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1. Introduction

Numerous beneficial properties of nanowires (NWs) have

Roughening transition as a driving factor in the
formation of self-ordered one-dimensional
nhanostructurest
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Based on the kinetic Monte Carlo method, we investigated the formation mechanisms of periodical
modulations arising along the length of one-dimensional structures. The evolution of initially cylindrical
nanowires/slabs at temperatures lower than their respective melting temperatures can result either in
breakup into single nanoclusters or in the formation of stable states with pronounced modulations of the
cross section. We show that these modulations, excited in the ‘subcritical mode’ of wavelength 2 < i =
21w (Mw 1S the nanowire radius), correspond to the appearance of roughening transition on the quasi-
one-dimensional surface of nanowires/slabs. The short-wavelength modulations of one-dimensional
systems, as shown in our work, can be realized either by the proper orientation of the nanowire/slab axis,
providing spontaneous appearance of roughening transition on its lateral surface, or by the method of
activating the surface diffusion of atoms by an external impact (irradiation with an electron beam or
contact with a cold plasma), which stimulates roughening transition without significant heating of the
nanowire. For the cases of BCC and FCC lattices, we have demonstrated that it is possible to excite either
metastable structures with a wavelength below the threshold of energetic instability, <4.5r,,,, or unstable
ones with substantially increased 4 (1 2 14r,,,). The possibility of managing wavelengths of the long-wave
perturbations makes it possible to control the distance between nanodroplets in the dynamic regime of
nanowire breakup. The results obtained can be used in the controlled synthesis of ordered one-
dimensional structures for applications in optoelectronics and ultra-large-scale integrated circuits.

molecules, proteins, DNA sequences, and other biomarkers."’
Particular interest is given to 1D nanostructures periodically
modulated over the cross section defined as NW

inspired and promoted their extensive study in recent years.
For instance, the low resistivity of gold nanowires makes
them almost perfect 1D conductors, enabling these structures
to be used as interconnects,” while, due to their high stability,
tungsten nanowires are indispensable for such applications
as smart coatings,” lithium-ion batteries, and catalysts.?
Additionally, the low reflectance,*” large intrinsic carrier
mobility,°® and high light-harvesting capacity’® of
semiconductor nanowires are advantageous for sensing and
photovoltaic applications.’*™® Si nanowires can be used in
developing field-effect transistors for the detection of small
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superlattices."® " It should be noted that existing synthesis
methods allow tuning the surface morphologies of nanowires
into the unprecedented range,>”>' which makes them also
promising for optomechanical studies.**** When properly
implemented, an axial modulation of the physical parameters
(diameter, dopant concentration, and permittivity) on this
length scale gives rise to new photonic, plasmonic, and
hybrid** properties from NWs due to the formation of a
photonic lattice. The results of recent work® exhibit that NW
superlattices can function as optical cavities that confine
electromagnetic energy for infinite lifetimes. Fabricated ZnS
branched architectures®®?” exhibit stable ultraviolet (UV)
emission at 327 nm and may find applications in
spectroscopy or as elements of optoelectronic devices.
According to previous studies, gold,>**™** copper,
platinum,” and silver*® nanowires break up (due to thermal
instability) at temperatures 7' = 300 °C, 400 °C, 600 °C, and
~20 °C respectively that are much lower than the melting
points of the materials from which they are synthesized. On
the one hand, the morphological instability of nanowires at
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elevated  temperatures  significantly  impairs  their
optoelectrical properties. For instance, at large current
densities, Joule heating is known to cause the formation of
surface perturbations on the nanowire and subsequently
leads to interconnect failure.?* On the other hand, ordered
metal particle-chains of Ag, Au, and Cu are widely used for
various applications such as plasmon waveguides, colour
filters, and single molecular devices*’ ™ due to their unique
optical properties. Thus, the controlled dynamics of thermal
instability is a promising strategy to fabricate one-
dimensional particle-chains from their nanowires.

In this research work, we present the results of studies on
the driving mechanisms of the discussed thermal instability,
which explain the significant discrepancies between the
quantitative characteristics of nanowire surface modifications
obtained from experiments and the predictions of known
theoretical concepts. A summary of such concepts and the
novel aspects of our findings are elucidated below.

The development of periodic perturbations of the surface of
a cylindrical nanowire is accompanied, according to an
approximate analytical model,> by a decrease in its surface
energy, E,. If the surface energy density, o, is isotropic (ie. it
does not depend on the orientation of the surface element
relative to the internal crystalline structure), then a decrease in
E, is associated only with a decrease in the lateral surface area,
Apw, which is possible only at 4 > Ao = 217y (Mmw i the initial
radius of the nanowire). The change in the configuration of the
wire is due to the surface diffusion of atoms from the neck
regions of the cross section to the zones of broadening.

The optimal ratio of the mass of transported matter to the
change in surface energy (maximum instability increment) is
achieved at Amnax = 97w In the described model,*® the
dynamics of the nanowire is very similar to the results of the
classical theory of instability of Plateau-Rayleigh liquid jets.>*
Some experimentally observed deviations of 1 (ref. 24-26, 29,
38, 39, 40 and 52) on both sides of A, are largely associated
with a different type of anisotropy o, which depends on the
orientation of the nanowire relative to its crystal structure.>*>°

However, a number of experiments are known in which
significant modulations of the nanowire radius with
wavelengths A < 27y, (ref. 25, 26, 29, 38 and 52) are observed.
On the one hand, the possible breakup of a nanowire into
short-wavelength fragments does not contradict the so-called
“energetic instability”, when the surface energy after decay is
less than its initial value. For an isotropic value of o, this
relation is realized for A > 4.5r,, (the area of the lateral surface
of an infinite nanowire exceeds the total surface area of
spherical nanodroplets formed from it). On the other hand, the
transition from a state with a higher potential/surface energy to
a lower one requires overcoming some intermediate energy
barrier, which cannot be realized according to the dynamic
equations describing the development of nanowire instabilities
in the linear approximation.””

Nevertheless, as mentioned above, the excitation of short-
wavelength structures is the really observed phenomenon.
Moreover, the developed pronounced modulations of the

nanowire radius sometimes become “frozen” in time. In these
cases, analogues of the equilibrium configurations of radius-
modulated liquid jets (unduloids) are realized, which exist for
2y > A > 4.57,.>>2%% That is, not every process of breakup
of a nanowire into fragments can be interpreted on the basis of
analogies with Rayleigh instability,”* otherwise one can come
to the erroneous conclusion of possibility of either stabilizing
the breakup or controlling its main parameters.

Our work shows the manifestation of one of the factors that
can significantly modify the mechanism of spontaneous
periodic modulation of a nanowire cross section. Such a factor
is the roughening transition effect.® *® If the temperature of a
flat surface, T, is higher than critical, T > T, then this surface
becomes periodically modulated in height with an increase in
its area. Such a transformation at a fixed temperature (even
with an increase in surface energy) does not contradict the laws
of thermodynamics, since in this case the free energy, F, of the
system decreases: dF = dU — TdS < 0, where U is the internal
energy and S is the entropy of the system. Roughening
transition has been studied in detail for silicon.>*®>® 1t
manifests itself at different temperatures depending on the
orientation of the substrate plane and is associated with an
intensive exchange of its surface with the near-surface layer of
atoms evaporated from it.

Our research was motivated by the conjecture that if the
roughening transition occurs on flat surfaces, then it should
also develop on the lateral surface of nanowires. Therefore,
cases of nanowires with FCC and BCC crystal lattices have
been considered. In the first of them, for instance, we have
clearly interpreted the unusual experimental results with gold
nanowires®® with a radius of the order of ~7 nm. Under the
influence of electron beam irradiation, modulations of the
radius with wavelength A ~ (5.2 - 5.6)r,, < Ao appeared in
accordance with our estimates of the experimental data given
in ref. 56. We attribute this to the stimulation of the
roughening transition in electron bombardment of a
nanowire surface. The study of the decay of nanowires with a
BCC lattice was stimulated by ref. 24, which considered the
problem of stabilization of tungsten filaments.

At a given temperature, the roughening transition occurs on
selected faces of the crystalline structure of a material. In
Fig. 1, the results of our numerical model demonstrate the
manifestation of this effect on the (110)-type surface of a plate
(this plate (L x w x h) presents the near-surface layers of the
bulk metal with a body-centered cubic lattice only within the
surface region (L x w)). A decrease with time of the average
number of bonds per atom, (n,), with its nearest neighbors
reflects an increase in its internal energy, U. Nevertheless, the
observed increase in the total surface area corresponds to such
an increase in entropy, S, that is, dF = dU — TdS < 0.

The initial stage of nanowire annealing is accompanied by
the transformation of its initially cylindrical surface into a
faceted surface composed of a set of various crystalline faces.
The faces that undergo the roughening transition stimulate
the development of perturbations with a wavelength inherent
in this process. On other faces, the surface perturbations can
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1 (x10° MC steps)

Fig. 1 The manifestation of roughening transition on the (110)-facet
of a plate that is a small near-surface part of a bulk metal. Only the
atoms that form this plate are supposed to be movable while the
ambient atoms are “frozen”/motionless (the movable atoms cannot
come out of the perimeter of the upper facet). The dimensions of a
slab are as follows: length L = 630, width w = 70, and thickness h =
20. Hereinafter, the unit of length is the distance between the
neighboring (100) atomic layers, a/2 (a is the lattice constant). The
number of slab atoms is equal to No =~ 232 x 10°. The upper insert
shows an enlarged image of the part of the slab. Layers colored in
yellow and blue depict the formed stepped regions above and below
the initial surface/“zero” layer (colored in green) of the slab,
respectively. The insert in the lower right corner shows the
dependency of the average number of bonds per atom, {ny,), on time.

develop according to their physical laws. Therefore, the
scenario of the entire breakup process can be very ambiguous
as a result of competition between different physical
mechanisms. When the roughening transition dominates,
the A/rn, ratio can be observed noticeably below the known
limit (2n). The development of such relatively short-
wavelength perturbations, as shown in our work, can lead to
the formation of periodically modulated one-dimensional
structures “frozen” in time at the nonlinear stage of
interaction of disturbance modes.

Note that metal nanowires with a BCC structure have a
special feature in the formation of a side surface at the initial
stage of annealing. In the [100] and [111] orientations, their
lateral surface is mainly represented by (110) faces with
minimum surface energy density, which are most susceptible
to the roughening transition (see Fig. 1). The mentioned
property determines the strong dependence of the breakup
characteristics into nanodroplets on the orientation of the
axis of the nanowire relative to the crystal structure.

At the end, we note that the results obtained in this work
are directly concerned with the interesting experiments*>®® in
which the degree of manifestation of the roughening transition
is stimulated by external irradiation (in ref. 42 Au nanoribbons
and in ref. 69 Ag nanowires are bombarded by an electron
beam and by radio frequency Ar+-plasma, respectively).

2. Kinetic Monte Carlo model

The applied model (developed by one of the co-authors of
this work in 2007) was successfully used in previous studies
on the diffusion growth of nanoparticles with different

shapes from the same material,’*”> sintering of

nanoparticles embedded in a polymer paste,”>”* and
synthesis of ordered systems of nano-pillars on the surface of
a substrate for catalysis applications.”>’® Based on this
model, the processes of breakup of nanowires with FCC and
diamond-like lattice structures were investigated.>*>°
Detailed description of the model is presented in the studies
mentioned above. Here we present only its basic concepts.
The model assumes that the atoms of the nanowires/
nanoribbons are located in the nodes of the crystal lattice of
a given type. It uses two parameters: the first one, o, reflects
the energy of pair interaction, ¢ < 0, of neighboring atoms:

a = |e|/kT, (1)

and the second parameter, p < 1, determines the mobility of
atoms and depends on the energy/activation barrier, A:

p = exp(-A/kT), (2)

where T is temperature.

The dynamics of the nanosystem is presented in the
sequence of Monte-Carlo (MC) steps. Each of these steps
involves the following operations. If there are N, atoms in
the system, then the same number of times we randomly
select one of them (on average, once per MC step) and
determine its possible new position. If this atom has 7,
nearest vacancies (unoccupied lattice sites), then the
probability of an attempt to jump, pjump, into one of them is

Pjump = 2 (3)

where m, is the number of nearest occupied lattice sites.

When implementing the jump, the new state of the atom
is selected from (ny, + 1) candidates (including the initial
state), with the probability, pireer, Of each of them being
proportional to

ptarget ~ exp(mtlgl/kT)7 (4)

where m, is the number of nearest neighbors in the supposed
new state. That is, the end position is selected according to
the set of Boltzmann factors.

The presented algorithm allows the sublimation of some
bound atoms from the surface of the nanocluster. Thus, if
the selected atom turns out to be free, a random-direction
diffusion hop is carried out with a fixed-length step, ¢, that is
a fraction of the lattice constant, a. This atom becomes
crystal-lattice registered as part of the nanostructure if its
final position is within a unit cell near a crystal. The
sublimation process can be blocked and then only the
surface diffusion of bonded atoms determines the
nanocluster dynamics.

Here we also note some technical details. The ends of the
nanowire are in contact with several atomic layers (~5)
composed of motionless (“frozen”) lattice atoms. This trick is
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up to some extent equivalent to periodic boundary
conditions. An extended one-dimensional nanocluster is
enclosed in a cylindrical container, the walls of which reflect
free atoms falling on it. The radius of this container is
approximately an order of magnitude greater than the
characteristic transverse size of the nanocluster under study.

The results of previous numerical studies,”*”’® which are
in good agreement with experimental data, were obtained
using the so-called reference values a, and p, comparable to
1. Changes in temperature, 7, entail changes in the
parameters « (@ ~ 1/T) and p, which are related to each other
by the following equation

P = (po)™. (5)

According to the aforementioned studies, we wuse the
following reference “intermediate temperature” values: ¢, =
1.5 and p, = 0.65 for the BCC crystal lattice; and «, = 1.0 and
Po = 0.7 for the FCC lattice.

Note that when modeling the dynamics of one-
dimensional nanoclusters with a BCC structure, we take into
account the interaction of atoms only with their nearest
neighbors, although in some cases, as stated in ref. 77-80,
interactions with first- and even second-order neighbors can
make some contribution. We do not complicate our
numerical model, taking into account these possible
interactions, since, as mentioned above, the goal of this study
is to show the unusual scenarios that can arise in the
dynamics of one-dimensional nanosystems, which are
difficult to interpret based on the traditional concepts of
Rayleigh instability. This especially concerns nanowires with
a BCC crystal lattice due to the specific morphology of the
Waulff construction in this case (see Fig. 7).

3. Results

3.1 Dynamics of nanowires with a BCC lattice structure

As we noted above, the features of the breakup of nanowires
are associated with the degree of anisotropy of the surface
energy density . In our model, we take into account the
interaction of lattice atoms only with their nearest neighbors.
The relationship between surface energy densities on faces
with small Miller indices (i.e. (100), (110), and (111)) can be
easily established by calculating the ratio n,,/As (o ~ np/As),
where ny,, and Ag are the number of broken bonds and part of
the face area per one surface atom, respectively.””””°

For the BCC lattice under consideration, n{l°® = 4, n{l1® =

2, and nfi'Y = 6, with A% = g2 A" —42/\/2, and

A" = /3q2 (a is the lattice constant). Thus, the minimum
value of ¢ is achieved on the facet (110) and

0(110):0(111) 0 (100) = 1:V/1.5:V2~1:1.22:1.41 (6)
The possible contribution of the nearest six second-order

neighbors, which is characterized by the value of the
parameter p,”’ gives the following relations

0'(110) 10'(111) : 0'(1()0) ~1:1.22:1.34 (for W and MO, p= 0.11)
0'(11()) H 0'(111) H 0'(100) ~1:1.22:1.30 (for V and MO, p= 0.18)
0(110) * 0(111) * 9(100) ~1:1.23:1.30 (fOI‘ (Z'Fe, p= 0.2) (7)

The value of p is the ratio of the second neighbor bond
energy to the nearest bond energy. One can see that, with the
approximation of taking into account only the nearest
neighbors, the model error may be insignificant.

The facets with minimum surface energy are the least
distant from the center of the nanoparticle that takes the
form of Wulff construction in its equilibrium state. In the
case of the BCC lattice, this equilibrium configuration is a
rhombic dodecahedron (see Fig. 7), all 12 faces of which are
represented by a set of (110)-planes. It is easy to see that a
quasi-one-dimensional nanostructure that is elongated along
the [100]-axis can be bounded by four faces of the (110) type
and will have a minimum surface energy. It is this form that
the nanowire takes in the initial stage of its transformation
(see inset B of Fig. 2; recall that the unit of length is half the
lattice constant a), and it is the (110)-facets at which the
roughening transition develops, as shown in Fig. 1.

OO CE

Fig. 2 Dynamics of a [100]-nanowire breakup in different temperature
regimes. Sub-images (a)-(c) - taken at moderate temperature: « = 1.5
and p = 0.65; L = 1000, diameter dy = 30 (~4.7 nm for W), and No =
174.7 x 10° - depict the shapes of the nanowire at time moments t = 1,
3, and 7 (x10%) MC time steps, respectively. Inset A shows the
dependency of the average number of bonds per atom on time. Inset
B presents the cross-section of the nanowire at the initial stages of
breakup. Inset C shows a fragment of the nanowire given in
configuration (b). Insert D presents a part of the stepped bulge surface
as a set of terraces formed as a result of thermal roughening. Sub-
images (d) and (e) - taken in a warm regime: o = 1.3 and p = 0.69; L =
630, do = 40, and Ng =~ 199.7 x 10 - present the shapes of the
nanowire at time moments t; = 4.3 x 10° and t, = 13.1 x 10® MC time
steps. Configuration (e) is the overlay of the nanowire projections onto
the (010)-plane. Green and blue regions show the shape of the
nanowire at t;, whereas green and red regions represent its shape at t,.
Evaporation is blocked in both cases.
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Increasing the amplitude of the modulations of the
nanowire surface with time (see configurations (a) and (b) in
Fig. 2) is accompanied by a decrease in the average number of
bonds (np(t)) (see inset A in Fig. 2), which is analogous to the
results shown in Fig. 1. A decrease in the surface energy of the
wire (an increase in the parameter {n,(¢))) occurs only during
breakup into individual nanoclusters, when the area of its
lateral surface decreases sharply. Inset D in Fig. 2 shows the
formation of terraces from the fragments of (110)-facets. The
pronounced similarity in the physical mechanism of evolution
of the plate and nanowire surfaces (see Fig. 1 and 2) is
completed by a small value (below the critical value 2nryy,) of
the decay parameter A/r,,, ~ 5 (inset C in Fig. 2). However, we
note that the value of this ratio changes with variations in the
radius of the nanowire due to the physical features of surface
transformation, which we will consider below.

Terraces formed above the upper layer of the initial plate
(0-layer), shown in Fig. 1, are built from atoms jumping from
this O-layer to the initially unfilled +1-layer. If the intensity of
such transitions is sufficiently high, the atoms of the +1 layer,
drifting along the O-layer, manage to form unified clusters,
which can be the basis for the formation of similar clusters/
terraces in the +2, +3-layers, etc. As a result, in Fig. 1, we can
see many distinct stepped structures equidistant from each
other. Recall that in our model we take into account the
interaction of only the nearest neighbors, therefore, the
observed long-scale ordering of these structures is unexpected.
The mechanism that determines this ordering is the surface
diffusion of atoms, which provides a kind of ‘long-range
interaction’ between the forming stepped structures.

It is known that the roughening transition effect develops at
a temperature exceeding a certain threshold value Ty (T > Tg)
and provides the necessary intensity of the transition of atoms
from at least the 0-layer to the +1-layer. Results shown in Fig. 1,
and parts (d) and (e) of Fig. 2, were obtained in the temperature
regime, which we call “warm™ o = 1.3 and p = 0.69 (see eqn
(5))- A numerical experiment with the same plate but with
moderate heating (a = 1.5 and p = 0.65) did not lead to the
formation of ordered stepped structures of noticeable height
(i.e., the corresponding temperature T < Ty, T ~ 1/). However,
at the same temperature, a nanowire that is mainly bounded
by the (110)-facets may break up into fragments (see
configurations (a)-(c) of Fig. 2) in a relatively short time in
comparison with the evolution time of the slab presented in
Fig. 1. We attribute this effect to the diffusion flux of atoms
from the edges, which are formed by adjacent (110)-facets of
the lateral surface of the nanowire (see inset B in Fig. 2). At a
low temperature, this flow compensates for the decrease in the
jumping frequency of atoms from the (110) surface facets of
the nanowire to the adjacent +1-layers. To confirm what has
been stated, we present an experiment with a slab (Fig. 3),
which lies on a substrate of “frozen” atoms (the side faces of
the plate are free, unlike the variant shown in Fig. 1). From the
above data, the two-stage formation of periodic structures on
the surface of the plate due to the roughening transition is
observed (Fig. 3). During the first stage, the diffusion outflow

Fig. 3 Dynamics of a slab lying on a substrate of motionless atoms. o
=13and p = 0.69; L = 560, h = 20, and w = 80; Np ~ 240 x 10°. (a)-
(d: t = 0, 1.6, 2.6, and 6.7 (x10° MC steps). The inset shows the
dependence of the average number of bonds, (n,), on time; the circle
marks the moment when the slab takes configuration (b).

of atoms from the upper side ribs over the 0-layer leads to the
appearance of short-wave modulations with a wavelength of 1;
~ 560/7 = 80 (see configurations (b) and (c) in Fig. 3),
accompanied by a sharp decrease in (n,(t)). Then, the process
of slow relaxation of the short-term initial perturbations occurs,
which leads to the formation of long-wave modes of the surface
perturbations. As a result, a chain of stepped structures visible
in configuration (c) in Fig. 3 is absorbed by adjacent hillocks
(see configuration (d)). At this stage, 4, = 560/5 = 112, which is
close to the result shown in Fig. 1. Obviously, the correlation of
the wavelengths 1; and 2, with the characteristic size, w, of the
plate does not have a physical meaning.

Note that the perturbation wavelength, 1 =~ 90, in
configuration (d) (see Fig. 2) approaches the value of 1
obtained at the initial stage of transformation of the slab
presented in Fig. 3 (; = 80). Since the ratio A/rny = 4.5 is
close to the energetic instability threshold, the shape of the
nanowire becomes practically frozen in time and represents
an analog of the periodic equilibrium structure (unduloid)
known for a cylindrical liquid jet.*" In a liquid, such a state
is unstable and ends either with a jet rupture or with a
transition to the initial state with weak noise modulation of
the radius. There is only one evolutionary path for a
nanowire - its breaking. In this case, the time to rupture, t,,
can be quite long. In the considered case, t,, > 13 X 10° MC
steps, which is noticeably longer than the formation time, ¢ =
4.3 x 10° MC steps, of the unduloid-like structure (see
configuration (e) in Fig. 2).

A significant role of roughening transition in the decay of
a nanowire introduces certain inertia of changes in the
perturbation period, 4, with variations in its radius. The
breakup of a nanowire with radius r,, = 15 (Fig. 2,
configurations (a), (b) and (c)) corresponds to a wavelength of
A = 75 (Mraw = 5). For a wire of a smaller radius (see Fig. 4A,
T'aw = 10) 4 = 71 (A/ryy = 7.1) with the same parameters « and
p. That is, the wavelength of the perturbations is almost the
same, because they are caused by the same mechanism of
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their formation which is very indirectly associated with the
characteristic transverse size of the nanowire. If the indicated
instability parameters were obtained in a real experiment (4/
'nw = 5 and A/ryy = 7), then the generality of the breakup
mechanism in these cases would seem to be doubtful. Note
that this generality is indicated not only by the identical
wavelengths of surface disturbances, but also by the
similarity in the dependences (ny(¢)) - in both cases, this
parameter decreases by approximately the same value until
the beginning of the first ruptures (see inset A in Fig. 2 and
curve 1 in Fig. 4B).

The effects of roughening transition are most pronounced
on thicker [100]-oriented nanowires. The results presented in
Fig. 5 are obtained for a moderate temperature regime in
which, as we noted above, the modulations of the (110)-plane
do not develop. However, nanowires representing quasi-one-
dimensional systems, which are bounded mainly by adjacent
(110)-faces, are still subject to periodic disturbances in their
cross section. We note a weak dependence of the wavelengths
of these perturbations on the radius of the nanowire. In both
variants presented in Fig. 5, A = 80. The nearness of this
value to the estimation of the perturbation wavelengths 4,
observed at the first stage of plate evolution (see Fig. 3) was
noted by us earlier in the analysis of results of Fig. 2. That is,
in all the cases under consideration, the outflow of atoms
from interjacent zones connecting adjacent (110) faces is the

727 T -
0.0 0.5 1.0 1:5 2.0

t (x10° MC steps)

determining factor, which stimulates the formation of
stepped configurations on these facets (the interjacent zones
are formed by narrow ribbons from the planes of the (100)-
type, which, as shown below, are also subject to the
occurrence of roughening transition).

Since at a large radius of the nanowire the ratio A/ry,, falls
below a critical value, 1 < A, = 4.5r,, the resulting periodic
surface modulations are in a metastable state (A/ry, = 4.2 in
Fig. 5A and A/rny = 2.7 in Fig. 5B). The distributions of Nlayer
along nanowires (see sub-images (a) in Fig. 5A and B)
demonstrate the formation of these states. Such “frozen in
time” configurations are observed in many experiments with
nanowires from different materials. In addition to the
“natural origin” of metastable structures, their appearance
can be stimulated by the external conditions which impact
the nanowire surface (see the next section). The breakup time
of a thick nanowire into individual fragments is highly
random and inevitably accompanied by the merging of
neighboring beads into larger nanoclusters. Fig. 5A shows
the result of a numerical experiment when a nanowire
rupture occurred in a relatively short time. However, even
after the first breakup, the dynamics of its longer (right)
fragment are almost invisible.

In some cases, the evaporation of atoms from the surface
of a nanowire is possible. Then its instability develops under
the conditions of the exchange by atoms between the

0 1 2 3 4 5 6 & 8
t (x10° MC steps)

Fig. 4 Disintegration of a [100]-nanowire at moderate temperature: « = 1.5 and p = 0.65. (A) L = 1000 and do = 20. The evaporation is blocked;
(W)Fnw = 7.1. Sub-images (a) and (b) depict the system at t = 1 x 10° and 2 x 10° MC steps, respectively; sub-image (b) shows the result for another
random MC simulation at t = 2.4 x 10° MC steps. (B) Characteristic dependencies of the average number of bonds per atom, (ny(t)), when
evaporation is blocked (curve 1) and is turned on (curve 2). The corresponding nanowire configuration for point a is shown in frame (A)-(a), and
that for point b in frame (C)-(b). (C) Break-up of a nanowire when evaporation is taken into account. System parameters are the same as in (A); 1/
raw = 9.5. Sub-images (a) and (b) show the dependency of the number of atoms in (100)-atomic layers along the nanowire, f\llaye, = Niayer/{\Niayer).
and its configuration at t = 1.56 x 10® MC steps; sub-image (c) depicts the final stage of the nanowire breakup, t = 2.9 x 10® MC steps; sub-images
(d) and (e) present the results of another two random MC simulations, t = 2.4 x 10° and t = 3.58 x 10° MC steps, respectively. (D) Dependency
(ny(t)) for a long nanowire with radius r,,,, = 15. The evaporation is turned on. In the insets, the fragments of this nanowire corresponding to points

a and b are shown.
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Fig. 5 Dynamics of thick nanowires at moderate temperature: o = 1.5
and p = 0.65; L = 470. (A) dp = 40. (a) - Distributions of Nlayer along the
nanowire at different times: t = 6, 12, and 15 (x10% MC steps for 1
(blue), 2 (red) and 3 (olive) curves, respectively (Niyer) = 316).
Configurations (b)-(d) present the nanowire shapes at the
abovementioned times and configuration (e) at t = 30 x 10° MC steps.
(B) dp = 60. (a) - 1 (blue), 2 (red) and 3 (olive) curves present the
distributions of Nlaye, along the nanowire at times: t = 3, 5, and 7 (x10°)
MC steps, respectively ((Niayer = 712). Configuration (b) shows the
nanowire shape at time t = 7 x 10® MC steps.

nanowire surface and the near-surface layer of free atoms. A
detailed analysis of the effect of such an exchange was
carried out in ref. 55 when studying the mechanisms of the
breakup of nanowires with a diamond-like crystal structure.
The results obtained in ref. 55 show that, when evaporation
is taken into account, the length of surface perturbations can
decrease and fall below the known classical limit - 1 < 1., =
2nrhw. In our case of the BCC lattice, the opposite effect is
realized (see parts C and D of Fig. 4). The transfer of free
atoms in the near-surface layer weakens the role of surface
diffusion in the development of instability - the decrease in
(np(2)) is very weak (see curve 2 in Fig. 4B), and the value of 1
exceeds the critical value A,.

It is known that the roughening transition can only occur
on certain crystallographic facets. For the studied BCC lattice,
we did not find this effect on the (111) facet even in the warm
regime (« = 1.3 and p = 0.69). On the facets of the (100)-type
this process is observed (see Fig. 6), although it is
accompanied by a very small decrease in the average number
of bonds, {n,(t)), which is a qualitatively explainable physical
effect in this case. The total surface area of the slab, Agp.p,
increases with time, and it would seem that (ny(¢)) should
decrease. However, the slopes of the formed hillocks and
cavities are made up of “scales” of the (110)-facets with a
dense packing of atoms and a minimum surface energy
density, 0. As a result, the growth of Ag.p(¢) is, up to some

~<—— 8x10° MC steps —»

Fig. 6 Manifestation of roughening transition on the upper (100)-face
of a slab. Warm regime: ¢ = 1.3 and p = 0.69; L = 550, h = 20, w = 70,
and No ~ 205 x 10°. The lateral surface of the slab (with the exception
of the upper face) is in contact with “frozen” atoms. Evaporation is
blocked. Sub-images (a) and (d) show the shape of the slab in detail at
t = 8 x 10° MC time steps. Inset (b) presents the formed hillocks and
cavities on the slab. Inset (c) presents the dependence of the average
number of bonds per atom, {n,), on time.

extent, compensated by a decrease in the average value of
(o(t))a,,,,- If the nanowire is oriented along the [100]-axis, then
at the initial stage of its evolution it is bounded not only by
the (110)-type planes (see Fig. 2), but also, strictly speaking,
by the (00 + 1)- and (0 + 10)-facets. However, the contribution
of these facets to the value of A, is insignificant, since the
distance between the nanowire axis and the (100)-planes
exceeds this distance for the (110)-planes by 6(o1)/0(110) times.

Let us consider the cases of orientations of the nanowire
axis along other directions with low Miller indices - [110] and
[111] - when the axis of the wire is the axis of its symmetry.

In the [110]-orientation, the lateral surface of the nanowire
at the initial stage of evolution is bounded by only two planes
of the (110)-type (see Fig. 7B). The rest of the area is formed
by four facets of the (111)-type. It can be assumed in advance
that the length of the perturbations, /1, during the
development of the instability will lie in the range of 1., < 1
< Amax, L€, 2n < Arh, < 9. On the one hand, the
contribution of the (110)-facets to the total surface area is of
the order of 1/3, so the roughening transition effect is not
dominant in the determination of /; hence, short-wave
perturbations, 1 < A, are hardly expectable. On the other
hand, the slopes of the formed neck regions approach four
facets of the (110)-type (see Fig. 7A), which intersect with the
axis of the wire at an angle § = 30°. Correspondingly, the
surface energy density in newly formed sections of the
surface will decrease with time (according to ref. 78, the
surface energy decreases linearly with decreasing angle
between the (Zkl)-planes and the (110)-plane). This factor
stimulates shorter-wave perturbations (4 < ZAmax) when
compared with the case of an isotropic ¢.>°

The case of the (111)-orientation is quite simple for
predicting the result. The surface of such a wire is
transformed into a surface bounded by six faces of the (110)-
type on which the roughening transition develops. Therefore,
the expected breakup parameter, A/, should be close to but
slightly greater than in the case of the [100]-orientation of the


https://doi.org/10.1039/d0ce01404d

Fig. 7

(A) The Wulff construction for the BCC crystal lattice. (B) The structure of the lateral surface of nanowires with [110]- and [111]-orientations

at the initial stage of evolution (¢ = 1.5 and p = 0.65). The parameters of the nanowire fragments are as follows: L = 120 and dp = 50. The

rectangular yellow contours were added to guide the eye.

nanowire axis (A/rnw ~ 4.5 — 5, see Fig. 2). Bases for the
prediction are the next conceptions. The roughening
transition processes arising at the (110)-facets, which bound
a nanowire at the initial stage, must be self-consistent in
forming the slopes of necking regions to satisfy the required
thermodynamic relations. In the case of the (100)-orientation
of a nanowire, four faces of the (110)-type with a minimum
surface energy density cross the axis of the nanowire at an
angle of 45° and determine the formation of these necking
regions (see Fig, 7A). In the (111)-orientation, only three (110)
faces cut the wire at an angle of ~55° (see the Wulff
construction in Fig. 7A). This difference in morphology
determines an increase in A to compensate to some extent
the growth of the total surface of the nanowire, Anw(4; ?),
when developing short-wave perturbations (1 < A.). Data
presented in Fig. 8 confirm the above results for the
qualitative analysis of the discussed processes: /1y ~ 5.3.

3.2 Stimulated roughening transition

This section attempts to explain the interesting results
obtained in experiments®® with ultra-thin gold nanowires (d, <

Fig. 8 Dynamics of BCC nanowires with the [111]- and [110]-
orientations in the hot regime. = 1.3 and p = 0.69; L = 630, do = 40,
and N ~ 198 x 10° atoms. Evaporation is blocked. Sub-image (a) depicts
the initial shape of the [111] BCC nanowire. Sub-images (b) and (c)
present the morphology of its surface at t = 2.4 and 5.25 (x10°) MC time
steps, respectively. Sub-images (b) and (c) present the shapes of the
nanowire with the [110]-orientation at t = 4.5 and 10 (x10°) MC time
steps, respectively. The inset shows the morphology of the bulging
region. One can see terraces built of facets of the (110)- and (101)-types.

10 nm) - face centered crystal lattice (FCC). Note that
temperatures 7 > 200 °C are sufficient for the development of
thermal instability of a nanowire with a diameter of 25 nm.*
The dynamics of gold nanowires has been studied in many
works. Their results show that, depending on the orientation of
the nanowire relative to its internal crystal structure, the
wavelength of developing surface modulations is often close to
the classical value, 4 ~ Apax = 97nw, but significant deviations
from the predictions of the theory up to A ~ (25 — 30)r,, are
also often observed. The result presented in ref. 38 is surprising
in the sense that in a nanowire irradiated with an electron
beam, the wavelength of the excited modulations of the
nanowire radius decreases to at least A ~ 5.5, < Ao
(according to our estimates of the data presented in ref. 38)
depending on the electron beam intensity. The amplitude of
the modulations reaches a maximum in a few minutes (~10
min) and then the nanowire configuration becomes frozen in
time. The minimum radius of curvature of the surface in the
narrowing regions and the time to reach the quasi-stationary
state sharply decrease with increasing beam intensity. The
authors note moderate heating of the nanowire when
irradiated with electrons (~100 °C) and point to the “size
effect” — owing to its small size, the nanowire modifications
appear due to weak heating. The observed features of the shape
transformation, “which is different from that observed with
metallic nanowires with a diameter larger than 10 nm (ref.
38)”, are associated with the intensification of surface diffusion
of atoms under the action of irradiation.

Our interpretation, presented below, correlates with the
conceptions presented by authors of ref. 38 that consider an
increase in the surface diffusion coefficient as a main factor
in nanowire modifications. The interaction of surface atoms
with beam electrons leads to a decrease in the activation
energy of jumps, A, and accordingly, to an increase in their
frequency (parameter p in our model). However, as shown
subsequently, the observed effects in ref. 38 can be realized
only with a certain orientation of the nanowire axis, namely
the [110]-direction. In this case, the lateral surface of the
nanowire (at the initial stage of evolution) is mainly bounded
by four (111)-type planes, which correspond to the minimum
surface energy density in the FCC crystal lattice. On the two
additional (00 + 1)-faces, o is also relatively low.>®”” For this
reason, nanowires with this orientation are the most resistant
to breakup.’”?®*® Naturally, on the slopes of developing
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necking regions, the value of ¢ is higher than on the lateral
surface of the bulges. Therefore, the maximum increment of
the instability development shifts toward the wavelengths 1 >
Amax, corresponding to a larger reduction in the total surface
area of the nanowire, A,,. In our work,”® in the so-called
“cold regime” (@ = 0.96 and p = 0.71 for the FCC lattice),
noticeable modulations of the nanowire radius with a
wavelength of A/rn, ~ 14.5 (o = 10) arose at ¢ ~ 8 x 10° MC
steps (in the case under consideration, the unit of length, as
before, is «/2, where « is the FCC lattice constant).
Accordingly, with a radius r,, = 17, the decay time is
expected to increase significantly, which is in contradiction
with the results presented in Fig. 9A.

Fig. 9 presents the results of our simulation of the
nanowire dynamics in the case of a moderate temperature (o
= 1), taking into account that heating by an electron beam is
low. The intensification of surface diffusion is reflected in an
increase in the parameter p (p = 0.85; for ¢ = 1 in the
model,>***7%7¢ p = 0.725). The diameter of the nanowire, d,
= 34, in the case of gold corresponds to 6.9 nm. It can be
seen that the saturation of the amplitude of the short-
wavelength modulations of the nanowire radius (see sub-
image (b) in Fig. 9A; A/rhw = 4.6) is achieved in a substantially
short period of time, ¢, = 0.36 x 10°, compared with the time
of its breakup in the absence of irradiation with electrons (¢
> 8 x 10°, see above).

The configuration of the nanowire is practically
unchanged up to the time moment ¢ = 6t;,. Freezing the
evolution of a nanowire upon short-wavelength excitation, as
we have already noted above, is a direct analogue of the
equilibrium modulated by the radius configurations of
infinite liquid filaments - unduloids.®" In our case, such
configurations eventually collapse as a result of the merging
of single beads.”®

The reduction of the wavelength, 4, and the saturation
time of the perturbation amplitude, ¢, can be managed by
the value of the parameter p for a fixed o = 1. Thus, the
parameter A/r,, ~ 5.5 observed in ref. 38 is achieved when p

increases from 0.725 (ref. 53, 54 and 56) to 0.77. Note that at
p = 0.725, the perturbation wavelength is A ~ 24r,,,.>°

Results shown in Fig. 9A were obtained taking into
account the evaporation of atoms from the surface of the
nanowire, which reflects the presence of a “knock on” effect
in ref. 38. However, blocking this process (calculating the
dynamics of a nanowire without evaporation) practically did
not change the modifications of the wire (only a slight, ~7%,
decrease in /1 is observed at the initial stage of perturbations
arising, but this distinction gradually vanishes with time).

Here we note an important detail. The observed effects are
not directly related to the heating of the wire by an electron
beam. The main role is played by the intensification of
surface diffusion. Without this intensification, significant
heating of the wire in the “hot mode” (a = 0.8 and p = 0.752)
leads to the excitation of modulations of the radius with a
wavelength of A ~ 107,,,.°

The role of the electron beam in the development of
instability in a nanowire is completely ambiguous (see
Fig. 9B). In the orientation of its axis along the [111]-
direction, the side surface of the wire is bounded by six
planes of the (110)-type with the highest energy density,
0(110), in the case of the FCC lattice. When the instability
arises, the necking regions are formed by three faces of the
(111)-type and three faces of the (100)-type with lower surface
energy densities, o(110) > 0(100) and opq1).”” With such an
anisotropy of o, the wavelength of perturbations is somewhat
lower than Ap.x = 9y, (see configuration (a) in Fig. 9B).
Decreasing the activation barrier (p = 0.8 instead of 0.725)
sharply increases both the breakup time and the period of
modulation of the nanowire cross section, A ~ 147, > Amax-
That is, the result associated with the influence of surface
diffusion intensification on the perturbation wavelength
drastically depends on the orientation of the nanowire axis.
Note that the effect of a significant increase of the
wavelength of developing disturbances (A 2 147y > Amay) iS
indeed observed in recent experiments,’® in which the
abnormally high diffusion of surface atoms is caused by

Fig. 9 Diversity of surface transformations of nanowires with the FCC lattice structure and different orientations when the surface diffusion of
atoms is accelerated by external treatments. (A) [110]-Orientation, low temperature regime with turned on evaporation: « = 1, p = 0.85, L = 350,
do = 34 and i/ro ~ 4.6. The nanowire contains N; ~ 160 x 10% atoms. Sub-images (a)-(g) show the stabilized in time short-wave nanowire
configurations after t = 0.0, 0.36, 0.72, 1.08, 1.44, 1.8 and 2.16 (x10°) MC time steps, respectively. (B) [111]-Orientation, warm regime: « = 0.9 and p
=0.725; L = 720, do = 24, N ~ 159 x 10; sub-image (a) depicts the distribution of the number of atoms in the atomic layers of the (111)-type along
the nanowire, f\llaye, = Niayer/{Niayer), at t = 2.25 x 10°® MC steps and the configuration of the nanowire at the final stage of its breakup, t = 4.5 x 10°
MC steps; sub-image (b) shows the long-wave nanowire disintegration for larger values of parameter p (p = 0.8, do = 25, and N, ~ 169 x 10 at
times t = 3.9 x 10% and t = 7.8 x 10° MC steps, respectively.
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bombardment of the Ag-nanowire by Ar" ions formed in low-
temperature RF (radio frequency) plasma (the temperature of
the nanowire did not exceed 100 °C).

Systematizing the results, we note the following. In the
absence of electron beam irradiation, the breakup of
nanowires with an FCC lattice corresponds to the classical
scenario of Rayleigh instability, when the development of the
instability is accompanied by a decrease in its total surface
energy, Eq. Naturally, the anisotropy of ¢ makes corrections to
the value of 1 depending on the value of ¢ in the narrowing
and broadening regions, without fundamentally changing the
dynamics of energy Ey(¢), 9Es/ot < 0.

With a decrease in the activation threshold, A, the
wavelength, A, noticeably increases in the [111]-orientation
(see Fig. 9B, (b)); however, this elongation does not change
the instability development scenario: the surface energy
decreases as a result of more expressive reduction in Apy(4)
(0Apw(4)/04 < 0 if 2 > A.) which is accompanied by smaller o
in the narrowing areas than in the broadening areas. In the
[110]-orientation, the situation dramatically changes: the
surface energy, Es, increases both due to an increase in A,w(4)
at 1 < A and due to an increase in the surface energy
density, o, in the narrowing regions. The arising short-wave
surface modification is associated with the development of
roughening transition. It should be noted that the effect of
low heating of the nanowire - as aforementioned in ref. 38
and discussed above - is of great importance in the case of
nanowire irradiation.

4. Conclusions

In this work, we demonstrated the physical mechanisms on
the basis of which non-characteristic scenarios of the surface
dynamics of quasi-one-dimensional systems observed in
experiments can be realized. The aforementioned
mechanisms are associated with the emergence of
roughening transition on the faces bounding a nanowire/slab
at the initial stage of its evolution. The dominance of
roughening transition in the generation of periodic
modulations of a nanowire is possible when in the formation
of its lateral surface the appropriate faces prevail, which
depends on the nanowire orientation. If a nanowire is
properly oriented, roughening transition is the dominant
factor in its dynamics, while the wavelength of perturbations
and the radius of the nanowire are not directly related.
Therefore, the breakup parameter, A/r.,, depends on the
radius and can decrease even below the energetic instability
threshold, ie. A/rn, S 4.5, which leads to the formation of
metastable states.

In our numerical simulations, the mechanisms of unusual
scenarios for the breakup of nanowires with an FCC crystal
structure, observed in experiments,**®® have been explained.
Acceleration of surface diffusion under the influence of
external bombardment by an electron beam and by cold Ar+-
plasma with low heating of the nanowire leads to noticeable
opposite effects. In the case of the [110]-orientation, the ratio

Mrow decreases from ~25 to ~5, that is the result of
stimulated roughening transition. However, in the [111]-
orientation the parameter A/ry,, increases from ~8 up to ~14.
The reason is that in the first case the lateral nanowire
surface is mainly formed, at the initial stage of its dynamics,
by (111)-facets with a minimal surface energy density.

Thus, a variety of periodically-modulated quasi-one-
dimensional configurations can be obtained by varying the
type of nanowire crystal structure and its orientation and by
stimulating the surface diffusion.
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