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This paper presents a theory that allows one to calculate the energy absorbed by spheroidal metal nanoparticles
when irradiated by ultrashort laser pulses of different duration in the region of surface plasmon resonance. Simple
analytical expressions are obtained to calculate the absorption energy dependent on the frequency of carrier laser
wave, on the pulse duration, and on the ratio between the axes of the ellipsoids. It is shown that at the frequency of
the carrier (laser) wave, which coincides with that of the surface plasmon, the maximum absorption is observed for
spherical nanoparticles. As the carrier frequency deviates from the surface plasmon one, two maxima appear in the
absorption spectrum, dependent on the ratio of spheroidal axes: one corresponds to the elongated particles and the

other to the flattened ones.
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INTRODUCTION

Metal nanoparticles are interesting objects
from both the point of view of condensed matter
physics and the practical point of view. An
increase in local electric fields near nanoparticles,
due to surface plasmon resonance [1], caused by
laser radiation, makes them useful for use in solar
energy [2], biology [3], and medicine [4]. Metal
nanoparticles serve as a basis for a new direction
in the development of electronics -
nanoplasmonics [5]. Since the beginning of the
XXI century intensive research has begun on the
creation of an element base for integrated circuits
on plasmons, the use of plasmons in energetics,
and the creation of surface plasmon amplification
(SPASER - surface plasmon amplification by
stimulated emission of radiation) analogs of a
laser in which plasmons are used instead of
photons [6]. Even more interesting is the behavior
of metal nanoparticles in the field of ultrashort
laser radiation. First, the short duration of such
pulses (of the order of 1071 s) makes it possible to
study the dynamics of electronic processes in
metal nanoparticles, as well as all kinds of
nonlinear optical phenomena. Second, the
ultrashort laser pulse (ULP) contains almost all
harmonics, including those that coincide with
plasmon resonances, which make a major
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contribution to the absorption of light by metal
nanoparticles. If the nanoparticle is spherically
symmetric, it will be characterized by one
plasmon resonance, and if the particle is
ellipsoidal in shape, then there will be three such
resonances. This feature of the absorption of ULP
by metal nanoparticles will be studied in this
paper. Another feature that effects the absorption
is associated with the shape of nanoparticles.
Earlier, it was shown that in the case of
asymmetric metal nanoparticles, the optical
conductivity, which is determined by the electrical
absorption and the width of the plasmon
resonance line, becomes a tensor value [8].

This paper considers the peculiarities of the
absorption of ULP by metal nanoparticles with
sizes much smaller than the free path of electrons
in them. In particular, the energy absorbed by
metal nanoparticles in the process of plasmon
resonance was found, when the carrier frequency
of ULI coincides with that of plasmon resonance,
and when this frequency deviates from the
resonant one.

MATERIALS AND METHODS

Let us consider the case when an ensemble
of metal nanoparticles is irradiated with a laser
pulse, the electric field of which is given by the
following expression
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E(rt)=E, [—Fé [t— E:Jz}co{wo [t—i}—:ﬂ (1)

where wo — is carrier frequency of the electro-
magnetic wave (laser pulse), Ko‘zwo/c, I'o —is
the value inverse to the duration of the laser
pulse, E, — is the maximum value of the electric
field strength in the laser pulse.

In addition to the electrical component, the
laser pulse also has a magnetic component,

which can be found from the corresponding
Maxwell equation:

rot E(F,t):—%aHg’t). @

The simplest relationship between the
Fourier components of these quantities looks
like:

H(F,0)=mxE(F,0), €)

where m=k, / k, — unitary vector.

Now we find the Fourier component of the
electric field of the laser pulse (1), which can be
written as follows:

E(F,0)= ]: E(r,t)e"dt =E, %exp{iﬁof(wﬁoﬂ{ex{—%J + exp[-%}}. (4)

In the simplest case, whenT", — 0, from (4) we will obtain:

my

0

The electric field of the laser pulse induces
inside the metal nanoparticle a potential electric

field E, (r,t), and a magnetic vortex electric

field E, (r,t). If the characteristic size of the

nanoparticle R satisfies the inequality k,R<<1,

then the Fourier coordinate dependence of the
components of the electric and magnetic fields of
the laser wave can be neglected [7]. For an
ellipsoidal nanoparticle, this allows us to obtain
the following expressions for internal potential

E; (0,) and vortex EJ (0,) electric fields as
[8]:
E (0,0)

(r.o) =7 exp{iﬁor[wﬁ]}[a(w_%) +5(0+ay)). ()

X H y z
E, =I—- —Hg(O,a))—ﬁHo(O,a)) )]
R RX+Ry
Here &(w)=¢'(w)+ie"(w) — is the complex
dielectric constant of the metal nanoparticle,
Li — geometric factors (depolarization
coefficients), j=x¥,z, R,R,,R, — are the

half-axes of the ellipsoid in the x, y and z
directions, respectively.

The internal fields E, (r,t) and E,(F,t)
induce the corresponding currents j, (¥,t) and

E)(0,0)= , 6 j,, (F,t). Therefore, the total energy absorbed b
i the metal nanoparticle will be equal to [9]
W= J.w(t)dt:We W, :%Rejdtjdr[]e(r,t)é;;(r,t)+ o (FOEL (r0)] ®)

—0 -0 \Y

where V — is the volume of the nanoparticle, w(t) — is the power absorbed by the nanoparticle.
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The absorption caused by the field E, (T ,t)
is called electric (We), and the absorption caused
by the field E, (¥,t) — is called magnetic (Wm)

one. Turning to the Fourier representation,
relation (8) can be rewritten as follows:

1| T e e
vv=EjdwReJdr[Je(r,m)Em(r,w)+
+ jvr (F’ a)) E\fr (r’ a))] (9)
In the general case, the current j(f,o) at

point r inside the nanoparticle caused by the
internal fields E, (0,0) and E, (F,®), can be
written as follows [10]:

i(r.0)= 26[2_:;7)3 IO\?fl(F,\?,a))d\?,

(10)
where e — is the electron charge, m — is the
electron mass, f,(F,V,w) — is the Fourier

component of the nonequilibrium electron
distribution function in the nanoparticle which
serves as an additive to the equilibrium Fermi
distribution function fo(e).

The Fourier ~ component  of  the
nonequilibrium electron distribution function
which given as

f.(rv,o)= .[ f,(r,V,t)exp(iot)dt, (11)

can be found as a solution of the corresponding
linearized Boltzmann kinetic equation which
will be present in the following form:

i)ty ES0),
+eV[Em(a))+Evr(r,a))]afg(gg)ZO. 12)

Here y is the collisions frequency of
electrons in the particle bulk.

Equation (12) must be supplemented by
appropriate boundary conditions. As such, we
choose the condition of diffuse reflection of
electrons from the inner surfer of the
nanoparticle
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f,(r.v,0), =0, v, <0. (13)

In (13), v, is the normal to the surface S

component of the electron velocity. The
substantiation of such boundary conditions can
be found, in particular, in [11]. Equation (12) is
easiest to solve by moving to new variables

, R R

— - r_ -
xi—xiR, vj—ij,
i i

in which the ellipsoid takes the form equal in
volume to a sphere with a radius R = /R R? .

Dependent on the frequency of the laser
wave, its polarization and the shape of the
nanoparticles, the dominant mechanism of
energy absorption in a nanoparticle can be both
electrical and magnetic absorption [11]. On the
other hand, dependent on how much the
frequency of the incident laser wave differs from
that of the plasmon resonance, individual or
collective absorption mechanisms may be
prevalent. In this paper, we consider the
absorption of ultrashort laser pulses in the region
of plasmon resonance. Thus, we will take into
account the collective (plasmon) absorption
mechanism, which is part of the electrical
absorption. Therefore, magnetic absorption can

be neglected by placing E, (F,®)=0. In this

case, the solution of equation (12) can be found
as follows:

. 1_ (v_i tr arl !
(7o) = e, PO ()],

S (1

In

y-iw 0¢
Within the zero approximation for a small
parameter (KT /&) in (14) % can be replaced
&

by ‘5(5‘&); here g. — is Fermi energy. In
(14) a notation is introduced:

t'(F,v) =V%{F'\7’+\/(R2 —r (1) }

Now let us consider the energy absorption of
laser radiation by metal nanoparticles under
conditions of plasmon resonance. In this case,
the predominant mechanism of energy
absorption will be electrical absorption, because
under conditions of plasmon resonance there is a
collective mechanism of energy absorption.
Thus, substituting (10) and (14) in (9), we can
find the following expression for the total energy

(15)
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absorbed by the metal particle under conditions 1.. a
of plasmon resonance: 5(X)=;|'m|ﬁo 2 (17)
3% a)40'.. a) E(O) O,a) 2 (2 2
W=~ j ) (©0) do. (16) For our case @=47Lo(@)o. X' =(0"-0f),
br it (o ~af) +4rL,0;(0)o] Having carried out in (16) integration on

foth I . . I frequency by means of & — function (17) we
It the plasmon attengatlon IS~ sma will obtain for the energy absorbed by a metal
(7(@)=4zL0; (@) —0), then in (16) we can use nanoparticle, the following expression

the following representation for the J-function [12]:

2

~ v (w_} Z EJ exp (fjrz “ ) +exp —(\/:a)p +a)0) . (18)

e 2
64 = AT}
RESULTS AND DISCUSSION (18) for nanoparticles having the shape of an
To illustrate the effect of particle shape on elongated (R, <R;) or flattened (R, >R))
the nature of the absorption of pulsed laser spheroid (R, and R - half-axis along and
radiation, we limit ourselves to considering across the axis of rotation of the spheroid) have
nanoparticles in the form of ellipsoids of rotation the form [13]

(spheroids). The geometric factors L included in

1
LL=LX:LY=E(1—H), (19)
1-¢2 1+
28,) 1 In| %0 |1 , elongated spheroid, R, <R,
e, |26, \1l-¢,
=L - 2 (20)
1+
;p [, —arctge, |, flattened spheroid, R, >R,
P

where ¢} =[1-R}/R?|.
Now in (18) we can proceed to the value of S, using the S, =(4z/v\éo\2)we ratio and obtain an

expression for the ratio of the energy absorbed per unit volume of the metal nanoparticle to the energy of
the incident laser wave

2

PR 7% RN B B [ e OO [
8=, =2 | S e expl W T )| g W T (21)
V|| 16|, | = 4l ALy
We confine ourselves to considering metal rotation of the spheroid. If component Ej is
nanoparticles of spheroidal shape and choose for considered to be directed along and E; — is

convenience such a polarization of the electric
field of the incident laser wave at which it would
be possible to excite simultaneously plasmon
oscillations both along and across the axis of E@j:‘ﬁo‘cose, Ej:‘l?o‘sine, (22)

transverse to the axis of rotation of the spheroid,
then in the general case such polarization will be
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where 6 — is the angle between the axis of
rotation of the spheroid and the vector of the

cos | exp +exp

S :Z(ﬂj - -
8L2h (\/:a)p -, )2 (\/:a)p +a)o)2

sind| exp

+ex
are P

Now evaluate the parameters included in
formula (23). Let’s choose

wo:g:wp/ﬁ,g:%. Graphical dependences

for S, from R /R, for Na (wp=35.65-10"s™)

and Ag (wp=13.8-10"s!) nanoparticles at
different laser pulse durations are shown in
Fig. 1.

From Fig. 1, in particular, it follows that
better absorbed laser pulses with a longer
duration. The maximum absorption is observed
at R /R, =1, i.e. for spherical particles.

Now we calculate the value of Se for the case
when the carrier frequency of the laser pulse wo
differs from the plasmon resonance frequency in

the spherical nanoparticle 2=, /3. We

140 3
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Fig. 1.

RR

electric field strength of the incident laser
wave E, .
Substituting (22) into (21), we obtain:

ar;
(23)

4ar?

choose @, =3.0-10" s Fig. 2 shows the results

of numerical calculations of the energy of S,
absorbed by the metal nanoparticle Na, at
different durations of the laser pulse as
dependent on the shape of the nanoparticle.

From the analysis of Fig. 2 it follows that as
soon as the carrier frequency wo deviates from
the frequency of the surface plasmon in the

spherical nanoparticle Q =, /\/5 , the peak

energy absorption, dependent on the ratio of
R, /R, is split into two. The first maximum

corresponds to the elongated (R, /R <1), and
the second — to the flattened (R /R, >1)
ellipsoids.
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Dependence of S, energy absorbed by Na (a) and Ag (b) nanoparticles on the ratio between spheroid half-

axes R, /R for different values of laser pulse duration /7: 1 — 1.085-10% s, 2 — 0.6512-10%s%, 3 —

0.465-10% s (for Ag, high graph)
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Fig. 2. Dependence of the energy of Se, absorbed by the nanoparticle Na (a) and Ag (b), on the frequency

o = 3.0-10%5s™%, on the ratio between the half-axes R /R of the spheroid for different values of the laser
pulse duration I 1 —1.085-10%s?, 2 -0.6512-10 s, 3 -0.465-10°s!

CONCLUSION

The kinetic theory of absorption of ULP by
metal nanoparticles of ellipsoidal shape is
considered. Simple analytical expressions are

spherical nanoparticles. As the carrier frequency
deviates from the surface plasmon frequency,
two maxima appear in the absorption spectrum,
which depend on the ratio of the spheroidal axes:

one corresponds to the elongated particles and
the other to the flattened ones. As the frequency
deviates from the resonant one, the peak of
absorbed energy first decreases in absolute
value, then splits into two, and finally stabilizes
for both elongated and flattened spheroidal
nanoparticles.

obtain that allow one calculating the absorption
energy as dependent on the frequency of the
carrier laser wave, the pulse duration and the
ratio between the axes of ellipsoids (particle
shape).

At the carrier wave frequency, which
coincides with the surface plasmon frequency,
the maximum absorption is observed for

KineTn4Hna Teopisi NOIVIMHAHHA YJIbTPAKOPOTKHUX JIa3ePHUX IMIYJIbCiB aHCAMOJISAIMHU
MeTaJIeBUX HAHOYACTHHOK B YMOBAaX MOBEPXHEBOI0 MJIa3MOHHOI0 Pe30HAHCY

A.A. Bimok, O.10. Cemuyk, 0.0. I'aBpuiok

Incmumym ximii nogepxui im. O.0. Yyiika Hayionanvnoi akademii nayx Yxpainu
eyn. L'enepana Haymosa, 17, Kuis, 03164, Ykpaina, philosoph.tb@gmail.com

Y yiu pobomi npedcmasnena meopis, AKa 00360JA€ PO3PAXYBAMU eHEPIilo, NO2IUHYmMY C@epoioHuMU
MemanesumMyu HaHO4acCMuUHKAMU NPy ONPOMIHEHHI YIbmMpaKoOpOMKUMU IA3EPHUMU IMIYIbCaAMU PIZHOT MPUBAIOCMI 8
obracmi noeepxHeso20 NAAZMOHHO20 pe3oHaucy. OmpumMano RPOCMI AHANIMUYHI 8UPA3U, WO O00380JAI0Mb
po3paxysamu enepeilo NO2AUHAHHS 8 3AJeICHOCMI 8I0 Yacmomu Hecy4oi 1a3epHoi X6uni, mpusaiocmi iMnyisey ma
CcniggioHoOwenHs. Midic ocamu enincoioie. Iloxkazano, wo na wacmomi Hecy4oi (1asephoi) xeuni, sika 30icacmovcs 3
4ACMOMOI0 NOBEPXHEB020 NIASMOHA, MAKCUMANbHE NOSIUHAHHA CROCMEPieaemvcs 08 CepUyHUX HAHOYACTNUHOK.
IIpu gioxunenni necyuoi uacmomu 6i0 4acmomu NOBEPXHEB020 NJIA3MOHA 8 CNEeKMPI NOIUHAHHA 3 A6IAI0MbCA 08d
MAKCUMYMU 3AN€ICHO IO CNIBBIOHOWLEHHs ocell cghepuunoi Gopmu: 00un GiOno8ioac GUO0BICEHUM HACMUHKAM, d
IHWUL — CNIOWEHUM.

Kniouosi cnosa: memanesi nanouacmunku, e1eKmpoH, NIA3MOH, HOBEPXHEGULL NAAZMOHHUL PE30HAHC, YACmoma,
YIbMPAKOPOMKIL 1A3EPHI IMNYIbCU, eHEeP2is, NOSTUHAHHS
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