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ABSTRACT: Prescreening candidate structures with reliable classical
potentials is an effective way to accelerate ab initio ground state
searches. Given the growing popularity of machine learning force fields,
surprisingly little work has been dedicated to quantifying their
advantages over traditional potentials in global structure optimizations.
In this study, we have developed a neural network (NN) model and
systematically benchmarked it against a commonly used Gupta
potential and an embedded atom model in the search for stable Auy
clusters (30 < N < 80). An efficient simultaneous optimization of
clusters in the full size range was achieved with our recently introduced
multitribe evolutionary algorithm. Density functional theory (DFT)
evaluations of candidate configurations identified with the three
classical models revealed that the NN structures were lower in energy

by at least 10 meV/atom for 30 of the 51 sizes. We also demonstrated

that DFT evaluation of all NN-relaxed structures during evolutionary searches resulted in finding even more stable
configurations, which highlights the need for further improvement of the NN accuracy to avoid excessive DFT calculations.
Overall, the global searches produced putative ground states with matching or lower DFT energies compared to all previously

reported Au clusters with 30—80 atoms.

B INTRODUCTION

Chemically inert crystalline gold (Au) transforms into an
unexpectedly active catalyst once the material’s size is reduced
down to the nanoscale.'® Over the past 3 decades, Au
nanoparticles have been found to catalyze NO reduction, N,O
decomposition, and numerous organic reactions.” One of the
applications that distinguishes Au from other metals is the
nanocatalytic oxidation of CO at subroom temperatures.®
Extensive research into Au clusters has indicated that their
catalytic behavior is determined primarily by the activity of
low-coordination atoms,”"" effects arising from the presence
of substrates,”'”'® and size-dependent electronic features.’
These findings highlight the importance of establishing
nanoparticle morphology as a function of size and operating
conditions for rational design of high-performance catalysts.
The existence of an upper limit on the Au nanoparticle size
to efficiently catalyze certain reactions'*”'® has prompted
systematic experimental and computational studies of (ultra)-
small systems below 2 nm, which included neutral,’’ %!
anionic,”>~% and functionalized*®*™>! Au clusters. Even in the
simplest case of bare neutral elemental nanoparticles at zero
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temperature, the N = 150—200 systems with a near 2 nm
diameter, are beyond the capability of ab initio unconstrained
structure prediction methods.””™** The computational bottle-
neck is the exponential growth of possible configurations with
the cluster size, which necessitates the use of approximated
methods to evaluate the Gibbs free energy of relevant
structures.

Structure prediction and stability analysis studies for bare
neutral Au nanoparticles have relied on four distinct methods
of interaction description: density functional theory (DFT)
approximations, density functional based tight-binding
(DFTB) method, empirical potentials, and neural network
(NN) models. Global structure searches with the computa-
tionally demanding DFT have been restricted to Auy clusters
with diameters below ~1.2 nm, e.g, N = 9-13,>° N = 12—
14°° N = 15-19,"” and N = 38,40.°° The computational
studies revealed that Au prefers 2D sheets over 3D
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configurations up to larger sizes (N = 11—17)***7*" than other
noble metals® and exhibits unusual morphologies for lar§er
system sizes, such as the hollow fullerene for Aus,.**!
According to electronic structure analyses, this behavior arises
from the directionality of the d-orbitals and the relativistic
effects causing a strong s—d orbital hybridization.”>**

The use of DFTB, empirical potentials, and NNs has
considerably extended the scope of systematic unconstrained
structure searches. Tarrat et al. performed DFTB-based global
structure searches with a combination of replica exchange and
periodic quenching for N = 20, 55, and 147 and checked the
stability of best configurations with several DFT flavors.****
Narayanan et al. used a modified hybrid bond-order potential
to search for global minima of several small cluster sizes with N
< 20 and presented a comparison between their potential, a
previous bond order potential, and the DFT for the cohesive
energies of representative A, and A conﬁgurations.46
Putative ground states have been identified for 13 < N < 80
with the Sutton—Chen potential (SCP) and the basin-hopping
method,*” for select sizes in the 13 < N < 300 range with the
Gupta potential (GP) and the dynamic lattice searching,'®**
and for 30 < N < 147 with the GP and the basin-hopping
method.'"” The low computational cost of the classical
calculations allowed Schebarchov et al. to investigate the
thermodynamic stability of select 55-, 85-, and 147-atom Au
clusters at finite temperatures as well.'” These studies provided
important insights into the evolution of morphological features
with the cluster size and ambient temperature but it has been
acknowledged that the limited transferability of empirical
potentials might not allow one to accurately resolve and
correctly order competing configurations.'” Recent introduc-
tion of machine learning NN interatomic models fitted to DFT
data holds promise for a more accurate mapping of the
potential energy surface (PES).*™°! Unconstrained searches
based on NN have already been used to help identify ab initio
ground states for Au clusters of select sizes (N = 34, 58, and
147).>7°* Yet, there is a surprising paucity of studies that
compare classical interatomic description methods systemati-
cally and make a convincing case for choosing NNs over
traditional potentials in global structure searches.>

In this work, we have assessed the suitability of a typical NN
model and popular empirical potentials for locating global
minima on the DFT PES. We carried out extensive
evolutionary searches with our developed NN model, a
Gupta potential (GP), and an embedded atom model
(EAM) for Au clusters in the 30 < N < 80 range. We
employed a multitribe evolutionary algorithm introduced in
our recent study”” for an efficient simultaneous optimization of
the entire population of clusters in the chosen size range. With
our previous study’s focus on benchmarking NNs against the
GP for multiple chemical elements and their alloys, we ran
DFT calculations to test only the best member per
composition and size in the NN and GP pools.” In the
present study dedicated to a single metal, we have been able to
evaluate multiple metastable configurations for each Au cluster
size with the DFT. The examination involved (i) full DFT
relaxations of up to 60 candidate structures at the end of NN/
GP/EAM evolutionary runs for 30 < N < 80 or (ii) static DFT
evaluations of each NN-relaxed structure during NN evolu-
tionary runs for 37 < N < 41, N = 55, and N = 58. The
resulting combined set of Au configurations produced with the
help of the NN has matching or improved stability compared
to all previously reported structures with 30 < N < 80. In

particular, the ground state of bare neutral Ausg has been the
subject of long debate'””'""*"* because it differs from the
highly symmetric icosahedron adopted at this magic size by
many metals.”">”** A number of studies have concluded that
Augs has amorphous morphology.'”*****>*° Our searches
uncovered a new amorphous configuration that is more stable
at the DFT level than any other candidates for which full
structural information is available."”*" In addition to the Au
cluster stability analysis with different interaction description
methods at zero temperature, we compared the vibrational
entropy contributions to the free energy at elevated temper-
atures for select sizes with the DFT, NN, and GP.

B COMPUTATIONAL METHODS

Density Functional Theory. All DFT calculations were
performed with the Vienna ab initio simulation package
(VASP).®"% We used the Perdue—Burke—Ernzerhof (PBE)
exchange-correlation functional®* within the generalized
gradient approximation®® and the projector augmented wave
(PAW) potential with 11 valence electrons.’® All final static
calculations were carried out with the energy cutoff of 500 eV
to ensure good convergence of the relative energies and forces
with respect to the plane wave basis. As in our previous
study,” reference crystalline structures for NN training were
evaluated with dense (Ak ~ 0.04 A™') Monkhorst—Pack k-
point meshes®” and the Methfessel—Paxton 0.1 €V smearing.
The same smearing method was used in the I'-point simulation
of NPs placed in 25 A boxes. Optimization of NPs proceeded
until residual forces dropped below 0.06 eV/A.

Neural Network Model. The sampling of the config-
uration space and the fitting of the Au NN model was done
with our MAISE®® package and followed the procedure
described in our previous study on similar Cu, Pd, and Ag
metals.”> The first stage of structure database generation
involved short evolutionary runs of randomly initialized small
crystalline unit cells with 1—6 atoms.”” The purpose of this
approach is to sample parts of the configuration space typically
visited in unconstrained structure searches. We complemented
this bulk data set of 3000 structures with 385 compressed/
expanded close-packed structures and short-distance dimer/
square clusters to reduce the number of artificial minima.***’
A preliminary “bulk” NN trained on this data showed a good
performance for crystalline configurations. In order to improve
the model’s description of NP geometries, the second stage
involved evolutions of NP populations using the bulk NN
instead of DFT for short optimizations. We generated 160
cluster configurations for 16 equally spaced sizes in the 5—80
atom range. The resulting combined set comprised 3235
structures after discarding 10% of the highest energy data
points. The energy versus volume distribution is shown in
Figure S1.

Atomic environments within 7.5 A radius spheres were
converted into NN inputs with 51 Behler—Parinello symmetry
functions>® (the full set of parameters and functional form of
the symmetry functions are given in Tables S1 and S2). The
NN had 20 neurons with the hyperbolic tangent activation
function in two hidden layers, one output neuron with the
linear activation function, and three standard biases. The
resulting 51—10—10—1 NN had (51 + 1) X 10 + (10 + 1) X
10 + (10 + 1) = 641 adjustable parameters. We chose to use
this architecture because (i) it was shown to provide a good
balance between accuracy and efficiency in our previous
studies®™ and (i) it allowed us to compare the NN
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performance for related Cu, Pd, and Ag elements.”> The
weights were first tuned with the BEGS algorithm to 2,912
DEFT target energies for 40 000 minimization steps, and then to
the DFT energies and 21,621 force components for 50 000
steps. We also used the L, regularization with the 107° value,
but its effect was insignificant due to the large data to
parameter ratio. The test energy and force errors were 6.5
meV/atom and 37 meV/A respectively, consistent with our
previously reported values obtained for Cu, Pd, and Ag.55
Figure S2 gives the histograms of energy error distributions for
the bulk and cluster data. Additional tests of the trained NN
illustrated a reliable description of diverse environments. The
equation of state curves in Figure S3 show the NN’s capability
to resolve bulk structures with considerably different
coordinations. The low-index surface energies in fcc and bec
calculated with the bulk NN matched the DFT values to within
18%; the errors decreased further down to 10% after the
cluster geometries were included in the training set (see Figure
S4). Finally, Figure S5 shows a good correspondence between
the NN model and the DFT in the description of vacancy
formation energies in bcc, fcc, and hep to within 11%, 18%,
and 12%, respectively.

Empirical Models. The Gupta potential®”" is a popular
choice for modeling crystalline and nanosized materials with
predominantly metallic bonding.”*~"> Based on the second
moment tight-binding approximation,”” this potential has a
pairwise repulsive term defined by the A and p parameters and
a many-body attractive term defined by 7 and g, with ® as a
scaling factor:”"

N
Z ﬂle—q(ﬂ,/r(")—l)
i=1 | ji j#i (1)

N[ N ©
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Among several parametrizations fitted to experimental data
for Au, two have been used in recent studies of Au clusters.”**
By default, we used the set with A = 0.21 eV, 7 =1.818 eV, p =
10.35, g = 4.178, and 70 = 2,88 A.'%%8 We also tested the set
with A = 2.197 eV, 57 = 1.855 eV, p = 10.53, g = 4.30, and r* =
2.88 A.'7 Select structures were assessed with the SCP, which
had the € = 0.012793, a = 4.08, ¢ = 34.408, m = 8, and n = 10
parameters fitted to DFT data’’ No cutoff for nearest
neighbor distances was imposed in the NP simulations.
While the NN formalism, the GP, and the SCP are
implemented in MAISE, we relied on the LAMMPS package”®
to perform simulations with the EAM. The consideration of
EAM was important for the NN benchmarking because the
model has a more flexible functional form than the GP and was
fitted to DFT-PBE data.”” The full set of the EAM parameters
is given in Table S3.

Evolutionary Searches. Identification of most stable
configurations requires application of advanced search
methods even in the idealized case of free-standing elemental
NPs at zero temperature. The basin-hopping method,”®””
particle swarm optimization,”* dynamical lattice searching,®'
and evolutionary algorithms,*~** among others, have proven
to be efficient strategies for PES exploration but finding global
minima for modest-sized NPs with 50—100 atoms still involves
the consideration of 10*—10° structures.

In an effort to accelerate the search for ground states across a
range of NP sizes, we have recently developed, tested, and used
a multitribe variation of the evolutionary algorithm.”> The first
difference from typical implementations is the introduction of

new operations for generating and evolving the structures.
They include a Tetris-like creation of compact random
structures, a Rubik’s cube mutation, and a facet creation
mutation. The main departure from the standard evolutionary
algorithms is the periodic exchange of seeds among tribes of
neighboring sizes followed by periods of isolated single-tribe
evolutions. We argued that some morphologies, e.g.,
icosahedron shapes, tend to be stable over several sizes but
might be found much faster for certain sizes, e.g.,, for N = SS.
Therefore, sharing seeds across populations has the benefit of a
symbiotic coevolution and was shown to significantly improve
the global search efficiency.>

In the multitribe evolutionary searches based on the NN,
GP, or EAM for 30 < N < 80 Au clusters, populations of 100
members per size were created randomly with the Tetris-based
procedure. The tribes were then evolved for 10 generations in
isolation with an assortment of different operations.> Two
crossover operations (based on planar or spherical cuts)
produced 20 offspring and five mutation operations (Rubik’s
cube rotation, reflection, inversion, facet creation, and
distortion) generated SO child structures. The remaining 30
offspring were picked randomly from a pool of 51 seed
structures and some surface atoms were optionally redis-
tributed. The pools were updated every 10 generations and
contained lowest-energy configurations from the current tribe
(19 seeds) and from 8 tribes of neighboring sizes (32 seeds).
The multitribe evolutionary runs totaled 400 generations for
the GP- or EAM-based searches and 250 generations for the
NN-based searches. Figure S7 shows the average energy drop
of the ground state across all sizes per every tenth generation.
The results indicate that the frequency and the magnitude of
the energy gains become insignificant after about 200
generations.

Select 37 < N < 41 sizes were explored further with a
multitribe search based on a combination of the NN and DFT
methods. In this case, candidate structures were fully relaxed
with the NN model but their stability (fitness) was evaluated
with a static DFT calculation at medium accuracy. This
adjustment makes the otherwise Lamarckian evolution partly
Darwinian and helps steer the population toward low-energy
regions of the DFT PES. Due to a roughly 10-fold increased
cost of this hybrid NN+DFT approach, which remains about 2
orders of magnitude lower than the cost of pure DFT searches
for clusters of such sizes, we limited the runs to 360
generations of 50 members. For comparison, we also
investigated N = S5 and 58 with a single-tribe NN+DFT
evolutionary search.

Selection of Candidate Structures. Coarse-graining
complex PES’s leads to inevitable mismatches in the number,
location, and ordering of competing minima. With the
expectation that the true global minimum is at least a local
minimum visited in the exploration of low-energy regions of
the approximated PES, select configurations are commonly
reoptimized with more accurate DFT-level methods.'”> The
choice of relevant candidate NP structures is not straightfor-
ward because of the large number of similar-energy local
minima corresponding to minor variations in the positions of
surface atoms. In order to reduce the number of structures
from the same basin, we imposed a 0.98 cutoff on their
similarity, calculated as a scalar product between two structures
based on the radial distribution function (RDF).%¢

Figure 1 illustrates the distribution and reordering of
energies in the NN and GP pools, which included lowest-
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Figure 1. Relative energies of 60 best 55-atom clusters found with
NN- and GP-based evolutionary searches and chosen with the 0.98
similarity cutoff as described in the main text. The zero level is set to
the DFT energy of the best structure reoptimized at the DFT level.
The leftmost box displays NN energies, while all other sets are DFT
energies. The GP energies cannot be compared directly with the DFT
and are not shown.

energy structures with no more than 0.98 similarity. For the
NN set of 60 55-atom configurations, the NN energy range of
2.2 meV/atom expanded to 8.8 meV/atom once the clusters
were evaluated at the DFT level. The size of the energy
dispersion and the degree of reordering are consistent with the
NN’s 6.5 meV/atom accuracy and demonstrate why a large
number of candidate structures should be examined. However,
subsequent structural reoptimization with DFT had a minor
effect on the energy range and the candidates’ ranking. Figure
2 shows that the DFT-level relaxation disperses the energies of
NN local minima for all sizes by a comparable 15 meV/atom.
On the basis of these observations, the number of viable
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Figure 2. Histogram of energy gains in the DFT reoptimization of Au
clusters found in global searches with the NN, GP, and EAM using
the pool of § structures from each search. The inset is a schematic
illustration of typical DFT energy differences between starting
configurations relaxed with the NN or GP and final configurations
relaxed with the DFT. The magenta data set represents the pool of 60
structures from the NN search.

30091

candidates needed to be reoptimized at the DFT level could be
reduced with less expensive static DFT evaluations.

In contrast, the 3.4 meV/atom energy range for structures in
the GP pool expanded to 27.7 meV/atom at the DFT level and
showed a high degree or reordering in subsequent DFT
reoptimization runs. Results in Figure 2 indicate that both GP
and EAM minima are far away from the corresponding DFT
minima. Therefore, many more structures in the GP/EAM
pools would need to be relaxed with DFT to determine ab
initio ground states. Since the EAM and NN were fitted to the
same flavor of the DFT, the difference in the performance
between the traditional potentials and the NN can be
attributed to the functional forms rather than the training
data. As detailed in the Results and Discussion, the
benchmarking of the three classical potentials across all NP
sizes was done with S dissimilar lowest-energy structures from
each pool. In select cases, up to 60 candidate configurations
were examined at the DFT level.

Thermal Corrections. Evaluation of vibrational entropy
corrections to the free energy at elevated temperatures for
select structures was done with the PHON package.”” We
chose the finite displacement method because it can be used
for both the DFT and classical potential levels of interaction
description. We found that the 0.1 A displacement provided
well converged phonon density of states results.

Morphology Classification. Identification of point group
symmetry for relevant structures was done with the SYMMOL
package using a 0.01 A tolerance.*® To check whether the fully
optimized clusters represented slightly distorted versions of
more symmetric motifs, we repeated the analysis with a much
higher tolerance of 0.7 A and found that only 2 out of 204
considered structures gained additional symmetries. Catego-
rization of atoms into core or surface types based on their local
environments provides useful information about the morphol-
ogy of small clusters. We relied on the centrosymmetry analysis
implemented in the OVITO software®””° and classified atoms
as core if they had the centrosymmetry parameter below 17 A*
considering 12 nearest neighbors.

B RESULTS AND DISCUSSION

Searches with Different Interatomic Potentials. We
started the investigation of Au stable motifs with GP-based
multitribe evolutionary searches. The global optimization of 30
< N < 80 clusters allowed us to systematically test the
performance of our approach against the dynamic lattice
searching method.'"® We observed that the most stable
structures found within 400 generations had either matching
or lower GP energies compared to the previously published
putative ground states.'® The five improved sizes of N = 50, 60,
61, 74, and 79 were up to 1.1 meV/atom more stable at the GP
level. For evaluation of different GP parametrizations, we
reoptimized the best structures reported in two previous
studies'”'® with VASP. The set from the more recent study’’
was found to have lower DFT energies by 1.7 meV/atom on
average, with the majority of the relative energies within 1
meV/atom.

Having obtained further supporting data on the reliability of
the coevolutionary algorithm, we carried out ground state
searches with the EAM and the NN for 400 and 250
generations, respectively. The runs with the three classical
models produced between 1000 and 3000 nonidentical
metastable structures within 10 meV/atom above the ground
state for some sizes. Using the selection procedure described in

DOI: 10.1021/acs.jpcc.9b08517
J. Phys. Chem. C 2019, 123, 30088—30098


http://dx.doi.org/10.1021/acs.jpcc.9b08517

The Journal of Physical Chemistry C

Selection of Candidate Structures, we collected five lowest-
energy structures per size for each interatomic potential and
reoptimized the combined set of 765 configurations with the
DFT to determine which classical description provided the
closest mapping of the DFT PES.

Figure 3 shows the lowest DFT energies in each five-
structure set (half-filled symbols) referenced to the GP-pool
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Figure 3. Relative stability of DFT-optimized structures selected from
our GP, EAM, and NN pools (circles) or previous studies (other
shapes). The semifilled (solid) circles correspond to sets with 5 (60)
members. The half-red half-black circles show the energies for best 37
< N £ 41, N = 55, and N = 58 configurations obtained with the
hybrid NN+DFT search. The triangle, inverted triangle, and hollow
diamond denote clusters with lowest DFT energies proposed by
Piotrowski et al.,”! Schebarchov et al,’” and Jiang and Walter,>*
respectively. Values for each cluster size are referenced to the lowest
DFT energy in the corresponding GP five-member set.

values. The results reveal that practically none of the starting
configurations from the three GP, EAM, and NN pools
converged to the same lowest-energy DFT minima, with the
exception of N = 36, 52, 77, and 78 for the traditional
potentials. To quantify the overall agreement between the
DEFT and classical representations of the PES, we averaged the
differences between the best-of-5 DFT energies over all sizes
for the three models. On average, the DFT minima originating
from the EAM (GP) structures were found to be 22.8 (13.2)
meV/atom higher in energy compared to those from the NN
set. For the 51 considered sizes, 3, 2, and 46 lowest DFT
minima were obtained from the GP, EAM, and NN sets,
respectively.

The findings presented in Figures 1—3 illustrate clear
advantages of the NN over the considered traditional
potentials to guide ab initio ground state searches. We
extracted S5 more metastable configurations per size from
the NN pool for further DFT analysis. Compared to the five-
member subsets, the consideration of additional candidates
improved the cluster stability for 42 out of S1 sizes and
lowered the average energy of the resulting DFT minima by
4.5 meV/atom. As in the case of the 55-atom clusters discussed
in the Introduction, the NN energies in the 60-member pools
dispersed by only 2—6 meV/atom for each size. Considering
that the NN energy ranges remained smaller than the NN
error, it is not surprising that the putative DFT ground states
were found to be deep in the collected populations for most

cluster sizes. For a more reliable identification of ab initio
global minima, the number of selected candidates should be
increased further to ensure that the NN energy range
noticeably exceeds the model’s typical errors. Since the density
of metastable states tends to grow with energy, the pools may
become too large for DFT evaluations. These arguments
highlight the importance of using classical models with low
energy and force errors to reduce the number of candidates
and the length of relaxations. For comparison, we expanded the
GP sets to 60 configurations for five select sizes of 38, 46, 55,
58, and 72. The best DFT minima derived from these
configurations dropped by 9.3 meV/atom in energy on average
but remained above the NN-based DFT minima (see Figure
3). Images of best NN and DFT minima for each size are
assembled in Tables S4 and SS.

The results of the additional NN+DFT multitribe
optimization for 37 < N < 41 and the single-tribe searches
for N = 55 and 58 demonstrate the remaining limitations of the
empirical and machine learning models. The course correction
in the exploration of the PES accomplished with regular DFT
evaluations of NN-relaxed structures helped the populations
locate noticeably better DFT minima in six of the seven
considered cases. Subsequent high-accuracy DFT relaxations of
the five best candidates showed very little variation in the
energy gain, which kept the lowest-energy candidates best for
four out of the seven considered sizes. The resulting putative
ground states turned out to be 0.3 to 11.0 meV/atom more
stable compared to the corresponding NN-based structures
(see Figure 3 and Table 1). We note that the use of the NN

Table 1. Putative Ground States Found in the Hybrid NN
+DFT Evolutionary Searches”

size point group core atoms AE (meV/atom)
37 C. 3 ~13
38 C, 3 -9.0
39 C 3 -6
40 C, 3 ~106
41 G 4 ~11.0
55 c, 8 ~03
58 C. 11 0.0

“DFT energy differences AE represent the improvements over the
best structures from our NN-based searches.

model in these hybrid searches was crucial because the GP/
EAM-relaxed structures are too far away from the correspond-
ing DFT minima to give an accurate assessment of the DFT
minima energies.

Comparison of Previous and Proposed Structures. In
order to assess the soundness of the NN-guided predictions,
we checked our putative ground states against previously
proposed structures. The use of the same PAW-PBE
approximation in the relevant published studies on Au
clusters' >3 gimplified the comparison. We did test
the sensitivity of the results to other DFT settings, such as the
energy cutoft and the box size, by performing calculations with
both “reference” and “current” parameters specified in Table 2.

The ground state morphology of Auj, proposed by
Johanssen et al.** and shown in Figure 4 is a fitting illustration
of the noble metal’s unusual preference for directional
bonding. Our evaluation of 60 competing structures from the
NN pool supports the view that the 32-atom fullerene has the
lowest DFT energy. At the NN level, the hollow structure was
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Table 2. Relative Energies (AE) in meV/atom of our Putative Ground States Referenced to Previously Reported Structures”

point interaction

size group study description search method

32 I, Johannsen et al.*’ DFT predefined
structure

34 C, Chiriki et al.>> NN and DFT basin-hopping

38 G, Jiang and Walter™® DFT basin-hopping

40 C, Jiang and Walter®® DFT basin-hopping

SS C, Piotrowski et al.”' DFT predefined
structures

SS C, Schebarchov et al."” GP and DFT basin-hopping

58 C, Chiriki et al.>” NN and DFT  basin-hopping

S8 C, Ouyang et al.*® NN and DFT basin-hopping

reference DFT AE (meV/atom) AE (meV/atom)

settings reference DFT current DFT
not specified 0.0 0.0
250 eV and 25 A -0.1 -0.1
not specified -2.6 -2.6
not specified 0.0 0.0
240 eV and 22 A =35 -3.6
544 eV and 29 A -10.9 -10.9
250 eV and 25 A -29 -02
500 eV and 25 A 0.0 0.0

“Energy evaluations were performed using two sets of plane wave cutoff energy and box size: one set to match the settings used in the
corresponding published study and another at our settings of 500 eV cutoff and 25 A box size. For N = 32 and 40, we reproduced previously
proposed ground states. For N = 58, we found a new structure with virtually identical energy IAEl < 0.02 meV/atom compared to the best known

one.

ranked ninth in the pool and ended up 2.0 meV/atom above a
more conventional compact configuration. At the GP level, the
fullerene is unstable by 122 meV/atom above the perceived
GP ground state. It is evidently kept from collapsing by the
structure’s high symmetry because less symmetric “bubbles”
with 30—32 atoms that represent local minima on the DFT
and NN PES readily transformed into dense clusters upon
local relaxation with the GP. We repeated the reoptimizations
with the SCP fitted to DFT data and observed a similarly large
energy gap of 127 meV/atom between the fullerene and the
GP ground state. The finding is consistent with our
observation that these potentials considerably overestimate
vacancy formation energies (Figure S5). We performed
additional tests to evaluate energies required to remove
atoms from small 1D-3D clusters (Figure S6). We observed
that the GP and EAM overestimate the energies by 54% to
85% compared to the DFT, while the NN generally agrees with
the DFT to within 14%. This test case illustrates again that
traditional potentials with different but fixed functional forms
display common limitations with little dependence on the
reference data used to fit the few adjustable parameters.

The search for Au ground states with 34 atoms by Chiriki et
al. serves as a good reference because the authors also relied on
a NN model and examined the resulting configurations with
the DFT.” They evaluated several low-lying Aus, isomers with
2—4 atom cores found with the basin-hopping method. The
previously reported and our lowest-energy structures differ
only in the orientation of the three-atom core unit. Our
putative ground state has a mirror plane symmetry, and each
core atom resides near the bottom of a pentagonal pyramid.
This placement of the core triangle has a small but
reproducible favorability of about 0.1 meV/atom at different
DFT settings (Table 2).

Unconstrained optimization of Ausg and Auy, directly with
the DFT allowed Jiang and Walter’® to uncover interesting
stable morphologies shown in Figure 4. For size 40, the
authors identified related 3- (Jia40b) and 4-core (Jia40a) chiral
pyramid configurations and determined the latter to be more
stable by 3.8 meV/atom. Our 37 < N < 41 searches produced
both structures but our DFT calculations favored the three-
core allotrope by 0.6 meV/atom (see Figure 3 and Table 1).
These configurations can be derived from a perfect 41-atom
pyramid with a triangular base by removing the top atom from
the 4-atom core or an atom from one of the three corners. In
fact, our examination of the motif propagation in the multitribe
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search revealed that the 41-atom ground state was determined
first and then the seed exchange operation generated
competitive derivatives for the smaller sizes. The 40-atom
pyramids, especially the one with the 3-atom core, were not
favored by any of the considered classical models. Namely,
Jia40b was 20.0, 33.2, and 57.7 meV/atom less stable than the
corresponding NN, GP, and EAM ground states evaluated with
the respective classical models. The only reason the structure
was somewhat competitive in the GP and EAM treatments is
because the pyramid caved in to fill the void above the three-
atom core unit. Compared to the previously proposed Ausg
with a four-atom core,”® we found a more stable configuration
(by 1.5 meV/atom) ranked 133rd in our extended NN pool
and an even more favorable (by 2.6 meV/atom) three-atom
core configuration in the NN+DFT search after DFT
reoptimizations.

For size 55, Piotrowski et al.>' used 25—40 existing atomic
configuration templates and found a structure with C,; point
group symmetry to have the lowest DFT energy, evaluated
with a plane wave cutoff of 240 eV and a box size of 22 A.
Ranked fifth in our NN pool and 0.7 meV/atom above the NN
ground state, a different C; structure had a noticeably lower
DFT energy of ~3.2 meV/atom with either choice of the DFT
settings. Schebarchov et al. specified 16 best GP-based minima
and determined a C; structure among them to have the lowest
energy at the DFT level. Compared to our proposed C;
configuration, the SchSS isomer is unstable by 10.5 meV/
atom. As shown in Figures 1 and 3, the extension of the GP
pool to 60 configurations allowed us to reduce the gap down to
4.6 meV/atom. Our separate NN+DFT evolutionary run
uncovered an even more favorable amorphous structure, 0.3
meV/atom below the lowest-energy cluster in the NN pool.

For Augs, NN-based basin-hopping searches have been
carried out by two groups.”>”* Interestingly, the two previous
and our current studies produced three different competing
DFT minima within ~0.1 meV/atom from each other.” By
inspecting the full set of metastable structures we found that
neither ChiS8 (C,) nor OuyS8 (C,) was encountered in our
NN search, which converged to NNS8 (C,). This result
illustrates the difficulty of establishing the specific most stable
shape for even modest-sized clusters with amorphous
morphology. The best DFT minimum in the GP pool of 60
candidates remained 1.3 meV/atom above NNS8, while the
NN+DFT run converged to the same NNS8 structure.
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Figure 4. Illustration of core (yellow) and shell (blue) atoms in low-
energy Au clusters. Putative ground states found in our NN and NN
+DFT searches are denoted as NN and NN, respectively. The
previously proposed low-energy structures are labeled using the first
author’s name as follows: Joh32,* Chi34 and Chi58,>” Jia38, Jia40a,
and ]iaA—Ob,38 Pio55,>' Schss,'” and OuySS.53 Our NN searches
reproduced the Joh32 hollow fullerene, and our NN+DFT searches
identified both Jia40a and Jia40b pyramids.

Thermal Corrections. Analysis of NP structure stability in
realistic conditions must involve a proper evaluation of the
Gibbs free energy. Studies of Au NP stability at elevated
temperatures have included Monte Carlo sam_})ling at the SCP
level”' molecular dynamics with the GP,"" and harmonic
superposition analysis with the GP."” Results in our previous
sections indicate that the traditional potentials have large
errors for relative energies, which affects the estimates of the
configurational entropy through the Boltzmann factors. The
purpose of the following tests is to show how the vibrational
entropy corrections are described with the classical potentials
and the DFT.

Figure 5 summarizes the relative free energy corrections due
to the vibrational entropy for select Au clusters evaluated with
different interaction methods. For each considered size, we
calculated relative vibrational entropy contributions as a

Chi34 Pio55

Sch55

Bl
I
R
% 0
)
57
21[——DFT|||
—.—NN
.3_+GP
4
0 300 600 O 300 600 O 300 600 O 300 600 O 300 600

T(K)

Figure S. Thermal correction to the energies of NN-acquired putative
ground states of various sizes relative to other published structures.
Structure notation follows the abbreviations given in Figure 4.

function of temperature for known and our Au configurations.
The negative values signify additional stabilization of our
proposed structures, which happens for the Pio55 and NN55
pair in the DFT/NN treatment. The positive DFT corrections
for the Chi34 and NN34 and Sch55 and NNSS5 pairs do not
make our proposed structures unstable in the considered
temperature range because at T = 0 K NN34 and NNSS were
lower in energy by 6.3 and 10.5 meV/atom, respectively. For
Augg, the corrections break the degeneracy of DFT energies by
less than 0.5 meV/atom at a typical synthesis temperature of
300 K”>7 in favor of Chi58 and Ouy58. When averaged over
all considered structures, the NN (GP) agreed with the DFT
values to within 0.6 (2.5) meV/atom at this temperature.

These findings illustrate that while the calculated relative
vibrational entropy corrections appear to be a minor factor at
room temperature, not exceeding 1.5 meV/atom at the DFT
level, they can be misevaluated significantly with traditional
potentials. With the exception of N = 34, the GP was in
quantitative (N = 58) or qualitative (N = S55) disagreement
with the DFT. The NN correctly predicted the sign of the
corrections and described the magnitude within a factor of
about 2 relative to the DFT results. The test set was fairly small
due to the high cost of the DFT phonon calculations, but it
supports the use of the NN models over the GP for modeling
of NP stability at finite temperatures.

Stability and Morphology Comparison. Figure 6
compares the relative stability and morphology of Au
structures favored in the NN and DFT treatments. The top
panel illustrates the NN energy differences between the
putative NN and DFT ground states. This information helps
estimate the minimum NN energy range in which metastable
structures need to be examined to find stable DFT
configurations. The bottom panel shows significantly higher
energy differences after the corresponding configurations were
relaxed and compared at the DFT level (note the factor of §
difference in the y-axis scale). Except for 30 < N < 32, the level
of agreement between the NN and DFT values is consistent
with the NN accuracy (note that the error doubles in the
calculation of relative energies). As discussed in the previous
sections, the discrepancy for the smallest considered clusters
originates from the underestimation of the hollow motif
stability in all classical descriptions examined in this study.
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Figure 6. Relative stability of clusters found in the NN-based searches to have the lowest NN energy and the lowest DFT energy in the pool of 60.
The structures were optimized at the NN (top) or DFT (bottom) level. The symbol colors specify the family of the point group symmetry: cyclic
(red), dihedral (green), tetrahedral (cyan), icosahedral (magenta), and nonsymmetric (black). The number near each data point specifies the
number of core atoms in the cluster. The Auj, NN ground state was found to be disfavored by 56 meV/atom at the DFT level.

Overall, it is satisfying to observe that neither the symmetry
nor the number of core atoms changed during the NN
reoptimization (the nonzero-energy points in the top panel) of
the DFT best clusters (the zero-energy points in the bottom
panel) or vice versa. The NN model exhibited a higher
tendency to favor symmetric structures (for 24 out of 51 sizes)
compared to the DFT (for 14 out of 51 sizes). Starting with N
= 34, the number of core atoms was found to be either the
same for 31 sizes or different by only one.

B CONCLUSION

The primary aim of this study was to establish whether
interatomic models based on NN offer appreciable advantages
over traditional potentials in guiding the search for ab initio
ground states. We carried out multitribe evolutionary searches
with our NN, a GP, and an EAM to create pools of potential
global minima for neutral Auy clusters with 30 < N < 80. By
examining the five best configurations per size from each pool,
we determined that the NN structures were more stable at the
DFT level in 90% of cases and were favored by more than 10
meV/atom for 59% of the considered sizes (Figure 3). For five
select cluster sizes, we also compared the energies of best DFT
minima from extended 60-member NN and GP pools and
found the NN-based minima to be more stable.

One of the GP/EAM limitations for describing small Au
clusters was traced to the traditional potentials’ overestimation
of vacancy formation energies (Figures S5 and S6) and,
consequently, an overstabilization of compact structures over
cage morphologies favored in the DFT. The considerable
relaxation and reordering of GP/EAM-optimized configura-
tions at the DFT level (Figures 1 and 2) make the list of viable
ab initio ground state candidates unmanageably long. The
considered NN pools contained minima with matching or
lower DFT energies compared to all previously reported 30 <
N < 80 Au structures found with the help of classical
potentials. Our examination of the vibrational entropy
corrections to relative free energies demonstrated a similarly
better performance of the NN, as the GP was found to be in a
qualitative disagreement with the DFT in some cases. The
findings illustrate the importance of developing and using
interaction models that can accurately describe high-temper-
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ature effects in computationally demanding simulations of
nanosized systems.

Despite the encouragingly better mapping of the DFT PES
achieved with the NN model, the typical accuracy of 6.5 meV/
atom for energies and 37 meV/A for forces has been shown
here to be not yet sufficient to reliably resolve the ground state
morphologies in the vast configuration space of cluster
geometries. For example, the most stable Aujy and Au
shapes determined previously with global DFT searches
proved to be considerably more stable than any of the 60
candidates obtained in our NN-based searches. The reliability
can be improved by extending the pool size, as we found a
more stable Auyg configuration among 133 best NN structures.
Moreover, a NN+DFT optimization performed at a fraction of
a full DFT search cost reproduced the most stable 40-atom
pyramid and uncovered a Ausg structure with energy lower b
2.6 meV/atom. For the widely studied neutral Augg, >"***>”
both NN and NN+DFT searches identified structures more
stable than any other candidates for which full structural
information is available: our putative ground state is favored by
10.9 meV/atom compared to structures found previously with
the GP,"” by 4.9 meV/atom over the best structure in our GP
60-member pool, and by 3.6 meV/atom relative to the
configuration identified directly with the DFT.”!

A previous comparison of SCP parametrizations,”” our
benchmarking of a GP against different DFT flavors,>® and the
present consideration of the GP and EAM fitted to
experimental and DFT data, respectively, indicate that the
disagreement between these classical potentials and the DFT
results predominantly from the use of rigid functional forms
rather than the choice of the training data. With the continuing
progress in the development of flexible machine learning
interatomic models,”® these new-generation interaction
description methods present an attractive alternative to the
traditional potentials to accelerate the search for stable
materials.
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