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Abstract Atomistic simulations of the chemistry of thiol-gold-systems have been restricted by the lack of

interatomic interaction models for the involved elements. The ReaxFF framework already has potentials

for hydrocarbons, making it an attractive basis for extending to the complete AuSCH-system. Here, an

interatomic potential for gold, based on the ReaxFF framework, is presented and compared to existing

gold potentials available in the literature.

PACS. 34.20.Cf Interatomic potentials and forces — 02.70.Ns Molecular dynamics and particle methods

— 68.35.-p Solid surfaces and solid-solid interfaces: structure and energetics

1 Introduction

Self-assembled monolayers of thiols, usually on gold sur-
faces, are widely explored systems due to their applica-
tions in many areas of nanotechnology (see ref. [1] and
references therein). The gold-sulphur bond provides a link
between the metal and the molecules, allowing the mono-
layers to be used for, e.g., electron transfer through or-
ganic systems or as biological sensors. However, atom-
istic simulations of gold-thiol systems have so far been
restricted by the lack of interatomic potentials. A few po-

tential energy surface expressions for different thiols on

gold have been constructed [2,3], and Au-S pair potentials
have been used with non-reactive force fields [4,5]. The
only fully reactive atomistic simulation method available
has been density functional theory. It is, however, pro-
hibitively slow for dynamical studies of systems of several
hundreds of atoms, especially on extended time scales. De-

velopment of classical potentials is therefore required.

An attractive basis for developing a full set of poten-
tials for the gold-thiol system is the ReaxFF framework

that already has potentials for hydrocarbons [6,7] and has
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also been used for metals [8,9,10,11]. It also has the ad-
vantage of being able to treat Coulomb interactions.

To this end, we presently introduce a ReaxFF potential
for gold and give a review of other available gold poten-

tials.

2 Force field optimization

The ReaxFF potential functions and fitting methods have
been described in detail elsewhere (see refs. [6,12]). For a
single metallic element, it has been shown [10,9] that one
already obtains a good description with a subset of possi-
ble interactions, the total energy of the system consisting

of three terms,
Esystem = Evond + Eover + EVdW7 (1)

with Fhong and Eyqw describing bonds and van der Waals
interactions, respectively, and Fqye; correcting for possible
over-coordinations.

Here we present a potential for gold, optimized against
a database of ab initio density functional theory (DFT)
and experimental values for energies and bond lengths of
various bulk and surface systems and the dimer, discussed
in detail later. The potential functions and parameters
are detailed in appendix A. A potential input file is also
available as supporting information for this article.

Most of the ab initio data were produced using the
Vienna ab initio simulation package (VASP) [13,14,15,16]
and the plane-augmented-wave method and pseudopoten-
tials [17,18] in the local density approximation (LDA).

LDA was found to give a better description of the lat-

tice constant and bulk modulus of gold than what was
obtained with the PBE gradient correction [19]. However,
since PBE describes small clusters better, as demonstrated
in refs. [20,21,22], it was used for the dimer. These calcu-
lations were done using Gaussian 03 [23] with a basis set
described in ref. [24] (basis IIT). The LDA and PBE results
of several systems are compared in detail below, where the
potential properties are discussed.

In the following section we detail the new potential’s
properties while simultaneously reviewing existing Au po-
tentials available in literature. The existing potentials con-
sidered are summarized in table 1. Of the corrected ef-
fective medium method (CEM) potential we used a ver-
sion that was smoothly joined to the universal repulsive
Ziegler-Biersack-Littmark potential [25] at short distances.
This modification does not change the equilibrium prop-

erties, though.

potential ref.
Foiles et al. (FBD) [26]
Glue model [27]
MD/MC-CEM (CEM) [28,29,30]
Voter [31]
Cleri-Rosato (C-R) [32]
Cai and Ye (CY) [33]
Kallinteris et al. (KAL) [34]
Chamati and Papanicolaou (CP)  [35]
Grochola et al. (GRS) [36]

Table 1. Existing potentials for gold that were used for com-

parison.
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3 Results and discussion

3.1 Bulk phases

For the bulk phases of gold (fcc, hep, bee, sc, and dia-
mond), the ab initio equations of state were included in
the fitting database. Figures 1 and 2 show the energy-
volume curves for the phases, while table 2 summarizes
the main bulk properties as evaluated with the optimized
potential and a comparison to corresponding experimental
and DFT values.

The fcc and hep equations of state are well reproduced.
On the other hand, the bce, sc and diamond structures
were found to collapse under an NPT simulation, even
at temperatures of a few ten K, and can be regarded as
unstable. Because of the functional form chosen for the
potential, we were not able to fit the hcp-fce energy dif-
ference nor the elastic constants (see table 2), but as the
intended application is geared towards surface phenom-
ena, this was not considered a major drawback. However,
the bulk modulus obtained with the optimized potential
reproduced roughly the experimental value. Of the DFT
methods, LDA gives a clearly better description of the
equation of state of fcc gold, the bulk modulus being 6 %
higher than the experimental value. PBE on the other
hand underestimates the value by 25 % (see table 2). Note,
however, that the effect of zero point vibrations was ig-
nored.

All of the reviewed gold potentials were fitted to the
elastic constants, reproducing roughly either the experi-

mental room temperature or the 0 K bulk modulus (see

table 2). We shall not review the bulk properties of other
potentials in detail, however, as they are usually readily
available in the original publications, and differences be-
tween them are small.

Simulating bulk fcc gold with the present potential
gave a lattice constant of 4.07 A at 300 K with a ther-
mal expansion coefficient of ~9-1079 K~!, the experimen-
tal value being 14-10"¢K~1! [37]. The thermal expansion
seems to be somewhat weaker compared to the FBD, GRS,
and Glue potentials for which it was evaluated in ref. [36].

The melting point of gold with the optimized poten-
tial was determined using a standard procedure where the
evolution of a half crystalline, half molten system was fol-
lowed at different temperatures to see whether the solid
or molten phase would start to grow. The crystalline side
of the solid-melt interface was a (100) surface. A melting
point of (2125 + 25) K was obtained. The fact that the
value is high can be understood by the too high values of
the vacancy formation energy (Eyac) and caq (see table 2),
since these properties have been shown to have an indirect

correlation with the melting point [38,39,40,41,42].

3.2 Surface properties

Surface energies are hard to obtain accurately with many
interatomic potentials. Embedded-atom-method-type po-
tentials for example often underestimate them since they
were generated to describe bulk properties. This is also
the case for the present potential, although the underesti-
mation is not too severe. Energies for the (100) and (111)

surfaces are shown in table 3 and compared to other po-
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Figure 1. Equations of state for fcc and hep (inset) gold. The

energies are with respect to the fcc equilibrium.
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Figure 2. Equations of state for bec, sc, and diamond struc-

tured gold. The energies are with respect to the fcc equilibrium.

tentials. The DFT results in the table were obtained with
VASP using a four-layer slab model with 3 x 3 unit cells
for the (100) and 4 x 2 for the (111) surface. (The (111)
unit cells refer to orthogonal ones with 2 atoms per layer.)
These slabs resulted in surface defect coverages of about
6 %. A k-point sampling of 8 X 8 x 1 and an energy cutoff
of 520 eV was used, giving convergence to about +1 for

the last given digit in table 3.

The Au(100) surface reconstructs in a hexagonal-like
pattern for which the surface energy is ~0.04 J/m? lower
than that for the unreconsructed surface [46]. As a model
of the reconstruction, we used the minimal commensurate
p(1x5) unit cell provided by ref. [47]. The reconstruction
is unfortunately unstable with the present potential, the
first layer atoms occupying adatom positions after relax-

ation.

Out of the other potentials considered here, the glue
model gives correct behaviour, although the reconstruc-
tion is somewhat overstabilized, the energy difference to
the unreconstructed surface being 0.4 J/m?. None of the
other potentials reproduced the reconstruction, relaxing
into configurations similar to that given by the present
one [48,36,49]. However, while the glue model was correct
in this respect, its transferability is limited, as it gives un-
physical behaviour for the dimer and the (111) adatom

(see below).

Besides surfaces, important low-coordinated cases are
the adatom and surface vacancy formation energies. Ta-
ble 3 shows the cases of (100) and (111) surfaces. The sur-

face vacancy energies are defined as Fyac = Fads + Fcon
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and the adatom energies as Faqat = Fdes — Fcon, Where
FEl,q4s is the adsorption energy and Eg4es the desorption en-
ergy, that is, the energy change required to bring an atom
to the surface from vacuum, and to remove one from the
surface. Note that for the DFT methods, the energy given
by VASP for an atom in vacuum (-0.29 eV for PBE and
-0.12 eV for LDA) was substracted from all physical en-
ergies. With the glue potential, the (100) adatom was not
stable, being pulled into the surface to an interstitial-like
position. The same was true for the (111) fcc adatom. It

seems that these effects are related to the too high stabi-

lization of the reconstructed (100) surface.

3.3 Dimer

The dimer provides a stringent test for potential proper-
ties at low coordination. The energy vs. distance curve is
shown in fig. 3 and the equilibrium values in table 4. Val-
ues calculated with other potentials and DFT are shown
for comparison.

The present potential gives a good description of the
equilibrium and repulsive parts of the dimer curve, but
the dissociation happens in a somewhat short interval.
Of the other potentials, FBD gives a too tightly bound
and short dimer, while Voter and CEM (not shown) give
very good reproduction of DFT data. Of these, at least
CEM was fit to the dimer. Surprisingly, the glue potential
gives a completely unphysical dimer. This seems to be the
reason it was found to underbind monatomic gold wires
in ref. [51]. Also the GRS dimer is severely underbound,

with a spurious minimum at around 2 A.
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Figure 3. Dimer dissociation curves as calculated by the

present potential, other potentials, and PBE-DFT.

4 Conclusions

We have developed a potential to describe gold in the
ReaxFF framework, with emphasis on low-coordinated sys-
tems. The potential parameters are available as support-
ing information for this article. The surface energetics of
the potential compare very well with other potentials and
density functional calculations, and the gold dimer is well
reproduced. The present work is also an important step
towards extending the range of ReaxFF interaction to-
wards complete simulation of gold-thiol chemistry, as well
as other applications where gold surfaces and particles
play a crucial role.
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Centre of Excellence in Computational Molecular Science
(CMS), financed by the Academy of Finland and the Uni-
versity of Helsinki. We also gratefully acknowledge the
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Industrie” (FCI), and the Alexander von Humboldt foun-

dation (AvH).

A Potential functions and parameters

In this appendix, we detail the interactions that were used
in fitting the present potential for gold (see eq. (1)), as well

as the optimized parameters. The bond energy is
Epona = —DJ BOY; exp [pee1 (1 — (BOZ)”")],  (2)

where the bond-order of the bond between atoms ¢ and j
is given by
T Pbo2
BOY; = exp [pbol (—;) } . (3)
To
The van der Waals energy is described by a distance-

corrected Morse potential and is given by

Evaw =T(r45) Dvdw{exp [aij <1 - M)]

TvdWw

1 J13(7i5) )
— 2 exp [§aij <1 — Wﬂ }7
where
fia(rig) = [Py 4y Pravt] Poawi (5)

and the Taper correction, taking the term smoothly to

zero at a cutoff distance, Reut, of 10 A, is given by

20 - 70 4 84 o 35
:RYT_R6T+RST_R5

cut cut cut cut

T(r) o +1. (6)

The overcoordination correction for atom ¢ is calcu-
lated as

nbond .
Ej:l Povunl De BOij
A+ Val

Eover =

(7)

A [1 + €xp (povun? A)]il )

where
nbonds

A= —Val + Z BO;;, (8)

j=1

and the sums are over the bonds from atom i to its neigh-
bours.

The potential parameters are given in table 5.
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50. W.R. Tyson, W.A. Miller, Surf. Sci. 62, 267 (1977)

property ReaxFF lit. ref.
51. J.A. Torres, E. Tosatti, A.D. Corso, F. Ercolessi, J.J. Ko-
Econ / €V 3.91 3.93 [43]
hanoff, F.D.D. Tolla, J.M. Soler, Surf. Sci. Lett. 426, 1441
4.28 LDA
(1999)
2.98 PBE

Enep — Econ / €V 0.0002  0.0054 | LDA

FEbee — FBeon | €V 0.14 0.026 | LDA

Eo — Econ | €V 0.86 0.28 | LDA

FEdia — Eeon | €V 1.17 1.01 | LDA

are | A 4.06 4.078 | [37] (RT)
4.06 | LDA
417 | PBE

abee | A 3.21 3.23 | LDA

asc | A 2.87 2.68 | LDA

adgia | A 6.62 5.98 | LDA

anep / A 2.87 2.85 | LDA

chep | A 4.69 4.77 | LDA

c11 / 10" erg/cm® 2.49 1.92 | [37] (RT)

ci2 / 10" erg/cm® 1.42 1.63 | [37] (RT)

cas / 10' erg/cm® 1.47 0.42 | [37] (RT)
B/ GPa 177 180 | [44]

173 | [37] (RT)

190 | LDA
135 | PBE
Euae | €V 1.79 0.89 | [45,34]

Table 2. Bulk properties of the potential, evaluated at 0 K.
The reference values are at 0 K unless room temperature (RT)

is specified.
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potential | r / A E /eV/atom ref. / note General parameters
expt. | 247 117 37] parameter | value
ReaxFF | 2.52 1.20 Pvaw1 ‘ 1.5591
PBE 2.55 1.12
Atom parameters
LDA 2.49 1.44
parameter value
CEM 2.47 1.15
rg /A 2.0271
CP 2.58 1.47
Povun2 —247561
C-R 2.31 2.42
Val 1
(0)' 2.39 2.80
FBD 1.81 2.41
van der Waals parameters
Glue 2.74 0.16 2nd min. at 0.6 eV, 1.2 A
parameter value
GRS 2.72 0.31 2nd min. at 0.16 eV, 2.0 A
roaw | A 4.4156
KAL 2.27 2.78
Dyaw / keal/mol | 0.3446
Voter 2.40 1.14
QudW 11.9754
Yoaw | AT 2.0434

Table 4. Comparison of dimer properties of the different po-

tentials and density functional methods.

Bond parameters

parameter value
D¢ / keal/mol | 146.6542
Dbol -0.1591
Pbo2 5.3892
Poe1 -0.0295
Dbe2 0.2793
Dovunl 0.3319

Table 5. Force field parameters. The general parameters were
not subjected to fitting, as they are common for a class of

potentials.
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property ReaxFF GRS Glue FBD Voter C-R CEM KAL Cp CY LDA PBE expt.

Y(100) 121 130 206 091 08 058 155 044 1.05 068 135 0.7
Yain 107 120 155 079 077 049 144 037 093 062 113 0.71

5 1.54 [50]
Eadat(100) 059 099 -63 043 054 030 086 016 068 031 030 0.14
Euyac(100) 059 095 -7.8 044 046 027 080 017 059 032 040 0.31

Eadat(111), fec 0.843 1.51  -0.05 0.899 1.077 0.601 1.217 0425 1.020 0.511 0.95 0.61

Eadat(111),hep 0.843 1.50 0.25 0.897 1.079 0.600 1.217 0.425 1.021 0.512 1.00 0.64

Eyac(111) 0.87 110 128 070 070 045 098 031 079 046 0.8% 0.61
Table 3. Comparison of clean surface, adatom, and surface vacancy energies of the different potentials and density functional

2

methods. All surface energies are in J/m* and all defect energies in eV.



