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TeopeTuyeckn onpeaeneHbl yCioBusi GOpMMPOBaHNS KUPasibHbIX pacnpefeneHnii HAMarHN4eHHOCTY B CUCTEMax
cheppomarHeTnk/cBepxnpoBogHuK 1 deppomarHeTuk/napamarietuk. PopmupoBaHmne KupanbHbIX COCTOSIHWN
0byCoBIEHO OCOBEHHOCTAMU MarHUTOCTaTUYECKOrO B3aUMOAEHCTBUSI B HEOAHOPOLHbIX MAarHUTHbIX CUCTEMAX.
CaenaHHble OLEHKM YKa3blBalOT Ha BO3MOXHOCTb 3KCMEPUMEHTAIbHOO HabntofeHUst npeackasaHHbix addpek-
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1. BBEAEHUE

WMuTepec K KUPaJbHBIM MarHUTHBIM COCTOSIHUSIM B
[OCJIE/THAE TOJIbI CYMIECTBEHHO BO3POC. DTO CB3AHO,
o KpaifHeit Mepe, ¢ IAByMsi oOCTOATEIbCTBAMH. Bo-
[IEPBBIX, OOJIBIION UHTEPEC MPEJICTABJISIIOT CUCTEMBI, B
KOTOPBIX BO3MOYKHO CYIIECTBOBAHME IPUHIIUITNAIBHO
HOBBIX PACHpPEEICHUH HAMATHUYICHHOCTH, TaKWX, Ha-
npuMep, Kak MaruuTable ckupmuonbl [1-7]. peamnona-
raeTcd, 9TO0 MarHUTHbIE CKUPMUOHBI MOT'YT HCIIOJIB30-
BaThCsl B KadecTBe HocuTeseil nadopMarun B HOBBIX
ycrpoiicrBax cBepxiuioTHol namgaru [8,9]. Bo-Bropbix,
C KHUPAJbHBIMA MATHUTHBIMU DACIPEJICIEHUSIMI Hee-
JIEBCKOT'O TUIIA MOYKET OBITH CBA3aH SJIEKTPUIECKU 3a-
P M, TAKUM 00Pa30M, B 9TUX CUCTEMAX BO3MOXKHO Ha-
GutrojieHne MArHUTO3JIEKTpIIecKoro addexra [10-12].
OCHOBHO (pU3NIECKON IPUIMHON CHATUS KUPAJIHHOTO
BBIPOXKJICHUS sIBJISIeTCs B3amMmojieiicteue J[3surommmc-
koro—Mopuu (JIM) [13,14]. IIpu sT10M 0coboe BHIMA-
HUE YIeJIsIeTCsT TOBEPXHOCTHO-MH LY TUPOBAHHOMY B3aU-
mogeticruio JIM, KoTopoe sipKO TPOSIBIISIETCS JIJIsl CU-
creM peppoMarHeTuK / «rsizkesblity Merasni [15,16]. ITo-

* E-mail: mykamil@yandex.ru

BEPXHOCTHAs TIOTHOCTh JHEPTUH TAKOTO B3aMMOJIEi-
CTBHsI MOXKeT OBITh IIpejicTaBieHa B Buje [17]

EDM = D5(n : P), Pi = €ika |:M X a—M:| s (1)
al’k -
e N — eIMHUIHBIN BEKTOD HOPMaJH K rpaxuie, P —
BEKTOD MATHUTOJIEKTPUIECKON MOJISIPUBAINAN, €ike —
aHTUCUMMEeTPUYHbIH Ten3op Jlesu — Yusura, M — enu-
HUYHBIA BEKTOD, COBIAJAIONINI C HAIIPABJICHIEM Mar-
HUTHOTO MOMEHTA, § — TOJIIUHA CJIOsl, B KOTOPOM CY-
MECTBYET 3TO B3amMOJeHiCTBHE, 1O pacueTaM paBHasd
MexKaTOMHOMY paccrosanio. Koncranta D xapakTepu-
3yeT BeJIMYMHY B3aUMOIECHCTBUS U JJId PA3HBIX CHCTEM
Bapbupyetcs B npejenax 0.1-1 spr/em? [18-23).
Omnaxo, B3aumojeiicteue /I3smomunckoro —Mo-
pun  He €eIWHCTBEHHBII MEXaHW3M, ITO3BOJIAIONTAI
BIAUSATh HA KHAPAJbHOCTb PpACIPEE/ICHNl HaMar-
B paGorax [24-26]
MarHUTOCTATUIECKOE B3aMMOJIEHCTBUE TaKyKe BJIUSET
Ha KHUPAJbHOCTH PACIPEIESeHnuil B (PepPOMArHATHON

HUYCHHOCTH. IIOKa3aHO, YTO

IJICHKE, PACIOJIOZKEHHOW Ha MarHUTHON IIOJJIOXKKE.
DHeprust B3aMMO/1€fICTBUS

nMeeT BUIL

E]w = %// Dik(r17r2>Mi(r1)Mk(r2>drl dI’Q7 (2)

MarouToCTaTuIeCKoro

rjae M — maranTHbi Mmoment, M| = M, D;,(ry,r2) —

TEH30D MarHATOCTATHYIECCKOT'O BBaI/II\’IO,I[efICTBI/IH,
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obsiasaronuii o9eBuIHbIM CcBoicrBoM Dji(r1,r2) =
= Dyi(re,r1). B ommopounuoit u wusorponmoil cpeje
9TOT TEH30P 3aBHUCUT TOJBKO OT MOJYJSA PACCTOAHUS
|[res — r1| m sBAsETCs cuMMeTpHYHBIM. B cpemax ¢
HEOJ/ITHOPOJAHON MArHUTHOU IIPOHUIAEMOCTBIO AHTU-
CHMMETPHYHAs 4YaCTh MaTlHUTOCTATUYECKOTO TEH30Da
Dg (ri,r2) = —Dyf,(r1,r2) Moxker ObITb OTJIHYHA
OT HyJd. AHTHCHMMETPHYHBI TEH30p BTOPOrO PaHTa
MOZKHO IIPeJICTaBUTD B BUje DY = e;x1, rje 1 — 1ces-
nosekrop. CiuleloBaTelbHO, B MarHUTOCTATHYICCKOI
SHEPTUU BO3HHUKAET CJIaracMoe BIIA

AE = %//n(rl,rg) [M(r1) x M(rg)] drydra, (3)

IJle [ICEBJIOBEKTOD 1) 3aluiieM B Buje 1 = 1o [V x d],
7o — cKasApHasd PyHKIus paccroguusd |ro —ry|, Vi —
rpaJIneHT MAIHUTHON IIPOHUIIAEMOCTH B PACCMATPUBA-
eMoit HeoHOpOIHO cpejie, d = r1 — ro — pajanyc-
BEKTOp, HAaIpaBieHHbIH or Toukn (1) kK Touke (2).
W3 mpuseneHubx (GOPMYI CAEMLYET, 9TO MATHUTOCTA-
THYeCKast SHEPTUs B HEOTHOPOJIHON CPeJie MOYKET 3aBH-
CeTh OT KMPAJIBHOCTU PACIPEIC/IeHIT HAMATHUICHHO-
CTH, TaK KaK BEKTOPHOE MPOU3BEJECHUE B Pa3JIMIHBIX
TouKax 06pasna (3) u onpesessier 3Ty KUPAIbHOCTD.

IIpocretimuit crrocod peau3anu Cpebl ¢ HEOTHO-
POJIHO MATHUTHOM BOCHPUUMYUBOCTBHIO €CTh TJIOCKUIA
KOHTAKT (DepPPOMATHUTHON IJIEHKHU C IOJIJIOXKKO#, Xa-
pakTepusyrorieiics coOOCTBEHHON MArHUTHON ITPOHUIIA-
€MOCTBIO OTJIUYIHON OT EJWHUIBI. IDTO MOXKET OBITh,
HanpuMep, napamMaruuTHag [24-26] win paumamarauT-
Has (cBepxmpoBosgmast) [25,26] mommoxka. I[Tockoss-
Ky HalpaBJieHUe I'DaMeHTa MArHUTHON IMPOHUIIAEMO-
CTH B 9THUX C/IydasX Pa3jUdIHO, TO PA3JIMIHA U IIpe-
MMYTIECTBEHHAs] KUPAJIHHOCTh MATHUTHBIX DPaCIpejie-
Jniennii. Bputo moxkazano, 9To I TapaMarHUTHON T10/T-
JIOXKKY MEHBIIEH SHeprueil 0b/1alaeT MarHuTHAs 1IHK-
Jionjia, 3aKpydeHHasi o 9acoBoit crpenke T— <71, To-
I8 Kak Il CJIydasi CBEPXIIPOBO/ISIIEH MO/IJIOKKH 6O~
Jiee BBITOJHON SIBJISIeTCs CTPYKTypa T4—|—71 ¢ «3akpy-
YEeHHOCTBIO» MIPOTUB YACOBOM CTPEJIKU.

Pacuersl mokaspiBaior [26], 9TO OTHOCHTENbHAS
Pa3HOCTH SHEPruil sl PACHPEEIeHNNl ¢ Pa3IMTHOM
KUPAJLHOCTBIO He Bejuka (mopsaaka 1%) u akryasib-
HOH ABJIgeTCA 3aJla4a OlpeIeJIeHud yCJIOBUNA, IIpA KOTO-
PBIX MOTYT OBITH Pean30BaHbl KHPAJIbHBIE MATHUTHBIE
pacmpeiesieHus B (peppOMarHUTHOI ILJIEHKe Ha MarHUT-
HOI TIO/I0KKe. B 3To#t paboTe MBI paccMOTpUM 3a-
Jlady O pachajie OJHOPOIHO HAMATHUYEHHOTO COCTOSsI-
HUs B IUIEHKAX C aHU30TPOINEl THUIA <«JIETKas OCb».
[TycTh B IJIOCKOCTH ILJIEHKU [TPUJIOZKEHO MATHUTHOE 10~
Jle, HaMarHM9uBalolnee ee j0 Hacolimenus. [Ipn ymenn-
[IIEHUH 3TOTO T0JIsi BO3MOXKHO Pa3BUTHE HEYCTOWIMBO-

CTH W TEePexoj U3 OJHOPOJHOTO B MHOTOJOMEHHOE CO-
crostare. MBI Hcc/iellyeM 3Ty HEYCTONYUBOCTb B yCJIO-
BUSAX KOHTaKTa (pepPPOMATHUTHON IIJICHKHN C MATHATHON
MTO/JIOXKKON U ITOKaXKeM, 9TO IPH ITOM (POPMUPYIOT-
csl KUpaJibHble MarHuTHbIE cOCTOsiHUsI. [107] KOHTAKTOM
IOIPA3yMEBAETCH B3aAMMO/IEHCTBYE IJIEHKU U II0/[JTOXK-
KW JINIIb 33 CYeT MATCHUTOCTATUICCKHUX IMOJeil. DTo-
0 BCerja MOXKHO JIOOUTBCsI, IOMEIast MEXK LY ILJIEHKOI
U IIOJIJIOXKKON TOHKYIO JIMJIEKTPUIECKYIO ITPOCJIONKY.
Cratbs opranm3oBaHa cjemyommM obpaszom. B pazm. 2
paccMOTpeHa 3a/1atda 0 HEYCTONYIMBOCTU OJIHOPOJHOTO
COCTOSTHUSI B M30JIMPOBAHHON (DEPOMATrHUTHOI ILJIEHKE.
B paza. 3 pemena 3amada o meycroitamBocTH B (dep-
POMATHUTHON TJIEHKE Ha CBEPXIIPOBOISIIECH TO/JTIOXKKE,
B pa3/l. 4 paccMOTPeH KOHTAKT ¢ IIapaMarHUTHOM IOJI-
JIOZKKOI.

2. HEYCTOMYMBOCTHh OZHOPOIHOI'O
COCTOSIHS B N30JINPOBAHHOI
IIJTEHKE

Pacemorpum  ToHKyIO beppOMArHUTHYIO ILJIEHKY
C UepIEHIUKYJISPHOIl OJHOOCHOH aHu30TpONUel (0Ch
AHM30TPOINN 2). B IIIOCKOCTH IUIEHKN IPUIIOZKEHO Mar-
auTHOe 1osie H B/10/16 0cu . DHeprus IIIeHKN eCTh CyM-
Ma, 0OOMEHHOT0, AHIM30TPOITHOTO, 3€EMAHOBCKOTO U Mar-
HUTO/UIIOJIBHOIO BKJIAJIOB:

@ oM K 9
E—§/ a—xl dr—E/MZdr—

fH/derJrEM, (4)

2

rie o u K > 0 — coorBeTCTBEHHO OOMEHHAsI KOHCTaHTa,
n KOHCTaHTa aHU30TPOIINH, EM — MarHmmuToCcTaThu4dec-
kasg sueprus (2). Tenszop Dy (ry,r2) B paccMaTpuBae-
MOM cCJiydae nMeeT BHU/JL

__ 1
n 8x23xk ’I”.

Dik(r = |I'2 - I‘1|) (5)

Ecan mone H pocTtaTodHO BEJMKO, TO pacipeje-
JIeHWe HAMATrHUYIeHHOCTU B TIJICHKE OIHOPOIHO. 3aja-
Ya COCTOUT B OIIPEIEJICHNU KPUTUYECKOI'O 3HAYCHUA
BHEIIHEr'o0 I10JIsl, IIPU KOTOPOM 3TO COCTOSHUE CTaHEeT
HEyCTONYIUBBIM. [[j1s1 9TOro mpuBejieM BbIparKeHUe (4)
K BuIy KBagparwaHoit ¢popmbl. [Tomaras, aro mamar-
HUYEHHOCTH MaJIo OTJINYaeTCd OT OJHOPOIHON, nMeeM

1

M — — (M + M?2), M,, M,

M ~
2M

Toraa, C TOYHOCTBIO /IO KBaJIPATUYIHBIX CJIara€MbIX, BbI-
IIOJIHAETCA YyCJIOBHE IIOCTOAHCTBa MOIYJIA MarHUTHOI'O
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-
\\x H < HC ’¢’

-
~ -
~ -

- -
o

qc (]h

Bug 3aeucumoctn D oT qons H > H. (kpusasi 1), H = H.
(kpuBast 2) n H < H. (xpusas 3)

momenTa |M| &~ M. Bymem cuurarh, 9TO TOJIMHA
IJTeHKYW 7 MEHbINe /(0 1 MATHUTHBI MOMEHT HE M3Me-
HsIeTCsl BJOJL HOPMaJId K ILIeHKe. KBajparndanas 1o
HAMATHUYIEHHOCTH TONpaBKa K suepruw (4) mpmobpe-
taer By (cM. IIpunoxkenne)

AFE = % Z {‘My(‘l>|2byy + |Mz(q)\2[)zz} , (6)

q
rJe

1 e
Myola) = g [ My(p)e 7 dp

— dypbe-06pa3 MarHuTHOTO MOMEHTA,

2 2
q¢E {(—nl, —ny> J Mgy Ty € Z}, S = azay,
a

Qg Y
V = hS — mwromamas u 06beM heppOMATHUTHON IIJIEH-
ku. OrpaHrvImMBasich JUHEHHBIMEA 1O |q|h ciaraeMbiMu,
JIJIsI KOMIIOHEHT JIUIIOJIBHOTO TEH30Pa MMeeM

2

~ q H
Dy, ~ ag® + 27rh;y + U

~ H

D..~ aq? —2ngh+ 47 — K + iR
U3 (6) cremyer, uro koadduiment nepexn | M, (q)
IJIa MOJIOXKUTEIbHBIN, a BOT BTOPOE CJIArAEMOEe MOZKET
crarh orpunareabubim upu H < H. (cM. pucyHOK).

ZLJIH KPUTHUYIECKOT'O I10JIs1 ITOJIYIUM

|2 Bee-

H.= M [(K — 47) + whq,] . (7)

IIpu momsx H < H,. OJHOPOJHOE COCTOSIHUE TEPsi-
€T YCTOHYINBOCTD W IIJICHKA HEPEXOJNUT B MHOTOIOMEH-
Hoe cocrosinne. Hambosiee HEyCTONIMBBIMU SBJISIOT-
cst (pIIyKTyarmn, Jijisi KOTOPBIX BBIIOJIHSIETCS YCJIOBUE
dD../dq|,, = 0. OTkyna maxomm
Th

E.

(8)

qc =~

U3 (7) coemyer, 9ro pasBuTUe HEyCTORIMBOCTHU DU 110~
JIOPKATEJILHBIX MOJISIX BO3MOXKHO, €CJIM KOHCTAHTA AHU-
30TPOINUU MpeBLIaeT KpuTuieckoe sHadenne K > K.

K, ~ 47 — whq,. 9)

Takum 06pa3oM, IPHU ONPEJICIEHHBIX BBIIIE yCJIO-
BUSX, B IUIEHKE C IIePIeHJIUKYJISIpHOIl aHU30Tponuei
pa3BuBaeTCd HEyCTONIMBOCTh. OTMETHM, 9TO JaHHAs
HEYCTOWIMBOCTH MPUBOJINT K 0Opa30BAHUIO COCTOSHHI
C IIPOM3BOJIbHOI KNPAJbHOCTHIO, TaK KaK HET HUKAKON
cBaA3U Mexty 3uakamu M, u M, KOMIIOHEHT HAMATHU-
qennocTu. Jlajee MBI IMOKa)kKeM, UYTO CHTYAIMSA [TPUH-
IUIHNAJIBHO MeHseTCs il IJIEHOK Ha II0JIJI0’KKaX C OT-
JUYHON OT eJIMHUIBI MAarHUTHON BOCIPUUMYUBOCTBIO.

3. KUPAJIbHAS HEYCTOMYNBOCTh
OJHOPOJHOTI'O COCTOAHUNA B CUCTEME
DOPEPPOMATHETUK /CBEPXIIPOBOJHUK

Pacemorpum HEYCTONYIUBOCTD OJTHOPOJIHOTO COCTOSI-
HUsl (pepPOMArHUTHOI IJIEHKHU, HAXOISIIIECsI Ha CBePX-
[IPOBOISAIIEH TOJIOXKKE, 3aHUMaroIeil odsacts z < 0.
[Mosx peiicTBEEM MATHUTHOTO TOJIsI, WHIYIIUPYEMOTO
deppOMAarHeTHKOM, B CBEPXIIPOBOJIHUKE BO3HUKAIOT
SKPAHUPYIOIINE TOKU, KOTOPbIE, B CBOIO OYEPeb, CO-
3/1aI0T MArHUTHOE TI0Jie B obsactu hbeppoMarHeTuka.
[MosTomy Bug puiosbHOrO Tenzopa B (2) Oyzer oriu-
qarhess or dopmyssl (5). 3amada onpeseseHns BUIA
9TOr0 TEH30pa PAacCMOTpeHa, Hanpumep, B [26]. 3mecnh
MBI KPATKO TPUBEJIEM BBIBOJI, BHIPAYKEHUS JIJIsI MATHU-
TOCTATHIECKOTO TEH30PA € YIETOM I0JIell SKPAHUPYIO-
IIIUX TOKOB. DHeprusi peppoMartHeTuka JI0J2KHa ObITh
JIOIIOJTHEHA dHEPTUEN B3auMOJIENCTBUA CO CBEPXIIPOBO/I-
HUKOM, KOTOpas B JIOHJIOHOBCKOM ITPUOTMKEHIH UMEET
BU/I

h
B, = —/(B~M)dzdp+
0

B2
—|—/ [8—+)\2(rotB)2 dzdp, (10)
™

— 00

Ijle IIepBOe CJIaraeMoe eCTh B3anMOJefiCTBIe MarHuT-
HOTO TOJIS ¢ HAMAIHUYEHHOCTBIO (heppOMAarHeThKa, BO
BTOPOM HHTErPAJIE YIUTBIBAIOTCS MIOTHOCTH IHEPIHA
MATHHUTHOTO TIOJIsl U KHHETHIECKAS IHEPIHs CBEPXIIPO-
BOJIANINX TOKOB.

B mrore, /y1s1 MArHATOCTATHIECKOTO TEH30PA, HAXO-
M [26]

Dgz)(rla 1‘2) =

0? 1
+a. b
0x 122k { |r1 — 1o } (11)
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Gs(lp1 — p2l, 21+ 22) =
_ /dleP (=4(z1 + 2)) Jo (a1 — p2])

g (VODP T T4 2)

rue Jo (glp1 — p2|) — dyukuua Beccena. Ilepsoe cia-
raemoe B (11) ecTb moJie, coznaBaeMoe JIUIOTIEM B CBO-
GOIHOM ITPOCTPAHCTBE, a BTOPOE CJIAraeMoe €CTh I0-

)

Jle MeHICHEPOBCKNX TOKOB C Y4€TOM KOHEYHO! T/IyOnHbBI
sxparupoBku. [Ipp A — 0

1
G, = > . (12)
\/(Pl — p2)? + (21 + 22)
N3 (11) Takke ciemyer, 9TO HeAUATOHATILHBIE KOMIIO-
HEHTBI JIUIOJIBHONO TEH30Pa aHTUCHMMETDHYHBI H, B

JaCTHOCTH,
Dl(/;) (]I'l7 I'Q) = —Dgz) (]I'l7 I'Q).

HpI/I IIPE/IITOJIOZKEHUAX, aHaJIOTUIHBIX CAeJIaHHBIM ITDU
nosyaennn opmysel (6), monpaBka K HEPIHU CH-
creMbl (heppOMATHETHK /CBEPXIIPOBOAHUK CBOIUTCHA K
KBa/IpATUIHON dopMe:
AE®) = K><
2
x> { D) (@IM, (@) + DL (@) M- (@) -
a

—iD? (a) (My(a)M-(~a) = M. ()M, (-a) |, (13)

2
D) (q) ~ ag® + 2nh T 4
q

vy
2
q > H
+2mht (VO@Z+1+2g) + = (1)

Dgi) (q) = aq® — 2nqh + 4n +
2 H
+ 2mwqh (\/ (A2 +1+ )\q) to T K, (15)

D) (q) ~ 2mhq, (\/()\q)Q +14 )\q)2 : (16)

IIpu TeMmmepaType BbIIle KPUTHYECKON TEMIIePaTyphl
[epexo/ia B CBEPXIIPOBOJAIIEE COCTOSHIE A\ — 00 U
dbopmymna (13) mepexomur B dopmymy (6). Ilpu nepe-
XOJI€ TIOJTIOKKHU B CBEPXIPOBOJIAIIEE COCTOAHUE CHUTY-
Al NPUHIUIINAIBHO OTJIMIACTCA OT PACCMOTPEHHOMN
B IpeabiymeM paszene. OTindnme CBA3aHO C Cylie-
CTBOBAHUEM HEIMAIOHAJILHON KOMIIOHEHTBI JHUIIOIHHO-
ro Terszopa. IIpu nepexoie K IpOCTPAHCTBEHHOMY IPE/I-
CTaBJIEHUIO HeJMAroHasbHoe ciaraemoe B (13) mpno6-
peTaer BH/I

AE = —mh?x
X //D(P2 - p1) {6M7(p1) X M(m)}

dp1 d,
5y1 pP1ap2,

x

D(p) = ﬁ/(\/er)\q)Qeiq'pdq. (17)

B cayuae upeasnbHOl sKpaHupoBku (A — 0) s
po B unrerpase (17) obpamaercs B Jeibra-OyHKIIIIO
D(p2 — p1) = 6(p2 — p1) ¥ ACUMMETPUIHBIN BKJIAJ B
MATHATOCTATHIECKYTO SHEPTUIO TPUOOPETAET BUJT B3AH-
mogeitcreust JIzsinommackoro — Mopun (1)

AE®) szh% / {M X %—M} dp,

Y le
YTO HAXOJUTCS B IMOJHOM COOTBETCTBHU C IPUBEJICH-
HBIMI BO BBemenmm coobparkenmsvu. [Ipm sTom mmo-
BEPXHOCTHASI SHEPIUs <«KUPAJbHOTO» MArHHTOCTATHU-
JecKoro B3amMofeiicTBus mopsixa mMZh cpaBHEMA
C TIOBEPXHOCTHOU 3Heprueit 3sutomunckoro — Mopun
2Tt cucTeM (peppOoMarHeTuK / TsizKesbiii Merasur [18-23).
Koneunast riry61uHa S5KpaHUPOBKH MATHHTHOTO II0JIs B
cBepxmpoBoaHuKe (A # () TPUBOJUT K yMEHBIIEHUIO 1
HEJIOKAJIbHOCTH 3TOTO ACHMMETPUYHOTO BKJIAIa B SHEP-
I'MO CUCTEMBI.

JI1 uceieoBalust yCTONYIUBOCTH OHOPOIHOTO CO-
CTOsTHUS yII00HO IPUBECTH KBajpaTuaHyto dopmy (13)
K JMArOHAIBHOMY BH/LY C HOMOIIBIO JJUHEHHOTO IPeos-
pa3oBaHms

M, =u(q)s,+iv(q)sy, M, =u(q)sy+iv(q)s., (18)

1/2
N P B ,
\/ (D% - b))+ (2057)
_ sign(DyY)
T2
1/2

D~ by

- ~ (e 2 ~ (e 2
\/ (Dé‘? ng‘;)) n (2D§f2)

OHeprust IpuodbpeTaeT BU/I

AE®) —

= U3 {(De@ls(@P + D-(@ls, (@]} (19)

e
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P 4 pe)
Dy = 7—5 Yot
DY - Dy 5
£ (5 + (Dyz) . (20)

Yeqosue norepu yeroitausoctu D_(q) < 0. Pac-
CMOTPUM CJIy4dail, KOTJa JIOHJIOHOBCKAas TJIyOUHA MPO-
HUKHOBEHUS JOCTATOYHO BEJIMKA U BBILIOJIHIIOTCSH YCII0-
Bug 1/ < ¢ < 1/h. Torga MoXKHO 3a1UCATD

(x/()\q—)2+1+,\q)2 ~ m. (21)

IIpenebperast  ciaaraembiMu TTOPSITIKA,

(0] (1 / ()\q)Z), MOJIYIUM YCJIOBUE TIOTEPU YCTONIUBOCTH

BBICIIIET'O

S
B BHUIE Dgz)(q) < (0 © BOJIHOBOE YHCJO HamboJIee
HEeyCTONYIMBOI MOJIBI 3aIIUIIeTC KaK
1
4X%q.
rae g. — KPUTHYECKOE BOJTHOBOE UHCJIO B M30JMPOBAH-
Holi turerke (8). Kpurmueckoe marHutHOe mnose, mpu

(22)

KOTOPOM Da3BUBaETCs HEYCTONYUBOCTH PABHO

) o g g
H % He = Mg -, (23)
rnme H, — kpurmdeckoe moJie M30JMPOBAHHON ILIEH-

ku (7). W3 (23) coemyer, 94T0 HATMINE CBEPXIIPOBO/Is-
el MO/JIOZKKHU YMEHbINAET T0Je HeyCTONINBOCTH, TaK
KakK 3(p@DEKTUBHO yMEHBITACTCA BEIUINHA AHU30TPO-
MU THIA «JIerKasi 0Cb». II0CKOIBKY q. ~ wh/a, pas3-
HATA KpUTHIecKuX mojeit H, — HC(S) ~ Ma/)\? u ipu
M ~ 1000 Tc, v/a ~ 10 aM, A ~ 50 HM 3Ta pazHUIA
MOYKET JIOCTUTATH BIIOJIHE M3MEPSieMOl BEJINIUHBI 110~
psanka 40 9. Ilpu 9Tux yCaIoBusX JTOCTUTAETCS HEYCTOM-
YHBOCTD, IPUBOJISIIAS K HADACTAHUIO S,-KOMIOHEHTHI.
Yunreisast (18), 370 IpUBOIUT K HapacTaHUIO (IIyK-
Tyaruii HAMATHIIEHHOCTH C OIIPE/IEIEHHON KUPAJIHHOC-
Th10. elicTBUTE/IBHO,

(s N(s) _ Dis)
D 3(42) <Dy, — Dz
u orpanuunsagch B (18) ciaraembivu mopsizika 1/A%)
umeeM M, ~ s,
My ~is, D}/ (D) ~ D).

OnpesiesiuM  «KAPAJIBHOCTbY  PACIPEIC/ICHIsST HaMar-
HUYEHHOCTH KaK Cpe/Hee 10 00pa3ily BEKTOPHOE
[IPOM3BeJIEHNEe MArHUTHBIX MOMEHTOB, B3ATBHIX B CO-
CeJIHUX TOYKAX. IDTOT TICEBIOTEH30D BTOPOrO pAHTa

Ox;
UMEET TOJIbKO OJ[HY KOMIIOHEHTY, OTJIMIHYIO OT HYJIS:

Ci, =) [M X B—ML> B PacCMaTpPUBAEMOM  CJIydae

1 M

~ i S s @ @0

Mpr  mokazaju, UTO B PE3YAbTATE Pa3BUTHUI
HEYCTONYINBOCTU OJIHOPOJTHOTO COCTOSAHUS B (Deppo-
MAarHUTHON IIJICHKE Ha CBEPXIIPOBOALAIIECH MOIJIOXKKE
dopMupyeTcs KupaabHOE PACIIPE/IeIeHNEe HAMATHITIeH-
Hoctr. CKa9OK B TEMIIEPATYDPHON 3aBUCHMOCTH ITOJIsT
HEYCTONYMBOCTU ABJIACTCA HWHINKATOPOM DPa3BUTHUS
KUPAJIbHOIO MArHATHOTO COCTOSIHUS B 3TOH CHCTEMe.
Paccmorpum  pasznuuns, BO3HUKAIONIME IIPU  Pa3BU-
TUA TOAOOHON HEYCTOMYIMBOCTH Ha TapaMarHUTHON
THOJJIOXKKE.

4. KUPAJIBHA L HEYCTOMYNBOCTD
OIHOPOJIHOT'O COCTOSHUS B CUCTEME
®EPPOMATHETUK /TIAPAMATHETUK

Iloy neficTBueM TOJIsI, WHIYIIUPOBAHHOIO HEOIHO-
POIHBLIM paclpeiejieHueM HaMarHu4eHHOCTH, B Iapa-
MAarHUTHOM IO/JTOZKKE BOZHUKAET COOCTBEHHOE PACIIpe-
JleJIeHAe HaMarHu4eHHOCTH 1M, KOTOPOe, B CBOIO O4e-
pPe/ib, CO3/aeT JIONOJHUTEIBHOE TI0JIe B obacTu dep-
POMATrHUTHON TteHKHU. JlOTTOTHITe IbHAS SHEPTUs], CBS-
3aHHag C HapaMarHUTHON IIOJJI02KKOM, UMeeT BUJL

h
h 2
E, = —/ (h+M—|— 8%) dzdp+
0

1, h_?
+ / {—m —(h_-m) - —] dzdp, (25)
2x 8
— 00
rae Y — BOCIPUUMYHMBOCTD IIaPAMArHETHKa, a MarHUT-
HOE I10JI€ BBIPAXKAeTCsl 4epe3 MarHuTOCTATHIECKHIA 110~
rearmmai hy = —Vp. YpaBHeHus 1j1d OmIpeie/eHns
3TOr0 MOTEHIUAJIA €CTh yPABHEHUS MAIHUTOCTATHKH C
YYETOM TIOJISIPU3YEMOCTHU IO/ JIOKKHI

Ay = 4 div M, (26)
Ap_ =0, (27)
3go+ 8@,
Api =Ap_|.m0, —— = 1+4mx) —— - (28)
0z 0z |,_,

DTa 3a/ava MOJTHOCTHIO AHAJOTUIHA 3a/a9e IJIeK-
tpocraruku [27], u Gynkius I'puta onpeiesnsiercs: Bbl-
PasKEeHUSIMU

a¥ = !
V(o1 = p2)? + (21 — 22)?
2mwx 1

- L+2mx V(p1 = p2)? + (21 + 22)%

2>0, (29)
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1
Vpr = p2)® + (21 — 22)%

Bropoe craraemoe B (29) ecrb mose, cosgaBae-

G =

2<0.  (30)

MO€ TApAMATrHETHKOM W SKBUBAJEHTHOE IOJIO <«3apsi-
na m30bpakennsy. OOpaTuM BHEMAHUE, YTO 3HAK ITO-
0 3apsijia OTPHUIATEIICH U IIPOTUBOIIOIOKEH 3HAKY «3a-
psijia n300pazkeHusI» B Cilyuae cBepxuposojgauka (11).
MarnaurocraTudeckasi SHeprus peppOMarHuTHOMN ILTeH-
KU Ha ITapaMarHUTHON IOJIJIOXKKE OIIPeIesIsieTCsl BhIpa-
JKeHneM (2), rjie JUMOJIBbHBIN TeH30D

> {e?}. (31)

D -7
ik (rh r2> 0x1;0x2)

ITpu sTom BTOpOE ciaraemoe B (25) obGparaercst
B Hyab. Kak U B cIydae CBePXIPOBOJIHNKA, HAJIMYHIE
napaMarHeTHKa IIPUBOJUT K CYIIECTBOBAHHIO HEIUATO-
HAJBHBIX KOMIIOHEHT MATHUTOCTATHYECKOTO TEH30Pa

(p) — _DW

Oueprus cucrembl npuobperaer Buz (13) ¢ 3amenoii
A (s) P (.
D;) (@) — Dy’ (a):

2 2
~ q q H
D) q) ~ ag® + 2rh2L — 2rh-2e + —, 32

~ H
Dg’;) (q) = an — 2wqh + 47 — 27wqhe + R K, (33)

ﬁépz)(q) ~ —2mhqye, (34)

riae € = 2wy /(1 + 27x). Kosddurmentsr kBajgpaTid-
HOM bopmbl coBragator ¢ dbopmynamu (14)—(16) mis
CBEPXIIPOBOJIHUKA 1PN (DOPMAJILHON 3aMeHe

(VOGP F142) — =

[Tocsie 3amensl, anagorugnoii (18), Bbiparkenue Jjist
sHepruu npuobperaer auaroHasbhbii Buzg (19). Ho-
IyCTUM, YTO BOCHPHUMYHUBOCTDL IIapaMarHeTHKa MaJa
(e < 1). OrpannuuBasch cjiaraeMbIMU, JUHEHHBIMU 110
€, sl KpUTUIECKUX 3HATEHUI BOJTHOBOTO THCIA U Mar-
HUTHOTO TOJIST TIOJTy daeM

qu) = QC(l + 5)7

HP) ~ H, 4 2rq.he M, (35)

e q., H. — xpurnieckune 3HaUEHUS BOJTHOBOTO YHCJIA
¥ MarHuTHOIO TOJI JIJId HEYCTONYMBOCTU B U30JIMPO-
BAHHOW TIJICHKE, KOTOPBIE OINPEAe/TIoTCs (hopMyTaMu

(7) u (8). Ipu (wh)?/a ~ 1, & ~ 0.1, M ~ 1000 I'c

CJIBUT' TI0JI HEYCTONYMBOCTHU Hc(.p) — H. ~ 200 9. B
oTJIMYue OT CJIydas CBepXIpPOoBoAHUKa (23), Kpurudec-
KOE TI0JI€ Pa3BUTUsI HEYCTONIUBOCTH DOJIBIIE, UEM TI0JIe
HEYCTOWIHUBOCTH JIIsT N30JupoBaHHOl 1ienku. Ciery-
€T OTMETHUTDL, 9TO 3HAK HEIUATOHAJBLHON KOMIIOHCHTBI
JUIIOJIBHOTO TEH30Pa B CIIydac MapaMardeTuKa OTPUIIa-
TEJILHBIN. DTO TPUBOUT K (DOPMUPOBAHUIO COCTOSTHUI
C IPOTHUBOIIOJIO?KHOM, OTHOCATEJILHO CIIydad CO CBEPX-
IPOBOJHUKOM, KUPAJILHOCTBIO.

5. BAKJIFOYEHUE

Mpl mokazaam, 9TO B CIydae HJIEAJbHBIX CBEpPX-
nposogsmeit (1 = 0) m mapaMarHuTHOR (u = 00)
HOJJIOKEeK MarHUTOCTaTHIecKas SHeprus deppomar-
HUTHON TJIEHKN MMEET «KHpaJbHOE» cjaaraeMoe. Bu
3TOrO CJIATAEMOTO AHAJIOTUYEH 3Heprum JI3sumormmmac-
Koro—Mopuu, MMeroIIero MOBepXHOCTHBI XapakTep
(1). Pazauna maraurocraruieckoro u JIM-mexanusmos
GOpMUPOBAHNST KUPAIBHBIX COCTOSTHUI 3aKIIOUAETCS
B WX 3aBUCUMOCTH OT TOJIIUHBI IJIEHKH h, TaK Kak
JM-B3anmo,ieiicTBre CyIIeCTBYeT JINMIL Ha TDAHUIE
IJIeHKU. BaskHO OTMETHTD TAKKe, 9TO ACUMMETPUIHOE
cJ1araeMoe MarHUTOCTATHIECKON TPUPO/IbI HMEET, BOOD-
Ie TOBODSI, HeJIOKAJIbHBIN xapakTep (17). s onenkn
€r0 BeJIMIMHBI M CPABHEHUS ¢ TIOBEPXHOCTHON SHepruei
JIM ymo0HO BOCIOIB30BATHCS (DY PhE-TIPEICTABICHIEM
(13) u (34). Byziem cunrarh, 9TO B CHCTEME CYIIECTBY-
10T (QIIYKTyalul ¢ BOJTHOBBIMU HYUCJIAMH HOPSIKA (.
Tora acMMMETPUIHBIN BKJIAJT MOYKHO OIIEHUTH 110 (hOp-
MyJIe

1
ABeD = VD). o

B kagecrBe (beppoMarHUTHON IJIEHKA MOXKHO BbI-
6parb muorocsoiinyio crpykrypy Co/Pt, B koropoii
BeJIMYMHA AHU30TPOIWHU W JIpyTHe [IapaMeTpPhl MO-
IyT KOHTPOJHMPOBaThes ToJimuHamu ciaoes Co u Pt
[28-30]. XapakrepHas JMHA JJIs EPEXOJHBIX METAJ-
J0B y/a ~ 20 HM, MATHUTHBIII MOMEHT HACBIIIEHUS,
M ~ 1000 I'c. Jyst TOMUHBI TIJICHKA h ~ 2 HM UMeeM
qch ~ wh?/a ~ 0.03 u bakTop, 3aBUCIIHIT OT TOJIIH-
ubl wienku B Gopmysnax (13), (34), ¢ xopomieit TouHo-
CTBIO PaBEH eJIMHHUIIE.

BiusiHue sKpaHUPOBKH B Cjydae CBEPXIIPOBOJIs-
el TO/JTOKKY OTIPEIEJIsIeTCsl OTHOIIEHNEM MAacCIITada
HeycToluuBbIX burykTyanmii nopaika 1/q. ~ «/mh
riyoune skparupoBku A. s Al, Pb pequwuuna A ~
~ 50 um [31] u daxrop, yMeHbIIAKONIMI acuMMeTPUY-
HOEe B3aMMOJIeiCTBUE, pABEH

(VO@Z+1+x) ~1/a.
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st BBIOpaHHBIX mapaMerpoB 3M@EKTUBHAS TOBEPX-
HOCTHAs IJIOTHOCTH KMPAJbHOTO B3aNMOIEHCTBUS

AE®) ~4.107% spr/cm.

Jls1s1 moBEepXHOCTHOTO B3amMoyieiicTBus JI3sI0IIIHCKO-
ro—Mopun, anasormanas BeauunHa paBHa Fppr =
= D§ ~ 2-107% spr/em, ecmm D ~ 1 spr/em?, § ~
~ 21078 cm. Taxum 06pa30oM, SHEPrusi KHPaJbHOIO
MarHUTOCTATHIECKOTO B3aUMOJIEHCTBUS B CTPYKTYPax
deppomarueTuk /CBepXIPOBOIHUK CPABHIMA C SHEPIH-
eit JIzamomunckoro — Mopun Ha rpanunax dgeppomar-
HETHK /TAZKeJIbI MeTajul, 1 MOXKHO HABJIIOIATD JI0CTa~
TOYHO OOJIBINOI KUPAJIBHBIN 3(PHEKT B MHOTOCTONHO
cucreme Pb(Al)/Pt/Co/Pt.

B ciyuae napaMarauTHOM 110/JI02KKH BeJIMTIIHA -
deKTa yMEHBIAETCs MPOIOPINOHAJBHO BEJIMIUHE I1a-
PaMarHuTHOW BOCIHPUUMYUBOCTH X. YBEJIUYIUTH ITY
BOCHPHUMYUBOCTH MOKHO, PacCMaTpuBasl B KadecTBe
MTOJJTIOXKKHU (PePPOMATHETHUK, UMEIOIINI OTHOCUTEIHHO
HU3KYI0 TeMiepaTypy Kiopu. 1o MmoxkeT ObITh, HAIIPU-
Mep, TaJ0JINHUN, JJIs1 KOTOpOoro TeMirepaTypa Kiopn mo-
psiaka komuarHOit T, ~ 300 K. B mapamaraurnoit 06-
JIACTU BOCHPUUMYUBOCTD ITOJJIOKKHU OIPEIETITETCH 3a-
koHoM Kropu — Beiicca

Ck

X:T_Tca

rie ¢ — koHcranta Kopu, KoTopas Jjis rajJoJnHus
pasua npumepto 1/3 [32]. Ecou T — T, ~ 10 K, To x ~
~ 1/30. Torma, coraacHo dopmynam (32-34), Kupasb-
HBIIT BKJIAJT B YHEPTHUIO AEW® ~4.1078 9pr/cm.
Bo6usmmzu kpurudeckoit Temieparypbl (heppoOMarHuT-
HOT'O TIepexojia CIeAyeT IMPUHUMATH BO BHUMAHNE KO-
HEIHOCTH KOPPESIMOHHON JJIMHBI B TTapaMarHeTHKe

T.
=TT

DTa JJIMHA UTPAeT POJib, AHAJOTUIHYIO JIJINHE SKPAHU-
POBKe B CJIy4ae CBEPXIIPOBOJIsIeil moroxkku. s ra-
nosuaus lg ~ 5 uM, [ ~ 25 um. Bimsanne storo dpakro-
pa ompeJiesisieTcsi COOTHOIIEHUEM (., KOTOPOe JIJIsI BbI-
OpaHHBIX [IAPAMETPOB PABHO IIPUMEPHO 3/8, 4To 1103-
BOJISIET, B TIEPBOM TIPUOJIMIKEHUN, HE YIUTHIBATH KOHEU-
HOCTBH KOPPEJISIIIUOHHOMN JIJTHHBI.

Wrax, ONEeHKN MOKa3BIBAIOT, YTO TPU PACIAJIE OJI-
HOPOJIHOTO COCTOSIHUSI B CTPYKTypax deppoMarie-
tuk/ceepxnposoguuk (Pb(Al)/Pt/Co/Pt) u deppo-
marsernk /napamarsernk (Gd/Pt/Co/Pt) Bo3moxkHO
dopMupOBaHUE KHUPAJBHBIX MACHUTHBIX COCTOSTHUIA.
Kupasbubrit 3¢hdherT mposiBiisieTcst B 3aBUCUMOCTH KPH-
THYECKOT'O TOJIsI PA3BUTHS HEYCTOWIUBOCTU OT TeMITe-
paTypbl, KOTOpasi JO0JKHA OBITb OCODEHHO CHJIBHOM

BOIN3N KPUTHIECKON TEMIIEPATYPBI CBEPXITPOBOJIAIIE-
ro wm heppOMArHUTHOTO TIEPEXOJI0B B MATEPHATE CO-
OTBETCTBYIOMIECH MOIOKKH. DTa 3aBUCAMOCTD MOXKET
OBITH MCCJIe/IOBAHa METOJaMu MaruutomeTpun. Kpo-
Me TOTO, IPEJICTABJISIET HHTEPEC U3YIUTh OCOOEHHOCTH
CIIeKTpa CIMHOBBIX BOJH B 3TMX cucreMmax [33, 34| n
Hab/o1aTh (HDOPMUPYIONINECS MAIHUTHBIE COCTOSIHUS
MeTOJIAMU MArHUTHO-CHIIOBON [35-37] u JiopeHIeBoii
MEKpocKonuu [38].

PunaHcupoBaHue. Pabora BBITIOHEHA TIPU IO
nep:xkke Poccuiickoro donma GyHIAMEHTAIbBHBIX HUC-
ciemoBannii (rpant Ne20-02-00356) u B paMkax roc.
rkouTpakTa 0035-2019-0022-C-01.

ITPMNJIO2KEHUNE

TTocyie mpumenenust npeobpazoBanus Pypbe 100aB-
Ka K sHeprun (4), css3aHHast ¢ DIYKTYAIUSIMEI BEKTOPA
HaMATHUIE€HHOCTH 10 HAIIPABJICHUIO, 3AIUIINETCs B BUIE

AF — %Zq:{(acf + H) | My(q)]* +
+ (ag® + H — K) [M.(q)]} +

+5 Y Dal@M(@Mi(~a). (A1)

a,i,k=y,z

Dypbe-00pa3bl KOMIIOHEHT MATrHUTOCTATHIECKOTO TEH-
30pa BBIYUCIISIOTCS COTJIACHO (hOPMyJIaM

a 1
=¥ —qp_______
Dyy(q) - h e m X
xdpdzdz’', (A.2)
2 ; 1 1
Dzz = 7 - ——— L dp.
(a) h/e PR p

Wurerpuposanue B (A.2) npoBogurcs 10 oobemy dep-
pomaraeruka. O6paTuM BHUMAHNE, 9TO I HEIUATO-
HaJIbHOI KoMmoHeHTsl uMeeM D, . (q) = 0. C ucnossso-
BaHUEM olpeje/enns (PYHKIun beccesst mepBoro poja

2
/e—iquOS¢ do = 2mJo(qp),
0
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BoIpazkenusd (A.2) HepenuinyTes ey onmM 06pa3oM:

D qy Jo(gp)
vy ( /72 Iy Py
xpdpdzdz,

4 i p
T/Jo(qp) {1 ~ T +h2} dp.

0

(A.3)

Dzz (q) =

ITocie unrerpuposanus B (A.3) mo nepemennoii p,
nostyanm [39]

h
2
Dyy(q) = 271'3—‘2 // e~ dz dz'
0

1—e
qgh

(A4)

D..(q) =4~

Nurerpuposanune B neppom ypasHenun (A.4) ocytect-
BJISIETCS TIO IIPABUILY

h
// e~z dy =
0

z

h h
_ / / 1= gt 4 / pa(a—2) g
0 0
_2h (1_ 1—e—qh>.
q qh
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