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In the given paper, the dispersion properties of surface electromagnetic waves at a plane interface be-
tween a homogeneous medium (vacuum) and a layered periodical structure, consisting of alternating lay-
ers of ferrite and a semiconductor, placed in an external magnetic field are studied. This structure is con-
sidered in the subwavelength approximation. To describe the dielectric and magnetic properties of the ma-
terial under consideration, the effective medium theory has been applied. The material parameters have
been described by means of effective components of the permittivity and permeability. It was found that in
a certain range of frequencies and magnitudes of external magnetic fields, in such a structure the existence
of surface electromagnetic waves occur, both TM and TE polarized. Due to the peculiarities of the structure
under consideration it is possible to effectively control the parameters of surface waves.
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1. INTRODUCTION

Currently, a great interest of researchers are at-
tracted to study the properties of surface electromag-
netic waves (SEW) in the structures, that have artifi-
cially created anisotropy, in particular in metamateri-
als [1-4]. Properties of surface waves are largely deter-
mined by the material parameters and the state of the
adjacent media, so the corresponding solutions of wave
equations are widely used to study the optical proper-
ties of different materials [5-8]. By changing the design
parameters of metamaterials (geometrical and physi-
cal, such as layers thicknesses, the materials forming
the structure, the concentration of charge carriers in
the case of materials containing free electrons, such as
metals and semiconductors, etc.) one can effectively
modify the dispersion characteristics of the supported
waves [6].

The interest to the study of surface waves proper-
ties in metamaterials is associated with a wide range of
possible practical applications of these materials in mod-
ern optoelectronic devices. The importance of these prob-
lems is due to the ability to create on the basis of plas-
monic structures of novel optical devices and sensors,
which have high sensitivity and compact sizes [6, 9].

Surface waves, i.e. waves localized near the inter-
face, in the crystals are of two types. The first type in-
cludes dispersed surface waves at the interface with
different signs of the dielectric (or magnetic) constants
and frequency dispersion, called in the literature the
surface polaritons (SP) (in the case of conductor surface
electron plasma vibrations called surface plasmon po-
laritons). This is due to the imaginary transverse wave
vector component. This type of surface waves occurs
near the resonant frequencies [10-12]. The second type
is the waves arising due to the optical anisotropy of the
border materials for positive values of the dielectric (or
magnetic) constants and relatively low frequency dis-
persion. These SEW called singular [13-18].

There are a lot of publications devoted to the study
of unusual properties of surface waves in metamateri-
als. For example, in [6], the excitation of a well local-
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ized oblique surface waves on a dielectric surface with
a one-dimensional array of perfectly conducting wires
by the method of frustrated total internal reflection
was theoretically studied. It has been found, that dur-
ing the excitation of oblique waves the incident TM-
wave is partially polarized in the TE-wave. In [19] the
features of surface plasmon-polaritons propagation at
the interface of the dielectric and nanocomposite mate-
rial with the metal inclusions of spherical shape were
investigated.

The surface electromagnetic waves in the terahertz
frequency range are of particular interest [20-22]. Te-
rahertz range, which can be related to frequencies from
one to ten THz, is studied very little for years due to
lack of sources and radiation detectors. The emergence
of new sources of broadband terahertz radiation is in-
tensified the researches of this spectral region [22]. In
[23] the dispersion equation, structure of the polariza-
tion, and the energy characteristics of surface polari-
tons, which occur at the interface of an isotropic dielec-
tric with an anisotropic superconductor were studied.
The surface plasmon-polaritons in THz region of the
spectrum in the case, when the period of the irregulari-
ties on the metal surface are of order of wavelength
were investigated in [24].

In [25, 26] the possibility of surface waves existence
at the boundary of the metamaterial with ¢ <0 and p
<0, and an isotropic medium was considered. It was
found that, depending on the physical parameters of
the materials at such boundaries only one surface mode
with s- or a p-polarization can be excited [25, 26]. A
number of works are devoted to the study of the surface
wave’s propagation in the photonic crystals, which is
primarily due to the prospect of their application in
quantum optics and optoelectronics [27-30].

In our previous studies [31-32], surface electromag-
netic waves at the interface between a homogeneous
medium (vacuum) and the periodic fine-stratified
structure, which consist from semiconductor and die-
lectric layers placed in an external magnetic field, have
been studied. It has been shown, that in the certain
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frequency bands and external magnetic fields, in such a
structure, surface polaritons localized near the inter-
face can exist. In [33] the properties of surface waves at
the interface of a finite layered periodic structure (die-
lectric-semiconductor) placed in a vacuum were inves-
tigated, including the corresponding study in terms of
the effective medium.

In the present study, surface electromagnetic waves
(surface polaritons), which occur at the plane interface
between the vacuum and biaxial metamaterial, that
consist from semiconductor and ferrite layers, placed in
an external magnetic field, applied parallel to the
boundaries of the layers, is considered. The interest to
the study of such problems is due to the fact, that the
considerable practical interest represents the control of
light at the nanoscale, which is a promising use of sur-
face polaritons due to their high localization, and, as a
consequence, high intensity, leading to the strengthen-
ing of a number of optical, including nonlinear effects.

2. FERRITEASEMICONDUCTOR METAMATERI-
AL IN AN EXTERNAL MAGNETIC FIELD

Let us consider a magnetoactive layered periodic
structure, which consist from alternate ferrite (with
thickness di) and semiconductor (with thickness d2)
layers. The structure is placed in an external magnetic
field Ho parallel to the boundaries of the layers (along y
axis). The z axis runs perpendicularly to the bounda-
ries of the layers (periodicity axis). The wave vectors lie
in the xz plane. In this case, we can putd/dy =0, omit-

ting the dependence on the coordinate y in the equa-
tions [34]. Assume that the thickness of the structure is
L (L =Nd, where N is the number of periods, and
d =d, +d, is the period of the structure (Fig. 1).

ferrite .
semiconductor

dielectric

Semi-infinite isotropic

d, d,

< T
N

Fig. 1 — Geometry of the problem

For the chosen geometry of the structure, the Max-
well’s equations can be separated into the equations for
two modes with different polarizations, namely, TE-
polarization ~ with  components H ,H ,E (ordinary
waves, or H-waves) and the TM-polarization with com-
ponents E_,E ,H, (extraordinary waves, or E-waves).
It should be noted that the external magnetic field af-

fects the TE-wave properties in a ferrite layer only and
the TM-wave properties in a semiconductor layer only.
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Let wus consider the case, when (kz)

d,
(k)" dy R <<1 (ere (R)" (k)" R are

the transversal wavenumbers of the ferrite layer, semi-
conductor layer, and Bloch’s wavenumbers of the peri-
odic structure for E- and H-waves, respectively. Physi-
cally it means that the period of the multilayer magne-
toactive periodic structure is much less than the wave-
length along z axis (d << 1). In this case the effective
medium theory can be applied, and it is possible to in-
troduce the following effective components of permittiv-
ity and permeability [35]

epd, +&.d, epdy +(g§y)d2
E.. = ,E,, = 5
= d » d
3 e, d’
EZZ - d 2 d2 ’
d, 2(5}(/8F+8F/€7)+d1 +d;
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d Mo + Olf,
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Hyy = Ot o= dzldz =N
mdy+d o d 4
Mo 00
u =0 1 0 @
0 0 4,
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Here & :((gjz) +(£;x) J/g;x is the so called Voigt
effective permittivity of the semiconductor layer; &5 is

the permittivity of the ferrite layer; &£ ,& ,¢), are the

w2
components of the semiconductor permittivity tensor
[34]
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In the previous equations €0 is the part of the per-

mittivity attributed to the lattice, o, = 1¢47re2no / My &
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is the plasma frequency, @, =eH, /meffc is the cyclo-
tron frequency, v is the electron collision frequency; e,
n,, and m,; are the charge, concentration, and effec-

tive mass of charge carriers. The permeability for non-
magnetic semiconductor layer is ¢° =1.
In the ferrite layer 4 = +4°/p, is the ferrite

permeability, where

2 2 H
Wy (a)H + o —Iwa)r)

My = e = iy, =14 - ,
oo o, (cof‘ +af - - 2|a)a)r)

ioaw,

M =Heg=—Hy=""3 2 2 P ’
oy, +o; —o° - 2o,

are the components of the ferrite permeability ten-
sor; w, =2megM/mc; w, =egH,/2mc; g is the factor of
spectroscopic splitting, M is the saturation magnetiza-
tion, w, is the relaxation frequency, m is electron free

mass.

It should be noted that, we applied the “resonant
model” of the “saturated” ferrite to calculate the ferrite
constitutive parameters, in the case, when the static
magnetic field H; is more strong then the field of the
saturation magnetization 4zM .

When static magnetic field is quite small, the “non-
resonant” model of “non-saturated” ferrite should be
applied. In this case the current magnetization M is a
function of the static magnetic field [11].

Now, the Bloch wave numbers k*" =k&" are the

effective transverse wave numbers of a periodic struc-
ture and can be written as follows

2
kH: Q & _/'lxka’
SO

2
E _ [ Ew 1,2
kz - (7j Exx _7kx

, 3

c &,
Thus, the considered periodic structure represents
the biaxial bigyrotropic metamaterial [35].

3. SURFACE ELECTROMAGNETIC WAVES AT
THE PLANE INTERFACE VACUUM-
METAMATERIAL

3.1 Analytical Investigation

In this section we consider surface polaritons (exist-
ence conditions), localized at the interface between
semi-infinite biaxial metamaterial (z > 0), which 1is
characterized by the effective permittivity and permea-
bility (1)-(2), and a homogeneous half-space (vacuum,
z<0) with . & =g, =1. Analytical investigation is car-

ried out for the lossless structure, i.e. when v=0 and
o, =0.

In contrast to the general case of two semi-infinite
media contact, when the damped on both sides of the
interface solutions exist for only TM waves, in our case

the interface vacuum-metamaterial supports both TE
and TM surface
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The Maxwell’s equations for the metamaterial un-
der consideration, have general form

rotE = 'ﬁye“ H,
¢ (4)

rotH =— 2 ¢ E,
c

Let us consider E-waves (TM) first.
Let us write the solution for the electric field vector
E in the following form
E' =E; exp(ik, X+ #,2), z<0 (in vacuum), ®)

E™ =EJexp(ik x— z°z), z>0 (in metamaterial), (6)

where y, m y° are real positive values

2
k, =iy, =i fkf—%ev (in vacuum), @)

2
KE=iy® =i [k?Ex -2 ¢ (in metamaterial). (8)
C

X
z

Substituting the solution (5), (6) in the Maxwell
equations (4), we can obtain the equations for the elec-
tric-field components Ex and E.. For z< 0, i.e. in a vac-
uum

B =ifgy, ©)
Ay

In the metamaterial (z > 0) we have

m H ngXX m
EM —i—Cx g (10)
Z gZZ

Then, due to the condition of continuity of the nor-
mal component of the electric displacement at the in-

terface D,g|, =D, |, (&,E}|,_o=¢.E"|.y), as well

as the continuity of the tangential components of the
field E, we have

_E

Ay

Exx

Equation (11), in fact, defines the
cy w(k,) .Using equations (7) and (8) for the y, and 4%,

(11) can be written as

2 b
c E,E — &y

[a)j wlh) oy

—_
~
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—_
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~—
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1]
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zzZ°V

—83))1/2 is the E-

-&))/ (e

type surface polaritons refractive index.

Equation (12) is the dispersion relation for the sur-
face polaritons at the interface of the homogeneous
half-space and the metamaterial for TM polarized
waves. From (11) it also follows that the surface polari-
tons exist only in the region where the component &,

where y” =((£ &y (£

of the metamaterial permittivity tensor is negative, i.e.
£, <0.

Let us note some crucial moments directly following
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from (11):
1) k, >, when ¢_g_—&’>=0, ie. when the fol-

2z%xx v

lowing condition is satisfied ¢ e =&’ =1;

v

2) k,—>0, where ¢_¢, (¢, —¢,)=0, Le. two vari-

zzZ7V
ants are possible: — ¢, =0;— ¢, =¢,=1.

It should also be noted that whene,, =¢, =1, the

dispersion equation (12) degenerates in kf =(a)/c)2,

that is, a component of the wave vector along the direc-
tion of propagation is equal to the value of the vacuum
wave vector.

To sum up, it is obvious from (12) that, in the case
of plane interface vacuum/biaxial metamaterial, a nec-
essary condition of surface waves existence is negativi-
ty of &x, whereas for &. two variants are possible. The
first is the case of weak anisotropy (& < 0) when sur-
face waves can propagate if &.[l&x > &2; the second is
the case of strong anisotropy (&> 0) when surface
waves exist at &:> & [13].

Let us similarly consider H-waves (TE).

Let us write the solution for the magnetic field vec-
tor H in the following form

H' = H] exp(ik x + y,2) , z<0(in vacuum), (13)
H"™ = H; exp(ik,x — 2%2), z>0 (in metamaterial),
(14)

where y, u y” are real positive values

H _: H _: |12 M 0)2 . .
R =iy" =1, |k; ——5 &bk, (in  metamateri-
ﬂZZ c

al).(15)

Then the dispersion equation for TE polarized sur-
face waves can be obtained similarly to TM waves as

() = [wjz () = (“’T patte et 1

¢ ¢ Moz — lu\%

where y7 =u_u, (yxx =&y My )/(yzzyxx —/43) is the

H-type surface polaritons refractive index.

It should be noted, that similarly to TM-waves, TE
polarized surface waves exists only in the region where
the magnetic permeability component u,, is negative,

le. pu, <0.

Let us note crucial moments directly following from
(16):

1) k, >, at u_pu —u’ =0, that is, when the fol-
lowing condition is satisfied s _u =’ =1;

2) k. —>0, at u_u, (,uxx—gyyuv)=0, that is, two
variants are possible x, =0, and 4, =¢, 4, . Taking

into account, that the first medium in our case is vacu-
um, that is g, =&, =1, the second variant can be writ-

ten as follows: x4, =¢,,.

As in the case of TM-polarized waves, it should also
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be noted for TE waves, that when s, = 4, = &, =1, the

dispersion equation (16) degenerates in

2
the (kf ) :(w/c)2, that is, a component of the wave

vector along the direction of propagation is equal to the
value of the vacuum wave vector.

To sum up, a necessary condition of H-type surface
waves existence is negativity of .., whereas for

u,, four variants are possible. The first when s, <0

and £, >0, in this case surface polaritons exists

ifu p, >p?, ie. u u, >1; the second when u_<0

and ¢, <0, then surface  polaritons exists

when g p1,, > i and abs(u,)> e, , or if pu, <u?,
ie. O<pu u, <1 and abs(u,)<e¢,, ; the third occurs
when s, >0 and ¢, >0, then surface waves propa-
gate if g > u , that is, when g >1; the fourth takes
place at x>0 and &, <0, when surface waves oc-

curs if abs(g,,) > &y

Thus, the condition of surface waves existence for
both polarizations depends essentially on the proper-
ties of the components of the effective permittivity and
permeability tensors of the metamaterial. And, as the
components of the tensors are functions of frequency,
external magnetic field, thickness of layers, and physi-
cal properties of materials, that form the structure, the
existence regions of surface waves are determined by
the choice of values of the corresponding quantities.

In addition, it should be noted, that in this magnet-
ic metamaterial the gyrotropy associated with the per-
meability characteristic tensor of the magnetic layers
(ferrite layers), and electric gyrotropy is associated
with the permittivity characteristic tensor of the semi-
conductor layers. The presence of this type of gyrotropy
in the periodic structure makes it possible to effectively
control with the help of an external magnetic field the
band spectrum of eigenwaves of different polarizations
in non-overlapping frequency bands (in the microwave
range by means of magnetic gyrotropy, and in the in-
frared range by means of electrical gyrotropy ) [36].

Note, that the magnetic field affects the properties
of the TM waves only in the semiconductor layer, and
the properties of the TE waves in a layer of ferrite.

3.2 Numerical Calculations

In the further numerical calculations, we used the
same ferrite and semiconductor parameters as in the
existing theoretical and experimental papers, such as
[11, 35-36]. The ferrite layer (brand 1SCH4, polycrys-
talline nickel ferrite NiOFe203) has the following pa-

rameters g, =11.1, g=2, d; =0.05 cm, and the satu-
ration magnetization M =4800G . As the semiconduc-
tor layer we use the indium antimonide (n-InSb) with
the following
terse, =117.8, d; =0.05cm, o, =2 102 ¢1,  From the

viewpoint of above analytical analysis verification, we
do not take into account the electron collision
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Fig. 2 — Effective permittivity and permeability of the
metamaterial as a function of frequency
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Fig. 3 — Effective permittivity and permeability of the met-
amaterial as a function of external magnetic field

J. NANO- ELECTRON. PHYS. 8, 04041 (2016)

frequency in the semiconductor and magnetic damping
in the ferrite layers, that is v =0, and @, =0. Numeri-

cal analysis of dissipative processes is carried out at
the end of the paper.

Let us analyze the dependence of the metamaterial
effective permittivity and permeability components as
a function of frequency at Ho= 5000 Oe (Fig. 2), and the
external magnetic field at w=1-101! s—! (when we con-
sider the permeability components and the £y permit-

tivity component, which are determine the properties of
TE-polarized waves), and w=4-10!2 s-! (when we con-
sider the ¢, and ¢,, permittivity components, which are

characteristic of the TM-polarized waves) (Fig. 3).
Some analytical analysis of the corresponding depend-
encies can be found in [31, 35-36]. Here we consider the
characteristic points and features that are relevant for
this discussion.Let us analytically consider the effective
permittivity and permeability metamaterial compo-
nents, which are determine the properties of TE-waves
(tr g1 €)- Thus, at the frequen-

d
CY @0 = \/(a)H + )(coH + o, dJ:d] , and correspond-
f s

ing external magnetic field H,,,, the effective permea-

uxz0
bility components g, and g, are simultaneously be-
come zero (Fig. 2); at the ferromagnetic resonance fre-
quency ®,,, = JwH (o4 +@,), and the corresponding
magnetic field the permeability component x, and the
permeability of the ferrite layer u. tend to infinity (in
this case ¢, —0).

It should be also noted, that at the frequency
®=w, the parallel component of the ferrite permeabil-

ity u, and the imaginary part of the perpendicular
component y, tend to infinity.

At the anti-ferromagnetic frequen-
cy @, =(a)H+a)M), and at the corresponding magnetic

resonance

field, the effective magnetic permeability of the ferrite
layer tends to zero (u — 0). Finally, at the magnetic

field H,,

bility component tends to infinite. Note also, that at the
considered metamaterial parameters (under the certain
ferrite and semiconductor parameters), in this frequen-
cy range, the ¢, permittivity tensor component is

. and at the frequencyw,_, , the u permea-

negative and become =zero at the frequen-
2
d .
CYy @, = PP%% It should be noted, that arise
&od, +&pd;

areas in which the components of the effective permea-
bility and permittivity are simultaneously negative,
that is, it is possible to realize the negative metamate-
rial for TE-polarized waves.

As for ¢, and ¢ effective permittivity compo-

nents, which are characteristics of the TM-polarized
waves, the similar dependencies occur. Thus, at the

hybrid frequency a,,., :.M +a)12> and corresponding
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magnetic field H,,, =(m,c /e)./w2 —? the parallel
component of the effective metamaterial permittivity
and the Voigt effective permittivity of the semiconduc-

tor tend to infinity (gxx,g;g — ©). When o = @ the par-

allel and perpendicular components of the semiconduc-
tor permittivity tensor &, and &, tend to infinity; at

the plasma frequency ® =awpthe y-component of the

semiconductor permittivity tends to infinity (g;y) —> 0.

At frequencies
{ 2
ngle,sxz20 = J(az x a2 - 4a1a‘3 )/2 : al
T T T T
k”,cm"
40 4
20 K, Dy @0
=N Ot ‘
\ /
1.2 1.3 14 1.5 1.6
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k" em™ I I I
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201 .
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iz ez k,
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2 4 6
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(ue.‘rzl '
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2007 h
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Fig. 4 — Surface waves wavenumber k. for TE- (a, b) and TM-
(c, d) polarizations as a function of: — a) and ¢) frequency; — b)
and d) external magnetic field

where @, =dg, +dief, a,= wpa, + a)i (d&y+ay), and
a, :dsgoa);, and at the corresponding magnetic field
ngzO
permittivity simultaneously become zero. Finally, at
the magnetic field H,,_ and at the frequencies

the components ¢, and ¢,, of the metamaterial

,

210,295 L€ CcOmponent &, tends to infinity.

Thus, it should be noted, that a number of areas in
which the condition of surface polaritons existence in
the considered metamaterial (both TE and TM
polarized) arises.

A necessary condition for

existence is negativity of

surface polaritons
component for TE-

polarized waves and negativity of ¢, component for

TM-polarized waves. In the presented calculations

these regions are B <O <D, and
nyzO <H,< Hﬂxoo , where Mo <05 O< W00

0<H0<H£xoo’

wf:xoo <o< ngzZO and ngz

where &, <0.

Fig. 4 shows the components of the surface
polaritons wave vector as a function of frequency %, (w)

and the external magnetic field & (H,) for the TE-

(Fig. 4a, b) and TM- (Fig. 4c, d) polarizations,
calculated from the equations (12) and (16), in the
areas in which surface polaritons exist.

It should be noted, that under the selected
materials parameters there are one surface polaritons
dispersion curve for the TE-polarized waves, whereas
two surface polaritons dispersion curves for TM-
polarized waves, located above and below the plasma
frequency (Fig. 4). The dispersion curves of the TM-
polarized wave (E-wave) tend to the light line

(k¥ > ) in the low frequency range, near to the

frequency o — @, and magnetic field H, > H,

(Fig. 4c, d). On the other hand, the dispersion curves

are restricted by the frequencies w— o, and

xzl,6x22

magnetic field H, — H, at which the condition

xz1 0

£,6,, =1 1s satisfied (these characteristic values are

in the vicinity of critical frequencies @ — @,,.10 ;20
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and magnetic field H, - H, at which the necessary

&£xz0
condition of TM-polarized surface polaritons existence
in the system under consideration is satisfied, namely
£,=0).

The dispersion curve of the TE-polarized wave (H-
wave) is restricted on one side by the frequency

©—>®,., and magnetic field H, > H,_,, at which

the necessary condition for TE-polarized surface
polaritons existence in the structure under
consideration is satisfied, namely x_ =0; on the other

hand, by the magnetic field H, > H,.,, and the

xz1

frequency @ — @, , at which the condition g, 2, —1

xzl )
takes place.

Let us consider the properties of surface polaritons
in the considered metamaterial, namely the surface
polaritons phase velocity, and the penetration depth
into the structure.

The surface polaritons phase velocity for both
polarizations can be determined in the following way:

2
E &, —¢E.
o = ﬁE —eNozfm "oy a7
’ kx &€y (gxx _gv)
2
o = @ o Nl T (18)
k. \/ﬂzzﬂv (1t 01,

Surface polaritons penetration depth (i.e. the dis-
tance at which the surface wave’s field amplitude de-
creases e times with removing from the interface) can
be found as follows:

in vacuum:
1
6, =—, (19)
Xy
in metamaterial:
1
O = EH

(20)

The corresponding dependencies of the surface po-
laritons phase velocity and the penetration depth ver-
sus frequency and external magnetic field are shown in
Fig. 5 and Fig.6, respectively. Thus, the surface polari-
tons phase velocity for TM polarization tends to the
speed of light, while the penetration depth is reduced
at low frequencies, near to the frequency w - @,,,, and

(Fig. 5 ¢, d; Fig. 6¢c, d). In

general, the penetration depth for TM-polarized sur-
face polaritons into the metamaterial in the entire re-
gion of surface polaritons existence is in the range 1-
3000 microns (i.e. up to several structure periods). At
the same time, at the other boundary of surface polari-
tons existence, that is near the frequency o — @,

magnetic field H, »> H

£EXO

xzl,6x22

and magnetic field H, - H,

o1 » the surface polaritons
phase velocity decreases, whereas the penetration
depth into the structure increases.

Similarly, the surface polaritons phase velocity of

the TE polarization tends to the speed of light, while

J. NANO- ELECTRON. PHYS. 8, 04041 (2016)

frequency
on the other

the penetration depth increases, at

® —> ®,,., and magnetic field H, > H,,.,;

hand, at the frequency ® > ®,,.,, and magnetic field
H,—->H

1+ the surface polaritons phase velocity and
the penetration depth into the metamaterial reduced.
In general, the penetration depth for TE polarized sur-
face polaritons also reaches several structure periods.
It should be noted, that the increase in surface
waves penetration depth and retardation of the phase
velocity is limited in the real structures by dissipative
processes in the semiconductor and ferrite layers,
which we have not taken into account at this stage. How-
ever, these effects are of great practical interest, since
they may be useful in the development of various optoe-
lectronic devices, in particular, of delay networks [8].

H
Ph

¢
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041 b
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Fig. 5 — Surface waves phase velocity as a function of frequen-
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Fig. 6 — Surface waves penetration depth as a function of
frequency (a, ¢) and external magnetic field (b, d)

3.3 The Influence of Dissipation Processes in the
Ferrite and Semiconductor Layers

Before that, we neglected magnetic damping in the
ferrite layers (w, =0), and collision frequency in the

semiconductor layer (v =0).

Let us take now into account the dissipation in the
metamaterial layers. In this case the components of the
permittivity and permeability tensor of the considered
metamaterial become complex quantities, and can be

&, My = €, oy +18, UL,

&y, = g,y'yy +i€,y;y cand &, =&, +ie, 1., .

Note, that in this case, the areas of surface waves
existence in the system are associated with the real
parts of the effective permittivity and permeability
components, in particular, the necessary condition for
surface waves existence is negativity of real part of ¢,,

presented in the form

component for E-waves (Reg, <0), or negativity of
4, component for H waves (Re g, <0).

Fig. 7 shows the results of a numerical calculations
of the real and imaginary parts of the permittivity and
permeability tensor components as a function of fre-
quency and the external magnetic field, taking into
account the collision frequency in the semiconductor

layer and magnetic damping in the ferrite: v =10'° s

is the electron collisions frequency in the semiconduc-
tor; @, = 5-10% ¢! is the magnetic damping in the fer-
rite layer.

Note, that at the selected parameters in the consid-
ered frequency range, the y-component of permittivity
is much less than zero (Re¢,, <0).

As can be seen, when the dissipations are taken
into account, it results in smoothing of the
corresponding dependencies, absence of resonance, and,
as a result, the displacement of the surface waves
existence regions as TM and TE polarized, as well as a
change in the surface waves field amplitude. In
addition, the presence of losses in the structure leads to
the restriction of the surface waves mean free path and
penetration depth. However, the specific of the
structure under consideration allows to effectively
control the parameters of surface waves in a wide.
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Fig. 7 - Effective permittivity and permeability of the metamatiral, when the dissipations are taken into account, as a function of:

—a) and ¢) frequency; — b) u d) external magnetic field

range of wavelengths. The nature of the changes
caused by losses in the semiconductor and magnetic
damping in the ferrite, require a more detailed
examination, and may be one of the areas for further
research

CONCLUSIONS

In the present paper, surface polaritons, which are
located at the interface of a homogeneous half-space
and biaxial anisotropic metamaterial in a magnetic
field were studied. It has been shown, that surface po-
laritons can exist in a certain frequency range and
magnitudes of the external magnetic field. Due to the
peculiarities of the structure under consideration,
where the effective components of the permittivity and
permeability tensors are functions of frequency, exter-
nal magnetic field, thicknesses of layers, and period of
the structure, it is possible to effectively control the
properties and areas of surface waves existence (in par-
ticular, to increase the surface waves penetration depth
or to slowdown the phase velocity, etc.). It was found
that there are two dispersion curves of surface TM po-

larized polaritons and one dispersion curve of TE polar-
ized polaritons. Areas of surface polaritons existence
can be referred to areas of strong and weak anisotropy.
It should be noted, that in a certain frequency bands
and magnetic fields, the effective components of per-
mittivity and permeability tensor become negative.
This leads to a number of unusual and interesting from
the standpoint of practical application features.

When the dissipative processes in the ferrite and in
semiconductor are taking into account this leads to a
smoothing of the corresponding dependencies, absence of
resonances, and, as a result, to the displacement of the
surface polaritons existence regions, to the change in the
field amplitude. In addition, the presence of losses leads to
restriction of the surface polaritons mean free path.

The results obtained in the paper are of practical
interest for use in various optoelectronics devices, in
the study of the surface properties, in the analysis of
periodic structures, etc. On the basis of the considered
plasmonic structures, metamaterials, the design and
creation of new optical devices and sensors with high
sensitivity and compact size is possible.
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Jlucnepcuonubie CBOUCTBA IIOBEPXHOCTHHIX MOJISPUTOHOR B MeTaMaTrepuase
¢dheppuUT/IOIIyIIPOBOHUK B MATHUTHOM II0JI€

N.B. ®enopun, I'.C. XpumnyHos

61002 Xapvkos, Ypaura

B paGore ucciienyoTest JUCIIepCHOHHEBIE CBOMCTBA MOBEPXHOCTHBIX JIEKTPOMATHUTHBIX BOJIH Ha ILIOCKOM
rpaHUIlE pa3resia OJHOPOSHON Cpebl (BaKyyMa) U CJIOUCTO-IIEPUOUIECKON CTPYKTYPHI, COCTOSIIEN U3 CIIOEB
depprTa ¥ MMOJIYIPOBOIHUKA, IIOMEIEHHOM BO BHEITHee MarHuTHoe mose. JlaHHas cTpyKTypa paccMoTpeHa
B CyOMHKPOBOJTHOBOM HpUOIMKeHun. JJ1a omucanus qUaJIeKTPUUECKUX M MArHUTHBIX CBOMCTB JAHHOTO Ma-
TepuaJia ObLIa IMpUMeHeHa Teopus aPdEeKTUBHON cpeabl. [lapaMeTpsl Marepuasa ObIJIN OmMUCAHBI dddeK-
THUBHBIMHU KOMIIOHEHTAMHU TEH30PAMU JUIJIEKTPUIECKON M MATHUTHOM MTPOHUITAEMOCTH. ¥ CTAHOBJIEHO, UYTO B
OTIpeIeJIEHHOM JTUATIa30He YaCcTOT U BEJIMYUH BHEITHUX MATHUTHHIX II0JIeH, B MO00HOM CTPYKType BO3MOMK-
HO PaCIIPOCTpaHEeHUEe MMOBEPXHOCTHHIX dJIeKTPOMArHuTHEIX BoJH, kKak TM, tak u TE monspusanmu. 3a cuer
CIIeIU(PUKY CTPYKTYPHI BOSMOYKHO 9(p(heKTUBHOE yIIpaBJIeHUE ITapaMeTPaMH ITOBEPXHOCTHBIX BOJIH.

Knouersie cnosa: Meramarepuassi, [Tonspuronst, ®eppur, [loxynposoauuk, Jlucnepcuonubie CBOMCTBA.

Jucnepcitini B1acTUBOCTI MOBEPXHEBHUX MMOJISIPUTOHIB y MeTa MaTepiaii
dhepur/HAaDiBOPOBIAHUK y MAarHiTHOMY IIOJTIi

1.B. ®emopin, I'.C. Xpumyuos

Hauionanvruli mexniunull ynisepcumem «XapKi8CoKuli NOAIMEXHIYHUL THCMUmMym»,
eys. Kupnuuosa, 21, 61002 Xapkis, Ykpaina

¥ poboTi T0CTIKYIOTECS IUCIIEPCIMHI BJIACTUBOCT] TIOBEPXHEBUX €JIeKTPOMATHITHUX XBHJIb HA ILIAHAP-
HIN TPAHUII PO3IIJIYy OJHOPIAHOTO cepeoBHINa (BaKyyMy) 1 IIapyBaTo-IIePIOIUUHOI CTPYKTYPH, IO CKJIAIa-
eThesA 3 IapiB (PepuTy 1 HAMIBIPOBIMHUKA, IO IIOMINIeHA Y 30BHINIHE MarHiTHe moJje. JlaHa cTpykTypa pos-
TJISHYTa B CyOMIKPOXBUJILOBOMY HAOawMeHHI. J[J1s omucy qieleKTPUYHKX 1 MATHITHUX BJIACTHBOCTEH TAHO-
ro MaTepiaay OyJia 3acTocoBaHa Teopis edeKTHBHOrO cepemoBuina. Ilapamerpu maTepianay OyJium omucaHi
e(peKTUBHUMY KOMIIOHEHTAMH TEH30pa JIeJIEKTPUYHOI 1 MarHiTHOI HpoHUKHOCTI. BeraHoBieHo, 1o B meB-
HOMY JIaIla3oHl YacTOT 1 BeJIMYMH 30BHIINIHIX MATHITHHUX IIOJIB B MOMIOHIN CTPYKTYPl MOK/IUBE MOIIUPEHH S
MOBEPXHEBUX €JIeKTPOMATHITHUX XBWIIb, Ak TM, Tak i TE mosspusariii. 3a paxyHOK creliudiku CTPYKTYypHU

J. NANO- ELECTRON. PHYS. 8, 04041 (2016)

MOKJINBE ecbeKTI/IBHe praBJIiHHH IIapaMeTpaMu IIOBEPXHEBUX XBUJIb.

Knrouosi ciioa: Meramarepianu, [Tonspuronn, ®epur, Hamisnposiguuk, /{ucmepciitii BaacTHBOCTI.
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