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Density functional calculations of diffusion paths
of CH3Sad on c(2 � 2)-Cl and -Br covered Cu(100)
surfaces†

Falk Wendorff *a and Eckhard Pehlkeab

Identification of the atomic-scale mechanisms of surface diffusion at interfaces covered by co-

adsorbates is relevant for understanding electrochemical processes at these interfaces. The surface

dynamics of CH3Sad on c(2 � 2)-Cl covered Cu(100) surfaces has been studied with video-STM in

electrochemical environment by Yang, Taranowski, and Magnussen [Langmuir, 2012, 28, 14143]. We

present density functional calculations to predict diffusion paths and energy barriers of CH3Sad

substitutionally adsorbed on c(2 � 2)-Cl or -Br covered Cu(100) surfaces and compare them to the case

of Sad. Additional vacancies in the halogen adlayer enable further diffusion paths with significantly lower

DFT energy barriers (i.e. energy barriers in case of uncharged surfaces vs. vacuum). We argue that at

least in case of Cl-covered surfaces this preference for vacancy-assisted diffusion of CH3Sad persists

when the energy for creating a Cl-vacancy is accounted for. However, we have not yet been able to

include the effect of the electric field on the computed energy barriers for this system, which might

affect the preferred diffusion mechanism.

1 Introduction

Given their crucial role in the fields of e.g. energy conversion,
corrosion, electro-catalysis, and electro-deposition, processes at
electrochemical interfaces are investigated intensely.2–4 In par-
ticular, an atomic-scale understanding of the diffusion mecha-
nism of ad-particles at the interfaces is needed.5 This can be
complicated by the presence of a mono-layer of specifically
adsorbed (e.g. halide) ions from the electrolyte, which are
blocking adsorption sites of the diffusing species. Halides are
known to affect growth (e.g. damascene Cu plating,6,7 electro-
chemical annealing8) as well as electrocatalytical processes2,9 at
interfaces.

Rahn et al.1 have studied the diffusion of Sad on a Cu(100)
surface with a c(2 � 2) halide coverage. Despite the chemical
similarity of Cl and Br, they found distinct differences of Sad

tracer atom diffusion between these co-adsorbates. These dif-
ferences have been traced back to qualitatively different (i.e.
rotation and exchange) diffusion paths of the sulfur adatom.

Furthermore, the diffusion dynamics of CH3Sad on c(2 � 2)-
Cl covered Cu(100) surfaces has been studied with video-STM
by Yang et al.10 Here we present density functional calculations
in order to compare diffusion paths of CH3Sad on Cu(100)
surfaces covered by either a c(2 � 2)-Cl or a c(2 � 2)-Br
monolayer. A diffusion path similar to the rotation
diffusion path by Rahn et al. of the sulfur adatom will be
examined. In addition, further diffusion paths enabled by
the presence of a nearby vacancy in the c(2 � 2) halogen adlayer
will be presented. Results for CH3Sad will be compared
with the diffusion of Sad. The probability of vacancies in the
halogen layer will be discussed. Our findings emphasize
the need to consider vacancy-assisted diffusion and pave the
way for future calculations including electrolyte and electric
field effects.

2 Computational details

All DFT calculations have been performed with codes from the
Quantum ESPRESSO program package, version 6.7.11–13 The
electronic structure has been assumed spin-unpolarized. This
has been confirmed by two test calculations allowing for spin-
polarization for a configuration with CH3Sad in the adsorption
configuration and at the transition state. In both cases an
initial spin polarization at the S-atom disappeared during the
electronic relaxation (i.e. it is transferred to the unique Fermi
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level of the non-magnetic Cu substrate). The generalized gra-
dient approximation (GGA) for the exchange correlation energy-
functional according to Perdew–Burke–Ernzerhof (PBE)14 has
been used. Ultra-soft PBE-GGA pseudopotentials (USPP) have
been taken from the databases.15–17 The surfaces are simulated
by a slab geometry with a p(6 � 6) surface unit cell of the
Cu(100) substrate and six Cu layers. The supercell is charge-
neutral, i.e. any local ionic charges are compensated by a
surface image charge density of the metal substrate. Atoms of
the bottom two Cu layers are fixed at their bulk positions. The
theoretical Cu bulk lattice constant amounts to 3.637 Å, which
compares well to other authors.18–23 The top four substrate
layers as well as all adsorbate positions are relaxed. A grid of
4 � 4 � 1 k-points evenly distributed over the first 2D-Brillouin
zone of the surface lattice according to Monkhorst and Pack24

is used. This results in eight inequivalent k-points (only making
use of time-reversal symmetry, but disregarding any spacial
symmetries). The Fermi surface smearing method according to
Methfessel and Paxton is applied.25 The width of the vacuum
between the slabs amounts to at least 16 Å. As the slabs are
asymmetric, a dipole correction is applied. The cut-off energy of
the plane-waves basis set is set to 35 Ry.

The equilibrium atomic geometries of the initial and final
configurations and further energy minimum-configurations
along the diffusion paths are found by ionic relaxation,
where the residual forces on the ions must be smaller than
10�4 Ry a0

�1 and the estimated error of the energy due to the
electronic convergence must be smaller than 10�6 Ry.

To calculate the diffusion paths and the corresponding
variations of energy and dipole moment along the paths, the
nudged elastic band (NEB) method together with a climbing
image (CI) as implemented in PWneb (neb.x) from Quantum
ESPRESSO has been used.26–28 The NEB calculations are
assumed to have converged if the force perpendicular to
the path on every image is smaller than 0.05 eV Å�1 E 2 �
10�3 Ry a0

�1. Dipole moments are calculated with the threshold
for the electronic convergence set to 10�8 Ry. The change in
surface dipole moment Dm is defined as the difference between
the component of the electric dipole moment perpendicular to
the surface in the transition state and in the initial state. It is
related to the induced change in the workfunction of the surface
DW, Dm = �(e0A/|e|)DW where A is the surface area of the
periodically repeated supercell and e0 the vacuum permittivity.

With these convergence parameters the estimated accuracy
of energy differences between a single adsorbate atom at the
bridge or hollow site amounts to about �0.02 eV and the
accuracy of dipole moment differences amounts to about
�4 me Å with respect to plane-wave energy cutoff, k-point set,
width of vacuum and number of substrate layers (for the
convergence analysis, see ESI†). Note that in case of Sad and
CH3Sad diffusion paths with a larger number of adsorbate
atoms dislocated along the diffusion path the uncertainties
will be larger than for above simple configurations, the authors
of ref. 1 obtain an uncertainty of �0.1 eV for the Sad rotation
diffusion path. The above estimate does not include any
inaccuracy due to the choice of the approximate exchange

correlation-energy functional, which is expected to be
larger.‡ 29–32 Moreover, the electrolyte has not been accounted
for in our DFT computations.

3 Results
3.1 Diffusion on the Cu(100) surface

CH3Sad, either emerging from the dissociation of methanethiol
(CH3SH)33,34 or dimethyl disulfide (CH3SSCH3)35 deposited on
the Cu(100) surface, adsorbs with the sulfur atom in a hollow
position of the substrate surface and the S–C bond perpendi-
cular to the surface.33–35 Similar to the case of Sad on Cu(100),36

we have investigated the diffusion of the CH3Sad via the bridge
site of the Cu(100) substrate as shown in Fig. 1.

The energy barrier for CH3Sad is 511 meV. It is less than the
energy barrier of 904 meV for Sad (see Fig. 2). Our calculated
value is in good agreement with the 881 meV diffusion energy
barrier for Sad calculated by Bernard Rodrı́guez et al.,36 despite
the different cell size and the different exchange correlation
functional. We suppose that the reduction of the energy barrier
can be rationalized in the following way: in case of CH3Sad one
of the three p-orbitals of the sulfur atom is bonding to the
carbon atom of the methyl group. When the sulfur atom
approaches the bridge site, the CH3Sad tilts with respect to
the surface normal. Thereby a more favorable bonding configu-
ration between the two p-orbitals perpendicular to the S–C
direction and the Cu substrate atoms is achieved.37 Thus the
energy barrier is smaller for a molecule that is tilted than for
one artificially kept upright along the diffusion path. At the
transition state, on the Cu(100) surface without a halogen
adlayer, the S–C bond is tilted by 551 with respect to the surface
normal, which is similar to the tilt angle on an unreconstructed
Au(111) surface.37,38 The diffusion energy barrier of CH3Sad is
significantly reduced as compared to the diffusion of Sad. The
additional motion of the methyl group along the diffusion path
leads to a distinctly longer path in case of CH3Sad than for Sad

(for more information see ESI†). Note that in Fig. 2 the energy is
plotted versus a scaled reaction coordinate.

3.2 Diffusion in the presence of a c(2 � 2) halogen adlayer

The diffusion path of CH3Sad on a Cu(100) surface in the
presence of a c(2 � 2) adlayer of halogen coadsorbates has

Fig. 1 Atomic configurations (initial, transition and final state) along the
diffusion path of CH3Sad on the Cu(100) surface (brown: Cu, yellow: S,
black: C, white: H).

‡ Corresponding calculations are underway.
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been constructed starting from the rotation path of Sad diffus-
ing on such a surface proposed by Rahn et al.1 We have
reproduced their results (for a comparison see ESI†). Then we
have added a methyl group on top of the sulfur. Note that this
procedure does not apply to their exchange diffusion path, thus
we restrict ourselves to a single CH3Sad diffusion path on the
elsewise completely halogen-covered Cu substrate (Fig. 3).

The energy variation along the rotation diffusion path of Sad

and CH3Sad on the c(2 � 2)-Cl or -Br covered Cu(100) surface is
compared in Fig. 4. In the first part of the path the sulfur atom
moves to an adjacent hollow site of the substrate lattice. In the
remaining (calculated) part of the diffusion path the halogen
adatoms rearrange. The collective distortion and rearrange-
ment of the halogens results in a variety of shallow local energy
minima with energy barriers between them much smaller than
the barrier evoked by the initial hop of the Sad. This is
consistent with the known small Cl and Br diffusion energy
barrier (Table S2 in ESI†). However, also the repulsion of the
adsorbates determines the reaction path. Finally, the complete
diffusion path is obtained from the calculated configurations

(solid markers in Fig. 4) by application of a mirror symmetry.
(A video showing the energy variation together with the atomic
configurations for CH3Sad for the full path is available in the
ESI.†) When the sulfur atom transverses the bridge site the
CH3Sad becomes tilted. Consistent with the observation for
diffusion on the clean surface, the corresponding (i.e. the first)
energy barrier along the diffusion path is smaller in case of
CH3Sad on c(2 � 2) halogen covered Cu(100) than for Sad on the
halogen covered surface. The tilt angle between the S–C bond
and the surface normal is slightly smaller than in the case of
diffusion without halogen co-adsorbates. In case of the Cl
adlayer it amounts to 421 and in case of the Br adlayer it is 241.

In an electrochemical environment, the activation energy for
diffusion is known to depend on the sample potential f.10,39

For constant (i.e. full c(2 � 2)) halide coverage and small
potential difference with respect to the potential of zero charge
of metal and adsorbate together, the expression by Giesen
et al.40 reads

EactðjÞ ¼ E
ð0Þ
act � mðTSÞ � mðadsÞ

� �s0ðjÞ
e0

; (1)

with E(0)
act the activation energy at the potential of zero charge

fpzc, m(TS) the electric dipole moment at the transition state
geometry, m(ads) the electric dipole moment of the equilibrium
configuration of the adsorbate, and s0 = CD(f � fpzc) the
charge density on the surface. Note that the dipole moments
calculated in this work refers to a surface versus vacuum, in case
of an electrochemical interface the dipole moments may be
partially screened by the electrolyte. Experimental estimates for
the capacity of the double layer CD for c(2� 2)-Cl on Cu(100) are
25 mF cm�2 (ref. 41) and 16 mF cm�2 (ref. 42). The ‘‘virtual’’
potential of zero charge of c(2 � 2)-Cl on Cu(100) has been

Fig. 2 Variation of the total energy along the diffusion path for Sad and
CH3Sad on Cu(100).

Fig. 3 Atomic configurations along the rotation diffusion path of CH3Sad

on a Cu(100) surface covered by a c(2 � 2) adlayer of Cl (green) or Br (red).
Cl and Br relate to the halogen coverage, the number relates to the
number of the image. The dashed line denotes the mirror to obtain
the complete diffusion path. The last image shows the final state after
the diffusion hop on the Br-covered Cu(100) surface. For details see ESI.†

Fig. 4 Variation of the total energy (top) and the surface dipole moment
(bottom) along the diffusion path of Sad and CH3Sad on the c(2 � 2)-Cl or
-Br covered Cu(100) surface.
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estimated by Schwarz et al.42 to be distinctly more positive than
the potential where the Cu surface dissolves (fpzc is more
positive than 2.3 V versus SHE). Here we do not apply eqn (1)
as the difference f � fpzc is too large. However, we conclude
that in the range of sample voltage applied in experiment10 the
activation energy of the CH3Sad diffusion has to be expected to
be smaller than our computed value (which is corresponding to
an uncharged surface vs. vacuum).

3.3 Diffusion in the presence of a nearest neighbour vacancy
in the halogen adlayer

If there is a vacancy in the halogen adlayer nearest neighbour to
the Sad or the CH3Sad further diffusion paths emerge. As the
halogens just relax (but do not have to rearrange as they do not
occupy different adsorption sites along the diffusion path) the
corresponding energy barriers are distinctly smaller than those
found in case of the complete c(2 � 2) halogen layer. In case of
Sad, vacancy-assisted diffusion paths have already been calcu-
lated by Stremme and Deuchler.1 In order to compare diffusion
activation energies of CH3Sad to those of Sad, we have re-
calculated the Sad diffusion paths using a p(6 � 6) surface unit
cell and the PBE-GGA for the exchange–correlation energy
functional. Our results for the diffusion of Sad in Table 1 are
fully consistent with their previous data.1

We consider two paths (I and II) for the diffusion of Sad, as
shown in Fig. 5 and 6. In path I, the Sad diffuses via the bridge
positions to the vacancy site, while in path II a Cu atom is
temporarily pushed out of the surface and the Sad can diffuse
through the resulting Cu vacancy.

Three different vacancy assisted diffusion paths for CH3Sad,
A, B, and C are shown in Fig. 7, and the corresponding variation
of total energy along the diffusion paths in Fig. 8. The energy
expense needed to create the nn-vacancy in the halogen layer
will be considered further below.

Diffusion paths A and C differ in that path A has an
additional energy minimum in the middle of the path, where
the CH3Sad is close to neighboring halogens. Path B takes a
more direct route between the initial and final states. As a
result, path B is shorter than path A and C. The paths also differ
in the direction in which the CH3-group is tilted. While in path
A the CH3-group is tilted in the direction of the diffusion path,

Table 1 Changes of the total energy and the surface dipole moment
along the Sad and the CH3Sad diffusion paths on a Cu(100) surface with
Cl- or Br-coverage. Data for the Sad exchange path are taken from the
literature1

Diffusion path DEdiff
DFT in eV DmTS in e Å

Sad c(2 � 2)-Cl rotation path 1.24 �0.30
Sad c(2 � 2)-Cl exchange path1 1.831,43 �0.23a 1,43

Sad c(2 � 2)-Br rotation path 1.57 �0.27
Sad c(2 � 2)-Br exchange path1 1.481,43 �0.29a 1,43

Sad c(2 � 2)-Cl vacancy path I 0.95 �0.04
Sad c(2 � 2)-Cl vacancy path II 1.28 E0
Sad c(2 � 2)-Br vacancy path I 0.96 �0.03
Sad c(2 � 2)-Br vacancy path II 1.14 0.01

CH3Sad c(2 � 2)-Cl rotation path 1.17 �0.35
CH3Sad c(2 � 2)-Br rotation path 1.59 �0.30
CH3Sad c(2 � 2)-Cl vacancy path A 0.69 �0.11
CH3Sad c(2 � 2)-Cl vacancy path B 0.83 �0.13
CH3Sad c(2 � 2)-Cl vacancy path C 0.66 �0.09
CH3Sad c(2 � 2)-Br vacancy path A 0.81 �0.05
CH3Sad c(2 � 2)-Br vacancy path B 0.78 �0.09
CH3Sad c(2 � 2)-Br vacancy path C 0.69 �0.05

a Note that a sign change of Dm can occur along the diffusion path.1

Fig. 5 Atomic configurations along the diffusion paths I and II of Sad on a
Cu(100) surface covered by a c(2 � 2)-Cl adlayer with a vacancy in the
halogen adlayer. Diffusion paths for the c(2 � 2)-Br adlayer are similar.
Such paths have been investigated before.1 I and II relates to the path. Cl
relates to the halogen coverage, the number relates to the number of the
image. The dashed line denotes the mirror to obtain the complete
diffusion path. The last image shows the final state after the diffusion
hop. For details see ESI.†

Fig. 6 Variation of the total energy (top) and the electric dipole moment
(bottom) along the Sad diffusion paths I and II on a Cu(100) surface with a
vacancy in the Cl- or Br-coverage.
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the tilting in path B and path C is partially at an angle to the
diffusion path. (Videos of the diffusion paths can be found in
the ESI.†)

The diffusion energy barriers (i.e. the maximum of the
total energy increase DEdiff

DFT along the diffusion paths)
and the corresponding induced electric dipole moments

DmTS = m(TS) � m(ads) are summarized in Table 1. In case of
CH3Sad the diffusion paths A, B and C for the vacancy-
assisted diffusion have significantly lower energy barriers than
the rotation diffusion path. Among all considered calculated
paths A, B, and C, in case of both halogen adlayers the
diffusion path C turns out to be the most favorable one.
However, vacancy assisted diffusion paths with energy
barriers within some tens of meV can all contribute simulta-
neously to diffusion, and, moreover, are not distinguishable
within the accuracy of DFT calculations, in particular in view
of the approximate XC energy functionals. For all CH3Sad

diffusion paths the variation of the electric dipole moment
DmTS is negative. This is consistent with the displacement in
the z-direction (i.e. perpendicular to the surface) of the
negatively charged sulfur and halogen ad-atoms along the
diffusion path. The effect is larger in case of the rotation
path, due to the large outward displacements of the halogens
in the z-direction. The z-coordinates of the halogens change
less during diffusion of CH3Sad in the presence of a nearest
neighbour halogen vacancy (see ESI†). DmTS is slightly positive
in case of path II for the Br coadsorbate showing an inward
motion of the diffusing Sad, in agreement with previous
calculations.1

The energy barriers in the rotation paths differ only slightly
between Sad and CH3Sad, since the CH3-group is not tilted in the
transition state (1.24 eV vs. 1.17 eV for Cl and 1.57 eV vs. 1.59 eV
for Br). The situation is different for the energy barriers of the
vacancy paths over the bridge position. Since the CH3-group is
tilted in the transition state, the energy barrier for CH3Sad is
lower than for Sad. This is consistent with the results from the
clean Cu(100) surface. As pointed out above, there is no
analogue to the Sad exchange diffusion path on the c(2 � 2)
halogen-covered surface in case of CH3Sad due to geometrical
constraints.

Fig. 7 Atomic configurations along the diffusion paths A, B and C of
CH3Sad on a Cu(100) surface covered by a c(2 � 2)-Cl adlayer with a
vacancy in the halogen adlayer. Diffusion paths for the c(2 � 2)-Br adlayer
are similar. A, B and C relates to the path. Cl relates to the halogen
coverage, the number relates to the number of the image. The dashed line
denotes the mirror to obtain the complete diffusion path. The last image
shows the final state after the diffusion hop. For details see ESI.†

Fig. 8 Variation of the total energy (top) and the electric dipole moment (bottom) along the CH3Sad diffusion paths A, B and C on a Cu(100) surface with
a vacancy in the Cl- or Br-coverage.
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3.4 Estimate of the frequency of halogen vacancies and its
effect on vacancy-assisted diffusion

To obtain a rough estimate for the vacancy-assisted hopping
rate of the CH3Sad on the halogen-covered Cu(100) surface we
start from the expression

nhop = kn0e�bEdiff(f) (2)

for the hopping rate over an energy barrier Ediff from transition
state theory.44,45 In case of vacancy-assisted hopping this gives
the conditional hopping rate, provided that there already exists
a nn vacancy in the halogen layer. The prefactor n0 denotes an
attempt frequency, which has not been calculated here. It is
assumed to be of the order of 1012 Hz. The attempt frequency
for Sad diffusing on a Cl-covered Cu(100) surface is of similar
order of magnitude, (2.35 � 0.35) � 1012 Hz.39 The inverse of
temperature is denoted as b = 1/kBT. Ediff(f) is the activation
energy barrier of the diffusion hop (A, B, or C), which in
electrochemical environment additionally depends on the sam-
ple potential f. The diffusion energy barriers at the potential of
zero charge are taken to be approximately equal to DEdiff

DFT in
Table 1. Here, any additional local energy minima (that indicate
local equilibrium configurations along the diffusion path) are
disregarded. Just the maximum of the energy along the reaction
path is considered to obtain DEdiff

DFT, thus ignoring recrossings46

of the transition state by the diffusing species. These can be
accounted for by an appropriate transmission factor k. Alter-
natively, if the intermediate energy barriers are sufficiently
large compared to a few times the thermal energy, a Master
equation could be solved,47 but this is beyond the scope of our
estimate. As the diffusion of the CH3Sad is supported by a
neighboring vacancy in the halogen adlayer, the probability pvac

for the occurrence of such a nearest neighbour vacancy has to
be considered. As the hopping rates of the halogens are much
larger than the hopping rate of the CH3Sad

48 (here we assume a
similar prefactor for both, as well as no huge increase of the
hopping energy barrier of the halogen vacancy when it comes
close to the CH3Sad) any correlation between the direction of
consecutive hops of the CH3Sad is neglected.49 The hopping rate
is thus approximated as

n = pvackn0e�bEdiff(f). (3)

To estimate the probability of a halogen vacancy in the
c(2 � 2) halogen adlayer (without any co-adsorbed CH3Sad) as
a function of sample potential in an electrochemical environ-
ment we follow the approach of Mitchell et al.,50,51 who applied
an Ising-type lattice gas Hamiltonian,

H fcigð Þ � �mNads ¼
1

2

XL2

iaj¼1
Jijcicj � �m

XL2

i¼1
ci; (4)

to compute the chemisorption isotherm of Br� on Ag(100). The
sum extends over all L2 hollow sites of the p(1 � 1) substrate
lattice. ci A {0,1} is the halogen occupation number of the i-th

site, Nads ¼
PL2

i¼1
ci the number of adsorbates, Jij the adatom

interaction between sites i and j, and

�m ¼ �m0 þ kBT ln
c

c0
� eg j� jrefð Þ (5)

with T denoting the temperature, c = [Br�] the Br� concen-
tration, c0 a reference concentration, e the (positive) elementary
charge, g the (negative) electrosorption valency of the halide
ion, f � fref the electric potential with respect to a reference
electrode, and �m0 an energy reference.50 For above model
Hamiltonian, with increasing potential there occurs a phase
transition from a disordered (1 � 1) halide adlayer into a
c(2 � 2) reconstructed adlayer.50 If the sample voltage where
the order–disorder transition occurs is known from experiment,
this can be used to adjust the m(f)-scale in eqn (5) to the sample
voltage scale used in experiment. We shall make use of this
procedure in case of the Cl-adlayer on Cu(100) further below.

The Hamiltonian (4) can be re-formulated in terms of
vacancies in the nearly complete c(2 � 2) adlayer. To this
purpose the ci are set equal to zero for all sites of the unoccu-
pied sublattice, and ci = 1 � si, for all i running over the sites of
the halide c(2 � 2) sublattice. Finally, interactions between
different vacancies are neglected. This conforms to a Langmuir
adsorption isotherm model applied to a low coverage of
approximately non-interacting halide vacancies. The probabil-
ity p(0)

vac to observe a vacancy at a particular site (e.g. the i = 1 site)
in the c(2 � 2) sublattice in this case becomes

pð0Þvac � exp �b �m�
XL2=2

j¼2
J1j

0
@

1
A

2
4

3
5: (6)

The sum describes the interaction of a single halide at
a particular site, here site no. 1, with all other remaining
L2/2 � 1 halides of the complete c(2 � 2) adlayer. Eqn (6)
corresponds to a lattice gas of non-interacting halogen vacan-
cies in the c(2 � 2) adsorbate superlattice with a renormalized
adsorption energy of the halogen. The next step is to transport
the halogen vacancy to the required position nearest neighbour
to the CH3Sad. The energy difference is denoted DEvac

nn (f).
Values from our DFT calculations are summarized in Table 2.
In view of the very small differences of the electric dipole
moment of the vacancy close to, and far away from the CH3Sad

(denoted Dmvac in Table 2) the dependence of DEvac
nn on the

sample potential is neglected. The probability pvac thus
becomes

pvac ¼ pð0Þvace
�bDEvac

nn : (7)

Inserting this expression, together with p(0)
vac from eqn (6), into

Table 2 Difference of the total energy and of the surface dipole moment
for a halogen vacancy nearest neighbor to, or far from, the Sad or CH3Sad

Adsorbate DEvac
nn,DFT in meV Dmvac in me Å

Sad/c(2 � 2)-Cl �2 23
Sad/c(2 � 2)-Br 26 16
CH3Sad/c(2 � 2)-Cl 10 12
CH3Sad/c(2 � 2)-Br 33 5
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the hopping rate from eqn (3) yields

n � kn0 exp �b Ediff ðjÞ þ DEvac
nn þ �m�

XL2=2

j¼2
J1j

0
@

1
A

2
4

3
5: (8)

In experiment, an effective activation energy of the diffusion
process is derived by assuming an exponential relation between
the hopping rate and �b times the effective activation energy.
Then the activation energy can be plotted versus the sample
potential f.10 Using eqn (5) and (8) and neglecting any f-
dependence of the transmission factor k, the slope of this curve
is determined by the derivative of the energy in the exponent in
eqn (8) with respect to the sample potential f,

@Ediff ðjÞ
@j

� eg: (9)

For Cl and Br on Ag(111), Hörmann et al.52 report a calculated
electrosorption valency in the range �0.8 to �0.4. This fits with
other values for the electrosorption valency of halogens on
metal surfaces§ and the assessment that |gCl| o 1 on the
Cu(100) surface.64 In view of the negative dipole moment
change along the diffusion path, which is pointing to a shift
of negative charge density in the direction away from the bulk

along the diffusion path,
@Ediff ðjÞ

@j
is expected to be positive.

Next we connect the zero of our halogen chemical potential
scale with the sample potential as measured in experiment by
using the order–disorder transition as a reference point. In the
following we focus solely on the case of the Cl� adlayer on
Cu(100). In surface X-ray diffraction experiments of Cl�-
adsorption on Cu(100) the c(2 � 2) superstructure intensity is
observed at sample potential more positive than E�0.62 VAg/AgCl

and the Cl� adsorption/desorption with remaining c(2 � 2)
superstructure is detected over a range of about 0.3 V before it
saturates.65 As pointed out by Mitchell et al., in their Monte
Carlo simulations the (1 � 1) to c(2 � 2) transition occurs at
a halogen coverage similar to the critical coverage of the
respective hard square model, Ycrit = 0.368.51,66 We roughly
approximate the Cl coverage of the Cu(100) surface (at high
coverage) by a Frumkin isotherm with adsorption sites restricted
to a single c(2 � 2) sublattice of adsorption sites and the Cl–Cl

interaction energy parameter b ¼
PL2

j¼2
J1j � 357 meV. The inter-

action energy b has been derived from the difference of the
DFT adsorption energies of a Cl atom on either the clean
(ECl

ads(Cu(100))) or the elsewise fully c(2 � 2)-Cl covered Cu(100)
surface (ECl

ads(c(2 � 2)Cl/Cu(100))),

b = ECl
ads(c(2 � 2)Cl/Cu(100)) � ECl

ads(Cu(100)). (10)

It means that the Cl� adsorption isotherm has a considerable
spread on the potential axis due to adsorbate interactions. The
critical chemical potential of the order–disorder transition is
approximated by the value of the chemical potential where the
coverage of the Frumkin isotherm equals the critical coverage
Ycrit = 0.368. Assuming c = c0 in eqn (5) we obtain

�m = 0.29 [eV] � eg(fAg/AgCl + 0.62 [V]). (11)

In the STM experiment by Yang et al.10 diffusion rates of the
CH3Sad have been measured for a range of sample potentials
from �0.4 VSCE up to �0.25 VSCE. Taking the extreme value
g = �1 for the electrosorption valency, in this range of sample
potential the contribution from the vacancy abundancy to the
activation energy (DEvac

nn,DFT + �m � 0.357 [eV], which is added to
the barrier height Ediff(f)) stays below 0.36 eV. Thus, as long as
the effect of the electric field on the diffusion energy barriers is
ignored, the vacancy assisted diffusion path of CH3Sad on
c(2 � 2)-Cl/Cu(100) is preferred by at least 0.15 eV. However,
as the electric dipole moment change along the diffusion path
is distinctly more negative for the rotation path than for the
vacancy-assisted diffusion path (see Table 1) we cannot exclude
that a strong negative charge density on the sample surface
might lead to a preference for the rotation path. At present we
cannot quantify the electric field effect due to reasons
explained above.

4 Conclusions

In this paper we have presented DFT-calculations for various
diffusion paths of CH3Sad on c(2 � 2)-Cl or -Br covered Cu(100)
surfaces and compare to the case of Sad diffusion on these
surfaces. For CH3Sad substitutionally adsorbed in an elsewise
complete c(2 � 2) overlayer of the halogen, we have generalized
the rotation diffusion path by Rahn et al.1 for Sad. The DFT
diffusion energy barrier (i.e. the diffusion energy barrier on an
adsorbate-covered surface versus vacuum) for CH3Sad is 1.17 eV
in case of the Cl-coadsorbate and 1.59 eV in case of Br.
Furthermore, we have found diffusion paths assisted by vacan-
cies in the halogen layer with considerably lower DFT diffusion
energy barriers. For CH3Sad, in case of the Cl-coadsorbate the
vacancy lowers the DFT energy barrier of the diffusion hop by
0.51 eV to a value of 0.66 eV and, in case of the Br-coadsorbate,
by 0.89 eV to 0.69 eV. For Sad the reduction in the energy barrier
is smaller, it amounts to 0.29 eV in case of the Cl adlayer and
0.52 eV in case of the Br adlayer.

Within the range of Cl chemical potential covered by the
video STM data by Yang et al.10 the energy expense to create
vacancies in the c(2� 2) adlayer is small enough so that, as long
as variation of the energy barrier heights due to electric field
effects are ignored, a vacancy-assisted diffusion path of the
CH3Sad is preferred. However, including the variation of the
energy barriers as a function of sample potential could
alter this.

Experimentally, Yang et al. have reported a linear potential
dependence of +0.5 eV V�1 for the diffusion barrier of CH3Sad

§ gCl = �0.7 � 0.3 on Au(100);53 gCl = �0.5 � 0.3 on Au(111);54 gBr = �0.76 on
Au(111);55 gBr = �0.63 on Au(100);55 gBr = �0.4 on Au(110);55 gBr = �0.7 on
Au(311);55 gBr =�0.54 � 0.05 on Au;56 gBr =�0.7� 0.15 on Ag(100);57 gBr =�0.75�
0.5 on Au(100);58 gCl = �0.5 � 0.2 on Au(111);59 gBr = �0.7 � 0.2 on Au(111);59 gBr =
�0.99 on Pt(100);60 gBr =�0.99 on Pt(111);61 gCl =�1.0 � 0.2 on Au(111);62 gCl =�1
on Pt(111);63 gBr = �0.73 � 0.03 on Ag(100).50
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on a Cu(100) surface with a c(2� 2)-Cl adlayer.10 The sign of the
slope is compatible with both diffusion mechanisms, the rota-
tion diffusion path and the vacancy-assisted diffusion. Future
calculations taking care of the electrochemical environment are
thus desirable, which include the electrolyte and quantify the
variation of the diffusion energy barriers Ediff(f) with the
sample potential f.
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Roza, L. Paulatto, S. Poncé, D. Rocca, R. Sabatini, B. Santra,
M. Schlipf, A. P. Seitsonen, A. Smogunov, I. Timrov,
T. Thonhauser, P. Umari, N. Vast, X. Wu and S. Baroni,
J. Phys.: Condens. Matter, 2017, 29, 465901.

13 Quantum Espresso Foundation, Quantum Espresso v. 6.7, 2020,
https://gitlab.com/QEF/q-e/-/releases/qe-6.7MaX-Release, accessed
on May 24, 2021.

14 J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,
1996, 77, 3865–3868.

15 K. F. Garrity, J. W. Bennett, K. M. Rabe and D. Vanderbilt,
Comput. Mater. Sci., 2014, 81, 446–452.

16 A. Dal Corso, Comput. Mater. Sci., 2014, 95, 337–350.
17 Quantum Espresso Foundation, Original QE PP library, 2008,

https://pseudopotentials.quantum-espresso.org/legacy_tables/
original-qe-pp-library, accessed on March 1, 2022.

18 K. Lejaeghere, V. V. Speybroeck, G. V. Oost and S. Cottenier,
Crit. Rev. Solid State Mater. Sci., 2014, 39, 1–24.

19 P. Janthon, S. M. Kozlov, F. Viñes, J. Limtrakul and F. Illas,
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