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The work is devoted to the development and numerical simulation of a planar micro-
wave metamaterial demonstrating the effect of two-mode plasmon-induced transparency
(PIT effect) in the transmission spectra when a plane electromagnetic wave is incident on
the surface of the metamaterial at the frequency of the fundamental surface lattice mode.
The resonance responses of the metamaterial and the action of slow electromagnetic waves
in the microwave frequency range of 50—60 GHz are investigated. It has been shown by
the method of numerical simulation that windows of two-mode transparency in the funda-
mental surface lattice modes can appear for a given topology and geometric parameters of
the metamaterial structure. The correlation between the structural parameters of the unit
cell of the metamaterial, the spectral transmission coefficients and the group delay time
of the incident electromagnetic waves has been determined. The developed computer model
of a planar metamaterial demonstrated large values of the group refractive index, the
delay time of the group velocity of electromagnetic excitation and the product of the
bandwidth and the delay time.

Keywords: metamaterial, unit cell, plasmon induced transparency effect, "bright”
modes, "dark” modes, surface lattice resonance modes, transparency windows, DBP.

EdekT moBiisHOI €1eKTPOMATrHITHOI XBUIIi, BUKJIUKAHUN B3a€EMOIICI0 TEMHOI Ta KBaziTem-
HOl MOjJ y MiKpoxBuias0BuX meramarepianax. JO.H.Casgin, 3.€ Epemernro, O.A.Bpecraseys

ITpoBegene mocnim:xeHHSA MPUCBAUYEHO PO3POOIIL i UMCENTLHOMY MOEIIOBAHHIO IIJIAHAPHUX
MiKpPOXBUJIBLOBUX MeTaMaTepialiB, AKi AeMOHCTPYIOTH e(deKT IBOMOJOBOI IIIa3MOH-IHIYKOBAHOL
npoaopocTi (PIT-edexT) y cuekTpax TPOUNyCKaHHA IIif BOJIWBOM ILJIOCKOI eJIeKTPOMAarHiTHOI
XBUJI Ha HIOBEPXHI MeTaMmaTepianmy Ha uacToTi pyHIaMeHTATHLHOI HOBePXHEBOI MOAM PEIIiT-
Ku. BuBueHno pesonaHcHI Bigryku Ta edeKT yIOBINbHEHHA eJNeKTPOMATHITHUX XBUJIL Y
MiKpoxBuJIboBoMYy dYacToTHoMy niamasoni 50—60 I'Ti. MerogoM uncelbHOTO MOZAENIOBAHHS
IPOEMOHCTPOBAHO, IIT0 ABOMOJOBI BiKHa IIpo3opocTi y cmekTpi dhyHIaMeHTATHLHOI IOBePXHEBOI
PelIiTKOBOI MOAM MOMKYTL 3 SABIATHCA IPU IIEeBHIN Tomosorii Ta TeOMeTPMUYHNX IapaMeTpax
eJeMeHTapHOI KoMipku MeTamarepiany. BrsHaueHO KopendAllito MK CTPYKTYpHUMH IapaMeTpa-
MU eJIeMEHTAapHOI KOMIPKM, CIEKTPaNLHUMU KoedillieHTaMH IPOIyCKAaHHSA T4 4acoM 3aTPUMKIL
TPYUIOBOL ITIBUZKOCTI €JIeKTPOMAarHITHUX XBWUJb, IO IAJalOTh HA [OBEPXHI) MeTaMaTepiaiy.
YucenrHa MOZeNnb IIIAHAPHOTO MeTaMmaTepiamy, SKY po3pobJeHO, JeMOHCTPY€E BeJINKi 3HAUeHHS
TPYHOBOTO TOKasHUKa pedpakriiii, uacy SaTPpUMKU TPYHIOBOI INIBUIKOCTL €JIEKTPOMATHITHOTO
30yI)KeHHA Ta ZOOYTKY I'PYIOBOI 3aTPUMKN Ha IIPOIYCKHY 3JaTHICTH.

Pabora mocearena paspaboTke 1 UMCIEHHOMY MOJEIUPOBAHUIIO IJIAHAPHOTO MUKPOBOJHOBO-
ro MeTaMaTepuaya, JeMOHCTPUPYIoIIEro dhdeKT ABYXMOZOBOH IIJIa3MOH-MHAYIIMPOBAHHOI IIPO-
spaunoct (PIT-ahderT) B cekTpax HPONYyCKAHUA IPU MaTEeHUMN IIJIOCKON BSJIEKTPOMAaTHUT-
HOI BOJIHBI Ha IIOBEPXHOCTH MeTaMaTepuajia Ha 4acToTe (QpyHIaMeHTANBLHOIN IIOBEPXHOCTHON
pelrteTouHON MoABI. I3yueHBl pe30oHaAHCHBIN OTKINK 1 5ddeKT 3aMeAIeHNA BJIeKTPOMAaTHUT-
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HBIX BOJIH B MeTaMaTepuajle B MUKPOBOJHOBOM cleKkTpanbHoM guamnazone 50—60 I'T'i. Meto-
JIOM UYMCJIEHHOTO MOJENVPOBAHUSA IIOKA3aHO, UTO ABYXMOJOBBLIE OKHA IIPO3PAUYHOCTHU B CIIEKT-
pe byHIaMeHTANBLHOI PEIIeTOUYHOM MOl MOTYT HAGMIOZATHCA IIPU OIPeAeJIeHHON TOIOJIOTUN
U reOMeTPHUYEeCKUX IIapaMeTpax dJIeMeHTapHOH Aueliku MeTaMmarTepuaina. OmpegeseHa Koppe-
JAUA MeXKIY CTPYKTYPHBIMU IlapaMeTpaMIt 5JIeMEHTAPHON fAUellKNM MeTaMmaTepurasia, CIeKT-
PaNbHBIMU K0 UITHEHTAMI NIPOIYCKAHNISA 1 BpeMeHeM I'PYIIIOBOH 3aJeP:KKHU MIATAI0IINX Ha
TIOBEPXHOCTL MeTaMaTepuasa 3JIEKTPOMAarHUTHBIX BOJH. PaspaboTamHad KOMIBIOTEPHAS MO-
JeJb IIJIAaHAPHOTO MeTaMaTeplralia IPOoAeMOHCTPUPOBAJa OOJNbINNe B3HAUEHUA I'PYIIOBOIO IIO-
KagaTesd NPeJOMJIeHUSI, BPeMeHN 3aleP:KKU I'PYIIOBON CKOPOCTU 3JIEeKTPOMATHUTHOTO BO3-
Oy:KIeHUSA 1M IMPOUBBELEHUS ITMPUHLI IOJOCH Ha BPeMA 3aJePiKKU.

1. Introduction

The slow light effect is one of the charac-
teristic features of electromagnetically in-
duced transparency (EIT) resonance. The EIT-
effect is a quantum-mechanical phenomenon
observed in atomic or molecular systems,
which results in a spectrally narrow optical
transparency band accompanied by extreme
frequency dispersion [1, 2]. This property is a
key to achieving a significant reduction in
the group velocity of propagating light and
can be used in a variety of optical devices,
including ultrafast switches, modulators, ad-
vanced nonlinear optical systems, slow light,
and optical storage devices [3-5].

At present, much attention is paid to vari-
ous structures of electromagnetic metamateri-
als with a resonant response that mimics the
spectral response of EIT (EIT metamaterials).
Such EIT-metamaterials usually consist of so-
called subwavelength metamolecules [6] struc-
tured in a periodic array of metal resonators
on the surface of a dielectric substrate. Due
to their subwavelength periodicity, they in-
teract homogenously with the incident elec-
tromagnetic field and can exhibit strong reso-
nant responses and the plasmon induced
transparency effect (PIT-effect). The physical
nature of this effect is based on the near-field
coupling and destructive interference of the
so-called superradiant “bright modes™ and
subradiant "dark mode” of different types of
metallic meta-atoms localized in the unit cell
[7]- The "bright™ mode is due to the strong
interaction of the incident electric field with
the collective oscillations of conductive elec-
trons in a metallic microresonator and exhib-
its a wider resonance and a lower quality
factor. On the contrary, the “dark™ mode
either does not interact or interacts very
weakly with the incident electric field and
leads to a sharper resonance with a higher @
factor than for the bright mode. "Quasi dark™
modes can interact with the incident electric
field. However, as compared to the "bright”
mode, this interaction is several times
weaker and the quality factor of resonance
response is much higher [8-10].
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Over the past period, a large variety of
PIT metamaterials have been proposed and
demonstrated at microwave [11], terahertz
[12], infrared and optical regimes [13].
Since metamaterials are periodic structures,
there is another type of dark modes, the so-
called "quasi-dark™ modes, which are surface
lattice modes (SLR modes). In general, the
full bandwidth at half maximum (FWHM) of
the SLR mode is much smaller than the
FWHM in plasmonic "bright” meta-atoms,
but can be much larger than in specially con-
structed "dark™ meta-atoms [14].

Due to the trapped fields, the lattice
mode behaves like a quasi-dark mode with
respect to the "bright” mode of the meta-
atom and its resonant frequency can be eas-
ily controlled by changing the periodicity of
the array (that is, the period of the unit
cell). The interaction of the lattice mode
with "bright” meta-atoms leads to the lat-
tice induced transparency (LIT-effect) of the
metamaterial with a single window trans-
parency. This phenomenon is well studied
[15-17]. At the same time, the interaction
between the quasi-dark lattice mode and the
dark mode of the polyatomic structures
(metamolecules), which can cause the PIT
effect on high-quality resonance modes of
the lattice, is much less studied. The PIT-
effect on lattice modes can cause a thin
structure of the transmission/reflection
spectra, a higher @ factor and sharp fre-
quency dispersion in the low frequency
range, and, therefore, a large group delay
in time and a slow electromagnetic wave
transmitted through metamaterials. Chang-
ing the resonance intensity, FWHM and fre-
quency in the PIT window can be performed
by controlling the lattice period and the
geometric size of metamolecules in the
metamaterial unit cell.

The aim of this work is to design, nu-
merically simulate, and determine the func-
tional response of microwave metamaterials
based on an ordered array of plasmonic
meta-atoms and the PIT effect, demonstrat-
ing large values of slow electromagnetic
waves and group refractive indices.

Functional materials, 28, 4, 2021
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Fig. 1. The structure of a unit cell with three
meta-atoms: a is the square side (variable); b
and kh are distances between “bright” and
"dark” meta-atoms; I and w are the sizes of a
"bright” atom; d is the unit cell period.

2. Methodology

The main method is numerical simulation
of metamaterial structures and their reso-
nance responses. For the numerical simula-
tion of metamaterials we used the Fre-
quency Domain Solver module in the CST
Microwave Studio software product (Stu-
dent Edition) [18]. This solver made it pos-
sible to calculate electromagnetic fields near
the metamaterial surface by the Finite Ele-
ment Method. In particular, this software
module was used to numerically simulate
the spectra of transitions and profiles of the
electromagnetic field in the near band. The
Frequency Domain Solver module was used
to calculate the S;,-parameters of the scat-
tering matrix and also to simulate the in-
tensity distributions of electromagnetic
fields in unit cells of the metamaterial
under study. The transmission spectra were
obtained under the following conditions: the
unit cell was excited by TE polarized plane
electromagnetic field normally to the meta-
material surface and the numerical solution
of Maxwell’s equations was carried out
under periodic boundary conditions.

3. Results and discussion

The constructed and studied metamate-
rial unit cell shown in Fig. 1 consist of
three metal cut wire resonators (CWR)),
where i = 0, 1, 2 corresponds to meta-atoms
with different shapes and geometrical sizes.
The meta-atom CWR, is a micro-strip [ =
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Fig. 2. Transmission spectra of the funda-
mental SLR mode of a meta-molecule with a
single "bright” atom (CWR) (1); with a pair
of "dark” atoms (2); spectra of triatomic
meta-molecules  (3). b=07 mm, h=
0.1 mm, a=1.12 mm, [=1.6 mm, w=
0.7 mm.

55.00 5525 56.00

1.6 mm long and w = 0.7 mm wide. The
CWR; and CWR, are square-shaped. These
meta-atoms are placed symmetrically with
respect to CWRy at the distance &=
0.7 mm. Both the unit cell period and the
side size of CWR; and CWR, are variable
parameters. The CWR; materials are: copper
(electrical conductivity is 5.96-107 S/m,
thickness is 0.035 mm), the substrate mate-
rial is Teflon (dielectric constant 2.1, di-
electric losses is 0.0002, substrate thickness
is 1.2 mm). Unit cells are excited by a lin-
ear polarized electromagnetic field in the
microwave range 40—-60 GHz in TE-polariza-
tion perpendicular to the surface of the
metamaterial.

The results of the simulation have shown
that the unit cell with a single CWR, has
two spectral transmission modes: a "bright”
mode band at 48.56 GHz with a FWHM
bandwidth 0.4 GHz and the quality factor
@ = 108 (this band is due to the interaction
of surface plasmons in CWR, with inner
electromagnetic field) and the “quasi-
dark™ mode band at 55.68 GHz, with a
narrow FWHM bandwidth 0.057NGHz and
the high quality factor @ = 1114 (Fig. 2).
This mode is a first-order surface lattice
resonance (SLR) mode which arises due to
enhanced radiative interaction between the
localized resonances in the CWR; scatterers
through diffraction orders in plane of the
unit cell [19].

As is known, surface lattice resonance
modes are mediated by surface plasmon-po-
laritons excited in a periodic array of metal
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microresonators, when an electromagnetic
wave is incident on a diffractive surface. At
normal incidence of an EM wave on a
square array with period d, the lattice
modes excited at different frequencies obey
the following relationship [17]

Trem = (ﬁ)ﬂm‘z, 1)

where f;,, is the frequency of the dif-
fracted lattice mode; ng is the refractive
index of the substrate; and ¢ is the speed of
light in vacuum. A pair of integers (k,m)
determines the order of the diffraction
mode. We only match the first order dif-
fraction mode (1.0) or (0.1), since this is
the mode that has the maximum intensity
of the trapped electromagnetic wave in the
meta-surface plane. The numerical simula-
tion of spectral responses has demonstrated
the frequency dependences of the plasmonic
dipole mode and the lattice mode on the
parameters d and I.

The spectra of transitions of a unit cell
with a pair of meta-atoms CWR; and CWR,
have only one narrow spectral band close to
the Rayleigh cutoff wavelengths [12]. In
particular, when the lattice period is d =
5 mm and the side size of CWR; and CWR,
is @ = 1.1 mm, the transmission band ap-
pears at 55,69 GHz with @ = 977 corre-
sponding to the first SLR mode (Fig. 2). At
the same time, when the unit cell consists
of CWR; (or CWR,), two resonance modes
appear in the transmission spectrum. In
particular, the transmission bands appear at
the eigenvalue of the frequency of
50.71 GHz with a quality factor @ = 460, as
well as at 55.93 GHz with @ = 470. The
first is the plasmonic mode of CWR; and
the second is the SLR mode. The comparable
values of their quality factors mean that
the CWR; (or CWR,) in the unit cell are
not "dark”-mode meta-atoms, but the pairs
CWR; and CWR, with the same geometrical
dimensions of meta-atoms, localized sym-
metrically with respect to the direction of
polarization of the internal electromagnetic
wave, act as a diatom “dark” meta-mole-
cule. The simulation of transmission spectra
of a unit cell with the CWR; and CWR,
pairs has shown the dependences of fre-
quency localization and FWHM bandwidth
of the SLR mode on the parameters d and a.

The simulation of resonance response of
the unit cell for a triatomic meta-molecule
with meta-atoms CWR,, CWR; and CWR,
has shown that the triple structure trans-
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mission spectra with two transparency win-
dows can exist at some correlated values of
the lattice parameter d and side a. This
triple structure of the lattice spectral band
indicates that the PIT effect is induced in
the first order SLR mode due to the near-
field interaction between (0.1) the "quasi-
dark™ SLR mode and the "dark™ plasmonic
mode of the CWR; and CWR, meta-atom
pair. As is known, the necessary conditions
for the appearance of the PIT effect in the
transmission spectra of plasmonic metama-
terials are the overlap of the frequencies of
the interacting modes, as well as a large
difference in its @-factors. In this case, the
energy transport can occur from the
"bright™ mode to the T"quasi-dark™ or
"dark™ modes [7]; in our case, the energy
transport occurs from the “quasi-dark”
mode (i.e. SLR mode) to the "dark™ mode
(i.e. CWR,; and CWR, pair mode).

To clarify the character of the double
PIT effect, we have studied the distribution
of electric fields over the unit cell surface
at every PIT window. We have found that
the excitation of lattice modes in a tria-
tomic unit cell at frequencies
f1<65.428 GHz, f3=55.567 GHz and
f5=565.711 GHz leads to the low electric
field strength near the CWR; and CWR,
atoms. At the same time, the excitation of a
three-atom meta-molecule at frequencies f,
= 55.482 GHz and f, = 55.683 GHz results
in the concentration of the electric field at
CWR; and CWR,; meta-atoms. As shown
earlier, a diatomic meta-molecule (that is a
meta-molecule composed of CWR; and
CWR, atoms) cannot be directly excited.
Therefore, the excitation of the “dark™
modes in the CWR; and CWR, atomic pair
can occur indirectly due to energy transfer
from the SLR mode to CWR; and CWR,
atoms. As a result, the interference between
electromagnetic fields of the "dark™ (from
the CWR; and CWR, pair) and "quasi-
dark™ SLR modes sharply reduces the radia-
tive losses, and two transparency windows
arise in the SLR bandwidth of the transmis-
sion spectrum. It can be assumed that the
appearance of two transparency windows is
associated with doubly degenerate dark
modes in a triatomic meta-molecule. This
degeneracy is removed, when the meta-mole-
cule interacts with the electric field near
SLR and transparency windows appear.

We study the effect of the meta-molecule
and unit cell geometrical dimensions on the
spectral response of metamaterials. As a re-
sult of the numerical simulation it was

Functional materials, 28, 4, 2021
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Table 1. Correlation of unit cell geometrical parameters of a meta-material unit cell with slow
electromagnetic wave parameters for low- and high-frequency transparency windows in the
transmission spectrum of the basic SLR mode: d is the unit cell dimension; a is the side size of

CWRIi meta-atoms; torts tor2
quency (index 1) and high-frequency (index 2);

corresponding transparency windows.

n
grl?
are frequencies of %, and oro peaks respectively, T

are group time delays for two transparency windows — low-fre-

Ng.g are group refractive indexes; fgﬂ, fgrz

erl> lgrz are the transparency peaks in

d’ min a, mm tarl’ ns Nory fﬂ'?‘” GHZ T.O'?'” % tar?’ ns Nors fﬂ'r?’ GHZ Tﬂ'r?’ %
4.88 0.94 1,17 290 56.82 93 17.41 4352 56.9 63
4.95 1.05 3.3 825 56.03 90 9.85 2462 56.17 85
5.0 1.12 4.47 1118 55.46 89 6.51 1628 55.67 90
5.1 1.23 5.09 1271 54.31 88 5.65 1413 54.69 93
5.2 1.35 6.37 1567 53.26 85 5.11 1278 53.78 94
5.25 1.4 6.52 1632 52.78 83 4.89 1223 53.34 94
5.35 1.45 7.46 1873 52.54 82 4.87 1218 53.12 94
5.40 1.5 6.88 1588 51.36 80 3.81 977 52.09 92

found that the transmission spectral band 8 g ' — 8

with two transparency windows (convention-

ally, high- and low-frequency) can appear at

a certain correlated d and a values (Table). g 4 14

With an increase in the parameters d and a, 2 §

both the low-frequency and high-frequency z g
. . o 1 -

transparency windows in the SLR band- @ @

. . . . -

width displace to the red transmission spec- o 0 270 §
tral range. When d <4.88 mm and a < o

0.9, the triplet spectral structure degener- ©

ates into a doublet. The largest values of d 4 4
and a, for which two transparency windows 52 4 52,8 53,2

still exist, are limited by the maximum pos-
sible value of CWR; and CWR; in the unit
cell.

We have studied the dependence of the
distance (Afy = fgp2 = fgry) between maxi-
mum transparency values in the low fre-
quency (fg,; ) and high frequency (fz.5) win-
dows versus the distance between CWR; and
CWR, meta-atoms (parameter b) in the unit
cell. We have previously assumed that the
transparency windows appear due to the
transfer of SLR mode energy to the CWR;
and CWR, meta-atom pair and the excita-
tion of a doubly degenerated dark mode. At
the same time, the removal of the degener-
acy of this mode can occur due to dipole
interaction between excited CWR; and
CWR, atoms. But as the numerical simula-
tion has shown, when the distance between
CWR; and CWR, atoms increases, Af; does
not rise but decreases nonlinearly. This
means that CWR; and CWR, atoms don’t
interact with each other directly and the
degeneracy is removed probably due to in-
teraction with SLR modes.

Functional materials, 28, 4, 2021

Frequency, GHz

Fig. 3. Change in the phase of an electro-
magnetic wave passing through the meta-
surface (1) and the group delay time (2) de-
pending on the frequency for the unit cell
metasurface d = 5.35 mm.

As is known, the most important charac-
teristic of the PIT-effect in the metamate-
rial is slow propagation of an electromag-
netic wave, which is characterized by the
group delay time ¢, of the electromagnetic
wave passing through the metamaterial me-
dium. Due to the near-field interaction be-
tween the fundamental SLR mode of the
surface lattice and the localized plasmon
mode in the unit cell, there can be a large
change in the transmittance in the narrow
frequency region of the SLR mode; this
causes a stronger phase dispersion that oc-
curs near the transparency window of the
SLR mode. As a result, larger values of the
group time delay and the group refractive
index can occur.
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We calculate the group delay value ¢, at
various d parameters for two transparency
windows in the basic (0,1) surface lattice
mode in according with

__do (2)

t )
g 2ndf

where ¢ is the transmission phase shift of
the electromagnetic wave [20].

Fig. 3 shows corresponding phase shifts
and group delay times for a triatomic meta-
molecule in the unit cell for different d
values.

The numerical simulations of group
delay times and phase dispersion spectra for
two band plasmon induced transparency
metamaterials are presented in Fig. 3. The
shaded area shows the frequency interval in
the limits of 70 % transmission. Fig. 3
shows that the frequency dependences of the
phase shifts and group delay times on d are
highly distinguishable for low- and high-fre-
quency transparency windows. With the unit
cell size d = 4.95 mm, the group delay maxi-
mum is tg; = 3.63 ns at = 56.01 GHz and
decreases slowly with frequency in the low-
frequency transparency window. In the
high-frequency transparency window, the
group delay is minimum ¢4, = 2.01 ns at f
= 56.14 GHz, and it increases sharply up to
tyr; = 9.92 ns at the high frequency f =
5%.18 GHz at the edge of the transparency
band. At d= 5.1 mm, the group delay
maximum in the low-frequency transpar-
ency window is 4.49 ns at f = 55.44 GHz,
and it decreases quickly up to ¢,.; = 2.21 ns
at f=>55.51 GHz. In the high-frequency
transparency window, the group delay is
minimum ¢, =1.43 ns at f = 55.61 GHz,
and it increases sharply up to #,,., = 5.46 ns
at f= 55.68 GHz, when the frequency in-
creases. At d = 5.35 mm, the group delay time
maximum in the low-frequency transparency
window is tor1 = 7.46 ns at f=52.63 GHz,
and it decreases quickly to 0.86 ns at
52.59 GHz. In the high-frequency transpar-
ency windows, the group delay time is mini-
mum tg., = 0.49 ns at f=53.04 GHz and
increases up to 5.22 ns at f= 53.15 GHz.
The results of the simulation of spectra for
various d when two transparency windows
exist are given in Table.

Data in the Table show that t,.; for the
low-frequency window increases afmost line-
arly from 1.17 ns to 7.46 ns with increas-
ing the lattice period from 4.88 mm to
5.35 mm. At the same time, the value i,
decreases sharply for the high-frequency
transparency window from ¢,., = 17.41 ns
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Fig. 4. Dependences of the delay-bandwidth-
product parameter (DBP) on d for low-fre-
quency (1) and high-frequency (2) transpar-
ency windows.

at d = 4.88 mm to 4.87 ns at d = 5.35 mm.
The group refractive index can be calcu-
lated from the information on the group
delay time using the speed of light in vac-
uum ¢ and the thickness of the substrate A,
as ng. = cty,;/hs. Results in Table show
very high values of group refractive indices
for two transparency windows. These de-
pendences mean that a microwave electro-
magnetic pulse with a central frequency lo-
cated in the transparency windows will be
significantly slowed down while propagating
through the constructed unit cell with the
triatomic metamolecules. Moreover, the
group delay time and group refractive index
can be controlled both by a unit cell dimen-
sion and the choice of a working frequency
in the transparency windows. For a slow
light device, the DBP parameter which is
the product of the delay time and band-
width is a measure of the quality (FOM-fac-
tor) [21]. DBP is a measure of the capaci-
tance of the delay line and also provides an
estimate of the number of pulses that can
be contained in a given medium [22]:

where Afy; (i =1, 2) are the transparency
bandwidth at the transparency coefficient
0.7 for low-frequency (i =1) or high-fre-
quency (i = 2) windows. DBP also provides
an estimate on the number of pulses that
can be transmitted via a communication
channel [22]. Fig. 4 shows that the DBP pa-
rameter both for the low-frequency and
high-frequency transparency windows in-
creases almost linearly with lattice parame-
ters, but the rate of change and the maxi-
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mum DBP value are higher in the low-fre-
quency transparency window.

The developed PIT metamaterial with
two transparency windows has much larger
DBP values than the highest DBP values
reported in the literature in the microwave
and terahertz ranges. In particular, the
DBP = 0.39 and the maximum fg,=1.92 ns
[23] and DBP = 0.45 and ¢, = 0.27 ns [21]
for the frequency region near 6 GHz; DBP
=0.15 and t, =1.58 ps [24] for the fre-
quency region near 1 THz. The results
clearly indicate a strong deceleration of the
electromagnetic wave in the microwave
range of the proposed meta-molecular con-
figuration. The slow electromagnetic wave
effect can be controlled over a wide range
by the the controlled changing of unit cell
structure parameters.

4. Conclusions

A computer model has been developed
and a numerical simulation of a planar mi-
crowave metamaterial has been performed,
which shows the effect of two-mode trans-
parency in its transmission spectra. This ef-
fect is caused by the interaction of the
"quasi-dark”™ surface lattice mode with the
captured "dark”™ plasmon mode from a pair
of "dark™ meta-atoms. Correlations have
been established between the parameters of
the structure, i.e. the size of the unit cell
and a pair of "dark™ meta-atoms in the 3-
meta-atomic unit cell of the metamaterial,
as well as between the spectral transmit-
tance and time delay of the excitation of an
external electromagnetic wave and the
group refractive index. It was found that
the frequency dispersion of these parame-
ters in the high-frequency and low-fre-
quency transparency windows is different,
which allows us to independently control
the slowing down of electromagnetic wave
parameters. The developed model of meta-
material group delay much higher values of
deceleration parameters than those known
so far.
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