on the unreconstructed
regions, including a p(2 x 2),*"** ¢(2 x 6),” ¢(2 x 4),>" (/2 x {/2),**
and an octomer phase.*® Of these, the p(2 x 2) has the lowest
ideal coverage (0.25 ML) and is most relevant to our work. It is a
chemisorbed phase, with sulfur adsorbed in alternating four-fold
hollow (4fh) sites.>*° Notably, Jiang et al.*' observed that the
p(2 x 2) appears immediately wherever the reconstruction is
lifted, and that it covers both levels—terraces and rafts—of
unreconstructed Au.

Our work includes a combination of scanning tunneling
microscopy (STM) and density functional theory (DFT) calculations.
The experimental work differs from prior work®* in that condi-
tions are designed to isolate possible complexes. Thus, S coverage is
kept low to circumvent adsorbate-induced reconstructions, and the
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observation temperature is low (5 K) to ensure immobilization
of adsorbed species following S adsorption at 300 K. A new,
diamond-shaped complex is very common under these experi-
mental conditions. Using DFT, we calculate the relative stability
of candidate structures, and we compare each candidate’s physical
characteristics—shape, size, and orientation—with experimental
data. The methodologies of experiments and calculations are
similar to those described elsewhere.'*>*7%

The manuscript is organized as follows. Section 2 provides
experimental and computational details. Section 3 presents
experimental results, along with DFT-guided interpretation.
The clean surface is described first, followed by features that
develop as the reconstruction is lifted. These are p(2 x 2)
islands, Au rafts, possibly S atoms on hex regions, S-decorated
step edges, and complexes. The propensity for ejected Au atoms
to reach step edges is then analyzed. Section 4 is a discussion
of results, including connections with prior work, followed by
concluding remarks in Section 5.

2. Experimental and
computational details
2.1 Experimental description

The experimental instrumentation and procedures were similar
to those used previously, in studies of S adsorption on Ag(111),'®
Cu(111),"?%*° Au(111),”” and Au(110).*° In the current work, the
single crystal Au(100) sample was cleaned via several Ar" sputtering
(10-15 pA, 1.5 kv, 10 min) and annealing (720 K, 10 min) cycles.

Imaging by STM was performed at 5 K in UHV, at pressure
<6.0 x 10" Torr. Sulfur was deposited in situ via an electro-
chemical Ag|AgI|Ag,S|Pt source.* ™ The sample was held at
300 K during S deposition, and then cooled to 5 K for measure-
ment. Cooling and stabilization for STM measurements was
completed in approximately 50 minutes. After initial STM mea-
surements, the sample was warmed back to room temperature and
re-cooled to 5 K for further imaging, with no difference in the
results. Tunneling conditions during imaging were in the range
—1.00 V to +1.00 V sample bias (Vs), and 1.00 to 3.10 nA tunneling
current (I). The ESIt gives tunneling conditions for each image.

The STM piezoelectric calibration was checked by comparing
measured and predicted atomic dimensions. The atomic separation
along the close packed directions, a, was measured as 0.282 +
0.007 nm, and the step heights as 0.19 £ 0.02 nm. The in-plane
lattice constant predicted for Au(111) is 0.288 nm;** there is a 4%
contraction associated with the hex Au(100) surface,>”*>* which
brings this value to 0.276 nm. The step height predicted from the
bulk parameter is 0.204 nm.** Both are within one standard
deviation of the measured values.

Sulfur coverage (0s) was obtained by counting protrusions in
STM images (associating each small protrusion with a single S
adatom, and each diamond-shaped protrusion with 5 S), and
dividing by the areal density of atoms in a bulk Au(100) plane.
This yielded coverage in units of absolute monolayers (ML).
Five experiments were performed, spanning the coverage range
0.009 to 0.12 ML.
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2.2 Computational description

We performed density functional theory (DFT) calculations
using the VASP*"~*° package and the projected-augmented wave
(PAW)*° method. If not otherwise noted, the Perdew-Burke-
Ernzerhof (PBE)*" approximation was used for the exchange-
correlation. Technical details can be found in ref. 19 and 38.
Energetics were averaged over slabs with thickness, L, from 7 to
12 Au layers.”> We used k-point grids that approximately
corresponded to (24 x 24 x 1) for the primitive substrate cell.
All configurations reported herein were energy-optimized, with
the bottom layer of Au atoms fixed. STM images were generated
from optimized configurations by taking the isosurface of
partial charge density in an energy window that bracketed the
Fermi energy by +0.1 eV, after Tersoff and Hamann.>?

We used DFT to evaluate the relative stability of S—either in
the form of complexes or as chemisorbed adatoms—on the
unreconstructed Au substrate. The metric is a chemical
potential, us, for S (at 0 K), which we have employed in several
similar systems.'®?%*7*° 1t is defined as

s = [E(Au,,S, + slab) — E(slab) — muau]/n — E(S;¢)/2
1)

where E is energy and p,, is the chemical potential of Au in the
bulk metal (at 0 K), which also corresponds to the bulk cohesive
energy. If bulk and surface are equilibrated, i, is equivalent to
the binding energy of a Au atom at a step kink site.>® The
integers m and n are the number of Au and S atoms in the
complex, respectively. When m = 0, ug is simply the adsorption
energy of a S adatom. Physically, ug reflects the energy increase
per S, when atomic S on terraces is incorporated into complexes
in the presence of an unlimited supply of Au available from
steps/kinks. Eqn (1) defines the energy of gaseous triplet S, as
the reference point for us.

The size of the supercell can influence pg because of inter-
actions between neighboring adsorbates. We therefore compare yg
of the most important species at different supercell sizes (different
0s). Whenever a value of g is given, either the supercell or 0y is
specified. The area of the supercell is 7/0s.

The most pertinent DFT results are presented in this text.
Many others are provided in the ESL¥}

3. Results

3.1 Clean surface

Fig. 1 shows STM images of the clean Au(100) surface. The
characteristic hex reconstruction is visible at low magnification
as long modulated stripes, parallel to either the [011] or [011]
directions. Fig. 1(a) shows a stepped region that encompasses
both types of domains.

Fig. 1(b and c) resolves individual atoms and their hexagonal-
like packing in the corrugated surface layer. The modulation of the
stripes is mainly due to mismatch between close-packed rows of Au
atoms in the (denser) hexagonal layer and in the unreconstructed
layer beneath. The period of modulation is 7.57 £+ 0.08 nm (based
on the number, N, of 13 measurements), which spans about 27 Au
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Fig. 1 STM images of a clean Au(100) surface. (a) Several step edges, and
a domain boundary indicated with an arrow. The image is differentiated
to facilitate viewing of hex stripes on different terraces; 30 x 30 nm?.
(b) Topographic image of a terrace region; 10 x 10 nm?. (c) Topographic
image of a terrace region with atomic resolution; 5 x 5 nm?,

atoms in the top layer along the close-packed direction. These
terrace images are very similar to those that have been reported
and analyzed for the hexagonally reconstructed surfaces of
Pt(100)**°>°® and Au(100).>**"

3.2 Features associated with chemisorbed sulfur

p(2 x 2) phase. As noted in Section 1, the p(2 x 2) is a known
chemisorption phase with an ideal coverage of 0.25 ML,
wherein S occupies 4fh sites on the unreconstructed Au(100)
surface.>®?® The following observations shed additional light
on this structure, and provide context relevant to the surface
complexes.

In our work, the p(2 x 2) is visible in localized regions even
at the smallest total coverage, 0.009 ML. (We call such areas
islands of p(2 x 2) phase.) The smallest p(2 x 2)-related islands
are single rows of spots, separated by 2a, on a dark background
which we take to be the unreconstructed metal. Examples are
shown in Fig. 2(a and b). Some such rows adjoin a terminated
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Fig. 2 One-dimensional rows and p(2 x 2) islands of sulfur atoms at
0.009 ML. Allimages are topographic and sized to the same scale. (a) 8.0 x
8.0 nm?, (b) 10 x 10 nm?, (c) 10 x 10 nm?, (d) 10 x 10 nm?.

hex stripe, and others are embedded in hex stripes that curve
around them. Both cases can be seen in Fig. 2(a). Far more
common than single rows are anisotropic p(2 x 2) islands like
those in Fig. 2(c and d), each consisting of 2-3 rows. The
anisotropy is clearly enforced by the surrounding hex orientation,
since the long dimension of each p(2 x 2) island lies parallel to
the hex stripes. The height and width of the protrusions (shown
in Table 1) are comparable to S adatom dimensions we have
measured in other systems under similar conditions.*”* Fig. 2(a)
includes a pair of S atoms in a dark trough that may result from
the dissociation of a single S, molecule, but this type of configu-
ration was observed only once. Domain boundaries in the
p(2 x 2) are very common.

Au rafts. As sulfur coverage increases up to 0.12 ML, the
p(2 x 2) domains become larger and more isotropic, and
rectangular rafts of Au form, adjacent to or inside the p(2 x 2)
domains, as shown in Fig. 3. The rafts’ identity is confirmed by
the fact that their height, 0.18 & 0.01 nm, equals the measured
Au(100) step height, 0.19 £+ 0.02 nm. These Au rafts are covered
with the p(2 x 2) phase of S, and their edges align with the
p(2 x 2) on lower terraces. All of these characteristics of Au rafts
are consistent with the prior report of Jiang et al.*!

S atoms on the hex phase. Occasionally, protrusions are
observed on the hex phase that may be S atoms. Two are encircled
in Fig. 2. They are always slightly off-center from a hex stripe,
but their size is irregular. Their density is extremely low, with
an estimated upper limit of 0.004 nm > at a total coverage of
0.009 ML, or 1 protrusion for every 400 Au atoms in the hex phase.
Given the low density, we cannot exclude the possibility that some
or all of these features are impurities.

DFT of the p(2 x 2) phase. We use DFT to evaluate us
(described in Section 2.2) of the chemisorbed phase. Fig. 4 shows
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Table 1 Dimensions of features observed with STM, measured over sample bias from —1.00 to +1.00 V. The number of measurements is N

Assignment Height, nm Width at half-maximum, nm N

S adatoms on terraces in p(2 x 2) 0.022 £ 0.004 0.293 £ 0.023 170

Au,Ss complexes (diamonds) 0.145 + 0.020 Diagonal width: 1.04 + 0.09 58
Narrowest width: 0.813 + 0.077

AuS, complexes (oblongs) 0.114 £ 0.038 Length: 0.782 £ 0.059 17

Fig. 3 Topographic images of Au rafts and complexes on the p(2 x 2)
domains. The image size is 15 x 15 nm?. (a) 0.024 ML, (b) 0.032 ML, (c)
0.055 ML, (d) 0.12 ML. Arrows are explained in the text.

values of ug for S adatoms at the 4fh site on unreconstructed
Au(100) surfaces for several different S configurations. Exact
values of ug, together with other details, are given in the ESL}
Three of the values define a convex hull, shown by the solid line
segments in Fig. 4. We call this envelope the baseline energetics.
Consistent with experiment, the p(2 x 2) defines the minimum
energy at 0.25 ML.

As an aside, Table 2 gives nearest-neighbor interaction
energies, w, (n = nearest-neighbor separation in units of a)
calculated for a lattice-gas model with only pair-wise interactions,
on the unreconstructed (100) surface. Interactions through the
7th nearest neighbor are all repulsive (positive), with w; lowest,
consistent with p(2 x 2) ordering. Interestingly, the first four
pairwise interaction energies are similar to those deduced by Bak
et al.>” for Se/Ni(100), where the experimental phase diagram also
contains a p(2 x 2) phase. We also note that another DFT study’”
of S/Au(100) found similar values for w; and w,, and postulated
oscillatory longer-ranged interactions. In contrast, we observe
only repulsive interactions up to 4a, but with especially strong
repulsion for w,.

S-Decorated step edges. At the lowest sulfur coverage inves-
tigated, 0.009 ML, step edges parallel to the hex stripes can be
found that are decorated by single rows of protrusions, separated
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Fig. 4 Chemical potential of S chemisorbed on 4fh sites of Au(100) in 7
different supercells from DFT-PBE calculations.

Table 2 Pairwise interaction energies between neighboring S atoms. w,
represents the n-th nearest-neighbor interaction energy, derived for a
lattice-gas model with only pair-wise interactions

n 1 2 3 4 5 6 7 8

w, (eV) 0.433 0.211 0.001 0.031 0.006 0.012 0.005 —0.003

by 2a ~ 0.57 £ 0.01 nm (see Fig. 5(a)). These rows apparently
evolve into p(2 x 2) domains of increasing size as sulfur coverage
increases, based on images such as the one in Fig. 5(b). At a given
coverage, the p(2 x 2) domains near steps are generally larger
than those far from steps.

DFT-derived values of ugs are shown in Fig. 6, for a row of S
atoms in several locations near an unreconstructed step edge.
The step edge is modeled by a 3-atom-wide Au strip in a (2 x 6)
supercell. Fig. 6(a and b) show that a row of S adsorbed in 4fh
sites on the lower terrace near a step is less stable than in
pseudo-3-fold hollow sites directly at the step. Most favorable is
the 4fh site along the upper terrace, adjacent to the edge,
shown in Fig. 6(c). Adding an extra row of S on the lower
terrace, as shown in Fig. 6(d), destabilizes the configuration
based on the increase in ps. We conclude that the configuration
with S atoms in 4fh sites on the upper terrace probably
corresponds to the experimental image of Fig. 5(a).

3.3 Au-S complexes

Discrete features with well-defined shapes, other than those
attributable to chemisorbed S, coexist with the p(2 x 2) phase
even at the lowest measured coverage. The most common
such features are diamond-shaped with a central bright spot.
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Fig. 5 STMimages near step edges following adsorption of sulfur. Images
are differentiated to facilitate viewing structures on different levels, and are
15 x 15 nm?. (a) A row of sulfur at a step edge, 0.009 ML. Sulfur atoms are
separated by 2a. (b) A step edge bounded by relatively large p(2 x 2)
domains, 0.055 ML.

a)-0.87(1) eV b) -1.12(2) eV

e4o4o

Fig. 6 Energy-optimized configurations, simulated STM images, and
calculated chemical potentials of S rows at step edges. Gray circles
represent Au atoms in the unreconstructed (100) surface; white circles
are Au atoms on top of the (100) surface, representing a short-range gold
terrace; gold circles are S atoms along the lower terrace, roughly coplanar
with the Au atoms; and yellow circles are S atoms on the upper terrace.
The supercells are (2 x 6).
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Dimensions are given in Table 1. We assign these as Au,Ss
complexes for reasons given below. Features also exist that
resemble incomplete diamonds, although these are less common.
Still less common are oblong features. All are visible in Fig. 7. For
instance, arrows point to features with 3 and 2 vertices in Fig. 7(e)
and Fig. 7(a and b), respectively, and to oblong shapes in Fig. 7(c).

We assign the complexes on the basis of DFT calculations
represented in Fig. 8. Given the predominance of the p(2 x 2)
phase in experiment, values of ug close to 0.25 ML are most
relevant. At coverages close to 0.25 ML, several Au-S structures
are more stable than the chemisorbed phase, by substantial
margins: Au,Ss, AuzS,, Au,Ss;, and AusS,. These are represented
by the points below the solid line in Fig. 8, and are shown
schematically in Fig. 9. At 0.25 ML, the two most stable
structures are Au,Ss and AuzS,, which both have ug about 0.15 eV
below baseline.

The structure of the most-stable Au,Ss complex is shown
in the upper part of Fig. 10(a). It consists of a square of 4 Au
atoms, each positioned close to 2-fold bridge sites on the
underlying Au substrate. This square supports a single S atom,
forming a pyramid. In addition, 4 S atoms are at the corners of
the Au base, which accounts for the diamond-like shape. It can
be regarded as a central S atom with 4 AusS legs. Intuitively, one
might expect that the 4 S atoms would instead be located along
the sides of the Au base, as in Fig. 10(c). However, the side
location is far less favorable, since us is higher for that
configuration by 0.86 eV. The presence of a S adatom close to
Au,Ss (within 1.5 lattice constants of a corner S) makes surprisingly
little difference to s, based on the configuration in Fig. 10(b). This
is consistent with the observation that Au,Ss complexes are
embedded within the p(2 x 2) phase (although the p(2 x 2) is
usually rather disordered in the near vicinity of a complex). The
addition of more Au atoms to the Au base destabilizes the Au,Ss
complex by over 0.4 eV, as illustrated in Fig. 10(d).

There is excellent agreement between STM images predicted
from the DFT-optimized structure of Au,Ss and those measured
experimentally, as seen by comparing the lower portions of
Fig. 10(a and b) with Fig. 10(e). First, the distinctive shape is
present in both cases: a bright central protrusion with 4 legs. In
contrast, the configurations in Fig. 10(c and d) fail to reproduce
this shape. Second, the orientation of the diamond is correct.
To show this, the experimental image in Fig. 10(e) is rotated to
align the underlying substrate (determined from the p(2 x 2))
with the substrates in Fig. 10(a-d). Third, the lateral dimensions
of Au,Ss are comparable in theory and experiment. This can be
confirmed by inspecting the sizes of the diamond-shaped features
in the respective parts of Fig. 10, knowing that the size of the
experimental image has been adjusted to match the scale of the
DFT configurations—again, using the p(2 x 2) as guide. In both
experiment and theory, the diagonal dimension spans about 4a
or, in terms of the metric that is most available from the STM
images, about 2 p(2 x 2) lattice constants.

The other features observed in STM can be considered
partial diamonds that have 3 to 1 AuS legs emanating from
the central S adatom. Energy-optimized configurations, STM
images (both simulated and experimental), and the corresponding
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Fig. 7 Au-S complexes on p(2 x 2) domains. The image size of panel (a) is
5 x 3.3 nm?; all others are 10 x 10 nm?. (a) High resolution image of the
Au,4Ss complexes. The arrow indicates an Au,Sz complex. Sulfur coverage
is 0.055 ML in all panels except (b and c), where it is 0.009 ML. The text
explains the significance of the arrows.

chemical potentials are given in Fig. 11. The 3-leg structure is T-
shaped, the 2-leg structure is heart-shaped, and the 1-leg structure
is oblong shaped. In all complexes, the Au atoms are not at the
natural 4fh sites, but rather at 2-fold bridge sites in the Au
substrate, or nearly so; this is also evident in Fig. 9.

Values of chemical potential are compared in Fig. 8 for
complexes with different numbers of AuS legs, for coverages
close to 0.25 ML. In this coverage regime, complexes with 4
and 3 legs have comparable values of ugs. Structures with 2 or
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Fig. 8 Chemical potentials of most favorable complexes calculated from
DFT. A portion of the convex hull for the chemisorbed phases, shown in
Fig. 4, is reproduced by the black line segments. Red ovals indicate AuS,,
green triangles Au,Ss, blue triangles AusS,4, and black lozenges Au,Ss.

3-vertex .(

i)

)|

4-vertex Diamond
Au,S;

Fig. 9 Schematic representation of Au-S configurations, where gray
circles represent Au atoms in the unreconstructed (100) surface; white
circles are Au atoms on top of the (100) surface, as part of complexes; gold
circles are S atoms in the complex, roughly coplanar with the Au atoms;
and yellow circles are S atoms in an upper level, at the top of the complex.

1 legs are less favored but still more stable than the p(2 x 2)
phase.

Fig. 11 shows that 4- and 3-leg structures have the central S
atom above the plane of the Au base and this makes the center
of these complexes appear bright in the STM images. In the
2- and 1-leg structures, all S atoms are nearly co-planar with the
remaining Au base, and so they lack the bright spot. Further
insight into the structures of the two larger complexes, Au,Ss
and AusS,, is provided by the cross-sectional view in Fig. 12.
This view shows that they can be regarded as slightly bent
S-Au-S motifs in which one S adatom is lifted above the
surface. The S-Au-S angles are 167.4° in Au,Ss, and 172.4°
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a) AU485
-1.385(1) eV

b) AU4S5 +8
-1.36(1) eV

c)Au,Ss
-0.50(2) eV

d)AugSs + S
-0.946(7) eV

e) Experiment

Fig. 10 Complexes related to diamond-shaped clusters. Top panels of (a—d)
show energy-optimized configurations with the same color coding as in Fig. 9,
and values of us. Bottom panels show the corresponding STM images simulated
from DFT. Panel (e) is an experimental image, size 3.6 x 4.0 nm? 0.12 ML.

and 164.6° in Au;S,. In the latter case, the smaller angle is
associated with the two AuS legs that point in opposite direc-
tions, i.e. the legs perpendicular to the plane of Fig. 12(a).

It is interesting that, starting from the 4-leg complex, smaller
structures are generated by successively deleting the entire AuS

This journal is © the Owner Societies 2016
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AusSs -1.414(1)eV

c) AuSz -1.327(2) eV

sn O

Fig. 11 Complexes related to partial diamonds. Each panel contains, from
left to right: the energy-optimized configuration from DFT (with the same
color coding as in Fig. 9); the corresponding simulated STM image; and the
experimental STM image (2 x 2 nm?), where applicable.

legs. One might expect corner S atoms to be deleted instead,
thus preserving the Au, base. However, the latter expectation is
not supported by the values of us. For example, the configu-
ration in Fig. 11(d), which lacks a single corner S atom, is less
stable by 0.09 eV than that in Fig. 11(a), which lacks both
S and Au.

We have checked the effect that different approximations in
DFT may have on ps. Results are shown in Table 3, comparing
LDA with PBE®' and optB88.°*° The latter accounts for dis-
persion forces. It can be seen that the order of us for the two
complexes is the same for all functionals. For the two higher
level theories (PBE and optB88), us values for complexes are
lower than those for the p(2 x 2), while for LDA, the reverse is
true. Since it is generally believed that generalized gradient
approximation (GGA) functionals such as PBE are more accurate
than LDA, one should draw the conclusion that the complexes
have lower ug than the chemisorbed phase according to DFT.

Finally, we note that in our experiments, the sample was
prepared at 300 K, and then cooled to 5 K for imaging. After this
initial preparation, we regularly re-heated the sample to 300 K
and repeated measurements at 5 K, to determine whether
observations depended on length of time at 300 K or number
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(a)
Fig. 12 Cross-sectional views of DFT-optimized configurations for (a)
AuzS4 and (b) AusSs. The color scheme of Fig. 9 is used.

Table 3 Values of us for different configurations and different approx-
imations in DFT

Configuration LDA PBE optB88
p2x2)-8 —1.998(2) eV —1.273(2) eV —1.444(2) eV
(22 x 2,/2)R45° - AuS,  —1.886(15) —1.327(2) —1.487(1)
(24/5 x 2,/5)R26.6° — Au,Ss —1.942(2) —1.401(1) —1.538(1)

of heating-cooling cycles. In all cases, there was no difference
in the observations before and after the second cycle. In parti-
cular, complexes existed under both conditions, in comparable
abundance.

3.4 Mass balance on terraces

Ejected Au atoms can be consumed by Au-S complexes, Au
rafts, and (presumably) step edges. From the STM data, we can
gain insight into the balance between these pathways. We focus
first on large terraces, more than ca. 5 nm wide. Fig. 13(a)
shows the number density of Au atoms released (calculated
from the area of the unreconstructed surface phase), and the
density of Au atoms consumed by complexes and Au rafts.
Fig. 13(b) shows the fraction of Au atoms that are ejected, but
are not accounted for by complexes and rafts. Details of this
calculation are given in the ESL{ At the lowest coverage, 80% of
the ejected Au is unaccounted for, meaning that it must diffuse
to, and be captured at, step edges. For coverages of 0.024 ML or
higher, the opposite is true: most of the ejected Au is contained
in complexes and Au islands. We interpret this to mean that
excess Au cannot diffuse efficiently to nascent step edges at
0.024 ML and above, at 300 K. As the surface becomes more
crowded, it becomes more likely that the ejected Au is captured
on a terrace before it can reach a step.

Fig. 13(a) also shows that the amount of Au in the complexes
is roughly constant as a function of coverage, while the amount
of Au in rafts increases significantly, consistent with qualitative
observations (e.g. Fig. 3).

Terraces narrower than ca. 5 nm exhibit very few complexes
or rafts. Fig. 14 shows an STM image with several terraces. One,
labeled t1, is wide in the lower part of the image, and narrow in
the upper part. As it changes from wide to narrow, the complexes/
rafts disappear. The other terrace, t2, is narrow throughout and
barren. There is also a narrow denuded zone along the upper
terrace, next to the step. Such observations mean that the
released Au atoms are captured efficiently by step edges at all
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Fig. 14 Topographic STM image including narrow terraces (t1 and t2).
30 x 30 nm?; 0.12 ML.

S coverages, if the distance to a step is sufficiently small.
In turn, this suggests that both complexes and rafts are
metastable with respect to steps.

4. Discussion
Nature of the complexes

The main result of this paper is the identification of complexes,
primarily Au,Ss diamonds, that exist on the unreconstructed
Au(100) surface. This is the first observation of metal-sulfur
complexes on an fcc(100) surface, to our knowledge. We have
isolated these species in experiment by making observations at
very low sulfur coverages, in the range 0.009 to 0.12 ML.
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A prior study of this system by Jiang et al., using STM and
XPS, focused mainly on higher coverages, particularly ordered
structures that emerged above 0.25 ML.>* However, Jiang et al.
published one STM image where the (unspecified) coverage was
considerably below 0.25 ML, since most of the surface was
still reconstructed, and another image at a coverage close to
0.25 ML, since the surface was essentially covered by p(2 x 2)
islands and rafts. There are many small features in these two
images whose shapes are not resolved, but which may be
complexes. In fact, in one of the images—the inset to their
Fig. 5(b)—a diamond-like shape exists atop a raft.>' It has an
orientation and size consistent with the diamonds reported
herein, gauging by the surrounding p(2 x 2) structure.

Formation of four-fold hollow sites for adsorbed S has been
proposed to drive reconstructions of the (111) surfaces of Cu'®?°
and Ag,'® and of the (110) surface of Au.” In the present system,
however, formation of such sites cannot drive complexation,
since the unreconstructed surface already offers four-fold hollow
sites. Instead, the stability of the two smaller Au-S complexes,
AuS, and Au,Ss, can be attributed to linear S-Au-S (sub)units,
i.e. staples, as shown in Fig. 9. As noted in Section 1, this motif
has been observed previously in Cu-S and Ag-S complexes that
form on Cu(111) and Ag(111), respectively.'®" In fact, the shape
of Au,S; is very analogous to the heart-shaped Cu,S; complex
found on Cu(111), where the linear S-Cu-S geometry was shown
to maximize overlap between the d,. orbital of the central metal
atom and the p, orbital of each S atom.' As pointed out in
Section 3.3 and Fig. 12, the two larger complexes consist of
slightly bent S-Au-S subunits. Hence, all the complexes may be
regarded as combinations of (near-) linear S-Au-S motifs.

Stabilities of coexisting structures

We have identified the complexes by comparing their size,
orientation, and appearance in STM experiments with DFT
calculations. We have also identified them on the basis of their
favorable ps. However, two features of the experimental data are
at variance with the DFT. First, the predominance of p(2 x 2)
islands and rafts, in experiment, contradicts the fact that us
calculated for complexes is lower than that for the p(2 x 2)
structure (Section 3.3 and Fig. 8). Second, the fact that yg is
more negative for the complexes than for the p(2 x 2) phase
means that complexes should consume Au atoms from step
edges (along with chemisorbed S from terraces), but the data
suggest otherwise. In experiment, neither rafts nor complexes
are observed on narrow terraces (Section 3.4 and Fig. 14), indicating
that both are metastable with respect to step edges. Consistent with
the latter premise, Jiang et al reported that annealing at 630 K
(starting from a coverage higher than 0.25 ML) produces large
domains of p(2 x 2) with no trace of rafts or complexes.*"

The inconsistency between experiment and DFT could be due
to any of several factors. First, DFT may not accurately represent
the real system. In particular, our DFT calculations involve an
ideal unreconstructed Au(100) substrate. The calculations do
not take into account the effects (e.g. elastic interactions) of the
surrounding reconstruction, nor of the step edges, and such
interactions could shift ug significantly.
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Second, values of ug are calculated here for T = 0 K, hence
excluding any entropic contribution, whereas the real surface
forms at 300 K and quenches at some intermediate temperature
as it cools to 5 K. Third, populations of surface species can be
predicted from ug only if Au atoms on terraces are equilibrated
with step edges. This last factor is the only one that can be
addressed concretely, since the data show that Au atoms
primarily diffuse to step edges if S coverage is very low, or if
the terrace is very narrow, but become trapped on terraces
under other conditions. Thus, kinetics are considered next.

Kinetics

The kinetics of this system must be very complex, involving
diffusion of two different species (Au and S) on different types
of Au surfaces (reconstructed and unreconstructed), plus nuclea-
tion and growth of complexes and rafts, all combined with the
local dynamics of Au atom rearrangement and ejection. In the
following, we present some aspects of the kinetics that are known
or can be deduced, and then develop a qualitative model that is
consistent with key experimental observations.

S can undergo long-range diffusion on the hex phase of Au,
at least at 300 K. This is evident from the ability of S atoms to
cluster and lift the reconstruction locally, even when the total S
coverage is very low, as in Fig. 2. To a first approximation, the
diffusion barrier on the hex phase should be comparable to
that on Au(111), where its calculated value is 0.39 to 0.47 eV.*”
This is compatible with significant diffusion at room temperature.

At the same time, it is known that Au atom diffusion on the
hex phase is anisotropic,”®®® occurring preferentially in the
direction parallel to hex stripes, with a low barrier of 0.32 eV.>
Its diffusion barrier within a p(2 x 2) matrix of sulfur is
presumably much higher. According to DFT, in fact, a single
Au atom would form a complex with surrounding sulfur, rather
than diffuse.

From our data, and from that of Jiang et a the initial
growth of unreconstructed regions is also highly anisotropic:
elongated p(2 x 2) islands form with their long axis parallel to
hex stripes. Similar anisotropic growth of unreconstructed
regions has been observed for NO, CO, and oxygen on
Pt(100),°>°%* where it is attributed to the anisotropic degree
of commensuration at the interfaces between unreconstructed
and hex phases®® or to anisotropic internal stress in the hex layer.**
In our observations the hex stripes behave like one-dimensional
rods whose ends erode individually as the reconstruction is lifted.
This is evident in Fig. 3(a-c), which contains many terminated hex
stripes, some marked by arrows.

Close inspection shows that the hex stripes terminate in four

l.,31

ways. The terminus can have no distinctive structure, as in
Fig. 3(b) (arrow), or it can be a single dot, as in Fig. 3(c) (arrow).
The dot is probably a S adatom. Third, the terminus can be a
diamond or partial diamond, as in Fig. 3(a) or Fig. 3(d) (arrows).
Good examples are also shown in Fig. 7(d) (lower arrow) and
Fig. 7(f) (arrow). In this situation, the complex is actually
embedded in the end of the stripe. Fourth, the stripes can
end in Au rafts; examples are shown in Fig. 7(d) (upper arrow)
and Fig. 7(e) (lower arrow). The fact that complexes and rafts
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are found connected to the ends of hex stripes indicates that
they may form as a direct result of the local Au structure
transformation.

The above features can be combined in the following
model—although we do not propose that this model is unique.
Excess Au atoms are generated at the ends of stripes. Disposition
of these atoms is stochastic. Each atom may diffuse away from
the point of generation, or be captured immediately. If a Au atom
diffuses away on the hex phase, it moves preferentially parallel
to the hex stripes until it is captured. The point of capture can be
another unreconstructed island if the terrace is wide or a step
edge if the terrace is narrow. When the density of excess Au at a
stripe terminus happens to be high while the reconstruction is
lifted, a raft forms; when it is moderate, a complex forms; when it
is low, p(2 x 2) forms. Once nucleated, rafts can grow indefinitely
whereas complexes cannot, which explains why rafts dominate as
coverage increases (cf. Fig. 13(a)). However at very low coverage,
i.e. 0.009 ML, only complexes and p(2 x 2) islands can form,
because the overall density of excess Au is simply too low to
initiate rafts. The Au rafts are metastable; they form only because
of the supersaturation of Au adatoms on the (wider) terraces. It is
not clear whether the complexes are metastable as well; DFT and
experiment are in seeming contradiction on this point. Systematic
experiments at higher temperatures could clarify this issue.

5. Conclusions

We have identified a family of related Au-S complexes which
form on the Au(100) surface, the most common one being
diamond-shaped Au,Ss. The identification rests on comparisons
of their size, shape, and orientation in STM and DFT, together
with values of ps from DFT. DFT shows that the family of
diamond complexes is more stable than other candidate com-
plexes. The formation of complexes, Au rafts, and p(2 x 2) islands
is probably competitive and influenced by kinetics under the
conditions of these experiments.
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1. Tunneling conditions for STM images in the main text.

Image size  Tunneling  Sample

Figure (nm?) current (nA) Bias (V) s

la 30x 30 0.915 -0.516

1b 10x 10 8.72 -0.002

lc 5x5 13.91 -0.002

2a 8x 8 2.19 -0.456 0.009
2b 10x 10 1.83 -0.500  0.009
2c 10x 10 2.63 -0.002 0.009
2d 10x 10 2.85 -0.002  0.009
3a 15x 15 1.72 -0.085 0.024
3b 15x 15 1.94 -0.052  0.032
3c 15x 15 2.38 -0.078 0.055
3d 15x 15 1.01 -0.061  0.115
4a 15x 15 1.68 -0.135 0.009
4b 15x 15 2.104 -0.038  0.032
6a 5x33 3.03 -0.023 0.055
6b 10x 10 1.91 -0.229  0.009
6¢ 10x 10 1.00 -1.000 0.009
6d 10x 10 3.03 -0.023  0.055
6¢ 10x 10 1.68 -0.253 0.055
of 10x 10 1.79 -0.168  0.055
6g 10x 10 2.10 -0.038 0.055
8e 3.6x4 0.468 +1.000  0.115
9a 2x2 291 -0.033 0.055
9b 2x2 3.03 -0.023 0.055
9¢ 2x2 2.10 -0.038 0.055
12 30x 30 1.75 +0.092  0.115

2. Details of determining Au mass balance.

The density of atoms in the hex reconstruction, Ny, is 15 nm2, while in the unreconstructed
layer the density, Ny, is 12 nm2. To determine the number of ejected Au atoms, we first
determine the area of the unreconstructed regions and multiply this by the density difference, AN
= 3 nm2. This gives the density of Au atoms released, N,.;. Then, we evaluate the density of Au
atoms contained in complexes and rafts, N,. If there were perfect mass balance on the terrace
(and within the scope of the imaged regions), the difference N, - N, would be zero.



The fraction of Au atoms released but not accounted for in complexes and rafts, shown in
Fig. 13(b), is calculated as F = (N - N¢; )/ Ny A positive value of F indicates that more Au
atoms are ejected than consumed, as is true at 0.009 ML. A large negative value of F would
indicate the reverse. We estimate that the small deviations of F from zero, at 0.024, 0.032, and
0.055 ML in Fig. 13, are within experimental uncertainty.

3. Details of DFT results for the chemisorbed phases.

Energetics of single S adsorbed on 4th sites of Au(100) in 9 different supercells from DFT-
PBE calculations, averaging from L = 7 to 12. Uncertainties, in parentheses, represent the
variation in ug between individual slab thickness values. The index j is the separation between
nearest-neighbor S atoms in units of a, for each supercell. The three values in boldface define the
convex hull shown in Fig. 4 in the text.

j 0s k-points grid Supercell Hus (eV)
1 1 (12x 12) (1x1) 0.169(4)
2 12 (17x17) (V2 x \2)R45° -0.834(2)
3 1/4 (12 x 12) 2x2) -1.273(2)
4 1/5 (11x 11) (V5 x V5)R26.6°  -1.219(4)
5 1/8 (8 x 8) (2V2 x 2V2)R45°  -1.282(5)
6 1/9 (8 x 8) (3 x3) -1.268(2)
7 1/10 (8 x 8) (V10 x VIO)R18.4°  -1.281(2)
8 1/13 (7x7) (V13 xV13)R33.7°  -1.294(5)
9 1/16 (6 x 6) (4 x 4) -1.285(3)

4. Other configurations evaluated with DFT.

Figures S1-S9 show some of the other S atom arrays tested in DFT. Each panel contains a
schematic of the repeating structure within the unit cell, slab thickness (L), and the chemical
potential of sulfur, us. Many panels also include a simulated STM image, in shades of orange.
The supercell is given in each figure caption.
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ﬁ n ggg —_ . - .
Bk . : - !

) )

Figure S4. (3 x 3) supercell.

AuS, Au,S; Au,S;
L=7-12 -1.40(2) eV L=7-12-1336(2) eV  L=7-12 -1.180(8) eV

Figure S5. (V13 x V13)R33.7° supercell.




Au,S; Au,S;
L=4-7-126(2) eV L=3-5-120(4) eV

AugS, Auy,Sg
L=5-9-1.02(1) eV L=3-5-115(2) eV

Figure S6. (3V2 x 3V2)R45° supercell.

Au,S, Au,S;
L=7-12 -1.427(1) eV L=7-12 -1.401(1) eV

Figure S7. (2V5 x 2V5)R26.6° supercell.




Au,,S, Au, S,
L=5-9-1.15(1) eV L=4-7-112(1) eV

Figure S8. (4V2 x 4\2)R45¢ supercell.

AuySq AuyeSy;
L=4-7-1.106(7) eV L=3-5-093(2) eV

Figure S9. (6 x 6) supercell.




