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Abstract. The most stable structures of Cupn, Niy, and Auny clusters with 2 < N < 60 have
been determined using a combination of the embedded-atom (EAM), the quasi-Newton, and our own
Aufbau/Abbau methods for the calculation of the total energy for a given structure, the structures of the
local total-energy minima, and the structure of the global total-energy minimum, respectively. We have
employed two well-known versions of the EAM: (1) the ‘bulk’ version of Daw, Baskes, and Foiles and (2)
the Voter-Chen version which takes into account also properties of the dimer in the parameterization. The
lower-energy structures (also for the smallest) of Cuy and Niy clusters (i.e., structural details as well as
symmetry) obtained with the two versions are very similar. Thus, our study supports an universality of the
bulk embedding functions for copper and nickel. But for gold clusters the differences between structures
calculated with the two different versions of the EAM are significant, even for larger clusters.

PACS. 61.46.4+w Nanoscale materials: clusters, nanoparticles, nanotubes, and nanocrystals — 36.40.-c
Atomic and molecular clusters — 68.65.-k Low-dimensional, mesoscopic, and nanoscale systems: structure
and nonelectronic properties — 31.15.Ct Semi-empirical and empirical calculations (differential overlap,

Hiickel, PPP methods, etc.)

1 Introduction

The fact that clusters have unique properties has been
formulated in various ways, including ‘small is different’,
‘for clusters the properties do not scale with the size’,
and ‘every single atom counts’. In essence all statements
imply that the properties of the clusters depend criti-
cally and in a complicated way on the number of atoms.
The fact that any property depends first on the num-
ber of atoms and second on the structure of the clus-
ter means that the determination of the structure for
a given cluster is of ultimate importance for developing
structure-property relations. Here, theoretical studies can
be of importance. Unfortunately, geometry optimizations
using ab initio methods are still computationally unfeasi-
ble for clusters with more than 10-20 atoms. It is possible
to carry out ab initio calculations for clusters containing
more atoms, but then only for a few fixed structures of
high symmetry (see for example Ref. [1]). Consequently,
information provided by empirical potentials is highly rele-
vant, for instance in yielding candidate structures for sub-
sequent first-principles calculations. However, the model
potentials may be inaccurate. Therefore, it is important
to understand the applicabilities and limitations of the
model potentials before using them uncritically. With this
objective we have studied clusters of three metals, Ni, Cu,
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and Au, using two different versions of the embedded-atom
method in order to study system- and potential-specific
as well as -independent properties. We shall here report
results of this study where we have optimized, using an
unbiased approach, clusters with up to 60 atoms.

For the present work it is important to mention
that ab initio calculations on Niy, Cuy, and Auy clus-
ters have been performed mainly for very small clus-
ters [2-11] as well as on single, high-symmetric, larger
ones [1]. On the other hand, many-body empirical po-
tentials [e.g., the Gupta, Murrell-Mottram, Sutton-Chen,
and embedded-atom method (EAM) ones| have been used
in several studies to perform unbiased structure opti-
mizations with almost no constraints on size or symme-
try [12—-29]. From earlier empirical studies on nickel and
copper clusters [17,20,26-29] it was found that highly sta-
ble clusters occur for N = 13 and N = 55, for which
the structures are multilayer icosahedra, i.e, the first and
second Mackay icosahedra. Moreover, an fec truncated
octahedron was found to be the structure of the global
total-energy minimum for Nizg and Cugg clusters. How-
ever, Kabir et al. [20] found a structure with icosahedral
geometry for the Cugg cluster.

The gold clusters seem, on the other hand, to have
a complicated growth, possessing disordered minima for
the energetically low-lying isomers [12,14-16,21]. Even
for the geometry of the first magic-sized gold cluster,
Auys, there is still not full agreement: results obtained
with first-principles calculations have given a disordered



188

structure [2,8], while methods based on empirical many-
body potentials have predicted the icosahedron as the
most stable structure [13,17-19,26]. For the Augs cluster
empirical potentials [13,17-19,26] as well as first-principle
calculations of Hakkinen et al. [7] have predicted the
fee truncated octahedron to be the most stable struc-
ture, while other studies have suggested the formation
of either a disordered structure or amorphous low-lying
isomers [14-16,21]. Similarly, recent experiments and cal-
culations [12,14,16,21,30] suggest that Auss possesses a
low-symmetric structure.

Accordingly, in order to obtain further insight into the
structures of the not-too-small metal clusters, it is highly
important both to study the influence of the potential
that has been used and to perform unbiased structure
optimizations.

2 Method

In the present study the structure and energetics of the
lowest-lying structures of Cuy, Niy, and Auy clusters
with N up to 60 have been determined for each clus-
ter size using a combination of the EAM (for the cal-
culation of the total energy for a given structure), the
variable metric/quasi-Newton method for the determi-
nation of the local total-energy minima, and our own
Aufbau/Abbau method for the determination of the global
total-energy minimum. We have employed two well-known
versions of the EAM: (i) the ‘bulk’ version of Daw,
Baskes, and Foiles (DBF) [31-33] and (ii) the Voter-Chen
(VC) [34-36] version which takes into account proper-
ties of the dimer in the parameterization. In our very re-
cent study [29] we have calculated the geometries of the
four lowest-energy structures of Niy clusters with N up
to 150 using the DBF potential. This study showed a very
good agreement with experimental and other theoretical
studies. Accordingly, it suggests that the bulk embedding
functions and potentials for nickel are applicable also to
smaller clusters with many low-coordinated atoms. Nev-
ertheless, it is not obvious that the DBF EAM functions
will describe accurately properties of other metal clusters.
On the other hand, the main advantage of the Voter-Chen
version of the EAM is the parameterization of the poten-
tials also to dimer properties.

3 Results

First, we calculated the bond length of the dimers, Nis,
Cuz, and Aus. Our results together with ab initio and
experimental values of reference [38] are shown in Table 1.

The results show a good agreement with experiment
for the DBF version of the EAM except for Au, where it
fails completely. On the other hand, the VC version gives
an overall very good agreement. This simple test suggests
that the DBF version could provide proper geometries of
Ni and Cu clusters even for the smallest cluster sizes, but
may fail for small Au clusters.

Our further calculations confirm this statement. The
left panels of Figure 1 show the difference between the av-
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Table 1. The calculated bond length (in A) of the dimers
in comparison with ab initio and experimental values. DBF
and VC denotes the EAM versions of Daw, Baskes, and Foiles
and of Voter and Chen, respectively.

System DBF/VC ab initio exp.
Ni 2.13/2.22 2.17 2.20
Cu 2.15/2.23 2.17 2.22
Au 1.81/2.40 2.55 2.47
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Fig. 1. Comparison
between DBF and

VC results: energet-
ics and structure.

Number of atoms

erage binding energies per atom calculated with the dif-
ferent potentials of the EAM as a function of cluster size.
One can see that the agreement is very good for Cu, sat-
isfactory for Ni, and poor for small gold clusters, but sur-
prisingly good for all metals with N > 20.

The concept of similarity functions, introduced by us
in reference [28], turns out to be very fruitful. With these
functions it is possible to quantify structural differences
and similarities. Here, we use it as follows. In order to
quantify whether the cluster of N atoms calculated using
the DBF potentials is structurally related to that using
the VC potential, we calculate and sort all interatomic
distances, d;, i =1,2,---, N(]gfl), of each of the two clus-
ters, separately. Subsequently, we calculate
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where the superindex distinguishes between the two po-
tentials. The similarity function is then

1

1+ q/w @)
(we choose u; = 1 A) which approaches 1 (0) if the
DBF cluster is very similar to (different from) the
VC cluster.

The right panels of Figure 1 show these functions. It
is easily seen that the structures of DBF and VC cop-
per clusters are very similar, and only for four values of NV
some larger differences are observed. For nickel clusters we
observe some more differences, although the agreement is
nevertheless reasonable. The situation for gold is differ-
ent. Here, the figure shows large differences for N > 13.
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Fig. 2. The stability
function (in eV) for
Ni, Cu, and Au clus-
ters as calculated us-
ing the VC potential.
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Moreover, the similarity function approaches 1 only for
few values of V.

A word of caution is, however, appropriate here. In
our more detailed work on Niy clusters we calculated the
four energetically lowest isomers for N up to 150 [29].
There we showed that there is a repeating cross-over
between the different isomers, i.e., often the energeti-
cally lowest isomer for a certain value of N was struc-
turally most similar to an energetically higher one for
the Niy_; cluster. Moreover, the four isomers were in-
deed close in energy. Thus, marginal changes in the total
energies (e.g., when replacing the DBF potential with the
VC potential) may easily change the relative order of ener-
getically close isomers and, accordingly, lead to a situation
where the energetically lowest isomers of the two poten-
tials are structurally quite different as, e.g., exemplified in
the results of Figure 1 for Au.

Therefore, in order to obtain further information on
the differences in the two approaches we show in Table 2
the point groups of the global-minima structures for the
same systems as in Figure 1. The point symmetries for 2 <
N < 13 are not shown, as they are found to be identical
for all three metals and both potentials. In accord with the
results above, we find only 6 values of NV for Cu where the
two potentials lead to different symmetries, 9 for Ni, but
24 for Au. Moreover, in general we find the same ground-
state symmetries for a given N for Ni and Cu, whereas
that for Au is different.

More information on the similarities and differences
between the three elements can be obtained through the
stability function, defined as Eiot (N + 1) + Eiot (N — 1) —
2FE:0t(N), and shown in Figure 2, which has maxima for
particularly stable clusters. Here we have considered only
the VC potential. Also this figure confirms that Ni and Cu
do not differ much, whereas the properties of Au are
different.

In reference [29] we presented a number of different
quantities that were explicitly constructed to give detailed
but compact information on the structures of the different
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Table 2. Point groups of the optimized nickel, copper, and
gold clusters for 14 < N < 60.

Ni Cu Au

N DBF/VC DBF/VC DBF/VC
14 Csyv/Csy Csv/Cay Cav/Cay
15 Cay /Cay Dga/Dega Déda/Dega
16 Cs/Cs D3n/Cs D3sn/Cay
17 C2/Ca Tq/Ca Ta/Ta
18 Cs/Cs Cs/Cs Cay/Cuy
19 Dsn/Dsn Dsn/Dsn Cav/Dsn
20 Cay/Cay Cayv/Cay Cs/D3a
21 Cl/Cs Cs/Cs CS/CS
22 Cs/Cs Dén /Den Den/C1
23 Dsn/Dsn Dsn /Dan Ca/Cav
24 Cay /Cay D3 /D3 Csyv/C2
25 Cay/Cs C3/Cs D2 /Ca
2%  Taq/Ta Ta/Ta Dy /Ch
27 Cav/Cay Cay /Cs Cs/Cs
28 T/T T/T C3/Cs
29 C3/Cs C3/Cs C1/C2
30 Cav/Cs Cs/Cs Csv/Csv
31 Cs/Cs Cs3/Cs Cs/Cs
32 D3/D3 DB/D3 CB/DQd
33 Cz/Cs Cz/Co C2/Ca
34 Cs/Cs Cs/Cs Ca/Tq
35 Cav/Ds Cay /D3 Cay /Cay
36 Cs/Cs Cs/C1 Cav/Cav
37 C2/Co Ca/Co C1/Cav
38 Oh/Oh Oh/Oh CQ/Oh
39 Csv/Cs Cs5/Cs D3/D3
40 Cs/Cs Cs/Cs D2 /D3
41 Cs/Cy C1/Cs D2/Cy
42 Cs /Do D2 /D> Cz/Dy
43 Cs/Cs Cs/Cs C1/D2
44 Cl/Cs Cs/Cs C1/Cs
45 Cs/Cs Cs/Cs C1/Cs
46 Cay/Cay Cayv/Cay C1/Cs
47 C1/C1 C1/Cq C1/Cq
48 Cs/Cs Cs/Cs C1/Cy
49 Csv/Csy Csyv/Csy C1/Cy
50 Cs/Cs Cs/Cs C1/Cy
51 Cay /Cay Cav/Cay Ci1/C1
52 Cgv/03v Csv/Csv CQv/D5d
53 Cay /Cay Cav /Cav Csv/Csv
54 C5v/05v CsV/C5v CI/Ih
55 Ih/Ih Ih/Ih Cl/c3v
56 Csyv/Cs Cs/Cs C2/Cs
57 Cs/Cs Cy/Cs Cy/Cy
58 Csv/Csy Csyv/Csy Ci/Cy
59 Cay /Csy C1/Cq C,/Cs
60 Cs/Cs Cs/Cs Cs/Cs

clusters as a function of N. Here, we shall use one further
of those in analyzing the present results, i.e., the so-called
radial distance. For a given cluster of N atoms we identify
the center,

1 N
RO = N;R’h (3)



190

Rad. dist. Rad. dist. Rad. dist.

Fig. 3. The radial distance (in A) for (from above) Ni, Cu,
and Au clusters as calculated using (right) the DBF and (left)
the VC potential. In each panel a horizontal line for a given
value of N indicates that at least one atom has that distance
to the center of the cluster.

with R; being the position of the ith atom. Then, d; =
|R; — Ryp| is the radial distance for the ith atom. In a
graphical representation, we subsequently mark, for each
value of N, those values of d; that are found and show
these as a function of N, cf. Figure 3. When only few
values are found for a given N, the cluster has a high
symmetry with few atomic shells. This is, e.g., found for
all systems and potentials around N = 55, except for the
Auss cluster obtained with the VC potential. It is inter-
esting to observe how this property is not concentrated to
the single values of N but that it is built up over a larger
or smaller range of N values.

In the figure we also see that the two potentials for Ni
and Cu lead to very similar results, which is not the case
for Au, once again confirming that Au is a material for
which small, critical parts of the potential may lead to sig-
nificantly different results. Moreover, we observe that the
results for Ni and Cu resemble each other, whereas those
for Au are different, with the results using the VC poten-
tial being more close to those for Ni and Cu than those
obtained with the DBF potential, which, in turn, seems
to indicate irregular structures of low symmetry.

4 Conclusions

In this study we have reported results of an unbiased
structure optimization of Ni, Cu, and Au clusters with
up to 60 atoms using two different potentials within the
EAM framework. Since we have used the same unbiased
structure-optimization method, our study allows for a di-
rect comparison of the performances of the two potentials.
To our knowledge, no such unbiased study has been pre-
sented before.

It was very clear that the structure of Auy depends
critically on the used potential which may be an expla-
nation for the large scatter in the results that have been
obtained theoretically for this system, as discussed in the
introduction. On the other hand, the weak sensitivity of
the results for Ni and Cu on the potential makes us pro-
pose that this may be a more general property for those
systems, i.e., also other theoretical approaches should give
results that only differ little from those presented here.
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Moreover, we found that Ni and Cu clusters are very
identical and that also the sequence of magic numbers
for those is similar for the two systems. In contrast, once
again Au clusters showed a markedly different behavior.
Finally, whereas both EAM potentials gave realistic re-
sults for Ni and Cu, only the VC parameterization was
considered useful for Au.

This work was supported by the DFG through the SFB 277
and through project Sp 439/14-1.
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