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A comparative theoretical study has been performed on AumRhn (6 6 m + n 6 10) clusters in the gas
phase. The combined use of Density Functional Theory (DFT) calculations and the Mexican Enhanced
Genetic Algorithm (MEGA) has been employed to efficiently explore the potential energy surface. Our
results show interesting structural changes, such as the 2D-3D transformation on varying the Au:Rh com-
position. New structures of high stability are obtained when compared with either gold or rhodium pure
clusters. The results show that the cluster properties exhibit different kind of dependencies on both the
Au:Rh ratio and the cluster size.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Pure gold clusters have been intensively studied in recent years
due to their novel properties at the nanoscale [1–7]. It is known
that relativistic effects on the electrons in gold lead to the
hybridization of the 6s and 5d orbitals which generates several
interesting properties such as the well documented 2-
dimensionality of cluster structures up to 13 atoms [8–14]. Gold
clusters have been proposed for catalysis because of their high
reactivity, partly due to the high surface to volume ratio [15]. Rho-
dium clusters have also been studied by several groups in recent
years, [16–21] and have been found to possess large magnetic
moments, this phenomenon is not observed in the bulk.

The combination of two elements at the nanoscale offers the
opportunity not only to tune their already useful properties by
controlling their size and composition, but it also offers the oppor-
tunity to form nanoalloys. This has proved to be particularly useful
to obtain better candidates for catalysis. Such is the case of the
AuRh nano-alloy [22]. However, there have been only a few studies
on this particular system [22–28], despite the fact that both ele-
ments have been intensively used in an independent manner in
catalysis [15,29–35].

The aim of this study is to determine the structural size evolu-
tion of AumRhn bimetallic clusters for the sizes 6 6m + n 6 10,
such as the relation of their composition, to the observed 2D-3D
transition, the behavior of the magnetic moment and the relative
stability they exhibit. In Section 2 we briefly discuss the details
of the DFT method and the Genetic Algorithm used in this work.
Section 3 outlines the comparative study of the structural, elec-
tronic and magnetic properties for the clusters in the gas phase.
Finally, we present our results and discussion in Section 4.
2. Methodology

In this work, we used the Mexican Enhanced Genetic Algorithm
(MEGA) [36,37] for the search of the lowest energy isomers. This
program has its roots in the BPGA, [38–40] but it was redesigned
to improve its performance and functionality. Among other things,
a new generator of random structures was implemented, the use of
previous structures for the search was enabled, an error-proof cor-
rector for short distances between atoms was created, more muta-
tion types were included, but the most important was the
development of efficient population rules to keep the population
diversity as we detail below.

The structural minimization is performed with the VASP pack-
age, [41–44] using the generalized gradient approximation (GGA)
with the Perdew-Burke-Erzenhof (PBE) exchange and correlation
functional [45] and Projected Augmented Wave (PAW) pseudo-
potentials [46]. The energy cut-off for the plane waves has been
taken at 400 eV for an adequate convergence. Methfessel-Paxton
smearing, with a sigma value of 0.01 eV, was carried out to
improve SCF convergence of metallic systems [47]. A spin polarizad
calculation was performed to obtain the multiplicity of the clus-
ters, VASP obtains this quantity as result of minimizing indepen-
dently the a and b spin orbitals and populates them according to
their ascending energy, minimizing the total energy of the system.
The initial population is generated through a conjugate gradient
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optimization (using VASP) of 10 randomly generated structures.
The search is considered finished when the lowest-energy isomers
of the pool remain unchanged for at least 50 steps.

Within MEGA, the application of crossover and mutation oper-
ators to a given geometry and its local relaxation is managed by
independent parallel subprocesses with a global database (pool).
For crossover, a pair of clusters is taken from the pool using a
weighted roulette-wheel selection [40]. The offspring are then pro-
duced through single-point, weighted crossover. It is a variant of
the ‘‘cut and splice” method of Deaven and Ho [48]. For mutation,
two atoms of different elements are swapped generating a new
homotop. In our case, 90% of the new candidates were obtained
by crossover, while 10% were generated applying the ‘‘homotop”
mutation operator to a structure from the pool. A key feature of
MEGA is the capability of maintaining diversity in the pool
[36,37]. This is achieved through a two-step procedure. First, the
ordered lists of interatomic distances are compared and, in the case
that all the distances differ by less than 5%, then a direct compar-
ison of the geometries is carried out by setting the center of mass
of both clusters at the origin and measuring the distances between
the atoms of the different clusters while one structure is succes-
sively rotated. If a rotation is found where all the atoms of one clus-
ter have one atom of the other cluster at a distance below a
threshold value (0.4 Å), the clusters are considered similar. If the
new cluster is identified to be similar to a cluster already in the
pool, the program keeps only the one with the lowest energy and
discards the other one. The diversity of the pool is important for
two reasons: to allow a better exploration of the potential energy
surface; and to obtain several different geometries (isomers). These
isomers can be further minimized with another (possibly higher)
level of theory which may change the energy ordering of the iso-
mers. In order to be sure that we have enough diverse candidates,
MEGA was run several times. When such methodology (using PBE)
was applied on pure rhodium clusters with 4 to 12 atoms, some-
times the lowest-energy isomer in the pool does not coincide with
the global minimum reported in previous combined theory-
experimental studies [17,21,49,50] done with PBE0 and B3LYP
respectively. This fact proves that the use of hybrid functionals
(like PBE0) is necessary to obtain the correct lowest-energy
isomers.

Nonetheless, we have found that the final pool contains the true
minimum [21] in all cases, but as higher-energy isomer. This
behavior is shown in Fig. 1 for the Rh8 case, comparing the results
obtained with PBE and the hybrid PBE0. On the other hand, for pure
gold clusters such dependence of the ordering of the isomers with
these functionals is not observed at the sizes studied here [51].
Fig. 1. Order of lowest-energy isomers for Rh8 with the PBE and the PBE0
functional.
This result led to a subsequent minimization using the Turbo-
mole package [52] with the hybrid PBE0 functional [53] of all the
isomers present in our final pool. These calculations were per-
formed using a def2-TZVP basis set [54] and studying the multi-
plicity of the isomers and four neighboring multiplicities around
the ground state. Finally, to confirm that the structures are local
minima, we calculated the vibrational normal modes. The charge
population was calculated using the natural bond orbital approxi-
mation [55]. We have calculated certain energetic values that help
to understand the stability of the clusters. The binding energy per
atom is obtained as:

Eb=atom ¼ EðAumRhnÞ � ½mEðAuÞ þ nEðRhÞ� ð1Þ
We have also used the excess energy (D) to determine the sta-

bility of the bimetallic clusters relative to pure gold and rhodium
clusters. This quantity is defined as:

D ¼ EðAumRhnÞ � ½ðn=NÞEðAuNÞ þ ðm=NÞEðRhNÞ� ð2Þ
where N = m + n. The physical meaning of this value is easy to
understand, it is the energy of the mixed cluster with respect to
pure clusters of the same size, a negative value of D implies favor-
able mixing [56].
3. Results

We first analyzed the case of pure gold and rhodium clusters to
test how well the two functionals used in this work (PBE and PBE0)
behave. These results are shown in Fig. 2. For gold, the lowest
energy isomers exhibit the characteristic odd-even stability and
planarity when calculated with PBE. These characteristics are
maintained when PBE0 is employed. On the contrary, the lowest-
energy rhodium isomers have non-planar structures, but we
observed that the structures obtained first with PBE (cubic struc-
tures) differ from those obtained with PBE0 (rombohedral struc-
tures). The latter are clearly in better agreement with
experimental Far InfraRed Multi-Photon Dissociation (FIR-MPD)
results [21]. The magnetic moment and the binding energy per
atom steadily increase with the number of atoms in this size range.
With this analyses, we can conclude that geometry reoptimization
with PBE0 maintains the planarity of the gold clusters and also
gives the correct geometries for rhodium. This is an important
point to prove the reliability of our methodology as we are going
to study cluster sizes where there is insufficient experimental data
for comparison. The structures of the lowest and second lowest
energy isomers for the AumRhn (n + m = 6–10) clusters are shown
in Figs. 3–5, and the multiplicities, excess energies and binding
energies are shown in Figs. 6–8.

3.1. 6 atoms

The lowest energy isomers for the systems with higher gold
concentrations are triangular structures (Au5Rh and Au4Rh2) due
to the well-known s-d hybridization of the gold atoms, while the
clusters with higher rhodium concentration generate pyramids of
rhodium capped with gold atoms (Au2Rh4, AuRh5). The case of
Au3Rh3 is especially interesting because the lowest energy isomer
is a 3D distorted triangle and, when we constrained the structure
to be 2D, although the s-d hybridization was enhanced, we found
the energy to be 0.21 eV higher than for the distorted structure.
The two Au2Rh4 clusters shown in 3 have the same structure, but
with different multiplicity (M = 7 and M = 9) and the energy differ-
ence between them is 0.24 eV. The other isomers for all the 6-atom
systems are high in energy (DE > 0:3 eV). The magnetic moment
increases with the rhodium concentration, almost in a monotonical
manner, ranging from 2 lB for Au5Rh to 8 lB for AuRh5. This



Fig. 2. Lowest energy isomers for Aun and Rhn (n = 6–10) with their spin multiplicities (M) and their binding energies per atom (obtained at the PBE0/def2-TZVP level).
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behavior is related to some rhodium d-orbitals in the cluster which
are not involved in cluster bonding and in which the electrons are
not paired. For nearly all compositions, the excess energies are pos-
itive, suggesting that the mixed clusters are less favored with
respect to homo-atomic clusters: only Au3Rh3 is more stable than
the pure clusters, with an excess energy of�0.08 eV. The reason for
this result is that both, Au6 and Rh6 represent relatively very stable
clusters with quite different structures, the first is a 2D triangle,
while the latter forms a 3D octahedron. A similar finding has been
reported for 6-atom AuPd clusters [57].

3.2. 7 atoms

There are two hexagonal planar lowest-energy isomers for the
systems with higher gold concentrations (Au6Rh and Au5Rh2).
The energy differences between these two systems and the 3-
dimensional structures are 0.76 eV and 0.13 eV, respectively. On
the other hand, Au4Rh3, Au3Rh4 and Au2Rh5 form bi-capped trigo-
nal bi-pyramids with the rhodium atoms in central positions. This
is due to the higher binding energy of Rh. The smallest energy dif-
ference between the 3D and 2D lowest-energy isomers for Au4Rh3

is 0.68 eV. Finally, the lowest energy structure for AuRh6 has an Rh6

octahedron capped by a gold atom. The 7-atom structures are
formed of an inner core of rhodium atoms surrounded by gold
atoms. For all systems studied here, the multiplicity monotonically
increases with rhodium concentration; yet only Au2Rh5 and AuRh6

have the same multiplicity (M = 10). The excess energy analysis
shows that the 6 systems prefer to form alloys of the two different
atoms rather than to form homo-nuclear clusters. This agrees with
the fact that pure systems with an odd number of atoms are less
stable.

3.3. 8 atoms

The systems with 8 atoms only have one planar structure
(Au7Rh) as a lowest energy isomer; its planarity is due to increased
s-orbital character in the bonding. Even for this cluster, the
difference between the lowest-energy 2D and 3D isomers is small
(0.15 eV). The lowest energy isomers for Au6Rh2, Au5Rh3 and
Au4Rh4 have similar 3D structures, with the rhodium atoms
located at high coordinated sites. For Au6Rh2 the energy difference
between the planar and non-planar structures is only 0.04 eV. The
geometries of the systems with higher rhodium concentrations
are very similar to the pure rhodium clusters but with gold atoms
in the low-coordinate capping positions. The Rh core consists of a
triangle for the 3 Rh system, a tetrahedron for 4 atoms, a square
pyramid for 5 and an octahedron for 6 Rh atoms. The second
isomers are closer to the lowest energy isomers than those of the
6- and 7-atom systems; even the clusters Au6Rh2 and Au5Rh3 have
isomers within 0.1 eV of the lowest energy isomer. Only four
clusters with 8 atoms have negative excess energies, which is
lower than the 7-atom systems, which shows their low capacity
to create mixed alloys compared with the previous sizes.
This behavior is due to the high stability of the planar Au8 and
3D bi-capped octahedron Rh8 clusters.

3.4. 9 atoms

Several 9-atom clusters have one or two isomers which lie very
close in energy to the lowest energy isomer and in two cases the
energy gap is less than the thermal energy at room temperature
(DE < kBT). This is related to the large number of combinations that
can be created with more atoms and its homotopic configurations.
All the mixed clusters are three-dimensional, which is different
from the findings for smaller clusters. In the case of Au8Rh, a 2D
structure might reasonably be expected. However, as the best 2D
structure lies 0.2 eV above the lowest energy 3D structure, this
could be a result of the high stability of Au6Rh, which has the
largest negative value for the excess energy of all the AunRh
structures studied here and is the basis of the 3D Au8Rh structure.
For Au4Rh5 and Au3Rh6, the lowest energy isomers are tri-capped
octahedra. Three systems (Au7Rh2, Au5Rh4 and Au2Rh7) have as
global minima bi-capped pentagonal bi-pyramid structures. This
motif is the most stable for these three systems, even though the
rhodium concentration is very different in each case. All these sys-
tems are distorted due to the difference in Au-Au, Au-Rh and Rh-Rh
bond lengths. For larger rhodium concentrations, there is an inner
core of Rh capped by Au atoms. This is confirmed in experiments



Fig. 3. First and second lowest energy isomers for AumRhn (n + m = 6, 7), with their
spin multiplicites (M) and the energy difference in (eV) with respect to the lowest
energy isomer (obtained at the PBE0/def2-TZVP level).

Fig. 4. First and second lowest energy isomers for AumRhn (n + m = 8, 9) with their
spin multiplicities and the energy difference in (eV) with respect to the lowest
energy isomer (obtained at the PBE0/def2-TZVP level).
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on larger sizes [58]. Eight compositions for this size show favorable
mixing (negative excess energies). It seems that an increase in
cluster size leads to an increase in the number of mixed clusters
that have negative excess energy.

3.5. 10 atoms

For the 10-atom system, only Au9Rh is planar. This planar clus-
ter has a charge transfer 0.09 e from the rhodium atom towards the
gold atoms, while the second energy isomer (which has a 3D struc-
ture) shows the reverse effect, with a charge transfer of 1.22e from
the gold atoms towards the rhodium atom. This is due to energy
lowering of the Rh 4d orbitals when the cluster is 3D, which
enables Au (5s) to Rh (4d) electron transfer. We can see the same
effect, only slightly smaller, for Au8Rh2, where there is charge



Fig. 5. First and second lowest energy isomers for AumRhn (n + m = 10) with their spin multiplicities and the energy difference in (eV) with respect to the lowest energy
isomer (obtained at the PBE0/def2-TZVP level).
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transfer to the gold atoms of 0.12e in the lowest 2D isomer and
0.54e for the lowest 3D isomer (these results are shown in Table 1).
For Au6Rh4 the lowest-energy isomer is similar to a tetrahedron,
although, one triangular face of 6 atoms is modified to maximize
the number of bonds with the rhodium atom. On the other hand,
the next clusters with higher rhodium concentration (Au5Rh5,



Fig. 6. Spin multiplicities for the lowest energy isomers of AuN-nRhn (N = 6–10,
n = 0-N).

Fig. 7. Excess energies for the lowest energy isomers of AuN-nRhn (N = 6–10,
n = 0-N).

Fig. 8. Binding energies per atom for the lowest energy isomers of AuN-nRhn

(N = 6–10, n = 0-N).

Table 1
Comparison of (electron) charge transfer from
the gold atoms to the rhodium atom(s) for
several gold-rich clusters; a negative value
means the charge transfer is from the rhodium
atom(s) towards the gold atoms.

Cluster Charge transfer

2D 3D

Au6Rh2 �0.14 �0.41
Au7Rh 0.06 �0.03
Au7Rh2 0.14 �0.16
Au8Rh 0.49 0.14
Au8Rh2 0.54 0.12
Au9Rh 1.22 �0.09
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Au4Rh6 and Au3Rh7) show a slightly distorted tetrahedral motif for
the lowest energy isomer, with an inner core of rhodium atoms. For
these clusters, the charge is transferred from the inner rhodium
cluster to the gold atoms, due to the higher electronegativity of
the isolated low-coordinate gold atoms. Finally, Au2Rh8 and AuRh9

do not form the tetrahedral structure. For these 10-atom systems,
the second isomers are again close in energy to the lowest energy
isomers. The increase in the multiplicity is quasi-linear with the
increase of the rhodium concentration. There are two mixed clus-
ters with the maximum multiplicity for the clusters studied here
(Au2Rh8 and AuRh9, with 14 unpaired electrons and M = 15). This
is the only size where the mixing process is favorable (negative
excess energy) for all compositions.
4. Conclusions

The increase in cluster size favors three-dimensional structures
as the lowest-energy isomers; even for systems with 9 atoms no
planar structures are found as the lowest-energy isomers. The
study of electronic charges explains why these transformations
occur; clusters such as Au3Rh3 are representative of the relation
between the decrease of the d-character of the bonding and the
2D to 3D transformation. The 8, 9 and 10-atom systems with low
rhodium concentrations show how the 3D structures exhibit elec-
tron transfer from the gold to the rhodium atoms due to a slight
charge transfer from the Au 5s orbital to Rh 4d orbitals (as can
be seen in Table 1). The systems with high concentrations of gold
favor planar clusters similar to Aun, with the rhodium atoms
located in high coordinated sites. These structures are distorted
due to the difference in size of the atoms (this effect is shown for
several systems in Fig. 9). Regarding the charge, we observed elec-
tron transfer from the rhodium atoms to the gold atoms for the
planar clusters and vice versa for the non-planar structures, with
the magnitude of electron transfer increases with cluster size. On
the other hand, the clusters with high concentrations of rhodium
form structures made of an inner rhodium core (similar to the
Rhn lowest energy isomers) with the gold atoms forming an outer
(albeit partial) shell; this effect is shown for several systems in
Fig. 10.

The presence of the rhodium atoms drastically reduces the sta-
bility of the planar clusters. In these cases, we observe a transfer of
charge from the inner rhodium core towards the peripheral gold
atoms due to the higher electronegativity of the gold atoms. The
tendency to form mixed clusters increases with cluster size for
clusters with even numbers of atoms. For clusters with 6, 8 and
10 atoms there are 4 and 3 and 0 lowest energy isomers, respec-
tively, that do not exhibit favorable mixing. All the clusters with
10 atoms show large negative values for the excess energy, this
is due to the high stability of the distorted and non-distorted tetra-
hedral motifs. Here we would like to highlight that this type of
structure is new for mixed systems of this size, and represents
and important property for bimetallic clusters.



Fig. 9. Aun clusters and singly-Rh-doped analogues that have the same structures, with the rhodium atoms in high-coordinated sites.

Fig. 10. Lowest energy isomers for Rh6, AuRh6, Au2Rh6, Au3Rh6 and Au3Rh6, where
the same inner octahedral (Rh6) motif is maintained.
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All odd numbered clusters show negative excess energies. The
relatively higher capacity to create mixed clusters can be explained
by the fact that Au2n+1 and Rh2n+1 clusters are less stable. As both
Au and Rh are odd-electron atoms, these odd-atom clusters also
have odd numbers of electrons, so they cannot be closed shell
magic number clusters. For all the sizes studied here, we observe
that the most favorable mixing occurs when the concentration
ratio Au:Rh is around 50%. The number of low-lying isomers is gen-
erally larger at this composition, largely because the number of
homotops is maximised for these compositions. Both the binding
energy and the number of unpaired electrons increase with the
rhodium concentration. The increase of the binding energy con-
firms the expected behavior of Eb(Rh-Rh) > Eb(Au-Rh) > Eb(Au-Au).
On the other hand, the increase of the magnetic moment is related
to the rhodium d-orbitals that do not contribute to the cluster
bonding. The use of MEGA has proven to be useful, firstly because
we can study many points of the energy surface that may be
missed when the search is done in an empirical manner. The sec-
ond reason is that the new implementation maintains the diversity
in the pool. When these structures are re-optimized with the PBE0
hybrid functional and larger basis set, we observe changes in the
order of the isomers. Nevertheless the Genetic Algorithm code
has been applied several times to form a sufficiently diverse pool
to be confident that it contains the true global minima at least in
the size range here studied. This has been corroborated at least
for the pure gold and pure rhodium clusters when compared with
experimental results [8–12,17,21].
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