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Abstract.  We report a theoretical study of plasmon generation of a 
giant electromagnetic field in a supernarrow nanoslit formed by a 
silver cylinder and a flat mirror surface. It is shown that as the sil-
ver surfaces approach each other, gap plasmons are excited in the 
gap between them, which results in a resonant amplification of the 
field. It is demonstrated for the first time that the electric field 
amplification increases with decreasing distance between the cylin-
drical and flat surfaces and reaches saturation, at which the field 
intensity becomes record high, exceeding the incident wave inten-
sity by ten orders of magnitude. The found gap plasmon modes will 
increase the sensitivity to the detection of small concentrations of 
molecules, down to single molecules, by the methods of giant 
Raman scattering of light and plasmon-enhanced IR spectroscopy.

Keywords: plasmon resonance, nanoslit, slit plasmons, giant Raman 
scattering of light.

1. Introduction

Surface-enhanced Raman scattering (SERS) is a promising 
method for highly sensitive probing of molecules [1 – 5]. SERS 
is extremely important for medical diagnostics, for example, 
for detecting pathologies in the body, including tumour for-
mations; for optical imaging; and for quantitative detection 
of various biomarkers, including glycated proteins, cardio-
vascular biomarkers, etc. [6 – 10]. SERS has prospects for use 
in modern medical diagnostics in vivo in real time and in 
point-of-care diagnostics [11, 12]. In addition, it is possible to 
use the SERS effect in the field of environmental and food 
safety for the detection of pathogenic bacteria, viruses, bacte-
ricides, and toxins [13 – 15], as well as of ultra-low concentra-
tions of nerve agents and explosives [16, 17]. Currently, the 
enhancement of the local electromagnetic field and the 
achievement of the SERS effect is provided by both periodi-
cally and chaotically located plasmonic nanoresonators in the 
form of wires, disks, holes, dimers of nanoparticles of various 
shapes, cones, tips, zigzag nanoslits, etc. [18 – 41]. Typical 
SERS gains vary from 104 to 109 for substrates consisting of 
clusters of gold or silver nanoparticles encapsulated in a 
dielectric matrix. Numerous theoretical predictions and 

experimental studies indicate the existence of giant fluctua-
tions of the electromagnetic field in almost contacting plas-
monic nanoparticles near the percolation threshold [42 – 49]. 
Plasmonic nanoslits play a special role in strengthening the 
local plasmon field.

In recent years, there have been many works devoted to 
almost contacting particles with gaps several nanometers 
thick [50 – 67]. In [41, 51, 52], an enhanced field was generated 
in a supernarrow nanoslit formed by a gold nanoparticle 
placed on a gold mirror. The evolution of various gap plas-
mons with a change in the gap thickness from 1 to 5 nm has 
been considered. It has been shown that when the thickness of 
the gap and the shape of the nanoparticles change from sphere 
to cube, the coupling of transverse waveguide and so-called 
antenna modes changes, which leads to the appearance of 
hybridised plasmons covering the entire nanoparticle.

In this work, we theoretically investigated the generation 
of giant electromagnetic fields in a supernarrow plasmon 
nanoslit formed by smooth and cylindrical silver surfaces 
when the surfaces approach, almost up to their contact.

2. Supernarrow nanoslit formed by silver  
surfaces

The effect of plasmon generation of electromagnetic fields on 
nanometre scales seems to be very promising for the fabrica-
tion of new optical devices, in particular, for subnanometre 
probing of molecules. Controllable metamaterials based on 
plasmonic nanoresonators make it possible to excite ampli-
fied electromagnetic fields at certain frequencies by specifying 
the geometry and spatial arrangement of nanoresonators. In 
this work, we investigate the generation of giant electromag-
netic fields in a supernarrow nanoslit formed by smooth and 
cylindrical silver surfaces (Fig. 1).

Resonance modes in such a slit resonator can be obtained 
in the quasi-static approximation by solving the Laplace 
equation, since it is assumed that the gap thickness d is much 
less than the wavelength of electromagnetic radiation. The 
electric field excited by the incident radiation in the gap 
between the cylinder and the metal surface is decomposed 
into gap modes and can be calculated analytically.

To find the distribution of the electric field strength, we 
use the conformal mapping method:

w = u + iu = ln[(l + x + iy)(l – x – iy)],	 (1)

where l = ( )d a d2 +  is the size of the region of plasmon 
localisation in the gap (d << l << a). Conformal mapping (1) 
transforms the xy plane into the region 0 < u < 2p. The right 
edge of this region (u > u1, u1 = ln[(l + d )/(l – d )] is a cylinder, 
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and the left edge (u < 0) is a plane. The space between them 
(0 < u < u1) is a gap and plays the role of capacitance, while 
the cylinder and the plane play the role of inductance. The 
complex potentials in these regions have the form

jL = j0 + B f B f( ) ( ) ( ) ( )
Lc Ls

q q q q

q
3 4

1

+
3

=

6 @/ ,   u < 0,	 (2)
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where

f ( )Rc
q  =exp(– qu) cos qu;

f ( )Rs
q  = exp(– qu) sin qu;

f ( )Lc
q  = exp(qu) cos qu;

f ( )Ls
q  = exp(qu) sin qu.

The electric field is set in a standard way: Eu = – ¶j/¶u and Eu 
= – ¶j/¶u. Next, we will find the coefficients in equations 
(2) – (4) using the boundary conditions for the electric field. 
These boundary conditions are the continuity of the tangen-
tial component of the electric field and the continuity of the 
normal component of the electric displacement. Coefficients 
A1
( )q , A ( )q

2 , A ( )q
3 , A ( )q

4 , B ( )q1 , B ( )q2 , B ( )q3 , and B ( )q4  are determined 
from these conditions:

E R
u  = E G

u ,  emE
R
u  = edE

G
u     for u = u1,	 (5)

E L
u  = E G

u ,  em1E
L
u  = edE

G
u    for u = 0,	 (6)

where ed is the permittivity in the gap; and em and em1 are 
dielectric constants of the plane and cylinder, respectively. 
Zeroing the determinant of linear equations for the qth coef-
ficients A( )i

q  and i
qB ^ h (i = 1 – 4) leads to the dispersion equa-

tion for resonant frequencies, i. e. for the frequencies of gap 
plasmons:

g1
2

d m d
q

m1+ +e e w e e w^ ^h h6 6@ @

	 + m d d m1e w e e e w- -^ ^h h6 6@ @ = 0,	 (7)

where g1 = (l + d )/(l – d ). The electric field obtained in this 
way depends on the wavelength, the angle of incidence of the 
light, and the ratio of the gap thickness d to the cylinder 
radius a. In a narrow slit, d <<  a, the field is concentrated on 
the spatial scale l µ ad  (d <<  l <<  a) and oscillates depend-
ing on the ratio d/a. The field maxima arise when an integer 
number of gap modes fits on the scale l.

Analytical calculations were performed for an electric 
field localised in a gap between a metal cylinder and a flat 
metal or semiconductor surface, and a system of periodically 
located cylinders was selected for numerical calculations. 
Numerical calculations were performed for a periodic system, 
since such a formulation of the problem is more consistent 
with a real experiment. It is assumed that a monomolecular 
layer of an active SERS-substance is located in the gaps 
formed by a periodic system of silver cylinders and a flat silver 
surface. In a real experiment, we expect record values of the 
SERS signal from single molecules located in such nanoslits. 
The results of the developed analytical theory for one nanoslit 
are in good agreement with the results of a numerical experi-
ment performed using the COMSOL software package by 
solving the full system of Maxwell’s equations. The good 
agreement between theory and numerical experiment is not 
accidental, since the electric field is localised in nanogaps, 
and, therefore, in the first approximation, the interaction 
between the cylinders can be neglected. The theory makes it 
possible to analytically calculate the field amplification for 
various combinations of nanocylinder materials and a smooth 
substrate. Thus, the developed analytical theory makes it pos-
sible to carry out the preliminary design of effective SERS 
sensors.
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Figure 1.  Silver cylinder near a smooth silver surface.
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Figure 2.  ( Colour online ) Relative intensity of the electric field as a 
function of the ratio of the slit width d to the cylinder radius a at a = 4 
nm and the period of the cylinder arrangement D = 531 nm. Blue, green, 
and red curves correspond to l = 405, 532 and 785 nm, respectively. The 
angle of incidence of the light is a = 45° with respect to the normal; the 
electromagnetic wave is p-polarised. The dots are the results of numeri-
cal calculations, which differ only slightly from the analytical results for 
d/a > 1. 
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In comparing analytical and numerical results, use is 
made of the dielectric constant of silver, taken from the exper-
imental data [68]. Figure 2 shows analytically and numerically 
calculated dependences of the electric field amplification in 
the slit on the ratio of the gap width d formed by two surfaces 
to the cylinder radius a. The calculations were performed for 
laser wavelengths l = 405, 532, and 785 nm, which are often 
used in Raman spectroscopy.

In the quasi-static approximation (l >> a), the results of 
analytical and numerical calculations coincide with high accu-
racy. Figure 3 shows the evolution of the spatial distribution of 
the field in the slit for the first four resonances at l = 405 nm. It 
can be seen that the number of field maxima in the slit on the 
scale of one cylinder increases with increasing d/a ratio. Figure 
4 shows the results of numerical calculations of the reflection of 
an electromagnetic wave and the amplification of the electric 
field in a system of noninteracting cylinders for a wide range of 
wavelengths. It can be seen that the maximum of the field 
amplification corresponds to the reflection minimum. A 
nanoslit formed by a silver cylinder and a surface can be used 

to probe molecules. We place a dielectric layer with a refractive 
index n = 1.534 between the cylinder and the surface, simulat-
ing a molecular layer. The numerically calculated intensity of 
the electric field in this case is shown in Fig. 5. An additional 
dielectric layer leads to a shift in all resonances to the red region 
of the spectrum. This circumstance simplifies the experimental 
implementation of the effect under consideration.

3. Conclusions

Thus, we have investigated the plasmon field excited by laser 
radiation in a nanoslit between a metal cylinder and a metal 
mirror surface. It is shown that, as the nanoslit width 
decreases, the resonant field amplification in the gap between 
the surfaces increases up to saturation, at which plasmon 
modes begin to merge in the gap (this is clearly seen in Figs 2 
and 3 at l = 405 nm). The intensity of the electric field in the 
slit upon saturation increases by more than 106 times at l = 
405 nm, more than 108 times at l = 532 nm, and more than 
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Figure 3.  ( Colour online ) Spatial distributions of the electric field intensity 
in the slit on a scale of one cylinder with a radius a = 4 nm for the first four 
resonances at l = 405 nm and an angle of incidence of the light, a = 45°.
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Figure 4.  ( Colour online ) ( a ) Reflection coefficient and ( b ) relative intensity of the electric field as functions of the ratio d/a at a = 50 nm and pe-
riod D = 200 nm.
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Figure 5.  Relative intensity of the electric field as a function of the ratio 
d/a at а = 4 nm, D = 300 nm and the refractive index of the layer in the 
slit, n = 1.534. Blue, green and red dependences correspond to l = 405, 
532 and 785 nm, respectively. The angle of incidence of radiation is a = 
45°; the electromagnetic wave is p-polarised.
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109 times at l = 785 nm compared to the intensity of the inci-
dent wave.

Placing a molecular layer with a refractive index n = 1.534 
in a nanoslit leads to a red shift of the resonances. The result-
ing enhancement of the electric field reaches record values, 
which makes it possible to register low concentrations of mol-
ecules by the SERS method and other spectral methods. The 
considered slit resonators with a controllable slit thickness 
can be used to produce bound plasmon states and vibrations 
of molecules placed in the gap. The detection and study of 
such a hybrid state will make it possible to evaluate and 
understand many features of SERS and other plasmon effects.
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