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THEORY OF LIGHT ABSORPTION AND SCATTERING

The problem of light absorption and scattering has been reduced to the solution of a singular
integral equation for the complex vector of electric field intensity inside a nanoparticle. The
dipole approximation is chosen as the initial one. The results of computing experiments testify
to an acceptable agreement between the approach proposed for the consideration of the electric
field inside a spherical nanoparticle and the results available for the optical and emission

properties of metal nanoclusters.
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1. Introduction

Researches of the processes of light absorption and
scattering by small particles have a long history (see,
e.g., [1-3]). The interest in those objects (small par-
ticles) is associated with the fact that their optical
and emission properties differ substantially from the
analogous properties of massive materials. In particu-
lar, in metal nanoparticles, there emerge the so-called
plasma resonances connected with collective oscilla-
tions of conduction electrons relatively to the nan-
ocluster lattice. The number of plasma resonances,
their frequencies, and decrements depend on the
nanoparticle shape: there is one plasma resonance
in the case of spherical nanoparticles, two in the case
of spheroidal nanoparticles, and three in the case of
ellipsoidal ones.

When metal clusters are irradiated with laser
pulses, besides the excitation of plasma resonances,
which results in the appearance of high local electric
fields near the cluster surface, the heating of electrons
in the conduction band also becomes possible. The
electrons become “hot”. As a result, various nonlinear
optical effects may appear. The electron heating is fa-
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vored by the features of the electron-lattice energy ex-
change in small clusters. Those features are reduced
to a decrease (in a quasioscillatory way) of the in-
tensity of electron-lattice energy exchange, when the
nanocluster sizes diminish [4]. Such a weakening of
the energy exchange arises, when the nanoparticle di-
mensions become smaller than the mean free path of
electrons.

Metal nanoclusters (MNCs) and their ensembles
find wide applications in science and engineering ow-
ing to their unique optical and emission properties. In
particular, MNCs are deposited onto surfaces in order
to change the reflective ability of a material [5]. Those
nanostructures are used for the optical recording of
information [6], in biosensorics and genetic engineer-
ing [7], to visualize cell structures [8], and, finally, in
medicine to treat cancer [9]. The more detailed in-
formation about the properties and applications of
nanostructures can be found, e.g., in [11-14].

2. Integral Relation

between the Current Density

and Electric Field Vectors: Ohm’s
Law in the Operator Form

The problem of light absorption and scattering by
MNCs is reduced to the solution of Maxwell’s equa-
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tions with corresponding boundary conditions. In the
case of spherical MNCs, the most general, consistent,
and widely applied theory of light absorption and
scattering is a theory developed by Mie [15]. However,
his theory, as well as the theories of the overwhelming
majority of other authors on this subject, is based on
the assumption that the current density vector j(r,w)
(here, r is the coordinate vector, and w is the fre-
quency) is connected with the vector of the internal
electric field E(r,w) by the relation

j(nw) = U(w) E(r,w), (1)

where o(w) is the electron conductivity of a metal
cluster.

Ohm’s law in the form (1) is valid for MNCs un-
der certain conditions. First, this is a possibility to
neglect the spatial dependence of the local internal
electric field. For ellipsoidal MNCs, the local internal
field is uniform, if the wavelength of the external elec-
tromagnetic field is much larger than the characteris-
tic MNC dimensions. Second, this is a possibility to
neglect the contribution of the surface electron scat-
tering to the dissipation. This conditon is satisfied, if
the MNC dimensions are much larger than the elec-
tron mean free path.

In the general case, the relation between the vec-
tors of current density and electric field induced by
this current should be found by solving the corre-
sponding Boltzmann equation. The internal electric
field E(r,w) forms the distribution function of elec-
trons over their velocities v’s. In the linear (in the
field) approximation, this distribution function can
be written as the sum

flr,v,w) = fo(e) + fi(r,v,w), (2)

where fo(¢) is the Fermi distribution function, € the
electron energy, and f1(r,v,w) the linear-in-the-field
correction to the equilibrium Fermi distribution.
The function fi(r,v,w) satisfies the linearized
Boltzmann equation
(v—iw)fi +V%+@E(r,w)v% =0. (3)
In addition, it also has to satisfy boundary condi-
tions. In the case of diffuse electron scattering at the
surface S of a metal cluster, the boundary condition
looks like

filr,v,w)|g=0 at v, <O0. (4)
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Here, v,, is the electron velocity component normal
to the surface.

The aim of this work is to analyze the influence of
the MNC shape on the processes of light absorption
and scattering. For this purpose, it is enough to ad-
mit that the MNCs have the form of an ellipsoid. The
expediency of this choice consists in that the results
obtained for this shape can be extended (by deform-
ing of the ellipsoid curvature radii) to a wide spectrum
of shapes ranging from the disk to rod-like ones.

The solution of problem (3), (4) for the case of
ellipsoidal nanoparticles can be written in the form
[16,17]

to

filr,v,w) = —fé(&‘)/d’]’ e "TeB(r —v'T,w). (5

0

Here, t( is the characteristic of Eq. (3),

told!,v') = 3 fv' + VTR =)+ VR, (6)

where r’ and v’ are the vectors of electron coordinates
and velocity, respectively, in the deformed coordinate
system (in which the ellipsoidal particle transforms
into a spherical one). The coordinates in the deformed
and undeformed systems are connected by the rela-
tions [16, 17]

R,

Borg ™
where R; are the ellipsoid curvature radii, and R =
= (R1RyR3)'/3. In the case of spherical particle, R is
the sphere radius. In addition, the notation

V; =

V=v—iw (8)

was introduced in Eq. (5).

Knowing the velocity distribution function of elec-
trons in the form (2) and (5), it is possible to deter-
mine the relation between the current density and the
field that induces it:

j(r,w) = (;7;)3 /vf(r,v,w) d3(mo) =
=2¢? (%)S/dsv V(—fé(E))/dT e TE( —vT,w),

where m is the electron mass. This formula can be
rewritten in the operator form

j(rvw) = E(E)(r,w), (9)
ISSN 2071-0194. Ukr. J. Phys. 2017. Vol. 62, No. 8
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where L(E) = —2¢? (%)3 J dBov fi(e) fgo dre " x
x E (r' —v'T,w) is a linear integral operator. Expres-
sion (9) generalizes relation (1) to the case of small
clusters. In other words, we obtained Ohm’s law for
small clusters in the operator form. If we neglect the
coordinate dependence of the internal electric field in
Eq. (9), suppose that only one scattering mechanism
(either in the bulk or at the surface) dominates, and
account for the relation

o(e) = 20~ (e —ep),

where e is the Fermi energy, integral (9) can be cal-
culated. As a result, we obtain Ohm’s law [16, 19] in
the form (1). In this case, the conductivity of a spher-
ical nanoparticle looks like [16, 19]

m at v > Vg,
2 |13v v w Vg2
nope s s . s

w
X (1 cos)] at v < v,
VS

Here, vs = 5% is the frequency of electron oscillations

(from wall to wall), vp the Fermi velocity, and

1 moup\3
o= 32 ( h )

the electron concentration. In the case of elliptic
nanoparticle, the conductivity becomes a tensor, pro-
vided that the electron mean free path is larger than
the particle size [16, 17, 19]. The components of this
tensor are quoted in the cited works.

Hence, for a simple expression describing the rela-
tion between the current and the field, like Ohm’s
law (1) or (10), to be applicable, while studying
the optical properties of MNCs, two conditions have
to be satisfied. First, the internal electric field
has to be spatially uniform. This condition demands
that the MNC dimensions should be much smaller
than the wavelengths, at which the particle is irradi-
ated. Second, if the particle is not spherical, the bulk
scattering has to dominate; otherwise, the conductiv-
ity will be a tensor quantity. For the bulk scattering
to dominate, the electron mean free path has to be
much shorter than the nanoparticle size. If those con-
ditions are not satisfied, Ohm’s law for small clusters
in the operator form (9) has to be used.
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In the general case, the coordinate dependence
of wave components both inside and outside the
MNC can be found by solving Maxwell’s equa-
tions with regard for relations (9) and the corre-
sponding boundary conditions for the field compo-
nents. From the viewpoint of obtaining the analyt-
ical results, this is rather a complicated mathe-
matical problem. The method of hybrid numerical-
analytical solution of integral equations derived on
the basis of Maxwell’s equations making allowance
for a real relation between the current and the
field [see Eq. (9)] is much more promising in this
case, because there is no necessity to satisfy the
boundary conditions for the field components in this
approach.

3. Research of the Optical
Properties of Metal Clusters
on the Basis of Integral Equations

Consider a dielectric matrix with dielectric permittiv-
ity €(w). The matrix includes a metal nanoparticle, in
which external fields induce an electric charge with
the density p and a current with the density j. The
Fourier transforms of Maxwell’s equations describing
this system look like

rot E(r,w) = i koB(r,w), (11)

divB(r,w) =0, (12)
e(w) div E(r,w) = 4mp(r,w), (13)
rot B(r,w) = —i kpe(w)E(r,w) + 4%Tj(r,w). (14)

where c¢ is the light speed, and kg = w/c. The charge
and current densities can be expressed in terms of the
polarization vector density:

p(r,w) = —-VP(r,w), (15)

jryw) = —iwP(r,w). (16)

The differential equations (11)—(14) together with
relations (15) and (16) can be reduced to integral
equations (see, e.g., review [18]). In particular, for
the electric component of an electromagnetic wave,
the following equation holds:

E(r,w) = Eo(r,w) —|—/ go(r,r’,w)P(r’,w) dr’. (17)
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Here, Eo(r,w) is the vector of electric field strength
for the external wave (the field in the absence
of a nanoparticle), and the susceptibility tensor
So(r,r’,w) equals

So(l‘, r’,w) = {—]{JQTl(%) — ZkTQ(é)%) + T3(%)}

where the notations
E* = kle(w), R=r—1

were introduced. In addition, T;(R) in Eq. (18) stand
for the diad tensors

Ti(R) = %{%‘:@9‘%— IR?}, (19)
Ty(R) = %{3%@%—]%2}, (20)
T3(R) = %{3%@%—1&8}, (21)

where I is the identity matrix.

Hence, in the general case, our task consists in the
solution of a system of two equations in the vec-
tor form. These are Eq. (17) and the equation for
the polarization vector density, which, according to
Egs. (16) and (9), has the form

P(r,w) = —ig (%)B/d%vfé(e) X

w
to

X /d’l’ e TR - vT,w). (22)
0

An alternative way consists in analyzing and solving
the following integral equation for the complex vector
of electric field strength:

E(r,w) = Eo(r,w) — ig/dSr'SO(r, r’) x

to
X/dS’UVf(/)(E)/dTe_ﬂT E(r' —v'T,w), (23)
0
where
22 m
9= (p) 24
708

4. Approximate Solutions

As the zeroth approximation, let us assume that the
spatial dependence of the wave electric field in a metal
nanoparticle can be neglected. Formally, this assump-
tion corresponds to the passage to the limit kK — 0 in
Eq. (17).

Let Eg be directed along the axis Oz. Then the pro-
jection of Eq. (17) on this axis looks like (as k — 0)

E=E, +/ dgrl{go}zzpm (25)
where B2 2

N (a4 , _3R; -
{S0}z. = {So(nr ,w)}zz = @) (26)

In the case of spherical nanoparticle, according to
Eq. (16), the projection of the dipole moment vec-
tor density on the axis Oz equals

P.=pP="'0E.

” (27)

It is important to emphasize that the field £ and
the dipole moment density P in Eqgs. (17) and (25) are
complex-valued quantities. Therefore, the conductiv-
ity o in Eq. (27) is also complex-valued, unlike that
in Eq. (10). In particular, for a spherical particle and
the bulk scattering, from Egs. (8) and (16), we obtain

2 2 :

. o€ w w —

P=1 ok =— 2p 5 ,
w4+ v w

(28)

mwv

P
Now, let us substitute Eqgs. (26) and (28) into
Eq. (25) and take into account that

where w,, is the plasma frequency (o.)2 = 47r"°762).

) 2 _ 2 -2+ atz<R;
/ﬁwM —vi{ = (29)
R R
Then, from Eq. (25), we obtain
E
EO© = - 0( ) . (30)
enm (w
I+ 3 ( e(w) 1)
Here,
2 .
w _
en(w) = elw) = L (31)

w24+ w

is the dielectric permittivity. Formula (30) is a known
result of the dipole approximation for the electric field
inside a nanoparticle.
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) RCP_-

Eg

Fig. 1. Real part of the projection of the dipole moment density vector on the axis Oz. For

the input parameters, see Appendix

In the case where the surface scattering plays the
dominating role, the result for €);(w) can be obtained
from Eq. (31), by using the formal substitution v —
%”UF/R

Returning back to ellipsoidal metal nanoparticles,
one should bear in mind that, if the nanoparticle size
is smaller than the electron mean free path or has
the same order, the conductivity in such particles be-
comes a tensor quantity [16,17]. It can be shown that,
in this case, instead of Eq. (30), we obtain

€54 )
1+ L; (3 - 1)
where L; is the depolarization factor, and ¢;; the di-
agonal component of the conductivity tensor.

EO —

J (32)

5. Spatial Dispersion Effect
Let the spatial dependence of the external field
Eo(r,w) in relation (30) look like

Eo(r,w) = Ege'®T. (33)

Then, taking result (30) into account, the following
approximation is justified for the coordinate depen-
dence of the electric field inside the particle:

Eoeikr
1 fem(w) ’
1+ (28 - 1)
Formula (34) is valid for spherical MNCs. In the case

of ellipsoidal MNCs, a more general expression than
formula (34) should be used:

E(r) = (34

on 6ikr
1+ L; (%) - 1)
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BN (r,w) = (35)

Expressions for the diagonal elements ¢;; of the ten-
sor of dielectric permittivity can be found in works
[16,17].

Now, let us substitute expression (35), if the MNC
is ellipsoidal, or expression (34), if it is spherical, into
Eq. (22). Then we obtain

2 62 m\3 ikr
P(I‘,w) = — 717 (ﬁ e X
1 — exp[— (¥ + ik v)to]
3 / E(O) .
< [ o e vive®) =R (36)

Here, E(® is a constant complex amplitude of the
electric field inside the metal nanoparticle. It is de-
scribed by formula (30), if the MNC is spherical, and
by formula (32), if it is ellipsoidal.

The angular and radial dependences of the real and
imaginary parts of the dipole moment vector density
projection on the axis Oz in the case of spherical
nanoparticles are illustrated in Figs. 1 and 2. The an-
gular arguments of those dependences are explained
in Fig. 3. The knowledge of the dipole moment vec-
tor density makes it possible to calculate the vector of
electric field strength outside the nanoparticle using
formula (17). The result of corresponding calculations
is depicted in Figs. 4 and 5.

Let us obtain approximate analytical formulas for
integral (36) in two opposite limits:

[(7 +ikv)tg| > 1 (37a)
and
[(D + ik v)tg| < 1. (37Db)

Case (37a) corresponds to the dominating bulk scat-
tering. Provided that it is satisfied, we obtain from
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Im P.

Oz

Fig. 3. Orientations of the electric field strength vector and
the radius vector with respect to the spheroid symmetry axis

Re E: (

Fig. 4. Real part of the projection of the electric field strength
vector on the axis Oz outside the nanoparticle

710

Im P-

Fig. 5. Imaginary part of the projection of the electric field
strength vector on the axis Oz outside the nanoparticle

Eq. (36) that

Po(r,w) = 5 3 vapEge™T, (38)

where 0,5 are the components of the conductivity
tensor,

3
oapk,w) = —2¢€? (%) X

ikr 3 foe)
Xe /dvvav'gy—i(m—kv)'

If the surface scattering dominates, i.e. in case (37b),
we obtain from Eq. (36) that

(39)

P(r,w) = —i%e2 (27:_ﬁ>3 elkr /d3v v(VE®) fl(e)to.
(40)
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Fig. 6. Angular and radial dependences of the absorbed energy density in the case of
spherical nanoparticle (for the input parameters, see Appendix)

In what follows, we are interested in the absorbed
energy density. It is equal to

w(r,w) = 3 Re {j{r. B (r.0)} =

_ % Re {—iw P(r,w)E* (r,w)} =

= & I {(P(r,0)B" (r,0)}.

(41)
Figure 6 illustrates the angular dependence of this
quantity normalized to the incident wave intensity.

Formula (41) demonstrates that we have to know
the projection of the vector P(r,w) on the field direc-
tion. Let the latter coincide with the direction of the
axis Oz. Then, in the case of spherical nanoparticle,
we obtain from Eq. (40) that

377,062 R
— — X

P =ip
2(r,w) = dmw vp

X eikr{[l + 12_55 In (ﬁ)] sin? 0y +

1462 [1-¢€2V. 1+
25 —( 2§>1n<1_§) (3008290—1)‘|}.

(42)

1
26

_|_

Here, £ = r/R, and 6, is the angle between the di-
rections of the field E and the vector r. While ob-
taining Eq. (42), we took into account that fj(e) ~
~ —5(8 — €F).

Now, let us substitute Egs. (42) and (34) into for-
mula (41) to obtain an expression for the density of
the energy absorbed by a symmetric metal nanopar-
ticle in the case where the surface scattering plays a

ISSN 2071-0194. Ukr. J. Phys. 2017. Vol. 62, No. 8

W(y. 1/R)

Fig. 7. Dependence of the absorbed energy density (in rel.
units) on the point position in a nanoparticle

dominating role:

3 2R E?
w(r,w) = to€ 9

g 2%
s (s )

x{{1+ 12_££ln Gtgﬂ sin? 0y +

1+ 11—\ (1+
;5 _< 2££>1n<1—§> (3008290_1)”'

(43)

L1
2¢

From this formula and Fig. 7, one can see that the
absorbed energy density at the surface scattering sub-
stantially depends on the position of the point in the
nanoparticle (this position is fixed by the variables r
and 6y, and does not depend on ¢g).

In particular, the energy density has a strongly pro-
nounced angular dependence near the particle sur-
face. At the same time, the dependence on the wave
incidence angle is absent at the particle center. The
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total absorbed energy equals

2
woz/d?’rw(r,w)zv§noe E><
v

8 m wvp
412
wrEj

(W2 — w?)2 + (ﬂ w2 LF)Q.
s 3 e(w) R

Here, w, = % is the frequency of a plasma resonance
in a spherical MNC.

It is important to emphasize that the result ob-
tained for the total absorbed energy in the case of sur-
face scattering turned out identical to that obtained
in the dipole approximation [16], despite that now the
absorbed energy density substantially depends on the
coordinates.

The formula for wy in the case of bulk scattering
can be obtained from expression (44) by formally sub-
stituting %%F — .

The total energy absorbed by an ellipsoidal metal
nanoparticle per unit time can be obtained from
Egs. (40) and (41). If the particle has the ellipsoid-of-
revolution shape, and if the surface scattering plays
a dominating role, we have

_ VE} o whsin® a n
2 (w? —wi)Q—I-(LJ_%rUJ_)Q

X

(44)

Wo

N UHw4 cos? a (45)
(@? = wi)? + (L Fo)* |
Here, w, and wy are the frequencies of plasma oscil-
lations across and along the ellipsoid symmetry axis,
respectively; L) and L are the corresponding polar-
ization coefficients; o, and o) are the diagonal com-
ponents of the conductivity tensor; and « is the angle
between the field Eg and the ellipsoid rotation axis.
Expression (45) was obtained for an MNC in vac-
uum (e(w) = 1). In this case,
wL,” = LL,”(JJP. (46)
Expressions for the diagonal components of the con-
ductivity tensor, 04, = 0y = 01 and 0., = o), can
be found in work [16] for both the low- (w < vp/R)
and high-frequency (w > vp/R) cases. In particular,
for a prolate ellipsoid in the low-frequency interval,
we have [16]
O9nge’ R, | 1

T8 m wup 26127

712

l—e2+

g1

1 1
+ . <1 - 26127) arcsin ep}, (47)
9npe? R 1 1 .
=5 . —%,/1 —e2 4 % arcsine, o, (48)
where
€p = RL/RH-
Hence, for both ellipsoidal- and spherical-like

nanoparticles, if the surface scattering plays a domi-
nating role, the total energy absorbed per unit time
considered as a function of the electric field at the par-
ticle center has the same form as in the case of dipole
approximation. Only a redistribution of absorbed en-
ergy over the nanoparticle volume takes place, by
leaving the total absorbed energy invariable. It is not
so, if the bulk scattering dominates. As one can see
from Eq. (39), the absorbed energy is determined by
the conductivity, which is a function of k.

6. Conclusions

1. The relation between the vectors of current density
in a metal nanoparticle and electric field that induces
this current was obtained in works [16,17] in the most
general form of an integral equation, which is inter-
preted as Ohm’s law for small clusters in the operator
form.

2. The problem of studying the optical properties
of metal clusters has been presented by a mathemati-
cal model with the singular integral equation (23) for
the complex vector of electric field strength inside a
nanoparticle.

3. As a first variant of the solution of the integral
equation (23), we have selected an approach where
the dipole approximation is chosen as the initial one
for the electric field inside a nanoparticle. This way
allowed us to obtain rather compact expressions for
the vector of electric field strength in the first approx-
imation and for the polarization density vector in the
cases of ellipsoidal and spherical nanoparticles.

4. The approximate analytical expression obtained
for the dipole moment density vector in two opposite
limits — if only the bulk or surface scattering domi-
nates — is studied in detail.

5. The expression obtained for the energy den-
sity absorbed by a symmetric metal nanoparticle, in
which the surface scattering dominates, allows a con-
clusion to be drawn that this parameter substantially
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depends on the position in the nanoparticle. An im-
portant result is obtained that if the surface scatter-
ing plays a dominating role, the total energy absorbed
per unit time considered as a function of the elec-
tric field at the particle center has the same form as
in the dipole approximation for both ellipsoidal and
spherical nanoparticles. Only a redistribution of the
absorbed energy over the nanoparticle volume takes
place, by leaving the total absorbed energy invariant.

6. The results of computing experiments testify to
the acceptable consistency of the proposed initial
approximation for the electric field inside spherical
nanoparticles with the results available for the op-
tical and emission properties of metal nanoclusters
[11-14]. The substantive content of the computing ex-
periment consists, in particular, in the visualization
of the real and imaginary parts of the polarization
vector projection on the direction of the field inside
the particle, as well as the corresponding projection
of the vector of the electric field strength outside it.

APPENDIX
Results of computing experiments

The aim of computing experiments was to demonstrate the
capability of the mathematical model to describe the light ab-
sorption and scattering by metal nanoclusters with the use of
the integral equations (17), (22), or (23). To achieve this pur-
pose, it was necessary to solve some tasks, the main of which
can be formulated as follows.

® Choice of a method for the solution of the integral
equation (23). The difficulty consists in that the central
characteristic of this equation is a singularity of the integral
operator in the region occupied by the nanoparticle. Currently,
there is no general mathematical theory for the calculation of a
multidimensional singular integral (an analog of the principal
value of a one-dimensional singular integral). In the region out-
side the nanoparticle, Eq. (23) is a Fredholm equation of the
second kind in the vector form. Actually, the numerical realiza-
tion of its solution is reduced to the solution of a system of six
integral equations for the real and imaginary coordinate pro-
jections of the electric field strength vector E(r,w). This fact
allows us to draw a conclusion that there is no exact analyti-
cal method for the solution of Eq. (23). The choice has to be
made among one of the approximate methods of the numerical-
analytical character. This choice gives rise to the appearance of
an error inherent in the solution method, which can be rather
large by value.

® Construction of an algorithm that implements the
method proposed for the solution of integral equations
in the general theory of light absorption and scattering
by metal nanoclusters. The principal feature of the required
algorithm is the necessity to calculate multidimensional (two-
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and three-dimensional) integrals of rapidly oscillating functions
(see, e.g., formula (12) and Fig. 13). As a basic integration tool,
the cubature formulas on the basis of bicubic approximating
splines [21] can be used.

® Software implementation of the algorithm of the
solution of integral equations.
algorithm implementation consists in the minimization of the
calculation time provided the acceptable level of the total error
of a result. This means, first of all, the choice of the optimum
number of mesh nodes in the integration interval.

® Interpretation of the results of computing exper-
iment. This is a comparison of the obtained results with
available concepts of theoretical and experimental character,
as well as with the results of available variants of analytical
calculations.

The aim of the software

To solve the integral equation (23), we have selected an ap-
proach, in which approximation (30) is accepted as the initial
one for the electric field in a spherical nanoparticle. In this case,
representation (34) can be taken as the first approximation for
the vector of electric field strength E(M (r,w), which can be
rewritten in the form

E<1)(r,w) = 3o expl-iler) exf(_(;{r)

2+ 205
provided that the spatial dependence of the external field vec-
tor Eq(r,w) is described by Eq. (33), in which Eg is a constant
vector directed along the axis Oz; and the ratio of dielectric
permittivities &7 (w)/e(w) is determined by the expression

2 2
emMw) . W Wy v
e(w) w? + 12 w2 42w’
where wg = 47rn062/m is the plasma frequency, and v is a

phenomenological parameter that characterizes the frequency
of electron collisions in the nanoparticle bulk.

Using the expression for the electric field strength vector
EM (r,w) in formula (36), we obtain the following formula for
the polarization vector in the first approximation:

9w? exp(—ikr) y
1672 w [2 4+ ey (w)/e(w)]

P(r,w) =1

27 ™
1- — (0 +1ik t
X/dg&/d@ sin@ug(uoEop) exp[~ (v‘—l—z VF) 0}.
U+ ik vy
0 0

In this formula,
ug = vp/vp =sinfcosp i+ sinfsing j+ cosb k

is a unit vector; k is a vector with the absolute value k =
= |k| = w/c, which is directed along the axis Oz, so that
kvp = kvpsinfcosy; 0 is the angle between the vectors vg
and Eg (0 € [0,7]); ¢ is the angle between the vector k and
the projection of the vector vg on the plane 2Oy (¢ € [0,27]);
O=v—iw;

a T [ 2
to=—[—cosa+ 1—<7sma> ;
VR \a a
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« is the angle between the vectors r and vg (a € [0,7]), so
that cosa = r vp/r vr; a is the nanoparticle radius;

r=r(sinycos®y i+ sinysinty j+ cosvy k)

is the radius vector of the point; v is the angle between the
vectors r and Eg (v € [0,7]); and ¢ is the angle between the
vector k and the projection of the vector r on the plane Oy
( € [0,2n)).

If the vector Eg is directed along the axis Oz, the projection
P,(zl) (r,w) of the polarization vector can be written in the form

w2 Ey
(1) “p
P =
(ryw) =1 7,

27 T 1
X/dap/d@ sin @ cos? 0
0 0

For the preparation of the computation program, we quote a

[2 4 enr(w)/e(w)] ™t exp(—ikr) x

— exp[—(0 + ik vr) to]
O+ ik vp '

specific formula for each multiplier in this expression in what
follows.

2+ enr (@) /()] F =
1

w2 \? w2 Y|
=|(3- P P x
( w? +v? + w? + 02w
2 2
x 3_0')71" —3 _“p V)|,
w? 4+ v? w? + v w
2
2. )
rezne(wp, w,v) = [( w2+v2> +
+ w 3 —
w2+v2w w2+v2 '

2
3. imzne(wp,w,v) +
P> w2+v2

N wg v wp v\
w2 2w W2 2w’

4. exp(—ikr) = cos(wrsin~ycosy/c) —

1. zne(wp,w,v) =

—isin(wrsiny cos/c);

5. to(z,v,¢,,0) = 2%
vR
z(cosycos O + cos(yp — ) sinysin ) +
(+ /1 — 22(1—(cos vy cos 0+cos(y)— ) sin vy sin 9)2).
6.z =r/q
1
" 04 ikvp -
= 20(w, ,0) [v~+ iw (1 — ¢~ vp sin 0 cos )];
8. 20(w, ¢, 0) = [V + w? (1 — ¢ L upsinfcos )2 1;

9. 50(1:7’7711)790)0) = to(%%’/f’:%e) mO(QDﬂ 9)7
10. zo(p,0) = (1 —c~
11. pro(xawvvvw) =

714

! vp sin 6 cos ¢);

27

://{dgpde sin 6 cos? 6 x zo(w, ¢, 0) x
00

X [v—vexp(—vio(z,v,%, ¥, 0)) X

x cos{w so(z,7,%, ¢, 0)} + wzo(p,0) x

x exp(—vto (@, 7, %, ¢,0)) sinfw so(z,7, ¥, 2, 0)}] }
12. omvpro(x,w, 7y, ¥, ¢,0) = wsin § cos? Hx
xzo(w, ¢, 0) X [v —vexp(—vito(z, 7,9, ¢,0)) x

x cos{w s0(x,7, %, ¥, 0)} + wzo(p,0) x

X exp(—v tO(xv Vs P, ®s 0)) Sin{w S()(J?, Vs b, ®s 9) }}7
13.

Fig. 8. Plot of a rapidly oscillating function of a general form
omupro(z,w,v,, 9,0) with = r/a = 0.5, w = 1016 s—1,
vy =m/4, and ¢ = 7w /4

Formula (12) is an integrand for the determination of the
real-valued function pro(z,w,~,4). This formula is presented
to demonstrate the complexity level at the calculation of mul-
tidimensional (two- and three-dimensional) integrals of rapidly
oscillating functions (see, e.g., Fig. 8).

14. pio (l’, Wy, ’l/)) =

2T

://{dtpdﬂ sin @ cos? 6 x zo(w, @, 0)[w zo(p, 6) —
00
—vexp(—vio(z,7,¥,¢,0)) X sinfwso(z, 7,9, ¢,0)} —
—wwo(p, ) exp(—vito(z, 7,1, ¢, 0)) X
x cos{w so(z,7, %, p,0) }}}
3w?

P

1672 w
y 3wj

16. iim P, (r,w) = B pro(z,w,v, ).

1672 w

15. rreP.(r,w) = — pio (T, w, v, ).

17. The initial data:
w=100%s"1 W, =1.37x10s71

vp = 1.39 x 108 cm/s,
v =339 x 103 s71

¢ =3x 10 cm/s,

a=2x10"%cm
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18. Pgl)(r,w)/Eo = 3[rezne(wp,w,v) +
+ iimzne(wp, w, v)] X
X [cos(wrsinycosp/c) — isin(wrsinycos/c)| X
X [rreP.(r,w) + iiim P, (r,w)].
19. TePgl)(r,w)/Eo =
= 3{[rre P, (r,w) rezne(wp,w,v) — tim P, (r,w) X
x imzne(wp, w, v)] cos(w rsin~y cos/c) +
+ [rreP.(r,w) imzne(wp, w,v) + itm P (r, w) X
x rezne(wp,w,v)]sin(wrsin~ycos/c)}.
20. imP" (r,w)/Ey =
= 3{—[rreP.(r,w) rezne(wp,w,v) —
—iim P, (r,w) imzne(wp,w, v)] sin(w rsinycosy/c) +
+ [rreP.(r,w) imzne(wp, w,v) +
+#mP,(r,w) rezne(wp, w,v)] cos(wrsinycos/c)}.
21. E.1(r,w) = Eg(r,w) +
3 Ep(r,w)
e(w)
+ i imzne(wp, w, v)] /{S'O(r, ' w)}zz [rrePy(r,w) +

[rezne(wp,w,v) +

+i @mP.(r,w)] exp(—ikr) dr’ = Ep(r,w) +
3 E
+ o(r, )[rezne(wp,w v) + ¢ imzne(wp, w, V)] X

e(w)
X/ {7 12 RE};PF B ikngp; R? N 3R§R—5 R?
X [rre P, (r,w) + i iim P, (r,w)] exp[i (kR — kr)]dr’.
22. re E,inl (r,w) =

s o v (-

2 p2 _ p2
+ %) rreP.(r,w) + (k%) im Pz(r,w)} X

x cos[k (R — p siny cos’)] — [7 rreP.(r,w) X

X k

3R§7R2+ 7k2R27R2 +3R§7R2 “
R4 R3 R5

x sim P (r, w)} sin[k (R — p’siny’ cosy’)] }

23. imEinl (r,w) =

a 27 w

/p’de'/dw//d’y' sin'y’{[frrel:’z(r,w) X

0 0 0

R -R* (szg - R*>  3RZ 7R2) y
R3 RS

3
X k i

x iim P (r, w)} cos[k (R — p’ siny’ cos’)] +
R2 —R?  3R?-R?
+ |:<_ ]{?2 ZR3 4 ZR5 ) rrePz(I‘,w) +
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2 _ p2
+ (k%) iisz(r,w)] X

x sin[k (R — p'siny’ cosv)’ )]}
E.1(r,w) 3 w2 Y
24. re 209 _q 4 3——PF | 4
Ep (r,w) e(w) w? 4 02
W2 oV w2
P P .
+ (Mw 3 — m reEzznl (r,w)—
A T S A ™ I
w? 4 v? w? +v2w w? +v2w
xim Ezinl (r,w)}.
E.1(r,w) 3 w2 Y
25. im ————= = 3—- 52— | +
Ep (r,w) e(w) w? + v?
2 27 -1 2
Wy v Wp . .
+ (M w) :| <3 — M) im Einl (r,w) +
W2\ W2 \217!
3— P P — x
( w? + v? + w? +v2w
—w?
X (wQerva re E,inl (r,w) .

The relative energy density absorbed by the particle equals

+

w2 Y
26. w(r,w)/|Eo|® = 9? iim P, (r,w) |:< - p) +

291
A
w? +v2w
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I1.M. Tomwyx, B.M. Cmapxos, J.B. Bymenko

IHTETI'PAJIBHI PIBHSIHHA
B 3ATAJIBHIN TEOPII IIOTJIMHAHHSA I PO3CISIHHYA
CBITJIA METAJIEBUMU HAHOKJIACTEPAMU

Pezmowme

Y poboti npobsiema HOIJIMHAHHS 1 PO3CisiHHS CBiTJ/Ia MeTaJie-
BUMM HAHOKJIACTEPAMHU 3BOJIUTHCS [0 PO3B’SI3KY CHHIYJISIPHO-
ro iHTerpaJjbHOIO PiBHAHHSA yCepeauHi HAHOYaCTHHKU BiJHOCHO
KOMIIJIEKCHOT'O BEKTOPA HAIPY?KEHOCTi eJIeKTPUYIHOro moJjd. B
SIKOCTi IIepIIIOro BapiaHTy pO3B’sA3aHHS iHTErPaJHLHOrO PiBHSH-
Hel BUOPAHO MiJXiM, KOJIH 3a II0YATKOBE HAOINKEHHS IPUHHATE
[UIOJbHEe HaO/KeHHsA. OOUICIIOBAIBHAN €KCIEPUMEHT BKa-
3y€ Ha NPUAHATHY y3TOJKEHICTb 3aIIPOIIOHOBAHOIO HAOJIMKE-
HHf I €JeKTPUYHOIO IOJs BCepeauHi chepudHOoi HaHOYa-
CTUHKH 3 BIIOMHMHU pe3yJIbTaTaMU JJIsd ONTHYHUX i eMiciitHux
BJIACTHBOCTEH MeTaJIeBUX HAHOKJIACTEPIB.
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