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BBe'AeHHe 

B mrnape 1986 r. Kap.JI AJieKc MlalrJiep H HoxaHH .!VKoP.IOK Ee,rmopu, 
_coTpy,nlill.KH HayTIHo-HcCJie'AOBaTeJII>cKoro ceKTopa. cpHPMH " IBM ", o6Hapy
lKF!Jill nOJillJleHHe cBepxnpo~ocTH B coe,ll;IDlemm 6q- Lct - Cu- 0. npH 
TeMIIepaTypax Hltllte 35K / • 3To OTKpHTHe, aBTOPH KOToporo 6wm y~oc- · 
TO8HH Ho6eJieBCKOil npeMim no qllISHKe sa 1987 r0'A, IlOCJIYE:WIO TOJITIKOM K 
6ecnpeue'AeHTHOMY B3PHBY HayTIHoil aKTHBHOCTH B o6JiaCTH HCCJI8'AOBaHHll 
OKCH.WJIDC cBepxnpOBO,nlillKOB. Pemal()ll\Hit ITpopHB B o6JiaCTb TeMIIepaTyp 
CBepxnpoBO.wml6I'O ITepexo~a Bl:lllle 77K - TeMIIepaocypH KIDI8HWI l!GI,Il;KOI'O. 
asoTa 6wr c'AeJiaH rpyrmott IIayJIJI Tfy - coTpy,ItHIU(aMli•TexaccKoro a Alla-
6aMcKoro YlJHB8pCRT8TOB,KOTOPH8,ITOJIY<m7IH B Jil!Bape 19,7 rD'Aa B coe,u;H
Hemm: Y- 5q- U<- 0 TeMIIepaTypy ITepexo'Aa oKoJio 90K 2/. 0 ITepBIDC 
pesyJII>TaTaX pa3B8PHYBIIIHXCJI nmpoKOMaCWTa6HIDC HCCJI8'AOBamill OKCH,Il;lillX 
cBepxrrpoBO,nlillKOB coo6maJIOCI, Ha 3iCe,Il;arum AMepHKaHCKOI'O cpH3H'l8CKOI'O 
o6mecT:sa I8 MaPTa 1987 r. (cM /~) H Ha HaytIHoil.cecc:im OT'AeJieHHil 
AH CCCP 26 MapTa 1987 r. (CM./ ). OTKpHTHe HOBIDC CO8,ll;HH8Hllll T:mra 
Bi.- Sr--Cq-(u-0 o TeMIIepaTypoii ITepexo,Il;a I05K - I25K ITOCJie'AOBaJio B Jill

:sape 1988 r. / 5/, o TieM coo6otaJioc1, HeCKOJII>.KHMli rpyrmaM1I Ha MelK,IlYHa
po,wioii KOHcpepeHD;mi ITO BiiCOKOT8MII8pa;lrlIM CBepxnpoBO,nlillKaM B liHTep-
JiaKeHe (IJIBeRIJ/;lpnll) B MaIJT8 1988 r. • B STOM HOBOM K1Iacce OKCH.WJIDC 
CBepxnpoBO,nlillKOB OTCYTCTBYJOT pe,Il;KOS8MeJII,HH8 HORR, a HX CBOi!CTBa Bii
I'O,w!O OTJIH'la!OTCJI OT HTTPH8BIDC CO8,ll;HH8HHH 60Jiee BHCOKOH ycToit<nmocTI>IO 
K BO3~ei!CTBHIO BH8IIIH0ll cpe,Il;l:l. Mo,mo ~aTb, TITO ,Ii;aJil,Hefumrti ITOHCK coe
,ll;IDleHHtt B STOM K1Iacce OKCH,Il;lillX CBepxrrpoBO.I(HHKOB ITpHBe,Il;eT K HOBIIM 
OTKpHTRlIM H CO3~aHIDO BHCOKOTeMIIepaTypHHX CBepxrrpoBO,nlillKOB(BTCII)c 
Y.Il:O6HllMH ,nJI.!I TeXHHTieCKOro IlPHM0H8HIDI rrapaMeTpaMH. 

CTOJib saMeTHHe ycneXl'! B pa3BHTHli HCCJI8,Il;OBaHI'Iil no cpl'ISHKe BTCII 
Ill)HBJI8RJIH BHHMaHl'le IIIHPOKOro Kpyra qll'ISHKOB - SKCil8pl!MeHTaTOp0B H 
TeopeTHKOB, a TaIOKe XHMHKOB, MaT8pHaJIOBe~oB. B HaCTOJllltp!X JieKlllUIX, npo
'll'ITaHHIDC aBTOpoM B mmape -MaPTe 1988 r. B na6opaTOplm TeOpeTH'!eCKOH 
qlil:SHim OWJH, C,Il;eJiaHa ITOIIHTKa HSJIOJltlITI, OOHOBHHe pesyJibTaTii HCCJie~oBa
:imii BTCII B ~OC'cyIIllOit ,nJI.!I nmpoKOI'O Kpyra tmTaTeJieit qx>pMe C Y1!8TOM 
MaTepE:aJIOB, orry6JillKOBIDUUlX B 1989 r. ABTOP He npeTeH,IJ:yeT Ha IlOJI-
HOTy H CTp0I'OCTb H3JIOllt8J;Im{ saTpoHYTWC BOllpocoB, a mrrHpoBamte JlllTepa
TY.PH HOCHT cy61>eltTHBHLttt xapaKTep. EOJiee IlO,IUX>6HYIO mlqx>pMamno o pa3BH
Tlm HCCJI8,Ii;OBallltil: ITO qlil:SHK8 BTCII tmTaT8JII, MOJlt8T HailTH B TPJ~ax M8ll,lzylia-
P0:itHHX KOHipepe~, llp0XO.u;HBIImX B TpHecTe (l'tl01Ib l'f''} r.)/7/, KlioTO 

(a:arycT 1987 r .• ) 81, · HHTep.JiaKeHe (MaPT I988 r.) 6 , . CTeH<lioiui;e 
(Jm11I, 1989 r.>79{ . ,!J;y6H8 (:rmm, 1989 r.)110{: a B MOHOr~wu: '/II,l2/. 
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JieRIJ;Im HaTIID!aIOTCJI C ormcamm: CTPYKTypll RSB8CTHUX BTCII (§ 1) • 

OrpyKTy!)Hlle n aHTH/J)eppoMB.rHHTHlle qiasoBue rrepexo,nu B coe,I(llHeHIDIX 

La- S<"-w.- 0 paccMoTpeHU B § 2 {]), a B coe:mmemmx Ha 6ase Y'- 6q-Ut- D-
B § 2 (2). TepMo,r.timru.mti:ecKHe CBOiiCTBa BTCII ( TSIIJIOSMKOCTl,, KpRTH'll:SCKHe 

IIOJISI),paccMOTPSHll B §.3, SJI8ItTpoHHUe CBO:llCTBa (rrpoBO,JUIMOCTl>, OIITnti:ec

Kll:8'. H ql()TOSMll:CCHOHHlle CII8ItTpll, RSMepeHHe llle.Jm) - B § 4. PesyJI1>TaTU 

rro ncCJiep;o:samm .I(llHaMIDOI pemeTKH npe.n;CTaBJieHU B §•5. Teol)RlI BTCII o6cyJK
.n;aeTCJI B,§ 6 0 

§'I. OrpyKTypa 

MeTo.n;u CHHT8SHpoBaHRR: BllCOKOTeMIIepaTyp!lUX CBepxnpoBO.n;HHKOB Ha 
0CHOB8 0KHCJIOB M8.n;H Tl@a lq '1. Cu o., H r 6a.z. ~ 0" ormcar..H }3 pa:,TI;e 

pa6oT (CM., H8IIJ)m,!ep /!3-IG,6-9/) •. Han60Jiee rrpocToii M8TO,ll; COCTOHT B 

cneKaHHH nopoWKoB c no6,e~ OTlK1u·oM B aTMocqiepe KRCJiopo.n;a. Ha 
J)Hc.1, BSJITOM HS pa60TU I3 t IIpe,ll;CTaBJieHa qJaSOBaJl .n;narpaMMa C08,I(llHS

HWI Y~ &:l-C«- 0 , IIOJIYti:aeMoro HS 0KHCJIOB (l{ 0 , Ba O (wm ~ C' <'.?3 ) 

H Y2 03 • B SamtCHMOCTH OT npou.eHTHoro co.n;epJ£alilllt .Hcxo.n;runc KOMIIo- · 

H8HT MOlKHO IlOJIY'll:HTl, H8CKOJil>K0 YCTO:llti:HBUX coe,I(llHeHRii, ·OTMetJ:eHHUX KBa.n;

paTHRaMI!, a coe,I(llHeHRe. Y BQi_ ~ 06,5', KOTopoe IIOCJie COOTBSTCTBYI<l.llero' 

OTl!G!ra B KHCJiopo.n;e cTaHoBHTcsr cBepxnpoBo~ (Y &?.z. 0.13 O.,~i , S <QS), 

y_,o.._o,,'.••···+·~~ 

,06.5 : • 
• 0 

"°s' . 
Beto 

· Pnc. I. , 
~soBaJI .n;HarpaMMa c~e,I(llHe~I3/ 

OTM8'!8HO SB83,ll;O'IKO:ll. MHoroqiasHUe 

coe.I(llHeHHSI, He 06Jia.n;aJ0111He M8TaJI

JIHtJ:ecKoit IIpoBO,JUIMOCTl>IO, OTMetJ:eHU 

K.PYJKKaM!l, a IIOKaSUBaIOllll'I8 CBepx

npoBO.ltllllll[e CBOilCTBa - TpeyroJil>HR

KaMH. BoSHl'!KaIOllll'Ie IlpH 3TOMKpHC

TaJIJIH'll:8CKlI8 CTpy!tTypu MOJKHO xa
paKT8J)HSOBaT1,_cnoco60M ynaKOBKH 

. OKTaS,Iij)OB Cu 06 , PI YIIOPff,ll;O'IeH

HOit 7rcTeMoii KHCJIOpo.n;HUX BaKaH-:

cd , I4/. 06111asi: 4lOPMYJia STHX' 

coe.I(llHemm sarmcUBaeTcsr B'BlU(e 

( Ln~-x MKJn+1 f4 11 03n+1-~, 

Y6qCuO. . , . 
r.n;e Ln - TpeXBaJieHTH'wi pe~oseMeJil>Hldi HOH (:wm Y ), . M - p;BYX

BaJieH~HH:ll 111eJiotJ:HoseMeJI1>Hllii HOH {Ba I s~, [Q ).1Illc.no IL110CR0CT8il Z3 CBSl3aH

HHX. MffllJIY co6oil 061!lHMK liOHa!im :tmc.nopop;a 0RT83,lij)OB Cf.I. o, 0IIp8,ll;8JUJ.8T- •, .. 

CJI BeJmtJ:m!Oil . Tl, = I,2, • • • •. . • Il,PH n.. ,;. I ZM88M CJl0RCTYJ) nepoBCRHT

HYIO CTPYWJ!YPY k'2 Ni, F~ · , a IIPH n ➔· oo IIOJIYtJ:aeM KY6nti:ecKltll nepoB-

4. 

cKRT AB 03 , r.n;e oKTaa.n;pu B06 HMSIOT o6uni:e noHU KHCJiopo.n;a BO 

Bcex Tpex HanpaBJiemmx. · 'lfuCJio BaKaHCHil KHCJiopo.n;a orrpe.n;e.mreTCJI BeJIR

tJ:UHOii m • KOTOpaH xapa!tTepHsyeT KpaTHOCTl, KOOp,I(llHamnt Me.n;H. IIoc-

KOJil>KY Me.n;1, rroMHMo 6- KpaTHOii KOOp.I(llHamnt Cu Oi; JierKo ;L(orrycKaeT 

4- ( Cu O,,) H 5- ( Cu Os) KpaTHlle KOOp,I(llHan;mt, TO BOSHl'!KaeT 

60JibWOS '!HCJIO .n;eq)HU11THUX ITO rotcnopo.n;y rrepoBCKHTOIIo.n;o6HUX CTpyKTyp. 

O6Uti:HO Me.n;1, B 3THX coe,I(llHeRIDDC HaxO.n;HTCJI B COCTOmum C BaJISHTHOCTl>ID 

2 ~ tr ~ 2,4, TaK 'ITO 'IUCJIO· rvt OKaSUBaeTCJI CMSaHHUM c KOH-

ij(}HTJ)aUl1Sii X .n:BYXBaJieHTHUX HOHOB M • Ha pHc. 2, B3JlTOM HS 

/!4/, IIpHBe.n;eHo HeCKOJil>KO BOSMOlKHUX CTPYKTYP, a B Ta6JI. I - BeJIHtJ:UHa 

&qxp8KTUBHOit BaJieHTHOCTH Merr✓ U TeMIIepaTypa CBepXIIpOBO.n;mllero IIe

pexo.n;a B aTHX coe,I(llHemmx I • 

Ta6JIRu,a l 
~KTnBHaH BaRSHTHOCTl> M8.n;H U T~ 

Coe.n;HHeHRe 

lq,., Ba C4 5 013 
Laz. Sr u.i. z. 06.! 

Lq s Sf" Cur, 01s 

La 1.f.5 S,0 .,5 Cu o,, 
r Bq2 CLt~ o 6., 

Y Baz. c.uj 01.0 

\r 

2,4 

2,2 

2,17 

2,15 

2,13 

2,33 

Tc ,K 

-: 5 
< 5 

< 5 
40 
60 
93 

KaR BlfWIO, He cymecTByer IIp!IMOH H O.n;HOSHatJ:Hoii CMSH MSJK,ey CT'fIYKTypoii, 

BaJISHTH0CTbIO M8.n;H n CBepxIIpoBO,ll;lil[(I!Ml'l- CBOitCTBaMH STHX C08,IUIB8Hnii. 

3TOT o6uni:ii: BblBO,ll; IIO,ll;TBSplK,ll;aeTCH B HOBOM K/Iacce BTCII, r.n;e pe~K038-

MeJil>Hll8 HOHhI l n saMeHeHu Ha TpeXBaJieHTHUe HOHU Bi wrn T { / 5~ 
n CTPYKTYpa, nocTpoeHHaH HS rmpar.m,n Cu 05 , HMeeT CJiolKHuit xapaK

Tep. 

PaccMOTJlHM 60Jiee rro.n;po6Ho CTPYRTYPY coe,I(llHeHl'!it Lq1 _ x M, Cu Oi,. ~ 
/ L. MC O), r.n;e M:: Sr, Bq, Cq. B TeTparoHaJibHOii qiase 

aTH coe,I(llHeHHSI HMeIOT CTPYRTYPY TPIIIa 1<2 Ni F',, , rrp. rp. I¼/mmm 
( Di,4 H ), KOTopaH IIOKaSaHa Ha pnc. 3 .IT)IJI M"' /3Q , X = o,1J;7( 

CTPYKTypHUe napaMeTpU rrpn KOMHaTHOit T8MIIepaType: at = 3,7873(1) A, 
. Ct = 13,2883 (3) A , paccTOJlllllH c Li - O I B IIJIOCKOCTH -

0 O 

I,8936 (1) A , H Cll - 0 2 B,ll;ORl> OCH z - 2,428(2) A • O6-
pa111a10T Ha ce6H BHUMaHRe 60RblIIHS aHUSOTpOIIHUe T8IIJIOBUe <paKTopu ,IT)IJI 

ROH0B O l H O 2, 

Ilpn .n;ocTaTotJ:no Hn3Ko:ll TeMIIeparrype T < T<t ( ,r) aTo coe.n;HHeHl'!e 

nepexo.n;HT B OPTOpoM6H'lecKyro qiasy, rrp. rp. Cm c Q ( 1)2 ~ 18) , c y.n;BoeHHeM 
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I 

I 

La4 8aCu5 013 

YBa2Cu3O7 

(,/:; r.t-J 
~ 
ff 
J!l!s, 
ff 
J!l!s, 

La2SrCu20 6 

~ 

~
~ 

~
~ 

~ 
Pile. 2. 

CTPYKTYpa coe,ItIDieHHii 

La5 s, cu6 0 15 

La 1.a5 Sr0_15 Cu04 

~ 
~ 

-~ 

~ 

( l . M ).. '· 0 /tit/ 
flt-X Y h-t1 l,,{,li, !f • 

6' 

~9la 
5°· . -~•· . I 

~ i 
<b@r/--0 l_ La(Ba\ 

02 
01 

9/ · .. , 

~Cu 

Pnc. 3 • 
CTpyK'eypa Lq M, CuO /I?/ 

.2-X X 'r , 

o6'LeMa ITTefuru. IlpmmTllBHYIO .fI'IeiiKy OPTOpoM6ntJ:eCKOil: qla3H MOJKHO IIO

JIY'lllTl> ll3 TeTparoHMl>HOli, nponsBOM y,103oeHHe . IIJIOll\8.Il;l'I" . B 
6asncnoii IIJIOCKOCTR: Cl0 ::<. 60 ~a/2. CTpy~~r.e napaMeTpH B OPTopgM6n-
tJ:ecKoii qiaae npn KJMH8THOil TeMTiepaTyp~ : ao = 5,3562(1) /1, 
60 z 5,3990?) t, 

1 
Co = 13,1669(2) A • KaK IlOK831iB8IOT HeiiTpoHHHe 

ncCJie,noBaHIDI IBJ, CTPYKTYPHHii qiasoBHii nepexo.n 1>4/2 11 ➔ ])2 1, 
18 

.. 

o6ycJioBJieH mn.nencarmeit MfII'KOii Mo.nu B TO'llie X Ha rpaHnue soHH 
.13pMJIIOSH8, cBf.i:saHHciii C BpameHJieM OKTaS,npoB Cu O 6 BOKpyr OCH (110] 
(Mll~i10]). Ilpn STOM nponcxo,nnT IlOBOpoT OKTas.npoB (Ha 50 npH lOK). 
6es cymecTBeHHoro nsMeneHRfI paccTommit C4 - 0 l , Cl£ - 0 2 
( ~ o,or A ) • ITo,no6Hue CTPYKTYPHHe qiasoBHe nepexo,nu, o6yCJioBJie,
HHe IlOBOpoTOM OKTas,npoB, TllIIll'lHI:I wur nepOBC~OB (CM., HaIIpnMep, · 191). 

3aBRCRMOCTl> TeMTiepaTypu CTPYKTYPHoro nepexo.na Tq(~ OT cocTaBa X 
B Lqz-y Mx Cu O'r-~ HcCJie.I(oBB,Jiac1, B Pf!,Il;e pa6oT, KaK wur coe,ItIDieHIItt c 

BQ , Ca. l 20/, TaK n S r 121- 23/. 'l'HllHtJ:HaR qiasoBwr ,nnarpaMMa saBH-." · 
CllMOCTeii TeMTiepa'eypll CTPYKTYPHOro Tq {x) • CBepxnpoBoMmero 7:: (x) 
H aHTH~ppoMaI'HHTHoro Ts ( Xl nepexo,noB wur · coe.itmreHHii(Lq1 _x Mx )1, C4 O'r-:p 
i'i}e M = l3q (cIIJiolllHHe ~) n M = Sr (nyHKTRp), noKasruia Ha 

pnc. 4, B3.IITOM ns pa6oTu 120 • ITpH ,ne:ll:cTmm BHelllliero ,naBJieHM TeMTiepa

~\ ~- (tetragonal) 

400 l \-,, 
~ • Ts !\~1/Td 

200 t \I 
(q,thorhmbi~) \ ( superconductirg l 

. magnetic) z T 
· order · ~ c 

~ .,.,,,,.r--,- ?• - Hm •= ~----

0 o o.os. 0.10 0.15 
X 

Pile. 4. 
<»830BaR ,nnarpaMMa(lq1-x 11x}i ¼ o,,_:,

M = B Q - ( CIIJIOlllliaR ~) I 
M = Sr - (nyHKTHP) 20 • 

Typa nepexo.na T,t ( x) IlOHHll;8eTCJI R . 
OPTOPOM6HtJ:eCKaR-~qJa3a RCtJ:e3aeT npn 
,naBJieHR!DC 60JI1>me KpnTHtJ:ecKoro Pc 
(HarrpnMep, Pc.· : 15: K6ap_ ~

2 X = O,I2 B Ulz-K S'f'x Cu O.t 4.f. 
3aBHCllMOCTI, IlOCTOmun.rx: pemeTKH OT 

• ,n;aBJiemm: npn KoMHaTno:ll: Te~epa'eype 
wur KepaMHtJ:ecKoro.o6paslJl:l. · 
fo 2 _-,; S'('x Ut O,, 

Ha pnc.51251. 
llOK83aHa 

.13oJiee ,neTaJII,HllS RCCJIS,ll;OBaHM coe-
,nRHeHIDI Lq 2 C« Ot,-'J,-_ noKasHBaroT, 
'ITO. npn TeMTiepa'eype f ~ 36K B08MO
~eH eme o,nRH CTPYKTYPHHii nepexo.n 
c otJ:eHl> ne60JI:blllllM H3M9~e~eM 067,e
Ma, J trj'lf" ::::_ 3 • I0,;_'6 / 26/ • KaK 

06HapyJKl1Ba!OT T1IlaTeJI1>HHe ,nnqipa'KimoHHHe ll3Mepemm:, npn Hll3.KIIX TeM11epa
~½.B08MOlKHO TaKXte IlOHBJie~e MOHOKJIRHH9ii q>a3H (CM. o6cylE,I(eHRe B 

BeJIRtJ:RHa TeMTiepaTypu cBepxnpoBoMmero nepexo,n;a Tc ( x} npn 
X :> O,I5 88BllCllT_ OT npnroTOBJiemm o6pa~IJl:l,.· B O,ll;HOqla3HOM o6pasne 
7; (x) . 6HCTpo Ila,I(aeT C poCTOM X H npn X = 0,3 o6p81Il88TCJI 

B HOJII, 1271_ 0,D;Hoil: H3 npH'mH TaKOro IlOBe;n;eHM MOXeT 6HTI, 6UCTpHii pocT 
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· .t :--·•-... •-... ---,.~. . 
-3.7 Sr )•~ 
-< (La0_9 0.1 2 ;;; 13.3 .... 
z 

~ i°l" .-513.2. ~-'t 

~ •"'-•~"C w • 
u . 
~13.1 • 

_. . . . 
13.0L 

!'He. 5. 
3aBneHMOeTb rroeTOmlllllX pemeT-
Kll OT ,naMelU!lI B 

Lo. 1.S S-.0.2 U(. Ot,-'J /25/. 

3.55 

CJ - • • u 
3.50~~·.-••-l• 

. . • .. 
o· 40 80 

PRESSURE ( kbar) 

' 2.00 

>, 1.95 
0 
C: as a. 1.90 ::J 
0 
0 
0 

I 
j 
j 

Cl) 1.85 -·u; 
'r-

0 1.80 

1.75 .. 

0.0 0.2 0.4 0.6 0.8 

x in La2_xSr xCuO4_Y 

!'He. 6. . 
3anOJIHe:ime rros1nm:il: OI B sa:imeHMOeTR OT X 6 Lqz-y St;, Cu o't-~ /2?/. 

8 

naKaaemt KlICJiopo~a OI B 6asncaofr•wroeKocTH e poeToM x. Ha pne. 6 
IIOKa3aHa sanne:m.ioeTb cpe~ero 1Il!CJia· 38IIOJil!8HlllI II03llll;IIH OI OT KOH-
'neHTpamm x B Lq2_x Sry Ctt Ot,-j-, YBemI'!e:ime tmCJia Ba~~e:d 
KliCJIOpo~a MOlK8T IIpl!BO~Tb K YM8Hblll8Hlll0 KOHUSHTpamm aoenTeJie.ii B 
sTOM•eoe~eHllll n rro~aBJiemno cnepxrrpono~ocTn. · 

HcCJie~OBaHll!O CTPYKTYPH COe,IJ;mJe~- Y B'q,z Cu 3 0 l-~ ('<BC o) 
IIOCBJmleHO 60J!blli08 'illCJ!O pa60T ( cri. 27 ) • Him60Jiee HHTepecHHe pe3yJI1,
T8TH IIOJIY'l8HH M8TO~OM ~(jJpaKmm HeiiTpoHOB, KOTOPHH II03BOJIJieT TII18T8JI:&
HO neCJie~OBaTb MaJIHe llCKalK8HlllI eTPYKTYPH, Bl,13BaHHHe BaKaHe:ruu,m Kl!e-
JIOpo~a. 8To coe~e:ime rrpn ':J = 0 HaxO,!UiTCSl B OPTOp0M6n'leCKOi1 
(j)ase, rrp. rp. Pmlll1>1{D2

11.). IlpIDimT,BHr SI'leiiKa C0~8pJKHT o~y tpopMYJII,H,YIO 
e~uy, KaK rroKa3aHo Ha pnc.? 27 • BaKaaenn KHCJiopo~a s~eer, yrropsi:
~o'leHH, 'ITO rrpl!BO~T K o6pa30BaHll!O ITJIOCKOeTeii ('-{ 2. - 0 2,03 n ne
ITO'l8K C u 1 - Ot' C08,ll;llll8HHlrx: OOIIll!M l!OHOM 04. BoJir,11me T8IIJIOBH8 iliaKTOPH 
,IT)llI l!OHOB Kl!CJIOpo~a OI,04 CBH,ll;8T8JII,CTBYIOT/O CHJII,HQM aHrapMOHll3M8 nx 
KOJie6aHni1. CorJiaCHO ~aHHHM, IIOJIY'l8HHHM D 28/ M8TO~OM ~(j)pam:m:n HeiiT-
poHOD c nucoKHM pasperueHHeM Ha rropomKe Y B a2 Cu~ 01-~ (.IT)llI 

'J- =;°~09 n O,I4), TeIIJionue qiaKTopH .IT)llI noHoBOI-(KoTopHe
0
.to6os-

Ha'leHH B 2 / KaK O 4 ) HMeJOT rrpn f = 270K 3H8'!8HlllI ( B A ) : 

y 

03 

1l 
ctLJi 

a 

. !'He. 7 •. 
CTPYKTYpa Y B--1 .2. Lµ 3 0 1 
B OpTOp0M6ll'!8CKO' qi830 

PmM M / 2? • · 

-Cu2 

1311 ~ 2,24, B.22. = 0,29, 6y, = 0,98, 
r~e B11 3H8'll!T8JibHO rrpeBHm~eT 
ll30Tpomrne T8IIJIOBH8 (jJaKTOPH ,IT)llI oc
T8JlbHllX l!OHOD: B [ 0 L,) = 0, 75, 

B{o2.) = o,62, s(o?:>) · =·o,64. 
3~ecr, T81IJIOOOe (jJaKTOPH orrpe~eJieHH 
COrJI8CHO COOTHOIIl8HlllIM: ll30Tp0IlHH8 
-t,,., expi_,.. B(si11 2 e/.>.2

) .), 

8Hll30TPOITHHe 
f ~ e x p { - ( h 2 a~ 2 B11 f- k 2 6", e 5 22 + 

+ t 2 c*~ B->_,)). 
IIpn aToM ~aJKe, rrpn T = 5K B11 = 0,94 
COXpaHSI8T 60JIJ,lllQ8 3,a'leHne. B CBR3H 
c 3THM B pa66Te 128 6wra paecMoTpeHa 
TpK!Ce M0~8Jlb pa3yno~O'l0HHHX IlOJIO
~eHmt llOHa 0!-ITO ;rr;BYM Il03llll;IISIM, C;rr;Bli
HYTl:lM OTHOCHT8JII,HO oen nerrO'IKH 
Ha"± O,I A rreprre~eymipHo K Hett 
n~oJib ocn ct ·• B sToii Mo~eJIH H30Tporr
HHi1 T8IIJIODOH qi8KTOp .IT)llI HOHa 01 ,IT)llI 

;rr;BYX II03llll;Hi1 Ilp:mmMaeT HOPMaJ!J,HOe 
sHa'leHne: 8(01) = 0,62 -;- 0,35 
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( T ~ 270 "7'" 5 K COOTBeTCTBeHHO). 0CTaJII,Hlie CTPYKTYPHlle rra
paMeTpu HMelOT CJia6ue.aHOMaJilm B6JIH8H 90K" 240K, KOTopue OTMe'!aJIHCI,, 
H B pime ,m,ymx pa6oT (c,. 1arrpHMep 129 ), H MOcyT 6UTI, CM8allll, 
KaK rrpe,ItIIOJiaraJOT 8BTOPli 2~, C yrropsi;u;oti:eHHeM HOHOB or ITO Yita3aHH!lM 
lI:fJYM II08mi;imM. IIpmie;n:eM ocHOBHlle CTPY,iP.Hlie rrapaMeTpu WI.f! Y.&\/,q3 00_j1 

IIPH T = 95K, ITOJIYtieHHUe B . 2 7: ITOCTO.a:HHlie pemeTKlf ( g A°): 
a = 3,8099(r), g = 3,8789(IJ, C = II,6425(3), 

,u;nmu cMaett ( ~ A} : C<d- 01 = I,94I; CU 1.- O'r~ I,957; Cql- 02,= 
-= I,925; Ccdl- 03~I,957; Cul-04:::: 2,277. KaK Blf.ItHO, wnrnu cBS:aeit 

Cu. - 0 MS! 6JI1DKanmmc tJ:8Tl:lpeX HOHOB KlfCJiopo;n:a ItaK B IIJIOCKOCTH 
CU.9.- 0 2,0 3, TSK H B U8ITO'lRaX Cu1 - OI ITPJiMepHO O,ItllHaKOBli H COOT-

B8TCTBY:BJT ,u;nmaM cMaett B IIJIOCROcTH , Cu O. WI.f! coe,It11HeHHi1 l MC O • 
PaccTomme Cu i - 04 B ITHpaMH,Ite Cu O s M8HI,llle COOTBeTCTBYIOlll8I'O 
paccTomum C4 - 02 B.ztOJII, OCH ~ B L MC D , ti:To MOJKeT HrpaTI, 
orrpe;n:eJieHHYIO.pOJII, B yc:wremm CM8H MeJK.ItY IIJiocKocTm.m Cu O · B \'BCD 
coe,ItllHeHRRX H rroBlillleHIDI Tc OTHOCHTeJI1,Ho l MC O coe,It11HeHHH, 

BaJKHoil: oco6eHHOCTI,IO coe,It11HeHHH Y Bq,!/!1.3 o.,~} HBJllleTCH CTPYKTYPHI:tlt 
ql880Bliil: rrepexo;n: l'l8 OPTOpoM6HtJ:eCKO:ii ql88ll B TeTparoHaJII,HYIO, rrp. rp. 
P1t/rn rn l\'1 · , ITPH HarpeBaHHH Bl:lllle '700°c. IIpH Harpe:BaHmt Blillle 400°c 

co;n:epJKaHHe KlfCJiopo;n:a B o6paaue Ha100IaeT yMeH1,marocH aa cti:eT o6paaoBa-
HHH BaRaHCR:ii Ha IT08HIJ;IDIX OI B;D;OJII, uerroti:eK Cu 1 -OI. KpoMe TOI'O, 
rrpoHCXO;n:l'IT ITOCT8IT8HHOe 88ITOJIHeHHe IT08HIUiiJ: ( I/2 10, 0) sa CtJ:eT BWCO,Ita ! 

KlfCJiopo;n:a or c rro3HIUiil: (O,I/2,0). B pesyJI1,TaTe rrp' 'J-- I 0,5 B08HHitaeT · 
paayrropimoti:eHHaH.CTPYKTYpa, ITOita8aHHa.fI Ha PHO. 8 29 ,2'7. 3aBHCHMOCTI, 

y 

a 
4 
p1 

"C. b 

/ 
::--.a 

111::;1= u1 

PHc. 8. · 
CTpyKTYpa Y {3q 2 (CJ 3 0 r 1. B TeTparOJII,-
HOtt qiase P4/rn tl1 M 2 /. 10 

nocTO.RHHIDC pemeTRH H cpe;n:Hero 
tJ:llCJia 88ITOJIH8HHH IT08HIUiiJ: (0, 
I/2,0) n (I/2,0,0) OT TeMITepa- . 
TYPll HarpeBaHHH B 8TMOCgJepe 7:' 

l)J1CJIOpo,n;a IlORa8aHa Ha PHO. 9 ·) 
129 ,2'7/ .PesyJII,T8Tll HCCJie;n:oBaHM : 

TeTparoHaJII,Hofi qiasu Y5a/LJ
3 

OG_2;, 
MeTO,ItOM .zti!~paRIUilI 1 

Hei1:TpoHOB.H8 MOHOKPHCTm, 
rrpe;n:cTaBJiellll B pa6oTe 30 • 

Ilo;n: ;n:eitcTBHeM BHelllHero ;n:aB
Jiemm TeMITepaTypa rrepexo;n:a HS 
opTopoM6mrecKoit qiasII B TeTparo
HaJII,HYIQ ITOHIDKaeTC.fI! HaIIPJiMep, 
rrpH 'cf = O,I TeMITepaTypa IIepe
xo;n:a Tc:1 = 840K rrpH HopMaJIIiHOM 
;n:aBJieHHH YM8HI,lll88TC.fr ;n:o 1'4 ='770K 

3.92,-------------

3,90 

.g 3 .•• 

., 
'M 3.88 

~ 
0 3.84 

3.82 

~ 
;/ 

0 

3.80 I , , • 
,oo 500 soo 100 eoo eoo 1000 

Q Quench Temperature (Cl 

PHc. 9. 

~o--------

l,' 

o.e 

o.a 

a 0.1 
a. 8 0.6 

0 0.5 
.!! 
ii> 0.4 

~ 0.3 
.Q 
O 0.2 

~ 0.1 

o.o 
·0.1+--r-~~~~-~-..-~-r-~-i 

'B 
•oo fi00 soo 100 eoo aoo 1000 

Quench Temperature (Cl 

TeMITepaTYpaaH aaBHCHMOCTI, rrapaMeTpoB pemeTKR (a) H 
sarro.mieHWI II08HIUiit (O,I/2,0) n (I/2, 0,0) (B) 6 Y&!/uJ o.,_(27

/. 

n 520K ITPH ;n;aBJieHHH p = I,4 H 6,6 ma COOTBeTCTBeHHO / 3I/_ OTieBil,I(
HO, '!To BHelllHee ClltaTne crroco6cTByeT 60Jiee 6ucTpo~ pasyrropimoti:emno 
HOHOB OI IIO ;n:BYM ll08HlllI.fIM (0,I/2,0) H (I/2,0,0). 

3aBHCHMOCTI, ITOCTO.RHHIDC perueTKlf OT ;n:aBJiemm B K8paM!ili8CKOM 06-
~,~e Y6a

2 
w~ 01- ~ ITPH KOMHaTHOfi TeMITepaType rroKaaaHa Ha PHO• 

IlY 25/. Cm!MaeMOCTI, B,ItOJII, ocen Q H C OK881:lBa8TCH O,ItllHaKOBOit: 

(1/q 0 )(cfo/Jp),,, (1/c 0 )(dc/Jpj ~ 3·fo-4(1/i<Sap) I / H Blillle CJm

MaeMOCTH B Lqf.8 slo.i U-t Ot, • IlPH 8TOM aBTOPli 
25 

OTMetJ:aIOT, '!TO 
;n:aBJieHHe CYllleCTBeHHo rroBl:llll8eT Tc. B LS CO coe,ItllHeHHHX, B To. 
BpeMH itaK B Y 5 C O coe,ItllHeHRRX · Tc. JIHlilI, oTieHI, CJia6o aaBHCHT 

oT ;n:aBJiemm. 
IlPH yBeJIHTieHHH tJ:HCJia 'Ra'°KR:ii KlfCJiopo;n:a TeMI!epaTYpa cBepxnpoBo

~ero IIepexo;n:a rroHHJKBeTCH 32 • Ha PHO• II rrpe;n:cTaBJieHll 8,BHCHMOCTH 
Tc ( LJ-) H B8JIHtJ:HHl:l corrpoTHBJieHM f ( 'J-) B HOpM8JII,HOii 4)888 

32
/ • YMeHI,-

llleHHe 'r:: MOlKHO CBH8aTI, C yMeHI,llleHHeM tJ:HCJia HOCHTeneit B coe,ItllHeHHH 
YB C O c POCTOM tJ:HCJia BaRaHCHii: Kl'ICnopo,ua, TaK lKe , KaK H B coe;n:n-

HeHHH L S CO ( cM. PHO. 6). 4'cCJie;n:0BaHHe rrpoBO;n:l'IMOCTH B YB C 0 
OT co;n:epJKaHHH KlfCJIOpO;n:a B 133,3 ITOK881:lBaeT, 'ITO IIPH 7 -J R;- 6,44 
IIpOHCXO;n:HT rrepexo;n: M0T8JIJI-;itRSJI8ltTPllR Tmia AH;n:epcoHa C IIO,l1Hlil4 IIO.UaBJI0-
HHeM CBepxnpOBO;n:l'IMOCTH. B6JIH8H 8T0li lite KOHueHTpaIUIH BaRaHCRll rrpoHC
XO)tRT H rrepexo;n: H8 OPTOPOM6HtJ:eCKOii B TeTparoHSJII,Hyro qiaay. O;n:HaKO 
CBepxrrpoBO;n:l'IMOCTI, MOJ!teT Ha6.mo;n:aTI,C.fI H B TeTparoHaJII,HOit qiaae (rrpH J < 

<' O, 5) , KO To py10 MoJKHo cTa6wm:aHpOBaTI, aaMeHoii C lt. Ha 4-;- 5 % Fe • 
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C I 

1.00 
0 ilJ' 

PRESSURE ( kbar) 

PHc. IO. 

00 

B pa6oTe / 35/ Ha6JDO,n;aJIOCJ, 
IIJiaBHOe yMeH1,me1lle Tc c 
pocTOM KOHU8HTpamm Fe B 
TeTparoHaJI1,Hoi1 qiase (npII 
't % Fe 7;_ = 39K) , ~o 

YKa3b!Ba8T Ha B03MOJKHOCTJ, CBepx
npoBO.n;HMOCTll B TeTparoHaJIJ,HOH 
qiase. II0,n;o6H1,1e '1te pesyJI1,TaTli 
Owm ITOJIYqeHH B pa60T8 / 36/, 

r,n;e TeTparoHaJII,HaJI qiasa 
Pit /rn rn m Ha6JDO,n;aJiac1, 

BIIJIOTJ, ,n;o 4K B oopasue c sa

Mel!lelilleM 5 % U{ Ha Fe II 
T G = ?8K. Ilpl! 3TOM 3JI8KT

poHHaJI ,Il;ll/ppa.KJ.um C B1:ilCOKlIM pa3-
pellI8lill8M OOHapylKHJia, O,n;HaKo, 
MlIK.PO.D:OM8Hli opTopoM6n:qecKoft 
qiasu c pasMepaMH 20 .;. 30 l . 
KaK OTM8~JIOCJ, B pa6oTe / 371, 
,Il;OM8HH T8TpaI'OHaJil:,HOi1 qiasu coc
TaBa. '( {3q2. '0.f J O 6 , COOTB8T-

CTBYIOIIl8I'O IlOJIHOM,Y y,n;aJieHmO KllC
JIOpo,n;a.c nosIIu;mi: OI Ha ~notmaX, 

3aBIICHMOCTJ, nocTOJIHHIDC perueT1'2g7 MoryT Ha6Jiro,n;aT1,CJI II B oPTopoM6II-
,n;aBJiemm B Y5G12 Cu3 01-:r • qecKoft qiase Y Ba.!. U/J O;-~ 

} < 0,5). TaKoe IlOCTeneHHoe YM8HJ,lll8ID!:8 oo~eMa OPTOPOM6nqecKoi1 
qia3li C POCTOM } MOJK8T nplIBO,n;HTJ, K OoJiee wraBHOM,Y, qeM Ha pllc. II, 
YM8HJ,llI8lilllO Tc • BeCJ,Ma CJ!OlKHOe ynoPH,B;oqelille BaKaHCllH KHCJiopo,n;a npll 

'} z O,I5 (lIJIH, COOTB8TCTB8HHO, lIOHOB KHMOpo,n;a nplI 3§ ~ 0,85) Ha 
Il03lUlliffX OI B IIJIOCKOCTlI ( OOI) 6wro 06HapyxeHO B pa6oTe / /. C IlOMOIIU,IO 
.n;Hqqiy3HOI'O paccemum 3J!eKTpoHOB 6wro IlOKa3aHO, ~o BaKaHCIIH( lIOHU) 
KHCJIOpo,n;a oopasyIOT CBepxpellleTey c pasMepaMII 2.fi:ct X :l.tt a , KOTOpaJI 
B03lillKa8T IlplI y,n;aJieHlIH Kal!t,ll;OI'O qeTB8PTOI'O aTOMa 0! C KalK,ll;Oi1 BTOpoft 
~no~ Cu 1 - 01 ( CM. pn:c. ?) • II,PlI 1 = 0 ,5 BaKaHClill 38IlOJIH/IIOT 
KaJK,cylO BTOPYIO ~noqey, TaK, qTo B03HllKa8T CBepxpemeTKa d. X !l_ Q • 

IIo,n;o6Hoe ynopimoqelille BaKaHCU MOJK8T o6MCHJ!TJ, CT-yll8H~Tlifi XO,ll; saBII-

.Q,HMOCTlI Tc OT 'J- Ha pl!C. II. • 
IIepexo,n; n:s opTopoM6mecKoi1 qias1,1 B·TeTparoHaJI1,ey10 Ha6JIIO,n;aeTCJI TaK

xe npl! saMeie~ 13a Ha pe,n;KoseMeJIJ,HHe IIOHH Re= Nd, Sm 1 EL{, G-c{, 
J? 'a- 39 • HcCJie,n;oBalille coe,n;HHellli1 Re { {jq 1- '1: Re K) Cl(~ 0 1-:, 

12 

100 

80 

g 

~ 60 
ii! e 
z 
0 

E 40 

I 
20 

8a 2 YCu 30, 

6 ( X ( 7 

10i 

C: 
8 s ,_ 
6 !:: 

> ;:: 

4 ~ 
"' 2 1-: 
"' 

PHc. II, 

3aBllClIMOCTJ, TeM1IepaTyp1,1 
nepexo,n;a Tc lI conpoTIIBJie
mm npll KOMHaTHOH TeMllepa-
Type p RT OT co,n;eplltaHlVJ 
KHCJiopo,n;a X & Y/3a

2 
Cu~ Ox 132( 

0'--'---'--'--i-'--___..__,__--'-_..___..,___.o 
7.0 6.8 6.6 6.4 62 6.0 

OXYGEN CONTENT x 

3.99 11.85 

3.97 11.80 

3.95 11.75 -<C 3.93 - -11.70 
<C 

.0 
cu 3.91 -11.65 (,) 

3.89 11.60 

3.87 ~ 11.55 

3.85 L...-.........,_~__,_~_.__,___.._ _ _,____, 11.50 
0.0 0.1 0.2 0.3 0.4 0.5 . 

X 
Puc. I2. 

IIapaMeTpu pellleTKH B coe~elilllill Ne/ {8~2-x NJ x) Ll{:., 07_1.., 
B 38Bl!ClIMOCTll OT X / 39/. u 
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3aBHCHMOCTl> ~ ( X') 
PRc. I3. 

B coe,nm1eruwc Re (Bq2_x: Rt7.()Ct.,~ o1_(39/. 

npH O ~ X ~ 0,5 lt0.Ka3W389T, "iTO B saBHCHMOCTH OT pa.JnrYC8 pe,nK039-

M8Jil>HOr0' HOHa HM88TCJi onpe,neJieHHM o6JiaCTI, KOHneHTpau;mi .x t llPlI KO

TOp:WC cymecTByeT O,nHOq>a3rutll TBep,I(ltlt paCTBOp. Ha PHO. I2 ripe,ncTaBJieHa 

saBHCHMOCTI> rrocTOIDUUDC pemeTrot ·a , 6 H c · oT KOHnBHTpanmi: X 
lI)ui. It!</ (Ba2-t told") (l('!> 01-~ , a H' ~,c. I3 - saBHCHMOCTI> Tc. OT X 
l1,1U{ .Pff,l]:a pe,n.K038M8JII,HIDC HOHOB 3 • IlO"iTH'yHHBepcam,HaH saBHCHMOCTI, 

T'- (x) , nOJIY"ieHHrui: B aTHX coe,nm1eruwc, y.KasliB8eT Ha CJ1a6y10 tzyBCT-

BHTeJII>HocTI> CBepxIIpOBOWID1ero nepexo,na K nOJmJiemno MaI'HRTHlDC MOM8HTOB 

Ha ysnax P->Q IIJ)l'l 30M91119HHH ero pe,nK03eMeJII>lWM HOHOM. OTMOHeHHe OT 

aToil YHHBBPCBJII>Hott saBHcHMocTH l1,1U{ D'iJ- , qd npn x> .o,3 11 Lq 
IIPH X / 0,2 CBR:3aHo C T8M,' "iTO B aTmc MY"ialIX o6pasyeTCJi MHoroqias

HaR: CHCTeMa: HaltpHMep, B MY"iae 1) lJ, llOMHMO CBepxnpOBOWill18I'O coe,mt-

H8JilL!i '1> 'J- Bqz. U,f~ 0 "l- t,i c pocTOI\J · X ltOJIB1IJllOTCJi HeCBepxnpoBO,Itli-

llW9 ql83& l>j z Bq Ut Os 11 Cu O . / 391. 
Ilepexo,n l'I3 T8TJ)fir0H8JII,HO:il: ql83U P'r / m 1>1 l')'J B OPTOpoM6H"ieCicy!O 

p "1 M m np11 YllO.Pff,ll:O"ieHHH HOHOB KHCJIOpo,na B,nOJII> neno"ieK C LI 1- D 1 
no OCH g llpnBO,It,tT K ,nBO:il:HHKOBaHm) KPHCTaJIJia lI o6pa3oBaHHIO CHC

T8MU ,noMeHOB THII8 (IIO)/Cif0) 1401. HcCJie,noBaHRfl c ltOMOmI>IO MeK'l'poH

HO:il: MHKpOCKOIOOI BUCOKoro paspememm 06Hapy;mBaIOT 60JII>mOe 'tll!CJ!O ,npyrroc 

. HapymeHH:11 KJ)l'lCT8JIJIH"i8CROtt CTPYK'l'YPH: HepaBHOMepHoe pacnpe,neJieHH8 KHO-

14 

_ nopo,na c o6pasoBaHH8M o6JiacTeii: cocTaBa Y Ba2 Cu 3 03 (npH 

nOJmJielllill TeTpaa,npoB C4 06 B nJioc1t0cTmc Cu 02 ) H o6JiacTeil c He

,nocTaTKOM IWCJiopo,na 'J .::: 1 , a TaKllte o6JiacTeil c KaTHOBJWM 1ecno~-

KOM: C,nBHI'OM WIOCKOCT8H Y H 8 Q B,nOJII, OCH C H )U). 4I,3 • 

Bee 8TH ,neqieKTH CTPYKTYPli RM8DT 60JII>m08 BJIIDIHHe Ha cpli3H"i8C.IGI8 CBOilCT-

B8 coe,u;m1eHH:ii Y 8 C O • • · 

B saMIO"ieHHe aToro pas,neJia o6cy,n:a:M CTPYKTYPY HOBOI'O RJiacca/TCII 

Ha OCHO'e Bi H T f_ , H8 co,nep.'XmllBI'O pe,n.K038MeJII,HUX: HOHOB/6 • B 

pa6oTe 421 6WI HCCJ!8,ItOBaH MOHOKJ)l'lCTaJIJI COCTaBa Bi. 2,2 s r2 CQ o, g O 8+ !, 
c TetmepaTypoil nepexo,na Tc. = 84 K. Ha Jll'!C. I4 a· 

ll0Ka38Ha CTPYKTypa 8TOro coe,nm1emm: C OPTOPOM6B"i80KOi .f.£'!8HKOH C 

napaMeTpaMH C{ = 5,4I4 A0 , 6 = 5,418 A0 H_ c = 30,89 A0 

(np. rp. F ni rn fl1 ) , KOTOpaJI CO'A8plltHT Ol1.lfY qx>p!',\YJIJ'>HYID e.nmnrny 

Bi
2 

S""2. Ca C42 Og (Bl./2112.). KaK H coe,nm1eHHe YBCO, 
aJieMeHTapHruI .fl"i8H.Ka ltOCTpoeHa H8 IIHpaMH,n Cu O 5 ( C paccTOJllm8M 

C4 - OI B WIOCKOCTll ~ I,9 A0 H Cu.. - 02 B,nOJII> OCH~ 

~2,2 A0 ), pas,neJieHill.DC l'IOHaMH C Q ( BM9CTO Y B Y BC O ). O,n-

H8KO B OTJIHlllle OT Y BC O B aTOM coe,nm1emm: HBT neno"ieR w. - 0 
- HX poJlI, Blilt~8T ,nBOHHO:ii CJI0:£1 Bi 2 02 co CTpyl(TYpo:ii KaM8HHOii: 

COJIH. B pa6oTe 43/ B Ka"i8CTB8 OCHOBHOH B 8TOM coe,u;m1ewm Bli6npaeT-

cm TeTparoHaJII>HruI MeMeHTapm111 .II'!eiiKa (np.rp. 1 't I rn fYI /'YI . ) c napa-

MeTpaMH C-lt "' Gt = 3,8I4 A0 , Ct = 30,52 A0 , CBR:38HlilOOI c 

napaMeTpaMH OPTOpoM6Htzecxoii .!I'letllm cooTHomeIDliIMH: a * b ~ Clt v.i. • 
llOMHMO opTopoM6lfCiecKOI'O HCKallteHBJI 8TO:ii nceB,ItOT8TparoHaJil>HOR OTPYRTYPH 

H86~aeTCJi Ta!Olte Hecopa3MepHWI MO,I(YJIJID;wl c H860Jil,IIIO:ii aMl1JIHTy,no:ii, no-

BlJ.IJ;HMO~, B CJioe 8 i 2 0 2. • ITPH OTRJIOHeHHR OT cTeXHOMBT.Pl'IH noHH 

B i MoryT 3aHRMaTI> nosHinm Ca , "iTO npHBO.nHT Taltllte K onpe,neJieH-

HOt\Y HC.Krult8IIHID OTPYRTYpli. KaTHOHHliil 6eCIIO.Pff,ll:OK, B03HH.Kallll1Iii llpH 38M8-

H8 Ca Ha Sr , sHa"ilITeJII>Ho M8Hl,lll8 HcruutaeT CTPYKTYPY BBR.lcr 6Jm

socTH me HOHIWX P8.JnrYCOB. 

lloMHMo ql83li Bi/ 22!2 c 'f c. = 85 K B MHOI'Oql83HHX o6pas-
~ Ha6.lll:J'A8JIHCI> CKa'iKH conpoTHBJiemm: npn T-= IO0 -;- II0 K, KOTopue 

Cmf'A8T~CTBOBaJ.W O CYlllBC'l'BOBaHHH .iwyrroc ql83 C 60Jiee BliOOKOit 'f c . 

142 •43 • ,llam,Hei!mltll: 8HaJllI3 IIO.Ka3aJI, "iTO B03MOll!HO cyI!l8CTBOBaHHe CTPYK

TYP C 60JU,IIIRM "ilICJIOM WIOCKOCT8il ( u 0 2 , pa3,n8JI8HHHX HOHaMII C Cl , C 

o6me:ii qx>p!',\YJ!Oft Az Bz CQh-1 Cull. 04+.!ln,,, r,ne A= Bil re 
8 = 5<', Bq (CM. HBilJll'!Mep/129/_ .H ~THpoBaHHYJ) TaM JllITBpaTy-

py). Ha ,PHO. I4 6 llpl!Be,neHli 8TB H,n88JIB3BpoBaHHUe CTPYKTYPli 'A1I.fl 
T(z. Ba2.CC<.11-1 Cun o'r-f-.1ti.. II.PH rt-= I,2,3 IIO pa60T8 /!296/. 

B OTJlll'iH8 OT C'l'py KTYPli 8 i / 2212 B C08,1Ulll8H.WDC T f /22!2 Impar..m;o;a 

C £{ 0 5 l!OKalteHa 3Ha'll!T8Jil>HO CH.lll,H88: paccTomme C4 - 01 B IIJIOC-

ltOCTB ~ I, 92 A , a paccTomme U<. - 0 2. B,nm oc:e: :3 ~ 2, 70 J. 
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Pl!lc. I4. KpncTaJIJm'lecRWI CTPYKTY.Pa Bi 2 Sf'2 Ca Cu. .2 0 g 
Jm~pa Tf2 Ba2 C'Q n-1 u..t.11. O,rt-.b1. (6) ,wm 

,,-'.Ji S-i _}7 

~ . I 

~ 
~ 
---=?ti:~/ 
~ 
jE 

,,.-,; s-:-; }7 

ca/42/ 11: 

n. = 1,2,3 

ll.Pll 8TOM pacCTOJllmJI fl -03 B IIJIOCKOC'm -v 2, 46 X 60JU,nie paccTomudi 

·re -03 li Tt' -02 B,ltOJII, OClll z , "-' 2,03 A '11: 1,98 A COOTB8TCTBeHHo. 

IIosmneime ,IJ;OIIOJllmT8JIF,HO:lci IIJIOCKOCT:II Cll OJ!. B CTPY.KTYPS IIPlll n =3 Hecy

l!leCTBeHHo lI3MeWI8T OCHOBlllie napaMeTPll .II'le:lllm, YB8JlllltJID38JI JIJ1llib IIOCTOJlll-

HYlO B,ltOJIJ, OClt S!. : .wm CTPYKTYPll C re (np.rp. T'r/mmrn) HMeeM: 
0 . 0 0 0 

a= € = 3,855A, c =29,318 A B a=- -& = 3,850A, c =35,88 A. 
3aBllC:mMOCTJ, Tc. OT 'l:IICJia cioes rt CJI8,ItYIOOlaH: ,wll[ coe,ll;lIHeimii C Bi 
Tc. =85K( n.. =I) , 90 + !OSK( rt = 2) ., . II8 ..;. I25K ( n.· = 3); ,wm coe,ll;:II-

HelUiii c Tt : Tc.~ 22K( n. =I), 85K(n=2), IIO-;-I20K 
( rz. = 3) (CM., HanpnMep /I29 a,61. 

§ 2. AHTlI~ppor.W'HeTII8M BHCOKOT8!&IepaTYJ)IillX CBepxnpOBO~OB 

llHTepecHoii oco6eHHOCTJ,JO M8,ll;HO-OKC1I,ll;HllX CBep:xrrpOBO,ll;HlIKOB, HO

CSI!lleii ymmepca.n:r,Hllii xapaRTep, RBJD18TC/I 06Hapy,KeH1Ie B HIIX aHTIIg°)eppo

Mal'HRTHoro ynopR,D;O'l8Hlill CIIHHOB Me,IJ;K B IlJIOCKOCTRX Cl,( 0.2_ • XOTR 

,IJ;a.nI,Hliii IIOp!I,D;OK CYl!l8CTByeT JimllI, B ,IJ;K8Jl8KTPH'I8CKO:lci qiaae 8TRX coe,IJ;KHe

HIIii, r,IJ;e CBep:xrrpOBO,ll;RMOCTJ, OTCYTCTByeT, CHJII,HJ:l8 aHTHg°)eppoMal'HHTHl:le 

!©ppe.rrmnm CIIHHOB Me,IJ;K Ha6JIJo;n;aJOTC/I H B M8TaJIJIR'l8CKOii qiaae. PaCCMOTPlIM 

B CBfI3H C 8T1IM OCHOBHlie CBOil:CTBa aHTHg°)eppoMal'HlITHOil qia:3H B lQ 2 Cu oy 
H B coe,IJ;KHeHH!IX R 8q,._ C.u 3 01-';- ( R = Y, RE - pe,IJ;KoaeMeJIJ,Hllii HOH), 
,ll;OCTaTO'lHO xopomo lI3Y'l8HHHe B HaCTORl!lee BpeMll. 

16 

2. I. AHrnqieppOMaI'HliTHl:le lI CTPYKTYPHH8 !p830Bl:le rrepeXO,ll;ll 

B Lai_ c« Ot, 

06Hapy~elllie aHTllg°)eppoMaI'IDlTHOro YIIOpil,ll;O'leHHR CIOOIOB S = I/2 

Ha lloHax C ll 2-f B cocTomum 3 d 3 , :r<aK B Laz. ur Ot, , TaK 

lI s YBa.zCq3 0,-!J [:J::> 0 - 5 ) /4!11, 1IMeeT 60JI:r,moe aHa'lelllie ,wm no

lll!MaHIDI M8Xalill8MOB CBepxrrpoBO,ll;lIMOCTll B BTCII ( CM. § 6 ) • 
PaccMOTPlIM ocHOBHHe pesyJI:r,TaTu ,wm A~ -nepexo,IJ;a B Lq9 Cq O $

IIOJIY'leHHHe na OCHOBe M8TO,IJ;a paccemum T8IIJIOBl:lX HefiTpOHOB /45-48/_ Ilep

Bl:le ::JKcrrepm.feHTH / 45 • 46/ Ha rropom.Kax o6HapyJKWm Mal'IillTHllli rm:K paccen

HHR (100) ( B opTopoM6lltJ:eCKOfi ipaae), CBli,ll;8TeJibCTByIOlltID106 A~-xapaKTe

pe YIIOM,IJ;O'l8Hll:R cmmoB. Hcc/\eA OB8Hlle C IIOMOUlb!O IIOJIJipli30B8HHl:lX HeilTpo

HOB / 471 O,ll;H08H8'lHO IIO,ll;TBep,nMo MaI'HlITHllli xapaKTep paccemum li CTPYK

TYPY A<l1-t31l. nan:r,Hem-te lICCJI8,ll;OB8HIDI rJP.8Klllm llefiTpoHOB Ha MOHOKPlIC
TaJIJiaX / 7/ lI KB88lIYIIPYroro paccemum 7 II03BOJlltlm ,ll;OCT8TO'lHO IIO,ll;

po6Ho ormcaTJ, OCHOBHlle xapaKTeplICTlIKll A~ !p830BOro rrepexo,IJ;a B 8TOM 

coe,ll;ll:Hemm. 

Ha pllc. 15 / 48/ rrpe,IJ;cTaBJieHa o PTO poM61ItJ:ecKaH WiefiKa L ~ 2 Ctt O 't 
C ocmm a ' (3 ' C • HarrpaBJiemm KOTOpl:lX COOTBeTCTBYJOT HaIIpaBJieHWIM 

fI,1,0) ,[0,0,!] ll[l,-1,0J B TeTparoHaJI:r,Hofi ipaae (CM. p11:c. 3). Ilpll 

~ 
~ 
~ 

J Tc•. 

~ 

• Cu 2+ 

0 02-
G La3+ 

La2Cu04 

Plic. !5, 

KplICTaJIJmtJ:ecRWI lI MaI'HlITHasl 

CTPYKT~pa OpTOpOM6ll/~,on !p831l 
Lq
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3TOM q ~ C :::- Cl-t {i ) 6 z Cf ll: MeMeHTapHaJI 

OPTOp0M6ll:tJ:eCKa.ll Jitietl.Ka B ,IP38 pa3a 60JII,llle TeTparoHaJibHOft JI'leiiKlf. 

HanpaMe:ime ClllIHOB :, = I/2 Ha ll:OHaX C4 i. + O)Ul03Ha~o CBfI-

3aHO C. IIOBOpoTOM OKTa3.Jli)OB (((. 06 : OHll: H81Ip;lB1I0Hll B,ItOJib OCH C 
[00IJ H HMeJOT A<fl-MO,llYJUlll,IDO B,ll;OJib OCH Q . [IO0] • BeJIHtOOla MarHHT-

HOro MOMeHTa Ha y3eJI Me.Im f-L- ~ 0 • 4 fl B • AniI HOHa Me.Im B coc-

TOJDUm [4 2-1- CO CmntOM ;5 = I/2 MarHll:THHli MOMBHT ,ll;OIDKBH paBHSITb-

CR: f{='i]-$f<s = I,I4 f-{e, npn <J. = 2,28. Haomo.itaeMoe B :mcnepH-

MeHTax M0Hlilllee 3Hati:eHll:e MarHll:THOro MOMBHTa MOXeT OHTb CBfI3aHO C KBaHTO

Bm.m qinyKTya:u;wu.m H B7IHlllillBM KOBaJieHTHott CBfI3H Me.Im c HOHaMH .KHCJiopo,n;a. 

TeMIIepaTypa A<fl-nepexo,n;a T .v OKa3HBaBTCfI oti:eHn i:ryBcTBHTeJinHofi 

K KOHUBHTpamm BaKaHCH:li .KHCJiopo,n;a. KaK' H TeMIIepaTypa CTPYKTYPHOrO na

pexo,n;a Tcf. B Mo,n;eJIH H30JIJITopa MoTTa- Xa66ap,n;a MaKCll:MaJinHott TN 
H Tc( CJie,nyeT OlKl:maTb · IIPH ;reHMaJibHOM '!HCJie HOCHTeJiett (,n;J,IpOK) • Ha 

pll:C. I6 • B3HTOM H3 063opa 4 • npHBe,n;eHa 3aBHCHMOCTb TN { 'j--) . H Ti ( ';}) 
B La 2_z w Oi,-:i-, HcCJie,n;oBaJme npHMecHoii MarHHTHofi Bocnp:imwnraoc-

TH IIOKa3ImaeT, ~o B o6pa3ue HMeeTCfI HBOOJinmott ,n;eqimmT LQ • z ~ 
~0.02. B pe3yJibTaTe ti:ero MIDmMaJI!,HOe 'IHCJIO HOCHT,eJieit (,n;J,IpoK) B03HHKaeT 

IIpH ,n;e!pll:UlfTe KHCJIOpo,n;a. 'j. ~ 0,03, tJ:TO ll:06'!,HCHIIeT MaKCHMaJibHOe 3Ha

ti:e:ime TeMIIepaTypH TN H T4 npH 1 ~ 0,03 • Ile Mepe yBeJIHti:eHM 

co,n;epJKaHM KHCJiopo,n;a • ~ ➔ 0 • npoHCXO;n;HT pocT '!HCJia HOCHTeJieii (,n;J,IpoK 

Ha HOHax O - ) H no,n;aMeHHe A<fl H CTPYKTYPHOro nepexo,n;a. IDlTepecHO 

OTMeTHTb, tJ:TO BHCOKOTBMIIepaTypHaH MarHHTHaH BOCIIP:tmM'IHBOCT:& X, (T} 
( T> 600K) HMeeT pa3JIH~oe noBe,n;e~e B TeTparoHaJibH◊ii H OpTOPOMOHti:ec

KOit q>a3aX, tJ:TO CBH,n;eTeJibCTByeT O 3Ha'lll:TeJibHOM B7IRlllUra CTPYKTYPH Ha 

o6MeHHoe B3aHMo,n;eiiCTBHe CmntOB Ha Y3JI8X Me;im. Ilpll: 3TOM BeJIHtJ:HHa Mar-

,rs,◊ro MOMeHTa Ha y3eJI Me.Im, KaK noKa3HBaIDT f-1 SR - aKcnepHMeHTH 
49 , He saBHCHT o.T TeMIIepaTypu TN , T.e. BeJIH'IHHll 'j-. 3ToT 

BimO,n; He cornacyeT'CfI C pesyJibTaTaMH HeftTpOHHOii ;imippaKUlfll: Ha MOHOKPHC-

TaJIJiax / 47 / • r,n;e 6HJIH llOJIYtJ:6Hll r-,t.. ::,,- 0 ,23 f-i 8 IIPH T ,v = I50K 
H /-{. :l,, 0 • I7 ff e, npH T,v ~ 50K • 3To pasJIH'!He B oueHKe Mal'HHTHHX 

MOMBHTOB MOJKeT 61:lTb CBH3aHO C YMBHnmeHHeM OO'I,6Ma A(}-q>a3H C IIOHHllteHHeM 

TN' (poCTOM ~ ) • IIOCKOJibKY B Heii.TpOHHOl'I 3KcnepHMeHTe f-1- OUBHK-

BaeTCfI H3 HHTBHCHBHOCTH MarHll:THOro KorepeHTHOro paccemmir. 

IDlTepecHoii oco6eHHOCTbID q>830BOii ,n;narpaMMll Ha p:ac. I6 HBJIJieTCH 

noHBJieHHe q>a3H cmmoBoro cTeKJia B o6JiaCTH HH3KHX TeMIIepaTYP npH ~ < 
< O,0I , B KOTOpofi coxpaHIIeTCH A<fl 6JIHXHR:li nopir,n;oK. BOJiee ,n;eTMbHOe HC

CJie,n;oBrume JIOKaJibHHX MarHHTHHX nne~ C IIOMOUU,ID MBTO,n;a HMP Ha HOHaX 
139 .Lq B ( Lq 1_ )( Ba,)£ 0-t O,, 50 no,n;TBePJ!i,ItaeT CYilleCTBoBaHHe qiasH 

CIIHHOBoro CTeKJia (HMHtJ:He 38MOp0lKeHHllX MaI'HHTHHX IIOJieit) B o6JiaCTH KOH

IJJ;?HTpall;lm ,n;J,IPOK p =- ~ )( < 0,05 • KOTOpaH Henocpe,n;CTBeHHO nepexo;imT 

B MeTaJIJIHti:eceym CBepxnpoBO,ItRley'ID qiasy IIPH p) 0,05 (CM. PHC. I7). 
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PHc. !7. 
{l)a.3oBaJI ;imarpaMY.a , , 

/50; {La1-x Bqr)2 C,u O., , 

3TH XS P,63Y,JibTaTH ll0,ll;TB6Jllli,It8MCR: ~ HCCJIB,ll;OBaHMX C IIOMOUU,ID f{ S R -
- MeTo,n;a 7 497. 

HaH60Jiee T1ItaT8Jl!,H08 HCCJI6,I(OBaHRe C;1.filOBllX A<fJ-KoppeJimlltit B 

Lq2 Cuo 'r 6wro npoBe,n;eHo B pa6oTe 48/ c noMouu,m ynpyroro. KBa3H-

yrrpyroro H Heynpyroro pacce.fIHJUI Hefl:TpoHOB Ha 4 M OHOKPHCTaJIJiax • ,IJ;Ba 

HS KOTOpllX HMeJIH TeMIIepaTYPY A<fl-nepexo,n;a T,v = I95K H IO0K (noCJie 

oTX:ara B aTMocqiepe KHCJiopo,n;a), a .n;Ba He HMeJIH ,IJ;aJI1>Hero A<fJ-no

Pff,ll;Ka (sa ctJ:eT ITPHMece:ll: &if H Sr lt- ) • Bee o6pas:m. o6Hapy,mim 

CWibHlle M>-KOppeJUIIJ;lm ,n;ruite npH KOMHaTHOiioTeMIIepaTYpe. B tJ:HCJllX o6pas-
mx Koppe.IDIUlfOHHaH .rr.mma5MeHIIJiac1, OT 40 A ( 500K ) lJIJ 400 A (npH 

T,v ), a B npHMeCHllX KPHCTaJIJiax HMeJia IIPRMSPHO nocTOHHHoe sna-

ti:e:ime 5= 20 :- 40 A . ,llll:qxpysHoe pacceHJme, o6yCJioBJieHHoe aTHMH qinyKTy

aI(H.!IMH CIIHHa, IIOKa3HBa0T .n:BYM8PHHii xapaKTep KoppeJimlltit CllHHOB B IIJIOC

KOCTHX Cu 0 2 o oti:eHn CJia6oil aHHsoTpollll:efl: B IIJIOCKOCTH (HHTeHoHB

HOcTI> pace~ Sqq ( Qll>) ~ Sec (1/i.1 ) ,Il',Jili .n;ByxMBPHllX BOJIHOBIDC 

BeKTOpoB Q 2-1) B IIJIOCKOCTR q C ( CM. PRC. I5)). BeJIHtJ:HHa A<JJ 06MeH-

Horo B3aHMo,n;e:licTmm: ,Il',Jili 6JimKaihnmc coce,n;e:ll: (4 1+ B IIJIOCKOCTH oueHH-

BaeTCH KaK In 11 "" I03K. Clla6oe o6MeHHoe B3aHMo,n;e:licTmre J.L Mex,ny 

ITJIOCKOCTSIMH CI.I 02 IlPHBO;n;HT K ,ll;MbHeMY :3-M8PHOMY A<fl -nopir,n;ey npH 

¼, -v ~ g;J, t r,IJ;e,Y'll!THBrut IIOJIYtJ:eHHlle 3Hati:eHM ,Il',Jili ~ 2.1) (TN)~ 
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I 
·1 

2-f 
~ 10 0 ( B e.nmnru;ax paccTOJllll111 Mel!QJY 6JrmKaiimm.m coce,Itl!MR Cl/ ) , 

Haxo,ll;HM I 1. z. 0,02K. rrim ·aToM BeJ1wnn1a MaI'HllTHoro MOMeHTa Ha ySJie 
Me.n;H, O]JJ3HHBaeMaSI H3 HHTeHCHBHOCTH .n;HqlqlY3HOro pacceSIHRI!, He 38BHCHT 
OT o6pasu,a ( T,v , :wm KoHneHTpa:mm rrpHMeceil ) • 

OTJmtmTeJILHOtt oco6eHHOCTL!O KBa3:n:yrrpyroro paCCeSIHHSI HettTpoHOB 
B Lq2 CuDt, JIBJmeTCSI HaJIWm~ Bos6ylK,Il;elilrtt c BHCOKott aHep~ij,KoTopue 
MolltHo rrpe'ACTaBHTL B ~e CIIHHOBUX

0
BOJill c aHepr:n:eii W c::. ])/QI • r'Ae 

BeJmtmHa ,n;Hcrrepcim: ]) ~ 01 '-t e V · I/ 'AOCT:n:raeT 6om,nmx sHatJeHHii .sa 
CtJeT CRJILHOro o6MeHHHOI'O B3ai4o,eiiCTBHSI B IIJIOCKOCTH. 

·B neJIOM rrpoBe'AeHHlle B 48 HCCJie'AOBaHHSI IIOKa3UBa!OT, 'ITO MaI'HHT-
Hoe IIOBe'AeHHe CIIHHOB Ha ysJiaX cl{ .2 f B Lqz Cu Ot, MrniteT 6UTL orr:n:ca-
HO .I(ByMepHUM reiiseH6eproBCKHM raMHJILTOHHaHOM .ItIDI CIIHHOB S: = I/2: 

f ➔ ➔ 

H '° 2' 7: J,J Si Si 
lJ 

(2.I) 

C BeJIHtJHH0:11: B38HMO'Ae:ll:CTBRf[ ,ItIDI 6Jil'!JKaiinmx COCe'Aela J n 11 ~ I03K B 
IIJIOCKOCTH, MaJIOH BeJmtmHOla aHeprHH 8HH30Tpomm ,ItIDI qilIY.K'l'Y8lOOI CIIHHOB 
B IIJIOCKOCTH a c., 4 ac ,,., 0,031(,:n: rreprreH,n;HeyMpHO IIJIOCKOCTH 

Q L ' ,1 6 '."-' 0. I K. MelKIIJIOCKOCTHOe B3aHMO'AeHCTBHe ~ /V O. 02K. 
.lvISI T8KOH KB83H'ABYMepHOH CHCTeMU KB8HTOBlle ql1IyKTY8~ :n:rpam orrpe'AeJISID
II{y!O poJIL, 'lTO IIPRBO.n;HT K lll!TeHCHBHOMY HeynpyroM,,Y pacceSIHH!O HeilTpoHOB 
Bllllle T /,/ 6e3 CYJ!leCTBeHHoro Kp:n:THtJeCKOrO KB83JiYIIpyroI'O pacceSIHR!I 
B6Jm3H r ,v • HaJIHtJHe KB8HTOBUX q11IyKTY8nttit IIO'A8BJISleT KOppeJISIIJ;llOHHy!O 
,Ir,JIHHy 'AO sHatJeHH:11: J / a "'50 rrim T ➔ 0 • . 

IlpHMeCH cymecTBeHHO BJmSllOT Ha MarHHTHUe CBOlaCTBa La.2 Cu o'r 
0H:n: C03'AaIOT 'AllPKl'l Ha ySJiax !GiCJIOPO'A8, o-. KOTOpue 38 CtJeT HHTeHCllBHO-

r .. 2-f 
ro 06MeHHOI'O B38HMO'Aei1CTBHSI co CIIHH8MH Ha ysJiax '--« , . paspy-
maIOT A4i-KoppeJISID;lm CIIHHOB Ha ysJiax Me.n;H. Bo.n:ee IIO'APQnO B7ll1fIIU!Ie IIpID,1e
ceii, 'AHPOK Ha ysJiaX.ImCJiopo'Aa 06cylK,Il;aeTCS1 B pa6oTe 5!/, r,n;e rrpe,JJ,Jio
xeH MO'AeJILHUH raMHJILTOHHaH ~a 

( ➔ ➔ -
H = J0 S1 -,.. SJ · o. 

3'AeCL Iv - o6MeHHoe B38HMO'AeiicTBHe .ItIDI cIIHHa ~ Ha ysJie ImC-
JIOpo'Aa C 6JI:n:XaHIIIHMH CIIHHaMH. 51 , ~ Ha Y3JI8X Me.n;H. HaJIHtme Ta
Koro B38HMO'Aei1CTBHSI IIPRBO'AHT K a\M)eKTHBHOMY qieppoMarHHTHOMY o6Meay 

(2.2) 

,JJ,1ISI CIIHHOB $
1 

, , ~ : . . 

➔ -

HeH = - K S·S 
1 2 ' 

(2.3) 

r'Ae K)) /Jhh/ H K>o II!)l!JII06oMsHaKe Icr B(2.2). 
I!oJIBJieHHe KOHKYPl!PYIOIIlUlC Am (2.I) H ~PPOMaI'HllTHOI'O (2.3) B38HMO'AeiicT-
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- BUH rrpHBO.n;HT K paspymeHHIO Acf> .2.D-KOppeMmtli CIIUHOB B IIJIOCKOCTH H 
6ucTpoMj' llO'AaBJieHHIO 'A8JILHero Ai:J>-IIOPff,!tKa. KaK llOKa3aJIH 'AaJII,Heiinm:e HC
CJie,zioBamur o6pasuoB La 2_ ~ Srx CM O t, , IIJ)DBe'AeHHue aToii '1te rpyIIIIott 
/48{B o6JiacTH KOHUeHTpau;ttit 0,02 :; X ~ O,I8, B MeTMJIHtJeCKOii 
(H cBepxrrpoBO.wmteil) qiase COXP8H§!OTCSI Aqi 'ABYMepHUe KoppeJISILOOI Ha pac-
CTOSIHHSIX t ~ (3,8 / Jx) A , cooTBeTCTBY!llllHX cpe'AlieMY paccTo-
mooo Me~ 'AHPKaMH B nOCltOCTH W O 2. • 

KaK OTMetJaeTCSI B 51~ HHTepecHOii oco6eHHOCTL!O B38HMO'Ae:ll:CTBHSI 
'AllpoK Ha ysJiaX !GiCJIOpo'Aa B IIPHCYTCTBID'I Am YIIOPff.!tOtJeHHo:11: CHCTeMbl CIIH
HOB Ha ysJiax Me.n;H B IIJIOCKOCTH C 4 02 SIBJISleTCSI B03HlIBHOBeHHe ajxpeK
TRBHOI'O llPHTJDiteHJUI 'AHPOK, HOCSllllero 'AHIIOJIL~/apaKTep. YtJeT 3TOro 
B38HMO'A8itCTBRf[, KaK o6cylK,Il;aeTCSI B pa6oTe 52 • MO.llteT IIPHBO.n;HTL K o6-
pa30B8HH!O eyrrepoBCKIDC nap ,JJ,1ISI Hoc:n:TeJie:11: Ha HecBSisaHHUX op6:n:TaJISIX 
{ Px , P';}) H cBepxrrpoBO,ll;HMOCTH c BllCOKoit Tc 

HHTepecHoit oco6eHHocTI>ID Aqi yrroPR)(otJemur CIIHHOB B Lq2 C«Dt, 
SIBJISleTCSI HaJIHtJHe CJia6oro qieppoMarHHTHOro MOMeHTa B IIJIOCKOCTSIX Cu. 02. 
HarrpaBJieHHoro rreprreH.n;HeyJISipHo I!JIOC,OCTH H HMe!Olllero IlpoTRBOIIOJIOJKHlle 
HarrpaBJieHJUI B coce,I(HHX IIJIOCKOCTSIX 53/_ <WPPOMarHHTHUH MOMeHT 
( f,L ;c 2. I. IO-Jfs Ha aTOM Me.n;H) B03HHKaeT lll)l! BllXO'Ae CIIHHOB 
Me.n;H H3 ITJIOCKOCTH Ci C rrp:n: IIOBOpoTe HX Ha He60JILlliOH yrOJI ( =o,I?0) 
BCJie'ACTBHe IIOBOpoTa OKTaa,n:poB Cu. 0 6 B opTopoM6HtJeCKOH qiase ( CM. 
l)l!C. I5). B COCe'AHHX IIJIOCKOCTSIX OKT88'APll pasBepHyTU B IIPOTHB04)83e, 
tJTO lll)l!BO.n;HT K IIpoTHBOIIOJIOlltHOMj' HaIIpaBJieHl'IIO qieppoMarHHTHlllC MOMeHTOB 

B COCe.I(HHX IIJIOCKOCTSIX. B38HMO'AeHCTBHe cnrsoB Ha ys~aX Me.n;H IIPH 
8TOM MrniteT 6UTL OIIHC8HO raMRJILTOHHaHOM 531: 

']c(f ,o( _f, 
H = L n ntf sh .s nt O, 

n, r (2.4) 
r'Ae BeKTOP s orrpe'AeJIJieT IIOJIO.llteHJUI 6Jil'!JKattnooc COCe'Aett. AHH30Tporr
Hlltt 06MeHHutt HHTerpaJI HMeeT KOMIIOHeHTll /~cc},'> J"J'j) J_Jtf6'/ 
H ] ()c :: - J cc. BeJmtJHHa aHH30TpoIIHH { JQ - ] <C), 
l J U - ] cc ) 3H8tJHTeJILHO MeHLllle aHTHCHMMeTpH'IllOI'O tJJieHa 
J Ge ~ 0,55 MaB, a 06MeHHOe BaaHMO'AeitCTBHe B IIJIOCKOCTH 
Jn>i :::: / J qq+ )fl+ J cc/ ~ II6 MBB 3HatmTeJILHO 60JILme MeXIIJioc-
KOCTHoro B3aHMO'AeHCTBlI!l ~ ~ 2, 6 · I0-3 M:, B • llpH 'AeiiC_TBIDI 
BHenmero MarHHTHoro IIOM He B'AOJII> opTopoM6HtJecKOit ocH {j 
rrpo:n:CXO'AHT OllpoKR,ll;UBaHHe qieppOMarHHTHUX MOMeHTOB f'1 ff. B'AOJIL OCH 

t rrp:n: BUIIOJIHeHHH YCJIOBHSI He· M 6 ~ Ji. $ 2 • Hamti:me TaKoro 
"cKpUToro" qieppOMaI'HHTHCl'O MOMeHTa B IIJIOCKOCTSIX Me'Alt 06'!,SICHSleT IIHK 
B MarHHTHoil Bocrrp~ocT:n: rrp:n: T ➔ T-N , He xapaKTeprudt ,JJ,1ISI 

Am -IIepeXO'AOB ( CM. 44/) • a Ta.KlKe OTHOCHTeJILHO 60JILmyio 11!0JIL B . 
ClleKTpe CllllllOBUX BOJill B A<I>-qiase, KOTOPYJO HeJIL3SI OO'bSICHHTL MaJIOit 
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B8JilltmHOn 8Hll3OTpornm ISQ<t__:_ J eek· 10-2 M3B / 43/_ oo-
3OB~ rrepexo.n; B IIOJie He IIPHBO.n;HT ll K cymecTBeHHOM,Y YM8HI,Ill8Hll!O 

corrpoTllBJieHllll ( ~ B .103a pasa) B qieppoMaI'IDITHoii qiase, "ITO yKas~aeT 

H8 CllJII,HYIO CBff3I, M8KTpOHHOii ll CrmHOBOH. IIO,ll;CllCTeM B . La2 Ul Ot, 53/ • 
,lvI.II B~cHemm B38llMOCBll:3ll CTpyKTypHciro u A~ qiaaoBHX rrepexo,n;oB 

MOlKHO BOCIIOJII,3OB8TI,C.fl ~HOM8HOJIOI'll"l8CKOii Teopueii, OCHOB8HHOii Ha 

CllMM8TPllliHOM 8H8Jill38 54/. · g · 
11 1 

CTPYKTYP~ qiaaoB~ rrepexo.n; JJ1<1, ➔ JJ2 1, rrpoucxo,zmT c 

BOJIHOBl:lM BeKTopoM B TO"!Ke X ·aoHH EpuJIJIIOaHa ocheMRo~HTpupoBaH.:. 

HOH TeTpaI'OHaJII,HOii (Our) pemeTKll EpaBa (CM. puc. 3). -UBYXJIY"l8B8.fl 

sBes.n;a BOJIHOBoro BeKTOpa F<x (1,2)}= {U/£) ~'>(112){ l, - -~ ) ) · 
orrpe,n;eJIHeT ~ BO3MOlKRblX JIY"l8B11X ,ll;OM8H8 B OPTOPOM6ll"!eCKOii qiaae. 

IlpllMUTllBHasi .fl"leil:Ka Our pemeTroI, co.n;eplKB.!llM I qiopM~JI:&HyIO e~nrimy, 38-

,n;aeTC.fI BeKTOpaMil TpaHCJIHmtit: 

, a
1
=(-Y,T

1
T

2
),· 92.= (r,-I, Zl)) ·C?_,= (r,T,-TE), (2.5) 

r.n;e 2.--C -=- qt u 2. -Z:1 =- Ct: - rrapaMeTpll our .fl"leil.Kll (cM • 

§ I). BeKTOPli o6paTHOii pemeTkH orrpe.n;eJI.fIIOTC!l COOTHOillBHID!Mll: 

lt = 1i ( o,~·-z1., _1_ ) i_ = 1[(1..., o, j_) ; = 1i .(L, .i , o) c2.s) -r > i. I T ' o3 , r z . 
i H . IS i ~ 

003OBliii rrepexo.n; 1>4/2 ➔ 1>21, H8 JIY"l8 (I/2) <53 OIIllCbI-

BaeTC.fI O.n;HOMep~ ?IIPllBO.n;HMllM rrpe,n;cTaBJieHUeM . (HIT) L3, ( 8 o6o3H8-

qeHIDJX KoBaJieBa 55 ), "ITO rrpHBO.n;HT K .n;ByXKOMIIOHeHTHOM,Y (rrpu y"leTe 

BToporo JIY"la) rrapaMeTpy IIOPfI.UKa { C1 1 C .2. ) • PaaJiol!teHlle cBo6o.n;Hoii 

3Hep:r:.m: ITO rrapaMeTpy IIOPfI.UKa OIIllCllB88TC!l CT8H.n;8PTHliM B 3TOM CJIY"l88 

paaJiol!teHlleM: 

f' [ c ·) = j_ r ( c}-t c/} +: !ft c: c_/- + lfz. (c/-1 c/) + O {cf), 
l j_ ' . - 'f ( 2. ?) 

v-::. a(T-Tc1), r.n;e 

@UJ;l!BHTll. 

111 ll U2 - IIOCTO.fIHHlle Koaip-

neqiopM8mtOHHHH BKJI8,ll; B CBO6O.n;HYIO ~Heprll!O B TeTparOHaJII,HOii ql838 

RM88T Bll.n; 

F(E,.._)=f ½1(E/+E/}+ C/2.f.1E2. f ½3Lf.1£3+ f.2.E3) +f<;3 t.}+ 
+ :1_ C41 (E,,1-+ c)) + f ebb if , c2.s> 

j . 

r.n;e ucrrOJI:r.soBaml .o6oaHa"leHM ~ma )1.JUI TeHaopa .n;eqiopMBrmil: ,E, f< 
u KoajqlllmteHTOB l!tecTKocTll C~v KpucTaJIJia. CllMMeTpuaoBaHH!llt KBa.n;
paT HIT t:3 co.n;eplKltT mmapuaHTH ( c/ f c_/} H ( c/- c/) , "ITO 
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onpe.n;eJI.i!eT narumo.n;eiiCTBlle rrapaMeTpa rropJI.I(Ea c .n;eqiopraawi:eil: n nu.n;e 

F{C;,t )=Lo<{f/·E2 )+t,E3J(c/-+cf)+ yz(;" (c/- cJ). 
/< (2.9) 

ITpn aHamrne MarmrTHoil CTPYKTYIJbI, BOaHIUtaIOll!e:il B La2 Cu O 'r npH 

T < TN ' y.n;o6HO BOCIIO.iffi3OBaTI,C!l IIC8B,ll;OBBKTOPHI1MII 6aalICiillM!I 

(JYHimIIFIMII, KOTOpue .fIBJifIIOTC.fI CIIMM8TPII3OB8.HHUM!I KO!il6HHa,nlIHMlI aTOMHbIX 

MarruITHHX MOM8HTOB Ha ysJiax M_e.n;n. 81wrrepIIM9lIT8JlI,HO Ha6mo.n;aer.1y10 Mar

llliTayIO CTI>Yh'TYPY MOliillO IIOCTpO!ITI,' IICIIOJII,3y.fl 6aaucHHe qJylIKWI!I 
f S1 , S2 i = [ SK + SJ J c noJIHoBuMrr BeKTopru.m B TOtIKe X 11 S :1: c 

BOJIHOBHM B9KTOpOM B TO"!K9 2 ( 0, o, I). CTPYKTYIJIIllli rrepexo.n; u,n;eT IIO 

o,n;HoMy na .n;Byx .ny-qeii: aBea.n;u { K" (<,2)) , a MarmrTmn1 rrepexo.n; - rro 

.n;pyroMy JJ.Y'fY 3TOH iit8 3B83,Itbt. IIpn; 3TOM yTIOPfI.UO"l9lllie CIIHHa B,D;OJII, OCH 

omrcHBaeTCH COJIYTCTByromHM rrapru,'leTPOM IIOpJI.I(Ea (IIII) ,Il;]IfI O.n;HOJiyqeBOil 

aBea.n;H K ~ , . KOTOp!:!H npeo6paayeTCH KaK KOMIIOHBHTa • cIIHHa ,'{ z. 
PaaJiollteHIIe Ma.I'HHTHO:il -.:racTH CBO6o,n;Hoii aHepr.lIH rro IIII { S {j S 2 5 H S 1 
HM88T Bll.n; 

F(S-)= '(""'(s 2+s 2 )-+- l(1,V S2 S1.+ l,(2.N(s"+ s")-+- q.i! $2 

I 2 1 1. '.z 11. '-{ 1 ~ :l._ JI (2.10) 

r.n:e V" ,11 =- Q N { T- T,v ) , a a ~ He 38.BHCIIT OT T. . BaruJMo.n;e:ilcTBHe 

M8.I'llliTHOro .II CTPYKTYPHOro IIIl OIIHCHBaeTCH paaJioxteHIIeM: 

F(~·, 51) = >- (S/-+ s:) ( c/+ c/) + t { s:- s})( c}-c-- c1}) + t' ~.2.(c1¼ c;)+ 
(2.11) 

+ ~ ( c1 s.'l s1 - c 2. s1 51 ) 1 · : 

r.n:e CMema.HHllli mmapHaHT TP8TI,9ii CTeneHH BO3MOJKeH BBH,Dy pa.BeHCTBa cyi,11-

M!:! BOJIHOBUX neKTopoB Kxft) + Kx/2) + K~ BeKTopy o6paTHOil: pemeTK!I 

if, . BaruIMo,n;eil:CTBHe M8.I'HIITHOro IIIl C .n;e[JOpMau;ue:il OIIHCJIBaeTCH paa-

JIO%8HII9M Tima (2.9) C 3aMBHOil: c, ➔ S; ll CMBillaHHID/III mmap1IaHT8MlI 
C IIII s i l54Qf 

AH8.1Illa IIOJIHoro paaJioj!(emm cBo6o,n:Hou aHepl'llH (2.?)-(2.II) rroaBo

JI/IeT onpe.n;eJI!ITI, BO3MOJKHHe (ll8.3ll .II pa.BHOB8CHH8 3Hai:remm IIII, a TaIOKe 

CKatIKH KO3q:$ID;lleHTOB xi:ecTKOCT.11 C rv npu T cl u T ,v / 54/. 
CTPYKTYIJIIllli nepexo.n; npu T < T cl OIIHCHBaeTCH pemeHIIffMll: c1 j= 0 ' 
C,2.=O, Si== 0 HJill C2.=I O , C1=O 1 S;=O , tJ:TO 

cooTBeTCTCTByeT ,nByM .ny-qeBllM .n;oMeHaM. Ilpll Aili-nepexo.n;e np}r T < T"' < Tc1 
lIM99M pemeH1Ie: ct ,f: 0 , s.2 1' 0 , Si i= 0 , cl.:: st= 0 rum 

c.2. :/. 0 , s, f= 0 , Si # 0 , Cf "" s.t = 0 • Ilpll IIOHIDKBHIIll TBMIIe-
paTYIJI,t Koa@!mm:eHTll lKeCTKOCTll C ..,1 , ·C fl. · , C 3 3 , ' Cc 6 

CRatIKoM yM9HI,IllaJi'.)T cBoro B8JllI'IlIHY np:11 T < T cf , CH o~TaeTCH rrocTo-

HHHHM, a C 1'!> y:B9Jlll"!llBaeTC!l. Ilpll T < TN' npO.IICXO,IUIT ,n;oIIOJIH!ITeJII,-
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H09 MX II3M9H9HII9. CR.a'!K006pa.3H09 II3?.i9H9HII9 CKOpOCTll 3Byica Arn? CTpyK

TY!)HOM nepeX0,!{9 Ha6Jll0,Il;a.JIOCI,. B ;p,me_ pa60T (CI;!.' HaIIpHMep, 
5 ) • Teo

p9TlltJ:9CK09 o6CYJim9HII9 ~CTll"!9CKIIX aHOl~ Ha OCHOBe MIIll.1)0CKOITH"!9C-

KOii l\m,I{eJllI npllB9,!{9HO B ? / • 18 . . . 
. . . ])Fl ]) 

CTpyKTYIYHHii nepexo.I{ t,J. - '2h B JiaHT~HOBUX coe,I{HHemm:x 

npIIBo,IU-IT _ K y.I{Boemno od'.beMa npllMl'ITIIBHOii JI'!eiIM, KOTOpaJI npn T < T .,£ 
c6.I{epm1T y,ite 2 qioptiyJII,1µ,re. e.I(lIH1Ill;l1. IlpI! MaI'IDITHOM nepexo,I{e nponc

xo.I{IIT .I{aJII,He:fuuee y;n;B09lUI9 06'.beMa nplThlliTimHOli Jl'!9iiM 3a C'I9T y.I{B09-

HWI ee nepIIo.tta B,I{OJII, OCH z. , 'ITO npIIBO,I{IIT K ueo6XO,wThlOCTII pac-

ciaaTPIIBaTI, 4 . -riomiellleTO'!HyIO MO)ieJII, A{J) /546/. . . . 

2.2. AliTRg18ppOMaI'H8Tli3M B y~q2. U/3 Qr-~ 

B coe,IiIDlemm Y B Q2 G.f:!> 0:;. -';;- npII ~ ~ 1 Ha6Jil(maeTCJI an-

TII\I)eppoMarHRTHoe YII~O'I~e MaI'IDITHI:IX MOM9HTOB Ha ysJiax M9,I{ll B 

llJIOCKOCTJIX ·C Lf 02 •59 npII TN ~ 400 -;- 500K, KOTopoe BITOJIHe 

aHaJIOI'll'IHO A/J1-nepexo,ey B La 2. 0 0 c, • IT.PH saMeHe IIOHOB Y Ha 

pe.I{KoseMeJIIilllle IIOHll Re =- c; o( , ']) ';f , S IYJ B03HIIKaeT A\li-ynopsr-

'otire MaI'IDITHI:IX MOM9HTOB 3TllX pe.I{K039M9JII,Hh!X UOHOB _ IT.PH ·, TN < 2K 
60 • ECJIII A<Ji-YITOp.ri,ItO'l9Hll9 B ITJIOCKOCTJIX· C l,f O 2 0Ylll9CTBY9T TOJII,KO 

B H9CBepxnpoBO.wml9:ii, ,I{llaJ.!9KTpl!'i9CKO:ii cpase npII 1} > 0,5 / 6l/. TO 

A/J1 -'nepeXO,I{ B_ CllCTeMe pe.I{K089M9JII,Hh!X IIOHOB Ha6JIIO,I{aeTCJI H npII 'J ➔ 0 ·, 
KOr,I{a CIICT9Ma H8XO,I{IITCJI B CBezympoBo,wmieM COCTOJIHllll. 3To YKa3HBaeT Ha 

pa3JIHtIHyIO npIIpO.I{y 3TllX Aw cp830Bh!X nepeXO,I{OB H llX CBII3I, C aJieKTpoHHH-

Mll II CBepxnpoBO~ CBO:iiCTBaMll llTTpll8BHX coe.zumelillil:. . 

IlepBoHatiaJII,Ho 58/ A/J'J cpasoBH:ii rrepexo.I{ B '( Ba2 w3 0-6 · dh!JI 

06Hapy~eH C ITOMOIIU,ID MaI'IDITHOro paccemum: H9:iiTpOHOB, ITPII KOTOpoM no

JIB/I/IJICJI CBepxcTpyKTyp!ill:ll peifJJieKC TIIIIa '(I/2, 1,2, {_ ) B T9TparoHaJII,

HO:ii cpase. M3MepeHIIe IDl.T9HCllBHOCTH paccemum: Il03BOJIBJIO onpe,I{eJlHTI, Aw 

CTPYKTYPY : MaI'IDITHH:ii MOM9HT Ha HOHax Tlllla , Cu .2 (CM. puc. 9). 
paBHH:ii . fvl :;::c "'"' o',48 fl s , oKasaJICJI yrro.Pff'Ao'leHHHM : A(J) B ITJiocKocTII 

Cli02 i<qK 11 B La2 Cu Oi, , IT.PH oTCYTCTBHl'I onpe.I{eJieHHoro MaI'IDITHoro 

MOM9HTa Ha llOHax Tl!IIa Cl,( 1 • KOTopue npu . lj- = I HM9IDT .I{ByXKpaT-

HYID KOOp.$}!armrou HaxO,wrTCJI B COCTOSIHHII Cu,1+- {3J'f0). B coce,i:J;Hmc ITJIOC-

KOCTJIX C {,( 0 2 · , pa3.I{9JI9HHHX · llOH8Mll Y, . MaI'IDITHlle MOM9HTH yrro-

P@OtJ:9HH Ta.KlKe A' 0~30M. ,UaJ!IiHei1I!me HCCJI9,I{OBaHWI Ha MOHOKPHCTaJIJie 

-Y 6a2 (~ Ot;. 5.9 ITO.I{TBep.I{llJill 3TY CTPYKTYPY - OHa CX9MaTl!'i9CKII no

Ka3aHa Ha puc. I8, r,I{e MaI'IDITHlle MOMeHTH Me.I{H Cu 1 yCJioBHo HanpaB-

JieHH B.I{OJII," OCH (IO0). B 3TOil: pa6oTe TN = 4-20K npH fl = ·o,6 /1B • 
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C ITOBhllll9ImeM C0,!{9plltffilltfl KIICJIOpo.I{a TeMIIepaTYpa HeeJIJI 6HCTJJQ Ila,!{89T, lI, 

• Kalt noKasHBaIDT ncCJie,I{oBallltR: c rroMonu,10 ft SR MeTo.I{a /Sl/, II.PH 

1- lJ- ~ 6,348 7 6,400 rrpo:acxo.I{llT "nepeKJIIOtieHHe" H3 A{f}-coc

Tomnm B cBepxnpOBO.wml98 COCTomme npII Hll3KllX T9MII9paTYpax. 8aBHCU-

MOCTI, TN H Tc. OT KOHnel\T.1)8,llllH KIICJIOpO.I{~ r/ 'r npe.I{CTaMeHa 

H8 p:ac. 19, B3JITOM H3 063opa 144/ {CM. TaKl!te 16 ). 
3HatIHTeJil>HO 60Jiee BHCORasI TeMIIepaTypa A.{f} -nepexo.I{a, 1;., = 40Cr.500K, 

B Y Sa.i C«3 06 no cpaBHeHHID c ~ ~ 250K B L4z Cu. Otr MQ;K9T 

6HTI, CB!I3aHa C KBa3H.I{BYM9PHHM xapaRTepoM yrrop.rJ.ItotJ:eHWI MaI'HHTHhlX MO-

M8HTOB B IIJIOCKOCTJIX Cu 01 • KaK 3TO o6cyl!(,ll;aJIOCI, B § 2.r. BBH.I{y 
MaJIOfi aHII30Tp0111ll'I 06M9H8 ;p(p B ITJIOCKOCTH, lDC B38HM0,!{9il:CTBll9 OIDICH

B89TCfl ITO'ITH U30TPOIIHOii M0,!{9JII,IO I'e:ii3eH6epra. Ilpn 3TOM TpeXMepHoe 

ynop.ri,ItOtieHHe npu 'T',V o6ecrretIHBaeTCfl CJI86ott KOHCTaHTOii CBII3H MeX-

.I{Y ITJIOCROCTJIMll, .J J. <'< ] • TeMIIm?.pa HeeJIJI B T8ROH KBa3H.I{ByMep-

HO:ii cncTeMe oneHHBaeTCJI BHpaxeHHeM : 

T = 8711"S
1 

N /&i(J_dJ)/ 
CBII3Ii Mel!OJ:Y ITJIOCKOCTJ'IMII Cu02 B YBa 2 W 3 06 MQ;K9T 6HTii 

cymecTBeHHO cHJIIiHe:ii sa ctJ:eT 60.Ji::&me:ii BeJIHtIHHH cBepxoc5MeHa Cul+_ 0-G/-f 
no cpaBHeHIIID c La 2 Cu O 'r , r.I{e cBepxo6MeH H.I{eT tiepes nenotJ:ey 

cl,{l+ _ 02 -- Lc,3+ - 01- - Ct./-+- • IlOJiarasi: npu 3TOM O,IiID18RO:syIO B9JIH'IIIHY 

usoTpoIIHoro o6MeHa B ITJIOCROCTH :r ~ 500 -;- 600K ., J'L / J * 

------ Y Ba, Cu, 0 1 

0 Cu 111 

• Cu 121 

... ~~-----.:.'-

-1-m--~ ------+: ~ 
... -:---.. : I 

C I ' __ _.,,, ; 

I --:·----:0 
a 

: ..... 
-------<f a 

PRc. IB.. v5 G 0 
MarHHTHasI CTPYKTYpa \ Q.2 ~ i;• 

HanpaBJieHHe cITHHa Ha ysJiax C4(!l) 
B IJJIOCKOCTH Q. g yCJIOBHO npe,n

CT8M9HO. B.I{OJII, OCH Cl /Sgf. 

600~~--.-~-.---.-~.--.--,-, 

".__ YBa 2cu3o7_x 

400t " :; ' T X 4 

g TN'\ r 
~ 200 ,,~ 
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Y f!,q 
2 

W3 06 . llOJrY'ffiBM T,v B llOCJIB,nHBM CJIY'!ae npHMepHO. B 
,ItBa pasa Bl,11118 1621. Eom,mrur BeJIWIHHa o6MeHa J B JIJIOCKOCTH MOJKeT 
o6'bJICHHT1> TaroKe O llO'!TH He saBHC.smzyD OT TeMilepa-rypH napaMal'HliTHYJO BOC-

' M~ . . 
npmn.rnmocT1> B o6JracTH . T ..:"f T,v ~ 1 J ~ 1 OOOK. CaMo JKe cymecT-
nonaHHe cHJI1>HHX A~-Koppe.7Uimra B IIJIOCKOCTHX Cu D.2. , KoTopue, KaK n B 
Laz. ll-< Oi, , MoryT coxpaHSITl>ClI n Bl,11118 T ,v , MOJKeT RI'paT1> BaJK-

HYIO pOJI1> npn 06':b.l:tcHeHHH MexaHH3Ma nOJIBJieHM BHCOIGIX Tc B Y6a.zCuOi7. 
Ilo~o6HHe ,ItByMepHHe A~-KoppeJI/IIJ;lm Ha6mo~aJrnCb npn .rtBYX!pOTOHHOM pac
cesnnm: CBeTa KaK B La..,_euo,/661, TaR JIB YBq2..w30bfb/67/. 

AifJ , -YllOPfmO'!eHHe MaI'HliTHHX MOMSHTOB pe~K038MeJibHHX JIOHOB 
B coe,nmJ.eHHHX · Re 8q

2 
C.U

3 
01_';} nponcxo~T JI npJI ~ ~ 0 n npaKTHtiec

KH He :smmeT Ha cnepxnpono,JJ.fill1lie cBoilcTna coe,nmJ.eHHil. S'ro JIBJieIUie 
o6WIHO 06':b.ll:CIDIIOT HOHHHM xapaRTepoM COCTOmmit pe~K038MBR1>HHX HOHOB, 
llpl! ROTOPOM OHR CJia6o BJIRIIlOT Ha cnapeHHlie MBKTPOHH (~Hp.KH) B IIJIOC-
KOCT.fiX Ct( 0 2 • A<!) - cTpyKTypa B coe,nmI~ Gd B q2. Cu 3 0 1 , 

D1j-- Ba
2 

C.tf:
3 

O::; o,nmJ.aROBH (cM/63 , 6 ) - MarHJITHHe MOMeHTH 
Re- noHOB HanpaMeHH B~OR1> ocJI c , a MarHJITHrut .fl'leilRa cooTBeT

CTByeT· y~noeHHoil no ncex 3
1

. 'anpaMeHHHX RpJicTa~JitiecRoft .fl'leH.KH. Ha 
pJic. 20, B3.f!TI/IM R3 pa60Tli 64 ' cxeMaTR'!SC.KH noRasaHO ynopimotieHJie . 
ManmTHHX MoMeHTOB Gel ( f< ~ 7 ,4 /1 s· .) n <Jd Ba2 w3 01, 

TN ~ 2,2K. 

1 
C 

l 

BalKHrur IDI!pOPMallWI o cocTOSIHHH pe~-
RoseMeR1>HHX JIOHOB JI BeRJI<mHe 3R8KTPR'IBC
IGIX noRefi Ha HIDC nOJrYtiaeTC!I npn HeynpyroM 
MarHIITHOM pacceSIHHH HeiiTpoHoB. S'I'H aKcne
pHMeHTll ll03BOJU!lOT H3MBPHT1> 3HepreTRtiec
KH0 ypoBHH /.t f -MeKTpoHOB B KPHCT~
'!0CKOM M0KTpl!'i0CKOM nOJie~ pe~K030M0R1>
rurx; HOHOB, on;eHJIT1>'HX nsaRMo;n:e:itcTBHe c t . .. ' . ~ lt 

M0KTpOHaMlI llP,OB~OCTH.· KaK llOKa3HBaIOT 
aKcnepHMeHTH 765 , Ltf- an:eKTpoHH, ~e:itcT
BHTeR1>Ho, CJia6o CB.fI3aHH C MeKTpOHaMH 
npoBO~OCTH. 

PHc, 20. 
MarHHTHrur cTpy~pa Gd f?az Ot~- 0 :;,·, 
ITOKa3aHli TOJll>KO HOHll G c/ · /64/. 

·• i .. 

26. 

§ 3. TepMO~HaMJI'!eCKJie CBOHCTBa BllCOKOT0Mll0paTypffil?C 
cnepxrrpoBO,nHHKOB ' 

HcCJie~oBaHHe T0IIJIOBllX CBO:itCTB CBepxrrpoBO,nHHKOB: T0Wl06MKOCTH 
Cp(T}, ee CKa'!Ka 4C~{C,s-Ch)Tc llpl! nepexo~e H3 Hi>pMMl>HOro{n..} 

B cnepxrrpoBo.wrutee ( s) cocTo.f!Hlie, TeIIJionpo:ao,n:aocTH i\. {T} · H TeMne
paTypHoii saBHCJIMOCTH KPJITHtiecKHX MarHJITHllX nOJieii H c 1,2 (T} , rJIY6HHU 
npoHl'!KHOBeHM ,,\ (T} H ~pyrroc TBPMO~HaMH'!0CKHX xapaR'f'8PHCTRK B 
llOCTO.fIHHHX MarHl'!THllX TTORRX HDpaeT Ba~HYJO pORb B BhlRCH0H~H MeXaHH3MOB 
BHcoKoTeMnepaTypHoii cBepxrrpoBo~MocTH. HcnOJI1>8YSI H3BecTHUe TepMo,nmJ.a
MHtiecKHe cooTHorneHR.fI ~ aTHX BeJrn'!RH, CJie~IOil{0:e ns 4JElHb1eHoRorntiec.., 
KOH Tenw CBepxnpoBO,nHHKOB 2-ro po~a (CM., HanpHMep / 6~ -RJrn ee 0606-
l!l8Hl'l8 9 ), MOJKHO onpe~eJrnTl> ,Pim YHIIBepcaRbHllX KOeqqillmreHTOB H co
nocTaBHTl> RX c npe~cKasaHR.fIMlI pasJrnlffillX Mo~eReft. B tiacTHOCTR, O.nHRM 
JI3 namrnx,Bonpocon, pemeHJie KoToporo MOJKHo ITOJrY'!RT1> npJiiRcCJie~onamm 
TeIIJioewtocTJI npR cnepxnpoBo.wruteM nepexo~e7 VrreTM npoqReMa cymecT
BoBaHHSI CHRl>HOH HJrn CJia6oii CBSI31I B BTCIT / 0 •. ITOMIIMO BT<?ro H3M8fl8HlI8 
T0PMO~HaMH'I0CKl1X B8Jrn'!RH ll03BOJIJI8T onpe~eRRTh Pfm MaTepnaRbHHX KOH
CTaHT 3TRX coe~H8HlIH, 'ITO BaJKHO ~ npRKJia~ n;eReii. i 

3.I. TeIIJioeMKOCTh BTCIT 

PesyR1>TaTu H3MepeHR.fI TeIIJioeMKocTH C p (T} hr/ ;rr,:,m. ! 

La1_85 Sr0.,5 C.U04 (LSCO}H Y&:,2 Cu3 O, (YBCO) B III1IpoK9M HHTepBaRe 
TeM!lepaTyp npe~cTaMeHU Ha PRC. 2I. IlpR KOMHaTHOH TeMITepaType TBIIJI08M
KOCT1, 0601IX C00,ItIDl.8Hl'IH ~OCTRraeT RHIIlb 85 %

0

0T MaKCHMaRl>~oro 3HatieHR.fI 
B MaccRtiecKoM npe~eRe 3 N k (Ha rpaMM - aToM) , 'ITO J:Ka3HBaeT Ha 
cymecTBOBaHHe BHCOKO'!aCTOTHHX MO~ KORe6aHl'lii peIIIeTOK, He ~aIOil{0:X BKJia~a 
B T8IIJI06MKOCT1, llpl! 3THX TeM!lepaTypax. )leiiCTBHT8JI1>HO, RCOJI8,ItOBaHHe qio
HOHHoro cneKTpa perneTKJI L, SC D n YB CO MeTo~oM Heynpyroro pacceSI
Hl'ISI HBHTPOHOB (CM.§ 5) o6HapylltIDlaeT BHCOKO'I8CTOTHH8 Mo/4,r KORe6aHJiii 
KHCRopo~a BIIJIOT1, ,no roo M3B (6Mee I03K ). i 

Ha PRC. 22 II 23, B3.f!THX R3 3TOtt JKe pa6oTU /?I/, npe~cTaMeHll sa
BlICRMOCTR C/T3 H C/T KaK tpYHKUIDi T2 COOTB0T_CTBe~o. B cJrytiae 
~MeKTpJIKa c ~eaR1>HUM ~e6aencimM cneKTpoM qiyHKDWI C{7J./T3 He ~oJDK
Ha saB1IceT1> OT T npR TeMnepaTYpaX T,;: . $ / f O , r~e: 6 - T0Mll0-
pa-ry,pa )le6aSI. EHcTpHii pocT aToii cpyHRmm: npR T < IOK cl3n~eTeR1>CTByeT 
06 OTMOHemm OT saKoHa )le6aH, nosMoJKHo,sa ctieT an:eKTpoHHoro BKJia~a 
(CM. o6cylK,I(eHRe HlIJKe), a MaRCRMYM B o6naCTR 7;., z 20K YK~SHBaeT Ha cy
mecTBOBaHRe ~onoRHHTSJihHOit IIJIOTHOCTR lpOHOHHllX tJ:aCTOT no oTHomeHRIO K ~e-
6aencKo:it MO~eJIH, F°.bfw)=:At.,l/e3 , B o6RaCTR '!aCTOT Lvo'L5T,., ~10f'l7B. 
RORHtJ:80TB8HHOe ormcaHJie T8IIJI08MKOCTR, npe~cTaMeHHo:it Ha PHO. 22 c·no~ 
MOl!lbIO IIIOCTH11apaMeTpHtI8CKOH MO,It8Rli, C0~0pllt8meii RHH0HHH.jt tJ:JI0H 'Yr 'r, 
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n TPH ,ne6aeBCKIDC crreKTpa .wm: Tpex BeTBeii crreKTpa qJOHOHOB, HOpMIIpo

-BaHHhlX Ha 110JIHOe 'IRCJIO KOJie6aHHii 3 ;V Ha O.IJ;HH rpaMM-aTOM, 1103BOJm

JIO HaiiTH xapaKTepmm 11apaMeTpu. }J.n.fI l 5 CO - 1tepaM1IKlI 6UJio 11o;ryi:ie

Ho: rr= 0,23M'Zl111/k-1.-ar , TeMITepaTypa ,ne6a.fI 11pli T➔ O e(o}-:: 
= 4011-< , WO-=- I0,6 M ~ B (21 % Bcex 3/V MO.IJ;), MaKCHMBJibHa.fI 'laC-

ToTa c11eKTpa w,., = 51M J B • }J.n.fI \"BC O cooTBeTCTBYIOIIllle rrapaMeT-

pu paBHU: fr = 0;27M'lY'Jl.{/J(1
-Z-aT, 8/D) = 378K, Wo = 

-=II,3 M:) 8 ( I3 % Bcex 3;\I MO.D;), W,,., = 54 M::, 8 • KaK 6UJIO 110-

KaS~HO B .IJ;8JII,HeHIIleM (CM.§ 5), 110.fIBJieHHe HH3KO'laCTOTHUX MO.IJ; B o6JiaCTH 

Wo ~ IO M:) B CB.fI38HO C CHJII,HOaHrapMOHH'leCKlIMH KOJie6aHIDIMH KIICJIO

po,na 11ep11eH.IJ;HKYJI.fIPHO CB.fI3.fIM Cu - 0 • B o6U'lHUX MeTaJIJiax MaKCHMYM 

IIJIOTHOCTH 'l8CTOT KOJie6aHHii B STOH o6JiaCTH 'l8CTO B03HHKaeT 38 C'leT 110-

11epe'!HOH aftYCTHqecKOil BeTBH. 

Eo;ree TII1aTeJI1,Hoe ncc;re,noBaHHe TeITJioeMROCTH C / T KaK : gJyHKrom 

T2 , 11pe.D;CT8BJieHHoe Ha pliC. 23, 1103BOJIHJIO Ra:liTU JIHHeHHUH 110 TeM

rrepaType BRJia,n B TeITJioeMRocTb B 11pe,neJie HH3KlIX TeMITepaTyp, T ➔ 0, 
B o6U'IHUX CBepxrrpoBO.D;HHKaX,BBH,Izy 3CKl10HeHIJ;H8JII,HOH 38BHCHMOCTH T611JIO

eMROCTH B CBepxrrpOBO,IJ;ml(eH qiase OT TeMITepaTypu, 110,no6Ht,;i7111e:ihra:ll: 

BRJia.n 11pn T ➔ 0 He Ha6JIIO,naeTC.fI. CorJiacHo xe pnc. 23 7 , MU 110JIY-

i:iaeM .wm: lS CO -KepaMIIK rr = o, 8 M2>ll1 / k'~ Z-C/4 T = 5, 6 M 'l)'lfe /K~MDAb 

H .wm: Y 8 C O - Ke paMHKH r...- == 1, 5" M 7H« / I< · 1-a.T = 
={9,f'H7Jw../K1:.,uD/f,l,. KaK 6UJio Bll.ficHeHo B rrocJie.J:IYIO!ltIDC s1tc11epHMeHTax 

(CM. o6cy]K,ll;eH:He B KOHUS SToro pas,neJia), BeJIH'IRHa STOH "ocTaTO'!HO:li" 

JIHHelillott 110 TeMITepaType TeIIJIOeMROCTR, Cr = Yr T , cHJibHO saBHCRT 

OT 11p:HrOTOBJieHH.fI o6pasrr.a H MOlK6T 6UTI, CB.fI38Ha C H8JIH'!ReM IIPRMecett . 

HJIH 110CTOPOHHHX, He CBepx11poBo~·qias. 

Oco6eHHo 60JII,illOe BHHMaHHe B 3KCl1epuMeHTaX 6UJIO y,neJieHO H3Mepemno 

CKa'IKa T011JI08MKOCTll 11Pll CBepxrrpOBO,IJ;ml(eM 11epexo,ne. CorJiaCHO TepMO,IJ;HHa

MH'leCKIIM COOTHOilleHH.fIM, He 38BliC.filllllM OT MO.IJ;eJII,HUX 11pe,nl10JIOJKeHHii, CKa-

qoK TeITJioeMitocTll .tl C {'re)= (C5 - Ch) 'I'c y,noBJieTBOP.fieT cooTHomemno 

PyTrepca: 

4 C{Tc) =- _y (, cl H,c.) 2 
, 

TL 47i dT )T( 
(3. 1) 

r,ne V - o6"I,eM cHcTeMU R H, - Tep.10.D;HHaM1Ii:iec1toe Kp:HTH'!ecKoe 110Jie. 

(Amr cBepx11poBO.IJ;HHKOB 2-ro po,na He1 < H, < Hc2 • B c.rryi:iae BTCII 
H cz '>) He - CM.§ 3.2). CooTHomeHRe PyTrepca 1108BOJI.fieT yc-

TaHOBllTI, CB.fI3I, TSITJIOBUX H MaI'HHTHUX xapaKTep:HCTHK CBepxrrpoBO,IJ;HHKa. 

HsMepeH:He ~Ka'!Ka TeIIJioeMROCTH.1103BOJI.fieT T8Kllte 11poB6PliTI, YHR

BepcaJII,HOe cooTHomeHHe 
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Ll C (T.,:) - A . y Tc - , (3.2) 

r.ne rrocTo.flHHaJI A = I,43 .I(JIJI Mo,n;eJm EKlll B c;ryqae CJ1a6oi1 cBJis11, 

). < f , a r orrpe,n;eJIJieT SJl8KTp0HH!lli BRJla.I( B T8IIJIOeMROCTb B HOp-:-

M8JII,HOii qiase, C n "- '( I • K COlK8Jl8HIUO, IlpJIMOe l13Mepe.Hl18 r B BTCIT 
saTpy.n;HeHO BBJ1.ITY 60JII,1110it B8JIJ1'llllill pel!leTO"IHOro BRJla.I(a B T8IIJIOeMROCTI, 

IIJ)l1 T > Tc. 11 HRJllf'lliJI OCTaTO"!HOro Cr "- (r T BRJla,n;a B TP.IIJl08MKOCTI, 

np11 T ➔ 0 B cBepxrrpoBo.wru1e:li qiase. 

1103TOMY B8Jill'lllliY y 061:l"IHO OU8HJ1BaIOT 113 H63aBl1CllMl1X 1131\mpeim:li 

rrapaMBI'Hl'!THOil: BocrrplIBM'IlfBOCTl1 rrp11 T >)' Tc 

X {T} = Xo + 
C 

T- T: { 

(~~3) 

r.ne rrocTOJIHHaJI qacTb Bocrrplil1~BocTH XO onpe,n;eJIJieTCJI .I(llBMarHllTHNM 

BRJla.I(OM 7( d 8Jl8KTp0HOB BttyTpeHHvtX 060J1oqeK, napaM8rHvfTHNM BRJla-

.I(OM BaH ®IeKa, 'it- ~v 11 cyMMo:li BRJla,I(OB JlayJIII ;l p ll JlaH.I(ay -

ITaiiep.nca X 1,-P • l10CJ1e,murn BRJla.I(Ll Herrocpe.n;cTBeHHo cBJisaHLI c IIJIOT

HOCTbIO SJl8RTpoH!lliX COCTOJIHJ1ii Ha IIOB8pxHOCTl1 ~epMli -;\/ (0) , KOTOpaJI 

11 orrpe~eJIJieT mrneihilrn BRJla.I( B T8IIJI08MROCTb. BocIIJ)l111~BOCTI, ITayJm Ilpll 

f -« f< F - aHepnm: ~epMli M01K6T 611Tb rrpe,n;cTaBJieHa B 

Bl1.I(8! 

2,,--, 3.Y 2. s X p ~ # ( 0) f e, .::, "- 2 f1 B , ( 3. 4) 
. . 1i (1-d.J 

r.ne .5 = (1- N(o) It 1 
- cToHepoBcIOt:ll qiaKTop ycMeHIDI rrapa-

MarHliTHoil BOCIIpmr~BOCTll 11 ,\ := N(o) V - KOHCTaHTa 8Jl8KTpOH-qJOHOH-

HO:l1: CBJI311. EnJI 11,n;eaJlbHOro cpepMH-rasa SJl8KTp0HOB, 0'18Bll.I(HO, 5 ➔ 1 , 
,,\ ➔ 0 11 f o ={1i2-/3) /V (o) , TaK "ITO 

(o) n !l. iJ'o 2. X p = ;V /OJ flB = J?· f1 B -~ (3.4a) 

l10CJ1e,I(Hll:ll '1Jl6H B (3.3) orrpe,n;eJIJieT BOCilplll1~BOCTb Kropll - Beitcca, 

06ycJ10BJ1eHHyIO MarHHTHl:lMll npnMeCJ!Mli. Vl3M8pru! TeMIIepaTYPHYIO saBHCl1MOCTI, 

(3.3) B o6;racTll BLICOKllX TeMIIepaTyp, y,n;aeTcJI Ha:l1:Tl1 X o 11,y'lllTliBaJI 

(3.4) llJill (3.48), OU6HJ1TI, KOHCTaHTY r ll IlpoBepllTI, COOTHOlll8Hl16 (3.2). 
MsMepeHHIO CR8'1R8 T6IIJI06MKOCT11 IIOCBJI1116HO 60Jlblll06 'lllCJIO pa6oT. 

ITOCKOJlbKY Tc .I(JIH BTITC Jl6iKl1T B 06JlaCTll TeMIIepaTyp, r.ne pel!l6T0'1Hbti1: 

BRJla,I( B T6IIJI061\lliOCTI, ylKe .I(OCTaTO"IHO B6JillK (CM. pnc. 2I, 22~ l13MepeHl1e 

MaJloro CR8'1R8 rrpe,n;cTaBJIJieT orrpe,n;eJleHH!ile llKCIIepl!MeHTaJlbHL!e TPY.I(HOCTll. 

30 

IloJlyqaeM!ile 1Ke Ilpll llTOM oueHIOt .1 C / re TaKlKe CllJII,HO saBl'ICJIT OT 

- o6pa6oTilli llKCIIepllMeHTaJlbHLIX ,n;aHHL!X. IloaTOMY rrp11Be,n;eHHL1e B JlllTepa-

Type ,n;aHHLie .I(JIJI CR8'1K8 T8IIJI08MKOCTll'llM8IOT onpe,n;eJieHlU!it pas6poc. Ha 

puc. 24 rroRasaHa saBHCllMOCTI> C /T JJ,7UI Y BC O ~aMlillli-B 

o6;racTH TeMIIepaTypu rrepexo,n;a, rrpHBe.n;eHHaJI B pa6oTe / 7 • 8Ha11eHJ1JI 

3TI1X CR8'1KOB' ll3MepeHHLie .I(JIJI l sco -KepaMHK ·c 30 % TO"IHOCTI,IO ll 

YBCO -KepaMllK - c 20 % To11HocT1,10, CJ1e)zyIOil1He: 

Ac =- 2 M~'tt( -,: -11-1 M?>f-l .. ( Lq os s..--o.1s G.t o")' 
Tc K, z-qT K • ,,£10/lbU{ 

Af_ = :> M;!)f{ =- 13 M
2
7J")K . · ( Y·5a2 U{3 0 1 ). 

T, K • 2-ar K • HoAb (l( -

ABT0;11 / 7I/ OTM8'18IOT, "ITO cRati~ T8IIJIOeMKOCTil: OTHeCeHHLie K 1 MO-

JIIO Me,I(li, llM8IOT 6Jill3KOe 3Ha'1eHJ1e. B pa6oTe / 721 .I(JIJI CR8'1R8 T8IIJI08MKOC- '. 

Tll B '(BC O - 1tepaM11Ke 6LIJio IIOJIY'leHo aHa11eH:rre 

L\( == 1,8±2 M')11£ 

Tc K.2. MOAb 

~ 3 7 M1)')f,{ 
' ~ ' Kl 2-: Cl T 

(I rpaMM-aToM = (I/I3) - MOJlb YB CD ). 
peH:rre Xo I cornacHo (3.3) H)ICIIOJlbSOBaHHe qJOPMYJILI 

aBTOpaM 72/ orrpe,n;eJillTI, 3Ha'1eHJ1e IIOCTO.inm.o:li 

Y = 36 ± 3 M'?>l1< 

K 2 · Motfb 

HesaB:rrCHMOe llSMe

(3.41:1) II03BOJillJIO 

:rr Hail:T:rr KoHcTaHTY A = I,33 B (3.2), 6Jmaeyro K aHa"l:eHllIO I,43 B 

TeOplil1 CJ1a60:l1: CBJI3H EK!ll. Ha OCHOBe COOTHOlll6HIDI PyTrepca (3.I) 6LIJIO 

TaKlKe onpe,n;e;reno 8Ha'1eHHe IIPOll3BO.I(HO:li 

(d H c) ::c Q ,1 Lt , f O -1 
{ r,1 / /<) = 2 2 fr r~ f I<) · 

dT /Tc 

Ha:rr60J1ee IIOJIH&e 11CCJl8.I(OB8Hl1JI CR8'1K8 T8IIJI08MKOCTll ll MarHliTHLIX 

CBO:llCTB CBepXIIpoBO,wnllllX K8p0Ml!K y 84 Cu3 oi .. 6wm rrpoBe.n;eHLI B pa-

6oTe /73/. HesaBHCllMOe H3MepeHne COIIp0TllBJ18Hl1II p {T} , ).tllaMarHHTHO:li 

BOCIIPllllM'1llBOCTll 'Xac. B CJ1a60M rrepeMe,HHOM BHel!IHeM IIOJle ( sqq>eKT 8KpaHJ1-

POBKR), 3~RTa Meil:ccHepa M(r} ll; · .T8IIJI08MROCTll C (T) Ha 

PH,ll;e o6pas~OB BLICOKOro R8'18CTBa Il03BOJillJIO IIOJIY'lllTI, pH.I( nHTepecHLIX 

pesyJibTaToB. XapaKTepHL!e pesyJibTaTLI 113MepeHHtt rrpe,n;cTaBJleHLI Ha pnc. 

25. Ewro BLIJICH8HO·, "ITO "o6pa~eHHe B HOJII, 11 COIIPOTllBJ18HRII nponcXO.I(liT 

o6wmo Ha HeCKOJlbKO rp1;1,n;ycoB Bllille TeMIIeP8TYPll rrepexo,n;a, orrpe,n;eJIJie

Moil: IIO M8RCHMYMY CR8'1R8 T8lTJ.108MKOCTll llJill aqxl>eKTY 8KP8HllPOBaHJ1JI (CM. 
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IJllC. 25). Elma YCTaHOBJieHa TaKJKe ItoppeJI.IIll;lllI Mellf,lzy C_Ita'!ItOM TeIIJIOeMitOC

Tll ll BeJill'!llHO:ii 31p1)0ItTa Me:iiccHepa - M8KCllM8JII,HOI'O 3HatieHIDI ooe BeJilltil!HLI 

,Il;OCTllraIOT- B Hall60Jiee O.u;HOPO.u;HHX o6pasu,ax. Vl3Mepemrn CTaTllt{eCKOH rra

paMarHllTHO:ii BOCilpm!M'ruBOCTll (3.3) IlOSBOJillJIO TaKJKe OUeHlITI, BeJill"Il'!HY 

(3.4) ll c,u;eJiaTI, orrpe,u;eJieHHHe BUBO,Il;li O 3Hatierum: KOHCTaHTLI r. 

~ ¥_ \ , I 
~ ✓ ~ 0 

90 · . 85 T(K] 

Pllc. 25. 
TeMI1epaTYPHb1e saBIICllMOCTll corrpoTllBJleHWI R , .u;HaMarHHTHoii 

BOCilPlll'IM"Il'lBOCTll B rrepeMeHHOM ITOJie 'X-qe, , HaMarHlltieHHOCTll 

M (. B rrOJie I7 3 ) II TeIIJioeMKocTll .c / T B6~s:ir cBepx-

rrpoBo,wnnero rrepexo.u;a B Y l3C O KepaMHite / 73 • 

JJ,rul "HaRJiyt{lllero" o6pasu,a c MaKcllM8JII,HllM 3HatieH1IeM AL /Tc 11 ;l 0 

aBTOpli IlPllBO,ItlIT CJie.u;y~ee 3HatieH1Ie .n;JI.f.[ Cita'!Ita TeIIJIOeMKOCTll! 

. 6C --T -
C, 

5 r M 'lJ'>t{. = 19 t-1:b')I{ . =: 4_ t., ,-,'])')t,{ == 8 6 ~-
K2 MoAb ¢,.e. Kl•MOl1b~ 

1 1{2:z.-ar. K·.2.z 

,Ivm OUeHKII KOHCTaHTli r aBTOpij llCITOJil,30BaJill gppM:fJIY (~.2), r,u;e .n;JI.f.[ 

ItOHCTaHTH A corJiacHo Teoplll'! 17o/B rrp:ir6JilljKelillll c:irJI1,Ho:ii CBlI3ll 6wio 
rrpIDl.fITO sHatieH1Ie A = I,7. IIp:ir sToM .n;JIH oTMetieHHoro BliIIle o6pasu,a 

r. - 33 M 'ZJ')J{ = f 1 ..,__M!.-:?=-m=--=-_ --
- K2 - MOAb q,.e. K • NoAb Gt. 

~orroc1,aBJIM STOH ItOHCTaHTe rrepeHopMHpOBaHHYIO IIJIOTHOCTI, COCTO.fllll'l:ii 

"- . 2-L ' 1 
N f o) ::· ;V/o) { 1f >.) ~ 112. ~ o, S',-'}6---QT-.•C_n_U_H 

·:ir cpaBHIIBa.fI ee c HerrepeHopMHpoBaHHo~ IIJIOTHocT1,10 cocTo~ii N/0)= 
·=: 3,'-f(sB-fllf. rf r:4-0, f ~ ( '> 8 · a.[- cnt-tH} 1 , IlOJIYtieHHo:ii B 30HHIDC pactieTaX, 

· amopH .u;e:iicTB:HTeJI1,Ho rronytiaIOT 60Jmrry10 KOHCTaHTY cMs:ir: 1+ A ~ 4, 1. 
HesaBllCllMOe ll8MepeH1Ie CTaTll'leCKO:ii rrapaMarHIITHO:ii BOCilPlll'IM'lllBOCTll 

(3.3) l103BOJillJIO ycTaHOBllTI, KOppeJIHumo Mellf,lzy BeJill"Il'!HOii -Xp • rrporropUIIO

HaJII,HO:ii cornacao (3.4) Y, n citatIItoM TeIIJioeMKOCTll (3.2): 'ii'.. P -v t.C/7;. 
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)VIJI ItOajxfMUlleHTa rrporroprmoHaJII,HOCTll 6HJio Haii.D;eHo 3ItCile,PllMeHTaJII,Hoe 

sHatieH1Ie, ItOTOpoe IlPllBeJio It COOTIIOIIIeHllIO .n;JI.f.[ CTOHepoBC!tOI'O qJSKTOpa B 
BJI,IJ;e 

S = o, 4 2 ( 1 + >. ) A . 

IIo.u;cTaBJIHH CIO,u;a 1-1 ). ~ 4, 1 ll A = I, 7, aBTOPLI HaXO,ItlIT s~3, 'iTO 

IlO,u;TBep,imaeTCH IlPfiMOH oueHitOH s no gppM;YJie (3. 4) C IIJIOTHOCTI,JO coc

TOHHllll lv'(o) '7 B3.fITOii lt3 80HHHX pactieToB. Tarom o6pasoM, ItBK OTMe

tiaIOT aBTOPLI / 
3

/np:lI6JmJiteH1Ie CltJII,HOii CBH3ll'OitaSHBaeTCJI HerrpoTllBOpetm

BHM. ECJill lite llCnOJII,80B8TI, np1t6JllillteH1te CJia6oii CBHSll, l10JI8l'BJ{ B (3.2) 
A ==- A scs = I,43, To nOJIYtiaeMHe ITIJll BTOM 3HaTieHIDI S ~ 1, . 

~ ~ o, 7' XOT.fI ll He rrpoTllBOpetiaT nonytieHHHM 3KCl18,PllMeHT8JII,HHM .u;aH

HllM, HO Tpe6y10T cyU1eCTB0BaHlt.fI BHCOitoil IIJIOTHOCTlt a.n:empoHHHX cocToH

Hliii lt BliCOitO:ii xapaitTepIICTlttieCitO:ii tIBCTOTLI W , OTB8TCTBeHHO:ii sa CBepx

npoBO,wnnee Cl18IJllBaHlie, Tc / w <'< 1. YtiltTHBa.fI ,IUJYI'lte e1tcnep:lIMeH

TaJI1>HL1e qJa!tTLI, 8BTOPH CtiltTaIOT noCJie.u;Hee rrpe.u;nOJIOllteHlle' 0 CJia6oii CBH8ll 
B Y6CO MaJIOBepoJITHHM. 

MHTepecHo:ii oco6eHHOCTI,ID nOJiytieHHHX B / 73/·pesyJII,TaTOB JIBJIHeTCJI 

HeSaBIICltMOCTI, TeMilepaTypH CBepxrrpono,wnnero nepexo.u;a OT lt3MeHeHlt.fI IIJIOT

IIOCTll COCTO.fIHll:ii, ItOTOpa.fI OUeHllBaeTCH no BemrtiltHe CitatIIta TeM7I08MKOCTll 

(3.2) llJIH rrapaMarHIITHO:ii BOCilP:.m:M'IllBOCTll (3.4): B TO BpeMA: Ita!t noCJie,u;

Hlie BeJIH"Il'!HLI MeH.fIIOTCH OT o6pasIJ,a It o6pasrzy ( B 3aBllCltMOCTll OT llX 

rrpHroToBJieHlIJI) B OTHomemm: 0,6: I, Tc ocTaeTCH B llHTepnaJie 90-;-93K. 
B ueJIOM lite nOJiyTieHHHe B 3TOli pa6oTe 3Ha'leHlI.fI .n;JI.f.[ ( A C /Tc.} ll Y' 
rrpe.u;cTaBJIHIOTQH Ha:ir6oJiee TO'!HliMll H corJiacyIOTCJI C pesyJI1,TaTaMll .u;pyr:irx 
aBTOpoB. 

KaK 6wro OTMe_'leHo BliIIle ( CM. p:irc. 23), aa6JIIO.u;eHIIe mrHeHHoro no 

TeMIIepaType BitJia.na B. TeruroeMKocn B cBepxrrpono,u;H1I1te npH T ➔ 0 npe.u;

cTaBJIJieTCH Heo6l,lt{IlllM B paMitaX CTaH.u;aPTHOH/eo~w CBepxrrpoBO.JnIMOCTlt. B 
CB.fI3H C STllM B !)Jme pa6oT (cM., HarrpHMep 74- 9 ) 6HJill.IlpoBe.u;eHU Tl118-

TeJ!I,HL1e H3MepeHlI.fI HlI3KoTeMIIepaTypHoft TeIIJioe~OCTll C / T. npll T ➔ 0 • 
Ha PRC. 26 npe.u;cTaBJieHLI pesyJII,TaTH pa6oTH 74/, r.ne 8BTopu IlOJIYtiaIOT 

CJie,ey10ume 3HaTieHlt.fI .n;JI.f.[ ItOHCTaHTH y,.. 110CTaTotIHoro" JillHeHHoro no TeMIIe-

paType BKJia.n;a, C,.. ,=- Yr T ' .n;JIH !)Jma KepaMim y 8q2 W.3 01- X B sa-
BllCHMOCTll OT X 

Yr =-4,2(x:o];3,S(x==D,28); 6,3()(=0,t) t2'>m 
K . MoAb <f,.e. 

11o.u;o6Hoe lite ll3MepeHIIe .n,7I.fI ItepaMHKII l s C O .u;aeT KOHCT8HTY r r = 
"'.2 (M7>m I I(? Mo Ab ¢.e.}, sHatieHIIe ItOTopoft He MeH.fieTCH rro.u; .neiicTBIIeM BHem

Hero noJIJI H = IDTh = ro5 a. B eToii lite pa6oTe 6HJia 1tcCJie,u;oBaaa Ten

JioeMitocT/> "corrycTBYJOlltllX" · qias rrp:ir cll:HTesuponaHlllt 1tepaMH1t YB C O • Ha 
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!'lie. 26. 
TeII.JioeMKoeTI, · C/T ruiK fJ?YHKmuI T 2 
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T2(K2) 

/74/, 

!'lie. 27, 
TeII.JioeMKoeTI, C/T KaK qiyHKmuI T 2 ;rr;m. Y2 w2 05, BQ Cu 9z+~·, 

Y.t Ba w Os /~Lt/. 
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pl'!C. 27 rrp1me.I(eHH 8TH 3aBHCHMOCTH C / r ;rr,JUf. HaH60Jiee xapaKTepmnc, eo

TIYTCTBY!OI11HX coe,ri;HHeH!lli .Ka.K OTM0'!8IOT 8BTOpU,, He00JII,ill8.fl IIpllMee1, ql83U 

6qC4 02-0 1 ;rr;m. KoTopo:11 ajxl)eKTHBHaH fr·~ I50{M;b1'l/K2.·Mot1bCtt-) 
B IOO pas rrpeBUmaeT yr ;rr;m. Y 8 C O KepaMHKH, MO:HteT 06~.fICHHTI, 

na6JIIO,I(aeMoe snatieHHe Yr B cBepxnpoBo,I(.fllllllX o6pasmx I( BC 0 
KepaMIIK, K aHaJIOI'll'!HHM Bl:ffiO,I(aM IIPRXO.I(.f!T n aBTopu pa6oT /75,76/, r,I(e 

B 38BHCllMOeTll OT IIpHrOTOBJieHH.fl y·e,(0 KepaMHKH IIOJIYlffi!OT 

Yr==: 1-;-S(M'l)m/1<2- 2-ciT)== 13-i-65(14'2n;c/K2 ·NoAb) /75/ li 
amKTliBRYIO KOHCTa,Ty Yr~ '-tO [ M 'l)m/ K z-qr) ,lJ)IH eoe,I(llHemm C3q1,wOJ..1-i' 
I g;_ B pa6oTe / 77 OTMetiaeTcir, 'ITO HeKOHTpoJIHpyeMoe eo.I(e,P,'Kami:e qia-

31.l Bq Cu 02 B YBC O KepaMHKe rrpeIIHTcTByeT O.I(H03HatIHOMY
0 

orrpe.iw

JieHHro "co6eTBeHH0:11" (eCJIH OHa cymecTByeT) OCT8TO'!HOil:/JIH'8:11Ho:11 TeII.Jio-

eMKOCTH, Ilpl'l STOM 3Ha'IeHHe re ' IIOJ!y'!eHHoe B 77 
;rr,JUf. Y&2wJ0f1 

OK831!B8IOTC.fl eJia6o 38BllC.filllllMll OT ~ : rr (td} ~ 5,4(~,t'l>m:/KL fl,lotlb}, 
Y'i- (~=0,1)~ 6,3{M'l)m/ K1·Mot1b}. 

llHTepeeHue pesyJII,T,TU~ saBncnMoeTH yrfx) ;rr,Jm.{Lq1_xMx)/ltO,, 
6wrn IIOJIY'!eHl.l B pa6oTe 78 (CM, pnc. 28). ABTopu OTMe~aIOT, 'ITO B ,n;II

MSKTpll'!ecK0:11 A¢ ~se rrpn Konu;eHTparum .n;upoK p= 2.x <. 0
1 
O!l 

JIHHeftHIIft BKJ!a,ll; B TeII.JioeMKOCTI, HetiesaeT, B TO :lite BpeMlI Yr IIpHHHMaeT 

' Js i 
i jAF sc~ 

(La,_,M,)2Cu04 

o M=Ba 
• M=Sr 

-4 l ! ,1~ 0 

o, =;· -~ s ii j 
111 2 I :• : 

, '/ . . ,>- I I o 

i ! : 
orL '. ___ : ___ --- -- ----------------· 

0 0.02 0D4 0.06 0.08 0.1 

!'lie. 28. 
3aBHCHMOeTI, OT KOHJJ;eHTparum X 
JlllHe:ltHoro BIOia,I(a B TeII.JIOeMKOCTI, 

Ye =(c/T)r➔ o B(lq1_x Mx}i 
·CuO't· ;rr;m. M= BQ. 

(cBeTJIUe To/KH) , M = 5 r (TeM

HUe TO'IKH) 781. 

60JI1,mne 3Hatiemm B necBepxrrpoBo.I(.fillle:11 .n;IIaJieKTpll'!ecKo:11 qiase, 0,02< p< 
< 0,04 , r,I(e oTeyTcTBYIOT ( npn T ➔ 0 ) cBo6o.I(Hble HocnTeJIH, KoTopue 

MOrJIH OU .n;aTI, JIHHe:l1Hl.l:11 BKJia,I( B TeII.JioeMKOCTI,, BKJia,I( .n;BYxyP,Q~eBIIX enc

TeM B mrne:ltHyro TeII.JioeMKOeTI, HeBeJIHK, HO ou;eHKaM aBTOPOB 778 (ns ~ 
~o.r 7 I{f'1ZJ}J{/l(!H0,1h)_ ll He MO:llteT 00~.fICHllTI, OUeTplI:11 poeT Yr B 06-
JiaCTll p '\/ 0,0~. B JJ;eJIOM OOJII,Il!0.:11 pas6poe 3HatieHH:11 rr = I -;-

-:-5{t•t':blll /K2.Mo,4b} ;rr,Jm. coe,n;IIHeHH:11 Lctz-K Mx wOt, {M= Ba, Sr) 
(cM/78/) He II03BOJI.fleT npe.I(JIOJ!tl'ITI, e,n;IIHOe 06~.fICHeRHeHenyJieBl.lX 3Ha'le

Hllil: OeTaTO'!H0:11 mrne:ltHo:11 TeII.JIOeMKOCTll, HaHOOJiee BepoHTH0.:11 IIPH'!llH0.:11 

MOJKeT CUTI, HaJIH'!IIe IIpl'!Mece.:11, OOJI8,ll;8!01llHX MarHHTHliM MOMSHTOM (HarrpHMep, 

C4 21- B .n;IIaJieKTpll'!eeKoft qiase) , BKJia.n; KOTOPIIX B A 'P qiase 

"saMoprum:BaeTM". 06~eHeHHe JKe JI;HHefmoro BMa.n;a B Tewro-
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eMKocn' Ha ocHoBe TeopJm pesoIDrPYKXIIIDC BaJieHTHHX cBJiseii ( CM. § 6) sa 

, C'IeT BO8Oy~eHM "crmHOHOB" TpeoyeT OoJiee ,TlllaTeJII,HOH 3KCrrep:mmHTaJII,-

'iioil rrpoBepror. . 

B saKmOtieIDre aToro pas~eJia OTMe'lJ1tMpa6oTy / 79/, r~e IIOMlIMO TeIIJio~ 

eMKOcTn 6Wia nsMepeHa Taroite TeIIJI011poBo~ocTI> )J.JIJ{ LQ2 ut Di, n YB C 0 
-KepaMlIIW. Jiruiefurnil BKJia~ B TeIIJIOeMKOCTI, B KpHCTaJIJ!lI'IeCKOM o6pasue 

Lq2 Cu 04 OKa8aJICJI Ha IIO~OK MeHI>me TaKoro ,ice BKJia~a B \" 6 C 0 
KepaMHKe. TeIIJiorrpoBoMocTI> B KepaMlI'!ecrorx oopasuax l CO n \''BC 0 
B o6JiacTn TeMIIepaTyp f < T < 10 K ormcimaJiacI> saBncnMoCTI,IO 1\ = A T2 , 
KOTOpaJI CTaHoBHJiaCI, OOJiee CJIO,KHOH rrpn 6o~ee HlI3.IG!X TeMIIepaTypax. 

IIpn T < o, i K OWI oottapylKeH Ta!tilte JI,IJ;epmtli BKJia~ B TeIIJioeMI{OCTI,. 

CN ~ f/T.2c , sa ctieT JI,IJ;ep Me,IJ,11 c HeHyJieBWI! JI,IJ;epHb!lll crmHoM. 

3.2. KpnTµtiecrore MaI'HlITHUe IIOJIJI 

YJK.e B rrepBUX 3KCIIeplIMeHTax, r~e lICCJie~oBaJIOCI, BJilIJIHlie BHellIHe

ro MaI'HlITHoro rrOJIJI Ha TeMIIepaTypy cBepxrrpoBo~ero rrepexo~a, 6UJio 
o6HapyJKeHo, 'ITO saBnc~MoCTI> He2(T) B KepaMH'Iecrorx o6pasrr,axlSC0 
n YB CO nMeeT aHoMaJII,HOe rroBe~eIDre: BOJinsn T, oTcyTcTByeT JIH

HeiiHaJI o6JI8CTI,. Hci_ ~/7;,-1'}, xapaKTepHaJI )J,JIJ{ OOU'IHUX CBepxrrpoBO~

KOB, a rrponsBOMaH ( cl Hc2. I cl T'} rrpI1HHMaeT CTOJII, 6oJII>l!IHe aHatie

HlIH, 'ITO MO,KHO o~aTI, aHoMaJII>HO Bucororx KPHTM'Iecrorx rroJieii, Hc2 = 
=: 200-:- 3001'11 (T,t = ro4 re) " ". H, COOTBeTCTBeHHO' OOJII,1IllIX KPHTH'IeC

rorx TOKOB paspymeHM CBepxrrpoBO,IJ,111/lOCTH. IloCJieMee OOCTOJITeJII,CTBO 

HMeeT OOJII,WOe 3Ha'IeHHe II.PH cos~aHlilI CBepxrrpOBO~ MaI'HlITOB C ' 

peKOPMU!lllI rrapaMeTpaMI'l. ,Il;aJII>HeHmHe HCCJie~OBaHM, OMaKo, IIOK838JIH, 
3 

'ITO K,PHTH'!ecroi:e TOKII B Kepa!lllI'Iecrorx oopasuax MaJIU, Jc ~ 10 A I CM 2. • 

'ITO OWIO CBJI8aHo, B OCHOBHOM, C rpaHyJIJipHUM xapaKTepoM 3THX oopas

UQB. ITO3TOMY 8Ha'!HTeJII,flUH IDITepec rrpe~cTaBJl!IJ.lo lICCJie,ItOBaHHe K,PHTH-: 

'IeCKHX MarHHTHUX IIOJiefi B MOHOK,PHCTaJIJiaX. B,HaCTOJillle' ~~re MU npH

Be~eM HeKoTopuJ BJSYJII>TaTU.Tarorx ncCJie~oBaHHit {cM. 
8 2 ). 

B pa6oTe 8 6Wia HCCJie~oBaHa saBHClIMOCTI> Hc 2 (T} no nsMeHe-

HlIIO conpOTlIBJieHH~ _p(T} B MarHHTHOM IIOJIS B MOHOKpHCTaJIJiax · 

l a2-x: Sr,... w 0 4 n Y Bq 2. w 3 01-'J. BHeil!Hee nOJie He 

TOJII,KO C~HraeT TSMIISpaTypy Tc.o "nOJIHoro" o6pall!8Hrur B HyJII, conpoTHB

JieHM, HO n sHa'!HTeJII>Ho pasMUBaeT rrepexo~. Ilo~TOMY H c.2 (T} npHIDr

MaJIOCI> paBHUM TOMY 3HatieHHIO MarHHTHOro IIOJIJI, rrpH KOTOpoM. conpOTHB

JieHlie COCTaBJl!IJ.IO 50 % (HJIH 90 %) OT conpoTHBJieHM B HOPMaJII,HOH qiase 

MOHOKpHcTaJIJia YBCO (:wm /..,$CO ) • Ha pHc. 29,30 npHBe~eHu aTn 

88BHCHMOCTlI )J,JIJ{ MOHOKPHCTaJIJIOB /, s CO H y l3 C O COOTBeTCTBeH-

Ho. OOpall!aeT Ha C~JI BHHMaHlIS QOJII,WaJI aHHSOTpormH )J,JIJ{ KPHTlI'Iecrorx 

IIOJISH ~OJII, OCH ·c (nepne~eyJIJipHO IIJIOCKOCTHM Cu 02. ) n B 6a-
8HCHOit IIJIOCKOCTH ( B IIJIOCKOCTH Cu O 2. '). Bu6HpaH OOJiaCTI, ,.., 20 ° 
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o;B/C-axis 

•;Bl a-alCis 

20 ·J 

1 
15 

~.J \ -~'. 
30 

10 T~~E IKI 
0 

TEMPERA 

PHc. 29. 

TeMIIepaTypHaJI saBlfCHMOCTI, H c,. 
.wm B II c. · -ocH ( cBeTJIUe TO'I-

KH) H B // a -OCH (TeMHUe 

1gcv:) B MOHOKIJliCTaJIJie Lq2_ t Sr;, ut Ot, 

14 

12 
I "'-:.''-

10 

8 
~ :6 
~ 

4 

21 

0 
JO 40 50 60 10 

TEMPERATURE I K) 

PHc. 30, 
TeMIIepaTypHaH saBHCHMOCTb 

H c .2. B 'oHOKIJHCTaJIJie 

y Bq z C.U3 Oi so/. 

BOJilI8lI 'f; , )J,JIJ{ L sea IIOJIY'I88M cpe~it HaKJIOH (-clHc2. / o/T}~ 
~ 0

1
3 ~ Lr (7:t /I<) ,wm MarHHTHUX nOJieii B~OJII> :e: rrepne~eyJIJip-

Ho OCH C . COOTBeTCTBeHHO. ,ll;IJI y 8 CO KpHCTaJIJIOB HaKJIOH -

(- d H CZ I o/T} ~ o, 3 f ;-1, 95(f 11 I K} )J,JIJ{ HanpaBJieHHii MaI'HHTHOrD noJIJI B~OJII, 

ocH c n B~OJII> ci' (HJIH l ) B OPTOpoMOH'IecKoii qiase • .AHHsoTpormH 

KplICTaJIJIH'Iecrorx nOJieH B t.. s CO OKa8ImaeTCH Burne. 'ISM B K,PHCTaJI

JiaX YB CO : OTHomeHHe npoHSBO)]; HUX B rrepBoM cJiy'Iae paBHO I3, a 

BO BTOpoM - 5 •;rr,srore pesyRI,T8TU OUJIH rronyqeHU H B ~pyI'lIX paOoTaX 

(CM,, HanpHMep B , ~aHHUe KOTOPOH npJIBe~eHU B TaOJI. 3.I). 
BHCOKaJI 8Hli3OTPOimR KpHTil'UIOKHX MaI'HHTHUX noJieii 'AOJDKHa II,PHBO

~TI, K aHJI3OTPPlllilI lI CBJI38HHUX C HlIMil qllI3Jiqecrorx rrapaMeTpOB - KOppe

MI.mOHHOit .IJ)lHHU ~ ( T} H rJiyOHHU npoHHKHoBeIIBJI MarIDrTHoro rroJIJI A (T} , 
KOTopue B ll3OTPOIIHOl/l cJiytiae orrpe~eJIJIIOTCH COOTHOlileIIBJIMI'l: 

He2. ... -92.E.. ) Hct =-~ en. : , (3.5) 
2r,~2 ~~AL ~ 

r~e 9
0 

=1fct.le = ~l,_/2e = i-lo- 1 rc•ut 1 
- KBaHT MarHHTHoro rro

ToKa. IloCJie,IUJee COOTHOllleHHe )J,JIJ{ rrepBoro KplITH'IeCKOro IIOJIJI IIOJIY'ISHO B 
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rrpe,neJie ),. )) { , KOTOPllil B!IIIOJIWl8TC.II ,lf)J.II BTCII BBII.n:y MaJIOll .I(Jll'IHLI 
KOI'ep8HTHOCTII, "5 "-' o( , r.ne c( - MeJKaTOMHOe paccTomme. CTOJI:E, 
MaJI!le .I(JIIIH!l KorepeHTHOCTII II orrpe,neJI.IIIOT 6OJI:E.11Me sHaqeHII.II Hc2 • 3Ta 
CII8IJ;lrqill'Ka BTCII - MaJia.lI .I(JIIIHa KOrepeHTHOCTI'I II BLICOKa.lI aHII80TPOIIll'.II Kpl'I
Tl'Iqecronc IIOJieil -TpeoyeT o6o6meHII.II CJ.)eHOMSHOJIOrnqecKOH TSOPIIII nms6yp- · 
ra - JiaH.nay, Ha OCHOBe KOTopon OQ!lqttO rrpoBO.I(ll'TC.II oOpaOOTKa 8KCl181llf
M8HTOB IIO l'ICCJI8.I(OBaHll'ro TepMO.I(ll'HaMll'qecKHX CBOilCTB CBepxrrpOBO.I(Hll'KOB BO 
BHSlllHHX Ml:lrHll'THLIX 'OJI.IIX. PaCCMOTPI'IM OCHOBHL!e COOTHOlliSHll'.II TaKOll TSO-
Pll'll', cJie.n:yJI pauoTe 6~/. . 

YqeT aHll'80TPOIIll'll' B rrpIIOJill'lKSHll'l'I stfqleKTll'BHOii Macau CBepxrrpoBO,n.lI
umx rrap 8JI8KTPOHOB IIPIIBO.I(ll'T K cJie.n:yromeM,Y BLl!J3lK8Hll'ID .I(JI.II qjyHKIJ;lrOHaJia 
ThHs6ypra - RaH.D;ay 1691: 

F. t So(Vl ~ + a/'-f/l+: e [lf}"_,_ F no , L 8 7f A. 

f ._ 

+ Li tn~ 1 -itir:✓• - ie A }2j 
ft C /1.• 

t3.6) 

r.ne Fn O - cB060,nHa.1I sHeprn.lI HopMaJI:E>Horo cocTO.IIHll'JI cBepxrrpoB◊.I(Hll'Ka 
➔ t-

B OTCYTCTB11e MarHll'THoro rroJI.II B == fO A . ·<lleHoMeHoJiornqecmrn rrapa-
MeTpLI Cl == ,x- t , t =(T/T,_- 1} 

1 
B H stfqleKTHBHa.lI Macca rrap cBepxrrpoBO.nH 

umx 8Jl8KTPOHOB 2 mt< (14~ X,'j,'t )orrpe,neJIJUOT CBOllCTBa B CBepxrrpoBO.I(!ImeM 
COCTOJIHll'll' IIPli HeHyJISBLIX 8Haqerumx KOMII.llSKCHOro rrapaMeTpa rrop.lI.I(Ka 
'f(r}= ~{r}exp(iy(?)I, r.ne ~(r} -MO.n:.YJI:E> II l((r} -cpasa rrap_aMeTpa 
rro.PJI.I(Ka. PaBHoBecHue sHaqemm rrapaMeTpa rro.PJI.I(Ka n cBepxrrpoBO.nJiumii 
TOK (rrp11 B =J O ) orrpe,neJllIIOTC.II MHHll'~MOM qiyHKUHOHaJia (3, 6) rrp:u 
Bap:E>IIpOB8Hll'll' ero ITO 'f {f} II 1(r) ; 
't ~ f. (- i h ~ - ~e A~ J2 'f' + a lf -1- € / 'f / 

2 
f -=; 0 , (3.7) 

. ie h ( w:t'- w · l11 lUif l _ ~ lw/iA 
Jt'- -c= - 2 I'll"' J.. · Vt< l - r \?ft- J. I m-t- c. J. t-t, (3.8) 

~ -~ 
...... ' -

r.ne fO t B -= ('177 I c) jfL . rpaHM'Ilme ycJioB:u.lI orrpe,neJimOTC.II ns Tpe-
60BaHll'ii HerrpepLIBHOCTl'I BC8X KOMIIOHSHT B8KTopa l'IH.I(yKIJ;lrll 614- II orrpe.ne~ 
JISHHLIX YCJIOBHii · IIOB8.I(8Hli.lI ':J! (r) Ha rpaHMne CBepxrrpOBO.I(HHKa. !IOCJI8.I(HH8 
y,no6Heii Boero cqiopM,YJIIIpoBaT:E>, orrpe,neJI.II.II WYHKUHOHaJI rroBepxHocTHOii cBo-
6O.I(Hofi sHepnm Toro JKe BII,na, qTo II (3.6): 

r. = rs + r{aslrs/ 1
+ ... J c/5, (3.9) 

5 n, ) 
r.ne lfs - 8Haqerum tfJYHKmrH 'f Ha rroBepXHOCTII s' cBepxrrpoBo,nIDIKa. 
KosqxifilmreHT G5 MOlKHO BLipa8IIT:E> qepes pasHOCT:E, JIOKaJI:E>HLIX 8HaqeHIItt TSM
rrepaTypu cBepxrrpoBo.I(!Imero rrepexo.na B 06'.beMe cBepxrrpoBO.I(HHKa Tc II B 
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noBepxHOCTHOM CJIOe Tc,s : G5 = o(_ (~ -Tc,s )i. t r.ne c{ - TOJIIllIDla CJIOH 
nopimKa IIOCTO.IIHHOll pemeTKll. C 8TOii KOHCTaHTOH y,no6HO CBJI8aT~ xapaKTep-

HYID wmHY A /4. 

-fi 2- =- .f: ( D} T;_ > 
.i\.'1 c: 1• -r- c( T _ T.. (3.IO) ,mt"' as C. c,s. 

Ha8!IB38MYID ,IJ)Il'IHOH aKCTP3IIOJIIIIJ;lrll, KOTOpaH Ha q>eHOMeHOJIOI'lilqecKOM ypoB
He xapaKTepnsyeT rpaHMey cBepxnpoBO.I(HHKa • .Ivm: T.._ 5 > Tc A < 0 

' ,4 
KoppeJIHnHOHHa.a: .I(Jll:lH8 l'IJII'I ,IJ)Il'IHa KorepeHTHOCTl:l onpe,neJIHSTC.II COOT-

HOllieIDieM: 1/ 
-s (T} - ( i_/· ) 2 = -5 (o} __!__ • 

I' - irM t fa/ - f1 .fi (3.II) 
,..,. 

B o6UqttllX CBepxnpoBO.I(HHKaX A }i(o}..., [(o}/J>)f. B BTCII, r,ne l ~ c/, 
CJie.n:yeT oD,naT:E> Ii\/"'~ . KoppeJI.RmroHHaH .I(Jll:lHa (3.II) onpe,n;eJI.JieT xa
paKTepHLie pacCTOJIHWI, Ha KOTOp!IX coxpaHJieTC.II KorepeHTHOCT:E, KoppeJI.JI-
I.J;UOHHOii qiyHKIJ;lrll .I(JI.fI rrapaMeTpa llOp.lI.I(Ka . 

< 'f (r J Cf f o) > ~ J_ ex- p 2 - .t Ir S . 
r (3.!2) 

B oTcyTcTB!rle MarHHTHOro IIOJI.II rrpn T < Tc paBHOBecHoe sHaqeHHe 
rrapaMeTpa 110.PJI.I(Ka, HOpMll'pyeMoe OClliqttQ Ha KOHneHTpamrro CBepxnpOBO.nJiumX 

rrap rt 5 / ~ , paBHO 

llf /1 
== ri 2 = ..1..11 -== - _g_:: ~/t/ 

o LD J._ S g e l 
t <O. 

(3.I3) 

Il1llf ql380BOM nepexo.ne TSIIJIOeMKOCT:E, l'ICIILITLIBaeT CKaqoK (Ha 8,I(ll'Hl'Iey 06'.be
Ma): 

D.c 
Tc 

- £ = ,4' 
- € T,/ (3.14) 

r.ne 4 -rrapaMeTp, BBe,neHHLiii B (3.2). 
TepMo.I(ll'HaMIJ:qecKoe K1llfTl:lqecKoe nOJie He CT) , onpe,n;eJI.1IeMoe ns 

YCJIOBl'IJI paBHOBSCl:l.lI HOpMaJI1>Hoii II CBepxnpOBO.nJiumX qias, B O.I(HOPO.I(HOM CJIY
qae orrpe,neJI.JieTC.II cooTHomeHHeM: 

1.~ l) 1/2.. I. t.) 1 . 
He.:: L ,~Q = (';" I It/ > t <O. (3.I5) 

I'Jiy6IIHa llpOHIIKHOBSHlI.fI ,,\ I'-' ( T) .I(JI.fI MaI'HlITHOrO IIOJIII B.I(OJI1> OCH Cl:lMMST
Pl:ll'I KPIICTaJIJia f< = i l:l napaJIJieJI:E>HOro ero llOBSpxH.OCTI'I xapaKTepnsyeTC.fI Be
JIH~oii: 
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:::1 

) 

,-: ,,, 
I•, 

i' f Ai[r)=(tvitcig )'~ ,,\ifo) 
87iei..Ja/ i[j u .lt_ ~rm~ )"i 

)x;'J /Vl.,:,';J-
0THOWeIWe .n;JmH (3.I6) M (3.II) 

t -;f-
n p u Mx==fY/

1 
.(3.I6) 

x _ ~- m;-.cf6 
~ - 4 11- - v J..7/ e t (3.I?) 

;rr,JIJI cBepxrrpoBO,IUIMKOB 2-ro p6,n:a )(., > 1 /(i M ;rr,JIJI BTCIT >c'. >> 1 
IlpM 8TOM rrpu BHeWIWX IIoJIJIX H::: H c 1 < He_ MarIWTHoe IIOJie Ha'll!HaeT 

rrpoIWKaT1> B cBepxrrpoBo.n:IWK, 06paay.1I KBaHToBue BMXPM, a rrpu H = H c..2 

CBepXIIpoBO,IUIMK IIOJIHOCTl>ID rrepeXO.n;MT B HOPMa~l>HOe COCTO.IIHMe rryTeM qiaao-

Boro rrepexo.n:a 2-ro po,n:a. BeJIH'll!Ha H 2J.. )J,JIJI MarIWTHoro IIOM B,D;O~l:, 

OCHOBHOft KPMCTaMorpaqiMtJ:eCKOft OCH orrpe.n:eMeTC.II COOTHomeIWeM 

H21 =-{J... X/~~• He.= fa 
J...lf{xI'J-

i * -( 
L-t Hc.2. .~ (fVlx,':!)I npL1 m:=~f. 

HJ'] mt (3.ra) 

B ~tJ:ae ::efl -;,>f )J,JIJl rrepBoro KpMTMtJ:eCKoro IlOM IlpM 3TOM MMeeM 

H 1: -== en,.f~x x; H ~ 
C 1 ✓ J__ ')CJ( '£~ C 

I ~ fn_{X:}(Je:'J. 
f7i,\xA1- (3.19) 

COOTHOW8HM.II (3.18), (3.I9) o6o6~aIDT IIJOPMY~U (3.5), H8IIMC8HHUe ;rr,JIJI 
M30TpOIIHoro MytJ:a.lI. 

IlpMBe,n:eHHUe B!fille COOTHOIDeHM.II crrpaBe~MBU B M8CCMtJ:eCKOft o6~ac
™ TeMIIepaTyp, / t / ~ t G ,r.n:e <Iw.YKTyau;m rrapaMeTpa IIO.Pfl.n:Ka / 8 <f'l¼--
4: /4'0 /-paBHoBecHoro 3HatJ:eHM.II (3.73). TeMIIepaTypa qJJryKTyamrollllo:it 06.:.. 
~8CTM orrpe,n:eMeTC.II COOTHOllieHMeM 691: 

t =(-'- '-ks Tc (e/c<l.)11.=· _f_ ( 1(5 )1..( j) b (3.20) 
G 'tT,{i {.- f~ f i! ) 3:2.Ji l LlC' J3 -$ • 

r.n;e f =[Jxlo)~';/-(0)51 (0)]
113 

• .llJm BTIIC,·r,n;e l ;..,c(, aTa 06~~T1> oKa-

3UBaeTC.II 3H8tJ:MTe~,HO rpe, tJ:eM B, 06UtJ:HUX CBe~xrrpoBO,IUlMKaX C .#; >) d : 
cor~aCHO OUElHKaM 

69 
, t G '=(0,2 f 2.) · fD 4- , '!TO COCTaBMeT 

06~acT1> TeMIIepaTyp "' ro-2K ;rr,JIJI YB C O • .llJm ouemm TeMIIepaTYP-

Hoft 3aBMCMMOCTM rrapaMeTpOB (3. I5)-(3. I9) B KPMTMtJ:ecKoft o6~8CTM t < t G 
MO.lltHO BOCIIO~l>30B8Tl>C.II IIpMBe.n;eHHUMM IIJOPMY~aMM, COBepma.lI B HMX 3aMeay 

qJeHOMeHO~OI'IltJ:e CKMX KOHCTaHT: q = o{ t ~ a D t It /113 ' ' € ➔ 
€ 0 f J.{3 M ,ll;OIIO~Te~1>HO Yl!MTUB8.II ~orapmpMl'ItJ:ecKMe qJJry KTyamroHHUe IlOII

paBKM K TeroroeMKOCTM (cM./69/). BHe KPMTMtJ:eCKOH o6~aCTM B ,ll;OCT8TOtJ:HO· 
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umpoKoM UHTepBa~e Ter.mepaTyp t"' fOJ..tc; MOlKHO ommaT1> Ha6~,n:eHM.II 

rayccoBcKMX Koppemuurnmmx rrorrpaBOK IIOilfl':.n:K8 V /ti/ t G' K MaccutJ:ec

KllM Tervrn:epaTypHUM 38BMCMMOCT.IIM (CM. /69/). 0.n;HaKo H86~ro,n:eHMe 3TMX 

Ter.mepaTypHUX OTMOHeHMit, Tpe6yeT 3HatJ:MTeHl>Horo yBe~tJ:eIW.II TOtJ:HOCTM 

sKcrre pnMeHTa, a TaIOKe ·ytJ:eTa pJI.n;a .n:orromrnTe~1>HUX: JIBJieHMft: BJlli.lIID!e ne

o,n:nopo,nHocTM o6paau,a M HaJIHtJ:MR .n:e~eKTOB, KoTopue MoryT cymecTBeHHo 

Ml!HTl> Ha TeMIIepaTYPHYID 38BMCMMOCT1> @13MtJ:ecKMX rrapaMeTpoB. B tJ:aCTHOC

™, na~tJ:Me ITJIOCKOCTeft .n;BOHHMKoBamm B OPTOPOMdMtJ:ecKoft qiase YB C 0 
(CM.§ I) MOJKeT IIPMBO,n:MTl> K IIOJIBJieHMID ~OKa~SOBaHHOli Ha MOCKOCTM 

,n;BOHHMKOBa!lli.lI CBepxrrpOBO,n:MMOCTM C Kpl1T.HtJ:8CKO:it TermepaTYpOft, 

6on1,meit, tJ:eM B 06'.beMe Tc· • B pa6oTe 1831, HarrpMMep, o6cyJK,IJ;aeTc.lI 

Brma.n: cBepxrrpoBO,n:MMOCTM ITJIOCKOCTeft ,D;BOHHMKOB8HM.II B TeMIIepaTYPifYID aa

BMCMMOCTl> TeMJIOeMKOCTM B6~3M Tc M IlpOBO,n:MTC.II COIIOCT8BJI8lllie C 3K

CIIepMMe~T8.7J;l>HO Ha6~,n:aeMoft 38Bl'ICUMOCT1>!0 C p (T J )J,JIJI MOHOKPMCTa~~a 

Y5C O 1841. · 
PaCCMOTpeHHa.lI Bifille qieHOMeHO~OI'litJ:eCKa.lI TeOpM Il03BO~eT OIIMCaTl> 

TeMIIepaTypHyro 38BMCUMOCT1> TepMO,n:I'IHa.,,,,

Ml'ItJ:ecKMX rrapaMeTpOB CBepxrrpOBO,IUIMKa B o6~aCTl'I ·TeMIIepaTyp, He otJ:eHl> 

,I1;8H8KMX OT 'fc , r.n:e crrpaBe,n:JIHBO pa3~0lK8HMe IIO rrapaMeTpy IIO.Pfl.n:Ka If. 
,ll;1r.ll MCCHe,n:oBamm Bceit TeMIIepaTypHOli o6~aCTM Heo6xo,n:MMO B~l!MC~Tl:, CB0-

60.Il;HYIO 3H8prMID CBepXIIpOBO.iiirnKa Ha OCHOBe orrpe,n:eneHHOli MMKPOCK~IIMtJ:ec

KOH Mo,n;e~M. B ~tJ:ae o6UtJ:HUX: CBepxrrpoBO,IUlMKOB B KatJ:eCTBe TaKoft MO

,n;e~ UCIIOH1>3Y8TC.II o6UtJ:Ho Mo,n:e~1, Eap.mrna - Kyrrepa - illpuqq,epa, KOTOpa.lI 

_IIPMBO,n:MT B IlpM6JIIDKeHMM cna6oil CB.II3M K orrpe,n:e~eHHUM yHUBepcaHl>HUM 

COOTHOllieHM.IIM. YtJ:eT CMl>HOli aneKTPOH-g)OHOHHOH CB.II3M, KOTOpaR MOJKeT 

Ha6~10,n:aT1>C.1I B BTCIT IIPM 7;_ > w - cpe,nHeil tJ:aCTOTU ipOHOHOB, IIPUBO-

,n:MT K orrpe'e~eHHUM OTMO,eHIDIM OT 8TMX YIWBepcaHl>HHX COOTHOmeHU:it (CM, 
Harrp;rMep, ?O/ M pa60TU 85- 87/. IIoaTOM,Y MCC~e,n:OBaHMe TepMO,n:MHaMl'IKM 

BTCIT, KaK 8TO y"JKe OTMetJ:a~OCl> Burne, urpaeT BalKHYID pon1, B BWICHeHMM 

BOIIpoca, IIpMMeHMMa ~ TeopM EKlll K BTCIT C ytJ:eTOM B03MOJKHUX IIOIIpaBOK 

aa CtJ:eT CMl>HOft CB.II3M. KaK 06cyJK,IJ;a~oc1, B.§ 3,I, ,n:aHHUe O CKatJ:Ke TeII

~OeMKQCTM c ytJ:eToM TeopMM, paaBMToft B /?Ol, He rrpoTMBopetJ:a:T TeopMM 

cn~1>Hoil: cMaM B YB C O • CorrocTaBJieIWe aKcrrepm.teHTaH1>HHX .n:aHHUX, 

no~tJ:eHHUX rrpu McMe.n;oBamm MaI'llliTHUX JIBJieHM:11 B 'BTCIT, Hc.1 (T), )i (T}, 
Hc1 (T) IM it rroKa ~To He .n:a~o o,n:HoaHatJ:HUX peayn1>TaToB (cM., 

HaIIpMMep, 87• ) :a Il08TOMY Ha me o6cyl!Ql;eHIDI Mil He OCTBHBBJIHBaeMC.II. 

IlpMBe,n:eM B 3aRHIO~eHl!e'aToro paa,n:e~a Pint 8KCII8p:aM8HT8H:&HWC ~aH

HUX, IIOJiytJ:eHHUX rrpu :aaMepemm Hc1 B MO,OKP,MCTaJIJie Y&2 ~ 01rrp:a 

Hl'I3Kl'IX TeMIIepaTYpaX ( T = 11K) B pa6oTe 827. Ha p:ac. 3I IIOK888HH 

COOTBeTCTBYJOOlHe rrapaMeTpu: BHl'I30TpoIIHUe 8KpaHl'Ipymtr,te ToKPI j l H 

r~6MHU rrpoHl'IKHOBeHM.II A; ;rr,JIJI MarIWTHUX rrMe:11, HarrpaBJieHHUX 

B,Il;O~I, OCH c( =: C KPMCTBMa :a B 6a3MCHOil MOCKOCTH ~Ml> OCH 
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o<~ Q COOTB6TCTB6HHO • .lvLfI nOJm B.I(OJih OC.11 C KPHCTaJIJia r.rry6IDIH 

npomumoBeHlIB B,IJ;OJih oceii q .11 6 .,\ ~ e, onpe,n;eJIRlOTCH TOKaMH 
u ·c '. I c ,c 

8KpaIWpoBamm B 6as.11cHO.l1 IIJIOCKOCTH J 6 = j ~ .11 nosTOMY /1 q R; /\ b 
.lvLfI nOJIJI H~ , nepneMHK,YmipHoro oc.11 c KPHCTaJIJia, cx=a(b} rJry-

6.11Ha npoIWKHOBemm B IIJIOCKOC_T.11 a 6 .,\ t f !1 onpe.n;eJIJieTC.f! TOROM 

·C 

HIia 

a 

PHc. 3I. . \~ 
Dry6.11HU npOIU!KHOBeIW.f! MarHHTHoro nomr l\t< .11 COOTB0T-

·~ u CTBYKIIIH6 8RpaHHpy10unie TORH j v ~ MarHHTHhlX noJieH 

H~ , HanpqBJieHHhlX B.l(OJih oceii. c< = c .11 o< = q cooT

Be1'CTBeHHo 1821. 

C 

-~) . ,aw 
B,IJ;OJih OC.11 C j C ' a rny6HH~ 2JOHHKHOBemm B,!(OJih OC.11 C /\ C 

- TOROM B IIJIOCROCT.11 Q b J b /'a) • ilOCROJihK,Y TORM B IIJIOCROCT.11 

ab ~ noJieii o.n:imaRoBoii HanpmKeHHocT.11 B,ll;OJih oc.11 c .11 a ( t) 
a(bl · , c 

paBHU, TO .11 )\ c = /\ q, h • B CJiyqae JKe, eCJIH ooh c .f!BJI.f!eT-

CH 
11
lK0CTKIIM" HanpaBJieHHeM B CBepxnpOB0,1(HHRe ~ 8RpaHHpYKI$IX TOKOB, 

T.e.- Jc « jq,h , TO r.rry6.11Ha,rrpOIWKHOB6HlIB B ah IIJIOCROCT.11 

6y,neT 8HaqnTeJihHO 60Jihllle JI.JI!{ IIOJieii B IIJIOCKOCT.11 Q b ' qeM ~ rro-
u \ q/b} \ c 

Jie.11 B,IJ;OJih OC.11 C : /\ 6/q/ >> /\q
1
h • 

B Ta6JI. ·3.r npMBe.n;eHH sHatieHlIB KPHT.11tiecKoro nOJm Hc1 , .11sMepeH

HHe no Hatia.rry OTRJIOHemm OT JllIH.eiiHoii 8aB.11CHMOCT.11 KPHBOH HaMarH.111I8HHOC~1 
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T.11 M"; -{1 fLr-»}(1- n.) Ho< , r,n;e n... - pasMarIWtIHBaKIIIHii q>aRTop, .11 ~ 
napaMeTpOB, BlltIHCJieHHblX Ha OCHOBe cpE)HOM6HOJIOrH'!8CKOH Teopm1 C Y'ISTOM 

aHHSOTpOID!H 8qxp8RTHBHhlX Mace • .lvLfI Roppemrl..l;IIOHHOH ,Il;JillHH 5,'f 6wro IIpMH.f!-

TO onpe,n;eJieHHe, cJie,ny10mee HS cooTHOllleH.11.f! ~ Hc..2. . (3.I8), a Hc1 
onpe.l(eJI.ff.lIOCh cooTHoIIIelU!eM THna (3. I9). OTHOIIIeHHe He~ / H ~ rros

BoJI.f!eT HaiiT.11 _corJiacHO (3.I8), (3.I9) BeJI.11qnHY. napaMeTpa x"' , CB.f!

saHHoro c Roppemrl..l;IIoHHUMH ,Il;JillHaMH t~ .11 rJry6.11HaMH npoIWKHOBeH.11.f! A;: 
B o6meM c.rry-qae lpOPMYJiaMII 

C 

Xe= ~,b 

Sa,b 

Q(b) ( \ C{a) ·A qq))f/2. 
JC == /\a(b) c. • 

S a{b) { c 

(3.2I) 

Ta6JI.1111p 3. I. KpHTirtiecroie rroJI.f! Hj .11 TOKH Jc~ , RoppeJIJil..l;IIOH

Ha.f! ,I(JIHHa 3 i< ., rJiy6:,ma rrpOHHKHOB0HH.f! MarIW'l'Horo 

rrOJI.f! .,\ t-t .11 napaMeTp :>c o<. np.11 T = UK B 

MOHORpMc~aJIJie YB C O 182~ ,11 sHatieHlIB 

(d Hc.2/ o/T) 7 c. /80,BII. 

Hc1 C re.) 
Jct c, q . (AI CH2) 

Jct C ( A/cM2
} 

Hc1. (T) 
3a,b (A) 
~ C. (~) 

JC 

A il,a (A).) 
Ac ( A 

H II c 

690 ± 50 
6. rn7 

35-;-70 
3I~22 

29+44 
900-+950 

4,8-;-6,7 

·HI/ a., b 

I20 ± IO 
I• I07 

I,2 · ro6 

230 

230 
8400+-7800 
900-:- 950 

-{ci'1c2 / dT) Tc (T/1<) 0,55+-I,I 3,6 

-(clHn.jc/T);, (T/1<)/80/ 0,37 

-(dW.a/dT)Tc. {T(K) /81/ 0,46 

I,95 
2,3 

c{ 

3Ha.f! BeJmtIHHy ~ ~ .11 H c 1 , MOJKHO orrpe.n;elf.11Th rJry6.11Hy npoIWKHoBeHlIB 

). ~ .11 Ha:ttT.11 RoppeJI.f!D;HOHHHe ,Il;JillHU COrJiaCHO (3 • .I9) , (3.21) • .lvLfI oueH-

RH R.PIIT.11'18CKOro IlOJIJI I-{ Ci. ( 0) .11CllOJih80BaJiach 8KCTpaHOJI.f!l..l;II.fI no rrpolIS'-

BO.l(HOii (d Hc2 / dT} Tc , 8H8'18HH.f! ROTOpoii .11 COOTB6TCTBYIOIInie H c. 2. 
n.PIIBe,n;eHU B Ta6JI. 3.I. (.Ivm cpaBHSHH!;_;:(8HU Ta.IOKe 8H8'18HlIB 8TOft npo

.113B0.1(HOii, rrpHBe.n;eHHHe B pa6oTax 180 •8.t, • .Ivm H c~ b rrp.11H.f!TO 0,1(

Ho 8HatieIWe, a ~ Hf 2 - ,n;Ba 8Hatiemm, ROTOpl:lM COOTBeTCTBYIOT 

.n;Ba SHatieH.11.f! napaMeTpoB, CB.f!88HHhlX c H c~ • Kp.11T.11tiecKHe TOKH sKpaHri-
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poBamm j c-, O~HUBaJIBCI, H3 y paBHeHHii MaKCBeJIJia, r,n;e 611-
JIO ncnOJII,30BaHo npn6JIB~eHHe Tuna 

H c~ ,___ ci H /1 _ '--r7i j. J 
-- - -- - - Cf 

Ax: clx c 

KaK OTMe'iaIOT aBTopu, noJiy'ieHHue B /B2/ 3Ha'iemm ,ll;JIJI Hc
1 

cy
ll.leCTBeHHo Memme, a 3Ha'!emm / ,,\ H ~ CYll.leCTBeHHO OQJII,IJle aHaJIOTII'iHWC 
BeJlli'!HH. Haii.n;eHHI:lX B pa6oTe BI/. C ,n;pyroii CTOpOHU • rJTy6:1ma npOHHK
HOBewJI ;\ , nOJiy'ieHHaJI B /B2< 3Ha'!HTeJII,HQ MeHI>lI!e OUeHOK, np,rne,n;eHHI:lX 
B 169 

Ha ocHoBe tpeHoMeHoJiorn'!ecKoii Teopnn nrnsoypra - ~au.nay c yqe
TOM aHH3oTponnn sqxpeKT?aW Maccf>oneHHBaJI sTy aHHsoTpoID110 no oTHome
HHIO :\'.'.. q,b /-ic c , aBTopu 82 °' nOJiy'iaIOT OTHOIJleHne 3qxpeKTHBHI:lX Mace ~63 , 
a c yqeTOM aHH30Tponnn H ct H JC °' - OTHOIJleHHe Macc~78. IIo,n;o6HaJI 

o( 

oneHKa no aHH30TPOID!H H e1 ,n;aeT OTHOIJlemie Mace 43. B neJIOM, noJiy-
'ieHHaJI aBTopaMH aHH30TpoimJI noJieit He~ COrJiacyeTCJI C aHH30Tpormeii 
,n;pyrnx 3JieKTpoHHI:lX xa_paKTepl!CTHK, HanpnMep, IlpOBO,JJ;HMOCTH B HOpMaJII,
HOM cocTOJimIH pq, 6 /Pc~ 30+IOO B 38BHCHMOCTll OT TeMnepaTypu. J To 
~e BpeMfl 3Ha'!HTeJibHO 60JI1,maJI aHHsoTpormJI Mace, noJiy'ieHHaJI us Hct , 
IIO cpaBHeHlIIO C H(,z , B03MOlKHO, YK831lBaeT, 'ITO (llEJHOMeHOJIOnt'ieCKaJI Teo
p:rur C yqeTOM 8Hll30TpOIIHH TOJII,KQ 3qxpeKTUBHI:lX Mace He,n;ocTaTo'!Ha ,ll;JIJI 

ormcamm CHJibHO aHHsoTpoIIHoro KpncTaJIJia 'r BC O B cBepxnpoBo.rtHll.leM 
COCTOJIHUH. C MHKPOCKOim'ieCKOit TO'!KH speHHJI,K CTOJII, OQJII,IJIQH 8Hll30Tpo
Illili M~eT npHBO,JJ;HTI, KB83ll,JJ;ByMepHaJI noBepXHOCTI, ~epMH B 31lIX CJIOllCTb!X 
CBepxnpoBO,JJ;HHKaX C B11,ll;eJieHHoii IIJIOCKOCTbIO CllJII,HO CBJI3aHHI:lX aTOMOB (4-Q 

(CM.§ 4) ll COOTBeTCTBYIOll.l8JI aHH30Tporr:rur CBepxnpOBO.rtfill.leii ll.l6JIB, KOTOpaJI 
H80JIIO,JJ;86TCJI B TYHHeJII,HUX H ,n;p. 3KCneprnvreHT8X (CM.§ 4.5). 

IloMHMo nsMepemm KPHBoii HaMarHH'ieHHocTH M (T} , neHHy10 HHqiopMa
~IO O rJTyOUHe npOHlIKHOBeHHJI A (T} H f-1c1 {T} 1/lOieT ,JJ;8TI, MeTO,JJ; 
BPall.lemm crmna MIOOHa, 8IIP, HMP, cneKTpu n ,n;p. (cM. 6/). BecbMa lIH

TepecHUe pesyJI1,TaT11 no npJIMOIVfY HaOJIIO.JJ;eHlIIO reKcaroHaJI1,Hoii pemeTKH Mar
HHTHI:lX BHXpeii B y 6 CO nr noJIJIX f-( > He-, B OOJI8CTH Hli3KHX. TeM
nepaTyp owrn nOJiy'ieHU B /s9 • HsMepeHHuii npn 3TOM KB8HT MarHUTHOI'O 
IIOTOKa oKasaJicJI paBHUM h c / 1. e , 'ITO no,n;TBep.ii\ll;aeT cyll.lecTBoBaHHe ey
nepoBcKoii napu c sapimoM 1 e • 

BoJII,IJIOe npaKTll'iecKoe 3Ha'ieHHe UMeeT llCCJie,JJ;OBaHHe BJillJIHlLfl OOJiy
'iemm Ha cBepxnpoBO.rtHll.llle cBoiicTBa BTCII. He60JII>llllle ,n;osu oOJiy'iemm 
01lCTP1lMII HeHTpoHaMl! npn noTOKaX CJ? ,.S ro17 CM-2 CYll.leCTBeHHo He 
BJIHJilOT Ha CBepxrrpoBO.rtHll.llle CBOHCTBa, B TOM 'iUCJie Ha RPHTH'iecKUe MaI'
HHTHUe nOJIJI ll TOKU. 0,ItHaKO npn OOJII,IIIHX. ,n;osax gj > roIB CM - 2 

nOOllCXOl!liT OUCTpoe na,n;eHHe Tc 11 RPllTH'leCKUX TOKOB (CM. /90/, /61). 

7'-JCM. TS.Kllt8_ O~HR:y IIa,PSMeTPOB Teopim nmscsypra -:- JISH.D;ay B /tf: 3/ • 
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§ 4. 8.neKTpoHHUe CBOHCTBa BUCOKOTeMIIepaTYpHI:lX 
CBepxIIpOBO,JJ;HHKOB 

CBepxnpOBO,!tlillllle CBOitCTBa MeTaJIJIOB cyll.leCTBeHHUM oCSpasoM onpe,n;e
JI.fllOTCJI HX 3JI6KTPQHH11MH CBOiiCTBaMH B HOpM8JII,HO~ COCTOJIHHH, ll no3TO!vzy 
usyqeHHe noCJie.ItHUX HMeeT BalltHoe sHa'ieHHe ,ll;JIJI BWicHemm npnpo,ll;1l cBepx
rrpoBO,JJ;HMOCTH B HOBUX ORCll,JJ;H1lX CBepxnpoBO,JJ;HHKaX. IIo 3JI8RTPQHHOMY CTpoe
HlilO 3TH coe,JJ;Hnemm MOlKHO OTHeCTH K KJiaccy HOHHI:lX noJiynpOBO,JJ;HHKOB, 
MeTaJIJlli'i6CKaJI npoBO,ll;lIMOCTI, B KOTOPI:lX B03HHK86T npn H3MeHemm CTeXH
oMeTpHH coe,JJ;HHeHHJI. 8.neKTPQHHaJI CTpyKTypa lIX onpe,n;eJIJieTCJI B6CI,Ma 
CJIOJKH1lM B38llMO,JJ;eiicTBlleM JIO.KaJIH30BaHH!lX H 30HHI:lX COCTOJIIDiil 3JieKTpo
HOB, KOTOpoe qyBCTBHT6JII,HO K He60JII,IJIHM H3M6H6HllJIM CTpyKTypu. B CBJI3ll 
C 3TllM M1l oocy,JJ;lIM CHa'iaJia RpRCTaJJJIOXl1Mll'i8CRli8 acneKTU 3JieKTponnoro 
CTpoemm OKCll,ItHI:lX CBepxnpOBO,JJ;HHKOB, o6yCJIOBJie~e HH,ll;Hl3H,lJ;yaJII>Hh!Mll 
CBOitCTBaMH o6pa3ylOl!lIDC llX HOHOB (CM. HanpHMep 9t1,, a saTeM npne,n;eM 
OCHOBHUe pesyJII>TaTU pac'ieTOB 3JI8KTpoHHOil 30HHOii CTPYKTYP1l ns"nepBI:lX 
npnm:nmoB" 1 nrp8IOIIlIDC BalKHyIO pOJII, B noHHMaHIDI 3JI8KTPOHHI:lX CBOHCTB 
3THX coe,JJ;HHeHHil. ConocTaBJieHHe TeopeTll'lOCKIDC pac~eTOB C 3KCIIepHMeH
TaJII,H11Mll llCCJie,JJ;OBammMH 3JI6KTpoHHoil CTPYKTYP1l MeTO,JJ;aMH onrnqecKoii U 
penTreHOBCKOii cneKTpOCKOIIHll noKa3UBaeT OOJII,myJO pOJII, MOKTpoHHUX KOP
peJIJIIJ:;Iil B OKCll,ItHI:lX CBepxrrpoBO,JJ;HHKaX, yqeT KOTOpo:11: B CTaH.JJ;aPTHUX .cxe
MaX 30HHI:lX pacqeTOB npe,n;cTaBJIJieT npnHURIIRaJibHYIO TPY.ztHOCTI,. HMeJI on
pe,n;eJieHHUe npe,n;cTaBJiemm 06 sJieKTponnoM cTpoemm BTCII, Mll o6cy.JJ;lIM 
3KCnepnMeHTaJII,HRe pesyJII>TaTU no H3MepeHHIO COIIpoTHBJieHHJI H aqqieKTS · 
XOJIJia B MOHOKplICTaJIJiaX HeKOTOpUX CBepxnpoBO,JJ;HHKOB. PesyJII,TaTH no ll3-
Mepenmo CBepxnpoBO.rtfill.leil ll.l6Jlll onTll'iOCKllMH MOTO,JJ;aMH ll na OCHOBe TYHHOJII,
Ho:11: CIIeKTpOCKOIIHll o6cy~aIOTCJI B KOHUe pas,n;eJia. 

4.I. KpllCTaJIJIOXllMH'iOCKOe CTpoeUHe OKCll,JJ;H1lX CBepxnpoBO,JJ;HHKOB 
:u BJlliJIHlle npUMeceil saMell.lemm 

KaK noKa311BalOT TeOpeTH'l8Croie pac'ieTU ll 3KcnepHMeHT1l, BUIIOJIHeHHUe 
P83Jlli'lHl:IMH MOTO,JJ;aMH, MeTSJrJIH'lecroie CBOilCTBa M8,ItHO--OroICH1lX BTCII B oc
HOBHOM onpe,n;e~CJI B3allMO,JJ;eilcTBll6M 3JI8KTPOHOB na BHeUJHmc OOOJIO'lKaX 
Me,JJ;H H KHCJIOpo,n;a, B TO BpeMfl KaK OCTaJibHUe llOH1l l!MeIOT xopomo JIOKaJlli~ 
30BaHHUe 3ap!I,!t11 U o6pasyIOT llOHHuil OCTOB pemeTKH. TaK,BaJIOHTHOCTI, 
llOHoB Y 3t- , Lct "!,t- , f3a 2 .,. , Sr 2 r :u l)fl.Il;a pe,JJ;KoseMeJibHI:lX no-
HOB Re =SM~.,., Ell-:,1- :u T.,n;. B coe,JJ;HHeHumc R8q

2 
Cl(:!;O/-!f, 

(RBCO) R=-Y,Re , L,a2_,rf1KCuO'--r-:;{lMC0}if.J1monpoBaHa, a BaJieHT
HocT1, Me,JJ;ll H roICJIOpo,n;a C'iUTaeTCJI saBnCJill.le:11: OT KOHU8HTpamm ~ IIpm.te-
ceil M = Sv- 2+, Ba2

f- , ••• n co,nep.i!t8mm roICJiopo,n;a !J • Ilpn 
X=-0, IJ= o B LMCO Me,n;1, Haxo,JJ;HTCJI B cocTosnum Cq 2t(3c!9). 

Bnecemrn .JJ;ByxBaJieHTHWC npIDl!ece:11: l'19..-t- noB1llllaeT sqxpeKTHBUyIO BaJI8HT- . 
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HOCTI, Me.ItH, a noI)'.BJ!eIDie BaKaH~llil KHCJiopo.n;a, _\J > 0 - IIOHIDitaeT ee 
.n;o sHa'IeHIDI 5!: = 21+ X- 2..y • B coe.ItHHeHllfIX RB CD llMeIOTCR: .n;Ba He
aKBHBaJI8HTHHX IIOJIOllt8HHI{ Me,ItH: (q 2 B IIJIOCKOCTRX lI CL{ 1 - B 
neno"lltaX ( CM. PHO. 7) • 06Il'IHO npe.n;rrOJiaraeTCJI, 'ITO Cu .2. HaXO,ItHTCR: 
B cocTomnm ((.{ 2.-t- , a cocTo.mme Cu 1 saBHCllT OT 'IHCJia BaKaH-
cHil: rrpH y = 0 HM88TCJI COCTomme Cu 

3 
t- • a IIPH 1 " 1 -coc-

Tomme CL{ t+ , TaK 'ITO ycpe.n;HeHHaJI BaJI8HTHOCTI, Me,ItH ';l- = i_ + 
t-{1-2';j-)/3 I .,CJill yqecT1,, 'ITO o6Il'Illo BaKaHCHH co6nparoTrur B uerro'IKe 
B .n;oMeHH 37 , T.e. cpopMYJia R 5q/u.A1-~HMeeT BH.n;: f\8qz(Cu3 Oi1) 1-~ • 
•(C43 0t;}y ,AMl 8~KTHIIHOil BaJI8HTHOCTH IIOJIY'll!M i=2.+{1-';j}/3 , 
nocKOJII,K,Y C41+ He Y'laCTBY8T B pacnpe,n;eJieHJm saJ)ff.n;a no II03HUWIM 
Cl{ 1- CLt !L • CHmHrur rn6plI,ItHsamm cocTo.mmtt 3d - aJieKTpoHoB 
Me.ItH H 2p- aJieKTpoHoB KHcJiopo.n;a npHBO.ItHT K .n;aJI1,He~eMY rrepepac
npe.n;eJieHHIO saJ)ff.n;oB, TaK 'ITO B03HHKaIOT cMemaHHue 3d - 2.. p cocTOJIHIDI: 

o./-+ ➔ °'/3cl92p6> + f> /3d-10 .2.ps> 

cu3+ ➔ o('/?)J82.p'> + p' }3c/9 .2.ps), 
(4. I) 

B KOTopux rrpn f3 =/:- 0 H j3 1 t= 0 ,n;upKa B 3d -o6oJio'l:Ke Me.ItH 
rrepeHOCHTCR: Ha sarroJIHeHHYIO 2p-o60JIO'lK,Y KRCJIOpo,n;a. PacCMOTPllM 8TH 
COCTOmmsl 60Jiee rro.n;po6Ho. , 

SarroJIHeHHrur 3c/ -o6oJio'lKa Me.ItH (Cut+} co.n;ep,mT IO aJieKTPOHOB, 
pacrrpe,n;eJieHHliX no 2 aJieKTpoHa c rrpoTHBorroJio.lKHliMH cmmaMH, Ha 5 

3d - ypoBHRX. B aToMe B rrOJie cqieplI'l:ecKoil CHMMeTplm aHeprwr 3c/ -ypoB
Heil BlipOJ!f,ll;eHa. 3Ha'le!llle ee B Pff,llY 3d. - SJieMeHTOB )J)IH. M~"OCTHraeT 
MID!llM8JII,Horo sHa'leHIDI: £~4 =-20, I4 aB (cM,, HanpRMep 92 ). Kpac
TaJIJIH'lecKoe IIOJie pemeTKH CHllM8eT 3TO BlipOlK,Il;eIDie, KaK 3TO noKa3aHO Ha 
pnc. 32 • B IIOJie K,Y6II'l8CKOil CIIMMeTpIIII ( 0 h ) 5 O,n;H08JI8KTpoHHliX YPOBHeil 
pacl!leIIJimOTrur Ha .n;y6JieT e'J- ~ i c/(x?c,l) , c{ (3 J! 

2
- Y- 2)j n TPIIIIJieT t'J = 

= 2 d(t'J,), cl (~l ), o{ (K l)J • BeJIII'IHHa pacl!leIIJieHHii B ey6H'leCKOM nOJie L1 :::::. 
I +- 2 aB. II pa noIDillteHIIII CIIMM8TPIIII .n;o TeTparoHaJII,HOil ( ]) 4 h) npOHCXO-
.ItHT pacl!leIIJieHlle .n;y6JieTa e 'J II OT TPIIIIJieTa OT,n;eJIHeTCJI ypoBeHI, q (x~) • 

B /.pzut 04 Me,n;I, Haxo,ItHTCR: B ueHTpe OKTaa.n;pa Cu 06 , c:w.rl'>HO 
BllTffiIYToro B,Il;OJII, OCH 1- : paccTo.mme q (Cu- 0)"' I,89 A0 B ITJIOCKOC-
TH MHoro Mefilme paccTomum: B t(Ul-0) = 2,43 A0 B,ItOJil'> ocH ~ 
(CM. § I). B Y SC O M8,Il;I, B IIJIOCKOCTH Cu 2. - 0 (2,3) HaXO,ItHT-
csr Ha ocn BUTffiIYTofi IIHPaMH.n:li C Ll Os , a B uerro'lKax Cu 1- 01 - -
B ueHTpe CJierKa HcKaJKeHHoro KBa.n;paTa C Ll O t, ( cM. pnc. 7) • Pac-
CMaTpHBrur IIHpaMH,n;y Cu O 5 H KBa.n;paT w O,, KaK rrpe,n;eJil'>HHe cmy-
'laH CIIJII,HO HCKallt8HHl:DC OKT83.JU)OB (I :will 2 KRCJiopo.n;a y.n;aneHiiI Ha 6en
KOHe'lHo 60JI1,moe paccTomm:e), MOJKHO 021GUJ;aT1,, 'l:TO pacmeITJieHHe 3d- ypoB-
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x2- y2 

~/ 
------ -
-- 31

2
-Y'.2 

_ __!jj_ 

---- .-
---- (xi, ~z) 

Oh Dt,1, 

PHc. 32~ 
CxeMa pacmeITJieIDisr O,n;HO'laCTH'lHliX c/ - ypoBHeR B KPHCT8JIJIII'l8CKOM 
rrOJie ey6n'lecKOR (Oh ) H TeTparoHaJI1,Hoit { D1i1,} cHMMeTpim. 

Heil yBeJIII'IHBaeTCJI rro Mepe rrepexo.n;a OT oKTaa,IU>0!3 Cl( 0 6 B Lq2 Cu Oy 
K IIIIpaMH.n;e Cu 05 II .n;aJiee K KBa.n;paTy Cu Oi:, B Y 8 C O • PaccMaT;.;. 
pIIBasr COCTomme Ctt Q+ (3 d 9 ) . KaK .n;upey .B sanOJIHeHHoil 3c/-o60JIO'I
Ke Me.ItH, Haxo.n;HM corJiacHo cxeMe Ha pnc. 32, 'ITO ,n;upKa ,ItOJilltHa Haxo
.n;IITMsr Ha BepXlieM H838IIOJIH8HHOM -ypoBHe q (KL ~.z,) • 3Ha'II!T8JII,Hllil 
BMa.n; B TeTparoHaJI1,Hoe HCKallteIDie OKTaa.n;pa ,n;;JIH. Me.n;R B cocTomum 3d9 

npH 3TOM .n;aeT a@leKT HHa-TeJIJiepa: noHIDKeHHe CHMM8TPlm OKTaa,IU>a OT ' 
ey6H'I8CKOi1 0 h.. .n;o TeTparoHaJII,HOtt Dt,h, IIpIIBO,ItHT K CHJ!Tl'IIO BUpOllt
.n;eHIIsr .n;y6JieTa e ~ II rrpa 'laCTH'lHOM ero sanOJIHeHJm ( ':>c( 9 

:...o.ItHH 
SJieKTPOH 'Ha ypoBHe cl.(xl,_cf-) H .n;Ba Ha ypoBHe c/(3i~rz.)) IIOHmKaeT 
SHeprIIIO aJieKTpoHHOil CIICT8Mli Ha B8J!H'IIIHY £ J'-T ~ 0,5 ~B. STOT BUBO.It 
llO.JtTBe.Pz.ztaeTca opaBHeHReM·cTpYl(TY,PHO-aKmteaJieHTHWtlPemeToKLq2 N'iO~ 
n LCf

2 
C.U Otr : BliT.f.lI'IIBaHHe B,Il;OJil'> ocH i oKTaa.n;pa Ni 06 , co

.n;epxal!lero He sm-TeJIJiepoBcKHil HOH N( 2+ (3q 8 - o.ItHH aJieKTpoH Ha 
YPOBHe c/(K2-';J, 2 ) H o.ItHH - Ha ypoBHe(.:,:il-y-z)JB .n;Ba pasa MeHI,IUe, 

'leM L Ll Q 6 • ,8 
CocTomme Me.ItH Cu3+ · (3cl J Momto paccMaTPIIBaTl'> KaK .n;Byx.n;upoq-

Hoe COCTomme B '.,c.{-o60JIO'IK8. CxeMa .n;upotnWX ypoBHett B M8,ItH C4 2,+ 

B HOHHOM KPl'!CTa~ecKOM nOJie Laz (L{ 04 rrpe.n;cTaBJieHa Ha pHC. 33, 
B3SITOM H3 pa60TH 931. B 3TOM pac'l:eTe Y'll!TliB88TCJI JimilI, K,YJIOHOBCKOe 
IIOJie, cos,n;aBaeMoe HoHaMH pemeTKH B ya;re, r.n;e Haxo,ItHTCJI pacCMaTpllBM
Mlitt HOH. KaK CJie.n;yeT ns pac'leTa, pacl!leITJieHIIe .n;y6Jie"ra.,,.60Jil'>me ( ,v 0,7 
aB) , 'l8M Tpl'!JJJleTa, H CJie,Il;YIO!Illiti sa· o( ( X 2._ ~ Z) ,n;upo~litt ypoBeHI, l!:M88T 

Cl'!MMeTpmo q { X !:} ) • . 
Ha 3TOM l!t8 PHCYHKB IIOK838HQ pacmeITJieHlle .n;upo'lHOro ~ p-ypomm. 

f, KHCJiopo.1ta o-, Jielltal!lero B IIJiocKocTB Cu o1 B La2 ut. O't • n,m 11:so-
~ . 
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,oot --:------· P(x,y)o 

0.75 

0.50 
PHc. 33. 

PacllleIIJieHl'Ie 'AHPO'lllWC ypoBHett 

i 0.2t 
- dxz,dyz C(..{~t-{3d) H o- (2 p) 
- dz2 

. 
B KPllCTao/9-qecKOM noJie uQ2 (u Ot, 

.! ~.00 corJiacHo 931. 
dxy 

-0.25f- -------- Pz w 

-0.50f- . dx2 -y2 

-0.75L. -------- P(x,y)ll' 

Jil'IPOBaHHOro aTOMa 2 p -ypoBeHI, KllCJIOpo;n;a TpeXKpaTHO BllpO]K,D;eH H 

HMeeT BHeprmo £. 0 p = -!4,I BB H OUl'ICHBaeTCJI BOJIHOBllMll CWH.KIW.l!Ml'I 
Tl'!Ua 1 p(t)) p{'J-}) p (z-) • B KpHCTaJIJIH"IeCKOM noJie 'AHPO'fHHtt 2 p
ypoBeHI, noHa o- paCill§IIJIJieTCJI Ha 3 cocTomum: p6 (x,ia--), P11 (X,IJ-) 
H P1i ('i) , KaK noKasaHo Ha pnc. 33. CooTBeTCTB~e _ p - op6HTaJil'I 

UOKa8aHll Ha PHO. 34, ;rr,JISI y;n;o6CTBa - IIO O;n;Hott op6HTaJil'I Ha pa8Jil'I'lli11X 

noHax 0 1 i 0 2 , 03 B oKTa.B;n;pe Cu 06 • _I!oKasaH!l op6HTaJIJ:, c( (y3:.~z) 
. . B ysJie Me;n;H, CBIISHBaIOOla.lI op6HTaJII, 

05 · p6 (X) Ha ysJie 0 1 , 1[ -op6nTa-

Jil'I P1i (x) Ha ysJie · o2 n p11 (~) Ha 

ysJie 03 • HaH60Jiee Hl'ISKYIO BHeprmo · 

l'!MeIOT p - 'AHP.Kl'I Ha 1f - op6nTaJI.RX, 

Pz'it 

01. 

2 lxy '''[ PxG 

PHc. 34. ctx2...~!l , Per n P1f 
Op6HTaJm B OKT8B;n;pe 

cuo . 
6 

P1i ( X' ~) ll P-n ( 1-) • !IOBTOMY 

MOJKHo o~aT1,, 'ITO HOBlle 'AHPKll B' · 

IIJIOCKOCTH CU. 02. '/ CBS~ O;n;HOtt 'AHP

Kll B COCTOmum C4 2+ {3clo/, 6y'lf3T no

.lIBJI.IITJ:,CJI B OCHOBHOM B p -SOHaX KllC

JIOpo;n;a, nocTpoSHHllX HS op6HTaJiett 

11- Tl'!Ua • m>YI'HMll CJIOBaMH' corJia CHO . 

cxeMe ypoBHett B KPHCTaJIJIH"IeCKOM IIO-

Jie, npe;n;cTaBJieHHott Ha pHc. 33, B 

CMelll8HHOM COCTO.R:Hllll (4.I) ;rr,JIS1 C1.,i 3 f 
BMa;n; !31 ')) o( / 

IlpH 60Jiee noCJie;D;OBaTeJIJ:,HOM aHa-
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JIHSe UOJIOlKeHl'I.II ypoBHeil 3 ol- H 2 p -COCTO.IIHl'Itt Heo6XO,ItllMO Y"IllTllBSTJ:, 

HX BSal'!Mo;n;eilcTBHe, BeJilll!HHa KOToporo onpe;n;eJI.R:eTCJI COOTBeTCTBYl!lllHMII 

MaTpH"IHllMH BJieMeHTaMH. 8HeprH.R: CMSH pa3Jil'I"IHllX . 3J - H ~ -Op6H-

TaJieil MOlKeT 6llTJ:, oueHeHa B IIpll6JIRllteHl'Il'! Cl'IJII,HOtt CMSH (CM. 921). 
Han6oJiee CHJll,HO CB.IISaHll cf. ( X2

- 1-/") H. p <l' { X ( 'J-) op6HTaJill, 'ITO IIPH-

BO;n;llT K ;n;ocTaTO"IHO IIIHpoKott SOHe CB.IISima:mnDC H 8HTHCM3llBSl!lllllX d po 
COCTO.IIHHtt npH pac"IeTe BJieKTpOHHOtt 30HHOtt CTPYKTYPll (CM.§ 4.2). Op-

6nTaJill 1f -THna, P,rr(x,}) H P1f (i-) 1 He BSaHMo;n;eilCTByroT C d.(x 2 -';j 2
} 

ll c( (312-Y-2-} _COCTO.lIHH.IIMH Me;n;H ll o6pasyIOT OT;D;eJIJ:,HYIO -q -SOHY sa C"IeT 

np.lIMOI'O nepeKpllTl'I.II p-r, - op6HTaJiett, a TaKlKe sa C"IeT KOCBeHHoil CM-

3ll -qepes op6HTaJil'I Me;n;H cl ( ){ ';1--) , cl ( 'J- 2-) , c( ( r z) • TaKHM o6pasoM, 

B03Hl'IKaIOT KaK 6ll ;n;Be IIO;D;30Hll: G"' -THna H jj -Tl'!Ua I CJI860 CB.R:SaH-

Hlle ;n;pyr c ;n;pyroM. Ilpn STOM B coc'i'omum l ~d9 J. p 6 > ;n;HpKa Ha-

xo;n;HTCJI B HailOJIOBHHy sanOJIHeHHott (.) -30He, a HOBlle 'AHPKll IIO.lIBJI.IIIOT-

0.II B OCHOBHOM B 1f - 30He COCTO.IIHl'Itt KllCJiopo;n;a 2. P 5 • 

PacCMOTp8HHali Billlle cxeMa 'AHPO"IHllX ypoBHett B KpHCT8JIJIH"IeCKOM noJie 

IlOJIY"IeHa B O;n;HO"IaCTli"IHOM npH6Jil'IlKSHHl'!, TO eCTI, 6~3 y"IeTa KYJIOHOBCKOtt 

KoppeJI.R:xmu BJieKTPOHOB Ha O;n;HOM HOHe. BeJil'Il!HH8 BTOil KYJIOHOBCKOtt KOp

peJI.IIlll10HHOtt 3Heprim ;rr,JISI 3c{ -COCTO.IIHHtt Me;n;H BeJillKa. u cl ::; 
7-:- 8 BB. IlpH y"IeTe O;n;HoyseJinHoro KYJIOHOBCKOro B3aHMo;n;ettCTBl'I.II sanOJI

HeHl'!e 3d - ypoBHett Me;n;H npl'!Hl'IMaeT 6oJiee CJIOJKH!ltt xapaKTep. EcJIH B 

COCTO.IIHllll ((.,{ 2+ ( :,c/ 9 ) l'!MeeTCJI o;n;Ha 'AHPKa Ha ypoBHe cf.. {)(2
- 'J 2

) , .TO 

BTOpa.R: 'AHPKa ( COCTO.R:HHe 3 cl 8 ) MOlKeT UO.IIBHTI,CJI Jil'IIll1, Ha BTOM ypoB-
:Z.h. h 

He C 8Hepr1rett E4 = E cl -I- lid • (.AHaJIOI'll"IHO BTOpott BJieKTPOH Ha 

YPOBHe c( (r 2 :.:.4,z. J . B COCTO.IIHl'Il'I 3 cl {D UO.IIBJI.IIeTCJI C BHeprHett 
le e ~ -

E4 = - Ed+ Ve{ · ). CToJI:r:, 60JII,Wa.R: BHepI'l'I.II eyJioHoBcKott KoppeMxmu, 

npeBillllaIOOla.R: IIIHpHHY 'vi d. - soHll, Ud > W , npl'!BO;n;HT K TOMY, 'ITO 

coe;n;nHeHl'Isr OKCH;n;OB Me;n;H, B KOTOpllX Me;n;:r:, HaXO;n;l'ITC.II B COCTO.IIHl'Ill Ll..l 2.-t

H Ha O;n;Hy npl'!MIITHBHYIO .II"!ettKy npl'!XO;n;l'ITCJI O;n;Ha ~~a, OR83ImallTCSI ;n;a-
SJieKTPHKaMH MOTTa - Xa66ap;n;a ( CM~ , HanpHMep 9 ) • Ha6JIIO;n;aeMa.R: B 

SKcnepHMeHTe KOHel!Ha.lI npoBO;n;l'IMOCTI, B BTOM CJIY"I8e HOCRT UOJIYIIpoBO;D;Hl'I

KOBlltt xapaKTep( d. (.> / c/T < 0) H o6yCJioBJieHa HaJilil"IlleM npHMeCHllX HOCH-

TeJiett. IlpH T - 6 npoHcxo;n;HT l'!X BHMopal!tl'!BaHl'!e, · H nOJIYnpoBO;D;Hl'IK 

nepeXO;n;HT B ;n;HBJieKTPHl!eCKOe COCTO.IIHHe. YBeJill"IeHl'!e l!lICJia 'AHPOK 38 C"I8T 

Rait HBM8H8Hrut cocTaBa X , TaK H co;n;epllt8Hl'I.II KUCJiopo;n;a ';J B lMCO 
rum YB C O nosBoJI.R:eT nepeBecTH BTlil coe;n;HHeHl'ISI B MeT8JL7IH"IecKoe 

COCTO.IIHHe C 'AJ:lpol!Hott IIpoBO;n;l'IMOCTDIO. Tli!Ul'Il!Ha.lI 3aBHCHMOCTJ:, p ( I J 
UPJr H3Me'8~ KOHUeHTpaxmu 'AHPOK B Y Bai. wJ O -7 -; npe;n;cTaB1IeHa Ha 

PHc. 35. 95 • B o6JiaCTH ~ .>,., 0,5 ( npn'BaJieHTHOCTlIUMe;n;H 2 ~ !1. ) 
Ha6mo;n;aeTCJI IIOJIYnpoBO;n;Hl'IKOBa.R: npoBo;n;HMOcT:r:, c d. p / olT < D , a npn · 

~ < 0,5 ( i ;, :l. ) - MeTaJIJil'I"IeCKa.lI IIpoBO,ItllMOCTJ:, c dt_/JT> 0. 
B COOTBeTCTBl'Ill C 0Ul'IC8HHOil Bllllle cxeMott paCIIOJIOJWHBe 3 o{- l! 2 p-TQJ.-
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po'llUOC ypoBHetl CJI8.Izy8T C'IHTaT1>, 'ITO .D:HPKl'I o6pasyRlTCJI Ha 2 p -op6HTa-

JIJDC KHCJiopo.n:a ItP811MYlll8CTB8HHO H' 1f -COCTOIDIRIIX. IIo.n:o6Ha.lI cxeMa · 

-ypoBH;tl, npe.IJ;JioxeHHruI B pa6oTe 961, npe.n:cTaMeHa Ha pHc. 36. · · 

. 10' ~--
\ 

-g f\ .E 1rf' ·, s ....... 
>, • 

~ ........ ~ 10°' .: >~0.6 
& ··---.... ~d-s 

Ba,YCu,O,_,-

16'r• 
'y-0.3 

_.--;:i.l r~ 
0 100 200 300 

Temperature(K) 

Pl!c. 35. 

Co1tpOTllBJI8Irae B Y Bq.2 U(., o,_'J. 
B saBucm.mcT' OT CO.IJ:8plK8HIDI 

Kl!CJiopo.n:a y 95/. 

HoHHlltl xapaKTep cBHsH .IJ:JI.II JiaHTaHH..IJ;oB La3
-t , · R .3t _ , noHoB 

Ba 2 +-, f1:l+ , B coe.IJ;HHeHR!IX LMC O R R BCO R MeTaJIJIHtrecKa.11 

{KoBaAeHTHruI) cB.1Is1> .IJ:JI.II HOHOB Me.IJ;H R KHCJiopo.n:a no.n:TBepx.IJ:aeTCJI B 

MHOro'IHCJI9HHllX 8KCitepHMeHT8X Ito saMememm KaK ROHOB ItepBoro THita, 

C qlHKCRpoBaHHOtl B8JI8HTHOCT1>Rl, TaK R ROHOB M8.IJ:H, HM9IOill9tl nepeM8HHYRl 

B8JI8HTHOCT1> Cu2+ - L4 :rt ( C y/eTOM cl - p I'll:6PH.IJ:H38Ulm) • TaK, B, -

OTMetreHHIDC B § I aKcite!)ll:MeHTax 39/ 6wra o6HapyxeHa otreH1> CJia6aJI 

38BRCHMOCT1, T9Mlt8paTYPH CB8px!IpOBOWDJl8ro nepexo.n:a Tc B Re Bqi Ul3 o,_~ 
OT THita pe.D;KoseMeJI1>Horo noHa Re = Ne,{, S f'Y/ , £.u, 

Gd' I>y ( CM. p:HC. I3). tJ:TO CBR,1l;8T9JI1>CTBY8T 06 "RSOJI.IIU!m" ROHOB 

aToro TRita H me ~6oM MMHHH Ha aJI8KTIJ?HHYRl CTPYKTYPY, R B C O. 
BoJiee Toro, no.lIMeHHe aHTH~eppoMarHHTHoro ynopimotreHH.II .IJ:JI.II pima 

"MarHHTHHX" noHoB Re= Gd , ])CJ , ~m He BJIWieT Ha aJieKTpoH-

HHe CBOtlCTBS 8THX coe.IJ;HHeHHtl R Tc_ { CM. § 2.2). HCK1IIO'i9Hll:8 COCTaB~ 

JlfDJT tJ:8THpeXBSJI8HTHH8 HOHH Ce , Pr , r b , BB8.D;8Hll:8 KOTOPHX . 

BM8CTO Y '!>t- B Y BC O Itp:HBO.JmT K n:r9MeHmO cBepxrrpoBO.IJ:HMOCTH 

H .IJ:ll:8JI8KTJlHSamm 8TOro C08,[(ID{9HH.II · - 197 • IIpe.D;IIOJI8l'a8TCJI, 'ITO _BBe

.n:eHHe tJ:9TttpeXB8JI8HTHHX HOHOB aKB:HBaJieRTHO YM9Hl,Jll9Hml CO.IJ:8pl!taHH.II KHC

Jiopo.n:a, y ➔ 0, 5, ItOCKOJil>KY B' o6omc CJIYtr8.IIX npoRCXO.IJ:HT YM8Hl>ID8HH8 'IHC

Jia TpeXBaJieHTHHX COCTO.IIHH:11 ~.IJ:H R CB.II38HH8.II C HHMR .IJ:Hp0'lll8.II pc/ -
30H8 npoBO.IJ;RMOCTH RCtJ:esaeT. 

1 

3Ha'IHT9JI1>HO 60Jiee CRJil>HOe BJIR!IlUI8 Ha 8JI8KTp0HHH8 CB0:11CTB8 OKCR,11;

llllX CB8pxltp0BO,I(HHKOB OK88HBaJOT It!)HM8CH Ha ySJiax M8.IJ:H, ltOCROJil>KY OHH 

H8ItOcpe.n:cTB8HHO M8H.lilOT xapaKTep xm.mtJ:eCKOit CB.IISR -M8.IJ;l>-KHCJIOpo.D;. KaK 

I 50 

(al lb) lcl 

Cu3db' 

Mdb 17. 
Cu3d ~,M) 02p-02p a2p- l ~ 

!" .. ~A &,i///////,7,7;72) J Cu3d W//////;z?> 

Cu 3d'5 0 2p55 Cu3d"' 02p°' Cu 3d"' 0 2p6·• 

PRo. 36 • 
MO.I(8JI1, 8JI8KTp0HHOtt CTPYKTYPH OKCR,ll;OB M8.IJ:H: a) HaltOJIOBRHY 

sanOJIHeHH8.II 3ci - :l p SOHa. 6es ytJ:eTa KYJIOHOBCKl'IX KoppemmHtt; 

b) TO xe - ) Itp:H ytreTe cHJI1>Hotl d -Cl KYJIOHOBCKOtl KoppeJI.IIUlm; 

C) M9TSJIJIRtJ:8CK08 COCTO.fl}IH9 ItJm YB8JIHtJ:8HHR 'Ill'.CJia .IJ:HpoK 

B Cl.l - 0 CRCTeMe / 96~ 

ItOK88HBaRlT MHOI'll:8 8KCit8pHM8HTH ( CM. H8It!)HM8p / 9S/ )1 .n:BYXB8JI8HTHH8 

ItPRM8CR 3q -M9T8JIJIOB Itp:HBO,ItR:T K 6HCTpoMy ltO.IJ;aMemm CBepXItpoBo~oc-

TR B Lq2 _1 s~ Ctt1_x-A,:- 01r, r.n:e A= !Vi, Fe , Co , .z-n_ H 

,n;p. ECJIH B CJIYtrae napaMarHRTHllX It!)ll:Meceit Ni , Fe , Co sTo 

no.n:aMemre Tc MOXHO OB.IISaTl> C 60Jil>mHM M8I'HHTHHM MOM8HTOM HOHOB 

c HeaanoJIHeHHott 3 d- o60JiotJ:Kott, TO BBe.n:eHHe in.. (3c{ 10 4s2} B .I(ByXBa

JieHTHOM cocTO.IIHRH 3 d f O , He HM8J!ll\9M MaI'HRTHoro MOM8HTa, Ho o6Jia

.n:aRlmeM qlHKCHPOBaHHO! B8JI8HTHOCT1, ItPH ItOJIHOM saitOJIH8HHH 3c{-o60JIOtJ:KH, 

ItOKaSHBaeT 60JI1>nryRl p0JI1, JIOK8JI1,HHX xm.mtreCKl'IX CB.IISett B 30H8 U{- 0 
B STOM CBepXItpoBO.I(HRK8. BOSMOlKHO, tJ:TO 60Jil>IlIYID pOJil> ltpH 8TOM HrpaeT 

H MmmMaJil>HO HHSKoe sHatJ:emre sHeprmI / J'·/-n,oBH.II B aTOMe Me.IJ:H no 

cpaBHemm C .n:pyrm,m ?>cl -8JI9M9HTaMH 
92 • 

BaJiee CJioJKHoe BJIH.1IHHe It!)ll:Mecett, saMemalO!ltHX HOHH Me.IJ:H, Ha6Jm.n:aeT.:. 

C.1I B coe.IJ:HHeHR!IX R Ba2 ut'!>-K Ax- 01_'1 (R== '(,Re}. Bo-nepBax,B aTHX 

C08.IJ;HH8HH.IIX RM8RlTCJI .I(B8 H89KBHB8JI8HTHH8 ItOSHUlm Me.IJ:H: C~ 2 B 

ltJIOCKOCT.IIX W 02_ R . U-< { - B I(8IIOtJ:K8X W O 3 ( CM. pRC • ?) • 
IlPHMeCR B ItOSRr(WDC Cu 2 H Cu 1 OKaSHBSIDT• paSJIRtJ:Hoe 'BJllWIR8 

Ha CB8px!IpoBO.I(l'IlllH8 R .IJ:PYl'R8 8JI8KTpoHHHe CBOttCTBS coe.IJ:HHeHHtt BBH.Izy pas

JIRtJ:HOI?O xapaKTepa CB.IISR Cu-O B ITJIOCKOCT.IIX H I(8ItOtJ:K8X. BO-BTOPHX, 

BH8C8HR8 It!)HM8Cett MOX8T Itp:HBO.IJ:ll:Tl, K H3M9H8HHIO CO.I(8pllt8HR.li KHOJIOpo,D;a, 

~ ~ H T8M caMl:l'.M CHJIDHO EJm.lI'rl, Ha 8JI8KTp0HHH8 CB0:11CTB8 sa c~eT RS-

MeHemm thICJia HOCRT8JI8it B SOH8 Itp0BO.I(RMOCTH. B-TpeTl>lDC, It0.IIM8HH8 IIJm-
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Meoett Ha I(ellO'UtaX M03te~ oRaSl1138TD :wmmm:e Ha ynopimo~eHne .KHCJiopo,na 

Ha I(ellO~X, B ~OTHOOTH, llPR nepexo,ne KHCJiopo,na B Heynopimo~eHHOe 

COCTomme BOSHHRaeT CTPYKTYPHHil nepexo,n HS OPTOpoM6~eCKOi! q>aSH 

(PRO· 7) B TeTparoHaJ!DHYlO cJiasy (PRC• 8) •. "Bee 8TH o6CTO.R:T8J!MTB8 He

o6XO,IO'!MO Y~HBaTD npH aHaJIHSe 8KCll8pHM8HTOB no BJIRIIHH!O npHMecei! 

S8M8lll8HM Ha nosnIJ;WDC Me,nn B R BC O. 
B O,nHOM llS nepBHX 8KOnepHMeHTOB / 99/ 6wro HCCJie,noBaHO B7IHIIHH8 

npm,1ecett A2t Ti (3c/2) 1 Cv- {3d" Ji Mn {3d 5 ) , Fe [ 3cl {,} 1 

(o ( 3d t-}, Iv i ( 3 d 8} , 1 n.( 3d to} Ha 'fc npR . IO % saMememm: Me,nn 

( X = 0,3 B '{Ba;_ C.U3_ ")( Ax O?-y ) • Ha pnc. 37 npe,noTaBJieHo HSMeHe

HEe Tc. 11 M8I'HRTHo:li\Bocnp:im~ocTR (nyHKTRpHa.R: Kp:HBa.R:) RaK ®'HK!llm 

~CJ!a BaJieHTHHX 8J!eitTpoHOB npHMeo:ir. BHIIIe yKasaHO ,nByXBaJieHTHOe coc

Tomme HOHOB, XOT.R: p88J!DH8.R: BaJieHTHOCTD TaKHX l-IOHOB, -K8K Fe , Co , 
B 8TOM 008,nRHeHJm M03t8T 6HTD H ,npyrott, H, B ~aCTHOCTH, sa,:irceTD OT 

TRna nosm:nm saM0111eHH.R:, C(..{ 2 :wm Cu 1 . B pa6oTe 99/ cnemi:-

aJIDHO He aHaJIHSHPOBaJIC.R: Tlill nos:irmm saMemeHH.R: H KOHTpoJIHpoBaJiaCD 

JilllllI, CTPYKTYP8 npHMecHoro coe,nHHeHH.R: no peHTreHorpaMMe. 

Tl V Cr"'1FaCoNi Cu Zn 
120~~~~~~~~~~~~s 

IIJO 
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Pll:c. 37. 
TeMnepaTYpa nepexo,na Tc ( cIIJiom

Ha.R: KpHBa.R:) H MarHHTHa.R: BOC~PR

HM'!HBOCTD )( (nyHKTHp) B coe

,nRHemm: Y Ba 2 (w 0.9 Ao,1 )3 QiZ-~ 
r,ne A - 3c/ MeMeHTH,A~,
saHHHe BBepxy p:ircyHRa 9 • 

Ha:ir6oJiee HHTepecHHM pesyJIDTaTOM 8TOro HCCJie,noBaHM .R:BRlIOCD Ha6mo,n;e-

Ji!!8 CRlIDHoro no,naBJieHH}l Tc .nJI.fI npHMecen z n .2-t- c qIHKCHpoBaHHott 

BaJieHTHOCTDIO, K8K H B ~ 5 C O • ABTOPH OTMe~aIOT TaIOlte KoppeJI.R:mi:ro 

CTeneHH no,naBJiemm CBepxrrpoBO,IO'!MOCTH H Be~ MarHHTHOro MOMeHTa 

npm,1ecett; Ha:ir60Jiee HHSKHe SHa~eHM Tc Ha6.mo.n;a10TC.R: .nJI.fI HOHOB Fe 
H Co O MaKCl!MaJIDHHM SHa~eHHeM MarHHTHOro MOMeHTa. B TO lite BpeMII 
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coxpaHeHHe CBepxrrpoBO'AfIIIIIDC cnapHBaHHtt( 'fc. i O ) np:ir CTOJ!D BllCOKOil 

KOHU8HTpamm MaI'HRTHllX rrpHMecett YK83llB88T Ha Heo6~e CBOttCTB8 OK

cH,nH!lX CBepxrrpoBO,nHHKOB, K8K 8TO o6cyJK,I(aJIOCD yxe BHIIl8 ,nJI.fI coe,nRHeHHtt 

l., s C O • TaK8.R: HetzyBCTBHT8J!DHOCTD K napaMaI'HHTH&M Ilpm,!80.R:M MOJE.eT 

6llTD CMSaHa, HanpHMep, C HecymecTB8HHOi! pOJlD!O M8I'lmTHOI'O paccemnm 

.nJI.R:.CBepxnpoBO,nmI\lDC 8J!8KTp0HOB, eCJIH OHR H8XO,nlITCH B ,npyrott SOHe 

(Hanpm,!ep, 1{ -30H8 .KHCJ!opo,na). ~eM CHJ!DHO CBIISaHHHe 3~ -MeKTPOHH 

( pd <J - soHa). BosMoJKHo TaKllte, ~o MeXaHHsM oBepxnpoBo,nHMocTH B 

STHX coe,nRHeHH.R:X ,npyrott, ~eM B o6H~ OBepxnpoBO,nHHK8X THlla EKlll 
(HanpHMep, KOH,n8HCami:H sap!D!t8HHllX 60SOHOB B CHCT8M8 C ORJIDHNMH Mar-
HHTHllMli KOppeJI.R:mi:HMH - OM. § 6). , 

EoJiee ,neTaJIDHlltt aHaJIH3 BJ!H.fIHH.fI ,n:iraMarHHTH~ Il_9HMElCett B saBHCH

MOCTH OT JDC BaJieHTHOOTR 6WI nrome,neH B pa60T8X /IQO/ t r,ne 6wrn: HCnOJI~ 

soBaHH npHMe OH ;l n. 
1 

G a ( 3 d ; '-I S !l 4 p 1} • Hx :iroHHHe pa,n:iry oa np:ir sa-

nOJIHeHHott 3d o60Jio~Ke: R (l-n .,_) = 0,75 A0 , R(Ga 3+-) = 0,62A0 

6JIHsKH K HOHHOMY pa,n:irycy .nBYXBaJieHTHott Me,nn: R ( eu.2+} = o, 73 AO
, 

qTo nosBOJI.R:eT nOJIYqaTD O,nli0q>83Hll8 o6pasna B ,nooTaTO~O lllHpoKott o6Jiac

TH KOHit8HTP~ llpl!M8Cei!.IlpHMeHeHHe HettTpoHHott·,nn~paronm Il03BOJIRJIO 

llOK8SaTD 1 ~O 1112 -f- B OCHOBHOM saHHMaeT IIOSHillffl CLi 2 B IIJIOOKOOTH 1 

a G Q 3 -t- - rros:irmm Cl.( 1 B ueno~KaX. PesyJIDTaTH STHlC HOCJie,noBa

HHfl npe,ncTaBJieHH Ha PRC. 38, r,ne noKasaHa saBHCHMOOTD .IlOCTO.R:HHHX pe-

A B 

t . ........., -. ,---r- -------.....--. ~,j ,~ j[ c/3 

~ • b PHo. 38. '" - ~1 IlapaMeTpH pemeTKH H Tc 
/ • KaK @'HK!llm KOHIJ;8HTpaIJlffl 

nPRM9cett ( B aT. %) .nJI.fI 

~ A) YBq/UJ,,_x zn.\'h o,. 
~::~;-,_. __ . _ s)Y8a.z(G-<1_tGa.t).3 01 

w ~ oorJiaCHo /IOO/ 
·, . l , ._....._....~~-,___, • 

O O 5 I~ 15 0 2 4 6 8 IO 
Zn cor,tenl lat.%) Ga content lat.%1 

meTKH :ir 7::_ ~ nPRM9ceft ~ h ( 4) :ir Ga { B} oT me xoHneHTpaIJ;HH 

OTHOClffeJIDHO HOHOB Me,nH(B aT. % ~. Ilpm,!'.eCH 1112f I norama.R: B IIJIOO-

KOOTD Cu 02 , 6&cTpo rro,naBJIJDJT CBepxrrpoBO,nHMOCTDt ooxparum H8JIS-

M8HHOtt opTopoM6~eOieyll \I)asy • IlpHMeOH ll8 Ga 3 + , 88M8Dt8.fI Me~ B ne
llO~KaX, BeODMa CJia6o BJIHlDJT Ha Tc·, HO y,Ke IlPR HedOJ!Dlliol ;zomt8H'rpa- · 
Illm "'6 % npHBO,nlIT K <f>aSOBOMY nepexo,ny B T8Tpar<>H8JII,!!YI) <f>aey. KaR 
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C'll1Tam' aBTOpll, TeTparoH8JibH8R qiasa B08HltKaeT 38 cqeT pasyrrop,:r,n:oqe-
mm ImMopo,na o ( I) rro rrosn:ImJIM ~OJll, oce:ii a u ,/!, · B uerroqKax ( cM. 
pn:c. 8). B TO lite Bpewr rrpn:Mecu ;;! rt . 8HaimTeJibHO Ma6ee BJIIDIIOT HB 
corrpoTHBJiemte B HopMaJII,HOit qiase, qeM rrpHMecu · Gq · · : rrpu I5 % saMe-
111emm llOHOB Me,Illl Qq . corrpoTlraJieHlte B08paCTaeT Ha IlOPfI.ll:OK, XOT.fi 
Tc~ 65 K:Ha ocHoBamm rrpoBe,nemrnx aKcrrePUMeHTOB aBTopu C'!HTaroT, 

qTo ocHOBHYID ponb B BOSHltKHOBemm cBepxrrpoBo,IlllMocTll B YB C O lll'pam 
rrnocKocTH C.u o2 , a He nerro~ U< 1- Of , u rroaToMY THIT CTPYKTYPU: 
opTopoM6~ecIC!Ui wrn: TeTparoHaJiiHlltt,c pasyrrop,:r,n:oqeHHUMJr Il08HDWIMH 
1mcnopo,na, He lll'paeT cy11tecTBeHHoit pomr B .nocTIDKeHHH BucoKHX Tc. 
KocBeHHUM rro.nTBe~eHlteM aToro BUBo,na HBn.fieTC.fi 6ucTpoe rro,naMeHlte 
CBepxrrpOBO,IlllMOCTll ,B !.,$CO npH He60Jibm9it KOHUElHTpa:mm, 
-,.,, 2,5 %, KaK ITPUMece:1t'.zt{ ~ TaK H Ga • B 8TOM 008.I(HHemrn: HMeeT-: 
~ .JIHlIII, O,I(Ha Il08HUBJi Me,Illl - B MOCKOCTH Cu 02 , lI Il08TOMY rro,naB- : 
JieHlte cBepxrrpoBo.I(llMocTH rrpn:Mecmm c sarrMHeHHoit 3d - o6onoqKoit 
(qTO 06yCJiaBJDraaeT lDC .I(HSMaI'HltTHIDi XSJ)SKT8p lI qlt!KCHp0BaHl!YIO BSJieHT
HOCTb) MOllteT 6UTb cmISaHO nn:60 C oco6w.m CBOitCTBaMH ROHS Me,Illl B 8TmC 

,coe,romeHIDDC {ajxlleKT HHa-TeJIJiepa, rrepeMeHHaJI BaJieHTHocn, Cl!nbHaR 
p-d ri!6pH,ll;H88IJ,IISI)' mr6o Heo6~ MeXaJUI8MOM __ crrapJIBaHM sneKTpoHOB, 

KaK 8TO 6wro OTMeqeHo Burne. 
TlltaTeJibHOe HCMe,I(OBaHlte CTPYKTYPHUX-, M8I'Hl!THUX H 'cBepxIIpOBO,n;inmoc 

CBOitCTB coe.u;mteHllit YBa2 U/3-x A)( oj!-~ KaK C rrapaMa:t'HlITHUMll IlPllM8C.fiMH 
A = Ni , Pe , · Co , TaK n .nnaMBrHHTHHMlf, A =.? n , A e. , 6wro 

rrpoBe,neHo B pa6oTe /IOI/. Bwro IlOKa8aHo, qTo ,nByXBMeHTHNe llPRMecn:' 
Ni , 1:.n · He MeH.mOT co,neJ.)lltaHHe 1mcnopo,na H coxpaH.lllOT opropoM6H

qeceyro qiasy B o6JiacTH cY111eCTBOBaHWI o,nHoqiasHoro cocTO.fiHWI o~ X ~ 0,3. 
Ilpn: 8TOM H86JIIO.I(a_eTC.fi ,I(OCT8TO"Ill0 6UCTpoe rra,neHlte Tc • B TO lKe BpeMR: 
TpeXBa.1IeHTHrui npHMecbAt3"; a TaKllte rrpHMeon Co n re , rro-Bn-
.IlllMOMY1 TaKllte B TpeXBaJieHTHOM COOTO.fiHllll, rrpl!BO,w!T K yBeJIH'IelrnIO oo,nep
JKaHWI KHMopo,na lI rrepexo;n;y B TeTparoHaJibHYIO qiasy yxe IlPlI He60Jibllll'IX 
KOHUElHTpammx , X ~ 0, I. Ilpn 3TOM IIpn:MeoH Fe. lI CO II03BOJIS!IOT, 
rronyqaTb O.I(HOq>a8Hlle o6pa8IJ;!1 B mupoKOM .nnarrasoHe KOHneHTpalll'Iil: X :s. 0,8 
.nM re n x ~ 1 .It1I.fi Co • -· IIpm.me He:ltTpo~orpa~eoKHe nooJie,no
BaHH.fi IIOKa8llB8IOT, 'ITO rrpn:Meou A e H Co 88Mell1810T MS,I(b B Il08l!llll
mc C '-< 1 'a nerro'!I)aX, a n:oHU Fe MoryT rrorra,naTb B o6e nosnmm .-
( cM. TaKllte ID2,I031. YBe~eHHe oo.neJ.)lltaHH.fi Imcnopo,na .It7I.fi Tp8XB8JleHT
HUX. IlpllMecett,ooo6eHHO B cnyqae LO , OB.fi38HO O 88IlOnHeHlteM BaKaH
OH:lt Ha _uerroqKax cu - 01 B,I(Mb .OClI · . Q ( CM. pn:c. 8 ) , 'ITO o6yo
JI8Mlra8eT IIOJIBJieHlte 6ecIIOPfI.ll:KB IIO Kll'.Mopo;n;y, B 8TOit MOCKO_OTH lI rrepe

xo;n;y B TeTparoHamHYIO cpasy. (pM. plio._ 38). CynteoT:seHHo, '!Tei rrpn: sanoJI
. Hemm n:pHMecm.m rrosinwtt Cu 1 Ha nerro'll<aX YMSHbmeHHe 'Tc npoucxo
,IO!T 8H8'l:HTeJI:&HO Me,nJISHHeit, qeM· rrpn. s·aMemeium Me,Illl ,nByXBaJieHTHmfir 

54 

100,-----------, 
~~G-...._ 
I'\ Q' 

so I- \ ~\. ,o M = AL ., ' , , \. 'I 60[ ",._ '· \. ", 
Tc(K) M =Zn~}~\~ ()°, 

40 N ./ \ \ M = Fe 
M= I ~ ' / 

/\" M=Co \ \ 
20 

0 1 , I \1 \4 I 
0 0.1 0.2 0.3 0.4 0.5 

X in YBa2Cu3_xMx07-6 

Pllo. 39. 

3amIOHMOCTb Tc OT KOHIJ;eHT
pamm npnMecen B 

Y Ba2 Cu 3_K M)( o]_J' 

oorJiacHof IOI/. 

npUMecm.m Zn , tV i, norra.nalOlllllX rrpeHMY11teoTBeHHo Ha rroBHlll'IH Cli 2 
B IlJIOOKOCTlt. Ha pno. 39 rrpe,noTaMeHa saBHOHMOOTb TeMITepaTypa cBepx
IIPOBO,I(.f{lltero rrepexo,na OT KOHIJ;eHTpaD;ltH rrpMeoeil. KoHe"Illoe sHa'l:eHlte Tc 
.nJI.fi rrpHMeoeil ln. u 11/i IIPH X ~ 0,3 OB.R:SaHo o MHOroq>a3HOCTbIO 
o6pasna (op. o pHo. 37,38). 

B ueJioM rrpoBe,neHHue nooJie,noBaHRR: no saMe111eHID'.l Me.nn B ooe,nHHeHlt.fiX 
L 5 C O u R 6 C O rroKasUBaroT, 'ITO rrpnoyTcTBRe Me.nu B aTHX 

coe.nn:HeHlt.fiX nrpaeT BaJKHYIO poJ1b B .I(OOTHllteHHH B&CORHX Tc • IIpn 8TOM 
B coe.nnHeHH.fiX Y BC O , HMeIO!llllX ,nBa HeaKBHBaJieHTHUX rroJioxeHRR: Me.Illl, 
60JibrnyIO poJib urpaIOT II08ltlllm Me,Illl B MOOKOCT.fiX, qeM B nerro'l:KaX, B TO 
BpeMlt KBR CTPYKTYPB pemeTKlt - Op'l'OpOM6HqecKa.fi Ml! TeTparoHaJibHa.fi 
(rrpn yrrop,:r,n:oqeHHoM RJIH Heyrrop,:r,n:o'l:eHHoM pacrronOT!emteM 1mcnopo,na Ha 
ueno'l:KaX) He JIBJIJi:STC.fi onpe.neJim>lltRM q>aKTOpoM B IIO.fiBJIBlllm BllOOKmC Tc • 
8ToT BUBO.I( IIO.I(TBep,r,n;aeTC.fi TaKllte nOHBJieHHeM HOBOro Macca BHCOKOT8MII8-
P8TYPHUX OBepxrrpoBO,nHHKOB Ha OOHOBe 8 i lt Te ( TRITa Biz 5Yz_ Ca U/2. Og, 
Tf 2 Ba 2 G:rz UI.J 01t9M. § I), r,I{e HMeIOTO.fi JIJml1, )IJIOOKOOTll CU Oz ll OT-
CYTCTBYIOT uerroqKH Tuna Cu I - 01 B YB C O. 
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4.2. 31IeKTpoHHaI! aoHHM CTPYKTYpa BTCII 

PasBRTlle B noCJie,IUIHe ro,nu aqxpe.KTRBHHe MeTo.nu paoqeTa aHepreTHqeo
KHX 30H ;I1,1IH 8JI0KTpOHOB B TB0P,W,IX TeJiax nmpoKo npRMeHmOTrur ;I1,1IH HOCJie
,ll;OBaHM 8JI0KTp0HHWC CBOttCTB BTCII. HimdOJiee TO'lHUe M0TO,nli pacqeTa HC
IIQJil,8YlOT mmeap:HSOBaHH~ CaMOCOrJiacoB~ M0TO,ll; npHC00,ItlIH0HHHX IIJIOC
KIDC B~ ( LA:PN - linearized augmented plane wave), 
B KOTOPOM caMocorJiacoBaHHHM odpaSOM onpe,neJI.fDOTCH KaK SOHHaI! CTPYKTY
pa, T8K H pacnpe,neJieime sapima H qiopMa IIOTeHUHaJia B 8JI0M0HT8PHOii 
;rqefute KpHCT~a. OCHOBHOii He,nocTaTOK 8TOI'O M0TO,ll;a COCTOHT B IIPH~:'." 
llt0HHOM xapaKTepe yqeTa KYJIOHOBCKHX KoppeJUru;ll:tt Ha OCHOBe MeTO,na q!YHK
Ul!OHMa JIOKaJibHOtt IIJIOTHOCTR B TpaHCJUru;ll:OHHO-IDiBapHaHTHOtt pemeTKe. Pe
~Haa SOHHM OTpyKTypa IIPH HaJIHtnm ~l,HWC lcy'JIOHOBOKRX KoppeJIJIIJ;Htt 
B YSKRX c/ -soHax MOJ!t0T OY!Il00TB0HHO OT~aTl,C.fI OT IIMYqaeMott B 8TIDC 
paoqeTax. Ecmee npOOTOii H M0Hee OTpo:rml M0TO,ll; O~HOii OB/I3H Il03BOJIJI0T 
HCCJie,noBaTl, B.JIIDllUI0 paSJIRTJHWC qlaKTOPOB (npm.recett, deonopimKa) Ha 30Hr. 
~ crreKTp aJieKTpoHoB H ,neJiaT:i, onpe,neJie1Ullle npe,noKasamm o poJIH aJieK
TPOHOB B qx>pMHpOBaHRR qx>HOHHOI'O cneKTpa pemeTKR. BaJKHYIO RHqx>pMamm 0 
xapaKTepe XHMHqecKott cBHsH, IIOJIOllt0HRR imepreTnqecKHX ypoBHett H BMR'll!
He MaT~ 8JI0M0HTOB BSaRMo,neiiCTBIDI 8JI0KTp0HOB .naroT .KJiaOT0pHll0 pac-

·qeTU ,JµH·cxoTeMU HS HeCKMJ,KHX aTOMOB. Odoy,ll;RM pesyJil,T8Tll 8THX BH"lll:0-
JieHRtt. 

B ef.Bl:lX llt0 pacqeTax aHepreTHqeoKHX soH B coe,It1IHemm Lq2_K ft Cl( of 
(oM./IO ,/IDS/) dwro OdHapyxeHO, qTo OCHOBHOH BKJ.Ia,n B IIJidTHOOTl, 8JI0K
T.J?OHHWC OOOTOJllWH B6JIHSH IIOBepxHOCTH ~PM!! ,naeT pcf. () 80Ha, rroo- ' 
Tr-eHHaH HS cl.()(2c.(/·J OOOTOmmii Ha CL/l.i- H Per (X, Y) COOTOJIHHil: Ha 
o - ( oM. p:Ho. 34). 3HepreTnqeoKRii cneKTp B la1 C4 O't H IIJIOTHOOT:i, 
8JI0KTpOHHHX OOCTOJIHllti:1 KaK II~aH, TaK H 00 napn;H8JIJ,rr0 BKJia,nu Ha OT
,ll;0JIJ,HWC lIOHax, llOKa!:!aHll Ha PHO. 40,BSHTOM HS pa60Tll I04/. Ms I? 30H, 
o6paso:aamwx C.u {3d)-0{2p) cooTOJIHHHM!! (IIHT:i, 3d -oocTommii Ha HoHe 
Cu H no TPH ip - OOOTomtrul Ha 4 HOHax O B IIJ)HMMTHBHOtt aqe:ttKe 
'102 W 0~ ) , T?J.(l,KO 2 SOHli RMeIOT 6ommyro ,ll;liOrrepo:mo. 8To OBHSI:lBaIO- · 

ll!M (B) H aHTUOBR:SHBalOOlaJI (A) soHU pd CJ THIIa, rrooTpoeHHUe HS op-
6HTaJieii d.fr2-1 2 ) H p,,(~) Y) • IIOB0pxHOOTl, ~,PMH rrepeceKaeT 30HY 
A THIIa, a OCTMl,Hlle SOHll Jie!taT SHa'llIT0Jll,HO HRXe 8Heprmr ~pMR. Iloc
KMJ,KY aJieKTpom,r pd if soHU JIOKaJIHSOBaHU B IIJIOOKOOTHX w O ,2 , pac
nMoxeHHWC Ha 3Ha'll!T0JIJ,HOM paooTomum ,npyr OT ,npyra (CM. PHO. 3), TO 
8Ta SOHa HOCHT .nBYM0PH~ xapaKTep - ,nRonepcroI B,lJ;OJil, OCH ~ MaJia 
(CM. mmmo A HS U8HTpa SOHll r B TO~ 2 (O,O,I/2). B npH6JllDlte
mm OM1>Hoii OBHSH .nBYMepHHe A , B soHH oIIHOllBalOTCH q,op~Jiott: 

EA 
13 

(i<) = f(Ep -f E.f} ! ; [( EP- Ed)2 + (4tf ( sin2 'iq + sin.11?q }J f/j' ( 4•2) 
) 
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PHc~ 40. 
3HepreT:e:~ecKRe soHU H IIJIOTHOCTl, a.JieKTryHH1,f5 cooTommit 

B TeTparoHaJI:i,Hoii qJase L Q 2 Cu O i, IO • 

r,ne, oorJiaOHO /I04/, fp ~ Eci = -3,2 aB H t=(V3/9.)Vp,:Jo-, V pdcr = 
= - I,8 aB. IIOJIHa.R: mHp:HHa A-B soHU W = '-rt IJi._ ~ 9 aB oKasll-

BaeTcJI 60JI:i,mott. 
YpoBJUi: la CJia6o oBHsaHll o oooTo.fIHRID,1H B C« - 0 soHax: 5 d-

ypoBeH:i, • La JieimT Ha 1 aB Blilll0, a 5 p -ypoBeH:i, - Ha I5 aB HHlK0 

YPOBHJI ~pMH. Il08TOMY /..,q MOlltHO paccMaTpHBaTl, KaK nsOJIHpo~ HOH 
C S8plI,ll;OM + 3, saM0Ha KOTO.J?OI'O Ha pe,nK030M0Jil,H~ HOH C TeM lK0 sapsi:
,ll;OM CJiado BJIHJI0T Ha imeKTp0HHU0 CBOitOTB8. B qaoTHOCTH, M8I'Hl'ITH08 pac-
00HHH8 8JI0KT.J?OHOB- HS pd \f SOHll Ha MarHHTHOM MOM0HT0 pe,nK030MeJil>
HOI'O HOHa MaJIO H H0 ttpll:BO,ll;HT K no,naBJiemno oBepxnpoBO,nHMOOTH. 

CM:i,HaH aimsoTpomm pd o soHH np:imo.n;HT K KBaSH.ItBYMepHo~ 
xapaKTepy IIOBepxHOOTH ~pMH. B npndJimtemm Cl'IJil,HOtt CBH3H (4.2) ,JµH 
H8IIOJIOBl'IHY aanOJIHeHHott A-soHH IIOB8pxHOOTl, ~pMH onpe,n;eJUt0TCH ypaBHe-

HH0M f
4 

(k'r) = 0 , :wm 

sin1 ~ 2 + sin1 ~ 
2. 

pemeHHe KOTO.J?OI'O HM00T BH,D;: 

I Kx I + I K';J. I -=-
11 
q 
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Plic. 4I. 

.llByMepHasr noBePXHOCT.b 4iepr,m B TeTparoHaJI.bH0:8 (a) JI OpTo
POM6HtJec.KO:lt (6) qiasax La.

2 
Cu Ot, . 

a• 
0 

8 

0 

Ha PHO. 4I (a) IIpe,I(CT8B1IeHa 80H8 E.PWUnoaHa{.:t1l/a, :!: 7i/a} JI IIOBepx-
HOCT.b 4iepr.m B Bmte II.P,'rMWc AB , BC, CD, 1',A. B TO"lKaX A,B,C,b 
IIpOHCXO,nJIT KaCaHHe IIOBePXHoCTJI 4iePMll: rpaHHQ 80Hlil EPRJLIIIOaHa, "ITO IIpH
BO,I(HT K KPHTH"leCKRM TO"lKaM B CIIeKTpe MeKTpoHoB (THIIa Ce'A)Ia) H oco-
6eHHocTH BaH-XoBa B ITJIOTHOCTH aJieKTPOHHWC COCTommn. EoJiee IIOCJI8,I(OBa
TeJI.blilltt pactieT ;rr;ur peaJI.bHOtt o6~eMHo-ueHTpHpoBaHHott TeTparoH8JI.bHOtt 
pemeTKJI IlOK88li!BaeT, "!TO K8C8HHe IIOBePXHOCTH 4iepMII (nepexo,I( H.M • .lIJI(p
mmr,a) IIPOHCXO.I(HT npH KOHetIHott KOHU8Hjr□~ X ~ O,I5 .I(BYXBaJieHTlili!X 
HoHoB M = S,, Bo. B Lq2_x MK Cu 04 °6 • CJle.I(oBaTeJI1,Ho, npH aTo.li 
xe KOHU8HTpaznm IIOB8PXHOCT.b 4iepMH IIPOXO,I(HT "lepes oco6eHHocT1, BaH
XoBa H WIOTHOCTl, COCTO.fiHHtt tV(o) m.teeT M8KCHM8.II.bHOe 8H8"18HHe. C 
8THM M8KCIDIJYMOM '\l8CTO CBR:8li!BaIOT H M8KCl!MBJI1,H1i1e 8HatieHWr ,;_ • 

C .IU)Yroff CTOpoHll, cymeCTBOBaHJie WIOCKHX Y"l8CTKOB AB, BC, CD., ])A 
Ha IIOBepXHOCTH 4iep.MH o6ecIIe'llraaeT Bli!COicyro CTeIIeH.b KOHl'pyaHTHOCTH .ztl,1-

potJHott IIOB8PXHOCTH 4iepr,m II.PJI CMemeHHH ee Ha B8KTOpli! jq1,2/=!lKF
1 

q1,2-== 
=-(1f/Ci.,±-1l/q,O). CTOJI.b CRl!.bHM oco6eHHOCT1, 06lil'\lHo IIpHBO,I(HT K HeycTott
"lHBOCTH pemeT.KH H o6pa8oB8JUIR) l30Jiru{ 88,Pff.ItOBOff WlOTHOCTH (BOO). 0.I(-

17 18 HaKo Ha6J!l:>.ItaeAW:a B aKcnepm1eHTe CTPYKTypHliltt qiasoBliltt nepexo.I(D
4
~~D

2
~, 

CBR:8aHHwt C Y.I(BOeHHeM II8.PJIO,I(a TeTparoHaJI.bHott pemeTRH B 6a8HCHOI ITJ!OC
KOCTH: q O ~ Ca ::>cat {I ( CM. § 2. I) 88 C"l8T KOH.I(eHcamm Mlll'Kott poTa-
Il;HOHHott MO,I(lil C BOJIHOBHM B8KTOpoM cf1 ( if .f } ' He IIPHBO.I(HT K o6paso-
B8Hmo B31. Ilpx 8TOM nepexo,I(e li8M8HH8TC& JIHlill, paccTomme M8J!Czy HOHa
MH .!CKCJIOpo,I(a B 688HCHOtt ITJIOCKOCTH. Hanpm.i:ep, a O < CO ' no pacCToa
HHR: CL,(- 0 ;rr;ur Bcex 4 HOHOB KltCJIOpo,I(a OCTa!lTCH P8BHlilMH, H lll8JI.b 
B CIIeKTpe aJie.itTpoHOB Ha IlOB8PXHOCTH 4ie,PMl! He B08HHRaeT • Il0.I(06Hwt llt8JII, 
B CII8KTpe M8RTpoHOB MOrJia 6u B08HlU<HyTl, Il.PJI 88MOJ)8J[JmaJum ",iv,ocaTeJI.b-
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HOll" MO,I(lil 11o4,ro5/, CM8aHH0:8 C ,I(BHllteHH8M HOHOB IGICJIOpo.I(a B 6a8HC
HOtt TIJIOCKOCTll B.I(OJil, CM8eff Ll{ - 0 • Ilpi! 8HTliqia8HOM cwnnemm HOHO.B 
imCJiopo.I(a B coca.I(lmX atie:ltKax B08HHK88T nepepacnpe.I(eJieHHe aap,r,na Ha 
6.1!ElK8fumnc HOHaX Me.I(H, o6pa30BaHHe B3II H meJI.b B CII8KTpe 3JI8KTp0HOB. 
OTCYTCTBlle IIO,I(06Horo CTPYKTYPHOro nepexo,I(a C saMopammaHHeM 11.I(HXa..; 
TeJI.b~Oft" MO~ HeCoMHeHHo YK88li!BaeT Ha Hea,I(eKBaTHOCT.b 80HHHX pac'le
TOB /l04-l06/ peaJI.bHOit CTPYKTYPe anepreT:H'!ec.KHX soH B Lq2.G.{ Of. 
IIo-BH,I(HMOMY, HaJilll'\llie CHJI.bHHX .KYJIOHOBCKHX xoppeJIJtnntt B 3d - soHe 
Me.rm 3H81lHTeJI.bHO OCJia6JiaeT H8YCTOit"lHBeCTl, pemeTim 8Toro THIIa, He 
nperui:TCTBYH B TO lK8 BpeM!I 88MOpaJmBamno poTaD;HOHHOtt M!U'KOil MO.I(lil. 
HeycTOit'lHBOCT.b IIOCJie,I(Heit llMeeT 'lHCTO l'IO,¥ml:1'apaKTep 38 c~eT B88:H
MO,I(eitcTBHH 02- - la 3 + ( CM. , HanpRMep, IO? ) • Ilpe.I(IIOJIOJKeHHe 06 · 
aJieKTpOHHOM xapaKTepe 8TOI'O CTPYKTYPHOI'O nepeXO.I(a, CM88HHoro C pac
meTIJieHHeM oco6eHHoCTH BaH-XoBa B opTopoM6:irn:ecxoff qiase, oKasli!BaeT-
ca HeBepHHM, T8K K8K IIPB paBHHX paCCTOHHMX Cu - 0 I B ropoM6H
'\lBCKOil ipase TO'IIGI A,B,C,D OCT8!0TC.ft 8KBHB8JI8HTHHMH 108 • .llBYMeP
Haa IIOBepxHOCTl, 4iepr.m B OpTopoM6HtJeCKOil qiase B CXeMe pacnmpemmx 
80H IIOK888Ha Ha .PJIC. 4I 6 1 r.I(e B8KTOpH o6paTHOtt pemeTKR a: = 
~'L1T/a0~ '1.1i/atfi , c;-;:1J.'11/c0 ~£.1i/at{j_ ii npn a0 < Co BeK
Top a/> C/ • HaiioMHBM1 "!TO OPTOPOM6:H'\lecime OCB Q 0 ll C0 . OT
HOCHTeJI.bHO TeTparoHaJI.bHOil: qia8lil llM8IOT HanpaBJieHRtt [ 11 0] l'.I [ 110] 

(cM. § 2.I). B OPTOPOM6:H"leCKOil qiaae IIOBepXItOCTl, ~pr,m A-B-c-n·coB
IIa.I(aeT C nepBOil: 30HOi1: Ep:HJIJIIOaHa. 

B TeTparoHaJI.bHOil qiase La 2. Cu O i, Ha Ol!JJY IIp:m.mTHBHYJO H"lett
KY npmco,I(HTC.ft 0,I(H8 .I(HpKa ll II03TOMY Bepxrum: 80H8 A-TRIIa OK88li!B8eT
CH sanOJIHeHHoil HanOJ10BllH.y. 8HepreTH11ecimi1: cneKTp coe.u;imeHHil 
la1_x Mr Cu Ot,-!J o6u-.:mo Blf'mCJIJ!IOT B npH6JIHJKeHBH JKecTKOil: aoHH, 

KOr,I(a Yi:mTli!BaeTC.ft JIHIIIl, CM811t8HH8 ypoBHH 4iepMR 6es R8MeHeHRR: CaMOro 
cnexTpa. IIPR aTOM saMemeHHe La 3 t Ha .I(BYXBMeHTHHe :HOHH M = Sr , 
5q , Cq noHWmeT ypoBeH.b 4iePMR , a o6pasoBaHHe BaKaHCHil imCJio,;

po,I(a - IIOBlilll8!0T ero: aqxpeKTHBHOe 'lHCJIO HOCHTeJieil B 80He rt= 1- X+ 2~. 
IIOB8p:lCHOCTl, ~PMK IIPH n < 1 IIOK88aHa Ha pHc. 4I nyHKTBpOtt • 
Ilo.I(o6Hlle pactieTH o6HtIHo IIPEBO.n;itT KABeJJFieHHIO TIJIOTHOCTB cocTommit 
Ha IIOBepXHOCTli 4iepr.m. Hanpl!Mep, B OS/ IIpi! X = o, ~ = 0 ,ItJI.11 

WlOTHOCTl'I COCTMHHil Ha aJI8MeHT8PHYIO Jrtieil:Ky (~ 0~ HaIIpaBJiemdt 
cmma) IIOJIY"leHo N(ol = 1,2 (cocT/ aB) ( B IO N!o) = I,3-
(cocT/aB)), a IIPR ·x = 0,16, ~ = 0, tV[o} = 1,9 (co7T/aB). 0.I(Ha
KO 60J1ee ,I(eT8JI.bHHB pac"leTH MSTO,I(OM CWI.bHOil: CBfI3i! /I09 l'!Jlll 60Jlee 
jo~ MeTO.I(OM IIC8B,I(OipYHKUl!il ,ItJI.11 pacll!HpeHHOil: aJieMeHTapHott .ll'Ie:ltim 
IIO IIOK88li!B8IOT, 'ITO IIOSIBJieHHe BaKaHCd RHCJIOpo,I(a B IIJIOCKOCTR 

CWI.bHO MeMeT CaM xapaKTep SHepreTB'\leCKOro CII8KTpa. B /IIO/ 6WIO 
06HapyJKeHo, "!TO BaK8HClm KRCJIOpo.I(a IIP:HBOM'x: K IIOJmJieHHIO HOBWC ys.tmX 
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30H 136Jill3H IlOBepxHOCTH illepMlt, KOTOplle OTpaJKalOT 3@ieKT JIOKaJIH3all;lm 
SJieKT~OH~ H, B03MOl!tHO, o6pasoBaHHe Ha Hl!X Mal'HHTHOI'O MOMeHTa. Pac
qeTll II , BllIIOJIHeHH!le M8TO)J;OM KOrepeHTHOI'O IlOT8HIJ;HaJia B npn6JIIDKerum 
CMI,HOfi CBJI3H1 IlOita3llBaIOT, 't!TO BaKaHCIDr ~CJIOpo)J;a B [ql-")( f3qx ¼ Ot,-'J
He llOBll!llaIOT, a IlOHDaIOT ypoB8HI, iWPMl! (KaK H npm.recH Ba ) , noc
KOJII,Ky npn IlO.IIBJierum BaKaHCHH O H3 30Hll Cu - 0 7¥.a¥?TCH. Bee ..2 p
BJieKTpoHll, IlPHHawie,mnwe 3TOMY aTOMY. TaK, aBTOpll II IlOJIY'UIIOT 
N/o)R-I,2 (COCT/sB) npn ~ = 0 H ,V(o) ~ 2,2 (COCT/3B) npll: ':J =0,4 •. 
KaK ll0Ka3llBaIOT 3TH pacqeTu,npH6JIWKeHHe Jlt8CTKOtt 30Hll Oita3llBa8TCH. He
)J;OCTaTo~o TO~ H Heo6XO,nl!M. 60Jiee IlOCJI8.ll;OBaTeJII,Hillt pacqeT 8Hepre
rrqe~oro cneKTpa IlPlIMBCHhlX coe~eHH:11 L, q 2- X M X Cu O 't ( CM. Ta!Olte 
II6 

),CHJI!>Hlle KyJioHoBcKHe ltoppeJIH.mm .n;7IH. 3d -cocTo.m-mii Me.Il){ TaK-
JJte HapymaJOT IlPH6JIHJJteHHe JlteCT.ICHX 30H. 

0,ItHa HS BaJltHllX s~aq pacqeTa SHepreTwi:ecKoro CllBKTpa 11H3 nepBh!X 
IlPHHIJ;HllOB" COCTOHT B onpe]J;eJierum ltOHCT8HT MBKTpoH-qJOHOHHOI'O B3alIMo
)J;8il:CTBR!I B BTCII. Bll'llICJieHHe HX Il03BOJIH.eT O~HHTI, TeMIIepaTypy CBepx
IlpoBO.ztfllllero nepeXo)J;a B MeKTpoH-qJOHOHH0:11 MO)J;eJIH H C.ll;eJiaTI, Oilpe)J;eJieH
HHe BllBO~ 0 POJIH 3TOI'O MexaHH3Ma B )J;OCTll:l!temm, BllCO.ICHX Tc • BoJree IIO)J;
po6HO 3TOT Bonpoc M!:l paCCMOTPHM B § 6' IIOCBm!ltv10M Teopmt H MO)J;BJIH.Mlt 
BTCII. 3.r(ec:i; xe YKaJJteM Ha pa;i:t pacqeTOB /II2-II , r)J;e 6.wm o~HeHll KOH
cTaHTll , MeKTpoH-qJOHOHHOii CBH.3H B La2-x. M,( Cu_ Oy • Bll'llICJieHHe 8)181)-: 
reTHrrroro CIIeKTpa B MSTO.ll;e 11 3aMOj:'Ol!teHJillX11 qJOHOHOB11 B pa6oTax /!04{ 
7II2 

- II4/ IIOita3aJio, ~o HaH60Jiee CHJI!,HO B38HMO)J;eiicTBYIOT MeKTpOHll 
pd O 30Hll C ")J;hlXSTeJI!,HOii" MO.ll;Ott KOJie6aHHtt pemeTKH. B 8TOM CJiyqae 

sa cqeT H3MeHemm paCCTOH.Hlltt Ha CBJI3.fIX Cl{- 0 B IJJIOCKOCTH SHa'llJTeJI!,
HO MBHH.eTCH. HHTerpaJI rre,neHoca V pd r, , ~o H rrpimo.mrr lt 60JI:i;mott KOU
CTBHTe CBH.3H. CorJiaCHO /II2/ 

/!) == _d_ lt1 vpclo ~ -1 6 f 1 
c{r 1 A /3 Vpdo ~ - 3 70B • 

A 
(4.4) 

BlmaKHe SHaqeHHH. 6wm IlOJIYqeH!l n B 'APYI'HX pa6oTax. B pa6oTe(II3/ 6wro 
TaKllte 06HapyJJteHO, ~o "'AUXBTBJII,HaJJ." MO)J;a IlpnBO.Il){T K SHa"lltTeJI!>HOMY 
nepepacrrpe.lJ;eJieIOOO sapa;i:ta Ha HOHax Cl{ 2-f : npn c6Jmllt8mm HOHOB Cu - 0 
qacT:i; sapa;i:ta c op6HTaJiett CL(d ('t~f) - 0 p,, (x,c,) rrepeXO'A:HT Ha op6HTSJIH 
THrra Cu ci(3'1!..r2

) -0 P1i (1}. BeJIH~a quiyKTY'mm aapa;i:ta MoJKeT .ll;OCTHI'aT:i; 
SHaqeHll:tt ,._ 0,3 e • Kalt C'llITaIOT aBTOPll n 3/' IIO)J;O6Hmi peaoHaHCHillt 
nepeHoc aapa;i:ta, Bll3Balillldt "'AWCaTeJII,HOit" qJOHOHH0:11 MO)J;0:11, MOJKeT HI'paTI, 
~10 poJII> B rroBHll!erum Tc • 

KaK yxe OTMeqaJIOCI,, SOHHlle pac'leTll OCHOBalill Ha O,ItHoqacTwmott Kap
THHe MeKTpolllU:DC COCTOH.Hlltt, B KOTopo1t He Y)J;aeTCH. IlOCJie)J;OBaTBJII,HO,y'leCTI, 
MeKTpOHH!le KoppeJIH.ll;lm, HOClIIIIHe MHOl'O'laCTH'lHllit xapaKTep. B CBH.3H C 
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8T1™ IlOJIOlK8HHH. aHepreTnqec.lCIDC SOR H )J;allte HX xapaKTep MOryT cymecT
BeHHO OTJIHqaTI,CJJ. OT 3KCnepHM8HTaJII,HO Ha6JllO)J;aeMWC B TeX coe)J;HHemtH.X, 
I')J;8 KyJIOHOBCKl'18 KOppeJIH.ll;lm HI'palOT Ba'JKHYlO p0JII>.!IO)J;06HWl CilTYaIUU!,KaK ' 
IIOKaSllBaIOT MHOI'He 3KCil8PlIM8HTll, IIO-BH.lJ;HMOMY, peaJIHayeTCH. B BTCII Ha 
OCHOBe OKCH.n;OB Me)J;ll:. CorJiaCHO 30HHllM pacqeTaM, IIPH HallOJIOBHHY aanOJI..: 
HeHHott BepXHeil aoHe ,A-THna (cM. pHc. 40); L a 2 Cu Ot, .n;OJillteH Haxo
)J;ll:ThCH. B M8TaJIJIHqecKOM COCTOH.HKH, B TO BpeMli Kalt 8KCnepHM8HTaJII,Hll8 
)J;8HHlle YKa3llBalOT Ha IlOJIYilp0BO)J;HHKOBOtt xapaKTep npoBO,IXHMOCTH. Ilpll: 
yqeTe CHJII,HllX KyJIOHOBCKHX KOppeJIH.IJ;Hil: .n;7IH. COCTOH.HHH. .3 c{ ( X 2- ';F2

) Ha 
HOHaX MB)J;ll: SOHa pq (J paClll8ITJlSI8TCH. Ha )J;Be IlO)J;30Hll - BepxHlOIO, CO
OTB8TCTBYJ0!11YID 'ABYXKpaTHOMY 3aIIOJIHeHHIO,H HIDltHlOlO, COOTB8TCTBYIO!l1j'10 O.ll;-
HOKpaTHOMY aanOJIHeHHIO Ha op6HTaJIU d ( X2

- 'J 2 ) Me)J;H. IloaTOMY npn 
H8IlOJIOBHHy 38IIOJIHOHHOil pcl O , 30He A-T.tna Hm!1WIH. IlO)J;SOHa OK83ll
B88TC.R: llOJIHOCTI,10 aanOJIHeHHott, a B8pxHH.H. IlO)J;SOHa - nycTott (CM. PRO. 
36). Ilpn HSMeHeHHH cocTaBa Lq 2_xMx Cu 04 BOSHHKaeT MeTaJIJIH
qecttaH. npoBO,IXHMOCTI, aa C'l8T o6paaoBaHHH. ~pO~hlX COCTOH.HHil, KaK no
K83!lBalOT SKcnepHMeHTll (CM. )J;aJiee, § 4.3) - ~a op6nTaJIH.X KHCJIOpo)J;a 
2 p • MO)J;ll:ql!IItall;HH. cxeMll 30HHllX pacqeTOB C UBJII,10 yqeTa CHJII,HhlX O)J;

HoyseJII,HhlX Ky~OHOBCKHX KOppeJIH.IJ;Hit npe)J;CTaBJIH.eT C060il H'H6~ee 
CJIOJKHYIO npo6JieMY B paCCMOTpeHH!lX Bllm8 MeTO)J;aX pac'leTa (CM. rr5 ). 

,npyroe npoH.BJieHHe CWII>HhlX K;YJIOHOBCKHX KoppeJIH.IJ;Htt B coe.ll;HHeHHH.X 
OKCH.n;OB Me)J;ll: - 3TO BOSHHKHOBeHHe aHTH<peppOM8I'HHTHOI'O YIIO_pll;J:tO'leHRH. 
JIOKaJIHSOBaHHhlX Ha ll:OHax M8)J;H Ma!'HHTHWC MOMeHTOB (CM.§ 2.I). KaK npa
BHJIO, 30HHlle pacqeTll He Il03BOJIH.IOT IlOJIY'laTI, .ll;OCTaTo~o 60JII,Wy10 BeJIR-, 
HY JIOKa.'IHSOBaHHOI'O MOMBHTa Ha ROHaX Me)J;R,, a or.OBHOe COCTOH.lil!e OK8-
3llBaeTCH. rrapaMarHHTHllM (CM.' HarrpHMep 1rr5,II6 ). B pacqeTaX HCilOJII,
ayeTCH. MBTO.I( ~yHKIJ;HOHaJia JIOKaJII,HOtt IlJIOTHOCTH, aaBHCJilll8il OT cmma 
MeKTp0HOB. ,llalte 8CJIH Ha H81IaJII,HO! CT8,l!Jm pac'leTa y.n;aeTCH. IIO-
JIY'llITb 60Jiee HH3Icyl0 aHeprmo .n;7IH. aHTH<peppoMaI'HHTHOI'O COCTOH.HHH. npn 
3Ha'IHT8JII,HWC SHaqeHll:.fIX JIOKaJIH30BaHHhlX MaI'HHTHhlX MOM8HTOB Ha ROHaX 
Me)J;H, )J;aJII,HeIDilaH. caMOCOI'JiaCOBaHHaH. CX8Ma pacqeTa npHBO)J;HT K napaMal'
riTH~ OCHOBHOMY COCTOH.HIDO C oqeHb MaJillMR SHaqeHIDIMH MOMBHTOB (CM. 

IIS ). B pa6oTe /II?/ 6wro IIOJIYqeHo aHTR<peppoMarHHTH08 (A~) OCHOB
HOe COCTOIDme .n;7IH. LC<2-x ~r J( Cu o,, Ha OCHOBe M8To.n;a IIC8B)J;OilOT8H
IJ;HaJia IIPH SHaqeHHH MaI'HHTHOI'O MOMSHTa .n;7IH. HOHa M8'A:H f{ == 0,43 ff B npH 

X = O H f{ = 0,8 fl B npH X = 0,5. Ilpn 3TOM B Ai11 -cocTomum 
Lq z Cu O '1 Oita3llB88TCH. B )J;H8JI8KTpHqecKOM COCTOmum co lll8JibD (sa 

cqeT A~ pacllleIJJieHHH. aoHll) E AF R:: 0,6 aB. 0.n;HaKo noH.BJieHHe A(b 
COCTOH.HHH. npn 60JI:i;moitKOHWHTpamm X = 0,5 npoTJraopetmT SKcnepm.reH
TY (CM.§ 2.I), ~o CTaBHT IIO)J; COMH8HH8 TO~OJTI, '1'°B8.ll;8HHOI'O pac11e
Ta H npn, X = o. OTMeTHM a.n;ecI, Ta!Olte pa6oTy IIS , r)J;e A~ OOCT~e 
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OH110 llOJiytI8HO B llp}IOJim!telllm cpe,n;Hero IIOJm IIPH BH'mCJiemm BOCllpHHM'ilf

BOCTH Ha ocHoBe sHepreTHttecKoro crreKTpa ;rr.mr. L.a2_x Sr}( C« Dt.,, 
llOJiy'i8HHOI'O paHee B 30HHIDC pac'IeTaX. HsBeCTHO, O.n;H8KO, 'ITO IIPHOJIIDlte

:ime cpe.n;Hero IIOJIJI, r.ne He Y'IHTHBBIOTCR ipJrykTyarmoHHlie JIBJieHIDI, o6HtIHo 

38BHlll8IOT TeMIIepaT:ypy rrepexo,na B COCTOHHll:8 C ,IJ;aJII,HHM IIOPff,ItKOM, B ,naH

HOM CJIY'I88 - BA(!) COCTOmme. B ll,8JIOM n·ripo6JieMa OIIHCaHRII A(f) q>83Ii B 

lqz U< o't , KaK H ,D;HaJI8KTPHll8CKOI'O COCTOJIHHII MoTTa - xaooap,na, 0'!8;_ 

B~o, Tpe6yeT paspaOOTKH OoJiee IIOCJI8,IJ;OBaT8JII,HOit CXBMH y'IeTa CWII,HIDC 

K,YJIOHOBCKHX KoppeJIJIUl{it B pactieTax llH8PI'8TH'I8CKHX CIIBKTpoB STIDC coe

,D;HH8HH:ll (CM.§ 6.1). 
06cy,D;HM pesyJII,T8Tli pactteTOB 3HepreTH'l:8CKHX CII8KTpoB .npyrmc OK

c~ CBepxnpoBO.n;HHKOB, HM8I<lllHX OOJiee CJIOJKHyIO CTpyKTypy. KaK H B 

Lq:i. Cu 0~ , OCHOBHYIO poJII, B HHX BOJIH3H IIOBepxHOCTH ~PMH HrpaIOT 3d-
COCTO.Rlil!'H Me,D;H li 2. p -COCTOmum KHCJIOpo,na. 

Coe.IJ;lll{emm Y 5a2 Cu 3 O:;.-'a noMRMO IIJIOCKOCTett Cu 2.- 0.2, 03 
(,nBe B IIPHMHTHBHO:ll me:liKe) co,nepJKaT UBIIO'iKH Cu 1- O 1 , ( CM. 

,l)RC. 7), 'ITO IIPHBO,D;HT K HBKOTOPHM oco6eHHOCTJIM B 3H8preTH'I8CKOM CII8KT

pe. IlpH YM8HI,1118Hlm co,nepJKaIDIR KHCJIOpo,na ) ~ ) 0 ) BaKaHClm o6pasyIOT

CR Ha II03HUWD{ 0 I" B ll,8IIO'IK8X, 'ITO Bli3HB88T 3H81IHT8JII,HYIO IIepecTpott

KY cneKTpa, CBl!38HHOI'O C U8IIO'IK8MH,H.K8K'CJI8,D;CTBH8, H3M8H8HH8·MeTaJI

JilI'I8CKHX H CBepxnpoBO.wmll!:X CBOttCTB STHX coe,D;HHeHHil. PesyJII,T~Tli 'IHCJI8)l

HIDC pac'IeToB, BliIIOJIHe~ pa3JIH'iH!iMH MeTo,naMH: LA PW /II9,I20/ 
C llOJIH!iM caMocorJiacoBaHHBM cneKTpa H pacnpe,neJieHRII IIJIOTHOCTH aJI8KTP07 

HOB, M8TO.IJ;OM llC8B.IJ;OqJYHKUlltt - BapH8HTOM M'To,na ~,KUHOH8JI8 JIOKaJII,HOli 

IIJIOTHOCTH /I2I/, MBTO.IJ;OM C:wibHOil CBII3H ( I~2 ' \ /), ¥1:,wl'l' t KaK 

npaBWio, K 6JIHsKHM pesyJII,TaTaM • B pa6oTax II9 • 12 6IiJio rrp}IHJ!To, 

~o ll,8IIO'IKH Cu 1- 01 H8llpaBJI8Hli B,IJ;OJII, M8HI,mett OPTOpoMOHB8CKOil 

ocn: a II x , a He B,nOJii, b II ~· · , · KBK sTo 6wto ycTaHoBJieHo B. sKcne

pn:MeHTax (CM.§ 2 H pnc. 7) H npmrn:TO B OCTaJII,HIDC pa6oTax. 8To pas

Jm'ilf8 B BH6ope CTPYKTYPH, o,n;HaK6, Ka'IeCTBeHHo.He HSMeH:will'. pesyJil>Ta-

ToB. , . 

PaccMOTP1' oc,oBH!ie 'IBpT!i sHepreTl!:'IecKoro cneKTpa B YBa2 Cu3 D:;.-~, 
IIOJiy'I8HHOI'O. B I20 H llPID38.IJ;8HHOI'O Ha pnc. 42 a,6 ;rr.mr. ~ = 0 (B op-

TopoMOH'IBCKOtt ipase) H '!f = I ( B T8TpaI'OH8JII,HO:ll ipase) • H8ll:OOJU,lll8:ll 

.nncrrepcHett o6Jia,naIOT ,ItBe no'ITH BHpoli,lteHH!ie KBasH.IJ;ByMepHHe pdcr soHH, 

o6paso:saHHHe, KaK n B La2 CuOt.,, cocToJlllRIOOl Cu2 d(x2
-,/) H 0i,03 

p6 ( )(, ~) B .nBYX IIJIOcKocT.RX _ Cu O 2 • 8TH soHH HMeIOT Mem,-

mym .D;HCIIepc:im, 'i8M B la 2. Cu O 4' H He o6Jra,nam Ha ypoBHe ~PMII TO:ll 

B!iCOKOil CT8II8HI,IO KOHrpyaHTHOCTR, KaK B Lq 2 Cu. Dy • I!OCJI8.n;H88 o6yCJIOB

JI8HO KaK pacmeIIJiemteM ,nByx pcl () SOH, TaK H MBHI,nmM me sanOJIHemteM. 

C:wxl>HaJI pd o CBl!3l> B.IJ;OJII, u,eno'iKH Cu I - 0 I ,naeT KBaSH-

o,D;HoMeHYIO 30HY C OOJII,WOil ,IJ;lICIIepcnoil ~OJI!, OCR ~ ( op. HaIIpaBJieHHe 
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PHc. 420. 

8H,epreTH'!OCKP18 cneKTPli B6Jm3H sHeprmI WBPMR f F ,lJ)IH 

a) Y6ci
2 

C.U
3 

0 1 lI 6) Y Bq2 Ctt3 06 /120 /. 

r{o
1
o,o)-Y (0,I,0) n r{o,0

1
0)-X (I,0,0) Ha pJIC. 42a). 8Ta soHa, oopa-

soBaHHaH cocTommm.m Ci(1-d{22-~
2

} lI 01 per{~), . 04 pcr['l}, 
OK83IiB88TM IIO'ITH n:ycToit. }3Jm3KO K no:sepxHOCTH ~PM!! H8XO,IJ;HTCR 

pcl.1i soHa, oopasoB8HHaH cocTOJ!lIHllMH Cu 1 d(iyJ - 01 P1i (z}-
- 04 P1i { 'J,}. 8Ta soHa lIM8BT M8JfYJJ .nncnepclt!O sa cqeT 

,nocTaTO'iHO CJia6oR 1f - CBl!3H H IIO'iTH sanOJIHeHa B CJIY'i88 ~ = o. 
CBR:samurl1 C STO:ll ysKott 30HOit IDIK B IIJIOTHOCTll COOTO.muni JieJKHT HmK8 

aHeprnR ~pMR, KO".rOpw!'. C pocTOM j IIOBl.llll88TCR, 'iTO npHBO.IJ;HT K 

OliCTp0~ na.nemm WIOTHOCTll cocTOJlllltlt: B pac'IeTe HS aTOM C« N/o] =-

= 1,I3 + 0,52 ( COCT./aB) llPH ~ = 0 lI j = 0,2 COOTB8TCTB8H-
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HC/120/. STa ITJIOTHOCTI, Hmte, '18M B l.,q1-X Sr)" U< 0~ : N (oJ -=: 

= I,2 : I,9 (COCTlrsB.:.. aTOM Cl{ ) ,IJ,lI.lI X = 0 H X =a 

= 0,!6 _COOTB8TCTB8HHO I05/. 

B TeTparoHaJII>Hott ~se Y Ba,_ U<~ 0 6 sHepreTHtJecI<Htt cneKTP 

B OCHOBHOM MeHJ:r8TCJI sa C'i8T npeo6pasOBaHR/i cneKTpa B ueno'IKaX 

c.u.. I ...;. 0 4 : HC'i8SaeT O~OMepHaJI pc/a SOHa (Ha nosm:nm O I H8T 

HOHOB KRCJiopo.na), H IIORBJIIIIOTCJI ,ItBe (llOJIHOCTI,IO sanOJIHeHHHe SOHH) Ha 

cocTomoorx Cu t d(~t) - o 4· : H Cq_t d{xiJ - o 4: p(x} , 
BHpoJK,IteHHHe B TO"llltaX r (O,O,O) H M (I,I,O) T8par0H8JII>HOtt SOHH 

EpWL!ID3Ha. C HC'i83HOB8HH8M "pclcr SOHH,B nenotzKaX ITJIOTHOCTI, COCTORIUlH 

na,naeT: N/o) = 0,6?(cocT/sB) ( CM. p1-1c. 1t26). 
CocTomum Ha HOHax Y H Ber, KaK H B Lq2 C« O,,, CJia6o BsaHMo.neil

cT:aym c pct - SOHaMH U{- 0 , :a IIOSTOMY :ax MOJ!tHO paccMaTPHBaTI, 

KaK HSOJmpoBaHHHe HOHH O <pl'IKClI.POBaHHHMII sa.PJJ,I(aMJI: '( .3 + , Ba 2.+ , 

KOTOpTie Hl'paIOT poJII, .ItOHOpoB MeKTpoHOB. l!OSTOMY saMeHa y Ha pe,n
RoseMen~e HOHH He npl!tBO,ItHT K CYIIl8CTB8HHOMY H3M8H8HHIO M8TaJIJIH'iecKWC 

H CBepxnpoBO.nmmtX cBOttCTB 8TlJX coe.mmeHHff. 

3oHHHe pac'ieTTi noKasHBaIOT, 'ITO coe,znmeHHe Y Ba 2 Cu3 01-H npH 

1 ( ';J < 0 ,ItOJilltHO 6UTI, MeTaJIJIOM, C llapaMariurrHTiM OCHOBHTiM COCTM-

HHeM, trro npoTlmope'iHT Ha6JIIO.ItaeMOMY B aKcnepm4aHT8 nepexo.ny B .ItHS

neKT_pH'ieCKyIO ~sy Il.PH !f;, 0,5 H o6pasoBamno aHTHq>eppoMaI'llllTHOI'O 

COCTOmma:_{CM. §2.2 ). . · . . · . 
KaK H ,IJ,lI.lI Lq 2. U{ 0 Lr , STO H8COOTB8TCTBHe SOHHHlC pac'i8TOB SKCile pH-

MeHTa M CJie.nyeT o6M:cHHTI, HeKOppeKTHHM OllHCaHHeM IcynOHOBOKRX ~r; 
peJIJinrui Ha 3c/ -OOCTOJIHHJDC HOHOB Me,ItH B TeopeTU'ieOKRX pao'ieTax II/ 
IIoMHMO STOI'O ,IJ,lI.lI IlpoMeJKyTOi:nuDC :maTieHHil tm:CJia BaKaHOd KRCJiopo,na Ha 

neno'IKaX, ~ < 1 , Heo6xo.ItHMo YtmTTiBaTl> me yno.PJJ.I(o'ieIDie: o6pasoBa-

HHe ,ItOMeHOB O ':J = 0 H /1 i I (OM. § I)• PaO'i8TH, npoBe,nemw:e B 

llpll:6.nmlta:inm OHJll,HO:li CBJ13a' n 5 ' llOKaSHBam OTYll8H'iaTTitt xspaKTep HSMe

HeHIDt ITJIOTHOOTH 31I8KTpoHHI:IX OOOTMHHil Ha noBep:x:HOOTH <llep.MK ll.PH yqe

Te YIIO.PJJ,I(O'ieHRf{ BSKaHOd .IGICJIOpo,na B nenotzKaX, 'ITO MOJ!t8T o6M:oH.llTI, 

H cTYneHTiaTTitt xspaKTep HSMeHemm Tc "B . STOM ooe,mme:mm (oM. p:ao. 

II)• 
31IeKTpoH-qx:>HOHHoe Bsam.ro.nettoTBRe B Y Ba2 C«3 O;r ~ ooHoBe 

np:a6.mmeiml'I OHJII,HO! OBR:SH 6wro paoOMOTpeHO B pa6oTax /I2 • Bwlo 

o6HapyxeHo , 'ITO oCHoBHott B.Ma.tt .naeT pdr - CBR:SI>, XOTH BenH'IHHs 

ero Ha IO -:- 20 % MeH1>1ll8' '18M B I, Q 2 Cu o,, BB.ll,Ity MeH1>mett llllI.PHHH 30-
HH. )toIIOJIHHTenI>Ho Il0.f!BJJJI8TCJI BSaHMo.nettOTBHe ss O'i8T pd1i . SOH, 

OQ9TOJDUdl (,c,d q(z.':J) - 01 P1i {x) H U( 1 d(z2-~
2

) - Of-P11 (z}. 
IIpH paBHoBeoHHX IlOJIOlKeHHHX HOHOB C~1 :e: 01 . RHTerpanri nepeK-

pHTHJi ;Ir.1U! STHX op6HTSJiett B awry me OHMMeT.PHH o6pamamCH B HOJII,, HO 

II.PH CMelll8HHHX HOHOB C H3I'H60M CBR:3ett Cu 1 - 01 B03HllKa8T CBJII>Hoe 

M8KTP0H--<POHOHH08 BSaHMO.tteffoTBHe Hs-ss 60JII,1I10tt BeJIHtmlUl npo:e:sBo.mrott 
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oT HHTerpana nepeKpHTWI no cMemeHHIO noHOB• Y'ieT aToro "orunnero" Bsa

m-40,nefioTBRI{ ,naeT 60JibIDOH BK1Ia.tt B KOHCTaHTY SJieKTpoH-SJieKTpoHHOI'O np:a

T.fDKeHIDl, XOT.!I M8KCRMBJlbH08 SH8'ieHHe Tc. ~ 30K oxasHBa8T0.!I HHJ!t8 SK-

cnepHMeHTaJlbHO Ha6JIID,ll.aeMOH TeMIIepaTYP.R 1lj-Pexo.na B Y BC O -coe-
.Jll!HeHH.!IX• Ha OOHO:BaIDlli 3TOI'O SBTOPli tl2 

npHXO,wlT K BRBO.llY O oy-

meoTBOB8IDlli He(p()HOHHUX MeX8HH3MOB cBepxnpoBo,u;llMOCTl'l B STHX coeP){He-

HH.!IX {CM. § 6) • 
3.liepreTH~ecKHH cneKTP aJieKTPOHOB B coe;n;ro:teHH.!IX THlla 

Si
2 

5c
2 

(Q c,,
1 

Og ( Bi /19- ii) 6wt "'"'"'"'" • pa;ne pa60T /I25-I2B~ 
OcHOBHH8 ~epTH STOI'O cneKTP8 6Jrn3KH K yllte paocMoTpeHHTiM BWJ18 one;51- / 

paM L SC O H Y e,c O - co,........ (l6cy ... BX, ''''""'" pa6oTe ~ 
r.ne cneKTP Bl:l'lHCJU!JIC.!I Ha ocHoBe oaMocor.naco:aaHHoro MeTo.na LA P \Al · 
,o1ll rpaHe"8HTJ)DJ>0B8HHOlt opropo . ..SB'IOCK<lfi pemeTKK (np • . l'J>• r rn M P1 / 4"/) • 
CTPYKTYP8 onpe,neMeTO.!I ,nByMII IIJIOOKOOT.fOOi Cu - ( 01 '2 , pas,neJieHHHMH 
cJioeM Cq , IIJIOOKOOT.fOOi ' S ,r - O 3 H Si. - O 2 • BMeoTo ueno'ieK 

Cut-01 B l'6CO IIJIOOKOOTR Cu02 ooe,nmutroTC.!I CJioeM Bi.2 0
2

, 

HM0~ CTPYKTYPY KaMeHHOit oOJm { OM. pHO. 14 M § 1) • 3.liepreTH'i80Kl'lii 

oneKTP H IIJIOTHOCTb 3JI8KTP0HHUX cooTo~tt, nonHa.!I Hee nspIJ;H8JibHH8 

BK1I!Wi, npe,noTaBJieHH Ha pHO. 43 a,6 1126
• KaK noitastma!OT pao'ieTR, 

uoHR C q 2t- H Sr J.f- HMeIOT sanOJIHeHHHe o60Jio'lIG1, cna6o oBf!saID\He o 

oooTommi'™K B6Jrn3H noBepXHOCTH cI/epMH. IloCJie.I(IUOIO nepeoeKB!OT Jm1llI:, TPH 

soHH, ,nB8 l'IS KOTOPHX o6pasoB8HH ss o~eT cRJII,HOit pd (f ~ OBiISH w(3d / 
- 0 (2 p) oocTC>SlllRit B .nBYX IIJIOOKOCT.!IX Cu O .2 , aHMOI'R'iHO '( BC O • 

3TH soHH HOO.!IT cRJII,HO BHJ)S!t8HHHii J:CBaSH,ll.ByMepHHit xspaKT8P (OTOYTOTBY-

,eT .D,l!Oll8POWI B,nOJII> OOH :l , OM. HSilpaBJieHHe r- ;t HS p:ao. 
43s). BoJII,nnnl.OTBO lite ooTaJII,HHX cul?>d) - 0 (2p) soo HMeIOT MaJIYIO 
.D,l!Cll8PCHI0 H HaxO,JJ,l{TO.!I HHJ!t8 noBepXHOOTH <l)epM!l. BHI110 sHepl'l!l'l cI/epMH pao-

nOJIOllt0Hll 6 :JOH , o6psso:saHHlDC 6 p -cocTomraro,m Ha2!oHaX Bi. 
H 2 p -oooTo.lffil1ll},!H HS HoHaX 02,03. B TO'iKWC L H M aTH soHH 
o6pssyIOT aJieKTpoID\He itapMBHH (CM. pMO. 43s). Hs-ss BsaHMo.nettcTBWI 

p p<f sOK Bi pf;,'t \- 02 p(;,~) c olpu · ,ono• U,-(01}, 
B6nll3l'l STHX TO'i8K TOJII,KO o~S SOHS nepeoeKaeT noBepXHOOTb <l)epMR, o6-
pa3y.!I ssnOJIReHH.ld\ M8KTpoHHHii KapM8H e ( OM. .PHO. 44) • IlpM STOM 

Ha6mo.naeTC.!I oHnI>Ha.!I rR6p:H,11,RSaUWi p - coOTOJOOfff Bi - 02 c p,c 
:a p~ op6:e:Tamoot 03 H d p1f - oocTosnmmm C4 -( 01 J 2 • Jip:apo,ns 

aTHX omII>HO noKMHSO:aaHHHX COCTOmnnl HS SHTHOBHSHB8xmIDC op6WNlJI.!IX 

aHaJIOrR'iHS , d p 1i soHe HS ueno'iKWC Ct< 1 - O 1 B Y B C O • 
IIoBepXHOOTb <l)epMH, o6psso:saHH8.!I ,nBYMH. ,ItriP0"11HllMH KBS8H.I(BY!-19PHHMH pol (J 

soHaMR Cu-(o1)z H aneKTpoHHHMH ppu oocTQJIHl1lIMl! S( - 02 , no

KassHs HS pHO. 44. IlOJIH.rut :e: napIJ;HaJII,HS.!I IIJIOTHOOTH aneKTpoHHHlC oooTOH
}mi\ npe,ncTaBJieHH Ha p:ao. 436. IloMHMO xapaKTepHOi! ].1lIJf. B08X OKOJ.mliO-M8'A-

HHX oBepxnpoBo.ftHl'lKOB nm:poKott ( ~ 9 aB) pdu solW: U< - ( 01 )2. , on-
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- pe.ne~ellHllii BMa,It B ITJIOTHOOTI, OOCTommtt B6JmBHiilOB8pxHOOTH ~PMlll 
.naeT .nooTaTo-rmo nmpoKaH ( ~ 4 aB) ppo soHa Ha oooTomma:x Bi6p(x,~) 
H 02 ~p(x,~]. IIMHaH IIJIOTHOOTI, OOOTOmmit Ha Htl:eitey, iIM8DeylO O.n;HY qiop
MYJII,HYl(l e,nmnmy Bi. 2 sr; Ca Cu2 Og , oocTaIIJif:IeT 3 (oocT/ aB). OTHeoeH

Hru:r K 0,nHOMY aTOMY. Cu. • ITJIOTROOTI> OOOTOHHd Al(oj = I,52 (OOOT/aB 

- ((.(-c{f.) B 8TOM 008,u;HHBIUm OK83HB88TCH· mnne, '18M B ooe,u;HHe:mm '(f>( 0, 
N{o) = I,I (oooT/aB - Cu-aT.) H opaBRHMa o lMCO , N/o) = 

= I,2 + I,9 (cocT/aB-cC«·aT.) npz X = 0 H X = 0,I6 oooTBeT-

. OTBeHHo ( OM. BIDIIe). 0.nHaKo, eCJm BWI~OTI> BMa.zt oooTomtlrlt Bi - 0 Q. , 
TO ITJIOTROOTI, OOCTo.mmil Ra aTOM Cu , N(ojz I,O (oooT/aB-£«) 

·. oKasUBaeTCH Hmte WIOTROOTH oooTomm:il B YSC O R L MC O • Iloa-

TOMY, Ka' H ,, \'6(0 , ,IJ',JIH 06'I,SiCR8HRfI BHOOKIDC Tc . B Bl· /22I2 
aBTOPH !26 ,It0ll0Jllil'IT8~RO K qi0RORROMY npe.n,JiaraJOT Y'IHTHBaTl>.8KOHTOH

Hllil MeX8Jm:3M, .OBH38HHHil O nepeROOOM Ba~a Ra ~OK8JllI30BaHHWC p -coo

_T9.mmmc B Bi.2 o2 OJioe. • 

, B BaKlDO'i8Hll8 8TOI'O pas.ne~a KpaTKO o6oy,ItRM ooo6eHHOOTll: 8RepreTH_. 

'iecKRX oneKTpoB MeKTpoRoB B ooe,u;HHe:im:mc. T(1 BQ2 Ca ¼ 2 0g{ie/1£1!1.) 
H re1 BG1. Caz C.U.3 Oto (Te /~U.13), , · · BH'IHOJIBHHWC B /I29/. 
Orpymypa 008,ztmlemm: · f i'. / 22I2 no.no6Ra OTpyKType Bl / 22!2 H 

cooTOHT BB wx IJJiocKooTeil Cu -( 01 h , . pas.ne~eHHHX OJioeM C Q , H 

OJioeB 'ft' 2 (0?>h co oTPYKTY.POil KaMeHHott ooJIH, KoTopue OBR:BHBamCH 

OJIOeM e,q - 02., o Cu 01 - (Q_ ~C« 01. ,CTPJ'KTYpoil. Coe.mmemie 

TQ'2223 OT~tmeTosr mmn, cymeOTBOBaHHBM .It0Il0JIIDIT8Jll,Hoit, TP8Tl>8i1 IIJIOOKOC-

TH CI.( 0 1 ' OT.n;e~eIDioil OT 1T.BYX 0008,ItHIDC Cu O 2 IIJIOOKOOTett CJIO-

mim;. Cq ( OM. § I, pzo. I4). KaK H B ormoamwx Bwne 008,ItllH8HPISDC,HaR-, , 

60JIJ,myIJ .ItHcnepomo m.1e10T .ItBYMepHHe pdo Bollll B IIJiooKocTmc Cu 02 , 
KOTopue H .ztaIDT OOROBHOtt BMa,n; B ITJIOTHOOTI, OOOTOmmit Ha llOB8px:HOOTH 

~pMR: ;V(ol = 2,02 +' 3,80 (cocT/sB) Ha MeMBHTaPHYIO Htl:eitey B 

Te./ 2212 H T{/2223 CTPYKTYP8X OOOTB8TOTB8IDIO. Ka~afI IIJIOCROOTI> 

Cu02 YBBJralmBaeT WIOTROOTI> oooToHHHtt npmrepRo Ha I (oooT/sB) Ha 

~ aTOM c~ B 8JI8MeHTapnott H'ierute • B OTJ!l!'me OT cioe,ztmlem C SL t Omt

oaHRUlC BHllle, r.n:e .It0IlOJIHH'l'8~bH.Wl: BMa.n: B IJJIOTROOTI, OOCTOmml'l'. .n:aeT aH

THOMBHBmlllaJI ppu -soHa Bi 6 p - 02-2 p , B ooe,zumeHHHX o Tl 
aRSJIOI'lf'IHWt BMa.n: .n:aeT aHTlIOBHBUBaIOOlaJI BOHS r~60KO ~8'ltalll8I'O 6S -ypoB

HH Te. H 2p-ypoBHett 6.Jimltaimmx ImOJIOpo.ztOB (02,03). ·cocTomme Bq2+H 

Ca.2+ HN!BIOT 'IHOTO llOHHbt:11 xapaKTep H HBJimOTOH ,Il;OHOpaMZ 8JI8~Hr, .KSK 

H B OOTaJil>HHX BTCII. KaK llOKaBHBaIOT oueHKH, npoBe.zteHHHe B 9 , y'ieTa 

TOJII,KO 0,nHOI'O 8J!8KTpoH-qi0HOIDIOI'O BBaHMo.zteiloTBRR: He,n;OOTSTOTIHO ;IJ;!H. 

06'!,SiCHemm: BHOOKIDC Tc B sTmc ooe.mmeHHHX. ABTopu npe.n,JiaraJOT .no

n~Ten1>Ho Y'mTHBaTb 8KOHTORRHit M8XamISM, OBH38H1illl!: 0 nepeHOCOM sapir

.na Ha OJia6o OBHBaHHHe p(z.) -op61rrami: B OJI08 Te. - . 02 - 03 t aHa~Ol'R'iRO 

OIIHOaHHHM Bmne B036y1!i,ICeHHR:M B ueno'!KaX cu 1 - OI-04 B y s CO wm 
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Bl - 02-03 /I05 ,I20,I26/. Onpe.n;eJieHHUM He.n;ocTaTKOM IIpm3e.n;eHHwc pacl!e-

TOB aoHHWC cIIeKTpoB Bl 1 2212, Te 12212 n re. 12223 JIB-

JIJieTCJI YlI8T Icy'JIOHOBCKl!X KOPP~ B 3ct'-aoHe ( (( B IIpn6JtmKemm 

WYmmKOHMa · JIOKMl>Hoil IJJIOTHOCTH .n;JIH • TpaHCJIJU:(HOHHO-HHBap1mHTHoil pe

meTKH, lITO, KaK.IIo.n;po6Ho o6cyJK,D;aJioc:& mmre, MOJJteT ncKaaHT1> peaJI:&HYIO 

KaPTHHY 30HHWC CIIeKTpoB. 

Onpe.n;eJI8HJlYIO HHqJOPMa~ 0 xapaKTepe SJI8KTpoHHoro CIIeKTpa IIPll 

yl!eTe Icy'JIOHOBCKl!X KoppeJIJium!: MOJKHO IIOJIY'!HT:& aa OCHOBe KJiaCTepHWC 

pacl!eTOB .1t,IDI orpaHHTI8HH0I'O l!HCJia aTOMOB. 1-KWKeM, HaIIpHMep, pa60TY/r39/ 
r.n;e Ha OCHOBe pacl!eTa 8HepreTH1l8CKOI'O CIIeKTpa KJiaCTepa BQ4 o,2 01 
saPJJ,D; KOToporo ( CTeIIeH:& OKHCJieHRSI) Bap~poBaJICJI OT x = +2 .no 

%. = -2 , 6wm o~eHeHH II8paM8TPH Icy'JIOHOBCKOI'O B3aHMo.n;eitCTBWI Ha 

noHax Me.n:H, . lfct ~ 5,5 sB, · KHCJiopo.n;a Up ~ 4,8 aB H aHeprmi: IIe-

peHoca sapH..n;a ·3c:F-.2p ·ti.pcl= lr-;;-S=JB(cr-t.§6.1). IIpn aTOM 6wro IIo

Kasano, l!TO rn6pH.n;Haanwr 3 d- H 2 p -cocTosmmi HrpaeT BalE.HYIO poJI:& 

B IIOJIH0M aHepreTHl!8CKOM cneKTpe CHCT8MH. HHTepecHHe peayJI:&TaTH O xa
paKTepe anepreTHliecKoro cneKTpa KJiacTepoB Cu 011. ( 11.. = 6,5,4,2) 

IIOJIYlI8HH Bpa6oTe Jr3I/, Ha OCHOB8 KOTOPHX 6Wia npe.n;,nozena MO,D;eJil, 

SOHHOil CTPYKTYPH YBct2. Cu.3 01-'J c YlIBTOM Icy'JIO,OBCrx KoppeJIJI~H np:e: 

H3M8H8IDm O < ~ < 1 • 0TM8THM TaltlK8 pa60TH 132 
t . r.n;e Ha OCHOBe 

MeTo.n;a MOJI8.RYJIJIPHHX op6HTaJieit 6wm BHl!HCJieHH 8qxp8KTHBHH8 06MeHHHe 

BHTerpaJIH .n;JIH ItOMIJJI8KCOB M- ·o - M IIPH paMHlIHWC aaPJJ,D;OBWC COCTOmuI-

.fDC: HOH OB ne pexo.n;HHX MeTaJIJIOB M = C <.< , • ;Vi, C r, Fe. 
BWIO IIOKaSaHo, l!TO HaH60JI:&mee SHal!eHHe o6MeHHHil HHTerpaJI IIpmmMa8T ' 

.n;JIH HOHOB Me.n;H. ~ llOHOB M8.n;H Taltllte xapaKTepHa .n;eJioKaJIHsanwr aTOM

HOI'O cmma B COCTOJIHJm Cu 2f H OTHOCHT8JI:&HO He60JIIilll08 3Hal!eHHe ey

JIOHOBCKOit Koppe~oHHoil aHepI'Hlt Vol , l!TO npHBO.n;HT K sHal!HTeJil,-

Hoil BOCII,PlmM'mBOCTH 38PJJ.n:OBOI'O COCTOJIHHlt Me.n;H It BJIRmnIIO OKPYJKeHRSi 

(BaKaHCHH KHCJIOpo.n;a t IIPHMeCH H T • .n;.) • B CBH3ll C HCCJI8,D;OBaHHeM 

BTCII, He co~ep;;tammc Me,D;H, Ha.ceMeilCTBa ey6Hl!eco/r /epOBCitUTOB 

5Q.1-x Kx 5£ 0.3 ( Tc.. ~ 30K npH X= 0,25 133 ) , OTMeTllM pa6o-
TY /I3 4/, r.n;e HCCJie.n;oBaHa 30HHaH CTPYKTYpa 3T<?l'O cpe,D;HHemm MeTO,ll;OM 

LA PW • KaK H B coe,D;HHe~ Ba P~i~x Blx 03 , paccMoTpeHHwc 

paHee 8THMH Jlte aBTOpaMli (CM. 1341), MeTaJIJIHl!ecrore CBOHCTBa 8T01'0 

ceMeHCTBa onpe.n;eJIJieT lllllpOKaH S /) U - 30Ha, IIOCTpoeHHaH ll3 op6RTaJiefi: 

Bi(6s)-0{2p). MaKCHMaJI:&HaH IIJIOTHOCT:& COCTOHHHH, ;V/o} .z0,8 (COCT./aB) 

Ha Hl!efucy, .n;ocTHrae.!CJI .n;JIH ItPHCTaJIJia Ba Bi O 3 , KoTopHH, o.n;HaKo, 

na-aarrafiepJICOBCKOH HeycTOHtllBOCTU CT8HOBllTCJI .n;H8Jl8KTpHK0M H rrepexo

.n;HT B MOHOKJIBHHYIO 4J83Y. MmiHMaJI:&HOe 3H8l!eHUe KOHUBHTpa~ KBJW.fI )(. = 
= 0,25, npn K0TOP0H eme cymecTBYBT ;5!6lll!8CK8H qiaaa,onpe.n;eJIHeT MaKCH-

M8JII,HOe re-= 30K /r33/_ CorJiaCHO .3 4/, N(oJ::: 0,6(cocT/.aB) Ilpll 

X ~ 0,25 H 6HcTpo na.n;aeT c pocTOM X • PoJI:& eyJIOHOBCKIIX Koppe-
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JIH~H B nrnpoKoii S ? (J - 30H8 ,D;OJilKH8 6IITI, HBBBJIUita, U noHBJieHHe 

cBepxnpOB0.I(liM0CTll C T C ~ 30K B 3TllX coe.n;HHeHHHX, rro-BH.n;HMOMY, MO

JKeT 6UT:& O()'I,HCHBH0 B p8MK8X ~OKTPOH-q>OHOHHOii MO.I(8Jlli npll yl!eTe CIDI:&

HOI'O B38UMO.I(8iiCTB~ 8JI8KTp0HOB B U - 30H8 C ",nWCaTeJI:&HOii" MO,D;Oii OK-

Taa,npa Bi 06 /r341 • 

4.3. 3KCITepIIM8HT8JII,H08 HCCJI8,ll;OB8Hll8 • aJieKTpOHHOiI CTPYKTYPII 

BTCII 

Cpaay JKe rroCJie OTKpIITlIH HOB0I'O KJI8CC8 0KCll.n;HllX cBepxrrpoBO,llJ;lllKOB 

6oJI:&lll08 BHHMSHU8 61:IJIO y.n;eJieHO 3KCII8plIM8HT8JI:&H0MY HCCJI8,ll;OB8HHIO 8Jl8KT:

pOHH0ii CTPYKTYPII 8TllX coe.n;uHeHIIii C TI0Jl'!Olll:&10 MeTO,D;OB peHTreHOBCKOii 

qi0T03Jl8KTp0HHOii cneKTp0CKOIIlIH (P!liC) (CM./r
35

/). B 8TllX Jl'IBTO,nax ll3Y

'l8IOTCH. q>OTOSJI8KTp0HHII8 8MlICCII9HHII8 crreKTPll (XPS - x-(Q.~ photoe-

mission spectra ) , MllrKne peHTreHoBcKUe cneKTPH H3JIYqerum (XE S -
- X-ra'cr emission spectra ) , cneKTPll rrorJiomeHHH peHTreHOBCKllX 

Jiyqeii (XA S -X·•llJabsorption, spectra ) , o6paTHIIe qi0T08MUCCIIOHHII8 

crreKTPll ( BIS - bremsstrahlungs- isochromat spectra), 
OJKe - cneKTPH (AES- Au:,e, elecfron spectm]. 
C TIOM0m:&10 ~ y.n;aeTCJI llCCJI8,ll;OB8T:& ,Kalt npaBIIJIO. JIUlll:& rroBepxHOCTHlle 

CJIOH o6paa~. TOJimlffiOii rropH.n;KB 20 7 30 A0
, l!TO sa~py,D;HHeT nx lIHTep

rrpeTaumo: CBOiiCTBa rroBepX!iQCTHllX CJI0BB MOryT OTJiuqaT:&CH OT CBOiiCTB 

BemecTBa B 06'.beMe II, KpOMe TOI'O, ,peayJI:&T8Tll naMepeHHii 38BlICHT OT 'll!C

TOTII IlQBepXHOCTll ll ll3MeHeHHH ee CBOHCTB rro.n; .n;eiiCTBIIBM o6JiyqeHHH. 

IIo_aTOM.Y 6oJiee na.n;elKHIIMll rrpe.n;cTaBJIJllOTCH 8KCI10plIM8llThl ITO ll3t.!8peHHIO 

aHepreTHlIBCKUX IIOTBPb 6:IICTPIIX 8JI8KTPOHOB ( EELS-electron energy-loss 

spectroscopy). Ilpll rrpoxoJK,D;eHHll rryqKB aJieKTp0HOB.qepes IIJIBHKll TOJI

IJzyIHOii I+ 2•I03A0 y.n;aeTCJI HCCJI8,ll;OBaT:& o6'.b8MHII8 CBOiiCTB8 o6paa~. 
I!OMHMO P<]iC 6oJI:&lll08 3Haqenue B llCCJI8,ll;OB8HHll 8Jl8KTp0HHOii 30HHOii 

CTPYKTYPII BTCII 1Irpa10T OTITlllI8CKU8 MBTO,nH, KOTOphle no cneKTpaM norJIO

memm ( B JJJIBHKBX) lI OTpalK8HllH TI03BOJIHIOT rrOJiyqaT:& llll/llOPMBUIDO O xapaK

Tepe 30HH01'0 cneKTp8 B o6JI8CTll HBCKOJI:&KlrX 3B B6JIBSll noBepXHOCTll <rep

Mll, p6cy.n;HM HBKOTOplle peayJI:&T8TH 8TllX 8KCITepllM8HTOB. 

\liOT08MUCCHOHHl:l8 crreKTpH (XPS) OIDICT1B3IOTCJI ,D;Hqxl)epeu~aJI:&HllM 

ceqenueM qi0TOHOHU38~ (CM., HBITPHMBP /I350: 
o1;f➔ O ~ h~ p(E"f) /< ~f I ei'fr\f v) I~->)~, (4.5) 

r.n;e h,) , f n f - aHeprmi:, rroJIJipll38~H II BoJIHoBoe 'ilICJIO rra-

.n;aK111ero qJOTOH8 ( r - KBaHTB), '4 H lfi,_, - BOJIH0BIIB cpyHK~ KOHBlIHOI'O 

ll H8'l8JI:&H01'0 COCTOHHHH CHCTBMII, _p ( Ef) - IIJI0THOCT:& KOH8l!HHX COCTO

HHHii, Ilpll qi0TOB036yJK,D;eHHll BhIIIOJIHHBTCH 38KOH COXJ)8H8HllH aHepnm 
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h" =:: E
1 

+ Ef (1<)- E,, (4.6) 

r~e £ I - Kmi8TlI'I8CKrul :mepI'R!I qlOTOSJieKTpoHa, a pa3HOCT1, KOHS'IHO:ii 

Ef {K:) H Ha'IaJI1,Hoii El :meprmI CHCTeMll I!pH BWieTe SJieKTpoHa B 

cocTosnum K ollpe~eJUieT aaeprmo CBH3H E 8 -::: Ef ( K ]- E, SJieKTpoaa 

Ha BlfYTpllaTOMHOM ypoBHe. B ~aHHOU coe~erum. 06H'IHO lICIIOJII,3Y8TCJI .no
IIOJIImT8JI1,H08 Ilpl!6Jimitemre, B KOTOpoM He 'Y'IHTHBaeTCJI 3aBHClIMOCT1, OT 

BOJIHOBOro 'lliCJIB B ( 4. 5) : e X p( t ij r) P: 1 , IIOCKOJil>.Kj' o6wmo ,wuma BOJI

HH qioToHa A ::: 21i/q >) f'o - pa3MepoB a'llvMB. B aTOM cJiytJae B03MOJK

HH rrepexoiul l ➔ l C H3M8H8Illi0M yrJIOBOro MOMeHTB TOJII,KO HB L\ e = 
= ± I (HBIIpHMep, s ➔ p , p ➔ cl ) • B CJIYtIBe, eCJrn :mepnrn: qioTOHB 

h J >::> £ f , B03MOJKHO lICIIOJI1,30B8T1, O,nHO'IBCTlI'IHOS Ilpll6JIIIJKeHHe B KO

He'IHoM · cocTO.lllilm H 38IIHCaT1, ycpe,nHSHHYIO I!o·yrJiaM HHT8HCllBHOCT1, qioTO-

I!ponecca B mr~e: 

I(J..J,E)~ 2 °eo((E,hJ)p/(E)~ (4.?) t« . 
r.n;e pt ( E} - rrapnHBfilHBJl JIOK8JI1,H8.ll IIJIOTHOCTI, COCTO.llHHll KOMIIJieK-

ca CBH3aHHHX aTOMOB (HJrn 0,nHOro aTOMB) copTa o( , Ue °" - cetJeHHe 

qioToHoHH3am,m aToro KOMIIJieKca, { - yrJioBoit MOMBHT. !1oCJie,nHee cooT

HOll!eHHe II03BOJIHeT ll3M8p.R:T1, JIOKBJil>HyIO IIJIOTHOCT1, 3JI8KTPOHHHX COCTO.ll

HHil, B3B811!8HHYIO C COOTBeTCTBYKXIIHM cetJelllieM JI.JUI lI3J'IBeMoro I!epexo~a. 

l13yt1emre M.R:rKoro peHTreHoBcKoro H3JiytJeHHst ( X £ S ) , B03HHKBIO

mero !Ipll 38IIOJIH8HHH .u;HpKII, C03~aHHOR r - KBBHTOM B KOpe aTOMB, 

3Jl8KTPOHOM H3 BBJieHTHHX o6oJiotJeK, TaKJKe II03BOJist8T HCCJie~OBBT1, IIJIOT~ 

HOCT1, 8Jl8KTpOH}lllX COCTOIDmH B B8JI8HTHOH,30He. 06paTHHe qlOT03JI8KTpoH

Hlie crreKTpH (BIS) , B03HHKBI<X!llle IIPll 3aXBaTe aJieKTpoHoB Ha ypoBHII 

B 30H8 IlpOBO~OCTll, ,naIOT HHqiopMail;lnO O xapaKTepe 30HHOro, CileKTpa 

Blillle 3H8Prlll'I ~pr,m. Q)K6-CI18KTPOCKOIIIDI IIPHMeH.R:eTCst JI.JUI IICCJI8~0B8HWI 

6oJiee·cJIOJKHHX .nBYx.ro,IPO'IHHX COCTOstHllii B BaJieHTHoit'aoiie. 

B rrepBHX ,Ke 3KCI!epnr.roHTaX IIO JI3YtJ0HJIIO ~OT03MllCClIOHHHX CIISKTPOB 

B KepaMHtJecKIIX 06pa3u.ax · l SC O , Y 6 C O 6HJia o6HapyJKeHa cJia6BJI 

3aBHCliMOCT1, Cil0KTP,OB JI.JUI Me,ItlI Ilpll lI3MeH0HlllI COCTaBB o6pa3u,a (CM., 

HaI!pliMep 7I36•137~. Ilpll 3TOM !186JIIO~aJIHC1, B OCHOBHOM .nBYXBBJI8HTHH8 

cocTommst Me.ItII Cu 2.r (3d9) , a o6pB30BBHHe .nBYx.ro,IPO'IHHX cocTostHHii 

Ilpll BHJI0T0 aJieKTpOHB ll3 B8JI8HTHOH 30HH IIPOHCXO,ItlIJIO He 38 CtJeT IIOSIB

JISHHst cocTOSIHH:ii Cq 31{3d 8 }, a 3a ctJeT o6pa30BBHWI .u;HpKII Ha noHax · 

KHCJiopo~a ( ;l p 6 ) - JIHra~ax Me.ItII. TaKOe IIOBe,nemre 06'I,stCH.R:Jioc1, 

JIOK8Jlll30B8lll!HM xapaKTepoM COCTOstllllii SJI0KTPOHOB 3 cl 9 
, C1'38~HM 

c 60JI1,IllO:ii 3HeprHi1 .Kj'JIOHOBCKOii KoppeJIHm,m, U ,lei = 5 -i- 6 aB 137 • 
B aTOM cJiy'IBe ,n13yx.ro,rpo'!Hoe cocTo.R:Hlle THIIB 3 d 8 ( w 3r) aHepreTH'Iec

KII Meuee Bliro,nHO, tJeM COCTomrn:e TlIIIB 3 cl 9 1=. , r~e f. - .u;HPKB p-
-CIDJJMeTpllll OTHOClIT8Jl1,HO l'IOHB MS,ItlI , o6pa30B8.l!H8Jt Ha JIHra~ax ,;.. 
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• 
- lIOHBX o- ( 1 p s; ( CM. ( 4. 1)) • B pa6oTBX 1137 / Ha OCHOB0 KJIBCTep-

- l!HX pactJeTOB 6Wlli oueHeHH 11 ~yrHe I!apaMeTpH aJieKTpOHHOH p - o{ 
cucTeMH: aHepI'Hli B3BIIMO~eil:cTBHll Vf/rr ~ - J. Vpd7i ~ 1,1 aB, 

aHeprHH I1epeHoca 3apMa a ::: < Jt k IH / d10k) - < d 9 f H / d
9

) ~ 
~ 0,5 aB. MaJiast BeJilI'IllHB rrocJie,nHeii, 4 -<(< UdJ, 06ecI1e'lliB8eT xa

paKTepHoe JI.JUI OIGICJIOB 3d rrepexo,nHHX MeTaJIJioB cTpoemre aJieKTPOHHO

ro CII0KTPB, IIOK83BHHOro Ha p11c. 36. ,ll,IaJieKTPlI'I0CK00 COCTOstHll0 JI.JUI 

CT0XllOMeTplltI8CKllX coe,ItlIHeHH:ii la2 Cu o't llJlU y Ba2. Cu:, 06,5 
B 3TOM CJIYtiae OI!pe~eJUieTCH He meJ11,IO MOTTB - Xa66ap~a U JJ, 
a meJil>IO 4' CM3aHHO:ii C nepeHOCOM 3BPMB 113 2 p - 30HH B H038-

IIOJIH8HHYIO 3 d 10 ~po'IHyIO Bepxmoro no_n3oay. Ilo~o6HBH cxei ;~oBHeil: 

.n:mr oIG1cJioB 3 d Ilepexo,nHHX MSTBJIJIOB 6HJia I1pe,nJIOJKeHB B 
1 

/ eme 

.no oTKpHTHH BTCII. 
naJil>Heil:unie 6oJiee TlllaTeJil>Hli0 llCCJle~OBBHHH X p S , B f S , A £ S 

ll·~p. CIISKTpOB IIOK838Jlll CllCTeMBTlltJecKoe paCXO;K,!(8HlI0 8KCil0pHM8HT8Jl1,

HHX pesyJI1>TaTOB C Ilpe~CK838HIDIMII 30HHHX pactJeTOB, OilllCBHHHX B I!pe

.n;r.mymeM pa3,neJie. KaK npaBMO, 3 d -clleKTPH .n:mr 110HoB Me.Itll B aK-

cI1epuMeHTBX OK838JllIC1, C,nBllHYTHMlI Ha~ 2 aB B o6JIBCT1, 6oJiee Hli3KlIX 

aHeprHil: CB.B:3li 11 HM8Jlll 3HB'IHT0Jll>HO M8H1,IJlYIO IIJIOTHOCT1, COCT~il: ~a 

ypoBHe \1iepMII, tJ8M B TeopeT,'lecrx pactJeTBX (CM., HallpllMeP 
139 

).Ha 

puc. 45, B3HTOM ll3 pa6oTH r4o 'IIOK838HH aKOil0PlIM0HT8JI1,HH8 'BH

'IHCJI8HHH8 B MeTo.u;e @YHKUIIOHaJia JIOKBJI1>Ho:ii IIJIOTHOCTlI { I., '])A) 141/ 
<pOT03MllCClIOHHHe ( X p S) 11 o6paTHHe qioT03Mli!CClIOHHHe ( B / S) . CIISKTPH 

XPS la2CuO4 BIS 
f 

-· ......... 

. 
:· . 

, 

/ F, xf 
l \ 
: \ 

6 4 2 EF [F 2 4 6 8 10 
ENERGY WITH RESPECT TO EF I eVl 

Pllc. 45. 

·· .. 

8KCilepuMeHTaJl1,HH0 (nyHKTEP) n TeopeTll'Ieorure (CIIJIOillHBH 

Jimoot) qioT08MllCCHOHHH8 (X p 5) lI o6ryTHli8 qioToaMHCClIOH

HHe (BIS) . clleKTPH B L,a2 Cu o4 I40/. 
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i 

)VIH 0Q2 U( Oy IIPH B036yJK,neHHH cp()TO~ar.m c ::mepl'lleii I486,7 sB. Iloc

KOJI:E,Icy ce'!eHHe cp()TOB036yJK,neHIDI )VIH O 2 p COCTOffiillii B $TOM CJiy'Iae 

rrpHMepHo B WITI, pas Mem,me, 'IeM ce'!eHl'!e )VIH CU 3d cocTMHl'Iii, To 

rrpe.n;cTaBJieHHue Ha pnc. 45 crreKTpH OTp8JKa!OT B OCHOBHOM IIJIOTHOCTI, coc

TOJ!Hl'!ii B BaJieHTHoii { X PS} H so He rrpoBo~ocTH ( B / S } )VIH Me~. 

KaK B~o. Teopern-qecKHe paC'ISThl (CIIJIOIDH8.FI KpHBa.FI) cymecTBSHHO OT

Jm'lB.IDTC.FI OT 8KCIISPHMSHTa (rryHKTHpHa.FI Jllllrn.FI) - rrepBhle rrpHBO,l\llT K 66-
Jiee BhlCOKOli IIJIOTHOCTll COCTO.F!Hllil B6Jlll3H YPOBH.FI oopMH (orrpe.n;eJI.FieMoro 

rro aHepI'lm CB.FISH E g ) H c~Hry B o6JiacTr, 6oJie~ BucoIWX aHepl'llii: 
fTr . · 

ELDA = Ee,+ J vcf .( n) , r.n;e U 4 ~ 6 aB aqxpeKTHBHa.FI aHeprM eyJio-

HoBcKott KoppeJI.Fimm n < n > "' 1 -cpe'Allee 'IlICJio sarroJIHeHM )VIH coc
Tomnm Cu 3d(~2=...~ 1}. 

CpaBHeHHe cp()T03MHCCllOHHHX cneKTpoB rrpn Bos6yJn,IJ;eHllll COCTO.FIHHii 

Cu 2p3f2. ' B Cu O ' Cu2 0 n Lq2-x srx Cu 0y IIPHBe.n;eHo Ha 

pHc. -46, BS.FIToM ns pa6oTH /I42/~ J1lm MOHOBaJieHTHoii Me'All Cl( 1+ · 
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Pllc. 46. 

1k:>ToaMnccnoHHue crreKTpH 

{X P s} 'AJI.FI C4 9. p 3/2. 
YPOBH.FI B 3aBHCllMOCTH OT 

aHeprnn CB.FISH ( 13 £} /I~2~ 

B coe'AHHSHllll C ll2 0 HMeeTc.FI JIHmr, O'AHH IIHK npH aHeprnn. 
. {O 

CBJI3H ,_, 932 aB, KOTOpuii COOTBSTCTByeT KOHS'lllOMY COCTO.lilill!O C4J.pS 3J -
72 

2+ 
_ - ,nupKe Ha ypoBHe Kopa 2 p . ,lT.nR ~yXBaJieHTHoil Me'All Cu ~Ho~0 s 

Hoit mm rrpH ~ 933 aB cooTBSTCTBYST KOHe'llloMy cocTomuuo Cl( '1p 3d Olp, 
B KOTopoM ,nupo'!Hoe COCTO.FIHHe Kopa ( .2_ PS} saaKpaHHPOB8HO 38 C'IST ne

peHoca 38psI,!l;8 C aTOMa KHCJiopo.n;a ( 0 1 P,. 5) • CaTSJIJlllTHHH IIll:K npn 

~943 aB cooTBeTCTByeT cocTo.FIHHJO Cu. 2 p 5 3 d 9 
• <WPM8 caTeJIJlllTa B BH.ne 

TparrerwH CB/l38H8 C B38HMO,neilCTBH8M ,D;HPKH Kopa :t p C .nHPKOli B 3 cl 
o60JIO'!Ke MS'All. C~Hr C8TSJIJUIT8 Ha ~ 9 aB OTpaJKaeT KYJIOHOBCKOe OT

T8JIKHB8HH8 ~yx ,nupoK. 0USHK8 KYJIOHOBCKOli aHeprnn OTTaJirumaHIDI, 

rrepec'!HTanHoii 'AJl.FI 3d -oeioJio'I.im, ,uaeT VJd ~ 7 aB. OTHomemrn 1mo-

111a,nett IIO,U C8TSJIJIHTHOii JUIHneil 11 r.11aBHUM IllIKOM onpe.n;eJI.FieT nepeHOC 3a

p,ma C KHCJIOpo.n;a Ha Me.n;r,. OUSHKH IIOK83HB8IOT, 'ITO 38_I:liU Ha MS'All B 

ocHOBHOM cocTO.FIHHH '!> d 9 cocTaBJI.FieT ,., 9, 4. ·CJia6aJI saBncHMocTr, 

XPS w 3 p3;2 crreKTpa OT .co,nepataHH.F! CTPOH!WR Henocpe.n;cTBeHHo yKa-

sUBaeT Ha JIOKaJIH3oB8HHuii xapaKTep 3 d .n;upo'IHHX cocTO.FIHllii Me'All 

.I'! oTcyTcTBHe C,q 3+ { 3 d 8 } cocTO.FIHHii B Me7aJIJIH'!ecKoil q>a3e 

Lq2_x S-r; Cu o,, , X > 0 (cM. TaIOKe /I43 ) • 
HaH6oJiee HHTepeCHHe pe3yJibT8TH O xapaKTepe ,nHpO'IHllX COCTO.FIHHH 

' BTCII 6~ IIOJIY'leHu c rr0Mo111r,10 MeTo.n;a EEL S B KapJicpy3 ( cM. 

I 44-I46 ) • U3MepeHHe cneKTpa rrorJiomeHH.FI 6LICTpUX: 8Jl8KTPOHOB ( £ == 

= I70 KaB) c BHCOIGIM paspemeHHeM, L1 E = 0,4 sB, B IIJISHKaX TOJI!llH

Hoii ~ IOOO A0 II03BOJUIJIO HCCJie,D;OB8T!, JIOKaJII,HYIO IIJIOTHOCTI, .n;upo'IHUX 

COCTO.FIHHH C BHCOKOli TO'IHOCTI,10. IlpH MaJillX nepe.n;a-qax HMIIyJir,ca OCHOB

Hoil BKJia,n .naroT TOJII,KO 'AHIIOJII,HHe rrepexo,nu C H3MSHeHHeM yrJIOBOro MO

MSHT8 Ha 4{ =±I H II03TOMY llCCJI8,D;OB8HHe KpaJI rrorJIOll!SHH.FI IIPH B03-

6yJK,neHHll Of S ypoBH.FI (£I'> =- 528 aB) HJIH Cu. !l p 3/2. ypoBim: ( E 8 = 
= 93I aB) II03BOJI.fl8T 1-!CCJie,noBaTb AhlP04Hble COCTO.flHl-!.fl 

B O 2. p 30He H Ll.{ 3 cl 30H8 COOTBSTCTBSHHO. Ha pHc. 47 a' b µpe.n;-

CT8BJISHH CIISKTpH rrorJIOll!SHIDl IIpH B036yJK,neHHH 01 s ypoBHJI B IIOJIH-

;5£HCT8JIJIH'I8CKHX IIJISHKaX Lq2_.,_ Sr1 w Ot, H Y Ba2 ut.) 01- 1 431. IlJIOTHOCTI, COCTOJilUili B6Jlll3H Kpa.FI ITOrJIOll!SHH.FI Ha y poBHe 00 pr.m 

(KoTopuii onpe.n;eJI.FieTcJI no arrepnm CB.FISH f' 8 Of s ypoBH.FI) .n;JI.FI 

CTSXHOMSTPH'ISCKHX C08'AllHSHHi1 ( X = 0, 'cJ- -2! 0,5 ) paBHa HYJIIO, 'ITO 

YK83HBaeT Ha .n;H3Jl8KTPH'I8CK08 COCTOJIHlle ( co meJII,IO ~ 2 + 3 aB). 3Ha

'IHTSJII,HOe YBSJlll'IeHHe .l'!HTSHCHBHOCTH norJIOll!SHH.FI IIpH 66JII,lillfX aHeprrurx: 

CBJI38HO C BKJia,noM H838IIOJIHeHH11X La 5 cl .I'! . '-r f COCTommii, B3aHMo-

~.n;eiiCTBYJOll!HX c: Olp 30Hoii B LS CO rum /3q 5 cl ll '-r f , u Y4c/ 
COCTO.FIHHii B y 8 C O ' '-ITO B USJIOM cornacyeTCJI C 30HHID.m pac

'IeTaMH (CM. § 4.2). IIpH ,D;Oll.l'!POB8Hllll ( '){;, 0 , lj--< o,s ) HHTSH

CHBHOCTI, norJIOll!SHH.FI Ha YPOBHe <!iePMn 3Ha'IHTSJII,HO B03p8CTaeT, 'ITO He

rrocpe.n;CTBSHHO yKas~eT Ha IIO.FIBJiemie ,nlipO'IH!:IX COCTO.FIHUit B O 2 p-
30He. Ilpn 3TOM KOHUSHTparJI .n;upoK · Oita3HBaeTC.FI nponopIWOH8JI!,HOil CTSIIe

Hl'I ,D;Ol'!HpOBaHRII /I42·, I.i3 • Ball(HO rrpH 8TOM IIO,D;'!epRHYTI,, 'ITO IIOJIY'l8H

HH8 B £El S aKcrrepHMeHTe pesyJir,TaTu OTpaJKaIOT 06'beMH11e cBoilcTBa 
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Pllc. 47. 
CneKTPH norJioJlleHHJI ( E £ l S) · B6mrn1t eHep:ran 

cBJisJt £ 6 ,Ir,JIJI ypoBHJI 01 s .. 31 Kepai.mtiec.KHX IIJieHKax 
lSCO (a) 1t YBCo (b) /I4'¼!: 

o6pa8IJ;OB Jt He npoJIBJmJOT psma aHOMaJllIR, saMetJ:eHHHX B ;wyrmc ·cpoTOSMJtC

CliOHHHX 8KCilepHMeHTaX ( TeMIIepaTypHoii saBHCliMOCTli X p S , nOJIBJieHHJI 

,nonOJIHHTeJII>HHX nnKoB iI T.,n.), KoTopue MOJKHo cBJisaTI> c rroBepXHocTHHMH 

sqxl)eKTaMI!:. 

CliMMeTpllJI ,IJ;HpotJ:HHX cocToJIHHii B Y 8 CO H 6i /22I2 Me..:. 

TO,D;OM £ £ /... s liCCJie,nOBaJiaCI, B pa6oTaX /r45 , 961. ll3M8H8Hll.ll KpaJI nor

JIOJlleHHJI ,Ir,JIJI Ofs H C-4 'i.p31J. ypoBiieii npoBO,n;HmICI> Ha MoHoKpiicTaJIJIH-

· -qecrorx liJllIOplieHTlipOBaHUHX n:ireuKax, 'ITO Il08BOJIJIJIO liCCJie,Il;oBaTI, saBHCll-
. ➔ 

MOCTI, rrorJIOJlleHHJI OT opneHTall,ID'I llMITYJII>ca pacceJIHHJI O ~ Ilpn opneHTa-
➔ ➔ I 

ll,ID'I q B,IJ;OJII, KPllCTaJIJiorpaqmtJ:ecKOii OCH C // i JtCCJie,ll;yIOTCJI nepexo,IJ;H 

SJieKTPOHOB Kopa B HesaH.llTHe ,n;HpO'IHHe COCTOJIHHJI C opneHTa:cmeii op6nTa

Jieii B,n;OJII> ocH 1 , Tnna Op1i(z) HmIUtd(31..2.-r 1) , a npH f, _ 
JieJKaJlleM_ B IIJIOCKOCTll a ' g - COCTOJIHllJI C oplleHTa:cmeii op6HTaJieil B 

IIJiocKocTJt x,y , Tnna Opcr(J<,'3--) nJllI Op1i(x,ca,) Jt Cu d[x.1...:c{°J• 
I{3!110peHlle OTHorueHHJI HHTeHcHBHOCTe:a norJioJlleHHJI Ix,~ / I 1 

,Ir,JIJI ,n;HpOtJ:HllX COCTOJIHlili Il08BOJIJieT OIJ;eHHTI, BKJia,n COOTBeTCTBYlClltl'IX op6n
TaJieii. Ha PHO. 48 ll 49 npe,ncTaBJieHH pesyJII>TaTH SKCnepnMeHTa npH B08-

6ylK,ll;eHllll ypoBHeii Kopa 01 s H Cu 2 p :3/1 COOTBeTCTBeHHO ,Ir,JIJI 

Y8az~3 01/a), Y'Ba2C43 06 (6) 1 Bi:i. Si:z Cu3 Og+xfcfI451. 
Han6oJiee npocTaJI KaPTHHa Ha6JIIO,IJ;aeTCJI B CJIYtiae f3i/22I2. YpoBHIO 

~PM!!: cooTBeTcTByeT sHeprrui: · E 6 = 528,8 sB ,Ir,JIJI KpaJI norJioil!eHHJI Ofs 
➔ _,. L➔ ➔ ~ 

11p11 q fl a I o • OTCYTCTBHe rrorJIOil!eHIDI npn q If c BHllle KpaJI norJI_o-

Il!eHHJI E 8 (CM. pnc. 48 c) CBJt,neTeJII,CTByeT 06 OTCYTCTBllll ,n;HpO'IlUDC 

cocToJIHJtii Tlllla Op,, ("1:/ • IlorJIOil!eHHe npH q II cf, b➔ cBJisaHo c ,IJ;H-
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po"Illmim COCTO.IDIH.fIMH B Cl( 02 IIJIOCKOCTJIX H CJIOJIX Bi O C CHMMeT-

. pHeii J. p ( x 1 'JJ • Onpe,neJIHTI> xapaKTep CM3ll, cr HJIH 7[ , H3 

,naHHoro sKcnepHMeHTa He y,naeTCH. HccJie,noBaH0:e norJiomeHlIH npn Bo36y~-

,neHllll YPOBM U{ 2. p 3/ 2. ;JJ)IB cf II a, 1; H 9 If z ( CM. pnc. 49c) IIOK8-

3ImaeT, ti:To noMl'!MO ,nupoti:HHX cocTMHHii B IIJIOCKOCTll 3 cl. ( )( z - c.lJ 
:HMeeTCH He6oJII>mM np:HMeCI, "' IO -;- I5 % COCTOmmii BHe IIJIOCKOCTH' H8H-

6oJiee BepoHTHO 3d{31~r1 CHMMeTpim. 
llHTepnpeTauwr cneKTPOB norJiomeHM ,nJIH Y5q£ W3 °1-'j 6oJiee 

Tpy,nHa, IIOCKOJII>KY ItpoMe IIJIOCROCTeil: Cu O 2 B IIJIOTHOCTb COCTOmmil: 

B6JIH3H ypoBM <liepMl'I ,na10T Blt1I~ uenoti:Im Ct<..O! .Kalt CJie,nyeT R3 3OIDWX 
pacti:eToB, oimcamru:x: B § 4.2,noBepxHocTI> <liepMl'I nepeceKaIOT dpu 
3OHli ,nJIH Cu.{2}3d(r!~3/- 0(2)2.p(x}- 0(3}ip{'J-) op6HT8Jieil: B IIJIOCltoC

.Tll 11 w{1)3d{z. 2-'j'-]-0{1}1p(~/ -O('r}J.p(t) op6JtTaJiett B lienotIBax. Kpo-

Me Toro, BRJia,n B IIJIOTHOCTI, COCTOmrn:il: M~eT ,naBaTr, d p II 3OHa , 

noc~poeHllaa ,13 C<J.(1}3c/ (1 1 ~) - O(f )1 p(z} - O{Lr}ipf 'J-} 
op6HT8Jieii B ueno1Ilte. lipH 8TOM,corJiaCHO pactJ:eTaM r4I/, OTHOCltTeJII,Hlie 

ti:HCJia 38llOJIH8HHH ,nupotJHHX YPOBHeil: Ha O(I), 0(2), 0(3) ll 0(4) IlO3H

UHJIX RHciopo,na paBHH I,7: I,4: I,6: r,o. CpaBHHBaH JtHTeHcHBHocTI> 

norJiomeHHH Ix,~ /I1: ~ !l . ,nJm ::mep:rnii E <' 93I aB 3i ctieT ,nupotnmx 
1 p-COCTOHHHii C TeOp8Tltti:8CRll paCCti:HTBHHOil:, 8BTOpli I 44/ IIpHXOMT 

It BHBo;ay, ti:To ocHOBHoii BMa,n B IIornomeHHe ,naroT 9..Pu .nHPRH c pac

npe,neJietilleM llX no IIOSHUHHM O(I) - 0(4) B COOTBeTCTBHH C YK888HHHM 

B&me _ OTHOmeHHeM. PesyJII,T8Tli He llpOTHBopeti:aT TaKJKe HaJ!HtJHIO J.. p 11 

,n&po1t B IIJioc1tocTH ()- cMs:tt, B ocaoBHoM THna 0( I) P1i ( 1) . CymecT-

BOBaHHe ,n&poR Ha op6HTaJIJIX ,<l. p BHe IIJIOCROCTH <f- CMSH, THna 
P1i(1:) B IIJIOCROCTH C-u02. HJ!H 0(1)pr;{X) B uenoti:KaX, Tpy,nao COI'-

JiacoBaTI, c ,naHHHMH a1tcnepHMeHTa. • 

CIIeKTPLt norJiomeHHH ,nJIH U-1. 2. p 3/ 1. ypoBM B Y Ba2 Cu3 0 jZ 

(PHO. 49a) IIOK83liBaIOT, 'ITO np:HMepHO o,nmiaKOBaH IIJIOTHOCTI, .nHPOK 

H8XO,I(HTCH Ha (f- op6:ttTaJIJIX J(x2._~Z) ,nJm UL{.:l} B IIJIOCKOCTH ll 

cJ. [tl-~.i) ,nJm Cu{ 1) B uenotIKaX. He6oJII,IJ!aH ac:HMMeTpM CIIeKTpa 

(H IIJieti:o ,nJIH cf JI c ) CM3aHa c nepexo,noM B cocToHH:He Cl{ J. p 5 3 cl 1 !: 
- 01 p {i ' Kor,na IIPOHCXO,nHT aKpaHHpoBarum .nHPKll KO pa 2 p 5 38 C'IeT 

nepeHoca sapima c KHCJiopo,na, OJ.p5. B cIIeKTpe Y'Bq2 Cu3 06 aTa 

ac:m.'!MeTpM H IIJietJ:o ,nJIH 9 II c HctiesaIOT, ti:To CBH.neTeJir,cTnyeT 

06 OTCYTCTBHH 8TllX COCTOHHHft. lIPH 8TOM pesKoe yMear,meHHe HHTeHCHB

HOCTH ,nJIH 9 /I c B Y Baz c:«3 0, (pHc. 49B) H noSIBJieHHe IIHKa npH 

8Hep!'HH £ B = 934 aB, xapaKTepHoii ,nJlH Ctt H (CM. PHO. 46) no

.ml8liBaIOT, 'ITO IIPH y,naJierum KllCJIOpo,na B ueno'!KaX IIPOIICXO,I(HT sanoJIHe
HlI8 ,nupO"IllliX COCTOHHHH Ha op6nTaJIH w(1)3c/{z{~l) H Ll( (1) nepe

XO,I(HT B MOHOBaJieHTHOe COCTomme C He6OJII,mHM 'IMCJIOM HesaMTHX 3 cl
COCTOmntii, B ocHOBHOM 3d{_3ll.-Y'2

} THIIa. 
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TaKI'IM o6pasoM, aKcrrep:m,teHTaJir,Hue HCCJia,nonaHM X P $ , £ £ L S 
H ,npyrnx BHCOKO::lHepreTIItieCKHX crreKTpOB MeTo:a;aMH P¢C II03BOJIHIOT Bli

HCHIITI, MHorue tiepTH aJiercrpoHHoro CTpoeHHH BTCII. HaH6OJiee B8mlli8 pe-

3YJII>T8TLI - STO o6napyJKeHIIe CllJibHI,lX KYJIOHOBCKIDC KOppeMrmii B 3 c{-
3OHe Me,nH ' u e,( = 6 ~ 7 aB ' o6pasoBaHIIe ,nupo'lHHX COCTOHH:Hil npn ,nonH

poBaHlill B 2 p-soHe KHCJiopo:a;a npn aHeprHH rrepeHoca aapima Ll < t/J. 
8TH pesyJII>TaTH rro,nTBep;K,D;aIOT aoHHYIO KaPTHHY, rrpe,ncTaBJieHHYIO Ha pIIc. 

36, KoTopaH xapaKTepua ,nJIH nOJryrrpono,nmmoB co meJII>IO, o6yCJioBJieHHoii 

rrepeHocoM sapH,na ~ p ➔ 3d. IIoaTO!I\Y Mo,neJIH BTCII, ocHoBaHHue Ha o,nHo

aoHHoii 1tapT1me co llleJII>IO Xacl6ap,na - l,1oTTa B 3d -3oHe Me,nH npe,ncTaB

Jim0TCH Hea:a;eKB8THIDllli. OcTaeTCH eme H8BHHCH8HHHM Pim 60Jiee TOHKHX 

oco6eHHOCTeii sJieKTpOHHoro CTpOeHRII: cTeIIeHI> JIOK8JIH88UHH 3 c{
COCTOmmii npII B38HMo,neiicTBim RX C 02 p-,nupKaMH. CHMMeTpM {(JI 7i) 
,nupoK B 0.2 p -3OHe '/e~tIHHa KYJIOHOBCKOii KoppeJIHWIOHHOil: aHeprHH B 

o 2 p - soHe ( cM. 146 J. ,IJ;nJI BlliICHeHIDI aTIDC norrpocoB Tpe6yIOTca 

Tl!laTeJII>Hlie ::lKCIIepHMeHTaJII,Hl:le HCCJie,noBaHHH II TeopeTIItiecKHe pactieTH, 

BWCOMlllHe aa pal\lliH rrpII6JIDeHHi1 cpe,nuero rroJIH. 
KaK OTMe'!aJIOCI, B uatiaJie STOro paa,neJia, OIITIIti:ecKHe MeTO,I(El HCCJie-

,noBaH:ruI BTCII B HHwpaRpacHoft oclJiaCTH tiaCTOT ,no (I57 20)•I0
3

cM -
1 

(8,06 CM-I= I0-8 aB = II,6 K) ,naIOT Ba~IO HHqx>pMau;mo O CBOiiCTBaX 

3Jl8KTpoHHOii CHCTeMH B HOpMaJII,HOii cpa3e H CBepxrrpOBO;D;IIlllei1 meJIH IIPH nepe

xo,ne B CBepxnpoBOM!llee COCTOHH:He. 
IIepBHe SKCIIep:HMeHTli, IIpoBe,neHH!:le Ha KepaMHtieCKHX o6pas~x. BBH-

~ cIIJII>Hoi1 aHHaoTpormII npono,nHMocTII BTCII B IIJiocKocTH a,b II B,nOJir, 
OCH C IIPHBO,I(HJ!H K npoTHBOpeti:HBliM pesyJir,TaTaM (CM. o6sopu /r47-r5o6. 
lioJiytieHHHe B ,naJir,HeiimeM CIIBKTpli OTp~eHM ,nJlH MOHOKPHCT8JlJIOB IIO8BOJIIDfll 

QO'I,j!CHHTI, pim H8COOTB8TCTBHii B 8KCIIepmaeHTaX C IIOJillKPHCTaJIJlaMH II IIO

JIYtJHTI, pH.I( B~LtX pesyJII,T8TOB O xapaKTepe aJieKTpOHHOro crreKTpa B HH

q>paKpaCIIOii o6JiaCTH tiaCTOT. 06cy,nHM HeKOTOplie H3 HHX. 
llsMepeHHe KOaqx!J~BHTa OTpallteHHH R (T, w) B mHPOKOft o6JI8CTll 

tiaCTOT (.no I5•I08 CM.-1) IIO3BOJIHBT Bli'IHCJIHTI, Ha OCHOBe COOTHOill8HHii 

KpaMepca - KpoHHra 88BllCH!llYIO OT tiaCTOTli npoBO,I(HMOCTI, 6 (T, w) • B 

o6WIHHX MeTaJIJlaX ,nei1CTBHTeJir,HaH tiaCTI, npoBO,I(HMOCTH B HHq>paKpacHOli 

oclJiaCTll tiac~oT aIIIIpoKcm.mpyeTca~opMYJIOll .llJ>YAe: 

l,.,2 f J 
6{w) = ~ 2 r.2 

47i w + 4 
r.ne W~ =- 41i n e2 I ni -f - IIJiasMeHHM tiacToTa ( n. , m -t - IIJioT-

HocTr, H 8qxp0KTHBH8H MaCCa HOCHTeJie:fi) , r o( = f / '£ - 'I8CTOT8 CTOJIKHOBe-

HHii. 3aB1ICHMOCTI, f J H /Y/ * . OT TeMIIepaTypli 'f" OIIpe,neJIHeT 

, (4.8) 

TeMrrepaTYPHYIO 38BHCHMOCTI, G"° (T, w) H R (T, w} • lipoBO,nHMOCTI, 

(4.8) y,noBJieTBOplleT npaBRJry CYMM . 
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00 

) o[w) dw =-
o 

1ine2. f .2 

1rn-f = FwP ' (4.9) 

C IIOMOIIU,IO KOTOporo MOlKHO HailTlI w p H OU9HRT1, n.. / m -j- • . 

HaMepeHRe KOajxpm:nrnHTa OTpalKerum R er, Lv} B ITOJillKPlICTaJL1IWiec-

IWX o6paarrax rroaBomrJI0 OU9HlIT1, Wp il: .n, : -J:ic.Jf~0,9 aB) 
fl~ 2·IO 2 I cM-a ;rr.JIJI La1.ss Sro.1s Cu Ot,, (cM. II5 ,152/)H 

. -/iwp:;;; 2,7 aB, n ~ 5•ro21 CM-a ;rr.JIJI Y Ba2 Cu.3 01-:; (cM/I47/). 

0,nHaKO IIOMl1MO 11HKa 11plI Lv = 0 B qJOPMj'Jie .Iu>Y'Ae ( 4.8) B SKCITepm.ieH

Tax Ha nomrKpHcTaJIJIWiecIWX o6paarrax Ha6JIIO'AaJiac1, 'AOITOJIHHTeJI1>HaR 

CTPYKTypa B 6" {iv) . B 06JI8CTH 'IBCTOT '1 ~ 240 CM-I(OJ03 .aB) lI 

..J ~ 4·IOa CM -I (0,5 aB)B La,_xSr-x Cu Ot, (cM/147/) lI rrplI 

1i w ~ 0,37 aB lI 1i w ~ 2,5 aB B y 5q2 Ll.(~ 01-'J- (CM. ,Harrp:m,iep, 

/I
53

/). BBJmY aHa'mT0JI1,HO MeH1,meit mITeHCHBHOCTR STIDC 11RKOB B He

CBepxrrpOBO.n;HlltllX ('AIHlJieKTplflleCKRX) o6paarrax ( ){ = o, ~ ::::: I ), 6Wio 
BHCKaaaHo rrpe~OJIOJKeHRe, "iTO OTMe"ieHHue oco6eHHOCTH CMaaHu C Boa-

6y.lli,ll;eHHeM 8KClITOHOB, THII8 n:epeHOCa aap!i,Ila, .KOTOplle MOryT lirpaTl,BaJK

HYJO pOJI1, B 8KCHTOHHO:it MO'Ae' CB~XIIpoBO~OCTlI~ HaMepemui:, npoBe'AeH-

Hlle Ha MOHOKPHCTaJIJlaX (CM, 147 ) He 06Hapy2KHJm,O.nHaKo,TaKOH CTPYKTY-

pll B Cf [ w) • KaK mmcHRJioc1, B 'A8JI1>HeilmeM, Ha6JIIO'AeHRe oco6eiiHocTeit 

B G" ( I.J) ;rr,JIJI IIOJillKPRCTaJlJilf'IeCJWX 06pa:3ItOB MOXHO 06'.b.lICHRTl> BllCOKOi1 

CTe·rremm aaRaOTPOI1RlI . U:C ( tv) : B WlOCKOCTR q , J llpoBO.ltlIMOCTl, 

RMeeT MeTaJIJm"i8CKliil xapaKTep, OimCtmaElMll:it qJOpMj'JIOi1 .Iu>Y'Ae (4.8) c aa-:-

BE:CJlllleit OT COCTaBa ( X lIJilI !J ) JJJiaaMeHHOil "i8CTOTOH lJ p , a 

~0JI1> oc:H c (neprreH,IWI(yJ.UipHo WlOCKOCTRM Cl( 0 .2. ) - IIOJiyIIpoBO'A

HRKOBHi!, r'Ae aHa"lRT8JI1,llllli BKJI8'A B Cf/ w) 'A8JOT OIITlI"i8CIGie qJOHOHll IIPH 

:HX CJia6oii aKpaHRpoBKe (HaIIpRMep, rrp:H '1 = 240 cM-I B l SC O ) • 
TeopeTlI"i0CKHe pac"ieTll CIIeKTpa OTpaJKe~ IIPH Y"ieTe 8TOil ClIJil,HOil aHHao-
Tporom rro'ATB8P'AWIH aTR BllBO'A!l < cM. tr54,I55,I471. . 

. EoJiee 'AeTaJU,Hllil aHaJIRa TeMrrepaTypHoil R "iaCTOTHOil aaBHCRMOCTR 

CIIeKTpoB OTpru!teH:HR ;rr,JIJI MOHOKPlICT8JIJIOB IIOKaaaJI, "iTO OI1lIC8HRe RX C no-: 
MOIIU,10 4JOPMYJill .lwY'Ae (4.8)_BOaMOlKHO TOJil>KO B TOM CJIY"iae, eCJIB rrpe~o

JlOJKlITl, 'AOCT8TO"iHO CHJil>HYIO TeMIIepamHr lI "iaCTOTHYIO aaBRCIDAOCTl, @'HK-

Imil rd (7:,w) H Yl1 "{r,wJ B (4.8) 4B , KOTOpaR MOJ!teT 6llT1, 06'bSICHeHa 

B3aRMO'Ae:ltcTBHeM HOCRTeJieit ('A!lpo!t) C qJOHOHaMH lIJilI M)Yl'I!MlI Boa6y.lli,ll;emm

MH B Kp~CTaJIJie. 06cy~ 8TlI 38BlICRMOCTR 60Jiee IIO'APQ6Ho, CJI8'AYR pa6o
Te /I56/, 

.lvIR xopomruc MeTaJIJIOB B o6JiaCTlI "i8CTOT MeH1>me IIJiaaMeHHoit "iaCTO
Tll H8TPY'AHO IIOJIY"il!Tl, K08qxpHIJ;lieHT OTpalKeIDIR R. ;!: 1 . .lvIR BTCIT BBlI,lzy 

CJIOlKHOil TeXHOJIOrHl! llX rrpnroToBJierum 061:i"iHO H86JilO,D;aIOTCR HR3Klie KOaq>-
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(!lllimeHTJ OTP,aJKeHHR, R ~ 0,8, "iTO aaTPY'AHR8T rrpoBe'AeHHe :HaMepe

lillit, B 1567 omrnaHl:i. aKcrrepRMeHTl:i Ha MOHOKpncTaJIJiax YSa2 Cu:> 0 1_ 'J 
·c R = I rrplI "iaCTOTax W < .2.Ll , r'Ae .1 - cBepxrrpoBO.rtffillaR 11leJI1> 

IIPH T < Tc. • Ha pile. 50 rrpe'AcTaBJieHa aaBHCRMocT1, R (T, w) ;rr.JIJI 'ABYX 

o6paam>B c T,. = 68K .11 T.:. = 50K IIpH T = 20K ;rr.JIJI cBepxrrpoBoM-

111eft ($) qiaal:i lI rrp.11 T-;:., Tc ;rr.JIJI HppMaJI1>Hoi1 ( NJ qiaal:l. HccJie'Ao

BaJioc1, IIO"iTll HOpMaJil,HOe Il8'A0lille CBeTa Ha IIJIOCKOCTl, a,b o6paana 
C MlIKPO'ABOHIU:HtOBOit CTPYKTypofi, lI Il08TOMY IIOJiy"ieHHl:le peayJil>T8Tl:i ;rr,JIJI 

IIPOBO'A!IMOCTlI, CBepXIIpOBO.rtmileil IlleJilI lI T.'A, xapaKTepnayIOT ycpe.nHeHHlle 

0.98 

1.00k , • •, •, ♦ ... ----
~ Tc~5oK-: 

Plic. 50. 

3aBlICRMOCT1, K08(pl)RIJ;lieHTa 0Tpa-

~8HM R OT "i8CTOTll ✓ ;rr,JIJI 

'ABYX KpncTaJIJioB Y Ba2 C43 o,_c 
c yKaaaHHHMH Tc B cBepxrrpo

BO.rtffill8a r 5) H HopMaJil>Hon[ N) 
cJ!aaax /I56/ • 

a:: 0.981;; 400[21' 

:;;200 
(\j . 

0.961- 0 100 
O fc(Kl 

o ·100 200 300 ~,cm- 1 

rro a, b ocRM KOMIIOHeHTl:i aTwc B8Jm"l:HH. HcCJie'AoBaHRe R {7; w) B nmpo

Koil 06JI8CTH "iaCTOT IIOaBOJilIJIO C IIOMOilll>lO C0OTHomelilltt KpaMepca - KJ.x)Hlll'a 
Bll'il'ICJDITl, , IIpOBO~0CTl, () (T, w) , I1p9'ACT8BJI6HHYIO H8 pnc. 5I ;rr.7IH. 

Hec1toJI1>KlIX TeMIIepaTyp ;rr.JIJI o6paarra c Tc= 50K. Ha BCTaBKe rroKaaaHa 

. aTa aaBHCRMOCTD B 06JI80Tll H:Ha.KHX "iaCTOT. B HOpMaJI1,HOfi qiaae IIOMID/10 

·Im.Ka Ilpl! W a= 0 , OII:HCllB88MOro qJOpMj'JIOit .Iu>Y'A0 ( 4.8) C aaBlICIDltl™ 

OT T rrapaMeTpoM r c( , HMeeTCR 0Ille lllHpoKII:ll MaKC:HMYM ·IIp:e: ..J:::::: I700 CM -I 

(0,2 aB). Ilolll:iTKa 08Jla8T1, 8T0T MaKCJIIMYM C Me~aOHHID.m rrepeXO'A8Mll:, . 

a He C B.KJia;rioM B 'APYAOBCKIIH imK, IIP:IIBO.It>IT K He06XO]:tl!MOCTH IIpe~o

'JIOJKHTl, 8HOM8JI1,HO C:WU,HYIO IIepeHO!)MllpOBKY 30HHOit MaCCll: IYJ-X/M z IO 

(CM. /I56/). IloaTOMY 8BTOPl:l rrpe.n;nara10T pacCMaTP:HBaTl, 8TOT MaKCJIIMYM B 

o {T, w) KaK peayJ11>TaT BaaHMo'AeilcTBM HOClITeJieil ('AHPOK B, a, b 
B IIJIOCKOCTH) C M)YI'llMH, OIITH"ieCKlI H08KTllBHID.m B036y.lli,ll;eHRl!MlI, Harrpn

Mep qJOHOH8Mll:. Ilp:e: 8TOM 4JOPMYJia .Iu>Y'A0 (4.8) ;rr,JIJI KOMIIJI0KCHOii IIpoBO,v;nMOC-
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1IaCTOTHaH saBHCHMOCTI, rrpo-

BO,IUIMOCTH () {T, w} ,nJIJi 

r = 20,70,100,200 H 270K 
/I56/ . . 

TH cf {T, w} sallllcIIBaeTCH B 6oJiee 0611leM BH,U;e: 

~ 'LJQ f u (T, w} = f!t --l-. lJ-{,_m_.x_/_rn_)_+_r_ ' (4.IO) 

r.n;e /'YI -t (T, w) H r ('f, w) - 3aBHCJil!UI8 .OT 'IaCTOTl1 H TeMIIepaTy-'. 

p11 aiMeKTHBH8fl Macca H 'IaCTOT8 CTOJlKHOBeIDiii. IIpaBHJIO cyMM (4.9) orrpe

.n;eJIHeT IIJI83MeHHyIO qaCTOTY lJ p = 3,2 aB l'l IIJIOTHOCTI, CB06o.iumx HOCH-

TeJieil tz.. = 6• ro2 I CM-S • .lJ,ml KB83H,IJ;ByMepHOli IIOBepXHOCTH OOPMII IlpH 

aToil wroTHOCTH aHeprna irepMH FF R, I,I aB. 

06pa60TKa 3KCIIepHMeHT8JII,Hl1X pesyJII>TaTOB, rrpe.n;cTaBJleHHUX: !18 PHC. 

5I ,nJIJi HOPM8JlI,HOli rpa3hl Ha OCHOBe qiopM.7Ji:11 (4.IO), IT03BOJIHeT H8liTH T8M-, 

rrepaTypHyIO ll 'IaCTOTHYIO 38BHCHMOCTH M.)/(T,w] H r (T, w}. Ha pHC. 

52 ,I(JIJi COOTB8TCTBY!OllWX TeMIIepaTyp rrpe.n;cTaBJieH!l qacTOTHlle saBHCHMOCTH 

3THX q>YHKUllll, 0TM8THM, 'l:TO /'11 -l'- lI r B ( 4. IQ) MO.lKHO paccMaTpH

B8TI, RaK .n;ettCTBHT8JII,HYIO H MHHMYIO 'l:8CTH MaCCOBOro orrepaTopa, OIIHCW38JO

lll8ro B38llMO,Il;8liCTBH8 3Jl8KTPOHOB O B036yl!meHHJIMII pemeTKH. PesyJII>TaT!l 

Bl1'l:HCJ18HHH ,nJIJi rrpOOTOli MO,Il;eJll'l TaKHX B036YJ!m8HHii ilORa3aH!1 Ha pno. 52 

OIIJIOlllHOii ll rryHKTHPHOii JIHHHii ,nJIJi T = IOOK H T = 200K COOTBeT-

CTBeHHo. HaH6oJiee BaJKHl1il pesyJII>TaT rrpe.n;oTaBJieHHofi o6pa6oTKH aKcrrepH

MeHTa - 3TO 06Hapy,K0HHe CllJlI,HOll rrepeHOPMHPOBKH 3qql8KTHBHOll M8CCl1 HOOlI-· 

TeJI~:ii rrpn T ~ 0 , W ➔ 0 : rn * /Yl1 "' 1-1- :>. ~ 1 O , 'l:TO y1m-

sUBaeT Ha CMI>HYIO cB!l3I,, ;\ ~ 9, Hoc:nTeJieii c ,n;pyrmm Bos6yJ!meHIDIMH B 
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1IaOTOTH8fl 38BHCHMOCTI, @yHK

IJ;lili r H IVI-¥ B (4.10) 
,I(JIJi YK838HHl1X TeMIIepaTyp. 

CIIJIOillHaH H IIYHKTHpHaH Kpll

B!le - Mo,n;eJII>Hllii pac'l:eT ,nJIJi 

T = IOOK H T = 200K cooT

BBTOTBeHHo /I56/. 

0o 500 1000 1500 2000 ~. cm-1 

pemeTKe • .lJ,ml xapaKTepHofi qacTOTH, Bl1llle KOTOpo:ii rrepeHOPMHPOBKa MaJia, 

COrJiaCHO pnc. '5 2, IIOJIY'l:8BM Ol\8HKY ..:, men = 500 + 700 CM-I, Bl1HCHe

Hll'8 rrp:irpo,I1;11 3THX B036YJ!m8Hllli (aHcoKCRaCTOTHW qJOHOHH, CIIHHOB!le qpIYKTya

UllH Ha.HoHax Me,IUI n T • .n;,) rrpe.n;oTaBJIHeT 60JII,JUoiii IIHTepec ,nJIJi Bl1HCHe

HHH.MexaHH3MOB crrapHBaHIDl B BTCII. 

B · saKJI1?qe1me OTMeTHM pa60T11 /r57 /, r.n;e H3y'l:aJll'lcI> crreKTPH rrorno

lllBHIDl IIPK rrpoxo~eHHH CBeTa qepes TOJICTHe opHeHTHpoBaHHHe IIJIBHKH 

Y Ba 2 Cu 3 ·o l _ 0 • 06HapyllteHHI1e B pa6oTe lllllpo.KHe MaKOHMYMH rrorJIOllle-

HIDI IIPH 3H8pI'IDDC 0,6; I,5 H 3 aB aBTOPli OB!l3HBaIOT C MYJII>THIIJIBTHHMll 

Bos6y~eH:nm.m Ha 3d-ypoBl!mc MB.IUI 6es nsMeHeHIDI ee sa~oBoro cocToH

HIDI , Cu 1., ( 3 d 9 ) • IIorJiollleHHe IIPII 60Jiee BHco.KmC a He prnmc, 4 aB :n 

5 aB, o6'I>HCHHeTCH rrepeHocoM sa~a O .2 p · ➔ C.U 3d • 8TH aHeprmt orr

pe.n;eJIHIOT lllBJII, Ee, B MeKTpoHHOM crreKTpe, cMsa~ c rrepeHocoM 

sa~a. 0TM8THM B CB!l3H C 3THM TeopeTn'l:eC.KHe pao'l:eTH I 58/ OIITH'l:80.IGIX 

CBOHOTB KPHCT8J1Jla y 5 Q2 U,,( J O 7 Ha OCHOBe caMocorJIBCOBBHHoro f4BTO-

.n;a l CA O • B!l'WCJieHHllii B pa6oTe crreKTP rrorJiollleHIDI F ( w) = 
-=- -Irtt[1/£.(w)J HMeeT .n;oBOJII>HO OJIOJKHYJO CTPYKTYPY B 06J1aoT1t Heo

KOJibIWX aB, OB!l38HHYIO O Mellt30HHHMH rrepexo.n;mm. IlpH STOM OCHOBHOil Illl'.K 

IIOrJIOlll8HHH Jl8.lKllT rrpH SHeprnn t.. W p = 2,8 3B, COOTB8TOTBYDIU}li WI83-
M8HHOfi 'l:aCTOTe, SHa'l:eHHe KOTOpoii 6JIH3lt0 K 8KCII8PRM8HT8JII,HO HB6Jll>

.n;aeMofi (OM. Bl1llle) • B IJ,eJIOM J!t8 CJIO.lKHaJl CTpyKTypa Cil8KTpa rrorJI011!81ll'U{, 

o6yCJIOBJl8HHaH CR/II,HOiii amISOTpoimett 3Jl8KTpoHHoro crreKTpa, He II03BOJIJl8T 
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/ 

O,IU{03Halffio lrnT'epnpeTHPOBaTb IIOJI.Y'!8HHll8 B pa6oTe /r57 / umporure MaRCH
MYMH. norJIOllleHIDI npH YRa3aHHIDC BHille ::meprnmc RaR MYJibT.HIIJieTHIIe d- c/ 
B036YJm8lllJt. Heo6XO,IUlMII 60Jiee TI4aTeJlbHIIe HCCJie.n;oBaHIDI Ha MOHOltpHcTaJI
JIH'!ecrurx IIJieHRaX no.n;o6Ho OIIHCaHHIIM Blillle B MeTo,n;e EE l S 

BalltHYID mtq,opManmo O q,opMe IIOB8pXHOCTR <PBPMII B MeTaJIJiax ,n;aeT Me
TO,I( H3MepeHIDI yrJIOBIDC RoppeJIJtn;rui IIPR aHlil'II'WI.lIIOm Il03HTpoHOB. Il03HTpo
HII, nona.n;asi: B TBep,n;oe TeJio, 6IICTpo TOPMOMTCJt 111 , ,I(OCTHI'HYB TelIJIO
BOli SHepI'lm, aHIDII'R1!RPYIDT c SJieRTpoHaMI'! MeTaJIJ1a. IlpH STOM odwmo pOJK
,n;amCJt 2 r - RBaHTa C SHepI'll.ltMR "' 0,5 I1sB, ROTOpIIe pa3JieTaIDTCJt B 
noqTH npoTHBOIIOJIOlKHIIX HanpaBJie.HIDDC. MsMepsm yr.110Boe pacnpe,neJielllle 
N ( P/(1 P'J-} no HMIIYJibCaM · p x 1 P'! BWieTaKIItHX y - RBaHTOB, Mouo 

onpe,neJIJITb 8JleRTpoH..:.nos1.1TpOHHYro IIJIOTHOCTb pacnpe,n;eJieilll.lt p ( p) : 

N(py, P1) ~ J .f(p) dpi' 

r.n;e B O.IUloqacTK'!HOM npH6Jil'lllteIDm 

p(p) = ~) S e-iffr r1(r}(/li {r)J 3 r J2. 
I . 

(4.11) 

3.nec:i, Lh ( r} H l/J -f (f} - BOJIHOBIIe qiyHRIOm .8JleKTPOH8 • ll II03HTpDH8, 

cyMMHpoBaIDl'.e;e.n:eTCJt no BCeM sanOJIHeHHIIM 8Jl8KTpoHHIIM COCTOSIHRlIM i. 
· 159 (CM. H8IIpBMe / ll IJ;RITJlpoB8HHYID T8M JIRTepaTypy). 1IT06II Boci::TaHOBRTb 

IIJlOTHOCTb 8Jl8KTpoHHIDC COCTO.HHJ!IH B llMIIYJU:,CHOM npocTpaHCTBe, Heo6XO.ItR
MO npoBeCTH ll3MepeHRJt H8 MOHOKpHCTaJIJie B HeCKOJib!G!X KPRCTaJIJlorP,a<llH~ec
.KHX HanpaBJieHIDDC. Uo.n;o6Hue HSMepemm: 6IIJIR BIIIIOJIHeHII B pa6oTax 7I59/Ha 

MOHORpHCTaJIJiax Y6q2 Cu3 0,, KOTopue aaTeM conocTa.BJifIJIHCb c TeopeTH'Jec
KHMH pacqeTaMH, npoBe.J:(eHHHMH Ha OCHOBe IIOJiytieHHOii B

0 11201 3JieKTpOH

HOH 30HHOH CTPYKTypll. IlpH 3TOM 6wro 06HapyllteHO xopomee corJiacHe 3K
cnepm4eHTaJibHblX li TeopeTHqeCKMX ,D;a.HHIIX, KOTOpoe HHTepnpeTHJ)OBaJIOCb 
RaK 3KCnepHM8HTaJibH08 IIO.J:(TBeplK.I:(eHJ1e cymeCTBOBa.HIDI xoporno onpe.neJieH
HOH IIOBepXHOCTH ~epMH. 0,HaKO ,I(aJibHeiiillHe 3KCnepHM8HTll, BlIIIOJIHeHHIIe 
3TOH lite rpynnoii ( CM. /IO ) , IIOCTa.BHJIH no.n: COMHeHHe 0,IU{03HaqHOCTb 
npHBe.n;eHHOii HHTepnpeTa,uHH. 0Ka3aJIOCh, qTo 3HaqHTeJibHIIii Bit1Ia,JJ; B Ha-
6Jm,n;aerzyro IIJIOTHOCTh pacnpe.n;eJieHIDI (4 .11) ,n;aeT MO.D:YJIJtUIDI BOJIHOBOii 
q;yHRUHH noaHTpoHa B KpHCTaJIJIH'leCKOM no.11e HOHHOil pellleTKH Y Ba2 Cu 3 06 • 

IT03TOMY ,I(JIJt onpe,n;eJieHIDI 3JI8KTpoHHOro BitJia.n;a B ( 4 .11) Heo6xo.n;HMH JJ.0-
IIOJIHHTBJihHIIe 3KCIIepHM8HTII C 60Jiee BHCOKOH TOqHOCTbID. 
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4.4. TpaHcnopTHHe cBoiicTBa BTCII 

H3ytI8HllJD TPaHCIIOPTHl:lX CBOHCTB OKCimHllX CBep.xnpoBO,I(HHKOB - IlpOBO
JJ.HMOCT.II,·s@leKTa XoMa, TepMo- a.,It.c., YJJ.eJIJteTCJt 60JU,moe BHHMrume, 
IIOCKOJffiKY Tarure .IICCJl9J1,0Bamm: ll03B0JlJIIOT IlWICHRTb pff,It BalKHl:lX xapaKTe
p.lICT.IIK .!IX 3Jl9KTp0HHOH C.IICTSM!l. H8.II60Jiee QeHHyXJ .IIHq>Op~ ,I(a.JOT R3M9-
peHmr Ha MOHOKJ).IICTaJl1I.!Iq9CK.IIX o6pasnax,Brumy C.IIJII,HOH aHR30TpOmm: 3A9K
TpOHHOro Cll9KTpa ST.IIX C09JI..IIH9rutil:. P,m 3KCnep.lIM9HT8J.U,Hl.lX ,I(a.HH):,IX 0 
TpaHcJoRTj1: CBo:licTBax IIpHBS'ASH B o6sopHHX 'AOKJia.n;ax /I60-I62/, B pa-
6oTe I 

3 
'Aa.JOTCH HSKOTopue oneHrur MRKJlOCKo:rmqecrorx: napaMeTpoB BTCII 

C yqeTOM l'lX TpaHCIIOpTHHX CBOHCTB.IlO,Iij)06Hl:ln T90p9THq9bKlti!: aHaJI.II3 TpaH
CIIOpTHl:lX CBOllCTB C09JJ..1IH9rutil: l 5 C O .II y 8 C O H' ovoBe paC'l8TOB 
3A9KTpOHHOll 30HHOH CTpyx-rypu IlpOB9'A9H B pa6oTax IG • B HaCTOJllll9M 
Pa3JJ.9Jl9 MII 06CYJJ..1IM JI.IIIIII, OCHOBHl:l8 pesym,TaTH B 3TOH o6J.lacT.II. 

.lla.n;HM Ollp9J1,eJiemre OCHOBHl:lX TPaHCIIOPTHl:lX K03!pp.lID;R9HTOB. IlpR ,n;eii-
CTB.Im: Ha o6paaen; BHe!llHero sAeKTpHqecKoro llOJllf E13 , Ma.I'lllITHoro no-

JI.Ii Br .II lip.II HaJI.IItnm rpa.n;HeHTa TeMIIepaTypH v~ T TOK B o6paan;e on
PB'AeJIJtSTCJt COOTHOmeH.IIeM: 

j~ = Uoe13 f/3 + o"~r Ef, Br + ¼r, v~ T, 

r'AS T9H30p 3Jl9KTpOIIpOBOJ1,HOCTR B IIpRdJmxemm R30Tp0IlHOro Bp9M9HR peJiaK
ca,wm 'L .IIM98T B.H,I(: 

2 ,,- (.B...) ~p = e l m °'~ (4.I2) 

Jl,7m OI)TOPOM6HqeCKOH CTpYKTYJ:)H c ocm.m KOOp,I(HHaT x , ':::J , ~ B'AOJII, 
KJ).IICTaJIJIOrp8(P.!IqecK.1IX oceii: Q. , b , C .IIM99M TOJII,KO 3 H9HyJI9BH9 
KOMIIOHSHTH T9H30pa Oxx--/: (½y f (½,? • IlpR 3TOM T9H30p Vo<13 .IIM98T 
Ty llt8 C.IIMM9Tp.lID, qTO .II ~ f3 , a T9H30p Do( /3 O OTJIIrqeH OT HyJI.li 
TOJffiKO WIJi Tp9X H9COBila,JJ;~ KOMllOHSHT: (¼'Ji = - Oyx~ 
H T.'A. Kos@im:t.!IeHT XoMa R HXY.i! TaRllte HMeeT 3 H93a.B.IICHM!le KOM-
llOHSHTH: 

H -R X~i -
E':J 

jx B; 
= Ox~.? 

6xx <S;~ (4.I3) 

.II T ·'A· Jl,7m HaoTponHo:li oJJ.HoaoHHoil: MO'A9Jll![ R H == 1 / n e c , r'Ae n. 
- IlJIOTHOCTJ, HOCRTeJie:li; Ilp.lI'l9M RH > 0 • ec.im HOC.IIT9Jll![ -\~PIW, 

R H < 0 , 8CJIH HOCRT8Jl.lI - 3Jl8KTPOHH. B CRCT9Max co MODO:li 
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3Jl8ltTIJOHHOit CTIJyitTypOit CTOJll, I!pOCT09 rrpaBMO HS BIDIOJIHHSTC!I. TeH30p 

TSpMO- 3 • .n;.c. So{f3 orrpe.n;eJIJISTC!I .II3 yCJIOBR!I j,t == 0 , Itor.n;a rpa,IUI
SHT TeMIIepaTypH coa.n:aeT sJ1e1tTPH~ec1toe noJie: 

Eel. = .5"''3 v7t3 T = - ( o -t )o(r voP \1(3 T. (4.14) 

J.];J.a: .n;HarOHa.Jll,HHX O cU . H v(3f3 TSH30p so(,( TaRllt8 Oita3UBaeTC!I 

.n;HarOHa.Jll,HHM. 

TeopeT~ecKHe pac~eJH B rrpH6.11.II.lKerum H30TIJOnHoro BpeMeHH pe.naKca

WIB, HOC ~eTOM CWll,HOH a.HH30Tponrur 3Jl8KTPOHHOro cneKTpa coe.n;HHe

HHH L S C O n Y B CO , noJiy'IeHHoil B rrpH6JIWKerum MeTo.n;a <!JYHKIUIO

HaJia llJlOTHOCTH (CM. § 4.2), 6wm rrpoBe.n;eHH B pa6oTax /I
64

/. Pac~e

TH rrpe.n;Cita3HBaJOT 6om,myro aH.II30TIJOillilO I!pOBO,llHMOCTH: .P.1.2 /.PX>< <t 2 B 
.IJ:Jifl LSCO n .Pn/Pao ~ 10 .IJ:Jifl Y5CO • HHTepecffilM 

peaym,TaTOM 30HllliX pac~eTOB RBJIRSTC!I rrpe.n;Cita3aH.II8 I!pOTHBOllOJlO.lKHhlX 

3HaKOB .IJ:Jifl 1tos@lIDUieHTa XoJlJla H TepMo-s • .n:. c. B YBCO coe.n;HHemm • 

.n;ir.a: BHeIDHero noJlff, nepneH.n;HeyMpHoro llJlOCKOCTH Cu 02 , l3 II C 
Kor.n:a .n;B.ID!tSH.IIe HOCHTeJieil orrpe.n;eJIJieTC!I op6.IITaMll, Jl0Ra.IIU™.II B 3TOH llJlOC

ltOCTH, R ~~p :> 0 , ~To yitaaHBaeT Ha .n:i,rpo~ xapaitTep rrpoBo,llHMoc-

TH B llJlOCROCTH a b , a .IJ:Jifl noM B , Jie&amero B MOCROCTH 
➔ ij H . 

ab , BJ.c, R~x':J < R~.vr<O, ~To yitaaHBaeT Ha MSitTIJOHHHfi 

xapaitTep I!pOBO,llHMOCTll B,IJ;OJll, OCR C . B TO JKe BpeM!I, s xx < s'i'J <q 
a Si i? > 0 , 'iTO B o.n;HoaoHHoit Teopllll .n;oJIJKHo orrpe.n;eJlffTI> sireRTPOHHYJO 

rrpOBO.IJ:HMOCTI, B IlJlOCROCT.ll a b .II .IJ:HPO~ - ·nepneH.n;HityJiffPHO It Heil. 
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Pllc. 53. 

}')c ll o6paTHaJI IIOCTORHHaJI )CO,!!JJa, 

B MOHOK!)liICTaJIJI0 Y 6 C O /165/ 
84 . 

CpaBHRM 3TH rrpe.n;Cita38.HIDI TeOpllliI C 3RCll8pliIMeHTOM. Ha PHC. 53a 

/I
65

/ rrpe.n;cTaBJieHa 3aBliICliIMOCTI, COI!pOTRBJieHRR J) ab B llJlOCROCTH 

.11 pc. B.n;om, ocH c .IJ:Jifl MOHOitpllCTaJIJla YB C O c Tc = 92, 0 K 

.11 MaJioit nmp.lIHoit nepexo.n:a, L\. T ~ 0, 3 K • .!I.nJI rrpoBO.D:JiIMOCTH B • llJIOCKOCTH 

Ha6JIIO,I(aeTC!I Jll!Heimaff 3aB,C.IIMOCTI, COI!p0TllBJI8H.IIS OT TeMIIepaTypH, Itait 

ll0Ita3llBaJOT 3RcnepliIMeHTH 
166

/_ B IIIHpORO~ 06JiaCT.II T0MII8paTyp. B TO 

lite BpeM.'I COI!pOTHBJieHRe B.D:OJII, OC.II C MOHOK!)HCTaJIJia, ROTOpoe B I00 
- 200 paa 6oJII,me pa b, liIMeeT xapaKTepHHH MmmMyM B6JIJilan I50K 1H pac-

TeT I!pOIIOpq;roHaJII,HO -f / T I!p.lI T -+ 0. CJre~,T, 0.n;HaKO, OT-

MeTHTI,, ~o B pH.IJ:e ::iitcnepliIMeHTOB (cM., Harrp.,/I6I,I6 ) .IJ:Jifl xopo-

llI.IIX o6paan;oB MOHOK!).IICTaJIJIOB y B ( 0' C H.II3It.lIM COI!pOTllBJleH.IIeM 

_f)ah ~ 5 0 MK OM ·CM, Ha6J1JO.n;aeTC!I TaKJKe Jll!Hefumil: xapaK-

Tep 3aB.IICliIMOCTH j) c OT . T. 3To yitaaHBaeT, no-B.II.n;HMOMy, Ha 

c:wu,HyJO 3aB.IIC.IIMOCTI> corrpoTHBJieHRR Pc. OT Ra~ecTBa MOHOKpHCTaJIJia: 

B llJlOX.IIX o6paau;ax, HMelDllllIX MHoro .n:eqieRTOB CTIJYKTYPH ( CM. § I) , rrp.1:1 

ITOH.IIllteHruI TeMIIepaTypH Ha6JIJO.n:aeTCR xapaKTSpH!lit pOCT COI!pOTHBJleHRR. 

3TJiIM llt8 MOJKHO 06'.b/ICH.IITI, .II 3HEl~T8Jll,HO 6?m,myro, ~SM ,Il;aJOT TeopeT.1:I~SC

Itli8 pac~eTH, aH.II30Tl)OllIDO COI!pOTllBJI8HRR. }J,IDr COS.n;.IIHemtii Ha OCHOBe 

Bi aH.II30TIJOIIM corrpoTme~ 0Ita3HBa8TC!I el!le 60Jll,llle, ~SM B 

YB CO. Ha pHc.536,2. 
68 

rrpRBe.n;eHa Sa.BHC.IIMOCTI> corrpoTHBJie-

HRR p <- .II pa , p 6 .IJ:Jifl MOHOK!)HCTaJIJla . . . ) I 5 B£2 Sr2.2 Cao. 8 C45?. 0 8 ( 1_=-81K , r.n:e Pc pa, b '°"' IO • CTom, 

60JII,myID aH.II30TIJOII.IIIO MOlltHO CBR3aTI, C TyHH8Jll,HllM xapaKTepoM I!pOBO.n;liIMOC

T.II :s.n;om, oc.11 c Mell\lzy' .n:BYM8PHHMH rrpoBo.wmlHM.II CJIOJIMII C Lf O.:c, , pac-
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CorrpoTHBJieH.IIe fq Pb .1:1 Pc • (6) .II OTHomemte Pc/ .Pab (Z) , . /mW MOHOK!).l:ICTaJIJia Bi2 .s-s.2 Cq
0
_
8 

Cu
2 

Og • 

CTorume M8ll\lzy' ROTOPID>m, c( ~ I2A , 60Jll,llle COOTB8TCTBYJIJ!tHX paCCTO

JIHHit c.l = 8,3A B YB C O • BoaMOlltHo Truas:e, ~o IIpOBO.IJ:HMOCTI> 

B~ QC.II C OI!p8,Il;eJIJI8TC!I .n:eq,eitTaMII CTIJyitTypu, IIpHBO~ K "aa-
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1topa'!J.HB8.WDD" OT'Aem,HHX .ItByMepmnc npoBo,It!IlllllX IIJIOCKOcTeil: C Lt O 2 
1168( 

.JJ,nJI 6oAea noMe'AOBaTem,Horo cpaBHerum Teop.I:W n sKcnepHMeHTa Heo6xo

.ztm.rn: 'Aa.JlI,Hefuruie ll3Meperum Ha MOHOKpHCTaJIJlax BHCOKOro KaqecTBa. 
3Ha'!ffiTeJll,HHH RHTepec llP8'ACTaBJJJI8T .II3MepeHHe KO3q$m!IeHTa XoMa 

R H , KOTopIDi MoJKHo cBJisaTI, c · sqxileKTlllBHHM '!ffiMOM HocnTeAeil 
n ::: ( Va / e R H ) , r'Ae Vo - O61,eM Ha O'AHY sAeMeHTapuy10 

Rqeiiey. Ha pnc. 53 (6) npRBe'AeHH 38.BHCHMOCTb n oT Tel\mepaTYIJH ,IT,Jlfl 

BHelllliero MarHRTHOro llOJill 8 B IIJlOCKOCTll MOHO:Kp.lIJT~a 
Y B C O (KBa,u;paTHKR) n napan.nem,Ho ocn ( TO'lllli ) 165 • .If,n.1I 

llOM B IIJlOCKOCTH a D R ~ ~ . -(7.;.9) • ro-IO M3/c , qTO yRa.31ffia-
eT Ha 

O 
sAeKTPO~IDi xapaKTep npoBO'AIDl!OCTH L RH.: < O) • !IoAaraJI Vo = 

= I75A 3, .IT,7llI 3qxl>eKTJIIBHOro ,qacAa HOCllTMeii HaxO,ICID,i rt c.. = I. 2 .;. I, 5 
Ha qx:>pMj'JI1>HYID e,ll;l:IHlllly ( npHMHTllBHyx> ,IIqefiey y 13 C O ) • !Ipn 3TOM n C 

llOqTll He 38.BHCHT OT Ter.mepaTY!)H, Kalt 3TO llM66T MeCTO B 06~ 
MeTan.nax. C 'APyrO:ii CTOpOHH, ,IT,Jlfl MarHllTHOro IlOJIII B'AOA1> OCH C 'nep-

H 
neH'AlleyJllllIO MOCKOCTH a b , nocTO.IIHHaJI XoMa Ra b · > 0 , qTO 
yRa.3HBaeT Ha ,IUlpO'lllllli xapa.KTep npOBO'AHMOCTll B IIJlOCKOCTll ab. 
Ilpn 3TOM Ha6.Jno'AaeTC.II He CBOil:CTBeHHaJI MeTan.naM CllA1>H8.lI TeMnepaTyp
HaJI 38.BllCHMOCT1> nocTO.IIHHo:ii XoAAa, R:b ~ 1 IT, KoTopyxi paHee 
Ja~a.Jlll B KepaMHqecKRX o6pas~ax (cM.1/169/). TeopeTnqecKRe pacqeTH 

16 , XOT.II ll corAaCyIDTC.II no IlOp.lI'Aey BeAH'IlIHH c ll3MepeHHHMR 3Haqe-
HRllMII ll 3HaKOM R 1-1 • 'e MOryT OO'.I,.IICHllT1, TeMilepaTypHo:ii 38.BllCHMOCTll 

R ~ b • B pa6oTax r7o/ 6Wia BHCKaSaHa rnnoTesa o CllA1>HOM Mar-

HHTHOM paCCe.lIHllll HOCHTeAe:ii B IIJlOCKOCTll Ha AOKaAH3OBaHHHX cmrn:ax 
Cu. 2+, KOTopoe MO.lKeT 06MCHHT1> KaK 38.BHCHMOCT1> RH ~ 1 IT, 

TaK ll ARHefuzyxl 38.BHCHMOCTI, COnpOTHBJierum B umpOKO:ii onaC/H TeMIIepaTyp 
npn OTHOCllTeAbHO Ma6oM 3AeKTpOH-q>OHOHHOM pacce.lIHllll 166 'M'OOM 
BJlIDIHllll 6ecnop.lI'Alta B KllMOPO'AHOll IlO'ACHCTeMe B y 6(0 171 .He
OOXO]OllVIO 'Aa.JII,Heil:mee llCMe'AOBaHH6 3TO:ii HeOOHl!HO:ii TeMIIepaTY!)HO:ii 3aBll-
CllMOCTH R ~ b ,IT,Jlfl ll3y•:rerum xapaKTepa HOCHTeAe:ii B IIJlOCKOCTll 

Cu 0 2 
. Heo6Hl!Hoil: OKa3HBaeTCR n TeMIIepaTyPHaJI 3aBHcHMocT1, TIMO~ 3.'A.C. 

B MOHo:KpncTan.nax YB CO , @llBS'ASHHaJI Ha pnc. 54 a,B I 21. TepMo-
3.'A. c. B'AOA1> ocn c Sc (T} "-To< (rx "'"I,6), B TO BpeMlI KaK Tep-
MO- 3 -'A· C. B IIJIOCKOCTH Sq b ( T) Ha llM66T peryJI.HpHOii T6MII6paTyp
HOii 38.BHCHMOCTH. Ilpn 3TOM ooe BeAH'!ffiHH llOAOllliTeA1>HH, l!TO xapaKTep
HO ,IT,Jlfl ,IUlpOl!HOli npOBO'AIDAOCTH, qTO npOTHBOp6lJllT BHBO.IJY 00 3A6KTPOHHOM 
xapaKTepe npoBo,z~nMocTn B'AOA1> oc.11 c ,IT,Jlfl KoscixlimnreHTa XoMa R ~ -< 0. 
7KC;[;PHMeHTa.JII,HH6 pesyA1>TaTH He corMCyxJTC.II ll C 30HHW.m pacqeTaMH 

16 , corAaCHO KOTOpHM 5 ab < o. 
I 

TaKRM o6pa3OM, llSMepeHHe TPaHCllOPTIIHX CBOHCTB B HOpMaAbHOM coc-
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Tomrrur B BTCII YKa3HBaeT Ha 6esyMOBHo CHJll,HyD aHHaoTPomm Bcex 
Kos~eHTOB nepeHoca OTHocnTeA1>Ho rue 3Haqemn,i B IIJ1oc1toc_TR C ll 0

2 R nepne:awncy-JI.HpHO K Heil:, qTO MOX8T OllT1, OOMCHeHo CRJll,HO alm3OTPOil
HHM 3AeKTPOI!HHM ClleKTPOM (§ 4.2). B TO Xe BpeM!I Ha.6Jm.ztaeM1,Ie T8Lme
paTypHHe 3aBllCHMOCTll Kosqxl)m:cneHTOB nepeHoca li HX,3HaKH He y,ll;aeTC.II 
06MCHllT1, B pro.max 3OHHOH TeopHH. . 

4.5. CBepxrrpOBOIDIIIlaJI mem, 

llcMe'AoBrume sHepreT.II"4ecKoro cneKTPa KBa3Hl!a.CT~ R onpe.zteJieHHe 
napaMeTPoB cBepxnpoBo,Itlillleil: meJll! IDJieeT 60A1>moe sHaqeHHe ,IT,Jlfl BWICHemm 
MexaHH3Ma cnapHBarum: HOCHTeAeii llPR CBepxnpoBO,Itlilll6M nepeXO'Ae. IlpSIMoe 
ll3MepeHHe 3HepreT.lr'IeCKOii llleJIH L\ ( T) BO3MO'1tHO C llOMOlll1>IO TylIH6A1>HHX 
3KCllepIDJieHTOB, llPR li!3M6pemm RHip!Ja:KpaCHHX cneKTPOB (HK) norAOll{emtf! B 
06.nacTR qacToT h~ ~ 2 L\ , a Ta.IO!te B pe3omui:cHHX s1tcnepIDlleHTax 
- .II.I(epHOM Mal'HllTHOM H KBa,IIJ)ynOAI,HOM p63OHaHC6 (fill!P, HKP). IIepBHe 
3KCllepRMeHTll B BTCII, BliIIOAHemme Ha Kepru.mqecIGIX o6paa~ax. llPlllBO,I(HAR 

K llPOTI'!BOpe<mBHM 'AaHHHM: KaK npaB.wro, B OllT.II"4ecrou: 3KCllepm.mHTax Ha6-
JlIO.ztaJiaC1, sHepreTRqeCKruI 111eA1> BeJIR'Ililfon 2 L\ / i. Tc. < 3, 5, a B 
TYHHeAbHHX 3KCnepm.1enTax ll{eJII, OWia 3H!l'llITeA1>HO 60AI,me, Q. L\ /k. ~ = 
-: 6 -;- IO. B HMP 3KCll8pIDlleHTax 'Aamme .I(JIII llleAH Ta.IO!te B0C1,Ma npOTJIIBO-
peqJIIBH. TaKOH pasopoc .I(aHHllX MOJKHO OTqaCTR OOMCHllT1, CRnI,HOH aHH3OT-
POIIl1l:6H MeKTPOHHWC CBOHCTB BTCII, qTo MO.lKeT llPHBO.I(KTb n K CRnI,HOH 
aH.ll30TPOllllll me.nR, a Ta.IO!te TPY'AHO yqI!THBaeMOMy BJmmnm llOB6PXHOCTR Ha 
CBO:liCTBa BTCII, B 'IaCTHOCTH, Ha.TYHHeA1>Hll6 xapaKT6p!i!CTlIKII. HeKOTOpHe 
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'Aamme ,It.ID! m8JIR, IIOJIY'I0HIIH0 B O?TlN,CKllX aKcrrepHM8HT8.X Ha IIOJIIDq)HCTaJl-
JllI'l0CKHX o6pasn;ax, np:ime'Aeml B 172. ' 

CmIT88RJ)OBaHH8 MOHOKJ)HCTaJIJIOB ll opneHTRJ)OBa.!IlillX JIJ18HOK C OCI,lO 
c , HanpaBJieHHo:li rreprre~Jl.!IPHO rro,n.n:oJKKe, rrosBoJillJlo ncCJie'AoBaTn 

alll180Tponmo m0Jlli. B OIITH1!8CKllX aKcrrepm1t8HT8.X 06ll'IHO y:n;aeTCJI ll3M8PHTI, 
TOJII,KO B8.7llf'IllllY m8Jm ~QI:, B IJJlOCKOCTll Cu 0,2 npll HOpMaJIJ,HOM rra
'A8HHH MK-lI8JJY'l8HIDI Ha pa.3BllTYJO IIOB8pXHOCTI, MOHOKJ)llCTaJIJia Y (3 ( 0 
B TyHH8JII,HllX 8KCII8pHM0HT8.X, r'Ae llCIIOJII,:JyioTCf.l Mll:KpOKOHTaICT!:I C pasMe
par.m, Menr,mm.m rrorrepe'l!ioro ceqerum MoHOKJlllCTaJJJIOB, y:n;aeTCJI IIOJJY'lllTn 
BOJII,T-aMIIepmle xapaKTepHCTRrut B ~yx nanpaBJieHruIX - B IJJlOCKOCTH ab 
CJIOeB Cit 02 ( flab) H rreprre~Jl.!IPHO K HIIM, T.e. B'AOJII, ocH c /4c.). 
O~aKO HHTepnpeTa:qm[ Tymt8JII,HllX aKCIIepHMeHTOB B8CI,Ma H80~08Ha'!Ha, 
'ITO npHBO~T K pa.36pocy IIOJIY'Ia0MHX•Ha rue OCHOB8 ~aHH!:IX ,It.ID! me~e:li 

L'1ab ll Llc. 
Ha pnc. 55 co6paml HeKOTOpHe 'AaHH1l8 ,It.ID! meJIR, Il0JIY1I8HIIH8 KaK 

B OTITH'l8CKIDC 8KCII8pHM8HT8.X ( T8MH!:l8 TO'IKH 1-5), Tait ll B Tymt8JII,HllX 
aKcrrepHM0HTax (cBeT~e TO'!Kll 6-8). HsMepeHI!e aHepreTH'!ecito:li mMH 
,It.ID! ~yx MOHOKJ)llCTaJJJIOB y B CO ' OilHCaHHUX B KOHIJ;8 § 4. 3, 
pRc. 50, 'AaeT OTHomeH'e 2Llab/~T<-~ 3,5 (TO'IKR I) 11567. B 
TO :iite BpeMfI B pa6oTe 173/ rro.nytteno JLla.b}l{l?8 ( TOtJ:Ka 2), 'ITO 
yKa8!IDa8T Ha CRJII,HYJ!) CB/I3I, (CM.Ta.IOK0117 'TO'!Ka 3).~ Opll0HTM~ 
poBamrux B'AOJII, ocn c IJJleHOK Y BC O ( TOtJ:Ka i 175 ) rroJIY1Ieml 
npoMaeyTO'IHl,le sHaqemm. )I.nR: L SC~ npHBe'AeHo sHa'leHI!e ,It.ID! rroJm
KPRCT~ecKoro 06pa2n;a ( TO'lKa 5 176/) • 

Tyml8JII,mle 'Aamme ,It.ID! coe~emm Ba (Pb-Bi) 03 (TOtJ:Ka 6 
1177 I) ~alOT sHatteHM 2 4 / kT,_ = 3, 5, cooTBeTCTBYl!JIJU!e TeopRR EKIIl. 

,llaHHHe ,It.ID! MOHOKJJRCTaJIJIOB Y 6 C O np:imomi:T K aHR-

· 307¥0~0:li meJI.1I: 11'.lab I -k.Tc :::- 8 H . 2Llc /kT__ R;- 3,5 (TO'IKH 
7 78 ). B pa6oTax 7179/ B Tymt8JlI,HllX aKCII0plIM8HT8.X Ha IIOJIIDq)HCTaJl

lltJ:0CKllX o6pasn;a.x L S C O H MOHOKJJHCTaJIJiax Y B C O 6WI i:ro
~yqeH pas6poc ~~ ,It.ID! meJm, OTMetteHHo:li ttepTo:li ~ Ha pnc. 54. ~TMe
THM eme pa60TY IBO' r'Ae B Tymt8JII,HllX aKcnepHMeHTax ,nmI MOHO:KpllCTaJl-

~OB EL\ Ba:i. CuJ Or-~ ( Tc = 85 -;-- 91 K) 6wio rroJIY1IeHo 
.'.L1al, / kTc:. = IO -;- II,6 • KaK B~o, H8MepeHM meJm 

Ha MOHOKJ)HCTaJIJ18.X npHTHBopeqaT 'Aa.mruM TymteJII,mtX aKcnepRMeHTOB, 'ITO 
MO]it8T 6HTI, CBil8aHO C CliJIJ,HI:lM 1l.7!l!JIHll8M IIOBepXHOCTH o6paan;a, H00~0PO'A
HOCTI,ID ero COCTaBa H 'AP· CBO:liCTBaMH, KOTOplle IIO-Pa.3HOMY npOffi3JlllIDTCJl 
B aTruc ~yx M8TO~Kax--0'leB~o. 'ITO IlOJIY'I8HH0 cor~aCYlO!llHXCf.l 'AaHHHX 
B aTWC aKcrrepHM8HT8.X H806XO'AI!MO ,It.ID! OKOH'laT8JlI,HOrO BllBO~a O BeJllitll1H8 
meJm H OTB8Tafia BOnpoc, CHJll,Ha/I HJllI CJia()a/I CBlI8I, pe~syeTCJI BOK
ClI,IJ;Hl,lX CBepxnpOBO~. lIHTepecHruI llHqK>pMa!J;m[ 0 crrapRBaHID'I HOCHT8~ 
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3HepreTIN8CKM . 
meJII, 26 H 'f <

,IVlfl IIOJllIKJ)RCTM
nOB ( pc ) • MOHO

KJ)RCTaJIJIOB (SC) 
R OpR8HTRpOBaH

HllX IJJl8HOK(f i.Lm} 
.1ab-ab, .1c.-c: 
I - (156), 2 -
/173/, 3- /174/, 
4- /175/, 5 -
/176/, 6- /177/, 
7 - /178/, 8-
il79/. 

10 20 so 100 T, K 
~eft c npOTHBononrumm.m ~c/ ( R 

1 
- K) 6wia IIOJIY'IeHa B aKcnepRMeH

Tax no.paccemmJJ-~eeBa 181 • 
B M0TO'A8.X HMP H HKP RCCJl8'AYIOTCJl KaK CTaTIN8CKRe (no R3Meperuno 

'laCTOT p880HaHCOB), TaK R 'AHH8Mli'l0CIW0 (rro H8Meperuno BpeMeHH R,Il;epHott 
pMaKcaIJ;HH) ~OKaJlI,Hll0 a~eKTpomme xapaKT8PHCTHK!!, OilP8'A0JIJI8M!I8 MHH!lM 
ROHOM n ero ~ cocewn,m. Han6Mee RHTepecmle 'AaHHHe 6Wlli 
IIOJIY'I0Hll npll H3YtJ:0HRH CII0KTpOB HMP Ha SI,IUlax : 63,65{u 

1 
170 B coemme

mmx Y B C O. HeKOTopue Tpy~ocTH B ~aCmH@OBKe cneKTpOB HMP 
B :itepaMR'leCKRX o6pasn;a.x (cM., HanpHMep, /l 21) 7¥aJlOCI, paspemHTI,B 
aKcnepHM8HT8.X C MOHOKJ)HCTa.JIJiaMK. TaK, B pa6oTe 831 6Wlli IIMJ'l8Hl,l 
0~08Ha'IH!le ,namme O 3Ha'lemmx T0H80p0B rp~eHTOB M0KTplN8CKOro 
IIOJIJI · C raII) .R C,ItB\,fl'a Ha.:liTa B MOHOKJ)RCTaJIJie Y S C O wm: ysnoB Me~ 

C<-1 1 . B :n;eIIO'IKaX H Gu 2 B ITJIOCKOCTHX. 0IJ;0HKa T8H30pa ran Ha 
ysne Cu 1 Ha OCHOBe MO'A8JIR TO'l8'IH!lX 3a,l)ff,D;OB Ha 6JtP8furrl!fX 5 
ROH8.X KRCJIOJ)O'Aa OKa.3MaCI, He~aKBaTHOR, 'ITO YKa3HBaeT Ha 3Ha'lHT8JII,
HH:li BMa,n; aneKTpOHOB npoBO'AI!MOCTR B aTOM CJiytJ:ae. 

HCCJl8'AOBaHI!e 8aBHCHMOCTH 'laCTOT HKP Ha Y3Jl8.X. ({.( 1 R ({.( 2. 
OT CO'A0PJKaHM KRCJIOPO'Aa B IlOJIIDq)llCT~'l8CKOM o6pasn;e '( BQ 2. Cll.3 o,_~ 
B RHTepBane 6 < 1 - 'j .:: 6 '91 6wio np0B0'A0HO B pa6oTe /184/. Cy

mecTBeHHoe RsMeHeHHe 'laCTO~ HKP ,It.ID! C<-1 1 B aaBRCRMOCTR OT ':/ 

yKa8HBaeT Ha Pa.3Jlll'IH08 3a,l)ff,D;OB00 COCTomme aToro ROHa npR R8M0Hemm 
'lliCJia 6JUDlt8ihrr0X ROHOB KRCJIOpO'Aa - OT 2 ( ~f= 1 ) /J,O 4 (np:e; !J = 0) • 
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/ 

l!acToTa RKP .rr,IDl Rona G L{ 2. CY1J19CTB9HHO CM9llla9TC/l JllilJll, B M9T8JI-

Jllr<I9CKOfi qase, !IpH y ~ 0,1. B o6~aCTll ,IU!3~9KTPll~9CKOH ll A<'J) (1)8.3I1, 

y ;.:. 0,5, Ha IIOHax Cu 2 ID.!9IOTC/l ~0Ka.Jlll30Ba.HHH9 CIIIIHH, 

OPH9HTl!pOBaHHH9 B MOCKOCTH Q 6 • IIpn rrepexo.ne B CB9pX!IpOBOWJ:IJl99 

COCTOIDm9 o6wmo Ha6JIIl::uJ;aeTCH yIA9Hblli9IIB9 c.n;snra HaiiTa, ~TO 

0,JjHOSHa~o yxa.31:lBaeT Ha CllHr~9Tiillll xapaKT9p crrap1mamm HOCllT9~9ll 

( CM. , Harrpmtep, /l82/) • B 3KCIIepm.ieHTax Ha MOHO:KpllCT~ax YM9Hbill9Hll9 

C.ztBill'a HaiiTa rrpH T < Yc_ 6wro o6Hapy,KeHo Ha C l,f 1 , a Ha Cu 2 
TO~Ko .rr,IDI BHemHero rroM B MocKocTn a b , .rr,IDI B II c c.n;s.11r 

HaiiTa, K ll ~ l, 3 %, Ha Cu 2 ocTaeTCil rrocToHmmM rrpn T > 0 • 
HcMe,UOBaIIB9 T9I,mepaTY[)HOli 3aBllC.l'Il'10CTll Bp9M9IllI CIIIIH-P9lli9TO'Il!OH 

pe~cruum T1 ll ero nsMeHemm rrpn rrepexo.ne B cBepxrrpoBOWJ:lllee 

COCTOHIIBe Ba.JKHO .rr,IDI IIOII!IMaH.l:Ill 3~9KTpOHHOii CTpy-KTY[)Il BTCII. B 06If'llillX 

M9Ta.JLlIBX :B HOl)MaJibHOH cpase Bim0~9TClI 3aKOH Kopp.11Hrll, 1 /'½ "-' 'T , 
a !Ipll rrepexo.ne B CBepxrrpOBOWilll99 COCTOHH.119 rrpn o6pa30BaIIB.11.11 Ill~ 

B CII9KTpe 3~9KTPOHOB B03IIBKaeT xapaKTepHoe YCK0p9HII9 pemKcamm: 

Sa C~9T KOrepeHTHilX qiaKTOpOB .rr,IDI KyII9pOBCIGIX rrap ( 1 /'T' _, .11M99T 

IIHK rrpn T ~ Tc. ) • MHoro~MeHHHe aKcrrepnMeHTil no nsMeperuno 1 /T, 
B y B C O o6Hapy,KimaIOT aHOMaJ1I,H09 IIOB9,I(9Hll9, He xapaKTepHoe .rr,IDI 

06Il"IHl:lX CB9pX!IpOBO,I(IIBKOB. Ha pllc.56 !IpllB9,I(9Iill 3aBllC.11MOCTll CKOpOCTll 

pe~axcarim! ( 1 I r1 J .rr,IDI H,nep Cu 1 n . C ll 2. B rro~pllCTaJI-

~~ecKOM o6pas:o;e YBCO TTpli 7-y == 6,91
1 

'fc == 91K (a) II rrpn 

t -'J- == 6, 52 . , ( T,. = 50K) ( 6) 184/. B rrepBOM' CJJ:y'!ae ~a6~aeT-

Cil BUCORall CKOpOCTb pe~axcruum,o6yMOM9HH8.ll, IIO-Blf.nliMOMY, Clli:!H-CII.II

HOBOH aHTllipeppOMaI'HllTHOli pe~ca:o;nei1 MaI'lllITHilX MOM9HTOB Ha lIOHax (u2.. 
IIpH 3TOi.i TeMIIepaTypHM 3aBllCllMOTb 6o~ee cm6rur, ~eM B 3aKOH9 KoppHH

rH: 1/T
1 

~ T 0,4 , KOToprur TaIOKe Mo.JKeT 611Tb 06'.hf!cHeHa Ha ocHoBe 

MO.I(~ CIIHHOBllX (£1JIYKTYa:o;llH. CKOpOCTb pe~aKca:o;nn Ha lIOHax Cl,\ 1 B 

HOpMa.Jll,HO:fi qase ropas.no C~Hee 3aBHCIIT OT T9MIIepaTypH, HHT9p!Ip9Ta:o;HH 

KOTopoii,o,nHaKO,BllSl:lBaeT TPY,nHOCTH. IIpll nepexo.ne B CBepxrrpoBOWilllYIO 

cpasy !IpOllCXO,IU!T 3Ha'!HT9~H09 YM9Hblll9Hll9 CKOpOCTll pe~axcruum, KOTOPYIO 

y,naeTCil onncaTb CT9II9HHI1M 3aKOHOM, 1/T1 ~ T n, h., = 3+4 • 
TaRall CT9II9HHM, a H9 3KCIIOH9HIJ;lia.JI1,Haff 3aBliCllMOCT!>, 1/T,, "'cxp(-Ll/T), 
xapaKTepHM .rr,IDI o6u~ CB9pX!IpOBO,I(HliKOB, CKOpOCTH pe~ca:o;.im II03BO~-

M H9KOTOpllM aBTOpaM rrpe.I(JIOi!U!Tb MO.I(~ d_ -crrap.l!BaHllH, Kor.na ,e~ 

B O!Ip9,I(M9HHI1X o6mcTHX IIOBepXHOCTll <'J)epMll o6pamaeTCil B HO~ (CM. 
1821). 

B aTou ~ae oTcyTcTByeT n xapaxTepHHii: IIHK B 1 I T1 rrp.a T < i:, 
B CBepxrrpOBO.I(IIBKax C S - crrapllBaHli9M. 0,nHaKO Ta.Koe aHOM8JlbH09 IlOB9-

,I(9Hll9 MO.lK9T 6HTI> TaIOK9 o6'.hf!CH9HO 6o~mm.i BRJia,ll;OM B CKOpOCT:E, pMaKCa:o;HH 

C!IllH.::CIIllHOBllX aHTHqieppOMaI'HllTHHX qmyKTy-aIJ;llli. IIpn yM9H:E,Ill9HHH co,nep.lKaH.l:IlI 

KHMopo,na IIOM9,I(Hllll M9xaHll3M pe~cau,1m CyI!l9CTB9HHO OCM6Jll19TCff, ll 
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CKOpOCT:E, CIIHH-pemeTo~oit pe~caIJ;llH 1/T1 B Y BQ2 CL.13 o,._~ 
Ha H,nPax CL! 1 H C41 rrpn / J-~ = 6,91 (a) n H,nPax-

C4 2 !Ipll 7-'j = 6,52 (6) I8 • 

u ., 
<II 

~ .s 
~ -

li CKOpOCT:E, PeJlaKCa:o;HH na,n;aeT, KaK IlORa3aHO Ha p:e:c~ 56 6, !IpJ1[M9pHO 

Ha 3 IlOPfl)l;Ka .rr,IDI o6paa:o;a !IpR l-y = 6, 52 ( CIIJJ.OIIIHaH JI:e:mm) IIO 

cpaBH9HHIO c o6paa:o;OM !IpH, l-!J = 6,91 (nymtTzp). IlpH 8TOM BWII9 

. ~ B03HHKa9T C~Haff TeMIIepaTY[)Haff 3aBRCRMOCT:E, CROpOCTll p9JlaKCa-

IJ;llH, KaK B 3aKOHe KopHHrll, a mute Tc IIOHBJlll8TCH xapaxTepHIDi .rr,IDI 

S - cnap,mamm IIRK. Trutoi! :mm Ha~aJICH B L S C O. -coe,WIIIemm 

/I85/, a TaKl!te Ha HsoTonax KHCJ1opo,na. 17 O B Y B C O I I86/. 
Ballanle pesyllTaTH ~ IIOHBMaHID!.MexaHmlMOB c:aa:s:e: JlO:Eta.7m30BaHHliX 

3d -cmmoB Me;u;:e: H cmm_rr H? ,ItHpxax B 2 p -soHe KHCJIOpo,na B YBq2 Cu3 0,7 
6wm IlOJJY'i0HH B pa60T9 187 • E.naro~apli RCIIOJII,SOB8lll'ID nopolllltOBoro 

o6pas~ c opHeHTH!)OBrummm B o,nHoM HaIIpaBJiemm ocmm c Bcex · Iq)HC

T8.JlJlOB, B STO:l! pa60T0 ~OCI, H0SaBHCEMO H3M0pHTI, CKOpOCTl!l .fl'..I(0pHO:l! 
--'? ➔ 

p0JlaKcam;nt BO BH0IIIH0M IIOJl8 B 11 C H8. Bcex ROHax M0;!0:'[ H RHCJIOpo,na 

(CM. pRC. 56g).IlpH STOM 0Ka38JIOCI>, 'IITO cmmH H8. 3c{-,ItHpKaX M8,ItH (u:2 
R 2 p-.ItHPKaX RHCJ1opo,na 02,3 B JJJ1ocKOcTR CRIII,HO c:aa:smm B RHTep-

Bane TeMIIepaTYl) 0,25 .6 T/Tc. .::3- I,35 : OTHomeHRe RX cxopocTe:l! pe-

JIBltCaIJ,lm R = ~-1 
( (L( 2) 1r,-1 

( 0 2
1
;$) ~ 20 0CTa8TCH IIOCTO!mmD4 B 8TOM 

:mrrepBaJie. · 
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Cu (1) I Pn:c. 56 6 . . . 
"' CKOpOCT.II peJiaKca.rum . . re 

., • ,mepmnc CrmHOB 1/T., 
! ' B Op.1I9HTHPOB8.HHOli nJieH-

; oc1J 10.0 Be Y6a2 Cll3 O1 /187/. 

. .. .. 
• t 

• Tc 

• • -11.0 

o (4) -lo.1 

so 100 300 , T, K 

BoJiee BHCOKa.lI CKOPOCTI, p9.7lalCca.rum Ha .IIOHax M9.!(H no cpaBH9WllO C KHC

JIOpO,ItOM, R )) 1, 06'.&SICWI9TCS! BK.7l8Jl;OM C~Hl:lX aHTHg?eppOMal'HHTHlDC 

(IlllYKTY~ ;I(Jl.lI 3d - cnHHOB. B CHJIY CID'.lM9TI)H'n!Oro OTHOC.IITMhHO .IIOHOB 

M9,ItH noJI0~9Im!I .IIOHOB 02,3 ST.II (IlllYKTYa.rum HS ,ItaIOT BRJia,n;a B peJia.Kca-

umo crumoB Ha 02 p -~KaX. IIpn STOM BWIIe Tc. saKoH Koppmirn 

1/T,, ~ T ;I(Jl.lI .IIOHOB 02,3 Ha6JIIO,ll;a9TCS! BMOTI, ,ItO KOMlia ... Tmnc TeMIIepa-

TYJ) (CM. BCTaBKY Ha pnc. 566) a Ha .IIOHax Cu Q OTRJIOH9HH9 OT aTO-

ro saKoHa B CTOPOHY 6oJiee Me~eHHoft peJiaKcarum, 1 /T.,, ~ c.of'\s1 , Hac

TYIIaeT BWIIe T5 ~ 1, 35 Tc , r.zte npo.0:cxo.!(HT "paspUB" CBJISH crnrnoBmc 

CTeneHeil: CBO(>O,Itll Ha .IIOHax U-( 2 .II 02,3. Blnne STOil: TSMIIepaTYJ)ll aH-

T.II<_peppOM8I'HHTHH9 (IlllYKTya.rum CllHHOB Ha 3 c.( -~KaX M9.!(H C pOCTOM 

TSMIIepaTYJ)H 8aM9;I(Jl.lIIDTCS!, 'ITO .II npHBO.!(HT K 60JI99 M9~9HHOH, 'ISM B sa

KOH9 Koppmmn; cKOpocTH peJiaKca.rum. !me Tc cKopocTI. peJiaKcaxnm 

B CBJISaHHOH C.IICT9M9 CllHHOB Cu 2 - 02,3 6ucTp0 na.n;aeT, 1/T., "' 'T 5 

6es KaKOro-JIH6o nHKa BMHsn Tc • 0TCYTCTBHe xaP,aKT?.'.Horo ;I(Jl.lI 

s -cnapHBa.mm nHKa Im.lite Tc npHB0.ICHT aBTopoB 7187 K BUBO.ztY o 

BOSM0lKHOCT.II c.( - BOJIH0BOro cnapHBaimll, X0TH KOpOTK09 Bp9Mll DSHH 

eynepoBcKHX nap npR CTO~ BHCOKHX Tc Ta.IOKe Mo~eT npHBeCTH K pas-

MHTHID sToro nHKa, cBJisaHHoro c KorepeHTHHMH nponeccru.m. 

HesaBHcHMoe nsMepeHHe CK_J¥OCTH p9Jlaltcarum Ha noHax C LI 1, OI, 
04 B nenotJ:Kax, npHBe,IteHHoe B 871, n0KasHBaeT C~HylO CBJI3I, ~Oll

mnc COCTOmmfi Ha 8THX .IIOHax M9,ItH .II KHM0po,Ita: CKOpOCTI, peJiaKcarum 
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Ha BC9X .IIOHax B nenotIKe HM99T MHSKyIO, notITH ~eil:Hyl(l TSMIIepaTYJ)-

HylO 3aB.IICHM0CTI, C H960~IIIHM .IISJIOMOM npn Tc 6es KaKoro...Jm6o ll.lIKa 

HIDK9 Tc. 
XOTH OKOH'IaT9~HaH .IIHTepnpeTar.um noJIY'IeHmnc B HMP-aKcnepHMSH

Tax ,Ita.HHl:l.X TP96yeT 60JI99 ,It9T~HHX paCtJ:9TOB B paMKaX MHOrOSOHHOH 

T90plm C YtJ:9T0M 3Jl9KTI)OHHHX KOPPM/II:Ulli, npHB9,It9HHH9 pesy~TaTu yKa
SUBaIOT Ha CTaH,ItapTHHli M9xaHHSM o6pasoBa.mm KynepOBCKHX nap np.0: T9M

nepaTYJ)9 CBepxnpoBo.wimero nepexo.zta. B_n:x o6pasoBaHHH YtiaCTBYJJT KaK 

3JI9KTpOHH B2p-soHe KHMopo.zta, TaK .II B 3cl-soHe M9.!(H, HS 'ITO yKa

suaaeT O,ItHOBp9M9HH09 nO,ItaBJI9H.II9 CKOpOCT.II peJiaKca.rum Ha .IIOHax C LI 2 
n 02,3 B MOCKOCTH Cu 02. Im.lite Tc ; Mo.zteJIH cBepxnpoBO.ItHMOCTH, 

B KOTOPHX CYl!l9CTBOBaHHe C.IIHrJI9THHX nap np9,ItllOJiara9TCS! .II BWII9 Tc , 
a CaM nepexo.zt B CBepxnp0BO,ItfilllylO qiasy 0ll.lICUBaeTCS! KaK 6ose-KOH,It9HCa

UEJI STHX nap, TPY.nHO corJiaCOBaTI, C npHB9,It9HHHMH ,ItaHHl:lMII .HKP .II flMP 
aKcrrepHM9HTOB. 06'.&SICH9HH9 nponeccoB, npoHCXO,wimHX npn TSMIIepaTYJ)e 

T5 ,,., I,35 Tc. , Im.lite KOTopoii BOSHHKaeT c~HaH CBJISI. crnrnoBux 

CT9Il9H9li CB060,Itli ;I(Jl.lI (4 3d .II 0.2 p ~OK, KOTOpaH,Il0-BH,ItllMOMy, 

Ha6JIIO,ll;a9TCS! .II B Mal'HHTHOM HeynpyroM pacCSHH.II.II H9HTI)OHOB ( CM_. § 2 n /IOI), 
TI)96yeT .It~H9lilll.lIX .IICM9,ItOBaHHH. 

§ 5 • .IDmaMruta. pemeTKH .II SJI9KTpOH--{floHOHH09 BSaHMonettcTB.II9 

.Krut .II8B9C~H0~ 3Jl9KTI)OH-qJOHOHH09 B8a.lIMO,Iteil:cTB.II9 B M8TaJIJiaX np.lI

BO.!(HT K nepeHOpMHpOBK9 saTI)aBO'IHHX .II0HHHX llaCTOT .Q if),. ( q - BOJI-

HOBOH B9KTop, }-. - B9TBI, KOJie6aHHil:) B pesy~TaTe tJ:ero .IISM9p!I9~9 

B aKcnepHM9HT9 llaCTOTH <pOHOHOB MOryT 6HTI, npe,ItCTaBJISHH B B.II,Ite: 

wf ,\ = .0.¥>. - 2fl if>. I Vq>. /
2 Pi>- ( w = J1 i{>- ), (5.I) 

r.zte V q 'A - MaTJ)H'IHHii- aJieMeHT aJieKTPOH-qJOHOHHoro BsaHMo.zteil:cTBHH n 

Pif>- (w) =- I 
Pf\V 

f Pt:< (1-{i?rcf~) 
w - (Epf1 - f p+<fv) (5.2) 

- IlOJIHp.lISro:t.lIOHHHli onepaTop 3Jl9KTI)OHOB, 0Il.lICW38.Rlll!Hit HX pacceHHHe; 

f p f1 :; ~ pacnpe,It9JI9HWI <liepM.II ;I(Jl.lI aJISKTPOHOB C aHeprneii: 

E p /1- , p - BoJIHoBoe 'IIIMO, ft -HoMep soHH. BHPTyaJII.HHe npo~ec

cu ~ Re Pqx (w) onpe.zt9JIHIOT nepeHopMHpoBey tiaCTOT qx>HOHOB B (5.I), 
a peaJII.HHe - o6paTHoe BpeM!I n:x DSHH : 1/T:if>. = Yif>- = 

~ -IM P;:; >- { w + ib] • .Krut 6wro noKasaHo A.IIJieHoM 11881, c noCJie.ztHeff Be

JI.II'I.IIHOH MO~T 6HTI, CBJISaHa ~ 8JIHalll6epra, onpe.zt9Jl!Imtaa aqxlieK

T.IIBHOe llPHTJDK8HR9 SJI9KTI)OH0B sa C'IST 06M9Ha. qx>HOHSMR: 

93 



c1... 2 I. ) F(w) = 
1 L ff>, 8 [w - w... ) 

tw 21,t, N/o} 1~ LJP, '1>. • 
(5.3) 

Ta.KllM o6pasoM, RCCJl9.IJ;OBaHII9 qJOHOHHoro Cll9KT!)a M8TaJ!JlOB, ero 3aBRCH
MOCTR OT TeMllepaTYJ)hl HJlR COCTaBa o6pasna ll03BOJlll9T oneHHTI, 3Jl8KT!)OH
qJOHOHH08 B3aRMO.IJ;e:ilCTBHe Hero B~, corJiaCHO (5.3), B o6pasoBaHH9 
CBepxnpoBo,wmtero COCTOSIHR/I. PacCMOT!)llM .IJ;aJiee HSKOTOpHe 3KCll8pHMeH
Ta.JIJ,Hh19 pe3yJ1I,TaThl no R3MepeHHIO qJOHOHHhlX cneKT!)OB BTCil H TeopeTH'l:8C-

KRe paC'l:9Thl .IJ;HHaMllllli pemeTKR. 

5.1. 9KcnepRMeHTa.JIJ,Hhle naHtrue 

5.1.l Coe.IJ;HHemm /,q
2

_l( $'C.,_,Cu04 (1.,Sco) • HaH6oJiee noJIHble HcCJie
.n;oBarum (!IOHOHHOro Cll9KT!)a 6h1JIR np0B9.IJ;8Hhl C llOMOIItI,ID M8TO.IJ;a HeY,IIPyroro 
paccesi:rum HeitT!)OHOB, rum Ha n~HCTW'!SCKHX (cM/

189-
1917), TaK 

R MOHO!tpRCTaJIJIR'l8CKRX o6pasuax l 2- 194 • IlpH HCCJl9.IJ;OBaHRH llJlOTHOCTH 
qJOHOHHhlX COCTOSIHRH B 3aBHCllMOCTH OT KOHUSHTpa.mm CTpOHWlli X . B Ke

p8.MK'I9CKRX o6pasnax l SC O o6hl'!Ho Ha6JIKma.JOTCll: ~ HesHa'!RTeJII,Hhle 
H3M8H8HR/I qJOHOHHOrO cneKT!)a. KaK OTM8'!MOCI, B 1190 

t B STHX coe.IJ;HHe
HMX C H860JII,ill0li llJIOTHOCTI>ID HOCHT8Jl9H Q :cc 2 • 1021cM -S - .IJ;hlPOK 
B KRCJIOPO.IJ;HOH 2 p-30H8 t H .IJ;OCTaTO'!HO 6oJII,mOil: B8JlR'lRHOH lll8JIH .4 pc{ = 
~ i p - t cl ==- 2 -':-It 3- B , cBJI3aHHO:ii nepeHocoM sapH.J:Ca H3 2 p- B ~">d -soey 
M9.IJ;R, B~ B nepeHOpM!IpOBKy (!IOHOHOB B (5.1) .IJ;OJllK9H 6h1TI> HeBeJIRK 
( 3a, C'!8T JvlaJlO:il Be.Jllr1mHhl ( 5. 2) npH 6oJ1I,illliX pasHOCT.IDC 3Heprli:il B 3HaMeHa
TeJie). B neJIOM 3TO H llO.IJ;TBep;it,naeTCll: 'a 3KcnepHMeH'1'8. HHTepecHUe pe-
3YJII,TaThl 6WIH llOJJY'l8Hhl B pa6oTe /l9l 'r.n;e Ha6mmaJIOCI, aHOM8JII,H08 no
Be.n;eHHe HH3KOJ18Jtalll8li MO.IJ;hl B036~eHRit npH t, W ~ 6. sB, KOTOPYID MOJKHO 
CBJI3aTI, c CWll>HO aHrapMOHH'!eCKHMH KOJie6arum OKTas.Iij)a CU O 6 

(CM. (5.13)}. 
OTJIH'!HTBJII,HOii oco6eHHOCTI>ID KPHCTaJIJia !Jq2 CLl Ot, HBJ1!l8TCSI CTPyK

TYJlHhlH nepexo.n; H3 TeT!)arOHa.JIJ,HOH qasu I 't / 1'11 ni n,1 B opTopoM6.11-
'!eceyio C me a npH TeMriepaTYJ)e 'fc1 i::: 500 K sa c'!eT KOH.IJ;eHca-
UHH Mlll'Koii MO.Ithl z,, B To'!Ke X ( l, l, o) soHU BpHJIJ110sHa ( cM. 
§ 2.1). B pa6oTax 1192- 193/ 6h1JIR HSMepeHhl qJOHOHHll8 .IJ;RcnepCROHHll8 
Iq>HBh18 B o6JiaCTH 'IJB.CTOT t. w < 30 M3B MeTO.IJ;OM Heynpyroro pac-
cesi:rum HefiT!)OHOB Ha MOHOKPHCTaJIJiax Lq2_ K Sex u, 01, H HCCJie.n;oBaHO 
noBe.n;eHHe Mfll'KOit MO.Ithl 1: ,, c HSMeHeHHeM TeMnepaTYJ)hl .a KOHUBHT!)a-
UHH HOHOB.CT!)OHWlli (CM. pHC. 57). 3Ta OllTK'l8CKBJl nonepe'l!laJI MO.IJ;a po
TanHOHHOro Tmia CBJI3aHa C llOBOpOTOM OKTas.Iij)a Cu O 6 rum UeJIOrO 6es . 
erocymecTBeHHofi .n;eqiopManHH. Ilo.n;o6Hhle Mlll'KH3 MO.Ithl xopomo HSY'tf8Hh1 B 
nepOBCKRTax - .IJ;R3Jl8KT!)HKaX, KJiaCCH1l8CKll'.M npHMepoM KOTOphlX .IIBJIJ!8TCSI 
MO.IJ;a R25 B Sr7l 0.3 npH rd = IIO K • C:allsaHHHe C KOH.IJ;8HCa,nll:8it 
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3TllX MO.It CTpyKTYJ)Hh18 qasoBHe nepexo.IJ;hl o6yCJioBJiemr HeycTOii'IHBOCTI,IDHOH
HOli pemeTKR sa C'l:8T BSaHMO.IJ;8:ilCTBWI OJlWliaihlmx coce.n;eit. YB8Jllr'l8HH8 
KOHU9HT!)anHH HOHOB $ Y' H nepexo.n; B M8TaJIJIH'l8CKOe COCTOSIHH8 CJia60 
BJ1Hl!8T Ha qK)HOHHh1H cneKT!), XOTJI TeMnepaTYJ)a 

.._..,, ,_,,1rri1.NT 

10~ 

f
; 'c I4 2951(, .. 7 BK 

h 
5 

47 

t 
I 

0 
I 1':,,I 

La2Cu04 

(a) 

Oi 0.40 0.45 0.50, ttlt ill 
j 
g1s 
i5 

10 

[ttO] 
I 
I 
I 
I 
I 
I 
I 

0o 0.2 0.4 0.6 0.8 
[too) 

1.0 0.5 0 0.1 0.2 O.l 0.4 0.5 

[OOt) [ttO) 

PHc. 57. 
<liOHOHHll8 .IJ;RcnepCHOHHh18 Iq)HBH8 
B l,a 2 Cu O 'f • Ha BCT8.BK8 IIOKasa

Ha u TeMIIep'T~,aJI SaBHCHMOCTI, Mlll'
KOI1 MO.IJ;hl l • 

CT!)yKTYJ)Horo rrepexo.n;a 6ucTpo n~aeT: npn x = 0 Td ~ 500 K; 
a np.a )( = 0,18 Tc("-"220 K • HeKoTopoii oco6eHHocTI>ID MlU'KOit MO.Ithl 
JIBJlli8TCSI ea CJia6aJI TeMrrepaTYJ)HaJI SaBHCHMOCTI, B umpOKOM HHT8pBaJI8 
TeMnepam: tw(K) = 2-:-3 MsB .IJ;JIJI X = 0,18 np.a IO<' T< . 
300 K 3/. Taitoe noBe.n;eHHe MOllteT 6h1TI, CBJISaHO c o6pasoBaHHeM H8%- .· 

llOpJI.IJ;O'l:8HHOro, CT8KJ!Oll0.IJ;06Horo COCTOSIHR/I npH 60JII,ill0li KOHU8HT!)aUHH 
npHMeceit Sr ( cM. 1195 ' 196/). · 

OlIHCaHHOe Bhlfile llOB8.IJ;8HHe cp<)HOHHOro CII8KT!)a B coe.n;mreHWIX 
CBH.IJ;9T8J1I,CTBY8T O HOHHOM (HJUI HOHHO-KOBaJI9HTHOM) xapaKTepe CBJISH 
B pemeTKe H MaJIOM BKJia,JJ;8 B .IJ;HHawmy pemeTKR SJISKTpOH-(!IOHOHHOro Bsa
m,m.n;eiiCTBWI. 7-'TO'I' ·BhlBO.IJ; B .IJ;a.JIJ,HeitmeM 1IOJJY'IHJ1 OBOS llO.IJ;TBe~eIDie B . 
SKcnepHMeHTax 194/, r.n;e g?OHomrue ,JJ;IIcrrepc.aomrue · eymnze 6wm HsMepemr 

B umpOKOli o6JiaCTH 'IJB.CTOT, BllJIOTI, .IJ;O 22 Trl:1) -=a 91 M3B ( 1Tfu,=== 
= 4,13 MaB) .Ha MOHOiq>HCTaJIJie Lq2 Cu Of (pHc. 58). Ilpn STOM 6WIO 

06Hap:v,iteHo, 'ITO KO~e6amr~ pemeTKR, llOJlfIPHSOBaHHh18 nepneH,ItHKYJIJipHO 
dasHcHo:il IIJIOCKOCTH ( T. e. B.IJ;OJII,. OCH c ), HM8IDT z:apaKTepHhlit .IJ;JIJI 

HOHHhlX .IJ;R3Jl8KT!)lr'l8CKRX Iq>E:CTaJIJIOB BR.It, B 'IJB.CTHOCTH, Ha6~aeTCSI pac-
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P.0:c. 58. 
.Il,llcnepcnomme R:p.imue .ztJl.<I 

npO,ll;OJII,HHX qx)HOHOB B Lq2 (u Ot, 
/194/ . 

meIIJieHlle npo.D;OJII,HUX n nonepetffimc KoJie6arutli Tima A 1.L/ • WOHOHU c noJJJI
pnsaltlleii CMemeHllii, JISJKameii B 6asHCHOH IIJlOCKOCTll, llMSIOT Bll.D;, xapaKT'ep

HUii ,ll;JJJI MSTaJlJIOB. llHTepeCHOH oco6eHHOCTbIO cneKT_Pa B 06JlaCTH BUCORHX 
,W,CTOT 6UJIO Ha6JllQiteHlle pacmeIIJiemm: MO,ll; Tlilla pacT.fDKSHroI Ha ,ll;Be KOMllO
HSHTH: BHCOKO,W,CTOTHYD, . ~1~ 20 -rri, ll Hli3KO'!aCTOTHYD, \)2-~ 14 rrl.{ 
(cM. · HarrpaBJieHHe (~ ,s, O] Ha pnc. 58). IIpn aToM 'IB.CTOTa MO.D;H ".m,rxaTem,
Horo" Tlllla npll Yl36Jlll'ISHWI BOJlHOBoro BSKTOpa B ~aBJlSHIDI [i; ,z; O] 

BMacTo CMlll''Iemm, npe.D;CRaSHBaeMoro Teopneil: /II2 , HCIIHTHBaeT ;acmen

JieHHe Ha .D;Ba xopomo o,rm~eJiemmx B036yJK,IteHIDI c i:.racTOTaMII ~.,, = 22,4 M 
~.2=14,9 rr'-< • ABTopi/fo npe.D;tIOJiaI'aIOT, 'ITO Ta.Koe pacmaIIJieHlle MOl!tST 
6HTb CBJ!3aHO C B3a0:MO.D;eil:CTBHSM CMememm llOHOB C HlI3KOJ16JK8lltll111H aJieK
TPOHHHMli Bos6Y,K,I1;emtffiwm. B uaJioM lite <f,oHoHHllil cneKTp fo2 Cu Of xapaK
TepnsyeT;':f vem, CWII,HHM aurapMOHlISMOM KOJie6amm llOHOB, 'ITO np.0:BO,ll;HT 
aBTOpoB 19 

It BHBO,Izy' 0 HenpHMeHHMOCTlI CTaH.D;apTHOii rapMOHlI'ISCKOH 
TeopmI ;u,:,m. oimcamm ,ll;HHaMHKl2[ pemaTKl2[ aToro coe,I1;RHerum. 

MCCJlS,ll;OBaHHe aKyCT.II'!8CKOH ,W,C'.fll CilSKT_Pa qx)HOHOB C IlOMO~IO yJII,T
pa3BYJta IlOKasHBaeT 3Ha'IHTSJII,H08 CM!IMeHlle MO,Izy'Jleii ynpyrOCTll B IlllIPO
KOM lIHTSPBaJie TSMllepaTYP, KOTOpoe CBJI3aHQ C B38RMO,ll;0l!CTBll0M ,ll;0qJOpMa
n.m c Mfll'Itoii Mo.D;oii: I. Lr ( CM. , HarrpHMep, 1196/) • B To ;ite BpeMfI oTMe-
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_-qaeTC!I CHJll,HM auoMaJll!II B nonepe'IHWC MO.D;YJl/IX ynpyrocTH np0: nepexo
.D;e B cBepxnpoBo,ll;ffmee COCTOJI8Je: 'O,Izy'JllI ynpyroCTll pacm C IlOHl!C!te
Hll0M TeMnepaTYIJH np.r T < Tc 197 • BeJIH'IHHa al®eKTa OKasHBaeTC!I auo
?.'.aJJ.bHO 6om,moii,KOTOpyIO T_Py:IJ;HO 06'.bffCHllTb TOJII,KO KOH,ll;SHC~eii UOCllTS
Jieii HIDKe Tc , 'ITO np.imo.nn:T K npe,ll;llOJIOlKSHHIO o · .D;OilOJlHllTem,uoii CTPYK

TYPHOfi nepecT_PofiKe pemeTKH. MMeIOTC!I YKa3aID!fI Ha CTPYKTYPHYD HeycToii-
;fgoCTb pemeTKH n Bblllle Tc , npn TJ1 -== 95 K ;u,:,m. Lq 1 8 SV" 0 2 Cu 04 

197 /, B03MOJKHO, CBJI8aHHYD C IlOBOpOTOM KOMllJISKCa Cll 0
1

6 • 
1

B USJIOM 
.aKyCTll'I0CK0:6 aKcnepHMSHTH IlO,ll;TBepl!OJ;aIOT CHJll,HHH aurapMOHll3M KOJie6arutli 
llOHOB MCJlOPO.D;a - HaJlli'llle HSCKOJU,KHX MlilillMyMOB B IlOTS~aJll,HOM pem,e~ 
<pe, 'ITO npHBO,ll;llT It CTPYKTYPHOii HSyCTOit'Im30CTll, He CBJI8aHHoii C CHJU,
HHM aJISKTPOH-qJOHOHHUM B8rut!J!O.D;@CTBlleM. 

5. 1. 2. Coe,nn:Hemm Y Ba 2 Cu~ 01. y ( Y' B C O ) • <poHoHHHe cneKTPH 

IlOJIHKPHCTaJLJlll'ISCKllX o6pasuoB 3TllX COS.I@I{eijllii llCCJlS,ll;OBaJllICb MSTO,ll;OM 
pacce.lIHWI HSHT_POHOB B p,i.IJ;S pa60T (CM. 119□1, 1298-199/). Hall6oJiee mr

TepeC!IlIM RB~.JISTC!I 06HapY)KSHlle CllJU,HOii 38.BllCllMOCTll IIJlOTHOCTil qx)HOHHHX 

COCTOSIHID1: npn nepexo'a ll8 MSTaJIJlli'ISCKOrO 1 ':-J ~ 0, B .IlR8Jl6KT_Pll'l6CK08, 
~ ~ 1 ' COCTOS!Hlle 198/. B 8TOM CJIY'IaS npo.ucxo,nn:T y:IJ;aJISHlie llOHOB 

MCJIOpOlta OI C ueno'IeK Cu 1 - 01, 'ITO MSRIIeT cneKT_P KOJie6amm B 06Jlac
Tll ,W,CTOT I5f20 MaB, CBJI38.HHHH c nonepe'IHUMH MO,ll;&m KOJie6aHllii QI Ha 
ueno'I!tax. KpoMe aToro, npOHCXO,ll;HT aHa'IHTeJU,HM nepecT_Pofuta IIJIOTHoc-

TH qx)HOHHHX COCTOS!lllm B o6JlaCTll 40 7 50 MaB, KOTOp11e CBJI3aHU C ll3-
rll6HUMH MO,ll;aMll KoJie6amm Cu 2. - 0, 2 , 03 B IIJlOCKOCTll Cu 0.2 : npn 
yMem,memm KOHUSHT_Paltllll KHCJlopo.D;a, ~ __, 1 , IlJlOTHOCTI, COCTOS!lllm B 
aTofi o6JiaCT.II Ila.D;aeT C 0,ll;HOBpeMSHHHM IlOJllJJISHllSM IIJIOTHOCTH BllCOKO
'IaCTOTHUX COCTOHIDm B 06JlaCTll 70-;-80 MaB ( CM. p.1rn. 59) • TaKoe CIIJII,
HOe ll8MeHeHHe qx)HOHHOro cneKTpa, no MHSIDIIO 8.BTOpOB / 198/, HS MOl!tST 
6HTb 06'.bffCHSHO JUillll, CTPYKTYPH!iMll ll3MSH6HlllIMII sa C'IST y.D;aJ1emm: llOHOB 
01 C USilO'IeK. Heo6XO.r(HMO y-g:HTHBaTb Taroite yMSHI,llISHllS IlJlOTHOCTll HOCll-
TMSli B IIJlOCKOCTlI Cu 0,2 , KOTOpoe np.0:BO,ll;HT It Yl36JllI'I6HllIO 'IaCTOT 
KOJie6allllii aa C'IST yMemmemm M0KTpOH-<!JOHOHHOro BMaJJ:a B (5.I). B 
CBJI3H C 8TllM a.BTOPH npmco~T It BHBO.JJY O CWII,HOli 8Jl0KT_POH-qx)HOHHOH 
CBilsn ,ll;JJJI KoJie6a.umt narn6Horo Tlilla B IIJIOCKOCTH Cu O 2 • 3TOT BH
BO.D; OT'IaCTll IlO,ll;TBSpl!OJ;aaTC!I 3Ha'IHT8JII,HHM ll8MSH0Hll6M IlJlOTHOCTll qJOHOH
HUX cocTOJIIDm npn IO % 38.MeHa Cu. Ha l Yl ( Tc<3 K ) , XOTSI H3M8-
HeHHa qx)HOHHOI'O CilSKTpa npll IlOJlHOli 3aM8H8 Y Ha Pr ( re < 2 K ) 
rum: Y Ha Nd ( T g = 84 K ) sHa'!HTeJU,HO Mamme, -qeM npn nepexo.D;e 
OT o7 It 06 /l

9o,r9 I. lu)aToMY CTom, c:wu,Hoe naMeHeHHa qJOHQHHWC 

'18.CTOT B IlOCJle,ll;HeM CJIY11ae MOJKHO CBJI3aTb li co 3Ha'IHT8,rHo' napecT_POil
KOii CTpYJtTYIJll ll ll3MSH0Hll0M MSlKa.TOMHUX paCCTOJIHHH. B 199 TaIO!t8 6wro 
06HapY)K0HO li8M8H0Hll6 qx)HOHHoro CilSKT_Pa C ~OCTOM ,ll;SqJHUHTa KllCJIOpO.D;a, 
xoTSI n He CTOJII, c:wu,Hoa, KaK B pa6oTe /l9 I. KpoMa Toro, RaK H B 06-
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PRC. 59. 
Il.n.OTHOCTI, !p'.)HOHHb!X COCTOJIH.llli B Y Ba 2 CU 3 0 7-'J /198/. 

pasuax I., SC O /I9l( B pa6oTe /r99/ 6b1Jl o6Hapy,KeH aHoMaJII,HHH pocT 

IIJIOTHOCTR COCTOJI!illli B o6JiaCTR :rnepr.0:ii 15 7" 40 MaB IIpR II0Hrui(9H.0:li 
T9!1!IIepaT,YP!:l ,nJIJI CBepxrrpOBO,wrmIDC Y 6 CO COCTaBOB ( 7 - ~ = 6, 95; 
6,45). B ~aJieKTp.lr<I9CKOM COCTOJIHHR ( 7 - j = 6,15) TeMIIepaTyPH¾ . 
3aBRCRMOCTI, CII9KTpa B RHT9pBaJie 80-a- 290 l{ He Ha6JllO,ll;aJIOC1i, ABTopil 199/ 
CBJI3!:lBaJOT 9TOT aHOMaJII,Hlill B.KJia,ll; C Ma.:r'H.0:TH!:lM pacceJIHHeM BBH,Dy yMeHI,
llleHHJI era c pOCTOM IDIIIIYJII,Ca pacceJIHHff, 0,nHaKO, KaK .0: B CJIYtJae L sco, 
9TO pacceJIHHe MOJKHO 06'bJICH.0:TI, Ha OCHOBe Mo,nemr CHJII,HO aHI'apMOHH'!eCR.11X 
KOJI96aHHii KOMIIJieKCOB Cu 06 (cM. (5.13) ). 11aMepeHirn !p'.)HOHHHX ~crrepc.0:oH

HllX KPHB!:lX MeTOJ40M Heynpyroro pacceJIH.IDI He,~O~OB Ha MOHO:KpRCTaJIJiax 
Y6az Cu:-, 0-l-'-J- , !J = O,I, rrpoBe,neHHoe .B 2 O , rro,nTBep~o Te oco-

6eHHOCTR B IIJIOCKOCTR tHOHHHX COCTOJIIDm, KOTOpl:le Ha6JllO,ll;aJI.0:CI, paHee 
Ha IIOJlll::KpHCTa.JLJiax B / 98/. · 

HcCJie,IJ;OBaHHe OIITR'!9CillDC crreKTPOB coe~HeHllii y 5 C O 06Hapy,m
JIO pH,IJ; qx)HOHHHX MO,IJ;, '!aCTOT!:l KOTOpllX 3aMeTHO MeHJIIDT,9'; rrpR rrepexo.ne 
B cBepxrrpoBo,wnnee COCTOJIH.0:e (CM,, Harrp.0:Mep 1201~202 ). Ha.0:60J1ee CHJII,
Hl:le R3M9H9HM Ha6JIID,IJ;aJOTCJI ,nJIJI MO,nl:l B19- CRMMeTpim (rrceB,IJ;OTeTparo-
HaJII,Haff JI'!eiiKa) c '!aCTOTOll ~ = 337 CM-I, CBJI3aHHOR c IIpOTHBO-
qiaaH!:lM CMe!lleHReM 02 - 03 rreprreH,IUieyJIJipHO IIJIOCKOCTR ab. 3Ha'l.0:
TeJII,HOe CMill''!eHHe ( 4 m.c1) H yBeJIH'leHHe ee umpmm r IIpH T < Tc 
YICa3liBaDT Ha CBJI3I, aToil MO,nli C KOH.n;8HCall;Hd HOCRT8J18! B IIJIOCKOCTR 
Cu 01 ( CM. p.0:c. 60). IIpH 3TOM, corJiaCHO 12031 , CMffl''!eHne (IX)HOHOB C 

'!aCTOTaMH h~ > 2 Ll , r.ne L\ - cBepxrrpoBo,wnnaR II1eJII,, KaK ,nJIJI oIIH
CaHHOil MO.ItH ( 2 Ll ~ 3, 5 -f<Tc """' 226 CM-I) , B03MOJKHO JllllllI, B CJIYtia8 
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PHc. 60. 
TeMIIepaTypHaR SaBRCHMOCTI, 'laCTOT!:l ~ { cm- 1) ll umpmm r {cM-1 
ruma ",nJIJI MO,ItH 337 CM-I B Y 13a2 Cu"!:, 01-Y ~ o6pasuoB 
C Tc= 92 K, 84 K ll 51 K. C00TB8TCTB8HHO / 202/, 

CllJII,HOll 3J18KTpOH-(IX)HOHHOtt CBJISR - rrpn6JlwJteHHe CJia6ott CB.fISR B Teopmr 
Smram6epra ,IJ;OJllKHO !Ip.0:BO~TI, TOJll,KO K yB8Jlll'lemm ttaCTOT TB.KWC !p'.)HOHOB, 
EoJiee II0,IUJ06Hl:lll amums pesyJII,TaTOB HCCJ18,IJ;OBa.HllR OIITH1!8CKBX Cil8KTpOB 
M8T0,Il;aMI'[ HH<ppa:KpaCHOil: CII8KTpOCKOmm: ll KOM6~o1'oro ~aCCeH!ilm B 
coe.n;HHemm.x LSCO n YBCO rrpime,IJ;eH B o6sopax 204, 05/, -

A1tyCTITT:8Cime !p'.)HOHH, llCCJie.n;yeme C IIOMOIIII,JO YJII,Tpa3By-Ka ( cM/196, 197
1), TaKllte 06Hapy,KI!BaJOT O!Ip8,IJ;8J18HH!:le aHOMBJIIDI IlpH CB8pxnpoBOWill!8M 

nepexo.n;e, BeJmtmHa KoTopwc, KaK n B c.ny-qae l., SC O - coe,IJ;HHe:imil, 
3HatmT8JlI,HQ 60JU,me, l!8M MOJltHO O.im,n;a.TI, aa Cl!8T 3Jl8KTpOII-(IX)HOHHOii 
CBJISR. AHOMaJII,Hoe IIOB8,IJ;8Hll8 CKOpOCTR SBy-Ka IIpH 6oJiee BHCOKIDC TeMIIe

paT,YPax YKB.3HBa8T Ha CTPYKTYPHYJO H;:CTOH-rmBOCTI,, B03M0JltHO,CBll3aHHyl) 
c ynoJ)Si.IJ;o'!eHHeM HOHOB rorCJiopo.n;a /I I. 

5.2. TeopemecKl!:e pac5eTq 

Paspa60TKa Mmq)OCKOIIH'!eCKOit Taopmr ,IJ;llliaMHKH pemeTIW H 3Jl8KTpOH
qx)HOHHoro B38RMO,IJ;8HCTBWI B OKC:e;ItHWC CBep:xnpoBo,n;wmax Bli3UBa8T SHatm

T8JU.H!le Tpy.n;HOCTR,BBW- H806XO,IJ;HMOCTR y-g;eTa CRJII,HHX Ky-JIOHOBCKIDC KOp
Pe.nsms:ll ( CM. § 4.2). B CBJISR C BTRM TeopeT.lr'I8CKK8 MO,IJ;8Jm, OCHOBaHH!:le 
Ha o.n;Hoa.nexTpoHHoii soHHott Teopm1, rrpe.n;cTaB.ILIIJOTCJI Hea.ii:eta1aTHID.m, H 

60Jiea IIOCJ18,IJ;OBaT8JII,Bl,IM npe.n;CTaB.1lli8TCH IIO)t)CO,IJ; Ha OCHOB8 MO,IJ;8JU! JIOKa
J!HSOBaHHWC aJI8KTpOHHWC COCTOHHd, TaKOtt IIO)t)CO,IJ; Mli paCCMOTpllM B CJle-
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,tzymteM paa.neJie, § 6, a 3,ll;6CI, K_PaTKO o6c~ pesymTaTH Tpa;Itl:lIU!OHHWC 
MeTO,ll;OB B ,nmi:aMime pemeTKH. 

KaK YlK7 o6c~4"11OCI, B § 4.2, pac-qeT 3Jl6KTPOH-q/OHOHHOro B3aID,!O-
.nefiCTBRf[ B 112- 2 Ha ocHoBe Mo,D;eJUt CHJU,Hofi CM3li . :s LS C O II 

y 13 C O IIOKaSHBaeT' 'ITO HaII60Jiee CliJll,HOe B3aHMO,D;eficTBlie BO3mrna.
eT ,lJ,7I.ll 11,Il;HXaT8JU,HOH MO,Il;l:l 11 KllCJIOpo.na, CM3aHHOH C paCTIDit8Hli6M CMsei1 
C4 - 0 B IIJlOCKOCTli Cu 02 ( CM. ( 4.4)). CTOJll, CWII,HOe B3aliMO,IJ;eii

CTBll8 ,ll;OJIJKHO IIPllBO,ItllTI, K 3Ha'IHT8Jll,HOH IIepeHOpMKpOBKe <p:)HOHHoro crreK

TPa corJiaCHO (5.1), KOTOpasI, O,Il;HaKO, 'e H,6.mo.n;aeTCiI Ha 3KCnepilMeHT8 
(CM. pnc. 58). KaK OTM8'!8HO B o6sope 206 , 3TH pactISTH, OCHOBaHHHe 

Ha O,Il;HO3Jl6KTPOHHOR SOHHOH Teopmr, IlO-Bli.ItllMOMY, Hea,neKBaTHO OilliCHB8JOT 
3Jl6KTPOHHHit ll <p:)HOHHHe cneKTPH OKC.ll,D;Hm CBepxnpoBO,ll;HRKOB, IIOCKOJU,Ity 

He Y'IHTHB8JOT CliJll,H!:lX MSKTPOHHWC KOPPM.!IUllli B 3d -soHe Me,Itll. 
il.D3TOMY 60.11ee IIOCJIO,ll;OBaTSJll,Hl:lM npe,D;CTaBJllI8TCiipac-qeT <p:)HOHHOro 

crreKTpa OKC.ll,ll;HHX .coe,nmi:eimil: B M6TO,D;e 11 9aMOpO.lit6HHWC <p:)HOHOB", Kor.na 

B paMKaX O,ll;HO3Jl6KTPOHHOH TeOpHH (MeTo,na (J!YHK[U'!OHaJia IIJlOTHOCTll) BH
'IHCJlfl6TCiI TOJll,KO SHeprM OCHOBHOro COCTOJIHIDI pemeTKH K_PllCTaJIJia. On
pe,D;eJJJ!ll paaHOCTI, 3TliX SHeprml: ,lJ,7I.lI pemeTKH npll PaBHOB6CHWC IIOJlO.lit6I!RfIX 
llOHOB ll CMemeHHWC B <p:)HOHHOH MO,D;e COOTB6TCTlzyllllleH CliMMeTPmr, MOlKHO 

Bl:l'IHCJIHTI, 3Hrrmo BOS6yJK,UeHHH ,lJ,7I.lI ,D;aHHOH <p:)HOHHOH MO,Il;H. KaK IIOKaaaJUt 
pactieTH 12rn, .B 3TOM MeTO,D;e y:n:aeTCiI BOCnpOHSB6CT~ OCHOBH!:le 3Kcrrepn

M8HTaJll>HHe pesym,TaTH ,lJ,7I.lI qx:>HOHOB B n;eHTPe n Ha rpaH.llll;e (B TO'!Ke X . ) 
somi: EpWJmosHa ,lJ,7I.lI La:/uO't· Ha pnc. 6 I npe.ncTaBJieHa saB.ijCRMocTI, 
sHeprm.r pemeTmr oT cMemeHHH HOHOB B ",D;HXaTemHoit" ( breathing ) 
M.'ll'Kofi poTaIJ;l!OHHofi ( ti { t ) 11 .IUJ. Mo.nax: B TO'llte X SOHH Ep.wr-
JIID3Ha. 

0.05 lb 
0.04 

10.03 
Q; 
>,0.02 
Cl ... 
Q) 

!TI 0.01 

0.00 

-0.01 
-0.50 

Breathing 

La 

Tilt 

0.00 

100 

Pnc. 61. 

3iW)eKTllBHHH no
T8Hn;HaJI ,lJ,7I.lI 

qJOHOHFWX MO,ll; B 
TO'llte X soHH 
EpRJIJIJOsHa AJ!S_I 

La2.wot2rn1. 

0 

0.50 , A 

KaK BH,Il;HO, 3TH paC1I8Thl npHBO,nffT K YCTOH'lliBOH BHCOKO'!aCTOTHOH 11,Il;HXa
TSJll,HOH" MO,ll;8 ,lJ,7I.lI LQ2. Cu. 01.i ( --l -== 730 CM-1) H HeyCTOH'!liBOH pOTa
UHOHHOii MO,ll;O T.tma "TIDI.Jll:IBI'a", KOTopasi: llOilliChIBaeT CTPyKTYPHHH rrepe
xo.n ll3 TSTJ)arOHaJll>HOll B OpTopoM6lltI6CKYJO qiaay (CM. PRC. 57). AJ3-
TOPl1 /2rY7/ Ha OCHOBe 3TliX pactreTOB npliXO,nffT K BhIBO,D;y, 'ITO pactreT 113 

"nepBllX npliHll;IIDOB 11 (6e3 IlO.IU'OHO'lliHX napaMeTpoB) Ha OCHOBe MeTo.n;a 
q,yHKUIIOHaJia IIJlOTHOCTli IlO3BOJI.fl8T ,IJ;OCTaTOtIHO TOtIHO Bl:ltillCJI.flTI, SHeprmo 

OCHOBHoro COCTOHHIDI H SHeprmo 38.MOpOlitOHHliX, T.e. CTaTHtIOCKWC, q>OHO
HOB. OcHOBHHM HO,ll;OCTaTKOM 3TOro rro.mco.na HBJJJISTCiI ero Tpy.noeMitOCTI,, 

trTo He nosBo.llfleT BWlliCJI.fllI, fcnepcHoHHHe qx>HOHHHe IqJRB11e BO Bcefi so
He EpMJIJOSHa ( 0111. o6sop 208 ) • 

YtIHTHBas HOHHHfi xapaKTep CM3H B LS CO , B pa6oTax: / 200/ 6wro 
paccMOTP6HO 3JlBKTPOH-{1JOHOHHOe B3anMO,IJ;6liCTBHe, o6yCJIOBJl6HHOe MO,D;y.llfl
wreii 3JI0KTPU'l0CKOro K_PliCTaJJJllltIBCKOro ITO.II.fl npli CM6Ill0Hllli liOHOB U3 paB
HOBSCHHX IlOJIOJKemtli. l13M6H6Hli6 K_PUCTaJ.!Jlil'l6CKOrO TIO.II.fl npllBO,ItllT K C,ll;BU

ry pacmeIIJieHHhIX B Iq)liCTaJIJilitieCKOM IlOJie aTOMHhIX ypOBH6H (CM. pnc. 33), 
'ITO ll o6yCJiaBJIRBaeT 3JI0KTpOH-q>OHOHHOe B3allMO,ll;6HCTBHB. B O61:ltIH!:lX M6T8Jl
Jiax 3<µ:DeKTEI K.PIICTaJIJllfCI0CKOPO TIO.II.fl Oita.31IBaIOTCiI HecymeCTB0HHHMll BBH,D;y 
ITOtITli ITOJIHoro SKpaH,rpoBaHIDI llOHHHX sapimoB 3JI0KTpOH8Mlf npOBO,IJ;RMOC-

TH. B L SC O npH HliSKOii IIJIOTHOCTU cBo6o.n;wx HOCHTeJieft ,IJ;JlllHa 
SK_PaHHPOBaHIDI MOJKeT 61:lTI, 6om,me M8l!taTOMHhlX paCCTOHH.lll, li 3JI8KTPOH
q>oHOHHOe BS~WMO,IJ;eiicTB.rre, o6yCJIOBJl9HH08 MO,D;y.llflllliBH KpliCTaJIJllttIBCKOro 
ITO.II.fl ( oco6eHHO ,ll;Jlfl CMerneHIIii liOHOB rrepneH,ItllKYJIHpHO IIJIOCKOCTli Cu 02 ) 
MOlK6T 61:lTI, 3Ha'IBT0.JII,HID/I ( CM. HIDKe (5.8) ,. (5.14)}. 3TH pactreT!:l ITO,IJ;tiep
KllB8llT HOHH!:lii xapaKTep CM3li B OKCH,Il;HhlX CBepxnpOBO,ll;HllKaX.· 

,lXHHaM!IBa pemeTK.ll y BC O CO6,ll;HH8H.lill aHcl.7llI31rpOBmc, Ha OCHOBe 
IlOJiyq>eHOMSHOJIOr,tJ:eC~ HOHHHX MO,IJ;eJieft: lK8CTKliX llOHOB. 210 . H .n;eq,op
MHpyeMb!X llOHOB 211 • Hcnom,syH CllJIOBhle ITOCTOHHHHe. IIOJIYlleH!Ille ,lJ,7I.lI 

,Iij)yrliX HOHHHX Iq)llCTaJIJIOB ll OKCH,Il;HllX M8TaJIJIOB, aBTopaM y,naJIOC1 .n;oc

TaTOtIHO xopomo Bocnpo11sBecTH q>OHOHHHH crreKTIJ VB CO • Ha6mmaeM11ii 
3KCIT0pHMBHTaJll>HO. 3TH pactieTu, OCHOBaHHHe Ha HOHHHX MO,IJ;eJIHX, H6COM
H8HHO, IIOKa311BaIOT 6om,my10 pom, HOHHOR CM3ll B BTCil ll HBa,I(eKBaTHOCTI, 

,lJ,7I.lI HliX O,Il;HO3JI8KTpOHHHX 3OHHWC cxeM pacl!eTa. YKallteM Taroite pa6oTi/212{ 
r;n;e pactreT q>OHOHHWC ,JU!CnepCHOHHHX K_PllBHX B y BC O ll Bi2 ss Ca Cu-2 010; 

Bi 2 .Sr.,_ Ca ,2 Cu~ 012 6WI BI:UioJIHeH Ha ocHoBe Mo,neJIH 
aToM-aTOMHUX CHJIOBWC IIOCTOHHHWC. 3TH pac'l8Tl:l q>eHOM8HOJIOrll'l9CKOro 
xapaKTepa MOryT 6UTI, IlO~83Hl:l np11 RHTepnpeTa.rnw 3KCII9pRMBHTOB no pac

ce,rmm CBeTa li HBHTPOHOB. 
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5.3. AHrapMOIDI'l'.9CRa.ff Monem. 

Brumy OTM9'l'.9HHOfi BHlll9 CTPYKTYPHOH HeyCTOil:i:mBOCTll OKCll,WIWC CBepx

III)OBO,nmmOB, CBlI3aHHOit C Cllm.HO aHrapMOIDI'l'.9CKID.m: KOJie6a!lli.lIMli pOTB.Ull

mmoro Tmia KOMIIJISKCOB Cu 00 , Heo6xo,nm.10 o6o6me1'e rapMoIDI'l'.ecKOit 

Teop.wi: ,nmiaM!IBll p9lll9TKll Ha STOT c.nytia.li. B pa6oTax 57/ 6wia III)9MOJK9-

Ha aHrapMOHll'l'.9CKafl MO,It9JTh ,nmia?vmK!i p9lll9TKll L,a2Cu 04' OCHOBaHHM Ha . 

BB9,It9Hllll JIQKaJU,HOH HOpMaJII,HOH KOOp,n.maTH ,nJJ.lI pOTB.UllOHHOfi MO.ItH KOJie6a

mrtl: OKTasm,a C u·06 • B Ra'l'.eCTBe ncxo,ItHoro pacCMaTl)HBa9TC/I raMllm.

TOHHBH, OilliCHB8Xlllllili aHrapMOIDl'.'l'.9CKll9 KOJie6amm llOHOB KllCJiopo.na B cpe.n

H9M IlOJie OCTaJII,HHX liOHOB! 

H:=; Iut +fI 2.'PKp(e,rh)Uel(ll,.'l)+: I u/k ) 
{K (r,, Kp I fK 

(5.4) 

r.ne u e K -m,1emeHne noHOB MCJiopo.na copTa K = I, 2 B R'l'.eftKe l nepneH

.ItliKYJI.fiPHO IlJIOCKOCTll q b , l'YI - SqxlieKTliBHM (,nJJ.ll ,ItaHHOil: MO,ItH) MaC

ca, 5 - aHrapMOmr<I9CKaR IlOCTORHHa.lI, <PKp(e,rn)- MaTp.ima CliJIOBWC noc

TORHHHX, OilliCHBaJO!llM KaK Cp9,ItH99 Il0JI9 <PK K ( { 1 e) Ha Y3JI9 ( C, /() , TaK 

n B3aliMO.IteftcTBlle cMemeHd noHOB MCJiopo.na {K 1 pJ B R'l'.SHKax {.Im. 
,lLll/I KOJI96aHlili, CBlI3aHHHX C IlOBOpOTOM OKTasm,a Cu 0& KaK ue-

Jioro, y.no6HO BBecTH JIORa.JThHyIO HopMaJU.HyIO Koop,n.maTY (JIHK) corJiacHo 

OIII)9,It9JI9Hlil0 : 

u e K = rf.- L 1 R) ( l+ aK) - R >- ( e) J , 
v2rn 2 (5.5) 

r.ne ,nJJ.lI i< = 1 (1) :;: X h1) Mo.na KoJie6am ,\ =- ltf ( x) oillicHBaeT 

IlOBOpOT BOKpyr OCH ~ ( l() , CT/( - B9KTOp, coe,ItHHRDIUtii aTOMH 

copTa I( B COC9,ItHliX R'l'.9HKax ( CM. pu C. 3). 
Y'l'.HTHBaR (5.5), raMMI,TOHliaH (5.4) MOlKHO 38.!IlICaTI, B JIORa.JThHOM 

Bli,It9, eCJili Y;l9CTI, aHTligia3lillli xapaKTep IlOBOPOTOB R ,\ ( e_) ~ - R~ ( f + q) . 
B COC9,ItHliX R'l'.9HKaX! 

H ~ i ~ R; { c) - ~~ I R; (e) + r 2 R: re) + 
lA e>, e~ 

+ f I 2 U >- \, It, M) R ~ { e} R >-' { tl'\), 
t.:f:M >,,>.' 

r.ne w~ -=-U ,\). ( e, e.) > O 1 r = 5 / f 6 m , 

Vu' /f,l'h)= 8
1m i cpKl('/e,M)t <PKK' {e-al(,m-Q.I(")

- <pKK' /f-0,: 1 rti) -q>k'k'' {fl M- QK', )J • 
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(5.6) 

"(5.7) 

YCJioBne HeycTott'l'.D'.BocTn poTamroHHoil: Mo.ItH UA,- (-l'.,f) =(1 l4m) { .ci>K"(e,e)-
- 4>KK (l'.

1
[+aK)i < 0 03Ha'l'.aeT, 'l'.TO BRJl8,I{ B KOHCTaHTY CBlI3ll 

cpe,ItHero IlOJI.fI M9HI,llI9 B3allMO,It9il:CTBllli 6Jlwmthmq tl:OHOB KllCJIOpo.na. 

CorJiaCHO 12001 STa HByCTOH'IllBOCTI, o6yCJIOBJI9Ha JM9HI,lll9Hll8M 8H9P

rrui: l!OHHOH pemeTKll LLu3 + J2 (u 2.+ (o'--)4 III)ll IlOBOpOT9 OKTaS,Iij)OB 

Cu O 6 aa c'l'.eT noHIDJteHlI!I sHeprm aToMHinc 3 cf- n 2 p-ypoBHeil: n 

yM9HI,llI9Hli9M sHepr.wi: ~e.ne~a III)ll CMemeHWI llOHOB 02- OTHOCllTeJU,HO 

/_, Q 2> + • On;eHKll B 200 IlOKa3HBa.DT, 'l'.TO IlOJIH09 ll3M9H9IDl'.9 SHeprmi 

pemeTKll Ha IlOBOpOT9 OKTaS,Iij)OB Ha yroJl 'f ~ fl , r.ne 'I_ - OTHOCll-

T9JII,H09 CMemeHlle llOHOB KllCJIOpo.na, MO.llt9T 6HTI, 38.!IlICaHO B Bm:i;e: 

. S EM = - ; ~2 + 2 74 .? 
(5.8) 

r.ne A ~ a, 7 Ve , C = A Qo'l. = 8,7·I02 Ve , \1c - KYJIOHOB-

CKafl 3H9prllli B3a.IDIIO,It9HCTBllli llOHOB Cl( - 0 , ?0~0,I - p8.BHOB9CHOe 

cMeI11eHHe · B opTOpoM6ll'l'.ecKOfi giaae. Y'l'.HTHBM cooTHomeHHe R,. ==vf.½ 'f~ 
.~ vf 'l. , r.ne I=2m(a/2)2 

- MOMBHT HHe~ rpymm CLJO!i , 
MOJKHO OU9HllTI, napaM9Tl)H MO,IteJ!K (5.6), COilOCTaBJI.fIR ee CTaTll'l'.90KyB) 

sHeprmo C (5.8). On;eHM IlOKa3HBa.DT, 'ITO BHCOTa IlOT9HUllWHOro 6ap1:,-
epa B (5.6) Uo ::::{Al'-r)tz/ ~2,9.·10-2 Vc ~0,1J-8 II:PH Ve.~ 5 sB 

3Ha'l'.HT9JlI,HO 6om.me xapaKT9pHIDC 'l'.aCTOT KOJie6aHllil: pOTa.Iij!OHHoro Tlllla 

1' W ~ IO MSB. _ PacrT CTaT.ll'l'.9CKOil: 3H9prWI ( 5. 8) B M9TO,Ite 113aMOp0-

'1t9HHHX" qJOHOHO. B B 2m / .naeT 3Ha'l'.9Hlle u O ~ I3 MSB, TaKlKe III)9BHma.IO-
. ~ - . 

mee xapaKTepHHe 'l'.aCTOTH Mfll'KKX. qJOHOHOB •. 

,lLll/I TaKllX CllJII,HO a.Hl'apMoHl!llecm KoJie6awnl: nepBoe Boa6YJK,IJ;eHHoe 

COCTORHD'.9 n·=- E,- Eo << ½ - E1 - SHepru B03~y;K,IJ;emrtl: W1fI 6oJiee 

BHCOKOJISlKBJllllX JPOBH9H_ ,B ,IlOT9HUlIM(;l (5.8). B STOM CJiy'l'.a9. MO.lltHO llC

IlOJTh30BaTI, nceB,ItOCilllHOBOe III)9,ItCTal3Jl9Hll9, B KOTOpOM yg:HTHBa.DTCR JillmI, 

,ItBa Hli31lillX-COCTORHllli ':!'~ ll lf1 C 8H9prnm.m . £ o H £-r B no

T9HUlla.Jl9 c .ItB~ MllH.HMyMaMll, (5.6) wm: (5 •. 8). BB0,n11 onepaTopH nceB.;.. • . . X 
,ItOCilllHa B III)O_CTl)a.HCTB9 '-J:' o , ~1 , . RX { () ➔ . Q. q S ,\ f e_}, 
r.ne cl =- <'fo IR I lf1) ll . s; re.) - onepaTOP c~ ~ = I/2, ra-

Mllm.TOHHBH (5.6) 3arnim9M B Bli,Ite: 

Hs ~ -Jl Ls; ft) -d f L J>,).' {e,m) s; {e) s:, (m), (5.9) 
, eA . · . Um ,\1>.' 

2 , 
r.ne J >.>-' ( t'., l'YI) = -(2d) Un' f t;m) - o6MeHHHil: mrrerpan ,nJJ.lI nceB,ItOCilli-

HOB, OIII)9.It9JISIJ'lltRK ,ItHcnepcmo Hll3KOJieJKalitefi MO,ItH Jl >, ( q) • !IOCKOJU,KY 

B3allMO,It9i!CTBH9 IlOBOpOTOB R }I / e} B COC9,ItHllX SI'l9HKax B,ll;OJTh OCH 

BpameHlI!I ~ MHoro M9HI,llI9 B3allMO,It9i!CTBmt nonepeK OCH (B,ItOJII, JK9CTEO 

:103 



I I 

' 

I 
I 

cBJisammx HOHOB O B ueno"!Ke C4 - o), To ,mi:cnepcIDI TaKIDC KOJie6a.mtii 

HOClIT CHJ!I:,HO aHHSOTPOmnni xapaKTep. IlplI T9MIIepaType qia.80Boro nepexo

,n;a Tc1 '!acToTa M!ll'Koil MO.Inl B TO"!Ke X (npH <L =(I,1,0)) o6pamaeT
ca B HOJII,: 

n:(cf
1
,T4)= IL'.l- JLJ>.>.({1}fthJ}

4 
== 0, (5.10) 

ITpH T < Tc/ BosmucaeT ynop!I,lJ;o'!eHI:te noBopoToB OKTaa,n;poB: 

-➔ 

) _ c x ( } _ ,71 -t ) nxt-n < R)e >- 2o{< .)>- e >- />. e =7,.(-1 !cs.II) 

r,n;e napaMeTPH nopJJ.ItEa C1 = ?x -t ?'J- , C2 :.7x - 7'J- B (2.7), § 2.I. 
CneKTP nceB.n;ocnHHoBHX Bos6~elllllt npH T < I c{ (npH J ).if:>.' (9 }«-
4: J,>.>, [q)) EM88T BZ,ll; 

Slt(f)= 12.!l+ h;-J1<S
2

) I>.x(f}, - (5.I2) 

r,n;e lix= (sx>Jlft}, <S2>=ft~tr, (Sx>=/;_tt,}; · 

Ilp.lI CTpyKTypHOM nepexo,n;e B8JK9H T~e y-qeT B8aHMO,ll;8HCTBIDI ~

KOH MO,IUl C aKy'CTH'!9CKHMH ql()HOH&m. B 57/ TaK08 B88.HMO,ll;8llCTBlI8 6WIO 
pacCMOTP9HO l1,71R. MO,ll;9JIH (5.6) lI 6WIO ,ll;B.HO Ka'I8CTB9HH09 o6'bllCHeHI:te 

lI8M8H9IDm CKOpOCTlI 8Byxa, Ha6JIB:u{aeM08. B l SC O. - C09,mi:H8HIDif nplI 

CTPyKTypHOM neP,exo,e. 

B pa6oTe 7213. Ha OCHOBe nceB,n;OCilHHOBOil MO,ll;8Jm (5.9) 6WIO pac

C~TaHo ce~eHHe Heynpyroro paccesi:mm: H8i1TPOHOB Ha KOJie6B.HIDIX 01 
B ueno'!Ke C41 ~ 01 . CHJII:,HO a.HI'apMOHH'!ecltltli xapaKTep KOJie6alllllt 

01 rrepnermzKyJil!J)HO U8IlO"IK8, OnHCHBaeMUX IlC8B,ll;OCllHHOBOH MO,ll;8JI1,l0 (5.9)1 
npHBO,mIT K ,ll;OilOJIHHT8JII,HOil T8MIIepa'cy'pHOtt H yrJIOBOH 8aBHCHMOCTlI. BsBe

meHHaJi nJIOTHOCTb qioHomrux cocTOIIHHH B aToi1 Mo,n;eJIH HMeeT Bz,n; 

(➔ ) t I ➔ ➔ 
G ;x:,w =N ➔ , sin2.-f! .Q{S'l) J'[w-Sl[if}], (s.r-3) 

jA . 
~ ~ ➔ _,. 

r,n;e HM!IyJII,C paccMmm x : r + <j ( -r: - B9KTop o6paTHofi pemeT-
·ror) .II <st) = ;,t2J th(Sl./li}. ~OPMYJia (5.13) Ka'!8CTB8HHO o6'bllCHll8T 

nOJ.Iy'temrue B 191•199/ pesyJII,TaTH l1,7JR. aHOMBJU,Horo-pacCMHIDI H9fiTPOHOB 

B o6JiacTH aHeprd "' 6 MaB B L $ CO H 20-;-30 MaB B 
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YB CO - coe,mi:Hemmx Ha CHJII:,HO aHrapMOH.II'IecKWC KOJ1e6rumsa: KOM-

-nJieKCOB U( - 0 It lI HS TPe6yeT npHBJJ.9'!8HIDi rmtOT88H O MarHHTHOM 

xapaKTepe paccMHIDI. 3 + .2.-t- , 
IlpII saMememm noHoB la Ha .Sr . B fo 2_x Sr-x Cu 0',-'J 

TeMrrepaTYPa cTPyKTYPHOro nepexo,n;a Td na,n;aeT no'!T' ;liefiHo c { x-.2'1) 
- K0~9HTPaJ.W8li HOCllT9Jl8ll B ;l_ p - 80H8 Iq1CJIOpo,n;a 

24 
• CorJiaCHO 

/209/, TaKali 8aBlICllMOCTb . 'f cf ( )( - l 1-) MOlK9T 6UTb o6'bllCHeHa CHJ!I:,H!IM 

aJieKTpOH-<pOHOHHHM B8allMO,IJ;ei1cTBH9t~ ,ll;HJ)OK_ B 2 p-80H9 C MfirKofi Mo.n;ofi. 

0,n;Ha.KO 8aBlICllMOCTb Tc{ OT KOHU9HTPa.IWH BaKa.HCmt KlICJIOpo,n;a 'J- , KaK 
8TO o6CyJK,ll;aJIOCb B § 2.I (CM. PHC. I6), MOlK9T 6HTb o6yCJioBJieHa lI 

,n;pyrlIMli nplI'!llHaMll. B paMRa.X MO,IJ;0JIH (5.6) IIO,ll;8.BJ19HH9 CTPyKTYPHOro ne

pexo,n;a MOlK9T 6UTI, OlllICaHO KaK yM8HbmeIDie BHCOTH noT9HUHaJII,HOro6apbe

pa B O,n;HO'!aCTli'IllOM IIOT9HUHaJI9 B (5.6), 'ITO yBeJIH'IHBaeT aHeprmo J1 
B ( 5. io) H cTa6llJllisnpyeT STY Mo,n;y npn Bcex TeMIIepaTypax: Jl. > f J,. (q1). 

B Mo.n;eJilI (5.4), (5.6) saMemeHHe Lq 3 + Ha Sy 2
t lIJllI nOJIBJieHne Ba-

Ka.HC.IIH O lI8M9HlI9T CWIOBH9 IlOCTOIIHHH9 q>KK{f,(}H 'Pn{(, e+ QK) 
TaruIM o6pasoM, 'ITO yCJIOBlI8 H9YCTOll'!RBOCTlI U ,\ ~ { (,t} < 0 OCJia6JifleTM 
corJiacHo (5.7). ' · · 

8JI8KTPOH-<p0HOHH08 B8aIIMO,ll;8HCTBll8 B MO,IJ;eJIH (5.6), (5.9) o6yc

JIOBJ18HO KaK lI8M9H8Hll9M aHeprllH 2. p 8Jl9KTPOHOB B Kl)lICTaJIJUrtl:8CKOM 

noJie pemeTKH nplI CM9ll!9HH.II lIOHOB O 12091: 

S £ r ~ - 1, 1t Ve ? .2. , (5.14) 

TaK lI MO,IJ;yMUHett lIHT9rpaJia nepeHOCa sap!I,lJ;a f pa' • ,lI,1lli op6lITaJieil 

KlICJIOpo,n;a p{7')-, p{ ~}-TlIIIa, J19JltallUDC B IlJIOCKOCTlI Cu 02. , o6a 
B3aIIMO,n;efiCTBIDI nponopwrOHaJII,HH KBa,IJ;paTY CMe~eH.IIll lIOHOB KHCJiopo,n;a 

ue'; ,._ 1<1 ft]"' '72. • ,lI,1Iii op6HTaJIH pr,(rl - THIIa np11 cMememm: 

KIICJiopo,n;a nepneH,n;ImyJil!J)Ho cBJis11 Cu - 0 ( nsrn6Hoe KoJie6aHHe) Bos-

HHKa.eT JIHHefiHoe no u ex · BsaIIMo,n;eficTBHe ,nJIJI 3cl ( X2:- t} cocTo

JIIllllt. 0.n;Ha.Ko, BO 2-M nop!I,lI;Ke no nepeHocy ,nJIJI i p-soHH, ~-tj,c( /t:;pcl 
OHO T8.RlK8 OKaSUBaeTca KBa,IJ;paTlitJHllM no l/ e K • Y'IlITHBaJi, 

O,n;Ha.KO, noHmJteHHe ClIMM8TPHH JIOKaJll,HHX nosm:tRil KHCJIOpo,n;a B OpTO

poM6H'IeCKOil qiase B L $CO lt1llI HsrH6 nJIOCKOCTH Cu2 - 02,03 B 

y 8 C O '' 'ITO ,n;aeT ,( Ue I() f: 0 ' MOlKHO BB9CTlI .mmefiHoe no CM9ll!0-

lillllM KlICJIOpo,n;a 8Jl8KTPOH-<pOHOHHOe B8aHMO,n;ettCTBHe, no.naraft U fk ·= 
=- < Ue,c) f- S'Ue" • Bocnom,soBaBilllICb nceB.n;OCilHHOBHM npe,n;CTaBJ18HlI9M B 

( 5. 9) ' 8Jl9KTPOH-<pOHOHHOe B8aHMO,n;ettcTBHe ,nJIJI HOClITSJiett B 2 p-sOH8 . 

sammreM B Bz.n;e: 

Het-r~ = L I v>-r (q} s; (f) 
P'l Ar 

+ . 
a Pr °F-tft- ' 

(5.15) 
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.1J,nfl: OU8HK11 KOHCTaHTH CBll8H a,neCI, HMeeM: 

v11 r i) ~ "- Ye 12; + /3 t}c1 ?2 
Ll pd o (5.15a) 

r.ne nocTOJmHHe o( , f> ~ 1 H ;4 - aoHHIDi ~eKC ,I(Jlfl op6HT8Jleii 
p<r[x, 'j-,) , P1i {x, i;J-) , pr, /z} • IIpH HHaKoii IlJIOTHocTH HocHTeJieii 
BJ3lUtY CJia6oii :mprumpOBRH nepBHfi 'V!eH ~ Ve MOJlteT ,naBaTI, ,nocTaTO'!HO 
C.WU,HOe 3Jl8KTpOH-qJOHOHH08 Baam.10,neiicTBHe, o( Ve f;; "' 0,1 aB, H 
8aM8THYJl nepeHopr.m:poBey tJaCTOT qic>HOHOB .I(Jlfl KOJie6amm:, CBllaammx c 
H8rH60M CBll8H C 1/, - 0 • BJlmIHHe 3Jl8KTpOH-q>OHOHHOrO B8aHMO,lt8liCTB.li!I 
B qic>pMe (5.15) Ha cnapHBaHHe HOCHT8Jl8H B OKCHnHHX CBepxnpOBO,ItmntaX 
6y,n;eT paCCMOTp8HO B CJie,IJy!O!IleM paa,neJie ( § 6.4). 

§ 6. Teop.11!! BHCOKOTeMIIepaTypHOli cBepxrrpoBOJIBMOCTH 

.1J,nfl: 06'.bJICH8HIDl M8xaHH8Ma BHCOKOTeMIIepaTypHOli CBepxnpOBO,ItHMOCTH 
6WIO npenJio~eHO 60JIJ,ill08 'lliCJlO T80p0THtJ0CRHX MO,ItSJieft, HH o,nHa H3 KOTO
pb!X .no CHX nop He ITOJiyqwia ITOJIHoro no,nTBSpJ!O];eH.11!!. Tpy,n;HOCTI, ITOCTpoe
H.11!! T00pHH CBepxnpOBO,ItHMOCTH B HOBb!X.OKCli,JJ;H1IX.CB0pXIlpOBO,ItHHRaX B rrep
ByJO OtJepe,nI, CBll3aHa C IDC CJlOmruM 3Jl0KTpOHH!lM CTp08HH0M ( CM. § 4 ). 
HaJmtme CHJlhmtX eyJIOHOBCKHX KOppe.IDIIUrtl B CHCTeMe IlOtJTH JlOR8Jlli30Ba.HmtX 

3 d - J. p BaJieHTmtX aJieKTpOHOB He rroaBOJllieT HCITOJIJ,SOBaTI, Tpa.nHUH
OHHHe MSTO,nll 80HHOH T80pmi, OCHOBaHH!Ie Ha O')]H03Jl8KTpOHHOM npH6~emm. 
B CBll3H C 3THM B03HHRa8T He06XO,ItHMOCTI, B paapa60TK8 MO,neJieft C a{Mlek
THBH!IM raMHJlhTOHHaHOM, y'lliTl:IB8.JOllUIM MHoroaoHHh!ii xapaRTep, 3HatJHT8Jlh
HY10 aHH80Tporuno CBll88li ll CHJlhH!le eyJIOHOBCRHe KOppeJIJll:UIB B CHCTeMe 
3Jl8KTpOHOB. 

IlpIIBr(lllIHaJlhl./llM BOnpOCOM npn ll3ytJeHIDI 3THX Mo,neJiefi, npe,nBapHT9Jlh
H09 pemeHHS'KOToporo Heo6xo,nnMO ,ItJlli ITOCTpOSH.11!! a,n;eKBaTHOli Teop.im 
CB9pxnpOBO,It.lIMOCTll OKCli,JJ;H!IX C09,nl!H9Hllli, .fIBJIJISTCSI BWICH9HH9 npnpo,nu oc
HOBHoro COCTOHHRII B HOPMaJlhHOH cpaae, a HMSHHO, MOlKHO Jlll paCCMaTpll-
BaTI, 3TO COCTOHHHe KaR.HOPMaJlhHYIO (pepM.II-JKH,IU(OCTI, C xopomo onpe,n9Jl9H
HOH noBepXHOCTI,ID ~epMH, llJlll 0CHOBH09 COCTOHHHS, BBli,lJ;Y CHJlhHHX 3Jl9K
TpOHHHX KOppe.n.m.unt, HM99T COBepmeHHO HO~e CBOHCTBa. Ha noCJie,nHIDID 
B08M0.1KHOCTI, Bnepooe yKaaaJI Au,nepcoH 121 , KOTOPHH npenJIOlKWl ynpomeu
HYIO O,nH030HHyJO MO,It9JIJ, 3Jl9KTpOHHOH JKH,nKOCTH C CHJlhH!IM B3aHMO,It9liCTBH8M 
ql)IYKTYauHH aapH,na H CITHHa, OCHOBH09 COCTOHHHS KOTOpoil Oil.lICHBaeTCSI 
C.IICTSMOH peaOIIBJ)yJOm.lIX BaJISHTH!IX CBll39li (PBC) Ha pemeTK9 C O,nHOKpaTHO 
3aITOJIH9HHHM.II yaJiaMH. CBepxnpOBO,nIDaOCTI, .II MaI'1'THH9 CBOHCTBa BTCIT Ha oc
HOB9 3TO:lt MO,It9Jlll o6cYJK,namTCSI B o6aope Paiica 2151. ,lCam,H9IDII99 paa
B.IITHe TSOpHH PBC Ha OCHOB9 BBe,neH.11!! OCHOBHoro COCTOHHIDI B Bli,11;9 copaa
M9pHoii .II HecopaaMepHOil BllXpSBHX qaa ~commensurate and incommensurate 
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f9; /216/) nux phases ) o6cYJK,naeTCSI B Tpy,n;ax ( en. 063 op • 
.- B 6oJiee TPa.n;HUHOHHOM no.nxo.n;e qiepMH-JKH,nKOCTHalI RaPTIIHa ,I(Jlfl CB0-

60.D;H!IX HOCHT9Jl9li coxpaHHeTCH, XOTH .II 3HatmT9JlhHO YCJIO~STCH aa CtJST 
MHOr030HHOro xapaKTepa 3cl- 2 p CHCTSM!:l BaJI8HTHHX 3Jl9KTpOHOB C 
CllJII,HOH KOpp9JlliU.II9ll. 0TMSTHM, 'ITO H9,ItaBHH9 3KCnepm.teHTH no H3MepeHHID 
yrJIOBOH 3aBHCIDAOCTll qic>T03M.IICC.IIOHH!IX CIISKTpOB C BUCORHM paapemeHHeM 

yRa3HBaIDT Ha HaJilltJHS BnoJIHe onpe,neJieHHoft noBepXHOCTH 7e¥~·H o6paao
BaHH9 CBepxnpoBo,nameii meJIH ~ Tc (CM., HanpHMep, 2 7 ) • B aToft 
KaPTHH_e, OCHOBaHHOll Ha MO,ll;SJIH qiepMH-l!tli,JJ;KOCTH, MO~ST 6UTI, HCnOJlh30-
BaHa TPa,IJ;filUIOHHaH RapTHHa KyIIepOBCKHX nap B CBepxnpOBO'AffmeM COCTOH
HIDI, o6pa.30BaHH9 KOTOP!D( HIDKS Tc o6yCJIOBJ19HO 06M9HOM HSROTOp!IMH 
6030HaMH: qic>HOHaMH, MaI'HHTmIMH B086YJK,neHIDIMH, 3KCHTOHaMH. 

B CJIYtJa9 qlOHOHHoro M9XaHH3Ma BHCOK.IIS 'fc_ MOryT 6UTI, nOJIYtJSHH 
JIH60 B CJIYtJa9 CHJlhHOli CBll3H, o6yCJIOBJ10HHOH, B tJaCTHOCTH, H~CTOiitJH
BOCTI,ID pemeTK.II nepOBCK.IITHHX ORCli,JJ;HHX Kp.lICTaJIJIOB (CM. o6aop 181), 
JIH60 oco6e,HOCTI,ID 3Jl9KTpOHHOro cneRTpa KBa8H,nBYM9PHOH CHCTSMl:l (CM. 
o6aopi/219 ) • 

06Hapy,it9HH9 aHTH(pepp0MaI'H9TH8Ma BO BCSX ORCli,Il;HUX CBepxnpoBO,nHH
Rax B .IIX ,nli3Jl9RTpHtJ9CKOM COCTOHHIDI ( CM. § 2) .II COxpaH9H.II9 CHJlhHHX aH
TmpeppoMa.I'HHTHHX ROppe~ B M9T8JlJllltJ9CROft (!a89 Lq

2
_x S~ Cu 04-

( § 2.1) (CM, TaroKe o6aop 2201) n03BOJlli9T npenJIOlKHTI, MO,It9Jlh crrapHBa
H.11!! Sa CtJ9T 06MeHa CilllHOB!IMH ql]IYKTYaumn,m:. B § 6.3 Ml:l KpaTRO 06Cy,ItHM 
MO,ItSJII, 11 CITHHOB!IX M9illKOB "J np9nJI0~9HHyJO B / 22l/. 

liaJmtJHe CHJU,HHX KYJIOHOBCK.IIX ROppeJlliUHii B MHorosoHHoii p- c/ 
C.IICT9M9 B8Jl9HTHUX 3Jl9KTpOHOB II03BOJllieT ROHCTpyHpoBaTI, paaJlH'lH!Ie MO,It9Jlll 
C. :}RQHTOHHIIM MexaHH3M~M cnap11BaH11JI, 06ycJI0!3:11e~1:1hIM

2 
rrgoeHocoM sapJI.Qaf 222~ 

MY~bTl1TIOJ!bHhIMMil-i(, B036ylK,ll;SHl1JIMM B o6oJioqRe M0,Ql1/ 2 ~ROJIJI0RTl1BHhIMl1 3JieR
TpOHH!IMll B036YJK,n0H.li!IMII (IlJla3MOH&m) (CM.' HanpHMep, 1224/ ). HaH6oJiee . 
nepcneRTHBH!IM H3 3RC.IITOHHHX MexaHHSMOB npe.n;cTaBJJ.li9TCH B036YJK,neHHe 

~~iJJlhHliX onTHtJ9CK.IIX qlOHOHOB, CHJlhHO CBll3aHHHX C nep9HOCOM 3apH,na . 
CBOHCTBa OKCli,JJ;HHX coe,nHHemm: B CBepxnpoBO'Affmeii q:aae Ta.!Olte CYI!49CT

B9HHO OTJllltra.IeTCH OT 06lltJH!IX CBepxnpoBO,nHHKOB. HaH6oJiee BaJKHOe OTJIH
tme, .IIM9RJll99 IIPHHUHil.1IaJII,H09 3HatJSH.II9 KaK C TOtJK.II apeHWI T90pHH, TaR 
.II IlP.1IJIOJK9H.lm,-3TO MaJIWI·KOppeJJ.liU.IIOHHalI nJIHHa .II CHJll,HalI aHH30TPOil.li!I 
CBepxnpoBO'Affm.lIX napaM9TpOB (CM. § 3.2 H Ta6J11IIJY 3.1). Kopp9JlliU.IIOHHaH 
nJIHHa B IlJIOCROCTll -3 at =- 20 + 30 A COCTaBJJ.liST ~ HSCROJII,KO MS~-• 
aTOMHHX paccTOHHHH, a KOppSJJ.liU.IIOHHM nJIHHa .fc..= 4-;- 6 A .naiite MSHI,me 
IIOCTOHHHOil pemSTRH B 3TOM HanpaBJieHIDI. CTOJ!h MaJlalI nJIHHa ROppeJJ.liUHH 
CTaBHT no.n; COMH9HH9 np.lI~HHe cpe,nHero noJIJl B Teop1111 Bap,Ql1Ha - Kynepa
- IllpHqqiepa (EKUI), paapa6oTaHHOil: .I(Jlfl 06H'!HHX CBepxnpoBO,nHHKOB c nJIH-

HOii KOPPBJIJll:UIB ~ z 103 ,.f. Ma.na.l! nJIHHa KOppBJIJll:UIB nOSBOJJJIST paCCMB.T-
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pHBaTI, am.TepHaT.1:IBHHe K Teop1m EKill MO,D;eJllI C JlOKaJU,HHMH napru.m, KO
TOpue MOI'JT cymecTBOBaT:& n BWl!e 7;, , a cBepxnpoBo,wIIIUie cBoitcTBa 
B Ta.KlDC MO,D;eJllDC B03mma.JOT JimllI, mme TeMIIepaTy:pll 6038-KOH,IJ;eHCaIUm Ts 
JIOKaJU,HliX nap (CM., HanpHMep 1226 •227/.). Y6e~TeJI:&IillX aKcnepllM8HTam.
HWC ,n;aHH!iX o HaJll!'IllI:r JIOKam.HWC nap BWl!e Tc n 6oae-KoH,IJ;eHcruum 
8TllX nap npll Tc B HaCTOJilllee BpeM!I, O,D;HaKO, He .IIMeeTc.a:. B traCTHOCTH, 
06HapyiKeHHaJI B nepBllX aKcnepHMeHTWC HeJIHHeitHaJI 3aBHCHMOCT:& Hc2 

OT ({- T} ( CM. pHC. 29,30). '°Topr. MOrJia 6u CBH,D;8T9Jl:&CTBOBaT:& 0 
6oae-KOH,D;eHCaIUm noJIRpOHOB (CM. 227 • B noCJie.eyIO!lleM 'a 6oJiee Tma
T8Jl:&HO IlPRI'OTOBJ18HHllX o6paa~ruc He no,n;TBep,D;HJiac:& ( CM. 9/) • 

.I(pyrHM Heo6HtJ:HHM CBOitCTBOM M8,D;HO-OKCH,D;HllX CBep.xnpOBO,D;HllKOB 
.fIBJJ.fl:eTC/l CHJl:&HaJ! aHH30TpOIIIDI meJllI, Aqb /4c ~ l,5 (CM. § 4.5). 
IloCJie,D;HHe H3M8p8HIIII 3JieKTpOHHoro KOM6HH~OHHOroJacc:,~ CBeTa 
Henocpe.n;cTBeHHO OOHapYJKHJIH 3TY aHH30TpOilHIO (CM. o5/, 9 ). IlpH 3TOM 
6oJI:&maJI BeJmtJ:IIBa meJllI .2 Llab /k 7;_ ~ 6 npe,n;noJiaraeT CHJI:&Hy!O cBRa:& ,D;JlfI 

HOCHTeJieit B IlJIOCROCTH Cu 02 • B TO BpeM!I RaK HaJIHtrn:e 1cynepOBCKllX 
nap C 3ap!I,Il;OM 2. e B CHHrJieTHOM COCTO.fIHHH / C rOTllBOnOJI6lKH!:lMH CilH
Ha?.m) He Bll3HBaeT COMH8HHH (CM. ,n;aHHHe B 9- 12 . no RMP cneKTpaM·, 
C,Il;Blll'Y Ha.itTa, H3MepeHlllll BmCpeBoit CT!)YKTY.PH,·aqxlleKTY .Il)KoaeqicoHa H 

.u;p. ), xapaKTep cnapHBamm:, s ( C opOHTaJU,HllM MOMeHTOM { = 0) HJllI 
c/, ( { =·2), ,D;O CHX nop O,D;H03HatJ:Ho HS ycTaHOBJieH. IloCJie,D;HH8 3KCne

p:m.l8HTll no H3MepeHlllll rJiyOHHll npOHllKHOBeHll.fI MarHHTHOro noJJ.fI ,.\ ('? 
yKa3llBaIOT, O,D;HaKO, Ha S - BOJIHOBOH xapaKTep cnapHBaHH.fl ( CM. 228/). 
B 8TOM OTHOill8HIDI Tor,n;a OKCH,D;HHe CB8pXIIpOBO,D;HIIKll ,D;OJilKHH: o6Jla.n;aT:& 
CBOHCTBa.MJI, onHCHBaeMllMJI 06HqHoM·,D;Byx1tor.moHeHTHOH <peHOM8HOJlOrlltJ:8CROtt 
T80pHeil C aHH30TponHoit MaCCOit (CM. § 4.2). EOJiee no.u;po6Hoe OilHCaHHe 
aJieKTpO,D;HH81.1HRH OKCH,D;HWC CBepxnpOBO,D;HllKOB C YtJ:8TOM rllI'aHTCKoro R!)H
na nOTOKa H (HJllI) qiaau CBepxnpoBo,wmtero CTSKJla trn:TaTeJl:& MO&eT Ha.itTH 
B o6aopmnc ,n;oK7Ia,D;ruc Ha KOH<pepeimmi:x l9,t01. 

B HaCTO.flm8M paa,n;eJie Mll OOcy,n;ID,i Jllifil:& HaH60Jiee BaJKHll8 T80p8TlltJ:8C
RHe no,nxo,n;u K 06'.hliCHeHlllll MeXaHH3MOB BTCII. B § 6.l o6CYlK'AaIOTC/l MO
,D;8Jl:&HH8 raM1L11:&To.mraHH B Teop1m BTCIT, B § 6. 2 paccMoTpeHH MeXaHHaw 
cnapHBaHII/I B CKCT~MWC c CHJI:&HOH 8JI8KTpOHHOtt KOppe~eit, B § 6.3 -
M8xaHH3Ml1 cnapHBaHH.fl aa CtJ:8T aHTH<peppOMarHIITHHX qmyKTY~- B03M0:11t
HOCT:& \POHOHHoro M8xaHH3Ma cnapllBaHH.fl 00CYlK'Aa8TCJi B § 6.4, 3KCHTOHHll8 
M8XaHH3M11, B TeopeTHtJ:eCKOM OTHomemm no,n;o6'lnle qJOHOHHOM:Y, paccMOTp8-

• HH B § 6.5. 

6.I. 8dxlieKTHBmrtl: rru.mJI:&TOHHaH B MOneJIH ORCIUIHOrO M8TaJJJia 

KaK o6CYlK'AaJIOC:& B § 4, 3JI8KTpOHHlle CBOHCTBa M8,D;HO-OKCH,D;IillX 
BTCII B o6JiaCTll HH3KllX 3H8prllit B036YlK'AeHH.fI MOryT 6UT:& OilHCB.Hblnpll 
y-qeTe Jimll:& He6oJI:&moro trn:CJia cocTO.fIHHH BaJISHTHWC aJieKTpOHOB B Cu 3d 
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H 02po6oJIO"l:KaX Me,D;H H RHCJiopo,n;a, o6paaYJ(lllllX IIJIOCKOCT:& C« 0 .2 B 3THX 
coe,D;HHeHimx. Ilpll 3TOM · HaJIHtrn:8 CHJl:&HllX RyJIOHOBCKHX KOppe.7llIUHil BB.imy 

JIOKaJIH30BaHHOro xapaKTepa 3JI8KTpOH!IllX BOJIHOBllX ~ He noaBOJJ.fl:eT 
ncrroJI:&aoBaTh o.n;HoaJISKTpOHHHe_aoHHHe cxeMH pactreTa (CM.§ 4.2), B 
CBR3JI c tJ:8M.60Jiee noCJie;a;oBaTeJI:&HHM IlPH nOCTp08HH.fI 3qxlleKTHBHorora
Mlt7I:&TOHHaH8. "npe,n;CTaBJJ.fl:eTc.a: no,n;xo,n; Ha OCHOBS Mo;a;eJIH CHJl:&HO:il CBR3H~ 
B KatJ:8CTB8 HYJieBoro ,B 3TOM CJiy-qae Bl16RpaeTC/l ratlHJl:&TOHHaH JIOKa.Jm30BaH
HllX Ha yaJiax pemeTRH aJieKTpOHOB, a rumeTwrecKaJI·aHeprH.fI onpe.n;eMeTC/l 
HHTerpaJiaMH nepeHoca. CJie,n;yeT OTM8THT:&, "ITO 3aIIHCb TaKoro 3qxlleKTHB
Horo raMllJll,TOHHaHa B npe,D;CTaBJiemm BTOpHtJ:Horo KBaHTOBaHHR, ROTOpoe 
o6wmo HcnoJI:&ayeTCR IlPH TeopeTHtJ:eCKHX pactreTa.x, Tpe6yeT BBe,D;eHIDI 
opToroiraJJ..irnoBaHHoro 6asnca. O;D;HOtJ:aCTHtJ:HHX BOJIHOBUX 'PYH~ Ha yaJIWC 
pemeTKU. O;a;HaKO CTaH,D;apTHHit MeTo;a; nocTpoeHH.fI Ta.KHX 'PYH~ B BH,D;e 
ipyH~ BaH:&e - JlllHeMHOM KOM6fIHawIH 6JIOXOBCKHX (pyH~lli, MaJI03qxp8K
THBeH: 'nocJie,zume BBll,n;y HX aHatJ:HTeJI:&Ho.ii ;a;eJioKaJIHaawm IIJioxo OilHCHBaIOT 
JIOKaJIII30BaHHHe 3 cf- II 2. p -COCTO.fIHH.fI Ha yaJIWC pemeTKll. B CBR3ll C 
3THM ·60J1ee y;a;o6HHM npe;a;cTaBJJ.fl:8TC/l MSTO;D; ·noCJie;a;oBaTeJI:&HOii OpTOrOHaJIH-
3allHH aTOMHllX BOJIHOBHX 'PYH~. paapa60TaH,b!it H.H. EoroJ11060BLIM npll 
ITOCTpoemm HM noMpHOH Mo;a;eJIHMSTaJIJia 1229 • IlapaMeTpOM pa3JI0:11teHH.fI' 
npu 8TOM.fIBJJ.fl:8TCR MaJiaJI BeJIH'ilffia nep~KpllTH.fI aTOMHHX ipyH~it Ha coce;a;
HHX yaJiax pemeTKn, ES = < 'i:f I Cf'Jol) , r;a;e B CJiytiae nJiocKocT_ll Cu 0.2 

➔'J:f ! 'f'Jo(➔ - aTOMHHe 'PYH~ 31 !! 2p B?JIWC M~-, 
f =- n1 C1( + n2. a~ H Kn".-71opo;a;a ~o<. = f + r~ , '.2. Lx,':I. = Q x,y • 

YtJ:HTHBaR pacmeIIJieHHe 3JI9KTpOHHHX COCTO.fIHHH B KpHCTaJIJIHtJ:eCKOM I!OJI8 
pemeTKU (CM. pnc. 32,33) B npocTettmeM IIpH6JlllJKSHHH ;a;JI.fI KOHqinrypawm 
3cl

1O 
2 p b • 'ItOTOpyid O61:ltJ:HO Bl:l6HpaIOT B Ka'!eCTBe Baeyyr.rnoro COCTOJI

HH.fI, M0:11tHo y-qecT:& JlUlli:& 3 d ( K2
- 'i() cocTO.fIHHe Ha yaJiax Me::!:'"' t~, 

u 2 p. (x, 'a-) ~ CB.fI3HBaIOlllHe op6nTan.H Ha yaJiax KnCJiopo,n;a 'J- x,:,,. ( CM. 
PHO. 34). IloCJie OIIHCaHHoit BWII8 OpToroHaJIH3awIH BOJIHOBHX ipyH~it.Ha 
coce.ItIDix Y3JIWC { f l CJ-"':} B JlllHeitHOM npH6JllilKeHlill no , c S acM>eKTHB
Hllli /raMHJlI,TO~aH MO;D;9Jlll OKCH,D;Horo MeTaJIJia MO~eT 6llT:& 3aIIHCaH B B.ll;ll;S 
(CM. 230,231/): 

H=='E,n. +'" t--ato. + f-- t lq' f.._ IJ tu J• 
l O <tJ..)/J 

-f f ;; vi nc'u n,_~ + .:L .I ~- . n i' n; , 
2 <,p J 

. (6,.I) 

+ 
r;a;e C{ j O 1 Ct i o- - onepaTOpu po~eHH.fI H YHHtJ:T0:11t9Hll.fI 3Jl9KTpOHOB 
co CIIHHOM o- Ha ya~ax pemeTKH i =- ( f, 'i}d) , E; "" { E p, E cl) - HX 

3Hepre ;a;JI.fI 2. Pr,-(X,t;-)- H 3 d ( X2-7 1 J -COCTO.fIHHit B KpHCTaJIJllltJ:90-
KOM noJie OCTaJll,HHX HOHOB, u, .:: {Up, tf c1) H vt'j = Vpcl - O,D;HOY38Jl:&
Hoe H M9JK:y3eJII,H09 RyJIOHOBCKoe B3a:m.!O,D;9liCTBH.fI ,D;JlfI onepaTop6B IIJIOTHOCTH 
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3JI9KT:POHOB ni a=~ nicr := 2a;cr a,-0 • 3TH 3Heprllll lIM9IOT HYJI9BOil: IIOp!I.D;OK 
rro E. $ , a IDiferpaJI [epeHoca ti/ == t ( T, ?jct.. ) · - rrepBIIii (lIJill 

BTOpoii wm t11', t 'J-7-' > IIOplI.ItOK !IO E S . IIapa.MeT:PU raMllJII,TOHllaHa 
( 6. I) B 3TO:lt cxeMe MOryT 6UTI, 'pacctmTo/z ll3 "II~BUX !Iplll{WIIIOB", eCJill 
ll3B9CTHU aTOMHUe BOJIHOBUe ~ (CM. 230•231 ), XOT.fI IIPll 6oJiee pe
aJilICT.lflreCKOM IIO.ztXO'A9 lIX CJie.nyeT CtmTaTI, IIO'ArOHO"'!HUMII rrapaMeTpa.Mll Teo
P.llll, IIpe,wroJKeHmrlt M9TO'A paci:i:eTa MOJK9T 6UTI, o6o6meH, 9CJIU ytll:ITilllaTI, 
IIMBJ19Hlle .zmpoK B 'APyrlIX COCTO.fIHMX, HanplIMep W1fI M9'All 3c{ {3":l:l_ r-1) 
n KHCJiopo'Aa 2 p11 (x, 'if-) , 2.p7i { l) . 

Ka.It IIOKa3UBaIOT 0[(9HKII ( CM, , HaIIplIMep / 232 ' 2r5/) , tmCJIO H93aBll
ClIMUX rrapa.MST:POB B (6.'r) MOJKeT 6UTI, COKpameHo. Ilpll 3TOM 3qxp9RTlIBH!lli 
raMlIJII,TOHllaH B ,ItllpO'IHOM IIp9'ACTaBJ191Il!lf!IplIHlIMa9T Bli,JJ;: 

·H == Ee{ 2 n.10 + f p L nCJo<cr + l if (f,jc<.} df,, PJ°'cr t h.c.j+-
fo 9« 0 <f~>r, 

+ ucl 1 n.11 1211 
f 

.,. VP" I nf rzi,,._ , 
(f,'Ja<.) 

(6.2) 

r'Ae orrepaTopu tmCJia 'Al:lI>OK Ha yaJiax f lI 'J o1 orrpe'AeJJJIIOTC.fI KaK n.f == 

= ;nfcr.== ~dfcrdfir lI fl:1oL= in:,.,cir = ~ p~~ p1.,c(f', Ee( 1 fp - .zmpo'!HUe 
3Heprllll W1f! cl- lI p -COCTO.fIHllll, Uc1 - O'AHOY38JII,HOe eyJIOHOBCKOe 
OTTaJIKlIBaHHe Ha yaJiax Me'All t .II V pc{ - Me,xyaeJII,Hoe eyJioHOBcRoe Baa-
lIMO'AeiicTBHe W1f! 6.miJKa.fulllix Y3JIOB M9'All f lI KlICJIOPO'Aa ~o( • MaT-
p.lflrHUe 3Jl9M9HTU rrepeHOCa 3~pl!.Ita t(/,'}o<) corJiaCHO plIC, 34 W1fI op6ll
TaJie:lt c( ( )(~ 'j-4) lI Po<. rr ( 0;) OIIp9'A9Jl.fIIOTC.fI COOTHOIII9Hll.fIMII! 

t{f,<J--,r(<{}}==-t{{,<J-,r[o3 )}=- t(f,chi°-9.))= t(f,CJ-1(o4))= tpd. (6,2a) 

!Io cpaBHeHlIIO c (6.I) B (6.2) orrymeH IIp.fIMOil: HHTerpaJI rrepeHoca wm 
6JIHJKa.:ltIIrlix Y3JIOB KIICJIOPO'Aa t ( Cj-x 1 </'J ) , IlOCKOJII,ey OH MHoro MeHbme 
t pc/ , H He ytll:ITUBaeTC.fI O~HOY39JII,HOe eyJIOHOBCKOe B3alIMO'A9~-

CTBHe W1fI Y3JIOB KIICJIOPO'Aa Up. XoT.fI IIOCJ19'AH99 He MaJIO (~%4 3B), . 
B ~ae MaJIOH KOH[(9HT:Pa[(llll .zmpOK Ha yaJiaX KlICJIOPO'Aa ero BKJia.D;OM 
MOlKHO rrpeHe6pe%. !IOCKOJII,ey orrepaTop ~CJia 3JI9KT:POHOB fl. ?<r 
B (6.I) CB.fI3aH C orrepaTopoM ~CJia .zmpoK n~-. B (6.2) COOTHOIII9Hll9M 
fL,e. = (I- ti~} , TO .zmpoi:i:HUe 3HeprHH £ i B (6.2) CB.fI3aHU c 
3Jl9Ki'pOHHUMll £; B ( 6. I) COOTHOIII9Hll9M: Z-[ = -( E,· -f ½) H Z p - E ,I = 
= Uc1. - ( E P - Ed} B rrp.ll6JllllKeHHll Up =. o . ~ 

OueHKa rrapa.Mei'pOB B (6.2) KaK Ha OCHOBe TeopeTHqecKHX pacqeTOB 
30HHoro_CII9KT:Pa (CM, § 4.2) H KJiaCTepHllX pacqeTOB, TaK .II IIpH CpaBH8-
H.llll lIX C 3KCII8plIM9HTaJII,HllMR 'AaHHUM.ll no qJOT03Jl9KT:POHHOH H onTMSCROH 
cnSKT:POCKOrum (CM. § 4.3) IIpHBO'AHT K 6JlllaKHM 3HaqeHMM. Tait, B pa60-' 
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TS 12321 6WIH no.nyqeHU cJie,nymui:e aHai:i:eHll.fI: .fl pci = Ep- Ec1 ~ 4 aB, 
UJ = IO aB, VpJ ~ I aB, t pd = I,38 aB, tf p = 4aB, 

npmJio:lt nepeHoc 0-0 t{gx,<iJ:,.) = 0,33 aB. ~sKHe 3Haqerum 6wm no.nyqe
llli .II B 'APyrlIX pacqeTaX (CM,, HaIIpHMep 233/). 

0TM9THM, qTo 3MepH 1234/ BnepBue yita3aJI Ha B03MOJKHOCTI, cnapn
BaHll.fI 'A!JPOK Ha ysJiax K.IICJIOPO'Aa B BTCII H rrpe,wrOJKlIJI raMHJII,TOHHaH B 
B.l1,JJ;9 (6 I), B CB.fI3H c "'ISM (6.I) HJl.ll (6.2) "'laCTO Ha3UBaIOT raMllJII,TO
~aHOM oMepH. CJre.nyeT nO'A1:J0pReyTb,O'AHaKO, "'ITO IIpH BUBO'A9 (6.I) B 
23□, 23r/ 6WI .llCIIOJII,30BaH 6a3HC OpTOrOHaJill30Bamrux O'AHOqaCTH"'!HUX 

COCTO.fIH.IIH~ .II Il03TOMY Ma.Tp.ll'rHUe 3Jl9M9HTU B (6,I), (6.2).0TJillqaIOTC.fI OT 
TaKOBb!X, BUtmCJ19HHU7 B HeopTOrOHaJII,HOM 6aaKce B IIpH6JlHJKerum CHJII,
HOH CB.fI3.ll ( CM. 1232 ) , OTO paaJillqHe, oqeB.lI,JJ;HO, He IIp0.fIBJI.fI9TC.fI, 8CJill 

napa.MST:PU raMlIJII,TOH.llaHciB (6.I), ~6.2) paccMa.T:PHBaIOTC.fI KaK IIO'ArOHO'"'!
HUe napaMeT:Pu MO'AeJill. 

Ka.It cJie.nyeT .ll3 rrpHBe'ASHH!lX o[(eHOK wm napaMeTpoB MO'AeJUI (6.2), 
ti pcf =- E. p - E. d < V cJ , .II peaMayeTC.fI aJieKTpoHHoe CT:Poemi:e, noKa3aH
Hoe Ha PRC. 36. BaeyyMHOMY COCTO.fIH.ll!O B MO'A9JIH (6.2), ROr'Aa Bee n+o-=
= tl 'Joe'. II = 0 • COOTB9TCTByeT COCTO.fIH.llS ) 3cl 10 2 p 6 > ( I Cu 1+ 0 2-) ) • 

B Ka"'!SCTBS OCHOBHoro COCTO.fIHll.fI IIJIOCKOCTH Cl( 0.2. Bb!6.llpaeTC.fI COCTO.fI
H.lle, B KOTOPOM Ha ~u:lt yaeJI M9'AH IIpllXO,ItKTC.fI no O'AHOii .zmpKe -
l3cl .9 2 p 6 > , qTo COOTB9TCTBY8T noJIOBHHHOM:y 3aIIOJIH8HlIIO 30HU M9'AH 

.Vl)KC, 36a). IlpH 3TOM aa cqeT C.llJII,HllX eyJIOHOBCKlIX RoppSJI.fI[(Hli 30Ha Me
'AH pacmeIIJl.fI8TC.fI Ha ,I:039 nO'A30HU, O'AHa K3 KOTOPUX nOJIHOCTI,D 3aIIOJIHSHa, 
a 'APyra.ff - IIyCTa (pHC, 36B). B 3TOM c.nyqae OCHOBHOS COCTO.fIH.ll8 OKa-
31:lBaSTC.fI .l4H3Jl9KT:P.IIKOM co me:1U>D ~ .1. pd, o6yCJIOBJ19HHOil: nepeHOCOM 3Sp!I
'Aa, Tu6p.l1,D;H30.[(RI! .zmpKH Ha yaJie MS'AH aa C"'IST nepeHoca aapl!.Ita t pd 
Ha Y3JIU KlICJIOPO'Aa IIpHBO'AHT K nepepaCIIp9'A9J19HlIIO 3apl!.Ita, TaK "'ITO Be
PO.fITHOCT' H~O.ll1,It8llim 'A!JPKll Ha y3Jle MS'All yM9HI,IIIa9TC.fI H,corJiaCHO pac
"'!9T8M B 232 , CTaHOBHTC.fI paBHOH o, 75 (T.e.B 3Jl9RT:POHHUX o603Hai:i:eHH-
.fIX peaMayeTC.fI KOH(!m'Ypa.[(RI! 3 cl 9,2 5 ) • TeM H8 MSHee JlOKaJI.ll30.[(RI! 

3apl!.Ita H cnKHa Ha yaJiaX MS'AH 0Ka3UBaeTC.fI 'AOCTaTO"'!HO BUCOKOtt, i:i:T06U 
B OCHOBHOM COCTO.fIH.II.ll B03HlIKaJIO 'Ali3JISKT:PM8CR09 COCTO.fIHlIS C aHTH
qieppOMarHHTHHM ynop!I'AO"'l8H.ll9M CII.IIHOB Ha yaJiaX M9'AH, !IOCJI9'AH99 OIIp9'Ae
JI!ISTC.fI a<MeKTRBHHM 06MSHHUM B3alIMO'A9:ltCTBHSM -qepea yaJIU KIICJIOPO'Aa: 

t, 
J tpd ( f f ) 

=- 4~a VJ -+ L1pd+Vp/2 (6.3) 

B~a. ero, corJiacHo o~eHKBM 12321, J" ~ 0,24 aB 6Jlllaxa K 3K
cnepRMeHTaJII,HO Ha6.IIil'AaeMoMY 3Haqemm J" = O,I aB ( CM, § 2.I). 
.lur3JISKTPR"'l9CRa.fI mSJlI,, H3M9p!I8MaJI B onTM8CKHX 3KcnepHM9HTax W1f! 
COS,ItRH(:)IDm Lci2. Cu O '1 HJilI y Bq 2 U-13 0~ 5 , B COOTBSTCTBH.ll C MO-
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I ! 

i. i 

,n:eJThro (6.2) ,n:oJIJKHa orrpe,n:eMTbC/I aHepru:eii nepeHoca,.n:onoJIHHTeJihHO cos

,n:aHHoii Ha Y3JI9 Kl'ICJIOpo,n:a ,n:1,.rprui: B CllCT9M9 C o,n:HOKpaTHO 3allOJIH9HHHMll 

ysJiru.m: Me~. CorJiaCHO paC't!9TaM B 1 232/' B9JilltnIBa 3TOil: meJIH COCTa.B

Jlff9T 2,8 aB, "ITO TaKlit9 Haxo~TCff B pasyMHOM COOTB9TCTBIIB C 3KCil9-

pHM9HTOM. 

,B TO BpeMf! Kalt ~3JI9KTPH"l9CK09 aHTmpeppoMaI'HllTHOe OCHOBH08 

COCTOlIHll9 B MO.D:9.llli (6.2) rrp,r IlOJIOBHHHOM 3allOJIH9HHll 30ID,! (no o,n:Hoil: 

.n:H1)K9 Ha ysJie Me~) He BHSHBaeT COMHeHHii, CBOiICTBa CllCT9MH rrpll IlOJIB

JI9HHll HOBIDC ,n:HpOK Sa C'l9T .D:OllliPOBaHlifI MOrYT CYI!l8CTB9HHO M8HlITbCff B 

38.BllCllMOCTir OT napaMSTPOB MO,n:eJIH ,( CM. 12ro1). ECJIH .D:HPK£.f IlOJIBJ!ffIOTCiI 

Ha P-Jf op6U:TaJIHX RHcJiopo~a u: u:HTerpaJI nepeHoca ~JIH ysJioB RHCJiopo~a 

.n:ocTaTO"lHO BeJIHK, TO MOJKHO O.l!tll,n:aTb IIOf!BJI91il19 .D:HIJO't!HOH somr Ha ysJiaX 

rurCJiopo,n:a, KOTopa,r JUilllb CJiado cMsaHa sa C't!eT cnHHOBHX KOP,Ee~u;u:ii 

C CllCT9MOH llO'lTll JIOKaJillSOBaHmrx .n:HIJOK Ha ysJiaX Me~ (CM. 7 2 ). 

0,n:HaKO STa MO.D:8Jib rrpOTllBOpetnrT 3KCII9pllM9HTaJibmrM .n:amn,IM IIO HMP: 
KaK'rroKaSaHO Ha p.rc. 56, cymeCTByeT CllJibHa/I CM3b .D:HIJOK Ha ysJiax 

02,03 · ll Cu.2 B IIJIOCKOCTH Cl( 02 B YBC O - coe~H8Hllll rrpu: 

TermepaTypax T < T5 .<>c 130 K • IloaToMy doJiee BepoHTHOfi rrpe,n:cTaBJ!ffeT

CiI KapTHHa oopasoBaHWI CllJibHO CMSaHHOI'O COCTOJIHlifI B B>U(9 CllHI'JieTa 

.ItlllI .n:HIJR.l'I Ha ysJie Me~ ll .n:onOJIHllTSJibHOfi .n:HIJKll Ha 4 OJIIDKaiJ:IIIHx K 

H9MY,Y3Jiax RllCJIOpo~a. KOTOpafI OIIllCJ:IBaeTC/I JillH9HHOfi KOMOllHau;u:e:!112351: 

pf 0: =,'; 2 PxcrI1)- p~(i (2.) - Pxo (3 ) + p~rr (4) r) (6.4) 

r.n:e Po( <r { l) -: CM31lBalO!Illl9 opOHTaJill {ct..=: X , !J } co CllllHOM () ,n:Jlff 

ysJioB l = I, 2, 3, 4 rui:cJopo,n:a ( cM. p11c. 34) • KaK IIOKaSUBaIOT KJiac

Tepmre pac't!e'l'I:l (cM. 1 232 ), aHeprIDI oopasoBaHIDI cmrrJieTa 01tasimaeTC1I 

SHatnrT9JibHO M8Hbill9 ( ~ I' 24 aB) ' "ISM aHeprIDI oopasoBaHIDI H9CM3aH

HOfi .n:HPKH B 30H9 KllCJIOpo,n:a (~2,6 aB). ,ITJ)yr.re KOH~au;u:ll .ItlllI 
l{Byx .n:HIJOK B, aJieMeHTapHo:11 JI'!eil:Ke C 4 02 ( HarrpllMep, TPllllJISTHoe coc

TOJIHHe llJill 2- .n:HIJO.'t!HHe COCTOJIHIDI Ha ysJie Me~ ( d B) llJill ysJiax -

rurCJiopo,n:a B ( 6. 4V HMeIOT doJiee BHCOKYJO aHeprmo .11 rrpH usy't!elil1u: HH3KO- . 

JI~ B030YJ1Ut9HHH MOryT He Ylll1Tb!BaTbCfl. B STOM CJIY'IS.9 MHOI'0-

30HHill1 I'aMllJibTOID1:aH (6.2) MOJKHO crrpoeKTUl)OBaTb Ha OoJiee rrpOCTOil: o,n;-

H030HHHfi raMHJII,TO!illaH: /235/: ' 

H=-tl[1-ni_u) cf1rcjo/1-nj-cr) + Jl (S(~· -tninj ). (6.5) 
/ ij) . <Lj) 

B H9M l{BIDK9Hlle CllHI'JieTa Kalt ~eJIOI'O IIO ysJiaM M8~ OIIllCHBaeTCff rrep

BHM tJJieHOM, r.n:e HHTerpaJI rrepeHoca t "' tpd / 4 pd, a odMeHHoe BsEWMo-
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,n:eiiCTBlle CIIllHOB Ha ysJiaX Me~ onpe.n:eMeTCiI B9JllltnrHOfi (6.3): 

:T ~ t~c1 /11-i<f (npu Uc1 ➔ = ) u J/t ~ (tpcl/ 4 pd}1~ I. 
TuMll.lll,TO!illaH ( 6. 5)' OOU't!HO Ha3h!Ba8Mhlll t- J MO,n:eJU,IO / 2I5/. npe.n:

CTa.BJiileT codon IlpOCTefimyro o.n:H030HHYIO Mo.n:eJU, .ItJllI (l)9PMHOHOB C Cll.lII,

HOfi KoppeJiflIJ;llefi. 0T,8TllM, "ITO 3QxIJeKTllBHllfi raMHJibTOlillaH, Ilp9.n:JIOlK9H

HHii AimepCOHOM 1
214 

,n:Jlff OilllCaHlifI COCTO!IHIDI PBC,coBrr~aeT rro Bil',ey 

c (6.5), XOTH OH HCXO.n:HJI H3 KapTUHll .n:naJISKTPUKa MOTTa - Xa66ap.n:a 

( t pcl « VcA < L1 pc( B (6.2)), B KoTopoM l{BIDKeHUe .n:HIJOK 

ocymeCTBJiff9TC/I TOJll,KO rro Y3JiaM Me~. a KllCJiopo.n:HHe COCTOJIHM UCRJID

"la.IOTCiI U3 paCCMOTPeHM. Ilp.11 STOM .T ,.._ t2 /rf J (< i: ~ t2;,c( /[!jro{- Uc/) •. 
PaCCMOTpllM OOJiee IIOCJie,n:oBaT9Jll,HO BIIBO~ I'aMWII,TOHUaHa (6.5 Ha 

OCHOBe MeTo.n:a KaHOHU"l9CKOI'O npeo6pasoBaHIDI ,nJIII I'aMll.lII,TO!illaHa (6.2) 

B CJiy't!ae Ma.Jiofi ru:6p,musau;u:u: t pc/4:. ,1 pc/ • OTMeTHM np9JK,n:e Bcero, 

"ITO B ( 6. 2) rn6p11~113filll1H d - cocToHH11ti npo11cxo~11T TOJibRO 

c JIHH9HHOH KOMOllH~eii (6.4) 0.1IUJKalilllUX K ysJiy Me~ COCTOJIHHH KHCJIO~ 
po,n:a: 

Hp-o{ = 2 ipcl :I_(d;<T pfcr + h.c.), 
f o· (6.6) 

r.n:e Pl <r ( r;, er) - orrepaTopu poJY.,n;eHWI ( Ylil1"1TO.lK9HWI) .n:HIJKH Ha ysJiax 

ruICJiopo.n:a B COCTO!IIDm (6.4). Il03TOMY B (6.2) .n:ocTaTO't!HO paCCMOTp8Tb 

Jiunu, ne somr, onpe.n:eMeMUe d (x 2
- ~., }- cocTM!illJIMH Me~ u cnMMeTp.rr

soBaHimMH COCTOJIHMMU ( 6. 4) ,n:Jlff Y3JIOB KllCJIOpo.n:a. O.n:HaKO COCTO!IHIDI 

(6.4) He OpTOI'OHaJill30BaHU, U Il03TOMY COOTB9TCTBymure aHTUROMMYT~

OHHlle COOTHomeHIDI ,n:Jlff onepaTopoB pf er , p :,,r I He IlO,rrIUHSIKlTC/I 
CTaTHCTHRe IDepMU: 

{ ~crl :1e1 1 j = P+<r p:~, + P/~, pf r = fo-cr' f 6fl 1 +; f.;; fiQ ), 

r~e [; f 1
, ft- q ,: ' 1 .ItllR OJlllJ!tafurmx f -Y3JIOB. JI,n/I IlOCTP09HIDI 

0JlTOI'OHaJill30BaHHHX COCTOJIHHH H900XO,n:HMO paccMOTp9Tb q,yIIKUim BaHbe 
/235/. . 

• ➔➔ • 

f i.Kf 1{( -ck'xq} ) <pfo =: VN I e t rK- e - 1 PKCT/1 f 
k , (6.7) 

t- (e-tKltQ_ f) f1<cr {2n 
1 

{. . i{ , ) · :i { I JJ 11:1 
I',n:e r" =- 5£n. QK1c/i + Stn QKlJ !l • Y't!llTHBBJI STO npe.n:cTaB-
JI9HHe, I'aMHJll,TOHHaH (6.2) 3anm!l9M B B,r.n:e: 
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H= E4L d~oclfcr +'i-;LP:a<ffo +-
f(J fu 

+ ud .2 n+-r n1-J- + L. "¼-1, ( J-tf" cpf'o + h. c. ) ' 
f H'a-

(6.8) 

r'Ae B3ruIM0'A8HCTBHe d- H p -cocT0Hrum H0CHT HeJI0Ra.Jil,HIIB xapa.KTep 

V - 9. t pd ""° e i i! ( {- (') r 
-ff'- N j uK• 

(6.8a) 

0'AH0Y38JII,H08 B3am.10'A8liCTBll8 vff = Vo = 1,92 ipc/ , .Ii ~ 
6.n.wKa.Hnrnx HtJ:eeK vf,ft Q. = V1 = - 0,28 t !'cl 

Paccr.ulTPRB8JI 'Aa7l88 CJIYtJ:aH CWII,HOH eyJI0H0BCK0:it K0ppeJlfIIUIB, 

tJ cl ">> ,1 p q , t pc( HCRJIIOtJfil/1 H3 paCCM0TP8lllill B ( 6. 8) BepXHIOIO 

xa66ap'A0BCKy10 Il0'A30HY Ha Y3Jiax Me~, K0T0P8JI M0X8T 6HTI, HHTepecHa 

T0JII,K0 B CJIY'ffi8 3Jl8KTp0HH0r0 'A0IIBp0BaHRH (n_ ) 1) • r 3T0r0 BM8CT0 

onepaTopoB c1>epMH BB8'A8M xa6ap'A0BCKH8 onepaT0pbl / 236 : 

cro . ou d { } Xf = cl+ 0 /1-n1_c,), xf·= fu 1-n1_rr} 

x;rr = nfa (1-: n.1_a--), X/°" = df 0 df-u, ... , C6.9); 

R0Topue oIDICHBaIOT poi;meIDie (YIDitJ:ToxeIDie) tJ:aCTIDJ; B IDI'1tHeii xa66ap'A0B

c1toil 30H8 0'Aff0iq)aTH0ro 3aII0JIH8HHl:lX C0CT0HIDW. AJire6pa onepaT0P0B 

Xa66ap'Aa 0!Ip8'A8JlH8TCH !IpaB.MaMli YMH0'1t9IDIH 

oeS' 
sff, x-f , 

oi..f'> rE; r-
X f x1, = 0 tr (6.10) 

B pe3yJII,TaTe -qero !IpaBRJia aHTRKOMMYT~ ~ HliX cymeCTBSHH0 OTJIR-' 

tJa!OTCH OT qiepMHSBCKHX. B 3THX onepaTopax 'AByx30HHHH raM!!mTOHllaH 

( 6. 8) npm11eT Bll'A 

, ou + { <io ) 
H = EJ L XJ + f p L_ P+cr P.;cr + L vf-f t xf cff, + h. c. • (6.II) 

fa T fa ff 'c, er 

Ilp8'AU0Jiar8JI T8Il9pb Ma.JI0CTI, rH6pll'A.li3~, t pc/ << L1 po/ , llC~tJ:HM B 

( 6. II) nocJie'AIDW tJ:JISH c noMOl!lI>IO 1taHOIDitJ:ec1toro npeo6paaoBaHRfi H = 
s H -s 

= e e , rAe 
1 

. [ -,. 00 s = - '> v11 , cf fa- x J, - h. c. J . 
,:1 pc( -fl I (J T 
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Tipn y-qeTe tJ:JieHOB TOJII,RO 2-ro nopii'AKa ~ V; / 4 pd H V0 V1 
/ L1 p<I 

npeo6pa30BaHHIIB raMHJII,TOHllaH npMMeT BU'A: 

H = Ho+ H1 , (6.12) 
• 

~ '\' lfo ~ , rl. t ;f; "' ·~rx 110 v O ,r + ) 
Ho= Eo[L xf + EpL '±'fo-:t:flT+ t L, f /If' - Pfcr 'Ff'o ' 

fc, f<r ff<r· • (6.12q) 

v. 2 
, r·~f ,.,;: xiiu ;:,_+ - ?er) 

H = _Q... L ':r'frr "i'f a= f - ':t:'icr pfu Xf + 
1 4 pct f,r • ' 

V, V-, ) { + A; ( ifu ifrr) x+ - ( i=ri er?'} ( 
+ ; L ~f<f "1/o \ + \ 1 - 'i'frrcpf'a- Xf + \ 1 J , 

pcf ff'o-
(6.126) 

r'Ae ~ ::: - u. YtJ:eT rH6Pll'All3~ BO BTOp0M nopH.IUte B (6.12) 

npHBO~T R ,I03yM p - d aoHaM c nepeHopllfflP0BaHHHMl1 aHeprron.m 

£J = Eo1- Sf H lp = ff' -t 5£ , r'Ae SE=: v: /t1pc/ , nmpIDia 

K0TOpHX O!Ip8'A8JlH8TCH llHTerpanOM nepeHoca ~ ' .,_ . ' A, 

t = - Vo v1 / LlpcJ ~ o,s(t pc/ /Apd}, . t_ « f pd. 
IlpH 3T0M rH6pll'All3a.rntlI !IpllBO'AHT K YB8JllitJ:8Hll!O l!l8Jlli MeJK.JJ.Y ypOBH.f!MH: 

'?P - 'i" °" Ll pc/ + J S £ • Baam.to'Ae:licTBHe ,IUIPOK B aTHX 3oaax onpe'Ae

JIHeTCH corJiaCHO ( 6. 126) JllllllI, ROppeJIHJ.ll18ll CTil1HOB wm p- ll cl - coc-

TOHH.IW B O'AffOM ( ,v V: I <l f d} .Ii coce,n;HRX f' ~ ft Q. { ~ Ya V, I;::,, rJ} 
y3Jiax !Ip.Ii g)IIKCHPOBaHHO:it B8Jlli'!HH8 3ap.fl'Aa (CM. Ta.RlKS 1237

/). 

AHa.JIH3 CilSRTPa B036ylK,ll;9H.IW ~ ra.MWlI,TOHHaHa (6.12) Il0lta3H

BaeT, '!TO IDISJIIID/l COCT0HHll8M CllCTSMU npH Ma.JIOH ROHD;SHTP~ 'AH

polt B p -3088 HBJIHSTCH CHHI'Jl9TH08 COCTOHIDie 'ABYX .ItHPOR Ha Y3Jl8 

Me~ H 6JIWKa.Hll1HX y3Jiax KHCJIOpO'Aa•B C0CT0HHIDI (6.7): 

-t _ _j_ (xto + JO +) 
ffs Jo> - V1 f <Pf{, - xf <pff Jo). (6.13) 

TpHUJI8TH09 COCTOHIDie, a Ta.Kllte COCTOHIDI9 'AByx ,IlhlP0R B• cf- WllI p
Y3Jlax ID/!SIOT 6oJiee BHC0KylO :meprHIO, H II03TOMY raMWIT,T0HHaH ( 6. 12) 

MO]KHO cnpoeRTHP0BaTI, Ha 0,!1H030HHblll ra.MHJII,T0HHaH (6.5), OIIBC!:lBa.JOOUili 

'ABIDK8Hll8 CHHI'Jl8TH0ro ,IUIPO'lHOro COCTO.fIIDIH {6.13) C IlOMOl!lI>IO onepaTO

poB poi;me~ H yIDitJ:ToxeHWI RBa3HtJ:aCTIDJ; B Bll'A~ Q f O -= 'f fs X /
0 

· , 

Q f'J == ;(f '-f f s C liHTSrpaJlOM nepeHoca t . TaRHM o6pa90M, 

,I03IDK8Hll8 CHHI'JlSTa B t - J MO'AeJIR COIIpOB0'1i,ll;a8TCH YH.li'!J'.TOZ8Hll8M c/ -
-,Il,Hp0R ( X/v-) ll p0'1i,ll;9Hll8M CHHI'Jl9TOB (6.13), B CBHSH C '!SM KBa3HtJ:aC-

T.imH 'ito , q fer M0JKHO paCCMaT?RBaTI, Ralt 'W,CT.imH co CIDIHOM 

- I/2 B Hl1~He¾ xa66ap,rioBcRofi 30He . d -T11na. 
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I : 

IIpeHeOpSJKemre rrepeHOCOM 8ap.ll'Aa B (6.12) H Y'!ST TOJU,RO CIIHHOBUX 
ipliyRTYanml B p-cl MO,neJUI (6.2) MOiKHO CTporo OOOCHOBaTI:, JllilllI, B 
rrpe,ne.n:e Ll pcl >-:>• t pd • B TO xe BpeMlI ipliyRTyarum sap.ll'Aa Ha ysJiax 
Me,u1 orpa.HH'leHa yCJioBHeM U o/ >-:> .4 pd, t pd , RoTopoe BllIIOJIIDieT
Cff ,nJiff ORCH,nHllX CBepxrrpOBO,nHHROB 8Ha'!HT9JII,HO .rzytmle, 'ISM YCJIOBHe 
Ape{ >> tpJ. IIoaTOMY raMHJII,TOHllaH (6.2) (HJUI (6.8)) MOlKHO yrrpoc

THTI,, HCR'JIIO'lllB ns paccMoTpemm: TOJII,RO .nByxRpaTHO saIDITue d -coc
TO.ffHIDI ( :3d8

, HJUI Cu 3 + ) • ,ll;Jm_ aToro MOiKHO Bocrrom.soBaTnCff RaHo-
. ~ s s 

IDNecrurM rrpeoopasoBamreM IllpHqxpepa - Bomqia: H = e H e --
c onepaTopoM 

S =- _I_ L { f (fl 'Jo<) xt' t-crrr 1 P<J"'<r' - Ii. c. ), 
Ut{+.E,1 ff} 

r,ne xr--= dtrr nf-u , EN::: - E.,jt == 1 , Lorr = 0 • Bo 
BTOpou IIO~Re )IO s ,nJiiI a@leKTHBHOro raMHJII,TOHHaHa IIOJiy'laeM ( CM. , 
HarrpHMep /238/) : 

H = f._~ 2- N+ +- £p 2. n_i + 2 t ({,~"'-} f x{0 

p',}cr + h.C.) + 
f 'j- f9 tf" 

.. + r 2 J+a. i s+ sq_ - 2 ~ n i J .,. > 
f';} er a _ (6.I4 

+ L Jin' { Xfcr Pt? Pttr - x:(J"" P;cr P,1cr) 
f,',}c/3 I 

- f oo ➔ ptrl 
r,ne Nf = ~ x;/J, tl~"' ~ n:,:~ I i = 'Jo( j ~ ==1l, X+ ()ucr' x{ J 

- f u + ~ 

s';} = 1 ;;, P :J'1" 0-ff, P'J 01 - orrepaTOp!,! 'lllCJia '!aCT~ 
n cIIHHa ( o rrrr , - Ma.Tp~ IIayJUI) Ha ysJiax Me,nn f H RHCJiopo-
,na 'Jo{ COOTBSTCTBSHHO. 3@)9RTHBHUe .nByx- ll TpexysemHoe B8aHMO-
,neftcTBIDI orrpe,neJIJilOTCff COOTHOlliSHRIIMH 

J - [ t (I, 'J-,x. )f 
N - uc1+ ld ' 

J _ t!f, ~ «) t U1 'J-'" J . 
f<J-'J' - · Vcl + Ec1 (6.I4a) 

BBo.wr t~ BaHne (6.7) raMHJII,TQHHaH (6.14) MOiKHO sarmcan B Bll-
,ne .nBYXSOHHOil p-d Mo,neJUI, RaR H· (6.8), r,ne CYMMll_PoBamre rrpoBo,nHTCff 
JllllllJ, no Y3JiaM rrom,emeTRH Me,nn f . B OTJillllll9 OT (6. 8) B ( 6. I4) HC
KJUO'l9Hll ,nByJOUipO'lHH:9 COCTO.ffHIDI Ha ysJiax M9,nll. lfx Y'!ST B BH,ne BHpTY-i
a.Jll,HllX rrpo~eccoB C IIOMOillI,D RaHOIDNSCROro rrpeo6pa80BaHIDI ll orrpe,neJIIIeT 
B8a.n:Mo,neiicTBIIe CIIllHOB ( 6. 14a) • BsaHMo,neil:~TBlie CIIHHOB B . p- d 
Mo,neJUI ( 6. I4) , RaR H OOMeHHoe B8aIIMo,neil:CTBll9 B t - J MO,neJIII ( 6. 5) , 
'IB.CTO pacCMaTpllBaDT RaR O,nHH H8 B08MOJKHllX M9X8Hll8MOB IIO.ffBJISHIDICBepx
IIpOBO,wmuDC ROppe.n.rm,rn, ROTOpuil M!l paCCMOTpHM B CJI9,eyIOill9M pas,neJie. 
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6. 2. CBepxrrpoBO.UHMOCTI, · B MO.USJ!JlX c ClIJlJ,HOH ROpp9JllI!!Heft 

CUJII,Ime KOppeJIIT[(IIU B Me,nHO-OKCH,nHHX BTCII, o6yCJioBJieHHHe OOJII,
iliOH BSJlli'llrHOii o,nHOY88JII,HOrO eyJIOHOBCROro B8allll10,neifoTBiIJI Ha ysJiaX 
1,1e,nH:, UJ ~ Jjpd' tr1 B (G.I), (G.2), IIplffiQ,nlIT K Heooxo,nHMOCTli pac
C!,,'!a.TpHBaTb OT,nSJll,HQ IIO.nrrJ)OC'rpaHCTBO o,nHOKpaTHO u ,nByxKpaTHO saIDITUX 
d - cocTonrurii, pas,neJieHHHX :meprneii · U d • B 3TOM ~ae Bl\-~ecTo 

r;'9pM1:IeBCKI1:X onepaTopoB Ha ysJiax Me,nir y,no6Ho BBec•.rn orrepaTop!:! Xa6-
6ap,na (6.9), noJiaraJI 

t- J+ . .. xoO x..211 dfQ = dio (1- fJ( .. ,,) + io '2/-o 7 ; + c, i 1 

· o-o 
0
J6,I5) 

r,ne o =- { +, -} = ( t, • J. OnepaTop )( i u corrpru;teHH!fil eMy X l = 
= (X0") t = cf. l O / 1- /?j .. r,) ,nefiCTBYST D IIO.nrrJ)OCTpaHCTBS O,nHOiqlaTHO Sa_; 

- x2r x~2 c· . !UITUX COCTOH!llili, i , i - .n_ByxRpaTHO 8aH.ffTHX. IIOMOillI,D orrepaTO-
poB ( 6. 9) rar,mfilTOHIIaH t-J rr.o,neJIH ( 6. 5) MOlit8T OllTI, samICaH B BU

,ne 

:::- \x~OX•ou_ \ _lfu+l.I(x~o=x_ifrr_·x.lf"x.o=ci) 
H t !:,, L J f{ .(-, XL 2. .. , J L · J ' ( 6. I6) 

LJ ,u llf lJ,O 

r,ne BBe,neH X.fil,IIIOTS~aJI fl , orrpe,neJIIIDl!!IDi IIQ.,'IQ.lKSHlre ypOBIDI <I>epMH. 
BeJUI'I!IHa ero HaxO,IUITCil Ir8 ypaBHSHWI ,nJllI cpe,nHero 'llICJia tiaCT~ B 
Hlli!tHSli xa66ap,noBCROll 80He n. ~ -f 

- j_ ) < xrr<T 
ll -:- N 7ir t ) ' ( 6. I7) 

r,ne N - 'lllCJIO ysJioB pemcTRH. . 
Km.'11,zy-T~OHHlle cooTHomem1,( ,nJiff orrepaTopoB Xa66ap,na, orrpe,neJIIIe

Mble rrpaBHJI$.Mll yMiio;iceHIDI (6.IO), IIMeDT 6oJiee CJIO.lKHHH mm, .'leM ,nJIII 
orrepaTopoB wepMU. B CBil8II C 8TIIM B!,!'llICJleHHe 1wppeJllllU10H!illX qjyl!Kiurn 
OT onepaTopoB Xa66ap,na Tpe6ye? rrp11aJiel!eH11H Bec1,1,'!a c-!lolillioii ,rumrpa.M
M!iOil TSX!UIRII ( CM. , HaIIpIIMep 23~/) llJlll BBe,nemm .I{OllOJIHllT9JII,HllX IIO
Jieir - BcrroMoraTefilHUX oosoHoB, OTpaJKaIO!llIIX orpaHH'!eIUre qiasoBoro 
IIpOCTpaHCTBa '!aCT~ c CHJII,HOH Koppe.7llIW!eil (CM., HarrpIIMep/240, 21411. 
E!,!JI paspa6oTaH.TaIOKen ~ !!JlIIOJIWKSHHllX MeTo,noB ,nJllI Y'!STa cHJII,HUX 
Rappe~. HarrpIIMep~ B 2417 y'!ST RoppeJIIIUIIii B t- :J MO,neJUI Q!,!JI 

l:IpOBe,neu Ha OCHOBe BapII~OHHOro rro,nxo,na, B ROTOpOM llCIIQJII,3yeTCff 
rrpoeKUHoHHUil onepaTop I'yr(BllJIJlepa 

P = IJ ( 1- Tliu f'li-cr), (6.IB) 
l 

IlCRJID'lalOIIlllli ll8 paccMOTp9HIDI ,IJ;ByxiqlaTHO 8aH.ffTll9 COCTOHHIDI. Ilpll 8TOM 
Roppe.JllIWI~HHHe.q,ya~ ,nJiff cncTeMl:l c CllJ!I,HOfi Ropp9JilIUllefi y,naeTCH: 
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srum:caTI> trepes o6u'llille cpepMrreBcKne Koppe.mmnoHHHe q,yliKWlli, KaK, 

HallpID,mp, 
ao ocr- . < d+ d. > < X· X · > = at iir J rr o 

' J <I · (6. 19) 
r)l;e 'Jt -= (1- 12) /(1- n/!l), a <: ... >o Birn:ICJlll9TCf.l Wlq CHC-

T9MH CB060,ItHWC cpepMIIOHOB. Bll'IlICJleHIIe cpEi,ItHeit KHH9THtI9CKOH aHepnm 

B (6.5) HJIH (6.16) corJia.CHO (6.19) rrpliBO,nIIT no cymecTBY K aqipeKTim

HOfi nepeHOpM!rpOBKe HHTerpaJia nepeHOCa -t --?" t == 'Jt- t: . IlpH n.. ➔ 1 
npOHCXO,nHT pesKoe Cy,Kemre 30Hl:l t ~(1-n.)it-~ 0 H JIOKaJlli3a.:r:w,r RBa.3H

tiaCTHU. 

IlpH HCCJie,noBamm o6MeHHoro IisaHMo,neHcTBIDI B t -J uo,neJIH ( 6. 5) 
HJlli (6.16) tiaCTO noJlb3YJOTClI ~e~CTaBJ19HII9M onepa.TopoB P0l!OJ:9IDID ll 

YHIItITo:aemm CHHr.il9TH!iX nap 2 O : · . . 

t 1 ( , t ·d t _ _, + J-t ) g .. _ t e .~ ) + 
f,i.J -= V2 °'it J.J Vll,I J'f ' 'J - 'J , (6.20) 

C noMOil!I>IO STHX onepaTOPOB o6MeHHOe B38J1:MO,neiiCTB!Ie 3aIIBCI:IDa.IOT B Bll)J;e 

( 

➔ ...... f t Jl S•S.--n-n-) = -J1 B,, £ .. 
, . l J 1, I J • . ( j lj • 
'J 'J. ' 

(6.2I) 

PaccMaTPHBa.fI Tenepb STO B3aHMO,Il;9HCTBH9 B npH6JlID!(9Hllll cpe,ItHero noJLq 

tr': . g .. - < 6: · > B · . + 6:. < 6 .. '>· 
LJ 'J 'J lJ lJ lJ/ 

(6.22) 
n Y'llITl:IBa.fI nepeHOl)Ml!POBKY KliH9TlitI9CKOii aHeprHII corJiaCHO (6. I9). 
rru.WII,TOHIIaH i -J MO,Il;9JIH MO.lKHO sarrncaTI> B CTaH,napTHOM ,nJIFI T90pllll 

EKill BH,ne. IlpH STOM nORBJleHIIe H0HYJI0Bl:lX pemeHIIi1 ,nJIFI aHOMaJII,Hl:lX cpe.n-

H!IX < 6 i~' ) • HIDKe H8KOTopoi1 TeMnepJTijJ Tc cBRsUBaeTCf.l 

Jl!I60 c B03HIIKHOB0HII0M PBC - COCTORHlfil 
221 , JIH6o, B /eKOTOpl:lX pa6o

Tax, c noRBJieHIIeM cBep.xnpoBO,Il;l-!l!OCTU ( CM., Hanpm.mi242 ) • 0,ItHaKO npH

HRToe B STHX pa6oTax npH6JIIDiteHIIe cpe,ItHero IIOJIJi ,nJIFI CHCT8Mbl traCTHU 

c cUJibHoii Koppe.mmneii ytJilTHBaeT HeqiepMHeBcrurn xapaKTep aTHX traCTHU 

JUIDII, "B cpe,nHeM", HapymaJI cTporoe yc.iIOBHe OTCYTCTBIDI ~yXtiaCTHtIHI-lX 

COCTO!IHHH B 0,ItHOM ysJie ( CM. ( 6. 33)). 3TO nplIBO,nIIT K HenpaBUJII,HOMY 

no,nctrezy tJilCJia B03MO:aHHX COCTORHllli B O,ItHOM ysJie ll HenpaBUJII,HOMY 

ypaBH0HHIO ,Il;JIR cpe,nHero tJilCJia traCTHIJ; (6.17). IlpH6JIIDK0HII8 Tlllla (6.I9) 
HCRJllO"'IaeT TaKlKe ll3 paCCMOTpemm KUH8MaTIPieCK08 B3aHMO,Il;0HCTBH8 ( CM. 

. (6.32)) H, IIO-BU,IUIMOMY, npeyBeJintIUBaeT Cy,it0HII0 30HH, t = ~t t -"I D 
npll n ~ 1 • 

B CBR3H C STID,llI H8,Il;OCTaTKa.M!I Teopllll cpe,nHero IIOJIR .ItJllI o6cy',me
mm: B03MOJKHOCTH CBepxnpOBO,IJ;mitHX cnap!IBa.HH:lt B MO,Il;8JIRX C CHJibHOli · KOP- ! 
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peJI.fll.\lf8M' ( 6. 5) llJllI ( 6. I6) ' MH BOCIIOJlb3Y0MClI 6oJiee CTporHM M8TO,Il;OM 

ypaBH8HIIli ,Il;BIDK0HIDI . ,Il;JIJi qJYHicrurii IpHHa, nocTp09HlillX Ha xa66ap,noBCKHX 

onepaTopax. Ilp!I6JIIDKeHHOe pemeHHe 6y:neT IIOJIY'I0HO Ha OCHOBe MeTo,na 

npoeitTHpOBaIDID Mop.u, 'KOTOpl:lil aBTmi!a.THtI0CKU Y'lliTHBaeT BKJia.n Bcex 

B3aIDAO,Il;0liCTBllll B npH6JIHJKeH:im cpe,nHero IIOJIR, He Hapyma;i: O,ItHaKO CTaTHC

THKY HCXO,Il;Hl:l7 on7aTopoB. 

CJie.ny;i: 
243 , paCCMOTpm4 O,Il;HOtiaCTH'IHYJO iaa.TplltIHYJO qiyHKIJ.llIO IpHHa 

~x. Jx. » «x. Jx.)) 
I J l · J 

[ 

oo ao ocr oif j 
Gr (t-t'} = << IJJcr {t} j <f,0 { t;, =c . • · _ _ ) 

J J « x~ol x~o>) ~ x<:o Ix?")) (6.23) 
. ' J I J , 

rrocTpoeHHyro Ha onepaTopax HaM6y~ 
. oa-

~i~ 0 
( ;~?o) , _+ ~ (x?o x?if) 

lfJ If ' J (6.24) 

,llHarOHaJII,Hl:l9 Ma.Tpll'llille SJI0M0HTH B (6.23) onpe,neJlfilOT HOpMaJII:,HH9 CJ!YHK;::. 

IUill IpHHa, a H0,D;HarOHaJII,Hl:l9 - aHOMaJII,ID,10 CJ!YHKlUlli, KOTOpl:le n03BOJlfilOT 

Bb!tIHCJlllTI, KOppe.mmnoHHHe CJ/YHKlUlli, CBR3aHHH9 co CBepxnpOBO~lllHM cnapH

BaHHeM. B (6.23) npnF.JITH o6wnme o6osHatremm .ItJllI sanas,IJ;HBa.HIY,! .nB;x
BpeMeHHHX qJYHKWrn IpHHa, BBe,neHHHx EoroJllo6oBuM·H TR6Jl!IKOBIDK 244 • 

BocnoJlbsyeMM ,naJiee MeTo,noM ypaBHeHllli ,nBHJKeHIDI ·,IJ;JIR orrepaTopoB 

':1:' i O / t) B npe,n;cTaBJieH:im reilseH6epra, KoTopue sanmneM B BH,ne 

i Jt. 'i',6 /t) :: [ ~-0 , HJ "" ; A;~ Yleo: /t) + z,0 /t) . . (6.25) 

3,necI> nepBHfi tIJieH, ·JIHHefiHHft no Ha6opy orrepa.TopoB (6.24), orr.ucHBaeT 

B ,nyxe npoeKl.{llOHHO}i T9XHHKU MopH BpeMeHHyro 3aBHCHMOCTb bnepaTopa B 

a~KTliBHOM cpe,nHeM noJie, a IIOCJie.Iirurn 'IJI0H onpe,neJIReT HeynpyrHe 

npo~eccu pacceRIDID. OH HaxO,Il;!ITClI H3 YCJIOBHH opTOrOHaJibHOCTH ero one

paTopy B npaBOli tiaCTH ~ IpHHa (6.23): 

+ + +. >- 0 <1:2,6', ~i~~),,. <ii:<J'lfi<r + 'fjcr lier - . (6.26) 

YtmTHBaR aTH yCJIOBWI H onpe,neJieHIIe ( 6. 25), ,nJIR MaTPHIJ;El (Ai~ ) o< p 
IIOJiytiaeM CHCT9MY JIHHeihmx ypaBHeHHfi 

l (Al:) -<r, < { Y'eo, ·r/~ )),sr = < ! [ ~(fl I-/ J, lLs;Dolr,(6.27) 
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r.rce ex. ( f,) ==- 1, 1- --Ma.TJ).II'Illli0 .llg!{e'°u i COOTB0TCTBim c ( 6. 23). Pe-

meIDie 8TOli CHCT0MI1 pacCMOTJ)0HO B 243 • r.n;e IIOJIY'l0HH mmue BHJ)aJ!\0-

HIDI WlfI HOpMaJII,HOil: {A~ ) 11 H aHOMaJII,Hoil: (Aij) 12 itor.moHeHT 

Ma.Tp~ tJ:epea KOpp9JlllI(HOHHI19 qiyHKIUIH OT xa.66a.p.IJ;OBCKHX orre;aTopoB. 

8TH KOMIIOH9HTI1 OIID9,It9JIJUOT, COOTB6TCTB9HHO, HOpMa.JibHyIO f23 Ha.HO-
- (T I 

MaJII,HyIO ( CBJI3a.HHyIO co mem,ro) ,1 'l COCTa.BJllIKI.llll9 CII9KTpa O.IJ;HOllaCTMl!-

lfilX BO36y,memtii: 

u (A (>) ( er , ➔I ➔ -:' Jlq = i.i 11 + L A;e )11 e 'l/ t-t.} 
e ' 

a- { er ➔ .... ➔ (6.28) 
4 ➔ = A··) + L (,4'') i1{t-i} q ll 12 ;e 11. e 

e 
➔ 

r,n:e cyMMHpOBa.HHe T70 f Be,ICSTCSI ITO 6.JimKa.ihJnrM coca~.!. Y'l!HTh!-

BaiI B IDI3Ill9M rrpn6Jimicerur11 Jilllll1, rrepBUi1 tJJI9H B ypa.BH9Hilli (6.25). ,It.7lfI 

HOpMaJII,HOR H a.HOMaJll,HOli qJypI,9-KOM!IOH9HT qiyHKIUIH lpHHa (6.23) IIOJIY-

'IHM !IpO CTI19 Bb!paiK9HIDI: 

oo- I (10 (f <<X ... X ➔ >> = <n.) '1 -9 l.v ~l 

G'o j o-o er 
<< Xcj X-cf »w =c -·<Qi> 

u· 
w+.Qcj-ft 
w2.- ( Ef}2· 

Cl 44 
~ 

w2 - (E; r 
r~e CII9KTp O,ICHOtJ:a.CTlltJ:HllX B036y,K,I(9HHH orrpe.n;eJl!IeTCSI ~ail 

(J f a- ):t c; .2. l 1/1 
E <{ = L ( Jlf - /'t + I Ll q I J • 

(6.29) 

(6.30) 

oo <fu (6.31) 
B rrapa!.lfa.I'IDITHOM COCTOJIHIDI <or>= < X; + X; ) = 1- n11 1 

r.n;e n. ~ 1 - cpe,n;Hee 'l!HCJIO MSKTJ)OHOB Ha yaJie, orrpe.rceJ1JieMoe ( 6. 17) • 
AHOY.a.JII,Hhl9 KOppeJlllI(HoHHh!e !WHKIUIH B ( 6. 28) y.rcaeTCSI Bll'l!HCJillTI, 

tJ:epea O.IJ;HOtJ:8.CTHtJ:Hy!O qJYHKIUIIO lpHHa (6.30) n IIOJIY'l!HTI, YCJlOBH9 Ca.MO-

C•)rJiaCOBa.ImlI ,It.7lfI !WHKIUIH Llc; B Bll,IJ;9 

1 , L1 it [t ➔} J / ➔ .... } J + I £ it 11 c; = N 1::: E ➔ r {K + - r 1<+1 ui 1r · (6.32) 
" I< 

r.n;e .IJ;JllI IIJIOCKOli KBa,Iql8.THOli p9Ill9TKH r ( i(} = 1 [ Go S Q k' 'i +. Lo S Q K ~] • 
IIepBilli tJJI9H B ( 6. 32) "" t OIIHC1!Ba9T TaK H8.31!Ba9MOe KHHeMa.THtJ:eCKO9 

B3ruIMO.IJ;9liCTBH9, o6yCJIOBJ19HHOe H9q>epMU9BC~ 7apaKTepoM KOMMYTawIOH

Hh!X COOTHO!ll9HHH .IJ;JllI orrepaTopOB Xa66ap.n;a 245 • 3TOT BK,lla.IJ; He !IOJIB-
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.7Lq9TCSI, 9Cllli HCIIOJll,3OBaTI, rrp.r6JllIJK9Hll9 THIIa ( 6. 19) ( CM/240, 242/). 
IlTopo:il: tJJI9H B ( 6. 32) ,v J o6ycJIOBJ19H o6MeHHHM B3am,1O,e:ltcTBHei H 

IIM9OT TOT ;i.e Bli.IJ;, 'ITO II B T9OpMX cpe.n;Hero IIOJllI ( CM. 240,242 ) • 
Ypa.BH9HH9 (6.32), O.IJ;Ha.KO, H:. qilffiCRpyeT CllMM9Tpm:J (JJYHKIUIH L1f, 

KOTOpaiI orrpe,IteJl!IeTc..q CUMM9Tl)H9H OCHOBHOro COCTOJ:Illlm IIPH HaJIHtJ:IIII · KOH

,neHcaTa KYIISPOBCKHX rrap •. 06UtJ:HO paccMa.TJ)HBaJOTCSI ,ICBa THIIa crrapHBa

HMJI, :; _ BOJIHOBOe, L1 5r = dsYff},H d- BOJIHOBOe, A} = 

=°Jd (loSQKx- ~sat:ra,) • I3H6op CUMM9TJ)IDi crrapHBaHim MO.lKHO c,neJiaTI,, ytUI

THBM CTporoe orpaHH-qerure B MO.IJ;9Jill (6.16) Ha tJilCJIO 8JI9KTpOHOB (.IJ;HJ)OK) 

Ha o.IJ;HOM yaJie • .Ii,mI orrepaTopoB Xa.66ap.n;a cor.11acHo (6.10) aTo yCJioB.re 

IIPIIBO.IJ;MT K CTJ)oroMy pa.BeHCTBy: 
u er 

< x.(fo X .ii'o :. () == <-Qi) L Ai: 
i l ) N ➔ 2E➔ 

I< K 

u 
t/2 EiZ = o , 

J.T 
(6.33) 

corJiaCHO KOTOpOMy B O,ICHO3OHHO:fi MO,It9Jll! (6.16) OTCYTCTBYIOT KYII9POB

CKM9 rrapu Ha O.IJ;HOM yaJie. KaK BU.IJ;HO, YCJIOBH9 (6.33) He MOlKeT 61:!TI, 

y.IJ;OBJ19TBO1)9HO .IJ;JllI S - BOJIHOBOrO ~rrapMBaHHJI, L\ .s '( ( i} , HO 

a.BTOMaTHtJ:9CKH Y.ICOBJ19TBOPJI9TCSI .IJ;JllI cf - BOJlHhl. CJI9.IJ;OBaT9Jll,HO, tJ:TO6U 

He HapymaTI, ycJIOBll9 OTCYTCTBM .ICBYXtJ:aCTll'IHl:!X COCTOJIHHH Ha O,ICHOM yaJie 

B Mo.rteJill ( 6. 16) , Heo6xo.rc.0:Mo rrpe,ItIIOJIOJKHr b d - BOJIHonoil xapaKTep crra

pHBaHIDI. Ho B 8TOM CJlytJ:a.9 KHH9MaTMtJ:9CKO9 B38.HMO,It9MCTB.ll9 BKJia.IJ;a He 

,naeT, BBII.DY opTororraJII,HocT.0: s- .II d - !WHKUI!ii, H ypa.BHeHne .IJ;JllI 

d - cocTOJIHIDI (6.32) rrpnHHMaeT BU.IJ; 

.!_ =- J_ L ( cos a l(x - C o~_q_K}jJ2 tJ.. E "i! • 
J N i! E it J..T (6.34) 

Pemerure 8TOro ypaBH9HIDI H9O6XO.IJ;IIMO rrpoBSCTH COBMeCTHO C ypa.BH9HH9M 

(6.17) .IJ;JllI XMMIIOTem:ma.11a 

n.. 
1- ll/J. 

i_ L (1 - ,J]_-;z - /t t/i Ei!) .; 
N il Ej/ 2.T (6.35) 

OTM9THM, 'ITO Ma.KC.HM8.Jll,HO9 3HatJ:9IDI9 ,It.7lfI CYJ11MU B rrpa.Boii tJ:aCT.U Pa.BHO 2. 
{ npu r:,o, ft') 1t1<1(/Jl.K/), TaK '!TO yCJIOBHe fl-~ 1 3,It9CI, BlillOJIHJI9TCSI 

a.BTOMaTlltJ:9CKH • .Ii,mI O!Ip8.IJ;9Jl9HIDI TeimepaTYPI:! Tc , HlllK9 KOTOpoU BO3-

MOlKHI1 H9HyJI9BI19 pemeHIDI ,It.7lfI meJill, 11 c{ =I O ' .IJ;OCTaTOtJ:HO paCCMO,T1)9TI, 

pemerure (6.34), (6.35) B rrpe,n;eJie f1o{ ➔ o , Ei! = /Jl.; -·;If.). KaK 

IIOKaaimaeT pactJ:eT, MaKcnMaJibHoe aHatJ:eHHe TL B c.nyqae cf - BOJIH<>'-

Boro crrapHBa.mm B (6.34) .IJ;OCTHI'a9TCSI B ~9HTP9 HIL1KH9:fi xa66ap,ICOBCKOH 

3OHI1, T.e. rrpll n "' 1 /2 , a B6Jll3ll IIOJIHOro ea 3a!IOJIH9HRII, Kor.n;a 

'IlICJIO 11.IJ;HJ)OK" $' = {1- fl,) « 1 , Tc. OKa.311Ba9TCSI 8KCIIOH0HJ:m8JlI,HO 

MaJioii. OTMeTHM, tJ:TO eCJIH pacCMaTJ)HBaTI> S - BOJIHOBoe cnap.1mrume aa 
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C'leT 06MeHHOro Bsru,10,nelicTBWI, Iwr.na B (6.34) BM9CTO pa3HOCTH 

( (,OS ar.rt - cos QJ:'J-) 2 CTOHT CYJ.'IMa ( (C>S a k'x + (OS a K'J )2, TO ?/.aKCillliaJIJ:,-

HHS 3Ha'l8HIDI Tc ,., 10-f t IIOEBJJ.lIIOTCR B6JIH3H IIOJIHOro 3aIIOJIH8Hllll: 

d "'o, 15 • Krut 6wro OTM8'!8HO,,Bl:ll!I8, 3TO II03BOJllIJIO plI.I(y aBTOpOB 

IIpS,ItJIOJKHTI, M8XaHH3M. CBepxrrpoBO~ll!Sro crrapHBaHIDI sa C'IST o6MSHIIOro 

/ 240,242/ (.llJIH KIIHSMaTH'ISCKOro 1245/) B3allMO,It8RCTBHiI B pru,max 

Mo,neJIH. 0,nHaKo, corJiacHo orpaHH'!eHHIO (6.33), s - BOJIHoBoe crrapHBamrn 

B O,ItH030HHOH f - J MO,IteJIH l!CKJl!O'IaSTCR, a IIOJiyq8HHI:l8 o~eHKII ,ItJliI 

Tc B CJiy'Iae · d -crrapHBaHIDI He cooTBSTCTByJOT aKcrrepnMeHTaJII,HOit 

sammmi1ocTi-l: T.: (n.J • 3aBncnMocTr, Tc (fl) .ItJiiI d -crrapHBamm, 

6JIH3KaiI K 5 -Tlmy B 12421, OCHOBaHa Ha rrpn6JIIDK8HHOM xapaKTepe Y'J:8-

Ta £._HJII,HUX KOppe~. KOTOpliill IIpHB8Jl aBTOpa K nepeHOpMHpOBKe TIDia 

t ➔ t = .2t r H 3Ha'!HT8JII,HOMY noB!IDl8HHIO IIJIOTHOCTII COCTOJIH.IIB rrpu s ~ 0 • 

' BBW- OTCYTCTBWI CTpormc M8TO,l;;OB Y'J:8Ta CH.lll,HI:lX Itepp~ii B 

Mo,neJIH Xa66ap,na .llJlH ee rrpocTei1:mero O,ItH030HHoro BapHa.HTa - t - J 
MO,IteJIH (6.5), 6WI. rrpoBe,neH PJI.It 'IliCJ18HHI:lX pac'!eTOB, B KOTOPHX MC-

CJIS,ItOBaJIOCI, OCHOBHOe COCTO~HHe H Bsam,1~,neiicTBH' JWP.OK B CHCTeMe 

KOH8'!HOro pasMepa C CHJII,HOH Koppe~eiiI ( CM. 2157).B CJIY'Ia8 CHJII,

Horo o6MeHHoro Bsam.m,neiicTBWI, J;?, t. B (6.5), Ha6.JIIO,ItaeTCR o6paso

BaHHe qieppmiUi.rHHTHOro nOMpOHa ,ItJ1iI OT,It0JlI,HOll ,Itb!pKII, a B o6JiaCTII rrpo

MSJitYTO'IHHX 3Ha'Iemn1 j / t ~ 0, 4 B03HHKa0T TeH,ne~ K o6paso

BaHHIO cBJisaHHI:lX cocToJimrn d -Tn:rra .ItJiiI .ItBYX .ItllPOK (cM., HarrpmJiep, 

12461). Ilpn 3TOM aHntqieppoMarH11THa.H 1rnpp8JI.Rljl10HHa.H ,ItJIHHa 6HCTpO y6iI
BaeT C pOCTOM K0~8HTPa!Ulli .ItHl)OK. . XOTJ1 3TH '!HCJ18HHI:l8 pactreThl II yKa-

3HBaIOT Ha B03MOJKHOCTI, o6pasoBaHIDI CBJ13aHIIHX COCTOJIHIIB .ItJiiI p;Byx 
.ItRPOR, O,ItH03Ha"Il!Hfi BHBO.It O nOJIBJI8IDlli CBepxrrpOBO~ll!ero cnapHBaHIDI 

B t- J MO,IteJIH c,neJiaTI,. H8B03MO.'KHO. B qacTHOCTl-1, B 3TillC paC'ISTax TPY.It

HO Y'J:SCTI, BJIBiIHHS IWHS'lHOro 'IlICJia -qacT~ B KJiaCTepe Ha noJiyqaeMhl8 

pesyJII,TaTU, HenccJie,noBaHHOii OCTaeTCR Ta.IO'l9 rrpo6JielVla JlOKaJIH3a!Ulli 

·nap B C.ilCTeMa.X C CHJII,HOll Koppe~eil. 

Tum.rzy- orpaHH'IeHHoro • xapru,Tepa o,nH030HHo1l: t -:J Mo,neJIH B pR.Ite 

pa60T o6c~MaCI, B03MOJmOCTI, CBepxrrpoBO~lllHX crrapHBaHHll CMSIIlaHHOro 

p- d TIDia B I,'lHoroso12o.ii Mo,neJIH ( 6. ltl) sa c-qeT CII.IIBOBhlX Kop-

peJL'iUHii (CM., HaIIpHMep, 2381). EBO~ onepaTOPH .ItJiiI CHHrJISTHOro coc

TOJlHIIiI p-<i rraphl ( cp. c (6.20)): 

B+'l = }z(d11P~t -df1P1J,) er,J = f ft1J+ 
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o6MSHH08 B3aI1MO,IteiicTB.l19 B (_6.14) MOl:CHO. 3aIIHCaTI, B BH.Ite, aHMOr.il'IHOM 

(6.21): 

( ➔ ➔ 1 ) ")" + . + ~I 1f.1 sfsq - I;" Nfn'J-. + L, 7+n' df,, elf~ P:,-ct Pf(T = 
f} I" . -r,,4~' _ 

=- - Ji' J1 'J-:i-' eti gf'J-' • • (6.36) 

PacCI,'la.TPHBaiI ,naJiee 3TO B3fil!MO,It8liCTBH9 B rrpn6.JIBlK9IDlli cpe,ItHero noJliI 

+ + 17 ,:,+ 
t+'J- €+t ➔ <'B+'J-) o+i' + of'} <'eff), 

y,naeTC..'i lIOJiy-qliTI, 38.l,'!RHYTYJO C.ilCTSMy -ypa.BHSHlllI TJma ENil ,ItJ1iI aHOM8Jll:,HHX 

cpe,nHHX, orrpe.neJI.!IlOlIUIX lll8JlI, B cneRTpe 

L1 "' . .to( t { f, 'Jo() < t+'J- >. 
(6.37) 

Ilp.11 orrpe,neJIS!-IH.11 crreKTpa KBa3H'IaCT~ B ,ItByx30HHOH MO,It8JIH (6.14) rrpn

xo,nnTCR Ta.KiKS ncnom,soBaTr, .ItJiiI orrepaTOPOB Xa66ap.na rrpn6Jm.llteHHe TUIIa 

(6.19), IIOJiaraiI 

(JO 

I: If, ~o() X f P 'J- " 
A. t 

➔ t (I, c;."') c/1~ Pier , (6.38) 

r.ne t (-{, 'J-"') =- {i; t /f, i"'-) . 2<aR II B o,nHosoHHoii Mo,neJIH, aTo rrpu6Jm.llte-

HHe IIpHBO.ItllT R Cy,KSHHIO 30HH, r ➔ 0 , IIp.1! tlo{ ➔ 1 • Ha OCHOBe 

STHX rrp.116JIIDKSHHH cpe,ItHero IIOJliI B 12387 6WlO rrpoBe,neuo Bhl'!HCJ18HH9 TSM-

rrepa'l'ypH Tc , • H!DKe xoTopo:fi BOSHHKaIOT HeeyJieBHe pememm. · JI,TI.iI napa-

MeTPa 6. ( 6. 37) • IIo aHMorIIH c pemeuIIeM .ItJiiI f - J MO.IteJIH aTa 

Te1mepaTy-pa conocTa.BJiiIJiaCI, TeMIIepaTy-pe cBepxrrpoBo~ero nepexo,na, o6yc

JIOBJieHHoro o6MSHHhlM B3aHMO,It9HCTBll9M (6.36) B ,ItByx30HHOit MO,D;eJIH. 

C~e.nyeT, O,ItHaKO, OTMSTHTI,, 'ITO noJIBJieHHe JlQRaJII,HhlX nap B peam,-

HOM IIpOCTPaHCTBS ) Ll f O B (6.37), 9lll8 HS 03Ha'!a8T IIOJIBJISHIDI cBepx-

IIpOBO,nHMOCT.11. ,IJ,IIJI IIOCJ19,ItH9li HS06XO,Il;HMa xorepeHTHOCTI, q>a3 a.HOM8Jll,HHX 

cpe,nHUX ~ ~,CCTOJIHWIX. IIOp!I.ItKa ,ItJlHHI:l RorepeHTHQCTll ~ )) Q o - pasMe

pa naphl 124 • B OTCYTCTBl-18 TaKOil ROrepeHTHOCTR, KaK ll B O,nH030HHOli 

MO,ItSJIH /24o/, MH IIplIXO,nHM R CUCTeM9 JIOKaJIH30BaHHHX-Ha Y3J18.X pemeTKII 

nap, He o6Jia,It8JOlll6li cBepxrrpoBO,It.l!MOCTI,IO •. 

IlOMHMO rrpo6JieMH, CBJI30.HHOll C B03MOlltHOit: JIOKaJIH3~8li nap, B03Im

Ra.8T,KaK H B O,ItH03pHHOli_MO,D;eJIH,IIp06JI8Ma CHMMSTpHII a.HOMa.lll,HOH ROppeJiiI-
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,[ 

UROHHOil: ~ B (6.37). ,If,Jm pemeHIDI ee B paCioTe 12481 6WID. paCCMOT
peHa C.HCTeMa. ypaBHeH.Hil: WI1I MaTp.H'll!Oil: qJy1IKUiill I'p.HHa (6.23), IlOCTPOBH
HOH Ha onepaTopax WilI ~yx:30HHOil: Mo.n;eJlll (6.I4). McnOJII:,3Y,fI MBTO.n; ypaB
HeH.Hil: ~IDKeH.H:it Wiff onepa TopoB Ha.M6y .0: Y'I.HTIIBafI amurorwnrn ( 6 • 25) 
TOJII,KO B~, o6yCJioBJiemrue .mmeirnmm no ST.HM onepaTopa.M tJJieHar.m, 
y,u;aeTCfI nOJIYllHTI, aaMIOiyTyIO C.HCTeMy yprumeH.H:it WilI Iv!a.TP.H'll!OM qiymauur 
I'p.HHa. Ha OCHOBe SToro pemeIOOI MOl!i.HO onpe.n;eJll!TI, .H Bee ROppe~OH
HHe ~m:, BKJIIOTiafI aHoMaJThHHe 4JYHRWUI cJie,nylOOlero B.0:,na: 

cro if o 

< xif X-if > l 
-I + < <pif ir P.;~ > r 

1,0 + < X<f <P-7/J) ' (6.39) 

oo + . . cro 
r.n;e X cf J. ?f? 'j q- - qiypr,e -KOMIIOHBHTII one---paTOpOB Xa66ap.n;a Xf 
.0: iI>YHKIUIM cf> fa ( 6. 7) , on.HCHBaIO!IU{X cocTOJIH.He Bam,e 'Ha yaJia.X K.HC
Jiopo.n:a. Bee aHOMaJII,HHe KOppeJlfIIUIOHH!:le ~ . ( 6. 39) OKa3llBaIOTCH 
nponopUHOHaJU,HH rrapaMeTpy 4 (6J7). Y'lliTh!BafI Tenepr, CTPoroe yCJio-
Blie OTCYTCTBRfi ~yxqa.CTli'llIIIX COCTO.!IH.HM B HWi'Jieii xa66ap.n;oBCKOiI of. -
-30He, .KaK .H WI1I O.D:H030HHOH MO.n;eJlll, no;ry-qaeM ypaBHeHIIe (6.33): 

<-XQO ){cfo -== j__ L <'x.!o if_,O) =· O 
f f ) N ➔ . 'l X_'l . · 

't 
(6.40) 

OnHaKO B OTJlll'Ilie OT O.D:H030HHOfi Mo.n;e.im:, r.n:e napaMeTP 4 q 3aB.H ... 
CUT, corJiaCHO (6.32) •. OT BOJIHOBoro BeKTOpa 1 sa C'IBT OCiMBHHO,rO 
BsrurMo.n;eficTBim J y ( kt 9) , B p -c/ MO.D:eJlll · Ll · ( 6. 3fi7) .!IB-
JlfieTCfI llOCTO.!IHHOii, He 3aB.HC.lIIIlBH OT q (KaK .H B (6.32) np.H ,f = 0 ). 
ITOCKOJII:,KY aHOMaJU,HOe cpe.n;Hee B ( 6. 40) nponoplijiOHaJlI,HO L'1 , a CyM-
?1!a. no f He o6pamaeTC.!I B HYJII:,' TO npIDCO.n;.HTCH C'I.HTaTI, ,1. = 0 ) 

'IT06II Y,lJ;OBJieTBOpliTI, CTP,Oror YCJIOBID0°(6.40). YCJIOBlie (6.40) He pac
CMaTpliBaJIOCI,B pa6oTe 7238 

t ITOCKOJII,KY TaM .HCnOJII:,30BaJlOCI, np.H6JIIDKe
H.He ( 6. 38) , Hapyma.'Olllee CTaT.HCTilKY xa66ap.n;oBCK.HX 'IaCTiru;. 

Tarun11 o6pasoM, noCJie.n;oBaTeJII,Hl:IB y-qeT orpaHll'IeHIIil Ha qia.soBufi 
061,eM ,!(JlfI cl -COCTO.!IH.HM B npe.n;eJie· ClIJII,HllX KOPPeJI!Il.Ull'.J: .HCKJIIOTiaeT no-
.!IBJI0Hlie aHOMaJII,Horo cpe.n;Hero ( 6. 37) .0: aHOMaJU,HIIX cnapIIBaH.HM ( 6. 39) 
sa°C'IeT Cll.HHOBIIX KOppeJJ.fIIijiM '(6.36) B ~yx:30HHOH MO.n;eJlll (6.I4). He 
.HCKJIIOTieHo, O.n;HaKo, 'ITO crumoBue (ll)IYRTYa:rum 6oJiee BHCOKoro, TieM BTO
poro nop.!I.n;Ka no t pc{ 13- (6. I4), MOryT .n;aTr, HeeyJieBoe cnap.imaHIIe 
,lLlilI iI>YH~ (6.39). B TiaCTHOCT.H,. KOCBeHHoe o6MeHHOe Bsam110.n;eiiCTB.He 
,lLlilI Cll.HHOB Ha ysJia.X MB.n;.H (6.3) ( -qeTBepToro nop.!I,!(Ka no i pc/ , He 
Y'!TeHHoe B Mo.n;eJlll (6.I4) MOJKeT np.HBeCT.H aIIaJIOr.H'Il!O Mo.n;eJiH (6.5)' 
(c;.I6) K cJ.-BOJIHOBOMy cnap.HBaIDlll C napaMeTpOM . .1_ q . B03MOJKeH 
T,.:rme_ .H p.!I.n; .n;pyrruc MexaHIISMOB .crrap.HBaHroI sa cTieT Cll.HHOBHX Bsam110.n;eii-
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CTBllli BHClllero rropH.n;Ka ITO t pd , B p-cl Mo,.n:eJlll, oCiyCJioBJieHHIIX ClIJII,
/2,•o/\ 

HO}i KOppeJJ.fU,U!8il '!aCTim ( CM. , Hanplmep, ±v ) • . 

6 • 3. 3JUIH!llie aHTIIiJiepnoMarlliITHHX @ryKTV§.lliIH Ha 
CBeUXIIUOBOill'rMO~CT:t, 

KUK oelcy-JK,!(aJIOCI, B § 2, Bee MB.I(HO-OKCII.n;HIIe CBepxnpOBO,!(Hl!ru! B 
.n;IISJI8KTpn-qecRoii ~Ja.30 o6Jia.n;a.IOT aHTmIJ0ppoual'Hl!THHM (Ao) rrop.!I.n;KOM aa 
cTieT yrropH~O'!eHIDI cnllHOB Ha ysJiax Me.n;HOH rro.n;pe~eTIW. Ilp.H nepexo.n:e 
B MeTaJIJU1TieCIWe .COCTOJiHll8 ,!(aJII,IDili AQ ITOp.!I.n;OK paapymaeTCfI, .XOTH AO 
KOppe.nmum coxpaHHIO;CH ~a .n:ocTaTO'IH? UOJlI,illUX . paccTo.qHIDix ( CM. § 2. I 
n, Hanp,mep, oosop . 220 ) • B rrpemmymeu pas~eJie MU paccMOTPeJULB03-
MOlitH!1e CJJ,e.n;CTBIJ:H 0(1Xll0KTUBHOrO B3aJ!M0,!(8liCTB.l'IH '-!epes CITllHOBHe CTerraHII 
CB060AH ,lLlilI -qacTiru; C CIIJII,!!OU KOppeJUI[(l19ll. no CYllleCTBY ·~ _npli STOM 

. . 

paccr,iaTp~aJiaCb JIIDIII, CTaTIITieCKa.!I 'Ia.CTI, CIIIIHOBhlX H:Oppe.JIHIUiii, .KOTOpaH 
B03Hilltae:r rrpu liCKJIIDTiemm Bl!pTYa.JlI,Hh!X COCTO.!IHIIB B MeTo.n;e KaHOHl!TieCitoro 

rrpeo6paaoBaIDIH. 
,npyroii: M8TO~ y-qeTa CITliHOBblX KOppe~ii OCHOBaH _Ha !13y-qeHli.H sa

BIICJ-Ilill1X OT BpeMeHl! CIT!IHOB11X qmyrtTYaIJ,lrii, H:OTOpHe rro.n;o6HO qx)HOHaM MOryT 
nptrnecTu K crrap1mamno TiaCTiru;. B npocTeiilueM npII6mIJKemm y'IliTHBaeTCH 
OCiMeH o.n:1m1 aHTli~P,POMD.rHOl!OM, KOTOpHii np.HBO.n;IIT K a(l)']eKT.HBHOMY B3aIIMO-
.n;eilcTBIDO B.H,na l2oD/: _ . 

u3 -x.!l(i<':..i<). V 2 xo(i2'(£L 
U. ·( ... ' ➔) U+ o -- +- -· ' 

A.FM ~,I( :::. .1 - V 2 x: {K!.,i!J 1 - Vxo (f'--f} (6.4I) 

r.n:e 7( ;,"{ K, W) - BOCITplil!M'I.HBOCTI, . CIICTeMII H8B3am/lo.n;eiiCTByIOlllll:X. qiepMU
OHOB. B STOM no.n:xo.n:e npe.n;rroJiaraeTCH, TITO KYJIOHOBCKOe B3alilv!O.I(eiicTBII9 

V « W - ·llll!pmru aoHH .D:JlfI KBasIITiacT.HU, u rrosToMy MOJKeT CiuTr, 

liCIT0~30BaHa 06HTIHafI KaP,TJ,IH' qjepMII-JK.H,nKOCTII. I<a.K noKa3b1BaIOT pac-qeTII 
(CM. 25I/ II, Hanpll!vlep, 7220 ), s@leKTliBHOe Baam110.n;eiiCTBlie (6.4I) npII
BO.n;.HT K OTTaJIKlffirumIO KBa3.HtraCTiru; B6Jlll3IIIIOBepXHOCTH <liepMII, HO B03MO.lK
HO cl - BOJIHoBoe cnapIIBrume c .n:ocTaToTIHo Hli3Koii TeMrrepaTYPOII Tc 

B pa6oTe 12211 6wm pacCMOTpeHII CioJiee CJI0l!i.Hll8 npo~eCCH Bsam.ro-. 

.n:eiiCTBIDI ~a3li'IaCTlru; co cn.HHOBHM.H A<li ifmYKTYa.uIDIMll, onpe.n;eJllleMHe .n;.Har
paMMa.MII 'i8TB81)TOrO nopJI.n;Ka no 1J • B OCHOBe npe.i;,n:oJKeHHOro Me7rums-
Ma np.HT.!IJKeIOOI, no.ny-q.immero HasBaHIIe MO,!(eJlll CIDIHOBHX MemKOB/252 , JIElllUIT_ 
rrpe.n;rroJioJKeH.He O JIOKaJlI,HOM ITOHIDKeHlili SHepre C.HCTeMl:l, Ci~sKOii K A<Il 
HeyCTOH'IHBOCTli, B OCiJiaCT.H C6JllllEeHWI ~rz-~oK. . 

B nepBoHa'IaJII,HOM BapIIaHTe Mo.n;eJlll 252 paccMaTPIIBaJioc:r:. A<Il cocTOJI
HIIe, oCipasOBaHHOe BOJlHOli CIDIHOBOli IIJIOTHOCTII co IneJII,RJ B crreKTPe As.JI'-"' 
KBa3li'iaCT!Il$, 3Jl8KTPOHHMII ,!(!,!_pIW, npliBOmIT K paspymeHlI!O A<il IIOp.!I.n;Ka 

125 



)i 

1· I 

! 

.•, 

I 
I.. 
i 

ll JlOKa.Jll,HOMY yMemmemno 1119Jlll L1 S DW Ha pacCTO.flHIDIX IIOP.fl,nKa .g.s =' 
= h '\fr/ L1s.z,w -,Itlll!HH KorepeHTHOCTll ~'!ff AQ cocTo.flmm. IIosToMy 

c6.nmitemre -p;syx KBa3lll!aCTim Ha paCCTO.flHH.e Mem,me 3 s rrpl!BO.ItIIT 

K BIDII'JJWllY aHepr,m, 'ITO MO)l(HO P'CCMaTpimaTI, KaK llX 3(!ql9KTKBH09 rrp.11-

T.fl.l!temre. PaC'!STl:l, BlllIOJlH9HHH9 B 252/, yKa3b!BaJOT ira B03MOli{HOCTJ, rrpu

T.fllK9HIDI -p;syx .JmPOK C rrpOTllBOIIOJlOlKHl1Mll CIIllHaMH B 06JiaCTll MaJIHX mmyJ1J,

COB rrepe.n;a'!ll ll o6pasoBam-Ifl CB9pXIIPOBO.wmtero COCTO.flHIDI s - BOJlHOBOro 
TIDia. ' . ·. . . ., · . · . · 

B ·pa6.0T9 122v 6~o paCCi-,!OTp9HO rrapaMar'IllITH09 COCTO.f!Hlle, KOTO

poe B03HKKa9T B 06Jlac.Tll 60JlT,mKX KOHIJ;9HTpanID1 .JmPOK B IIJlOCKOeTn Cu £1, 
paspyma'OI111IX Acf! .n;am,mm IIOP.fl.Il:OK. 0.n;HaKO Bsrun-.10.n;eiiCTBlle qiepMIISBCKUX 

KBa3lll!aCTim (.JmPOK) C CllJlJ,HO pasBKTI1Mll AiJJ qlJiyKTy-a.IUJ)IMll rrpllBO.ItllT K o6-
pa30Bamm IIC9B,Il;Olll9Jli! B crreKTpe KBa3U'!aCTUU, .UoIIOJlHllT9JU,Hllli o6MeH AiJJ 
qL)lyKT,va.IUJ)IMI1 .D;JlfI -p;syx KBa3lltJ:aCTUU,YJ!t9 "o.n;eTUX" rny6oii A@ @zyltT,var:urii 

- "CIIllHOB11X M9lllKOB'! rrpUBO.ItIIT K rue s@ieKTIIBHOMy IIPllT.flJK9HmO B 06JlaCTU 

MaJIHX ,~~iJa'! IDAIIYJlJ,Ca, ItOTopoe OIII1CHBa9TC.fl IIOTSHIJ;UaJIOM B3ail:MO.n;ei1-

CTBHll · : · · · . ' cl _,. -->) I --> I _,.) ➔ ➔ . ( ✓ . . - -LJ -v - K- . 
V. (K __ K'jw w'} = - L. (_ C {l.J-'\ K .Cf Co ( , <t 

SB , 1 N cf J 27[ o · . . 

• U 2;i0 (¥,r.,) U 2 
;,(0 (q+ 1<! ~_v-t-4J~wj, (6.42) 

r.n;e C-0 (f,w) =- [ l<l - E(I<} + i-J'W r 1 
- qiyrmr~m IpllHa CB060,Il;HOll KBa31I

'tffiCT.ID.m CO CII9KTpOM t (~) , S ~ 0 +. Ka.It IIORa3aJII1: MO,Il;9JlJ,HH9 paC'!9TI1 

B 12211' 3TOT IIOTSHIJ;UaJI .n;aeT rrpUT.fllK9Hll9 B 06JlaCTH MaJII1X 3Heprmf 06-

MSHa W_ ~ W '< v0 - xapaKTepHoii sHeprnu crumoB11x @IYitTYruuili,u Ma

Jl11X HMIJ:YJlJ,COB rrepe,n;a'I ~ == I i<- K '/ ➔ 0 .. Y1II1TI1BaJI TaKJKe rroTeHIJ;UaJI 

OTTaJIKKBaHIDI VA FM (i<, i<'J (6.41), l,'18.RCHMaJil,Hhlli BR.7la,,ll; ROToporo rrpruco- . 

.n;KTC.fl Hi o~1acTI> 60:711>mnx m.myJir,coB paccemnm / K -·it'/ ~ Q. = {1i/a, 1T/q), 
aBTop11 

221 
rro.nytI_ruoT si@e1tTIIBH11fi rroT;HIJ;lraJI VeH = Vs B + V,4 FM. , 

KOTOP1ll1 o6HapYJ!IBBa9T rrpIITIDASHUe B 06JlaCTll IViaJillX llMIJ:YJlJ,COB rrepe,n;rum 

q = I K - 'l'' / II OTTaJOOmamre - . B o6JiaCTll 60J1J,lllllX 9 • IIocJie,n;Hee? 

o.n;HaKo, He ,n;aeT 60J1J,moro BRJia,n;a )J,)llI d - BOJIHOBoro crrapUBamm, 

rroc1toJ1J,ey B TOtJ:RaX (i?-i!' / ~ Q meJir, ..1 <( (i/) o6pamaeTC.fl B_ 

HYJlJ,. fipn 3TOM, 0CJlll B 3TllX o6JiaCT.flX IIOB0pXHOCTII il?epMH ID,199TC.fl .. rrceB

,n;omem,, o6yCJIOBJl0HHaJI AQ q,.JIYRT,vaIU:!.flMI1, r,n;e IIJlOTHOCTI,. COCTO.flHIIli ItBa3ll

-qaCTUU MaJia, To o6panieHHe cBepxrrpoBownne1l: 111eJ1K l!.d (ii} B HOJU, B sTHX 

o6JiaCT.flX y;i;e HS 6y,n;eT 0Ita3ImaTI, sa.MSTHoro B.7llillHim Ha T0pMO,n;KHaMH'I9C

RI10 xapaKTepIICTH.Kli TaKoro cBepxrrpoBo,n;HllRa - ero IIOBe.n;eHHe 6y,n;eT 

Tpy,n;Ho OTJlll'!llTi OT 06!:I'IHHx cBepxrrpoBo,n;mr1toB c ~ - crrapKBaHHeM. 

Ta!WM o6pasoM, XOT.fl o6HtJHHe O,n;HOMa.I'HllTHilS. rrpoueccu 06MeHa )J,)llI 

qiepMll0BCKllX KBa3ll'!aCTllU HS rrpUBOWIT It BliCOIWM Tc B ORCII;ItHO-M0,ll;HHX 

cBepxrrpoBO,n;HllRaX, 6oJiee CJIO;KHble rrpoueccIJ: BSanMo,n;e:licTBHll "o,n;eTux" 
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KBa3HtJaCTmJ; - Clll!HOBhIX M9lllKOB corJiacH/2211 no3BOJ11IJOT KOHCTpyn

poBaTT,' MO,ll;9Jm; r.n;e cnapKBrume KBa.3H'tffiCTim o6yCJIOBJl0HO 8.IlTHqieppo- · 

MaI'HllTHHMl( qi.n:yKTy-rumm,m. 0KOH'tffiT9JlJ,Him BHBO'A O B03MO.llmOCTR "Mar

HllTHOrO" M9xaHH3Ma IIpHT.flJK0Hlill MOJlt0T 6HTb no.nytieH Jllillll, nOCJI9 B9Cl>Ma 

CJlo.miliX paC'!STOB qi.!3ll'l9CIWX napaMSTpOB BTCII H conocTaBJ19W HX C 

sKcrrepHMeHTm.m.· HMemuieCH ae ce:ittJ:ac aKcnepHMeHTH no nsMepemm HHTSH

c.imHocTn Aifl @IYKT,vacint B saBHCHMOCTH OT cOCi'.BBa no1tasHBax>T "aHTHKOP'

pe~" CBepxrrpoBo,ItlllllHX Ii: Aifl cBoiicTB BTCII (cM., HaIIplIMep/253/). 

6.4.3JI0KTpOH::illQHOHH@ M0XaHll3M CB9pxnpOBOlIRMOCTR 

IIpm.me yita3aHHll Ha onpe,n;eJISHizy!O,pOJIJ, qJOHOHOB B M9XaHll3M9 cnapn

BaHlill B OKC.ll',IUil,!X M0TaJIJiaX ,n;aeT Ha6Jllo.D;9Hll0 ll30TO!IH'!9CKOro ·aq$3RTa 

- saBncm,iocTn TeMIIepaTy-pu rrep~xo,n;a Tc OT Maccu M · HOHOB pemeT

Kn: Tc~ M-"' • IIpn tJKcTo qioHoHHoM MexmmsMe rrpHT.fllKSHHll B MOHOaToM

HOii rapMOHlltJSCKOii pemeTK0 o{ .D;OCTlll'aST MaKCHMa.JlI,HOil:>3HatJ:SHHll: o(:-

= 0,5. TmaT9JlJ,H1!0 a1tcnepID11eHTU no llCCJI0,ll;OBa.HIDO H30TOill!tJ:0CKOro aq$3K

Ta Ha KllCJIOpo,n;e rrpll 8aM9H0 
16

0 Ha 180 o6H~ BllOJIHe 38.MSTHYJ) 

3aBHCHMOCTT, Tc. OT .Ma.CCH H30TOIIa ( CM. 125 ·) • MaKCEMaJII,HH9 3Ha11erum 

cJ.. ,ll;OCTHraJOTC.fl B CBepxrrpOOB,n;HllRaX 6es Me,nl!: o<. ~ 0,5 ~ 

Bet Pt1-r BLx 03 (Tc. :f 13K), o<.~ 0,4 ~ K" Bq1_x Bi 0 3 

( 7' c. = 29,4K. np11 X = 0,375), r'Ae q>qHOH~ MexrumsM, rro-BimHMOMY, 

n:rpaeT OCHOBHYJ) pOJIJ, ( CM., Harrpm,ieif.255 ) • B M9,n;H0:::0KCH,IU!W( CBepxnpo-

BO,n;HllRaX rrponcxo.ItIIT rra.ztemre o< no Mepe pocTa Tc.. : o< = 0,2 -;-

-;-0,3 rrpn 'fc ~40K B LSCO H o( ~0,05 rrpH 'fc ~ .95K 

B YB C O • B CB.fl3H c aTHM o6wmo rrpe,It!IoJiaraeTC.fl, tJTO _qioHoiimm 

M0Xamr3M IIO Mepe pOCTa Tc_ n:rpaeT BC0 M0HI,lllyEJ' pm sa CtJ0T n6c'... 

T0II9HHOro BKJllOtJ9HHll M9xa.ruI3Ma H0~HOHHoro Tlma B M0,n;HO-OKCH,n;lll,IX coe

.n;uHemmx. TeopeTntJecrure pactieTH B paMKa.X CTaH.I(apTHoii JJieKjPOH-qx>HOH

HOii MO,ll;eJlll CBepxrrpOBO,ll;KMOCTll nO'ATB9~ 3TOT BHBO.D; 200 • 

B TO lK0 BpeMR:, Kalt 06CYJK,ItaJIOCT, B § 5, B ,n;Ima.Mlm9 pemeTKH OKCII,I(

H11X CBepxrrpOBO,n;HHKOB Ha6Jll(UJ;a0TC.fl P.fl.Il: aHOMaJlliit, o6yCJIOBJl9HHWC HOHHHM 

xapaKTepoM CB.fl8H aTOMOB B pemeTKe H CTp,vKT,vPHOii HeycTO:litJ:KBOCTbD HX 
rrepoBCKHTOIT0~06HOH CTPYKTypu. OTMeTHM s~ec:r, rrp~e Boero CTp,vKTYP-

Hhtit nepexo,n; B La1 Cu O 4 H cBHsamme c HHM CKJII,HO aHrapMoHIItJecKRe 

KOJle6amm .IIOHOB Knc.nopo,n;a (CM. pnc. 57, 61), aHOMaJll,HOe noBe~emre 

BHCOKO'IB.CTOTHO:li MO'AI,I ,nwcaTeJII,HOro T.mra rrpn pacmenJiemm ea Ha ,ItBe KOM

noHeHTH B lQz Cu o't ( CM. pnc. 58), CWll>HYJ) CB.flab B1r MO'AI,I 

npn KOJiedaHmIX HOHOB 02 n 03 B llJlOCKOCTR Cu 0 2 B YBC O - coe,ItR-

Hemm (pnc. 60), sHaimTem,Hym nepeHopMilpoBKY qioHommx tJ:B.CTOT B Y BCD 
rrpH nocTeneHHOM y.n;aJiemm ItHCJIOpo,n;a (CM. pnc. 59), P.fl.Il: alcy'CTK'i9CIWX 

aHO~ rrpn CBep:xnpoBo.wmteM nepexo~e. OTMeTEM Ta.Klite HS'AaBHllD pado-

'YY 256 no HadJm.Itemm 8aBKClllll8ro OT KOHIJ;SHTpaIUW X . .II30TOIIH1l0CKOro 
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a@)eRTa lIO i;mCJlopo.ny B L q 2-X 5 rx Cu o,, • IIpH MB.1IHX ROim8H~ 
X ~ O,I~ napa.MeTP c< ~ 0,5 }I,1IJI 're.~ 30, a IIpH lIOBl,lll!SHHH 
X H pocTe TC. BeJ!HlmHa o( y-MSHI,maeTC/1 .no oelwmo Ha6.mo-

,naewx sHa-qJiillfi o< Re- O,I. Taxoe aHOMWII,Hoe no:ae,neHHe o< . KoppeJm
pyeT c pes~ Jia,IteHHeM Tc. ,no: ey.TJI! B coe,nxmeHHH lq,__x Bq-,(Cuo't 
.!Ipl!. X~\0,12, Kor,na B Iq)HCTaJIJI6 BOSHHKa6T HOBSJi T6TJ)arOHaJlI,HWI 
iflasB;, (IIp.rp. P42 /ncm ) IIpH TeMIIepaTYPax T< Tat2 "" 50-;- SOK 
/257, i 

3TH a1tcinepHMeHTaJ1I,HHe ,namrue yRaSHBaJOTHa CY1116CTB6HHy!) pOJU, 
KoJieelaiillfi HQHoB RHCJ1opo,na B oelpasoBmnm cBep:x:npoBo.ztmitero cocTOHHHII 
}I,1IJI HOCHTMSii sapa,na B ~ocKOCTH C u O 2 • K sToMy JKe BHBo.ny IIpHBo
,Itl!T R T80p8TR118CRH8 0~6HKH KOHCTaHT MSKTJ)OH-qJOHOHHOit CBJISH/ 06yCJ10,
Jl8HHO:li MO~weil: Iq)HCTaJlJil'!'!SCKOrO lIOJJI! Ha ysJiax ruICJIOpo,na 209,258. 
CorJiaCHO 58 , nepeHOC sapa,na M8.ZU, - KHCJIOpo,n HS-Sa CHJll,HllX KYJIOHOB
CKIDC KOppe.mimnl: Ha ysJiax MS,nl! lIO,naBJieH, H CRJIJ,H08 8Jl8KTPOH-qJOH.OHH08 
B3aEMO,nettCTBH8 MOJlt8T BOSHHKeyTI, TOJlhKO }I,1IJI ysJIOB KHCJIOpo,na .!IpH 
nepeHoce sapg,n;a M8Jlr.IIY me coce,nHHMH nos~. STo JKe CHJII,Hoe SJI8K
TPOH-qJOHOHH6e Bs8l!Mo,nettcTBHe corJiaCHO ·25El oelyCJiaBJIHBaeT H ii:eyc
TOHtmaOCTii p'e,eT~ lqz-x Mx Cu 04 (CM. § 2.I). KaK 6WIO BlI8pBU0 
IIpe,ll;JloJKeHo B 259 , CTPYKTYPHWI HeycToHtm:BOCTii OKCH.ItHUX cBep:x:npoBo,n
HHKOB MO&eT : IIpmlO,I{HTii K SHa'ql!TElJlhHOMY lIOBWl!eHIDO· Tc , sa C'IST 
Cl!JlhHO al!I'a:pMOHH'I8CKKX ROJieelaHHit HOHOB KHCJIOpo,na. STOT.MexamrSM lIO
Bl,lll!8IDIII Tc.· s~ C'!ST CTPYKTYPHOR HeycToHtmaocm~ p~ccMoTJ)emwtt 
e~e B 11a60T8° 12601 , Ml:l oelcy.u;RM HD8 ( CM. Taltllt8 oCSsop 1218/ H, mml)R-· 
Map, /195,261-263/). 

IlpH T80P8Tlr'I8CltOM OlIRCaHHR BUCOKOTSMJiepaTYPIWX CBSPXIlpOBO,nHHKOB 
Ha OCHOB8 8JI8KTJ>OH-qJOHOHHOH MO,neJIH .!Ipl!tXO,nl!TCH paCCMaTJ)RBaTD c.nyqaff 
CRJIJ,HO:ii c:sa:sH, xor.na T8MIISpaTYPa nepexo,na Tc. ~ w - xapaxTepma 
'!aCTOT KOJI86~ pem8TKI!. PemeHHe ypaBH8Iillll 3.lmamelepra B 8TOM CJIY'IB8 

IIp8,nCT8llJil!8T OIIp8,n8Jl8HHy!) IIpOM8My, 8 lIOBe,neHHe T8PMO,nmraMR'I8CKl!X 
,BeJilI'mH (OTHOmeHHH 24 / -le Tc. , CKa'!Ka T~OSMKOCTH . ~ C/Tc •, , 
Iq)HTH'I8CKOfO lIOJJI! Hc1 (T} , r.nyc5HHH .!IpOHHRHOB8HHH A (T) H T.,n.) 
MQJltST CYl!l8CTB8HHO OTJIH'!aTDCH OT YHl!B8PCaJlI,BbH SaBHCHMOC'l'H B CJ1Y'J88 
CJiaCSott CBH3H B TeopRH EKIII (CM.§ 3). HcCJle,nOBaHIDO 8TOtt IIp06JI8Mli 
lI CPaBHSHmJ T80P8TR'!8CIOOC .!Ip8,ItCKa3aHHit O Heymmepcam;H,OM lIOBe,nemm: 
T8PMO,nmiaMK'l8CKIDC B6JlltlmR C 8KCJI8pHM8HTOM lIOC~SHO 60Jlhmoe 'ql!CJIO 
pa60T. 0,ItHaKO BBll',Ity H6,ItOCTaTO'!HOit TO'IHOCTH HMSllllll!tXCH sxcnepHMSHTOB 
lIOKa 'ITO H$ ~CI, lIOJiy'IlITI, O,ItHOSHa'IHOrO lIO,ItTB8PJQt8IDIH TaKOro 
Heymmepc~Horo lIOBe,nemm, lI lI08TOMy Ha o6~8HHH 8TJtt .IIpOM8Mbt 
MU He 6y,n;e¥ OCTaHaBJmBaTDCH ( CM., Ha.!IpHMep, 0, 85-88 • 

PaCCMOTPHM ,naJiee OCHOBHH8 COOTHOmemm, OIIpe,n~e TSMIIepa
TYPY cBepx!ij)OBO.ztmllero nepexo~a Tc B Mo~e.TJI!X c 3Jl8KTJ>OH-qJOHOH-, 
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HOit CBHSb~. O6/ll'IHO }I,1IJI OU8HKH Tc. IlOJIDSYJOTCH COOTHOfil8HR8M (CM., 
HaIIpHMep, /264 ) 

Tc. == w f ( A 1 t'- f), (6.43) 

r.ne w - ycpe,ItHeHHWI -qacToTa q10HoHoB, J< * ·:...·zj-:nbaoBcrom''n~eB.Itci.:,;. 
lIOT8Iml{aJ1 ( }I,1IJI rpyCSux OUSHOK f<.x. :::: 0,I-;- 0,2.). 3~KTHBHBJI 

KOHCTaHTa .!IplIT~emm 8Jl8KTPOHOB 

)I-=- j d,w «2 /w) r (w) . 
.,., W . · . , , ' ( 6 44) 

OIIp8,n8JJI!8TCH ~ett 3JmaIII6epra o<.
2 {w) F(w). 0Ha MOlE8T.61:lTD s~ca

Ha B BH.It8 (5.3), KOTOPW CJl8,I(Y8T HS CSOJiee oel~e:il: qiopMyJIU: 

c:1, 2 /w) F{i.,).:; _!__ ( c1:p (. ~I /V{p-p')j1 _; I~ X (p-p~ w), 
. N{O) j '\rp ) ' . f'' · I/ . . (6.45) 

. ' . . . 
sarmcaHHOtt B Ba,ne ,ItByxRpaTHOrO HHTSI'paJia JIO lIOB8pXHOCTH 4iepMI![ 
( v-p = I 'o £ (p) Io p I ; oT KB~aTa MaTJ>lr'!HOrd sJieMeHTa V ( p- p"} 
8Jl8KTJ)OH-qJOHOHHOrO BsaHMo,nettCTBIDI 11 ,nl!HaMH'I8CKOi:i BOCIIpmxwmBOCTH pe
meTKI! i( ( {, w) ~ oIIpe.neJlllllllteit'; ea cix>Hommii <meitTJ). HHTerpRPOBaHHe 
lIO 'IaCTOT8 B (6.44) lI H63aBHCm.ll:l8 ycpe,ItH6HIDI lIOilOB8pXHOCTlI filSpMI![ 
MaTJ)IrnIOro 8Jl8M6HTa lI ,itmil:u.m-qecirott BOC.!IpmlM'mBOCTlI lIO SOHe·. EplIJ.l
JllOSHa JI03BOJJI!8T sarmcaTI, o~eHey }I,1IJI KOHCTaHTl:l CBHSH B BR,n8: 

. ·>.1 f d2n) J2n' /1 A= -. . ~ ~ /V(p-p") Re -X (p- ·1y w = o} ~ 
N(o) VP V p' ' 

= N!o} < yi) X pt.. , (6.46) 

r.ne 
<v2.> = _1_ ( ~ r Q' I vr➔~ .... .,J/2 

N 2(o) J VP J VP, ,·p p . ' 

1 "'" ,.,, { ➔ w o) 1·,.~ • .. -"'-·. '. X'. p~ = - ~ /1,. i' = ~ N L M (J 2 
N't 'l 'i 

==:, 
1 

M~~. 

!IOCJ18,Itli88 COOTHOfil8HH8 Saim:CaHO }I,1IJI MOHOaTOMHOtt pemeTKH co ClI8RTJ)OM 
'!aCTOT W { ( 60JI88 oel~ee .!Ip8,ItCTaBJ18HH8 CM. B /264/) • 

Bmi; ~ f( ~ j ft.") .B (6.I) 0.!Ip8~8JJI!8TCH B8JIH'IHHOit KOHCTaH-
TU /\ : B CJIY'Ul8 CJia6ott HJm IIpOM6JltyTO'IHOH CBHSH { ,.\ ~ 1 ) Olia 
o6U'IHO BU6H:pa8TCH B 3KCJIOH8~HOM BH,Ite: 
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il1•• ·. 
i:;; 
i' I, 

I'. 

f(\fi-*)~e><p(-1~~.") 
(6.47a) 

a B npeneJie CHJII,HOH CBll3K ( A >;> 1) - B BH,D;8 

f().>/1,1-) ~ 0,18 V;>,.. (6.476) 

0TM8TKM, 'ITO npneneHHHe qJOPMYJIH MOryT 6HTb 060CHOBaHH JimDI, B CJrY
ime o6wnmx M8TaJIJ!OB C nocTaTO'!HO K30Tl)OilIWM 3Jl9KTl)OHHliM H qJOHOHIWM 
crreK-rpaMK K MaJ!Oli Bemromoit napaMe'l'l)a w I ff F I /IF _, aHepr.M 
~epMK. OKC:l'J',IUllie M8TaJIJIII He ~OBJ19TBOP.filJT 3TKM Tl)960Bamm:M, K Il03TO
M';f nplri3eneHHHe qJOPMYJIH MOryT CJiy,KKTb JllIIIIJ, .It,7llI Ka.'!9CTBBHHO:it oneHKK 'fc • 

llcnoJir,ayJI·Ill)KB8neHHHe qJOPMYJIH, H9Tl)~O oneHKTb B03MOJKHyIO Be-
JIK'IKHY Tc B OKC.!WilDC coe~emmx. IIoJiaraJI ;VfoJ ~ 1 ( cocT. / aB) 
(cM. § 4.2), (V2) = 5-;-9 ( aB/A) 2 (cM. 4.4) K BH6E:paJI xapaK-
TepHHe;'WllI KOJie6amm K1ICJ1opona imcToTu: , . w = 50 MaB, f ==- M w 2 ~ 
~ IO (aB/ .A. 2), IlOJJy'Ia9M corJiaCHO (6.43),(6.46),(6.47a) A = 0,9 

K Tc~ 40K .It,7llI ., -fl*= 0,20' YBeJm'IeHKe cpe~eil: imcTOTH w Ill)H-
BO~T K 61:ICTPOMY na.IJ;eHKID ,X (~ t/w2

) K 'f c • CymecTBeHHoro .lltB noBH-
memm ' Tc MOJJtHO nocTKtIE,, eCJIH Ill)H TOM ·Jlte 3Hatiemm · napaMeTpa 

'l.. = N(o) < v'-) ~ 9 ( a,¥ A 2 
) npennoJionn ~~-.:mTeJir,HOe · CMlll'tI~HKe 

1JB.CTOT KOJie6amm no W ~ IO M3B, f = M W ~ 0, 4( aB/ A 2) • 

B 3TOM CJJytiae Ill)RXOnl!M K CHJII,HOli CB/13H: ). ~ 20 K Tc :z- 90 K cor-
JiaCHO (6.476). Q~o Ill)H CTOJIT, CMI,HO.i! 3Jl9KTl)OH--qx>HOHHOli CB/13H, 
KaK npaBKJIO, pemeTKa CTaHOBHTCJI HeyCTO.i!tmBO:it (CM. ruDKe). PaCCMOTl)KM B 
CBJ13K C 3TKM aHrapMOHH'!eCKyl) MoneJir, ~aMIDGI pemeTKII (§ 5.3). 

B CJIYtiae 3Jl9KTl)OH--qx>HOHHOrO B3aKMone.i!CTB.l:III (5.15), 3allKCaHHOro 
B nceBnocilKHOBOM npencTaBJieHKH .It,7llI CHJII,HO aHrapMOHH'I9CKHX KOJie6aHH.i! 
HOHOB KIICJ!Opona B noTem:nraJll,HOli JIMe C nBYMII MHHHMYMBMH, .It,7llI on_aHRH 
KOHCTaHTH CBJI3H ,\ MOJlteM BOCllOJ1T,30BaTbCJI TOH Jlt9 qx>pMyJIOli (6.46), 
BBO,Itll CTaTH'!9CKYJO BOCill)HKM'IBBOCTh 

X = (2J)\- J1. < Sl) ~ {J.clj1 
S L 1 ~ 

N 'l Jlq Ws (6.48) 

.It,7llI nByxy1)0BHeBoij MOneJIK, paCCMOTl)9HHOH B § 5.3. 3nech .12.q - cneKTp 
nc_eBnocmmoB!ll _Bo36yJK,Itemtit H cl= < "J) 0 I R / 'f'1 ) - MaTPlI'IHHfi aJieMeHT 
,n.im nepexona M0J!UtY nBYMlI HK3mHMH ypoBwn.m. B6JIK'IKHY ero Mo.imo oneHKTh 
no paccTOJIHmO MEm.DY nBYMff MllJmMYM8MK noTeHnE:aJia: 2 <l == 0,2 -;- 0,3A 
( CM. pl'IC. 6I) • !IOJUll'eJ! .It,7llI cpe~eit no cneKTPY '!aCTOTH W s = IO M3B, 
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no.11y'IHM X5 = 4 + 9 ( A aB), 'ITO naeT npH Toii: llte B6Jll'.[,mHe 
N f o) ~ r· ( cocT/ aB) H BecDMa CJia6oM BsaKMoneitcTBIDI 
(V2 ) ~(Ve /af ~ 1(~B/Af CHJII,HYID CBll3h: ,,\;, 4--;-- 9. 

IlpH 3TOM corJiaCHO (6.476) nOJiy,meM Tc. = 40-:- 60K •. 
TaKKM o6paaoM, 3Ha'!HT9J!T,HOe CMlll''!8HKe 1JB.CTOT ltOJie,6amtit Ill)H 

HaJnrt!Im nOT9Hnl!aJia C nBYMfl ~ Ill)KBO,ItllT K CHJII,HOit CB/13H 
naJJte npK·yMepeHHOM 3J19KTPOH--qx>HOHHOM BsaiMonettcTBIDI. OTMeTKM IIpH 
aToM, 'ITO nOJIBJieHKe HeycTofi'IHBOCTH pemeTKH H noTeHnKaJIOB c nBYMII 
MWIHMYM&m .It,7llI onpeneJiemrnx Mon KOJie6rumfi KIICJIOpona odyOJIOBJ19HO 
HOHHHM xapaxTepoM CBll3H B pemeTKe OKCH'AHWC MeT8JIJ!OB (cM. § 5.2). 
IlpH nOBH!llewni: lfflCJia HOCHTe.neit, Korna .wnma 3KpaimpOB8lIW! CTaHO
BHTCJl MeHDme M8'1taTOMHHX paCCTOJIHKli H Ill)OHCXOnKT IlOJ!HOe 3KpamipOBa
HK9 KpHCTaJIJm'IecKoro IlOJIJI, 8:0T M6Xalm3M 3JleKTl)OH-qJOHOHHOro BSaHMO
neftcTBHJI.noJlllteH BHKJIBJ1JB.TbCJI, '!9M MOmIO 6wro 6u o6'l»!CHKTb I'.[ Ila.IJ;e1me 

Tc · c · pocToM -.:mCJia HOCHTeJieit J,!O 'cex BTCII.· OTMeTHM Trutllte, trro 
B paMKB.X aHrapMOHH'!9CKOH Moned259 ~aeTCJI/06'l»ICHHTb I'.[ MaJiml 
H30TOllH'!eCKl!it 8<M/6KT no KHCJIOpony { CM. 1265 ). _ 

B 3aKJlJO'!eHHe 3TOro paaneJia KpaTKO o6cywi:M .n;:pyrRe B03MOJBlllle 
M9xamI3M!i llOBl:llll9HWI . Tc B pru.max 3Jl8RTpOH-qJOHOHHOH MOn6J!K, DTMetieH
HHe B Ha'!8J!e aToro pasne.na. Ilpel!Ql;e ncero, sHa'!HTeJIE,Horo noBH!llemm: 

Tc . MOJRHO nocTKtIE, sa ctiaT 6oJiee · BHCOKOtt IIJIOTHocm aJieKTpomwx 
COCTOJimtit N(o] B (6.46). XOTJI 30HHHe pactieTH, paccMOTp8HHHe B 
§ 4. 2, He IIl)HBO,ItlIT It BHCOKIIM cpe~ SHatiemm:M /v ( o) , yqeT 
KBa31I,ItByMepHoro xapaKTepa SOHHOro Cll8RTpa H OC069HHOCT9tt Ba.H-XOBa 
npH 60Jiee noOJienoBaTeJIE,HOM Bmione caMott qJOPMYJIH .It,1lJl' Tc Ill)HBOnl!T 
K IlOBHlllewm r f= • 06H'Il!O B qJOpMyJie EKl!I, onpen6Jl!lllllteit T8MII8PaTYPY 

nepexona T.: 
J_ = 
V 

w J N (s) J £ th.!:... , 
-w ::2.E. iTc. 

(6.49) 

npennOJUll'amT, 'ITO llJ!OTHOCTh aJieKTpOHHWC cocTOJimtit N / E.) He · HMeeT 
oco6eHHocTett. IloJiareJI Torna fl! { £ ) ~ NI o) , npmco,w.tT K qiopM;VJie TH-
na (6.43) c >i = N(o) V • ,IT.1m KBa31I,ItByMepaoit noBel)XHOCTH (l)epr.m, 
npoxo.wmteii tiepes oco6emi:ocT:r, BaH-XoBa ( cM. pHc. 41), N (f..) ,: eti(])/E}. 
JTpoBo.wt_.:imTerpH!)OBaHHe B_ (6~j9f 7 yqeTOM 3TOil: oco6eHHOCTH, npm:o~ 
K OJ19,nyJDll!ett o~emte .It,1lJl Tc. 2 9 : . 

Tc.~ 1) e)lp(- 1/..fie )J (6.50) 

rne 1) - .xapaKT8PHa.<I nmpmi:a .ztBYM8PHOtt 30HH H ). e ~ V /D . IIo.ny-
tietmari oueHKa cnpaBe~ B"ciiyqaa 'ltt.( c:;!D) <<{11~) ' xorna 06-
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.naCTI, mITerpHpOBrumlI B (6.49) onpe,Ite.Itl!eTCSI JIOrap:e:qr.mqecRofi CRHrY
Jll!pHOCTMl B llJlOTHOCTH COCTommtt, a He o6Jia.CTI,D 8Jl8RTPOH--!P<>HOHHOrO 

np:e:Tmitemm: W • lIOJIBJie:ime B IIP8.It8RCllOH8HT8 (6.50) M8KTPOHHOil: 

8H8prml J) ,., 0,3 aB np:e:Bom 'BHCOKllM 'T;_ ~ IOOK B c.ny,me 

Ma6oil: CMSH A e ,S 0,1 
219 

• B noCA8.ItH8M c.ny,me KOpHeBaR: 

SaB:e:CRMOCTI, OT A e B (6.50) ,ItaeT ,ItOnOA:im:TellHOe noBl:llll8HH8 

no cpaBH8Hml c (6.47a). B paMKaX STOfi TeOpID! y;D;aeTCSI 06'L!ICHRTI, 

H Ma.nyD B8A:e:tnmy HSOTOim"I8CKOrO SqxileRTa BBH,Ity MaJlOCTH J>:; en{_w/D) • 
PasBRTaR: Teop:e:a:, O.ItHaRO, Bc-rpe"UleTCSI c onpe,1t8Jl8HHHMII TPY.IJ:HOCTm.m 

IIPH o6'LIICH8mm: OTHOCHTSADHO BHCOKIDC 'fc~ 30K B OKC~ CB8pX-

npoBO,IJ;lmRaX .Tmra (Bq-1<) Bl 0 3 , aJieRTPOHIIW cneKTP KOTopax Ho-

CHT -rpeXMepmm xapaKTep. l3oADllJYI) npo6AeMY npe,ItCTaBJl/I8T TaroKe H 

noCAe,ItOBaT8J1I,Hl,IH,y-g:eT CRADHIDC RyJIOHOBCKl'IX RoppeJllll1;1til: Ha ys.n:ax M8,JU1, 

KOTOpliil: CY11!8CTB8HHO M8HSI8T SOHHYJO KapTRHy B Me,ItHO-OKC~ CBepx

IIPOBO,IJ;lmRaX H MOJlt8T npJIBeCT.I![ K no,naBJJ:emno oco6eHHOCTH Ba.H-XoBa 

(CM. § 4.2) • 

0TM8TlIM B CBJIS.1![ c ST.HM pa60TY 1 266/, r,Ite B paMKa.X MeTO,Ita CP,YHR
UllOHaAa JIOKaJll,HOfi llJlOTHOCTH C ,ItOnOA:im:TeADHHM_ y-g:eTOM RyJIOHOBCKl'IX 

KOppeJlllll;ltil: ,1t1lH ,ItI,lpO'Il!HX COCTOH:imfi Y.ItaJ.tOCI, nOJiy'mTI, B RaqeCTB8 OCHOB

Horo ,ItlISJl8KTP~ecROe aHTH~ppOMaI'HRTH08 COCTOHHH8 ,1t1lH Z a2 UI Of • 
Ilpn STOM B6Jm3H ,lUlSJleK-rp~eCKOfi meAH BOSHRRa8T pesKoe YBe,qe:ime 

llJlOTHOCTH COCTOSI:imfi, qTO corJia.CHO MO,It8,W\KanaeBa 10.B. ( CM. 264, 267 / ), 

KaK H B OllHCaHHOM Bllllle c.ny,me, npRBO,ItlIT K pesKOMY YB8Jlliq8Hml Tc • 
3HatmTeADH08 IIOBlllll8HR8 Tc MOJKHO Omi;D;aTI, B paMKa.X M8RTPOH

qJOHOHHOfi MO,IteJm B c.ny,me o6pasoBamm: n~OHOB MBJioro pa,v;:e:yca H 

6HllOJll!pOHHOfi CBep:xnpoBO,ItlIMOCTH ( cM/227 ). B CJIY'W.8 IIPOM8JKYTO~oii 

8Jl8KTPOH--!P<>HOHHOH CBSISH, A ~ 1 , BOSM0'1tHO o6pasoBrume nOJll!pOHa 

MaJioro pa,v;:e:yca, ROTOpoe IIPHBO,ItlIT K CHADHOMY CYJK8Hm0 SOHH 

W = D exp (- ~1
) ~ 1), (6.51) 

r,Ite ~ -KOHCTaHTa M8KTPOH--!P<>HOHHOtt CBSIBII IIPH ,.\ = ~!w /D . Pes-

KOe Cy,;te:ime SOHH HapymaeT a,It1Ia6aT.l!['lI8CR08 npH6JI.ra:lite:ime B Teopm! MHI•,Ita-

Jia. ( W ~ W BM8CTO J) >.:> W ) , qTO IlPHBO,ItlIT K KaqecT.,. 

B8HHO miyroii RapTHHe o6pasoB~ CB~OBO,willlero COCTOHHml. IlOJll!pOH

HaJ! cBep:xnpoBO,ItllMOCTI, corJiaCHO 227 BOSHRRaeT IIPH A ;;::; 1 , 
TeMIIepaTYl)a nepexo,Ita .1t)lH KOTOpofi 

Tc "" W exp ( - 1/>,f) (6.52) 

MOJKST OKasaTI,C/I sH.aq:e:TeJlI,HO Blllll8 (6.43) sa cqeT BliCOKO:!l: llJlOTHOCTR 
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COCTOJirurii B noJll!pOHHOfi 30H8: /Ip'"' 'a-.2..w /w "-' ,\ exp(ca,2) » A • 
IlpH q_TOM • • -~ li B ( 6. 50) • 06Jia.CTI, HHTerp:e:poBaHIDI IIO SHeprmi: B ypaB

H8HID! .{ 6. 49) onpe,ueJI.fieTCSI SJieK-rpOHHOll SHepr:e:eii W - nmpmioii IIOJll!pOH;_ 

HOH soim. (6,.51), a He qJOHO,OH SHepr:e:eil: W . .•.. Maxcm.mm.Hoe SHa.,;,; 

qe~e ( 6. 52) Or(eHHBaeTCSI B 22? / BeAH~OH ' 'T'c ,v O. 5 w ~' 500 K 
npll BSaHMO,IJ;8HCTBllll C BliCORQqaCTOTHOfi KllCAOpO,ItHOH MO,ItOH KOJie6amm. · 

B 06.nacrn .~HJII,~qil: • .a~eKTPOH--!P<>HoHHoil:, cMs:e:, , ~ ~ '1 <-v 
2/'JJ :;,::, 1 , 

B03M0'10IO_o6pasoB~e 6.IIIIOJllII)OHOB H nepexo.ItR 6mrOJllII)OHHOii CBep:xnpo

BO,ItlIMOCTR, onpe,IteJllieMOH 6ose-KOH,It8HCailRH 6HIIOJ11Il)OHOB IIPH TeMIIepa'cy"-

pe . . . ~ 
n.1/3 

,T· ~ ··-· 
B m~ 

* ( 2) ,, .!]!_ -v -e X f) 'J 1 .• 
/"YI. (6.53) 

r.ue •,' n. << 1 . - -rpexMepHaSI ·llJlOTHOCTI, 6mrOJ1lil)OHOB, COCTaBHWC 6ose

tJaCTHIJ;. IIp:e:· sTOM CBOHCTBa6mIOJll!pOHHOfi CB8p:xnpOBO,ItlIMOCTH, Onp8,It8Jlll"" 

eMoft JioRaADIWMl1 napaMH c MBJioft 1toppeJilllUloHHoii ,nJIRHoii .; « n- 11
3 

, 

CYllle·cTBEiHiiO OTJIHlt8DTC/I OT CBOHCTB'. CBep:xnpOBO,IJ;HHKOB THna· EKJII, B KOTO-

pm: RyIIepoBcKHe,BosmrKa1onnre' HWJte ·Tc. 'apli HMeJ:>T 60JJ.I,llJYI) Kop.,;, 

peJISIUllOHHY]O A7IHHY 5 )) n -t !3• B pa6oTax / 268 . o6cy,imamCSI 06ll!ll8 

CBOHCTBa H 8KcnepHM8HTaJII,Hli8 CJI8,ItCTBM . .ItJllI ·. CBep:xnpOBO,ll;HHKOB npH 

o6pasoBaHHH nap B peaJII,HOM npoc-rpaHcTBe c MaJIOtt .ItJ.!lll!Ofi RorepeHTaoc

TH. JlJllI STOro HCIIOADSOBaHa·coBepmeHHO o6masr·MOlt,8Jll, Tmta Xa66ap,Ita 

( 6. l) c IIPIITW!t8HH8M, ROTOpoe onpe,IteJllI8TC.fI Jlll60 U < 0 . -O.ItHOysm-

H08 npIITJ'Dlt8HII8, Jlll60 Vi j < 0 ( npli I/ > 0 ) - Me:iey38Jll,HOe . 

np:e:Tmitemre. IIpn'tJHHOil· nOHBJiemm: "OTPHWlT_eJII,Horo U " MOllteT 6liTI, itait 
o6M8H 6osoHaMH .(qJOHOHaMH, 3KCHTOHaMH), TaR H cne:umpll'l8CKll8 

11
XHMIN8C

Kll811 Mex~sm ( o6pasoBa:ime nepoRCH.uHHX nap ( o-J 2 /
9

f{noJllII)H3aI.OISI HO

HOB / 269 ). 8Ta MO,It8AD IIOSBO.Jlli8T pacCMOTPSTI, KaK 06Jia.CTI, CJia6oii CB.fl

SH Iv/ << ]) = j t (r.1te Ter.mepaTYl)a nepexo,11;a pacTeT c YBeAHlleHHeM 

CBSISH }. = I U I / 1) , KaR H B MO,U8Jm EKey; Tc ~ 1) e X p {- 1 I\ ) , 
TaR H o6Jia.CTI, cRADHOH cBSISH I V I >) t , r.1te npoHCXO.ItIIT 6ose

ROIJ.It8HCaI.OI.fl JIOK8Jll,HliX nap H Tc ~ t 2 
/ I U} na,IJ;aeT c po CTOM /11 / • 

Hrul:6oJiee B8JKHH8 IIp8,ItCKasaHml Teopmt B o6Jia.CTH C:e:ADHOH CB.fISH- ~eJIH-'ll 

qeHHe Sqxp8RT.lll3HOH MaCCUHOCIIT8Jl8il:: tv1 "'/ /"fl ~ e X p( i;,.2 
) "' :Z,O /227 / 

n CY11!8CTBOBaHIIe JIOK8Jll,HWC nap Bllllle 'Tc = T 8 • Onpe,1t0J1emnrll: RHTepec 

IlP8.ItCT8.BJllI8T H 60JI88 CJIOJKHal! MO,IteAD ,ItByx Tm:IOB HOCHT8Jl8fi "'." SOH?liX 

SJieRTPOHOB H JIOK8Jll,HHX nap: 6ose - ROH,IteH~ noCJie,ItHHX npHBO,ItZT 

K O?;>a80BaHHJ:l RyIIepOBCIGDCnap B CHCT8M8 sommx SJI8KTPOHOB (cM/
226

, 
268 ). Y'l8T ,ItaJll,HO,Ite:ltcTBYDJtero RyJIOHOBCKOro BSal!MO,Ite:ltcTBHf.[, xapax

TepHoro .ItJllI :e:ommx ltpHCT8JlJIOB, npRBO,ItZT K YB8Jiltq8H!rm pa.JtEYCa IlOJltll)O

HOB~ qTO YB8J.DirCmBa8T ·~ llO,ItmaHOCTI, H 06.nertJaeT nepexo,It B CB8~

BO,willl88COCTOSIHH81270 • POJII, MB.l'W'ITHliX Koppe.nsmml nplrl o6pasoBaHD 

llOJIHpOHOB paCCMOTpeHa . B o6sope 1
271

~ ·• : ·• 
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Ilo,Il;BO,ltll RTOI'H o6cyli.It8HWI SJ18RTPOH--q()HOHHOro M8xalm3Ma CBepx
npoBOJtHM()CTl'I B BTCII, MO.EHO CRrulaTI,, 'ITO 3TOT M8xalm3M 6eayCJlOBHO . 
ErpaeT onpe,Ite.netmyl) pom, B ORC~ CB8pxnpOBO,ItHKKa.X, B03MO.ll!HO, 
JIBJl/mCI, OCHOBHHM B TP8XMepmnc C08,Itm!8HWDC (K - Bq) Bi O; . 0,ItHaRO 
OROH'm.TeJl!,HaJl OU8HRa ero pOJll'I MOJ!t8T 6HTI, C,IteJ.IaHa JlllIIII, IlOCJl8 B8CI>Ma 
TPYJtOeMKHX pac~eTOB BC8X CBOttCTB 3TIDC coe,Itmiemtlt npn IlOCJ18,ItOBaT8Jl!,
HOM yqeTe oco6eHHOCT8H me 3~8KTPOHHOro H-qJOHOHHoro CII8RTPOB. 

6.5. gRCRTOHHil8 M8xaHg8M!l CB8pxIIpOBOlmMOCTK 

Kalt CJie,ItyeT HS o6l!l8H qiopMy~ ,wm T8M!IepaTYPH nepexo:ita (6.42), 
SHatmTWHOe noBH1IIeHHe Tc. B ~e CJia6ott CBfiSH (6.47a) B paMKaX 
Teop.im EKIII MOJltHO IIOJIYtm:TI,, SCJll'I 3Heprmr 60SOHOB, o6ecnetm:Bamtme 
npHT.IDltemte 3Jl8RTPOHOB, 6Y.It8T SHa"'!l4T8JlI,HO BHlIIS_ .xapaKTepHHX qJOHOHHHX 
~CTOT W • Il03TOMy, SCJIH B CHCT8M8 8~8RTPOHOB npOBO,Itm40CTH 
BosMoaeH o6MeH BHcoxoaHepreTn~ecIWMH Bos6yJK.IteHR1IM1I·SJieRTPOHHoro TH
na - 3RCHTOHB.MK, TO MOJltHO OD;ItaTI, BHCORWC TSMllepaTj'p Tc • B ORC.e;It
mtX CBepxnpOBO,ItmtRaX BBR,Ity CJlOJKHOro SOHHOro. CIISRTPa Hero KBas~y
MepHoro .xapaxTepa IIOJIBJ18HH8 TaKWC 3RCHTOHOB B8CI>Ma BepOHTHO, 'ITO 
npHBe~O ~ aBTO~r R H3yt!8Hm0 3RCRTOHHOrO M8.xaHH3Ma BTCII ( CM., 
HanpRMep, 2/22- 22 • 06DU!e npoMeMH 8RCHTOHHOro M8.xaID!3Ma o6cYJK,Itam
cm B mmre 2641. 

BC1IRHH 3RCHTOHHl:lli M8.xaHHSM no CYJit8CTBY CBfiSaH C ocodeHHOCTI,D 
.ItHSJISRTP.llt!SCROH npommaeMOCTR SJ18RTPOHHOH CHCTeMl:l, B CBfi3R C ~eM 
II0~8SHO paCCMOTPSTI, o6mmi IIO,ItXO~ K 3TOH MO,It8Jll'I, OCHOBaHHH:11 Ha .ItR-

3~8RTP.llt!8CKOM qiopMaJIH3M8 (CM. 12641). 06CY.ItllM ero, CJ18,ItyJI / 2251. 
8qxlieKTRBH08 BSruIMO,It8HCTBH8 ,Il;Byx SJISKTPOHOB B 3~8KTPOH-HOHHOH 

CHCT8M8 OllRCHBa8TCJI qx>pMy~ofi 

Veff {c{, w) "' 
'lrfiJ_ 
E (q1 t.i} (6.54) 

1
r:ite 'lr(q} -Ky~OHOBCKOe B3aHMO,It8liCTBHe, a IIO~aJl .ItH3~8KTP.llt!8CKaSI 
nporuma,eMOCTI, CHCT8Mll £ [q, w) onpe,It8Jlff8TC1I CYI,!MOH IIOJlffpR3Y8MOCT8li 
HOHHOH d..,on R 3~8KTPOHHOli cAe( IIO,ItCRCTSM: 

£ (i{1 w) == Ecx, + d.ioh (q,iv) + ci.et ff, w). 
(6.55) 

BllCOKOtffiCTOTHllli npe,Ite~ t CXJ onpe,It8Jlff8TC1I B~OM BHYTP8mDILX 060-

~o~eK ROHHOro OCTOBa. CneKTP~HaJl MOTHOCTI, .wm npO,ItOJlI,HllX iffJJYKTY
auai:i: sapR,na B pemeTKS onpe,It8Jlff8TC1I COOTHOmeHHeM: 
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1y Eoo ) 
f(i,w) =- - i. IYJ E. (q,L.Jtit) 

(6.56) 
~TO II03BOJ11I8T pacCMOTPSTI, onpe,Ite~emrue MO,Ite~ 3KCHTOHOB, CBfi3aHHllX C 
KOMSKTRBHllMH BOS6~8HIDIMli - KO~e6aHRIIMII MOTHOCTR aapH.Ita. B ~CT,., 
HOCTH, B pa60T812 2 6Wia npe~OJiteHa MO,It0Jll, KOM8KTRBHllX B036yJK.Ite
HIDi npn nepeHoce aapR,na M8J!i,lly HOH8MH M8,Itli H KHCJIOPO.Ita. MO,It8JII, KBa,:a;py
IIOJlI,HllX d. - d Boa6y,merutii npn rrepeHoce aaplI,ll;a MSJlUtY op6HTaJJID.m 
3d (X~t/) H 3d {322

- y:LJ Hays~ Me,ItH paccr.m.TPRBMBCI, B 
pa6oTax 12231_ CymeCTBOBaHHe HHSKO~eJKallUDC Ma3M8HHllX B036y,K.Ite!llrll B 
CWII,HO aHHSOTPOilHOli cncyeMe Ta.I<l!t8 MOJKST 6UTI, npwnmon 8KCHTOHHOro 
M8XaHH31\ID. Ha Ma3MOHax 2241. B03MOJKHO, 'ITO Ma8Momrutt MexaHH3M, 
npoRBJIJIIOlllHiicm B oco6eHHOCT.fIX MSKTPOHHOH IIOJI.lIPHSyeMocTH B (6.55), 
yc.wumaeT a~eK,OH-:-41QHO,H08 npHTJIJKSHHe, onpe,It8Jlff8M08 HOHHOfi IlOJI.lIPH-
3yeMOCTI,D (CM. 224 •225 ). PacCMOTPRM IIOCJ18,ItHmm B03MOJKHOCTI, 6o~ee 
IIO,IIJ)06HO. 

,lJ.mI onpe,Ite~eHHOCTR paccMOTPHM npOCTYD MO,It8Jll, HOHHOfi pemeTKH, 
onpe,It8Jlff8l\zy10 tffiCTOTal\m npO,ItOJII,HbJX, . WLo (q_) , H nonepetnmX, lvTo {f}, 
OIIT.llt!SCKIDC qlOHOHOB • .I(HSJI8KTPR"'!8CKaJl npommaeMOCTI, B TaKOil: MO,Ite~ OllR
Cl:lBaeTcm COOTHomeIDieM: 

f_ioh (f, w) 
2 ➔1 

==- E 
00 

W LO ( 'f _ w 2 

w2. ➔; TO (9 - w
2 (6.57) 

.I(HaJI8KTp.llt!8CKaJl npoHmJ;aSMOCTI, a~eKTpOHHOil IIO,ItCllC~eMl:l B o6~eM BH,Ite 
onpe,IteJ11IeTcm qiopMy-Jiofi: 

£. e; ~ "if, w} == f: 
1 

( f, w) + i E 2 (c(, w) , 
(6.58) 

r,Ite £ 1 H E 2 - ,It8HCTBRT8JII,Ha.fI R MHHMalI ea tffiCTI,. B o6wmux 
M8TaMax E 1 { f, w) . B o6~CTR qx>HOHHllX tffiCTOT c.1 {f, Iv j ~ Ef {q, 0) 2:.., 

2: £. 11<1 ~ HS MHWKOM MaJlllX Cf • B OKC.e;ItlillX M8T~ax 
~ OTM8tffi8TC1I B 225/, CTaTH~8CKaJl BOCnpimMtm:BOCTI, HM88T aHOMaJII,

HO 6om,moe aHa~eIDie 

x r<[, o J = 1 - f. r.... J 
:"e q, o 

1 >> 1 . . 

3TO yCJIOBHe MOJ!t8T BllllOJlWITI,Cl.fI ~ B CJiyqaS E.. ee {c{, o) < 0 

npn / E ee { i o) / « 1 , 'ITO oaHatraeT 118.HTHSKpaHHPOBaHHe" BHemHe
ro IIOJJJI a~SKTPOHHOil CllCTSMO:li. B 3TllX yMOBlmX ROHHaJl pemeTKa 6~3-
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Ea K HeycTOitim:BOCTll, noCKOJ!I,Ky llpOllCXO.D;llT CMlll"l6Hll6 'Ia.CTOT ee KOJie6a
rum. ,UefiCTBllT6Jll,HO, BBO,Itf.[ napaMeTp 

1 
~ = - Eet {f,o) 

= 'X(~ oJ-1 > 1, 
(6.59) 

3anmll6M cneKTpaJU,B:ylO llJIOTHOCTI, ~ llpO.D;OJII,HllX qmyKTYamm sapi!.D;a 
(6.56) C ytieTOM (6.57)-(6.59) B Bll,Ite: 

2 ... ) 2. 1➔1 
( ➔ w 1 = IJ.2 LJLo ft .. - Wroq 

J' 1, I l 1.1{ w {?) L w- w[fJJ21- rt;/ (6.60) 

rrqi 

r.n;e 

run"' 12 
£:i_{c(,w:w(qJ) 

z. /;:'}. 2. /;::;') 
W Lo li.L-- ~ Ta-!-'f-J • 

iwrfJ 

~aCTOTa CBJisamru:x aJieKTpOH-llOHiillX llpO.D;OJII,HWC. KOJie6arum sapaM onpe.n;e
JIJI6TCJI COOTHomeHHeM: 

(:/·[f) = w~o {¥) - ? [ w1o (c{)- w~o {<{) J (6.61) 

Ilpll ,ItOCTaT01llIO 60JII,ll!RX 3HatJ:eHIDU 'Z. ( 6. 59) llpOllCXO.ItllT 3Ha'IllT6JU,HOe 
CWir'IeHlle tJ:aCTOTI:l (6.61) ll CllJII,HI:lit pOCT llHTeHCllBHOCTll 8TllX qlJlyKTya!.. 

Imit sa~a (6.60). (B 06WIHI:lX MeTaJIJiaX 1 < 0 ll w/?J ;:: (JTO {if}). 
Y'IllTW3all noJiytJ:eHHI:le COOTHOmemm ,ll;JVI. a@)eKT.llllHOro B3B.llMO,IteitcT

Bll/I aJieKTpOHOB (6.544MOX6M HanllCaTI, COOTHOWeHlle: 

"" 
Veff(f,w)=- ~ f1- 2) t/z _ 2 p(i{,l}} 

t IXJ O _l - { W1"I b') (6.62) 

3qxpeKT.lll3Hall KOHCTaHTa CM3ll O~eHRBaeTCJI B6Jlll'IllHOit 

..., 

s{f) ~ 2 ~o ~~ f(f,z-). (6.63) 

CpaBHllBall noJIHY]) KOHCTaHTy CM3ll (6.63) c KOHCTaHTOit CM3R, o6yCJIOB-
JieHHOfi TOJII,KO BKJia,ItOM llOHHI:lX KOJie6aHllit .Pio,-, ( ;, .i-} , MOltHO pac-
C'IllTaTI> gmtTOp ycRJieHll/I KOHCTaHTH aJieKTpOH-qx:>HOHHoro llpllTJD!teHmI: 
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A(1)·~ s(r/ 
. ~,011 (<j) 

Kalt noRaSUBaJOT pactJ:eTu, npime.n;eHHI:le B 1225/, A ( 1} >;> 1 np.ir 
2 ~ 1 + 2, 'ITO llpllBO,ItllT K 3Ha'IllTeJII,HOMy YB6Jlll'leHim KOHCTaHTH 

A .ll pOCTy Tc • IIpll 8TOM ll30TOllll'lecruni 8@J6KT, BB.imy 60JII,WOrO 
BKJia,Ita aJieKTpOHHOit no.n;cllCTeMH BO B3allMO,IteficTBlle (6.62), no,ItaBJllieTCJI. 

PaCCMOTpeHHI:lit BHWe MexaHll3M ycRJieHll/I MeKTpOH-qJOHOHHOro llpllTH
xeHll/I sa C'IeT B3a.lIMO,IteitcTBll/I C aJieKTPOHHOfi no.n;cllCT6MOit.HOCllT BeCI>Ma 
o6!llllit xapaKTep. Y CJ10Bll6 "aHTll8KpaHllpOBa100i 11 

( 6. 59) MOXeT 6UTI, BWIOJI-

HeHO KaK B MO.rte~ Y,'lllTHBaPJ!ItliX nepeHOC sapaM M~ ~Oli ll KllC-
JIOpO,ItHOli 30HaMll 2227, TaK ll B nJiaSMeHHHX MO,IteJlfIX 2 • 3Kcnep.u-
M6HTaJII,HO nOHBJieHlle OTp~aTeJII,HOli ,Itll3JieKTpll'leCKOtt npo~eMOCTll 
(6.59) B CllCTeMe MOXeT Ha6JuutaTI,CJ! no CMlll"IeHmO llpO,ItOJII,HHX_qx>HOHHl:lX 
MO.It llJill ycRJiemm llHTeHCllBHOCTll 3TllX MO.It B ll3MepeHmDC no norJio~emm 
3JleKTpOHOB. OTMeTllM B CBH3ll C 3TllM aHOMM!,HOe llOBe,IteHlle llpO,ItOJlI,HOli 
onTll'l:ec1tofi Mo,n;u B L Qz. c.« 0,., ( CM. pnc. 5 8 ) npn pac~ellJle
rum ee Ha .n;Be KOMIIOH6HTU. B ~6JIOM JK9 ll0Hl!hll1 xapaKTep CMS.I! B pemeT
Ke OKCll,ItHI:lX CBepXIIpOBO.D;HllKOB .I! Ma.1IB.!I llJIOTHOCTI, HOC.IIT8Jie:i,i B MeTaJIJIH
tJ:eCKOfi qase .D;eJialOT.BnOJIHe BepOHTHHM paCCMOTpeHHlitt BWl!9 MeXaHll3M 
noBWIIemm 1'c_ . • C pOCTOM 'IllCJia HOCHTeJiefi 3TOT aqx!JeKT ."aHT.1!3KpaH.l!-
poBamm" ,ItOJllKeH no,ItaBJllITI,CJI, 'ITO MOJK8T 06'L!ICHllTI, na.zteHlle le. BO 
Bcex OKCll,ItHUX CBep.xnpOBO,ItHllKaX llpll 60JII,IlllIX K0~9HTp~ HOC.l!TeJiett • 

3a.KJIIOgemre 

B HaCTOH~ Jieronmx aBTOP npe,ItCTaB.IIJI Jlllill!, MaJiylO 'IaCTI, orpoMHoro 
3KcnepllM9HTaJlI,HOro MaTep.0:aJia, HaKOITJleHHoro sa Tpll ro,Ita .l!HT9HC.lll3HHX 
llCCJI9,ItOBaHllfi HOBHX OKCll.ItHI:lX CB9pXIIpOBO,ItH.IIKOB, noJiy'lllBmmc HasBaHlle 
Bl.lCOKOTe.MIIepaTypHUX. B OCHOBHOM o6Cy,K,ItaIOTCJI CBOfiCTBa:JIHWI, HaR60Jiee 

ll3Y'JSHHI:lX ns HRX, .ll'.3 KJiacca coe,ItllHeHllii fq.z_xMJ< ¼ o,., .0: R f3qz ~ D1-:,. 
.iinm, KpaTKO YilOMllHaIOTCJI coe,ItllHSHllll 693 Me,Itll C Ky6ll'l:9CKOH pemeTKOfi 
(K - /3 qJ Bi o 3 H coBceM He o6cy,K,ItaIOTCR: HS.ItaBHO OT}g)HTHe BTCII c Me.K-

TpoHHofi npoBO,ItllMOCT!>lD Tmia Al c/2 _ J( Ce x ~ o,, /272/. J1HqiopMB.IOOO o6 

/
3TllX CBepXIIpOBO,ItHllKa.X 'I.ll'.TaTeJII, MOX9T HaliT.I! B TpY)taX KOH\P9pe~ 
9 IO/ 

' • Bo BCeM MlJl)e llpO,ItOJD!ta9TCJI aKTimmtlt nOHCK HOBHX BTCII, ll BllOJI-
He B9pOHTHO, 'ITO CKOpO MU CTaH9M CBll,IteTeJl!IMR o6HapYJjt9Hllli C09.D;llH9Hlli! 
c eme 6oJiee BucoIWMR TeMIIepaTYl)aMK nepexo.n;a, T' > 'f_"' 1251(- noRa 
'ITO Ca.Mott BHCOKOH TeMIIepaTYl)ofi nepexo.n;a B Te.z_ !3az Cq; Uf.3 010 
(CM. § 1). 
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BllH)ly plI.lt8. HeO6!:l'IHllX CBOHCTB ll CJlOlltHOro MeKTI)OHHOrO.CTI)Oemm 
BTCIT B O6.naCTll TeopeTJilleCKIIX HCCJie.n;OBB.WIH Ta!Olte Ha6.mo.naeTC/l aKTllB
Hllli IlOllCK HOBl:lX HeCT~apTHllX MexaHl'I3MOB CBep:xnpOBO~OCTll B OKC~
HHX coe~emmx. B § 6 Mll paCCMOTI)eJlll JIBII1I, OCHOBH!le MO,ll;eJlll BTCII, 
cpe~ KOTOPl:lX npe)VIO.lKeHO II paapa6OTaHO 6om,moe '!HCJIO 6oJiee tra.CTH!DC 
MO.n;Meil. IloKa ~TO TPY~O B~eJmTb KaKOe...Jm6o O,ll;HO HanpaBAeHHe B Teo
PHH fil.'CII, B pro.max KOToporo MOlltHO 6wro 6u HaH6OJiee IlOJIHO OnHCaTb 
Bee Ha6.JID,ItaeMUe CBOHCTBa OKCimHWC coe~eHHH. B CBII31I C 3THM onpe.n;e
JieHHllii HHTepec npe.n;cTa.BJlfleT paapa6oTKa 6oJiee YHHBepcam,Hl:lX Mo.n;eJieii 
lpE)HOM8HOJIOrlllleCKOro xapaKTepa, B KOTOpl:lX Ha OCHOBe npOCToro npe.n;
IlOJlO.llt8Hlm O_B~8 cneKTI)a 3JieMeHTapHHX B036~elIBii 3JI9KTPOHOB ('Al:lPOK) 
MOJltHO 6wro 6u o6MCHllTb OCHOBH!le 3KCIIepHM9HTaJU,Hll9 .n;aHH!le KaK B HOP

Mam,HOM, TaK II CBepxnpOBO,WIIIISM COCTO~~• 
YKaJKeM B CBII31I C 3TllM Ha pa6oTy' 273 • r.n;e ,It1llI OIIHCaffim CII8KTpa 

KOJIJieKTllBHl:lX BO36~eHHH, CBII3a.HHllX C q>JlyKTYau;H8li MOTHOCTH aaplI.I(OB 
ll CIIHHOB, npe)VIO.lKeHa npOCTaJI Mo.n;em, B B~e: 

-I»i P(f,t.1) ~ Nfo) f 1 ( lwl< r ...:... Siqnw ) I l L 
• d 'f'< w (7.I) 

CorAaCHO 3TOH MO.n;emr, B lillipOKOH O6.na.CTII BOJIHOBl:lX BSKTOPOB 1 
CII8KTP qin.yKTYain'lli onpe.n;eJlfI8TC/l JIBlll.I, COOTHOlll9Hll8M HX 3HeprllH W H 
TeMIIepaTYPll T. B3alIMO,ll;8HCTBll8 o~o~aCTJillHl:lX 3JI8KTI)OHHHX BO36y,K
.n;eHHil c qmyKTYailWIMH co cneKTI)OM (7.I) npllBO'AfiT K nepeHOpMHpOBKe 
KBa31Itia.CTII~Oro cneKTpa, KOTOpa!I OII.HCllBa8TCJI MaCCOBllM onepaTopoM Bll

.n;a: 

I (i<,w) ~ 12 N
2(0){ wen: -,fx 1, 

c.. (7.2) 

r.n;e '} - KOHCTaHTa CBH31I, ll(o) - IIJIOTHOCTb 3Jl8KTI)OHHUX COCTOJiHHH Ha 
noBepXHocT.H /JiepMH, x"' mqx (lwl, T) H we.. - MaKC.HMam,HaJI :mep
rIDI KOJIJieKT.HBHblX B036y,K'AeHHH. Ha OCHOBS (7.2) ,It1llI O,ll;HO~aCT.H~Oii ~-
Will I'p.HHa, 3aII.HCaHHOll B KBa3.Htia.CT~OM npe.n;cTa:BJISHIDI . . 

2 I< + ~·,.col, {w}, 
(7.3) 

1 = 
G(i<,w)= w- Er-L[~w) w-Eit+if; 

Haxo~. ~o Bee O~Otia.CT~X BO36y,K'ASHHH 

l. = [1- 'oRe1:{i(,wlJ-1 IV [ C-ttj W,:,r1 
" 11W lJ=,.EI( EK 

(7.4) 
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Jiorapmjj,m:~ecKH CTpSMHTCJI K HYJIJO Ha IIOBepXHOCTll ~epMH £ K ~ 
~ f;t + L (i?, £ i<] = o , r.n;e ocTaeTCJI BKJia,IJ; J1llmb HeKorepeHTHllX Boa6y,ic
.n;eHIDi G i 11co h { w) • B O6H'Il!Oii iJ)epMH-~CTll CilSKTP qmyKTY~ 
B o6JiacT.H H.Harunc tra.CTOT, w < ~ tr F , np.H T << ft F HMeeT B~ 
-ImP{c(,w)"" w/9vF, ~To.n;aeT ReL~I.J .H-IPl.L"'W~ 

TaK ~TO B6Jlll31I"IIOB8pXHOCT.H ~epMII coxpaHmOTCJI xopomo onpa.n;eJieHHUe 
KBa3.H~aCT.H'Ilfil9 B036YY.m8Hlfil. Pa3MHT.H8 KBa3Htia.CTJillHUX BO36y,K'A8HHH 3a 
c~eT B3a.lIMo.n;eftcTBHlI c KOHT.mryyMoM HH~KO3HepreT.lft!ecK1IX WKTY~ 
38.PJI,!(a. .H CII.HHa. C xa.paKT8pH!,!MII TeIIJIOBllMII ":meprMM!I ~ 1< T B MO.n;"e
JIII (7.I) np.!IBO'AfiT K oco60I1-1Y cocTMHIDO c.HcTeMU aJieKTpoHoB, KOTopoe 
MO.lltHO J1lllllb ycJIOBHO Ha3BaTb lpE)pMII-~OCTbIO ( "Ma~ginal Fermi 
l(quid" 12 '131 ). KaK noKaaaHo B 12731, TaKoe Heo6~oe Jt1llI 1p0p .. 
MU-CI-WTSM IlOB8.I(8H.H9 ipyHKIJ;lllI lp.HH_a. ( 7 • 3) IIO3BOJiff8T O6'1,lICH.HTb plI.I( 
3KCII8P.HM8HTaJU,H!1X oco6eHHOCTefi, Ha.6JIIO.n;aeMUX B HOPMaJII,HOM .H CB8pX
npOBO.n;lilll8M COCTMH.HII OKCimliWC CB8pXIIpOBO,ll;H.HKOB. 

B U8JIOM ~8 np8,ll;CTOHT eme 6om,e pa.6oTa 
0

IIO CHCT8MaT~8CKOMy 
.HCCJl8,ll;OBalliIIO MHOr.HX qili3~8CK.HX CBOHCTB OKCII.n;HllX coe.n;mremtii Ha·BHCO
KOKa~8CTB8HH!1X o6pasnax C nem,10 BWICH8HWI HaH6OJiee B8.lltHl:lX B3a..HMO.n;efi
CTB.lili, onpe.n;SJiffIOllllIX HX CBep:xnpoBO,D;lillllI8 CBOHCTBa. IlocTpoeHHe a.n;eKBa.T~ 
HOH tmK!)OCKO~8CKOH TeOp.H.H IlOMIIMO Iql.HT.H~8CKoro aHa.Jm3a 3KcnepllM8H
TaJU,Hl:lX ,ll;aHHllX l'p86yeT Tal0lt8 pemamm II plI.lt8. np.mmmmmHllX 3a,D;a'l:B 
T8Opllll MHOrHX ~aCT.HU C CKJII,HOii KOpp8JIJIIU1eii. IloaTOMy llCCJie.n;oBrume 
BTCIT OCTaSTCH o~ofi ll3 rJia:BHHX npo6JI8M B qili3.HK8·TB8p.n;oro T8Aa. 
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TpeCI0BSHWl, IIJl8,lt'LJm71Ji8Mll8 R cep.lW Clponoop 
''Jleiamu .l'.Wl MOJIO,IUDC y,i8HWC OHffif" 

08,PWI Clpolllllp "Jielatlm 11,lIJI U0JI0,IU,[X yiiema Olfmf'' Ha.1ta8TCJI c ~8JILI) 

uoBH111eaiul Ba;rmo-n~ccaoaaJILHoro Rpyrosopa·z ypomtn UOJ[0.ztHX yqeHHX 
H CU8IUfWillCTOB OHHH B WtTyaJWlllX OdJiaCTJIX HCOJ[8,ltOBBHW!, B8JzyllilttCff JIO 
T8148.THK8 liHOTHTyTa. Dmycxz JtOJI:IHll JIP8.ltCTallJVlfi coelol SaROHqemwe 
lUfK.im Jie.KIUfil, npoqzTamwe B OHHH H OpH8HTH,POBBHHU8 npez.ite Boero Ba 
1,10.1[0,Itl,ll: COTPYJtHHKOB Ha:cTHTyTa. 

~KIUm .ltOJI:IHll liW8TL ~pal(T8p yti8CIBoro JIOCOCIHH, npeJtHaSHaqeimoro 
11,lIJI uep:eoro 08HaROl4.7I8HHH o·paccuaTpRBaBMol.npodJieMOI, a Tala:8 CO.lt8P
llt8Tl, oelsop 88 COB,P8M8HHOro COOTOJmWl. Olm J{OJiltHU Cl!lTi OHS6.l!t81W uoli
poCIHl,IM orJISBJI8Hli8M. H OCHOBHOa JIHT8pa17POtl •. EoJn.niHe naparpaq,u p8ROM8H
.ttY8T08 pasCIHBSTi. Ba_noJtIIaparpaq)u o :euaeoeHlWMl! B orJISBJieHHe no.1tsaro
.110BR&m. 

Beci. T8ROT, BMll'IUUi OT.lt8JWW8 rJISBH H naparpa~il. OJI8,Dy8T JI8'1Ja
'1'aTi, SaJIOJilUUl. R8l!UIYJ) OT,l)Slmey lt8Jllll(OM. 

Pyxouci. .itOJDma CIUTL uanetiaTBHa Ba cnertKanma dJiam<ax, upeJtHas
uaqemmx 11,1IJI nplWOro peupo.ItYIOJpoBSHHH, lCOTopue U0JIH0 JIOJIY11ZTl, B Jl3-
.ttaT8Jll»CKOU OT,lt8JI8. Bee ~OJIIY.IIH H cxeuu .ltOJDIHU CIUTi BllilCSHU aIOCypaTHO 
H JICBO Tyl]Il,ll lWI 1i8J)HWISIOI '18,PIIOro· ~eTa. Paauena WC>IUYJI B8 IIpOJIS

BO,ltJITCJI, HX BYJ(8paltl1Jl JtOJDma B8.X0.ItH'l'LCJI II KOBil8 CT,POKJI oupa:ea B 
Kpyr.ma cxoelxax. TeKOT Jiemtd U8'1JaTa8TCff Ba uammoce C 1i8,IIIOI (Re ce
pol) .lt8BTOI 1i8pe8 I,6 HB'1'8,PBaJia. OCl'LeM JI8XrtKI B8 ,lt0Jlll8B np8BWll8.Ti 
IOO CTpaBJlq MBlllllHOllilCBOro T8ICC'1'a. 

PyxoimCl, IIJl8.JtOTaBM8TC8 B Pe.ztaI<ItHOHlildl COB8T C8pHH-Clpouoop "JleR
. 1U!H A11J1 MOJIO,IUDC y,i8HHX OHHH" COB8TOM MOJIO,IUDC y~eHHX H OJI8ItKWIJICTOB 
QIDlli H COB8TSMH MOJIOJtHX y,i8HHX H one~WIHOTOB JiaelopaTopd liHCTHTyTa. 
Pe.tt~ORHui! OOB8T Jlpwn!Ma8T OROH1iST8Jll,H08 pemeime O ~8JI8COOClpasao
CTH 88 ey~ • 

Pe~oHHui! OOB8T 



~e.naKTop E ,K ~A.KceHoBa. MaKeT H .A.KHceneBoii. 

Ilo,llllHcaHo a neqaT& 18. 04 . 90 • 
cl>opMaT 60x90/16. Otf>cemaa neqaT&. yq;.H3.llJJHCTOB 11 ,36. 

THpa,ic 450. 3aKa3 43375. 
lfa.naTenbCKHH 0T.llen O6'heJUmeHHoro HHCTHTyra R,JJ.epHbIX HCcne,llOBIUIHH. 

·· )ly6ua MocKOBCKOH o6naCTH. · 




