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Transmission of evanescent modes through a subwavelength
aperture of a cylindrical waveguide. 2. The influence of dielectric

properties of a real metal

T.I. Kuznetsova, V.S. Lebedev

Abstract. 'The transmission of an evanescent light wave
through the subwavelength aperture of a dielectric cylindrical
metal-coated waveguide is studied. The theoretical approach
to the description of the field structure in such a nano-
waveguide is developed, which takes into account the
transformation of the initial wave reflected from the output
aperture and proves applicable when dielectric properties of a
real metal are taken into account. The complex reflection
coefficient of a supercritical waveguide mode from the
aperture, the complex light flow and the far-field transmission
coefficient are calculated for an aluminium-coated waveguide
at the light wavelength of 4 = 488 nm. It is established that
the reflection and transmission coefficients of the nano-
waveguide strongly depend on the dielectric constant of its
core and differ significantly for transverse-magnetic and
transverse-electric modes. It is demonstrated that the
characteristics of light fields under study differ essentially
from those of a nanowaveguide with ideally conducting walls
and the subwavelength aperture in a perfectly conducting
screen.

Keywords: evanescent electromagnetic wave, cylindrical nanowave-
guide, subwavelength aperture, real metal.

1. Introduction

In this paper, we present the results of the theoretical study
of the transmission of an evanescent electromagnetic wave
through a subwavelength output aperture of a cylindrical
waveguide, which were obtained with allowance for the real
dielectric properties both in the waveguide core and its
metal coating. In other words, unlike the model problem we
considered in [1], which is based on the ideal metal
approximation, we will focus our main attention on the
effects related to the finite dielectric constant of metal walls
in a waveguide. The aim of this paper is to elucidate the
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role in the transmission of diffraction phenomena asso-
ciated with the presence of the nanowaveguide output
aperture and a jump in the dielectric constant at the
nanowaveguide core—free space interface as well as the
phenomena resulting from the excitation of surface
plasmons in the metal coating.

Recently, the effects related to the influence of surface
plasmons on the transformation of optical radiation upon
its transmission through single subwavelength apertures in
thin metal films or through a periodic system of nanoholes
have been considered theoretically in many papers. These
studies have been stimulated by the experimental discovery
of a number of extraordinary resonance phenomena upon
transmission of light through single subwavelength aper-
tures or a system of periodic nanoholes in metal films (see
[2—5] and reference therein). Among the theoretical papers
we should mention, in particular, papers [6—10] aimed at
studying the influence of dielectric properties of a metal on
the light transmission by single nanoholes in thin and thick
films of noble metals (Ag, Au) and at producing narrow-
band light beams upon the transmission of light through a
subwavelength aperture in a screen with a periodic corru-
gated structure [11-13]. The process of resonance
transmission of light through a periodic system of holes
in a metal was theoretically considered in papers [14—18]. Tt
is also necessary to mention papers [19—21], which pointed
out a significant role of the plasmon propagation during the
transmission of radiation along metallized tapered walls of
near-field optical probes.

Nevertheless, in many practically important cases, the
role of diffraction phenomena during the transmission of
light through the subwavelength aperture of a supercritical
waveguide and the phenomena resulting from the excitation
of surface plasmons in the waveguide metal coating remains
unclear. The efficiency of light transmission in these
problems strongly depends on the aperture diameter and
the dielectric constants of the waveguide metal coating, its
core and environment. In this paper, the elucidation of this
problem is of key interest for us. We do not claim to
consider all possible situations but study in detail a specific
example which is of practical importance: the transmission
of an evanescent light wave through a dielectric cylindrical
waveguide coated with a real metal, for which the real part
of the dielectric constant ¢,, significantly exceeds its imag-
inary part: Re(—¢&y) > Ime,.

We have formulated the general theoretical approach to
this problem, which allows one to involve into consideration
the dielectric constant of the metal walls under conditions of
small dissipation losses resulting from the finite conductivity
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of the metal. The proposed approach is based, to a great
extent, on theoretical results obtained in our paper [1]. We
have performed a comparative analysis of the effect of the
waveguide output hole on the field properties for the ideal
and real metals and have calculated the reflection coefficient
from the subwavelength output aperture, which is the main
characteristic determining the field properties. We have also
calculated the far-field transmission coefficient of light
taking into account specific dielectric constants of the walls.

Calculations have been performed for the fields in
aluminium-coated waveguides (the scheme of the waveguide
is shown in Fig. 1 of paper [1]) at the radiation wavelength
A =488 nm in cylindrical coordinates p, ¢, z. As in [1], ¢ is
the dielectric constant of the waveguide core (0 < p < a,
z < 0, where a is the core radius of the waveguide), &, is the
dielectric constant of the metal walls (¢ < p < 00, z < 0) and
& 1s the dielectric constant of the medium outside the
waveguide (z > 0). For Al at 4 =488 nm we have ¢, =
—34.5418.5. In calculations we take into account only the
real part of ¢,. The example of the transverse-magnetic
mode TMy; is chosen for the main consideration. However,
to demonstrate the strong dependence of the results on the
spatial structure and the type of the waveguide modes, we
have also calculated the transmission coefficients for the
transverse-electric mode TE;.

2. Calculation scheme of the fields
in an infinite waveguide

First of all, we present expressions for the fields in an
infinite (not truncated) waveguide with the walls having the
negative dielectric constant. For propagating waves, the
field parameters were studied in [22, 23]. Unlike these
papers, we focus our attention on a supercritical waveguide,
i.e. the fields damping in the axial direction. In the region of
the waveguide core (0 < p < a), the expressions for the
fields have the same form as in paper [1], namely:
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where Jy(x) and J;(x) are the Bessel function of the first
order and its derivative; C is a constant. However, unlike
expressions (1)—(3) from paper [1], the transverse wave
numbers g = ¢, = &,/a and the number &, will be different.

In the region of metal walls (i.e. at a < p < oo) the field
components of the TMy; mode will be expressed via the
modified Bessel functions K, and Kj :

5 p 5 (028 1/2
Ep:CAKl (X ;) eXp l:—Z< _C_z) i|, (4)

5 wle\ 12
o) Jeon(er)
¢ a
2.\1/2
xexp{—z(qz—w—;> } (5)
¢
- iwe w\?
o= () e (42
c c2 a

2\1/2
xexp{—z(qz—%> } (6)

Here, the constant A4 should be determined from the
boundary conditions at p = a and the number y, character-
ising the field damping in the transverse direction in the
walls is related to the number ¢ by the expression
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Hereafter, £ = &, where &; are the eigenvalues of the TMy,
mode. The continuity condition of the tangential compo-
nent of the electric field and the normal component of the
electric inductance at the metal—dielectric interface yields

Jo(&)E = —AKo(1)x, J1(&)e = AK(E)ey,. ®)
By excluding the constant 4 from (8), we find
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Note that the system of equations similar to (7), (9) was
obtained in [23] for propagating waves. In the case of
evanescent waves, similar to paper [23], system (7), (9)
allows one to find numbers £ and y for each specified value
of w/c.

3. Fields in a free space

Let us present expressions for the eigenwaves in the free
space, which have the same symmetry as the waves in the
waveguide (TM waves, 0/0¢ = 0). The field components of
these waves are written in the form

e \1/2
Ep:CJl(xp)exp{—z(ﬁ——z'O) }, (10)
¢
2. \-172
EZ:%<x2—w—;0) CJy(xp)
c
2. \1/2
xexp{—z(;ﬁ—w;o) }, (11)
c
- 2, \-1/2
iwe [, o7&
Hl/):_T <% - cz ) CJ](%/))
2. \1/2
Xexp{—z(ﬁ—wfo) } (12)
c

Here, unlike the case of the waveguide, where the wave
number took the discrete values, the wave number » can
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take any values in the range from 0 to oo. In expressions _ ey, [, o -1/2 p
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These expressions are valid only for the waves, which

decay or propagate in the positive direction of the z axis.
The exchange of z by —z yields one more set of intrinsic
solutions for an infinite space, which, however, will be of no
use below when passing to the semi-infinite space. Note that
the presented expressions for the fields have an identical
form at any values of the transverse coordinate p, unlike
the case of the waveguide fields, where, at p < a and p > q,
the functional dependence was different.

4. Fields in a truncated waveguide

Studying a truncated waveguide with walls made of a real
metal, we should, in the general case, use the whole set of
eigenmodes of an infinite waveguide, whose parameters are
presented in section 2. However, if as an initial wave we use
the evanescent wave corresponding to the only mode of an
infinite waveguide, we can employ the same method as in
the case of an open waveguide with an ideal metal coating
[1]. Instead of the linear combination of different reflected
modes with unspecified coefficients «,, we can restrict
ourselves to only one reflected wave and take only it into
account in the expression for the complete field, by
introducing the reflection coefficient o;. Expressions for
field components (1)—(3) after this allowance for reflected
waves will take the form
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Exactly as in (1)-(3), we replace the multiplier in
expressions (4)—(6), which correspond to the fields in metal:
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Expressions (16)—(18) represent the first approximation to
exact formulae for the fields in a truncated waveguide,
which is similar to the first approximation to the solution in
the case of an ideal metal considered earlier in [1]. In this
case, the approximation obviously yields a small error, if
the modulus of the dielectric constant of the walls is
significantly larger than unity. A detailed analysis of the
dependence of the error on the dielectric constant requires a
separate investigation.

5. Fields in an open half-space
behind the waveguide

In this section, we will construct the solution in the region
adjacent to the waveguide in the form of an integral over
the set of wave numbers according to expressions (10)—
(12). Expressions for the field components have the form
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The expansion coefficient B(x) is determined from the
continuity condition of the component E, at z = 0, i.e. from
the equation

E,(p,0) = E,(p,0), (23)
in full agreement with the way it was done in [1]. Because of
a more complex (compared to the case of an ideal metal)

field structure at z < 0, we obtain the expression for B(x) of
a more complicated form than that in paper [1]:
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Recall that the numbers of & and y entering into expression
(24) are determined from system of equations (7), (9). The
results of specific calculations of ¢ and y for the nano-
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Figure 1. Dependences of the dimensionless parameter y and eigenvalue
¢=¢& of the lowest transverse-magnetic mode TMy; on ka (k=
wsol/z/c). Calculations are performed in the range of values 0.3967 <
ka < 1.4364 for which this waveguide mode exists and is evanescent.

waveguide with a glass core (¢ =2.25) and an aluminum
coating are presented in Fig. 1 for 488-nm radiation, when
Ree, = —34.5. The dielectric constant of the environment
& was taken equal to unity.

The choice of the function of type (24) as the expansion
coefficient B(x) a fortiori guarantees the continuity of the
tangential component of the electric field Ei,,,. As for the
conjugation of the magnetic field components Hy,,,, then,
according to the results of paper [1], instead of the field
equality we will require the equality of complex flows.

6. Complex flow inside the waveguide
and in the external space

In paper [1] we introduced and used in calculations complex
flows integrated in the output waveguide aperture (/ and j),
and derived expressions for such flows, where we took into
account the symmetry of the waveguide and the fields under
study. Here, the definition of the flow is somewhat
modified. We will consider renormalised complex flows S
and S differing from the previous ones (j and j) by the
constant multiplier ¢/4. The passage to the renormalised
flows somewhat simplifies the final expressions for the far-
field transmission efficiency of radiation and decreases the
number of intermediate expressions required to calculate
the fields of a truncated waveguide.

Let us introduce the complex flows S and S with the help
of expressions

o0
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By substituting expressions (13), (15), (16), (18) for the
fields inside the waveguide into the expression for S, we
have
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are used and it is taken into account that according to (8),
expression for the constant 4 has the form
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We will express now the complex flow through the
characteristics of the external fields. By substituting
relations (19), (21), (24) into the second expression in
(25) for the flow, and by changing the integration order and
integrating initially over pdp and then over dx, we obtain
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Expression (29) includes integration over d» which will be
denoted by I". The imaginary and real parts of the integral
I=Rel+ilm/7 are expressed by
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Equalities (26) and (29) allow one to represent the
continuity expression of the complex flow S = S in the form

(1—af)M = (1 +af)I". (32)

The quantity M in (32) is given by the expression
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Expression (32) together with expressions (27), (28), (30),
(31) and (33) makes it possible to determine the main
characteristic — the reflection coefficient o;.

Note once again that the condition

S=S (34)
lays the basis of our approach. In other words, we require
the equality of complex flows inside and outside the
waveguide instead of the equality of magnetic fields H,,
and H, at each point of the output aperture. Thus, we
construct the solution meeting the weakest condition, than
is required by the rigorous approach, which facilitates the
procedure of the solution construction.

Recall that in the case of rather simple geometry (when
the ratio E/H is independent of the transverse coordinate),
the continuity condition E/H together with the continuity
condition of the tangential component of the electric field,
ie. when E, and Ep coincide, gives a more complete
formulation of boundary conditions for the fields at the
interface of two media. In this paper instead of ratio E/H,
we introduce the ratio of the quantity

Wy = | B3 (0,08, (6. 00pdp (35)

0

to the quantity S*:
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and try to achieve coincidence of the values of this ratio at
z= -0 and z = 40. The introduced characteristic can be

considered as the aperture impedance in the bulk metal
bordering the open space. The use of this characteristic
makes it possible to obtain solutions in the case of a more
complex geometry when the ratio E/H depends on the
transverse coordinates.

The quantity W), is proportional to the integrated energy
density, which is related to the tangential component of the
electric field,

o n R o
p=1—| do| E,(p,0)E,(p,0)pdp=— W, (37)
16w 0 0 8

By using expressions (13) and (16) for Ep, we obtain the
following result for W, — renormalised energy density,
integrated in aperture:
2
a
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The ratios of the complex flow in the waveguide and in the
free space to the integrated energy density have the form
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Expressions (29), (30) and (38) obtained in this section
give more complete information on the electromagnetic
energy density directly at the waveguide output, i.e. in
the near-field zone, and on the energy flux in the far-field
zone. To compare the case of the real metal with that of the
ideal metal we present limiting expressions, to which
expressions (29), (30) and (38) are transformed at |¢,| — oo.

7. Passage to the limit of an ideal metal

Note that expressions from paper [1] corresponding to the
ideal metal are a particular case of expressions presented in
section 6. In fact, if the dielectric constant ¢, in the region
p > a, z <0 indefinitely increases in modulus, the electric
field in the waveguide walls vanishes and the eigenvalues ¢
becomes equal to the root of the equation Jy(x) = 0. In this
case, the contribution to the flow calculated at z = —0 will
be made only by the waveguide core and expression (26)
will assume the form
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the quantity 7, being given by the expression

I, =Ji (o). 42)

The integral of the square of the tangential component of
the electric field will be expressed by a simple equation

2
a
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The expressions related to the free space are simplified as
well. In calculating the field in the region z > 0, the
expression for the coefficient B(x) will contain only the
contribution from the field in the waveguide core:

) (@),

B(x) = (1 +a,)Ca?® )

(44)

which, taking into account the only reflected wave, exactly
corresponds to expressions (12) and (14) from paper [1]. In
this case, in the integral 7 [see (30)], the integrand is
simplified and the expression for it will assume the form
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and the integral 7 will be expressed via 7;; obtained in [1],
i.e. we deal with the equality
I=J(E)h. (46)

In this case, the expression for the flow S takes the form
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47)

corresponding to the results of paper [1].

Now, using equalities (41), (42), (47) and (43) we obtain
the ratio between W, and complex flows inside (S) and
outside (S) the waveguide:
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Note that expression (48) in the explicit form relates the
flow with the reflection coefficient. Expression (49) equiv-
alent to (48) (due to the flow continuity) makes it possible
to express the real and imaginary parts of the ratio S/W,
via the integral 7, which is a quantitative parameter of the
scheme considered taking into account its parameters [see
(30)]. These expressions have the form

Re S 2we
Vp:a Olm]“, (50)
ImS 2we
W :(JTORCI“. (51)

P

The first of these ratios in the region of small values ka
(k= weol/ 2 /c is the wave number) takes a simple form:

ReS  de”

w, 3¢

(ka)* = 0.03987¢, " (ka)*. (52)

8. Results of calculations of the reflection
coefficient and the complex flow

for a nanowaveguide with aluminium walls

In section 6 we derived expression (32), which can help to

determine the reflection coefficient . The final expression for
o has the form
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1—I/M
“ErrM (53)
This expression together with (30), (31) and (33) generalises
the results of our previous paper {see expressions (20), (21)
and (26) in [1]} to the case of waveguide walls made of a
real metal.

Based on the above expressions, we calculated the
reflection coefficient from the aperture of the nanowave-
guide with a glass core (¢ = 2.25) and an aluminium coating
(Ree, = —34.5) for 488-nm radiation. The dielectric con-
stant of the environment &, was assumed equal to unity. For
this waveguide, the results of calculations of the real and
imaginary parts of o as a function of ka are presented in
Fig. 2. The same figure presents the results obtained for the
waveguide with the walls made of an ideal metal. The
comparison of the curves shows that the dependence of the
reflection coefficient on ka is qualitatively the same under
the condition that an evanescent mode exists in an alumi-
nium- coated waveguide. This condition has the form
ka>xA and x2 =0.3967 is the point at which
determined by expressions (7), (9) vanishes, i.e. at a small
radius of the core the walls do not hold the mode any more.

It follows from Fig. 2 that the curves in both cases are

especially close in the interval xAl <ka<1. At
0 < ka < x, the mode under study disappears in the

aluminium-coated waveguide, which means that in this
region the model of an ideal metal is inapplicable. One
can also see that with increasing ka, the differences for the
waveguides with coatings made of an ideal and real metals
increase. The differences turn the largest in the Vicinity of
points xal., where xal =M (g/0)"/? = 1.4364 (&M

2.1547). Starting from point ka > 1.4364, the evanescent

Rea; ¥
0.8
0.6
a
04 |
02 |
xxﬁiln \rﬁl\x Vlfax
I & | 1 1 1 al a
0 0.25 050 0.75 1.00 1.25 ka
Im o, -
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—0.03 -
b
—0.04 |
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—0.06 - o
Xxﬁiln \rﬁ‘lxx Ylf’lx
—0.07 1 P 1 1 1 al a
0 0.25 0.50 0.75 1.00 1.25 ka

Figure 2. Real (a) and imaginary (b) parts of the amplitude reflection
coefficient o; of the evanescent TM;,, wave from the subwavelength
waveguide aperture as a function of ka. Solid curves are the results of
calculations for the aluminium-coated waveguide with the fused-silica
core (¢ =225) at 1 =488 nm and & = 1; dashed curves — for the
waveguide with ideally conducting walls.

mode becomes propagating. Recall that in the case of an
ideal metal (when &9 =2.4048) this occurs at xi9, =
éild(go/e)l/ 2 = 1.6032. On the whole, the calculation per-
formed allow one to draw the conclusion that for a metal
with a negative dielectric constant that is high with respect
to the absolute value, the ideal metal model is applicable in a
rather broad range of parameters.

The results of calculations of the real and imaginary
parts of the ratio of the complex flow S (25) to the integrated
energy density W, of the transverse component of the
electric field (35) are presented in Fig. 3 for the TMy,
mode under study. The comparison of the results obtained
for the waveguides with coatings made of real (aluminium)
and ideal metals shows that they are in good agreement in
the region x2 < ka < x‘ﬁ;x, in which the evanescent mode
in the aluminium-coated waveguide exists.

(ReS)/W,,
(ImS)/Ig/.% I (Im$)/W,
0.4
0.2 _ (ReS)/W, ..
0 p-"ee-- )-Céiln | I x%l{xl xi?ax
0 0.5 10 b3 ka

Figure 3. Ratio of the real and imaginary parts of the complex flow S
(25) to the integrated energy density W, of the transverse component of
the electric field (35) as a function of ka. Solid curves are the results of
calculations for the aluminium-coated waveguide with the fused-silica
core (¢=2.25) at 2 =488 nm and g, = 1; dashed curves — for the
waveguide with ideally conducting walls.

9. Energy flux and far-field transmission
coefficient

The results obtained in section 6 for the complex flow allow
one to calculate the far-field transmission coefficient of
radiation and express it through the reflection coefficient of
a decaying wave whose field is perturbed due to the
presence of an output hole. The far-field transmission
coefficient is the parameter, which is usually used to
estimate the efficiency of the near-field probes. This
coefficient characterising the electromagnetic wave was
first introduced in papers [24, 25], which considered the
transmission of a plane wave through a pin hole in an
ideally conducting screen. It was defined as a ratio of the
flux appearing behind the pin hole in the screen to the
incident flux (which would take place in the absence of the
perturbing action of the screen and aperture):

ﬂ EtangH{;ng pdpd(p)

T=
I Eds (Ed,)" pdpde

(54)

Here we transformed the expression for the transmission
coefficient from papers [24, 25] by using the fact that in the
plane wave the initial amplitudes of the fields Effgg, and
Hyy, are equal. Then we rewrote this expression in the form
suitable for the supercritical waveguide. Based on expres-
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sion (54), we can express the transmission coefficient of a
truncated waveguide via the quantities found in the
previous sections. We derive the required expression taking
into account that the resultant field at the waveguide output
(in the approximation under study) differs from the initial
unperturbed field by the multiplier (1 + o). It is also
necessary to take into account that the fields of the TMy,;
mode are independent of the angular coordinate ¢. In this
case, we obtain from Eqns (29), (38) and (54) the final
expression for the T coefficient in the form

»Re([[ E,H,pdpde) _Res

- = 1+o% (55
HEI,E,,pdpd(p W, | |

T=1+0

Based on expression (55) we calculated the far-field
transmission coefficient 7. The results obtained for the
aluminium-coated waveguide and the waveguide with
ideally conducting walls are shown in Fig. 4. One can
see that the dependences T on ka are close to each other
in the region of existence of the waveguide TM,; mode
under study in the case of the real metal (i.e. at
0.3967 < ka < 1.4364). However, the ideal metal model is
inapplicable in the region of small wave numbers,
0 < ka < 0.3967 (where the waveguide mode disappears)
and in the region 1.4364 < ka < 1.6032 due to the decrease
in the values x,,x = (ka),,, in the case of the real metal
compared to the case of ideal metal; starting from this value,
the evanescent mode is transformed into the propagating
one (xal =1.4364 and x4 =1.6032). These differences
manifest themselves in comparison of the values of the
transmission coefficient 7 multiplied by (ka)™* for the case
of the real and ideal metals (see inset in Fig. 4).

r T/ (ka)*
I 0.12
0.6
0.08
04 L 004}
0
0.2
O ..........
xlﬁil“ xr/r?fl\x X, 1i1§lax
- 1 1 -l P
0 0.5 1.0 1.5 ka

Figure 4. Far-field transmission coefficient 7" for the aluminium-coated
waveguide (solid curve) and the waveguide with ideally conducting walls
(dashed curve) as a function of ka. The inset shows the dependence of
T/(ka)* on ka. Calculations have been performed for the TM,; mode in
the waveguide with a fused silica core (¢ =2.25) at A =488 nm and
g = 1.

Figure 5 presents the dependence of the coefficient T
multiplied by (ka)™* on the quantity ka for the waveguide
with an ideal metal coating. Calculations are performed for
the TM,,; mode by using expressions (55) and (50). One can
see that the asymptotic behaviour of T/(ka)4 at small ka
agrees with dependence (52) obtained in section 7. To
demonstrate the dependence of the transmission efficiency
on the types of waveguide modes, Fig. 5 shows the results of
calculations for the transverse-electric mode TE(; and the

transmission of light through the subwavelength aperture in
the screen, calculations being obtained within the frame-
work of the theory [24, 25]. The TE;; mode was theoretically
analysed with the help of the method similar to that
reported in this paper as applied to the TM,; mode (the
derived expression in this case will be presented elsewhere).
One can see from Fig. 5 that the transmission coefficient
strongly depends on the type of the initial mode: for the
TM,; mode it is approximately eight times larger that for
the TEj; mode. As for the comparison with the result of the
classical theory [24, 25] (initial plane wave), the transmission
coefficient exceeds its value by 6.02 and 48.93 times for
TM,; and TE,; modes, respectively, in the region ka < 1.

T/ (ka)*

-2 |
10 3 I
10—3 1 1 1 1

0 0.5 1.0 1.5 2.0 ka

Figure 5. Far-field transmission coefficient 7' divided by (ka)4 as a
function of ka. Solid curves ( /, 2) are the results of calculations by the
general expressions for the TEy; (/) and TMy,; (2) modes; dashed curves
(1, 2) are the results of calculations with the help of asymptotic
expressions (ka < 1) for the same modes. Solid curve (3) is the trans-
mission of a linearly-polarised plane wave through a pin hole in an
ideally conducting screen [25]; dashed curve (3) described the contribu-
tion of the first term in the expansion of the solution obtained in [25],
which corresponds to the known result of paper [24].

Figure 6 demonstrates that the far-field transmission
coefficient of light significantly depends on the dielectric
constant ¢ of the waveguide core. According to the results
obtained, the increase in ¢ leads to the increase in the
transmission efficiency at one and the same ka. However,
the range of ka values at which the waveguide mode is
evanescent (ka < xp,y), decreases in accordance with the
relation X, = E(go/€)">.

10. Conclusions

(1) The ideal-metal-approximation approach [1] to the
description of the transmission of an evanescent wave
through a subwavelength aperture of a cylindrical wave-
guide is generalised to the case of the real metal, whose real
part of the dielectric constant in modulus markedly exceeds
its imaginary part [Re(— ¢,) > Ime,]. Explicit expressions
have been obtained for the reflection coefficient of the
supercritical waveguide mode from the aperture, the
complex light flow at the waveguide output as well as
for the energy flux and the far-field transmission coefficient
of the nanowaveguide. Numerical calculations have been
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Figure 6. Far-field transmission coefficient 7" divided by (ka)4 as a
function of ka. Curves (1, 2, 3, 4) are the results of calculations for the
TM,; mode in the waveguide with ideally conducting walls at ¢ =1
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performed for the aluminium-coated waveguide and fused
silica core at A = 488 nm.

(i) The comparison of the results of this paper with
those obtained for the case of the ideal metal allow the
conclusion to be drawn that the behaviour of the complex
reflection coefficient as a function of ka is qualitatively the
same in both cases under the condition the evanescent mode
under study exists in the waveguide (0.3967 < ka < 1.4364).
At ka < 0.39667, the mode under study disappears in the
aluminium-coated waveguide, which means that the ideal-
metal model is inapplicable in this region. The differences in
the results for the waveguides with the real metal and ideal
metal walls increase with ka and become the largest in the
vicinity of the point ka = 1.4364, starting from which the
evanescent mode is transformed into the propagating one.

(iii) Calculations of the far-field transmission coefficient
of the nanowaveguide show that it strongly depends on the
dielectric constant of the waveguide core and the type of
waveguide modes. In particular, the transmission coefficient
for transverse-magnetic mode TM,,; is an order of magni-
tude higher than that for the transverse-electric mode TE,,.
Both coefficients markedly differ from the value yielded by
the classical Bethe theory in the case of the transmission of a
plane linearly-polarised wave through the subwavelength
aperture in an ideally conducting screen.

(iv) We can conclude from our calculations for the
aluminium that despite a substantial influence of optical
constants for the real metal on the behaviour of the fields
inside and outside the waveguide, the model of an ideal
metal has a rather broad range of applications if the
dielectric constant of the waveguide walls is large enough in
modulus. However, one should expect that the influence of
resonance plasmon effects during the transmission of light
through the waveguide nanoaperture will be especially
strong for waveguides with walls made of noble metals
(similar to that as it is in the case of nanoholes in the silver
and gold films).
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