Laser and Particle Beams

cambridge.org/lpb

Research Article

Cite this article: Sharma S, Vijay A (2019).
Nonlinear laser absorption over a dielectric
embedded with nanorods. Laser and Particle
Beams 37, 381-385. https://doi.org/10.1017/
50263034619000545

Received: 2 January 2019
Accepted: 19 July 2019
First published online: 11 November 2019

Key words:
Dielectric surface; laser absorption; nanorods;
plasma frequency

Author for correspondence:

A. Vijay, Department of Physics,

GLA University, Mathura-281406, India.
E-mail: anujvijay@gmail.com

© Cambridge University Press 2019

CAMBRIDGE

UNIVERSITY PRESS

Nonlinear laser absorption over a dielectric
embedded with nanorods

Soni Sharma and A. Vijay

Department of Physics, GLA University, Mathura-281406, India

Abstract

An analytical formalism of laser absorption in a nanorod embedded dielectric surface has
been developed. Nanorods lie in the plane of the dielectric, in the form of a planar array.
A laser, impinged on them with an electric field perpendicular to the lengths of the nanorods,
imparts oscillatory velocity to nanorod electrons. As the free electrons of a nanorod are dis-
placed, a space charge field is developed in the nanorod that exerts restoration force on the
electrons and their drift velocity shows a resonance at ® = w,/+/2, where ®, denotes the
plasma frequency of free electrons inside the nanorod. It is inhibited by collisions and nano-
rod expansion. At the resonance, the electrons are efficiently heated by the laser and laser
energy is strongly absorbed, resulting in significant reduction in laser transmissivity. The
transmissivity decreases with laser intensity.

Introduction

Anomalous absorption and scattering of laser by nanoparticles, clusters, and nanotubes is a subject
of significant interest. Surface plasmon resonance plays an important role in these processes and
gives rise to the phenomenon of surface enhanced Raman scattering (Phipps et al, 2014;
Yoneda et al., 2014). Intense short-pulse laser interaction with deuterium clusters gives rise to
ion Coulomb explosion and high yield neutron production (Ditmire et al, 1999; Liu and
Tripathi, 2003). Anharmonic clusters, embedded in gases, are efficient generators of laser harmon-
ics (Kumar and Tripathi, 2013). Amendola et al. (2005) have found that gold nanoparticles, syn-
thesized by laser ablation of gold plate in toluene, do not show their characteristic surface
plasmon absorption due to a graphitic matrix. Ahmad and Tripathi (2006) have shown strong
absorption of laser normally incident on a metal surface embedded with nanoparticles when the
laser frequency approaches the frequency of surface plasmon oscillations. Thareja and Sharma
(2006) have reviewed the physical effects on metallic surface by high-power ration. Pustovalov
(2004) studied the heating of spherical solid metal particles by a laser pulse. Kumar and Verma
(2011) have found that 40% reduction in metal reflectivity with radius 7,y ~ 50 A of single layer
of nanoparticles placed at distance d ~ 10ry,,, for a p-polarized infrared laser.

Hwang et al. (2009) have studied reflectivity reduction of metals due to an increase in the
effective surface area by the presence of nanorods. It has been observed experimentally that
laser absorption occurs due to nanorods over dielectric surfaces, revealing that the nanostruc-
tures provide stronger laser-material coupling. Nanorod suspensions in liquids show optical
constraining properties (Link ef al., 2001). Deepika et al. (2015) have studied the effect of static
magnetic field on surface plasmon resonance in nanoparticles. Burakov et al. (2007) have
observed laser-induced changes in dielectric properties in transparent materials. Bendib
(2017) has studied kinetic effects and found that collisional heating in the non-linear regime
leads to velocity space anisotropy in electron distribution.

In the current paper, we study the nonlinear absorption of laser over a dielectric surface in
the presence of metallic nanorods. The laser imparts oscillatory velocity to nanorod electrons
that acquire resonantly a large value at surface plasmon resonance. The collisions randomize
the drift momentum and give rise to power dissipation from the laser. At high laser intensity,
the electron temperature rises significantly and nanorods undergo expansion and adiabatic
cooling. This leads to reduction in plasmon frequency. In an initially over dense (having
wp > ®+/2), the surface plasmon resonance can be observed in the expansion phase.

In the section “Laser absorption with nonexpanding nanoroads”, we study the linear
absorption of normally impinged laser over a dielectric surface having non expanding nano-
rods. In the section “Nonlinear absorption with expanding nanoroads”, we study the nonlinear
power absorption in expanding nanorods. The results are discussed in the section
“Discussion”.

Laser absorption with nonexpanding nanoroads

Consider a dielectric (z> 0) of refractive index m, embedded by a layer of metallic nanorods of
length J, radius r,,, free electron density n), and relative lattice permittivity €, aligned along 7.
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The inter-rod separation is d (Fig. 1). A laser is normally
impinged on the surface with electric field:

—

Ei = kEoei(mtimz/C) (1)

The field of the laser reflected from the dielectric may be
written as

E’R — kRAEOe—(mH—wnz/c) (2)
whereas the laser field inside the dielectric as
Ep = &TpEge™ @'~/ 3)
where R, and T, are the amplitude reflection and transmission
coefficient’s deduced below.
At z=0, the auxiliary magnetic field of the laser undergoes a

jump.

- - = D o o
UsingVxH=]+—or§H- -dl =
deduce the jump condition:

I(ﬁ x H) - dS, one may

H}’n - H)’I = _]Sx

Ay _; A )
where H}’l — _Oe—z(wt—mz/c), Hyu =Ty 0 ne—z(mt—wnz/c)’
Cy Cho
Jsx = —ngevxmry I and vx = BEr = BTAE
where P is the electron mobility deduced below.
A A
(1-R) 2 =Ty—2n + Jsy
Clo Clo
Ao s
= Ta—m — noeBmr, ITAAy (4)
Clo !
(1= Ry) = Ta(n — eBrry lepg)
(14+Ry) =Ta (%)
On solving Egs. (4) and (5),
epmr? 1
2 Lo+
Ty=— " Ry=——— € 6
A eBmr? | A eBmr? | ©
14+q——" 147 - -
c c
The electric field inside the nanorod is
Er = E + Er = #TaEpe ™" (7)

The electron excursion under this field is governed by the
equation of motion

(o5}
5]
By

(1)?, A—* _ —eET 8&

e

(©))
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where u) ("o e?/mey), v is the electron ion collision frequency.
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By_§ubst1tut1ng d/0t = —iw, we obtain _grom Eq. (8) the excur-
sion A and velocity of electron v = 8 A /at,

- E
A — (eET)/m eiot 9)

)

and

(—iw)(eEyTy)/m

=g PBEr= o2
2
[(-3) ]

e—i(x)t (10)

where

The velocity has a part in phase with the electric field of the
laser and another part out of phase by m/2. The former gives
rise to time average power absorption by the electrons,

H=—-(ReE .ReV)H == (Re(—¢ E 1) - Re V)

l\)lb—'
NI'—'

2| Ta|*Evw?

2m|:(w2 — %) + (‘,2002)]

where < > denotes the time average. The number of nanorods per
unit area is N = 1/d”. Hence, the power absorbed per unit time per
unit area in the nanorods of radius r,, is

, 1)

N(*n'rfl0 )| Ta|*Eve?

N2
2m|:<w2 - u;p) + (vzu)z):|

_ N(u)flrrflo D)|Tal*E3ve? (12)

o\’
8| | w? _TP + (v2w?)

Considering P;, is the total incident laser power per unit area,
then the resultant laser field inside, from Eq. (7), is

Pabs =

epmr; |

E? = 8mPy, /c|1 (13)

n
+2

E, is related to the incident power per unit area Py, = A2/2u,c
and |ET| = [lTAIAO] = [ZP-OCPin]m|TA|-
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Fig. 1. Schematic of normal incident laser over a dielectric surface embedded with
nanorods.
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Fig. 2. Variation of absorption coefficient with laser frequency. For typical parame-
ters r,, /d =0.01, 0, =4x 10", v/0=0.01 at different [=250 and 500 nm.
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The absorption coefficient or fraction of incident laser power
absorbed is

202 /32 2
P T (r: /d) v
sz— e |Tal? (14)
in W
2¢| | w2 — 71) + (vZw?)

when ® ~ w,/+/2, the absorption coefficient is greatly enhanced,

L Amled /) s
B n  epwr I’
oft+7 - F
2 c

One can observe that F increase resonantly as w ~ oop/ﬁ.
Equation (14) has solved mathematically using the parameter:
Ta/d=0.01, r, =1nm, ©,=4x10"rad/s, and v/©=0.1.
We have plotted the absorption coefficient versus laser fre-
quency in Figure 2. The absorption coefficient increased up to
0.60 for normal incidence and it also increases with increasing
the length of the nanorods. The appreciable reduction of the
absorption coefficient on changing the resonant frequency
about 5% but inside the nanorod the resonant absorption is
insignificant.

Nonlinear absorption with expanding nanoroads

As the electrons of nanorods get heated, the nanorods undergoes
ambipolar radial expansion at the acoustic speed,

T\ /2
&= ()
mi

and nanorod radius evolves with time as

Tor = Ty, + Cst, (16)
The corresponding plasma frequency falls as
mf,o rio = mf,rf, 17)

W€ |E =4 % _3"
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Fig. 3. The enhancement in temperature with time for
different normalized intensities *|E*/3m” and normal-
ized frequencies wp/o.
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The electron—ion collision frequency decreases with electron
temperature as

Cit\
v=vo(Te/To)—3/2<1+—S) ,

reo

(18)

where at lattice temperature, v, is the collision frequency.

According to the energy balance equation, laser energy is
absorbing by the free electrons inside a nanorod, resulting into
high temperature,

3dT. _ 2| E*vw? (19)

2dt 2 -3\ 2
3m|:<w2 ——p<1 —}—Cit) ) +(v2w2):|
2 1)

For short intense pulses we have ignored the energy transfer
from the electrons to the lattice.
Using t =vt, t' = (Cs/re,)t and dt’ = (Cy/1,,)dt

T\ 32
2 E2 ¢
el |V0<—TO>
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On solving Egs. (21) and (22) for the following parameters of
nanorod : ®=2x 10" rad/s, w,/0=3 =5, ry,=1—10 nm, r,,/d
=0.01, /=100 nm and €’| E[*/3mo’Ty=4—6.

In Figure 3, we have plotted T./T, versus time for different
parameters. For a given nanorod radius, the electron temperature
rises sharply at time ¢ =tz when the plasmon resonance is real-
ized. The value of ty is bigger for thicker nanorods as they take
longer time to expand. However, fy decreases with laser intensity
as the electron temperature rises more rapidly. We have plotted in
Figure 4, the absorption coefficient versus time for different thick-
ness of nanorods. For a particular nanorod radius, the absorption
coefficient increases rapidly at ¢ = . If the thickness of nanorod is
increased the absorption saturates at higher levels.

Discussion

The nanorods over a dielectric surface offer an efficiently absorb-
ing layer for infrared laser. The absorption is large at surface

AT/T) _ 1o

dt/ Cs (.02 2 \)2 T _3 (20)
3mo?Ty(1 + t’)3|:(1 -—L2a+ t’)‘3) +— (—) a+ t’)_6:|
2w w? \ T,
On solving Eq. (18),we get
3(Te/To) EIEvo(Te/Ty) >
ot - s (21)
2 AT/ Ty) 3| 1 +g
o\’ o? AN 01 fe/ 20 Teo
3mw?To| 14+ = -1+ + c
i 2w? 0 w?
where C,, = (To/m,»)l/z.
One can obtain the absorption coefficient as done in Eq. (17),
Cit\ >
» 4ol (r2, /Ao (Te/ To) (1 - —)
F= ;bs — L) (22)
mn
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plasmon resonance. High intensity picosecond laser pulses, of
pulse duration greater than the electron ion collision time, lead
to heating of electrons and nanorod expansion at acoustic
speed. The adiabatic cooling of electrons on expansion is signifi-
cant. For expanding nanorods, plasmon resonance evolves in
time. In case of high electron density nanorods, the plasmon fre-
quency is initially larger than the laser frequency. However, as the
nanorods expand, the plasmon frequency falls and plasmon reso-
nance is realized later in time. With nanorods of higher free elec-
tron density, plasmon resonance occurs later in time. The
absorption peaks are sharp and size dependent. On increasing
the separation between nanorods, the areal density (number of
nanorods per unit area) decreases and the absorption falls.
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