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Abstract: The packing changes of Agss1..Cun (n = 0-561) nanoparticles during cooling were studied by
molecular dynamics simulations at atomic scale. Structural diagrams as well as packing images
presented liquid, disordered, and some ordered patterns. Pair distribution functions were used to
characterize some typical structures. Potential energy and shape factors identified the transition's
temperature regime and the effect of cooling on the shape’s changes of the alloyed particles. The
simulation results show composition effect on the transition temperatures and complex structural
patterns. For these Cu-Ag nanoalloys, which contain small amount of Cu or Ag atoms, they show
alternating FCC and icosahedral packing patterns at low temperatures, and core-shell configurations
prefer to occur in the Cu-rich particles, where the Cu occupy the interior of the particles. Compositions
and degree of orderliness in packing contribute to the entropy of the alloyed nanoparticles.
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1. Introduction

During recent decades, nano-alloy particles have received intensive attention from scientific
researchers for their wide applications in quantum computers, chemical sensors, magnetic storage, nano-
coatings and biomedicine due to their excellent properties in light, electricity, heat and magnetism!!- 1,
With the improvements of newly developed controllable capabilities in atomic precision, there has been
a great progress in the study of alloyed nanoparticles, which show great diversities of atomic packing
patterns and particle shapes, as well as significant differences in their physicochemical properties.
Among them, binary nanoalloys play an important role in the fields of biomonitoring, fuel cells and
optics, et al.l”> 131, Ag can be used conductivity, and its nanoparticles have excellent optoelectronic,
antioxidant and catalytic properties!!* !, Nevertheless, the high cost limits its applications. Substituting
other metal elements in the particles is an important way to solve the problem!!7l. Cu has the similar d'%!
valences with those of Ag, which can be also used in oxidation, reduction, dehydrogenation, and
hydrogenation reactions ['®]. When the Ag-Cu alloy exists in bulk form, it exhibits typical characteristics
of a eutectic system. However, it is clear that still much has to be learned about these binary Ag-Cu
nanoalloy particles. From the observations of in situ scanning transmission electron microscopy by Lu P
et al for Ag-Cu nanoparticles, Cu and Ag atoms undergo diffusion and redistribution to form different
structures!!). For the small-size Cu-Ag clusters, it was found that there are Cu atoms’ segregations in the
interior regions, and under a certain composition ratio for Cu/Ag atoms, a core-shell structure appears,
which is manifested as a shell closure effect!?”). Zhang et al. studied 38-atom Ag-Cu clusters using genetic
algorithm global optimization, and found that truncated octahedral AgsCug is less stable than poly
dodecahedral Ag3;»Cus core-shell clusters, where the polyhedral Ags,Cus clusters present the oxygen
dissociation properties>!l. Liu et al. found that when doping a Cu atom into different shell layers of
icosahedral Ag clusters containing 55 and 147 atoms, the structural transformation of these single-atom
doped clusters shows significant differences with increasing temperatures!??, where there is a significant
stress release during the structural transition with increasing temperature. For these small-size clusters,
the atomic packing structures with different Cu/Ag composition ratios present significant diversities
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during cooling the molten clusters. Therefore, an interesting issue arises naturally that for nanoparticles
containing hundreds of atoms, how does the structural transformation during cooling the molten alloying
nanoparticles with different compositions, where the information should be provided in terms of the
microscopic dynamical motion of the atoms.

Accounting for the fact that nature of the transformation determined by experiment is hardly possible,
computer simulations based on empirical potentials, such as molecular dynamics (MD), are particularly
well suited to characterize microscopic details in these systems involving combined behaviors of atoms.
Knowledge of the microscopic processes is essential for understanding the time evolution of a system by
integrating classical equations of motion using the defined interactions between constituent atoms, and
the measurement of these functions is very straightforward in that they are computed directly from the
positions and velocities of the atoms in these particles. Successful examples of MD simulations within
the framework of the embedded atom method have been performed to investigate the structural changes
related to melting, freezing, coalescence, and compression of pure metal clusters or bulk, which most of
them have FCC or HCP structures in their bulk phases.

In this paper, we present molecular dynamics simulations for Ag,,Cu, (m+n=561) nanoparticles,
and the variations of local structures are demonstrated by “phase diagram” as well as atomic packing
images within the embedded atom method (EAM) framework. In addition, pair distribution functions,
potential energy, and entropy are also investigated and analyzed.

2. Models and Methods

In the present simulations, the interaction among the atoms is described by the EAM form, which
was proposed by Williams!?}]. In this formalism, the total potential energy of the system Ey is

composed of Vi]. (ri].) and F, (pi), which respectively denote the interaction energy between atoms of i

and j at a separation distance ry; and the embedding energy of the electron density pi at atomic position
i

1 -
Eior = 5 24 Vi (ri) + ZiF; (51 (1)
pi = iz pj (i) 2

where P, (rij) is the electron density of the neighboring atom j of atom i.

The simulations were carried out in the NVT ensemble using an Andersen thermostat. We use a
predictor—corrector algorithm to obtain the positions and velocities of each atom through integrating
Newton’s equations of motion. A time step of 1.6fs is used throughout the simulations. At each
temperature, the system is initially equilibrated in 1.592 ns. The subsequent 8x10-3 ns, corresponding to
the last 5000 time steps in the simulations were used to obtain thermodynamic equilibrium values, which
should be larger than 3N-6, where N is the total number of atoms in the cluster. The average energy can
be obtained from the sum of the potential energy which is divided by the last 5000 time steps. The
increase of the statistical time will lead to the distortion of the shape of the calculated particle from
average coordinates owing to the rotation of the cluster. Thus, at each temperature, we determine the
packing configuration with the lowest energy in the last S000 time steps.

Initially, a MD simulation cell with 20a0x20a0x20a0 (the Ag lattice constant a0 is 4.09 A) is
constructed. One particle containing 561 atoms was extracted from the Ag bulk crystal, and then it is put
in the center of one vacuum cell having the size of 20a0%20a0%20a0. Here, the box size of the simulated
central cell is large enough to avoid the interaction of the atoms in this central cell with the other atoms
in its 26 neighboring imaging cells under periodic boundary conditions. At the temperature of 1300 K,
the particle would be definitively subjected to structural relaxation to obtain a molten state. In the molten
cluster, five Ag atoms were replaced by the same number of Cu atoms at a time to get the newly particles.
For the constructed alloying nanoparticles, the structural relaxation was performed again at 1300 K. Then,
the alloyed particles in the molten state will be used for the following cooling processes. Fig. 1 shows
the packing structures of molten AgscCuszs, Agi26Cuass, Agis1Cusio, Agrs1Cusio, AgsiCusgo and AgssaiCung
particles after structural relaxation at 1300 K, where the silvery grey balls represent Ag atoms and the
red balls Cu atoms. We could see that all Ag-Cu particles were in molten states, and the atoms were all
disordered at 1300K. As shown in this figure, when the particles are in disordered states, most of the Ag
atoms are distributed in the outer layer of the particle, wrapping the Cu atoms inside. The Ags,Cuag
particle has an elongated shape, whereas the others have quasi sphere geometries.
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(a) AgssCuszs, (b) Agi26Cuass, (c) Agi151Cuaio, (d) Ag2siCusio, () Ags21Cuqo, (f) Ag541Cuz0
Figure 1: The initial atomic packing structure of the cluster after structural relaxation at 1300K

The cooling simulations were performed by starting at 1300 K, and then decreasing the temperature
to 300 K at a decrement of 50 K. The initial structures at temperatures below 1250 K were from the
coordinates of the last time step of the previous temperature. By using this cooling strategy, our time
scale is sufficient to produce significantly structural changes owing to the structural heredity between
two temperatures.

Pair distribution function g(r) gives the possibility of finding a pair of atoms which are separated
by a given distance r when the atoms are randomly distributed with the same atomic density, which is
given by

g(r) = é (ZieN Zj:tiEN 5(1' - rij)) 3

where (-) denotes the average over statistical time steps over the entire trajectory and N is the
number of atoms in the cell contained within the simulated system. & is the Dirac notation, when r #
L disl,and r # T it is zero.

The spatial distribution of the atoms of each component in one particle can be reflected by the moment
of inertia , and its tensor form is as follows:

N i i j . .
Iii = Ziatom=1 [mc_“ X (Xiatom - Xc) x (Xiatom - Xc)] (1 orj= 1:2’3) 4)
Ag
N i i N i i
XC = Ziatom (mc_” X Xiatom) /Ziatom m@ (l = 1'2'3) (5)
Ag Ag

i
Cu/Ag
or X, is the coordinate of atom i or j, and 1,2, and 3 correspond to the X, y, and z axes, respectively. Three

Among them, m is the mass of Cu atom or Ag atom, x_ is the center of mass coordinate, x,

12 3 1 3
valuesof I , I ,and I are obtained by diagonalizing the tensor components, where I and [ are the
maximum and minimum values on the main diagonal of the moment of inertia, respectively. The shape
factor can be obtained by:

13
K hape = | /1 (6)

The shape factor is a number which is always greater than 1, and if the shape factor value is closer to
1, the cluster would have an approximately spherical shape.

To describe the degree of disorder in a system,entropy S can be defined as:
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_ Eoe™F

§=— (7

In the formula, Etot is the total potential energy, F is the free energy of the system, and T is the
temperature. The free energy consists of the translational free energy F, and the rotational free energy

F_, which can be described as:
F=F + F ®)
Ft is obtained from the following formula:
F, = —k;T X InZ, )

where kB is the Boltzmann constant, and Zt is the translational partition function, which is
determined by the temperature.The rotational free energy can be given by:

F, = —k,TxInZ, (10)

Here, the rotational partition function Z_ is determined by the spatial distribution of the atoms of
each component in the cluster.

3. Results and discussion

Fig. 2. shows the structural diagram of the particles Ags¢1.n Cu, (n=1-561) during the cooling of the
nanoalloys from 1300 K to 300 K. Here, we use Ih to denote the icosahedral configuration, Ih' the
elliptical ring structure, a FCC packing of Ag atoms, B FCC packing of Cu atoms, o' the coexistence of
partially FCC and partially disordered structures, and y the coexistence of partially icosahedral and
partially disordered structures. As shown in this figure, when the number of Cu atoms is less than 135,
the structural transition temperatures decrease in an oscillation mode accompanying with the atomic
packing structure of the particles changing from disordered to ordered patterns. For the particles having
Cu atoms being more than 310, the structural transition temperature increases in a similarly oscillating
mode. For the two pure nanoparticles of Agssi and Cusei, they have similar structural transitions from
disordered packing structures to FCC packing, where multiple regions of the FCC packing appear within
the two particles, and there are coherent atomic layers at the interfaces of these regions. For Ag atoms’
numbers between 561 and 501, i.e., particles containing a small number of Cu atoms, most of the alloy
particles also exhibit a o "twin" structure at low temperatures as shown on the left side of the diagram.
Only when 5 and 15 silver atoms are replaced by copper atoms, the alloying particles show an icosahedral
packing configuration. Similar images occur when the number of Ag atoms in the particles is very small,
resulting in a "quintuple twin" packing pattern as in the case of AgiCuse particles, where the structural
transition temperature is significantly higher than that of an alloy particle having a larger number of silver
atoms. For Ag atoms’ numbers ranging from 101 to 1, most of the particles exhibit ITh geometry, while
some of them still exhibit B-type packing. At the number of Ag atoms contained in the particles within
521, the particles also exhibit an elliptical ring structure (Ih'). As more Ag atoms are replaced by Cu
atoms, the particles containing 506 to 461 Ag atoms present a transform to y-type structure with
icosahedral packing, and as the temperature decreases, multiple structures coexist. Here, FCC packing
coexists with other packing structures in some regions within the alloy particles containing 491 and 476
Ag atoms. For these particles having Th geometries, the silver atoms are more uniformly distributed in
different regions of the particles, whereas the copper atoms are mainly distributed in the interior regions.
A similar phenomenon occurs in the incomplete a structure, where the silver atoms are arranged in a
more orderly manner, but an incomplete icosahedral structure appears inside the particle, while the
copper atoms are in the core of the particle. When the number of silver atoms within the particle decreases
below 456, there is no longer a significant disorder-order packing transition temperature in the particles.
In these particles, Ag atoms are disorderly arranged in the outer parts, and most of the Cu atoms appear
in the center of the particles. For the alloy nanoparticles containing more than 251 silver atoms, a major
majority of the atoms in the particles are disordered with decreasing the tempreature. A small number of
the particles still present the Ih packing configurations. When the number of Ag atoms decreases below
251, the clusters at low temperatures start to exhibit icosahedral features. In them, as the number of
copper atoms increases, the ordered icosahedral phenomenon becomes more pronounced, and with
increasing the number of copper atoms, the particles with Th and FCC configurations appear.
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Figure 2: Structure diagram of Ag,Cussi.n (n=561-0) nanoalloys

Fig. 3 shows pair-distribution functions (PDFs) of six alloying particles including AgssiCuay,
Ags21Cus, AgrsiCuszig, AgisiCusro, AgieCuass, and AgszcCusy at room temperature, where the six
particles have a, o', B, v, [h and Th' as shown in the above structure diagram or “phase diagram”. In the
PDFs, discrete peaks indicate the ordering of the packing structure of the atoms. It should be noted that
the first peak of these PDFs is higher than the other peaks, suggesting that most of atoms’ pairs are
populated within the distance corresponding to the position of the first peak. The PDFs of Th and Ih'
structures present differences in their peak’s positions and shapes. For the a packing structure, the first
main peak corresponding to the first nearest neighboring atoms have the largest spacing than those in the
other structures. In addition, the shape of the first main peak of the core—shell Ih does not exhibit a
symmetrical form, which is due to the small differences in the distances among the atoms’ pairs forming
between Cu-Cu, Cu-Ag, and Ag-Ag atoms. The y packing structure has several broadened peaks and the
PDF curve is relatively flat, suggesting the locally disordered packing.
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Figure 3: Paired distribution functions (PDF) for six packing structures.

With replacing the Ag atoms by different numbers of the Cu atoms, the electron densities in different
regions are different, resulting in differences both of the interaction energy of atom pairs and the
embedding energy of the atoms contribute to the total potential energy. As the temperature changes, the
distances among the atoms’ pairs also changes. Correspondingly, the energy changes too. Therefore, the
atomic energy and shape can be used to present the differences in composition and structures in these
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clusters. Fig. 3 illustrates the variations of potential energy per atom and shape factor as a function of the
temperature for six alloying particles. The potential energy of each of the six packing patterns decreases
continuously as the temperature decreases. As illustrated in this Fig.4(a), the atomic energy of the Cu-
Ag alloying particles decreases with the increase of the number of Cu atoms, suggesting that the
substitution of the Cu atoms for the Ag atoms is beneficial to the stability of the alloying nanoparticles.
For Ags41Cuy and Ags»Cuao, the components are similar, and therefore the curves are closer together.
For the former, the energy drops abruptly between 850 K and 800 K, which indicates a significant change
in the structure of the particle from disordered packing to an a type. Further calculations indicate a
crystallization temperature of 802 K through a binary algorism. As the temperature decreases below 800
K, the potential energy decreases linearly with temperature. From the change in shape factor during
cooling as shown in Fig.4(b), we can find that the shape factor of the AgssiCuyo reaches 2.82 at 1150 K,
indicating that the particle is significantly elongated. Afterwards, the shape of this particle keep this rod-
like shape. Below 850 K, the atoms in this cluster present FCC packing patterns. For Ags,Cuso, the
cluster structure is transformed from disordered to Ih' at a temperature of 781 K. After that, the cluster
energy decreases uniformly and slowly as the temperature decreases. This indicates that the Ags,Cuag
cluster is always elongated in the temperature interval from 1300 K to 300 K. The potential energy of the
Agys51Cusyp particle is significantly lower those of the above two particles, and below 750K, the particle
has a y' packing. It can be noted from the shape factors that this particle can hold its nearly spherical
shape during the cooling process. For the AgisiCusio particle, between 900 K and 800K, there is a
decrease stage of the atomic energy in a bigger slope than those above 950K and below 750K. When the
Ag atoms’ number decreases to 126, the particle’s potential energy decreases in the temperature range
1200 K to 800 K, and then a significant decrease occurs from 800K to 750K, indicating that a locally
ordered transition occurs. The change in potential energy of the AgssCus,s particle shows that it change
from disordered to B-structure in the range of 900 K to 850 K. For the four particles, their shape factors
are always slightly larger than one during cooling, indicating that they have the spherical shape.
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Figure 4: Variation in the potential energy per atom and shape factors of the six particles. (a)Potential

energy; (b) Shape factor

Fig. 5 shows the packing images of the Ag54lCU20, AgsleU40, Ag251Cu310, Ag151CU410, Ag126CU435,
and AgssCusps particles at different temperatures. From the views of different directions for the Ags4;Cuzg
particle, we can find that at 1200K, the atoms pack disorderly, where the Cu atoms locate randomly at
different positions of this particle. It can be noted that this particle has a cylindrical shape. As the
temperature decreases to 850 K, many atoms are packed orderly, and the whole particle presents a laminar
arrangement. At 300K, most of them are packed in FCC patterns, where the atoms in the interface have
HCP packing. At 1200K, the Ags»Cus particle has a spherical geometry. With decreasing the
temperature to 800 K, this rod particle present four-layers rings in its cross-section, and then it presents
an elliptical cross-section. As the temperature decreases, many atoms are packed orderly. For the
Agys1Cus)p particle, at 1200K, most of the Cu atoms gather at the core of this particle. In the following
temperature regime, when this particle holds the Cu core/Ag shell morphology, some atoms are packed
in Th structures. During cooling the Ag;siCuaio particle, the particle has a o’ configuration, where some
atoms in the periphery are still disordered. At 300 K, most atoms are packed in FCC patterns. The
Agi26Cusss particle is in disordered states above 800 K, and then it transforms into an icosahedral (Ih)
structure when the temperature drops below 800 K. Here, the Ag atoms wrap around the Cu atoms to
form a shell. At 300 K, the silver atoms are also gradually distributed evenly in the shell accompanying
with interchange position among some Cu and Ag atoms. For the AgssCuszs cluster, it transforms from a
disordered structure to a "quintuple twin" structure at 850 K, where the packing patterns in different
regions is face-centered cubic. As the temperature decreases, the atomic packing remaining the o pattern,
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where the atoms are packed orderly.
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Figure 6: Packing structures of three particles including Agss1Cuzg, Ag15:Cuaio, and AgssCuszs at room
temperatures.

The cross-sectional images of the three particles including AgssiCuzo , AgisiCusio, and AgssCusys at
300 K is shown in Fig. 6. Here some interfacial atoms among different regions within the particles are
shown with red balls, the FCC packing atoms with green ones, and the atoms having the other patterns
are in gray. For the Ags41Cuy, the atom packing presents a regular symmetric twin, where the interfacial
atoms are packed in HCP. The AgisiCuao particle consists of many local structures including FCC and
HCP as well as other packing patterns, where the regions are not symmetrically arranged. In the
AgsCusys particle, most atoms are packed in FCC patterns, and these atoms at the coherent lattice
positions are HCP packing. It can be noted that this particle can be viewed as five regions, forming
quintuple twins.
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Fig. 7 illustrates the change of entropy of the six particles during the cooling process from 1300 K to
300 K. As illustrated in this figure, the entropy first decreases slowly as the temperature decreases, and
then decreases rapidly to negative values, and the rate of decrease gradually increases with decreasing
temperature. Among the six particles, we can see that the Ags»Cugo has the highest entropy value among
them, followed by Ags4iCuzo, AgasiCusio, Agis1Cuaio, Agi26Cuass, and AgssCusas particles. For these five
particles, as the Cu atoms’ number increases, the entropy decreases. Although the AgssiCuy and
Ags»1Cuy particles have similar rod shapes in relatively low temperature regime, the entropy of the
Ags»1Cuy is significantly higher than that of the AgssiCuy as well as the other four particles. From the
packing images at different temperatures, we can find that the AgssiCuy present more orderly FCC
packing patterns than those of the Ags, Cuyo.

We can get the implication that the number of replaced Cu atoms in the particles has a significant
effect on the entropy value of the cluster.
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Figure 7: Entropy curves of the six clusters with temperature

4. Conclusion

We have performed molecular dynamics simulations for the structural changes as well as related
entropy of Ag,Cusein (n takes an integer between 0 and 561) nanoalloy particles during the cooling
process from 1300 K to 300 K. The alloy nanoparticles in molten states have rod or spherical shapes. As
the temperature decreases, the shape changes from spherical shape to rod can occur. As the Cu atoms
increases, the particles exhibit different transition paths and various packing patterns. For the Ag-rich or
Cu-rich alloying nanoparticles, structural transition temperatures can be identified from disordered
modes to FCC or Ih packing, whereas most of the other nanoparticles with different Cu/Ag composition
ratios present relatively continuous structure changes on cooling. Here, Cu core- Ag shell packing
patterns can be found in Cu-rich regime. Replacing the Ag atoms with the Cu atoms is beneficial to the
stability of the alloying nanoparticles in the Cu-rich regime, where the Cu and Ag atoms do not mix
randomly due to the fact that the clusters tend to undergo stably alloying in energetically favorable
structural configurations. Alloy compositions as well as the degree of orderly packing have significant
effect on the entropy of the nanoalloys. Accompanying with the entropic decrease, the stable packing
structures of the clusters are most likely to appear in the temperature range in which the freezing
nanoparticles, and some packing patterns are stable.
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