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Cnucok ocHOBHLIX 0003HadYeHu

a — NOCTOSIHHAA KPHCTAJIMYECKOH pelieTKH

bijx ~ — TeH30p MarHHTOYIPYTOCTH

Cijki — TEH30p YIpPYroii *KecTKOCTH (MOAYJb ynpyrocTH)
C — 0OChb MOJAPH3ALUU

d — pasmep JOMeHa

D — IepHOJ, JOMEHHOU CTPYKTYPHl (CBepXpeIneTKy)

E — HallIPAXXEHHOCTH BHEUHErO SNEeKTPHYeCKOro noJia
Eq4 — HaNpsKEHHOCTH N0 IPOCTPAHCTBEHHOrO 3apsaaa
E, — KO3PLMTHBHOE II0JI€

€ijk — TEH30D IIbE€303JIEKTPUIECKOT0 MOAYIA

f — YacToTa

H — HaIpPSXEHHOCTH [OCTOSHHOTO MAarHUTHOTO IIOJS

k — BOJIHOBOI BEKTOP

K — k03QPHUIHEHT IeKTPOMEXaHNIeCKOU CBA3M

L — JIJIMHA,

M - HAMArHUYEHHOCTH, K03 PHIHERT Ipeo0pasoBaHus SMEKTPHIECKOH

SHEPTHH B aKyCTHYECKYIO
— I10Ka3aTellb [PeIOMJIEHUs
— KOHIEHTPAIAs HEHTPOB (MOHOB)
— NONSAPU3YeMOCTb
3apAJ IEeKTPOHA
— TEeH30p JMHEHHOTO 3/1eKTPoonTHIeCKoro 3¢ dexTa
— x03ddurHenT oTpaxKkeHus
— x03GUIHERT NPOXOXKIEHHS; TEMIIEPATypa
Tc  — remmeparypa Kiopu

NEge vz
|

Uij — TeH30p ynpyrux Aedopmartuii

v — CKOPOCTb aXYCTHYECKHX BOJIH

W — 3Heprusg

X — AM3IEKTPHYECKas BOCIPHUMUHBOCTD

Eij — TEeH30p JUNIEKTPHUYECKOH IPOHHIAEMOCTH.
A — AJIMHA BOJIHBI

i — MarHWTHaA INPOHHUIEAEMOCTD

P — ILIOTHOCTH JIEKTPHYECKHX 3aPAA0B

oij — TEH30p YOPYTHX HaNpsKeHHH

w — YIJIOBag 4acCTOTa



I'masa 1

METOAbI ®OPMHNPOBAHNA NHAYIINPOBAHHBIX
JOMEHOB 1 NIEPUONYECKHUX JOMEHHBIX
CTPYKTVYP B CETHETOQJIEKTPUKAX

CrOHTaHHO BO3HHKIIAA JOMEHHASA CTPYKTYpa B CErHETODJIeK-
TPUKAX WIM MarHeTHKaX, Kaxk IPaBUJIO, fBJSETCH PABHOBECHOHM U
COOTBETCTByeT MHUHHMYMY DHEPTHM KpHucTa/uia. Bo BHemnem mone
IIPOMCXOAUT U3MEHEHNE JOMEHHON CTPYKTYpHI 32 CYeT pPocra JAOMe-
HOB, OPUEHTHPOBAHHBIX BJAOIb 0. [Ipu HEKOTOPOM KPUTHYIECKOM
3HAYEHUHM HAMNPSKEHHOCTH IO TEJNO I[ePeXOJUT B MOHOZOMEH-
Hoe cocrosiHue. IlosieBast 9BOMIOLMS JTOMEHHON CTPYKTYPbl JIEXKUT
B OCHOBE BOBIIUHCTBA MEeTOJLOB (DOPMUPOBAHUS JOMEHOB M JOMEH-
HBIX CTPYKTYP 33JaHHBIX [1apaMeTpPOB.

1.1. @opMupoBaHNEe CErHETOIEKTPUIECKNX JOMEHOB
B JIEKTPUYECKUX MOJIAX

Kak usBecrro (66}, o6pasosanue 180°-HbIX JOMEHOB B OKCHHBIX
CErHEeTOeKTPHKAX CBA3AHO C HEIEHTPOCUMMETPHYHBIM PaCIONO-
JKeHreM HOHOB MeTayioB (HaipuMmep, Li u Nb s Huobara juTus)
OTHOCHTEJIHO  MOAPElIeTKY

QHUOHOB KHCJIOPOAA, IpUdeM .
HanpasJieHHe CMEIIEHUd Xa- . ry
THOHOB OIlpejiesisieT HalpaB-

JIEHHE BEKTOPa MOIAPU3AIH O O O
B gomere (puc. 1.1). Takum

0bpa3oM, mepenossipu3aIus .

BOSHHKAET IpU CMEIIEHUU * .
HOHOB U3 OJHOTO HEUEHTPO- a 6 g

CAMMETPHYHOIO IIOJIOKEHUA

BJIOJIb OCH CIOHTAHHOH IOJIA- Puc. 1.1. OparMenT CTPyKTyphl MOHOKDH-
PH3anuy B APyroe HENeHTpo- CTalia HuobaTa unnfrusi: a — napadasa;
CHUMMETPHYHOE TNOJIOXKEHHE, 0 — MONOKMIETBHLIN JOMEH; 6 — OTpU-
Iosro 3BECTHEE K narenbHeit  gomen; (O — HOHBL HHOOHUS;

TOMY BCE€ H3BECTHDL ® — YOHBI JTUTHS

HACTOAIEMY BPEeMEHH MeTO-

Abl MO0 [IpOoHecCCy MNepenoaApu3anydd MOXHO Dpa3le/iuTbh Ha [Be
T'DYIIILL: UCHOJB3YIOIIUE BHEUIHNE SJIEKTPHUYIECKHUe IMOJIA U HUCHO/Ib-
3yIOIIMe IPaJHeHTbl BHYTPEHHUX IEKTPHICCKUX MOIel.



1.1.1. TIpuno>xeHue BHEUIHUX rroJieit

HccnenoBanue moseneHns CErHETONIIEKTPUKOB B CHJIBHBIX JJIEK-
TPUYECKUX MOJIAX Hayajoch eme B 1950-e rogel, xorga 6nu1a 0bHA-
DyKeHa SJEKTPHYECKH HHIYLIHPOBAHHASA IHONAPH3ALMA B TUTAHATE
Gapus [67]. 3arem [68] mo ckaukaM Bapkray3ena 6s110 0bHADYKEHO
HU3MEHEHHE HAIIPABJIEHHS IIOJSPU3AUUN B MOHOJOMEHHBIX KPHCTAJI-
Jnax HrobaTa JIMTUSA, IPUYEM HAIIPAXKEHHOCTH IOJIA, HeobXOoIUMOro
IJIs Tieperionapu3anuy, cHmxamacs or 108 B/cM npm xomuaTHOI
temneparype 10 10 B/cm mpu T = 150 °C. B 6osee mozmmux
paboTax C MOMOLIBIO IPUIOKEHHS] WIEKTPUUECKUX Hoseif Opin mo-
Jgyqensl nporskennbie IIJIC ¢ pa3smepaMy HOMEHOB B HECKOJIBKO
MHKpOMeTpPOB [69-72].

Meroguka dopmuposanusa IIJIC cocrosna B IpenBapuTesb-
HOM HAHECEHMH CHCTEMBI IOJIOCOBBIX IJIEKTPOJOB HA IIOBEPXHO-
cry TOHKHX 00pasuos (Tosmmmua d < 1 MM), HepHEHAUKYISPHBIX
ocsim nonspusanuu C (puc. 1.2) [69]. Torga npm nmpunoxesnu K
WIEKTPOJAM 3JIeKTPUIECKOrO
mons, obpaTHOro IO 3HAKY
HOTI0 HONIADU3AMMKA M IIpe-
BBIIIAIOUIEIO €ro IO BeJH-
YHHe, BO3HHUKANA CTPYKTypa
HHBEPTHPOBAHHBIX JOMEHOB
THIIA «T'OJIOBA K XBOCTY», IUIy-
6uHa KOTOpHIX ObLIA IIpO-
HOPIMOHANBHA, BPEMEHH BO3-
JEHCTBUA K HAIPAXKEHHOCTH
IPRJIOKEHHOro 1ons. I'panu-
OBl JOMEeHOB ObuTH TIapajl-
geapubpl ocu C. IlopobubiM
obpazom [IJIC 6b1nu mosyyeHsl B KPUCTANIIAX HHODATA M TAHTAJIATA,
JuTHdA, THTaHaTa Oapusi. ITOCKOMBKY /A Iepenoispu3anul TAKKX
JKECTKHX CTPYKTYD, KaK HUODAT ¥ TAHTAJIAT JIUTHS, IPH KOMHATHORK
TemitepaType Heobxomumer nois ¢ E ~ 10% B/cm, B page pabor
nepenonapusanusa 6bL1a OCyUIeCTBAEHA MpH Gojlee HU3KUX IHOJAX
33 CYeT HAI'DEeBaHNsA KPUCTAJUIOB, B YACTHOCTH HMIIyJbCAMH JIa3e-
pa [71]. Opguako HauGomee 9pdeKTUBHBIM SBJSETCA CIOCOG IpH-
JIOXKEHUS K CACTeMe JIeKTPOZOB MMITY/ILCOB JIeKTPUYIECKOr0 OIS,
Kax ycranosieHo B x0zie 9KcnepumenTos (67, 70] (puc. 1.3), spemsa
1eperoisSipu3alin ts B 3aBUCUMOCTH OT HAIIPSKeHHOCTH d/IeKTpuie-
ckoro nona E, mpeBsunaromniero xkospuutusHoe none E,., Haxogurcs
110 OFZHOH U3 cieayrmux GopMyI:

™ -
O6nacts ¢ NOMEHHOH HHEBEpCHEH

Puc. 1.2. @opmupopanue IIJIC B uMIy/inc-
HOM 3JIEKTPHYECKOM I10JIe

ts ~ exp [~a(T) E] (1.1)



(nma Hu3kux 3HaveHuit E) nin

L B
e~ oo (1.2)

(ana Bricoxux 3Havennit E), roe o(T) u B(T) — kosddunnenTst,
onpejenseMbple  TeMIepary-
poO#, IIpM KOTOPOH IPOUCXO-
JUT 1€PenoNaApu3anus.
MuunmansHble pa3Mephl
JIOMEHOB ~ THIa  <«romosa 1,2 -
K XBOCTY», CO3JaBaeMbIX
NPUIOKEHNEM HMILYJIbCHBIX
IeKTpHIecKux momeir mep- L0
NeHJUKY/AApHO IIOJI0 CIIOH-
TAHHOH MONAPU3ALMH, COCTa- ¢ g |-
BIAIOT HOpsjka 2-10 MkM
B  IUTACTHHAX  TOJINIHHOA 1)
m 0,5 MM. Dtm pasme- 06
Pbl  ONpeneNdioTcsa  BO3-

L, c

14 -

MOXHOCTSIMH cosganus o | O
CUCTEMBI METaJIINYEeCKux

3JIEKTPOIOB cirocobamu,

panee pa3paboTaHHBIMH (2 |-

A1 BCTPEYHO-IUTHIPEBBIX
1peobpa3oBaresieit  IOBEPX- o | |
HOCTHBIX AKYCTHYECKHUX 4 E, kBlem 6

BosiH  (ITAB). OcuoBHas

TPYHHOCTH JJIsl  BBICOKOKO- Puc. 1.3. 3aBHCHMOCTDS BPEMEHH 11€PEIONg-
pu3anME MOHOKPHCTaJIIa HHO0DAaTa JHUTHA

SPUNTHBHBIX MaTEPHAJIOB, 4y IPMIOKEHHOTO BHEIUHETO 3JIeKTpUYe-

COCTOSABIIAA B BO3MOXKHOCTHU cxoro rnojg

3JIEKTPUYECKOr0 pobosi MexK-
Iy JEKTPOJAMH B IIPHJIOXKEHHOM I10j1e, Obijia 1PEeOJOsIeHa HCIIOb-
30BaHUEM XHUIKUX NIEKTPOIATHYECKUX KOHTAKTOB [73].

1.1.2. O6paszosanune II/IC BO BHYTPEHHMX IMOJIAX

IlepBble perynsipHbIE JOMEHHBIE CTPYKTYDPHI OBUIM IOJIy4YeHBI
B Hponecce OOBIYHBIX TEXHOMOIMYECKHX Oepalluii 1o CO3JaHu0
MOHOJOMEHHBIX 00Pa3I0B: HEMOCPEJCTBEHHO B IIPOLECCE BBIPAIIH-
BaHUSA 110 METOAY JOXPaJIbCKOI'0 WJIM TEPMHUYECKOH I10CIePOCTOBOR
obpaborku. ITogpobHast HCTOPHS CO3MAHUS JOMEHHBIX CTPYKTYP U3~
noxena B 0630pe Asiekcanposckoro [31]. B mepBoM MeTone goMeH-
HAsl CTPYKTypa (pOPMUPOBANIACH NPU OXJIAXKICHUN A0 TeMIIepaTyPhl
Kiopu (T¢) pacniaBa, COOEPKAIIEr0 HPOCTPAHCTBEHHbIE I'PAAMeHT-
Hble KOHIGHTPAIlAK IPAMECHBIX HOHOB (Hanpumep, urTpus) (32, 74},



[PHYEM IEPHOZ CTPYKTYPHI OIpedesisiicsd I'PaJueHTHBIM pacapege-
JieHreM mpuMecr. Bo BTOpoM MeTome mIs CO34aHus 00JIacTH C MH-
BEPTUPOBAHHOH IOIgpU3aluEeid OJHOBPEMEHHO C HAIDEBOM JO TeM-
epaTyp, bmuskux K T, ocymecTsisiack Auddy3ust HFOHOB THTAHA
AJIM [IPOTOHOB B KPHUCTAJLI, W4, Ha0060poT, Auddy3us HOHOB KHC-
JIOpOJa WM HOHOB, 06Pa3yIOIIkX PEIIETKY, 3 Kpucrajuia [48, 75].

B kakoii-To Mepe 6/IM3KHM K PACcCMOTPEHHOMY BblIle SBJIAETCS
crocob6 cospanua I1JIC ¢ OMOIIBpK CKAHWPOBAHHUA IIOBEPXHOCTH
CErHETOIEKTPUKA Y3KUM JIEKTPOHHBIM Iy 4uKoM [76). s co3panust
JIOMEHOB MUKPOHHOT'O pasMepa HUCIOJIB30BAJICA IIyY0K CKAaHUPYIOLIe-
T'0 3JIEKTPOHHOI0 MUKPOCKOIA.

Ob6muM m/1a 3THX METOIOB SBJAETCA BO3ZHUKHOBEHHE DOJIBILIOIO
KOJIMYECTBA CBOOOIHBIX 3JIEKTPOHOB, KOTOPBIE (POPMUPYIOT 001aCTh
IIPOCTPAaHCTBEHHOro 3apsaga. O6pa3yloliieecd IPH 3TOM JIEKTPHYe-
CKOe II0JIe, HANPABJICHHOE HABCTPEYY MO0 CIIOHTAHHON IONAPH-
3aliH, OTBETCTBEHHO 3a HMHBEPCHIO IOJIAPH3AINUU; OCODEHHO IIpH
BBICOKHX TEMIIEPATYPax.

Muxkpockonuueckas Mogeab 06pa30BaHUs CBOGOIHBIX 3JEKTPO-
HOB Hambosiee monHO paspaborana aiaa LiNbO3 u ocmoBaHa Ha
auddy3un HOHOB KUCIOPOAA U JUTHA U3 KPUCTAJLIA IIPH BBICOKUX
remueparypax [41]. IIpu 3ToM BO3HHKAOIINE BAKAHCHA 3aMEINAI0TC
b0 CTPYKTYPHBIMM HOHAMM HHOOUS, MO0 IMPUMECHBIMH HMOHAMM
(urTpmit, TuTan u gp.). B 0boux ciayuasix pasnuuue B 3apsAfOBBIX
COCTOAHNSAX AU PYHIUPOBABIIMNX HOHOB 110 OTHOLIEHUIO K CTPYK-
TYPHBIM WM PUMECHBIM MOHAM MPUBOIUT K I'€HEPAIMK CBOBOIHBIX
3IeKTPOHOB U3 BAKAHCHOHHBIX IIEHTPOB, KOTOPbIE CO3ZAIOT 3aPAb0-
BYIO KOMIIEHCAIIMIO IIPOLIECCA BBHIMICYKA3AHHOIO 3aMEIEHUs. DJIEK-
TPOHBI, BBICOKAS KOHIIEHTDAIMS KOTOPHIX paciiojlaraercs BOIN3M
HMOBEPXHOCTH, OyAyT 3areM audpyHIupOBaTs B riybs KpHUCTAJLIA,
¢opMupys nose npocrpascreerHoro 3apaga Ey. [pu gsyxcropos-
Heit nuddy3un none Fy 6yaer aHTUIAPATIIETBHO MO0 CIIOHTAHHOR
nonsipuzanuu B6au3u +C HOMSPHOR MOBEPXHOCTH, TAe U MPOUCXO-
JUT [IEPEKIIIOYEHNE IONAPU3annu.

Bemuuuny co3maHHOrO CBOGODHBIME IIEKTPOHAMM 3JIEKTPHYE-
CKOT'O II0Js1 MOXKHO IIPEJCTABUTH B BUJIE

Ey = KzT (éﬁf‘-’ + n) , (1.3)

rae Ky — nocrosanas BoasuMana; ¢ — 3apan Hocareneitr; N — rpa-
JUEHT 3aPSKeHHBIX HeHTPOB N BIOJb OCH IONAPH3AIUHA; 7 — KOH-
LHEHTPaNUs 3JeKTPOHOB.

KauecrBennrie onenku 3Hauennii Fy, BbIIOIHEHHBLIE HA OCHO-
Be 3KCIEPHMEHTAJIbHBIX JAHHLIX 110 npoduiao KoHueHnTpamuii N



B HHOOare JWMTHHA, MOKa3au [63], 4ro MHIYyUHPOBAHHBIE IEKTPH-
yeckue 1ossa npu remueparype 1100 °C moryT mocruraTs 3HaUeHu
200-300 B/cM, 4TO BIlOJIHE ZOCTATOYHO AJIsI HEPENOTAPU3ALUL Ce-
PHETO3MEKTPHUKOB HaXke ¢ OONbIINM KOSPHUTHBHBIM moyiem. Hanpu-
Mep, mist LINDOg npu Takoil TeMmeparype moie mneperoaspusanui
cocraBasier Bcero 5 B/cm [41). Tiybuna cO3maHHBIX TaK¥MM CIO-
cobaMui WHBEDTUPOBAHHBIX JOMEHOB MOxeT mocturars 500 MxwM.
Ilomobuas Momesn CIIPaBEN/INBA U JJIsl JPYIMX OKCHIHBIX CErHETO-
3JIEKTPHKOB.

1.2. Onrmyeckn upaynuposanHeie gomensl u ITJIC

B 1966 r. uccremosarenmu snaboparopur dbupmbr «Bemwrs [77]
00HAPY KU BOZHUKHOBEHNE ONTUYECKH MHAYIHUPOBAHHON HEOIHO-
POIXHOCTY OKA3ATe/s NPEJIOMIIEHHS B KPACTAJLIIAX HIOOATA U TAHTa-
JnaTa muTHA. 10T 3¢ deKT, BHaYaIe oIy YIMBINNI Ha3BaHNE ONTHYE-
ckoro nospexaenus (optical damage), 3aTeM OGbUI IEPENMEHOBAH B
doropedpakrususii apdexr (OPPI). B nocnexyronme roger goro-
pedpakTuBHblii 3¢dexT 66U1 06HAPYIKEH U B 3HAYUTETHHOM YUCTE
JPYIHX OKCHAHBIX KDUCTAJLIOB, 06JIQJABIIMX 3IEKTPOONTHYECKAM
adppexrom, manpumep, B BaTiOs, Bij2(Si,Ti,Ge)Og, KNbO3; u
psane apyrux [78-80].

®oropedpakTuBHbiil 3p@EKT B JUHAMIKE CBOErO DA3BUTHSI IIPO-
XOOUT 4depe3 HEeCKONbKO CTaguii. BHavase IpOCTPAHCTBEHHO HEOJ-
HOPOAHBIH JIa3epHbIA My4oK (OBBIYHO B BHJE KPyra WIH IOJIOCKH)
BO30y KIaeT HEemOJBUXKHBIE HOCHUTEIN 3apana. VIX sHepreruyeckue
YPOBHHU pACHOJI0XKEHHI B 3aPeIIeHHOM 30He guatekTpuka (puc. 1.4),
TAK YTO /A BO3OY»KJEHUs JOCTATOYHO SHEPIHH MydKa BUIMMOTLO
uala30Ha. TakuMB HOCHTEISMM 3apsjga MOryT ObITh INpPUMECHBIE
IapaMarHUTHBIE HOHBI WM CTPYKTYPHBIE LHEHTPH! (JedeKTHbIe [eH-
Tper). OBmW@M IJisi HEX SIBJISIETCS TO, YTO MOHBI ODMAJAIOT Iepe-
MEHHOI! BAJICHTHOCTBIO, KOTOPAsA MOXKeT U3MEHATHCHA DY BHEIHUX
BO3JEMCTBUSAX (TEPMUYECKOM WK ONTHYecKoM). Beiescrsue sroro
OHH MOryT GI)ITI: KakK JOHOPHBIMHU, TaK ¥ aKHENTOPHBIMU LEHTDAMU.

Ha cremyiomiem stame ¢OTOBO36YXIEHHBIE 3IMEKTPOHBl (wWin
JOBIPKY) HAYMHAIOT MUIPHPOBATH U3 OCBELIEHHOM 00/1aCTH B HEOCBE-
IIEHHYIO, T. €. BO3HUKAET IepeHoC (HOTOMHIYIHMPOBAHHBIX CBOGOJ-
HBIX HOCHTeJIeHl. DTOT MpOoUece IepeHoCa MOXET OCYIIEeCTBISTHCS
HOCPeCTBOM TpeX MeXaHu3MOB: Auddy3unm 3a CUeT TIpaJueHTa
KOHIEHTPAH:A CBOOOIHBIX HOCHTEEH, gpefipa B TPUIOKEHHOM
3MEKTPUYECKOM II0jie B japeiida BO BHYTPEHHEM IOJe, BCIEHCTBHE
dorososibTanueckoro 3dgexra. Boregcrsue nepeHoca cBoOOLHBIX
HOCUTenell mnpomeccsl BO3OYXKIEHUA SJIEKTPOHOB (mpipok) u



IPOLECCH MX PEKOMOMHALM¥M IPOCTPAHCTBEHHO pasfensiorcs. Co-
OTBETCTBEHHO IPOUCXONUT IPOCTPAHCTBEHHOE IlepepaciipenesieHne
KOHIIEHTPAIMHi HEIOABHXKHBIX HOCHTEJeH 3apdajga, YTO IPUBOJHAT K
HAPYIUEHUIO EPBOHAYANILHOA 3aPAN0B0i KOMIleHCanuH. B pe3ynbrare
BO3HHKAET MOJIe IPOCTPAHCTBEHHO IlepepacnpeneeHHbIX 3apafoB.

N
©

c /c°

Puc. 1.4. O606wennas Monens ¢oropedpaxTusHoro sagpdexra

Wmenno 3ro nmone Ey 10CPEACTBOM 3JIEKTPOOITHYECKOrO 3ddeKTa
CO3JA€T JIOKAJIbHOE M3MEHeHUe I0KA3ATeIIs IpesIoMiIeHus n [27, 28):

An = —%ng r By, (1.4)

rfe ng— IH0Ka3aTe/b MPEJOMJIeHHs OOBIKHOBEHHOIO JIy4a; T — CO-
OTBETCTBYIOILIMYA HAIPABJICHUIO PACIPOCTPAHEHUS W IONSPU3ALUN
ONTAYECKOI'0 IIyYKa IEKTPOONTHHECKHH K03 PUIUEHT.

OPY Habmionancs BO BCEM BUIKMOM OITHYECKOM IHANa30HE
(0,3-0,8 MxM) u maxke B 6mxkaiimeM HHPPAKPACHOM AUANA30HE AJI
psima Kpucrajuios |78, 79].

B 6eciipuMecHbIX (HOMHHAJIBHO YHCTHIX) KPUCTA/LIAX, B KOTOPBIX
KOHIIGHTPaIus IPHMECHBIX HOHOB He mpessimaer 1017-1018 cy—3,



3HAYEHNUST CbOTOHH}IyHI/IPOBaHHOPO M3MEHEHUA TIOKA3ATeIA IDEJOM-
Aenus n He npesbimaT 1079~1074, uyro coorBercrByer 3HAYEHMAM
dorounaynuposanuex moneit Ey; ~ 103-10* B/cm. Makcumym
B 3HaveHuaX n u FE; Habmiomaerca B Juamna3oHe IJIWH BOJIH
obnyuenua 500-800 HM, 4yTO O0b6BsicHsgeTcs HOTOBO3OY X IEHHAEM
GJIM3KO PACIHONI0XKEHHBIX KO JHY 30HBI IIPOBOAUMOCTH CTPYKTYPHBIX
neurpos [81]. Ina mmobara | )

JATHS TAKAME LEHTPAME siB- /000000, 300 nposomumoct 77/ 7/
JAIOTCA MOHBI HHOOHUS, 3aMe-
watouiue nous! aurus (Nby;)

(pmc. 1.5). Vous! Nbi}*‘ ABJISA- ] —
I0TCS [IOHOPaMHM AL 3JIEKTPO- 15
,59B
HOB, & HOHBI NbLl —HX aK-
nenropamu [82).

C yBennmyeHueMm o061ieit
KOHUEHTPAIWM  IIPUMECHBIX
uoHOB ;o 1019-10%° cm~3 u —T—Fe’*
JOCTHKEHNEM COOTHOILEHHUS
MeX Iy KOHUCHTPALMAMEA /07 Banentias soma v /0 /0y,
JOHOPHBIX ¥ AKIEeHNTOPHBIX
[EHTPOB BEJHWYHHBI  OKOJIO Puc. 1.5. CxeMa sHepreTHYECKHX YPOBHEH
0,1-0,4 3nauenns An pesko VPHMMECHBIX H CTPYKTYPHbIX HEHTDOD B

Huobare NUTHA

BO3PACTAIOT HA  ONUH—/BA

nopsizka N0  CPABHEHUIO

C HOMHHAJILHO YHCTHIMH OOpasmaMu. MakcumyM 3HaueHuit An u
E; cMenraercs B cropony 6Gosee xoporkux (300-500 um) auiuH BotH
o6ayuenus [82]. Tak, aas Huobara JuTHA HanGolee aKTHBHBLIMU
TPUMECHBIMH MOHAMU SABJFIOTCA ABYX- M TPEXBAJEHTHEIC HOHEI
xKejesa, ngnt{em nonb! Fe?t gpsiiorca GOHOPAMM I 9I€KTPOHOB,
a uounnl Fe3t — ux aknenropamu [78]. CoorTHOmE NS KOHIIEHTpALWit
nonoB Fe?t u Fe3t MOXHO M3MeHSTH IyTeM TepMHYECKOro
orxkura [83]. IIpu OKUCIUTETHHOM OTXKUIe B QUAla30HE TEMIEPATYD
T = 450-600 °C 60abIKUHCTBO HOHOB XK€jie3a MePexOJuT B TPEXBa-
JIEHTHOE COCTOSIHHUE:

1,658 Nbif

Fe?t

2Fe?t + %02 — 2Fe®t — 2¢ + 0%~ — 2Fe*t 4 07~ (1.5)

Hao60p0oT, BOCCTAHOBUTEBHBIH OTXKHUT B BAKyyMe WJIM TeJTAH
IpU TexX XKe Temnepa:rypa,x MOJKeT CO3JaBaTh OTHOCHTETIBLHYIO KOH-
uenTpanuo noHos Fe?t 1o 90 %:

9Fe3t + 072 — 2Fet + 2e + —;-02 1> 2Fe?t, (1.6)



IIpn onTuyeckoM BO36YXKIEHNN OCYIIECTBISETCH CIEAYIOLIAS
POTOXIMHYECKAS PEAKIUs:

Fe2t M pedt 1 ¢, (1.7)

rae f—uacrora; h — nocrosuuas [lnanka.
PexoMbuuannOHNbIA ITPOHECC TIPOUCXOTUT B 0OPaATHOM IODSIKE:

Fe®t + & — Fe?t. (1.8)

Maxkcumanbuble sHavennst An u Ey nos Hno6aTa autus ¢ obueit
KOHIeHTpanuelt noHoB xene3a mopsaaka 1020 cv™3 u oTHOmEHHEM
KOHIIEHTPAIUN I/IOHOB Fe?t k xonmeHTpanuu Fe3+ mopsgka 0,2 co-
crapasior: An ~ 1073-3-1072 u B4 ~ 10%-2-10° B/cum [78, 82] Ortu
3Ha9eHns ObLIA HOJIY4EHBI DK 00JyueHn: KPUCTALIa Iy IKOM a%
ronosoro Jtasepa ( ~ 488 uM) ¢ mroTHoCcTHIO MomEocTH 10° Br/cum
Cne;nye’r O’I‘MeTI/ITb YTO MOBBIIIEHNE KOHUEHTPAIMK WOHOB XKeje3a
oime 101° cM™3 npuBoANT K 3HAYMTENHHOMY MOBBINICHMIO OIITHIECKO-
'O MOIJIOLIEHUST ¥ BO3MOXKHOCTH Heo6pa,TnM0ro OIITUYECKOro Mpobod.
Io-Bunumomy, 3nagenus Ey ~ 2 - 10° B/cm sBasiorca npejens-
HBIMHU M3-332 BO3HUKHOBEHUS BHYTPEHHEro 3JIEKTPHYECKOT0 mpobosi.

Buavenus QOTOMHIYNUPOBAHHBIX M3MEHEHWH II0KAa3aTels Ipe-
JIOMJIEHHS U 9JIeKTPUYECKOr0 IOJISl B OTCYTCTBHE BHEINHUX BO3ZEH-
cTBuil (pe3Koe WM3MEHEHWEe TeMIEPATyDPHl, IIOBTOPHOE OHTHYECKOEe
0b/IydeHre) COXPAHSAIOTCA IPAKTUYECKH IIOCTOSHHBIMA B TedYeHue
JIOAroro BpemeHu (IO MHOI'MX 4acOB M Jake Mecsanes). B o xe Bpe-
M HABEJEHHOE OnTHYecKuM obsyueHueM An moxer 6uITh «CTep-
TO» MOCTEAYIOIWMM ONTHUYECKUM WJIM PEHTTEHOBCKMM OOJIy4YeHHEM,
a Takke HarpesaHumem obpasua mo 200-250 °C.

Bckope nociie obHapyeHus B psifie CerHeTO3IEKTPUKOB ONTHYe-
CKY MHAYIYPOBAHHOIO M3MEHEHMS MMOKAZATENS MPEJOMIICHNS ObLIK
CO3JAHBI TaK Ha3bIBaeMble GOTOpPedPAKTHBHBLIE WU, IO-IPYroMy,
ronorpaduyeckune pemerku (78, 79]. Ouum dopmupyrorca npu
00JIydeHNH IIOBEPXHOCTH KPUCTAJLIA JABYMsI MHTEP(EPUPYOIMY
ONTHYECKUMH MYyYKAMU W COCTOST U3 YePenyIOIMXCS IOM0C, OT/IH-
YAOMUXCA 'PAJUEHTAMH 3JIeKTPUYECKIX TI0/eH U, BCJIEICTBUE 3J1eK-
TPOOIITHYECKOr0 3 deKTa, rpajieHTaMy TOKA3ZATENs IPEJIOMIICHMUS.
®QoronsaynupoBaHHbIe MO, 0CODEHHO B KPUCTAILIAX, COLEPXKALINX
IpUMeCHbIE HOHbl C MEepPeMEHHON BaJEHTHOCTHIO, MOI'YT JOCTUIATH
anavennit g0 210° B /CM U CO31aBATH HABEJECHHBIE H3MEHEHUS MOKa-
sarens npenomienns go 1073, Oguako romorpaduyeckue pemerku
NOKA HAILIA OrPAHHYEHHOE NpPHMEHEHHe IJis [Peodpa30oBaHus
ONTHYECKUX M aKyCTHYecKuX BouH [79, 84] u samucu undopmanuu
B ONTHYECKOH MM akycrudeckoir dopme [81, 85]. [maBueiM ux
HEJIOCTATKOM SIBJISICTCS yIKe YIOMSIHyTasl Jierkas CTUPAEMOCTb



Ipu [OBTOPHOM onTudeckoM objydenuu uiu uarpese. Ilostomy
Opumu paspaboranel crocobpr (UKCALMH PEIIeTOK U TOJIorpamMm
Ha ux ocHoBe. Ilockonbky mpu dUKCAIUM UCHONL30BAICA PEXKUM
omTuyeckoro obsydenuss B JguamazoHe remneparyp 120-150 °C,
4 HaIpsXKEHHOCTHh WHAYIUPOBAHHBIX MOJEH JOCTUrajia 3HAYEHUl
10-10° B/cM, To B pame sxkcmepumenToB [86], mo-BHAEMOMY,
ObLIM [IOIy4eHB! OTHeJ/IbHbIE OITHYECKH MWHIYIHUPOBAHHBIE JIOMEHBL.
Denomenosorudeckd 06pasoBaHNe HHBEPTHUPOBAHHBIX  JIOMEHOB
00bACHANOCE TakMM 00pa3oM, YTO [oJle [IPUMECHBIX HOHOB,
CO3IJaHHOE BCJIEACTBHE IIPOCTPAHCTBEHHOrO IepeMeIieHust (pOTOBO3-
Oy2KJEHHBIX 3JIEKTPOHOB, CO3JAET HOBYIO OPHMEHTAIUIO IMOMAPHBIX
KOMILJIEKCOB, IPUBOJAILLYIO K JIOKAJTHHON NEPenoJIsIpU3alud paHee
MOHOJOMeHHOTo 00pa3na. Ha BozHuUKHOBEHME JOMEHOB YKa3hIBAIOCH
u B pabore [87], rme ogHOBpeMEHHO C ONTHYECKUM OOJyueHUEM
kpucrasuios SrBaNbsOg u BaTiO3 k nocneauuM npukiaisBaiocs
9JIEKTPUYECKOE II0JIe, BCTPEYHOE [TOII0 CIIOHTAHHOI MOISIPU3AIUH.
TonbKO OTCYTCTBHE HAJEKHBIX METONUK ODHAPYKEHHS] JOMEHOB
HE MO3BOJIMJIO C BBICOKON CTEHEHBIO JNOCTOBEPHOCTH MOATBEPIUTH
pPaHHUE 3KCIEepUMEHTATBHEIE (PAKTH.

YbenurenpHble 10Ka3aTeNbCTBA BO3HUKHOBEHHS OITHYECKH BO3-
Oy KI€HHBIX JOMEHOB U JAOMEHHBIX CTPYKTYP B CErHETOIEKTPUKAX
6bLIM moyIeHs! 3HauuTenbHo nosguee (88-91]. Iepesie IIIC Grutu
oSy 9eHbl B KPUCTAJUIaX TuTaHaTa 6apus [89], koTopsle 06iydanucs
JIBYMs UHTEpGEPUPY IOIIUMH JIA3ePHLIMH [Ty YKaMH (C JJIMHON BOJHBI
A = 488 HM) C OHOBPEMEHHBIM MPUJIOXKEHUEM TOJISI C HAMPAXKEHHO-
CTBHIO HUXKE KOIPIUTHUBHOTO od. B pesynsrare Ovina cozgana [171C
C pa3MmepaMyu AOMEHOB mopsagka 20-25 MKM, COOTBETCTBYIOIMMU
nepuoay UHTEP(EPEHIIMOHHON ONTHYECKOH CTPYKTyphi. Pa3mepsl
JIOMEHOB M COBEPIIEHCTBO MOIYYEHHOH CTPYKTYphl GBI MOATBEp-
XKJIeHbl YCIEIIHO# TeHepalryell BTOPOi JIa3epHOM rapMOHUKH [92)].
IomoGupiM nazepuosiekrpuyeckuM criocobom I17IC 6euta chopmu-
poOBaHa B MOHOKpHCTaJLIe Srg25Bag,75NbaOg [90].

IIpouecc dopMupoBanusi MHBEPTUPOBAHHBLIX JOMEHOB MOXKET
OblTh O0DBSICHEH IIPU MCIONL30BAHUHM MOMENH KOMIEHCAIMY IOJIA
boTOBO36Y K AEHHBIX 3apsA0B MOJAMH JOMeHHbIX rpanun [91]. Bo
BpeMs (HoToBO3OYKIeHUS 3apsIAbl, JOKAIU30BaHHBIE HA IPUMECHBIX
MY PEIeTOYHBIX MOHAX, Apeidyor B NpuioKeHHOM none E u
PEeKOMOMHUPYIOT HA JAPYTUX HMOHAX, CO3/aBas IPOCTPAHCTBEHHOE
sapaAnoBoe nepepacnpeenenne (puc. 1.6)

pa(B) = po (B) sin 22, (1.9)

Te Po — IUIOTHOCTH 3apsjia, 3aBUCAUAS OT COCTOSIHUS HOHOB H
HAIPAXKEHHOCTH MPUIOKEHHOTO [OJA; Z — PaCCTOSHUE BIOJNb OCH
nonsipusanuu, D — nepuon nurepdepeHIMoHHEIX T0I0C.



910 3apsAf0BOe pacHpeeeHue CO3IAeT I10JIe IPOCTPAHCTBEHHO-
ro 3apaga Ey. Korga cymmapuoe none Eg+ E ocTuraer BeJTHYHHBL
o/ nepenoasipusanuu F,, HauuHaercs npomece o6pa30oBaHUs 1eH-
TPOB JOMEHOB C mHBEpCHOH monapuzanueii. Ilo mepe koanecueHun

NEPBUYHBIX JOMEHOB B Ma-

1 KPOJOMEHBl C HHBEPTHUPOBaH-
HOM mojsgpu3anuueif MIPOUCXO-
aur obpasoBaHue JOMEHHBIX
rpaHui; C CO3JaHUEM Tpa-
HUYHBIX 3apsajioB C ILJIOTHO-
CTBIO pp, KOTOPYH MOXKHO
onpenenutb Kak pp = AP,
g TAe Ps—cnontanHas nonspu-
3anusa. B MOHOIOMEHHOM KpU-
PoTOBO3GYXKIEHHBIE 3apANbE cramie AP; = 0, nockonb-
(onexTponEr) Ky CIOHTAHHAs MOJAPU3ALMSI
onHOpoaHa. B monmumoMeHHOM
Kkpucraine 3nadenue Py usme-

HseTCsd CKadykooOpasHo OT Of-
(NN

Ya) \/ HOTO JIOMEHa K JAPYTOMY.

HOHPBPIPOBaHHBIC JOHOPEL

Pa

Opuenranusa  JOMEHHBIX
CTEHOK B IIPOLIECCE HYKJICAUU
U KOWIECLUEHLUH  3ABUCHUT

/\ OT B3auUMOAEUCTBUA MEXIY
2 BO3HHUKAIOUIEH IOMEHHO

/ \/ \ CTPYKTYypO# U BEKTOPOM
—f - moJtst [IPOCTPAHCTBEHHBIX

Puc. 1.6. IIpocrpancTeennoe pacrpeje- 3apsnos Eq. Ilpepnonaraercs,

JleHVe MHTeHCHBHOCTH ONTHYecKoro nyg- JTO YCTOMYHBOE COCTOAHME
xa (a), dorosos3byxaeHHEIX 3apaaos (6), TPAHUYHBIX  33apdAJO0B  IpO-
3apsKEHHBIX NEeHTPos (6) u anexrpuye- CTPaHCTBEHHO  CllefiyeT  3a
cKoro nosa 3apanos (2) pacnpeseNeHieM  CBOGOIHBIX
3apsAf0B, TAK 4YTO B HOJHMAOMEHHOM 00pasue MpPOUCXOTUT [IOYTH
IIOJIHaA KOMIIeHCallusl CBO60,HHI'>IX 3apaAdoB I'rpaHAYMHBIMHA 3apsAnaMHu:

po (k) = —o pa (k), (1.10)

TlIe ¢ — CTeleHb KoMmeHcanuy; o < 1.

YcTaHOBIEHO, YTO HpY 06pa30BaHuy JIOMEHHON CTPYKTYPhl B KpU-
CTaJuIaxX TUTaHaTa Gapua ¢ JocTUraeT 3HadeHusd nopsaaka 0,8-0,9.

HeobxoaumocTh NpuiioxeHus IEKTPUYECKOTO MO B KPUCTAJI-
JlaX € BBICOKOH IIPOBOIUMOCTBIO B OCHOBHOM OIIPEJEJISIETCS MeXa~
HI3MOM mepeHoca (OoTOBO3OYKIEHHBIX 3apSIOB. B BBICOKOOMHBIX
CerHeTO3IeKTPUKAX THIMa HUODATa JUTHS OCHOBHBIM SIBJISETCS He
JpelicdoBbiit, a poOTOraIbBAHUYECKHI MEXAHU3M, He Tpebyrouwmii 1o-




[OJIHUTEJIBHOTO BHEIIHero nossi. IloaroMy B mpuHIMIe UHBEPCHUS
CIOHTAHHON MNONAPU3aLMK MOXKeT ObIThb OCYUIECTBIEHA TONBKO 32
cuer HPOTOMHAYLHUPOBAHHOTO Hoiist Ey. DTO npeanonoKeHne Halllio
9KCHEePUMEHTAIbHOEe MOATBEPXK/IEHUE Nocae 00HApyKeHUsi HHBEepC-
HBIX MHUKPOJOMEHORB, PACHOJIOXKEHHbIX B BHJE MVl BIOJL OCH IIO-
JIApU3AILMM B pe3yibrare 00JydeHus mOBepXHOCTH HUobGaTa JATHS
nazepHbiM myuykoM [93]. MaxkpomomeHsl GbLIM TOydYeHBI B MOHO-
kpucrae LiNbO3:1072 at. % Fe moj meficTBueM TONBKO JTa3epHOro
BozzeiicrBua ¢ A = 0,53 mxm npu 150 °C [94]. HeoGxogumoctsb
MOBHILIEHUST TEMOEpaTyphl Oblia CBA3aHa C TOHHXKeHueM F, or
10 B/cm mpu T' ~ 20 °C mo 3-10% B/cm npu 150 °C. Ilpu obnyuennn
B Buge y3koit (0,2-10 MM) DONOCKM WIMPHHA MHBEPTHPOBAHHOTO
moMmeHa cocrasisuia 150-200 MxMm 1 noBropsana popMy OCBELIeHHOM
OIITHYECKHUM IIyYKOM 006J1aCTH.

Muxpockonuyeckas MoAeabp 00pa30BaHUs CHUILHBIX (DOTOHHIY-
UPOBAHHBIX TOJIEH, JOCTATOYHBIX JIS YIePEernosIpU3alid Cersero-
3MeKTPUKa, OCHOBAHA Ha ChoerudUKe BXOXKIEHUS B KPUCTAJLIMYE-
CKYIO pelIeTKy IPHMECHBIX MOHOB C epeMeHHoil BasmenTHocThio (Fe,
Cr, Mn, Cu) [93-95]. DTa Mogens HanGosnee paspaboraHa 1/Isi HOHOB
JKeJie3a KaK OCHOBHOT'O KOMIIOHEHTA, HEKOHTPOJIMPYEMO BXOLSAIIE-
ro B KPHUCTAJJIBI CETHETOIEKTPHKOB M ONPEAeSIOIEro 3HaueHust
dboTonH LYy MpPOBaHHBIX TIOJEH IPOCTPAHCTBEHHOTO 3apsa [96, 97].
W3zBecTHo, uro noust Fe?t u Fedt sannmator oguu u re xe mosunuu
B KPHCTAJUIMYECKOH pelleTke, HampuMep, 3aMelias HOHBI JIHTHUS
B LiNbO3. Benrencrue yemosuit 3apaaoBoit KOMIEHCAME IPOUCXO-
[T X HEKOTOPOE CMEUIeH e BAO/Ib OCH [TOSPU3AIMHE OTHOCHTENHLHO
nosnoxkenuit noHOB JmTus. Wompr Fe?T apnsiorca moHOpHBIME, a
nous! Fed3t — aknenropusiMu nearpamu. IIpu onTrueckoM obiyde-
HUH OPOUCXOIUT (bOTOTEeHEepauys MeKTpoHoB oT uoHoB Fe?t. Top
neficrBueM (bOTOTAIBLBAHUYECKOTO YOS 3JIeKTPOHBI IEPEMEIAI0TCs
BIOb OCH NOJAPHU3ALMH U 3axBaThiBaiorcss uoHamu Fe3t. B pe-
3yJIbTaTe BO3HUKAET MPOCTPAHCTBEHHOE MepepaclpejesieHue 3aps-
JIOB MOHOB 2KeJIe3a, IPUBOLSIIEE K BO3HUKHOBEHUIO CHJILHOTO Iallb-
BAHUYECKOTO IO/, HANPABJIEHHOTO HABCTPEYy IIOJNIO CIOHTAHHOMN
nonspusanuu. ONTUMaibHOE COOTHOIIEHUE JOHOPHBIX M aKIenTop-
HBIX LEHTPOB CO3JAET yBEJMYEHHE HAIpPSKeHHOCTH WHIYIIMPOBAH-
HOTO HOMsl Ha OZUH—/JBA MOPAIKa MO OTHOIUEHMIO K OecrpuMecHBIM
Cer‘HeTOSJIeKTgpI/IKaM 1pu o61Ieil KOHIEHTPAIMH IPUMECHBIX LIEHTPOB
ne soime 1019 cn~3

Kak yxe oTrmeuyanoch BbIIIe, MOHBI Fe3t u Fe?t samemaior
HOHBI JIUTHS, IPUYEM BQICJCTBHE YCIIOBHI 3apsAI0BOM KOMIIEHCAIIUH
HOHBI XKEJIe3a CMEIAIOTCS OTHOCHTEIBHO ePBOHAYAJIBLHBIX [I0JI0XKe-
Huit, 3aHMMaeMblx umoHamu Lit. DTu cmemenus momXuBEl MpHBO-
JUTHb K JIOKANTbHBIM M3MEHEHHSIM MOJISPU3alUd OKPYKeHHUsl HOHOB



XKeje3a, XOTd U He3HauyuTeNbHbIM. lopasfno Oonbmuii BkjIaj B
M3MEHEHUE MONSPU3aLUd OJIHKARIIero PELIETOYHOLO OKPYIKeHHs.
BHOCST [ONOJHUTE/NbHBIE CMeUleHusi HOHOB Fe +, 0BycoBIEHHbIE
AIH-TeJIPOBCKUM B3amMmogeiicrenem. Uonn Fe’t, B ommmume ot
nouos Fe3T, umeromux cdepuueckyo dbopmy, OTHOCATCA K Ipylire
MOHOB, He3amoJHEeHHast 000JI0YKa KOTOPHIX COHEPKUT YETHOE YUC-
JIO JIEKTPOHOB, ¥ XapaKTep IHEPreTUYECKOI'o CIEKTpa CYIIEeCTBEH-
Ho onpegensiercs adpdexrom Huna-Tennepa. dror apdekT cocrour
B HCKAXKEHUM KOMILIEKCA, 00pa3s0OBaHHOIO NapaMarHUTHHIM HOHOM
U GrmkaiiiuMe K HeMy MOHAMU [epBO# KOOPAMHAIMOHHON cdepbl
[pU CHATHU OPOUTAILHOIrO BBIPOXKIEHUS OCHOBHOT'O COCTOSIHHS Ia-
paMarHUTHOro MoHa. IIpu MCKaXKeHWH KOMILJIeKCa yIpyrasl SHEepTUs
PElIeTKY BO3PACTAET, U PABHOBECHE MEX]y KOMILJIEKCOM U peIleT-
KOM JocTUraercs TOTAA, KOTAAa 9TO BO3PACTAHUE KOMIEHCHUDPYETCS
yMeHbIIeHUEM 9Hepruu KoMiuiekca. B arom wiygae dhemeHonoruye-
CKHH TraMHUJIbTOHHAH, CBA3BIBAIOINUN 9JIEeKTPOHHO-PEIIETOYHYIO CH-
creMy, MOxer ObITH HpeacTaBieH B Buze [98):

= %cu2 — 1ua, (1.11)

re HEepBBIM WIEH IPENCTABISAET YIPYLyI0 SHEPTHUIO0 HUCKAXKEHHOH

pellleTKH, a BTOPOH — JIMHEeHHoe SH-TeJVIEPOBCKOe B3BAaNMOIEHCTRIE

MEXKAY pellleTKO! U JBaXKAb! BLIPOXKJIEHHBIM 3JIEKTPOHBIM COCTOS-

HueM: u - gedopMmanys; ¢ —MOAYIb YHOPYIrOCTH; 7) — KOHCTAHTA

AIEKTPOHHO-PEIIEeTOYHOH CBA3Y; 0 = 1 — BOTHOBasA QYyHKIML.
Orciopa sueprus cBsizaHHOU cucrembl W umeer Buj,

W = %cu2i'r)u, (1.12)
a MaKCHMYM SHepruu Kax GyHxnuu gedopManym:

Winax = _n (1.13)
max % .

IpU MaKCUMANIbHON medopMmalun:
Umax = ii'cl, (1.14)

YTO COOTBETCTBYET YCIOBUI) CHATUS BBIPOXKIEHHS 3JIEKTPOHHBIX
ypOBHei1.

Taxum o6pasom, uonsr Fe?t cunpno cBszamsl ¢ Gumxaiimm
peleToYHbIM OKpYyXKeHueM. VX JononmHuTeNbHblE CMEUIeHUs OTHO-
CUTEJIbHO [TEPBOHAYANIBHBIX MOJI0XKeHuH, 06ycioBnennbie adpdhexTom
fna-Tennepa, MOryT BBIBBIBATH 3HAYUTENLHYIO JOMOIHUTEILHYIO



HOJIIPU3ANMIO KPHCTAJUIMYECKOIO OKPYXKEHHS TIOJIEM 3aPsKEeHHOTO
[eHTpa, IpUYeM HalpaBjIeHHe 3TOU MOoNApu3anuu OyJeT NpOTHBO-
[IOJIOKHO HAIIPABJIEHUIO clIoHTaHHOM nonspusanyuy. OneHuTh BesH-
YUHY 3TOH MONAPHU3AIMH MOXKHO C IOMOLIBIO Cyiepyromeh dhopmy-
as1 [99):
qu

P = el (1.15)
rje g —3apsaj HOHA; @ — pa3Mep JJIEMEHTAPHO! TYeHKu.

B nepsom l'IpI/I6JII/DKeHI/II/I ,L:ecbo;Q)Maumo MOXKHO on;eHnTb U3 BbI-
paxenus (1.14) opu ¢ = 101 H/m? [78] u g ~ 8- 10% v~ /ex. ne-
dopmanuu. Takum obpasom, 3Hauvenue u coctasut 0,2 HM, a ,uonon—
HUTeJIbHASA MOJIAPU3AIHNA IpH @ =~ 1,2HM cocraBur P ~ 2- 10~2Kon /n2
YTO COOTBETCTBYET BO3HHKHOBEHHIO JIEKTPUYECKOrO OIS

p

nopsazxa 8 - 107 B/wm.

IIpu nepepa/cngep;eneﬂnu paHee XAOTHYHO PACIONIOXKEHHBIX 10
obpaswuy monos Fe’t u Fe3t B xome d)o'ropecbpax'mmoro acbdexTa
JIOKAJTbHBIE SIEKTPUYECKUE IO BOKPYT HoHOB Fe?t (ocobenno npu
JIOCTATOYHOMN KOHIEHTPAIUY UOHOB JKeJle3a) MOXKHO PacCMaTpUBATh
KaK COBOKYIHOCTh OZMHAKOBHIM 06pa30M HalpPaBJIEHHBIX U OJIM3KO
IPYT K APYTY PaclOJOXKEHHBIX IOJelf, KOTOpble BCJIEACTBUE 3/IeK-
TpoonTryeckoro adpdexta 6yAyT BHI3LIBATH U3MEHEHUE MOKA3ATENA
IIPEJIOMJICHHUS.

Kpome Toro, 3HadeHus 3THUX IOJei BIIOIHE FOCTATOUHEl A7
TIeperosIpu3anyii 06beMOB BOKPYT HpHUMecHsIX HoHOB Fe?T mpu
Bricokux (mopska 150 °C) remneparypax. O6pa3oBaHue MUKpPOIO-
MEHOB BOKpPYT HOHOB Fe?T nomkHO, Ka3amoch 6bl, OrpaHUYuBATECS
NPAKTUYECKU NepBOil KoopauHanuoHHoi cdepoit. OnHaxo B certe-
TO3/IEKTpHUKax, U ocobenno mpu BbICOKOH Temmeparype (150 °C),
BCJIEJICTBHE JIETKOH TOJIAPU3YEMOCTH Pa3Mepsl JOMEHOB MOTYT BO3-
pacTaTh, ¥ IPU JOCTATOYHOM KOHLEHTPAIMN IPUMECHBIX HOHOB (HE
meree 0,01 at. %) mMoxker BOBHHKATEH KoonepaTuBHBI addexT obpa-
30BaHUs MAKPOCKOIMUYECKHUX JOMEHOB C MHBEPCHOM MOISpU3AIHEi.
Oro noareepxkaaerca Tem (akTOM, YTO IUMPHHA B [IPOCTPAHCTBEH-
HOE pacHosoxenue POTOMHIYLUPOBAHHLIX JOMEHOB COOTBETCTBYIOT
PACIIOJIOXKEHUI0 MAaKCHMAJILHOTO U3MEHEHUs MOKa3aTelld [IpesioMile-
HUS, a 3HAYUT U [I0J1s HPOCTPAHCTBEHHOIO 3apAia.

BozuuxkHoBeHue KJIaCTEpOB HOHOB XKeje3a yxKe Habomanocs
B MEccHayspoBCcKuX akcnepuMenTax. Kak panee ObLTI0 HEOTHOKPATHO
ycrasosneso [100, 101], npu noBbIIEHNH TeMIIEPATyPsl OT KOMHAT-
soit g0 150 °C none nepenongpusanuy yObIBaeT Ha JBA MOPSIKA,



II03TOMY IIOJIE, CO3JAHHOE BOKPYT MOoHOB Fe?T, moxer 6uITh mocra-
TOYHBIM /I JIOKAJIHHOM MEPEeIospU3alyy.

Cnenyer nmog4epKHyThb, YTO JIOKAJLHAA MEPETONAPU3ALMA MO-
HOKPHCTAJIINYECKOTo 0bpa3ma Huobara JUTHA BO3HMKAJA TOIBKO
IpH OJHOBPEMEHHOM BBITIOHEHUM HECKOJLKUX YCJIOBHil: OTHOIIe-
HHe OTHOCHTeNbHOH KOHIeHTpamuu uonop Fe?t k ormocurennHoit
xonnenrpamuu Fedt nomxuao maxomureca B mpenenax 0,2-0,35, uro
COOTBETCTBYET MAKCUMYMY cbo'ropecbpaKTHBHoro 3%)(1)8KT3., o6maﬁ
KOHIEHTPALHs MOHOB kesle3a — He Menee 1018 ; TEMIIEpaTypa
obpasna npu ero obsy4eHHH — B JUANA30HE 130 160 °C; onruye-
ckoe obiiydenue JOJNKHO CO3JABAaThCA B [UANA30HE IJIMH BOJH He
Gomee 0,55 MkM, T. e. B 0b6macTy PoTOBO3GYxKAeHUA HOHOB Fe?t
Hocxonbxy B pszie pabor Mo TepMHuYecKoil ¢uxcanyn I’OJIOl"paMM
3TH yCJIOBUS BBINOJIHAINCH, TO, [I0-BUIUMOMY, LJIATEILHOE IOCTIEeNy-
IOlllee COXPAaHEHHEe TOJIOrPAMM U X HEBOCIPHMMYUBOCTh K TepMuYe-
CKOMY HarpeBy u.Jia3epHOMy O6JIy4eHUIO CBUAETENLCTBYIOT B [I0JIb3Y
BO3HUKHOBEHUS JOMEHHON CTPYKTYPHI.

1.3. Cerueroanexrpudeckue I11C B nmose
AKYCTHUYECKOIl BOJIHBI

Unrepec k yrnpaBieHno aKyCTHIECKUMHU IapaMeTPaMK CerHeTo-
JIEKTPUYECKUX KPUCTAJLIIOB, 00najaromux 6onpmuM mbe3odddex-
TOM, BO3HHK Cpa3dy JKe I[0CTe Hadyasa MCIOAb30BAHUSA OCKCHIHBIX
CErHETOIEKTPUKOB B upHkianubix ueisx [102]. Iox pesicreuem
[IPUJIOXKEHHOT'O 3JIEKTPUYECKOro MOJS BCIEJCTBHE 0OpaTHOrO mbe-
303cbdexTa mpoucxoaur gedopManua KpUCTAUIMYECKONH pPelIeTKH,
U, CJIeI0BATENLHO, BOSHUKACT U3MEHEHUE CKOPOCTeH aKyCTHYECKHUX
BOJH. DTOT 3(hdeKT HaleJ NpUMEHEHHe B 3JIEKTPUYECKON mof-
CTPOUKE YaCTOTHI MbE30NEKTPUUECKUX PE30HATOPOB U PAAE Iibe-
30a7IeKTpUYecKuX naTuukos [102]. B cucremax ke mpeoGpasoBa-
HUS U 3aIMCH aKyCTHYECKUX CUTHAJIOB C CEPeIUHBI HIeCTUIeCATHIX
TOJOB CTAJM TPUMEHATHCT NpuOOpHl, OCHOBAHHBIE Ha HeMuHeh-
HOM B3aMMOJEHCTBUM AKyCTUYECKUX BOJH CO CBODOAHBIMU 3JIEK-
TPOHaMH B IIOJIYIIPOBOAHUKOBBIX KpucTaswax [103, 104]. Oxcupn-
HbI€ CErHETOIEKTPUKU-IIONYIPOBOSHUKH (1 OCODEHHO KPHCTAJLIBI
HuobaTa JIMTUA) WCTIONL30BAJINCH TONLKO B BHUJAE I'€HEPATOPOB U
IPUEMHUKOB [IOBEPXHOCTHBIX aKyCTHUECKHX BOJIH B CIHABUYEBBIX
CTPYKTYPaX «MHE303EKTPUK — MONYIIPOBOAHUK». [Ipu 3TOM merek-
TupoBaHUe, 06paboTKa U 3amUCh AKYyCTUYECKUX CHIHAJIOB OCHOBa-
HBI Ha MOJYJANMU CBOGOJHBLIX EKTPOHOB IIEKTPUYECKUM IIOJIEM,
COIIPOBOXKIAIOHTUM AKYCTHYECKYI0 BOJMHY B MIHE30IEKTPHUKE, U TI0-
CNIEAYIOIMM 3aXBATOM UX KaKMMHU-IuO0 meHTpamu. OgHako masas
PaCIPOCTPAHEHHOCTh CIHABUYEBBIX CHCTEM THIIA «HHODAT JUTUS



(mbe303IIeKTPUK ) — apCeHu /] rayius (II0NyIPOBOJHUK )» T10-BHAMO-
MY BBI3BaHa CJIOXKHOH TEXHOIOTHEH H3TOTOBJIEHUS TAKUX CTPYKTYP
U MAJIBIM BPEMEHeM JXHM3HH JIOBYILIEK AJIs CBOOOJHBIX SJIEKTPOHOB.

ITockonbky B hoTOpedpPaKTUBHBIX CETHETOWIEKTPUKAX TIOJ Jeii-
CTBHEM ONTHYECKOTO 00JIydYeHHs1 BOSHUKAET CHJILHOE IEKTPUUECKOE
moJIe, TO y2Ke B CepeiHe CEMUAECATHIX I'OJI0B ABAILATOr0 BEKa OBLIO
BBIITOJIHEHO [TEPBOE€ TEOPETUYECKOE PACCMOTPEHUE aKyCTOIEKTPOH-
HBIX CBOMCTB Takux Kpucrtawios [105]. Beuto BeickasaHo npeamo-
JIO?KEHHWE O BO3MOXKHOCTH TEHEPaIM aKyCTHYECKHX BOJIH U 3aMUCH
akycTudecKoil uadopManun Ha rojorpacdudeckux pemerkax [106].
W3meHenve yIpyrux mapaMeTpoB KpHCTAJIOB HMODATa JINTHUS O
JefiCTBUEM ONTHYECKOro obydenus: OBLIO SKCIEPUMEHTAIbHO IOf-
TBEPKIEHO IO U3MEHEHHIO0 CKOPOCTH aKycTudeckux BouaH [107] u
HEMOCPECTBEHHO PEeHTreHOCTPYKTypHbIM aHamu3om [108]. Bruia
YCTAHOBJIEHA KOPPEJIALU MEXY H3MEHEeHUAMH BEJINYUH CKOPOCTeH
AKyCTHYECKHMX BOJH M [TOKA3aTeNs IPEJIOMJIEHHS B 3aBHCHMOCTH
OT JJIMHBI BOJIHBI, MHTEHCUBHOCTH M [JIUTEIBHOCTH ONTHYECKOI'O
obuygenus [84]. Dto eme pa3 noaTBEPAHIO OGUHOCTH ONTHYECKUX
U aKYCTHYECKUX IIPOLECCOB, CBA3AHHBEIX C BO3HUKHOBeHHEM (OTO-
HH/(yIMPOBAHHOIO 3JeKTpudeckoro nois [109].

OgHOBpEMEHHO B Te 2Ke rojbl ObLJI0 HCCIEIOBAHO BIUSIHUE aKy-
CTMYECKHMX BOJH Ha PAaCHpOCTpaHeHue (DOTOBO3OYIKAECHHBIX 3JIEK-
TpoHOB. BHauajyie 6pUI0 OOHAPYIKEHO IOMOMHUTEIBHOE H3MEHEHHe
MOKA3aTeNsl IPEIOMJIEHHS, TPONOPIMOHAJILHOE AMILIUTY/ e UMILYJIb-
ca Geryieii MOBEpXHOCTHOM aKyCTHYECKO! BOJHBI B YCJIOBUAX ONTH-
geckoro obJydeHus MOBEPXHOCTH KpHCTasUla Huobara murus [106],
a 3areMm momobHoe uaMeHenue An ObuUI0 06HADYXKEHO B YCIOBH-
Ax Bo30OyxKaeuus croddell obbemuoil akycruueckoi BomHbl [107].
lenepanusa akycruueckux BoaH 6Opuia ocymecTBiesda [IaTakoBeiM
npu Bo36YXKJIEHUU TOJOrpaduUecKoil PeIIeTKH MepPeMEeHHBIM 3JIeK-
rpuyeckum nonem [110]. OpHoBpeMeHHO ObiI BBINOMHEH PsZ Te-
operuyeckux pabor [111, 112], mocBsumenHbIx paspaborke ¢eHo-
MEHOJIOPMYECKON MOJENIM B3aMMOIEACTBUA AKyCTHYECKHX BOJIH C
doronHaynUpOBaHHEIMY ToNorpadHYecKuMI pelreTkaMu. B gact-
HOCTH, ObLIO ToKa3aHo Teoperwuecku [113, 114], a 3arem u obHa-
pyeHo skcnepumeHTanbHO [115, 116], uro Haubonee acdexTunHas
reHepanys aKyCTHIeCKUX KoylebaHuil C IOMOL{bIO MOLYJINPOBAHHONO
ONITUYECKOrO IIyYKa BO3HUKAET B MOMEHTHI 3allUCH WJIM CTHPAHHA
rojorpaduYecKoil peneTKH.

Opnako, HECMOTPS Ha OYEBHHYIO TEPCIEKTHBHOCTDH UCIIOAL30-
BaHUs (POTOMHIYUUPOBAHHLIX 3(bdeKkToB U romorpaduyeckux pe-
UIETOK B CHCTeMaX YIPaBJEHHS IIapaMeTpaM#u aKyCTHYECKHX KO-
nebaHuii M reHepanyMM aKyCTHYeCKMX BOJIH, JIETKas CTHPAEMOCTH
ronorpaduYeCKIX PEIIeTOK I0J BJMSHHMEM BHEIIHUX BO3AEHCTBHIA



MPEnsITCTBOBAJIa MX NPUMEHEHHIO B aKyCTOJEKTPOHHBIX YCTDOH-
CTBax.

Io-Bugumomy, Gonlee MEPCHEKTHUBHBIM B aKyCTOIEKTPOHHBIX
ycrpoiicTeax OblI0 ObI NpUMeHeHHe. OKCHIHBIX CErHETOUIEKTPHKOB
¢ HEePUOAUYECKUMH JOMEHHBIMHU CTPYKTYpaMmu. Bosee Toro, momen-
Hble CTPYKTypBl B KpHCTaJIax TepMaHaTa CBHHI@A U Moaubpara
raJIOIMHAS Y2Ke UCTONB30BAUCE JJIsI OTPAXKEHUA, MIPeJIOMIIEHU U
reHepanuy aKycTudeckux sond [117, 118).

XoT4 B IPOBEAEHHBIX PaHee UCC/IeI0BAHUAX 0 B3aUMOJEHCTBHUIO
AKYCTHYECKHX BOJH C (DOTOUHIYIIMPOBAHHLIMY JIeKTpoHamu [119-121]
He ObL10 06HApPYKEHO BO3HUKHOBEHHE PETYISAPHBIX JOMEHHBIX
CTPYKTYpP, BO3MOXKHOCTH HX 00pa30BaHUA y>Ke CTAHOBHJIACH
peasbuoit 3amadeit. Ilo cyuiecrBy, s/ekTpuUdUecKoe IoJe CTOAYEH
aKyCTUYeCKO# BOJIHBI B IbE30IEKTPUKE—-CErHETOIEKTPUKE JOJIXKHO
651710 GBI BRITOMHATE TY K€ POJlh, YTO U MoJe (HDOTOBOILTANIECKOTO
adpdexra mpu yucTo onruyeckoM hOPMUPOBAHUY JOMEHOB. [ 1aBHaa
TPYIAHOCTE COCTOSIA B COBHAHNY TAKUX I'PATUEHTOB SJIEKTPUYECKUX
nodneit, choOpMUPOBAHHBIX aKYCTUYECKOH BOJIHOM, KOTOPBIe ObLIM Ob
JOCTATOYHB! I JIOKAJIBHOM Mepenoapu3anuu obpasna.

OcHOBHOM npUYMHON Heyxad OBLIO IPOBELEHNE SKCIEPUMEHTOB
IpH KOMHATHON TeMIeparype, IpH KOTOPOM aKyCTHYECKH MHAYIIU-
POBaHHBIE TPAIUEHTHI IEKTPUYECKOrO MO OBLIM HEmOCTATOYHBI
JUId [epernonsapu3anui. TonbKo Ipy UCIOAb30BAHUN OINTUMAILHOTO
COOTHOIIEHUS KOHIEHTPALU HOHOB Fe2+/ Fedt ~ 0,3 u B Temmepa-
typaoM auanasone 130-150 °C 6wbuta copmuposana I[IJIC B Huo-
HaTe JUTHUA CTOAYEN MOBEPXHOCTHON aKyCTUYECKON BOJIHOPI c am-
IIMTYJ0 OTHOCHTeNBHOM Aedopmanuu mopsanka 1074 B ycaopusx
00JTyYeHHsT OQHOPOIHBIM JIa3epHbIM ImydkoM ¢ A = 0,53 mxm [122) 123].
Hepuon cdopmuposannoit I1JC coOTBETCTBOBAN JJIMHE BOJIHBI
crosiyeit [TAB. Ilockonbky IIAB pacnpocrpansnace BIOAL OCH
moNsApu3anud, TO CHOPMHPOBAIACH CTPYKTypa THUIIA <«IOJIOBA
K I'OJIOBe» C pa3MepaMu JOMEHOB OKoyo 35 mxM. Iiybuna moMeHoB
or moBepxHocTH cocraBiasna 20-30 mxm. KawecTtBo momenos
0Ka3aJIoCh JIOCTATOYHO COBEpIIeHHbIM, U chopmupoBannas I[11C
Obi1a UCIIONIB30BaHA, Ui JIA3EPHON reHepaluyd aKyCTHYeCKUX BOJH.

DeHOMEHOIOTMYECKH MPOIECe 00pa3soBaHusa HHBEPTHUPOBAHHBIX
JIOMEHOB MOXeT ObITh 00bsicHeH ciieayiomuM obpaszom. Kak ciexyer
U3 ONUCAHHOI'O BHIIIE IKCIHEPHUMEHTA IO UTEKTPHIECKOH mepenos-
pu3anyuy paHee MOHOZOMeHHOro o6pa3sia HuobaTa JTUTHUSA, 3HAYEHUA
HAIIPSXKEHHOCTU MPUIOKEHHOTO JIEKTPUYECKOro ToNst Fnon, HEOO-
XOIMMOTO [IJI1 MEePeroapU3aluy, CUILHO 3aBUCIT OT TeMIepaTyphL.
IIpu srom none Egoy mpu 150 °C cocrasaster 1,6-104 B /em. B To xe
BpeMsl, ONpeAesIeHHass KOMICHCALMOHHBIM METOJOM BEeJIMYHHE H3-
MeHeHHs OKa3aTels npesoMieHus n (Ipu GUIONAPHOM XapakTepe



ero U3MeHeHUs1) COCTaBWia Jisi 06pas3noB C pasaudHbIME OOIUMHI
KOHIEHTPALUsAMY TIPUMECHBIX MOHOB Xejie3a or 2 - 1074 1o 6- 104
(puc. 1.7), 94TO COOTBETCTBYET 3HAYEHUSAM HAIPSKEHHOCTH HHIY-
nuposassoro moss ot 1,7 - 104 o 5,2 - 104 B/cm. Comocrasumocts
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107 /\/\ /\/\
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Puc. 1.7. 3aBucuMOCT> M3MeHEHHs IOKa3aTess MpesoMyeHus obpasia HHO-
GaTa JUTHA ¢ ODWEH KOHLIEHTpauWell HOHOB Xeje3a mopsiaka 5 - 1072 ar %
OT aMILINTYbl OTHOCHTEIbHBIX aKycTuyeckux aedopmanmit npu T = 140 °C:
a — GunonapHad; 6 — yHUNONAPHAA

3HaYeHUH ITUX NoJel, a TakKe KPaTHOCTh Pa3MepoB JOMEHOB NJIMHE
CTOsSIYeldl BOJIHBI IIOATBEPIKJAeT IMPEenIoNOoKeHUe O TOM, YTO Hbe30-
IEKTPUUECKOE TOJe SBJISETCA NPUYUHON 00pa30BaHUsS HHBEPCHBIX
JOMEHOB.

Ha mukpockonuyeckoM ypoBHE pouece 00pa3oBaHus JOMEHHOM
CTPYKTYPBI MOXXHO OOBACHATHL C IIOMOINBI0 MOZAEINH, IIPEJCTABJIEH-
Hoii B [81].

DIeKTPUYECKOe TOJE, COIPOBOXK JAIOMIEE AKYCTHUECKYIO BOIHY B
bE303IEKTPUYECKOM KPUCTALIE (IIbE303IEKTPUYIECKOE TI0JIE), MOXK-
HO CYUTATHL KBasucTaTudeckoil BosHoil. Ilockonbky B Jauamasone
gacror 107108 'y muna cBoGomHOrO Mpo6era 3IeKTPOHOB BO MHOTO
pa3 MeHblie JUIMHBI aKyCTHYECKO BOJHBI, TO [HE303JIEKTPUYECKOE
foJIe MOXKHO pacCMaTpUBaTh B KJIACCHYECKOM IIpefiese KaK HUCTOY-
HUK BO3BMYIUEHHS HAYAJILHON PaBHOMEDHO! ILUIOTHOCTH CBODOLHBIX
a1eKTpoHOB (ng). Torga MIOTHOCTH TOKA, CO3JAHHOTO AEHCTBUEM
IIbE303JIEKTPUYECKOTO Tonst Fy, MOXKHO IPeICTaBHTh KaK

Ja=q (no+ Na)  Eq, (1.17)

rfe g ~— 3apsal JEeKTPOHA; N, — KOHIEHTPalMA JIEKTPOHOB, 3aBUCI-
mMas 0T HHTEHCUBHOCTH aKyCTHYECKUX KoueDaHu# U ompezensgeMas



BEJIMYHHON HeJNMHEHHOro aKyCTO3JEKTPOHHOIO B3aMMOIEHCTBU,
HJ — TIOABUXXHOCTH 3JIEKTPOHOB.

Hpu B3amMozeificTBUN IBYX BCTPEYHBIX AKYCTHYECKUX BOJH, YTO
COOTBETCTBYET yCJIOBUAM Haliero 9KCIIEPMMEHTa, BO3HMKAET Hesu-
HeHHpI TOK:

Ja = q it (na1 Eo1 + a2 Eg2) - (1.18)

IIpu paBencrre 4acTOT ¥ IHE30AINEKTPUUECKUX TIOJIEH BCTPEYHBIX
BOJIH TOK J, CO3JAET MPOCTPAHCTBEHHO MOAYJIMPOBAHHBIA JIEKTPH-
YeCKUl MOTeHmuaJ C HyJeBOoil 4acTOTOW M BOJHOBBIM BEKTODOM
ke = 2w/Vy, tme V, —CKOpOCTH aKyCTHHecKO#l BOJHBL B naHHOM
IpuGIMKEHUN MBI He PACCMATPUBAEM IO/ BBICHINX TADMOHUK BU/A
2w, 3w ¥ T. 0., IOCKOJbLKY OHU HE UMEIOT MOCTOSAHHBIX KOMIIOHEHT
IEKTPUYECKOro TIOJIS.

Takum o6pazoM, paBHOMEPHO (OTOreHepHpyeMble 3JIeKTPOHBI
OyIoyT HAXOOUTHCA B MPOCTPAHCTBEHHO MOAYIMPYEMOM 3JIEKTPUYE-
CKOM IIOJIe, YTO B OHpPEJEJCHHON CTENeHUd AHAJIOTHYHO MOBEIEHUIO
3JIEKTPOHOB B (POTOMHAYIUPOBAHHON rojorpacdudecKoil pelueTke.
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Puc. 1.8. Tlepepacnpenenenne ¢hoToo30y XK IEHHBIX 3IEKTPOHOB U HOHOB B 1OJIE
crogueit ITAB

OpHako B IEPBOM CJIy4Yae UX HEPEMEIeHHE B OCHOBHOM OCYIHECTBIIsA-
eTCsl MOJIEM IIbe303JIeKTPUYeCKol Bonubl (puc. 1.8), a BO BTOpPOM
ciy4ae — QPOTOBONHLTANIECKUM TIOJIEM.

ITone npocTpanCTBEHHOTO 3apsaa, MOMUMO U3BECTHBIX MaTepu-
AJILHBIX IAPAMETPOB U UHTEHCHBHOCTH OITHYECKOTO [Iy4Ka, 3aBUCUT
or anuHBEL cBoGomHOro npoGera siaekTponoB. Kak wussecrao [112],



NBE30IEKTPUYECKOE II0JIe CTOAYeH BOAHBI INPUBOAUT K JOIIOJIHU-
TeJILHOMY TEePEHOCY CBODOAHBIX HOCHTENEH ¢ XapaKTePHOH IJIMHOMN
neperoca Lo (z;, t). Ilonaras, 4yro wr < 1, rme —BpeMms >KU3HH
HOCUTesiel, uMeeM

Lo (zi, 1) = Efﬂv (1.19)

EEgQ

rfe T; — HanpaBJeHWEe PACIPOCTPAHEHUs aKyCTUIEeCKO BOJIHBI; € —
TEeH30p Mbe303IeKPUYECKNX MOJYJIell; U — OTHOCUTENbHAA AedopMa-
LHd, CO3JaBaeMas aKyCTHIeCKOU BOJIHOM.

C y4erom Bbipaxkenus (1.19) mone npoCcTpaHCTBEHHOTO 3apAja,
OOYCJIOBJIEHHOTO ITPOCTPAHCTBEHHBIM IIE€pPEpACHpesesieHNEM WOHOB
xenesa Fe?t u Fe3t B nome nbesosmexrpuueckoit Bommbl, Gymer
onpenenaTbCs Kak

E, = i8tpery (1.20)

(ee0)®

rze g— CKOPOCTb TeHepaluu Hocuteseil; ¢ — Bpems obiyueHus.

CrenoBarenbuo, GOTOMHAYUPOBAHHOE TI0JI€ IPOCTPAHCTBEHHO-
ro 3apsza OydeT MPONOPIMOHAJIBHO BEJIMYMHE OTHOCHTEIBHOM Je-
dopmalum, co34aBaEMON aKyCTUIECKONH BOJIHOM.

Ipu p ~ 10 M?/(B-c), 7 = 10713 ¢, e33 = 3 Kn/m?, konnentpa-
1uH cBOBOIHBIX 371eKTPOoHOB gt ~ 102! M~3 [9] u nedopmanmax u ~
~ 107 nose npocTpaHCTBEHHOTO 3apsaa GyIeT JOCTUTATh 3HAYEHHI
10° B/M, 4TO BrOJIHE JOCTATOYHO /Sl TIEPUOLMIECKON MPOCTpAH-
CTBEHHOW MOAYJIAIUA 3HAKA CIOHTAHHON IOJSIPU3AIUHN.

1.4. Kpazunepumoaundeckue JOMEHHbIE CTPYKTYPbI

Bo3M0XHOCTH TPUMEHEHNS KBA3UIIEPHOJAUIECKUX CTPYKTYP, CO-
CTOSIINX U3 ONpPe/Ie/ICHHBIX TOCIE0BATEILHOCTEN JOMEHOB B CeTHe~
TOBJIEKTPUKaX, ObLIN BIIepBble PACCMOTPEHB! B paboTax [64, 124]. ITo
CYTH TaKve KBa3UIEPUOAUYECKUE CTPYKTYPHl SIBJSIOTCS AHAJIOTOM
OZHOMEPHOI'O KBA3UKPUCTAILIA C YepeI0BAHNEM HeCOPa3MEepPHBIX J10-
MEHOB B ONpeAeeHHOM TODAAKE, ONHMCBIBAEMBIM YHCIOBBIM DSAOM
®ubonayunu [6]. Kpasunepuogudnocts B mocienosarenbnocTn Pu-
Gonauyyu MoxKeT ObITH peanm3oBana aia 6sokos A u B (puc. B.26)
10 CJieAyoleMy NpaBuily:

Sj=8j-1/Sj—2 ¢ 723,
2H30%

Sy =|A|; S = |AB|; S3 = |AB/A]| ... (1.21)

2. AB. lonennues — Kytysos u ap.



Ilpu sTOM OTHOLIEHWe pa3MepOB JOMEHOB d4 ¥ dp JOIXKHO
YIOBJIETBOPATEH YCJIOBHIO «30JI0TOTO CEHEHUY:

da _, _ V541 (1.22)
dp 2
B strom ciyuae Bonnogoit BekTop KITZIC

k=2rT%""  mon=1,2 3. D=rdsi+ds (1.23)

IIIC 6ymer obsanmate Hambosee YeTKO BBIPAYKEHHBIMH CBOM-
CTBaMH, HEOOXOJMMBIMH, KaK Oy/eT MoKa3aHo HuXKe, s (Ha30BoOTO
BOJIHOBOTO coryiacoBanus [125, 126].

DopmupoBaHie KBa3UIEPHOANIECKHX CTPYKTYP B CErHETO3JIEK-
Tpukax Hanbosiee NMPOCTO OCYILECTBIIAETCSH IyTeM NPUIOXKEHHUS MM-
NyJBCOB 3JIEKTPHYECKOro IOJA K CHCTEME JIEKTPOAOB C 33 JaHHOM
NOCJIEZIOBATENBHOCTBIO MX PACIOIOXKEHHS.

1.5. MeToasl naeHTHQO KA
CErHEeTOUIEKTPUIECKNX JTOMEHOB

Hawnbosee CyIoXXHBIM acCIeKTOM [JI BCEX 3KCIEPHMEHTAJIbHBIX
MeTos10B GOPMHIPOBAHNS CErHETONEKTPHYIECKHX JTOMEHOB SBJISIETCS
YCTAHOBJIEHHE BO3HHKHOBEHHS AHTUIAPAJIIENIBHBIX ITOJII0 CIIOHTAH-
Ho¥ nonspu3anuu goMenos (180°-upix momenos). Hanbosee uwacto
ynorpebiisemMplii 10 HeJaBHUX MOp CHOco6 ODHapy»KeHHsl CerHeTo-
WIEKTPUUECKUX JOMEHOB COCTOMUT B TPABJEHHH O0Opa3ioB B CMeCH
dropucrosogopozuoit (HF) u azorroit (HNOj3) kucor n nocneny-
foreM HabIogeHnd JOMEHHOM CTPYKTYPhI B NOJISIPH3AIMOHHOM MHU-
kpockone. IToMuMO sKCHEpHMEHTANBHBIX TPYAHOCTEH, CBA3AHHBIX
C Ype3BBIYAMHON arpecCMBHOCTBIO TAKOH CMeCH, 3TOT CIIOCOD IPHBO-
OUAT K 9aCTHYHOMY paspyllIeHHIO TOBEPXHOCTHOIO CJIOS MATEPHAJIA.

Menee paspymaroipM cnocobom HabAIOMEHHS — JOMEHOB
ABJIfeTCHl YIDHMEHEHHe CKAHUDYIOIIEeH pEeHTreHoBCKo#l gudpak-
tomerpua [50], omHako OH TaKiKe NOCTATOYHO CJIOXKEH M CKopee
OTHOCHTCS K KOCBEHHBIM METOHAM.

Kazasnoce 651, Hanbosee IPOCTHIMHA SIBISIOTCS ONTHYECKHE CIIO-
cobbl, XopoIo 3apekoMeHpopapiune ceba npyw u3ydenmn 60°-HBIX
u 90°-HBIX [OMEHOB, HaNpWUMep, OCHOBAHHBIE HA H3MEDEHWH IBY-
aydenpesiomaenus [28]. Onnako B ciydae 180°-HBIX JOMEHOB mO-
cnepnauit MeTon HeaddEKTHBEH, NOCKONABKY JJIf COCEIHHX JIOMEHOB
Pa3IUYHBIMHU 1O 3HAKY 6ylyT TOABKO HeYeTHBIE TE€H30pbl, ONMCHI-
Balole KaKue-JIn00 B3aNMOAEHCTBHsA, HAIPIMED, [1be303JIeKTpHuYe-
CKHil M 3JIeKTPOONTHYECKHUH TEH30phl. UeTHbIe XKe TeH30phl, K KO-
TOPBIM OTHOCHTCSI M TEH30D IMAJIEKTPHIECKON IPOHUIAEMOCTH, He



GyyT M3MEHATH 3HAK IIPH Iepexose OT OMHOro JOMEHA K JPYyroMmy.
CrnenoBaTesbHO, Ui NACHTH(DUKAINA AHTUNADAJJIEIbHBIX JOMEHOB
MOKHO MCIOIb30BaTh 3(deKThl, CBA3AHHbIE C M3MEHEHUEM 3HAKA
JIEKTPOONTHYECKOrO MU NLE303IEKTPUIECKOr0 TEH30POB Ha, IPaHH-
Hax goMeHoB. Tak, NpH NPUIIOKEHHH 3JIEKTPUYECKOro IM0Jisl TEH30D
NBYyJIydelpe/IoOMIeHHs 32 CUeT leKTpoonruyeckoro scdhdexrra dymer
MOAYIMPOBATHCA KBA3HUIIEPHOANYIECKY, YTO SKBUBAJIEHTHO IEPHOIM-
JeCKOMY M3MEHEHHIO oka3ares npeaomienus. cnons3ysa adpdexr
JIBOWHOIO JIyYelpe/iOMJIEHNs ¥ ONITHYIECKYI0 HHTeP(hEPEHIIHIO, MOXK-
HO M3MEpHUTHh PAa3HOCTb MOKA3aTesell IpeOMIIeHHsi AJisl IBYX BOJH,
NOJIIPU30BAHHBIX BO B3aMMHO INEPIEHIUKY/IAPHBIX HANPABICHUAX.
OroT crocod GBUT MCIONB30BAH i WAECHTH(MDUKALAY AHTUIADAJ-
JIeJIBHBIX JOMEHOB B HHoGare nutus [127] nyreM npuMeHeHus: HHTED-
depomerpa Maxa-3eHepa, B 0HO U3 IJIeY KOTOPOro ObLI BKJIIOYEH
uccieayemslii obpaser, (puc. 1.9).
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Puc. 1.9. Briok-cxema ycranosku misa uaenteduxanyu 180°-HbIX CerHeTO3Nex-
TPHUYECKUX JOMeHOB: | — 3KkpaH miu doromereKTop; £ — imH3a; 3 — OunpusMa;
4 — 3epkaio; 5 — komnencarop Bepeka; 6 — na3ep; 7 — obpaserr, MOMeIIEHHbIH
B KPHCTAJLIOJEPXKATeNb; 8§ — HCTOMHHUK PEryJHPyeMOro OMOPHOTO HAIPSIXKEeHUs

Useectno [128|, uTo pa3sHOCTb NOKa3aTesell IPeJOMIIEHHs IJIsl
JIByX BOJIH, pAaCHPOCTPAHAIONIMXCA 4Yepe3 KPUCTAJLI, HAXOASIMACH
BO BHEIIIHEM JIEKTPHYECKOM 1osie F, nMeeT BH

A(ne —no) = ~—% n3ri; Bj (Eo - Po), (1.24)

rjae n, — I0Ka3aTeljb IpejIOMJIeHHd OOBIKHOBEHHOIO Jayd4a; e — o~
Ka3aTelb IIpEeaAOMJIEeHNA HeOOBIKHOBEHHOI'O Jayda; Tij — 3JIEKTPOOII-

Tudeckuil Tensop; Eo — eauHmanbiit Bexrop (E/E) a1eKTpHIecKoro

2%



nonsi; Py — eqUHAYHBIN BEKTOD (P / P) nom{ppmamm (Eo Po) =
= EO Py cos a.

CoOOTBETCTBEHHO PA3HOCTb (a3 ABYX BOJIH MOXKHO IPENCTABUTH
Kak

p= /kA (ne — no) (z, t)dr = Y -‘—i--rn3 (Fo-Py), (1.25)

rae k —BonHOBOI BekTop (2m\); V — Hamlps>KeHune, NpHUKJIaAbIBae-
Moe K 06pa3lyy; d— PacCTOsHUE MEeXIY 3MeKTPOLAMH, K KOTODBIM
NPUKJIAABIBAETCS HANpsKeHue; L.— QJIMHA ONTHYEeCKOro Iy TH.

Koraa npuioeHHOe 31eKTPHUIecKoe T071e apajlIeIbHO HalpaB-
JIEHHIO TIONSApU3anmH, PasHoctb (a3 OyJer yMeHbLIATHC C POC-
tom FE; B IpOTHBONOJNIOXKHOM ClIyuae, Korfa B u P aHTumapai-
JIeJIbHBL, pa3HoCTh (a3 6ymer pactu. Vcrnone3ysi XopoIo n3BeCTHYO
KOMITEHCAI[MOHHY 0 CXeMy u3MepeHusi pasHocTu ¢as [28], moxuo
nyTeM u3MeHEeHWs! BeJIMUUHbl W HANPABJIEHUS IIPUJIOKEHHOrO IIOJIS
OTCJIEXKMBATH W3MEHEHHsI PA3HOCTH a3, a (Ief0oBaTeNbHO, H H3Me-
HEHUsl HanpaBJlenus noaspusamuy [129).

Omnwucannplii crnoco6 6bl1 ompoOoBan B paboTax aMepHKaH-
ckux [127] m kwuralickux ydvensix [126] mo wmpenTudHxKanuM
MHBEPTVPOBAHHBIX JOMEHOB B HuobaTe Jmrnsa. CpaBHenune
MHTEP(DHEPOMETPUIECKOrO METO/Ia C METOJOM TPABJeHHs IOKa3aJl
MX WAEHTHYHOCTD IO ONPEJEIEHHUIO UHBEPCHH MOJISPA3ALAH.




T'imasa 2

CBEPXCTPYKTVYPHI I JIOMEHHBIE CTPYKTVYPHI
B MATHETHUKAX

B oTcyTcTBHE BHEIIHNX MAarHUTHBIX [O/eif MArHETHKH, KaK mpa-
BUJIO, MMEIOT MPOCTPAHCTBEHHYI0 JOMEHHYIO CTPYKTYpy. B omHooc-
HBIX KPHCTaJJIaX, UMEIIMAX OJHO HATPABJEHHE JIEPKOI'o HaMATHH-
YMBAHUA, HAMAarHU9eHHOCTH COCEJHUX HOMEHOB aHTUIAPAJLICIbHEL.
B MHOrooCHBIX KpHCTaJUlaX HaMATHHYEHHOCTH JOMEHOB MOLYT 06-
Pa30BBIBATh yIIbI, OTiM4uHble oT 180° u cooTBeTcTBYyMOmHEe YyriiaM
MEXAY Da3JIMYHBIMYM HANpPaBJEHUSMYU JIErKOro HaMarHWYHBaHHA.
B paje MarHeTHKOB CIOHTAaHHO 0OpPa30BAHHBIE OMEHHBIE CTPYKTY-
PBI HMEIOT 1 60s1ee CJIOKHYIO KOHMDUIYDAMIO B BUsie «IabipHHTOB»,
«eqoueK», «cor» u ap. [130].

Kak y»xe ormeuanioch Bbime, Hanbosee IPOCTHIM SABJSETCS CIIO-
cob ympaBieHHsI JOMEHHON CTPYKTypO#l ¢ IOMOMIBI0 IIPHJIOYKEHHS
MarHuTHOro mois. Ilocie BBIK/IIOUEHHS NMOJA MHAYUMPOBAHHAS MM
MarHUTHas JOMEHHas CTPYKTypa YacTH4HO coxpaHgercd. BosHuka-
eT MeTacTabuiabHas CTPYKTYypa.

Tak, AT MHOTOOCHBIX AHTU(EPPOMArHETHKOB, [jisi KOTODBIX
XapaKTepHa CIIOHTAHHasl HaMarHUYeHHOCTh B Buzae 180°-HbIX u
90°-HBIX JOMEHOB, IPUIOXKEHNE BHELIHEro MO IPUBOJUT K Ipeos-
pasoBanuio 90°-Heix soMeHoB B 180°-Hble momens! [131]. Ilockonbky
npoliecC HaMarHWYUBAHUS MMEET MCTePE3UCHBIN XapaKTep, CyIle-
cTByeT 007aCTh MArHUTHBIX IOJei, B KOTOPOil Habnwogaerca MeTa-
cTabuIbHOE COCTOSHME [iJIa CTPYKTYPbI TosbKo 180°-HBIX mOMeHOB
OIpeJieJIeHHOM KOH(UTy paljui.

K nacrosimemy Bpemeny BOBMOXXHOCTH TPUMEHEHHs IepUOInYe-
CKHUX CTPYKTYP B MAarHETHKAX B OCHOBHOM KaCalOTCs TPeX aCIeKTOB.
Bo-nepBrix, Hcnonb3oBaHne JOMEHOB PA3IUYHOrO BAAA B TOHKAX U
CBEPXTOHKMX ILIeHKAX; BO-BTOPBIX, UCIIOJIb30BAHHE MHOTOCIONHHBIX
CTPYKTYP, CoueTanoux (eppo- u anTudeppoMarHuTHEE CJION WX
MarHUTHBEIE W JU3JIeKTPUYECKIe CJIOW; B-TPEThHX, HCIOJb30BaHHE
MarHUTHBIX MaTEPUAJIOB CO CJIOMCTHIMH CTPyKTypamu. IIpm srom
TaKHe CTPYKTYPbl MOTYT COCTOAATH He TOJHKO U3 KPHUCTAJLINYECKHX
C/IOEB, HO ¥ U3 VIOHOB C Pa3JMYHBIMU BHIAMH YHOPSJOYEHHsi — CIU-
HOBOTrO WaH 3apsagosoro. Hanbosee mepcneKTHBHBIMU MaTePHATAMHU
C PA3/IMYHBIME BUJAMH yNOPSHOYEHUS] CUUTAIOTCH MEePOBCKUTONOL00-
HbIE OKCUABI METAJIJIOB [TePEXOAHON I'PyNITbl, HAIIPAMED, MAHTAHUTHI.



2.1. CBepXCTPYKTYPhI M JOMEHHBIE CTPYKTYPBbI
B MarHUTHBIX MJIEHKaxX

Crocob dopmupoBanus JOMEHHBIX CTPYKTYP B NPHIOKEHHOM
MArCHATHOM 10j1e OB WCHOJB30BAaH B TOHKMX MArHHTHBIX IUIEH-
Kax ¢ TonmuHoi MeHee 1 MkM. Ux dyngaMeHTanbHBIM CBOHCTBOM
ABJAETCS MATHATHAS AHW30TPONMH, ONpeelsifomas THI MarHHT-
HOil CTpyKTypbl. B mieHKax ¢ nepneHJUKYJsPHOM K IOBEPXHOCTH
MArHATHON aHM30TpONHell BO3MOXKHO obpasoBanme Kpyribix IIMJL
NyTeM MNPWIOXKEHNs MOjs BJOAb OCH JIETKO'O HaMarHWYMBAHUSAL.
B onpenenennoM MHTepBase NPHIOKEHHONO MAarHUTHOI'O MOJIS BO3-
HuKaoT pasHoBecHble IIMJI, mepeMerieHre KOTOPHIX BJOJIb IJIEHKH
OCYILIECTBJIAETCS N0, ISHCTBHEM T'PaJMEeHTHOrO MarHTHOTO 1o [26].

ITo3nuee [132] 6b11a 06HApyKeHa ITepENONAPH3ALIA MATHUTHEIX
JoMeHOB B snuTakcHanbuoi mienke (d ~ 300 A) xenesa, nanpiien-
Ho#f Ha IacTUHy apceHnga rajnus. IIpu sTom mponecc mepenons-

H, H, pU3anud  MHKDOLOMEHOB C

[100] [110] [010]  [100] [110] o10]  pasmepamu 500 X 15MKM mpo-
o HCXOOW/I CKauKaMH IpH ABYX
3HAYEHUAX KPUTHYECKHUX Mar-
uuTHBIX moneit Hp n Heyp
[100] B HANpPaBJIEHUAX JIETKOrO H

TPYJHOIO HAMAarHWYMBAHHS

mn//[“(]] hs (puc. 2.1) [132], T. e. oT ocn

[100] x [010] mpm mome H

rev//[ll()] H, Ha060p0'1‘, ot [010] x [100]
es

npu nojte Hep.
YeroitunBasi cTaTHIecKasi
A | 'Y I CMeIIaHHasA JOMeHHAs CTpyK-
Typa, COCTOANAsE U3 MOJIOCO-
Puc. 2.1. OpuenTanus foMeHHbIX rpamuy u  BPIX JOMEHOB H HWJIMHIDH-
HaMardM4eHHOCTh BHYTPHM JOMeHOB Aada Ye€CKOro MarHMTHOI'O JOMEHA

quTmpexH cnml?lmﬁ npugomem'lﬂ moned GpuIa MOJIyYeHA B IJIEHKAX
1 u Hcp. Muuexcer ofo3Hauator Jner-

kywo (es) u Tpyauyio (hs) ocu aumzoTpo- d)(-{p PHT-TpaHaTOB cocraba
mum. O6pasen Fe/GaAs naceimaJca B nep- (B10,7Lu 0,3) (Fe 0,8G30,2) O12
BOHa4aJBHOM mojie Hinit, & 3aTeM ckauxkoM TAKXe ¢ IOMOMIBIO IPHJIO-
. MI3MEHSJI HAMarHM4eHHoCTh mojieM H. rev KEHHOI'0 MArHuTHOrO IIOJId

(puc. 2.2) [133].

B nocnemuwe rompl Gonbinoe BHEMaHWe ObLIO oOpameHo Ha
CBEDXTOHKIE MArHUTHbIE IJIEHKH C TOJMIMHAMH B HECKOJBKO ATOM-
HBIX CI0eB. B Takmx IUIeHKaX BOBHMKAIOT pa3sHOOGpa3HbBIe pa3-
mepusble 3ddexTsl. Tak, B MHOIOCTOMHBIX MaIHUTHBIX CTPYKTYpax
(cBepXCTpYKTypax), COCTOSIIAX M3 dYepexyromuxca dheppoMarHuT-
ubix (Fe, Co) u HemaruuTHbix (Cr, Cu) MeTannndeckux cjoes, ObI-




J10 OOHApYIKEeHO KOCBeHHOe OOMEHHOE B3aMMOIEHCTBHE 3JIeKTPOHOB
mexay eppomMarHuTHeiME ciiosimu [9]. OHo MMeer ocumanupyio-
HIMH XapakTep B 3aBHCHMOCTH OT TOJIIMHLI HEMATHUTHOTO CJIOS H
NpUBOAKT nb0 K KOJTMHEApHOMY (heépPOMATHATHOMY yHOpPsioue-
HUIO HAMarHIYeHHOCTH, JH00 K KO/IJIMHeapHOMY aHTH(heppOMaruHnT-
HOMY YNODsJIOYEHHIO B COCEAHNX MATHUTHBIX ClIOsiX. Takywo cTpyK-
TYypy € U3MEHSIONMMCS OT CJOsl K CJIOI0 XapaKTepoM MAarHHTHOI'O
YIOPSIOYEHNsT MOXKHO PACCMATPHBATEH KakK CHCTeMY MarHHUTHBIX J[0-
MEHOB.

B Gousee crmoxxHOM Cyyae, KOTrJa MHOI'OC/IOMHAs CTPYKTypa CO-
CTOUT M3 uepenymomuxcsa (peppo- ¥ aHTH(DEPPOMATHUTHBIX CJIOEB,

Puc. 2.2. Ilpnnusapraeckuit MACHATHBIA JOMeH B IOJIOCOBOH JOMEHHO! CTpPyK-
type [133]

Kax mokasaxo B [10], sHepreTideckn BHIMOAHEIM CTAHOBUTCS pa3bue-
HHE MOHOATOMHBIX CJIOeB BOJIM3M rpaHMUBl pa3fiea Ha JOMEHBI.
BuyTpu xaxkmoro nomeHa HaMarHUYeHHOCTh NMapajlieibHA WIH aH-
TUmapajlebHa B 3aBMCHMOCTH OT XapakTepa oOMEHHOTO B3aMMO-
neiicreus. Takum o6pa3oM, B MHOTOCIOMHOM MAarHWTHON CTPYKType
BO3MOX>KHO BO3HHKHOBEHHE NPOTSKEHHBIX MOHOCIOHHBIX JOMEHHBIX
CTPYKTyp. Bo3HUKHOBEHNE HOMEHHBIX MDaHWL] NPHBOAWT K CMEIlH-
BAaHHIO CHMHOBBIX COCTOSIHHI 3JIEKTDPOHOB M BHOCHT CYIIECTBEHHBIH



BKJIQJI B BEJIMYHMHy MAarHETOCONPOTHBJEeHNs. BHellnee MarHuTHOE
I0Jie, BBI3LIBAOIIEE MEPEOPUEHTANMI0 HAMAarHWYeHHOCTeH C aHTH-
¢deppoMarHuTHO# Ha GheppPOMArHUTHYIO, CO3JAET U3MEHEHNE CONIPO-
THBJIEHUS HA COTHH NPOLEHTOB [[aXKe NPU KOMHATHO TeMuepaType.

2.2. YnopsiioueHHbIE M JOMEHHBIE CTPYKTYPbI
B MaHraHUTax

B nocnenuee mecatunervie XX BeKa BHUMaH#He (BH3UKOB 6BLIO
NPHUBJIEYEHO K NMEPOBCKHATONONOOHBIM OKCHJAM METAJIJIOB IEepeXox-
HBIX I'PYII ¥ 0COOEHHO K MapraHleBbIM ITIEPOBCKUTAM (MaHTraHUTaM)
¢ obmeit popmysoit Ry_,A,MnOj3, rme R = La, Pr, Nd — penko-
3emenbpHBIe MeTa/uinl; A = Sr, Ca — WEeI0YHOraNIoNJHbIe dJIeMeH-
ToI [134-136].

WuTepec Kk MaHraHuTam B NMEPBYIO Oo4Yepeb ObLI CBA3aH C OOHA-
Py KeHHeM Tak Ha3bIBAEMOI'0 KOJIOCCAILHOIO MArHUTHOIO COIIPOTHB-
JIEHHH, T. €. NCKJIIOUATENbHO CHILHOTO M3MEHEHNS IEKTPHYECKOro
CONPOTHBJIEHNsi B MAarHUTHOM IIOJIE. XOTS [0 HACTOSIIEr0 BpEMEHH
10T 3 deKT He MOMYUNT NOIHOro O0bACHEHMs, ero UCCIeoBa-
HUS PA3JINYHBIMU MeTOJAMH IO3BOIIIN OGHAPYKUTH Psifi ¥ JAPYTHX
HEeOOBIYHBIX CBoOMcTB. B MaHraHwrax mepemsierensl pa3nooOpas3Hble
CBOMCTBA METAJLJIOB ¥ AU3JIEKTPUKOB, HOHHBIX U KOBaJIEHTHBIX KPH-
CTaJIJIOB, (DePPOMATHATHBIX ¥ AHTH(MEPPOMATHUTHBIX CHCTEM.

Bce MHOroobpasme u HeOOBIYHOCTH (DU3MUECKUX CBOMCTB CTaJIO
OpeJMeTOM MHOI'OYHC/IEHHBIX SKCIEPHMEHTAJIBHBIX HCCIeJOBAHMIMA.
Yxke k mawamy 2001 r. 6suto omybsimkosano Gosmee 1000 pabor.
Takoe obwine JUTEpaTyphl CBS3AHO HE TOJBKO C BO3MOXKHBIMH
TEXHUYECKAMH NPUJIOKEHUsIMU (HANPUMEP, B CEHCOPHBIX YCTPOM-
cTBaX Ha OcHoBe 3¢pdeKTa KOAOCCATIBHOr0 MAarHATOCOIPOTUBIICHHS,
HO ¥ ¢ TeM 00CTOATEeNbCTBOM, YTO MAHIAHUTHI IPEJCTABIAIOT Co0Oil
00BeKTHI C CHJIBHO KOPPEJMPOBAHHBIM B3aMMOJEHCTBHEM SJIEKTPO-
HOB, KOTOpOe yXKe JJABHO MHTEPEeCyeT MCCIe[oBaTeIel.

O6mwuit Bug u dparMents! uaeanbHoil crpyktypsl RMOj3 noka-
3aHbl Ha puc. 2.3. Ee ocHoBHOI 610K (mogobno pemlerkam, obsiaa-
IOLMM BBICOKOTEMIEPATYPHOH CBEPXIPOBOJUMOCTHIO) — [OCTATOY-
Ho xectku#t okTasnp MOg/y (nocmenumit MHIEKC HECTydaeH, MM
NPUHATO MOLYEPKUBATH TO OOCTOATENBCTBO, UYTO KaXKJbIA JIATAHT
pazzieneH Mexay OmmxaidmuMu oxrasgpamu. ClencTBHEM TaKHX
«IIAPHUPHBIX» CBsI3€il ABJISETCS HEBO3MOXKHOCTb M30JIMPOBAHHBIX,
WM HE3ABHCUMBIX, JlehopManuii Ui NOBOPOTOB OTAEILHO B3ATOTO
OKTasJpa).

Ha puc. 2.4 mokasaHo, KaK ¥ HACKOJBKO MOXKHO NOHU3UTDH KyOu-
YECKHUil KpUCTAJIMIECKHH KJAacC, CMemas MOHBI M3 CBOMX II0JIOXKe-
HUl paBHOBecwsa B KyOe IIyTeM peryisipHbIX nosoporos u pedop-



Malyi OKTa3APOB, KOTODBIE OCTABJISAIOT MOH MEpPEeXOJHOIO METaJl-
Ja B ux neHrpax. CoOTBeTCTBYIOIICe NOHIDKeHWe He MOXKET OBITh
yCTaHOBJIeHO B O0HIeM BHe (€3 KOHKDeTH3anuy HOHA IIePeXOJHOro

a R3+ rp =197 &
) . M3+
I~ =
/= Qo
(D) _
1 ¢ TRO -
2nyo =
1A -279A
Q
a=b=c=384 A

Puc. 2.3. Uneanbuas kybudeckas crpysrypa neposckura RMO3 (a) u ee ocros-
Hble SJIeMeHTBl: Kybuueckue siuefiku C IEHTPAIBHBIMM HOHAMM [IEPEeXOIHOTO

merasuia (6) 1 peakoseMesbHBIMH (6)
6 ZIN
1,91 A \
@ ®

b

QA\

Puc. 2.4. Hanpasnenwe JedOpMaLHOHHBIX SH-TE/LIEPOBCKUX CMEINEHHH KUCIIO-
POIOHBIX 0KTa3apoB (a) u yasoennas (6e3 yuera, AJs OpOCTOTHI, Claboi opTo-
poMmOuuHoCcTH) CTpYKTYpa 6a3ucHol niockocty (6) coemunenus LaMnOj3. Vka-
3aHB! BeJIMUMHEBI JJIMHHON M KOPDOTKOMH OCell MCKaXXeHHBIX OKTasApoB. 2KupHEIe
JINHUK — HaNpaBJieHus HamboJsiee CHIbHO MHOPHAMBYIOMNXCS p- ¥ d-opbuTtasei
HOHOB KHCJIOpOJ2 ¥ Maprasia

MeTaJ11a, MOCKOABKY XOPOIUO U3BECTHO, YTO OHO LIEJIMKOM OnpeJend-
€TCSL OCHOBHBIM 3JIEKTPOHHBIM T€PMOM (€ro BHIDOXKIEHHOCTHIO HJIH
HeBBIPOXKIEHHOCTLIO) 3TOTO MOHA B KyOMYECKOM KPHCTAJLINYECKOM
none. 11 ecnu BoIpoX geHMe 3TOTO TEPMa HMeEeTCst, TO OHO HEMeJJIeH-



HO ByZeT CHSITO MCKaJKE€HHEM OKTas[ApoB (KoomepaTwBHbIH addexT
HAna-Tennepa) (puc. 2.5).

ManranuTs! 06J1aaI0T HECKOJIBKMMH BHJAMH yNOPSJOYEHUST —
CTIIMHOBBIM, OpOMTANIBHBIM, 3apSJIOBBIM, KOTODBIE COIIPOBOXKJAIOTCA

LaMnO, AMnO,

}ea _— T}y

I } b
4+ 3+ 4+
Mn3+ Mn Mn Mn

} 123

Puc. 2.5. OmHouoHHBIE CIEKTPbI MApraHua B COEJMHEHHH C OLHOM IBIPKOH
(LaMnO3) u onmmm amextporom (AMnO3). Buamo, uto cmektp moma Mn*t
B LaMnOj3 okasbiaeTcs pacuienieHHbIM (TICEBAOBbIPOXKAEHHBIM ), a PacuiernJe-

mue criexktpa Mn®t B AMnOj; mensue, gem 8 LaMnOjs, rae oo o6yciosneso
KOJLIEKTHBHBIM 3¢ dekrom Ana-Temnepa

o6pa30BaHueM 3apsifIoBBIX ¥ OPOUTAIBHBIX MATHUTHBIX CBEPXCTPYK-
TYpP, HOJIOCOK M T.J. JKCIEepUMEHTAIbHBIE M TEOPETHYECKHEe HCClle-
JoBanus nokazamu [134-136], uTo Takme CBepPXCTPYKTYPbl MOLYT
CO3/IaBATHCS 32 CYET PA3IMYHBIX MEXAHH3MOB: IOCPEJICTBOM HYHCTHIX
3J1eKTPOHHBIX 9 deKToB (gBoltHOro cynepobMeHa) wau (u) mocpes-
CTBOM 3JIeKTPOH-PEIIeTOYHbIX B3auMogeiicTuii. [To-Bugumomy, Tak-
K€ CyHIECTBEHHBIM ABJISIETCS PEIeTOYHbIN BKJIa, IpeBaIupy FOIHMii
B JMBJIEKTPUYECKOH (pa3e He TOIBKO JIJIS MAHraHUTOB, HO WU JJd
JIDYTHX OKCHJIOB IepEXOIHBIX MeTa/sIoB. VIOHBI ¢ pa3/IndHOil BaJleHT-
HOCTBIO ¥ Da3/IMYHOM 3JIeKTPOHHON KOHMpUrypaumeil MHIYHHUPYIOT
ynpyrue nedopManun B KPUCTAJIE, X JIEKTPOH-PelIeTOYHOe B3au-
MogneficTBHe MOCPEICTBOM TaKHUx mgedopMalinil MOXKeT NPHBOLUTH
K Pa3JIMYHBIM CBEPXCTPYKTYPaM. YIPYroe B3auMOIeiiCTBHE MEXIY
HOHAMM B CBepXpelleTKe npejnojaraercs JAJIbHOAEeUCTBYIOUUM U
anu3oTponnbiM. [I0CKOMBKY 3T0 B3auMo/eiicTeue Haubosiee BEJTMKO
B OIpeNeJIeHHBIX HAIpPaBIEHHAX WU AJIs ONpeJIeIEHHON OpHeHTAlN
JIOKAJIBHBIX HMCKaXKEHWIl 3JIeMeHTapHOH sS4YelKH, TO NpH 3TOM MO-
ryT oOpazoBbIBATHCA JIMOO OJHOMEPHBIE IOJIOCHI, 00 JByMEpHBIe
crou. Haubosee BepoaTHO, UTO JAHHBIM MeXaHH3M OTBETCTBEH 32
0bpazoBanmne CBEPXPEIIeTOK B CJIyUae HOHOB, 06JI3JaI0IINX CHIIBHBIM
SIH-TeJIepOBCKIM 3¢h(heKTOM, HalpuMep, 418 unoroB Mn3T.

3Has 9JIEKTPOHHBIE ¥ CIIMHOBBIE COCTOSIHYSA MOHOB B TOM MM HHOM
PeIIeTOYHON CTPYKTYpe, MOMHO ITOCTABUTBH BOMIPOC O CIIMHOBOM
YIOPSIAOYEHAN M COOTBETCTBYIOIIUX €My CIHUHOBBIX BO30YXKJEHHAX
KaK o HamboJsiee HU3KO3HEPIreTHYECKIX, HapsaLy ¢ KonebaTreabHpIMH,



BETBSAX 9JIEMEHTADHBIX BO3OYKIEHMIT cucrembi. B HpocTeiinei
CUTYallMl JIBYX OJMHAKOBBIX COCEAHHX CHMHOB Sp u Spip
KaTHOHOB (N U n + p— OmoKaliuIpe y3/1bl) TAMUILTOHHAH HMEET
retizeHbeprosckuii Bus;

1
Hex = ‘2’ Z Jn, n+p Sn Sn+pa

n,p

(2.1)

B KOTOPOM 0OME€HHas KOHCTaHTa Jp n4p ONpeJenseTcs cBepXxobMeH-
HBIM B32aHMOJEHCTBUEM YEPE3 Py- M Pr-COCTOSHHMS AHHOHOB (Kak

MpaBMio, 3TO MOHB Q2%
mubo F~, umeromme omu- 7,K
HAKOBYIO0 JMIEKTPOHHYIO KOH- 300f- PMI

durypamuio  15225%2p5%) u TC}'\
Yalie BCEro uMeeT aHTH- Ty, ™"
deppoMarauTHBIl xapakTep 200[

(puc. 2.6). DTo 3HAUHMT, YTO

)

Jn, ntp > 0). Takas curya- |0l isf BM c+co |
Ul peajiu3yeTcd B COenu- 4} iG
Henusax AMnOg;, rae ynops- :
nouenune couHoB S = 3/2 B i L L
HeAepOPMHUPOBAHHOH Kybu- 0 0,25 0.50 075 *
UECKOH CTPYKTYPE OTHOCUT- Pyc, 2.6. Oobmennas asobas mua-

¢cd K JBYXIOAPEUIETOYHOMY
tuny NaCl: kaxapii cnuxo-
BbII MOMEHT JAaHHOrO Ha-
NIpaBJjlIeHusl OKpy»KeH OJin-
KaflImMu K HEMy CIHHAMHU
JINLIBL TPOTHUBOIIONOXKHOIO Ha-
IpaBJeHus.

Onnako npedopmanusa u
NOBOPOTHI OKTa3gpOB B pe-
IIeTKe NPUBOJAT K 3aMETHO-

rpaMMa Ma3HPAHHTOB. aHTHUGhEPPOMarHMT-
HBIl JHWINEKTPUK CO CTPYKTypoit A-tu-
na (obnacrs A); deppoMarauTHBIE gu-
AEKTPUK CO CTPyKTypoit B-tuna (BI);
deppomarunTHbit Merayul (BM); anTH-
(eppPOMArHUTHBIH AUIIEKTPHK CO CTPYK-
Typoit C-THiia ¥ 3apAf0BBIM yHOpsAOYE-
muem (C + CO); anTndeppoMarHUTHBIH
JMAJIEKTPUK CO CIpyKTypoirt G-tuma (G).
LIl TpuxoBsie (BepTUKANbHBIE) JIMHAM Kade-
CTBEHHO OTPakaloT JIMHUM paspena ¢as,
IYHKTUDHBIE — OXBATHIBAIOT OGJACTH KO-

My HM3IMEHEHUIO MEeXAaTOMHBIX JIOCCaJIBbHOI0 MarHuTOCONPOTHBIICHHUA

paccrosiHuii, ocobeHHo B 6a-

3UCHOH IJIOCKOCTH: M3ruby JIMHUH MEeXKMOHHBIX CBA3eil B TpOi-
Kax cocegHux uoHoB Mn—-O-Mn, BiusiomeMy Ha cynepobOMeH nap
Mn-Mn, a Takke pacHIeNUIEHHIO BCEX p-YpPOBHel, yepe3 KOTOphIE
OCYHIECTBJISAIOTCH BUPTYAJbHELIE NEPEeHOCH 3/1eKTpoHOB. Bee 310 Ha-
PYUIAET NpOCTOE M OAHO3Ha4HOe (POPMHUpOBaHHe OOMEHHLIX B3a-
UMOZeHCTBHE Nuiup aHTH@EeppPOMArHATHOIO THIA MEXAY HMOHAMHM
NePeXOAHBIX METAJUIOB, U B PE3YJILbTATe COOTBETCTBYIOIIAs OOMEeHHAs
KOHCTaHTa JJIsi HeKOTOPBIX cocezeil MoxkeT npuobperars deppomar-
HHUTHBIH XapakTep, 0CTaBasiCh NP 3TOM CynepobMeHHOM no cnocoby
cBOero (popMHUpPOBaHUs — Yepe3 COCTOSHUS JIMTaHIOB.



PacueTsl 00MeHHBIX B3aMMOAEUCTBHI MEXAY JIOKAJIH30BAHHEI-
MM COMHAMH C OpPHBJIEYEHMEM COCTOSHMII KaK €g-, TaKk u lgg-
MYJIBTHUILJIETOB MEPEXOJHBIX METAJIOB YpEe3BbIYANHO TPYJOEMKH U
He Bcerga naroT Oau3Kyio K Habmogaemoit senwdnny. IlosToMy mis
HAXOXK/EHUS BO3MOXKHBIX MArHUTHBLIX (Da30BBIX COCTOSHMII MpOIIE
M KOHCTPYKTHBHEE 3allUCHIBATL 0OMeHHbI ramuisTonuad (2.1) cu-
cTeMBbl, ucxoAs u3 husuyecKkux coobparKkeHuil U nojarast pas3jInyHbIe
H3MepsieMbie BeJIMYUHBI (HDEHOMEHONIOTHYeCKUMH napamerpamu. To-

3/2 3/2
I'ZIa MOXKHO CYMTAThH, YTO J,% 2 . udld /2 3/2 yrseror anTudeppomar-

; n+p n, n+p
2 3/2
HUTHBIE, & Jn, n/ﬂ, — eppoMarHuTHbIe 3HaKH (I/je BEPXHIE UHEKCH

orsewator cnmuaMm S = 2 u 3/2 wonos Mn®t+ u Mn** coorsercrsen-
HO). DTOr0, OZJHAKO, HEJOCTATOYHO, ¥, KAK OTMEYAJIOCh, UCKAKEHHUS
pelIeTKN MOryT U3MEHSATHL obiiee nmpaBuiIo.

CnuHOBBIE CTPYKTYpPBI, a TaKXKe HapaMeTPhl KPHUCTALIXYECKUX
petieTok ManraHuTos Laj_,A,MnOgs 6onpuioro mo £ 4ucia cocra-
BOB OBIJIM 9KCIEpUMEHTAJILHO yCTaHOBJeHH Bomnanom u Kemepom
MeToxoM aucdpakuuy HeiTpoHos eme B 1955 r. [137]. C Tex mop
0oOHapy’KeHHbIE THUIBI MATHUTHOT'O YHOPSAJOYEHUs], KOTOPbIE B CBOHUX
IJIaBHBIX YepTax COOTBETCTBOBaIM pacueraM I'yaenada [138], ctanu
obmenpu3nannbiMi. OCHOBHbIE M3 HUX u300pakeHBl Ha puc. 2.7.
BugHo, 4To 1o Mepe JIernpoOBaHUA NPOMCXONUT 3HAYUTEIHLHOE U3Me-
HEHHUEe MAarHUTHOrO MOPSAKA M0 THILY

aHTH(EPPOMArHeTHK > (PEePPOMArHETHK ¢ aHTU(EPPOMarHEeTUK.

Ilpu 3TOM (hbeppOMarHUTHLIE CUCTEMB! B LEJOM CYHUIECTBYIOT B OT-
HOCUTENILHO y3KoM (BOim3u z = 0,35) uHTepBaje KOHLEHTpALUii
JBYXBAJIEHTHOTO METAJLIA.

oy e

Puc. 2.7. OcHoBHBIE Mar{uTHbIE CTPYKTYpH MaHrauuToB Laj_;A:MnOj;.
Crpykrypa tuna C nokasaHa jis cocraBa ¢ £ = 3/4

B wactHOCTH, OBUIO OKa3aHO, YTO Hanboee CTabUIBLHON OKa3kI-
Baercs Tak HasmiBaemas A-cTpykrypa (puc. 2.7), B KOTOpOIl CIUHBI
B 0a3sUCHBIX MJIOCKOCTAX (c YABOEHHOH KPHCTAJIMYeCcKoil ﬂqeﬁxoﬁ)
KOJIJIMHEapHBI, T. €. UMeIOT (PeppoMarHUTHLIM nopsaaoK. [robansHas
ke anTugEeppOMarHiTHAS CTPYKTYPa KPHCTAJIJIa «BRDKUBaeT» Oia-



roziapsi OTHOCHTEJILHO C1ab0My MeXKIUIOCKOCTHOMY 0OMeHy, B KOTO-
POM BKJIaJ, OT HeOMMIKaMIIMX CoCe/eit OKa3bIBAETCH COMOCTABUMbBIM
C BKJI3JIOM OT bsmKaimux, 06ecreunBaOIMX BCTPEYHOE HAIPABJIe-
HHMEe HaMarHU4eHHOCTEH, COCeNHMUX ILIOCKOCTEH.

CnunoBoe ynopsajoyenne siBIseTCS NPUYHHON KPYHMHO- ¥ MeJl-
komacurabaoro ¢azosoro paccioenus. [lepsuiit addexr cocrout B
HpOSIBJIEHUH UIMPOKOH 00JIACTH COCYIIECTBOBAHMS Pa3IMYHBIX Mar-
HUTHBIX (a3 B OKPECTHOCTH TEMIEPATyPbl MAarHUTHOTO (ha30BOTO
nepexoja, BiepBble TeopeTHYecku paccmorpennoro Haraesbim [135].
Br11o npeamonoxeHo, 9TO0 NpM OTHOCUTENLHO HeBONBIINX KOHIEH-
TpauusaX HOcHTeJel dheppoMarHuTHbE 06J1acTH 00pa3yioT OTHENDb-
Hble, He CONPUKACAIONHecs Mexay coboit kammy BHyTpu anTudep-
poMaruuTHolt Marpunpl (puc. 2.8). Ilo mepe pocTa KOHIEHTpalUU

VA 2
MAAN I ¢

a 6

Puc. 2.8. Iyxda3noe COCTOsIHME BEIPOXKAEHHOr0 aHTU(HEPPOMArHUTHOTO IOy~
npoBoxHuKa: uzonupyiomee (a) u nposoaamee (6). Sawrpuxosana dpeppomar-
HUTHAaA 4aCTh, He 3aUITPHXOBAHA aHTU(hEPPOMArHUTHasA 4aCTh KPUCTA/UIA

HocuTeselt 06beM eppoMarHuTHOM a3bl OyAeT yBeINIUBATHCS H
deppoMaruuTHas 06J1aCTh U3 MHOIPOCBSI3HOM NPEBPAIAeTCs B OLHO-
CBSI3BHYIO, a aHTU¢EppPOMarHuTHas ¢ra3a NPEBPaAINAETCA B U30JIUPO-
BaHHBIE APYT OT APYra Karld BHYTPU (HepPOMArHUTHON MATDPHUIILI.

Baxknoit 0COGEHHOCTLIO MAHIAHUTOB SBJISETCA TO ODCTOATENb-
CTBO, YTO B ONpPEJAENEHHBIX MNPEJesaX KOHIEHTPAIMHM JOMaHTOB
(cM. pue. 2.6) nepexony u3 aHTH(EPPOMArHUTHOIO COCTOSIHUS
B (beppOMarauTHOE COIPOBOMJAETCS M NEPEXOAOM OT AUIEKTpH-
yecko#l K Mertajimyeckoit paze. IlosToMmy npexmonaranoch, 4To
eppoMaruuTHbBIe KAIIHA SABJSIOTCS BBICOKONPOBOASLIIMMH, 3 aHTH-
deppoMarauTHbBIe — H30TUPYIOUUMMH 00acTaMu. Pa30BbIil nepexos
JM3IEKTPUK—METAJJI BOZHUKAET INPH ONPEeeNeHHOH KOHLEHTPaIUH
HocuTeseil, Korga (peppOMarHuTHbIe KAl BCTYNAIOT B KOHTAKT
MeXAy coboit.

He Menbmmit uaTepec npeacrapiser (a3oBoe pacCIoeHHe B CIIOUC-
Thix Manranurax tuna (La, Sr)p4+1Mn,Ospi1, Tae n =1, 2, 3, ...
Cpemu ciomcTeix MaHranuToB HawmbGonee wussecTHnl LazMnyOr
(n = 2) u LagMnO4 (n = 1). Ilpy ManbiX KOHIEHTpaUUAX



JIONUPOBaHHA OOBIYHO peajmsyercs cTpykrypa Tuna A (puc. 2.9),
[IpH KOTOPOii CIOHHBI BHICTPOEHB! B MPOBOASIIEM CJIOE MapasieslbHO
Ipyr ApYyry, a COHHBI COCEJHHMX CJIOEB AHTMIAPAJJIENbHBI APYT
apyry. [symepusle Metanmnmueckue cyiom MnQO  paszenensi

Mn 0 Mn

TIposoxsamumii cnoit MnO o
Mn 6 o Mn

Croii 3apanoBoro pesepsyapa
LaO umn SrO

Mn 00 An

TIposomsmit cnoit MnO 0

Puc. 2.9. CnuxoBas u 3apajoBasi CIPYyKTYPbl (JIOUCTHIX MAaHTAHATOB

quanekTpudeckumu cioasmu LaO mnm SrO. Kak npeamonoxeno
B [55], MarHuTHBIE NOJAPOHBI B TAKMX CJIOMCTHIX CTPYKTypax
MOIYT HMEThb SJUIMICOMAANbLHYIO WM LMIMHIPUYECKYIO (DOpMBI,
B 3aBHUCUMOCTH OT CTENEHM NONUPOBAHUS.

B nocnennee BpeMsi TMOSBWIMCH SKCHEPHMEHTAJIbHBIE (DAKTHI,
CBH/ETENLCTBYIOIIKE He TOILKO B MONL3y runoTessl I'yaenada [138],
HO ¥ COAepIKallie HOBbIE M B ONpPeEJIeHHON CTEleHH HEeOXUJaHHbIe
CBe/IeHUsI O NOBEAECHUH JIErHPOBAHHBIX MAHIraHUTOB. TaK, B MaHTaHu-
Tax coctaos Pry/pCa;/sMnOj3 [139] u Lay j55r; ;MnOy4 [140] muxe
TeMneparypbl Iy B yOIOBHSIX aHTH(MDEPPOMArHUTHOIO Ynopszoue-
Hug ObLIv OOHApYIKeHBI MArHUTHBIE 3Ur3aroobpasHble CTPYKTYPHI
(puc. 2.10).

IIpogonxuTenbHOe BpeMsl CYMTAJIOCH, YTO HabIOzaeMble HEOH-
HOPOAHOCTH METAJIJIMYeCKOro COCTOAHUs B bonbuIeii cTemenu casa3a-
HbI CO CTpYKTYpHbIM DecriopsukoM B camux obpasmax jmbo ¢ pas-
BUTBIMH (DJIYKTyalnusiMM MAarHHTHOT'O NOPSJAKA, NPOSBJISOUIAMUCS
B CWJILHO BBIPAsKEHHBIX (DeppOMArHUTHBIX KOPpeasnusX BOMu3M H
Boiite T, rae coOCTBEHHO KOJIOCCAJIBHOE MAPHUTOCONPOTHBIIEHHE
nposiBiseT cebs B Hanbospuiei Mepe. OHAKO CyNepIO3UIUS AHTH-



dbeppoMarHuTHBIX U HepPOMATHATHLIX NUKOB PACCESHHS HEfTPOHOB
B HEKOTODPBIX 06pasiax OTMevarach yxKe MHOIO JieT Ha3as [137].
HocTaTouno 6GONMBINOH PE30HAHC BLI3BANH Pe3yJIbTATHI [141],
yOenuTeNbHO JEMOHCTPUDYIOIIHE, YTO JAeHCTBUTENbHO (eppo-
MArHUTHbIE M AHUTH(EPPOMATHUTHBIE OGJACTH B JIErMPOBAHHOM
Laj—z—yPry,Ca;MnO3 c z = 3/8 u 0 < y < 0,25 npocTpancTBeHHO
pa3zieneHsl M 00pa3ylOT COOTBETCTBEHHO MeTa/UIMuecKue W

% d3y2_,2
Mn*+

dgg2_,2

OB DD : %
o % a 6

Puc. 2.10. Bug da3 CE (a) u C (6) B zy-nnockocru. Beepxy oGo3naueHs!
COCTOSIHUS BAOJIb OCH 2z, MMEIOIME OLHO M TO XK€ 3apAM0BOE COCTOSHHE, HO
HPOTHBOIIOIOXKHbIE CITHHBI

JuajieKTpuyeckue gomens! (puc. 2.11). W e, u Aapyrue AoMeHbl
He HMEIOT peryispHoit ¢GpOpMBI, MX CPeJHH pasmep J0CTaTOYHO
BEJIMK M cocTaBiasier npubmusutenbro 5 - 102 A, a BekTopn
HAMAIHUYEHHOCTH Pa3JMYHbIX (DeppPOMArHUTHLIX obJsiacTeil pa3yno-
panoyensl. [log neficTBHEM BHEIIIHEr0 MArHUTHOI'O HOJIS IPOMCXOLUT
HEPKOJIALMOHHBIN, 10 TEPMHHOJIOIHH ABTOPOB, NEPeXOoi B MeTaJ-
JIMYEeCKyI0 hasy, COnpoBOXKIAeMblii 9 GbEeKTOM KOIOCCAILHOIO
MarHuroconportusieHus. IIpu aTom anTudeppoOMarHuTHLIE TOMEHbI
HE «CheJaloTCa» (PeppPOMArHUTHBIMM JOMeHaMH U pa3bueHue umeeT
CTabUIIbHBIA XapaKTep.

Menkomacmrabuoe ¢a30B0e paccioeHNe TaKXKe BOSHHKAET NpH
c1aboM Jleruposaduy B Buje (HEPPOMArHUTHBIX CIHUHOBBIX HOJdA-
POHOB BHYTPH NapaMarauTHo# ¢a3bl UM anTU(hEpPOMAarHUTHON
MaTpune MaHraguTa., Takke HAOJIONAIHUCH «CTPYHBI» — MArHUTHBIH



cien GPYCTHPOBAHHBIX COMHOB MPH ABUXKEHHH IBIPKY IO aHTU(ep-
POMArHUTHOMY HU30JATOPY.

MaruuTtHOe (pa30BOE PAcCIOeHHe, KaK YK€ YKa3biBaloCh B [55],
BCJIEICTBUE CHJIbHOH N1EKTPOH-PEHIETOYHOM CBA3M, MOXET NPHUBO-
JUTh K BO3HUKHOBEHUIO yHpyrux nedopMaruii pemerku. Ilpu mManoit
KOHLEHTpAaIiid JONMMPYOIIAX MOHOB TakKas JedopMalus MOMXKET
HOCUTL KOONEDATHUBHBIH XapakTep W IPOABJIATHCA B HM3MEHEHHH

=0 H=4x3

Puc. 2.11. Cy6mukpoHHasi JOMEHHasi CTPYKTYDPA JIEFMPOBAHHOIO MAaHIaHUTA
Laj-g—yPryCazMnO3 (z = 3/8) [141]. Temmubie o6macTi COOTBETCTBYIOT AHTH-
¢eppOMATHUTHEIM JUIIEKTPUIECKUM JOMEHAM, CBETJIbie — (PeppOMArHUTHBIM
MeTALIMYeCKUM goMeHaM. CTPENKM YKa3bIBAIOT XAOTHYECKUE HAIPABJICHUS Ha~
MarHHYeHHOCTH (HEPPOMArHUTHBIX JOMEHOB B OTCYTCTBHME BHEIIHEr0 MarHUTHO-
ro nons (H = 0) u ux BeicTpauBaHue 1ox geficrsuem nons H = 4 k3

YAPYTHX CBOMCTB KpUCTA/Ia. IDTO OOCTOSATENLCTBO OyzeT 6Gosee
noApoOHO PACCMOTPEHO B II. O.

B nacrosmee BpeMs yxe cTajo OOIIENPHHSATHIM pPacCMaTpH-
BATh MAHraHUTHl KAK MATEPHAsbl HE TOJbLKO CO CHHHOBBLIM, HO M
C 3apAJOBBIM M OpPOWUTANBHBIM YHOPSJOYEHHMEM, T. €. KPHUCTAJLILI,
B KOTOPBIX NOMHMO OOBIYHOH HOHHON DelIeTKM MOryT BO3HHKATh
ZOTIOTHATE/NbHbIE CBEepXpeleTKy u3 uonos Mn3t u Mnt,

B oxnoit u3 pannux pa6ot [137], Kpome THNOB COMHOBOrO ynops-
JOY€eHHs B PEUIeTKAX MAHIaHUTOB, OBLIIO OTMEYEHO, YTO HA AudpaK-
HUOHHOM KapTuHe HEKOTOPBIX 06pasuos La;_,Ca,MnOj3 ¢ oTtHOCH-



TenbpHO bonpmMy z 3> 0,5 06HAPYKeHBI CBEPXCTPYKTYPHbIE MHKH,
He cBg3aHHble ¢ MarHeTusMoM. Torza xe I'ymenad npenioxun
Ka4yeCTBeHHOE O0bsICHEHUE, B OCHOBE KOTODOrO JIEXKAJI0 B3aMMHOE
ynopsinouenue uonos Mn3t u Mn*t [138]. Bomee Toro, kak 6bL10
YKa3aHO, C TaKMM 3apAI0BbIM HOPSAKOM HEpa3phIBHO CBS3aH APY-
rolt — opbuTaNIbHBIN, OMH M3 IPUMEPOB KOTOPOI0 XOPOHIO BUJEH HA
puc. 2.4 6, rue ynopazouenue z2-opbutaseil, examyx B 6a3uCHOI
ab-rutockoctu LaMnQ3, npusoaur K ee yIBoeHUIO.

Bsaumozeiicteue Mexay uonamu Mn®t mmeer aBe cocrasmsmio-
X — KYJIOHOBCKYI0 M Jedopmanuonnyio. Ilepsass uzoTponHa H,
CKOpee BCero, NOJXKHa KOHTPOJUPOBATH 3apsf0BOE YHNODsAOYEHHE.
Bropas, Takxke JajdbHOIEHCTBYIOIIAA, AHU30TDPONHA, M HMEHHO
YOpyrHe IOJs OT Pa3HBIX MCTOYHHKOB (SIH-TEJIEPOBCKHX HOHOB
Mn3+t), nepekpbiBasich, OIpeeNAIOT BUJ B3AUMHOTO yIODSOYEHUS
z%-opbuTaneit B 6asucnoit mrockoctu. ITo CymecTsy, pedb uzeT 0O
HOSIBJIEHNH €IIe OAHOTO MHKDOCKOIMHYecKoro Macmraba ¢ pa3mep-
HOCTBIO JJIMHBI, 33JAIOIIEr0 HEepUoJ, YHOPALOUEHUS 3apPAKEHHbIX
YOPYTHX KBajpynosieit B KyOudeckoil cpene, IpHYeM HANPABJIEHMS
OCeit 3TUX MYJIBTUIOLHBIX MOMEHTOB «IPUBSI33HBI» K OCSIM DELIETKH.

3apsnoBoe ynopsifovueHue HOHOB IePexXOJHBIX METAJIIOB PA3HOMN
BAJIEHTHOCTH, HAOMIOZAEMOe Ha OIbITE IPH UX PABHOM KOJIHYECTBE,
nokazano Ha puc. 2.12a. Couant § = 2 (Mn?**) u § = 3/2
(Mn**) sToit moxcucTeMb! Taxke 06pa3yoT aHTH(DEPPOMATHUTHYIO
PeIIeTKY, XOTsl MAarHUTHbIE KOPPEeJISIUOHHBIE JJIUHBI B KaXKI0H U3
nozpemeTok pasnuynsl [142]. Baonb ocu C Habmroparorcs, Kpo-
Me 3Toro, eppoMarHuTHbE HEnovku cnuHoB. OfHAKO DU3UYECKU
fojlee MHTEPECHLIM NPU3HAETCH OPOUTANBHOE YIOpSAOYeHHe, IO
KOTOPBIM OOBLIYHO IOHMMAETCS PACHOIOXKeHHe JJIMHHBIX OCell OKTa-
apoB ¢ nomamu Mn3¥ (umm, 4TO TO XXe camoe, JOMUPOBAHHBIX JbI-
POK, OKPYEHHbBIX JIOKAJIbHBIMU SH-TEJUIEPOBCKUMM HMCKAYKEHUSIMM
KBaJpyNOJBbHOTO THUA) APYT OTHOCHTENBLHO Jpyra B ab-miiockocTu
(nHOrAa ero Ha3LIBAIOT YNOPSAAOYEHUEM SIH-TEJIJIEPOBCKUX IOJISPO-
Hos (Hanpumep, [143])).

Ha puc. 2.12 6, 6 4 2 n0ka3aHO TPH TAKHX BO3MOXKHBLIX yIOPSiZO-
YeHUs, BHIOOD MeXy KOTOPbIMH HA OCHOBAHHH JIHIIb TOABKO 001X
coobpaxkenuit n10BoJIbHO 3aTpynHuTenen. Tak, puc. 2.126 oTseya-
€T YHBOGHMIO DeHieTKH 6jarofiapsi MOsIBJIEHHUIO HEIKBHUBAJIEHTHBIX
uonos Mn** (Gosee unm Menee 6IM3KOE PACIONOKEHUE JIUTAHIOB).
Ha puc. 2.12 ¢ usoOpakeHa Tak>Xe YIABOEHHAsl CTPYKTYPa, OIHAKO
1oHb Mn*t 0Ka3bIBAIOTCH B HEIEHTPOCHMMETPHIHBIX TTOJIOMKEHUSX
H, NO-BUAMMOMY, HEMHOTO CMEIIAIOTCs U3 CBOMX MCXOAHBIX (B y371ax
KBaJpaTHOH pemeTku) nosunuii. Hakonen, na puc. 2.12 2 noka3ana
cTpyKTypa 6e3 yjaBoeHMs, B KOTOPOii ZedopManuy, CO3JaBaeMble
pa3zubiMu MoHaMu Mn3t cymMupyroTcs, pemrerka CTaHOBUTCS Op-



TopoMbuiecko#f, HO KpHUCTaAN B [eJIOM JOJDKEH JBOMHMKOBATLCH,
pa3buBasich Ha JOMeHbI OCAME JeDOpMAIUK, NepHeHIUKYJIIPHBIME
ApyT gpyry. JauHbpie 00 paccessHUIO HeHTPOHOB YKa3bIBAIOT Ha pea-
JIM3AI[UIO CTPYKTYDHI, u3006pakennoit wa puc. 2.12 8, 4To MOXHO

2

Puc. 2.12. O6mumit Buj 3apsa0BOro ynopagodenus (a) ¥ COOTBETCTBYIOIUX My
BO3MOXKHBIX THIIOB OPOUTAILHOrO yropsaovenus (6-2) B cucreme Ri_-A;MnO3

npu nonosusnoM (x = 0,5) nernposanun; ® — Mnt, e — Mn3*

6b1710 ObI HOMOJHUTENIHHO IPOBEPUTH N0 ONITHYECKUM CIIEKTPAM HOHA
Mn#t, B KOTOpBIX ZOMXKHBI IPUCYTCTBOBATH JMHUH, JUMOILHO 3a-
[peleHHbIe B IEHTPOCUMMETPHYHEIX PEHIeTKaX.

Eme oauH BUX ynopsaiovueHHs B BUAE NOJOCOBBIX CIPYK-
Typ (crpaiimoB) O6bl1 OOHApy)KeH B MAHTAHMTAX COCTaBOB
La0)330a0,67Mn03 " Lag,25Cag,75Mn03 [144].

Kak u B Lag 5Cap sMnOj3, coorseTcTByromee 3apsa10Boe ynops-
JoyeHue BAonb HanpasieHuil [111] (zmaronaneit kBagpaTHON pe-



meTkn Ha puc. 2.12a¢) B La;_;Ca,MnO3 ¢ Tak Ha3bIBaeMBIMH
COM3MEPUMBIMH COCTaBaMHM OcTaercs nenodednniM. Qpburtanbproe —
TaKJKe COXPaHseT CBOH BHJ, HO LIENOYKH, 0O6pa30BaHHbIE KBAJPY-
[ONAIMU C Pa3HOi OpueHTaiuel IJIaBHbI, Oceit, UAYT HEPABHOMEPHO
(puc. 2.13). TnaBHbI CTPOUTENBLHLIN 37eMEHT CTPYKTYpPhl — OJIO-
coBoii «conmemy» Mn?T-Mn*t-Mn3t — coxpauser csoro ocobyro
CTabMJIbHOCTE M B JPYTHX COM3MEpHMBLIX CTpyKTypax. Ilocimennee
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Puc. 2.13. MogpenbHoe npejacTasiieHUe OPHEHTAIMM W IEPHUONOB CJEHOBAHHSA
nonoc Mn®**-Mn**-Mn3+, a Takxe conyrcrsymomee mocnemmmm opGurabHOe
yropsgodenue B 6a3MCHON MIOCKOCTH PA3IMYHBIX MAHTAHUTOB (HEMCKarXKEHHbIE

OKTa3/pHl He nokasanbi); ® — Mn't, e —Mn3* [136]

CBUAETENLCTBYET O TOM, IO MEX/y ABYMS SH-TEJUIEDOBCKUMHU -
cdbopMupoBanHbIMY Henodkamu Mn®t cyliecTByIOT CHIIbI, HECOMHEH-
HO, YIPYroro NpOUCXOXK/EHHs, CBA3BIBAIONINE UX B eIUHYIO yCTOM-
YUBYIO MOJIOCY, 00s13aTeSbHBIM 3BEHOM KOTOPOH SIBJISETCH ele Of-
Ha — MPOMEKYTOYHAsA — LENOYKA H30TPONHbIX nooB Mnt. Mexny
TaKMMH, yXe COpMHPOBABIIMMUCS, [IOJIOCAMH H3 TpeX LEeNoyex,
BHJUMO, MPEBAJUpYeT OTTAIKHUBAHME, NPENATCTBYIOLIEe HX JaJlb-
Heif1ell «KOHAEHCAIIMUY U JieJIaloliee PaCCTOAHNE MEXK Y HUMH MaK-
CUMAJILHO BO3MOXKHBIM JJIsI KaXXZI0r0 JAHHOIO COCTAaBa.

Jlmne HabmoaaeMpix nosoc coctasasanu ot 200 zo 500 A. Kpo-
Me TOr0, H3MEpPEHHs C MCIOIb30BAHUEM TYHHEIBHOIO S/IEKTPOHHOTO
MHKpPOCKONa MOKa3aju, uTo mepuop (okono 4,5 A) B penoukax
Mn3+-Mn4+-Mn3+ samerno mensime cpexmero (mpumepso 5,5 A),
a B momocax u3 Mn*t —Gomeme (mocrmraer mpumepHo 6,5 A).
IlpuMuTHBHAS OLEHKA [POUIPHINIA B KYJOHOBCKOH 3HEpPruu
¢%(4,571-5,5"1) naer okomo 0,6 3B/morn Mn3t, uro comocraBumo
C BHLIUTPLINIEM B SHEPTHM sIH-TEJUIEPOBCKOro p3ammogeiicTsus. [Ipu
9TOM PaJMyC KOPPEJALUHM CTDAMIOB NEPIEeHJUKY/IAPHO HernouKaM
COCTaBJIsIET MOPAAKA °(2—3)-102 A(B rutockocTsIx, TZie OHH JIEXAaT)
n g0 nopszka 103 A(smons o6pasyeMbix TPOMHBIMH IIENOYKAMH



wiockocteit). Cnexyer uMeTh B BHJY, YTO IOJIOCOBas CTPYKTypa
OTHOCHTCS JIMIOb K ab-miockocTaM. Byayuym ckopesmMpoBaHHbIMH,
HOJIOCHI M3 pasHbIX ab-TuiockocTelt yke camm o0pa3yloT ac- MM
be-TUIOCKOCTH € yIOPSiZOYeHMEeM COOTBETCTBYIOIIEr0 XapaKTepa.
CxazanHoe MO3BOJSAET CYMUTATHL, YTO (QAYKTYAIMM CTEXHOMETDHH
JIONAHTOB TOXE MOTYT M JO/KHBI BJUATH Ha (DOPMHUPOBAHUE
NEPUOJUYECKOr0  LENOYeYHOro  (IOJIOCOBOrO)  yNOPSJOYEHHs
B OKCHJAX MEPeXOgHBIX MeTALIOB.

2.3. TpaHcnopTHbBIE IPOUECCHI
B CJIOMCTBHIX JOMEHHBIX CTPYKTypax

B nocnennee necaTuserne ABaAIaToOro BEKa HOIyYuMsIo OwicTpoe
pasBUTHE HOBOE HAIIPABJIEHHE B JIEKTPOHHKE, CBA3AHHOE C pa3pa-
6OTKOI OpUrHHANBHBIX COCOO0B ynpaB/leHUsl JIEKTPOHHBIM HOTO-
KOM, 3HAYHTENHHO OTIMYAIOIUXCH OT TPAAUIMOHHBIX NPUHIUNOB
yupasJleHHsT B OOBIYHBIX 21eKTPOHHLIX Npubopax -— Auojax, TpaH-
3UCTOpAX, 0y NPOBOAHUKOBBIX JNa3epax u T. J. Hanbonee 3amerHbIe
yCHEeXH B 9TOM HAIPaBJIEeHHH ObLIM JOCTUTHYTHI IIPU MUCIOJb30BAHUN
CIMH-TIONSAPU30BAHHBIX 3/1€KTPOHOB {145, 146], yTo nossommao 06o-
3HAYUTD 9TO HAIPABJIEHNE IEKTPOHUKM KaK CIIMHOBAS IEKTPOHUKA

WM, KPaTKO, COMHTPOHHKA
E E (spintronics). Ozana u3 rnas-
HBIX 3324 CHUHTPOHHKH CO-
CTOUT B CO3JAHUM YIPaBJIf-
€MOr'0 N0 COCTOSIHHIO CIIMHA
3JIEKTPOHHOI'O MOTOKA.

B nepsoe BpeMs OCHOB-
HOe BHuUMaHue ObLIO 0Opa-
1IEHO HA MHOT'OCJIONHYIO CH-
CTeMY, COCTOSILIYI0 U3 TOHKO-
TLJIEHOYHBIX CJIOeB (beppoMar-

Puc. 2.14. Cxemarnueckoe HNpenCcTaBl€HNe HUTHBIX MaTEpUaJoB (Fe %0 0%1

nnorHocTH cocrosuuit N(E) ana nopmais- Co), pa3ueneHHbIX HeMar-
woro (@) u deppomaruuraOoro (6) meran-
nos; EF — sueprus ®epmu HUTHBIM NPOBOAAILMM Me-

tasioM (Cu mmu Cr). [eit-
CTBHE TAaKOT'0 KOHTAKTa OCHOBAHO Ha CHJILHOM MarHUTOPE3MCTUBHOM
addexTe, peanusyeMoM 3a CYET TPAHCIOPTA CIHMH-TIOIAPU30BAHHBIX
971eKTPOHOB. I0CKONBKY MJIOTHOCTL COCTOSIHHI [AJis HEMArHUTHOI'O
MeTajl/la paBHA JJIsi COMHOB C Pa3/IMYHON OpHMEeHTALuel, CIUHOBas
nonsipuzanust orcyrcrsyer (puc. 2.14) [134]. U, B To xe Bpems,
B (beppPOMArHUTHLIX META/JIaX MJIOTHOCTh COCTOSIHWIL [Isi CIMHOB
«BBEDX» M «BHM3» pasiauyaercs. [loCKONbKY 9HEpTusl CUCTEMBI Mo-
HMXKaeTcs, 60IbLUIee YHUCIIO COCTOSIHMIA 3AIOIHEHO CIIMHAMM «BHH3Y.




Ilpu mpuioXenuy Pa3sHOCTH NOTEHIUAJOB K CJIOHCTOH CHCTeMe
(puc. 2.15) {134] a/1eKTPOHBI C MONAPUOBAHHBIME «BHH3» CIIHHAMU
byayT nepemeniaThecs Ot (PePPOMArHATHOTO METAJLIA K HOPMAJBHO-
my metamty (puc. 2.15a) u manee Ko BTOpoMy deppoMarseTuxy.

Huskoe CONMPOTHBJICHUE Bricokoe CONIPOTHBIICHHE

Pnc. 2.15. OuiasTp 419 CHMH-NOIAPH30BAHHBIX 3I€KTPOHOB

Hens 6ymer obianarh MasbiM CONPOTHBJIEHHEM, €CIH MUKPOCKO-
nu4eckue (eppoMarHUTHblE MOMEHTH! OyAyT HapaliebHbl APYr
apyry. Eciu ke HamMarsnueHHOCTH 000MX MArHUTHBIX CJIO€B AHTH-
napasessusl (puc. 2.156), To conporuBienue 6yeT PE3KO BO3pa-
CTaTh. JJIEKTPOHEI, JIETKO IepeMeNalonIiecs U3 MepBoil MAarHUTHOM
0bJ1acTH B HEMArHUTHYIO 06JIACTh, Jjajlee HE IPOHUKAIOT BO BTOPYIO
MarBUTHYIO 06/1aCTh, MOCKOJIBKY IJIsl HUX HET COOTBETCTBYIONMX
cocrosaHuii. I[IpakTHYeCKH M3MeHeHne HANPABIEHNs HaMarsH4eHHO-
CTH MOXXHO CO3[aBaTh MArHUTHHIM moseM (puc. 2.16) [134]. Takue
YCTpOMCTBA MOJIyYH/IM HAa3BAHWE «CIIMHOBBIM KjanaH» (spin valve)
WJIA «CITMHOBBIM dunbrp» (spin filter).

Pacnpocrpanenne NONSPU30BAHHBIX JIEKTPOHOB BO3MOXKHO H
MeXAy ABYyMsl (DEpPOMArHATHLIMH IUIEHKAMH, Pa3eJIeHHBIMH Iu-
3JIEKTPHYECKOH NJIEHKOM, 33 cyeT TyHHeJbHOro 3ddexra. Tak xe,
KakK YU B IpeiblAyIieM Ciydae, TYHHEJIMPOBAHUE 3JIEKTPOHOB B IPH-
JIOXKEHHOM JIEKTPUYECKOM [10Jie BOSHUKAET TOJIKO NPU NapaJllelib-
HO! OpHEeHTAlluH CyMMapHBIX MArHUTHBIX MOMEHTOB (PEPPOMArHUT-
HBIX IieHOK. TTo-BuauMomy, HanboNbIIHIM 3 HEKTOM [IPH CO3JARUN
MarHUTHBIX TyHHEJIBHBIX NIEPeXONOoB 6yayT 0bJianaTh NUIeHKH MaHra-
HUTOB, HaXOAAIMUXCA B (PepPOMArHUTHOM coctosiHum {147], a B kaue-
CTBE IUIMEKTPUYECKOro 1o — AudjiekTpudeckas mieska SrTiOjz.
[naBHBIM nperMyIiecTBOM MAHIAHUTOB IIO OTHOIUEHHIO K JADYTHM
(beppoMarnerukam SBJAETCA MX BHICOKAsS MOJSPU3AIUS CIIMHOB, KO-
Topasa MoxeT mocrurarh nouru 100% sa yposue ®epmu.



TakuM 06pa3oM, CBEPXpElIeTKa, COCTOAINAS M3 TPEXCJIOMHBIX
xommoHes- ToB Laj_pSr;MnO3z — SrTiO3 — La;_;Sr;MnO3 u Ha-
CUMTHIBAIOIIAS ONpee/IeHHOe KOJUYECTBO CJIOEB, KaK IIOKA3aHO
B [148], o6najaer 3HAUMTENLHBIM CONPOTHBIIEHHEM, YIIPABJISEMBIM
MarHuTHBIM nojieM a0 200 spcren.
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Puc. 2.16. Mamenenne conporusnenus AR/ R npu KOMHaTHO#H TeMniepaType iuis
myasrucioes Co-Cu-Co u Fe-Cr-Fe B npuioxeHHOM MarHHTHOM IOJE [)i]

Ilpu sTUX 3KCrepuMenTax Obijia yCTAHOBJIEHA 3HAUUTEJIBHASA 3a-
BHCHMOCTH MarHeTOCONPOTHBJIEHHSI HE TONBLKO OT KOHIEHTPAIUN
CTPOHIMA M TEMIEPaTYphl, YTO SIBJISACTCA OOBIYHBIM IJIs MaHTAHH-
TOB, HO TaKXKe ¥ OT CYMMApHOMN TOJIUHEI (JIOEB MAHTAHUTA, B CBEPX-~
pewerke (puc. 2.17). Iocnennee 06CTOATENBCTBO MO3BOJISAET MOJ-
OupaTh ONTHMAJIbHbIE YCJIOBHUA [JIsl CO3/IAHUS COHHOBBIX (DHJIETPOB
IyTeM BapbUPOBAHUS KOJIMYECTBA CJIOEB B CBEDXpEIUETKE.

Ha cneaymomem stane pa3BuTHS CHUHTPOHUKH IOJIy4YHJIA Pac-
[IPOCTPAHEHHUE METOABI HHIXEKIUH CHHH-IOJISIPU30BAHHBIX 3JIEKTPO-
HOB B HEMAarHWTHBIE NOJIynpoBoiuuku. Haubonee nepCreKTHBHBIM
ABJIAETCS WCIIOB30BaHUE (DEPPOMATHUTHOIO IPOBOJHUKA B Kaye-
CTBE HMCTOYHHMKA CIHH-TIOJIIPU30BAHHBIX 3JIEKTPOHOB, IIOCKOJIBKY
B MarHeTMKaX, KaK y»Ke OTMeYaJIoCh BbINIE, PA3JIMYHA IJIOTHOCTH
COCTOSIHUI JJIsi CIIMHOB, HANPABJEHHBIX «BBEDPX» M «BHHU3» IO MO-
qo. B ¢cBoto ouepenb, ynpaBiieHne CIIMH-II0JISIPU30BAHHBIM [IOTOKOM



3/IEKTPOHOB Hambosee 3(HEKTHBHO OCYMIECTBIATH B MOJYIPOBO-
HUKe, Ky/ia U3 eppOMAarHeTHKa UHKEKTUPYIOTCS IOJISIPH30BAHHBIE
3I€KTPOHbI. YTUPaBjieHue IIOTHOCTHIO TOKA MOIAPH30BAHHBIX SJI€K-
TPOHOB TaK>X€ MOXXHO OCYIIECTBATH C IIOMOIIHIO MAIHATHOTO IIOJIS.
Takast OTHOCHTENBHO JIeTKO
OCYHIeCTBHMAs KOHCTPYKIIHS,
00beIMHANIAs B €IHHOe Ie-
JIoe MarHuTHBIE W IOJYHpo- (o' k-
BOJHUKOBBIE CJIOM, MOIJIa, Obl
HA#TH IIHPOKOE IpUMEHEHHe
COBMECTHO C JpPYTI'HMH @O-
JYTIPOBOJHUKOBBIMH  3JIEMEH-
tamu [149)].

DddekTHBHOCTE  1O706-
HBIX KOHCTPYKIMH onpeness-
€TCS CTENEeHBIO IOJISAPU3ALKNN
3/IEKTPOHOB M BO3MOXHOCTSI-
MH HMHXEKIWH 3JIeKTPOHOB
B nojynpoBoauuk. Kommue-
CTBO MHKEKTHUPOBAHHBIX JIEK-
TPOHOB O6y/MeT 3aBHCETb OT Tismo=1u.c.

Pa3IuYMs MPOBOJUMOCTEM (hep- ol Lt
POMArHMTHOTO  MeTaUla K 0 100 200 300 T,K
TNOIYIIPOBOOHUKA, NJIMHON CBO- Puc. 2.17. TemnepaTypras 3aBUCHMOCTD
6 npobe a - COTIDOTHBJIEHMs  JJIA  CBEPXpelIeTKH
p;i:gg;(})mm?( sﬁlixﬂgomiawmu Lai-25r.MnOs (& = 0,2) —SrTiOs npn
Pa3HbIX 3HAYEeHUAX IPUJIOXKEHHBIX
CIMHOBBIM COCTOSHHEM VI€K- MarmuTHBIX mOell ¥ DASIMIHBIX
TPOHOB B IIOJIYIPOBOJHHMKE. CYMMapHBIX TOJIIHHAX, H3MepAeMbIX
VuureiBasg, 4o (peppomar- B ATOMHEIX efuHmIax (u.C.)
HUTHBIE MeTaJUJIbl 06J1analoT
OONBILIONH TPOBOAMMOCTLI0 M OTHOCHTEIBHO MAJOH AJIMHON BOJIHBI,
B IEPBBIX JKCIEPUMEHTaX MOJOOHOrO THNA C HCIOJL30BAHHEM
KOHTaKTa (pepPOMArHUTHAIN MEeTAJJI-TIONYIPOBOAHUK OSPU3AIUST
9JIEKTPOHHOI'O TOKa COCTaBIsjia He Gosiee ogHoro npomenTa [150].
s yBeluyeHns cTeneHn MHAKEKI[MH MOJISPH30BAHHBIX 3JIEKTPOHOB
OBLIO TpEIJIOKEHO HCIOIbL30BaTh Gojiee 3heKTHBHBIE KOHTAKTEI.
Tak, onpeenesHbIMU NPEMMYIIECTBAME MOTYT 06J1aJaTh MOyMe-
TaJLInYecKue ¢peppomMarseruku, y koropeix npu T = 0 Ba ypoBue
Depmu UMEIOTCA 3IEKTPOHBI TOJIBKO C OJIHUM HAIIPABJIEHHEM CIIHHA.

C npyroi cropousl, 3¢h(PEeKTHBHOCTH TPAHCIOPTA CIUH-[I0TIAPHU-
30BAHHBIX IEKTPOHOB MEXNY ABYMs (eppOMarHeTHKaMH MOXKHO
MOBBICHTh 3a CYET WCIONb30BAHUS [IOMEHHOH CTPYKTYpH! deppo-
marseruka. Kak nokasaso B [151], myrem perynnpoBaHHsl NepHO-
Jla. JOMEHHOH CTPYKTYphl 3a CYeT [BIDKEHHS [JOMEHHBIX IPAHHUIL

p, OMm-cm

2u.c.

3uc




B MarHUTHOM [I0JI6 MOXKHO H3MEHATb NOTOK 3JIEKTPOHOB; B CBOIO
oyepesib, TOK BJMSET HA MAarHUTHOE COCTOsIHME CJIOSI MarHeTHKA 3a
CYeT MHXXEKIWH COMHOB B 9TOT CJIOH U s—d-obMmena.

HawuGosnee ycneninasi sKCOepUMeHTAJIbHAA peaNH3anus CIHHO-
BOi! TIOJIsIpU3aIYK ObLTa OCYIIECTBIICHA B Pa30aBIeHHOM MArBUTHOM
nonynposoguuke Be;Mn,Zn;_,_,Se, B xoTopoM HabiIofaercs Tu-
PAHTCKOE paciierienie CIMHOBBIX NOA30H B MarHUTHOM moie [152].
IIpu koHTaKTe 3TOr0 MArHUTHOrO MOJIYNPOBOAHHUKA C HEMArHHT-
HeIM nomynposoguukom (GaAs) 6Gwuta gocrurayra noura 100%-
Hasl NOJIAPU3ALKs TOKA, BTEKAIONIEro W3 MarHeTHKa B HEMArHeTHK.
Hecmorpsa Ha pannmit BO3pacT UCC/IENOBAHUI 110 CIIMHTPOHUKE, YXKe
[OCJIEOBAJIO HECKOJILKO IPEIJIOKEHUIH [0 peajlu3alu Peryaupye-
MOT'O TPAHCIIOPTA CIUH-TIOJISIPU30BAHHAIX JIEKTPOHOB B CIIMHOBOM
rpansucrope [153, 154].

He menee BaXkHBIM [JIsi IPAKTHYECKUX IIPUMEHEHHUI SIBJISETCA
HeJIJABHO O0OHADY KEHHBIN CHUJILHBIM MAarHUTOIEKTPHYECKUH 3¢ deKT
B CJIOMCTBIX CTPYKTypaX: HHKeJIeBOM (PeppHTe — TUTAHATE-IIUPKO-
nare ceunna (PZT) [155] u Lag7Sro3sMnO; (LSMO)-PZT [156].
Oco6eHHOCTD AAHHBIX PE3YJIBTATOB COCTOUT B TOM, UTO YKe C CAMOI'0
Havasa obuapyxenus B 1961 r. [157] MaruurosiekTpuvecKux B3an-
MOJEHCTBUM, T. €. BOBHMKHOBEHHH B IUIJIEKTPUYECKOM KPHUCTAJIe
HAMArHMYeHHOCTH, UHAYNUPOBAHHON SJ€eKTPHYECKHM II0JIeM, WJIH
NOJISIPU3ANMA, HWHAYIUPOBAHHON MArHHTHOM IIOJieM, BHOCHJIUCH
NOPEIJIOKEHHsT O IPAKTHYECKUX IPUMEHEHUuAX I3Toro 3ddexTa
(MarsuTHas nNaMATh, 3aTBOPHI, (HABOBpAINATENHM, ONTHYECKHE
nepekmodarenu). OQHako 70 KOHOA JABAJIIATOTO BeKa HHU OAHO
U3 NOAOOHBIX YCTPOUCTB HE IMOJYYHJIO HPAKTUYECKON peasln3aluu
BCJIENCTBHE MATIOCTH MAarHUTO3JIEKTPUYIECKOro 9 deKTa B peabHbIX
OJHOPOAHLIX MOHOKpHcTawiax. s cpaBHeHus, B OJHOM u3
CaMBIX IepClHeKTHBHBIX panee wmarepuanoB CroO3 Besnmumna
MarHUTOSJIEKTpHYecKoro sddexra He mpessmmana 20 mB/(cm-3).
Wcnonb3oBanne MEHOIOCIOMHBIX CHCTEM «HEKeJeBblit ¢pepput-PZT»
NO3BOJIMJIO YBENUYUTH 3T0T Koapdurmenr xo 1500 MB/(cm-d) u
B cioucroit crpykrype «LSMO-PZT» no 60 MB/(cm-3). Ocuosoit
HCIIOIb30BAHUSl CTPYKTYD <MAarHEeTHK-IILE303JIEKTPUK» SIBJSETCA
BO3HUKHOBEHHE MEXAHIIEeCKOH e opManuy B MarueTuKe, 06ana-
IEeM CWJILHON MAarHUTOCTPHKIMEH, Mmoj neiiCTBHEM IPHJIOKEHHOI'O
MmarauTHoro nojs. Janee sra nedpopmanus co3aaeT Ha MOBEPXHOCTH
NbE303JIEKTPUKA d/IeKTpudecKoe nojie. Ocob6eHHOCTh MONOBHBIX CJI0-
UCTHIX CTPYKTYP COCTOMT B BO3MOXXHOCTH I'€HEPaIWH MepeMeHHBIX
JIEKTPUIECKUX TI0NIell BIUIOTH /10 MHKPOBOJIHOBBIX YaCTOT.




Tnasa 3

KUHETUKA 1 MEXAHN3MbI OBPA3OBAHUS
NMHAYINPOBAHHBIX JOMEHOB 1
NEPUOJNYECKUX JOMEHHBIX CTPYKTVYP

3.1. IsaynupoBaHHbIe JOMEHBI B CECHETOIEKTPHKAX

Ilponeccel 06pa3oBaHuA JOMEHOB B CErHETOSIEKTPUKAX OBI-
Ji1 HaumboJiee TOJHO M3YYEHHI C MOMOIILI0 NPUIOXKEHHS HMILYJIBC-
HBIX 3€KTPHYECKHX II0jieif, NPEBBIAIONIMX I10 AMIUIATYJe KO-
spuuTHBHBle nonsa F.. Habmiomenne 3a npomeccamu nepenossipu-
3allMM OCYIeCTBJIAJIOCH KaK [0 BPEMEHHBLIM 3aBHCHMOCTSM KO3p-
LMTHBHBIX MOJeH, TOKOB MHepenonspusanuu [69-71], Tak u Hemo-
CPEICTBEHHO C NOMOIIBI0 CKAHUPYIOUIMX TYHHEIHHOTO M ATOMHO-
CHJIOBOTO MHKpOCKONOB [43]. Bruto obmapy’keHo, YTO NpOmECCHI
UHBEPCHH TEPBOHAYAJIBHOI'O JOMEHHOIO COCTOSHHS IO JAeCcTBHU-
eM BHellHero mnois £, obparHOro mnojio CHOHTAHHON MOIsApU3a-
{1}, UMEIOT MHOIOCTYIIEHUAThIX XapakTep. BHayane moMeHs! B Bu-
[le OCTPBIX MIJI HAHOpa3MepoB 00pasyroTcs BOJU3M 3JIEKTPOJIOB,
a 3aTeM HAYyMHAETCs HX BbICTpAHMBaHWE IO BCceMy oObemy, o-
cTuraioniee B pe3ynbraTe GOKOBBIX MoBepxHocreil kpucrauna. On-
HOBDEMEHHO IIPOMCXOAMUT IIPOLIECC KOAJIECH{EHIIMH JOMEHOB, KOTO-
pBl€ BIOCIEICTBUM JOCTHIAI0OT Pa3sMepoOB MuUKpoOMmeTpoB. B 3apu-
CUMOCTH OT JJUTENLHOCTH M WHTEHCHBHOCTH MMIIYJIbCOB 3JIeK-
TPUYECKOro moyisi HabMIOAAIOCH KaK BO3HHKHOBEHHE OTAEIBHBIX
JIOMEHOB HAHO- ¥ MHKpPOpPa3MepoB, Tak u 0Opa3oBanue pa3jiud-
HBIX THUIIOB KBa3HIEPHOAUYECKUX CTPYKTYp. Tak, B HHoOATe JIMTHS
dopmupoBaIuCh IMOJIOCOBLIE [OMeHB! ¢ mupuHOK Menee 100 BM
U [enu KPYIJIBIX ¥ TPEYroibHBIX JomenoB puamerpoM 30-50 HM
¢ nunelHoN wiorHOCTHIO Ko 104 MMm~L.

XapakTep obpa3oBanus IepBHYHAIX 3apO/blleil TaKXKe Onpese-
JISIeTCA CTPYKTYPOR MeTajuimyecKux eKTponos. IIpu ncnoss3osa-
HUH OHODOJHBIX 9JIEKTPOJOB, HAHECEHHBIX HA IPOTHBOIOJIOXKHBIE
[IOBEPXHOCTH, NEPNEHAUKYJIApHble OCH MNOJAAPH3ANHH, UHBEPTHUDPO-
BaHHBIE JOMEHbl BHaYalle XaOTUYHO 06pa3yloTcs BOJIM3U OBEPXHO-
CTH, a 33TeM PaclpOCTPaHAIOTC BIVIyOb B OPMeE UITI HJIH TPEYTOlb-
HUKOB. Jjig CTPYKTYpBl NEPUOAMYECKHUX SIEKTPOAOB I€PBUYHEIC
JIOMeHbl B BHIE OCTDPhLIX KJIHMHLEB 00pasylorcss Ha IOISpHON mo-
sepxsoctu (0001) Brosb kpaes aektponos (puc. 3.1a) [43]. 3arem
TpoucxoquT IPOPAcTaHKe HOBBHIX JAOMEHOB B IOJIIPHOM M DOKOBBIX



Hanpasienusx (puc. 3.16), noka OHU He 3afMYyT BCIO IJIOMAAb MO
atektposamu (puc. 3.16); Ha ITO CTAAMM JOMEHBl HMEIOT pa3Me-
Db, onpeZeiisieMble IJIOUEAAbI0 eKTponoB. Ha nociexnem stane
IJIOCKME JOMEeHHBIe IpaHunbl C(HOPMHUPOBABINNXCA MAaKPOIOMEHOB
CMEIAIOTCA 32 Ipenessl anekrponos (puc. 3.1 2). Ilpouecc 6okoBo-
PO CMEIIeHUs NPEKPAIAeTCs BIECTBUE YMEHBIIEHNS JIOKAJIBHOIO
HMONSAPU3YIOMIEro MO 33 Npe/leflaMu MEeKTPOIOB.

I

Puc. 3.1. IIponecc popmupoBaHusa mepuoguuecKoil JOMEHHOM CTPYKTYpHL B Ce-
I'HETO3/IeKTPHKE IPH IPHIOKEHUH HIEKTPAUECKOr0 MO

OTpaxeHneM IPOLECCOB JOMEHOO6PA30BAHKS B SJIEKTPUIECKOM
nojie ABJSAETCS BPEMEHHOe HU3MeHeHWe 3HAYeHWM nossd, HeobXomu-
MOro JJis nepenojspusanud. Kak ciiefiyer U3 3KCHePHMEHTAIbHBIX
JaHubix [69-71], noce Beimonsenus: ycinosust E > E, npoucxogur
M3MeHEHWe HalPaBJIeHUs] CTIOHTAHHOU IQIISPU3AnMU C ONHOBPEMEH-
HBIM BO3BHHKHOBEHHEM BHYTPEHHErO IOJis. DTO Iojie 06pasyercs mo-
Jjiem fenonsapusanun Egep 1 noneM o6beMHbIX 3apanoB Eg. lenons-
pu3yoliiee [0Jie B CErHETONIEKTPUKAX OOYC/IOBJIEHO MPHUCYTCTBAEM



IIPUNIOBEPXHOCTHBIX 3apsAOB U 3aMeAjisdeT pOCT AOMEHOB:

2LpP,
eeol ’

Edep = (31)

rie Lp u L — coorBercrBenno naebaeBckast AJIMHA W JUIMHA KpH-
CTaJUIA.

BozrukzOBeHHIE N0 06'beMHBIX 3apAf0oB Ky CBA3aHO C HECKOJIb-
KAMHU JUHAMHYECKUMH OponeccaMu. Bo-mepBhIX, C TPOCTPAHCTBEH-
HBEIM TepeMenieHueM BJIOJIb OCH TOISPH3AlMH HOHOB, 06pa3yionux
KPHCTAJJINYECKYIO DEelIeTKy B mepernosspusyomem nonre (puc. 3.1).
Bo-BropreIX, ¢ IepepacupefelieHHeM CBOOGOAHBIX HOCHTENEH 3apsi-
Jla. ¥ UX BO3MOXHBIM 33XBAaTOM CTPYKTYPHBIMH HJIM HIPHMECHBIMH
[eHTpaMu. B-TpeThuXx, ¢ IPOCTPAHCTBEHHBIM IE€PEpaCHpeieIeHreM
[IPUMECHBIX MOHOB I'DYIIIB! Kejle3a, NPAaKTHYeCKH BCerja MpHCYT-
CTBYIOUIMX B KPUCTAJUJIAX OKCHIHBIX CErHeT03jieKTpukoB. Huskas
[OABUKHOCTH MOHOB M 3JIEKTPOHOB B CEHETOJIEKTPHUKAX C HU3KOH
IPOBOAMMOCTBIO ONpEeNfeT MOCTATOYHO IJIMHHOE BPEMS peJsiakCa-
muu nonst g JIns OKCHAHBIX CerHETOANIEKTPUKOB BpEMS peJlaKkCa-
muu nonsi E4 Bapbupyercs OT eAMHUIL [0 THICAY CEKYH]I.

Ilone E; B 3HaYATENBHON CTENEHN KOMIIEHCHPYeT KOIPIUTHUBHOE
nosne. Takum 06pa3oM, BOSHUKHOBEHHE MUKDPOIOMEHOB IPOMCXOAUT
oA JefiCTBUEeM CYMMAapHOrO JIOKAJIBHOIO 3JIeKTPHYECKOro MOoJIs

Es (ri, t) = E+ (Eq — Eaep) » (3.2)

T/ie 7 — JIOKaJIbHAsL KOOPAMHATA.
KauecTBeHHO mHpoIecc NEpenoyigpU3anii MOXKHO ONHCATH CJIe-
JAYIOUIMM YpaBHEHUEM

Es = E, — Egexp (—f) . (3.3)

YacTHyHas KOMIEHCAMUS KOSPIUTHBHOTO MOJIsl TIO3BOJISIET Cle-
JaTh NPAKTHYECKUil BHIBOZ O BO3MOXKHOCTH YIPABIEHHS JOMEHO-
06pa30BaHHeM C HOMOIILIO MAJEIX BHELIHMX JIEKTPHYECKUX MoJeit
B [IePHOJ CYNIECTBOBAHUS CHJBHOIO BHYTPEHHEro IOJis.

Haubosee C/IOXKHBIM H [OK3 HE IOJHOCTHIO Pa3pelIeHHBIM fB-
JifleTcsl BOIPOC O TOM, KAKHe IEHTDPHI ABJISIOTCA 3apOAbIIIAMHU JI0-
MenoB. Jljisl KPHCTAJLIOB, COAEP’KAINUX NMpHMECHble MOHBI, Haubo-
Jlee BEpOATHO 0GPa30BAHUE 3apOIbILIeli BOIM3U NPUMECHBIX HOHOB,
CHJIBHO CBS3QHHBIX C PEIIETOYHLIM OKDPY>KEHHeM M ObJIaJaromiuxX
COGCTBEHHBIME I'PaJHEHTAMY JIEKTPUUECKHX TI0Niejt, HAPaBJIeHHbIX
HAaBCTpeYy MO0 CHOHTaHHOR moispumsanun. K takum monam or-
Hocarc Fe?t, Mn®*t, Cr?*, Cr'* u psj #pyrux MoHOB Ipynmbl



Xkene3a. IIOCKOIbKY BOKPYI 9THX HMOHOB IOJie CIOHTAHHON ITOJISA-
pu3anyuy OyZer 4aCTHYHO KOMIEHCHPOBATHCHA COOCTBEHHBIM IIOJIEM
MOHA, TO U YCJIOBUsI nepenoyigpusanuy 6yayt 6onee nerkumu. Takxe
BO3MOXKHO OOpa30oBaHMe 3apojpluieii BOJN3M TAKMX CTPYKTYPHBIX
MOHOB, KOTOpBIE 3aMENAIOT JPYrue CTPYKTYPHbIE MOHBI B PEUIETKE
JIJIs1 KPUCTAJLIOB KOHIPYIHTHOro cocraBa. Hanpumep, Jgjsa ruobara
JINTHSI TAKMMHU HOHAMH SIBJISIIOTCS] HOHBI HHOOHS, 3aMealoliyue HOHbI
JIATHSA.

3.2. UsayuupoBaHHble JOMEHBbI B MarHeTHKAaX

PapnoBecHasi MarsuTHas CTPYKTYpPa, BO3HHKAIONIASA HUXe TeM-
nepaTypbl MAarHUTHOTO ()a30BOr0 NEPEX0/a, ONPeNe/IieTCsd MUHUMY-
MOM IIOJIHOI HEpPriuy MarHeTHKA, BKIIIOYAIOIEi SHEPruio OOMEHHOT0
B3aMMOJAEHCTBHSA, MArHUTHON AHU3OTPONNH, MarHUTOCTATHYECKYIO
U ynpyryio sHepruu. KoHkpeTHass popMa IDOMEHHON CTPYKTYpHI,
MIOMHUMO SHEpreTHYeCcKuX (PaxTOpOB, 3aBUCHUT TAKXKe OT (DOPMBI U
pasmepoB 00pa3na, TeMIepaTyphbl, BHEIIHEr0 MArHUTHOIO IOJS U
Ipyrux napamerpoB. KoukperHsiil Habop 3THX mapaMerpoB U OIpe-
JeJisieT TUII MAIHUTHBIX MOMEHOB. JIJI MArHUTHBIX IJIEHOK DPEe3YJib-
THDYIOLIas MAarHNTHAs AHWU30TPONUHA OIpenesser THUIl MAarHUTHOMR
CTPYKTYpPbI M XapaKTep NpoueccoB Hamarummuupanus. Hanpuwmep,
HauboJIblIIee IPUMEHeHNe Jis 3anucH HHQPOPMAIMH oIy YU Mar-
HUTHBIE IJIEHKH C [IEPIEeHIUKYJISPHOM IIOBEDXHOCTH OCHIO JIETKOTO
HaMarHW4uBaHusa. B Takux maTepuasax o6pa3yroTcs CTabWiIbHAs
[I0JIOCOBAS WJIM JIAOMPHUHTHAS MOMEHHAA CTPYKTYPHI, HJIM PElIeTKa,
COCTOANIAA W3 HUJIMHIAPAYECKUX MAIHUTHBLIX JTOMEHOB.

B nociiegume roap! 6611 IPEANPUHAT PAJ HONBITOK (DOPMUPOBa-
HUS B MarHUTHBIX IUIEHKAX CMEIIaHHON NOMEHHO cTpyKTyphl. Tak,
B pabore [158], HA paBHOBECHYIO NIOJIOCOBYIO CTPYKTYPY, 06pa30oBaH-
HYI0 B IieBKe (eppur-rpanara (BiTm);(FeGa);012, Bo3aeiicTBOBA-
s chOKYCHPOBAHHBIM JIa3epHBIM My4YKoM. B pesyibrare jsazepHo-
ro marpesa Bblme Temneparypsl Kiopu T¢ B 06J1aCTH MOJIOCOBOTO
IIOMeHa IPOUCXOAMJIO JIOKAJhHOE pa3pylierne (heppOMarHUTHOIO
COCTOSHUS. DTO, IO MHEHWIO ABTOPOB, IIPUBOMJIO K BO3HHKHOBE-
HUIO HEPABHOBECHOI CMEIIaHHON KOMEHHOR CTPYKTYPBI: IOJIOCOBOM
¢dheppOMArHUTHEIN JOMEH-TUINEIPHYeCKUil TapaMarHUTHRIN JOMeH
BuyTpH Hero. C TeyeHHeM BpeMeHM HarpeBa Takas HECTAUOHApHAs
JIOMEHHasI CTPYKTYPa BUIOM3MEHANACH 33 CYeT YBEIUYeHHs pa3Me-
pa QUJIXHIPHYECKOrO AOMEHa M COOTBETCTBYIONIErO STOMY IPOIEC-
Cy MCKaKeHHsI UCXOMHOM MOJIOCOBOM CTPYKTYpHI. [locne okoHvanus
JIa3e€PHOTO BO3AEHCTBUS M OXJIAXK/EHHS HArperoil o6JacTH MpPOHC-
XOAWJI 0B6paTHEIN IPOIECC BOCCTAHOBJIEHUS PaBHOBECHOM MOJIOCOBOM

CTPYKTYDBHI.



YcroyuBas ~ KBa3HpDABHOBECHAs  CMEIIAHHAs  CTPYKTYpa,
nofo0HasA ONMCAHHOW BhImE, ObIIa CO3JaHA B IUJIEHKE COCTABA,
(Big,7Lug,3)3(Feg 8Gag2)5012 BO3ZEiiCTBHEM TONBKO MArHHTHOTO
monst  [133]. Heobxomumast KoHMUrYypanmus — MUIHHAPAYECKHH
JIOMEH BHYTPH TOJIOCOBOM [JOMEHHOH CTPYKTYDPHI — CO3JABAJIACH
ONpeNieIeHHON TI0CIeI0BATEIEHOCTRIO [IPUJIOXKEHUST UMITYJIbCHBIX
MarHUTHBIX I0JIeHf BAOJIb U NEePIeHAUKYISAPHO [TOBEPXHOCTH TLICHKH.
B pesynpraTe mabmomanack CMEIIAHHAS CTPYKTYpa, COCTOSAIAS
U3 IIO0JIOCOBBIX JIOMEHOB C INMpuHOH mopsAnka 16 mxm m IIMII
nuamerpom 6,75 MM BryTpE (puc. 2.2).

3.3. JInmnHamMu4ecKkne MarHUTHBIE
JOMEHHbIE CTPYKTYPbI

Kax reopernyeckn noxaszaHo B paGorax [59, 114}, akycruueckue
BOJIHBI MOTYT MHAYyIMpoBarh guHamuyeckue II/1C 8 ogaOpoaHo ymo-
PSILOYEHHBIX MAarHeTHKax, MpUYeM I[UHPHHA JOMEHOB M JOMEHHBIX
rparul] 6yayT onpenensaThCA IJIMHON AKyCTHYECKOH BOJIHBI H ee
ammuTynoit. Ilpudunoit ToMy siBJIsiercsi BOSHUKHOBEHHE [IOTIOJIHM-
TeJILHON OIHOOCHOM MarHUTHOM aHU30TPONUH, 0OYCIIOBJIEHHOMK Mar-
HUTOCTPHKIHUEH. DTOT 3¢ deKT Hauboiee CHIILHO JA0JIXKEH [IPOSIBUTh-
ca BOJIM3M OPUEHTANMOHHBIX MArHUTHAIX (PA30BBIX NEPEXO/0B THIIA
«JIerKasl OCh»—«Jlerkas IJIOCKOCTH». IIpH mocTaToyHOi aMmiurTyzne
aKyCTU9IeCKO BOJIHBI OyZeT MPOMCXOAMTH HEPUOAMYECKOe H3MeHe-
HUe 3HAYEeHHs] M 3HAKAa KOHCTAHTH MACHHUTHOI aHU3OTPONWH, NPH-
BOJSIIEE K AHU3OTPONMH «JIerKasd IJIOCKOCTH» B O0JIACTH CXKATHA
¥ K aHM3O0TPONHUM <«JIErKas OChb» B 0BJaCTH pacTskeHHs (IpH IO-
JIOXKHUTETHHOM 3HaKe KOHCTaHThl Maruurocrpuknud ). Ilpu Beimon-
HEHWH yCJIOBHS, YTO SHEPrUs AHU3OTPONUH 3HAYUTENHHO IIPEBOCXO-
AT O6MEHHYIO SHEPIUI0, paHee MarHuTOO[HOPOAHEIN obpa3ser OyaeT
pa3buBATHECA . HA, OTAEJLHEIE CJIOH C YepeAYONMMHCs HaIpaBJIeHn -
MH HaMarHMYEHHOCTH: BIOJIL ¥ IONEPEK HalpaBJieHHus pacIpocTpa-
HeHHs aKycTHdeckoil Bosimbl. IIpH pacnpocTpaHeHMH B MarseTHKe
Geryuieit BOMHB WHAYIMPOBAHHAS IOMEHHAs CTPYKTypa bOynmer me-
peMemaThesa 10 06pasly cO CKOPOCTBIO aKYCTHYeCKOHR BOJIHBI; IPH
BO36yXAenun crogveit Bonusl [1JIC 6yaer mmers yCTONYHBOE MPO-
CTpPAHCTBEHHOE paclipefe/ienue, OlpefiengeMoe NEePHOAOM CTosaYeln
BOJIHEL.

Takum ob6pa3oM, B MarHeTukax MOXKeT BO3HMKATL IOJIOCOBAA
JOMeHHast CTPYKTypa ¢ 90°-HbiMu AOMeHHbIMM rpasmnamu. Iloka-
3aHO, YTO HAMAIHHYEHHOCTH OYAET yCHeBaTh MOJACTPaMBaTHLCA MOJ
ynpyrue aedopManuu, CO3jaBaeMble aKyCTHYECKOW BOJIHOH, ecin
BpeMs peaKCamuy MeHbie repuofa Kosjebanmit. JIna peanbHbIX



MarHeTUKOB TAKUM YCJIOBUAM YAOBJIETBOPAIOT aKyCTHYECKHE KOJjie-
6aHHs ¢ YACTOTAMH N0 HECKONBKHUX Merarepi.

Kunernka o6pa3opanusi aKyCTHYECKH UHJYIHUPOBAHHBEIX JOME-
HOB OyZIeT KQYeCTBEHHO OTIMYATHCS OT IPOIECCOB OOBLIYHOrO HOME-
HooOpa3oBanusl B MarHeTukaX. IIOCKOJIEKY COOTHOIIEHWE MIUDHHBI
oMeHa d ¥ JOMEHHOI IDaHUIBI 3aBUCAT OT aMIUIMTYZAs! aedopma-
WU U B aKyCTHYECKOU BOJIHE CIIEAYIOIUM 06pa3om:

dzg_@ (3.4)
roe 0 = (a/\/'yu)I/ 3 )\ — KOHCTAaHTa HEOZHOPONHOTO O0MeHa, TO

C YBeMHYEeHUEM aMIUIATYIbl U IUMPHHA NOMEHHOM I'DAHUIBI YMEHb-
maercd, a mupuHa gomena pacter 10 A/2. IMosocoBas gomennas
CTPYKTYpa BO3HHKAET U IIpu § ~ d, OHAKO M3MeHeHHe HalIpaBJIeHH
HaMmarsuydeHsHocT 6ymer menbiue 90°.

Teoperudeckune pacyersl IOJYUYUIIH OATBEPKIEHUE B NOCTELY-
IoImux sKcrepuMenTax. Tak, B pabore [62] 65112 o6Hapyxena 6ery-
Iasi JOMEHHAsl CTPYKTYpa, CO3JAHHAA NPOJOJILHON aKyCTHYEeCKON
BOJIHOM B JIEIKOIUIOCKOCTHOM aHTH(eppomarseruke FeBOj3;. Cros-
Jas U Oeryuas nepruoinvecKue JOMeHHbe CTPYKTY Pl HabJIIo1al1ach
B remarure [160]. IIpu stom 6erymas IIJIC nepememanacsk co cKo-
pocThIo Gerynieil akyCTHYECKONH BOJIHEI.

B paGore [161] rabionanocs pe3oHAHCHOE YCHJIEHHE aKyCTHYe-
cKux KojiebaHuil Ha WHAYIUPOBAHHON HOMEHHOH CTPYKTYype B 60pa-
T€ JKeJie3a B YCJIOBHAX, KOTZa IO TOJIIHHE 00pasia pa3Menianoch
penoe yucyio gomenoB. ITockosnbky kpucramisl FeBOjz obnaparor
CUJIBHBIM MAarHUTOYNPYIMM B3aUMOJEHCTBHEM, TO IJisi BO36GYXie-
HUSI AKYCTUIECKHX KOeOaHmil HCro/Ipb30Basicss 6ECKOHTAKTHBIN 3J1eK-
TpoMarsuTHel criocob. IIpu sTom uccieayemble MOHOKpHCTALIHYE-
ckue obpasusl FeBO3, usrorosiiennble B BUIE TOHKUX IJIACTUHOK
¢ romumHamu L = 1,24; 0,77 u 0,26 MM, noMenaiucs B KaTyIIKy
HHAYKTHBHOCTH YACTOTHO IIE€PECTPANBAEMOr0 K0jie6aTe/IbHOrO KOH-
typa. Ilepemennoe H(t) um nocroaunoe H maruuTHBIE mosid 6bLIM
npuioXkensl B 6a3ucHoil miuockoctu (111) kpuctanios nepnesau-
Kyasipuo apyr apyry (H(t) L H L1 Cji, rme C3— oCh Tperhero
nopsiixa). B Takoit reomerprn Bo36yKAAI0TCA CABUTOBLIE MATHUTO-
yIOpyrue BOJIHBI, CBSI3aHHBIE C KOMIIOHEHTOH bj4 MarHHTOYIpPYroro
ten3opa [2, 162] u pacnpocrpausommecs saoas ocu Cs (ky || C3).
ITIpun pa3smepHOM ynpyrom pe3oHaHce, Korjaa mnapamerp L KpareH
JIJIMHE TI0JIYBOJIHBL, BOJIHOBOM BeKTOD Ky, OIIpe/lesIfeTcs BHIPaXKEeHUEM

kn = ?E’E(zn+1), n=01,2,.. (3.5)

Curman ynpyroro pasmMepHOro pe30HAHCa PEerucTPHPOBAJICS IO
U3MEHEeHHUIO JOOPOTHOCTH PAJOYACTOTHOIO KOJIE6ATENbHOIO KOHTY-



pa, YTO COOTBETCTBYET CHI'HAJYy PE30HAHCHOI'O YBEJIMYEHHS aMILIU-
TyABl aKyCTHIeCKuX Konmebanuii (puc. 3.2).

A1 Bcex MCCIeIOBAHHBIX 0OPasNOB HABIIONAINCH pa3MepHbIe
Pe30HAHChl Ha OCHOBHON 4dacrore (n = 0) M BBICIIMX TapMOHW-
kax [163]. Ozmnako BbUIO YCTAHOBIEHO, YTO MHTEHCHBHOCTD pas-
MEDHBIX DE30HAHCOB 33aBUCHT OT HANDPSDKEHHOCTH IPUJIOMKEHHOTO
CTATHIECKOrO MAarHHTHOIO MOJsA, KaK CJefyeT u3 puc. 3.2. Dta
3aBMCHMOCTb HOCHT DE30HAHCHBIH xapakTep, npuueM Hpe; umeer
NPaKTHYECKH OJHO W TO 2Ke 3HAYeHHe AJIA DPA3IMYHBIX TOJIIIHH
00pa3uoB, OCHOBHOM M BBICIIMX IAPMOHMUK.

1, oTH. ex. A
1,2

0,81

041

0 50 100 150 H,5

Puc. 3.2. 3aBMCUMOCTH HHTEHCUBHOCTH CUI'HAJIOB Pa3MEPHOT0 MATHUTOYIIPYIOro
PE30HAHCA OT MATHUTHOIO NOJIs JJIs Tpex ciaygaes: L = 0,77 My, n = 0, fo(oo) =
= 3,115 My (£); L = 0,77 mM, n = 1, fi(o0) = 9,4 MI'n (2); L = 0,26 mm,
n =0, fo(oo) =9,1 MI'y (9). Bee xpusnie umeror MakcumyM mipu H = 40 B

Taxoe noBeseHHE MHTEHCUBHOCTH Pa3MEPHEIX PE30HAHCOB MO-
JKEeT HalTu 00bsCHEHHE B OCODEHHOCTAX NEPeCTPOMKHM POCTOBOM
JOMEHHOU CTpYKTyphbl U (POPMUPOBAHUN AUHAMUYIECKON JOMEHHO
CTPYKTYPHBI IIOJIEM aKyCTHIECKON BOJHBI.

Kak wusBectno [162], nomennas crpykrypa B FeBOgs npencras-
JseT coboif pachnpefesieHHBIE [I0 TOJIIMHE CJIOM — JOMEHBl C pas-
JMYHBIM HAIPaBJEHHEM HAMarHMYeHHOCTH B HasHCHON IJIOCKOCTH,
pazaenennbie 180°-upiMu rpaunuamu Tuna bBioxa. B cBorw ouepens,
B KaxK70M cjioe mMmerorcst 180°-Hbie JOMEHEI, pasjejieHHble I'DaHu-
uaMu Heenst. Ilpn HajioXeHMM CTATMYECKOI'O IOJASI B IJIOCKOCTH



JIErKOTO HaMarHWYWBaHHUA B MEPBYIO O4Yepelb MCUE3aI0T JOMEHHbIE
rpauunpl tana Heena (H ~ 1-5 ). Janbreitmmit pocr nona H
OPUBOAUT K MCYe3HOBeHuto rpauun Bioxa (H ~ 35-40 9) u nonuoi
MOHOJOMEHH3ALUMN KPUCTAIIIA.

JIIa MOHOZMOMEHHBIX 00pa3LoB JIErKOIJIOCKOCTHBIX aHTHEpPpO-
MarHeTHKOB YaCTOTa Pa3sMEPHOr0 yIpyroro pe3oHaHCa olpejeliaer-
cA BBIDAXKEHUEM

1/2
I (H)"fn (OO) [1 644p0(H2+HHg+2HEHm8):| ’ 3.6
2n+1 {c 2 ( | )
— fad
fn (OO) - 2l ( p ) !

rae Hg = 3-10% D — obmennoe none; Hy = 0,7 - 10° O — nose JIza-
JIOIIKHCKOTO; C44 — KOMIIOHEHTa TE€H30pa MOAYJIell yupyrocTH, onpe-
JIeJIAIONast CKOPOCTh CABMIOBBIX BOMH B Hampasieuun Cz; Hps —
acpdexTHBHOE TOJIE CIIOHTAHHON MArHUTOCTPHMKIMHM; fig — HAMArHHU-
YEHHOCTBH [0Apemerky; fr(00) —9acTora pa3sMepHOTO PE30HAHCA
npu H — 00; p — IUIOTHOCTL KPHCTAJLIA.

3aBHCHMMOCTH HHTEHCHBHOCTH CHTHAJIA PA3MEPHOT0 yIIPYTroro pe-
30HAHCA JJId MOHOJOMEHHOr0 00pa3ia MMeeT BUJ,

I, (H) ~ (H? + HHy + 2HgHy,,) " (3.7)

Panee BbINONIHEHHBIE SKCIEPUMEHTHI 1O II0JIEBOM 3aBUCHMOCTH
fn(H) Ha MonOmOMeHHBIX Obpasuax Mnokasajiu, 4ro Beime 100 D
TeopeTHYecKHue 3aBUCUMOCTH (3.6) MOMHOCTBHIO COBIANAIOT € IKCIE-
PUMEHTAJIbHBIMA KPUBBIMA [2].

Ilpu aHanM3e 3KCOEPUMEHTOB, IPOBOAMMBIX B IOJIAX ¢ Gojee HU3-
kuMu HanpsoxeaHocrsmu (H < 100 D), Heob6X0AMMO TakXKe yYUThI-
BaTh TO 0OCTOSITEIBLCTBO, YTO [POUECCH] CMEMIEHUA AOMEHHBIX Ipa-
Hu1, 6yAyT SKPaHHPOBATh MPOHMKHOBEHHE mepeMeHHoro nonsa H(t)
BHYTpb AOMEHOB. I10CKOJIbKY 9KDAHHPOBAHUE PACTeT C yBeIHICHHU-
eM yucia rpasun (npu yMeHbinernu H ), B pe3yabTaTe yMeHbIIACTCS
obbem o6pasua, B KOTophlit npoHukaer nosie H(t), 4o u npusoamt
K YMEHBIIEHHI0 HHTEHCHBHOCTU Da3MepHOro pesonanca mpu H <
< 40 3. C gpyroit CTOPOHBI, JOMEHHBIE CTPYKTYPBl CO3JAIOT A0~
[IOJIHATEIbHbIE CIOHTAHHBIE MATHUTOCTPHKIMOHHBIE HAIIPAXKEHH,
YTO JOTOJIHUTEILHO YCHIMBAET 3aBUCHMOCTL Hyps OT KOHUEHTPAIMH
[IOMEHOB.



WTak, y9nuThIBasA BBHINIECKA3aHHOE, MOXKHO [10JIaraTh, YTO B HH-
repnasie nojneit 35-40 D yxe HacTymaeT MOHOZOMEHHM3auus 0bpa3-
LOB, HO MarHUTHBIE MOMEHTBI OCTAIOTCH JAOUIBHBIMU U MOT'YT OpH-
€HTHPOBATBCA B [TOJIe MArHUTOYIPYroit Bonubl. Kak ciegyer us gas-
HBIX pHC. 3.2, pe3koe Bo3pactanue 3asucumoctu I(H) Ha OCHOBHOI
YACTOTE ¥ TapMOHHMKAX COOTBETCTBYET NEePEeOpPHEeHTAlMK JabUIbHBIX
MAarHUTHBIX MOMeHTOB. Ilpu sTOM BO3pacranue Ha TpeTbeil rapMo-
HHKE CBSI33HO C DE30HAHCHBIMH KONeOaHWAMM IOMEHHBIX T'DaHMIIL.
OTUM Ke ODCTOATENLCTBOM MOXKHO ODBACHUTHL DPE3KOe CyKeHHe
pesonanca I(H) € mepexogoM OT OCHOBHOII 9aCTOTBI K TpPeThei
rapmonnke. C JajbHEHIIMM POCTOM HANPSXKEHHOCTH MAarHUTHOTO
I10JIs1 MAaTHUTHBIE MOMEHTHI 3aKPEIUISIOTCH B 0JIe U MHTEHCHBHOCTD
MarHMTOyNPYroro pe3oHaHCa Pe3KO MafaerT.

3. A.B. Tonennes — Kytysos # ap.



T'nasa 4

B3AVMMO/JEVICTBUE OIITUYECKWX BOJIH
C IEPNOJNYECKIIMHU JOMEHHBIMHA
CTPYKTYPAMN

ITOC MoxHO paccMaTpuBaTh KaK CHCTEMY aHW30TPONHBIX CPEJ,
pa3zesieHHbIX I'DaHMIIAMH, Ha KOTOPHIX B 3aBHCHMOCTH OT KJac-
Ca CHMMETPHH CpeJbl IPOUCXOJUT WM3MEHEHHe JAUIEKTPHUECKHX,
IEKTPOONTUYECKUX, YIPYTHX, Nbe303TeKTPUYECKHX HIM MarHUTO-
ynpyrux napamerpos. B gacTHOCTH, A8 OKCHAHBIX HELEHTPOCHM-
METPHYHBIX CETHETOIEKTPMKOB Ha rpaHuuax 180°-HbIX JOMEHOB
OyoyT U3MEHATh 3HAK 3JIEMEHThl TEH30POB TPETHETO PAHIa, ONHM-
CBIBAIOIIME KBAJPATHYHYIO AUIEKTPHUIECKYI0 BOCIPUHUMYHBOCTE U
nbe303ddext. Takum 06pa3oM, rpaHULB JOMEHOB BHOCAT JOIOIHMY-
TEJbHBIA BKJIaJ B ONTHYECKYIO WM AKYCTHYECKYH0 HEJIHMHEHHOCTH
KPHUCTAJIJIOB, YTO PACUIMpsAET BO3MOXHOCTU HCHOIb30BAHMUA TAKUX
JIMHENHbIX W HeJIMHEHHBIX ONTHYECKUX WM aKycTudeckux addex-
TOB KaK OTPaXKeHHe, NPEJIOMJIEHHE X FeHepalis OCHOBHOHN U BBICIINX
rapMOHHK, ITapaMeTpuyeckoe IIpeobpasoBaHue J4aCTOTHI.

4.1. PacupocrpalneHne onTu4eCKNX BOJIH 4Yepe3
nepuogndecKkue CTPYKTYPbl

Kak yxe oTMeuasoch BO BBEJEHMH, KBA3MKDPHCTAJJIMYECKHE U
OTOHHBIE CTPYKTYPH! HA NEPBOM 3Talleé PACCMATPHBAJIUCH B OHO-
MEPHOM NpUOIHKeHNH, B KOTOPOM NPEIIOIarajioch CyIeCTBOBAHUE
ABYX COPTOB U30TPONHBIX GE3UCCUNIATUBHBIX CJIOEB, OTIHYAIOMIMX-
C4 [I0KA3aTeJIIMH [TPEIOMJICHHS.

KorepeHTHbI# OnTHYECKUH [TyYOK, PACIIPOCTPAHSIOMMACS BAOJb
TaKoif MepuoguYecKoil CTpYKTYPH B JAHHBIX YCIOBHAX, O6ynmeT mpe-
TepIIeBaTh OTPaXKEHUE U NIPeJIOMJICHNEe Ha KaxXXA0# rpaHune pa3gesa.
B pesysbrare BO3HHKAeT CIOXHas CTPYKTYpa BOJIH, PaCIpPOCTPa-
HAIOMIMXCA B NPAMOM 4 ODpDATHOM HANPABIEHHAX IO OTHOIICHHIO
K NIEPBHUYHBIM BOJHAM M B3aUMOIeHCTBYIOMHX Mexay coboit. B reo-
pHUH CBA3aHHBIX Mo [25], onuchiBaloniell pacipocTpanenue 3IeKTpo-
MarHHTHOTO M3Jy4YeHUdA B NEPUOJMUYECKON CJIOUCTOI CTPYKTYypE, BCE
B3aNMOZENCTBYIOIINE BOJIHBI CBOAATCA K IBYM BOJHAM C BOJIHOBBIMU
BEeKTOpaMH ki H 752, KOTOpble DPacHpOCTPAHAIOTCA JUOO B OmHOM,



Jub0 B IIPOTHBOMNOJIOXKHBIX HANDABIEHUAX. VX cusbHOe B3auMozeti-
CTBUE BO3MOXKHO IIDH BHIIIOJHEHUH JBYX YCIOBHML:
1) npozmoneHOro ha3’oBoro CHHXPOHU3MA,

2w

Alczkl——kg—mjwo m=1, 2,3, (4.1)
VISl BOJIH, PACIpPOCTPAHAIOWIMXCH B OSHOM HAIPABJICHHUHU, U
Ak=k1+k2—-m2§»_0 (4.2)

JJIs1 BOJIH, PACIPOCTPAHSAIONIMXCS B npomsononoxmmx HAaIpaB-
JICHUSIX (3;1e01> D — nepuon Monynsauum);

1,0 l Az(Z)I
' A 1(Z)|
0 /2 x L@ 1 2(2)

Puc. 4.1. HpOCTpB.HCTBGHHOe pacnpene-

Jenume IHepruit AByX Iyukos, pacnpo- 1(2) ,
CTPAHSIOMEXCSA B OHOM HAIIPABJIEHUM
E.2) JANVAN

AN A\,

Puc. 4.3. Ournyecku MHAYUHPOBAHHOE
dopmuposanue rosorpadpuyecKkoin pe-
merku: [(2z) — MHTEHCHBHOCTH CyMMap-

JHeprasa MoAbl

4,0

N
2 \Q\ |4,

| A5(0)]
\11:\ 2
N 4@r

2N
[Az(z)'l SN '>
z=0 I z=L 2

n(z)

Tlepnoguyeckas ciaoucTas cpena

Puc. 4.2. TIpocTpancTBerHOE pacmpe-
JeneHue Hepruil ABYX IYy4KOB, pac-
IIPOCTPAHSIOIUUXCH B [IPOTHBOIIOMOXK-
HBIX HalIPABJIEHUAX

HOT'O ONTHYECKOro 11y 4Ka Ioc/le HHTEp-
depeHnuE ABYX TEPBHYHEIX IIyYKOB;
Esc(2) - dorounaynupoBansoe asex-
rTpuueckoe nose; n{z) — dorounaynu-
POBAHHOE PACHPENEICHME [T0KA3ATEN
IIPEJIOMJIEHHS

2) IMHAMMYECKOTO COOTHOLIEHHS BOJHOBOIO BEKTOPA M JIuHbI L:
MaKCHMaJbHOMY MpoIycKanuio (puc. 4.1) orrnyeckoro my4xa depes

IIJC coorsercrByer
|km| L =

(2m + 1) g

m=0,1,2,3, (4.3)

a MaKCHMaJbHOE oTpaxkenue (puc. 4.2) BO3HMKAET NpH

|km| L = mm.

(4.4)



K nepuommyeckuM CTPYKTypaMm, OTIUYAIONUMCH HepHOAMYe-
CKO# MOZyJIAMEH MOKA3aTe/IA MPEJIOMJIEHHS, OTHOCATCS U BOJIOKOH-
Hble 6parroBCcKue peleTku [164], KoToprle MOXHO paccMaTpPHBATh
KaK OmHOMEpHbIE (POTOHHBIE KpHCTAJUIBL. PaccMOTpeHue ycioBHH
ONTHYECKOH MPO3PAavyHOCTH B TaKMX CTPYKTypax mokaszaso [165] mx
[TOJIHOE COOTBETCTBHE BHIILIEH3IOXKEHHON MOJENIH, COTVIACHO KOTOPOii
doToHHAA 1Ie/b BOZHUKAET BOIN3N OPOSTTOBCKOM AJIMHBI BOJIHBI

Ap = 2mngoD. (4.5)

K TakuM nepuommuecKuM CTPYKTYpaM OTHOCATCA M IOJIOrpa-
dbuueckue pemerkn B ¢oropedpakTuBHEIX Kpucrauwtax [69)]. Ilo-
CKOJIEKY OITHMIECKH HABENEHHbIe MEKTPUYECKHe OIS AOCTHUIAIOT
nanpsxennocreir 104-10° B/cM, BCIeACTBHE 31€KTPOONTHIECKOrO
acddexTa cozgarTea I 4pno,zmqecxne U3MeHeHHs IoKasaresnsd Ipe-
noMtenns nopsaaka 1074-1073, onucriBaeMble B epBoM MpubIIIKe-
HUH nepuojuyeckoit pyukuumeit (puc. 4.3):

n(z) = n(0) [1 + mcos kz], (4.6)

rae n(0) —nokasarenb mnpeaoMJleHHs BHe obsacTd roJjorpadude-
CKO¥l pPEelIeTKMH.

4.2. Pacnpocrpanenue onTndyeckux BouH depe3 ILIJ1C

ITockonbKy TEH30PH! JUIEKTPHUYIECKOH BOCIPHMMYHUBOCTH X0 M
IPOHUIAEMOCTH €, OIMCHLIBAIOIME ONTUYECKHUE CBOWCTBA B JMAJIEK-
TPHYECKUX CPEJax, COXPAHSIOTCA MOCTOAHHBIMU OT AOMEHa K JO-
Merny B ITJIC, To u pacnpocTpaHeHHE ONTUYEeCKON BOJHBI He Oynmer
3aBHCETh OT JOMEHHOH CTPYKTypbl. OaHAKO MPUIOXKEHHE HOCTOSH-
Horo ayiekrpuueckoro nois K IIJIC BciaencTBue 3MeKTpOOITHIECKOTO
adderTa co3maer NepuoguvYecKue W3MEHeHUs 3HAYeHUs U 3HAKa
MOKAa3aTess npejoMiIenus U KosdduuuenTa quaeK TpUuIecKoil mpo-
HHUI2EMOCTH.

WsMmenenne mokazaTesida HPeJOMJIEHMS 7t IPUBOAUT K (pa3oBoMy
CABHI'Y IJI BOJIHBI, PACHPOCTPAHSIOUIEHCa Yepe3 JOMEH:

o= TSEL (B, . By), ()

I'Zie 7 — COOTBETCTBYIOUHIT 3IEKTPOOITHIECKHH KO3 DUIHMEHT; e —
II0Ka3aTeNb NpeJOMIeHNs HeoBbIKHOBeHHOro ay4a; Py u g — enu-
HUYHbIE BEKTODPHI MOJAPU3AIMM B JOMEHE M IIPUJIOXKEHHOIO MOJs
COOTBETCTBEHHO; L — pamHa 0b6pa3ua B HapaB/IeHWHM DPaCHpOCTpa-
HEHMA Jy4a.



Beepcreue paznnyansa B 3HaKax KosdduupenTa r Ga3oBsle yIIbl
TaKxkKe OyIyT MMeTh MPOTHUBOIOIOXKHbIE 3HAKH I/ COCEAHUX JOMe-
HoB. MaxcumaibHbiit 3pdexT 6yAeT BOIHUKATH MPH KOJIMHEAPHO-
CTH BEKTOPOB NOJAPU3AUHMH B JOMEHAX M SJICKTPHYECKOTO IO, 9TO
nosposser paccMmarpuBaTh IIJIC kak ¢dasosyr audpakipuoHHYIO
peuleTKy, nepuoA kKoropoit pasen nepuoxy [IJIC.

IIpunoxenne snekrpudeckoro nous Kk [IJC nepnesgukyiaspHo
K JOMEHHBIM I'PaBUIaM ByJeT CONPOBOXKIATHCS TIEPUOANIECKIM H3Me-
HEeHMEM 3Ha4YeHUI M 3HaKa JIeMEHTOB JUIEKTPHUIECKUX TEH30DOB.

PeanbHyro cucreMy Aj1a pacnpOCTDaHEHMs! ONTHYECKOW BOJIHBI
yepe3 KBa3HMIEPHOIMYECKYI0 JOMEHHYIO CTPYKTYPY MOXHO Mpen-
CTaBHTh B BHJE, NMOKa3aHHOM Ha puc. 4.4 [126]. IIpu srom oce

i Amnanuzatop

4

/ Tonapusarop

Jlasepusiit ceeT

Puc. 4.4. TIpocrpancrBeHHas KOHQUIrypanus II,I_IIC:I z, Yy, z—NaBHBIE OCH
HEBO3MYILIEHHOr0 JUINEKTPUYECKOr0 TeH30pa; &, Y , 2 — Te 3Ke OCH Ipd IIpH-
JIOZKEHHH IEKTPHUYECKOro noas

PONyCKaHMA IOJIAPU3ATOPa HAIIPABJIEHA BOJb OCH ¥, & AHAJIN3ATO-
pa— BAoab ocu z. B orcyTcrsue anekTpuieckoro mons IIJIC 6yzer
OJIHOPOJIHA II0 OTHOIIEHHUIO K PACIPOCTPAHEHHIO OIITHIECKOro MyvKa
BAOJb ocH Z. Toraa TeH30p AUIEKTPHUYECKOH MPOHMIIAEMOCTH B KO-
opaunaTHbix ocax [IJIC umeer Buz

n?, 0
0 n
0 0

oW
(=T}

E=¢€p ) (4‘8)

3
(L M)

e £g — AMSEKTpUIecKasi NPOHMIAEMOCTb B BaKYyME; 7o U Mg — IO~



Ka3areau MPeJOMJIEHHsT COOTBETCTBEHHO /I OOBIKHOBEHHOTO X
HEOOBIKHOBEHHOTO ONITHYECKHX IYYKOB.

B npucyTCTBHHM 3J€KTPHUYECKOTO [0, IPUJIOXKEHHOTO BZOMb
ocu ¥y, BaaeacTBue nekTpoontudeckoro agpdekra ITJIC cranoBurca
HEOJHOPOAHO!H IO OTHOIIEHHIO K PAaclpPOCTPAHEHHIO OITHYECKOI'o
nyuka. IlOCKONIBKY NpHJIOXKEHWE II0d JaXKe C HAMPSXKEHHOCTBHIO
E ~ 10° B/cm cozmaer TOMBbKO Manble H3MEHEHHS B TEH30DE
JUIEKTPUYECKUX TPOHUIAEMOCTeH, TO TaKoe H3MEHEHue 3Haye-
HUIl € MOXHO DPacCMaTpuBaTh KaK BO3MYyILIEHHE B JIMHEHHOM Ipe-
Jene:

€ =€+ Ag, (4.9)
rae
0 0 0
Ae = —607'42E2n(2)n3 0 01 f(.’l}), (410)
010

+1 gns £ B HONOXHUTEILHOM JOMEHE,
—1  pgnsa x B OTPHUUATENIHLHOM JOMEHE;

1@ ={

749 — SJIEKTPOOITHYECKHH K03 bunuenT; Fy — IPHIOKEHHOE 3JIeK-
TPHYECKOE II0JIE.

Jnst KBasunepuoauveckoit crpykrypsl dbyukuua f(z) AomKHA
OBITH 3aMeHeHa 0oyiee CIOXKHBIM BBIPDA’KEHHEM, YYHTHIBAIOLIAM
HEPaBEHCTBO ILMPHMH IIOJOXKHMTEJbHBIX H OTPHUIATENbHBIX [OMe-
HOB!:

fz) = / F(k) exp (—ikz) dk (4.11)

"

f(6) = L [ f(a) exp (iks) dz =

= ;1%77 (Z exp (tkzzj4+1) + exp(im) Z exp (‘ik:l,'zj)) ,  (4.12)
J J

T Zn — [O3UIHUs IPAHUIL] JOMEHOB.

B ypasuenun (4.12) cymMMapHBI# WieH OTpPakaeT CTPYKTYDHbI#
baxTOp, KOTOPBIH JEIUTCA HA JBE YACTH, OJHA U3 KOTOPBIX OTCTAET
ot gpyroit Ha dazoswiit yroa expli (k! + 7)]. Taxum obpasom, BbIpa-
xkeHue (4.12) MoxkHO 3amucaTh Kak

f(k) = % exp (z %E) sin % Z exp (ikzz;). (4.13)
J



Mz Geckoneunoit amunel ¢ da/dp = 7 ypasuenne (4.12) Tpamc-
dbopmupyerca cienyrommM obpazom:

£l o< Y exp [i (B + Xipp )| S22 S0 X 5z, ),

k Xm.n
(4.14)
e
X n = 772 %, (4.15)
Gmn = 2wm_“;l‘l, (4.16)
D =7dy +dp. (4.17)

Iloncrapnas ypabrerue (4.14) B ypasuenne (4.11), nomyuum

f(z) x Z exp [z (%l- +‘}’(m,n)} sin (k1/2) sin Xom, n exp (—ikzx).

k Xm,n
(4.18)

W3 ypaBrenns (4.10) oueBHAHO, YTO TOJBKO BOJIHBI C MOJIAPU3a-
UMMM Y B 2 MOT'YT B3aMMOJEHCTBOBATL MexAy coboit. Ucnons3ysa
yKe paHee pa3paboTaHHBIA Crocob [25], ocHOBaHHBIK Ha KJaccu-
YeCKHUX ypaBHeHMAX MakcBesuta B apaboimdeckoM HpubinKeHuwu,
MOJIYYMM BBIPAXKEHHS [MJIs aMIUIMTY[I Y- U 2-MOJ, MOJISPH30BAHHBIX
BOJIH:

% = —iK Az exp (iAkz);

o (4.19)

—d—a = —iK* Ay exp (—iAkz);

T
Ak = ky — k3 — G n; (4.20)
2. .2

K = -—% % \;%%7‘42 E2 Am,n; (421)
Am. n 0 exp [i (G, nl2 + Xom, )] -S.‘i‘.;c@i‘iﬁu (4.22)

rae A2 u A; — aMIUIMTYJB! COOTBETCTBEHHO Y- H 2-MOJ HOJAPH30-
BaHHBLIX BOJH; kg M k3 — COOTBETCTBYIOIIME MM BOJHOBBIE YHCIIA;
K — koadduuyieHT n3MeHeHNA NOIAPU3 AN,

Hauanbuble yeaosus npu £ = 0, KOTOpbIe ONpeAeNsaeTcsa Halupas-
JICHHEM OCH HOJAPU3ATOPA BJAOb Y 3AMHUIIYTCA TaK:

A5(0) =1, As(0) =0. (4.23)



Toraa a1 CBA3aHHOI CHCTEMbBI UMEEM
As(z) = exp (z %) [cos (sz) —1 —Aéﬁ sin (sx)] ,
8

A3(z) = %[e)(p ( A;m) (—iK™*) sin (sz )}, (424)

rae
=K'K + (A’“) (4.25)

Ecnu och ananmsaropa Hampasiesa Baoib z (gaa z = L), To
Az — 0, a mponyckanue AJIs 2-NOJSAPH30BAHHOTO Iy4YKa HMEeT BHJ,

T = |K|? sin®(sL) -
52

(4.26)

Ilomo6HO TOMy, Kak 3T0 yxKe 00CyXIaloCh A1 KBa3UIIEPHUOIH-
4eckoit (OTOHHOI) pelerku, pacCCMOTPUM YCIOBHSA [l BO3HHK-
HOBEHHSI CHJIbHOTO B3aMMOJEHCTBUA MEXJAY ABYMsA ONTHUYECKUMHU
BOJIHAMH.

IlepBoe u3 HUX, yCIHOBHE KHHEMATHIECKOI'O (ha30BOTO COIVIACOBA-
aua Ak = 0, cXomHO ¢ TeM Ke yCJIoBHEM Ijist (POTOHHON PEIeTKH.
IIpomyckanue Jjis KOHKPETHOTO ONTHYECKOrO IydYKa C ONpeJesIeH-
HO#t JJIMHOM BOJIHBI OyNeT OnpeAesaThCsE COOTBETCTBYIOUIMM BOJIHO-
BbIM BEKTODPOM IIE€PHOJMYECKON JOMEHHON CTPYKTYDHI Ky -

Bropoe ycioBue KacaeTcst AMHAMUYIECKOT'O COOTHOILIEHUA MEXIy
BEKTOPOM H3MEHEHHs IOJIAPU3ALMU U JJIMHOM pelleTKH

\K|L = QTT*M m=01,2, .. (4.27)

Orcrona BHITEKAET MOJIOXKEHME, YTO NPOIYyCKAaHHE BOJHEI Oyzer
3aBHCETh OT KOJIHYECTBa 6JI0KOB fomenos N. 3aBucumMocTs Koaddu-
IMEHTa TPOIYCKaHUA AJjId BOJHBLI ¢ A = 0,8 MKM 0T 4mciia BGJIOKOB
pomenoB N npexncraBnesa Ha puc. 4.5a (kpusas B). Ilpu srom
100 %-uble m3MeHeHHMs B NPOMYCKaHUM OyayT BOBHMKATH TOJIBLKO
Ipy HOMHOM (a30BOM COIVIACOBAHMU. B NMpOTHBHOM Ciiydae, mepe-
Jada SHEPruM 4Yepe3 MepHOAMYecKyI0 HOMEHHYH CTPYKTYpy Oyaer
HenosiHo#i. Ha puc. 4.56 Takyke NmpencTaBieH CIy4ail HEMOJHOTO
COIVIACOBAaHHUSA 33 CYET M3MEHeHus MauHbl BojHBI ot 0,800 MKM 1m0
0,798 MxM.

Tperbe ycioBue kKacaerca Manocrd Beanumubl K. B mpenmene
mpu K — 0, T. e. IpU TPUBUAJIBLHOM OTCYTCTBUU IPHUIOXKEHHOI'O
SEKTPUUYECKOTO IOJst, K03(pPUUHMEHT HPOIYyCKaHWsa TakXe Oynmer
cTpeMuThCs K Hyaw. Onuako 6osiee BaxXHOH ABJISIETCA 3aBUCUMOCTD
K ot cooTHomenus TonmumHbl 1oMeHoB (ypasHeuus (4.15), (4.21),
(4.22)), nockonbky K — 0 npu (m7 — n) — 0 B ypasrerun (4.15).



OKCIEPUMEHTHI 110 PACIPOCTPAHEHHIO KOTEPEHTHbIX ONTHIECKHX
ny4koB 4epe3 [IJIC B ycrnoBHsIX NPHIOXEHHS 3/IEKTPHUIECKOrO IIO-
Js HaYanuch eme B 70-e roabl gBaguaroro Beka B MOCKOBCKOM
yHuBepcutere. Bbuia obHa-
pyxeHa mudpakuys ONTH- T
geckoro myuka Ha IIJIC, 1.0 3
cOpMHPOBAHHOK B KpH-
crajnax Huobara Oapusa—
HAaTPUS M IpPeIJoXKeHa
mepBasg CXeMa MONYJIATO- 0,5
pa [166]. 3arem mudpaxmus
ONTHYECKOI'0 IyYKa HaOJIIO-
JaJlach B KPUCTaJLIe HuoOaTa,
JUTHA, B KOTOpPOM OblLia . N4 .
chopmuposana 6onee coep- 0 200 400 600 ¥
IIeHHAsi JOMEHHAass CTPykK- L
Typa c mepuogoMm 40 MKM.
Bruno ycraHosneno, uro npu
PaclpoOCTpaHEHMH  ILJIOCKO-
HOJIAPU30BAHHOrO Iy9Ka,
BIOMbL JOMEHHBIX rpaHuy O
U NPHIOXKEHHM 3JIeKTpHuue-
CKOPO TIOJIS BJOJAb TIPAHMIIL
BO3HMKAJIA, audpakumsa 4
Pamana-Hata ¢ abdek- 2(')0 200 660 I
TMBHOCTBIO IpeoOpa3oBaHusd 6

1o 98% [39].
Ucnonb30Banne II ,Z[C Puc. 4.5. 3aBucumocTs k03 buperTa npo-
nyckanus T or uucia 610koB gomenos N
T03BOJIHIIO SHAYMTENIBHO  nphy dazosoM cormacosanmu (@) ¥ B OTCYT-
NOBBICUTh  OBICTPOJEHCTBHE creue dasosoro cormacosanus (6)

YOpaBJIeHUs IapaMeTpaMH
ONTHYECKOr0 Iy4YKa M CO3JaThb MOMAYJATOPHl C YIpPaBJIEHHEM
B rurarepuoBoM gumanasone [167]. Ha 6aze IIZIC B nmobare
JuTHs 6611 co3man BHICOKO3D(MEKTUBHBIN 1edIeKTOP ONTHYECKUX
my4kos [168].

4.3. 'eHepanusa OoNTHYECKHUX FAPMOHUK

Tenepauys BTOpoit 1 Gosiee BHICOKMX FAPMOHUK JIA3EPHOIO U3JIY-
YeHHs, KaK U CO3JaHMe NIepecTPauBaEMbIX TapaMeTPHUUECKUX I'eHe-
PaTOpOB, yKe JAaBHO IPHBJIEKAIOT BHUMAHNE YYEHBIX U IIPAaKTHKOB,
[IOCKOJIBKY TaKMM 00pa30M MOXKHO PaCIIMpHTh JMAIa30H HCHOJb-
3yeMBIX JIa3epHbIX YacTOT. B mowienHue rogpl BO3HMKIIA HpobieMa
npeobpasoBanys MHGPAKPACHOIO U3JIy4YeHHS IOJYNPOBOIHUKOBBIX



JIa3€pOB B BHAUMOE (4acTO roBopsT «roiyboit cers ) nznydenne. Bo
BCEX CJIYYaAX MeHepalUs MePECTPANBAEMOT0 U3JIYYEeHUS B FADMOHUK
CBSI33aHA C MCIOJb30BAHMEM HEJMHEHHOCTH onTHdeckux cpex. Huxe
OyayT paccMOTpeHbl HeJHHeiHble OCOOEHHOCTH JM3JIEKTPHYECKO
BOCIPHUUMYHBOCTH M ux npumenenue B ILJIC.

WzsectHO, uTO B J11060i1 ATOMHO} CCTeMe HaBeJeHHAS 3JIeKTPU-
qecKuM IosieM nosisgpusainusd P; HenuHedHbIM 00pa30M 3aBHCHT OT
HaNpsSXKEHHOCTH IOJIS:

P; = xij Ej + Xijk Bj Ex + Xijer Ejkt + vy (4.28)

rae Xi;j — JUHeHHasd BOCHPUMMYHUBOCTD; Xijjk — HEJHMHEHHAas: BOCIDH-
MMYHBOCTh BTOPOrO NOPSIAKA, OTBETCTBEHHAA 33 T'EHEPAIHIO BTO-
polf rapMOHMKH, TapaMeTPUIeCKOoe YCHJIeHHE U MeHePANUIO; Xijkl —
HeJMHeHHas BOCIPHUMYHMBOCTD TPETHErO IMOPSANKA, OTBETCTBEHHA
33 IeHEPAIHIO TPeTheil FApMOHUKM ¥ KOMOHMHAIMOHHOE PaCCesdHUeE.

Kak 6but0 panee mokasano [25], pesonancHoe B3amMmozeiicTBHe
ONTUYEeCKUX BOJIH B OJHOPOJHO HEJIMHEHHOI cpege Hanbosee acpdek-
THBHO MPOUCXOJMT IIPH BHIMOJHEHUH YCJIOBHS (HA30BOr0 CHHXPOHU3-
Ma MeXJy BOJIHAMH OCHOBHOM 4aCTOThI M BBICHIMX IaPMOHHK

Ak = ky — 2ky =0, (4.29)

rae k2 = 2mng/Ae u ki = 27n; /A1 — BOJIHOBBIE BEKTOpHI BTOPOM
TapMOHHMKM M OCHOBHOM YaCTOTBHI; Ny U Nj — COOTBETCTBEHHO 3 ek-
THBHbIE NTOKA3ATEIHN NIPEJOMJIEHHS HA YACTOTaX 2w U W.

Panee B GO/MBIIMHCTBE HEJMHEHHBIX ONTHYECKMX MAaTEPHAJIOB
HCIIOJIB30BAJIOCh €CTECTBEHHOE ABYJydenpesoMiIeHue, U 3¢hpeKTHs-
HOCTb ONTHYECKOr'0 Npeobpa3oBaHUs JHMHUTHPOBAJIACH MAJIOCTHIO
HEJIMHEHHBIX ONTHYECKHX K03 PHUIMEeHTOB d, HECOBIAJEHUEM TEM-
[epaTyp W yIJIOB BXOXKJEHHs IYYKOB B Cpeny, HeOOXOAMMBIX mJisi
dazosoro cornacosanus. Eme B Hagane 1960-x rr. gusa dasosoro
COTJIACOBAHMSA KOE€PEHTHBIX ONTHYECKUX MYYKOB ObLIA IIpeaIOXKeHa
HOBas cxeMa [1], B KoTOpoOil mpUMeHANACh OJHOMEPHAs NPOCTPaH-
CTBEHHO IIEPUOAMYECKAA MOLYJIALHUS HEJIMHEHHOM AU3IeKTPUIECKOM
BOCIPHMMYMBOCTH. Takas cxema Momia ObITh HCIONbL30BaHA JJis
JIBYJLy YENIPEJIOMJISIOMINX KPUCTAJIIOB, ¥ KOTOPBIX HEJMHEHHbIe Oll-
THYecKHe KO3 puImeHTs He MOryr ObITh (Da30BO COIVIACOBAHBI.
[TockoneKy HeNMHENHAsA JUIJIEKTPUIECKAd BOCHPHHMYHBOCTD Xijk
OIMCBIBAETCH TEH30POM TPETHEro PaHra, TO OYEBMJHO, YTO HA I'Pa-
HUIIaX JOMEHOB B cpeliax 6e3 eHTpa CUMMETPHH TaKue HeJIMHEeHbIe
BOCHPHUHUMYHBOCTH MEHSAIOT 3HAK U IPEACTABJISAIOT COBOi IpOCTpaH-
CTBEHHOE pacHpejeieHHe THIIA

X(r) = 2 x0 = cos (k7). (4.30)



rpe ky, = 2mm /D — Bonnosoit sektop I1JIC; m — nepuos KxBasucus-
XPOHHU3MA.

Poct MHTEHCHBHOCTH BBICHIMX TapMOHMK OCYIIECTBJISETCH 3a
cueT Takoro BpI6Opa pa3Mepa JOMEHOB, YTOOBI HA KaXKJO0i paHuUIle
MEXJ{y HUMH IIPOUCXONu caBur 06o0ienHoi ¢asbl Ha yroa .

Henuneitno-onTuyecKye KpUCTAILI C IEPHOAMYECKON JOMEHHOM
CTPYKTYPO# O3BOJISAIOT PEATM30BATD PsiJi KA4ECTBEHHO HOBBIX BApH-
aHTOB IIPe0bPa30BaHUS YACTOTH JIA3EPHOro u3nydenus. K ux uuciy,
B YaCTHOCTH, OTHOCHUTCH OJHOBPEMEHHAs TIeHEpaIMsi HEeCKOJbKHX
OIITHYECKNX rapMOHHK [169].

YcioBusl KBa3MCHHXPOHM3MA i OJHOBPEMEHHBIX TEHEpaIui
BTOPOI, TpeThElt U ueTBepToit rapMonuk (coorsercrsenso ['BI, I'TT
u ['YT'), moxuo onpejennts [170], orpaHMYMBIINCH CIy4YaeM KOJ-
JIMHEApHBbIX B3auMojeicTuit B kpucrasuie, uMeromeM IIJC ¢ kBa-
JPATHYHON HEJIMHEHHOCTBIO. Y UUTHIBAS, YTO YeTBEepTasd rapMOHHUKA,
MOXKeT ObITh IOMy4YeHa Jub0 KaK CyMMapHasi 4acToTa epBoi (w) u
Tperbeit (3w) rapmMoHMK (w + 3w = 4w), MO0 KaK yABOEHHE BTOPOH
rapmMonukH (2w + 2w = 4w), B obuIEM CIydae YeThIPEX PacCMaTpPH-
BAEMBIX IIPOIECCOB Ui CYMMAapHBIX BOJHOBBIX PAacCTPOEK MOXHO
3aIMCATh CIENYIOIIMEe BhIPAXKEHHSI:

I'Bl w4+ w = 2w, 6k =k2¢-k1j — kix +miGy =Ak1+'rrzlG1;)
4.31

T w+ 2w = 3w, 6k = kam — kg — koi + moGo = Aky + 'm,(zGQ;)
4.32

Tdr-1: w4+ 3w = 4w, Oks = kap — k]_j — k3m 4+ m3Gs =
= Ak3 + m3Gs; (4.33)

I'Yr-2: 2w + 2w = 4w, O0ky = k4, — 2ko; + masGa = Aky + nz4GlZ)
4.3

rae Aky — BOJIHOBbIE PACCTPOMKH J1/151 OAHOPOJHOrO KPUCTAJLIA (g =
= 1,2, 3, 4); kga — BOIHOBbIE. YUC/Ia B3AUMOJECHCTBYIOIMX BOJIH;
o = 1, j, k, m, n— HUHAEKCbI, COOTBETCTBYIOUIYE PA3IHYHBIM TH-
naM B3aMMOJEHCTBYIOMNX BOIH (0, € IIsi OHOOCHBIX H 8, f — s
JBYXOCHBIX KpHCTaJUIOB); Gg = 2m Dy 1 _ ponmoBoe 4mCI0 (MOIYJIb
IICEBOBEKTOPA) pELIeTKH JIOMEHHOH CTpYKTYpsl ¢ mepuozoMm D,
mg =0, £1, £3, £5, ... — IOpAIKH KBA3UCHHXPOHU3MA.
BBHINONIHEHNIO YCIOBMSA KBAa3HCHHXPOHU3MA il ONPEJEeJIEHHOro
nporuecca cooTeTcTByeT 0kg = 0 (IIpH 9TOM yC/IOBHIO «TPaJHUIMOH-
HOTO» CHHXDOHHM3Ma 21 OJHOPOAHBEIX KpucramnoB Akg = 0 coor-
BercTByeT m = (), a OJHOBPEMEHHbI! KBA3MCHHXPOHU3M JJIA BCEX
JeThipex IpOIECCOB B OAHOM M TOH Ke JOMEHHOH crpykrype (T. e.
npu G1 = Go = G3 = G4) MOXKeT uMeTb MECTO B OOLIEM CIIy4ae A/is



PA3HBIX [TOPSAKOB KBA3NCHHXPOHU3MA, WIHM, ODYTUMHU CJIOBAMHU, JJIsd

Pa3HBIX JJIMH KOEPEHTHOCTH LEO%l = 7/Akg = Dg/(2my).

Mpenmonoxum, uro gua I'BI’ u I'TT Beimonusiorcsa ycnosus
kBasucuHxponu3Ma (0ky = dky = 0) Ha OxHOM JOMEHHOM CTPYKTYpe
(G1 = G2) u pyig 0fHOrO MOpSKa KBA3UCHHXPOHM3MA (M) = my).

Torpa uMeeM cooTHOLIEHUE
2ko; = klj + k3m. (4.35)

W3 (4.33)-(4.35) cienyer, uro B 3roMm cinydae Akz = Aky. Ecn
OpM 3TOM BLINOJIHSIETCS YCJIOBHE KBA3HCHHXPOHM3MA, HAIPHMED,
ans T9l-1 (dks = 0), 1o 0ks = myG4 — m3G3. MoxHo mpexro-
JIOXKUTh, YTO BBINIOJIHEHHE YCIOBUM KBAa3HCHHXpOHM3Ma g -2
(0k4 = 0) Byner obecnieyeno paeHCTBOM myGy4 = m3(G3 OpH OJHOM
¥ TOM XKe NOPsiiKe CUHXPOHU3MA (M3 = my) ¥, CIENOBATENbHO, Ha
opuoit crpykrype (G3 = Gy);

(@)
Leop, MKM npu 3T0M B obmeM ciaydae
20F my # m3, G1 # Gs.

Cka3aHHOE BBIIIE MJLIIO-
crpupyercss puc. 4.6, rrme
[peJCTABIEHbl 3aBUCUMOCTH

(9)
JAJIMHBI KOPepeHTHOCTH Lcoh

OT JJIMHbI BOJHBI OCHOBHO-
ro (J1a3epHOr0) M3JTy4eHuUsi
JUISL BCEX 4eThIpex KOJLIHHE-
ApPHBIX IIPONECCOB eee-THUIIA

15

10

0 2000 3000 4000 A, umM IIPM PacrnpOCTDaHEHHUM M3Jy-
YeHUA B IIJIOCKOCTHU Iy cre-
XAOMETPHUYECKOr0 KpHCTAJI-

Puc. 4.6. JucnepcHoHHBIE 3aBHCHMOCTH
KOTEPEHTHBIX [JIMH KOJLUIMHEADHBIX eee- .

npoueccos BT’ (g = 1), I'TT (¢ = 2), 1@ LiNbO3, ans koropo-
[Ur-1 (g = 3), [4Yr-2 (g = 4) B crexuo- T'0 KO3 uIMEHRTH ypaBHE-
merpudeckom kpucrane LINDO3. Ha nnu-  mua CesiMeitepa B34ThbI U3

Hax BOJH A1 = 3579,54 u X2 = 4256,45 um paboThI [171]_ Kak cremyer
HaBMIOAAeTCA MONAapHOe PAaBEHCTBO KOre- u3 puc. 4.6, Ha LTMHAX BOIH
. 4.6,

PenTHEIX n M = 357954 HM u )y =

= 4256,45 uM Habaoxaerca
[ONapHOe PABEHCTBO KOrePeHTHBIX [UIMH: Ha JJIMHE BOJIHBI A] MMEEM

£31 Lg%l = 16,05 MKM H Lg}l = gﬂl = 13,62 MKM, a Ha Ay UMeeM

JAS (ii = 14,09 MM u J A - 15,85 MkM.

co coh — “coh —
lﬁ.}lﬁ BLBITIOJIHEHU A yCJIOBI/Iﬂ KBA3HCHHXPOHU3MA Ha }\1 OJHOBDE-

menno s I'BI' u I'TT mocrarodymo BeIOpaTh nepuos HOMEHHO
cTpyKTyphl Dy = 2m1L()

coh?

I'dr-1 u I'4r-2 —nepuog D3 = 2m3L(3) . Jns BeImONIHEHHs] KBA3H-

coh

a JJd OJHOBPEMEHHOH peasu3aiuu



CHHXDPOHM3Ma OJHOBPEMEHHO JJI BCEX YeThIPeX NPOHEeCcCOB Ha OTHOM
JIOMEHHOI CTPYKType Heobxoaumo obecneunTs paseHcTso DDy = Dj:

coh?

2
Dy = E;}r' = 2m; L) = 2myD®) (4.36)

T. €. IepHoJ, JOMEHHOR CTPYKTYDPbI JOJXeH ObITh KpaTeH OJHOBpe-
MEHHO ABYM JymHaM KorepeHTHocru. W3 (4.36) crexyer, uro

LY, _ ms
L(a) - '1;1': (4-37)

T. €. OTHOIIEHHME KOrE€PEHTHBIX JJIMH [JO/KHO ObITb DaBHBIM HJIH
[eJIOMY HEYETHOMY YHCILY, MJIM OTHOUIEHHIO IIeJIbIX HeYeTHRIX JHCell.
Coornowmenue (4.37) H03BONAET YyCTAHOBUTD, IPU KAKUX YCIOBHSAX
(T. e. Ha KaKMX JUIMHAX BOJIH OCHOBHOIO M3JIyY€HHS M IS KAKMX
THIIOB B3aMMOAEACTBYIOUIMX BOJH) PEANM3YeTCs OXHOBPEMEHHbIMH
KBA3HCHHXPOHM3M [UIs BCeX 4eThIpex mnporeccos (4.31)—(4.34), uro
OrpaHMYHMBAET YMCIO KOMOMHAIMil THUIOB B3ammojeicTBus. Bcero
ux 64, HO, BO-EPBBIX, JAJIEKO He AJI BCEX Map B3AUMOAEHCTBHIA
yCJIOBUSI KBa3UCHHXPOHM3Ma BBINOJHAIOTCS B JMANla30HE NIPO3Payd-
HOCTH KPUCTAJUIa M, BO-BTOPBIX, HE JJIs BCEX CIPABEIJIMBO YCJIOBHE
(4.37).

Ananorn4Ho ciydar Iy Ay OPM BBINOJHEHMH YCJIOBHN KBa3H-
CUHXpOHHU3MA AJid A2 ogHoBpeMenHo mjist I'BI' u I'UD-1 umeem D) =

= 2m L) a s TTT u TUT-2— Dy = 2m, L), T memon-
HEHUs KBAa3MCHMHXPOHHU3Ma ONHOBPEMEHHO Iy BCEX YeThIpex Ipo-
I[ECCOB Ha OJHOM JOMEHHON CTPYKType HeoOXOIMMO BBHINOJIHEHHE
pasercTBa Ay = Ay, T. e.

27 1 2

coh?
1

OTKYHa

L(R‘ __mg
sz) = (4.39)

coh

TakuM 06pa3oM, CyIIECTBYeT CBA3b MeXJAY NOpsIKaMH KBa3H-
CHHXDOHH3Ma JAJid OJHOBPEMEHHOW TIeHepalliy Da3JIUYHBbIX rapMo-
HMK JIa3epHOro manydenus B kpucrauiax ¢ IIJIC. Dro nmossosnser
CO3HaBaTh MHOrOYAaCTOTHBIE Npeobpa3oBaTeNy HacTOThI JIA3EpHO-
ro U3jJy4eHHs B ONTHYECKME TIAaDMOHMKM, YTO MOXET HalTH psf
MHTEpEeCHbIX NPUMEHEHWH, B YACTHOCTH, JJIsl CO3JAHUSI MCTOUHHMKA
9IEKTPOMArHMTHBIX BOJH ONTHYECKOro puamnaszona. Oamaxo B TOM
clyuae, KOTa HeoOX0AMMbl, HAPUMEp, TONTbKO 2-1 ¥ 3-51 rapMOHM-
ku, ogHoBpeMenHaa ['UI' mMoxker BBICTYNATh KaK KOHKYPHUDYIOLIHH



IIpOIecC Melasi OCHOBHOMY HpPeoOpa30BaHHUIO M YMEHbIIas ero 3g-
dextusnocTs. [logasnenne HexenaTeNbHOM MaPhl IPONECCOB MOXKET
BBITH JOCTUTHYTO 33 CUET IPUMEHEHHUs] B3AUMOAEHCTBHI C Pa3HbIMH
3HaKaMHM IOPAJKOB KBa3UCHHXPOHU3IMA.

Hcnonb3oBanne nepuoAMYECKNX M KBAZHIEPHOAMYECKUX JIOMEH-
HBIX CTPYKTYP NO3BOJHMJIO PEaNM30BaTh MX TPH IVIABHBIX NpPEHMY-
LIECTBA II0 CPABHEHMIO C OJHOPOAHO HEJHMHEHHBIMU CTPYKTYPAMH.

Bo-nepBbIx, 3a CueT MOBBIIEHHS HEJMHEHHOro KodadpduuueHTa
Ka4ecTBa 7 = dgct) /(n?ny) u ucnonvzopanua mambonee acpdexTus-

HBIX HEJUHEHHBIX onTHdeckux Kodadpduuuenton. Tak, aisa auobarta
U TAHTAJIATAa JIMTUSA, OOBIYHO HCIOOIb3YEMbIX B KAueCTBE HeJHMHeH-
HBIX 3JIEMEHTOB, HamOONbIIMI HeJUHEeHHBI 3j1eMeHT d33 (Pas’oBO
HE COIVIAaCyeTCsl, M IO3TOMY il IPeoOpa3OBaHUsI B OJHOPOJHBIX
3JieMeHTax HCIOb3yITcsa KoaddunuenTs! diz win dis. OfHAKO NIpH
HCHOJB30BAHMM JOMEHHBIX CTPYKTYD K03 duiueHnT d33 CTAHOBUTCSH
IPHUrOAHBIM s (DA30BOIO COIVIACOBAHHS, IOCKOJIBKY B 3TOM CIIy-
qae djjap = kmdij, 1 kOacpdunUenT onTuyeckoro nmpeobpasoBaHHA
2d33

mas

I AC npexacrasnena B Tabn. 4.1.

2
BO3pacTaeT B ( ) pa3. Crenensb 3¢pPHEeKTUBHOCTH NPUMEHEHUS

Tabauya 4.1
OnHOpPOAHO HeMMHEeHRHbIe Tlepuomuyecky HelMHENRHbIE
MaTepHaJibl MaTepHaIbI
Marepuai dij d*/(nin2) | Marepuan di;j d? [ (nins)
LiNbO3 dis =6 34 LiNbOg3 dsz = 30 34
KTiOPQOy4 | doy =4 2,7 KTiOPO4 | d3z = 17 18
LiTaO3 da1 =3 2,6 LiTaO3 daz =19 13

TeopeTuyeckue MOJOXKEHUS B JAJbHEHIIEM MOJIYYMWIN IOJIHOE
9KCIEpUMEHTAJIbHOE MOATBepKAeHue. Tak B CTIPYKTYpax BOJIHO-
BOJHOTO THUIA, COPMHPOBAHHBIX HA I[OBEPXHOCTAX KPHCTAJUIOB
LiNbO3 u KTiOPO4 u comepxasmux IIJIC c nepuogom 4-7 MxM,
ObLIa MOJyYeHa reHepauusl roayboro cBera OT IEepecTParBAEMbIX
JazepHbix guogos (770-1040 um) [172]. Tlpm srom JsazepHblil qu-
07 ¥ BOJIHOBOJHBIN 1peobpa3oBaTesihb OPEICTaBJISIM cODOi enuHyIo
cTpykTypy. Ilpu MomHOCTH JasepHbix auomos 120-150 mMBt Mmon-
HOCTb M3JIy4YeHHUs BTOPOM MApMOHUKH cocTasisia 25-30 mBt.

Bo-BTOopbIX, IPUMEHEHHE JOMEHHBIX CTPYKTYP IIO3BOJIAJIO CHSATH
OOJLUIMHCTBO OTpAHMYEHUI HA YACTOTHBIA M TEMIEDPATYPHBIA HH-
TepBaJibl IpeoOpa30BaHMsl B BHICIINE MAPMOHMKH. 3a CUET HMCIOJb-
30BaHMA pa3IMYHbIX BAAOB HeJIMHENAHBIX B3AUMOAEHCTBIH, 0CODEHHO
JUi KBasMIepuoaudeckux goMennbix crpykryp (KIIAC) [173-175],



OK33aJI0Ch BO3MOXKHBIM OCYIIECTBJIEHHE MHOIOBOJIHOBOI'O Hpeobpa-
30BaHHA BO BTOPYIO rapMOHHKY. Il0CKONIBKY MO3UIMH THKOBBIX 3HA~
4YeHMil JUIMH BOJIH BTOPON TAPMOHHMKH HpH Ha30BOM CHHXPOHHU3ME
ONpEeJeAOTCA BONHOBBIM BEKTOPOM CTPYKTypbl, TO misa KIIIC
CIIEKTD I'eHepalliH, NIpeJCTaBJIseMblil BbIPAKEHUEM

(é)mn e {n,,(i;ni ()] ». (4.40)

no-BUAUMOMY OyAeT OrpaHuyeH TOJNBKO 00JIACTHIO ONITHYECKOH IPO-

3paYyHOCTHA MAaTEPHAaJIa C NePUOJHUYECKONA CTPYKTYpPOH.
HeiicrBurensuo, B pabote [175] ¢ ucnonszosanuvem KIIJIC B Tau-

TajiaTe JIMTHA OblIa NOJlydeHa TCeHepallisi BTOPOH IapMOHHUKH OT

NepecTparuBaeMoOro napamer-

pHYeCKHM JIa3epHOr'0 reHepa-

Topa B roaybom, semenom, B 4.40°'F 53 2

KpacHOM M HH(ppaKpacHOM 2 & i | /

Juana3onax ¢ 3¢pdekTHBHO- ; E 4| m=3 11

cThio npeobpa3opanug suep- g 210 n=4 12 -

run nopsazxa 5 %. Ilpu stom & £ L} { |

CHIeKTp TeHEpUPYeMBIX BOIH & § ok 4 LY.

IIOJIHOCTBIO COOTBETCTBO- & g- Y TV SR

BaJI pacyYeTHBIM JaHHbIM = 1,0 12 14 1,6

(puc. 4.7). JUmHHa BOJIHBI OCHOBHO# TapMOHHKH, MKM
CdopmupoBaHHbIe B OK-

CUIHBIX CETHETOMIEKTPHKAX g 2

MIAC mno3BosmiE HCIONB- g §20r 6

30BaTh HOBble KOHGQHUIYDa- a =§ 15t

MM PAaCIpOCTPAHEHHUS Of- 3 =10k

THYECKHX ITy4KoB (pHC. 4.8). g 2 sk |

Ecnu panee B OZHOPOJHOHE- g é i l I

JIMHEHHBIX CpejaX B OCHOB- =3 0 4

HOM MCIOOJIb30BAJACH KOH- ™ 1,0 1,2 1,4 1,6

durypanus, npu KOTOpOH JiuHa BONHBEI OCHOBHO# F'RPMOHHKH, MKM

BCE HY'KM, yHaCTBYIOUME o . 7. CrieKTp BTODOil ONTHYECKOH rap-
B IPeoGpa30BaHMH, PACIpPO- MoHuKH, Tpeobpasosannoit Ha KIIIIC B
CTPaHS/IUCh B ONHOM HA- ramTanaTe JUTHs: @ — PACYETHLIH; 6 — KC-
npasaenuu (puc. 4.86), TO nepuMenTATbHEI

B [IC cTanu BO3MOXHBIMHA

H Jpyrue KOHMHUrypamyu, mo3BOAAONINE FeHePUPOBATH BTOPYIO rap-
MOHHKY B IIydKe, DACIPOCTPAHAIONIEMCA B 06PaTHOM HAIpaBJIEHHH
KO BXofsmeMy nyuky (puc. 4.86), B Jaxe reHepUPOBATH TPEThHIO
FaApMOHHUKY 33 CYeT TPEXBOJHOBOIO B3AMMOJENCTBHA w + 2w — 3w

(puc. 4.82) [176, 177].



Ornomenue (4.29) MOXHO HHTEPNPETHPOBATH B IPEJACTABICHIN
coxpanenuss Momenta ¢orona. Korna zasa ¢oTOHa HA OCHOBHOIM
9aCTOTE B3aMMOAENCTBYIOT C HeJIMHEHHOM Cpenoit, OMMCHIBaeMOM BEI-
paxennem (4.30), MoxkeT reHepHpOBaTHCA OAMH (POTOH HA ABOKHOM
4acTOTe B  HAlPABJIEHUH,
OpAMOM WM 0OpaTHOM IO
OTHOILIEHUIO K IEPBUYHBIM
¢doronam. Pasmocts B ho-
TOHHBIX MOMEHTaX KOMIIEH-
cCHpyeTcd epHOIMYECKOM
poMenHo# crpykrypoit. Ilo-

Ho,) o) H2wy) pamok IIJIC onpepensiercs
—Le O O— » 6 B ITOM ClIydae TaKXKe H3
Boipaxenuit (4.31)-(4.34):

1®>0]{<0|>0{<0(>0]|<0

- k(20,) o k(wo) >0 Kay) - 6 m = 2D [0y (w) + n2 (2w)]
- b]
B . (4.41)
k(a,) k2w, o
0 > » DAe ny ©H np—moKa3aTeinu
k(3ay) IPEJOMIIEHHS COOTBETCTBEH-

<

HO JJisl OCHOBHOHI 4YaCTOTHI

Puc. 4.8. Kondurypauus onTH4ecKux ny4- ¥ BTOPOl FapMOHUKH, Ag —

KOB [IpM IeHEpaluK rapMOHKK JJIMHA BOJIHBI HAKAYKH B Ba-
KyyMe.

B-tperbux, ucrnons3zoanue IIJIC mo3BOssAeT 3HAYMTENHHO MHO-
BBICATH OBICTPOJEHCTBME BCJIEACTBME COKPAIUEHUS [JIMHBI B3aMMO-
JeUCTBUSA BOJIH, YTO CIIOCOOCTBYET BO3MOXKHOCTH Npeobpa3oBaHusd
YACTOT BILJIOTH 10 (PEMTOCEKYHIHOIO JUANIa30HA. ¥YIKe ceifyac mpe-
obpa3oBaHue BO BTOPYIO FApMOHMKY OCYIIECTBJEHO IJis UMIYJbCOB
C JJINTEJbHOCTHIO B HECKOMBKO (hemTocekyHz, [175].

IlomobHo TOMY, Kax AUAJIEKTPUUYECKAS HEJUHEHHAs BOCIPHUM-
YHBOCTb SBJSETCS MPUYMHON reHepainyM BTOpPOH M Gonee BBICOKMX
ONTHYECKUX IAPMOHMK, TaK M HEJHMHEHHass MarHUTHAs BOCIIPHMM-
YHBOCTH, ONHMCHIBAEMAs TEH30POM TPEThEro pPaHra xijk(u), Moxer
OPMBOJMTH K BO3HMKHOBEHHIO HEJHMHEHHBIX ONTHYECKMX 3¢dex-
ToB [178]. B wacrHOCTH, Npe0bpa30BaHKE ONITHYECKOrO IIyYKA C HH-
TeHCHBHOCTHIO J(w) BO BTOPYH TapMOHMKY MOXHO NpPEICTABUTH
B BHE ‘

I(20) = xiju(w) 2 (). (4.42)
Tenepanust BTOpO# rapmMoHHK® Oblia obHapyKeHa mnpu mnaje-
HUHU Ja3epHOro nmydka ¢ A = 800 HM Ha CIOHCTYIO CTPYKTYDY

Co:Cu:Co [179]. Bbut ycTaHOB/IEH THCTEPE3UCHBIH XapAKTeP 3aBUCH-~
mocti I(w) OT M3MeHeHHs 3HAKA MPUJIOXKEHHOTO MArHUTHOTO MOJIS



B Ipejenax £15 3 ¥ TOMUMHBI [UIEHOK B Ipejenax 1-25 MOHOC/IOEB,
KOTODBIH MOXHO OOBSCHHTH IEPECTPOUKO JOMEHHOM CTPYKTYpPHI
MarHuTHBIX CJIOEB.

4.4. IlapameTpuueckoe npeobpPa30BaAHUE YACTOTHI

OnTuyecKkue HNapaMeTpUYeCKHe TI'eHEpaTopbl, NpPEAJIOXKEHHbIE
B 1962 r. AxmanoseiM u XoxusioBbiM [180], B Hamm guE HAILUIHK
IMUPOKOE IIPMMEHEHHE KaK MCTOYHHKH KOTEPEHTHOIO H3JLy4eHWs
B TEX YAaCTOTHBIX JHANa3oHaX, JJis KOTOPHIX IIOKa He CO3JaHBbI
Jlazepbl, Wik TpebyeTcs IIMpOKas IepecTPOika 9acToThl. PaHee
IpPH KCIOJb30BAHUM B ONTHUYECKMX NAPAMETPHYECKHX I'eHEPATOpax
OZHOPOZIHO HEeJMHEHHBIX cpes, yeioBue (a30BOr0 CHHXPOHU3MA

k=ky—ki—ky=0 mpu wp=w; + ws, (4.43)

rae kp, wp— BOJIHOBOM BEKTOP M 4YacTOTa monis Hakadky; ki, ko,
w1, Wo— BOJIHOBbIE BEKTOPbI M YaCTOThHl NapaMeTPHYECKH TIeHe-
pHpYyeMbIX KosiebaHmil, JOCTUraJIOCh HEOOXOAMMBIM BBIOOPOM yTiIa
CHHXPOHH3aIuH Mexny k, u

ONTHYECKUMH OCAMH KDH- Jinmuna BOXTHBI CHTHAJA, MKM

CTaJLIA, TeMIEePaTypPHOTro 0 1 5 3 4 5

UHTEPBAJIa, MJIH HAIPAXKEH- T 1

HOCTH IPHJIOXKEHHOTO 3JIeK- [y

tpuueckoro nond. Hemons- o 60f B .
e=>0+to0

sosanme IIJIC mossommio § ool 3 i

3HAYUTEJBHO PACIIUDHUTD Ya- (J

CTOTHBIe Tpejeis mapamer- & 40 dyy eve+e |

puveckoro rnpeobpasoBanua 3o} -

6e3 UCIIONL30BAHASA YIIOBOIO &

CHHXPOHM3Ma WJIM TeMmIepa- = 20F ’

TypHoit nogcrpoiku [181]. 10f

1 1 1 L

B npeamosioxeHHH, HTO f
BCE BOJIHOBbIE BEKTODBI KO- 0 05 1 1,5 2 25
JIMHEeapHBI, YCIIOBHE BOJIHOBO-
ro cuaxponusma gnsi II1C

NpH B3aUMOJEHCTBHAU NepBO- Puc. 4.9. Coornomenue NjvH BOIH Ma-

o NopsifKa. UMeeT BUJ PaMeTPUYECKH I'eHePUDYEMBIX CUTHAJIOB H
nepuona IIJIC: e — 0OBbIKHOBEHHEIR Jy4,

Ak = kp — k1 — k2 — kpm = 0. 0—HEOGBIKHOBEHHbI! JTyd
(4.44)

Kax mokasauy pacyeTsl, myTeM m3Menenus nepuona [IJC mMox-
HO B 3HAYMTENIHHBIX IpeJe/Iax M3MEHATH JUIMHBI BOJIH IapaMerpuye-
KM reHepupyeMsix konebanuit [174] (puc. 4.9). IIpakTuiecku c mo-
mouipio Habopa u3 25 IIIC, copMHUPOBAHHBIX HA ONHOH NJIACTHHE

JImuHa BONHB! HAKAYKH, MKM



KpUCTajia HMobaTa JMTHA, C Pa3MepaMu JHCKPETHLIX NEPUOLOB
ot 26 10 32 MKM npH AnuHe BojaHb! Hakadku 1,06 Mxm 6bLta mosmy-
YeHa mapaMeTpHyecKas reHepamys B auamnasode 1,3-4,8 mxMm [182].
Wcnonwzopanue [1JIC ¢ pazmepamMu AOMEHOB B 2—-4 MKM IO3BOJIMJIO
CO37aTh MapaMeTPUUECKHe reHepaTOPhl C HAKAYKON BOJIHOM BTOPOM
FAPMOHMKH OT JIa3epa Ha UTTPUHAIIOMUHHUEBOM IpaHaTe ¢ HEOHUMOM
(A= 0,53 mxm) [183].

IIpu ycnoBum ha3oBoro CHHXpOHW3MA AMILIATYIbI '€HEpHUpYe-
MBIX BOJIH 33 CHeT JHEPTHHM IT0J18 HAKAYMKH IIOCTEIIeHHO BO3PACTAIOT
IPH PACIpOCTPAHEHUWH BAOJIb KpHcTauia. [Ipudem camo Bo30yXK1e-
HHe BOJIH HMMeeT IOPOrombiit xapakTep. [lockonbky moporosas uH-
TEHCHUBHOCTh HAKAYKH ONPEJENISIETCA B TOM CIyyae Kax

A1 A
Iy =272 4.45
th 8n? d§¢ 2’ ( )

rae L — pnuna IIJIC, To Tak Xe KaK NpH PeHEPaiMM BTOPOil rap-
MOHMKH HCIIOIE30BAHME HAMOOJBUINX HEJMHEHHBIX KO3(DDUIIMEHTOB
d;; mo3BOJNAET 3HAYMTENHHO CHIMXKATh IOPOrOBOE 3HAMEHHE IIONA
HAKAYKH.

IMockonbky KpacHblit ¥ rony6oit (cunuit) — ABA OCHOBHBIX LBETA
U3 TPeX OCHOBHBIX LIBETOB, TO MX OJZHOBPEMEHHA reHepanys MMeeT
CYIIECTBEHHOE 3HaUY€HHMe B COBPEMEHHOM ONTO3IEKTPOHHON TEXHOJIO-
run. Jlia pocTvXKeHMs YKa3aHHOM 1esid 6bUI MCIOIb30BaH MIPHUHIUI
JBOHHOM MapaMeTpHyeckKoii remepaumu. s mpeobpasosanuda ya-
CTOT OBUIM MPHMEHEHBI JBe NEPHOJUYECKHE JOMEHHblE CTPYKTYDPbI
C Pa3JIMYHBIMU NEPHOAAMHU, HAHECEHHbIE HA MOBEPXHOCTh KPHCTAJLIA
LiTaOg3 anekrpuueckum cnocobom [184]. JIazepHblit mydox HaKaUKH
Ha JJMHE BOMHBI Ap = 532 HM (BTOpadg rapMOHHKa JIa3epa Ha
HTTpHﬁ-aJHOMHHneBOM rpasaTe) IPOXOAHUJI TOCIEI0BATENILHO Yepes3
obe cyneppemerku. Ilpu 3T0M Ha MepBoit pererke ¢ nepuogoM Ay =
= 11,9 MKM napaMeTpHUYecKy 33 CUeT BCIIOMOIaTeIbHOr0 HCTOYHIKA,
nHppaxpacHoro csera (A; = 3392 HM) reHepHpPOBAJICS CHIHAJ KPac-
noro ceera (A; = 631 uMm). Ha Bropoii peuieTke napameTpu4ecKu
reHepupoBaJics roy6oit ceer (A, = 460 HM). DTa renepamus ocy-
IIECTBJIAJIACH 33 CUEeT CYMMapHOrO IPOLECCa, OIMCHIBAEMOrO CJIeIy-
IOUIMM YC/IOBMEM BOJIHOBOI'O CHHXPOHH3MA

kg — ki — by — 217(:‘ =0, (4.46)
rae Ay ¥ ™ —nepuos ¥ MOpsAAOK BTOPOH PEIIeTKH COOTBETCTBEHHO;
kq, ki, kp —BONHOBBIE BEKTODA, COOTBGTCTByIOmKG OJIMHAM BOJIH
460, 3392 u 532 uMm.

CneKTpaJImee XapaKTEepUCTUKY H3JIyYeHUs KPACHOTO U ronybo-
I'0 CBeTa, IpejCcTaBiieHHbIe Ha puc. 4.10, MOKa3bIBAIOT, YTO IHUPHHA



KPacCHOro ny4ka cocrasnager 1,2 HM, a rony6oro — 0,2 uM, 9TO Haxo-
AT 00bsACHEHNE BO (IyOPECIIEHTHOM XapaKTepe IreHepaIyi KPacHO-
ro ONTHYECKOro my4ka. IIpu momuocru curnana nakaukwm 1,2 MBr
scbdexTuBHOCT, Mpeobpa3oBanus Ha As cocrasnana 31,7%, a Ha
Ag — 4,6 %. XapaxTepHOil 0COGEHHOCTBIO JAHHON CXeMBI IPeoBpPa30-
BaHUA ObLIO WCIOJB30BAaHNE BO BTOPOH pellleTKe MYJILTHPEIIeTOY-
HO# CTPYKTYpPbl, COCTOALIELH M3 YETHIPEX MapaJjijie/ibHBIX PelIeTOK

1, 103npomB. en. I, 103npon33. en.
25+ a 12 F 6
20 8
15
10 4+

of . °I

626 628 630 632 634 A, mm 454 456 458 460 462 A, mm

Punc. 4.10. Cnextp mapamerpmyueckoii resdepanpu: a — KPacHbUA cBeT (As
= 631 HM), reHepupyeMslit Ha NEpBoOi cymeppeuierke; 6 — roay6oit ceer (Aq
= 460 1M), reHepUpyeM:lil HA BTOPO CyHeppeleTKe

¢ nepuogamu ot 8,74 go 8,80 uMm u mwarom 0,2 um. Mcnons3osanue
TaKOil MyJbTHPELIETOYHOI CHCTEMBI NO3BOJIAET NPOU3BOAUTHL IIOI-
CTPOIKY YacTOTBl, YTO OCOOEHHO BaYKHO IIPH U3MEHEHWH TEeMIepa-
TYPHIL.

B mnacrosiiee BpeMmsi IapaMeTPHYECKas TIeHepamus IOy-
yena upu B0o36yxaenun IIJIC Kak HeNpepHIBHBIM Ja3ePHBIM
nyukom [185, 186], Tak u (PEMTOCEKYHIHBIMH JIA3ePHBLIMA
umnysnscamu [187] ¢ a¢peKTUBHOCTEIO NMpeoOpa3OBaHUs B JECATKH
IPOLIEHTOB.

Xors mepsple pabOTHl MO CO3NAHHIO ONTHYECKHX IapaMeTpH-
YeCKHX reHeparopos ¢ mcnonb3opanueMm IIJIC Havam HCh TOMBKO
B nepsoit nososune 90-X rooB, a NepBble MyONUKaIuy NOSABIINCE B
1994~1995 rr., K MOMEHTyY HAIlMCaHUs KHUrU obliee uucio mybmu-
Kanuil mo-BAI¥MMOMY INpeBhIaeT MHOro gecaTkos. ITogpobras 6u-
6nuorpadus 1o sToit npobseme faHa B 0630pe [188).




I'nasa 5

B3AUMOJAENCTBUE AKYCTUYECKUX BOJIH
C IEPUOANYECKUMHI JOMEHHBIMHA
CTPYKTYPAMMU

Pacnpocrpanenye akycTHYecKMX BOJIH 4Yepe3 MEepHOAHYECKHe
JIOMEHHBble CTPYKTYPBl B 3JI€KTDPO- W MArHHTOYIODAJOYEHHBIX Be-
IIeCTBAX OTJIMYAeTCs OT PACNPOCTPAHEHHS] ONTHYECKHX BOIH IO
pANy XapaKTePUCTHK. Bo-epBbiX, akycTHYeCKHe BOJHBI HENOCpes-
CTBEHHO B3aMMOJEHUCTBYIOT C JOMEHHBIMH CTPYKTYPaMH, MOCKOIBbKY
NHE303JIeKTPHYECKUE U MATHUTOYIPYrae Ko3(pUIUEHTH TOMEHOB
C aHTUIApaJIeJbHOH opHenTaupedl OyILyT OTJIHYAThCA 3HAKAMHU.
Bo-Bropsix, ecnn 119 pacnipocTpaneHus ONTHYECKUX BOJIH, KaK IpPa-
BUJIO, BBITIOIHAETCH YCIOBHE Agpr K D, TO It aKyCTHYECKUX BOJIH,
HaobopoT, B GONBIIMHCTEE CIYYAEB CIPABEJIUBO YCIOBHE Ayx 2> D.
BenencrBue mepBoro of6CTosiTeNIbCTBA, OYEBHAHO, YTO Hauboee WH-
TEPEeCHBble ACHMEeKTHl PACTIPOCTPAHEHHS MOTYT BO3HHUKATH B TNEPBYIO
ouepe]b B MbE303IEKTPUKAX WM MarueTukax. Bropoe obcTosTes-
CTBO 0COOEHHO IOBJIMAJIO HA PACCMOTPEHHME PACIPOCTPAHEHUS aKy-
CTUYECKUX BOJH 4ePe3 CHCTEMY POCTOBBIX JOMEHOB. Bbliuu paccMo-
TPeHB! TPH (Iydas. B mepBoM M3 HEX IIPEJIoIarajloch Pe30HAHCHOE
B3aMMOJIeHCTBYE AKYCTHYeCKHX BOJH C JOMEHHBLIMH CTPYKTYDaMH,
TIPH KOTOPOM [/IMHA BOJHBI KPATHa pa3MepaM AoMmena D = nlA/2,
e n = 1,2,3,... [24, 189]. Bo sropom ciydae paccMaTpuBa-
JIOCH PACTPOCTPAHEHHEe, NPU KOTOPOM [JIMHA BOJHBI 3HAYHUTEIHHO
npesblmana pa3mepbl aomeHa [190]. Haxomnen, Teopermueckm pac-
CMATPUBaAJIOCh B3AMMOJEHCTBHe AKYCTHYECKMX BOJIH C JOMEHHBIMU
rpaHuilaMH, T. e. CMellleHHe TOMEHHBIX IPAHML B TIoJIe aKYCTUIeCcKoi
Bosuel [191-193].

5.1. PacnpocTpaeHue aKyCTUYE€CKUX BOJH
yepe3 roJiorpadpuvuecKkne pereTKu

Cy1ecTByIOT ONpeieieHHble PA3/IM4usl B PACIPOCTPAHEHWH aKY-
CTHYECKUX BOJIH Yepe3 HaBeJleHHble ONTHYECKHM Iy4YKOM TroJorpa-
¢uyeckne PellleTKH U NepUoNnYecKhe JOMeHHble CTPYKTYPBI B Cer-
HEeTOdJIeKTPUUYECKHX KPHCTaJLIaX. B mepBoM cirydae cocefuue ciiou
6yayT oTIMYaThCA APYT OT Jpyra 3HAYeHMAMH CKOPOCTeH ynpyrux
BOJIH BCJIEACTBHE 3HAYNTENLHBIX IPAJUEHTOB ONTHYECKH HHAYIHPO-



BaHHBIX 3neKTPudecKux nosueit [107]. Takum o6pasom, romorpadude-
CKH€e DEeIIeTKN MOXKHO DAaCCMATPHBATH KaK aKyCTHYECKHe aHAJIOrH
ONHOMEPHBIX (POTOHHBIX KPHCTALIOB (poHOHHBIE KpucTamsl). Bo
BTOPOM CJIy4ae YIPyrhe CBOHCTBA JIOMEHOB OJMHAKOBEI, HO OHH
Pa3IM4alOTCca 3HAKAMHU Ibe303JIeKTPHYECKUX KoahdulmenTos. AH-
THNAPaJIeNbHOE HANpPaBJIeHue IIIABHBIX ocedl cuMMerpuu (A ce-
THETO3JIEKTPUKOB 3TO HallpaBJIeHWe HONAPH3AIMK) HAIILIO HA3BaHHe
KaK CerHeTO3IeKTPHYeCKHe aHTH(A3HbIE CBEPXPEIIETKH.

OKCIIepUMEHTAJIbHbIe HCCIIEA0BAHMS 10 B3AMMOIEHCTBHIO aKyCTH-
YECKHX BOJIH C (DOTOMHAYIHPOBAHHLIMHU rOJIOTpadHIeCKUMH PellieT-
KaMu B $HoTopedPAKTUBHBIX KPUCTAJIAX Hava/uch eme B 1980-e rr.
JoxazarenbCcTBO Takoro B3aMMOZEHCTBUs OBUIO NONy4YeHO npH
obHapyXeHHH  OTPakeHHs: OOBEMHBIX AaKYCTHYeCKUX  BOJIH,
pacnpocrpanstomuxcas Ha vacrore 900MI'y spoms ocm 2z nuo-
bara samrua [194]. [InuHa axycTHdYecKoHd BOJNHBI COCTABJIANIA
7,2MxkM u ObUTa KpaTHa NepHOLy roJorpagpuyecKkoil pelIeTKH,
pasaomy 3,6 MxMm. Koadduuuenr Oparrosckoro orpaxkenus
VIBTPA3BYKOBBIX HMIYJBCOB C IJIATEIBLHOCTBIO (0,4 MKC COCTaBHJI
2,7-10™* gns oAmoro mepumoAa pelIeTKH H, KaK NpeAIoaarajoch,
MoOxeT NpubiImXKaTbCad K eNWHHUE JJI PEIIeTKH, COCTodAmed u3
HEeCKOJIBKHX ThICAY IEepHOAMYECKUX DJIEMEHTOB.

C ucnonbzosanueM Gosiee COBepILIEHHOH MeTOIMKY OBLIO 0GHADY-
XKEHO OTPa’KeHHEe KaK ONTHYEeCKHX, TAK W IIPOAONBHBIX AKYCTHYe-
cKux BONH oT rojorpaduyveckoit pemerku [195]. [na 3anucu
ONTUYECKH HHAYUHUPOBAHHOM pemrerku Ha giauHe Bomabl 0,63 MKM
UCMOJIL30BAJINCh [IBA IUIOCKHX CKPELIEHHBIX ONTHYECKHX IIydKa
MomuocTeio 1,5 MBr. @opMupyiomas cucTeMa mo3BoJIsia H3MEHATD
IJIMHYy 3amdcbiBaeMoit pemrerku or 1 mo 18 mm. Ilpu sTom yrox
nalenus O usMeHanca B npemenax 2,17-2,3 rpagyca, a nepuoj
pellieTKH NPHHUMAaJ 3Ha4eHHe ot 7,8 10 8,3 MkM. 3amuch 1 KOHTPOJIb
pellleTKH OCyLIeCTBIAMUCh, Ha aByx Anunax soiH (0,63 u 1,15 Mxm)
¢ moMompbio OparroBCcKoi audPAKOMKM OJHOIO M3 CKPelIeHHBIX
HeoObIKHOBEHHBIX ONTHYECKHX IIYYKOB HAa (DOTOMHJYLMPOBAHHOM
pemerke. Pukcaiys 3amMCAHHBIX PEIIETOK OCYINECTBJAIACH II0
MeTOJly, OTIMCAHHOMY B IUL. 1.

W3BecTHO, uTo 3 PEeKTUBHOCTL GPITTOBCKOro paccesHus Ha Iie-
puoaugeckoii crpykType Iz/Io onpenensercs cooTHomenueM [25]

L _ gin? (Tr An E) , (5.1)

1] D
rne D = V/f—nepuox pemerku; An—u3MeHeHWE NOKa3aTels
npenomJenus; L — aauna B3aMMOAelCTBHSA WK pelleTKH; V — cKo-
POCTh aKYCTHYeCKO BOJHBL; f — JacToTa BO30Y XK IeHUs TANEep3ByKa.

C ;pyro#t CcTOpOHbBI, H3MEHEHHe IIOKAa3aTeNis TPeSOMIIeHHs
HEOGBIKHOBEHHOrO JIyya HpH HAIDABJIEHWH BHyTpeHHero monsa Fj



BRoab ocd C Wi z B MEKTPOONTHIECKON CPeJie NPONOPLUOHAIIBHO
HANIPSXKEHHOCTH HHAyuposanHoro nons Ey (1.4).

U3 soipaxkennit (5.1) u (1.4) nerpynno onpenenuth HaBeqeHHOE
BHyTpeHHee none F; B xpucramie LiNbO3:Fe (001):

E, = —*2__ arcsin %"- (5.2)

IZIe T — IIOKA3aTeNb NPEJOMJICHHs HeOOBIKHOBEHHOIO JIyd4a; T'33 —
9JIEKTPOONTHYECKHH K03 puuuenT HruobaTa JUTHA MPU HAIPABJIE-
HUH TeKTPUYIECKOTO TIoNS BAOAb ocu z. Ilapamerp sddpexTuBHOCTH
nudpakiyy | LJIHHA B3aUMOJIeHCTBUS HAXOAATCH U3 IKCIEPUMEHTS..

ITuprua GoTOMHAYUHPOBAHHON DEIIeTKH B HANPABJICHWUH, NEP-
MeHIUKYJISAPHOM ONTHYECKON ocH, cocTasjsaa ot 2 go 18 mm. Ansa
u3Mepennoii 80 %-uoit adpexTusHOCTH MUudpaKLuy Ha AJIMHE BOJ-
ubl 0,63 MM u3 Bblpaxxenus (5.1) HeTPYAHO ONpe/leJIATh H3MEeHEeHUe
nokasareis npejomjenus An,. [lys yKa3aHHBIX BbILUE apaMeTPOB
AMIUIATYJ3 BO3MYIIEHHs ITOKA3aTENs I}ipenomnennﬂ HeOOBIKHOBEH-
Horo Jiyya cocrasiser An, = 1,1.107%, yro xopouo corsacyercs
C U3BECTHBLIMH JINTEPATYPHBIMH JaHHBIMK. BeluynHbl BHYTPEHHErO
HHIYIHPOBAHHOIO 3JIeKTpHYecKoro mois Eg s ykasaHHBIX mapa-
MeTpoB, coryiacto (5.3), cocrasnser npubnusuresnsuo 7,4-108 B/m.

Ilpu zanmcu QOTOUHIYUUPOBAHHON pELIETKH NEpHOLUYECKOe
HHIYHPOBAHHOE IeKTpuyecKoe moie Fs u3-3a HeJIMHEHHOro mbe-
303IEKTPHIECKOro 3¢pPeKTa MPUBOJUT K H3MEHEHUIO CKODOCTH aKy-
CTHYeCKO# BONHBL. Jlya mMocToAHHOrO 3nekrpudeckoro nons Fg u
MeXaHHYECKH 3aXKATOr0 KPUCTALIA 3(PEeKTUBHBIE MONYJIb yIPYro-
CTH C;jkl MOXKHO 3amIucaTh B BHJE:

Cijkl = Cijkl — €mijkt Em. (5.3)
Herpynno nokazars, uro
AV(E) _ Ac'(E)
V(0) 2¢(0)
Hns c3zsz = 2,279 - 10 H/mM? u ezsz3 = —17,3 Ki/m? or1-
HOCHTEJIbHOE U3MEHEeHHe CKODOCTH THNEP3BYKOBOH BOJHBI COCTABHT
AV(E)/V(0) =~ 2,81-10~%. ,
ITo ananorus c (5.1) koadpduluEeHT OTpaXkeHusd JJisi aKyCcTHAYe-
CKO¥ BONHBI R MOXKeT ObITh ONpe/iesieH W3 COOTHOLUEHHUS:

. Ir a2 AV(E) L,
R—‘iO——SIn (W—‘V_(OTT)’ (55)

(5.4)

rae L, — nuuHa peuieTku BAONL OCH 2z; A— AJIMHA AKYCTHYECKOM
BOJIHEL.



IIpononpHas aKyCTHYeCKas BOJHA, BO3OyxIaeMmas IJIEHOYHBIM
npeobpa3oBaresieM, pPaclpOCTPAaHAETCs BIOJAL pelleTKu. llpu
YCJIOBHMH, YTO JJIMHA aKYyCTHYECKOH BOJHBI BABOE OOJBIIE HEpHOIA
PelUeTKH, BHIIOJHACTCS YCJIOBHE BPIITOBCKOrO OTPAXKEHUs aKYCTH-
4eCcKOH BOJHBI OT pelleTKH. M3MepeHHoe 3nadeHune KoadduuuenTa
OTPaXKeHHUs] AaKYCTHYECKOH BOJHBI COCTaBJIAJIO, HAINDPUMED, IIpH
JJiMHe peleTk# 2,6 MM H 4a-
crore 420 MTI'm scero 0,01, R
YTO COIVIACYETCA C Pe3yNbTa- | 000
TaM¥ pacyerTa.

Ha puc. 5.1 u3o6paxenbl
3aBUCHMOCTH K03 DHUIUEHT e
OoTpaXKeHud aKyCTHYECKON 0,100
BOJIHBI OT J[JIMHBl DPeIeTKH,
BIOJAb KOTOPOH OHA pac-
IPOCTPAHAETCH. Ilepuon
pelIeTKH COOTBETCTBOBAJI
IJIMHE AKYCTHYECKOU BOJIHEI,
030y aeMoOil Ha 4acToTe
840 MT'u. IITpuxoBas nunus
OTpaxXaeT paCdeTHble JAaH- (g0l , . . .
Hble, NOJIyYeHHbIe HMIIeJaHC- 0 5 10 15 L,mm
HBIM METOJMIOM.
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Puc. 5.1. 3asucumocts xodbdumpenra
OTpaKeHus axyCTUdIeckodl BoiaHet R or

YeHHBIX B 00eux paborax pe-
3yJIBTATOB JIE'KO OOBACHUMA,
HOCKOJILKY B HHUX HCIOJIb30-
BAJIUCh NMPAKTHYECKU OJMHA-

IyHEBL POTOMHAYIUPOBAHHON pelerku L:
1 — pacuernaa KpuBasi; 2 — IKCNEpHUMEH-
TaNbHBIE JaHHbIE. [leprol peuleTKn paBeH
JUIMHE TIPOJOJbHON aKyCTHIeCKO BOJHBI
Ha dacrore 840 M@

KOBBI€ YaCTOTHI yJIbTPA3BYKA,

OTOMHIYLIHPOBAHHEIE 3JIEK-

TPUYeCK¥E MHOJA B pelleTKe Takxe Obuin GuM3K4 ADYr K APYTY.
K coxaseHuio, HCHOJL30BAHME MaJjioro Habopa 4YacTOT IOKa He
HO3BOJIUJIO M3YYUTh IIOJHBIA CIEKTD OTPaXKeHHs W IPOIyCKAHHUsA
YABTPa3BYKOBBLIX BOJIH 4Yepe3 rojorpadudeckue peleTKy.

5.2. Teoperudeckne acIeKThl PaCIpOCTPAHEHU
aKyCTUYeCKUX BOJIH Yepe3 JOMEHHbI€ CTPYKTYPBI
B CETHETONIEKTPUKAX

B kpucTa/iax CKOPOCTH PaCHPOCTpaHEHHM: yNpYruX BOJH, HX
NONApU3anys ¥ MOIVIOUIEHHEe 3aBHUCAT OT HANDPABACHUH pACIpO-
CTpaHeHHsl OTHOCHTENBHO KPUCTAJLIOrpadpuueckux ocei. B obmem
clIydae BJOJb NPOM3BONBLHOTO HANPABJIEHUH B KPUCTAJLIE MOTYT



PaCPOCTPAHATHCS TPU YHPYTHE BOJHBI CO B3aMMHO OpTOrOHAJIb-
HBIMH BEKTODaMH TIONSPU3AIMY — OHA U3 HHUX MPOJOJIbHAS U [BE
nonepeyHble. 3a UCKJIIOYEHWEM BBIJEJEHHBIX 0COOLIX HAIPABJIEHUIH,
BJIOJIb KOTOPBIX PACIPOCTPAHAIOTCA YHCThIe MOJbI, BOJIHLI He fBJIs-
IOTCS HU IIPOJOJBHBIMH, HU TOMEePeYHBIMH, T. €. CMEUIeHHEe YACTHIL
“MeeT KOMIIOHEHTHI KaK BJOJIb, TAK W TIONEPeK HAIpPaBJIEHHS pac-
IPOCTPAHEHHs] BOJIHBI.

OcobenHocTbi0 PacTIpOCTPAHEHUsT AKYCTHYECKHX BOJH B CerHe-
TO3/IEKTPHKAX, TaK XK€ KaK H B IIbe303JIeKTPUKaX BooOIIe, ABJIgeT-
cA TO, YTO MeXaHHdecKas JedopMalys u;; B Culy mbe3osddexra
OKa3bIBAETCs CBA3AHHON C 9JIEKTpUYeCKHM mnojieM F; u anexTpu-
yeckoit muayknueit D;. JIns miocKMX MOHOXPOMATHYECKHX BOJIH,
PaCIpPOCTPAHSAIONMXCA B IPOU3BOIBHOM HANPABJIEHHH B IIHE30IEK-
TPHKE, BEKTOD MEXaHHJIeCKOro cMeleHus u; ~ expli (knzn — wt)]
COCTABJISIET HEKOTOPBIX yroJi ¢ BOJTHOBBIM BEKTOPOM K;, M3MeHsIo-
LIUIACH C HAIpaBJieHHeM, OJHAKO opueHTalps BekTopos E; u D; npu
J000M HaIpaBJIeHUH PACIPOCTPAHEHUs BCEr/la HEM3MEHHA OTHOCH-
tenbHo k;. JleficTBuTeNbHO, B KBA3UCTATHYECKOM NPUOIMKEHAH U
IPU OTCYTCTBHUHU CBOGOMHBIX 3aPAJOB B IILE30JIEKTPHKE JJIsl BEKTO-
pos E; u D; cupasenusbl yciioBus

divD =0 n E = —grady, (5.6)

rle (— CKaJspHbIA IOTEHHua] eKTpHdeckoro noss [196]. dus
IJIOCKHUX MOHOXPOMATHUYECKUX BOJIH 9TH YpaBHEHHUs TIPHHUMAIOT BAL
coorBercTBenHo D;k; = 0 u E; = —k;p. 910 03na4aeT, 4To B aKy-
CTHYeCKoi BoJIHe BeKTop E; Bceria mapasuieseH, a sekrop D; Bceria
MepHeHANKYJIspeH BOTHOBOMY BeKTopy k;. B oTmenbHbIX YacTHBIX
CIy4asax, oOyC/IOBJIEHHBIX CHMMETPHel KPUCTAJLIA, B aKyCTHYeCKOM
BolHe MOXeT ObiTh 6o E; = 0, subo D; = 0. B obmem ciyyae
E; # 0 u D; # 0 u npu pemrenvu 3aga4u 06 oTpakeHu: HeobXoquMO
YUUTHLIBATEL HE TOJBKO MEeXaHUYeCKHe, HO M JIeKTPUYECKHUe IPaHmM4-
Hble YCJIOBHs Ha NOMEHHOI rpaHule.

Tpu akycruueckue BojHBI (OfHA TPOJAOJbHAA W JABe HOMeped-
HEble) ONUCHIBAIOTCSA YpaBHEHUEM IBUXKEHUA

Fu_ 1 0 _ 1 0e
022 V2 g4 4 0z’

(5.7)

rae V — CKopocTh aKyCTHuYecKo# BOMHBL €(2) W ¢ — nbe303IeKTpu-
4ecKasi M ymnpyras nocrosiuuble cpenbl. OfHA seKTpocTaTHdecKas
BOJIHA, OIIMCBIBAETCA ypaBHenueM Jlammaca (5.6).

TeH30p MeXaHHYeCKUX HANPAXKEHHH 0;; ¥ BEKTOD JIeKTPHYEC-
Kot uuAyKimy D; CBA3aHbI ¢ BEKTOPOM MEXaHHYECKOI'0 CMelIeHus U;



4 BEKTOPOM 3JIEKTpHYecKoro nons E; ypapHeHUAMU COCTOSHHUS:

Oij = Cijkn Ukn — €kij Eg,

(5.8)
D; = €ij Bi + dmeipn ugy.-
Pemnenve aTux ypaBHeHui (5.7) 6yZeT TOYHBIM NIPU BHIMTOJIHEHUH
CNeAYIOMUX IPAHUYHBIX YCIOBHUM HENpepLIBHOCTH CMeLleHui, Ha-
DPSXKEeHUH, EKTPUIECKUX Mojlell 1 MHIYKIMY Ha FPAHMIaX CJIOeB,
0603Ha4aeMBIX OJHHUM U [ByMs LITPHXAMH COOTBETCTBEHHO:

4 4 4 4
1) Yui=3"uj, 3) Y E =) E,
a=1 a=1 a=1 a=1

- (5.9)

4 4 4
2) Yooing=3 oin;, 43 D=3 Dy,
a=1 a=1 a=1 a=1

rIe nj — HOPMaJjb K ILUIOCKOCTH TpaHuupl (puc. 5.2, 5.3); t —eau-
HUYHLIH BEKTOp BAOJb IDAaHMIbI, & MHAEKCOM « 0603Ha4YeHbl TPH

Puc. 5.2. Baaumnas opueHTauus AOMEHHOM IPAHHUIBI H IUIOCKOCTH CHMMETPHH
B CErHETOIEKTPHYECKOM KDHCTAJLIe: 4 — NOoIepedHas BOMHA (¢ — yroa Mexx-
ay Ps); 6 — xBa3unpomonbHas BOJIHA

akycruyeckue Bomubl (@ = 1, 2, 3), onuchiBagMble ypaBHEHHEM
(5.7), u omHa snexTpocTaTUyeckas (@ = 4), omuchiBaeMas ypas-
nernuneM (5.6).

Ussecrro [197], 9r0 CymiecTBYIOT Lejible IUIOCKOCTH, B KOTO-
phIX MMeeTcsl YuCTas MOJA IIONepedHod (CABUIOBOI) BOJHBI — 3TO
IUIOCKOCTH yTpPYrof CHMMETDHH KPHCTAJIa, T. €. ILIOCKOCTH CHM-
METDHH TEH30pa YTPYTHX NOCTOSHHBIX Cijkn- K HHUM OTHOCATCH
KaK COOCTBEHHO IJIOCKOCTH CUMMETPHH KpHCTaJlJa, TaK M IJIOCKO-
CTH, TleplleHAUKYIApHbIE OCAM CUMMETPHH deTHoro mopaixa Co,.
B o6enxX COBOKYNMHOCTAX ILJIOCKOCTEH HHCTO HOMEepevHas BOJIHA CO
CMeILeHHeM U;, TIEPIeHIUKYIAPHBIM 9TUM IJIOCKOCTAM, CYLEeCTBYeT
npu n:060M HAIpPaBIeHHH PACIPOCTpAHEHHUs, T. €. IpH JIIb0i opu-
eHTamuu BeKTOpa K;, JIexalnero B 9TUX IJIocKocTsax. B Takoit Bonne



B cully caMMmerpuu nnezoaddexkta E; = 0, a sekrop D; napasre-
JIeH BEKTOpY U; U NepleHANKYISPeH IJIOCKOCTH PaCIpOCTDaHEHHS
(puc. 5.2 a). I110CKOCTH CHMMETDHUH M CErHETOJIEKTPUKOB, a TaKXKe
U JIpyTHe TIOCKOCTH, JJIs KOTOPhIX 9TO CIPABEJINBO, IePEeYHCICHE]
B Tabu. 5.1.

Tabauya 5.1

IInockocTr CHMMETPHH TeH30pa YNPYTHX IOCTOAHHBIX
¥ ILIOCKOCTH CHMMETDHH CerHeTONIEKTPHYEeCKHUX KPHCTAJJIOB

Wngekc miockocTu Kanacc cummerpun
(nk0) 6mm
(110) 6mm, 4mm
(100) 6mm, 4mm, 2mm
(010) 6mm, 4mm, 2mm

YucTO NMpomoibHAS W YMCTO MONEPeYHAH BOJIHBI CO CMEleHH-
€M, TApAJIJIETIbHBIM 3TUM IUIOCKOCTSIM, CYHIECTBYIOT JIMIIb JJIA OT-
JIeNILHBIX HAMpABJIEHWH BEKTOpPa K;, HA3bIBAEMBIX GKYCMUNECKUMU
ocamu. Bo Bcex Apyrux HaNpaBjIeHHAX 3TH MOABI y¥XKe He ByayT
YUCTHIMHM MOJAMH, BEKTOp MX MEXAHMYEeCKOro CMeleHus u; Oyzer
COCTaBNATh yrosn ¢ sBekTopoM k; (puc. 5.26 u 5.3 6). Takue Mozpl

Puc. 5.3. B3aumnas opueHTanusa JOMEHHOH CTPYKTYDPHI B ILIOCKOCTH, IepIeH-
JUKyJASpHOM OCH CHMMMETDHMM YeTHOrO NOPSAJKA B CErHETOIEKTPHUIECKOM KpH-
CcTaJe: ¢ — IoNepevdHast BONHA; § — KBA3UIIPOLOJbHAsA BOJIHA

HA3BIBAIOT KBA3UIPOJOIBHBIMY U KBasunonepeunbivu. OnHaKo st
IIbe30IEKTPHYECKUX KDPHUCTAJIOB 00€ 3TH COBOKYITHOCTH ILIOCKO-
CTell, SKBUBAJIEHTHBIE C TOYKM 3DEHMs YIPYTHX CBOWCTB, OKa3bIBa-
IOTCS PA3JIMYHLIMYM C TOYKH 3PEHHA NbE30IEKTPUYECKHUX CBOMCTB.
9T0 06CTOATENBLCTBO TAKXKE ABJIAETCSH CYIIECTBEHHBIM IIpH PEIlleHUuH
3324y 00 OTPaXKeHHU! 3BYKOBOH BOJIHBI.

ITepBoe Teopernmyeckoe paccMoTpeHHe OCOGEHHOCTEH PpAacIpo-
CTpaHEHHs aKyCTHYECKHX BOJH depe3 IepHOJUYeCKHe CTPYKTYPHI
6pui0 BEImOJHEHO 1llyBanioBHIM C COTPYOHHMKAMHU JJI POCTOBBIX JIO-
MEHOB B CErHETOVIEKTPUYECKHUX KpucTauiax [197].



B cucreme KoopauwHAT, CBS3aHHOH C r'paHHLEeNd, POCTOBBIE CO-
ceJlHHe JOMEHBl MOTYT Da3JIM4aThCA IO CBOMM YIIPYTUM Cijkn, Nbe-
308JIEKTPHYECKUM €k U JUIIEKTPUIECKUM €;; IOCTOSHHBIM. DTO
pa3jiuKe 3aBHUCUT OT JIEMEHTOB IBOMHMKOBAHMS JOMEHOB M CHM-
METpHH NapadieKTpudeckodl ¢asel (nmapadasbl). Knaccubukanys
JIOMEHHOM CTPYKTYDBI, KOTOpPAs MOXET BO3HUKATh B CErHETOICK-
TPUKaX Pa3JMYHOro Tuna, onucana B [24]. C Touku 3penus 3axauu
06 oTpaXeHuH aKyCTHYECKOH BOJIHBI, JOMEHHBIE CTPYKTYPhl MOXKHO
pa3mesquTh Ha JBe TPYIIIILL.

K mepsoit rpynmne oTHOCATCS JOMEHBI, Pa3/dYaoniecss B obmei
cucTeMe KOODJMHAT CBOMMHU YNIIPYTHMHM IIOCTOSSHHBIMH Cijkn. K 2TOM
rpynme oTHocATcH Kak 180°-mble momenwl, Tak u He 180°-Hble mo-
MeHBl B OJHOOCHBIX U MHOI'OOCHBIX CErHETOINEKTPUKAX C HEIEHTPO-
cUMMeTpuuHOM mapadasoit, a Takxe He 180°-ubie JOMEHEI B MHO-
FOOCHBIX CErHETOIEKTPHKAX C IEHTPOCHMMEeTPUuHOH mnapadaszoil.
DJileMeHTaMH [BONHUKOBAHUSA JIOMEHOB IPU STOM SBJISAIOTCH OCH
cummerpun Broporo Cy, Tperbero (3, yerseproro Cy, mecroro Cg
HOPANKOB H [JIOCKOCTh CUMMETPHH T, 8 TAKXKe UX KOMOUHAIuM.

Ko BTOpOIi rpynie oTHOCATCA TOMEHBI, HE Pa3JIuYaIoluecs B 00-
we# cHCTeMe KOOPJMHAT IO YIPYTUM IIOCTOAHHBIM Cijkn, HO pas-
JIMYAOUIMecs: 3HAKOM [Ibe309JIeKTPHYECKUX IIOCTOSHHBIX €jjk. IJTO
TonbKO 180°-HbIe JOMEHBI B OJHOOCHBIX U MHOI'OOCHBIX CErHeTO3JIeK-
TPHKaX C IEHTPOCUMMETPUYIHOM napada30il. DIeMeHTOM ABOMHUKO-
BAaHHSA SIBJISIETCA [[EHTP CHMMETDHHU.

K noMeHHBIM rpaHUnaM, NepneHIuKyISpHEIM BEIODAHHBIM IJI0C-
KOCTSIM DPaCOPOCTPAHEHUs BOJIHBI, OTHOCATCA JOMEHHBIE TDAHUIIBI
obeux BBIIeNeHHBIX Bhime rpynm: 1) He 180°-Hble foMeHHEIe rpaHy-
bl B MHOIOOCHBIX CEPHETO3JIEKTPUKAX C HEHTPOM CHMMeTpHH U 6e3
neHTpa cuMMerpuu B mapadaze (puc. 5.2a) u 180°-uble AoMeHHBIE
IpaHUIBl B OJHOOCHBIX CETHETOAEKTPHKAX 6e3 IeHTpa CHMMeTpuu
B napada3se; 2) 180°-Hble JOMEHHbIE IPAHULBI B OJHOOCHBIX CerHe-
TO9JIEKTPHKAX C IEHTPOM cuMMerpuu B mapadase (puc. 5.2 a, HO
cp=0).

IMockonbky B paccmMaTpuBaemoit BomHe Ey = 0, a Din; =
= 0, To ameKTpmyecKue rpaHuynble yciosus 3 u 4 B (5.9) aBTo-
MaTHYeCKH BBINIOIHAIOTCH, W 3aJa4a 00 oTpaXeHuH pelliaeTcs Kak
yucTo ympyrad. ToyHOe pellieHMe TaKOH 3aj4avd, IpeJCTaBJIeHHOe
B [24], moka3BIBaeT, YTO Ha JOMEHHBIX IDAHHUIAX [IepBO¥ IPY Ik A5
PacCMaTpPUBAEMO BOJHBI OTDAXKEHHA HET, 8 MOXET OBITh TOJIBKO
npeJioMiieHre. YTOJ HNPeIOMJIEHHS P CBA3aH C yIJIOM N3JEeHHs o
onno3uauno. jia 90°-Hoit qomMeHHOM rpaHUIB], HAIIpUMED, 3Ta CBA3b
JJIl TIONepedHoi BOJIHBI, PACHPOCTPAHSAIOMENCS B NJIOCKOCTH (010)



KpuCTaa Kiacca 6mm, dmm, nMeer Bun

tgy = tgeho + tgd, (5.10)
Cs6 + C44
YucrenHasl oueHka Jjisa TuTanata Oapus naer tgd ~ 0,7 [24].
IIpu NPOXOXKJAEHUHN Yepe3 7 pABHOOTCTOSIIUX APYT OT APYra JOMEH-
HBIX rpaHun OyJeT MPOUCXOIUTL NApaJslIe/ibHOe CMELIEHHE Ty YK Ha
Besuuuny n (d/2) tgd, rae d — mmpuna goMeHa.

Ha noMmeHHBIX rpasmmax BTOPOH TIPYNIbl TaKas ITOMEPEYHAs
BOJIHA HE MCIBITHIBAET HU OTPAXKEHHUHA, HU MPEJOMIIEHHS, IOCKOIb-
Ky yHOpyrde CBOWCTBA JIOMEHOB B ODIIeH CHUCTeMe OINWHAKOBBI, a
JIEKTPUYECKUEe I'DAHUYHBIE YCIOBHS Ha JOMEHHON rpaHHne BCeraa
YOBJIETBOPAIOTCH.

s mnockocTeit, MepHeHAUKYJIAPHBIX OCSIM YETHOrO IOPSJKA,
nornepeyHas BOJHA C MEXAHWYECKUM CMENIEHUEM, NMepHeHIuKYJisip-
HBIM 3THM ILJIOCKOCTAM, TaK¥e CYIIeCTBYeT IIpH JII060M opueHTanuN
BeKTOpa k;. DTa BOJIHA CBA3AHA C 3JIGKTPUYECKUM TiojieM F; u HHIIy K-
nueit D;, jieXkalmuMe B pacCMaTpPHBaeMoit riockocTy (pHc. 5.3 a).

Tabauya 5.2

ITnockocTn, NepHeHANKYIAPHBIE OCH Y€THOrO MOPAAKA
CErHeTOWIEKTPUIECKUX KPHUCTAJIOB

Hunexc miockocTn Knacc cummerpun

(001) 6, 4, 6mm, 4mm, 2mm, 2

K noMeHHBIM rpaHunaM, NMEpIeHIUKYJIAPHBIM TaKHAM ILJIOCKO-
cram (tabi. 5.2), orHocsares 180°-uble JOMeHHbIE IPAHUILI KAk TIEP-
BOM, TaK W BTOpOH rpynn. Eciu nmajanomasa HA JOMEHHYIO TDAHUILLY
nonepe4yHas BojHa 6yner cBszana ¢ Fy # 0 wiu D, # 0, To ona
OyZieT HCIBLITHIBATH OTPaXKEHHe W NpesIoMJieHUe Ha, IOMEHHOM! rPaHu-
1€, IpUYeM TpaHCGOpPMAlMK B APYTYIO MOJLY He IIPOUCXOIUT, HO BO3-
HHKAIOT HEOZHODPOJHBbIe 3JIeKTPOCTATHYECKUE BOJIHBI, PACIPOCTPa-
HAOUIYEC BAONb JoMeHHON rpanunbl. Kosdduuuent orpakenus
Gy eT onpelensaThCsa yrioM NaJeHUs! BOJIHBI HA JOMEHHYIO TPAHUILY
1o 1 K09 PUIUEHTOM TeKTpoMexaHuuecKoit ceasu K ajs noMeHnos
obenx rpynn. Jna 180°-noit noMennol IpaHuUIlLl TuTaHaTa Gapus,
HanpuMep, K03 UIMEHT OTParXkeHUs IOIepEevHOM BOJHBI, pACIPO-
crpaunsmomeiica B miockoctd (001), onpenensierca BbIpaXKeHUeM

_ K'tgiyo

T Kt+tglto (5:11)

rne K2 = €25 /(e11Cs5).



W3 (5.6) BuAHO, YTO NpU HOPMATHLHOM NaJIeHHH, KOTHa 1y = 0 u
Ey = D, = 0 B culy CHMMETpPUH, OTPa’KEHUA U MPEJIOMJICHHS HeT
1 HEOTHOPOZHBIE 3JIEKTPOCTATUYECKHE BOJIHB! HE BO3HUKAIOT.

o Bacrosmero BpeMeHH 3KCIEPUMEHTATHLHO PACIpPOCTPaHEHHE
aKyCTHYECKHX BOJH 4YePe3 CHCTEMY POCTOBBLIX JOMEHOB B CErHETO-
9JIEeKTPHUKaAX [IPaKTUYECKN He UCCIeN0Baoch, HaM n3BecTHa TOMBKO
oxHa pabota [190], B KOTOpO# paccMaTpPUBATIOCH BIHSAHHE POCTOBOM
JIOMEHHO# CTPYKTYPBI B CETHETOBO{l CONM HA T'EHEPAIMI0 BTODPOM
aKyCTHYEeCKOIl rapMOHUKHU.

Axycruyeckue BOJNHBI, PACIIPOCTPAHSIONIMEC Yepe3 MHAYIHIPO-
BaHHble IIJIC B Ibe309sieKTPHYECKUX CETHETOIIEKTPHKAX, BCICH-
CTBUE Da3NUYUA B 3HAKAX NbE30MEKTPUYECKHX K03(PPUIUEHTOB
B COCEJHHX JIOMEHAX, TaK e KaK U IpU PACIPOCTPAHEHUM yepe3
CTPYKTYDY DPOCTOBBIX JOMEHOB, OyAyT HUCHBITBIBATL OTPaKEHUE U
npenoMieHue. B obujeM ciiydae npou3BONBHONO YIVIA NaJeHHUs aKy-
CTHUYECKOH BOJHBI Ha JOMEHHYIO TDAHUIY B [Ih€303/IEKTPUKE BO3HHU-
KalOT YeThIPE OTPAXXEHHBIX U YeThIpe NPETOMJIEHHBIX BOJIHBI (BE
[OMEePEYHBIX, OHA NIPOJOJbHAA aKyCTHYECKHE BOJHBI U OfHA 3JIeK-
TPOCTATUYECKAS BOJNHA). AHANU3 YaCTHHIX CIyYaeB [POXOXKIAECHUS
BouiH uepe3 [1JIC u ux rpanchopManuy Jiist KPUCTAJUIOB PA3IMYHOMN
cuMMmerpun fan B paborax [189, 198, 199]. Kak mokaszano B [198],
K03 PUIMEHTH! OTPAXKEHUST M IPEJIOMJIEHUS aKyCTHYECKHX BOJIH,
pacnpocrpansomuxcd Bgosb [11C, MOXXHO onpenensarh ¢ OMOIIBIO
MOJEJNIN B3aUMOAEHCTBYIOINX MOJ, BO MHOI'OM aHAJIOTMYHOI paHee
NPpUMEHEHHOH AJId ONTHUYECKUX BOJIH.

B xoHKpeTHOM Cityyae Jjisi paCIpOCTPaHEHUs IIONePEYHBIX BOIH
Yyepe3 KBasUIIepUOIUYECKYI0 CHCTEMY JOMEHOB, C(hOPMUPOBAHHYIO B
CErHeTOIEKTPHYECKOM KpHUCTaJIe ¢ cummerpueit 4mm (4To copa-
BenuBo ;i kpucrawioB BaTiOs wma PbTiOs), 6puto ycranosse-
HO, YTO K03(p(PUIIMEHTH OTPAKEHUsI U IIPEJIOMJIEHUSA, TaK e, KaK
U JJIs CHCTeMbl POCTOBBIX JOMEHOB, Oy[IyT ONpenelsaTbCcs yraaMH
najenns § aKyCTHUeCKO# BOJHBI Ha JOMEHHYIO CTPYKTYPY 4 K03(-
dbunmentamu snexrpomexanudeckoit cesizu K. Jomenst (+) u (—)
B OgHOM 6JI0KEe XapaKTepu3yIOTCs OAUHAKOBBIMU 3HAYEHUAMH TEH-
30pOB YIPYTuX MOAyjiedl ¢ U IPOHHIAEMOCTEHd €, HO PA3IMYAIOTCH
3HAKOM Ibe30uIeKTpuyecKux Moaysei. CiiefoBaTebHO, MOXKET BO3-
HUKATh OTPa’KEHUE OT BHYTPEHHHUX I'DAHMI] MEXJY JOMEHaMH, UTO
OyZeT NpuBOZUTH K BO30YXJEHHIO JBYX MOJ Ha TDaHUIEAX AOMe-
HOB. YCJIOBHSI OTpaKeHHsl HA TpaHUIaX GbUIM HCCiefoBaHbl B [189)
METOZOM MATPHYHOTO IIPONAaraTopa ¢ Pa3MepHOCThIO 4 X 4, panee
y¥e IPUMEHABLIEroCs B 3aJa4ax O epUOAUYEeCKAX MHOTOCIONHBIX
crpykrypax [200]. B pe3ynpraTe MCNONb30BAaHUA JAHHOIO METOAA
ObLIM IIOJYYEHbl TOYHBbIE BbIPAXKEHUH, ONMCHIBAIOIIUE CIIEKTPAJIb-



HYIO 3aBHCAMOCTb K03 purnuenTos oTpakenus R u npoxoxgenus T
IPHU IPOU3BOJILHOM 3HAUEHUU IAPAMeTpa ¢g:

g = K*tgh.

(5.12)

B urore xBagpar Moxynsa ko3 duUnmenTa OTPaXKEHU UMEET BHJL

IR = Q%[Q +

sin? (k1 D) ] -1
sin? (Nk; D)’

(5.13)

Q2 = 4K* tg% 0 [cos (kada) — K?sin (kada)]”,

2t
IR a
0.8}
0.6F
04F

0,2}

10 kyD/‘n:
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Puc. 5.4. CoexTp OTpakeHHBIX BOJIH AJ1d
Pa3IHYHBIX COOTHOLIEHUH MEXAY IIHPH-
HAMM JOMEHOB B ONHON sideiike da, dp
(N =6,8 = 30°, ¢* = 031): a—
da/D = 1/2 (sxBuaucTanTHas Cynmeppe-
merxka); 6§ —d4 /D = 2/5 (nepuon Mony-
asiupn 6perrosckux muakoB T = 5); 6 —
da/D = 1/4 (6perrosckue nuxu rnopsj-

kBl =2+4+4m (m =0,1,2...), yno-
BJIETBOPSIOLIME IPABHILY HCHE3HOBEHHUS)

21
[R]
0,8

0,6
04F
0,2

rae k; —sexkrop IIJC; ky—
aKYCTHYECKHIl BOJIHOBOH Bek-
top; D = d4 + dp—nepuog
IIC.

Hna sxsugucrantaoit I171-
Cx (d4 =dp u D = 2d) Buipa-
xenne (5.13) ympomaercsa no
BUAA

2 _ o[ 2, sin’(kiD/2) -1
|| "‘”[ sin’(Nk;D)] '
(5.14)

Taxum obpasom, gna [IJC
C ORWHAKOBBIMH pa3MepaMu
JOMEHOB CIEKTD OTPa’ke€HHBIX
BOJIH OyZEeT COCTOAThL U3 Ile-
PUOZUYECKA MOBTODPAIOIINXC
[JIABHBIX OpEerroBCcKux IMKOB
C aMIUTATYJaMH, OIpexesise-

MbiMu 3Hadenusivu |R|® u Bro-
PUYHBIMH MAJILIMM IHYKAMHI
(puc. 5.4 a).

Peszonancel  Oparrosckoro
TUIIA, CBA3AHBI C CHHXPOHHBIMHI
OTPaKEHHUAMH OT COCeTHUX
FPaHUI] JOMEHOB U BO3HHKAIOT
IIpH yCIOBUH

kD=2, 1=1,23,...,

(5.15)

roe | —uucnao rpamun MeXAy
JAOMEHaMH.



Takast cnekrpasbHas 06JacTh NOJHOFO OTCYTCTBHS MPOMYCKa-
Hug (stop band) nMeer npenens:

(kyD), = 2nl — 4arctg (¢3); (k,D), = 2nl, (5.16)
a IIHPHHA IIOJIOCH! PaBHA,
Anon = 4arctg (g3) . (5.17)

Bropuunsle MaKCHMyMb! OTpaXkeHHs BO3HUKAIOT [IPH BbIIIOIHE-
HUU YCIOBHS

k1D = (1 + 2n). (5.18)

T
an
Jig HUX K03 DUIHEHT OTpaXkKeHus UMEeT BU[

RE, - ¢ (5.19)
BT Q4 +sin® [n(1 + 2n)/(4N)] .

ITpu BHIMONTHEHHUU YCIOBHS

kD = %‘ (5.20)

rze n He KparHo 2N, BoiHa Oyzer npoxomurh uyepe3 IIJIC 6Ges
orpaxenus (R = 0), ¢ nonubiM nponyckanueMm (T° — 1). Iomnoe
[IPONyCKAHUE BO3HUKAET IIPU IIOJTHOM aHTHCHHXPOHU3ME OTPayKeHHMix
OT COCEJHUX T'DAHHUII. -

B ciyyae HesKBUAMCTAHTHOI CBEpXpEIIETKM JIOMEHOB 4aCcTOT-
HBII CIIEKTP OTPaXXEHHBIX BOJIH OIIpEeneasAeTcd YCIOBUEM

kD=xl, 1=1,23,..., (5.21)

YTO MPOTHUBONIOJIOAKHO AHAJOTHYHOMY YCIOBMIO JJIS SKBUAUCTAHT-
HOit pewerku [ypasuenme (5.15)]. JpyruM ominumeM HeIKBUAH-
CT3HTHON pEHIETKH OT SKBUAMCTAHTHON ABJIAETCA MOAYJIANUS MakK-
CAMYMOB OTpakeHud u nponyckanusi. [lepuog Moxynsiuuu onpefe-
JIeTCs OTHOIIEHHWeM IMUpUH JomeHoB d4 ¥ dp B ogHoM 6soke D.
IIpu BbImONHEHUHU yCIOBHSA

lzg-}-mr, m=0,1,2,..., 7=1,2/3,..., (5.22)

re 7 — NepHoJ MOAYJIAIUHU, MOAY s OyAeT NogaBaaTeca u Opar-
rOBCKHe MUKY OyIyT NpaKTu4ecKu pasHbl (puc. 5.4).



5.3. DKkcnepuMEHTHI IO PACHPOCTPAHEHUIO
aKycruyeckKux BoJiH uepe3 I1J1C

Bnepsbie orpaxenne 06bEMHBIX YABTPa3ByKoBbix Bosa ot I1JIC,
cchopMupoBanHOi B Huobare auTHs, ObII0 0OHAPYIKEHO B YCIIOBUAX
BO30YKIieHUsA CaMOil aKyCTHYECKOH BOJHB! NTEPEMEHHBIM 3JJIEKTDHU-
deckum noseM [49]. OrpaikeHue HOCHIO DE30HAHCHBIN XapaKTep M
COOTBETCTBOBAJIO BBINONHEHHUIO yCIOBUS KPATHOCTH JJIMHBI BOJIHBI
nepuony IIJIC. OTpaxeHnue MOBEPXHOCTHON aKyCTHYECKON BOJIHBI
BIIEpBBle HAOIIOAAIOCH OT NEPUORHYECKOH IOMEHHOM CTPYKTYDHI,
Takxe chOpMUPOBaHHO} BOIU3K noBepxHOCTH HUObaTa sutus [50].

Opnako B 3Tux pafoTax u psage NOCIEAYIOIINX, PE3YIbTATH KO-
TOPBIX OTpakeHbI B 0630pe [21], He H3yYanuUCh YACTOTHBIE HHTEPBA-
JIbl TIOJTHOT'O OTPa’KeHUsl U IIOJIHOTO NPOIYyCKAHUs aKyCTHYECKUX BOJIH
yepe3 [I/IC u He paccMaTpuBaiuch BONPOCHl HEJIMHEHHOTO B3aMMO-
peficrBusi akycruueckux BonH ¢ IIJIC. VmenHo sTu HepemieHHbie
3agauyn nobyaunu npopecTu Oojiee MOIHOE U3YYEHUE PACIpOCTpa-
HeHHsi IOBEPXHOCTHHIX akycruueckux BonH (ITAB) uepes IIJIC,
cchopmuposannyio B Huobare nutusi. Beibop ITAB 6b11 HecyyaeH u
obycnosyieH TeM 00CTOATENLCTBOM, YTO yXKe B TEYEHHE IOYTH COPOKA,
JIET IPOBOJATCH MHTEHCHBHbIE MCC/IEZOBAHMUS 110 PACHPOCTPAHEHHIO
ITAB B HEOZHOPOZHBIX TBEPABIX CPEJAX, IPHUBEAIUIAE K CO3ZAHUIO
IEJIOF0  CeMefCTBa aKyCTO3JIEeKTPOHHBIX ycrpoiicre. OpHako B
BOMBUMHCTBE W3 HUX HCIOONb3YIOTCA MEPHOLUYECKUE CTPYKTYDHI
B BHJE KAHABOK, META/UIMYECKHX IIOJOCOK M APYrHX MOLOOHBIX
nepuoauyecKux HeopuopoxHocredt [201]. Moxuo 6buto nonarats,
yro usyyenue B3aumogmeiictsus I[IAB ¢ IIJC pacmupur obsacru
[IPUMEHEHUS [TEPBLIX.

Pacnpocrpanenne ITAB uyepes IIJIC B HuobaTe nurusa 6bu10 uc-
CJIEZOBAHO C IOMOIIBIO SKCIEPUMEHTANILHON yCTAHOBKH, IIpPEACTaB-
geuHoit Ha puc. 5.5. IIJIC 6nuta chopMupoBaHa 3MEKTPUIECKHM

y///;% |

Puc. 5.5. BiIoK-cxeMa yCTaHOBKH IyUIsl UCCIIEIOBAHMS PACIPOCTPAHEHNs] AKyCTH-
ueckux BoaH yepes [IJIC: 1 — crpykTypa gomenos; 2, 3, 4 — Topuessie npeob-
pasoBaTteny; 5 —reHepaTop; § — cynepreTepoauHHBIR NIpHeMHHK; 7 — obpasen




criocobom [49] BOMM3M Z2z-NOBEPXHOCTM MOHOKpPMCTAJLIa HHOGATA
surug ¢ paamepamu 20(z) X 2(y) x 20(2) mm [51]. Ona cocrosna us
3HAKOIEPEMEHHBIX JIOMEHOB THIId <I'0JI0BA, K T'OJIOBE» C HEPHO0M
50 + 2 mMkM u HacuuTeiBajga 40 NepHOIOB, PACIONOXEHHBIX BIOIbL
ocu z (1). IIAB B Buie KOpOTKHX HUMIyIbcoB (7 ~ 1MKC) # me-
puogom mnoeropenuss (0,11 Mc reHepupoBaIuCh TepecTpawBACMBIM
reseparopoM (§) ¢ MOMOIIBIO IIUPOKONOJOCHOTO YTOJKOBOIO Ipe-
obpasoBarens (2) U KeTEKTHPOBATHCH JBYMs aHAJOrMYHBIMHA IIpe-
o6pasoBarensmu (3) u (4) (4 —npomennuii ©MIyasC, § — oTpa-
JKEHHbIH MMIYJILC). YTOJI MEX/Y BOSHOBLIM BEKTOPOM & alOIIero
uMmnyasca ¥ ocbio ITJ1C cocrapnsa 14°. s perucrpanyuy nDpolies-
UIMX A OTPAXKEHHBIX UMIYyJIncoB IIAB mcnons3oBases cyneprerepo-
JVHHDBIN TpUeMHUK (6), DE30HAHCHAS JACTOTA, KOTOPOr0 CHHXPOHHO
[I€PeCTPanBaIacCh C YaCTOTOH reHepaTopa.

TTockonbKy mpHu najJeHud aKyCTUYeCKOH BOJTHBI BOZHHKAIOT KakK
OTpa’KeHHbIe, TaK U IIPeJOMJICHHBbIE BOJIHBI C PA3JIUYHON NOJAPHU-
3anyeit, TO B 3KCIEpHMEHTaxX OblIa IIPefyCMOTPEHa BO3MOXKHOCTH
JIeTEeKTHPOBAHUsI HE TOJBKO MPOIIENINX M OTPAa’KEHHBIX aKyCTUYe-
CKHX BOJIH, HO U 3JIEKTPUYECKUX NOTEHIHAJOB IIOJIeH, COIPOBOXK-
Jaroumux ynpyrde Bomnbl. Kax cienyer m3 ofcykIeHus, OIpHBe-
JIGHHOT'O PaHee, BOJHbI WIEKTPUIECKOrO TOTEHIIHAJIA COIIPOBOXK AAIOT
yIIpyrue BOJIHBI HE TOJBLKO MepBOH, HO ¥ Bropoit rapMonuK. [Ipuuem
IJIsl IIepBOif TApDMOHHKYU 3JI€KTPUYECCKHUN MOTEHIMAN (©» HPOIIOPIHO-
HaJIEH aMIUTTYIE aKyCTHYeCKOd BOJIHBI, & JJIS BTOPOH TAPMOHMKHU
norennman ¢(2¥) npomopHuoHaieH KBAaJpaTy AMIUTUTYAb! NEpBOM
aKyCTH4YeCKO# rapMoHuku. TakuMm 06pa3soM, U3MepeHue aKyCTude-
CKUX HOTEHIHAJIOB CBA33HHBIX IHE30JIEKTPHYECKUX BOJH JaeT J0-
MOJHUTEbHBIA CII0CO0 KOHTPOJIA HAJ B3aHMOJEHCTBHEM aKyCTUve-
CKHX BOJIH C JOMEHHBIMH CTPYKTYPaMH.

JIis M3MEpeHHs 3JEKTPHYECKUX IIOTEHNMAJIOB OB HCIOIb30BaH
OECKOHTAKTHBIE €MKOCTHBIH CnocoD, KOTOpbIi paHee yKe HEOIHO-
KpPaTHO NPUMEHSJICH MJIsi JETeKTHPOBaHMS OOBLEMHBIX aKyCTHUYe-
ckux BOAH [202]. OpHako B yKa3aHHOM MeETOJE JETEKTHPOBAJICS
MOAYTMPOBaHHBIM AKyCTHUUECKO! BOJHOH 3JEKTPHYECKHH CHIHAJ,
BO3HUKAIOMIKH 33 CYET NPWIOKEHHS K JIEKTPoJaM KOHAEHCATOpa
[IOCTOAHHOTO 3JeKTpudeckoro nojs. KoHpeHcarop obpa3oBaH Me-
TAJLIM3UPOBAHHOH MOBEPXHOCTHIO 00pa3Iia U H30/IMPOBAHHBIM OT Hee
3/1eKTpoioM. B HCIonmb30BaHHOM CIIOCO6E METAJIJIMYECKHI JIEKTPOJ
pacloyarajcs Ha paccToaHud nopsaka 10 MKM OT HeMeTalu3upo-
BAHHO [MOBEPXHOCTH, M K HEMY He MPUKJAIbIBAJIOCH ITOCTOSHHOE
nanpsxenre. CaM JaTYMK IPECTABIAT COG0H KOAKCHAMbHYIO HIIH
JMHERHYI0 KOHCTPYKIHIO JIEKTPOJOB (pHC. 5.6), pacosoKeHHYO
Ha II0BEPXHOCTH PACIpOCTPaHEHNs BOJIHbI HJIM Ha, TOPIEBBIX TOBEPX-
HOCTAX. B mepBoM «iydae 610 BO3MOXKHBIM JETEKTHPOBaHHE BED-

4. A.B. Tonennues — Kytysos u ap.



TUKAJIbHOM 37€KTPUYECKON KOMIIOHEHTHI IIEPBOii UM BTOPOH rapMo-
uuk ITAB, a Bo BTOpOM Cltyuae JIeTeKTHPOBAJINUCH COOTBETCTBYOLIHE
KOMITOHeHTh! 06beMHbIx BONH. [Tomo6Hass KOHCTPYKIUs HE 1yBCTBH-
TeJlbHA K aKyCcTH4ecKuM nedopMalisM, a TOJIbKO DPErHCTPUPYET
3NEKTPUUECKYI0 KOMIIOHEHTY

{1  D[be303JeKTPUYECKOrO IIOJIs.
— DneKTpUYECKHe CUIHAJIBI

,/ OT TOPUEBbIX Npeobpa3oBaTe-

Jefl ¥ eMKOCTHBIX JaTUYHKOB
PETUCTPUPOBAJIUCL OLHOBpE-
77 77 MEHHO C INOMOIIBI JBYXKa-
HaJbHOTO ocuwurorpada, a
| CUrHAJIbl OT IepBOil H BTO-
| poil TapMOHUK JETEKTHUPOBAa-
JUCHh C IIOMOIIBIO CEeJIEKTHB-

HOPO MUJLTHBOJIETMETPA.
B cepuu sxcnepuMeHTOB
HCCJIEZ0BAJIOCH PaCIPOCTpa-
Puc. 5.6. Cxemarmueckoe wusobpakeHue nenme IIAB ormocHrersio
eMK(.)CTE;(;PO ;arquxa: 1 —oﬁpaa%u);xe,én— MaJIO} MHTEHCHBHOCTH epe3

JleTeKTOPHAs roioBKa IOMEHHble CTPYKTypsl [51].
IIpencrapnennsie Ha puc. 5.7

aMIUIUTYAHO-4aCTOTHBIE XapakTepucrukyu nponyckanus IIJIC co-
orBeTcTBYIOT pacmpocrpanenuio ITAB ¢ menrpanbHo#t wacTorToit
32MTI'y mis chopmupoBanHoil onroakycrudeckuM crocobom ITIJC
1 32 5MI'n s amekTpuye-

cku chopmuposannoit IIIC. 4,15

Boino Takxe oOHapyxkeHo 0
nebonbioe (nopszaxa 3-54aB)
ocnabiienue B IIPOXOXKIE-
HUU ODObEMHBIX IPOACJIbHBIX
aKyCTHYEeCKHX BOJIH COOT-
BETCTBEHHO Ha  YacTOTax 2
30-35 MI'y gns IIC, chop-
MHUDOBAHHBIX ONTOAKyCTHYE- -20 L !
CKHUM U 3JIEKTPHUYECKUM CIIO- 30 32,5 35/ MIu
cobamu. Takoe 3HaIUTENBHOE Py, 5.7. Crextp ITAB, DPOUIEAIINX 4e-
pa3inyue B YCIOBUSAX IIPO- pe3 CHCTeMYy MHBEPTHDOBAHHEIX JOMEHOB,
XOXJEHHUS ITOBEPXHOCTHBIX CO3JAHHBIX aKyCTOONTHYECKHM (1) u ssex-
¥ OOBEMHBIX BONH Moxmo TPHIecKmM (2) meronamm

OObsCHUTH MaJiol TONMIEHON (BZONL OCH Y) CO3ZAHHBIX AOMEHOB
(y6biBaer mo 9Kcriomente e FY). B mamem ke ciyyae riybmma
CeyeHUs IMy4YKa 00bEMHBIX BOJIH, FEHEPUPYEMBIX NpeobpasoBareseM,
cocraBasieT 0,5 MM.

AN
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AMIIIATYAHO-JAaCTOTHAS XAPAKTEPUCTHKA OTPAXKEHHBIX OT J0-
MEHHO# CTPYKTYPBI aKyCTUYECKUX MMIYJILCOB, CHATAS C MOMOIIBIO
€MKOCTHOI'0 ¥ YTOJKOBOTO JETEKTOPOB, MHBEPTHPOBAHHAA IO OT-
HOLIEHNIO K IPENCTaBJIeHHON Ha pHC. 5.7, TakKe yKa3blBaeT Ha,
pesonancHele coiicTBa IIJIC, chopMupoBanHbIX 3/eKTPHYECKAM U
aKyYCTOOIITHYECKHUM CII0COBaMH.

Kax cnenmyer m3 monydeHHBIX DE3Y/bTaToOB, B YaCTOTHOM JHa-
nazone 20-200 MI'y 65611 06HApY KEH psifi MAKCUMYMOB B HHTEHCHB-
Hoctu orpaxkenubix oT I[IJIC akycruveckux ummnysnbcos (puc. 5.8).
9TUM MaKCUMYMaM B HHTEHCHUB-

Hoctu oTpaxeHHBIX oT ITJC |R|, orn. en
MMIYJIbCOB B YaCTOTHBIX HH- {qf
repBasax 32-35, 60-65, 95-100,
125133, 165-170 u 192-198 MI'y
COOTBETCTBOBAJIM  MUHHMYMbI
B HMHTEHCHBHOCTH IIPOIIEHIINX
yepe3 [TJC akycruyeckux um-
nysascoB. IIpu dbuxkcuposannoi
YaCTOTE TreHepaTopa B WHTEp-
Base 32-35MI'y u mepecTpoiike
YaCTOTHl CynepreTepoauHHOro Puc. 5.8. Crexrp orpaxkennsix ot ITJIC
HPHeMHHKa 61)”11,[ 06Hapy)KeHbI AKYCTHYECKUX PIMIIyJ'IbSZOBI CIUIOIIHAA
JIMHA A — TeOpeTHYECKHUH CHEKTD; TO4-
[IOMAMO CHIHAJIOB H& OCHOBHOH ., sy cnepumentansbii coiexTp
YaCTOTe TaK¥XKe CUTHAJBI OTPa-
sxkennbix ot [1J1C akycruueckux
HMIyJbcOB B uHTepBase 60-65MI'n, T e. Ha dYacrore, COOT-
BETCTBYIOmEH BTOPOH TapMOHHKE T'eHEPHPYEMBIX aKyCTUYECKUX
uMnynbcoB. KoadbduuueHT oTpaxxeHdsi BTOPOH TapMOHHMKH ObLI
[IOYTH HA, HOPAJ0K MEHbILE, YEM AHAJOTHYHBIA K03 dUIMeHT AJis
ocHoBHO#1 wacroTsl. OH cocTaBiasa B cpenueM ~ 107¢, ¥yro mo4yru
Ha B3 MOPHIKA, Bbillle, YeM KO3 (pHUIMEHT O0Tpa’keHus IJIsi aHaJIO-
FUYHOTO NPEOBpas30BaHUsi C HUCIIONb30BAHUEM TOJILKO OJHOPOIHOI
aKyCTH4YeCKOH HEJIMHEHHOCTH B TAaKOM XK€ MOHOKPUCTAJUIe HHobaTa
JIMTHUS.

IIpenoxennast TeOpeTHYECKasi HHTEPIIPETAIMS IOy YeHHbIX Pe-
3yJILTATOB OCHOBaHAa Kak Ha psaje ocobennocreit IIJIC, cdopmupo-
BaHHOW B CErHETONbE30IEKTPUIECKOM KPHUCTAJLIE, TaK U Ha ocoben-
HocTax pacnpocrparenus I[TAB uepes IIJIC.

Ussecrno [201], 9ro nmpu KakoM-1u60 JIOKAJIHHOM HCKAXKEHHH
XapakTepa [OBEPXHOCTH, MPOSBJISIOIIEMCH B H3MEHEHUN HEIPepPhIB-
HOCTH TaKuX napaMerpop ypasaeuuit (5.7), (5.8), kKaK KOMITIOHEHTHI
JedbOpManuy, HAIpPSKEHHs, JEKTPUIECKOr0 NOTeHIHaT a M JleK-
TPUYECKON MHAYKIMH, BO3HMKAET OTPa’KeHWE aKyCTHYECKMX BOJH

0,5}
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OT rpanwui HeomHopozHocreit. s maubonee ymorpebuMbix oTpa-
»karomux Guiasrpos Ha ITAB Taxkoii HEOZHOPOZHOCTHLIO ABJIAETCS
U3MEHEHUE MOJyJjisi YOPYTOCTH € MOA IPOBOAAIIAMY JIEKTDOJAMH,
YTO IPUBOAUT K JIOKATHHOMY U3MEHEHUIO CKOPOCTH aKYCTHYECKUX
BoiH. PaKTOpD U3MEHEHHS CKODOCTH aKYCTHUECKHUX BOJH IOJ Aeii-
CTBUEM IpagueHTOB (HOTOMHIYIMPOBAHHOTO 3JEKTPHUYECKOTO IIOJs
xapakrepeH # Jis romorpagmyeckux pemerok [84]. Hua ITIJC
IVIaBHOI1 .0CODEHHOCTHIO SABJISIETCS IIEPUOSMYECKOE M3MEHEHUEe 3Ha-
KOB Nbe303JIEKTPUIECKUX K03(h(DHUIMEHTOB HA PPAHULIAX JAOMEHOB U
HEM3MEHHOCTb YIPYTUX M JUATEKTPUIECKUX CBOHCTB.

Taxum obpasom, O6parrosckoe orpaxenue or IIJIC Oyaer Bos-
HUKATh BCJIEACTBUE UHTEpPMEpEHIUH MexJy NaJalomei BOJIHOH u
BOJIHAMH, OTPa’XeHHBIMU OT BHYTPEHHHUX TPAHUIl MEXY ZOMEHAMH.
B ITJC, cocrosimeit u3 N gomenos, HacuurbiBaercs 2N — 1 rpaHuig
THUIIA +/ — 4 —/+, rge 3HaKH «+» M «—» OTHOCATCH K JOMEHaM
C HPOTHUBOIONOXKHOM monspusanueii. Eciu npelcTaBuTh nepuoau-
YeCKd M3MEHSIIOUIUNACA Mbe303eKTpudecKuil Koaddunuenr B Buge
paga Pypee, TO 1epBbIit NEPUOANYECKH OCHUJLIUDYIOWHA wieH Oy-
JIET COOTBETCBOBATH M-NOPSAKY MEPUOLHUECKON CTPYKTYDHI:

Ip(Z) = 10% cos kz. (5.23)

Dddexr nurepdepeHnun MeX Ay OTPAKEHHBIMU OT PPAHHI{ BOJI-
HaMM MOXHO OIIUCATh CTPYKTYDPHBIM (DaKTOPOM:

Sq = Y exp (iQ), (5.24)
J

rre (Q —CcyMMa HOPMANbHBIX KOMIOHEHT BOJIHOBBIX BEKTOpOB Ila-
Jalommeil ¥ OTPa>KeHHBIX BOJH HA KaXKJ0# TPaHHMIE; z; Onpefeliser
[O3UIMU TPAHUI JOMEHOB.

[TockonbKy Ipu OTpaXkKeHUM HE M3MEHSAETCHd MOAA BOJHOBBIX
BEKTOPOB k, TO npu oTpaxkenuu ) = 2k U CTpyKTypHBI (dakTop,
yIOBJIETBOPSIOMUI OPIrTOBCKOMY OTParKEHHIO, YIIPOILALTCS [0

So=235(Q~Qm). (5.25)

B faxHBIX 3KCIepuMEHTaX JIXTENbHOCTh mMiyiabca ITAB npe-
BbIIIAJIA BpeMsi NIpoXoxxJaeHus umnysibca depe3 [1JIC, mosromy ero
B3auMmozeiictue ¢ IIJIC MOxxHO paccMaTpUBaTh B KBASHHENDEDHIB-
HOM pexxuMme. Takum 06pa3oM, pe3oHaHCHas UHTepdepeHnus OT-
paxxenusix ITAB 6psrroBckoro Tuma BO3HHMKAET [IPU OTPaX€HUHU
OT AOMEHHBIX IPaHUI{ OZHOr0 THIA, Hampumep, (+/—) < (+/-).



Ucnonb3ysi paHee BBINONHEHHbIE PAacYeThl N0 JuMPAKIUH AKYCTH-
YeCKHX BOJIH Ha NEPUOSUYECKHX CTpyKTypax [189, 201], moxmyms
koscddunuenta orpaxenus [IAB or rpanun goMeHoB MOXHO Ipe-
CTAaBUTH B BUJE

_ . sin(NQD) .
R| = o 22\0% ) D —
|R| =17 <2 (QD) exp (JQD) 6 (Q — Qnm), (5.26)

TA€ T — OTPaKaIas CrocobHOCTh.
Bes yuera norepp Ha JONOIHATEIbHOE PACCEsSHUE HA TPAHUIEX

reK?2=2 (5.27)

e2
ce
rae K — 3 dexTuBHbIN K09(DDUIHEHT 31eKTPOMEXAHUIECKOH CBA3K
JIUIsi P3JIEEBCKUX BOJIH.

B urore, ¢ ygeroM, uto exp (jQD) K 1,

_ 72 sin(NQ@QD)
|R| =K —sin(QD) . (5.28)

Takum obpazom, u3 ypasrenus (5.28) cienyer, yro 3Havenus |R|
MMEIOT NIePUOJMYECKHEe MAKCUMYMbI IIPU YCJIOBHA Q = 27m, m =

=1,2,3,..., YTO COOTBETCTBYET YaCTOTAM
Vm
fm = 5D’ ‘ (5.29)

rne V — ckopocts I[TAB. ,
CoorBercrBeHHO MOAYJIL KO3(DDUIUEHTa IPOXOXKIEHUS depe3

ILIC |T (]Tl =4/1— |R|2) uMeeT MakcuMyMmbl pu R — 0.

Kax cneayer us (5.28), ammuiaryausie 3Ha4eHns K03 dUHeHTa
oTpaxeHusd OyaAyT IPAMO IPONOpIUOHAILHEL ynciy nepuoxos IIJIC,
a IIMPHUHA NOJIOCH! OTpaxkeHus byxer ~ N L.

Pacuernnie 3navenus s |R| npu k = 0,32, d = 52 MM, N =
= 20 BHIOJIHE COOTBETCTBYIOT H3MEPEHHOMY CIIEKTDY OTPaKeHHBIX OT
IMJC sonn. Crenyer OTMETHTb PA3JIMYHE B CIIEKTPaX OTPaXKEHHBIX
or ITC sonn u BonH, renepupyemsix Ha I11C ¢ moMomsio nepeMeH-
HOTO TeKTpuyecKoro mos [51] wiu nasepusiM myuxom [203]. Ecou
OTpa’keHWe BO3HUKAET MpH MHTepGEPEHIUH BOJH, OTPAXKEHHbIX OT
IPaHUI OZHOIO THNA, M WX PE3OHAHCHbIE YACTOThI OIHCHIBAIOTCS
BoipaxkenueM (5.29), To MaKCUMYMEl T'€HEPUDYEMBIX aKyCTUYECKUX
BOJIH BO3HHKAET NpU MHTEepQEPEHIMY BOIH OT COCEJHMX TDAHHI, U
fm = Vm/D, 1. e. pe30HaHCHbIE YACTOTHI B B2 Pa3a BhIIIE, YeM
[IPY OTPAXKEHUH.



5.4. PaconpocTpaseHne aKyCTHYEeCKHNX BOJIH 4epe3
CJIOMCTYIO U JOMEHHYIO CTPYKTYPHhI B MarHeTHUKaxX

B nmanHOM pasfiesnie Mbl OIpaHUYHMCS PACCMOTPEHHEM paclpo-
CTpaHeHUs YAbTPa3BYKOBBIX BOMH depe3 CTpykKrypy 180°-mpix mo-
MEeHOB B (heppOMarsuTHoM oxHoocHOM obpasue. Ilpuyem, kax 3TO
6bu0 paccmorpeno B [191-193], ocHoBHOe BHumaHue Oyaer obpa-
I[EHO HAa YeAWHEHHYIO JOMEHHYIO rpaHuily. B OCHOBY Teoperuue-
CKHX Pac4eToB HBUIO IOJIOKEHO, YTO KoNeOaHus TOMEHHOH IDaHHUIbI,
B030yx ieHHEIEe B 00pasie NepBUYHON aKyCTHYECKOH BOIHOM, OyayT
COTIPOBOXKAATHCA BO3OYXKJEHMEM BTOPHYHBIX aKyCTHYECKHX BOJH.
Kak moxassiBaloT pacuersl, HEIOCPEACTBEHHO CO CMEIEHHEM I'Da-
HUIBI CBA3aHA MAJAIOIIAs MEPHeHAUKYNAPHO eif MpOJOoJbHAd aKy-
cTuyeckad BosiHA. B3amMmogelicTBHe monepedHbIX BOJIH C JOMEHHOH
rpanunei 6yaer acbdekTUBHO TONBKO 6s1arofapsa BHIXOAY JIOKAJILHOM
HaMarHM4eHHOCTH U3 IUIOCKOCTH JOMEHHOH rpaHuIb! Ipyu ee KonedHa-
Huax. Makcumym B3auMomeiicTBUS NEPBHYHON aKyCTHYECKOH BOJ-
HbI C IOMEHHOH IpaHuneil IPUXOAUTCH, KAK y»Ke PacCMaTpPUBAJIOCH
paHee, Ha 00JIACTH [JIMH BOJIH IOPSAKA TONIIMHBI JJOMEHHOH IDaHu-
usl. [Ipu Tommuue rpaHuUB! IOPsiKa 107%-107% cM pesomancubie
YaCTOTHI HAXOAATCS B runep3Bykosom auamasome (1010-10! T'n).

B ocnoBy nponeccoB oTpakeHusi U npeoOpa3oBaHUS aKyCcTHYe-
CKHX MOJ, Ha JIOMEHHOH CTPYKTYpe MarHeTHKOB ITOJIOJKEHO NpeCTaB-
JIEHHE O CYNIeCTBOBaHMM HEOLHOPOAHBIX MArFHHTOCTPUKIMOHHBIX
medopmaliuit B 06beMe AOMEHHOM IpaHuipl. Takue HEOAHOPOLHBIE
fedopManuu OPUCYIIM OZHOOCHHIM (eppoMarserukaM. B To xe
BpEMd, paHee CYUTAJIOCh, 4TO B Kybmueckux ¢peppoMarHeTHKax
MAarHUTOCTPUKIHS HE IPUBOJUT K HEOQHOPOAHBIM aedopMaliusm
B gomenHoi rpanune. Ognako, kak 6bul0 nokazano B [193], neoa-
HOpPOZHBIE nedhOpManUi MOTYT BO3HHMKATL ¥ B KybuueckoM ¢eppo-
MarHeTuKe 3a c4eT obMeHHo# (00beMHOMH) MArHUTOCTPUKIIUH.

Bo36yxnenne xonebanuit JOMEHHONW FPaHUIbI MOXKET BHI3LIBATH-
Csl KaK IIPOAOJIBHOM, TaK U MONepeYHoil aKyCTHYECKOH BoHOM. B Jrro-
foM cityyae, HE3aBUCUMO OT THUIIA MANAOIIEH aKyCTHIECKOH BOJIHBI,
6yIyT TeHepUpOBaThCS BTOpPHYHBbIE (pAacCesHHbIE) MPOACIbLHBbIE U
[OIEpeYHbie BOJIHBI [0 06€ CTOPOHBI OT KOMeHHO# rpauunsl. Cie-
JOBAaTeNbHO, IIPH PacCesiHUM BOJH Ha rpanuie OYAYT NPONCXOAUTH
B3aMMHbIE [IPEBPAIIEHUs IPOAOIBHBIX U IIOMEPEUHBIX aKYCTUYECKUX
BOJIH.

B cnywae pacceanus mpoposnbHO# BOMHBI ¢ gedopMamueii u,
Ha rpanuie OyAyT reHepupOBaTHCH CIEAYIOUME PACCESTHHbIE BOJIHBI:

()

IPOZOJIbHBIE BOJHHL Uy (), FZle BepXHUil uHAeKC 0603HAYAeT, YTO
3TO paccesiHHble BOJIHBI OT Majarouiell NpoZOJbHOM BOIHHI (BAOIH



ocu y), a 3Haku (%) OTHOCATCA K BOMHAM, PACCEsHHBIM COOTBET-

CTBEHHO BIPaBO M BJEBO; Monepeunsie Bonsl ul) (+), v (£), rae
HYKHME HHJEKChl 0003HaYaioT BEKTODHI MOJISPH3ALAN KolebaHus
B BONHE.

Ilpy paccesHuM IONEpeYHO! BOMHDBI, TAAIONMEHA HA JOMEHHYIO
PPaHUIly ¥ UMeomell NONAPU3AUKUIO BJIOAb OCH T, BOSHUKAIOT Cle-

JAYIOIue paccessHHble BOIHBI: NPOJOJLHEIE BOJIHEL ugz)(:lz); rorepey-
HBI€ BOJIHBI ug,z)(:!:) u u® (£).

Hnsa ouerxn 3¢pPeKTUBHOCTH MPOLECCOB OTPAXKEHUS ¥ B3aUM-
HOro npespameHns (TpaHcOpMalUy) NATAOMUX Ha TPAHUILY aKy-
cruyeckux BoiH B [193] Gbuta BBeeHA MATpUIA PACCESHHBIX aKYy-
CTHYECKUX TOTOKOB Sj; B BHJe OTHONICHUS

(pacy (pacy_
Sij = Q‘Q(navl(l) ) o= Q;Q(na-l(l) ), (530)
J i

T. €. OTHOIIEHHE II0TOKA PACCESIHHBIX BOJIH C IMOJSPU3AIMEN 1 K BhI-
3BaBILEMY UX IIOTOKY NaJalOMIKX BOJH C Moispusaiuel j. dta Ma-
Tpuna cummerpuyHa: S;; = Sj;. JnaroHanmbHbIE JeMEHTH MaTpH-
ubl S (C OAMHAKOBBIMY MHAEKCAMU 44 WM jj) ABAsSIOTCS K03bdumu-
€HTaM¥ OTPaXKEeHNUsI BOJIH JJAHHON NOIApU3aIiY, a He JHaroOHAJIbHbIE
(c napekcaMu ij unu ji) — Ko3pduLMeHTAMN B3aMMHOTO IpeBpa-
[IeHNsi BOJXH OJHOY MOMSAPHU3AIMK B BOJHBI JAPYTOi MONSIPU3ALIUY,
O/IMHAKOBBIE JJIsi OTPAXKEHHBIX U MIPOXOJSIIHAX BOJIH.

[MpubsuxeHHble BHIPAXKEHUs JJIsi SJeMEHTOB MaTpHUBl pacce-
SHMS [PU YCJIOBUM OTCYTCTBHS DE30OHAHCHBIX AKYCTHYECKHX MOJ|
UMEIOT BU/]

Sz = 2703 [0F + ‘I)%] J

Syy = 593,

Szz = 7V203 [¥] + ¥]

Szy = Oyz = aﬂ@%a

Szz = Oz — 0!")’,32@% ['1)% + @%] ’
Syz = Ozy & ﬂ7@%\p%7

(5.31)

rae «, B, v — k03¢ PUIUeHTH CBA3M aKyCTHYECKHX BOJIH C U3MEHe-
HMeM MarHUTHOM BOCIIpMMMYMBOCTH. [l HEpe30HAHCHBIX YACTOT
Masisie mapamerpel «, B, v < 1, TOYHO Tak e, KaK U 3HAYEHU:
yacToTHbIX pyurmmit @ 1 ¥ < 1 npu w < wa, IIe WA — JaCTOTA
Kosiebamuil JOMEHHOM TPaHULBI.

Jaxxe He NpOBOJAS JETAJBHONO aHAJIN3a BbIPAXKEHUH (5.31), B
pabote [193] moxazamo, 4To HaubOIbIINE 3HAUEHUS UMEIOT Te KO-



GuyeHTs paccesiHusi, KOTOPBHIM COOTBETCTBYIOT IIPOLECCHl C Y4a-
CTHEM TIIPOJOJbHON BOJHBI, HAIPUMEP, Syy, Szy, Syz, Syz, Szy-
Oun gaBAAOTCA KBAaADPATUYHBIMU (PYHKUUSAMHM MaJibiX [TAPAMETPOB
a, 3, v, B TO BpeMsi KaK Apyrue koddbbuiueHTs paccesHus Ipo-
MOPLIMOHAJIBHBI YETBEPTOil cremeHH 3TMX NapamerpoB. Hampuwmep,
IIpY NaeHUN IToNepeyYHoil BOJIHB Ha I'PAHMILY B OTPaX€HHOIl BOJIHE
aMILUTUTYZ2 MIPOLOJBLHON BOJIHB! O6yAeT uMeTh OOJBIIYIO BEJIUYUHY,
4yeM aMIUIHTY/a monepedHolt (Szy = Syz > Sig, Szz). Ousmyeckn
9TO CBA33aHO C TEM OBCTOSTEIBLCTBOM, YTO CYIIECTBEHHAS JJIsi pac-
CMaTpHBaEMbIX IIPOIECCOB HEONHOPOAHAs JedopMals B OCHOBHOM
COCTOSIHUY SIBJISIETCS JIMIUD JlepopMarpeil IPONOIBLHOTO CXRATHS UITH
PaCTSKEHMs.

B MarmnToynopsimoueHHBIX cpejlax paclpoCTPaHeHne aKycTuye-
CKUX BOJIH CBSI3aHO C TpaHC(oOpMaiueir BOJH Ha JOMEHHBIX I'DaHU-
Hax u Bo36yx/IeHneM CBI3aHHBIX MArHUTOYTIPYyruX KoaeGamui [204].
Jns Takoro mporiecca Heobxomumo, 4YTOOGbI ympyrue kosmebaHus
u(kp, t) CONpoOBOXK JAIUCH KOIEOAHUSMU HAMArHUYEHHOCTH

AMy(kn, t) = Mu(k, 1), (5.32)

rje K03 DUIMEHT A 3aBUCHT OT BEINYUHB! MArHUTOYIIPYTOTrO TEH30-
pa b, BOIHOBOTO BEKTOPA ky, ¥ PA3HOCTU YAaCTOT CIMHOBON U YIPYToi
BOJIH.

Maruuroynpyruii mexauusm Bo30yxJeHUs U npeobpa3oBaHUS
AKYCTUYECKUX BONH Hambosnee 3pdpexTuBEH Npu yCIOBUH, YTO aM-
wuTyaa KonebaHui HaMarHWYeHHOCTH OYJeT IPeBOCXOJUTH CaMy
HAMACHMYEHHOCTh MU X0oTs ObI Oyjer cpaBHMMA C Heil:

EMED — (k) > 1, (5.33)

M (kﬂa t) '
rae 1 — MarHuToynpyruit koadgumment ycuneHus xosebaHuil Ha-
MarHMYEHHOCTH.

IMonobusiit  marmuTOympyruii  Mexanuam Obul  oOHapy:xeH
g FeBOs; npm pacnopocTrpalenHny aKyCTHYECKMX UMIIYJIBCOB
¢ wacToTamu, 6muskuMu K yacrore SIMP saep 37 Fe [204].

Kax yxe orMeyayioch BO BTODOI [JiaBe, HHTEPEC K MAHIAHUTAM
CBSI3aH, NIPEX/Ie BCEro, C KOJIOCCAILHBIM MATHUTOCOIIPOTHUBIICHHEM,
9TO JIeJIaeT BO3MOXHBIM UX IIPUMEHEHUE B PA3JIMYHBIX YCTPOHCTBAX
B KaYeCTBE CEHCOPOB U 3JIEMEHTOB IIAMATH. Y HUKAJbHBIE JIEKTPU-
YeCcKUe U MAarHUTHBIE CBOACTBA 3TUX MAaTePHAJIOB IMPUHSATO CYUTATE
CJIeICTBYEM CIIMHOBOTO, 3aPSiZiOBOT0 WM OPOUTANBHOrO yHOpsioYe-
muit. [Ipy 5TOM B MaHTaHMTAX OAHOBPEMEHHO MOTYT COCYHIECTBO-
BaThb pa3juyHble (DOPMBI yIOpsJOYeHus, O06IaJA0ImHe B psje
C/ly4aeB 3HAYUTENbHONW [POCTPAHCTBEHHOH HEOJHODPOAHOCTHIO



B BHJE MAarCHUTHO-

Wi  3apafOBOYNOPSAJIOYEHHBIX KJIACTEpOoB.

CrpyxTypHble, MarHHUTHBIE H 3apaf0Bble HEOJHODPOJHOCTH MO-
TYT OTPaXXaTbCid B JIOKAJIbHBIX H3MEHEHWSX YHDPYTHX CBOHCTB
MaHIaHUTOB, YTO II03BOJISET JAJs WX MCCIENOBAHUS HCIONb30BATH

aKyCTHYeCKHe MeTOABl Hapsiy
C MarHUTOCTDUKIMEH, MaCHUT-
HBIM Pe30HAHCOM, HeHUTpPOHHOMN
Judpaknyeir ¥ paioM APYTrUX
MeTO0B. AKyCTHYecKasi CIIeK-
TPOCKOIHMsi, OCODEHHO C wuC-
[0JIb30BAHUEM BOJIH Ha YaCTO-
rax 109-10° I'y, xorma amuHa
BOJIHBI COOTBETCTBYET pasMe-
paM HeOJHOPOJHOCTEeH, MOMXKeT
ObITH MCIIONIB30BAHA, AJIsT UCCTIE-
JOBaHUA HHIYUUPOBAHHEIX J0-
MEHHBIX CTPYKTYP, BOSHUKIIIX
3a CYer MArHWTHOTO WJIU 3aps-
JOBOTO YIOPSAJOYEHHUS].

B wacrHOCTH, ©O-BUAH-
MOMY, BIepBble 00pa3oBaHue
TOHKO MHUKPOCTPYKTYPHI,
cocrosmeil u3 CTPYKTYPHBIX
MarHUTOYIPYTHX JOMEHOB,
661710 06HAPYXKEHO C IIOMOUIBIO
YIBTPA3BYKOBEIX  HMCCIIE[OBa-
HUB B JIAHTaH-CTPOHUMEBOM
MaHTaHUTE C KOHIEHTPAIUei
wonos Sr mopsiaxa 0,17 [206].
Wcnons3oBanue 6oee BEICOKUX
YaCTOT YJbTPa3ByKa (IOpsAKa
700 MTI'n) nossonuiao obGHa-
PYXUTb B MaHMaHUTE COCTABA
La;_,Sr;MnO3 (z = 0,175)
TpaHCchOpManNio IPOJOILHOH
AKyCTH4YeCKOI BOJIHBI B MarHu-
TOYIPYryI0 BOJIHY C IIOIeped-
HOH noJigpu3anueit B HMHTEpP-
Bajie Temmeparyp 315-180K
[206, 207]. Beuio obnapyxeHo,

2 MKC

325K

305K

297K

-

285K
1 2 3

Puc. 5.9. OcuunnorpaMMel  pacrpo-
CTPAHEHMS YJIHTPA3BYKOBEIX MMIIYJIbCOB
yepe3 ofpasen; I — Bo36yxmarouuit
ANeKTPOMATHUTHBIK  HMIYyJbC; 2 —
TIpolIe Kl Yepe3 COCTABHOI pe30HaTOP
UMIIyJILC IIPOJOJBHON  aKyCTHHYECKOM
MOZIBL; 8 — uMIynnsC nonepeyHoi
AKyCTHIECKOH MOMIbE

YTO IMOMHMO OJHOT'0 MMITYJIbCA, OTHECEHHOr0 II0 CKOPOCTH pac-
HpOCTPaHEeHUs K IIPONOJBLHON BOJHE, BO3HHKAET BTOPOM UMIIYILC,
CKOPOCTH KOTOPOTO COOTBETCTBYeT IomepedHoi Bosjse (puc. 5.9).
IMpuyeM ¢ TOHMXKEHWEM TEeMIIePaTyphbl AMILIUTY/A TMPOAOJILHOIO

5. A.B. Tonennumes — Kyry3os »n ap.



UMIyJIbCa, Mpomiejmero 4epe3d obpasel, magaer, a MOMEPEYHOrO
pacter. Tpancopmanuss aKyCTHYEeCKNX BOJH BBIPAXKajach B MO-
HOTOHHOM BO3PACTAHNM KOMIIOHEHTHI IOIepeYHON BOJHBI M TAKOM
K€ YMEHbIIEHMH KOMIIOHEHTHI IIPOJOAbHOM BOJHBI B HMHTEpBaJe
temrneparyp 315-270K (puc. 5.10). B sxcnepumenrax mo mpoxox-
JleHni0 4yepe3 obpasen 4MCTO IONEpPEYHBIX BOJIH, BO30YyKIaeMBIX

A, oTH. el A, OTH. eql.
a
1,0 025 6
0,7 0,2 .-..#""P"
0,5 poot
0,1

0,25
0o . 0,1 )

’ 280 300 T,K 150 200 250 300 T, K

Puc. 5.10. 3aBucumocts aMIIMTYIbl pogonbHOi (2) u Marmuroynpyroi (6)
BOJIH OT TEMIepaTyphl: O — U HyJ1eBOM MarHUTHOM rioiie; @ —B noie 1 Tn

npeobpa3oBaTensMu u3 HuobaTa JUTHS ZT-Cpe3a, TpaHchHOpMaIys
He nabmopanace. CregyeT IOJYEpPKHYTH, YTO B COOTBETCTBUH
C Teopueil paclpoCTpaHeHus YIIPYTUX BOJIH B aHM30TPOIHBIX CPeJaX
B Hanpasienun (100) KyGHUECKMX KPHCTA/IOB PACHpPOCTPAHSIIOTCH

JBe IOIIepeyHble BOJIHBI C OAMHAKOBOH CKOPOCTBIO Uy = +/Cas/p.
TlockonbKy MaHraHMTBI MOMXKHO OTHECTM K KBa3HKYOMYECKUM
KpUCTJLIaM, OOHApy»>KeHWe TONBKO OJHON IIONepeYHOM BOJIHBI
IPM MArHUTOYIPYroii TpaHcOpMaIMU MO BIIOJIHE yI0BJIETBOPSET
TEOPETUIECKUM IIPEICTABICHUSIM.

[Mpunoxeuye MarHWTHOTO MOJIsi B MHTEPBAJe TEMIIEPATyp BbIILE
310 K ne npuBomwio x Kakum-iubo 3HauurenbubiM (6onee 5 %)
H3MEHEHMsIM B 3aTYXaHUM M CKOPOCTU IIPOJOIBHBIX U IOIepey-
ueix BosH. Opmako mmxe 305 K Habmogzanoch peskoe yMmenbiiie-
HHEe aMIUINTY/ bl TMpoImIeJIIMX 4Yepe3 o0paseln IpOJOJbHBIX BOJIH
(puc. 5.10a), B TO BpeMsi Kax aMIUINTYJA IIONEPEYHBIX HUMITYJIb-
coB m3mensinach Majo (puc. 5.10 6). Takoe pasnuuue B moBemEHMH
aMIVINTY]] aKyCTHYECKMX MMITYJIbCOB A; u A; B MarHuTHOM IIoJie
COIPOBOXKAAJIOCH U COOTBETCTBYIOIMM U3MEHEHNeM CKOPOCTeil mpo-
ZJOJIbHBLIX U IONEPEYHBIX BOJIH B IPHJIOXKEHHOM Iosie. MaruurtHoe
IIoJie B OCHOBHOM IIPMBOAMJIO K YBEJIMYEHUI0 CKOPOCTH IOMEepeYHOMN
BOJIHBI B TOM JKe TemIiepaTypHoM juanasone 300-200 K (puc. 5.11).

Caenyer ormeruTh, uTo 0Opasen MaHraHWTa, B KOTOpoM ObLIO
00HapyKeHO pa3/ie/ieHHe UMITYJILCOB, ObUI MPAKTHYECKH OJHOPO/IEH



MO KOHIEHTPAl} MOHOB MapraHIla, YTO MOATBEPXIEHO PeHTTEeHO-
CIIEKTPaJIbHBIM MUKPOAHAIU30M. BhLIO ycraHoB/IeHO, 4TO pasMeps
HEO/IHOPOZIHOCTet XMMUYECKOT0 COCTAaBA He IPEBLIIAOT 1 MKM, T. €.
MeHbIIle JIJIMHBI BOJIHbI YIbTpa3Byka (A =~ 5 mxm). Bereacrsue sToro
XapaKkTep TeMIEPATYPHBIX ¥ MAarHUTHBIX U3MEHEHUH aKyCTHUECKUX
TapaMeTpPOB B COYETaHWH C TEMIEPATYPHBIM M MAarHHTHBIM XOLOM
IPOBOJUMOCTH B HHTEpBaJe

315-200 K mossomun crenats p- 10°, e/

BBIBOJI 00 ONpeIesISIome pom i
MArHMTHOI'O YNOPSJIOYEHHS B
9THX W3MEHEHUSIX, BBIPaXKalo-
LIEerocs B BOSHHKHOBEHUM Mar-
HUTHO-/ByX(a3Horo ¢eppo- ,g¢
auTudeppoMareuTHOrO  co- . |
CTOSHHS B  ONPEJENeHHOM ;9.
JMana30He IPUMECHBIX KOH- :
LeHTpamuii u TeMIeparypsl 2.6f
MaHraHutoB. Ilpum sTHX xe -
yCnoBHsiX (KOHUEHTpaluu u 2,51
TeMITepaTypHble HHTEpBAJIbI) T

3,0+

2,91

1 Il I

I 1 L
200 250 300 T,K

HabmonaeTcs  KOJIOCCaJIbHOE
MAaTrHUTOCOIIPOTHBJICHHE n  Puc. 5.11. TemneparypHble 3aBUCHMOCTH

GoNbmas  MAarHUTOCTPUKIUSA CKOPOCTH TIOIIEpeNILIX (Vt)s MO Kone-
—-4_1n-3 aHHU B MaHraHuwTe L.aggzsore,175MnUsz
nopanxa  107°-107". Takum %000 520 () w H = 10 13 (m)

00pa3oM, MOXKHO IIOJAaraTh,

YTO KOJIOCCAJIbHOE MarHUTOCONpOTHBIeHue, Oonbmas obbeMHas
MAarHuTOCTPUKIMS M BO3HUKHOBEHHE JBYX THIIOB aKyCTHYECKMX
BOJIH BBI3BAHO OJHOMH U TOIl 2Ke IPUYUHOI — BO3PAaCTaHUEM IOJ
JeCTBHEeM MAarHUTHOro Iojs ¢eppomarnutHoit obnacru. Kax
nokasaHo B [208-210], BuyTpu deppoMaruuTHBIX Kalelb COCpPeo-
TOYEHbl HOCUTENU 3apsi/a. B HalleM wiydae UMY SBJISIOTCS JBIPKH.
Bosee Toro, BHyTpH Kameyb IIPOHCXOAMT yMEHBIIEHHE IIOCTOSHHEBIX
peleTKy u3-3a nepepacnpegenenusa 3apaga. [Ipuioxenne BHeIHero
MarHUTHOIO TIIOJIS NPUBOAUT K BO3PACTAHMI) PaJHUyCOB KaIlejb;
MarHUTHBIE MOMEHTEH! BHYTPY Kallelb ynopaaouusaiorca. C poctom
MAarfHMTHOIO IIOJIS IIPOSIBJISieTCs TEHJEHIUs K CIMAHUIO Kalleab
u 00pa30BaHMIO OAHOPOAHOrO (HEPPOMATHUTHOTO COCTOSHHUS.
ITockonbky Buemmuee mone npu T > T yBEIUYHMBAET CTeEIEHb
deppoMarHUTHOro MOpsifxa BOJIM3U IPUMECHBIX HOHOB Sr, O3TOMY
¢deppoMaruuTHLI MOpagox cymecrByer u Beimie ¢, Takum
obpasoMm, MOXHO m©oOJaraTb, 4YTO pa3jesieHHe aKyCTH4eCKoro
UMITYJIbCA Ha JBa CBSA3aHO C PACHPOCTPAHEHUEM aKyCTHYecKOH
BOJIHBI OJJHOBPEMEHHO B MArHUTOYIOPAA0YEHHOH PeppoMarHUTHOH
U HEYIOP#A/I0YEHHOM MapaMar{uTHOR ¢da3ax.

5*



5.5. Axkycrudeckue HenunHelinble 3d exTot

Teoperuueckoe n3yyeHue BIUSHUS JOMEHHON CTPYKTYpPhb! B Mar-
HETMKAX M CEerHeTOIeKTPUKAX Ha HeIuHeflHble XapaKTePUCTUKU
AKYCTMYECKHX BOJIH Hagasochk eme B 70-e rr. [211, 212]. B nepsyio
ouepe/ib pACCMATPUBAJIOCH ABHKEHHE JOMEHHBIX MDAHUL B MaTCHUT-
HOM WJIM 3JIeKTPUYECKOM II0JIe.

Axycruyeckue HenuHelubie 3¢pheKTH B KPHCTA/IIAX MOTYT BO3-
HHKATh KaK IIPH BHENIHHX BO3JEHACTBUAX (MeXaHW4YeCKHX, IeKTpH-
YeCKHX U ONTHYECKUX), TaK U 33 CHeT BO3JeUCTBHS Ha Cpely CaMoil
aKycrudeckoil BosHbl. OcobeHno MHOroo6pasHs! 3¢ ek Thl B3auMo-
JIEUCTBHST aKYCTUYECKOH BOJIHBI C Nbe303JeKTPHYECKHM KPUCTAJI-
nom. Qe u3 Takux 3¢ dexToB — mnepepacnpeenerne (PoToBo30y K-
JIEHHBIX 3JIeKTPOHOB — y2ke Obli1 paccmorper B 1. 2. Henwneiinsre
a(pdekTs, BO3HMKaIOImUE IPH INOCTOSHHOM BO3JEHCTBHUH, Ha-
3BIBAIOTCS CTATMYECKMMHM, a OCTaJbHbIE 3(PdeKThl OTHOCATCS
K JuHamudeckuM 3ddexram. Paznoobpasnble BO3aeHCTBUS
IPUBOASAT K W3MEHEHMIO MOAyJefl YIPYrocTH, JUSJIEKTPUYECKOH
IPOHUIIAEMOCTH, IEKTPOCTPUKIMHY, [E30WIEKTPUYECKHX MOZIYJIei
U MarHUTOYIIPYTUX MOAYJIeit.

PacnpocTpanenue akycTuyeckux BOJH B KPHUCTaJLIaX, obaamaro-
UX 16e303PGHEKTOM, OIUCHIBAETCS C IOMOIIBIO yPABHEHHH ABIKe-
nus (5.7), (5.8).

s mpoTrsikeHHO# cpeibl B CAMOM IIPOCTOM BHE pelieHneM
yPaBHEHHUsI ABUKEHUS SIBJISIETCS IJIOCKAsi MOHOXPOMATHYECKAs BOJI-
Ha BHJIA

u=AekE-V), (5.34)

KOTOpasi pacrnpocTpaHsercs ¢ (pa3oBoit CKOPOCTHI0 V U BOJIHOBBIM
BEKTOpOM k. B Ibe30s/1eKTpuyecKix KpuCTaiiaxX B OJHOM HaNpaB-
JIEHHM DPACIpOCTPAHAETCS MATh OOBHEMHBIX CBS3aHHBIX AKyCTHYe-
CKMX ¥ JIEKTPOMArHUTHBIX BOJIH, TPH U3 KOTOPBIX aKyCTHYeCKue, a
JBe — IeKTPOMAarHuTHLIE. IIpU 5TOM CKOPOCTH aKyCTHYECKUX BOJIH
B Ib303JIEKTPUKE OTVIMYHBI OT COOTBETCTBYIOIUX CKOpPOCTEl B ju-
9JIEKTpUKe Ha BEJIMYUHY, IPOIOPIHOHATBHYI0 KO3 DHUIMEHTY ek~
TpoMexaHudeckux cBsasell (Kyy):

AV _ K2,
o ~ . (5.35)

TlockonbKy OTHOIIEHHE CKOPOCTY 3JIEKTPUYECKOH BOJHEI K CKO-
POCTH aKyCTHYeCKO# BOMHEI Mopsaxa 10, To BOMHOBBIM XapakTepoM
9JIEKTPOMArHUTHOTO IIOJIsT MOXHO NpeHeGpedb, pacCMaTpHBasi €ro
B KBasucTaTudeckoM nmpubauxkenuun. OTCioNa Cleayer, 4To B IbE30-
3JIEKTPUKe PACIPOCTPAHEHHe ILJI0CKOH YIIPYT0it BOJHBI COMTPOBOMXK Ja-



€TCA MPOAOJBbHBIM 3JIEKTPHYECKUM IIOJIEM, & MOMEPEeYHBLIMU KOMIIO-
HEHTaMH 3IEKTPOMArHUTHBIX BOJH MOXHO Npesebpedb. AMILIHTYa
HATPSKEHHOCTH CBA3AHHOrO JIEKTPUYECKOro 110/ UMeeT BHJ

E="%y, (5.36)
¢ ]
mpuyeM 3To mosie 6yJieT PacIoNoXKeHO 0 HaIlPABJIEHHIO BEKTOpa
BOJIHOBOM HOPMAaJTH, HE3ABUCUMO OT XapaKTEePa MOJIAPU3alluY BOJIHEL.
B ycnoBuax HeluHEHHBIX aKyCTHYECKUX CBOMCTB Cpefbl NpU-
BeJennble Bhime ypasHeHus (5.6)—(5.8) mpeobpasyrorcs ¢ yuerom
HeJMHe#HOCTH BXOJSIMIUX B HUX ITAPAMEeTPOB:

9%u

v _ 2 z o |
Pom = (cijnt + clikigr) ooz, | (eijk + €fhir) Sooes  (037)
62‘/’ T 0%u
E: ex ) —X_ = (e;: er. v X
(e + i) 5, o, (eisk + efjuar) 5 5 (5.38)
rme C’fjqur, efjkl,, Efjk IIpeACTaBJIAIOT HeJIMHelHbIe IIONPaBKu K JIM-

HeltHbIM Ko3addunuenTam.
BceneacrBue MasiocTH HeJIMHEWHBIX IAPAMETPOB, pelleHHe ypaB-
Henus (5.37) mpeacraBisieTcs B Buje:

u; = ugl) + u§2) + uga) +... (5.39)

AMIIIUTY 2 BTOPOit FAapMOHKKY, CJIEAYIONAsi U3 PellleHns ypaB-
uenus (5.36), umeer Bug

uy = k*zu? cos (2wt — 2kz;), (5.40)

rfe %) — aMIVINTY/[a [epBOil TapPMOHUKH.

TakuM 06pa30M, Ug JHHEHHO HAPACTAET C YBEJIUYEHHEM PacCTo-
SHUS X; OT IMpeobpa3oBarens B HeJIUHeHHOH cpeae.

PacCMOTpeHHIO JMHAMUYECKUX HEJUHEHHBIX aKyCTHIeCKHX 3¢-
exToB, BO3HMKAIOMMX NPH PACIPOCTPAHEHUN OOBLEMHBIX aKyCTH-
YeCKMX BOJIH, IOCBSALIEHO 60JIbIIOE KOJMYECTBO TEOPETHYECKHX M
9KCIIePUMEHTAJIbHBIX uccaeoBanuil. J10CTaTo9HO YIOMAHYTh 0606-
maroumue MoHorpadun 3apembo m Kpacmapauxosa [213], Pyzen-
ko u Conysna [214]. B nocnenume mecATHIeTHsS CTAIM AKTHBHO
U3y4aThCs HeluHelHble 9 (eKTH, CBsI3aHHBIE C PACIPOCTPAHEHUEM
IIOBEPXHOCTHEBIX aKkycTuueckux sosH [201]. Oapako B GonbIIMHCTBE
CBOEM 3TU MCCJIEJOBAHHS OrPAHHYUBAJIMCh PACCMOTPEHHEM HeJIH-
HeMHBIX 3¢ PeKTOoB B (PU3MIECKH OJHOPOAHBIX Cpeaax, 0bJIaganux
yrpyroit (pemnierounott), Mbe303IEKTPHIECKOH, 3/IeKTPOCTPHUKITHOH-
HOM, MArHUTOCTPHKIMOHHOM U JI/ICKTPUYECKON HETUHERHOCTIMU.



Brauasie Taxme ucciefoBaHus B OCHOBHOM KaCaJIMCh I'eHepaluu
BTOpPO#l FapMOHMKH B IbE30NIEKTPHUECKHUX KPHCTAJUIaX, 00ycioB-
JIHHO} BBILIEYTIOMSIHYTBIMH MeXaHH3MaMH HemluHe#Hoctd [215], a
3aTeM OHM OBUIM pacHpOCTPaHEeHbl Ha MEXaHHW3Mbl aKyCTO3/IeKTPOH-
HOM HEIMHEeHHOCTU B TAKK€e OJHOPOAHBIX N300Iy IPOBOAHUKOBBIX
H CJIOMCTBIX CTPYKTypax [216].

B 10 e Bpemst aKycTHuYecKas HEJIMHEHHOCTb IPHUCYLIa M Ipa-
HUIIAM pa3fieiia JBYX TBEDABIX HeJHMHeNHBIX cpel (TpaHHYHAsS aKy-
cTudecKast HenwHeHHOCTH). JloMeHHast cTpyKTypa B heppoMarHe-
THKAX U CErHETONIEKTPUKAX, KOTOPYIO MOXKHO IIPEJCTABUTEL B BHIE
CHCTeMB] TPAHUI] C EPUOAMYUECKH HM3MEHAOIIUMCH HallpaBJIeHHeM
MarHMTHOM WM 3JIeKTPUYeCKOM MOJIAPH3AIUH, TaKxKe Co3JaeT Jo-
IOJHUTEILHYI0 aKYCTHYECKYI0 HeuHelHocTb [190].

Crenyer nom4epkHyTh, YTO B YCJIOBHAX PACIHPOCTPAHEHUS aKy-
CTUYECKOM BONHBI Yepe3 CTPYKTYPY JOMEHOB HeIHHEeHHOCTb MMeer
JIOKAJIBHBIH XapaKTep, B TO BpeMs KaK B CIy4Yae OZHOPOJHON cpesbl
MIPOYICXOIUT HAKOIIJIeHne HeuHeiiHoro agdekTa B mpomecce pacnpo-
CTpaHeHHs BOJIHEI II0 BceMy 00pasiy.

Tenepanusa Bropoit rapMOHUKH 00beMHOM aKyCTUYECKOH BOJIHBI
HabJ/II04a/1ach B MOHOJJOMEHHOM CErHETO3JIeKTPUKE—~CEerHeTOIIaCTHKE
monubnare ragonuuns [217]. OcoGeHHOCTHIO JAHHOTO KPHUCTALIA
ABJISETCH BO3MOXKHOCTH YIPAaBJEHHMS JOMEHHON CTPYKTypoO# IpH-
JIOJKEHHEeM KaK JIEKTPUYECKOro IoJisd, Tak M ynpyroit gedopmaiym.
HeiicrBuTenbHo, aBTOpaMHU GBIIO yCTAHOBJIEHO, YTO OTHOCHTEIbHOE
yBeJIMYEHUE WHTEHCMBHOCTM BTOPOH TapMOHMKM HCIIBITHIBAET
TOJBKO BOJIHA C MOJsIpU3alyeif, COOTBETCTBYIOLIEH CIIOHTAHHOMN
nedopMaluy KpHCTAJLIIA.

Bo3HuKHOBEHHE BTOPOM IapMOHMKMU IOBEPXHOCTHOM aKycTu4e-
CKOY BOJIHBI ObLIO OOHAPYXKEHO IpH MCCIEJOBAHMM IIPOXOXKAECHUS
unTencusHbIX (107° < u < 107*) nOBepXHOCTHBIX aKyCTHYECKHX
BOJIH 4epe3 IMEepPHOJUYECKYI0 JOMEHHYI0 CTPYKTYpY, chopMUpOBaH-
Hyi0 B HuobGate yutua [218]. UcnmonssoBanca Tor ke obpasen, 4To
U B DKCIIEPHMEHTaX, OMUCAHHBIX B maparpade 5.3. dnsa gerexkTupo-
Bauusa orpaxkeHubix ot [IJJC curiaioB HCIONb30BAIUCEH IHPOKOIO-
JocHbI# npeobpasosarens IIAB i eMKOCTHOHN JaT4mK, pacloNoKeH-
HBIH mapaJsiesnbHo rereparopy IIAB, paboTaBiieMy B MMITYJIBCHOM
pexxume. Ilpu unrencusroctu ITAB u < 107° 6bin o6Hapyxen
OTpa)XeHHbIH aKyCTUYEeCKU CUTHAJ Ha 4acToTe, COOTBETCTBYIOHIEH
yactore reneparopa ITIAB. Ilpu nmosbimennn untrencusroctu [TAB
70 5-107° i eime B orpaxennoM ot ITJIC curame 65110 0GHApPY-
JKEHO Hajuyue aKyCTHYeCKHX KoseGaHHH B YaCTOTHOM WMHTEpBAJIe
60-65 MI'u, KoTOpBIE COOTBETCTBOBAJIM YaCTOTE BTOPOI FrapMOHIKYU
TIAB (puc. 5.12). Haubonbmas 3¢pdexTusHOCT: Mpeobpa3oBaHus
BO BTOPYIO 'ApDMOHEKY Ipu mnoBopoTe reneparopa IIAB ma 10-20°



orHocuTeNnbHO ocu pacnonoxenus IIJIC cocrasnsma 1072-1073 or
OTPaXKEeHHOT'O CUTHAJIa Ha OCHOBHOU rapMonuxe. [Ipuyem curaas Ha

yABoeHHOM yacroTe 6BLT O

u, OTH. e]I.
HOBDEMEHHO 3a(PUKCHPOBaH ||
KaK IIMPOKONIOJIOCHBIM IIpe-
obpazoBareneM, TaK H eM-
KOCTHBIM JATYNKOM. 0,5
IIpucyrcrBue BTOpPOIH rap-
MOHHKM ObLIO OOHApPYKEHO 060 : . . s 7 MTh

1 B aKYCTUYECKOM CHTHAJe,
npomeqiem 4epes IIJIC.
B »stom cnywyae B mamHOMN

Puc. 5.12. Ienepauus BTOpO#l rapMOHMKH
IIAB

CuCTeM€e€ DpEerucTpamuy BO3MOXKHO aJAUTUBHOE HAJIOXKEHHE OBYX

I, oTH. en.
2
10

10

t’o 1 2

107 107 10~ u(w)

Puc. 5.13. 3aBucuMoCTE HHTEHCUBHO-
CTH CHTHaJIa BTOPOHM TapMOHHKH OT
AMIUIHTYJbI OTHOCUTENIbHOH Aedop-
MAaIMM NepBOM rapMOHHKH

aMILIATY/Ja UMITYJIBCOB BTOPOI
(puc. 5.13). Ilpu stom B 3a-
BUCUMOCTY MHTEHCUBHOCTH HA
ocHoBHON wacrore I OT Be-
JIMYUHBI [TEPEeMEHHOr0 Hampsi-
XKeHus Ha npeobpaszosarene U
(puc. 5.14) mabmonaerca He-
JuHeiiHoe ymedbmenue I ¢
pocrom U, 4TO CBSI3aHO C He-
JIMHEHHBIM yBeIWYEHUeM HH-
TEHCUBHOCTU CUTHAJIa BTOpOH
rapmonnku I(2w).

Toumo TaKoe Ke IMoBejIeHue
HHTEHCHBHOCTH Hab/IIOAAI0Ch H
OpU reHepanyy BTOpPOi rapMmo-

HeJIMHEHHBIX IPOLECCOB, CBA3AH-
HBIX C HemuueliHocrbio IIJIC u
HEJMHEHHOCTbI0O MOHOZOMEHHOrO0
obpasua. [Ipu cpaBHeHun pesysb-
TATOB 110 OTHOINEHHIO MHTEHCHB-
HocTelt mpomeqmux yepes IIJEC
CUTHAJIOB Ha OCHOBHOM 4YacToTe
H BTOpPOH rapMOHHKE U TeX Xe
CUPHAJIOB JIJIsi MOHOJOMEHHOrO
00pasIa 0Ka3aJ10Ch, YTO B IEPBOM
Cllydyae MHTEHCUBHOCTH BTOpOIt
rapMonyku Bodpocia Ha 10-20 %.
C  yBenuyeHneM  AMILIHTYJbI
UMITYJICOB Ha OCHOBHOH 4acToTe
rapMOHHKHU HeJIMHEHO BO3pacTraJia

I, otH. en.
1,0
1
0,5
2
1 1 ! 1 1 1
0 10 30 50 70U,B

Puc. 5.14. 3aBHCHMOCTb MHTEHCHBHOCTH
nepsoit {1) u BTOpOit (2) rapmonuk ITAB
OT NpUJIOKEHHOr0o K NIpeobpa3osaTeso
HANPsXeHUs

HUKH Ha 4aCTOTaX, YAOBJETBOPSIOMUX Oosiee BHICOKHM PE30HAHCAM:
w = 63MTI'ny, 2w = 126 MI'y u jasee Ha BCEX BLICIIUX TAPMOHUKAX.



Wcnonb3ys npuseneHHble BbIIIEe BHIpAXKeHus /I Ko3bduuueH-
Ta OTpakeHusi M OOUIyI0 MOJESb HeJMHEeHHOro pacHpOCTPAHEHHs
aKycTudeckux BosH [118], nareHcuBHOCTS Bropoit rapMonnku [IAB
I(2w) mpu Henuueithom orpaxkenuu ITAB Ha ocHOBHOI# yacTore (W)
MOKHO NPEACTAaBUTEH B BUJE

1272 2 sin (NQd)
I(2w)=kI°(w)N “n(0d) (5.41)

CnepoBarensro, unTeHcuBHOCTh I(2w) MMeeT KBapaTUYHYIO
3aBHCHMOCTb oTHOcuTenbHO I(w), uro u Habarogaercsa Ha puc. 5.13.
Hekoropoe najenue unrencusroctn I(w) ¢ pocrom U (puc. 5.14)
MOKHO OObSICHUTD HENMHEHHBIM YBeJMYeHNeM WHTEHCUBHOCTH BTO-
poii raDMOHUKHU M, CJI€[0BATENbHO, BO3PACTAHNEM MePeKAYKH Hep-
I'MH OT NEPBO BO BTOPYIO FAPMOHHKY.

TakuMm 06pa3oM, MpOBEAEHHBIE BKCIIEPHMEHTHI YKa3blBAlOT Ha
COIVIACOBaHHLII 110 (ha3e Hpouecc HeMHeRHO W TpaHCchOpMaLUK aKy-
crudeckux BojH, magatomux Ha IIJIC, Bo BTOpyl M ciegymoouue
BBICIII€ TAPMOHUKH. '




I'maBa 6

TEHEPAIIUSI AKYCTUYECKNX KOJIEBAHUI HA
INNEPUMOINYECKUIX JOMEHHBIX CTPYKTVYPAX

6.1. I'enepanusa akycTUYeCcKUX KosieGauuil B 1oJie
JIEKTPUYECKON MM MArHUTHOU BOJIHBI

OddexTHBHASA IeHepalys aKYCTUIECKUX BOJH B IbE303IEKTPH-
YeCKOM MJIM MAarHUTOYHPYroM KPHCTAJUIE BO3MOXKHA, ECITH 3JIeKTPO-
MarHUTHOE MO0JIe MEHSeTCs Ha pa3Mepe MOpsiKa AJIUHBI aKyCTHYe-
CKOi1 BOJIHBL.

CosllaHue TaKUX CUCTEM B J[MaNa30He eJUHHI| rurarepl u Gosee

CBA32HO CO 3HAYUTEIHHBIMHE TEXHOJIOTHYECKUMH TPYIHOCTSIMHU. B TO
’)Ke BpeMda 5CHO, 4TO 3¢dexkTuBHOe npeobpa3oBaHue BO3MOXHO U
B OJJHOPOJHOM 3JIEKTPUYECKOM WJIH MATHUTHOM IOJIE, ECJIA TOJBKO
UMeeTCs NPOCTPAHCTBEHHAas MOIYNANUS IIADAaMETPOB CPEJBI C He-
pHUOJIOM HOpAAKA AJUHBI BOMHBI A. Takas mMoxynsuus Moxer OBITH
00ycytoBlIeHa BHYTPEHHHUMM CHJIAMM, JEHCTBYIOIIUMHU B Cpefle, Tak
YTO JJIsi HOCTpOEHHs IpeoOpa3osaTenss He IOTpeOyeTcs: BHelUIHee
BO3IeffCTBHE C MPOCTPAHCTBEHHBIM MacmTaboM nopajaka A. B xa-
4ecTBe TAKOro MapaMeTrpa MOXKeT OBITh HCIIONB30BAH HbE30MOIYJb
CErHETOTEKTPUKA HIu (heppOMarHeTuka, pasbuUToro Ha JOMEHSBI.
Ecnu npe3oaddext 06yciios-
JIeH CTpuKuueid BO BHYTpeH- _t - + - + -
HEM Hoje, TO NbE30MOAYJb
Oyzer HpoMOAyJIUpOBaH B
POCTPAHCTBE B  COOTBET-
CTBHM C JIOMEHHOH CTpYK- \
TypOii.

CdopmupoBaHHYIO B Ibe- 6
309JIEKTPUYECKOM WJIH Mar- l 1 1
guTHOM Kpuctajae IIJIC B

NPUIOXKEHHBIX ITepEeMEHHBIX
Puc. 6.1. Ilepuoauyeckas JOMEHHas

COOTBETCTBEHHO eKTpmde-  tv o o rcrsyioume e
CKOM WJIM MarfHuTHOM MONAX  yeroymmku yisTpasByKOBbIX KomeGarmui (6)
MOXHO PAaCCMAaTPUBATh KaK

CHCTEeMY HepUOAMNYECKH PACIION0XKEHHBIX HCTOYHUKOB aKyCTHYECKHX
sosH (puc. 6.1). Onu 0bpa3oBaHbl rPAHUIAME JIOMEHOB, MMEIOIINX
HpPOTHBONOJIOXKHBIE 3HAKY NBE303IEKTPUYECKUX WM MarHUTOyIpY-
rux Koa(gpunuenToB. DddekTuBHAA reHepauus BO3HUKAET HpH




YCI0BUM COBHaJieHUs! (a3 MCTOYHUKOB, YTO COOTBETCTBYET COBIIA-
genuto (miu kparsoctu) nepuoga IIJIC ¢ AiuHON aKyCTHYECKOil
BOJIHEL.
Pe3onaHc JII0OBIX BUJIOB aKYCTUYECKHX BOJIH HA IIEPUOJUIECKUX
JIOMEHHBIX CTPYKTYPaX BO3HHKAET HA YACTOTAX
nV
=~D—, n=1,2,3,..., (61)
a JJis KBA3UIIEPUOJUYECKHX JOMEHHBIX CTPYKTYp —
R .
D
rae V — ckopocTh 06bEMHBIX UM MOBEPXHOCTHBIX BOJIH.
Ona sdbdexTupnoit paboTsl npeobpa3oBaTess ero Heo6X0MMO
COIJIACOBAThL C MEpejaiomiell JUHWEH. YCJIOBHE MAJIOCTH IIOTEPH
B COMVIACYIOIMX 3JeMEHTaX HAKJ3JbIBaeT OrpaHUYEHUE Ha
OTHOLIEHWE PEAJLHON YacCTH BXOTHON NPOBOAMMOCTH K MHHUMOM —

?e}; > Q7L, rme Q — 06POTHOCTS COTIACYIOIUX 3TEMEHTOB
m

(B ZOOPOTHOCTH COrACYIOMMX 3JIEMEHTOB BKJIIOYAETCS TaKXkKe U
IEKTpHUYECcKasd J0OPOTHOCTH CErHETO3IEKTPHKA, OOYCIOBIEHHAA
JUIEKTPUYECKUMH DoTepaMu). B  paccMaTpuBaemoii cucreme
K03 (HUIMEHT ¢ MOXKET OBITH HOCTATOYHO OONLLION BEXMIMHOM.
B camom nmpocrom BapuanTe 6b1I0 PACCMOTPEHO TOBefeHue Ge3rpa-
HUYHOr'O 3BYKOIIPOBO/IA B BUJIE IIACTHUHEI, YaCTh KOTOPOii TOMEIEHa
MeXIy OoOKTajkaMi KOHIEHCATOpa, M K KOTOpPOMY NOABEIEH
CBY-curnan [23]. IIsesomomyns mracTuHwl sABAsiercs byHKuueit
KOOPAMHATH! Z, HAIPABJIEHHON NMapaJuIeibHO OOKIaaKaM KOHJIEHCA~
Topa. Paccmarpusanocs Bo36Yy K IeHUE ITOCKOH aKyCTUYecKo# (Ipo-
JONBbHOM WJIM TONEPEYHOi) BOJHBI, PACHPOCTPAHSIOINENACS BHOJIbL
ocu z. Ilpu 3TOM IILE303JTEKTPUIECKOE M0Je, CO3JABAEMOE aKyCTH-
YecKOH BOJIHOM, OBLIO HAIIPABJIEHO NEPINEHAUKYNAPHO OOKIagKaM
KOH/IEHCATOPA.

b b eKTUBHOCTL CHCTEMBI KaK IIpeo0pasoBaTeNs 3JIeKTpHhYe-
CKOM 3HEpruu B AKYCTHYECKYI0 M 00paTHO ym00HO XapakTepu-

Hw) 3necs I(w) =
w

o =

30BATh BXOAHOM IIPOBOJMMOCTBIO Y (w)
= / D dS—rox, U(w) = E(w)d— npuxiajgsiBaeMoe Hamps-
™
s

JKeHue, d— pacCTOsHUuEe MEXAy IUIACTUHAMHM, S — IUIom@ahb 3JIeK-
TPOJIOB.

IlopcraBasis pemenve ypasHeHusi (5.7) B BbIpaXkKeHue Jjist
snekTpuveckoit uaaykuuu D (5.8) U IpOU3BOAS COOTBETCTBYIOIIUE



BRIKJIAJKH, IIOJyYaeM CJIeNyIOINee BBLIPaXXEHHE IS BXOIHOM
IIPOBOJUMOCTH Mpeobpa3oBaTess C HEOJHOPOIHBIMU IIHE30CBOl-
CTBaMH:

{
Y (w) = iwC [1 + g /ez(zl) dz1—
0

21

“fli'/_ % j dz / dzze(zl)e(zz)exp{~i$(21 - zz)}}- (63)
0 0

3mece C = eal/(4mwd) — craTryeckas emkocTh IpeobpasoBaTesns,
a— anepTypa npeo0pa3oBarensd. PeasbHas 4acTh BXOAHOH MpOBO-
JUMOCTH MMEET CJIEeNYIOWUit BUI:

ReY (w) ———l/e(zl ) exp z——zl}dzl (6.4)

IIpu BeIBOZE (6.4) UCTIONB3YeTCSA CIIENYIONIEE TOXKJAECTBO:

/l dzj due(z) e(u) exp [-—1: %‘;- (z— u)] =
0 z
l

= f dz/z due(z ) exp [Zv(z—’u)] (6.5)
0 0

Brinu paccMOTpeHsbl HEKOTOPHIE YACTHBIE CIIYYaH.
1. Eciu e(z) = ep = const — 0ZHOpOHAS IBE30CPENA, TO

- “152 (1 _ cne @ :
ReY = CVI"'K (1 cosv), (6.6)

rie K? = €2 /(ec) — xBampar Ko duyenTa sJIeKTpOMeXaHnIeCKOi
cBsasH, uyro cormacyercs ¢ (5.27). Ilpu K? < 1 peim4una o paBHa

a=K? w—‘% ( — cos %—é) (6.7)

C yBennyenueM IJIMHBI (¢ YMEHbLIAETCH ¥ TpeOOBaHMA K JOOPOTHO-
CTH COTIACYIOIUX IEMEHTOB CTAHOBATCH 60Jee XKeCTKUMH.

2. Ecin e(z) = eg cos (wpz/V) (cpena ¢ mepuou4ecKuMy Nse30-
CBOHMCTBaMHU), TO

2
__aedw? | sin[(w —wo)l/(2V)]
ReY = S v { (W —w0)/2V) } ' (6:8)




Ipy w = wy o = (K?/8) (wl/V), 4ro ¢ TouHOCTHIO 1O YHCIO-
BOr0 MHOXHTEJs NOPSA/IKA eIUHUI] COBIAAAET C COOTBETCTBYIOIIEMH
XapakTepucTukoi mpeobpaszoBarens Ha [IAB, Bo30y»kaeMbix npu
TIOMOIIM BCTPEYHO-IITHIPEBOH CHUCTEMBI 31eKTpoioB. IIpn JocTaToy-
HO GOJBLIION AJIMHE CHUCTEMBbl OTHOINEHWE PEAIHHOM YacTH IIPOBO-
JUMOCTH K MHHMOM MOXeT OBITh CHEJIaHO JOCTATOYHO OOMBIINM, U
TeM CAMBIM TpeBOBaHUA K JOOPOTHOCTH COIVIACYIOHIMX 3JIEMEHTOB
3HAYUTEJHHO CHUXKAIOTCH.

Hannuue B peasibHOM KpHCTaJle Pa3jid4HBIX IpUMecel, Juc-
JIOKaU MM, CJIy4YalHBIX HAIIPAXKEHWH M T J. IPHBOJUT K TOMY, 4YTO
JIOMEHHas CTPYKTYpa mepecTaer 6b1Th cTporo nepuoguveckoii. Ecre-
CTBEHHO CIMTATH II03TOMY, YTO IOCIEAHAS COCTOUT U3 JOMEHOB, Pa3-
Mep KOTOpBIX BJOJIb 2 MEHsieTCs Ciy4daiinbiv obpasom. Ciydaiinsie
DO M AUCIOKAIVM HPHBOJAT, BOOOIIE-TO roBOps, K H3MEHEHHIO
NOTIepeYHo#t CTPYKTYpHI oMeHOB. [1oaToMy nipu BO30yXK IeHUH TIpH-
KJIaJbIBAEMBIM 3JIEKTPUYECKHM IIOJIeM aKYCTHYECKOM BOJIHBI POJIb

a
1
nbesomonyns Gyner urpars Beanuuna - [ e(z, y)dy, rme y—mo-
a
0
nepeuHas KoopauHata. B sTOM Ciyvae e(z) mpeacraBisier coGo#t
CIy4afiHyI0 MOCIEHOBATENbHOCTh 3HAKONEPEMEHHBIX IIPAMOYIOJIb-
HEBIX EMIIYJIBCOB.
TIposogs B (6.4) ycpenuenue mo ancaMO.1i0, IOy YUM CIeAyIOLIee

BBIDaXKeHUe JJis ycpeaHeHHo# npoBogumocTu ReY':

w kV
wa 1 [ g T >dk 6.9
ReY = 2cVd 21r_/ (k) kV) ’ (6.9)
2V
m__
rne S(k) = [ e(z1)e(z2) exp [tk (21 — 22)] dz1 — cnexTpansHas
—00

IUIOTHOCTH MOLIHOCTH CjiydaiiHoro nponecca e(z). Ecm crarn-
CTHYE€CKHME CBOMCTBA IIONIOXKWTEIbHBIX M OTPHUIATENbHBIX JOMEHOB
OJIMHAKOBBI Y HE3ABUCHMBI, TO MOXKHO 3aIIUCATh

S( ) 480 sh (G2k2/2)

Ak? ch (G2k2/2) + coskA’
rime A —cpenuuit pasmep aoMeHa; G — CpelHEKBAJpPATUYHOE OT-
KJIOHEHWe pa3Mepa JoMeHd oT cpepuero. Pymkuust (6.10) mmeer
MaKCUMyMB! Ha IPOCTPAHCTBEHHBIX 4YacToTax kp, = (7/A) (2n + 1),
n=1213,.

I/Ia (6.9) Bngﬂo, YTO HA 9ACTOTaX Wp = vk, npu I < leor

BT 12 2we wl
ReY =K TV (6.11)

(6.10)



KorepeHTHax AJIHHa OIIpenesideTca CJIeOyIOINM BhlpaXXeHUeM:

- 4
xG? (2n+1)%

Ha paccTosinun 2z < lyor CTATUCTHKA JOMEHOB HE yCIIEBAeT CKA3aThb-
cd, i npeobpa3zoBanue HaKTUIECKH NPOUCXOIUT KaK Ha [Nepruognye-
CKO¥ COBOKYNHOCTH joMeHOB. Ilpu | 3> liqp

ReV = K% 2w _ whor (6.13)
wA2kZ V
Ocuosroe oTauume (6.13) or (6.11) B ToMm, uTo mpu | >> lxor pe-
anbHas YaCTh NPOBO/MMOCTY HAPACTAET JIMIIL [PONOPHUOHAJILHO
JUTuHe, IOCKOMIBKY CTaTuveckas eMkocrs C = eal/(4wd) Hapacraer
nponopuuoHansHo gnvHe. Kak cieacrsue aToro, o He 3aBHCHT OT
JNUHBL DTOT CIy4ail COOTBETCTBYET HEKOTMEPEHTHOM renepanun ¢o-
HOHOB 3JIEKTPHYECKUM MOJIEM.
Obmasa amuua [1JIC L e Bauser Ha NMapaMeTph! PE30HAHCHBIX
YacTOT, HO OMpeJesisier 3HaYeHns Koxdurmenra npeobpazosanus M
SJIEKTPUYECKOM SHEPIUHA B AKYCTHUYECKYIO SHEPTHIO

M ~ KNy, (6.14)

rae K —xoadbdunyuent anexTpoMeXaHU4eCKON! WM MarHHUTOYIIPY-
roit cBsi3u; Ny — 4UCIO JOMEHHBIX MPAaHUL,.

Jlns pesoHaHCHO# J0MeHHO# cTpykTypsl (D = mn/k) ammmry-
Jla TeHEepUPYEMOii aKyCTUYECKOH BOJIHBI SBJIAETCH [EPHOJUIECKOi
dyuKIHMEH T:

(6.12)

lKOI‘

a E Jjoot
Uy = ENaela) gitwt—ka) - (6,15) : 1Ee .
2eck z
+ g HelAHAA T._i

IlepBBie sKCIEPHMEHTHI MO Te- Sl
Hepaluy IOBEPXHOCTHBIX U 06beM- [ 12 i
HBIX aKYCTUYECKUX BOJIH IIEpEMEH- -
HBIM 3JIEKTPUYECKUM IIOJIEM OBLIN 6 Ohy
BBITIOJIHEHB! Ha, (POTOMH/Y {MPOBaH-~ ox
HOt rojorpaduvyeckoii pemerke

*

B (hoTOpedpaKTUBHBIX KpPHCTAJ- X
nax [219] m Ha MHIYUUPOBAHHOM

ZIOMEHHOH CTPYKTYPe B [epMaHaTe Puc. 6.2. Teomerpus JoMeHHOH
ceunna [220]. B pa6ore [220] 6bita DyKTyphL (a) 1 Bin byHKINTH BOS-
TOJTyY9eHa, reHepalys NPORONBHBIX Gy ienms (6)

AKYCTH4eCKMX BOJH B CErHeTo-

snexTpuke repManare ceuang (PbsGesO4), uMeninem copMupOBaH-
HYIO 3JIeKTPU4ECKMM II0JIeM CHCTeMY IJIOCKMX JOMEHHBIX TpaHui,
B IIPUJIOKEHHOM NEpEMEHHOM JIeKTprdeckoM moiae (puc. 6.2).




Bo36yxnenne akycTudyeckux BOJMH Ha dvactorax 5 u 10 MI'mg
HOCHUJIO PE30HAHCHBIM XapaKTep NpH COOTBETCTBUYU JAHHBIX YACTOT

J S T N TN N SN T TN U N S )

o SMI'n
e 10 MI'y

1.l 1

1

3 6 9 12

15

N

Puc. 6.3. Ilorepn Ha ogHOkpaTHOE Npeob-
pasoBaHMe Kak (HyHKIps YHcIa JomeHoB N:
TeopeTHYeCcKHe KPUBbIe (CIUIONIHbIE JIMHAM)
¥ 3KCIIEPHMEHTAJIbHBIE JaHHbIE (TOYKH)

nepuosiaM JOMEHHBIX CTPYK-
ryp 0,58 u 0,29 mMm. Bruio
obuapyxeno, yro IIJIC onu-
HAKOBO W3JIy4alOT aKycTuye-
cKkue BOJIHBI B 00e CcTOpO-
Hbl. 3aBHCUMOCTH IIOTEpb Ha
npeobpa30BaHUE OT KOJIUUe-
CTBA JOMEHOB BIIOJIHE COOT-
BETCTBOBAJIA TEOPETHYECKUM
pacueraMm (puc. 6.3) [220].
Taxkum ob6pa3zoM, B 3THX
3KCIIEPHMEHTAX YKe HabJIo-
JA0Ch 3HAYUTEIHHOE YBEIH-
YEeHHe [0 CPABHEHHUIO C MOHO-
JIOMEHHBIMY 00pa3aMu Ko3g-
¢unmenra mnpeobpazoBaHuA
SHEpPTUU 3JIeKTPUYECKOro Mo-

Jisl B aKyCTUYECKYI0 SHEepruio. JHAYNTEJbHOE PAaCIINpPEHHE YacTOT-
HOr0 JUana3oHa rerepauud BIoTh 10 1000 MI'n 6pu10 HoCcTUrHYTO
B paborax [47, 49], uTO cTanO0 BO3MOXHBIM MNOCIE Pa3pabOTKH

cr1oco6oB dbopmupoBanus
ITAC c pazmepaMu JOMEHOB
B HECKOJILKO MHKDPOMETPOB.
Ilozanee 6nLIa OCyIIECTBIIEHA
resepanus aKyCTUYECKUX
BOJIH B HUODATE JUTHA IIpH
BO3OYXKJEHUN IIEPEMEHHBIM
nonem KILJIC [124]. Sxcie-
PUMEHTAJILHO  HCCJIE/IOBaH-
HbBIE CIEKTPHl TEHEepaluOH-
HBIX YACTOT BIIOJIHE COOTBET-
CTBOBAJIM TEOPETHYECKUM Pac-
yeraM I IEPUOIUYECKUX
U KBa3UIEPUOJUYECKUX [0-
MEHHBIX CTPYKTyp [221, 222]
(puc. 6.4).

Tenepanus axkycTHYeCKuX
KoJeDdaHuli B MAarHUTHBIX KpH-
crannax (dbeppo- u antudep-
pOMarHeTuKax) nog JAefdcTBu-
€M [ePEeMEHHOr0 MATHUTHOrO
[OJIsi TEOPETUYECKH PACCMa-

AMNIATYa CHrHana

AMIUTHTYa CHrHaNa

82.2
£, Ml

64,7

! !

0;1 11

t

1;2

Puc. 6.4. Cnexrp ynbTpa3sByKOBHIX KO-

aebammit nna  KILJIC:

@ — PaCYeTHRI;

6 — sxcniepaMenTanbHbIi [124]



TPUBAJIOCh HEOMHOKpaTHO [191-193, 211, 212, 223]. IIpuyem BO BCex
Cly4asX pacCMaTpPUBAJIACH MeHepalusl aKyCTHYeCKHUX KojeOaHui 3a
CYeT YIpyrux CMeweHdN JOMEHHBIX TPAHUI] B IEPEMEHHOM Mar-
auTHOM mojie. Haubosee CynieCTBeHHBIM OOCTOSTENLCTBOM OBLIO
MHOTPOKPATHOE (B COTHH ¥ THICAYH Pa3) NPEBLILICHHE JJINHBI BOJIHBI
MarHUTHOrO II0JIs 110 CPABHEHHIO HE TOJLKO C TOJIIMHON JOMEHHBIX
CpaHMIl, HO U C pa3mepamu o6pasua. Ilockonbky npu aTom daxre
riepeMeHHOe MarHUTHOE MoJie B npeaesiax o6pasua ABJIsieTCS OIHO-
POLHBIM C aMINVIUTYHON

H,(t) = H,(0) e ™", (6.16)

€CJTM OHO HAIPABJIEHO BJIOIL OCH JIEMKOr0 HAMAarHUYUBaHUA Z, TO ISt
3¢dexTUBHOM reHepalyyu aKyCTHYECKUX MOJ, HeoOX0MMO HaIM4Iue
HEOJHOPOJHBIX JedopManuit sub0 N0 TOJMUHE JOMEHHONU I'DaHU-
e, 160 B mpegenax camoro obpasna. C y4eroM BBIINECKA3aHHOTO
CMeIIeHNe IPaHuIbl O JeiCTBHEM IEPEMEHHOIO MAarHUTHOTO MO
BeIencTBre 3¢ ¢eKkTa MArHUTOCTPUKIUKN MMEET BUJ,

5= 2MH, (w2 1M), (6.17)

m [

rae wp— cobcTBeHHas yacToTa Kosebanmit rpanuust; ' — koaddu-
IUEeHT 3aTyXaHUA B CAaMOH rpaHule, YYUTHIBAIOINHMIT TOTEPU Ha BO3-
Oy JleHue aKyCTHIECKuX KosaebaHuii.

B03MOXHOCTH FeHepanuy yJIbTPa3ByKOBBIX KosiebaHi IIepeMeH-
HBIM MarHMTHBIM 0OJIEM B (peppPOMArHETHKAX BIiepBbIe ObLIa 3KCIIe-
PUMEHTAJIBHO TpojemoHcTpupoBana Cusu [2] B 06pa3nax reMaTuTa
(a-Fe;03) u 6opare xene3a (FeBO3). Pesonanchbie akycTuyecKue

KojefaHus BO3HUKA/IM HA 4YacToTax f = (c/p)l/ 2/(2L), . e. B 06-
pasuax I10JyBOJHOBON TOJIIUHEL.

Bnocregcrsun 651710 000CHOBAHO M SKCIIEPUMEHTAILHO IOATBEP-
JKJIEHO, YTO IeHepalus aKyCTHYECKMX KoneOaHWii B MarHeTHKax
[OCpeICTBOM IIPOCTPAHCTBEHHO OZHOPOZHOIO MIEPEMEHHOT0 MarHuT-
HOrO IIOJNSI BO3MOXKHA 33 CYET BBICIIUX TAPMOHMK HHAYUHPOBAH-
Holt Hamarauyensocty [204]. Eciu xonebanus HamaraudenHocTd M
npeAcTaBUTDb B Buze psaga Oypbe 0 BOIHOBEIM BeKTOpaM k:

M(t) = i M (ky, t) exp (tknz), (6.18)

n=—o0

roe k, = (2n+ 1)7/L, To xaxjgas u3 KoMnoHeHT My(t) Moxer
B03GyK/JaTh aKycTuueckyio BOMHY u(kn, t) C COOTBETCTBYIOLHM
BOJIHOBBIM BekTopoM. Hambonbiuas aMIIuTya Konebanuit, Tak Xke
Kak ¥ B IpeIpIAyIIeM cIyyae, OyaeT BOSHUKATD IPM KPATHOCTH JJIH-
HBI aKyCTHYECKON BOJHBLI pasMepy o6pasia Wiy pa3Mepy JOMEHa.



6.2. JlazepHas reHepanuda aKycTH4eCcKuX KojebaHuit

C cepenunnt 1960-x rofioB HavaJHCh HCCIENOBAHHS IO reHEpa-
unn 06beMHBIX [224, 225], a 3aTeMm u HOBEpXHOCTHHIX [226, 227)
AKYCTMYECKHUX BOJH C IIOMOLIBI0O MMIIYJLCHOTO HMJIM aMIUIMTYZHO-
MOZLYJIMPOBAHHOrO JIa3epHOro 00iydenns. Onroakycrudeckuil (uiiu
dboroakycTuyeckuii) mMeroy reHepauuu [228] ocHOBaH Ha NEPHOAU-
YeCKOH MOAYJSUUYM YIOPYTHX CBONCTB Cpeiibl B pe3yJsTaTe IIepHo-
JAUYECKOr0 HArpPeBa MOBEpPXHOCTH Wiy obbema. MHTepec K Takum
HCCIIEOBAaHUSAM HaOJIOJAeTCss W B HACTOAILIEE BPEMs, HOCKOIBKY
OeCKOHTAaKTHBIA CrIoco6 reHepauy [03BOJIAET HCCIENOBATH YIPY-
rue CBOMCTBA BEWIECTBA NpPH PA3JMYHBIX BHEIIHMX BO3AEHCTBHUSAX,
OIPENEeNsATh CTEIeHb COBEPIIEHCTBA KPUCTAIMYECKON CTPYKTYPHI,
a TaK)Ke HE3aMEHWM B aKyCTHYECKOH ¥ ONITUYECKOM CIIEKTPOCKOIINH.

B cBs3u ¢ peanusanueit poropedpaxrupHsix peierox u IIJIC
B CErHETOIEKTPHUKAX C CWIBHBIM Ie303(h(eKTOM MOABUIACH BO3-
MOXKHOCTb TEHEpalyy aKYCTHYECKMX BOJIH [0f AeficTBueM Jasep-
HOrO IIy4YKa HA NepuoAuveckue CTpyKTypsl. Cieayer OTMETHTH
HIPUHIMIHAILHOE OTINYKE 3TOr0 Cocoba, OCHOBaHHOTO Ha Ipeobpa-
30BAHUM HMITYJIBECOB (DOTOMHAYUUPOBAHHOIO 3JIEKTPUYIECKOrO MO
B AKYCTUYeCKHUe KonebaHus, OT XOpOIIO M3BECTHBIX CIIOCOOOB Ja3ep-
HOIt reHepauuu yisTpas3syka [228, 229]. B nocresiHux ucmosib3yercs
OJIMH U3 MAaKPOCKONUYIECKHX MEXAHU3MOB M€HEPAIUHU: TEIUIOBOIA, UC-
TapUTENbHBIA, IPOOOUHBIN MIM CTPUKIUOHHBIN.

JlazepHasi reHepauys aKyCTHYECKUX KOojeDaHWi Ha nepuomutde-
CKOM JOMEHHOM CTPYKTYpe C UCnoib3oBaHueM s¢dekTa ¢ororene-
pauyu GOMBIIOrO KOJMYECTBA CBOOOINHBLIX HOCHUTEJEH NpeICTaBlIseT
co00it HOBBIH CI0CO6, OTIMYHLIN OT reHepanuy KonebaHuil Ha, JOMEH-
HOI CTPYKTYpE C HCIOJL30BAHHEM I[IEPEMEHHOrO 3JIEKTPHYIECKOro
oJ1s1. JIa3epHy10 reHepanuio MOKHO IIPEJICTABUTE B BHJIE JBYX3TAall-
HOTO IIPONECCa: HA MEPBOM M3 HUX NPOUCXOMUT (hOTOBO3OYXKIeHME
GONBLIOr0 KOJIMYECTBA CBOOOJHBIX HOCHTENEH, SJeKTPUYECKOE MO
KOTOPBIX YMEHBINAET BEJIMYUHY 110JIs OJAPU3AIMY B KAXKIOM U3 JI0-
MeHoB. Ha BTOpOM 3Tane CKauKu 3JIeKTPUIECKOro II0Jis BCIEICTBUE
00OpaTHBIX 3HAKOB IIbE30IEKTPHIECKUX K03 (UIMEHTOB B COCEIHUX
JOMEHAX CO3JIAl0T MepeMeHHbIe JedopManu.

3Hauenne CKaYKOOGPA3HOr0 M3MEHEHHs II0JIs TMOJSPU3AIUU BO
BpeMsl IeACTBUA KOPOTKOrO JIA3ePHOr0 UMIIYJIbCA MOXKHO OIEHHUTD,
HCIOJIB3Ysl CUCTEMY YPaBHEHH, OIMCHIBAIOMIMX SBOJIONMIO I10Js
[IPOCTPAHCTBEHHOTO 3apsijia.

3aJaBIKCh HAYANBHBIM YCJIOBUEM — JJIUTENLHOCTL JIA3EPHOrO
UMIIYJIBCa KOPOYe BPEMEHHU XU3HHM (DOTO3JIEKTPOHOB B 30HE MpPO-
BOAVMOCTH, NPOUECCAMU PeKOMOMHAIMH CBOGOAHBIX 3JIEKTPOHOB
BO BpeMs T, MOXHO mpeHeOpeun. Penaxcanusi anexkTpoHoB Oyner



IIPOMCXOJIUTh 33 CYET MAaKCBEJUIOBCKOTO IIPOLECCa CO BpEMEHeM
T™, KOTOpBI# Oyzer npeobaanaTe HaJ npomeccamu AudPy3uoHHO-
peitdoBoil IEPECTPOMKY 3JIEKTPOHHOH CHCTEMBI.

CnepnoBaTeNbHO, NPOUECC U3MEHEHUS TI0JIst TIOJAPU3AIMH BO Bpe-
Msi HEACTBUS JIA3€PHOTO HMITYJIbCA MOMKHO OIUCATEH CJIEHAYIOLUM
ypasuenueM [230]:

E + LE=0, (6.19)

rae T, = (ep,g/e)l/ 2 —addexTusHoe BpeMmsa penakcauuy; g(t, z) —
CKOpOCTHL reHepauyu pOTOIEKTPOHOB.

Pemenne ypaerenus: (6.19) maer ciemyromee BeIpaskeHue st
U3MEHEHHUS [0/ MONAPU3ALUM:

AE(t) = —E exp (- : ) . (6.20)

272

AHanus 3TOro BBIpaXKEHUsl [IOKA3BIBAET, YTO U3MEHEHHE I0JIs
OpPAMO MPOMNOPIHOHAIBEHO MHTEHCUBHOCTH ONTUYECKOrO My4YKa, I10-
CKOJIBKY

g(t, 2) = f 27, (6.21)

rie a— K03h @ UUUEeHT ONTUYECKOro MOIVIONIEHUS, U IIPU YCIOBUU
Ty > Ty CKAYIOK nomr MOKET JOCTUTaTh 3HAYEHUHN 1M0JIA HACHIILEHUS
B npexene g0 10° B/cwm.

AmmnTyny akycrudeckoit gedopmarum, co3gasaemoi hoTouH-
JAYIHMPOBAHHBEIM CKAYKOM JIEKTPHYECKOr0 II0JIs, MOXKHO OIIEHUTD IIy-
TEM pelleHUs] YPaBHEHHUs JBYXKEHUs JJisd KOMIIOHEHTHI U; YIIPYToro
CMENIEHHUS:

Pu; 1 ui _ 8 [ 2hi;E; n
g 2 2% . 1)"6 (z; — , 6.22
0z V7 o2 om ( ) 2 (= Zn) (6.22)

e T, — DO3UIMS JOMEHHBIX rpanul; E; — u3MeHeHue nojis BHyTpH
JIOMEHA. :

Hcnomnes3yst pesyasTaThl PacuyeroB, NpUBEAeHHBIX B [220], mus
PE30HAHCHON CTPYKTYpHl pemneHue ypasHeHusi (6.22) sanuimem B
BH/JIE

= 2B gilut—ke), (6.23)

rae k — BOMIHOBOH BEKTOpP JOMEHHO CIPYKTYPbl, UMEIOIIEH 1 JJoMe-
HOB.



KosddunuentT omHoKpaTHOro mnpeobpa3oBaHUsS HA JAOMEHHOMH
CTPYKTYpE MMeeT BH/|
A=Lpp2 Y (6.24)
8 wkL
rie K% = e?/(ec) — ko3 bunuenT aIeKTpOMeXaHIYeCKOH CBA3M;
L — mypyHa ONTHYECKOro 00y 4eHUs BIOIL JOMEHHO!H CTPYKTYDHI.
Ipu L = A/[2(n—1)], T e. npu obayvenun Bcelt JOMEHHOMH

CTPYKTYpPHI
A= _;.#n. (6.25)

Iockonsky 3amuce U crupanue (HOTOMHIYUMPOBAHHON roj0-
rpacdudeckoii pemeTKy B HE303JIEKTPUKE CONPOBOXKJALTCA 3HAYU-
TEeNbHBIM W3MEHEHMEM PaJMeHTOB 3JeKTpudeckoro mons [77-81],
10 OBLIO BBICKA3aHO TIPENIIONOXKEHHE, KOTOpOEe 3aTeM OBlIO IIoA-
TBEPXKJAEHO 3KCIEPUMEHTAJILHO, O MEHEPaluM aKyCTHYECKHUX BOJIH
B 911 nepuo/ipt [230-232]. B nauGosee cosepurenHo# meTozuke [232]
UMIyJIbCHAsl PeHepauus aKyCTHYECKHX BOJH OCYINECTBJIANACH IIPH
OOHOBPEMEHHOM OOJIyYeHMHM KpHCTajlla repMaHaTa BUCMYT3 IIPO-
CTPAaHCTBEHHO NEPHOJUYECKUM M HENPEPLIBHBIM BO BPEMEHH Jla-
3EpPHBIM IIYYKOM, (bOPMHUPOBABINUM TOJOrpabUIECKYIO PEIeTKY, U
OyYKOM JIa3EPHBIX MMILYJILCOB OT APYroro UCTOYHHKA. BpemeHHas
NMEPUOJUYHOCTD MEHEPUPYEMBIX IIPU 3TOM IIPONecce aKYCTUYECKHUX
HMIIyJICOB OIpPENeNsaaach NEePUOJUYHOCTBIO JA3EPHBIX MMILYJILCOB,
8 JIMHA AaKyCTUYECKOH BOJIHBI — IEPUOAOM rojiorpagpudeckoii pe-
merku. Ilo3nHee ¢ MOMOIIBI0 ONTHYECKOro 00/ydYeHusi ObLIM BO3-
Oy’KJeHbl U IOBEPXHOCTHBIE aKyCTUYECKUe BOIHHI [233].

ITo06HBIM CrTOCOO reHepanyuy aKyCTUYeCKHX Kojebanuii oKa3as-
Csl TIONIE3HBIM JJIsI UCCIIEIOBAHUS IIPOLIECCOB (POTOreHepauyu u pe-
Jlakcauuu CBOOOJIHBIX HOCUTENEi, HO He MOT OBITH UCIIOAB30BAH KAk
peanbHBIA crocod reHepalyuy aKyCTHYECKHUX BOJNH. Bojee ymoOHBIM
C 9TOM TOYKY 3PEHHUs SBJIAETCA CIOCOO reHepaliu, OCHOBAHHBIN HA
JIa3epHOM UMITy/IbCHOM 06syvenun ITIC.

OKCIIepUMEHTAILHOE H3yYeHUE JIA3ePHON reHepauuu aKycTude-
CKHMX BOJIH ObLIO NIPOBENEHO HA NMPAMOYTOJLHOM IIJIACTHHE L-Cpe3a
MOHOKpHUCTasuIa HuoGaTa surus [203, 234]. O6pasern cojepxan no-
panxa 10'® cM~3 monoB kenesa ¢ oTHOmEHMEM KOHUEHTpPAIuit HO-
Hos Fe?t/Fe3t ~ 0,3. Kax 6wuto ycramossieno pamee [78, 235],
MMEHHO NpHM TAKUX YCJIOBUSX BO3HHMKAET MAKCHMAaJbHAas KOHIEH-
Tpanust (POTOBO3OYKAEHHBIX JIEKTPOHOB. B cpenHeit yacTu nia-
CTUHBI NPEJBAPUTEIHHO IIYTEM NPUIOKEHHUS NEPUOSUYECKH TPaIu-
EHTHOrO 3JIEKTPUYECKOro nois Oblia chopMUpOBaHA CHCTEMA U3
50 cerHeTO3NIEKTPUYECKUX JOMEHOB C HMIMPUHON KaXXIOro MOPAIKA
50 mxM. I'panuust JOMEHOB 6GBUIM TIEPHEHIUKYASPHBI OCH MOMAf-



pusanuu (puc. 6.5). Ha Topis! nyiacTuae! 66111 HaHECEHb! METALIY-
JeCKHe JIEKTPOJ(bI, TIO3BOJISIIOLIKRE OCYINECTRBIATh IIMPOKOIIOJOCHOE

JIeTEKTUPOBAaHUE aAKyCTHYe-
ckux BosiH. OnTHYecKoe BO3-
JeficTBHEe CO34aBaJIOCh C IIO-
MOUIBI0 OJHOPOAHOTO IIydYKa
BTOPOii rapMOHUKH JIa3epa Ha
YAG:Nd*t (A = 0,53 Mxm),
TIPOEIMPOBABIIErOCs Ha IIO-
BEPXHOCTBL 00Opa3na B BHAE

2
nonocku 10 x 2mm2. O6ay-
YeHue OCylieCTBJAJIOCh IIO-
1€ 10BaTE/IPHOCTBIO HMITYJIb-
COB C IZIOTHOCTBIO MOIIHOCTH A G

7
8

104 Br/cm?, pmrensHOCTHIO |

3
/
N/ %

1,2-10_7 C ¥ 4acCTOTO Ceno-
pauusa 10-50 'y, Jnsa usme-
PEHHUSI CKAYKOB HAaIIPsKEH-

N

HOCTH 3JIEKTPHYECKOro IIojd

BHYTPHM JIOMEHOB B MOMEHT
BO3JIEHCTBUSI JIA3€PHBIX UM-
IyJIbCOB HCTIOJTb30BAJICS

Puc. 6.5. Ycranoska 4714 HCCIEAOBAHUA OMI-
THYECKON reHepalMi aKyCTHMYeCKHX BOJH

anexkTpoonTHdeckuit 3pdekT. wna IAC: I —obpasen; 2, & — Topuessie
Nsmepenue mokazarens npe- npeobpa3osaTens; 4 —CTPyKTypa Jome-

JIOMJICHHU A TIPOU3BOANJIOCH

HOB; § — eMKOCTHBIE JAaTYHKH; 6 — OCLJI-
norpady; 7 — na3epHbBIN My90K; § — HUIHH-

C [OMOWBI0 MAJIOMOIIHOTO  rpyveckas JHH3a

He-Ne nazepa.

Ilpu BosgeitcTeuu Ha obmacte IIJIC KaXapIM Ja3epHBIM HM-
TyJbCOM Ha 0OOMX aKyCTHMYeCKMX Npeobpa3oBaTessix NeTEKTHUPO-
Ba/IMCh PAJMOMMITYJIbCHI, COOTHECEHHBIE TI0 BPEMEHU HPOXOXKAEHUS
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Puc. 6.6. AkycTHuyeckue CHrHaJbl, COOT-

BercrByomue npojonbuoft (L), monepeu-

Hoii (T') u nmosepxHocTHO! () BoMHAM

Ha JeTeKTOpbl KaK CHIHAJIbI
[IOBEPXHOCTHOH  aKycTuye-
CKOlt BOJIHBI, TIPOAOIBHON
M IIONepedyHoil KOMIIOHEHT
[IPUIIOBEPXHOCTHOH aKyCTH-
Jeckoit Boimel (puc. 6.6).
HenTpsl 9aCTOTHOTO CIIEKTPA
3TUX TUIOB BOJH, Tpel-
crasjieHHoro Ha puc. 6.7,
COOTBETCTBYIOT YCJIOBHIO pa-
BEHCTBA JUIMHBI aKyCTHYe-
CKO{ BOJIHBI IIEPHOAY JIOMEH-
HOHM CTPYKTYpH. AMIMTYZHa



OTHOCHUTE/bHbIX JaedopManuii B aKyCTHYECKON BOJHE JOCTHraJja
3madenmii nopsaaka 104,

WsBectno [228, 229], uTo renepauust ynpyrux kosnebanuit mox
JeHCTBUEM MOIY/IMPOBAHHOTO JIA3€PHOTO U3JjydeHus Haubouee
3¢peKTHBHO BO3HHMKAET 33 CYET NEPHOAUYECKOrO TePMOYIIPYToro
nponecca. Kaxk mnoxasanu sKkcnepumenTs [236], Tepmoynpyras

reHepalsi B TaKuUX IIpoO-
5 3padHbIX MaTepHaJaX, Kak
guobaT smTus, 3¢ deKTUBHA
TOJLKO TPU HAHECEHHHM Ha
IIOBEPXHOCTH IIOTJIONIAIOLIETO
coa (o > 10%2em™1), a wac-
TOTHBIA [AUAIla30H TIeHepHu-
PyeMbIX BOJIH OIpeneIsieT-
3030 a0 50 60 70 Cf ANMTENbHOCTHIO JIa3ePHBIX

f,MIy MMIIYJbCOB.

Bria npepsioxkern anpTep-

Puc. 6.7. CnexTpul /a3epHOit reHepamMd garTuBHBIH MeXaHU3M, 3aKJII0-

akycTudeckux BonH Ha IIJIC B mmoGa- .
Te JMTHA: [ — [OBEPXHOCTHaA aKyCTH4e- yalommiicst B hoToreHepalyu

CKasl BONHA;, 2 — monepevyHasi KOMIOHEHTa OOJIBIIOrO KONIUMYECTBA, 3JIeK-
NPUNOBEPXHOCTHOH aKyCTHYECKOH BONHEI, TDOHOB, 3KPAaHUDPYIOUUX IIO-
3 — Bropas rapmoHuka ITAB A NONApU3ALMM  BHYTpH

CETHETOWIEKTPUIECKUX  JIO-
MeHOB. Bo3HuKamompe npp 3TOM CKAdKH 3J€KTPUIECKUX HOJIEH
BLJIEACTBHE OODATHBIX 3HAKOB NHE30IEKTPUYECKUX Ko3hdHIHU-
€HTOB B COCEJHUX JIOMEHAX CO3HAI0T IepeMeHHble JedopMaluu
Ha rpauune gomeHoB. Ilocine okoHYaHUS BO3AEHCTBHUS JIA3EPHOTO
UMIIYJIbCAa IPOMCXOAMT peJIaKCaliusl MHIYyHMPOBaHHOTO nois. llpu
OIpe/ieJIeHHOM COOTHOLIEHWHM MEXIY CKBa)XHOCTBIO HMIIYJbCOB H
BPEMEHEM peJIaKCallud K MOMEHTY TIOJayH CJIEAYIOIIEro MMIIYJIbCa
MOTYT BOCCTAHABJIMBATHCSA 3HAYEHUS IOJIEH MOMSIPH3AIUN BHYTDHU
JOMEHOB.

M3BecTHO, YTO HMOGAT JUTHS OTHOCHUTCS K TPYIIe KPHUCTAJIIOB,
06saqaoHUX CUABHBIM (POTOBOVIBTAMYECKUM IIOJiEM. JTO II0JIe BO3-
HHUKAeT 3a CYET [IPOCTPAHCTBEHHOH Iepe3apsi Ky IPEMECHBIX MOHOB
C IepeMeHHO} BaJIEHTHOCTHIO, HanpuMep nonos Fe?t u Fe3t. Ha-
TIPSIXKEHHOCTD ITOTO II0JIsI MOXKET NOCTHraTh, KaK y»Ke yIOMHHAJIOCh
BbIte, 3Havenuit 10° B/cM. B Hamem ciyvae mpu oJHOpPORHOM 06-
JIy9eHHH IIPOUCXOAUT TOJILKO (hoTOreHepalus 60/AbILIOro KOJM1eCTBa
cBOBOHBIX 3JIEKTPOHOB.

OKCIEePUMEHTAJIbHEIM [TOATBEPXKIEHUEM IIPEJJIOKEHHOTO MeXa-
HU3MA sIBJIsieTCsl HabJIIOMaBLINICS IIPOLECC IIEPHOAMIECKOTO H3MEHe-
HUSI I0KA3aTeJIs IPEJIOMJIEHHS 07 B MHTEPBAJIAX MIOJAYH UMITYJIbCOB.
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3HadyeHus 0n, NpuBefeHHbIC Ha puC. 6.8, COOTBETCTBYIOT CKadyKaM
aeKTpuueckux nonelt nopanka 4-10* B/cwm.

Cnenyer momyepKHYTh HPHMEIMIHAJIBLHOE OTJIWYHE JIa3epHOTO
cnocoba reHeparum aKyCTH4ecKHX KojiebaHuil or crmocoba rexepa-

uuu npu npuwioxesun K IIJIC
TIEPEMEHHOTO JIEKTPUYECKOTO
II0JIsI, OCYIIECTBJIEHHOTO TaK-
ke B HMObaTe suTHs [124]. Bo-
IIePBBIX, JIa3€PHBIH C1I0cob Co3-
Ja€T BO3MOXKHOCTH IIOBBICUTH
HANpSIXKEHHOCTh  BO30Y2KAAI0-
IIUX IEKTPUYECKHUX IOoJIel Ha
1-2 mopsaxa m TeM caMbIM
yBennunth 3 PeKTHBHOCTD
aKyCTOONTHYECKHUX YCTPOHCTB
0b6paboTky curaasioB. Bo-Bro-
pbiX, K 3TO, IO-BHIUMOMY,
caMoe TJIABHOe, CO3Jaercs

An-10~!
10t

0,5

0 5 10 15 ¢, Mkc

Puc. 6.8. Ilepuommyeckoe n3MeHeHHE MO~
Ka3aTeNs NpeJIOMJACHHA IIPH Ioade OI-
THYECKHUX HMILYyIbCOB

HOBasl BO3MOXHOCTb HMCCIeNOBaHUS HNPOLECCOB W MEXaHW3MOB

B3aMMOJEHCTBUS  JIA3€PHOT0
HOCHUTEJISIMH.

HU3JIydJeHuss C B036y)K,Z[eHHbI MU




3axJjo4yeHue

Caenyer oxumaaTh, 4To pacCMOTPEHHOe B KHUTe COBpPEMEHHOe
COCTOSIHHE HMCCIIEOBaHUN Mo (PU3MKE JOMEHHBIX COCTOSIHHI U NpH-
k1aaasiM acriektam npuMenenus IIJIC B 6amxaidtiume rogwt 6yser
CYIIECTBEHHO JONOJHEHO HOBHIMU TEOPETHYECKMMH K IKCIEPHMEH-
TaJibHbIMu pe3ynbraTtaMu. Ilockonbeky ceffyac OCHOBHOe BHHMaHHe
cdokycupoBano Ha ucnonas3osanuu IIJIC B ycrpoiicrBax HeuHel-
HO¥ ONTHKH, TO JaJibHeillliue JOCTHXKeHus B 3TO¥M obiacTu MOryT
6BITh cBsi3aHbI Kak ¢ ymenpluenueM nepuoaa ILJIC no 0,5-1 mxm, Tak
¥ C co3JjanueM Jerko nepecrpaunsaeMsix I1JIC ¢ nepeMenHBIM maromM
(kBazunepuoandeckux crpykTyp). s sTux uesneit MoryT 6uITh HC-
IOJIL30BaHb! 0CTPOCOKYCHpOBaHHbIE ONTUYeCKUe ImyuKu [237, 238],
IEKTPOHHBIE IYYKH MM TOYEYHble T'PAJUEHTHl JIEKTPUIECKOro
nons [239]. Ionyyenssie B nociieHee BpeMsi pe3y/IbTATHI 10 IeHe-
panuu Tperbeit ontudecko# rapmonuku ¢ KIIZC nossonsiior Hage-
ATHCS HA YCIeNIHoe NIPO/IBUKEHNE KOTePEHTHBIX OIITHYECKUX Iy IKOB
B yapTpaduonerosbii guamason [240]. Ilo-BunuMoMy, MOoXKHO OXxu-
JIaTh CO3/JaHHUsA ONTUYECKUX MYJIbTHILIEKCHBIX U 1eMYJIbTUIIEKCHBIX
CHCTEM [ijIs BBOJ]A U BBIBOJ]A B ONITUYECKHUII CBETOBO/] CUTHAJIOB pa3-
JIMYHBIX JJIMH BOJIH, IIOCKOJIBKY IepBble 00pasibl TaKUX yCTPOHCTB
Ha 6a3se rosorpaduyeckux pemierok B HHuobaTe JMTUS yKe pas3pa-
Gorans [241]. Ecte nonoxurespHble IPUMEpD MEHEPALMH BBICIIHNX
akycTnyeckux rapmonmk ¢ momompio KIIZC [221, 222]. Becoma
NEepCIeKTUBHBIM IIpeJcTaBisiercs ucnonab3osanue oguoit IIJIC umn
KIIIC pns ycuneHust aKyCTOONTHYECKOrO B3aUMOJEHCTBHS B MO-
NyAATOpaxX NpH ONHOBPEMEHHOM BhLINOSHEHUM YCIOBHil (hazoBoro
CHHXPOHH3MA [|JIsl aKyCTHIECKOTO U ONTHYECKOro IydKos [242].

BoaMoxHo, uTo B 6mkaiimee Bpems OynyT paspaboTaHbl Croco-
Ob1 ynpaBJleHHsI ITapaMeTpaMy HeJaBHO OOHApPYKEHHBIX MOJIOCOBLIX
JIOMEHHBIX CTPYKTYp C pa3MepaMu MOpSiJKa HaHOMETPOB, obpa3o-
BaHHLIX OPHMEHTUPOBAHHLIMM 3aPSAJAMU B JaCTHYHO 3aMenieHHOM
MaHraHaTe JaHTaHa. VicciaeqosaHue MAarHUTOYNPYTHUX B3auMoneit-
cTBUll B MaTepuajiax C OonbIIUM MarHUTOPE3UCTHBHBIM 3 dek-
ToM [243] yka3biBaeT Ha BO3MOXKHOCTb HeJIMHEHHOTO Npeobpasosa-
HUSl ¥ IeHepalui He TOJILKO ONTHYECKMX, HO M aKyCTHYECKHUX BOJIH.

Cienyer 0XXHJATh NOSIBJIEHUSI I'€HEPATOPOB BBICIINX TAPMOHHMK
u pyrux npeobpasosaTesiedl aKyCTHYECKMX BOJIH HA JUHAMHUIECKH
MHyIPOBAHHOM JOMEHHOHN CTPYKType B MarHeTukax ¢ Gomplium
MarHUTOYNPYTUM B3aUMOAENCTBHEM, HallpUMep, B PeMaTUTE WM
HopaTte xKene3a.

Onnako paspaborka cnocobos ¢popmuposanusi HoBbix IIJIC ss-
JsieTcst He TONbKO TexHmyeckod 3zajadveil. B IIJIC MukpoHHBIX u
ocobeHHO CYOMUKPOHHBIX Pa3MePOB MOI'YT BO3HHMKATh HOBLIE (hU3HU-



geckre 3 deKThI, HAIIPUMED, CBSA3aHHbIE C TYHHEJIbHLIMH II€PEeXojia-
MH CBOBOJHBIX 3aPAi0B Yepe3 JOMEHHbIE TPAHUIILI U 00pa30BaHUEM
Me3ocKonnyeckoro coctosiHus. Iloka aTu nmpobsieMbl aaxke TeopeTH-
4eCKH MaJlo HCCIenoBaHs! [244].

ITomumo pacmmpenusi BKIaJa JOMEHHBIX CTPYKTYD B HeJMHel-
HYI0 ONTUKY M aKyCTHKY CJlefyeT OXHJATb Pa3BUTHUS HCQIE0Ba-
Hull no ucnons3oBaHuio aomenoB u IIJIC ans 3ammcu, xpasenus
U 00paboTKM CHUTHAJIOB B ONTHYECKON MM aKyCcTH4eckoit dopMme.
B npocreiimmem BuAe OTAEIbHBIE MUKPOLOMEHH! C IIPOTHBOIOJIOXK-
HBIMH HAIpPaBJIEHUSMU NOJSAPU3AIMU MOI'YT PACCMATPUBATHCA Kak
3j1eMeHTHI JIBOMYHOrO KoZa. BeAKas COBOKYNHOCTH MHMKPOIOMEHOB
B MaTepHaJjie MOXKET IPEJICTABJIATEL CUCTEMY ISl 3aliucu MH(POpMa-
LUK B rosiorpacuieckoM BHUJIE.

JJisi peasbHOrO OCYIIEeCTBJIeHUS MH(POPMAUMOHHBIX CHCTEM Ha
ITJC HeobxonuMo OTBETHTH Ha TaKHe BOIPOCHI: KAKOBbl MEHMMAJIb-
Hble pa3Mephbl YCTOHYMBOIO COCTOAHHUSI MHUKDO- HUJIM HaHOJOMEHOB?
KaKMM 06pa30M MOXKHO CO3[jaBaTh JIOKAJIBHYIO IEPENOISPH3ALMIO
TakuX JoMeHoB? (OTBETBI HAa 3TH BONDPOCHI MOTYT COLEPXKATHCS
TOJILKO B HCCIeNOBaHUAX (u3UKU JoMeHooOpazoBaHusi. Iloka Ta-
KHe UCCIeJOBaHUS HAXOAATCS B HAJAJIHHOM COCTOSIHMM. B mepByio
ouepenb, HeoOxonuMo 6osee HOCKOHAJIBHO HMCCIEIOBATH POdb IIPO-
CTPAHCTBEHHOI'O IEPEPACIpeAe/IeHUsi 3apsJ0B HNPHUMECHBIX HOHOB
BO BHEIIHeM WIN (POTUHAYUHUPOBAHHOM JIEKTPUYECKHUX IONAX, IIO-
CKOJIbKY, KaK 3TO Ipejmonaraercs B paborax [96, 234, 245), umenno
STOT IPOLECC MOXET UIpaTh CyUWECTBEHHYIO PoJib B 06pa3oBaHMU
JIOMEHOB B HUODaTe JIMTUS U TUTaHaTe Hapus.

Kax nokazanu npesBapuTebHbIE IKCIEPHUMEHTEI, IepeKJroye-
HYe IOJIApU3AlM¥ [JOMEHOB BO3MOXKHO OCYIIECTBJATH C ITOMOIUIBIO
ZOCTATOYHO MAJIOMOLIHBIX onTHyeckux myukos (I ~ 1 Br/cm?)
WM aKyCTHYECKUX MYyYKOB B KPUCTALIAX C MAJIBIM KOIPIUTHUBHBIM
rojeM, HampuMep, B TuraHare Oapusi. IlogobubIM obpazoM B Kpu-
CTaJ/IaX C CHJIbHBIM Ibe303(h(HEKTOM Nbe30UTEKTPUYECKOE 110JIe MO-
’KeT CTUMYJIMPOBATh BO3HUKHOBEHUE JONOJHUTEHLHOIO KOIUYECTBa
JIOMEHOB, IIPOCTPAHCTBEHHAS IIJIOTHOCTb KOTOPBIX OyJeT IPONopIHy-
OHAJIbHA UHTEHCUBHOCTU BOJIHBI.

Bo03MOXHOCTb 3alMCH aKyCTHYECKMX CHTHAJIOB Ha OTAEIbHBIX
3epHaxX MarHUTHON WJIM CErHeTO3JIGKTPHUYECKOH KepaMHK yXe IIpO-
JIeMOHCTPMPOBAaHA COOTBETCTBEHHO B paborax [247] u [248]. [Ipuyem
B 000OMX CJIy4YasiX CYMThIBAHME 3allHCAHHBIX CUT'HAJIOB MOXXHO OCY-
IMECTBJATh C OMOMIBIO aKYCTHYECKHX WM ONTHYECKHUX yCTPOMCTB.

TakuMm obpa3om, OonUpasCh Ha yXKe IOJydYEHHbIE DE3YIbTaThl,
MOX>XHO C YBEPEHHOCTBIO IIPOrHO3UPOBATh, YTO B XOAE JaibHEMImX
Mccle0BaRuil ByayT Co3maHbl cpenpl ¥ pa3paboTaHbl (pusMIecKue
NPUHIMIE] JJIs 3allUCH ONTHYECKOH M aKyCTHYECKo# uHbopManuu
B aHAJIOroBoH, mudpoBoii u ronorpaduveckoil ¢popMax Ha JOMeH-
HBIX CTPYKTYpaXx.
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