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AHHOT8UH1 

Ha ocHoBaHHH HaMepeHHH acHMMeTpHH aneKTpoHoB ~ -e ) - pacrraaa MeTo

LlOM CUHHTHJlllSIUHOHHbiX C'leT'IHKOB HCCJleLlOB8JlHCb IIpOUeCCbl LleiiOJIS1pH38UHH OTpHua

'l'eJibHbiX MIOOHOB B p83JlH'IHbiX BeLUeCTBaX. HaAaeH01 'ITO H8H6onee CyLUeCTBeHH8SI 

neiiOllS1pH38UHSI MIOOHOB IIpOHCXOLlHT IIOCJie HX 38MeaneHHSI B rrpouecce 06p830B8HHSI 

Me308TOMOB. floK838H0 1 'ITO IIpH'IHHbl 1 06yCJI8BllHB8IOLUHe LleiiOllS1pH38UHIO MIOOHOB B 

Me308TOMe, CyTb ClleLlyiOLUHe: a) CIIIrH-op6HT8JlbHOe B38HMOLleACTBHe, IIpHBOLlSI-

LU•~e K TOHKOA CTpyKType 3HepreTH'IeCKHX ypOBHeil:; 6) B38HMOLleHCTBHe M8I"HHTHbtx 

MOMeHTOB MIOOHa H S1Llp81 OTBeTCTBeHHOe 38 CBepxTOHKYIO CTpyKTypy Me30aTOM0»0 

a) B38HMOLleACTBHe MIOOHa C KBBLlpyiiOJlbHOA aecpopM8UHeA srapa; H r) B38HMOLleA

CTBHe M8I"HHTHOI"O MOMeHT8 MIOOH8 C MBI"HHTHbiM IIOJieM 9JieKTpOHHOA 060JIO'IKHo BbJ

SICHeHbl OCHOBHble oco6eHHOCTH K8.1K,!l0I"O IIpouecca LleiiOJIS1pH38UHH. 
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1. B a e Ll e H H e 

MrooHbi 38HHMaiOT oco6oe MeCTo cpellH aneMeuTapHbiX 'i8CTHU1 H3BeCTHbiX a 

HBCTOSUJ.lee BpeMSI. 0oao6Hbie aneKTpOHBM H n03HTpOH8M BO MHOrHX SIBneHHSIX1 OHH 

OLlHBKO O'ieHb CHnbHO pa3nH'i8IOTCSI no MBCCe H BpeMeHH )KH3HH 0 C noneBOA TO'iKH 

3peHHSl TBKOe pa3nH"'l!:e MOrno 6bi 6biTb CnellCTBHeM pa3nH'iHi!: BO B38HMOLleilCTBH

SIX MIOOHOB H aneKTpOHOB C LlpyrHMH aneMeHT8pHbiMH 'i8CTHU8MH. 0LlH8K0 1 STO pa3-

nH'iHe noKa ue 6bino o6uapy)KeHo. B CBSI3H c aTHM 6onbUIOA HHTepec npeacTaBnSieT 

H3y'ieHHe B38HMOLleHCTBHSI MIOOHOB C LlpyrHMH 'i8CTHU8MH 1 K8K HBUpHMep1 B38HMO

LleACTBHSI Me)KLlY napaMH cj:lepMHOHOB ( npOTOH1 HeilTpOH) 1 ( MIOOH1 HeilTpHHO) 0 06uapy-

• 
)K9HHe HecoxpaHeHHSI qeTHOCTH B cna6biX B38HMOLleilCTBHSIX OTKpbiBBeT pSILl B03MO)KHO-

CTeA anSI aKcnepHMeHTanbHoro HccneaoaaHHSI aToro THna B38HMOLleAcTBHSI. TaK B pSILle 

pa6oT 6binO npeanO)KeHO H3Y'i8Tb 8CHMMeTpHIO J;IpOLlYKTOB pe8KUHA 1 conyTCTBYIOlllHX 

SILlepHOMY nornoiUeHBIO UOnS1pH30B8HHbiX MIOOHOB. B38HMOLleilCTBHe MIOOH8 C Slllp8MH -B 

6onblllOA CTeneHH 38BHCHT OT COCTOSIHHSI 1 B KOTOpOM OH HBXOLlHTCSlo 8TOT COCTOSIHHe 1 

B CBOIO oqepellb1 38BHCHT OT TeX npoueCCOB 1 KOTOpbie UpOHCXOLlSIT C UOnSipH30B8HHbiMH 

~ MIOOHBMH B BeiUeCTBe LlO HX 38XB8T8 Slllp0M 0 OoaTOMy HCCnellOBBHHe npoueCCOB Lleno

nS1pH38UHH MIOOHOB B p83nH'iHbiX BeiUeCTBBX npellCT8BnHeT 6onbUIOil HHTepec. 

2. T e o p H H 

.QenonS1pH38UHSl OTpHUBTenbHbiX MIOOHOB B BeiUeCTBe MO)KeT 6biTb pa36HT8 H8 LlBB 

aTana: aenonSipH38UHS1 1 npoHCXOLlSilllBSI B npouecce Hx 3aMeaneHHSI1 H aenonHpH38UHH 1 

( 1-4) 
npOHCXOLlSilll8SI B npouecce o6p830B8HHSI Me308TOMOB. J.13 pa60T cneayeT 1 'iTO 

aenonSipH38UHSI 38 C'ieT pacceSIHHSI MIOOHOB HB HenonS1pH30B8HHbiX aneKTpOHBX H B Kyno-

(5-7) 
HOBCKOM none Slllep He UpOHCXOLlHTo 8 pa60T8X UOK838H0 1 'iTO aenonHpH38UHSI 

38MellnHBlllHXCSI MIOOHOB He MO)KeT npOHCXOLlHTb H B pe3ynbTBTe B38HMOLleA:CTBHSI HX .. 
MBrHHTHoro MOMeHTa C MBrHHTHbiMH nonSIMH 1 HMeiOIUHMHCSI a BeiUeCTBe. HaH60n~ cy-

IUeCTBeHH8Sl aenonHpH3BUHSI 6yaeT npoHCXOLlHTb nocne 3aMeaneHHSI a np0necce o6pa3o-

aaHHSI Me3oaToMoa. DpH'iHHbi 1 o6ycnaBnHBaiOIUHe aenonHpH38UHIO cyTb cne.ayromHe: 

a) CUHH-op6HT8nbHOe B38HMOLleilCTBHe 1 npHBOLlSIIUee K TOHKOA: CTpyKType SHepreTH'ie

CKHX ypOBHeil Me308TOM8j 6) B38HMOLleilCTBHe MSrHHTHbiX MOMeHTOB MIOOH8 H Slllp81 

OTBeTCTBeHHOe 38 CBepXTOHKyiO CTpyKTypy Me308TOMOB j B) B38HMO.lleilCTBHe MIOOHB 

C KB8LlpynonbHOA aecj:JopMBUHeil SlllPBi H r) B38HMOLleilCTBHe MarHHTHOrO MOMeHTB C 

MarHHTHbiM noneM aneKTpOHHOil o6onO'iKH. 
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PaccMoTpHM oT.nenbHO aTH MexaHH3Mbi; 

a) MexaHH3M cnaH-op6aTanbHoro aaaaMo.neAcTBHSI 

npa KaCKa.UHbiX nepexo.nax B OCHOBHOe COCTOSIHHe Me308TOM npOXO.UHT qepea 

OOllbWOe 'IHCllO npoMe)KyTO'IHbiX COCTOSIHHA. ,llng HH)KHHX ypOBHeA: HMeeT MeCTO HepaaeH'"' 

CTBO: 

L1A{ >> r,eJ ( 1) 

... 
r.ne L1 ttf' - paCCTOSIHHe Me)K,ny ypOBHSIMH TOHKOA CTpyKTypbl C KBaHTOBbiMH 'IHC118MH 

/1 V e t HO pa3HbiMH /, = t' ::!:.1 t a (;,e - WHpHHa COOTBeTCTByiOWero ypOBH·SI, 

paBH8SI CyMMe p8.UH8UHOHHOA WHpHHbl H WHpHHbl no OTHOWeHHIO K O)Ke - nepexo.naM. 

¢H3H'IeCKH HepaBeHCTBO ( 1) 03Ha'laeT, 'ITO BpeMSI HaXO)K,UeHHSI MIOOHO~ Ha .U8HHOM ypoB

He 3Ha'IHTellbHO 60llbi.Ie BpeMeHH nepeopHeHTaUHH CnHHa MIOOHa B MarHHTHOM none, COa

.naaaeMOM ero op6HTanbHbiM .UBH*eHHeM. Cpe.nHee aHa'leHHe cTeneHH nonSipHaauHH MIO-

. (8-10) 
OHOB Ha K-op6aTe Me308TOMOB 6bl110 Bbi'IHClleHO B pa6oTaX o J.1,neSI Bbi'IHClleHHA: 

38K1110'18eTCSI B cne.nyiOWeMo PaCCM8TpHB8eTCSI MIOOH C npoeKuHeA: CnHHa Ha OCb Jl ~ ~ 
KOTOpbiA: B MOMeHT BpeMeHH 

no'IKY, xapaKTepaayeMyiO /1 

t=o 
at'. 

aaxaaTbiaaeTCSI KynoHOBCKHM noneM H.npa Ha o6o-

nocKOllbKy B Ha'lallbHbiA MOMeHT onpe.neneHO TOllbKO 

CnHHOBOe COCTOSIHHe MIOOH8, TO npH t =Q COCTOSIHHe MIOOHa Ha 060110'1Ke ( /?, t') aa.naeT- ~ 
CSI H860pOM ( ~t'+ 1) BOllHOBbiX cflYHKUHA 

~(oj = /lneflj ft'6b (Z/2 J;l.>s-.zo, (2) 

r.ne llne.Y;6° - HOpMHpOBaHH8SI BOllHOB:~ cflYHKUHSI MeaoaTOMa 6ea yqeTa :( 

CllHHa1 a npoeKUHSI op6HT81lbHOro MOMeHTa 6 C paBHOA aepOSITHOCTbiO .Pe:lo-..fe__,.-f 

MO)KeT npHHHMaTb 3Ha'leHHSI t:z 0 =-c:-~"'/, .. .. ,_, t! 0 C y'leTOM CllHHa COCTOSIHHe 

MIOOH8 B Me308TOMe 1 nOMHMO /7 H t', xapaKTepHayeTCSI ewe 3HaqeHHeM ero llOllHOID 

MOMeHT8 /
._ ~~ ~ 
-£ -~ H 3H8'1eHHeM npoeKUHH Ha OCb ;r nonHoro MoMeHTa~~ • Cne

.noaaTenbHO, BOnHOBaSI cflYHKUHSI CTaUHOHapHOrO COCTOSIHHSI 6y.neT HMeTm BH.U: 

-;> - _j_ f ~rR;· -c 
~9~rt.' = !l"flrt;.b?/·(J:z rz/t-)e k ¥ , 

~/'rtf~ v ~ '/s 
r.ne £i},.t = L- G ef'-SJ'.. f e~ { Z/t) SS.z 

(3) 

wapoaoA: cnHHop, 
(/; (/ d. &S.t -~ ~ . c ~;S.r, - KOacflcPHUHeHT Kne6wa-)Kop.naHa, 8 £?- 3HeprHSI CBSI3H MIOOHa B no.n

o60110'1Ke ( n'fj ) -Me308TOM8o Heo6xo.nHMO 38MeTHTb, 'ITO HCXO.UH8SI BOllHOBaSI 

cpyHKUHSI ( 2) He SIBllSieTCSI O.UHOA H3 cflYHKIUIA BH.U8 ( 3) t B3SITbiX B MOMeHT t" =0, a 

npe.UCTaBllSieT H3 ce6H cne.nyiOWYIO Cynepno3HUHIO .UByX CT8UHOH8pHbiX peweHHA C .naH

HbiMH /1 U e l/. 1·- e'-:f" 1 

,. 

} 

• 
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QqeBH.llH0 1 qTo B MOMeHT t >O 
BH.ll (2),6y.neT HMeTb BH.ll: 

BOJ1HOB8SI cPYHKUHSI MIOOH8 1 HMeBlll8SI IIpH / =Q 

tf (t) = E c ~~0 y;,£)/f~ I Z./. ( 4) 

E 
/ < 1 ) / e~ 7 v / ·=- //_ : 

CJlH BblllOJlHSieTCSI yCJlOBHe 0 TO COCTOSIHHSI C (/" -::;: $ (;; . ""'-' 

MO£KHo paccMaTpnnaTh He3aBHCHMO. Tor.ua H3 ( 4) HeTpy .nHo rronyquTh .nnSI sepoSITHOCTH 

.!}· H8XOfK.ll8HHSI MJOOH8 B COCTOSIHHH ( ~ (!? ) C .ll8HHbiM / Bbipa:>KeHHe 

(5) 

C .npyrofi CTOpOHbl, cpe.nHee 3HaqeHHe orrepaTopa o::f .llJlSI MIOOH8 B COCTOSIHHH C .nau-

llb!MH ~ e V /.t paBHOe CTerreHH ero IIOJ1SipH38UHH B aTOM COCTOSIHHH 0 .naeTCH COOTHO-

lieHHSII\1ll: ..z, 

< /~ .r;!y~/i;ir(J- e'(ero_l -~£r_$ /.t.ftD/ h.6i;/~ e~ £ 
O..J o. = - :1/~~.,._r/ '/ / 

He/ 2 · · ~1 / 
.:yj/~'l .,W--/ /' rLoJ . ? (6) 

o/.1£"'() l ~~J 11',P4' /-= e~~. 

nocKOJlhKY 
1 

MJOOHbl, rro-BH.llHMOMY 1 rrepBOH8q8JlbHO 38XB8TbiB8IOTCSI B COCTOHHHSI C .llOCTa

TOqHO 60JlhlllHMH t ( 11 ) 
1 

TO H3 ( 4) H ( 5) MO:>KHO rronyqHTb: 

(7) 

•• 
¢R3RqeCKR aTO 03HaqaeT, qTO Me30Hbi 0 38XB8TbiB8HCh H8 BbiCOKO B036y:>K.ll9HHbie o6o-

J10qKR Me308TOM8
1 

C IIpHMepHO paBHOA BepOSITHOCTblO IIOII8.ll8IOT B COCTOHKHSI C 

-f • L c~·::- er;}; R /~ t'- .t__, 0 IIpHqeM COXp8HHIOT rrpH aTOM IIpHMepHO 1/3 OT CBOeA 

_HCXO.UHOA IIOJ1SipH38UHHo npH npe.lliiOJlO:>KeHHH 1 qTO nepeXO.llbl MIOOHOB B OCHOBHOe COCTOst" 

HHe MeaoaToMa npoHCXO.llSIT 38 cqeT .llRIIOJlbHhiX pa.nHauHOHHbiX R O:>Ke- uepexo.aos, B 

pa6oTe (S) 6biJ10 IIOK838H0
0 

qTO H3 COCTOSIHRSI ( ~ t;~/-::: e-r ~ MIOOHbi .ao-

XO.llSIT .UO K-o6onoqKH
1 

COXp8HHH CBOJO IIOJ1SipR38URI0 0 paBHyiO 1/3 HCXO.llHOA, 8 H3 co

CTOSIHRSI ( H_ e;/·= e-t ) - IIOJlHOCTblO .nerrom1pH30B8HHbiMHo TaKHM o6p830M 0 eCJlH 

B uaqanbHhiA MOMeHT H8 o6onoqKy ( ~ e ) Me308TOM8 38XB8TbiB8eTCSI IIOJlHOCTblO 
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11 0!1HpH30B8HHb!H M!OOH 1 TO Ha K-op6HTB MB308TOMa CTBITBHb 110!1HpH38IlHH MIOOHa 6y D:BT 

(89) (10) . 
cocTaBnHTb: cornacHo ' - 17%, a cornacHo - 50%. CnenyeT rron'-lepKHYTb, 

'-ITO B H3J10)!{BHHb!X C006p8)KBHHHX 0'-IBHb B8)!{Hb!M MOMBHTOM HBJ1HBTCH 3H8H!IB BBpOHT

HOCTH 110118D:8HHH MB30HOB B H8'I8J1bHbiH MOMBHT H8 p83Hb!B 060!10'-IKHf ~ e/ H 3H8Hl!B 

ITyTeif 11Bp8XOD:OB MB30HOB H3 B036y)KLJ:BHHbiX COCTOHHIIH B OCHOBHoe. 0D:H8KO, D:OCTa-

TO'-IHO H8,llB)KHb!B CBBLJ:BHHH 0 HHX B li8CTOHIUBe BpBMH OTCyTCTByiOT. 

6) MexaHH3M CBBpXTOHKOH CTpyKTypbi, o6ycnOB!18JiHOH CITHHOBOH CBH3bl0 

M!OOHa II HD:pa 

3TOT MBX8HH3M 6yD:BT OK83b!B8Tb Bn!IHHIIB Ha I10!1HpH38Ull!O MlOOH8 B OCHOGHOC\.1 

H B B036y)KLJ:BHHb!X COCTOHHIIHX MB308TOMa. 8 3TOiv! HBTPYLlHO y6BD:I!TbCH
1 

ecmr cpaa
/ 

Hl!Tb BpBMH t 
H8XO)KLJ:BHHH MB30Ha Ha Hlf)KHHX ypOBHHX CO BPBMBHBM r 

lioHCHHM CyTb LlBJ18 Ha '-18CTHOM cny'-!ae, Korna CITHH H,llpa / = l/2 H Ha 

K-op6HTy MB308TOM8 B H8'-18J1bHhlH MOMBHT 110118Ll8BT 110!1HpH30B8HHhlH MB30H C 11pOeK

UHBH CITMHa Ha OCb ,E 1 paBHOif l/2. 6naronapH H8JlH'-IHIO B38HMOLlBHCTBHH CBepx-

TOHKOif CTpyKTypbi 1 MB308TOM B p8CCM8TpHB8BMOM CJ1y'-lae l\10)KBT H8XO,llHTbCH B co

CTOHHHHX C I10.'1Hb!M CITHHOM r =l H r =0. Ecnu H,llpO ObiJ10 He 110!1Hpll30B8HHbiM
1 

TO CyMMa 11pOBKUHH H8 OCb ,l CITHHOB HLlpa H MB30H8 C p8BHOH BBpOHTHOCTb!O 

.. -

rrpriHHMaeT 3Ha'-!eHnH ./.i -r S.t = :/ H 4 + S.z = 0 . B rrepsoM cnyqae 

CITHHOBOB COCTOHHHB CHCTBMbl ( M!OOH+Hnpo) 38,ll88TCH 11pH C =0 cj)yHKUHBH 

~(O/-=A-A , a so BTopoM- szZro/~_4-/:£ (rne rrepBbiii 

CITHHOp OTHOCHTCH K CITHHy M!OOH8 1 8 BTOpOif - K CITHHy H,llpa). 0'-!BBll,llHO, '-ITO B 

B MOMBHT i>o 
BOJ1HOBbiB cPYHKUHH 6y,llyT 1 COOTBBTCTBBHHO, HMBTb BHLI: 

~ ft-/~/~ f~ ·c-1 r;&-
/L 

1!.tt/"' j !/ /!f_ _f__, 
..(/ 

+/-.£ .fiJ e- J- ~~+ 

ri4;JC~ -/-:14) e -jE.J, 

I 

'I.-
I 

I 
~ 

I 

I 

l 
I 
I 

t 

I 

~L.... l 
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r.ae REo - 8HeprHH CBH3H M8308TOM8 B COCTOHHHHX C / =1 H /" = 0. 

TaKHM o6pa3oM, B cnyqae HaqanbHoro ycnoBHH ~~0/ BOnHOB8H cPYHKUHH 

HBnHeTCH co6CTB8HHOH cPYHKUH8H M8308TOM8 C yqeTOM CBepXTOHKOH CTpyKTypbl .anH co

CTOHHHH ;:- = 1
2 

,/.1 =1, a B cnyqae HaqanbHOrO ycnOBI1H !fi{.(O/ - cynepTI03HUI18H 

cocTOHHHH c ;: = 1, &, = 0 11 F = O. CocToHHHH c /" =1 11 ;:- =0 HBnHIOTCH He-

( 12) ~ L. £ 
KOrepeHTHblMI1 • Yqi1Tb!B8H

1 
qTQ B COCTOHHI1HX / =1, /,1, =0 H / =0 MIOOH non-

;c =1, ~ =1 OH coxpaHH8T nonHpH3aUHI0 1 -· 
HOCTbiO ,aerronHpH30BaH, a B COCTOHHHI1 

Mbl llp11XO.UHM K Bb!BO.UY 
1 

qTQ Ha K-op6HT8 M830aTOMa MIOOHbl COXpaHHIOT TOnbKO- 50% 

CB08H HCXO.UHOH rronHp113aU11H. 8 o6lll8M cnyqae, KOr.aa CTIHH H.Upa / ~ 1/21 B8p051T-

r=/='£ H HOCTb ,anH MIOOH8 o6pa30BaTb C H,UpOM CHCT8MY C TIOnHhiM CTIHHOM 

(14) 
ero npoeKuHei!: pasHa 

HopM11pOBKa Bhi6paHa TaK, qTo6hi 

( 3HaK + COOTB8TCTByeT r = L :!:.. 1/2) • 

... 
MIOOH8 B 8THX 

.u-.,. .5 
- 3/:Jd"f'"lj / 

COCTOHHH51X: 

- ,W-J' 
- 3/t:2.f-1 t) 

non51pH3aU11H 

HnH nocne ycpe.aHeHH51 

(8} 
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VIa 9TOA cPOpMyllbi BH.UH0 0 qTQ BenHqHHa II011SipH3aUHH MIOOHOB aaBHCHT OT CIIHHa SI,Upa. 

HarrpHMep1 .unH SI.Uep c /" = 1/2 .uon:>KHO rrpoHcxo.uHTb yMeHhWeHHe a .usa paaa; .unSI 

SI,Uep C ./>> f - B 3 paaa • .UeTallbHbiA yqeT ,Ueii011SipH3aUHH B B036y:>K.UeHHbiX COCTOSI-

(10) / 
HHSIX MeaoaTOMOB 6bill C.[lellaH B pa6oTe .[lllSI cnyqaSI =1/2. TaK, IIOllHOe 

yMeHbWeHHe II011HpH38UHH Ha-aa B3aHMO.Uei\cTBHSI CBepxTOHKOA CTpyKTypbi B OCHOBHOM 

H B B036y:>K.UeHHOM COCTOSIHHSIX ,UOll:>KHO IIpOH30ATH B TpH paaa. Heo6XO.UHMO OTMeTHTb, 

qTQ Ka:>K.UOe COCTOSIHHe CBepXTOHKOA CTpyKTypbi 6y.ueT xapaKTepH30BaTbCSI CBOHM 3Haqe-

(14) 
HKeM ~ - rHpOMarHHTHOrO OTHOIIeHHSI • 

"' 
:J? =;fj (for/N) (9) 

~ f ./~/ J'- =~1~;, ~ - r .!?,~ 
( 10) 

r.ue ~/' 11 /'-+' - MarHHTHbie MOMeHTbi Me30Ha H SI,Upa, COOTBeTCTBeHHO. QqeBH,UHq 

qTo BCe BbiW eCKaaaHHOe OTHOCHTCSI K CnyqaiO H3011HpOBaHHbiX MeaoaTOMOB. Hannqr1e 

cpe.Ubi MO:>KeT IIpHBeCTH K yCllO:>KHeHHIO KapTHHbi 0 HaiipHMep, K IIOSIBlleHHIO rrepeXO.UOB 

MIOOHa Me:>K.UY ypOBHSIMH CBepXTOHKOA CTpyKTypble TaK, B MeTannax B03MO:>KHbi ,UBa 

THIIa rrepeXO,UOB, COI{l OBO:>K,UaiOlUHXCSI 111160 KOHBepcHeA Ha 9lleKTpOHaX IIpOBO.UHMOCTH 0 

(16) -
11H60 MarHHTHbiM .UHIIOllbHbiM H3llyqeHHeM , B :>KH.UKOM BO,UOpo.ue - rrepeCKOK/ -

M830Ha OT O,UHOrO IIpOTOHa K .UpyroMy C O.UHOBpeMeHHbiM rrepeXO.UOM B HH:>KHee COCTOSI-

(17) 
HHe CBepxTOHKOA CTpyKTypbi • 

B) MexaHH3M .uerronHpnaaunH aa cqeT aaaHMo.ueAcTBHSI MIOOHa 

c .ue¢opMaUHeA SI.Upa 

(18) 
3TOT MeXaHH3M 6blll paCCMOTpeH B pa6oTe .[lllSI qeTHo-qeTHbiX SI,Uep • .[lHaroHa-

llH3aUKSI raMHllbTOHHaHa CHCTeMbi Me30H-SI,Up0 /7 ~ //o ~ /1' ~ + //? • 
(3.uecb #n -raMHllbTOHHaH MIOOHa B MOHOIIOllbHOM IIOlle SI,Upa, -·& - orrepaTOp poTa

UHOHHOA 9HeprHH SI.Upa H ry - OIIepaTop KBa.upyiiOllbHOrO B3aHMO,UeACTBHSI MIOOHa C 

SI,UpOM) IIOKa3biBaeT, qTQ KBa.UpyiiOllbHOe B3aHMO.[leHCTBHe CylUeCTBeHHO MeHSieT co6-

(19) 
CTBeHHb!e cPYHKUHH CHCTeMbi, COOTB8TCTByiOlUHe MIOOHy TOllbKO B 2p-COCTOSIHHH • 

8 9TOM IIpH611H:>KeHHH II0119pH3aUHIO p MIOOHa B /S -coCTOSIHHH C MO:>KHO aaiiHCaTb 

B BH,Ue 

P=4J1'~(6N~)o + 4 /Ji (~:£)c:> ., 

,, 
I 

r 
I 

+ 

~ 

' 
·- -4 
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r,ne 11'~ H ff!&_, - Bt.;;pOSITHOCTH npOXO:lK.U9HHSI MIOOHOM COOTB9TCTB9HHO qepea · 

~~- H ~~ - COCTOSIHHR 1 (' ~)ou{'O"'Hw.- nonS1pH38UHSI MIOOH8 B 9THX 

COCTOSIHHSIX B OTCyTCTBHe KB8.UpynonbHOrO B38HMO,neiCTBHSI1 ~ H .81 - <i:>aKTOpbi 1 

Y'IHTbiB810lllHe .nenonSipH38UHIO, Bhi3B8HHYIO YK838HHhiM .ne<PeKTOM. npH K8CK8,UHOM 

nepexo,ne MIOOH8 B -IS- COCTOSIHHe HMeeTCSI onpe,neneHH8SI B9poSITHOCTb1 'ITO SI,UpO 

. (19) 
OeT8H9TCSI C B036y:lK,U9HHhiM nepBbiM pOT8UHOHHhiM ypOBHeM 1 BpeMSI :lKH3HH KOTo-

poro ,..- 10-9 
ceK .UOCT8T.O'IHQ ,nng nepeopHeHT8UHH CUHH8 MIOOH8 B ;f'S -cOCTOSIHHH 

aa-aa csepxToHKoro pacmenneHHSI f~ -ypoBHSI. 

UHIO jlJ'l 1 Bhi3B8.HHYIO 9THM a<t><PeKTOM1 paseH 

BepOSITHOCTb B036y:lK.U9HHSI nepsoro pOT8UHOHHOrO 

(18) 
npH paCCMOTpeHHH nepeXO,UOB MIOOH8. C 

<Pa.KTop 1 onpe.nenSIIOlllHA .nenongpaaa.-

fi'/ = ;- .3£ /Y'c 1 r.ne ~-
ypOBHSI SI,Upa. 

BepXHHX ypOBHeA: B ~s -COCTOSIHHe 

C06CTB9HHhiMH <i:>yHKUHHMH rB.MHntiTOHH8H8. .1/ 1 6hinO 

• nonyqeHHbie 3H8'19HHSI ~ H ,(7~ H 3H8'leHHH 

- pacmenneHHSI TOHKOA CTPYKTYPhi ,/b,P - yposHH1 

qepea COCTOHHHSI 1 OUHCbiB89Mbl9 

Ha.A.neHo, 'ITo ?z / ~ ~~ 
oupe.nensiiOlllHX HX senH'IHH: En: 
4 - 9HeprHH nepsoro pOTB.UHOHHOro ypOBHSI Sl,npa. H /j =(~/~/~.) .UB.Hhl 

s Ta6naue 1. 

Ta.6nHua. 1 

3neMeHT Ek(rt:P/ 6/.JZPI 4fP~/ 4f JiJ~ 

1/cl I'~ 91,5 79 52 0,63 0,61 

ff!SY 137 112 43 0,64 0,64 

T/J~,U/ 216 52 83 0,38 0,6· 

ti~Jtf 226 44 91 0,38 0,59 

Ka.K cne,nyeT H3 Ta6nHUhi 11 B38HMO,neiCTBH9 MIOOH8 C '.ne<l:>opM8UB81 g,npa.' 

MO:lKeT npHBO.UHTb K 3H8'1HTenbHOA: ,nenOnSipH38UHH MIOOHOB. 
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r) MexaHH3M ceepxTOHKoA CTPYKTypbi, o6ycnoeneHHoA cnHHOBoA CBSI3bl0 

MIOOHB H aneKTPOHHOA o6onoqKH 

06p830B8HHe Me30BTOMOB CBSI38HO C HapyWeHHeM COCTOSIHHSI aneRTpOHHOH o6onoq

KH liCXO.llHOrO BTOMBo Jleno B TOM, qTo np!i KBCK B.llHbiX nepeXO.llBX MIOOHOB B03MO:>KHb! 

B036y:>K.UeHHe 1i li0Hii38UHSI BTOMOB. flocne o6pa30B8HHSI Me308TOMOB aneKTpOHbl o6onoq-

Kii OK83biB8lOTCSI B none SI.Upa C HOBb!M a<!Jcj:leKTHBHblM 38pSI.llOM $-/ . 3TO 06CTOSI-

TenbCTBO TBK:>Ke MO:>KeT npHBeCTH K HOHH38UHH o6onoqKH. f!peMSI :>KH3HH ~ B036y:>K-

.aeHHOrO COCTOSIHHSI o6onoqKH .anSI CB060.llHb!X Me308TOMOB 38BiiCHT TOnbKO OT aneKTpoH

HOit KOHcPHrypaUHH H CTeneHH B036y:>K.UeHHSI. 

npH o6pa30B8HHH Me308TOMOB B cpe.ae BpeMSI to CHnbHO 38BiiCHT OT npHpO.llhl 

CBSI3H BTOMOB Cpe.llblo Ecnli MeaoaTOM HBXO.UHTCSI B MeTanne, aneKTpOHHBSI o6onoqKa 

-12 
B03BpaLUaeTCSI B OCHOBHOe COCTOSIHHe 38 oqeHb KOpOTKoe BpeMSI (MeHee 10 CeK) no 

cpaBHeHHIO CO BpeMeHeM :>KH3HH MIOOH8 '!" • C .apyroA CTOpOHbi} B HOHHbiX KpHCTannax, 

nH60 .llH8neKTpHKBX BpeMSI io /' 7;' • Cne.aoaaTeJibHO, B MoMeHT pacna.aa Me3oaToMa 

COCTOSIHHe aneKTpOHHOit o6onoqKii 6y.aeT 38BHCeTb OT BH.llB COe.UHHeHHSI, B KOTOpOe Bxo

.llHT HCCne.ayeMbiA BTOM, H arperaTHOrO COCTOSIHiiSI BeLUeCTBB. 3neKTpOHH8SI o6onoqKa 
. (23) .,_. 

MO:>KeT OK838Tb BnHSIHHe Ha llOJISipH38UHIO MIOOHOB TOnhKO B OCHOBHOM COCTOSIHHH 

B 8TOM HeTpy.UHO y6e.aHTbCSI, ecnH cpaBH!iTb BpeMSI HBXO:>K.lleHHSI t, MIOOHB HB HH:>K-

HliX ypOBHSIX CO BpeMeHeM t nepeOpHeHTBUHii CnHHB MIOOHB B none o6onoqKHo npHHSIB 

BO BHHMBHHe, qTo B nepBOM npH6nH:>KeHHii 8HeprHSI B38HMO.lleHCTBHSI CBepXTOHKOA CTpyK

Typbl B Me308TOM8X 6y.aeT TBKoro :>Ke nOpSI.llKB KBK li B MIOOHHH: 

11 II'= - .It & ·tfrw 
:!CJ'/Y 

, 
3.UeCb fo - MarHHTHb!H MOMeHT MlOOHa, /JI?'tf.l' - acj:lcj:leKTHBHbiit MarHHTHbiA MO-

M9HT aneKTpOHHOH o6onoqK!i 1 e?~ - 6opOBCKiiA pa.aHyc) HeTpy.UHO y6e.aHTbCSI B TOM, 

qTo HepaBeHCTB01 t <:<. t , BblllOnHSieTCSI TOnbKO .llnSI ypOBHSI /s 

npli HBJIIiqliH y 1i30n!ipOB8HHOro Me308TOM8 C HyJieBb!M Sl.llepHblM CnHHOM MOMeHTB 

aneKTpOHHOA o6onoqKH napaMarHHTHblH MOMeHT oy .neT CKnB.llhiBBTbCSI H3 TpeX qacTei!:: 

1) MarHHTHOro MOMeHTB MIOOHB 
fi ffi.J 

/ ft :: .:l/?,L I 

2) aneKTpOHHOro op6!iTBnbHOro MOMeHTa ft.$-=: /¥8F~/Xr'_) I 

3) aneKTpOHHOrO CnHHOBOrO MOMeHTB ftJ-:; d/!6 ~ • 

' 

l 

i 
j 
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npH o6pa3oBaHHH MeaoaTOMOB B Cpe.o,e HX napaMarHeTH3M 6y.neT no.naep:>KeH 

,lleHCTBHIO COCe,llHHX aTOMOB 1 CJle.UCTBHeM qero 6y .neT SIBJlSITbCSI KOMUeKCaUHSI TeX HJlH 

HHblX MOMeHTOBo Bee 3aBHCHT OT TOro, 9JleKTpoHaMH KaKHX 060JlO'IeK coa.naeTCSI Mar

HHTHblH MOMeHTo no aHaJJOrHH CO CBOHCTBaMH MarHHTHblX MOMeHTOB HOHOB napaMarHHT

HblX BeiUeCTB MO:>KHO O:>KH.UaTb, 'ITO eCJlH Me30aTOMbl o6paayiOTCSI H3 aTOMOB JlaHTaHH

.llOB1 J1H60 aKTHHH.UOB, r.ne MarHHTHblii. MOMeHT o6yCJ10BJleH rny60KO CH.USIIUHMH B aTOMBK 

::meKTpOHaMH, KOTOpble HaHMeHee BCero no.naep:>KeHbl BHelliHHM BJ1HSIHHeM 1 napaMarue

TH3M TaKHX Me30aTOMOB B cpe.ne 6y .neT Bbi3BaH MOMeHTaMH / ~ ft.J ~ ft ,/f' . 

B cnyqae aTOMOB nepexo.nHhiX ::meMeHToa, r.ne MarHHTHhWi MOMeHT aTOMOB o6y<::nosneH 

Herny6oKo ne:>KaiUHMH aneKTpoHaMH 1 KOTOpbie 6onee no.naep:>KeHbi BHeWHeMy aoa.neA

CTBHIO, MeaoaTOMbl B Cpe.ne MoryT o6na.naTb TOJlbKO CllHHOBbiMH MOMeHTaMH /.J H ~ft. 

Vi, HaKOHeU 1 MeaoaTOMbl ,llHaMarHHTHbiX BeiUeCTB 1 J1H60 CJla6onapaMarHHTHbiX HOpMaJJb

HblX MeTaJ1JlOB 1 MOryT o6na.naTb B cpe.ne TOJlbKO MOMeHTaMH /fl 
Heo6xo.nHMO OTMeTHTb1 'ITO a aeruecTBax c ~Jitp?7 :j: 0 MeaoaTOMhi 6y.nyT 

o6pa30BbJBaTbCSI B .llBYX COCTOSIHHSlX CBepTOHKOH CTpyKTypbl C ~ := ~ ~ _;) 

CaepXTOHKOe pacruenJJeHHe B OCHOBHOM COCTOSIHHH MeaoaToMa ropaa.no 60J1bllie 

noaTOMY COCTOSIHHSI C • r ::-; ..,_ 1 H 

MeaoaTOMa o6paayiOT HeKorepeHTHYIO CMecb~ PaccMoTpeHHe 1 auanorH'IHOe npoae.neHHoMy 

.llJlSI MeXaHH3Ma 6 ), UOKa3blB8eT 1 'ITO CTeneHb UOJ1SipH3aUHH p 
CSI Ha K-op6:~~:Te1 ycpe.nHeHHaSI no .UBYM COCTOSIHHSIM CaepXTOHKOH CTpyKTypb1 1 6y.neT 

pasHa: 

(12) 

r.ne ; - yrnOBOH MOMeHT 9JleKTpOHHOH 060J10'1KH 1 .1? - CTeneHb UOJ1SipH3aUHH MIO

OHa a HaqaJJbHhiA MOMeHT ero "noca.nKH' ua K-o6ono'IKy. 

3. 3 K C n e p H M e H T 

n pH cyruecTBYIOlllHX HHTeHCHBHOCTSIX ny'IKOB MIOOHOB Ha yCKOpHTeJlSlX 9KCnepH

MeHT8JlbHaSI nposepKa npe.UCKa3aHHH TeOpHH B03MO:>KHa TOJlbKO npH o6p830B8HHH Meao

aTOMOB a KOH.lleHCHpoaaHHOM seruecTae. HaJJH'IHe cpe.nhi Mo:>KeT npHBeCTH K ycno:>KHe

HHIO KapTHHhi. Op:~~: Bhroope seruecTB .nnSI Hccne.noaaHHSl Heo6xo.nHMo y'lHTbiB8Tb1 'ITO 

np,8KTH'leCKHH HHTepec 6y.nyT npe.ncTaBJlSlTb aerueCTBa 1 COCTOSIIUHe H3 aTOMOB O.llHOrO 

copTa, n:~~:6o so.nopo.noco.nep:>KaruHe aeruecTaa • .Ueno B TOM 1 'ITO HCUOJlb30BaHHe 
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BeiUeCTB, COCTOSIIUHX H3 aTOMOB pa31IH'IHOrO COpT a, npase.neT K: .nonOliHHTellbHbJM Tpy .UHO

CTSIM npH HHTepnpeTaUHH OnbJTOB H3-3a He3HaHHSI BepOSITHOCTH o6pa30BaHHSI Me30aTO~OB 

s pa3liH'IHbiX KOMnoaeHTax. B so.nopo.noco.nep)l{aiUHX seruecTsax MO)l{HO aa.neSITbCSI aa 

To, 'ITO so.nopo.n npH o6pa30BaHHH Me30aTOMOB He 6y.neT HrpaT& cyrueCTBeHHOA poliH. 

BeruecTBa Ba)l{HO no.no6paT& TaKHM o6pa3oM 1 'IT06hi 6hlna B03MO)l{HOCT& BbJSIBHT& oc

HOBHbie OC06eHHOCTH Ka)l{,nOrO MeXaHH3Ma .nenOliSlpH3aUHH 0 3TOrO MO)l{HO .U06HTbCSI1 HC

nOllb30BaB B Ka'leCTBe 06'beKTOB .UliSI HCCne.noBaHHSI cne.nyiOIU~ BeiUeCTBa: 

1) .nHaneKTPHKH ( )l{H.UKHA so.nopo.n, napacpHH 1 nonaTeH1 so.na, cepa H cpoccpop) ; 

2) .UHaMarHHTHble H cna6onap8MarHHTHbie HOpMallbHbie MeTallllbi (rpacpHT1 MarHHA 1 

amOMHHHA, UHHK:1 Ka.UMHA H CBHHeU) i 

3) napaMarHHTHhie nepexo.nHbie MeTannhr (xpoM1 M01IH6.nea, nanna.naA H sonbcj:lpaM) • 

.UeACTBHTen&ao, npH o6pa3oBaHHH Me3oaToMoB B Tex seruecTsax rpynn 1) H 2), 

KOTOpbie Ha 85-95% COCTOSIT H3 aTOMOB C HyneBbJMH H.nepHbiMH CnHHaMH 1 MO)l{HO 0)l{H

.naTb1 'ITO MIOOHbi 6y.nyT .nenonSlpH30BbJBaTbCH Ton&KO 3a c'leT MexaHH3Ma a). EcnH 

Me30aTOMhl o6pa3yiOTCH B MeTannax rpynnhi 3) • co.nep)l{aiUHX BHyTpeHHHe el -sneK

TpOHi>I B aTOM8X C HylleBbJMH H.nepHbiMH CnHH8MH 1 .nen01IHpH3aUHSI MIOOHOB 6y,neT npo

HCXO.UHTb 3a C'leT MeXaHH3MOB a) H r) t a B Me30aTOMBX C .necpbpMHpOBaHHbiMH H,npa-

MH (BOlli>$ paM) - erue H 3a C'leT MeX8JIH3M8 B). H, HaKoHeu, npa Hcnon&aoBaHHH 

BeiUeCTB rpynn 1) H 2) t aTOMbi KOTOpbiX HMeiOT OTnH'IHbie OT HyliH H,nepHbie CnHHbJ 1 

OCHOBHbiMH MeXBHH3M8MH .nenonSlpH3aUHH 6y.nyT MexaHH3MbT a) H 6). 

nonHpH38UHSI MIOOHOB B 9THX BeiUeCTBaX HCCne.nosanac& B pa60T8X (20-23) 

nyTeM H3MepeHHSI aHH30TpOnHH B yrliOBOM pacnpe.neneHHH 9lleKTpOHOB pacna.na 1 + 1/?C#.:f tl 
(24) 

MeTo.noM npeueccaa • Aaa3oTponHH 6bma H3MepeHa cne.nyiOIUHM o6pa3oM • .UnH Tex 

BeiUeOTB rpynnhl 1) t r.ne OCHOBHbiM MeXaHH3MOM .nenOliSlpH38UHH .UOll)l{eH 6hiTb Mexa

HH3M a) t aneKTpOHHaSI CHCTeMa HaCTpaHBanaC& Ha perHCTpaUHIO -'18CTOTbl npeueCCHH cna

.Ha CB060.nHoro Me30H8. B OnbiTaX C BeiUeCTBaMH rpynn 1) H 2) 1 HMeiOIUHMH OTliH'IHbie 

OT HYliSI H,nepHbie CnHHbJ 1 aneKTpOHHaSI CHCTeMa 6billa HaCTpOeHa Ha perHCTpaUHIO '18CT0Tbl 

npeueCCHH CnHHa Me30aTOMOB 1 paCC'IHTaHHYIO Ha OCHOBaHHH cpopMyn (9) H ( 10). CliO)l{Hee 

.neno o6CTOHT c sonpocoM o cyruecTBOBaHHH MexaHH3Ma r) B seruecTsax rpynnhl 3). 

CTBeT HB 9TOT BOnpOC MO)l{eT 6hiTb nonyqeH Ha OCHOBaHHH H3MepeHHSI BCHMMeTpaH 

aneKTpoaos ;:/1-ej -pacna.na cne.nyiOIUHMH .nsyMH cnoco68MH. npH nepsoM cnoco6e 

aneKTpOHHBSI CHCTeM8 HaCTpaasaeTCSI Ha perHCTp8UHIO '18CTOTbJ npeueCCHH CUHHa CB06o.n

Horo Me3oHa. KaK cne.nyeT H3 cpopMyn (9) H (10) ,_ B .naHBOM MarHHTHOM none 1/ 

~ 

• 
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'l8CTOT8 npeueCCHH CllHH8 Me30aTOMOB 1 o6nanaiOlllHX 9JleKTpOHHbiM MOMeHTOM H MOMeH

TOM Me30Ha1 H8 HeCKOJlbKO nopHnK0.6 6yneT npeBbiWaTb 'l8CTOTY npeueCCHH CllHHa CBO-

6onHoro MIOoua. EnaronapSI 6onbwoA pa3HHue B qacTOTax, o npHpone napaMarueTH3Ma 

Me30aTOMOB M02KHO cy nHTb Ha OCHOB8HHH H3MepeHHSI 'lHCJla 9JleKTpOHOB Uma.< H N/l?e.h 

llpH nsyx 3H8'leHHHX HanpS12KeHHOCTH MarHHTHOrO llOJlSI 1 B KOTOpOM H8XOnHTCSI MHWeHb1 

COOTBeTCTBYIOlllHX paCC'lHTaHHbiM ITO tPOpMyne; 

/ +.t~l = I= 7/hlc ,;., ,z, ~ 1 

rne t, - speMH 3anep2KKH 1 Ll"f - WHpHHa "sopoi". H / - nepHon npeueccHH, 

JJ.eHCTBHTeJlbH0 0 nng Me30aTOMOB 0 o6nanaiOlllHX 9JleKTpOHHb!M MOMeHTOM1 BeJllf'llfHa OT-

HOWeHHH t' := :~ 6yneT paBH8 enHH'H:qe; Me30aTOMbi 1 y KOTOpb!X napa-
5 ~~ ( 

M8rHeTif3M o6yCJlOBJleH TOJlbKO CUHHOM MIOOHa 1 6ynyT lfMeTb BeJlH'llfHYJ,OTJlH'lHYIO OT 

enHHHUhi. B KaqecTse KOHTponbHoro onbiTa1 HenocpencTBeHHO nonTsep2KnaiOmero cyme

CTBOBaHHe 9JleKTpOHHOrO napaMarHeTH3Ma1 npH T8KOM CllOC06e HCCnenoBaHHH MOrno 

6bi HBHTbCSI H3MepeHHe BeJlH'lHH t B rHnpHnax napaMarHifTHb!X MeTaJJJlOB npH TOll 

KOHUeHTpaUHif Bonopona 1 npH KOTOpOA napaMarHeTH3M coenHHeHHSI y6hiBaeT no HYJ1SI 1 K8K 

HanpHMep,_&~t' • .Ll.eAcTBHTenbuo, aToMhi nannanHH, uaxonsmHecH s oacTsope PdJ./.D,, 
-~HWPHbl MarHifTHOrO MOMeHTa1 a Bonopon B npouecce 06pa30BaHHSI Me308TOMOB Y'l8CT

BOBaTb He 6yneT, BTopoA CUOC06 HCCnenoBaHHH npHponhi napaMarHeTH3Ma 38KJl!O'laeTCSI 

B H3MepeHHH aCHMMeTpHH 9JleKTpOHOB B CJlyqae, KOrna aneKTpOHHaSI ClfCTeMa HaCTpOeHa 

H8 perHCTpaUHIO 'laCTOTbl npeueCCifH ClllfHa Me308TOMOB 1 paCC'lHTaHHYIO H8 OCHOB8Hiflf 

cpopMyn ( 9) If ( 10). OnHaKo, TaKaH nocTaHOBKa onhiTOB HBnHeTCH 6onee cno2KHoil. B 

C8MOM nene, OTJllf'llfe OT enHHHUbl BeJlH'llfHbi f B 9TOM cnyqae, Ha6niOnaeMoe Ha 

Ollb!Te npH H8JlH'lHif y Me30aTOMOB 9JleKTpOHHOro MOMeHT8 1 KaK BlfnHo lf3 cj:JopMyJlbl ( 12 ), 

6yneT 3Ha'lHTeJlbHO MeHbWHM, KpqMe TOro, cymeCTBOBaHHe nsyx COCTOHHH.il: CBepx

TOHKOil CTpyKTypb! 1 a TaK2Ke HaJlH'lHe nepexonoB Me30:!f0fl Me2Kny HHMH ( HanpHMep, 

H3 r =1s ;:- := 0 ) YCJ102KHHT HHTepnpeTaUHIO Ollb!TOB, YfccnenOB8HHe napaMarue-

(23) 
TH3Ma npOH3BOnHJ10Cb B pa68Te UO nepBOMy cnoco6y, 

(20-23) 
IlonyqeHHbie nnH BbiWeyK838HHbiX BellleCTB B pa60T8X 3H8'leHHH BeJlH'lHH 

a - K09tPtPHUHeHTOB aCHMMeTpHHH nnH BCero lfHTerpaJJbHOro cneKTpa H 3Ha'leHHSI 

BeJJH'lHH !=- ~~ == t'rQ() naHbi B Ta6n. 11. B npHBeneHHb!e BeJJH'lHHbl c::Z, q e 
/Y/Jf~h j'-t:!io 5 

6hiJJH J3BeneHhi nonpaBKH, y'lHTbiBaiOmHe speMH 3anep2KKH 1 WHPHHY "sopoT.., 1 pacnan 

MIOOHOB H TeJJeCHbdl: yron neTeKTOpa 9JleKTpOHOB. YKa38HHbie OWH6KH SIBJlHIOTCSI CTaH-

napTHbiMH CTaTHCTH'leCKHMif OTKJJOHeHHSIMH. 

- --------------
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4. CpasHeH!fe TeopHH c onbrTOM 

3HaH Be.TII!'-IHHbl ~ a f, MO)KHO OnpenenHTb CTeneHb nonHpH3aUHif ?-
:vw:::~ouos, uanpHMep 1 rryTeM cpaBHeHH.H c aCHMMeTpHeii: 1 Ha6monaeMOH npH pacnane 

-1' 
// -\!P30l!OB 1 eCJlH npennonO)KifTb1 "'TO / -pacrran HHBapHaHTeH no OTHOWeHHIO 

¥ COBMOCTHO~IY npeo6pa30BaHHIO lfHBepCUH npOCTpaHCTBeHHhlX KOOpLlHHaT If 3ap.HLlOBOro 

COllpH/KeHH5l, l lpH Bb!IIOJ1HeH!flf 8TOrO Tpe6oBaHH.H nerKO ITOKa3aTb
1 

"'TO HMeeT MeCTO 

COOT!lOilleHH e; 

(I3) 

I'JIE' .!Z !1 j/_ - CTeneHH ITOJ1SipH3aUHif 1 a If 0- KOacj:Jcj:)lfU!feHTbl aCHMMeTpliH B 

rrpOHHTerpHpOBBHHhlX ITO 3HeprHH n03HTpOHOB (aneKTpOHOB) yrnOBhlX pacnpeneneHHSIX 

C/-! (~ t11:f t9 7' 
COOTBeTCTBeHHO LlJ1SI J""'' - If,// Me30HOB, Vfa COOTHOWeHHSI j--+ 

( 13) cne;:ryeT, Y:TO rryTeM Cp8BHeHHSI BeJ11f"'HH a If t 
flO.'H1pi!.3Blll!ll, KaK cnenyeT lf3 Ta6nHUbl II, sen!f'ilfHbl a 

M'l)KHO CpaBHHBaTb CTeiTeHH 

nnH rpacj:JHTa 1 napa-

:jll!HB, HO.illlTeHa 1 BOLlbl, MarHHSI 1 Cepb! 1 UlfHKa 1 KaLlMHSI If CBHHUa nony"!HJ1HCb OLllfHaKOBb!Mif 

B rrpenenax CTBTHCT!f"'eCKHX OWH60K, CTeneHb nonSipH3aU!flf 1 HaiineHH8SI 113 BeJ11f"'HH a 
~-li f, .[lOCTHraeT BeJlH"'HHbl rropHnKa 17%. HeaaBHCHMOCTb OT ,if senH"'HH a&/ t 

Ll!1H .1- ~ h , a T8K)Ke HX a6COJ110THble 3H8"!eHHSI H8XOLlHTCSI B XOpOWeM COrnaCHif C · 

(8-9) 
TeopeTH"'eCKHMH pac"!eTaMH 1 y"'HTbiBBIOWHMH TOJ1bKO MexaHH3M a) 

1 
H He cornacyiOT-

( 10) 
CH C BHBJlOf'HY:HblMH Bbl"'HCJ1eHHSIMH • 3TH CjJ8KTbl 1 a T8K)Ke COBITBLleHHSI "'aCTOT npe-

ueCCHI1 CHIIH8 3THX Me30aTOMOB If CnHH8 "CB060LlHOro* MIOOHa CBHLleTeJlbCTBYIOT 0 TOM
1 

'-!To MexaHn3M JJ:erronHpnaaunH r) oTcyTcTsyeT. DnH Toro, 'IT06br aTo noHSITb
1 

pace MoT

PH!\! BHaY:ane cnyqaii 1 Korna MeaoaTOMbi o6paayiOTCH s MeTannax. MeTannLI
1 

BKJ110"185l 

H rpacjmT, B rrepBOM rrpn6J1H)KeHHH MO)KHO p8CCM8TpHBBTb KaK COBOKYITHOCTb HOHOB
1 

no

rpy)KeHHblX s aneKTpoHHbiH raa. EcnM MeT ann rrpHHanne)KHT K rpyrrne 2), ero HOHbi 

JIHWeHbl MarHHTHOrO MOMeHTa, noaTOMy, BepOSITH0 1 "'TO npH o6p830BBHHH Me30aTOMOB 

BCJ1e)lCTBHe TO ro 1 "'TO Bpe~ )Kif3HH B036y)K)leHHOro COCTOSIHHH 8J1eKTpOHHOH 

o6ono'-!Kif ropaano MeHbWe '-!eM speMSI rrepeopHeHTaUHH 
+/ 
~ CnlfH8 MIOOH8 s ee Mar-

HHTHOM none, 3J1eKTpOHHOe COCTOSIH!fe HOH8 1 B KOHe"!HOM HTOre
1 

He HapywaeTCSI
1 

a HOHH-

38UHSI BTOMOB COITpOB0)KLl8eTCSI J1HWb HCITyCKBHHeM KOJ1J1eKTHBif3HpOB8HHb!X 8J1eKTpOHOB 

nposonaMOCTH. B non bay Toro 1 '-ITO rrpu o6paaosaHHif MeaoaTOMOB B BbrweyKaaaHHbiX 

lv!GTannax rpyiiiTbl 2) 3J1eKTpOHHbiH napaMarHeTH3M He B03HHKBGT CBHLleTenbCTByeT 

11 paseHcTBo senlf'IHH f nn.H 8THX MeTannoa H runpMna rrannanH.H .?~6 
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~H8SI K8pTHH8 6yneT npH o6p830B8HHH Me308TOMOB B nH9JleKTpHK8X 1 rne ~>;>t~ 
Y Me3oaTOMOB yrnepona B napacPHHe H nonHTeHe, a TaK:>Ke KHcnopona a aone, H y 

cepb! 1 MeX8HH3M nenonSipH38UHH r) MO:>KeT OTCYTCTBOB8Tb no nsyM npHqHH8M. Bo-

nepBbiX 1 9TO MO:>KeT 6biTb B cnyqae, ecm1 Me308TOMbl SIBJ1SIIOTCSI OTpHU8TeJ1bHb!MH HO

H8MH1 HMeiOIUHMH 9J1eKTpOHHYIO KOHcPHryp8UHIO HCXOnHbiX 8TOMOBo Bo-BTOpbiX 0 B03MO:>KHOI 

qTo o6pa30B8HHe Me308TOMOB CBSI38HO r. HapymeHHeM 9J1eKTpOHHOA o6onoqKH HCXOnHb!X 

(9) 
8TOMOB. Torna, cornacHo , 9neKTpoHHhiA MOMeHT 6yneT a..cyTCTBOB8Tb, ecnH HMeeT 

MecTo ero nonHaSI KoMneucauHR non nei!:cTBHeM cocenHHX aToMoB. TonbKO nanbHeAlllHe 

HCCnenoB8HHSI noMoryT naTb OTBeT H8 BOnpoC 0 TOM 1 K8KOe H3 nByX 9THX npenno

JlO:>KeHHA SIBJ1HeTCH Bn)H~M. 

Pe3ynhT8Tbi onhiTOB c rrannanHeM H rHnpHnoM rrannanHH ?~c uerrocpen-

CTBeHHO CBHneTeJ1bCTBYIOT 0 TOM 1 qTo B nannanHH nerronHpH38UHSI MIOOHOB I1pOHCXOnHT 

3a cqeT MexaHH3MOB a) H r). .[leil:cTBHTenbHO, fiOHhi aToro nepexonuoro MeT anna 

HMeiOT M8rHHTHbiA MOMeHT 1 o6ycnOBJ1eHHbiA 9J1eKTpOH8MH BHyTpeHHHX M8rHHT08KTHBHbiX 

1/t{ -o6onoqeK. B coenHHeHHH /~ C , KBK CBHneTenbCTayeT paaeHCTBO H3MeoeH

HbiX aenHqHH ;· nm1 rpacPHTa, nonHTeHa H napacPHHa, BJ1HHHHe Bonopona Ha npouecc 

nenonHpH38UHH He CK83blB8eTCSI. 

PaBeHCTBO enHHHue BenHqHH j( nnR nepexonH:hrx MeTannoB xpoMa H MOJ1H6-

neua rpynrrhr 3), a TaK:>Ke HX coananeuHe Me:>Kny co6oil: Mo:>KeT 6hiTh B nByx cnyqaRx, 

ecnH: 

1) HMeeT MeCTO I10J1H8SI neiiOJ1HpH38UHSI Me30HOB B T8KHX BeiUeCTB8X1 H 

2) rrapaMarHeTH3M Me308TOMOB o6yCJ10BJ1eH M8rHHTHblM!I MOMeHT8MH 9J1eKTpOHHOA 

o6onoqKH H MIOOH8o 

B cnyqae 9THX MeTannoB KOHTponbHbril: onhrT, uenocpencTaeuuo nonTaep:>KnaiOIUHA 

HanH'iHe sneKTpOHHoro napaMarueTHSMa, auanorHqHbiil: orr.i>rTy c nannanHeM, K co-

:lK8J1eHHI0 1 Bb!I10JlHHTb HeJ1b3SI 0 n pHql1rl8 COCTOHT B TOM1 'iTO II pH paCTBOpeHHH Bonopona 

B 9TH X MeTannax, 1HnpHnbi He o6pasyiOTCSI. Tpy nHO ce6e npencT8BHTbo qT06hr B OTHo

WeHHH npouecca nenonRpH38UHH MIOOHOB MeTannbr xpoM a MonH6neu qeM-nH6o cyme

CTBeHHo OTJ1H'i8JlHCb OT BbillleyK838HHbiX BeiUeCTB rpynn 1) H 2) • .[leACTBHTeJ1bH01 K8K 

H3BeCTH01 BepOSITHOCTb o6pa30B8HHSI Me30TOMOB p8BH8 enHHHue. 3neMeHTbi a H ~ 
T8K:>Ke H8 80-90% COCTOSIT H3 8TOMOB C HyneBhiMH RnepHbiMH CI1HH8MHo .Hnpa 9THX 

8TOMOB He 06nanaiOT K8KHMH-nH60 CBOACTB8MH, KOTOpbie MOrJ1H 6b! noaneqb 38 C060A 

"'"-

f 

t. 

.... 

~-
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IT011HyiO nerr011SipH3aUHIO MIOOHOB. CnenoB&Te1lbHO, cyi.UeCTBOBaHHe B Me308TOM8X C 

TaKHMH ;t HHbiX MexaHH3MOB nen011SipH38UHH, KpOMe MeX8HH3Ma a) Ma1lOBepOSITH0 0 

EnHHCTBeHHo, 'leM t! a ~ OT11R'I&IOTCSI oT Bbilllenepe'lacneHHbiX aemecTB , TaK aTo 

TeM, 'ITO aTOMbl HX HMeiOT He.llOCTpoeiiBble BHyTpeHHHe 060110'1ICH. f1oaTOMY 1 peay1lbT&

Tbl OITbiTOB C fJA' H ;9~6 C 601lbWO. BepOSITHOCTbiO CBHlleTe1lbCTBYIOT 0 TOM 1 

'ITO H B cnyqae ~ H ~ 1 HOHbl KOTOpbiX HMeiOT OT1IH'IHbi:l!: OT HY11SI M&rHBTHbiA MO

MeHT, o6yC110B1leHHbi:l!: 91leKTpOHaMH ck- H . ¥d' - o60110'Ielt1 COOTBeTCTBeHH01 Mbl 

HMeeM neno H C MexaHH3MOM nen011Sip.H3aUHH r) • 

Pe3y1lbT8Tbl OITbiTOB C BOJibClJpaMOM 38C11YJKHB8IOT Oco6oro BHHMaHHSI1 ITOCKOJlbKY 

B OTJlH'IHe OT fJt:l 1 Ct. H ...Vo B011b<j:lpaM HMeeT Me30aTOMbl C ne¢opMHpOBaHHbiMH 

HnpaMH. EcnH npaBH1lbHO npennonoJKeHHe o CBSI3H Ha6nronaeMo:l!: "nenongpaaauaa"Mro

OHOB C KBanpyn01lbHO:l!: ne¢opM8UHe:l!: Hnpa, TO COrnaCHO TeopeTH'IeCKHM npencJta38HHHM 

MeJKny aenH'IHHaMH &o nnH yrnepona H aonb¢paMa nonJKHO 6biTb cnenyromee cooT-

HOllleHHe (a; /P ;:: ~ y /a; C • f1pB 9TOM 'laCTOTa npeueCCHH B MarHHTHOM no-

ne CITHHa Me30aTOMOB BOJib<j:lpaMa llOJlJKHa COBnan&Tb C 'laCTOTO:l!: npeneCCHH CITHHa 

"cao6onHoro" MIOOHa. I-1cnonb3yH 

JleKaaaTb, 'ITO cnyqa:l!: §~/' 
uopManbHbi:l!: aaKOH pacnpeneneHHH 

= ~ vJ..q OTBepraeTCSI, TaK KaK 

OlllH60~, MOJKHO 

.f UJ--¥ < 6 ""&/' 
C BepOSITHOCTbiO 70%. 3TO 06CTOSITeJ1bCTBO CBBlleTeJlbCTByeT 0 TOM 1 'ITO H8611IOll8eMyiO 

Ha OITbiTe "nOJIHyiO" neiT011SipH38UHIO MIOPHOB TpynHO 06'bHCHHTb T01lbKO- B3aHMOne:l!:CTBB-

eM MIOOHa c "nec}JopMauHe:l!:" Hnpa. PeaynbTBTbi onbiTOB nnH ,?./ 1 L1, H ~ -C 

601lblllO:l!: BepOSITHOCTbiO CBHneTe1lbCTBYIOT B IT01lb3y TOro, 'ITO B cnyqae B011bCPp8Ma1 

Mbl HMeeM ne110 1 ITOMHMO MexaHH3MOB nenOJISipH3aUHH a) H B), TBKJKe H C MeXaHH3MOM 

r). 3necb He06JWllHM0 38MeTHTb1 'ITO HeCMOTpSI Ha TO• 'ITO 8TOMbl MeTaJ1118 B011bCPp8Ma 

HMeiOT O'leHb M81lbl:l!: ac}Jc}JeKTHBHbi:l!: MarHHTHbi:l!: MOMeHT1 B 9THX OITbiT8X OH MOJKeT npog

BHTbCSI BC1lenCTBHe llOCTaTO'IHO BbiCOKO:l!: 'IYBCTBHTe1lbHOCTH MeTona HCC1lellOBaHHSI 0 .Qet=

CTBHTeJ1bH01 MIOOHbl HMeiOT MarHHTHbi:l!: MOMeHT Ha ITOpSillOK 60J1bi.Ie HnepHoro MarHeTOH81 

-10 
a apeMH nepeaopoTa cn.HHa MJeoHa B none o6ono'IKH MeaoaToMa (..., 10 ceK) Ha MHoro 

nopHnKOB MeHbllle ero apeMeHH JKH3HH. QqeaHnHo• nnH Toro, 'IT06bi BbillleyKaaaHIIble 

BbiBOllbi cnenaTb 6onee onpeneneHHbiMH,Heo6xonHMO Ha6nronaTb eme uenocpencTaeHHO 

KpHBbie npeueCCHH CITHHOB Me308TOMOB a H ;r· 
F:'aCCMOTpHM Tenepb pe3y1lbTaTbl OITbiTOB ll11SI B9I.UeCTB 1 8T0Mbl KOTOpbiX HMeiOT 

HnepHbie CITHHbl J OT11H'IHbie OT HY11Sie 

---
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B onhr Tax c cpoccpopoM netl:cTBHTenbHO Ha6mo.nanacb npeueccHSI MeaoaTOMOB 1 Meao

SILl PO ( CHCTeMa MffiOH-SI.UpO) KOTOpb!X H8XO.UHTCSI B COCTOSIHHH 
r (22) 

r = 1 • 3TOT cP8KT 

npSIMO f'OIDpHT B nonb3y T0f'0 1 "'TO B T8KHX Me308TOM8X H8pSI.UY C MeX8HH3MOM .neno

nSipH38UHH 8) cyweCTByeT If MeX8HH3M 6) • 

B onhlTax c *R.UKHM aonopo.noM 
(20) (22) 

H aniOMHHReM He 6binO o6Hapy*eHO 

38BHCHMOCTH CKOpOCTH C"'eTa aneKTpOHOB OT TOKa H8M8f'HH"'HB8IOIUeil: K8TyWKH. Bcne.n

$11 

CTBHe TOf'0 1 "'TO Ha6niO.naeM8Sl H8 Oflb!Te C aniOMHHH.eM KpRB8SI npeueCCHH npe.ncTaBnSieT 

peaynbT8T cynepl103HUHH KpRBb!X npeueCCHH MIOOHOB 1 H8XO,USIIUHXCSI B COCTOSIHHSIX CBepx

TOHKOil: cTpyKTyphr F =.:! H /" = ~, HHTepnpeTHpoaaTb nony"'eHHYIO KpHByiO oKaaa

nocb HeB03MO*HhiM. npOR3Be.[leM Cp8BHeHHe H3MepeHHb!X BenR"'HH C npe.UCK838HHblMH 

TeopeTH"'eCKH. 

Ha OCHOB8HHH CK838HH0f'O B H8"18ne 9TOf'O naparpaclJa MO*HO O*Rll8Tb1 'iTO B Ta

KHX BeiUeCTB8X1 K8K *H.UKRil: BO.U0pO.U 1 cpoccpop H aniOMHHHH 1 BnHSIHRe aneKTpOHHOH 

o6onO"'KH 8TOMOB Ha .nenonSipH38UHIO Me30HOB 6y.neT OTCyTCTBOB8Tbe npH OTCyTCToHH 

MeX8HH3M8 f' ), COf'n8CHO TeopeTH"'eCKHM 11pe.UCK838HHSIM ( 13-15 ), Me*.UY BenH"'HH8MH a 
.nnSI yrnepo.na 1 ¢occpopa 1 aniOMHHHSI H so.nopo.na .non*Hbi 6hiTb cne.nyiOruHe cooTHowe-

HHSI: 

?~H -= ~ = 1 a 
( 10) 

COrnaCHO npe.UCK838HHSIM 

a aae:::: ftJ~, 

r2N-= fZp == f de . 

Vicnonb3YSI HOpManbHblH 38KOH pacnpe.neneHHSl OWH60K1 MO*HO 110K838Tb1 "'TO CJ1Y"'8H 

tbt-=~ OTBepraeTCSI 1 T8K K8K Ok..::: ft2p c sepoSITHOCT.biO 99%. Cny"'ail: C/d::: {Clc-
He npOTHBOpe"'RT 9KCI1EpRMeHTY 1 HO COf'n8CHO 9KCI1epHMeHT8nbHb!M .[l8HHblM 1 BepOSITHOCTb 

Toro, "'TO tld > .£ tfc- • !)8BHa 5%, a aepoSirHOCTb Toro, "'TO Oa-L ~ j 4~ 
pasHa 39%,. BenH"'HHbi OTHOWeHail: tf; 6hmH npoaHanHaHpoaaHbi no KpHTepHIO J~ 
rpaHHUbl 9TOf'O OTHOWeHHSlf HMeiOIUHe BepOSITHOCTb 1% ( UHcPpbl 6ea CK060K) H 5% 

( UHcPpb! B CK06K8X) 1 TIOJly"'aiOTCSl CJle.UylOIUHMH: 

1,2 ( 1,4) 

0,6 (0.7) 

(13,0) 3,7 .nnSI cny"'aSI 

( 1.5) 1,8 .nnSI cny"'aSI 

~=,{de 

~ = Cle. 
~ 

KaK BR.UHo, 9KCnepHMeHTanbHOe 3H8"1eHHe BenH"'HHbl ~ 

a,= t C/c, cornacyeTCSI c TeopeTa"'eCKH o*H.naeMbiM B cny"'ae 

BHe O.[lHOTipOUeHTHblX rpaHRU .UnSI Cny"'aSI ~ = ~ • 

=1,8, xopowo 

, a ne*HT 

~ 

" 

.... .... 

·"' 
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l-1cnonb3ySI TOT cPaKT 1 'ITO COOTHOlleHHe ~ = tlc, npOTHBOpe'IHT aKcnepHMeH-

Ty 1 a COOTHOWeHHSI ~ = .: t:lc H 44£ ::' /-clc. He npOTHBOpe'laT OllbiTHbiM 

naHHblM 1 MO)KHO CKa3aTb1 'ITO pe3y.'lbTaTbi H3MepeHHH He npOTHBOpe'IaT TeopeTHl.JeCKHM _ 

(13-15) (10) 
npencKa3aP.:ii:SIM 1 HO npOTHBOpe'I8T pe3y.'lbTaTaM pa60Tbl • 3TO 06CTOSITenbCTBO 

CBHneTe.'lhCTByeT H 0 TOM 1 'ITO npH HCllO.'lb30BaHHH B Kal.JeCTBe MHWeHH nopOWKa Kpac

HOrO cpoccilopa sepoSITHOCTh nepexona IVte30Ha c sepxHero ypoBHSI csepXTOHKoif CTPYKTYPbi 

(16) ~ 
Ha HH)KHHH SIB.'lSieTCSI Manoif .nocKOJihKY aKcnepHMeHT8JlbHOe 3H8'leHHe BeJ1Hl.JHHl>l Clp 

ne)KHT BHe OnHorrpoueHTHbiX rpaHHU nnH cny'i8SI ~ = ft!lc I MO)KHO Cl.JHT8Tb1 'iTO 

B3aHMOneifCTBHe CBepXTOHKOH CTpyKTypbl nJIH /--Me30HOB 1 HaxOnSilllHXCH B HIOKHHX 

B036y)KneHHblX COCTOSIHHSIX Me308TOMOB 1 no-sHnHMOMy 1 SIB.'lSieTCSI HeCylUeCTBeHHblM 

no cpasHeHHJO c B38HMoneifcTBHeM Ha K-op6HTe. l-1, HaKOHeu1 T01 'ITO t2,y-"" ~ c 

sepoHTHOCTIO 99% rosopHT B nonh3Y Toro, 'ITO Ha6nJOnaeMyio Ha onbiTe nonHyJO nenonSI

pH38UHIO /--Me30HOB B )KHnKOM Bonopone He.'lb3SI 06'bSICHHTb neifCTBHeM TO.TlbKO Mexa-

HH3MOB a) H 6); nnH aToro Heo6xonHMO npHBne'lb nononHHTenhHbiif MexaHH3M. Mexa-

( 17) 
Hlf3M IIO.TlHOH nenOJIS!pH38UHH 6bi.T1 06bHCHeH B pa6oTe 1 rne 6bi.T10 llOKa38H0 1 'ITO 

OCHOBHYIO p0J1b npH aTOM Hrp8eT p8CCeSIHHe HeifTp8.'lbHOrO Me308TOM8 BOnopona Ha 

npoToHe /.J't''"H)t< H 7 ,(;/l'fij.,-/1' • npH aTOM p8CCeHHHH npoHcxonHT c 60.TlbWHM 

:ac};tfleKTHBHbiM Ce'leHHeM nepexon / -Me30H8 K npyroMy npOTO:iy C onHOBpeMeHHbiM 

nepexonoM Me308TOM8 Bonopona B HH)!(Hee COCTOSIHHe CBepXTOHKOH CTpyKTypblo fin8ro-

~ 9 -1 
n8p5I TOMY 1 'ITO BepOSITHOCTb aTHX nepeCKOKOB B )KHnKOM Bonopone ( 10 CeK ) H8 

6 
TpH nopSinKa npeBbiiU8eT sepoHTHOCTh p8crr8n8 Me30H8 ( 0,5•1 0 ceK) Me3onpoToHa 1 

38 BpeMSI )KH3Hif / -Me30Ha Me30npOTOHbl llO.TlHOCTbiO nepeifnyT B OCHOBHOe COCTOSI

HHe CBepXTOHKOil: CTpyKTypbi 1 pe3y.TlhT8TOM 'lero 6yneT IIO.'lHaSI nerr011SipH38UHSI. 

AsTOp C'lHT8eT CBOHM nonroM no6n8ron8pHTb .H.6.3enhnOBH'l8, c.c.repw.TeAHa, 

VI.C.ill8nHp0 1 3.VI.Jlo1lliHCKOr0 1 n.Jl.6noxHHUeB8 1 D. cp .38peuKoro 38 MHOrO'lHC.TleHHbie 

nncKyCCHH .H pHn UeHHblX 3aMetfBHHHo 

PyKonHCh nocTynHna B H3n8TenbcKnA oTnen 

20 HJOnSI 1960 rona. 

---
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