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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 v = vp/

��
2

√
, where ωp 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 rnp0≈ 50 Å of single layer
of nanoparticles placed at distance d� 10rnp0 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 et 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
vp . v

��
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 η, embedded by a layer of metallic nanorods of
length l, radius rn0 , free electron density n00, and relative lattice permittivity ϵL aligned along ŷ.
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The inter-rod separation is d (Fig. 1). A laser is normally
impinged on the surface with electric field:

�Ei = x̂E0e
−(vt−vz/c) (1)

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

�ER = x̂RAE0e
−(vt+vhz/c) (2)

whereas the laser field inside the dielectric as

�ET = x̂TAE0e
−(vt−vhz/c) (3)

where RA and TA are the amplitude reflection and transmission
coefficient’s deduced below.

At z = 0, the auxiliary magnetic field of the laser undergoes a
jump.

Using �∇ × �H = �J + ∂�D
∂t

or
∮
�H · d�l = �

(�∇ × �H) · d�S, one may
deduce the jump condition:

HyII −HyI = −JSX

where HyI =
A0

cm0
e−i(vt−vz/c), HyII = TA

A0

cm0
he−i(vt−vhz/c),

JSX = −n0evXpr2n0 l and vX = bET = bTAEI

where β is the electron mobility deduced below.

(1− RA)
A0

cm0
= TA

A0

cm0
h+ JSX

= TA
A0

cm0
h− n0ebpr

2
n0 lTAA0 (4)

(1− RA) = TA(h− ebpr2n0 lcm0)

(1+ RA) = TA (5)

On solving Eqs. (4) and (5),

TA = 2

1+ h− ebpr2n0 l

c

, RA =
1− h+ ebpr2n0 l

c

1+ h− ebpr2n0 l

c

(6)

The electric field inside the nanorod is

�ET = �Ei + �ER = x̂TAE0e
−vt (7)

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

∂2�D

∂t2
+ v2

p

2
�D = −e�ET

m
− n

∂�D

∂t
(8)

where v2
p = (n00e2/m10), ν is the electron ion collision frequency.

By substituting ∂/∂t =−iω, we obtain from Eq. (8) the excur-
sion D

�
and velocity of electron v�= ∂D

�
/∂t,

D
�= (e E�T)/m

v2 − v2
p

2

( )
+ inv

[ ] e−ivt (9)

and

n�= d D
�
dt

= b E
�

T = (−iv)(eE0TA)/m

v2 − v2
p

2

( )
+ inv

[ ] e−ivt (10)

where

b = −ive

m v2 − v2
p

2

( )
+ inv

[ ] e−ivt

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

H = 1
2
〈Re E�T .Re v

�〉H = 1
2
〈Re(−e E

�
T) · Re v�〉

= e2|TA|2E2
0nv

2

2m v2 − v2
p

2

( )2

+ (n2v2)

[ ] , (11)

where < > denotes the time average. The number of nanorods per
unit area is N = 1/d2. Hence, the power absorbed per unit time per
unit area in the nanorods of radius rn0 is

Pabs =
N(pr2n0 lnnr)e

2|TA|2E2
0nv

2

2m v2 − v2
p

2

( )2

+ (n2v2)

[ ]

= N(v2
nrr

2
n0 l)|TA|2E2

0nv
2

8 v2 − v2
p

2

( )2

+ (n2v2)

[ ] (12)

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

E2 = 8pPin/c 1+ h

2
− ebpr2n0 l

c

∣∣∣∣
∣∣∣∣
2

(13)

E0 is related to the incident power per unit area Pin = A2
0/2m0c

and |ET| = [|TA|A0] = [2μ0cPin]
1/2|TA|.
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The absorption coefficient or fraction of incident laser power
absorbed is

F ;
Pabs
Pin

= pv2
pe(r

2
n0/d

2)lnv2

2c v2 − v2
p

2

( )2

+ (n2v2)

[ ] |TA|2 (14)

when v � vp/
��
2

√
, the absorption coefficient is greatly enhanced,

F = 4pv2
p(r

2
n0/d

2)l

cn 1+ h

2
− ebpr2n0 l

c

∣∣∣∣
∣∣∣∣
2 (15)

One can observe that F increase resonantly as v � vp/
��
2

√
.

Equation (14) has solved mathematically using the parameter:
rn0/d = 0.01, rn0 = 1 nm, ωp = 4 × 1015 rad/s, and ν/ω = 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,

Cs = Te

mi

( )1/2

and nanorod radius evolves with time as

rnr = rn0 + Cst, (16)

The corresponding plasma frequency falls as

v2
p0
r3n0 = v2

pr
3
n (17)

Fig. 1. Schematic of normal incident laser over a dielectric surface embedded with
nanorods.

Fig. 2. Variation of absorption coefficient with laser frequency. For typical parame-
ters rn0 /d = 0.01, ωp = 4 × 10

15, ν/ω = 0.01 at different l = 250 and 500 nm.

Fig. 3. The enhancement in temperature with time for
different normalized intensities e2|E2|/3mω2 and normal-
ized frequencies ωp/ω.
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The electron–ion collision frequency decreases with electron
temperature as

n = n0(Te/T0)
−3/2 1+ Cst

rc0

( )−3

, (18)

where at lattice temperature, ν0 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,

3dTe

2dt
= e2|E2|nv2

3m v2 − v2
p

2
1+ cst

rc0

( )−3
( )2

+ (n2v2)

[ ] (19)

For short intense pulses we have ignored the energy transfer
from the electrons to the lattice.

Using t
′
= νt, t′ = (Cs/rc0 )t and dt′ = (Cs/rc0 )dt

On solving Eq. (18),we get

where Cs0 ; (T0/mi)
1/2.

One can obtain the absorption coefficient as done in Eq. (17),

On solving Eqs. (21) and (22) for the following parameters of
nanorod : ω = 2 × 1015 rad/s, ωp/ω = 3− 5, rnr = 1− 10 nm, rnr/d
= 0.01, l = 100 nm and e2| E|2/3mω2T0 = 4− 6.

In Figure 3, we have plotted Te/T0 versus time for different
parameters. For a given nanorod radius, the electron temperature
rises sharply at time t = tR when the plasmon resonance is real-
ized. The value of tR is bigger for thicker nanorods as they take
longer time to expand. However, tR 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 t = tR. 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

∂(Te/T0)
dt′

= rc0
cs

e2|E2|n0 Te

T0

( )−3/2

3mv2T0(1+ t′)3 1− v2
p

2v2
(1+ t′)−3

( )2

+ n20
v2

Te

T0

( )−3

(1+ t′)−6

[ ]
⎡
⎢⎢⎢⎢⎢⎣

⎤
⎥⎥⎥⎥⎥⎦ (20)

∂(Te/T0)
∂t

= e2|E|2n0(Te/T0)
−3/2

3mv2T0 1+ cst
rc0

( )3

1− v2
p

2v2
1+ cst

rc0

( )−3
( )2

+
n20(Te/T0)

−3 1+ Cst
rc0

( )−6

v2

⎡
⎢⎢⎢⎣

⎤
⎥⎥⎥⎦

(21)

F ;
Pabs
Pin

=
4pv2

p(r
2
nr/d

2)ln0(Te/T0)
−3/2 1+ Cst

rc0

( )−3

cv2 1− v2
p

2v2
1+ cst

rc0

( )−3
( )2

+
n20(Te/T0)

−3 1+ Cst
rc0

( )−6

v2

⎡
⎢⎢⎢⎣

⎤
⎥⎥⎥⎦ 1− ih2

k1z
a

∣∣∣∣
∣∣∣∣2

(22)
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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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useful discussions.

References

Ahmad A and Tripathi VK (2006) Nonlinear absorption of femtosecond laser
on a metal surface embedded by metallic nanoparticles. Applied Physics
Letters 89, 153112.

Amendola V, Rizz GA, Polizz S and Meneghetti M (2005) Synthesis of gold
nanoparticles by laser ablation in toluene: quenching and recovery of the
surface plasmon absorption. Journal of Physical Chemistry B 109, 23125–
23128.

Bendib A (2017) Nonlinear collisional absorption and induced anisotropy in
plasmas heated by an intense laser field. Physics of Plasmas 24, 070702.

Burakov IM, Bulgakova NM, Stoian R, Mermillod-Blondin A, Audouard E,
Rosenfeld A, Husakou A and Herte IV (2007) Spatial distribution of

refractive index variations induced in bulk fused silica by single ultrashort
and short laser pulses. Journal of Applied Physics 101, 043506.

Deepika, Chauhan P, Varshney A, Singh DB and Sajal V (2015) Enhanced
absorption of surface plasma wave by metal nanoparticle in the presence of
external magnetic field. Journal of Physics D: Applied Physics 48, 345103.

Ditmire T, Zweiback J, Yanovsky VP, Cowan TE, Hays G and Wharton KB
(1999) Nuclear fusion from explosions of femtosecond laser-heated deute-
rium clusters. Nature 398, 489–492.

Hwang TY, Vorobyev AY and Guo C (2009) Ultrafast dynamics of femtosec-
ond laser-induced nanostructure formation on metals. Applied Physics
Letters 95, 123111.

Kumar A and Verma AL (2011) Nonlinear absorption of intense short pulse
laser over a metal surface embedded with nanoparticles. Laser and Particle
Beams 29, 333–338.

Kumar M and Tripathi VK (2013) Nonlinear absorption and harmonic gen-
eration of laser in a gas with anharmonic clusters. Physics of Plasma 20,
023302.

Link S, Burda C, Nikoobakht B and El-Sayed MA (2001) How long does it
take to melt a gold nanorod?: A femtosecond pump–probe absorption spec-
troscopic study. Chemical Physics Letters 315, 12–18.

Liu CS and Tripathi VK (2003) Ion Coulomb explosion of clusters by a
Gaussian laser beam. Physics of Plasmas 10, 4085–4089.

Phipps CA, Zhigilei L, Polynkin P, Baumert T, Sarnet T, Bulgakova N,
Bohn W and Reif J (2014) Laser interaction with materials: introduction.
Applied Optics 53, LIM1–LIM3

Pustovalov VK (2004) Theoretical study of heating of spherical nanoparticle
in media by short laser pulses. Chemical Physics 308, 103–108.

Thareja RK and Sharma AK (2006) Reactive pulsed laser ablation: plasma
studies. Laser and Particle Beams 24, 311–320.

Yoneda H, Inubushi Y, Yabashi M, Katayama T, Ishikawa T, Ohashi H,
Yumoto H, Yamauchi K, Mimura H and Kitamura H (2014) Saturable
absorption of intense hard X-rays in iron. Nature Communication 10, 1038.

Fig. 4. Variation in absorption coefficient with time for
different values of e2|E2|/3mω2 and rc0 /d.

Laser and Particle Beams 385

https://doi.org/10.1017/S0263034619000545 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034619000545

	Nonlinear laser absorption over a dielectric embedded with nanorods
	Introduction
	Laser absorption with nonexpanding nanoroads
	Nonlinear absorption with expanding nanoroads
	Discussion
	Acknowledgement
	References


