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KorepenTHble KBAHTOBBIE IIPOIECCHI IIEPEHOCA, Ta-
K€ KaK CBEPXTEKYydeCTh U CBEPXIIPOBOIUMOCTH, SIB-
JISTIOTCs (DY HJIAMEHTAIBHBIMU SBJICHUSIMA KOT€PEHTHOTO
KBaHTOBOI'O COCTOsIHMS BerecTBa. COPOK JieT TOMY Ha-
3aJ1 ObLJI OTKPBIT MPOIECC KOMEPEHTHOI'O [TEPEHOCa Mar-
HOHOB — CIIMHOBAas CBEPXTEKy4eCThb [1-3]. D10 oTKpbITHE
6bL10 crenano B MHCcTHTyTe bUsmdeckux mpodseM, Ko-
TOPBIH ceffdac HOCUT UMsi ero ocHoBatesist — [lerpa Jleo-
uugoBrda Kamumer. OHO GBIIO TIOJIYYEHO B TOU YKe KOM-
uare, 910 u oTkpbiTre [lerpom Jleonnmoraem Kanmmeit
ceepxrexydectn B *He 6osee 80 et Tomy naza, Crmmo-
Basi CBEPTEKy4YeCcTh MArHOHOB OblLila OOHApy»KeHa B aH-
T eppOMATHITHOM cBepxTeKydeM “He-B ma yHUKaIL-
HO#l yCTAHOBKE SIIEPHOIO PasMarHUIUBAHUS MU, KO-
TOpasl MMO3BOJIMJIA IIOJyYUTh TEMIIEPATYPY CYIIeCTBEH-
HO HIXKE OJJHOIO MUJIIUKEJIbLBUHA. YCTAHOBKA M IKCIIE-
PUMEHTBI Ha, Heil ObLIN IPOBEJIEHBI MOJIO/IBIM KOJLJIEKTH-
BOM aBTOpOB 110 nopydenuto Ilerpa Jleonumosuua Ka-
[UIBI ¥ TIPU €0 HEIMOCPEJCTBEHHON TOIepKKe. YcTa-
HOBKa MMeET YHUKAJbHbIE XapaKTEePUCTUKU IO XJIaI0-
[IPOM3BO/INTE/ILHOCTH IIPU CTOJIb HU3KUX TeMIIepaTypax
U TIPOJIOJIZKAET YCTONINBO (DyHKIIMOHUPOBATE HA IPOTSI-
xkenuu obostee 40 Jier.

3He-B sBisiercs cBepxTekydeidl xuaxocTeio. O-
HAKO CBOMCTBA CIIMHOBOW CBEPXTEKYyYEeCTH He CBs3a-

De-mail: y.bunkov@rqc.ru

HBbI HEIIOCPEJICTBEHHO C MAaCCOBOI CBEPXTEKYYeCThbIO U
OIIPEJIEJISIFOTCST MArHUTHBIME CBOWCTBAME aHTU(EpPPO-
MarHUTHOTO cocTosung °He-B. MarHonHas CBepXTEKy-
qecTh BO3HUKaeT 3a cueT 3ddexra MarHoHHoil Bose-
Aitamreiinosekoit Konmencanun (MBIK) [4]. DTo siBite-
HUE HAXOIUTCS B PSAJY TAKUX KBAHTOBBIX MAKPOCKOII-
YECKUX sIBJIEHUIT, KAK 3JIEKTPOHHAS CBEPXITPOBOIUMOCTH
U MaccoBas cBepxTeKydecThb. Hemocpencrsenuno Bose-
Aitamreiinosekas Kounerncanus (BOK) nabionanacs B
pa3psizKeHHOM rase aToMoB |5, 6] a Takxke dboToHOB [7—
9]. Kpome wacrTui, MAKpOCKOIUIECKHE KBAHTOBBIE CO-
CTOSTHHMSI MOI'YT OOpPa30BbIBATh U KBA3UYACTHUIIBI — Mar-
HOHBI [4], dononst [10], poroust [11], skcuTonst [12], mo-
JISIPUTOHBI [13], CBSI3aHHBIE YKCUTOH-IIOJISIPAUTOHHBIE CO-
crostaus [14]. Yenosust Boze-DiHIITEHHOBCKON KOH IeH-
CaIy OIPEe/IAI0TCA N3BECTHON (DOPMYJION, B KOTOPYIO
BXO/ISIT IJIOTHOCTD, TEMIIEPATYPa U Macca KBa3UIaCTHII.
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Marnounasi Boze-DitmimeitHoBCcKass KOHICHCAITAS B
3He-B 65112 06HApYZKeHa 6Jaromaps OueHb MaJIOH BeJIH-
YUHE CIIMH-PEIETOYHON PeIaKCAllN, TaK YTO MAIHOHBI,
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BO30Y2K/I€HHBIE UMITYJILCOM MATHUTHOT'O PE30OHAHCA, YK~
BYT IOpPsiJIKa MUHYTHI Ha YacTore nopsiaka MI'm. 3a sro
BpeMsI MArHOHBI yCIIEBAIOT TEPMAaJIN30BATHCS U CO3/ATh
KOT€PEHTHOE KBAHTOBOE COCTOSTHIE. DTO COCTOSTHUE YA~
JIOCh HAOJIIOJATH HEMTOCPEICTBEHHO OIaroiapsi CIOHTAH-
HOMY (DOPMUPOBAHUIO KOIE€PEHTHOI'O CUTHAJIA MATHUT-
HO¥ MHIYKIWW IIOCJIe MMEePBOHAYAIBLHON pacdasmpoBku
CIIMHOBOI CHCTEMbI B HEOJHOPOIHOM MAarHUTHOM IIOJIE.
Mexanu3m 00pa30BaHUS ITOTO COCTOSHUS OBLT 00bsIC-
HEH KaK IIPOCTPAHCTBEHHOE IepepaciipejiesieHue IIJI0T-
HOCTU MATrHOHOB 33 CYET CIHHOBOI'O CBEPXTOKA, BO3HU-
KAIOIIEro n3-3a I'PaJineHTa (Pasbl MPEIecCun. JKCIEPH-
MEHTaJIbHOe HaDJII0JIEHNE TOr0 KOTEPEHTHOI'O COCTOsI-
HHsl J€TaJIbHO omcaHo B [15].

WMurepupurarus 9TOro sBieHAsT KaK 00PA30BaHUA
KOI€PEHTHOTO KBAHTOBOTO COCTOSIHHMSI MArHOHOB OBLIA
nana B 1994 r. [16] u Gosee peransuo B [17, 18]. demon-
CTPAIMOHHBIN SKCIIEPUMEHT, B KOTOPOM HATJISITHO IIPO-
JIEMOHCTPUPOBaHa pacda3upoBKa BO30YKIEHHBIX Mar-
HOHOB, a 3aTeM CIOHTaHHOe obpasoBaHue MBIK ObLI
omy6sinkoBan B [19].

B manbreiintem 6b11n 06HADY )KEHBI KOTEDEHTHBIE sIB-
JICHHsI HeIIOCPEJICTBEHHO CBSI3aHHBIC CO CBEPXTEeKyde-
CTBIO MAIHOHOB, TaKHe KaK IIPOCTPAHCTBEHHBI epeHoc
MArHUTHOTO MOMEHTa Ha GOJIBINOE PACTOSTHAE CITAHOBBIM
CBEPXTOKOM, cOpoc (ba3bl IPU JOCTUKEHUH KPUTHYIE-
ckoit ckopocrn Jlanmay [20-22]. Beun obHapykeH mar-
HouHblii addexr Txo3edceona [23, 24] u obpasosanue
KBaHTOBBIX Buxpeii A6pukocosa [25, 26]. O630p 31ux
uccseIoBaHuil MOKHO Hafitu B [27-30].

Barem MBOK 6bL1 obHapyzen takxe B SHe-A [31,
32] u B mongpnoit daze 3He-P [33]|, B aromapHOoM Ta-
3e BoJopojia [34] u npyrux cucremax [35]. VHTepecHBIit
0630p Teopernyeckux ocHoB MBIK 6bu1 omybsmmkoBaH
B 0030pe [36].

Ob6pazoBanne maraonHoro BOK u crmroBoii cepx-
TEKy4YeCTU B TBEPOTEJIbHBIX MarHeTHKaX ObLIO IIpei-
CKa3aHO B CHCTEMAX CO CBSI3AHHOMN $1JI6PHO-3JIEKTPOHHOIA
uperneccueit B antudeppomarnerukax [37]. Junamude-
CKU€e CBOWCTBA IMPEIEeCCHN HAMATHUYEHHOCTH B HUX BO
MHOTOM aHajorundse! > He-B. MUHIMYM SHEPrun TakzKe
coorBercTByeT Maruouam ¢ k = 0 u gacrora mnpereccun
VBEJUYIUBACTCS [TPU YBEJIMYEHUN WX YHUCJIA, UTO TOBO-
PUT O IOTEHIMAJE OTTAJKUBAHMS MEXKJy MATHOHAMM.
Bejmuwnaa KpuTHIECKON IJIOTHOCTH MarHOHOB Jjisi 00-
pasoBanusg MBIK B sTux cucremax ObuLra BBIYUCIEHA
B [38]. MBOK 6bu1 00HADY?KEH B KBa3USIIEPHON MOJE
npeneccun B CsMnF3 [39] u MnCOg3 [40-44]. Tax, B
[40, 43] 6bL1 mosryUen 3 beKT HEPE3OHAHCHOIO BO30Y K-
JIeHUsl MardoHOB, B [41] o6pa3oBanue roJacToyHOBCKUX
Moz Kosiebanuii Bose konzeHcara, a B [42,44] mokasza-
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HO, YTO CUTHAJIBbI IIPEIECCUU OIMCHIBAIOTCS 00PA30BAHU-
eMm Bose koHjieHCcaTa, a He JTUHEHHON Teopueil.

Hacrosimum mpopbiBoM cTaao obHApyKeHue siBjie-
HHUsI MATHOHHON Bo03e-DUHTEHHOBCKONE KOHIECHCAIIN
MarHoHOB B ILIEHKAX KeJI€30-UTTPUEBOTO I'paHa-
ra (2KUT") npu xomuarHOii Temueparype [45, 46].
Marunousr B miaenkax KNI, HaMarHUYeHHBIX M€p-
[IEHIUKYJISIPHO ILJIOCKOCTH O0paslia, MMEHT MUHUMYM
SHEPIWM IMIPU BOJIHOBOM BeKTOpe Kk, paBHOM HYy/I0, U
XapaKTepu3ylTCs  B3aMOIEHCTBAEM  OTTAJKHBAHUS,
kak u B He-B. Ilostomy MBOK obpasyercs crarmo-
HAPHBIME MAarHoHaMu, Kak u B aromapHom BOK. B
CB#3U C T€M, 9TO MATHOHBI ABJISIOTCH KBA3UIACTUIIAMIA
B MarHUTOYIIOPSIJIOYEHHBIX CHUCTEMAX, UX PaBHOBECHAS
ILUIOTHOCTD OIIPEJIEJIsIeTCs] TEMIIEPATyPoii cucremsl. 11pu
9TOM WX MJIOTHOCTH BCErJa MEHbBINEe, YeM KOHIIEHTPa~
Iisl MarHOHOB, HeoOxojuMasi Jjisi Bo3e KOHJIeHCAIUU.
O1HaKO UX IUIOTHOCTHb MOXKHO CYIIIECTBEHHO YBEJIMYUTH
myTeM BO30Y:KJEHUsI HEPABHOBECHBIX MarnoHoB. Kpu-
THYEeCKasl KOHIEHTPAIusi MArHOHOB JIJIsi O0pa30BaHUS
MBOK jij1st pa3/inuHbIX CHCTEM MOXKET ObITh BBIYUCIIEHA
U3 [apaMeTpoB CIIEKTPAa MArHOHOB. T1ak, JJIs ILIEHKH
ZKUT', mamMarHuveHHON NEPIEHAUKYIAPHO MTOBEPXHO-
CTH, KDUTUYECKAs] IJIOTHOCTH MAIHOHOB COOTBETCTBYET
JIUHAMAYIECKOMY OTKJIOHEHHIO HAMATHUIEHHOCTH HA
yroa 2.5° [47]. B cucreme HepaBHOBECHBIX MAIHOHOB
poJib woTHOCTH YacTul, A/ UrpaeT IpOoeKIus: MOJHOTO
CIIMHA Ha HAIIpaBJIEHHE BHEITHEr0 MArHUTHOI'O 10 S,.
BosbyxkieHne HepaBHOBECHBIX MATHOHOB MPHUBOJIUT K
YMEHBIIIEHUIO IIPOJIOJIbHON HAMATHUYEHHOCTU CHUCTEMBI
S, Ha BeJUYHHY, [IPONOPIUOHATIBHYIO 1 — cosf3, Tie
B — yroja IMHAMHYECKOTO OTKJIOHEHWS DPaBHOBECHOIM
HaMarHndeHHoctn (48, 49]. BzammogeiicrBue Mexy
MarHOHAMH [PUBOJIUT K CJABUIY YACTOTHI IEIECCHH OT
JIADMOPOBCKOH Ha BeawmdmHy Aw, KOTOpas OIpeess-
€T [JIMHY KOTePEHTHOCTH M KPUTHUIECKYI0 CKOPOCTH
CBEPXTEKYUIEro TOKa MAarHOHOB [48, 49].

BousibmuM JIOCTOMHCTBOM MArHOHHON CBEPXTEKYJe-
CTH SIBJISIETCSI TO, YTO JAHHOE COCTOSIHUE C OTKJIOHEH-
HOH M IIperneccupyiomeil HaMarHunIeHHOCTBIO SBJIAETCA
OCHOBHBIM COCTOSIHHEM CHCTEMbI DU 3aJaHHON IIJIOT-
HOCTU MarHoHoB. [103TOMy €ro MOXKHO IOJJIEPKUBATH
HEIPEPBIBHO, BO3MEINAs UCHAPSIONNECs] MATHOHBI TeHe-
parueii HOBbIX 1pu 1oMoIinu paauodactornoil (PH) ma-
Ka4uku. [Ipu 3TOM HOBbIe MATHOHBI POXK/IAIOTCSI B COCTOSI-
HUU y2Ke cyliecTByommero Boss kouygencara [50]. Bosee
Toro, vactora PY Hakadku onpeesser XUMAIECKHil 11o-
TEHIUAJ ¥ COOTBETCTBYIONLYIO INIOTHOCTH HEPABHOBEC-
HbIX MarHoHOB [4, 51]. Ckanupyst wacrory (miam mar-
HUTHOE 10Jie) npu nocrosuuoii P Hakauke, BO3MOXK-
HO M3MEHSTH IUIOTHOCTb MArHOHOB B KOHJeHcare [52].
OTuM 00bsICHSIETCS TaK Ha3bIBaEMBIN “doJimoBep” Mar-
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HUTHBII PE30HAHC, 3aKJ/IIOYAIOMUICA B TOM, 9YTO 9aCTO-
Ta MPEeNecCuy HAMArHUIEHHOCTH IIPHU JIOCTATOYHO 00JIb-
IO MOIITHOCTH HAKAYKM CJIEJIYET 32 yBeJUIUBAIOIIE-
Csl 9acTOTON HAKAYKK (UJIM yMEHBIIAIONIMMCI MATHUT-
HBIM T10JIEM). DTO SIBJICHHE OBLIO MEPBOHAYATIBHO OOb-
sicieHo AnnepconoMm u CyJioM KakK CIBHUI YaCTOTHI IIpe-
[eCCuu pH OTKJIOHeHnH HaMarandenuoctu [53]. U xors
KAYeCTBEHHO 3Ta Teopus 00bACHsIA 3DPDEKT, IKCIepu-
MEHTaJIbHBIE PE3YJIbTATHI CUJIBHO OTJIMYAJIUCH OT IIPel-
ckasanHbix Teopueil [54]. (K coxasnenuro, B 9T0ii cra-
The OBLI C/I€JIAH BBIBOJ, O COTVIACHH PE3YJIbTATOB JKCITE-
PUMEHTOB C Teopueil, XOTs (paKTUIECKU OIlyOJTMKOBaH-
HbIE PE3YJIBTATHI CUJILHO IIPOTUBOPEYAT TEOPETUIECKUM
upezckazanusam!) Xopoliee corjiacie TeOpuu ¢ IKCIEpu-
MEHTAJbHBIME PE3YJIbTaTaMu ObLIO IOJIYyIeHO B [55] mpu
MOMDUKAIINYA TEOPUU C yIeTOM MarHOHHON Boze KoH-
JIEHCAINN, KOTJA [NIOTHOCTH MArHOHOB OIPEIEIISeTCs He
amiumrynoii P nakauku, kKak B Teopuu [53], a capurom
YaCTOTHI OT PE30OHAHCA, T.€. XMMUYECKHUM IIOTEHIIAAJIOM
BO30Y2K/Ia€MbIX MATHOHOB.

OCHOBHBIM KaHAJIOM PeJIaKCallid MAarHOHOB B ILJI€H-
kax KU gsisiercs Bo30yzkIeHne (POHOHOB B ITOJIOK-
ke [56]. B memaBHuX sKclepuMeHTaX OBLIO OOHADYIKE-
HO, 9TO CKOPOCTb PeJIaKCAllud MArHOHOB CYIIECTBEHO
YCKOPSIETCS IIPU YCJIOBUH, ITO YACTOTA MATHUTHOTO Pe-
30HAHCA COBIAJAET C YaCTOTOU aKyCTHYEKONH MOJIbI Ha
rosmuHe nomoxkku [57, 58]. B pabore [57] 6bL1 TaK-
Ke obHapy»KeH 3(peKT aHTUPE30HAHCA, [IPU KOTOPOM
CKOPOCTBb PEJIAKCAIINA MATHOHOB CYIIECTBEHHO 3aMel-
JISJIACh TIPM COBIAJIEHUM YaCTOTHI MArHOHOB CO Cepe-
JIMHOIM CIIEKTPa CTOSTYMX AKyCTHUYECKUX MOJ, YTO TI'O-
BOPHUT O KOT€PETHOCTU MAarHOH-(DOHOHHOTO B3aMMOIEH-
crBus. Takum 0b6pa3oM ObLIa MOKA3aHA CHAJIbHAS CBI3b
B miaenke 2KUT" Mexay MarHOHHBIM U (POHOHHBIM pe-
3epByapamu. lanabHeiiee nccae0BaHne IOKA3a/0, ITO
HE TOJIBKO MAarHOHBI MOTYT BO30Y2K/IaTh HEDABHOBECHBIE
dOHOHBI, HO U (POHOHBI TAKXKE MOI'YT BO30YKIaTh Mar-
soubl [59]. Beuto nokazano, uro MBYK, Bo30yxneHHbIit
B oxuoM obpaaie wienkun 2KUT, moxker dopmupoBaTh
MB9K B sipyrom obpasiie, pacioio;KeHHHOM Ha TOM Ke
ITOJIJIOXKKE Ha OOJIBIIIOM paccTosiHuu. B pesysibrare, ipu
PACCMOTPEHUU TIPOIECCOB IEPEHOCA MATHOHOB CJIE/IYET
VUYUTBIBATH IAPAJIIeJIbHBII IIPOIiece mepeHoca (POHOHOB
Jepes MOJJIOKKY, UTO YCJIOKHSIET WHTEPIPUTAINIO IKC-
[IEPUMEHTAJIBHBIX Pe3ybTaToOB. VIMEHHO MIPOIECCHI Iie-
peHoca MArHOHOB 3a CYeT I'pajneHTa (Da3bl BOJHOBOIM
dyuarnun MBIK — MarHoHHO CBEPXTEKY4eCTH — UCCIIe-
AYIOTCA B JAHHOU CTaTbe.

DKCIIEpUMEHTBI IIPOBOJUINCH Ha 00pasie IIEHKH
ZKUT, BeIpaIieHHON METOIOM SMUTAKCUY HA MIOJJIOXKKE
U3 TaJUINii-raI0TMHIEeBOro rpanaTa B KpbiMckoMm dere-
pasnbHOM yHuBepcurere [60]. [Tnenxa KT rosmmHoO#

6 MM mmesta hopmy dsutuiica pasmepom 4.5 X 1.5 M.
QuunTudeckass (opMa obpasna OblLaa BbIOpaHa JIJIsd
YMEHBIITEHUsT BO3MOXKHOCTH O0OPA30BaHUS BTOPUIHBIX
pe3oHaHCHBIX MOJI. VccienoBanus MpoBOAMINCH HA OPH-
TUHAJBHOM MArHUTOONTHIECKON YCTAHOBKE, TPUHITAIIHI
paboTsl KoTOpoii 6blin onucansl B [61]. Ee npuvenenune
LTS IICCJIeTOBAHMS MarHoHHOM Bose konmencaym mpe-
craByieHo B [62, 63]. [IpocrpancrBentoe pacipeeiienue
yIJIa OTKJIOHEHUSI ITPEIECCUPYIONieil HaMarHuIeHHOCTH
1 ee daza Iperneccuu N3MePSINCh IIPU MoMOIu 3dhdek-
ta @apasnesi. B skciepumMenTe, pecTaABIEHHOM B JIaH-
HOIl cTaTbe, MATHUTHBIN PE30HAHC BO30YXKIAJCT JBY-
Msl Y3KUMU IIOJIOCKOBBIMU JIMHUSIMUA IAPUHON (0.2 MM,
PACIIOJIOKEHHBIMI HA PACTOSHUAU 2.5 MM CHMMETPHIHO
OTHOCHUTEIHLHO 0Opa3iia U OPUEHTHPOBAHHLIMU IEPIIEH-
JUKYJISIPHO ero ryiaBHO# ocu. IlpuHiunuanbHas cxema
ycTaHOBKHU oKa3ana Ha puc. 1. Bazossriit PU curnas mo-
JaBaJICs Ha MEPBBIA IIOJIOCOK, & CATHAJ, CABUHYTBHINA IO
daze, — Ha BTOPOIi 110J10COK. MOy IMpOBAHHBIN JIyYb Jia-
3epa pacCcenBaJICs Ha MPEIEeCCUPYIONeil HaMarHITIeHHO-
CTH W PErUCTPUPOBAJICS B HMpueMHOM cucreme. [lerasm
ONTHYECKOH CHCTEMBI perucrpanun M. B [62, 63].

Optical registration| RF source o, Prism

system ¢,

*‘V Pumping signal 2

Pumping signal 1
#4 3

RF source o,
Low 0,
frequency
detected

signal .
€ Reference
phase

Puc. 1. (LIgernoii onmnaiin) CxeMa IOCTAHOBKU 3KCIEPH-

A

Laser modulation signal

menTa. /IBa reneparopa PY Hakadku ¢ M3MeHsieMO# pas-
HOCTBIO a3 BO30YKIAIOT MATHUTHBLI DE30HAHC B JIBYX
II0JIOCKAX, PACIOJIOXKEHHBIX HA PACTOSAHUM 2.5 MM JIPYT OT
npyra. [IpocTrpancrBenHOe pacipezeieHre aMIIUTYIbl 1
da3bl mpereccn BIIOJIb OCHOBHOIM OCH 00pa3siia CIMTHIBA-
€TCsl IPY IOMOIIY JIa3ePHOM ONTUYIECKOM YCTAHOBKHU C UC-
nosib3oBanneM sdderra Dapases. leraapHoe onncanne
OLTHYECKOI cucreMsl JaHo B [62, 63]

DKCIIEPUMEHTBI IIPOBOIUJINCE B YCJIOBUIX 00pa3oBa-
uust maraoaaoro BYK wa Bcem paszmepe obpasmna. Kak
ObuIo moKazaHo B paborax [64, 65|, npu oTKIOHEHUM
IIPENEeCCUPYIONIel HaMarHuIeHHOCTH Ha yroj Oojee 3°
ra3 Mmaraonos ¢popmupyer BIK. B sTux ycioBusix 1moJ-
2KeH 00pPa30BBIBATHCS CBEPXTEKY Nl TOK MArHOHOB IIpA
rpajiuente ¢asbl npeneccun u coOpoc (hasbl npu J0CTH-
JKEHUU KPUTHYECKON BEeJMYMHBI TOKAa MArHOHOB. MBI
HCCJIe0BAJIN 3aBUCUMOCTD PACIPEIE/IEHUsT AMILIUTY/IbI
u Ga3pl mpereccun BAOJb IVIABHONH OCH 00pasia Kak
dyurnuo pasnoctu da3 P Bo3OyXKieHusT ABYyMs I10-
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JIOCKOBBIMU JIMHUSIM. DKCIIEPUMEHTBI TTPOBOIUIUCH [TPU
MOIITHOCTY HAKAYKH B 0DOUX MOJIOCKAX OKOJI0 b MBT, uTO0
npuBoauio K (opmupoannio MBOK Bo Bcem obpasiie.
Ha pucynke 2 mokazaHo MpOCTPAHCTBEHHOE pacCIpejie-
JIEHUE yTJIa OTKJIOHEHUsI TPEIECCUPYIONIei HaMarHuIeH-
HOCTHU KakK (pyHKIs pasHoctu a3z PYU nHakauku. Yriibl
OTKJIOHEHHsT B ODJIACTH TIOJIOCKOB COCTABJISIA OKOJIO 8
rpagycoB. Ha Kpaio mojiockoB HAOJIIOIAETCS yMEHbIITe-
HUE yTJIOB OTKJIOHEHUsI JI0 OKOJIO 5 IPaJIycoB. DTOT 3P-
dexT HAbIIOAJICS BO BCEX HPEIBIIYIUX KCIIEPHUMEH-
Tax ¥ ¢ OJMUHOYHBIM MOJIOCKOM. OJHOBPEMEHHO HTPOUC-
XOJHJT PA3BOPOT (ha3bl Ipereccuu Ha yroJi mopsijaka 60—
90 rpa/lycoB IO WM IPOTHB YACOBON CTPEJIKUA B 3aBU-
CUMOCTH OT HAIIPABJIEHUsSI BHEIITHETO TOJIsI. DTOT Kpae-
BOIt 9 PeKT moKa He 00bICHEH, W, BO3MOMKHO, CBI3aH
¢ koMmmoneHToit PY mosis Ha Kparo I10JOCKa, HApaB-
JIEHHOM TIePIIeHINKYJISIPHO IIOCKOCTH oOpa3mna. Tak Kak
HAC WHTEPECOBaJ MPOIECC MEPEHOCA HAMATHUIEHHOCTH
3a mpejiesiaMi BO30YKJICHUsI, 3TOT JIOKAJIbHBIH 3 deKT
HEe CKA3bIBAJICS Ha PE3YJIbTATaX UCCJIEIOBAHUIA.

Amplitude (0)
10°

(2) (b) (0)(d)(e)

2.5

2.0
g0

1.5 .

Position (mm)

40

0.5 20

0°

—180° —270° -360° —450° —540° —630° —720° —-810°
RF Phase

Puc. 2. (Lgernoit onunaiin) IIpocTpancTBeHHOE pacnpe/e-
JIEHUE yTJIa OTKJIOHEHUSI [IPEIeCCUPYIOIell HaMarHUIeHHO-
crr Kak MyHKIWs pasHoctu das3 mexay PY nakaukamu B
JBYX IIOJIOCKaX, PACIOJIOXKEHHBIX B KoopauHaTtax 0 u 2.5

Ha pucymke 2 xoporro BUaHO, 9TO IpK pa3HOCTH (a3
nakagku — 450° ma ormerke 1.7 MM obpasyercs “ama’
B KOTOPOil yroJi OTKJIOHEHHS IIPEIeCCupyronieii HaMar-
HUYEHHOCTU yMeHbImaeTcss 10 1-2 rpagycos. Corsac-
HO TEOPEeTUYeCKUM OleHKaM [47] u npoBelieHHBIM paHee
sKcnepuMenTaM [64, 65], Ipu TaKUX yriax OTKJIOHEHHUsI
MB9K He obpasyercst u MBI MMeeM YCJIOBUSI OOBIYHOIO
JIMHEHOTO MATHUTHOTO pe3oHaHca. Ilpum srom Mmoxker
HApYIIATbCS HENPEPBIBHOCTH a3bl npereccun MBIK,
U3BECTHBIN Kak “copoc daswr’. IMenHO 31OT 3dpekT u
MMPOMCXOJIUT B JIAHHON TOYKe.

Ha pucynke 3 moka3aHO MpOCTPaHCTBEHHOE PacIIpe-
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nmestenne haspl mpereccnn Kak GyHKINsS pasHocTu das

BEC Phase
180°

(a) (b) (©)@)e)

2.5

120°
2.0 0

60°

Position (mm)

—-60°

0.5 _120°

—-180°

—180° —270° —-360° —450° —540° —630° —720° —810°
RF Phase

Puc. 3. (Lsernoii onsnaitn) IlpocTpancreennoe pacnpese-
sienne (asbl IPEneccuy HAMATHUYEHHOCTU KaK (DyHKIUS
paszuoctu da3 mexkay PY makadkamMu B JBYX HOJIOCKAX,
PAacCIIOJIOX)KEHHBIX B KoopauHaTax 0 u 2.5

PY nakauxku. B obiactu mepBoro mosiocka daza mep-
neccun O/m3Ka K dase 6a3ucHONl Hakauku. B obsactu
BTOPOTO TOJIOCKA (ha3a MEPIECCHH M3MEHSIETCs] B COOT-
BeTCTBHUU ¢ (a30il HAKAYKN HA BTOPOM I0JI0CKe. MbI 00-
HapyxKmim, 910 B obsiactu ot 0 10 1.2 MM dasza mperec-
CHUU He 3aBUCUT OT pasHoctu a3 Hakauku. Hanporus B
obstactu ot 1.2 MM 10 BTOPOT'O MOJIOCKA, IPOUCXOIUT Pa-
BOPOT Pa3bl, COOTBETCTBYIOMINIA pa3HOCTH (a3 HAKAIKI
MezKly AByMs mosiockamu. Ha ormerke 1.7 MM mpowmc-
xomuT cOpoc pasbl Ha 27 TMpHU PA3HOCTU (a3 HAKAUKH
okoJsio — 450°.

Ha pucynke 4 n 5 noka3anbl 3aBUCIMOCTH aMILJIATY-
bl OTKJIOHEeHUsI U (ha3bl MPENECCHy Mpu (PUKCHPOBAH-
HOU pas3HocTH a3 HaKaIKU. XOPOIIO BHUIHO yMEHbIIIE-
HUE aMIUIATY/IbI IPEIeCCUN U Pe3KUil pa3sBoOpoT (has3bl
nopsiaka 115° na pacrosauu B 0.2 MM OT Kpast TIOJIOCKOB,
pudeM B Pa3HOM HANPABJIEHUH y MEPBOTO M BTOPOTO
rosiocka. TakuM opa30M CyMMapHBIN pPa3BOPOT B 9THX
obJstacTbsax cocrassgeT okojio — 230°. Takoe moBeeHue
CUTHAJIA OKOJIO ITOJI0CKA HAOJIIOIAJIOCH U BO BCEX MPEIbI-
YIIAX 9KCIEPUMEHTAX, B TOM YUCJIE U C OAMHOIHBIM 10~
JIOCKOM. B3MOKHO, OHO CBSI3aHO C PE3KUM H3MEHEHUEM
HampaJjeHus Bo30yxkpaomero PY moss y kpas mostoc-
ka. Tem Oosiee uTO HAmpaB/IeHUWE 3aKPyIUBAHUSA (Pa3bI
MeHsIET 3HAK [P U3MEHEHUHU BHEITHET0 MarHUTHOIO I10-
Jist Ha obpaTtHoe. K cokajleHnio, HUKTO U3 TEOPETUKOB
HE CMOT ODObSICHUTE 9TO siBjienne. OHo Tpebyer JI0moJi-
HUTEJIbHBIX UCCJIeIOBAHUIL.

Hamee, aa orpeskax ot 0.2 mo 0.8 m or 2.0 1o 2.3
CUTHAJI UCIBITHIBAET aMIUIUTYIHYIO0 MOy snuio. Havu
6bL10 06HApY2KeHO [59], 9TO BBICOKOIOOPOTHBIH ra3 (o~
HOHOB MOKeT B030yKgarbcsa MBIK B oiHuM u3 obpas-
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Puc.4. (sernoit omnaitn) IIpocrpancrBeHHas 3aBHCH-
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Puc.5. (Isernoit omsaitn) IIpocrpancrBeHHas 3aBHCH-
MOCTb (pa3bl MPErnecCUupyomeil HAMArHUYeHHOCTH IPU
(PUKCUPOBAHHBIX PA3HOCTAX (a3 HAKAIKH

o 2KUT" u Bo3Oyx)1are MBIYK B npyrom obpasiie Ha
6oJibiioM pacrosinuu! Bo3MOXKHO JaHHAST MOJLYJISIIIUIO
AMITUTY/IBl IIPEINEeCCUN CBI3aHA CO B3AHMHBIM II€PEHO-
COM MAarHoHOB ¥ (POHOHOB.

Hakower, narepecytomuii Hac 3@PeKT MarHOHHOIO
CBEPXTEKYYero TOKa HabJIIOIaeTcs B Auana3oHe or 1.2
10 2.25 MM, TJie IPOUCXOUT OCHOBHOI PAa3BOpPOT (has3bl
[pereccuu, O0YCJIOBJIEHHBI Pa3HOCTHIO (a3 HAKAYKH.
Mpb1 BuguM, uro npu pasuocru da3 —225° (a) uzmene-
Hre Ha3bl 00YCIOBIEHO TOJBKO PA3BOPOTOM (ha3bl OKO-
Jo monockos. Ilpu pasnocru daz —360° (b) u —435°
(¢) mabmomaercs miaBHbI pasBopor dasbl. Ilpu aTom
rpajauenT das3bl gocTUraeT Beaundunsl B 450° /mm. dror
IPaJIMEHT COOTBETCTBYET KpUTHUYECKOMY TOKY. IIpu ero
YBeJIMYEeHUH BO3HHMKaeT cOpoc das3bl Ha 27, 9TO 3apUK-
cHpOBaHO Ha 3anucy npu pasnocru dasz —473° (d). Ipu
9TOM BO3HHUKAET 00JIACTH, B KOTOPOIl yroJl OTKJIOHEHUS
IIpereccuu OIycKaeTcss 10 1°, 94TO COOTBETCTBYET KOH-

[EHTPAINN MAarHOHOB, Ipu KoTopoit MBIK paspymaer-
cs1. Hakoner, npu pasuaocru a3 —505° (e) Henpepsis-
HOCTB (pa30Boit 3aBrcuMOCTb MBIK Mexk 1y 1mosiockaMu
ITOJTHOCTBIO BOCCTaHaBmBaercs. [Ipu nanpHeiinem yBe-
JITYeHUN Pa3HOCTH (a3 HAKAYKN 3aBUCHMOCTHU AMILIHU-
TYIbI U (pa3bl IPEIeCcCuu IOBTOPSIIOTCS.

MarHoHHbBI# TOK B MArHUTHOM II0JI€ TIEPEHOCUT 3ee-
MAaHOBCKYIO 9HEPIHUIO, KaK OBLIO MOKA3aHO B (OyHIAMEH-
TAJBHOM MCCJIEI0OBAHUY, OILyOJIMKOBAHHOM B cTaThe [20].
Nmenno no nepenocy 3Heprun Mexk 1y MB9K B 1Byx 00-
JIaCTsIX ObLjIa U3MEpeHa BeJUYUHA CBEPXTEKYYero CIIH-
HOBOro Toka B He-B. B skcmepmMenTe, IIpeicTaBiIeH-
HOM B J[AHHOM IIMCbME, MbI TakKKe HabOJII0JaJii OTTOK
SHEPI'WH U3 00JIACTH BTOPOTO IIOJIOCKA IIPH YBEJIMYEHUU
rpaauenTa (asbl U, CJIEIOBATENbHO, YBEJIMICHUN Mar-
HOHHOI'O CBepXTOKa. B uactHOCTH, Ha puc. 4 (KpuBbIE A,
b, ¢) BuaHO, uTO B 06sactu or 2.0 10 2.2 MM yroJ mpe-
[ECCUU U, CJIEI0BATEbHO, IJIOTHOCTH MATHOHOB IIJIABHO
YMEHBINTAeAeTCs ¢ yBeJIMIeHNeM IpaanenTa (as3bl, 9TO
CBSI3aHO C YBeJIMYEHUEM OTTOKA MArHOHOB W3 3TO# 00-
stactu. Tak, yroy IUHAMIYECKOTO OTKJIOHEHUsI B TOYKE
2.2 cocrasnster 5.2° (kpuBasg a), 4.2° (kpusas b) u 4.0°
(kpuBas c). Oaaako nocse cbpoca dasbl OTTOK MArHO-
HOB PE3KO YMEHbIIIAeTCsl U IJIOTHOCTh MarHOHOB B 9TOMH
006JIaCTH YBEJIMIUBAETCH JI0 YIJIa OTKJIOHeHus 5.5° (Kpu-
Bas €) IIPU TOH JKe CaMOil BeJIMUNHE HAKAYKU BO BTOPOM
mmojiocke. MbI MOXKeM cliesiaTh BBIBOJ, UTO C yBeJIude-
HUeM rpajuerTa $has3bl yBEIUNINBACTCS OTTOK MATHOHOB
U, COOTBETCTBEHHO, YMEHBIAETCH IIJIOTHOCTh MATHOHOB
B 00J1aCTH OKOJIO BTOPOTO IOJIOCKA. DTOT HPOIECC TaK-
2Ke XopoIro BujeH Ha puc. 2. Hemocpeacrsenno B obuta-
cTH OJI0CKa 3TOT 3 dekT HAbIII0IATh HE YIAeTCS U3-3a
CUJIBHOI CBSI3M aMILIMTY/IbI HAKAYKU U [LJIOTHOCTH Mar-
HOHOB.

Takum 06pa3oM MbI BIepBble HAOJIIONANA CBEPXTE-
Ky4uii Tok MaraoHoB B wieHke KU, mamaramgaenuoi
[IEPIIEHUKYJISIPHO ILJIOCKOCTH, U cOpoc (a3bl IIpHU KpH-
THUeCKOM TpajmenTe B 450°/mm upu mIOTHOCTH Mar-
HOHOB, COOTBETCTBYIOIIEH JUHAMAIECKOMY OTKJIOHEHUIO
HaMarHumIeHHOCTH Ha 7°. /{aHHOE siBJIeHne nMeeT CJI0XK-
HBIIl XapakKTep, YTO, BUIUMO, CBSI3aHO C IapaJjebHbIM
nepenocoM (GOHOHOB, Kak ObLIO 1oKa3aHo B [59].

MpbI Takke HCCJIEIOBAIM BO3MOXKHOCTH 00pa3oBa-
uust MBIYK mpu momomu mporpaMMbl MUKPOMATHUTHO-
ro mojesuposannss MuMax?® [66]. Jaunas mporpaMma
UCIIOJIb3YeT Iapa urMy, IIOCTPOEHHYI0 Ha (heHOMEHOJIO-
rudeckux ypaBueHusx Jlammay-Jludmmma-Tnisbepra
(JIJIT'). TIpu MaJioff KOHIEHTPAIUE MATHOHOB, COOTBET-
CTBYIOIIEH YIJIy OTKJIOHEHMs IIPelecCUupyrolieii HaMar-
HAYEHHOCTH MeHee 3°, T.€. MEHbIIei, YeM HeoOXOoaImMa
mirs dopuupoBanusg MBIOK, mam ymamoch cmomenpo-
BaTh pe3yJbTaThl IKCIEPUMEHTOB C XOPOIIEil TOYHO-

TTucema B 2KOTO
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crpio. Kak B 9kcmepumMeHTe, TaKk U B MOJEIUPOBAHUAN
00pa30BBIBAJINCH CIIMHOBBIE BOJIHBI, PACIPOCTPAHSIIOIIH-
ecst OT 00/1aCTU BO30YKJIEHUS U UMEIOIINE OTHOCUTE b~
HO MAJIyIO aMILIuTyay. Hanporus, SKCIIiepUMEHTHI TOKa~
3aJIM, YTO IPHU yBEJUIECHUU MOIIHOCTU HAKAYKM, KOTA
YIJIbI OTKJIOHEHUS IIPENEeCCUPYOIIeil HaMarHHIEHHOCTH
JIOCTUTJIN TOpsifika 6°, XapakTep Mperneccupyomei Ha-
MarHM9YeHHOCTH CKAYKOM N3MEHMJICS. BMeCTo CIMHOBBIX
BOJIH 00pPa30BaJIOCh COCTOSIHUAE C OJIHOPOJIHOM IIPEeccu-
eil Ha BceM pasmMepe obpasia. [Ipu 3rom aMimmTya mpe-
[ECCUY TOXKE CTAJIa CPABHUMA C AMILUIATYION B 001aCTH
BO36ykIeHus. JIpyrumu ciioBamu, obpaszopasics MBOK
Ha BceM pasmepe obpasia. OHAKO MOJIeIMPOBaHUE IKC-
HePUMEHTAILHLIX Pe3yILTATOB IporpaMmoit MuMax?® B
YCJIOBUSIX JIaXKe CYIECTBEHHO OOJIbINe IIJIOTHOCTH Mar-
HOHOB IIPOJIOJIZKAJIO TIOKA3BIBATH PACIIPOCTPAHEHUE CITH-
HOBBIX BOJTH. Takum 0Opa3om, MOIEIMPOBAHNE HA OCHO-
Be ypaBuennii JIJII' He mOKa3a0 KOT€pEHTHOE COCTOSI-
Hue MarfoHos c k = 0 [65]. MpbI MOKeM cliejIaTh BbIBOJI,
9TO KBasumKJjaccuyeckue ypapHerus tuna JIJI[' onucer-
BaOT (PEHOMEHOJIOTHIECKU CIIMHOBBIE BOJIHBI, HO HE MO-
I'yT OIUCATH JUHAMUKY Bo3e KoHjieHcaTa.

MuTepecHo oTMETUTH TAKIKE, 9TO B CIIy9Ia€ IIPOI0JIb-
woit mamarumienHoctu wienkun 2KUT Ham Takxke yrna-
JIOCh TIOJIyIuTh OOpaTrHbIl “dosmoBep”’ pe3oHAHC, KO-
TOpPBIi oKa3biBaeT dopmupoBanne MBIK marnonos ¢
k = 0 [67]. On ob6pasyercst Ipu IPsIMO¥i HAKAUKE MAIHO-
HoB PY mojiem um mMeer Te Ke XapaKTEPUCTUKU, UTO
u MBYK B momepegnom mojie. OgHako 10T 3dderT
YCJIOYXKHSIETCS TE€M, YTO JIAHHOE COCTOSIHME He COOTBET-
CTByeT MUHAMYMY 3Hepruu. B JaHHOI reomMeTpuu Mu-
HUMYM 9HEPIUU CIIMHOBBIX BOJIH COOTBETCTBYET BOJTHAM
HAIIPABJIEHHBIM BIOJIb MArHUTHOTO TI0JIsi ¢ K mopsiika
10° cm~!. IIpu sToMm cocrosirue ¢ k = 0 sBisteTcs cej-
JIOBOII TOYKOW B CHEKTpE dHEPruu MaraHoHoB. [losTomy
IIepexoJ;, MAarHOHOB B 00JIACTh C He HyJeBbIM K 3arpyi-
HEH, YTO II03BOJISIET JOCTUYb KOHIIEHTPAIUIO MArHOHOB,
HeoOxonuMyto st obpasoBanus MBbIK.

MurepecHble KOrepeHTHbIE OCOOEHHOCTH CIIMHOBOM
mperieccun ObLIA ODHAPY2KEHBI TAKXKe W B IIPOJIOJIHHO
namaranaennoit mwienke 2KWT. B sroit reomerpun crm-
HOBBIE BOJIHBI, PACIIPOCTPAHSIIOIIUECS BIIOJIb MAIHUTHO-
T'O TOJIsI, IMEIOT HETPUBUAIBHYIO 3aBUCAMOCTD SHEPTUU
ot BosHOBOrO BekTopa k. Kak Obuto ormedeno panee,
MUHUMYM HEPIUU COOTBETCTBYET CIIMHOBBIM BOJIHAM C
k nopsinxa 10° cm~!. B psine SKCIEPUMEHTOB GbLIO I10-
Ka3aHO, YTO IIPU MMapaMEeTPUIECKOM BO30YKIEHUN CITH-
HOBBIX BOJIH ITOCJI€/IHAE KOHIIEHTPUPYIOTCSI B COCTOSTHIE
¢ MUHUMYMOM 3Hepruu [68]. VccnenoBanust mIOTHOCTH
9THUX BOJIH OT MOITHOCTH HAKAYKNA M 00pa30BaHUE aBTO-
KOTE€PEHTHOTO COCTOSIHUS IaCTO TPAKTYETCs KaK 00pa3o-
Banue Boze KoHjeHcaTa 3TuX BoJH. OJHAKO MEXAHU3M

IIucbma B 2KOTP Tom 120 BRm.5-6 2024

00pa30BaHUS ITOTO COCTOSHUS KAPIMHAIBHO OTINIAET-
Cs1 OT pACMOTPEHHOI'0 HAMU B 9T0ii crarbe. IloaToMmy MbI
HE paccMaTPUBaeM JAHHOE COCTOSIHUE 3JIECh.

Tpebyercss manbHeliliiee pa3BUTHE TEOPUA MATHOH-
Horo Bose KoHieHCcaTa, TeM H60Jiee YTO HA TIOBECTKE JIHS
CTOUT IPUMEHEHHE KBAHTOBOIO cOCTOsiHUsI MBIK jyist
IIPAJIOKEHUI, TaKNX KaK pPe3epByapHBId KOMIIBIOTED,
obpaborka umadopmanuu, Marmnaa V3uara u T.0. Uc-
[10JIb30BaHNE MAarHOHHOIO Bo3e KoHjieHCcaTa MOXKeT pea-
JIT30BATH TAKWE €0 MPENMYIIECTBA, KAK MHOTOYACTUY-
HbIE€ KBAHTOBBIE ITEPEXOJIbI, UYTO MTO3BOJIAT KAPINHAILHO
YBEJIMYUTH TOYHOCTD U ITIOMEXOYCTONINBOCTD OIIEPAIIHii,
a TakzKe Yepe3BbIYaiiHO MaJIblil yPOBEHb TEIJIOBOIO IITy-
Ma J1a)Ke IPU KOMHATHON TemepaType.

dunaHcupoBaHue paboThl. Jra padora HUHAH-
cupoBasiach Poccuiickum HaydIHBIM (DOHIOM B PaMKax
npoekTa # 22-12-00322.
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