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In this work, we study the properties of slow electromagnetic surface TM-waves propagating along the planar waveguide structure
involving the mu-negative metamaterial slab. The planar mu-negative metamaterial layer separates two semi-infinite regions: the
plasma and the conventional dielectric. All media are assumed to be linear, homogeneous, and isotropic. The dispersion properties, the
phase and group velocities, the spatial distribution of the electromagnetic fields of the TM mode in frequency range where the
metamaterial has a negative permeability are under the consideration. The properties of this TM-eigenwave of the structure and two
other TE modes are compared. It is studied the TM-eigenwave properties variation with metamaterial and plasma-like media properties
changing. It is shown that for the considered structure, the properties of the TM mode depend significantly on the parameters of the
plasma-like medium.

Keywords: mu-negative metamaterial; plasma-like media; electromagnetic surface wave; wave dispersion properties; phase and
group velocities; spatial wave structure

PACS: 52.35g. 52.50.Dg

1. INTRODUCTION

In recent years, there has been an intensive study of the properties of metamaterials. These composite materials make
it possible to create incredible combinations of electrodynamics parameters that are not found in nature [1-4]. Most often
it was about the so-called “left-handed material” because in the unbounded medium, the vectors of the electric field,
magnetic field, and wave vector of a plane waves form the left triple. This is valid for the double negative metamaterials,
in which the both permittivity and permeability are negative. The properties of surface electromagnetic waves in the
metamaterials were studied [5-13]. Mainly it was studied such double negative metamaterials.

It is an obvious fact that creation of material with only negative permeability is easier that for the double negative
ones [14]. In a number of works [15-17] the properties of surface electromagnetic waves in such mu-negative
metamaterials have been studied. The application areas of the considered modes are very wide from the signal
transmission and processing, the sensing and detection, the particles accelerators, the photovoltaic and many
others [18-20].

In the present work, it has been studied slow electromagnetic waves that propagate in planar waveguide structures
involving both mu-negative metamaterial and plasma.

2. TASK SETTING
Let’s study the properties of the electromagnetic eigenwaves that propagate in the waveguide structure that
consists of semi-infinite region of plasma-like media (x <0), the region of mu-negative metamaterial slab with
thickness d (0 < x <d ) and the semi-infinite region of conventional dielectric (x > d ) (Fig. 1).

X
Dielectric d T &, 1,

Metamaterial g, u(w)<0

» Y
Plasma-like media 0] Z &1 (w), #;

Figure 1. The studied waveguide structure

All media that construct the studied waveguide structure are considered to be homogeneous and isotropic. The
plasma-like media is characterized by the wave frequency dependent permittivity & (@) :l—wi / @ , where o, is

effective plasma frequency, w is the wave frequency and by the constant permeability g =1. The mu-negative
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metamaterial is characterized by the constant permittivity € and the permeability that depends on the wave frequency
and commonly expressed with the help of experimentally obtained expressions:

F&/
Ho)=1-———, (1
o -,
here @), is the characteristic frequency of metamaterial, @, / 27 =4 GHz and F =0,56 [14]. It was studied further the

frequency region where u(w) < 0.
On other side of the mu-negative metamaterial slab the semi-infinite region of conventional dielectric with the
constant permittivity &, and permeability u, =1 is located.

To study the propagation of the electromagnetic wave along the described structure it was assumed that the
dependence of the wave components on time ¢ and coordinate and z is expressed the following form:
E,H o E(x), H(x)exp[i(k,z - ar)], (@)

here x is coordinate perpendicular to the wave propagation direction and to the metamaterial slab. It was also assumed
that wave disturbance tends to zero far away from the metamaterial slab: lirgl E(x),H(x) - 0.
x—+o0o

For such case the system of Maxwell equations can be divided into two subsystems: one for the waves of H - type
(TE-wave) and another — the waves of E - type (TM-wave). Taking into the account the boundary conditions (the
continuity of the tangential electric and magnetic wave field components at the plasma-like medium - metamaterial
interface and at the metamaterial — conventional dielectric interface) one can obtain the dispersion equation for the E -
type wave in the following form:

hh,e; + K€€,

K€, (h€, + e, )

here b, =\[k; —€ k> , h,=+lki —&,k* , k=\Jki —&, (@)K’ , k=w/c, were c is the speed of light in vacuum.
The wave field components of the E -wave is naturally normalized on the H (0) wave component. In the plasma-

tanh(dx)+1=0, (3)

like region (x < 0 ) these E -wave field components are expressed:

hyx hyx
ek ) e h,
Ef (x)= 3 OHP(x)=ée", EN (x)=i—L 4
TW)= o ()= B ()= @
The normalized E -wave field components in the region of metamaterial slab (0 < x < d ) can be written as:
k Kx —-Kx Kx —K X i K Kx —-Kx
chw (x)=§(cme +Cype ), Hﬁd (X)=C1Ee +Cpe ™", Eju (x)=k_80(C1Ee —Cye ) (5
here C,; and C,, —are E -wave field constants.
In the dielectric region (x > d ) the normalized wave field components have the form:
D k3 —hyx D —hyx D lh2 —hyx
E](x)=—Bge™, H](x)=B,e ™, E] (x)=——2>B, ™", (6)
ke, &

here B, is E - wave field constant. The constants Cp, C,;, B, are also find from the boundary conditions and have the
following form:
hl & (h280—82 K) hl & (h280+82’()

_ — 2Kkd _
ClE_—a CZE_ e :BE_

¥ ¥
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here W, =& ((1+&’ ") h, &, +(-1+& "), k).

According to the similarly approach the dispersion equation for the wave of H - type can be obtained in the
following form:

h hy 17 (@) + &°

o) tanh(dx)+1=0. ®)

The wave field components of the H -wave is naturally normalized on the £, (0) wave component. In the plasma

region (x < 0) the H -wave field normalized components have the following form:



242
EEJP. 3 (2023) Oleksandr E. Sporov, et al.

HE (1)==22 e B (x) =, Y (x) =2t ®

The normalized components of the H -wave in the region of metamaterial slab (0 < x <d ) can be written as:
__ ik
k (o)

k Kx —KXx Kx —K X
Hiu (x): k,uza))(cme T+ C,e ), E;w (x)ZCIHe +Cue ", H;” (x)z

here C,,, and C,,, —are H - wave field constants.

(Cme” —CzHe’”) (10)

In the dielectric region (x > d ) the wave field components, normalized on the £,(0) , can be written as:

Ey (x) = BH eihzx»

H (x)=k,B,e™" Ik, (11
H_(x)=iBy, he™ /k,

here B, is H - wave field constant. The constants C,,, C,, and B, can be also find from the boundary conditions and

have the following form:

_ (o) (hy u(@) + &) i

co- h, w(@) (h, p(w)—x) B, = _2h u(w)g, Q)

, 12
1“ KV, o KW, v, (12)

here W, = & (~1+& ") x+ 1+ ) h, w(w)].

3. MAIN RESULTS
To study the eigenwaves of the considered structure, let us use the following normalized variables and structure
parameters: the normalized frequency Q = @/ @, and the normalized wave number = k,c / @, , normalized metamaterial

slab thickness d = @yd /¢ and normalized plasma frequency of the plasma-like media Q, = @, / @,. Further study is

carried out for the waveguide structure with the fixed normalized metamaterial slab thickness d = 2.2 and the permittivity
€ =1. The dispersion properties of the E - and H - eigenwaves of the structure with conventional dielectric permittivity
& =1 and for two values of the plasma frequency Q,=1.5 and Q =2.0 are shown in the Fig. 2, 3, respectively. The

dashed lines on these both figures correspond to the condition 4, (k;,®)=0 and the region of the study corresponds to

the region of the slow surface waves.
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Figure 2. The dependence of the normalized frequency Q on the normalized wave number S for normalized metamaterial

slab thickness d , &, =1 and normalized plasma frequency Q, =1.5

In the studied waveguide structure only one E - wave and two H - waves can exist. In out further consideration the
wave of H - type with lower frequency will be noted as H,- wave, and the wave of such polarization with larger

frequency will be noted as H, - wave. The analysis of the dispersion properties of the eigenwaves of the considered
structure shows that the variation of the normalized plasma frequency €, has the greatest influence on the wave of
E - type (see Fig. 2, 3). When Q frequency value increases from 1.5 up to 2.0, the eigenfrequency of the E - wave also
significantly increases with the changing of wave character — from backward wave for Q, = 1.5 to forward wave for
Q, =2.0.
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Figure 3. The dependence of the normalized frequency Q on the normalized wave number S for normalized metamaterial

slab thickness d =2.2, & =1 and normalized plasma frequency Q, =2.0

By changing the normalized plasma frequency €2, it is also possible to influence the H, - wave characteristics,
especially in the region of the smallest possible values of the normalized wave number £ . With this mentioned increase
ofthe Q, value, the H, - frequency in the region of small possible values of the normalized wave number increases more
than with larger values S =4. As a result of such Q  growth, not only the H,-wave frequency increases, but also

changes the wave dispersion type, which becomes the reversed from the straight one. The indicated increase of the plasma
frequency Q practically does not change the dispersion of the H, - wave. Such influence of the plasma-like medium on

the properties of the considered eigenwaves can be explained by analyzing the spatial distribution of the electromagnetic
field components of the eigenwaves of the studied structure.

The Fig. 4a, 4b, 4c present the structure of wave field components for all three eigenwaves of the structure with
parameters that are equal to parameters of the Fig. 3 and for the axial wave number &, =4.0. The normalized frequency
Q ofthe E - eigenwave is approximately equal to 1.39597 (Fig. 4a). The frequency of H, - eigenwave is approximately

equal to 1.18341 (Fig. 4b) and approximately equal to 1.1676 for the H, - wave (Fig. 4c).
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Figure 4. Spatial distribution of wave field components

a-the E - wave, normalized by the H (0), ¥=a@x/c - normalized x coordinate; b - the H,-wave, normalized by the E,(0) ;
¢ - the H,-wave, normalized by the £,(0) . The structure parameters corresponding to Fig. 3
Both the E - and H, - einegwaves of the structure are localized at the metamaterial - plasma-like medium interface.

Thus, the significant influence of the plasma frequency value on these waves is quite understandable. As for the field of
H, - wave, it is localized at the interface of the metamaterial - conventional dielectric interface x =d and is practically

equals to zero at the metamaterial's left boundary x =0 (recall that the study is done for the normalized width of the
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metamaterial d =2.2). This is the physical reason for the fact that properties of the plasma-like medium practically do
not influence on the H, - wave properties. The spatial structure of the E - wave field that is presented in the Fig. 3a,
explains the fact that its properties practically does not depend on the dielectric constant &, of the conventional dielectric
which restricts the metamaterial at x =d .

Let us note that the obtained strong influence of the plasma frequency on the E - wave properties requires a detailed

analysis of the dependence of the frequency range of the E - wave existence, upon the parameters of the structure, are
especially upon the normalized plasma frequency. This study can be done with the help of Fig. 5 which shows the

dispersion of E - wave for different values Q  in the structure with d=22,¢=1.
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Figure 5. The dependence of the normalized frequency on the normalized wave number for normalized metamaterial slab
thickness d = 2.2, & =1 under different values of the normalized plasma frequency Q,

For the considered waveguide structure, the increase of the parameter €2 value in the range 1<Q <2.255 leads

to the oncoming of the dispersion curve to some curve. Next, let us determine how the region of wave existence in
frequency and wavenumber spaces changes its size due to an increase in the normalized plasma frequency of the plasma-
like medium €2 . The carried-out study has shown that in the case when Q  =1.3 the interval of normalized eigenwave
frequencies is {1.01195, 1.026}. The corresponding normalized wave numbers S relates to the interval {2.28,4.0}.
With a further increase of €2, value up to 2.0, one can observe the shift of the wave frequency range to more high
frequency region {1.36531, 1.39598}, but at the same time corresponding region of wave numbers does not change. With
further plasma frequency Q, growth up to the 2.2 values, the shift of the wave frequency range towards the higher

frequencies’ interval {1.47631, 1.50728}. It is important that at the same time the range of allowed normalized
wavenumber values of the E - wave significantly reduces to the interval {2.28, 3.04}. This means that with an unchanged
lower limit of the possible B values, the upper limit of the range of S values becomes significantly smaller. When €2

value increases and becomes approximately equal to 2.255 the width of both wave frequency range {1.50624, 1.50749}
and wavenumber range {2.28, 2.3}.

Thus, with the increase of the normalized plasma frequency €2, the frequency of the £ - eigenwave increases. At
the same time, in the considered waveguide structures with &, =1 the frequency of the E - wave in the case when
Q, <1,6 is less than the frequency of the H, - wave. In the case when €2 >1,68 the frequency of the £ - wave is greater
than the frequency of the H, - wave.

The carried out study have shown it is possible to find such normalized plasma frequency €2, value at which the
frequency of the E - wave can coincide with the frequency of the H, - wave or with the frequency of the H, - wave that
have the different polarization than the E - wave. At the same time it is necessary to note that frequencies of H,- and
H, - waves with the same polarization belong to different frequency ranges.

So, it is necessary to mention that it is possible the situation when electromagnetic waves of different polarization can
simultaneously propagate in the considered three-component waveguide structure composed of linear media. In particular, a
situation is possible when the E - wave and H, - wave which localized at the boundary between the metamaterial and the
plasma-like medium can simultaneously propagate in the structure (Fig. 6). Vertical dashed lines show the bounds of the
frequency intervals in which the eigenwaves of the considered planar waveguide structure can propagate.

It should be noted that the overlap of the frequency ranges where H, and H, - type waves exist means that 4, - and
H, - wave with the same frequency but different wavelengths and significantly different spatial field structure can

simultaneously propagate in the considered structure.
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There is also possible the situation whena E - wave that propagates at the metamaterial - plasma-like medium interface
can simultaneously propagate with H, - wave that propagates at the metamaterial - conventional dielectric interface.
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Figure 6. The dependence of the dielectric permittivity of the plasma-like medium & () and the magnetic permeability

1(Q) of the metamaterial on normalized frequency Q for the structure parameters d =2.2, &, =1, Q , =15

So, let us note the important feature of this structure: due to changing the plasma frequency of plasma-like medium
it is possible to provide a single-mode regime and it is possible to provide corresponding polarization of the eigenwaves
that can propagate in the considered planar waveguide structure. From the point of view of the further possibility of
application both similar waveguide structures and eigen-waves propagating in them, in addition to polarization,
dispersion, spatial distribution of wave field components, it is important to analyze the influence of the normalized plasma
frequency €2, on the phase and group velocity of the E - wave.

The Fig. 7 presents the dependence of the normalized phase velocity Vph =w/(k,c) and the normalized group

velocity I;;,r =(dw/dk,)/c ofthe E - wave for different values of the normalized plasma frequency from the normalized
wave frequency €. It is necessary to note the convenience of Fig. 7, the upper part of which shows the dependency

I7g, (Q)|9p with the horizontal line Vgr(Q) =0, that separates the regions with different types of E - wave dispersion. It is

presented how the increase of €, value leads to the change of the dispersion type. For the chosen parameters set the
value Q =1.68 is the value of group velocity sign changing. With the €2 = value increase from 1 up to limiting value

1.68, the normalized group velocity, remaining negative, goes to zero. At the same time, the wave frequency range
essentially decreases. When €2 value is greater than €2, >1.68 the signs of the group and phase velocities coincide. The

further increase of the plasma frequency €2, value up to 2.255 leads to the increase the E - wave group velocity.
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Figure 7. The dependence of the normalized phase velocity I7p,x =V, / ¢ and the normalized group velocity V; =V, /c of the
E - wave on the normalized frequency for the structure parameters d =2.2, &, =1 under different values of the normalized
plasma frequency Q,

At the same time the phase velocity of the E - wave for plasma frequency range €2, <1.68 increases from the

minimum value at the lower limit of the frequency range up to the speed of light in a vacuum at the upper limit of the
frequency range. In the region when Q, >1.68, the phase velocity of the E - wave decreases from a maximum value

(close to the speed of light in a vacuum) at the lower limit of the frequency range to some minimum velocity value at the
frequency range upper limit, which increases with the growth of € value.
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The calculations have shown that for the considered waveguide structure the influence of the dielectric constant ¢,
of a conventional dielectric on the E - wave properties are practically absent.

CONCLUSIONS
The study has shown the possibility of one E - eigenwave and two H - eigenwaves propagation in a planar structure
that is constructed with the metamaterial slab bounded on one side by a semi-infinite plasma-like medium, and on the
other side by a conventional dielectric.
For the considered waveguide structure, it is determined the normalized plasma frequency €2 region in which the

E - wave can propagates.
It is shown that the increase of €2 value leads to the significant increase of the E - eigenwave frequency. It is also

defined range of Q  parameter values, where the wave dispersion changes its type.

It was found out that the E - eigenwave is localized at the metamaterial - plasma-like medium interface, where the
H, - wave is also localized.

It is also shown the possibility of plasma frequency of the plasma-like medium €2, usage to ensure a single-mode

regime and to select the polarization of the eigenwave in the considered planar waveguide structure.
It was also was determined the influence of €2 value as on the phase 1717,7 () and group I7ph (Q) velocities of the

E - eigenwaves, as on the regions of its wave numbers and frequencies, where the metamaterial possesses negative
magnetic permeability.

The results obtained and presented in the article can be useful for modeling and creating modern devices based on
metamaterials.

This work was supported by the Ministry of Education and Science of Ukraine, under the Project 2-13-21.
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MOBUIbHI EJIEKTPOMATHITHI TM-XBHJII B IVIAHAPHIN XBUJIEBO/IHIIA CTPYKTYPI
3 ITAPOM MU-HETATUBHOI'O METAMATEPIAJTY
Ouaexcanap €. Cnopos?, Boaogumup I1. Onedip?, Mukoaa O. Azapenkos®?, Bikrop K. laaiiguy?
“Xapxiecvkuil Hayionanvhuil yHisepcumem imeni B.H. Kapasina, 61022, Xapxie, Yxpaina
bHayionanonuii nayxoeuti yenmp «Xapxiecoxuii (pizuxo-mexuiunuii incmumympy, 61108, Xapxis, Yxpaina
B po6oTi mociiKYyIOTECS BIACTHBOCTI HOBUTBHUX €JICKTPOMArHITHUX ITOBEPXHEBUX TM-XBUIIb, IO MTOLIMPIOIOTHCS B3IOBX IUIAaHAPHOT
XBHJIEBOHOI CTPYKTYpH, JO CKJIAay SIKOI BXOIWTH MIO-HETaTHBHA IUIACTHHA MeTamaTepiaily, IO PO3Miise IBi HaliBHECKIHUCHHI
00JacTi: a3My Ta 3BUYaiiHUI JICIEKTPUK. YCi CepeoBHIIa BBAKAIOTHCS JTIHINHIMH, OJJHOPITHUMH Ta i130TPONHUMHU. Po3rismaroTbes
JICHepCiiiHi BIACTHBOCTI, (ha30Ba Ta IpynoBa IIBHIKOCTI, IPOCTOPOBUI PO3MOALT €JIeKTPOMArHiTHOro momns TM-XBUJIl B iHTepBai
YacToT, Ie MeTamarepiajl Mae HEeraTMBHY MarHiTHy MPOHUKHICTb. [IpoBeneHO MOpIBHUIBHUI aHali3 BIaCTUBOCTEH BIACHUX XBHIIb
crpykrypu: omniel TM momu ta nBox TE mon. JlocmifkeHO BIUIMB MapaMeTpiB CTPYKTYPU Ha XapaKTEPHCTHKU 11 BIACHUX XBHUIIb.
[lokazaHo icTOTHY 3amexHICTh BiIacTUBOcTe TM MOOM CTPYKTYpH, IO PO3IISANAETHCS, Bil MapameTpiB ILIa3MOMOLIOHOTO
cepenoBuma. OTpuMaHo, o 30UTBIICHHS 3HAYCHHS IUIa3MOBOI YacTOTH IUTIA3MOMNOAIOHOTO CEepelOBHINAa MPU3BOAUTH 0 3HAYHOTO
30imbmenHs yactoT BinacHoi TM-xBuii. Bymo BH3HaueHO miama3oH 3Ha49eHb IDIa3MOBOI YACTOTH, 33 SKUX L1 XBWJIS 3MIHIOE THII
mucnepcii. Busnadeno, mo BracHa E -XBWIS JIOKQJIi30BaHAa HAa MEXI PO3MOALTY MDX MeTa MarepiajJoM Ta INIa3MONONiOHMM
CepelIOBUIIEM, Jie TaKoXK JIOKali3oBaHa /> - XBWIS - OfHA 3 XBWIb 3 TE MOJNAPU3ALIEI0 Ta YaCTOTOIO JeNIo OUIBIIOI0 32 YacTOTy
Hi - xBuii. Byno mokazaHo MOXJIMBICTh 3a0e3NeYeHHsT OHOMOOBOTO PEXUMY Ta BHOOpY IOTpiOHOI moisipu3anii BIacHOI XBHIJII B
PO3IISIHYTIH IJIaHAPHIN XBHUJIEBOAHIN CTPYKTYpi 32 PaxyHOK BHOOpY 3HAYSHHS IUIA3MOBOI YaCTOTH IUIA3MOIMOAIOHOTO CepelOBHIIA.
Byno BHBYCHO TaKOX BIUIMB L€l 4aCTOTH Ha 3Ha4eHHsA AK (a30BMX, TaK i IPYMOBUX IMIBUAKOCTEH BiIacHUX E -xBuib. OTpuMaHi
Ppe3yJIbTaTH MOXYTh OYTH KOPHCHUMH [UIsL MOJICIIOBAHHS Ta CTBOPEHHS CY4aCHHX IPUCTPOIB HA OCHOBI MeTamarepiais.
Kui04oBi ci10Ba: mio-necamuenuii memamamepian; niasmonooioHi cepedosuuyd; elekmpomMacHimHa NoGepXHesd XU, Xeuibosi
oucnepcitni eracmusocmi; ¢asosi ma epynosi weuoKocmi; nPoCmoposa Xeunb08a CMpyKmypa





