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CHANGES IN ELECTROMAGNETIC WAVE
POLARIZATION RESULTING FROM ITS REFLECTION
AT A UNIAXTAL PLASMONIC METASURFACE ON TOP
OF A DIELECTRIC LAYER

Subject and Purpose. The analysis of the electromagnetic waves’ polarizational transformations that may accompany their reflection
from a metasurface is of considerable scientific and practical interest from the point of possibilities for improving characteristics of nano-
electronic and optical devices, and creating novel types of these. This work has been aimed at finding the conditions for efficient conversion
of a p-polarized electromagnetic wave incident upon a uniaxial plasmonic metasurface at the boundary of a dielectric layer, into a wave
of s-polarization.

Methods and Methodology. The effects of conversion of p-polarized electromagnetic waves incident upon a uniaxial plasmonic meta-
surface, into s-polarized waves were explored through numerical modeling. The approach has allowed determining the wave frequencies
and thicknesses of the dielectric layer best suitable for ensuring full conversion.

Results. The presence of a uniaxial plasmonic metasurface on top of a dielectric layer can provide for full conversion of an incident
p-polarized electromagnetic wave into a wave of s-polarization. As has been established, the effect takes place if the plane of incidence of
the p-polarized wave makes an acute angle with the principal axis of the plasmonic metasurface. Another finding is that the full conver-
sion is possible for a variety of permittivity values of the dielectric layer.

Conclusions. The uniaxial plasmonic metasurface placed on a dielectric layer is characterized by unique reflective properties. It can
have a noticeable impact on polarization of the p-polarized waves incident upon the layer. Dielectric layers provided with uniaxial meta-
surfaces can be used for creating optical and nanoelectronic devices of new types.
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Introduction both for the study of physical properties of solids and
The polarization effects arising from reflection of for various technical applications. Control over elec-
electromagnetic waves that propagate through va-  tromagnetic wave polarization can be effectuated
rious kinds of solid-state structures are of importance  in the case of their propagation through solid-state

Citation: Beletskii, N.N., and Popovych, I.D., 2022. Changes in Electromagnetic Wave Polarization Resulting from its Reflection at
a Uniaxial Plasmonic Metasurface on Top of a Dielectric Layer. Radio Physics and Radio Astronomy, 27(2), pp. 153—160. https://doi.
org/10.15407/rpra27.02.153

IIntyBanHa: binenpkuit M.M., ITonmony I.]I. 3mina monapusanii eneKTpOMarHiTHUX XBU/Ib Py iIXHPOMY Biffi3epKasieHHi Bif
OffHOBICHOI I/IA3MOHHOI MeTAaIOBEePXHi, 110 3HAXOAUTHCA Ha MeXi AielleKTpudHOro mapy. Padiogisuxa i padioacmponomis. 2022.
T.27. Ne 2. C. 153—160. https://doi.org/10.15407/rpra27.02.153

© Publisher PH "Akademperiodyka" of the NAS of Ukraine, 2022. This is an open access article under the CC BY-NC-ND license
(https://creativecommons.org/licenses/by-nc-nd/4.0/)

© Bupaseus Bl «Axapgemmnepioguka» HAH Ykpainn, 2022. CrarTio omry6/1iKoBaHO BiAIIOBIZHO KO YMOB BiKPUTOrO JOCTYILY 3 JIi-
rensiero CC BY-NC-ND (https://creativecommons.org/licenses/by-nc-nd/4.0/)

ISSN 1027-9636. Padiogpisuxa i padioacmporomis. T. 27, Ne 2, 2022 153



N.N. Beletskii, and I.D. Popovych

vz

Fig. 1. Geometry of the problem

structures containing either ordinary substances [1,
2] or metamaterials [3]. The latter are of particular
interest as they may have a number of unique pro-
perties [4].

In the present work, we have investigated the po-
larization effects arising when p-polarized electro-
magnetic waves get reflected from a uniaxial plas-
monic metasurface lying on top of a dielectric layer
[5—7]. As has been shown, the electromagnetic wave
reflected from the uniaxial plasmonic metasurface
represents a sum of waves of p- and s-polarizations.
The conditions have been identified under which an
incident p-polarized wave is converted into a s-po-
larized one upon reflection. To estimate the degree
of p- to s conversion which results from reflection
at the metasurface, we use the conversion coeflicient
equal to the ratio of the reflection coefficient of the
s-polarized wave to the total reflection coefficient of
the wave composed as a sum of the p- and s-pola-
rized waves.

1. Problem statement

The geometry of the problem is clear from Fig. 1.
The uniaxial plasmonic metasurface lies on the plane
z=0. Actually, it represents a two-dimensional array
of conductive ellipsoids [5—7]. The z < 0 domain is
occupied by a dielectric of permittivity &;; the lay-
er (0 < z < d) is characterized by dielectric permitti-
vity &,, and for z > d the value is €5. The electric field
vector of the p-polarized electromagnetic wave lies
within a plane that makes up an angle ¢ with the
principal symmetry axis of the plasmonic metasur-
face. We will consider an electromagnetic wave of
angular frequency w, which is incident on the meta-
surface at an angle 6.
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The electromagnetic properties of the uniaxi-
al plasmonic metasurface are described in terms of
an effective conductivity tensor. The components of
that diagonal tensor, normalized by ¢/ 47, can be ex-
pressed as [5—7]

wA
e I
O, =0y, t1

_ P
T vy Ot (1)
LTV

The “|” and “ L ” indices here correspond, respec-
tively, to principal axis orientations along and across
the plasmonic metasurface; €2 | and y, | represent
the resonant frequencies and half-widths of the lines;
A|| and A, denote, respectively, the parallel and
the cross magnitude of the oscillator force, and o},
stand for respective background conductivities. The
oy, and o, magnitudes represent the real and
the imaginary parts of the corresponding conduc-
tivity tensor components. Similar as in paper [5], we
have assumed OIOITL =0.24; A”)l: 0.2; VL= 0.02;
Q” =1.0, and , =1.2.

In a coordinate frame making an angle ¢ with the
principal axis of the plasmonic metasurface (we have
assumed the incidence plane of the electromagne-
tic wave to be identical with the XZ plane) the con-
ductivity tensor of the plasmonic metasurface can be
represented as [5-7]:

0, = [0” o J 2)
Tyx Opy

with

O, =0 cos’ p+0 | sin’ g; (3)

0,, =0 sin’ p+o, cos® p; (4)

Oy =0 =(0, —o))sinpcosep. (5)

The existence of non-zero off-diagonal compo-
nents of the conductivity tensor Egs. (2)—(5) in the
cases ¢ # 0 and ¢ # 90° leads to appearance of mixed
p- and s-polarized electromagnetic waves. As a re-
sult, when a p-polarized wave happens to be incident
on the plasmonic metasurface, the reflected and the
transmitted waves possess all the field components
and, generally, demonstrate an elliptical polarization.
Within the frame that we have selected, the field of
a p-polarized electromagnetic wave has the compo-
nents Ep ={E,,0,E,} and Hp ={0,Hy,0}. As for
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s-polarized electromagnetic waves, they consist of
E, ={0,Ey,0} and H, ={H,,0,H }.

The wave vectors of the electromagnetic fields in
each of the media involved have the components
kj =(kx,0,kzj), j=1,2,3. The longitudinal wave

w .
number equals k, =—,/¢, sinf, hence the trans-
c

2
w

6—28]~ - ki .

To find the reflection coefficient of a p-polarized
electromagnetic wave reflected from the plasmo-
nic metasurface, we will compose non-zero tangen-
tial components of the electromagnetic fields in each
material-filled domain of the solid-state structure
under consideration. The expi(k,x — wt) multiplier
is the same for all the domains, so it may be omitted
from now on. The index ‘p’ will refer to p-polarized
waves, while the °s} in its turn, to s-polarized waves.
So, for the field components existing in different re-
gions of the structure we can write

verse wave numbers are kzj =

Region 1 (z<0)

p — ikz —ik, 2
H yl(z) e Fre ,

P zl ik, z _ —ik,,z
Ea(2)= e, —(e" —re ),
—ik
E (2)=r,e Ha®

ck ;
s 1 —ik ,z
H,,(z)= aj T

Region 2 (0 <z<d)

+ ik,,z - —ik,,z
HY,(2) = Hp,e"* + H e "%,

H— e—ikzzz ) ,

B, (2) = e 2 (Hpe —H

s _ pt ik,,z - —ik,,z
Eyz(z)—Esze +E e "7,

H;Z (z)=— 22 (E+ ik,, Es—zefikzzz)'

Region 3 (z>d)
p _ ik, (z—d)

H 73 (z)= tppe = ,

p —Ck_Z3 isz(z_d)
E),3(z)—w‘g t.. e ,
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Ej(2) =ty e,
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Here r,, and r,,, are amplitudes of the p- and s-pola-
rized waves, respectively, diverging from the meta-
surface deep into the environment of permittivity ;.
The t,, and t,, magnitudes are respective amplitudes
of the p- and s-polarized waves transmitted into the
medium of dielectric permittivity €;. The magni-
tudes H;z and E;’z are amplitudes of the forward,
while H,, and E, of the backward p- and s-polari-
zed waves in the region with a dielectric constant ¢,.

These amplitudes, of both p- and s-polarized
waves, can be evaluated through making account of
the boundary conditions at the interfaces z =0 and
z=d. For z= 0 we have

E% (0)= EZ,(0) = E, (0),
E;,(0)= E;,(0) = E, (0),

B0~ HE,0) =0, E,(0)+0,,E, 0),

XXX

HS,(0)— HE,(0) = 4”(0 E,(0)+0,,E, (0)).

yxx

Within the plane z = d all tangential electromagnetic
field components are continuous.

The reflection coefficient of a p-polarized electro-
magnetic wave at the plasmonic metasurface is
defined by the expression

R, =Ir, [*+11,, % ©)
where

o )
Tps =—20yxp+g—riQ, (8)
with Pi_; cos (k,0)— 2sm(k ,0) % ( 1+0xx)’i’

S=(kl+0y )1, +ky cos(k, 6)—1k sm(kzé),
1, = cos(k, (3)—1

2 .
Q=0nn, 1 . 51n(k26),

32

and r, = cos(k, 6)—1 ks sin(k,0).
k,
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Fig. 2. The » dependences of R, (w, o), |rpp (w, 0,)|% and |rpS (w, 0,)? (with &, = 1.8, @ = 45°) plotted
for a set of values of ¢ : (a) ¢ = 30% (b) ¢ =45°, and (¢) ¢ = 60°

In the above definitions, we have used dimension-
less values like kj = ckzj /w and d=dw/c.

2. Conversion of p- to s-polarized
wave as a result of reflection from
the metasurface

As can be seen from Eq. (5), in cases where the plane
of incidence of a p-polarized wave is either parallel
to the symmetry axis of the plasmonic metasurface
(i.e., o = 0°), or perpendicular to it (¢ = 90°), the co-
efficient r,,, becomes r,, = 0, hence the s-polarized re-
flected wave vanishes. Otherwise rps # 0, and there
are two reflected waves of both p- and s-polariza-
tions. To evaluate the conversion ratio of a p-polari-
zed into a s-polarized wave, we can use the value 77,
known as the polarization conversion coeflicient for
the incident p-polarized wave,

P Il

= (9)
+ | Tps |2 RP

Ny =
|7 I

The correspondent numerical calculations were per-
formed under the assumption of ¢; = 1 and &3 = 4.
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If there is no plasmonic metasurface at the boun-
dary of the dielectric layer, then the condition is met
eg =¢g,&5, provided that €, = 2. In this case an ef-
fect of non-reflective propagation of electromagnetic
waves through the dielectric layer can be observed
(R, = 0), should its thickness satisfy the criterion

d\/s_ = /y, where A= 2”%) is the wavelength [8].

Note that in the case &; > ¢,¢, the effect of non-re-
flective propagation through the dielectric layer is
only possible with oblique incidence of electromag-
netic waves within a certain interval of incidence
angles 0. With &5 <e ¢, the effect of non-reflective
electromagnetic wave propagation through the di-
electric layer is not observable.

The presence of a plasmonic metasurface may
greatly change the conditions for non-reflective pro-
pagation of p-polarized electromagnetic waves with
plane of incidence orientations ¢ = 0° and ¢ = 90°.
We are also interested in investigating another effect
associated with changes in the polarization of an in-
cident electromagnetic wave of p-polarization un-
dergoing reflection from a plasmonic metasurface,
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Fig. 3. Relation between angular dependences of @, (0) (a) and d, (0) (b) with ¢ = 45° plotted for three

different values of €,

namely for plane of incidence orientations ¢ # 0°
and ¢ # 90°. As can be seen from Eq. (8), under such
conditions a p-polarized electromagnetic wave inci-
dent on the plasmonic metasurface always gives rise
to a reflected s-polarized wave, i.e. (r, # 0). At the
same time, in some cases the amplitude of the reflec-
ted p-polarized wave can turn to zero, r,, = 0. With
fixed magnitudes of the angles ¢ and 6 the condition
rpp = 0 can be true only for some values of w and 9,
denoted ® = w; and 0 = J;. In this case R, = |r,, |2
and n,=1 As a result, the electromagnetic wave re-
flected from the plasmonic metasurface involves an
s-polarized component alone. The values w, and 9,
have been calculated for a variety of €, , 6 and ¢ pa-
rameters. Figure 2 presents frequency dependences
of R, (@, dy), |er (w,9,)|% and |rp$ (w,0,)|* fore,=1.8
and 0 = 45°, and three different values of ¢. For each
of these, d, was assumed to be a measure of the di-
electric layer thickness. Calculated values of w, and 0
corresponding to each of the selected magnitudes of
¢ are shown in Fig. 2, where the w,’s are marked on
the horizontal axes as bold full circles. It should be
noted that a growth of 0 is accompanied by increases
of both w, and . Moreover, it is possible to see from
Fig. 2(c) that in the case of ¢ = 60° the [squared] re-
flection coefficient |r,, (@, d,)|* of the p-polarized
electromagnetic wave remains low over a wide range
of frequencies @ < 1.1. In this case the reflected elec-
tromagnetic wave is quasi-s-polarized.
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The relations for w(0) and 0,(0) (with ¢ =45°) are
represented graphically in Fig. 3 for three different
values of ¢,. It seems evident that the magnitudes de-
pend heavily on the quantity of ¢,. If ¢, = 1.8, and
hence (&5 <é,¢;), the effect of p-polarized electro-
magnetic wave conversion into an s-polarized one
exists in the cases of both normal (6 = 0) and oblique
(0 # 0) incidence of electromagnetic waves on the
plasmonic metasurface. When &, = 2.0 (and &3 =
= £,€3) the effect can be seen only in the case of
oblique incidence of the electromagnetic waves. As ¢,
increases further (¢, = 2.2 and eg >¢g€3), the range
of angles over which the r,, coefficient equals zero
becomes significantly more narrow. Thus, the pre-
sence of a plasmonic metasurface on top of the di-
electric layer leads to conversion of an incident p-po-
larized electromagnetic wave into a reflected wave of
s-polarization. This effect can be implemented over
a wide range of incidence angles of the p-polarized
electromagnetic wave for different values of the lay-
er’s dielectric permittivity.

It should be emphasized that full conversion of
a p-polarized electromagnetic wave into a reflected
wave of s-polarization occurs only for certain fixed
values of w; and O, which may prove unsuitable for
a lot of technical applications. Therefore, of greater
interest might be the frequencies w = w,, and thick-
nesses 0 = 0, with which the reflection coeflicient
7pp (@ 8,,)> of the p-polarized electromagnetic
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Fig. 4. Frequency dependences of R, (@, d,,), |1y, (@, 0,)|% and |7ps (@, O)|? (with &, = 1.8, ¢ = 45°)
for (a) 8 =30°% (b) 8 =45° and (c) 0 = 60°
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Fig. 5. Frequency dependences of R, (@, 9,,), |1y, (@, 0,)|% and |rps (w, 0,)|* (with £, = 1.8, p = 60°)

for (a) 6=30° (b) 0 =45° (c) 6 =60°

ISSN 1027-9636. Radio Physics and Radio Astronomy. Vol. 27, No. 2, 2022



Changes in Electromagnetic Wave Polarization Resulting from its Reflection at a Uniaxial Plasmonic...

wave is minimized. With this in mind we have cal-
culated minimum values of the reflection coefficient
|7pp (@, 0| for a variety of magnitudes of 6 and
¢ over the frequency interval Q <w <Q, . Clearly,
in such cases the value of 7, (w,,, 0,,) should reach
its maximum. We considered situations, with ¢ = 45°
and ¢ = 60° under which 7, reaches its highest
values.

In Fig. 4 the frequency dependences of R, (@, 9,,),
|rpp (@, 0,,)[% and |ry, (@, 3,,)|* are presented for
&, = 1.8, ¢ = 45° and three different values of the pa-
rameter 6. Calculated magnitudes of the related w,,,,
0,, and 17, (@, 8,,) are also given, with ,,'s marked
as bold full circles (see Fig. 4). As can be seen, with
an increase in 6 the value of |r,, (@, 3,,)|* decreases,
while 7, (®,,, 8,,) goes up. The amount of correlation
between the two values gets higher with ¢ = 60°. The
correspondent frequency dependences of R, (w, 0,,),
|rpp (@, 8,,)|* and |7ps (@, 8,,)|* (with &, = 1.8 again)
are given in Fig. 5.

From the Fig. 5 we can deduce that when ¢ = 60°
values 7, (®,,, 0,,) are much larger, then in case
¢ = 45°. This conclusion hold true for the angle of in-
cidence 6 = 30°. By increasing angle of incidence 6 va-
lue of 17, (@, 0,,) escalates rapidly and when it rea-
ches ¢ = 60° reflected from the plasmonic metasur-
faces wave will be s-polarized, hence 17, (w,,, 9,,) = 1.
And its important to note that 7, = 1 in a wide range
of frequencies.

It should be pointed out that by increasing €, we
have not been able to seriously alter 7,(w,,, 3,,) with
¢ = 60° and 6 = 60°, the value remaining close to
(M@, 0,) = 1). At the same time, with ¢ = 60° and
6 = 45° the magnitude of 17,(w,,,, 3,,,) dropped down
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3MIHA TTO/IIPM3ALII ETEKTPOMATHITHMX XBVIb
TPV IXHbOMY BIJIJI3EPKAJIEHHI BIJ] OMHOBICHOT IIJTA3MOHHOI METATIOBEPXHI,
10 3HAXOAUTHCA HA MEXI AIEJIEKTPMYHOTO IIAPY

ITpenmer i Meta po6otu. JocmimkeHHs edekTy TpaHchopmaliil Ho/Apusalii e/IeKTpOMarHiTHUX XBWIb Py IXHbOMY BifOMTTI Bif
MeTaNoBepXHi Ma€ 3HAYHMII HAYKOBMII i MPaKTUYHUII iHTepeC /A MOKPALIeHHsA XapaKTePUCTUK IPUCTPOIB HAHOENIEKTPOHIKM 1
ONTHUKI Ta CTBOPEHHA IXHIX HOBVX TUIIiB. MeTOI0 po6OTH € 3HAXO/)KEHHSA YMOB ITIOBHOI TpaHCHOpPMAILii p-IoNApI30BaHOI eeKTpo-
MaTHITHOI XBJIi, [0 TTaJJa€ HA OJJHOBICHY IUIA3MOHHY METAaIlOBEPXHIO, Y BiIONTY XBUIIIO S-IIO/IAPM3aLiii.

Metopu ta Metomonoris. [yt focnimkeHHs edekTy MoBHOI TpaHchopMail HomApusanii e1eKTpOMarHiTHIUX XBIWIb IPU IXHbO-
My BiflOUTTi Bifi OJIHOBiCHOI II/Ta3MOHHOI METaIlOBEPXHi, 110 JISKUTD Ha JIie/IeKTPIIHOMY IIapi, BUKOPUCTOBYBAJIOCA YUCIIOBE MOJIe-
JTIOBaHHS. 3a JI0TO JJOIIOMOTOI0 BY3HAYEHO YaCTOTH €/1eKTPOMATHITHIX XBY/Ib i TOBIVIHY JIie/IeKTPIYHOTO IIaPY, 1II0 € HeOOXiTHIMM
IS HOBHOI TpaHchopMail Hosapusaii p-monspu3oBaHuX XBIUIb.

Pesynbrarn. [TokasaHo, 1110 3a HAABHOCTI Ha J[jieIeKTPUIHOMY IITapi OfHOBICHOI I/IA3MOHHOI MeTaIllOBEPXHi Ha Hiil BiiOyBaeThCA
HoBHa TpaHcdOpMallisl p-IONAPN30BAHOI eIEKTPOMATHITHOI XBIJIL, 110 TIA/IA€, Y BiOUTY S-IIONAPU30BAHY €IEKTPOMATHITHY XBIIIIO.
BcraHOBIeHO, 10 1A 11bOro eeKTy HeoOXifHO, aby IJIONIMHA MaiHHA p-TIONAPM30BAHOI €IeKTPOMATHITHOI XBIJI CK/Iajiaia ToCT-
Puit KyT BiJHOCHO T'OJIOBHOI OCi I/Ia3MOHHOI MeTaIloBepXHi. 3HaiijleHo, 110 MOBHA TpaHCHOPMAliA HOIApM3allil p-TIONAPU30BAHOL
€/IeKTPOMATHITHOI XBWJIi, LI MA/la€, MOYKE MaTy MiCIie [/ PiSHUX BEMYMH JieleKTPUYHOI IPOHMKHOCTI IIapy.

BucHoBku. OfHOBiCHa [/1a3MOHHA METAIIOBEPXHS, 1110 JIOKUTD HA JIie/IeKTPUYHOMY LIapi, Ma€ YHiKa/IbHi BiffOVBHI BIaCTUBOCTI.
Bona MoKe e(eKTMBHO BIUIMBATHU Ha MO/IAPY3ALIiI0 €eKTPOMArHiTHOI XBWII, 1[0 I1ajjae Ha Hel. [lieleKTpUyHi 1apu 3 OZHOBIC-
HUMM IIJTA3MOHHMMM METAIIOBEPXHAMM MOXXYTb BUKOPUCTOBYBATHUCA I/I CTBOPEHHA HOBUX THUIIB IPUCTPOIB ONTHUKM Ta HAHO-
€JIEKTPOHIKI.

Kntouogi cnosa: p-nonapusosani enekmpomazHimui x6usi, 00H08iCHA NAA3MOHHA MEMAN0BEPXHS, NONAPU3AUiliHe nepemeopeHHs,
6e36i0016He NPOXOOHCEHHS.
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