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We report the computational study of mechanical properties of gold, silver and core-shell Au@Ag nano-
rods. The dynamical behavior of the samples under tensile deformation was studied within classical mo-
lecular dynamics simulation. Interactions between atoms in the samples were described within embedded
atom method (EAM) and EAM alloy model for gold — silver interaction in core-shell Au@Ag nanorod. To
study the mechanical properties of the nanorods, the tensile deformation procedure was applied to the
samples. Stretching of the samples was simulated by displacement of the fixed atoms located in the two ex-
ternal atomic layers at the opposite edges of the samples from each other at constant strain rate of
0.004 ps-1. Temperature of the samples was maintained at 300 K using the Berendsen thermostat through
the total simulation time. During the deformation process, mechanical stresses were calculated according
to virial theorem for each sample and strain-stress curves were built from obtained data. Obtained strain-
stress curves have typical shape with a linear section at the beginning and a further nonlinear part corre-
sponding to plastic deformation. Young moduli of the studied samples were estimated through linear re-
gression of the elastic part of the strain-stress curves. The obtained values are equal to 57.3 GPa, 80.1 GPa
and 70.9 GPa for Au@Ag, Au and Ag samples, respectively. Analysis of the snapshots of atomistic configu-
rations shows that considered samples are characterized by different failure dynamics, namely necking
was observed only for Au@Ag core-shell nanorod, while pristine gold and silver samples are characterized
by failure without clearly visible necking. Comparative analysis of the obtained results shows a good

agreement with the similar data available in the literature.
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1. INTRODUCTION

Metallic nanowires and nanorods of different chem-
ical compositions and structures are very promising
materials that are widely investigated as potential
materials for components of various nanoelectronic
devices [1,2]. Among different possible geometrical
shapes and forms, nanoparticles with core-shell struc-
ture are one of the most studied bimetallic materials.
Such objects can be synthesized and designed by vari-
ous chemical methods [2, 3].

Experimental investigation of the nanosized object
is a very complicated task, and, besides that, data ob-
tained from experiments usually needs further analy-
sis. Moreover, such studies require very expensive
equipment and technologies. Alternative approaches of
such investigations are studies by theoretical and com-
putational methods. One of possible options of theoreti-
cal approaches is molecular dynamics (MD) simulation
which is effective and precise enough method for com-
putational study of the structural and mechanical
properties of nanomaterials [4, 5]. In the present work
we report the MD study of the elastic properties of gold,
silver and bimetallic gold-silver nanorod with core-shell
structure.

2. MODEL AND SIMULATION SETUP

During the simulation of deformation processes of
metallic nanowires, the interactions between atoms
were described using the embedded atom method
(EAM) [6]. EAM approach is widely used in the simula-
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tion of metal alloys by classical MD techniques and is
known to realistically reproduce the basic properties of
metals such as lattice constant, interatomic distance,
energy of interaction between atoms and others.

Within the EAM, the total potential energy of a me-
tallic crystal can be presented as a sum of two compo-
nents, each of which describes the corresponding
mechanisms of interaction:

U=> % o)+ F(p),

1,],1#] 12 (1)
where ¢(rij) is the pair energy between atoms i and j at
a distance rij; F(pi) is the local embedding energy of the
i-atom in the space domain, that is characterized by the
electronic density pi.

For each term in equation (1), the analytical ex-
pression was proposed through approximating the data
obtained from the calculations from the first principles
[6]. Thus, the pair energy of the interatomic interaction
can be written in the form
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where re is the equilibrium distance between the two

atoms of the given type; A, B, «, f are the approxima-
tion parameters; k, A are the additional parameters for

p(r)= . (2)
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ensuring zero energy of interaction at significant inter-
atomic distances.

The local embedding energy as a function of elec-
tron density F(oi) is calculated in several steps. Firstly,
the electronic density pi is calculated as

pi=3 f(r) 3)

1,j#1

where f(rij) is the local electron density in the atomic
region of atom i calculated through the following ex-

pression
G 0|
f(r) = ezo
1+ [r - lj
re

that has the same form as the second term in formula
(2) with the same values of parameters  and 1. Then,
the electronic density function F(pi) should be calculat-
ed from three following equations depending on the
value of p;
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Such method for determining the electronic density
function F(p) is necessary for the realistic approxima-
tion of the embedding energy and for reproducing the
properties of the material in a wide range of values p.

The forces between different types of atoms can be
calculated using the EAM model for alloys [6]. Within
mentioned approach, the pair energy ¢#(rij) between
atoms of type a i b can be calculated as

ab _E m aa m bb
@ (r)_z(f"(r)(p (r)+fb(r)(p (r)J. (8)

Analytical expressions and numerical parameters
for the functions used in expressions (1)-(8) for several
metals can be found in the paper [6].

It should be noted that the complete algorithm for
particle motion calculations used in MD simulations
involves obtaining analytical expressions for the forces
of interatomic interaction F(r;) based on the given de-
pendences for the potential energy through the equation

Foy=-2Y ©
or

and further numerical integration of the equations of
motion
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dr
L=F(r)=-——, 10
dt? (1) or (10)

for each atom i.

Thus, using equations (1)-(10), it is possible to in-
vestigate the dynamics of metallic nanorods under the
external influences.

In this paper, we study the mechanical parameters
of gold, silver and bimetallic nanowire with the core
(Au) — shell (Ag) structure during deformation under
the external load. In addition to the deformation of
Au@Ag sample [7, 8], we also consider pristine Au and
Ag samples under tensile deformation with calculation
of strain-stress curves and tracking the dynamics of
failure. From these dependences, the Young moduli for
each sample were calculated. Also, during the simula-
tion the instant atomistic configurations of the samples
were obtained during the deformation process.

The choice of chemical composition of the nanowire
investigated in the paper is caused by the fact that gold
and silver are well combined in various compounds,
since they have face-centered cubic crystal lattices with
constants aau = 0.4078 nm, aag = 0.4086 nm, respective-
ly. Moreover, different types of Au—Ag nanostructures
are widely used in nanoelectronics and can be obtained
by different methods [1, 2, 9].

We consider a bimetallic Au—Ag nanowire with a
core-shell structure and a cylindrical shape, with a
length-to-diameter ratio of 2. Such choice of the geo-
metric form of the objects under study is due to the
need to avoid undesirable size effects [4]. The length of
the nanowire is 8 nm, the diameter of the inner part
(core) is 1.5 nm. The initial atomistic configuration of
the investigated nanowire is shown in Fig. 1.

Fig. 1 —Initial atomistic configuration of Au@Ag core-shell
nanowire. Overall view (top left), cross section (top right) and
segments (bottom panel)

In initial configuration of the sample, the atoms of
gold and silver were placed in the nodes of a face-
centered cubic lattice with corresponding values of a
solid lattice. The distances between atoms in the two
external atomic layers on each of the cylinder bases
were fixed to prevent relaxation during deformation
and to provide appropriate boundary conditions.

In order to study the dynamical behavior of the sys-
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tem under tensile load, a stretching procedure was
applied to the sample, during which the strain-stress
dependencies were calculated.

Simulation of the external load was carried out in
the following way: displacement at a constant speed of
0.004 ps! was applied to fixed atoms located in the two
external atomic layers at the opposite edges of the
cylinder. The displacement was directed so that the
opposite bases of the cylinder gradually moved from
each other to simulate stretching of the samples.

During the deformation of the sample, mechanical
stresses were calculated using the virial theorem [10], as

a..:i§ 1 Ll —mevfvs |, (11)
ij Va:l 2 apl o iYj

where i, j are the Cartesian coordinates; «a, S are the
atom indexes; 1,,, fJ, are the corresponding vector

components of distances and forces between atoms a and
B, m is the atomic mass; V —is the volume of sample.

Thus, by calculating the corresponding components of
velocities and forces of interatomic interaction at the
given strain ¢, one can obtain the strain-stress curve o(e).

During simulation, the temperature of the samples
was maintained at 7'=300 K using the Berendsen
thermostat [11].

3. RESULTS AND DISCUSSION

To study the mechanical properties of bimetallic
Au—Ag nanorod, the numerical procedure of simulation
of stretching described above was performed and the
corresponding strain-stress curves and instantaneous
atomistic configurations of the system were calculated.
Dependence of mechanical stresses on deformation is
shown in Fig. 2.
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Fig. 2 — Strain-stress curve for bimetallic Au@Ag nanowire.
The inner panel shows an enlarged plot of the elastic part
with a linear approximation

It can be seen from Fig. 2 that the obtained strain-
stress curve has a typical shape with a linear section at
the beginning and a further nonlinear part correspond-
ing to plastic deformation. The point with the maxi-
mum value of stress corresponds to the strength limit,
after which the sample undergoes plastic deformation
with subsequent destruction. The critical value of me-
chanical stress, after which the sample undergoes plas-

J. NANO- ELECTRON. PHYS. 11, 04026 (2019)

tic deformation, corresponds to the strain value £>0.1.
Linear interpolation of the elastic part of strain-stress
curve gives the value of Young modulus E =57.3 GPa
for Au@Ag sample.

Atomistic configurations of the nanorod during ten-
sile deformation are shown in Fig. 3.

As can be seen from the figure, after the point cor-
responding to the strength limit, the area with the
formation of fragments with plastic deformation be-
comes noticeable within the sample. In this case, the
Au—-Ag nanowire retains the core-shell structure in the
most part of the sample during plastic deformation and
further fracture.

To validate the obtained results, the simulation
models of the pristine gold and silver nanorods were
also built, with the aim to compare quantities calculat-
ed from simulation with similar data available in liter-
ature. To obtain reliable data, a widely used simulation
package LAMMPS [12] was used for simulations of the
Au and Ag nanorods, under the similar conditions as
Au@Ag core-shell nanorod.

PP ‘eleters

Fig. 3 — Atomic configurations of Au—Ag nanowire at strain of
15 %, 30 % and 60 % from top to bottom. General view (left)
and cross-section (right)

Strain-stress curves obtained from MD simulations
for Au and Ag nanorods are shown in Fig. 4.
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Fig. 4 — Strain-stress curves for Au and Ag nanowires. Inset
shows the region of the elastic deformation

Young moduli, estimated from elastic parts of
strain-stress curves are equal to E=80.1 GPa and
E =170.9 GPa for gold and silver nanorods, respectively.
Obtained values are in good agreement with similar
data obtained from MD simulations [5, 13, 14].
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Atomistic configurations of the Au and Ag samples
at different strain are shown in Fig. 5.

Fig. 5 — Atomic configurations of Au (left) and Ag (right)
nanowires at strain of 0.00, 0.54, 0.57 from top to bottom for
Au, and 0.00, 0.39, 0.43 from top to bottom for Ag

As can be seen from the figure, the crystalline
structure with a face-centered cubic lattice is preserved
in most parts of the samples, while the regions of the
amorphous state are formed in the area of fracture for
both Au and Ag nanorods. However, in contrast to the
Au@Ag core-shell nanorod, for Au and Ag samples the
prior fracture necking was not observed. This may be
due to a different shape of the studied nanorods and
slightly different strain ratio.

It is also worth to mention that the plastic defor-
mation and fracture of the Ag and Au samples are
developed in different scenarios. Thus, for silver nano-
rod after the point of yield stress several regions of
plastic deformation appear along the sample (Fig. 6).

Fig. 6 — Failure dynamics of the Ag nanorod under tensile
deformation. Snapshots are taken at strain of 0.35, 0.39, 0.43
and 0.46 from top to bottom

At larger strain, a single fracture is formed in one of
these regions, which leads to the destruction of the sam-
ple and relaxation of the mechanical stresses. However,
the plastic regions are not relaxed to the initial FCC
structure (bottom panel in Fig. 6).
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In contrast to this, gold nanorod is characterized by a
single region of the plastic deformation (see Fig. 7), which
became the point of fracture at larger strains. Since both
Au and Ag samples have the similar sizes and were simu-
lated under the same conditions, the difference in failure
dynamics is more likely caused by different strength of
interatomic forces in gold and silver.
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Fig. 7 — Failure dynamics of the Au nanorod under tensile
deformation. Snapshots are taken at strain of 0.50, 0.54, 0.57
and 0.60 from top to bottom

4. CONCLUSIONS

We reported the results of numerical simulation by
classical molecular dynamics of the mechanical proper-
ties of Au, Ag, and bimetallic core-shell Au@Ag nano-
rods at tensile deformation. Mechanical properties of
Au@Ag nanorod were studied using developed computer
code for parallel calculations, while pristine Au and Ag
samples were studied using the well-known software
package. As a result of modeling, mechanical parame-
ters of the samples, such as the elastic moduli, were
calculated. The obtained values are equal to
E~573GPa, E=~80.1GPa and E=~709GPa for
Au@Ag, Au and Ag samples, respectively. Also, analysis
of the snapshots of atomistic configurations shows that
considered samples are characterized by different fail-
ure dynamics. Thus, necking was observed for Au@Ag
core-shell nanorod, while the pristine Ag sample is
characterized by several regions of plastic deformation.
At the same time, for Au nanorod a single region of
plastic deformation and failure was observed. Even
though we used the same interatomic potential for
Au@Ag and gold and silver nanorods, obtained results
significantly differ for bimetallic and pristine samples.
The sufficient difference between the obtained data for
core-shell and pristine samples can be explained by
several factors. Besides chemical composition and struc-
tural difference, size and shape of the samples also may
play an important role in experiment. Moreover, in
presented work, two types of boundary conditions were
used: free for Au@Ag nanorod and periodic for Au and
Ag samples, which may also affect the results.

It is worth to recall that measuring elastic parame-
ters of metallic nanostructures in experiments may
present a very hard challenge, and requires special
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laboratory conditions and equipment. Thus, computer
simulations may become a very useful option. Never-
theless, as it was mentioned earlier, general mechani-
cal parameters obtained from MD simulations may
depend on many factors, such as size and shape of the
samples, boundary conditions, interatomic potential,
strain rate and others. Therefore, obtained in this work
elastic moduli can be considered only as approximate
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IIpy:xui Bractusocti Au, Ag i 6imerasieBux Au@Ag HaHOIPOTIB 3 MOIE/TIOBAHHSA
MeTOoJaMHt MOJIEKYJISPHOI JUHAMIKHA

V. llIgeus, b. Haramiu, B. Bopuciox

Cymcoruli Oepacasruil ynisepcumem, 8ys. Pumcoroeo-Kopcakosa, 2, 40007 Cymu, Yipaina

Hagepnerno pesyibratét MoJIeJIIOBAaHHS MEXaHIYHUX BJIACTHBOCTEN HAHOIPOTIB 30J10Ta, cpibsia Ta Gimera-
Js1eBoro Au@Ag 31 CTPYKTYpOIo si/ipo-obostorka. JlocimipreHo TUHAMIYHY IOBEIIHKY 3pa3KiB It vac medopMa-
(il PO3TATYBAHHS B pAMKAX KJIACHYHOI MOJIERYJISIPHOIL AuHaMiku. Baaemonii Misk aToMmaMu B 3pa3kax OMMCAHL
3a gomoMoroi Metoay 3aHyperoro atomy (EAM) ta momerti crutaBy EAM muts B3aeMoil 30710T0-Ccpibiio B CTPY-
KTypl siapo-o6omorka Au@Ag. JIsi BUBUYEHHST MEXaHIYHMX BJIACTUBOCTEI HAHOPOTIB 0 3pa3KiB Oyia 3acro-
coBaHa Iporeaypa gedopMairil po3TAryBaHHsa. Po3TsaryBasHs 3paskiB peasidyBasiocs IMIJISIXOM 3MIIeHHs He-
PYXOMEX ATOMIB, PO3TAIIOBAHUX Y JBOX 30BHIIIHIX ATOMHUX IIApax HA MPOTUJIEKHUX OIYHMX IOBEPXHSIX 3pa-
3KIB OfWH BiJ OJHOTO 3a mHOCTiHHOI mBrakocTi nedopmarrii 0.004 me!l. TemmepaTypy 3paskiB MiITPHIMYBaIN
Ha pieal 300 K ympomor:x ycroro 4acy mopesroBaHHs, BIKOPHCTOBYOUM TepMmoctar Bepenscena. ¥ mporreci
nmedopMarrii IS KOYKHOTO 3pasdka OyJIM po3paxoBaHi MeXaHIUHI HANPYXKEeHHS B paMKax TeOpeMH Bipiajy Ta
mo0OymoBaHi KpuBl HaBaHTaskeHb. Oep:kaHl KpUBl HABAHTAMKEHDb MAIOTh TUIIOBY (DOPMY 3 JIHIMHOIO JLIAHKOIO
HA TOYATKY 1 TOAJIBINOI0 HEJIHIMHOO YaCTHUHOI, IO BiAMOBIMae wiactruHiy medopmarti. Moy IOura mo-
CIIKYBAHUX 3PA3KIB OI[HIOBAJIVNCH IIJITXOM JIIHIMHOI perpecii mpy:xHOI YacTWHH KPUBUX JAedOpPMAaIliiHIX
Hamnpysxkenb. Onepskani sHavenHsa mopisuoioTh 57.3 ['Tla, 80.1 I'Tla, 70.9 I'Tla nma spaskis Au@Ag, Au i Ag
BIOMOBiAHO. AHAJTI3 3HIMKIB aTOMICTHYHNAX KOHQIrypariiil moKaaye, 1o po3IrJITHyTI 3pasKHh XapaKTepu3yBaJIu-

Cs1 PI3HHM XapaKTEePOM PO3PUBY.

Kmiouosi cnosa: Mosekyispaa quaamika, Hamoapir, Anpo-o6omouka, Moayib.
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