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We have considered the refraction of surface electromagnetic waves (SEW) at the heterogeneous metasurface. The con-
sidered structure consists of three regions: mu-negative metamaterial, ordinary magnetic, and vacuum. The boundaries
between considered media are planar. A phenomenological approach was used; media were assumed to be lossless and
isotropic. In this paper, we show the possibility of total internal reflection effect for SEW of TE-polarization that can
propagate along such heterogeneous metasurface. The value of the angle of total internal reflection decreases for higher
frequency waves from the interval under consideration. The presented result may help design both research and industry
complex systems.
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1. INTRODUCTION

Artificially created composite materials called metamaterials are intensively researched [1]–[4]. Great in-
terest in metamaterials is caused by the presence of such combinations of the electrodynamic characteristics
that are not found in natural materials. The study of surface electromagnetic waves in metamaterials began
with work [5]. To date, many articles have been published that studied the properties of surface electromagnetic
waves in the structures metamaterials involved [6]–[8]. Most of research deal with a double-negative media, i.e.
both dielectric permittivity and magnetic permeability are negative.

But creating a metamaterial that only has a negative magnetic permeability is significantly easier [9].
Recently were published the papers [10]–[12] in which study the surface electromagnetic waves at the interface
between mu-negative medium and ordinary mu-positive medium. Aim of present work is to determine how the
transition from one interface between such media to another interface formed by a different pair of media will
affect the propagation of such surface waves.

2. PROBLEM STATEMENT AND RESULTS

The geometry of the structure to be considered is as follows. The lower half-space (Z < 0) filled by the
negative permeability medium (mu-negative medium). The upper half-space (Z > 0), in its turn, consists of
two halves. One half (Z > 0, X > 0) is vacuum, another (Z > 0, X < 0) is filled with a conventional magnetic
material (see Fig. 1). The plane surface electromagnetic waves propagates in the plane (Z = 0) along interface
between the negative permeability medium and a conventional magnet. Its wave vector k1 inclines to the normal
to the plane (X = 0) at an angle θi. In addition to the reflection of this wave from the plane X = 0 separating
the magnetic material from the vacuum, a refracted plane surface wave propagates in the half-space X > 0
along the plane interface ’the mu-negative medium/vacuum’. Its wave vector k2 lies in the plane X = 0 and
inclines to the normal at an angle θr.

Maxwell’s equations admit solutions in the form of the surface wave disturbances (1–3) of TE-polarization,

e.g. with an electric E⃗ = {0;Ey; 0} and magnetic fields H⃗ = {Hx; 0;Hz} [12]:

Ey1,2 = Ey01,2 exp[−κ1,2|z|+ i(k⃗1,2r⃗ − ωt)], (1)

Hz1,2 = (
k1,2
kµ1,2

)(exp[−κ1,2|z|+ i(k⃗1,2r⃗ − ωt)], (2)
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Figure 1. The geometry of structure: shaded – mu-negative metamaterial, grey – magnetic material, white –
vacuum; a)-side view, b)-top view

Figure 2. The normalized wavenumber versus the normalized frequency for surface electromagnetic TE-wave

Hx1,2 = (− κ1,2

kµ1,2
)(exp[−κ1,2|z|+ i(k⃗1,2r⃗ − ωt)], (3)

where k = ω/c and κ1 and κ2 are the skin depth in ordinary magnet and vacuum

κ1 =
√
k21 − ϵ1µ1k2, κ2 =

√
k22 − ϵ2µ2k2, (4)

and k1,2 are the wavenumbers of TE-modes, directed by the boundaries ’mu-megative/magnet’ and ’mu-
megative/vaccuum’, accordingly:

k1,2 = (ω/c)
√
µ(ω)µ1,2/(µ(ω) + µ1,2), (5)

here indexes 1,2 refer to the regions including magnet X < 0, (ϵ1 = 1, µ1 = 2.5) and vacuum X > 0 (ϵ2 =
µ2 = 1), accordingly. Vectors r⃗ lie in a plane Z = 0. For mu-negative metamaterial we can assume that its
dielectric permittivity equal 1, and negative magnetic permeability has a form [5]:

µ(ω) = 1− aω2/(ω2 − ω2
0), (6)

a = 0.56, ω0/2π = 4GHz.
It’s easy from the well-known condition of equality of wavevector tangential components:

k1 sin θi = k2 sin θr (7)
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Figure 3. Values of the total internal reflection angle versus the normalized frequency for surface TE-wave

and sinθr = 1 to obtain value for angle of total internal reflection θitot:

θitot = arcsin
√
1 + (µ1 − 1)/(1 + µ(ω))/

√
µ1 (8)

Results of calculation presented the Fig. 2,3 were obtained for normalized wavenumber β = ck1/ω0 and
normalized frequency Ω = ω/ω0. In Fig. 2 it presents the dispersion of surface electromagnetic TE-waves in
the quite narrow frequency, in which magnetic permeability of metamaterial is less 0.

κ1

µ1
+

κ(ω)

µ(ω)
= 0, (9)

here κ(ω) =
√
k21 − µ(ω)k2 is a penetration depth of electromagnetic surface wave energy into mu-negative

metamaterial.
As can see, this wave is slow (its phase velocity is less the speed of light in vacuum) and forward (the

directions of phase and group velocities coincide) [11].
In Fig. 3 presents dependence value of critical angle θitot vs normalized frequency Ω. At higher frequencies

to penetrate into the area covered by the vacuum can only waves with wavevector inclined to the normal at the
angles of incidence θi < 20o.

Certain part of energy of surface electromagnetic waves cannot escape from the mu-negative medium,
because the angle of incidence is bigger than the critical angle of total internal reflection. By choosing the ratio
of parameters of the mu-negative metamaterial and the magnetic material, it is possible to reduce the critical
angle, which will give a higher percentage of total reflection from the vacuum boundary.

This phenomenon can be used both in waveguides and resonators. Very likely to use the effect of frustrated
total internal reflection in research and diagnostics. We hope that obtained results will expand the capabilities
of the element base of modern devices. The area of possible applications are: transmission and control of signals,
charged particles movement control, photovoltaic and much more. More detailed study of this phenomenon will
be published in short time.
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the Project 2-13-21.
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ÏÎÂÍÅ ÂÍÓÒÐIØÍ� ÂIÄÁÈÒÒß ÏÎÂÅÐÕÍÅÂÈÕ ÅËÅÊÒÐÎÌÀÃÍIÒÍÈÕ
TE-ÕÂÈËÜ

Âiêòîð Ãàëàéäè÷a, Ìèêîëà Àçàðåíêîâa,b
aÕàðêiâñüêèé íàöiîíàëüíèé óíiâåðñèòåò iì. Â.Í. Êàðàçiíà, ìàéäàí Ñâîáîäè, 4, 61022, Õàðêiâ, Óêðà¨íà
bÍàöiîíàëüíèé íàóêîâèé öåíòð ¾Õàðêiâñüêèé ôiçèêî-òåõíi÷íèé iíñòèòóò¿, 61108, Õàðêiâ, Óêðà¨íà

Äîñëiäæåíî çàëîìëåííÿ ïîâåðõíåâèõ åëåêòðîìàãíiòíèõ õâèëü (ÏÅÕ) íà íåîäíîðiäíié ìåòàïîâåðõíi. Ñòðóêòóðà,
ùî ðîçãëÿäà¹òüñÿ, ìiñòèòü òðè îáëàñòi: ìþ-íåãàòèâíîãî ìåòàìàòåðiàëó, çâè÷àéíîãî ìàãíåòèêà òà âàêóóìó. Ìåæi
ìiæ ñåðåäîâèùàìè, ùî ðîçãëÿäàþòüñÿ, ¹ ïëàñêèìè. Áóëî âèêîðèñòàíî ôåíîìåíîëîãi÷íèé ïiäõiä, òàêîæ ââàæàëîñü,
ùî âñi ñåðåäîâèùà ¹ içîòðîïíèìè òà â íèõ íåìà¹ âòðàò åíåðãi¨ õâèëü. Ó öüîìó ïîâiäîìëåííi ïîêàçàíî ìîæëèâiñòü
åôåêòó ïîâíîãî âíóòðiøíüîãî âiäáèòòÿ äëÿ ïîâåðõíåâèõ åëåêòðîìàãíiòíèõ õâèëü TE-ïîëÿðèçàöi¨, ùî ìîæóòü ïî-
øèðþâàòèñü âçäîâæ òàêî¨ íåîäíîðiäíî¨ ìåòàïîâåðõíi. Çíà÷åííÿ êóòà ïîâíîãî âíóòðiøíüîãî âiäáèòòÿ çìåíøó¹òüñÿ
äëÿ áiëüø âèñîêî÷àñòîòíèõ õâèëü ç iíòåðâàëó, ùî ðîçãëÿäà¹òüñÿ. Ïðåäñòàâëåíèé ðåçóëüòàò ìîæå äîïîìîãòè â
ïðîåêòóâàííi ÿê äîñëiäíèöüêèõ, òàê i ïðîìèñëîâèõ ñêëàäíèõ ñèñòåì.
Êëþ÷îâi ñëîâà: ìþ-íåãàòèâíèé ìåòàìàòåðiàë; ìåòàïîâåðõíÿ; åëåêòðîìàãíiòíà ïîâåðõíåâà õâèëÿ; ïîâíå âíó-
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