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Abstract

The stability against temperature and the structures of bi-metallic
cluster with the composition Niss_,Au, and NizAuss_, are investigated
using Molecular Dynamics simulations. Structures are heated and equi-
librated in stages upto a temperature of 550 K. Properties to account
for structures (pair-correlation functions and coordination numbers) and

dynamic properties (Lindemann index §;) are evualuated.
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1 Introduction

As metal clusters play a big role in a variety of applications like nucleation and
growth of crystals and films, for homogeneous and heterogeneous [I] catalysis
[2] or chemistry [3], many different ways of production as well as application
dependent certain properties are required. Examples for that are the oxida-
tion reaction of methane or the reduction of COs. [4] Recently the synergetic
effect of Ni-Au bimetal nanoparticles for the use in hydrogen and arabinose
co-production by glucose photoreforming was emphasized. [5] The catalytic ac-
tivity of metal clusters as well as their physical properties are influenced by the
particle size. [I] For some Ni-clusters among others Nigg a magnetic behavior
was observed. In large clusters magnetic metals like Ni show in relation to bulk
metals lower magnetic moments. Compared to that, large metal clusters out
of non-magnetic metals show commonly diamagnetic behavior with much lower
moments. [6] As a higher activity, selectivity, stability and resistance to poi-
soning in heterogeneous catalysis can be reached by using bimetallic instead of
single metals this type of cluster gained interest. Rousset et al. studied Au,
Ni and AuNi clusters which were produced by laser vaporization of bulk metals
and came across with a vanishing of the shift in core level binding energy caused
by the size effect (size distribution of pure or alloyed clusters were roughly the
same). [7] Further they found out that besides the alloying effect the segregation
of gold atoms on the surface causes a shift. As the Au-Ni binary phase diagram
shows, no solid solution is present. [7] High resolution electron microscopy and
scanning electron microscopy studies on the characterization of bimetallic clus-
ters, among others AugNi and NigAu, also mentioned that Au-Ni systems do not
show a solid solution in the bulk phase at ambient temperature. Further it was
shown, that the Au-Ni clusters behave like monometallic Au and Ni clusters as
the core-level binding energies increase with decreasing coverage or cluster size.
The occuring shift in the core-shell levels were seen as the addition of alloying
and cluster size effects. [§] The geometric arrangement of the ensemble as well

as electronic influences due to the ligands were mentioned as reasons for the



influence of alloying effects on the catalytic properties. [2, [7] The formation of
bimetallic clusters (Ni-Au) is independent from the order of deposition. On the
surface mainly Au atoms occur as it has a lower surface free energy than Ni and
the kinetical limitation of the metal atom mobility through diffusion at room
temperature. Is Ni deposited on Au the remaining Ni content on the surface
is higher due to a kinetical limited diffusion opportunity within the cluster. [9]
As the transformation of the cluster as well as a change in active sides can take
place at elevated temperatures it is crucial to investigate the thermal stability of
clusters. [4] Schnedlitz et al. investigated the effects of the core location on the
strucural stability of Ni-Au core-shell manoparticles and the structural changes
choosing higher temperatures. By using MD-simulations they concluded that a
decentralized core leads to a promoted diffusion along the intermetallic interface
and a quenched intermixing along the radial coordinate. The decentralized Ni
core caused an increase of core-shell structure stability. [I0] Metal clusters can
furthermore be generated in different sizes. Vlachos, Schmidt and Aris investi-
gated small metal clusters with n = 2—34 and n = 55 at different temperatures
with a simulation using the annealing Monte Carlo method. No sharp transition
from icosahedral to quasicrystalline could be observed over the (cluster) size as
with using the Lennard Jones Potential (sharp transition between n = 30 and
n = 31). This shows that the results can differ depending on the type of body
potential that is used while the trend remains the same. With an increase in
temperature first restructuring and at higher temperatures isomerization occurs
what leads to a change in surface atom coordinates. While Au shows a smooth
transition of the coordination number CN with increasing temperature Ni shows
a sharp change similar to first order transitions. Using different potentials the
abrupt change can occur at larger amounts of atoms. [I1] The clusters, which
we used in our simulations, are provided by Alvaro Posada-Amarillas (is there
a publication, we can refer to?), where different configurations of Nigg_, Au,-
clusters are generated and analyzed. From all these configurations we focus
on: one NizyAu;-cluster, two NiggAus-clusters, two Nis Auzg-clusters and three

Niz Auss-clusters.



2 Methods and Simulations

2.1 Molecular Dynamics

MD simulations represent a valuable link between established theories and ex-
perimental observations providing information on a whole raft of equilibrium
and dynamic properties of complex systems, including molecular geometries
and energies, rates of configurational changes, free energies, etc [I2]. Therefore,
these simulations are also an often preferred choice to evaluate the influence of
temperature on the stability of metal clusters, both in terms of structural and
dynamical properties [4]. In general, possible applications for MD simulations
range from drug discovery to battery development with the latest supercomput-
ers being capable of simulating a million atoms at over 100 ms per day.

To obtain the afore mentioned information and to be able to draw meaningful
conclusions from them first the underlying equations of motion have to be solved
at every time-step. The solutions to the equations of motion result from a force
that in turn is influenced by the parameterization of the underlying force field.

For a single atom this context can be expressed as

m;ti = fi fi= _8(({]};R) (1)

with mass m;, acceleration 7;, force f; acting on atom i, and potential energy
U(R) [13]. R describes the 3N atomic coordinates with the number of atoms
N (R = (r1,72,...rn)). fi itself can be calculated by solving the right side of
equation [I| For this, a value for U(R) is needed, which in turn is obtained by

solving the energy functions implemented within the force field. Commonly used



for atomistic force fields are energy functions for both the bonded interactions
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to describe the various interactions between the different atoms [I4]. If the equa-
tions [2| and [3| are now numerically solved the MD algorithm can then determine
the resulting forces acting on each atom and given equation[l] the corresponding
change in velocity.

In this work MD simulations were used to study the behavior of 38-atom
bimetallic clusters consisting of Au and Ni atoms at different temperatures.
Since these are finite systems boundary conditions are not applicable and were
thus omitted. The potential used for all the MD simulations was the n-body
Gupta potential [I5]. For each temperature a total of 250.000 simulation-steps

were performed with a time-step of 2 fs.

2.2 Potential

The calculation of potentials is based on the tight-binding second-moment model
(TB-SMA), which was defined by Cleri and Rosato [16] to a few free parameters
and successfully tested for effectiveness. The tight-binding model is used to
calculate ion-ion interactions in solids such as bulks and crystalline structures.
Through such a many-body scheme, interfacial effects can be included. While
the first moment 7 can be assumed to be zero, the binding energy of transition
metals can be expressed by ,/u2, which was experimentally proven. The total

potential energy F,. consists of two parts, one contribution comes from the



hopping integrals (“overlap” integrals) of d-orbitals in transition metals, these

so-called band energy E% of atom i is given by

1/2
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where 4 and j are different atoms with a certain distance r. Free parameters
of the potential are A, &, p, ¢ and rg. The second contribution results from
a short-range interaction between the ions and is necessary for the crystalline

stability. The interaction of atom i are described by a Born-Mayer potential:
. ros
By =Y Awexp(—pus — 1) (5)
j 0

Both contributions are summed up to determine the cohesive energy of the

total system:
Ec =Y Ep+Ej (6)

In we give the element specific parameters for tight binding potentials
from the paper of Cleri and Rosato [16].

The simulation is performed under constant pressure (isobar, outer pressure
is set to 0 Pa). At the beginning the system is heated from zero to 50 Kelvin.
For the heating procedure we scale the velocities of the atoms each time step.
Since the simulation takes 500 - 10712 seconds (i.e. 250000 time steps) the heat-
ing rate results to be 101K /s. After that, an equilibration at this temperature
is performed and the equilibrium simulation also takes 500 ps. The procedure
just described, in which the clusters are heated in steps of 50 K and are then
equilibrated, is repeated until the clusters are either destroyed or a temperature

of 550 K is reached.

2.3 Observables and Properties

The Lindemann index is commonly used to define the melting transition of

nanoparticles. [I7] Since the focus of the investigations is laid on the structures



of metal clusters and their structural stability we use the Lindemann index as
a criterion to account for changes in the vibrational amplitudes of the atoms.
This root-mean-square bond fluctuation index is a measure of thermally driven
molecular disorder defined by an index of intra-atomic spaces, used to discuss
the phase transition temperature indication between solid and liquid state. The
Lindemann index §; is defined as
2N (. N\2
5, — Nl 1 Z <7"ij> (riz) )
- (rij)

i#]

here, r;; is the distance between atoms ¢ and j, N is the number of atoms in
the discussed particle and the brackets represent time averages of the sample’s
temperature. Therefore, we calculate the Lindemann indices during the equi-
librium steps of the simulation runs. In order to observe a change in the atomic
dynamics (due to relaxations, diffusions, etc.) over the course of an tempera-
ture equilibration period, we divided the entire run into successive time slots,
for which we calculate the index §;. The total observation period is divided into

five sections of equal length and for each section the mean values of distances

(rij) and squares (r7;) are calculated.

A well-known quantity to gain insight into structural properties either order
or disorder of solids and cluster is the pair-distribution function.
We determine the partial pair-correlation functions g(r) a structural property

exhibiting the status of matter

o) = (k) )

With n(r) being the number of atoms at a distance in a sphere with thickness
A(r). This sphere is located around a central reference atom. The relative
density of atoms in the systems is described by p, and the brackets () stand
for averaging over configurations calculated throughout the simulation runs.
Correlations of pairs of atoms were calculated, Ni-Ni, Ni-Au and Au-Au where

applicable. Since a variety of isomers exist, the atoms of the clusters differ in



their spatial arrangements or their connections. To gain insight into the detailed
structure the calculation the partial pair-correlation functions is important.
Another measure to account for structural changes is the coordination num-
bers of the atoms. The coordination number CN can be used to distinguish be-
tween ordered and disordered structural arrangements. In a typical fcc-crystal
the coordination number is 12, whereas glassy/disordered metals possess co-
ordination numbers of upto 14 atoms. [I8] All atoms which have distances
r < 1.2 -7y are counted as neighbours and thus contribute to CN (r¢ is the

nearest-neighbour distance).

3 Results and Discussion

Ni-rich clusters:
As examples of the simulated Ni-rich clusters one example of a NigyAu; cluster

and two different structures of NiggAusy clusters are chosen.

Nis7Auy:
The NigzAu; cluster did not fail up to the maximum simulated temperature
of 500 K (see resistance up to a maximum tested temperature of
250 K could also be observed for the cluster type NiggAuy, which is not further
deepened). As can be taken from the pair distributions of Au-Ni and
Ni-Ni show an approach from a temperature of 350 K and no further overlapping
of neighbouring peaks could be noticed. The cluster seems to be stabilized in a
narrow range of probability of stay for the atoms so that the cluster held.

NiggAus:
The first cluster is heated in stages (as described in the section Methods and
Simulations) upto 300 K. As can be seen fromthe coordination number
did only slightly change up to 200 K, while the position of the atoms stayed the
same. Omne can clearly distinguish three atomic shells. The innermost lying
atoms (r < 2.5 A) have a coordination number of 12 (i.e. the value corresponds

to the one in a fcc-crystal). The atoms in the second shell (2.5 A< r < 3.5 A)



have a reduced coordination number (CN = 9). This is due to the fact, that
these atoms are neighbours to the innermost lying atoms, but the cluster is too
small to provide the necessary number of neighbors from the outer shell. The
atoms lying in the outermost shell (r > 3.5 A) have the smallest coordination
number (CN = 6), since there are too few neighbours. At 200 K first increase
in CN took place at distances of round about 3.6 to 4.4 A. When 250 K was
reached a larger increase in this atom position range could be observed, while
for the two lower position ranges a slight shift to larger distances and a decrease
in CN could be observed. This shows, that the NiggAus cluster remains in an
ordered structure up to 200 K and starts changing to a disordered structure at
250 K. In the 300 K equilibrium step failure occurred and the cluster break into
a NisAus and a Nigy fragment each.

The second cluster of this composition is heated in stages upto 550 K. In
we show the cluster at T = 550 K just before and after the decay. The
temperature dependences of the Ni-Ni-, Au-Ni- and Au-Au-pair distribution are
depicted in Upto a temperature of 500 K we can see the broadening
of the nearest neighbour peaks. With increasing temperature (7' > 200 K) the
ordered character of the cluster decreases since the peaks beyond the next neigh-
bours start to overlap. Especially for the Au-Au distances we observe the two
Au-atoms are clearly apart at temperatures below 400 K. At this temperature
the gold atoms become nearest neighbour and the instability of the complete
cluster grows and ends in a decomposition into two fragments. As an indica-
tor of atomic motions we consider the Lindemann index §; for each atom of
the cluster. The values of §; are plotted versus the positions of the atoms. In
the results for §; vs. r are given for the simulated temperatures. At
temperatures below 150 K the values of §; are less than 0.04. At temperatures
greater than 200 K we observe a clear increase of §; which is a strong hints to
an increasing mobility of the atoms. Especially atoms lying in the outer lay-
ers (positions r > 3 A) undergo a drastic rise of mobility. For temperatures
greater than 350 K the values of §; are increasing more rapidly. The changes

of the atomic mobility has an impact on the coordination numbers CN of the



atoms. In the coordination numbers are plotted versus the position of
the atoms. The atoms in the center of the cluster have the largest number of
nearest neighbours (CN > 11). With increasing distance from the center the
coordination numbers CN decreases and the outermost lying atoms have the

least CN (CN < 9).

Au-rich clusters:
In addition to the Ni-rich clusters of the type Niss_,Au, also Au-rich clusters
of the type NizAusg_, were simulated. Some selected results are presented in

the following sections.

NisAusg

The results of two clusters with the composition NiyAusg are presented in this
section. The first cluster is heated in stages up to 250 K. In we show
the cluster at T = 250 K just before and after the decay.

The temperature dependencies of the Ni-Ni-, Au-Ni- and Au-Au-pair distribu-
tion are depicted in At a temperature of 50 K the Ni-Ni-pair distri-
bution is slightly larger than 4 A. With increasing temperature (T > 50 K) the
distance r between the Ni atoms decreases until they become direct neighbors.
This is possible since more mobility and flexibility become available at higher
temperatures. Above 150 K the distance between the Ni atoms slightly increases
again and the peak gets broader. Here, the higher temperatures increase the
kinetic energy of the atoms to a point where fluctuations in the atom positions
and thus changes in inter-atomic distances become more frequent leading to the
broader peaks. The Au-Au-pair distribution initially shows multiple distinct
peaks. With increasing temperatures these peaks become broader and start to
overlap more and more. This indicates a loss of crystalline and ordered features
that progresses until the cluster ultimately decays at T = 250 K. As an indi-
cator of atomic motions we consider the Lindemann index §; for each atom of
the cluster. The values of §; are plotted versus the positions of the atoms. In

the results for §; vs. r are given for the simulated temperatures. At
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temperatures greater the 200 K we observe a clear rise of §; which is a results
of an increased atom mobility. Especially the atoms in outer layers undergo a
drastic increase of mobility. The change in the mobility of the atoms also has an
impact on the calculated coordination numbers CN for the atoms. In
the coordination numbers are plotted versus the atom positions. It becomes
apparent that mostly the atoms located in the center of the cluster have the
largest number of nearest neighbors (CN = 8 — 11). At higher distances from
the center (r > 4 A) CN decreases below seven and the outermost lying atoms

have the lowest CN at CN < 6.

A second NigAugg cluster has been simulated with different starting struc-
ture. The structure of the NigAusg cluster became disordered during the heating
step to 150 K. Also this cluster type showed an elongation/ a distortion in shape
which started in the 200 K heating step and a slightly bean-shape including the
two Ni atoms in the middle in the 250 K heating step. Furthermore the breaking
behavior was similar to that of the NigAuss clusters. Two fragments of AuszNiy
and Auj3Ni; each were formed, but failure occurred at 250 K equilibrium for

the NigAusg cluster.

NisAuss

Three clusters of this composition have been simulated and are heated upto
200 K. Two configurations of NigAuss show similar failure behavior. Both (of
them) failed at 200 K (equilibration and heating step respectively) and broke in
similar smaller clusters (fragments) which just differ in one Au atom, containing
Auy3Ni; and AugsNis or AuyoNiyp and AugsNis, resp. In both configurations
the three Ni atoms were placed in the middle of the cluster, which elongated,
forming a bean-shaped structure when reaching the 100 K equilibration step

(exemplary shown in [Figure 12)). During heating bending movements and vi-

brations of the cluster endings took place.

As can be seen from the Lindemann indices 0; (Figure 13| and [Figure 14)), the

atom motion at 100 K was enhanced and the distances r were increased. This
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matches with the observation of the expansion and elongation of the cluster at
this temperature.

In correlation with the increased motion, the potential energy at 100 K changed
too over the simulation time (Figure 15)). Noticeable are sharp peaks. Depend-
ing on the position of the atoms in the arrangement and the bending movement
of the bean-shaped cluster the potential energy either increased or decreased
until the arrangement seems to stabilize after approximately 150000 MDS and
125000 MDS each.

The third cluster NigAuzs — 130 breaks into two fragments at 150 K. Using
the graphic viewer VMD [19] we visualize the structure. (left) shows
the cluster at 150 K equilibration. The simulated structure is deformed like a
banana or a bean just before it decays. Similar to the other clusters, the three
nickel atoms here continue to hang together despite the high atomic motions
within the structure. The decay of the structure can be seen in (right).
Here, two fragments once with two nickel atoms and with one nickel atom are
formed. The nickel atoms have therefore not remained completely together but

have distributed over the two parts.

For this cluster the Lindemann index J; vs r is shown in At the

lowest temperature 50 K, the points are almost all on one line, the further the
temperature rises, the more scattered the points are in the diagram. This is
an indication that the atoms move more and change their positions due to the
temperature increase.
The influence of the increasing temperatures on the coordination numbers can
be seen in the coordination number is plotted against the position
of the atoms in the cluster for each simulated temperature, resp. As can be
seen in other cluster examples, the atoms in the center of the cluster have the
largest coordination number (CN = 11). The further away the atoms are from
the cluster center, the smaller the coordination numbers become.

In the temperature-dependent pair distributions of Ni-Ni, Ni-Au and

12



Au-Au atoms are shown. In all three diagrams, the orange curve at 200 K is
the most striking. However, the high peaks of these curves only indicate that

the cluster has already decayed at this temperature.

4 Summary and Conclusion

We use Molecular Dynamics simulations to investigate the stability of Ni-Au
clusters with a total number of 38 atoms. The Ni-rich clusters provide a good
stability with temperature. The most temperature resistant clusters have the
composition Nig7Aug, clusters of that type did not break apart at the highest
applied temperature of 550 K. Clusters with a molecular formula NizggAus pos-
sess a reduced temperature resistance and break apart at temperatures between
300 K and 550 K. Results for the type NiggAuy are not shown, however we
would like to mention, that the increased number of gold atoms causes a fur-
ther stability decrease against temperature. The NiggAuy-clusters decay in two
parts in a temperature range from 250 K to 500 K. The Au-rich clusters show a
much less temperature resistance. The typical temperature for a fragmentation
of NigAugg clusters range from 250 K to 300 K whereas clusters of the compo-
sition NigAugs decay at temperatures from 150 K to 250 K.

As temperatures rise, the movements of atoms within the clusters increase This
can also been observed from Lindemann index ¢;, which has values below 0.05
for the lowest temperatures and has values upto 0.4 in case the clusters break
into fragments.

Temperature increase and fragmentation of the cluster are accompanied with
disorder of the structural arrangement. The occurrence of disorder can also be
seen in the coordination numbers CN and the various partial pair distributions.
The coordination numbers CN for the ordered starting configurations show a
clear shell structures with well defined number of neighbouring atoms. As struc-
tural disorder increases, the shell structure is dissolved. The same applies to the
partial pair distribution functions, in which the peaks that are clearly visible at

low temperatures overlap with increasing temperatures.
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The observation of the potential energy during equilibration reveals the appear-

ance of structures that can be assigned to different minima of the potential

energy surface.
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Figure 1: Structures of NizzAuy at T = 50 K (left) and at 7' = 500 K (right),

the atomic coordinations are plotted using the molecular graphics viewer VMD

[19].
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Figure 2: Temperature dependence of the pair distributions of Au-Ni (top) and
Ni-Ni (bottom) in the Nig7Au;-cluster, up to the maximum simulated temper-

ature of 500 K.
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Figure 4: Structures of NiggAug at T = 550 K just before (left) and after (right)

the decay.
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Figure 5: Temperature dependence of the pair distributions of Ni-Ni (top), the
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of the peaks at T=>550 K are reduced for clarity, i.e. they are scaled with factors
0.5, 0.5 and 0.05, resp.
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(right).
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Figure 8: Structures of NigAugg at T=250 K just before (left) and after (right)
the decay.
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Figure 9: Temperature dependence of the pair distributions of Ni-Ni (top), the

Au-Ni (middle) and Au-Au (bottom) for the Nis Augg-cluster.
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Figure 10: Lindemann index J; plotted versus the positions of the atoms at

different temperatures.

11 ] T=50K
o o T=100K v
10 - :'0 ® - T=150K A
v T=200K o
gl & Yy | T=250K
o
*
5 8r . .
S
7r 0 .
‘ 4
T Ty‘&&* +
[
5 | | | ;\ ’\ |
1 2 3 4 5 6 7 8

Figure 11: Coordination number CN plotted versus the positions of the atoms

at different temperatures.
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Figure 12: Bean shaped NigAugs cluster at T=150 K equilibrium step
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Figure 13: Lindemann index of the NigAugs (111) cluster in a temperature range

of 50 K, 100 K and 150 K.
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Figure 14: Lindemann index of the NigAugs (105) cluster in a temperature range

of 50 K, 100 K and 150 K.
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Figure 15: Changes in potential energy over time at 100 K equilibrium for

NizAuss (upper diagram (111), lower diagram (105)).
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Figure 16: Banana shaped NigAugs cluster at T=150 K equilibrium step (left)
and NigAuss, just after decay, two Ni atoms in one fragment and one Ni atom

in the second fragment (right).
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Figure 17: Lindemann index of the NigAugs (130) cluster in a temperature range

of 50 K, 100 K and 150 K.
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Figure 18: Coordination number CN plotted versus the positions of the atoms

the NigAuss-130 cluster, in a temperature range from 50 K to 150 K.
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Figure 19: Temperature dependence of the pair distributions of Ni-Ni (top), the
Au-Ni (middle) and Au-Au (bottom) for the NizAugs-cluster.



Table 1: Parameters from [I6] used in the MD-simulation

Element | A [eV] | £ [eV] D q ro [A]

Ni 0.0376 | 1.070 | 16.999 | 1.189 | 3.523/v2
Au | 0.2061 | 1.790 | 10.229 | 4.036 | 4.079/v/2
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