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Adsorption and diffusion of SCH; radicals and Au(SCH3), complexes on the unreconstructed
Au(111) surface in the submonolayer coverage regime
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We study the adsorption and diffusion of Au(SCHs), complexes as well as bare SCHj radicals on the
unreconstructed Au(111) surface using density-functional theory. Maksymovych et al. observed these com-
plexes at the Au(111) surface by scanning tunneling microscopy. In accordance with previous density-
functional theory studies by other groups, we find a slight energetical preference for the bonding of SCH5 on
the surface in Au(SCH3), complexes. The net energy gain accounting for the creation of one Au adatom
amounts to approximately 0.2 eV per SCHj; radical. The diffusive motion of these complexes includes rota-
tional and translational diffusion steps with energy barriers of 0.44 eV and 0.37 eV, respectively. We speculate
whether this may result in a correlation of the direction of consecutive diffusion events. In case of bare SCH3

radicals we calculate a diffusion barrier of 0.26 eV.
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I. INTRODUCTION

The formation and structure of self-assembled monolayers
(SAMs) of alkanethiol molecules adsorbed at noble-metal
surfaces has attracted great interest during the past two de-
cades. This is due to the wide variety of promising applica-
tions that have been proposed, ranging from molecular elec-
tronics and nanolithographic techniques to biofunctionalized
surfaces and biosensoring devices.!"'® Moreover, alkanethi-
ols are regarded as a model system for organic molecules
that bind to a substrate surface via sulfur anchors.!=#%-10 The
most often considered substrate in this respect is the Au(111)
surface,” which is also studied in this work. Despite intense
efforts both from experiment and theory, the details of the
adsorption mechanism and the equilibrium structures at dif-
ferent coverages and alkanethiol chain lengths are still con-
troversial. For a recent review see, e.g., Ref. 11 and refer-
ences therein.

In case of the shortest alkanethiol HSCHj;, adsorption at
the Au(111) surface may or may not involve H-S bond cleav-
age depending on the occurrence of surface defects (e.g.,
created by ion bombardment prior to adsorption).”!'?!3 The
low desorption temperature (=140 K-220 K) of HSCH;
on defect free Au(111) (Ref. 12) is indicative of a rather
weak molecule-surface bond.'* As a result, only small
amounts of strongly bound methanethiol radicals SCH; are
formed on the surface at room temperature (RT).!>!> How-
ever, dosing of dimethyl disulfide CH;S-SCHj5 at RT is found
to result in cleavage of the S-S bond leaving methanethiol
radicals SCH; adsorbed at the Au(111) surface, which form

strong Au-S bonds.'>!® At saturation coverage (one radical
per three Au atoms), a (13 X y3)R30° equilibrium phase has
been identified.'”> There is an experimental report that this
phase can be transformed into a (3 X 2\3) structure by ther-
mal anneahng18 [also referred to as a c(4X?2) structure].
Both of these structures are also found for longer chains (see,
e.g., Refs. 4, 7, and 21). There have been contradictory ex-
perimental reports about what the exact binding configura-
tion within the (13 X \3)R30° structure is.!20:2224 Both on
top as well as hollow-bridge adsorption have been discussed.
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This was in contrast to almost all ab initio density-functional
theory (DFT) studies which favored adsorption at hollow or
hollow-bridge sites on defect free unreconstructed
Au(111).222-35 Molina et al. and Morikawa et al. considered
adsorbate induced vacancy formation or surface reconstruc-
tion as a way out.’*37 A combined experimental photoelec-
tron diffraction, grazing incidence x-ray diffraction and DFT
study conducted by Mazzarello et al. suggests that the
(\3 X \3)R30° periodicity evolves from a dynamic equilib-
rium between hollow-bridge site adsorption and a structure
in which two SCH; radicals bind on top to surface atoms and
additionally to one Au adatom which is lifted from the
surface.?33 Recently, an adsorption model was proposed for
the (3X2v3) structure of longer alkanethiol chains which
also involves gold adatoms.?* Even at submonolayer cover-
ages Maksymovych er al. suggested by means of scanning
tunneling microscopy (STM) experiments and DFT calcula-
tions that methanethiol radicals are bound to the surface in a
Au(SCH3;), complex in which both sulfur atoms form a bond
with a central Au atom and two surface atoms (on top).*
DFT calculations conducted by other groups corroborate
their result.>>*? Furthermore, Kautz et al. confirmed the in-
corporation of Au adatoms into monolayers of octanethiol
resulting in an adatom-thiol ratio of 1:2,*! which is consistent
with the above mentioned structure model proposed in
Ref. 39.

The focus of our work is to study and compare single
SCH; radicals and Au(SCHj3), complexes by means of DFT
calculations as an archetypical model system for molecular
diffusion in which one or two sulfur bonds to the underlying
substrate exist. Since Au(SCH3), complexes are stable under
UHV conditions on the unreconstructed Au(111) surface,?**°
they can be studied without having to consider the (22
X \3) herringbone reconstruction of Au(111). Furthermore,
adsorption properties and diffusion of bare SCHj radicals
would be relevant in case of electrochemical environments*?
where a lifting of the herringbone reconstruction induced by
an electric potential can be achieved.*? So far, however, little
is known about the detailed diffusion mechanisms for such
sulfur bonded assemblies from ab initio calculations.??#4-46
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This knowledge is essential in order to obtain a detailed un-
derstanding of self-assembly and growth processes of al-
kanethiols and other organic molecules.*’->" Moreover, dif-
fusion of molecules with one or more bonds to the surface is
of fundamental interest since it can differ substantially from
diffusion of single atoms.*-'=0 Apart from this, diffusion
characteristics also play an important role for possible future
applications.’>° The experimental accessibility of diffusion
barriers, paths or constants has been demonstrated via STM
and video STM studies.>3*36:39.61.62

II. CALCULATIONAL METHOD

The total energy of the electronic ground state has been
calculated using the Vienna ab initio simulation program
(vasp) (Refs. 63—66) developed at the Institut fiir Material-
physik of the Universitdt Wien which is based on density-
functional theory. The generalized gradient approximation
(GGA) by Perdew and Wang (PW91) (Ref. 67) is applied to
the exchange-correlation functional and the electron-ion in-
teraction is treated within the framework of Blochl’s projec-
tor augmented wave method (PAW).®® The potentials for
VASP from the database are used.®® The adsorption configu-
rations are modeled in a slab geometry comprising six layers
of gold and a (v3X3), (3X3), (4X4), or (6X6) surface
unit cell. Perpendicular to the surface the periodically re-
peated gold slabs are separated by a vacuum region of ap-
proximately 15 A, which has been subject to convergence
tests and proved to be sufficient. Asymmetric slabs have
been chosen, i.e., the adsorbed molecules bind to a single
side of the slab only. A dipole correction is applied perpen-
dicular to the surface in order to account for the dipole mo-
ment due to the asymmetry of the slabs. For the adsorption
geometries the Kohn-Sham wave functions are expanded in a
plane-wave basis set with a cutoff energy of 340 eV. Plane
waves up to an energy of 1000 eV are used to represent the
augmentation charges. The integrals over the Brillouin zone
are approximated by sums over special k-points’® using
meshes consisting of 49, 16, 9, and 4 k;points in the com-
plete first Brillouin zone of the (yV3X3), (3X3), (4x4),
and (6 X 6) surface unit cell, respectively. For optimum com-
parability of the calculated total energies, the k-point meshes
of the (3 X3), (4%x4), and (6 X 6) unit cells have been cho-
sen equivalent.

The diffusion paths and transition states reported below
have been calculated in a (3 X3) surface unit cell for the
SCHj radical, and in a (4 X 4) surface unit cell for the con-
figurations involving a Au adatom. The slab geometries con-
sist of six and four layers of gold, respectively. Due to the
increased computational costs we have chosen less stringent
convergence parameters in case of the large (4 X 4) cell. The
Kohn-Sham wave functions are expanded in a plane-wave
basis-set up to a cutoff energy of 250 eV (augmentation
charge: 750 eV). Calculations done in the (3 X 3) cell include
16 k-points to approximate the integrals over the Brillouin
zone. 4 k-points were used for the (4 X 4) surface unit cell.

The gold atoms of the outermost three layers on one side
of the slab as well as the adsorbed molecule(s) are allowed to
relax without constraints until the residual force per atom is
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smaller than 0.005 eV/A. The remaining layers of the slab
are kept fixed at their ideal bulk positions. All slabs have
been set up using the theoretical lattice constant, which is
calculated to be 4.18 A. The slight overestimate compared
to the experimental value of 4.08 A is consistent with other
density-functional calculations, e.g., for noble metals using
GGA functionals.”!

The calculational parameters cutoff energy, k-point sam-
pling, number of relaxed and total substrate layers have been
subject to systematic convergence tests as reported in the
Appendix A. In summary, the overall error of the reported
binding energies with respect to these parameters amounts to
approximately 100 meV. The calculated energy barriers are
less sensitive. Errors related to the use of the approximate
PWO91 exchange-correlation functional are not included in
this estimate. There is a coverage dependence of the binding
energies (corresponding to different sizes of the surface unit
cell), which will be detailed below.

III. RESULTS AND DISCUSSION

In order to compare diffusion of SCH; radicals and
dimethanethiol radical complexes Au(SCHj3), on the Au(111)
surface, it is essential to first gain insight into the adsorption
geometries and binding energies. After the minima on the
potential-energy surface (PES) have been localized, one can
proceed with the calculation of the reaction paths connecting
these minima and shed light on the relevant transition states
and energy barriers. The following sections are organized
along this line.

A. Adsorption
1. Single SCHj; radicals

We have calculated stable adsorption sites and binding
energies of bare SCH; methanethiol radicals on the unrecon-
structed Au(111) surface. We compare to results from previ-
ous DFT studies in the Appendix B. Two stable adsorption
positions have been identified for the (3X3) surface unit
cell. In these configurations the sulfur atom bonds to the Au
surface close to the bridge site, slightly shifted toward either
the fcc-hollow or hep-hollow site. The shift amounts to 0.26
and 0.34 A, respectively. In both cases, the S-C bond is
tilted toward the nearest bridge site (fcc: 53° and hep: 56°
with respect to the surface normal; see Fig. 1). The CH;
group is oriented in such a way that one of the hydrogen
atoms is directed toward the surface whereas the other two
are pointing away from the surface (see Fig. 2). However, the
energy changes only slightly (=20 meV) when the CH;
group is rotated around the S-C bond. Throughout this work
we will refer to these configurations as fcc-bridge and hcp-
bridge. Configurations in which the sulfur atom resides ex-
actly at the bridge site or on top a gold surface atom were not
stable in our calculations. All initial configurations that were
chosen relaxed to either the fcc-bridge or hep-bridge site in
case of the (3 X 3) surface unit cell.

The strength of the involved S-Au bond has been evalu-
ated as the difference in total energy between the adsorbate-
substrate system and the sum of the total energies of the
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FIG. 1. (Color online) Definition of the structural parameters in
a schematic representation of the calculated adsorption configura-
tions for a bare SCHj; radical (a) top view, (b) side view and the
Au(SCHj3), complex, (c) side view. The bond angle ¢ refers to the
angle between the sulfur atom and the gold atoms it binds to. ¢
refers to the angle between the surface normal and the S-C bond for
all configurations considered.

Au(111) surface and the spin-polarized SCHj radical in the
gas phase:

Ebind = Etotal{CH3S/Au(1 1 1)} - Etotal{Au(] 1 1)}
— EPN{CH,S}. (1)

total
In Table I the binding energies for a bare SCH; methanethiol
radical on the unreconstructed Au(111) surface are summa-
rized.

For comparison, the binding energy of two SCHj; radicals
forming a dimethyl disulfide molecule amounts to two times
—1.5 eV. Zero point vibration energies are not included, but
should be added before comparison to experimental
dimethyl-disulfide dissociation energies. At a coverage of
one SCH; radical per 9 Au surface atoms the CH;S-Au bind-
ing energy amounts to —1.86 eV for the fcc-bridge configu-

FIG. 2. (Color online) Top views of selected configurations for
bare SCHj radicals: (a) fcc-bridge and (b) fec-upright.
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ration and —1.83 eV for the hcp-bridge configuration. In
view of the uncertainty of approximately 100 meV for the
computed binding energies, both adsorption sites should be
considered approximately isoenergetic. In addition, the en-
ergy difference between these two configurations becomes
even smaller for larger unit cells (see Table I). As the cover-
age decreases to one SCH; radical per 36 Au surface atoms
the binding energy tends to increase to —1.99 eV for the
fcc-bridge configuration. Hayashi et al. observed the same
tendency noting that they had difficulties to obtain converged
results for similar coverages.?? In view of the large relaxation
of the Au substrate, we attribute the increase in binding en-
ergy to substrate mediated, elastic adsorbate-adsorbate inter-
actions. Due to the high computational cost of calculations
with large supercells, we were not able to obtain results re-
flecting the properties of individual SCHj radicals on the
Au(111) surface, i.e., the limit ® — 0 could not be reached.

Calculations for an upright configuration with a tilt angle
of 0° in which the sulfur atom resides directly above a fcc-
site (or hcp-site) result in a CH;S-Au binding energy of
—-1.72 eV (or —1.59 ¢eV) for a (3 X 3) surface unit cell. At
lower coverages the substrate relaxations increase (see dayay
in Table I). For the (4 X4) and (6 X 6) surface unit cell we
find that the upright fcc position becomes energetically fa-
vored over the tilted fcc-bridge configuration by 0.04 and
0.15 eV, respectively. To confirm these values, we increased
the number of K-points to 64 for the (4 X 4) and 36 for the
(6 X 6) surface unit cell, which yields values for these energy
differences of 0.01 eV and 0.12 eV, respectively. The ten-
dency in our calculations to favor upright configurations at
small coverage is attributed to strong adsorbate induced re-
laxations of the unreconstructed Au(111) substrate. As a re-
sult of this relaxation the S atom moves deeper into the Au
surface (see ds_a, . in Table I). Hence it binds stronger to the
Au substrate in the upright configuration. The energy cost for
expanding the hollow site with increasing cell size is over-
compensated by a gain in binding energy and a relaxation of
the tensile surface stress of the unreconstructed Au(111) sur-
face. We consider this effect to be an artifact of the unrecon-
structed Au(111) surface as opposed to the (22X \3) recon-
struction stable under UHV conditions. In case of the
reconstructed Au(111) surface, the surface stress is partially
relaxed by incorporating additional gold atoms into the sur-
face, which effectively reduces the average Au-Au distance
within the first layer of atoms by approximately 5%.*7? In a
very crude model calculation we have tried to simulate this
higher density of Au surface atoms within the first layer by
compressing the slab with the unreconstructed Au(111) sur-

face in the [110] direction by 5%. When adsorbing the SCH;
radical on this unreconstructed, but compressed Au(111) sur-
face, the tilted fcc-bridge configuration remains energetically
favored over the upright configuration by 0.21 eV. Even
though this is certainly a very rough estimate, we speculate
that the tendency to favor the tilted structure over the upright
structure even at low coverage should prevail for the recon-
structed Au(111) surface.

The herringbone reconstruction of Au(111) can be lifted
under electrochemical conditions. Which configuration will
be observed in case of bare SCHj radicals adsorbed on the
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TABLE I. Calculated adsorption geometries for SCH; radicals on unreconstructed Au(111). Full coverage

(®=1) refers to one SCH; per three gold surface atoms, i.e.

, the experimentally observed saturation coverage

(Ref. 17). dg s, is the average vertical distance between the S atom and the Au atom it binds to. da,_a, refers
to the distance between the Au atoms of the hollow position in which the radical is adsorbed. All other

structural parameters are defined in Fig. 1.

Eping dsau  dspuz:  dagau
Configuration Cell size Coverage © (eV) D) @ (A) (A) (A)
fee-bridge (V3x1\3) 1 179 52 79° 248 1.88 3.15
fce-bridge (3%3) 0.33 -1.86 53¢ 80° 2.47 1.86 3.17
fce-bridge (4x4) 0.19 -1.92 50° 83° 2.46 1.80 3.26
fce-bridge (6X6) 0.08 -1.99 48° 86° 2.45 1.71 3.34
hcp-bridge (3%3) 0.33 -1.83 56° 79° 2.48 1.90 3.14
hcp-bridge (4%x4) 0.19 —1.88 54° 81° 2.47 1.85 3.18
fcc-upright (3%3) 0.33 -1.72 0° 85° 2.47 1.55 3.33
fcc-upright (4x4) 0.19 -1.95 0° 91° 2.44 1.38 3.50
fcc-upright (6X6) 0.08 -2.14 0° 96° 2.45 1.27 3.63

unreconstructed Au(111) surface under such electrochemical
conditions is not yet clear to us. The answer might depend on
the coverage of specifically coadsorbed ions from the elec-
trolyte or other effects stabilizing the unreconstructed
Au(111) surface.”® Similar to the neighboring thiol radicals,
the coadsorbed ions may tend to stabilize the unrecon-
structed surface.

Eq4= Egaf Au/ Au(111)} - E{Au(111)} - Egii{Au}.
3)

The Au chemical potential equals the energy per bulk atom

EP“{ Au}. Hence the binding energy per methanethiol radical

as compared to the defect-free unreconstructed Au(111) sur-

face is

2. Au(SCH3), complexes

In the submonolayer coverage regime the binding energy
per SCH; radical is found to be further lowered when ad-
sorbing two of the radicals alongside a gold adatom as de-
picted in Fig. 3. This has been reported by Maksymovych et
al. based on their STM experiments® and DFT
calculations.?>3%40 As the creation of Au(SCH;), complexes
at the surface is linked to a dereconstruction of the Au(111)
surface,3>#0 the following analysis of the adsorption and dif-
fusion properties of Au(SCH;), complexes on the unrecon-
structed Au(111) surface has significance for experiments un-
der UHV and electrochemical conditions.

We have carried out a detailed analysis of the stable ad-
sorption positions and binding energies of such a phase of
Au(SCH;), complexes on unreconstructed Au(111) at inter-
mediate coverage. Starting from the defect free Au(111) sur-
face, a process is considered in which one gold adatom is
added to the surface, which binds to a fcc site. Then two
SCHj; radicals are put onto the substrate, forming bonds with
both the Au surface atoms and the Au adatom. The binding
energy per methanethiol radical relative to the adatom cov-
ered surface plus the free radicals is

1
Epina1) = E(Etotal{Au(SCH3)2/ Au(111)}

(2B
B ome

Coiy o

Bl it 21 e

FIG. 3. (Color online) Top views of the calculated configura-

- Equ{Auyg/Au(111)} = 2EX7{SCH5}).

total

()

To account for adatom formation, we calculate the energy of
an Au adatom at the fcc position on the surface with respect
to its bulk chemical potential

tions for Au(SCHj3), complexes on the unreconstructed Au(111)
surface: (a) trans-bridge, (b) cis-bridge, (c) trans-on-top, (d) cis-on-
top 1, (e) cis-on-top 2. For transisomers the SCH; group is pointing
in different directions while for cisisomers they are pointing in the
same direction. cis-on-top 1 and 2 differ in the way the SCHj
groups are oriented with respect to the underlying surface.
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TABLE II. Calculated adsorption geometries for Au(SCHs), complexes on Au(111). Full coverage (®
=1) refers to one SCH; per three gold surface atoms, i.e., the experimentally observed saturation coverage
(Ref. 17). The structural parameters are defined in Fig. 1. The formation energy for one adatom at a fec-
hollow site has been calculated within the same supercell as the Au(SCH3), binding energy.

Epinay  Eaa Ebind) dyg  ds.pu
Configuration Cell size ~ Coverage © (eV) (eV) (eV) ) @ (A) (A)
trans-bridge (4x4) 0.38 -2.37 +0.59 -2.08 66° 94° 2.33 2.50
trans-bridge (6X6) 0.17 -2.40 +0.57 -2.12 65° 94° 2.33 2.48
cis-bridge (4%x4) 0.38 -2.36 +0.59 -2.07 67° 94° 2.34 2.50
trans-on-top (4%x4) 0.38 -2.27 +0.59 -1.98 66° 103°  2.34 2.53
cis-on-top 1 (4%x4) 0.38 -2.27 +0.59 -1.98 65° 103°  2.34 2.53
cis-on-top 2 (4%x4) 0.38 -2.27 +0.59 -1.98 65° 103° 2.34 2.53

1 are tilted toward the gold surface with an average tilt angle
Evina2) = Evina(1) + Ean (4) between the surface normal and the S-C bond of 66°.

Eyina(2) includes the energy expense necessary for adatom
formation. Therefore this quantity can be compared to the
binding energies of SCHj radicals presented in the previous
subsection.

In order to identify stable adsorption configurations, we
considered the proposed structure by Maksymovich et al.*
as a starting point. We have relaxed several initial configu-
rations to a nearest local energy minimum. The initial con-
figurations are characterized by positioning the sulfur atom
either above hollow or on top sites and parallel (trans) or
antiparallel (cis) S-C bond orientations. Rotating the
CHj;-group around the S-C bond directions is expected to
yield energy changes similar to those found for a single
SCH; radical at the Au(111) surface.

Altogether a total of five stable adsorption positions have
been calculated, with binding energies Ey;nq(1) per SCH; radi-
cal between —2.37 and -2.27 eV. These data refer to a cov-
erage of one complex, i.e., two SCHj; radicals, per 16 Au
surface atoms. The structures are depicted in Fig. 3. Taking
into account the energy needed to create one Au adatom (see
Table II), adsorption as Au(SCH;), complexes is energeti-
cally favorable compared to adsorption at the defect free
(I11) surface. The net energy gain per SCH; radical due to
the formation of Au(SCHj;), complexes amounts to 0.22 eV
for a coverage of ®=~0.38 and 0.20 eV for a coverage of
0=0.17.

The binding energies, together with characteristic struc-
tural parameters, are listed in Table II. The binding energy
for the trans-bridge configuration is in agreement with the
value of Eyjpg1)==2.4 eV and Eppg0)=—1.95 eV reported in
Refs. 35 and 39, respectively.

The sulfur atoms reside atop Au surface atoms, while the
Au adatom is either found in a bridgelike or on top position.
We will denote these configurations as trans-bridge, cis-
bridge, trans-on-top, and cis-on-top, depending on the
location of the adatom and the orientation of the SCH; radi-
cals. In case of the energetically most favorable trans-bridge
configuration, both S-atoms bond to two Au atoms with
Aug,+-S-Au,y bond angles of 93° and 94°. The SCHj; radicals

B. Diffusion

We investigate diffusion of the above described adsorp-
tion species on the unreconstructed Au(111) surface within
the framework of harmonic transition state theory.”* Mini-
mum energy paths (MEP) between local minima of the PES
are calculated.” To this purpose the climbing image nudged
elastic band scheme (CI-NEB) (Refs. 75-77) is applied.”®
First, intermediate configurations between the respective two
local minima need to be specified. They serve as an initial
guess for the reaction path. In this work, we have chosen a
linear interpolation in high dimensional configuration space
connecting the two local minima. Subsequently, all interme-
diate configurations are relaxed to a MEP by using the CI-
NEB scheme quoted above. The configuration along the path
that is highest in energy converges to a (local) transition
state.

1. Au(SCH3), complexes

Minimum energy paths, (local) transition states, and en-
ergy barriers for the diffusion of the Au(SCH;), complex on
Au(111) are summarized in Fig. 4. We will refer to the high-
est energy barrier along the MEP leading from one configu-
ration to a symmetrically equivalent (and hence isoenergetic)
configuration as the diffusion barrier AE ;. For a sequence
of rotations around S-Au bonds resulting in a net transla-
tional motion across the surface, AE4y; is calculated to be
0.37 eV [calculated within a (4 X4) surface unit cell]. In
addition, a purely rotational motion without translating the
complex across the surface is found to yield a diffusion bar-
rier of 0.44 eV. The latter energy barrier has to be sur-
mounted in order to achieve an arbitrary large rotation of the
complex on the surface. The slightly smaller diffusion barrier
height for translation as compared to rotation of the complex
leads us to speculate that, at some suitably chosen tempera-
ture, a correlation between the directions of subsequent dif-
fusion events might occur. Subsequent diffusion hops could
preferentially occur back or forth along the same crystallo-

graphic direction on the surface (i.e., the [110] direction or a
direction equivalent by symmetry). Such anisotropic diffu-
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FIG. 4. (Color online) MEPs for the Au(SCH3), complex and a bare SCHj; radical. Dots correspond to calculated intermediate configu-
rations. The spline interpolation is a guide to the eyes. Configurations are depicted schematically: Au atoms large white circles (first layer),
dark gray or red (second layer), light gray or blue (third layer); S atoms small black circles; Au adatom small light gray circle; CH3 small
light gray circles. (a): Translation of the Au(SCH3), complex. MEP from a trans-bridge configuration to a tran-sbridge configuration via a
trans-on-top geometry (local minimum). (b) Rotation of the Au(SCHj3), complex. MEP from a trans-bridge configuration to a rotated
trans-bridge configuration via a trans-on-top geometry (local minimum). (c) Conformational change of the Au(SCH3), complex. MEP from
the trans-bridge to the cis-bridge configuration. At the transition state one nearly upright SCH; group resides on top a gold surface atom. (d)
Translation of a bare SCH; radical. MEP for a translation from a fcc-bridge position via the hep-bridge position to a fce-bridge position.

sion has been observed for large molecules that sustain more
than one bond to the underlying substrate on
anisotropic’?°3-7 as well as isotropic substrates.*>32:60

We have also considered the energy barrier for a confor-
mational transformation, i.e., a flip of one of the SCHj
groups of the adsorbed Au(SCH;), complex. The energy bar-
rier that has to be overcome to obtain a transition from the
trans-bridge to the cis-bridge configuration amounts to 0.56

eV; see Fig. 4(c). This barrier is larger than both the energy
barriers toward rotation and translation, which points toward
a certain relative stability of different Au(SCH;), conforma-
tions at the Au(111) surface against such conformation flips.

The vibrational frequencies have been determined for the
transbridge configuration and the transition state for transla-
tions using a finite difference approach as implemented in
VASP. All atoms of the SCH; radicals and the Au adatom are
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displaced by 0.025 A in each direction of the Cartesian co-
ordinate system. The other Au atoms are kept fixed. Diago-
nalization of the resulting approximation for the Hessian ma-
trix yields the vibrational frequencies and the corresponding
vibrational eigenmodes. Within the harmonic transition state
theory the (classical) attempt frequency v, for the diffusion
process can be deduced from the vibrational frequencies at
the minimum and the transition state,’*

Hil v
HN—I V;S :

j=1

(5)

Vo=

Together with the energy barrier height AE=FE"—E™" it
determines the hopping rate with respect to the particular
transition state,’

JTST = 3y o=BEaiat T (6)
We obtain an attempt frequency v,=8X 10'? s7! for the
translational diffusion event of Au(SCH;), shown in Fig.
4(a), which is of the same order of magnitude found also for
other diffusing species on various substrates.>* For the hop-
ping rate across the first barrier in Fig. 4(a) we thus arrive at
a hTST-value on the order of 10° s™! at 293 K. We find one
imaginary frequency at the saddle point with a magnitude of
~(0.01 eV. Sometimes a zero-point energy correction is ap-
plied to the (classical) energy barrier AEgy for low
temperatures,’”

N-1

min
v, =

NS
NSRS

N —
OF s = 2 . (7

i=1 j=1
In our case, the zero-point energy correction is rather small
and amounts to =15 meV, which is below the accuracy of
the calculated DFT energy barriers. Additional temperature-
dependent quantum corrections such as the Wigner
correction’ need not be considered here.

A characteristic common feature of the calculated diffu-
sion paths is that only one of the two involved S-Aug,s bonds
is broken at a time. The second S atom stays in the vicinity
of the Au surface atom to which it was initially bound in the
minimum-energy configuration. The other atoms in the com-
plex rotate about the nearly fixed S-Aug,¢ bond. To check the
validity of this observation, we have performed additional
NEB calculations in which the initial configuration is both
rotated and translated about the surface to a symmetrically
equivalent final geometry. As a matter of fact, the calculation
converged to a MEP which consisted of two subsequent pure
rotations of the complex around fixed S-Aug,s bonds. This
corroborates our assertion.

Finally, we consider the possibility that the Au(SCHjs),
complex dissociates into AuSCH; and a bare SCHj; radical,
which diffuse separately and then recombine. To this pur-
pose, we compare the energy of an adsorbed Au(SCHj3),
complex with the energy of an AuSCH; complex and a SCH;
radical adsorbed independently at the Au(111) surface. Due
to different substrate relaxations, these energies depend sen-
sitively on the size of the surface supercell used in the cal-
culations. This translates into an uncertainty of the dissocia-
tion energy. Nevertheless, our values come out greater or at
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worst equal to the largest of the energy barriers considered in
Fig. 4 corresponding to the conformational flip. Thus we
conclude that dissociation of a SCHj; radical from the
Au(SCHj3), complex is of minor importance compared to the
diffusion processes described above.

2. Single SCHj; radicals

In order to get into contact with previous work and to
complete the physical picture of SCH; diffusion mechanisms
on Au(111), we present calculated minimum-energy paths for
bare SCH; radicals on the unreconstructed Au(111) surface.
We point out that the dependence on coverage (or, equiva-
lently, the dependence on surface unit-cell size) of the SCH;
binding energies will translate into a corresponding sensitiv-
ity of the diffusion barrier heights on coverage. Energy bar-
rier values quoted below are for a (3 X 3) surface unit cell.

We have found two local transition states for crossing a
bridge site with energy barriers relative to the fcc-bridge ad-
sorption minimum of 0.23 and 0.26 eV; see Fig. 4(d). For
both transition states the sulfur atom of the radical is located
near the bridge site and the S-C bond is tilted toward the
surface normal by 48° and 52°, respectively. In addition to
these translations, the radical can also rotate from one fcc-
bridge position via a fcc-upright configuration to a symmetri-
cally equivalent fcc-bridge position. The barrier for this ro-
tation is found to be 0.13 eV (corresponding MEP not
shown). We obtain an attempt frequency of 12X 10'> s~! for
the transition states with an energy barrier to translation of
0.26 eV. The imaginary frequency at the saddle point is ap-
proximately 0.01 eV and the zero-point energy correction
amounts to 14 meV.

Different reports concerning the transition state and the
diffusion barrier for SCH; radicals on Au(111) can be found
in the literature. Cometto et al. conducted cluster calcula-
tions for SCH; on Au(111) in which they position the radical
over the rigid surface keeping the S atom at a constant
height.’® Within the cut through the PES considered in Ref.
30, the authors find a local maximum for a SCHj radical in
an upright configuration at the bridge site with an energy of
0.76 eV above the adsorption minimum. On the other hand,
Ford et al. report no barrier to diffusion at the bridge site.
They found the corrugation of the PES to be 0.36 eV be-
tween the fcc-bridge and a tilted on top position. Maksy-
movych et al.¥ calculated a diffusion barrier of 0.23 eV
using the NEB transition state search algorithm. The barrier
height as well as the transition state geometry is in agree-
ment with the transition state reported here.

Altogether, the calculated diffusion barriers of Au(SCHj),
are 40% higher compared to bare methanethiol radicals. On
the reconstructed gold surface this tendency is likely to in-
crease further, since the bare SCH; adsorption minima are
shallower in this case, which could lead to even lower diffu-
sion barriers.

The relative stability of the Au(SCH3), complexes is in
qualitative agreement with the STM experiments carried
through by Maksymovych et al.*® Even though no actual
diffusion rates were measured, they found the Au(SCHj;),
complex to be much more stable under high tunneling cur-
rents and voltages than SCHj; radicals or dimethyldisulfide
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(CH;S-SCH3) at 5 K. Thus, our calculations tend to corrobo-
rate the results of Ref. 39.

IV. SUMMARY

We present results from ab initio DFT calculations for the
adsorption and diffusion properties of single SCH; radicals
and Au(SCH3;), complexes on the unreconstructed Au(111)
surface. Previous STM experiments and DFT calculations
have suggested that these complexes form at the Au(111)
surface at submonolayer coverages.>>34% Qur calculations
corroborate this finding, in particular we also obtain an en-
ergetical preference for the formation of Au(SCHj), com-
plexes as compared to independently chemisorbed SCHj;
radicals at not too low coverages on the unreconstructed
Au(111) surface.

Besides other contributions to the bonding, there are two
Au-S bonds between the complex and the underlying Au
substrate atoms. This makes Au(SCH;),/Au(111) a model
system for complex molecular diffusion with few internal
degrees of freedom of the diffusing object.

Diffusion paths in configuration space with maximum sta-
tistical weight, so-called minimum-energy paths, have been
calculated using the nudged elastic band algorithm. The dif-
fusion rates have been estimated within harmonic transition
state theory. One translational and one purely rotational dif-
fusion event have been identified with energy barriers of 0.37
and 0.44 eV, respectively. The attempt frequency for transla-
tions 1y=8 X 10'? s~! has been estimated using finite differ-
ences and the frozen phonon approach.

Translations of Au(SCHj), are found to consist of subse-
quent rotations around one of the two Au-S bonds resem-
bling a “walking” motion. A similar diffusion characteristic
was found by Kwon et al. for a larger organic molecule with
two sulfur bonds to the surface and multiple internal degrees
of freedom.*>% This indicates the model character of our
study. We contemplate that diffusion mechanisms, which
consists of multiple steps with only one broken sulfur-
substrate bond at a time, may be of a more general
Validity.45'52’57’60

The sequence of energy barrier heights is AFEnaton
<AE, jation < AE s ians- We speculate that this might result
in a correlation between the direction of subsequent diffusion
hops.
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APPENDIX A: CONVERGENCE TESTS

In this appendix we quantify the convergence of the re-
ported binding energies and diffusion barriers with respect to
the parameters used in our calculations. The parameters used
in the main part of this work are marked with an asterisk ().
In order to obtain a measure of the uncertainty related to the
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TABLE III. Convergence of the binding energy per SCH; radi-
cal (fcc-bridge configuration unless noted otherwise).

Ecutott Eying
Cell size (eV) Nipt  Niayer (eV)
Plane wave cutoff energy Eofr
(V3x3) 250 49 6 -1.76
(%) (V3% 3) 340 49 6 -1.79
(V3% 3) 420 49 6 -1.79
(V3% 3) 520 49 6 ~1.80
Number of Au layers Ny
(V3% 3) 340 49 4 -1.77
(%) (V3% 3) 340 49 6 -1.79
(3 x13) 340 49 12 -1.83
(V3x3) 340 49 15  -1.80
(V3 x13) 340 49 18 -1.79
Number of K-points Ny
(%) (3%3) 340 16 6 -1.86
(3%3) 340 25 6 ~1.84
(3%3) 340 64 6 -1.83
(3%3) 340 100 6 -1.82
(%) (6 X6) fcc-upright 340 4 6 -2.14
(6 X6) fcc-upright 340 16 6 -2.09
(6 X 6) fcc-upright 340 36 6 -2.06

exchange-correlation functional E,[n], we compare to re-
sults calculated within the local-density approximation
(LDA) (Refs. 80 and 81) for E,[n].

1. (1) SCH;

The binding energies of one SCHj; radical calculated for
different computational parameters are summarized in Table
III. The convergence with respect to the cutoff energy for the
Kohn-Sham wave functions and the number of layers in the
slab geometry has been evaluated at a coverage of one SCHj
radical per (y3 X \3) surface unit cell and 49 k-points in the
complete first Brillouin zone.

The k-point sampling has been tested for a configuration
involving one SCHj radical per (3X3) and (6 X 6) surface
unit cell to ensure an equivalent k-point mesh as in the cal-
culations of the main part of this work. The k-point sampling
appears to be the most sensitive parameter. The fcc-bridge
binding energy changes by approximately 40 meV for the
(3 X 3) surface unit cell. For the fcc-upright configuration we
calculated a change of 80 meV for the (6 X 6) surface unit
cell. Upon increasing the number of k-points from 16 to 36
for the (6 X 6) surface unit cell, the total energy of the cal-
culated slab geometry changed by less than 100 meV.

Relaxing the top most four layers [one SCHj radical per
(3 X 3) unit cell] and increasing the vacuum region by =5 A
changed the calculated binding energy by 1 and 3 meV, re-
spectively. Altogether, we arrive at an estimate for the
binding-energy error of approximately 100 meV.

Convergence tests for the diffusion barrier for a transition
from a fcc-bridge to a hep-bridge configuration [left barrier
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TABLE IV. Convergence test for the binding energy Ey;nq(1) per
SCHj; radical in the trans-bridge configuration of the Au(SCHj3),
complex. Note that the value of Eyjnq1)==2.37 eV in Table II has
been calculated at a cutoff energy of 340 eV.

Ecuoft Epinacr)
Cell size (eV) Nipt Nayer (eV)
Number of k-points Ny,
(%) (6X6) 340 4 6 -2.40
(6X6) 340 16 6 -2.39
Number of Au layers Niyer

(4x4) 250 4 4 -2.30
(4x4) 250 4 6 -2.28
(4x4) 250 4 9 -2.28
(4x4) 250 4 12 -2.31
(4x4) 250 4 15 -2.31

in Fig. 4(d)] indicate a convergence to within a few 10 meV
(see Table V). This suggests that the energy barriers con-
verge faster than the binding energy.

2. (2) Au(SCH,),

Table IV summarizes the dependence on calculational pa-
rameters of the binding energy per SCHj radical for the
Au(SCH3;), complex. The convergence seems to be at least
as good as for the bare SCH; radical. For the Au(SCHj;),
complexes we use less stringent convergence parameters to
calculate the MEPs (250 eV cutoff, 4 k-points, 4 Au layers).
Table V summarizes the convergence behavior of the trans-
lational diffusion barrier. As for the bare SCH; radical, con-
vergence to within a few 10 meV of the diffusion barrier is
found. Furthermore, the translational motion has a lower dif-
fusion barrier compared to rotations for both exchange-
correlation energy functionals under consideration (see Table
VI). The effect of the LDA on the barrier height is on the
order of 0.1-0.2 eV.

APPENDIX B: COMPARISON TO OTHER DFT STUDIES

In Table VII we compare to DFT studies of the SCHj;
binding energy on the unreconstructed Au(111) surface by
other authors. From the many studies we found in the litera-
ture, we include mainly those that we feel are closest to our
work in terms of the computational method and the SCHj
coverage. The binding energies depend on the choice of the
reference configuration. In our work the reference has been
chosen as a spin polarized, C;, symmetric SCH; radical in
vacuum. A spin-polarized SCH; radical has also been taken
as the energy reference in Refs. 31 and 32. In case of the
other calculations cited in Table VII, the spin polarization of
the reference configuration has not been stated explicitly to
our knowledge. The energy difference between the spin un-
polarized and the spin-polarized SCH; radical in vacuum
amounts to approximately 0.3 eV.

In Refs. 31 and 82 (first and second row of Table VII) the
authors report an SCH; binding energy at saturation cover-
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TABLE V. Convergence test for the translational diffusion bar-
rier of the Au(SCHj3), complex and the fcc-bridge to hep-bridge
SCHj; diffusion barrier.

E ot AE gy
(V) Nigpe Niayer (eV)
Au(SCH3), complex
Number of K-points Ny
(*) 250 4 4 0.37
250 16 4 0.38
Plane-wave cutoff energy E ¢
(%) 250 4 4 0.37
340 4 4 0.37
Number of Au layer Niyye,
250 4 4 0.37
(%) 250 4 6 0.36
250 4 9 0.35
250 4 12 0.36
250 4 15 0.36
SCH;
Number of k-points Ny,
(*) 340 16 6 0.23
340 25 6 0.24
340 64 6 0.23
Plane-wave cutoff energy E.ofr
(*) 340 16 6 0.23
420 16 6 0.23

age of —1.76 and —1.62 eV, respectively. Both values were
obtained using the VASP code with similar computational pa-
rameters as were used in our work. Our value of —1.79 eV is
in agreement with the work in Ref. 31. In Ref. 82 substrate
relaxations were not taken into account. Excluding substrate
relaxations we obtain a binding energy of —1.63 eV in
agreement with the —1.62 eV from Ref. 82.

TABLE VI. Bare SCH; binding energy and diffusion barriers
for different approximations to the exchange-correlation functional.
In case of the SCHj radical a transition from fcc-bridge to hcp-
bridge and translational and rotational diffusion barriers are consid-
ered for the Au(SCH3), complex.

Efsd™  AEgi

Exc Lattice constant from  (eV)  (eV)

SCH; GGA-PWI1 GGA -1.86 0.23
LDA LDA -2.64 0.25

LDA GGA -2.83  0.31

Ref. 34 LDA -2.79

Au(SCH3), GGA-PWI1 GGA 0.37
Translation LDA GGA 0.49
Au(SCH;), GGA-PW91 GGA 0.44
Rotation LDA GGA 0.66
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TABLE VII. Overview of calculated binding energies for SCH; radicals on unreconstructed Au(111) from
other DFT studies. A coverage of @ =1 refers to one SCH; per three gold surface atoms (saturation coverage)
(Ref. 17). Structural parameters are defined in Fig. 1. A summary of the computational details is given
(USPP: ultrasoft pseudopotentials, NCPP: norm conserving pseudopotentials). The number of k-points and
the cutoff energy for the plane-wave expansion are given. The number in parentheses after the layer thickness
of the slab refers to the number of relaxed topmost layers.

Coverage FEy;nq ds; Au
Configuration (C) (eV) I (A) Computational details
fce-bridge® 1 -1.76  50° 247 vasP, GGA-PWOI1, PAW, 500 eV, 81 k, 7 (2) layers
fce-bridgeP 1 -1.62  56° vAsP, GGA-PWO1, USPP, 320 eV, 81 k, 3 (0) layers
fce-bridge® 1 -1.71 52.8° 2.49 GGA-PBE, USPP, 25 Ry, 64 k, 6 (2) layers
fcc-bridged 1 -1.72 GGA-PBE, NCPP, 45 Ry, 64 k, 6 (unknown) layers
fce-bridge® 1 -1.92  50.8° 249 GGA-PBE, USPP, 22 Ry, 36 k, 4 (3) layers
fee-bridge! 1 -1.67 GGA-PW91, USPP, 25 Ry, 54 k, 5 (3) layers
fce-bridge® 0.33 -1.77  53.7° 245
fce-bridge® 0.20 -1.88  52.9° 246
fcc-upright® 0.33 -1.61 0° 2.44 VASP, GGA-PW91, PAW, 400 eV, 4 k, 4 (2) layers
fce-upright® 0.20 -1.82 0° 245
hep-bridge® 0.33 -1.75  55.9° 245
hcp-bridge® 0.20 -1.84  56.9° 257

4Reference 31.
PReference 82.
“Reference 35.
dReference 33.
“Reference 30.
fReference 37.
gReference 32.

In Refs. 33 and 35 (third and fourth row of Table VII) the
reported bond strength is 80 and 60 meV smaller than our
value at ®=1. The main difference to our calculation is the
different gradient corrected approximation to the exchange-
correlation functional and the use of norm conserving and
ultrasoft pseudopotentials. Together with the accuracy of our
calculation of approximately 100 meV, the result reported in
our work is in agreement with Refs. 33 and 35.

In the fifth and sixth row of Table VII we summarize
calculated SCH; binding energies at ®=1 from Ref. 30
(-1.92 eV) and Ref. 37 (-1.67 eV). These values are 130

meV smaller and 120 meV larger than our result, respec-
tively, which is only slightly larger than our error bar of
approximately 100 meV.

In Ref. 32 (seventh to 13th row of Table VII) Maksy-
movych et al. calculate SCH; binding energies at coverages
of 1/3 and 1/5 of a monolayer using VASP. Compared to our
results, the reported bond strengths agree within the accuracy
of our calculations. The difference in bond strength lies in
the range of 40 meV (fcc-/hep-bridge) to 130 meV (fee-
upright). We speculate whether the residual small difference
is due to a different k-point set and number of layers.
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