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ABSTRACT

The validation of embedded atom models (EAMs) for describing nanoalloys requires the verification of both a faithful description of the
individual phases and a convincing scheme for the mixed interactions. In this work, we present a systematic benchmarking of two widely
adopted EAM parameterizations, i.e., by Foiles [Phys. Rev. B 33, 7983 (1986)] and by Zhou [Phys. Rev. B 69, 144113 (2004)] with density

functional theory calculations for the description of processes at Ag@Au nanoalloy surfaces and nanoclusters.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5107495

I. INTRODUCTION

Bimetallic nanoparticles (NPs) exhibit unique optical, elec-
tronic, magnetic, and catalytic properties. Within this class of sys-
tems, Ag@Au are of particular interest because they combine the
excellent plasmonic response of Ag (with consequent interesting
applications in Raman spectroscopy') to the Au chemical stability”
suppressing the oxidation of the Ag otherwise responsible for the
NP morphology degradation. Currently, much experimental effort
is devoted to the synthesis and morphology/shape control of these
nanostructures and to the understanding of the complex evolution
pathways to the desired nanosystem starting from the very early
building blocks, i.e., clusters and NPs.” In this context, a theoreti-
cal treatment is often successfully combined with experiments for
systematically investigating thermodynamical properties and chem-
ical ordering (alloying, mixing patterns, and surface segregation).’
For this purpose, different approaches have been used, spanning
from density functional theory (DFT) to classical atomistic simula-
tions. The latter become necessary when dealing with large systems,
e.g., clusters of hundreds of atoms, and modeling large time-scale
processes (of the order of microseconds), such as deposition and
growth, commonly studied through classical molecular dynamics
(MD) or Monte Carlo (MC) simulations (see, e.g., Refs. 5 and 6).

In a classical description, electrons do not appear explicitly, but
their effect is included in the parametrization of the force fields
describing the interactions between atoms. A widely used class of
atomistic potentials for transition and noble metals is obtained with
the embedded atom model (EAM),”” successfully applied to several
metals at the nanoscale (see, e.g., Refs. 9 and 10). The main idea of
the EAM formalism is that each ith atom of the system is embedded
in the electron density p; of the neighboring atoms and is subject to
potential V;,

Vi= 3 X 0u(r) + ol O
J

where ®(r;) is a pairwise interaction and F[p;] is the embedding
functional, whose analytical form depends on the model used. At
the very small scale (and even more for clusters of less than a 100
of atoms), size effects can become important and local coordina-
tion environments energetically unimportant in the bulk may play
arole. A reparametrization based on a test set enlarged with cluster-
specific geometries has, for example, proved to be effective in the
case of aluminum nanosystems, where modified functional forms
were also tested.'' When estimating whether the scope of appli-
cation of the existing EAM schemes can be extended to originally

J. Chem. Phys. 151, 064105 (2019); doi: 10.1063/1.5107495
Published under license by AIP Publishing

151, 064105-1


https://scitation.org/journal/jcp
https://doi.org/10.1063/1.5107495
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5107495
https://crossmark.crossref.org/dialog/?doi=10.1063/1.5107495&domain=pdf&date_stamp=2019-August-8
https://doi.org/10.1063/1.5107495
https://orcid.org/0000-0002-9930-7728
https://orcid.org/0000-0002-1906-3760
https://orcid.org/0000-0001-5690-9000
mailto:marta.bon@empa.ch
mailto:daniele.passerone@empa.ch
https://doi.org/10.1063/1.5107495

The Journal
of Chemical Physics

not considered physical situations (in this paper, e.g., diffusion and
adsorption on small cluster surfaces), a validation is thus always
required.

In this work, we focused on the assessment of two EAM
potentials for a faithful Ag@Au NP description, without any
reparametrization with respect to the bulk situations. We tested
two commonly used EAM parametrizations in the nanoalloy clas-
sical simulations, i.e., the one by Foiles (EAM—Foiles)” and the
other by Zhou (EAM-Zhou),"” comparing these classical estima-
tions to DFT calculations at the generalized gradient approximation
(GGA) level with the Perdew-Burke-Ernzerhof (PBE) parameter-
ization, without'* and with the Grimme dispersion corrections’”
(PBE-D3). This validation is based on the benchmarking of some
selected key players in the alloy nanogrowth, faceting, and seg-
regation processes, i.e., lattice parameters, surface and adsorp-
tion energies, and diffusion barriers.'® First, calculations were
carried out on three different low-index Ag and Au surfaces,
and second on a truncated Ag cuboctahedral cluster and on
a triangular Ag nanoplate. In this way, we assessed whether
a faithful description by the two EAMs—whose parametriza-
tion often comes from bulk calculations—is recovered even when
periodicity breaks down and small-size effects become impor-
tant. Based on our findings, we conclude that the two poten-
tials considered here can be safely adopted for nanoscience
applications.

Il. METHODS
A. Surface energies

For three different low-index Ag and Au surfaces, we calcu-
lated the surface energies, following the work of Fiorentini and

TABLE |. Lattice parameter (A), surface energies per atom o (eV/atom), and surface
energies y (J/m~—2) for Ag and Au {100}, {110}, and {111} surfaces. For the heteroad-
sorption diffusion, E is the adsorption energy on the hollow site and Eec is the one
associated with the final position after the exchange process (cf. Fig. 1).

PBE PBE+D3 EAM-Foiles EAM-Zhou Expt.

Ag a 415  4.09 4.09 4.09 4.09
o0 043  0.64 0.37 0.51
oo 066  1.09 0.56 0.80
o1 035 055 0.28 0.41
yio  0.81 1.24 0.70 0.98
yo 062 1.05 0.54 0.77

yui 066  1.05 0.54 0.79 1.25°

Au a 415 411 4.08 4.08 4.08
o0 047 073 0.48 0.53
o0 0.71 1.10 0.72 0.82
o1 034 058 0.35 0.41
yio 087 140 0.92 1.02
yio 066  1.04 0.69 0.79

yui 063 110 0.67 0.79 1.50"

*References 32 and 33.
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FIG. 1. Diffusion mechanisms on the three simulated surfaces. The adatom is
colored in blue, and the surfaces are colored: pink: {100}; yellow: {110}; and green:
{111}. In this study, surfaces and adatoms are of Ag or Au particles.

Methfessel.'”” We here summarize the derivation of variant 4 dis-
cussed in Ref. 17, which was proven to be the best among the four
methods tested in that work. At convergence (with slabs made of
enough layers), the following relation stands:

N
Egap ~ 20 + NEpyt (2)

where EY , is the energy of the N-layered slab and ¢ the surface
energy, and the energy of the bulk (E,, %) can be calculated as the
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TABLE II. Adsorption energies and diffusion barriers for Ag and Au adatoms on the
Ag {100} surface. For the heteroadsorption diffusion, E is the adsorption energy on the
hollow site, and Eexc is the one associated with the final position after the exchange
process (cf. Fig. 1). Units are in eV.

Adatom PBE PBE+D3 EAM-Foiles EAM-Zhou
E 2.37 2.77 2.39 2.19

Ag Er, 046 0.40 0.48 0.50
E*. 052 0.54 0.76 0.66
E 2.99 3.32 3.27 2.79

Au Eee 302 3.43 3.51 3.22
Eﬁop 0.55 0.50 0.65 0.71
EX. 043 0.49 0.67 0.47

slope of the straight line fitting to all the slab total-energy data vs
N."” Note that Ei\{ub, 0, and E, are extensive quantities, and conse-
quentially, the final o must be divided by the number of atoms con-
stituting a single layer. To respect the symmetry determined by the

TABLE lIl. Adsorption energies and diffusion barriers for Ag and Au adatoms on the
Au {100} surface. Units are in eV.
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TABLE V. Adsorption energies and diffusion barriers for Au and Ag adatoms on the
Au {110} surface. Units are in eV.

Adatom PBE PBE+D3 EAM-Foiles EAM-Zhou
E 293 259 3.71 3.65

Au Ef, 066 072 1.04 1.26
E5, 045 036 0.25 0.29
Ef. 048 038 0.40 0.38
E 253 299 2.91 2.78
Eee 281 3.08 2.80 2.65

Ag Efy 069 076 1.13 1.45
E5 038 033 0.30 03
Ef. 044 031 0.70 0.24

stacking sequence in the z direction, for the {100} and {110} termi-
nations, we used four different slabs corresponding to 5,7, 9, and 11
layers. For the {111} termination instead, we constructed 6, 9, 12, and
15 layered slabs. Following the work of Singh-Miller and Marzari,*
the {100} was sampled with a 16 x 16 k-mesh in the xy plane, and
the other terminations were simulated with the closest k-mesh cor-
responding to a supercell of similar size in real space (11 x 16 for
{110} and 8 x 9 for the 2 x 2 {111} slab). These calculations were

Adatom PBE PBE+D3 EAM-Foiles EAM-Zhou
E 3.06 3.60 3.49 3.35
Au EQOP 0.61 0.59 0.67 0.78 TABLE VI. Adsorption energies and diffusion barriers for Ag and Au adatoms on the
EX. 0.11 0.09 0.35 0.40 Ag {111} surface. Units are in eV.
E 2.70 3.12 2.70 2.49 Adatom PBE PBE+D3 EAM-Foiles EAM-Zhou
Ag Boe 288 326 2:55 2.25 Epe 216 247 2.14 1.91
*
Ehop 053 0.47 0.57 0.98 Ag Enp  2.16 247 2.14 1.89
Ehe 019 016 0.50 0.60 Ef, 006 0.6 0.06 0.05
Efec 2.68 3.12 2.92 2.37
Au Epp  2.68 3.11 2.92 2.35
TABLE IV. Adsorption energies and diffusion barriers for Ag and Au adatoms on the Ef:op 0.08 0.09 0.05 0.04

Ag {110} surface. Units are in eV.

Adatom PBE PBE+D3 EAM-Foiles EAM-Zhou
E 247 284 2.65 2.56

Ag Efy 073 077 0.83 111
E 036 030 0.32 0.25
Ef. 037 026 0.42 0.29
E 314 353 3.59 3.25
Eee 305  3.50 3.73 3.48

Au E, 077 083 113 1.44
El, 044 038 0.30 0.30
Ei. 041 028 0.36 0.25

TABLE VII. Adsorption energies and diffusion barriers for Ag and Au adatoms on the
Au {111} surface. Units are in eV.

Adatom PBE PBE+D3 EAM-Foiles EAM-Zhou
Efec 2.31 3.19 3.03 2.86

Au Enep 2.30 3.19 3.03 2.85
E]fop 0.11 0.12 0.02 0.05
Epe 207 2.51 2.35 2.20

Ag Ehcp 2.07 2.45 2.35 2.18
Ej,, 0.08 0.09 0.05 0.05
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FIG. 2. The two simulated cluster shapes: () is the triangular nanoplate and (c) the
truncated cuboctahedron, assumed as a cubic seed. On the right is a schematic
representation of the geometry. The green color indicates {111} surfaces, pink
{100}, and yellow {110} facets.

run using the pseudopotential plane-wave QUANTUM-ESPRESSO
code."” Interactions with frozen cores were described by the norm-
conserving Vanderbilt pseudopotential approximation,” and the
kinetic-energy cutoffs for the plane-wave basis are 150 Ryd for the
wave function and 600 Ryd for the charge density, respectively. The
results are reported in Table I.

TABLE VIIl. Adsorption energies and diffusion barriers for the Ag adatom on the
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B. Adsorption and diffusion

Adsorption sites and diffusion mechanisms on surfaces are
shown in Fig. 1 and the corresponding results are reported
in Tables II-VII. The adsorption energies (E) were calculated
as

E= Emt(O) + Eat - Etot(l)) (3)

where E;:(0) is the energy of the slab without the adatom, E, is
the energy (equal to zero in the case of the EAM) of the isolated
atom, and E;x(1) is the energy of the slab with the atom. Diffusion
barriers (E*) were evaluated through nudged elastic band (NEB) cal-
culations,”’ as implemented in the ASE python library,” which was
interfaced with LAMMPS™ and CP2K™" calculators. For each pro-
cess, we used seven replicas linearly interpolated along the diffusion
paths, a spring constant of 0.1 eV A™", and a convergence criterion
for the forces equal to 0.005 eV A™".

First, we considered a 5 x 5 x 6 supercell for {100} and {110} Ag
and Au slabs and 5 x 6 x 5 for {111} surfaces. The bottom layer of
each slab was considered as a bulk layer and kept fixed during all the
simulations.

TABLE IX. Adsorption energies and diffusion barriers for the Au adatom on the
cuboctahedral Ag seed. Units are in eV.

cuboctahedral Ag seed. Units are in eV. PBE PBE+D3 EAM-Foiles EAM-Zhou
PBE PBE+D3 EAM-Foiless EAM-Zhou Intrafacet diffusion
Intrafacet diffusion {100} E 297 327 3.28 2.81
Eexe 294 329 3.54 3.27
{100} E 230  2.60 2.41 2.20 Ef, 052 044 0.64 0.70
Ei, 043 045 0.48 0.49 Ef. 039 046 0.58 0.43
Eifc 045  0.56 0.78 0.73
{110} E 313 3.50 3.63 3.35
{110} E 249  2.82 2.68 2.62 Eee 312 350 3.78 3.58
Efg 079 0.83 0.85 1.14 Efg 080 085 1.15 X
Ef 024 017 0.32 0.24 E& 030 022 0.29 0.22
EX. 0.10 0.02 0.36 0.22 Eie 0.08 0.29 0.30 0.17
{111} Eee X X 2.17 X {111} Efe 263 288 X X
Epp 203 236 2.20 1.98 Enp 268 3.01 3.00 2.52
E]’:op X X 0.04 X Ep,p 0.04 0.05 X X
Interfacet diffusion Interfacet diffusion
{100} - {110} E;,, 026 028 0.49 X {100} > {110} E;,, 046 055 X 0.14
EX. 026 027 0.36 0.32 EX. 028  0.12 0.27 0.19
{110} — {100} Ei,, 045  0.52 0.77 X {110} - {100} E,, 0.62 077 X 0.68
EX. 045 0.0 0.36 0.32 EX. 043 032 0.72 0.88
{110} - {111} E;,, 086  1.00 0.84 0.66 {110} - {111} Ep,, 091 1.13 X X
Efc 025 026 0.32 0.21 Elc 061 057 0.43 0.34
{111} > {110} E;, 026 048 0.32 0.39 {111} > {110} E;,, 022 050 X X
Eic 0.09  0.02 0.08 0.02 Eic 0.08  0.01 0.11 0.08
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Second, the same quantities were evaluated for the Ag clus- TABLE XI. Adsorption energies and diffusion barriers for the Au adatom on the
ters shown in Fig. 2, i.e., a truncated cuboctahedron of 249 atoms triangular Ag seed. Units are in eV.
and a triangular nanoplate of 295 atoms, exposing {100}, {110},
and {111} facets. For these two systems, the results are reported in PBE PBE+D3 EAM-Foiles EAM-Zhou

Tables VIII-XI. The motivation for choosing these particular model
systems comes from experiment where similar structures have
been observed to undergo different growth pathways,"” stemming

Intrafacet diffusion

111 E 2.52 2.93 2.98 241
from differences in surface morphologies and relative ratios of the iy Eicc 252 2.93 2.98 238
g 2 . . .
exposed planar surfaces. N . B 005 0.07 0.04 0.04
We treated the valence electrons explicitly, using the DZVP P
basis set,”” whereas interactions with frozen atom cores were {111}L Ee 253 2.92 2.98 2.41
described with Goedecker-Teter-Hutter (GTH) pseudopotentials.”® Ehep 2.54 2.92 2.98 X
We set the charge density plane wave cutoff equal to 400 Ryd and E}’:op 0.05 0.07 0.04 X
adopted the PBE exchange-correlation density functional.” Note
that the use of a finite basis set is required to correct the adsorption {100} E 2.80  3.08 3.33 2.82
energies in Eq. (3) for the basis set superposition error (BSSE) by El. 274 3.06 3.61 3.35
using the counterpoise method proposed by Boys and Bernardi.’ Eip 047 039 0.60 0.17
We analyzed the effects of the inclusion of Grimme D3 dispersion EX. 043 0.38 0.19 0.31
corrections'” on the calculated quantities which are known to bring —
a different contribution to cohesive energies (+14% for Agand +17% Interfacet diffusion
28 . . . .
for Au). The choice of choosing the PBE+"D3 eg)proxmlatlon was {100} > {111} Ef.. 057 0.58 0.83 L0z
h
motivated by a recent study by Hoppe and Miiller who performed a hop
EXf. 058 050 0.22 0.31
{111} > {100}  E,, 033 036 0.48 0.67
TABLE X. Adsorption_ energ_ies and diffusion barriers for the Ag adatom on the EX. 0.37 0.33 0.16 0.30
triangular Ag seed. Units are in eV.
{100} - {111}L B, 057  0.58 0.82 1.02
PBE PBE+D3 EAM-Foiles EAM-Zhou EX. 057 0.50 0.43 0.37
Intrafacet diffusion {111}L > {100} Ef, 029 035 0.54 0.72
{111} Epe 201 237 2.20 1.96 Eee 027 031 0.44 0.67
Epgp 2.02 238 2.19 1.94 {111} > {11JL E,, 016 030 0.53 0.75
E}fop 0.04 0.05 0.05 0.05
{111}L - {111} E 0.17 0.31 0.53 0.53
hop
{111}L Efe  1.96 2.30 2.19 1.96
Ehp 197 231 2.19 1.95
Efop 004 005 0.05 0.03
systematic comparison between different types of exchange and cor-
{100} E 2.15 2.40 2.46 2.21 relation functionals for the study of the Ag-Au (111) surfaces, with
Ei,p 040 032 0.47 0.17 a particular focus on parameters determining the alloying and the
Eofe 041 0.45 0.78 0.31 segregation, and indicated PBE-D3 as the closest to the experimental
evidence.
Interfacet diffusion
{100} - {111}  Ej,, 049  0.52 0.59 0.74 Ill. RESULTS
Efe 044 044 0.37 0.29 A. Lattice parameter and surface energies
{111} - {100}  Eg,, 032 037 0.34 0.52 As shown in Table I and in agreement with previous cal-
Ei 010 026 0.12 0.02 culations,” ”" the PBE functional tends to overestimate the lat-
. tice parameters, and the inclusion of Grimme corrections (PBE-
{100} — {111}L EQOP 0.53 0.56 0.59 0.76 D3) increases’’ the values of the surface energies, consequently
Eee 024 047 0.64 023 improving the agreement with the experiment.
1L > {100} E,, 030 034 0.34 0.52 Qverall, the two EAMs qua.lltatlvely agree with DFT-PBE cal-
B 0.03 032 0.39 0.02 culations and predict equal lattice parameters for the Ag and Au
e ’ ' ’ and larger surface energies for Au (more evident in the case of the
s * -/Zhou), in line with the experimental evidence. We point out
{111} > {111}L E,, 019 028 0.36 0.60 EhAM Zhl ), i 1h 'hdh g i ¢ 1 f'd V\C’l poi
that, similar to the procedure adopted in Ref. 18, we do not con-
{111}L — {111} E]’:OP 0.18 0.28 0.36 0.59 sider Au surface reconstructions (which would be relevant on perfect
high symmetry surfaces), also given the limited applicability of the
J. Chem. Phys. 151, 064105 (2019); doi: 10.1063/1.5107495 151, 064105-5
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surface reconstruction concepts known from bulk studies (i.e., her-
ringbone for {111}, hexagonal for {100}, and missing-row for {110})
to finite-size clusters.

B. Adsorption and diffusion on surfaces
1. On {100} surfaces

It is well known™"” that the Ag and Au adsorption process

on clean {100} surfaces can occur only on hollow sites and that the
diffusion can take place through hopping or exchange (Fig. 1). As
shown in Tables IT and 111, on both Ag and Au surfaces, the adsorp-
tion energies of Au adatoms are higher compared to the ones of
Ag and the adsorption process of the two adatoms is more favor-
able on the Au slab compared to the one on Ag{100}. Note that,
when describing the heteroadsorption diffusion, we calculated two
adsorption energies, i.e., the one corresponding to the initial hol-
low site (E) and the one associated with the in-channel position
(Eexc), final site of the exchange process (cf. Fig. 1). One can note
that for both adatoms, Eexc > E. Together with the fact that the
barriers (EJ) associated with the in-channel hetero Ag/Au and
Au/Ag diftusion are lower than the corresponding activation ener-
gies for the hopping mechanisms (Ej,,), this evidence indicates a
strong tendency for the two species to intermix/alloy. On both sur-
faces, we observe that the EAM-Zhou strongly favors (compared
to DFT and EAM-Foiles) the exchange among the heterodiffusion
mechanisms. In fact, while EAM-Foiles and DFT calculations pre-
dict an absolute difference of at most 0.08 eV between the barri-
ers associated with the possible processes (E¢.. and Ej,,), the one
calculated using EAM-Zhou is of 0.24 eV for Au/Ag and 0.38 eV
for Ag/Au, in favor of the exchange process. Due to this predic-
tion and because the exchange in-channel mechanism represents the
first step for the adatom penetration in the slab, we expect that the
EAM-Zhou favors the alloying more, compared to the other levels of
theory.

Even in the case of Au self-diffusion, the exchange is favorable
to the hopping, while this trend is inverted for the self-diffusion on
Ag{100}.

The two EAMs agree well with the energy trends predicted
by DFT, with the unique significant deviation represented by the
EAM-Zhou for which Ej,,(Au/Au) < Ej,,(Ag/Au), contrary to
that predicted by PBE, PBE+D3, and EAM-Foiles.

2. On {110} surfaces

Likewise the case of {100} surfaces, on the {110} slabs, the Ag
and Au adatoms are located on hollow sites. On this termination,
three possible diffusion mechanisms can take place. The first two
are hopping processes, with the transition state located on long (LB-
hopping) or short bridges (SB-hopping), while the third is a cross-
channel diffusion via atomic exchange of the adsorbate with one
atom of the channel wall (Fig. 1).”>%

As shown in Tables IV and V, the Ag adsorption is disfavored
compared to the one of the Au adatom for both surfaces at all levels
of theory. On the contrary, for both Ag and Au {110} surfaces, the
adsorption energies after the occurrence of the in-channel heteroad-
sorption (Eexc) are higher compared to the ones of the hollow site
in the DFT description. An opposite trend is instead recovered by
applying the EAM approximation.

ARTICLE scitation.org/journalljcp

The SB-hopping is the most favored diffusion mechanism for
Ag/Ag and Ag/Au, with a unique exception represented by the
PBE+D3 level of theory. The addition of dispersion corrections leads
the Ag/Ag exchange to be the mechanism associated with the low-
est barrier among the possible self-diffusion processes. Further dis-
agreement between the different four predictions is found in the
description of the Ag/Au diffusion. While for PBE and EAM-Foiles
Egp < Egae the PBE+D3 and the EAM-Zhou predict the opposite
result. Finally, the SB-hopping is the most favorable mechanism for
Au/Au self-diffusion at all the tested levels of theory.

3.0n {111} surfaces

The {111} surfaces exhibit two binding sites for Ag and Au
adatoms, corresponding to fcc (fcc-hollow) and hep (hep-hollow)
stacking, and are characterized by very similar adsorption energies,
as shown in Tables VI and VII. Likewise the case of {100} and
{110} surfaces, the adsorption energies for the Au adatom are always
higher than the ones for Ag. The almost barrierless diffusion pro-
cess between the two occurs via hopping passing through the bridge
position, as shown in Fig. 1.

The EAMs tested show an overall agreement with DFT calcula-
tions in the description of the diffusion processes.

C. Final remarks on adsorption and diffusion
on surfaces

The two EAMs overall agree in the prediction of the surface
properties, albeit showing some tiny but crucial differences between
the two models in the description of the energy barriers of diffusion
processes associated with intermixing phenomena (e.g., in-channel
exchange). These differences can address simulations to different
final chemical-ordering scenarios. In particular, we would like to
stress that the EAM-Zhou shows lower energy barriers for exchange
processes as compared to EAM-Foiles, and to the ab initio estima-
tions, and as a consequence will lead to a more expressed tendency
of alloying and possible Ag surface segregation in the Ag@Au growth
description.

D. Adsorption and diffusion on clusters

We now analyze the adsorption and self- and heterodiffusion
mechanisms on two clusters, i.e., a 3D-cuboctahedron and a trian-
gular nanoplate, comparing the results obtained with the ones of the
corresponding low-index 2D-periodic surfaces.

1. On the Ag cuboctahedral cluster

As shown in Figs. 2 and 3, the truncated cuboctahedron is made
of {100} and {110} side facets with {111} corners.

The adsorption energies on these facets change at most around
5% with respect to the surface case and the major differences mostly
concern PBE+D3 and EAM-Zhou. The most remarkable discrep-
ancy from the infinite slab interests the description of the stability
of the fcc-adsorption sites in the 6-atom corners {111}. Due to the
small dimensions of this facet, this position is not predicted to be
stable for the Ag adatom in DFT and EAM-Zhou descriptions, while
configures as the Au-adsorption site only at DFT-PBE and PBE-D3
levels.
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FIG. 3. Interfacet diffusion processes on the cuboctahedral cluster (described in
Fig. 2). Same color scheme as in Fig. 1.

The cluster can be subject to intrafacet diffusion processes such
as hopping and exchange on the {100} and {110} surfaces and to hop-
ping mechanisms on the {111} corners. On the {100} and {110}, all
the possible mechanisms are captured, with a unique exception rep-
resented by the EAM-Zhou that does not associate the LB-hopping
with any minimum energy path for the Au diffusion. Instead, it
favors an intermediate configuration that can be most likely asso-
ciated with an exchange process. As a consequence of the already
discussed instability of the hollow-fcc adsorption sites, on the {111},
the hopping mechanism is not always recovered.

Opverall, the barriers considerably change from the infinite sur-
face case, and the largest deviations are recorded for the exchange
and SB-hopping on the {110}. As expected, in general, these differ-
ences are much more pronounced for DFT compared to the EAM
approximation.

Additional interfacet diffusion mechanisms, shown in Fig. 3,
are the hopping and exchange between {110} and {111} and between
{110} and {100} facets. We point out a remarkable deviation of EAM-
Zhou compared to the DFT trends concerning the description of the
self-diffusion from {100} to {110} (Table VIII). Again, EAM-Zhou
fails in the description of the hopping mechanism, which is instead
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recovered by EAM-Foiles and DFT calculations. Similar discrepan-
cies are found in the representation of the Au interdiffusion from
{100} to {110} and from {110} to {111}, where both EAMs tend not
to allow hopping mechanisms (Table IX).

Among the interfacet diffusion mechanisms, the most favored
is the hopping from the {111} corners, associated with an energy
barrier one order of magnitude lower compared to the others. This
means that when undergoing growth processes, the {111} facets
will expand, with progressive disappearance of {110} and {100}
surfaces.

2. On the Ag triangular cluster

As shown in Figs. 2 and 4, the triangular seed mainly exposes
{111} facets with {100} corners, and therefore is characterized by
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FIG. 4. Interfacet diffusion processes on the triangular cluster (described in Fig. 2).
Same color scheme as in Fig. 1.
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surface hopping on the {111} surfaces, and hopping and exchange
on the {100}. Furthermore, interfacet diffusion can involve the large
and the lateral {111} surfaces through hopping, and the {100} cor-
ners and the large {111} facets or the {100} corners and the lateral
{111} facets via hopping and exchange. The just mentioned processes
are represented in Fig. 4, and the corresponding adsorption energies
and diffusion barriers are reported in Tables X and XI (note that the
lateral {111} surfaces are labeled {111}L).

The most favorable adsorption site on the cluster is the hol-
low position on the {100} corners for both Ag and Au adatoms.
Overall, DFT estimates lower adsorption energies compared to the
corresponding infinite slab with differences of at most 12% (asso-
ciated with the Ag adsorption on the {100} surface), while EAMs
show the opposite trend, with smaller differences (at most of 3%).
We must point out that EAM-Zhou does not allow the Au adsorp-
tion on the hollow-fcc position of the {111} lateral facets, in contrast
with DFT and EAM-Foiles. We strongly believe that this is an effect
of the small size of the facet, as found in the description of the
cuboctahedral {111} corners.

Likewise the case of the cuboctahedral seed, the barriers change
from the ones describing diffusion on the corresponding infinite sur-
face. The trends provided by the EAM:s are the same of the ones from
DFT for the intrafacet diffusion processes, albeit observing in the
EAMs a more pronounced tendency toward hopping on {100} com-
pared to the other levels of theory. For both adatoms, the barriers
describing hopping on {111} and {111}L facets do not present sig-
nificant differences from the infinite surface at all levels of theory,
indicating that the intrafacet kinetics on these surfaces is not largely
affected by its dimensions.

The interfacet diffusion is overall well represented by the EAM
parametrization. A few deviations from DFT trends are recovered
in the EAM-Foiles description of self-diffusion involving the {111}
short facets and in a more pronounced tendency toward exchange
(when possible) in the EAM-Zhou estimations.

E. Final remarks on adsorption and diffusion
on clusters

Although observing some (expected) deviations from the DFT
predictions, the two EAMs well represent the majority of the pro-
cesses on both nanosystems considered in this study. For both clus-
ters, the barriers describing the diffusion from the {111} facets are
the lowest among the interfacet diffusion processes, indicating a
more expressed tendency to expansion compared to {100} and {110}
terminations. For the truncated cuboctahedron, these differences are
more pronounced than for the triangular cluster because of the small
initial dimensions of the {111}, which occupy the corners of the
cluster.

IV. CONCLUSIONS

In this work we assessed two known embedded atom model
(EAM) parametrizations for the prediction of surfaces and Ag@Au
nanoalloy properties. A particular interest was paid to the adsorption
and diffusion processes because of their fundamental role in the alloy
growth, one of the main research topics for molecular dynamics
and Monte Carlo simulations on nanoparticles. This validation was
conducted on the parametrizations by Foiles and co-workers'* and

ARTICLE scitation.org/journalljcp

by Zhou and co-workers,'” benchmarking the calculated properties
with density functional theory calculations.

The two EAMs show small differences in the description of
the processes on the surfaces, mainly concerning the characteri-
zation of the in-channel mechanisms, and overall agree with DFT
calculations.

As expected, significant (and different depending on the
parametrization) deviations were instead recovered at the small-
scale. Here, both EAMs fail in capturing some effects of the
broken-periodicity in the adsorption energies and sometimes do
not predict possible diffusion paths, instead recovered from DFT
calculations. Nevertheless, the two EAMs overall agree in the dif-
fusion trends compared to the ones by DFT and can be considered
to provide a faithful description of the interactions in this class of
nanosystems.

ACKNOWLEDGMENTS

The authors acknowledge funding from the ERC under the
EU’s Horizon 2020 program (Grant No. 681312).

REFERENCES

y. Yang, J. Liu, Z.-W. Fu, and D. Qin, ]. Am. Chem. Soc. 136, 8153 (2014).

23, K. Krishnan, R. Esparza, F. J. Flores-Ruiz, E. Padilla-Ortega, G. Luna-Bércenas,
I. C. Sanchez, and U. Pal, ACS Omega 3, 12600 (2018).

3M. Qian, A. C. Reber, A. Ugrinov, N. K. Chaki, S. Mandal, H. M. Saavedra,
S. N. Khanna, A. Sen, and P. S. Weiss, ACS Nano 4, 235 (2010).

“R. Ferrando, J. Jellinek, and R. L. Johnston, Chem. Rev. 108, 845 (2008).

ST, Baletto, C. Mottet, and R. Ferrando, Phys. Rev. Lett. 90, 135504 (2003).

SM. Miiller and K. Albe, Phys. Rev. B 72, 094203 (2005).

7M. S. Daw and M. I. Baskes, Phys. Rev. B 29, 6443 (1984).

8M. S. Daw, S. M. Foiles, and M. I. Baskes, Mater. Sci. Eng. R. Rep. 9, 251 (1993).

°G. Wang, M. A. Van Hove, P. N. Ross, and M. L. Baskes, ]. Chem. Phys. 122,
024706 (2004).

10N, Matsumoto, R. Matsumoto, and N. Miyazaki, ]. Non-Cryst. Solids 355, 29
(2009).

A W. Jasper, P. Staszewski, G. Staszewska, N. E. Schultz, and D. G. Truhlar,
J. Phys. Chem. B 108, 8996 (2004).

123 M. Foiles, M. I. Baskes, and M. S. Daw, Phys. Rev. B 33,7983 (1986).

'3X. W. Zhou, R. A. Johnson, and H. N. G. Wadley, Phys. Rev. B 69, 144113
(2004).

14]. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865 (1996).

155, Grimme, J. Antony, S. Ehrlich, and H. Krieg, J. Chem. Phys. 132, 154104
(2010).

'6X. Xia, S. Xie, M. Liu, H.-C. Peng, N. Lu, J. Wang, M. J. Kim, and Y. Xia, Proc.
Natl. Acad. Sci. U. S. A. 110, 6669 (2013).

7V . Fiorentini and M. Methfessel, ]. Phys.: Condens. Matter 8, 6525 (1996).

'8N. E. Singh-Miller and N. Marzari, Phys. Rev. B 80, 235407 (2009).

9P, Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni,
D. Ceresoli, G. L. Chiarotti, M. Cococcioni, I. Dabo, A. D. Corso, S. de Gironcoli,
S. Fabris, G. Fratesi, R. Gebauer, U. Gerstmann, C. Gougoussis, A. Kokalj,
M. Lazzeri, L. Martin-Samos, N. Marzari, F. Mauri, R. Mazzarello, S. Paolini,
A. Pasquarello, L. Paulatto, C. Sbraccia, S. Scandolo, G. Sclauzero, A. P. Seitsonen,
A. Smogunov, P. Umari, and R. M. Wentzcovitch, J. Phys.: Condens. Matter 21,
395502 (2009).

20D, R. Hamann, Phys. Rev. B 88, 085117 (2013).

21G. Henkelman, B. P. Uberuaga, and H. Jénsson, J. Chem. Phys. 113, 9901 (2000).
225, H. Larsen, J. J. Mortensen, J. Blomgqvist, I. E. Castelli, R. Christensen,
M. Dulak, J. Friis, M. N. Groves, B. Hammer, C. Hargus, E. D. Hermes, P. C.
Jennings, P. B. Jensen, J. Kermode, J. R. Kitchin, E. L. Kolsbjerg, J. Kubal, K.

J. Chem. Phys. 151, 064105 (2019); doi: 10.1063/1.5107495
Published under license by AIP Publishing

151, 064105-8


https://scitation.org/journal/jcp
https://doi.org/10.1021/ja502472x
https://doi.org/10.1021/acsomega.8b02333
https://doi.org/10.1021/nn9010297
https://doi.org/10.1021/cr040090g
https://doi.org/10.1103/physrevlett.90.135504
https://doi.org/10.1103/physrevb.72.094203
https://doi.org/10.1103/physrevb.29.6443
https://doi.org/10.1016/0920-2307(93)90001-u
https://doi.org/10.1063/1.1828033
https://doi.org/10.1016/j.jnoncrysol.2008.09.034
https://doi.org/10.1021/jp049164i
https://doi.org/10.1103/physrevb.33.7983
https://doi.org/10.1103/physrevb.69.144113
https://doi.org/10.1103/physrevlett.77.3865
https://doi.org/10.1063/1.3382344
https://doi.org/10.1073/pnas.1222109110
https://doi.org/10.1073/pnas.1222109110
https://doi.org/10.1088/0953-8984/8/36/005
https://doi.org/10.1103/physrevb.80.235407
https://doi.org/10.1088/0953-8984/21/39/395502
https://doi.org/10.1103/physrevb.88.085117
https://doi.org/10.1063/1.1329672

The Journal

of Chemical Physics

Kaasbjerg, S. Lysgaard, J. B. Maronsson, T. Maxson, T. Olsen, L. Pastewka,
A. Peterson, C. Rostgaard, J. Schiotz, O. Schiitt, M. Strange, K. S. Thygesen,
T. Vegge, L. Vilhelmsen, M. Walter, Z. Zeng, and K. W. Jacobsen, J. Phys.:
Condens. Matter 29, 273002 (2017).

g, Plimpton, ]. Comput. Phys. 117, 1 (1995).

2"]. Hutter, M. Iannuzzi, F. Schiffmann, and J. VandeVondele, Wiley Interdiscip.
Rev. Comput. Mol. Sci. 4, 15 (2014).

257, vandeVondele and J. Hutter, ]. Chem. Phys. 127, 114105 (2007).

26M. Krack, Theor. Chem. Acc. 114, 145 (2005).

275, F. Boys and F. Bernardi, Mol. Phys. 19, 553 (1970).

287 J. Rehr, E. Zaremba, and W. Kohn, Phys. Rev. B 12, 2062 (1975).

295, Hoppe and S. Miiller, J. Appl. Phys. 122, 235303 (2017).

ARTICLE scitation.orgljournalljcp

30y, Reckien, F. Janetzko, M. F. Peintinger, and T. Bredow, . Comput. Chem. 33,
2023 (2012).

31E, Chiter, V. B. Nguyen, N. Tarrat, M. Benoit, H. Tang, and C. Lacaze-Dufaure,
Mater. Res. Express 3, 046501 (2016).

32F R. de Boer, W. C. M. Mattens, R. Boom, A. R. Miedema, and A. K. Niessen,
Cohesion in Metals (North Holland, Amsterdam, 1988).

33C. Kittel, Introduction to Solid State Physics, 8th ed. (John Wiley & Sons, New
York, NY, 2004).

34B.D. Yu and M. Scheffler, Phys. Rev. B 55, 13916 (1997).

35E. Elkoraychy, K. Sbiaai, M. Mazroui, Y. Boughaleb, and R. Ferrando, Surf. Sci.
635, 64 (2015).

361 S. Perkins and A. E. DePristo, Surf. Sci. 325, 169 (1995).

J. Chem. Phys. 151, 064105 (2019); doi: 10.1063/1.5107495
Published under license by AIP Publishing

151, 064105-9


https://scitation.org/journal/jcp
https://doi.org/10.1088/1361-648x/aa680e
https://doi.org/10.1088/1361-648x/aa680e
https://doi.org/10.1006/jcph.1995.1039
https://doi.org/10.1002/wcms.1159
https://doi.org/10.1002/wcms.1159
https://doi.org/10.1063/1.2770708
https://doi.org/10.1007/s00214-005-0655-y
https://doi.org/10.1080/00268977000101561
https://doi.org/10.1103/physrevb.12.2062
https://doi.org/10.1063/1.5017959
https://doi.org/10.1002/jcc.23037
https://doi.org/10.1088/2053-1591/3/4/046501
https://doi.org/10.1103/physrevb.55.13916
https://doi.org/10.1016/j.susc.2014.12.009
https://doi.org/10.1016/0039-6028(94)00719-5



