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Abstract: For the first time, molecular dynamics simulations have been employed to investigate energy transfer in a three-
dimensional fcc nickel lattice driven harmonically through a pair of neighboring atoms at frequencies lying outside the
phonon spectrum. The dependence of the critical driving frequency on the driving amplitude was determined. When the
driving frequency is below this threshold, energy is efficiently transmitted from the driven atoms into the lattice, leading
to the spontaneous generation and emission of discrete breathers propagating in opposite directions along close-packed
atomic rows. In contrast, when the driving frequency exceeds the critical value, energy transfer to the lattice ceases and
the supratransmission effect is not observed. These findings provide new insights into nonlinear energy transport
mechanisms in crystalline solids and the conditions necessary for the excitation of discrete breathers in three-dimensional
metallic lattices.
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1. Introduction

In crystalline lattices, atoms are arranged in an ordered
periodic structure, and their interactions are described
by potential functions that determine the forces between
neighboring particles. If these forces depend nonlinearly
on the displacements of atoms from their equilibrium
lattice sites, the system is referred to as a nonlinear lattice.
Nonlinearity gives rise to unique dynamical phenomena not
present in linear systems, including energy localization and
the emergence of amplitude-dependent intrinsic oscillatory
modes.

A key manifestation of nonlinear lattice dynamics is
the discrete breather, also known as an intrinsic localized
mode [1-5]. Discrete breathers are spatially localized,
time-periodic oscillations of atoms that can concentrate a
significant portion of the system’s energy in a limited region
of the crystal, while the surrounding atoms remain nearly
stationary. These excitations can exist in defect-free crystals
and influence macroscopic material properties, including
thermal expansion [6,7], thermal conductivity [8], and heat
capacity [9-15].

Energy transfer in nonlinear lattices occurs through
two main mechanisms. First, energy can propagate via
extended phonon waves, similar to conventional linear wave
excitations. Second, energy can localize and travel in the form
of discrete breathers, which may be generated spontaneously
or through external driving. When a lattice is driven by a
periodic external force at frequencies outside the phonon
spectrum, energy cannot propagate via extended waves,

but sufficiently strong driving can excite discrete breathers.
These localized modes transport energy through the crystal,
potentially leading to the phenomenon of supratransmission.

Supratransmission is a nonlinear phenomenon in lattices
where energy is transmitted through the system at driving
frequencies outside the phonon spectrum. In this regime,
conventional phonon waves cannot propagate, and energy
transfer occurs only when the driving amplitude exceeds
a critical threshold. Above this threshold, the lattice can
support the generation of discrete breathers, which carry
energy across the lattice in a localized and time-periodic
manner. Originally discovered in one-dimensional nonlinear
chains, supratransmission provides a mechanism for energy
transport in frequency ranges that are otherwise forbidden
for linear excitations. This phenomenon is particularly
important for understanding energy localization, signal
propagation, and the dynamic response of nonlinear
crystalline materials.

Beyond its theoretical significance, supratransmission has
promising practical applications. It can be utilized for binary
information transmission [16], weak signal detection [17],
and the generation of asymmetric energy flow in nonlinear
systems [18].

Supratransmission effect has been extensively studied in
one-dimensional nonlinear lattices, where this phenomenon
was first identified and characterized [19-21]. In contrast,
investigations in higher-dimensional lattices remain relatively
limited. Only a few studies have addressed two-dimensional
systems [22-26], while research on three-dimensional
lattices is even scarcer [27-29].
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While most previous studies have focused on one- and
two-dimensional nonlinear lattices, little attention has been
given to supratransmission in three-dimensional crystals,
where atomic interactions and collective nonlinear dynamics
are far more complex. In this work, we investigate for
the first time, using molecular dynamics simulations, the
supratransmission effect in a three-dimensional fcc nickel
lattice driven harmonically through a pair of neighboring
atoms at frequencies outside the phonon spectrum.

2. Model and computational methods

Molecular dynamics simulations were performed with the
help of LAMMPS software package [30], a widely used tool
for atomistic modeling that enables the simulation of a broad
range of physical phenomena in materials at the atomic scale
[31-35]. The interatomic interactions in fcc nickel were
described by an embedded atom method (EAM) potential
from the LAMMPS library [36,37], which accurately
reproduces metallic bonding. For nickel, the equilibrium
lattice constant at absolute zero was obtained as 3.52 A.

The computational supercell is a perfect lattice
contained 120x10x10 translational cells (46080 atoms).
The Cartesian axes x, y, and z of the supercell were aligned
with the crystallographic directions [110], [110], and [001],
respectively. The time step is chosen to be 0.5 fs which is small
enough to accurately describe the motion of atoms in standard
molecular dynamics. The periodic boundary conditions
are applied along all the three orthogonal directions of the
computational cell. All calculations are carried out at zero
initial temperature T'=0 K using the NVE (constant number
of atoms, volume, and energy) thermodynamic ensemble.
Zero temperature is chosen since thermal fluctuations of
atoms can significantly hinder the precise conditions required
for observation of supratransmission effect. The duration of
each simulation was limited to 20000 timesteps, which is
equivalent to 10 ps. This timescale was found to be enough
for observation of the phenomena studied.

Energy transfer between objects in a lattice can occur in
two principal ways: (i) kinematically, through direct collisions
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between particles, and (ii) dynamically, by applying an
external periodic driving force to the particles. In the present
study, the second approach was employed. Specifically, two
atoms 1 and 2 located at the center of the computational cell
were selected, and external alternating driving forces F, and
F, were applied to them according to the following relations:

F=A-sin(wt) and F,=-A-sin(wt),

where A and w denote the driving amplitude and frequency,
respectively. In this study, the phase shift between the two
applied forces was set equal to zero, ensuring that atoms 1
and 2 oscillate in exact antiphase with respect to each other.

One of the primary challenges in simulating the
supratransmission effect is determining the initial conditions
under which this nonlinear phenomenon can be observed. To
address this, a systematic variation of the initial amplitudes
of atomic displacements from their equilibrium lattice
sites, as well as the oscillation frequencies, was performed
over a wide range of 0.15-0.35 A and 9.91-10.31 THz,
respectively. Only two atoms located in the same atomic
plane within the computational cell were displaced,
while all other atoms were at their equilibrium positions.
Furthermore, all atoms were assigned zero initial velocities to
eliminate any contribution from pre-existing kinetic energy,
allowing the subsequent dynamics to arise solely from the
imposed displacements.

3. Results

The two driven particles serve as a localized energy source,
and the kinetic energy of the computational cell was evaluated
as a function of time for different combinations of driving
amplitude A and frequency w, as presented in Fig. 1. Panels
(a) and (b) correspond to driving amplitudes of A=0.15
and 0.28 A, respectively. At low driving amplitude of 0.15 A
and for frequencies below the upper edge of the phonon
spectrum (9.93 THz for the chosen interatomic potential),
continuous energy transfer into the system is observed (see
Fig. 1a). As a result, the kinetic energy of the system increases
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Fig. 1. (Color online) Kinetic energy per atom as a function of time calculated for six different frequencies and for driving amplitudes
A=0.15A (a) and A=0.28 A (b). The solid lines connecting the data points are provided as visual guides.
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almost linearly with time, particularly within the frequency
range of 9.8 -9.9 THz. When the driving frequency exceeds
9.94 THz, the kinetic energy growth ceases after a certain
period and reaches a steady-state value. This saturation
indicates that, for frequencies above the upper edge of the
phonon spectrum, the energy supplied to the driven atoms by
the external alternating force is no longer transmitted to the
surrounding lattice. Consequently, under these conditions,
the supratransmission effect is not observed.

At a higher driving amplitude of A =0.28 A, the temporal
evolution of the kinetic energy exhibits a markedly different
behavior as shown in Fig. 1b. Specifically, in the frequency
range of 9.93-10.5 THz, an initial stage of gradual energy
pumpingis observed, corresponding to anearlylinear increase
in kinetic energy, followed by a sharp rise. Subsequently, a
distinct kink appears in the E, (t) curves, after which the energy
continues to increase at a rate comparable to that before the
kink. This stage is typically followed by a transient saturation
and a subsequent renewed growth in energy. In this amplitude
range, a supratransmission effect is observed, accompanied
by the generation of two discrete breathers that propagate
away from their point of origin in opposite directions.
To accurately capture this process, the computational cell
was chosen to be sufficiently elongated along the x-axis
(the direction of discrete breathers’ propagation) allowing
the generated breathers to travel without interacting
with their periodic images and enabling the subsequent
formation of new breathers. At higher frequencies of 10.06
and 10.09 THz, no significant increase in kinetic energy
occurs, and the supratransmission effect is no longer
present (see Fig. 1b).

Figure 2 shows the temporal evolution of the potential
energy within the computational supercell, demonstrating the

formation and propagation of a discrete breather originating
from two driving atoms. The results are given for driving
amplitude of A=0.25 A and frequency of w=9.97 THz. At
0.5 ps, only the nearest atoms are excited, corresponding to
the initial stage of energy pumping. At 4.25 ps, two discrete
breathers are formed, which corresponds with the kink in
the kinetic energy curve. These breathers then propagate
away from their origin in opposite directions along the
close-packed atomic rows. After that, continued energy
pumping results in the formation of another pair of discrete
breathers, which again move in opposite directions followed
the first ones. This process repeats periodically, indicating the
sustained generation of localized vibrational modes under
high-amplitude excitation.

From the analysis of the results presented above, it
follows that there exists a critical frequency of the driven
atoms, w_, below which the supratransmission effect occurs
and above which it does not. In other words, when the
driving frequency exceeds the critical value, i.e., w>w, no
significant energy transfer to the lattice takes place, resulting
in a plateau in the E(f) dependence (Fig. 1b). Conversely,
when the frequency is below the critical threshold, i.e.,
w<w, the kinetic energy of the system increases due to
the gradual transfer of energy from the driven atoms to
the lattice.

Figure 3 displays the dependence of the critical frequency
on the amplitude of the driven atoms. At low amplitudes, the
critical frequencies are located near the upper edge of the
phonon spectrum. As the amplitude increases, the critical
frequency rises almost linearly with the driving amplitude.
Thus, the supratransmission regime is realized below the
curve (in the green-shaded region in Fig. 3), while above this
curve the system remains in a non-transmitting state.

Fig. 2. (Color online) Potential energy maps (eV) in the computational supercell at different times (shown on the right). The driving
amplitude is A =0.25 A and the frequency is ©=9.97 THz. The two driven atoms are indicated by black arrows. For clarity, only a part of the

computational cell is displayed.
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Fig. 3. (Color online) The critical value of the frequency as a function
of driving amplitude A. The horizontal dashed line demonstrates the
upper edge of the phonon spectrum. The green-shaded region below
the curve corresponds to the frequency-amplitude range in which
the supratransmission effect is observed. The solid lines connecting
the data points are provided as visual guide.

4. Discussion

The supratransmission effect is observed only within
a relatively narrow range of driving amplitudes and
frequencies. Identifying these ranges requires systematic
exploration of various amplitude-frequency combinations.
Moreover, the critical parameters depend slightly on the
specific interatomic potential employed, since different
potentials reproduce somewhat different upper boundaries
of the phonon spectrum and exhibit varying bond stiffnesses.

The dependence of the critical frequency on the driving
amplitude is approximately linear. However, this relationship
holds only up to a certain threshold amplitude. Beyond this
point, the atomic displacements become large enough to
drive atoms far from their equilibrium lattice sites, potentially
leading to the formation of point defects (vacancy-interstitial
pairs) and enhanced dissipation of vibrational energy.

Analysis of the atomic configurations reveals that when
the driving frequency approaches the critical value from
below, regular discrete breathers are generated, propagating
predominantly along the x-axis. In contrast, as the driving
frequency nears the upper limit of the phonon spectrum, the
emitted localized modes become increasingly irregular and
less stable.

At present, a direct comparison with results from other
studies on the supratransmission effect is not feasible, as the
present work provides the first results for three-dimensional
fcc nickel. Previous investigations have focused primarily
on two-dimensional lattices and have typically employed
pairwise interatomic potentials, which do not capture
the full complexity of metallic bonding [22-26]. The
supratransmission in three-dimensional systems has been
examined previously for Pt,Al alloy using embedded-atom
method potential [27,28]. In those studies, driving force
was applied to several atomic layers rather than to individual
atoms, as in the present work. The authors reported the
existence of a specific range of amplitudes and frequencies
within which supratransmission occurs, accompanied by

the emission of quasi-breathers propagating along preferred
crystallographic  directions determined by the lattice
symmetry. Despite the differences in crystal structure and
excitation scheme, the results obtained in the present study
for pure nickel show good qualitative agreement with the
findings for Pt Al alloy.

A potential continuation of this study could involve
investigating the supratransmission effect in other metals with
a fcc lattice to explore whether the observed phenomenon
is consistent across different materials with similar crystal
structures. In addition, it would be interesting to study the
supratransmission effect in various carbon compounds and
silicene, which are of great interest from both fundamental
and applied perspectives [38-41]. Furthermore, studying
the influence of phase shift between the driven atoms could
provide insights into its role in enabling or modulating the
supratransmission effect, potentially revealing new conditions
or mechanisms that govern this nonlinear phenomenon.

5. Conclusions

For the first time, molecular dynamics simulations of the
energy transfer in a three-dimensional fcc lattice of nickel
driven harmonically through a pair of neighboring atoms at
frequencies outside the phonon spectrum of the crystal was
investigated. The critical driving frequency as a function of
the driving amplitude was determined. When the frequency
is below the threshold value, the energy is transmitted from
the driven particles into the lattice, which is accompanied by
emission of discrete breathers in opposite directions along
the close-packed atomic rows. When the frequency exceeds
the critical value, no supratransmission takes place.
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