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Absorption of an electromagnetic wave by an inhomogeneous

cylindrical particle

E.V. Zavitaev, A.A. Yushkanov

Abstract. The absorption cross section is calculated for an
electromagnetic wave whose field is directed along the
symmetry axis of an inhomogeneous cylindrical particle.
The general case of an arbitrary ratio of radii of a dielectric
nucleus and a particle is considered. The condition of diffuse
reflection of electrons from the internal and external surfaces
of the metal particle layer is used as the boundary condition.
The limiting cases are also analysed and the results are
discussed.
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1. Introduction

The electromagnetic properties of small metal particles can
substantially differ from those of bulky metal samples [1]. If
the linear transverse size R of a metal sample is approxi-
mately equal to or smaller than the electron mean free path
A (R < A), the interaction of electrons with the metal
sample surface begins to affect noticeably their response to
an external electromagnetic field. As a result, a metal par-
ticle acquires special optical properties. Therefore, when the
condition R < A is fulfilled, one of the basic optical cha-
racteristics, the absorption cross section, reveals a nontrivial
dependence on the ratio R/A. The electron mean free path
in good metal conductors (aluminium, copper, silver, etc.)
at room temperature lies within 10—100 nm. The size of
metal particles studied in experiments amounts to a few
nanometres, i.e., the condition R < A is valid.

We will describe the electron response to the external
electromagnetic field, taking into account the interaction of
electrons with a sample surface, by using the standard
kinetic theory of conduction electrons in a metal [2]. In
this case, no restrictions are imposed on the relation between
the electron mean free path and a sample size.

The equations of macroscopic dynamics are valid only
for ‘bulky’ samples, when R > A. Therefore, the known Mie
theorem, which describes the interaction of an electro-
magnetic wave with metal bodies within the framework
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of microscopic electrodynamics, cannot be used to describe
this size effect.

The theory of the interaction of electromagnetic radi-
ation with a spherical particle was developed in papers [3, 4].
Earlier [5, 6], the result was obtained in the limiting case
R < A for low frequencies (far-IR range), which coincides
with that presented in [3]. The authors of the above papers
used the approach based on the solution of the kinetic
Boltzmann equation for conduction electrons in a metal.
The alternative approach to this problem was proposed and
developed in papers [7, 8].

Recently, interest was aroused in the problem of
interaction of electromagnetic radiation with nonspherical
particles [9]. A number of papers [10—13] was devoted to the
description of the interaction of electromagnetic radiation
with a cylindrical particle. Note also papers in which an
attempt was made to take quantum-mechanical effects into
account in this problem, which is especially important at low
temperatures [14, 15]. In [3—6] and [10—13], only magnetic
dipole absorption of radiation by small metal particles was
described. All the papers mentioned above considered only
homogeneous particles, i.e., the internal structure of absorb-
ing particles was not discussed.

However, recently the experimental studies of particles
with a complex internal structure were reported [16, 17].
Such particles consist of a dielectric (or metal) nucleus
surrounded by a metal shell, which naturally affects their
optical properties. The importance of studying particles with
a complex internal structure is pointed out, in particular, in
paper [18]. Note that the problem of absorption of an
electromagnetic wave by small metal particles is of current
interest, for example, for the description of the interaction of
laser radiation with matter.

In this paper, we calculated by the kinetic method the
distribution function describing a linear response of con-
duction electrons in an inhomogeneous cylindrical particle
(metal particle with a dielectric nucleus) to the alternating
electric field of a plane electromagnetic wave. This distri-
bution function allows us to calculate the dependence of the
absorption cross section on the particle radius and fre-
quency, as well as on the ratio of radii of the nucleus and
particle. The important case of a low-frequency external
field and low-frequency collisions between electrons in a
metal layer is separately discussed.

2. Mathematical model

Consider a cylindrical particle of length L consisting of a
dielectric nucleus of radius R; surrounded by a non-
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magnetic metal shell of radius R, (we assume that L > R,),
which is placed in the field of a plane electromagnetic wave
of frequency w, which is much lower than the plasma
resonance frequency w, in metals (w, ~ 10 571, We
assume that the electric-field direction in the electro-
magnetic wave coincides with the axis of the
inhomogeneous cylinder. The particle is assumed small,
which means that the condition R, < 2nc/w (c is the speed
of light in vacuum) is valid. The inhomogeneity of the
external field of the wave and the skin effect are neglected
(it is assumed that R, is smaller than the skin layer depth).
In the frequency range under study and the given
orientation of the electric field, the contribution of currents
of the dipole electric polarisation dominates over the
contribution from eddy currents, which are induced by
the external magnetic field of the wave [3]. Therefore, the
action of the external magnetic field of the wave is
neglected.

For a cylinder long enough, the electric field of the wave
in a greater part of the cylinder volume remains unscreened.
To estimate parameters at which such a regime takes place,
we consider the known solution for a prolate ellipsoid in an
electric field [19], assuming that a sufficiently long cylinder
can be approximated by a prolate ellipsoid. We will use the
results obtained in paper [19], where the electric field
strength was calculated inside a prolate ellipsoid of revo-
lution (in fact, an infinite cylinder) with semiaxes a, b, and d
(a > b = d) placed in an external homogeneous electric field
directed along the symmetry axis of the ellipsoid:

_ 2
=2 [0 (120) ]

B = T (o — 15()

p

where E,, is the external electric field strength; Ei,; is the
electric field strength in the ellipsoid; ¢, is the permittivity
of the ellipsoid; s(f) is the coefficient depending on the
ellipsoid eccentricity f [ = (1 — b2/a2)1/2]. If screening is
absent, then Ei; =~ E and therefore 1+ (g, — 1)s(f) =~ 1,
which is possible for |&,s(f)] < 1 (unity in the parentheses
can be neglected because the permittivity of metals is very
large).

By using the Drude formulas for the frequency depen-
dence of the permittivity &(w) and conductivity X(w) of a
metal [20] (we assume that the external field frequency is low
compared to the collision frequency between electrons inside
a particle, ie., ot < 1)
{%(w)} 2(w) = 2(0) 2(0)=e"n—

() = 1 -
o) + 1 —iwt’ m

(where e and m are the electron charge and effective mass in
a metal, n is the concentration of conduction electrons, and
T is the electron relaxation time) and the definition of the
eccentricity (the semiaxes b and a of a prolate ellipsoid
approximating an infinite cylinder are treated as the radius
and half-length of the cylinder: h=R, a=L/2; for a
prolate cylinder, f — 1), we obtain by the method of
successive approximations the required limiting relation
between the radius and length of the particle (I' = R/L):

vl /e

An estimate by this expression for an external electric field

with the frequency, for example, 10° s~! shows that in this
case the particle length should exceed its radius approxi-
mately by a factor of four (in the case of high-frequency
external fields, the screening is absent in fact).

We also used the accepted physical assumptions accord-
ing to which the conduction electrons in a metal shell are
treated as a degenerate Fermi gas and their response to an
external alternate field is described by the Boltzmann
equation. The boundary conditions take into account
that electrons experience diffusion reflection from the
internal surface of the metal shell and the nucleus surface.

Absorption of the electromagnetic wave energy by an
inhomogeneous cylindrical particle can be described as
follows. The homogeneous time-periodic electric field of
the wave

E = Ejexp(—iwt) @))]

acts on the conduction electrons in the particle and causes
the deviation f; of their distribution function f from the
equilibrium Fermi function f:

f(l’, U) :fO((f) +fl (I‘, v)’ & = A >

where r and v are the electron radius vector (the coordinate
origin is located on the particle axis) and velocity,
respectively. This results in the appearance of a high-
frequency current with the density

3 3
j=efor2 5 = e Joria @

(where / is Planck’s constant) and in the energy dissipation
in the particle volume. The energy dissipated per unit time
is [19]

_ S 1
0= JReERejd3r =5Re JjE*d3r. (3)

Here, the bar denotes time averaging and the asterisk
means complex conjugation.

Expression (2) uses a standard normalisation of the
distribution function f'at which the density of electron states
is 2/h*. The equilibrium function fy(&) is approximated by
the step function [20]

i 1,0< & <6,

) =06 -6 ={ 3=
where &y :mv§/2 is the Fermi energy (vp is the Fermi
velocity). It is assumed that the Fermi surface is spherical.

We assume that the energy spectrum of an electron is
continuous (quasi-classical approximation). This assump-
tion is valid when the characteristic size of a conductor
exceeds 3—4 nm because the de Broglie wavelength of the
electron on the Fermi surface in the particle shell should be
many times smaller than the corresponding linear size of the
metal particle. Thus, we will assume that the particle shell
thickness exceeds 3—4 nm.

The problem is reduced to the determination of the
deviation f; of the electron distribution function from the
equilibrium function f, produced by the field (1). In the
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linear approximation in the external field, the function f
satisfies the kinetic equation [2, 20]

P/ % _ _h
iofi +og +e(E)ge=-""

“4)

where the stationary time dependence is assumed and the
collision integral is taken in the time relaxation approxi-
mation:

ah__f

dr 1

By solving Eqn (4) by the method of characteristics [21], we
obtain

Alexp(—vt') — 1] s

fi=———————, t =0, )
v
where
1 0
v:;—'w, A:e(vE)a—Q, (6)

the values of v and A4 being constant along the trajectory
(i.e., along the characteristic). The parameter ¢’ in
expression (5) is the time of the electron motion at the
velocity v along the trajectory from the boundary where
reflection occurs to the point r.

To define the function f; uniquely, it is necessary to
specify the boundary conditions for it on the cylindrical
surfaces of the metal shell and dielectric nucleus of the
particle. As the boundary conditions, we will use the
conditions of diffuse reflection of electrons from these
surfaces [2]. Because electrons can reflect from the internal
(Ry) and external (R,) boundaries of the metal layer, it is
necessary to write the two boundary conditions

f1(r,v) =0 for

r, :Rl, VJ_UJ_>0, (7)

Ji2(r,v) =0 for

F =Ry rv <0, 8)
where r, and v, are the components of the radius vector of
the electron and its velocity v in a plane perpendicular to
the inhomogeneous cylinder axis. The case r v, >0
(r,v, < 0) corresponds to the motion of electrons between
nuclei.

Upon reflection of an electron from the internal boun-
dary (R,), the parameter ¢’ in (5) is determined by the
expression

12
;p o, v — [(VJ_UJ_)2 + (R12 - Vi)”i] /
t'=1 = 2 , ©)
T

and upon reflection from the external boundary (R,) — by
the expression

2 2 2y,.271/2
. R2_
l’:lZ:erL—i— [(’J_UJ_) U‘;‘( ) rJ_)UJ_] (10)
o

This is clear from the following geometrical considerations.
By using the obvious vector equality r = ry + vt’, where r

is the radius vector of the electron at the instant of its
reflection from any of the boundaries of the metal layer,
and projecting this equality on a plane perpendicular to the
cylinder axis, we obtain r, =ry, + v, t’, where the vectors
r,, ry, and v, are the components of the initial vectors in
the projection plane. By squaring both parts of the latter
equality and solving the obtained equation for ¢, and ¢,, we
can obtain expressions (9) or (10).

Therefore, Eqn (4) has two different solutions depending
on the site of reflection of a conduction electron inside the
metal layer of the particle. Relations (5), (6), (9), and (10)
completely determine the solutions fi; and fj, of Eqn (4)
with boundary conditions (7) and (8), which allows one to
calculate the current density (2) and dissipation power (3).

It is convenient to calculate integrals (2) and (3) in the
cylindrical coordinates, both in the coordinate space (r, ¢,
z; the vector E, is parallel to the z axis) and in the velocity
space (v, o, v.; v, is the polar axis). The cylinder axis
coincides with the z axis. Field (1) in cylindrical coordinates
has only one z component

E=E.e., E. = Ejexp(—imt). 1D

Therefore, the current density (2) also has only =z
component (current lines are straight lines parallel to the
z axis):

. 3ne’E,
Jz =

Jﬁag—ggu—mm—wmfu (12)

- 3
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We took into account here that the concentration of
conduction electrons in metals is determined by the
expression

m\’ m\’ 4
= — 3 = — — 3
n—2<h> Jfodv 2(h> 3 TUF -

By integrating relation (12), one should bear in mind
that the site of reflection of electrons inside the particle in
the velocity space is determined by the angle o (0 < a < 27):

(1) If the inequality oy < o < ® — a is fulfilled, where the
angle aq is defined by the expression

(rf —RD)'
r, ’

(13)

0y = arccos [

the electron trajectory is not intersected with the nucleus
and the electron undergoes reflection from the external
boundary of the metal layer of the particle. In this case, the
function f; is fi,(r,v) (t' = t).

(i) If © — oy < & < 0, then electrons move to the particle
nucleus, and the function f; is again f,(r,v) (t' = 1,).

(iii) Finally, if 0 < o < og, electrons move from the
particle nucleus, and the function f; is fi;(r,v) (¢t' = 1)).

One can easily see that in the first two cases the integrals
can be united.

The absorption cross section ¢ for electromagnetic
radiation can be found by dividing the average dissipated
power O (3) by the average energy flux cE¢ /(8m) in the wave

1 8n R
G :EEOZRQ(,[]ZEZCI}F)

or, by using (12), we obtain
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L 8n Re{ J3n62E‘7 qu&(c{”‘ — &p)[1 — exp(—vt))|d’v

0g==—5
2 3
2 cEj 4mvgy

x EXd? r}.
By using the properties of the delta function, we have

8(6 — 1) = 5(v3 + vl — vf) = 2302 — (v} —v})]
2
= EB{ |:UZ — (U}% -y 2)1/2} |:Uz + (Ué - Ui)l/z}}
= I8|v. — (vF—v? 2
e Sl

-I—B[uz—i- (U% — Ui)l/Z]}.

Due to the symmetry of the problem, the integration over
the entire range of velocities v. can be replaced by
integration over the positive range with the subsequent
doubling of the result. Thus, we have

1 8n Re J3nezEZ 2 J‘U?S[UZ — (v} — vi)l/z}
0c=— —— =
2 CEO2 41w1§v m (vé — uf)l/z

x[1— exp(fvt')]d%} Ejd3r}.

Then, by using (11), we obtain

12 2L Ry VU 21
a:Re{ 711”6% J rlerJ J v, (v} —uf)]/2
o Jo

mevpy g,

x[1 —exp(—vt')]dvldoc}. (14)

For further calculations and analysis of the results,
expression (14) can be represented in the form

o =0+ 0,, (15)
where
24 )2L Ry Vg T
oy :RG{L%J VlerJ I UL(UIE—UE)I/Z
mchv R 0 e
x[1 — exp(—vtz)]dedcx}, (16)
24 2L R, VE O
02:R6{Lij rlerJ I vL(vé—vf)l/z
mcvlav R 0 0
x[1 — exp(—vtl)]dedoc}. (17)

(Because the motion of electrons is symmetrical with respect
to any diametrical plane in which a point of their location
on the trajectory lies, we can assume that the angle o in the

velocity space varied from 0 to m and double the result of
integration over this variable.)
Let us introduce new variables

‘ R I . \R . R
é:’—L, :U—L,z:v—zz(——1&))—2:)6—1)},K:—1
R2 Ufp Vg T Ufp

and transform expressions (9), (10), and (13):

1 :%l//, Y= {(Zcosocf (K2 — E%sin? oc)l/z],

R
ty = —2

, =1, y]:[fcosa—l—(l—fzsinza)l/z},
vy

K2\ 12
5

We took into account here that », v, =r v, cosa (all the
electrons on the Fermi surface inside the metal layer of the
particle move at the velocity vg). Then, expressions (16) and
(17) take the form

24 2p3 1 1 pm
o, = Re LRZLJ édéJ J p(1 _p2)1/2
mcug K 0 Jog

0y = arccos (1 -

depda}
zZ

24mne’ RIL (! oo
0y :Re{42j édéJ J p(1 _p2)1/2
mcug K 0Jo
1— _
(Lo exp(=2y/p) 4 pda] ,
z
Let us represent the absorption cross section (15) in the
form

g = GO(FI +F2),
where
24nnezR23L
o)y =—"—"—"—,
MCUER

Fi=Re| J;édéjlr pl1=p) =R gy 1)

0 Jog

F2=ReH;édfjlr’p(l—p2>1/2Mdm4 (19)

0J0

Expressions (18) and (19) allow one to calculate the
dimensionless absorption cross section for an inhomoge-
neous cylindrical particle

F(xvva):Fl(xvva)+F2(x7y7K) (20)
and the absorption cross section for electromagnetic
radiation

0 =0oF(x,y,K). (21)
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When K — 0 (o — 0), it follows from (2) that

F(x,y)—ReH()lfdé JOIJ;p(l—pz)depda].

This expression coincides with the expression for absorp-
tion of an electromagnetic wave by a homogeneous prolate
cylindrical metal particle. The results of numerical calcu-
lation of F(x,y, K) are presented in Figs 1 and 2.
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Figure 1. Dependences of the dimensionless absorption cross section F
on the dimensionless frequency y = Ryw/vg for x = 0.3, K=0.5(1), 0.6
(2),and 0.7 (3).

Figure 2. Dependences of the dimensionless absorption cross section F
on the dimensionless inverse mean free path of electrons x = R,/(tvf)
fory=03,K=0.5(1),0.6(2),and 0.7 (3).

3. Absorption in low- and high-frequency
regimes

Consider in detail the case when the external field frequency
® and the electron collision frequency (1/7) inside a metal
are low compared to the collision frequency of electrons
with the surfaces of the cylindrical metal layer of the
particle. In other words, consider the case of |z| < 1. Then,
the exponential in expressions (18) and (19) can be
expanded in a Taylor series retaining only the first two
terms in the expansion. As a result, we obtain

1 1 pm
FIIJ édgyj J(1—p2)1/2[écoso¢+(l—fzsin2a)l/2]dpda,
K 0 Joy

1 1 po
FZZJ idfj J 0(1fpz)l/z[gycosocf(KzfézsinZoc)l/z]dpdoc.
k JolJo

By integrating over the variable p, we have

1 T
Flzﬂ,{zdé[ [¢cosat (1-&?sin* )], (22)
1 0l
FZ:EJ gng [écosoc—(Kz—fzsinzoc)l/z}doc. (23).
4 )k 0

Expressions (22) and (23) can be partially calculated
analytically. The final results is

1
_EJ [21<2_1<4_1_n4+2n2(1+1<2)}‘/2dn},

(17K2)I/2
_§J1 . K —K* =1 —y*+20%(1 + K?)] l/zdw}.

Then, the absorption cross section is described by the
expression

(171(2)1/2
7J [2K2—K4—17114+2;72(1+K2)}1/2d;7}. 24)
1-K

Consider the possible limiting cases.

If the particle has a dielectric nucleus whose radius is
many times greater than the particle radius, i.e., K < 1, we
can find the correction to absorption by omitting in (24) the
terms proportional to K* (the contribution from the integral
is negligible):

O'%GOg(l—%K).

For a metal particle without a nucleus (K — 0), it follows
from (25) that

(25

8n’ne’RyL
g=—"—.
MCUg

This expression coincides with the result for low-frequency
electric absorption by a homogeneous prolate cylindrical
metal particle.

To find the correction to absorption by expression (24)
in the case of a thin metal shell, when K — 1, it is necessary
to perform the expansion in a series in the parameter
(1 = K) <1 and to use approximate expressions for calcu-
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lations. In this case (the contribution of the integral
dominates), the absorption cross section is

xl3 1/2
0'7\\'40'0§|:§(17K):| .

If |z| > 1, expression (20) has the asymptotics. By neglecting
the terms with exponentials due to their fast decay and
performing algebraic transformations, we obtain the
expression for the dimensionless absorption cross section
F(2)

ro-l L[

It can be easily integrated to obtain

-]

x,y)6

(1- pz)'/zdpda].

F(z) = Re (26)

As a result, we obtain the absorption cross section (21)
in the form

o(z) = aoRe[Z(w)g(l = Kz)]

X

v 2

27
For a metal particle without a nucleus (K — 0), this
expression corresponds to the classical result (the Drude
formula) [20] for a homogeneous cylindrical metal particle

Tz
a(z) = ag 637 1,7

In the case of a thin metal shell, when K — 1, it is
convenient to find the correction to absorption by expres-
sion (26) by making the substitution K = 1 — ¢, where J is a
small quantity (6 — 0), and to use expressions for approxi-
mate calculations. Indeed, because 1 — K> =1 — (1 —0)* ~
1 —(1—=28)=20=2(1 — K), the absorption cross section
is described in this case by the expression

ToX
oroyz-——— (1 —K).
0 3 xz + yz ( )

Finally, if a cylindrical particle is a dielectric (K = 1), its
absorption cross section is zero because the energy of an
external electromagnetic field does not dissipate in such
particles.

4. Discussion of the results

The dimensionless absorption cross section F depends on a
combination of three dimensionless quantities x, y, and K.
The presence of a dielectric nucleus in a prolate cylindrical
particle (recall that L > R,) naturally leads to the results
that differ from those obtained for a homogeneous
cylindrical metal particle. This is explained by the fact
that, except reflection of electrons from the external surface
of the particle, their scattering from the cylindrical nucleus
also takes place; in addition, the energy of the external
electromagnetic field does not dissipate in the nucleus.

Figure 1 shows the dependences of the dimensionless
absorption cross section F on the dimensionless frequency y
of the external field for the fixed dimensionless inverse mean
free path x of electrons. It follows from analysis of these
curves that for small values of y (y < 3), the particles with
the metal shell containing a greater amount of the metal
(which means that the parameter K for such particles is
minimal) have the maximum dimensionless absorption cross
section. For high dimensionless frequencies of the external
field (y > 3), all the three dependences merge because the
macroscopic asymptotics takes place.

Figure 2 shows the dependences of the dimensionless
cross section F on the dimensionless inverse mean free path
x of electrons. If the constant dimensionless frequency of the
external field is y, then for any x the cross section F is
greater than unity for particles for which the linear size of
the nucleus minimal (we consider particles with the same
radius and length).

In this paper, we studied along with the dependence of
the dimensionless absorption cross section F on x and y also
the dependence of F on the ratio K of radii of the nucleus
and particle. We analysed the latter dependence by using
Fig. 3, which shows the dimensionless specific absorption
cross section for a cylindrical metal particle with a dielectric
nucleus

FK)

G(K) =1~

One can see from Fig. 3 that the specific absorption cross
section (for any K) is higher for particles in the external
electric field with the lower frequency. This is explained by
the fact that in high-frequency fields, the electrons subjected
to the action of the external field with a relatively longer
oscillation period experience a greater acceleration.

Figure 4 and 5 show the dimensionless absorption cross
sections calculated for an inhomogeneous cylindrical par-
ticle by expression (20) obtained in this paper and by the
Drude formula for an inhomogeneous cylinder [which can
be easily obtained from (27)]. These dependences demon-
strate a noticeable difference between the exact Kkinetic
calculation and classical Drude calculation.

0 0.2 0.4 0.6

Figure 3. Dependences of the dimensionless specific absorption cross
section G on the ratio K of radii of the nucleus and particle for x = 0.3,
y=0.3(1),0.6(2),and 0.9 (3).
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Figure 4. Dependences of the dimensionless absorption cross section F
on the dimensionless frequency y = Ryw/vp obtained by exact kinetic
calculation (/) and by using the Drude formula (x = 0.3, K =0.7) (2).

04"

0.3 F:

0 2 4 6 8 X

Figure 5. Dependences of the dimensionless absorption cross section F
on the dimensionless inverse mean free path of electrons x = R,/(tvf)
obtained by exact kinetic calculation (/) and by using the Drude
formula (x =0.3, K=0.7) (2).

References
1. Petrov Yu.l. Fizika malykh chastits (Physics of Small Particles)
(Moscow: Nauka, 1984) Ch. 7.
2. Ziman J.M. Electrons and Phonons (Oxford: Clarendon Press,
1960; Moscow: Inostrannaya Literatura, 1962) Ch. 11.
3. Lesskis A.G., Pasternak V.E., Yushkanov A.A. Zh. Eksper. Teor.
Fiz., 83, 310 (1982).
4.  Lesskis A.G., Yushkanov A.A., Yalamov Yu.l. Poverkhnost’, (11),
115 (1987).
5. Trodahl H.J. Phys. Rev. R, 19, 1316 (1979).
6. Trodahl H.I. /. Phys. C: So!. St. Phys., 15, 7245 (1982).
7. Bondar’ E.A. Opt. Spektrosk., 75, 837 (1993).
8. Bondar’ E.A. Opt. Spektrosk., 80, 89 (1996).
9. Tomchuk P.M., Tomchuk B.P. Zh. Eksp. Teor. Fiz., 112, 661
(1997).
10. Zavitaev E.V., Yushkanov A.A., Yalamov Yu.l. Zh. Tekh. Fiz.,
71, 114 (2001).
MB11. Zavitaev EV.,, Yushlanov A.A., Yalamov Yu.l. Opt. Spektrosk .,
2, 851 (2002).
12.  Zavitaev E.V., Yushkanov A.A., Yalamov Yu.l. Zh. Tekh. Fiz.,
73, 16 (2003).
13.  Zavitaev E.V,, Yushkanov A.A., Yalamov Yu.l. Zh. Eksp. Teor.
Fiz., 124, 1112 (2003).
14.  Kubo R.J. Phys. Soc. Japan, 17, 975 (1962).

15.
16.
m=17.
18.
19.

20.

21.

Manykin E.A., Poluektov P.P., Rubezhnyi Yu.G. Zh. Eksp. Teor.
Fiz., 70, 2117 (1976).

Averitt R.D., Westcott S.L., Halas N.J.J. J. Opt. Soc. Am. B, 16
(10), 1824 (1999).

Henglein A.l. Phys. Chem. B, 104 (10), 2201 (2000).

Sidorov A.L. Opt. Zh., 70, 9 (2003).

Landau L.D., Lifshits E.M. Electrodynamics of Continuous Media
(New York, London: Pergamon Press, 1984; Moscow: Nauka,
1992).

Harrison W.A. Solid State Theory (New York: McGraw-Hill,
1970; Moscow: Mir, 1972).

Courant R. Partielle Differentialgleichungen, unpublished lecture
notes (Gottingen, 1932; Moscow: Mir, 1964) Ch. 2.


http://dx.doi.org/10.1103/PhysRevB.19.1316
OMIS
;
!6)$* ˚�4� &%��� ˆ��� *0 ˙/0 �˝�˛ #�1�1+�

http://dx.doi.org/10.1088/0022-3719/15/35/021
OMIS
;
!6)$* ˚�4� +� &%��� ,� ˘��� ˘�� &%���0 ˙'0 ��
� #�12�+�

http://dx.doi.org/10.1134/1.1490021
OMIS
3)˙& )	˙ ˆ�:�0 "��$/)�!˙ ����0 ")*)�!˙ "���� -��� ˘���������0
/˛0 2�� #����+�

http://dx.doi.org/10.1021/jp994300i
OMIS
	�A*	&� ��4� &%��� ,%��� *0 ˙1+ #��+0 ���� #����+�



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [1800 1800]
  /PageSize [595.276 841.890]
>> setpagedevice


