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Pam'enoe 11.M. P17 - 10560 
Bnunuue crpyKrypuoro nepexona Ha ceepxnpoeoanmHe ceoAcrea 
Merannoe 

Caenaua nonbiTKa Bbi.RCHHTb o6my10 ¢JH3H'i8CKYIO npH'iHHy BbiCOKHX Tc 
H HSnH'iHH M8pTeHCHTHOrO npeepameHHH B HHT8pMeTannH'i8CKHX CDeQHHeHHHX 
THna A3B co crpyKrypoA A15(tJ- Yll. l1aeecruo, 'ITO e 3SBHCHMOCTH oT 
3HepreTH'I8CKOrO CneKTp8 H nnoTHOCTH aneKTpOHOB HeKOTOpbie KpHCTannH'Ie
CKHe peweTKH MeTannOB npOHBnHIOT HeyCTOA'IHBOCTb OTHOCHTenbHO HCKS*e
HHH, ilOHH*SIOmero CHMMeTpHIO KpHCTannH'ieCKOA CTpyKTypbl H il0T8HUH8na, 

3TH crpyKrypable nepexoQbi conpoeo*aa10TC.R nepexoaoM MeTanna e nonyMeran 
ilH'ieCKOe HnH nonynpOBOQHHKOBOe COCTOHHHH,Ha OCHOBe 3HepreTH'i8CKHX CneK~ 
poe H pacnpeaeneHHH HopMallbHbiX H ceepxnpoeoanmHX aneKTpoaoe a aeyX*Ha
KOCTHOA MoaenH ceepxnpoeoaHHKa Hccneaoeaao enHHHHecsepxnpoeoa.Rwero coc· 
TOHHIIH M8T8M8 H8 3HepreTH'I8CKYIO BbirOQHOCTb B napaMeTpbl CTpyKTypHOro 
nepexoaa, C y'I~TOM 113MeHeHH.R aaepreTH'ieCKHX cneKTpoe aneKTpOHO!I 11 cpoao
HOB npH CTpyKTypHOM nepexoae K8'18CTBeHHO np08H8nii3HpOB8HO ero BilH.RHHe 
Ha csepxnpoeoanwHe ceoAcrea Merannoe. 

flpeap••T 06wAIUie••oro ••cT•TYT& •Jlepuu •cc.De.llo .... t . Jly6•a 1977 

Rangelov I.M. 

Structure Transition Effect of the 
Superconducting Properties of Metals 

P17 - 10560 

An attempt is made to make clear the common physical 
reasons for high Tc and for the presence of the marten
sitive transformation in an intermetal combination of the 
A3B type with structure Al5(tJ- Yd .• It is known that the 
instability of some crystal metal lattice with respect to 
the distortion (that lowers the symmetry of the crystal 
structure and of the interaction potential in which elect
rons are moving) is due to the energy spectrum and density 
of electrons. These structure transformations are accom
panied by transitions of a metal into the semimetal or 
semiconductor states, On the basis of the energy spectrum 
and distribution of the normal and superconductive elect
rons in the framework of the two-fluid model of supercon
ductivity, the influence of the superconductive state of 
a metal on the energetic profit and parameters of the 
structure transformation was studied. The influence of the 
change of the energy spectrum of electrons and phonons on 
the superconductove properties of a metal was considered 
when the structure transformation took place. 
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lfCCJie.I(OBaHbl B OT.I(eJibHOCTH rraB:epJICOBCKHH CTPYKTyp

HbiH rrepeXO.I( /llCll/ H rrepeXO.I( KOJIJieKTHBH3HpOBaHHbiX 

BaJieHTHbiX JJieKTpOHOB /KB3/ B caepxiipOBO.I(JI~He H HOp

MaJibHble rrpu KyrrepoacKOM caepxrrpoao.I(JI~eM rrepexo.I(e 

/KCll/. KaqecTaeHHO paccMoTpeHa B03MO)I(HOCTb cocy

~ecTaoaaHHJI OfiOHX rrepeXO.I(OB H HX B3aHMHOe BJIHJIHHe. 

llpH HCCJie.I(OBaHHH llCll yqHTbiBaJIOCb TOJibKO H3MeHeHHe 

JHepreTaqecKoro crreKTpa KB3 H H3MeHeHHe yrrpyroB: JHep

rHH KpHCTannaqecKoB: peweTKH MeTanna. Ka•leCTBeHHO yq

TeHo BJIHJIHHe H3MeHeHHJI :mepreTaqecKoro crreKTpa $oHOHOB 

IIpH llCll Ha BeJIHqHHY .I(HHaMaqeCKOH KOppeJIJIUHH Me)I(.I(y 

4JopMHPYIOIUHMH KyrrepOBCKYIO rrapy KBaJHqacTH:UaMH H ycu

JieHHe rrpoueccoa rrepe6poca IIPH ncn. 

1. BeeoeHue 

.HJaecTHble K HacTOJIIUeMy apeMeHH caepxrrpoao.I(HHKH 

c HaHBbiCWHMH TeMrrepa TypaMH caepxrrpoao.I(JI~ero rrepe

XO.I(a Tc H c HaHBbiCWHMH KPHTaqecKHMH IIOJIJIMH H c OTHo

CJITCJI K KJiaccy HHTepMeTaJIJIHqecKHX COe.I(HHeHHH A3B CO 

cTpyKTypoB: Al5(f3-W/1- 4/ .B HeKOTOpblx H3 JTHX coe.I(u

HeHHH, JIBJIJIIO~HXCJI caepxrrpoBO.I(HHKaMH c BbiCOKHMH T c , 

o6Hapy)l(eHo MapTeHCHTHoe CTPYKTypHoe rrpeapa~eHHe pe

weTKH H3 06beMHo-ueHTpHpOBaHHOH KyfiaqeCKOH B TeTpa

roHaJibHYIO 4Ja3y rrpu TP , cnerKa rrpeablwaro~ux Tc.lloJTOMY 

He06XO.I(HMO BbiJICHHTb, HMeiOT JIB o6~y10 rl!HJHqeCKYIO IlpH

po.I(y BbiCOKHe Tc H Hanuque MapTeHCHTHoro rrpeapa~eHHJI, 

KpOIO~YIOCJI B oco6eHHOCTJIX HX KpHCTaJIJIHqeCKOH CTpyKTy

pbi, COCTaBa H JHepreTHqeCKOrO CIIeKTpa KOJIJieKTHBH3Hpo

BaHHbiX BaJieHTHbiX JJieKTpOHOB /KB3/. 
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BnepBbie JlHTTOJIOM /5/ 6bmo Hccne,noBaHo B3aHMHOe 
BJIHHHHe naiiepnCOBCKOro CTpyKTypHoro nepexo,na/IJCIJI/6/H 
KyneposcKoro csepxnposo.nxl.Qero nepexo,na IKCIII 17 I . ~a
nee B 3aBHCHMOCTH OT paCCMaTpHBaeMOH ~o,nenH nonyqanHCb 

np~JiBonono)I(Hbie BbiBO.D;bi. B pa6ore AH,nepceHa H linayH
Ta npe,nnonaranocb, 'ITO B6nH3H TP O.D;Ha H3 onTH'IecKHX 
!}JOHOHHbiX MO,D; CTaHOBHTCH ,D;OCTaTO'IHO HH3KO'IaCTOTHOH. 
3TO .D;OJI)I(HO yBeJIH'IHTb 3!}l!}leKTHBHYID KOHCTaHTY B3aHMO· 

,neiicTBHH KB3 c 3TOH Mo,noH:, Koropax o6paTHo nponop
IJ,HOHanbHa cpe,nHeMy 3Ha'leHH10 !}JOHOHHOH 'laCTOTbl y <w 2 >. 
c ,npyroH: CTOPOHbl, T c nponopll,HOHaJibHa v<w 2 >. II03TOMY 
B pa6ore18/ npe,nnonaranocb, 'ITO B pe3ynbTare IICII pea

nH3yercx B03MO)I(HOCTb MaKCHMaJibHoro noBbiWeHHH Tc . 
Cyl.Qecrsyer npoTHBonono)I(Hax TO'IKa 3peHHH Ha BJIHHHHe 

IICII Ha Tc. Ilpe,nnonaraercx, 'ITO BbiCOKoTeMneparypHax 
CHMMeTpH'IHaH !}Ja3a HeyCTOH'IHBa H3- 3a 60hbWOH KOHCTaH· 
Tbi 3JieKTpoH·!}JoHOHHoro B3aHMo,neiicTBHH. TaK KaK HH3Ko

TeMneparypHax HCKa)l(eHHax !}Ja3a ycTOH'IHBa, To, HaBep
HHKa, KOHCTaHTa 3JieKTpOH-!}JOHOHHOrO B3aHMO,D;eHCTBHH 

yMeHbWaercx npH IICII. Cne,nosarenbHO, yTBep)l(,naercx, 

'ITO T(~ B OTCYTCTBHe IICII 6bma 6bi BbiWe Ha6niO,naeMOH T c· 

KoHe'IHO, npe,nnono)l(eHHe, 'ITO KOHCTaHTa 3JieKTpoH
!}JoHOHHoro B3aHMO,D;eHCTBHH B HCKa)l(eHHOH !}Ja3e MeHbllle 

KOHCTaHTbl B CHMMeTpH'IHOH !}Ja3e OWH60'IHO. I13BeCTHO, 'ITO 
'leM 6nH)I(e Haxo,nHTCH !}JepMH·nosepxHoCTb lct>III KB3 K 

rpaHHIJ,aM 30H lipHJIJIID3Ha, TeM 60Jibllle KOHCTaHTa 3JieKTpOH" 
!}JoHOHHoro B3aHMo,neiicTBHH. TaK KaK IICII npH6JIH)J(aer 

ci>II KB3 K rpaHHIJ,aM 30H lipHnni03Ha, TO B HCKa)l(eHHOH !}Ja3e 

KOHCTaHTa 3JieKTpOH-!}JOHOHHOrO B3aHMO,D;eHCTBHH, HaBep
HHKa, 60Jibllle KOHCTaHTbl B CHMMeT.pH'IHOH !}Ja3e. 

TeopeTH'IeCKHe Hccne,nosaHHH /9,1 O/ noKa3biBaiOT, 'ITO 

KpHCTaJIJIH'IeCKaH pemeTKa npOHBJIHeT HeyCTOH'IHBOCTb 
K IICII, ecnH CHJibHOe 3neKrpoH·!}JoHOHHoe B3aHMo,neiicTBHe 
conpoBO)I(,naercx HaJIH'IHeM nnocKHX yqacTKOB B ci>II KB3. 

O,nHaKo TOJibKO CHJILHax aHH30TponHx B npocrpaHCTBeHHOM 
pacnpe,neneHHH KB3 MO)I(eT o6ecne'IHTh ci>II, cocTO.HI.UYID 
H3 cna6o ro!}JpHpoBaHHbiX nnocKocreH:. CreneHh ro!}JpHpOBKH 
y 3aBHCHT OT CTeneHH aHH30TpOllHH H OT CHMMeTpHH KpHC • 
rannH'IecKoH: pemeTKH H nnoTHOCTH KB3. 
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2. OnucaHue MooeAu 

TaK KaK B HHTepMerannH'IeCKHX coe,nHHeHH.IIX THna A 3B 
co crpyKTypoH: A15 I puc. 11 aToMbl THna A o6pa3yiOT TPH 
B3aHMHO nepneH,D;HKYJIHpHble CHCTeMbl JIHHeHHbiX IJ,ellO'IeK, 
norpy)l(eHHble B 06'beMHO ·IJ,eHTpHpOBaHHYIO Ky6H'IeCKYID pe

meTKy aroMoB THna B, TO npe,nnonaranocL/1l/, so-nepBhix, 

'ITO S- 3JieKTpOHbl nepeXO,D;HbiX a TOMOB A H a TOMOB COpT a B 
KOnneKTHBH3HPYIDTCH B KpHCTanne, o6pa3yH lliHpOKYID 30HY 
IB Hee MOryT BXO,D;HTb H BaneHTHble p- 3JieKTpOHbl aTOMOB 

B I H,so-sropblx, 'ITO d- 3neKTPOHbl o6pa3y10T Y3KHe o,nHo
MepHble 30H~1 2/nHHeHHbiX ueno'leK. lliHpoKax 30Ha nepeKpbl

saercx c Y3KHMH 30HaMH, npH'IeM ypoBeHb cl>epMH npoxo,nHT 

r.ne -ro BHYTPH Y3Koii 30Hbl. Xorx paccTO.IIHHe Me)I(JJ:y 6nH
)I(aiiwHMH aroMaMH copra A o,nHoii ueno'IKH d1 He TaK CHJihHO 
OTJIH'Iaercx or paccroHHHH Me)l(,ny aroMaMH A pa3HbiX ueno

'leK d 2/ d 2 I d 2: d 1 = 1 ,221, BTopoe npe,nnoJIO)J(eHHe MO)KHO 
C'IHTaTb BblllOJIHeHHbiM, TaK KaK llpOCTpaHCTBeHHOe pacnpe· 

,neJieHHe d- 3JieKTPOHOB CHJibHO aHH3orponHo. B 3Toii Mo,nenH 

.D:BH)I(eHHe d- KB3 B KPHCTaJIJie oKa3biBaerc.H, so-nepBbiX, 

...,"" (\______ -o 
..-< ~- ----

()::.""_~ ___ :./ -Q , ... "" .... y A I -- / I I 

l VI. ll.l I'! I I _L_ I 
I · I I -.1 t--·~ 1 I I I ·--t· I ,. I 
I I ~ I 
I 6- I · I 

6
: /L/ ---.~--~1- )_ 
-------~6/ /-u 

Puc. 1. 3AeMeHmapHa.R .R'leiiKa KpucmaAAU'lecKoii cmpyKmyp&r 
A15 uHmepMemaAAU'lecKux coeouHeHuii muna A3B. 
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Puc. 2. cJ>epMu- noeepxHocmb KB3 e uHmepMemaAAU<~ecKux 
coeouHeHUJIX A 3 B. nepea.R noo3oHa. 

O,II,HOMepHhlM H, BO- BTOpbiX, - MHOrOKpa THO BhlpO:lK,IJ,eHHbiM 
/no HOMe paM ueno'IKH/. O,IJ,HaKo ,IJ,nx npoxaneuux O,IJ,HO
MepuocTH 3HepreTH'IeCKoro cneKTpa KB3 a6nH3H 3HeprHH 
<l>epMH /'ITO Cy~eCTBeHHO ,II,JIH o6ecne'leHHH 3HepreTH'IeCKOH 
Bhiro,IJ,HOCTH IICII/ ueo6xo,IJ,HMO, 'IT06hl d3z L r 2 30Ha 
nepexo,IJ,Hhlx aTOMOB A xanxnacb npoao,IJ,HMOH Jouo:H cuM
MeTpuquo:H tiJa3bi. He yrny6nxxcb B aonpoc pacnpe,IJ,eneHHH 
KB3 no 30HaM, MO:lKHO ,IJ,onycTHTb~ 'ITO cHnhHO aHH3oTpon
uoe KBa3HO,IJ,HOMepuoe npocTpaucTaeuuoe pacnpe,IJ,eneuue 
KB3 o6ecne'IHBaeT HM <l>Il, cocTaaneuuyro H3 Tpex B3aHMHO 
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nepneH,IJ,HKynxpHbiX, cna6o ro$pupoaaHHbiX napannenbHhiX 
nnoCKOCTe:H I puc. 2/. TaK KaK 06hl'IHO rrcrr B HeKOTOpbiX 
HHTepMeTannH'IeCKHX coe,IJ,uueuuxx A3B co CTPYKTypo:H 
Al5 npoucxo,IJ,HT npu TeMnepaTypax T ,6onhlliHX, 'leM T , 

p c 
TO CHa'laJia paCCMOTpHM H3MeHeHHe 3HepreTH'IeCKHX cneKT-
pOB KB3 H tiJoHOHOB npH rrcrr H KCII, a nOTOM HCcne,IJ,yeM 
nony'leHHe CBepxnpOBO,II,H~ero COCTOHHHH B nauepnCOBCKOM 
nonyMeTanne. 

3. IIailepAcoecKuil cmpyKmypHbtil nepexoo 

3uepreTH'IeCKHH cneKTP CHJihHO aHH30Tponuo pacnpe
,IJ,eneHHhiX a npocTpaucTBe KB3 /uanpuMep, KB3, uaxo,IJ,x
~uxcB B TeTparoHaJibHOH KpHCTaJIJIH'IeCKOH pellleTKe/ MO:lKHO 
3anucaTb B BH,IJ,e 

f
0 

= f (k ) + Yf (k ,k: ) · 
k l Z 2 X y /1/ 

3,IJ,ecb napaMeTp y y'IHThlBaeT aHH30Tponuro B npocTpaucT
aeuuoM pacnpe,IJ,eJieHHH KB3 H onpe,IJ,enxeT CTeneHb rotiJpu
poBKH ux <l>II. Bo3MO:lKHbi ,IJ,Ba cnyqax: 

a/ y« 1. IlpocTpaucTBeHHhie BOJIHOBhie tiJyHKUHH KB3 
CHJibHO BhlT HHYThl B,II,OJib O,II,HOH OCH I OCH z I' H n03TOMY 
nepeKphiTHe aonuoabiX tiJyHKUHH KB3 coce,IJ,HHX aToMoB cHnh
uo B,II,OJib 3TOH OCH H O'leHb CJia6o B nepneH,IJ,HKYJIHpHOH 
nnocKOCTH (XY). B 3TOM cny'lae <l>II KB3 o,IJ,uoaaneHTHoro 

MeTanna cocTaaneua H3 ,IJ,Byx napanneJibHhlx, cna6o ro$pu
poaaHHhiX nnocKocTe:H I puc. 3/. 

6/ y » 1 . IlpocTpaucTBeHHhie BOJIHOBhie tiJYHKUHH KB3 
CHJibHO BbiTHHYTbl B,II,OJib nnoCKOCTH (XY) H cna6o - B,II,OJib 
nepneH,IJ,HKYJIHpHOH OCH Z • Il03TOMY nepeKphlTHe BOJIHOBhlX 
tiJyuK:u;H:H KB3 6JIH:lKaHlliHX aToMoa, ne:lKaii.J;HX a o,IJ,uo:H nno
CKOCTH, HaMHOrO 60Jibllle nepeKphlTHH BOJIHOBhlX tiJyHKI.J;HH 
KB3 6nH:lKaHlliHX aTOMOB, uaxo,IJ,H~Hxcx a coce,IJ,HHX nno
CKOCTHX /B,IJ,OJib ocu z /. B 3TOM cnyqae <l>II KB3 o,IJ,uo
aaneuTuoro MeTanna xanxeTcH cna6o rotiJpupoaaHHhlM :u;u
JIHH,IJ,poM I puc. 4/. 

Y,IJ,aoeuue nepuo,IJ,a pellleTKH B,IJ,OJib ocu z B cnyqae 
y<<1 H B,II,OJib ,IJ,HarouanH nJIOCKOCTH (XY)a CJiyqae y>> 1 npu-
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Puc. 3. clJepMu- no6epxHoCmb KB3 6 K6Q3UOOHOMepHOM oo
H06a/leHmHOM Mema/l/le. 

BO.D;HT K llOBBneHHIO HOBLIX llOBepXHOCTeH pa3pb1Ba 3HeprHH 

/nnocKOCTH K ==+ ...!!._ 
z - 2c H nnocKOCTH K ± K == + !!_ 

x Y - a COOT-

aeTcTaeuuo/ H K o6pa3oaauuro HOBLIX <l>ll KB3 I puc. 5 H 
puc. 6/. Hoable nnocKOCTH pa3 pblaa 3Hepruu a K- npocTpau
CTBe BBnBIOTCJI rpaHBMH HOBLIX 30H Iipunni03Ha HCKa:>KeHHOH 
Y.D;BOeHHeM nepuo,n;a KpHCTannH'IeCKOH peWeTKH C yMeHL
WeHHLIM a .n;aa pa3a o6'LeMoM. B JaBHCHMOCTH oT 3Ha'leHHB 
napaMeTpa rocllpupoBKH y a aaneHTHoii no.n;Joue naiiepncoa
cKoro nonyMeTanna ocTaeTcB HeKoTopoe KonH'IeCTBO neJa
HBTLIX KB3 COCTOBHHH /.n;LipOK/, H TaKoe :>Ke I<OnH'IeCTBO 
KB3 JauuMaroT cocTOBHHB a npoao.n;HMOH no.n;Joue. llo3TOMy 
B 3aBHCHMOCTH OT COOTHOWeHHB Me:>K,n;y paBHOBeCHOH .n;ecllop
Ma~ueii peweTI<H H rocllpHpOBI<OH <l>ll KB3 ncn o.n;uoaaneHT
uoro MeTanna conpoao:>K.D;aeTCJI nepexo.n;oM a nonyMeTan-
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I • I 
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1<. 

Puc. 4. cJJepMu- no6epxHocmb KB3 6 K6a3U06YXMepnoM ooHo-
6a/leHmHOM MemaAAe. 
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Puc. 5. clJepMu- no6epxHocmb KB3 6 ucKaJICeHHOM K6a3UOOHo
MepHOM ooHoeaAeHmHoM Mema/l/le. 



nH'leCKOe HnH nonynpOBO~HHKOBOe COCTOJIHHe. TaK KaK 
ycToH'IHBOCTL KpHcTannuqecKoH peweTKH o~uoaaneuTuoro 
MeTanna C 3HepreTH'leCKHM cneKTpOM /1/ npH y<<1 y~e 

uccne~osanacL B 191 H I I0//4la3oBaJI ~uarpaMMa npe~cTaane
ua ua puc. 7/, To ce8qac ueo6xo~HMO TOnLKO BLinucaTL 
3HepreTH'leCKHH cnexTp KB3, uaxo;\JIII.{HXCJI B ucxa~euuo8 
peweTKe: 

± 1 TT 
f k = 2 [ f I (kz ) + f 1 (k z- C)]+ Yf 2 (k x ,ky ) ± 

/2/ 
1 TT2 TT2 

±v'-[f (k ) -f (k - -)] + l<k IVIk -->1 . 4I z I z c z zc 

MaTpH'IHLIH 3neMeHT noTeHUHana ~e4!opMaUHH 

<k IVIk _.!!_> CBJI3LIBaeT cocToJIHHJI (K ,K ,K ) c cocToJI-
z Z C X y Z 

Puc. 6. cPep.Mu- noaepxHocmb KB3 a ucKaJKeHHOM Kaa3uoeyx
MepHoM ooHoaaAeHmHoM Mellla/1/le. 
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Puc. 7. 4>a306a.R ouazpa.M.Ma K6a3UOOHO.MepHOZO OOHOaa
/leHmHOZO Mema/1/la. 

HHJIMH (Kx,Ky,K z- ~ ) • Ilpe~nonaraeTCJI, 'ITO 3Ta MO~enL 
npHMeHHMa npH HCCne~OBaHHH HHTepMeTannH'leCKHX Coe
~HHeHHH Tuna A 3 B 

B HHTepMeTannuqecxux coe~HHeHHJIX Tuna A3B co 
CTPYKTypo8 B IICII nepeao~HT peweTKY HOHOB Tuna A15 :u3 
xy6uqecxo8 CTPYKTYPLI B TeTparouanLuyro. Hcxa~euue cuu
MaeT TpexxpaTHOe BLipO~~eHHe ypOBHeH B3aHMHO nep
neH~HKynJipHLIX CHCTeM uenoqex, 'ITO npHBO~HT K nepepac
npe~eneHHIO KB3 no KBa3HO~HOMepHLIM B3aHMHO nepneu
~HKynJipHLIM CHCTeMaM. Ilo3TOMY qucno KB3, uaxo~JIII.{HXCJI 
B 30Hax npOBO~HMOCTH MeTanna C HOpManLHLIM nepHO~OM 
peweTKH aTOMOB A , oTnH'IHO oT 1. ,l:(eHCTBHTenLHO, B 
npe~enax 3neMeHTapHOH Jl'leHKH B03MO~HLI CMell.{eHHJI aTo
MOB 'leTLipex THnOB, COOTBeTCTBYIOII.{He HenpHBO~HMLIM 

npe~CTaBneHHJIM xy6H'leCKOH rpynnLI r 25(-) , r I5(-) , 
1-, I2 (+) H r I5 (+) I puc. 8/. HeHTpouorpa4!H'leCKHe HC
cne~oBaHHJI MOHoKpHcTanna Nb 3Sn, npoae~eHHLie Illu-
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Puc. 8. Bo3MOJKH&re cMe~J~eHUJI amoMoe muna A e uHmepMe
maAAU'IecKux coeouHeHu.Rx muna A3B. 

paHe H AKCOM I 13/, noKa3biBaiOT, 'ITO HH:lKe T P B03HHKaiOT 

CMeiUeHHH aTOMOB )l.pyr OTHOCHTeJibHO )l.pyra, COOTBeTCT· 

BYIOIUHe npe)l,CTaBJieHHIO r 12 (+) • 3aMe'laTeJibHO, 'ITO 3aBH

CHMOCTb CMeiUeHHJI aTOMOB Nb OT TeMnepaTypbl o (T) B 

TO'IHOCTH COOTBeTCTByeT TeMnepaTypHOH 3aBHCHMOCTH na

paMeTpa TeTparoHaJibHOCTH (o 2_(1!..-1)2 ). Il03TOMY B llOJiy-
C 

MeTaJIJIH'IeCKOM COCTOJIHHH HHTepMeTaJIJIH'IeCKHX COe)l.HHe· 

HHH A 3 B c HcKa:lKeHHoii CTPYKTypoii, HaaepHHKa, 'IHCJIO 

KB3 B ITO.IJ.30Hax npoBO.D.HMOCTH HaMHoro 6onLwe 'IHcna 

.IJ.biPOK B aaneHTHbiX ITO.IJ.30Hax. TaKoe npe.D.nono:lKeHHe o 

pacnpe)l.eJieHHH KBa3H3JieKTpOHOB npo~O)l.HMOCTH IK3lll ITO 

30HaM )l,aeT npaao pacc:MaTpHBaTb 3TH coe.D.HHeHHJJ. npH 

nepeXO)l,e B CBepxnpOBO)l.JJ.IUee COCTOJIHHe KaK CHJILHO JierH· 

12 

.. 

poBaHHbiH n - ITOJIYITPOBO)l.HHK C ITJIOTHOCTbiO K3II n * > n k = 

rr 2m*w D 312 
= 3 [---] , T.e. c 

rr 2 h 
E ~ > hw

0
, r .D.e w

0 
- .D.e-

6aeacKaH qacToTa peweTKH 1 14 I. Ilo3TOMy 3)l.ecb HeJib3H 

llOJIHOCTbiO npHMeHJITb BbiBO)l.bl 0 3aBHCHMOCTH 3HepreTH'Ie

cKoii BblrO.D.HOCTij IICII OT napaMeTpa ro!}lpHpOBKH I puc. 71, 
C)l.eJiaHHble B 1 10/ • 

4. KynepoecKuii ceepxnpoeoO.R~J~Uii nepexoo 

1130TOITH'IeCKHH 3cMJeKT B CBepxnpOBO)l.HHKaX 1 15•161no)l,

TBep)l.HJI npe.D.nono:>KeHHe <l>penHxa1 17 I o TOM, 'ITO B3aHMo

.D.eiicTBHe K3II c noneM Kone6aHHH peweTKH HBJIHeTcJJ: npH

'IHHOH caepxnpoBO.D.HMOCTH. BHpTyaJibHbiH o6MeH !}loHoHaMH 

Me:lK.D.Y K3II lo.D.HH K3II nonspH3yeT peweTKY, a .IJ.pyroii 

K3II B3aHMO.IJ.eiicTayeT c nonspH3a:UHeii 1 18, c • 1811 I Bbl3bl

aaeT .IJ.HHaMH'IecKoe B3aHMO.D.eiicTBHe npHTH:lKeHHH Me:lK.IJ.Y 

HHMH C 60JiblllOH KOppeJIJJ:UHeH BO BpeMeHH 06MeHa. Y'IHTbiBaH 

TOJibKO OCHOBHbie npoueCCbl pacceHHHH Me:lK.IJ.Y K3Il, npH

BO.D.HIUHe K MaKCHMaJibHOMY H3MeHeHHIO HX 3HepreTH'IeCKOrO 

CITeKTpa H llOHH:lKeHHIO HX TepMO)l.HHaMH'IeCKOrO llOTeHUHaJia, 

H3 raMHJibTOHHaHa <l>peJIHXa 1191 MO)I(HO ITOJIY'IHTb pe)l.y:UH· 

poBaHHbiH raMHJibTOHHaH liKIII 120,c • 1031, 118, c .1881 

H ,, 0( + + ) ~w + + 
= kfk okok +o_ko-k + k KkoKo-Ko-kok 131 

B caepxnpoBO.IJ.HHKe 'IHCJIO caepxnpoBO.D.HIUHX K3II He 

coxpaHHeTcs, a coxpaHHeTcJJ: TOJILKO cpe.IJ.Hee 3Ha'leHHe 

nonHoro 'IHCJia KB3 

+ + ) N = 2 (ok o k + o -k o -k • 141 

qTo6bl H36aBHTLCH oT Heo6xo.IJ.HMOCTH y'IHTbiBaTL no

CTOHHCTBO cpe)l.Hero 3Ha'leHHJI ITOJIHOro 'IHCJia KB3 (<N>=N 0 ) 

B HBHOM BH)l.e, B COOTBeTCTBHH C 3aKOHaMH CTaTHCTH'IeCKOH 

!}JH3HKH 1211 He06XO)l.HMO MHHHMH3HpOBaTL TepMO)l.HHaMH· 

qecKHii noTeHUHan fl= H -p.N- TS. IlpH T =0°K TepMo-
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)l.HHaMH'ICCKHH llOTCHli,HaJI 0 nepeXO)].HT B KBa3H'IaCTH'IHbiH 

raMHJih TOHHaH 

- + + . + + 
H=~!;(aa +a a )+~W aa a a 

k k k -k -k Kk K -K -k k 
/5/ 

B /5/ !; k = < k - J1 o6oJuaqaeT KBaJH'IaCTH'IHYIO JHep-

ruiO K3ll, a 11 - XHMnoTeuuuan KB3. ,l],uarouanuJali,HJI 

KBa3H'IaCTH'IHOrO raMHJihTOHHaHa /5/ MCTO)].OM .lioroJII0-

6oBa /22/ - BanaTuua/23/cooTBeTCTByeT nepexo.IJ;y K on epa-

TO paM 

+ 
ck 

+ 
uk a k - vk o_k 

c = u a + v a+ 
-k k -k k: k 

/6a/ 

/66/ 

+ 
Co6cTBCHHhle _ JHa'leHHJI o_nepa Topos c k H c -_f onpe.D.e-

JIHIOTCJI CHCTCMOH ypaBHCIIHH )l.BH>KCHHJI )].JIJI 0 k H O_k: 

·+ • + + . + + 
wok =-.fk 0 k - ~ WKk °K 0 -K 0 -k /7aj 

ih~-k =~\0 -k - ~ \\kK 0:0 --KQ K /76/ 

nocne ux nuueapu3ali,HH/IB,,·.l 96 /. llapaMeTphl uk H vk

BCili,CCTBCIIHhiC 'IHCJia, CBJI3aHHbiC paBCHCTBOM u2k + v?: = 1, 
npH'ICM Uk- 'ICTHaJI, a Vk- HC'ICTHaJI $yHKli,HJI BOJIHOBOro 

aeKTopa K . Jluueapu3ali,H.!I cucTeMhi /7 I cocTOHT B JaMene 
- + + npOH3BC)].CHHH on epa TOpOB a K 0 -K H 0 -K a K CpC)l.HHMH BC-

JIH'IHHaMH B* = <N+ 1\o +a+\ N - 1 > H B =<N-1\o a \N+ 1> 
K K -K K -KK 

COOTBCTCTBCHHO. 3TO COOTBCTCTBYCT pa3phiBY li,CllO'IKH 

ypaBHCHHH )].JIJI $yHKli,HH rpuna /Z 4/ B nepBOM npH6JIH>KCHHB. 

llocne BBC.IJ;CHHJI 0603Ha'ICHHJI 

L\ k = - ~ w kK B K /8/ 

cucTeMa ypasueuu:H .IJ;BH>KCHHJI /7 I nepenHChiBaeTcJI B BH.IJ;e 

.-4'+ /:+A* 
lha k =-,_ k ak +o.k o_k' 

iha -k = ( k a -k + L\ k a ~ • 

14 

/9a/ 

/96/ 

.. 

CHCTCMa ypaDHCHHH )].BH>KCHHJI /9/ HMCCT peWCHHC 3KC-

+ + iAkt -~t 
noHeHli,HaJihHoro THna,ok(t)=tJk <O)exp(~-) H a (t)=a (Q)exp(-. -), 

n -k -k: 1i 

llpH YCJIOBHH, 'ITO ,\ k = ± './!;?: + L\ l• 3HaK ,\ k COOTBCTCTBYCT 

JHaKy !; k • Ha puc. 9npe.IJ;cTaDJICHhi JHepreTH'ICCKHe cneKT

Phi csepxnpoBo.IJ;JIIli,HX K3ll E k = 11 + ,\k H nopMaJihHhiX 

K3ll <~ • . 
C noMOill,hiO o6pa THoro npeo6pa30BaHHJI 

+ + 
a k = u k c k + v k c -k ' 

+ 
a -k = u k c -k - v k c k 

fE 
I 
I 
I 
I 

JAt-- --
1 

I 
I 
I 

6 ' / 
~---L~/ 

[1(/ I 
/ /----£1( 

/ 

1<1 
·-- -- --·--·-+~-- -----

1<, 

/lOa/ 

/106/ 

Puc. 9. 3Hepzemu~eclwe cneKmpbl ceepxnpoeoO.RUIUX E k u 
HOPMQAbHbiX ( k K3II. 
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llOCJie ycpe,IJ.HeHH.H llOJiy'laiOTC.H CJie,IJ.yiO~He COOTHOWeHH.H: 

2 2 . 
nk =u1J k + vk ( 1- f_k ), /11/ 

Bk=ukvk<l-fk-f-k), /12/ 

t...k = l:. wk u v n - r - r > , 1 13/ 
K K K K -K 

r,IJ.e nk~<a~ak> H fk =<c;ck>. Bhl6op napaMeTpoB npe-

o6pa3oBaHH.H U k H V k B BH,IJ.e 

2 1 .;k 2 1 
u k = 2(1 + -) ; v k = -(1 

A k 2 
~) 
,\k 

/14/ 

MHHHMH3HpyeT llOJIHYIO KBa3H'IaCTH'IHYIO 3HeprHIO 

E = l:. U k u ~ f k + l:. U k v ~ <1 - f ) - l:. L\ i <1 - 2f k) k . 
2.\k 

/15/ 

~YHK~H.H JaH.HTOCTH caepxnpoao,IJ..Hmux cocTO.HHHH K3ll 

f k = lexp({:3,\k) + 11-1 /16/ 

MHHHMH3HpyeT TepMO,II.HHaMH'IeCKHH llOTeH~HaJI Q = H -p.N-TS. 

l13 /11/ cne,IJ.yeT, 'ITO B caepxnpoBO,IJ.HHKe K3ll Haxo

,IJ..HTC.H B ,IJ.BYX COCTO.HHH.HX: B ynop.H,II.O'IeHHOM CBepxnpOBO,II.B.

~eM cocTOB.HHH KynepoHoB u TJk c 3HepreTH'IeCKHM cneKT-

poM E k =fl +A k H B HOpMaJILHOM COCTOB.HHH 6orOJIOHOB 

V f (1 - f k) C 3HepreTH'IeCKHM cneKTpOM f k • lloJIHaB. 

KBa3H'IaCTH'IHaB. 3HeprHB. HeB3aHMO,IJ.eHCTBYIO~HX Me)l():\y 

C060H KynepOHOB H 6orOJIOHOB 

- 2 2 
E ko = l:. 2A k u k f k + l:. 2 .; k v k n - f k > /17/ 

16 

J 
J 

1 
) 

OTJIH'IaeTCB. OT /15/ H3MeHeHHeM 3HeprHH HyJieBLIX KOJie6a

HHH peweTKH 

E - E _ N (p. )!1
2 

( hw D ko --
2 

-·- >. 
f1 

/18/ 

C noMomLro /13/, /14/ H /16/ nonyqaeM ypaBHeHue ,IJ.JIB 

caMocornacoBaHHoro onpe,IJ.eneHHB. aeJIH'IHHhl KynepoBCKOH 

~eJIH 

t1 k {:3.\k 
t1 =-l:. w k -- th(-). 

K K 2,\ 2 
k 

/19/ 

ilO,IJ.CTaHOBKOH /14/ H /16/ B /11/ llOJiy'laeM KBaJH· 

uMnynLcHoe pacnpe,D.eJieHHe K3ll B caepxnpoBO,IJ.HHKe /T .e. 

B K-npocTpaHCTBe/ 

1 .;k {:3.\ k 
n = -[1-- th!-)]. 

k 2 .\ 2 
k 

/20/ 

Ha puc. 10 npe,D.cTaBJieHo pacnpe,D.eJieHHe KB3 B K -

npocTpaHCTBe, a Ha puc. 11 - pacnpe,D.eJieHue KB3 no 

i L :'<<< <<<<<<•>>>>>>>>>>>~ 

-~ 
Puc. 10. PacnpeoeAeHue ceepxnpoeoO.RJI#UX u HopMaA&HbiX 
K3II a K - npocmpaHcmee npu T = 0 °K . 
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1 

p~311 ft p~36 
Puc. 11. PacnpeoeAeHue ceepxnpoeooJUJIUX u HOpMaAbHbiX 
K3II no 3Hepzuu npu T = 0°K. 

3Hepruu B caepxnpoBO.D.HHKe npu T=O~. C noMOI.QhiO liJopMyrr 

/11/, /14/ H /16/ HaXO.IJ;HM, qTo qucrro HOpMaJibHhiX K3fl 

twn 
N <11) f ( 1 

0 

--
- _x __ )[ 1-fty'x 2+L\ 2)+ 1-f(-y'x 2+L'1 2)Jdx=N(/1)L\ 

y'x2+L\2 /21a/ 

H qucrro caepxnpoBO.IJ;HI.QHX K3ll 

11wn 
N(/1) f (1+ X 

o v'x2+L\2 
)[f(y'x 2+L'1 2)+f(--v/x 2+L'12)]dx=N(/1)[2hw -L\J 

0 

/216/ 

onpe,IJ;eJIHeTCH TeMnepaTypHOH 3aBHCHMOCTbiO KynepOBCKOH 

I.Qerru /19/. KoHeqHo, pacnpe.IJ;erreHHH HOpMaJibHbiX K3ll 

v ~ ( 1- f k) H CBepxnpOBO.IJ;HI.QHX K3fl U v k , B CBOIO oqe

pe,IJ;b, onpe.IJ;eJIHIOTCH TeMnepaTypHbiMH 3aBHCHMOCTHMH 

liJyHKIJ.HH qucrra 3aiTOJIHeHHH fk H KynepOBCKOH I.QeJIH L\ • 

18 

CoxpaHeHHe cpe.IJ;Hero JHaqeHHH norrHoro qucrra KB3 

onpe,IJ;errHeT crre.IJ;yiOI.QYIO JaBHCHMOCTb xuMnoTeHn.Harra KB3 

/1 OT KynepOBCKOH I.QeJIH L\ 

2 .. ~ 

,-;;- ~ 3 diwJ - 1+J1+a 2 
V/1 0 = v'11 3 + B ..Jil- [1- v'1+a 

2
+ a

2
In! lJ, 

a 

r.IJ;e a=L\%hwD. 
/22/ 

5. BbreOObl 

Hccrre.IJ;oBaHHe B oT.IJ;eJILHOCTH BJIHHHHH KB3 Ha $opMH

posaHHe H YCTOHqHBOCTb KpHCTaJIJIHqeCKOH perneTKH MeTaJIJia 

OTHOCHTeJibHO fiCfl H HeycToBqHBOCTb K3fl OTHOCHTeJibHO 

nepexo.IJ;a MeTarrrra H3 HopMaJibHoro B csepxnposo.IJ;HI.Qee 

COCTOHHHe llOKa3biBaeT CJie,IJ;yiOI.Qee. 

A. B JaBHCHMOCTH oT JHepreTuqecKoro cneKTpa H nrroT

HOCTH KB3 HCKa)KeHHaH CTPYKTypa MeTaJIJia MO)I(eT OKa-

3aTbCH 3HepreTHqecKH BblrO.IJ;Hee HeHCKa)l(eHHOB BCJie,IJ;CTBHe 

Bbi3BaHHOrO llOHH)I(eHHeM CHMMeTpHH KpHCTaJIJIHqecKOrO 

noTeHu.uarra H3MeHeHHH JHepreTuqecKoro cneKTpa KB3. 

HcKa)l(eHHe perneTKH MO)I(eT yserruqHTb ee nepuo.IJ; HJIH 

TOJibKO H3MeHHTb CHMMeTpHIO ee 3JieMeHTapHOH 1fqeBKH, 

H3MeHHH O,!J;HH H3 ee napaMeTpOB. 3HepreTHqecKaH Bbl

rO.IJ;HOCTb HCKa)l(eHHOB CTPYKTYPbl MaKCHMaJibHa B cnyqae 

MaKCHMaJibHOB aCHMMeTpHH pacnpe,IJ;eJieHHJI K3fl OTHOCH

TeJILHO rpaHHU. ee 30H JipHJIJII03Ha, H ll03TOMY paBHOBeCHOe 

3HaqeHHe napaMeTpa .IJ;e$opMaU.HH CHJibHO 3aBHCHT OT OTHO

CHTeJibHOrO pacnono)KeHHJI cl>ll KB3 H BBO.IJ;HMbiX HCKa)KeHHeM 

perneTKH rpaHeB HOBbiX 30H JipHJIJII03Ha. qeM 6JIH)Ke npo

XO,!J;HT cl>ll KB3 MHMO nnocKocTeB: pa3pb1Ba 3HeprHH H qeM 

6onbrne nnocKHX yqacTI<'os ua cl>ll KB3, TeM JuepreTuqecKH 

BblrO.IJ;Hee HCKa)KeHHe H 60Jibllie napaMeTp paBHOBeCHOB 

.IJ;e$opMaiJ.HH. TeMnepaTypa pa3Mb1BaeT rpauuu.y 3HepreTH

qecKoro pacnpe.IJ;erreHHJI K3ll H, yMeubrnas acHMMeTpHro B 

HX pacnpe.IJ;eJieHHH OTHOCHTeJibHO ITJIOCKOCTH pa3pb1Ba 3Hep-
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rHH, yMeHLWaeT 3HepreTHqecKyiO BblrO,IJ,HOCTb HCKa:>KeHHOH 

CTPYKTypw, qTo npHBO.IJ.HT K yMeHLWeHHIO napaMeTpa paBHO

BeCHOH necl>opMaUHH. 

li. H3- Ja npHHUHna IlaynH BHpTyanLHbiH o6MeH cl>oHoHaMH 

Me:>K.IJ.Y K3IT orpaHHqeH B ManoM 3HepreTHqecKOM HHTep

aane oKono ypoBHJI <l>epMH. BHpTyanLHbiH o6MeH cl>oHoHaMH 

Bb13biBaeT CHJlbHYIO KOppeJIJII.I,HIO H ,IJ,HHaMHqecKOe llpHT JI:>Ke

HHe Me:>K,IJ,y K3II.,[I.HHaMHqecKoe llpHTJI:>KeHHe BBO,IJ,HT Kyne

pOBCKYIO I.QeJlb Me:>K,IJ,y ClleKTpaMH KynepOHOB H 6orOJIOHOB, 

npHqeM HMeeT MeCTO nonynpOBO,II,HHKOBaJI MO,IJ,eJlb 3Hepre

THqe cKoro cneKTpa caepxnpoao,IJ,JJ:I.QHX K3IT I 2S • 26 • 27 I. TeM

nepaTypa nepexona MeTanna H3 HOpManLHoro B caepxnpo

BO.IJ.JJ:I.Qee COCTOJIHHe 06bJqHO onpe,IJ,eJIJJ:eTCJI MOMeHTOM B03-

HHKHOBeHHJI KynepOBCKOH IUeJIH. CHJlbHaJI KoppenJJ:I.J,HJI Me:>K.IJ.Y 

K3II B CBepxnpOBO,IJ,HHKe BMeCTe C KynepOBCKOH IUeJlbiO, 

npellJITCTBYJI MaJlbiM H3MeHeHHJIM llOJlHOrO MOMeHTa KOJIH

qecTBa .IJ.BH:>KeHHJJ:, o6ecneqHaaeT ero 6ecKoHeqHyro npoao

.IJ.HMOCTb npH nocTOJIHHOM TOKe 128 • 291. XoTJJ: cyiUeCTByeT 

CHJlbHaJI KOppenJJ:UHJI Me:>K,IJ,Y K3II BO BpeMJI BHpTyanbHOrO 

o6MeHa cl>oHoHaMH, cnapHBaHHe K3IT Henb3JI noHHMaTb a 

npJJ:MOM cMwcne 3Toro cnoaa. TonLKO ,IJ,JIJJ: BHpTyanLHoro 

o6MeHa ci>OHOHaMH He06XO,IJ,HM O,IJ,HOBpeMeHHbiH nepeXO,IJ, .IJ.BYX 

KynepoHoB B 6oronoHbl H Hao6opoT. 3HepreTHqecKHH nopor 

nepexona KynepoHOB H 6oronoaoa a nsa pa3a 6onLwe WH

pHHbl KynepOBCKOH IUeJIH Me:>K,IJ,y HX 3HepreTHqeCKHMH cneKT

paMH. 

B. CHnLHoe 3JleKTpoa-peweToqaoe BJaHMO,IJ,eiicTBHe JJ:B

nJJ:eTcJJ: aeo6xo,IJ,HMbiM ycnoBHeM ,IJ,JIJI o6ecneqeHHJI 3Hepre

THqecKoii awro,IJ,HOCTH o6oHx nepexonoa. Ilo3TOMY o6a 

nepeXO,IJ,a ,IJ,On:>KHbl BCTpeqaTbCJI TaM, r,IJ,e CHJlbHOe 3JleKTpOH

ci>OHOHHOe B3aHMO,IJ,eHCTBHe MO:>KeT o6ecneqHTb HHTeHCHBHOe 

npHTJJ::>KeHHe Me:>K.IJ.Y K3IT H qyacTBHTenLHOe H3MeHeHHe Hx 

3HepreTHqecKoro ClleKTpa npH llOHH:>KeHHH CHMMeTpHH KpH

CTaJIJIHqeCKOrO llOTeHI.I,Hana HCKa:>KeHHeM peweTKH. 

6. CeepxnpoeoORI/4ee cocmoRHUe 
noAyMemaAAa 

nauepAC06CK020 

CaepxnpoBO.IJ.JJ:IUee cocTOJIHHe naiiepncoacKoro nonyMe

Tanna MO:>KHO onHcaTb .IJ.BYMJJ: cnoco6aMH. Mo:>KHO ,IJ,HaroHa-
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JlH30BaTb raMHJlbTOHHaH, yqHTbiBaJII O,IJ,HOBpeMeHHO BJlHJJ:

HHe 6p3rrOBCKOrO OTpa:>KeHHJI HCKa:>KeHHOH peWeTKH H Ky

nepOBCKOrO cnapHBaHHJI B CBepxnpOBO,IJ,HHKe I30,31,32~Bo3-
MO:>KHO TaK:>Ke yqeCTb CHaqana TOJlbKO H3MeHeHHe 3HepreTH

qecKOrO .cneKTpa KB3 npH rrcrr, a llOTOM yqecTb BHpTy

aJlbHbiH o6MeH cl>oHoHaMH. TaK KaK o6a BJaHMO.IJ.eiicTBHJI 

He3aBHCHMhle, TO cl>opManLHO KoHeqawe peJynLTaTbl coana

naroT. fi03TOMY, CJle,IJ,yJI 3a 3KCnepHMeHTOM, Mbl OllHWeM 

nocnenoaaTenbHO o6a nepexona. C ci>HJHqecKoii ToqKH 3peHHJI 

3TO 6onee npaBHJlbHO, TaK KaK MO:>KHO 6onee Toqao yqecTb 

BJlHJIHHe rrcrr Ha 3HepreTHqe.cKHe cneKTpbl KB3 H cl>oHOHOB, 

a TaK:>Ke H Ha KOHCTaHTy 3JleKTpoH-ci>OHOHHOrO B3aHMO,IJ,eii

CTBHJI. 

HJMeHeHHeM B3aHMHoro pacnono:>KeHHJI <l>IT KB3 H rpaHH 

30H lipHJIJ1103Ha HCKa:>KeHHe · peweTKH CHJlbHO yaenHqHBaeT 

KoHcTaHTY 3JieKTpoH-cl>oaoaaoro B3aHMO.IJ.eiicTBHJI. H3MeHe

HHe cl>oHOHHoro cneKTpa yaenuquaaeT qHcno 3HepreruqecKHX 

BeTBeii Kone6aHuii, qTo H3MeHJJ:eT cyiUeCTBeHHbiM o6pa30M 

qucno cl>oHoHoB, yqacTByiOI.QHX B npoueccax pacceJJ:HHJI K3IT 

H BHpTyanLHOM o6MeHe. TaK KaK onTuqecKHe Kone6aHHJI 

3KpaHHPYIOTCJI cna6ee aKyCTHqecKHX, TO HCKa:>KeHHe He TOJib

KO llOBbiWaeT BepXHIOIO rpaHHI.J,y yqacTBYIOIUHX B BHpTyaJlbHOM 

06MeHe ci>OHOHOB, HO yBenuquaaeT 3cl>cl>eKTHBHOCTb H HHTeH

CHBHOCTb ,IJ,HHaMHqecKoro B3aHMO,IJ,eHCTBHJI. EcnH ,IJ,JIJI 

aKycTuqecKHX Kone6aHHii HHTepsan 3HeprHH, ,IJ,JIJI KOToporo 

awnonHJieTcJI HepaaeHCTBo hw q >IE k -t k + q I ,Cy)I(HBaeTcJJ: c 

yMeHbWeHHeM BOJlHOBOrO BeKTopa q, TO ,II,JlJI OllTHqecKHX 

Kone6aHHH, Hao6opoT, cnerxa yBenuqHBaeTcJI. Ycuneaue 

HepaaeHcTBa 1¥,, q >IEk -tk+q I ,IJ,JIJJ: onTHqecKHX Kone6aHHH npu

BO.IJ.HT K ycuneHHIO .IJ.HHaMuqecKoro npHTJJ::>KeHHJI Me:>K,IJ,y K3IT 

npH BHpTyanLHOM o6MeHe cl>oaoaaMH. KpoMe Toro, npu 

c6nH:>KeHHH <l>IT KB3 c rpaHHI.I,aMH 30H lipHJIJ1103Hal26, c.258l 

llOHH:>KaeTCJI HH:>KHJIJI rpaHHI.J,a BOJlHOBbiX BeKTOpOB ci>OHOHOB, 

yqacTBYIOI.QHX B npoueccax nepe6poca. TaK KaK npoueccw 

nepe6poca o6ecnequaaroT 3/4 3JieKTpuqecKoro conpOTHB

neHHJI, TO, HaBepHJJ:Ka, HX llOJlHOe BKJIIOqeHHe B BHpTyaJibHble 

06MeHW TOJKe yCHJlHBaeT HHTeHCHBHOCTb ,IJ,HHaMHqeCKOrO 

npHTJI:>KeHHJI Me:>K,IJ,y K3ll. 

HJno:>KeHHble ci>HJHqecKHe coo6pa)l(eHHJI noxaJWBaiOT, qTO 

HMeiOTCJI BeCKHe npHqHHW, pa,IJ,H KOTOpWX He06XO,IJ,HMO 
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yqHTblBaTL ace nocne.IJ;CTBHJI IICII npH cosMeCTHOM peweHHH 
ypasHeHHH, onpe.nenJiro~He pasHoBeCHble 3HaqeHHJI napa
MeTpa .ne4JopMai(HH H KynepOBCKOH ~eJIH. 

HTaK, B HOpMaJibHOM Mtnanne C HeHCKa>KeHHOH peWeT· 
KOH nose.neHHe KB3 H 4JoHOHOB onHcblsaeTCJI raMHJILTOHHa· 
HOM ~penHxa 

+ + + H=IE~akak+ I nwqbqbq+ 
/23/ 

+IVqa:+qaka;_qaK +I g~a:+qak(bq+b_~ ). 

TpeTHH qneH B /23/ onHCblsaeT KYJIOHOBCKoe 3JieKTPOH-
3JieKTpOHHOe B3aHMO.IJ;eHCTBHe, a qeTBepTblH • 3JieKTpOH-
4JoHOHHoe B3aHMo.neicTBHe. IIpe.nnonaraeM, qTo 3KpauH
posKa yqTeHa B npH6JIH>KeHHH XaOTHqeCKHX 4Ja3 H ll03TOMY 
BJIHJIHHe TpeTLero qneHa B /23/ cna6o cKa3blBaeTCJI ua 
Hccne.nyeMblX npou;eccax. IIpH 11CII Kone6auHe peweTKH, 
OTHOCHTeJibHO KOTOporo CHMMeTpHqHaJI CTPYKTypa npOJIB· 
JIJieT HeyCTOHqHBOCTb, nepeXO.IJ;HT B CTaTHqecKOe HCKa>KeHHe. 
3TO COOTBeTCTByeT nepeXO.IJ;Y onepaTOpOB pO>K.IJ;eHHJI bt H 
YHHqTo>KeHHJI bq 

0 
3Toro Kone6aHHJI B C-qHcna. TaKHM 

o6pa3oM, nonyqaeTcJI MaTpHqHblH 3JieMeHT noTeHI(Hana 

.ne4JopMai(HH 

+ w = g (< b > + < b >) ' 
qo qo qo q o 

/24/ 

CBJI3biBaiO~HH COOTBeTCTBYID~He 3HepreTHqeCKHe BeTBH 
< k. H < k_ + q . IIose.neHHe KB3 H 4JoHOHOB a HCKa>KeHHOM 

- 0 . naHepJICOBCKOM llOJiyMeTaJIJie OllHCblBaeTCJI raMHJlbTOHHa • 
HOM 

± + ± + 
H = If k AkA k + I t 0 q B q B q + 

/25/ 
- + + + + 

+IV Ak AkA A +IG Ak+ Ak(S +8 ). q +q K - q K q q q -q 

B /25/ npHHJITbl cne.nyro~He o6oJHaqeHHJI .IJ;JIJI 3HeprHH 
KB3: 
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± 
fk 2 

fo - fo 2 
±y[ k k+q 0 ] + IWq 12, 

2 0 

/32/. 
H .IJ;JIK qaCTOTbl 4JOHOHOB ' 

2 2 2 2 
+ w +w w -w 2 2 w- 1 2= _q_~~±v[ q q+qo J +II I • 
q .2 2 q 0 

/26/ 

/27/ 

HTaK, B HCKa>KeHHOM nonyMeTanne KB3 H 4JoHOHLI 
+ + 

HMeiOT HOBble 3HepreTHqeCKHe cneKTpbl E k ~!! q H + HO· 
able onepaTopbl po>K.IJ;eHHJI H YHHqTo>KeHHJI Alr,Ak , B q H 
B q cooTBeTCTBeHHO. B cooTBeTCTBHH co cKaJaHHLIM BblWe 
H3MeHHJiaCb H KOHCTaHTa 3JieKTpOH·4JoHOHHOrO B3aHMO· 
.neicTBHJI G q.IIocne cooTBeTCTBYIO~Hx npeo6pa3oBaHHH /25/ 
MO>KHO llOJiyqHTb pe,D;yD;HpOBaHHbiH raMHJlbTOHHaH liKill C 

- - + K KBaJHqacTHqHOH 3HeprHeH '\ ~{ k - /1 • BaJHqacTHqHaJI 
3HeprHH csepxnpoBO.IJ;JI~Hx K3II a naiepncoscKoM nonyMe-

Tanne ----
-+-1 2 A2 77k - -vvk +Llk /28/ 

onpe.nenJieT HOBble napaMeTpbl yHHTapHoro npeo6pa3oBaHHJI 
lioronro6osa-BanaTHHa 

vk 
-2- l..o + -) 
uk-2 77k 

-2 _ _!_(1 
vk - 2 

vk 
-). 
11 k 

/29/ 

IlOJIHaJI KBaJHqacTHqHaJI 3HeprHJI H TepMO.IJ;HHaMHqecKHH 
2 . 

~k 
noTeHI(Han KB3 npH yqeTe -- -qneHa, onHcblsaroiUHH 

277k 

H3MeHeHHJI llOJIHOH 3HeprHH HyJieBblX KOJie6aHHH, OllHCblBa· 

IDTCJI 4JopMyJiaMH 

2 
- - 2- - 2 - 11. k 
E = I2rykukf k + I2vkv k<l- fk)- I--, 

2ryk 
/30/ 
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2 -
!'!. k< 1-2f k) 2 -

n = I. {V + 1/ L) + I. + R I. ln f k • 
k ... 2qk fJ 

/31/ 

PaouooecHOe 3Haqeuue KynepoocKoi ~enu onpe~ens
eTCB caMocornacooaHHLIM o6pa30M c noMO~bJO ypaoueHHB 

~ 
K 

- !'!. P. 
=- I. w k fVllk 

1 Kk -2 - th(--) llk 2 .• 
/32/ 

Hl /31/ nerKo nonyqHTb pa3HOCTb Me*~Y TepMo~:Hua
MHqecKHMH noTeuuuanaMH coepxnpoBOAB~ero Q(~,fl) H 
HOpManbHOrO COCTOBHHB Q(W ,0) naeipnCOBCKOro nony-
MeT anna 

U(W,fl)- U(W,O) =I. (Jvk I -ITJkD 
2 

!'!. k {37) k 
+I.-- th(--) + 

27)k 2 

2 -f3lv I 
+- Ilnl 1 +e k {3 -1. 

1 + e -f317Jk I 
/33/ 

Hl /33/ BH~Ho, qTo npu 'I=0°K coepxnpooo~s~ee co
CTOBHHe MO)I{eT OKa3aTbCB 3HepreTHqeCKH BblrO~Hee Hop
MallbHOrO, T.e. nepexo~ naiepncoocKoro nonyMeTanna Hl 
HOpMaRbHOrO B CBepxnpOBO~B~ee COCTOBHHe MO)I{eT OKa-
3aTbCB 3HepreTHqeCKH BblrO~Hee H npOH30HTH npH onpe
~eneHHOH TeMnepaType 'I c . Bee JaBHCHT OT cy~ecToooa
HHB HeHyneooro peweHHB !'!. f. 0 caMocornacooaHHoro 

ypaBHeHHB /32/. 
~0 CHX nop npeHe6peranOCb H3MeHeHHeM KOHCTaHTbl 

3neKTpOH-cllOHOHHOrO B3aHMO~eHCTBHB g q H CHnbl ~HHaMH
qecKOrO npHTB)I{eHHB \\ Kk . lJ03TOMY HCXO~B H3 /32/ 
YTBep)l{~anocb, qTO IICII ITOHH)I{aeT 'I c<T ~<'I~). O~HaKO H3 
cKaJaHHoro oLiwe cne~yeT, qTo IICII cHnbHO yoenuquoaeT 
CHny ~HHaMHqeCKOrO ITpBTB)I{eHHB, KOTOpaB 3KCITOHeHUHanL-

HbiM o6pa3oM yoenuquoaeT wupHHY o6~ei ~enu R =v W 2+.!'!2. 
TaK KaK cuna ~HHaMuqecKoi KoppenBUHB yoenuquoaeT 3KC-
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noHeHuuanLHo o6~yro ~enb R , a naiepncoocKas ~enL W 
yMeHbWaeT KynepoBCKYJO ~enb fl BblqeTOM fl 2 =R2-W 2, TO 
MO)I{HO Ha~eBTbCB, qTo IICII ynyqwHT coepxnpooo~B~He 

cooicTBa HHTepMeTannuqecKHX coe~HHeHHH T.Qna A 3B co 
CTPYKTypoi A15. 

HcKa)l{eHue yoenuqeHHeM nepuo~a peweTKH yoenuqu
oaeT ynpyryro 3Hepruro MeTanna, H3MeHeHHe KOTopoi MO)I(}{O 
npe~CTaBHTb B BH~e 

w2 
oE =A-. 

yrr 2 / /34/ 

IJapaMeTp paBHOBeCHOH ~ecllopMaUBH MHHHMH3HpyeT 
cyMMY H3MeHeHHB ynpyroi 3HeprHH peweTKH /34/ H TepMo
~HaMuqecKoro noTeHuuana KB3 /33/. Ilocne ~HI}l4JepeHuH
pooaHHB /31/ H /34/ no W nonyqaeM 

1 avk vk avk f37J k 
WIA +I - --I -- --th<-)1 

w aw w11 k aw 2 
0. /35/ 

BKna~ BToporo qneua o /35/ oqeHb Man, TaK KaK 

av 
_k_ MeHBeT 3HaK npH nepexo~e qepel <l>II KB3. B npu6nu
aw 
)l{eHHH ITOCTOBHHOH nnOTHOCTH COCTOBHHH HM npeHe6peraeT-

vk ilvk 
cs. O~HaKo MHO)I{HTenL - -

W a\\ 
B TpeTLeM qneue 

TOnbKO B cnyqae f k + q = - f k npHHHMaeT 3HaqeHHe 1. 
lJ03TOMY TOnbKO B 3TOMlJipu6nH)I{eHHH ypaBHeHHe /35/ nepe
xo~HT o ypaoHeHHe, $opManLHO coona~aro~ee c /32/: 

1 /37) k 
WIA -I -th<-)l = 0. /36/ 

T)k 2 
0TnHqHe /35/ OT /36/ npHBO~HT K H3MeHeHHIO TeMne

paTypHOH 3aBHCHMOCTH rraiepnCOBCKOH ~enH W OT TeMnepa
TypHOH JaBHCHMOCTH KynepoocKoi ~enu !'!. • CaMbiH npocToi 
pacqeT noKalLIBaeT, qTo c pocTOM 'I WHPHHa rraiepncoo
cKoi ~enH W y6b1BaeT 6biCTpee WHpHHbl KynepOBCKOH ~enH 
!'!. • ~ns cnyqas Tp > 'Ic 3TO pa3nuque noKaJaHo Ha puc. 12. 
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1 
t ~p lip 

6c 
6°c 

L._ T ·----Tc Tp 
Puc. 12. TeMnepamypHbJe 3aaucu.Mocmu naiiepAcoac1wii 
u KynepoacKoii !1 UI€Aeii. 

w 

TaK KaK cyMMHpoB9'HHe I 1 a /32/ npoucxo.nHT TOJibKO 

a o6nacTH, r.ne !11= 0' 33 • 34~ a cyMMHpoaaHHe I a /36/ 
npOHCXO)J;HT no BCeH 30He, TO ypaBHeHHe /36/ MO)f(HO npe.n

CTaBHTb B BH,IJ;e 

1 f3TJ k 1 (3vk 
W!A -I -th(-)- I -th(--}1 = 0. 

1., 2 2 lJ 2 
k k 

/37/ 

B /37/ cyMMHpoaaHHe I2 npoHJBO,IJ;HTCB no ocTaJibHOH 

qacTH JOHbl, r.ne !1=0. TaK KaK Tc<<8
0

, TO a I
2

, r.ne 

ll k ~ 6 D , C 3KCnOHeHUHaJibHOH TOt{HOCTbiO MO)f(HO JaMe-

(3vk . 
HHTb th(--) e,IJ;HHHUeH. KoM6HHHPY11 /37/ C /32/, no-

2 

JiyqaeM, t{TO B CBepxnpOBO,!J;Bll(eM COCTOBHHH BeJIHt{HHa 

nailepJICOBCKOH ll(eJIH W He JaBHCHT OT TeMnepaTypbl. IlpH 
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H3MeHeHHH TeMnepaTypbl T MeHBeTCB TOJibKO WHpHHa Ky

nepOBCKOH IUeJIH !1 Me:>K,IJ;y cneKTpaMH HOpMaJibHblX H CBepx

npoao.nBJUHX K311. 0Tcro.na cne.nyeT, qTo caepxnpoao.nu

MOCTb OCTaHaBJIHBaeT pa3BHTHe naeHpJICOBCKOrO HCKa)f(eHH11 

peweTKH. llo3TOMY npH T c > T p HeB03MO)f(eH rrcrr, t{TO 

COrJiacyeTCB C 3KCnepHMeHTaJibHblMH ,IJ;aHHbiMH. 

7. 06cyJICO€HUe noAy~eHHbJX pe3yAb111a11106 

B c.nenaHHOM npH6JIH)f(eHHH Mbl nonyqunu TOJibKO oueHKy 

KOJIHt{eCTBeHHOH JaBHCHMOCTH caepxnpOBO)J;Bll(HX napaMeT

pOB MeTaJIJia OT 11CI1. TaK KaK TOJibKO B O,IJ;HOMepHOH MO

,IJ;eJIH MO)f(Ho npoaecTH ace Bblt{HCJieHHB .no KoHua I 30 • :n I , 
TO npH paCCMOTpeHHH peaJibHOH TpexMepHOH MO,IJ;eJIH Heo6-

XO,!J;HMO orpaHHt{HTbCB TOJibKO KaqecTBeHHblMH HCCJie,IJ;OBa

HHBMH. Ha OCHOBe 3KCnepHMeHTaJibHblX ,IJ;aHHbiX H H3JIO

)f(eHHOrO BblWe HaqHeM paCCMOTpeHHe B03MO)f(HOCTH cy

ll(eCTBOBaHHB CBepxnpoBO)J;BJUero COCT011HH11 B nailepJICOB

CKOM nonyMeTanne npH TP > Tc · KaK BH,IJ;HO H3 cKaJaHHoro, 

rrcn H3MeHeHHeM 3HepreTH'IeCKHX cneKTPOB KB3 H $OHOHOB 

MO)f(eT CHJibHO H3MeHBTb napaMeTpbl 3JieKTpoH-$OHOHHOrO 

H ,IJ;HHaMHqeCKOrO 3JieKTpOH- 3JieKTpOHHOrO B3aHMO,IJ;eHCTBHH. 

Yny'lweHHe caepxnpoao,IJ;BIUHX caoilcTB MeTanna BOJMO)f(HO 

TOJibKO B CJiyqae, KOr,IJ;a B nailepJICOBCKOM noJiyMeTaJIJie 

nnoTHOCTb K311 n * npeablwaeT KpHTH'IecKyro nnoTHOCTb n k • 

ECJIH nJIOTHOCTb ll * HH)f(e n k , TO I1CI1, C O,IJ;HOH CTOpOHbl, 

yaeJIHt{HBaeT CHJIY ,IJ;HHaMH'IeCKOrO npHT11)f(eHH11 Me)f(,IJ;y BHp

TyaJibHO o6MeHHBaroiUHMHCB cl>oHoHaMH K3I1, Ho, c .npyroil 

CTOpOHbl, yMeHbWaeT t{HCJIO yqaCTBYIOIUHX B 3TOM 06MeHe 

K3I1. O.nHaKo BblCOKaB nnoTHOCTb n * yMeHbwaeT 3HepreTH

'IecKyro BblrO,IJ;HOCTb 11CI1, napaMeTp paBHOBeCHOH ,IJ;e$opMa

UHH H TeMnepaTypy rrcrr Tp. IlJIOTHOCTb K311 n* B nony

MeTaJIJie JaBHCHT OT BeJIHt{HHbl napaMeTpa ro$pHpOBKH <l>fi 
KB3 y H oT wHpHHbl nailepncoacKoil IUeJIH W. BenuquHa 

napaMeTpa .necl>opMaUHH KpHcTannuqecKOH peweTKH JaBHCHT 

OT 3JiaCTH'IHbiX CBOHCTB MeTaJIJia, OT napaMeTpa ro$pHpOBKH 

y H OT TeMnepaTypbl. qeM 60JibWe napaMeTp ro$pHpOBKH 

y , TeM MeHbWe aeJIHt{HHa .necl>opMaUHH H T P • XecTKOCTb 

KpHcTaJIJIHqecKoii: CTPYKTYPbi TO:>Ke yMeHbwaeT paaHoaecHyro 

27 



.n.e¢opMaUHIO H T p· Ilo3T~MY M?.:>KHO ~pe~nOJIO:>KHTb,u 'ITO 
TOJibKO B MeTaJIJiaX C HH3KOH ,D,e6aeBCKOH TeM:nepaTypoH (j D 
B03MO:>KeH CTPYKTYPHblH nepexo.n. npH HaJIH'IHH 6on1.woii ro¢
PHPOBKH <I>II KB3, Heo6xo,D,HMOH .D.JI.R o6ecne'leHH.R MHHHManb
Hoii ITJIOTHOCTH K3IJn * B llpOBO,D,JIIUeii ITO,D,30He HCKa:>KeHHOrO 
nonyMeTanna. KoHe'IHO, cnHWKOM M.RrKa.R KpHcTannH'IecKa.R 
peweTKa y:>Ke He rO,D,HTC.R, TaK KaK OHa ,D,OJI:>KHa HMeTb Bbi
COKYIO TP. A ecnH T P HaMHoro BbiWe Tc, TO 3To MewaeT 
pa3BHTHIO caepxnpoao.n..RIUero nepexo.n.a, TaK KaK 'leM 6on1.we 
pa3HOCTb TP - Tc, TeM 6on1.we WHPHHa naeiipncoacKoii 
IUeJIH W B CBepxnpOBO,D,HHKe H TeM MeHbWe ITJIOTHOCTb 
K3II n * . KpoMe Toro, Tc nponopuHoHaJibHa en I k 0 T (' 
= 2tw D exp(-1/ N<11) V). TaK KaK 3JiacTH'IHbie caoiicTaa 
peweTKH, c o.n.Hoii CTopoHbl·, B>JIH.RIOT Ha IICII, a c .n.pyroii -
Ha KCII, TO BblXO.D.HT, 'ITO, HaaepH.RKa, cymecTBYIOT peweTKH, 
ynpyrocTb KOTOpbiX o6ecne'IHBaeT ManocTb na_raMeTpa .n.e
¢opMaUHH w H T ' a ee ¢oHOHHblH cneKTP n- - BblCOKYIO p q 
T c . KoHe'IHO, eD MeT anna ,D,OJI:>KHa o6ecne'IHTb HepaaeHCT-
so TP > Tc, KOTopoe Heo6xo,D,HMO .D.JI.R ynyqweHH.R caepxnpoao
,D,.RIUHX CBOHCTB MeTaJIJIOB. IJOTOMY 'ITO yBeJIH'IeHHe CHJibl 
,D,HHaMH'IeCKOrO npHT.R:>KeHH.R 'h Kk B ,IJ,Ba pa3a MO:>KeT B 
10 pa3 noablCHTb T c . 

KaK BH.D.HO H3 /37 j, nepexo.n. naiiepncoacKoro nonyMe
Tanna H3 HOpMaJibHOrO B CBepxnpOBO,D,.RIUee COCTO.RHHe 
ocTaHaBnHaaeT pa3BHTHe IICII. Ilo3TOMY ecnH KCII npowen 
a MeTanne, TO IICII y:>Ke 3HepreTH'IeCKH HeBhlro.n.eH. 3To 
DO,D,TBep:>K,D,aeTC.R H 3KCnepHMeHTOM, r,D,e BCer,D,a Ha6JIIO,D,a
JIOCb TP > Tc .lionee Toro, TaK KaK TOJibKO norapH¢MH1.feCKHH 
'IJieH yMeHbWeHH.R nonHoii 3HeprHH KB3 KOMneHcHpyeT yae
JIH'IeHHe ynpyroii 3HeprHH peweTKH npH IICII, To pa3MblTHe 
aepxHeii rpaHHUbl 3HepreTH'IecKoro pacnpe.n.eneHH.R K3II 
BHpTyaJibHblM 06MeHOM ¢oHOHaMH B CB.R3H C yMeHbWeHHeM 
3HepreTH'IeCKOH BblrO,D,HOCTH HCKa:>KeHH.R CJia6o Cy:>KaeT 
naB:epncoacKyro wenh. Ha puc. 13 noKa3aHbl H3MeHeHH.R 
o6eHx weneii, !1 H W / 34/ , npH'IeM H3MeHeHHe naiiepncoa
cKoii IUeJIH onpe,D,eJI.RJIOCb H3MeHeHHeM TeTparoHaJibHOCTH 
o ('l') HCKa:>KeHHoii A 15 CTPYKTYPhl V 3S i. IlyHKTHpHa.a: 

JIHHH.R onpe.n.en.ReT nonHyro 3HepreTH'IecKyro wenb R = v!W 2+112, 
a CITJIOWHOH JIHHHeH npe,D,CTaBJieHO H3MeHeHHe naiiepJICOB
CKOH wenH W • 
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~ 

20 22 (K) 

Puc. 13. TeMnepamypH&Ie 3aeucu.Mocmu :JHepzemu-.ecKux 

UleAeu w, 11 u R =vW 2+A 2 
oA.R v3si . 

HacTOJIIUee H3JIO:>KeHHe .n.aeT ¢a3H'IecKy10 KapTHHY IICII 
H KCII a naiiepncoacKoM nonyMeTanne. Hoaoe pacnpe.n.e
neHHe K3II no 3HeprH.RM H HOBble 3HepreTH'IeCKHe cneKTPbi 
HOpMaJibHblX /6orOJIOHOB/ H CBepxnpOBO.D..RIUHX /Kynepo
HOB/ K3IJ 6onee ITOJIHO 06b.RCH.RIOT npOHCXO,D,.RIUHe npoueCCbl. 
KaqecTBeHHble oueHKH ¢H3H'IeCKHX npH'IHH ycHneHH.R caepx
npoBO.D..RIUHX caoiicTB MeTannoa npH IICII .n.a10T B03MO:>KHOCTb 
.n.n.a: Hx 6onee nonHoro KOJIH'IeCTBeHHoro onpe.n.eneHH.R. Pac
KpbiBa.R MeXaHH3M npOHCXO.D..RIUHX npoueccoB_, Mbl CMOrJIH 

yqecTb B3aHMHOe BJIH.RHHe 060HX COCTO.RHHH. Ha OCHOBe 
Ka'leCTBeHHbiX C006pa:>KeHHH MO:>KHO YTBep:>K,D,aTb, 'ITO naii
epJICOBCKHe nonyMeTaJIJibl c HH3Koii T p.D.OJI:>KHbl HMeTb Bbi
COKYIO Tc. Ka'leCTBeHHble coo6pa:>KeHH.R o B3aHMHOM BJIH.RHHH 
IICII H KCII noKa3MBaiOT, 'ITO acne.n.cTBHe np.RMOH CB.R3H 
Tc C (j D H n * , C O,D,HOH CTOpOHbl, H C Tp, C ,D,pyroii CTO-
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poHbi, KaK H CBJI3H TP c 80 H n * npH IICII, HMeeTCJI aepx

HJIJI rpaHHu;a Tc, CBJI3aHHaJI c MexaHHqecKHMH caoiicTBaMH 

KpHCTallnHqecKOH peWCTKH, C 3HepreTHqecKHM CllCKTpOM, 

nnoTHOCTLIO H B3aHMHbiM pacnono>KeHHeM ~II KB3 H rpa

HHIJ;bl 30H lipHlllli03Ha. 
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