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The planar to three dimensional transition of Au13−nAgn clusters is investigated. To do so the low lying energy configurations

for all possible concentrations (n values), are evaluated. Many thousand of possible conformations are examined. They are

generated using the procedure by Rogan et al.1 in combination with the semi-empirical Gupta potential.2,3 A large fraction of

these (the low lying energy ones) are minimized by means of Density Functional Theory (DFT) calculations. We employ the Tao,

Perdew, Staroverov, and Scuseria (TPSS) meta-GGA functional and the Perdew, Burke and Ernzerhof (PBE) GGA functional,

and compare their results. The effect of spin-orbit coupling is studied as well as the s-d hybridization. As usual in this context

the results are functional-dependent. However, both functionals lead to agreement as far as trends are concerned, yielding just

two relevant motifs, but their results differ quantitatively.

1 Introduction

The planar to volumetric (or 2D ↔ 3D) transition of nanoclus-

ters has attracted significant interest for a long time.4–6 How-

ever, during the last few years several authors reexamined the

problem to correct and clarify the question using recently de-

veloped, and more powerful, techniques.7–12 The reexamina-

tion of this issue derives from the circumstance that for neutral

gold clusters there is little experimental information, and the-

oretical results on the 2D ↔ 3D transition do not agree; and

in fact, they are in rather strong disagreement,8 and seem to

depend on the functional that is used.

The interest in small gold clusters is driven by the close in-

terplay between their physical and chemical properties, and

the technological implications they have for catalysis,13 opti-

cal activity,14 and medical applications,15 among others. The

basic properties and potential applications are strongly deter-

mined by the 2D or 3D character of the conformation. The

problem is also relevant since in nanosystems the s-p-d hy-

bridization, as well as the 5d shell bonding, become important

elements in the understanding of the chemistry of pure and

alloyed Au clusters. All in all, since bulk Au is a 6s proto-

type for a quasi-free electron system, the difference between

nanocluster and bulk electronic properties is relevant from a

basic point of view, and may constitute a key ingredient for
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applications at the nanoscopic level.

Once pristine gold nanoclusters were reasonably well in-

vestigated the question arose of how alloying, mainly with

coinage metals, modifies the pure Au results. Most work has

focused on dilute doping of the Au clusters, as done by Dong

et al.16 who added a single Mn atom to AuN clusters, for

1 ≤ N ≤ 8, finding that all the ground states and the low lying

excitations are planar, and that Mn atoms in the groundstate

of the AunMn isomers tend to occupy the most highly coordi-

nated position. Wang et al.17 investigated 2D to 3D structural

transitions in gold cluster anions, due to isoelectronic substi-

tution of a single Ag or Cu atom in AuN , for N = 8 − 11.

Later on Pal et al.18 extended this pursuit to Aun anions with

N = 12−14, also doped with a single Ag or Cu atom. Heiles

et al.12 studied AunAg8−n over the whole composition range,

by means of a genetic algorithm coupled with density func-

tional theory calculations. It is interesting to notice that they

obtained basically only two distinct conformations, one pla-

nar and one fully 3D, for all the putative ground states over

the whole range of compositions. Hong et al.19 investigated

AumAgn (5≤m+n≤ 12) binary clusters, using a genetic algo-

rithm search in combination with first-principle calculations.

They analyzed the effects of size and composition, and estab-

lished the critical gold silver ratios for the 2D↔3D transition.

Their ground state conformations for Au remained planar up

to their maximum of 12, while Ag clusters adopted 3D struc-

tures for N ≥ 7. Tafoughalt and Samah20 performed a detailed

DFT study of the AunAg8−n system, and more recently9 also

of the AgAuN−1 system for 3 ≤ N ≤ 13. Kuang et al.21 car-

ried out an all-electron scalar relativistic calculation of AuNAg

(N = 1 - 12) clusters, which limited its scope to the doping of

the Au cluster with a single Ag atom. Recently Barron et al.10
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using DFT computed both the structural and electronic prop-

erties of 13-atom AgAu nanoalloys, but limited their interest

to 3D configurations.

Here we report on the structural and electronic properties

of the putative ground states, and low lying excited states, for

all possible n values, of Au13−nAgn clusters. We compute the

binding energy, the energies of the ground state and of the

first two excited conformations, and their corresponding elec-

tronic structure. We conclude that only few essentially dif-

ferent types of geometries are relevant to describe all the low

lying energy conformations of these clusters.

2 Method

To obtain the groundstate conformation of a binary nanoclus-

ter is a rather formidable task. In fact, on the basis of a

Lennard-Jones potential, Wales and Doye22 estimated the

number of local minima of a pristine 55 atom cluster to be

∼ 1021, while Rogan et al.1 estimated it at ∼ 1022. However,

when different species are combined, in order to create an al-

loy cluster, the number of different atomic arrangements that

the cluster can adopt increases very significantly because of

the many ways the atoms can be spatially distributed.1

If the problem of finding the groundstate of a pure cluster

with more than ∼ 7 atoms is a truly challenging problem, and

constitutes an open topic of current research;1,22–25 the prob-

lem of dilute alloys (i.e. very low concentration of one of the

atomic species) is way harder, since there is an extra degree of

freedom: all the different species permutations that are con-

sistent with a given geometry (homotops). For nanoclusters

the number of homotops increases as the combinatorial of the

total number of atoms (in our case N = 13) and the particu-

lar element, namely N!/(n!(N − n)!) with 1 < n < N, which

makes the computations extremely demanding. Consequently,

the exploration of all the local minima becomes a prohibitive

effort, and alternative approaches have to be implemented.

We employed a diversity-based approach, that is, we di-

vided the problem into two parts: i) the generation of a struc-

ture bank of different putative minimal energy nanocluster

structures; and ii) a DFT search for the putative groundstate,

and the conformations of low lying energies. Since our find-

ings do not completely agree with some previous work, an

extensive search is well justified and particularly important.

The full details of our search strategy can be found in Ap-

pendix 4.1.

To generate the structure banks we employed a classical po-

tential. However, we generated both 3D and 2D conforma-

tions. To obtain the latter we added geometrical constraints

to force the generation of planar seeds. To insure diversity

within the structure bank we used the distance between dif-

ferent clusters, as formulated by Grigoryan et al.,26,27 as an

additional criterion.

A rough ab-initio optimization was applied to each seed

in the structure bank (about 1.000 seeds for each stoichiom-

etry), followed by an accurate DFT optimization (detailed

in Appendix 4.2), that was performed on 30 selected seeds

and several of their homotops (again, for each stoichiome-

try). For the all the DFT computations the VASP package was

employed. We performed this latter optimization using the

TPSS28 metaGGA and PBE29 functionals for the exchange-

correlation term (XC). The PBE functional has been exten-

sively employed in studies of coinage metal clusters, due to its

simplicity and its degree of success when compared to exper-

iments.17,18,30 However, PBE suffers from several drawbacks,

like overestimating the stability of neutral 2D Au clusters; in

fact, it predicts a planar groundstate for Au13 clusters. In con-

trast, the TPSS functional is known to yield accurate results.

For instance, according to Götz et al.11 the error in the eval-

uation of the Au dimer bond length, as compared with ex-

perimental data, is ∼ 0.8% for TPSS, while it is ∼ 2.1% for

PBE. Götze found that the performance of this functional was

very close to the wavefunction-method coupled cluster sin-

gles, doubles plus perturbative triples [CCSD(T)], giving the

correct ordering of the different isomers. Similarly, Johansson

et al.8 found a very good performance of TPSS, compared to

RPA (random-phase approximation). An extra bonus is that

the use of the two functionals allows to compare the extent to

which the results depend on the XC that is implemented.

3 Results

3.1 2D and 3D energetics

The binding energies of the most stable 2D and 3D struc-

tures, obtained by means of the procedure described above,

are illustrated in Fig. 1. The transition from 2D to 3D for

the Au13−nAgn clusters depends on the exchange correlation

functional employed and on relativistic effects. Without spin-

orbit coupling (SOC) the transition occurs at n = 1 for TPSS

and at n = 2 for PBE. Consequently, only the Au13 ground-

state should be planar for TPSS, while Au12Ag should still

be planar for PBE. But when the SOC interaction is included

there is a clear tendency towards a 3D groundstate, and there is

no planar groundstate for TPSS, while for PBE only the pris-

tine Au13 cluster remains planar. However the energy differ-

ence between the 2D and 3D groundstates (∆Eb) is quite small

for small n. For n = 0,1 (TPSS), and for 0 ≤ n ≤ 3 (PBE)

∆Eb/atom is smaller than the equivalent room temperature.

The behavior of the energy difference between both struc-

tures, ∆Eb, is quite independent of the XC functional, and for

small n it increases almost monotonically, but it is steeper for

TPSS. Thus ∆Eb reaches a maximum value at n = 9 where it
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stabilizes. Wang et al.17 experimentally found that in anionic

gold clusters a single Ag impurity shifts the 2D-3D transition

to a smaller size. Heiles et al.,12 when studying 8-atom Ag-Au

clusters, also found the transition for n = 2, however the to-

tal energy differences between the various concentrations they

reported are much larger (0.05− 0.10 eV), and despite of the

fact that they did not included SOC, their results are trustwor-

thy. Therefore, 2D clusters are -in principle- likely to be found

in experiments for low Ag concentrations, but other effects

may hinder their occurrence.31 It is worth remarking that for

neutral clusters the expected 2D-3D crossover is predicted, by

RPA and TPSS calculations,8 to occur for Au11.

Both panels of Fig. 1 show an interesting behavior, the

curves are almost ‘degenerate’ for n = 0 and n = 13. None of

these apparent crossings are accidental: for n = 0 the 2D and

3D conformations have almost the same energy, while SOC

largely increases the stability of the 2D and 3D clusters. For

n = 13 it is the opposite; the energy difference between 2D

and 3D cluster is quite large, but the SOC is small for pure Ag

clusters. Finally, there is a crossing at an intermediate region,

which does not have a trivial physical explanation, but it is

interesting that it happens at the transition from a mostly Au

to a mostly Ag motif, as is apparent when crossing from the

yellow to the light blue regions of Fig. 1.

3.2 Low energy conformations

A recurrent topic in the search of low energy cluster confor-

mations is the lack of trends. However, in the case at hand

the groundstate and their first higher energy isomer are re-

markable simple, regardless of the sophistication of the XC

functional employed, as illustrated in Fig. 2. It is quite appar-

ent that all the planar low lying conformations are quite sim-

ilar (and also for planar isomers in TPSS that are not shown),

which is plausible because of the limited available conforma-

tional space for the 2D configurations, as compared with the

3D arrangements.

Moreover, while there is a huge number of possible 3D con-

figurations, their groundstate conformations are few. In fact,

most 3D groundstates adopt just two different conformations,

and the lowest energy isomers are likely to be homotops of

the groundstate. The Au13 (TPSS) geometry (see Fig. 2 for

the labeling) or a slightly deformed version, correspond to the

groundstates adopted by Au12Ag to Au5Ag8 for TPSS, and

up to Au6Ag9 for PBE. Similarly, the geometry of Au6Ag7

(TPSS) corresponds to the minimum energy of the conforma-

tions adopted by clusters up to Au2Ag11 for both functionals.

It turns out that only in two cases the two functionals yield

important differences: i) for the pure and dilute Au-rich (Au13,

Au12Ag) and Ag-rich (Ag13, AuAg12) clusters, and ii) for the

transition between geometrically different motifs (Au5Ag8 to

Au6Ag7). However, in the latter case only two geometries,

Fig. 1 Binding energy (EB) of the most stable 2D and 3D

Au13−nAgn cluster for each concentration n. The upper (lower)

panel corresponds to the calculation with the TPSS (PBE) exchange

correlation functional. The continuous (dashed) lines are the results

with (without) including spin-orbit coupling (SOC). The

conformations that are illustrated correspond to the lowest energy

ones in the different regions (n values). Additional details are given

in Fig. 3.

and their deformations, are of interest.

Homotops of quite similar geometries populate the low-

lying energies. This means that -roughly speaking- two en-

ergy scales are present; one determined by the geometry itself

(the motif), and one due to the homotops. While the former

energy scale can have total energy differences that range from

zero to a few eV, the latter energy range is usually less than

0.1 eV. Such a behavior is apparent by inspection of Fig. 2

where more than two atoms of any of the elements are present;

i.e. when the homotops are more important, the total energy

difference between the groundstate and the first isomer is less

than 0.05 eV. Therefore, at least in our case, the search for

low-energy clusters can be decoupled into a search of geome-

tries followed by a ‘fine-tuning’ of the atomic arrangements.

However, the behavior of the two functionals yields different

results: while for PBE both energy scales are well-separated

(i.e: the actual decoration is not very important), for TPSS

they are closer and often mixed. Therefore, it is worth building

carefully the seed structure bank, to avoid ‘false negative’ re-

sults due to under-sampling. To validate our results we briefly

compare them with the literature. Johansson et al.8 studied
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Fig. 2 Most stable configurations, using the TPSS and PBE

exchange correlation. The number below each conformation is the

energy difference (in eV) relative to the respective groundstate in

each row (fixed n). Yellow (gray) spheres label Au (Ag) atoms.

neutral Au clusters of up to 13 atoms, using TPSS and other

methods, and we obtain the same putative groundstate and the

first higher energy isomer.

Several authors have studied theoretically pure Ag13 clus-

ters. Baishya et al.30 found all the structures reported here,

but with a different energy ordering. Jin et al.32 studied the

neutral, cationic, and anionic cases, and their results are sim-

ilar to ours (at the PBE level). Surprisingly, their minimal

energy structure of Ag−13 coincides with the neutral Au-rich

motif of our study. Harb et al.33 showed that the optical ab-

sorption spectra (experimental) of neutral Ag13 corresponds to

the same geometry that we report here. Yong et al.7 reported

a cage-like Ag7Au6 which bears similarities with, but is dif-

ferent to the structure that we propose. In fact, our motif is not

among their low-lying isomers. They used a structural search

based on the replacement of atoms of pure clusters, suggesting

the need to have a fairly diverse structure bank, as the one we

constructed here.

Kuang et al.21 found a planar groundstate for Au13 and

Au12Ag, using the Perdew-Wang functional, which overesti-

mates the stability of planar clusters much like PBE. Our result

using PBE thus agrees with theirs. Tafoughlat and Samah20

studied dilute AgAun clusters using the Wu-Cohen functional.

They found a 3D Au12Ag cluster that resembles our ground-

state. Barron et al.10 studied the complete series of 13 atom

AuAg clusters. However, they limited their attention to a few

motifs to obtain the minimum energy conformation, and con-

cluded that for this size clusters there is no segregation, a con-

clusion that agrees with the structures we report. Hong et al.19

studied AuAg nanoclusters of up to 12 atoms. They employed

PBE, and therefore their results are biased towards 2D motifs

for Au-rich clusters. While smaller, their structures strongly

resemble the motifs we obtained with PBE. Also, they found

a simple trend of two different geometries, and that the low

energy isomers are mostly due to the different homotops.

In a seminal paper Chen and Jonhston34 studied 13 atom

AuAg clusters, using a genetic algorithm in combination with

the Gupta potential. Due to the use of a classical potential

they found mostly icosahedral structures, which lie far above

in energy from most bi-planar structures.10 To be fair the Chen

and Jonhston results were published in 2007, and a DFT opti-

mization involving that many structures was prohibitive at that

time.

3.3 Electronic Structure

We now focus our attention on the electronic structure of the

configurations we obtained. Fig. 3 shows the Kohn-Sham en-

ergy eigenvalues for fixed 2D and 3D geometries, for all pos-

sible compositions (n values) of AunAg13−n. The aim of this

figure is to explain qualitatively some of the trends already

found, but neglecting the differences among homotops (we
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Fig. 3 Energy levels of 2D (upper panel) and 3D (lower panel)

Au13−nAgn clusters as a function of the number n of Ag atoms. The

darker the red (blue) the stronger the d (s) character. All the energies

are relative to EF , the HOMO/LUMO energy, since the HOMO and

LUMO levels are degenerate. The clusters are generated from the

two first geometries of the lower panel Fig. 1. The effects due to the

homotops are discussed later on.

will return to this point at the end of this section). The en-

ergy levels correspond to PBE calculations, which coincide

qualitatively with the TPSS functional results.

Since gold is non-magnetic and there is an odd number of

atoms, the HOMO and LUMO for all concentrations are de-

generate, and we choose it as the E = 0 level. For both 2D and

3D structures, and for most concentrations, the lowest energy

levels are s-like, followed by a large region of d-like levels,

as illustrated in Fig. 3. But 2D clusters display a large hy-

bridization of the lowest energy level with the d levels (actu-

ally with dz2). This sd character is due to relativistic effects

on the 6s states.6 These ‘free electron’ 6s-5d states are shifted

from above to below the 5d band. In fact, this is the behav-

ior found in bulk Au and weakens as the Ag concentration

increases, where these states are found mostly above the 5d

band.

An interesting feature is that the 5d band becomes broader

as the Au concentration increases. This is also due to a rel-

ativistic effect that removes the degeneracy of the d-orbitals.

The main effect of the spin-orbit coupling, when included, is

to enhance this splitting even further for a heavy element like

Au. Another interesting behavior of the 3D clusters is that this

lowest energy level increases its energy as the number of Ag

atoms grows from 4-5 to 8-9 (see Fig. 3).

Finally one may ask about the impact that the various homo-

tops have on the electronic structure. Fig. 4 shows the energy

levels for two extreme cases, a mostly Au and a mostly Ag

cluster, but when both clusters have the same geometry. It is

evident that the electronic structure is quite insensitive to the

atomic arrangement. However, changing the atomic species

(i.e.: the concentration) yields large energy level shifts. Also,

it is worth noticing that all these features (like the shift of the

5s band) are also present for the rest of the clusters we studied.

4 Conclusions

In this contribution we calculated structural and electronic

properties of Au13−nAgn for all values of n, focusing our in-

terest on the 2D↔3D crossover. We start creating a structure

bank of minima by means of phenomenological potentials,

which were refined by means of DFT. An additional homo-

top enrichment was generated using n−1 and n+1 low lying

energy structures, in order to reduce the bias in the search for

optimal low energy conformations. This way we obtained the

putative ground state conformations, and those of the low ly-

ing excited states, as well as the energies of their electronic

states.

We found that, using the TPSS functional with spin-orbit

coupling, the whole series does not have planar ground-

states. Without spin-orbit, only the Au13 groundstate is pla-

nar. For the PBE exchange-correlation term up to the Au13

and Au1Ag12 groundstate are planar, with and without spin-

orbit coupling. However, despite the fact that no planar con-

formations were found with TPSS+SOC, planar isomers up to

Au1Ag12 are energetically competitive (i.e.: the energy differ-

ence is smaller than room temperature).

Using TPSS, almost all the relevant conformations of the

alloyed clusters belong to just two variants, which are a Au-

rich phase up to n = 5, and a Ag-rich phase for n ≥ 6. This

is largely independent of the XC functional employed. Con-

versely, for the pure and dilute cases no trends are apparent,
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Fig. 4 Energy levels of Au12Ag and AuAg12 clusters for all their

nonequivalent homotops (labeled a-i). The color scale indicates its

character, reddish (bluish) correspond to d (s). All the values are

respect to the HOMO/LUMO energy, EF . The selected geometry,

based on which we construct the homotops, corresponds to the

Au6Ag7 groundstate that is illustrated in Fig. 2.

and the results of different functionals are in disagreement.

For most concentrations of the 2D and 3D structures the

lowest energy levels are s-like, followed by a large region of d-

like levels. However, for the 2D conformations there is a large

hybridization of the lowest energy level with the dz2 states,

due to relativistic effects on the 6s states. As the number of

Ag atoms grows the 5d band narrows (a relativistic effect),

and when the number of Ag atoms increases from ∼4 to ∼9

the energy of this level becomes larger.
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Appendix: Methods

4.1 Structure Bank generation

The structure bank of nanocluster conformations was gener-

ated using the procedure developed by Rogan et al.1, with the

semi-empirical Gupta potential.2,3 It is well-known that these

classical potentials fail to agree with DFT calculations, espe-

cially for 2D clusters.35 To overcome this problem we gener-

ated two independent structure banks for each Ag concentra-

tion (n value) by optimizing 107 random structures, using the

strategy developed by Rogan et al.1 The first structure bank

is constrained to include only planar conformations (i.e. only

2D structures), while on the second one no constraints are im-

posed, thus allowing for 3D clusters.

After this minimization process, we keep only the confor-

mations that are truly different, by sorting the minimized con-

figurations according to their energies, and discarding the ones

with the same energy. Next, we select ∼1000 planar config-

urations, and ∼9000 volumetric ones, maximizing the struc-

tural differences between each one of the 1000 (9000) config-

urations of the 2D (3D) structure bank. In order to do so we

use the Grigoryan et al. distance criterion,26,27 which defines

two N atom clusters, A and B, as the same if

DA,B =

(

2

N(N −1)

N(N−1)/2

∑
i=1

(

d
(A)
i −d

(B)
i

)2
)1/2

= 0 , (1)

where d
(A)
i is the sorted list of N(N − 1)/2 interatomic pair

distances of each cluster, without distinction of species. This

measure has the significant advantage of being translationally

and rotationally invariant.

By constraining the distance DA,B between any couple of

clusters A and B to be larger than a certain critical value Dc,

which depends on the set of structures in each structure bank,

we limit the number of structures in each bank to reach ∼1000

planar, and ∼9000 three dimensional ones. At the same time

we maximize the structural difference between them, reducing

the possibility that many configurations converge to the same

final structure in the subsequent DFT calculations.

The phenomenological Gupta potential is adjusted to fit the

cohesion energy of a particular bulk material.3 It is based on

the tight binding second moment approximation36 and has two

terms. An attractive many-body part
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Table 1 Parameters corresponding to the homonuclear Ag-Ag, and

Au-Au interactions on the Gupta potential.

Interaction A (eV) ξ (eV) p q r0 (Å)

Ag-Ag 0.1028 1.178 10.928 3.139 2.889

Au-Au 0.2061 1.790 10.229 4.036 2.884

E i
mb =

(

∑
j 6=i

ξ 2
(a,b) exp

{

−2q(a,b)

(

ri j

r0
(a,b)

−1

)})1/2

, (2)

and a repulsive Born-Mayer type repulsion, which insures sta-

bility, and is given by

E i
r = A(a,b) ∑

j 6=i

exp

(

−p(a,b)

(

ri j

r0
(a,b)

−1

))

. (3)

Here a and b label the elements; ri j is the distance between

atoms i and j; r0 is the nearest neighbor bulk interatomic dis-

tance; and A, ξ , p, and q are the parameters that are fitted to

bulk properties, namely the cohesive energy, the bulk mod-

ulus, and the vanishing of the energy gradient at r0, respec-

tively.

Finally, the system cohesive energy is given by

Ec = ∑
i

(E i
r −E i

mb) . (4)

The parameters corresponding to the homonuclear Ag-Ag,

and Au-Au,2 interactions are summarized in Table 1. The pa-

rameters for the heterogeneous Au-Ag interaction were con-

structed as the geometric mean of the respective homonuclear

parameters.

4.2 DFT optimization

The DFT optimization was performed using the VASP pack-

age,37–39 PAW-type pseudopotentials,40 and the so-called

PBE exchange-correlation.29 All the ∼10000 above men-

tioned selected seeds (2D and 3D), were optimized until each

atomic force became smaller than 0.05 eV/Å. An energy cut-

off of 200 eV was employed, which is sufficient to obtain a

rough estimate of the energy ordering for the seed geometries,

while keeping the computing time within reasonable limits.

Next, for each Ag concentration n of the Au13−nAgn sys-

tem, the 10 lowest energy geometries for n− 1,n,n+ 1 (30

in total) were selected as seeds for further exploration of the

different geometries; that is, a Ag atom was exchanged for

a Au one from the n− 1 structure bank of low energy con-

formations, to be employed as a seed. The inverse exchange

was carried out for the n+ 1 structure bank. Up to 30 homo-

tops were generated for each of the previous structures, that is

about 900 different clusters for every n value. Since now the

energy difference between the many structures can be quite

small, we employed a larger cutoff (250 eV), and a tighter con-

vergence criterion on the forces (0.01 eV/Å). Due to the short-

comings of PBE, at this step we also used the TPSS metaGGA

functional,28 which is recognized for its accuracy to describe

Au nanoparticles. Finally we turn-on the spin-orbit coupling,

since it is sizable for Au, as implemented by Koelling and

Harmon.41
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