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KOHBeHT r .• nnaKHAa H.M. P17 - 12801 
M.flrKHe <l>oHOHbl H MarHHTHble <l>a30Bble nepexOAbl 

06cy~AaeTCR B3aHMOCBR3b CTPYKTYPHbiX H MarHHTHbiX <IJaao
BbiX nepeXOAOB, o6ycnoeneHHaR B3aHMOAeHCTBHeM MRrKHX <l>oHOHOB 
co cnHH~OH noACHCTeMoH. Ha ocHoee MOAenbHoro raMHnbTOHHaHa 
nony4eHbl ypaBHeHHR AnR napaMeTpOB nOPRAKa CTPYKTypHoro H 
MarHHTHoro <l>a3oBbiX nepeXOAOB. PaccMOTpeHa B03MO~HOCTb Mar
HHTHbiX nepeXOAOB THna nerKaR OCb - nerKaR nnoCKOCTb, HHAy
~HPOBaHHbiX CTPYKTYPHbiM nepeXOAOM 1 H noRBneHHe cna6oro <IJeppo
MarHeTH3Ma, Ha6niOAaeMoro e KMnF 3 . 

Pa6oTa BblnOnHeHa B na6opaTopHH TeopeTH4eCKOH <I>H3HKH 
011RI1. 
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Konwent H., Plakida N.M. P17 - 12801 

Soft Phonons and Magnetic Phase Transitions 

A correlation between the structural and magnetic 
phase transitions due to the interaction of soft phonons 

·with magnetic subsystem is discussed. On the basis of a 
model Hamiltonian equations for the order parameters of 
structural and magnetic phase transitions are derived. 
The possibility of magnetic transitions of the type easy 
axis-easy plane induced by the structural transition and 
the appearance of a weak ferromagnetism observed in KMnF3 is considered. 

The investigations has been performed at the 
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1. BBEAEHHE 

B nocneAHee epeMR 6onbwoe BHHMaHHe npHeneKaeT HccneAoBa
HHe MarHHTHbiX KpHCTannoe, o6naAaiO~HX CTPYKTYPHbiMH npeepa
~eHHRMH. CpeAH HHX H3BeCTHbl KPHCTannbl, B KOTOpbiX Ha6niOAaeTCR 
B3aHMHaR KOppenR~HR CTpyKTYPHbiX H MarHHTHbiX nepeXOAOB lcer
HeTo-MarHeTHKH /1/ , RH-TennepOBCKHe KpHCTannbl /2/ , <IJeppo- H 
aHTH-<IJeppoMarHeTHKH C n~7neAOBaTenbHOCTbiO CTpyKTypHbiX nepe
XOAOB, HanpHMep, KMn Fa I. :ha KoppenR~H.R Mo~eT 6b1Tb o6"'b.Rc
HeHa KaK 3<1><!>eKT B3aHMOAeHCTBHR MRrKOH MOAbl, OnHCbiBa~eH 

CTPYKTYPHbiH nepexoA co cnHHOBOH noACHCTeMoH. TeopeTH4eCKHe 
HCCneAOBaHH.R B 3TOM HanpaeneHHH HMeiOT B OCHOBHOM <IJeHOMeHO-
norH4eCKHH IHanp. / 41 / HnH MOAenbHbiH IHanp. !51 I xapaKTep. 
B TO ~e epeM.R cy~ecTeyeT TeopH.R CTPYKTYPHbiX <l>aaoeblx nepexo
AOB, OCHOBaHHaR Ha KOH~en~HH noKanbHbiX HOpManbHbiX KOOPAH
HaT~l , KOTOpaR YAOBneTBOPHTenbHO onHCbiBaeT AHHaMHKY pe
WeTKH, H TeOpH.R cnHH-<IJOHOHHOrO B3aHMOAeHCTBH.R B CHnbHO-aH
rapMOHH4eCKHX KPHCTannax n1 , B TOM 4HCne HCnbiTbiBaiO~HX 
CTPYKTYPHbiH nepeXOA. 

06"'beAHHHB 3TH ABa nOAXOAa, B HaCTO.R~eH pa6oTe Mbl npeA
naraeM MHKPOCKOnH4eCKYIO TeOpHIO An.R OnHCaHH.R CTpyKTypHbiX 
H MarHHTHbiX <IJa30BbiX nepeXOAOB C CaMOCOrnacoBaHHbiM y4eTOM 
HX B3aHMHOro BnH.RHH.R. CTpHK~HOHHOe B3aHMOAeHCTBHe leaaHMQ
AeHCTBHe c aKycTH4ecKHMH <I>OHoHaMHI, Hrpa~ee ea~HYIO ponb e 
onpeAeneHHH xapaKTepa MarHHTHOrO H CTPYKTYPHOrO <IJa30BbiX 
nepeXOAOB, B pa6oTe He paCCMaTpHBaeTCR, XOTR Ta~e MO~eT 
6b1Tb Y4TeHO B npeAnO~eHHOH TeOpHH. 

B cneAYIO~eM pa3Aene BBOAHTC.R MOAenbHbiH raMHnbTOHHaH An.R 
CHCTeMbl, o6naAa~eH CTPYKTYPHbiM ~ MarHHTHbiM <IJa30BbiMH nepexo
AaMH. B pa3Aene 3 Ha era OCHOBe paCCMOTpeHbl OAHOOCHble <IJeppo
H aHTH<IJeppoMarHeTHKH. B pa3Aene 4 o6cy~AaeTCR nepexoA aHTH
<I>eppoMarHeTHK - cna6b1H <IJeppoMarHeTHK, HHAY~HpOBaHHbiH CTpyK
TYPHbiM nepexoAOM, H npeAno~eHo Ka4ecTBeHHOe o6"'b.RCHeHHe no
A06Horo nepexoAa e K Mn F 3 . 
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2. B3AHMOAE~CTBHE CnHHOB C MRfKHMH ~OHOHAMH 

PaccMaTpHBa.R AH3IleKTPH4eCKHH KpHcTann c MarHHTHbiMH aTo
MaMH, 6yAeM npeAnonaraTb, 4TO noTeH~HailbHa.R 3HeprH.R peweT~H, 
o6MeHHOe B3aHMOAeHCTBHe H napaMeTpbl KpHCTai1I1H4eCKOrO nOil.R 
3aBHC.RT OT MrHOBeHHbiX nonomeHHH aTOMOB. npeACTaBil.R.R 3TH 
~YHK~HH B BHAe paanomeHH.R no CMe~eHH.RM aTOMOB OTHOCHTeilbHO 
HeKOTOPbiX paBHOBeCHbiX nonomeHHH, nony4HM raMHilbTOHHaH Mar
HHTHOrO aHrapMOHH4eCKOrO KPHCTanna CO CnHH-~OHOHHbiM B3aHMO
AeHCTBHeM I eM. n! !. Y4HTbiBa.R Aanee TOilbKO HaH6onee eam
Hble Afl.R CTpyKTypHoro nepeXOAa M.RrKHe ~HOHbl, raMHilbTOHHaH 
KPHCTanna MOmeM aanHcaTb B MOAeilbHOM BHAe : 

H = HL + Hs + HLs /1/ 

HL = -} f>..f\' P>.. (f)tl~~,( f ,f' )P>..' (f') + 

1 
+ 2- eJ'>..'v>..x<f.f')Q>.. (f)Q>..,(f') + 

/2/ 

+ -
1
- I. r(fl>..l ' "f4>..4)Q>., (fl) ... Q>._ (f4). 4 0 0 1 4 Ll >..1 ... L4A4 

r.qe BBe.qeHbl IlOKailbHble HOpMailbHble KOOPAHHaTbl Q >., (f) H COnp.R
meHHble 11M HMnyilbCbl pA (f) Ail.R HOpMailbHOH MOAbl A , OnHCbiBa~
~He IlOKailbHY~ AHCTOPCI1~ B f -TOH 3IleMeHTapHOH .R4eHKe . npH 
3TOM napaMeTpbl tl>.,>..•( f,f'), , V >.,>.,'(f,f') H f'(f 1>.. 1 ... f 4 >.. 4) 
cnymaT Afl.R Mo.qenbHoro onHcaHH.R CTPYKTypHoro nepexo.qa /eM.~'/. 

CnHHOBbiH raMHilbTOHHaH aanHweM e o6~eM BH.qe 

a a a a 2 
H5 = I. h s e + I. K (Se ) + 

f Ka K K f Ka K K 

+ I. I. Da~ (f·,f, )S~ S~, + 
f K a f , K , f3 KK L K ~ 'K /3/ 

+ _!. I. I. J , < e . e, ) s ~ s !/', , • 
2 f K a f 'K , KK LK L K 

4 

r Ae Sfx - onepaTop cnHHa MarH~THoro aToMa cop Ta K e f-ToH 
a 

3IleMeHTapHoH .R4eHKe, a = x, y, z. hK =gKILK Ha - a eeMa Ho~-
cKa.R 3He prH.R , KaK - napaMeTpbl OAHOHOHHOH aHH 30TponHH, D~K' 
H JKK' - napaMeTpbl aHH30T pOnHO r O H H30TpOnHOrO 06MeHHOrO 
B3aHMOAeHCTBH.R, Afl.R npOCTOTbl Mbl npeAnonaraeM, 4TO KPHCTai1I1 
He HMeeT Ky6H4eCKOH CHMMeTpHH / HanpHMep, TeTparoHailbHa.R 
CTPYKTypa/ H 3~~eKTHBHbiH CnH H aTOMa 8 K ~ 1 , TaK 4TO AOCTa
T04HO y4eCTb TOilbKO 6HI1HHeHHble no cnHHaM 4IleHbl , 3aBHC.R~He 

OT IlOKailbHbiX HOpMailbHbiX KOOPAHHaT 4IleHbl B MarHHTHOH 3HeprHH 
KpHCTanna npHBOA.RT K CnHH-~OHOHHOMY B3aHMOAeHCTBH~: 

~ a a 2 
HLS = "'- Vo (So ) + 

o LK LK 
LKa 

+ I. u, af3 a f3 
fKf ' K'af3 ·rK, f 'K, seK s f 'K' ' 

/ 4/ 

rAe v;K = v{K (IQ >..(f)!}, af3 af3 I ' I] 
VeK,f 'K' =VeK,f'K'[Q>..(f),Q>..(f) 

- nOilHHOMbl OTHOCHTeilbHO nepeMeHHbiX Q >., (f.) , .RBHbiH BHA KOTO
PbiX onpeAeil.ReTC.R H3 YCilOBHH CHMMeTpHH Afl.R KOHKpeTHOH MOAeilH 
KpHCTanna. 

faMHilbTOHHaH /1-4/ HMeeT o6~HH BHA, YAo6Hbi.H Afl.R onH CaHH.R 
pa3I1H4HbiX CTpyKTypHbiX H MarHHTHbiX ~a30BbiX nepeXOAOB. 4T06bl 
paccMoTpeTb HaH6onee eamHble 4epTbl npeAnomeHHOH Mo.qenH, .qo
cTaT04HO H3Y4HTb IlHWb HeKOTOpble 4aCTHble CI1y4aH 3TOrO raMHilb
TOHHaHa, KoTopble npHee.qeHbl a nocne.qy~Hx paa.qenax. 

3. OAHOOCH~E ~EPPO- H AHTH~EPPOMAfHETHKH 

npH CTpyKTYPHOM nepexo.qe, o6yCI10BI1eHHOM HeyCTOH4HBOCTb~ 
peweTKH no OTHOWeHH~ K HeBblpom.qeHHOH M.RrKOH OnTH4eCKOH Mo.qe, 
OnHCbiBaeMOH OAHOKOMnoHeHTHOH IlOKailbHOH HOpMailbHOH KOOPAHHa
TOH Qe , raMHilbTOHHaH /2/ MomeT 6b1Tb aanHcaH e npocToH 
~pMe: 

1 2 A 2 B 4l 1 2 H = I.I-- -P o - -- Q o + -- Q o + -- I. ¢ oo, (Q u- Q o, ) • 
L f 2M L 2 L 4 L 4 ff' LL L L / 51 

r.qe M - 3~eKTHBHa.R Macca Afl.R .qaHHOH onTI14eCKOH MOAbl, A, 
B 11 ¢ee• =cp(f-f')- nocTo.RHHble Mo.qenH, onpe.qen.R~He xa

paKT ep cTpyKTypHoro nepe xo.qa. B cny4ae nepexo.qa THna cMe~eHH.R 

aH r a pMOHH3M Mail H cp =I, cp(f -f')»AA!/, 
0 f' 
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npH OnHCaHHH MarHHTHOrO nepeXOAa orpaHH4HMCR npOCTOH MO
Aenb~ OAHOOCHOro ~eppo- HnH aHTH~eppOMarHeTHKa C raMHnbTO
HHaHOM: 

H 
8 

= 2 h S ~ - 2 K (S oz ) 2 + 
fK K LK fK K LK 

1 
+-

2 
2 

fd'K' 
J , 

KK 
(f - f' )8r~ s;,K, 

!61 

rAe 6yAeM C4HTaTb KK > o. B cnHH-~HOHHOM aaaHMOAeHCTBHH 
/4/ B 3TOM cny4ae Y4TeM TOnbKO OAHOHOHH~H BKnaA; 

I 1 2 I z 2 
HSL = f; aKQf + 2-bK Qf (SfK) ' 171 

KOTOp~H n03BOnReT B HaH6onee npOCTOM BHAe y4eCTb B3aHMHOe 
BnHRHHe MarHHTHOH H ~HOHHOH nOACHCTeM APYr Ha Apyra. 

PaccMOTPHM, npeli<Ae acero, ypaaHeHHe AnR napaMeTpa nopRA
Ka npH CTPYKTYPHOM nepeXOAe, KOTOp~H onpeAenReTCR cpeAHHM 
3Ha4eHHeM noKanbHOH HOpManbHOH KOOPAHHaT~: 

11= <Qe>, Qe=.,+ue, !81 

rAe 

< P > = Trl e -H/ T P 1/ Trle -H/TI 

H H = HL +Hs + HsL- nonH~H raMHnbTOHHaH /5/-/7/ cHc
TeM~. H3 ycnOBHR MHHHMyMa CB060AHOH 3HeprHH nony4aeM: 

ar a . -H/T aH 
--- = - T---ln .Trl e I=<-> = 0, a., a., a., /9/ 

4TO c y4eToM /5/-/7/ AaeT: 

3 z 2 
-A +B<(77+Un) > +2(a +b77)<(S) > =0. 

L . K K K K /10/ 

npeHe6peraR Man~M Ky6H4eCKHM aHrapMOHH3MOM 

3 2 2 
<u f > / 11 <ue > - (B/ T)(T/¢ 0 ) :$ A/ ¢

0 
« 1 

H nepeXOAR K 6e3pa3MepH~M nepeMeHH~M 

6 

B 
~ = 'l/-x11· 

B 2 
Y =-x<ue >, 

I 11 I 
- 1 B Z2- 1 Z2 
a =-A '1/-A 2 a <(S ) >, b =-A 2 b <(S ) >, 

K K K K K K 

nony4aeM ypaaHeHHe AnR napaMeTpa nopRAKa: 

3 - -
~ =(1-b -3y)~-a. /12/ 

KaK BHAHO,a cny4ae a~ 0 acerAa HMeeTCR HeHyneaoe pe
weHHe, ~ ~ 0, - CHTya~HR aHanorH4Ha noBeAeHH~ CHCTe~ 
BO BHeWHeM none aenH4HHOH a~ • 0AHaKO B cny4ae a<< 1 
CyllleCTByeT o6naCTb TeMnepaTyp T > T0 , rAe ~ << 1 , B TO 
apeMR KaK npH T<<T0 ~-1, TaK . 4TO To MOli<HO paccMaTpHBaTb 
KaK TeMnepaTypy CTpyKTypHOro nepeXOAa. AnR ee B~4HCneHHR 
H onpeAeneHHR TeMnepaTypHOH 3aBHCioiMOCTH ~(T) Heo6XOAHMO 
pacCMOTpeTb AHHaMHKY peweTKH 3TOH MOAenH. 

BBOAR ~YHK~H~ rpHHa OT onepaTOPOB CMellleHHH Dee, (t- t ') = 

= <:<ue (t); ue•(t')» H nonb3yRcb cTaHAapTHOH npoqeAYPOH coc
TaaneHHR ~eno4KH ypaaHeHHH, OnHCaHHOH AnR CnHH-~HOHH~X 
CHCTeM a n; , nony4aeM: 

......... 
!._2 Dee· <w> = NA q 

iq(f-f ') 1 
e ----------v 2 _ (~ + r -r ) ' 1 1 3/ 

0 q ......... 
fq .. ¢(Q)/A= (1/A) 2 ..i..(f- f') -iq·(f-f') 

f, '+' e rAe v~ w 2 / (A/M), 

menb B cneKTpe MRrKOH OnTH4eCKOH MOA~ ~ onpeAenReTCR ypaa
HeHHeM: 

2 -
~ =3(~ +y)-(1-b). /14/ 

nocneAHee a~pall<eHHe 6~no nony4eHo a HH3WeM nopRAKe caMocor
nacoaaHHoro ~HOHHoro nonR /eM. n.sl;. KoppenR~HOHHaR 
~yHK~HR CMellleHHH Y B /12/ onpeAenReTCR ypaBHeHHeM: 

B oo 1 
y =- f dwcth-~-[- --ImD (w + i£)] = 

A 0 2T , ee 
/15/ 

B 1 1 Wq 
2 -- Cth---, 
q 2c.lq 2T 

= --
A NM 
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rAe w; =(AIM)(~ + f 0 - f q ) • PeweHa-te caMocornacosaHHoi1 ca-tc-
TeM~ ypasHeHHH 1121, 1141, 1151 noason~eT onpeAellHTb TeM-
nepaTypHyJO aasa-tCHMocTb ~(T), ~('I) H Hai1TH TeMnepaTypy T 0 , 

COOTBeTCTByiO~IO CTpyKTypHOMy nepeXOAY. _ 
An~ O~eHKH KOHCTaHT CnHH-¢QHOHHOro B3aHMOAei1CTBH~ a H b 

npa-tMeM, 4TO 3Hepra-t~ KPHCTa/lllH4eCKOrO nOll~ 

2 1 2) 2 2 KS ~ (a 71 + 2 b71 S ~ £J
0 

S , 

rAe £ = KIJ 0 - OTHOWeHHe 3HeprHH aHH30TpOnHH K 06MeHHOH 
-+ -+ 

3Hepra-ta-t J
0 

= I J(£ -£'). 
e' 

Y4HT~Ba~ TaK~e, 4TO TeMnepaTypa 

2 
MarHHTHoro nepexoAa T c - J 0 S , a TeMnepaTypa CTPYKTypHoro 
nepexoAa T 0 -¢0 (AI B)IcM., Hanp ., !8 1 I, nony4aeM, cornacHo 
1111, O~eHKH: 

J s2 
a- b - £-2...

A21B 

Tc ¢o 
-£--"-'• 

T 0 A 1161 

TaK KaK All~ nepexoAa Ta-tna 
a ', , b' MoryT fi~Tb Ma/l~MH 

!8 / 
CMe~eHH~ ¢0 >>A , TO KOHCTaHT~ 

30TpOnHH, E ~ 10-2• 
TO/lbKO All~ AOCTaT04HO cna6oi1 aHH-

B 3TOM cny4ae npa-t T > T 0 , KOTopa~ 
HHeM 

_ , 1 _ , 2/J 
1-b(T0 )-3Iy(T0 )+[ 2 a(T

0
)] I =0, 

3Ha4eHH~ napaMeTpa nop~AKa Man~: 

~('I) < ~(T0 ) =[4a(T
0

)J 1
tJ . 

onpeAen~eTc~ ypasHe-

1171 

IJtellb B cneKTpe <IJOHOHOB ~('I) ~OCTHraeT CBoero MHHHMa/lbHOrO 
3Ha4eHH~, ~min (T 1 )= (312)[2a(T 1 )] tJ npa-t TeMnepaType T 1 , on
PeAen~eMoi1 H3 ypasHeHH~ 

- . 1 - 2/J 
1- b(T1)- aly(T 1)- [2 a(T1)] I= 0. 1181 

Mo~HO 3aMeTHTb, 4TO T 1 > T Q• HO npa-t Ma/l~X 3Ha4eHH~X a, b 
3TH TeMnepaTyp~ 6na-t3KH K T<g>, Bb14HcneHHoi1 6e~ y4~Ta cna-tH-
<I>oHOHHoro B3aHMOAei1cTBH~ I eM. I 17 I, 11811 npa-t a = b = 01. 

PacCMOTpeHHOe BbiWe BllH~HHe Ma rHHTHOH nOACHCTeMbl Ha CTpyK
TYPHbiH nepeXOA ClleAYeT O~HAaTb B cny4ae Tc > To, KOrAa napa
MeTp~ B3aHMOAeHCTBH~ a, b B MarHHTOynop~A04eHHOH <IJa3e 
AOCTaT04HO sena-tKH. B o6paTHOM cny4ae, T c < T 0 , npeACTas-

8 

/l~eT HHTepec paCCMOTpeTb BllH~HHe CTPYKTypHoro nepeXOAa Ha 
MarHHTHYJO nOACHCTeMy. An~ ona-tcaHH~ MarHH~Horo <1>aaosoro ne
pexoAa B 3TOM C/ly4ae All~ CHCTe~ C raMH/lbTOHHaHOM 161,171 
socnonbayeMc~ npa-t6na-t~eHHeM MoneKyn~pHoro non~ lnMnl, s~-

6Hpa~ npo6H~H raMH/lbTOHHaH B BHAe: 

z - z 2 
H so = e:. I M K s eK - K K (S e K ) I , 1191 

rAe HaMarHH4eHHOCTb nOAPeWeTOK MK H 3<l><!>eKTHBHa~ KOHCTaHTa 
aHH30TpOnHH KK onpeAell~IOTC~ Ha OCHOBe Bapa-ta~HOHHOrO npHH
~Hna 6oron106osa I eM. n 1 I: 

of 
oMK 

o. of 
0. 

oKK 

npo6Ha~ CB060AHa~ 3HeprH~ f npH 3TOM HMeeT BHA: 

1 
f(T) = fo('I) + -yq- < Hs + HsL- Hso >o • 

nonbay~cb 161,171 H 1191, nony4aeM: 

1 z z 
f (T) = f 

0 
(T) + - I J , < S ><S , > + 

2 KK' KK K K 

z - - z 2 
+ I (h K - M K) <S K > - I (K K- v K - KK ) < (SK ) > ' 

K K 

rAe 

MK KK 
f (T) =- T I ln 'I' (-- - - ----) 

0 K SKT'T' 

SK 

'I' SK (a, {3) = I expl-am +{3m 2 I, 
m=-SK 

JKK, I J KK, < e - e , ), 
e' 

1 2 
V =a < Qo > +-b <Qo > . K K L 2 K L 

/201 

/211 

1221 

1231 

1241 

1251 

Y4eT ypasHeHHi1 1201-1231 npHBOAHT K cneAyiO~HM Bblpa~eHH~M 
All~ eapa-ta~HOHHbiX napaMeTpoe: 
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M = h + I. J , < S z, > ' 
K K K, KK K 

1261 

KK = KK- v K 127/ 

HaMa :HI-14eHHOCT b <S ~ > 1-1 cpeAHI-11:1 KBaApaT cn~-1 Ha <(S!) 
2 

> 
onpeAenR~TCR B~pameHI-IRMI-1 

z ar o z 2 ar o 
< S > = ----- <(S ) > = -----

K aMK ' K aKK 

1281 

KaK BI-!AHO, M~ np~-!XO~~M K o6~4H~M B~pameHI-!RM B nMn, rAe KOH
CTaHTa aHI-130TPOnl-11-1 KK aaBI-!CI-IT OT TeMnepaTyp~ 4epe3 napa
MeTp nopRAKa TJ =<Qf > , cornacHo 1251, 1271. B peaynbTaTe 
B03HI-!KaeT AOnonHI1TMbHaR TeMnepaTypHaR 3aB11CI1MOCTb <8 :>1-1 <(SK~2> 
1-1 nepeHOPMI1POBKa TeMnepaTyp~ MarHHTHoro ~aaoeoro nepexoAa. 

Oco6~1:1 1-!HTepec npeACTaBnReT eoaMomHOCTb 113MeHeHI-1R aHaKa 
3~eKTI1BHol:i ·KOHCTaHT~ aHI-130Tponl11-1 KK (T) , a~aeaHHaR TeM
nepaTypHol:i 3aBI-!CI-1MOCTb~ napaMeTpa nopRAKa TJ(T) npl-1 CTpyK
TYPHOM nepeXOAe. 3TO MOmeT npi1BeCTI1 K nepeCTPOHKe BCeH 
MarHI1THOH CTPYKTyp~. AnR ~eppoMarHeTI-!Ka H3MeHeHI-1e 3Ha~a 
KOHCTaHT~ aHI130TpOnl-1~ npi1BOAHT K nepeXOAY nerKaR OCb (KK>O) 
- nerKaR nnocKOCTb (KK < 0) • AnR aHTI1~eppoMarHeTI1Ka nocneA
HI-IH nepexoA MomeT conpoeomAaTbCR noReneHI-!eM cna6oro ~eppo
MarHeTI13Ma, ecnH B 6a311CHOH nnOCKOCTI1 HMeeTCR AOnonHI1Tenb
HOe aHI130TponHOe B3ai-!MOAeHCTBI1e. 06CYAI-1M 3TOT BOnpoc 6onee 
nOAP06Ho. 

4. CnA6~A ~EPPOMAfHETH3M 

B PRAe KPI1CTannoe, I-1Cn~T~Ba~I1X CTPYKTYPH~e nepeXOA~, 

Ha6n~AaeTcR 4epeAOBaHHe MarHHTH~X ~aaoa~x nepexoAOB. Hanpi-1-
Mep, a KpHcTanne KMn F 3 npoi1CXOAI-1T nocneAoBaTentoHO ,qaa 
CTPYKTYPH~x nepexoAa npH T1=186 K H T2 = 91,5 K, KOTOp~e 
onHC~Ba~TCR, COOTBeTCTBeHHO, KOH,QeHCa~HeH MRrKHX ~HOHOB B 
T04Ke R I MO,qa ' r 25 I 11 B T04Ke M I MOAa M 3 I 30H~ 6pHn~3-
Ha 131. np11 3TOM npoHcXOAHT noaopoT oKTa3APOB Mn F 3 
OTHOCHTenbHO o6~eJ:1 B o6011X nepexo,qax TeTparoHanbHOH OCI1 
B npOTI1BOnonomH~X HanpaeneHHRX B coce,qHHX nnOCKOCTRX IMOAa 
r 25 I HnH B o,qi1HaKOBOM HanpaaneHHH IMo,qa M 3 I, cooT
BeTCTBeHHO 131. B 3TOM me KPI1CTanne Ha6n~,qa~TCR ,qaa Mar
HI1TH~x ~aaoa~x nepexo,qa: aHTI1~eppoMarHHTH~H ('AF) npH T = 
= 88,3 K c ocb~ AF BA011b TeTparoHallbHol:i oc11 H nepexoA 
B cna6~1:1 ~eppoMarHeT11K (WF) B 6a311CHOH n110CKOCTI1 npH T c '"' 
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= 81,5 K. 611H30CTb MarHHTH~X nepeXO,QOB KO BTOPOMY CTpyK
TYPHOMy nepeXOAY n03B011ReT npeAn0110mHTb CHnbHOe BnHRHHe 
CTPYKTypHoro nepeXOAa Ha xapaKTep MarHHTHOro ynOPRA04eHHR 
np11 AF nepexoAe . .Liel:icTBHTellbHO, noeopoT OKTa3APOB Mn F 6 
npH CTPYKTYPH~X nepeXOAaX CBR3aH C HX Ae~pMa~HeH H Hapy
WeHHeM Ky6H4ecKol:i CHMMeTpHH I a o6nacTH T > T 1 I KpHcTan~ 
nl14eCKoro n011R. 3TO HCKameHHe MOmeT 6~Tb OnHCaHO KaK OAHO
HOHHOe MarHHTOKPHCTannl14eCKOe none aHH30TpOnHH, 3aBHCR~ee 

OT napaMeTpa nopRAKa COOTBeTCTBy~~ero CTPYKTYPHOro nepeXOAa. 
npH 3TOM B o6naCTH T2 <T <T1 noRBnReTCR OAHOOCHaR aHI130Tpo
nHR BAOnb TeTparoHanbHOH OCI1, a np11 T < T2 AOnonH11Te11bHO 
B03HI1KaeT HeCHMMeTpH4HOe B 6a3HCHOH nnOCKOCTH none O,QHO
HOHHOH aHH30TponHH. 

AnR Ka4eCTBeHHOrO OnHCaHHR MarHI1TH~X ~a30B~X nepeXOAOB 
B KMilFa npH T < T2 paccMOTPI1M MOAMb ,qayxnoApeweT04Horo 
aHTH~eppoMarHeTHKa I K =1 ,21 c raMHnbTOHI1aHoM 161 H 3Hep
rl1el:i CnHH-~HOHHOrO B3aHMOAeHCTBI1R B BHAe: 

1 2 Z2 X 2 Y2 
HsL = 2 e: b K Q e <8 eK ) -l' DK [(S eK ) - <8 eK ) J, 1291 

r,qe MomHo npHHRTb b1 = b2=b H D1 =-D 2=cQe. nonb3YRCb 
,qanee nMn, BBe,qeM npo6H~H raMI1nbTOHI1aH B npOCTOM B11Ae 

a a 
Hso = e:a M K s eK 

.L\nR CB060AHOH 3HeprHH, aHanorH4HO 1211, nony4aeM: 

1 ~ a a 
f(T)= fo(T)+-2- ._ J •<S >o <S , >o + 

KK a KK K K 

~ a a 8 a ~ -K S z 2 
+ .. (h K - M K ) < K > 0 - .. K < ( K ) > 0 -

Ka K 

- I. D [ <(S X ) 2 - (S y ) 2 > ] 
K K K K 0 ' 

rAe 

1 -+ -+ 
t0 (T) =-T ~ ln Tr[expl- T(MK SK )IJ 

H 3~eKTHBH~e KOHCTaHT~ aHI130TpOnHI-1 paBH~: 

1301 

1311 

1321 
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- 1 2 1 (2 2) K =K --b <Q o> =K ---b TJ +<Uo > , 
K K2K L K2K L 

/33/ 
D1 = -D2 ,= D(T) = CTJ (T) . 

HaMarHY14eHHOCTb noApeweTOK onpeAenReTCR seKTopoM < 8 ~ > = 
=a f0 (T) /a M~. rAe MoneKynRpHoe none Bbl4Y1CI1ReTcR Y13 ypas-
HeHY1i:1: 

a a ,.. 8 a 
M K = h K + ~ J KK , < K > 0 -

K 

a ~ Z2 - X2 y2 
- -----IK <(8 ) > + D (<(8 ) > - <(8 ) >]1. a <8 a > K K 0 K K K 

K 

/34/ 

no!1Hbli:1 aHa!lY13 no!ly 4eHHOi:1 CYICTeMbl ypaBHeHY1i:1 /31/-/ 34/ C y4e
TOM COOTBeTCT By~YIX YP.aBHeHYIH A!lfl napaMeTpa nopRAKa TJ(T) = 
=<Qf > Y1 <)J!lyKTya~Y1i:1 <ur >, OnYICblBaiOl!IYIX CTpyKTypHbli:1 nepeXOA, 
Tpe6yeT npoBeAe HYifl 4Y1C!leHHbiX paC4eTOB. ArlR Ka4eCTBeHHOrO 
aHa!lY13a MarHY1THOi:1 cTpyKTYPbl AI1R T < TN paccMOTPYIM Bblpa~eHYie 
AJ1R cso60AHOi:1 3HeprY1Y1 /31 I B npeAeile T«T N • B 3TOM cny4ae 
MO~HO npeHe6pe4b BKilaAOM MarHYITHblX B036Y~AeHY1i:1 /cnYIHOBblX 
BO!lH/ Y1 paCCMOTpeTb 3HeprY110 OCHOBHOrO COCTOfiHYifl! 

(0 =¥~l(T) = ~ <Hs +HsL> IT=O 

BBOAR AJ1R YAo6CTBa seKTOpbl: 

.... 1 .... .... .... 1 .... .... 
m = -

2
-g(<8 1> + <8 2 >), f = -2s(<8 1 >- <8 2 >), 

3an1-1weM 3HeprHIO B BY1Ae: 

(o =(A-B)(;) 2 +(A+B)(f) 2 -

-/3(f~+m:)-2y(fxmx- f 1 m 1 ), 

rAe BBeAeHbl o6o3Ha4eHY1R 
2 S)2 A~(2S) J 12 >0, B =-(2 J 11 . > 0, 

2 - 2 1 2 
{3=(28) 2K ~(28) 21K - 2 b TJ l, 

2 - 2 
y ~ (28) 2D = (2S) 2C7] 
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/35/ 

/36/ 

/37/ 

/ 38/ 
• 

1-1 6blno npYIHRTO Kt = K2 = K . Y4Y1ThiBaR Aanee ycnoBYIR HOPMY1POBKJ.1 
seKTOpos I np~-1 T « T N I: 

.... 2 -+2 e + m = 1. 
.... -+ 
f ·m = 0 

Y1 BBOAR yrnosble nepeMeHHble, onpeAei1RIOl!IY1e HanpasneHY!e BeK
Topoa "( Y1 ~ , HeTPYAHO npoBeCTYI aHa!lJ.13 B03MO~HblX TYinOB 
ynOPRA04eHY1R, o6ecne4Y1Ba~Y1X MY1HJ.1Ma!lbHOe 3Ha4eHY1e 3HeprY1Y1 
/371 /eM., Hanp,,f.l. t0/1. Bb14Y1CileHHR noKa3blBaiOT, 4TO np1-1 {3 > 0 
pea!lY13yeTCR COCTORHYie C BeKTOpOM AF BAO!lb OCYI Z Y1 ~ ~ ~ =0; 
3HeprY1R 3TOrO COCTORHYIR 

(( z)= -(A + B + f3). 
0 1391 

B cny4ae f3 .. < 0 6onee BblrOAHblM oKa3blBaeTcR AF cocTORHYie 
C BeKTOPOM f B n!lOCKOCTYI Xy : 

-+-+ 1-+ 
e x ~ e 1 = -~~I e 1 , e z = o. y2 

npHCyTCTBYie nO!lfl aHY130TpOnY1J.1 B 6a3Y1~HOi:1 nno~KOCTYI npYIBOAYIT 
K C!la6oi:1 HeKOI1Y1HeapHOCTY1 BeKTOpOB < 8 1 > Y1 <8 2> Y1 C!la6oMy 
¢eppoMarHeTY13My : 

- ------- 2 -+ 2 
.... y 2 < 28 ·~~) _ _ , 1 ; 1 = v' 1- I m I • lml "'-A- ~ - J12 

3TOMY COCTORHYIIO COOTBeTCTByeT 3HeprY1R 

y2 
(X ,Y) = - (A + B +-A- - ). 

( . 

/40/ 

141/ 

CpaBHYIBaR 141/ c /39/ , npYIXOAHM K BblBOAY , 4To np1-1 y 2 / A > f3 , 
YIIlH np1-1 3Ha4eHY1Y1 napaMeTpa nopRAKa 

TJ 2 (T) > TJ 2 (T ) 
c c 

K 
/421 

2 c 2 I J 12 + bl 2 

AOil~eH npoYICXOAYITb ¢a30Bbli:1 nepexoA /nepsoro POAal Y13 coc-
TORHYIR OAHOOCHOrO AF B COCTORHYie WF B 6a3Y1CHOH nnoc-
KOCTYI. 

TaKYIM o6pa30M, npYI onpeAe!leHHOM COOTHOWeHYIYI napaMeTpOB 
MOAeilYI, YAOBileTBOpRIOIIIYIX YCilOBYIIO /42/, B03MO~eH nepeXOA 
AF-WF , Y1HAY~Y1posaHHbli:1 CTPYKTYPHblM ¢a30BblM nepexOAOM. AnR 
KOI1Y14ecTBeHHoro onY~caHYIR TaKoro nepexoAa a KMnF 3 a paMKax 
npY1HfiTOi:1 MOAe!lYI Heo6XOAY1MO Bbl4Y1CI1Y1Tb CB060AHYIO 3HeprY110 '/311, 
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y~HT~BaR~TeMnepaTypHy~ aaBHCHMOCTb seKTopos HaMarHH4eHHOCTH 
f ('1) H m('I) 1361 H napaMeTpa nopR,qKa 77 ('1) npH COOTBeT
CTBY~~eM onHcaHHH <t>aaosoro nepexo,qa npH T 2 • 

5. 3AKJ1104EHHE 

npe,qno~eHHaR B HaCTOR~e~ pa6oTe MO,qenb CnHH-$OHOHHO~ 
CHCTeM~ C raMHnbTOHHaHOM /11-14I,OCHOBaHHaR Ha npe,qCTaBneHHH 
noKanbHO~ HOpManbHO~ KOOp,qHHaT~ Qf , n03BOnReT ,CIOCTaT04HO 
npOCTO pacCMOTpeTb B3aHMOCBR3b MarHHTH~X H CTPYKTYPH~X ne
peXO,CIOB, o6ycnosneHH~X MRrKO~ MO,CIO~. XapaKTep 3TO~ CBR3H 
cy~eCTBeHHO 3aBHCHT OT BH,qa CnHH-$OHOHHOrO B3aHMO,qe~CTBHR 
141 H ero senH4HH~. B 4aCTHOCTH, nHHe~H~e no Qe 4neH~ 
lcM.I711 npHBO,CIRT K 3<t><l>eKTHBHOMY BHeWHeMy non~ ,CinR CTpyK
TYPHOrO nepexo,qa, BnHRHHe KOToporo, o,qHaKO,Cy~eCTBeHHO 

nHWb npH 3Ha4HTenbHO~ senH4HHe KOHCTaHT CBR3H 1161. 
06paTHOe snHRHHe CTPYKTYPHoro nepexo,qa lnpH To I Ha 

MarHHTH~~ I npH T c I 3Ha4HTenbHO, ecnH T0 > T c H T0 -Tc<<Tc. 
nocKonbKY a o6nacTH TeMnepaTyp (T0 -'l) « T0 napaMeTp nopR,qKa 
CTPYKTYPHOrO <t>aaosoro nepexo,qa 77(T) cy~eCTBeHHO aaBHCHT 
OT TeMnepaTyp~, TO 803MO~HO 3Ha4HTenbHOe H3MeHeHHe xapaK
TepHCTHK MarHHTHO~ nO,qCHCTeM~, HanpHMep, KOHCTaHT aHH30TpO• 
nHH, onpe,qenR~~HX THn MarHHTHO~ CTpyKTyp~. 8 4aCTHOCTH, 
MO,qenb CnHH-<t>oHOHHOrO B3aHMO,qe~CTBHR 1291 n03BOnReT Ka4eCT
BeHHO o6"bRCHHTb nepexo,q AF ~ WF , Ha6n~,qaeMbl~ a KMn F 3 . 
npH npose,qeHHH KonH4.eCTBeHH~x pac4eToB ,qnR conocTasneHHR 
HX C 3KCnepHMeHTOM He06XO,CIHMO TaK~e y4eCTb B3aHMO,qe~CTBHe 
C aKyCTH4eCKHMH $OHOHaMH, OnHC~Ba~HMH ,qe<t>OpMa~H~ peweTKH. 
3ToT sonpoc npe,qnonaraeTcR paccMoTpeTb a oT,qenbHO~ pa6oTe. 
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