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Superfocusing of surface polaritons in the conical structure
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It is shown that at the propagation of a surface polariton through a pointed cone its wavelength
decreases to zero as it approaches the edge of the cone. As a result, the polariton is focused in a very
small region and the strengths of the wave fields anomalously increase. The phenomenon could be
used for creation of a scanning near-field optical microscope to investigate the nanometer-scale
surface areas. @000 American Institute of Physidss0021-89780)09805-4

I. INTRODUCTION and cannot be observed at the tip of an isolated groove.
The problem of creation of gigantic wave fields can be
Extraordinary electromagnetic processes taking place ogolved only under specific conditions, when a substantial
a metal surface are still in the focus of attention of manyshortening of the radiation wavelength is possible. The sur-
researchers. In particular, there exist grating anomalies fdiace polariton appears to be of the supposed kind, because its
electromagnetic waves incident on a dielectric/metal gratinglispersion relation allows the wave number to vary in a
interface, usually referred to as the Wood anomalies, and atther wide range in the small vicinity of the resonance
certain wavelengths and angles of incidence these may ledtequency? In particular, one can conclude from the analysis
to the total absorption of the plane wave by the metalof dispersion relations of the surface polaritons in a [&yfer
grating!? Furthermore, an anomalous enhancement of thé¢hat their wave number is inversely proportional to the layer
Raman scattering signal has been obsetf@texperiments thickness. In our work! the possibility of superfocusing of
on Raman scattering from a molecule adsorbed on the roughe surface polariton was studied analytically. It was shown
surface of metal. When the metal surface is rough on thé¢hat during the propagation of surface polaritons through a
nanometric scale, an enhancement of the intensity of the Ravedge-like structure, the necessary conditions are realized
man signal up to 10times can be observed. And, finally, a for the localization of the wave in a very small space region
signal enhancement due to the roughness of the metaind for anomalous amplification of the electric field. The
surfacé during the process of surface generation of the secebtained results are valid both for the wedge-like metal
ond harmonic has also been observed. A detailed study of thetructure and wedge-like groove in the metal. It is easy to see
conditions of emergence of these phenomena has led tothat the analytical results obtained in the wdrkgree with
conclusion that these are caused by excitation of surfaceumerical ones obtained in Refs. 6 and 7. Therefore, in the
electromagnetic waves. One can conclude that the formatiowedge-like structure the superfocusing of surface polariton
of electromagnetic waves on the rough surface sometimgslasmons takes place due to the shortening of their wave-
may acquire specific features. In particular, the enhancemeltengths as they approach the tip of the wedge. This effect is
of nonlinear response mentioned above is a result of anot of a collective nature and can be observed in an isolated
anomalous increase of the electric field of surface-plasmowedge-like structure as well.
polaritons. First, it is necessary to resolve the problem of universal-
Recently, Garcia—Vidal and Pendrstudied the interac- ity of this effect in order to define the possibility of detailed
tion of light with a rough surface of silver. They modeled the experimental investigations. Obviously, the possibility of the
rough surface as an array of hemicylinders embedded in theuperfocusing effect is stipulated by the geometric features
silver surface and found anomalous enhancement of the eleof an object under consideration. In the present article, we
tric field at the tip of grooves between the hemicylinders.consider the features of propagation of the surface-plasmon
Sambles et al.” continued the investigations of grating polariton through a pointed metal cone. In our opinion, the
grooves and disclosed a family of strong standing-wavesuggested structure is the best fit for investigation of the
surface-plasmon resonances. These resonances may lead tuperfocusing effect that can have different applications in
very high absorption of the incident radiation and a strongthe field of scanning near-field optical microscdpy*’
local field enhancement. However, the methods of numerical
simulation used in these papers neither reveal the physical
nature of the anomalous increase of wave fields, nor descridé THEORETICAL MODEL

the behavior of ongoing processes. In particular, it remains  \ye choose the origin of a spherical system of coordi-

unclear why the diffraction processes do not hinder the 10y,5te5 at the apex and direct the polar axis along the axis of

calization of the wave in very small space regions. Meanine conical structure. The apex angle of the cone d§®
while, it seems doubtful to us that this is a collective effect <1) and the region outside the cone corresponds to values
of polar anglea <9< 7. We assume that the magnetic field
3Electronic mail: knerkar@www.physdep.r.am is directed along the axis and depends only on coordinates
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The relationship between the parametérandB has to
be determined from the boundary conditions. Near the top of
the cone, where the condition

2 C()2

7
z>lel =z (8
is satisfied, one can easily derive for the radial part of the
field
1 r
R(r)=r—1,7exW’iJ' k(r’)dr’],
"o
9
=T YA .
ry=——=~—.
r' r’

FIG. 1. Geometry of the cone structure where the superfocusing of the ) )
surface polaritons takes place. Here, the value of the constany is determined by the man-

ner of excitation of surface waves. From E§) it follows

that the wave numbeék increases as the end of cone tip (
—0) is approached, and correspondingly, the wavelength
decreases. As a consequence, when0 the value of the
function R(r) also grows anomalously. From the Maxwell
equations we get

r and ¥ (see Fig. 1L The wave equation for the magnetic
field H, in the cone matter having dielectric permittiviey
and in the surrounding medium with dielectric permittivity
€, has the form

1 Jd iwe
14 19 1 9 € w? ZH sing=—1*
1 9 i _ , ,SinY= E:, (10
rﬁTZrH¢+r_z—&ﬁsinﬁ (wH‘psmﬁjL—Cz— »=0, rsind 9 c
L 190 iwe
ji=12. (1) _FE(rH‘P): clEﬁ' (11)
To separate the variables we write the field in the form
_ . Now it is easy to determine the values of the electric-field
H,=R(r)¥(9)expiot). (2 components
Then ic oA ;
7 . .
d 1 d Sing— 2T (D 2 Er=—w—62mlo(m?)exp[—lwt-f-lnlna}, I<a,
49 sing do L (D)Sind=n70 (D), ® (12
dzR(r)+2dR(r) 7]2+6ij (=0 A c i] A _ _ r
ar2 T ar Tz —C2— (r)=0. (4) Eﬂ—w—ez 7]+§r@§|1(7]ﬂ)ex —th+l7]|na ,
Here, n is the separation constant to be determined from the 9<a, (13)
boundary conditions. The existence of the surface polariton
is stipulated by the negative dielectric permittivity of one of ic 7B . ) r
the bounding media in a definite range of frequencies. Inthe  =r= ' raKo(7d)exp —iot+iny |na . 0>a,
case under consideration, the solution with the surface polar- (14)
iton properties can be obtained for positive values;6f In
the case ofp>1, the wave fields are essentially nonzero in _ ¢ B L K.(79)
the regiond<1, where one can write E43) as O e, 132 1T 2R
) d>v dw ) r
x?+xd——(x +1)¥=0, x=nd. (5 Xexp —iowt+ingh—, I>a. (15
X X o

The solution of Eq(5) that provides the localization of Therefore, when the tip of the cone is approached, the values
the wave field near the conical structure can be written in th%f the wave fields increase anoma|ous|y_ From the Continuity

form: conditions of tangential components of the fields on the in-
V() =Aly(79), if I<a (6) terfaced = «, one can easily obtain the following dispersion
' ' relation:
V() =BKy(79), if 9=a. 7)
o l1(na) Ki(na)
Here, I, and K, are the modified Bessel and Hankel € =€ : (16)
lo(na) Ko(na)

functions® Note thatl ;(0)=0 and the functiork(x) ex-
ponentially decreases as its argument grows. Therefore, tHequation(16) determines the value of uniquely. As for the
wave field is localized near the angek «. modified cylindrical functions, the following inequalities
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hold true whenl o( 7a)>1,(7a) andK,(na)>Ky(na),®  surface polariton as long as the wavelength of the surface

that is, the wave of the type under investigation can exist ifpolariton is much greater than the lattice constant. Note that,

le5|>]€1]. as a rule, the radius of the circular region of the cone tip
One can take into account the absorption effect when thactually much exceeds the lattice constant.

dielectric permittivity is written in the forme,=e,+iej.

Then, according to Eq16), the parameter; also becomes |||. DISCUSSION

complex:p=n'+i7". Because of the complexity of dielec-

tric permittivity in Eqgs.(12)—(15), there arises an additional ) k '
clude that propagation of surface polaritons through a coni-

77” . . . . . . _
fa_ctorr - As the intensity of pro.pagatmg rad|at.|on'|s deter cal structure has two inherent features. First, when the top of
mined by the product of electric and magnetic fields, the .
: the cone is approached, the wave number of the surface po-
superfocusing can be observed whgh<1. In the case of

interest |e}|> €. One can derive the values of’ and lariton increases according to the laws »/r and, conse-
77"(77'>77%) frc2>r.n Eq. (16) by using the modified Bessel quently, its wavelength decreases. Besides, in this process

; 12
function and taking only the first-order term. Then, the equa—the,;fvave fields grow anomalouslyH(~r "% E, .Ey
. L , " ~r~%2)_ The combination of these two features makes the
tions determining the values aof’ and " have the form

essence of the surface polariton superfocusing effect that

Based on the above theoretical analysis, one can con-

l1(n' @) Ki(n' a) consists in localization of waves in very small space regions.
A/ . 1\7 o .
lo(n'a) Ko(n'a)’ 17) To assess the result, it is necessary to point out that
being an elementary excitation, the polariton combines the
, el (7' a)Ko( 7' @) properties of both the photon and plasmon. As a rule, the
7 a= . i
(e1—eplo( 7' a)Ko( 7' @) —11(7 @)K1(7' a)] speed of plasmons is less than that of photons by a few

(18) orders of magnitude. When the tip of the cone is approached,
. ) ) the properties of plasmons show more distinctly and, conse-
In the case of a silver cone in vacuugy=—18+i0.6  guently, the speed of the wave decreases. This leads to a
(for the wavelength of exciting radiationo=0.633um)  gecrease of the wavelength of plasmon polaritons, and the
(Ref. 1) and e;=1. Then, for the apex angle of the cone giffraction processes do not hinder the localization of the
2a=0.1rad, one can easily obtain from E4$7) and(18)  \yave in very small regions of space. This results in an
the valuesy’'=5.2 and5"=0.12. This case is within the 5,0malous increase of the wave fields.

framework of our approximationa<1,7">1,7"<1) and  Tjs effect is analogous to the quantum-mechanical effect of
reveals the superfocusing effect. It is noteworthy that atne incidence of particles on the cent®r.

|€5/> €1, which is the case rather often in the experiment,  comparing these results with those for the wedge, one
formulas (17) and (18) can be written in a simpler form. eggily sees that the geometry of the cone is more suitable for
Analyzing the features of the modified Bessel and Hankebpservation of the superfocusing effect. Although the pro-

functions, one can notice that in this case relationsbipis  cess of decrease of the wavelength in both cases is identical,
fulfilled for values of the argumeny’a<1. Then, for modi- i the case of cones, the wave fields increase more rapidly
fied Bessel and Hankel functions, the following asymptotichecause of the more rigid space limitation. In the case of

representatiorié take place: wedges, the strength of the electric field grows according to
o 2 the low E~r ! and the magnetic field remains constint,
lo(7'a@)~1, 1i(n'@)~ ==, Ko(7'a)~In s while in case of cones we haee~r ~¥? andH~r 12,

It has been showA !’ that scanning near-field optical
1 (19 microscopy is a highly effective method of surface investi-
Ki(n'a)~—— (y=1.78. gation. The possibility of strong localization of wave fields
K given in this article may essentially foster this direction in
As aresult, in the limite;| > €,, formulas(17) and(18) take  microscopy.
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