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NON-REFLECTIVE INCIDENCE

OF P-POLARIZED ELECTROMAGNETIC WAVES

ON THE SOLID-STATE STRUCTURE "UNIAXIAL PLASMONIC
METASURFACE — DIELECTRIC LAYER — METAL"

Subject and Purpose. The solid-state structures involving metasurfaces can be used to effectively control some of the basic properties of
electromagnetic waves, like amplitude, phase and polarization. The present work is aimed at analyzing the new effects that may appear
during incidence of p-polarized electromagnetic waves upon a solid-state structure involving a uniaxial plasmonic metasurface, a dielec-
tric interlayer, and a layer of metal.

Methods and Methodology. The conditions suitable for identifying the effects that result from the reflection of a p-polarized electro-
magnetic wave incident upon a solid-state structure of the above described type have been sought for via numerical simulation. That has
allowed finding the magnitudes of the essential parameters, such as angles of incidence and frequencies of the electromagnetic waves, as
well as thicknesses of the dielectric interlayer, that could stipulate appearance of novel electromagnetic effects.

Results. It has been shown that the solid-state structure involving a uniaxial plasmonic metasurface, a dielectric interlayer, and a layer
of metal is capable, under certain conditions, to fully absorb an incident electromagnetic wave of p-polarization. Moreover, a new effect
has been predicted, specifically that of full conversion of the incident p-polarized electromagnetic wave into a reflected wave of s-polariza-
tion. The necessary condition is that the plane of incidence of the electromagnetic wave were at an acute angle to the principal symmetry
axis of the plasmonic metasurface.

Conclusions. The solid-state structures of the type involving a uniaxial plasmonic metasurface, a dielectric interlayer, and a layer
of metal are characterized by unique reflective properties. They are capable of fully absorbing, under certain conditions, the p-polarized
electromagnetic waves incident upon them. Such structures can be used for creating optical and nanoelectronic devices of new types.
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Introduction

Metamaterials and metasurfaces have of late been at-
tracting ever more attention because of their special
qualities [1—7].They permit effectively controlling
all the basic properties of electro-magnetic waves,
like amplitude, phase and polarization [3, 4], hence
can be used for creating optical and nanoelectronic
devices of novel types. Of particular interest are the
effects accompanying electromagnetic wave reflec-
tion from metamaterials and metasurfaces. One of
the most interesting among them concerns conver-
sion of the electromagnetic wave’s polarization for
the wave incident upon a metamaterial overlying a
metal substrate [3].

In the present work, we have studied the new ef-
fect of non-reflective incidence of p-polarized elec-
tromagnetic waves upon a solid-state structure
composed of a uniaxial plasmonic metasurface, a
dielectric interlayer, and a layer of metal. The effect
owes to the destructive interference of direct and
reverse electromagnetic waves superimposed in
the solid-state structure. As has been shown, such
behavior can only occur when the plane of incidence
of the p-polarized electromagnetic wave is either
parallel or perpendicular to the principal axis of the
plasmonic metasurface. The specific wave frequen-
cies and dielectric layer thicknesses have been iden-
tified, with which the non-reflective incidence effect
can occur for p-polarized electromagnetic waves.

Moreover, we have predicted a new effect, namely
that of full conversion of an incident p-polarized
electromagnetic wave into a reflected wave of s-po-
larization. The effect has been shown to take place
when the plane of incidence of the p-polarized wave
makes an acute angle with the principal axis of the
plasmonic metasurface. The conditions have been
found that can ensure full conversion of the incident
electromagnetic wave of p-polarization into an s-po-
larized reflected one.

1. Problem formulation

Consider the spatial domain z < 0 which is occu-
pied by a dielectric material of permittivity &,. A
dielectric interlayer of permittivity &, (occupying
the space 0 < z < d) is placed on top of a perfectly
conducting metal substrate (area z > d). The uniaxial
plasmonic metasurface lying within the plane z=01s
represented by a two-dimensional array of conduc-
tive ellipsoids (Fig. 1) [5—7].
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Fig. 1. Geometry of the problem

We will assume the electric field vector of the
p-polarized electromagnetic wave to lie within the
plane making an angle ¢ with the principal symme-
try axis of the plasmonic metasurface. The electro-
magnetic wave of frequency w is incident upon the
metasurface at an angle 6.

The electromagnetic properties of the solid-state
structure under consideration will be described
in terms of the effective conductivity tensor of the
uniaxial plasmonic metasurface [5—7]. The diago-
nal components of the tensor, normalized by ¢ / 47
where c is the speed of light, are of the form

_ > . 5 _ . ”
Ol =Lt 07 =0|,L +10),1-
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The indices "| " and " L " here relate to the direc-

tions along and across the principal axis of the plas-
monic metasurface; €, and y | are, respectively,
the resonant frequencies and half-widths of the reso-
nance lines; AL stand for oscillator strengths, and
oy, are background conductivities. Finally, o}
and o)/, denote the real and the imaginary parts,
respectively, of the corresponding conductivity ten-
sor components. To carry out the calculations, we
have assumed o), = 0.2i; A, = 0.2; y; ;= 0.02;
YL =0.02,and Q, =1.2 [5].

Within the reference frame which is rotated by an
angle ¢ with respect to the principal axis of the plas-
monic metasurface (note the plane of incidence of
the electromagnetic wave to be XZ), the conductivi-
ty tensor of the metasurface can be written as [5—7]
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Where
_ 2 i 2
Uxx—0||COS (p+OJ_Sln P,

— 7 cin2 2
0,, =0)sin" ¢ +0, cos” ¢, and

o,, =0

o =0, =(0, —0))sinpcosp.

Note that the presence at ¢ # 0° and ¢ # 90° of
the non-zero off-diagonal conductivity tensor com-
ponents 0,, and 0, results in the appearance of
reflected electromagnetic waves of s-polarization.
Hence, upon incidence on the uniaxial plasmonic
metasurface of a p-polarized electromagnetic wave,
the reflected wave obtains all the field compo-
nents, and generally is characterized by an elliptical
polarization. In the coordinate system selected,
the electromagnetic field of the p-polarized elec-
tromagnetic wave has the components as follows:
Ep ={E,,0,E, }, and ﬁp = {O,ﬁy,O}. In the case
of the s-polarized wave we have E; = {O,E},,O}, and
H,={H,0H,}.

Within each of the media the wave vectors of
the electromagnetic waves have the components
as follows: Ej = (k,,0,k;), with j =1, 2. The lon-
gitudinal wavenumber is k, =%\/871 sinf, hence

the transverse wavenumbers can be represented as

2
/w 2
kzj = 6—28]- _kx'

Now, let us write down the non-zero tangential
components of the electromagnetic fields for each
medium of the solid-state structure in question. The
multiplier exp(ik,x — wt) will be omitted; the sub-
script "p" relates to p-polarized, and subscript
s-polarized waves.

Medium1 (area z< 0):

"on

s to

ik —ik
Hi’l(z) =" + Tpp€ Haz
Epl (Z) — Ckzl (eikzlz —r e_ikzlz>
x we, pp

Ej(2) = rpse_ikzlz,
ck -
Hy(2)= _le Tpse_jkﬂz-

Medium 2 (area0 <z < d):
H£2 (Z) = H;zelkzzz + H;}ze*ikzzl,
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ck . .
Efz ()= z2 (H;zelk”z _ ngze—zkzzz )’
WE,
Ej,(2) = EhLe*? 4 Eeka?,
H:(z)=— Cklz (E+ i,z _ [ gmikaoz )
x2\%) = o € —Ee .
Here r,, and r, are the amplitudes of the p- and
s-polarized waves, respectively, which are reflected
from the uniaxial plasmonic metasurface. The values
2 and E5,and H,, and Eg, stand for the ampli-
tudes of the direct (+) and reverse (-) p- or s-pola-
rized waves in the layer of dielectric permittivity ¢, .
To determine the r,, and r,, it is necessary to use

the boundary conditionsat z=0and z=d. Atz=0
we have

Ef:l (0) = EQIC)Z (0) = Ex (0))

E3,(0) = E3,(0) = E, (0),

H? » B 47
y2 (0) - Hyl (0) = _T(axxEx (0) + OxyEy (0))) and
47
562 (0) - Hj(l (0) = T(nyEx (0) + Onyy (0))

At the metallic boundary, z = d, tangential com-
ponents of the electric fields are equal to zero. The
reflection coeflicient of the p-polarized electromag-
netic wave reflected from the plasmonic metasurface
can be calculated as a sum of | r,, | and | Tps 1%

Rp zlrpp |2 +|rps |2’
where
PS+Q
=27 1
rPP P+S+Q (1)
-2
o oy Sin (k,0) @)

ps T =¥ yx P.S-Q >
& & )
P, = —=cos(k,0) —i(£— + 0, )sin(k,0),
ky ky
S = k; cos(k,0) —i(k, + 0, )sin(k,0), and
Q= aiy sin®(k,0).

We have introduced here dimensionless magni-
tudes as follows, k; = ckzj/a) and 0= da)/c.
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2. Non-reflective incidence of the
p-polarized electromagnetic wave
on the uniaxial plasmonic metasurface

Let us identify the conditions which are necessary
to make R,=0. As can be seen from Eq. (1), they
are dependent on the magnitude of ¢, with ¢ =0° or
¢ =90° we have 0,, =0,, =0 and r,;=0. Also, the
reflected electromagnetic wave is p-polarized and
R, =1, |”. Let us consider the case in more detail.
Eq. (1) implies that r,,= 0 if P_ =0. Since the latter
value is a complex number, r,, turns to zero when
the conditions are met

&

k_l_ol,"lzo’ and 3)
___ %
tg(kzé) - kzo-l,ltj_ . (4)

The roots of Eq. (3) define the frequencies at which
the effect of non-reflective incidence of p-polarized
electromagnetic waves on the uniaxial plasmonic
metasurface is produced. The functions o, (w)

are symmetric, positively defined functions relative
the resonant frequencies € and Q) . Accordingly,
Eq. (3) demonstrates two roots, arranged symmet-
rically with respect to the frequencies Q and €2, .
Since the magnitude of k; decreases at higher val-
ues of 6, while the highest value of o, (w) here is
0),1(€2,1) =10, it seems clear that there should be
a maximum limiting value for 6, = arccos(O.I\/?1 )
still capable of providing for the effect of non-reflec-
tive incidence.

Equation (4) permits finding the thicknesses of
the dielectric layer with which the incident p-pola-
rized electromagnetic waves are not reflected. In case
the inequalities €2, >> 4, hold, the functions
0| L (w) are asymmetric relative the resonant fre-
quencies € and €2, . In the neighborhood of these,
the conductivities o}/, (w) demonstrate a similar
behavior. As a result, the functions d(w) behave in a
similar way at ¢ = 0° and ¢ = 90°.

Fig. 2 shows the 6-dependences of w(0) (left-side
vertical axis, solid lines) and d(w) (right-side axis,
dashed lines) for RP= 0, with &,= 2.0 and ¢ = 0°
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0.96 | | | |

| | | | : 0.0

1.24

1.22

1.20

1.16 | | | |

Fig. 2. The 0-dependences of ,,; < ¢ (left-side vertical axis, solid lines) and 6(0) (right-side vertical axis, dashed
lines), presented for R , = 0, with &, =2.0 (panel (a): ¢ = 0°, and panel (b): ¢ = 90°)
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Fig. 3. The 0(e,) dependences corresponding to the condition
R,=0 (with ¢ = 0° and 6 = 45°)
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Fig. 4. The function R, (») plotted for £,=2.0 and 0 = 45°:
¢ =0° (solid lines) and ¢ = 90° (dashed lines)

(case a), and ¢ = 90° (case b) point of the two 0(0)
branches.

Another thing which can be concluded from
Fig. 2 is that for every value of 6 there are two values
of frequency which follow from Eq. (3). Accordingly,
there are two values of , obtainable from Eq. (4),
that correspond to this pair of frequencies. The verti-
cal dashed line in Fig. 2 relates to the case of 6 =6,
and the circular sign marks the common. With
account of tg(k,0) being a periodic function, we
have only sought for those dependences of d(6) for
which the magnitude of 0 is the lowest.

It should be noted that the value of the dielectric
permittivity €, does not suggest any limitations on
the non-reflective incidence effect for p-polarized
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electromagnetic waves at the uniaxial plasmonic
metasurface.

Fig. 3 shows the d(e,) dependences for the case
R,= 0, with ¢ = 0° and 6 = 45°. The dependences
have been plotted for parameter values w,= 0.976
(solid curve) and w, = 1.025 (dashed curve). It can
be seen from Fig. 3, that both branches of the d(¢,)
dependency are monotonically decreasing functions.

Shown in Fig. 4 are R,(w) dependences for
&,= 2.0 and 0 = 45°, with ¢ = 0° (solid lines) and
¢ =90° (dashed lines), wherefrom we can conclude
that with every value of ¢ the magnitude of R,
becomes zero at two frequencies. However, the effect
is observable at different thicknesses of the dielectric
layer 0. Thus, the effect of reflectionless incidence of
p-polarized electromagnetic waves takes place at two
frequencies and with "properly” selected magnitudes
of the dielectric layer thickness.

3. Full conversion of p-polarized
into s-polarized electromagnetic waves

As can be seen from Eq. (2), the conditions ¢ # 0°
and ¢ # 90° (0, # 0) provide for appearance of an
s-polarized reflected electromagnetic wave (r,, # 0).
So, the electromagnetic wave reflected from a uniaxi-
al plasmonic metasurface is a sum of p-polarized and
s-polarized components.

Meanwhile, it has been found that with some
values of the wave frequency and thicknesses of
the dielectric layer (dependent on ¢,, ¢ and 0) the
reflected p-polarized waves may vanish. Accordingly,
under such conditions we observe the case of full
conversion of the incident p-polarized electromag-
netic wave into an s-polarized one.

Fig. 5 shows the frequency dependences of R, (w)
(solid lines), | r,, () |* (dashed lines) and |7, () |*
(dot-dash lines) with ¢ = 60°, 8 = 45°, and ¢&,= 2.0
for 0 = 0.6 (panel (a)) and 0 = 2.1 (panel (b)). It
can be seen that at some frequencies (specifically,
o = 0.964, see panel (a), and w = 1.037, panel (b))
the p-polarized wave is absent among the reflec-
tions (| rop (@) |2= 0). Note that with ¢ = 30° the fre-
quencies of a bright full conversion effect for the p-
polarized electromagnetic wave are localized near
the resonant frequency €2, = 1.0 Thus, an incident
electromagnetic wave of p-polarization gets trans-
formed into an s-polarized wave for two pairs of
(w, 0) magnitudes.
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Fig. 5. Frequency dependences of R ,, (w)(solid lines), | rpp(a)) |2 (dashed lines) and | s (w) |2 (dot-dash

0.9

lines) observed at ¢ = 30°, 6 =45°, and &, =2.0 for d = 0.6 (panel (a)) and d = 2.1 (panel (b))
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Fig. 6. Frequency dependences of R , (w) (solid lines), | Top (w) |2 (dashed lines), and | rps(w) |2 (dot-dash

0.9

1.4

lines) observed at ¢ =60°, 0 = 45°, and ¢, =2.0 for 0 = 0.5 (panel (a)) and 6 = 2.0 (panel (b))
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At higher values of ¢ the frequencies where the
full conversion effect occurs for the p-polarized and
s-polarized electromagnetic waves also get higher,
shifting toward the other resonant frequency, i.e.
€, = 1.2. This situation is illustrated in Fig. 6 for
0 = 0.5 (panel (a)) and 0 = 2.0 (panel (b)) with the pa-
rameters like ¢ = 60°, @ = 45°, and &,=2.0. It can be
concluded from this plot that at w = 1.17 (panel (a))
and w = 1.24 (panel (b)) the p-polarized electro-
magnetic wave is absent among the reflected. So, at
these frequencies we observe a complete conversion
of a p-polarized into an s-polarized electromagne-
tic wave.

Conclusions

It has been shown that the solid-state structure
involving a uniaxial plasmonic metasurface, a dielec-
tric interlayer, and a layer of metal is capable, under
certain conditions, to fully absorb an incident elec-
tromagnetic wave of p-polarization. To achieve that,
the plane of incidence of the p-polarized electromag-
netic wave should be either parallel or perpendicular
to the principal axis of the plasmonic metasurface.
Then the effect of a non-reflective incidence of the
p-polarized electromagnetic wave is observable at
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M.M. bineuvxuii, 1.J1. [Tonosuu

IncruryT papiodisuku ta enexrponiku im. O.4. Yeukosa HAH Ykpainu
Byn. Akap. IIpockypwu, 12, M. Xapkis, 61085, Ykpaina

BE3BIABMBHE ITAJIHHA P-ITOJIAPVMI3OBAHNX
EJIEKTPOMATHITHUX XBIJIb HA TBEPAIOTUIbHY CTPYKTYPY
TUITY «OODHOBICHA INDTASMOHHA METAITIOBEPXHA -
JIEJIEKTPMYHNN ITPOLIAPOK - METAJI»

IIpenmert i MeTa po60TH. TBEPIOTIIBHI CTPYKTYPH, IO MICTATH METAIIOBEPXHi, MOXKYTb OyTU BUKOPUCTAHUMIU /I €PEeKTMBHOIO
KOHTPOJIIO iCTOTHUX BJIACTUBOCTEN €JIeKTPOMArHiTHNX XBU/Ib, IK-OT aMIUIITYAu, $pasu Ta nonApusanil. MeToto poboTn € gocmin-
JKEHHS HOBJX e(eKTiB, 1110 BUHMKAIOTH IIPY TaJiHHi p-IIONAPU30BAHOI eIeKTPOMArHiTHOI XBII Ha TBEPHOTIIbHY CTPYKTYPY THUITY
«OJHOBICHA II/TA3MOHHA METAIOBEPXHs — JieIeKTPIUYHMII IPOIIAPOK — MeTal».

MeTonu Ta MeTOROMOTIA. [/ 3HAXOXK/IeHH: YMOB 1 ineHTudikanii edeKTis, 1110 CypOBOKYIOT BilOUTTSA p-IONAPU30BAHOL
€/IeKTPOMATHITHOI XBWIi Bifl TBEPHOTIIBHMX CTPYKTYP BKAa3aHOTO BMIIe THUITY, 6y/I0 BUKOPVMCTAHO YMCIIOBE MOJIETIOBAHHA. 3a 1100
JOTIOMOTOI0 BM3HAYEHO KyTM NaJiHHA €/IeKTPOMArHiTHUX XBWU/Ib, iXHi YaCTOTH, @ TAKOXK TOBIIVHM Ji€JIeKTPMYHOTrO IPOIIAPKY, 10
06yMOBIIIOIOTD IIOSIBY HOBUX €IEKTPOMATHITHUX eeKTiB.

Pesynbrarn. ITokasaHo, o 3a IIEBHNX YMOB TBEPAOTi/NIbHA CTPYKTYpa TUITYy «OJHOBICHA I/ITA3MOHHA METAIIOBEPXHs — Jiie/eK-
TPUYHMI NTPOIIAPOK — MeTas» MOXKe TOBHICTIO NOITIMHATHU p-TIOIAPU3OBAHY eIeKTPOMArHiTHY XBUJIIO, IO Majae Ha Hei. Okpim
IIbOTO, IlepefbaueHo HOBUIT eeKT, a caMe IOBHY TpaHCHOPMAIio p-IONAPU30BAHOI XBIJI Y BiOMTY XBUIIIO s-TToApusanil. s
ITbOTO € HeOOXiHMM, a1 IUIOIVIHA ITa/[iHHA eTeKTPOMArHiTHUX XBW/Ib CTAHOBI/IA TOCTPMIT KYT 3 TOJIOBHOIO BiCCIO CMMeTpii I1as-
MOHHOI MeTanoBepXHi.

BucnoBku. TBepoTiNbHI CTPYKTYypH TUIY «OTHOBiCHA I/ITAa3MOHHA METAIIOBEPXHA — Jlie/IeKTPUIHNUI IIPOIMIAPOK — MeTaj» Xa-
PaKTEpU3YIOThCSA YHIKaIBHIMY BiOMBHMMM BITACTMBOCTAMM. 3a IEBHUX YMOB TaKi CTPYKTYpPH 3[JaTHI IOBHICTIO IIOIIMHATY P-TIO-
NAPM30BaHY €IeKTPOMATHiTHY XBW/IIO IIPpY ii NafiHHi Ha CTPYKTYPY Ta MOXYTb BUKOPUCTOBYBATICH /I CTBOPEHHS IPUHIMIIOBO
HOBUX OITMYHMX IIPUIAJIB i IPUCTPOIB HAHOETEKTPOHIKM.

Kntouogi cnosa: p-nonspusosani enexmpomaeHimui xeéusi, 00HO8ICHA NAA3MOHHA MeMAnoBepxHs, nepemeopents Nonapusauii,
6e38i00umKose nadinHs.
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