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ABSTRACT: We studied (p X \/ 3) gold (111) surface reconstructions within the
DFT/PW91 approximation. Our findings clearly show that the reconstruction is
energetically favorable in unreconstructed surfaces equal to or larger than the unit cell of
the final reconstructed surface. Reconstructions in surfaces smaller than ~2.95 nm in the
[110] direction are not more stable than the unreconstructed surface, and this may

explain why (p X 4/3) type reconstructions have not been observed in subnanometer — FEEiEEEE N S
gold particles. We found that reconstructions with (22 X \/ 3) and (23 X \/ 3) unit cells, 7 " R
usually reported in experiments, are isoenergetic. i : o 7
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B INTRODUCTION

Gold is one of the most widely used metal substrate/electrode
materials in research studies and technological applications.
Bulk gold has a face centered cubic (fcc) crystal structure, it is a
highly inert metal that rarely forms oxides, and it does not
strongly react with the atmosphere or with a large number of
substances. This high tolerance to the environment is of
practical convenience for conducting experiments and for
industrial applications.”” By virtue of these characteristics, it is
relatively simple to prepare a clean, flat, and stable gold surface.
The most common method for doing so it is by thin film
growth on silicon wafers, glass, mica, or plastic substrates. Gold
surfaces are regularly prepared by vapor deposition methods,
electrodeposition, or electroless deposition.””* After annealing,
the surface is nearly flat and exhibits terraces of the most stable
(111) surface. The crystalline quality, the number of non-
(111)-oriented crystallites, the density of defects, etc., can vary
substantially, depending on the evaporation conditions, the
thermal treatment, and other parameters.®

It is well-known that the clean Au(111) surfaces undergo
reconstruction>® ! and, in fact, so far it is the only known
(111) surface of a fcc metal to do so at room temperature.”' "
Reconstruction of the (111) surface is not observed for Pd, Cu,
and Ag.” Early electron diffraction studies by Finch et al.
reported anomalous ;)atterns,6 which subsequent transmission
electron microscopy’ and transmission electron diffraction’
suggested were due to the formation of a (22 X \/ 3)
reconstructed superstructure with respect the hexagonal lattice
of the gold (111) surface. Later scanning tunneling microscopy
studies performed on clean Au(111) reported a stacking-fault
reconstruction with (22 X \/ 3)'% and (23 x \/ 3)? unit cells,
resulting in a compression of the topmost layer of atoms along
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the [110] direction of 4.20% and 4.55%, respectively, in which
the 23'% or 24° atoms in the topmost layer sit on 22 or 23
atoms of the under gold atom layer, respectively. Within the
unit cell, the atom positions make a transition from face-
centered cubic (fcc) through bridged sites (brg) to hexagonal
close-packed (hcp) positions and back through brg to fcc. The
helium spin—echo (HeSE) technique was recently applied to
the Au(111) surface and indicated a (23 X \/ 3) super-
structure.”

The role of the reconstructed gold surface on processes like
adsorption are likely to be very important but are difficult to
study by simulations owing to the computational demand
associated with the required unit cell. Early computational
studies of the reconstruction have been made by means of
molecular dynamics simulations.'*'® The studies by Ercolessi et
al. found the (11 X 4/3) reconstructed surface to be the most
stable relative to the unreconstructed surface. Nonrelativistic
density functional theory (DFT)'®"7 studies of the (22 X \/ 3)
reconstructed surface have appeared in the literature, in plane-
wave investigations using the PW91'® and PBE'® functionals.
However, to date, we know of no attempt to predict the most
stable reconstructed structure from first-principles DFT.

In this work we present a comprehensive DFT/PW91 study
of the (p X 1/3) reconstructions of the Au(111) surface, with p
being the slab size index. We considered surface reconstructions
for p > 4 and p < 25, thereby testing the ability of a commonly
used DFT-based approach to predict the reconstruction of a
metal of broad importance.
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B COMPUTATIONAL DETAILS

All calculations were performed using DET'®'” as implemented
in the program VASP.*® The exchange and correlation energy
was described by the generalized gradient approximation
(GGA) functional of Perdew and Wang (PW91).”! The ion—
electron interactions, including scalar relativistic effects, were
described by projector augmented-wave (PAW) pseudopoten-
tials.”>** A kinetic energy cutoff of 400 eV for the plane wave
basis set was used for the final results. The Brillouin zone
integrations were performed using Monkhorst—Pack k-point
grids®* and did not include the [-point.

Surfaces were modeled by periodic supercells, consisting of 4
layers of gold (111) slabs separated by vacuum equivalent to 10
layers in the [111] direction to avoid spurious interactions
between unit cell images. The unreconstructed surfaces were
modeled by (p X 1/3) slabs constructed by stacking p times the
(1 X 4/3) unit cell along the [110] direction with a surface area
of 1.509 nm>*

To develop the structures of the reconstructed surfaces, we
utilized the following steps: (1) Initially, the unreconstructed (4
X \/ 3) and (6 X 4/3) slabs were built and optimized. The
reconstructions were generated by accommodating one extra
gold atom in each row of the topmost layer, followed by a
preoptimization of the slab using a (1 X 2 X 1) k-point grid and
then reoptimized using a (2 X 8 X 1) grid. (2) Upon
completion of the preoptimization in step 1, a (1 X 4/3) unit
cell was added to the end of the slab, p, along the [110]
direction, thus building the p + 1 reconstructed slab. (3) The
positions of the atoms in the layer were rescaled to be equally
spaced in the [110] direction. (4) The geometry was fully
optimized and the process was repeated from step 2 with the p
=6up to p = 25.

We selected a set of structures for subsequent optimizations
and performed a stepwise increase of the k-point sampling
using the following sequence of grids: (2 X 8 X 1), (4 X 8 X 1),
(6 x 8 1),and (8 X 8 X 1). In all cases, the two bottom gold
layers were fixed in positions using the lattice constant obtained
from the modeling of bulk gold, i.e,, a = 4.17 A. The first-order
Methfessel—Paxton electron smearing scheme with 6 = 0.2 eV
was found to keep the entropic contribution to the energy from
exceeding 0.1 meV/atom, thereby providing appropriate
parameters for structure optimizations. All the structures were
optimized using a maximum residual force convergence
criterion of 0.01 eV/A. Energies were converged to within
+0.1 meV. In order to avoid systematic errors, the same level of
computation was used for the unreconstructed and recon-
structed slabs in all the calculations.

Following the preliminary optimizations described above, we
selected the set of structures for p = 4, 6, 7, 10, 11, 12, 14, 16,
18, 20, 22, 23, 24, and 25 (hereafter referred to simply as p unit
cells) for subsequently more refined calculations. Then, the
following simple relation can be employed to compute the
surface energy (E,) within the supercell approach

Es(l\TI) = (I/A) lim [Eslab(l\rl) - l\TlEb]

N oo (1)
where Eg,,(N)) is the total electronic energy obtained from a
DEFT calculation of the [ layers slab. N; is the total number of
atoms. Ey, is the bulk energy per atom, and A is the slab surface
area. The computed E, accounts for the surface energies of the
two faces of the slab. It is reasonable to compute the Ey as the
energy per atom from a separate bulk calculation. However, as
it was pointed out by Boettger™ that, for metals, the accuracy of
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the reconstruction energy evaluated using eq 1 may be in fact
deteriorated by using an independent bulk reference as a result
of quantum size effects.”® Therefore, methods to obtain
accurate surface energies from thin slabs calculations have
been proposed.”*”** See ref 29 for a recent review of surface
energy calculations.

In this work, we have used the approach described in the ref
27, in which the linear relation between the total energy,
Eslab(Nl)) given by

Eg(N) ~ AE/(N)) + NE,/ ()

can be fitted to a sequence of total energy calculations of slabs
with [ layers to obtain E;’ and E,’. This relation was found to be
reasonable for very thin slabs.””

As the number of atoms required for the modeling of the
gold surface reconstructions increases very quickly with p, the
relaxation of both faces is not practical in this study. To keep
the computational cost practical, we performed relaxation only
of the top face. Therefore, in order to obtain the surface energy
E, of the relaxed face for the slab p, we excluded the surface
energy of the frozen face in the following manner

1

B = E(N) — TE(V) o
where E, represents the combined surface energies of the
reconstructed (or unreconstructed) face and the frozen face. E;
is the surface energy of the unreconstructed frozen slab, and the
coefficient '/, accounts for the two equivalent faces. The
surface energies E; and E¢ can be obtained through egs 1 or 2.
In this approach E; is obtained from a single point energy
calculation of a frozen slab.

In order to assess the stability of the reconstructed surfaces,
we have also evaluated the energy required to create the
reconstructed surface from the unreconstructed surface AE and
two atoms taken from the bulk reservoir as follows:

AE = E, — E, — 2E, 4)

Here E, and E, are the total DFT electronic energies for the
reconstructed and the unreconstructed slabs, respectively. Ey is
the energy of a bulk atom (vide infra).

B RESULTS AND DISCUSSION

We have first evaluated the accuracy of our results with respect
the slab thickness. For this purpose, we have calculated energies
for the p = 12, 16, and 22 slabs with [ = 4, 5, and 6 layers, using
400 eV cutoff energies and a (8 X 8 X 1) k-point mesh. The
surface energies obtained using eqs 2 and eq 1 are summarized
in Table 1.

In order to evaluate the surface energies E;; in Table 1, we
used E}, = —3.2019 obtained from the average of gold atom bulk
energies listed in Table 1. We found that E," energies changed
by ~0.01 eV when a 350 eV cutoff was used. Table 1 clearly
shows that surfaces energies obtained using using eq 1 are in

Table 1. E,’ (eV) and E,’ (eV/nm?) are the Results from the
Linear Fitting of the Series to Eq 2“

p By E/ E,, Eys Ey4

12 —32017 41716 4.1941 4.1885 42035
16 —3.2020 4.0767 4.0836 4.0796 4.0862
22 —3.2020 41213 4.1009 4.0839 4.0890

“E, are the surface energies for slabs with ! layers using eq 1.
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Table 2. Mean Absolute Error (MAE, eV) for AE Using a 350 eV with Respect to the Reconstruction Energies Obtained Using a

(8 X 8 X 1) k-Point Grid and a 400 eV Energy Cutoff

k-points 2x8x1)
MAE 0.043 0.013

(4x8x1)

(6x8x1) (8x8x1)
0.006 0.003

close agreement with the energies resulting from the fitting to
eq 2. This indicates that there is not a large size effect
associated with the use of a gold slab with four layers.
Furthermore, the use of eq 1 gives the same trend of surface
energies. This provides us with the confidence to use eq 1 and
the averaged gold bulk energy E, for the computation of surface
energies using four-layer slabs hereafter.

The mean absolute error (MAE) values of the reconstruction
energies AE for all the p slabs considered in this work, using a
350 eV energy cutoff for a series of k-point grid, are shown in
Table 2. The reference values were obtained using a (8 X 8 X
1) k-point grid and a 400 eV energy cutoff. It is clear that the
error substantially increases with the reduction of the k-point
grid size. Therefore, we recommend the use of a (4 X 8 X 1) k-
point grid with a 350 eV cutoff to obtain results to within ~0.01
eV. Nevertheless, convergence was achieved with a (8 X 8 X 1)
k-point grid and 400 eV energy cutoff. Thus, we employed
these parameters in the remaining calculations presented
herein.

The surface and reconstruction energies as a function of p are
listed in Table 3. The surfaces energies of reconstructed slabs

Table 3. Surface (eV/nm?) for the Reconstructed (E;") and
Unreconstructed (E;") Surfaces, and Reconstruction
Energies (AE)

p ES’ E" AE (eV)
4 6.080 4.409 1.036
6 7.110 4.429 2.469
7 5.768 4.421 1471

10 4.423 4415 0.080

11 4.283 4.416 —0.145

12 4.194 4415 —0.318

14 4.119 4415 —0.528

16 4.084 4.416 —0.693

18 4.085 4.416 —0.776

20 4.091 4.417 —0.846

22 4.101 4415 —0.890

23 4.114 4.416 —0.888

24 4.124 4413 —0.879

25 4.134 4411 —0.873

for p = 4—10 are higher than those for the unreconstructed
slabs. The lowest surface energies are found for the p = 16 and
18 reconstructed slabs. Nevertheless, the surface energy slowly
increases for p > 16.

Considering the reconstruction energies AE as a function of
unit cell p value paints a different picture. The reconstruction in
a unit cells p = 10 is endothermic by this measure, as are those
with p < 10, indicating that the unreconstructed surface is, at
best, energetically metastable.

As can be seen in Figure 1, which shows the reconstruction
energies (AE) as a function of the slab index size (p), values of
AE decrease monotonically with increasing p, reaching a
minimum at p = 22 and 23. These reconstructions are more
stable in energy by —0.89 eV relative to the unreconstructed
surface. Remarkably, only 0.01 eV separates the reconstruction
energies associated with p = 22 and 23. The minimum in the
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Figure 1. Reconstruction energy AE as a function of the slab size
index p.

energies of surface reconstructions found at p = 22 + 1 are in
agreement with the reported size of the reconstructed unit cell
found in experiments.

We observed that our computed reconstruction energy for p
=22 of —0.89 eV is closer to the value of —1.14 eV reported in
ref 19 than it is to the value of 0.43 eV reported in ref 18. Our
expectation is that the lower values obtained in ref 18 are partly
due the small basis set defined by their applied energy cutoff.

Table 3 indicates that the reconstruction may result from a
spontaneous stabilization mechanism initiated within unrecon-
structed surfaces, until the surface reaches the final most stable
reconstructed surface. From Figure 1 it can be seen that
reconstructions to a particular p = 22 + 1 value may be initiated
within surface regions larger or equal in size to the associated
unit cell of that p value.

The bottom in Figure 1 is very flat, suggesting that
reconstructions for p = 21-25 may exist. However,
reconstructions with unit cells smaller than p = 22 or larger
than p = 23 have not been observed in experiments. On the
other hand, reconstructions for p = 22 and 23 unit cells have
been widely reported in experiments at room temper-
ature.>®™"3 Interestingly, we have obtained very close AE for
these two surfaces, with a difference of only 2 meV. This
suggest that the barrier for the phase transition may have an
important role for the stability of the p = 22—23 reconstructed
surfaces. However, modeling the barriers associated with phase
transitions is extremely time-consuming and beyond the scope
of this work. For p < 10, which corresponds to surfaces smaller
than 2.95 nm, reconstructions are not favorable, suggesting
that, in the absence of other driving forces such as edge
boundaries, etc,, gold particles on this size scale would not
undergo surface reconstructions.

Figure 2 illustrates the initial unreconstructed and final
reconstructed p = 23 surfaces. The unreconstructed surface
exhibits regular fcc termination of the topmost layer, while the
reconstructed surface shows the above-described stacking-fault

dx.doi.org/10.1021/jp411368v | J. Phys. Chem. C 2014, 118, 15624—15629
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Figure 2. Ball—stick representation of the top view for the (23 X
2\/ 3) unreconstructed (a) and reconstructed (b) unit cells. The
topmost layer of atoms are colored bright blue. (1 X \/ 3) unit cells are
highlighted by white dotted lines on both surfaces. The (3 X 2\/ 3)
and the (\/ 3 x \/ 3)R30° are highlighted by green and yellow dotted
lines, respectively. Various surface directions are indicated by dark blue

arrows.

reconstruction. In general, this stacking-fault model of
reconstruction can be obtained in slabs with p > 6 unit cells.

In order to compare the reconstructed geometries, we
evaluated the maximum lateral displacement (Dj;,) in the [112]
direction (see Figure 2) and the surface corrugation (DZ,,,) for
the topmost layer (x = 1), for which plenty experimental data
are available, and for the second layer (x 2) of the
reconstructed gold surfaces. These data are listed in Table 4.
We did not find significant variations in structural parameters
with the increases in the number of slab layers.

Table 4. Corrugation and Maximum Lateral Displacement,
of the Two Top Layers, in the [111] and [112] Directions,
Respectively”

p Diy Do Df, Dion
4 0.78 2.16 0.06 0.14
6 0.54 0.11 0.01 0.04
7 0.45 0.17 0.05 0.03

10 0.50 0.11 0.09 0.03

11 0.57 0.10 0.06 0.02

12 0.59 0.10 0.06 0.02

14 0.62 0.10 0.09 0.02

16 0.60 0.08 0.09 0.01

18 0.72 0.08 0.04 0.01

20 0.77 0.08 0.04 0.01

22 0.75 0.08 0.04 0.01

23 0.75 0.08 0.05 0.01

24 0.75 0.08 0.06 0.01

25 0.76 0.09 0.07 0.01

“Lengths are in A.

D, in Table 4 shows that the corrugation of the top two
layers of the gold surface generally increases as the slab size
decreases. However, the lateral displacement in the second
layer (D%,) shows only a weak dependency on the slab size.
There are two discernible groups of structures with similar
characteristics; those are for p = 10—12 and p = 16—25. But
only those for p = 16—25, with D{;; ~ 0.8 A and D}, ~ 0.08 A,
show close agreement with the surface corrugation of 0.15 +
0.4 A® and with the lateral displacement of 0.9 A" reported in
experiments. The slab for p = 4 exhibits a very different
reconstruction as compared with those associated with the
other slabs, with the D.,, value of 2.16 A being close to the

separation of 2.41 A between planes along the [111] direction
in gold bulk.

Figure 3 provides a detailed structural analysis of the topmost
layer of the (23 X \/ 3) reconstructed surface. In general, bond

fce
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Bond length (A)
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9 11 13 15

Surface atom

17 19 21 23

Figure 3. Structural parameters of the topmost layer of the (23 X \/ 3)
as a function of the atomic position of each row indicated in Figure 2b.
The surface directions are indicated on each plot.

lengths associated with the surface atoms are seen to vary with
position, as is expected in response to the reconstruction, and
the variability in structural parameters as a function of atom
position is smooth.

The corrugation shown in Figure 3a was evaluated using the
average height of the surface atoms. The lowest height on the
surface occurs at the fcc stacking region. The hcp region is
slightly higher by 0.02 A. We found the highest corrugation in
the brg regions, which is in agreement with the results in STM
experiments.” From Figure 3b, it can be clearly seen that the
reconstruction mainly results in a large lateral displacement,
visible in Figure 2b. This suggests that the large variations in
corrugation in STM experiments may be due to the tunneling
conditions used in the experiments in combination with the
effects on the electronic structure of the reconstruction.”°

Figure 3c shows that bond lengths between atoms, in the
[170] direction, are 2.86 A in both the fcc and hcp regions,
which is slightly larger compared to a bond length of 2.8 A in
the brg regions. Therefore, atoms are slightly more densely
packed near the brg regions. Figure 3d shows that bond lengths
change asymmetrically in the [101] and [011] directions when
going from hcp — fcc, beginning with 2.93 A in the hcp region,
then to 2.96 A ([101]) and 2.87 A ([011]) in the brg region,
and back to 2.93 A the fcc region. When going from fcc — brg
this variation is reversed.
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Bl CONCLUSION

We studied (p X /3) surface reconstructions of the gold (111)
surface from p = 4 to 25 using the DFT/PW91 approach. Our
findings show that for p > 10 the reconstruction is energetically
more favorable than the unreconstructed surface, and
reconstruction to unit cells that have been observed
experimentally would be exoergic from larger or equal unit
cells. Additionally, the energy cost of formation increases very
sharply as the unit cell size decreases below p = 10. Therefore,
reconstructions in surfaces with dimension of <2.95 nm are
energetically unfavorable. This indicates that the surfaces of
small nanoparticles may not undergo reconstruction.

The (22 X \/3) and (23 X 4/3) have been reported in
experiments at room temperature. However, we have found
that reconstruction energies and structural characteristics for p
= 22-25 are very similar. In general, structures with p > 10
were found to be more stable than the unreconstructed ones,
suggesting that they may occur. However, their direct
observation may require particular exIperimental conditions, as
reported in very few experiments.'>"

Surface reconstructions may alter the properties of the gold
surface relative to those of unreconstructed gold (111).
Therefore, the limitation associated with the use of the
unreconstructed gold surface in modeling work should be
acknowledged. Processes such as adsorption may also influence
the nature of gold (111) surface reconstruction. We suggest
that, at a minimum, a p > 14 unit cell should be used to
appropriately model the properties of the gold (111)
reconstructed surface.

In summary, we found that the DFT/PW91 approximation is
capable of predicting gold (111) surface reconstructions that
are in good agreement with the experimentally observed
surfaces. The study of the barriers associated with transitions
between different structures and the inclusion of thermal
energies represent important next steps in understanding the
mechanisms associated with surface reconstructions.
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