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Theoretical investigation of the dynamics of three-dimensional few-cycle optical pulses (light bullets) in an inhomogeneous medium of carbon
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1. Introduction

The dynamics of three-dimensional few-cycle optical pulses propagating in an inhomogeneous medium with
metallic carbon nanotubes (CNTs) have been theoretically investigated in this paper. It is well known that there
are different types of CNTs (chiral, arm-chair, and zig-zag); additionally, the chiral nanotubes can be either
semiconducting or metallic, corresponding to the numbers determined by the different methods of graphene rolling
up into CNT. Since there is no energy gap in the electronic spectrum in metallic CNTs, effects similar to those
observed in graphene layer are possible. The study of three-dimensional few-cycle optical pulse (light bullet)
dynamics in different media is of great interest not only from a theoretical point of view, but is also important for
practical applications [1-3]. Note that light bullets are not stable and spreading in vacuum or linear media due
to dispersion impact. For stable propagation of such pulses, the nonlinear medium in which the effects associated
with dispersion could be offset by the nonlinear effects is required [4-7]. From this point of view, CNTs are
promising media for the three-dimensional few-cycle optical pulse propagation, since in CNTs, the nonlinearity
is determined by nonparabolicity of the electron dispersion law which interact with the light pulse field [8-10].
In the above mentioned research the results were obtained for CNTs of the zig-zag type. Since we consider the
interaction between the pulse’s electric field and the CNT conduction band electrons, the analysis of the light
bullet’s stable propagation in the array of metallic CNTs due to the change in the electron dispersion law is
absolutely non-trivial [11]. An increased focus on similar pulses is due to a wide range of practical applications,
such as ultra-high resolution microscopy, data transfer via fiber-optic communication lines, micro- and nanoparticle
manipulations, etc. [12-15]. The importance of practical applications and considerations mentioned above give
considerable impetus to the present research.

2. Basic equations

The electromagnetic pulse propagation in carbon nanotube array has been considered, wherein both the pulse
electric field and the current are directed along the nanotube axis. The geometry of the problem is presented in
Fig. 1.

The Hamiltonian for electron system can be written in the form:

H=9 Z ajsa J+A<7
JjAo

where a;rg, aj, are creation and annihilation operators of electrons at site 7 with spin o, v is a hopping integral,

determined by the electron wave function overlapping at adjacent sites.
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FIG. 1. Geometry of the problem, where j(z,y,t) is the current along the CNT axis, E(z,y,t)
is the pulse electric field

Using the following Fourier series:
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which diagonalizes the Hamiltonian H, thus making it easy to obtain the electron’s spectrum describing the
properties of electron subsystem in absence of the Coulomb repulsion &5 (p).

As a rule, the study of carbon nanotubes’ electronic structure is carried out in framework of aanalysis of
dynamics of 7-electrons in strong-coupling approximation. The CNT radius is considered to be much smaller than
characteristic dimension of light bullet that allows us to neglect the field spatial inhomogeneity in nanotubes:

Nk Nyka\\"?
e(kzy) = 70 (1 + 4 cos (1(1\/7_; - 231/\[;) + 4 cos? (;{Z - 2?\/_:)) , 2)

where 79 & 2,7 eV, ka belongs to the interval [—m; 7], k is the wave vector along the CNT axis, a = 3b/2%,
b = 0.152 nm are the distances between adjacent carbon atoms. N,a corresponds to the translation operation, and
V/3N,a corresponds to the rotation operation.

Suppose that NV, = N,. Thus, we get the dispersion law for CNT of arm-chair type with metallic conductivity.
Note that IV, is the number of hexagons along the circumference of carbon nanotubes.

A current arising in a metallic carbon nanotube is due to electrons which are described by the dispersion law
for a branch crossing the Fermi level. The explored current is ballistic, i.e., flowing at times much shorter than the
electron’s relaxation times.

Using the standard Coulomb gauge [16] E = —JAc0t, the pulse electromagnetic field can be described by the
Maxwell equations as follows:

PE  9’E  O’E  n’(x,y,2) ’°E 4w,

Ox? + 02 + 022 c? o2 + ¢ =0 ®)
where E is the light pulse electric field, j is the current density resulted from the pulse electric field action upon
the CNT conduction band electrons, ¢ is time, ¢ is speed of light in the medium, n(z,y, z) is the coefficient
determining spatial variation of the carbon nanotube density.

The expression for the current density is given by:

J =D vup— ZAW) (a7.aps), @)
ps

where v, = Jes(p)/Op, and the angle brackets denote an averaging with nonequilibrium density matrix p(¢):
(B) = Sp(B(0)p(t)). Due to the motion equation, we obtain: (a,faps) = (a,aps),, where (B), = Sp(B(0)p(0)).
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Expanding vs(p) in a Fourier series and summing up over s and p, we get:

j = —eng Z By, sin (k:A(t))7
k

T/a
i S exp(—fes(p))
By = ;_// dpAys cos(kp) T eoxp(—Fes (o))

where ng is the concentration of equilibrium electrons in carbon nanotubes, 5 = 1/kT,

T/a

Aps = /vs(p)sin(k:p)dp

—7/a
are expansion coefficients decreasing with increasing k.
Finally, the nondimensionalized equation can be written in the form:

2 oo
367]23 + %% <88]iz> —n(z,7)sin(B) + kZQBkn(z,T) sin(kB) =0, r = /22 + y2. %)

Since there is a cylindrical symmetry, the summand, depending on the angle of rotation, tends to zero.

Note that equation (5) is a generalization of the well-known sine-Gordon equation.

Solving the problem, we neglect the diffraction spreading of the laser beam in direction along the CNT axis.
We ignore the substrate electric field as well. Note that since both the typical size of CNTs and the distance
between them are much smaller than the spatial domain typical size in which a few-cycle pulse is localized, we
can use the continuous medium approximation and consider the current distributed over the volume.

3. Results of numerical calculations

Equation (5) under study has been solved numerically using the explicit finite difference cross-type schemes [17].
The time and coordinate steps were determined from standard stability conditions, and decreased until the solution
changed in the eighth significant sign. Initial conditions for the vector potential of the light bullet electric field
were given by the equations in Gaussian form:

2
A(z,7,0) = Qexp (—(2_20) ) exp (_ﬂ) 7
Y= V=

dA(z,7,0) 2Quz z—20\° r?
= - exp (—— |,
dt! 72 Y= ) |y 7z

here @ is pulse amplitude, ~., ,- are the parameters determining the pulse widths in z- and r-direction respectively,
and v is the initial pulse velocity.

According to the numerical calculation results, the light bullet propagation is stable and the obtained evolution
is presented in Fig. 2.

As can be seen from the figures, the solution for three-dimensional light bullet in an inhomogeneous nonlinear
medium with metallic carbon nanotubes remains localized, but changes its spatial structure due to dispersion
effects. The simultaneous impact of both the medium’s nonlinearity and dispersion effects leads to complex
structure formation on the pulse’s trailing edge, which remains localized in a limited spatial domain.

The results of numerical simulation, depending on period of inhomogeneity are shown in Fig. 3. As expected,
a few-cycle pulse propagates faster as the lattice constant increases. It is obvious, that under the infinite lattice
constant due to lack of the interference effects the pulse will propagate with maximum velocity. Namely this fact
was confirmed in consequence of the numerical analysis results. The pulse shape distortion should also be noted.

The following result deals with the dependence of both the shape and velocity of few-cycle pulses on modu-
lation depth of nonlinear medium « and is shown in Fig. 4.

It should be noted that increase in modulation depth « leads not only to the pulse delay (for the reasons
mentioned above) but to a change in its shape as well, due to the strong interference. The obtained results can also
help to predict the value of pulse spreading when it slows down by means of nonlinear lattices in carbon nanotube
media.




438

M. B. Belonenko, 1. S. Dvuzhilov, Yu. V. Nevzorova, E. N. Galkina

ll_g " 12
s =
3 &
el 8 F
[} ] L ¥
8 0 E =] 0 =
= L =)
L S 2w =
&g R -
,_L 8- - ‘1 ’,‘a—lh = -~
B !} g = 8
= 81
= =
° ? © Ml 515
e Wi 0 100 200 300 400 500
X, 10-'m X, 1'm
HI_E Hl.z
. :
2 P %
E (=] 0 [y 8 s
o s =
S I o
= < = =% =
= = b -
a E o E
=N =
o 015 J -
0 100 200 300 400 500 = 200 300 400 500 4B
X, 107m X, 107m

F1G. 2. Propagation of the light bullet in inhomogeneous medium of metallic CNTs (y =
2.5 mcm is the lattice constant, « = 0.1 is the modulation depth) at a fixed period of time
T. A)4x107"2 5;B) 6 x 10712 5; C) 8 x 1072 s5; D) 10 x 107! 5. The relative units of
coordinates and electric field are along the axes
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F1G. 3. Propagation of the light bullet in inhomogeneous medium of metallic CNTs at a fixed
period of time 7" = 8 x 10712 s with different value of the lattice constant y A) 0.125 mcm;
B) 0.175 mem; C) 0.225 mem; D) 0.25 mem. Relative units of coordinate and electric field are
along the axes



Three-dimensional light bullets in heterogeneous medium of carbon nanotubes... 439

l 12 n 12

00
a0y

008
iC |

008
-

008
Y, 107m
0078

Y, 107m

00T
00T

]
&
ot
m

1]
=

&

=t

L))

0 100 300 300 400 500 Me i a0 AN e
X, 10-"m X, 10-'m

H

0 =

= [==]
———— B -]

<

> <

B E

= B

0 100 200 300 400 5000 0 100 200 300 400 500 L

X, 10"m X, 10'm

002  Q0F
f;
00E Q0¥

/A 0T
1
Q08

Y, 107m

aont

F1G. 4. Propagation of the light bullet in inhomogeneous medium of metallic CNTs (x = 5 mcm
is the lattice constant) at at fixed time with different modulation depth o A) 0.1a; B) 0.3c;
C) 0.7a; D) 0.9c.. The relative units of coordinates and electric field are along the axes

4. Conclusion

The performed investigation allows us to make the following conclusions:

1. The three-dimensional few-cycle optical pulse (light bullet) propagation in inhomogeneous medium with
metallic carbon nanotubes is stable.
2. The conversion of CNT conductivity type from semiconductor to metallic one does not significantly affect

the dynamics of three-dimensional few-cycle pulse propagation, which is of great importance for practical
applications.
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