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COBCTBEHHBIE BOJIHBI
OJHOMEPHOT'O THPOTPOITHOTO MATHUTO®OTOHHOT'O KPUCTAJLIIA
(AHAJIMTHYECKUIT TOIXO)

B. H. Muzepunk’?, A. A. llImarbko?, E. H. Oxapenko®?, A. 10. I'nsienko®
'Hayunwuit puzurxo-mexnonoeuvecxkuil yenmp MOH u HAH Ykpaunoi,
Xapvkos, Ykpauna,

*Xapvroeckuil HayuonaneHwill ynusepcumem umenu B. H. Kapasuna,
Xapvkos, Ykpauna,

*XapbKko6cKkuil HaYuoHATbHbIIL YHUSEPCUmem paouodleKmpoHUKU,
Xapvros, Ykpauna
[Toctynuna B pepaxuuro 23.12.2016

B pabote nomydeHo B aHAIMTHYECKOM BHJE AMCIIEPCHOHHOE YPaBHEHHE AJI MarHUTO(GOTOHHOTO Of-
HOMEPHOI'O KpHCTaJlIa ¢ THPOTPOIHBIMU cIosiMU. [IpoBenieH aHann3 YMCIeHHbIX Pe3yIbTaToB pacuera
JMCTICPCHOHHBIX XapaKTEPUCTUK KpUCTaJlIa TSl Pa3IMYHbIX 3HAaYeHUH 3(PEKTHBHOM MarHUTHOH (dI1eK-
TPUUECKOI) TpOHMIaeMOcTeld TUpoTporHoro ciosi. [lokasaHo cymiecTBoBaHHE OOBEMHBIX OBICTPBIX
U ME/JIEHHBIX BOJIH B TaKOW CTPYKType. YCTAHOBJICHO HAJIMYME IOJIOC MPOIYCKAaHUS M 3alMpaHus Ha
JIICTIEPCHOHHOM ArarpaMme B 00J1acTH MOBEPXHOCTHBIX TUIA3MEHHBIX BOJTH.

KirouoBble cjioBa: MarHuTOOTOHHBIE OJJHOMEPHBIE KPUCTAIUIBI, THPOMArHUTHBIC CPEbl, (eppuT
C MOTIEPEYHBIM MAarHUTHBIM TIOJIEM, JUCTIEPCHOHHBIE XapaKTePUCTUKH, MTOJIOCHI MTPOMYCKAHUS U 3a-
MMPaHUSL.

BJIACHI XBUJII
OAHOBUMIPHOTI O I'TPOTPOITHOI'O MATHITO®OTOHHOI'O KPUCTAJIA
(AHAJIITUYHUWHA TIIXIT)
B. M. Mizepnuk, O. O. llImarsko, €. M. Onapenko, A. 10. I'nnenko

Y po6oTi OTpuMaHO B aHATITHYHOMY BUIISII TUCTIEPCiitHE PIBHAHHS TSI MAarHiTO)OTOHHOTO OIHO-
BHUMIPHOTO KPHCTAJTY 3 TIPOTPOITHUMH IapaMu. [IpoBeieHo aHasi3 YucenbHUX pe3ysbTaTiB po3paxyH-
Ky JIUCTICPCIMHUX XapaKTEPUCTHUK KPUCTAITY [UIsl PI3HUX 3HAYCHb €()EeKTUBHOI MarHITHOT (€IEKTPHYHOT)
MIPOHUKHOCTI ripoTponHoro mapy. IlokaszaHo icHyBaHHS 00’€MHMX MIBHIKHX 1 MOBUIBHUX XBHJIb
y TaKiil CTpyKTypi. BcTaHOBIICHO HAsIBHICTH CMYT MPOITYCKAaHHS 1 3alTMpaHHs Ha TUCTICPCiiHiM Jiarpami
B 0011aCTi TOBEPXHEBUX TIa3MOBUX XBUJIb.

KurouoBi ciioBa: MarHiToOTOHHI OTHOBUMIPHI KPUCTAH, TIpOMarHiTHI cepenoBHUIa, (hepuT 3 1o-
MePEYHNM MarHiTHUM TI0JIeM, TUCTIePCiiHI XapaKTepUCTHKH, CMYTH TIPOITYCKaHHS 1 3aIUpaHHs.

MODES OF THE
ONE-DIMENSIONAL GYROTROPIC MAGNETOPHOTONIC CRYSTAL
(ANALYTICAL APPROACH)
V. N. Mizernik, A. A. Shmat’ko, E. N. Odarenko, A. Yu. Galenko

Analytical dispersion equation for magnetophotonic one-dimensional crystal with a gyrotropic layers is
obtained in this work. Analysis of the dispersion characteristics numerical calculation results for different
values of the girotropic layer effective permittivity is carried out. We predict the propagation of bulk fast
and slow waves in such structure. The transmission and forbidden bands at the dispersion diagram in the
area of surface plasma waves are found.

Keywords: magnetophotonic one-dimensional crystals, gyrotropic media, ferrite with transversal
magnetic field, dispersion characteristics, transmission and forbidden bands.

BBEJIEHUE

MarautooTOHHBIE KPUCTAJJIBl HaXOJST
IHUPOKOE MPUMEHEHUE B PA3JIUYHBIX IIPU-
JIO’)KEHUSIX COBPEMEHHOW HAyKH U TEXHUKE Te-
parepLoBoro, MUKpOBOJIHOBOI'O U OIITUYECKOTO

nuana3oHoB. OCOOEHHOCTH paclpoCTpaHEHUs
ANIEKTPOMArHUTHBIX TTOJIEH B TaKUX (DOTOHHO-
KPUCTAIMYECKUX CTPYKTYypaxX MOIHOCTBHIO
OTIPENENIAI0OTCS TEOMETPHUUYECKUMH pa3Mepa-
MU CIIOE€B M 3aBHCHMOCTBIO X MaTepHaIbHBIX
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napaMeTpoB OT YacCTOThl U BEJIMYUHBI yIpPaB-
ASOMEro MarHutTHoro mnois. CBolcTBa
M30TPOIMHBIX IUJIEKTPUIECKUX (POTOHHO-KPHUC-
TAJIMYECKUX CTPYKTYP OCTATOYHO XOPOLIO
M3y4YeHBbl Ha OCHOBAHUH MOJTYYECHHBIX aHAINUTH-
YECKUX JUCIIEPCUOHHBIX YpaBHEHUM Kak 111 TE
(H, — nonspusauus), Tak u aus TM (£, —
nonspusanus) BouH [1, 2]. K uucny Hanbo-
Jee MePCIEKTUBHBIX MPUMEHEHUN OTHOCSTCS
MarHuTo(OTOHHbIE KPUCTAIIBI IPU HATUYUU
TUPOTPOIHHU OHOTO WIIH JIBYX CJIOE€B CTPYKTYPBI.
Hannune B Takoil CTpyKType THPOTPOIHOTO
CJIOSl TT03BOJISIET OTHOCUTEIIBHO JIETKO 33 CUET
BEJIMYUHBI IPUIOKEHHOTO MATHUTHOTO OIS
M3MEHSTH 3HAUYCHHsI MaTepUaIbHBIX MapamMe-
TPOB CPeJlbl U, B KOHEYHOM CUETE, YNPaBIATh
IEKTPUYECKUM CIIOCOOOM AMCTIEPCUOHHBIMU
CBOMCTBAaMU MarHuTO()OTOHHOTO KPHUCTAI-
Ja U XapaKTepUCTUKAMU PACHpPOCTPaHEHUs
BOJH. JlJIsl TAKUX KPUCTAJIOB OTCYTCTBYIOT
aQHAJTUTUYECKHUE JAUCTIEPCHOHHbBIC YPaBHEHUS,
nmo3BoJistonmue 3pPEeKTUBHO UCCIET0BATH
OCHOBHBIE HX CBOICTBa. B 3aBHcuMOCTH OT Ha-
MPaBJICHUS MPHIOKEHHOTO MarHUTHOTO TOJIS
B TaKMX F'MPOMArHUTHBIX Cpeaax HaO0lal0T-
cs pasnuunbie 3¢ dekTr: dpdext Dapanes,
MarHUuTHOE JIBYJydenpeoMIIeHIE, BpallleHue
MJIOCKOCTH MOJISPU3aLUU, HEB3AUMHBIE SIBIIE-
HUS IS IPSIMBIX U OOPAaTHBIX BOJH, HAJIHUYKE
MOBEPXHOCTHBIX BOJIH. [Ipn Hanu4um rupo-
TPOIUU MaTepUallbHbIE MTapaMeTPbl SBISAIOT-
Cs TEH30PHBIMHU BEJIUYMHAMU MU 3aBUCIT OT
MarHuTHOTO MOJS. JTO KaK pa3 M MPUBOJUT
K OIpeAeIeHHbIM MaTeMaTH4eCcKuM 1 Qpusu-
YECKUM TPYJHOCTSAM IPH MOJYyYECHUU aHaJIH-
TUYECKOTO PEIICHHS 33Ja4M O HAXOXKJICHUU
JMCIIEPCUOHHOTO YPABHEHUS, UTO, B KOHEUHOM
cyeTe, YCIOXKHSIET aHalIu3 CBOMCTB pacmpo-
CTPAHECHHS AJIEKTPOMArHUTHBIX BOJH B TAaKHX
MarHuTo(OTOHHBIX KpUCTaJIax.

INOCTAHOBKA U PEHIEHUE 3AJIAYHN
B nmanuoii paboTe pacCMOTPUM OHOMEPHBII
MarHuTo(OTOHHBIH KPHUCTAII C BHEUIHUM
MOTIEPEYHBIM MATHUTHBIM IOJIEM ﬁo =Z,H,.
O6a cnos Ha eproze KpUcTasia IpeaCcTaBseT
co0oii rupoTpornHyto cpeny. [lomyunm nucnep-
CHOHHOE YPaBHEHHE, OIPEIEIISIFOIIEe OCHOBHBIE
cBoiicTBa pacnpoctpanenuss TE wiu TM BoiH
B TaKUX MarHUTO()OTOHHBIX OJHOMEPHBIX
KpUCTaJLJIax.

BeckoHeuHasi mepuoanyecKkas CTPyKTypa.
JducnepcnonHoe ypaBHeHUe.

Bynem paccmarpuBaTh pacnpocTpaHeHUe
BOJIH B CTPaTU(PUIIMPOBAHHOHN JBYXCIOWHOMN
MEePUOANYECKON CTPYKTYpe C TUPOTPOMHBIMU
ciosiMu (B OTHOMEPHOM MarHuTo()OTOHHOM
kpucrtaiie, puc. 1). Kaxapiii u3 1Byx ciioeB Ha
nepuose CTPYKTyphl [ =a+b sBasercs aHu-
30TPOIMHON cpeoil (M1a3MeHHo, GpeppuTo-
BOW WJIM UX KOMOWHAIIMEH ), TUIIICKTPUUECKas
Y MarHWTHas MPOHUIIAEMOCTH KOTOPOU XapaKTe-
pHU3yeTCsl TEH30PHBIMU BEIMYMHAMH CTaHIAPT-
HOTO BHJIA C MaTePHaIbHBIMU TIAPAMETPaMH €,

g, ¢ 1, 2). llupuna oanoro cios a,
a apyroro — b.
n-1 n
& c, a, @ &g
s2
n-1 dn bn dn+1 “1

L A

A

(n—1)! nl
Puc. 1. Moznens THPOTPOITHOTO MarHUTO(OTOHHOTO KPH-

crajia

TeH30pBI INAIEKTPHICCKON € ; U MaTHUTHOM
IPOHUIAEMOCTEH [1; MMEIOT BHA!

e, -—ig, 0 Hy ik, 0
g, =lie, ¢ O, [ =i, n, 0f.()
0 0 1 0 0 1

Jlns mmasMeHHO# cpenbl BEeIWYWHA JH-
IEKTPHYECKOI IIPOHUIIAEMOCTH €; — TEH30P,
a BE/IMYMHA MATHUTHOM POHMIAEMOCTH [i, —
ckamsip. Takue cpeabl HA3BIBAIOTCS DIIEKTPH-
YEeCKU-TUPOTPONHBIMU. B cimydae peppuroBoit
cpezbl, HA0OOPOT, MArHUTHAS TPOHUIIAEMOCTh
{i, — TeH30p, a IUIIIEKTPUIECKasi POHHIIAe-
MOCTb € — cKasip. Takue cpezpl, Kak MpaBmIIo,
Ha3bIBAIOT MAarHUTHO-TUPOTpONHbIMU. Ecnn
JMRIEKTPUUECKasi 1 MAarHUTHAS IPOHHUIIAEMOCTh
CpeZbl OHOBPEMEHHO OIMCHIBACTCS TEH30PAMU
Buja (1), TO Takyr cpelly MPUHSATO HA3bIBATh
THPOTPONHON. MarepualibHbIe TapaMeTphl, BXO-
JAIIHAE B TEH30PbI JUAIEKTPUYECKOM £ ; ¥ Mar-
HUTHOH IPOHMIAEMOCTEH i, ONPEAETAIOTCS
BEJTMYMHOM BHEIITHETO YIPABISIONIETO MATHUT-
noro mons H, =Z,H, [3]. PaccMoTpenue
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oO1iero ciydasi THPOTPONHON Cpebl ¢ MarTe-
puanbHBIMU MapaMerpamu Buaa (1) sapusercs
LIEJIECO00Pa3HBIM B IEPBYIO OYEPEb [IOTOMY, UTO
JlaeT BO3MOXKHOCTb UCIOIb30BaTh MPU MOJTyYe-
HUM OCHOBHBIX BBIpQKEHUH JUIs TIOJIEH 1 Xapak-
TEPUCTUUYECKUX YpPAaBHEHUH, ONPEACIAIOMMNX
JUCTIEPCHUI0 TUPOTPOMHBIX MEPHOJUYECKUX

CTPYKTYp, IPUHLHUI IEPECTAHOBOYHOMN JBOM-
CTBEHHOCTH [3, 4], KOora BBIOJHAIOTCS COOTHO-
menust E <> H , € <> —[i. DT0 HENOCPEICTBEHHO

cienyeT u3 ypaBHeHn MakcBeria.
N3BecTHO [3], 4TO NpU HAIMYUU TUPOTPOI-

z
B CpCAC TUIIBI BOJIH pa3ACIAOTCA — CYLICCTBY-

€T J1Ba HE3aBUCHUMBIX PELICHHs] ypaBHEHU Mak-
cBeua, jBa tina BonH — H_(TE) Bonubl u E_
(TM) BONHBL.

DOnexkrpomarHuTHeie nossi ais TE Bonn
(H.— monsapusauus) u TM Bonn (£, — mo-
JASpU3aLMsl) ONMUCHIBAIOTCS PELICHUSIMU JBYX
HE3aBUCHMBIX ypaBHEHUH [ ebMrosnbna, Hemo-
CPEACTBEHHO MOJIYYEHHbBIX U3 ypaBHEHU Mak-
CBEJLJIA, 3 UMEHHO:

HOM cpensl B IBYXMEpPHOM cllydae (aﬁ =Oj

O°H, 0O°H.
axz +V+k28LjujHZ:O’ (2)
€ .
B =| L || %y S O
tke ;)\ oOx e, Oy
O’E, O'E
aXZZ + ayZZ +k2”'l]81Ez :0’ (4)
=] || Ze Ha el )
ikp, ;)\ oOx B, o
2 2
_ Ky 811.'
Hij =K, I_Hi 0 81, T8 1_8_5

Coornomenus (3) u (5), monyuyeHHbIE U3
ypaBHeHUM MakcBeiia ¢ y4eTOM TEH30PHO-
ro Buza (1) MarHUTHOM [i; M SJIEKTPUYECKOH
€, NPOHUIAEMOCTEN, MCIONB3YIOTCA IS
HaXO0XKJIECHUS TaHTCHIIMAIbHBIX KOMIIOHEHT

JIEKTPOMATHUTHBIX MOJIEW B KAXKJIOM CJIO€ Ie-
PUOIMYECKON TUPOTPOITHOM CPEIbI.

Kaxk nerko 3ameTutsb, pemieHus: ypaBHEHHUI
I'ensmronbia (3) u (5) B3auMO3aMEHSIEMBI,
€CJIM MOMEHATh MecTamu nonst H_ wu E_
C COOTBETCTBYIOIIEH 3aMEHOM BCEX BEIUUYMH
JUAJIEKTPUYECKUX NPOHUIAEMIIOCTEN € Ha
BEJIUYMHBI MarHUTHBIX NMPOHUIIAEMOCTEN
(—1t), 1 HaobopoT. [lo3TOMY, YUNUTHIBAsI MPUHLIUI
MEPECTAHOBOYHOMW JIBOMCTBEHHOCTH MOJEH,
JTaJIbHEHIIee UCCIIEIOBAHUE MOXKHO ITPOU3BOUTH
JIIsSL OTHOTO U3 JABYX yKa3aHHBIX BBIIIE THUIIOB
BOJH. OrpaHuYuMCs paccMOTpeHueM E_
nonsipuzanuu (TM Bonusl). s TE Bomn
HCMOJIb3yeM MPUHIUI TEePEeCTaHOBOYHOM
JIBOVICTBEHHOCTH.

Pemenue ypaBHeHus l'enbronbua ans
TM BojH (4) B IBYX CJIOAX MEPUOANYECKON
CTPYKTYPBbI 3aITUIIEM JIJIS IBYX TAHTCHIIMATIbHBIX
KOMITOHEHT 1ojist £_u Hy , @ UMEHHO:

EZ1 (x7 y) = (anfleiél()(7(”71)1) + bnfleiiél()(7(”7l)1) )elﬁy 2

b<x—(n—1)l<l

X

Hi(x,y)=
’ —kp,

X(anl (gl +i Mo Bjeiél(x(nl)l) _bn—l {al —ih B]efil(X(nw) J y
My K

By

s

xe

(6)

EZZ (x’ y) — (Cneiéz(xﬂll) + dnefiiz(xfnl) ) eiBy ,

O<x—nl<b

1
H(x,y)= X
y( Y {_ikpmz J

< {Ejz " Mo iBJcne'iz(X-n/) _i[&z _Miﬁjd’ie’ﬁ,(*"/) ™
H, M,

(7

3neck n=1,2,... HOMep SYCHKH MeprHoanYeC-

KOM CTPYKTYpBHI; §1=«/k2}/ll181—l32 u —

NONCpPpCUYHBIC BOJIHOBBIC YHCJIa B CJOAX
B HarpaBieHuu ocu Ox; f — TIPOAOIBLHOE BOJI-
HOBOE€ YHCJIO BIOJb CJIOEB YIPaBIIEMOTO
CTaTUYCCKUM MArdHuTHBIM II0JIEM MaFHHToq)O-
TOHHOTO TUPOTPOITHOTO KPHCTAIIIA, KOTOPOE TI0-
INEeXUT OompeaelNeHum; a,, b, c, ,

n n

d , — HCHU3BCCTHBIC aMIIJINTY/IbI BOJIH B CJIOAX.
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Jly1s HaxXOXKJIeHUsI TUCTIEPCUOHHOTO ypaBHe-
HUSI, CBA3BIBAIOIIETO MPOJIOJIBLHOE BOJIHOBOE
9HCIIO0 3 ¢ mapaMeTpamMu CTPYKTYpbI, HEOOXOIH-
MO BOCTOJIb30BaThCsl TPAHUYHBIMHU YCIOBUSIMU
Ha rpaHMIax pasjena cloeB, a TAKkKe TeopeMon
bioxa-®noke 15 NEpUOJNYECKON CTPYKTYPBI.
Ha rpanumax cioeB TaHTeHIMAJbHBIE
KOMIIOHEHTBHI 3JIEKTPOMAarHUTHBIX MOJeH
HETPepBIBHEI. J{J1s1 ompeieieHHOCTH BhIOepeM
TpaHuIly pasziesia Cpe] MeKIy IBYyMs MepHoaa-
MH CTpyKTypbl X =(n—1)/. Bocmonb3yemcs

T'paHUYHBIMU YCIIOBUAMMA U B PE3YJILTATE ITOTY-
YUM CUCTCMY ypaBHCHHﬁZ

(a,+b,)= (c]e’i‘;’zl +dle"E-‘2]), (8)
Klﬂ'ﬁﬁjal —(1—;‘EMJ50}=
& W & W
_5 M,
& M,

x{(lﬂﬁﬁjcle"@’ —(1_1'M£Jdl eié21:|'

H, &, M, &,
)

B marpu4HOM BHJI€ 9TH ypaBHEHUS NIPUHU-
MalOT CIEAYIOMINI BU:

1 1

[mﬁﬁ] —[HE@] {Z]:

Afl _ 1 ( ay _alzj _ 1 ( ay _alzj
detA\—-a, a, (anazz _a12a21) 4y 4y
(11)

Torna Haxoqum oOpaTHYIO MaTpUIly IS
MaTpHULBbl, CTOSIIEH B JIEBOM 4YaCTH ypaBHEHUS

(10):

1 1

(mﬁﬁj —[1—:'EMJ B
& b &

[1—1'&@} 1
1 & M

5 :
[1 + iEM] -1
&
(12)
[lepenumem marpuunoe ypasHeHue (10) B
BUJIC:
[aO]:[all alz][Cl }
bO a2] a22 dl ’

al 1 al2

(13)

rJe Marpuna [ j [IOJIy4€Ha B PE3YIb-

a21 a22
TaTe NepeMHOKEHUs! MaTpullbl (12) 1 MaTpuIs!
B npaBoil yactu ypaBHeHus (10). DnemeHTsI
MaTpulbl ypaBHeHUs (13) MOXKHO MpecTaBUTh
CJIEAYIOIIMM 00pa3oM:

1

a, ==X
S ST 2
-ity! il
‘ ‘ 3 (IH_EJi_M_(IM_Ej
- a_ZM(l_,_iMEJeiiz’ _Qﬂ[l_iMEJe"ﬁﬂ * & ST Hy &,
ST H, &, ST H, &
(14)
X(Cl j. 1
d, a, = EX
(10)
X 1_ZEE eiézl_é_}lll l_lME eiézl
Il HaXOXICHUS CBA3H KOA(DPUIIMESHTOB n, & E Uy, u, &, ’
IepBOro cuos a,, b, ¢ HEN3BECTHBIMHU (15)
K03 UIHEeHTAaMU BTOPOTO CJIOSl HAa MEPUOJIe 1
¢, d, BOCIIOJIb3yeMCsl CBOMCTBOM 00paTHOMI el _EX
a, a
Marpuubl. s marpunbsr 4 :( ! nj obpar- x 1_|_,'ME e &l Sy 1+i@£ e =,
@y Oy T & M, H, &,
Hasg MaTpuua A ' MO oNpeleleHHI0 UMEeT (16)
BU]I:
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1
a :EX
Hlﬂ“‘” ﬁj iézl+im(l—iﬁﬁje@}.
[T & K1y, W &,
(17)

Jlns onpeneneHus CBsA3U KOIPOUITUEHTOB
nepBoOro cnos ¢, d, Ha nepuonge n = 1
C HEM3BECTHBIMU KOXP(UIIMEHTAMU BTOPOTO
CII0sl @, b, 9TOTO K€ NMEPHOa BOCIOIb3YyEMCs
TPaHUYHBIMU YCIOBUSIMHU IS TAHT€HITHAIBHBIX
KOMIOHEHT Tone £ u H| (6), (7) B mnockoctu
X = nl , TOT11a MOJTy4nM CIIEIyIOIIee MAaTPUYHOE

YpaBHEHUE:

—i&ya i&>a

e e

) o
(1_‘_1 Moo B jexiza —[l—ihﬁ]eliza
H, &, u, &,
X cl =
d,
e*ii,a ei‘ila
- Q@[Hihﬁjew _iﬁ[l_ihﬁ]ew x
ST [T & Ky [T

(18)
Omnpenenum 00paTHYIO MATPUILY:
e—igza eigza -l
[lﬂ Haz 'B]e"gza —[l—ihﬁje@“ -
W, & w &,
(l_iQEJeiéza ei?’;za
_l W, &,
2 . !
(14_1 Haz B je—ziza _e—zéza
U, az
(19)

B pesynbrare ypaBuenue (18) nmpencranis-
eTCs B BUJIE:

c b, b a
1 — 11 12 1 , 20
o) ey e

Tac:

1

bll :EX
x{[l-i@ﬁ}.’.é&(l_’_iﬁEj:|ei§2ae—iﬁla’
w, &, & My, u &
(21)
1
b12 :EX
x{[l_ihﬁj_Sﬂ[l_iﬁﬁﬂei&zae@a’
u, & & My, u &
(22)
1
b21 _EX

|:(1+l 2P B J_S Ui, (1+ }’lal B J:|eiizaei51a’
u, & & K1y u &

(23)
b,, = l><
2
HI-H Hay B J S@(l_iﬁﬁ]}eiizae@a_
MZ &2 };2 MJ_] Hl &1
(24)

Uckmrouast B MaTpuuHbIX ypaBHEeHHIX (13)

c
u (20) xo>pPunmeHTsH (dl] , TOJy4HUM,
1

B o0mieM ciydae, CBI3b KO3(Q(PuUIUEHTOB
B O/IMHAKOBBIX CJIOSIX JUISI ABYX COCEIHUX TIEPH-
OZI0B CTPYKTYPBHI:

(o} )

bn—l a21 a22 dn

_(an auj(b” b]zJ(anj_(A Bj[an]
aZl a22 b21 b22 bn C D bn

(25)

DneMEeHThI MaTPHUIIbI

(A Bj:(an alzj[bn b12j

¢ D a, an )\b, by
BBIUUCITAKTCA 110 HpaBI/IJIy HepeMHOX(eHI/I}I
IByX Matpull. Mcnonab3ys BeIpaKeHUS s
anemeHnToB Matpun (14)—(17) u (21)—(24),

HAaXOJUM 3JIEMEHTbhl UCXOJHON MaTpHIlbl
A, B, C, D, a IMEHHO:
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l i“u_i_&_z My

) 2
A=15cos&,b—i + B M [ﬁ_mﬁj sin&,b e
216 1y M, EE ML WK ML W
(26)
N 2
D= cos&2b+il Sihe Sk, PR (M_“M @J SinE b e,
216 1, & Hy, §& WK B, H,
(27)
1 2
B=i—sin&,b —2@+§@{1_,’E(ﬁ_ﬁﬂﬂ &h,
2 &, & uy L My My,
(28)
2
C:_ilsinazb —QQ'FQQ{I'FIE[M—MMJ} e_igla.
2 &My, &y EUM Ky My,
(29)

BaxxupiM cBolicTBoM Matpuliel ABCD sBnd-

€TCsl CBOMCTBO YHUMOAYIASpHOCTH: AD —
BC = 1. cnonb3ys BbIpaXeHUs AJIs 2IIEMEHTOB
matpuipl ABCD (26)—(29) Mo)XHO 1OKa3aTh,

YTO 3TO YCIOBHUE BBHINOIHAETCA. OTMETUM, YTO
2 2 2
xorza Benuunna & =k"gp,, —p >0, 10 § —

BEIIIECTBEHHOE YHCIIO U, KaK cienyeT u3 (26)—
(29), BeimonHsOTCSA cooTHOWEHUA: A=D" u

B=C".

[Tonydyennoe maTpuuHoe ypaBHeHue (25),
OnpeAensolee CBsA3b HEU3BECTHBIX
K02hPUIIMEHTOB B IBYX OJIMHAKOBBIX CIOSX
pa3UYHBIX IEPUOJIOB CTPYKTYPHI, U T€OpeMa
bioxa-dioke MO3BOJIAIOT HAUTH XapaKTEPUCTHU-
yeckoe (JUCIEepCUOHHOE) ypaBHEHHUE s
OTpe/eIeHHs] HEU3BECTHOTO BOJHOBOTO YMCTA
K . Cornacuo Teopeme biioxa-®noxe [4]:

an iK1l an—l
=e .
(bn j (bnl ]
riae K — 010X0BCKOE BOJIHOBOE UHUCIIO.
HWcnonesys ypasuenue (25) u (30), Haxomum:

4 B a, | ikl A 31
U VY

—ikl

(30)

®a30BBIM MHOXHTEIIb € SIBIAETCS
COOCTBEHHBIM 3HAYCHUEM MATPHIIbI TPAHCIISAIIUN
ABCD u ynoBieTBOPSIET XapaKTEPUCTHUECKOMY
YpaBHEHUIO:

A—e ™ B
C D— e—iKA =0,
PEIICHUEC KOTOPOT'O IMpH HUCIIOJIL30BAHUU CBOI-

CTBAa YHUMOIYJISpHOCTH maTtpuibsl 4ABCD
(4D — BC = 1), npuHUMaeT BUA:

e ™ =%(A+D)ii\/l—[%(A+D)} - (32)

Torna 3HaueHUs1 KOPHEW XapakTepucTHIEC-
KOTO YpaBHEHMs ONIPENEIISIFOTCS U3 BBIPAKEHUS:

K(B)=;arccos{%(A+D)}. (33)

BemectBenubim 3HaueHusm K(f) co-
OTBETCTBYIOT BOJIHBI bioxa-®dioke, pacnpo-
CTPaHAIIIMECA B CTPYKType B Mpeaeaax
YaCTOTHBIX 30H IPONyCcKaHus. KOMIIJIEKCHBIM
3HAYECHUAM K(B) = K’(B)—iK”(B) COOTBET-
CTBYIOT 3aTyXarolllKe BOJIHBI, KOTOPbIE Ha-
XOIATCS B 3allPEIlEHHBIX YaCTOTHLIX 30HAX.
I'paHuLbl TOJIOC 3aUPAHUS OIPELEISIOTCS
PaBEHCTBOM

1
—(4+D)=1.
H(4+D)

[TonyyuM qucnepcuoOHHOE YpaBHEHHUE IS
HCCIIEyEMOM NIEPUOIUYECKON CTPYKTYpHI. s
3TOr0 BBIYUCIIUM BEIUYUHY (A + D) /2:
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2

A+D 1 : . :
(4+D) =cos&,bcosEa—— RS TERN= N VN A TEY IR S sin&,bsin €, a.
216y, Snn E&E ML \H B, My
Torna ypasaenue (33) IPUHUMAET BHL:
S Mo n Sy n |

1 1 & ny & uy, . )
K(B) = —arccosqcos&,bcos & a—— , , |sin&,bsiné a

! 2 " B™ Moo Ma By M

L O LT N LR VAP P8

Jlerxko moka3aTth, 4TO BhIpaxkeHue (34)
NEePEXOJAUT B HM3BECTHOE JUCHEPCUOH-
HO€ ypaBHeHHE [2] nns ciaydas ABYX
MarHUTOJMAJIEKTPUUECKHUX CIIOEB, KOIa U |, =

u,=0(ecmmp =p,=1).
1
K(B):;x

X arccos cosc“;zbcoséla—l{ih+2ﬁ}sin§zbsinéla .
206 &im,

(35)
3ameTuM, 4TO B ypaBHeHUE (34) npononib-
HOE€ BOJIHOBOE 4KCio [ (Bmosb ocu Oy) BXO-
JIUT B KBaJipare. DTO TOBOPUT O TOM, YTO €TO
3Ha4Y€HUE M0 a0CONIOTHON BEIMYUHE OJMHA-
KOBO /ISl MPOTHBOIOJIOKHBIX HANpaBICHUN
pacnpocTpaHeHust BOAH. To ecTh aqucnepcus
OJIMHAKOBA JJIs MPSIMBIX U 0OpaTHBIX BOJIH,
pacnpocTpaHsomuxcsa Baoib ocu Oy,
BJI0JIb cJioeB. OIHAKO pacmpeeieHue MmoJs
B CJIy4yae TUPOTPOMHBIX CPell B HANPABICHUHN
MEPUOJUYHOCTHU IS MPSIMBIX U O00paTHBIX
BOJIH, KaK CJIeJyeT W3 HUX BBIPAXKEHUH,
pasHbIe.

Bocnosnb3yemcs nanee npuHIMIIOM IiepecTa-
HOBOUYHOM ABoiicTBeHHOCTH [3]. Torna ypaBHe-
Hue (34) MOXXHO MepenucaTh JJIsl IJIa3MEeHHON
TUPOTPONHON NMEPUOJUYECKOU CTPYKTYPHI,
a UMEHHO:

K (B) = %arccos cos&,bcos&a _%

2
+ B 2 Sal
L &1&2 €\ &

(34)
e &, = Jke u,—p* . B cayuae g ,= 0 ypas-

Henwue (34a) mepexonuT B TUCIIEPCHOHHOE YpaB-
HeHue paboTsl [4].

[TepelineM k aHanM3y PEMICHUI TUCTIEPCUOH-
HOTO ypaBHeHUs (34).

AHAJIMN3 PE3VYJIBTATOB

Ha puc. 2 u puc. 3 npuBeneHsl penieHus
ypaBHeHus (34a) B Buje AUCIEPCUOHHBIX A~
rpamm Juts citydas € ,= 0, Koria OuH CJI0i Mar-
HUTO(QOTOHHOTO KpHUCTalja MpeaCcTaBisieT
co00¥l TUPOMArHUTHYIO IJIa3My, a APYTroi
CIIOM — MarHUTOAMIIEKTPHUK. Jlnarpammsbl
ABsOTCA npoekuusmMu pynkuuu K(k, ) Ha
10cKOCTh (k, B) B TpEXMEpPHOM MPOCTPAHCTBE
BOJTHOBBIX YHCEIN. 3aTeMHEHHBIE 00JIaCTH COO-
TBETCTBYIOT MOJ0CAM MPOMYCKaHUS, a CBET-
Jible — MOJI0caM 3anupanusd. JucnepcruoHHbie
JMarpaMMBbl TIOCTPOEHBI JTsI CAEAYIOMINX Imapa-
MeTpoB 3amaun: a = b = 0,5, p=p, =1,e =2,
€,= 6, IITPUXIyHKTHPHAS JIMHUS ONPEIETAETCS
npsaMon P =k.fe,1, , IyHKTUPHAs JIMHUSA —

npsimoii B =k 4/81}11 . JlnaronanpHas LITpUXOBast

nuHUA k = 3 Ha PUCYHKaX COOTBETCTBYET YCJIO-
BHIO paBeHCTBa ()a30BON CKOPOCTH BOJHBI U
CKOpPOCTH CBeTa. Briiie mpsimoit — 061acTh cy-
IIECTBOBAHMUS OBICTPBHIX 00BEMHBIX BOJIH,
a HUXKe MPSAMOU — 00J1acTh CyIIeCTBOBAHUS

ihjﬁ_zﬂJr

E.)Z SL] él SLZ

, |sin&,bsin&ap, (34a)

8L2 82
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11

Bl/2n 1

Puc. 2. Jluctiepcronnble quarpammel i € >0

0 Bl 2 10

3aMEJICHHBIX BOJH. JIJIs BBISABICHHS OCOOCH-
HOCTEH pacnpoCTpaHEHUs BOJIH B TAKUX CTPYK-
Typax clieyeT pa3leisTh JABa ciyuas JUis
Pa3JIMYHbIX 3HAYEHUI MarHUTHOTO 10JIst H , co-
OTBETCTBYIONIUX YCIOBUSIM € |, > 0 1 &,<0 (ma-
paMeTp €, ). AHajlu3 MOKa3blBAET, YTO
KOJIMYECTBO TIOJIOC MPOIYCKAHUSI U 3alTUPaHUs
3aBUCHUT OT AUDJIEKTPUUYECKUX TPOHUIIAEMOCTEN
Kax0ro u3 cioeB. CyliecTBYeT JiBa pekuma
pacmpocTpaHeHus BOJIH, KOTOPhIE COOTBETCTBY-
IOT OBICTPBIM W MEJJICHHBIM BOJIHAM OTHOCH-
TEIbHO CKOPOCTH cBeTa. Pemenwus,
COOTBETCTBYIOIINE OBICTPHIM BOJTHAM, HAXOJISAT-
cst B obmactax ke, >P* u ke, >B° s

COOTBETCTBYIOLIETO cios. J{s onpenenenus 00-
JacTed pemeHud, COOTBETCTBYHIIUX
MEIJICHHBIM BOJIHAM, 3HaKH B 3THX YCJIOBHIX
CIeNyeT MOMEHATh Ha MPOTUBOMOJIOXKHEIE.
Bo3MOXHBI TakXe pa3jinuHble KOMOWHAUU
9TUX peXUMOB. Hannuue rupoTponuu B 01HOM
3 CII0eB (&, # () MO3BOISCT YIPABIISATH MIMPH-
HOH M0JIOC, UX MECTOIOJIOKEHUEM M KOJInYe-
CTBOM B 3aJlaHHOM jauana3oHe yactot. Ecinu
€ ,<0, TO CyIICCTBYCT 3aMEIICHHAS TOBEPX-
HOCTHas IJIa3MEHHas BOJIHA, PaCIPOCTPAHSIO-
11ascs BAOJb TPAHUIIBI pa3/ienia IByX COCEIHUX
CJI0EB CTPYKTYpHl. OTMETUM TaKXKe €IIe OJHY
ocoOeHHOCTh. M3 pemenust JucnepcuoHHOro
ypaBHeHUs (21) 1 IPOCTPAHCTBEHHOIO pacpe-
neneHus noneit (4), (5) caenyet, yTo npsamas
(B=+Re|p| ) u oGparnas ([3 - _Re|B|) BOJTHEI,
pacIpoCTPaHSIOIIUXCS BAOJB CJI0€B (BI0JIb OCH

|€,=8.1,8,=-4,935

Bl/ 21

Puc. 3. lucniepcronnbie auarpammel s € | <0

Oy), UMEIOT OIMHAKOBYIO CKOPOCTH pacipocTpa-
HEHHS, HO Pa3HyIO MOIMEPEYHYI0 CTPYKTYpPY
niosiet (Bmoib ocu Ox).

JucnepcuoHHass guarpamma Ha puc. 2
COOTBETCTBYET MOJIOKHUTEIbHBIM 3HAUCHUSIM
3P PEKTUBHON AUAIEKTPHUYECKON IPOHUIIAEMOC-
TH TUTA3MEHHOTO ¢J10si JOTOHHOTO KpUcTalia
(¢ ,>0), a Ha pHC. 3 — OTPHUILATCIIBHBIM 3Ha-
geHmsiM (¢ | <0). Ha puc. 2 npescrapieHsl 1sa
BapUaHTa JUarpaMMbl JJIs 3Ha4YCHUN &, = 0
u g, =3. lIepBblil ciTy4ail COOTBETCTBYET OT-
CYTCTBHIO TUPOTPOIHHN B CTPYKTYpE C AU-
AJEKTPUUYECKUMHU MPOHUIIAEMOCTSIMHU JBYX
cinoeB €, =2 u ¢ = 6. IIpambie k\/zzﬁ
u kN6 =P omnpenensior ckopocTh CBETA B M-
AJEKTPUYECKUX CcloAX. Bo3MOXKHBI ciiyuaun
BO30Y>KJIEHUS B AMDIEKTPUUYECKHUX CIOAX IIe-
PUOIUYECKON CTPYKTYPHI KaKk 00BEMHBIX, TaK
Y TIOBEPXHOCTHBIX BOJIH. DTOT CITy4ai MoIpoOHO
u3ydeH B paborax [1, 2].

Ipn Ha/M4HH MIa3MEHHOTO CIost (€, =3) ero
s deKTUBHAS TUAIEKTPUYECKast IPOHUIIAEMOCTh
€, HAYMHACT YMCHBIIATHCS, YTO IPUBOMIUT K Cy-
YKEHUIO 30H TPOITyCKaHUSI IPH OJJHOBPEMEHHOM
pacIIMpeHnH 3aMPeIeHHbIX 30H.

WNnas cutyanusa HabI0maeTcs MPU OT-
pHLATENbHBIX 3HAYCHUSAX 3PPEKTUBHOM
AMDICKTPUICCKON MPOHHIAEMOCTH £ <0
(puc. 3). 3neck TakKe IpUBEICHBI 1BA BapHaH-
Ta JUCIIEPCHOHHON TUarpaMMbl, COOTBETCTBY-
IOIIUE PA3IUYHBIM OTPULIATEILHBIM 3HAYEHUSM
3¢ PeKTUBHON AMAIIEKTPUUECKON MPOHULIAE-
MOCTH TUPOTPOMHOIO CJI0 MarHUTOPOTOHHOTO
KpucTana & . B mepBom ciydae (g, =6,6) ume-
eTcs OJlHA ToJI0ca MPOMycKaHus. B pa3znuynbIx
00acTsAX MOJ0Chl NPOMYCKAHUS, pa3AeIEHHbIX
npsiMoii k = 3, MOTYT CyIIIeCTBOBAaTh OBICTpPHIC
U MeJJIeHHble 00beMHBbIe BOJHBI. B oOnac-
TH MEJJICHHBIX BOJIH UX (pa30Basi CKOPOCTH V
Oosbilie 3HAYEHUH (Pa30BOM CKOPOCTH B JH-
DJICKTPUUECCKOM CIOC y = B/ k\/i , COOT-
BETCTBYIOIUX IITPUXITYHKTUPHOU NpsiMoid. [Ipu
YBEJIMYEHUHM MarHUTHOTO nonst H | (yBenudyenue
BEJIMYNHBI £, ) TIOSIBISIETCSI IBE IIOJIOCHI IIPOITYC-
kanust. OJIHa U3 HUX COOTBETCTBYET OObEMHBIM
BOJTHaM (OBICTPBIM WJIM MEJJICHHBIM), a BTOpas
— TIOBEPXHOCTHBIM MEJJIEHHBIM BOJTHaM (BCS
M0JI0Ca MPOITYCKAHUS HAXOAUTCS TIPH 3HAYCHU-
ax v < B/ k~6). Pactipenenenue moss 115 Takon
BOJTHBI IMEET MAaKCUMAITLHYIO aMITIUTY/Ty Ha Tpa-
HHILIE pa3ena obnacteid. B obnactu mmasMeHHOro
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CJIOSI CYILIECTBYET ITOBEPXHOCTHASI BOJIHA, KOTOpast
pacnpocTpaHseTcsl BAOJb CIIOSI HA €r0 FPaHULIe
C IUAJIEKTPUYECKUM CIIOEM Ha KaXXJIO0M MEepUOJIE
CTPYKTYpHI. boree Toro, aHam3 mpoCTpaHCTBEH-
HOTO pacmpesenenus nous (1o koopauHare Ox)
(4) mnst psivioit B =+|B| u o6parnoit B= —|B|
MTOBEPXHOCTHBIX BOJTH TIOKA3bIBAET, UTO UX CTPYK-
Typa pa3nas. U3 puc. 3 cienyer, 4To ¢ yBeIu-
YCHUCM [TaPAMETPa €, MOSBIICTCS LIa3MCHHAsI
TIOBEPXHOCTHAsI BOIHA B cioe (€, <0). C yBenu-
4CHHEM MapameTpa €, CyKaercs o0nacThb cyie-
CTBOBAHMS MIOBEPXHOCTHOM TJIa3MEHHOW BOJIHBI
IIPY OJTHOBPEMEHHOM CY)KEHHH O0JIACTH PACIIPO-

CTpaHeHust 00LEMHOMN BOMHBI (CiTyyait k V2> B).

Ha puc. 4 npencraBiieHbl AUCTEPCUOHHBIE
XapaKTePUCTHUKH MarHUTO()OTOHHOTO KPHC-
Tajljga, Korjga o0a ciios Ha Nepuojie SBISIOTCS
AHU30TPOIHOMN MOJYNPOBOJHUKOBOM TIa3MON
C pasiMYHBIMU 3HAYCHUSIMH BEIUYMHBI €
¥ JM3JICKTPHYECKOil nponunaemocty &, Kax
BHJIHO, B 3TOM CJIy4ae ¢ pa3InyHON MIUPUHON
Ka)XJ0ro U3 CIOEB MOKHO CYIIECTBEHHO H3-
MEHSATh IIMPHUHY 3allpelIeHHON 30HbI U yIpaB-
JISITh €€ MECTOIOJIOKEHUEM Ha IUCTIEPCUOHHOM
JarpaMme.

1

e
2n

T o
nonnn
NNO O

DO~

m m
N

0 7

811 2n 0 1

Puc. 4. JlucniepcuoHHbIe XapaKTepPUCTUKH MarHUTO(OTOH-
HOT'O KPUCTAJLIA C ABYMS IUIA3MEHHBIMHU CIIOSIMU

Bl 2n

3AK/IIOYEHHUE

B paboTte pemena 3amaya Ha coOOCTBEHHBIE
BOJIHBI TUPOTPOITHOTO OJTHOMEPHOI'O MarHUTO-
(OTOHHOTO KpHCTa/LIa C IByMSsI aHU30TPOITHBIMU
TUPOMarHUTHBIMU ci10AMHU. [lomyueHsl B aHa-
JUTUYECKOM BHJIE JIEMEHTHI MaTPUIIbl IIepe-
Jla4u¥, HaliIeHO JUCIIEPCUOHHOE ypaBHEHUE
u ero kopHH. [IpoBeneH aHam3 1MCepCUOHHBIX
CBOMCTB TakuX CTPYKTYp B 3aBUCUMOCTHU OT
MaTepHalbHBIX MMapaMeTpoB clIOeB. YcTa-
HOBJIEHO CYILECTBOBAHUE IOJIOC MPOIYyCKa-
HUSI U 3allUPaHUsl U1l paclpoCTPAHSIOUIUXCS
BOJIH B 3aBUCUMOCTH OT MaTe€pUaJIbHBIX Ia-
PaMETPOB CI0EB CTPYKTYPHI C YUETOM T'MPO-
tponuu. OOHAPYKEHO IJIs OTPHUIATEIbHOU

MarHuTHOW mpoHunaeMocTu (peppuTOBBIN
CJION) WJIM JUAJIEKTPUUECKON MPOHUIIAeMOCTH
(mma3sMeHHBIN CJIOH) CyIIecTBOBaHUE MOJIOC
NPONYCKaHUs JJis MOBEPXHOCTHOWU BOJHBI
U BBISICHEHA 3aBUCUMOCTb €€ IIMPUHBI OT Mapa-
METpa TUPOTPOIIHH.
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