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fa,u)KIIeB E .P. 
feHe3IIC CTP)'KTYP II MarHIITHhie ynop5IAOlJeHII51 
B coeAIIHeHII5IX TIIrra ThCr2Si2 

Pl 7-99-215 

B paMKax cpeHOMeHOJIOrIIlJeCKOfO IIO.[\XOL(a IIOKa3aHO, lJTO rrpocTpaHCTBeHHa51 
rpynrra CIIMMeTpIIII rrapaMarnIITHOH cpa3hI 14/mmm coeAHHeHIIH rnna ThCr2Si2 

B03HIIKaeT B pe3yJihTaTe CTP)'KTypHoro cpa30BOro nepeXO.[\a ll3 IlJIOTHOynaKOBaH
HOH npacpa3bl C rpynnoi-1 CIIMMeTpIIII Im3m. TioKa3aHO, lJTO peanbHbie MarHIITHbie 
ynop5IAO'leHII51 B coeAIIHeHII5IX TIIna ThCr2Si2 onIIcbrnaIOTC51 napaMeTpaMII nepexo
AOB, npIIHaL(Jle)Kall.lIIMII O.[\HOMY HanpaBJieHIIIO, COe.[\IIH5IIOll.leMy TOlJKII MaKCIIMaJib
HOH CIIMMeTpIIII B 30He EpIIJIJII03Ha rpynnhl 14/mmm. TioKa3aHO, lJTO ll3MeHeHIIe 
3HalJeHII51 BOJIHOBoro BeKTopa 5IBJI5IeTC51 CJieACTBIIeM ll3MeHeHII51 KOHUeHTpaUHH 
.[\OIIIIpyIOll.lero Bemecrna. Tionyqetthl npocTpaHCTBeHHble 3aBIICIIMOCTII napaMeTpa 
rrop5IAKa B HeCOII3MepIIMbIX cpa3aX, orrpeL(eJieHa MarHIITHa51 cpa30Ba51 AHarpaMMa 
coeAIIHeHIIH rnrra ThCr2Si2 Ha rrnocKocrn KOHUeHTpaUII51 - TeMrrepaTypa AJI51 · co
orneTCTByIOll.lIIX KJiaCCOB YHIIBepcaJihHOCTII. 

Pa6orn BblfIOJIHeHa B Jla6opaTOpIIII HeHTpOHHOH (pll3IIKII IIM. lf.M.<l>paHKa 
Ol151l1. 

TTpenpl!HT O6he)lHHelIHOro IIHCTHTyra Sl/lepHbIX HCCJJe/l0BaHHH. ,!ly6tta, 1999 

TiepeBOA aBTOpa 

Gadjiev B.R. 
Genesis of Structure and Magnetic Ordering 
in Crystals of Type ThCr2Si2 

Pl?-99-215 

In the framework of the phenomenological approach it has been shown that 
the space group symmetry I4/mmm of paramagnetic phase of structures of type 
ThCr2Si2 · arise as a result of structural phase transitions from latent phase 
with the group symmetry Im3m. It is shown, that the magnetic ordering in com
pounds of type ThCr2Si2 described by the order parameters, which belong 
to the direction the end point of which has the maximal symmetry of structure, 
namely Im3m. It is shown, that the wave vector of magnetic structure·is the func
tion of the concentration of the doping element. The spatial dependence of the or
der parameter in corresponding incommensurate phase§ is determined. 
The concentration- temperature magnetic phase diagrams for different classes 
of universality is determined. 

The investigation has. been performed at the Frank Laboratory of Neutron 
Physics, JINR. 

\ 'esearch. Dubna, 1999 



BBe.ueH11e 

lfayqeHHe pe3yJJhTaTOB Heu:rpoHorpaqrn'IeCKHX HCCJie.UOBaHHH CTJlYKTyp coe.u11HeHHH 

C nepeMeHHhlM COCTaBOM IIOKa3hIBaeT, 'ITO HeCMOTpll Ha TO, 'ITO B .UOCTaTO'IHO rpHpOKOM 

TeMnepaTYPHOM HHTepBaJJe npocTpaHCTBeHHall rpynna CHMMeTpHH KpHCTaJJJla OCTaeTCll 

HeH3MeHHOH, MarHHTHOe yrropH.nO'IeHHe B CTJlYKTYPe npeTepneBaeT nocne.uoBaTeJJbHOCTh 

q>a30BhlX nepexo.uoa THna napaMarHHTHall - Hecopa3MepHM - copa3MepHM q>a3a''·
2
•
3
·
41

_ KpoMe 

Toro, HeHTpOHOrpaq>n'IeCKHe HCCJJe.UOBaHHll IIOKa3b!BaJOT, 'ITO B KpHCTaJJJJaX C nepeMeHHblM 

COCTaBOM C H3MeHeHHeM KOHl.{eHTpa!.{HH .uonnpyioll.{ero aell.{eCTBa X B HHTepBaJJe O ~ X ~ l . 

BOJIHOBOH BeKTop MarHHTHOH CTJlYKTYPhl H3MeHlleTCJf
3
'
41

• KaK npaBHJJO, H3MeHeHne 

BOJJHOBOfO BeKTopa MarHHTHOH CTJlYKTYPhl npHHa.nJJelKtiT onpe.ueJJeHHOMY nanpaBJJeHlllO B 

30He EpHJJJJI03Ha, coorneTcTByioll.{ett npocTpancrnennoii rpynnh1 CHMMeTpHH CTJlYKTYPLI. 

ITpn'IeM, H3MeHe1me 3Ha'IeHHll BOJJHOBOfO BeKTOpa npOHCXO.UHT Me)l(Jly TO'IKaMH 30Hhl 

EpHJJJJI03Ha,o6na.nruoll.{HMH MaKCHMaJJhHOH CHMMeTpnen. ITocne.unee Il03B0JllleT 3aKJJIO'IHTh, 

'ITO, npH H3MeneHHH 3Ha'IeHHll BOJIHOBOfO BeKTOpa MarHHTHOH CTJlYKTYPhl B.UOJlh 

nanpaBneHHll coe.uHHlllOil.{eH TO'IKH MaKCHMaJJhHOH CHMMeTpHH, rpynna CHMMeTpllll 

BOJlHOBOfO BeKTOpa IlOHUlKaeTci2·
31

• 

l13Me11e11ne 3Ha'IeHHll B0JlHOBOfO BeKTOpa na6mo.uaeTCll B H30CTpyKrypHhlX coe.u1111eHHllX, 

KOT0pb!e MOryT paCCMaTpHBaThCll onpe.ueJJeHHhlM HCKalKeHHeM 0.UHOH npaq>a3bf
5

'
61

• KpoMe 

3TOfO, B KpHCTaJJJlax C nepeMeHHblM COCTaBOM na6n10.uaeTCll H3MeHe1111e 3Ha'IeHHll 

BOJIHOBOfO BeKTopa, Bhl3Bamrne H3MeHeHHeM KOHUeHTpaUHH .uonnpyioll.{ero Bell.{eCTBa"·
2
·
3
'. 

HettTpo11orpaq>n1IecKne nccne.uoBaHHll CTJlYKTYP coe.unueHHH UPd2Si2, UPd2Ge2, URh2Si2 n 

URh2Ge2 Il0Ka3h!BaJOT, 'ITO 3TH KpHCTaJJJlhl HMelOT CTJlYKTYPY, o6ll.{YJO .UJlll 

HHTepMeTaJJJm'IeCKHX coe.unnennfi THna ThCr2Si/". ITpocTpaHCTBeHHOH rpynnofi 

CHMMeTpHII 3TllX CTJlYKTYP B napaMafHHTHOH q>a3e llBJllleTCll rpynna 14/mmm. 

3KcnepnMeHTaJJhHhle HCCJJe.UOBaHHll IlOKa3h!BaJOT, 'ITO B 3THX H30CTJlYKTYPHhIX 

coe.unueHHllX MafHHTHOe ynopH.nO'IeHne CBll3aHO C aTOMaMH ypaua,a KpHCTaJJJJhl UPd2Si2 H 

UPd2Ge2 npollBAAIOT necoH3MepnMyio q>a3y. HettTpOHHoe .unq>paKunounoe my1Ie11ne TaKlKe 

npollBHJIO, 'ITO B UPd2Si2, UPd2Ge2 n URb2Si2 HHlKe TeMnepaTyp 150 , 140 H 137 K 

COOTBeTCTBeHHO B03HHKaeT aHTHq>eppoMarHHTHOe ynopll.UO'IeHHe. ITpH'IeM, B 3THX 

coe.unneHHllX BOJlllhl HaMarHH'IeHHOCTH 11anpaBJieHhl B.UOJlh OCH C B TeTpafOHaJJhHOH 

06heM11oue11TpHpOBaHHOH pelIIeTKe. BoJIHOBhie BeKTOphl MO.UYJilll.{llll B coe.unneHHllX 
-> 

UPd2Si2, UPd2Ge2 llBJill!OTCll q = (0,0,0,662±0,0lO)c', q = (0,0,0,748±0,0lO)c', 

coorneTCTBe1rno, H npn T=40 K B UPd2Si2 B03HHKaeT MarHHTHhIH q>a30BhIH nepexo.u B 
-> 

copa3Mepuyio q>a3y C BOJlHOBhIM BeKTopoM q = (0,0,l)c". B 3TllX CTpyKrypax MO.UYAAUHll 

lll\JllleTCll o.u110Mep11ott B BH.Ue LSW"'. )],a.nhuefiwne iiefiTpo11orpaq>n1IeCKHe nccrre.uoBairnll 

. UPd2Ge2 BhlllBHJlll B IIHX nocne.uoBaTeJlhllOCTh Mo.uynnpoBaHHhIX MafHHTOynopll.UO'IeHHhIX 

q>a3 HHlKe Twl35 K, npn'IeM,npn 80 K BOJIHOBOH BeKTOp MO.UYAAUHH 3axJIOilhIBaeTCll B 

copa3MepHOM 3Ha'IeHHH q = (0,0,k.=3/4) f2,J/. 3aTeM, HCITOJlh3Yll HeiiTpOHOrpaq>H'IeCKHe 

nccne.uoBaHHll, 6LIJJO IIOKa3aHO, 'ITO 2% aTOMOB Fe, 3aMell.{aJOIJ.{HX Pd, npH HeH3MeHHOH 

npocTpaHCTBeHHOH rpyrrne CHMMeTpHH CTJlYKTYPhl, pa.Ll,HKaJJhllO MeH~lOT MafHHTHYIO 

2 

CTPYKTYPY UPd,Ge2 
1
3,4;. TaK, ecm1 B 11euom1posa11110M coemrneu1111 MamnTHall CTPYKTYPa npn 

T<50 K npe,ucmBrrlleT co6oii q>a3y LSDW c KBa.npaTnoii Mo,uymmneii, TO B 

U(Pd
098

Fe
002

),Ge, HHlKe 65 K o6napylKeHa 'npocTall' anTnq>eppoMarHHTHall q>a3a. B pa6oTe 

/7/ n°Jy'Ie~a - K~HUeHTpaUHOHHall 3aBHCHM0CTh TeMneparyp q>a30BhlX nepexo,uoB 113 

napaMarHHTHOH B uecopa3MepHY!Q (TN) H H3 Hecopa3Mepnoii B C0pa3MepHYIQ (Tc) q>a3hl. 

I10Ka3aH0, 'ITO 38BHCHMOCTh TN = Tix) IlO'ITH IlOCTOllHHa, Tor.ua KaK Tc = T,(x) 

yseJIH'IHBaeTCll H ,UOCTHraeT 3Ha'IeHHll - 110 K. KpoMe 3TOfO, C poCTOM X 3Ha'IeHHe 
-> 

BOJlHOBOfO BeKT0pa MO.UYJllll.{Hll H3MeHlleTCll, npH'IeM, H3MeHeHHe 

onpe.ueneHHOMY nanpaBneHHIO B 30He EpHJIJII0,3Ha. 

q npHHMJielKHT 

C TO'IKH 3peHHll rene3!1Ca CTPYKTYP KpHCTaJJJl0B C nepeMeHHhIM COCTaBOM 

11eo6XO,UHM0 OTMeTHTh, 'ITO B o6ll.{eM cnyqae CHMMeTpHll CJI0lKHhIX coe,UHHeHHH, CTJlYKTYP8 

KOTOphIX llBJllleTCll npoH3BO,UHOH OT CTPYKTYPhl IlJlOTHh!X ynaKOBOK, o6na.nruoll.{HX O,UHOII ll3 

rrpoCTpaHCTBeHHh!X rpyrrrr CHMMeTpHH 0\, 0\, 0\, peaJihHO HlllKe, qeM CHMMeTpHll 

aHaJJOfH'IHhlX CTPYKTYP, nocTpoeHHh!X H3 O,UHHaKOBh!X mapoB
61

• B TeopeTH'IeCKOM 

paCCl>!OTpeHHH BCer.ua MOlKHO BBCCTH 'IHCT0 reoMeTpH'IeCKYIO xapaKTCpHCTHKY - napaMeTp 

rropll,UKa' - KOTOpall OilHChIBaeT TO HJIH HHOC KOHKpCTHOC IlOHHlKeHHC CHMMCTJ)Hll. 

Tio,uqepKHCM, 'ITO no orrpe,uenenmo rrapaMeTp rropll,UK8·3TO 'IHCT0 KpHCTaJJJIOrpaq>H'IeCKOC 

II0HllTHC, KOTopoe II03B0JllleT . OIIHCaTh CHMMCTpHHHOC pa3JIH'IHC MClKJlY IIJlOTHOCTh!O 

Bep0llTHOCTll pacrrpe,ueneHHll 3apll,ua HJIH TOKa B BhlpOlKJlCHHOH H npOH3B0,UHOH CTJlYKTypax. 

KaK H3BCCTH0181
, CHMMCTJ)HHHhlll aHaJJH3 MarHHTHhlX CTJlYKTYP HCIIOJlh3YeT ll,UC!O 0 

TOM, 'ITO JII06all MarHHTHall CTpyKrypa M0lKCT paccMaTpHBaThCll KaK pe3yJihTaT MarHHTH0fO 

q>a30B0f0 rrepexo.ua ll3 IICKOTOpoii HCXO,UHOH q>a3bl. ITocne,unee yraep)l(JlCHHC 03HaqaeT, 'ITO 

rrpu CHMMCTpHHHOM aHaJJH3C MarHHTHb!X CTJlYKTYP HCIIOJlh3YeTCll Te0pHll q>a30Bh!X 

rrepexo,uoB Jlan,uay'8•
4
'. B qacTHOCTH, TeopHll Jlau,uay no3BonsreT npe,ucKa3aTh o6mue 

oco6eHHOCTII q>a30BOH ,UHarpaMMhl CTpyKTyp C rrepeMCHHhIM COCTaBOM Ha IIJI0CK0CTH X - T 

(KOHl.{CHTpaUHll - TCMnepaTypa). 
I1ycTh TO'IKH f ll H- 30Hhl opHJIJll03Ha-06na.na10T MaKCHMaJJhHOH CHMMCTJ)HCH 

CTpyKTYPhl Go, 3To 03Ha'IaeT, 'ITO rpyrrrroii B0JlHOBh!X BCKTOp0B r H H llBJlllCTCll 
-> 

npocTpaHCTBCHHall rpyrrrra Go, ITycTh BOJIHOBOH BCKTOp q orrpe,uensreT JlllHH!O, 
-> 

COC,UHHll!Oll.{YIO TO'IKH f H H. B 3T0M cnyqae. rpyrrrra CHMMCTJ)HH Gq BOJlHOB0fO BCKTOpa q 

HHlKC
1
'ICM CHMMCTJ)Hll TO'ICK f ll H,H llBJlllCTCll rro,urpyrrrroii rpyrrrrhI G 0• O'IeBH,UHO, 'ITO 

-> 
TO'IKH HaITpaBJICHHll q llBJJlllOTCll BHYTJlCHHHMH TO'IKaMll 30Hhl Epunmo3Ha. 

Cne.uoaaTCJlhHO, pa3MCpH0CTh nerrpHBO,UHMhlX rrpe,UCTaBJICHHH rrpOCTpaHCTBCHHOH rpyrrrrhI 
-> 

CHMMCTpHH Go,COOTBCTCTBYIQil.{HX TO'IKC q, 6oJiblIIC - paana pa3MepHOCTH HClipHBO,UHMb!X 

rrpe,uCTaBJICHHH rpyrrrrhI Go, COOTBCTCTBYIQil.{llX TO'IKaM r H H. HerrpHBO.UUMh!C 

npe,UCTaBJlCHHll rpyrrrrhl Go, CO0TBCTCTBYIQil.{He BHyrpeHHHM TO'IKaM 30Hhl EpHJIJll03Ha, 

l!BJllllOTCll naCCHBHhIMH H,cne.uoaaTCJlhHO,ycnOBH!O Jlnq>llllll.{8 He y.uoaneTBOpll!OT
91

. TaK KaK 

aHaJJH3 Jlan.uay 0CHOBbIBaeTCll Ha 3HaHHH q>YffKl.{HOHaJJa CB060.UHOH 3HeprHH, KOTOpblll 

COCTaBJlllCTCll H3 uenoro paUHOHaJJhHOfO 6a3HCa HHBapHaHTOB H KOTOpblH orrpe,uenlleT KJiacc 
-> 

YHHBepCaJJbHOCTH, TO H3MCHCHHC BOJIHOBOfO BCKT0pa q, o6ycnoBJICHHOe H3MCHCHHCM 

KOHl.{CHTJ)al.{HH ,UOITHPYIOil.{CfO BCil.{CCTBa, Bhl3bJBaeT H3MCHCHHC KJiacca YffHBepcaJJbHOCTH. 

ITpHMCHHTeJlhHO K peaJJbHhIM CTJlYKTYPaM C rrepeMCHHhIM COCTaBOM rrocne.uuee yraep)l(JlCHHC 

03HaqaeT, 'ITO rrpn pa3JIH'IHhIX 3Ha'ICHHllX KOHl.{CHTpaUHH ,UOITHPYIOil.{CfO BCil.{CCTBa 

MafHHTHOC yrropll,UO'ICHHC B CTPYKTYPe MOlKCT CYIIICCTBCHHO pa3JIH'I8TbCJf
41

• C TO'IKH 3peHHll 

TeopeTH'ICCKOfO OlIHC8HHll MarHHTHhIX q>a30BhIX rrepexo,uoB B KpHCTaJJJiax C nepeMeHHh!M 
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COCTaBOM MO)l(HO HCnOJib30BaTb aHanormo C Teopneu qla30Bb!X rrepeXO)WB JlaH.[lay 

cerHeT03JieKTpHKOB-nonyrrpoBO.[IHHKOB
1101

• B 3TOM CJIY'lae, no cyllleCTBy, K03qlqJHI.llleHTbl 

TepMO.[IHHaMHqecKoro noTeHI_\HaJia rrpno6peTa!OT 3aBHCHMOCTb OT KOHUeHTpaunn 

.[IOnHpY!Qlllero BellleCTBa. AHaJIH3 lIOKa3bIBaei
4
·
111

, qTo 3HaqeHH51 BOJIHOBOro BeKTOpa 

MO).(yll51UHH H TeMnepaTYPHM o6JiaCTb cyllleCTBOBaHHH HeCOH3MepHMOll <pa3bl CTaHOBHTCH 

<pyttKUHell KOHUeHTpaunn .[(OnHPY!Olllero BellleCTBa. TaK, C yBeJmqeHHeM X TeMnepaTypnaH 

IIIHpHHa cyllleCTBOBaHHH HeCOH3MepHMOll qla3bl cy)l(aeTCH H B npe/_\eJie 3aXJIOllbIBaeTC51. 
-> 

KpoMe 3TOro, C yBennqeHHeM X 3Haqemrn q CTpeMHTCH K Hymo. ITocJie.[(Hee 03HaqaeT, qTo 

Ha (x - T)-.[(IIarpaMMe .[(OJI)l(eH Ha6JIIO.[(aTbC51 qla30Bblll rrepeXO.[( rropH/_\OK - rropH.[(OK, a 

HMeHHO, aHTII<peppoMarHIITHM <pa3a. BbnIIeH3JIO)l(eHHOe paCCMOTpeHHe Il03BOJIHeT lIOHHTb 

rrpnpo.[(y reHe3HCa CTpyKryp H MarHHTHbIX <pa30Bb!X nepeXO.[(OB B KpHCTaJIJiax C 

rrepeMeHHbIM COCTaBOM. .D:aHHaH pa6oTa IIOCBHllleHa KOHKpeTHOMY aHaJIH3Y 

IIOCJie.[(OBaTeJibHOCTH MarHHTHbIX <pa30Bb!X nepeXO.[(OB THrra napaMarHHTHM 

Hecopa3MepHM - COpa3MepHM <pa3a H B03M0)1(Hb!X II3MeHeHHll qla30B0ll .[(HarpaMMbl 

CTPYKTYPhI C yBennqeHIIeM KOHUeHTpaUIIH .[(OlIIIPY!Olllero Belllecrna. 

ITocne.[(OBaTeJibHOCTb MarHHTHbIX qla30Bb!X nepeXO.[(OB B TeTparoHaJihHbIX CTPYKTypax 

B TeOpIIII qla30Bb!X nepeXO.[(OB Heo6XO.[(HMOCTb rrpe.[(CTaBJieHHH 0.[(HHX CTPYKTYP KaK 

rrpOH3BO.[IHbIX OT 6onee Bb!COKOCHMMeTpHqHbIX o6ycJIOBJieHa CJie.[(Y!QlllHMH /.\BYMH 

o6CT051TeJibCTBaMH
161

• 

Bo-nepBbIX, eCJIH peanhHO Ha6JI!O.[(aeTC51 o6paTIIMblll rrepexo.[( Me)l(.[(y <pa3aMH C 

BblpO)l(.[(eHHOll H npOH3BO.[(HOll CTPYKTYPaMH,TO Bhl51BJieHHe napaMeTpa IIOpH.[(Ka Heo6XO.[IHMO 

.[IJIH onpe.[(eJieHHH <pyHKUIIOHaJia CB060.[(HOH 3HeprnH, KOTOpblll n03BOJIHeT BbJqHCJIHTb 

aHOMaJIIIII TepMO.[(HHaMIIqecKHX <pyHKUIIll. Bo-BTOpblX, B TeX cnyqMx, KOr.[(a peaJibHO 

Ha6JI!O,[(aeTC51 TOJibKO O.[(Ha <pa3a, CTpyKrypa KOTOpon MO)l(eT 6b!Tb npe/_\CTaBJieHa KaK 

rrpOH3BO.[(Ha51 OT neKOTopou BblpO)l(.[(eHHOH, H3yqeHHe CHMMeTpHHHblX CBOHCTB rrapaMeTpa 

rropH.[(Ka, CB513b!Ba!Olllero Bb!po)l(.[(eHHYIO H npOH3BO.[(HYIO CTpyKTYPhl, II03BOJI51eT lIOlll!Tb 

uenblll pH.[( <pllJIIqecKHX CBOHCTB, KOTOpbie 6e3 3TOro Ka)l(yTCH cnyqaUHblMH. 

B 3TOM KOHTeKCTe qla3bl CHMMeTpIIH 14/mmm H P4/mmm, COOTBeTCTBY!QlllHe 

peanbHbIM TeTparoHaJibHblM CTpyKrypaM, B03HHKa!OT B pe3yJihTaTe qla30BOro nepexo.[(a H3 

npa<pa3hl c npocTpaHCTBe1rnon rpynnon CHMMeTpIIII Im3m151
• B 3TOM cnyqae rrepexo.[( H3 

rrpa<pa3bl B CBepXCTPYKTYPhI onHCbIBaeTCH rrapaMeTpOM nopll.[(Ka, KOTOpblll rrpeo6pa3yeTC51 no 
-> 

HenpHBO.[(IIMOMY npe.[(CTaBJieHII!O Im3m, COOTBeTCTBY!OllleMy TOqKe ks = (0,0,21t/na), a 

rrapaMeTp Ky6nqecKOH 51qenKH npa<pa3bl. n paBeH OTHOII!eHH!O 061,eMOB 3JieMeHTapHblX 
-> 

llqeeK TeTpafOHaJibHOH CTpYKTYPhI II npa<pa3bl. 3Be3.[(a BeKTOpa ks CO.[(ep)l(IIT II!eCTb nyqeii II 

COOTBeTCTBY!Qlllllll napaMeTp nopH/_\Ka npeo6pa3yeTCH no II!eCTIIMepHOMY HenpIIBO.[IHMOMY 
-> . 

npe.[(CTaBJieHH!O Ti( ks), IIH.rlYUHPOBaHHOMY noJIHOCIIMMeTpHqHblM MaJihIM npe.[(CTaBJieHIIeM 

rpyrrllbl BOJIHOBOfO BeKTOpa G _, = C 4 •. <Da3bl 14/mmm H P4/mmm B03HHKa!OT .[(JIH HeqeTHb!X 
k, 

-> 

H qeTHblX 3HaqenHll n2::3 COOTBeTCTBeHHO, KOr.[(a aKTHBHbl TOJibKO .[(Ba rryqa ks (HanpHMep, 

-> -> 

ki
1
) H - kill), T.e. OTJIHqHbl OT HYJIH TOJibKO .[(Be conpH)l(eHHbie KOMnoHeHTbl rrapaMeTpa 

rropH.[(Ka. 
-> 

I1o.[(qepKHeM, qTo BeKTOp ks xapaKTepH3yeT JIHHII!O /',., KOTOpM HaqnHaeTCll B 

ueHTpe 30Hbl EpHJIJI!03Ha f' H 3aKaHqHBaeTC51 B BepII!IIHe H1
12/. f'pynllhl BOJIHOBblX BeKTOpoB, 

4 

coorneTCTBY!QlllHe TOqKaM [' H H,cOBIJa.[la!OT II 51BJill!OTC51 Im3m. TaKHM o6pa30M, TOqKH [' H 

H o6Jia.[la!OT MaKCHMaJibHOll CllMMeTpHell CTpyKrypb! Im3m, a Ha JIIIHHH t,,. CHMMeTpHH 

lIOHH)l(aeTCll H llBJilleTCH rpynna C 4•. TaK KaK JIHHHH /',. llBJIHeTCH BnyTpeHHell B 30He 

EpHJIJI!03Ha, II!eCTHMepHoe HenpHBO.[(HMOe npe.[(CTaBJieHHe rpynrrhl Im3m,cooTBeTCTBYIOlllee 

JIHHHH /',.' llBJilleTCH nacCIIBHbIM, crre.[(OBaTeJibHO, qla30Bblll nepexo.[( Im3m->l4/mmm B 

06U1eM cnyqae. ocyllleCTBJilleTCH qepe3 HeCOII3MepHMbie <pa3bl. 

PaCCMOTpHM CTpYKTypy c npocTpaHCTBeHHOll rpyrrnon CHMMeTpIIII 14/mmm B 

rrapm.rnrHHTHOll <pa3e. B 30He EpIIJIJI!03Ha JIHHIIH, xapaKTepII3yeMM BeKTOpOM k!O 

- - /4 12/ 
(0,0,2µ1t/'tz ), Ha'11rnaeTCll B ueHTpe k,4 = (0,0,0). ll 3aKaHql!BaeTCll B TO'!Ke k,s = (0,0, 1t / ,, ) • • 

-> -> 

f'pyrrrrhl BOJIHOBblX BeKTOpOB k14 H k15 COBna.[la!OT H o6na.[la!OT noJIHOH CHMMeTpHen 

-> 

CTpyKTYPhl G, 
k 

= 14/mmm. f'pynna G _, 
km 

BOJIHOBOfO BeKTOpa k!O HBMeTcll C 4 •• 

HenpHBO.[(l!Mhie npe.[(CTaBneHHll Manon rpynnhI C 4/ BeKTopa k = (0,0,k,) npe.[(CTaBJieHhI B 

Ta6JIHUe 

C4.9 

A1 

A2 

B, 
B2 

E 

E 

I 0 

0 

C2' 

1 
1 
1 
1 
-I 0 

0 -1 

O'fi cr. 
1 1 
-1 -1 
1 1 
-1 -1 
I 0 -I 0 

0 -1 0 1 

Q' I 
h 

Q' I 
V 

1 1 
-1 -1 
-1 -1 
1 1 
0 I 0 

I 0 -I 

en 
1 
1 
-1 
-1 

-I 0 -I 

0 I 0 

Ta6mm;a 
C' V 

1 
1 
-1 
-1 
0 

-I 0 

Cne.[(OBaTeJibHO, npocTpaHCTBeHHM rpynna 14/mmm HMeeT qeTbipe .[(ByMepHbIX H 0.[(HO 

qeTbrpexMepHoe HenpHBO.[(HMbie npe.[(CTaBJieHHll,COOTBeTCTBY!QlllHe BOJIHOBOMy BeKTopy k10=

= (0,0,2µ1tlT,). ITpocTpaHCTBeHHM rpynna 14/mmm IIMeeT BOCeMh 0.[(HOMepHbIX II .[(Ba 

.[(ByMepHbie HenpHBO.[(HMbie npe.[(CTaBJieHIIH A1g, A2f B1g, B2g, Eg, A1n, A2n, Bin, B2n, En, 

KOTOpb!e COOTBeTCTBYIQT ueHTpy 30Hbl EpIIJIJI!OJHa.1
1 1

.TaK KaK rpynna 14/mmm 51BJI51eTC51 

CIIMMOpqJHOH rpynnon, TO HenpHBO.[(IIMbie npe.[(CTaBJieHH51 14/mmm, COOTBeTCTBY!QlllHe 

ToqKe k~5 = (0,0,1tlT2), onpe.[(eJIH!OTCH KaK 
1141 

D_, ({Plb})=e-ikubf';, 
k 15 ,i 

-> 113! 

r.[(e b-BeKTOp o6paTHOll. peII!eTKII II f; E [A1g, A2g, B1g, B2g, Eg, A1n, A2n, Bin, B2n, En] • 

Henocpe.[(CTBeHHbIM BbJqIICJieHIIeM MO)l(HO noKa3aTh, qTO .[(ByMepnoe T 4 II 

qeTbipexMepHoe Ts nenpHBO.[(IIMhie npe.[(CTaBJieHIIH npoCTpaHCTBeHHOll. rpynnhI 14/mmm, 

HH.[(YUHPOBaHHbie H3 npe.[(CTaBJieHIIll. A2 II E cooTBeTCTBeHHO, TaK)l(e CO.[(ep)l(aTCH B 

MarHHTHOM npe.[(CTaBJieHHII. Pa3JIO)l(eHHe nceB.[(OBeKTOpHoro npe.[(CTaBJieHHH T ITO 

HerrpHBO.[(IIMblM npe.[(CTaBJieHIIHM rpynnhl 14/mmm IIMeeT BII.[( 

't =A2/BEg• 
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L(anee Mbl o6cy,nIIM MafHIITHbie ¢a30Bble nepeXO)lbI C HeCOl13Mep11MOH ¢a3oi\, 
CBll3aHHbie O)lHOMepHbIM D _, II )lBYMepHblM HenpIIBO)lIIMbIM npe,11CTaBJ1eHl1eM T 4 rpyTITibl 

k 15 ,2 

14/mmm, COOTBeTCTB)'IOIUIIMII BeKTopaM I q = (0,0, 1t I , , ) 11 q = (0,0,2 1t µ / , , ) COOTBeTCTBeHHO, 

KOTOpbre co,nep)l(aTCll B MarHIITHOM npe,ncTaBrren1111. B crryqae O)lHOMepnoro HenpIIBO,llllMOro 
npe.11craBJieHllll D -, , TaK KaK COOTBeTCTB}'IOIIIaH L-rpynna COCTOIIT 113 .11Byx MaTp11U. a 

ku,2 

IIMeHHO, (1) II (-1 ), B COOTBeTCTBIIII C ycrrOBlleM IIHBapIIaHTHOCTII, ¢ynKUH0118JI 
repMO)lIIHaMIIqecKoro noTeHUIIaJia npe,ncTaBJilleTCll Bblpa)l(eHIIeM 

} d -

<1> 0 =-f<1>0 (z)dz ,r.ne 
do 

- <Xo 2 Po 4 Yo 6 °o 2 Ao 2 Xo 2 2 
<I> (z)=-ri (z)+-ri (z)+-ri (z)+-(ri') +-(ri") +-ri (ri') 0 

2 4 6 2 2 2 ' 

r.ne d - nepII0.11 <1> 0 (z) II wrpIIx 0311aqaer npoII3BO)lHyro no i 151
• 

(I) 

Bee.11eM B TepMO)llIHaMIIqecKIIH noTeHUIIaJI .nonoJIHIITeJibHblH qrreH, 
xapaKTepII3}'IOIUIIH :mepr11ro 3JieKTpOHHOH no,llCIICTeMbl Eg )lOnIIpyeMbIX B CTpyKTYPY 
aTOMOB. Tor.na qrreH mEg (m - KOHUeHTpauull .11onIIpyeMbIX aTOMOB) BKJIIQqaeT B cefo1 
II3MeHeHIIe TepMO)lIIHaMIIqecKoro noTeHUIIaJia 3JieKrpOHHOH no,llCIICTeMbl 3a cqeT 
B3aIIM0,11eHCTBml MaTpuuu U non11poBaHHbIX aTOMOB. Ilonarall, qTQ _ E(r1) H!!Bap11aHTIIO no 
OTHOUieHIIIO K TeM JKe npeo6pa30BaHllllM CIIMMeTpIIII, MOlKHO 11anucaTb 

a b y' o' A' x' 
Eg(ll) = Eo + 2ri 2(z)+ 411 4 (z)+ 6 116(Z)+ 2 (ri') 2 + 2 (11")2 + 2 11 2(11')2_ (2) 

Crre,110BaTeJibHO, ¢YHKUHOH8JI TepMO)lIIHaMIIqecKoro noTeHu11ana npe,11cTaBJilleTCll 
BbipalKeHIIeM 

} d 

<I>= d f <l>(z)dz , 
0 

- a p yo A X 
r.11e <l>(z) = -112 +-11• + -116 +-(11')2 +-(11")2 +-112 (11')2 

2 4 6 2 2 2 , 
(3). 

r.ne a=a.0 + ma, P =Po+ mb, y =Yo+ my', o = 80 + mo', A= Ao+ mA', x = Xo + mx'. 

PaBHOBeCHbie ¢a3bl CIICTeMbl onpe,neJil!IOTCll II3 ycJJOBIIll MIIHIIMYMa TepMO)lIIHaMIIqecKoro 
noTeHuuana. TaK, Ml! IICXO)lHOH napaMarHIITHOH ¢a3bl norryqaeM 

11= 0, <I>= o. 

B COpa3MepHOH aHTII¢eppoMafHIITHOH ¢a3e 11 '= 0 II,crre,noBaTeJJbllO, 

,... a.2 P. Y6 
'V=-11 +-11 +-11 

2 4 6 , 

U U3 ycJJOBUll Ml1HIIMYMa onpe,neJJl!eM, qTQ 

6 

(4) 

(5) 

-P+W -4ay) 2 

( ' ½J½ 
11, = ± 2y , BCJie,llCTBIIe KOTOporo 

' ' ½ 6apy-p- +(p· -4ay) 2 

<I> C = - 24y 2 (6) 

B Hecopa3Mepttoi\ ¢a3e ypaBHeHue ,11J1ll 11(z), KOTOpoe 06ecrreq11eaeT MIIHIIMYM <I>, rrorryqaeM 
113 ypaeneHull 3i\rrepa: 

A11 1
v -orJ"-x[11211"+11(11')2]+a11 +P11 3 +y11 5 = 0, (7) 

TTocrre.11ttee ypaBHeHne MOJKeT IIMeTb rrepuo,1111qecKIIe pemeHHll c pa3rruqHbIM rrep110.110M d. 
o<I> 

PaBHOBeCl!bIH rrepuo.11 d orrpe.11errlleTCll ycJIOBUeM &d = 0 , KOTOpoe 111\!eeT BII.11 

A , o ' X ·2 i a ' p • A • Al1"'11'--(11")· --(11')' --11 (11') +-11· +-11 +-11 = <l> 
2 2 2 2 4 6 -

(8) 

y CJIOBl1IO paBHOBeCHOCTII (8) MOlKHO IIpII,llaTb .11pyroi\ BII.11, eCJJII IIpOHHTerp11poBaTb IIO z OT 
HYJill .110 d II II0.11CTaBl1Tb BbipalKeHIIe <I>: 

d 

f[2A(11") 2 +0(11')2 +x(11')
2

11
2
]dz= 0 - (9) 

B cII11ycoII,11aJibHOM pe)l(IIMe ttecopa3Mepttoi\ ¢a3hI, me 11➔0, c noMOIUbIO crntt.11apTHhIX 
pa3JJOlKermi\ e rrepBOM IIpII6JJmKeHIIU HaXO.llUM 

2 4(a 0-a) ( p~x) 8
2 

11=pocos(qx), Po = 3P + 2xq~ , q = qo I+ 88 , <Xo = 4A , 

2 8 '(a. 0 -a.}2 

q 0 = - 2A ' <I>= - 2(3P+2xq~) 
(I 0) 

Crre,110BaTeJ1bHO, BOJIHOBOH BeKTOp MO)lYJJllUIIII llBJilleTCll ¢YHKU11eH TeMrreparypbl 11 
KOHUeHTpau,rn .11orrupyromero BeIIIecrna. 

HaxoJK,11eHIIe Toqttoro pewe111rn ypaeHeHHll (8) ocymecTBrrl!eTcll BBe,11ett11eM 3aMeHhI 

Z=(11'); 11 B pe3yrrhrnTe rrorryqaeM 

[ 2 ( )2] A dZ dZ o X 2 a,P 4 Y 6 - 4Z-- - --Z--11 Z+-11· +-11 +-11 = <l> 
8 d11 2 d11 2 2 2 4 6 . 

( 11) 

Ecrr11 ll3BeCTIIO perneHIIe 3TOro ypaBHeHl1ll, 3aBl1CllMOCTh 11=11(z) 11aXO)ll1TCll 113 
COOTIIOlIIermll 
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f[Z(TJ)f½dTJ = 2-20 _ 

PeUieHIIe 6y.L1eM IIeKaTb B BII.L{e 

X 4 13 2 13
2
"-go 

Z=-eT) +-g T) +--
8A X I X3 

r.L{e HeII3Be.eTHbie KOHeTaHTbl e, go H gl e.L{eJiaHbl 6e3pa3MepHblMII. 

,[(Jill orrpe.L{eJieHIIll e, & " gl llO.L{eTaBIIM (13) B (11) II llOJI)"IIIM ypaBHeHIIll 

3e(e-1)+8y = 0; 

2gi(5e-4) = 8e -4; 

go(2-3e) = 2(g/-8gI + a); 

132A2go (2g1 -8) 
<1> = 4 

2x 

(12) 

(13) 

(14) 

YpaBHeHIIe (12) .L{aeT .L{eiieTBIITeJibHOe peUieHIIe JIIIUib rrpII Z>O. KpoMe 3Toro, 
IIHTepBan 3HaqeHIIH, rrpII KOTOpb!X Z>O, .L{OJilKeH 6bITb orpaHIIqeHHbIM, TaK KaK IIHaqe 

BeJIIIqIIHa T) .L{OeTIIrJia 6bI 6eeKOHeqHb!X 3HaqeHIIH. B pe3yJibTaTe, B 3aBIIeIIMOeTII OT 3HaKa X II 
qIIeJia .L{eiieTBIITeJibHb!X KOpHeii ypaBHeHIIll Z( TJ)=O, B03MOlKHbl TpII rrpe.L{eTaBJilllOIIIIIX 

IIHTepee eJI)"Ial!: 

I. ITpII x>O II 13g1<0 MHoroqJieH Z(T)) IIMeeT qeTb!pe .L{eiieTBIITeJibHblX KOpHll; II3 ypaBHeHIIll 

(12) HaxO)lIIM 

l3Ak
2

g1 2 ~ 
TJ=pSn(pz,k), p2 =-8x2e(l+k2) , p =- x(l+k2), 

2 1-.J! - eg0 / 2g; 
k = ✓ 2 , 

I +I - eg 0 / 2g1 
(15) 

r.L{e Sn(pz,k) - :)JIJIIIllTIIqeeKal! q>yHKIIIIll 5IK06II e MO.LlYJieM k, p - BOJIHOBOH BeKTOp. 

II. ITpII x<O, eenII g0<0,MHoroqneH Z(T)) IIMeeT TOJibKO .L{Ba .L{eiieTBIITeJibHbIX KopHll. 11MeeTell 
TOJibKO 0.L{Ha o6naeTb, r.L{e Z>O' II rroene HeKOTOpb!X BblqIIeJieHIIH II3 ypaBHeHIIll (12) 

orrpe.L{eJilleM 

TJ=pen(pz,k), p2 = 8 13ak
2
g 0 

x2
e 

k 2 =.!.[1±(1- ego)-½] 
2 2g; ' 

p2 = _£fu_ 
X, , 

(16) 

- g 
r.L{e gl = 1- ~k2 II, ene.L{OBaTeJibHO, 13g1>0. 3)leeb en(pz,k) - :)JIJillllTllqeeKal! q>yHKIIllll 5IKo6n. 

Heo6XO)lllMO llQ.L{qepKHYTb, qTO q>a3bl, eOOTBeTeTBYJOIIIlle peUieHllllM I n II, pa3.L{eJieHbl 

mrnneii rnqeK Jlnq>UIHIIa, orrpe.L1eJIJ1eMoii ypaBHeHHeM x=O. 

8 

) 

\ ·; 
l 

III. ITpII x<O, l3gI<0 MHoroqneH Z(T)) IIMeeT qerbrpe .L{eiieTBIITeJibHbIX Kopmr. B :noM CJI)"Iae 
II3 ypaBHeHml (12) HaXO.L{IIM, qTo 

Al3gl 2_~ 
TJ=pdn(pz,k), P2 =-8xze(2-k2) P - x(2-k2) , 

, 2.J1 - eg0 I zg; 

k- = I+ .Jr - eg
0 

/ 2g; 
(17) 

TaK KaK :)JIJillllTllqeeKal! q>yHKIIllll dn(pz,k)>O, B MarneTHKax TaKal! HeeOll3MepHMal! q>a3a 

o6Jia.L{aeT epe.L{Heii naMarHnqeHHOeTb!O,OTJillqHoii OT HYJill. 
Herroepe.L{eTBeHHOll llO)leTaHOBKOH peUieHHH (15),(16),(17) B ypaBHeHHe (9) orrpe.L{eJill!OTel! 

Tel\mepaTypHb!e 3aBHellMOeTll rrapaMeTpa k B q>a3ax I, II, III eoorneTeTBeIIHO, rrpnqeM O :::; k 

:::; I. 3naqemrn k=O II k=l eoorneTeTByioT TeMrreparype rrepexo)la ll3 rrapaMarHHTHOii q>a3bI B 

Heeopa3MepnyIO q>a3y TN ll ll3 Heeopa3MepHoii B eopa3MepHyio q>a3y Tc. eooTBeTeTBeHHO. 
KpoMe 3TOro, (9) orrpe.L{eJil!eT TeMrreparypHbIH llHTepBaJI eYIIIeeTBOBamrn Hecopa3MepHoii 
q>a3bl. Bcne.L{eTBlle KOHIIeHrpaIIIIOHH o:ii 3aBHCllMOeTll K03q>q>llIIlleHTOB 

TepMO.LlllHaMIIqecKoro rroTeH11uana,(T N - Tc) 3aBHCHT OT m H c YBennqeHHeM m cylKaeTCll,113 
llBHOro Bll.L{a peUieHllll (15) n (16) eJie.L{yeT, qTO B q>a3ax I n II MarHHTHbie MOMeHTbl 
yrropll.L{OqeHbl aHTllq>eppoMarHHTHO. B q>a3e III yrropll.L{OqeHHe llBJil!eTCll q>eppoMarHHTHbIM. 

Heo6XO.L{llMO llO.L{qepKHYTb, qTo) TaK KaK K03q>q>llIIlleHTbl TepMO.L{llHaMHqecKoro 

llOTeHIIllaJia llBJill!OTel! q>yHKIIHeii KOHIIeHTpaIIllll )lOllllPYJOIIIero BeIIIeCTBa m,c ll3MeHeHHeM 
m Ha q>a3oBoii .L{HarpaMMe x - T B03MOlKHO Ha6JIIO.L{eHne CMeHbI q>a3 I, II H III. KpoMe 3Toro, 
Heo6XO.L{IIMO llO.L{qepKHYTb, qTo copa3MepHal! q>a3a, orrpe.L{eJil!eMal! q>yHKIIllOHaJIOM (3), 
llBJil!eTel! aHTllq>eppoMarHHTHO yrropll.L{OqeHHOll. IlpnqeM MarHHTHal! 51qeiiKa B copa3MepHOll 

q>a3e Y.LlBairnaeTc51. 
PaeeMOrpllM .llBYMepHoe HerrpHBO.L{llMOe rrpe.L{CTaBJie1rne rrpocTpaHeTBeHHOH rpyrrrrbl 

-> 

14/mmm,cooTBeTCTBYJOIIIee BeKTOpy q = (0,0,k,), KOTOpblll 51BJil!eTC51 BHyrpeHHeii TOqKoii 

30Hbl EpHJIJII03Ha116·171. Cne.L{OBaTeJibHO, paccMarpHBaeMoe HerrpHBO)lllMOe rrpe.L{eTaBJieHHe 
yeJIOBll!O Jlllq>lllllIIa He Y.LlOBJieTBOp51eT. Ilo3TOMY q>a30Bblll rrepeXO.L{ B eneTeMe OllllebrnaeTe51 
.LlByxKOMllOHeHTHblM rrapaMeTpOM rropll.L{Ka ll eooTBeTeTBYJOIIIllH q>yHKIIllOHaJI 
TepMO.L{llHal\1llqeeKoro llOTeHIIllaJia eO.L{eplKHT llHBapllaHT Jlnq>lllllIIa. 

Ilpe.L{llOJIOlKllM, qro eTPYKTYPa 0.L{HOpO,!lHa B HarrpaBJieHllllX X ll y, TOr.L{a q>yttKIIllOHaJI 
TepMO)lllHaMHqeeKoro llOTeHIIllaJia rrpe,!leTaBJil!eTel! O)lHOMepHbIM llHTerpanoM B.L{OJib 

HarrpaBJieHH51 z. 
B eoorneTeTBllll e eIIMMerpHHHb!Mll apfYMeHTaMll q>yttKIIllOHaJI 

TepMO.L{IIHaMllqeeKoro llOTeHIIllaJia rrpe.L{eTaBJI51eTe51 BblpalKeHlleM 

I d 

F=d fr(z)dz, 
0 

(18) 

r)le f(z) = ~o p2 + 13; p4 + y oPs cos8cp -8op2cp'+f p2 (cp')2 + ~p2 (cp")2, 

3,!leeb p H cp-aMITJIHTY.lla n qia3a rrapaMerpa rrop51,!lKa. 
CHOBa, BBe)leM B TepMO)lllHaMllqecKllll llOTeHIIllaJI )lOllOJIHllTeJibHblll qJieH, 

xapaKTepll3YJOIIIllH 3Hepru!O 3JieKrpOHHOH llO)lelleTeMbl Eg )lOllHpyeMbIX B erpyKrypy 
aTOMOB. Tor)la qJieH mEg BKJIIOqaeT B ce651 ll3MeHeHne TepMO.L{llHaMllqecKoro llOTeHIIllaJia 
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3JieKTp0HHOii no)ICHCTeMhl 3a cqeT B3aHM0)1eiiCTBlIJI MaTplll.l!,I II 11om1posaHHbIX aT0M0B. 
IlonarM, qTO E(ri) 1rnsap11aHTHO no OTHOIIIeHl!IO K TeM )Ke npeo6pa30BaHl!l!M CIIMMeTp1111, 
MO)l(HO Ham1caTb 

a b k' 'A,' 
Eg = Eo + 2P2 + 4P4 + fps cos8<p - D.p2<p'+2p2 (cp')2 + 2P2 (<p")~ (19) 

C yqeTOM ll3MeHeHl!ll :meprHII CIICTeMbl np11 .L(On11poBaHl!II <pyHKUHOHaJI 

TepM0.[ll!HaMl!qecKoro noTeHUl!aJia MO)l(HO npe.L(CTaBl!Tb B B11.[le 

1 d 

F=d Jf(z)dz, 
0 

(20) 

a p k 'A, 
f(z) = -p2 + -p4 + yps cos8<p _ 8p2<p,+-p2 (<p')2 +-p2 (<p")2 

2 4 2 2 ' 
r.[le a=a

0 
+ am, P = Po +bm, y =Yo+ rm, 8 = 80 + mD., 'A,= A0 + m'A,', k = k0 +mk'. 

rapMOHl!qecKl!M peIIIeHl!eM, npe.[lCTaBJillIOmllM HeCOll3Mepl!MyIO <pa3Y, l!BJilleTCll <p = K-X H 
113 ycJIOBllll paBHOBeCl!ll TepMO.[ll!HaM11qecKOfO noTeHUl!aJ!a HaxO,L\IIM 

8 1 82 

k 0 =k , p2 =p(a0 -a) , a 0 =k. (21) 

MllHHMl!3aUllll <pyHKUllOHaJia TepMO.[ll!HaMl!qecKoro noTeHUl!aJia (20) no OTHOIIIeHl!IO <pa3bl 
npl!B0.[ll!T K ypaBHeHl!IO 3iinepa s Bl!.[le 

'A,cp 1v - kcp"-16yp6 sin4<pcos4<p = 0. (22) 

Ilpe)l(.[le 'qeM peIIIaTb ypaBHeHl!e (22), 3aMeTl!M 'qTO Ha <pa30BOH .[ll!arpaMMe Cl!CTeMbl' 
onl!CbJBaeMoii <pyHKUllOHaJIOM (20), Jil!Hllll ToqeK Jlll<pIIIl!Ua onpe.[lem1eTCll ypaBHeHIIeM 
k(p,T,m) = 0. Cne.[loBaTeJihHO, Jil!Hllll ToqeK Jlll<pIIIIIUa pa3.LleJil!eT <pa3bI c k(p,T,m) < 0 H 
k(p,T,m) > 0. CnepBa onpe.[leJil!M peIIIeHl!e ypaBHeHl!ll (22),0IIl!CbIBaIOmee HeCOll3Mep11MYIO 

<pa3Y,.LlJill KoToporo k(p,T,m) < 0. 
IlepBblH l!HTerpa.rr ypaBHeHl!ll (22) l!MeeT <popMy 

'A,[ <p'<p"'-½(<p")2 ]-¾(<p')
2 

+2yp
6 

cos
2 

4<p =I;, 

r.[le 1:,-noCTOl!HHall l!HTerpl!poBaHHll. 
Ilocne no.L(CTaHOBKll 

S(cp) = (cp')2 
cos4<p = t ' 

ypaBHeHl!e (23) rrpe.[lCTaBJil!eTCll B Bl!.[le 
k 

'A,[ 8(1 - t 2 )S(t)S" (t) - 8tS(t)S' (t) - 2(1- t 2 )(S' (t)) 2 ]-
2

S(t) + 2yp
6
t
2 

= I; 
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(23) 

(24) 

(25) 

PerneHHe ypaBHeHl!ll (25) 6y.[leM IICKaTb B B!I.[\e 

S(t) =A+ Bt. 

Henocpe.L(CTBeHHOH 110.L(CTaHOBKOH Hax0.L(IIM 

(cp')2 =A+ Bcos4<p, 

r.[le A= -k/16'},,,, B = (w/6'},,,) 112
, w = 2yp6

• 

Perneutte ypaBHeHHll (20) HMeeT Bil.LI 

~ dt 
Z= J ½ . 

o [A+ Bcos4t] 2 

Me)l(COJIIITOHHOe paCCTOl!Hlle orrpe,L\eJil!eTCll Bbipa)l(eHHeM 

2 
z = -K(k)d 

0 7t O , 

me lIIHpHHa COJillTOHa rrpe,L\CTaBJil!eTCll Bbipa)l(e!llleM 
7t 

do= 
8(A+ B)½ 

3.[lecb K(k} - JmmnrnqecKHii HHTerpa.rr rrepsoro po.Lia. 

(26) 

(27) 

(28) 

(29) 

(30) 

HecoH3MepHMYIO <pa3y, onttcbrnaeMyIO perneHHeM (28) c k(p,T,m) < 0 6y.LleM Ha3bIBaTb 
Hecott3~\epttMoii <pa3oii II. 
Onpe.LleJlHM perneHHe ypaBHeHl!ll (22) rrptt k(p,T,m) > 0 H B nepB0M nptt6nm1<emrn 6y.L1eM 
C'lllTaTh ('A,/k) MaJibIM. Tor.[la <pa3a napaMeTpa nopll.LlKa onpe.[leJil!eTCll KaK perneHHe 
0.L(H0MepHoro ypasHeHHll CHHYC fop.[lOHa: 

kcp"+l6yp6 sin4cpcos4<p = 0. 

IlepBbIH IIHTerpa.rr JTOro ypaBHeHHll HMeeT Bll.Ll 

~(<p') 2 +2yp6 sin4<p = µ, 
2 

r.[le µ - IIOCT0l!HHal! llHTerpttpoBaHHll. 
Ilocne BBe.LleHHll <pyHKUHH g(u)=w sin u, r.[le u = 4<p, perneutte ypam1eHHll (32) 
npe,L\CTaBJil!eTCll B B11.[le 

I (k)½
4J~~ z-- - ½ 

- 4 2 0 [µ - g(u)] 2 
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(31) 

(32) 

(33) 



HeCOH3Mepl!MyK) qJaJY, Olll!ChIBaeMyio pellleHl!eM (33), 6yJWM Ha3bIBaTb HecopaJMepHOH 

qiaJoil I. 
8 copaJMepHOH qJaJe BbipalKeH11e MafHIITHOro MOMe1na B n-il JJieMeHrnpHOH ll'IeilKe 

KpIICTaJIJia '!epe3 MarHIITHhlH MOMeHT B rrepBOH l!'leilKe IIMeeT Bil.ll 

Mn= M, eik tn +M1 e-ik-;n 

-, M (-, _, ) 
.vb JTOro Bh1palKeHI1ll 11pI1 M 1 = 2 m1 + ip m2 , ( m1 • m2 ) = 0 , 

rrapaMeTpOM JJIJIIIIlTil'IHOCTII p * 0 cnenyeT, '!TO 

-> -> -> -> -> -> 

Mn =M[m1 cos(ktn)-pml sin(ktn)], 

-> 2 

ml m 2 
2 II C 

KOTOpblll OllIIChIBaeT JJIJIIIIlTil'!eCK)'IO C!1I1parrh. 
EcnI1 rronolKIITh p =0,To rronyqIIM CTPYKTYPY TI1rra crrIIHOBOH BOJJHhI SW, .llJlll KOTopoii: 

-> -> 

Mn = M ml cos k tn • 

IlpII ;
1 

11 k rrocnenHee Bh1palKeHI1e 011I1chrnaeT CTPYKTYPY LSW, a rrpII m 1 J_ k -
CTPYKTYPY TSW. l13Me11eHI1e o6neMa MarnIITHOii: ll'leHKII B copaJMepnoii: qia3e orrpenem1eTcll 

copa3Mepllb!M 3Ha'!eHileM BOJIHOBOro BeKTOpa. 

TeMrreparypHal! lllIIPIIHa cyrnecTBOBaHilll 

COOTIIOllleHileM 

E(k) - _!_ 1 -3 
k - c+-.,--- 1 T ½ 

r j
-1 

a 1 + b( I_ T½) ( -½J , 

Hecopa3MepHOll qJa3hl orrpenenlleTcll 

rne E(k) - JJ1J1I111TI1'leCKIIH IIHTerparr BToporo pona, 0 :,; k :,; 1 II a,b,c• - 11eK0Topb1e 

rrapaMeTpbl TepMO.llilllaMil'leCKOro IlOTeHUilaJia. O'1eBil.llHO, '!TO c pOCTOM KOHUeHTPaUIIII 

no11I1pYJOlllero Bernecrna TeMrreparypHal! o6nacTh cyrnecTBoBanilll HecopaJMepHoii: qJa3hI 

cylKaeTCll. 

8bIBOJlhl 

IlpoH3BOJlHal! TeTParoHarrhHal! CTPYKrypa c rrpocTPaHcrnenHoii: rpyrrrroii: CIIMMeTPI1I1 

14/mmm, l!BJ!ll!Olllal!Cll MafHIITHOll rpyrrrroii: CIIMMeTPIIII rrapaMarHIITHOll qJa3hl,B03HIIKaeT B 

pe3yJJhTaTe CTpyKrypnoro qJa30BOro rrepexona Il3 IlJIOTHOyrraKOBaHHOll rrpaqJa3hl C 

rrpOCTPaHCTBeHHOll rpyrrrroii: CIIMMeTPIIII Im3m . 
TpaHcqiopMaUIIOHHhie cBoii:crna rrapaMeTPa rropllnKa, 011I1ChIBa10lllero CTPYKTYPHhIH 

qJa30Bhlll rrepexon Im3m ➔ 14/mmm J orrpeneJJll!OTCll: llleCTIIMepHbIM HerrpIIBO)lIIMhIM 
-> 

rrpencrnBne11I1eM rpyrrrrhI Im3m,coorneTcTByiollleM BeKTopy k =(0,0,21t/na) ,11pI1'leM qiaJa 
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14/mmm B03HIIKaeT .llJlli He'leTHhIX 3Ha'!eHIIH n ~ 3 II Korna aKTIIBHhl TOJlhKO .llBa nyqa kg' 

T.C. OTJlll'!Hhl OT HYJJll TOJlhKO .llBe corrplllKe!IHble KOMilOHeHThl rrapaMeTpa rropl!.llKa. Jl1111I1l! L',. 
-> 

xapaKTep113yeTCll BeKTOpOM kg , rpyrrnoii: BOJIIIOBOro BeKTOpa KOTopoii: l!BJllleTCll c." 
Ha'11111aeTCll B l{eHTpe II 3aKaH'll!BaeTCll B Beplll11He H 30Hhl Ep11JJJIIOJHa. fpyrrrrhI CIIMMeTpllll 

TO'leK r II H l!BJlll!OTCll MaKCIIMaJihHhIMII B TOM CMh!CJJe, '!TO o6nanaIOT MaKCIIMaJihHOH 

CIIMMeTp11eil CTPYKTYPhl. IlocKOJlhKY JIH!lllll L',. l!BJll!eTCll BHYTpeHHeii: .llJlll 30Hhl Ep11JJJIIOJHa. 

crrenoBaTeJJbHO, llleCTIIMepHoe HerrpllBO.llllMOe rrpencTaBJleHne l!BJll!eTCll rraCCHB!lhIM II 

ycn0B1110 JlHqJlllllUa He ynoBnernoplleT. IlonoMy, B rrpHHUHrre. cTpyKTYPHhIH qJa30BhIH 

nepexon Im3m ➔ 14/mmm ocymecrnnlleTcl! '1epe3 rrpoMelKyTO'IHYIO HecoH3Mep11My10 qia3y 11 

14/mmm l!BJJl!eTCll CllMMeTp11eii: COpa3MepHOH qJa3hl. 

B TeTparo11arrbHOll rrapaMaf!IIITHOH qJa3e C CllMMeTp11eil 14/mmm B 30He Ep11J1JIIOJHa, 
-> -> 

ue1np k 1, = (0,0,0) lf IlOBepx11ocT!lal! TO'!Ka k 15 = (0,0,1t/-t,) o6nanaIOT MaKCl!MaJihHOH 
-> 

CIIMMeTp11eil CTPYKTYPhI. JlHHllll, coe)ll!Hll!O!Ual! JTII TO'IKII, xapaKTep113yeTCll BeKTOpOM k10= 

(0,0,2µ1th:,), rpynrroil BOJJHOBoro BeKTopa KOToporo l!BJJl!CTCll C 4". OnttoMepnoe 

HenpHBO.llHMoe rrpencrnBnettHe • D ., rpynnh1 14/mmm, coorneTcrny10mee BeKrnpy k 15 , 
k1~.2 

KOTOpbIH BXO.lll!T B ManmTHOe npencTaBJJeHHe, B COOTBeTCTBllll C ycJJOBileM IIHBapHaHT!IOCTH 

onpenenlleT 4JYHKUHOHaJI TepMO.lll!HaMH'leCKOro IlOTeHUHaJia 6e3 IIHBap!laHTa Jl11¢w11ua. 

3rnT qJYHKUHOHaJI orrpenenl!eT cTpyKTYPY Tttna LSW. YcnoBHll paBHOBeCHll qiyttKUHOHarra 

onpeneJJll!OT HeCOll3MepHMbie qJa3hl C aHrnqieppoMarn11THhIM ynopll.llO'leHHeM Tllna f] = p 

sn(pz,k) ll 1'] = p cn(pz,k) COOTBeTCTBeHHO ll qJa3Y C qieppoMarHHTHhIM yrropll.llO'leH11eM rnna 

ri = p dn(pz,k). CoorneTCTBYJOlllal! JTIIM qiaJaM copaJMepttal! qiaJa attrnqiepp0Marn11rno 

ynopl!.llO'leHa, II MarHIITHal! l!'leilKa Y.llBOena. Heo6XO.llllMO 110.ll'lepKHYTh, '!TO B cnyqae 

qiynKUHQ_HaJIOB 6e3 IIHBapHaHrn Jl11qiwHua pacrrpoCTpaHeHHhlM MexaHH3MOM MafHllTHOfO 

ynopll.llOBeHHll l!BJJl!eTcl! o6MeHHhitt MexamnM. 

<l>yHKUIIOHarr TepMO.llHHaMH'leCKOfO llOTeHUllaJia, COCTaBJJeHHhlH ll3 IIHBapHa!ITOB 
-> 

nenpllBO.llllMOro npenCTaBJJeHllll rpyrrrrhl 14/mmm' COOTBeTCTBYIOlllero BeKTopy k 10 

(0,0,2µ1th:,), BXO.llllIUeMy B MarHHT11oe rrpencrnBne1111e, coneplKHT HHBapttaHT Jlttqiurnua. 

MHHIIMl!3aU!lll JTOro 4JYHKUHOHarra rrpnBO.llllT K .llBYM pa3JJH'IHhIM pellleHHl!M, KOTOphle 

COOTBeTCTBYIOT pa3JJll'IHhIM HeCOH3Mepl!MhlM qJa3aM. Ha qJa30BOH nnarpaMMe JTII qla3hl 

pa3neneHhl JIIIHHell TO'leK JlHqJlllHUa. 
OTMeTIIM, '!TO B MameTIIKax cpH3!l'leCKOfl npll'IIIHOii B03HIIKHOBeHlll! lll1Bapmu1T0B 

J111cpumua l!BJll!eTCll penl!TIIBIICTCKOe B3aHMO)leHCTBlle )lJllJIOWIIHCKOro--Map1rn"'. 8 crry,.iae 

cpy11Kuno11ana c 11HBap11a11TOM Jlmpw11ua pewe1111e nma LSW B0JHIIKaeT, ecnn napaMeTp 

3JIJllll1Tll'IIIOCTII paBeH HYJJIO II MarHIITHble MOMeHThl 11anpaBJiellhl B/lOJlb B0JIH0B0ro BeKTopa 

M0/lYJJllUHII. 
8 pe3yJJhTaTe no1111poBaH1rn CTPYKTyphl KOJqJqJIIUileHThl paCCMOTpe11111,1x 

qiyHKI\HOHaJIOB TepMO.lll!HaMil'leCKIIX 110Te11u11an0B npno6peTa!OT 3aBIICHM0CTb OT 

KOHUeHTpaunn nom1py10mero BellleCTBa. Bcnencrnne JTOro BOJIIIOBOH BeKT0p MO.llYJllll\1111 

npHo6perneT 3aBl!CIIMOCTh OT KOHUeHTpaunn non11py10mero Bell.{eCTBa. KpoMe JT0J'O. 

TeMnepaTypHb!e Wllpl!Hbl cyrneCTBOBaHllll paCCMOTpeHHhlX HeCOll3MepHMhlX qJa3 l!BJlll!OTCll 

3aBl!CIIMhlMII OT KOHUeHTpaUIIII norrnpyIOIUero BernecTBa, C yBeJill'leirneM K0Topoil 

cylKa!OTCll. Ilony'leHHhie pe3yJJhTaTbl 1103B0Jlll!OT IlOHl!Tb oco6e11110CTII qJa30BOH n11arpaMMhl 

Kpl!CTaJIJI0B C nepeMeHHhIM COCTaBOM Ha IlJIOCKOCTII K0HUeHTPaUl!ll - TeMnepaTypa. 
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TaK, CTpyKTYPY coe.uirneHHH UPd2Si2, UPd2Ge2, URh2Si2, URh2Ge2 H U(Pd1_ 

,Fe,)Ge2 C rrpocTpaHCTBeHHOH rpyrrrroii CHMMeTplm 14/mmm MO)KIIO paccMOTpeTh KaK 
rrpOH3B0.UHy10 OT BhlpO)K.UeHHOH CTpyKTyp1,1 ITJJOTIIOH yrraKOBKOH C rpyrrrroii CHMMeTpHH 

Im3m. Heo6XO.UHMO rro.uqepKHYTh, qTO paccMaTpHBaeMbJe coe.uttneHHll l!BJll!JOTCl! 

CTpyKTypHb!MH aHarrOraMH BhICOKOTeMrrepaTypHhlX CBepxrrpOBO.!lllll.\HX coe.uHHeHHH, 

CTpyKryphl KOTOph!X llBJJl!JOTCll rrpOH3B0.!lHhIMH OT BhlpO)K.!leHlfOH Ky6ttqecKOH <pa3hl C 
rpyrrrroii CHMMeTpHH Im3m151

, Pa3JJHqHe BOJJHOBh!X BeKT0p0B M0.UYJJllUHH MarHHTH0ro 

yrropll.uoqeHHll B JTHX coe.UHHeHHllX CBll3aH0 C pa3JJHqHeM HOH!lh!X pa.uttycoB C0CTaBJJllJOII.\HX 

aTOMOB H C0OTBeTCTByJOII.\HM HeCOOTBeTCTBHeM HX pa3MepoB pa3MepaM 3aHHMaeMhIX HMH 

rrop. 

HeiiTpoHorpaqittqecKHe Hccrre.uoBaHHll coe.UHHeHHH C rrepeMeHllb!M C0CTaB0M 

IT0Ka3bIBaJOT, qTo BOJJIIOBOH BeKT0p MO.!lYJJllUHH l!BJJlleTCll <pyHKUHeii TeMrrepaTyphl H 

KonueHTpauHH .uorrttpyJOmero Bemecrna. 

KpoMe JTOro, TeMrrepaTypHal! o6rraCTh cymecrnoBaHHll Hecopa3MepHOH qla3hl B JTHX 
C0e.UHHeHHl!X 3aBHCHT OT K0HueI1TpaUHH .umrnpyIOmero Bemecrna. MarnHTHOe 

yrropll.UOqeHHe 3aBHCHT OT 3Haqel!Hll B0JJHOBoro BeKTOpa M0.UYJJllUHH, C H3MeHeHHeM 

KOTOporo MarHHTHhle rpyrrrrhl CHMMeTpHH B COpa3MepHOH <pa3e MeHl!JOTCl!. TaK, Y.!lB0eHHe 

MarHHTHOH JlqeiiKH copa3MepHoi1 <pa3hI Ha6JJJO.UaeTCll B KpHcTarrnax U(Pd098Fe002) 2Ge2. B 

coe.utt11enttl!X U(Pd1_,Fe,)2Ge2 o6beM MarHHTnoii l!qeilKH B copa3Mepnoi1 <pa3e yqerneplleTCll. 

.[(JJll .ueTaJJhH0fO cpaBHeHHll rronyqeHHhIX pe3yJJhTaTOB 11eo6XO.UHMO rrpoBe.uenHe 

rrpeUH3HOHHh!X JKCrrepHMeHTOB no YTOqHeHHJO B3aHMOCBll3H 3HaqeHHll B0JJHOBoro BeKTopa 

MOJlYJll!UHH KaK <pyHKUHH KOHUeHTpaUHH .!l0ITHPyJOil.\ero Bemecrna H Maf!IHTH0ro 
yrropll.UoqeHHll B JTHX ceMeiicrnax coe.uttue1mi1. 

ABrnp Bhrpa)KaeT 6naro.uapHOCTh rrpoqi. B.JlAKcenoBy H rrpoqi. B.Il,[(MHTptteBy 3a 
ITJJ0.UOTBOpHbie o6cy)K.ueHHll pe3yJJhTaTOB pa6oThl. 
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