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Propagation of electromagnetic waves in anisotropic magnetoelectric medium

In the article we consider porpagation and interaction of electromagnetic waves of different polarization, in
anisotropic medium that is inhomogeneous along the Z axis with magnetoelectric effect of tetragonal,
trigonal, and hexagonal symmetries are described by the structure of the matrix coefficients. The matricant
structure of the original system of equations follows from the structure of coefficient matrix. In unlimited pe-
riodic structures, dispersion relations of electromagnetic waves are determined from the new modified condi-
tions for the existence of non-trivial solutions which are the consequence of the matricant structure. Obvious
analitical form of the matricants for the homogeneous anisotropic dielectric medium with magnetoelectric ef-
fects follows from the matricant structure. Analytical equations for homogeneous anisotropic medium with
magnetoelectric effects allow one, in matrix setting, to obtain analytical solutions for the problem of reflec-
tion and refraction on the border of isotropic and anisotropic medium with magnetoelectric effect based on
the matricant method. Initial relationships that describe electromagnetic wave propagation in anisotropic
magnetoelectric medium are reduced to the system of linear homogeneous first order differential equations.
The structure of the matricant is obtained. Dispersion equations of electromagnetic waves in periodic inho-
mogeneous medium with magnetoelectric effects are constructed. Averaged matricant describing the propa-
gation of electromagnetic waves in homogeneous anisotropic medium with magnetoelectric medium are also
constructed. Besides, the graphs of energy reflection coefficient of TE and TM electromagnetic waves and in-
cident angle are plotted.

Keywords: anisotropic medium; electromagnetic waves; magnetoelectric effect; matricant method; reflection,
refraction of electromagnetic waves.

Introduction

Anisotropic medium is characterized by many parameters. One of the constructive ways to overcome
these difficulties is a systematic and detailed study of properties of Maxwell equations in a wide class of ani-
sotropic medium so that the regularities of these solutions that depend on the structure of tensor quantities
defining anisotropy of medium can be established. In this research, solutions of Maxwell equations in dielec-
tric magnetoelectric medium that depend on time harmonically are considered [1].

In this work on the basis of a method of variables separation and representation of a solution in the form
of plane harmonious waves of Maxwell equation and the defining ratios describing distribution of electro-
magnetic waves in non-isotropic mediums with magnetoelectric effect are brought to the equivalent system
of ordinary differential equations of the 1st order with float factors and matrixes of coefficients for tetrago-
nal, trigonal and hexagonal singoniya in volume and flat cases are received [2]. The structure of matrixes of
fundamental solutions of a system of the differential equations of the Ist order describing distribution of
electromagnetic waves in anisotropic environments of tetragonal, trigonal and hexagonal singoniya with
magnetoelectric effect in volume and flat cases is constructed [3]. The equations of dispersion of electro-
magnetic waves in unlimited periodic structures are received. Matriciants of homogeneous anisotropic
dielectric environments with magnetoelectric effect are constructed. Matrix statement is formulated and the
analytical solution of a problem of reflection and refraction of electromagnetic waves on border of the iso-
tropic environment and anisotropic environment with magnetoelectric effect is received [4]. The numerical
analysis of power coefficients of reflection and refraction at reflection of electromagnetic waves on border of
the isotropic environment and anisotropic environment with magnetoelectric effect is carried out. Schedules
of dependence of power coefficients of reflection and refraction from a hade of electromagnetic waves are
constructed [5, 6]. The value of work is that the structure of fundamental decisions and an obvious type of
analytical representations of a matriciant allows to investigate periodically non-uniform anisotropic envi-
ronments and average structures [7, 8].

When volume charge density, p, current density vectors and harmonic time dependance of wave fields

are absent Maxwell equations take following form:
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divB=0, divD=0. )
Material equations connecting B and H , D and E we obtain from free energy
F, =¢€g,EE, +uy,HH —oEH,, 3)
where ¢€,,l1, — components of dielectric and magnetic susceptibility tensors; o, — component of non-

symmetric magnetoelectric effect tensor.
Solutions of E,H,B,D wave fields are taken in the following form:

~ = iottik, xtik y
F=F(z)e - “)
where ® — frequency; k, ,k, — components of a wave vector. We assume that medium is inhomogeneous

along the z axis. Then material equations take the following form:
oF oF
Ezeoey.Ej—ocUszDi; ﬁ=HoMUH;—OCUE,-=B,-- ()
Based on the matricant method, the system of equations describing propagation of electromagnetic
waves can be reduced to equivalent system of differential equations:
dU - -
— =80, U=(E, H,HE,). (6)
Then matrix coefficients of B takes the following form:
bll b12 bl3 bl4

b21 bll b23 b24

B= , (7
_b24 _b14 _bu b34
_b23 _b13 b43 _bl 1
where
ke ke, ] kf, Kk,
b, = ZTOCU; b, =iy, Fuz TOU, | by =—i B Lol 5
k2 2 2
b, = —i(—yoc“ +oo, |; b, =ig, [k—xsz +0)81j; by, = _i[k_xa“ +oaocl] ;
B § §
kK, k: (K
b,, =—i €&, b,, =—ig,| =€, + e, |; by, =—il, | =1, +ou, |.
p B p
Propagation of waves in the ( xz, yz ) planes is described by B matrix:
0 blZ 0 b14
B — bzl 0 b23 0 (8)
0 _b14 0 b34
_b23 0 b43 0
When waves propagate in the xz (k, =0) matrix elements takes the form:
k2
by, =i®UW,; b, =—i®da, ; b, =ig, [Fxgz + OJEIJ;

K2 ks
by, = _i(ﬁan + O*)O(‘J_] ; by, = —IWEE, ; by =il (Exuz + (’Oul] .

When waves propagate in the yz (&, =0) matrix elements takes the form:

k’ k’
b, =iy, (Fyuz + 0)“1} b, = _{F}O‘u + wal] by =iegE,
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k2
b23 = —l.mO(l 5 b34 = —igo (Fyez + (081] 5 b12 = _imuoul .

The consequence of the matrix structure of coefficients of B is the structure of fundamental solutions:

by ~hy —lyp I

j—v—l — L 4 ly Ly (9)
"t24 t14 t44 "t34
by —hy —ly Iy

Due to its wide application, inhomogeneous periodic medium is one of the important class of inhomo-
geneous medium. The structure of the fundamental solutions give the opportunity to find the most general
dispersion equations of electromagnetic waves in inhomogeneous periodic medium with magnetoelectric
effect.

When electromagnetic waves propagate in the coordinate planes dispersion equations are found from
the following condition:

det(P— Ecoskh)=0, (10)
here
N A
P=—(T+1").
2
From the structures of 7 and 7' the structure of P takes the form:
B0 B B

bl O B R B 02
_P24 P14 P33 0
E4 _E3 0 P33
taking into account (12) in (10) gives:
~ ~ 1 2
PR =R+ PR =Pa) +4(RR+ RP)) (13)

the general form of dispersion equations can be written in the following form:
coskh B, coskh P (14)

Averaged matricant, describing the propagation of electromagnetic wave in homogeneous anisotropic
medium with magnetoelecric effect, is obtained in the following analytical form

j:;;er TC+1E ECOSkZiESinkZ - ﬁ—lE ECOSXZiESinXZ (15)
2 k 2 X
here
fi= i_lEA; ﬁ=E+lé2h2. (16)
B-P 2 2

Matriciants will have an appearance

S}
w

tzl tll 24 |, (1 7)

t t —t t
21 11 23 24 (18)

ISy
3
N
Il Il
/—\ /—\
| | |
NN I\)N
(98] ES
|

= S

o £

JBN bJN

w2 o

bJN bJN

w2 S

where
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_ COS[kZ](b12b21 —byby; + A) .

" 2A ’
fo = Sin[kz](blzzbzl - 2b124b43 + b12 (_2b14b23 - b34b43 + A)) .
. 2kA ’
_ Cos[kz](by,by5 + byybs)
B 2A ’
_ Sin[kz] (b12 (biaby +2bysby, ) + by (Db + A)) )
" 2kA ’
L= Sin[kz](blzbjl - 2b14b21b23 - b34 (2b223 + b21b43 ) + b21A) .
. 2kA ’
_ Sin[kz](b12b21b23 +2by,by by + by (b34b43 + A)) .
z 2kA ’
_ Cos[kz](by,by, +byby,)
24— >
A
_ Cos[kz](=by,b,, +byb; +A)
v 2A ’
fo= Sin[kz](—2b124b21 - 2b14b23b34 + b34 (_b12b21 + b34b43 + A)) .
* 2kA ’
Sin[kz] (=B, (263 +bybiy ) + by (=2bysbyy + bybys + A)
Iy = > (19)
2kA
here
2
A= \/( byyby, = byby, ) -4 (b12b23 +b,by, ) (b14b21 +by;by, )
When z = 0 matricant (15) can be written as:
PO A
Iy = EE FR (20)
R matrix has the form:
k:i k—x nl:}—i k+x B 1)
2i\ ky 4i\ ky
Assuming: U, — field of incident waves, U, — field of reflected waves and U, — field of refracted
waves, from (6) we have:
U, + T, U, =T,U,, when z=0. (22)
Considering continuity of fields at the boundary:
U,+U,=U,. (23)

We get the result for reflected waves:

— A=l /A A —

Up=(Ry+R) (R,—R,)T,. (24)
Condition (19) with consideration of continuity of solutions at the boundary (20) is the matrix form of

boundary conditions which are imposed on vectors of reflected, refracted and incident waves.
Then the fields of reflected and refracted waves:

U,=GU,; (25)
U,=(G+E)U, . (26)
Analytical equations for homogeneous anisotropic medium with magnetoelectric effects allows one, in

matrix setting, to obtain analytical solutions for the problem of reflection and refraction on the border of
isotropic and anisotropic medium with magnetoelectric effect based on the matricant method. Initial relation-
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ships that describe electromagnetic wave propagation in anisotropic magnetoelectric medium are reduced to
the system of linear homogeneous first order differential equations.

Using above algorithm, numerical calculations of energy flow density in the case of TE and TM inci-
dent waves at the boundary of two medium are conducted. The graphs of reflected energy coefficients when
TE and TM electromagnetic waves are incident are plotted against incident angle.
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C.K. Tneykenos, M.K. Xyxenos, H.A. Hcnynos

DJIEKTPMATHUTTIK TOJKBIHAAPABIH AHU30TPONTHI MATHUTIJIEKTPJIIK
opTajiapaa Tapajaybl TYpPaJibl

Makasiazia MarHuTICKTPIIIK A dekTici 6ap TeTparoHaAbl, TPUTOHAI/BI )KOHE TeKCArOHAIAbI CHHIOHUSIIBI Z
oci OoMbIHIIA aHU30TPONTHI OpTAIAPA MOIAPUIALMACH! PTYPIi NEKTPMATHUTTIK TOJIKBIHAAP/BIH Tapajybl
MEH acepiiecyi KapacThIpbULibl. bacTarnksl TeHACYNep KYHeCiHIH MaTpUIAHT KYPbUIBIMBI K03 dUIHeHTTEp
MAaTpPHLACHIHBIH ~KYPbUIBIMbIHAH IbFafpl.  IIlekci3 NepuoAThl  KYphUIBIMAAPAArbl — 3JIEKTPMArHUTTIK
TOJIKBIHIAPABIH AUCHEPCHs TEHACYNepi MAaTPUIAHT KYPBUIBIMBIHBIH Cajiiapbl OOJbIN TaObUIATHIH JKaHA
MoU(UKAIMAIAHFAaH [IapTTapJaH aHbIKTANAAbl. BipTeKkTi aHM30TPONTH MarHUTAIEKTPIIK d¢dekrici Gap
JMAJIEKTPIIK OpTajiap YILIIH MATPULAHTTApAbIH AaHBIK AHAIMTHKAIBIK TYPl MAaTpHL@AHT KYPbUIbIMBIHAH
wbiFagpl. MarHuTanekTpiaik 3dgexrici Oap OipTeKTi aHU30TIPONTHl OpTajdap YIIiH aHAJUTHKAIIBIK
TeHJeYJIep MAaTPHLAJIBIK TYPAE U30TPONTHI OPTa MEH MAarHUTANEKTPIIK 3¢ dekrici 6ap opTaHbIH apachlHIAFbI
IeKapaga TOJKBIHAAP/BIH IIAFbUTYy JKOHE ChIHY €CENTepiH aHAJMTHKANBIK MLICHIyiHe MYMKIHIIK Oepeni.
DNIeKTPMarHUTTIK TOJIKBIHAAPABIH aHM30TPOITHl MArHUTJICKTPIIK OpTanapjia TapalyblH CHIATTAHTHIH
0acTamnKbl KaThIHACTAP CBI3BIKTHI OipTekTi OipiHmi perti auddepeHnUaNIbIK TeHACYIepHiH XyHecine
KenTipingi. MaTpunanT KypbUIBIMBEI MIBFAapbUIABL BipTekci3 MarHUTAeKTpiik 3¢ dexrici 6ap opramaprarst
QNIEKTPMATHUTTIK TOJKBIHAAPBIH MCIICPCUS TEHACYJIEPl IKa3bUIAbl. DJICKTPMArHUTTIK TOJKBIHIAPIBIH
MarHUTANEKTPIIiK 3¢ dekrici 6ap GipTeKTi aHM30TPONTHI OpTajdapaa TapalyblH CHIIATTAUTHIH OpTallajJaHFaH
MaTPULAHT KYpBUIABL. ODHEPrUsUIbIK Imarbuly Koddduumentiniy snekrpmarautrik TE xoene TM
TOJIKBIHAAPBIH TYCY OYpBIIIbIHA TOYENITIK rpauKTepi CaabIHAbL.

Kinm ce30ep.: aHM30TpONTHI OpTaiap, MNEKTPMArHUTTIK TOJKBIHAAP, MArHUTAIEKTPIIK 3()(GEeKT, MaTpULAHT
9JIiCi, 3JEKTPMATHUTTIK TOJIKBIHIAAP IBIH AFBUTYHI, CHIHYEL

C.K. TneykenoB, M.K. XXykenos, H.A. Hcnynos

O pacnpocTpaHeHHH 3JIEKTPOMATHUTHBIX BOJIH
B AHU30TPONMHBIX MATHUTOIJIEKTPUYECKHUX Cpeaax

B cratee pacnpocTpaHeHHe U B3aUMOAEHCTBHE 3IEKTPOMATHUTHBIX BOJH PA3IMYHON MOJSIPU3ALHUN B HEOJI-
HOPOAHBIX BIOJb OCH Z aHU30TPOINHBIX CPENAaX C MAarHUTONICKTPUUECKHMM 3(P(EKTOM TeTparoHalIbHOM,
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TPUTOHAILHON U I'eKCArOHaJIbHOH CHMHIOHHM OIMCBHIBAIOTCS CTPYKTYpoH Marpuibl Ko3dduimentoB. CTpyk-
Typa MaTpHIaHTa UCXOJHON CUCTEMBbI yPaBHEHHMIl CII€LyeT U3 CTPYKTYPbl MaTpHIbl Ko3(GuIMeHTOB. B He-
OTPaHUYEHHBIX MEPUOUIECKHX CTPYKTYpaX ypaBHEHHs AUCIIEPCHHU 3JIEKTPOMArHUTHBIX BOJH OMPEAEISIOTCS
W3 HOBOTO MOJHM(UIIMPOBAHHOTO YCIOBHS CYIIECTBOBAHUS HETPUBHAIBHBIX PEIICHUH, SBISIOMETOCS CIEACT-
BHEM CTPYKTYpHl MaTpHIaHTa. SIBHBII aHAIMTHYECKUH BHJ MAaTPHIAHTOB JUIL OJHOPOAHBIX aHM30TPOIHBIX
JMIICKTPUIECKHX CPE ¢ MAaTHUTONICKTPHIECKIM 3()(HEKTOM CIIeyeT U3 CTPYKTYphI MaTpPHIaHTa. AHAIUTH-
yeckue (GOopMyIIBI U OXHOPOIHEIX aHH30TPOIHBIX CPEll C MarHUTORJIEKTPUIECKUM 3((HEKTOM MO3BOJISIOT B
MAaTPUYHOH MOCTAHOBKE MOMY4YNTh aHATUTUUECKOE PELIEHHE 331a4l OTPaXKEHUsI M MPEIOMIICHUS HA TPAHHLE
U30TPOIHOM Cpelibl U aHU30TPOIIHON CPE/Ibl C MArHUTOIEKTPHYECKUM 3P ()EKTOM Ha OCHOBE METOAA MATpH-
nanTa. MicXxoHbIE COOTHONIEHHS], ONUCHIBAIOIINE PACIPOCTPAHEHNE SIIEKTPOMArHUTHBIX BOJH B @HU30TPOII-
HBIX MarHUTORJIEKTPHYECKUX CPelaX, NMPUBEACHBI K CUCTEME JIMHEHHBIX OJHOPOAHBIX IU(p(hepeHIHaATbHBIX
ypaBHeHUil nepsoro nopsuaka. [lomydena crtpykrypa matpunanta. [locTpoeHs! ypaBHEHUS AUCIIEPCUU DIIEK-
TPOMAarHUTHBIX BOJH B ITEPHOANYECKH HEOTHOPOAHBIX Cpelax ¢ MarHUTORJIEKTpuIeckuM 3ddexTom, yepen-
HEHHBI MaTPULIAHT, ONUCHIBAIOIIUI PacIIpOCTPaHEHHE SICKTPOMArHUTHBIX BOJIH B OJHOPOJAHBIX aHU30TPOII-
HBIX Cpelax C MarHUTONIeKTprueckuM 3¢ pexroM. Kpome Toro, moctpoeHs! rpaduKy 3aBHCHMOCTH SHepre-
THYECKOTro K03 UIHeHTa OTpaskeHUsI IPH MaJeHUH 31ekTpoMarHuTHEIX TE 1 TM BOJH OT yria najgeHus.

Kniouegvie cnosa: aHU30TPOIHBIE CPEJIbl, SIEKTPOMATHUTHBIC BOJIHBI, MArHUTOAJIEKTpHYECKuii addekr, me-
TOJ MAaTPHUIIAHTA, OTPAXKEHNUE, TIPETOMIIEHHE 3IeKTPOMATHUTHBIX BOJIH.
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