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The structural and energetic effects due to gold adatoms and/or gold surface vacancies in ethylthiol/Au�111�
self-assembled monolayers �SAMs� in the high-density regime have been studied. The stability of these SAM
structures was evaluated based on adsorption and surface energies that allow a direct comparison of structures
with different compositions. We have found another energetically more favorable c�4�2� structure that in-
cludes two adatoms. These adatoms may initially be taken from the gold surface creating vacancies. However
our results indicate that the SAM may further stabilize by stepwise filling the surface vacancies. A plausible
mechanism for the formation of gold vacancy islands, as seen in experiments during the growth of high-density
domains, arises from this stabilization process. The best structure including two adatoms agrees with many
structural data derived from the experiments. In particular, the simulated scanning tunneling microscope �STM�
image exhibits a zigzag modulation that is characteristic of the � phase frequently found in STM experiments.
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I. INTRODUCTION

Self-assembled monolayers �SAMs� have a rapidly grow-
ing number of applications in nanotechnology,1,2

biosciences,3 and molecular electronics.4 SAMs are charac-
terized by a spontaneous self-organized formation of highly
ordered two-dimensional structures on solid surfaces. Sev-
eral molecule/surface systems show this fascinating behav-
ior. Many studies have focused on alkylthiol SAMs on
Au�111� due to their ease of preparation, high order, and high
stability. Furthermore, alkylthiol SAMs on gold are con-
sidered as a convenient system to study the intrinsic phe-
nomenon of self-assembly. The surface structures, defects,
and dynamics of alkylthiol SAMs on Au�111� were recently
reviewed emphasizing the incompleteness of our
knowledge.5

The formation of alkylthiol/Au�111� SAMs �from solution
or gas phase� involves a rapid initial physisorption on the
gold substrate followed by slow chemisorption and loss of
the mercaptane hydrogen.5 Self-assembly passes through
several low-density phases of different intermediate struc-
tures at low coverage and leads to high-density structures
with a coverage of 1/3 monolayer. The molecules are
strongly bound through the S headgroup and the alkyl chain
points upward.6,7 Simultaneous with the growth of high-
density domains, gold vacancy islands are formed, which
nucleate outside the ordered domains.8–10 The size distribu-
tion of these pits undergoes an Ostwald ripening due to dif-
fusion of monovacancies.11 In the final stage, the ��3
��3�R30° structure and several c�4�2� superlattices
coexist12 in a configuration depending on chain length13 and
surface defects.14,15 The c�4�2� phases were first detected
during low-temperature infrared measurements16 and con-
firmed by several other techniques.5 Until now six different
ordered high-density phases have been reported �see Ref. 17
and references therein�. Transformations between these
phases have been observed.14,18,19 The ��3��3�R30° lattice
has sulfur atoms bound on equivalent sites. A combination of
molecules adsorbed on inequivalent positions, involving dif-

ferent chain angles, has been proposed for c�4�2�. The
atomic structure of the SAMs, in particular, the gold-sulfur
binding site and the arrangement of the alkyl chain still re-
main an open issue.1,5,20

Theoretical and experimental studies agree with respect to
absorption energies, coverage and periodicity, adsorption via
the sulfur headgroup, and upward orientation of the alkyl
chain.21,22 In particular, experimental results and density-
functional theory �DFT� calculations agree on the angular
orientation of thiols in SAMs, which results from a balance
of substrate-molecule and van der Waals interactions.5 How-
ever, concerning the long-standing question of the sulfur ad-
sorption site, diffraction studies have reported the top posi-
tion as adsorption site.23,24 More recently, grazing incidence
x-ray diffraction �GIXRD� studies confirmed the top site but
found good agreement also for fcc and hcp sites. However,
the best fit was achieved with a combination of incoherent
domains with thiols adsorbed in top and fcc sites.25 These
results contrast with theoretical studies. DFT calculations on
unreconstructed Au�111� surfaces predict adsorption on the
bridge site, slightly shifted to the fcc hollow, while the top
position is very unfavorable.21,22,26–29 Finding an explanation
for the c�4�2� phases is even more challenging.22,30 Experi-
ments have shown that a structure with equivalent absorption
sites could explain the � phase; however, variations of the
twisting angle cannot explain all the c�4�2� superlattice
phases.5 Rather experiments suggest the existence of in-
equivalent absorption sites and chain orientations.16,21,25,31,32

The above discussion clearly presents disagreements be-
tween theory and experiment. Two recent investigations in-
dicate what could lead to a possible reconciliation. Maksy-
movych et al.33 found an adatom between two methylthiol
molecules with the S atoms on quasi-top positions in a com-
bined scanning tunneling microscope �STM�/DFT study at
very low coverage. Furthermore, a dynamic equilibrium be-
tween bridge site adsorption and a structure where two thiol
radicals are bound to a gold adatom that has been lifted from
the gold substrate was found in DFT-based molecular-
dynamics �MD� calculations and confirmed in photoelectron

PHYSICAL REVIEW B 79, 075440 �2009�

1098-0121/2009/79�7�/075440�6� ©2009 The American Physical Society075440-1

http://dx.doi.org/10.1103/PhysRevB.79.075440


diffraction �PED� and GIXRD measurements.34,35 Recent
theoretical investigations involving gold adatoms have found
that thiol-Au-thiol moieties adsorb on top.36–38 Models
considering surface reconstructions were first suggested by
Molina and Hammer.39 In fact, there were several indica-
tions, such as adsorption on steps,19 surface-atom diffusion40

and thiol-Au moieties diffusion,41 that SAM formation and
its stabilization may involve surface reconstructions.

Precise control of the self-assembly and the quality of
SAM structures depend on factors such as the adsorption
conditions, electrode potential, metallic surface, chain
length, and stable structures.3,4,10 For these reasons the ato-
mistic surface structures, the nature of the c�4�2� phases,
and their transformations require more investigation for an
in-depth understanding.

In this work a systematic study of the ��3��3�R30° lat-
tice and its c�4�2� superstructures of ethylthiol �ET� mono-
layers on Au�111� is presented, considering surface recon-
structions by adatoms and vacancies. ET was used because
methylthiol has less steric constrains allowing a richer diver-
sity of phases that are not available for longer chains, while
ET has a strong resemblance to long chain thiols.42 Further-
more, ethylthiol reduces the problem that DFT/generalized
gradient approximation �GGA� functionals poorly describe
the van der Waals attraction. Quantum mechanics/molecular
mechanics �QM/MM� calculations have shown that the van
der Waals chain-chain interactions in SAM structures in-
crease with the chain length but are negligible for n�4.43

Thus, for ethylthiol van der Waals corrections are not neces-
sary.

II. COMPUTATIONAL DETAILS

First-principles calculations were performed using DFT
�Refs. 44 and 45� as implemented in the program VASP.46 The
exchange and correlation energy was described by the GGA
functional of Perdew and Wang �PW91�,47 which at least
partially recovers the van der Waals attraction.48 The valence
electron wave function was expanded in a plane-wave basis
set up to a kinetic-energy cutoff of 450 eV. The projector
augmented-wave �PAW� method49,50 was used to obtain the
all-electron wave function within the frozen-core approxima-
tion. Both the ��3��3�R30° lattice and its c�4�2� super-
lattice have been described using a �2�3�3� unit cell, which
is the primitive cell of c�4�2�, and contains four molecules
and 12 gold atoms per layer. This selection allows direct
comparison of the computed energies. The surface was mod-
eled by a three-dimensional �3D� periodic supercell, consist-
ing of a slab of four layers of gold atoms and ten layers of
vacuum to avoid spurious self-interactions. The two bottom
gold layers were fixed in bulk positions at the theoretical
lattice constant a=4.17 Å. Test calculations with thicker
slabs showed that the above slab gives converged adsorption
energies. The Brillouin-zone integrations were performed
over a 8�8�1 Monkhorst-Pack grid51 �32 k points� not
including the � point. The first-order Methfessel-Paxton
electron smearing scheme with �=0.2 eV keeps the entropic
contribution to the energy below 0.1 meV per atom, provid-
ing accurate structure optimization. All the structures were

optimized until the convergence criterion of 0.01 eV /Å as
maximum residual force component was reached. Our ener-
gies are converged to within �5 meV. STM images were
simulated in the Tersoff-Hamann approach52 for different
bias voltages �Vs�.

The adsorption energies �Eads� per molecule were calcu-
lated as

Eads = �Emol+slab − Eslab − 4Emol − �na − nv�Ebulk�/4,

where Emol+slab is the total energy of the SAM structure with
four molecules on the �2�3�3� unit cell, Eslab is the total
energy of the clean unreconstructed slab, and Emol is the
energy of an isolated ethylthiol radical �CH3-CH2-S� calcu-
lated in a 20 Å cubic cell using only the � point and spin-
polarized wave functions. For na adatoms �nv vacancies� the
energy of bulk gold atoms, Ebulk, is added �subtracted�.

Surface energies �Esurf� were calculated to evaluate the
energy required to create the SAM structure from bulk gold
and disulfide molecules as follows:

Esurf = �Emol+slab − 2Edimer − ntEbulk − Eback�/A .

Here Edimer is the energy of an ethylthiol dimer
�CH3-CH2-S-S-CH2-CH3� calculated in a 20 Å cubic cell
using only the � point, nt is the total number of gold atoms,
and A is the area of the unit cell, 0.91 nm2. Eback is the
surface energy of the back side of the slab, calculated from
the energy of the clean slab fixed in bulk position, which has
two such surfaces: Eback= �Efixed−48Ebulk� /2.

III. RESULTS AND DISCUSSION

Our search for the most stable alkylthiol/Au�111� SAM
structure consists of two parts corresponding to the ��3
��3�R30° and c�2�4� lattices. For the ��3��3�R30° lat-
tice we have attempted to cover all possible structures in-
cluding adatom and vacancy reconstructions consistent with
the symmetry and 1/3 coverage. This requires that all mol-
ecules are on equivalent binding sites. Furthermore, only a
single adatom or surface vacancy �corresponding to 1/3
monolayer� is compatible with the symmetry. For each of the
three ��3��3�R30° gold surfaces �clean, with one adatom
or one vacancy�, the most favorable thiol adsorption site and
molecule orientation was found by systematically searching
the translational and orientational potential-energy surfaces
�PES�.53 Figures 1�a�–1�c� show the lowest-energy fully op-
timized structures resulting from the minima on the respec-
tive PES.

On the clean Au�111� surface, the ethylthiol molecule is
adsorbed with the sulfur atom in a bridge-like position,
slightly displaced toward the fcc hollow, forming two Au-S
bonds of 2.49 Å �Fig. 1�a��. The alkyl chain is tilted by 22°
in the direction of the hcp hollow. This result agrees with
previous DFT studies21,22,26–29 and was mainly included as
reference structure for comparison.

The honeycomb-like gold surface reconstruction results
from the formation of a 1/3 vacancy coverage in the ��3
��3�R30° lattice. On this surface, the thiol molecules also
adsorb in a bridge-like position on the edge of the honey-
comb structure, forming two Au-S bonds of 2.42 Å, and
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have a tilt angle of 27°. The adsorption energy is −1.94 eV,
as compared to −1.80 eV on the clean Au�111� surface
�Table I�. The 1/3 monolayer of vacancies stabilizes the thiol
SAM by 0.14 eV. This indicates that the thiol-gold bonds on
the honeycomb reconstructed slab are considerably stronger
than on a clean gold surface. However, formation of the hon-
eycomb structure from a clean gold surface would be unfa-
vorable by 0.65 eV. This stabilization of the SAM including
vacancies is also seen in the lower surface energy of
2.67 eV /nm2 as compared to 3.30 eV /nm2 for the reference
structure.

On the surface with 1/3 monolayer of gold adatoms, the
thiol molecules adsorb on top of the adatom, forming a
single Au-S bond of 2.28 Å, nearly parallel to the surface
normal �Fig. 1�c��. The adatom sits in an fcc hollow and the
alkyl chain is tilted by 40°. The adsorption site on top of an
adatom had been suggested previously39,54 and may agree
with the results of the diffraction studies;55 however, the ad-
sorption energy of only −1.50 eV and the high surface en-
ergy of 4.63 eV /nm2 indicate that this is an unfavorable
structure, considerably less stable than the reference struc-
ture.

A c�4�2� structure corresponds to up to four inequiva-
lent adsorption sites for thiol molecules on the �2�3�3�
primitive unit cell. We have considered up to two adatoms
and vacancies. Under these circumstances the high number
of degrees of freedom makes a comprehensive search of the
PES impractical. As an alternative approach, we have as-
sumed that the c�4�2� structures may be derived from the
��3��3�R30° structure by adding adatoms or vacancies.
This assumption was conceived by the observation of phase
transitions between the ��3��3�R30° and the c�4�2� struc-
tures in STM studies18,19 and other experimental findings.33

The starting structures have been derived by placing gold
atoms between pairs of thiol molecules forming ET-Au-ET
moieties. Optimization of these structures resulted in sub-
stantial movement of the molecules and adatoms across the
surface, but the ET-Au-ET moieties were preserved. In the
final structures, the thiol molecules are bound on top of gold
surface atoms forming a nearly vertical bond of 2.52 Å. The
adatoms linking two thiol molecules via Au-S bonds of
2.33 Å are in a bridge position above the midpoint of two
gold atoms of the surface �Fig. 2�. Both Au-Au distances are
2.96 Å.

For the case of a single adatom two orientations of the
ET-Au-ET moiety were found to be favorable �see Figs. 1�d�

TABLE I. Adsorption energy per molecule �Eads� and surface
energy �Esurf� for ethylthiol SAM structures.

Geometrya Vacancies
Eads

�eV�
Esurf

�eV /nm2�

a — −1.80 3.30

b — −1.94 2.67

c — −1.50 4.63

d — −1.87 3.00

d v1 −1.86 3.03

d v2 −1.79 3.33

d v3 −1.87 2.98

d v4 −1.89 2.90

e — −1.87 2.99

e v1 −1.80 3.31

e v2 −1.88 2.96

e v3 −1.81 3.26

e v4 −1.92 2.78

f — −1.99 2.44

f v1 −1.94 2.66

f v2 −1.92 2.76

f v3 −1.94 2.67

f v4 −1.92 2.77

f v1, v2 −1.91 2.83

f v1, v3 −1.90 2.87

f v1, v4 −1.90 2.85

f v2, v3 −1.89 2.92

f v2, v4 −1.85 3.07

f v3, v4 −1.90 2.85

aLetters refer to subparts of Fig. 1.
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FIG. 1. �Color online� Top view of the most stable structures: �a�
unreconstructed, �b� honeycomb, �c� on top, �d� and �e� single
ET-Au-ET moiety, and �f� two ET-Au-ET moieties. The ��3
��3�R30° and �2�3�3� unit cells are highlighted by white and
black dotted lines, respectively.
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and 1�e��, while two adatoms gave the structure shown in
Fig. 1�f�. Alternative starting points resulted in structures
with considerably higher energies and are not included here.
Comparing the surface energies and adsorption energies for
these structures in Table I, it can be seen that adatoms stabi-
lize the SAM. The adsorption energy per molecule is
−1.87 eV in both structures with one adatom, indicating
0.07 eV stronger binding than on the clean surface. The sur-
face energies are 0.3 eV /nm2 lower. In case of two adatoms,
the adsorption energy is −1.99 eV and the surface energy is
only 2.44 eV /nm2. This is the most stable of our SAM
structures.56

Each of the �2�3�3� adatom structures has four surface
gold atoms that are not directly involved in binding the ad-
sorption layer and hence may form a surface vacancy. The
positions are numbered from 1 to 4 in Figs. 1�d�–1�f�. Re-
moval of these gold atoms resulted only in minor relaxations.
Therefore the corresponding structures are not shown. The
adsorption energies and surface energies are summarized in
Table I. In most cases, vacancies destabilize the structures
with ET-Au-ET moieties. However, six of the eight struc-
tures with one vacancy and one adatom and all of the struc-
tures with one or two vacancies and two adatoms are more
stable than the reference structure. Hence simultaneous for-
mation of ET-Au-ET moieties and vacancies is exothermic.
This was also suggested by the irreversibility of such pro-
cesses in DFT/MD simulations.34,35 Structures with vacan-
cies in different positions are almost isoenergetic. This may
indicate a high thermal mobility of the vacancies. For in-
stance, the structures with two adatoms and two vacancies
differ by less than 0.1 eV /nm2 �excluding the unfavorable
combination of v2 and v4�.

A careful analysis of the structures and energies listed in
Table I suggests the stepwise stabilization mechanism, illus-
trated in Fig. 3, which transforms the � phase �reference
structure, Fig. 1�a�� into the lowest-energy structure with two
ET-Au-ET moieties �Fig. 1�f��. The dense SAM on an unre-
constructed gold surface �Fig. 1�a�� may stabilize by forma-
tion of ET-Au-ET moieties+vacancies resulting in one of the
structures corresponding to Fig. 1�d� with a vacancy in posi-
tion v1, v3, or v4. In the next step, the structure shown in
Fig. 1�f� with two ET-Au-ET moieties and a combination of
two vacancies �excluding v2+v4� is formed. Simultaneous
formation of adatoms and vacancies is a local process con-
serving the composition of the unit cell and hence may occur
rapidly. However, the structures with two adatoms and two
vacancies may further stabilize by reducing the number of

vacancies to one and finally to zero vacancy per unit cell.
This requires diffusion of vacancies to the boundary of the
dense domains, where they may form vacancy islands. De-
creasing the vacancy density in the structure with two ada-
toms per unit cell �Fig. 1�f�� from 1/6 to 1/12 monolayer and
finally to 0 stabilizes the SAM by �0.1–0.3 eV /nm2 and
0.2–0.3 eV /nm2, respectively.

The structures in Fig. 1�e� with vacancies v2, v3, and v4
are also more stable than the reference structure. However,
the different orientation of the ET-Au-ET moiety in the unit
cell does not allow formation of a second moiety without
major rearrangement and hence they were not included in
Fig. 3.

The SAM structure with two ET-Au-ET moieties shown
in Fig. 2 is the most stable among all the structures studied,
with a surface energy of 0.86 eV /nm2 below that of the
SAM on a clean Au�111�. The stabilization of the SAM due
to adatoms and the formation of ET-Au-ET moieties binding
in on-top position indeed reconcile the binding site contro-
versy. The sulfur atoms are not on perfect top position
but rather slightly off by 0.3 or 0.5 Å with respect to the
exact top site. These deviations are in agreement with the
�0.5 Å maximum lateral movement as suggested by
experiments.25,32 The calculated chain tilt angle is 34° in
reasonable to good agreement with the experimental values
of 28°,1 34°,25 and 35° �10°.35 Furthermore, the arrange-
ment of precession angles of the hydrocarbon chains repre-
sented by white arrows in the Fig. 2 �left panel� has a similar
configuration as proposed by Camillone et al.31

FIG. 2. �Color online� Top view of the most stable SAM struc-
ture with two ET-Au-ET moieties �left�. Precession angles are indi-
cated by white arrows. Perspective view of an adatom moiety
�right�.
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FIG. 3. �Color online� Scheme illustrating the stepwise stabili-
zation mechanism transforming the initial ��3��3�R30° into
c�4�2� structures. Doted lines indicate the highest and lowest sta-
bilization. Big filled circles are gold atoms, big open circles are
gold vacancies, and small circles represent the sulfur headgroup.
Molecules are adsorbed on bridge or on top as ET-Au-ET adatom
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The differences between the � phase and the c�4�2�
phases can be explained as a surface reconstruction. While
for the � phase the molecules bind in bridge position to an
unreconstructed flat Au�111� surface resulting in a perfect
��3��3�R30° hexagonal lattice, in c�4�2� phases the mol-
ecules are coupled by adatoms in thiol-Au-thiol pairs that
bind in top position and stabilize the SAM. The height of the
molecules above the gold surface differs for the two struc-
tures. The sulfur atoms in the reference structure and our
most stable structure are at 2.02 and 2.61 Å above the gold
surface �defined by the average height of the top layer�, re-
spectively. Diffraction experiments gave heights of
2.42�0.03,23 2.50�0.05,24 and 2.44 Å.25 The experimental
values are in between the results from our calculations, as
experimental SAMs are composed of a variable mixture of
phases.

Figure 4 shows the calculated STM images with Vs
=0.4 V for the unreconstructed structure �Fig. 1�a�� and the
most stable structure with two ET-Au-ET moieties �Fig.
1�f��. STM images show changes in adsorption sites and mo-
lecular orientations as intensity variation.57 The STM image
of the unreconstructed structure necessarily gives the hex-
agonal pattern of the � phase as all thiols are in equivalent
positions. The most stable structure displays a clearly visible
zigzag pattern that resembles the intensity modulation re-
ported in many molecular resolution STM experiments. The
zigzag is characteristic of the � phase, which is the most
frequently observed phase.17 The intensity variation in Fig. 4

�right panel� is due to slight differences in the positions of
the sulfur atoms and the tilting and precession angles of the
alkyl chain, as shown in Fig. 2.

IV. CONCLUSIONS

The energetically most stable SAM structure is character-
ized by a reconstruction due to two adatoms per �2�3�3�
unit cell, corresponding to 1/6 of a monolayer. The thiols are
organized in ET-Au-ET moieties forming one bond to an
adatom and one bond to surface gold atoms. The sulfur atom
is approximately in top position, contrary to SAM structures
without adatoms �where thiols bind on bridge position�.
Therefore, this most stable structure reconciles the binding
site controversy. It also agrees with other geometrical results
derived from diffraction experiments. Furthermore, this
structure has a c�4�2� superlattice and the simulated STM
image shows the zigzag intensity modulation characteristic
for the � phase, which is one of the most frequently observed
patterns seen in STM experiments.

The stabilizing ET-Au-ET moieties are formed from thiols
in bridge positions and adatoms taken from the top gold
layer generating local single-atom vacancies. The SAM may
then stabilize further by diffusion of the vacancies to the
domain boundaries. This may explain the nearby formation
of vacancy islands, a characteristic phenomenon observed
during the condensation of the high-density phases. This
stepwise stabilization mechanism transforms the unrecon-
structed SAM structure with ��3��3�R30° lattice into the
most stable structure with c�4�2� superlattice. The present
study highlights important intermediate structures of this
process; however, the detailed dynamics will require further
investigation.
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