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ABSTRACT

Crowdion is an interstitial atom found in a close-packed row of atoms in different crystals. These
defects are efficient in transferring mass and energy into the crystal lattice because they are highly
mobile. In recent years, it has been studied dynamics of various excitations in different types and
sizes of lattices. In this article, we considered the motion of a classical 1-crowdion (a mode localized
on a single atom has supersonic velocity in a close-packed row of atoms). Niobium has been chosen
as material with bcc lattice and the analysis has been carried out for different initial velocities. It is
shown that an excitation of the crowdion has the threshold character and can be induced only for suf-
ficiently large initial velocity. If the latter is lower than this threshold than only soliton can be formed.
It is also shown that crowdions play an important role in the formation of various mobile defects
inside metals.
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BO3BYXJIEHUE U PACITPOCTPAHEHHME 1-KPAYJIHOHA
B OIIK PEHIETKE HUOBUA
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AHHOTALMA

Kpaynnon — 310 MoOUIIbHAS JTIOKATM30BaHHAs KojeOaTeabHas MOJa, PacIpOCTPAHSIONIAsICS B TUIOT-
HO-YTIaKOBAaHHOM DSIIy aTOMOB B Pa3HbIX KpUCTAJUIAX. DTU MOJBI MIPEJCTABISAIOT CO00H A(PPeKTrB-
HBI MEXaHU3M MacCo- U YHEPronepeHoca B KPUCTAIUTMYECKOM pelIeTKe, HOCKOIbKY OHM 00J1a1aloT
BBICOKOHM MOJIBMKHOCTBIO. B mocnennue roasl Obula M3ydeHa AMHAMUKA Pa3IMYHBIX BO30YKICHUN
B pa3IMYHBIX TUIIAX U pa3Mepax pemeTok. PaccMoTpeHo ABMKeHHE KIIaCCHYeCcKoro 1-kpaynnona (pe-
JKUM, JIOKQJIM30BAHHBIM Ha OTHOM aTOMe, UMEET CBEPX3BYKOBYIO CKOPOCTH B IUIOTHO yITAKOBAHHOM
psny atomoB). B kauectBe Matepuana ¢ OLIK-pemierkoii OblT BBIOpaH HUOOUH, AT KOTOPOTO ObLI
MIPOBENIEH aHAJIN3 JIJTsl PA3IMYHBIX HaualbHBIX ckopocTell. Ilokazano, uTo BO3OyXaeHHE KpayIuoHa
MMEeT MOPOTOBBII XapaKTep U MOXKET OBITh BBI3BAHO TOJBKO MPU JOCTATOUHO OOJNBIION HavalIbHOU
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ckopocTH. Ecnu mocnennee HUKE 3TOTO MOpora, TO MOXKET ObITh C(HOPMUPOBAHO TOJIBKO PEILICHHE.
Taxke 1MokazaHo, 4TO KpayqHOHbI UTPAlOT BaXXHYIO pOJib B OOPAa30BaHUU Pa3IMYHBIX MOJBHIKHBIX

ne(EeKTOB BHYTPU METAJLIOB.

KJIFOYEBBIE CJIOBA

MorekynsipHasi JUHAMHKA; TOYEYHBIE JIe(EeKThl; KpayIuOHBI; HEProNepeHOC; MacCOIEPEeHOC;

HUOOU.

Introduction

Single-layer materials composed of rigid,
loosely bonded layers deserve a lot of attention
in the modern community because they
demonstrate the mechanisms of deformation
due to the movement of interstitial atoms in
close-packed directions. The high dynamics of
the strain rate of these materials remains largely
unexplored. In addition, many processes, such
as the movement of a crowdion, oscillations of
a nonlinear localized mode, or recombination
of vacancies and interstitial atoms, occur at
such a high rate that it makes it practically
impossible to study such processes in a full-scale
experiment [1-3]. Therefore, in many cases,
the computer simulation method is relevant,
which allows overcoming these obstacles [4—7].
Molecular dynamics is a method that allows you
to study structural transitions, thermodynamic
parameters, transport properties, as well as
electronic states in complex systems that track
the change in a system of interacting atoms or
particles over time by numerically integrating
their equations of motion. The method is based
on mathematical modeling of the behavior
of a system of particles or atoms with a given
interaction condition. As a result of the numerical
solution of the equations of motion, the dynamic
trajectories of the particles are found, and then
the averages of any dynamic variables.

Under certain conditions, an impact can
be focused on a equally chain of equidistant
atoms. The essence of this phenomenon lies
in the fact that a moving particle transmits its
momentum to the stationary atoms of a compact
chain in such a way that it propagates along
the chain at an angle to the chain axis, and
this angle becomes smaller. at each collision.
Focusing and crowdions collisions are closely
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related. The difference is that in focus collisions
only momentum is transferred, while in mass
collisions the substance, the interstitial, is also
transferred.

Crowdions can move along a densely
packed atomic row at subsonic or supersonic
speeds [8—10]. In the first case, they are usually
localized on half a dozen atoms, and in the
second they are highly localized, so that only
one or two atoms move at a time at high speed.
Supersonic crowdions can carry not only mass,
but also an electric charge. It turned out that a
moving subsonic crowdion can carry a localized
vibrational mode of relatively large amplitude
with a frequency above the phonon spectrum;
such dynamic excitation can be called a breather
subsonic crowdion. This work is devoted to
the analysis of the energy exchange of three
crowdions propagating in parallel in neighboring
close-packed atomic rows.

1. Model and methods

The main principle of the molecular
dynamics method is the computer calculations
of the dynamical behavior of each atom
and their interaction [11, 12]. The use of
computing systems of parallel architecture
and multiprocessor computing systems made
it possible to apply the method to systems
containing many particles and various defects
[6, 13—17]. The method is based on model
concepts, such as the consideration of particles
as material points bound by a covalent bond with
a fixed mass, and the description of their motion
by classical Newton’s equations. Research takes
place in a vacuum. To plot graphs, we will use
the Cartesian coordinate system to plot graphs
on which packed niobium atoms are located in
the X and Y directions.



MATED

® O 0 00000 0 (
cC 92000000 0O
A

Z

Fig. 1. Scheme of excitation of 1-crowdion in a niobium lattice with initial velocities v,.
Atom under external influence is marked in red; all other atoms are marked in blue

Puc. 1. Cxemarndeckoe n300pakeHne BO30YKICHHUS 1-Kpay/InOHa B PENIETKE HUOOMS C Ha9aIbHOM CKOPOCTHIO V.
ATOM 1101 BHCIIIHUM BOSHeﬁCTBHeM BBIICJICH KPACHBIM IIBETOM, OCTAJIbHBIC aTOMBI — CHHUM

For modeling and research, the method of
molecular dynamics is used using the empirical
potentials of interatomic interaction N in the
LAMMPS software package [8].

With the Ovito visualization software for
visualizing and analyzing atomic simulation
data, you can see the structure of niobium and
follow the formation of a crowdion and its
dynamics through localization under external
influence. Atomic mass m = 92.90638 amu.
The crystal lattice of niobium consists of
82944 atoms with a size of 400x65x57. We
use the eam potential [18] for describing the
interatomic interaction.

2. Numerical results

In this paper, we study the dynamics of
mass transfer by N =1 crowdions induced in the
niobium lattice by the set of directional impulse
P, = mv, where m 1s a atomic mass and v, 1s the
initial velocity, for a variation of v, within the
range [7; 10] km/s. It is known that the crowdions
in pure metals always propagate along the
close-packed crystallographic direction, which
is characterized by the minimal interatomic
distance. Niobium has the bcc crystal lattice,
and the <111> direction is characterized by
the minimal distance. If the initial velocity is
low, the external energy dissipates in the lattice
through phonon oscillations. However, when
the initial velocity exceeds a certain threshold
level, the initial perturbation transforms to a
soliton due to the nonlinear character of the
interatomic interaction. This mode moves
with the supersonic velocity and able to pass
the energy in the long distances. The case of

a soliton propagation is depicted by the shifts
of the atomic of the close-packed row through
which the soliton passes is shown in Fig. 2, a
for the initial velocity v, = 6.9 km/s. Atoms
shifts on the distance less than half interatomic
distance a and relaxate back to initial sites after
passing the crowdion. The soliton propagation
is also accompanied by the intensive energy
dissipation. The energy evolution of a soliton is
represented in Fig. 3, a. It is seen that the soliton
energy monotonically decreases in time. When
the energy becomes lower than the threshold
level, the soliton disappears and rest energy
dissipates through phonons. But what happens if
the initial impulse shifts an atom on the distance
longer than a? In this case, the dynamic of a
localized mode becomes significantly different.
The dynamics of the localized mode for
v, = 7.1 km/s are illustrated in the normalized
atomic shifts in Fig. 2, b and the corresponding
energy evolution in Fig. 3, b. It is shown that
now the atoms through which the wave moves
do not return back to the initial position but
slowly replace the sites of the next atoms, which
also begin to shift and replace the following
atoms, and so on. This vibration mode is called
by a crowdion, which present the wave passing
not only energy, but also additional mass.
Note that the crowdion is characterized by two
stages, namely supersonic and subsonic ones.
At the first stage the crowdion propagates with
the supersonic velocity, but its energy quickly
dissipated. As a result, the energy becomes
insufficient for overcoming the potential barrier
and the supersonic crowdion transforms to a
soliton. However, the crowdion carries also
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the interstitial atom and new mobile localized
vibrational mode is formed around this atom. It
1s so-called the subsonic crowdion, which able to
propagate in a very long with subsonic velocity.
Comparison of the energy evolutions for the
soliton and crowdions shown in Fig. 3, a and b
demonstrates that the energy losses is very
similar for them. However, there is anew increase
in the energy in the plot, which corresponds to
the subsonic crowdion formation. An increase

in the initial velocity leads to elongation of a
way which the crowdion overcomes during
the supersonic stage. This case is exemplified
by the normalized atomic replacements for
v,= 10 km/s in Fig. 2, c. The energy evolution
plotted in Fig. 3, ¢ shows that at the initial stage
of crowdion propagation the energy losses is
very intensive, but noticeably decrease with
t>0.1 ps.
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Fig. 2. Atomic displacements Ax normalized on interatomic distance a illustrate the propagation
of soliton/crowdion along the close-packed atomic row in <111> crystallographic direction. The localized wave
is excited for the initial velocity v, = 6.9 km/s (a), v, = 7.1 km/s (b) and v, = 10 km/s (c)

Puc. 2. Cmenenus aToMoB Ax,, HODPMHPOBAHHBIE Ha MEKATOMHOE PACCTOSIHHE @ TOKA3bIBAIOT PACIPOCTPAHEHHE
COJIUTOHA/KpayIMOHA B TUIOTHOYIAKOBaHHOM psity B <111> kpucrannorpaduueckom Harpasienun. JlokaninzoBaHHas
BOJTHA BO30ykmaeTcs 1 v, = 6,9 km/c (@), v, = 7,1 xkm/c (b) m v, = 10 xm/c (¢)
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Fig. 3. Temporal evolution of the total energy E of atoms of the close-packed atomic row in <111> crystallographic
direction, through which soliton/crowdion propagates. The localized wave is excited for the initial velocity
v, = 6.9 km/s (a), v,= 7.1 km/s (b) and v, = 10 km/s (c)

Puc. 3. BpemenHas 9BOJIOHS TOTHON HEPTUH £ aTOMOB TUIOTHO YITAKOBAHHOTO aTOMHOTO psfa
B KpucTajuiorpadpuueckoM HarnpasieHud <111>, uepe3 KOTopoe pacripoCTpaHsIeTCs CONUTOH/KpayInoH.
Jlokanu3oBaHHas BOJIHA BO30YKIAeTCs NPU HAYAIBHON CKOPOCTH v, = 6,9 km/C (a),
v, = 7,1 xm/c (b) mv, = 10 km/c (c)

Conclusion be formed by applying an initial impulse to one
atom. It has been established that the crowdion
propagates faster than the speed of sound in the
material under study up to 0.5 ps, then transforms
into subsonic crowdion. The mechanism of mass

In this work, methods of molecular dynamics
have been used to study the 1-crowdion in the
crystal lattice of niobium subjected to high-
speed impact. It is shown that crowdions can
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transfer in the lattice at the zero temperature has
been studied. Plots of the dependences of the
normalized atomic displacement on time and
the dependence of the total energy on time are
calculated. It has been found that the intensity
of energy dissipation through phonons increases
with growth of the initial velocity.
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