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.... 

BBELIEHHE 

B . 3KCnepHM8HT8X /1-3/ OOHapYJl(eH HOBNA KJ!acc npoTOHHl:DC 

CYl18PHOHHl:DC npoBOQHHKOB C oomeA c;,opMYllOA MeXPO,, rne Me: Ce,Rb ;X = 
= H,D ; P : Se,S, H OJIH3KHMH TeMnepaTypaMH nepexona B cynepHOHHyJO 

Tc. ~a30BliA nepexon B KPHCT8JIJ!aX conpOBOlKll88TCSI CKaqKoM 

npoBOQHMOCTH, KOTopaR, KaK HenocpencTB8HHO noKa3aHo C noMOlllblO MeTona 
. <. 

Sll1P. OOYCJIOBJl8Ha nH<M>Y3HeA. npOTOHOB /3-4/. 5onbmasi 3HTPOnHSI nepexona 

S/R = 1.32 /5/ YK83NBaeT Ha 3HaqHT8JlbH08 pa3ynopsinoqeHH8 npH 

q,asOBOM nepexo.r1e .OnTH'leCKHe H3MepeHHl{ /6-7 / TIPHBOAHT K saKJIIO'leHHIO, 'ITO 

CTPYKTYPHN8 nepexon1,1 

cnOHTaHHOA nec;,opMauHeA 

SIBJ!SIIOTCSI cerH8T03J18CTHqecKHMH 

(-102
) B HH3KOCHMM8TpHqHoA cpa3e. 

C OOJ!blllOA 

·. 8 uenoM 3KCnepHM8HT8JlbHble naHHbl8 YKa3NBaIOT Ha TO, qTo cpa30BNA 

nepexon B 3THX KPHCT8JIJ!aX ooycnoBJl8H pa3YllOPRnoqeHH8M npoTOHOB 'B 

pemeTK8 Bblm8 Tc. KOTOpaR H npHBOQHT K CTPYKTYPHOMY cerH8T03Jlac

THqecKoMY nepexony . 

B paOOTaX /8-9/ no CTPYKTYPHNM HCCJl8QOB8HHSIM H8TOQaHH paccesi-

HHR_ HeATpOHOB H peHTreHOBCK08 ,[IHq>paKUHH noKasano, qTo B HH3KOT8Mnepa

TYPHOA cpa3e KPHCTal!llbl CeHSO, ( CHS ),CaDSO, ( CDS) HM8IOT MOHOKJIHHHYIO 
. 5 

RqeAKY, npHHanne*amYIO npocTpaHCTBeHHOA rpynne (np.rp.) C2 h npH z = 4, 
rne z - qffCJIO c;,c>PMYJ!bHl:DC 8QHHHU. B HenaBHHX paOOT8X /10-12/ Obllla 

onpeneneHa CTPYKTypa .KPHCTaJIJIOB CHS H CDS B cynepHOHHOA ~38. 

KPHCTannN HM8~T Odb8NHOU8HTPHPOB8HHYIO TeTparoHanbHyJO ~qeRKY, np.rp.n:: 
u, 5 

npH Z = 2. TaKHM oopa30M, cp830BNA nepexon D,h ==> c2h SIBJIR8TCSI 

H8C00CTB8HHblM cerH8T03Jl8CTHqecKHM, KOTOPliA HQ8T C YQB08HH8H OObeMa 

nPHMHTHBHOA siqeAKH no BOJIHOBOMY B8KTOPY K1S /13/ (3Q8Cb H B 

nanbHeAmeM oOo3HaqeHHR no Koaaneay /14/ ). 

AHanH3 ynopsinoqeHHSI npoToHoa npH cpa3oaoM nepexone noKa3NBaeT, qTo 

H3 BOCbMH H83KBHBaneHTHl:DC npOTOHHl:DC no3HUHA B 3Jl8M8HT8PHOA RqeAKe 

OTHOCHT8JlbHO 3Jl8M8HTOB CHMM8TPHH rpynnN BOJIHOBOrO B8KTOpa GKts 2 

no3HUHH 3anOJ1HRIOTCR (qepHble), 2 IT03HUHH nYCTN8 (08JIN8) H 4 n03HUHH 

cepNe. 8 paOOTe /15/ ONJ!a cnenaHa nonNTKa H30aBll8HHSI OT cepl:DC Il03HUHA 

nYTeM OTblCKaHHR npOM8*YTOqHOA cpa3N .. OnHaKo, XOTSI H Obllla nonyqeHa 

3KcnepHM8HTaJibHO HaonmnaeMasi uenoqKa aonoponHl:DC casi3eA, npenno*eHHasi 

MOQ8Jlb CTPYKTYPY acero KPHCTal!na He OnHCNBana. 

B HaCTOSIWeA paOoTe QJISI H308BJl8HHSI OT cepl:DC IT03HUHA 

paccMaTpHaaeTcsi Monenb cpa3oBoro nepexona nopsinoK-OecnopsinoK, KOTOPNA 
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npoHCXOtlH.T C YtlB08HH8H npHHHTHBH08 Sl48flKH H H,!leT no tlBYH BOnHOBWI 

B8KTOpaH K
19 

H K
14

: 0. TeopHSI CTpOHTCSI B npHCinH*8HHH cpe,11Hero nonsi, 

KaK H B T80PHH ynopSl,!1048HHSI cnnaBOB /16/. 

MOtre:nb 

PaCCHOTPHH ,!lnSI onpe.aeneHHOCTH q,830Bblfl nepeXO,!I B KPHCTanne CDS. 

BWDe TeHnepaTypl:,I nepexo.aa TC= 414 K KPHCTann HHeeT OCib8HHOU8HTpH

poBaHHYIO TeTparoHanbHYIO pemeTKY c napaneTpaHH al= bl=5.718 A
0

, 

0 1<> 
cl=14.232 A /10/ (np:rp. D,h).· CTP,YKTypa oCipa30BaHa TeTpas,11paHH so,. 
CBSl3aHHWIH H8lK.llY COCiOfl BOtlOPOtlHWIH CBSl3SIHH. CornacHO /12/ npoTOHl:,I 

pacnono*eHN no (16f) no3HUHSIH c 3aceneHHOCTblO 1/4. Ha PHC.1 noKa3aHa 

npoeKUHSI ceTKH BO,!IOpO,!IHl:,IX CBSl38fl Ha nnocKOCTH XY. KBa,11paTHKH ycnoBHO 

H30Cipa*am TeTPas,11p1:,1, a T04KH - B03HO*Hl:,l8 nono*eHHSI npoTOHOB Ha 

CBSl3SIX. BHYTPH KBa.apaTHKOB YKa3aHO 3Ha4eHHe npoeKUHH ueHTpa TeTpas.apa 

Ha 'ocb z. 6y,11eH pa3nH4aTb TeTpas,11p1:,1 THna A, BepXHSISI rpaHb KOTOPl:,IX 

napaJlJienbHa OCH X,, H TeTpas.ap1:,1 THna B BepXHSISI rpaHb KOTOpl:,IX 

napaJlJienbHa OCH y_B sneHeHTapHyJO Sl48flKY l BXOtlSIT,tlBa TeTpas,11pa: THna 

AL H Bl C OtlHHaKOBWIH HH,!leKCaHH. Ha4ano KOOPAHHaT BNCiepeH B ueHTpe 

TeTpas.apa A
0 

• 

r---y 
X 

PHC. 1. 
I 

5 
:v: I I v I I v Ag TipoeKUHSI ceTKH BOAOPOAHl:,IX cesi3efl 

2 

Ha nnocKOCTH XY. Kea,11paTHKH ycnoBHO 

H30Cipa*6JOT TeTpas,m>bl, a T04KH -

npoTOHHNe no3HUHH B sneHeHTapHOfl 

Sl488Ke. 

~' 

:i 

' ,! 

B HH3KOCHHH8TPH4HOfl q,a3e npH T < Tc KPHCTann HH88T HOHoKnHHHYIO 

pemeTKY c napaHeTpaHH am=7.789 A0
, bm=B.146 A"~cm=7.726 A0

, ~= 110.87° 

(np.rp. C :h). KaK noKa3aHo B /8/1 q>a30BNfl nepexo,11 H3 TeTparoHanbHOfl 

q,831:,1 B HOHOKJl!1HHyJ0 CBSl3aH C H8CiOnbmHH CH8W8HH8H TSl*8nl:,IX aTOHOB C 

conycTBYJOmefl ,!18<t>(JpHauHefl H ynopSl,!1048HH8H npoTOHOB Ha C8TKe BO,!IOPOtlHl:,IX 

CBSl38fl. TipH 3TOH B03HHKalOT O,!IHOH8PHN8 uen04KH BO,!IOpO,!IHl:,IX CBSl38fl; 

tlJisi on11caHHS1 q,a3oeoro nepexot1a THna nop~oK-oecnopR,1:10K .ansi 

npoTOHHOfl no.acHCT8HN ,lOCTaT04HO paccHOTP8Tb ynopSl,!1048HH8 npOTOHOB B 

O,lHOfl npHHHTHBHOfl Sl48f1Ke, Y4HTNB8SI HX B3aHHO.ll8flCTBHe C npOTOHaHH B 

.apyrHX Sl48flK8X. 

Pacnpe.aeneHHe npOTOHOB B KPHCTanne CiYA8H onHCNBaTb C nol'!OWblO 

0,!IH04aCTH4HOfl q,YHKUHH n(r),paBHOfl 1, ecnH npOTOH HaXOAHTCSI B Y3ne r,H 

HYnJO, ecn11 Y38n nycTOfl. BaaHl'!O.ll8flCTBH8 npoTOHO_B B HO,len11 3anHmeH B 

BH,!18 

H = 1/2 E q, (r-r' ) n(r )n(r ·) = 
r,, r• ( 1 ) 

= 1/2 I: c;,. (R-R') n. (R)n (R'), 
R,,R• '-' l J 

i.. j 
r.ae n,(R) - O,!IH04aCTH4Hasi q,yHKUHSI 3anonH8HHSI Y3na : 1-8 B npHl'!HTHB-

HOfl Sl488Ke (pHc.1) C KOOPtlHHaTOfl 

B3aHHOtleflcTBHSI. 

TIPH5nHIEHHE CPELIHEro non~ 

R, a c;,,j(R-R') noT8HUHan 

PaccMoTpHH npHCinH*eHHe cpe,11Hero nonsi ( TIC TI), nonarasi B raMHnb

TOHHaHe (1) n,(R): nL(R) + 6n(R), r.ae nL(R) - Cp8,lH88 4HCnO 38IlOnHe

HHSI Y3na L B Sl48flK8. Y4HTNBaSI BKna,11 XHHnOT8HUHana - µN,nonY4HH 

H: 1/2 J: q, __ (R-R')n (R)n.(R') + J: (c (R) - µ)n (R) = 
R,R .. LJ I. J R,i. l Hncn, 

i., j 
( 2 

r.ae &. (R): J: q,_ .(R-R')n.(R') - 3HeprHSI npoTOHa, 3aHHMa10111ero i-ll y3en 
I. R, i. .. J J 

B none OCTanbHl:,IX npoTOHOB. tlJisi CBOCiO,lHOfl SHeprHH nonyqHH 

F = - T ln Sp (exp (-~Hncn>>= 

= 1/2 J: c;,,,(R-R')n(R)n.(R') - T ln (l+exp (-~(c.(R) 
R.R•'J L J L 

( 3 ) 

µ) », 
i., j ~: - 1/T. 

YcnoeHe 8F/8nL(R) = 0 .aaeT ypaeHeHHe .ansi caMocornacoeaHHSI 4Hcen 

3anonHeHHS1 

3 



ii (R) = {1 + exp( /1(£ (R) - µ)) }-
1 

• 
S L 

( 4 ) 

anR pemeHHR CHCT8MN cano~ornacoBaHHWC waBH8HHR (4) Hcnonb3Y8M 

M8TOA, npeAn0*8HHN8 B /16/ AnR onHCaHHR YnOPRA048HHR B 

KPHCTannH48CKHX TBepAWC paCTBOpax. 8 3TOM M8TOA8 pemeHHe HW8TCR B BHA8 

cynepno3HUHH CTaTH48CKHX KOHU8HTpaUHOHHWC BOnH 

n. (R) = c + EX. (K ,R) , 
" K t. a,p 

( 5 ) 

... p 

rAe X (K ,R) =· 1/2 { Q(K )exp(iK R) + Q (K• )exp(-iK R)} 
1. a,p a,p a,p a,p a,p 

onHCNBaeT OTKnOH8HH8 OT cpeAHero pacnpeAeneHHR npoTOHOB npH T > Tc, 

n.= C = 1/4. 3A8Cb exp(K R) CTaTH48CKaR BOnHa, K - BOnHOBOR B8KTOP 
1. a, p & • p 

3B83AN {K }, p - YKa3NBaeT ny4 3B83AN, Q(K ) - annnHTYAa CTaTH48CKOR 
a a,p , 

BOnHN,COOTB8TCTBYIOmaR 3TOM nY4y. 

CornacHo /13/ nepexoA o:~ ==> 

{K,s}=(Ku.1'Ku.z); Ku.,= 1/2 
b,=(0,n/T,IT/Tz); bz= (n/T,0,n/Tz) 

C5 HA8T no OAHOMY H3 nY4eR 3B83AN 
Zh 
b 9 ; K

19
_

2
= 1/2(b

1
-b

2
). rAe 

b9= (n/T,n/T,0) - BeKTOPN oopaTHOR 

pemeTKH. 8 CBR3H C 3THM pemeHHe (5) 3anHmeM B BHA8 

X.(K ,R) = l').(K ) r(K )exp(iK R), 
\. e,p i a,p a,p s.,p 

6 ) 

rAe Y4T8HO, 4TO exp(iK R)= exp(-iK R) Q(K ) 
a, p a,p a,p = • K ) Q ( a.p = 

=n. (K )r (K ) . 11cnonb3YR *8 ycnoBHe, 4TO nepeXOA HA8T 
\. a, p a, p 

no OAHOMY nY4y J 

(ff) 3anHmeM B BHA8 

x, (K,.. R) = n, ( K,.) exp(iK
9
R ) , ( 7 ) 

r A8 no A K., nOAPa3YM8BaeTCR OAHH nY4 3B83AN {Ks} H Y'lTeHO paBeHCTBO 
2 lr(K

9
)j = 1 ,'ITO cnc,qyeT H3 ycnoBHH HOPMHPOBKH. 

Menon b3YR ycnoBHe 1 4TO npH T > Tc n, = C H pa3naraH ( 4) • 

OTHOCHT8nbHO X,(Ka,R), nonY4HM nHHeapH30BaHHHe ypaBHeHHH 

X. (K ,R) = c(c-1)/T E q,· . (R-R' )X. (K ,R·) 
L a R .. ,j 1., J J a 

( B ) 

YMHO*aR npaBYIO H neB.YIO 4aCTH YJ)aBH8HHR (8) Ha <>(K.)exp(-iKaR) 

(<>(Ka) - C00CTB8HHN8 BeKTOPH naTPHUN B38HMOA8RCTBHR ) H npoH3BOAR 

CYMMHPOB8HHe,nonY4HM 

o, (K.,) = -(c(c-1 )/T)ll.(K.,)0, (J<
9

) , ( 9 ) 

rAe O,(K
9

) =EX, (K
8

,R)u(K
9
)exp(-iK

8
R), a ll.(K

8
) -C00CTB8HH08 3Ha48HH8 

MaTpHUN B3aHMOA8RCTBHR. YpaBH8HHe HM88T H8TPHBHanbH08 pemeHHe o,(K.}=0 

(4TO COOTBeTCTBY8T ycnoBH~ X,<K.,R)=O), ecnH 

(c(c-1)/T) >..(K.) = 1. ( 10 ) 

4 

·, 

3TO waaHeHHe onHCNBaeT COBOKYnHOCTb T048K BeTBneHHH ypaBHeHHH (4). 

TennepaTwa ct,a3oBoro nepxoAa onpeAenReTCR MaKCHManbHOR TennepaTYJ)oR Tc 

/16/ 

Tc= max' [-c(c-1 )/ ll.(K
9
)] = -c(c-1 )min ll.(K

8
) , ( 11 ) 

TaKHM oGpa30M, npH HaXOJK,rteHHH TeMnepaTYPH rrepexo,qa , 

HeHyneBWC 

B8KTOPOB 

nonY4HH 

pemeHHR (8) 3aaa4a 

H8TPHUN B38HHOA8RCTBHR 

CBOQHTCR 

<f>(R-R'). 

K HaXO*A8HH~ 

noACTaBnRR 

C00CTB8HHX 

(7) B (8), 

Yl, (K,.) = (c(c-1 )/T) r; <t>,./K.,)l')j (K.,) , 
J 

11') 

rae <f>(K,.) - $YJ)b8 -npeacTaBneHHe MaTpHUN B3aHHOQeRCTBHR" <f>(R-R'). 

nepeRaeM OT n(Ks) K HOBNM nepeneHHNM 

Y, (K,.) = E U,.j (K
8

)1)/KJ , ( 12 ) 
J 

rae HaTpHua U(K,.) onpeaeneHa KaK U(K.,) = B(K.,)T. 3A8Cb B(K.,) - MaTPHUa, 

onpeaenReMa~, Oa3HCHNMH $YHKUHRHH rpynnN BOnHoaoro B8KTopa GK .. AnR 

nepecTaHOB04HOro npeacTaBneHHR, T -YHHTapHaR MaTpHua, npHBOQRmBR 

On04HO-QHaroHanbHYIO HaTPHUY B(K .. )<t>(K.)(B(K.,))-
1 

K aHaroHanbHOHY BHAY-

YnOP~tlO~EH11E nPOTOHOB HA CB~3~X 

~neneHTN CHHMeTpHH rpynnN BOnHOBoro B8KTopa GK19: {E}. {uxy}, 
2 

{uxy}' {C,}. {I/t}. {axy/t}. {axy/t}, {az/t}, rae t = (0,1.1/2) -

COllYTCTBYlOIJ1aH TpaHcn~HH.npeAnonaraeH, 4TO llPOTOH HaXOQHTCR nocepeaHHe 

CBR3H. Ha PHC .. 1 noKa3aHO nono*eHHe n03HUHR. KaK BHQHO, npH TaKOM BNOope 

Bee 8 no3HUHH B R48RKe pacrrono*eHN BOKpyr TeTpa3apa THna A. 8 TaOn.1 

noKa3aHO npeoopa30B8HH8_ n03HUHR OTHOCHTenbHO 3n8H8HTOB CHHM8TPHH 

rpynnN GK19. 8 CKOOKax YKa3aH B03Bpama~WHR B HYneBYIO R48RKY B8KTOP 

TpaHCnRUHH npH aeRCTBHH 3neneHTa CHHM8TPHH g E GK19 - a(g,,). 

MaTPHUa B3aHMOQ8RCTBHR <f>(K.,) CHMM8TPH4Ha OTHOCHTenbHO rpynnN 

BOnHOBoro B8KTopa GKa H aon*Ha YAOBneTBOPRTb ycnoBH~ /17/ 

rg(K.,)<t>(K.,)rg(K.)= <f> (K.,) , ( 13 )_ 

r ae rg (K.) - MaTpHua, onpeaenReMaR H3 nepecTaHOB04HOro COOTHOW8HHR 

no3HUHR OTHOCHTenbHO 3neMeHTa CHMH8TPHH g E GK,a' HaTpH4HNe 3n8H8HTN 

KOTOPWC onpeaenR~TCR KaK 

rg .(K )= exp( iK a(g, ,))6, gJ· , 
L.,J a a , 

6. . - CHMBon KpoHeKepa. 
'. g J 

14 

5 



• 

Taomn:~a 1 

npeoopa30BaHH8 H83KBHBaneHTHblX npOTOHHblX no3HUHA OTHOCHT8nbHO 

3n8M8HTOB CHMM8TPHH rpynnN BonHOBoro B8KTopa GKt!I 

E u u CZ 1/t O'xy/t O'xy/t az/t 
xy xy .. 

1 5 8 4 2 6 7 3 
(020) < 111 > < 1 t .t > 

2 6 7 3 1 5 8 4 
(020) < 111 > ( 111) 

3 7 6 2 4 8 5 1 
< 111 > C 1 t :l > (020) 

4 8 5 1 3 7 6 2 
( t-t t) < t. t 1 > (020) 

5 1 4 B 6 2 3 7 
< 111 > (020) < t t 1 > 

6 2 3 7 5 1 4 8 
C 1 t 1 > (020) < 11 t > 

7 3 2 6 8 4 1 5 
·, ~· t> (020) ( t t t) 

8 4 1 5 7 3 2 6 
( t t j_) (020) C :l 1 t > 

TaOnHua 2a TaOnHua 25 
-

MaTpHUa 53aHM048ACTBH51 ,;,(K,,}: -• YHHTapHaH MaTpHua U(K.,.} 1 4HaroHanH-

K = 0 ... 
A B C D H G G H 
B A D C G H H G 
C D A B G H H G 
D c·B A H G G H 
H G G H A B C D 
G H H G B A D C 
G H H G C D A-B 
H G G H D C B A 

3HPYIOmaH MaTPHUY B3aHM048ACTBl151 <t>(K,,) 

_.L 
2-.'2 

1 
1 
1 
1 
1 
1 
1 
1 

1 1 1 .1 1 1 1 
-1 1 -1 1 1 -1 -1 
-1 1 -1 -1 -1 1 1 

1 1 1 -1 -1 -1 -1 
1 -1 -1 1 -1 1 -1 

-1 -1 1 ·1 -1 -1 1 
-1 -1 1 -1 1 1 -1 

1 -1 -1 -1 1 -1 1 

f
1 

f
2 

f
5 

f
6 

f
9 

f 0 f
10

f
10 

1 2 t 2 

Onpe4enHM C00CTB8HHN8 3Ha'!eHH51 H C00CTB8HHN8 B8KTop~ MaTPHUN 

iB3aHM048ACTBH51 ,;,(K.,.}. B TaOn. 2(a} 4aH BH4 MaTPHUN ,;>(K.,.} rae 

Y'!T8HO npeo5pa30BaHHe BOCbMH no3HUHA OTHOCHT8nbHO 3n8M8HTOB CHM-

M8TPHH np.rp. D
1

h"' H exp(iK a(g,i.})= 1. B TaOn.2(0) noKa3aHa 
' 1, . -• YHHTapHaH liaTpHua U(K u) 0 4HaroHanH3HPYIOmaH MaTpHUY B38HM048ACTBl151. 

CTonOUN MaTpHUN U(K )-
1

COOTB8TCTBYIOT C00CTB8HHNM B8KTopaM. BHH3Y ... . 

YKa3aH HOM8P HenpHB04HMOrO npe4cTaBn8Hl151 4n51 COOTB8TCTBYJOmero coo-

CTB8HHoro B8KTOpa B f-TO'IK8 30HN BpHnJU03Ha f .. 0'18Bl14HO, '!TO a- MY 
r • • 

COOCT58HHOMY 58KTOPY ., a (K
1
,) COOT58TCT5Y8T_ CO0CTB8.HHO8 3H6'18Hl18 

Aa(K.,.): 

6 

) 

/]' 

A
1

(K
14

) = A+B+C+D+2G+2H A
2

(K
14

) = A-B-C+D-2G+2H 

A
9

(K
14

) = A+B+C+D-2G-2H :\
4 

(K
14

) ~ A-B-C+D+2G-2H 

A
5

(K
14

) = A+B-C-D A
6

(K.,.) = A+B-C-D 

A
7

(~
14

) = A-B+C-D A
8

(K.,.) = A-B+C-D ( 15) 

OnpeaennM C00CTB8HHN8 3H8'18Hl151 MaTPHUN B3aHMO48ACTBl151 <t>(Kts). B 
TaOn.3(0) npHB848HN 08311CHN8 <l'YHKUl111 pa3nH'!HWC HenpHBO~HMblX 

npe4cTaaneH11A rpynnN BOnHoaoro aeKTopa GK,,. 4n51 nepecTaHOBO'!Horo 

npe4cTaBneH1151. 8 TaOn. 3 a npHB848Ha M8TPHUN B3811M048HCTBl151 ,;>(K 
19

), 

KOTOPOA COOTB8TCTBYIOT 4 C06CTB8HH~X 3H8'18Hl151 

A,(K19 )=a+b+g+h 1 

A
2

(K
19

)=a-b-g+h 1 

;>,._
3

(K
13

)=a+b-g-h, 

;,.._
4 

(K
19

)=a-b+g-h 1 

( 16) 

Ka)l(Jloe H3 KOTOPWC 4B8*4N BlilP0*48HO. 
ts> 5 

'1>a30Bl:lli nepexo4 D,.h ==> czh H48T no BTOPOMY HenpHB04HMOMY 

npe4cTaBn8HHIO T 2 /13/, KOTOPOMY COOTB8TCTBY8T 4Ba COOCTB8HHWC 3Haqemur 

A.9 (K,,.) H A 4 (Kt3). KaK noKa3aHO B npHn0*8HHH, MO*HO npHHHTb, '!TO b = g. 

B 3TOM cnyqae BTOPOMY HenpHB04HMOMY npe4cTaBn8HlflO T 
2 

COOTB8TCTBY8T 

04HO COOCTB8HH08 3Ha'!8HH8 A,.(Kt9) = A, (Kt9), KOTOpoe '18Tl,!p8)1(JlN 

Bl,!p0)1(Jl8HO. TaKHM oopa30M, Y'IHTUBaH YCnOBl18 

E ni<R) = 2 • ( 17 ) 
L 

cornacHo (5), nonY'!HM cneaYJOmee ypaaHeHHe 4n51 cpeaHero npoToHHoro 

3anonHeH11H no3HUHA np11 c;>a30BOM nepexo4e 

ni(R) = C + Y0 ,i + Y,,iexp(i K
19

R ) , 

B 

rae Yo,i= Cd,i.(K,,J; Y,,,= I:5 Ca,i(K,9) 
a= 

<J)YHKUHH. 34ecb Ca_,(K
9

) = za(K
9

)"a,,(K
9

), 

KOMflOH8HTa v (K )-ro COOCTB8HHoro B8KTopa. u • 

( 18 ) 

'18Tl,!p8XKOMnoHeHTHa51 

rae v (K) - i-a51 
O,L S 

B (18) nono*eHo, '!To 

z 5 (K.,.) = 0 (np11_ paccMOTpeHHH c;>a3oaoro nepexoaa,Koraa K
19

= 1/2(b
1
-b

2
) 

z5 (K,,) = 0 11 zd(K,,) = 0 ). flapaMeTpbl za (K .. ) B~5HpalOTCH TaKHM 

oopa30M, '!TOON BNnOnHHnOCb ycnoa11e 

I C . (K ) I = 1/4 • 
a,\. • ( 19) 

8 Tal:Sn. 4 noKa3aHN B03MO*HN8 YflOP5140'18HHH npOTOHOB B U8HTpanbHOA 

H'18AKe (llB8 no3HUH11" 3anonH8HN, OCTanbHN8 flYCTN8) B 36BHCHMOCTH OT 

3HaKa napaMeTpOB za(K.J. 3HaK (+) 03Ha'!aeT, '!TO COOTB8TCTBYIOmHA 

napaMeTp nono=TeneH. a 3HaK (-) OTPHUaTeneH. 0TM8THM, '!TO npH 

7 



Taonm-1a 3a 

MaTpHua B38HMoae8CTBHH ~(K,s}: 

K
19

=1/2b
9 

a b g h 
b a h g 

a b g h 
b a h g 
g h a b 
h g b a 

g h a b 
h g b a 

TaonHua 4 

TaonHua 36 

6a3HCHN8 ~YHKUHH HenpHBOaHMblX npen

CTaaneHH8 rpynnN BORHOBoro GK,s anH 

nepecTaHoaoqHoro npencTaaneHHH 

1 1 1 1 1 
2 -1 -1 -1 -1 
3 1 -1 -1 1 
4 1 -1 -1 1 
5 1 -1 1 -1 
6 1 -1 1 ·1 
7 -1 -1 1 1 
8 1 1 -1 -1 

T T • 2 

3anonH8HH8 npoTOHHblX no3HUH8 B 38BHCHMOCTH OT 

3HaKa napaMeTpa ZQ(Ka}: (+) COOTB8TCTB8TCBY8T ZQ(KQ} > Q; 

(-) COOTB8TCTBY8T Za(K
9

} < 0 

Zd (K1,} z
5

(K19 } zd<K,s} Z7 (Ku} ZB (KlS} 3anon. 
n03HUHH 

+ + + + + 1 - 7 
+ - - - - 2 - 8 
+ + - - + 1 - 2 
+ - + + - 7 - 8 

+ - + - 3 - 5 
+ - + 4 - 6 

+ + - - 3 - 4 
+ + 5 - 6 

zd(K
1
,} > O 3anonHH~TCH naa Y3na H3 1, 2, 7, 8 , a npH zd(K1,} < O 

3anonHH~TCH aaa Y3na H3 3, 4, 5, 6. 

KaK BHaHO H3 TaOnHUN,KPHCTann npH ~30BOM nepexoae M0*8T oopajo

BblBaTb H8KYI() aHM8PHYIO CTPYKTYPY (KaK B KPHCTannax THna KHSO,) HnH C 

uenoqKo8 aoaopoaHblX CBH3e8, qTo H HaOn~aaeTCH B KPHCTannax THna 

CH(D}S. npH 3TOM uenoqKH HanpaaneHN aaonb OCH [ 1,-1. 1) HRH aaonb OCH 

(-1. 1, 1) ,nepneHaHKYnHPHO BOnHOBOMY B8KTOPY K,s.,=1/2b9. npH aHanH38 

nnH BToporo nyqa K19 ,
2

=1/2(b1-b
2

) uenoqKH CBH388 HanpaaneHN aaonb ocH 

[ 1; 1, 1) HRH aaonb OCH (-1.-1,-1), T8K*8 nepneHaHKYRHPHO BORHOBOMY 

B8KTOpy. 
B aaHH08 MoaenH He yqHTblB88TCH npoToH-~HOHH08 B38HM0488CTBH8, 

KOTOpoe H CHHMaeT Bl,lpOlKJl8HH8 no 4HM8PH08 H uenoqeqH08 CTPYKType. 3TOT 

aonpoc oyaeT paccMaTpHBaTbCH OTaenbHO. 

8 

l 

:l 
) 

CBOEOllHASI 3HEPfllil _MOL!EJlH 

HcxonH H3 ~PMYRN (3) H HCITOnb3YH nonyqeHHOe ypaBH8HH8 llRH 

cpe4Hero 3anonH8HHH npOTOHHblX n03HUH8, Bb1P8*8HH8 llnH CB0004H08 3HeprHH 

npe4cTaBHM B BH48 

F = F
0

+ 1/2 I: 
p 

~i.j(Ka)Yp,iYp,j 

i.. j ( 20 

-Tln( 1+( ( 1-c }/c }exp(-f1I:_ ~,)K. }Yp,i}} 
3aecb yqT8HO COOTHOmeHHe P •' 

exp(-(1µ}=(1-c)/c}exp(-f1I: ~- .(O}c}, ( 21} 
. \., J 

' KOTopoe CR84Y8T H3 ycnOBHH (4) npH T > Tc: n(R) = c .• Pa3nOZ8HH8 

CBOOoaHo8 3HeprHH B PHll nq CTeneHHM ZQ(Ka) B0RH3H Tc: HM88T BHa 
z a.+:l 

F = F0 + 1/2 I:Aµ I: lzµ,a1
2

+ Olzµ,al', ( 22) 
. µ=• a ~ 

npHqeM Aµ=A;,(1- Ai,C(c-1)/T). 3aecb A;= As(K,s) H Ai= Ad(K,,), a 

z;,a=za(K19 } H zi,a=za(K
1
,) (z5 (K

1
,)=0). ~a30BN8 nepeXOll BTOporo po4a 

B ynopH4oqeHHOe COCTOHHH8 npoHCXOllHT, Kor4a CTBHOBHTCH paBHNM Hyn~ 

MHHHManbHOe 3HaqeHH8 ~YHKUHH 

(26) coana4aeT c (10), 

Aµ . nonyqaeMoe 3HaqeHHe llnH T H3 
C: 

Tc:= c(c-l)(a-h). ( 23) 

Bb!Pa~eHHe ~nH 3HTPOllHH,npHXO~JIIIl88CH Ha O~HY sneMeHTapHYI() fiqe8Ky, 

cornacHo /16/, npe4cTaBHM B BHlle 

S = (c + Y
0 

+ Y
1 

)ln (c + Y
0 

+ Y
1 

}+ 

+(1-c - Y
0 

- y
1 

}ln (1-c - Y
0 

- Y
1 

}+ 
( 24 

+(c + y
0 

- y
1 

)ln(c + Y
0 

- Y
1 

)+ 

+(1-c - y
0 

+ Y
1 

)ln (1-c - Y
0 

+ Y
1 

) • 

nonyq-~eecH sHaqeHHe ~H• CKaqKa 3HTPOllHH S/R=1.1 MeHbme HaOn~aae-

Moro B 3KCnepHM8HTe /5/. 3TO H8COOTB8TCTBH8, no-BHaHMOMY,CBH38HO C 

npeHeOpe*eHH8M B npe4no*8HH08 M048RH BKna40M B 3HTPOITH~ apyrHx 

CT8IT8H88 CBOOoaN, CBH38HHNX C pa3BOPOT8MH T8TP834POB so,. 
3KcnepHM8HTanbHO HaOn~aaeTCH 3HaqHT8RbH08 H3M8H8HH8 cneKTpa KPHCTanna 

/18/ H llHHaMHKH rpynn~ so, BNID8 Tc: /3/. 

OECYXllEHHE 

B paMKax npe~no~eHH08 Mo~enH nonyqeHo ypaaHeHHe ~nH cp~Hero qHcna 

9 



• 

3anonHeHHff npoTOHHWC no3HUH8 H onpeAeneHN B03MOlKHN8 ynopffA04eHHff 

npOTOHOB no BOAOPOllH= CBff3ffM npH q>a30BOM nepexoAe D:~ ==> c~h no 

BOnHoB= B8KTopaM K,sH K,, flpH 3TOM noKa3aHO, 4TO o6pa3Y8TCff ueno4Ka 

BOllOPOllHblX CBff388, KOTOpaff HanpaaneHa BllOnb OCH [ 1.-1. 1] HilH OCH 

[-1. 1, 1] npH nepeXOAe no BonHOBOMY B8KTOPY K =1/2b , a npH 
13 ~ 

nepexot1e no K
19

=1/2 (b
1

-b
2

) ueno4Ka HanpaaneHa BllOnb OCH [ 1, 1, 1] 

HnH BllOilb [-1, -1, 1]. Ocspa30B8HH8 48T~ex ll0M8HOB H HaGruonaeTClt B 

3KcnepHM8HTe. nonY4eHO B~alK8HHe llilff CBOCSOllHOR 3HeprHH BCSnH3H Tc, 

3Ha48HH8 CK84Ka 3HTPOTIHH. 

Ilon}"laW!IIHfiClt ~a30Bblli nepexon B MOllenH - BTOporo POAa, 4TO 

ooycnoaneHO ncn. B paMKaX t1aHHOl'I MOA8nH He Y4HT-aeTCff npoTOH-q,oHOHHOe 

B3aHMOll8l'ICTBH8, KOTOpoe H CHHMaeT B~OlKll8HHe npOTOHHWC Yil0Pffll048HH8 

npH q>a30BOH nepexot1e. BKna_A npoTOH-q,cJHOHHOro B3aHHOll8l'ICTBHff, 048BHllHO, 

CY!Il8CTBeH, IlOCKOnbKY B paMKax t1aHH08 MOllenH 683 Y4eTa pa3B0POTOB 

T8TP83llPOB llilHHa CBff3H 60;bW8ff c· -3. 4 A
0

) no cpaBH8HHW c Ha6nrot1aeH08 

B 3KcnepHMeHTe ( -2.7 A
0

). AHanorH4H~ aHanH3 C Y48TOH npoTOH-q,cJHOH

HOro B3aHHOll8l'ICTBHff npoaet1eH B 0Tll8nbH08 pa60T8. 

B 3aKnro4eHH8 aBTOP B~aJKaeT csnarot1apHOC~b H .M. IlnaKHne • H 

B.C.WaxMaTOBy 38 none3HNe OCSCYJKA0HHff paCSOTN H U8HHN0 3aMe4aHHff. 

IIPl-fJlOJ:EHHE 

H3 aHanH38 Yil0Pffll04eHHff npoTOHOB Ha CBff3ffX npH b = g cnet1YeT, 4TO 

COCSCTB0HHOHY 3H84eHHW A9(K,s)~a-b+g-h COOTB8TCTBY8T CTPYKTypa C 

ocspa30B8HHeH uen04KH BOAOPOAHWC CBff3e8, a A, (K19 )=a+b-g-h COOTBeT-

CTBYeT llHM8PH8ff CTPYKTypa. 

PaCCHOTPHM CS83HC H03KBHBaneHTHWC no3HUHl'I npoTOHOB OTHOCHTenbHO 

3n8H8HTOB CHHHe·rpHH rpynnN BOnHOBoro BeKTopa GKu' KOrt1a OHH 

pacnonoJKeHN He TOnbKO BOKPW TeTp83llP8 THna A, HOH BCSnH3H T8Tpa3llP8 

THna B B 3neHeHT8PHOl'I ff40l'!Ke. Ha PHC. 2 noKa3aHN 3TH n03HUHH B 

npoeKUHH Ha nnOCKOCTb XY. Hoa~ CS83HC no3HUHl'I OTnH4aeTCff OT CTaporo 

H3H8HeHH0H nonoJKeHHff Y3nOB 2, 6, 7. 0TM8THH, 4TO 

exp(iK19R" )= ± 1 , ( 25 ) 

r lie R • • B8KTOp TP8HCnffUHH H3 ,-ro Y3na CTaporo CSa3HCa B l. - l'I Y3en 

HOBOro CSa3HCa. 6Yll0H OTnH48Tb HOB~ 683HC OT CTaporo mTPHXOH (.). B 

Tacsn.5 IlOK838HO npeocspa30B8HH0 "'HOBWC"' He3KBHBaneHTHWC no3HUHl'I 

OTHOCHTenbHO 3neMeHTOB CHMM0TPHH rpynnN GKu· KaK 

OTnH488TCff OT TaCSn.1 TOnbKO B03Bpamaro111HHH TP8HCnffUHffMH 

10 

BHllHO , TaCSn. 5 

a(g,i). 

r~ 
8 

X 

1 

5 3 

TaGnm.1a 5 

, 
6 2., 

r' 

PHC. 2. 

npoeKUHff Ha nnocKOCTb XY 

"HOBoro" CS83HCa npoTOHHblX 

no3HUHH B 3neM8HT8PHOl'I 

ff48l'IK8. 

npeocspa3oaaHHe "'HOBWC"' H83KBHBaneHTHblX npoTOHHWC no3HUHl'I OTHOCHTenbHO 

3neHeHTOB CHHMeTpHH rpynnN BOnHOBoro BeKTOpa GK,s 

E u u CZ 
xy xy ' 

1 5 B 4 

2 6 7 3 
< 11 t > ( t t t) (020) 

3 7 ~- 2 
< 1 t t) < 11 t > (020) 

4 B 5 1 

5 1 4 B 

6 -~- 3 7 
< t t 1 > ( t t t) (020) 

7 3 2 6 
< 111 > < t t 1 > (020) 

B 4 1 5 

Taonm.1a 6a 

MaTpHua B38HHOll8l'ICTBHff q,(K,s): 

K19=1/2bs 

a 

d" 
e 

h" 

a d" 
d" a 

e· h" 
h" e 

d" e h" 
e h" 
h" e 

a h" e. 
h" a d" 

a d" 
d" a 

e d" a 

1/t axy/t axy/t az/t 

2 6 7 3 

1 5 B 4 
< 111 > < 11 t > <020) 

4 B ' ~ 1 
( :l t t) ( 1 t 1) (020) 

3 7 6 2 

6 2 3 7 

5 1 4 B 
< 111 > ( t t t) (020) 

B 4 1 5 
( :I. t t) ,< 111 > (020) 

7 3 2 6 

TaGnm.1a 60 

Sa3HCHN8 ~YHKUHH Hn rpynnN BOnHOBoro 

Gic. 9 llnff .. HOBoro" nepeCT8HOB04HOro 

npet1cTaBneHHff 

1 1 1 1 1 
2 1 1 1 1 
3 1 -1 -1 1 
4 1 -1 -1 1 
5 1 -1 1 -l 
6 1 -1 1 -1 
7 1 1 -1 -1 
B 1 1 -1 -1 

T T • z 

II 



npoBeAeM aHanH3,aHanorHqHb18 TOMY,KaK 3TO CAenaHO B HaCTOffmen pa60Te, 

,nJlff HC>.Boro 6a3HCa.QqeBHAHO,qTO TaKOB ~e H aHanH3 Anff K,~=O.B Ta6n.6a 

noKa3aH BHA MaTpHUbl B3aHMOAe8CTBHff ~-(K,3) .B Ta6n.66 IlPHBeAeHbl 6a3HCHble 

~YHKUHH ttenpHBOaHMblX npeacTaBneHHfl rpynnbl GK,s anR nepeCT8HOB04HOro 

npeacTaBneHHR B cnyqae "HOBoro" 083HCa npoTOHHblX n03HUHfl. Co6CTB0HHbl8 

BeKTOPbl V '(K,s) M8TPHUbl B38HMoaeflCTBHR 3KBHBaneHTHbl 083HCHb111 

~YHKUHRM. T.e. M8TPHU8 T - eaHHH4H8R. 

.CoOCTBeHHblM B8KTOP8M u,,·(K,,.) H ",;<Ku), OTHOCff!UHMCff K T2, 

COOTB8TCTBY8T COOCTBeHHoe' 3H840HHe Ai(K,s)=a·-ct·+e'-h", B8KTOP8M 

v
7

'(K
19

) H v
8

•(K
13

) - A~(K
19

)=a·+ct'-e'-h'. 

H3 attanH38 ynopRa048HHR npoTOHOB cneayeT, 4TO A~(K,s) 

COOTB0TCTBY8T 3anonHeHHIO Y3nOB 1, 5, 6, 7 (HnH 2, 3, 4, 8). CoOCTBeH

HOMY 3H848HHIO A~(K,s) COOTB0TCTBY8T 3anonHeHHe y3noB 1, 3, 4, 7 

(HnH 2. 5, 6, 8). 3aecb anR npoCTOTbl cpaBHeHHR no3HUHH aaHbl B CTapOM 

Oa3HC8. BHaHo, 4TO B OOOHX cny4aRx CTPYKTypa KPHCTanna COOTB0TCTBY8T 

H0KOfl cynepno3HUHH aHMepHOfl H uen0484HOfl CTPYKTYPbl. H3 ycnOBHR (18) 

cneayeT, 4TO cpeattee 3anonHeHHe Y3nOB paBHO 1/2. TTpH4eM anR 
H30aaneHHR OT cepblX no3HUHfl tteooxoaHMO nonOlKHTb, 4TO npH ynopRa048HHH, 

COOTBeTCTBYIOWeM A;(K,
9
), nepexoa no 

npeacTaaneHHIO r .,_
2

, a anR ynopRa048HHR, 

HenpHBOaHMOMY npeacTaBneHHIO r,,. 

K,, waeT no HenpHBOaHMOMY 

COOTB8TCTBYIOW8ro A~ (K.,. ),- no 

TaKHM oopa3oM 1 nonyqaeMblfl ¢'830Bb!R nepexoa H CTPYKTYPa KPHCTanna 

HHble,qeM ,nJIH cnyqaff,OilHCaHHOro B HaCTOffmen pa6oTe. OattaKO H3B8CTHO, 

4TO nepexoa H3 Ol!HOfl CTPYKTYPbl KPHCTanna B apyry10 no oaHHM H T8M )1(8 

HenpHBOaHMb111 npeacTaBneHHRM aonll(eH npHBOaHTb K oaHH8KOBOfl CTPYKTYP8, 

H838BHCHMO OT BblOopa Oa3HCa npoTOHHblX no3HUHfl. ~nR YCTpaHeHHR nonyqa

eMoro pa3HOr nae HR tteooxoaHMO nonOlKHTb Ai (K,,.) = A~ (K, 
3
), OTKYaa 

cneayeT d = e. 

Toraa ypaBHeHHe anR cpeattero 3anontteHHH npoT□ HHblX no3HUHfl 

cornactto (5) nonY4HM B BHae· 

n. (R)=c+ y · + y ·. exp(iK R) , 
L O.L 1,\. 13 

( 26 

attanorH4HOM (21). Bb!OHpaR 3H8K Y z<1(K
9
), nonyqaeM TaKHe )1(8 

ynopRa040HHH npoTOHOB (uen04Ka CBH3efl HnH llHMep). 

H3 (11) cneayeT, qTo TeMnepaTypa ¢a3oaoro nepexoAa npHMo nponop-

UHOHanbtta BenH4HHe C00CTB8HHOro 3H840HHH H npH b = g paBHa 

Tc=c(c-1)(a-b+g-h)-TaK KaK H3BeCTHo,qTo TeMnepaTypa ¢a3oaoro nepexoAa Tc 

B 060HX cnyqaffX AOn~Ha coanaAaTb H qTO nono~eHHe nc3HUHfl 1 H 8 B 

ooo_Hx Oa3Hcax COBnaAaeT, npwxoaHM, K BblBOl!Y, 4TO A; (K 
13

):: A~ (K 19 ), HnH 

A~(Ku)= A~(K.,.) 1 OTKYaa cneayeT, 4TO b = g. 
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