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Ab initio Density Functional Theory calculations are here reported to characterize the adsorption of meth-
anethiol at the Cu�110� surface. Theoretical results suggest that the binding of the adsorbate to the substrate is
rather weak and the molecular geometry is correspondingly almost unaffected by the adsorption. Otherwise,
when CH3SH deprotonates producing methanethiolate, a stronger chemical bond is realized between the sulfur
atom of CH3S radical and Cu surface atoms. A detailed study of structural and electronic properties of
methanethiolate on Cu�110� for a p�2�2� and a c�2�2� overlayer structure has been carried out. We find that,
in the most stable configuration, the molecule adsorbs in the shortbridge site. The chemical bond arises due to
a strong hybridization among p orbitals of sulfur and d states from the substrate, as it is deduced by an analysis
of partial densities of states and charge densities.
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I. INTRODUCTION

The adsorption of alkanethiol compounds on metal sur-
faces has been the focus of many studies in the last two
decades.1–3 The interaction of alkanethiols with surfaces is in
fact of high interest in many applications such as functional-
ization of surfaces, wear protection, corrosion inhibition, lu-
brication, and chemical sensors fabrication.4–9 Moreover
these species, through deprotonation at the interface, form
thiolate self-assembled monolayers �SAMs� which are inter-
esting as conductive channels in molecular electronics10 or as
barrier films to retard oxidation of a metal surface.11 The
structural properties of self-assembled monolayers of thiols
on metals, thanks to their highly ordered or atomically flat
surfaces have been largely studied by scanning tunneling
microscopy,12–18 electron diffraction,19 low energy helium
diffraction,20–22 grazing incidence x-ray diffraction14,22 and
grazing incidence infrared spectroscopy.23–25

In addition, their highly ordered structures make these
systems ideal for studies by ab initio computational
methods.26 The largest part of the theoretical studies con-
cerns the adsorption of thiols,27–30 with different tails, on
Au�111� surface, in particular CH3S �Ref. 31� and
�CH3S�2,32–35 long chain alkanethiols,36 and cysteine.37,38

The structural description of such systems is not straightfor-
ward. The long-range superstructure is well established to
have a hexagonal ��3��3�R30° symmetry, but the determi-
nation of the exact adsorption site for alkanethiols on
Au�111� has been controversial: actually the most stable ad-
sorption site should be the bridge site shifted towards the fcc
hollow site,32 even in competition with the pure bridge site.33

Most recent experimental results, supported by theoretical
calculations,29–31 report a new superstructure, which implies
a reconstruction of the flat Au�111� with vacancies or ada-
toms, giving even most stable adsorption configurations.

In the structural analysis, apart from the adsorption site,
the angle between the molecule and the normal to the surface
must be included, strongly affecting the stability and the
electronic properties of the interface. For more complex mol-

ecules, such as cysteine and thiophene, the molecular tail
orientation can also modify the system properties.37,39 Most
recent analyses are now focused on electronic properties of
such interfaces, in particular the metal work function modi-
fications induced by the SAMs.40,41

In this framework, various experimental and theoretical
studies related to adsorption and decomposition of CH3SH
on different �111� and �001� transition-metal surfaces have
been carried out.32,42,43 The choice of using methanethiol, the
simplest organic thiol, is due to its dimensions, which ex-
clude large effects due to molecular chain orientation and
allow to concentrate on the interface properties, which finally
dominate the behavior of metal-molecule systems. In fact, it
is well established that, even for large thiols, the interaction
at the S-Au interface is due to the p-S /sd-Au hybrid
states.37,44

The same happens at the S-Cu interfaces,45–47 which have
been however less deeply investigated than Au, both experi-
mentally and theoretically. Copper has retained for a long
period an important role in the clarification of the electronic
structure of solids. Experimentally, being an inert material
easy to handle, it has been extensively studied: its energy
dispersion relations, lifetimes of the band states, surface
states have been determined with considerable precision.48,49

Moreover this metal could present very interesting properties
useful to realize nanodevices: it has been observed, for ex-
ample, that after adsorption and decomposition of particular
macromolecules �such as C90H98� on a Cu surface it is pos-
sible to notice an important superficial reconstruction and
also the creation of nanometrical islands of metal atoms:
such kind of reconstructed steps can be used as a guidance
for lateral manipulation of large molecules.50

It is known that thiol molecules adsorb in square geom-
etries on Cu�001� and Cu�111� surfaces, and that mainly the
p�2�2� and c�2�2� superstructures are observed on these
substrates.51,52 The �001� Cu face, due to its square
symmetry,53 results to be quite favorable for sulfur and thiols
adsorption, with preferred fourfold hollow site adsorption. It
is known, on the other side, that Cu�111� is less well suited,
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also with respect to its Au analogous, for thiols ordered ad-
sorption, due to the low energy difference between different
adsorption sites.54 The most stable site results to be the bri-
fcc one, and the long-chain thiols show a tilt angle of �50°
with the surface normal. In particular, on the hexagonal �111�
surface, the adsorption of sulfur, or of species containing
sulfur, induces a square surface reconstruction similar to the
�001�.55

Here we are interested in the adsorption geometry and
decomposition of methanethiol on the �110� copper surface, a
system which presents experimental problems not yet com-
pletely solved.56 The �110� case seems to be quite more com-
plex, with respect to the other two high symmetry surfaces,
because of the lower, rectangular symmetry of this face. In
fact, the sulfur atoms deposition gives rise, depending on the
coverage, to various reconstructions, experimentally ob-
served by low-energy electron-diffraction �LEED�,57 and the
adsorbate-induced strain yields surface corrugation and
buckling.57 The exact geometry of these large reconstructions
has not yet been completely clarified. Therefore, we expect
that also the adsorption geometry of thiol molecules through
sulfur atoms could result to be more complex on the �110�
surface38 than on square symmetry surfaces.

It is experimentally known, from combined x-ray photo-
electron spectroscopy �XPS�, scanning tunneling microscopy
�STM� and temperature programmed desorption �TPD�
studies,56 that the adsorption of methanethiol on the clean
Cu�110� surface is characterized by the formation, through
the S-H bond cleavage, of an adsorbed mercaptide and by an
induced surface reconstruction with very narrow terraces

�typically 10÷15 Å wide� oriented mainly in the �11̄0� di-
rection: higher resolution images of the terraces, at molecular
concentrations higher than 3�1014 cm−2 ��0.28 ML cover-
age�, reveal an atomic scale structure with a c�2�2� unit
cell containing two mercaptide species. In the adsorption ge-
ometry, proposed according to measurements of time-of-
flight electron-stimulated desorption ion angular distribution
�TOF-ESDIAD� and to LEED images,58 the methanethiolate
is oriented on Cu�110� in a lying-down position, with a C-H
bond quite close to the normal direction on average.

Few experimental studies are available for larger mol-
ecules adsorption on Cu�110�. A long-chain thiol, the dode-
canethiol, shows on Cu�110� a local c�2�2� structure, while
the long-range order results in a complex c�12�16� unit
cell. Tilt angles for n-thiols �n=6÷16� of 12°�25° have
been observed.59 L-cysteine, which also adsorbs through the
sulfur atom, shows a c�2�2� structure on Cu�110�.60

In this paper we present Density Functional Theory
�DFT�61 calculations of structural and electronic properties
of CH3SH on Cu�110�: we find that, when the molecule is
not deprotonated, the binding of the adsorbate to the sub-
strate is rather weak, and that chemisorption occurs only
when the molecule decomposes producing methanethiolate.
We report a detailed study of the adsorption of mercaptide,
analyzing the two coverages �=0.25 ML and �=0.50 ML for
various configurations, and determining the most stable ad-
sorption geometries and the corresponding strength of the
adsorbate-substrate chemical bond. We confirm the stability
of the �=0.50 ML coverage,56 but we can exclude the flat-

lying orientation for methanethiolate,58 finding an angle of
40°�50°, depending on the adsorption geometry, of the mo-
lecular axis with respect to the normal to the surface.
Through density of states �DOS� and spatial electronic
charge distributions, moreover, it is possible to highlight the
centrality of sulfur atoms in the binding process. For this
reason these results can be considered relevant in the most
general understanding of the self-assembly of alkanethiol
layers on metal surfaces.

II. COMPUTATIONAL METHOD

Calculations presented in this paper have been performed
in the framework of DFT using the Generalized Gradient
Approximation �GGA� in the Perdew-Burke-Ernzerhof
parametrization62 and, for some of the analyzed systems, in
the Local Density Approximation �LDA�.63 All calculations
for CH3SH/Cu�110� and CH3S/Cu�110� have been per-
formed with the PWSCF code,64 and all figures of the adsorp-
tion geometries and electronic charge densities have been
realized by the XCRYSDEN graphical package.65 Atoms are
described by ultrasoft pseudopotentials,66 with a kinetic en-
ergy cutoff of 35 Ryd: preliminary calculations on Cu bulk
have demonstrated that this cutoff is sufficient to achieve
convergence of 0.01 eV on the total energy and of 0.001 eV
on the eigenvalues of the system. The cubic lattice constant a
has been optimized minimizing total energy of the bulk Cu in
both GGA and LDA approximations. Our GGA �LDA� cal-
culations yield a lattice parameter of 3.67 Å �3.51 Å� which
is quite close to the experimental value of 3.61 Å,67 and in
excellent agreement with the theoretical values obtained by
Favot.68 The Fermi energy has been calculated using the
Gaussian broadening technique,69 with a smearing parameter
of 0.05 Ryd.

In hybrid systems different parts of adsorbate �head
group, surface group, and chain� have, generally, different
functions and roles in the formation of chemical bonds. In
order to determine the atom or the group of atoms respon-
sible for the formation of bonds in the CH3SH/Cu�110� sys-
tem, a theoretical analysis of adsorption, both from a struc-
tural and also from an electronic point of view, has been
made by adopting a supercell scheme. This analysis of struc-
tural properties has been performed in the framework of the
GGA, which is able to give the most realistic values for bond
lengths and binding energies for complex adsorbate
systems.68,70 Three different kinds of systems are needed to
study adsorption properties: the isolated molecules of meth-
anethiol and dimethyl disulfide �CH3S�2, the clean copper
surface, and the molecular-metal interface. The isolated mol-
ecules have been analyzed using a large vacuum box of 10 Å
side, to avoid spurious intermolecular interactions. The clean
Cu�110� surface is modeled by a seven layers slab and 10
layers vacuum supercell,71 while, to study the molecule-
substrate interaction, the supercell adopted in the present cal-
culation has a 2�2 surface unit cell. The use of 10 vacuum
layers, corresponding to a distance of �13 Å between two
adjacent slabs, is necessary to reduce the interactions of sur-
face states through the vacuum region, also in the presence
of adsorbates. The 2�2 unit cell has basis vectors a1, a2,
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and a3 where a1 and a2, on the �110� surface, are of length

2a /�2 and 2a, along the direction �11̄0� �x� and �001� �y�,
respectively, while a3, orthogonal to the �110� surface, is of
length 16a /2�2. The Brillouin-zone �BZ� integration is per-
formed with a 8�8�1 Monkhorst-Pack72 mesh, corre-
sponding to 16 k-points in the irreducible SBZ. With the
previous parameters, and fully relaxing the 3N atomic coor-
dinates of the slab until all the 3N Cartesian force compo-
nents are lower than 0.025 eV/Å, the known structural and
electronic properties of the clean Cu�110� surface can be
accurately reproduced.73,74

To find the stable adsorption geometry, the molecule has
been located on different sites of the 2�2 cell for the two
coverages �=0.25 ML, corresponding to the p�2�2� struc-
ture �one molecule per 4 Cu surface atoms�, and �=0.50 ML,
with a c�2�2� superstructure �two thiols per 4 Cu surface
atoms�. More than 10 different starting configuration for
CH3S and CH3SH adsorption have been considered, varying
the adsorption site �hollow H, longbridge L, shortbridge S,
and top T�, the angle between the normal to the surface and
the S-C bond, and the hydrogen atoms orientation. The struc-
ture of the thiol-covered slab has been optimized, allowing
the atomic coordinates of the adsorbed molecules and of the
Cu slab to relax, until all the 3N Cartesian force components
lower than 0.025 eV/Å are obtained.

III. RESULTS

The DFT-GGA optimized bond lengths and angles of the
isolated molecule CH3SH are in good agreement with ex-
perimental data,75 as shown in Fig. 1. The highest occupied
molecular orbital �HOMO� and the lowest unoccupied mo-
lecular orbital �LUMO� wavefunctions of methanethiol are
shown in Fig. 2: these states are, respectively, a pz-MO com-
pletely localized on the S atom and an antibonding combina-
tion of px and py orbitals of S. The calculated HOMO-
LUMO gap is of 4.5 eV. The orbital nature and energy levels
of the MOs elucidate the origin of the hybridization among
molecular orbitals and Cu states.

To investigate the physisorption of methanethiol on
Cu�110�, we analyze four different geometries with a starting
S-surface distance of 1.2 Å �see Fig. 3�, namely �a� hollow
site, with rotated hydrogen atoms �see Fig. 4�, and the S-C
axis normal to the surface, �b� hollow site, and S-C axis
parallel to the surface, �c� long-bridge site, S-C axis normal

to the surface, �d� short-bridge site, with the S-C axes normal
to the surface. The DFT optimized geometries reported in
Fig. 3 clearly show that the molecule remains almost unaf-
fected by the presence of the surface. The final distance of
the sulfur atom from the surface ranges from
1.94 Å to 2.55 Å. The binding energy Eb of adsorbed meth-
anethiol is defined by

Eb = �Esub + Emeth� − Emeth/sub, �1�

where Esub, Emeth, and Emeth/sub are the total energy of the
clean substrate, of the isolated methanethiol molecule, and of
the CH3SH/Cu�110� system, respectively. Within this rule,
attraction is denoted by positive binding energies while re-
pulsion by negative ones. The binding energies for the re-
ported configurations �see Fig. 3� are lower than 0.5 eV, as
expected for molecule-metal interaction based on physisorp-
tion.

Larger binding energies are expected when the molecule
dissociates, yielding H and CH3S which chemisorbs, through
sulfur, on Cu. For the methanethiolate, therefore, a wide
study of adsorption configurations has been performed. For
the CH3S/Cu�110� system, both p�2�2� and c�2�2� geom-
etries have been analyzed: energies and structural parameters
obtained for various adsorbate-surface configurations for the
two coverages �all with an initial S-surface distance of

FIG. 1. �Color online� Methanethiol structural parameters, the-
oretical �left-hand picture� and experimental �Ref. 75� �right-hand
picture� results.

FIG. 2. �Color online� Methanethiol HOMO and LUMO charge
distribution, for isovalues of 0.067e /Å3 and 0.019e /Å3,
respectively.

FIG. 3. �Color online� Physisorption geometries and binding
energies �Eb� of methanethiol on Cu�110� �see text for details�.
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TABLE I. �Color online� Chemisorption geometries of methanethiolate on Cu�110�, at �=0.25 ML coverage �p�2�2��, from the least to
the most stable. In the first column, starting geometry is identified by the adsorption site, the initial angle � between S-C bond and axes
normal to the surface, the initial angle � �when defined� and the hydrogen atoms position. In the following columns, adsorption energy, Cu-S
bond length, S-surface distance �h�, the angles � and �, � �see Fig. 4� and the relative variation of the surface unit cell dimensions with
respect to the clean Cu surface ��dx, �dy, �dz� are reported. The last column shows the final relaxed geometry for the most stable
configuration.

TABLE II. �Color online� Chemisorption geometries of methanethiolate on Cu�110�, at �=0.50 ML coverage �c�2�2��, from the least
to the most stable. Parameters reported are the same as of Table I.
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1.2 Å� are reported in Tables I and II where the correspond-
ing relaxed geometries are also shown. The geometrical pa-
rameters used in Tables I and II are described in Fig. 4.

The binding energy Eb of adsorbed methanethiolate is cal-
culated as

Eb = �Esub + Edimeth/2� − Emeth/sub �2�

for �=0.25 ML, and

Eb = ��Esub + Edimeth� − Emeth/sub�/2 �3�

for �=0.50 ML, where Esub, Edimeth, and Emeth/sub are the total
energy of the clean substrate, of the isolated dimethyl disul-
fide �CH3S�2 molecule, and of the CH3S/Cu�110� system,
respectively.

The adsorption energies obtained for chemisorption con-
figurations are in the range Eb=0.59÷1.14 eV, and the dis-
tance between S and metal surface in the range
h=1.23÷1.81 Å, depending on the geometry. The Cu-S bond
lengths for the most stable geometries are 2.29 Å and 2.26 Å
for p�2�2� and c�2�2�, respectively. The same stable con-
figuration has been obtained starting from different initial
geometries, in particular from the initial hollow adsorption
site the molecule can move into the shortbridge one. More-
over, the differences in the Eb for various final configurations
are quite small, for the 0.5 ML coverage the two shortbridge
geometries �differing just for the hydrogen atoms rotation�
and the longbridge one are quite close in energy
�0.01÷0.03 eV�. This shallow adsorption potential energy
surface �PES� is quite similar to the results found for the
adsorption of methanethiolate on Cu�111�.54 We note, finally,
that the least stable configuration among the p�2�2� geom-
etries is the one deriving from the top initial adsorption site.
In this case, the sulfur bonds to just one Cu atom.

Concerning the relaxation of the Cu�110� surface resulting
from exposure to methanethiolate, for the p�2�2� most fa-
vorite configuration, for which the effect is more intense than

for the c�2�2� geometry, we notice the presence of out-
wards relaxation of the outermost layer ��8% � with respect
to the clean case, with associated corrugations �of height

�0.11 Å� and the formation of structures along the �11̄0�
direction, separated along the �001� by �7.5 Å: we can sup-
pose that these sort of terraces can be reconduced to the
valleys and the hills attested by STM images.56

This analysis of structural properties uses the Generalized
Gradient Approximation, which is known to give the most
realistic values for bond lengths and energies68,70 of chemi-
sorbed systems. LDA calculations, however, have been per-
formed for the p�2�2� and c�2�2� most stable configura-
tions, obtaining for Eb values larger by 17% for 0.25 ML and
34% for 0.5 ML, and smaller bond lengths �respectively, of
7% and of 2%� with respect to GGA results. This is in good
agreement with previously reported theoretical results,68

which assess the LDA overestimation of weak chemisorption
�by �30%�, and in general the best performances of GGA
concerning energetic and structural properties of chemi-
sorbed systems. In fact, apart from overestimating binding
energy and underestimating bond lengths, LDA can also pre-
dict the wrong chemisorption site, as shown for the
CO/Cu�001� system.68

IV. DISCUSSION

A. Structural analysis

Concerning physisorption, we can compare the physisorp-
tion energies �0.05÷0.43 eV� for the various considered con-
figurations with the value for the ethanethiol physisorption
on Au�111� �Ref. 32� of 0.32 eV. Also the distances from the
surface are comparable for the two cases, being 2.22 Å �me-
dium value� and 3.35 Å. We can suppose that, similarly to
what has been calculated for methanethiol on Au�111�, the
adsorption process starts with a physisorbed state, with the
methanethiol lying flat over the surface, and, after dissocia-
tion, methanethiolate chemisorbs with the S-C axis far from
the parallel direction to the surface. We have directly ob-

FIG. 5. �Color online� Lateral view of methanethiol dissociation
into methanethiolate and hydrogen at the Cu�110� surface. The mol-
ecule is initially located in the hollow site, with the S-C axes nor-
mal to the surface. The corresponding adsorption energy is Eb

=0.96 eV.

FIG. 4. �Color online� Geometrical parameters for a generic
adsorption configuration: � is the angle formed by the S-C axes and
the normal to the surface, � is the angle between the projection of
the S-C axes on the surface plane and the x direction, dx and dy are
the dimensions of the rectangular surface unit cell, dz is the distance
among the two outermost copper atomic planes and � is the y shift
from the nearest shortbridge site of the projection of the sulfur
position on the surface. The geometry with hydrogen atoms rotated
by 90° with respect to the configuration shown here, is called �r� in
the following.
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served the decomposition �Fig. 5� of methanethiol in hydro-
gen and methanethiolate as expected from TPD results.56

Concerning chemisorption, as clearly visible from the fi-
nal relaxed geometries, starting both from hollow or short-
bridge adsorption sites, the molecule of CH3S aims to ar-
range itself with the S atom close to the shortbridge site and
the S-C axes forming an angle of 40°�50° with respect to
the normal to the surface. The adsorption site is shifted, with
respect to the shortbridge site, toward the hollow site, by �
�1.00 Å and ��0.54 Å, for p�2�2� and c�2�2� respec-
tively. This adsorption configuration is similar to the most
stable geometry found for CH3S on Au�111�.32 Moreover, the
shortbridge site is slightly more favorable for �=270° with
respect to 90°. The S-Cu bond length in the most stable
geometry is 2.26 Å at 0.50 ML, and 2.29 Å at 0.25 ML, to
be compared with the value of 2.50 Å obtained for
CH3S/Au�111�.32 The highest values of adsorption energy
for both coverages are obtained for the initial configuration
with the molecule located in the shortbridge site. Moreover,
according to experimental results, c�2�2� superstructure is,
for the most stable adsorption geometry, i.e., the slightly
shifted shortbridge, energetically more favorable than the
lower coverage p�2�2�, with Eb for the single molecule
higher by 7%. For other stable configurations, the c�2�2�
coverage can yield a Eb higher by up to 28% with respect to
the p�2�2� case. However it can be seen that, for less stable
geometries, symmetry reasons do not allow molecules to dis-

pose themselves in the position of minimum energy and that,
for a 0.5 ML coverage, the intermolecular repulsion implies a
smaller Eb with respect to 0.25 ML.

B. Electronic analysis

We now turn to the analysis of the electronic properties
for the most stable configurations found for both chemisorp-
tion and physisorption. We use, for this purpose, the density
of states and the electronic charge density difference, defined
as

�	�r� = 	meth/sub�r� − 	sub�r� − 	meth�r� , �4�

where 	meth/sub, 	sub, and 	meth are the charge densities of the
relaxed adsorbate-substrate system, of the clean relaxed sur-
face, and of the molecule without substrate, respectively.

In Fig. 6�a� a physisorbed state �see Fig. 3�b�� is shown:
the density changes due to regions of electronic accumula-
tion �marked with �� and depletion �marked with 
� illus-
trate the dipole formation, and the interaction between meth-
anethiol and the metal substrate can be reconduced to
electrostatic interaction rising from mutual polarization. In
Fig. 6�b� the most stable adsorption configuration is reported
for CH3SH on Cu�110�, in the shortbridge site; this geometry
has the largest binding energy �0.43 eV, see Fig. 3� among
physisorption configurations �note the isosurface values
range, more similar to the values of chemisorption�. How-
ever, the charge distribution is more similar to the physisorp-
tion configuration, therefore we can consider this one as an
intermediate state between physisorption and chemisorption,
and a further confirmation that the shortbridge is the favorite
adsorption site. Figure 6�c� shows, finally, the charge density
difference for the most stable chemisorption state, at �
=0.25 ML: electron accumulation �denoted by �A�� is clearly
present among S atoms and the substrate.

To highlight the real nature of the bond, we study the

FIG. 6. �Color online� Charge-density differences, in the
p�2�2� geometry, for �a� physisorption geometry with the CH3SH
lying flat on the Cu�110�, �b� physisorption geometry with the
CH3SH in the shortbridge site, normal to the surface, and �c�
chemisorption state, shortbridge site. Regions of electron accumu-
lation and depletion are displayed in red��� and blue�
�, respec-
tively, for isosurface values of ±0.0034e /Å3 �a� and ±0.0203e /Å3

��b� and �c��. Charge distribution for the c�2�2� case is almost
identical and not shown here.

FIG. 7. �Color online� Partial d-PDOS/atom for the Cu surface
layer of CH3S/Cu�110� �black solid line, light shaded� and
d-PDOS/atom for the Cu surface layer of the clean surface �red
dashed line�.
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differences between the density of states, resolved per atom
and per angular momentum, in particular the modification
induced on the d-PDOS of the Cu surface atoms by the
CH3S adsorption. Results are shown in Fig. 7 and Fig. 8.
New states appear at the upper edge of the d-Cu band, at
−1 eV, and the density of states increases at −3÷−4 eV and
decreases around −2 eV. Comparing this analysis with the
density of states associated to sulfur and carbon atoms �see
Fig. 8�, we can attribute the observed variations in the copper
properties to the presence of sulfur-p states �both at −1 eV
and also at −3÷−4 eV�. Also two new peaks appear at
−5.5 eV and −6.5 eV, associated to states completely local-
ized on methanethiolate, both of sulfur-carbon p nature.
Thanks to the Newns-Anderson model, and to previous re-
sults for similar systems,45–47 we can say that the state at
−1 eV is of antibonding nature, while the states at
−3÷−4 eV have bonding character.

To further confirm these results, we calculate the spatial
electronic charge density associated to the S-Cu hybrid
states, shown in Fig. 9 and compare it with PDOS resolved
by angular momentum components �not shown here�. From
the spatial shape of the hybrid states, it is possible to recog-
nize the character of involved copper states and molecular
orbitals. We find that both the HOMO of the molecule, of px
nature in the slab geometry, and the sixth valence molecular
orbital, of py + pz character in the same configuration, are
involved in both bonding and antibonding states, hybridizing
with various combinations of d-Cu states. In particular, in the
antibonding region, all the states except the dxy one are in-
volved in the bond. We have identified different antibonding
states: one of them, shown in �Fig. 9�a��, is located at Eb=
−1.30 eV and is constituted by dyz-Cu and �px+ py�-S orbit-
als. Two bonding states have also been found, at −2.83 eV
and −3.55 eV, of �dz2 +dxy�-Cu/ �px+ py�-S, and dxz-Cu/ py-S
character, respectively. Hybrid states with energy smaller
than −5.82 eV are derived from the other valence molecular
orbitals.

V. CONCLUSIONS

In this paper we have presented the structural and the
electronic properties of a simple thiol chemisorbed on
Cu�110�, using ab initio methods. The difficulty of the analy-
sis resides in the lack of clear and definitive experimental
structural data. However, we are able to identify the most
stable adsorption site and the corresponding molecular ge-
ometry. The 0.5 ML coverage gives the highest methanethi-
olate binding energy, confirming the observed stability of the
c�2�2� phase.56 We also can exclude that the methanethi-
olate adsorbs in a lying-down configuration, as proposed by
Ref. 58. As expected, the determination of geometry adsorp-
tion is not straightforward due to the low energy differences
between various configurations.

FIG. 8. �Color online� Partial d-PDOS/atom for the Cu surface
layer of CH3S/Cu�110� �black solid line, light shaded�, p-PDOS of
sulfur �red solid line� and p-PDOS of carbon �blue dashed line�.

FIG. 9. �Color online� Spatial electronic charge density �squared
Kohn-Sham orbital� at the � point, of the antibonding �a� and bond-
ing ��b� and �c�� sulfur-copper states, for isovalues of 6.8
�10−3e /Å3, 2.0�10−3e /Å3, and 1.7�10−3e /Å3, respectively. The
bonding or antibonding character is clearly visible in the electronic
charge distribution.
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The structural and electronic analysis has revealed that the
main methanethiol-surface interactions come from the mix-
ing of p orbitals of the molecule with d states of the surface
Cu atoms, in this way confirming the importance of S in the
chemisorption of such kind of organic adsorbate on
Cu�110�.76
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