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~payeHxaGH T., PenKe r. P17 · 12521 

TeHnepayypH~A ~aaoawA nepexoA aHTH~eppoHarHeTHK -
~eppoHarHeTHK B ABYX30HHOH S-f HOACnH Xau6apAa 

MccneAyeTcR HarHMTHuR 4aCTb cao60AHOA 3HeprMM ABYX30HHOH MOACnH 
Xa66apAa c noHO~b~ KOHTMHyanbHoro MHTerpMpoaaHHR a caHocornacoaaHHOH 
npH6nH~eHHH cpeAHero nonR. PaccHaTpHaa~TCR ABa MexaHM3Ha HurHMTHoro 
06HeHa, npRMOe f-f B3aHHOAeHCTBHe nOKunH30BaHHWX f-~OHCHTOB 4e pe3 
30HY npOBOAMHOCTH AnR 1/4- 3anon~eHHOH S-30H~ M 1/2 3anonHeHHOA 
f "30H~. npH HeKOTOPOH Ha6ope napaHeTpOB C yHeHbWeHHeH TeHnepaTypw 

nony4aeTCR ~eHnepaTypHWA ~a30BWH ncpeXOA aHTM~eppOHarHeTHK - ~eppo

HarHCTHK. Y4eT peweT04HOH 4aCTH cao60AHOA 3HeprHH H aaaHCMHOCTH Har
HHTHOA 4aCTH OT napaHeTpa peweTKM AaeT ~a30B~H nepeXOA nepaoro POAa C 
HecTa6MnbHOCTb~ o6beHa npH TeMnepaType ~aaoaoro nepexoAa, 4TO Ka4e 
CTBeHHO OnHC~BaeT HarHHTHWe CBOHCTBa TR~enwx PCAK03eHenbHWX MeTannoa. 

Pa60T a a~nonHeHa B na6opa"TOPMH HeihpOHHOA ~M3H KH OMR M. 

npenpHHT 06beDHHCHHOrO HHCTHTYT8 HDepHhlX HCCneDOB8HHA, Dy6HO 1979 

Frauenheim Th., Ropke G. P17 · 12521 

Temperature Induced Phase Transition Antiferromagnet
Ferromagnet in the s-r Two Band Hubbard Model 

For the s-f two band Hubbard model the magnetic part of the free 
energy is investigated by means of the functional integral technique 
in a self-consistent mean field approximation. Considering both mecha
nisms of magnetic exchange, t~e direct f-f coupling and the indirect 
coupling of localized f- moments via the conduction band in the case 
of a 1/4 - fi lied s- band and a 1/2 - fi lied f- band, for a ' suitable! 
choice of parameters a temperature induced phase transition from an 
antiferromagnetic to a ferromagnetic state is obtained by lowering 
the temperature. Including phenomenologically the lattice part of the 
free energy and the dependence of the magnetic part on the lattice 
parameter, this phase transition becomes the first order transition 
with a volume instability at the transition temperature, which quali
tatively simulates the magnetic behaviour in the heavy rare earth 
metals. 

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

t-'repnnt of the Joint Institute for Nuclear Research. Dubna 1979 

1. BBE,4EHHE 

MarHHTHLie cBoiicTBa TBep,nblx TeJI onpe,neJIRIOTCR KyJioHoB

CKHM B3aHMO,neHCTBHeM Me:lK,ny 3JieKTpOHaMH. B npH6JIH:lKeHHOM 

BH,ne TaKOe B3aHMO,neHCTBHe paCCMaTpHBaeTCJI B MO,neJIH Xa66ap

,na Ill, KOTopaR OfiHCbiBaeT B 30HHOM npe,neJie MO,neJib 3JieKTpOHOB 

npOBO,nHMOCTH, a B aTOMHOM npe,neJie - JIOKaJIH30BaHHYIO MO,neJib 

reii3eH6epra. Mo,neJib TaK:lKe o6bJICHJieT B03HHKHOBeHHe aTOMHbiX 

MarHHTHbiX MOMeHTOB B cpe,nHeH 06JiaCTH napaMeTpOB H CBJI3b 

Me:lK,ny 3THMH MOMeHTaMH. 

06bl'fHaR Mo,neJIL Xa66ap.na, y'fHTbiBaiOll.laR o.nHy HeBLipo:lK,neH

HYIO 30HY C KYJIOHOBCKHM B3aHMO,neHCTBHeM Me:lK,ny CfiHHaMH TOJib· 

KO Ha o,nHoM Y3Jie, Ka'feCTBeHHO xopowo onHCLIBaeT MarHHTHLie 

CBOHCTBa XaJibroreHH,nOB nepexo,nHbiX MeTaJIJIOB, KaK, HanpHMep, 

V 
2 

0
3 

121 B 3Toii Mo,neJIH ,nJIR nony3anoJIHeHHoii 30Hbl nonyqaeTCR 

B 3aBHCHMOCTH OT napaMeTpOB MO,neJIH 4Ja30BbiH nepexo,n MeTaJIJI -

,nH3JieKTPHK C B03HHKHOBeHHeM ynopR,nO'feHHOH aHTHiiJeppoMarHHTHOH 

4Ja3bl npH HH3KHX TeMnepaTypax 131• Mo,neJIL Xa66ap.na TaK:lKe 6biJia 

HcnoJIL3oBaHa ,nJIR o6bRCHeHHR 4Ja3oBoro nepexo.na MeTaJIJI - ,nH3-

JieKTPHK f - 3JieKTpOHOB B Ce no,n ,naBJieHHeM H B aKTHHH,nax Me:lK,ny 

3JieMeHTaMH Pt H Am C yBeJIH'feHHeM aTOMHOrO HOMepa 14 1. 

MarHHTHLie MeTaJIJILI, KaK, HanpHMep, pe,nKHe 3eMJIH /P3M/ 

H aKTHHH,nbl, HMeiOT OTHOCHTeJibHO WHpOKHe 30Hbl npOBO,nHMOCTH 

H y3KHe 30Hbl JIOKaJIH30BaHHbiX 3JieKTpOHOB, OTBeTCTBeHHbiX 3a 

B03HHKHOBeHHe aTOMHbiX MarHHTHbiX MOMeHTOB. )J;JIJI OfiHCaHHJI 
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MarHHTHhlX CBOACTB B TaKHX CHCTeMaX paCCMaTpHBaeTCR .QByx-

30HHaR s · f Moaenb Xa66apaa / 5,6/ 

II ~ 
i,j,v,a 

~ 

v ' T . . C . 
IJ iVa 

C . 
JVO 

1 _1_ ~ U 1, !1il 'Olliv - a 
2 i,v.a 

I u <ll, n . n . ' I u (2 J,n . n . ' 111 . . (T 
I . /1/ I _] __ 

2 . I I 
vv t va H J a fi t ' 1t.1a 

1, a, v ~t v 

I 

c iva ' c iva H 

JIO 3allOJIHeHHR 

HOM a ' ± 1. 

n iva - on epa TOphi pO>K,QeHHR, YHH'ITO>KeHHR H 'IHC-

3JieKTpOHOB Ha y3Jie i B 30He 1.1 - S ,f CO CllH-

f'..v _. (N - 1 ~ I T v ! 2 ) ~' - WHPHHa 30Hbi , U 
1
, , 

i / j 

u (1) 
vv' 

(2) 
U vv' - CHJia KYJIOHOBCKOrO B3aHMOAeHCTBHR B 30HaX H Me>KAY 

HHMH. 3Ta MO,QeJib He MO>KeT .QeTaJibHO OllHCaTb <l>H3H'IeCKHe CBOH

CTBa P3M H aKTHHH.QOB, llOTOMy 'ITO 3<l><t>eKTbl rH6pH.QH3aUHH Me>KAY 

30HaMH /AJIR JierKHX aKTHHH.QOB 3TO Ba>KHO/, BblpO>K.QeHHR 30H, 

KpHCTaJIJIH'IeCKOrO llOJIR H .QpyrHX B3aHMO.QeACTBHA He Y'IHTbiBaJOT

CR. 0.QHaKO Ka'leCTBeHHO MarHHTHbie CBOHCTBa 3THX CHCTeM MO>KHO 

o6'bRCHHTb c noMOW.bJO MO.QeJIH I 1/. B pa6oTe / 5/ 6hlJIO noKa3aHo, 

'ITO MarHHTHhlA llOpR.QOK B 3THX CHCTeMaX onpeaeJIReTCR npRMhlM 

f - f -s3aHMO.QeACTBHeM, a TaK>Ke HenpRMbiM B3aHMOAeACTBHeM f -

MOMeHTOB 'lepe3 30HY llpOBO.QHMOCTH. 

H3 llOJIIOCOB CTaTH'IeCKOA BOCilpHHM'IHBOCTH llOJIY'IHJIHCb <l>a3o 

Bhle auarpaMMhl .QJIR npRMoro H HenpRMoro B3aHMoaeAcTBHii. Ha 

puc. 1 llOKa3aHa <l>a30BaR ,QHarpaMMa C y'leTOM TOJibKO llpRMOrO 

f -s3aHMO.QeACTBHR npH HyJieBhlX TeMrrepaTypax. 3aeCb, B 3aBH

CHMOCTH oT 3arronHeHHR f - 30Hbi H oT rrapaMeTpa f'.. r I U r /wu

PHHa f-30Hhl/KyJIOHOBCKOe B3aHMO.QeACTBHe/, llOJiy'laeTCR rrepe

XO,Q B pa3JIH'IHhle ynopR.QO'IeHHhle MarHHTHhle <l>a3bl, (FM) - <i>eppo

MarHeTHK H (AFM)- aHTH<i>eppoMarHeTHK. )J.JIR 'IHCTOrO HellpRMOrO 

f -s3aHMoaeAcTBHR <l>a3oBaR auarpaMMa rrpeacTasJieHa Ha puc. 2. 
B 3aBHCHMOCTH OT KOHQeHTpaQHH 3JieKTpOHOB B S- 30He llpH HH3KHX 

TeMrrepaTypax MO>KHO onpeaeJIHTb <l>a30BhlA rrepexoa napaMarHeTHK

aHTH<l>eppoMarHennc, ecJIH (i n s- 1 i) < 1/v'3 H napaMarHeTHK -

<l>eppoMariH~'rHK, ecJIH ' (i n - 11)> 1/y'J.- B cnyqae 3anonHeHHR s -30Hhl 

Ha 1/4, a f- 30Hhl Ha 1/2, Ha6JIJO,QaeTCR KOHKypeHQHR Me>K.QY <i>eppo

MarHHTHhlM H aHTH<i>eppoMarHHTHhlM 06MeHaMH . 

4 

04 

~ <f 

Q2 

0 1 n,- 2 

Puc. 1. MaZHUIIIHOJI rfta3060JI ouazpaMMa OAJI npJIMOZO f-f 630UMO

oeiic1116UJI 6 306UCUMOCIIIU 0111 napaMempa f- 30Hbl /'). r/ U f U 

KOHijeHIIpJlijUU 3AeKIIIpOH06 6 f- 30He n f ; /PM/ - napaMazHeiiiUK, 

(FMT ¢eppoMaZHeiiiUK,(AFM) - aH111U¢eppoMaZHeiiiUK. 

I'"'\ 

::ro3 
I 

-::5 .._, 
~ 
~ 
Fe~Q2 

0.1 

0 1 ns 2 

Puc. 2. MazHUIIIHaJJ rfta306aJJ ouazpaMMa OAJJ HenpJJMozo 63auMo

oeiiciii6UJI f - 3/leK111pOH06 'lepe3 3AeKIIIpOHbl np0600UMOCIIIU 6 306U

CUMOCIIIU 0111 KOHijeHIIIPOIIUU 3AeK111pOH06 np0600UMOCIIIU, n 8 • 
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PeJyJI&TaTbl cornacyroTC.II c JxcrrepHMeHTaJI&HbiMH .o;aHHbiMH 

npH HH3XHX TeMnepaTypax .o;n.11 nerxax P3M /aHTH~eppoMarHeTH

xa/, XOTOpble xapaxTepH3YIOTC.II IIp.IIMbiM B3aHMO,!l;eBCTBHeM, H ,!l;Jill 

TJI)I(eJibiX PJM /~eppoMarHeTHXH/, XOTOpble xapaxTepH3YIOTCll He

Dp.IIMbiM B3aHMO,!l;eBCTBHeM. 

)J.JI.II .o;eTaJibHOrO H3y'leHH.II MarHHTOYDOp.ll,!l;O'IeHHOB ~a3bl B ,!l;aH

HOB pa6oTe Mbl Bbi'IHCJIHJIH CB060,!J;HYIO 3HeprHIO CHCTeMbl /1/ 
MeTO,!l;OM XOHTBHyaJibHOrO HHTerpHpOBaHH.II. Hawa UeJib - IIOXa3aTb, 

'ITO B ,!l;BYX30HHOB S-f MO,!l;eJIH /1/ ,!l;Jill ODpe.o;eJieHHOrO Ha6opa 

napaMeTpOB MO)I(HO IIOJIY'IHTb TeMrrepaTypHbiB ~30Bb1B rrepexo.o; 

aHTH~eppoMarHeTHX - ~eppoMarHeTHX IIpH IIOHH)I(eHHH TeMIIepaTypbl. 

2. rJ>YHKaHOHAJI CBOEO,l{HOJ1 3HEPFHH 

B pa6oTe 15/ Mbl Bbi'IHCJIHJIH CTa THCTH'IeCXYIO CYMMY 

Z = Spexpi- {3HI 

C IIOMOIIlbiO XOHTHHyaJibHOrO HHTerpHpOBaHH.II. B CJiyqae (U( 1LU(2
))

2
= 

= J 2 « Us · U f Mbl Haii:.o;eM TO'IHOe Bblpa)l(eHHe ,!l;JIJI CTaTCYMMbl 

z = zo r n d v f . dv . e -{3j"[ v f. v 8 l 
1, n • 1 ,n s, 1, n 

/2/ 

Z O- CTaTCyMMa ,!l;JI.II ,!l;BYX 30H 6e3 B3aHMO,!l;eBCTBHB. V f, i,n H 

V s, i, n - ~JiyXTYHPYIOIIlHe IIOJI.II 6b1JIH BBe.o;eHbl IlpH JIHHeapH3allHH 

)l;BYX'IaCTH'IHbiX B3aHMO,!l;eBCTBHB B 3XCIIOHeHTe CTaTHCTH'IeCXOB 

CyMMbl. )J.ByxqaCTH'IHOe B3aHMO,!l;eHCTBHe Mbl 3aMeHHJIH Ha B3aHMO

.o;eii:CTBHe 3JieXTpOHOB B O,!l;HOM y3Jie C BpeM.R- 3aBHC.IIIIlHM ~JIYX

TYHPYIOIIlHM IIOJieM. 

)J.JIJI Bbi'IHCJieHHJI CTaTCYMMbl Mbl C,!l;eJiaJIH CJie,!l;yiOIIlHe DpH6JIH

)I(eHH.II: 

(i) 

(ii) 

(iii) 

B CTaTH'IeCXOM IIpH6JIH)I(~HHH npeHe6peraeM 3aBHCHMOCTbiO 

~nyxTyHpyrouuix noneii:; 

IlpOBO,!l;HM XJiaCTepHOe pa3JIO)I(eHHe ~YHXIlHOHaJia CB060)l;HOB 

3HeprHH H Y'IHTbiBaeM TOJibXO O,!l;HO- H ,!l;ByXHOHHble 'laCTH; 

,!l;JIJI ,!l;BYX 30H HCDOJib3yeM XBa.o;paTH'IHYIO IIJIOTHOCTb CO

CTO.IIHHB JlopeHua. 

B HaweM paccMoTpeHHH Mbl orpaHH'IHMC.II cnyqaeM JarroJIHeHH.II 

s - JOHbl Ha 1/4, a f- 30Hbl - Ha 1/2. PeweHae .o;n.11 o611lero cnyqa.11 

nonyqeHo paHee B pa6oTe 15/, · )J.JI.11 wupoxoii: s- 30Hbl U8 <2rr~ 8 H 

6 

)l;Jill Y3XOB f -JOHbl ~f <·, Ur IIOJIO)I(eHHe ,!J;BYX MHHHMYMOB ~yHx

llHOHaJia CB060)l;HOB 3HeprHH, V :;in ~ 0 , V ~in = ± {3U / 2. H Mbl rro

JiyqaeM cne.o;yrolllee Bblpa)l(eHHe: 

{3j"[vs, vf] - ~ 

2 ' 
~f 

v 2 
l --Gi 

{3
Tj-- - I v r . 
L f , I 

~ I ---------- v . v 
IJ ' 277{3U ~ f,l f,j 

v2 . 
I ~ --~!.1___ I 

4J 

f3U s f3UsUr 

1 
v . v 1. 

S ,l S ,J 
2477{3~ ~ 

3. CBOEO,l{HAJI 3HEPFHJI CHCTEMbl 

v s ,i V f,i I ~ 

/3/ 

Bee TepMO,!l;HHaMH'IeCXHe CBOBCTBa MO,!l;eJIH /1/ MO)I(HO orrpe

.o;eJIHTb C IIOMOIIlbiO CTaTHCTH'IeCXOH CYMMbl. )J.JIJI HCCJie.o;oBaHH.II 

~aJOBbiX rrepexo.o;os y.o;o6Hee paccMaTpHBaTb cso6o.o;HyiO JHeprHIO. 

Mbl pa3,!l;eJIHM CB060,!J;HYIO 3HeprHIO CHCTeMbl Ha ,!l;Be qacTH: 30HHYIO 

qaCTb H XOppeJillllHOHHYIO CB060.o;Hyl0 3HeprHIO !.3/ 

F F !Jand I F co rr 

F eorr 
1 - rj lu I II d v .. dv . . · 11 ~f! vr . v . l 
I· I S,l f,l e S 

/4/ 

TO'IHOe Bbi'IHCJieHHe 3TOrO XOHTHHyaJibHOrO HHTerpaJia HeB03-

MO)I(HO, IIOTOMY 'ITO ~JiyXTYHPYIOIIlHe IlOJill Ha pa3JIH'IHbiX Y3JiaX 

CBll3aHbl. CTaTHCTH'IeCXall CyMMa Bbi'IHCJI.IIeTCll B CaMOCOrJiaco

BaHHOM IlpH6JIH)I(eHHH cpe.o;Hero IIO)UI. )J.JI.II 3TOrO ~JiyKTYHPYIOIIlHe 

rronll Ha coce.o;HHX yJnax JaMeHliiOTCll cpe.o;HHMH 3Ha'leHHliMH. M&I 

IIOJiyqaeM: 

F co rr 
--- n dv dv e tJ· s•vr;v vI N l ( ... Q j" [v - -
{3 s r · s:r /5/ 

Cpe.o;HHe 3Ha'leHHll IIOJieii: Bbi'IHCJiliiOTCll C IIOMOIIlbiO CJie.o;yiOIIlHX 

caMocornacosaHHbiX ypaBHeHHii, r.o;e Ha.o;o paJJIH'IaT-b .o;sa cnyqa.11: 

~eppoMarHHTHbiB IIOp.ll,!l;OK (f): 
c . · (f)-~(f~ I 

- ( f) -{3.f[vs,vf ,vs ' · r ' Z ;6a/ 
vf.s (dv

5
dvfvf, s e · -' . . 
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aHTB<iJeppOMarHBTHbiH nOpJI.I{OK (a)" 

-(a) -{3j= [ v -(a) -(a) 
v f .-, {dv dv s ,vf ,-v ,-v ] ,s 

8 
rvr e s r . , s . z. /66/ 

IIpe.I{nonaraeTcJI TaK)I(e cyUieCTBoBauue Taxoro Tuna peweTKH, 

KOTOpbiH pa3pewaeT o6a MarHBTHbiX nopR.I{Ka. 3To caMocornaco

BaHuoe npu6JIH)I(euue cpe.I{Hero noJIJI aHanorH'IHo npu6nu)l(eHBIO 

MOJieKyJIRpHOrO nOJIJI. Ho B OTJIH'IHe OT noCJie.I{Hero /cnHHbl HMeiOT 

nOCTOJIHHble BeJIU'IHHbi/, B npe.I{nOJIO)I(eHHOM npH6JIH)I(eHHH BeJIH'IHHbl 

none it v 
8 

H v r <lJnyKTYHPYIOT. HaKoHeu, 3TOT <lJaKT OTBeTcTBeH 

3a TeMnepaTypubiH <1Ja30BbiH nepexo.I{ B .I{BYX30HHOH MO.I{eJIH . KaK 

noKa3aHO B 1<31, ,I{aHHOe npH6JIB)I(eHHe MO)I(HO yJiy'IUJHTb C nOMOUibiO 

.I{HarpaMMHOH TeXHBKH. HuTerpupoBaHue no v r npoBO.I{BTCR B npu-

6JIH)I(eHHH CTaUHOHapHOH TO'IKH, noTOMY 'ITO B aTOMHOM npe.I{eJie 

TOJibKO MHHHMYMbi ,I{aiOT BKJia,I{ B CB060.I{HYIO 3HeprHIO. HHTerpu

poBaHHe no V s MO)I(HO npOBO.I{HTb B aHaJIHTH'IeCKOM BH,I{e, H CaMO

COrJiaCOBaHHble ypaBHeHHJI npHHHMaiOT CJie.I{YIOUIHH BH,I{ : 

<lJeppoMarHHTHbiH nopR.I{OK: 

·- (f) 2J 1 -(f) 
v ~ -· -- -~---~· v f s 

Ur zU 8 
1 ·- ---

4871/'l S 

2 2 

-~---vir> = tanh!(--~- ~L- + _"!!__ -~--
f3Ur 871 Ur 2471 l'l s 

1 

1 -
zU 8 

48 71f'l S 

2 - - (f) 
)---- v r I , 

f3Ur 

1 1?.~1 + -~L~ + J?.~i; < __ _:______ J ~- V> 2 

= - t ln l v ;~us-~ 4 us 4 l2rrf31'ls u~ 1=--;u~748;ii~) I X _1_ F (f) 
N corr 

z J
2 

1 z x ·2 cosh [ ( ---- ------ ---------- - ---
1271 u r t,. s zU 8 471 

1 -· ------
4871/'l s 

8 

2 

-~~) ;~r> 11. 
U1 /7a/ 

' 

aHTH<iJeppOMarHHTHbiH nopJI.I{OK : 

y ( a) 
s 

2J 

Ur 
·-- -·- ~(a) 

1 ' _!~~~---- f 

48 71f'l S 

2 2 
2 '"(a) z{:3 !\r z{3 J 1 2 - (a) 

-- -· v . tanh l (. --- ----- --· ·---- --------------) ----·- v r I , 
f fHJr 871 U f 2471 tl. s zU s f3U r 

1 .. -------
48 71f'l 5 

~~~_f 1 j~J= 1- -~-UE( --~---- -~- - - ---~-----·--V (a~ 2 1 
4 U8 t277{31'l

8 
Ur PzU

5
' 48tTI'l 8 x LF (a) 

N co n - -1 ln l \ ·;;{JO~ e 

z 
x 2 cosh[(- -i-271 

J2 

Ur i\ s 

1 z -- ····--·- + ---
zU s 471 

1 f --·--------

48 71f'l S 

2 

_0-)v ~a) Jl • 
Uf 

/76/ 

HCXO.I{JI H3 CaMOCOrJiaCOBaHHbiX ypaBHeHHH .I{JIJI V f • Mbl MO)I(eM 

Bbi'IHCJIHTb KpHTH'IeCKHe TeMnepaTypbl .I{JIJI nepeXO,I{OB B MarHHTHO

ynopR.I{O'IeHHbJe <1Ja3bi. 

TeMnepaTypa K10pu: 

kBTC 
z 

871 

2 2 
l'lr 1 J Ur 
---(-- - - ------
uf 3 l'ls !~~ 

___ _! __ _ 

1 
ziT--·· 1) · 

-- s 
48771'1 8 

TeMnepaTypa HeenR: 

kBTN 

2 2 u z l'lr 1 J r 
---· . - -- ( 1 -- -- -----2-
871 U f 3 l'ls l'l f 

-- _ _l_~iT~- ). 
1 I -48;~-s-· 

/8a/ 

/86/ 

113 3TBX Bblpa)l(eHBH ,I{JIJI KpHTH'IeCKHX TO'IeK BB.I{Ha KOHKypeHUHJI 

npRMoro u HenpRMoro o6MeHHoro B3aBMO.I{eiicTBHH. B OTJIH'IHe oT 

npH6JIH)I(eHBJI MOJieKyJIRpHoro nOJIJI, B CaMOCOrJiaCOBaHHOM npH6JIH

)I(eHHH cpe.I{Hero nOJIJI, HCllOJib3yeMoro B 3TOH pa6oTe, TeMnepaTy-
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pbi K10pH H Heens oTnH'IaiOTCH ue TonLI<O 3Hai<oM . Mo:>KHO paccMaT

pHBaTb TPH c .riy'laH : 

J 2uf 

(i) :2~ -
' ~f s 

1 

zU 1 1 ____ s __ _ 

48 rrl'l s 

. 1 - TOnbi<O ljleppoMarHHTHblH 

no pH.D. OK 

2 
J uf 1 

(i i ) 1 ------- - ------------- 1 - TOnbi<O aHTB!jleppOMar-
3 /\2 1'. zU s u 

f s 1 _. _____ _ :__ HeTHbiH llOpH.D.OI< 

48 rr/\ s 

2 
J 2u 1 J u r 1 (iii).: _______ f ________ ! _____ ,- 1< - - - -2 ----- __________ u ___ _ 
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MarHHTHbiH llOPH.llOI<. 

)J.anLwe Mbi Hccne)lyeM cny'laii (iii), I<OTopblii oco6euuo HH-

Tepeceu, Tal< I<ai< B03HHI<aeT TeMnepaTypHbiH ljlaJOBbiH nepexo.D. 

Me:>K.D.Y pa3Hb1MH ynopH)lO'IeHHbiMH ljlaJaMH. 3TOT CJiy'laH peanHJy· 

eTcH, ecnH I<oM6HHaUHJI napaMeTpoB i~ur , 3/',.~i\ 8 :· 1 . 

Y'IHTbiBall B I<oppenJIUHOHHOH 'laCTH CB060.D.HOH 3HeprHH TOnLI<o 

BI<na)lbl, CO)lep:>KaiUHe V, TO eCTb 3aBHCHIUHe OT MarHHTHOrO no

pH)li<a, Mbl nonyqaeM: 
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F * 
magn 

f 
c 1 c 2 1 2 2 - (a) 2 

------- (---------) (---- v ) 
? 1 + c ~~u f 
~ - 2 "' f 

f 

.. _l_ ln 2cosh!,B*(C
1 

C 2 -

.B* 
1) -~-- ~ (,, ) 

,BU f f t . 

B 3TOM Bblpa:>KeHHH Mbl BBenH I<OM6HHaUHH napaMeTpoB 
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I<OTOpble xapai<TepH3YIOT lj>H3H'IeCI<Be CBOHCTBa CBCTeMbl /1/ H Hop

MHpOBaHHYIO CB060.D.HYIO 3HeprBIO, a Tai<:>Ke o6paTHYIO TeMnepaTypy 

F * F 
2 

N z L\f 
---- ----
8rr u f 

L\f * R z __ ---- - . 
f3 ' "' Srr Ur 

Hcnonb3YH v; = 2 vf I f3U f • caMocornacoBaHHble ypaBHeHBH /7a/ 

H /76/ MO:>KHO nepenHCaTb B pe.D.YUBPOBaHHOM BH.D.e: 

V* (f) ~ tanh X (f) -
f 

v * (a) ~ tanh x (a) ~ 
f 

X (f) 

c f3 * ( ___ _1 __ - 1) 
1 1- c 2 

x<a) 

c1 f3 * (.. ------ 1- 1) 
1 -- c 2 

B .D.anLueiiweM paccMOTPHM cnyqaii TN > T c , Tai< I<ai< TonLI<O 

B 3TOM cnyqae MO:>KeT B03HHI<aTb TeMnepaTypHbiH ljlaJOBbiH nepeXO.D. 

B ljleppoMarHBTHOe COCTOHHBe. Mbl Bb16panB onpe.neneHHble napa

MeTpbl 

c 1 =0,95. c 2 = 0.2. 

)J.ng 3TBX napaMeTpOB TeMnepaTypuag 3aBHCHMOCTb MarHHTHOH 

'laCTB CB060)lHOB 3HeprBB llOI<a3aHa ua puc. 3. C Bb16paHHbiMH 

napaMeTpaMB Mbl onpe,~~;enseM pe,~~;yuBpoBauuyw TeMnepaTypy Heens 

TN= 0,2D8 u pe.nyuHpoBauuyw TeMnepaTypy KwpH T ~ = 0,188. 

B npe.nene uyneBblx TeMnepaTyp nonyqaeM .nns 3Ha'leHHH pe,~~;y

UHPOBauuoii MarHBTHOH CB060.D.HOH 3HeprBH F *m~in = - 0,3359 B 

F* (a) =-0.2743. - IlpB TeMnepaType T *k = 1/f3 *k =0,15 BenH'IHHbl 
magn 

ljleppOMarHHTHOH B aHTH!jleppOMarBBTHOH CB060)lHOH 3HeprHH COB· 

na)laiOT. Ilpu 3Toii TeMnepaType Mbl uaxo.nHM ljlaJOBbiH nepexo.n 

aHTH!jleppoMarueTBI< - ljleppoMarueTBI< npu noHH:>KeHHB TeMnepa

Typbl. 
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Puc. 3. AlazHu•HaR ~acmb pe~yijupoeaHHOU ceo6o~Hou sHepzuu e 
3aeucuMocmu om meMnepamypbl; (a) - aHmu(JeppoMazHemuK, (f) -
(JeppoMazHemuK. 

4. ,l(HCKYCCH.H 

)J.nJI onpe.neneHHoro Ha6opa napaMeTpoB 6hlno noKa3aHo, 'ITO 

B MO,nenH 111 MO>KHO nony'IHTb TeMnepaTypHhiH cila30BhiH nepexo,n 

Me>K,ny pa3HhiMH MarHHTHO • ynopJI.QO'IeHHbiMH COCTOJIHHJIMH. Bonpoc 

o TOM, KaKoro po.na 6y,neT peanbHhiH clla30BhiH nepexo.n, Mhl eme 

He pewunu B cuny Toro, 'ITO He uccne,noBanu cTa6unbHOCTb cuc

TeMhl. HecTa6unbHOCTb o6'beMa MO>KeT npHBeCTH K clla30BOMY nepe

xo,ny nepBoro po,na. KaK noKa3aHo B / 3,7/, B03HHKHOBeHHe HeCTa· 

6unbHOCTeii o6'beMa, CBJI3aHHoro c clla3oBhiM nepexo,noM nepBoro 

po,na, MO>KeT 6b1Tb 06'bJICHeHO B HaWeH MO,nenH, ecnH Y'IHThiBaTb 

peweTO'IHYlO 'laCTb CB060.QHOH 3HeprHH B cileHOMeHonorH'IeCKHM 

BH,Qe. 3aBHCHMOCTb peweTO'IHOH 'laCTH CB060.QHOH 3HeprHH OT 

06'beMa MO>KeT 6b1Tb OllHCaHa C llOMOillbiO KBa,npaTH'IHOH cilYHKUHH /7 /. 

B MarHHTHYJO 'laCTb cBo6o,nHoii 3Hepruu 3aBHCHMOCTb oT napa

MeTpa peweTKH BXO.QHT 'lepe3 H3MeHeHHe napaMeTpOB C
1 

H C 2 . 

)J.nJI ,naHHOH 3aBHCHMOCTH MO,nenbHhiX napaMeTpOB OT napaMeTpa 

peWeTKH MO>KHO H3Y'IHTb CB060.QHYJO 3HeprHIO cileppo • H aHTHcileppo • 
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MarHHTHOrO Cnyqag llpH llOCTOliHHhiX TeMnepaTypax B 3aBHCHMOCTH 

OT napaMeTpa peweTKH. Ilpu onpe.neneHHhiX TeMnepaTypax rny-

6uHa MHHHMYMOB 060HX CB060.QHhiX 3HeprHH MO>KeT 6b1Tb paBHOH, 

H ll03TOMY HMeeT MeCTO HeCTa6HnbHOCTb 06'beMa, BCne,nCTBHe 

qero cila J OBbiH nepexo.n cTaHOBHTCJI clla30BhiM nepexo,noM nepBoro 

po.na. 

TaKHe cllaJOBbie nepexo,nbi nepBoro po.na aHTHcileppoMarHeTHK

clleppoMarHeTHK MO>KHO Ha6nw,naTb B Tl!>KenbiX P3M. 3Ty oco-

6eHHOCTb MarHHTHbiX CBOHCTB MO>KHO OllHCbiBaTb B Haweii .QBYX" 

30HHOH Mo,nenu C llOMOillbiO MeTO.Qa KOHTHHyanbHOrO HHTerpHpOBa· 

HHll. Ho npliMOe npHMeHeHHe peJynbTaTOB ,nng o6'bJICHeHHJI CBOHCTB 

P3M HeB03MO>KHO, llOTOMy 'ITO B MO,nenH 111 c,nenaHbl HeKOTOpbie 

npu6nu>KeHHll . B Mo,nenu I 1 I Mhl He MO>KeM y'IHTbiBa Tb cno>KHbie 

CTPYKTYPhl peweTKH u MarHHTuoro nopll,nKa P3M. Y'leT BJaHMo

.neiicTBHll TOnbKO C 6nH>KaHWHMH COCe.QJIMH B 3THX MeTannax 

He,nocTaTo'leH. Eonee TO'IHoe uccne,noBaHHe JneKTPOHOB npoBo,nu 

MOCTH ,naeT ,nonroBpeMeHHOe B3aHMO,QeHCTBHe THna Py,nepMaHa· 

KHTTena ;E/ . IlapaMeTpbi MO,nenH /';. , U , TJ , MO>KHO KOCBeHHO 
1/ Jl vv 

cpaBHHTb C peanbHbi MH WHpHHaMH 30H H CHnaMH KOppenl!UHH B CHny 

TOrO, 'ITO MO,nenb 111 npeHe6peraeT CTpyKTypOH H BhlpO>K.QeHHeM 

J OH . He y'IHThiBaeTCJI TaK>Ke KpHcTannH'IeCKoe none u Mar HHTHo

ynpyroe BJauMo.neiicTBHe 19/, O,nHaKo ,nng HeKoTophlx Ha6opoa 

napaMeTpOB C llOMOillbiO 3TOH npOCTOH .QBYX30HHOH S ·- f MO,nenu 

MO>KHO Ka'leCTBeHHO OllHCaTb MarHHTHbie CBOHCTBa P3M H aKTH· 

HH,noa, a TaK>Ke TeMnepaTypHbiH cllaJOBbiH nepexo.n nepaoro po.na 

aHTHcileppoMarHeTHK ·cileppOMar HeTHK npH llOHH>KeHHH TeMnepaTypbl, 

KOTOphiH Ha6nw,nancg B TJI>KenhiX P3M. 
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