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Self-assembled monolayers (SAMs) of sulfur-containing organic
molecules on bulk gold surfaces are among some of the cur-
rently most-studied molecule/metal interfaces, with potential
applications ranging from nanolithography and molecular
electronics® to biosensors.”! As such, there has been an in-
tense effort on the part of the atomistic-simulations communi-
ty to model the structures, energetics and spectroscopic prop-
erties of these materials.*'? However, there is still much
debate in the literature regarding the nature of the thiolate-
metal interaction™ as well as the nature of the adsorption
sites of the thiols"*™ and possible low-temperature super-
structures."™ With the notable exception of ref. [17], where ab
initio molecular dynamics (AIMD) simulations have been per-
formed to model the pulling of a single thiolate from a Au sur-
face, there has been little attention paid to the role of finite-
temperature effects in these materials by the ab initio electron-
ic-structure community. This is despite the fact that gold is
known to be a very dynamical element that exhibits exception-
al diffusivity and mobility. Though it is possible to model the
dynamical behavior of Au via effective interatomic poten-
tials,"® there currently is no reliable interatomic potential to
model the molecule-metal interaction. In principle, AIMD
would be a valuable tool to address these issues, but its ap-
plicability is severely limited by its computational cost, both in
terms of the required large system sizes” and simulation
times. Specifically, the modeling of a bulk Au surface requires
slab models of 4-6 atomic layers in thickness® with each Au
atom having a minimal number of 11e”. As a result even a
simple calculation providing the equivalent surface area to
adsorb only four thiolate molecules requires around 600-1000
valence electrons. The current article is aimed at addressing
this issue by employing an effective 1e” valence-electron
pseudopotential to emulate the behavior of the bulk gold sub-
strate. The idea follows from the consideration that d electrons
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of the interfacial Au atoms are essential to describe bonding
with the thiolate, while Au atoms further below the surface are
essentially bulklike and their only role is to provide a matching
for the delocalized s-like component of the interfacial wave-
functions. This construct places the focus of the computational
effort on the thiolate molecules and Au atoms that are directly
at the surface and thus allows for more efficient AIMD simula-
tions of surface-slab models.

Methods

Our electronic-structure calculations are performed with the CPMD
code,"*?" within the gradient-corrected density-functional approxi-
mation,”? employing periodic boundary conditions, norm-conserv-
ing pseudopotentials, and using a planewave basis set with energy
cutoff of 45 Ry. All electronic-structure parameters and pseudopo-
tentials (except the effective 1e~ pseudopotential proposed in this
work) have been employed in our previous work, see refs [13,23]
for a detailed evaluation of the performance of this approach. For
calculations requiring k-point sampling of the Brillouin zone, we
employ the free-energy functional for finite electronic tempera-
tures in metals®? with an electronic temperature of 300 K. Struc-
tures of the full-coverage monolayer of methylthiolate (MT)/Au(111)
were calculated in a (v/3x+/3)R30° cell, corresponding to three 1x
1 Au(111) unit cells. Each cell contains one MT molecule. The cell is
periodic in the surface (xy) plane and employs a 10 A vacuum layer
between periodic images in the z-direction. Structural optimiza-
tions were performed with a 6x6 Monkhorst-Pack k-point mesh®®
which was found to be sufficient to converge binding energies to
within 0.03 eV. All structural optimizations were performed by re-
laxing the MT molecules and the upper two surface layers of Au
atoms to forces of 102 au or lower. The remaining atoms were
frozen in their bulk-lattice positions at the theoretical lattice con-
stant of 4.18 A. Test calculations on six-layer Au slabs with adsor-
bed MT molecules, where the upper four surface layers were re-
laxed, indicate that this approximation has negligible effect on the
reported properties.

In constructing an effective pseudopotential, denoted Au*, we con-
sidered the following characteristics. First, we aim only at replacing
Au atoms located in the fourth layer and below with an effective
pseudopotential. Second, it is necessary to minimize the charge
transfer across the interface between the 11-valence-e” Au and
Au*, as even a small charge transfer could alter the electronic
structure of the surface and of the interface. Third, the bulk lattice
constant of the effective pseudopotential should be similar to that
of Au so as not to induce unnecessary surface stress. Finally, the
pseudopotential must have only a small effect on the structure, en-
ergetics and forces of the surface Au atoms and adsorbates such
that it may be employed in AIMD simulations without significant
loss of accuracy.

The current approach is to employ the scalar relativistic pseudopo-
tential form of ref. [26] for Au*. In this approach the local pseudo-
potential V,,(r) has the functional form [Eq. (1)]:

Viec(r) = (*Zion/r)erf(r/ﬁﬁoc) + exp(=1/2(r/riec)?)-

1
(C1 + (&} (r/rloc)2 + C3(r/rloc)4 + C4(r/r|oc)6) ( )

where ., ¢, ¢, ¢; and ¢, are all variable parameters. Nonlocal pro-
jectors are included for p and d electrons with the angular depen-
dent nonlocal potential V/(r, r') given by Equation (2):
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where Y,’fm are spherical harmonics, hf,/. are fitting parameters and p'

are projectors [Eq. (3)]:

\/ir/Jrz(i—l)exp(_rZ/zr,Z)

pi(r) = PN (T (4i-1)/2)

where I is the gamma function and r, is also a fitting parameter. In
practice, these potentials are fit to atomic data by an iterative fit-
ting scheme™ and provide excellent transferability.

Given that the potential we wish to generate is only required to
model some properties of bulk gold (and is not required to be
transferable to molecules or coordination compounds) we may
relax some of the stringent criteria normally used in the generation
of transferable pseudopotentials. The fitting task is made simple
by the crucial observation that the Au/Au* charge transfer, as mea-
sured by variations in the electrostatic potential Vs (as defined in
the CPMD code, see ref. [21]), is largely controlled by the cutoff dis-
tance of the local pseudopotential, r,,.. Thus, a series of potentials
was generated with different r,. allowing all other parameters to
vary to obtain the best fit for atomic Au. The final potential was
then chosen which reduced the net amount of charge transfer for
a six-layer-thick Au(111) slab where the top and bottom three
layers contain Au and Au*, respectively (see next Section for de-
tails). The final values of the fitting parameters are: r,.=0.62 au,
€,=62.08, c;=-1.70, ¢;=¢,=0.0, r,=089au, h},=-6.32, h,=
048, h!,=2.69, hl,=-3.58, hl,=049, hl,=-079, r,=0.52ay,
h2,=66.54, h’,=32.64, h’,=19.45 h2,=77.16, h3,=0.15, hl,=
—0.21.27

3)

Results and Discussion

The z projection of Vi is shown in Figure 1 for the six-layer
slab with three layers of Au* and three layers of Au, as com-
pared with that obtained for a slab where all six layers are Au.
The value of Vi between the two models is essentially identi-
cal for the upper three atomic layers as a result of the minimal
charge transfer. Moreover, there is only a very small dipole

8 12 16 20 24
zZ/A —

Figure 1. The upper panel in the graph shows the z projection of Vi for a
clean Au(111) surface as obtained for the calculation where all layers are
modeled by an 11e™ potential (----- , @) and where the bottom three layers
include the effective 1e~ potential ( ). The middle and lower panels
show these same functions for MT in the bridge and on-top sites, respective-
ly. The dipole layer resulting from the periodic boundary conditions in the
vacuum region has been subtracted in the latter two calculations. The
upper layer of Au atoms of the surface slab is at z=16.5 A, whereas the
atoms in the MT are located at z>18.5 A.
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layer in the vacuum region of the mixed Au/Au* system, which
also indicates minimal charge transfer. In Figure 1 E.,,i=0,
thus providing the work function @=Vg in the vacuum
region. For both models @=5.3 eV (compared with the experi-
mental value, 5.3 eV™®), which further demonstrates that the
effective pseudopotential does not perturb the interfacial elec-
tronic structure to a high degree of accuracy. We also tested
the performance of Au* in describing the mechanical proper-
ties of bulk gold. The crystal-lattice parameter obtained with
Au*, a=4.12 A compares well with a=4.18 A for Au (a=
403 A experimentally); however, the bulk modulus B=
350 kbar for Au* is far lower than B=1550 kbar for Au (B=
1720 kbar experimentally). This demonstrates that Au* is not
fully suitable to describe the mechanical properties of bulk
gold. However, the small lattice mismatch indicates that sur-
face stress is minimal. In fact, we find that the optimized posi-
tions of the upper two Au layers differ by 0.01 A at most in the
two slabs, with a maximal difference in force of 107> au for se-
lected configurations.

Figure 2. The optimized structure of MT adsorbed on Au(111) at the hcp
hollow (a), bridge (b) and on-top (c) sites.

As a more stringent test we examine the transferability of
the pseudopotential by considering the case where MT is
bound to Au(111) at the hexagonal close-packed (hcp) hollow,
bridge and on-top sites, see
Figure 2. Specifically, these sites

eration are well converged with respect to slab thickness. This
is not true for three-layer slabs which can show significant de-
viations from calculations with thicker slabs: see Tables | and V
of ref. [9]; for example, in a three-layer all-Au calculation the
bridge site is found to be 0.22 and 0.20 eV lower in energy
than the hcp and on-top sites, respectively, while the con-
verged values, obtained with a six-layer all-Au slab, are 0.47
and 0.35 eV. Hence, the insufficient slab thickness provides a
flatter potential-energy landscape, which would severely alter
the relative population of the various sites observed in an
AIMD simulation. Our Au/Au* mixed slab gives 0.44 and
0.38 eV for these same quantities, in much better agreement
with the converged value. Since in both cases the number of
variables free to relax in the geometry optimization is the
same, this is clearly an electronic effect and not a mechanical
one. Similar findings occur for MT binding energies, Eyging: rel-
ative to a clean Au(111) surface and MT gas-phase radical. As
shown in Table 1, the effective pseudopotential significantly
improves the binding energy of the bridge site, relative to the
three-layer slab. There is also substantial agreement between
optimized geometries, with Au—S and C—S bonds differing by
at most 0.01 A. However, as this is true even for the three- and
four-layer slabs, it may only be concluded that Au* does not
alter these quantities.

A very sensitive measure of charge transfer and interfacial
electrostatics is given by the work function. Unlike the binding
energies, this quantity is well represented by the three- and
four-layer slabs, within the accuracy of our calculation. Howev-
er, this situation could be severely altered if there is charge
transfer at the interface between Au and Au*. This is not the
case, however, and our values are ®=4.7, 4.1 and 3.5 eV for
the on-top, bridge and hcp sites, respectively, with the all-Au
slab, and @ =4.6, 4.0 and 3.4 eV with the mixed slab. Hence,
the effective pseudopotential is able to distinguish semiquali-
tatively the variations in the interface electrostatics caused by
thiolate adsorption, including the subtle differences between
coordination sites.

are chosen as they represent Table 1. Structural parameters, binding energetics (Eyjnqing), and work function (@) for MT on Au(111) for metal-
three- two- and one-fold coordi- slab models with a three-, a four-, and a six-layer slab of all-Au or a six-layer slab of mixed Au/Au*. The one-
nation of the thiolate S atom by and eight-molecule models correspond to the (v/3x1/3)R30° cell and the c(3 x4+/3) supercell, respectively.
Au. The bridge site corresponds | Binding Molecules Slab A s ds ¢ Epinding @
to the most common theoretical Site fA] [A] [eV] [eV]
structure®™ and the on-top site | on-top 1 3-Au 237 1.82 157 46
to the recently advanced experi- on-top 1 4-Au 237 1.82 1.60 46
mental one based on X-ray on-top 1 6-Au 2.36 1.82 1.61 47

di 4] d oh on-top 1 6-Au/Au* 237 1.82 1.55 4.6
standing waves'™ and photo- | 400 1 3-Au 247 1.84 177 40
electron diffraction.” Detailed bridge 1 4-Au 246 1.84 1.90 41
structural parameters and ener- bridge 1 6-Au 2.45 1.84 1.96 4.1
getics are presented in Table 1. | Pridge ! 6-Au/Au* 245 1.84 1.93 4.0
| ith . find hep 1 3-Au 2.46 1.86 1.55 34
n agreement with previous find- hep 1 2-Au 248 186 147 34
ings,”’ comparison between the hep 1 6-Au 248 1.85 1.49 35
four- and six-layer all-Au slabs in- hcp 1 6-Au/Au* 2.49 1.85 1.49 34
dicate that the structural and en- | Pridge 8 6-Au 2.46 1.84 1.95 41

. . . bridge 8 6-Au/Au* 247 1.83 2.09 3.9

ergetic quantities under consid-
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To illustrate the use of this pseudopotential in an AIMD sim-
ulation we have performed a 5 ps molecular dynamics simula-
tion at T=100K of an eight-molecule six-atomic-layer-thick
slab in a c(3x4v/3) supercell of the (v/3x+/3)R30° structure.
The upper three Au layers are modeled by our 11e~ potential
and the lower three layers by Au* with the atomic coordinates
of the bottom four layers frozen to their bulk lattice position.
The simulation has 968 valence electrons which is a reduction
of 43% relative to a calculation containing all Au-11e~ atoms
explicitly and 17% relative to a four-layer-slab calculation. In
terms of the computational effort this corresponds to a reduc-
tion in the duration of a MD time step, using the CPMD code,
by a factor of about '/; and ?/; relative to a six- and four-layer-
thick slab, respectively, see ref. [21] for details on scaling of the
computational cost with system size. For these calculations we
employ only the I' point for BZ sampling and perform the
AIMD simulations in the Car-Parrinello (CP) approximation!?

=

P (lpmfogl) =

4
t ps —=

Figure 3. The Kohn-Sham (—) and total (-----) energies during a 5 ps CP
simulation at constant T=100 K. The structures shown in the graph repre-
sent Au, S and C positions of the initial (left) and final (right) configuration.
The inset shows the probability distribution, P, of the error in the forces, f,

between the CP and BO MD wavefunctions, f—fy, relative to the average
BO value, as compiled by sampling well-separated configurations.

with a time step of 2 au and massive thermostating on the
electrons and nuclei”?) This approximation allows us to
maintain a well-conserved total energy throughout the dynam-
ics, see Figure 3. Following our previous work,*® as a check on
the CP approximation we examine the relative forces obtained
for a few well-separated configurations during the CPMD run
relative to the forces obtained from the Born-Oppenheimer
ground-state wavefunction. The forces obtained from the CP
only deviate from those from the Born-Oppenheimer approxi-
mation by about 10% of an average value of ~107%au with
an approximate Gaussian distribution; see inset in Figure 3.

As starting configuration we employ a planar Au(111) surface
and eight thiolate molecules oriented randomly (see left struc-
ture in Figure 3) with the S atoms about 3.0-3.5 A above the
face-centered cubic (fcc) hollow site. The structure is then al-
lowed to slowly relax over a time scale of about 5 ps with a
constant temperature of T=100K. The resulting structure,
which displays a rough gold surface and all eight thiolate mol-
ecules at the bridge site, is then annealed to 0 K: see Table 1
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for structural parameters and Figure 3 for graphical view. The
structure compares rather well with the bridge configuration
as obtained from our (v/3x v/3)R30° k-point-converged calcula-
tions, but exhibits a 0.16-eV-larger binding energy and an aver-
age deviation of the top-most Au of 0.15 A from the mean sur-
face plane as opposed to 0.11 A from the small-cell calculation.
To test that our effective potential has found a realistic mini-
mum for this cell, and to determine if the deviations from the
single-molecule cell are a result of k-point sampling or results
from the potential, we replaced the bottom three atomic
layers with 11 e~ Au atoms and re-optimized the structure via a
rapid quenching of the ions and electrons. The resulting struc-
ture is almost identical, with maximum atomic displacement of
0.02 A, to that obtained with the effective pseudopotential but
does exhibit a binding energy and @ closer to that of the k-
point-converged one-molecule cell (see Table 1). However, the
relative error of 0.1-0.2 eV in both binding energy and @ ob-
served in the k-point calculations is also found here, support-
ing the idea of transferability of the potential. Hence, the com-
bination of approximations, including the supercell, CP formal-
ism and effective pseudopotential are able to generate reason-
able representations of the potential-energy landscape for
these systems.

Conclusions

We have generated an effective 1e~ pseudopotential for Au
which allows us to mimic the structural, energetic and electro-
static properties of a six-atom-thick Au slab. This potential radi-
cally reduces the computational task associated with metal-
slab calculations and enables us to perform AIMD simulations
of Au SAMs with reasonable computational demand.

These results underscore the importance of the bridge con-
figuration as the energetically preferred binding site for MT on
Au(111), in agreement with previous studies,®""'® but do not
provide any further insight as to why measurements, such as
X-ray standing-wave spectroscopy, are better explained by an
on-top model." One possibility is a Au-surface reconstruction,
similar to that suggested by Molina and Hammer,"" which may
occur on longer time scales than those accessed here. This
would make the unreconstructed MT/Au(111) species observed
here only a local minimum on the potential-energy landscape
with an as yet undetermined global minimum for a recon-
structed Au surface. Future work will focus on employing this
potential in longer AIMD simulations at higher temperatures in
order to investigate this hypothesis as well as explore the role
of thermal fluctuations on the structure and properties of
these materials.
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