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Abstract: Molecular dynamics simulations are performed at different temperatures to investigate the
thermal behavior of Cuy and Cuy-,Coy (N = 13, 55, and 147 atoms, x = 0, 1) metal clusters. The semi-
empirical Gupta potential is used to mimic the interatomic interactions in the clusters. The pair
distribution function is analyzed at various temperatures to characterize the structural changes that occur
with increasing temperature. Specifically, the vanishing of the second peak in the pair distribution
function is monitored as an indicator of the solid-liquid phase transition. Caloric curves are constructed
based on the total energy of the system, defining three distinct regions: solid-like, transition, and liquid-
like zones. The transition zone marks the temperature range where the melting transition occurs. The
melting temperatures are estimated by identifying the temperature at the midpoint of the transition zone.
The heat capacity curves are calculated using the energy fluctuations during the simulations. This
analysis provides insights into the thermal stability of each metal cluster. The study also explores the
effects on the melting temperature of introducing a single cobalt atom as an impurity in the clusters. The
implications of this addition are discussed in detail.
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1. Introduction

Atomic clusters composed of a few atoms, have gained significant interest due to their unique
properties compared to bulk materials. These nanoscale systems have been extensively studied both
theoretically [1, 2] and experimentally [3], with a particular focus on their geometric and electronic
structures. The catalysis industry has recognized the potential of these hanomaterials and their intriguing
properties [4, 5]. While much attention has been given to understanding geometric and electronic
structures [6], thermal analysis of atomic clusters is equally important for practical applications. The
thermal behavior of atomic clusters is particularly attractive due to the changes in their structural
geometry as the temperature increases [7]. These changes in geometry have significant implications for
their physical and chemical properties. For example, exploring the thermal behavior of atomic clusters
opens up new possibilities for tailoring their properties and optimizing their performance in chemical
applications. Understanding how these clusters respond to temperature variations is crucial for harnessing
their potential in catalytic and other industry applications.

The prediction of the melting temperature of metal clusters is of great significance for both basic
and practical reasons, mainly because phase transition phenomena in atomic clusters differ from those in
macroscopic materials due to their nanoscale nature. In atomic clusters, there exists a temperature range
where both the solid and liquid phases may coexist. This range is known as the transition zone and its size
varies depending on the composition and size of the atomic cluster. Interestingly, as the cluster size
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increases, the temperature range of the transition zone decreases [8]. Moreover, it has been observed that
the melting point temperature also decreases as the size of the atomic cluster decreases. This means that,
in general, smaller clusters tend to exhibit lower melting points compared to larger ones. However, this
property can be modified through the process of doping, where impurity atoms are introduced into the
cluster [8]. For example, the introduction of an impurity into a metal cluster can result in a reduction in
the cluster’s melting temperature, i.e., by doping the clusters, it is possible to influence their melting
behavior and potentially enhance their thermal stability. Understanding the intricacies of phase transitions
in atomic clusters, and how their melting behavior can be controlled through size and composition, is
crucial for tailoring these nanomaterials for particular applications. The ability to manipulate their thermal
behavior, e.g., melting points, can have significant implications for their use in various industries,
particularly in catalytic applications and other areas where thermal stability is essential.

The practice of doping materials with atoms of a different nature has long been employed to
enhance or modify the properties of materials according to specific needs. In metal clusters, the addition
of just one atom can lead to significant changes in both the chemical and physical attributes [9].
Theoretically, Molecular Dynamics (MD) simulations have shown that adding impurities like Ni or Cu to
silver clusters with an icosahedral structure can cause an increase in the melting temperature. This
increase is observed even in metallic clusters with sizes up to 100 atoms [8]. These findings highlight the
sensitivity of metal clusters to changes in their composition, even with the addition of a single impurity.
By carefully selecting the doping elements and their concentrations, it is possible to fine-tune the
properties of atomic clusters. Thus, the manipulation of the melting temperature through doping offers a
promising avenue for tailoring the properties of atomic clusters.

It is worth noting that the Lindemann criterion is typically employed to determine the melting
point of materials, including atomic clusters [10]. The Lindemann criterion is based on the ratio of the
mean-square atomic displacement to the average interatomic distance. When the ratio exceeds a certain
threshold, it is considered an indication of the melting point. This criterion provides an alternative
approach to estimate the temperature at which the phase transition occurs. The use of different criteria for
determining the melting point and transition zone underscores the complexity of studying phase
transitions in atomic clusters. Each criterion has its advantages and limitations, and the choice of criteria
may depend on the specific characteristics of the cluster and the objectives of the study. Overall,
combining various criteria and approaches provides a comprehensive understanding of the melting
behavior and phase transitions in atomic clusters, enabling one to gain valuable insights into the thermal
properties and stability of these nanoscale materials. In this study, the solid-liquid melting temperature is
determined for Cu-xCox clusters using as criteria the caloric curve, the vanishing of the second peak in
the pair distribution function, g(r), and the heat capacity curve, which are used to estimate their melting
temperatures.

2. Computational details
2.1 Interatomic potential

The success of computational experiments greatly depends on the selection of the interatomic
potential. While Density Functional Theory (DFT) provides a more detailed consideration of quantum
effects to model systems with only a few atoms, using semi-empirical potentials offers a pragmatic
approach that requires lower computational resources compared to first principles calculations.
Interatomic potentials such as the Embedded-Atom Method (EAM) and the Gupta potential have proven
to be valuable tools for studying metallic clusters and nanoalloys [11, 12]. In this thermodynamic study,
the Gupta semiempirical potential is employed to mimic the interactions between the metal cluster atoms.
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Overall, the Gupta potential provides a semiempirical approach to model the complex interatomic
interactions in metallic systems. This allows performing efficient molecular dynamics simulations to
study the dynamical properties and structural stability of metal clusters and nanoalloys. By using this
semiempirical potential, it is possible to suitably explore the thermal behavior of the metal clusters,
making it a valuable choice for this study. This potential is based on the tight binding second moment
approximation and is expressed as:

Vetuster = Z?{Vr (l) - Vm(i)} (1)
For a two-component metal cluster the Born-Mayer pair repulsive term V'(i) is expressed as:
ren oN ~p(@p)(rrls-1)
Vi) = Xjzi Al Be To(ah) )

The many-body attractive term V"(i) in the second moment approximation of the d-band density of states
is expressed as:
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In the Gupta potential, « and S represent the atomic species of the atoms i and j, respectively. The
potential parameters A, &, p, and g are adjusted to match the experimental properties of metals and alloys
in bulk size [13]. These parameters play a crucial role in determining the interatomic interactions and
energies within the metal clusters. The potential parameters A, &, p, and q are carefully chosen to ensure
that the Gupta potential accurately reproduces the behavior of metals and alloys in bulk materials. By
adjusting these parameters based on experimental data, the Gupta potential becomes a reliable tool for
simulating the interactions between metal atoms in nanoclusters and nanoalloys. In this work, the values
of the Gupta potential parameters describing Cu-Cu and Co-Co interatomic interactions were taken from
[13] and [14], respectively. The parameter values for the heterogeneous interactions (o = [3) were
calculated as the arithmetic average of the pure metal parameters (see Table 1).

Table 1. Gupta potential parameters used in this work for each of the different cluster types.
Composition  A(a,B) (V) §(@p) (V) pap) aq@p) rizR)

Cu-Cu 0.0855 1.2240 10.960 2.2780 2.556
Cu-Co 0.0903 1.3560 11.282 2.2820 2.528
Co-Co 0.0950 1.4880 11.604 2.2860 2.500

The global search exploration of a complex PES is a demanding task. For this reason, several
strategies to locate the global minimum have been implemented. One of these strategies is the basin-
hopping (BH) algorithm [15], which has been used in global optimization problems, such as that of the
lowest-energy structure prediction of metal clusters and nanoparticles. In this computational approach, the
central idea is to find the global minimum of a cost function, the interatomic potential, by combining
global jump steps with local exploration steps. The BH algorithm was previously used in Pt;Pd;, clusters
[16], to explore high-energy regions of the Gupta potential through the G42 code, originally developed by
Prof. J. Christian Schon et al. [17] to study the energy landscape of crystals and amorphous compounds.
In the present study, a locally developed program, referred to as "BHU0S," based on the basin-hopping
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approach [15] combined with the Gupta potential, is utilized to obtain the initial structures for each
undoped and doped metal cluster. These low-energy structures are depicted in Figure 1, representing the
initial configurations used for each molecular dynamics simulation.

Figure 1. Lowest-energy structures of (a) undoped, and (b) Co-doped copper clusters with 13 (left), 55
(middle), and 147 (right) atoms. In doped clusters, the Co atom is in cyan.

Using the basin-hopping (BH) algorithm ensures that the starting configurations for the simulations
correspond to low energy states, allowing for an accurate exploration of the system's potential energy
landscape. The combination of molecular dynamics simulations and subsequent analysis provides
valuable insights into the thermal behavior and stability of the metal clusters, ultimately enabling a
comprehensive understanding of their properties and potential applications.

2.2 Molecular dynamics simulation

The molecular dynamics approach is employed here as the strategy to conduct the thermal study
of metal clusters. This method involves solving the equations of motion for a system of many particles,
where each atom is subjected to forces described by the interatomic potential. The acting force on each
atom is calculated using the interatomic potential, which captures the interactions between atoms within
the cluster. Once the forces are determined, they are numerically integrated using the Verlet algorithm to
obtain the positions and velocities of each atom in the system. After the integration, the positions and
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velocities of atoms are used to compute the potential and kinetic energy of the system. From this energy
information, the physical properties of the metal cluster can be calculated.

The molecular dynamics simulations are carried out starting at a low temperature of 100 K, and
the temperature is increased in steps of 100 K until reaching the bulk copper melting temperature. Once
the simulations approach the cluster melting temperature, a change in the energy behavior is observed,
indicating the zone where the phase transition may occur. To pinpoint the exact range of the transition
zone, where the solid-like and liquid-like phases coexist, the temperature steps are shortened to as low as
1 K in some cases. The total simulation time for each molecular dynamics run is 1 picosecond, in time-
steps of 1 fs. During the simulation, key properties such as the pair distribution function (g(r)) and
average energy values are continuously computed to monitor the system's behavior. Additionally, the heat
capacity is determined separately from the simulation data at the end of the computer experiment.

3. Results and discussion

The lowest-energy structures obtained using the basin-hopping algorithm (Figure 1) exhibit
closed-shell icosahedral geometries for the three cluster sizes (13, 55, and 147 atoms) due to the specific
numbers chosen. These atomic clusters consist of 2, 3, and 4 shells, respectively. The 147-atom
configurations show a slight distortion on the right top, indicating that they are not perfect icosahedra,
while the other structures exhibit a nearly perfect icosahedral geometry. Interestingly, the position of the
cobalt atom (represented as the cyan atom) in the doped copper clusters varies among the different
configurations. Some of these isomers might be observed in our MD simulations using the appropriate
computational strategies [18]. The choice of the cobalt atom's location is not arbitrary but determined by
the potential energy surface explored by the BH global optimization approach, which places the atoms in
the minimum-energy configuration. In the 13-, 55- and 147-atom metal clusters, the lowest-energy
structure is obtained when the cobalt atom is located in the center of the cluster. In this study, the lowest-
energy structures were singled out for the 13- and 147-atom clusters, while an isomer was chosen for the
55-atom metal cluster, with the cobalt atom located in the exterior shell of the system. The variation in
cobalt atom position may have implications for the clusters' thermal behavior and stability, making it an
essential aspect to consider in the analysis of the metal clusters' properties and potential applications.

In Figure 2, the pair distribution function (g(r)) plots for the 55 and 147 atoms undoped and
doped metal clusters are depicted. It is observed that, as the temperature increases, the peaks in the g(r)
become wider and their height decreases in all cases.
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Figure 2. Pair distribution function as a function of temperature for 55-atom (a) undoped, (b) Co-doped,
and 147-atom (c) undoped, (d) Co-doped Cu clusters. The black arrow shows the evolution with
temperature of second peak of g(r).

This behavior is attributed to the atomic movement around their equilibrium positions, induced by
the temperature of the system [7]. In lower temperatures, the peaks are more intense, indicating that the
atomic structure maintains its well-defined atomic shells. As the temperature further increases, the atoms
begin to move farther away from each other, leading to a gradual disordering of the system's geometry.
Consequently, the intensity of the g(r) peaks decreases, and eventually, at a certain temperature, the
second peak vanishes entirely. This critical temperature is indicative of the point where the metallic
cluster starts to exhibit more liquid-like characteristics, signifying the initiation of fusion phenomena. The
disappearance of the second peak in the g(r), indicated by an arrow in Figure 2(a-d), is a reliable criterion
to estimate the temperature at which the solid-liquid phase transition begins. This observation is in
agreement with previous studies and validates the use of g(r) as a key descriptor in identifying the precise
moment when metal clusters are poised to initiate a phase transition, i.e., by analyzing the behavior of the
g(r) at different temperatures, we can identify the transition zone where the solid and liquid phases
coexist, thus offering valuable insights into the thermal behavior and structural changes of the metal
clusters.

In the case of the 55-atom metal clusters (Figs. 2(a,b)), our results show that the second peak of
g(r) vanishes between 780 and 795 K for the pure copper cluster, and between 790 and 795 K for the Co-
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doped copper cluster. For the 147-atom metal clusters (Figs. 2(c,d)), the transition starts at a slightly
higher temperature, between 866 and 867 K for the pure copper cluster, and between 896 and 897 K for
the doped cluster. These observations of the vanishing second peak in the g(r) are significant indicators of
the transition zone where the atomic clusters stop behaving like a solid system and start exhibiting
structural transformations (isomers) or even characteristics of a liquid system [19]. However, it is
important to note that this criterion is not entirely reliable as it could also describe a disordered structure,
which may not necessarily correspond to a liquid system. To complement the vanishing second peak
criterion, caloric curves are constructed using the average total energy of the system for all metallic
clusters. The caloric curves provide further insights into the system's behavior and can help identify the
temperature range associated with the solid-liquid phase transition. By combining the information from
the g(r) and the caloric curves, one can enhance the accuracy in determining the melting temperature of
the atomic clusters and gain a comprehensive understanding of their thermal behavior and structural
changes during the transition from solid to liquid phases. This multi-criterion approach ensures a more
reliable assessment of the melting temperature and enhances the accuracy of the thermodynamic analysis
of the metal clusters.

Figure 3 (a-f) presents the caloric curves for each system, illustrating the three typical regions.
The first region represents the low-temperature range where the system remains in the solid state,
exhibiting a linear increase in energy. The second region corresponds to the transition zone, where the
energy increases abruptly, indicating the phase transition from solid to liquid state. The third region
displays again a linear increment in energy, representing the liquid state of the system. The melting
temperature is located within the transition zone. It is necessary to point out that, in the 13-atom metal
clusters (Figure 3(a,d)), the change in energy is of lower intensity compared to the larger atomic clusters,
while the temperature range of the transition zone is higher. This discrepancy with the expected size
dependence of melting temperature [3] is attributed to the limitations of the Gupta potential for accurately
describing the interatomic interactions in small metal clusters. While several reports indicate that the
melting point of 13-atom metal clusters is high [20], the Gupta potential may not be the best choice for
small clusters that require a more precise description of interatomic forces.
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Figure 3. Caloric curve obtained from the average total energy at different temperatures for (a) 13-atom,
(b) 55-atom, (c) 147-atom copper clusters, and (d-f) 13-, 55-, and 147-atom Co-doped Cu clusters. The
insets show the plots of g(r) at temperatures of solid and liquid phases of clusters.
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Overall, the analysis of caloric curves provides valuable insights into the phase transition
behavior of the metal clusters and the changes in their energy profiles with varying temperatures. The
results offer a comprehensive understanding of the melting temperatures for different cluster sizes and
compositions, shedding light on the thermodynamic stability and behavior of these atomic systems. For
the 55-atom metal clusters (Figs. 3(b,e)), the pure and Co-doped copper cluster exhibits a melting
temperature of 785 K and 792 K, respectively, with the transition zone ranging from 780 to 791 K.
Additionally, an extra zone is observed at lower temperatures, between 730 and 735 K, potentially
suggesting an atomic rearrangement before the phase transition. For the sake of convenience, it is more
appropriate to consider the transition zone in the range of 730 to 795 K, as this zone represents the
coexistence of the solid and liquid phases until the complete melting occurs [21]. In the 147-atom metal
clusters (Figs. 3(c,f)), the melting temperature is higher than that in the 55-atom clusters, with the
transition zone starting at 865 K and ending at 867 K for the pure copper cluster, and between 896 and
897 K for the doped cluster. The abrupt increase in energy with just 1 K degree of difference aligns with
findings reported by other authors, supporting the understanding that the solid-liquid transition occurs in a
small temperature range, which becomes narrower as the size of the cluster increases [8].

During the simulations, the potential energy of the metal clusters remains relatively constant
within a certain range of values. However, within the transition zone, there are irregular fluctuations in
the potential energy, indicating the existence of structural changes. To understand these fluctuations and
the behavior of the system in the transition zone, the heat capacity curves are analyzed and plots of
potential energy vs. time are included alongside them. Figure 4 illustrates the heat capacity per atom as a
function of temperature.
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Figure 4. Calculated specific heat for (a) Cuys, (b) Cuss, and (c) Cuy4; clusters and the corresponding Co-
doped copper clusters (d-f). The insets depict the potential energy as a function of time at non-zero
temperature.
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In the case of the small 13-atom metal clusters (Figs. 4(a,d)), the heat capacity starts increasing as
it approaches 700 K, and the peak of the curve is broader compared to the other metallic clusters. The
transition region, similar to the caloric curve, spans a higher temperature range, suggesting that the system
remains in a liquid state at higher temperatures compared to the 55- and 147-atom clusters (Figs. 4(b,e)
and (Figs. 4(c,f), respectively). In the 55- and 147-atom metal clusters, the heat capacity peaks are more
distinct, and the transition phase region is shorter. For the doped 55-atom cluster (Figure 4(e)), similar to
the caloric curve, a pre-melting-like stage is observed before reaching the global melting temperature. In
the 147-atom copper cluster (Figure 4(c)), a higher jump in the heat capacity value is observed, indicating
that a more pronounced phase transition occurred. These findings provide valuable insights into the
thermal behavior and stability of the metal clusters at different temperatures, allowing for a deeper
understanding of their thermodynamic properties and the occurrence of phase transitions.

The effect of a single cobalt atom as a dopant is found to be different for the 13 and 147-atom
metal clusters compared to the 55-atom metal clusters (Table 2). In the 13 and 147-atom clusters, where
the impurity is located inside the structure at the center of the cluster, the melting temperature increases
with the addition of the cobalt atom. However, in the doped 55-atom cluster, where the cobalt atom is on
the surface of the structure, this increase in melting temperature is not as pronounced. These results
suggest that introducing an atom inside the icosahedral structure of an atomic cluster has a more
significant effect on its structural and thermal stability compared to introducing it on the surface. The
location of the cobalt impurity within the cluster plays a crucial role in determining its influence on the
cluster's properties. Furthermore, the addition of a single cobalt atom on the external face of the doped
metal cluster apparently leads to the appearance of an extra stage in both the caloric curve and heat
capacity curve. This observation may indicate a structural rearrangement process in the system, likely
initiated at the face where the impurity is located. This rearrangement, which may be isomerization or
premelting, causes disruptions in the atoms' positions until the global melting occurs, leading to a loss of
structural geometry. In conclusion, these findings highlight the importance of the dopant's position and its
impact on the structural and thermal behavior of metal clusters. Understanding how impurities affect
atomic clusters at different locations can provide valuable insights for tailoring and optimizing the
properties of nanomaterials.

The analysis of the heat capacity curves (Figs. 4(a-f)) complements the information obtained from
the pair distribution functions (Figs. 2(a-d)) and caloric curves (Figs. 3(a-f)), providing a comprehensive
picture of the solid-liquid phase transition in these atomic systems. The heat capacity peak provides
valuable information about the behavior of the system during the phase transition. In the 13-atom clusters
(Figs. 4(a,d)), the Cv peak is wider compared to the other clusters, indicating a broader range of
temperature over which the system undergoes the solid-liquid phase transition. On the other hand, in the
larger clusters (55 and 147-atom clusters), the Cv peak is sharper and has less width, suggesting a
narrower temperature range for the phase transition (Figs. 4(b,e) and (Figs. 4(c,f), respectively). The
differences in the Cv peaks for different cluster sizes reflect the varying thermal behaviors and stabilities
of the clusters. The broader Cv peak in the 13-atom clusters (Figs. 4(a,d)) suggests a more complex phase
transition behavior compared to the larger clusters. In general, the analysis of the heat capacity curves
provides valuable insights into the thermal properties of the metal clusters and complements the
information obtained from other descriptors, such as the caloric curve and pair distribution function, in
understanding the solid-liquid phase transition and thermal stability of the clusters at different
temperatures. In particular, the location of the cobalt atom inside the icosahedral structure in the atomic
clusters appears to have a more significant impact on the structural and thermal stability of the clusters
compared to adding it on the surface. Understanding how impurities affect different size clusters can
provide valuable insights for tailoring and optimizing the properties of nanomaterials for various
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applications. Therefore, it should be emphasized that additional studies to analyze the effect of the
position of the impurity are still necessary.

Indeed, the location of the cobalt atom in the doped metal clusters has a significant effect on the
melting temperature (see Table 2) and structural stability of the clusters during the thermal process. In the
13- and 147-atom clusters, in which the cobalt atom is positioned at the center of the clusters, it
contributes to the overall structural stability of the cluster during the thermal process. This central position
may lead to a stronger interaction with the surrounding copper atoms, helping to maintain the structural
integrity of the cluster even at higher temperatures. As a result, the melting temperature of these clusters
increases with the addition of the cobalt atom. On the other hand, in the 55-atom cluster, the cobalt atom
is located on the surface and may exhibit a different effect on the cluster's stability. The presence of the
cobalt atom on the surface could potentially lead to disruptions in the cohesive forces between the atoms
in the outermost layer, thereby destabilizing the last layer stability of the copper cluster. This could
explain the observed appearance of an extra stage in both the caloric curve and heat capacity curve, which
suggests an atomic rearrangement. The melting temperature of the 55-atom doped cluster does not show a
significant difference compared to the pure copper cluster, indicating that the surface addition of the
cobalt atom has a less pronounced effect on the overall melting temperature.

The estimation of the melting temperature in this study, was obtained by taking the temperature
value that corresponds to the middle point of the transition zone displayed in the caloric curve. Table 2
lists the estimated melting temperatures for the pure and Co-doped copper clusters under study.

Table 2. Melting temperatures estimated from the caloric curve plots and validated with the specific heat
graphs for each of the metal clusters studied in this work.

Metal Cluster Metal Cluster
pUl’e Tmeltinq (K) doped Tmeltinq (K)
Cuys 1099 Cu,Co 1202
Cuss 785 Cus.Co 792
Cuysy 866 CuyCo 896

Figure 5 displays the results for both pure copper clusters and copper clusters doped with a single cobalt

atom.
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Figure 5. Comparison of the melting temperature for pure and Co-doped copper clusters with 13, 55, and
147 atoms.

Neglecting the results for the 13-atom clusters in this figure, there appears to be a trend to increase the
difference in the melting temperatures between pure and single-atom doped clusters as the cluster size
grows.

4. Conclusions

The thermal analysis of copper and doped copper metal clusters is performed using molecular
dynamics simulations. Overall, this study provides valuable insights into the thermal behavior and
structural stability of copper and doped copper metal clusters at different sizes. The results offer important
implications for understanding and tailoring the properties of nanomaterials for various applications in
nanotechnology. As expected, the low energy structures obtained through a global optimization strategy
exhibit icosahedral geometry. The location of the cobalt atom as a dopant varies with the cluster size,
being positioned at the center for the 13 and 147-atom clusters and on the surface for the 55-atom cluster.
Results show that the 13-atom clusters exhibit the highest melting temperature and thermal stability due
to the wide temperature range over which the solid-liquid phase transition occurs. On the other hand, the
55 and 147-atom clusters show an increase in melting temperature as the cluster size increases (Tmyy; >
Tmss). This suggests that larger clusters have higher thermal stability irrespective of their composition,
pure or with impurities. In general, the analysis of the heat capacity curves provides valuable insights into
the thermal properties of the metal clusters and complements the information obtained from other
descriptors, such as the caloric curve and pair distribution function, in understanding the solid-liquid
phase transition and thermal stability of the clusters. In particular, the location of the cobalt atom in the
core of the icosahedral clusters appears to have a more significant impact on the structural and thermal
stability of the clusters compared to adding it on the surface layer. This insight is important for
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understanding how dopants can influence the properties of atomic clusters. Additional studies to analyze
the effect of the position of the impurity on the physical and chemical properties of Cu-Co and other
bimetallic clusters are still necessary.
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