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Spatially localized nonlinear oscillations in the form of a discrete breather (DB) is a recently discovered phenomenon widely
investigated in different physical systems due to its potential impact on the structure and dynamics of those systems. Our
molecular dynamics research is focused on the variety of DB in crystals. Depending on the type of the crystal and corresponding
phonon spectrum one can get a gap DB or a DB with the frequency above the phonon spectrum. Most of gap DBs previously
addressed in the literature were characterized by a soft nonlinearity type with frequencies splitting oft from the upper edge of
the phonon spectrum gap. In this work we managed to excite a hard nonlinearity type DB with a frequency within the band
gap. In order to achieve this goal we have excited four types of delocalized vibrational modes in biatomic crystal with atomic
mass difference m,/m,=10 providing the existence of sufficiently wide phonon band gap. Analysis of amplitude-frequency
dependences of two of those modes obtained in molecular dynamics simulations revealed the hard nonlinearity type with the
frequency within the spectrum. The fourth mode with moving heavy atoms had the frequency within the band gap growing
with the amplitude. Application of localization function with radial symmetry to this delocalized vibrational mode allowed us
to obtain a DB with hard nonlinearity type in the band gap within the considered model of the crystal. Properties of the DB
were analyzed.
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ITpocTpaHCTBEHHO JIOKA/IM30BaHHbIC HeIMHEelHbIe KonebanuA B popMe AMCKpeTHBIX Op13epoB OBUIN OTKPBITHI OKOJIO TPeX
HeCATIISTUII Hasaj U B HaCTOsAIlee BpeMs ABJIAIOTCA 00BEKTOM JIA MHTEHCUBHOTO M3YYeHNUA B Pas3IMYHBIX (PU3NIeCKNK
CHCTeMaX BBMIY BO3MOXKHOCTM VX 3HAYMTETBbHOTO BIVAHUA Ha CTPYKTYPY M AMHAMMUKY 9TuX cyucreM. Hama pabora no-
CBAIIleHa MOJIEKY/IAPHO-IMHAMIYECKOMY UCCIIEOBAHIIO0 BOSMO>KHOTO MHOT000pasysa KOHQUIYPALVIIL ¥ TUIIOB JYICKPETHBIX
Op13epoB B KPUCTA/UIAX. B 3aBUCUMOCTY OT TUIIA KPUCTA/IIA U er'0 (POHOHHOTO CIIEKTPa MOTYT OBITb peai30BaHbl JYICKPeT-
Hble OpM3epbl C 4YaCTOTO BhIlIe (POHOHHOTO CIIeKTpa MO0 B ero Iiey. bobIIMHCTBO ONUCAHHBIX B JIUTepaType 6pusepoB
€ 4acTOTON B Iie/ GOHOHHOTO CIIEKTPA XapaKTepM30Ba/IUCh MATKIM TUIIOM HeJIMHETHOCTY aMIUINTYJHO-9aCTOTHAs 3aBU-
CMMOCTb KOTOPBIX OTIIEIUIAIACh OT BePXHell I'paHMIIbl Lienu. B maHHOIT paboTe HaM yianoch BO3OyAUTb OpM3ep € 5KeCTKUM
TUIIOM HETMHENHOCTY 9aCcTOTa KOTOPOTO OTLIEN/IAETCA OT HYDKHEN TPAaHMIIBI CIIEKTPa M CKOHIIEHTPMPOBaHa Ha TsXKEIbIX
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aToMax 6MaTOMHOI PpEMmETKNI. ,H)'IFI 9TOr'0 B IBYMEPHOM MO/JE€TPHOM KPHUCTAJIJIE CTEXNOMETPUN A3Bc pasﬂnueﬁ MaccC TAXKe-
JIbIX U JIETKUX aTOMOB 7’}’11/1’}’12 =10 6b1II BOS6y>KIICHbI HECKOJ/IbKO KOPOTKOBO/THOBBIX (bOHOHHbIX MOJi € BOTHOBBIM BEKTOPOM
Ha rpaHuIe nepBoﬁ 30HBI BPI/UI)'IIOQHa. Ananus HOHY‘JCHHOI;I TIOCPENCTBOM MOJEIMPOBAHNA aMHHI/ITyI[HO-‘iaCTOTHOI?I 3aBU-
CMOCTI MOJ, TOKA/IM30BaHHbBIX Ha JIETKNX aTOMaX PEIIETKIM BbIABUIL SKeCTKUI TUT HeTMHENHOCTU U JacTOTYy B IIpeHenax
(bOHOHHOI‘O CIIEKTpa. HTIH CIIy4qasdA JIOKa/an3anum MOJbl Ha TAXKE/IbIX aTOMax SAYEeNKU 4acToTa MO/IbI HAXOAM/IaCh B IIEIN (1)0-
HOHHOTI'O CIIEKTpa. Hanoxxenne Ha AaHHYI0 MOy paga/IbHO CI/IMMETpI/I‘{HOI‘/'[ Q)yHKLU/II/I JIOKAIM3ann IMO3BOJINIO B paMKax
paCCManI/IBaEMOﬁ MOJENN IMOMTYyINUTb OJVICKPETHBIX 6pmep C )KeCTKUM TUIIOM HETMHENHOCTU U YaCTOTOM B menn (bOHOHHO-

IO CIIEKTPa, a TAK)KE IIPOAHA/IN3NPOBATDb €TI0 CBOJICTBA.

KiroueBble c10Ba: HelMHelHas AUHAMIKA, AByMePHBIe PeIIeTK, (POHOHHBII CIIeKTP, FUCKPETHBII Opusep.

1. Introduction

It is well known that most of condensed matter objects
possess crystalline long range order structure with inevitable
presence of defects. Those defects are divided into several
types depending on their dimensionality and formation
energy. Each of those has own contribution to structure
dynamics and properties. External impacts, for example,
strain, heat, radiation result in the evolution of defect
structure associated with their generation, annihilation
and migration processes. All of the latter are associated
with overcoming the potential barriers which is, in turn,
related to energy localization phenomena. It is of particular
importance for lattices subjected to external impact
connected with introduction of energy into the crystal.
One of the possible ways of energy localization in small
area of the crystal is the excitation of discrete breathers
(DB) — nonlinear, spatially localized vibrational modes in
defect free lattices that are reported to exist in many areas
of modern physics [1-3]. Introducing the concept of DB,
being in fact a dynamical defect in perfect lattice, to the
energy localization process can allow to shed light on many
physical effects and to attempt to control energy localization
in crystals. Existence of DB is provided by anharmonicity
of the interatomic forces, leading to a dependence of atoms
oscillation frequency upon amplitude. DB do not resonate
with phonons due to the fact that their oscillation frequency
lies out of the phonon spectrum of crystals. For this reason,
in idealized cases, they do not excite phonons and not lose
energy over time [1 - 3]. In crystals with realistic interatomic
potentials investigated by means of molecular dynamics
one can expect only DBs with finite lifetime. However in
thermal equilibrium their concentration can grow following
the Arrhenius law thus increasing their possible impact on
defect structure evolution.

DB can be characterized by two types of nonlinearity.
In case of soft nonlinearity type frequency decreases with
increasing amplitude, hard nonlinearity type is characterized
by frequency growth with increasing DB amplitude [3].
Generally DBs with soft nonlinearity type exist in biatomic
crystals with notable atomic mass difference and have the
frequency within the phonon band gap. This type of breather
is usually localized on one light atom and is very easy to excite
simply by introducing initial velocity or initial displacement
to the atom. For this reason such type of DBs were widely
investigated in many biatomic systems and are well addressed
in the literature [4-7].

DBs with hard nonlinearity type and having frequency
above the spectrum are expected to exist in monoatomic

crystals with gapless band. Until recently it was believed that
in real crystals interatomic interactions tend to exhibit a soft
type of nonlinearity, and DB can only exist within a gap in
the phonon spectrum of the crystal [8]. However, in [9] a
possibility of existence of DB with hard type of nonlinearity
and with frequencies above the phonon spectrum was
demonstrated by means of molecular dynamics modeling for
Ni and Nb. Later the possibility of the existence of DB with
frequencies above the phonon spectrum of the crystal was
confirmed in [10-11] for the case of two-dimensional (2D)
monoatomic crystal with Morse interatomic potential.

Another important aspect of DB investigation is the
method of their excitation which consists in introduction
of initial velocities and displacement to atoms involved in
the DB oscillations. The most common ways of excitations
were direct introduction of displacements to several atoms
as it was commonly done for ionic crystals [4], metals [9],
and sp? carbon materials [12-15]. Another progressive
method of DB excitation in a closely packed atomic raw
was application of the ansatz — a set of initial functions
determining initial vibration amplitudes, atomic vibration
centers shifts and other DB parameters. This way is more
common and was successfully employed for Morse crystals
of different dimensionality [10-11] and for several metals
[16-17].0ne should also recall that p'ossibility of DB
excitation and their properties strongly depend on the type
of interatomic potential considered in molecular dynamics
simulation.

Next step in the development of DB excitation methods
was the investigation of delocalized nonlinear modes [18].
Application of localization function to those modes turned
out to be a universal way to excitation of DBs of different
types of symmetry in various crystals including graphene
[15], Morse crystals [19-20] and metals [21].

In this work we have tried to extend the approach of
localization of nonlinear modes to the biatomic Morse crystal
with a wide band gap in order to make an attempt to obtain
a new type of the DB with hard nonlinearity type and the
frequency within the phonon band gap.

2. Simulation details

We consider a model of biatomic 2D close-packed crystal of
A_B stoichiometric with the interatomic distance a. Without
loss of generality, the mass of light atoms m, is considered
to be unity. Mass of heavy atoms m,=10m . Model of the
crystal lattice is shown in Fig. 1a (color online) where green
color corresponds to heavy atoms and yellow to light atoms.
The interaction between atoms is described by the pairwise
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Morse potential:
V(r) _ D(e—la(r—rm) _ ze—a(r—rm) )’ (1)

where r — is the distance between a pair of atoms and D, «,
r — potential parameters. The function U(r) has a minimum
at r=r_ , minimum depth (bond rupture energy) is D, and
the parameter o determines the bond stiffness. Without
loss of generality one can put r =1 and D=1, selecting the
appropriate unit of distance and energy. For the parameter
« determining the rigidity of the interatomic bond the value
a=5was considered. For the selected cut-off radius of 7.5 A,
the equilibrium lattice parameter makes 0.988 A. The size of
the cell used in the calculation was equal to 192 x 192 atoms
with the imposed periodic boundary conditions. Equations
of atomic motion for the atoms in the periphery of the
calculation cell had an imposed viscosity term in order to
avoid the impact of low-amplitude waves emitted by the
discrete breathers caused by the inaccuracy of the initial
conditions.

Three types of delocalized vibrational modes
schematically shown on Fig. 1b-1d were realized in the
crystal. Amplitude-frequency analysis of all modes revealed
that all modes located on light atoms demonstrated a hard
nonlinearity type with the frequency within the upper part of
the phonon spectrum. The mode shown in Fig. 1d is located
on heavy atoms and has a frequency growing with amplitude
within the band gap (Fig. 2). One can see that the frequency
of the mode splits from the lower limit of the phonon band
and lies within the spectrum gap. This fact allows an attempt
of excitation of a DB based on the latter mode. One should
mention that realization of those modes in the crystal can
result in elastic properties modification [22] and modulation
instability being a reason for excitation of random DBs [23].

In order to excite the DB the exponentially localized
bell-shaped function was on the planar phonon mode. The
center of the bell-shaped function was placed at the point
equidistant from three neighboring oscillating atoms. If
the coordinates of this point are assumed to be (x,, y,) the
amplitude of the oscillations of the atom with the coordinates
(x, y) at the distance R=,/(x-x,)* +(y-y,)° from the center
of the discrete breathers can be expressed as [19]

T
~ cosh(R)’

where T — is the amplitude of the bell shape function and 8
defines its degree of localization.
Shift of vibration centers can be defined by the expression

SR
cosh(yR)

describing the exponential localization and displacements
of vibrational centers of atoms in the core of the DB.

Due to the asymmetry of the Morse potential shape one
also take into account that the centers of oscillations of atoms
are displaced radially from the point (x,, y,). It was shown
analytically in [19] using linear elasticity theory that the
static field of the radial displacements of atoms caused by
the discrete breathers in the two-dimensional crystal at large
distances decreases as 1/R, i.e., rather slowly.

A(R) (2)

S(R) ®3)
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Fig. 1. (color online) (a) Two-dimensional biatomic crystal of A,B
stoichiometry based on the triangular lattice. Stroboscopic pattern
of atomic motion of delocalized vibrational modes in the biatomic
lattice with moving light (b,c) and heavy (d) atoms.
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Fig. 2. (color online) Density of phonon states (black solid line)
and frequency as the function of amplitude for the delocalized
vibrational mode shown in Fig. 1d (blue dashed line).

3. Numerical results

Stroboscopic picture of atomic motion for the DB excited
on heavy atoms with the help of bell-shaped localizing
function applied to the delocalized vibrational mode is
shown in Fig. 3. The breather has radial symmetry and has
a radius about ten interatomic distances in every direction.
Structure of the DB is similar to one in monoatomic 2D
crystal described in [19]. The part of the crystal around the
DB core partially suppresses the thermal expansion of the
atoms and this fact increase the contribution of hard core
of Morse potential in the nonlinear dynamic of the lattice
allowing the DB existence.

Properties of the DB, namely dependences of vibration
amplitudes, A, and displacements of vibration centers, S, as
the functions of distance from the DB center, R are shown
in Fig. 4. Dots show the numerical result after 10 periods
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of DB oscillation. A set of green dots close to the zero level
corresponds to almost immobile light atoms. Scattering of
values of initial functions and numerical results increases
upon the growth of the DB amplitude.

An important feature of this DB is the vibration
localization on heavy atoms of the lattice. Previous studies
of DB in biatomic lattices were concentrated on light atom
based breathers with soft nonlinearity type. Excitation of
the phonon mode that involves all heavy atoms in the lattice
provides a high nonlinearity type behavior. This allows the
existence of the gap DB with hard nonlinearity. So one can
conclude that application of new methods of DB excitation
results in new types of DBs that were not earlier reported in
literature.

Dependence of the energy E, frequency w and localization
parameter § on the amplitude of the DB are shown in
Fig. 5. All three functions demonstrate the monotonously
increasing behavior. Lifetime of the DB makes about one
hundred period of vibrations and one should notice that the
investigated object is in fact a quasibreather. The concept of
quasibreather was proposed in [24]. This object related to
crystal lattices is a numerical result of molecular dynamics
and has a limited lifetime.

4. Conclusions

A new approach for DB excitation in molecular dynamics
simulations has been successfully applied to a two
dimensional biatomic lattice of A3B stoichiometry. The
phonon mode excited in the crystal is localized on heavy
atoms of the lattice. Light atoms are almost immobile and
do not contribute to the lattice dynamics. For this reason the
resulting DB is similar to the breather in monoatomic crystal
reported in [19]. This type of DB involves a considerable
amount of atoms and concentrates relatively large energy.
This can decrease the potential barrier of defect formation
and migration. In case of biatomic crystal one can expect a
stronger barrier overcoming effect on light atoms.

Another important conclusion is the relevance of the
investigation of new methods of DB excitations. The efficiency
of the approach used in this work was already approved for
3D crystals with realistic interatomic potentials and new types
of DB were obtained. These new configurations of DB could
hardly be realized with any other method used previously for
setting initial conditions.

This leads us to the conclusion that one should never
underestimate the importance of searching for new routes of
DB excitation.
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