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1. HanoonTuka

1.1. HuskopasMmepHble 00bEKTbI

B nHacrosimiee BpemMsi BO MHOTUX 00JIaCTSIX HAYKH M TEXHHUKH, CBS3aHHBIX C
MH(POKOMMYHUKALIMOHHBIMU TEXHOJIOTUSIMH, HAaHO(POTOHHKA paccMaTpUBAETCA
KaK aJbTepHATHBAa COBPEMEHHOW »3JekTpoHuKe. Vcmonp3zoBanue (OTOHOB
BMECTO DJIEKTPOHOB IpH Tmepenade u oO0paboTke WHEGOPMALUU TO3BOJISIET
JOOUTHCS CYILIECTBEHHBIX IPEUMYIIECTB omarogaps BBICOKOMY
OBICTPOACHUCTBUIO W TOMEXOYCTOHYMBOCTH (POTOHHBIX KaHajJoB CBs3H. K
HAaHO(OTOHHBIM OTHOCAT YCTPOWCTBA, HCIOJIB3YIOMINE CTPYKTYpPHl pa3zMepoM
okoso 100 HM wu wMenbme. Takke yCTpOWCTBa pelIAIOT MPOOIEMbI
MUHUATIOpU3AIIMM MHOTHUX ONTHYECKUX CHUCTEM, COJIEpKAIlUX BOJHOBOJIBI,
pe3oHaropbl, uHTepdepomerpsl U ap. HaHodoTOHHBIE BBHIYHCIUTEIBHBIC
YCTPOMCTBAa HE TOJBKO 3HAUUTEIHHO MPEBOCXOMAST DJIEKTPOHHBIE aHAJIOTH IO
OBICTPOACHUCTBHIO, HO M MO3BOJIAIOT YCIIEIIHO PeliaTh MPOOIeMbl, CBSI3aHHbBIE C
TEIUIOBbIIETICHUEM U dJieKTponuTanueM. C Ipyroil CTOpoHbI, CIa0bIM MECTOM U
UCTOYHUKOM IIOCTOSSHHOTO O€CIOKOICTBa NpH HCIOJb30BAaHUM  JIFOOBIX
puOOPOB U YCTPOMCTB Ha OCHOBE (POTOHUKH OBLUIO U OCTAaETCS OOECIeueHue
HA/Ie)KHOCTU AIIEKTPOONITUIECKHIX MEePEKITIoYaTeNeH, MO3BOJIIOIINX
peoOpa3oBbIBATh AJIEKTPUUECKHE CUTHANIBI B ONTHYECKUE U 00paTHO. Perenue
po0JIeMBI OBICTPOTO U HAJACKHOTO MPEoOpPa30BaHUS TAKUX CUTHAJIOB HMENIO OBl
OTPOMHOE 3HAa4YeHHE UII KOMMEPUYECKOTO MPUIOKECHHUS W HHPOPMAIIMOHHBIX
TEeXHONOTH B menoM. Kpome Toro, oHO mpencTaBisieT ocoOblii MHTEpec s
BOEHHOMU c(epsl, rae POTOHUKA OTKPHIBAET OOJNbIINE NEPCIEKTUBBI B Pa3BUTUU
CPEIICTB CBSI3U, JATYMKOB, PAaJlapoB U APYTHX CHUCTEM, B KOTOPBIX TpeOyeTcs
ObicTpas W HajAekHass oOpaboTKa OOJBIIMX MACCHBOB OINTUYECKOWM U WHOH
uHpopmaru[1].

B  TeyeHume mocCiIENHMX ~ NECATUIETUH  OCHOBHOE  HAIlpaBIICHUE
UCCJIeIOBaHUM B (PM3MKE TBEPAOIO Tejia CMEIIANOCh OT OOBEMHBIX KPUCTAIIOB
B CTOPOHY CTPYKTYP, pa3Mepbl KOTOPBIX (XOTs ObI B OJJHOM M3 TPEX U3MEPEHUIA)
oueHb Mambl. CHeKTpalbHBbIE XapaKTEPUCTUKU PANTHYHBIX (PUINUYECKUX
O0OBEKTOB TMpejcTaBieHsl Ha puc. 1.1. Buawame, B CHIy OTHOCHTEIbHOMN
MPOCTOTHl M3TOTOBJICHUS, BHUMAHHUE UCCIEAOBATENIEH IPUBJIEKAIU OYEHb
TOHKHE TBEPAOTEIbHbIC TUICHKH, TOJIIMHA KOTOPBIX COMOCTaBUMA C JJIMHOU
BOIHBI ¢ bpoiins Ag 171 JJIGKTPOHOB B TBEPABIX Telax. OTH pabOThHI
MO3BOJIUJIM  OOHAPYXKUTh MEJNbIA PSAJ HOBBIX SIBJICHUN, Cpeau KOTOPBIX
kBaHTOBBIN 3 dext Xomra (KOX), otkpeiteii B 1980 1. don Knutumarom,
yA0CTOCHHBIM 3a 3T0 B 1985 r. HobGeneBckoit npemun. TBepasie Tena (0OBIYHO
MOJIYIPOBOJJHUKOBBIE MaTEpHalibl) HA3bIBAIOTCA HU3KOPa3MEpPHBIMH B TeEX
Clyyasx, KOTrJa OJMH W3 HUX TeOMETPUYECKUX IMapaMEeTPOB HMEET MOPSAOK



JUIMHBL BOJIHBL e bpoins A, XOTS B HEKOTOpBIX Ciyyasx yaoOHee
MOJIb30BAThCS APYTUMH XapaKTEPUCTUUECKUMHU JITTHHAMMU.
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Puc.1.1. CiextpasibHble XapaKTEPUCTUKH PA3IUYHBIX 00BEKTOB

B OoybIIMHCTBE MCHOJIB3YEMBIX MOJYNPOBOJHUKOB Ap HaxXxoAWTCA B
muanazoHe ot 10 mo 100 HM, T. €. ydeHble MOTYT HaOmIOAaTh B HUX
UHTEPECYIOIIME WX KBAHTOBbIE H3(PQeKThl (KBaHTOBBIM 3pdekr Xomia,
KYJOHOBCKYIO OJIOKaay, KBaHTOBYHO MPOBOJUMOCTb M T.N.) B HAHOMETPOBOM
nuanaszoHe. HwuskopasmepHble OOBEKTHI NPOLIE BCEro Kiaccu(puiuupoBath
COOTBETCTBEHHO YHUCIY HAHOMETPOBBIX MPOCTPAHCTBEHHBIX HW3MEPEHUH.
Hampumep, CTpykTypy C OJHMM HAHOMETPOBBIM HM3MEPEHUEM, CUHUTAIOT
nByMmepHo# (2D) u Ha3pIBalOT KBaHTOBOM ssMoit. OgHoMepHBIME (1D) siBRsiroTCS
KBAHTOBbIE MPOBOJIOKM — Yy HHUX [JBa HAHOMETPOBBIX TI'€OMETPUUYECKUX
u3MepeHusi, a HyJabMepHbIMU (0D) — 0OBEKTHI, BCE TpU U3MEPEHHUS KOTOPBIX
UMEIOT MOPSIOK Ag. B coBpeMeHHOI ONTOEKTPOHUKE IHUPOKO MPUMEHSIOTCS
CTPYKTYpPbl C OYE€Hb TOHKMMH HAHOMETPOBBIMHU CIOSMH IOJYNPOBOJHUKOB
(HampuMep, cIOUCTas CTPYKTypa M3 TOHKOH miacTuHbl GaAs, 00JI0KEHHOU C
JIBYX CTOpOH ciosaMmu noiaynpoBogHuka AlGaAs, oOnagatouiero Oosee
HIMPOKOM 3alpelieHHoN 30H0). Jlpyrue oueHb HHTEPECHBIE CTPYKTYPhl MOTYT
ObITh  MOJy4YeHbl  OOpa3oBaHHMEM MepexonoB (WM, ©Oojee  CTPOro,
reTeporepexoioB) MeEXAy JABYMs IOJIYNPOBOJHUKAMU C  Pa3IMYHBIMU
3allpellleHHbIMY 30HaMHU. B 00oux ciyuasx Ha TpaHHUIE pas3jiena BO3HUKAIOT
NOTEHUUAIbHBIE SIMBl U1 JJIEKTPOHOB, MOX0XKME Ha T€, 4TO OOpasylroTcs B
MIIl/ctpykrypax. Ecnum mupuHa Takux sAM comoctaBumMa ¢ Ag, TO
HPHEPreTUYECKUE YPOBHU 3JEKTPOHOB B sIMAaX HAYMHAIOT KBAHTOBAThCs. Takue



reTeponepexoabl YK€ CTald OCHOBOW [IJIi M3TOTOBJICHUS HAHO(POTOHHBIX
NpuOOpPOB M TPAH3UCTOPOB Ha KBaHTOBBIX Toukax tuna MODFET
(MOyTUpPOBAHHO/JIETUPOBAHHBIE MOJICBbIE TPaH3UCTOPHI),
XapaKTepU3YyIOIINXCS 0YEHb BEICOKMM OBICTPOICHCTBUEM.

1.2. KBantoBbIe 3(p(peKThI B 1OJYNPOBOAHUKAX

B nauwane 1970-x rr. B (u3MKe NOJYyNPOBOJHUKOB IMOSBUIOCH HOBOE
HaIpaBJICHUE — H3YUYEHHE TETEPOCTPYKTYp, OOpa30BaHHBIX PA3TUYHBIMU IO
COCTaBy MW CBOWCTBaM MOXynpoBoAHHKaMH. (OCOOEHHO HMHTEPECHBIMU
OKa3aJINCh HAHOTETEPOCTPYKTYpbl. B HHX HCHOJNB3YIOTCS TOHKHUE ILJICHKH
HAaHOMETPOBOMW TOJIIIUHBI, TAKON K€ TOJIIMHBI TOHKWE HUTH U HAHOMETPOBBIC
ancamMOnu atoMoB. [lockonbKy NMpU HAHOMETPOBBIX pazMepax MPOSIBISIOTCS
KBAaHTOBbIE A((PEKThl, 3TH CHUCTEMbI OBUIM HA3BaHbl KBAaHTOBBIMU SIMAMHU,
KBaHTOBBIMM HHUTSIMU W KBAaHTOBBIMM Touykamu. OHHM TPUHIMIHAIBHO
OTIMYAIOTCS OT MAKPOCKOMMYECKUX TN TNIOTHOCTHIO 3JIEKTPOHHBIX COCTOSIHUM,
TaK KaK B HAHOPA3MEPHBIX MOJIYIPOBOJHUKOBBIX CTPYKTYpax OTpaHUYECHO
JIBH>)KEHUE JJIEKTPOHOB.

Puc.1.2. TLIOTHOCTh PHEPTETUYECKUX COCTOSIHUM: 1 — TPEXMEpPHOI'0 TBEPJIOTO
Teja; 2 — KBAHTOBOM SIMBI; 3 — HUTH; 4 — TOUKH.

Kak BugHo Ha puc. 1.2, kBaHTOBbIE 3(P(HEKTHl MPOSBISAIOTCI, HAYMHAS C
KBAHTOBBIX 5IM, T.€. KOTJIa IBUKEHUE AJIEKTPOHOB OrPaHUYEHO HAHOMETPOBBIMHU
pazMepamu  XOTst Obl B OJHOM wu3MepeHMH. He ocraHaBinuBasch Ha
MHTEPECHEMIINX CBOMCTBAX U IPUMEHEHUHN KBAaHTOBBIX SIM U KBAHTOBBIX HUTEH,
oOpaTuMcs K KBAaHTOBBIM TOYKaM, KOTOPBIE PAcCMAaTPUBAIOTCS CETOAHS Kak
OJlHA M3 aJbTEPHATHB MOJIEKYJISIPHOM 3JIEMEHTHON ©0a3bl BBIYMCIUTENBHBIX
ycTpoicTB. KBaHTOBBIE TOYKHM HA3bpIBAlOT MHOIAA (Yalle — B IOIYJIAPHBIX
U3JIaHNAX) MCKYCCTBEHHbIMM aromamu. Ho KBaHTOBasg TOYKa — 3TO
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COBOKYIIHOCTb aTOMOB, HaHOpa3MepHas II0 BCEM TPEM IPOCTPAHCTBEHHBIM
U3MEpeHusM. JIBUKeHue »JJIEKTPOHOB B TaKOM CHUCTEME MOXKET ObITh
AlllPOKCMMUPOBAHO  MPOCTEHIIEH  KBAaHTOBO-MEXAaHUYECKOWM  MOJEIBIO,
U3BECTHOM II0J HA3BAaHUEM «YaCTHUIA B IPAMOYIOJBHOM IIOTCHIUAJIBHOM
1oJie». JTa MOJeb onucsiBaeTcs ypasHeHueM lllpenunrepa:

{ - [aax22 + aa;Z + 36222] — Uy, Z)}V’ =Ey, (1D

B 2m
U(x,y, z) — moTeHIIMAIbHAS SHEPT U SAIMKA CO CTOPOHAMH 4, b, ¢;
Ulxvyz)=Ux)+U(y) +U(2). (1.2)

Ipu stom U(x) = U(y) = U(z) = U, npu Bcex APYrUx 3HAUYCHUSX X,),Z.

242 /(222 2 2
m“h* (n n n
E -2 - (214 72, 3 1.
nin2n3 2m \ a2 + b2 + c2) ( 3)
TIe ny, n, n3=1,2,3...

Takum 00pa3oM, KBaHTOBOM TOYKE OTBEYAET JUCKPETHBIM CIEKTp,
CXOIHBIM MO O0O0IEeMy BHUAY CO CIEKTPOM aTOMHON CHCTeMbl. B KBaHTOBOM
TOYKE MOKET HAXOJMUTHCS OT OJHOTO 3JIEKTPOHA J0 OOJIBIIOrO KOJIMYECTBA
AJIEKTPOHOB, pAaCHpEACIICHHE KOTOPbIX omnpenensercs npuHuunoMm Ilaymnm.
KBaHTOBBIE TOYKM CO3JAIOTCSA METOJOM MOJIEKYJISIPHO-TYyYE€BOM SMUTAKCHH.
JI1st 3TOro Ha XOpOIIO MOArOTOBJIEHHYIO MOBEPXHOCTh HAMBLISETCS BEIIECTBO
CO CTPYKTYpO#l, ONM3KOH K CTPYKType IOJJIOXKKH. HambuieHue 10JKHO
IPOUCXOJUTh B BBICOKOM BakyyMme, 4TOObl H30€XaTh BKIIOUYEHHUS B
bopmupyeMBbIil 00bEKT MOCTOPOHHUX MpuMeceld. CKOpOCTh HaNbUIEHUS] CTPOTO
peryjJupyercsi, HJjisi TOro 4YTOObl HCKIIOUHTH 00pa3oBaHue Je(eKToB
cTpyKTypbl. CrioHTaHHOE (DOPMUPOBAHHE KBAHTOBBIX TOYEK B TaK HA3bIBAEMOM
pexumMe Crpanckoro-KpactaHoBa XOpOIIO H3YyYE€HO Ha MPUMEPE CUCTEMBI
InAs/GaAs. Ilpu pocte mepBoro MOHOMOJIEKYJsIpHOTO clios InAs Ha
noBepxHOCTH (GaAs u3-3a pa3iauyusl MOCTOSHHBIX KPUCTAJUIMYECKUX PEIIETOK
BO3HUKAIOT yIPYyrue HanpspkeHus. Eciu HanbuieHUE MpoJIohKaeTcs, pa3anyus
YBEIIMYMBAIOTCSI U HAa TOBEPXHOCTH TMEpPBOro ciiosg (€ro Ha3bIBaIOT
«CMAYMBAIOIIMM»  CJIOE€M) CTAHOBUTCS  BBITOJIHBIM HE  PaBHOMEPHOE
pacnpesesieHue BEUIECTBA, a O00pa30BaHUE OTHENbHBIX «Kameab». Takum
0o0pa3oM, BO3HUKAIOT MHPAMUJIKKM CO CBOMCTBAMHU KBAHTOBBIX TOYEK, OJHA W3



KOTOpBIX TpejacTaBieHa Ha puc. 1.3(a). KauecTBeHHO 3TH MHUpaMUIKH MOKHO
paccMaTpuBaTh Kak JAE(PEKTbl Ha MOBEPXHOCTH OCHOBHOTO IMOJYIPOBOJIHUKA,
U3-3a KOTOPBIX B 30HHOW CTPYKTYpE MOSIBISIOTCA MPUMECHBIE YPOBHU — BBIILIE
BAJEHTHON 30HBI (JIBIPKM) M HMXKE 30HBI IMPOBOJUMOCTH (RJIEKTPOHBI), Kak
noka3zaHo Ha puc. 1.3(6). YpoBHHU, OTBeUarOlUe NPUMECHOMY YPOBHIO 30HBI
IIPOBOJIMMOCTH, XapaKTEPU3YKOTCS JUCKPETHBIM CIIEKTPOM, T. €. OHU OTBEYAIOT
KBaHTOBOU TOYKE.

SnekTpoH

N

(a) (6)

Puc.1.3. (a) DxcriepuMeHTanbHas peain3alus MOIYIIPOBOJHUKOBO KBAHTOBOM
ToukHu; (0) 30HHAs CTPYKTypa MOJYNPOBOJAHHUKA, COJEpKalleld KBAHTOBYIO
TOYKY

1.3. Onrtuveckue CBOICTBA HAHOMATEPHAJIOB

Hanoknactepsl W HaHOMAaTepuasbl, OPraHM30BaHHbBIE HAa UX OCHOBE,
o0JaatloT  PSAJOM  OCOOCHHOCTEH, OOYCIOBIMBAIOIIMX WX YHHUKAJIbHBIE
ONTHUYECKUE U DICKTPONPOBOJAIIME CBOWCTBAa. HaHOMETpOBBIM pasmep,
Iepexo]l OT MACCUBHOTO TBEPAOTO TEJId C 30HHOW CTPYKTYpPOM K OTACIbHBIM
AJNIEKTPOHHBIM YPOBHSM U OTpPaHUYEHHE JUJIMHBI CBOOOJHOTO mpobera
HOCHTEJICH 3a CUeT BIUSHUS MOBEPXHOCTH KJIaCTepa U3MEHSIOT MpaBuja 0Toopa
MOJl M BBI3BIBAIOT IIOSIBJICHHE HOBBIX OINTHYECKHX IIE€PEXOJ0B, MU3MEHECHUE
SHEPruh  NEPEXOJOB, U3MEHEHUE BPEMEHHU daroopecieHIIK U
JIOMHUHECIICHIINY, YBETUYCHUE CHIIBI OCIIIIATOPOB. J[pyroi BaKHBIN (akTop,
ONpEACIAIONMIA CBOMCTBA HAHOMATEPUAJIOB, — OJTO MaTpuua U cpena, B
KOTOpOM Haxomarcsi kiactepel. Ha ocHOBe HaHOMAarepuaaoB BO3MOKHO
MOJyYEHUE CBETONEPECTPANBAEMBIX JIMOJIOB U JIA3€POB C U3MEHEHUEM JIJIMHBI
BOJIHBI, a TAKXXE PsAJla HEJTMHEHUHBIX ONTUYECKUX HAHOCUCTEM JJISI ONTHUYECKUX
npeobpaszoBareeil. YopsagoueHre HAaHOKJIACTEPOB B MAaTpHUIle 00YCIOBIMBAET
BO3MOXXHOCTh CO3JIaHHSI (DOTOHHBIX KPHUCTAIOB, HMEIOIINX IOCTOSHHYIO
pElIeTKy, CpaBHUMYIO C JUIMHOM BOJHBI BHAMMOro cBeTa. Onruueckue



CBOMCTBAa METAJUIOB W TOJIYIIPOBOJAHUKOB CYIIECTBEHHO pa3JIMYAIOTCSA, YTO
BBIPAXKAETCA B PA3JIMYHOM PACIIOJIOKEHUHU 30HBI ITPOBOJAMMOCTH, BaJIEHTHOU
30HBI U ypoBHS @epmu. B cBs3U ¢ 3TUM paznuyaroTcs pa3MepHbie 3PQPEeKThl B
HAHOKJIACTEpaX METAUIOB M  MOJYNPOBOJHUKOB. (OCOOEHHO HWHTEHCHUBHO
U3y4YaJIUCh HAHOYACTHUIIBI BEIECTB, SBJSIOIIUXCS B OOBIYHBIX YCIIOBUAX
MOJIYIIPOBOJHUKAMU. MHOXKECTBO HCCIECIOBAHUM KacaeTrcsl SJIEKTPOHHBIX
CBOMCTB TaKMX YAacCTHL, YTO OOBICHSETCS MHCIOJb30BAHHUEM B KauyecTBE
KBAHTOBBIX TOoueK. HaHowacTHULbl repMaHusi WM KPEMHHUS caMu Mo cebe He
SBIISIIOTCA MOJTyNpoBoaHMKaMH. HanouacTuma Si, MoxkeT o0pa3oBbIBaThCA MPH
Ja3epHOM HCHAapEeHUU KPEMHHUEBON MOJIOKKU B moToke renus. [lpu doronuze
Iy4yka HEUTPAIBHBIX KJIACTEPOB YJIbTPA(PHOIETOBBIM JIA3€POM  KIIACTEPHI
WOHU3UPYIOTCS, 1 OTHOILIEHHE UX MACChl K 3apsAy MOXET ObITh U3MEPEHO MpU
ITIOMOIIIM MacCC-CIIEKTPOMETPA.

OnTuyeckrue CBOMCTBA HAHOYACTHI[ IOJYIPOBOIAIIMX MaTepUaloB U
00BbEMHOr0  MaTepuajlla pe3Ko  pasiauyaroTcs. OnTHYeCKUue  CIEKTpPbI
MOTJIOIIEHNS CYIIECTBEHHO CIBHUTalOTCs B TOJIyOyH0 CTOPOHY (B CTOPOHY
YMEHBUIECHUS! JJIMHBI BOJHBI) IPU YMEHBUIEHUU pa3MepoB YacTull. POTOHHI C
DHEpPrueW, paBHOM WM IPEBBIIAIONICH IIUMPUHY 3allpELeHHON 30HBI
MIOJIYTIPOBOJIHUKA, MOTYT CO3/1aBaTh 3JEKTPOHHO-ABIPOYHBIE MAPbI. DIEKTPOH U
IAbIpKa JBUTAIOTCS HE3aBUCHUMO Jpyr OT Jpyra. B HEKOTOpBIX ciaydasx
Onmarogapss KyJIOHOBCKOMY B3aMMOJECHCTBHIO DSJIEKTPOH U JAbIPKAa MOTYT
OCTaBaTbCs «BMECTE», (OPMHUPYS HOBYIO DJIEKTPUUECKH HEUTpaIbHYIO
KBa3W4YacCTUIy — S3KCHUTOH. DKCUTOHBI HE BIIMSIIOT Ha 3JIEKTPONPOBOAHOCTH
BEIIECTBA, IIOCKOJIbKY HE 00JIaaloOT 3JIEKTPUUECKUM 3apsiioM. Bo3HUKHOBEHME
HSKCUTOHOB CYIIECTBEHHO O0OJieryaeTcss B KBAaHTOBBIX sMaxX, TakK Kak
JOKanu3alusg B OPraHUYEeCcKOW o00macTu ycuiaumBaeT 3(PQPEeKThl MEPEeKpPHITHS
BOJIHOBBIX (DYHKUHMH 3JIEKTPOHOB M AbIpoK. [Ipocreiiias Mojenb ONMUCHIBaeT
DKCUTOH KaK OJJIEKTPOH M JBIPKY, KOTOpBIE BpAIIAIOTCA BHYTPU PEIIETKH
OTHOCHUTEJIBHO OOLIEro LEHTpa MacChl IOJA BO3JECHCTBUEM KYJOHOBCKOIO
npuTsKkeHus. CynieCcTBYIOT IBA OCHOBHBIX THIIA SKCUTOHOB:

1. DKCUTOHBI C HE3HAUUTEIbHBIM TMEPEKPHITUEM BOJHOBBIX (YHKIIHI
ANEKTPOHOB M JBIPOK. Pa3mep TakuWx D3KCUTOHOB COCTAaBISIET HECKOJIBKO
napamMeTpoB  pemeTkd. Eciaum  3KCUTOHBI  SIBISIIOTCA — CIA0OCBSI3aHHBIMU
AIEKTPOHHO-ABIPOYHBIMYU [APAMH, TO OHU HA3bIBAIOTCS J3KCUTOHAMH BaHbe—
Mortra. Cucremsl 3KCUTOHOB Banbe-MoTTa XapakTepHbl Ml MHOTHX
IIOJIYTIPOBOIHUKOB.

2. DKCHUTOHBI, XapakKTEpHbIC IS H3OJISITOPOB U MMEIOLIUE pa3Mep,
OJIM3KUN K TTOCTOSIHHOW PEIIEeTKH, TaK Ha3biBaeMble SKCUTOHBI Dpenkens. OHu
CUJIBHO WJIM TECHO CBSI3aHbl JJEKTPOHHO-ABIPOYHBIMU MapaMU. OHEPIUs
CBA3aHHBIX COCTOSIHUM SKCUTOHOB paBHa!
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Puc.1.4. (a) CBa3aHHbIE COCTOSIHUS IKCUTOHA; (0) CIEKTP ONTHYECKOTO
MOTJIOIIEHHUS BOJIOPOIONIOA00HBIX IEPEX0/10B d3kcuToHa B Cu,O

Ha puc. 1.4(a) cxeMaTnyHO MOKa3aHbl CBSI3aHHBIE COCTOSIHUS 3KCUTOHA U
3HEprust HOoHu3auuuM HKkcuTtoHa E;. Oneprus ¢otoHa, HeoOXoaumas JUIs
CO3/1aHHSA D3KCUTOHA, MEHbBIIE DSHEPruM, HEOOXOIMMON MJIi  CO3JaHUs
HE3aBUCUMOM 3JIEKTPOHHO-/IBIPOYHOM Mapbl B IOJYNPOBOJHHUKE, IO3TOMY
IIOJIHBIM ITPOLIECC MOYKHO ONMUCAaTh KAK CO3JIaHHWE SKCUTOHA C €r0 JalbHEHIINM
pa3zeneHreM Ha 3JIEKTPOH W AbIpKy. Ilpu 3TOM mpouecc pasaeneHus TpeOyeT
HHEPrUH, PABHOM SHEPTHH CBSI3HU SKCUTOHA.

OHEpruv, COOTBETCTBYIOIIME  CBS3aHHBIM  COCTOSIHHMSIM  3KCUTOHA,
pacnoJioKeHbl B 3alpPEIICHHON 30HE MOJYNPOBOAHUKA, UYTh HUXKE T'PAaHULIbI
30HBI MPOBOJAUMOCTH.

CrnekTp mMOIJOLIEHUsI SKCUTOHOB HMMEET IUKH, MNpPeICKa3blBaeMble
ypaBHeHueM (1.4). DkcuToHbl O0jee CTaOWIbHBI MPU HU3KUX TeMIeparypax u
HE pacmajarorcs Mnoj Bo3aedcTBUEM  (OHOHOB. ONTHYECKUI  CHEKTP
noryionenus okcuaa mean Cu,O nokasan Ha puc. 1.4(6). Ha Hem BujieH criekTp
HOTJIOIEHNS SKCUTOHOB.

Oco0eHHO UHTEPECHO TO, YTO MPOUCXOJUT MPU YMEHBIICHUN HAHOYACTHII
0 pa3MepoB, CPaBHHUMBIX C paguyCOM DJIEKTPOH-IABIPOYHON Mapbl WU
MEHBIIUX. BO3MOXHBI JIB€ CHUTyallMM, Ha3bIBa€Mble peXUMaMH clIaboi u
CWIBHOM JIOKanmu3anuu. B pexume cinaboil JNoKalu3aluu pajnyCc YacTULbI
Oonble pagmyca dKCHUTOHA, HO 00JacTh MEpEeMENICHHs] SKCUTOHA OTpaHHYeHa,
YTO MPUBOAUT K CMELICHUIO CIIEKTpa IMOTJIOIIEHHs B roinyOyro ctopoHy. Korga
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paguyc dYacTUIIBI MEHbIIE paauyca OpOUTHI DJIEKTPOH-IBIPOYHON MapHI,
JNBIDKCHUSI DJIGKTPOHA M JBIPKA CTAHOBSTCS HE3aBUCHMBIMH U IKCUTOH
nepecTaeT CyHIECTBOBAaTh. DJEKTPOH U JbIPKa HMMEIOT COOCTBEHHBIC HAOOPHI
DHEPTeTUYECKUX YPOBHEU. DTO TaKKe MPHUBOAUT K TOIyOOMY CMEIICHHUIO U
MOSIBICHUIO HOBOT'O HAOOpa JIMHUM TTOTJIONIEHHUS.

HanodacTuipl Mo CpaBHEHUIO C MAaKpPOCKONMHWYECKUM TBEPABIM TEIOM
UMCIOT PsJl OCOOCHHOCTEH pacCcessHUsI M TOTJIONICHUS CBETa. DTH OCOOCHHOCTH
HanOoJIee OTYCTIIMBO MPOSBIISIOTCS B SKCIIEPUMEHTAX ¢ OOJIBIIIUM KOJUYECTBOM
yacTull. Tak, KOJUIOUIHBIC PacTBOPHI U T'PAHYJUPOBAHHBIC IJICHKH MOTYT OBITh
WHTCHCHBHO OKpAIIICHBl BCJICACTBUE CHCIUDUUICCKUX ONTHYECKUX CBOHCTB
HaHoyactull. KrnaccuueckuM OOBEKTOM H3Yy4YEHHUSI ONTHUYECKUX CBOMCTB
JIUCIIEPCHBIX CPEN SIBIAETCS pacTBOp, coaepxkammil 3om1o0to. Eme Papanen
0o0paTui BHHUMaHHE Ha CXOJICTBO IIBE€TAa KOJJIOMIHOTO pacTBOpa 30J0Ta M
IJICHKW 30JI0Ta U BBICKA3aJl MPEINOJIOKEHUE O JUCIEPCHOM CTPOCHUU
MOCJICTHEH.

[Ipu morjomeHun cBeTa TOHKO3EPHUCTHIMU IUICHKAMH METalIOB B
BUIMMOM YaCTH MX CIIEKTPa MOSIBIISIIOTCS] TUKU MOTJIOIIECHUS, OTCYTCTBYIOIIUE Y
MAaCCHBHBIX META/UIOB (B MeTajylaX ONTHYECKOE IOTJIONIEHHUE DJIEKTPOHAMM
MIPOBOJAMMOCTH TPOUCXOJUT B IIMPOKOM JHana3zoHe JUIMH BojH). Hampumep,
rpaHyJIMpPOBaHHBIC TUICHKM W3 4YacTull Au auaMeTpoM 4 HM HMMEIOT SIBHBIN
MakCUMyM norjonieHus B uHTepBajiie ot 560 10 600 aM. CrieKTphI MOTJIOIICHUS
Hanouyacturr Ag, Cu, Mg, In, Li, Na, K Taxke uMEHOT MaKCHUMyMbl B
ONTHUYECKOM auanaszoHe. Eme ogHoi 0COOCHHOCTBIO TPaHYIUPOBAHHBIX TIJICHOK
SIBJISICTCSI YMEHBIIIEHUE TIOTJIONIEHUS CBETA TPH MEPEX0e U3 BUANMON 00JIacTH
cnektpa B uH(pakpacHyro  (TIOTJIOMIEHWE  WM3IYYEHUS  CIUIONTHBIMH
METAJTMYECKUMU MJIEHKAMU PaCTET C YBEIMYEHUEM JIJIMHBI BOJIHBI). PasmepHbie
3 PeKThl ONTUYECKUX CBOMCTB CYIIECTBEHHBI [JIi HAHOYACTHUIl, pa3Mep
KOTOPBIX 3aMETHO MEHBIIIE IJTMHBI BOJIHBI U HE TipeBbimaet 10...15 Hm.

1.4. ®oTOHHBIE KPUCTAJIBI

[lepcnieKTUBHBIM HAMpPaBIEHUEM MHHHATIOPU3aUUU (POTOHHBIX YCTPOMCTB
M WX MHTErPAllMd B CJOKHBIE CHUCTEMBI SBJISETCS HCIIOIb30BAHUE TAaK
Ha3bIBaEMbIX  (OTOHHBIX  KpucTauioB. OHUM  MOpPeACTaBISAIOT  cOOOM
HCKYCCTBEHHbIE TIEPHOJUYECKHE HAHOCTPYKTYpPHI, CHOPMHPOBAHHBIE TaKUM
o0pa3oM, 4YTO DBJEKTPOMArHUTHBIE BOJHBI HEKOTOPBIX YACTOT (WJIM J1axke
JIMara30HOB 4YacTOT) B HHUX HE MOTYT pPacOpoCTPaHIThCA HH B KakOM
HampaBieHUU. Hampumep, Ha OCHOBE TUIaHAPHBIX (POTOHHBIX KPHCTAIIIOB
MOXKHO C€O3[aTh MMHHATIOPHBIM W OYeHb 3()PEKTUBHBIN HAHOPE30HATOD,
MO3BOJIAIOIIMK JIOKAJIM30BaTh MOIIHBIE AJIEKTPOMAarHUTHBIE IO B OYEHb
MajblX O00bEMax B TEYEHHUE MJUTEIBHOIO BpeMEHH. bojee Toro, BO3MOXKHBI
PE30HATOPBI, TO3BOJISIOMIAE «KOHIIEHTPUPOBATh» CBET B BO3AYyXE; TAKHE
YCTPOMCTBa — BECbMa IEPCIEKTUBHBII MHCTPYMEHT H3YyYEHHUS IPOLECCOB
B3aMMOJICHCTBHS CBETA U BELIECTBA B HAHOMETPOBOM Maciutade. M3rotosnenue
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U HCCIIEJOBAaHUE CBOMCTB HAHOPA3MEPHBIX ONTHUYECKUX PE3OHATOPOB ceiuac
ABJIETCSI OAHUM M3 CAMbIX MHTEPECHBIX HANpaBiICHU pa3BUTHS (POTOHUKH,
MPEACTABIIAIONIMM OOJBIIYIO MPAKTUYECKYIO U Hay4YHYIO [IeHHOCTh. Hanmpumep,
BECbMa TEPCIEKTUBHO HCIIOJIb30BaHUE (DPOTOHHBIX YCTPOWCTB IJisi CO3JaHUA
OMOJAaTYMKOB HOBBIX THUIOB. MeTOJ OCHOBaH Ha TOM, YTO, IOJBepras
OpraHUYeCcKHe BEIEeCTBA B MUKPOJ03aX OYEHb MOIIHOMY JJIEKTPUYECKOMY M
ONTHYECKOMY BO3JIEWCTBHIO B OIMCAHHBIX BBIIIE PE30HATOPAaX, MOKHO
NOJIYYUTh Il HUX TAaK Ha3bIBa€MbIE ONTHYECKHE CHUTHATYpPbl (3aBHCHUMOCTH
[IapaMEeTPOB BBIXOJHOIO CHUTHAJIA OT JUIMHBI pe30Haropa). BeiencrBue Manbix
pa3MepoB PpE30HATOPOB TAKOM IOAXOJ TEOPETHYECKH IT03BOJSET CO3/aTh
NPUHIUIUAIBHO HOBBIE HHTETPAIbHBIE  CIEKTPOCKOIUYECKHE CHCTEMBI
(HampuMep, €IWHWTh Ha OJHOM YHIIE BCE BO3MOXHOCTH PaMaHOBCKOMU
cnekTpockonuu). Kpome Toro, cieayer OTMETUTh, YTO BBICOKas JOOPOTHOCTH
HAHOPE30HATOPOB B (POTOHHBIX KpUCTaLIax (B HUX dacto Q > 10°) B coueranuu
C HMX HCKIIOYUTEIBHO MaJbIMH pa3MepaMH (OKOJIO 5 MKM) JENaroT TaKue
KpUCTaUIBl ~ CaMblM  MEPCHEKTUBHBIM  MaTepUajioM Ui  CO3[aHusd
pa3HOOOpa3HbIX MYJIBTHIUIEKCHBIX YCTPOWCTB B CHCTEMax YIUIOTHEHHUS U
nepepadoTKU ONTHYECKUX CUTHAJIOB.

K omucanuto ¢us3nku (HOTOHHBIX KPUCTAUIOB MOXKHO IOIXOIUTH IIO-
pa3HOMY, B COOTBETCTBHH C KOPITYCKYJIIPHO-BOJTHOBBIM Iyaln3mMoM cBeTa. C
OJTHOM CTOPOHBI, CBOMCTBA (DOTOHHOTO KPHUCTAIa MOKHO TIOJIYYUTh, aKKypaTHO
pPaccMOTPEB TMPOWCXOMAIIUME B HEM SIBICHHUS TU(GPAKIUU W MHOTOTYUYEBOU
uatepdpeperuu. C apyroil CTOPOHBI, MOXKHO TPEACTABUTH CBET MOTOKOM
(GOTOHOB M BOCHOJIB30BAaThCS aHajorued ¢ Qusukoir TBepmoro Ttenma. Ob6a
MO/IX0/1a UMEIOT CBOM JTIOCTOMHCTBA M TO3BOJISIIOT B3IVISHYTHh Ha KOHIICTIITUIO
(OTOHHBIX KPUCTAJUIOB TOJ] Pa3HBIMU YTJIAMH, TOSTOMY KaXIbId W3 HHUX
3aCIyKUBAET OTACIBHOTO OOCYKICHHUS.

1.4.1. MHOrOKpaTHbIe OTPAKEHUS U MPEJOMJIECHUSA B CJIOMCTBIX CTPYKTYpax
Jns mpocToThl HAayHEM C OJHOMEPHOTO cllyyas M IOCMOTPUM, Kak

CBETOBAas BOJIHA OTPAXXAaeTCs OT OJHOM ONTUYECKON AYECUKHU, COCTOSLIEN U3 ABYX
CJIO€B C Pa3IUYHBIMU MTOKA3aTEISIMU MPEJIOMIIEHUS 71; U 1, (puc.1.5).
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Puc. 1.5. Muorony4eBas unTephepeHIUs B ABYXCIONHOM MIIaCTUHE

Jns onpeneneHHOCTH OyJieM CUUTaTh, UTO #; > n, . CBET, MOMaB B TaKyl0
IJICHKY, UCTIBITHIBAET MHOTOKPATHBIE OTPAXKEHUSI U TIPEIIOMIICHHS, B PE3YJIbTATE
4ero BO3HHUKAET MHOXKECTBO BOJH, MHTEP(EPEHINS KOTOPHIX U OIPEACISCT,
Kakas 4acTh MaJalollel SHEPruyd OTPa3UTCA OT IUICHKH, a Kakas MpOuIeT
CKkBO3b Hee. [Ipu KakJIOoM OTpaKEHUM MU TMPEJIOMIICHHMM Ha TPAaHUIAX MEXIy
CJIOSIMU BOJIHA TEpSIeT YacTh SHEPTUHU, MOITOMY B MPUOJIMKEHHBIX pacuerax
JIOCTAaTOYHO OTrPAHUYUTHCS YYETOM BOJIH, MEPECEKIIMX TIPAHMIIBI CIOEB HIIU
OTpPa3MBIIMXCA OT HUX MO MYTH K HAOIIOAATento HEOONbIIOE YHUCIO pas.
OTtpakeHHas BOJIHA B OCHOBHOM dopmupyetcs BojaHamu 1, 2 u 3 (cMm. puc. 1.5).
Jlns Toro 4yToOBI €e aMIIUTyAa Oblla MAaKCUMAJIBHOM, HEOOX0IMMO CHH(a3HOE
CIIO)KEHUE ITHX BOJH, T.e. HEOOXOJUMO, YTOOBI PAa3HOCTh XOJa MEXKIY HUMU
COCTaBJIsIJIa LEJI0€ YMCIIO JJIMH BOJH. Pa3HOCTh X012 MexXay BoiHamu 1, 2 u 3
ONpENENACTCSl PAa3HOCTBIO MX  ONTUYECKUX MYTEH, KOTOpbIE pPaBHBI
COOTBETCTBEHHO [2]:

S1 = AZ_O, Sy = Zdlnl, S3 = 2(d1n1 + dznz) (15)

3nech d; U d, - TOJNUHBI CIOEB, a Ay - JIJTMHA BOJHBI CBETa B Bo3ayxe. B
aTuX (popmynax ydTeH TOT (akT, 4TO TMPHU OTPAKEHUU CBETA OT ONTHUYCCKH
Oojee MIOTHOM cpeapl ero (a3za MEHAETCS Ha T WIHM, JPYTUMHU CIOBAMH,
«TepsAeTCs» TMOJIOBMHA JUIMHBI BOJHBI. B MpOTHBOMOJOXKHOM cily4ae, Koria
BOJIHA OTPaXaeTcsi OT ONTUYECKU MEHEE TUIOTHOM CpeJibl, 3TOr0 HE MPOUCXOIUT.
VYcaoBus cuH(pa3HOCTU MOXKHO JIOCTHYb, CJElaB, HalpuMep, MEPBBIM CIOi
TONIUHON d; = Ay/(4n;), a BTOpOH - TommmHOU d,=Ay/(2n;). TlepBoiil cioit
HA30BEM YETBEPTHBOJHOBBIM, a BTOPOM - MOJIYBOJHOBBIM, MOCKOJIBKY Ha WX
TOJIIIMHE YKJIAJbIBAETCS, COOTBETCTBEHHO, OJlHA YETBEpPTass M OJHA BTOpas
JUTMHBI BOJIHBI B 3THUX cpeAax. Torma, o4eBUmHO, s; —s; = 0, a §3—8; = ¢ .
OTtmeTuM, 4YTO, BBIOpAaB TOJIIMHBI CIOCB TaKUM OO0pa3oM, MbI JTOOWJIHCH
cuH(}a3HOCTH HE BCEX MHOTOKPATHO WPOMIEANNX Jyded, a TOJBKO UX
«Hanbosee BecoMmoi» yacTu. Hampumep, BoiHa, mpoOekaBmiasi o GOTOHHOMY
KPUCTAJUTY MyTh 4 BBIWICT U3 HETO B MPOTHUBO(]A3e ¢ MEPBBIMUA TPEMsI BOJTHAMH,
TaK KakK €¢ ONTHYCCKUN ITyTh paBeH s, = Ay. TeM He MeHee, BRIOpaHHBIE pa3Mepbl
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CJIO€B ONTUMAJbHBI W TO3BOJIAIOT TOJYYHUTh OTHOCUTEIBLHO OOJIBIIINE
kod(punuenTtsl orpaxenus. llpencraBuMm Temepb, UYTO PaCCMOTPEHHAs
onTHYeckas siueiika (cM. puc.l.5) ¢ nmpaBoil CTOPOHBI TPAHUYUT HE C BO3IYXOM,
a C J10CTaTOYHO TOJICTOM MOJJIOKKOM, UMEIOIIEH I10Ka3aTellb IPEIOMIICHHUS 71;.
OTO CWIBHO HM3MEHUT YCJIOBUS B3aUMHOIO YCHJIEHHS OTPaXEHHBIX BOJIH,
IIOCKOJIBKY TEIEpb BOJIHA 3 OTPa)kasich OT 3aJHEU IPaHULbl SYEUKHU, MTOTEPSIET
noJIBOJHBL. YTOOBI Ha BBIXOJE W3 TUICHKH OHA BHOBBH ObUIa B (hase ¢ JIByMS
JpyTUMH  BOJHaMH,  CJI€IyeT  TOJIIMHY  BTOPOrO  CJOSl  CHEJNaTh
YETBEPTHBOIHOBOU: d, = Ay/(4ny). DTOT ciyuait Hambonee mNpUOIIHKEH K
CTPYKTYpPE OJHOMEPHOTO (DOTOHHOTO KPHUCTAUIA, COCTOSIIETO U3 OOJBIIOTO
YHUCJIa ONTHYECKHUX SYEEK, PACIOJIOKEHHBIX ITOCIEN0BATENBHO OJIHA 32 JPYTOM.
Benp npu TakoM depeoBaHUM CIOM € MOKA3aTEISIMUA NPEJIOMIIEHUS 1, TPAHUYAT
CO CJIOSIMH C OOJIBIIIUM TMOKa3aTeIeM MPEJIOMIICHHUS /1, @ OTHIO/b HE C BO3IYXOM.
VYcaoBue PpE30HAHCHOTO YCHJIEHMS OTPAaXEHHBIX BOJH i (POTOHHOrO
KpHUCTaia B 00IIEM BHUI€ MOXHO 3alIUCaTh B BUJIE:

_ (2m+ 1)10
o 4nq

_(2l+D)A,
a 4n,

dq : d, , (1.6)

raie m u [ - TPOU3BOJIbHBbIE HATypajbHbIE 4YHUCIA. 3/€Ch YYTEHO, YTO
OTPAXKCHHBIC BOJIHBI SIBISIIOTCS CHUH(pA3HBIMU HE TOJBKO MPHU PABEHCTBE
YETBEPTHU JJIMHBI BOJHBI UX ONTHYECKUX IYTEH B KAXKIOM CIIO€, HO U B CIy4ae,
KOTJIa 3TH ONTUYECKHUE MyTU PAaBHBI HEYETHOMY YMCITY YETBEPTEH JJIMHBI BOJHBI
B BEIIECTBE.

AHQJIOTUYHBIM  O00pa30M MOYKHO YCTAaHOBUTH YCJIOBUS HAWJIYUIlEro
POXOXKJEHUs1 cBeTa 4epe3 (GOTOHHbIM Kpuctamwl. Ilpu sTom ynobHee Bcero
UCIIOJIB30BAaTh 3aKOH COXPAHEHUs DHEPruH, U3 KOTOPOIO CJIEAYET, 4YTO
MaKCUMAJIBHOE TPOXO0KJIECHUE CBETAa BO3HUKAET TOI/A, KOTJAa OTPAKEHHAs OT
KpUCTaJJIa SHEPIrUsl MUHHUMaJlbHAa, BEIb B CYMME 3TH JIBE€ SHEPTUU JOJKHBI
JaBaThb BEIMYMHY mnajatromeid -sHepruu. OroBopumcsi, UYTO MOCJIEAHEE
YTBEPKACHUE BBIIIOIHACTCS TOJBKO IIPU OTCYTCTBHM TIOTJIOLIECHUS CBETa
BelecTBOM. MIMeHHO Takue MaTepHralibl MBI ITIOKA U 00CYXKIaeM.

Jlist HanOoJbIIero OCa0JIeHUs OTPAKCHHUS TOJIIWHBI CJIOEB HYXKHO
mojo0paTh Tak, YTOOBI OTPAXEHHBIC OT TPAHHUI] MEXKAY CIOSMH BOJHBI
MPUMEPHO PABHBIX aMIUTUTY] ObLIM B MPOTHBOGA3e. ITO 03HAYAET, HATIPUMED,
YyTO BOJIHBI / W 2 JOJKHBI MMETh ONTHUYECKYI0 PAa3HOCTh XO/d, PaBHYIO
HEUETHOMY YHCIy NONyBOJH. [locineanee BBIMOIHUTCS, €CIU TOJIIMHA CIIOS C
MokKazareieM MpeloMIIeHUsT n; OyJeT paBHA IEJIOMY YHUCIY IOJYBOJIH.
Cutyanusi ¢ OCTaJIbHBIMU TMapaMu BOJH (3 U 4 W Tak jaaiee) aHajloruyHa. B
UTOTEe MOJy4YaeM, YTO Mpoliemias yepe3 HOTOHHBIA KPUCTAILT dHEpPTUs Oyner
HauOOJIBbIIIEH, eCITn
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_ mﬂ.o
dl dz - 2112 >

- 2n1'

(1.7)

rae m u [ - moOble HaTypaIbHBIC YUCIIA.

OtmeTuM, 4TO JBE pacCMOTPEHHBIE CUTYAIMH - YCUJICHHS U OCIA0JICHHUS
OTPaKEHHOTO CBETa - COOTBETCTBYIOT TaK HAa3bIBAEMbBIM JAUAJICKTPUUYECKUM
3epKajgaM U MPOCBETISIONIMM MOKPBITUSIM, CTOJb PACHPOCTPAHEHHBIM KakK B
TEXHUYECKOM, TaK U B OBITOBOM omTHKe. [IpocBeTNsAONIEE MOKPHITUS MOKHO
BCTPETUTh HAa MHOTHX ONTHUYECKUX CTEKJaX, HauyuMHas OT OOBIYHBIX OYKOB U
3aKaH4YMBasi THTAHTCKUMHU OObEKTUBAMU TEIECKOIOB.

Cnenyer oOpaTUTh BHHMAaHHME Ha pPa3iuyue B YCJIOBUSAX HAWIYUIIEro
OTPOKEHHUS M TPOXOXKJCHUSI CBETA. YCIIOBHS HAWIYUIIEro MPOMYyCKaHUs, B
OTJINYME OT YCIOBUM HAWIYYIIETO OTPAXKECHUS, HE SBISIOTCS €IUHCTBEHHO
ONTUMAaJIbHBIMU. JIeHCTBUTENBHO, MAKCUMYM OTPAKEHUSI HAOII0Ia€TCs TOJIBKO
B TOM ClIy4ae, €CJIM Ha TOJIIUHE KaXI0T0 CJIOS YKIIAJbIBAETCS HEUETHOE YHCIIO
YyeTBepTe [JIMH BOJH. B TO BpeMs Kak Hauiydilee NpOXOoXKIeHue Oyner
HaOJIIOAATHCSl HE TOJBKO JUISl JVIMH BOJH, KOTOPBIE OMpPEIeNieHbl 3alMCaHHbIMU
YCIOBUSIMU, HO WM JJII MHOTHX JAPYTUX JUIMH BOJIH. DTO CBSI3aHO TEM, 4YTO
CYIIECTBYIOT pPa3HbI€ BAPUAHTHI B3aUMHOIO TrallIEHUs] OTPAYKEHHBIX BOJIH.

Jns unmocTpan pacCMOTPUM  CHEKTP TPOXOXKACHUST CBETa uepes
(GOTOHHBIN KPUCTAIUT U3 TPEX SUYEEK, Y KOTOPHIX TOJIIMHBI CIIOEB TAKOBBI, YTO
nid; = nyd; = 19/4 . JIna onpeneneHHOCTH OyIeM CUHTaTh, 9TO A;=0,6MKM, TIpH
3ToOM, ecmu n; =2un;=1,5,tod;=75um,a d, =100 aMm.
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Puc. 1.6. Cnextp koddduiieHTa MNpPOXOXKACHUS CBeTa uepe3 (POTOHHBIM
KPUCTAIIJT U3 TPEX ONTUYECKUX PJIEMEHTOB

N3 puc. 1.6 BugHO, 4TO, KaK U 0XKHAAIOCH, HA JJIMHAX BOJH A; =0,6MKM, A;

= 0,2 MKM U TakK Jiajiee HaOJIroAaeTcsl pe30HAHCHOE YMEHblIeHue KodhpuirenTa
IIPOXOK/ICHUS CBeTa (M3JIydYeHHUE B OCHOBHOM OTpa)KaeTcs). A Ha JIJTMHAX BOJIH,
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YAOBJIETBOPSIOLIMX YCIOBHSIM HAWIyYILIEero MpoxoxjaeHus ceera: 4; =0,3 MKM ,
A, =0,15 MM U Tak nanee, yepe3 (GOTOHHBIA KPUCTAILT MPOXOIUT HMPAKTUUECKU
BCA majaromas sHeprus. Hapsny ¢ 3TUMU AJIMHaMU BOJIH, CYIIECTBYET €Ille
MHOTO APYTHX, IPU KOTOPBIX CBET MPOHUKAET CKBO3b KPUCTAILJI, HE OTPAXKasCh.
N3 noapoOHOro aHaian3a MHOTOKPATHBIX OTPaKEHUN B MHOTOCJIOMHBIX IJIEHKAX
MOKHO BBIBECTH JIFOOONBITHYIO 3aKOHOMEPHOCTh: KOJUYECTBO PE30HAHCHBIX
MaKCUMyMOB MpPOXOXICHHUSI CBETa MEXIy JBYMsI 30HAMU HauOOJIBIIETO
OTpaXE€HUsl BCErJa Ha EAWHMUI]y MEHbUIE KOJIMYECTBA CJIOEB B KpHUCTAJLIE.
[ToaToMy, Hampumep, B KpUCTaUIE M3 TpPEX S4YEEK, T.€. M3 IIECTH CJIOEB,
HaOJI0JaeTCsl POBHO IMATh TAKUX MaKCUMYMOB.

1.4.2 3anpemeHHblie U pa3peleHHbIe 30HbI

BbIsiICHUB, KaKMMH JTOJDKHBI OBITH COOTHOIICHUS MEXAY JUIMHOMN BOJIHBI U
napaMmerpamMu  (OTOHHOTO KpHUCTa/la JJisg JIOCTMXKEHHMS] TOW WM HWHOMU
OCOOEHHOCTH €ro CHEKTpa MpPOIMYCKAHUS WM OTPAKEHHUS, COCPEAOTOUYUM
Ternepb BHUMaHWE HA TEX ydacTKaX, IJie BO3HHMKAET HauOOJIbLlIee OTPAKEHUE
CBETA, - B€Jlb UMEHHO C HUMHU CBA3aHO IMOHATUE 3alPEIICHHBIX (POTOHHBIX 30H,
SBJISIOIIEECs] CBOEOOPa3HON BU3UTHOM KapTOUKOM (POTOHHBIX KPUCTAIIIOB.

HamomMuuM, 4TO 3ampelleHHbIMU 30HaMH I (POTOHHBIX KPHUCTAJLIOB
Ha3bIBAIOT JIMANA30HbI JJIMH BOJH WJIM YacTOT, HA KOTOPBIX BOJHA HE MOXKET
pacnpocTpaHsAThCs MO (OTOHHOMY KPUCTAJUTY U TMOJHOCTBIO OTpa)kaeTrcs OT
Hero. [Ipu 3ToM 371eKTpoMarHuTHOE TOJIe BCE K€ MPOXOIUT BHYTPb (POTOHHOTO
KpUCTa/UIa, HO €ro aMIUIMTyJa SKCIIOHEHLIHAJIbHO YMEHBIIAETCS IO Mepe
yriyosieHus B matepuai. CKOpOCTh YMEHBIICHHS aMIUTUTYAbl MOJS 3aBUCUT OT
OTHOILICHHS TOKa3aTesel MpeioMJICHUs Yepeayrouxcs odnacteit GOTOHHOTO
KpUCTaJlIa, HA3bIBAEMOI'O €ro ONTHYECKUM KOHTpacToM. OOBIYHO 3HEprus
BOJIHBI YOBIBAET B € pa3 Ha PACCTOSHUU MOPSAKA HECKOIbKUX JJIMH BOJH.

3anpemeHHbIMU ~ 30HaMu  oOjagaer  He  Jro0as  MPOM3BOJIbHAs
nepuoanyeckas CTpykrypa. Hampumep, y pacCMOTPEHHOTO TPEXbsUEEUHOTO
(OTOHHOIO KpHUCTaJlJIa 3alPEIIEHHON 30HbI HET, a €CTh JIMILb 00JacTH CHEKTpa,
B KOTOPBIX OTpakeHHWe MakcuMaibHO (cMm. puc.1.6). [Jns nosiBaeHuUs
3aMpenieHHbIX 30H HYXKHO, YTOOBl ONTHYECKUI KOHTpPACT ObLUI JOCTATOYHO
oonpmM. Kpome Toro, (OTOHHBIA KpUCTANI JOJIKEH COCTOSATh W3 OYEHb
OOJBIIOTO YKCIa ONTUYECKUX sUeeK. Biausaue oboux (pakTopoB Ha HANIMUKE U
XapakTep 3anpelieHHON 30HbI MOKa3aHo Ha pucyHkax 1.7 u 1.8.

N3 pucynka 1.7 BMOHO, YTO IpPU OTHOCUTEIBHO HU3KOM OINTHYECKOM
koHTpacte (1,33 mia BbIOpaHHBIX MOKa3zaTened MpernoMJIeHUs) KO3(PQPUUUEHT
MPOXOXKACHUS CBETa yepe3 (POTOHHBIN KPUCTAT CTAHOBUTCS MEHBILE OJHOTO
IIPOLIEHTA TOJIBKO B cilydae, eciu Kpuctamn couxepxkur 10 sueek. Ilpm
JaJbHEWIIeM  YBEJIMYEHUHM  YUClIa  A4YeeK  MUHUMAaJbHOE  3HA4Y€HUE
ko3 puIIeHTa TPOXOKIECHUS CTAHOBUTCS KpailHE MajbiM M MOKET OKa3aThCs
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HUKE TIpejiesia YyBCTBUTEJIBHOCTH (POTONPHEMHHUKA, HCIOIb3YEMOIO IpHU
perucrpanuu curiana. Torna u roBopAT 0 BOSHUKHOBEHUU 3aMPEUIEHHON 30HBI.
[[upuna oOpa3zoBaBIIElCsS 3ampelleHHONM 30HBI BO3PACTAET C YBEJIUYEHUEM
yyciia TepuogoB kpuctaiia. [loguepkHem emie pa3, UYTO HACTOSLLYIO
3alpenieHHyI0 30HY MOXXHO TMOJY4YUTh TOJIBKO B (OTOHHOM MaTepuasne
OECKOHEYHOM MPOTSKEHHOCTH. Ecim ke ero TojIMHa KOHEYHa, TO
Kod(hPuUIMEeHT Tporyckanus OyAeT OTIWYeH OT HyJs JakKe Ha PE30HAaHCHOMN
JuHe BOoJHbI (0,6 MKM B JaHHOM CiIy4ae).
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Koappgpuyuenm npoxoxdenus, %

Puc. 1.7 3anpemnienasie 30861 TpeX 1D (HOTOHHBIX KPUCTAIOB, COCTOSIIMUX U3
MaTepualoB C Moka3arelsaMu npenomiueHus [,5 u 2,0 wu conepxamux 3, 7 u 10
(nns cmydaeB /, 2 1 3 COOTBETCTBEHHO) ONTUYECKUX SIUECK
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Puc. 1.8. Cnektpsl ko3 punirenTa mpoxoxaeHus: CBETa uepe3 OJHOMEPHBIN
dotonnbli Kpuctamia u3 10 ONTHYECKHX JJIEMEHTOB TMPHU  Pa3TUYHBIX
ONTUYECKUX KOHTpacTax (n; = 1,52,a ny = 1,6, 2,1 u 2,5 nns ciyvaeB I, 2 u 3
COOTBETCTBEHHO)
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3n1ech Bce ONpeNesieT YPOBEHb UyBCTBUTEIbHOCTH CUCTEMbI PETUCTpaliui
Y UHTEHCUBHOCTh NAJA0IIEr0 U3Ty4YEHHUS.

[[IupuHa 3anpenieHHOW 30HbI YBEIMYMBAETCS U C POCTOM ONTHYECKOTO
KoHTpacTa (cM. puc.1.8).

Ho nouemy 3anpernieHHas 30Ha UMEET HEKOTOPYIO HEHYJIEBYIO IIMPUHY,
€CJIM YCJIOBMSI CHH()A3HOCTU BBINOJHAIOTCS CTPOrO TOJBKO JJISi OJHOW JUIMHBI
BOJIHBl BHYTPM 30HBI? 37€Ch OCHOBHYIKO pOJIb WIPAeT MHOIOJIYyYeBas
uHTepdepeHnus, Onarogapss KOTOPOM OTpPaKEHHbIE W MPEIOMIICHHbIE BOJIHBI,
CKJIaJbIBASICh HA BBIXOJIE M3 KPUCTAUIA, JAIOT HYJIEBYIO IPOLIEANIYIO BOJIHY,
Jla)kKe €CIM OHM HaxOoJATCS HE B TOYHOCTH B (haze WM NMPOTUBOGA3e MEXKIY
coboil. Yem Oonpmie cioeB B (OTOHHOM KpHUCTauie, TeM OOJIbLIE JIydeu
Y4acTBYIOT B UHTEep(hEPEHIINHU, U TEM MeHee 3HauuM pazopoc ux ¢as. [loatomy
[OJIHOE TallleHHEe MPOXOJALIEro CBeTa IOJy4aeTcs Ha JJJIWHAX BOJH,
OTJIMYAIOUIUXCS HA IECATKHU MPOLUEHTOB OT PE30HAHCHOM.

Opnako npu UHTEPPEPEHLMH CYIIECTBEHHBI HE TOJBKO OTHOCHUTEIbHBIC
caBurd (a3 BOJIH, HO U UX aMIUIMTYJbl, KOTOPbIE 3aBUCIT OT KOA(P(HUIIMEHTOB
OTPaXE€HUs BOJH Ha TpaHMLAX MEXAy closMu. B ¢goToHHOM KpucTamie c
OOJBIIUM ONTHYECKUM KOHTPACTOM KO3()(PUIMEHTHl OTPaKE€HUS JOCTATOYHO
BEJIMKHU, U HEOOXOAMMBIN 3((deKT gocTturaercs yke Npu MajoM KOJIWYECTBE
CII0EB. DTUM M OOBSICHSETCS 3aBUCUMOCTb UIMPUHBI 3alpPEUICHHONW 30HBI OT
ONTHUYECKOI0 KOHTPACTA.
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Puc. 1.9. Crektpsl k03 duiiieHTa TPOXOKICHUS CBETA YEPE3 OJHOMEPHBII
(GOTOHHBIN KpUCTAILT U3 15 ONTHUYECKUX ANEMEHTOB (n; =2 u n, = 1,5):
a) IpYU HOPMAJILHOM NaJICHUM CBeTa; 0) MpHU najeHuu noj yriom 40°

CnexTpel NpOXO0XKAEHUS cBeTa Ha pucyHkax 1.7 u 1.8 mocTpoensl s
cilyyasi, Korja CBET TMaJaeT Ha OJHOMEpPHbIM (OTOHHBIM  KpUCTaI
NEPHEHAUKYJIAPHO ero ciosM. lIpu HakIOHHOM NaJeHWH OOIIMIA XapakTep
CIIEKTPOB IIPOXOXKACHUSA COXPAaHACTCs, HO MEHSAIOTCA II0JO0XKCHUE U IIMPUHA
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3alpPEIICHHBIX 30H. 3aMETUM TaKXe, YTO MPU HAKIOHHOM MaJICHUU CTAHOBUTCS
BAKHOM TMOJApU3alMs  MMAJAIolIeTO0 CBeTa. VI3MEHEHHWE CHEKTPaabHOIOo
MOJIOKEHHUS 3alPEIICHHBIX 30H BIIOJHE NPEACKa3yeMO - NpPU HAKIOHHOM
MaJeHUM MEHSETCS ONTUYECKUH TyTh W3JIYyYEHUs I[PU MHOTOKPATHBIX
OTPaXEHUSIX U MPEIOMIICHUSIX BHYTPU KPUCTAJJIa, U BCA KapTUHA CIIEKTpa IMpo-
XOXKJICHUSI CMeEIaeTcss B KOPOTKOBOMHOBYIO obOsacth (puc.l1.9). Ilouemy
CMEIIICHHE TTPOUCXOIUT UMEHHO B 00J1aCTh MEHBIITUX JTMH BOJIH, JIETKO IOHSATH,
€CIM  BCIIOMHHTH YCIIOBHE€ HMHTEPPEpPEHIIMM  BOJH IIPH OTPAKCHUH OT
MPO3payHON IUIACTHHKHA C IIOKa3aTejJeM IPEJIOMIICHHS 7 W TOJIIMHON d

(puc.1.10(a)):

4nd cosor
(2k—1)

ndcos8'=(2k-1)%, umu A = (1.8)

B sr1oit dopmyne yron O' sBuseTcs yrioMm mpeiaoMieHHs, a k - moboe
HaTypainpHOe unciao. C pocToM yria najgeHuss O TakKe BO3pACTAaeT U yroi
npeinomienuss. Kpome Toro, (yHKIUS KOCHHyca TMpU  IOJOXKHUTEIbHBIX
3HAYEHUAX aprymeHTa, MmeHbmux 90° , sBisercss yoObiBaroe. [lonyyaercs, uto
C pOCTOM yrIJa MaJeHMs JJIMHA BOJIHBI, COOTBETCTBYIOIIAS MAKCHUMAaJIbHOMY
OTpaXeHHI0, yObIBaeT. TOYHO Tak K€ M3MEHSETCS U YCJIOBHE HAMIY4LIEro
npoxoxaeHus. B pesynbrare Bech rpaduk 3aBUCUMOCTH Kod(¢uuueHTa
IIPOXOXKJEHU OT JUIMHBI BOJHBI MCIBITBIBAET «CHHHUW» CIBHI, T.€.
nepeMeniaeTcs B 00J1acCTh KOPOTKUX JUIMH BOJIH.

Haunnoeonnosas zpanuya

Aauna eoamvl, MKM
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Puc. 1.10. (a) Xox nydeit npu OTpakeHUU OT IIOCKOIAPAIJICIHFHOM IJIaCTUHBI,
(0) 3aBUCUMOCTH TIOJIO)KEHHSI TPAHHUIl 3alpelieHHONW 30HbI  OJHOMEPHOIO
(GhOTOHHOTO KpHCTallIa, coctosmero u3 40 onrtuueckux saeek ( n; =2 U ny =
1,5), OoT yria najgeHus u3ny4eHust

Ha pucynke 1.10(6) moka3aHo cmelieHne TpaHUIl TEPBOM 3ampeieHHON
30HBI (JOTOHHOTO KpUCTAJLJIa IPU YBEINUEHUH yria majaeHus. 3 storo pucyHnka
XOpOILIO BHUJHO, YTO 3alpelieHHbIE 30HBI B OJHOMEPHBIX (HOTOHHBIX
KpUCTAJUIaX HEMoJIHbIE. [[MMHHOBOIHOBAs TpaHUIA 3aMpEIIeHHON 30HBI MPHU
YBEJIMYCHUH yTJIa MaJeHHs] CMEIIAeTCs HACTOIBKO CHIIBHO, YTO TIO MIKAJIe JJTUH
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BOJIH CTAQHOBUTCA HHWXKE TIIOJOKEHUS KOPOTKOBOJHOBOM TpaHUIBl IPH
HOPMAJIbHOM  MaJICHHH. Jnst  poTroHHOrO KpHUCTalla C IapaMeTpamy,
MCIIOJIb30BAaHHBIMU MPU pacyeTe MPUBEIECHHOTO Ipaduka, 3T0 MPOUCXOIUT IPH
yriax najaeHus, npesbimaromux 59°. I1o3ToMy He CyHmIECTBYET TakMX JUJIMH
BOJIH, KOTOPbIE€ HAXOMWINCh Obl BHYTPH 3alPEUICHHON 30HBI MPHU JIFOOBIX YTIiIax
naJcHUS.

1.4.3 Jledextnl (GPOTOHHBIX KPHUCTAJIOB W pa3pelieHHble YPOBHU B
3anpenieHHO 30He

WUtak, ecnm Ha (OTOHHBIM KpUCTAUT TMAJAET HEMOHOXPOMATHYECKOE
U3JIy4YEHUE, TO Yepe3 KPUCTALT MPONAET TOJBKO Ta €ro 4acTb, KOTOpas
o0pa3zoBaHa BOJHAMHU, JUTMHBI KOTOPBHIX HE TOMalX B (DOTOHHYIO 3aMPEIICHHYIO
30Hy. [lomydaercss ontuueckuii GUIBTP C MUPOKOW MOJOCOW MPOMYCKaHUS,
MIOCKOJIBKY PACCTOSIHUE MEX]y 3alpelieHHBIMH 30HAMU MOXET OBITh BEJIHKO -
00BIYHO OHO COCTaBJISIET HECKOJBKO COT HAHOMETPOB. B TO ke BpeMs B ONTHUKE
4acTO HY>KHBI ropa3zio 0oJiee Y3KOIMOJIOCHbIE (PUIBTPHI, KOTOPHIE BhIpE3aid Obl
TOJILKO Y3KUM MHTEpBAJl JJIMH BOJH KMpUHOM 1 HM u Mmenbie. Oka3bIBaercs,
Opy HMCHOJB30BaHUM (POTOHHBIX KPHUCTAIOB 3Ta mpobiema pemaema. s
MOJIyYeHHUsI Y3KOro TMHUKa MPOIMyCKaHUs B 0O0JlacTU 3alpenieHHOM 30HBI B
CTPYKTYpY (POTOHHOrO KpucTaija BHOCAT AedekTbl. OJHUM U3 CTPYKTYPHBIX
nedeKToB SBISIETCS M3MEHEHHUE TOpsiiKa CIIEJOBAHUS CJIOEB, H3-3a YEro
BO3HUKAIOT OOJIACTH YJIBOEHHOH TONIMHBL. [IpuunMHy BO3HHKHOBEHHUS MHUKA
IPOIYCKAHUSI BHYTPH 3allpelIeHHOW OO0JacTH JEerko MOHATh Ha MpUMeEpe
MpOCTEHIEeH CTPYKTYpBI ¢ ogHUM AedexToM (puc. 1.11).

Puc. 1.11. MuoronyueBas unrepdeperurs B (OTOHHOM KPHUCTAIJIE C OJHHUM
nedeKToM.

TomnmHa Ka)XXa0ro cliosi paBHSAETCS OJAHOW YETBEPTOU JIJIMHBI BOJHBI CBETA
B 3TOM ciioe. OTpakeHue Ha rpaHuUlle MEXAY IBYMS OJMHAKOBBIMH CIIOSIMHU TIO
MOHSTHBIM TPUYMHAM OTCYTCTBYeT. OCHOBHYIO poiib B (HOPMUPOBAHHH
OTPa)KEHHOW BOJIHBI UrparoT BOJNHBL /, 2, 3 u 4. IX onTuyeckue MyTU paBHBI,
COOTBETCTBEHHO:

S]:/10/2, S2210/2, S3:2/10, S4:2/10 (19)
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ITostomy BosmHbl / M 3, a Takke 2 W 4 BBIXOAAT W3 KpUCTAJIa B
npoTruBO(daze U CUILHO OCHA0JIAIOT Ipyr Jpyra. B utore Ha IjuHE BOJIHBI 4 ,
HAa KOTOPYIO «HACTPOE€H» (OTOHHBIM KpHUCTAJJI,  BO3HUKAET MaKCUMYM
nponyckanus. KoHeYHO, [ TOJy4YeHHs pPE30HAHCA HYKHOW IIMPHUHBI
UCIOJIB3YIOT Topa3no Oombiie ciioeB. Kpome Toro, eciv Hy>KHO MOJYYHTb
HECKOJIbKO MTUKOB MPOITYCKAaHUS, Pa3elIeHHBIX MO JUTMHE BOJHBI HEOOIBIIUMHU
uaTepBaiamu (10-100 HM), TO CO3/1alI0OT COOTBETCTBYIOIIEE YHCIO J1Ee(PEKTOB.
[Ipumep ¢doToHHOrO KpuCTa/ia ¢ TpeMs JAePeKTaMH 4YepeOBaHUS U €ro
CIIEKTp MPOIyCKaHUsl MOKa3aHbl HA pUcyHke 1.12.
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Puc. 1.12. OpHOMEpHBI (OTOHHBI  KPUCTAT C TPEMsl CTPYKTYPHBIMH
nedeKTaMu U CTIEKTP MPOXO0XKACHUS CBETA Yepe3 HEro.

Kpucrann obpazosan cnosmu N; (n; =2) u N, (n; =1,5), a ero cTpykrypa
3amana (opmymnoit (N,N,) (N.N;)°(N;N,)°(N-N;)” , B xotopoii Bepxume
WHJICKCHI 0003HAYAIOT KOJMYECTBO MOCIEAOBATEIBHBIX ONTHYECKUX JIEMEHTOB
tuna (N{N;) u (N,N;). Jlepekt MOXeT OBbITh CBsI3aH HE TOJBKO C MPOCTOMU
CMCHOW TMOps/IKa CIIEJIOBaHHUS CIIOEB, HO M, HANpuUMeEp, C BKIIOYCHHEM B
CTPYKTYpY (OTOHHOrO KpHUCTajljla JOIMOJIHUTENbHBIX 0O0Jee TOJCTBIX CIIOEB.
Kpome TOro, MOXHO BapbUpOBaTh TOJIIMHY YEperylOIIMXcs cioeB. B
pe3yJsibTaTe yAaeTcs MOIy4YUTh O00JbIIOE pa3HOO0pa3ue CIEKTPOB MPOIYCKAHUS
U CO37aTh KPUCTAII, MOIXOIAIIMNA Al pElIeHUs HYXKHOW 3ajadd mepefadu
ONTUYECKOTO CUTHAJIA.

1.4.4 UntepdepenHninss B MHOTOMEPHBIX CTPYKTYpPax

Jo cux mop paccMaTpUBAIUCh HCKIIOUUTEIBHO OJHOMEpPHbIE (DOTOHHBIC
KPUCTAIIJIbI, HO B€llb CYILIECTBYIOT U JABYMEPHBIE, U TPEXMEPHBbIE KPUCTAILIBI,

21



uMerolre 0ojee CII0KHOE CTPOCHHUE, a MOTOMY OTKPBIBAIOUIUE €llle OOJIbIINe
BO3MOXHOCTH. OOpatuMcsa K JIByMepHOMY ciiydaro. [IpeactaBum IByMepHBIit
(GOTOHHBIM  KpUCTAJI, OOpPa30BaHHBIM MEPUOJUYECKH PACIOJ0KEHHBIMU
NapajuieNIbHbIMU LWIMHAPUYECKUMU CTEPKHSAMH, HAXOISALIMMHUCS B BO3IyXE

(puc.1.13(a)).

Aaemenm
® xpucmarruvecxoi
pewemxu

(a) (6)

Puc. 1.13. (a) Pa3HocTh Xo0Ja MeXay JABYMsI  BOJIHAMH, PAaCCETHHBIMU
COCEIHUMH y3JaMH JIByMEpPHOUM KpHCTaUTM4ecKkou pemieTku; (0) Paspemennbie
151 3alpElICHHBbIE HAIPaBJICHUS pacnpoCTpaHEHHUs: B OJHOMEPHBIX U
JTBYMEPHBIX (DOTOHHBIX KPUCTAILTIAX

1 mpoCTOTBHI MPEAIoa0XKUM, YTO AMAMETP CTEPKHEW MHOIO MEHBIIE
3a30pa MEXJy HHMMH, a CBET NAJAeT HAa KPUCTALT NEPHEHIAUKYISAPHO STHUM
CTEP)KHAM. YCIOBHE HMHTEPPEPEHIIMOHHOIO YCUJIEHUS OTPAKEHHBIX BOJIH
TENepb MOJYMHAETCS 3aK0oHy bparra:

2asinf = mTA (1.10)

B KOTOPOM @ - TIEPUOJ] KPUCTAIUTMYECKOMN PEIIeTKH, T - 1IeJIoe Yucio, © - yrod,
OTpeeNIONMI HAalIpaBJICHHE BOJIHBI B MaTepuale.

Ecnu B 3101 hopmyiie yron © monoxuth paBHbIM 90°, TO MpuUieM K cirydaro
OJIHOMEPHOT0 KPHUCTa/lIa, B KOTOPOM OJWH M3 ABYX YEPEAYIOUIUXCS CIIOEB
MMEET TOJIIMHY, MHOTO MEHBIIYI0 TOJIIMHBI Apyroro ciod. Ilpu stom mis
KOHCTPYKTHUBHON MHTEpPEPEHIINH HEOOXOIMMO, YTOOBI Ha Mepuoie POTOHHOTO
KpUCTAJIJIa, KOTOPBIN Temepb MPAKTUYECKH PaBEH TOJIIIUHE MEPBOIro Ciosl,
YKJIQJIbIBAJIOCh 1I€JI0€ 4YMCJIO MoJyBoiAH. Kak u B ogHOMEpHOM cliyyae, B
JBYMEPHOM KpHUCTAJJIE B CIEKTPE MPOMYCKAHUS BO3HUKAIOT 3alpellieHHbIC
30Hbl. [Ipyyem ecnu  cuuTaTh, YTO CBET MAJAaeT HAa KPUCTAUl TOJBKO B
MJIOCKOCTH, MEPHEHAUKYIISIPHON OCSIM CTEPIKHEU, TO 3alpeIieHHbIE 30Hbl MOTYT
OBITh MOJHBIMU. VIHBIM CJIOBaMM, MOTYT CYIIECTBOBATh MHTEPBAJIbI JUIMH BOJIH,
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U3JyYeHHE Ha KOTOPbIX OyAeT TMOJIHOCThIO OTpaxaTrbcsi OT (POTOHHOrO
KpUCTallla MpU JIIOOBIX yriax NaJeHus B 3TOW IUIOCKOCTU. B TakoMm muiane
JIBYMEPHBIM ClIydail CYLIECTBEHHO OTJIMYAETCs OT OJHOMEPHOro. POTOHHBIE
3alpelleHHbIe 30HBbl JJI1 JIBYMEPHBIX KpPUCTAJJIOB OoJjee IOJIHbIE, YeM s
OJIHOMEPHBIX, HO Bce ke He 10 koHla. He OyneM 3a0bIBaTh, YTO Mbl YCIOBUIIUCH
0 MaJICHUU CBETA

TOJIBKO B OJHOM IIOCKOCTU. EcCiM M3MEHUTH INIOCKOCTh NAJAEHUS U ITyCTHUTH
CBET, HampuMmep, BAoJb miIockoctu f (puc.1.13(6)), To T€ BOJHBI, KOTOPHIM
ObUIO 3ampelIeHO MOMNAacTh BHYTPb KpPUCTa/lIa, TENeph CMOTYT JIETKO 3TO
clienarTh, 3aT0 IO 3aIpeT IIONaxyT BOJIHBI C IPYTUMH YaCTOTAMM.

2. MetamaTtepuajnbl

2.1. OTpuuaTeabHoOe NMpeJTOMIICHUE

MeramarepuanaMu,  WIM,  TOYHEE,  DJIEKTPOMArHUTHBIMU  Me-
TaMaTepualiaMi, Ha3bIBaIOTCS BEILECTBA, OOHAPYKUBAIOIIUE HEOOBIYHBIC
AJIIEKTPOMArHuTHbIE cBOKCTBA [3]. ['peueckas nmpucTaBKka METa 03HAYAET BBIXOJ
3a rpanuily 4ero-nu6o. Takum o0pa3om, MeTamarepuain - 3TO BEIIECTBO WIIU
MCKYCCTBEHHAsI CTPYKTYypa, 3JIEKTPOMarHuTHbhIE CBOMCTBA KOTOPOM BBIXOASAT 3a
paMKu OOBIYHBIX mpencTaBieHud. Cam TEpMUH Memamamepudisbl ObLI
NpeIoKEeH pykoBoauteneM LleHTpa 5SJIEKTPOMarHUTHBIX MAaTEpPHANOB U
ycrpoiicTB B Octune (murar Texac, CIIIA) Pomxepom Yoncepom B 2000 roxy.

[IpumepoM MeTamarepuana SIBISETCS HM30TPONHAas cpena C  OT-
pHULIATENBHBIM MOKA3aTEJIEM MPEIOMIICHHS. TaKkoe BEIIECTBO MHOTAA HA3bIBAIOT
cpeootl Becenoco mo ¢damunuu ortedectBeHHOro ¢usmka B.I. Becemaro,
WCCIICIOBABIIETO  JJICKTPOMATHUTHBIE CBOMCTBA JIAHHOM  CpEbl [4].
PaccMoTpuM npocrenmui ciay4yayd IIPEJOMIICHHs CBETa Ha IUIOCKOW I'DaHUILIE
paszaena aByx cpen. Ilyctb yron najgeHus 31eKTpOMarHUTHOM BOJIHBI PAaBEH @, a
yroil npenomieHus paseH P (puc. 2.1). CBsi3b MexIAy 3TUMHU YIrjiaMu JaeTcs
M3BECTHBIM 3aKOHOM CHemnyca:

Siny _m @.1)

Sin ¢ n,

rae Ny, - KOd(QQUIMEHTH IpenoMyeHus cpea. B ciaydae 0OBIYHBIX
Npo3payHbIX  MaTEepPUAJIOB WX  [OKa3aTeld  MPEJIOMJICHUS  SIBIISIOTCS
TIOJIOKUTENILHBIMUA BEJIMYMHAMU Mg, > 0 . Torma npenomnenssiid smyd (4)
OTKJIOHSIETCSI MO JIPYTyI0 CTOPOHY OT HOpPMalld K TpaHULE pas3fena cpeia Io
CpPaBHEHHUIO C Tajaroimm JydoMm (1), kak 3To BUIHO Ha puc. 2.1.

Ecnmu jxe mokaszareib NpPeTOMIICHHS TEpPBOM Cpeabl IMOJOXKUTEIEH, a
BTOPOM cCpeAbl OTPUIIATENICH, TO MPETOMIICHHBIH Jy4 OTKJIOHSIETCS B Ty K€
CTOPOHY OT HOpPMAaJH, YTO W MaJAOMIUN JIyd. DTO COOTBETCTBYET M3MEHEHUIO
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3HaKa yriia NpeioMJICHHUs], BRITEKAIOIIeMy U3 paBeHCTBa (2.1), eciau mokasarenu
MPETOMJICHHS CPEJl UMEIOT PAa3HbIC 3HAKHU.

[IpenomieHue >I€KTPOMArHUTHOM BOJHBI, M300paxkeHHOe Ha puc. 2.1
aydyamu 1—3, Ha3bIBa€TCS ompuyamenvHulM NpelomieHuem, UIn aHOMaIbHOU
pedpaxiuei.

Ucropuueckn  BrepBble 3(P(GEKT  OTPULATEIBHOTO  MPEOMIICHUS
AJIEKTPOMArHUTHOTO M3JIy4eHHUs ObUI paccMOTpeH coBeTckuM (usukom JI.U.
MannenpmramoM B 40-x romax XX Beka B OJHOM M3 JIEKIIUHM, TIae OBLI

IPEICTaBIIEH X0 MPEJIOMJIEHHOTO Jiyya B cpefie ¢ n < 0.

Puc. 2.1. Ilpenomienre U oTpakeHHWE CBETa Ha TpaHULE pa3fena ABYX Cpe:
ayan 1—4 — o0O0bIUHOE mpelioMyieHHe, Jyuyd 1—3 — oTpuIaTeNabHOe
NpEIOMIICHUE, JIyuu |—2 — oTpakeHue

OtpunarenbHOe MPEIOMIIEHUE MCIOJIB3YETCSd B IMPOCTOM ONTHYECKOM
YCTPOWCTBE, TMPEMIOKEHHOM OTedecTBeHHBIM ¢usnkom B.I'. Becemaro u
NOJIYYMBIIEM Ha3BaHUE JguH3a Becenaco. CxemMarnuyeckoe n300pakeHHE JIMH3BI
Becemaro nmnpencraBieno Ha puc. 2.2. IJTO YCTPOWCTBO  SIBJISETCS
NJ0CKONApalebHol  TJIACTUHOM, NPUTOTOBICHHOW W3  Marepuanga C
OTPULIATEIILHBIM MPEJIOMIICHUEM.
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Puc. 2.2. JIunza Becemnaro

Ecnu cneBa OT IIacTUHBI pacHoJIOKUTh HCTOYHUK cBeTa 4 Ha pac-
CTOSIHUM, MEHBIIEM TOJIIUHBI IUIACTUHBI Am < mn, TO Jy4d OT 3TOrO
HMCTOYHUKA COMIYTCS ClpaBa OT IUIACTUHBI B TOUKe B. B 3TOM jerko yoeauThes
C IMMOMOUIBIO ITPOCTOTO TEOMETPUYECKOIO TOCTPOEHHUS U C YUETOM TOT0, YTO MPH
NepeCeUeHUH T'paHull pasjena cd U fg NPeIoOMIICHHBIE JIyYH OTKJIOHSIOTCS K OCH
AB. YKa3zaHHO€ IOCTPOEHUE BBIIIOJIHEHO HAa puc. 2.2 I ciaydas, Kornaa
IUIOCKOIIapajuIeNbHasl IUIACTMHA C IIOKas3aTelleM IpeaoMileHHs n, = — |
IIOMEIIEHAa B BAaKyyM 7, = |, IpU4eM BBINOJHAECTCS HEPABEHCTBO Am < nm.
Buano, 4to B 3TOM Cily4ae reoMeTpudecKas JUIMHa, MPONJEHHAs JIydOM CBETa
OT UCTOYHUKA 4 B TOUKY B 10 J11000MYy IyTH, BHE IJIACTUHBI paBHA JITTMHE My TH,
IIPOMJICHHOMY CBETOM B ILJIACTUHE:

Am +mB = mn, Ac + gB = eg, Ad + fB = df. (2.2)

ITockoapKy B paccMaTpuBaeMOM ciydae n, = —Nq, TO U3 paBeHCTB (2.2)
CJIelyeT, UTO onmuyieckas JIuHa MyTH, TPOUJIEHHAs CBETOM U3 TOYKU A B TOUKY
B, paBna Hymo. HanoMHuM, 4TO onruyeckas IMHA IIyTU paBHA UHTErpainy L =
[ndl, rne n - nokasaremb npenoMieHus BemlecTsa, dl - muddepeHHan
reoOMEeTpUYecKor JuMHbl TyTH. I[lOCKONMBKY onTuYeckas [juHa NYyTH B
paccMaTpuBaEMOM  cllydyae paBHAa HyJO Uil JI000M  TpaeKkToOpuH
pacmpocTpaHeHusi cBeTa, oOTBevarome 3akoHy Caemnuyca (2.1), TO
aBTOMATUYECKU BbINOJHAETCA NpuHuun depma, KOTOpbIM (GopMynupyeTcs B
Buge 6L = 0 W Tiacur, 4yTO CBET PAaCHpPOCTPAHSETCS MO TPAECKTOPHIM, Ha
KOTOPBIX ONTUYECKAs JUIMHA ITyTH UMEET IKCTPEMYM.

Takum o0pa3om, C NOMOLIBIO JIMH3BI Becemaro MOXHO MOJy4YaTh
U300pakKeHHe TMPEIMETOB, PACMOJIOKEHHBIX Ha PACCTOSHUHM, MEHBIIEM
TOJILUMHBI JIUH3bI, HO HEJIb35 MOJYYUTh M300paK€HUE MCTOYHMKA HAa OOJbIIEM
paccrosuuu. B uactHocTm, smH3a Becenaro He (Gokycupyer B TOUKY
IJIOCKOTApAJIENbHbIN MyYOK CBETa M MO3TOMY HE SIBJIETCSA JMH30M B CTPOrOM
CMBICIIE 3TOTrO cjoBa. TemM He MeHee, JAHHOE ONTHUYECKOE YCTPOIMCTBO
MO3BOJISIET MOJYYUTh HJI€aJIbHOE M300pa)k€HUEe MPeIMETa B TOM CMBICIE, YTO
TOUEYHBIH MPEAMET OHO NEPEeBOAUT B TOYEUHOE M300pakeHue. OITO
XapaKTEepUCTUYECKOE CBOMCTBO JIMH3bI Becenaro cBsi3aHO ¢ TeM, YTO B OCHOBE
(GopMupoBaHUs  M300paKEHUS  JIEKUT  OTPULATENIBHOE  IPEJIOMIICHHUE
3JIEKTPOMATrHUTHOTO MU3JTyY€HUs, @ HE €ro AU(PPaKIIHsL.
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2.2. DJIeKTPOMAarHUTHBIE NPOLECCHI B «JIEBOW» cpeae

OTtpuiaTenbHbIi MMOKa3aTeNb MPETOMIICHHSI BO3HHMKAET B Cllydae, KOrja
audeKkTpuueckas (€) W MarHaTHas () TMPOHUIIAEMOCTH  BEILIECTBA
00HO8pemenHo umerom ompuyamenvuvie 3Havenus: € <0, u < 0. Koadpuuuent
IIPEJIOMJIEHUS CpeJibl 1aeTcs PopMyIIon:

n= +/eu. (2.3)

DTO COOTHOIIEHHUE MOIYYaeTCsl U3 3aKOHA JHMCIEPCUU MONEPEYHBIX BOJIH
B BEUIECTBE, €CIM B ypaBHEHUsX MakcBeila y4eCcTb MarHWMTHBIE CBOMCTBA
Cpeabl U HAIPSIKEHHOCTh MAaKPOCKOMWYECKOr0 MarHUTHOro nosst H 3aMeHuTh
HAa MHAYKIWO MarautHoro nonst B H —> B =y H.

ScHo, YTO B Cllydyae OTPHUIATENBHOCTH OOOUX COMHOXUTENEH B
MOJIKOPEHHOM BBIP&KEHHUU B MpaBoM 4vactu paBeHcTBa (2.3) koadduimeHt
IIPEJIOMJICHUS OCTAETCS JEUCTBUTEIBbHON BEITMYMHON, UTO OTBEYAET IIPO3PAYHON
cpeae. OgHAaKO HE OUEBUAHO, UTO TOT/IA OH UMEET OTPULATEIbHOE 3HAUEHUE 11 <
0. UYroObl  BBIACHHTH  JIaHHBIK  BONPOC U YCTAaHOBUTH  JApPYTHE
XapaKTEPUCTHUECKHUE OCOOCHHOCTH Cpel C OTPHUIATEIIbHBIM MPEIOMIICHUEM,
oOpatuMcsi K ypaBHEHUSIM MakcBesuia, CBSI3BIBAIOIIMM HAMPSHKCHHOCTH H
MHIYKIAH  MAaKpPOCKOIMYECKOTO  AJEKTPOMArHUTHOTO TMOJA € Y4ETOM
MarHUTHBIX CBOWCTB cpeabl. B muddepennuanpaoii Gpopme sl Tpo3padHOro
BEILIECTBA 3TU YPAaBHEHUS UMEIOT BUI:

dB
rotE = — =% 2.4)
cdt
dD
rotH = — 22, (2.5)
c dt

B ciyyae minockol MOHOXpPOMATHYECKOM BOJIHBI, KOTJa ITPOCTPAHCT-
BCHHO-BPEMEHHASI 3aBUCUMOCTH DJICKTPOMAarHUTHOTO TOJS  OMHCHIBACTCS
MHHUMOM 3KCIOHEHTOU exp(ikr-iwt), nuddepenimanpubie ypaBHeHus (2.4) —
(2.5) npeoOpazyroTcs B anredpanvecKue:

[KE] = 2B, 2.6)
[kH] = — =D, (2.7)
B paBenctBax (2.6) - (2.7) cocraBistomue 3IEKTPOMArHUTHOTO TOJIS

ABJISIFOTCA (byHKL[I/ISIMI/I 4aCTOTbl KM BOJIHOBOI'O BCKTOpPA, KBaAPAaTHLIC CKOOKH
O3Ha4arT BCKTOpPHOC ITPON3BCACHUC. HHI[YKHI/II/I 151 HaIps’KEHHOCTHU
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AJIEKTPUYECKOTO U MArHUTHOTO IOJIEM B CIy4ae M30TPOIHOM CPEAbI, KOTOPBIN
Mbl OyaeM TmpeAmnojiaraTb B JajbHEWIEM, CBsI3aHbl MaTepUaJIbHBIMU
COOTHOIIEHUSIMMU:

D = ¢E, (2.8)
B = uH, (2.9)

r€ € U [ - AUDJIEKTPUYECKAsi U MarHUTHAsI IPOHUIIAEMOCTD CPEJIbI.
OTmeTuM, 4TO Ipeanonaraercs, 4yro U #1 .
[Toxcrasinsist popmysl (2.8)-(2.9) B (2.6)-(2.7), Haxoqum

[KE] = —uH, (2.10)
= — 2¢E, 2.11)

=
=
|

c

N3 nonyuyennbix ypaBHeHuit (2.10) u (2.11) cmemyer, 4to B ciydae
00BIYHOM TIpO3pauyHoil cpeasbl, korna € > 0 u u > 0, Bextopsl k, E u H 06pa3yror
npasyio mpouxy. ITO 03HAYAET, YTO MTOBOPOT OT MEPBOI'0 BEKTOPA KO BTOPOMY,
€CJIM CMOTPETHh CO CTOPOHBI TPETBErO BEKTOPA, OCYIIECTBIIETCA HPOMUB
yacoBo# ctpenku. Takast cpella Ha3bIBaeTcs npasou. B ciiyyae 0IHOBpeMEHHOI
oTpuIaTeIbHOCTH npoHuLaemocteit (€ < 0, u < 0) Bextopsl k, E u H o6pa3yroT
J1egyl0 mpouKy, COOTBETCTBYIOIIAs Cpela Ha3bIBaeTc 1egou. 110 TepMuHOIOTHY,
npeanoxxenno B.I'. Becemaro, mpaBas cpema o0OiamgacT IMOJ0XKHUTEIBHOM
«mpaBu3HOM» (p = 1), a eBast cpena ob1aaeT OTPULIATEIIBHON «IIPABU3HOW (P
= - 1). IIpaBu3Ha cpenbl paBHIETCS OMPEACIUTEN0 MAaTPUIIbl, COCTABIEHHOM U3
HAIPaBJISIONUX KOCUHYCOB BeKTOpOB k , E 1 H (B 3aJaHHOM TIOPSJIKE).

BoyiHOBOM BEKTOp ILIOCKOM 3JEKTPOMArHUTHOM BOJIHBI ONPENEISACT
POCTPAaHCTBEHHOE U3MeHeHue ee (a3pl. Hampapienue pacnpocTpaHeHUs
DHEPrMU DJIEKTPOMATHUTHOIO TOJS  ompenensercs BekTtopom IloWTunra,
KOTODPBIM paBEH:

S = —[EH]. (2.12)

N3 sroii popmyitel cieayeT, uTo BekTopsl S, E u H o0pasyroT npasyio
MpOUKy  HE3aBUCHUMO OT 3HAKOB  JUDJICKTPUYECKOM W  MarHUTHOM
BOCIIPUMMYHUBOCTH BemlecTBa. OTcCroga BBITEKAaeT, 4YTO B IIPaBOM Cpeje
HampaBjeHHE BEKTOPOB K U § COBIAIaeT, a B JICBOM CpeAec 3TH BEKTOPHI
aHTumnapamienbHbl. [[OCKOJIBKY BOJHOBOW BEKTOp KoJiIMHeapeH (a3oBoi
CKOPOCTH H3JIyueHHusi, a BekTop [lolTuHTa KOJUTMHEaApeH T'PYIIOBOM CKOPOCTH,
TO B JIEBOM Cpele 3TU CKOPOCTH OKa3bIBAIOTCA aHTHUMApaJlIedbHbIMU. Takum
o0pa3om, B JieBOU cpeae (aza W dHEPTHS IUIOCKOM AJIEKTPOMArHUTHOMW BOJIHBI
paclpoCTpaHsAIOTCS B MPOTUBOIOJOXKHBIX HaIpaBjieHUsIX. B d3Tol cBA3U
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YKOKEM, 4YTO CTPEJKH Jydei, H300paKeHHBIX Ha puc. 2.1, yKa3bIBalOT
HaIlpaBJICHUE paclpoCTpaHEHUs] HSHepruud. YUTo KacaeTcss HalpaBJICHUS
yBenuueHust (as3pl, TO JJIS JICBOM Cpejibl HAIMPABJICHUE CTPEJIKU Jiyda 3 HYXKHO
M3MEHUTH HA MPOTUBOIIOJI0KHOE.

B kBaHTOBOI, TEOpUM IJIEKTPOMATHUTHOIO TIOJISI BOJIHOBOW BEKTOP
AJICKTPOMArHUTHOM BOJHBI CBSI3aH C MMIYJIHCOM (POTOHA COOTHOIICHUEM
p = hk. TlosTomMy HampaBiIeHHE pPACTIPOCTPAHCHHSI PHEPrUU (OTOHA M €Tro
UMITYJIbC B JIEBOW CpeJie HANpaBJCHbI B MPOTUBOIOJIOKHbBIE CTOPOHBI. OTCrO/1a
BBITEKAET BO3MOXHOCTb «CBETOBOTO MPUTSKEHUS» B JIEBOM Cpele BMECTO
W3BECTHOT'O CBETOBOIO JIABJICHHUS, HUMEIOIIET0O MECTO B OOBIYHBIX (MPaBbIX)
cpenax.

PaccMoTpum Tenepp npeomMieHue MIOCKOM MOHOXPOMATHYECKOW BOJIHBI
IIpY NIEPECEUCHUHN TPAHUIIBI pa3jiesia CPe ¢ Pa3IMUHbIMU BOCIIPUMMYHUBOCTSIMU.
N3 ypaBuenuit MakcBemna (2.4) - (2.5) ciuexmyer HEOPEPHIBHOCTH
TAaHTC€HIUAJIBHBIX COCTABIIAIOIIUX BEKTOPOB HANPS)KEHHOCTH AJIEKTPUYECKOTO U
MarHUTHOTO MOJIEH NP MEPEX0/I€ U3TYUCHHS U3 OJHOM CPebl B IPYTYIO:

E 1+ = Ez, Hyy = Hyy (2.13)

Orcro1a, B 4aCTHOCTH, CIIEAYET, YTO TAHTCHIMAIBHBIE COCTABJISIOLIUE
MOJIEM HE W3MEHSIOT CBOETO HAIPABJICHUS MPU MEPEXONE HU3IYUEHUS MEKITY
cpelaMHh C OJMHAKOBOM H C pA3JIMYHOM «IpaBuU3HOW». M3 ypaBHEeHUH
MakcBemna il MHAYKUHMA SJIEKTPUYECKOrO0 U MArHUTHOTO TMOJIEH CIEeAyeT
HETIPEPBIBHOCTh HOPMAJIBHBIX COCTABJISIONIMX HMHAYKIUU MOPU MEPEXOJIE U3
OJIHOM CpeJibl B APYTYIO:

&1E 1n = &E2n,  uiHin = upHpy. (2.14)

PaBenctBa (2.14) roBopsAT 0 TOM, UTO HPH MEPEXOAE FIEKTPOMATHUTHOTO
M3IYYEHHUSI MEXIY CpeJaMu C Pa3JIMyHOW IPaBU3HOW, NMOMHUMO HW3MEHEHHS
MOJyJSl, 3HAK HOPMaJbHOW KOMIIOHEHTBHI HAIpPSXKEHHOCTH 3JICKTPUYECKOrO0 M
MAarHUTHOTO MOJIEH MEHSIETCS Ha TPOTHUBOITOJIOKHBIM.

Takum o0pa3om, mpu MPETOMIICHUH CBETa HA TPAHUIE pasfena cpel C
PA3JIMYHON MPABU3HOM HAMPSIKEHHOCTH TOJEW M3MEHSAIOTCS MO BEIMYHUHE W
3ePKAIbHO OMPANCAIOMCS OMHOCUMENbHO 2PAHUYbl pazoenra cpeod, Kak 3TO
cieayet u3 paBeHcTB (2.13) - (2.14).

3epKaIbHOMY OTPAXKEHUIO BEKTOPOB HAIPSIKEHHOCTEHN JIEKTPUUECKOTO U
MAarHUTHOTO TIOJIEd OTHOCHUTEIBHO TPAaHUIBl pas3fesia Cpel NpU HU3MEHECHUU
MPABU3HBI BEIIECTBA OTBEYAET 3€PKAJIBbHOE OTPAXKEHUE BOJHOBOTO BEKTOPa BO
BTOPOM Cpe€Jie OTHOCUTEIIBHO HOPMAJIA K TPAHUIIE pa3jielia, Kak 3TO MOKa3aHOo Ha
MpUMEPE HAMNPSIKEHHOCTH DJCKTPUUYECKOTO TOoJisi Ha puc. 2.3 Bciydae Io-
JSIpU3ALMKU JIEKTPOMArHUTHOM BOJIHBI B IUIOCKOCTH TaJCHUS. AHAJIOTHYHOE
OTPAXKEHHUE CIPABEMJIMBO W JJii MarHUTHOro mnoiig. HeoOXoauMocTh Takoro
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OTPAKEHHUS  BBITEKAET U3  MOMEPEUYHOCTU  DJIEKTPOMATHUTHOTO  TOJIS
AJIEKTPOMArHUTHOW BOJIHBI, CIIOCOOHOM pacHpOCTPaHAThCS U B BaKyyMe.
HemtpuxoBanHble BelUuuHbl (pucC. 2.3) OTBEUAIOT BTOPOM Cpele C TOM ke
MPaBU3HOM, YTO MU TEpBasi Cpelia, IITPUXOBAHHBIE BEITUYHHBI COOTBETCTBYIOT
M3MEHEHHIO ITPaBU3HbBI BEIIECTBA P MEPEXO0/I€ U3 OJTHOM Cpe/ibl B IPYTYIO.

W3menenue BonHOBOro Bekropa k, — k', mokasannoe nHa puc. 2.3,
COOTBETCTBYET U3MEHECHUIO HAMPABJICHUS MPEIOMIICHHOTO Jy4da 4 — 3 (puc. 2.1)
Ipu Tepexojie OT OOBIYHOM Cpelbl K Cpele C OTPHUIATENbHBIM IOKa3aTelieM
npenomiieHus. HanoMHUM, 4TO M3MEHEHHE XO0Ja MPEJOMIIEHHOTO jyya 4 — 3
coryacyercs ¢ 3akoHoMm CHemmyca (2.1).

Puc. 2.3. 3epkanbHOE OTpaKECHUE HANPSIKEHHOCTH JJIEKTPUYECKOTO IO U
BOJIHOBOTI'O BEKTOPA 3JIEKTPOMArHUTHOM BOJIHBI ITPH NEPEXOAE K CPEIE C APYTroi
NpaBU3HOM B cClly4ae MOJSPU3ALMUU DJIEKTPOMArHUTHOW BOJIHBI B IIJIOCKOCTH
nazeHusl.

Takum oOpazoM, OJHOBpEeMEHHas 3aMEHa 3HaKa y JTUAJIEKTPUYECKOW U
MarHUTHOM MPOHUIIAEMOCTEH BeIlecTBa C ILUII0CA Ha MHUHYC JEHCTBUTEIHHO
OTBEYAET M3MEHEHUIO 3HAKa MOKa3aTessl MpeloMJIeHHs C Iioca Ha MuHyc. C
UCIIOJIB30BAHUEM I1apaMeTpa INPaBU3HBI IIEPBOM M BTOPOM Cpenp;, 3aKOH
Cuemnnyca (2.1) MOXHO mepenucartbh yepe3 AUDIEKTPUYECKHE U MarHUTHBIC
BOCIIPUMMYHBOCTH B BUJIE:

Siny _ p1
Sin @ D2

E1U1
E2Up

, (2.15)

N3-3a 0COOEHHOCTH MPEJIOMIICHHUS DJEKTPOMArHUTHON BOJIHBI B JIEBOM
BEIllECTBE, N300pakeHHOM Ha puc. 2.1 nmyyamu 1 — 3, HETpyAHO MOKa3aTh, YTO
BBIMYKJIAsl JIMH3a U3 JIEBOTO BEIIECTBA B BAKyyME PacCEMBAET CBET, a BOTHYTas
JIMH3a U3 JIEBOTO BEIIECTBA COOMPAET U3IIyUCHHE B BaKyyMe.

CnemnaeM 3aMedyaHue TPHUHIUIUAAIBHOTO XapakTepa O TOM, YTO B JIEBBIX
cpelax IWANEKTpUYEecKass W MarHWTHas MPOHMUIIAEMOCTh BEIIECTBA OJKHA
o0iagaTh 4acTOTHOM AMCIIEpCUEH, T.e. JO0JDKHA UMETh MECTO 3aBHCHMOCTH OT
gacToThl £€(w) U pu(w). JeHcTBUTENBbHO, €Clii TaKOBOM 3aBUCUMOCTU HET, TO
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dbopmya 1Js IIIOTHOCTH SHEPTUU AIIEKTPOMArHUTHOTO TOJIE UMEET BU/L:

eE?+uH?
81

W= (2.16)

Otcrona cieayer, 4To Mpu OAHOBPEMEHHOM BBIMOJHEHUN HEPABEHCTB (&€
< 0, u < 0) »dHeprus DdIEKTPOMATHUTHOIO TIOJSi OTpHUIATENIbHA, YTO
IPOTUBOPEUUT (PU3UUECKOMY CMBICITY. B nucneprupyroieit cpeie mioTHOCTb
PHEPIrUM  MOHOXPOMATUYECKOW DJIEKTPOMArHUTHOM BOJHBI  OMHCHIBAETCS
BBIPAKECHUEM:

w= {esd gz o)) g2y (2.17)

8t w

KOTOPOE€ MOXKET OBbITh TMOJOXHUTEIbHBIM W TMpPH OJHOBPEMEHHOH OTpH-
LATEIbHOCTU JAUAJIEKTPUUYECKOUM M MAarHUTHOW MpoOHULIaeMocTen. [Ipon3BoaHbie
10 YacToTe, PUrypupyroIIrue B MPaBoil YacTu paBeHCTBA (2.17), MOJIOKUTEIBHBI,
€CJIM NMPOHUIIAEMOCTH BEIIECTBA OMUCHIBAIOTCS, HAIIPUMED, MIa3MONOT00HBIMU
dbopmynamu:

A

@)= 1-22, pw)=1-n @2.18)

w

rie Aem > 0. Jlerko yoeauTbcesi, 4TO B 3TOM CIy4ae

dos(w) Ae
do 1+ w?

dor®) _ 1 44m 5 g

>0, 2
JUIsl BCeX 4acToT. B To ke Bpems B quamna3oHe w < /A, ,, 00€ MPOHUIIAeMOCTH
oTpuliatenbHbl. Takum oOpa3oMm, B ciydae crnpaBeaauBocTd dopmya (2.18)
CYIIECTBYET JMana30oH 4acTOT, B KOTOPOM Cpelia SIBISETCS JIEBOM, a DHEpPrus
AJIIEKTPOMArHUTHOTO TOJISl TIPU ATOM TIOJIOKHUTEIbHA.

Beime ormedanoch, uro 3akoH CHemnmyca (2.1) cmpaBemiuB U s
MeTaMaTepHaJOB C OTPHUIATEIIbHBIM TMPEJIOMIICHHEM, €CIIM Yy4ecTh 3HakK
kKodhdumreHTa npeaoMIIeHUs Cpeabl. JTO K€ YTBEPKIEHUE OTHOCUTCS K
adexry Homrepa u BaBumoBa-Uepenkona.

B obmem cinywae addexr [ommepa mpenacraBisieT coboi H3MEHEHHE
YacCTOThI MIEPUOJUYECKOTrO MPOLEcca MPU MEPEXOJIE U3 OJHOM CUCTEMBI OTCUETA
B IPYIYIO. N3menenue Y4aCTOThI 3JIEKTPOMArHUTHOM BOJIHBI,
pacmpocTpaHsomeics B BemiecTBe Bciaeactsue dddekra Jlommepa, maercs
CIEAYIONIUMU PABEHCTBAMM:

w' =(w—kv)y =yw(l - n%), (2.19)
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rae n=+/ex - xkodPUUMEHT mnpenomieHHus cpeasl, s = ck/nw -
CIMHUYHBIA BEKTOP, V - OTHOCUTEIbHAS CKOPOCTh MCTOYHMKA W TPHUEMHHUKA
snekTpoMarHutHeIX BoxH. Paxrop Jlopenna y = (1 — (v/c)?)~Y/? onuckiaer
peNITUBUCTCKUM A (DEKT COKpalieHuss BpeMEHHOTO MPOMEXKYTKA TIPH MEePEX0Ie
U3 OJTHOM CHCTEeMBI OTcueTa B Jipyryto. M3 popmyisl (2.19) cnenyer, uro, ecinu B
o0bryHOM cpene ( 7 > 0 ) UCTOYHHK M MMPUEMHUK JBUTAIOTCS HABCTPEUY JPYT K
apyry (sv < 0), yacToTa H3IIyYeHHs, PETUCTpUpyeMas MPUEMHHKOM ',
OKa3bIBaeTCs OOJIBbIIIC YACTOTHI M3JIYyYEHHS B CHCTEME OTCYETa, CBSI3aHHOH C
MCTOYHUKOM . B mpoTHBOMONIOXKHOM cityuae, Korjaa sv > (), 4yactoTa B CHCTEME
oTcueTa MpueMHUKA yMeHbIaeTcs. Ecnu u3nyyenue pacinpocTpaHseTcs B JIEBOM
cpeae (n < 0), To B coorBeTcTBUM C (opmynoir (2.19) Bce npoucxoaut
HA00OPOT: YacTOTa YMEHBIIACTCS TpPH JABWKCHUN TNMPUEMHHUKA W MCTOYHUKA
HABCTpEYy APYT K APYTY, T.€. UMeET MecTo oOpamieHHbii dddexT Jomepa.

Jlns omucanus 3ddexta BaBumoa-UepeHkoBa B MeTamarepuaie C
OTPULIATECIBLHBIM TIPEIIOMJIICHUEM MOKHO TaKXXe II0JIb30BAaThCS OOBIYHBIMU
dbopmMmyamMu, B KOTOPBIX (UTYPUPYET MOKa3aTeNIb MPETOMIICHHS BEIICCTBA 71, C
ydyeToMm TOro, uto n = —|n| (|n| > 1). Tak, B cpene ¢ n< — 1 yroim Mexuay
CKOPOCTBIO YAaCTUIIBl M HANpaBJICHUEM IOTOKAa SHEPIrUUM B H3IIy4aeMOU €10
AIIEKTPOMArHUTHOM BOJIHE JACTCSl pABEHCTBOM:

) =T — arccos (;) , (2.20)

0., = arccos( R

n(w)v

rJic V - CKOPOCTh YacTUIBI U V> c¢/|n| - yepenkoBckoe yciaoBue. Takum
00pa3om, B JIEBOM Cpejie YEPEHKOBCKOE M3JIyYeHHE (COOTBETCTBYIOUIUN BEKTOP
[To#tTuaTa (2.12)) OynmeT HampaBIEHO MO TYMBIM YIJIOM K CKOPOCTH YaCTHIIBI
(momaraem, uro c/|n|v =~1). Xopomio u3BECTHO, YTO B OOBIYHBIX CpeAax
YEPEHKOBCKOE M3JyUYE€HHUE HCITYCKAETCS T0J] OCTPhIM YIJIOM K CKOpPOCTH
3apspDKEHHOM vacTuilbl. Takum oOpasom, B JieBoit cpeae »ddext Bapuiopa-
UepenkoBa Tak ke, kak u dpdext Jlomnepa, sBugercs oopaieHubiM. Dopmyna
JUISl SHEPTUU YEPEHKOBCKOTO M3ITy4YEHUS B JIEBOUM Cpelie OCTaeTCs MPEKHEH, 1o-
CKOJIbKY B HE€€ BXOJUT KBaJpaT IOKazarens mnpenomieHus. Ha puc. 2.4
M300pKEHBI BOJIHOBBIE BEKTOPHI M BEKTOpHI [loWiTMHTAa I W3MydeHUS
Basunosa-UepenkoBa B npaBoii cpene (a) u B neBou cpeze (0). Buano, uto Bo
BTOPOM CJTydae yroJyi U3JIydeHUs TYyIor U BeKTOphI K 1§ aHTUTIapauieIbHBI.
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(a) (6)

Puc. 2.4. Uznyyenue BaBunoBa-UepeHkoBa B mpaBoii cpejie (a) U B JICBOU cpejie

(6)

B ob6mewm ciydyae cpenasl ¢ MPOU3BOJIBHON MPaBU3HON TPeoOpa3yroTcs
bopmyIbI Openens, ONMCHIBAIOLIINE V3MEHEHUE KOMITOHEHT
AJIEKTPOMArHUTHOTO TOJIS MPU TMEPEeCeUeHUN TPaHUIlbl pasaena cpea. OObIYHO
9TH (POPMYJIBI 3aMUCHIBAIOTCS B T.H. HEMAarHUTHOM TPHOJIWKEHUHU, B KOTOPOM
CUMTAETCS, YTO MAarHUTHAsA MPOHUIIAEMOCTh BEIIECTBA PABHIETCS €AUHULIE: [ =
1. Tormga B BBIpaKEHUM ISl [OKA3aTelsl MPEJIOMIIEHUS OCTAE€TCSA TOJIBKO
IUAJIEKTpUYecKas MPOHHMIAEMOCTh BEIIeCTBA: 1 = /&, B MeTamarepmamax c
OTpUIIATEILHBIM  MPEJIOMJIEHUEM MarHuTHas (Kak U JAUDJICKTpUYECKas)
POHUIIAEMOCTh oTpulareiabHa Y < 0, MO3TOMYy HEMarHUTHOE MNPUOIMHKEHHE
HecnpaBenBo. B o0miem ciyyae Juisi moydeHHUs! MPaBUIBHBIX BBIPAKEHUN B
«HEMarHUTHBIX» Gopmynax DpeHens HYXHO NPOU3BOAWTH 3aMeHy n — 1/z,

rie Zz =.//€ — BOJHOBOE CONPOTHUBICHWE Cpenpl. Tak, Hampumep,
KOd((DHUIUEHT OTpaKeHUSI M3ITYUYCHUS TIPH HOPMAIBHOM TAJCHUU Ha TPaHUILY
pazzienia IByX MaTe€pUasoB 3aMUIIETCS B BUIE

r=2"4 2.21)

Zy +Zl ’

OueBunHO, 4TO B ciiydae U = 1 paBeHcTBO (2.21) mepexoaut B ¢popmyiry
HEMAarHUTHOTO NPUOIMKEHUS:

r=1"2 (2.22)

ny+n,’

[Tomuepkuem, dto cooTHomeHue (2.22) «He paboTaer», €CliM OJHa M3
cpea SABIJISIETCS METAMATEPUAIOM C OTPULATEIbHBIM MPEJIIOMIIEHUEM, B TO BpEMSI
Kak BeIpaxkeHue (2.21) cripaBeyiuBo JIJIsl Cpell ¢ TPOU3BOJILHON MTPaBU3HOM.

N3 (2.21), B 4acTHOCTH, CIAEAYET, YTO YCIOBHEM OTCYTCTBHS OTPAKEHHOM
BOJIHBI (T7=(0) sBIISIETCS PABEHCTBO BOJIHOBBIX COINPOTHUBICHHI 000UX cCpen
Zy = Z4.

BaxxHO mMOQYEpKHYTh, YTO B OTJIMYUE OT IIOKA3aTENs MPEIOMIICHUS,
KOTOPBIM MEHSAET 3HAaK TMpHU TNEPEXOJE OT IMOJOKHUTEIbHBIX 3HAYCHHI
JUADJICKTPUYECKOM W MAarHUTHOM IPOHULIAEMOCTEM K  OTPULATEIbHBIM
3HAYEHUSIM, BOJIHOBOE CONPOTHUBJIEHUE CPEIbl MPU TAKOM IEPEXO0/i€ 3HAKA He
usmeHnsemcs, T.€. OCTa€TCS  MOJOXKUTEIbHOW BenuunHOM. MWM3  3roro
00CTOSTENBCTBA CIIEAYET UHTEPECHAS] BO3MOKHOCTh PeaN3allid MPOXOKICHUS
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JJIEKTPOMAarHUTHOW BOJIHBI C MPOU3B0IbHOU TOJSPU3ALNUEH Yepe3 TIpaHuLly
pazzmena cpel, KOrga OTPaKEHHOM BOJIHBI HET, a NPEJIOMJICHHAs BOJHA
IIPUCYTCTBYET. JTO BO3MOYKHO, €CIM B IEPBOM CpeElE MPOHULIAEMOCTH MMEIOT
MOJIOKUTEIbHBIE 3HaUeHus1 & > 0, 4 > 0, a BO BTOpOil cpelie OHU PaBHBI &, =
—&1, U [y = -l4. [IeWCTBUTENBHO, B TAKOM CIIy4ae Z; = Z,, U OTPaXKECHHas
BoJHa coryacHo (2.21) orcyrcrByer. B coorBeTcTBUM C 3akoHOM CHesuinyca
(2.1) yron mpenomyeHHs] B pacCMaTpUBAaEMOM CIIy4yae paBeH Yy MaJeHUs C
OOpaTHBIM 3HAKOM: Y = —¢, MOCKOJIbKY Ny /N, = —1. OTCroa BBITEKACT, YTO
MpeJOMIICHHAsl BOJIHA pacmpocTpansiercs no nytd /-3 (cm. puc. 2.1) u He
COBINAJAET C MAJAIOLIEN BOJIHOM.

OTMeTnM, 4YTO B PAacCMOTPEHHOM IIpUMEpPE OTpaK€HHas BOJIHA
OTCYTCTBYET MJIs JOOOro yrjia MNajgeHuss U IMPOU3BOJIBHOM TMOJSPU3ALMH
3NIEKTPOMArHUTHOTO m3nydeHus. Eciam o0a wmartepuana OOBIYHBIE, TO
OTPAKEHHAsA BOJHA OTCYTCTBYET, TOJBKO €CIIM HW3JIyYEHHE IOJISPU30BAHO B
IIJIOCKOCTH TAJICHHUs], a YIOJI ITaJICHUs paBHAETCS yriy bprocrepa.

Boipaxxenne st yria bprocrepa B 00mieM ciyyae BEIECTB C
IIPOU3BOJILHON PABU3HON UMEET BUL!

5_2) E2l1—E112
b
€1/ E2U2—E1 11

@g = arctg ( (2.23)

OueBHIHO, YTO B HEMArHMUTHOM NpUOIMKenun (U , =1) popmyna (2.23)

penyLHPYETCs K MPUBBIYHOMY BBIPAXKEHUIO Qg = arctg /n,/n,.
2.3 KoMno3uTHbI€ MATEPHAJIBI C OTPULATEIbHBIM IPEJIOMJICHUEM

[IpuponnHbie MaTepualibl C OTPULIATEIIBHBIM MPETOMJIEHUEM K HACTOSIIEMY
BPEMEHH HE 0OHAPYKEHBI, [IOATOMY MPUHIUIHAIBHYIO BAXKHOCTh UMEET BOIIPOC
00 HWX HCKYCCTBEHHOM WH3rOTOBJICHUU. be3 perieHus MaHHOW MpoOIEMBI
BBIILICU3JIOKECHHBIC TEOPETUUECKUE cooOpakeHusI OKa3bIBAIOTCS
oecnpeameTHbIMUA. COBpEMEHHBIN BCIUIECK MHTEpEca K JIEBBIM cpellaM BO3HHUK
nociie omyonukoBaHUs paboThl [5], B KOTOpOHl OblIa HKCIEPUMEHTAIHHO
MPOJIEMOHCTPUPOBAHA KOMIIO3UTHAs cpena c OTpULIATENIbHBIMU
JTUDJICKTPUYECKOW YW MArHMTHOM  IPOHHMIAEMOCThIO. HamoMHuM, d4TO
nuoHepckas pabora B.I'. Becenaro, mocpsiieHHasi 3JIEKTPOJIUHAMUKE JIEBBIX
cpen [4], Beimmia emie B 1967 1. u nenbix 33 roga ocraBajach 0€3 JIOIKHOTO
BHUMAaHUS UMEHHO B CUJIy OTCYTCTBHSI COOTBETCTBYIOIIETO MaTepuala.

PaccmMoTpuM  NpUHIMNUATBLHBIE MOMEHTHI TEXHOJOTUM H3TOTOBJICHHS
MeTaMaTepHaioB ¢ OTPUIATEILHBIM 3HAUCHHEM ToKazaTens npenomieHus. Kak
OBLJIO TIOKA3aHO BBIIIIE, JIJISI PeaIu3alii OTPUIATEIbHBIX 3HAYEHUN MOKa3aTels
NPEJIOMIICHUS ~ HEOOXOAMMO, 4YTOOBI  JUAJIEKTpUYecKas ¢ MarHUTHas
MIPOHUIIAEMOCTU CPEAbl OJHOBPEMEHHO OBbUIM OTPHUIATEIbHBIMU BEIUYHWHAMH.
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Uro kacaercs IUAINCKTPUYECKOW MPOHHUIIAEMOCTH, TO €€ OTPHIATEIbHOCTH
XapakTepHa AJisl Ciiydasl TUla3Mbl B OOJIACTH HU3KHMX YacTOT. DTO CIeAyeT M3
«I1a3MEHHOW» (GopmyJibl 115 €(w), KoTopas (B MpeHeOpeKEHUH MOTIIONIEHUEM
AJIEKTPOMArHUTHOTO TIOJISl B BEIIECTBE) UMEET BU/I:

e(lw)=1- “ (2.24)

w?2

O4eBHMIHO, YTO IS MAJIBIX YaCTOT W < W, (W - IJIa3MEHHas 4acToTa) UMEEM

TpeOyeMoe HEpaBEHCTBO Ha AMAIJIEKTPHUYECKYIO MpoHHIaeMocTh &(w) <0
OTmeTuM, 4TO €CIM TPH ATOM MarHUTHas MPOHHUIAEMOCTh IMOJIOXKHUTENbHAs (B
4acTHOCTH, (4 = 1), TO mokazaresp IPeIOMIICHUS SBISIETCS MHUMOW BEJIMYUHOM,
a 9TO IPUBOJIUT K 3aTYXaHHUIO dJIEKTPOMArHUTHON BOJIHBI B CPEJIC.

Bripaxkenue (2.24) onuchIBaeT Takue MPUPOIHBIE CPEIbl, KaKk HOHOC(hepHas
U TBepAoTeNbHas Tuia3Mbl. OKa3bIBACTCs, YTO MOXHO CO37aTh MCKYCCTBEHHYIO
cpeny, dpdeKTHBHAS AUAICKTpUUECKass TPOHUIIAEMOCTh KOTOPOH B JAJICKOM
nH(ppakpacHOM 1 60Jiee HU3KOYACTOTHOM JHMana3oHax jgaercs dhopmyioi (2.24).
(ITpunararensHOe 3hPexkmusHas TOBOPUT O TOM, UYTO COOTBETCTBYIOIIAS
BEJIMYMHA BBEJCHA MO aHAJIOTHU CO CBOMM IPOTOTHIIOM JIJISi XapaKTePUCTUKH
IIPOIIECCOB Ha OOJIBIIMX MPOCTPAHCTBEHHBIX MacIiiTadaxX, Korja KOMITO3UTHAS
cpesia MOXKET paccMaTpUBaThCs KakK CIUIONIHAsA.) Takoe BEIeCTBO MOXKET OBITh
UCIIOJIb30BaHO, HaIpumep, LTSI 1ab0paTOpHOTO UCCIIeI0BAHUS
AJIEKTPOMArHUTHBIX CBOMCTB noHochepsnl. [IpocTeiias peanuzanus ykazaHHOM
Cpenbl MpEeJCTaBIsieT COOOM MEePUOAMYECKYIO0 CTPYKTYpY U3 IPOBOJOYHBIX
KyOMKOB B MPEAMNOIOKEHUH, YTO JUTMHA pedpa KyOa (a) MHOTO MEHBIIE ITUHBI
BOJTHBI M3ITy4YeHUS a << A, a paguyc MPOBOJIOKH (7) MHOTO MEHBIIIEC IJTUHBI pedpa
r < a, Jlng nanHo# cTpykTypsl 2d(HEeKTUBHAS IJIa3MEHHAs 9acTOTa paBHA

(eff) _ ¢ 21
@p " a+lln(a/r) (2.25)

rac ¢ - CKOpOCThb CBCTAa B BAKYYMC. HaHOMHI/IM, YTO OOBIYHOE BBIPA’KCHHUC
JJIsA IUIa3MEHHOM YaCTOThI UMEET BUI:

w, = |[— , (2.26)

®opmyna (2.25) nomydaercs u3 (2.26) myreM 3aMeHbl KOHIICHTpAIlUu (1) U
MacChl 3JIEKTPOHOB Ha S(Q(EKTUBHBIE 3HAYECHUSA ITHX BEIUYMH: N = Nerp =

n(r/a)?, m - mypr = 2me*r?c ?*nin(a/r).  DddexruBHoe  3HaucHHUE
KOHIIGHTPAIlUM ~ MMEET TPOCTOE TEOMETPHYECKOE MPOMCXOXKICHHE, a
3 (EKTUBHOE 3HAYEHHME MAacChl JJIEKTPOHA YUHMTHIBAET CAMOMHAYKIHIO B
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paccMaTpuBaeMOl MEPUOAUYECKON cTpyKType. [ns paguyca npoBonoku » = 1
MKM | JJIMHBI pebpa kyba a = 5 MM popmymna (2.25) maer a)lgef Dyom=82 I'T.
OdeBuaHO, 4YTO M1 OONBIIMX 3HAYCHUN IIUHBI pebpa Kyba TIuTa3MeHHas
4acToTa B COOTBETCTBUHU C (popmyioit (2.25) Oymer menbme. Takum oOpa3om,
U3MEHSASI TapaMeTpbl HUCKYCCTBEHHOW MPOBOJOYHOW CTPYKTYPBI, MOXKHO
yIpaBsATh 3HaUCHUEM >(P(HEKTUBHOM IMJIA3MEHHON YacTOTHI U COOTBETCTBEHHO
3 PEeKTUBHON TUIIEKTPUUECKOU MPOHUIIAEMOCTBIO CPEIbI.

Jlmst  peanmzanuy  JIEBOM CpeAbl BaXHO IIOJYYUTh OTPULATEIBHOE
3HAYEHWE MArHUTHOM MPOHUIAEMOCTH. ITOT0 MOMKHO JOOUTHCA, €CIH
UCIIOJb30BaTh B KauyeCTBE CTPYKTYPHOM €AMHULBI KOMIIO3UTHOM CpEJbI
JIBOMHOM KOJIBIIEBOM PE30HATOpP C pa3pe3oM, CXEMaTUYECKOe H300pakeHHe
KOTOPOTr0 MPE/ICTaBIeHO HA puUcC. 2.5. M3-3a BaXXHOU pOJIM TaKOTO pe30HATOpa B
TEXHOJIOTUA METamMaTepHUaioB OH MHOT/IA Ha3bIBAeTCA amomom gomonuku. U3
puc. 2.5 BUAHO, YTO JABOMHON pE30HATOP C pa3pe3oM COCTOUT M3 JIBYX
METAUIMYECKUX KOJIEL, BCTaBJIEHHBIX OJHO B JIpyroe, C pa3pe3amu,
PaCIONIOKEHHBIMU ~ HAmpOTUB  JApyr Japyra. Pa3pe3bl HeEoOXOauMbl ISt
YBEIIMYEHUSI PE30HAHCHOM JUIMHBI BOJHBI, @ MPOMEKYTOK MEXAY KOJbLIAMHU
CIY>KHUT JUIsl YMEHBIICHUSI PE30HAHCHOW YacTOThl (3a CUET YyBEIUYCHUS
€MKOCTH) U JIJIsl KOHIICHTPAI[UX BHYTPH HETO JIEKTPUUYECKOTO MOJIS.

Pesonarop 3¢ @deKkTHBHO B3aMMOJCHCTBYET C BHEIIHHM II€PEMEHHBIM
MarHUTHBIM TIOJIEM, BEKTOP HAINPSKEHHOCTH KOTOPOrO TMEPHEHIUKYIISIPEeH
IJIOCKOCTU PE30HaTopa. DTO MOJE€ HABOAUT B IMPOBOASUIMX KOJIbIIAX TOKH,
KOTOpPbIE B CBOK OYEpPENb CO3JAIOT MArHUTHOE II0JI€, HaIpaBJICHHOE
aHTUIIApAJUIEIbHO  BHEIIHEMY MarHuTHoOMy Tnoio. B pesynbrate B
paccMaTpUBa€MOM pPE30HATOPE BO3HHMKAET NMAMArHUTHBIA OTKIMK HA BHEIIHEE
AJIEKTPOMArHuTHOE BO3JICVICTBHUE.

Ha pyimuaax BoJH, MHOTO OOJIBIITUX pa3Mepa pe30HaTOpa, JaHHBIA MPOIIECC
MOXXET OBITh OMHCAH C MOMOIIBI0 d(DPEKTUBHON MAarHUTHOW MPOHHUIIAEMOCTH.
Jns mepuoaMvyeckoro macchBa W3 JIBOMHBIX KOJIBLIEBBIX PE30HATOPOB C
pa3pe3oM, SBISIFOIIETOCS HMCKYCCTBEHHOM  KPUCTAUIMYECKOW  PEIIETKOM,
s pexTUBHAS MAarHUTHAsI TPOHUIIAEMOCTb J1a€TCsl BEIpOXKCHUEM

() = 1+-22 2.27
Herflw) = Z—0? (2.27)
rne f = mn(r/a)® - xo>pQUUUEHT 3alOJHEHHS eIUHMYHON AYeiiku

paccMaTpUBaEMON TEPUOIUICCKON CTPYKTYPBI, @ - Tapamerp PEIIeTKH, -
paauyc BHYTPEHHEr0 Koubla, wy = (c/m)/3d/er3 - pesonancHas 4acrora, &
— IURJICKTPUYECKasl MPOHUIIAEMOCTh CpPeJIbl, B KOTOPYIO IMOMEIICH PE30HATOD,
d - mUprHa IPOMEXKYTKA MEXKIY KOIBLAMHU, Wy = Wo/+/1 — f — MaruutHas

IUIa3MEHHas 4acToTa, Ha KOTOPOM MarHuTHas MNpoHULaemMoctb (2.27)
oOpaiaercsi B HOJIb.
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Pe3onancHasi yacTtoTa JBOMHOTO KOJIBIIEBOIO PE30HATOpPA C pa3pe3om,
nzo0paxeHHoro Ha puc. 2.5, 1t ¢ = 0.8 mm, d = 0.2 Mm u » = 1.5 MM paBHa
4.85 I'T, a 1OOPOTHOCTH B cllyyae KoJjell u3 meau npesbiaet 600 [5].

Puc. 2.5. Pe3onaHcHas KpuBasi MEJIHOTO KOJIBIIEBOTO PE30HATOPA C pa3pe3oM (¢
=0.8 MM, d =0.2 MM, ¥ = 1.5 MM) u3 cTaThbu [5]

PaBenctBo (2.27) mo QopMe aHAJIOTUYHO BBIPAKEHUIO [JIS  JIU-
AIIEKTPUUECKOW MPOHUIIAEMOCTU TOJIIPUTOHOB, KOTOPOE OBLJIO HCIOJIH30BAHO
JUTsl  OTIMCAHUSl JIUCTIEPCUU TOJSPUTOHOB, C TOYHOCTBHIO JI0 3aMeHBl [ —

fo(wpe/w)* n 1 - &y, (fy - cuna ocumisTopa, W,y = +/4me?N./m - anasnor
MJIa3MEHHOM 4acTOThl, IV, - KOHIEHTPAIUSI AKTUBHBIX LIEHTPOB).

BOmu3u  pe3oHaHCHON YacTOThl W = W, MArHUTHas MPOHUIIAEMOCTh
Cpenbl, TPEACTaBIAOIICH CcO00l NEePUOJUYECKUNH MACCHB  KOJBIEBBIX
PE30HATOPOB C Pa3pe30M, MOXKET MPUHUMATh OOJbIIHE (IT0 MOJYJIO) 3HAYCHUS
(em. (2.27)). Takum o6Opa3oMm, matepuan, oOpa3oBaHHBIH W3 HEMarHUTHBIX
COCTaBHBIX JJIEMEHTOB, OOHApY>KMBAaE€T SAPKO BBIPAKCHHBIC MAarHUTHBIC
cBoiicTBa. Takoe BEUIECTBO HA3BIBAETCS UCK)YCCMBEHHbIM MACHEMUKOM.

3amMeTuM, YTO HW3BECTHBIC MPUPOAHBIE MAaTepUAIbl HA THUrareploBbIX
4acTOTaX M BBIIIE HE TPOSIBJISIOT MArHUTHBIX CBOWMCTB, Tak 4to U= 1. D10
CBA3aHO CO CJIA0OCTHIO B3aMMOJCHCTBUS MATrHUTHOTO IIOJSI C aTOMamu,
COCTABJISIFOIIMMHU OOBIYHOE BEIIECTBO. JlaHHOE 0OCTOSTENBCTBO CIEAYET U3 TOTO
dakra, 4TO MarHUTHas cocTaBistomas cuibl JlopeHua, Bo3AeHCTByIOIIEeH Ha
aTOMHBIE 3JIEKTPOHBI, MNpUMEpHO B 137 pa3 MeHblIEe DJIEKTPUUYECKOU
COCTABIAIOIEH  M3-332  MHOXKHMTENs V,/c ~ e?/hc = 1/137, pasHOroO
IIOCTOSIHHOM TOHKOM CTPYKTypbl. [l03TOMY 11 mosydeHuss OTpULATEIBHOTO
IPEIOMJICHUS, HEOOXOANUMBIM YCIOBUEM KOTOPOTO SIBJISIETCSI OTPUIIATEIHLHOCTD
WU, HY>XHO HCIIOJIb30BaTh HCKYCCTBEHHBIC «aTOMbD» THIIA BBIIICOMUCAHHOTO
KOJIBIIEBOTO PE30HATOPA C Pa3pE30M.

W3 dpopmyiel (2.27) crneayer, uTo B IMANA30HE Wy < W < Wy, MATHATHAS
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MPOHUIIAEMOCTb KOMITIO3UTHOM CpeJibl, MPEACTABISAIONICH COO0M MepruoanIeCKUil
MacCHB KOJIBLIEBBIX PE30HATOPOB C pazpe3oM, ompuyamenvHa. JlucnepcuoHHas
3aBUCUMOCTh W (k) (w — dYacToTa, K - MOJYJIb BOJIHOBOTO BEKTOpA) Ha ITUX
gacToTax OyJeT MMETh 3ampenieHHYyI0 30HY (WM CTOm-30HY), eciu £(w) > 0,

4TO CcleayeT U3 cooTHomeHus w = kc//e(w)u(w). B mnanazonax w <w o #
Wmp< ® BOJIHOBOM BEKTOp SBJSETCS JICMCTBUTEIBHOW BEIWYHUHOM, WM cpena
npo3payHa JUisl AJIEKTPOMArHUTHBIX BOJH. UTOOBI peain30BaTh JIEBYHO CpEny,
HY>KHO YCJIOBHE OTPUIIATEIILHOCTH MarHUTHOM MPOHUIIAEMOCTH B CTOM-30HE J10-
MOJIHUThH YCIOBUEM OTPHUIATEIBLHOCTH AMDJICKTPUYECKONW MPOHUIIAEMOCTU. ITO
MOYKHO CJieJIaTh, €CJIM MAarHUTHBIM KOJIBIIEBOM pe30HATOpP C pa3pe3om (puc. 2.5)
JOTIOJTHUTh AJIEKTPUUYECKUM PE30HATOPOM, MPEIACTABISIONIMM CO00M MpsMOil
OTPE30K METAJUIMYECKONM MPOBOJIOKH, OPHUEHTUPOBAHHBIA BIOJIb BEKTOpPA
HaIPSKEHHOCTH 3JIEKTPUYECKOIO MOJIsA, KaK 3TO MOKa3aHo Ha puc. 2.6. Bekrop
HaIPSHKEHHOCTH MAarHUTHOTO TMOJIE HANpaBJ€H 10 HOPMalIM K IUIOCKOCTH
KOJIBLIEBOT'O PE30HATOPA YBEJIMUYECHUSI MATHUTHOW CBSI3H.

JIist CTPYKTYpBl, MPECTABICHHON Ha pucC. 2.5, CBA3b MEXIY MOJYJIEM
BOJIHOBOT'O BEKTOPA M YaCTOTOW OIMKCHIBAETCS BBIPAKEHUEM

k2 = (W?~w}) (W2 =wip) (2.29)
Z (0-wd) '

rae w, x d*VL - >ddexTuBHAsS IUIa3MEHHAS YacTOTA BJICKTPOHOB B
PSIMOM OTPE3KE METAJUTMUECKOU MPOBOJIOKH, L - KOA((DUIIHMEHT CaMOMHTYKIIHH

Ha €IUHUIly JUIMHBI, d - JUIMHA OTPE3Ka MPOBOJHHUKA, Wy = Wo//1—f -
MarHuTHasi IUIa3MEHHas 4YacToTa, W, - PE30HAHCHAs YacToTa KOJIbLIEBOTO
pezoHatopa ¢ pazpesom, 0 < f < [ — KoO3DPUIMEHT, OMHCHIBAIOIIMI
3all0JIHCHUE IUJIOCKOCTHM PE30HATOpa MPOBOJSALIMM — MaTEpUalIOM  KOJIEL.
PasenctBo (2.28) aBusiercst cneactueM dopmya (2.24), (2.27) u COOTHOIICHUS
w = kc/\ e(w)u(w).

W3 nucriepcHoHHOrO BhIpaXkeHus (2.28) BBITEKAET, YTO NPHU YCIOBHU Wy,
> Wy, BOJIHOBOW BEKTOP 3JIEKTPOMATHUTHOM BOJHBI B MPEKIE 3alPEIICHHON
30HC Wy < W < Wy, CTAHOBHUTCS ICHCTBUTEIbHOW BenuyuHOW. IIpu 3TOM
JMUAJIEKTpUYECKass M MAarHUTHasi TMPOHUIAEMOCTH CPENbl, COCTaBJIEHHOW U3
CTPYKTYPHBIX €IMHHUI], IPUBEJIECHHBIX HA pUC. 2.6, B YaCTOTHOM MHTEpBAJIE W <
W < Wy UMEIOT OTPULIATENLHBIE 3HAYCHHS.

[lepBpiii MeTamarepuan C  OTPULATENBHOM  JHUDJICKTPUYECKOM U
MarHUTHOW TIPOHUIIAEMOCTSMH Ha OCHOBE CTPYKTYpbI, H300paKCHHOW Ha
puc.2.6, 6pu1 mpoaemMoHcTpupoBaH B pabore JI. Cmura ¢ coaBTopamu [5].
DddexT oTpunaTeIHPHOT0 MPETOMIICHHS] B TOM CTaThe OBUT 3a)MKCHPOBAH B
yactoTHOM wuHTepBasie oT 4.8 nmo 5.1 I'Tu. HckyccTBeHHas mnepuoanveckas
CTPYKTYypa, COCTOSIAsi M3 KOJBIEBBIX PE30HATOPOB C IPOPE3bI0 U MPSAMBIX
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OTPE3KOB MPOBOJHUKA, MO3BOJISIIOLIAS MOJIYYUTh OTPULIATEIILHOE MPEIOMIICHHE
B FUTarepiioBoM JMana3oHe 4acToT, M300paxkeHa Ha puc. 2.6.

Puc. 2.6. VckyccTBeHHas nepuoiuueckas cpejia, o3BOJISIOIIas MOJTyYnTh
3 eKT OTPUIIATEITILHOTO TIPEIIOMIICHHUSI

[locme Toro, kak OBUIO MPOJEMOHCTPHUPOBAHO  OTPULIATEIHHOE
IPEJIOMJIEHUE B TUrarepuoBOM AWana3oHE 4YacTOT, Hayaldu IpPeANpUHUMATHCS
yCUIusl JJI1 TONydeHuss AaHHOro 3¢¢ekra B HHEPpaKpacHOH U BUAUMOMN
obOnactsax cnekrpa. OCHOBHasi TPYJHOCTb Ha A3TOM NYTH 3aK/OyYajach B
NOJIYYEHUH OTPULIATEIILHOTO 3HAYE€HHUsT MAarHUTHOM BocnpuumuuBocTh. Kak
BUJTHO U3 BBIPAKEHUSA JI1 PE30HAHCHOM 4YacCTOThl JIBOMHOI'O KOJIBLIEBOTO

pe3oHaropa ¢ paspes3oM w, = (¢/m)./3d/er3, B npeanonoxkeHuu d ~ r 1aHHAs
4acToTa Bo3pacTaeT oOpaTHO MPOMOPIMOHATIBLHO pa3Mepy pe3oHaTtopa r. Takum
o0pa3om, i Mepexoja M3 TUrarepioBoro B ONTHYECKHM AMANa3oH pa3Mep
pe3oHaTopa JO0JKEH OBbITh YMEHBIIEH MOYTH B MWUIMOH pa3. Ha camom nene
BBIIICONMCAHHBIM CKEHIMHT crpaBeajiuB BIUI0Th 10 yacToThl 200TI 1. Ha Goiee
BBICOKMX YacTOTaX METall, M3 KOTOPOr0 W3TOTOBJEH pPE30HATOp, HENb3S
paccMaTpHuBaTh Kak UI€AJIbHBIN POBOJHUK. J[€MICTBUTEIBHO, C POCTOM YaCTOTHI
METaJlJI HAUYMHAET MPOSABISTH JUAJIEKTPUYECKHE CBOWCTBA. B mpoiecce
nepexoga B ONTHYECKUH JMana3oH MO0 TNpUYMHE OOJIbIIEH MPOCTOTHI
M3TOTOBJICHUS IBOMHOM PE30HATOP C pa3pe3oM ObLI 3aMEHEH Ha OJJUHAPHBIN.
Oka3zanoch, 4YTO B HAHOMETPOBOM MacuiTabe TPYyAHO HU3TOTOBUTH
TPEXMEPHYIO CTPYKTYPY, H300paKeHHYI0 Ha puc. 2.6, 03TOMY OBLIT pa3paboTaH
albTEPHATUBHBIA JIHM3allH MeTamarepuaia C OTPULATEIbHBIM IMPETIOMIICHUEM.
HoBerit momxom OasupoBasics Ha TOM (¢akTe, YTO TMapa METALTHYCCKUX
MPOBOJIOK WJIA IUIACTUH, PAa3JCJICHHbIX [IUAJICKTPUUYECKUM IPOMEKYTKOM,
MOXKET O00EeCNeYuTh MAarHUTHBIM PE30HAHC, HEOOXOAMMBIN ISl TOJY4YEHUS
OTPUIIATEILHOTO 3HAYEHUSI MArHUTHOM MPOHUIIAEMOCTH. ITOT MArHUTHBIN
PE30HAHC BO3HUKAET BCIEACTBHE AHTUIAPAUIEIBHOTO TOKAa B IIPOBOJIOYHOM
nape, Npu KOTOPOM Ha KOHLAX MPOBOJIOK AKKYMYJHUPYETCS 3apsAll Pa3HOro

38



3Haka. Kpome MarHMTHOro pe30HaHCA B PacCMaTPUBAEMON CTPYKTYype
BO3HUKAET TAKXKE AJICKTPUUYECKUN PE30HAHC, MPUBOJAIIMNA K OTPUIIATEILHOMY
3HAQUYCHUIO  JIUDJIEKTPUUECKON  MPOHUIIAEMOCTH, YTO HEOOXOAMMO A
OTPULIATEIILHOTO MpeioMiieHus cpelbl. OIHAKO TMepecedeHusl CIEeKTPabHbIX
obOnacTell NByX pPE30HAHCOB OKAa3aJloCh TPYAHO AocTUyb. [lns ycTpaHeHus
JAHHOTO HEJOCTaTKa Oblia pa3padoTaHa HAHOCTPYKTYypa, KOTOpasi Ha3bIBAETCS
nBOWHAsT pwvlbonosHas cems. (OHA COCTOUT W3 TApbl  METALTUYECKUX
pblOONOBHBIX — cemeli, PA3JCICHHBIX  JUAICKTPUUECKHUM  MPOMEKYTKOM.
JIOCTOMHCTBO pblO0106HOU Ccemu TIO CPABHEHUIO C MPEIbIAYIIEH CTPYKTYpOu
COCTOUT TAaKKX€ B TOM, YTO IJIEKTPOMArHUTHAS BOJIHA MAJAa€T NEPICHAUKYIISIPHO
IJIOCKOCTH 00pasia, a He BIOJIb €ro MOBEPXHOCTH, KAaK B CIIy4ae KOJIBIIEBOTO
pe3oHaTtopa C pa3pe3oM, UTO CYIIECTBEHHO OOJerdaer MpOBEJICHHE
COOTBETCTBYIOIIUX IKCIIEPUMEHTOB.

JI71s1 yMeHbIlIeHHs TOTEPh B ONTUYECKOM JUara30He BecbMa BaKEH BBIOOD
MeTalljla, M3 KOTOPOTO W3TOTaBJIMBAETCS HAHOCTPYKTypa. HaumeHbimmmu
notepsMu obiagaeT cepedpo, KodIhPUIMEHT 3aTyXxaHus >SJIEKTPOMATrHUTHOU
BOJIHBI B HeM B OmmxkHeidl MK-o0nactu B 4 pasza meHslie, 4yem B 3oJ0Te. [l
XapaKTePUCTUKU TMOTepb BBOaUTCA uucio kawecmsea (Figure Of Merit) 1o
dopmyne FOM = |n'|/n", tne n’ u n” - nedcTBUTENbHAs U MHMMAs YacTH
koddunrenTa npenomienns metamarepuana. I'. Jlommarom ¢ coaBTopamu [6]
Obu10 TonydeHo 3Hauenne FOM = 3 na nnuHe BoiHBI A = 1.4 Mkm (Tene-
KOMMYHUKAIIMOHHAs JUIMHA BOJHBI) B pe3yJibTaTeé ONTUMM3ALUU pa3Mepa
IIPOBOJIOK, TOJIILIMHBI METAJJIa U BEIMYHMHBI AUDJIEKTPUUYECKOTO MPOMEKYTKA B
JBOMHOM pbI00JIOBHOM ceTu. Tak, HampuMep, TOJIIIMHA UPOKUX MPOBOJIOYEK B
pPBIOOJIOBHOM CeTH JOJDKHA OBITh JOCTATOYHO OOJIBIIONW, YTOOBI CJenaTh
3h(HEeKTUBHYIO TIJIa3MEHHYIO 4YacTOTY BBINIE YacCTOTHl JJIEKTPOMArHUTHOM
BOJIHBI. OJTO  HYXHO JJisi  TOJY4YEHUS  OTPUIATEIIbHOW  BEIMYUHBI
IuaeKTpuuecko nmponunaemoctu € < 0 . Ilnasmennas yacrora B 00bEMHOM
cepebpe cocrasiser 1,37 * 101°¢™1, a wacTora cTonkHOBEHMIA, onpeaenAIOmas
3aTyXaHWe »DJIEKTPOMarHuTHOM BomHbel, paBHa 9 * 1013¢™1. Tlocrosunas
pemeTkn ABOMHON pPBIOOIOBHOW ceTh B pabdore [6] cocraBimsuia 600 HM,
tTonmuHa CcTpykTypbel 120 ©wM. HWcnmonws3oBanue cepeOpa [uisi  JBOWHOM
PBHIOOJIOBHOM CeTH B paboTe [7] IMO3BOIMIIO MOJYYHUTh IEPBBIM MEeTaMaTepHal ¢
OTpULIATEIBHBIM MPEJOMIICHUEM HAa KPAaCHOM Kpae BUIMMOTro criektpa A = 0.78
MKM.

Cenenusi 0 MeTaMaTepuaiax Ha OCHOBE METaUIMYECKHX CTPYKTYP,
UMEIOIIUX OTPHUIATENIbHBIA TMOKa3aTeab MPEJIOMIICHUS B ONTHYECKOM
JmanasoHe, peJicTaBiieHbl B Tadmauue 2.1.

Taomuna 2.1
OTtpurniarenbHOE MPEIOMIICHUE B ONITHKE

roa n' | A |FOM=n/m" CrpykTtypa
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2005 -0.3 |1.5 0.1 CABOCHHBIE HAHOCTEPKHU

- bI00JIOBHAS! HAHOCETH C KPYTOBBIMU
2 (2.0 0.5 y
2006 4 |18 20 PBIOOJIOBHAS HAHOCETB C
' ' IIIUIICOUIAIBHBIMHU ITyCTOTaMU
7 114 30 PBIOOJIOBHAs HAHOCETB C

[MPpAMOYTOJIBHBIMHU ITYCTOTAMU

pPBHIOOJIOBHASI HAHOCETH C
IPSIMOYTOJILHBIMU ITyCTOTaMU

-0.6 (0.78 0.5

Wrak, Meramarepuanbl C OTPULATEIBHBIM IPEIOMJIEHUEM HA OCHOBE
METAIIMYECKUX DJIEMEHTOB MPEACTaBISAIOT COOOM MEepUOIUYECKUE Cpeibl,
COCTaBJICHHbIE M3 HCKYCCTBEHHBIX CTPYKTYPHBIX €AUHUL. OTH CTPYKTypHBIE
eIMHULBl  00JIaZal0T PE30HAHCHBIMU  CBOMCTBAMM 10 OTHOILEHHUIO K
BO3JICHCTBHIO HAa HHUX AJIEKTPUYECKOTO U MAarHUTHOTO MOJIEH B CHEKTPaIbHOM
JMana3oHe OT Turarepil 10 BUAUMOM oOsiactu. Takue maTepHalibl Ha3bIBAIOTCS
UCKYCCMBEHHbIMU  9NEKMPOMACHUMHbIMY —~ Kpucmaniamu. B oTinume ot
MPUPOJIHBIX KPUCTAIOB, CTPYKTYPHBIMH E€IUHUIIAMU KOTOPBIX SIBJISIFOTCS
aTOMbl WJIM MOJIEKYJIbl, IMapamMeTpbl AJIEMEHTAPHBIX SU€EK HCKYCCTBEHHBIX
KPUCTAJIOB MOXKHO U3MEHSTh 33JJaHHBIM 00pa3oM, YIpaBJsii TEM CaMbIM AJIEK-
TPOMAarHUTHBIMU CBOMCTBAMHU BCEH CPEABI B LIEIOM.

JIpyroii TuUI MeTaMaTepualioB C OTPULATEIbHBIM IPEJIOMJIEHUEM B
BUJMMON 00JIaCTU CHEKTpa OCHOBAaH Ha UCIOJIb30BaHUM HAHOYACTHII,
BHEJIPEHHBIX B JAMDJIEKTPUYECKYIO MaTpuily. Tak, Hampumep, B pabote [§]
OTPULIATEIIbHOE 3HAYEHHUE AMDJIEKTPUYECKOM IPOHHUIIAEMOCTH MeTaMarepuana
o0ecreuynBaoCh BKJIAJOM MaTpPHUIBl TONK- KpucTayuimyeckoro MgB,, a
OTPUIIATEILHOE 3HAYEHWE MAarHUTHOW IMPOHMIIAEMOCTH B 3aJaHHOM JMAIa3OHE
JUIMH BOJIH M3Jy4Y€HUs ObUIO CBSI3aHO C PE30HAHCOM MU, BO3ZHHMKAIOIIUM B
Hanoudactumax SiC. O6wemuas ¢pakuust (0.3) u paguyc SiC nanocdep (120uMm)
OBLTN TTOTOOPAaHBI TAKMM 00pa3oM, 4TOOBI JOCTHYD MEPECEUCHUS CIIEKTPATBHBIX
o0nacTeil OTPULIATETLHOCTH BHUILl ISl MOJIYYEHHUS OTPULIATEIBHOTO 3HAYEHUS
NOoKa3aresis NPeIOMJICHUSI B BUAMMOM CIIEKTpaJIbHOM auanazoHe. [lomyyeHHblit
B IMTUPYEMOH paboTe U30TPOMHBIA TPEXMEPHBIA MeTamMaTepual HuMeNl
OTpHUIIATEIBHBIN MOKa3aTeb MPEJIOMIICHUSI B BUIMMOM 4acTu criektpa (A= 0.632
MKM).  OTpUUATENBbHOCTh  IOKa3aTelis  MPEJIOMJICHUS  MOATBEPKAANACH
CHEIHATbHBIM SKCIIEPUMEHTOM MO BO30YXACHUIO MOBEPXHOCTHOT'O IJIa3MOHA B
obpasme MgB,/SiC. CyTh ero cBomunach K TOMY, YTO CBET p- TOJSAPU3AINHAH
Bo30ykmaer moBepxHOCTHhIe tiasmMonsl  (IIII) ams  orpumarenbHOM
JTUAJIEKTPUYECKOW NPOHMUIIAEMOCTH, a S-TIOJSAPHU3aLUU - Uil OTPHULIATEIbHON
MarHUTHOW MPOHULAEMOCTH. B Marepuane ¢ OoTpuUATENbHBIM MPEIOMIICHUEM
[TI1 Bo30yxnatoTcst 0OerMH Mojispu3alusMu cBera. lIpenMylecTBo Takoro
croco0a 3aKiI0YaeTcsl B HE3aBUCUMOW OIEHKE &€ U [, 4 TAK)K€ B BO3ZMOXXHOCTH
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OIpeAeeHus 3TUX IApaMETPOB B TOJICTOM WJIM MOTJIOLIAIOLIEM 00pasLe.
2.4. CynepJiunsa Ilenapu

BakHpIM  TOMTYKOM K  Pa3BUTHIO  TEXHOJOTUM  H3TOTOBJICHUS
MeTaMaTepPHaIOB C OTPUIIATECIIBHBIM IMPETOMJIICHUEM SIBWJIOCH ONMYyOJMKOBAHUE
paboTel anrauiickoro ¢wusuka Jx. Ilemnpu [9]. B aT0i crathe TeopeTHuecKku
000CHOBBIBAJIACh ~ BO3MOJKHOCTHb  IIOJIYUYCHHS  «CBEPXpa3pCIICHUS»  IMPH
dbopMupoBaHUH M300paKCHHUS 00BEKTa C IMTOMOIIBLIO JIMH3BI Becenaro (cMm. puc.
2.2). Hanmomuum, yTo JMH30i Becemaro Ha3biBaeTcs IIOCKONapalieiabHas
MJACTHHA, W3TOTOBJEHHAs M3 BELIECTBA, B KOTOpoM & = -1 m u = -1,
COOTBETCTBEHHO MOKa3aTeNb MpeJIOMIICHHs 1 = -1.

ITon cBepxpaspelieHreM JUH3bI TOHUMAETCSI BBIXOJ 32 AUGPAKITHNOHHBIH

IpeJeNt, COTJacHO KOTOPOMY JOJDKHO BBIMIOJIHATHCS HEPABEHCTBO (KPHUTEPHid
A0Ge):

Ax = 0.61-= (2.29)
NA

rae Ax - paszperniaemoe paccTosinue, A - nuHa BOJIHBI U3nydeHus, NA = n sinf -
YHUCJIOBAasl anepTypa, paBHas npumepHo 1.3-1.4 ays coBpeMEeHHBIX 0OBEKTHBOB,
n - TIOKa3aTelb MPEJIOMIICHUS! CPelbl, B KOTOPON HAaXOAUTCS aHAIMU3UPYEMBbIil
00beKT, O - MOJIOBUHA yTJla pacTBOpa KOHyca, OOpPa30BaHHOTO KpalHUMHU
CXOISIIIIUMHUCS/PACXOSAITUMHUCS JTydaMH ONTHYECKOM cuctembl. CoriacHo (2.29)
JUIsl BUAMMOTO JIMaria3oHa JUIMH BOJIH Pa3pelliaeMoe PACCTOSHHUE COCTaBISET
BennurHy nopsjaka 200-300 Hwm.

HepaBenctBo (2.29) MOXHO BBIBECTH B paMKax KIACCUYECKOM
DIIEKTPOJUHAMUKH, €CITU PAaCCMOTPETh H300paKEHUE CBETAIIEHCS TOYKH,
MoJIy4aeMoe, HarpuMmep, ¢ TOMOIIBI0 OOBIYHOTO JABHENOJIEBOTO MUKPOCKOTIA.
ToueuyHblii UICTOYHUK OMUCKHIBACTCS AENbTa-(PyHKIMEH B 0OBEKTHON MIOCKOCTH
(x,y) (ocb z coBmajgaeT ¢ ONTHUYECKOM OCBIO CHUCTEMBI), CJIEAOBATEILHO, B
IPOCTPAHCTBE BOJHOBLIX BEKTOPOB Ky, k,) €My OyJeT COOTBETCTBOBATH
OCCKOHEYHO  IIUPOKUU  CHEKTpP. ITO  OOCTOSITENILCTBO  BbIpa)KaeTcs
MHTETrPaJIbHBIM MPECTAaBICHUEM AeNbTa-(DYHKINU:

1
(2m)?

oo . co .
5(x,y) =85(x)6(y) = J_ exp(ikex) dx [~ exp(ikyy)dy, (2.30)
IJI€ MHTETPUPOBAHKE IO MPOEKIHUIM BOJIHOBOTO BEKTOpA Ky, K, mpousBoaMTCS
OT —00 J10 100,
N3 3akoHa jaucnepcun Uil TONEPEYHOW BJIEKTPOMArHUTHOM BOJIHBI
CJIEyET OTPaHUYEHUE HA KOMIIOHEHTBI BOJHOBOIO BekTopa Ky, k,,, ¢ momMomnipro

KOTOpPBIX (OopMHpPYETCS HW300paKEHHE B IIOCKOCTH, TEPICHIUKYIISPHOM
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OIITUYECKOU OCH Z:

ke +k,? < pe(w?/c?). (2.31)

Ecnau nepaBenctBo (2.31) HapymaeTcsi, TO IPOEKIIHUsSI BOJHOBOT'O BEKTOpPA
k, craHOBHUTCS YHMCTO MHUMOH BEIMYMHOHN, YTO COOTBETCTBYET 3aTyXaHHIO
AJICKTPOMArHUTHOM BOJIHBI BJOJIb HAIIpaBIICHHS paclpocTpaHeHus z. MHbMu
CJIOBaMH, PACIPOCTPAHSAIONIASCS AJIEKTPOMArHUTHAsl BOJHA MpeBpallacTcs B
HBAHECIICHTHYIO BOJIHY (MCUYE3aIONTyI0 Ha PACCTOSHUSAX Z > ).

Taxkum oOpaszom, B Ipoliecce paciupoCTpaHCHHS U3ITyYeHUsI OT 00bEKTa K
W300paXEHUIO Ha PACCTOSIHUSA, OOJIBIIME JITMHBI  BOJHBI, TMPOUCXOJUT
(unbTpanys BHICOKMX FapMOHUK (IIPOEKIMH BOJHOBOTO BEKTOpa Ky, k) mons
TOYEYHOI'0 UCTOYHHMKA B COOTBETCTBUHU C HepaBEeHCTBOM (2.31). A 3To 03HaUaeT,
YTO CBETSAINA’CA TeOMETpUYecKas Touka B 0O0BbekTHOHM 1ockoctu (2.30) B
IJIOCKOCTA M300pa)KEHUs Pa3MBIBACTCS, T.€. MPUOOPETAET KOHEUHBIM pa3Mep.
MOo’KHO TTOKa3aTh, YTO B MapaKCHATLHOM MPHOIMKCHUN YKa3aHHAsS (PUITbTPALIHS
00X 3HaYCHUH K, ky MIPUBOJIUT K 3aMEHE:

2
jl(zva,/xZ +y2/M2)
(2m\/x24y2) ’

6(x,y) = |2 (2.32)

rrne /;(x) — dysknus beccenst mepBoro mopsaka, M — mornepedyHoe yBEIHUEHUE
ONTHYECKOU crcTeMbl. HOpMUpOBaHHOE pacCTOSTHUE B TNIOCKOCTH M300paKEeHMUS

ompenensiercs, kKak p = NA/x? + y?/MA. TlpaBas yacth cootHomenus (2.32)
Ha3bIBaeTCsA (YHKIMEH pa3MbITUS TOYKH (Wi QyHKIMEH Dipu) — pUCYyHOK 2.7.
[TepBroiit HOMB ATOM (PYHKITMU TPUXOAUTCS HA 3HAUYCHHE, MpuMepHO paBHoe (.61,
T.€. CBETAMIAsICS B OOBEKTHOW IJIOCKOCTH TOYKA B IUIOCKOCTH H300pasKCHHS
npuoOpeTaeT pasmep

Ax' = 0.6098 2% (2.33)
NA

- pamuyc matHa Ovipu. B dopmyne (2.33) mrpux o3Ha4aeTr, 4TO COOT-
BETCTBYIOIAs BETMYMHA OTHOCHUTCS K IJIOCKOCTH M300pakenus. [lockonbKky B
00bekTHO# 1TockocT Ax = Ax'/M, 1o u3 (2.33) BeITeKaeT Kpurepuii A6Oe
(2.29).
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Puc. 2.7. HopmupoBanHasi GyHKIHS pa3MBITHSI TOYKU

Urtak, nng monydeHHs: TOYHOrO HM300pa)KeHUsI MpeaMeTra HeoOXOAUMO
3aICMCTBOBATh BECh CIIEKTP MPOEKIMKA BOJHOBBIX BEKTOPOB CBETSAIICHUCS TOYKHU
B IUIOCKOCTH, MEPIEHAUKYISIPHON ONTHYECKOUH Oocu z . -0 < L.k, < +oo . B
OJMKHENOJIEBOM ~ MHMKPOCKONMM  3Ta  3ajJadya pelaercs C  MOMOUIBIO
WCIIOJIb30BaHUs SBAHECUEHTHBIX BOJIH, JI1 KOTOPBIX CHPABEIIMBO HEPABEHCTBO,
POTUBOIONOKHOE (2.31), mpu MaibIX PacCTOSIHUSX OT OOBEKTa O anepTyphl
WM OCTPUS 30HAUPYIOUIEr0 MUKpOcKona. M0KHO cKa3aTh, YTO 3BAHECLICHTHBIC
BOJIHBI B OJIM)KHEIOJICBOM MHUKPOCKOTIMHM «TOCTaBIAIOT» B H300paKeHHE
TOYEYHOTO OOBEKTa OOJBIINE 3HAYCHHUS TOMEPEYHBIX MPOEKIIMA BOJIHOBOTO
BEKTOpa, TaK 4YTO pa3MbITHE TOUYKM MuUHHMU3MUpyercs. [lmatoil 3a 310 B
OJI’KHETOJICBOM ~ MUKPOCKONHUHU  SABJISIETCS  HEBO3MOXKHOCTh  IOJIyYEHUS
M300paKEHUST BCETO OOBEKTa B 3aJaHHBIA MOMEHT BPEMEHH, TaK Kak
MPUXOJIUTCSI CKAHUPOBATh OOBEKT OT TOUKH K TOUKE.

B pa6ote Ilenapu [9] Obl1 mpenokeH albTEPHATHUBHBIA MOIXOA K
MOJIYYEHHUIO TTPOCTPAHCTBEHHOTO pa3pelieHus BHEe paMoK kputepus A6oe (2.29)
C HCHOJIb30BAHMEM DBAHECUEHTHBIX BOJIH. OCHOBHas wuJiesl ATOTO MOJXO0Ja
OCHOBBIBA€TCSI HAa BO3MOXXHOCTHM YCWJIEHUS DBAHECUEHTHBIX BOJIH JIMH30M
Becenaro, 4ro OblIO MPOIEMOHCTPUPOBAHO B cTaThe [9]. Jns mokaszarenbcTBa
[lennpro paccMOTpen SBAHECUEHTHYIO BOJIHY €IMHUYHOW  aMIUIATY[BI,
najarllyo Ha JuH3y Becenaro (puc. 2.2) u3 Bakyyma, BEKTOP HaIPS)KEHHOCTH
AIIEKTPUYECKOTO MOJII B KOTOPOW PaBEH

Eys, = eyexp(ik,z + ik,x — iwt), (2.34)

€, — CIUMHMYHBLIA BEKTOP BAOIL OCH Y, HMHAEKC OS+ - o3Ha4aer s-
NOJISIPU30BAHHYKD  BOJIHY B BaKyyMe, paclpOCTPaHSIOUIYIOCA  BIOJIb
MOJIOKUTEJIBHOTO HalpaBJieHus: ocH z. B sBaHecuienTHOM BoHe (2.34) npoekius
BOJJHOBOTO BEKTOpa HAa OCh pPACHpPOCTPAHEHUS SBISAETCS YUCTO MHHUMOM
BEJIMYMHOM:
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k, = +i \/kxz +ky? = (w2/c?), ky” + ky? > (w?/c?), (235)

[Tpu mpoX0XKACHUU TPAHUIIBI pa3iesia BaKyyM/TIOBEPXHOCTh JTMH3BI 9YaCTh BOJTHBI
OTpa3uTCs, Jpyras 4acTb IPOHUKHET B JIEBYIO cpely JuH3bl Becenaro.
HanpsikeHHOCTb 3JIEKTPUYECKOTO MOJISl B MPOIIEIIEH BOJIHE paBHA:

E s, = teyexp(ik’,z + ik, x — iwt), (2.36)

rjae ¢ - aMIUIMTYAHBIA KOY(PQUIIMEHT MPOMyCKaHUs Ha paccMaTpUBAEMOM
TrpaHULIE pa3zena,

K, = +i\/kx2 + k% — eu(w/c)?, ke’ + ky? > ep(w/c)?, (2.37)

—TMPOEKIUST BOJIHOBOTO BEKTOpPa HA OCh PACIPOCTPAHEHUS B MaTepHalie JTHH3BI
Becenaro. /x. [lenapu B cBOCiHl cTaThe OTMEYAET, YTO MPUHIUI TPUIUHHOCTH
TpebyeT BbIOOpa ¢opmbl (2.36) - (2.37) B cpene, MOCKOIBKY OHa JIODKHA
3aTyxaTh SKCIIOHCHIIMAJILHO MPHU YIAJICHUH OT TPAHUIIBI pa3iesia cpeaa/BakyyM.
OTpakeHHas OT JICBOM MOBEPXHOCTHU JIMH3bI Becenaro BoiHa UMeeT BU:

Eys_ = reyexp(—ik,z + ik,x — iwt), (2.38)
TJ€ 7 - aMIUTUTY AHBIN KO3 DUITMEHT OTpakeHUsI.

['panuuHble yCIIOBUS ISl  HANPSDKEHHOCTH  AJIEKTPUUYECKOTO  TOJS  S-
NOJISIPU30BAHHOM BOJIHBI HA FPaHULIE pa3ielia JaroT:

2uk k,—kr
— L’ r =27z (2.39)
pkztkiy, pkztkiy,
AHaJIOTUYHO,  KOX(P(GUIIMEHTHI  OTPaXEHUSI W  MPOXOXKICHHUS  TIPH

pacnupoCTpaHEHUHU 3JIEKTPOMArHMTHOW BOJHBI M3 JIMH3BI Becemaro B BakyyMm
paBHBI

2ukr kr,—uk

! !/

th = = r =2 —=Z (2.40)
ukz+kr, uk;+kr,

[TonubIi KOB(l)(bI/IIJ;I/IeHT MIPOXOXACHUSA YUYHUTBIBACT BCC BO3MOXKXHBIC OTPAXKCHUS

BOJIHBI MEXJy TOBEPXHOCTSIMHU JHH3bI Becemaro Ttommuebsl d, U A0 S-

MOJIAPU30BAHHOM BOJIHBI OH PaBEH:
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 ap ! i 112 . o — tt’ exp(ik',d)
Ts = tt' exp(ik',d) + tt'r'” exp(3ik’,d) + o exp ik’ o)) (2.41)

Ecnu Teneps mojcTaBUTh B MPaByr 4acTh paBeHCTBA (2.41) BbipaxkeHUs AJis
AMIUTUTYTHBIX KO3(PUIMEHTOB mpomyckaHus u oTpakenus (2.39) - (2.40) u
B3ATh IpeJen npu € — -1, 4 = -1, To IPUXOAUM K IPOCTOMY PE3YJIBTATY:

limTs = exp(—ik',d) = exp(—ik,d) , (2.42)

AHaNOTUYHBIM  TIpeAen  Jig  TOJHOTO  Kodh(dUIIMEHTa  OTpaKeHUs
DBAHECLICHTHOM BOJIHBI OKa3bIBACTCSA PAaBHBIM HYJIO. TakoW K€ pe3ysbTar
MOJTYy4YaeTCsl ¥ 17151 p -TIOJIIPU30BAHHON BOJIHBI.

Takum 00pa3oM, MEpBOHAYATIBLHOE 3amyXaHue SBAHECUEHTHOW BOJIHbI
(2.36), orBeuarolllee YCIOBHIO MPUUYUHHOCTH, TOCJE ydeTa BCEX MPOLECCOB
OTPOKEHHUS U TMPOXOXKJACHUS Ha 00euX TMOBEPXHOCTSIX JHUH3bI Becenaro
TpaHC(HOPMUPOBAIOCH B yCUleHlUe YBAaHECIICHTHOM BOJIHBIL. DTO U €CTh TJIaBHBIN
pesyabtar cTtathu [9]. M3 Hero cieayer NpUHUMIHAIBHAS BO3MOXKHOCTH
WCIIOJIb30BaHUsl BCEX TUIIOB BOJIH: PACHPOCTPAHSIOIIUXCA U 3BAHECLECHTHBIX B
nocTpoeHun uzolOpaxkeHus: oobekra. [locienHee B cBOO ouepenp O3HAYAET
BO3MOXXHOCTh TIpeojiojieHrne audpakiuuoHHoro mpeaena (2.29) ¢ momolbio
WCIIOJIb30BaHus JIMH3bI Becenmaro M3 Meramarepuaia ¢ OTPULIATENbHBIM Ipe-
JIOMJIEHUEM, T.€. pEAIM3aLNI0 «CBEPXPA3PELICHUD).
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3. HanomiasMoHuKa
3.1 IloBepXHOCTHBIE MJIA3MOHBI

HanomnasmMoHuKa, WiM ONTHUKA BHYTPU BOJIHOBOW 30HBI U3JIy4YCHUS,
OCHOBaHa Ha (PU3MYECKMX MeEXaHM3MaX BO30YKIEHUS MOBEPXHOCTHBIX
mwia3moHoB (I1I1) B Meramnax mpu ux 0OJyYye€HUM CBETOBBIMHU HMITYJIbCaMH
BuauMoro nuana3ona. [1I1 3To cBsi3aHHbIE KOJeOaHUs 3IEKTPOMArHUTHOTO OIS
U DJIEKTPOHOB IIPOBOAUMOCTH, PACHPOCTPAHSIOIIUXCSA BIOJIb IIOBEPXHOCTHU
IpOBOAHMKA. MIX MOXHO MHTEPIPETUPOBATH KAK IJIEKTPOMArHUTHBIEC BOJIHBI,
3aXBa4YE€HHBbIE IIOBEPXHOCTBKO MeTajula BCJIEACTBHE B3aWMOJCHUCTBUSA  CO
CBOOOAHBIMU 3JEKTpOHaMU. B Xome 53TOro B3aUMONEWUCTBUS 3IIEKTPOHBI
IIPOBOJAUMOCTH KOJUIEKTUBHO PEAarupyrOT Ha 3JIEKTPOMArHUTHOE BO3JEUCTBHUE,
OCLIUTUPYS B PE30HAHCE CO CBETOBOM BOJHON. ['MOpuaHbI xapakTep
IIOBEPXHOCTHOTO IUIa3MOHA OTPAXAECTCA B JPYrOM €ro HauMEHOBAaHUU —
IUTa3MOH-IIOJIIPUTOH: 37€Ch “IUIa3MOH” OTHOCHUTCS K KojeOaHusM 3apsjia Ha
IIOBEPXHOCTH MeETallla, a “TOJNAPUTOH  — K OJJIEKTPOMATHUTHOMY IIOJIIO B
IudIeKTpuke. BelpaxkeHune mig BosiHOBOro Bekropa IIII Ha HampasiieHue
pacrpocTpaHeHus (0Ch X) UMEET clienyromuil Bus [3]:
W | EgdEm

ey =2

C Al €qtem’

(3.1)

Trac Ed,m — AUDJICKTPHUYCCKAA ITPOHULIACMOCTDb JUIJICKTPHUKA 1 METaJljia.

B cepunm HemaBHUX OKCIEPUMEHTAIBHBIX W TEOPETHUYCCKUX padoT
OOHapy»XeHbl paguKalbHbICE W3MEHEHHS B MPOXOXKICHHH CBETa Yepe3
HAaHOOTBEPCTHS B MeETalaX, YyKa3bIBAIOUIME Ha pe3KHe yBEIWYeHHS (I10
CpPaBHEHHUIO C OOBIYHOW ONTUKON) KOA(POUIIMEHTOB MPOXOXKICHUS CBETOBOTO
CUTHAJIa, BKJIIOYAash €ro ycuieHue. boyiee Toro, HaHOCTPYKTYpHUPOBAHHE
MaTepHaJIOB OJM3M HAHOIIENEeW WM WCIOJb30BAHHE MAacCCHBa HAHOOTBEPCTHIA
OPUBOAST K  HM3MEHEHHIO  CIIEKTPAIBHOTO  COCTaBa W HAMpPaBIICHUS
pacmpocTpaHeHHs TIPOXOISAIIETO U3ITy9ICHHUS. Tem caMbIM
HAHOCTPYKTYPUPOBAHHBIE MAaTEPUAIbl MIPUHITUITHATHHO MEHSIOT CIIOKHUBIIIHECS
NIPECTABICHUS O TPAHCTIOPTE U3ITyUEHUS Yepe3 BEIIECTRBO.

@u3nyeCKOM  NPUYMHOW  M3MEHEHUsT  TPAHCHOPTHBIX  CBOMCTB
HAHOCTPYKTYPUPOBAHHBIX MaTEpHUANIOB SBJSIETCS BO30Y)KJIEHHE CBETOBOM
BOJIHOW MOBEPXHOCTHBIX IJIA3MOHOB B METAJIJIE, CIIOCOOHBIX PACIIPOCTPAHSATHCS
Ha OOJIbIIME TI0O CPABHEHHUIO CO CBETOBOM BOJHON TIJIyOMHBI B BEIIECTBE.
HuTtepdepeHius cBETOBOTO W3IyYEeHHUs] Ha MEpeaHEN W 3aJHel MOBEPXHOCTH
HAaHOCTPYKTYp  IO3BOJSE€T  JOOMTBCS  M3MEHEHHA  IPOXOAUMOCTH U
CIIEKTPAJIBHOI'O COCTaBa CBETa B IIMPOKOM JMAIlA30HE IApaMETPOB. Y CIOBUEM
PaCIpOCTPAHEHUSI TOBEPXHOCTHBIX IIJIa3MOHOB SIBJISIETCS COOTHOILIEHHE MEXKIY
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BOJTHOBBIMU BEKTOpaMU MaJalollero W3JIy4eHHUs, IUIa3MOHOB M BEKTOPOB
00paTHOI penieTKy, XapaKTepu3yromie pudaeHyo moBepXHOCTh METaslIa:

kg, = k, +iG, * jG,, (3.2)

rne Kgp, — BOMHOBOI BekTOp MimasMoHa, K, — KOMIIOHEHTa BOIHOBOIO

BEKTOpa MaJalolIero M3Iy4yeHuss B IUIOCKOCTH oOpasia, Gx’y — BOJIHOBbBIE
BEKTOpa OOpaTHOW pemeTkd, i j — ueiable uyucna. Jlns renepauuu
MOBEPXHOCTHBIX IIJIA3MOHOB OOBIYHO HCMOJB3YIOTCS METAUIMUECKUE TIJICHKH,
HAHECCHHBIE HA JUAJEKTPUUECKUE TOJIOKKHU. JlucrepcuoHHOE ypaBHEHHE,
OMpEENSIONIee YCIOBUE PACHPOCTPAHEHHS] MOBEPXHOCTHBIX IUIa3MOHOB B
TaKoW cpejie MPU HOPMAJIBLHOM TaJCHUH, MPOCTHIM 00pa30M CBSI3aHO C JJIMHOMN
BOJIHBI M3JIYy4YEHUS A M JUDJICKTPUUECKUMH MPOHUIIAEMOCTIMH TOJIOKKU &1 H
MeTasia 82(|Gx’y|) =2n/ay:

1/2
(i2 + j2)1/2) = q, ( f1%2 ) (3.3)

&1+&7

N3noxkeHHbIE CBOWCTBA TPaHCIIOPTAa CBETOBBIX HMITYJIBCOB 4YEpE3
HAHOCTPYKTYPbl OTKPBIBAIOT IIMPOKHE BO3MOYKHOCTH HMX IPUMEHEHUS JUIs
CKOPOCTHBIX (POTO/ETEKTOPOB U TEIEKOMMYHHKAIIMOHHBIX cucTeM. OcoOblit
UHTEPEC TNPEJCTABISAET HCIOIb30BAHUE HAHONOP MJIs JI€TEKTHUPOBAaHUA H
paciiuPpOBKM MOJIEKYJIAPHBIX COECAUHEHUH. DTH BO3MOKHOCTHM OCHOBAHBI Ha
pe3koM (0osiee yeM Ha TpH MOPsIKA BEJIMYMHBI) YMEHBIIECHUH HAOII0AaeMOro
0o0beMa Mo CPaBHEHUIO C OOBIYHBIMU 00BEMaMHU ONTUYECKOTO AETEKTUPOBAHUS,
OTPaHUYCHHBIMH pa3MepaMH MsATHA CBETOBOM (OOBIYHO JIa3epHOM) POKYCUPOBKU
(mopsimka 1 Mkm’). Takoe yMeHbIICHHE 0ObeMa HAGIIONCHUH OOBSICHIETCS
KOHLIEHTpaIMeil CBETOBOM »HEpruu ONM3M anepTypbl HAHOOTBEPCTUH (Apyrue
Ha3BaHUsS: HaHO(MUIIbEP, HAHOIOP), MPUYEM HWHTEHCHUBHOCTb M3JIY4YEHUs 3/ECh
MOXKET 3HAYUTEIBHO MPEBOCXOAUTh MHTEHCUBHOCTb MAJaroOUIero Ha (uibepy
cBeToBOro curHaia. OOmas cxema DJKCIEPUMEHTOB IO PETUCTpaIiu
MOJIEKYJISIPHBIX COSIMHEHHI B HAHOOOBbEMaxX MpejcTaBieHa Ha puc.3.1(a).
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Approximate observation volume

(a) (6)
Puc.3.1. (a) O0mas cxema SKCIEPUMEHTOB MO PETUCTPALUU MOJEKYJISIPHBIX
COEIMHEHMI B HaHOOOBeMax; (0) pe3oHaHCHas nepeaavya BO30YKICHUS MEXITY
TOKJIECTBEHHBIMU aTOMaMH{ BHYTPH BOJIHOBOM 30HBI U3ITy4EHUS

[Tna3MoH, BO30yXmaeMblii Ha TOBEPXHOCTH BOJHM3U  HAaHOMOPHI
(puc.3.2(a)) wu HaHomwuka (puc.3.2(0)), mpencTaBiaseT cCoO0M OCIMILTUPYIOIIHIA
JTUTIOJIb, CO3AIONTUN BOKPYT Ce0s JIIEKTPOMArHUTHOE TOJIE.

(a) ()
Puc.3.2. Bo30yxaenue HaHOOOBeKTa (OMOMOJIEKYJIbI) BHYTPH BOJTHOBOM 30HBI
MOBEPXHOCTHOTO IIJIa3MOHA, BO30YXKJIEHHOI'O TAJAlONIe CBETOBOM BOJIHOM
BOJIM3HM HaHOUIIBbEPHI (HAaHOTIOPHI) (a) 1 OJM3M  HAHOTHUKA CTPYKTYPUPOBAHHOM
MTOBEPXHOCTH.
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Ha Gonbmux paccrosinusax R (B BOJTHOBOHM 30H€ R>>4) 3TO moJie MEPEXOUT B
[0JIe DJIEKTPOMAarHUTHOW BOJIHBI, OTBEYAIOLIEH JMUIOJIBHOMY H3IYyUYEHHUIO.
OpaHako mpH NoNaJaHUK KaKoro-1m0bo HaHOOObeKTa (Hanmpumep, OMOMOJIEKYJIbI)
BHYTPb BOJHOBOM 30HBI IUIA3MOHHOTO OCIWUISATOpPA HWMEETCS BIIOJHE
ornpe/ereHHass BO3MOXKHOCTh BO30OYIUTh 3TOT HAHOOOBEKT (MOJIEKYIYy) BHYTPH
BOJIHOBOM 30HBI. [locnenytomiee ucmyckanue (QoToHa Takoll BO30YKICHHOM
MOJICKYJIO ~ TIO3BOJISIET  3apeTUCTpHpOBaTh  JnaHHoe  coOwitue.  [lose
OCHWJUIMPYIOIIETO 3JICKTPOHEUTPAIIBHOTO JIMMOJS BHYTPU BOJHOBOM 30HBI
COBIIQJIa€T C MOJIEM, CO3/1aBAaE€MbIM dJEKTpHUecKUM aumnoiieM. [Ipu Hanmuuun
JUTIONIBHO Pa3pelIeHHOTO TepexoJa B MOJIEKyJie (HAaHOOOBEKTE) C YacTOTOM,
ONM3KOM K  YacToTe KOJeOaHWW  IUJIa3MEHHOrO0  JMIMOJIS, BO3MOXHA
Oe3u3mydarenpHas nepenadya Bo30yKIEHHUS OT OCHMUIMPYIOLIETO IUIa3MOHA K
HaHOOOBeKTy. ONUCaHHBIM MPOLECC aHAJOTHYEeH Oe3U3IydaTelbHOM mepenaye
BO30YXKJEHUSI MEXIYy PE30HAHCHBIMU aTOMaMHU IPU UX CTOJIKHOBEHUHU (puC.
3.1(6)). 3neck nepenaya BO30YKJICHHS TaKKe 00YCIOBJICHA JUTOJb-AUNIOJIbHBIM
B3aMMOJICCTBHEM PE30HAHCHBIX AaTOMOB.

OnucaHHble CBOWCTBA HAHOONTHKUA OTKPHIBAIOT BO3MOKHOCTH pac-
MUGPPOBKU (IEKOJUPOBAHMS) CIOXKHBIX MOJEKYJISIPHBIX COCAMHEHUH, BKIIOYAs
CTPYKTYpY OMOMOJIEKYI.

3.2. [Ina3MOHHBIA Pe30HAHC B HAHOYACTHIIAX

3akoH aucnepcuu (3.1) xapakTepeH Uil MOBEPXHOCTHBIX IJIA3MOHOB Ha
IUIOCKOM mnoBepxHOCcTU. B cnyuae IIII, BoO3HUKawOmKMX, HaNpUMeEp, Ha
MOBEPXHOCTH  METAJUIMYECKOr0  I1apa, TMOMEIIEHHOT0 B  IMEPEMEHHOE
ANIEKTpUYECKOe noJie, BMecTo (3.1) umeem:

wsp=wp/ V3. (3.4)

JlagHas yactoTa HaspBaeTca dJactorol Mwum. OHa  ONHMCHIBaeT
MIPUTIOBEPXHOCTHBIE KOJIeOaHUsI AJIEKTPOHOB MPOBOJUMMOCTH IlIapa B clydae,
€CIM ero JauaMeTp jaoctaroyHo Man (HaHocdepa d < ¢/w, rae w — 4Yacrora
BHEITHETO JICKTPUUECKOTO MOJIs, T.€. MOJIe MOXKHO CUHUTATh OJHOPOJIHBIM. [Ipu
TaKuX KOJEOaHUSX SJICKTPOHHOE O00JaKO KaK €JUHOE IIeJI0e CMEIIAeTCs TO B
OJIHYy, TO B JAPYIyI0 CTOPOHY OTHOCHUTEIHHO IIOJIOKHUTEIBbHOrO 3apsja (0e3
M3MEHEHHUS KOHIEHTPAILIUH, B OTINYUE OT OObEMHBIX IJIa3MEHHBIX KOJIeOaHuit).

Ecnu Ha Meranmnuyeckyro HaHocdepy MajaeT 3JIEKTPOMarHuTHas BOJHA C
4aCTOTOM BOJIM3HM YacCTOThI IUIA3MOHHOT'O PE30HAHCA W = Wsp TO MPOUCXOJUT
BO30yXKJeHHEe TIUIa3MOHOB Ha  TOBEepXHOCTH  cdeppl.  Bo30yxaeHHBIC
MOBEPXHOCTHBIC  IJIa3MOHBI,  OOJIAJIAfOIME  MEPEMEHHBIM  JIMIOJBbHBIM
MOMEHTOM, B CBOIO OU€PE/Ib M3JIYyUalOT 3JIEKTPOMArHuTHy10 BOJIHY. [IoCKOIBKY
KoJieOaHus 3apsja, CBA3aHHBIE C ITOBEPXHOCTHBIM IUIA3MOHOM, 3aTyXarT C
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IpEeBpAILlEHUEM SHEPTUU KOoJeOaHU B TEIIO, UMEET MECTO TAKXKE IMOTJIOIMICHHUE
AJIEKTPOMArHUTHOW BOJIHBL.

B ominune OT MOBEPXHOCTHBIX IIJIA3MOHOB HA IUIOCKOW MOBEPXHOCTH IS
B0o30yxkaeHust cerom [III Ha moBepxHOCTH HaHOYAcTHUL HE TpeOyeTcs
BBIIIOJITHEHUE TPOCTPAHCTBEHHOIO CHUHXPOHM3MA, IIOCKOJIBKY CHCTEMA HE
o0nazgaeT TPaHCISILUOHHOW CUMMETPUEH, M 3aKOH COXPAHEHHUS MMILYJIbCA «HE
paboTaer».

Takum oOpa3om, B3aUMOJEWCTBUE W3IYYEHHS] C  METAJUIMYECKOU
HAHOYACTULIEW IPHUBOJUT K PACCESHHUIO W TOTJIOMICHUIO JJIEKTPOMATHUTHOU
BOJIHBI B pe3yJbTaTe BO30YXKJECHHS MOBEPXHOCTHBIX IIJIa3MOHOB, €CIIH
BBINIOJIHAETCS YCIIOBUE IUIa3MOHHOTO pe30HaHca w = @wsp. IIpubimxeHHoe
PaBEHCTBO B ATOM YCJOBHMM O3HAYaE€T, YTO IJIA3MOHBI MOTYT BO30YXKAaTbcs U
IIPY 3aMETHOM OTCTPOMKE YacTOThl M3JIy4EHHs OT PE30HAHCHOW. J[laHHOE
00CTOATENBCTBO B KOHEYHOM MTOTrE CBSI3aHO C KOHEYHBIM BpeMeHeM ku3Hu [111
7<00, YTO MPUBOAMUT K 3HAYUTEJILHOMN MIMPUHE CIEKTpa IUIa3MEHHBIX KOJIeOaHMi
Aw~1/z.

[IBeT HamOoJIee CUIIBHBIX KPACSIINUX BEIIECTB - OPraHUYECKUX KpacuTeiaen
— OIpenensercs, Kak TIpPaBuiIO, NOTJIOIICHUEM H3JIyYEHUs MOJIEKyJIaMu
kpacurens. [lpu  B3aMMOIEWCTBMM  HW3JIy4Y€HHd C  METAUIMYECKUMH
HAaHOYACTULIAMHM cHUTyauus Oyaer uHas. s Manslx paauycoB HaHOC(hEpHI
r<15-35 HM JOMHMHHMpPYET TOIJOLIEHUEe, MJid OOJIbIIUX  PaTUyCOB
ONPEACIAIONIYI0 POJb HAaYMHAET WIpaTh paccesHue usnydeHus. CymmapHoe
BJIMSIHUE TIOTJIOIICHHUS M PACCEsHMS Ha IMPOXOKICHHE CBETOBOTO JIyya 4epes
BELLECTBO ONMCHIBACTCS CEUEHUEM IKCTHUHKIUU Oy =0cqr T Ogps. BETUUMHA 0yl
IpeCTaBiIsieT co00M MOIIHOCTh, yAAISEMYI0 U3 MaJarollero Ha HaHOYacTUIlY
CBETOBOTO JIy4a MHTEHCUBHOCTHU /;, 3a CYET INOIJIOLICHUS U paccesHus. OTHO-
LICHUE CEYECHUS PACCESHUsI K CEUCHMIO DKCTUHKLHUM HAa3bIBACTCA KEAHMOGHIM
8bIXOOOM N =0cq/0cy. KBAHTOBBIM BBIXOJ] XapaKTEPU3yeT OTHOCHUTEIbHYIO
BEIIMYMHY YJIAIAEMOW H3 CBETOBOIO JIydya MOIIHOCTH, KOTOpas HIET Ha
paccesiHue U3JIy4YEeHHs], T.€. MOXKET ObITh 3apETrUCTPUPOBaHA (POTONPHUEMHHUKOM.
W3 BBIIECKAa3aHHOTO CIIEAYET, YTO KBAaHTOBBIM BBIXOJ BO3PAacTacT C POCTOM
pa3Mepa HaHOYACTHUIIbI, HO, Kak OyJeT BHJIHO U3 JAIbHEUIIET0 PacCMOTpPEHUS,
Jpyrasi BakxHasi XapaKTEpHUCTHUKA - TOOPOTHOCTb PE30HAHCHOI'O PACCEesHUs - C
POCTOM paanyca YMEHbIIAETCS.

B kauecTtBe npumepa BOSHUKHOBEHHUSI OKPACKH B PE3YJIbTATE PACCESHUS HA
HAHOYACTHULIAX MpeacTaBieH Kyook Jlukypra. L[Ber sToro kyOka omnpexaensercs
METAIIMYECKMMH HaHOYaCTULIaMU cepedpa, BHEIPEHHBIMU B CTEKIO. B mecTax,
IJIe CBET MPOXOAUT CKBO3b CTEKJIO, LIBET KyOKa - KPAaCHBIH, B MecTax, I'/ie IIpouc-
XOIUT paccesHHE CBETa Ha IIPpU IOBEPXHOCTHBIX HAaHOYAacTHIAX, — 3e€-
JIEHOBATHINU, puc 3.3.
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Puc. 3.3. Yama Jlukypra. [llocepedune pucyHka — HaHOYACTHIIA 30JI0TA
u3 oOpasna crekna vamu JIukypra, yBHIIEHHas C TOMOIIBIO 3JIEKTPOHHOTO
MuUKpockona (pazMepsl yactull ot 50 o 100 Hm).

N3o0paxenne: « XUMUS U )KU3HBY»

Baxnoit cneuuduueckoit 4yepTod  (POTOMPOLIECCOB C  y4acCTUEM
METAUIMYECKUX HAHOYACTHL] SBIISIETCA OTCYTCTBHE JIFOMHUHECHECHUIHUH NPU
BO3JICCTBUM HAa HUX HU3JIyYEHUS, XapaKTepHOW JUIsl MUIIEHEeH, 00Jagaromx
CUJILHBIMU ONTHYECKUMH TEPEX0JaMH B JUCKPETHOM cHekTpe. B pesynbrare
U3ITyYeHHE METAJUIMYECKUX HAHOYACTHUI[ MOJHOCTHIO O0YCIIOBJIEHO pacCesHUEM
Ha HUX DJIEKTPOMATHUTHBIX BOJH. OTO TMPUBOJIHUT, B YACTHOCTU, K Y3KOMY
CHEKTPY M3JIy4YeHHUs NMPHU BO3OYKICHUH METALTUYECKON HaHOCHEPHI Ja3epOM C
y3KOW crekTpanbHoil JuHuen. Cdepruueckue HaAHOYACTHUIBI M3 OJIaropOaHBIX
METAJNIOB (30JI0Ta U cepedpa) HaxXOIAT MIMPOKOE MPUMEHEHHE B PA3THYHBIX
00JacTsAX MCCIeIOBAHNN U TEXHOJOTUM. Tak, B 4aCTHOCTH, 30JI0ThIe HAaHOC(hEPHI
aKTUBHO WCTONB3YIOTCS KaK HaHOMapKephl B MeauiuHe U Ouonoruu. Kpome
TOr0, BeCbMa MEPCHEKTHUBHO KCIOJb30BAHUE METALUIMYECKUX HAHOYACTHUI] B
Pa3IMYHOIO poAa CEHCOPAX.

JoctonHcTBO cdepudeckoid GopmMbl HAHOYACTUIBI € (YHIAMEHTAIBHOM
TOYKM 3pEHUS 3aKII0YaeTcs, IMpEekJIe BCEro, B TOM, YTO OTCYTCTBYET
3aBUCUMOCTh €€  ONTHYECKUX  CBOUCTB  (CEUEHHUs  TOTJIOMICHUS U
CEUCHMsIpAcCEestHUS]) OT (OPMBI U OCTAETCS TOJBKO 3aBUCUMOCTBH OT pa3Mmepa.
DTO MO3BOJSAET YHPABIATH XAPAKTEPUCTHUKAMHU IJIEKTPOMArHUTHOTO OTKJIMKA
HaHOC(Qepbl, M3MEHssi ee paauyc. Kpome TOro, cedeHus: paccessHUs W
MOTJIONIECHUS M3JTyYeHUs Ha METaUIMYeCKHX cdepax MOryT ObITh ONHCAaHBI B
paMKax OTHOCHUTEJIBHO MPOCTOTO aHAITMTUYECKOTO MOAX0/1a.
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3.3. Teopuss Mu paccesiHUS ¥ NOTJIOIICHUS U3JTyYCHUS

Teopuss Mu paccesHuss u3Iy4yeHUs Ha MeTauIMuecKol cdepe,
HaxXoJslIeHCss B OJHOPOJHOM  cpenme, Oasupyercs Ha  Pa3loKEHHUH
AIIEKTPOMAarHUTHOTO TOJISI 1O IWIMHAPUYECKUM TapMOHUKaM (B CHIY
HWIMHAPUYECKOM CUMMETPUU  3a/ladyd) U «CIIMBKE» TaHTECHIMAJIbHBIX
KOMIIOHEHT HANPSKEHHOCTHU JJIEKTPUUYECKOI0O U MATHUTHOIO IOJIS HA TPAHULIE
cheprl. g TOrO YTOOBI YNOBIETBOPUTH OTUM TPAHUYHBIM YCIOBUSIM,
HEOOXOUMO MPEANONI0KHUTh, YTO MOMUMO MaJaroUero Ha cepy Mo U Mo
BHYTpH c(epbl €cTh e€Ie IMoJie BTOPUYHOW (pacCessHHOW) BOJHBL. BbIBOA
COOTBETCTBYIOIIUX (OPMYJI BeCbMa TPOMO3JIOK, OH MMEETCA B KIACCHUECKHUX
MoHorpadusx no ontuke [10], 1 MBI mpuBenEeM 371€Ch JUIIHL OKOHYATEIHHBIN
pe3yJIbTar.

Ceuenue paccedHHs] H3JIYyYEHUS HAa METANIMYECKOW cdepe COrjlacHo
Teopuu Mu paBHo:

(Mie) _ 2mc?
scat

Zn 12n + D{|a,,(x, mx,m)|?* + |b,(x, mx.m)|?} (3.5)

rae a, u b, — xoapdunurentsr Mu garorcs hopmyaamu:

YWY 1 () -mPn OY n(¥)
Y n()-min (Y ()

a,(x,y,m) = (3.6)

mpy (VP n(0) =P (P 7 (x)
mi/)rll(Y)Zn(x)_z‘rll(x)lp @)’

b, (x,y,m) = (3.7)

Un = zjn(2) = \/%]n+1/2(z)a (3.8)

6 @) = 210G = [ZHED, @) 39

- (yHKIIMY, BBEICHHBIC I[e6aeM B 1909 rony; J,(z) — chepuueckas
(ynxuus beceens, J,14/2(z) u H g il /Z(Z) ¢dbyukiuu beccenst u Xankens
noJtyuenoro nopsiaka. s n = 1 umeem:

] ( ) sm(z) __cos(z)
1 =

Z

(3.10)
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h§1) (Z) _ sirzlgz) _ cosz(z) _ [sin(z) n cos(z)] (3.11)

z z2

B npenene manoro napamerpa x=krs u3 hopmyi (3.6) - (3.11) moxHO
MOJIYYHUTh CIICAYIOIINE pa3iokKeHus A koddurmentor Mu:

a; = isx3(1 + tx? — isx?), b; = isux®, (3.12)

rIe
g=2m-1 _3m=2 u=—(m?+2) 3.13
T 3m2+2’ T 5m2+2’ "~ 30 (3.13)

- BCTIOMOTaTeNIbHbIe (YHKIIMA OTHOCHUTEIHLHOTO TIOKa3aTessl IPEIOMIICHHS,
[Tapametpsl x u m, purypupyroimue B hopmyse (3.5), UMEIOT BUA:

x = kry = /e, %rs (3.14)

- MPOM3BEICHUE BOJITHOBOT'O BEKTOPA M3TYUYCHHS B MATPHUIIC HA PaTNyC
HaHOC(EpHI:

m=,&(w)/en (3.15)

OTHOIIIEHUE TIOKa3aTelNel mpeloMIICHHUs MaTepuaia HaHOChepbl U MAaTPUIIHL.
Pe3ynbTaThl pacueTra CcEUYEHHUs pACCESHUS U3IYYEHUS Ha CepeOpsHBIX
chepax pa3IMIHOTO pa3Mepa B paMKax Teopur Mwu mpeacTaBieHbl Ha puc.3.4 B

CIIEKTPAIbHOM JHana3oHe BOJM3H IUIa3MOHHOTO PE30HAHCA W & Wgp = Wy, /V 3.
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Puc. 3.4. PacueTHoe ceueHHE pacCesHHS W3IyYeHHUs] Ha CepeOpSHBIX HaHO-
cdepax paznugHoro paauyca (10,20, 30,40 aM) BOIM3H MIIa3MEHHOTO pe30HAHCa
B cpere ¢ &,= 2.25; mo ocu alcuucc OTJIOkKEeHa HSHeprusi (OTOHA B
3NIEKTPOHBONIBTAX, TI0 OCH OPMHAT - CEYEHHE IPOLECcca B HM

W3 npuBENEHHOrO pPHUCYHKA CIEAyeT, 4YTO C YBEJIWYEHHEM pa3Mepa
METa/NINYeCKOM HaHOC(epbl MOJOKEHHE MAaKCUMyMa CEYEHHS pacCesHUs
CABUTAETCS B JJIMHHOBOJIHOBYIO 00JacTh, a LIMPUHA CHEKTPAIbHOTO
MakcuMyMa Bospactaer. g paguycoB 30 m 40 HM Ha KpuBbIX puc. 3.4
IPOSBIAETCS MK, CBSI3aHHBIM C KBaJAPYNOJBHBIM PE30HAHCOM IIPH
BO30YXKJIEHUM IIOBEPXHOCTHOI'O IUIa3MOHA. KBaapynosbHOe crnaraemoe
orBeuaeT n = 2 B cyMMe (3.6). DKkcnepuMeHTalbHbIE U TEOPETUUECKHUE JaHHbIE
[0 PacCesTHUIO M3JIyYeHHUs Ha 30JI0ThIX HaHOC(epax pa3IMYyHOTO JUaMeTpa B
CHEKTpaJbHOW oOjacTu BOJM3M IUIA3MEHHOTO PE30HAHCA, IIOJIyYCHHbIE B
nucceptanuu [11], mpeacrasieHsl Ha puc. 3.4.

Pacuer Obl1 mpoBeneH B pamMKax TE€Opud MH € HCHOJIB30BAHHEM OOB-
€MHOI0  3HAYEeHUSA U1 JAUIEKTPUYECKOW  IPOHUUAEMOCTH  30J10Ta,
Omnpe/elieHHOro B 3kcrepuMmenTe [12]. BuagHo, 4TO TeopeTHueckue KpUBBIC
XOpOLIO BOCIPOM3BOJAT HE TOJBKO IOJOKEHUE MAaKCUMyMa CEYEHHsS U €ro
CHEKTpaJbHYIO IIUPUHY, HO U TOUYHBIMA X0 KpuBoil. [lyis nuamerpa HaHochepsbI
150 HM B BBICOKOHEPIETUYECKOM KpPbUIE MOSBISIETCS MAKCUMYM, CBSI3aHHBIN C
KBAJIPYIIOJIbHBIM PE30HAHCOM. OTOT MAaKCUMyM cia0ee BBIpaXeH, 4YeM s
ciydast cepeOpsiHOM cdeppl, YTO MOXKHO OOBSICHUTH MEHBIIMM BpPEMEHEM
ne¢a3upoBKU MOBEPXHOCTHOIO IJIA3MOHA B 30J10T€ 10 CPABHEHUIO C CEPEOPOM.
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Puc. 3.5. DkcnepuMeHTalIbHbIE CHEKTPhl PACCESHUSI M3ITYUYEHUS Ha 30J0ThIX
HaHOc(epax pa3IMYHOrO AWaMeTpa (YepHas JIMHMS) W pacyeT C MOMOILBIO
Teopur Mu (KpacHble KPUBBIE)

Xopoiiee COOTBETCTBUE TEOPUU U IKCIIEPUMEHTA, CIEAyHollee U3 rpadu-
KOB puc. 3.4, TOBOPUT O TOM, YTO HCIIOJH30BaHHWE B pacuerax OOBEMHOIO
3HAUYCHUS JUAJICKTPUUYECKOM MPOHUIIAEMOCTH Marepuana cdepbl (6e3 ydera
JIOKaJIbHBIX 3((HEKTOB) SABISIETCS B JAHHOM CITydae OMpaBAaHHBIM.

YMeHbIIIEHHEe  YacTOThl W yBEJIMYEHHE  CIEKTPAJIbHOM  IIMPUHBI
IUTA3MEHHOTO pe30HaHca C pOCTOM pa3Mepa HaHOochepbl MPUBOAUT K
yMeHbIleHuto noopotHoctu @ (quality factor) mima3sMeHHOTo BO30YKICHHS,
KOTOpas 1o omnpeneneHuio Q = w,.s/Aw. g 3010T0i HaHOChEpHl BETUYHHA
JTOOPOTHOCTH yMEHbIIIaeTcs ¢ 8 10 2.5 npu u3Menenuu paauyca ot 30 go 80 am.
[Ipu »Tom sHeprus potoHa B pe3oHaHce yMeHblnaetrcs ¢ 2.23B no 1.7 3B. Ilpu
aHAJIOTMYHOM HW3MEHEHUHM paauyca cepeOpsaHoil HaHochepbl T0OPOTHOCTD
MIOBEPXHOCTHOTO IIJIa3MOHAa yMeHbaercsa ¢ 11 1o 4, a pe3oHaHCHAast SHEPTHUS C
2.79°B no 2.5 3B.

JIoOpOTHOCTH TUTA3MEHHOTO PE30HAHCA OYEHb Ba)KHA, IOCKOJIBKY OHa
paBHa KO3(G(OUIIMEHTY YCUJICHUS JIOKAJTBHOTO TOJs, T.€. ONpEAesieT 3HauYeHue
HANPsHDKEHHOCTU  DJIEKTPUYECKOTO  TMOJISI, CBA3AHHOTO C TOBEPXHOCTHBIM
IJ1a3MOHOM, KOTOPOE€ ACHCTBYET Ha 4YacTHUIbl BOJMM3M MOBEpXHOCTU cheprl. B
pe3yibTaTe TAaKOTO YCHJICHHUS, OKAa3bIBAETCS BO3MOXKHBIM HAOIOMATh IICIbII
KJIACC HEJMHEWHBIX ONTUYECKUX SBJICHUN, TaKUX KaK KOMOWHAIMOHHOE
paccesiHie, KOTOpbIe B MPOTHUBHOM CIy4ae MPAKTHYECKH HEHAOIIOMaeMbl WITU
JUIS PErHCTpaliil  KOTOPBIX TPEOYIOTCS CBEPXCHIIbHBIE SJIEKTPOMAarHUTHBIE
HOJIA.
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Jnsi cedeHust SKCTUHKIMU HM3TYyYECHHUS Ha METaJUTMYECKOou cdepe Teopus
Mu paer [10]:

(Mie) _ 2mc?
scat Em W2

Yo1(2n + DRe{a, (x,mx,m) + b,,(x,mx.m)} (3.16)

Beipaxkenust 11t kod(pPUIIMEHTOB pasioXeHus a,, b, TPUBEICHH B
dopmynax (3.6) — (3.9), mapameTpbl x U m narotcs paBeHctBamu (3.14) -
(3.15). HamomMHuM, 4TO SKCTUHKIIMS ONMKMCHIBAET YMEHBIIEHUE WHTEHCUBHOCTU
U3JIyYEHUS B pE3yJIbTaTE €ro MOIJIOIICHHS U PACCESHUS Ha YaCTUIAX BELIECTBA.

Kak yxe ynoMuHanoch, CeUeHHe MOTrJIOIICHHS U3TyUYeHHUs] paBHO PA3HOCTH
CEUCHUN DKCTUHKIHUHU U PACCESHUS Opyy=0gyy T Oups. C TOMOIIBIO 3TOTO
cooTHoIIeHHsT U BeIpakeHuit (3.5), (3.16) MOXHO paccuuTath CEUCHHE
dboTomorIoMEeHUsI Ha MeTaUIM4ecKol cepe. Pesynbrar Takoro pacuera s ce-
peOpsiHbIX cdep pa3IM4yHOro pajauyca, MOMEIIEHHBIX B cpeay ¢ &,=2.25
(cTekJy10), mpecTaBlIeH Ha puc. 3.6.

4
1x10 T T

cabsAg( o, 30) 3| \
cabsAg (o ,20) ¥

aabsAg(m, 10} o3 '

- p ~ 1

Puc. 3.6. Ceuenue noriomieHus U3IydeHus: cepeOpsHbIMU chepamMu pa3IMuHbIX
paauycos (10, 20, 30 uM), paccuuTaHHOE B paMKax TeOpuu Mu B 001acTu
r1a3MeHHoro pe3oHanca. [lo ocu abeurce oTinoxkena sHeprus porona B 3B, o
OCH OpP/HHAT - CEUYCHUE B HM

BuaHo, 4TO B OTIIMYME OT CEYEHHUsI PACCESHUS CEYEHUE TTOTVIOIECHNS] UMEET
CYIIECTBEHHO  0oJjiee  CHJIbHBIM  KBAJPYMNOJbHBI  PE30HAHC, KOTOPBIM
JOMHUHUPYET HaJ JUIOJNbHBIM, YK€ HauuHas ¢ paaunyca chepsl 30 HM.

UucneHHplil aHaNIU3 B paMKax Teopud MU IOKa3bIBaeT, YTo B Cllyyae
cepeOpsiHbIX HaHOC(Ep CEeueHUsl IMOTJIOLIEHUS U PACCEIHUS W3JIy4YEeHUS B
IUIa3MEHHOM MaKCUMYME CPaBHMBAIOTCS NpHU paauyce 15 HM, uid OOIbIINX
pasnycoB TOMHHHMPYET paccessHUe Haj noriomieHueM. /st 3010TbIX HaHOChEp
paccesHHE CpaBHHMBAETCS C IMOIVIOIIEHHMEM NpH paguyce 37 HM, NpUYEM
MaKCHUMyM CIIEKTPaJbHOI'O CEYECHUsS pacCesHUs B DOTOM Cllyyae CMEIIECH
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OTHOCUTEJILHO MAaKCUMYyMa MOTJIOIIEHUS B 00J1aCTh MEHBIINX 3HEPruil (POTOHOB
npuMepHo Ha 0.1 3B. OTHOLIEHNE CeYeHUsl pacCestHUS U MOTJIOIIEHUS CBSA3aHO C
KBAHTOBBIM BBIXOJIOM PACCESIHHOTO W3Iy4YeHUSI, KOTOPBIH SIBISETCS BaKHBIM
apaMeTpoM, ONPEAEIAIOIMM BO3MOXHOCTh MPAKTHYECKOIO HCIOJIb30BAHUS
HAaHOYaCTHLI.

BaxxHO TNOAYEpKHYTh, 4YTO CYUIECTBEHHAas 3aBHCUMOCTb CIIEKTPOB
paccessHusT M TIOTJIOIICHUS H3JIYyYECHHS METAINIMYECKUMU HaHOYaCTHUIIAMU
BOJIM3M IJIA3MEHHOTO pE30HaHCa OT pajauyca cdepbl, KoTopas CcieayeT H3
puc.3.3, IpUBOIUT K HEOJHOPOJHOMY YIIMPEHUIO COOTBETCTBYIOLIMX CIEKTPOB
B Ciydae aHcaMmOJid HAHOYACTHI[ C 3aMETHBIM pa30pocoM paauyca. ITO
HEO0OXO/IMMO YYMTBIBATH MPU AHAJIM3€ COOTBETCTBYIOIIMX SKCHEPUMEHTAIBHBIX
JTAHHBIX.

HecMoTpst Ha  Xopomiee COOTBETCTBHE  TEOPETUYECKHX U JKC-
NEePUMEHTAIBHBIX JAHHBIX, CleAytoliee U3 puc. 3.5, He0OX0IUMO MOMHHUTb, YTO
Teopust Mu UMeer, eCTeCTBEHHO, CBOIO 00J1aCTh IPUMEHUMOCTH. DTO CBSI3aHO B
nepByro ouepeab ¢ (PEHOMEHOJIOTMYECKUM OMMCAaHUEM MaTepraia HAHOYACTHUIbI
C MOMOUIBIO AUAIEKTPUYECKOW MNPOHHUIIAEMOCTH. Takoil MOAXOJ CIpaBeIJIvB
JUTSl JOCTATOYHO OOJIBIIMX Pa3MEepPOB HAHOYACTHIIBI U JJTMHBI BOJIHBI U3JIy4YEHUS,
Korja «paboTaeT» MpejicTaBiIeHUE O BEIIECTBE Kak O CIUIOMIHOW cpexe. B ciy-
4ya€ HAHOYACTHUI[ MaJoro pa3Mepa, CYLIECTBEHHYIO pOJib HAYMHAIOT UIPATh
JokanbHbIe A(G(EKTh, KOTOpbIE HE YUYUTHIBAIOTCA TMPU HMCIOJIB30BAHUH
00BEMHON NUATIEKTPUYECKON MPOHUIIaeMOCTH MeTaia. Kpome Toro, Teopus
Mu npenrnonaraeT Halu4due PE3KOW TPAHUIBI Y METATUYECKON cQepbl, uTo
TaK)Xe SIBISETCS MPUOIMKEHUEM.

B3auMmopeiicTBue H3IydeHUs ¢ METALIMYECKUMH HAaHOYACTHIIAMH MOYKHO
OMHCHIBATh B paMKax Ooiyiee TpyOOro momxoja, o0JaNalOIIer0 BMECTE C TEM
OosbIIel (pU3nYecKol HArISAHOCTBIO 10 CPaBHEHUIO ¢ Teopre Mu. B pamkax
3TOr0 MOJIX0J1a MOKET OBbITh MOJYYEHO BBIPAKEHUE ISl YACTOTHI MJIA3MEHHOTO
pEe30HaHCa Ha METAIUTMYECKON cdepe, urparoliee BaXXHY0 poib AJi1 HOHUMAaHUS
(bU3HKK paccMaTpUBAEMBIX MPOIECCOB, a TAKKE C TOUKU 3PEHUS MPAKTUUYECKUX
IIPUMEHEHUM.

Boipakenue aJig cedeHUs pesIeeBCKOTO pacCcesiHUsl Ha aTOME MOKET OBbITh
UCIIOJIb30BAHO VI OINHCAHMSI PACCeSTHUS H3JIy4YeHUsT Ha CPEeprUuecKux
HAaHOYACTHIIAX, B 3TOM CIIy4yae OHO MOXET ObITh IEPENICAHO B BUJIE:

cat () = 2

“ o) (3.17)

rae fy(w) - nuHamMuYeckas MojsipuzyemMocth HaHochepol. B dopmyne (3.5)
BhIpakeHnto (3.17) oTBeuaeT mumnonpHOE ciaraemoe ¢ n = [. Ecim pamuyc
HaHOC(Ephl CYIIECTBEHHO MEHBIIE JJIMHBI BOJHBI PACCEMBAEMOT0 H3TYUYEHUS
7<<J, TO MOKHO TOJIb30BaThCsI CIACAYIOIIUM BBIPOKECHUEM JJIsI TUHAMUYECKON
MOJIAPU3YEMOCTH:
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_ 55(“)) Em
ﬁS(w) TS m € (0))+2€m 4 (318)

rie &(w) - OUANEKTpUYecKash MPOHUIIAEMOCTh MaTepuaia cpepul, &, —
JIUAJIEKTPUYECKasi MPOHUIIAEMOCTb MATPHIIB, T.€. CPEbl, B KOTOPOH HAXOIUTCS
HaHoc(epa. OOpalieHue B HOJIb PeaJIbHOM YacTH 3HAMEHATENsl B PABEHCTBE
(3.18) ¢usuuecku oTBeyaeT BO30OYXKACHUIO IUIa3MOHA Ha TMOBEPXHOCTH
HaHOC(EpbI (MOBEPXHOCTHBIN MJIa3MOH).

B cnydae Meraminueckoil cdepbl, AJ BBIYUCICHHS IUAIECKTPUUYECKON
IIPOHUIIAEMOCTH €€ Marepuana MOXET OBIThb HCHOJb30BaHAa Mojenb Jpyxe
(mpubnm>xeHne KBAa3UCBOOOJHBIX OJEKTPOHOB) C TMOMPaBKOW Ha BKJIaj
CBSI3aHHBIX AEKTPOHOB. COOTBETCTBYIOMIAs (hOpMYyJia UMEET BU/I:

2 2 2
e (W) =g ——P =g, ——DP_4 Y% (3]9)

w(w+iy) w?2+y? w(w?+y?)

II¢ Y - KOHCTAHTA pellaKcaluy, ,=/ 4mne?/m*, n - KOHLEHTpalus
AJIEKTPOHOB MPOBOAUMOCTH, m* — d(dekTuBHasT Macca IJIEKTPOHA B 30HE
OPOBOAMMOCTH, &, —— CJaraeMoe, OIMCBHIBAIOIIEEe BKJIAd CBS3aHHBIX
AJIEKTPOHOB B JUAJIEKTPUYECKYIO MPOHMIIAEMOCTh MeTaia. B ciydae ydera
TOJIBKO AJIEKTPOHOB MIPOBOJUMOCTH €4, = 1. KoHCTaHTa penakcanuu cBsizaHa co
BPEMEHEM peJaKcaluu 3JIeKTpoHa T:~1/7. Bpems pemakcamum ompexaenser
NPOBOJIMMOCTH METaJIa B NOCTOSHHOM 3JIEKTPUUYECKOM Tojie 0 = e?nt/m*, u
MOXET OBITh OmpezAesieHo 1o 3Tod ¢dopmyre. Mcnons3oBanue 3QpeKTUBHOM
Macchl 71 BMECTO MAacChl CBOOOJIHOTO 3JIEKTPOHA M1, TO3BOJIAET B IIEPBOM
OpPUOIMKEHUN YYECTh BIUSHHUE KPUCTAUIMYECKOW pEelIeTKH MeTayla Ha
JBUYKEHUE AJIEKTPOHA MTPOBOJIUMOCTH.

CpaBHeHHE ¢ SKCIIEPUMEHTAJIbHBIMU JaHHBIMU TOKa3bIBAa€T, YTO (opMyiia
(3.19) xopol1110 ONKCHIBAET ONTUYECKUE CBOMCTBA METAJIJIa B IMAINla30HEe SHEPTU
¢dotonoB hw < 2 <3 5B. Jlna GonpIIMX SHEPTrUd 3aMETHYIO POJIb HAYMHAIOT
UTpaTh MEK30HHBIC TIEPEXOJIbI ANEKTPOHOB B METAJIE, YTO OCOOCHHO CHIIBHO
CKa3bIBAaeTCsl Ha BEJIMYMHE MHUMOW YaCTH IUANIEKTPUUYECKON MPOHHUIIAEMOCTH,
KOTOpasi BO3pacTaeT MPUMEPHO Ha MOPSAOK BETWYHHBI. TeM He MeHee NI To-
Jy4YeHUs aHAJIUTUYECKOro pe3yJibTaTa YI0OHO TMOJb30BAaTHCA PABEHCTBOM
(3.19), mompazymeBas mpu OTOM, YTO KOHCTaHTa penakcamuu Y = y(w)
BO3pacTaeT C yBEJIMUYCHHUEM YaCTOTHI.

[TapameTpsl IUAAEKTPUYECKON TPOHULAEMOCTH B MoAenu Jpyae st Tpex
METaJJIOB IPUBEAEHBI B Tadnuie 3.1.
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Tadauuna 3.1.
[Tapametps! pyne miist HEKOTOPbIX MeTaJioB [11]

Merann Au Ag Cu
n, cM> 5.90-10* 5.76:10% 8.45-10%
oo 9.84 3.7
m*/m 0.99 0.96 1.49
/o, 5B 9.1 9.1 8.8
T, dC 29 40 40
hy,sB 0.067 0.018 0.018

W3 nanHOM TaOdMIBI CIENYEeT, YTO KOHCTAHTa PEJIaKCAllUU 3JIEKTPOHA B
00BEMHOM METAJUIMYECKOM O00pa3le MHOI0 MEHbIIE COOTBETCTBYIOIIEH
MJIa3MEHHON 4acToThl Yy K w,. Tem He MeHee, y4yeT MHHMMOW 4YacTH B
BbolpakeHun (3.19) HeoOXxoauM, 4YTOOBI M30€XKAThb CHHIYJSIPHOCTH IIPH
BBIYUCJICHUHA JIMHAMUYECKOW moJspusyemoctd HaHochepsl (3.18). B
JanbHeHIeM npeHeOperaeTcs 3aBUCUMOCTbBIO JTURJIEKTPUYECKON
POHUIIAEMOCTH MATPHUIBI OT YACTOThI, YTO CIPABEAJIUBO JUIsI HE CIMIIKOM
BBICOKMX YaCTOT U31yYEHUS.

B cinyyae meramiuyecKux HAHOYACTHI[ Majioro paauyca (7, <30 HM)
HEOOXOJMMO  YYMTBIBATH  pPACCEIHHE  DJIEKTPOHOB  NPOBOJUMOCTH  Ha
MOBEPXHOCTH CQPEPBI, UTO MPUBOIUT K «ITOBEPXHOCTHOI» J00AaBKE K KOHCTaHTE
PENaKCAUMH Yy r, PEHOMEHOIOTUYECKOE BBIPAKEHHE 1711 KOTOPOH MMEET BUI:

Lo p=E (3.20)

Tsurf Ts

Vsurf =

rme Vp - cxopocts Pepmu (1.4:10° cw/c anst 3omora u cepepa), A -
NOJITOHOYHBIN TMapaMeTp, BeJIMYMHA KOTOpPOro s cepedpa KoiyieOnercs B
npeaenax or 0.1 go 0.7 B 3aBUCUMOCTM OT XUMHUYECKOTO OKPYXEHHUS
HaHOYACTHIIBI.

[ToncraBnsas (3.18) — (3.19) B (3.17) u npenedperas B HEPE30HAHCHBIX
KOMOMHALIUAX KOHCTAHTOM 3aTyXaHHs, HaXOAMM BBIPAKEHHUE [UIsI CEUCHMS
paccestHMsl M3Iy4YyeHUsT Ha METaJUIMYeCKOM HaHocdepe B  AUNOIBHOM
NpUOIMIKEHUU B CIEKTPajIbHONW 007aCcTH BOJIM3M IJIa3MOHHOTO pE30HAHCA:

59



(@)

2 [(Soo_em) wi —1]

2 : > 12 > (3.21)
(Eoo"'zem)(wip) +(Vtot) -1 +(%)

w
rae  Yeor = V(@) + Vsyrf + Vrqa CyMMapHas KOHCTAaHTA pelaKCalluy,
YUHUTBIBAIONIASl paccessHue JJIEKTPOHOB Ha mnoBepxHocTtu cdepol (3.20) u
paauallMOHHOE  3aTYXaHU€  Vpqq, OOYCIOBIEHHOE  HW3JIYYEHHEM  DJICK-
TPOMArHUTHBIX BOJIH MOBEPXHOCTHBIM IIa3MOHOM HaHOYACTHUIBI. OTMETHM,
YTO €CJIM TAPAMETP Vgyrf, YMEHBIIAETCA C POCTOM pasMepa HAHOYACTHILbI

cormacHo (3.20), TO KOHCTaHTa pPAJUALUOHHOIO 3aTyXaHUS Vpqq, Kak
I10KA3bIBACT SKCIICPUMEHT, PACTET POIOPLHOHATIBHO F; .

N3 dopmyner (3.21) crmemyer, 9TO MaKCHMyM CEUYEHHUS PACCESTHUS
U3JIy4eHUs TpU BO30YXKIACHUW TOBEPXHOCTHOTO IUIa3MOHA JOCTUraeTcs Ha
PE€30HAHCHOM YacCTOTE:

2
scat L 8 (w7, 3
o5t () = 5 (573

2
w
~ p

Wres =

— Yo (3.22)

Eot2Em

B npubnmxeHnnn KBa3sMCBOOOJIHBIX AJIEKTPOHOB (Monens Jpyae), koraa €, =1,
st HaHocdepsl B BakyyMe &,=1 dopmyna (3.22) 06e3 yuera 3aTyXaHHs

JACT Wyes = Wy /v/3, T.e. wacToTa mIa3sMoHa Ha cdepHYECKOl ITOBEPXHOCTU B

V3 pa3 MeHblne YacToThl OOBEMHOrO ILIa3MOHAa (0€3 ydera UCIIEPCHH).
3aMeTHM, 4TO 4YacToTa IJJa3MOHA Ha IJIOCKOM TMOBEPXHOCTH METAaJUI/BaKyyM
pPaBHA Wyes = wp/\/i.

CyIiecTBeHHO, YTO PE30HAHCHAsT YacTOTa pacCesiHUS YMEHBIIAeTCs C
pPOCTOM KOHCTaHTBhI 3aTyXaHUSl Yior, M 3aBUCUT OT JAMDIEKTPUUYECKON
IPOHUIIAEMOCTH MaTpulbl &,. llocnennee 00CTOSATENHCTBO HMCHOJB3YETCS B
IPAKTUYECKOM HCIIOJIb30BAHUM METAJUIMYECKUX HaHOC(ep KaKk CEHCOPOB s
MOHMUTOpUHIA OKpykaromed cpeasl. CrnekrpanbHas LIMpPUHA MaKCUMyMa
cedyeHus paccesHus (3.21) coBnagaer ¢ cyMMapHO KOHCTAaHTOM peslaKCcaluu:

%
AWscat = Vior = V(w) + A T_I: + Yrad (3.23)

ITOCKONIBKY ~ COTJIACHO  OKCHEPUMEHTANBHBIM  JAHHBIM  Vyqq~To, a
Ysurf~Ts = TO, HAYMHAs C HEKOTOPOTO pajuyca HAaHOCHEPHI, CIEKTpabHAs
MIMPUHA MaKCUMyMa CEYEHHS paCCesHHUsl pacTeT C YBEIWYCHUEM paauyca
Hanocdepsl. [lpu sTom, kak cruemyer u3 dopmynsl (3.22), TOI0XKECHHUE
MaKCHMyMa CIIBUTAETCs B 00JIaCTh MEHBIIIUX YaCTOT.
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HamomHuM, 4TO crieKTpajibHas MIMPHUHA MAaKCUMyMa CBA3aHa CO BPEMEHEM
MOTIEPEYHOI peakcanuu ontudeckoro Bo3Oyxaenus Aw = 2/T, .B panHom
ciydyae mapameTp 7, onuchiBaeT BpeMms JedazUpOBKH OBEPXHOCTHOTO
IUIa3MOHA, C BO30YKIEHHEM KOTOPOTO CBSI3aHO pACCEsHUE U MOTJIOLIEHHUE
U3Iy4yeHUs Ha HaHocdepe B paccMaTpUBAEMOM CIHEKTPAJbHOM JMana3oHe
BOJIM3U pEe30HAHCHON YacTOTHI (3.22). DKcrepuMeHTalbHask 3aBUCUMOCTb 3TOTO
BpPEMEHH OT IuameTpa cepeOpsiHoi cdepsl mpuBeneHa B Tadmuie 2.2.

Taoauna 3.2.

Bpewms nedazupoBku T, mOBEpXHOCTHOTO IJIa3MOHA IS CEPEOPSIHBIX
HaHoc(dep paznuuHoro nquametpa [11]

d, HM 20 40 60 80

7). Oc 4.5 5.2 4.7 2.3

N3 nmanHOM TaOnuIbl clieayeT, 4YTo C pPOCTOM JHaMeTpa Bpems
neda3upoBKU CHayana BO3PACTaeT, YTO OOYCIIOBJICHO YMEHBIICHHUEM BIIUSHUS
paccessHUs DJIEKTPOHOB Ha TIOBEPXHOCTH cdephl. a 3aTeM HadyuHAeT
YMEHBIIIAThCS M3-3a POCTa MOTEPh IHEPTHUM HA H3JIy4YeHHE (pagualOHHOE
3aTyXaHHE).

Ha pesonanchoit yactore (3.22) B AUMOIBHOM NPHOIUKEHUU CEUCHUE
paccesHUs W3JIyYEHUs METAUIMYECKOM HaHocepol (B HpeHeOpexeHuun
WIEHAMH ~W¢ ot/ Wp) PABHO:

O-.é'scat (wres) =

24nw;%rs6( wp )2 £m (3.24)

c* Yot (Ts) ((‘-'oo"‘z“-'m)5

OTtcroga cneayer CHIbHOE BO3PACTAHME CEYEHHS] B MAaKCUMyME C yBe-
JUYEHHEM pajguyca HaHochepbl [0 TeX Mop, IMOKa 3TOT pPOCT He
CKOMITEHCUPYETCSI POCTOM KOHCTAHTBI PENaKCAlMH Vipr OOYCIOBICHHBIM
paaualMOHHBIM 3aTyXaHUEM MTOBEPXHOCTHOIO IJIa3MOHA.

B pamMkax mpocTeHIIero aHaJIUTUYECKOrO IMOJAXO0JAa JJISI BBIYUCICHUS
CEUYCHMS TOTJIONMICHHsI W3ITydeHHUs HaHOCPEpPOW B JUMOJHHOM MPUOIMKCHUH
(A>>ry) MOXKHO BOCIIOJIb30BATHCSI ONTUYECKOU TEOPEMOM:

4T W

0’ (w) = — Im{Bs(w)}. (3.25)

U BhIpKEHUEM JUTsl IMHaMH4YecKoi nossipuszyemoctu (2.31). B pesynbrare:
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2
w

2 Vtot<—)

abs L ATEm 3 Wp

085 (w) = T

; . (3.26)
+(Vtot/w)?

o2
(Soo+28m)(w—p) +(Vtot/w)?—1

YacTora MakCuMyMa CEYCHUS TOTJIOIICHHUS 3a7aeTcs TOW ke (hopMyioi
(2.35), uyto u png ceuenus paccesHuss. Kak crnemyer u3 paBeHcTBa (2.39),
CEUYCHHE TIOTJIONMIEHUS W3Iy4YeHUsT HaHoc(hepoll B MaKCUMyMe YacTOTHOM
3aBUCHUMOCTH PaBHO:

12Twpes, 3 Wp

T- .
c(ecot+28m)? s Ytot(Ts)

0805 (Wyes) = (3.27)

Orcroma, B YacTHOCTH, CIEAYET, 4YTO CEYECHHE IOIJIOIIEHHUs B pac-
CMaTpUBaEMOM NpHOIMKEHUH BO3pacTaeT Kak KyO paanyca HaHOoc(epbl U Ha
PE30HAHCHOM YacTOTE NPONOPUMOHAILHO OTHOIIEHHIO Wp/Vior B OTIMYHE OT
pe3oHaHCHOTO ceueHusi paccesHus (3.24). OTHOILIEHUE CEYEHUN paccestHus U
NOTJIOIIEHUS M3JyYEHUs B MaKCUMyMeE YaCTOTHOM 3aBUCHMOCTH, BBITEKAIOIIEE
u3 Gpopmyi (3.24) u (3.27), naercs paBeHCTBOM:

(3.28)

Usscat(wres) _ (TS(‘)p)3 5%1

Usabs(wres) c (ec0t28m)3

Takum 00pa3om, paccessHUE W3TyYeHHS Ha HaHOC(Epe JOMUHHUPYET Ha
MOTJIOIIEHUEM ISl JIOCTaTOYHO OoybIIMX paauycoB. [ mapameTpos
cepeOpsiHOlt  cepbl  TpaHWUYHBIA  pagWdyC,  pasfeisdionui  o0nacTu
CYIIECTBEHHOCTH paccesHHusi M TmoriouieHus, nopsaka 15 wm. Ilpu
UCIOJIb30BaHUU paBeHCcTBa (3.28) HEOOXOAWMO YYHUTHIBaTh, YTO IOJIHAS
KOHCTaHTa peaKcalliy 3aBUCUT OT pajuyca HAaHOYACTHUIIBI, YTO OTPAHHYUBACT
BO3pAcTaHWE OTHOIICHUS CEUYCHUN PACCESHUS W TIOTJIOMICHUS MPU YBEITUICHUU
paauyca.

CyIIecTBEHHBI HEMOCTAaTOK OINHUCAHUS PACCESHUS W  TOTJIOIICHUS
u3JlydeHus Ha HaHocdepax ¢ mnomomeio dopmyn (3.17), (3.18) u (3.25)
3aKJII0YAETCS B TOM, UYTO 3aBUCHUMOCTb MapaMeTpa PeNlakCcalluu Yi,; OT paauyca
HAHOYACTUIIBI HE BO3HMKACT B paMKax JIaHHOTO TOJXO0Ja €CTECTBEHHBIM
obpazom. IlosTomy wmoauduKaiusg CHEKTpa paccessHUS U IOTVIOMISHHUS
U3ITy4eHUs] C H3MEHEHHWEM pa3Mepa METAUIMYECKOH c@epbl MOXKET OBITh
TEOPETHUYECKH BOCIPOU3BEACHA TOJBKO TOCIE TOTO, KaKk (PYHKIHS Vio:(Ts)
HaZiecHa U3 OJKcrnepuMeHTa. llociegoBarenbHbIl  MOAXOM,  JIMIIEHHBIN
yKa3aHHOTO HEIOCTaTKa, BOBMOXKEH B paMKax Teopuu Mu.
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3.4. IIpakTHyeckoe HCHOJb30BAHME PACCeSIHUS  M3JIYYECHUSA  HA
HAHOYACTHLIAX

Cpean  oOnactedt  MPaKTHMUECKOTO0  NPUMEHEHUS  METAJUTMYECKUX
HAHOYACTHUIl B MEPBYIO OYEpEelb CJEAYeT OTMETUTh HX HCIOJIb30BaHUE MJIS
ONTHYECKOTO JETEKTUPOBAHUSI OMOJIOTHYECKUX OOBEKTOB W JUISI MCCIIEIOBAHMS
OMOXUMUYECKUX TMporieccoB. Hambomee BaXHBIM MPEUMYIIECTBOM JaHHOTO
METOJa MO CPAaBHEHUIO C TPAJUIMOHHBIM PaJUOU30TONHBIM MAPKUPOBAHUEM
SIBJISIETCS MTHOBEHHBIN OTKJIMK U MPOCTOTA peaI3alluH.

Du3N4ecKOM OCHOBOW MCIMOJIb30BAHUS METANIMUYECKUX HAHOYACTUI[ B
KAueCTBE CEHCOPOB SIBJICTCS 3aBUCMMOCTb YaCTOThI TUIA3MEHHOTO PE30HAHCA B
CIIEKTPE PACCESIHHOTO W3JIYYEHUS OT JAUDICKTPUYECKOW MPOHUIIAEMOCTH
oKpy>Karomied cpenbl (MaTpuilbl). CrenyeT MNOAYEPKHYTh, UTO PACCESHHBIMI
CIIEKTP 3aBUCHUT OT JOKAAbHOU BEIWYUHBI JUAICKTPUUYECKOU MPOHUIIAEMOCTH
MaTpUIbl. ODTO CYIIECTBEHHO IMOBBIIIAET Pa3pelIaloNlyl0  CIOCOOHOCTD
paccMaTpuBaeMOro TMOJAXO0/Ja IO CPaBHEHUIO C JPYTUMU ONTHYECKUMU
metonamu. CIBUT ITUTA3MOHHOTO pe30HAHCa NPHU PACCETHUM W3IyYeHUsS Ha
METAUIMYECKOW HAHOYACTUIIE ONPEACNSeTCs JIOKAJIbHOW KOHLEHTpauueu
YaCTHI[ OKpY’Karoleil cpenpl B oobeme mopsiaka 10 16 oM. Yneno MOJIEKYJI B
TakOM 00beMe, KOTOpBhI€ BBI3BIBAIOT CIEKTPAJIBHBINA CIBUT, OYEHb MAaJlo
(mopsIKa HECKOJIBKUX THICSY).

[IpumMep BIMSHUSA MATPUIBI HA SKCIEPUMEHTAIBHBIN CHEKTP PaCCESTHHOIO
cepeOpsiHOlt  HaHOChEpoll  W3IydeHUs  MpeAcTaBiIeH Ha  puc. 3.7.
JlusnexkTpruueckass MPOHUIIAEMOCTh BOJHON MATpPHUIbl HM3MEHSUIaCh 3a CYET
pacTBOpeHMsi B HeEH caxapo3bl - BeliecTBa C OOJbIIMM  KO3(PHUIIMEHTOM
npeioMIIeHHs, YeM Boja. M3 MpuBEACHHOTO PUCYHKA CIEAYET, YTO MAKCUMYM
CIIEKTpa PaCCESTHHOTO H3JIYYEHHUs] CMENIaeTcs B 007acTh OOJBIIUX JJIMH BOJIH
(«KpacHBII» CIBUT) MO MEpE YBEIUYEHHUS KOHIEHTPAIMU caxapo3bl B BOJE, T.C.
C YBEJIMYEHHUEM MOKa3aTessl MPEeJIOMIICHUs MATPULbl. AHAIU3 MOKa3bIBAET, UYTO
CABUT CHEKTPAIbHOIO MAaKCMMyMa JHHEHHO 3aBUCUT OT KOHIEHTpPAIUH
caxapo3bl, U €ro BEJIMYMHA HAaXOAUTCS B COOTBETCTBUU C MPEACKa3aHUEM
Teopun Mu.

Takum oOpa3oMm, TO CABUTY MaKCMMyMa B CIEKTPE PACCESTHHOTO Ce-
peOpsiHOl  HaHOC(EpPONl H3IYYEHUS] MOXKHO OMNPEACIUTh KOHIEHTPAILIUIO
caxapo3bl B BOJHOM PacTBOPE, B KOTOPHIN MOrPY>KEHA HAHOYACTHIIA.

B03MOXHOCTh JETEKTUPOBAHUS MAJIbIX KOHLEHTPALMI PACTBOPEHHBIX
BEILIECTB BBINICONUCAHHBIM CHOCOOOM OMPENENAeTCs BEIMYMHON  CIIBUTA
MaKCUMyMa, CHEKTPaJbHOM UYBCTBUTEIBLHOCTHIO YCTAHOBKHM U IIHUPUHOU
MJIa3MEHHOTO pe3oHaHca. B Hacrosiiee BpeMs CABUT MaKCHUMyMa CIIEKTpa
U3JIyYEHUs MPU PACCESTHUU HA OJMHOYHOM HaHOcPepe MOXKET OBbITh HAJEKHO
3aperuCTPUPOBAH BILIOTH JI0 BEIUUYUHBI AA=2 HM.
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Puc. 3.7. DkciepuMEeHTaNbHbIN CIIEKTP U3Ty4YEHUs], PACCEIHHOTO HA OJIMHOYHON
cepeOpsinoit HaHocdepe (7, =30 HM), YACTUIHO MOTPYKEHHON B BOTHBIM
pacTBOP caxapo3bl pazIMYHON KOHIleHTpauu [11]

BenuunHa caBura makcuMmyma IOJ BO3JCHCTBHEM 3aJaHHOW MaTPULIbI
MOXKET OBITh YBEIMYCHA MPHU 3aMeHE HaHOChep Ha HaHOCTepkHH. [Ipm Takoii
3aMEHE yMEHbINAeTCS IIMpPUHA IUIa3MEHHOTO PE30HaHCa, UTO TakXKe
YBEIIMYMBACT UYyBCTBUTEIBLHOCTh MeTOJa. M3MepeHus: MmoKa3bIBalOT, YTO CABUT
CHEKTPAIbHOTO MaKCUMyMa, OOYCJIOBJICHHBIN BIUSIHUEM MaTPHIlbI, COCTaBIsSET
20% OT mMUpPUHBI TJIA3MEHHOTO pe30HaHca i 30J0To HaHochepsl u 80% ais
30JI0TOTO0 HAHOCTEPXKHS TaKoro xe oObema i IUIa3MEHHOM MOJbI, OpH-
€HTUPOBAHHOW BJOJb OCHU CTEpPKHS. BMECTO HAHOCTEPKHS ISl yBEIUYEHUS
YyBCTBUTEJIIBHOCTH CEHCOPOB HAa METAJUIMYECKUX HAHOYACTHULIAX MOTYT
UCIIOJIb30BAThCS ~ TMaphl  OJM3KOPACIONIOXKEHHBIX  HaHochep.  pyrum
JIOCTOMHCTBOM HAHOCTEP)KHEH TI0 CpPaBHEHUIO C HaHO-Cepamu SBISICTCS
Oombmras 3(hPEKTUBHOCTh pacCesHHs] W3IIy4YeHHS, OOYCJIOBJICHHAsI OOJBIION
BEJIMYMHON TOJISIPU3YEMOCTH W OOJIBIIMM KBAHTOBBIM BBIXOJOM. Takum
00pa3oM, METANIMYECKUE HAHOCTEPKHU SIBIISIOTCS UACAIBHBIM PEIICHUEM IS
CEHCOPOB, OCHOBAHHBIX Ha IMOBEPXHOCTHBIX MIa3MoHax. OHHU codeTaroT
OOJIBIITYI0 YYBCTBUTEJIBHOCTh YACTOThI IJIA3MEHHOTO PE30HAHCA K MaTepualy
MaTpUlbl, MaJIyl CHEKTPaJIbHYIO IIUPUHY PE30HAHCA U  BBICOKYIO
3G (HEKTUBHOCTH PACCESIHUS U3TYUEHUS.

Meraniuyeckre HaHOYACTUIIbI, TTOMEIIEHHBIE B PACTBOP, MOTYT CIIY>KUTh
TaKX€ CEHCOPaMHM 3JIEKTPUUYECKOTO 3apsiia, BOZHUKAIOIIETO HA UX TOBEPXHOCTH
B pe3yJibTaT€ B3aUMOJECHUCTBUS C MOJIEKyJlIamMu pactBoputens. Hanmnuwne
M30BITOYHOTO KOJIMYECTBA 3JIEKTPOHOB B HAHOYACTHUIIE TPUBOAUT K YBEJIMUEHUIO
KOHIICHTPAIIMU 3JIEKTPOHOB MPOBOAMMOCTH, YTO YBEJIWYUBAET IUIa3MEHHYIO

YacTOTy B COOTBETCTBMM C (OpMynoi w, =./4mne?/m* wu uacroTy
IIA3MEHHOTO PE30HAHCA Wsp = W,/V/3, BBI3BIBAS TEM CAMBIM T.H. «CHHHID»
CIBUT B CTICKTPE PACCETHHOTO U3TyUCHHUSI.

Haxkoner emie ogHUM NMPUMEHEHHEM METAUTHYSCKUX HAHOYACTHI] MOYXKET
OBITh WX HCIIOJIb30BaHUE JUIS DJCKTPHUSCKOTO YMPaBICHUS TEPEKIIOUYCHUEM
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CBETA, UYTO BAXXHO [IJII COBPEMEHHBIX ONTHUYECKHUX TEIEKOMMYHHUKAIIMOHHBIX
TEXHOJIOTUM M JUCIUIEMHBIX CUCTEM. B 3TOM cilyyae MMEET MECTO aKTHUBHOE
BO3JICCTBME HAa IUIA3MEHHBIM PE30HAHC B  pE3yJbTare MPUIOKEHUS
IIOCTOSTHHOTO ~ JJIEKTPUYECKOrO TMOJISI K  METaJUIMYECKOW  HAHOYaCTHIIE,
MIOMEIIICHHOW, HANpUMEP, B KUIAKUN KPUCTALI. DJIEKTPUYECKOE I10JIE€ MEHAET
JIOKAJbHOE 3HAYEHHE UAJICKTPUYECKOM NPOHUIIAEMOCTH MATPHUIIbl, YTO U
MPUBOJIUT K CABUTY CHEKTPAIBbHOIO MAKCMMyMa B PacCEMBAEMOM H3JyUYCHHHU.
[Ipn BO30YXJICHUU TUIA3MEHHOTO PE30HAHCA JIa3€PHBIM H3JIYUYCHHEM C Yy3KOM
CIIEKTPAJIbHOM IMUPUHOM CIBUT MAKCUMyMa IIPOSABIIACTCS KAK HW3MECHCHUE
WHTCHCUBHOCTHU PaCCESTHHOTO CBeTa. YkazanHoe 00CTOSTEIBLCTBO
JEeMOHCTpUpyeTcst puc. 3.8 MJist IByX cepeOpsiHbIX HAHOUYACTHUIL, TOMEUIEHHBIX B
pa3IMYHBIE JIOMEHBI JKUAKOTO KPUCTAJUIA, OTJIMYAIOIIMECS HAMpPABICHUEM
BEKTOpa CIIOHTAHHOM TMOJISIPU3AIIAH.

CyllleCTBEHHO, YTO  DJEKTPUYECKM  MHIYLUHUPOBAHHOEC  M3MEHEHUE
JTADJICKTPUUECKOM  MPOHUIAEMOCTH  SABJSETCS  AHU3OTPOIHBIM, IOATOMY
BO3HUKAET 3aBUCUMOCTBH CIIEKTPa PACCEIHHOIO H3JIYYEHUS OT MOJISIPU3ALIUNU
BO30y Karomiero ceera. Ecinu usnydeHue mosipu3oBaHo MapajieibHO BEKTOPY
HANPSKEHHOCTU MOCTOSIHHOTO  3JIEKTPUYECKOTO T0JIs, BO3HUKAECT «CHUHUK)
CIBUI CIIEKTPaA PACCEIHHOTO M3JIyYCHUs, €CIIA MEPIEHINKYIISIPHO - «KPACHBIN»
caeur. Takum oOpa3oM, C TIOMOIIBIO TIEPEKIIOYCHHUS  TOJISIPU3AIUH
BO30Y’)K/IalOIIETO CBETa MOXKHO YIPaBIATh S(PPEKTUBHOCTHIO PACCESHUS
M3JIyYEHHS HA METAJUIMYECKUX HAHOYACTHUIAX B paCCMAaTPUBAEMON CXEME.

Puc. 3.8. «Kpacuwiit» (a) wu

«cuHu» (0) CHBUT IUIA3MOHHOIO PE30HAHCA MPU PACCESTHUU M3IYyUYCHUS Ha
cepeOpsiHbIX HAHOYACTHUIAX, TOMEIICHHBIX B pPa3IUYHbIC JIOMEHBI >KHJIKOTO
KpHUCTaIa, P MPUII0KEHUH TOCTOSTHHOTO 3JIEKTpUYecKOro mosst [11]
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4. TpancpopmaunoHHasi ONTUKA

HanouacTuiia, KoTopasi UMEeT HYJIEBYIO MOJSIPU3YEMOCTh, HE PACCEUBAET U
HE TMOTJOIIAeT CBET W, TaKUM oOpas3om, sBisieTcs HeBuaumoul. Eciam Obl ¢
MOMOIIBI0 KAKUX-IMOO MOKPBITUM YyAAIOCh C/AENaTh HEBUAUMBIMHU OOJbIINE
OOBEKTHI, TO 3TO MMEJO Obl OrPOMHOE MPAKTHYECKOE 3HAUYECHHE, B TEPBYIO
ouepellb, B BOCHHBIX MpuioeHusix. Ha mepBbIii B3IIsIA, KaXeTcs, 4To, CIerka
W3MEHUB MapaMeTphl CJI0s, JIENAIIIET0 HEBUAUMBIM My YacTHUILy, MOXKHO
cAenaTh HEBUJIUMBIM M KakK YroaHo OoJblIoi 00BekT. OIHAKO 3TO HE Tak.
bonbmie  0OBEKTHI, TMOMHUMO  JUMOJBHOW  TMOJSPU3YEMOCTH,  HMEIOT
KBQJIpYNOJIbHYI0O M T.JA. TOJSPU3YEeMOCTH, W JJI1 TOro, 4YTOOBI MOJAABUTH
U3Jy4eHHE BCEX MYJBTUIIONEH, TpeOyeTcss B 00IIeM ciyyae cHcTeMa C
OECKOHEYHBIM YHUCJIOM Yyrpasisitomux napamerpoB [13]. C apyroit cTOpoHbI,
CYLIECTBYIOT Psii YUCTO MATEMATUUYECKUX TEOPEM, KOTOPBIE MOKA3bIBAIOT, YTO
MPOCTHIC METOIbI CO3aHUsI HEBUIUMBIX TTOKPHITUM HEBO3MOXXHBI. Tak, B [14] u
[15] nokaszanu, 4TO MOJIHAsT HEBUIUMOCTh HE MOXET OBITh JIOCTUTHYTa 3a
UCKIIFOYEHHEM KOHEYHOI0 4YHMCJIa HaNpaBJICHHM, TIe OOBEKT OKa3bIBaeTCs
OecKOHEYHO TOHKMM. Kpome TOro, majble Mo CpaBHEHUIO C JJIMHON BOJIHBI
U3ITy4YEeHUS] OOBEKTHI TAKXKE MOTYT OBITh CeNIaHbl HeBUIUMBIMU [16-17]. Tem He
MEHEee, BCE-TaKH CYIIECTBYIOT CIOCOOBI M TMOAXOJbl, KOTOPBIE MO3BOJISIIOT
cAeNaTh MOKPBITHSI, BHYTPU KOTOPBIX MOXKHO CHOpSITaTh Jt0O0bIe 00BEKTHI. Jleno
3aKJII0YaeTCsl B TOM, YTO MAaTEMaTUYECKHE TEOPEMBI, YIOMSHYTHIE BBILIE,
HEMIPUMEHUMBI B CIIy4ae CpeJ C OTPUUATEIbHBIM MTOKA3aTEIeM MPEIOMIICHUS U
CUJIBHO aHU30TPOIHBIX cpel. KpoMe Toro, 3TM TEOpEMBI YTBEPKAAKOT, YTO
HEBO3MOXKHO CO3/1aTh UJedAbHble TOKPHITUSI-HEBUIUMKH, HO OCTaBISIOT

OTKPBITBIM BOIIPOC O BO3MOXXHOCTHU CO3JAHUSl MOUMU HEBUIMMBIX MOKPBITUH.
CoBpeMEHHOE pa3BUTUE HAHOTEXHOJOIMH M HAHOIUIA3MOHUKH, OJHAKO,
MO3BOJISIET CO3/1aBaTh HCKYCCTBEHHBIE CpElIbl — MeETaMaTepuaibl, Kak C
OTPULATEIBHBIM [OKA3aTENeM TMpEIOMIICHUSA, TaK U C JI000H CTENeHbIo
anuzotponuu. llpumepsl peanuzauuu cpell C OTPULATEIBHBIM IOKa3aTeleM
MPEJIOMJIEHUS YK€ 00CYKIaNNCh B paszjene 2.

Takum o0pa3om, yke CyUIECTBYET TeXHOJormyeckas 0a3za, MO3BOJISIOLIAS
UCCJIeIOBaTh BO3MOKHOCTH CO3JaHUsl MOKPBHITUN-HEBUIUMOK. B HHOCTpaHHOI
JuTepaType TaKhe TMOKPBITHUS YacTO HAa3bIBAIOT «ILIall-HEBUAMMKa» (invisible
cloak). JIxou IIoHapw ayis MOCTPOCHMS] TOKPHITUH-HEBUIUMOK TPEIIONKHUIT
METOJI, OCHOBaHHBIH Ha TpaHcPopMalMOHHOW onTHKe (MpeoOpa3oBaHUH
koopauHar) [18]:

(x,y,z) > (ulx,y,2z),v(x,y,2),w(x,y,z)), (4.1)
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B pe3yJibTare KOTOPOTrO M3 O0JacTH C PEeryJspHON Jy4eBOW KapTUHON B
IPOCTPAHCTBE (X, V, Z) C OJHOPOIHBIMH M H30TPOIMHBIMU XapPaKTCPUCTHKAMU

BO3HHMKACT Jy4yeBas KapTHHA B MPOCTPAHCTBE C KOOpJAMHATAMH (U, U, W) U
HEOJHOPOAHBIMA M HEHU30TPONHBIMU XapaKTEPUCTUKAMHU, B KOTOPOU €CTh
00J1acTh, Ky/1a HUKAKUE JTy4d HE TPOHUKAIOT.

['oBopst WHBIMH cIIOBaMHU, B TPOCTPAHCTBE (U, V, W) BCE Jy4d Kak Obl
o0TekaroT 00J1acTh, KyJa MOKHO IOMECTUTh CKpbIBaeMblii 00BeKT (puc. 4.1).
Tak xak ypaBHeHHUss MakcBeljia ”THBApUAHTHEI TI0 ()OpPME OTHOCUTEIHHO JIFOOBIX
KOOpPJIMHATHBIX TpeoOpa3oBaHmii, TO MpeoOpa3oBaHue (3aMeHA) KOOPAMHAT
OyIeT COmpoOBOXAAThCH KaK M3MEHEHHWEM TMOJeH, TaK M AJICKTPOMArHUTHBIX
XapaKTEPUCTHK IPOCTPAHCTBA.

Puc. 4.1. Unmoctpauus TOoro, Kak Bce Jy4d OruOaroT 001acTh, COAEPKUMOE
KOTOPOM OCTaeTCs, TAKUM 00pa3oM, HEBUIUMBIM

Hanpumep, ecnu nHauanpHas cdepuyeckas obmactb #<R, B IPOCTpaHCTBE
(x, ¥, z) ObUIa OMHOPOJHOW W M30TPOITHOM, W JIy9d B HEW pacrpoOCTPaHSIIUCH
0e3 N3MEHEHMS HAPaBJICHHUS, TO TIOCIIE TTPeoOpa30BaHNUs:

r' =Ry +r2t
R;
9 =9, (4.2)
@' = 9.

HUKakue J1yun B npocrpanctse (r',0',¢') He cMoryT nonacts BHYTpb cpepsl
paauyca Ri 1, Takum 06pa3oM, 9Ta 00J1aCTh CTAHOBUTCS HEBUIAMMOM.
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[IpeobpazoBanue koopauHaT (4.2) COMPOBOXKIAECTCS U3MEHEHHUEM TEH30POB
AJIEKTPUYECKON YU MAarHUTHOU MPOHULIAEMOCTH:

r 1 R (T,_Rl)z
Er = Hy = o R 2
2 (4.3)
14 / 4 / RZ ’
Eor=Heor =€ =Ho =& = U = —p-

B HenpeoOpazoBanHOl oOnact r > R, TpaeKTOpUM JIy4deil OCTaHyTCS
IPSIMBIMH, & MaTEPHATLHBIC TEH30PHI HE U3MEHSITCS:

!/

=Wy =eg=pog=¢€y=wy=1 (4.4)

3aMeTuM ele pa3, 4YTO HUKAKWE JIydd HE MOTYT IOMAacTh BHYTPh 00JacTH ¢
MatepualibHbIMU TeH30pamu (4.3), (4.4) wiu BeiiTH U3 Hee. Ha BHemiHei
MOBEPXHOCTU  TMOKPBITUSA-HEBUAUMKH  (¥=R,;)  KOMIIOHEHTHI  TEH30pPOB
JUDJIEKTPUYECKOW U MATHUTHOM MMPOHULAEMOCTEN CBI3aHbI COOTHOIIIEHUSIMMU:

! ! 1
8 9, = g (p’ == 8/_7.,,

| (4.5)
,uel —M¢, _lv”r”

KOTOpBIE SBIIIOTCA YCIOBUSIMU HJI€allbHO coryacoBaHHoro ciosa (PML) u
rapaHTUPYIOT OTCYTCTBHE OTpaXeHUsT Ha O3TOW rpanuile. Takum oOpazom,
BO3HHUKA€T €CTECTBEHHAS CBSI3b MEXIYy pPacCMAaTPUBAEMBIM MOKPBITUEM-
HEBUJVMMKOW W XOPOIIO M3YYCHHBIMU HEOTPAXKAKIIMMHU T'PAHULAMH pa3jeia

[19].

B xauecTBe WLTIOCTpaIUy pacCMOTPUM ciiydail R, » A, Tie A — XapakTepHas
JUIMHA BOJIHBI M3JIYyUYEHUS U TJI€ MOXKHO HCIIOJNb30BaTh TPACKTOPUU JTydeu s
n3o0paxkeHust Bekropa YMmoa-IloitntTunra. Ha puc.4.1 nmokaszansl TpaeKTOpuu
Jy4yed, KOTOpbIe MaAaroT U3 OECKOHEYHOCTH Ha 00JIACTh C XapaKTEePUCTHUKAMU
(43) u (44). Jlyun HaA DOTOM pHUCYHKE T[IOJy4arOTCI B pe3yJbTaTe
WHTETPUPOBAHUSA TaMWJIBTOHOBBIX YpPaBHEHUMW, MOJIY4YaeMbIX W3 YpPaBHEHUH
MakcBeia B JiydeBoM npubInxkeHuu. M3 3Toro pucyHka BUIHO, YTO, JEHCTBU-
TEJIbHO, BCE JIyUH OruOaroT o0JacTh » < R; B KOTOPYIO TaKUM 00pa3oM MOKHO
MOMECTHUTH CKPHIBAEMBI OOBEKT.
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JletanbHOE pacCMOTPEHHME pACCESIHMsl DJIEKTPOMAarHUTHBIX BOJH Ha
cheprUECKH CIOUCTON CUCTEME C XapaKTePUCTUKAMM:

( __ (r-Rry)?
(r—=Ry)?
e = =g
. 7, (4.6)
€0 =& = & = &2 b
_ _ _ R,
(Mo = Ho = e = 2

BHYTpH o0nactu R; < r < R, U W30TPOMHBIMUA XapPAKTEPUCTUKAMHU &, , U, BHE
ATOTO oSl ObUIO paccMOTpeHo B padore [20] B paMkax MOJHOM CHUCTEMBbI
ypaBHeHU Makcgeiuia.

B menom, 3TO pemieHue CieayeT U3BECTHBIM PEIICHUSM C H30TPOMHBIMU
cepuYeCKUMHU CIOSIMH, HCIIONB3YIOIMUM pa3oKEeHUE MO0 CHEepUUECKUM
TapMOHHMKAM U CIIMBKY PEIICHUN B Pa3HBIX 00JacTsIX HA uX rpanumax. OgHako
aHU30TPOIKUA UM  NIPOCTPAHCTBEHHAs HEOJHOPOAHOCTH (4.6) TpeOyroT
crienuanbHOro noaxona. s pemenust ypaBHeHuit MakcBeiia B chepruueckom

cioe R1 < r < Rz ¢ xapakrepuctukamu (4.6) [20] BBOASAT CKaJIsipHBIC
noreHuuansl 111 TE u TM-Boma @M, OTE:

( BTM = T'Ot(T' (pTM),
Dry = irOt(:u_lBTM);
DTE = _TOt(TCDTE);

i -
\Brg = _ETOt(S 'Drg),

(4.7)

— o “—_1 <1
rne k = w/c, T — eAMHUYHBIA BEKTOP B palabHOM HampaBieHud, I ~ U &

—TEH30pbl, O00paTHblE  TEH30paM  MarHUTHOM WM JUDJIEKTPUYECKOU
IIPOHUIIAEMOCTH.

[Toacrasnsist (4.7) B ypaBHEeHUsT MakcBemia ¢ MaTepualbHbIMU TE€H30paMu
(4.3), MOXHO TOJYYUTh BOJIHOBBIE YpaBHEHMs AJiA moTeHuuanoB Otm , Ote B
chepruueckoit cucteMe KOOpAuHAT:
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1 92 1 d . 0 1 92 1,5 .
Grore + oo 96 (51035) + Tosima g7 + 5e K} 2 = 0, 49)

w w
rne ky = ?Jﬂg €9 = 7/ HoEp; SR — 0003HayaeT CTeneHb AHU3OTPOIIUH,

st TM w TE-BOJH COOTBETCTBEHHO uMeeM SRyy = €:/&- u SRrg = /Uy . B
Cly4ae, KOrJa TEH30pbl IUAJIEKTPUUECKOM M MArHUTHOM MPOHULIAEMOCTEN
JAl0TCsl BbIpakeHusiMu (4.3), CTENeHb AHU30TPONHUU OJIMHAKOBA ISl O0EUx
MOJIAPU3ALIAN:

7,.2

Pemienue (4.8) ecTeCTBEHHO UCKATh B BUJIE:
D =Yy"(6, ) fn(r) (4.10)

Y IUBUTENBHBIM CBOWCTBOM TEH30POB AUIEKTPUYECKOW M MArHUTHOU
npoHunaemocreid  (4.6) sABigeTCS TO, YTO PELIEHUSMHU YPAaBHEHUS s
panuaibHOU QYyHKIUH f, :

{ﬁ + [k? — w]}fn =0, (4.11)

SBIISIIOTCA MTPOU3BOJIbHBIE (QyHKIIMU PukarTu-beccens co ciBuHyThIM
apryMEHTOM:

fa(r) = zn(ke(r — Ry)), (4.12)

Takum o0Opa3om, MOTEHIMANbI, KOHEYHbIe BHYTpH obnactu Ri < r < R,
MO>KHO 3alHCcaTh B BUJE:

@Sy, =22y dMi, (k. (r — Ry))Pi(cosh),

w

(4.13)

sing

Ofp = —Y, dE, (k.(r — Ry))B1(cos0),

w

rae Y, (z) = zj,(2) 1 j,(z) — cohepuueckas pynxius Beccens.
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[ToguepkneM, uto mnoteHimanbl (4.13) oOpamarTcss B HyJb Ha TpaHUIE
r=R; W I KaxJAOM TapMOHUKM HMMEETCS TOJIBKO OJIMH HE3aBUCUMBIN
ko3¢ uieHT. B ciyuae jxe 0OBIYHOTO €JI0sI TAKUX KOI(P(ULIHEHTOB ObLIO ObI
nBa. IMeHHO 3TO 00CTOSATEIBCTBO MO3BOJISIET CO3/IaTh MOKPHITHE-HEBUIUMKY .

Ions B o6macTu » > R, obueM ciydae cocTosT us nafaomero 1, O
u paccesiunoro @3y, @Fp mosei, KOTOpbie BHIPAKAIOTCS Yepe3 HECABHHYTHIE
¢ynkuusa Pukartu-beccens, u B ciaydyae majgeHus x- NOJSIPU30BAHHON IMIIOCKOM

BOJHBI €IMHUYHONM aMILTHTYIBl BIonb ocu z, E™ = (1,0,0)e'*2? ux moxHO
3aIrMcaTh B BUJIC:

co

(O, = 50 Yo 1 an Yy, (k,r)P(cosh),

) sin _ SIN® <o 1 (4.14)
\PrE = 5 Y1 An Yy, (k)P (cos0),

(D34 = 2% a, TME, (k,r)PL(cosh),

) s sig<p - g ) (4.15)
| PrE = 72n=1 a, Ty ¢, (k,v)P; (cosh),

rne (,(z) = Zh,(ll) (z) u hy, (z)— coepuueckas ynkuus XaHkens, a, =
(-1 (2n+1)

a) ~ ~
wrn A TAC k, = - v/ U2 E - BOIIHOBOM BEKTOP B 3TOW 00JIAaCTH.

[Tonst BHYTpH oOnacTu r < Ri TakXe BBIPAKAIOTCS YEpe3 HECIBHUHYTHIC
bynkuun Pukartu-beccens:

CD%M = Cojp Yn=1 C%‘Pn (kor)Pn1 (cosB),
Si

C1571"15 == Xn=1 Cﬁlpn (koT”)Pn1 (cos0),

w

(4.16)

w o o
e kg = = \/ Lo Eo— BOJHOBOI BEKTOP B 3TOH 0OJIACTH.

N3 ycnoBus HENPEpHIBHOCTH TaHIE€HUHUAIBHBIX KOMIIOHEHT E n H Ha
M,E
rpaHdIle pasjgena cieayer, 49ro Kodbduumentsl 1, ' XapakTepu3yrolue

M,E
paccessHHOe moJie, U KOX(PQOUUUEHTB Cp, ’ , XapaKTEepU3YIOIIHUE I0JE€ BHYTpPHU
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obmactu r < Ri paBHBl Hym0. ITO0 (aKTHUYECKH U O3HAYAET, YTO
paccMaTpuBaeMasi CHUCTeMa O0O€CleyMBaeT MOJHYI0 HEBUIUMOCTb JIHOOOTO
o0bekTa B 001acTu 7 < Ri. CBs3b K€ MEX/1y NaJal0lUM MOJIEM U TI0JIEM BHYTPHU
obnactu Ri<r < R, onuchIBaeTCsl COOTHOIIECHUSMHU:

df = % Ay
2
(4.17)
drl\t/l =& An,
H2

Ha puc. 4.2 nceBaoiBeToM MOKa3aHO pacHpeesieHue B TUIOCKOCTH Xz Ex
KOMITOHEHTBI JJIEKTPUYECKOTO0 T1OJIS MIIOCKOU BOJIHBI, AAOIIEN BAOJIb OCH Z, a
CTpEJIOUYKaMHU PacCHpeNeIIEHUEe COOTBETCTBYIOLIETO BEKTOpa YMoBa-IlonHTHHTa
(miockass  x-MOJSPU30BaHHAs BOJIHA TaJaeT Ha HUJCAIbHOE MOKpbITHE-
HEBUJIUMKY ¢ Xapaktepuctukamu (4.3) ¢ BHyTpeHHUM paanycoM R; = 0,51, u
BHEIIHUM paanycoM R, = A,.

Puc. 4.2. PacnpeneneHue B IUIOCKOCTU Xz E, KOMIIOHEHTBI 3JIEKTPHUYECKOTO
IIOJIS TUIOCKOM BOJIHBI, MAJAOMIEN BIOJIb OCH Z, U COOTBETCTBYIOILETO BEKTOPA
Ywmoga-llovtunra. Ilnockas z mossspu3oBaHHAs BOJIHA MAJAET HA UACAIBHOE
MOKPBITUE-HEBUIUMKY C BHYTpPEHHUM paauycom R; = 0,51, u BHemHum
paauycom R,=4, [20]

N3 »TOoro pucyHka JAEHUCTBUTENIBHO BHIHO, 4YTO PACCESHHOE II0JIE
OTCYTCTBYyeT. bonee Toro, m3 3TOro pucyHKa BHJHO, YTO TAK HA3bIBAEMBIN
po0JIeMbl OCEBOTO JIyya HE CYLIECTBYET, TaK Kak BeKTOp YMoBa-IloiiHTHHTa Ha
MIOJIFOCaX BHYTPEHHEW IMOBEPXHOCTH, TJI€ OCEBOM JydY BXOAUT B HEBUIUMYIO
30HY, PaBEH HYJIIO.

Wnen, uznoxenusie B padore [18] ObuiM peann3oBaHbl 3KCIEPUMEHTAIBHO
[21]. [IpaBma, BMecTO ChepUIECKOr0 HEBUIUMOIO MOKPHITUSI, OHU MOMBITAIUCH
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peanu3oBaTh LWIMHAPUYECKOE, B KOTOPOM JJIsi CO3JaHUS TOJHOCTHIO
HeBUIUMOW obmactd 7 < @ Haao OBUIO UCIONb30BaTh KOOPJMHATHOE
npeoOpa3zoBaHue:

r'=a +rb%‘a,
0 =0 (4.18)
' =0,

KOTOPOC IIPHUBOIXUT K CIACAYIOINMM 3HAYCHUAM JHAI'OHAJIBHBIX KOMIIOHCHT
TCH30POB ,III/ISJIGKTpI/I‘{CCKOﬁ 1 MarHUTHOU IMPOHUIIACMOCTHU

r—a T b \%r-a
€r=I«lr=T;€9=M9=;i€z=liz=(ﬁ) — (419)

(HenMaroHaJibHbIe KOMIIOHEHTBI PABHBI HYJIIO).

N3 ypaBHenuss (4.19) BuagHO, YTO [ pealU3alUU COBEPILIEHHOTO
WIMHIPUYECKOTO IUIAalla-HEeBUAMMKH HYKHO CO3/1aTh MeTaMaTepual, B
KOTOPOM € M [ HE TOJBKO HEOJHOPOJIHBI U AHU3O0TPONHBI, HO U MPUHUMAIOT
OEeCKOHEYHO OOJIbIlIME 3HAYEHUS MPHU 7 = a4 (3aMETUM, YTO B 3TOM OTHOIICHHH
ciiydaid c(epruuecKoro HEBUIMMOTO IMOKPBITUS NpOIIEe, TaKk KaK TaM HET
OCCKOHEYHOCTEH ).

B cuny stux TpymHocteit [21] mocrapanuch peanu3oBaTh CHCTEMY, B
KOTOPOM:

r—a

&, = (L)Z; Uy = (—)2; ug =1 (420)

b—a r

OCTAJIbHBIC JMArOHAJIbHbIE KOMIIOHEHTHI JOJDKHBI OBITH paBHBI 1, a
HenuaroHanbHbie — 0. Ilpu Takoil 3ameHe ypaBHEHHUS JJIsl DJIEKTPUYECKOTO
MOJIsl C MOJISIpU3allUeil BAOJIb OCU LIWJIMHJPA OCTAIOTCS HEM3MEHHBIMHU, OJTHAKO
I'PAaHUYHOE YCIIOBUE MpU 7 = b mepecTtaeT ObITh COTJIaCOBAHHBIM, U TOITOMY
BO3HHUKACT OTPAKCHHE, KOTOPOE, MpaBaa, TEM MEHBIIE, YeM OOJIbIIC BHEITHUI
paguyc b Mo CpaBHEHUIO C JIJTMHON BOJIHBI.

Jlnst peanuzanuu 3aBucumocteit (4.20) B padote [21] pa3zpaboranu u co3ganu
meTtamarepuan, ¢otorpadus koroporo mnokaszaHa Ha puc.4.3. Ha stom xe
PUCYHKE TMOKa3aHbl pPEaJU30BAHHBIE B 3KCIEPUMEHTE 3HAUYCHUS & = U, Up.
Pa3zpaboTanHoe HEBUAMMOE TTOKPHITHE COCTOSUIO M3 10 MUIUHAPUIECKUX CIIOEB,
Ha KOTOPBIX OBUIM pa3MEIIeHbl pa30MKHYThIE KOJbleBbie pe3oHaTopbl (SRR),
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T€OMETPUSI KOTOPBIX U3MEHSUIACh B 3aBUCUMOCTH OT TOTO CJI0s, HA KOTOPOM OHH
HaXOJIUJINCh.

Ha puc. 4.4 mnoka3zanbl pe3yibTaTbl KOMIBIOTEPHOIO MOJEIUPOBAHUS
(puc.4.4,a,0) W  OKCOEPUMEHTAJIbHBIX  HU3MEPEHUU  z-  KOMIIOHEHTHI
AIEKTPUYECKOTO MOJSI B OTCYTCTBHE MOKPBITUSA-HEBUAUMKH (puc.4.4,B) U B €ro
npucytctBud (puc.4.4,r). KoMnbroTepHoe MOAEIUPOBAHUE B UJI€ATILHOM Cllydae
(cM. ypaBHeHus 4.19)  mokas3bIBaeT MOYTH MOJHOE OTCYTCTBHUE PACCESIHHOTO
MOJIfA, T. €. OYTH UI€AJIbHOE MOKPbITHE-HEBUUMKY.

Y4yer B KOMIIBIOTEPHOM pacuere MNpUOIMKEHHBIX BbipaxkeHuil (4.19) u
MOTEepPb, COOTBETCTBYIOUIUX HE3aBUCHUMBIM pacyeTaM Pa3OMKHYTBIX KOJBILIEBBIX
PE30HATOPOB, YBEJIMYUBAET pAacCEsHUE, HO BCE PaBHO 3(PPeKT HEBUIUMOTO
MOKPBITUSL JIa€T CYILIECTBEHHO MEHBIIEE PACCESTHUE, YEM SKCIEPUMEHTAIbHO
W3MEPCHHbIE BEIMYMHBI JJII METaJUIMYECKOT0 IWIMHApA 0€3 MOKPBITHS
(puc.4.4,8). DKcriepUMEHTAIbHBIE HM3MEPEHUS] METAINIMYECKOrO LWJIMHApPA C
noKpbITUEM (puc.4.4,r) TakKe MOKa3bIBalOT CYIIECTBEHHOE YMEHBIIIEHUE pac-
CESIHUSI M COTJIACYIOTCS C PE3yJIbTaTaMU PEATUCTUYECKOI0 MOJICIMPOBAHUS ITOU
xe cuctemsl (puc.4.4,0).

J10 cux mop MBI pacCMaTpUBAJIA CUTYALIMH, B KOTOPBIX HEBUAMMOE ITOKPBITHE
pealn30BbIBAJIOCE  HAa ~ OCHOBE  AaHU3OTPONHBIX U HEOAHOPOIHBIX
METaMaTepualoB C MOJIOKUTECIbHBIMA 3HAYECHUSAMHU KOMIIOHEHT TEH30POB
JOVAJIEKTPUYECKOM U MATHUTHOW npoHMnaeMocter. OIHako, 1o KpailHed Mepe B
IIPUHLIUAIIE, MOKHO CO3JaTh HEBUIUMBIEC IIOKPBITUA U3 U30TPOIIHBIX MATEPUAIIOB
C OTPULIATENIBHBIM IIOKA3aTEJIEM IIPEIIOMIICHHUS.

Puc. 4.3. DxkcniepuMeHTalIbHAsT pealiu3alus HWJINHIPUYECKOTO HEBUUMOTIO T0-
kpbiTisi B CBY guana3oHe B BHJIE CHUCTEMBI PAa30MKHYTBIX KOJBLEBBIX
PE30HATOPOB, pacnoyioxeHHbIX Ha 10 munuHapax. [[BeTHbIE IMHUY MTOKA3BIBAIOT
peanr30BaHHBIE B OJKCIEPUMEHTE 3HAUYCHUS MATEPUAIbHBIX MapaMETpPOB:
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kpacHasa quHus— 10u,; 3eneHast IMHUA — Uo=1; ¥, HAKOHEL, CUHSA JIUHUSI —
€,=3,423. Pa30MKHYTbIE KOJBLEBBIE PE30HATOPHI, PACIHOJIOKEHHbIE Ha |-m
(BuyTpeHHeM) u 10-m (BHemIHEM) IMJIMHIpaxX, IMOKa3aHbl Ha MPO3PAYHBIX
BcTaBkax [21].

Puc.4.4. MrHoBeHHOE n300paxeHue 3aBUCSILETO OT BPEMEHHU,
YCTAHOBUBIIIETOCS PACIpPEICICHUSI 3JIEKTPUUYECKOrOo Mojsa. YUepHble JUHUM Ha
pUCYHKaX «-6 — HampaBjeHUE T0ToKa »HHepruu (Bektop IloWHTHUHTA).
[TokpbeITHE-HEBUAMMKA PACIIOJIOKEHO B KOJBIIEBOM 00JACTH MEXTY YECPHBIMH
KpyraMd M OKpYXaeT MNPOBOJSIIIMA MEIHBIM [UIWHAP, d — YHUCICHHOE
MOJICTMPOBAHUE C TOYHBIMH MATEPUAJIbHBIMH YPAaBHEHUSMH; O - YHCICHHOE
MOJICIMPOBAHUE C YNPOIICHHBIMA MATEPUAIbHBIMU YCIOBUSIMH U C YYETOM
MOTEPh B PA30MKHYTBIX KOJIBIIEBBIX PE30HATOPAX; 6 — PEe3yJbTaThl 3KC-
MEPUMEHTATBHOTO H3MEPEHUS TTOJICH BOJIU3H MPOBOISIIETO METHOTO IIJINHIPA;
2 — pe3yJIbTaThl SKCIIEPUMEHTAIBLHOTO U3MEPEHUSI TI0JIeH BOJIM3U MPOBOJISAIETO
MEIHOTO IUJIMHIPA, OKPYKEHHOTO MOKPbITHEM-HEBUIAUMKOW. KolloHKa cripaBa
MOKa3bIBA€T COOTBETCTBUE MEXKIY IIBETOM M aMIUTATY 10U moJist [21].

Takum o0pa3oMm, aHM3OTPOINHBIE MeTamMaTepuadbl JIEUCTBUTEILHO MOTYT
CIIY’)KUTh OCHOBOMW JUISl CO37IaHWS HEBUIUMBIX MOKPBITUM, M0 KpalHEW Mepe B
CBY nmmanaszone (9kcrepumeHThl [21]). Co3maHue HEBUIAUMBIX TOKPHITUH B
0oJjiee KOPOTKOBOJIHOBBIX JHaIla30HaX SBIETCS OoJiee CIIOKHOM 3aaadei,
KOTOpasi, TeM HE MeEHee, mpejicTaBisercs pemraeMon. Ilpu sTOM Bcerga
BO3HUKAECT mpoOjeMa Juara3oHa dYacTOT, B KOTOPOW OTO TIOKPBHITHE
3¢ deKTUBHO.
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5. CnuHTpOHMKA

Bonbiryto 4acte ABaaLIaTOroO CTOJIETHUSI OBLIO HM3BECTHO, UTO AJIEKTPOHHBI,
CO3/AI0IIME TOK B AJIEKTPUUECKOM IIenH, 00Jagat0T COOCTBEHHBIM MarHUTHBIM
MOMEHTOM, OJHAKO B MPAKTHYECKUX LENSAX 3TO HUKAK HE UCIOIb30BaIOCh. C
NPUXOJIOM HOBOTO ThHICAYENETHS TOSBWIACH HOBAas OTpacib HAayKH —
MarHUTOAJIEKTPOHUKA, UJTU, KaK TEIEepb MPUHATO €€ Ha3bIBaTh, CIMHTPOHUKA. B
€€ OCHOBY 3aJI0KEHO IIOHSATHUE CIMHA JJIEKTPOHA. B COOTBETCTBUM € 3TOMU
KOHILIENIIMEH, COIJIACHO TMPUHIMUIY KBAHTOBAaHUA MPOEKIMU CIHHA Ha
BBLIOPAHHYIO OCh OJJIGKTPOHBI pa3leNsOT HAa JBa THIIA HOCUTEJIEH TOKa:
AJIEKTPOHBI CO CIIMHOM-BBEPX U AJIEKTPOHBI cO cnuHOM-BHU3 (1/2 wm -1/2). B
Hallle BpeMsl CIHAHTPOHMKA H3y4Ya€T MArHUTHbIE W MarHUTOONTHYECKHE
B3aUMOJICUCTBUSA B METAUTMYECKHUX u MOJTYTIPOBOTHUKOBBIX
HAHOTE€TEPOCTPYKTYypax, AUHAMUKY U KOT€PEHTHbICE CBOWCTBA CIHMHOB B
KOHJICHCUPOBAHHBIX CpE€Aax, a TAaKX€ KBAHTOBBICE MArHUTHBIC SIBIICHUS B
CTPYKTYpaxX HAHOMETpPOBOro paszmepa. Hapsnmy ¢ paHee H3BECTHBIMU
MarHeTUKaMHy M0 MEpE Pa3BUTHS COUHTPOHUKH MOSBUINCH HOBBIE — MATHUTHBIE
MOJIYTIPOBOJHUKH, BEIIECTBA, B KOTOPBIX MOYKHO KOHTPOJUPOBATh MarHUTHBIE,
MOJIYIIPOBOJHUKOBBIE U ONTHUYECKHE CBOMCTBA. DKCIIEPUMEHTAIbHAsI TEXHUKA
CIUHTPOHUKH BKIIIOYA€T B CE€OS MArHUTOONTHYECKYIO CIEKTPOCKOIUIO C
BBICOKUM (pemTOCeKyHIHBIM) BPEMEHHBIM pa3pelIeHUEM,
MHUKPOMEXaHUYECKYID  MArHUTOMETPHUIO, AaTOMHO- W MAarHUTOCUJIOBYIO
CKaHHUPYIOUIYI0 MHKPOCKOMIHIO CyO0OaTOMHOTO pa3penieHusi, CIEeKTPOCKOIUIO
SIAEPHOTO  MAarHUTHOTO  PE30HAHCA W MHOTO€  Jpyroe. XHWMHUYECKHE,
auTorpauyeckue W MOJEKYJSPHO-KJIACTEPHbIE TEXHOJOTUM  IO3BOJISIOT
co3laBaTh Il CIOMHTPOHMKHA  pa3HOOOpa3Hble  HAHOCTPYKTYpPhl  C
HEO0OXOIMMBIMA MarHUTHBIMU CBOMCTBamMu [22].

5.1. MeTa/uin4eckne CIMH-3JIEKTPOHHbIE CTPYKTYPbI

3HAYUTENbHBIE YCIEXW B IIOJIYYEHHMM U  HCCIECIOBAHMM TOHKHX
METAUIMYECKUX IUICHOK, JOCTUTHYThIe B KOHIE XX B., IPUBEINA K OTKPBITHIO
LIEJIOTO PAJIA HOBBIX SBJIECHUM, UCCIEAOBAHUE KOTOPBIX OCTAETCA aKTyaJbHBIM U
B Hacrosuiee BpeMs. Pa3BuThe TEXHOJIOTMHA ITO3BOJMIO CHHTE3UPOBATH
COBEPIICHHO HOBBIE MHOIOKOMIIOHEHTHBIE MaTEpUANIbl C KOHTPOJIUPYEMBIMU
cBoiicTBamMu. HaHOCTPYKTYpbl MOTYT COCTOSATH W3 YEPEAYIOIIMXCS KBAHTOBBIX
CJIO€B WM KBAaHTOBBIX TO4YeK. IIpr S3TOM BO3HMKAET psiJi YHUKAIbHBIX
bu3UYECKUX SBJICHUHN, TaKUX KAaK CIUH-3aBUCHUMOE PAaCCEHBAHUE BJIECKTPOHOB
MPOBOJAUMOCTH, KOCBEHHas OOMEHHasi CBs3b, IIOBEPXHOCTHAs MAarHUTHAas
aHU30TPONUSL.
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Tpanchopmanu MarHUTHBIX W MAarHUTOPE3UCTUBHBIX CBOWCTB B
CJIOUCTBIX CTPYKTYpax BO MHOTOM OOYCJIOBJI€HBI KOCBEHHON OOMEHHOM CBS3BIO,
KOTOpasi BO3HUKAET MEXJIy TOHKUMH (EeppPOMArHUTHBIMU  CIOSIMU U
OCIWJUIMPYET MPHU WU3MEHEHUM TOJIIMHBI HEMAarHuTHOW mpocioiiku. [Toatomy
IIpU ONPEACIICHHBIX YCIOBUAX OOBIYHAS (heppoOMarHuTHas CTPYKTYypa MOXKET
ObITh  TNpeoOpa3oBaHa B  aHTU(PEPPOMATHETHK, C aHTHUIAPAUICIbHBIM
HaIlpaBJICHMEM MAarHUTHBIX MOMEHTOB. Hampumep, mias mynstucioeB Co/Cu
TaKue MarHuTHBIE (a30BbIC MEPEXObI MPOUCXOIIT C MIEPUOIO0M, paBHBIM ~ 1,0
oM. [lpu 3TOM, ympaBisis CTPYKTypoll WHTEPEHCOB W MPOCIONKH, MOXKHO
MEHSATH YIOJI M€Ky MAarHUTHBIMA MOMEHTAMHU B CMEKHBIX CIIOSIX OT 0° no 180°.

MarnuTtHasi aHM30TPOINUST BO3HUKAET BCJIEACTBUE HAPYIICHUS CUMMETPUU
Ha TpaHMIlaxX pazjienia Mexay (peppoOMarHUTHBIM U HEMAarHUTHBIM MaTepUaiaMu
M TOSIBJICHMS ~ HANpsSOKEHWM ~ M3-332  HECOOTBETCTBUS  MAapaMeTpOB
KpUCTAIIMYECKUX pemieTok. ClieoBaTesibHO, W3MEHSS TOJIIUHBI CIOEB U
noAOupasi COOTBETCTBYIOIIME MaTepHaibl, MOMXHO TOJYYUTh CJIOUCTHIC
HAHOCTPYKTYPhl, B KOTOPHIX MAarHUTHbIE MOMEHTHI OYyIyT HampaBJICHBI
napajuieIbHO WM TEPICHANKYISIPHO TOBEPXHOCTH IUICHKU. boiee Toro,
HaJu4yue CTyNeHEeK WJIM Teppac Ha TOBEPXHOCTSIX pasjelia, a Takke
HEOJHOPOJTHOCTEH B CTPYKTYpE MPOCIONKH MOXET CO37aTh YCIOBUS IS
dbopMUpOBaHHS MHOTOOCHON MarHUTHOM aHU30TporuH [23].

HaubGonee wusBecTHbiM 3(hdexToM, OOHAPYKEHHBIM B METALTUYECKUX
MHOTOCJIOMHBIX CTPYKTYpax, SABJISICTCS apdext TMTaHTCKOTO
marauTocomnportusienus (Giant Magnetoresistance — GMR), oOyciioBneHHBI
CIIMHOBOM 3aBHCHUMOCTBIO PACCEMBaHUs 3JIEKTPOHOB IMPOBOJMMOCTH OT THIA
MarHUTHOTO YNOPSJOYEHUs CMEXHBIX cJI0eB B IuieHKe [24]. HcciaenoBanue
IPUYHUH YKa3aHHOI'O SIBJIEHHUS U €r0 MEXaHU3MOB MOPOAMIIO CEMEWCTBO HOBBIX
MaTepuaioB C MUPOKHUMH MOTEHIIMAIBHBIMA BO3MOXKHOCTSIMH MPAKTUYECKOTO
NPUMEHEHHUS: CTPYKTYpbl C MarHUTHBIM TYHHEJIbHBIM mepexoaoMm (Magnetic
Tunnel Junction — MTJ), ciHOBBIE BEHTWJIU, CIMHOBBIE HAHOTPAH3UCTOPHI U
Ap.

Mynomucnotinvie cmpykmypoi. Hecmorps Ha TO, 4TOo 3hdekt GMR
0OHapy>XeH CPaBHUTEIHHO HEIABHO, MEPBBIM SIBICHUEM CHUHTPOHUKH MOYKHO
CUMTATh OTKPBITUE AHU3O0TPOIHOI'O MArHUTOCONPOTUBIEHUS B 1857r. bbLio
YCTaHOBJIEHO, YTO Y/AEJIbHOE CONPOTUBJICHUE MATHUTHBIX MaTepUaioB 3aBUCUT
OT yIjla MEX/y HalpaBjeHUsIMH HaMarHWYeHHOCTH U ToKa. bonee uem uepes
100 netr B MyJIbTUCTIONX, COCTOSAIINX U3 (DEPPOMArHUTHBIX CIIOEB, Pa3AeICHHBIX
HEMarHUTHBIMH TPOCIOWKaMH, ObUIO OOHApyKEHO HaMHOTO OoJblIee IO
BEJIMYMHE U30TPOITHOE MAarHUTOCOIPOTHUBIIEHHE, KOTOPOE HA3BAJIM TMIAHTCKUM.
10T 3hdexT O00YCIOBICH CHUH-3aBUCUMBIM PACCEHMBAHUEM D3JIEKTPOHOB
IPOBOJIUMOCTH.
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B deppomarHuTHBIX MeTayuiaX BBIACISIIOT 3JIEKTPOHBI MPOBOJUMOCTU CO
CIIMHOM-BBEpX (CIMH HAMpaBjieH MapajyiebHO MarHUTHOMY MOMEHTY B
dbeppoMarHeTuke) U CO CHUHOM-BHHM3 (CIIMH HAIMpaBJIeH aHTUIAPaLICIBHO
MarHuTHOMY MOMEHTY). [loaToMy TOK B (eppOMarHUTHOM MeETaljie MOYHO
IPEICTaBUTh B BHJIE CYMMBI TOKOB JJIEKTPOHOB CO CIOMHAMU OOOUX THIIOB.
MarHuToconpoTUBICHHE, ONpEAEIsIieMOe OSTUMU TOKAaMH, 3aBHCHUT  OT
HampaBJICHUS] HAMAarHMYeHHOCTH B  (PeppoMarHUTHBIX closix. Tak, B
mynbTuciosiXx Co/Cu BepoOSTHOCTh pAacCEMBAaHUSA DJIEKTPOHOB CO CIHUHOM,
napajuielibHbIM  HAlpaBJICHUID HAMAarHMYEHHOCTH, MEHbLIE, 4YeM A
AJIEKTPOHOB CO CIIMHOM, HallpaBJIEHHbIM aHTUIAPAJUIEIbHO HAMATHUYEHHOCTH.

Puc. S.1. IlpuHnunuaneHass cxeéMa NPOBOJAMMOCTH B  MHOTOCIOMHBIX
MarHUTHBIX IUIEHKaX, OKa3bIBAIOIIAsl, KAK COIMHOBOE PACCEMBAHHUE MTPUBOAUT K
pa3IMYHONM MPOBOJUMOCTH ISl TapajuiesibHOW (a) W aHTUnapauienbHou (O)
OpUEHTALIUU BEKTOPOB HAMAarHMYMBaHUs

Puc. 5.2. D11eKTpOHHO-MUKPOCKOIMYECKUE N300PAKEHUSI TOMEHHOM CTPYKTYpBI
wieHku Co/Cu/Co ¢ kocBeHHOM ADM (a) 1 @M (6) 0OMEHHOM CBA3BIO
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HaubGonee ynoOHbIMM OOBEKTAMHU JIsi HUCCIENOBAaHUS TpaHchopmanui
MarHUTHBIX U MarHUTOPE3UCTUBHBIX CBOMCTB B CTPYKTypax ¢ 3pdpekrom GMR
SBIIAIOTCS Tpexcionuble mieHku (puc. 5.1). [lpu napannenbHOM BbICTpauBaHUU
MarHUTHBIX MOMEHTOB CMEXHBIX (DEPPOMArHUTHBIX CJOEB MPOBOIUMOCTD
CTPYKTYphl OoJibllie, YeM TMpU aHTUMNApaUIeTIbHOM. AHTHU(EpPPOMarHUTHOE
BBICTPAMBAaHUE MATrHUTHBIX MOMEHTOB CMEXHBIX CJIO€B (C OJMHAKOBOM
BEJIMYMHON KOIPIIUTUBHON Cuiibl Hc) BO3HHKaeT Ojarojmapsi KOCBEHHOMY
anTudeppomarautTHomy (ADPM) B3auMOIEHCTBUIO.

N3MeHeHns: MarHUTHOM CTPYKTYpbl, BbI3BaHHble ADPM CBSI3bI0, BIHSIOT
HE TOJIbKO Ha MAarHUTOPE3UCTUBHBIE, HO W HA MAarHUTHbIE CBOMCTBA
MHOTOCJIOMHBIX HAHOCTPYKTYp. B HacTosiee BpeMsi Majo U3y4eHbl MEXaHU3MBI
BIIMAHUS KOCBEHHONW OOMEHHON CBS3M HAa MArHUTHYI) AaHU30TPONUIO W
JIOMEHHYIO0 CTPYKTYPY B MHOT'OCJIOMHBIX IUIeHKaX. Ha mpumepe MHOroCIoMHbBIX
mwieHok Co/Cu/Co ObBLIO IIOKa3aHO, YTO B METAUIMYECKHUX INICHOYHBIX
HAaHOCTPYKTypax ¢ KOCBeHHOW ADMM CBsI3bI0 HHAYLUPYETCS MHOTOOCHAS
anuzotponusa [25]. bonee Toro, mpencraBieHHble Ha puc.5.2 TpaHCPOpMALUU
JIOMEHHOW CTPYKTYPhI (YMEHBIIIEHHE pa3MepoB AoMeHOB 10 ~ 0,43 MKM) B
o0Opaslax CBUACTEIBCTBYIOT O BO3MOXKHOCTH TPUMEHEHUSI ITUX IUICHOK B
KayecTBE Cpejl JUIsl MarHUTHOM 3anucu uHGopMaIi. ITO MO3BOJIUT HE TOJIBKO
3HAUYUTETFHO YBEJIWYUTh IUIOTHOCTH 3amucy WHGOpPMAIMU, HO W TOBBICHTH
TEPMOCTAOUITLHOCTh MATHUTHBIX HOCUTETIEH.

Cnunoevie genmunu. CIEAyIOIIUM IIIarOM Ha MYTH COBEPIICHCTBOBAHUS
ctpykTyp ¢ GMR 6butn cimHOBBIE BeHTHIM (CB). OHM Takke COCTOST M3 ABYX
MAarHWTHBIX CJIOEB, pAa3/JCIICHHBIX HEMArHUTHOW Mpocioukou. OpHako
HAMAarHMYE€HHOCTh OJIHOTO U3 CJIOEB 3aKperuieHa OOMEHHBIM B3aUMOJICUCTBUEM
CO CMEXHBIM aHTHU(EPPOMArHUTHBIM CIIOEM, B TO BpEMsl Kak HaIlpaBJICHHE
HAMarHUYEHHOCTH BTOPOTO CJIOS MOXKET U3MEHSIThCA MO/ JEHCTBUEM BHEITHETO
MarHuTHOro nojs. Tak kak ¢eppoMarHUTHBIE CJIOM OYEHb CIa0O0 CBSI3aHBI, TO
W3MEHEHUE KOH(pUTypallud MAarHUTHBIX MOMEHTOB OT aHTHUMAPAJJIEIBHOU K
napayuieIbHOM MPOUCXOAUT B MaJIbIX MAarHUTHBIX TOJISIX, YTO OOECIeYMBaeT
BBICOKYIO UYBCTBUTEIBHOCTh JITHUX CTPYKTyp. Ha OCHOBE Takux 53JIEMEHTOB
CO3/IaHbl CUMTHIBAIOIIME MArHUTOPE3UCTUBHBIC TOJIOBKH B JKECTKUX JHUCKAX C
IUIOTHOCTBIO 3amucy cBbime 1006wt/ xroiiv’.

M3BecTHO, YTO BENMYMHA MAarHUTOPE3UCTUBHOIO OTHOIIECHHUS B IIPOLECCE
nepeMaranunBanusg CB  3aBucuT OT JABYX (DAaKTOpPOB: MAaKCHUMAaJIbHO
JOCTMKUMOW BEJIMYMHBI MAarHUTOPE3UCTUBHOTO dS(PQexTta M MarHUTHBIX
CBOMCTB. Bappupys marepuansl, TOJIIMHY M IIOCIEAOBATEIBHOCTH CIIOEB,
MO@HO ONTHMHU3MPOBATH MAarHUTHBIE M DJIEKTPUYECKHE CBOMCTBA TaKHUX
HAHOCTPYKTYP U PACIIMPUTH 00JIACTU UX MPAKTUYECKOTO IPUMEHEHUS.
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3a HECKOJBKO JIET, MPOLICAININX C MOMEHTa OTKPBITUS CIHUHOBBIX
BEHTHWJICH, OBUIO CO3/aHO U ucciienoBaHo okoyio 11 BumoB CB ¢ paznuunoii
cTpykTypoir. Tak, goOaBieHMEe TOHKOM TpociioWku Ru  moBbimiaer
TEPMOCTAOUIILHOCTh CEHCOpoB. Vcmonb3oBaHnue KkoOanbTOBOrO (deppura B
KAueCTBE M30JUPYIOLIEr0 MATHUTOKECTKOTO CJIOSI YMEHBIIAET IIYHTHPYIOIIHIA
addexT, yto noseimaeT BennunHy GMR. BBeneHue B CIOHUCTYIO CTPYKTYpPY
HAHOOKCUJHBIX CJIIOEB M aHTU(PEPPOMATHETUKOB TO3BOJIAET MOBBICHTH
MarHUTOPE3UCTUBHOE OTHOIIIEHUE U UyBCTBUTEIbHOCTH CB.

Maenummubiii mynnenvusiil nepexod. K cienyromeMy MOKOJEHUIO CIIHHTPOHUKA
OTHOCAT CTPYKTYPbl, OCHOBAaHHbIE Ha SIBJICHUM MAarHUTHOIO TYHHEJIBHOIO
nepexona (MTJ). MTJ cocrout u3 AByX cioeB (peppoMarHeTuka, pa3aeaeHHbIX
U30JATOpOM, 00bI4HO 3TO Al,O;. Ilpryem TonmmHa U30a5TOpa HACTOIBKO Maja
(< 2 HM), YTO SJEKTPOH MOXKET IPOCAUYUBATHCS Yepe3 ATOT Oapbep. ITOT
IpOLIECC HA3bIBAECTCA TYHHEJIMPOBAHUEM, OH OOYCIIOBJIEH BOJHOBOW MPUPOIOM
3JEKTpOHA. BeposTHOCTh TYHHEIHMPOBAHUS 3aBUCUT OT JJIMHBI BOJIHBI WM
SHEPruu 3JEeKTpoHa. B QeppomMarHUTHOM Marepuane 3HEPrusi 3JIEKTPOHOB C
OpUEHTallUel CHUHA BBEPX WJIM BHM3 pasziidyHa. ODTO NPHUBOJUT K CIHUH-
3aBUCUMOMY TYyHHEJIIbHOMY 3(ddexTy. Ecinu MarHuTHbIE MOMEHTBI CMEXHBIX
CJIOEB HAINpPABJICHbI MapajuIeNIbHO, MPOBOJUMOCTh MArHUTHOTO TYHHEJIHHOTO
nepexoja BEIMKA, a €CIM HAaMarHMYE€HHOCTH  aHTUIApAJUIENbHBL, TO
BEPOSITHOCTD TYHHEJIMPOBAaHHUS Masna. MakcumaiibHast BEJIMYMHA
MarHuTope3ucTuBHOro 3¢ dexkra, HAOIIOTAEMOT0 B TaKUX CTPYKTypax, —
npumMepHo 50% npu KOMHATHOW TeMIepaType.

B Hacrosimiee Bpems yke IOIMy4YeHBl BbICOKOKadecTBeHHble MTJ ¢ rimagkum u
crulomHbIM  OapsepHbM cioeM AlO . bpuin uccrienoBaHbl MOTEHIIUAIBHBIC
BO3MOXHOCTH M JpYTuX mMarepuainoB, Hanpumep Ta,0s, GaAs, ZnS, MgO.

Maenumopesucmuenas  namams. HaHOreTepoCTPYKTYpbl C€  MarHUTHBIM
TYHHEJIBHBIM TIEPEXOJ0M MPUMEHSIOTCS B KaueCTBE CUUTHIBAIOIINX TOJOBOK B
YKECTKUX JIMCKaX U Kak 0a30BbI€ JIEMEHThI MarHUTOPE3UCTUBHOM OMEepaTUBHOM
namitd  (MRAM). MRAM  BBIMISIAT BeCbMa  MEPCIEKTUBHOM |
MHOTOO0OCIIA0NIEed 0 CPaBHEHUIO C JAPYTMMH TUIIAMH SHEPrOHE3aBUCUMO
namsatu. Tak, Bpemsi BbiOOpKkU AaHHBIX Y MRAM moxer cocraBisats <10 Hc,
YTO B 5 pa3 MEHbIIE, YeM y (IdII-aMsITH, a Bpems 3anucu — < 2 HC (Ha TpHU
nopsjika MeHblie, 4em y ¢mm-namaru). [Ipu sTom sHepromorpebieHue
MarHUTOPE3UCTUBHOM MAMSTH B JBa pa3a MEHbIIE, YeM Y (IIDIII- U ONEePATHBHOM
namsiti DRAM.

Ceroans pa3pabotkn MRAM BenyTcs Heckonpkumu pupmamu: Motorola, IBM,
Infineon, Cypress Semiconductor, TSMC, a Takxe coBmectHo NEC u Toshiba.
B nacrosmiee Bpemsi OOIBIIMHCTBO pa3padOTYMKOB OCTaHOBUINCHL HA MRAM ¢
MarHUTHBIM TYHHEIbHBIM IIEPEX0JIOM.
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Cxema siYeHKH MaMsITH, B KOTOPOH NEpeMarHMYMBaHWE OCYIIECTBIIACTCS IIO
merony Casuenko (US Patent 6.545.906), pa3paboTaHHOMY B KOMIIAHUU
Motorola, npencraBiena Ha puc. 5.3. Sueiika namaru chopMHpoBaHa Ha
nepecedeHny paspsaHod W uuciaoBod muH. Kaxngas sdeiika cocTouT wu3
CTPYKTYpbl C MAarHUTHBIM TYHHEJIbHBIM IE€PEXOJOM, KOTOpas OTBEYaeT 3a
XpaHeHue MHPOpMaIMU, U TPaH3UCTOPa, C MOMOUIbIO KOTOPOTO OpraHM30BaHa
anpecanus. CyliecTBylOT CXEMbI, B KOTOPBIX TPAH3UCTOP MOXKET OBbITh 3aMEHEH
JUOJOM WM BoOOIIEe OTCyTCTBOBaTh. Ilpu 3amucu TOK, NpPOTEKAIOUIUI 110
paspsAHOM M YHMCIOBOM IIMHAM, HABOJIUT MEPEKPECTHOE MAarHuTHOE II0JIe,
KOTOPOE€ M3MEHSIET MarHUTHOE COCTOSIHUE CBOOOIHOTro ciosi. [lpu cuuthiBaHUU
yepes siUerKy MpOoMyCKaroT TOK. BennunHa 3Toro Toka 3aBUCUT OT OpUEHTAIUU
BEKTOPOB HAMAarHMYMBAHUSA MArHUTHBIX CJIOEB CTPYKTYPHI: MPHU MapayjieNbHOMI
KOHGUTYpallui COMPOTUBICHHE NEPeXoja MUHUMAIBHO. DTO COOTBETCTBYET
agoruyeckomy «0». Ilpu aHTUmapamienbHONM OpUEHTAUMH HAMAarHWUYEHHOCTEH
CONPOTHUBJIEHUE BEIUKO, TYHHEIbHBIN TOK MaJl — 3TO JIorudeckas «1».

Easy axis field
—
—"

MarHuTHbIN TyHHEbHBII
nepexoxn

Paspsanas mmna

Free layer

Tunnel bamier

Fined layer

YucroBas 1mmMHa

Hard axis field

}— Isolation fransistor "OFF"

Puc. 5.3. DOnemenrapnas stueiika MRAM-namsitu

C ucnoap30BaHUEM PACCMOTPEHHOM BhIIIE CXEMBI sueiiku komnanueinr Motorola
B 2004 r. O6p11u co3aanbl ynunibl MRAM-namsatu eMkocThio 4 MO, co BpemMeHeM
noctyna 25 Hc (http:// www.peakw.com/Summit2004/ ). B 310 ke Bpems
komrnanuu Infinion u IBM mpexacraBunmm skcnepuMmentanbHbii unn MRAM-
naMsiTH eMKkocThio 16 M6. Cetiuac eMkocth MRAM-namsatu  yBenuuena g0 10
['6ur, a Bpemst ymensIteHo 10 8 He [26].
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I'panynuposannvie GMR cmpyxmypol. I'paHyaIupoBaHHbIE CTPYKTYPbl OOBIYHO
MOJYy4Yar0T MYyTEM OJHOBPEMEHHOIO PACMbUICHUS JBYX HECMEIIMBAKOLINUXCS
MeTaJIoB ("4acTo ucmoiibdyemas mpornopius 20:80) u nanbHEHIero omxura
CTPYKTYpPBI, B TPOIECCE KOTOPOTO 00pa3zyrloTcsi rpaHyJibl OJHOTO MeTaia B
matpuiie apyroro. Eciau ¢eppomMarHuTHbIe TpaHyJbl «BKpAIUICHBD B
napaMarHUTHYI0 MAaTpHIly, TO CTPYKTypa 4aile BCEro BeIeT ceds Kak
cymnepriapaMarHuTHasi ¥ 00J1aJlaeT TUTAHTCKUM MarHutoconpoTuBieHneM. GMR
BO3HUKAET M3-32 TOrO, YTO B OTCYTCTBME€ MArHUTHOI'O IIOJS YTOJ MEXIY
MarHUTHBIMA MOMEHTaMH CMEXKHBIX (ePpPOMarHUTHBIX TPaHyJl MOXET OBIThH
m00eIM (citywaitHeiM). Torma Kak B MPUIIOKEHHOM CHUIBHOM MAarHUTHOM II0JI€
MarHMTHbIE MOMEHTBI TpaHyd BbICTpoeHbI BAoJib mojis. GMR omnpenensiercs
UCXO0/1s1 U3 BbIpaxkeHus [27]:

GMR~ < cos(8;;) >=< cos(6;) >* aM?, (5.1)

rae 6;j — yroja Mexy MarHUTHBIMA MOMEHTAMU [ U j rpaHyibl, 6; — yron

MEXJy MATHUTHBIM MOMEHTOM TPaHYJIbl j U MPUII0KEHHBIM MAaTHUTHBIM TTOJIEM.
Opdext GMR mnponopHuoHaJIEH KOCHHYCY YIJIOB MEXKIY MAarHUTHBIMU
MOMEHTAMHU M U3MEHSIETCS KaK KBaJpaT HAMarHWYEHHOCTH B 3aBUCUMOCTH OT
BHEIIHET0 MarHUTHOTO MOJIs [28].

5.2. MarauTHbI€ OJYNPOBOAHMKHU M CIIMHOBbIC HAHOTPAH3UCTOPbI

OpHOl W3 OCHOBHBIX 3aJa4 CIHUHTPOHUKHU SIBJIAETCSI WHTErPALIMs
MarHUTHBIX CHCTEM B IOJYIPOBOJHHUKOBYK) MMKPO3JEKTPOHUKY. Jlerkoe
YIPABJICHUE CIIMHAMU 3JIEKTPOHOB B MOJIYIIPOBOJIHUKAX YXKE CETOAHS MO3BOISAET
co3JgaBaTh [JBa HOBBIX Kjacca THOPUAHBIX MaTEpHUAIOB: MarHUTHBIE
NOJYTPOBOJHUKU (TUOpUIHAS CTPYKTypa (eppOoMarHeTUK/TIOTYIPOBOAHHUK) U
CIIMH-3JIEKTPOHHBIE HAHOTPAH3UCTOPBI.

[upoxkue MEPCIEKTUBbI UCIIOJIb30BaHUs HAaHOTE€TEPOCTPYKTYP
O0OyCJIOBJIEHBI TEM, UYTO OJJIEKTPOHHbIE CIHHBI MOJYNPOBOJAHUKA MOYKHO
UCIIOJIb30BaTh B  KAyecTBE JETEKTOpa, pEearupyrolero Ha H3MEHEHUS
MarHUTHOTO COCTOsSIHUS B (eppomarHeruke. Tak, NMpU HHKEKUHH CKBO3b
KOHTakKT (peppomMarHeTvka M MOJYNPOBOJHUKA DJIEKTPOHBI IMOJYIPOBOJIHUKA
IpUOOPETAIOT HEPABHOBECHBIA CIUH, COAEpKalUi HHPOPMALUIO O CIHHE
AJIEKTPOHOB B deppoMarHeTuke. [ns ompeneneHuss CIUHOBOW OpHEHTALIMH
JIEKTPOHOB B IOJYIIPOBOJHHUKE MOXHO MCIOJIb30BaTh KaK ONTHYECKHE, TaK U
IIEKTPUUYECKUE METOJIbI I€TEKTUPOBAHMSL.
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Maenummusie nonynpogoonuxu. OOUIUM 1Jii BCEX YCTPOWCTB, OMUCAHHBIX B
nepBoil yactu 0030pa, SBISETCS TO, YTO B HMX OCHOBE JIKUT METalI.
CyllleCTBEHHBI HENOCTATOK TAaKOI0 MOJAXO0Ja — HEBO3MOXKHOCTh YCHUJIUBATH
CUTHAJIBI. OueBunHbIC METAJUINYECKHE aHaJIOTH TPagULMOHHBIM
MOJIYITPOBOJJHUKOBBIM TPAH3HCTOPAM, B KOTOPBIX OTTOK JJIEKTPOHOB W3 0a3bl
TPAH3UCTOPA MO3BOJISET AECATKAM APYTUX MOCTYNaTh OT SMUTTEPA B KOJUIEKTOP,
CeroJHsl OTCYTCTBYIOT. Halitu Marepuanbl, KOTOpble 001aaanu Obl CBOMCTBAMHU
KaKk (eppoMarHeTMKOB, TaK U TMOJYNPOBOJHUKOB, — JABHHUIIHAS MeEYTa
uccinenonareneil. Ho oHa TpyIHOOOCTMKMMA, TaK KaK BEJIUMKO pa3JIMuu€ B
XapakTepe XMMUUYECKUX CBs3el. DeppOMarHuTHBIE NOIYIPOBOAHUKHU, C OJHOU
CTOPOHBI, OBLTM OBl MCTOYHWKAMH CHHH-TIOJSPU30BAHHBIX JJICKTPOHOB, a C
Ipyroi  —  JIETKO UHTETPUPOBAIHCH OBl c TPaAUIIMOHHBIMU
MOJIYIIPOBOJHUKOBBIMU ~ YCTPONCTBAMHU. 30HHAs CTPYKTypa MarHUTHOTO
MOJIYIIPOBOJHUKA  OTJAMYAETCA OT  JIBYX30HHOM  CTPYKTYphl  OOBIUYHBIX
MOJIYTIPOBOJHUKOB, METAJUIOB M JAUAJICKTPUKOB HAJIMYHEM OCOOOMH, TpeTheit
30HBI, KOTOpasi oOpasyercs d- U f-3IIEKTPOHAMHU aTOMOB MEPEXOIHBIX WIH
peaKo3eMeNbHbIX 3eMeHTOB. WneanbHblil (peppOMarHUTHBIN MOTYTPOBOIHHUK
JNOJDKEH uMeTh  Temrepatypy Kropu  (Temmeparypa, TMpu  KOTOpPOH
dbeppoMarHeTuk TEpsieT CBOM CBOMCTBA) BBIIIE KOMHATHOM TeMIlepaTypbl H
JIOITyCKaTh CO3JAaHUE 30H C 71-U P-IPOBOJAUMOCTBHIO B OJJHOM MOHOKPHUCTAJLIE.

Ceronnst 00JIbIIIOE BHUMAHKE MPUBIIEKAIOT TaK HAa3bIBaEMbIC pa30aBICHHBIC
MarHUTHbIE TOJYIIPOBOAHUKH, CIUIaBbl (GaAs), B KOTOPBIX OTAEJIbHbIE aTOMBI B
CIy4yalHOM TIOpSIIKE 3aMEHSIIOTCS aTOMaMUd C MAarHUTHBIMU CBOMCTBaMH,
nanpuMep Mn”’. HanGonbinas temneparypa Kiopu 7, = 110 K nocturnyTa Ha
CErOJHSIIHUN J€Hb B MarHuTHOM TBepjaoM pactBope GaMnAs c¢ p-
MPOBOJAUMOCTBIO. DTOT MaTepuan ObUT KMCHOJIb30BaH B KAayeCTBE CIMHOBOTO
WHXKEeKTOpa (BKJIIOYas M HyJEBOE BHEIIHEE MarHuTHOE TIoJie) B
JJICKTPOJIOMUHECIEHTHOM  JMOAE C  HEMarHuTHOW  KBAaHTOBOM  AMOM
InGaAs/GaAs [29].

B Hacrosiiee BpeMs MJI€T MHTCHCUBHBINA MOUCK HOBBIX (peppOMarHUTHBIX
HOJIyTIPOBOJIHUKOB C 00Jjiee BbICOKOM TeMrieparypoil Kropu, koTopeie Moriu Obl
OBITh HCIIOJIB30BAHBI B KAueCTBE CIIMHOBBIX MH)KEKTOPOB IPU TeMIIEpaTypax
HOpsJIKa KOMHATHOM M MpH CJ1aboM (MM HYJIEBOM) BHEIIIHEM MarHUTHOM IIOJIE.
Haubonee wmHTepecHble pe3yJbTaTbl B 3TOM HANpaBICHUM NPEJCTABICHBI B
pab6ore [30], B kKoTOpO# coolriaeTcsi 0 HaOMOAeHUU heppoMarHeTusMa npu 71, =
320 K B momynpoBoaHuke co cTpykTypoit xanpkonupura CdMn,; Ge,P».

HecMoTpst Ha OYEBHIHYI0 HEOOXOJMMOCTh CEpPBE3HBIX HCCIEAOBAaHUI
MEXaHU3MOB pOCTa M JIETUPOBAHMUS 3TOr0 MaJOM3YyYEHHOI'O0 Marepualia,
HAOMIOJeHNE B TMOJYNPOBOAHHKE (eppoMarHeTsMa C Takoil OOJbIIOi
TemiiepaTypoil Kiopu no3possier ¢ 60JIbIIMM ONTUMU3MOM OKHJIATh MOSBICHUS
CIIMHOBBIX MTPUOOPOB, pabOTAOIIMX MTPU KOMHATHOM TeMneparype.
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(a) (6)

Puc.5.4. (a) Cxema cnimHoBOTO Tpau3zuctopa J>xoncona [31], (6) Cxema cniuH-
BEHTUJILHOTO TpaH3ucTopa [32]

Cnunoswviti  mpaunsucmop  [[oconcona. Pa3BuTtue MUKPOIIECKTPOHUKU
CIOCOOCTBOBAJIO OBICTPOMY MEPEXO0/y OT JBYXKOHTAKTHBIX CIUH-3JIEKTPOHHBIX
YCTPOMCTB K  TPEXKOHTAKTHBIM  CHCTEMaM, COCTOSIIUM U3  JIBYX
(beppOMarHuTHBIX CJIOEB, PA3JCIICHHBIX IMapaMarHUTHOW MPOCIONKOH, W
OPOSBISIIONIMM ~ 3()QPEKT TUraHTCKOTO  MarHUTOCONPOTHBIEHUsA.  Takoe
yCTpOMCTBO OBUIO HA3BaHO TpaH3UCTOpoM JIXKOHCOHa B 4YECThb €ro
n300peTarens, KOTOPBIA MOMKITIOYIII TPETUH KOHTAKT K MapaMarHUTHOMY CJIOO

(puc. 5.4).

Eciu roBopuTh Ha sA3bIKE OMMOJSPHBIX TPAH3UCTOPOB, TO TPAH3HUCTOP
JlxxoHcOoHa cocTouT U3 0a3pl (mapaMarHeTuk), SMHUTTEpAa U KOJUJIEKTOpa
(peppomarnetrikn). Eciiv Ha KOJUIEKTOp MOAAETCS OTEHIMAI, B LIETIA SMUTTEP—
0a3a MPOUCXOAUT HAKOIUIEHUE AIIEKTPOHOB C OPHEHTAIMEH CIIMHOB BBEPX/BHUS3.
Tok xomnekropa Temepb OyAeT 3aBHCETh OT TOrO, MApajuIeleH JIM €ro
MarHUTHBI MOMEHT WM aHTHUMapaJyIeNieH HaMarHWYeHHOCTH OHMHTTEpA.
deppOMarHUTHBIN SMUTTEP B JAHHOM Ciy4yae UIpaeT pojb MOJsIpU3aTopa Jis
HaKaIrIMBAIOUINXCS CIIUHOB.

[TonsiTHO, 4YTO nJsi W3MEHEHMs] TMOTEHIMANa B IIEMU SMUTTEep—0asa
HEOOXOJMMO TMPHUJIOKUTH BHEIIHEE MArHUTHOE IOJIE, KOTOPOE «IIEPEKITIOUNT
BEKTOP MArHUTHOTO MOMEHTa JIM0O KOJUIGKTOpa, JUOO JMHUTTEpa Ha
MIPOTUBOMOJIOKHOE HAIIPABIICHUE.
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T'ubpuonas CNUHMPOHUKA. Tpanzucrop JlxoHCOHA BIIOJIHE
paboTocnioco0eH, HO BCE XK€ OH HMEET OrPAHUYCHHS B UCIOJIb30BaHUMU.
N3mepsieMble 3HAYCHHS] HANPSOKEHUST OYEHb Majbl, W YBEJIMYUTh HUX 0e€3
MIPUBJICUEHHUS JOMOJHUTEIBHBIX YCTPOMCTB HE MPEACTABISACTCS BO3MOYKHBIM.
OCHOBHOM HEJIOCTAaTOK IMOJOOHBIX CTPYKTYP COCTOUT B TOM, YTO BCE KOHTAKThI
MEXIY CIOSMH SIBJISIIOTCSI OMMUUYECKMMHM, TaK KaK BCE KOMIIOHEHTBHI CTPYKTYPBI
MeTaJuIndeckue. J[pyrumMu ciioBamu, mepejl UccliieloBaTeIs MU BCTaJl BOMPOC O
CO3JIaHMM HOBOTO KJjacca CTPYKTYp — THOPHUIHBIX CIHH-3JICKTPOHHBIX
ycTpoicTB. Takue yCcTpoMcTBa MPEACTABISIOT COOOH MHTErPAIMI0 MarHUTHBIX
MaTepuajoB C IMOJIYyHIPOBOJHUKAMH. DEeppPOMArHETHKU TOJSIPU3YIOT CIIMHBI, a
MOJIYTPOBOJHUKHA  TO3BOJISIIOT  WCIIOJIB30BaTh  3(PGEKThl  OIOKUPOBKH
HANPSHKCHUS, TOKOBOU MU Py3un v TYHHETUPOBAHMSI.

Tpanzucmop  Mouncma. llepBbIM  THOPUIHBIM  CHUH-3JIEKTPOHHBIM
YCTPOUCTBOM ObUIT TpaH3ucTOop MoOHCMA, KOTOPBIN MPEACTABIsI U3 ce0sl CIUH-
BEHTWJIb, 3aKJIIOYEHHBIH MEXIy CJIOsSMH  KpeMHus. JIBa  KOHTaKTa
MPUCOEAUHEHBI K CI0SIM KpeMHUs (AMUTTEP U KOJUJIEKTOP), & TPETUM — K CIHUH-
BeHTHIIIO (0aza) (puc. 5.4). CnuH-BEeHTWIb B JaHHON CTPYKTYpe MOXKET
COCTOSITh M3 MHOTOKPAaTHO MOBTOPSIIOIIMXCS MArHUTHBIX M HEMarHUTHBIX
METAITINYECKHUX CIIOEB.

B untepdeiicax mMexmy KpeMHHEM M MeTauioM (GopMUPYIOTCS Oapbepbl
[ITOoTTKH, KOTOPBIE MOIVIOIIAIOT HAIPSKEHUS CMELICHUS, IPUII0KEHHBIE MEXIY
napamMu KOHTakToB (puc. 5.5). bapeep ILIoTTKM KOJIIEeKTOpa SIBISIETCS 0OpaTHO
CMEUICHHBIM, a 3MUTTEpPAa — C ONEPEKAIIMM CMEUICHUEM. ODTO IO3BOJISIET
WHXEKTUPOBATh HEIOJIAPU30BaHHbIE «ropsYue» DIIEKTPOHBI oT
MOJYTPOBOJHUKOBOTO AMUTTEpAa B METAUIMUECKYI0 0a3y C JHEpPrueil BBIIIE
sHeprun depmu. Bo3HMKaeT BONPOC: CMOTYT JIM TOPAYNE BJIEKTPOHBI MPOUTH
CKBO3b CIIMH-BEHTWJIb U COXPAHUTh JOCTATOYHO SHEPTUU I IPEONOJIEHUS
0apbepa IllorTku kosexkropa? B mpoTHMBHOM ciydae OHM OCTarOTCs B 0asze u
NIEPEMEILAIOTCS BO BHEIIHIOKO 1IETb.

N3mensisi MarHuTHY10 KOH(MUTrypaiuio 0a3bl, MOKHO YCTAaHOBUTH, CKOJIBKO
DPHEPTUU TEPSIOT «rOpsiuMe» BJIEKTPOHbI MPHU MPOXoAe CKBO3b 0azy. Ecnu
MarHATHBIE ~ MOMEHTBl ~ CMEXHBIX  CJIOE€B  CIMH-BEHTHWJII  BBICTPOEHBI
aHTUdEeppOMarHuTHO, TO 00a THUMA COWMHOB MCHBITHIBAIOT OJIMHAKOBOE
paccerBaHUE HA MAarHUTHBIX CIIOSIX.
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(a) (6)
Puc.5.5. (a) ILnOTHOCTH COCTOSIHMM JUISl «M@XOPHBIX» CIIMHOB «TOPSIYUX)»
AJIEKTPOHOB, 3HEPrusi KOTOPBIX BbIlE, yeM 3Heprus Oapwepa LlloTTkH, Kak
byHKUMS ~MecTomojokeHuss B 0aze. Toisicrags JIMHHS ~ COOTBETCTBYET
aHTU(EPPOMAarHUTHOMY  COCTOSIHUIKO  CIMH-BEHTWIA, a  TOHKas  —

dbeppomarautHomy [34]; (6) SPICE-tpansuctop [US Patent Application
NoUS6218718]

Ecnyn x CMH-BEHTWIIIO NMPWIOKHUTH BHEIIHEE MArHUTHOE IOJIE, KOTOPOE
BBIPABHMBAET BCE MAarHUTHBIE MOMEHTHI CIIOEB, TO OJWH THUIl CIUHOB (CIUHBI-
BHU3, WU «MUHOPHBIE)») PACCEUBAETCS CUIIBHO, B TO BPEMs KaK BTOPOH (CIIUHBI-
BBEPX, WIH «MaXOPHBIE») MPOXOAUT O€3 pacCeMBaHUsl 4Ye€pe3 BCI0O MAarHUTHYIO
CTPYKTYpy. IIIOTHOCTP TakuMX 3NEKTPOHOB B 3aBUCHUMOCTH OT PACCTOSHUS
MOKa3aHa Ha puc.S.5.

Takum o0pa3zom, BUAHO, YTO NpHU (PEPPOMArHUTHOM BBICTPAMBAHUU
MarHUTHBIX MOMEHTOB OOJIbILIEE YHUCJIO CHUHOB C SHEPrUei BBILIE SHEPIUU
Oapbepa KOJUIEKTOpa MNPOXOAuT yepe3 0Oazy. To ecTh, Kak U B Cilydae C
TpPaH3UCTOPOM J[PKOHCOHA, MBI UMEEM JIEJI0 C TPAH3UCTOPOM, JIEKTPUYECKUMHU
XApaKTEpPUCTUKaMU KOTOPOTO MOKHO YNPAaBIIATh MEHsIsl MarHuTHOE nosie. Ho B
TpaH3ucrope MoHcMa pabouee HaNpsDKEHHE M YYBCTBUTEIBHOCTh K
MarHMTHOMY IIOJO FOPa3f0 BBILIE, YTO CHUJIBHO PAaCIIMPSIET €ro MPAKTUYECKOE
VCII0JIb30BAHUE.

Tpansucrop MoncMa  sABiseTCS  BaXXHbBIM  1IarOM B 3BOJIOLUU
COMHTPOHHKH. OTO TMepBas KOMOHMHALMS CIIMH-3JIEKTPOHHBIX YCTPOHCTB C
nosynpoBogHukamu. Creayer 3aMeTUTh, YTO MOIYNPOBOJHUKH HCIOJIB3YHOTCA
TOJIBKO JUI CO3JaHHSI DHEPreTUYECKUX OapbepoB M 3KPAaHUPOBAHMS CIUH-
3aBUCUMOM YaCTHU YCTPOMUCTBA OT DJIEKTPUUYECKUX IOJIEH.
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Jlnst packphITHsI BCEro MOTEHLMajda TMOPUIHBIX YCTPOHCTB HEOOXOIUMO
3aIECTBOBATh U TOJIYIIPOBOAHUKOBBIE CIIOM B IPOLECCE CIUH-3aBUCHUMOIO
TpPaHCIOpTA.

SPICE-mpan3ucmop. HOBbIM 1Iarom B CIMHTPOHHUKE SIBUJIOCH CO3/1aHUE
SPICE-tpan3ucropa (spin-polarized-injection current emitter transistor), T.e.
TPAH3UCTOPA C WHKEKTUPOBAHUEM CIHMHIIOJSAPU30BAHHOIO TOKA SMHUTTEpA B
JIEKTPUUECKH SKPAHUPOBAHHYIO 001acTh ycTpoicTBa (puc. 5.5). B wurore
MOJIYYEHO YCTPOMCTBO €  NPEABAPUTEIBHBIM  YCWJIEHHUEM  MOIIHOCTH.
Dnektpuueckumu xapakrepuctukamu SPICE-TpaH3ucTopa MOXHO YIPaBIATH
MeHsis BHemHee maruutHoe moie. uzaitn SPICE-tpan3uctopa MOXeT OBITH
pasabeiM. K mpumepy, MexdasHble TpaHHUIBI SMUTTEpPa M KOJUIEKTOpPa MOTYT
OBITh peamu30BaHbl p-n-mepexomamu, Oapbepamu [loTTkr mmbO crnwH-
TYHHEJIbHBIMU MEPEXOJaMHU.

(a) (0)
Puc. 5.6. (a) [Ipunnun nedictBusi cnuH-nosieBoro tpansucropa SFET [35], (6)

cXeMaTHudeckoe Uu300pakeHHe (BEepXHUM PHUCYHOK) U DHEpreTuyeckas
nuarpamMMma (HHKHUM PUCYHOK) CITMH-OJIOKMPYIOIIETO yCTPOocTBa [36]

Cnun-nonesoui mpauzucmop Jlamma-/laca (spin-field-effect transistor —
SFET). B 1990 r. Cynpuiio [Jarrta (Supriyo Datta) u bucyomxkur Jlac (Biswajit
Das) paccmoTtpen BO3MOXHOCTh CO3/IJaHUs CIIMHOBOTO TOJIEBOTO TPAH3HUCTOPA,
OCHOBAHHOTO Ha PEJSITUBUCTCKOM 3 dexTe. YCTpONCTBO UMEET KOHCTPYKIIHIO,
NMOI00HYI0 OOBIYHOMY TIOJICBOMY TPAH3UCTOPY C KOHTAKTaMU MCTOKA M CTOKA
(peppomaraeTrku) u 3aTBOPOM (TIOTYITPOBOTHUK).
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ChuH-TIONSPU30BAHHBIE HOCUTENHM TMOKUIAIOT MCTOK CO  CIHHAMH,
napauleTbHBIMA HAMAarHUYEHHOCTH (eppoOMarHeTuka, U MPEHECCUPYIOT IMpHU
nBKeHUU Onarogapst 3¢dexty Pamba (puc. 5.6). Ilpu 3TOM 3IEKTPOHBI
JOJKHBI JIBUTAThCSI CO CKOPOCTBIO, cOCTaBisitomie 1% oT ckopocTu cBera B
Bakyyme. llpm poctaToyHON BeNMYWHE HAIMPSHKCHHOCTH MArHUTHOTO ITOJIS
(CKOpOCTh ABW)KECHHS DJIGKTPOHOB B JAaHHOM Cllydyae BeChMa CYIIECTBEHHA)
CHOMHBI 3JEKTPOHOB HW3MEHSIIOT OpPUEHTAIMI0 Ha MPOTHUBOIOJIOXKHYI. B
pe3ysibTaTe CONPOTHUBIIEHUWE KaHajla BO3pacTaeT M TOK yMeHbluaetcs. llpu
BapbUPOBAaHUHU IIOTEHIIMAJAa Ha 3aTBOPE MOXKHO HU3MEHATh IPOBOJAUMOCTD
ycTpoicTBa. JlaHHOe YCTpOWCTBO BemeT ceOs Kak OOBIYHBIA TOJEBOM
TPAH3UCTOP C TOH OCOOEHHOCTHIO, 4TO nuddepeHanibHas HaMarHnYeHHOCTh
ero KOHTakTOB (W, CJIEIOBATEIbHO, €ro JJCKTPHUECKUX XapaKTEPUCTHK)
YyBCTBHUTEJIbHA K BHEIIHEMY MAarHUTHOMY TIOJIIO.

Hoegvie a¢ppexmur 6 cnunmponuke: cnunosas 610kada. B KoOHIE TPOILIOro
CTOJIETUSI OTKPBIT HOBBIN 3(DPEKT B yCTPONCTBE, CX€Ma KOTOPOTO H300pa)xkeHa
Ha puc.5.6. CiuH-0JOKUPYIOIIasi CUCTEMA COCTOUT U3 KOOABTOBBIX KOHTAKTOB,
MEXAY KOTOPHIMU TOMEHIAIOTC (EeppOMAarHUTHBIE OCTPOBKU KoOOaibTa,
MEHSIOLME HaNpaBJICHUE HAMAarHUWYEHHOCTU TMOJ JEWCTBUEM BHELIHETO
MarauTHoro noJia. Hanpumep, Ha puc.5.6 nokaszan 6apbep LLloTTku npu HU3KOM
TeMIiepaType, KOTOPbIA OJIOKMPYEeT CHUHBI B TaKOM YCTpoicTBe. BenmumnHa
MarauTope3uctTuBHoro sddexra ocrapuser 25% npu T = 20 K, uto sBusercs
OecrpeleIeHTHBIM CIIy4aeM il yCTPOWCTB Ha OCHOBE KpEeMHUSA. 30HHAS
cTpykTypa coctout u3 Oapeepa IlloTTkm, MO KpasiM KOTOPOTO TMOMEMICH P
MarHUTHBIX OCTPOBKOB, MEXIy HUMH YCTaHABIWBACTCS aHTU(EppOMarHUTHAS
CBs3b (U, CJIEOBATEIBHO, OHU OJIOKUPYIOT MPOXOJISAIINE CIIUHBI) B OTCYTCTBHE
BHEIIIHETO MAarHUTHOTO MoJisi. B MarHUTHOM moJie BEKTOPhl HAMATHUYEHHOCTH
OCTPOBKOB OPHEHTHPYIOTCS BJIOJIb TMOJS M CONPOTUBIIEHHUE CTPYKTYpPHI
YMEHBIIIAETCS  M3-32 MPBDKKOBOW  TYHHEIBHOM  MPOBOJUMOCTH  MEXKIY
CMEKHBIMHU OCTpOBKaMH. Bo3/1€eiCTBUE ONTUYECKUM HU3JIyYECHUEM YBEIUYMBACT
CONPOTHUBJICHUE CTPYKTYphl, TaK KakK (DOTOHBI AKTHUBU3UPYIOT DIIEKTPOHBI
OCTPOBKOB, BCJEACTBHE YEro BO3PACTaeT IUIOTHOCTh OSHEPreTUYECKUX
cocTosiHUU. ['eomeTpusi Takoil CUCTEMBI MAJI0 YEM OTJIMYAETCS OT T€OMETPUU
TPAH3UCTOPA C BBICOKOM MOJBUKHOCTBIO 3JIEKTPOHOB, B KOTOPOM IPOIYCKHAas
CIIOCOOHOCTh TJIABHOTO TOKOBOI'O KaHAlla YIMPaBISETCA JIOKAIM30BAHHBIMU
COCTOSIHUSIMHU B CMEKHBIX, HO (PU3NYECKU pa3/IeIeHHBIX 00JACTIX YCTPOUCTBA.
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5.3. HepCHeKTI/IBHLIe HanpaBJCHUA Pa3sBUTUSI CIIHHTPOHUKH

Buvicoxockopocmnoe nepexnouenue macnumuozo cocmosnus. OIHOW U3
[JIABHBIX  XApPaKTEPUCTUK CHUH-3JIEKTPOHHBIX YCTPOMCTB  SIBJISIETCA €TI0
MPOMYCKHAs CIIOCOOHOCTh, KOTOpas ONpEAeNsIeTCs BPEMEHEM OTKIHWKa Ha
DJIEKTPUYECKUE W MATHUTHBIE BO3IEUCTBUA. JlOBOJBHO XOPOIIO HW3yYEHBI
BOIIPOCHI, CBSI3aHHBIE CO CKOPOCThIO JU(dY3uH, COXpaHCHUEM 3apsja,
Mapa3suTHOM €MKOCTBhIO B OOBIYHOM 3JICKTPOHHMKE W HMX CIIMHOBBIX aHAJOTaX B
ciuHTpoHuKe. OpHAKO BpeMs  MEPEKIIOYEHHUS MarHUTHOTO  MOMEHTa
HAHOMAarHeTUKOB (OTIEIbHBIX MAarHUTHBIX JOMEHOB) Cl1a00 HW3y4YeHO, XOTS
HEKOTOpPHIE aHAJOTUM MOTYT OBITh B3STBI W3  OBICTPOJEHCTBYIOMIUX
3aIUCHIBAOLINX YCTPOUCTB. BBICOKOCKOPOCTHOE [IEPEKIIOUYCHUE
HAMAarHM4Y€HHOCTU B HACTOSIIEE BPEMS MHTEHCHUBHO HMCCIEAYETCS, U, KaK Y¥Ke
W3BECTHO, BPEMSI CMEHbI MAarHUTHOTO COCTOSIHHSI CWJIBHO 3aBUCUT OT (hOPMBI
YCTPOMCTBA U CBA3U PEXKUMA MEPEKIFOYEHHSI C BOJHOBBIM CIEKTPOM CIIHHOB.
Bpewms urenusi/3anucu B MRAM cocTaBiisieT HECKOJILKO HAHOCEKYH/I, OJTHAKO B
OyymiemM xkenaTenbHbl 00Jiee BBICOKHE CKOPOCTH MEPEKIIOUCHHUS MarHUTHOTO
COCTOSIHUA. BhINICYNOMSIHYTBIE UJIEM MOTYT OBITh OOBEIWHEHBI ISl CO3JaHMUs
HOBOT'O THUIIa TYHHEJIBHOTO 3aloMHUHaroiiero seMenta MRAM, cocrosiiero u3
dbeppOMarHUTHON IIJIEHKH, CIIMHOBOTO MArHUTHOTO HM30JIITOpa M MeTajlia
NepeXoHON Trpynnbl. Torma Bpems 3amuCH ONPEISsaoch Obl MarHUTHBIMH
CBOMCTBAMHU METAJIOB U U30JIATOPA.

Cnun-31eKmpoHHble CeHCopbl NO3UYUOHUPOBanusi U Osudcenusi. CEHCOPHI Ha
ocHoBe 3¢pdekra GMR, wucnompzyempie [JIs1 ONpEACICHUS BEIUYUHBI U
HaIPaBJICHUS] MArHUTHOTO MOJIs, HAIUIM IIMPOKOE MPUMEHEHUE B CIIEAYIOIINX
o0NacTsAX: XpaHEHWE W CUYUTHIBaHWE WHOOpPMAIMH, TPOTPAMMHPYEMBIC
BEHTWJIbHBIC MaTPUIIbl, aBUAIIMOHHAS SJIEKTPOHMKA, JJEKTPOHHOE MAIIIMHHOE
yIpaBjieHUe U aBTOMOOMJIbHBIE aKTUBHBIE CHUCTEMBI Oe3ornacHocTu. Hampumep,
MHUPOBOM PBIHOK aBTOMOOMJILHBIX JTATYUKOB, C €XETrOHBIM pocToM Oosiee 10%,
SBIIIETCSI OJJHUM U3 CaMbIX OBICTPO Pa3BUBAIOUIMXCS, B HACTOAIIEE BpPEMsi OH
nocTur 8,5 muipa eBpo. B mociieiHre ro/ibl OCHOBHBIMU TEHAECHUUSIMU Pa3BUTHS
MHPOBOI'O  aBTOINPOMA  SIBISKOTCSA  YJYYIIEHUE YIPABICHHS JIBUTATENIEM
BHYTPEHHETO CTropaHusi (C IeJIbI0 YMEHBIICHHsS] aBTOMOOMJIBHBIX BBHIOPOCOB),
TOPMO3HOU U MPOTUBOCKOIB3AIICH CUCTEMaMH, YCTPOUCTBAMU O€30MMaCHOCTH U
T.1. [I0CKOJIbKY 3TH T€XHOJOTUU CTPEMUTEIBHO PA3BUBAIOTCSA, HA IIEPBOE MECTO
BCTA€T YCOBEPILICHCTBOBAHUE CIHMHOBBIX MArHUTHBIX CEHCOPOB: MOBBIIICHHUE
YyBCTBUTEIHHOCTH, CTAOMIHPHOCTH, HAJC)KHOCTH U TIO/IaBJICHUE IITyMOB.
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Cnunosvii ouod. Vness CMHOBOTO JIBYXKOHTAaKTHOT'O JMOJa BIIEPBBIE OblLia
npemioxkeHa MoTeroycom. JlMoa cOCTOMT M3  MATUCIOWHOM MAarHUTHOM
CHUCTEMBbl, B KOTOpPOW TpU (PEPPOMATHUTHBIX CJIOS Pa3JeJIeHbl CIIOSIMHU
napamarietuka. OpHa wu3 Hawbojee yAauyHBIX TOMBITOK TMPAKTUYECKOM
peanu3aiuy CIMHOBOTO JuojAa OblLla OCyIIecTBIeHa jaBa roja Hazan [37]. B
OyIyIieM IUIAaHUPYETCS MCIOJIb30BaTh CIIMHOBBIC JHMOJIBI KaK 3JIEMEHTapHbBIC
syerku MRAM-mmaMsTH.

Kocepenmnas «eanmosas cnunmponuka. B 0onee najmexkod TEpCIEKTUBE
HaXOJWTCSI KBAHTOBAas KOIEpPEHTHass CHUHTpOHMKA. HMmerwrcs B Buay
YCTPOMCTBA, pa3Mepbl KOTOPBIX  HACTOJBKO  Majbl, YTO KBAHTOBas
KOT€PEHTHOCTh BOJHOBOM  (DYHKIMU 3JIEKTPOHA COXPAHSETCA IMOMepeK
YCTPOMCTBA, CBSI3bIBas BXOMSIIME W BBIXOISAIIUE JJIEKTPUUYECKUE CUTHAIIBL.
HanorexHonorum IOCTUIIM TakOro YpPOBHS, YTO CETOAHA MOXHO CO31aBaTh

ycTpoicTBa ¢ MacitaboM 1 HM. TUNMMYHBIM TPUMEPOM SBIISIETCSI TYHHEJbHbIN
muon (Patent Application No FR9904227, France).

Keanmoeviti  komnviomune.  MccnemoBaTenu  IPEACKa3bIBAlOT — MIUPOKOE
UCIOJIb30BaHUE Pa3pabOTOK CIUHTPOHUKU B cepe KBAHTOBOI'O KOMIIBIOTHHTA.
Cuuraercs, 4YTO CHEAYIOUIMM CEPbE3HBIM JTAllOM PA3BUTHUS CIUHTPOHUKU
CTaHyT YCTpOMCTBa, B KOTOpbIX uHGpopMalus Oyner mnepeaaBaThbCs He
MOCPEJICTBOM CIIMHOB DJIEKTPOHOB, & C MCIOJIb30BAHUEM CJIOKHBIX KyOUTOBBIX
nap. Hanpumep, MHOTOKOHTAKTHBIE CIMHOBBIE YCTPOMCTBA, KOTOPbIE MOTYT
OBITh OCHOBAHBI HAa MOTOKAX 3alyTaHHBIX KyOuToB. [IpakTHuecku peann3oBathb
0100HO€ YCTPOHUCTBO MOXKHO Ha 0a3e CIIUH-AJIEKTPOHHBIX TPAH3UCTOPOB.
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	Наиболее известным эффектом, обнаруженным в металлических многослойных структурах, является эффект гигантского магнитосопротивления (Giant Magnetoresistance – GMR), обусловленный спиновой зависимостью рассеивания электронов проводимости от типа магнит...
	Мультислойные структуры. Несмотря на то, что эффект GMR обнаружен сравнительно недавно, первым явлением спинтроники можно считать открытие анизотропного магнитосопротивления в 1857г. Было установлено, что удельное сопротивление магнитных материалов за...
	В ферромагнитных металлах выделяют электроны проводимости со спином-вверх (спин направлен параллельно магнитному моменту в ферромагнетике) и со спином-вниз (спин направлен антипараллельно магнитному моменту). Поэтому ток в ферромагнитном металле можно...
	Рис. 5.1. Принципиальная схема проводимости в многослойных магнитных пленках, показывающая, как спиновое рассеивание приводит к различной проводимости для параллельной (а) и антипараллельной (б) ориентации векторов намагничивания
	Рис. 5.2. Электронно-микроскопические изображения доменной структуры пленки Со/Сu/Со с косвенной АФМ (а) и ФМ (б) обменной связью
	Наиболее удобными объектами для исследования трансформаций магнитных и магниторезистивных свойств в структурах с эффектом GMR являются трехслойные пленки (рис. 5.1). При параллельном выстраивании магнитных моментов смежных ферромагнитных слоев проводи...
	Изменения магнитной структуры, вызванные АФМ связью, влияют не только на магниторезистивные, но и на магнитные свойства многослойных наноструктур. В настоящее время мало изучены механизмы влияния косвенной обменной связи на магнитную анизотропию и до...
	Спиновые вентили. Следующим шагом на пути совершенствования структур с GMR были спиновые вентили (СВ). Они также состоят из двух магнитных слоев, разделенных немагнитной прослойкой. Однако намагниченность одного из слоев закреплена обменным взаимодейс...
	Известно, что величина магниторезистивного отношения в процессе перемагничивания СВ зависит от двух факторов: максимально достижимой величины магниторезистивного эффекта и магнитных свойств. Варьируя материалы, толщину и последовательность слоев, можн...
	За несколько лет, прошедших с момента открытия спиновых вентилей, было создано и исследовано около 11 видов СВ с различной структурой. Так, добавление тонкой прослойки Ru повышает термостабильность сенсоров. Использование кобальтового феррита в качест...
	Магнитный туннельный переход. К следующему поколению спинтроники относят структуры, основанные на явлении магнитного туннельного перехода (MTJ). MTJ состоит из двух слоев ферромагнетика, разделенных изолятором, обычно это Al2O3. Причем толщина изолято...
	В настоящее время уже получены высококачественные MTJ с гладким и сплошным барьерным слоем AlO . Были исследованы потенциальные возможности и других материалов, например Ta2O5, GaAs, ZnS, MgO.
	Магниторезистивная память. Наногетероструктуры с магнитным туннельным переходом применяются в качестве считывающих головок в жестких дисках и как базовые элементы магниторезистивной оперативной памяти (MRAM). MRAM выглядит весьма перспективной и много...
	Сегодня разработки MRAM ведутся несколькими фирмами: Motorola, IBM, Infineon, Cypress Semiconductor, TSMC, а также совместно NEC и Toshiba. В настоящее время большинство разработчиков остановились на MRAM с магнитным туннельным переходом.
	Схема ячейки памяти, в которой перемагничивание осуществляется по методу Савченко (US Patent 6.545.906), разработанному в компании Motorola, представлена на рис. 5.3. Ячейка памяти сформирована на пересечении разрядной и числовой шин. Каждая ячейка со...
	Рис. 5.3. Элементарная ячейка MRAM-памяти
	С использованием рассмотренной выше схемы ячейки компанией Motorola в 2004 г. были созданы чипы MRAM-памяти емкостью 4 Mб, со временем доступа 25 нс (http:// www.peakw.com/Summit2004/ ). В это же время компании Infinion и IBM представили экспериментал...
	Гранулированные GMR структуры. Гранулированные структуры обычно получают путем одновременного распыления двух несмешивающихся металлов (часто используемая пропорция 20:80) и дальнейшего отжига структуры, в процессе которого образуются гранулы одного м...
	𝑮𝑴𝑹~<𝒄𝒐𝒔,,𝜽-𝒊𝒋..>=,<𝒄𝒐𝒔,,𝜽-𝒋..>-𝟐.𝜶,𝑴-𝟐.,                           (5.1)
	где ,𝜽-𝒊𝒋. – угол между магнитными моментами i и j гранулы, ,𝜽-𝒋. – угол между магнитным моментом гранулы j и приложенным магнитным полем. Эффект GMR пропорционален косинусу углов между магнитными моментами и изменяется как квадрат намагниченност...
	5.2. Магнитные полупроводники и спиновые нанотранзисторы
	Одной из основных задач спинтроники является интеграция магнитных систем в полупроводниковую микроэлектронику. Легкое управление спинами электронов в полупроводниках уже сегодня позволяет создавать два новых класса гибридных материалов: магнитные полу...
	Широкие перспективы использования наногетероструктур обусловлены тем, что электронные спины полупроводника можно использовать в качестве детектора, реагирующего на изменения магнитного состояния в ферромагнетике. Так, при инжекции сквозь контакт ферро...
	Магнитные полупроводники. Общим для всех устройств, описанных в первой части обзора, является то, что в их основе лежит металл. Существенный недостаток такого подхода – невозможность усиливать сигналы. Очевидные металлические аналоги традиционным полу...
	Сегодня большое внимание привлекают так называемые разбавленные магнитные полупроводники, сплавы (GaAs), в которых отдельные атомы в случайном порядке заменяются атомами с магнитными свойствами, например Mn2+. Наибольшая температура Кюри Tс = 110 К до...
	В настоящее время идет интенсивный поиск новых ферромагнитных полупроводников с более высокой температурой Кюри, которые могли бы быть использованы в качестве спиновых инжекторов при температурах порядка комнатной и при слабом (или нулевом) внешнем ма...
	Несмотря на очевидную необходимость серьезных исследований механизмов роста и легирования этого малоизученного материала, наблюдение в полупроводнике ферромагнетизма с такой большой температурой Кюри позволяет с большим оптимизмом ожидать появления сп...
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	Рис.5.4. (а) Схема спинового транзистора Джонсона [31], (б) Схема спин-вентильного транзистора [32]
	Спиновый транзистор Джонсона. Развитие микроэлектроники способствовало быстрому переходу от двухконтактных спин-электронных устройств к трехконтактным системам, состоящим из двух ферромагнитных слоев, разделенных парамагнитной прослойкой, и проявляющи...
	Если говорить на языке биполярных транзисторов, то транзистор Джонсона состоит из базы (парамагнетик), эмиттера и коллектора (ферромагнетики). Если на коллектор подается потенциал, в цепи эмиттер–база происходит накопление электронов с ориентацией спи...
	Понятно, что для изменения потенциала в цепи эмиттер–база необходимо приложить внешнее магнитное поле, которое «переключит» вектор магнитного момента либо коллектора, либо эмиттера на противоположное направление.
	Гибридная спинтроника. Транзистор Джонсона вполне работоспособен, но все же он имеет ограничения в использовании. Измеряемые значения напряжения очень малы, и увеличить их без привлечения дополнительных устройств не представляется возможным. Основной ...
	Транзистор Монсма. Первым гибридным спин-электронным устройством был транзистор Монсма, который представлял из себя спин-вентиль, заключенный между слоями кремния. Два контакта присоединены к слоям кремния (эмиттер и коллектор), а третий – к спин-вент...
	В интерфейсах между кремнием и металлом формируются барьеры Шоттки, которые поглощают напряжения смещения, приложенные между парами контактов (рис. 5.5). Барьер Шоттки коллектора является обратно смещенным, а эмиттера – с опережающим смещением. Это по...
	Изменяя магнитную конфигурацию базы, можно установить, сколько энергии теряют «горячие» электроны при проходе сквозь базу. Если магнитные моменты смежных слоев спин-вентиля выстроены антиферромагнитно, то оба типа спинов испытывают одинаковое рассеива...
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	Рис.5.5. (а) Плотность состояний для «мажорных» спинов «горячих» электронов, энергия которых выше, чем энергия барьера Шоттки, как функция местоположения в базе. Толстая линия соответствует антиферромагнитному состоянию спин-вентиля, а тонкая – ферром...
	Если к спин-вентилю приложить внешнее магнитное поле, которое выравнивает все магнитные моменты слоев, то один тип спинов (спины-вниз, или «минорные») рассеивается сильно, в то время как второй (спины-вверх, или «мажорные») проходит без рассеивания че...
	Таким образом, видно, что при ферромагнитном выстраивании магнитных моментов большее число спинов с энергией выше энергии барьера коллектора проходит через базу. То есть, как и в случае с транзистором Джонсона, мы имеем дело с транзистором, электричес...
	Транзистор Монсма является важным шагом в эволюции спинтроники. Это первая комбинация спин-электронных устройств с полупроводниками. Следует заметить, что полупроводники используются только для создания энергетических барьеров и экранирования спин-зав...
	Для раскрытия всего потенциала гибридных устройств необходимо задействовать и полупроводниковые слои в процессе спин-зависимого транспорта.
	SPICE–транзистор. Новым шагом в спинтронике явилось создание SPICE-транзистора (spin-polarized-injection current emitter transistor), т.е. транзистора с инжектированием спинполяризованного тока эмиттера в электрически экранированную область устройства...
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	Рис. 5.6. (а) Принцип действия спин-полевого транзистора SFET [35], (б) схематическое изображение (верхний рисунок) и энергетическая диаграмма (нижний рисунок) спин-блокирующего устройства [36]
	Спин-полевой транзистор Датта-Даса (spin-field-effect transistor – SFET). В 1990 г. Суприйо Датта (Supriyo Datta) и Бисуоджит Дас (Biswajit Das) рассмотрели возможность создания спинового полевого транзистора, основанного на релятивистском эффекте. Ус...
	Спин-поляризованные носители покидают исток со спинами, параллельными намагниченности ферромагнетика, и прецессируют при движении благодаря эффекту Рашба (рис. 5.6). При этом электроны должны двигаться со скоростью, составляющей 1% от скорости света в...
	Новые эффекты в спинтронике: спиновая блокада. В конце прошлого столетия открыт новый эффект в устройстве, схема которого изображена на рис.5.6. Спин-блокирующая система состоит из кобальтовых контактов, между которыми помещаются ферромагнитные остров...
	5.3. Перспективные направления развития спинтроники
	Высокоскоростное переключение магнитного состояния. Одной из главных характеристик спин-электронных устройств является его пропускная способность, которая определяется временем отклика на электрические и магнитные воздействия. Довольно хорошо изучены ...
	Спин-электронные сенсоры позиционирования и движения. Сенсоры на основе эффекта GMR, используемые для определения величины и направления магнитного поля, нашли широкое применение в следующих областях: хранение и считывание информации, программируемые ...
	Спиновый диод. Идея спинового двухконтактного диода впервые была предложена Мэтьюусом. Диод состоит из пятислойной магнитной системы, в которой три ферромагнитных слоя разделены слоями парамагнетика. Одна из наиболее удачных попыток практической реали...
	Когерентная квантовая спинтроника. В более далекой перспективе находится квантовая когерентная спинтроника. Имеются в виду устройства, размеры которых настолько малы, что квантовая когерентность волновой функции электрона сохраняется поперек устройств...
	Квантовый компьютинг. Исследователи предсказывают широкое использование разработок спинтроники в сфере квантового компьютинга. Считается, что следующим серьезным этапом развития спинтроники станут устройства, в которых информация будет передаваться не...


