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POLARIZABILITY OF TWO-LAYER
METAL-OXIDE NANOWIRES

Frequency dependences have been obtained for the real and imaginary parts and the absolute
values of the components of the polarizability tensor of metal-oxide nanowires, as well as for
the absorption and scattering cross-sections. The limiting cases of the ‘thick ” and “thin ”
outer oxide layers are studied. Numerical calculations are performed for Al, Cu, and Ag wires
coated with a corresponding oxide layer. The models where the dielectric constant of an oxide
is either a constant or a function of the frequency are considered. In the last case, experimental
frequency dependences of the refractive and extinction indices are used. The influence of the
oxide layer thickness on the frequency dependences of the polarizability and the absorption
and scattering cross-sections is analyzed. It is found that the presence of an oxide leads to a
decrease in the frequency of surface plasmons in two-layer nanowires due to the influence of
classical size effects.
K e yw o r d s: metal-oxide nanowire, polarization tensor, absorption cross-section, scattering
cross-section, surface plasmons, dielectric function, size effect.

1. Introduction

Metal nanowires are widely used in modern nanotech-
nology as elements of interconnections in nanoelec-
tronic circuits, optical communication channels, and
building blocks in sensors [1–8]. Such a variety of po-
tential applications is based on the phenomenon of
surface plasmon resonance. The spectral position of
the latter is determined by the size and shape of the
nanowire cross-section, as well as the optical prop-
erties of the nanowire metal and the environment
[3, 9–15].

Resonance phenomena occurring at the interaction
of electromagnetic radiation with nanostructures are
powerful energy and information factors for the cre-
ation of novel nanophotonic technologies [16]. The
plasmon resonance effect, which takes place in metal
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nanoparticles and nanostructures of various shapes
and nature, opens opportunities for the controlled
scattering of light belonging to a certain spectral in-
terval in a given direction. It also allows the electro-
magnetic field to be localized at the nanoscale [17]. In
addition, the application of resonance micro- and
nanostructures can significantly improve the charac-
teristics of the components in photovoltaic, photocat-
alytic, biophotonic, and other systems [18–23].

Owing to the natural oxidation of a metal on the
surface of nanostructures in a liquid or gaseous en-
vironment [24, 25], the formation of an oxide layer
is possible. In particular, when studying the optical
properties of spherical metal nanoparticles [26], the
account for the presence of an oxide layer on the
nanoparticle surface brings about good agreement be-
tween the results of theoretical calculations and ex-
perimental measurements. It is reasonable to expect
the same in the case of systems with other geometries,
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in particular, metal nanowires. Therefore, the study
of the optical properties of metal-oxide nanowires is
challenging.

Hence, the aim of this work is to study the fre-
quency dependences of the polarizability and the
absorption and scattering cross-sections of a metal
nanocylinder coated with an oxide layer and placed
in a dielectric medium, as well as the particle-size de-
pendence of the surface plasmon resonance frequency.

2. Formulation of the Problem
and Basic Relations

2.1. General relations

Consider a two-layer metal-oxide nanowire with an
oxide layer of the thickness 𝑡 = 𝑏 − 𝑎, where 𝑎 is
the radius of the metal core, and 𝑏 is the total ra-
dius of the nanowire, The nanowire is in a medium
with the dielectric constant 𝜖m (see Fig. 1). Due to
the anisotropy and a mismatch between the direc-
tions of the dipole moment, p, and external electric
field strength, E0, vectors, the polarizability of the
system is a diagonal tensor of the second rank

𝛼@ =

⎛⎝𝛼⊥
@ 0 0
0 𝛼⊥

@ 0

0 0 𝛼
‖
@

⎞⎠, (1)

where the expressions for the components 𝛼
⊥(‖)
@ are

obtained from the relations for a two-layer elongated
ellipsoid of revolution [27],
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and 𝜖
⊥(‖)
c and 𝜖

⊥(‖)
s are the transverse (⊥) and longi-

tudinal (‖) components of the dielectric constants of
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Fig. 1. Geometry of the problem

the core and shell materials, respectively; ℒ(1)
⊥(‖) and

ℒ(2)
⊥(‖) are the transverse and longitudinal depolariza-

tion coefficients of the inner and outer layers, respec-
tively; 𝛽c = 𝑉𝑐/𝑉 ; 𝑉𝑐 is the inner ellipsoid volume;
and 𝑉 the total ellipsoid volume.

Expression (2) can be written in a more compact
form similar to the expression for the polarizability
of a metal ellipsoid of revolution,

𝛼
⊥(‖)
@ = 𝑉
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⊥(‖)
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𝜖
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@ − 𝜖m

)︁ , (5)

if we introduce the “equivalent” dielectric constant of
a two-layer ellipsoid, which is defined by the expres-
sion

𝜖
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s +

+
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In the case of a two-layer cylinder, ℒ(1)
⊥ = ℒ(2)

⊥ =

= 1/2, ℒ(1)
‖ = ℒ(2)

‖ = 0, and 𝛽c = (𝑎/𝑏)
2. So, we

obtain
𝜖⊥@ = 𝜖⊥s

1 + 𝛽c𝛿
⊥
@
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, 𝜖
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where the notation

𝛿⊥@ =
𝜖⊥c − 𝜖⊥s
𝜖⊥c + 𝜖⊥s

(8)

was introduced.
Now, let us separately consider two cases: where

the dielectric constant of the oxide layer 𝜖 is a con-
stant, and where it depends on the frequency of inci-
dent light.
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2.1.1. The case 𝜖⊥𝑠 = 𝜖
‖
𝑠 = 𝜖ox = const

Using formulas (2)–(8), we may write the following
expression for the dimensionless transverse compo-
nent of the polarizability:

𝛼̃⊥
@ =

𝛼⊥
@

𝑉
= 2

𝜖⊥c − 𝜖
(−)
c
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, (9)

where
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(1− 𝛽c) 𝜖ox ± (1 + 𝛽c) 𝜖m
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. (10)

The equality Re 𝜖⊥c = 𝜖
(+)
c is a condition of the surface

plasmon resonance, and Re 𝜖⊥c = 𝜖
(−)
c is a condition

for the numerator in the expression for the polariz-
ability to vanish (the invisibility condition).

Let us consider the limiting cases of “thin” and
“thick” oxide layers.

1. Approximation of “thin” oxide layer (𝛽c → 1). In
this approximation, we have
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For the dimensionless transverse and longitudinal
components of the polarizability, we obtain the for-
mulas
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2. Approximation of “thick” oxide layer (𝛽c → 0).
In this approximation, 𝜖

(+)
c = 𝜖

(−)
c = −𝜖ox. So, we

have
𝛼̃⊥
@ =

𝜖ox − 𝜖m
𝜖ox + 𝜖m

, 𝛼̃
‖
@ =

𝜖c − 𝜖m
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2.1.2. The case 𝜖⊥𝑠 = 𝜖
‖
𝑠 = 𝜖𝑠 = 𝜖ox (𝜔)

In the case where the dielectric constant of the oxide
is a complex quantity and depends on the frequency,
we have 𝜖ox (𝜔) = 𝜖Iox (𝜔)+ 𝑖𝜖IIox (𝜔). This is true, e.g.,
for Ag2O [28]. To find the frequency dependence of
the dielectric function for Ag2O, we use the corre-
sponding experimental frequency dependences for the
refractive, 𝑛̄, and the excision, κ, indices from work
[28] (see Fig. 2).

The real and imaginary parts of the dielectric con-
stant of silver oxide are related to 𝑛̄ and κ via the
following formulas:

𝜖Iox (𝜔) = 𝑛̄2 (𝜔)− κ2 (𝜔), (15)
𝜖IIox (𝜔) = 2𝑛̄ (𝜔)κ (𝜔). (16)

The best approximations to the experimental curves
𝑛̄ (𝜔) and κ (𝜔) are the polynomials of the sixth and
third orders,

𝑛̄ (𝜔) =

⎧⎪⎪⎨⎪⎪⎩
6∑︀

𝑖=0

𝑐𝑖𝜔
𝑖, ~𝜔 ≤ 3.3 eV;

3∑︀
𝑖=0

𝑑𝑖𝜔
𝑖, ~𝜔 > 3.3 eV;

κ (𝜔) =

⎧⎪⎪⎨⎪⎪⎩
6∑︀

𝑖=0

𝑐𝑖𝜔
𝑖, ~𝜔 ≤ 3.8 eV;

6∑︀
𝑖=0

𝑑𝑖𝜔
𝑖, ~𝜔 > 3.8 eV;

where the coefficients 𝑐𝑖, 𝑑𝑖, 𝑐𝑖, and 𝑑𝑖 (𝑖 = 0 ... 6) are
quoted in Table 1.

In Drude’s theory, the dielectric function of a metal
nanoconductor is determined by the expression

𝜖 (𝜔) = 𝜖∞ −
𝜔2
𝑝

𝜔2 + 𝛾2
+ i

𝜔2
𝑝𝛾

(𝜔2 + 𝛾2)𝜔
. (17)

Here, 𝜔𝑝 =
(︀
𝑒2𝑛𝑒/𝜖0𝑚

*)︀1/2 is the plasma frequency,
𝜖0 is the electric constant, 𝑛𝑒 the electron concentra-
tion (𝑛−1

𝑒 = 4𝜋𝑟3/3, 𝑟 is the average distance between
the conduction electrons), 𝑚* the effective electron
mass, 𝜖∞ the component describing the contribution
of the ionic core to the metal dielectric permittivity,
and 𝛾 the relaxation rate. Note that the relaxation
rate in nanostructures can be substantially different
from its counterpart for 3D metals. This is a result of
the dominance of scattering at nanosystem’s bound-
aries over the contributions made by other scatter-
ing channels such as the scattering by phonons, im-
purities, or structural defects. In this case, formula
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(17), instead of 𝛾, will include 𝛾
⊥(‖)
eff determined as

follows [29]:

𝛾
⊥(‖)
eff = 𝛾bulk + 𝛾⊥(‖)

s + 𝛾
⊥(‖)
rad , (18)

where 𝛾bulk is the relaxation rate in a 3D metal,
and 𝛾

⊥(‖)
s are the transverse (longitudinal) relaxation

rates associated with the scattering at the surface. In
the case of axial and radial motions of electrons in the
nanocylinder, 𝛾⊥(‖)

s are determined by the formulas
[30] (see Appendix A)

𝛾‖
s = 0, (19)

𝛾⊥
s =

27𝜋

128 (𝜖m + 1)

(︁𝜔𝑝

𝜔

)︁2 𝑣F
𝑎
. (20)

The last summand on the left-hand side of Eq. (18)
arises due to the fact that, in addition to the sur-
face attenuation, the radiation one plays an impor-
tant role in the decay of surface plasmons. It becomes
especially appreciable, as the nanocylinder radius in-
creases. The quantities 𝛾

⊥(‖)
rad are determined by the

relations [29] (see Appendix A)

𝛾
‖
rad = 0; (21)

𝛾⊥
rad =

3

128

𝑉c√︀
𝜖m (𝜖∞ + 𝜖m)

(︁𝜔𝑝

𝑐

)︁3(︁𝜔𝑝

𝜔

)︁2 𝑣F
𝑎
, (22)

where 𝑉c is the volume of a metal nanocylinder.
The absorption and scattering cross-sections are

determined by the expressions [27]

𝐶abs =
𝜔
√
𝜖m
𝑐

Im

(︂
2

3
𝛼⊥
@ +

1

3
𝛼
‖
@

)︂
, (23)

𝐶sca =
𝜔4𝜖2m
6𝜋𝑐4

(︂
2

3

⃒⃒
𝛼⊥
@

⃒⃒2
+

1

3

⃒⃒⃒
𝛼
‖
@

⃒⃒⃒2)︂
, (24)

where 𝑐 is the speed of light.

2.2. Surface Plasmon Resonance Frequency

From the plasmon resonance condition Re 𝜖⊥c = 𝜖
(+)
c ,

it follows that

Re 𝜖⊥c (𝜔𝑠𝑝) = −𝜖ox
(1 + 𝛽c) 𝜖m + (1− 𝛽c) 𝜖ox
(1 + 𝛽c) 𝜖ox + (1− 𝛽c) 𝜖m

. (25)

Using formula (17), this expression can be represen-
ted in the form

𝜖∞ −
𝜔2
𝑝

𝛾⊥2
eff + 𝜔2

𝑠𝑝

= −𝜖ox
(1 + 𝛽c) 𝜖m + (1− 𝛽c) 𝜖ox
(1 + 𝛽c) 𝜖ox + (1− 𝛽c) 𝜖m

.
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Fig. 2. Experimental frequency dependences of the refractive
and extinction indices for Ag2O [28]

Table 1. Coefficients of approximating polynomials

𝑖
𝑛̄ (𝜔) κ (𝜔)

𝑐𝑖 𝑑𝑖 𝑐𝑖 𝑑𝑖

0 33.731 –197.68 4.8343 –106

1 –96.347 c 178.05 c –15.419 c 2 · 106 c
2 120.63 c2 –51.055 c2 20.103 c2 –2 · 106 c2

3 –78.889 c3 4.7611 c3 –13.771 c3 530287 c3

4 28.94 c4 0 5.237 c4 –104982 c4

5 –5.393 c5 0 –1.0461 c5 11076 c5

6 0.419 c6 0 0.0856 c6 –486.57 c6

From whence, for the frequency of surface plasmons,
we can write the relation

𝜔𝑠𝑝 =

⎯⎸⎸⎷ 𝜔2
𝑝

𝜖∞ + 𝜖ox
(1+𝛽c)𝜖m+(1−𝛽c)𝜖ox
(1+𝛽c)𝜖ox+(1−𝛽c)𝜖m

− 𝛾⊥2
eff . (26)

Substituting Eqs. (20) and (22) into Eq. (26) and
squaring the both parts of the result, we obtain the
formula

𝜔2
𝑠𝑝 =

𝜔2
𝑝

𝜖∞ + 𝜖ox
(1+𝛽c)𝜖m+(1−𝛽c)𝜖ox
(1+𝛽c)𝜖ox+(1−𝛽c)𝜖m

−

−

[︃
𝛾bulk + B

(︂
𝜔𝑝

𝜔𝑠𝑝

)︂2
𝑣F
𝑎

]︃2

, (27)

where the notation

B =
9𝜋

𝜖m + 1
+

𝑉√︀
𝜖m (𝜖∞ + 𝜖m)

(︁𝜔𝑝

𝑐

)︁3
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was introduced. Expression (27) is reduced to the fol-
lowing algebraic equation of the sixth order:

𝜔6
𝑠𝑝 −

⎡⎣ 𝜔2
𝑝

𝜖∞ + 𝜖ox
(1+𝛽c)𝜖m+(1−𝛽c)𝜖ox
(1+𝛽c)𝜖ox+(1−𝛽c)𝜖m

− 𝛾2
bulk

⎤⎦𝜔4
𝑠𝑝 +

+2𝛾bulkB𝜔2
𝑝

𝑣F
𝑎
𝜔2
𝑠𝑝 + B2𝜔4

𝑝

𝑣F
2

𝑎2
= 0. (28)

Since the last two summands on the left-hand side of
Eq. (28) are small in comparison with the first two,
this equation can be solved by the iteration method,

𝜔𝑠𝑝 = 𝜔(0)
𝑠𝑝 + 𝜔(1)

𝑠𝑝 + ..., (29)

where

𝜔(0)
𝑠𝑝 =

⎯⎸⎸⎷ 𝜔2
𝑝

𝜖∞ + 𝜖ox
(1+𝛽c)𝜖m+(1−𝛽c)𝜖ox
(1+𝛽c)𝜖ox+(1−𝛽c)𝜖m

− 𝛾2
bulk. (30)

Substituting expression (29) into Eq. (28), we obtain
the formula for the first-order correction,

𝜔(1)
𝑠𝑝 = −

B𝜔2
𝑝
𝑣F
𝑎

[︁
B𝜔2

𝑝
𝑣F
𝑎 + 2𝛾bulk𝜔

(0) 2
𝑠𝑝

]︁
2𝜔

(0)
𝑠𝑝

[︁
𝜔
(0)4
𝑠𝑝 + 2𝛾bulkB𝜔2

𝑝
𝑣F
𝑎

]︁ . (31)

Hence, the account for the classical size effects dimin-
ishes the frequency of surface plasmons.

Consider the limiting cases of thick and thin oxide
layers. The parameter 𝜔

(1)
𝑠𝑝 is determined by expres-

sion (31) in both cases. At the same time, the cor-
responding formulas for 𝜔

(0)
𝑠𝑝 are different. For thick

Table 2. Metal parameters
(𝑎0 = ~2/

(︀
𝑚𝑒𝑒2

)︀
is the Bohr radius)

Parameter Al Cu Ag

𝑟𝑠/𝑎0 [31] 2.07 2.11 3.02
𝜖∞ 0.7 12.03 [32] 3.7 [32]
𝑚*/𝑚𝑒 1.48 [33] 1.49 [34] 0.96 [34]
𝜏 , fs [31] 8 27 40

Table 3. Dielectric permittivities
of oxides, 𝜖ox, and matrix, 𝜖m

𝜖ox 𝜖m

Al2O3 Cu2O Teflon

3.13 [35] 3.7 [36] 2.3 [37]

oxide layers (𝛽c → 0), we have

𝜔(0)
𝑠𝑝 =

√︃
𝜔2
𝑝

𝜖∞ + 𝜖ox
− 𝛾2

bulk. (32)

For thin oxide layers, 𝛽c → 1, and (see Appendix B)
we obtain

𝜔(0)
𝑠𝑝 =

⎯⎸⎸⎷ 𝜔2
𝑝

𝜖∞ + 𝜖ox
(1+𝛽c)𝜖m+(1−𝛽c)𝜖ox
(1+𝛽c)𝜖ox+(1−𝛽c)𝜖m

− 𝛾2
bulk

∼=

∼=

√︃
𝜔2
𝑝

𝜖∞ + 𝜖m
− 𝛾2

bulk×

×

⎡⎣1− (1− 𝛽c)
𝜔2
𝑝

(︀
𝜖2ox− 𝜖2m

)︀
4𝜖ox(𝜖∞+ 𝜖m)2

(︁
𝜔2

𝑝

𝜖∞+𝜖m
− 𝛾2

bulk

)︁
⎤⎦. (33)

The numerical calculations below will be carried
out using formulas (2), (23), (24) with regard for
Eqs. (3), (4), and (17)–(22).

3. Calculation Results and Their Discussion
The calculations were carried out for two-layer nano-
cylinders Al@Al2O3, Cu@Cu2O, and Ag@Ag2O em-
bedded in Teflon. The nanocylinders had various radii
and various thicknesses of the oxide layer. The rele-
vant parameters of the metals are presented in Ta-
ble 2, and the dielectric permittivities of the oxides
and Teflon in Table 3.

In Figs. 3 and 4, the frequency dependences of the
real and imaginary parts and the absolute values of
the transverse and longitudinal, respectively, compo-
nents of the polarizability of Cu@Cu2O nanocylinders
with various metal-core radii, 𝑎, and various thick-
nesses of the oxide layer, 𝑡, are plotted. As one can
see, the real part of the transverse polarizability com-
ponent is an alternating function of the frequency
(Fig. 3, 𝑎), and the absolute value of polarizability
is larger for larger radii of the metal core, if the ox-
ide layer thickness is constant (the sequence of curves
2 → 4 → 5), which corresponds to higher metal con-
tents in the wire. Furthermore, a “blue” shift of the
Re 𝛼⊥ maximum is observed, as the oxide layer thick-
ness decreases. Unlike Re 𝛼⊥, the quantity Re 𝛼‖ is
always negative in the examined frequency interval
and has the same order of magnitude (Fig. 4, 𝑎).

The dependence Im 𝛼⊥ (~𝜔) has a well-pronounced
maximum (Fig. 3, 𝑏), which also undergoes a “blue”
shift, as the oxide layer thickness 𝑡 decreases (the se-
quence of curves 3 → 2 → 1) or the core radius 𝑎
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Fig. 3. Frequency dependences of the real (𝑎) and imaginary
(𝑏) parts and the absolute value (𝑐) of the transverse polar-
izability component of Cu@Cu2O nanocylinders: 𝑎 = 10 nm,
𝑡 = 2 nm (1 ); 𝑎 = 10 nm, 𝑡 = 5 nm (2 ); 𝑎 = 10 nm, 𝑡 = 10 nm
(3 ); 𝑎 = 20 nm, 𝑡 = 5 nm (4 ); 𝑎 = 30 nm, 𝑡 = 5 nm (5 )

increases (the sequence of curves 2 → 4 → 5). The
imaginary part of the longitudinal component of the
polarization is a decreasing function of the frequency
far from the plasmon resonance (Fig. 4, 𝑏). In the
plasmon resonance region, Im 𝛼‖ weakly decreases,
as the frequency grows (see the inset in Fig. 4, 𝑏).

Fig. 4. Frequency dependences of the real (𝑎) and imaginary
(𝑏) parts and the absolute value (𝑐) of the longitudinal polariz-
ability component of Cu@Cu2O nanocylinders: 𝑎 = 10 nm,
𝑡 = 2 nm (1 ); 𝑎 = 10 nm, 𝑡 = 5 nm (2 ); 𝑎 = 10 nm,
𝑡 = 10 nm (3 )
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Fig. 5. Frequency dependences of the real (𝑎) and imaginary
(𝑏) parts and the absolute value (𝑐) of the transverse polar-
izability component of Ag@Ag2O nanocylinders: 𝑎 = 10 nm,
𝑡 = 2 nm (1 ); 𝑎 = 10 nm, 𝑡 = 5 nm (2 ); 𝑎 = 10 nm, 𝑡 = 10 nm
(3 ); 𝑎 = 20 nm, 𝑡 = 5 nm (4 ); 𝑎 = 30 nm, 𝑡 = 5 nm (5 )

The frequency dependences of |𝛼⊥| and
⃒⃒
𝛼‖

⃒⃒
are

qualitatively similar to the dependences Im 𝛼⊥ (~𝜔)
and Im 𝛼‖ (~𝜔), because the real and imaginary parts
become comparable with each other only near the
plasmon resonance frequency (Figs. 3, 𝑐 and 4, 𝑐).
Analogous calculations for Al@Al2O3 nanocylinders
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Fig. 6. Frequency dependences of the absorption (𝑎) and scat-
tering (𝑏) cross-sections for layered nanocylinders composed of
different metals at 𝛽c = 0.1 (solid curves) and 0.9 (dashed
curves)

also demonstrate a “blue” shift of plasmon resonances,
as the oxide layer thickness 𝑡 decreases or the metal
core radius 𝑎 increases.

The plots of the frequency dependences of Re 𝛼⊥,
Im 𝛼⊥, and |𝛼⊥| for Ag@Ag2O nanowires are shown
in Fig. 5. In the frequency interval ~𝜔 ≤ 3.3 eV,
the corresponding curves are qualitatively similar to
their counterparts for Cu@Cu2O and Al@Al2O3 na-
nocylinders. However, in contrast to the latter cases,
all indicated quantities grow with the frequency at
~𝜔 > 3.3 eV. Such a behavior is associated with a
drastic increase of 𝑛̄ (𝜔) and κ (𝜔) for Ag@Ag2O in
this spectral interval.
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Fig. 7. Frequency dependences of absorption cross-sections for
Cu@Cu2O (𝑎) and Ag@Ag2O (𝑏) nanocylinders with a radius
of 20 nm and various 𝛽𝑐 = 0.1 (1 ), 0.2 (2 ), 0.5 (3 ), 0.8 (4 ),
and 0.9 (5 )

In Fig. 6, the frequency dependences of the absorp-
tion, 𝐶abs, and scattering, 𝐶sca, cross-sections for the
Ag@Ag2O, Cu@Cu2O, and Al@Al2O3 cylinders are
shown for two values of the parameter 𝛽c: 0.1 and
0.9. As one can see, at 𝛽c = 0.1, the values of 𝐶abs

and 𝐶sca are much larger than in the case 𝛽c = 0.9
for all composite nanowires and all their composi-
tions considered in this work. At 𝛽c = 0.1, the quan-
tities 𝐶abs and 𝐶sca in the cases of Ag@Ag2O and
Cu@Cu2O cylinders have a maximum at close fre-
quency values, whereas the corresponding maxima
for Al@Al2O3 cylinders are reached at much larger
~𝜔-values, which can be explained by a consider-
ably larger value of 𝜔𝑝. A comparison between the
𝐶abs- and 𝐶sca-values at the same ~𝜔’s demonstrates
that 𝐶abs ≫ 𝐶sca. Therefore, the scattering pro-
cesses can be neglected as compared with the absorp-
tion ones.

However, in contrast to the case of Cu@Cu2O
(Fig. 7, 𝑎) and Al@Al2O3 nanowires, the absorption
cross-section for Ag@Ag2O nanowires (Fig. 7, 𝑏) with
any thickness of oxide layer increases at the frequen-
cies ~𝜔 > 3.3 eV, which is explained by the growth
of the refractive and extinction indices.

4. Conclusions

The frequency dependences of the real and imagi-
nary parts and the absolute value of the longitudinal
and transverse polarizabilities, as well as the absorp-
tion and scattering cross-sections, have been studied
for two-layer metal-oxide nanowires. The size depen-
dence of the surface plasmon frequency in those sys-
tems is obtained. The limiting cases of “thick” and
“thin” oxide layers are considered.

It is found that the reduction of the oxide layer
thickness results in the growth of the corresponding
absolute values of the real and imaginary parts of
the transverse polarizability and in the “blue” shift
of the extrema, which is associated with the increase
of the metal content in the cylinder. The difference
between the “blue” shifts of the real and imaginary
parts and the absolute values of the transverse polar-
ization component for the Cu@Cu2O and Al@Al2O3

nanocylinders takes place exclusively owing to differ-
ent values of the bulk concentration of conduction
electrons in them.

If the energy of incident radiation exceeds 3.3 eV,
the behavior of the frequency dependences of the
real and imaginary parts and the absolute value
of the transverse polarization component, as well
as the scattering and absorption cross-sections,
for Ag@Ag2O nanocylinders substantially differs
from that in the case of Cu@Cu2O and Al@Al2O3

nanocylinders due to a considerable growth of the re-
fraction and extinction coefficients for Ag2O in this
spectral interval.

It is proved that, owing to the influence of the clas-
sical size effects, the frequency of surface plasmons
decreases.

APPENDIX A
Calculation of the surface
and radiation relaxation rates

The surface and radiation relaxation rates are known to be
related to the conductivity via the relations

𝛾s, 𝛽 (𝜔) =
ℒ𝛽𝜎𝛽𝛽 (𝜔)

𝜖0𝑔𝛽
, (A.1)
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𝛾rad, 𝛽 =
8𝜋

9
√
𝜖m

(︁𝜔𝑝

𝑐

)︁3 𝑅‖𝑅
2
⊥ℒ𝛽𝜎𝛽𝛽 (𝜔)√︂

𝜖∞ +
(︁

1
ℒ𝛽

− 1
)︁
𝜖m

, (A.2)

where ℒ𝛽 is the depolarization factor, 𝑔𝛽 = 𝜖m + ℒ𝛽 (1− 𝜖m),
and 𝜎𝛽𝛽 (𝜔) are the diagonal components of the optical con-
ductivity tensor. In the case of an ellipsoid of revolution, the
latter can be written in the form

𝜎el
𝛽𝛽 (𝜔) =

⎛⎜⎝ 𝜎⊥ (𝜔) 0 0

0 𝜎⊥ (𝜔) 0

0 0 𝜎‖ (𝜔)

⎞⎟⎠. (A.3)

The conductivity of a cylindrical nanowire can be obtained
by passing to the limit in the expression for the conductivity
of an elongated ellipsoid of revolution with the radii of cross-
sections 𝑅⊥ and 𝑅‖ [30],

𝜎⊥(𝜔) = lim
𝑅‖→∞

𝜎el
⊥ (𝜔) ,

where

𝜎el
⊥ (𝜔) =

9𝑛𝑒2

8𝑚* Re
1

𝜈 − 𝑖𝜔

𝜋
2∫︁

0

𝑑𝜃 sin3𝜃Ψ(𝑞)|𝜀=𝜀F
, (A.4)

Ψ(𝑞) =
4

3
−

2

𝑞
+

4

𝑞3
−

4

𝑞2

(︂
1 +

1

𝑞

)︂
e−𝑞 ,

𝑞 =
2𝑅 (𝜈 − 𝑖𝜔)

𝑣′
= 𝑞1 − 𝑖𝑞2,

𝑣′ = 𝑣𝑅

⎯⎸⎸⎷ sin2𝜃

𝑅2
⊥

+
cos2𝜃

𝑅2
‖

,

𝜃 is the angle between the electron velocity 𝑣 and the ellipsoid
symmetry axis, and 𝑅 =

(︀
𝑅2

⊥𝑅‖
)︀1/3. If the surface scattering

dominates, we have 𝑞1 → 0 and 𝑞 → −𝑖𝑞2, where

𝑞2 =
2𝑅⊥
𝜈

(︀
1− 𝑒2𝑝cos

2𝜃
)︀−1/2

and 𝑒2𝑝 =
⃒⃒⃒
1−𝑅2

⊥/𝑅2
‖

⃒⃒⃒
is the ellipsoid eccentricity.

Changing the variable 𝑥 ≡ 2𝑅⊥𝜔
(︀
1− 𝑒2𝑝cos

2𝜃
)︀−1/2

/𝑣 in in-
tegral (A.4) and introducing the notations 𝜈𝑠,⊥ = 𝑣F/2𝑅⊥ and
𝜈𝑠,‖ = 𝑣F/2𝑅‖, we obtain

𝜎⊥ (𝜔) =
9𝑛𝑒2

4𝑚*𝜔

(︂
𝜔

𝜈𝑠,⊥

)︂2 𝑒2𝑝 − 1

𝑒3𝑝

𝜔
𝜈𝑠, ‖∫︁
𝜔

𝜈𝑠,⊥

𝑑𝑥

𝑥4

1−
(︁

𝜔
𝜈𝑠, ‖𝑥

)︁2
√︂

1−
(︁

𝜔
𝜈𝑠,⊥𝑥

)︁2 ×

×
[︂
1−

2

𝑥
sin𝑥+

2

𝑥2
(1− cos𝑥)

]︂
. (A.5)

At 𝑅‖ → ∞, we have 𝑒𝑝 → 1, 𝜈𝑠, ‖ → 0, 𝜔/𝜈𝑠, ‖ → ∞, and

lim
𝑅‖→∞

(︀
𝑒2𝑝 − 1

)︀⎡⎣1−
(︃

𝜔

𝜈𝑠,‖𝑥

)︃2⎤⎦ =

= − lim
𝑅‖→∞

𝑅2
⊥

𝑅2
‖

(︃
1−

4𝜔2𝑅2
‖

𝑣2F𝑥
2

)︃
=

4𝑅2
⊥𝜔2

𝑣2F𝑥
2

=
𝜔2

𝜈2𝑠𝑥
2
,

where 𝜈𝑠,⊥ ≡ 𝜈𝑠. Then,

𝜎⊥ (𝜔) =
9𝑛𝑒2

4𝑚*𝜔

(︂
𝜔

𝜈𝑠

)︂4 ∞∫︁
𝜔
𝑣𝑠

𝑑𝑥

𝑥6

√︂
1−

(︁
𝜔

𝜈𝑠𝑥

)︁2 ×

×
[︂
1−

2

𝑥
sin𝑥+

2

𝑥2
(1− cos𝑥)

]︂
. (A.6)

By changing the variable, sin𝜙 = 𝜔/
(︀
𝜈𝑠,⊥𝑥

)︀
, expression (A.6)

can be written in the form

𝜎⊥ (𝜔) =
9𝑛𝑒2

4𝑚*
𝜈𝑠

𝜔2

𝜋
2∫︁

0

sin4𝜙𝑑𝜙

[︂
1− 2

𝜈𝑠

𝜔
sin𝜙 sin

𝜔

𝜈𝑠 sin𝜙
+

+4
(︁𝜈𝑠
𝜔

)︁2
sin2𝜙sin2

𝜔

2𝜈𝑠 sin𝜙

]︂
. (A.7)

Calculating integral (A.7) and taking into account that 𝜈𝑠 ≪ 𝜔,
we obtain

𝜎⊥ =
9𝑛𝑒2

4𝑚*
𝜈𝑠

𝜔

𝜋
2∫︁

0

sin4𝜙𝑑𝜙 =
27𝜋𝜖0

64

(︁𝜔𝑝

𝜔

)︁2
𝜈𝑠. (A.8)

Substituting this formula into Eq. (A.1) and taking into ac-
count that ℒ𝛽 = ℒ⊥ = 1

2
, 𝑅⊥ = 𝑎, and 𝑅‖ = 𝑙„ we obtain the

following expressions for the surface and radiation relaxation
rates:

𝛾⊥
𝑠 (𝜔) =

27𝜋

128 (𝜖𝑚 + 1)

(︁𝜔𝑝

𝜔

)︁2 𝑣F
𝑎

, (A.9)

𝛾⊥
rad (𝜔) =

3

128

𝑉√︀
𝜖m (𝜖∞ + 𝜖m)

(︁𝜔𝑝

𝑐

)︁3(︁𝜔𝑝

𝜔

)︁2 𝑣F
𝑎

. (A.10)

Since ℒ‖ = 0, we have

𝛾
‖
𝑠 (𝜔) = 𝛾

‖
rad (𝜔) = 0. (A.11)

APPENDIX B
Calculation of the surface plasmon frequency
in a “thin” oxide layer in the zeroth
approximation. The case 𝜖ox = const

In the case of thin oxide layer (𝛽c → 1), we obtain the fol-
lowing formula for the surface plasmon frequency in the zeroth
approximation:

𝜔
(0)
𝑠𝑝 =

⎯⎸⎸⎷ 𝜔2
𝑝

𝜖∞ + 𝜖ox
(1+𝛽c)𝜖m+(1−𝛽c)𝜖ox
(1+𝛽c)𝜖ox+(1−𝛽c)𝜖m

− 𝛾2
bulk =

=

⎯⎸⎸⎸⎸⎷ 𝜔2
𝑝

𝜖∞ + 𝜖m
1+ 1−𝛽c

1+𝛽c

𝜖ox
𝜖m

1+ 1−𝛽c
1+𝛽c

𝜖m
𝜖ox

− 𝛾2
bulk

∼=

∼=

⎯⎸⎸⎷ 𝜔2
𝑝

𝜖∞ + 𝜖m
[︁
1 + 1−𝛽c

1+𝛽c

𝜖ox
𝜖m

]︁ [︁
1− 1−𝛽c

1+𝛽c

𝜖m
𝜖ox

]︁ − 𝛾2
bulk

∼=

∼=

⎯⎸⎸⎷ 𝜔2
𝑝

𝜖∞ + 𝜖m
[︁
1−𝛽c
1+𝛽c

(︁
𝜖ox
𝜖m

− 𝜖m
𝜖ox

)︁
+ 1
]︁ − 𝛾2

bulk =
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=

⎯⎸⎸⎷ 𝜔2
𝑝

𝜖∞ + 𝜖m +
𝜖2ox−𝜖2m

𝜖ox

1−𝛽c
1+𝛽c

− 𝛾2
bulk =

=

√︃
𝜔2
𝑝

𝜖∞ + 𝜖m

[︂
1 +

𝜖2ox − 𝜖2m
𝜖ox (𝜖∞ + 𝜖m)

1− 𝛽c

1 + 𝛽c

]︂−1

− 𝛾2
bulk

∼=

∼=

√︃
𝜔2
𝑝

𝜖∞ + 𝜖m

(︂
1−

1− 𝛽c

1 + 𝛽c

𝜖2ox − 𝜖2m
𝜖ox (𝜖∞ + 𝜖m)

)︂
− 𝛾2

bulk =

=

√︃
𝜔2
𝑝

𝜖∞ + 𝜖m
− 𝛾2

bulk ×

×

⎯⎸⎸⎷1−
1− 𝛽c

1 + 𝛽c

𝜖2ox − 𝜖2m

𝜖ox(𝜖∞ + 𝜖m)2
𝜔2
𝑝

𝜔2
𝑝

𝜖∞+𝜖m
− 𝛾2

bulk

∼=

∼=

√︃(︂
𝜔2
𝑝

𝜖∞ + 𝜖m
− 𝛾2

bulk

)︂
×

×

⎡⎣1−
1− 𝛽c

4

𝜖2ox − 𝜖2m

𝜖ox(𝜖∞ + 𝜖m)2
𝜔2
𝑝

𝜔2
𝑝

𝜖∞+𝜖m
− 𝛾2

bulk

⎤⎦,
which coincides with formula (33).
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ПОЛЯРИЗОВНIСТЬ ДВОШАРОВОГО
МЕТАЛ-ОКСИДНОГО НАНОДРОТУ

В роботi одержано спiввiдношення для частотних залежно-
стей дiйсної й уявної частин та модуля компонентiв тензора
поляризовностi, а також перерiзiв поглинання i розсiюван-
ня метал-оксидних нанодротiв. Дослiджено граничнi випад-
ки “товстого” i “тонкого” зовнiшнього шару оксиду. Чисель-
нi розрахунки проведено для дротiв Al, Cu i Ag, вкритих
шаром власного оксиду. Розглянуто випадки, коли дiеле-
ктрична проникнiсть оксиду є постiйною величиною або
є функцiєю частоти. В останньому випадку для визначе-
ння цiєї залежностi було використано апроксимацiю екс-
периментальних кривих частотних залежностей показни-
кiв заломлення та екстинкцiї. Проаналiзовано вплив змiни
товщини оксидного шару на поведiнку частотних залежно-
стей поляризовностi i перерiзiв поглинання i розсiювання.
Встановлено, що наявнiсть оксиду приводить до зменшення
частоти поверхневих плазмонiв у двошарових нанодротах
внаслiдок впливу класичних розмiрних ефектiв.
Ключ о в i с л о в а: метал-оксидний нанодрiт, тензор поля-
ризовностi, перерiз поглинання, перерiз розсiювання, по-
верхневий плазмон, дiелектрична функцiя, розмiрна за-
лежнiсть.
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