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Abstract. In the production of SERS substrates, two main approaches are used to form an array of plasmonic 
nanoparticles: photolithography and chemical methods, each having its advantages and disadvantages. Another 
possible method is thermal evaporation in vacuum, which was chosen for analysis through computer modeling. 
For this purpose, molecular dynamic simulation of crystallization processes of binary Ag–Au nanoparticles 
array was used, allowing smooth adjustment of the plasmon resonance wavelength. Three arrays of Ag–Au 
nanoparticles with diameter 2.0, 4.0 and 6.0 nm of various target compositions from Ag90Au10 to Ag50Au50 
were created and subjected to cooling procedure from melt with different rates of thermal energy removal. 
During the modeling of Ag–Au nanoparticles internal structure formation, conclusions were drawn about 
the dependence of these processes on target composition, size, and level of thermal exposure. Based on the 
obtained patterns, adjustments to the technological process of creating SERS substrates using binary Ag–Au 
nanoparticles were proposed.
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1. INTRODUCTION

Currently, metallic nanomaterials of various 
types are already widely used in numerous fields 
of science and technology due to their special 
catalytic, magnetic, optical, and mechanical 
properties in comparison to their corresponding 
bulk materials. Let’s consider just one of their 
possible application areas, namely their use in nano-
optics. Here, nanoparticles of certain metals, due 
to the phenomenon of localized surface plasmon 
resonance (LSPR), can serve as unique antennas 
for electromagnetic wave energy transmission [1, 2], 
which presents the broadest scope for their technical 
application [3]. Another well-known way of using 
plasmonic nanostructures is surface-enhanced 
Raman scattering (SERS) [1]. The sensitivity 
increase of SERS structures can be achieved by 
increasing the incident electromagnetic wave energy 
due to field enhancement near nanoparticle surfaces, 
also because of localized plasmon resonance. 
However, these behavioral features of metallic 
nanoparticles strongly depend on the nanomaterial 

synthesis method, as it determines their final shape, 
size, internal structure, composition, and chemical 
stability.

Let us further focus on the structure of 
nanoparticles obtained through various synthesis 
methods. It is assumed that monometallic 
nanoparticles have three main structural forms: 
decahedral (Dh), cuboctahedral (BCC, FCC, or 
HCP), and icosahedral (Ih). In an icosahedron, the 
main emphasis is on the formation of (111) planes, 
which leads to the lowest surface energy but implies 
significant internal deformation of the nanoparticle 
core. In the case of a cuboctahedron, there is 
no such core deformation, and the significantly 
larger surface energy of the particle is observed 
mainly due to the formation of (111) and (100) 
planes. The decahedron has moderate internal 
deformation and smaller facets also from planes 
(111) and (100), being essentially an intermediate 
form between the icosahedron and the structure 
characteristic of the bulk phase. Thus, in the case of 
monometallic nanoparticles, the following explicit 
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relationship between surface energies is observed γ : 
(111) < (100) < (110)γ γ γ .

The addition of a second metal to a nanoparticle 
leads to significant changes in its physicochemical 
properties, which is also reflected in changes in 
its morphology. Experimental and theoretical 
data demonstrate significant fluctuations in 
thermodynamics and structure formation processes 
of small nanoclusters even when only one impurity 
atom is added. Moreover, nanoalloys can exhibit 
a more diverse spectrum of internal structure, 
including irregular morphology (triangular, 
hexagonal, quasi-elongated plates, etc.) [4, 5]. It can 
also be of mixed or chemically phase-separated type 
[6], for example, representing a core-shell structure 
where the core of one atomic species is covered with 
a shell of the second chemical element [7, 8]. Janus-
like particles can also be formed, where different 
metals of the alloy are separated in two halves of 
a single nanoparticle. Additionally, nanoparticles 
synthesized by physical methods, mainly through 
variations of gas phase condensation, often represent 
multiple non-crystalline structures. Overall, it can 
be said that relatively little is known about bimetallic 
nanoparticles in terms of their structure and shape.

Noble metal nanocrystals (Au, Ag) have attracted 
significant scientific attention in nano-optics due 
to their unique characteristics of localized surface 
plasmon resonance, demonstrating LSPR bands 
in the visible spectrum region. Moreover, their 
extinction coefficient has proven to be at least 
three to four orders of magnitude higher than that 
of any organic molecule. Consequently, these 
nanomaterials represent attractive transducers, 
for example, for the development of colorimetric 
biosensors [9].

Currently, gold nanoparticles (Au NP) have 
become the most widespread due to their well-
established synthesis, high chemical stability, and 
biocompatibility. However, compared to Au NP, 
silver nanoparticles (Ag NP) of the same size have a 
much higher extinction coefficient, and their use can 
thus significantly improve nanoparticle sensitivity. 
Until now, the enormous potential of silver 
nanoparticles has been underutilized, mainly due 
to easy chemical decomposition through oxidation 
and poor colloidal stability in the absence of organic 
coating [10]. However, these coatings are not 
suitable for sensing applications as they isolate the 
metallic core from the environment, preventing the 

LSPR band shift typically used for analyte detection. 
Therefore, one solution to this problem could be the 
formation of binary nanoparticles of Ag–Au, which 
are expected to possess greater chemical stability due 
to the presence of gold atoms on the surface.

Note that the magnitude of localized surface 
plasmon resonance is influenced by multiple factors. 
First and foremost is size. Thus, as the average 
particle size in an array increases, the maximum 
LSPR peak position shifts toward longer wavelengths 
[11]. But the nanoparticle material affects the 
LSPR maximum position even more significantly. 
Changing the average particle diameter from 
D = 7 nm to D = 60 nm allows varying the LSPR 
maximum position within a range of about 50 nm. 
However, with a gradual change in the composition 
of Ag–Au alloy nanoparticles from Ag to Au, it 
can be varied within about 120 nm [1]. Theoretical 
modeling [12] shows that maxλ  in the absorption 
spectra of spherical nanoparticles of Ag–Au depends 
almost linearly on their composition, i.e., on the 
molar ratio of metals in the particle.

Thus, binary gold and silver alloy nanoparticles 
are of great practical interest due to the possibility 
of tuning the spectral position and amplitude 
of LSPR by changing the composition, size, 
shape, structure, and dielectric environment of 
nanoparticles. Adjustment of the target chemical 
composition of the nanoalloy opens an additional 
way to control optoelectronic properties and can 
also improve practically important characteristics 
of nanoparticles. Since the Ag–Au system 
represents a series of continuous solid solutions, it 
becomes possible to smoothly change the position 
of the LSPR maximum in the wavelength range 
corresponding to pure Ag and pure Au by selecting 
the percentage ratio of components [2].

In addition, the quality and type of nanoparticle 
structure play a huge role in plasmonic effects. 
Achieving specific particle morphology depends 
exclusively on the correct combination of precursors, 
as well as appropriate temperature selection [13]. 
Thus, the aim of this work was to investigate 
through computer modeling the processes of internal 
structure formation of binary alloy nanoparticles of 
Ag–Au depending on their target composition, size, 
and level of thermal exposure during the simulation 
of certain physical synthesis methods.
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2. COMPUTER MODEL

For a physically correct solution of the given task, 
it is necessary, first of all, to determine the research 
methodology. Undoubtedly, the results of real 
experiments are precisely the factor that allows us to 
verify our assumptions and hypotheses. However, in 
the case of analyzing the thermal evolution of small 
nanoparticles (nanoclusters), not everything is so 
straightforward. Ultimately, it was experimentally 
observed that the internal ordering of nanoparticles, 
even at room temperature, is a very complex process 
dependent on particle size and environmental 
properties.

In our opinion, computer modeling can be the 
most suitable way to obtain the information we are 
interested in. This methodology allows varying a 
wide range of both internal and external parameters 
of nanoclusters (size, shape, initial structure, 
temperature, rate of thermal energy input/output, 
etc.) within broad limits, which gives us extensive 
scope for possible model experiments, often 
unattainable in real experiments. The molecular 
dynamics (MD) method was chosen as the basis 
for modeling, which is quite adequate in terms of 
determining the structures of metallic nanoparticles 
with the size we are interested in.

Another important aspect of modeling real 
systems is choosing the correct form of interatomic 
interaction. As practice has shown, the application 
of the EAM potential (embedded atom method) in 
simulating small metallic nanoparticles cannot be 
considered particularly successful due to the basic 
features of constructing this type of interaction. In 
the case of sufficiently large particles, this method 
can provide adequate results, but when analyzing the 
small nanoclusters we study, the data obtained based 
on it cease to be physically correct.

Therefore, in the presented work, computer 
modeling of nanoparticles Ag–Au was conducted 
using the modified tight-binding potential TB-SMA 
[14], which has proven itself well in studying the 
internal structure of nanoclusters of various chemical 
elements. The method is based on the fact that a 
large group of properties of transition metals can 
be completely determined from the density of states 
of external d-electrons. The second moment of the 
density of states is 2µ  and it has been experimentally 
established that the cohesion energy of metals is 
proportional to the width of the density of states, 

which in the second moment approximation is 
simply 2µ . If only ddσ-, ddπ- and ddδ-orbitals are 
taken into account, then, according to this model, 
the band energy of atom i can be written as a function
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which depends only on the distance between atoms i 
and j, i.e. ijr , and formally represents the same as the 
embedding function in the embedded atom method. 
Additionally, the model includes a term responsible 
for repulsive interaction in the form of a sum of 
Born–Mayer pair ionic potentials:
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where α and β are different types of atoms. Thus, the 
total system energy takes the form
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The values of αβξ , pαβ, Aαβ, qαβ  and  0r
αβ, as well 

as the potential cutoff radius cr , determine the 
parameters of system elements and are taken directly 
from work [14]. The values αβξ , pαβ, Aαβ and  qαβ are 
found by fitting to experimental values of cohesion 
energy, lattice parameter, bulk modulus B and elastic 
constants C44 and 'C .

The potentials developed in [14] have proven 
themselves very well in modeling systems in 
crystalline state and have undergone detailed 
successful verification across many indicators. 
In particular, comparisons were made with 
experimental data for various parameters of point 
defects (vacancies, interstitials, and their small 
complexes), several thermodynamic properties of 
metals (melting temperature, transition heat, heat 
capacity, thermal expansion coefficient, Gruneisen 
constant, etc.), as well as phonon spectra. It should 
be noted that the characteristics calculated in [14] 
differ from experimental results by no more than 
3–5%.

The system temperature was determined through 
the average kinetic energy of atoms, calculated using 
the Verlet velocity algorithm [15] with a time step of 
1.0 fs. As initial objects, spherical clusters were used, 
obtained by cutting from an ideal Ag crystal lattice, 
in which some silver atoms were randomly replaced 
with gold atoms in our target percentage ratio.
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Another important aspect of modeling is the 
system’s interaction with the heat reservoir. For the 
molecular dynamics method, the microcanonical 
(NVE) ensemble is natural, for which energy is a 
constant value. For such purposes, a whole series of 
special techniques has been proposed and developed, 
particularly the Andersen thermostat, which we used 
in our calculations.

This thermostat is used to simulate the process 
of gradual temperature change at a given rate. To 
solve this problem, Ag–Au NP atoms xperience 
random collisions with certain virtual objects 
simulating atoms of cold inert gas. The effect of 
collisions manifests in the fact that the velocity of 
Ag–Au NP decreases randomly compared to the 
Maxwell-Boltzmann distribution at the previous 
temperature. In our case, the cooling rate of the 
atoms of the metal under consideration is controlled 
by the frequency of their collisions with atoms of 
the heat reservoir. Then, based on the Andersen 
thermostat, a procedure for gradual cooling of Ag–
Au NPs to room temperature was carried out with 
three different rates of thermal energy removal. The 
range of simulated thermal impact rates was from 
0.25·1012 K/s to 1.25·1012 K/s, which corresponded 
to simulation times of 2.5 ns and 0.5 ns, respectively. 
This range of rates is typical for the problems 
considered in this work, which is confirmed, for 
example, by research [16].

The simulation was performed using the MDNTP 
computer program developed by Dr. Ralf Meyer, 
University Duisburg Germany. Then, using OVITO 
and XMakemol visualizers, the actual appearance 
and structure of the studied nanoparticles were 
determined.

3. RESULTS AND DISCUSSION

In the last few decades, a large number of studies 
have been devoted to the controlled synthesis of 
noble metal nanoparticles with uniform morphology 
and size. Thus, the following production methods 
were significantly developed: solvothermal [17–19], 
electrochemical [20, 21] and photochemical [22], 
allowing to obtain metallic NPs with various regular 
internal structures. For example, Mirkin et al. 
performed the transformation of silver nanocrystals 
from spherical to icosahedral [23]. Yang et al. 
successfully obtained branched gold nanocrystals 
with tunable localized surface plasmon resonance 

(LSPR) characteristics and used the obtained Au 
NPs as a substrate for quantitative determination of 
heme concentration in human erythrocyte cytosol 
[24]. The structure of the synthesized nanoparticles 
was studied using transmission electron microscopy 
(TEM), extended X-ray absorption fine structure 
spectroscopy (EXAFS), and X-ray diffraction.

When considering the preparation of SERS 
substrates, there are two main approaches. The 
first is the most precise and involves the use of 
photolithography methods. It allows the formation 
of highly ordered nano-objects positioned on the 
surface with specified uniform NP sizes and defined 
distances between them. Naturally, such structures 
have a high SERS effect and the best reproducibility 
of measurement results. The only disadvantage of 
such SERS substrates is the high labor intensity of 
manufacturing and inevitably high cost. The second 
approach involves the formation of nanoparticles 
from solutions by chemical methods, which is the 
simplest and cheapest way. This method allows for 
fairly good control of particle size, however, the 
transfer of these particles onto a solid surface with the 
formation of an ordered array is poorly reproducible. 
Often, nanoparticles uncontrollably accumulate into 
agglomerates chaotically, which makes it impossible to 
reproduce measurement results on such surfaces [1].

However, ordered arrays of NPs on SERS 
substrates can also be formed by physical method 
of thermal evaporation in vacuum. Particles in such 
arrays have different diameters, but their distribution 
is Gaussian, while the average particle size is well 
controlled and reproducible [1, 2], as well as the 
distance between them. This method occupies an 
intermediate position compared to the two methods 
mentioned above. It is significantly cheaper and 
less labor-intensive compared to the lithographic 
method, more precise and reproducible than the 
chemical method.

Since this particular variant of SERS substrate 
preparation was chosen to model formation 
processes of binary Ag–Au nanoparticles [1, 2], let’s 
examine it in more detail. The initial condensate 
of Ag and Au atoms was obtained by evaporating 
silver and gold samples, and the particles formed 
from the gas phase were then deposited on an inert 
surface. The atoms evaporated into vacuum from 
a point source maintained high temperature, as 
their movement trajectories are divergent, and the 
concentration of atoms in vacuum is low. All this 
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makes energy exchange between them unlikely [2]. 
The combination of atoms into dimers also leads 
to a sharp increase in kinetic energy in the system, 
which results in a similar sharp rise in temperature. 
That is, when two separate atoms collide forming a 
stable bond between them, part of the bond energy 
transforms into kinetic degrees of freedom, which 
causes the temperature to rise [25, 26]. For this 
reason, during condensation by method [1, 2], we 
are actually dealing with the impact of a hot flow of 
nanoparticles on the deposition surface. This aspect 
of synthesis appears quite important to us, as binary 
Ag–Au nanoparticles are applied to the substrate in 
a disordered, amorphous state.

As shown in [2], the initial condensate in this case 
was an array of small separately located particles of 
rather complex non-spherical shape. Subsequently, 
the obtained samples were annealed in vacuum at 
a residual pressure of 51 10-×  Torr for 60 minutes, 
which led to the transformation of the array of 
particles with arbitrary appearance into an array of 
NPs with shape close to spherical [2], which was 
then cooled to room temperature. Similar results 
were recorded in other experiments [27, 28].

For computer simulation of the above processes, 
we created three primary arrays of Ag–Au NP with 
ideal FCC structure with a diameter of 2.0, 4.0 and 
6.0 nm of various target compositions from Ag90Au10 
to Ag50Au50. Then the nanoparticles of the binary 
compound Ag–Au were heated to completely destroy 
their long-range order to temperatures T = 1500 К, 
which excluded the presence of residual crystal phase 
nuclei in the NPs. After the formation process of the 
Ag–Au NP array with primary amorphous structure, 
it was subjected to a smooth cooling procedure 

with controlled rate of thermal energy removal to a 
temperature of 300 K.

The conducted modeling showed that even with 
a minor addition of gold impurity to the Ag cluster, 
the result can differ quite significantly from the 
case of chemically pure metal. Let’s first present 
our data for Ag NPs subjected to exactly the same 
computer simulation [29]. Here, we studied the 
dependence of the percentage ratio of amorphous 
and crystalline structures appearance on cluster 
size and heat removal rate from the model system. 
Analysis of results obtained during cooling of silver 
nanoclusters of various diameters from molten 
state showed that there is a clear dependence of 
crystalline or amorphous structure formation 
process on thermal energy removal rate. Let’s limit 
ourselves here to considering only two extreme 
simulated cooling rates. At a low rate of thermal 
energy removal, corresponding to a cooling time of 
τ = 2.0–2.5 ns, all Ag NP (D = 2.0–10.0 nm) had 
clearly expressed crystalline structure (Ih, Dh, FCC/
HCP). When reducing the cooling time to 0.5 ns, a 
significant decrease in the percentage of crystalline 
modifications occurrence was observed. Thus, 
at Ag NP diameter of D = 2.0 nm, approximately 
30%  nanoparticles had amorphous structure, 
at D  =  4.0  nm  – already about 40%, and NPs 
with D = 6.0 nm showed a surge in probability of 
amorphous structures appearance to 80%–90%. 
However, even at such a high rate of thermal energy 
removal, only at cluster diameter of D = 10.0 nm did 
all studied clusters consistently possess disordered 
structure.

Tables 1–3 present the results of modeling 
conducted for binary Ag–Au particles with diameters 
of 2.0, 4.0 and 6.0 nm respectively.

Table 1. Results of modeling the crystallization process of nanoclusters Ag–Au of different target compositions with 
a diameter of 2.0 nm depending on cooling time. Structure fixation percentages are given with rounding

Target 
composition Ag50Au50 Ag60Au40 Ag70Au30 Ag80Au20 Ag90Au10

Cooling time, ns 0.5 1.5 2.5 0.5 1.5 2.5 0.5 1.5 2.5 0.5 1.5 2.5 0.5 1.5 2.5
Proportion of 

amorphous 
clusters, %

90 70 70 100 70 60 100 90 70 70 90 40 50 50 10

Proportion of crystalline clusters, %
Ih 10 - 10 - 10 30 - - 20 10 10 50 40 30 80
Dh - 20 20 - - 10 - 10 - 20 - - 10 10

FCC/HCP - 10 - - 20 - - - 10 - - 10 - 10 10
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It can be seen that the addition of gold atoms to 
Ag NP at melt cooling time τ = 2.5ns only affected 
the smallest Ag–Au NPs with diameter D = 2.0 nm, 
where with increasing percentage of gold atoms, a 
similar increase in the probability of amorphous 
phase appearance was observed, reaching its 
maximum value at 60–70%. At D = 4.0 and 6.0 nm, 
similar to Ag NP, the amorphous phase at this rate 
of thermal energy removal was not detected, despite 
the fact that the target composition changed to its 
maximum value Ag50Au50.

At a cooling time of τ = 0.5 ns, the effect of 
adding a second chemical element proved to be 
more significant. Thus, in the case of Ag NPs with 
D = 2.0 nm, the amorphous phase was observed in 
30%, and for binary nanoparticle Ag–Au in 50–
100% model experiments, gradually increasing the 
probability of its appearance with the increase in 
the percentage of gold atoms. With increasing size 
of Ag–Au NPs the tendency persisted, but with an 
increase in the minimum percentage of amorphous 
phase fixation. That is, at such a high rate of heat 
energy removal, the addition of gold atoms to Ag NPs 
led to an almost linear increase in the probability of 
amorphous structure appearance.

Let’s try to explain the obtained result. For this, 
we will analyze the behavior of Au NPs under the 
same conditions of the computer experiment [30]. As 
expected, the process of Au NP structure formation 
also strongly depended on the cooling rate. The 

main trend was an increase in the percentage of 
amorphous structures with increasing cooling rate.

Moreover, while for clusters with diameters up to 
2.4 nm this percentage was relatively low (» 10%), 
for particles of size 2.5–3.4 nm it already fluctuated 
in the range from 40% to 60%, and for larger clusters 
(D = 4–5 nm) increased to » 80% (τ = 0.5 ns).

This result is primarily explained by the fact that 
systems with a larger number of atoms do not have 
enough time to form a specific crystalline structure, 
which leads to such a high percentage of disordered 
particle fixation.

Thus, it can be concluded that the incorporation 
of gold atoms into Ag NPs has a clear destabilizing 
effect on the formation of an ordered internal 
structure in the binary Ag–Au nanoparticle [31, 
32]. However, since atomic restructuring here 
has a diffusion character strongly dependent on 
temperature, in the case of our simulation of 
binary Ag–Au particle crystallization  from melt, 
the cooling time may not be sufficient to complete 
this process, which results in the “freezing” of the 
amorphous phase. It is also obvious that the higher 
the percentage of gold atoms, the more likely the 
disordered state will be, at least at a high rate of 
thermal energy removal. Consequently, for Ag–Au 
NPs on the SERS substrate to be in an ordered 
crystallographic state at any target composition, it 
is necessary to use nanoparticles with a diameter of 
D > 2–3 nm and achieve slow cooling of the system.

a b c
Fig. 1. (In color online) Examples of crystalline structures of Ag90–Au10 nanoclusters with 2.0 nm diameter, obtained during cooling from 
melt: Ih (a), FCC/HCP (b), Dh (c) (Different colors of silver atoms are determined by standard CNA-methodology (common neighbors 
analyze), analyzing the number of bonds of each atom in the first, second and third coordination spheres. Thus, a red atom indicates that its 
coordination number in the first sphere is less than 12, while a yellow atom indicates that its coordination number in the first sphere equals 
12, but in the second is less than the value characteristic for close-packed structures (FCC, HCP). Blue atoms show that their coordination 
numbers in the first, second and third coordination spheres correspond to FCC structure, and green corresponds to HCP
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The first condition can be met by adjusting the 
vacuum-thermal evaporation process of precursors 
itself, changing the distance from the crucible to 
the target and the evaporation rates of Ag and Au 
suspensions, and the second by using a substrate 
heated during crystallization of Ag–Au NPs.

Let us now turn to the question of determining 
the specific type of crystal structure of binary Ag–
Au NPs, obtained through our MD simulation. 
To explain the importance of such information, 
we present the following reasoning. Without the 
formation of a strong dipole, light scattering and 
absorption by nanoparticles will be insignificant. For 
highly symmetric figures, such as spheres, cubes, 
and octahedra, a strong dipole can be easily formed. 
Charge separation at the corners of a cube will 
create a dipole because the corners are on opposite 

sides of the symmetry line. Similarly, for spheres, 
charge separation occurs in a completely isotropic 
medium [33]. However, nanostructures lacking such 
symmetry, for example triangular plates, cannot form 
a strong dipole, resulting in weak light absorption. 
Therefore, the internal structure and shape of NPs, 
besides their size, can become one of the determining 
factors for stability and magnitude of the plasmon 
effect. To confirm these statements, we present the 
following experimental data for Ag NPs [34], which 
is our basic chemical element: the main resonance 
peak for a spherical NP is recorded in the range of 
320–450 nm, for cubic 400–480 nm, for decahedron 
the resonance occurs at 350–450 nm, and for 
octahedron at 400–500 nm.

Analysis of the internal structure of nanoclusters	
shows (Table 1) that the preferred crystal structure 

a b c
Fig. 2. (In color online) Examples of crystalline structures of nanoclusters Ag50Au50 with 4.0 nm diameter, obtained during cooling from 
melt: Ih (a), FCC/HCP (b), Dh (c). Different colors of silver atoms are determined by standard CNA methodology, analyzing the number 
of bonds of each atom in the first, second, and third coordination spheres. Thus, a red atom indicates that its coordination number in the 
first sphere is less than 12, a yellow atom indicates that its coordination number in the first sphere equals 12, but in the second sphere is less 
than the value characteristic for close-packed structures (FCC, HCP). Blue atoms show that their coordination numbers in the first, second, 
and third coordination spheres correspond to FCC structure, while green atoms correspond to the HCP

Table 2. Results of cooling simulation for Ag–Au nanoparticles from melt of various target compositions with 4.0 nm 
diameter depending on cooling time. Structure fixation percentages are given with rounding

Target 
composition Ag50Au50 Ag60Au40 Ag70Au30 Ag80Au20 Ag90Au10

Cooling time, 
ns 0.5  1.5  2.5  0.5  1.5  2.5  0.5  1.5  2.5  0.5  1.5  2.5  0.5  1.5  2.5

Amorphous 
clusters, % 100 80  – 100 100 – 90  80  – 80  50  – 60  10  –
Crystalline 

structures, %
Ih  – – 30  – – 30  – – 20  – – 20  10  10  40
Dh  – 10  30  – – 20  – – 20  – 20  50  – 30  50

FCC/HCP – 10  40  – – 50  10  20  60  20  30  30  30  50  10
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for the diameter D = 2.0 nm is the Ih-configuration, 
in some cases competing with the Dh-modification, 
while FCC/HCP morphology (Fig. 1) occurs 
noticeably less frequently. The stabilization of the Ih-
phase can be explained by the alloying of elements 
with different atomic (ionic) sizes, as this mismatch 
can compensate for the existing deformation in 
icosahedral shells due to the increasing difference 
between atomic distances along radial and tangential 
directions. Thus, from a theoretical perspective, 
an ideal Ih-cluster of binary alloy Ag–Au should 
possess an Ag-enriched core and a surface with 
predominant placement of gold atoms. This agrees 
with the fact that the icosahedron core experiences 
compression, making it energetically more favorable 
for smaller Ag atoms (ions) to be located there, while 
the NP Ih surface experiences stretching, making the 
placement of small atoms there impractical.

However, this is only valid for a certain size of 
binary nanoparticle, approximately up to a diameter 
of D = 2.0–3.0 nm, even for alloys with large 
differences in atomic sizes [35]. Beyond this size, 
the probability of icosahedral phase appearance 
begins to decrease noticeably. The reason lies in the 
general energetic instability of the atomic structure 
mentioned above. Thus, even in the case of Au NPs 
[30], data analysis showed that for clusters with 
diameters not exceeding 3.0 nm, the probability of 
icosahedral phase appearance prevails over others, 
constituting 50–60%, and is practically independent 
of cooling rate. At larger cluster sizes, the probability 
of icosahedral morphology appearance generally 
decreases, but the following trend is quite evident: as 
the cooling rate decreases, the proportion of clusters 
with icosahedral structure increases quite uniformly.

Looking in more detail at the nature of crystalline 
structures obtained during simulation, one can 
see confirmation of the pattern we found earlier. 
Thus, for nanoclusters Ag–Au with a diameter 
of D  =  4.0  nm, the presence of Ih-phase is 
characteristic specifically at maximum crystallization 
time of τ  =  2.5  ns or for particles with low gold 
content (target composition Ag90Au10). Under 
other conditions, icosahedral structure was not 
observed during MD experiments (Table 2). Thus, 
it can be concluded that the considered diameter of 
binary Ag–Au NP, apparently, lies in the size range 
where, under conditions of smooth crystallization 
with high speed, the icosahedral structure ceases 
to be the most stable and is replaced by Dh- or 
FCC structure. In work [36], a set of 923, 1415, 
3871, 10179 atomic gold clusters of three different 
structures (icosahedral, defective icosahedral, and 
amorphous), obtained from melt crystallization at 
different rates, was analyzed, and it was concluded 
that from an energetic perspective, the defective 
icosahedral configuration is the most stable, which 
can be seen in Fig. 2.

Regarding the probability of total occurrence of 
Ag–Au NPs with five-fold symmetry (Ih + Dh) it 
was maximum at the target composition Ag90Au10 
(»90%), ultimately decreasing to 50–60% for 
compositions with the highest gold atom content  
Ag60Au40 and Ag50Au50. Accordingly, with increasing 
Au atom content, we observed a gradual increase 
in FCC/HCP phase from 10% to 50–60%, which 
was merely a consequence of reduced probability 
to encounter a binary Ag–Au NP specifically with 
five-fold structure due to the growth of internal 
stresses arising in this case, the reason for which was 
indicated above.

Table 3. Results of cooling simulation of Ag–Au nanoparticles from melt of various target compositions with 
a diameter of 6.0 nm depending on the cooling rate. Structure fixation percentages are given with rounding

Target 
composition Ag50Au50 Ag60Au40 Ag70Au30 Ag80Au20 Ag90Au10

Cooling time, 
ns 0.5  1.5  2.5  0.5  1.5  2.5  0.5  1.5  2.5  0.5  1.5  2.5  0.5  1.5  2.5

Amorphous 
clusters, % 100 90  – 100 70  – 100 100 – 100 50  – 70  10  –
Crystalline 

structures, %
Ih  – – 10  – – – – – 10  – – 10  – – 10
Dh  – – 20  – – 10  – – – – – 10  – – 10

FCC/HCP – 10  70  – 30  90  – – 90  – 50  80  30  90  80
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When considering the behavior of nanoparticles 
Ag–Au with increasing cooling rate, there was a 
significant increase in finding them in amorphous 
state, just as with Au NPs [30]. At τ = 0.5 ns, the 
percentage of fixation of this polytypic modification 
was 60–100%, increasing with the growing 
percentage of gold atoms, which once again proves 
its destabilizing effect during the formation of 
ordered structure of binary nanoparticles Ag–Au. 
Thus, for pure silver under the same crystallization 
conditions, the amorphous phase was recorded in 
40% experiments, at the target composition Ag90Au10 
already in 50%, at composition Ag80Au20 in 70%, 
and at the target composition Ag70Au30 and above in 
practically 90–100% experiments.

Let’s proceed by considering the MD simulation 
results obtained for an ensemble of binary Ag–Au 
NPs with a diameter of D = 6.0 nm (Table 3). It 
can be seen that at this size, the amorphous phase 
is not detected only at the maximum cooling time 
of τ = 2.5 ns; at a higher heat removal rate (τ = 0.5 
and 1.5 ns), it is observed in 100% cases, starting 
from composition. For this array, with an increase 
in the percentage of gold atoms in Ag–Au NPs there 
is a similar increase in the probability of disordered 
structure. That is, there is a clear tendency that an 
increase in the average size of NPs in the array and/
or an increase in the percentage of gold atoms in 
the binary Ag–Au NPs leads to an increase in the 
probability of amorphous structure formation in 
NPs, and such growth often has an almost linear 
character. Also, the rate of thermal energy removal 
has a determining influence on the process of 
internal structure formation. Thus, even for such 
relatively large particles (D = 6.0 nm) at a cooling 
time of τ  =  2.5 ns, the amorphous phase is not 
detected at all, while at τ = 1.5 ns it is observed in 
almost 100%.

Thus, based on the simulation results, several main 
conclusions can be drawn. First, the introduction of 
gold atoms into a silver nanocluster has a destabilizing 
effect on the processes of internal structure ordering. 
Second, with an increase in the percentage of gold 
atoms in the binary nanoparticle Ag–Au there is an 
increase in the probability of amorphous structure 
formation, and such growth often has an almost 
linear character. Third, in small nanoclusters Ag–
Au with a diameter less than D  <  2–3 nm, it is 
very difficult to achieve strictly crystalline structure 
formation at any target composition. Fourth, the 

average size of the nanoparticle array Ag–Au of 4.0 
nm is the most suitable for the formation of close-
packed structures at a relatively low rate of thermal 
energy removal. Fifth, with increasing average size, 
the probability of forming five-fold symmetry in 
binary particles Ag–Au significantly decreases.

4. CONCLUSION

It is well known that gold and silver are mutually 
soluble in each other in any proportions, forming a 
continuous series of solid solutions. The dissolution 
of impurities in metal (Au in Ag or Ag in Au) locally 
deforms the crystal lattice and causes a disruption of 
periodicity, which in the case of nanoscale can lead to 
various types of external form and internal structure 
of NPs. These processes can lead to a reduction 
in the electron mean free path and, consequently, 
to an increase in its scattering frequency, which 
affects the intensity of the SERS effect compared to 
pure elements. However, at the same time, binary 
nanoparticles Ag–Au provide the possibility of 
tuning the spectral position and amplitude of LSPR 
by changing the target composition, size, shape, and 
structure.

Thus, the transmission spectra obtained in work 
[2] demonstrated the presence of a SERS peak 
for Ag NPs at approximately 440 nm wavelength, 
for Au NPs at approximately 580 nm wavelength, 
and for Ag–Au NPs at approximately 550 nm 
wavelength. The transformation of arrays as a result 
of annealing led to a shift of SERS wavelengths of 
all three samples to the short-wavelength region 
of the spectrum and a slight increase in integral 
transmission, namely: the SERS wavelength for 
the Ag NP array (with predominant particle size of 
approximately 8 nm) was approximately 420 nm, for 
Au NPs (with predominant size of approximately 7 
nm) approximately 520 nm, and for Ag–Au particle 
array (with predominant size of approximately 
10 nm)  – approximately 490 nm. Such a shift 
in minimum positions for annealed samples was 
associated with changes in nanoparticle shape, 
particularly with nanoparticles acquiring spherical 
shape [2], as well as a decrease in their geometric 
cross-section, which, in turn, led to narrowing of 
resonances.

That is, the high sensitivity of surface plasmon 
resonance to the shape of nanoparticles is well 
confirmed experimentally. In [37], a study was 
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conducted on the effect of Au nanorods and Au 
nanospheres on the SERS effect, and it turned 
out that the plasmon radiation of Au nanorods 
and nanospheres differs quite significantly, being 
650 and 520 nm respectively. In addition to the 
nanorods and nanospheres considered in [37], other 
plasmonic nanostructures such as nanocubes and 
nanostars were experimentally analyzed. It turned 
out that due to their sharp edges and corners, these 
structures tend to maximize the enhancement of the 
main properties of the plasmon effect. In general, 
structures with sharp angles have peaks shifted to 
the red region compared to rounded structures of 
similar sizes. However, truncation of angles affects 
not only the radiation frequency but also changes 
the electric field near the particle surface, leading to 
light concentration in nanoscale volumes and sharp 
increase in luminescence intensity in these regions.

The formation of icosahedral structure of 
nanoparticles in this context is of fundamental 
importance. It is clear that the greatest volume 
minimization is determined by the formation of 
Mackay icosahedron (Ih), whose surface consists of 
20 equilateral triangles. Larger Mackay icosahedra 
are formed by adding further Ih-shells, which 
leads to minimization of cluster surface area and, 
consequently, gain in surface energy. Thus, by 
forming a regular icosahedral (decahedral) structure 
in Ag–Au nanoparticles,  we solve the task of 
forming a highly symmetric figure necessary for 
increasing the luminosity of the SERS substrate.
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