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Discrete breather (DB) is a spatially localized vibrational mode of large amplitude with vibration frequency outside the
phonon band of the crystal. DB frequency can leave phonon spectrum due to the anharmonicity of interatomic bonds owing
to the fact that the frequency of a nonlinear oscillator is amplitude dependent. In the case of soft (hard) anharmonicity the
nonlinear oscillator frequency decreases (increases) with amplitude. Crystals having a gap in the phonon spectrum can, in
principle, support the so-called gap DBs, i.e., DBs with frequencies within the gap. The alkali halide Nal crystal possesses a
wide gap in the phonon spectrum and the existence of gap DBs in this crystal has been shown by Kiselev and Sievers with the
use of the molecular dynamics method. Later on, several experimental works have been undertaken to support the results of
the numerical study and also the possibility of energy exchange between two closely positioned DBs was shown by atomistic
simulations. In the present study the energy exchange between DBs in larger clusters is simulated by molecular dynamics. It is
shown that the energy initially given to the DB cluster stays in the localized form for a long time (hundreds of DB oscillation
periods) even though the energy can travel from one lattice site to another and even polarization of DBs can change. These
results contribute to our better understanding of the mechanism of energy localization and transport in crystals.

Keywords: discrete breather, intrinsic localized mode, phonon spectrum, lattice dynamics, nonlinear dynamics, alkali halide crystal, NaCl
structure.
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Huckpernpnit 6pusep ([Ib) mpencrasifer co00il IPOCTPAaHCTBEHHO JIOKAIV30BAHHYIO KO/IeOaTe/IbHYI0 MOAY OOIBIION aM-
IUIUTYHABI C 9aCTOTON KojleOaHmil BHe (POHOHHOTO cIieKTpa kpucTamia. Yacrora [Ib MoXKeT BHIXOZUTD U3 (POHOHHOTO CIIEKTpa
3a CYET AaHTAPMOHM3Ma MEKaTOMHBIX CBA3€1 BCIECTBIE TOTO, YTO YaCTOTa HEIMHEITHOTO OCIVIITIATOPA 3aBUCKUT OT aMIIIUTY-
IbL. B cmydyae MATKOro (XKecTKOro) aHrapMOHM3Ma YacTOTa HEMVHEITHOTO OCLVIUIATOPA yMeHbIIaeTcA (YBEIMYMBAETCA) C PoO-
CTOM aMIUIMTYAbL. KprcTaiel, nmeromye mmenb B GOHOHHOM CIEKTpe, MOTYT, B IIPMHINIIE, IIOAIEP>KMBATh TaK Ha3bIBaeMble
wiernessle /1B, To ectsb [Ib ¢ yacToTamu B mienn ¢poronHoro crekrpa. lllenouno-ranongnseiit Kpucramt Nal o6magaeT mmpoxoin
I[e/IbI0 B (POHOHHOM CIIEKTpe 3a CYeT 3HAYMTE/IbHOI Pa3HUIIBI AaTOMHBIX MacC aHMOHOB U KaTMOHOB (aTOM HaTpyA B 5,5 pas
jerde aToMa Jioga). CylecTBoBaHMe 1je/ieBbIX [IB B aTOM KprcTate 610 mokazano KuceneBbiM u CuBepcoM ¢ UCIOIb30Ba-
HIIeM MeTOJa MOJIeKY/LApHOI ;HAMUKIL. [103>Ke ObUIO IPOBEeIeHO HECKOIBKO 9KCIIEPUMEHTA/IbHBIX paboT, YTOOBI IO TBEPAUTh
pe3y/IbTaThl YMC/ICHHOTO YCCIenoBaHysA. KpoMe TOro MeTofoM MOJIEKY/ILApHOI AMHaMMKM OblIa ITIOKa3aHa BO3MO>KHOCTD 00-
MeHa 9Hepryell Mex/y ByM:A 6/13Ko pacronoxeHHbIMU [IB. B HacTosAmelt paboTe sHepreTnyeckuit oomen Mexny [1b B 6onee
KPYITHBIX K/TaCTepaxX MOJIEMPYETCS METOJOM MOJIEKYIAPHOI ArHaMuKy. [IokasaHo, 9To sHeprus, IepBOoHaYaIbHO NepejaHHas
kacrepy [1b, ocTaeTcs B T0OKa/IM30BaHHOM BIJIe B TeYeHIE JINTEIBHOIO BpeMeHY (COTHY ITeprofoB konebanuii [1b), naxke He-
CMOTPA Ha TO, 4TO S3HEPIA MOXKET IepeMeIlaThCsl OT OJHOTO y3/I1a PEMIETKY K [PyTOMY, U ke osapusanus JJb MoxxeT nsme-
HUTBCA. DTY pe3y/IbTaThl CIOCOOCTBYIOT JIY4IIeMY IIOHMMAHMIIO MeXaHV3Ma JIOKa/IV3aLUI 1 IePEHOCa S9HePIUM B KPYCTa/IIaxX.

KiioueBble c1oBa: J1ICKpeTHBII 6pusep, COOCTBEHHAs TOKaIM30BaHHAsA MOJA, GOHOHHBII CIIEKTp, [UHAMMKA PeILIeTKY, He/IMHelHas
IMHAMIUKA, IIeJIOYHO-TaIOMHBIN KpycTaiml, cTpykrypa NaCl.
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1. Introduction

The phenomenon of energy localization in nonlinear lattices
in the form of discrete breathers (DBs) was first demonstrated
by Dolgov [1] and then in a very famous work by Sievers
and Takeno [2]. These works have initiated extensive studies
on DBs in model systems as well as in crystals [3-7].
In fact, in real nonlinear lattices DBs are not single-frequency
modes and they do not demonstrate exact time-periodicity.
Chechin et al. have suggested the concept of quasi-breathers
for such objects [8]. DB has a very long lifetime because
its frequency lies outside the spectrum of small-amplitude
running waves of the lattice. DB frequency, depending on
the type of nonlinearity of chemical bonds, can decrease
or increase with increase in its amplitude. In the former
(latter) case we have soft (hard) type of anharmonicity. Note
that soft-type anharmonicity DBs can exist only in crystals
featuring gaps (in other words, forbidden zones) in their
phonon spectra. Crystals with simple lattices, e.g., pure fcc
and bcc metals do not have gaps in the phonon spectra,
on the other hand, phonon spectra of crystals with more
complex structure may have gaps. In particular, alkali halide
crystals with large difference in the atomic weights of anions
and cations, e.g., Nal or LiBr have a wide gap in the phonon
spectrum. The first investigation of DBs in crystals based
on molecular dynamics simulations has been done for Nal
[9]. This work has stimulated experimental measurements
of crystal spectra to support the existence of DBs [10-12].
In [13] it has been argued that the concentration of large
energy DBs at thermal equilibrium in Nal is insufficient for
their reliable experimental observation. In [14] DBs in Nal
have not been detected.

Molecular dynamics studies on DBs in alkali halide
crystals with NaCl structure were continued in the works
[15-21]. In particular, in [19] it was shown that two closely
placed DBs exchange by their energy quasiperiodically. Note
that energy exchange between DBs in graphene has been
discussed in the works [22-24]. In the present study the
effect of energy exchange between many DBs is investigated
by molecular dynamics.

2. Simulation setup

We consider a model of crystal with NaCl structure having
lattice parameter a. This structure consists of two fcc lattices
shifted relative to each other by the vector (a/2,0,0), at the
points of one of them light atoms are located, and the points of
the other one are occupied by heavyatoms, as shownin Fig. 1a.
Each of the atoms has eight neighbors of the opposite type,
located on the tops of the regular octahedron. Each cubic
translational cell consists of four light and four heavy atoms.
The interaction of atoms is described by pair potentials
that take into account Coulomb interactions, Born-Mayor
repulsion and dispersion interaction [15]. The atomic
mass of the light (heavy) component was assumed to be
10 (100) g/mol. The computational cell with superimposed
periodic boundary conditions includes 14x14x14 cubic
periodic cells of the crystal. Each cell contains 8 atoms, so
that the total number of atoms in the computational cell is
equal to 21952.
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The DB pair was excited by shifting the atoms 1 and 2 from
their equilibrium positions along the vectors (-0.3, -0.3, 0)
and (0.3, 0.3, 0), respectively. Vector components are given
in angstrom. Other atoms initially are in their equilibrium
positions. Initials velocity of all atoms is zero.

3. Simulation results

Firstly, for the sake of clarity, we reproduce the results
reported in [15,19]. Phonon DOS of the crystal is depicted
in Fig. 2a. One can see a wide gap in the phonon spectrum,
which appears due to the big difference in the atomic weights
of anions and cations. DB in the considered model crystal is
highly localized on a single light atom. The atom can vibrate
in one of the high-symmetry directions, [001], [110], or
[111]. DBs with atomic vibrations along [001] and [011] can
be easily excited by the initial displacements of light atoms,
but in the case of [111] polarization a more complicated
procedure was developed in [20] because the simple method
does not work. In Fig. 2b [011] DB frequency is shown as the
function of its amplitude. It lies within the phonon gap and
decreases with increase in DB amplitude.

The dynamics of DB pair excited on the sites 1 and 2
[denoted in Fig. 1a] is presented in Fig. 3a and 3b, respectively.
In this case DBs oscillate out-of-phase along [110] direction,
as it can be seen from Fig. 3¢, where the phase difference
of oscillation of atoms 1 and 2 is shown. Note that time is
normalized to the DB oscillation period ©. Displacement
component along z axis is nearly equal to zero for these two
atoms.

In Fig. 4 we plot the same as in Fig. 3, but for the case
when DBs 1 and 2 oscillate with the phase difference different
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Fig. 1. (a) Crystal structure of NsCl type. Light (heavy) atoms are
shown by filled (open) symbols. Lattice parameter is equal to a. The
fcc anion and cation sublattices are shifted with respect to each other
by the vector (a/2,0,0). (b) stroboscopic picture of atomic motion
showing the two DBs excited at the sites 1 and 2 shown in (a). The
two light atoms vibrate out-of-phase along [110] direction.
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from 7. In this case quasi-periodic energy exchange between
two DBs can be clearly seen. This DB pair was excited by
applying initial shifts (-0.31, -0.31, 0) and (0.29, 0.29, 0), in
angstrom, to the atoms 1 and 2, respectively.

Our next step is to analyze dynamics of a larger number
of interacting DBs. In Fig. 5, 10 light atoms of the chain along
[110] direction are labeled as (a), (b), ..., (j). Initially two DB
pairs were excited on the atoms (a), (b) and (c), (d) by applying
the initial shifts (0.3, -0.3, 0), (0.3, 0.3, 0), (-0.31, -0.31, 0),
and (0.29, 0.29, 0), respectively. Vector components are
given in angstrom. Note that other atoms had zero initial
displacements and all atoms had zero initial velocities.

Displacements as the functions of time are shown
in Fig. 6a-6j for the atoms labeled as (a)-(j) in Fig. 5,
respectively. It can be seen that initially excited atoms (a),
(b), (c), and (d) stop moving after 150¢/©, but their energy
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Fig. 2. (a) Phonon DOS of the considered model crystal. A wide gap,
which appears due to the big difference in the atomic weights of
anions and cations, can be seen. (b) DB frequency as the function

of amplitude.
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Fig. 3. (a), (b) Displacements of atoms 1 and 2, respectively, [marked
in Fig. 1a] as the functions of time normalized to the DB oscillation
period O. (c) Phase difference for the oscillation of atoms 1 and 2
showing that they vibrate out-of-phase.
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is given to the other light atoms of the chain. Even the atom
labeled as (j), which is six sites away from the atom (d), gets
excited at about 500¢/0.

4. Conclusions

From the results presented in Fig. 6 it follows that not only
energy exchange between excited DBs in DB clusters is
possible but excitation of DBs on the atoms which were not
initially excited can be observed. Thus, a new mechanism
of energy transport through the excitation of new DBs in
expense of the energy of the existing DBs is revealed in the
present study.

In the future studies it would be interesting to check if
DBs can change macroscopic properties of crystals [X,Y]
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Fig. 4. Same as in Fig. 3 but for the case when atoms 1 and 2
vibrate with the phase difference different from 7, and it changes
quasiperiodically from — to 7 and this change is correlated with the
energy exchange between DBs.
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Fig. 5. Ten light atoms of the chain along [110] direction labeled as
(@), (b), ..., (j). Initially two DB pairs are excited on the atoms (a),
(b) and (c), (d).
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