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STUDY OF SPECTRAL AND POLARIZATION
CHARACTERISTICS OF LAYERED CHIRAL MEDIA

Study of layered chiral media is interesting both for fundamental and applied physics. Such media may be used for design of mi-
crowave devices such as filters and polarizers. Despite the fact that the spectral and polarization characteristics of the layered media are
studied well enough now, the layered chiral media are studied insufficiently. In this paper we study the spectral and polarization characteris-
tics of layered chiral media using the propagation matrix method. The coefficients of the propagation matrix of the periodically layered chiral
medium are obtained. The transmission and reflection coefficients of linearly polarized electromagnetic waves for the structure consisting of
planar chiral layers were calculated. The boundaries of the forbidden bands for a periodic medium, which unit cell consists of two different
chiral layers were determined. It is shown that the boundaries of the forbidden bands do not depend on the chirality parameter of the layers of
the structure. It was found that for certain values of the layers thicknesses, the forbidden bands width tends to zero. It is found that the pro-
posed calculating method for the reflection and transmission coefficients can be used to determine the effective constitutive parameters of

artificial chiral metamaterials. Fig.: 3. Ref.: 13 titles.
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At present, much attention is given to the
study of electromagnetic waves propagation through
the layered media [1-5]. But the study of properties
of layered chiral media is still insufficient. However,
the study of such media is interesting both for fun-
damental and applied physics. Layered chiral media
can be used for design of magnetically controllable
microwave devices such as filters, polarizers, etc.
The study of layered chiral media, which include
magnetically active elements is very important be-
cause the effective constitutive parameters of such
media can be controlled by static magnetic field.

The aim of work is to study the electromag-
netic waves propagation in layered chiral media us-
ing the propagation matrix method. The main atten-
tion is given to the determination of effective consti-
tutive parameters of chiral metamaterials as analogs
of optically active and magnetically active materials.

1. Calculation of spectral and polarization
characteristics of layered chiral media using
propagation matrix method.

To solve the problem we write the system of
Maxwell’s equations for harmonic electromagnetic
fields in chiral media:

rot E :_l%: ik, B,
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rotH = -2 j+=2 =22 —ik,D,
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where ] is the conduction current density vector, E

and H are electric and magnetic field intensity vec-

tors, D and B are electric and magnetic induction
vectors, kg =wm/c is the propagation constant for a
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vacuum, @ is the angular frequency of the electro-
magnetic wave, ¢ is the light velocity in vacuum.

We assume that the electric field intensity
vector of a plane wave propagating along the z-axis
has the following form:

E = (E,,E, 0", (2)

where k is the propagation constant for the medium.
To define the magnetic field vector H we
find the vector B using expressions (1) and (2):
B=(-E,, EX,O)Lei(kZ’”t). (3)
I(0
We define the constitutive equations for a
chiral medium as follows [6, 7]:
D=¢E+ixH,
B=puH —ixE,
where &£ and u are dielectric permittivity and mag-
netic permeability, x is the chirality parameter.
From equations (2)—(4), we find the vector H:

B+ixE

4)
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H= =((-Ey,Ex,0) —+
Kout
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+i(Ey, E,,0) )ity
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Let us consider the case of normally propa-
gation of plane electromagnetic waves through the
layer of chiral medium with thickness d (Fig. 1).

In Fig. 1 layers 1 and 3 are represented by
non-chiral medium with constitutive parameters &,

w and g5, p,. Layer 2 is represented by a chiral
medium with constitutive parameters &,, u, and x.
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Let the incident wave with the amplitude of E;
be linearly polarized along the x axis. The expres-
sions for the incident (index “inc”) and reflected (in-
dex “ref”) electromagnetic field in medium 1 are the
following:

E{HC _ (El,0,0)ei(klz_wt),
E’lref _ (Elr)((ef ' Elr;f ,O)Gi(_klz_wt),
H’]i-nc — (O, El’o) Zl—lei(klzfa)'[),

H'lref _ (Elr;f l_Elr;zf ,0) Zl—lei(—klz—wt),

where k; =kgny =KgJe14q and Z; =1q/ g are

the propagation constant and the characteristic im-
pedance in medium 1.

(6)
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Fig. 1. The geometry of the problem

In chiral medium 2, there are two eigen
waves with right (+) and left (-) circular polariza-
tion [7, 8]. The expressions for the electromagnetic
waves in medium 2, propagating along the negative
(index “ref”) and positive (index “inc”) direction of
the axis z, are as follows:

EC = (L4i,0)EM e/ (k227D

EsY = (L+i,0)ESS e!Fas?-el),

HY = (7i1.0) Z; B e,
H’zrif _ (ii,—l,O) Zz—l Ezrifiei(—kﬁz—wt),

Where kzi = konzi = ko (1'82/,12 =+ K) and ZZ =AM /82

are the propagation constant and characteristic im-
pedance for waves with right and left circular polari-
zation in medium 2 [8].

In medium 3 the expression for the electro-
magnetic fields of the transmitted wave are the fol-
lowing:

Eg — (E3x| ESV,O)ei(knga)t),
Hj = (-Ey, Eq, 0) Zg e,

Where k3 = k0n3 = koﬂé‘gﬂS a.nd Z3 =4\ M3 /83 are

the propagation constant and characteristic impe-
dance in medium 3.

U]

®)

Let us suppose that conditions for the consti-
tutive parameters at which the electromagnetic field
intensity in chiral medium 2 is limited at z — .
For this purpose, considering that according to equa-
tions (7), the term e'=? is a finite value at z — oo

Therefore, the constitutive parameters of the chiral
layer must satisfy the following condition:

Im({e,, ) |7 ©)

To find the unknown wave amplitudes Ef',
Einc E;r;c_, Eref

2X+ 1 2X+1

ref
E1y ,

boundary conditions of equality of the tangential
component of the electric and magnetic field intensi-
ties at the chiral layer boundaries:

{E(z=0;d)}=0, {E,(z=0;d){=0,

{H,(z=0,d)}=0, {H,(z=0;d)}=0.

ref
Ejx_» Esw Egy we use the

(10)

Let us write the amplitudes of the electric
and magnetic field intensities at the boundary of lay-
ers 1 and 2. From boundary conditions (10) on the
boundary z =0 we obtain:

E«(0) = E3), + Eqc + Egy, +E5p
E,(0)=i(E5S —ENC +ES, —Epif),
H,(0) =i Z;"(ES), —E3¢ —Ege. +E5),

H, (0)=Z;"(ENS + ENC —Epef —E5).

2X+

11)

By solving equations system (11) with respect to

Ec ENCEX and E5¥, we obtain:

Ex(0)FiE,(0)£iZ,H,(0) +Z,H (0)

Einc —
2x+ 7 (12)
crer _ Ex(OFIE (O FiZ,H,(0)~Z,H, (0)
2x+ )
4

Let us write the amplitudes of the electric
and magnetic fields at the boundary of layers 2 and 3.
From boundary conditions (10) on the boundary
z=d we obtain:
E,(d) = Ejce ! + Ex e’ +
+ E;()ie—ikz,d + Egiffefikz*d ’
Ey(d) =i(Epe">" —Exle’ " +

+ Ezrif+e_lk2’d _ Ezrif_e_lkz*d ),

H d 1 Z—l Einc ik2+d _ Einc ikz,d _ (13)
x( ) =-ls, ( 2x+€ 2x-€
_ Ezr()e(ere—ikz,d + E;iffefikz*d )’

Hy(d)=Z;'(Eze" " + Epcele -

_ Ezr()e(f+e—ik2,d _ Ezr()e(f_e—ikhd )
By substituting EJ, and E}, in expressions (13),

we obtain:
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E, (d) = E, (0) cos(k,d) cos(kyx d) +

+E, (0) cos(k,d)sin(koxd) —

—H, (0)i Z, sin(k,d)sin(kox d) +

+H, (0)i Z, sin(k,d) cos(kox d),

E,(d) =—E,(0)cos(k,d)sin(koxd) +

+ E (0)cos(k,d)cos(koxd) —
—H,(0)iZ, sin(k,d)cos(kyxd) —
—H(0)iZ,sin(k,d)sin(kyx d),

H, (d) = E, (0)i Z,* sin(k,d)sin(kyx d) —
—E,(0)i Z;"sin(k,d) cos(kyx d) +

+H, (0) cos(k,d) cos(kyx d) +

+H, (0) cos(k,d)sin(kox d),

H,(d) = E, (0)i Z,"sin(k,d) cos(kyx d) +
+Ey(0)i Z;*sin(k,d)sin(koxd) —

—H, (0)cos(k,d)sin(koxd) +

+H, (0)cos(k,d)cos(koxd),

where k, =Kkon, =Ky(y/&214). The expression (14)
can be written in matrix form as:

(14)

E, (d) E, (0)
Eyd) | | E ]|
Ho (@) |~ | H©) |
Hy@))  (H,©

(15)
Ivlll MlZ M13 M14 EX(O)

MZl M22 M23 M24 EY(O)

Ma; Mg Mgy Mg | H(O) ]

M4l M42 M43 M44 Hy(O)
where elements of matrix M are as follows:
M, = cos(k,d) cos(k,x d),
M, = cos(k,d)sin(k,xd),
M, 5 =—12Z,sin(k,d)sin(kyx d),
My, =iZ,sin(k,d) cos(kyx d),
Ma;=—Myp, My =My,
Moz =-Mys My =My, (16)
M3 =—-My3 22_2’ M3y =My, 22_2’
M3z =My, Mgy =My,
My = M14zz_2: My =_M1322_27
My3=-Mp, My =My,

Thus, expression (15) relates the tangential

components of the electromagnetic fields on the op-

posite boundaries of the chiral layer.
Let wus introduce the column vector

w(z) = (Ex(2); Ey(2); Hy(2); Hy(2))",  composed

from the tangential components of the electromagnet-
ic field in the structure under study. Then its value on
the boundary z =0 is the following:

Exl(o) El
E..(0 Eref
v1(0) = ) =N| Cr |=
HXl(O) Ely
Hyl(o) 0 ( )
17
E, +Ejf
| EY
ozEl
ZiM(E, -Ef)
1 1 0 0
0 0 1 0
where N = 1 .
0 0 z- 0
zt -zt 0 o0
At the boundary z=d we have:
Exs(d) Eg,e"e
Eys(d) E, "¢
WB (d) = Y = _3;)’ ikod |’ (18)
Hys(d) | | -25'Espe™
Hys(d) ) | Z5'E,,e™e

From expressions (17)—(18) we find the relation be-
tween the tangential components of the electric and
magnetic field at the boundaries of the chiral layer:

w2(d) =My, (0) = My, (0) =y5(d) =

E, E, el
e | | By et (19)
=MN gref |~ 1 aikgd [
1y -Z5E3pe
0 Z?:lESXelkgd

From (19) we find the amplitudes of the electromag-
netic field tangential components in medium 1 and 3:

Eref - E, (My; + ZflMu) —Z3(M 41+ZflM44)
X = = = ,
My —-24 lM14) —Z3(My1— 24 1M44)

Efy =0,

Egx = (Es(Myy+ 27" Myg) + (20)
+ Bl (Myy—Z7"My))e 4,

Esy = (Ex(Myy + ZflM24) +

+EfS (Mg = Z'Mypg))e ™,

We find transmission and reflection coeffi-
cients of electromagnetic waves through the chiral
layer using the energy flux density [9]:

5= " Re[ExH". 1)
87

Expressions for the transmission T and
reflection R coefficient are as follows:
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S;r S;ef
= Sinc ! R= Sinc
z z
inc ref tr
where S, S,7, S, are normal components of the

energy flux density for the incident, reflected and
transmitted waves correspondingly. Analytic expres-
sions for these components are the following:

, (22)

r _ C * *
Sz = gRe(ESXHSy - E3yH3x) =

c 2 2
= HqESX' +|E3y| )

c * *
S ;ef 8 R e( {:f ]T;f lr;f :I.r)?f )

c 2

- 8rZ,

ref
1x

- c
SInC — E2 .
‘87z, !
Note that as expected for non-absorbing chi-

ral medium (&5=0, =0, x"=0) the relation

T+R=1 is satisfied. Besides, one more important
conclusion should be made from these expressions:
the transmission T and reflection R coefficients are
independent of the chirality parameter.

Now, in accordance with the aim of our
study let us find the rotation angle of the polarization
plane & for the linearly polarized electromagnetic
wave as the ratio of the transmitted wave electro-
magnetic field tangential components in medium 3:

E
0= arctg( E3y J = —arctg(tg(kyxd)) = —kyx, (24)
3x

mwl2<0<xl2.

2. Study of the band structure of spec-
trum of electromagnetic waves propagated in the
periodic layered chiral media. Note that expres-
sions (20) are suitable for the determination of the
transmitted and reflected waves of the electromagnet-
ic field through the layered structure consisting of m
chiral layers. Moreover, the propagation matrix M
equals the product of the propagation matrices for
single chiral layers, (i =1...m):

M=M_ M, _;..M,, (25)
where M; are propagation matrices of single chiral
layers with thicknesses d; and constitutive parame-
ters &, 4, kj. Here, in expressions (20) value
d=d,+d,_;+...+d; is the total thickness of all

layers. Matrix elements are calculated using for-
mulas (16) with the following substitutions:

ky > ko(Veirh), Z, > uile, d >dj, K > .

The rotation angle of the polarization plane
for the structure consisting of m chiral layers is de-

fined as a sum of the rotation angles of the polariza-
tion plane for each chiral layer as:
0 =Ky (k10 + x5, +...+ K70 py) - (26)
Thus, it is possible to calculate the effective
constitutive parameters and polarization characteris-
tics of layered chiral structure using the transmission
and reflection coefficients of electromagnetic waves
and with help of the technique described in [10].
For the periodic structure/medium consisting
of m unit cells, each of which contains two chiral
layers, the resulting propagation matrix is as follows:

My = (MM, )", 27)
where M; and M, are propagation matrixes for
chiral layers of the unit cell.

We calculate the transmission (solid line)
and reflection coefficients (dashed line) of electro-
magnetic waves for a periodic structure consisting of
m=5 unit cells (Fig.2). Let us assume that
d;=2.0 mm,d, =2.0 mm, g =5, 14 =1 x =02,
&, =2, 1, =1, x, =0. As can be seen from Fig. 2,
there are 7 specific areas, corresponding to forbidden
bands for finite periodic structure under study on the
dependence T(®).

1.0

0.8

0.6

T,R

0.4

0.2

0.0 . 0.4
®-107%, sec™

Fig. 2. Transmission and reflection coefficients of electromagnetic
waves for chiral periodic structure with 5 elementary cells

In order to determine the boundaries of for-
bidden bands in the transmission coefficient spec-
trum, it is necessary to solve the equation that relates
the tangential components of the amplitudes of the
electric and magnetic fields on the boundaries of the
unit cell of the infinite periodic structure (Floquet's
theorem [3, 11]):

My = Ay, (28)
where M =M,M; is the propagation matrix of the
periodic structure unit cell, w is the vector consist-

ing of the tangential components of the electric and

magnetic field, 4 is the eigenvalue of matrix M.
Transforming (28), we obtain:

M -1y =0, (29)

where | is the unit matrix.
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Calculating the determinant |M —14|=0
and grouping the factors relative to A, we obtain an
equation of the fourth degree:

A rag P +a 2 +ad+ag =0, (30)
where

39 =|M|=1, & =a;=-2(My; + M),

8, =M+ M+ M3+ M5, -

—2(M3M3; = M4M35) +4My M35,

Because of g, = a3, equation (30) can be written as a
product of two quadratic equations:

(P + A+ (A2 + oA +1) = A + (0, +G,) 2 +
+ (00, +2)A* + (o + ;)2 +1=0,

From (31) we find the relation between parameters
Oy O, with parameters a;, a, [11, 12] as:

2
a a
quz :?li_ (?1] +2—a2 . (32)

By solving equation (31), we obtain two pairs of
roots:

(1)

(33)

We group the solutions of equation (31) so that
A=A =e®? and =1, el
d=d; +d, is the thickness of the unit cell. Then we
have the following relations:

Gh,2

cos(kpy ,d) = e (34)

where k,, and kg, are Bloch wave numbers [3].
Bloch wave numbers are real in the propaga-
tion band and complex numbers in the forbidden
band. Let us rewrite expression (34) as the following:
cos(ky, ,d) = cos((arcco s D) 7 6), (35)
where
D = cos(kyn,d;)cos(kyn,d,) —
(Zf +25)1(2Z,Z,))sin(kemyd; )sin(kon,d,),
The expression for D determines the Bloch
wave number for the non-chiral layered periodic

structures with the same values of n, =./g,

n2=ﬂ£2/12, leﬂﬂl/‘g‘l’ Zzz /,12/82. The ex-

pression for 6 determines the rotation angle of the
polarization plane for the unit cell of layered periodic

chiral structure. When |D| > 1, the value of arccos D
becomes complex, which corresponds to the band

where

gap. When |D| <1, the value of arccos D is real.
At the same frequencies we have the allowed band.
Thus, the boundaries of the forbidden bands are de-
fined by the condition |D|=1. Note that this condi-
tion does not depend on the chirality parameter of the
layers in the structure under study.

We study the dependence of the boundaries
of the forbidden bands for chiral periodic structure as
function on d;/d ration for fixed d=4.0 mm
(Fig. 3). These boundaries are shown in Fig. 3, and
their positions are determined from the condition
|D| =1. The dashed areas correspond to the forbidden

bands of the chiral periodic structure.

1.0

T ‘%

d,/d

Fig. 3. Dependence of the forbidden bands areas on the parameter
d;/d for the chiral periodic structure for a fixed value of
d=4.0mm

In Fig. 3 we show that at certain relations
between the parameters of the chiral layered periodic
structure, the width of the forbidden bands
becomes 0 [13]. This occurs when the thickness d, and
d, is an integer number of half wavelengths. In this
case we have the following conditions:
sin(kyn,d;) =0,

. (36)
sin(kyn,d,) =0.
These conditions imply that:
konldl = m17l', (37)
k0n2d2 = m27Z',
where m;, m,=123,... are positive integers.

Excluding the frequency from equations (37), we
find the following relation for thicknesses d; and d,:
d_mn (38)
d, myn

The frequencies at which the forbidden
bands have zero widths are defined as follows:

czz(myn, +myn
a)ml,mz — ( 12 2 1). (39)

dnn,

Thus, choosing the size and the refractive

indexes of the layers of the periodic chiral structure
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unit cell, we can control the frequencies with zero
width of band gaps.

Conclusions. The processes of the electro-
magnetic waves propagation in the layered chiral
media using the propagation matrix method were
studied. The coefficients of the propagation matrix
for the periodically layered chiral medium were ob-
tained. The transmission and reflection coefficients
of the electromagnetic waves in the structure consist-
ing of a finite number of planar chiral layers were
calculated.

The boundaries of the forbidden bands of
the periodic chiral medium whose unit cell consists
of two planar chiral layers were determined. It is
shown that these boundaries do not depend on the
chirality parameter of the layers within the structure.
It was found that for the certain values of chiral lay-
ers thicknesses the width of band gap becomes 0.

The studies presented above allow us to cal-
culate the effective constitutive parameters of layered
chiral media in order to design the artificial met-
amaterials with predetermined features.

Authors are grateful to Prof. V. R. Tuz and
Dr. O. V. Kostylova for fruitful discussions.
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H. H. Benenxwuii, C. YO. [Tonesoit, C. U. Tapamos

NCCJIEJJOBAHUE CITEKTPAJIBHBIX 1
INOJIAPU3ALIMOHHBIX XAPAKTEPUCTHUK
CJIONCTBIX KMPAJIBHBIX CPEJ]

HccnenoBaHue CIOUCTHIX KHPAIBHBIX CPEH HPEACTaB-
JIIeT HHTepec U I (pyHIaMEHTANbHON U JULS HPHKIATHOH (DU3HKH.
Takue cpesbl MOTyT HpUMEHSAThCS i co3nanust CBU-ycTpoiicTs,
TaKHUX KaK HOJISIPH3aTOpH! U GuiIbTpel. HecMOTps Ha TO YTO CIIEKT-
pajbHbIe U MOJSPU3ALMOHHBIC XapaKTePHCTHKH CIOHUCTBIX Cpel B
HACTOSIIEE BPeMs M3Y4EHBI JOCTATOYHO XOPOILIO, CIOUCTBIC KH-
pajbHBIe CPeAbl U3YUeHBI ellle HeJocTaTouHo. Hamu ncenenoBans
CIIEKTpaIbHEIE M IOJSIPH3ALHOHHBIE XapPAaKTEPUCTHKU CIIOMCTBIX
KHPAJIBHBIX CPEJ] C HCHOJIb30BAHUEM METO/la MAaTPHI] PaclpocTpa-
HeHus. [lomydeHbl KOO(QUIMEHTH MaTpPHIBI PacIpOCTPAHSHUS
UL CJIONCTO-TIEPUOANYECKON KHpaTbHOH cpenpl. BrrumciieHs!
KO3 (ULHEHTHI HPOXOKICHUS M OTPAKCHUS JIMHEHHO IMOJIIPU30-
BaHHBIX JJIEKTPOMATHUTHBIX BOJH IJIS CTPYKTYPBI, COCTOSIIEH U3
IUIOCKHX KHPAJbHBIX cI0oeB. OnpeneseHb! TpaHUIIbl 3alpeIleHHbBIX
30H ISl NEPHOIMYECKOM Cpelbl, dJIeMEHTapHas sSueiika KOTOpon
COCTOUT M3 JIByX PasiMYHBIX KHPAJIBHBIX cioeB. ITokxazaHo, uTo
TpaHUIBI 3aIPEIICHHBIX 30H He 3aBUCAT OT lTapaMeTpa KUpaIbHOC-
TH CJIOEB, BXOMALIMX B CTPYKTYpy. HalineHo, 4to npu onpeneneH-
HBIX 3HAUCHUSX TOJIIIH CJIOEB IIMPHHA 3aIPEIIeHHBIX 30H CTaHO-
Butcs paBHOH 0. OTMeUeHO, YTO MPEUIOKSHHYI0O METOIUKY pac-
yera KOI(D(UIUECHTOB OTPAXKCHHUS U HPOXOXKICHUS MOXKHO HC-
NOJIB30BAaTh I OmpeneneHust 3(P(EKTUBHBIX MaTepHAIBHBIX
[1apaMeTPOB UCKYCCTBEHHBIX KHPAIBHBIX METaMaTEePHAaIOB.

KiroueBsle ciioBa: MeTamMaTepyai, CIOUCTast KUpabHas
CTPYKTYpa, METOJl MaTPHII PacIpOCTPAHEHH .
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AOCIPKEHHA CIIEKTPAJIBHAX
I TIOJIAPU3ALIMHUX XAPAKTEPUCTUK
IMAPYBATUX KIPAJIbBHUX CEPEJOBUIIL

JlocnipkeHHs 1apyBaTUX KipalbHUX CEPEIOBHI LiKa-
BE 1T (pyHTaMEHTANBHOI 1 mpuknagaoi disuku. Taki cepenosumia
MOJKYTb 3aCTOCOBYBatTucs Ais ctBopeHHs HBY-npuctpois, Takux
SIK mossipu3aTopy i GineTpu. He3Baxkaroun Ha Te 10 CIIEKTpasibHi
H Tonspu3amiifHi XapaKTepUCTHKU IIapyBaTUX CEPEeIOBHIN Ha
CHOTOJIHI BUBYEHI JOCUThH A00pe, MapyBaTi KipajJbHi cepeloBHUILa
BHBYEHI IIIe HEIOCTaTHhO. Hamu NOCIHIKEHO CreKTpasibHi W 1Mo-
JSIpU3aniiiHi XapaKTepUCTHKH MIApYBaTHX KipAJIBHUX CEPEIOBHIL 3
BUKOPHCTAHHAM METOJYy MaTpullb nomupeHHs. OTpuMano koedi-
LIEHTH MATPHUI MOUIMPEHHS AJIsI HIAPyBaTO-TIEPiOJUYHOrO Kipajb-
Horo cepenopumia. OO4nCIeHO KOE]IIlieHTH MPOXO/KEHHS Ta
BiJOUTTS JiHIHO MOJNSAPU30BAHUX ENEKTPOMATHITHUX XBWIIb IS
CTPYKTYpH, 110 CKJIAA€ThCS 3 TNIOCKUX KipalbHHX IIapiB. Busna-
YeHO MeXi 3a00pOHEHHMX 30H Ul IEpiOAWYHOTO CepelOBHIIA,
eJIeMEeHTapHa KOMIpKa SIKOi CKJIAaa€eThCs 3 ABOX PI3HUX KipalbHHX
mapiB. Iloka3aHo, 110 MeXi 3a00pOHEHHX 30H HE 3aleXaTh BiJ
napameTpa KipaJIbHOCTI IIapiB, [0 BXOASATH B CTPYKTYpY. 3Haiine-
HO, 110 NIPH TIEBHUX 3HAUCHHSX TOBIUHH LIApiB IIMPHHA 3a00pOHe-
HEX 30H ctae piBaoto 0. Big3HadeHo, 10 3apOMOHOBAHY METOIH-
Ky pO3paxyHKy KOe(iIlieHTiB BiIOWTTA i NPOXOKEHHS MOXKHA
BUKOPUCTOBYBATH [IS BH3HA4YCHHS e(EKTUBHHX MaTepiabHHUX
napaMeTpiB MITYYHUX KipaIbHUX MeTamMaTepiaiiB.

Karodosi cioBa: Meramarepian, mapyBaTa KipanbHa
CTPYKTYypa, METOJl MATPHUIIb MOLIUPECHHSI.



