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Abstract

The article ex plores possibilities and conditions of
generation of a new type of diffraction-free needle-like field
Bessel plasmon polaritons (BPPs) with super narrow cone
angle in an epsilon-near-zero metamaterial, surrounded by
semi-infinite dielectric media. Correct analytical expressions
are obtained and analyzed in detail fort he electric and
magnetic fields o f BPPs formed inside and outside the
metamateral slab.

1. Introduction

Recent advances in nanofabrication and developments in the
theory of light-matter interaction have brought to life a new
class of composite media, known as metamaterials (MMs).
MMs offer new avenues for manipulation of light,
lithography, lifetime engineering, high-resolution imaging
[1-3]. One subclass of metamaterials is hyperbolic
metamaterials (HMMs)i n which one of the diagonal
permittivity tensor components is negative [4-6]. This
results in a hyperbolic dispersion instead of elliptic one as in
conventional dielectrics. The reason for HM Ms widespread
interest is due to relative ease of nanofabrication, broadband
non-resonant response, wavelength tunability and high
figure of merit [7]. Hyperbolic metamaterials can be used
for a variety of applications from negative index waveguides
to nanoscale resonators [6,7].

In the approximation of the effective medium theory
hyperbolic metamaterial can be considered as an unia xial
uniform medium characterizing by the effect ive
permittivities which are dependent on parameters of HMM.
The conditions can be fulfilled when one of the effective
permittivities is very small (= 0). As established earlier [8,
9], such metamaterials, named ase psilon-near-zero
metamaterials (ENZMs), display unique properties by
interaction with a plane wave, for example, the possibility of
canalization ofra diation. Recently suchm edia were
experimentally realized [10].

In 1987 Durnin suggested a new type of waves, the so-
called Bessel light beams (BLBs); they are also referred to
as diffraction-free beams [11- 18]. The transverse profile of
the amplitude of these beams is described by a B essel
function of the first kind. In the domain ofsp atial
frequencies BLBs are represented asa superposition of

plane waves with wave vectors which are wrapped around a
conical surface having the cone angle 2y . The main

properties of Bessel light beams are the ability to keep the
transverse size o f the central lobe unchanged much longer
than the Rayleigh range and to restore the wave front behind
an obstacle. Owing to these features BLBs are promising for
a number of applications, for example, for optical trapping
and manipulation of microparticles and atoms, and f or
technical diagnostics of subjects with a sub-wave resolution
[19-22].

The authors ofRef.[2  3-27] theoretically and
experimentally investigated evanescent BLBs formed in the
condition of the internal total reflection in an optically less
dense dielectric medium. These beams exponentially decay
while moving offthe surface but retain their origi nal
transversal shape. Inthose investigations, of p articular
interest was the structure of the central lobe of e vanescent
BLBs. It is established that its diameter can be reduced to a
nanosize value. This makes it possible to use ¢ vanescent
Bessel beams in optical microscopy [28].

But the evanescent BLBs investigated before possess an
essential disadvantage, namely, they are weak, which causes
the necessity o f application of strong laser fields for their
generation. One of the ways of taking Bessel light field
advantages for microscopy is the formation of Bessel
plasmon polaritons (BPPs) [29, 30].

The present report considers the peculiarities of
generation of Bessel plasmon polaritons in epsilon-near-zero
metamaterials. Investigation of this problem attracts interest
owing to a possibility to combine unusual features of BPPs
and ENZMs.

The paper is structured as follows. In Section 2 the
description is given of features of generation of Bessel
plasmon polaritons in the symmetrical structure on the base
of ENZM sl ab sandwiched between two sem i-infinite
dielectrics. The behavior of electric and magnetic vectors in
the structure is analyzed in detail. A conclusion is given in
Section 3.

2. Bessel plasmons in epsilon-near-zero
metamaterials

We considered the hyperbolic metamaterial made of
metallic nanocylinders periodically embedded inth e



dielectric template matrix, having the thickness 4 (Fig.1),
surrounded by an external isotropic medium with the
dielectric permittivity ¢, (for example, by air with g =1).
This composite can be made electrochemically.

Z

Figure 1: Metamaterial made of metallic nanocylinders
periodically embedded in the dielectric template matrix.

At that, the controllable parameters are th e metallic
nanocylinder radius », the metallic permittivity €,, , the

average distance between the ce nters oftwoa djacent
cylinders D , and the membrane dielectric permittivity € .
It should be noted that permittivity of metallic nanocylinders
is determined by the following correlation:

& (M) =8, =22 /A%, (1+iAT} / 2me)] (1)
where ¢, is the dielectric permittivity of the bulk metal, A
is the wavelength of op tical radiation, A, is the plasma

wavelength, I =I'+V,/2r , T' is the damping constant,
Vi is the Fermi velocity. For silver (Ag) nanocylinders, for

example, we

have &,=5 , A,=137mm , T=32:10"%s",

Ve =1.4-10ms ™" [31].

In the approximation of the effective medium theory
neglecting nonlocal spatial dispersion effects this
metamaterial can be considered as a uniaxial uniform

medium characterizing byt he following main effective
permittivities [32]:

e, =¢ :BSMN'FSd(l—N)’ (2 )
Y BN +(1-N)
e, =g, N+e,(1-N),
where N=nr?/D? is the inclusion factor

B=2¢,/(g, +e,) . Atthat, N<<1 and D,r<<X . As

follows from Eq.(2), if the inclusion factor is fulfilled by the
condition

N=N,=¢,/(e; —Reg,,), 3)
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the real part of the component ¢ is equal to zero.

As itis known, the optical anisotropy of a uniaxial
medium is characterized by the difference between two
parameters: ¢, =¢, =¢,, and ¢, . At that:

€o8;

€ = ) D (4 )
g,sin“y,+¢_cos” v,
i A€ siny;

y, = arcsin e (5)

\/80 + (l - 870)81 Sil’lz Yine
8Z

where y;,. is the angle of incidence of light. It follows from
Eq.(3) that if ¢, =0, ¢,1is not equal zero only for y, =0.
Moreover, from Eq.(5) one canseet hat fort he case
¢, = 0 for the arbitrary v,,. angle we have y, =0.

But it is very difficult to realize in practice the condition
when €, is exactly equal to zero. Fixing the value of
permittivity €, to a nonzero but low value, let us study the

interaction of TH polarized Bessel light beams having the
wavelength A and the half-cone angle y,,. with ENZM.

From the Maxwell’s equations for a uniaxial crystal in the
cylinder coordinate system with the unit vectors e +€0s and
e, (e, is collinear to the propagation direction) and z =0
at the entrance face of the metamaterial, one can obtain the
formula for the longitudinal (z), radial (p ) and azimuthal
(@) components of the electric E and magnetic H fields for

extraordinary (e) type Bessel beams excited insi de semi-
infinite ENZM :

e -kze 1 e m
Ep =1 Jm (qp): Hp = kO_']m(qp)’
€ qp

o

k

e ze m e . ]
E(p = __kzg_']m (qp): Hq) = lkOJ m (qp)’ (6)
€, qp
e 1 e
Ez :qg_‘]m(qp)ﬂ Hz =0.
Here the phase m ultiplier  exp[i(k,z + mp)] is

omitted; ky,=2n/A ; g and £k, are transversal and

longitudinal (in general case, complex) components of wave
vectors forming BLB in the domain of spatial frequencies,

respectively; J,,(gp),J",, (gp) = J,,(qp)/0(qp) are the m-

order Bessel functions and their derivatives, m ist he
integer. At that
k., =[kie, — (e, /e, )q*1"2. (7 )

Note thatt he formula for TH BLB inside the sem i-
infinite isotropic medium ¢, can be obtained from Egs.(6)

where it shoul d
kze - kzl = [kggl _q2]1/2 .
The electric and magnetic vectors of the field inside the

ENZM slab (it is denoted by the symbol “2”) of finite
thickness % and outside it in our case are expressed as

be re placed €, D€,



E1,3 (R) = Eltrz. (R)+ E{,z (R),
Ell (R) = Ainc giexpl[mq) - kzlz]Jm (qp)éz ’
1
iA

- .k =
E{"(R) = -l expil(m —1)¢ -k, 2]F,,,
1 81\/5 1

(®)

EL(R) = 4,0 Sirexpi[mcp +k (2=, (gp)e.,
1

- Ak -
EV(R) =22l exp il(m — 1)@+ k., (z— h)tE, .

3 81\/5 1

() = ST expil(n 1o~ k. 2IF

) . o
H3(R) =202 expif(m— 1)@+ k5 (z — W,

NG
E,(R)=EY (R)+E5(R),
Eé,tr (R) — (Eé,tr)f + (Eé,tr )b’

(B = Ayeq—s"" expilmo:x
€
“ (10)
i_kze | Z_ph |]Jm(qp)ez’

. b idikee 1o
(EY (R))/ " = x—tnezze o/'b expil(m— )+
’ V2

€

tk., |z-phlIF,.
H,(R) = (H,(R)) +(H,(R)),

(> (R =—k°f2-"” s expilm-Dpx (1)

ke |z phllF,.
Here R=(p,p,z) are the cylindrical coordinates; ¢ is

amplitude transmission coefficient of the slab, sf, s” are

the amplitude coefficients for the forward and backward
Bessel fields inside the ENZM slab,

respectively;  F* =, (gp)é, £ J,,.1(qp)exp(2i)e_  ;
e, =(e tiey)/ 2 are the unit circular vectors which are

orthogonal to the e, vector; p =0 for s/ and p =1for st

symbols “#”, “I” denote the transver sal and 1 ongitudinal
component of the electric ( magnetic) vector, respectively;
symbols “1” and “3” denote the media adjacent to the input
and output surfaces of ENZM slab, respectively.

Using the boundary conditions of continuity of the
tangential components of the electric and magnetic fields,
which have to be satisfied at the planes z=0 and z=#4, as

well as Eqs. (8), (9), (10), (11), we obtain the system of
equations  for the coefficients ¢, s/*% from whichi t

follows:
-1
(e0k2 +erk2)h

t=|cos(k. h)—isinc(k, h
(k,h) (k..h) 26k

. (12)

z1

Sf — kzlsotexp(_lkzeh) , (13)
gk, (1+9)
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b _ _ kzlgotS
ek, (1+9)

Here sinc(k,h) = sin(k, h)/(k_h) ,

9 =[(kz1 /80) = ke L 6OV key V80) + (e 6,)]-

From the boundary conditions for Egs.(8), (9), (10), (11)
one can find the dispersion equation determining the
existence of Bessel surface p lasmon polaritons in the
structure shown in Fig. 1.

exp(ik,,h)=%1/9 (15)

Note that Eq.(15) coincides with the condition of
determining the poles of reflection coefficient:

e S(1—exp(2ik, h))

1- 92 exp(2ik_h)

It is conveniently to rewrite Eq.(15) as a n equation for

the unknown complex value k,, taking into account that

(14)

(16)

kzz1 = kg (g, —€,)+ (g, /so)kzze . Onecan obtain from Eq.
(15) that the condition of Bessel plasmon polariton
generation in ENZM is fulfilled for %, = 0.

It follows from Eq.(7) that it is realized if the following
condition is fulfilled:

q:kox/g'

At that,

1/2
Req :%[Regz +\/(Resz)2 +(lmsz)2} 09

(17)

ko Ime,
V2

If Reg, >0 we have Reg~Img=k,/Ime, N2
Then, ifth e absorption of m etal component of ENZM,

-1/2
Imgqg = [Reez +\/(Resz)2 +(Imsz)2} (19).

determining the v alue of Ime, , decreases, the parameter
Req decreases too. Note that Reg characterizes the half-
cone angle of wave vectors y,,. forming incident BLB in

the domain of spatial frequencies.
If the condition Ime, — 0 is fulfilled, the generation of

BPPs is observed at incidence on ENZM slab of Bessel light
beam with the half-cone angle
Yine =arcsin(Req/(k, @ )—0.

We can represent dielectric permittivity €, in the form
(20)
where o =AN/N, , AN is deviation of inclusion factor

e, =(Reg,, —g,)oNy +ilme,,(1+ )N,

from N, . As follows from Egs. (17), (20), parameter Re g is
dependent on the deviation of inclusion factor AN . The
Yine (AN) for the case of ENZM slab made on the base of

alumina oxide withp eriodically embedded silver
nanocylinders is represented in Fig.2 Itis seen that in real
situation (when Imeg, #0) the value of y,,. is not equal

zero too and decreases with increasing AN .
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Figure 2: The dependence on the deviation of inclusion
factor AN of the half-cone angle of incident Bessel light
beam for which Bessel plasmon polariton is excited in
ENZM slab made of alumina oxide with periodically
embedded silver nanocylinders (» =25 nm) and surrounded
by air. Here A =633 nm.

It is in teresting to ph ysically interpret Bessel p lasmon
polariton. As it m entioned above, Bessel b eam can be
considered asasup erposition of p-polarized plane
monochromatic waves having the wavelength A and wave
vectors lying on the surface of a cone. E very p-polarized
plane-wave component of the incident BLB in conditions of
the plasmon resonance excites the surface plasmon polariton
(SPP) propagating along the interface of ex ternal medium
and ENZM slab. Here the phase of every SPP is determined
by the phase of the plane-wave component of the incident
BLB. Thus, in the ENZM slab an array of propagating SPPs
arises, wave vectors of which are being oriented in the
direction of the center determining the intersection of the
incident BLB axis with the surface of the epsilon-near-zero
metamaterial. As a result there occurs the generation of pairs
of two counter-propagating SPP waves with the wave
vectors +g . The generated SPPs will propagate in all the

possible radial directions to form a localized SPP field. This
results in a complex high-symmetric interference light
structure emerging in sections parallel toth e dielectric-
metamaterial surface.

For the case where the longitudinal components of the
electric field £ for every radially propagating SPP has the
same phase, in the center of such a standing light structure a
maximum appears, i.c. the s hape of the E component of
localized Bessel plasmon polariton is described by zero-
order Bessel function J,(¢gp) . In a special case, each pair of
counter propagating SPPs is i n counter-phase and the 1 ocal
plasmonic field appears with a minimum in the ce nter, i.e.
the so-called vortex localized BPP is formed. In this case the
clectric field E of vortex BPP described by
J . (gp) Bessel function.

is
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One of most important characteristics of Bessel plasmon
polariton is the first ring radius R; =2.4/(Req) in

transversal section of intensity distribution. It follows from
Eq.(18) that if Ime, — 0 then R, — . But existence of
absorption of metal component of ENZM limits the value of
R,.

The problem of attenuation of the BPP should be studied
now. Let us consider this field outside the ENZM layer (at
the interface between air and ENZM). With this aim the
limited narrow Bessel light beam of radius 7, in the

transversal section should be considered. As follows from
Eq. (8), the transversal distribution of the longitudinal
component of the electric field of Bessel SPP is determined
by the J,,(gp)Bessel function which can be represented as

a sum of the cylindrical Hankel functions of the first
H,(nl)(qp) (outgoing) and second H,(nz)(qp) (incoming)
kinds [33]:
Tutap) = (O (gp)+ HP (qp) 2 @1
m\qp m 4P m 4P .
According to Eq.(21), in the region p <r, the BPPs are

formed by converging and diverging conical beams
described by appropriate Hankel functions. Outside the area
p > 1, there exists only a diverging conical beam, and that is

why in the decomposition Eq. (21) itissup posed that
H fnz) =0 . Using the asymptotic approximation of Hankel
function [34], we obtain that the intensity of the longitudinal

~12 2
component of Bessel SPP electric vector ‘E l‘ ~1J (qp)‘ is
determined by the expression:

~ 2

‘E l‘ ~ exp[-2(Imq)p]. (22)

|

2
q e’
Thus, from Eq. (22) it follows that beyond the boundary

of the exciting source the BPP decays exponentially in the
radial direction. The 1/e energy-attenuation radius Rgggp 1S

determined by the expression
Rpesp =1/(2Img) . (23)
Let us analyze in detail the features of Bessel plasmon
polariton generating in the structure represented in Fig.1. As
it follows from Eq. (8) the electric (magnetic) vector of the
field of BPP in dielectric medium near the exit surface of
ENZM slab is d ependent on the transmission coefficient ¢

determining by the following expression at k., =0 :

-1
t{lﬂ} |
2g,

It is evident from Eq. (24) t hat the value ¢ (and hence,
the longitudinal and transversal components of electric
vector of BPP inside the external medium “3”) is not equal
to zero and dependent on the optical properties of ENZM
and its thickness.

Much interest is attracted to investigate the features of
BPP inside the ENZM slab. As it fo llows from Egs. (10),
(13), (14) in the conditions of plasmon resonance &, ~ 0

24)



the longitudinal component of electric vector of BPP inside
the ENZM slab is determined by the expression:

mc

ERy~ id, Kol (o
82 81
xsinc[k,, (z - W)]expimelJ,, (gp)e. ~ (25)

kO kzlgot

inc ——(Z - h)Jm (qp)gz °

v2Ime, &
Here O0<z<h . It follows from Eq. (25) that the
longitudinal component of electric vector of Bessel plasmon
polariton decreases linearly with increasi ng the distance

inside the slab. The intensity of longitudinal component is
found from the expression

~(-1+i)4

ky kZel|t)?
I ﬁls—z"m—z)zumwpnz. (26)
z 1

The value I’ is equal to zeroat z=/h . Note that I’ is
greater for the case of ENZM with sm all absorption (small
value of Imeg, ) of the metal nanocylinders.

One can see from Eq. (26) that the transversal

distribution of /'is described by the Bessel function. Then
the size of the central lobe of intensity pattern is not changed
moving off the entrance surface of the ENZM slab.

The transversal component of the electric vector of BPP
inside the ENZM slab is given by

kot . .
inc = Sln[kze (Z - h)] expl[(m - 1)(P]F
NETS

m?

EY(R)~ -4

27)
and it is very small.
As it follows from Eq. (11), the transversal component
of magnetic vector can be expressed as
ikyA;p k€ ,t(z —h) y

V2,
xsinclk, (z = W)]expil(m —1)Q]F,; ~
tko Ajnck-18,1(z = h)
~ ﬁgl
One can see from Eq. (28) that H » (R) has essential value.

It is important to emphasize that in opposite to the case
of generation of Bessel plasmon polariton in metal film [35]
in considered case only single BPPis formed inside the
ENZM slab. The full field of Bessel plasmon polariton
inside and outside the ENZM slab is described by the Egs.

(8), 9), (26), (27), (28).

3. Conclusions

inc

H,(R) ~
(28)

expil(m—1)@lF,’.

Thus, in this paper a theory is developed of generation of
Bessel plasmon polaritons in the structure including a
epsilon-near-zero metamaterial layer sep arating semi-
infinite dielectrics.

The comparison was made of Bessel plasmon polaritons
investigated in this pa per and tra ditional surface plasmon
polaritons. The traditional SPP is a propagating wave on the
ENZM/dielectric surface. Unlike it, BPP is a superposition
of counter propagating SPPs in all the possible radial
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directions. It is a complex high-symmetric interference light
structure in sections parallel to the ENZM /d ielectric
interface. It should be noted as opposed to the propagating
surface plasmon polariton, the Bessel one is a standing light
structure.

The problem is stud ied of attenuation of the Bessel
plasmon polariton excited by a limited narrow Bessel beam.
It is shown that outside the region of the exciting source the
BPP decays exponentially in the radial direction.

We have analyzed the cases of symmetric “dielectric —
ENZM slab — dielectric” structure. A dispersion equation
has been derived and analyzed for this case. The possibility
is shown of excitation of the single type of Bessel plasmon
polariton independently on the thickness of the ENZM slab.
It is established that this BPP is ¢ haracterized by essential
transversal component of magnetic vector and longitudinal
component of electric vector. The magnitude of the latter
component is substantially dependent on the absorption in
the metal nanocylinders.

The intensity distribution of the longitudinal component
of the electric vector of Bessel plasmon polariton inside the
ENZM layer is analyzed. It is shown that the large central
lobe of the intensity pattern is not changed in its transversal
size when moving off the entrance surface of the e psilon-
near-zero metamaterial slab. So, itis established the
possibility to form the diffraction-free needle-like standing
plasmon field inside the ENZM layer.

The results obtained can be used for the development
and optimization of techniques and devices for testing the
quality oft he surface of various substrates by Bessel
plasmon polaritons.
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