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Coexistence of O3 � O3 and quasi-linear phases of sulfur adsorbed

(H = 1/3) on a gold (111) substrate
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We analyze with the aid of density functional theory and molecular dynamics simulations the

adsorption of sulfur (S) on a Au(111) surface at different temperatures with a variety of

geometries. We have found a new superficial phase in which sulfur atoms form a quasi-linear

chain with energies very close to the expected
ffiffiffi

3
p
�

ffiffiffi
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p

R30�. The results suggest the coexistence

of both configurations at T o 300 K. At high temperatures (T > 300 K) it was shown that the

sulfur atoms have high mobility which allows their migration among different adsorption sites.

At low temperatures, the mobility decreases and a thermal activation barrier of 25–30 meV can be

estimated.

1. Introduction+

In the last few years, nanotechnology has opened new

perspectives in all the fields of basic and applied sciences.

The growth of gold nanoparticles has been used in many

instances, supported on oxidic matrices such as ceria

(CeO2),
1,2 titania (TiO2)

3,4 and other mixtures of oxides.5,6

High growth control makes this noble metal very suitable for

many heterogeneous catalytic gas–solid reactions.7 Very high

conversion rates (B100%) for the oxidation reaction of CO to

CO2 have been reached, eliminating in this way the residual

(and contaminant) CO in the H2 currents of fuel cells.

Supported gold has also been used for the catalytic oxidation

of hydrocarbons,8–11 H2O2 formation using Au–Pd alloys,12,13

H2 production from methanol oxidation14,15 and aldehyde

hydrogenation.16,17

In catalysis science, the deactivation and regeneration

processes that allows the extension of the useful lifetime of

developed materials to be used as catalyzers was studied. Here,

the presence of S in metal-based catalysts becomes undesirable

due to the high reactivity of this element with metal degrades

the efficiency of the catalyst. Thus, S is considered a poison

and it is imperative to promote desulfurization reactions.18,19

On the other hand, in other fields of nanoscience, such as

bioinspired devices20 or molecular electronics,21–26 S reactivity

with metals is seen as an advantage. For example, in the case

of the self-assembled structure formation of organothiol

molecules,27,28 the S terminal is an excellent connector

between the metallic substrates and the adsorbed molecule

or molecular wire.29

Therefore, either for its disadvantageous properties in

catalysis or the desired ones for nanodevices or molecular

electronics, the study of S adsorption onto gold is important

both from the technological and basic points of view.

This is an active research area in which depending on the

coverage and the temperature, a very rich variety of superficial

S structures and adsorption properties are reported.30–35

Restricting the analysis to Au(111) surfaces, coverages

Y t 1/3 ML lead to regimes in which the adsorption is

dominated by single S adatoms interacting with gold surfaces.

The preferred adsorption site is an fcc hollow,35,36 although

for temperatures above T = 550 K migration to other sites

is expected.34 On the other side, for coverages greater than

Y \ 1/2 ML, it is suggested that S atoms form more complex

structures,35 AuS compounds32 or even superficial molecules

Sn (n = 2,. . .,8),31,36 and in virtue of lattice parameters and

atom–atom distances, each S will be localized at different

adsorption sites (fcc hollow, hcp hollow, bridge, etc.).31,36

Nevertheless, this scenario is still controversial and further

studies are necessary.37,38

In an electrochemical environment, for Y = 1/3, scanning

tunnelling microscopy (STM) images show a
ffiffiffi
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R30�

adlayer.30,31 However, STM measurements performed on

samples prepared by vaporization methods fail to show such

structures. Only Low Energy Electron Diffraction (LEED)

patterns compatible with a very unstable
ffiffiffi

3
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�
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p

R30� phase

at room temperature are reported.34,35 One possible reason

could be the high mobility of S atoms but there is no direct

evidence of this superficial motion.

This work explores the adsorption of S on the Au(111)

surface with a coverage ofY= 1/3. Our results indicate a high

mobility of S adatoms for temperatures above 300 K.

Moreover, we have found two configurations in which the

energies are compatible with a possible coexistence between

them: the expected
ffiffiffi

3
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�

ffiffiffi

3
p

and a novel quasi-linear phase in

which the S atoms alternate fcc hollow and hcp hollow sites.

The scheme of the paper is as follows. Section II introduces the

numerical methods we used namely density functional theory

(DFT). We perform simulations for several temperatures in

which DFT is complemented with molecular dynamics (MD)

calculations whose efficiency has been established in similar

systems,39–41 our results are fully discussed in section III.

Section IV summarizes our conclusions.
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2. Theoretical and numerical methods

The calculations were done in the frame of the Local Density

Approximation (LDA) to the DFT applied to systems with

translational periodicity. We used the FIREBALL
42,43 code. In

the theoretical approach, the electronic Hamiltonian stands

for the valence electrons and the effect of the core electrons is

incorporated via nonlocal norm-conserving pseudopotentials.44

The basis-set is formed of (numerically) localized wave-

functions which are strictly equal to zero beyond a proper

cutoff radius, ri (i = s, p, d). In this work we have selected

rs = 4.3a0 and rp = 4.7a0 for S and rd = 4.1a0, rs = 4.6a0 and

rp = 5.2a0 for gold, where a0 is the Bohr radius. We have

adopted a unit cell composed of four layers of gold, each one

with six atoms, and two superficial S atoms so that the

coverage is Y = 1/3 ML as is shown in Fig. 1. The cell has

been replicated in the x–y superficial plane, and in the

z-direction an empty space of the order of 200 Å (equivalent

to B83 layers) was added in order to simulate S superficial

effects without interactions with the nearest cell along the

z-direction. We did not take into account the herringbone

reconstruction of the Au(111) surface because this is lost when

a minimum S coating is added.45,46 We have scanned several

parameters like k-points, the number of iterations, tolerance,

etc. and we estimated the numerical error for the total energy

of the unit cell to be t10 meV.

The calculation strategy had three steps: (i) Firstly, we

looked for consistent configurations at a given temperature.

The electronic calculations were complemented with

classical MD. That is, at the beginning the atom velocities

were assigned randomly following a Maxwell–Boltzmann

distribution;43 then, the atoms moved according to LDA

forces and the velocities were rescaled in order to assure a

constant kinetic energy (or temperature). The time step for the

simulations was 0.2 fs and a maximum of 16 000 steps

were calculated. The tolerance criteria for convergence is

10�4 eV atom�1 for the total energy and 10�2 eV Å�1 for

the forces. In all cases only the innermost layer of gold is fixed

and the three superficial ones plus the adatoms are free to

move to optimize their energy. This DFT-MD technique has

been successfully used in similar systems exhibiting dynamical

fluctuations between two superficial phases.39–41 (ii) Secondly,

those configurations that reached the lowest total energy were

recalculated at T = 0 K performing a minimization of energy

following a dynamical quenching method.47 (iii) Finally, in

order to check the robustness of the results we performed

cluster calculations using the final configuration of the unit

cell. Here we changed the atomic basis set and different

parameters for the exchange-correlation functional were

tested. In this case, the calculations were done with the

GAUSSIAN03 code.48

3. Results and discussion

3.1 T a 0 K calculations

Firstly we focused on the finite temperature behavior of the

system. To do so, we explored different compatible geometric

configurations at 800 K, 500 K, 300 K, 150 K and 1 K,

respectively. Note that the selected time and number of steps

did not attempt to reproduce either experimental cooling or a

growth situation. The goal of this selection was to facilitate the

system to reach low temperature phases corresponding to

potential energy local minima which were not easily predicted

from T = 0 K calculations.

We start with a fixed temperature of 800 K, this is a high

value and stabilization of the system is not expected. Thermal

desorption experiments starting from coverages above a

monolayer reveal that at this temperature S begins to desorb,

although not completely.36 The reason why we started with

this value was to promote disorder in the sample so that there

were no preferred sites a priori for subsequent simulations.

Fig. 2a shows the high mobility of S adatoms. They are able to

migrate towards different sites without reaching a stable

location (thin lines indicate the positions of S atoms for each

step of the simulation). At the end of the simulation, S atoms

were located near
ffiffiffi
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hcp hollow sites. Together with

this movement, the triangular Au(111) face was distorted not

only in the x–y plane but also in z-direction as can be observed

in Table 1. The values are the displacements with respect to the

crystalline position after simulation. In particular for high

temperatures, where the system does not reach stabilization,

Fig. 1 (a) Unit cell used to simulate a coverage of Y = 1/3 ML.

The cell is replicated in the x- and y-directions and a space equivalent

to 83 layers was added in the z-direction in order to avoid spurious

interactions between superficial S and bulk atoms. (b) and (c) top

views of the
ffiffiffi

3
p
�

ffiffiffi

3
p

R30� and the quasi linear arrangements,

respectively. The center of the Au1–Au2–Au3 (Au4–Au5–Au6) triangle

is a fcc (hcp) site. The geometries are optimized at T = 0 K.



This journal is c the Owner Societies 2011 Phys. Chem. Chem. Phys., 2011, 13, 461–466 463

these values are not physically significant but give us a

quantitative idea about how distorted the substrate is when

the calculations for the lower temperature starts.

The next step was to redefine the temperature. We chose

500 K and used the final geometry obtained for 800 K as

the starting point for this second calculation. Here we also

observed (Fig. 2b) an important mobility of S atoms. While

each adatom follows a particular trajectory, both are able to

jump towards nonequivalent hollow positions, even more than

one time. This movement among different sites implies that a

quasi-linear ordering occurs.

The third calculated temperature was 300 K and again, we

started the calculation using the final geometry reached at

500 K. Less noticeable still than for 500 K, in this simulation

at 300 K there is mobility of adatoms between bridge and

hollow sites. For simulation times, S atoms oscillate 5–8 times

between different bridge sites crossing hollow ones, but always

inside the same triangle. When the adatom is positioned on a

bridge site, it remains there for several steps with four-fold

coordination, that is, just the limit before it jumps towards a

non equivalent triangle.

The same calculation procedure is repeated for 150 K and

1 K. At 150 K, S atoms practically do not jump to different

sites remaining near hollow locations (see Fig. 2d). For 1 K a

quasi-linear phase is stabilized where S atoms occupy

alternately fcc and hcp sites (see Fig. 2e). The evolution of

the unit cell total energy for each step of DFT-MD simulation

is presented in Fig. 3.

The vertical displacement of the first layer gold atoms with

respect to the crystalline position is summarized in Table 1. Of

particular interest is the case of 300 K, here the Au1–Au2–Au3

triangle is deformed so that two Au atoms go down and the

third moves slightly up in relation to the initial z-position. On

the other hand, the Au4–Au5–Au6 triangle is strongly

distorted, with the Au6 atom displaced 0.55 Å outwards and

the Au5 atom pushed down 0.54 Å. However, in spite of this

clear corrugation, the situation is not compatible with a AuS

superficial phase. The z-position of S is 1.88 Å (measured from

the crystalline superficial gold plane) and the S–Au distances

(Table 2) do not indicate the formation of a 1 : 1 superficial

stoichiometric relation as was suggested in previous reports.32,33

In our calculations, the equilibrium distance of the S–Au

dimer is 2.23 Å. Nevertheless, further calculations with a

major coverage and greater unit cell are necessary to explore

the formation of gold sulfide and/or the occurrence of a

‘‘complex’’ phase as it was suggested in ref. 34 and 35.

The final phase corresponds to a local energy minimum

although not necessarily an absolute minimum. For medium

and low temperatures, the starting geometry is relevant to

induce the stabilization of a particular phase. In order to check

the coexistence between
ffiffiffi

3
p
�
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3
p

and quasi-linear phases at

Fig. 2 Superficial phases (a) T=800 K, (b) T=500 K, (c) T=300 K,

(d) T = 150 K, (e) T = 1 K. The dashed rectangle in (e) shows the
ffiffiffi

3
p
�

ffiffiffi

3
p

unit cell. Thin red lines show the successive positions of S for

each simulation step. Black crosses indicate the final location after

simulation. Grey points are the final location of gold atoms of the

outermost layer.

Table 1 Differences between (final) relaxed and crystalline
z-positions of superficial gold atoms. The values are given in Å.
As reference, the distance between (111) planes is 2.41 Å

Dz Dz

Au 1 Au 2 Au 3 Au 4 Au 5 Au 6

800 K 0.31 0.25 0.71 0.08 0.15 �0.13
500 K 0.12 �0.14 �0.21 0.05 0.28 �0.06
300 K �0.38 0.07 �0.51 0.14 �0.54 0.55
150 K �0.10 0.11 �0.15 �0.02 �0.03 0.23
1 K �0.04 0.06 �0.07 �0.01 0.11 �0.08
0 K — — — — — —
Quasi-linear 0.07 0.07 �0.26 �0.01 �0.01 0.09
ffiffiffi

3
p
�

ffiffiffi

3
p �0.03 �0.03 �0.03 �0.03 �0.03 �0.03

Fig. 3 Evolution of total energy for each simulation step.
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room temperature, we have performed two complementary

calculations starting from two different geometries than the

ones used in the previous simulation at T= 300 K. After 5000

steps (5 fs step�1) the S atoms are located in both
ffiffiffi

3
p
�

ffiffiffi

3
p

and

quasi-linear phases. These results are presented in Fig. 4. Note

that in spite of the different geometrical configurations, the

total energy oscillates around almost the same mean value for

the two calculations. Besides, it is remarkable that in these

cases some jumps between non equivalent triangles were

observed.

This behavior allowed us to do a rough, zero-order estimation

of the activation barrier energy of 25–30 meV (\300 K). This

estimation is compatible with results arising from calculations

done over the same system but with major coverages and

greater unit cells.49

3.2 T = 0 K calculations

The appearance of the quasi-linear phase is somehow

unexpected. Although very hard to stabilize in samples prepared

in the gas phase,35 the superficial ordering with
ffiffiffi

3
p
�

ffiffiffi

3
p

for

Y= 1/3 symmetry seems to be the more favorable situation for

the electrochemical environment.30 To confirm the plausibility

of the DFT-MD result, we have performed additional

calculations at T = 0 K for different phases: (i)
ffiffiffi

3
p
�

ffiffiffi

3
p

with

S atoms on fcc sites and gold atoms in crystalline positions,

(ii)
ffiffiffi

3
p
�

ffiffiffi

3
p

–fcc but allowing the system to relax towards an

energy minimum following a dynamical quenching method,47

(iii) the same as (ii) but with S atoms on hcp hollow sites, and

(iv) the quasi linear structure, also allowing relaxation.

Table 3 resumes the relevant energies for each calculation.

In addition to the total energy of the unit cell, we have

calculated binding energies between S–Au and S–S defined as:

ES–Au
B = ES–Au � EAu � ES, (1)

and

ES–S
B = Etotal � ES1–Au � ES2–Au � EAu � 2ES, (2)

where ES–Au (EAu) is the total energy of a system identical to

the final for each configuration but extracting one (two)

S adatom. ES is the energy of an isolated S atom.

Comparing the total energies of the unit cells, it is possible

to verify that the optimized
ffiffiffi

3
p
�

ffiffiffi

3
p

–fcc and quasi-linear

structures are energetically more stable than the crystalline

fcc and the relaxed hcp forms (DE B 370 meV). This can be

rationalized by analyzing the binding energies ES–Au
B and ES–S

B .

In the more stable structures, the system gains energy

compared to the crystalline form because the S atoms are

more tightly bonded both to the surface and to the coadsorbed

species.

As it is expected, in the quasi-linear phase the adsorption

sites are not equivalent, the fcc hollow being the preferred

place for the system to minimize its energy. However, as the

S–S distance in the quasi-linear phase is lower than in the
ffiffiffi

3
p
�

ffiffiffi

3
p

phase (4.49 Å and 5.12 Å, respectively), the S–S

bond is more important here (�89 meV against �24 meV).

As reference, the equilibrium distance of the S–S dimer is 2.06 Å.

For the optimized
ffiffiffi

3
p
�

ffiffiffi

3
p

–fcc phase, the gold superficial

layer approaches the second layer (Table 1) and the S atoms

are placed at the center of the fcc triangles (Table 2); while for

the quasi-linear ordering, there is a slight corrugation which is

reflected also in the S–Au distances. The reordering of super-

ficial gold atoms leads to stabilization because the adatoms are

able to be bind to the surface more tightly (B400 meV as it is

estimated from Table 3)

On the other hand, it is noticeable that the difference

between
ffiffiffi

3
p
�

ffiffiffi

3
p

–fcc and the quasi-linear phases is in the

order of the activation energy between fcc and hcp sites as it

was estimated in the previous section (B25 meV), which could

Table 2 Distances between the S atoms and the first layer gold atoms.
The values are given in Å

300 K 1 K

0 K 0 K
ffiffiffi

3
p
�

ffiffiffi

3
p

Quasi linear

dS1–Au1 2.45 2.47 2.51 2.48
dS1–Au2 2.93 2.54 2.51 2.48
dS1–Au3 2.44 2.70 2.51 2.52
dS2–Au4 2.49 2.44 2.51 2.51
dS2–Au5 2.37 2.47 2.51 2.51
dS2–Au6 2.62 2.32 2.51 2.49

Fig. 4 Upper panel: evolution of positions for two different initial

starting points. Red lines: S 1. Blue lines: S 2. The same conventions as

Fig. 2. Lower panel: evolution of total unit cell energy. Red line

corresponds to the left-upper panel calculation and the black line to

the right-upper panel. The temperature of the simulations is T= 300 K

and the time step is 5 fs step�1.

Table 3 Total and binding energies for different configurations.
The values correspond to the unit cell and are given in eV

Y = 1/3

Etotal ES1–Au
B

ES2–Au
B ES–S

B

T = 0 K

ffiffiffi

3
p
�

ffiffiffi

3
p

fcc-crystalline �22172.6268 �4.972 �4.972 0.010
fcc-optimized �22172.9998 �5.197 �5.203 �0.024
hcp-optimized �22172.6349 �4.987 �4.980 0.010
quasi-linear �22172.9753 �5.347 �5.032 �0.089

(fcc) (hcp)
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again account for a coexistence of these two phases at room

temperature.

3.3 Gaussian calculations

In order to add new insights about the results of the previous

sections, we recalculated the unit cell as a cluster changing the

basis set and the exchange-correlation functional. For this

purpose we used the GAUSSIAN03 code. In particular, we

selected the LANLDZ atomic basis set50 and the corresponding

pseudopotential. We performed the calculations using LDA

and the Perdew–Burke–Ernzernof (PBE) functional.51 We

used the optimized geometries resulting from FIREBALL results

at T = 0 K (Fig. 1b–c). Cluster results also suggested the

coexistence of both phases for this coverage.

Table 4 shows the resulting energy calculations. One can see

that LDA gives very similar energies for both geometries, with

the
ffiffiffi

3
p
�

ffiffiffi

3
p

R30� phase more stable only by 4 meV. However,

when we change the exchange-correlation option the situation

is inverse: the quasi-linear ordering minimizes the energy by

47 meV in relation to the
ffiffiffi

3
p
�

ffiffiffi

3
p

R30� phase.

4. Conclusions

In summary, we analyzed by means of LDA-DFT techniques

the adsorption of S on a Au(111) surface for several temperatures

which allowed us to explore a variety of geometries. For

T > 300 K we have found that S atoms can migrate among

different adsorption sites showing a high mobility. For lower

temperatures the adatoms remain in nearly hollow sites and

then we estimated a thermal activation barrier of 25–30 meV.

In particular and of great interest, we found a new superficial

phase in which S atoms form a quasi-linear chain with energies

very near to the expected
ffiffiffi

3
p
�

ffiffiffi

3
p

R30� phase. Further

calculations confirm this result suggesting the coexistence of

both configurations at temperatures lower than 300 K.
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