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Genetic algorithm is employed to survey an empirical potential energy surface for small NaxKy clusters with x+y≤ 15, providing
initial conditions for electronic structure methods. The minima of such empirical potential are assessed and corrected using high
level ab initio methods such as CCSD(T), CR-CCSD(T)-L and MP2, and benchmark results are obtained for specific cases. The
results are the first calculations for such small alloy clusters and may serve as a reference for further studies. The validity and
choice of a proper functional and basis set for DFT calculations are then explored using the benchmark data, where it was found
that the usual DFT approach may fail to provide the correct qualitative result for specific systems. The best general agreement to
the benchmark calculations is achieved with def2-TZVPP basis set with SVWN5 functional, although the LANL2DZ basis set
(with effective core potential) and SVWN5 functional provided the most cost-effective results.

1 Introduction

Metal clusters have attracted a large scientific effort due to
their potential as technological applications at the nano-scale.
The theoretical concerns go beyond the structure of such sys-
tems, and a major aim is the understanding of how they grow
and how properties change in the course of this process. The
NaK alloy is known to be miscible in all proportions and is liq-
uid at room temperature for most compositions1. Such clus-
ter has found theoretical and experimental discussion specially
for large numbers of atoms1–6, where it was shown that potas-
sium atoms tend to agglomerate on the surface. However,
within the growth and structural analysis, little attention has
been given to this alloy, on the contrary of what happens to its
pure counterparts.

In this work we are interested in the description of the NaK
clusters starting from small amounts of atoms, where we can
assess the validity of electronic structure methods and empiri-
cal potentials available for generating the electronic potential
energy surface. Therefore we tackle the problem by first us-
ing a Gupta7,8 type analytic potential, coupled to efficient op-
timization by genetic algorithms (GAs), followed by verify-
ing their validity using the best affordable electronic structure
method.

Given that the theoretical effort necessary to calculate the
electronic potential energy increases largely with the number
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Departamento de Quı́mica-ICEx, Universidade Federal de Minas Gerais, Av.
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Brazil
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of atoms and electrons in the system, high level calculations
are generally not affordable even for a single point energy,
not to mention the immense task of optimizing the 3N −6 de-
grees of freedom of a N-atom system. Thus, an effective den-
sity functional theory (DFT) treatment of the system would
be desirable in order to allow the calculations for larger clus-
ters within a quantum chemical approach. In this view, one
of the main focuses here is to obtain a set of functional and
basis set for DFT calculations for the NaK alloy, capable of
reproducing benchmark high level ab initio calculations per-
formed here for the alloys and to other data available in the
literature for pure Na and K clusters (since previous work on
alkali binary clusters is rather scarce5).

The paper is divided as follows: Section 2.1 gives a brief
description of the Gupta analytic potential, while Section 2.2
exposes the GA method. The details of the electronic struc-
ture calculations are given in Section 2.3 and the results are
discussed in Section 3. Section 4 gathers the main conclu-
sions.

2 Methodology

2.1 Empirical potential

For the search of global minima with the GA approach, the
Gupta potential function7,8 was employed for a fast evalua-
tion of the potential energy (GA/Gupta). Based on the second
moment approximation to tight-binding theory, this potential
is largely used and has been optimized for alkali metal clus-
ters by Li et al.9. Within this approach, the total energy of an
N-atom cluster (Vclus(N)) is written as a sum over atomic con-
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tributions Ei, which are decomposed into an attractive band-
energy many-body term and a repulsive pairwise contribution
as Ei = Eband

i +Erep
i . Each term is given by

Eband
i = −

{
∑N

j ̸=i ξ 2 exp
[
−2q

(
ri j
r0 −1

)]}1/2
(1)

Erep
i = ∑N

j ̸=i Aexp
[
−p

(
ri j
r0 −1

)]
(2)

where ri j is the distance between atoms i and j. The param-
eters q, p, ξ and A were fitted9 to local density approxima-
tion database for sodium and potassium, r0 is a scaling factor
for the distances between atoms, usually identified with the
nearest-neighbor distance in the bulk metal. For the heteronu-
clear bonds of NaK, we have followed Ref. 5 and used the
average over the parameters for Na and K determined by Li et
al.9.

2.2 Genetic algorithm

In the search for the minima available in the potential energy
hypersurface, we have employed the standard genetic algo-
rithm improved by two new operators10. Briefly, for a given
system the Cartesian coordinates are generated randomly mul-
tiple times for each atom, providing a population of molecular
configurations, which is used by the GA to build a unique gene
(as given in Ref. 11). In our approach, we take the extra step of
relaxing each cluster of the population to its closest local min-
imum using the quasi-Newtonian BFGS method12, followed
by evolving one generation by applying the standard set of
genetic operators (cross-over, mutation and natural selection).
This avoids moving too soon from a certain region of the PES
to another without “exploring” such region. The parents for
crossover are selected with some variant of the roulette-wheel
method13 and the fitness function determined for each cluster
of the population, according to14:

Fi =
1
2

[
1− tanh

(
2

Ei −Emin

Emax −Emin
−1

)]
(3)

where Emax and Emin are the maximum and minimum potential
energies for the current population. For mating between two
parents (cross-over) one cut them about a randomly oriented
plane, exchanging the complementary fragments and splic-
ing them together to form two new offspring11,13. The next
operation (mutation) consists of changing the originated sub-
population of offspring, where a constant probability for mu-
tation (15%) has been assigned to each one. Mutation is incor-
porated by rotating parts of each cluster by random amounts.
At this stage, our approach10 differs from the standard GA by
adding the annihilator operator, which removes offspring and
mutants with the same energies as preexisting members of the
population. The history operator keeps a record of the initial
population for future use. One then selects the Npop clusters

with lowest energy from a ranked list in order of potential en-
ergy and discards the rest. The above mentioned procedures
constitute one step for the GA, which are repeated for a spe-
cific number of generations until convergence. For a standard
GA this would mean that the lowest possible minimum has
been found within the method, but it may happen that a non-
optimal solution has been found (there exists a deeper mini-
mum). In order to check this, new cycles of generations are
performed but with the initial population provided by the his-
tory operator (instead of randomly). The history operator is
applied only after a mass extinction is promoted by the annihi-
lator operator, that is, deleting all structures. This procedure is
only halted if after a predetermined number of cycles a struc-
ture with lower energy than the current minimum is not found,
and has been shown to yield improved results for systems of
water clusters and metallic nanoalloys of gold and copper10,14.

2.3 Electronic structure

All electronic structure calculations were performed using the
GAMESS15 package. In a first instance, the structures pro-
vided by the Gupta empirical potential were re-optimized us-
ing 6-311+G* and def2-TZVPP basis set with Møller-Plesset
second order perturbation theory (MP2) including (3s, 3p) cor-
relation for K and keeping only the inner core (1s) electrons
frozen for Na. As a next step, the aug-cc-pVTZ (or simply
VTZ) basis sets belonging to the correlation-consistent fam-
ily16,17 were tested for sodium. Since the latter is not avail-
able for potassium, different basis were tested, namely the
def2-SVP and def2-TZVPP18 from the basis set exchange li-
brary19.

For the smallest closed and open shell systems, we have per-
formed coupled-cluster singles and doubles with perturbative
triples (CCSD(T)20) and completely renormalized coupled-
cluster (CR-CCSD(T)-L) calculations respectively, for both
optimizing the geometry and obtaining the frequencies of the
stationary points.

For the DFT approach, B3LYP21–23, PW9124, PBE25 and
SVWN526,27 exchange and correlation functionals were tested
with different basis sets. The inclusion of subvalence correla-
tion turns out to be important for K and strongly recommended
for Na as demonstrated in Ref. 28, and thus DFT calculations
were also performed with the LANL2DZ basis set with an ef-
fective core potential (ECP). The results were compared to all-
electrons coupled-cluster ones for smaller systems.

For all the approaches discussed in this section, a restricted
Hartree-Fock (RHF) self-consistent field wavefunction was
employed in the calculations concerning closed shell systems,
while restricted open shell Hartree-Fock (ROHF) was adopted
for spin multiplicities other than one, in order to avoid spin
contamination.
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3 Results

3.1 GA structures

The standard GA approach (and also the basin hopping
method) has been employed by Lai et al.29 for homogeneous
clusters of Na, K, Rb, and Cs using the Gupta potential, and
before starting the NaxKy alloy calculations, we have also
used our GA approach for the Nan and Kn for 2 < n < 15
to compare with the former results. Apart from small devia-
tions, such as more compact structures, the geometrical shapes
are essentially the same, indicating, in principle, that the ones
calculated in Ref. 29 were already the global minima.

When studying the growth of clusters, it is helpful to com-
pare the energy of a structure with N atoms, against the neigh-
bors N − 1 and N + 1 to explore the relative stability. This
is calculated by the second energy difference, which can be
helpful on the prediction of possible magic numbers of atoms
in clusters30, and its expression is given below:

∆2Eb(N) = 2Eb(N)−Eb(N −1)−Eb(N +1) (4)

where Eb is the average bond energy, given by Eb =−Vclus/N.
In Fig. 1 the second energy difference both for sodium and
potassium are presented, where a similar pattern is clear. The
peaks that can be seen at 4, 6 and 13 atoms indicate a relative
stability of them against the neighbouring numbers of atoms
composing the clusters. These peaks correspond, as expected,
to the most symmetric geometries found among all the number
of atoms studied here, which are respectively a tetrahedron, a
octahedron and a icosahedron. The clusters of 13 atoms are
of special importance since it is the smallest possible Mackay
icosahedron for the growth of the cluster, and therefore may
be more amenable for higher levels of calculations. Also seen
in this graph is that the sodium clusters have second energy
differences slightly higher than those of potassium. For a more
in depth discussion of such homonuclear clusters, the reader
is addressed to Ref. 29.

The main focus of this work is on sodium potassium alloys.
This is a much harder task than to describe the homonuclear
counterpart, given that for each nuclearity several composi-
tions are possible, and the cartesian coordinates of the global
mimima found here for all compositions with x+ y ≤ 15 are
given as supplementary material. For one example, we con-
sider the growth by adding sodium atoms one by one on a
single potassium atom, and also the reciprocal (adding potas-
sium on a sodium atom), which will prove helpful to elucidate
general properties of the growth. The structures obtained for
NaxK1 are shown in Fig. 2, where all structures resemble the
geometry of pure Na clusters, except for the elongated bond
lengths observed around the potassium atom. A noteworthy
aspect about these alloys is the general tendency observed of
the K atoms to stay on the surface for all the compositions
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Fig. 1 Second energy difference for the sodium and potassium
homonuclear clusters.

tested, as previously found for 55 atom NaK clusters except
at the dilute concentration limits of sodium5 and expected
also on the experimental side, where evidence for such be-
havior was found by using synchrotron-based photoelectron
spectroscopy1.

In a first approximation, it can be argued that for an alloy
cluster AxBy with the A-B bond strength stronger than A-A or
B-B, mixing will be favored, while segregation will manifest
in the other cases. Since we have fixed the Gupta parameters
that will control the strength for the Na-K bond as averages, it
cannot be stronger than both Na-Na and K-K, and segregation
is expect, as shown in Fig. 2. Only the electronic structure
calculations can remove this bias and corroborate or not to the
Gupta/GA results.

An interesting feature is that at clusters size of 10 we can
already see the development of an icosahedron, just lacking
some corners, which atom after atom starts completing until
the final shape at N = 13. The addition of an extra sodium
does not change the former icosahedral shape, but after the
addition of a second atom a new polygon is formed.

Although the structures of the NaxK1 are notably similar
to the homonuclear counterparts, the picture is changed for
the Na1Ky case (Fig. 3) where for the cluster of sizes N = 9
and 10 a change in shape is observed: there is a central atom.
This is due to the tendency of sodium to occupy the center
and K be segregated at the surface, which has been observed
experimentally1.

The second energy differences for the alloy growing with
one atom fixed is given in Fig. 4, where it is seen that the
NaxK1 is closely related to that of the homonuclear clusters.
The Na1Ky has also a similar shape, except for the differences
in the vicinity of N = 9 and 10 which shows different struc-
tures, as discussed above.
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Fig. 2 Structures of the NaxKy clusters for the growth by adding
Na (purple) atoms on a single K (green), optimized in the
GA/GUPTA approach.

Fig. 3 Structures of the NaxKy clusters for the growth by adding K
(green) atoms on a single Na (purple), optimized in the GA/GUPTA
approach.
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Fig. 4 Second energy difference for the clusters with a single
dopant atom.

The tetrahedron structure found by the Gupta potential for
the homonuclear clusters of four atoms is in conflict with the
available literature data31–33 that indicates a planar configu-
ration. For this reason we turn now to the reliability of the
empirical potential approach for small sized clusters by per-
forming ab initio calculations.

3.2 Ab initio results

Even assuming that the GA approach has found the best struc-
tures possible, the Gupta potential may not be suitable to be
used outside its range of applicability. For example, the pa-
rameters used for the Na-Na and K-K interactions were fitted
by Li et al.9 to a local density approximation database. The
latter consists of the total energy as a function of the lattice
constant, and therefore structures found by the GA method for
small clusters may be out of the scope of the potential. In
fact, there is experimental evidence31 stating that the potas-
sium trimer (K3) has C2v symmetry and K4 has a planar di-
amond shape (D2h), whereas the Gupta results predict more
symmetrical structures (D3h and Td , respectively).

Since we want to assess the validity of the structures ob-
tained in the previous section, we perform accurate bench-
mark calculations for the smallest clusters and study the va-
lidity of different quantum approaches for clusters with less
than ten atoms. This will also be useful to predict what type of
electronic structure calculation will be most suitable for larger
clusters. The benchmark results correspond to all-electrons
correlated coupled cluster calculations with the def2-TZVPP
basis set, and are given in Table 1 for the three and four atoms
clusters. The results agree with the available literature data
for the pure clusters, with all 4 atom alloys showing planar di-
amond shapes. The two triatomic alloys show bent structures,
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Fig. 5 Frozen core CCSD(T) calculations for the four atom sodium
(purple)/potassium (green) clusters. Bond lengths are given in Å.

and the Na2K1 is even slightly asymmetric, with one bond
lenght differing by 0.03Å from the other. There is also a linear
isomer for this species, but our calculations show that the bent
one is the global minimimum. To the best of our knowledge,
the present geometries predicted at these levels of calculation
for the alloys have not been reported before.

We have also explored the quartet states of Na3 and K3
which turned out to have minima as equilateral triangles, as
predicted previously by the Gupta potential in this work with
the GA methodology. However, in contrast to the empirical
potential, the bond distances are too large indicating van der
Waals structures as analysed in Ref. 35.

It is known that the correlation of the core electrons plays
an important role for heavier atoms such as potassium, and it
would be desirable to test whether this effect is necessary to
reproduce the shape of the clusters. In case a satisfactory de-
scription could be obtained without including this extremely
time consuming feature, we could employ such methodology
for larger clusters. For the four atom alloys, the benchmark
calculation in Table 1 can be compared to the frozen-core cou-
pled cluster ones of Fig. 5. The latter results are not only in
qualitative agreement (planar and diamond-shaped), but also
the bond lengths seem to be well represented. The compari-
son also corroborates previous predictions31,36 that core elec-
tron polarization causes additional contraction of the bonds
lengths. Two different isomers were found and are shown in
Fig. 5 for Na2K2, but the more symmetrical one has lower en-
ergy.

The widely used Dunning’s basis sets (cc-pVXZ) are not
available for the potassium atom. In order to compare it with
the def2-TZVPP18 one, we have optimized the Na4 cluster
with both of them, and also compared the results with the all-
electron treatment with the def2-TZVPP basis, being the re-
sults presented in Table 2. Although the latter basis set is not
specifically fitted to the actual case, it showed a perfect agree-

Table 1 All-electrons CR-CCSD(T)-L and CCSD(T) calculations
for 3 and 4 atoms clusters respectively, employing the def2-TZVPP
basis set. Distances in Å and angles in degrees.

system property benchmark
Na3 R12 3.25

R13 3.25
θ 79.15

Na2K1 RKNaA 3.70
RKNaB 3.70

θ 62.69

Na1K2 RNaKA 3.72
RNaKB 3.69

θ 100.69

Ka)
3 R12 4.10

R13 4.10
θ 77.13

Na3K1 RKNaA 3.98
RKNaB 3.61
RKNaC 3.98

RNaANaB 3.47
RNaBNaC 3.47
RNaANaC 6.45

Na2K2 RKANaA 3.94
RKANaB 3.94
RKBNaA 3.94
RKBNaB 3.94
RKAKB 4.10

RNaANaB 6.74

Na1K3 RKANa 4.01
RKBNa 3.62
RKCNa 4.01
RKAKB 4.52
RKBKC 4.52
RKAKC 7.64

a) Optimized at UCCSD(T) level of theory correlating also the inner-shell
electrons as reported in Ref. 34.
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Table 2 Results obtained for the Na4 cluster for different methods

CCSD(T) MP2
property∗ All-electron def2-TZVPP VTZ def2-TZVPP

R12 3.50 3.61 3.61 3.63
R13 3.50 3.61 3.60 3.63
R24 3.50 3.61 3.60 3.63
R34 3.50 3.61 3.61 3.63
R14 3.16 3.25 3.24 3.22
̸ 180 180 180 180

∗Distances are given in Å, dihedral angle ( ̸ ) in degrees.

ment with the cc-pVT Z on the optimized geometry. Thus,
it seems reasonable to expect a similar level of accuracy be-
tween the two for the other clusters. Another feature of Ta-
ble 2 is the evidence that a calculation which does not cor-
relate all the electrons can achieve fairly good outcomes that
match the ones yielded by all-electron calculations with an er-
ror of around 0.1Å. Therefore, based on the above discussion,
the subsequent calculations presented here employ only frozen
core orbitals.

Since coupled cluster calculations become quickly unprac-
tical for larger clusters, further approximated methods must
be considered. We used the Na4 system to exemplify how
MP2 calculations compare with the benchmark all-electrons
coupled cluster ones. As seen in table 2, the MP2 results are
very close to the CCSD(T) ones, and the major source of error
seems to be the lack of core correlation, instead of the use of
MP2 calculations rather than CCSD. A similar result was ob-
tained for pure small sodium clusters in Ref. 33, and strongly
indicates that MP2 calculations can be trusted for the overall
shape of the clusters.

For larger clusters there are a vast number of possible com-
positions, which we try to explore, preferring the symmetric
ones whenerver possible. The trigonal bipyramid and octa-
hedron shapes, predicted by the Gupta potential for 5 and 6
atoms, respectively, are again in conflict with the available re-
sults using all-electron methods in the literature32,33,37,38 for
the pure clusters, which predicted a planar C2v structure for
the 5 atoms cluster and a pentagonal pyramid for the 6 atoms
case. Our CCSD(T) calculations on the Na5K1 mixture cor-
roborates with this shape and found that the lowest energy
isomer is the one with the potassium atom lying on the top
of the pyramid, although the energy difference is less than 1
kcalmol−1. Nevertheless, another important result here is that
the MP2 calculations were also sufficient to predict both the
correct 5 atoms planar C2v and 6 atoms pentagonal pyramid
shapes and thus may be employed where CCSD(T) calcula-
tions are prohibitive.

The first result where the Gupta potential prediction
matched the accurate ab initio data available in the literature32

Fig. 6 Comparison between Na7 structures provided by (a) Gupta
potential and (b) MP2 with 6-311+G* basis set. Bond lengths are
given in Å.

was found for the seven sodium atoms cluster. It corresponds
to a pentagonal bipyramid structure and presents D5h sym-
metry. Our MP2/6-311+G* reoptimization performed for the
doublet state agrees with the above results, with a slightly
more contracted geometry reached in comparison with the
GA, as evidenced in Fig. 6. As shown in Fig. 7, the essentially
pentagonal bipyramid shape was maintained for the alloys, but
distorted due to different bond lengths among different atoms.

As the GA methodology has shown itself effective in pro-
viding initial guesses for this nuclearity, only a few steps were
necessary for the reoptimization of all the composomers at the
MP2 level. After this reoptimization, in comparison to the
Gupta results, a little contraction tendency could, in general,
be observed as well, but mainly among the sodium atoms. For
the pure potassium 7 atom cluster, the bonds which lie in the
plane formed by the pentagon became tighter after the MP2
calculations, while all the others were stretched.

We have also explored quartet states, where true minima
could only be found for Na3K4, Na4K3, Na5K2 and Na6K1 (at
least at MP2 level). The geometries are shown in Fig. 7, while
the energy difference between quartet and doublet states (∆E
= Equartet - Edoublet) are respectively, 68.0, 76.7, 80.3 and 83.5
kJmol−1, suggesting more stable doublet states. Moreover,
the geometries predicted by the Gupta potential are closer to
the calculations on the doublet states as can be seen in Fig. 7.

For clusters of 8 atoms the Gupta results are again in agree-
ment with the MP2 calculations for mixed clusters studied in
this work and the Na8 from Ref. 33, which is an indicative that
the Gupta potential may be used as a reference for larger clus-
ters. Both the Na7K1 and Na1K7 from Figs. 2 and 3 could be
optimized with MP2 calculations, and even different isomers
were obtained for Na7K1. For the latter cluster, the most sta-
ble isomer was found to be that predicted in the GA approach,
which shows the larger K atom on the periphery of the struc-
ture, indeed presenting the previously mentioned tendency of
potassium atoms not to occupy inner positions in the NaK al-
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Fig. 7 Comparison between minima provided by Gupta/GA methodology and by MP2 with 6-311+G* basis set for doublet and quartet states
of 7 atom (Na-K) clusters. Bond lengths are given in Å and the colour pattern follows previous figures.
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Fig. 8 Most stable structures yielded by MP2 calculations with
LANL2DZ basis set for Na1K8 (left) and Na8K1 (right).

loy systems.
We have also employed MP2 with LANL2DZ basis set to

explore the doublet state of Na1K8 and Na8K1. At this level of
calculation, two different isomers were confirmed as minima
for each of the nine atoms alloy studied, and none of them
were in agreement with the Gupta results. The most stable
isomers are shown in Fig. 8.

For Na1K9, again the Gupta/GA structure of Fig. 3 was con-
firmed by MP2 calculations with a central sodium atom sur-
rounded by potassium, although the Na9K1 optimized struc-
ture showed an imaginary frequency. Therefore, it is hard to
state in advance whether the Gupta potential result will be the
true structure or not, although the discussion above indicates
its lower limits. Since calculations for larger numbers of atoms
are very time-consuming, we turn our attention to the choice
of a good functional for DFT calculations on these larger sys-
tems.

3.3 DFT calculations

After analysing trustworthy ab initio results for smaller clus-
ters, we can explore different approaches of performing DFT
calculations and judge how accurate they perform. Specially
if further calculations for larger numbers of atoms are desir-
able, this analysis would be an important reference point. We
therefore compare in table 3 the all-electron correlated cou-
pled cluster results from the previous section (referred here as
benchmarks) with DFT results using different functionals and
basis sets. As can be seen, DFT calculations not always were
capable of obtaining the correct structures, for example, the
common B3LYP approach does not predict the Na1K2 mini-
mum found at the benchmark level. The other qualitative error
that can be seen in this table is that the symmetric Na1K3 struc-
ture (at the CCSD(T) level) was obtained as a transition state,
which led to a distorted minimum (the one reported in the ta-
ble). Only the SVWN5 functional employing the LANL2DZ
basis provided the correct symmetric structure. Despite of

these errors, fairly good results were obtained for the other
systems. The accuracy of the geometries achieved with the
def2-TZVPP basis set together with the SVWN5 functional
must be highlighted, since it was the only tested approach to
correctly predict the benchmark structures within a maximum
angle and bond length deviation of 5% and 3%, respectively.
All the results shown in table 3 were confirmed as minima by
vibrational analysis.

The use of an effective core potential was exploited with the
LANL2DZ basis set39,40, which treats explicitly the outermost
core orbitals along with the valence ones for elements from K
to Au through the periodic table40. This seems to enable va-
lence electron calculations to be carried out with essentially
the same accuracy as all electron calculations but computa-
tionally much less demanding40. In the following discussion
these functionals and basis sets are also compared to the ab
initio results outside the set of our benchmark results.

A planar D2h configuration for the pure four atoms clusters
was reached for the singlet state within the DFT approach, as
experimentally predicted in Ref. 31 for the K4 cluster. The
LANL2DZ+ECP with PBE, PW91 and SVWN5 functionals,
as well as the SVWN5/def2-TZVPP level were tested for both
Na4 and K4, and some of the results are shown in Fig. 9 to-
gether with all-electron correlated CCSD(T) results. The com-
parison between K4 at CCSD(T) level correlating all the elec-
trons and the DFT results shown in Fig. 9 exhibits an even
better result when using the effective core potential.

The GA approach wrongly predicts the structures with min-
imal energy of the four atoms clusters to be tetrahedrons (as
mentioned before). Clearly, the empirical potential cannot dis-
tinguish different spin multiplicities, and we explored here the
triplet state at DFT level, where different minima were ob-
tained, and are shown in Fig. 10. When the tetrahedron pro-
vided by the GA was used as a starting point for a DFT re-
optimization, the K4 cluster was deformed, producing a struc-
ture between the initial tetrahedron and the planar one, which
corresponds to an oblate tetrahedron, as also analysed and de-
termined in Ref. 41. Analogous results were obtained for the
triplet state of the Na4, for which similar prediction is found
in Ref. 38. For the quintet state an expanded tetrahedron was
obtained for the def2-TZVPP and LANL2DZ (with ECP) ba-
sis sets for all functionals tested, for both Na4 and K4. The
obtained singlet states are, on average, 15.3 and 21.2 kJmol−1

more stable than the triplet ones for the K4 and Na4, respec-
tively. The quintet state of K4 lies 103 kJmol−1 above the
singlet one, while the quintet state of Na4 is more than 120
kJmol−1 higher than the ground one. A more specific and de-
tailed study on the triplet and quintet states of K4 and Na4,
which corroborates the shapes discussed here for these clus-
ters is found in Ref. 41.

For the four atoms alloy case, the structures yielded by DFT
for the singlet state resemble the CCSD(T) results in Fig. 5,
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Table 3 Comparison between the benchmark results and several DFT approaches. The results are reported as differences (benchmark minus
DFT).

property benchmark B3LYP SVWN5 SVWN5 PBE
def2-TZVPP def2-TZVPP LANL2DZ+ECP LANL2DZ+ECP

Na2K1 RKNaA 3.70 0.02 0.12 -0.03 -0.08
RKNaB 3.70 0.02 0.12 -0.03 -0.08

θ 62.69 -4.19 -2.12 -8.73 -5.23

Na1K2 RNaKA 3.72 -a) 0.14 -0.01 -0.07
RNaKB 3.69 -a) 0.11 -0.04 -0.10

θ 100.69 -a) -1.85 8.41 1.58

Na3K1 RKNaA 3.98 -0.01 0.11 -0.06 -0.11
RKNaB 3.61 0.07 0.16 0.02 -0.03
RKNaC 3.98 -0.01 0.11 -0.06 -0.11

RNaANaB 3.47 0.01 0.09 -0.25 -0.22
RNaBNaC 3.47 0.01 0.09 -0.25 -0.22
RNaANaC 6.45 -0.04 0.14 -0.40 -0.38

Na2K2 RKANaA 3.94 0.00 0.12 -0.08 -0.13
RKANaB 3.94 0.00 0.12 -0.08 -0.13
RKBNaA 3.94 0.00 0.12 -0.08 -0.13
RKBNaB 3.94 0.00 0.12 -0.08 -0.13
RKAKB 4.10 0.09 0.22 0.20 0.06

RNaANaB 6.74 -0.04 0.16 -0.30 -0.32

Na1K3 RKANa 4.01 -0.70 -0.26 -0.07 -0.55
RKBNa 3.62 -0.30 0.08 0.01 -0.11
RKCNa 4.01 0.40 0.39 -0.07 -0.14
RKAKB 4.52 0.48 0.48 0.14 0.28
RKBKC 4.52 -1.83 -0.46 0.14 -0.54
RKAKC 7.64 -0.65 0.03 0.02 -0.37

a) The method did not optimized this minimum.

with essentially the same planar shape but with shorter bond
lengths. It should be noted once more that such contraction
is expected in the CCSD(T) results if correlation of the core
electrons is included. Here also the most symmetric form of
Na2K2 was found to be the most stable, just as in the CCSD(T)
approach previously pointed out in section 3.2. Again, the
approach with SVWN5 functional and def2-TZVPP basis set
was the most stable one, always presenting approximately the
same error compared to the benchmark results, although it
could not predict the correct symmetry of the Na1K3 min-
imum. The approaches with PBE and SVWN5 function-
als with LANL2DZ basis set (ECP) were always compatible
among each other, except for the Na1K3 system, where only
the latter DFT approach could correctly predict the minimum.
The B3LYP functional with the def2-TZVPP basis set, despite
presenting the best agreement for some clusters, fails to pre-
dict the correct minima for Na1K2, Na4, Na1K3 and K4 and
will not be taken into consideration henceforth.

In a triplet state, a planar structure could be reached for

Na1K3 and Na3K1, but now with two sodium atoms connected
by the minor diagonal of the rhombus of the latter. Two iso-
mers were found for the Na2K2 cluster with structures analo-
gous to those of the triplet states of pure four atoms clusters,
the oblate tetrahedron. One of them has adjacent equal atoms
while the other presents opposite equal atoms, being the first
less symmetric and most stable one. A tetrahedron was always
the structure found for the quintet state of all the different com-
positions tested for the four atoms alloy clusters.

Larger alloys were also studied using DFT in order to com-
pare with the MP2 results from the previous section. Due to
the results presented in table 3 and discussed so far, we have
employed the def2-TZVPP basis set with SVWN5 functional
and LANL2DZ (ECP) basis set with SVWN5 and PBE func-
tionals. These three DFT approaches converged to very simi-
lar geometries for all structures discussed here.

For five and six atoms alloys, the DFT calculations pro-
vided structures in agreement with the literature on the pure
clusters32,33,37,38 of a planar C2v structure and a pentagonal
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Fig. 9 Homonuclear four atom sodium clusters (purple) and
potassium clusters (green) in a singlet state. All the bond lengths are
given in Å.

Fig. 10 Dihedral angle for K4 triplet state structures yielded by
DFT approach at (a) B3LYP level with def2-TZVPP basis set, (b)
SVWN5, (c) PW91 and (d) PBE levels, all of those with LANL2DZ
basis set with its proper ECP.

pyramid shape, respectively. For the alloy case, the results
(shown in Fig. 11 for the 5 atoms case) are in agreement with
our MP2 calculations for all composomers tested for these
nuclearities and with our coupled cluster calculation for the
Na5K1. The pentagonal bipyramid predicted by the Gupta po-
tential and confirmed in a MP2 reoptimization for the seven
atoms clusters was also successfully determined by our DFT
approach, as well as for clusters of eight atoms such as K8,
Na8, Na1K7 and Na7K1. The latter structures had their ge-
ometries well predicted by the empirical Gupta potential and
confirmed as minima in this work through MP2 and DFT cal-
culations, and are also in agreement with Ref. 33. For pure
sodium and potassium clusters with nine atoms, the Gupta/GA
structures were again confirmed by DFT calculations, which
are in agreement with the shape found in Ref. 32. However,
a different structure could also be confirmed as minimum for
both K9 and Na9 clusters within the DFT approach at def2-
TZVPP/SVWN5 and LANL2DZ/SVWN5;PBE levels. In par-
ticular, the latter Na9 structure is in agreement with the shape
found in Ref. 38 and is more stable than the one found also
by the Gupta/GA approach, although the energy difference
is less than 1 kcalmol−1. For the alloys Na1K8 and Na8K1,
the Gupta/GA predictions were not confirmed by our DFT ap-
proach, which yielded structures that resemble those in Ref.
38 for the pure sodium clusters. In particular, for the Na8K1
cluster, one of the DFT structures is in good agreement with
our MP2 result. A comparison between these structures is
shown in Fig. 12.

For clusters with 10 atoms, however, not even the Na1K9
could be confirmed as a minimum within the DFT approach
as happened when employing MP2, reinforcing that it is hard
to state in advance at which nuclearity the Gupta potential is
systematically capable of predicting the true structures.

4 Conclusions

We have employed genetic algorithm coupled with an empir-
ical potential to obtain the global minima of NaxKy clusters
with x+ y ≤ 15. As analyzed, the energy increases (and the
average bond energy lowers) as more sodium atoms are substi-
tuted by potassium. A general tendency of sodium to occupy
the center of the structure and potassium to be segregated at
the surface was observed, as expected1,5.

Benchmark results employing all-electrons CCSD(T) cal-
culations for the smallest clusters were performed and served
as comparison to asses the validity of the Gupta/GA, MP2,
and DFT results. Moreover, our CCSD(T) approach on alloys
with less than 7 atoms also corroborates with previously re-
ported studies for its pure counterparts in the literature. To
the best of our knowledge the structures predicted here for the
alloys have not been reported before.

It was also analyzed that the empirical Gupta potential is
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Fig. 11 Most stable isomers of the 5 atoms clusters yielded by our
DFT approach. The colour pattern follows the previous pictures.

improper for clusters with less than seven atoms, but the pic-
ture starts to change for this nuclearity, where the pentagonal
bipyramid geometry achieved is confirmed by ab initio calcu-
lations. Even so, errors will occur for larger structures and the
results are also not trustworthy after this size.

The MP2 calculations were sufficient to predict cor-
rect structures, such as the planar C2v, pentagonal pyra-
mid and pentagonal bipyramid shapes for the five, six and
seven atoms clusters, respectively. Thus, it may be em-
ployed where CCSD(T) calculations are prohibitive. Den-
sity functional theory calculations were tested for the B3LYP,
PW91, PBE and SVWN5 functionals, coupled with def2-
TZVPP and LANL2DZ (ECP) basis sets. Despite the good
and stable results provided by SVWN5/def2-TZVPP, the
SVWN5/LANL2DZ approach is believed to provide the best
cost-effective results, yielding deviations of around 5% from
the benchmark ones, which may be a well accepted deviation.
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Fig. 12 Structures of nine atoms yielded by Gupta/GA (left), and
minima achieved only by our DFT approach (right). The colour
pattern follows the previous pictures.
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