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Nonlinear Modes of Electromagnetic Waves Propagating Through Magnetized
Periodic Nano-Particles Lattice

Nasser Sepehri Javan and Hadis Hashemi

Department of Physics, Mohaghegh Ardabili University, Ardabil, Iran

Abstract- Self-guided nonlinear propagation of an intense electromagnetic wave in a magnetized periodic array of nanoparticles is
studied. Using a perturbative method, nonlinear equation describing laser-nanoparticles interaction in the weakly relativistic regime
is derived. Transverse Eigen modes, nonlinear dispersion relation and group velocity are obtained. Effect of the amplitude of laser,
separation and size of nanoparticles, the intensity of the external magnetic field and the laser polarization on the nonlinear dispersion
and amplitude profile are investigated.
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1 Introduction

During interaction of laser beams with
nanoparticles array, parametric scattering of laser
can produce unstable electromagnetic (EM)
radiation with lower frequency by excitation of
plasmonic or acoustic collective vibrations via
parametric Raman [1] or Brillouin [2] instabilities.
Nonlinear interaction of laser with one-
dimensional periodically nanostructured metals can
lead to the localization of light in a region with
characteristic dimensions smaller than the incident
wavelength. This phenomenon called nano-
focusing. Such a nano-focusing property is
observed theoretically and experimentally in the
interaction of laser with determinate numbers or
chain of nanoparticles [3, 4]. A well-known
nonlinear optical phenomenon that appears via the
change of the medium refractive index exposed to
the intense EM radiation is Self-focusing [5].
There is an effective distance in which focusing
balances with diffraction and beam travels without
any convergence. This situation called self-
trapping or self-guiding regime. In this paper we
investigate propagation of an intense laser beam in
a magnetized periodic array of nanoparticles in the
self-guiding regime.

2 Motion Equations

Consider a nanoparticles lattice with radius r,,

separation d and electronic density n,. An (EM)
wave propagates along an external magnetic field
B,€, . We consider the EM fields as following

E = E[cos(kz—wt)8, —osin(kz—at)8,], (1)
B=(c/w)k xE, 2
where, E, w,k,c are the slowly varying

amplitude, frequency, wave number and light
speed, respectively. Also o =+1,—1 denote right-

and left-hand polarizations, respectively. We
assume that ions are immobile. To solve the
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motion equation for electronic cloud we use the
perturbative method. For Lorentz factor we have

Y9 =1 =0, y@=w"/c)? 3)
where superscript (n) refers to the nth order
perturbed parameters. For electronic cloud
displacement and  velocity we  consider
Fr=r%+r®+r®, v=v® +v® 1 v® Electric
and magnetic fields of the laser beam are of the
first order, obviously. Displacement of electronic

cloud results a restoration force (~a,/ J3)r,

2 2
where @p, =47e°n,/my, e and myare the

electron charge and mass, respectively. The
electron cloud motion equation is
2

%(w)+ a’ge r=—CE-—2 vx(B+By). ()

my m,C
Solving the first order equation leads to following
Q _ - eé / my

cos(kz—at), (5)

- (a)SeIB)—a)2 + oww,

yW = 2 2
(@5 [3) — 0” + oW,

sin(kz—awt), (6)

and z" =0, where @, =eB,/myC. The second
order motion equation can be derived as below

@ @2r®
d\cllt + "'33 =S [WOxB+v®@xB,], (7)
MyC

which leads to r®® =0. Finally, with the same
manner, third order motion equation results

@_ _ a‘w'ccos(kz—at) ®)
2[((05e 13)—w® + cm)a)c]4

% cosin(kz—at) ©)
A(wh, 13) - 0 + owar, ]*

and z® =0, where a = eE/(myax).

3
y©@ =

3 Transverse Amplitude Profile and
Nonlinear Dispersion Relation
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In order to obtain the nonlinear dispersion relation,
we need to find the nonlinear current density

J=—4zenylv/3, where |=(r,/d)*. Using
Maxwell equations results the following wave
equation

2
vE_vve- 7, LIE
c- ot c° ot
By constituting current density and cylindrical
symmetry of amplitude we obtain

(10)

d’a loa_ K2 —a%)a_ 4mal o’

oF2 T or 1-3%° + 300 @, 11)
2—2

x{1+ /2

[1/3)-&° +oo@, >
where ko, /=K, olw, =0, o/ 0, =,
and ra)pe/c:F. Integrating the both sides of

equation (11) with respect to Tand using the
following boundary conditions

{da/dF:O &a=ayat r=0

, 12
da/dr=0 &a=0 at THw (12)
lead to the following nonlinear dispersion
—4d®°13 o’ 2
1/3-@% +oaw,  (3-a°+00a,) 13
21 j 2 (Eyar—o.

Figure (1) shows the nonlinear dispersion curves
for different values of | where a,=0.05 and

@, =0.4. 1t can be seen that larger | have the

greater cut-off frequency. Moreover there are two
possible frequencies for propagation of the EM
modes for any values of wave number. The lower
(low-frequency) branches asymptotically approach
to the @~ 0.81 for right-hand and @~ 0.41 for
left-hand waves. The upper branch waves (high-
frequency) asymptotically approach to @ =Kkc at
large @ and k. Dispersion curves of EM waves
with right-hand polarization are placed higher than
left-hand ones.
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Fig. 1 Dispersion curves, a, =0.05 and @, =0.4.

Figure (2) has been plotted to investigate the laser
intensity effect on the dispersion curves. It can be
seen that in identical situations, the wave with
higher intensity can propagate with lower
frequencies. The more noticeable fact is that the
lower branch corresponds to the left-hand wave
with very small intensity starts from a point near
its asymptote. This means that the group velocity
of such a curve is near zero from the beglnnlng
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Fig. 2 Dispersion curves, | =0.03 and @, =0.4.
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Fig. 3 Dispersion curves, a, =0.05 and |1 =0.03.

In Fig. (3) effect of external magnetic field on
dispersion curves has been studied. Increase in the
external magnetic field causes the up-shift of
frequency for right-hand mode and its down-shift
for left-hand one. The group velocity of
propagating EM waves can be found with
numerical differentiation from the dispersion
relation. Figure (4) presents group velocities
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normalized by the light speed for dispersion curves
corresponding to Fig. (1). As it can be seen the
lower branches of dispersion curves start from a
value far from zero; reach a maximum value and
then fall to zero asymptotically. But the upper
branches start from low values and grow to light
speed. Left-hand polarized waves tend to
asymptotes more rapidly than right-hand ones.
However, right-hand waves have maximum values
higher than left-hand ones. In addition, lower
values of | cause the higher group velocities.
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Fig. 4 Group velocity, a;=0.05 and @, =0.4.

In order to study the effect of the magnetic field on
the group velocity, we have plotted Fig. (5). For
lower branches, increase in the external magnetic
field leads to the increase in the group velocity of
the right-hand polarized waves and it inversely acts
to left-hand ones. For upper branches, scenario
changes and increase in the magnetic field results
to the decrease of group velocity for right-hand
modes its increase for left-hand ones.
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Fig. 5 Group velocity, 1 =0.03and a; =0.05.

Now that we have the numeric data for @ and k,
we may proceed to find the transverse profile
modes of the laser from Eq. (11). Fig. (6) shows
the transverse profile modes for @s which has
been labelled in Fig. (1), in two separate graphs for
right- and left-hand polarizations. The behaviour of
curves is different for different polarizations. We

can see for right-hand modes, in a fixed k on the
dispersion curves plane, width magnitude for

1582

modes is arranged by the increase in the group
velocity. And the more group velocity the more
width and the less localization. The inverse
procedure is happening for left-hand modes.
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Fig. 6 Amplitude profiles a; =0.05 and | =0.03.

4 Conclusions

Nonlinear dispersion relation, group velocity and
transverse amplitude profile are obtained for
interaction of laser with magnetized nanoparticles
lattice. It is shown that increase in the maximum
amplitude and also in the ratio of nanoparticles
radius to the separation lead to the localization of
laser beam transversely. Furthermore, it is found
that for the points with lower group velocities, left-
hand polarized laser beam localizes more than
points with greater group velocities.
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