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Abstract

We investigated mechanical deformations of Cu{100} nanowires using the
steepest-descent method. We simulated the cases of elongation, shearing,
rotation and rotated elongation. Before the first yielding nanowires preserve
the elastic stage, and after this mechanical deformations proceed in
alternating quasi-elastic and yielding stages. In the case of rotation
deformation, the torque was inversely proportional to the tension force. It
was shown that a nanowire in the case of rotated elongation is deformed
more easily than one in cases of both elongation and rotation.

1. Introduction

The properties of condensed systems with nanometre
dimensions have been investigated actively in the past
decade [1]. The continuing miniaturizations of electronic
devices and nanoscale measurement systems have stimulated
an interest in nanometre-scale materials such as nanowires
and point contacts [2-29]. Metallic nanowires have received
considerable attention in relation to wiring in nanometre-
scale integrated circuits of the future [20-26] and for tips
of scanning tunnelling microscope (STM) and atomic force
microscope (AFM) operation under nanoscale tip—sample
interaction [27-30]. Most authors have investigated and
simulated Au nanowires [2-5, 11-15]. Mehrez and Ciraci
investigated the yielding and fracturing mechanisms of Cu
nanowires as functions of the stretch velocities by using
classical molecular dynamics simulation [19]. However, since
they investigated only elongation of Cu nanowires and used
narrow Cu nanowires with five atomic layers, each of which
had 12 or 13 atoms, their work was not enough to understand
the fracture mechanism of Cu nanowires. In our previous
work [31], we studied elongation and shearing deformations
of Cu nanowires with stretch velocity and nanowire diameter
using classical molecular dynamics simulations. Our previous
work presented the result that as the stretch velocity
increased, the strain causing the first yield decreased, the
period of yielding was shortened, the strain causing the
rupture decreased and the magnitudes of the force relaxation
decreased. In the case of the larger-diameter nanowire, the
nanowire region, which was originally {100} planes, became
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a quasi-cylindrical nanowire with {111} surface. However,
in our previous work other mechanical deformations, such
as rotation, were not investigated. For applications of Cu
nanostructures of the future, an understanding of various
deformation mechanisms is necessary.

In this paper, using the steepest-descent (SD) method,
we study mechanical deformations of Cu nanowires, such as
elongation, shearing, rotation and rotated deformations. The
yielding, rearrangement, structural transition and mechanisms
of fracture of Cu nanowires by an external agent are
investigated.

2. Simulation procedure

We consider rectangular nanowires cut from bulk Cu, as fig-
ure 1 shows. The wire has two ends, that are connected by a
neck, which consists of ten atomic layers perpendicular to the
wire axis [001] and is put between the top and bottom layers.
Each atomic layer has 18 atoms. A stable atomic configuration
after deformation was calculated by the SD method. The bot-
tom and the top layers are labelled as B and T, respectively. Itis
possible to assume that the breaking is governed by phenomena
occurring at the central part of the nanowires. Therefore the
atoms in these layers are fixed during simulations, and we apply
the SD method to atoms in the nanowire region labelled as N.
In a previous study on Au nanowires, Tanimori and Shimamura
applied the Monte Carlo method to the atoms in region N [11].
For Cu, we use the potential function of the second-moment ap-
proximation of the tight-binding (SMA-TB) scheme [32,33].
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Table 1. The SMA-TB results are compared to results of a simple analytic nearest-neighbour embedded-atom model developed by
Johnson [42] and Baskes [43]. The SMA-TB results of the surface diffusion barrier are compared with other results, such as effective
medium (EM) [45,46], corrected effective medium (CEM) [47], embedded-atom models in the Voter—Chen parametrization (EA(VC)) [48]
and in the Adams—Foiles—Wolfer parameterization (EA(AFW)) [49], ab initio density-functional calculations in the local-density
approximation (LDA) [50], ab initio density-functional results with gradient corrections (GGA) [50] and experimental results [51]. E. and

ay are the cohesive energy of atom and lattice constant, respectively.

Energy/atom on surface (eV)

Energy/atom on surface (eV)

E.(eV) ao(A) (100) (110) (111) Surface Edge Inside
SMA-TB —3.544 3.615 —2.999 —20913 —-3.127 —2.999 —2.547 —3.548
EAM-1 —3.540 3.620 —2.989 —2.848 —3.064 —2.989 —2.499 —3.451
EAM-1I —3.540 3.620 —2.360 —2.065 —2.655 —2.360 —1.475 —3.540
SMA-TB EM CEM EA(VC) EA(AFW) LDA GGA Experiment
Diffusion barriers on (100) surface (eV)
Jump 0.41 0.40° 0.47¢  0.53f 0.38f 0.65-0.75¢  0.51-0.55¢  0.39 + 0.06"
Exchange 0.79 — 0.43¢  0.79° 0.72f 1.03-1.238  0.82-0.96¢ —
Diffusion barriers on (110) surface (eV)
In channel 0.23* 0.29¢ 0.26°  0.53f 0.24f — — —
Cross channel  0.29* 0.56° 0.49¢  0.31F 0.30f — — —
2 [44). ® [45]. © [46]. 4 [47]. © [48].F [49]. ¢ [50]. P [51].
5
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Figure 1. Simulated Cu nanowire structure: (a) the side view and
(b) the top view. The bottom and top layers are labelled B and T,
respectively. The atoms in these layers are fixed during simulations.
The layers labelled by N are nanowire regions. Molecular dynamics
is applied to atoms in region N.

(This figure is in colour only in the electronic version)

The SMA-TB type potential function has been used in atom-
istic simulation studies of nanoclusters [34—38] and ultrathin
nanowires [39]. Table 1 shows the physical values calculated
by SMA-TB and other theoretical methods and measured by
experiment, and these values calculated by SMA-TB are in
agreement with the other results.
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Figure 2. A Cu nanowire was composed of ten atomic layer, each of
which has 18 atoms. A stable atomic configuration was calculated
by the SD method. (a) The variation of tensile force with the
elongation along the z-axis for a Cu nanowire. (b) Atomic
arrangements at points A—D in figure 2(a). The arrow denotes the
slip [110] direction.

The initial atomic arrangement in the wire is relaxed by the
SD method. Since we use the SD method, the thermal effects
and temperature-dependent deformation mechanisms are not
included in this paper. We simulate the elongation, shearing
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Figure 3. (a) The variation of shear force with the shearing along

the [100] direction for a Cu nanowire. (b) Atomic arrangements at
the shearing point 4, 5.3, 7 and 11.2 A.

and rotation of the Cu nanowires. In elongation, the distance
between the top and the bottom layers is slightly stretched. The
top layers are displaced along the [001] direction in increments
of 0.1 A. In [100] and [110] shears, the top layer is displaced
in the [100] and [110] directions with increment 0.1 A. In
rotation, the top layer rotates through 1° in the centre of the
top layer. After a small deformation, the atomic arrangement
in the nanowires is relaxed. Such small deformation and

3
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Figure 4. (a) The variation of shear force with the shearing along
[110] for a Cu nanowire. (b) Atomic arrangements at the shearing
point 3.3,5.2,9.9, 13.0, 21.2 and 24.0 A.

relaxation are repeated. The tensile and shear forces, that
correspond to the force exerted by the pulling agent on the
wire, are the attractive force between the top-layer region and
the nanowire region and are calculated after relaxation. In
this paper, [100], [010] and [001] directions are the x-, y- and
z-axes, respectively.

3. Simulation results

We present the results of mechanical deformation simulations
of the Cu nanowire. Figure 2(a) shows the variation of tensile
force with elongation. Figure 2(b) shows the stable atomic
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Figure 5. (a) Forces and torque variations as a function of rotation angle. (b) [100] and [001] side views at 45°. (c¢) Atomic arrangements of

[100] view at the rotation angle 90°, 180°, 270°, and 360°.

configuration at points A-D in figure 2(a). At point A, the
number of atomic layers is still ten, and the wire elongates
uniformly. The point A is in the elastic range. When the
strain (AL/L) is 0.133 (the stretch is 2.4 A), the first yield
occurs (point B in figure 2). The first yield is related to
an abrupt slipping event on the {111} plane. The arrow in
figure 2(b) denotes the slip direction. The slip caused by
an external force preferentially occurs when the least amount
of energy is consumed. This condition is fulfilled when the
slips occur in (110) directions on the {111} plane in bulk
FCC materials [40] and (1/2)(110){111} dislocations split
into partial dislocations with Burger vectors (1/6)(211) [41].
However, nanowire deformation mechanisms include various
dislocation slips, and at least two distinct slip mechanisms
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mainly affect nanowire deformation processes [16]. One is
a glide of a dislocation on {111} planes and the other is a
homogeneous slip of one plane of atoms over another plane of
atoms. The crossover of the two slip mechanisms is related
to reduction of diameter of the nanowire centre. Whenever
diameters of nanowires in elongation cases abruptly reduce,
homogeneous slips appear. When the strain is 0.752 (the
stretch is 13.8 A), the rupture occurs (point D in figure 2).
After the first yielding, the elongation deformation proceeds
in alternating quasi-elastic and yielding stages. Whenever
yielding occurs, the atomic structure is disordered, the original
stacking sequence is deformed, the neck is narrowed more and
more and the tensile force decreases abruptly. The magnitude
of force relaxation (the decrease of the tensile force) at the first
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Figure 6. (a) Comparison of total forces between elongation and
rotated elongation. (b) Comparison of the shearing stresses between
rotation and rotated elongation.

yield is 3.26 nN in this paper. At the other yields except the
first yield, the magnitude of force relaxation is below 1 nN.
These values are in agreement with the previous result [19].
The overall behaviour of tensile force, F, is in agreement with
the experimental results [3, 8,9].

Next we simulated the [100] direction shear deformation
of a Cu nanowire. Figure 3 shows forces along the x-, y- and z-
axis directions and atomic configurations with deformations of
the Cunanowire. The initial value of F;, starts at 2.5 nN because
the fixed top layers have a larger area than the nanowire region
in our simulation as in [19], and as shear stretch proceeds
the F, decreases. The values of F, and F) start at O nN.
During shearing, the average of F, is near 0 nN and F)
deviated from zero at the yielding points. In the variation of
F,, the shear deformation also proceeds in alternating quasi-
elastic and yielding stages. As the shear stretch increases,

the atomic structure becomes disordered, and the original
stacking sequence is deformed. At yielding, the tensile force
decreases abruptly. During shear stretch, the nanowire remains
mainly in the {100} structure, except when temporary states
such as {111} planes are found during atomic rearrangement.
While the reduction of the number of atomic layers was
found in the previous simulation study for shear of Au {111}
nanowires [11], the number of atomic layers in this paper
remains at ten. In the previous work using classical molecular
dynamics simulation, we investigated that the homogeneous
slips without following slips on the {111} planes during the
shearing deformation of thin Cu{100} nanowire with high
shearing velocity. In this paper, using the SD method, at
first the (110) direction slip occurs, and next a homogeneous
slip follows. The first slip occurs in the [101] direction with
a dislocation glide slip mechanism. Temporary states with
{111} planes are found during structure rearrangement before
yielding, and then slips occur in the (110) directions. After
that, the Cu nanowire swiftly rearranges in the {100} planes to
the original structure. The nanowire is broken at 22.1 A.

We simulated the [110] direction shear deformations
of a Cu nanowire. Figure 4 shows forces and atomic
configurations for the Cu nanowire during the [110] direction
shear deformations. As shear stretch proceeds, the F,
decreases. Variation of F; in this case is similar to that of
the previous case. However, the variation of F is similar
to Fy. The shear deformations proceed in alternating quasi-
elastic and yielding stages. Properties of slip directions in this
case are the same as the previous cases. The first yielding
point occurs at 3.3 A. In an atomic configuration after several
yields, at 9.9 A, stacking faults in an FCC Cu nanowire with
a small twinned region appear. The structure with the small
twinned region remains until the next yielding point, 13 A. The
nanowire is broken at 24 A, longer than 22.1 A in the above
[100] shearing case.

Next we simulated the rotation deformation of a Cu
Figure 5 shows forces, torque and atomic
configurations at the rotation angles for the Cu nanowire during
the rotation deformations. Until the rotation angle is 45°,
atomistic arrangements keep a symmetrical structure with the
nanowire centre such as that shown in figure 5(b). Therefore,
until 45° the net force of the xy plane (perpendicular plane
of the nanowire axis) is zero but the torque of the xy plane
(T) increases. In figure 5(a), we can see that T is inversely
proportional to F,. Figure 5(c) shows atomistic arrangements
with the rotation angles, and arrows in figure 5(c) indicate the
(110) slip directions.

nanowire.

Next we simulated the rotated elongation of a Cu
nanowire. An elongation of 0.1 A and a rotation through 1°
of the top layer deform the nanowire. The total force variation
of rotated elongation is compared with that of elongation in
figure 6(a). The shearing force variations of rotated elongation
are compared with that of rotation in figure 6(b). The first yield
strain in the case of rotated elongation is one-half of that in the
elongation case. Shear forces in the case of rotated elongation
appear at 16° after the first yield. Therefore, we can see that the
nanowire in the case of rotated elongation is deformed more
easily than that in cases of both elongation and rotation.
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4. Summary

We have investigated the mechanical deformations of Cu{100}
nanowires. We simulated the cases of elongation, shearing,
rotation and rotated elongation. Before the first yielding
nanowires preserved the elastic stages, and after this the
mechanical deformation proceeded in alternating quasi-elastic
and yielding stages. For Cu thin {100} nanowires in this
paper, the crossover between the [110] direction slip on the
{111} planes and the homogeneous slip occurred in cases of
elongation, shearing and rotated elongation. In the case of
rotation deformation, until the rotation angle was 45°, since
atomistic arrangements kept a symmetrical structure with the
nanowire centre, the net force in the xy plane was zero.
However until 45° the torque of xy plane increased, and it
was shown that 7 was inversely proportional to F,. The first
yield strain in the case of rotated elongation was one-half of
that in the elongation case, and shear forces in the case of
rotated elongation appeared at 16° after the first yield.

The present simulation study shows some of the yielding
and fracturing mechanisms for Cu nanowires. For the
metallic nanowires and nanocontacts related in this paper
several research opportunities remain. Further research will,
therefore, include more detailed effects of size, shape, thermal
and crystal orientation of nanowires and will deal with screwed
stresses, compression, shear velocity direction etc.
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