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Abstract. In this paper, we study the influence of acoustic and magnetic
fields on the propagation of the two-dimensional light bullet in an array of carbon
nanotubes. The acoustic field is taken into account in the framework of the gauge
theory. A magnetic field is applied along the nanotube axis and leads to a change
in the electronic spectrum of m-electrons. It is shown that the pulse stably pro-
pagates in the medium, taking into account both of these factors. In this case, the
magnetic field and tension slow down the pulse, as well as change its amplitude.
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Introduction

Extremely short optical pulses of femtosecond duration are of great technological and
fundamental interest. They are also the subject of many recent studies of nonlinear op-
tics [2-5].

Such short light pulses have potential applications in the spectroscopy of dielectrics,
semiconductors and transient chemical processes, light propagation in the atmosphere and
at the interface of materials [1].

Nonlinear optics usually works with almost harmonic electromagnetic waves, modu-
lated by the envelope, under which there are about 100-1000 oscillations. In contrast, an
extremely short pulse usually contain only a few oscillations of the electromagnetic field.
Moreover, light bullets are of great interest among such pulses. They are localized in all
directions and propagating in a nonlinear medium at a constant speed [6;7].

[t should be noted, that the successes of modern laser technologies in terms of the
formation of powerful electromagnetic radiation with given characteristics, including light
bullets, are an incentive for a comprehensive study of such pulses in various media, including
carbon nanotubes [8]. An important issue is the study of the pulse behavior in a medium
under the action of strong external fields. The authors of [9] considered the influence of
external strains in the one-dimensional case.

In this paper, we study the dynamics of two-dimensional light bullet in a medium with
CNTs at the presence of an acoustic and a constant magnetic field.

1. Model and basic equations

The electron spectrum for zig-zag carbon nanotubes (n, 0) in the presence of a magnetic
field directed along the CNT axis has the form:

e(p.,s) = y\/l + 4 cos(ap,) cos <g(s + (%)) + 4 cos? (g(s + %)), (1)

where y &~ 2.7 eV; a = 3b/2h; b = 0,142 nm is the distance between the adjacent carbon
atoms; (py, s) is the quasi-momentum, where p,, is the pulse component along the CNT axis;
s =0,..,n; ® is the magnetic flux through the CNT cross section; &y = %‘3 is the magnetic
flux quantum [10], e is the electron charge, c is the light velocity.

We consider the interaction between carbon nanotubes to be weak. And it is not taken
into account here. The electric field E is directed along the nanotubes axis (OY'), and the
electromagnetic pulse moves in the transverse direction (OZ2).

The acoustic field is taken into account in the framework of the gauge theory and
is associated with the appearance of a stress field caused by the strain field. This field
is determined by the corresponding vector potential A’, which changes the momentum of
electrons in the medium containing the array of carbon nanotubes. In deformed CNTs, all
interatomic bonds turn out to be nonequivalent, and the three hopping integrals may not
be equal to each other. Since CNTs are a rolled sheet of graphene (the ZOY plane) in the
cylinder along the OY axis, we write all the equations for graphene, and then take into
account the periodic boundary conditions. In accordance with this, the calibration vector
potential has the form: A’ = (A’, A] ), whose components can be written in the form [11]:

B

1
(Y3 = v2), A; = = (v3+v2—2v1), (2)

Al =
? 2
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where 1, 2, Y3 are the hopping integrals.
In the case of weak deformation of the crystal lattice, each hopping integral can be
expanded in a series up to the second term [12]:

By
Yz’:Y"’_?ri (u; — ), (3)

here v is the unperturbed hopping integral; r; is the radius vector of nearest neighbors;
u; is the displacement vector of the i-th atom; ug is the displacement vector of the central
atom; {3 is the Griineisen electronic parameter, which expresses a change in the frequency
of lattice vibrations depending on changes in the volume of the system [13]. For carbon
structures it is equal 2.

In the continuum limit, one can expand the displacement of carbon atoms:

u; — uy o (r;V)u, (4)

u is the displacement field.

Substituting (3) into (2) taking into account (4), we obtain:

2By

Alz =X _(Uzz - uyy)7 A; = X T Ugy, (5)
a a
where x is the parameter depending on the characteristics of the chemical bond in the
substance, which can be set for CNTs equal to 1 [14].

Thus, the strain gauge field is proportional to the strain tensor ug, which determines
the local strain of the lattice. By setting the deformation field u, we obtain that the strain
tensor in the linear approximation has a well-known form [15]:

Oxup + Opig

. ©)

Unp =

The calibration potential changes the band structure by calibrating the pulse by —qA/c
in the same way as the external electromagnetic field. The contributions of the electro-
magnetic field and lattice deformations are reduced to the sum of the corresponding vector
potentials. The model does not take into account the rotations of interatomic bonds. Based
on these assumptions, only one correction A, is taken into account in the effective equation
for the vector potential.

The longitudinal and transverse components of the strain tensor are related by the
known relation [15]: u,, = —pu,,, p = 0,19 is the Poisson’s ratio for CNTs [16].

In the two-dimensional case, the equation describing the propagation of the light bullet
in the array of carbon nanotubes takes the form:

2 2 2
FALFA e FA L o

— +
2 2 2 92
ox 0z c2 Ot (7)

uZZ
A =x ﬁyT (14w,
here ¢ is the dielectric constant of the medium; the current density j is determined by the

formula:
n

j=2eY / V(ps5) - f(psn5) dp, (8)

s=1lpy
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where v(p,s) = 0e(py,s)/0Op, is the electron velocity; f(p,,s) is the Fermi distribution
function; e(py, s) is determined by the formula (1), integration is carried out in the first
Brillouin zone (BZ). We omit the calculation of current density in this paper, because
it repeats the standard calculations for CNTs, and we present only the final form of the
effective equation:

D?A  9*A £ O’A  Amengya . (aq(eA+ A)
gt e LR (M) =0 ©

q=1 ¢

where

i b;‘? f d(pya) - cos(qap,) - exp (— i cos(qapy) - bsq/k:BT)

g=1

Fq — _q n P [ere] ;
z:1 J d(py a) - exp <_ Z%COS(Q apy) 'bsq/kBT>
s=1 —m 9=
n/a
a
bsg = / d(pya) - e(py,s) - (qapy);
—1/a

no is the electron concentration; kp is the Boltzmann constant; 7" is the temperature; by,
are the coefficients in the expansion of the electron dispersion law (1) in a Fourier series.
We make the dimensionlessness of the quantities included in the equation (9):

eaA -, adA" . x _  z . c-t c
— A= , T=— 2= —, 1= , Qo

c c ag ag ao - 2|e|ay/mngyo

The initial condition is chosen in the form:

A:

_— i 32
A(ZE,Z70) = Q - €Xp (_l_2 - l_2> )

dA(%,%,0) _220Q s (10)
di 2 P\Te )

v="v,/c

Where @ is the amplitude of the electromagnetic pulse at the entrance to the environment
with CNT; [,, [, are determined the pulse width along the x and z axis, v, is the pulse
velocity along z-axis.

Next, numerical simulation is carried out using an explicit second-order finite-difference
scheme [17] with zero Neumann boundary conditions for the following system parameters:
CNTs of the zig-zag type (7, 0), ¢ = 4, ng = 10?*m =3, the coefficients F, determined by
equation (9) are calculated at a temperature "= 77 K [18], v = 0.9. The relaxation time in
CNTs is t,e &~ 10712 s, the pulse duration tpuse & 2 - 1071 s, thus tpuse <K trel-

The evolution of the electromagnetic pulse is presented in figure 1. We draw the pulse
intensity I, which can be determined as [ = ¢ 2(9A/0t)%.
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Fig. 1. Evolution of light bullet (4., = 0,1, ®/®y = n/2):

a)t=0;b)t=305¢)t=6,5di=95

I ax is the maximum of the intensity for time value ¢
From figure 1 it can be concluded that the light bullet is stable in the CNT array
under the influence of acoustic and magnetic fields, since the pulse travels about 10 of its
wavelengths. Note that the pulse also exibits a slight diffraction spreading. Let us study
the influence of the magnetic field on the light bullet propagation. A two-dimensional view

is shown in figure 2, a longitudinal section (z = 0) is in figure 3.
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Fig. 2. The intensity of the electric field of the light bullet (£ = 9, 5):
a) u,, =0, /Py, = 0. Figures (b-e) for u,, =0,1: b) /P, = 0;
¢) ®/Py =n/6;d) ®/Py=n/3;e) /Py =n/2.

L.y is the maximum of the intensity for time value t

Figure 2a shows the pulse shape without taking into account the magnetic field and
mechanical deformation. Figures 2b—e are plotted in the presence of mechanical tension and
for different values of magnetic flux. It cab be seen when the magnetic field increases, the
pulse slows down. Also for figure 2d the appearance of a “tail” behind the main pulse is
observed as before [8].

The given dependence shows that, controlling the magnitude of the magnetic field, we
can change not only the shape, but also the amplitude of the pulse.

The dependence of the intensity of the electric field on the acoustic field magnitude is
shown in figure 4.

[t can be seen, that in the presence of a magnetic field, but at zero mechanical tension,
the pulse retains its localization region, but its amplitude increases. When the tension
increases (fig. 3c,d) we observe that the amplitude decreases. Moreover, the larger the
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value of u,, (fig. 4d), the closer the pulse shape to the initial one (fig. 4a).
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Fig. 3. The intensity of the electric field of the light bullet,
a longitudinal section at £ = 0 (u,, = 0,1): a) pulse at the initial time moment;
Others for £ = 9,5: b) ®/®, = 0;
¢) ®/Py, =n/6, for clarity, the curve is raised by 1 unit along the vertical axis;
d) ®/®y = n/3 the curve is raised by 2 units along the vertical axis;

e) ®/Py = n/2 the curve is raised by 3 units along the vertical axis.
Iy is the maximum of the intensity for time value t =0
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Fig. 4. The intensity of the electric field of the light bullet (a longitudinal section at Z = 0, = 9, 5):
a) u,, =0, /Py, = 0. Figures (b-d) correspond to ®/Py = n/3:
b) @,, ==0; ¢) u,, = 0,05; d) u,, =0, 1.
I, is the maximum of the intensity for time value £ = 0 at %, = 0 and d/Py =0
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Conclusion

Key results of this work are summarized as follows:

1) The numerical modeling showed that the acoustic and magnetic fields significantly
affect the dynamics of the light bullet in the carbon nanotubes array.

2) It is observed, that using the magnetic flux, we can change the pulse shape, its region
of the localization and the amplitude. Thus, the magnetic field is the controlling
parameter for the electromagnetic field of the light bullet.

3) The effect of deformation is manifested both in a change in the shape of the pulse and
its amplitude.

NOTE

! Konobeeva N.N. expresses gratitude to the Ministry of Science and Higher Education
of the Russian Federation for funding numerical modeling under the State Assignment task
(0633-2020-0003).
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AnHotaumsa. B naHHOH pa6oTe Mbl HCC/IeNyeM BJHSHHE aKyCTHYECKOTO U
MarHUTHOTO I0JIed Ha Npouecc pacnpocTpaHeHHsl JOKAJM30BaHHOTO B JBYX Ha-
NpaBJ/IeHUSIX NpefeJbHO KOPOTKOTO ONTHYECKOro MMIy/lbCa B cpelie, COAeprKallel
MacCHB MOJNYNPOBOAHUKOBBIX YIJE€POJHBIX HAHOTPYOOK zig-zag Tumna. Mbl cuura-
€M, UTO PacCTOSIHHEe MeXJAy COCeIHHMH HaHOTpPyOKaMM CYLIeCTBEHHO IpeBblllaeT
UX AHaMeTp, TO eCTh B3aUMOJEHCTBHE MeXJAy YIJIepOAHBIMH HaHOTPyOKaMH CUH-
TaeTcs C/1a0bIM M MOXKHO UM IpeHeOpeub. Y4yeT aKyCTHUeCKOro IoJisl NPOBOAUJICS
B paMKaX KanuOpoBo4yHOH Teopuu. [losBjeHue 3Toro noss oOyCJ/0OBJIEHO IMOSIBJIE-
HUeM [0/ Halpsi)KeHHWH, KOTOpOe BbI3bIBaeTCsl MeXaHHUYeCKMMM Harpy3kaMu Ha
KPUCTAJNHYECKYI0 pelIeTKYy YIJIEepOAHBIX HAaHOTPyOoK. MarHuTHoe moJie npHKJa-
NbIBA€TCS BOJb OCH HAHOTPYOOK U MPUBOAUT K U3MEHEHHIO 3/JIeKTPOHHOI0 CIeKTpa
7t-371eKTPOHOB. [lokazaHo, 4To MMNy/bC CTAOU/IbHO PACIpPOCTPAHSIETCS B CpPefe C
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ydyeToM 0060MX 3THUX (hakTopoB. [Ipu 3TOM MarHuTHOe moJie U AedhopMauUsi MpPHU-
BOAAIT K 3aMe/JIEHUI0 MMIYJbCa, a TaKkKe K HU3MEHEHWI0 ero aMIIMTYAbl. Takxe
HaOJI01aeTCsl MOSIBJIEHHE «XBOCTa» 38 OCHOBHBIM MUMITYJ/JbCOM

KiroueBbie ciioBa: JIOKaJM30BaHHEBIE HUMITYJIbChI, KaJII/I6pOBOLIHaH WHBApHUAHT-
HOCTbD, MarHUTHBIH MMOTOK, aKyCTHU4YeCKOe ToJe, yIJjepoAaHble HaHOTPY6KI/I.
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