Letters on Materials 10 (2), 2020 pp. 185-188 www.lettersonmaterials.com

https://doi.org/10.22226/2410-3535-2020-2-185-188 PACS: 05.45.-a

New types of one-dimensional discrete breathers
in a two-dimensional lattice
A.S. Semenov', R. T. Murzaev?, Yu. V. Bebikhov', A. A. Kudreyko’, S. V. Dmitriev"**
'dmitriev.sergey.v@gmail.com

'Mirny Polytechnic Institute (branch) of North-Eastern Federal University, 5 Tikhonova St., Mirny, 678174, Russia
“Institute for Metals Superplasticity Problems RAS, 39 S. Khalturin St., Ufa, 450001, Russia
*Department of Medical Physics and Informatics, Bashkir State Medical University, 3 Lenina St., Ufa, 450008, Russia
‘Institute of Molecule and Crystal Physics UFRC RAS, 71 Oktyabrya Av., Ufa, 450054, Russia

Discrete breather (DB) is a spatially localized and periodic in time, large-amplitude vibrational mode in a nonlinear lattice.
According to some experimental and a number of molecular dynamics studies, crystal lattices support various types of DBs.
The final goal in the study of DBs is to understand their impact on macroscopic crystal properties. This aim cannot be achieved
without further data collection on the properties of all types of DBs supported by the crystals. Recently k-dimensional DBs
in n-dimensional crystal lattices (k<n) have been introduced. Such DBs are delocalized in k dimensions and localized in
n—k dimensions. In the present study 2D triangular lattice with the classical Lennard-Jones potential is considered (n=2)
and new types of one-dimensional DBs (k=1) are presented. The DBs are localized in one close-packed atomic row and
the vibration amplitudes of the atoms decrease exponentially with the distance from this row. Quite general approach for
excitation of such DBs is used, which is based on the delocalized nonlinear vibrational modes (DNVMs) derived by Chechin
with co-authors for a nonlinear chain. We find that DNV Ms reported by them produce one-component and two-component,
one-dimensional DBs with relatively long lifetime in the triangular lattice. Our results contribute to the theory of nonlinear
lattice dynamics and eventually will help to understand the role of DBs in crystalline solids.
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HuckpetHslit 6pusep ([JB) — 3T0 mpocTpaHCTBEHHO JTOKANMM30BaHHAS 1 IEPUOJMYECKasi 10 BpeMeH! KoiebaTe/ibHast MOza
OO/BIION aMIUIMTYABI B HeNMMHENHON pemeTke. COITIACHO PARY SKCIEPUMEHTATbHBIX UM MOJIEKY/IAPHO-AMHAMUYECKUX
VICCTIEOBAHNI, KPUCTAIMYECKIE PEIeTKN MOIeP>KMBAOT pasnindHble Tunbel [Ib. Koneynas nenb nsydennsa JIb — nonarts
UX B/VSHME Ha MaKpOCKOINMYECKUe CBOJCTBA KPUCTA/UIOB. DTa Ileb He MOXKeT OBbITb JOCTUTHYTa Oe3 Ja/JbHellero
cbopa JaHHBIX O CBONCTBax Bcex Tumos JIb, momjep>xnBaembix Kpucratamu. HemaBHo Obutn BBefeHbl k-mepubie 1B
B M-MepHBIX KpucTa/mdeckux pemerkax (k<n). Takme JJb menmokamusoBaHbl B k M3MepeHMAX U JIOKA/IU30BAHBL B 11—k
usMepeHMAX. B HacTosweil paboTe paccMaTpuBaeTcs OBYMepHasA TPeYrojbHas pelleTKa ¢ KIACCUYeCKUM ITOTeHILIMAaIOM
Jlennappa-JI)xoHca (n=2) u mpefcTaBieHbl HOBbIe TUIIBI ofHOMepHbIX [IB (k=1). [Ib moxanusoBaHbl B OfHOM IIJIOTHO
YIIaKOBAaHHOM AaTOMHOM psfly, M aMIUIATYAbI KOJMeOaHMII aTOMOB SKCIIOHEHI[MAJbHO YMEHBLIAIOTCA C PacCTOSHUEM
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ot aToro psga. st Bo36yxueHus takux b 1crnonbayercs [OBOIBHO OOLINIT ITOfXOf], OCHOBAHHBI Ha JAe/I0KaI130BaHHbIX
He/MHeMHbIX Kojebarenpubix Mopax (IHKM), monydennbix YedmHBIM C COaBTOpaMM [JIsi HETMHENHON LIEMOYKIL.
Mer obHapyxunu, uro HaigeHHele nmyu [JHKM co3fal0T OZHOKOMIIOHEHTHBIE U [BYXKOMIIOHEHTHbIE OJHOMEPHBIE
IIB ¢ oTHOCUTENbHO OONMBILINM BpeMeHeM XKM3HU B TPEYTrolbHOI pemeTke. Halm pe3ymbraTsl BHOCAT BKIAJ B TEOPUIO
HeJIVHEITHO AMHAMMKY PelIeTKN ¥, B KOHEYHOM UTOTe, IOMOTYT HOHATD porb /1B B KpUCTanIMuecKnx TBEP/bIX Telax.

KnroueBbie cmoBa: KpucTaninieckasa peuleTka, He/TMHeNHas IMHaMMKa peuieTkuy, JII/ICerTHbe;I 6p]/[3€p, Jle7TIOKaIM30BaHHasl HeTMHeHas

KosiebarenbHast MOpa, MOJIEKY/IApHAA AVHAMMKa.

1. Introduction

Some thirty years ago it has been shown that defect-free
nonlinear lattices admit energy localization in the form of
discrete breathers (DBs), synonymously called intrinsic
localized modes (ILMs) [1-3]. DBs have been studied
theoretically and experimentally in a diversity of physical
systems [4] and also in various crystals [5] including carbon
and hydrocarbon structures [6-14], boron nitride [15],
ionic [16-18] and covalent [19,20] crystals, ordered alloys
[21-23], pure metals [24-30], metal hydrides [31], etc.
It is very important to study DB properties because they
affect defect structure of crystalline solids [28] and their
macroscopic characteristics such as heat capacity [32],
thermal expansion [33], and thermal conductivity [34,35].
DBs can be important in tribological applications [36].
According to the definition, DBs are spatially localized
vibrational modes in nonlinear lattices. Obviously, in
a n-dimensional lattice DB can be localized not in all
n dimensions but in k<n dimensions. For the first time
this idea was expressed by Baimova in the work [37], where
one-dimensional DBs were analyzed in two-dimensional
lattice of graphene (the case of k=1, n=2). Later, in pure fcc
metals, linear (k=1, n=3) and planar (k=2, n=3) DBs were
identified by Bachurina [25,26]. In her works, the delocalized
nonlinear vibrational modes (DNVMs) were successfully
used for setting initial conditions for DB excitation.
Note that DNVMs (also termed as the bushes of normal
nonlinear modes [38-40]) are high-amplitude delocalized
vibrational modes that are exact solutions of nonlinear
dynamic equations due to the point symmetry of the crystal
lattice. Dynamics of a DNVM can be fully described by N
coupled equations of motion, and such vibrational mode is
called N-component DNVM. If the frequency of a DNVM
leaves the phonon spectrum with increasing amplitude,
then a localizing function can be used to obtain a DB. This
approach turned out to be very effective for excitation of
discrete breathers not only in fcc metals [25,26] but also in a
two-dimensional Morse crystal [41,42] and in graphene [43].

In the present study we use the one- and two-component
DNVMs derived in [39] for a one-dimensional lattice (chain
of coupled particles) in order to excite one-dimensional DBs
in a close-packed atomic row of 2D triangular lattice (k=1,
n=2).

2. Methodology

A triangular two-dimensional lattice with an interatomic
distance d is considered. The x axis of the Cartesian coordinate
system is directed along closely packed atomic rows. Atoms
interact via the classical Lennard-Jones potential
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with the parameters L and r. The first one defines the
binding energy, while the second one — the equilibrium
distance for a pair of interacting atoms. Without the loss
in generality, we take L=1, r,=1, and the atom mass M =1,
which can always be achieved by a proper choice of the
units for length, energy and time, respectively. The cut-oft
radius is 57, then the equilibrium interatomic distance is
d=0.99027777. The equations of motion of atoms were
integrated using the Stormer method of sixth order of
accuracy with a time step equal to t=10". No thermal
vibrations were introduced, that is, modeling was carried out
at a temperature of 0 K. Periodic boundary conditions were
used. The computational cell size is 12 x 60 atoms (12 atoms
along the x axis and 60 close-packed atomic rows along the
y-axis).

The initial conditions are as follows. Initial displacements
along the x-axis are given to the atoms of single close-packed
row parallel to the x-axis. All other atoms have zero initial
displacements and all the atoms in the computational cell have
zero initial velocities. The patterns of initial displacements for
the studied seven DNVMs are listed in Table 1, taking the
results form [39]. We consider four 1-component and three
2-component DNVMs. Displacement pattern in DNVMs has

Table 1. Patterns of initial displacements applied to the atoms of a close-packed atomic row of the triangular lattice. One period of the

patterns is given.

DNVM number Displacement pattern Period (p) Number of DNVM components (N)
1 [x, —x] 2 1
2 [x, 0, —x] 3 1
3 [0, x, 0, —x] 4 1
4 [x, X, —x, —x] 4 1
5 [ x5 5], x4+ %,+2x,=0 3 2
6 (x5 X5 =25, =] 4 2
7 [x, =X, X5, =X, 4 2
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period p. This size of the computational cell along the x axis
is compatible with the 2-, 3-, and 4-periodic DNVM:s excited
in a close-packed row parallel to the x-axis, since 2, 3 and 4
are divisors of 12.

3. Numerical results

In Fig. 1, as the functions of time, we plot the x-components
of displacements, Ax, for the atoms in the initially excited
close-packed atomic row. For the DNVM with period p
displacements of p neighboring atoms are plotted. In all
cases the initial displacement was equal to 0.2.

Note that all four one-component DNVMs are periodic
in time. DNVM-1 shown in Fig. la is a well-known zone-
boundary mode, which has been used for excitation of
one-dimensional DBs in fcc metals [25] and in a number of
other works, e.g., in [45]. Other one-component DNVMs,
to the best of our knowledge, have not been analyzed in the
lattices of dimension greater than 1.

In Fig. 2, for the three two-component DNVMs 5 to 7,
we present the same data as in Fig. 1. It can be seen that the
atomic oscillations in the two-component DNVMs are not
periodic, which is the sequence of the interaction between
the two components. On the other hand, other harmonics are
not excited, as it follows from the general theory of the bushes
of normal modes [38-40]. Thus, the three two-component
DNVMs of the one-dimensional lattice produce three new
one-dimensional DBs in the 2D triangular lattice.

s
s
z
=]
a
0.2, : :
o 01F ,\\ ,\\ FAY AN y ‘z“
< O XA AWVAREAVARRAWVARR N =
0.1F \ \ ) ) A
-0.2 AW L N2 M W Nz
-0 0.2 0.4 f 0.6 0.8
b
g'?i\\ 7\ ‘1/ N 7N 7 \\ /3 1/ \\\ e
= O RV, ‘\/, \y' N A/ N =
< e Sy 7, A 7 ST >
0aF N PN N i SN SN B
0.2 vl N NS N N ~?
0 0.2 0.4 t 0.6 0.8
C
- o NI NE ATV VE AR <
< o i
-0.14#
e AU AR AR AR I I e

0.1 0.2 0.3 ¢ 0.4 0.5 0.6

d

Fig. 1. (Color online) Displacements of atoms as the functions of time
for one-component DNVMs 1 to 4, respectively. Initial displacement
of atoms equals to 0.2 for all four DNVMs. Only displacements
of atoms belonging to one translational cell are shown. Curves of
different type are used for different atoms, as specified at the top of
the figure (a) - (d).

DNVM-5

DNVM-6

DNVM-7

Fig. 2. (Color online) Same as in Fig. 1, but for the three two-
component DNVMs 5 to 7. Initial displacement of atoms are equal
to x,=0.15 , x,=0.05, x,=-0.2 (a); x,=0.15, x,=0.1 (b); x,=0.15,
x,=0.1 (o).

It should be pointed out that DNVMs with the amplitude
above a threshold value are unstable [44 - 49]. Here dynamics
of unstable one- and two-component DNVMs is presented
before the instability is developed.

4. Conclusions

New types of one-dimensional DBs in two-dimensional
triangular lattice are identified with the use of the one- and
two-component DNVMs derived by Chechin et al. for one-
dimensional lattice [39]. The reported DBs are localized
in a close-packed atomic row of the triangular lattice. One
of the one-dimensional DBs based on the zone-boundary
DNVM has been reported earlier in fcc metals [25], and all
other one-dimensional DBs, to the best of our knowledge,
are new. As expected, one-dimensional DBs based on
the one-component DNVMs demonstrate periodic in
time oscillations. On the other hand, DBs based on the
two-component DNVMs are aperiodic due to the energy
exchange between two components.

Present study opens the road for investigation of new
one-dimensional DBs in a variety of crystals including fcc,
bce and hep metals.
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