


MarHmutTHoe B3anmoaencTeue
TOKOB

cTOYHMKaMn MarHMTHOro nosns ABMAAKTCA

ABMXYLLMECA anekTpudeckme 3apsaabl (Tokn). MarHntHoe none
BO3HUKAET B NPOCTPAHCTBE, OKPY KaloLLEM NPOBOAHMKN C TOKOM,
nogo6HO TOMY, Kak B NPOCTPaHCTBE, OKPYXXatoLEeM HENOABMXKHbIE
areKTpuyeckune 3apsiabl, BOSHUKAET ANIEKTPUYECKOE MOJie.
MarHnTHoe none NOCTOSAHHLIX MarHNTOB TakKXe co3faeTcs
SNIEKTPUYECKMMUM MUKPOTOKAMUN, LIUPKYNTNPYIOLWLMMU BHYTPU MOJSIEKYIT
BellecTBa (rmnortesa Amrniepa).

[na onncaHns MarHUTHOrO NMonst Heo6xoaMMo BBECTU CUMOBYHO
XapaKTepUCTUKY NOSA, aHaNoOrmyHy0 BEKTOPY HarnpaXeHHOCTH
NEeKTPUYECKOro ?’nﬂ. Takon xapakTepuUCTUKOWN ABIIAETCA eeKmop
Ma2HUmHou uHdykyuu . Bektop MarHUTH@A MHOyKUMK
onpenender Cunbl, OEUCTBYOLLNE HA TOKN UINN OBMXYLLMECA 3apaabl
B MarHUTHOM norne.

—
3a NOoNoOXWUTErNbHOE HanpaBrieHne BeKTopa 5 NpuMHMMaeTcs
HanpaBrieHMe OT KXKHOro rnositoca S kK cesepHomy rnosocy N
MarHMTHOM CTPESiKN, cBOOOAHO yCTaHaBNMMBaOLWENCH B MArHATHOM
none. Takum obpasom, nccrieayst MarHUTHoeE nose, cosgaBaemMoe
TOKOM UIKN MOCTOSIHHBIM MarHMTOM, C NMOMOLLbIO MaSIEHBEKOW
MarHUTHOWN CTPENKN, MOXHO B KaXXgou TOYKe NpoCTpaHCTBa
onpenennuTb HanpaBlieHUE BEKTOpa = .
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« AHarNorM4Ho CUNOBbLIM MIMHUSAM B SNEKTPOCTATUKE MOXHO MOCTPOUTb
JIUHUU Ma2HUMHOU UHOYKUUU, B KaXKOOW TOYKE KOTOPbIX BEKTOP
Ma2HUmMHoU UuHAyKyuu HanpasneH no kacatensHown. Mpumep

NVHUN MAarHUTHOW MHOYKUMKU NONEN NOCTOSAHHONO MarHmTa u
KaTyLLUKM C TOKOM MpuBeaeH Ha puc.

JINHUM MarHUTHOM MHAOYKUMK BCEraa 3aMKHYTbI, OHU HUIAE He

O6prBaI-OTCFI. OTO 0O3HAYAET, YTO MarHMTHOE Nnone He NMeeT

MCTOYHNKOB — MarHUTHbIX 3apsaoB. CunoBble nons, obnagatoLlue
STVM CBOMCTBOM, Ha3bIBalOTCA eUXpeebiMU.



» Kak nokasanu onbiTbl AMNEpa, cuna,
OeUCTByloLlada Ha y4acTOoK NMpOBOAHMKA,
nponopLuuoHanbHa cune Toka /, ganuHe Al
9TOro y4yacTtka 1 CUHYCY yrna a mexay
HanpaBneHnAMN ToKa U BEKTOPA
MarHUTHOMN MHOYKLUMNN:

F ~ IAl sin o.

OTa curna HasbIBaeTcH cusiou AMnepa.
OHa gocTuraeT MmakcumarnbHOro rno
MOAYI0 3Ha4YeHUS Fmax, Korga npoBOAHUK
C TOKOM OpPUEHTUPOBAH NepneHOANKYNApHO
NUHNAM MarHMTHOW UHAOYKLU NN,



e Moaynb BeKTOopa MarHUTHON MHAYKLUUM paBeH
OTHOLUEHNI0O MaKCUMarnbHOro 3Ha4eHus CUnbl
AmMnepa, AeUCTBYIOLLEN Ha NPSAMOU NPOBOAHUK
C TOKOM, K cune TokKa / B npoBOAHUKe U ero
AnvHe Al: e

P —
ING
B obwem cnyyae cuna Amnepa BbipaXKaeTcs
COOTHOLLUEHMNEM:

F = IBAIl sin Q.

B cucreme eguumnuy CY 3a eanHuLy marHUTHOM
MHOYKUUN NPUHATA MHOYKUNS TAKOro MarHUTHOroO
nonsi, B KOTOPOM Ha KaXablh METP OSTUHbI
NpoBOAHMKA Npu cune Toka 1 A oencrTeyet
MakcmmarbHasa cuna Amnepa 1 H. 9ta egmHunua
Ha3blBaeTca mecsa (1n). o

b= | .
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Cuna AMnepa HanpaesrieHa
nepneHanKynapHO BEKTOPY
MarHMTHOM UHOYKUMWN U
HarnpaBfeHNIoO ToKa, TEKYLLEero
No NPOBOAHUKY. [Ong
onpegeneHus HanpasreHus
cunbl AMnepa obbI4HO
NCNOMb3YIOT fpaesusio sieeou
PYKU: eCrin pacnosfioXuTb
NEeBYIO PYKY TaK, YTOObI NMUHUU
NHAOYKUUM BXOOUNU B NaJOHb,
a BbITAHYTble nanbubl 6bINK
HanpaBneHbl BOOSIb TOKA, TO
OoTBedeHHbIN bonbLUuoW naneu
YKa)XeT HanpasreHne Cuneol,
OEeNCTBYIOLLIEN Ha NPOBOOHUK



e Bsanmopgencrteme TOKOB Bbi3biBaeTcs UX
MarHUTHbIMU NMONAMM: MAarHUTHOE nore
OAOHOro ToKa AencTByeT cunon Amnepa Ha
APYrou TOK n HaobOpPOT.

 OnbITblI NOKa3anu, YTo MOoAY b CUSbI,
OEeNCTBYHOLLLEN Ha OTpPe30K annHoun Al
KaXXgaoro n3 npoBOAHUKOB, MPAMO
nponopuuoHaneH cunamtTokal w2 B
npoBoaHUKaX, AnHe oTpe3ka Al u obpaTtHo
nponopunoHaneH paccTtossHUIO R mexay

HUMMN.
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[1na onpeneneHnsd
HanpaBneHns BekTopa 5
MarHMUTHOIo Noss
NPAMOSIMHENHOIO
NPOBOAHMKA TaKXe
MOXHO MONb30BaTbLCH
npaBunom bypaB4vuka:
HanpaBneHne BpaLleHns
PYKOSATKN DypaB4ynka
coBnagaet c
HanpaBneHNneM BEKTOpPA B
eCnu npu BpaLleHnu
BbypaByMK NnepemeLlaeTcs
B HanpasleHUn ToKa
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MarHnTHoe B3anmogemncrame naparnneribHbiX N aHTUnaparmnesribHbIX TOKOB.

MarHuTHOe B3anMogeNCcTBME napannesibHbIX NPOBOAHUKOB C TOKOM UCMOSIb3YETCS B
MexayHapogHoun cucteme eguHuy (CU) ona onpegeneHns eauHULbI CUMbl TOKa —

amnepa:

AmMriep — cuna HeM3MeHsIILWerocs Toka, KOTopbIiv NPU MPOXOXAEHUN MO ABYM
napannesibHbIM NPOBOAHUKAM 6€CKOHEeYHON AJIUHbI U HUYTOXXHO Marnoro
KPYyroBoro ce4eHusi, pacrnosioXXeHHbIM Ha paccTosiHum 1 M oAUH OT Apyroro B
BaKyyMme, Bbi3Bas Obl MeXAay 3STUMU NPOBOAHUKAMM CUITY MarHUTHOIO
B3anmopeucTeus, paBHyro 2:10-7 H Ha KaxXabl MeTp AJIUHbI



3akoH bno-CaBapa. Teopema o

LIUPKYISALUN
* MarHutHoe none NOAYHNHAETCA NPUHLUANNY
cynepno3numn.

e Ecnu marHUTHOE none co3aaeTcs
HeCKONMbKUMU NPOBOAHUKAMUN C TOKOM,
TO UHAYKUMA pe3ynbTUpylowiero nons
€CTb BEKTOpHas CyMmMa MHAOYKUUN
nonewu, cosgaBaeMbIX KaXabIM
NPOBOAHUKOM B OTAESIbHOCTM.

Loldd sin oo
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« 3akoH bno—CaBapa no3BonseT paccymTbiBaTb
MarHUTHbIE MOSSA TOKOB Pa3sfiMyHbIX KOHUrypauum.
HeTpyaHo, Hanpumep, BbIMOSTHUTb pacyeT MarHUTHOIO
Nons B LEHTPE KPYroBOro BUTKa C TOKOM. OTOT pacyeT
npuBoaUT K doopmyne

pneoa popmy Lo 7
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 Linpkynaumen BeKTopaBHa3b|Ba+0T CYMMY

nponsBeneHnm B, Al, B3aTy0 NO BCEMY

o L: i
KOHTYPY HHPIO]JIHHHH BEKTODA B - ZBJN

iy
« Teopema O UMPKYNAauMn yTBEPXKOAET, YTO

LIMPKYNSAUUA BEKTOpa & MarHUTHOrO MoJsis
NOCTOSAHHbIX TOKOB MO J1I0OOMY KOHTYpY L
BCerga paBHa npoun3segeHnio MarHUTHOW
noctosgHHoM O Ha CyMMY BCEX TOKOB,
NPOHU3bIBAIOLLIMX KOHTYP:

(;Bsﬁ“oz A



Cwuna JlopeHua

* BoipakeHne gna cunel AMnepa MOXXHO
3anucatb B BUae:

F = gnSAluB sin a

e Tak kak nonHoe 4yncrio N Hocutenewu
CBOOOHOro 3apsaa B NPOBOAHMKE ONMMHON
Al n cevyeHnem S paBHo nSA/, To cuna,
OeUCTByOLAada Ha OQHY 3apaXXeHHYH0
yacTuuy, paBHa

F, = quBsin a.



 HanpasneHue cunbl JlopeHua, 4EUCTBYIOLLEN

Ha MONIOXXUTENbHO 3apPSXKEHHYI0 YacTuLy, Tak Xe,
KakK 1 HanpasneHune cunbl AMnepa, MOXeT ObITb
HangeHo No npaeusy neeou pykn HanpaeneHue
cunbl JlopeHua, oencrTeyloLlen Ha
NONOXUTENbHO 3apAXXEHHYI0 YacTuly, Tak *e, 5.
KadK K1 HArNnharrneHite CIMrnhkli AmMnena mMmo¥eT 6b|Tb
Hal‘/llg
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e Mpu ABUXeHUN 3apsKEHHON YacTuLbl B MarHUTHOM
none cuna JlopeHua pab6oTbl He coBepluaeT. [1oaTomy
MOZYJI1b BEKTOpPa CKOPOCTU NPW OBMKEHUM YaCTULbl He
U3MEHSEeTCS.

« Ecnn 3apsikeHHasi YacTuua ABMXKETCHA B OQHOPOAHOM
MarHUTHOM fione noa gaeuctememM cunbl JlopeHua, a ee
CKOPOCTb > JIEXUT B MNOCKOCTN, NepneHanKynsapHom
BEKTOPY & TO YacTuua dbyaet ABUratbCH rno OKPY>KHOCTU
pagunyca - #2270
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 Cuna JlopeHua B 3Tom criyyae urpaet ponb

LEHTPOCTPEMUTENBHON CUTbI
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MarHuTHoOe nore B BellecTBe

dusnyeckas BennymnHa, nokasbiBaroLlasi, BO CKONbKO pas
nHOVKLMSPU3nMYeckas BenmymHa, nokasbiBatoLLasi, BO CKOMNbKO pa3
NHOYKUNSA MarHUTHOIO Mosis B O4HOPOAHOW cpeae OoTnmMyaeTcs no
MOZYI0 OT MHAYKLUMM MarHUTHOTO Mons BBaKyyMe, HasbiBaeTcs
Ma2HUMHOU rMpPoHUyaeMocmabHo: = —

By

MarHuTHble CBOMUCTBA BELLECTB onpeaenaroTca MarHUTHbIMA
CBOMCTBaMM aTOMOB UK 3NeMeHTapHbIX YacTul, (3N1EKTPOHOB,
NPOTOHOB N HEUTPOHOB), BXOASLLMX B COCTaB aTOMOB. B HacTtosee
BpPEMS YCTaHOBIEHO, YTO MarHUTHbLIE CBOUCTBA NPOTOHOB U
HenTpoHoB noyTtn B 1000 pa3 crnabee MarHUTHbIX CBOUCTB
9J1IeKTPOHOB. [103TOMY MarHMTHble CBOMCTBA BELLECTB B OCHOBHOM
OonpenenarTca arnekTpoHamm, BXoadaWmMmMmM B COCTaB aTOMOB.

OOHMM 13 BaXXHENLLMX CBOUCTB 3S1IEKTPOHA SBMSETCSA Hannyume y
HEro He TOJTbKO 3MEKTPUYECKOro, HO U COBCTBEHHOIO MarHUTHOIO
nons. CobcTBEHHOE MarHUTHOE MOJSie ANEKTPOHA Ha3bIBAOT
CMUHOBbIM (Spin — BpalleHue).



 Cnabo-macHumHble sewecmea enartcs Ha Ase 6onblune rpynmnbl
— napamMa2Hemuku v duamaz2Hemuku. OHN OTNUYAKOTCS TEM, YTO
NP BHECEHUN BO BHELUHEE MAarHUTHOE Mosie napamMmarHuTHbIe
obpa3sLbl HaMarHM4YMBaKTCA TakK, YTO UX CODCTBEHHOE MAarHUTHOE
nosie okasblBaeTcs HanpaBfeHHbIM NO BHELUHEMY MOS0, a
AnamMmarHuTHble obpasubl HAaMarHM4YMBatoTCSA NPOTUB BHELLHETO
nons.

» [lapamarHeTtuk (1) n guamarHeTuk (2) B HEOOAHOPOAHOM MarHUTHOM
norse.

o




BellecTBa, criocobHble CUNbHO HaMmarHN4MBaTbCA B MarHUTHOM
rnone, HasblBalOTCA gheppomMazHemuKamu.

[na kaxgoro doeppomarHeTnka CyuwecTByeT onpeaeneHHas
Temnepartypa (Tak HasblBaemasi memrnepamypa usiu moyka
Kropu), BbilLie KOTOPOW (beppoOMarHUTHbIE CBOMCTBA MCYE3aloT, U
BELLECTBO CTAHOBUTCA NapamMarHeTUKoM. Y xernesa, Hanpumep,
Temnepartypa Kiopu pasHa 770 °C, y kobansta 1130 °C, Y HUKens
360 °C. ®deppomarHnTHble MaTtepuansl AenaTca Ha ase bonbLline
rpynnbl — HA Ma2HUMO-Msi2KUe U Ma2HUMo-XXecmkue matepuansl.
MarHuTo-XecTkme metepuarnbl NCNOMNb3YKTCS B OCHOBHOM A1
N3roTOBSIEHMA MOCTOAHHbLIX MarHUTOB.

TunnyHasa 3aBUCUMOCTb MarHUTHOW NPOHULLAEMOCTHU
doeppomarHeTnka oT MHAYKUUN BHELLHENO MarHUTHOIO Mosig.




 [leTnga rncrepesmnca
doeppomarHeTuka.
CTpenkamu ykasaHo
HanpaBrieHne
npoLeccoB
HaMarHn4nMBaHus u
pasMarHm4ymBaHus
doeppoMarHUTHOro
obpasLua npu
N3MEHEHUN NHOYKLNW
B, BHeLWHero
MarHMTHOro Nnons.




ANeKTPpoOMarHuTHasa UHAYKLUUA.
[lpaBuno JleHua

 MarHuTHbIM notokom & yepes nnowagb S
KOHTYpa Ha3blBalOT BENUYNHY

d=B-S"cosaq,
roe B — moaynb BeKTopa MarHUTHOM
NHAOVKLMM, O — YFOf MeXOy BEKTOPOM S »
HOpMarbo K MNOCKOCTU KOHTYpaA.




e MarHuTHbIN NOTOK

yepes3 3aMKHYTbIN
KOHTYp. HanpaeneHue
HOopManm WU
BbiIOpaHHO®
NoNoXNTENbLHOE
HanpasneHne obxoaa
KOHTYpa CBA3aHbI
npaBusIOM NpaBoro
OypaB4uKa.

s 8




* innocTtpaungd
npasuna JleHua. B
aTtom npumepe 2 _
ashng<0.
MHOYKUMOHHBLIN TOK
IMHO, Te4eT HaBCTpeYy
BblOpaHHOMY
NONOXNTENTbHOMY
HanpaBleHu =
obxoaa KOHTypa.




* VI3mMeHeHne MarHMTHOro rnoToka, NMPOHU3bIBAKOLLIETO 3aMKHyTbIVI
KOHTYP, MOXET NponcxoanTtb no Asym rmpun4inHam.

1. MarHUTHBIN NOTOK U3MEHSIETCA BCNEACTBUE MNepeMELLEHNS
KOHTYypa UM ero 4Yactem B NOCTOSAHHOM BO BPEMEHU MarHUTHOM
none. JTo crny4van, Korga nPoOBOAHMKU, @ BMECTE C HAMU U
cBoOOgHbIE HOCUTENM 3apsaa, ABMXKYTCS B MarHUTHOM rofie.
BosHukHoBeHne SC nHOYKUNKM OOBbACHAETCA AENCTBUEM CUTbI
JlopeHua Ha cBoboaHbIE 3apsabl B ABMXKYLLMXCA NPOBOAHUKAX.
Cwuna JlopeHua urpaet B 9TOM criy4ae posib CTOPOHHEWN CUTbI.

2. Bropas npunynHa nsmeHeHnss MarHMTHOro NOTOKa,
NPOHU3LIBAIOLLETO KOHTYP, — UBMEHEHNE BO BPEMEHN MArHUTHOIO
nons npu HeENOABUMXKHOM KOHTYpe. B aToM cnyyae BO3HMKHOBEHNE
S0C nHAOyKUuMKM y>Xe Hemnb3a 0OBbACHUTL AEUCTBUEM CcUnbI JIopeHua.
OMEeKTPOHbI B HENOABWMKHOM NPOBOAHMKE MOTYT NPUBOAUTLCA B
OBWKEHME TOSbKO 3NEKTPUYECKUM MOSIEM. ITO 3NEKTPUYECKOE MNorie
nopoXxaaeTcs U3MEHSAOLLMMCH BO BpEMEHN MArHUTHbBIM MOJSIEM.
PaboTa atoro nons npu nepemMeLleHnm eanHNYHoro
NONOXUTENBHOrO 3apsiga rno 3aMKHYTOMY KOHTYpY paBHa JS[C
NHAOYKUUM B HEMOABWXHOM npoBogHuke. CrieqoBaTtesibHO,
9IEeKTPUYECKOE Morsie, NopoXaeHHOE U3MEHAKLLMMCA MarHUTHbIM
NofiemM, He ABMIAETCA NoTeHunanbHbLIM. Ero HasblBaloT suxpeebiM
3J/IeKMpUYECKUM rOoJIeM.




CaMounHAayKuus. dHeprus
MarHUTHOro nons

o CaMOUHOYKUUS SIBNSIETCS BaXXHbIM YaCTHbIM CNy4Yaem
9IIEKTPOMarHMTHOM UHAOYKUUN, Koraa N3MeHALWNNCA
MarHUTHbIXW NOTOK, Bbi3biBarowmn S0C nHaykumu,
co3gaeTcd TOKOM B caMOM KOHType. Ecnu Tok B
paccmMaTpuBaeMOM KOHTYpe MO KakMM-TO MpUYMHaM
N3MEHAETCH, TO UBMEHAETCHA M MarHUTHOE More 3TOoro
TOKa, a, criegoBaTesfibHO, U COOCTBEHHbIA MarHUTHbLIN
NOTOK, NPOHMN3bIBAKOLLNN KOHTYP. B KOHTYpe BO3HMKaET
OC camonHaykummn, Kotopas corriacHo npasuny JleHua
NPenATCTBYET UBMEHEHUIO TOKA B KOHTYpE.

e COOBCTBEHHbBIN MArHUTHbLIN MNOTOK P, MPOHU3bIBAKOLLNN
KOHTYP UIN KaTYLLKY C TOKOM, NPONopLuoOHarneH cune
Toka I: O = L/.




* Kooa(pdPuuUMEHT nponopLnoHanbLHOCTN L B 3TOU
dopmyne Ha3biBaeTCca KO3 puyueHmMom
caMOUHOYKUUU VN UHOYKMUBHOCMbHIO
KaTywkn. EagnHnua nHaoyktneHoctu B CU
Ha3bliBaeTca 2eHpu (['H). NHOYKTMBHOCTL
KOHTYpa Unu KaTyLwku paBHa 1 'H, ecnu npwu
cune NocTossHHoro Toka 1 A cobCTBEHHbIN MOTOK
paBeH 1 BO:

1TH=1B06/1A.

94 C camouHOyKyuu, BO3HMKaIOLLAs B KaTyLLKe C
NOCTOAHHbLIM 3HA4YeHNEM UHOYKTUBHOCTMH,
cornacHo cpopmyrie @apages paBHa
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MarHuTtHoe none obnagaet aHepruen. NoagobHo TomMy, Kak B
3aps’KEHHOM KOHAEHcAaTope MMEETCS 3anac 3neKTpU4ecKkomn
9Hepruu, B KaTyLlKe, N0 BUTKaM KOTOPOW NpOTeKaeT TOK, UMEETCH
3anac MarHUTHOM aHeprun. Ecnu BKNIOYNTb NEKTPUYECKYIO nammny
napannensHO KaTyLke ¢ 60nbLWon MHOYKTUBHOCTLIO B
9JIEKTPUYECKYIO LlENb MOCTOAHHOIO TOKa, TO NPW pa3MblKaHUM Kno4a
HabntogaeTca KpaTkoBpeMeEHHas BCrbllwka namnbl (puc.). Tok B
Luenu Bo3HMKaeT nog gencresmem 34C camonHayKumm. ICTOUYHUKOM
SHeprun, BblAENSIOLLENCS NPU 3TOM B 3NTIEKTPUYECKOUN LIEMMN,
SBMNSETCA MarHUTHOE MNosie KaTyLUKW.



e [TONMHOE KOMMYECTBO TEMMOThI,
BblOENMUBLLENCS B Lenn, byaet paBHo:
LI
(= —
* BbluncrneHve aHeprum MarHUTHOro nons.

VO
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* Takum obpasom, SHEPIrus W MarHUTHOIO
Nong KaTyLKU C I/IH,EI,yKTI/IBHOCTbI-O L,
CO3[0aBaEMOro TOKOM /, paBHa

- ol ®] IR - i
P =Y :
5
e du3nyeckaqa BernmmuymHa W =

paBHasi SHEPrMY MarHUTHOTO L o
eanHnue obbema, HasblBaeTcss o6 beMHoU
MIOMHOCMbIO Ma2HUMHOU 3Hepauu.



