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Frauenheim T., Schreiber J. Pl7-I1978 

On a Self-Consistent Random Phase Approximation 
for Systems with a Complicated Level Structure 
and Magnetic Exchange 

The possibility is considered to constr~ct a self-consistent 
RPA-theory for a model of metallic rare-earth compounds. \"'ith the 
help of numerical results it is shown that .the conventional method 
of determination of the order parameter by applying' sum , rules 
fails to work in this case. 
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1 _ BBE,4EHHE 

MeTannH'!eCKHe pe.IJ.K03eMenhHhiC coe.IJ.HHeHHH, B KOTo­

phiX KpHcTannH'iecKoe none npHBO.IJ.HT K cno:>tmo:H CTPYKType 

3HepreTH'ieCKHX ypOBHeH, o6na)J.aiDT HHTepeCHhlMH 3neKT­

pOHHbiMH H MarHHTHbiMH cao:HcTBaMH- Ilocne)J.Hee apeMH 

B TaKHX CHCTeMaX OC06eHHO HHTeHCHBHO HCCne)J.yeTCH 

MarHHTHhiH ¢a30BhiH nepexo.11. I<I>III. Pa3BHT PH.IJ. MO)J.enhHhiX 

npe)J.CTaBJICHHH, KOTOpbie OCHOBaHhl Ha TeOpHH KpHCTan­

JIH'ieCKOrO nom'l, BKJIIO'iaH MarHHTHhiH o6MeH. B 3THX Teo­

PHHX )1.0 CHX nop HCnOnh30BaHO TOnhKO npn6nH)I(eHHC MOne­

KynxpHoro nonx IIIMIII H HecaMocornacoaaHHoe npH6nH)I(e­

HHe xaOTH'ieCKHX <1Ja3 IIJX<I>I '2,3/_ 

qT06hl ny'!We nOHHTb )J.HHaMHKY <I>IJ, OC06eHHO B3aHMO­

OTHOWeHHe Me)I()J.y ueHTpanbHhlM nHKOM H MHrKOH MO)J.OH, 

He06XO)J.HMO nOCTpOHTb caMOCOrJiaCOBaHHYID TeOpHID /3/, 

IJ.eJibffi 3TOH pa60Tbl HBJIHeTCH BhlHCHeHHe B03MO)I(HOCTH 

caMocornacoaaTb pa3BHToe B pa6oTe /3/ IIX<I> Ha ocHoBe 

npaaHn cyMM )J.nH cnHHoawx on epa Topoa /4/. B H30TponHo:H 

MO)J.enH re:H3eH6epra nO)J.XO)J. ycneWHO npHMeHHeTCH /4/, 

Ho, c .11.pyro:H cTopoHbl, H3BeCTHO, 'iTO B paMKax IIX<I> 
)J.JIH MO.IJ.enH H3HHra B nonepe'!HOM none o6bi'iHhlH cnoco6 

Bbl'iHCneHHH napaMeTpa nopJI)J.Ka<J z :-- He nO)J.XO)J.HT /5,6/ , 

3TO CBJI3aHO C TeM, 'iTO npaBHna CYMM KaK TO)I()J.eCTBa 

He JIBnJIIDTCJI ycnOBHJIMH paBHOBeCHJI A3/, 0\feBH)J.HO, 3TH 

TPY.IJ.HOCTH oco6eHHO npoJIBnJIIDTCJI B aHH30TponHbiX CHCTe­

Max I CM. H Ill I. Ilo3TOMY cne)J.oaano O)I(H.IJ.a Tb, 'iTO H B He­

cne)J.yeMOH MO)J.enH MeTaJinH'ieCKHX pe)J.K03eMenbHblX coe­

)J.HHeHHH /3 / nOJIBJIJIIOTCJI nO)J.06Hble npo6neMbl Bbl'iHCneHHJI 
z 

<J " npH HCnOnb30BaHHH npaBHna CYMM. 
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C,IJ;enaHHble 'IHcneHHble pac'leTbl no,IJ;TBep)l(,l:(aJOT :no. 

llo,D;p06HO paCCMOTpeHbl npH'IHHLI, H3" 3a KOTOpbiX 06bi'IHaJI 

npoD,e,IJ;ypa caMocornacosaHHJI He no,IJ;XO,IJ;HT ,IJ;nJI llX<I>, npe,D;­

no:>KeHHoro B pa6oTe /31_ 

2. CAMOCOr JIACOBAHHOE IIXfll 

KpHCTannH'IeCKOe none H MarHHTHLIH 06MeH, BCTpeqa· 

IOI.UHHCJI B pe,D;K03eMenbHbiX MeTannax, npHHJITO OnBCLIBaTh 

C nOMOIIJ,biO cne,IJ;YJOI.Uero raMBnhTOHBaHa /2,3/: 

·• ... 
H = 2 H (i) - 2 I .. J . J . 

i KTI ij lJ 1 J 
111 

--> 

r,IJ;e J i - onepaTOp noJIHOrO MOMeHTa~ H KTI • raMHJibTO· 

HBaH KpBCTaJIJIB'IeCKOrO nonJI - BMeeT CTaH,IJ;apTHLIH 

BB,II; !2,3;: B Mbl ,IJ;JIJI KpaTKOCTB ero 3,IJ;eCb He npBBO,IJ;BM. 

B Ka'leCTBe npaMepa accne,IJ;yeM coe,IJ;BHeHae Pr 3 Tl, 
r,11;e BOHbl Pr 3 "~· I J =41 BMeJOT Ky6aqecKyro oKpeCTHOCTh. 

B KpBCTaJIJIB'IeCKOM none BblpO:>K,IJ;CHHOC OCHOBHOe COCTOJI• 

HHe 
3
H4 pacmennJieTCJI Ha f' 1 • CBHrneT, f' 4 • TpHnJieT, 1 3 • 

,11;y6neT, 1 5 - TpanneT I cooTBeTCTByromae 3Hepraa: 0, A 
1211 A a A' ·18/. B ,IJ;anLHeilweM y,11;o6Ho B 11/ OT,IJ;eJIHTL 

O,II;HOHOHHYIO 'laCTb OT ,IJ;BYXBOHHOH: 

H=H 1 +H 2 , 

H
1 

= 2 Hk
77

(i) + N-I(O)<J z> 2- 22I(O)<J 2 > J f, 
i i 121 

.......... -+ ..... z4 
H 2 = - 2 Iij oJ i oJ j , oJ i = J i - <J > e z , 

I e z - e,IJ;HHH'IHLIH BCKTOP B z - HanpaBJICHHHI. llocne 

,IJ;HaroHaJIH3aiJ,HH H 1 npHHHMaeT cne,IJ;yJOIIJ,HH BH,IJ;: 

H 1 = 2 E (i)c + (i)c (i), 
i,n n n n 

131 

r,11;e c: (i) H en (i) - onepaTOPLI po)l(,l:(eHHJI a yHa-

'ITO:>KeHHJI O,IJ;HOBOHHbiX COCTOJIHHii In> Ha y3ne i H E n (i) -

4 

... 

COOTBCTCTBYIOLUHe 3HeprHH ypOBHCH. Tor,IJ;a onepaTOp ii 
MO:>KHO npe,D;CTaBHTb B BH,IJ;C 

... --> + 
Ji = 2 <m!Ji ln/c (i)c (i). 141 

m,n m n 

B npocTeilweM npH6na:>KeHHH ITIMTII H 2 npeHe6peraJOT 

H napaMeTp nopJI,IJ;Ka <J 2 >, 

z z -{3E -{3E 
<J > ~ 2 <niJ ln>e n/Z. Z = 2 e n lSI 

n n 

nonyqaJOT Ha OCHOBe /41 !2~ 0,IJ;HaKO BCnOJib30BaHBe OT" 

HOWeHBJI I 41 ,IJ;JIJI onpe,D;eJieHHJI <J z > B TIX<I> He BhiXO,D;BT 

3a paMKH TIMTI / 3 ,9/ llo3TOMY nonhiTaeMcJI Bhl'IBCJIBTL z • 
<J > Ha OCHOBe nt>aBHJI CYMM, 'IT06bi yqecTb <i>JIJOKTya-

IJ,HB napaMeTpa nopJI,IJ;Ka caMocornacosaHHbiM o6pa3oM. 

lfMeeTCJI CJIC,IJ;YJOI.UaJI CHCTCMa ypaBHCHHH /4/: 

zn-+ zn zn+1 zn+2 
<(J ) J J > = J(.T + l)<(J ) > - <:(J ) > - <(J ) > 

B 161 
J z 
II (J - r) = O; n ~ 0,1, ... ,2J- 1. 

r=-J 

113- 3a CJIO:>KHOCTB HCCJie,IJ;yeMOH CHCTCMbl C MOMeHTOM 

J =4 TeXHH'IeCKH HeB03MO:>KHO peWHTb nOJIHYJO CHCTeMy 

ypaBHCHHH 161. PaCCMOTpHM TaKoe npH6JIB)I(CHHe, B KOTO· 

pOM Y'IBTbiBaJOTCJI TOJibKO KBa,D;paTH'IHble <i>JIJOKTyaiJ,HH na­

paMeTpa nopJI,D;Ka, T.e. <(oJ 2 )a > = 0, a .2: 3. 3aTeM H3 

4>opMyJI 161 nonyqaeM 

z - + z z - + 
<J > = l <J J >( 1 + 3<J >) - <J J .T > + 

171 
z 3 z 2 

+ 2<.T > + 3<J > - 201/39. 

KoppeJIJIIJ,HOHHble 4>YHKIJ;HH, KOTOpble BXO,IJ;JlT B 3TO ypaBHe· 

HHe, Bbi'IBCJIHM C nOMOI.UbiO CJie,D;YJOIIJ,HX 4>YHKIJ,HH rpaHa 

I<I>rl: 
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n 
G+z-

ij 

+ z n -
(t) = «J. (t), (J. (0)) J. (0)» = 

1 J J 
/8/ 

+ z n -
=- iO(t)<[Ji (t), (J j (0)) J j (0)]> 

Ha OCHOBe MeTO~a ypaBHeHHJl ~BH)I(eHHJl /3,9/. ,lJ,JIJl :noro 

He06XO~HMO 3HaTb KOMMyTaUHOHHLie OTHOWeHHJl Me)l(~y 

C -onepaTopaMH, OTHOCJIUUIMBCJI K KOHe'lHOMY Ha6opy 

aTOMHbiX ypoBHeii:. B npe~LI~YUUIX pa6oTax .'3 ,9 1 npHHJITO 

paCCMaTpHBaTb e -onepaTOpbl npH6JIH)I(eHHO KaK clJepMH-
+ 

onepaTopbl, T.e. [en, em] = o nm • 3~ecb TaK)I(e npHMeHJieM 

3TOT no~xo~. Tor~a Bbl'lHCJieHHe wr /8/ npoBO~HTCJl 
aHaJIOrH'lHO TOMY, KaK B TeOpHH 30HHOrO clJeppOMarHeTH3-
Ma 11°/. 

OcTaBaJICb B paMKax Teopaa nepBoro nopJI~Ka /llX«<>/, 
aeo6xo~HMO c~enaTb cne~yiOUUle npa6JIH)I(eHHJI: 

i. KoppeJIJIUHOHHbie cilYHKUHH B aeo~aopo~HOM qneae 

ypaBHeHHJl ~BH)I(eHHJl pacuenHM B COOTBeTCTBHH C Teope­

MOH BaKa /11~0cTaBwaecJI BeJIH'lHHbl < e~cffi> MO)I(HO Bbl-
+ 

'lHCJIHTb 83 wr <<c m. c n >>. B npH6JIH)I(eHHH nepBoro 

nopJI~K~ cne~yeT <c~Cffi>:::! <e 1~Cn>onm= f n n nm, r~e fn= 
= 1/(e En + 1). O~HaKo 3TOT peJyJibTaT owa6oqea, 

aanpaMep, ~ f nlo 1. Y)l(e J~ecb BH~HO, 'ITO npaMeHeHHe 

clJepMHeBCKHX KOMMyTaUHOHHbiX OTHOWeHHH ~JIJI C ~ H C m 

He no~xo~HT ~JIJI caMocornacoBaaaoro ynyqweHHJl llMll. 
qT06bl nOJIY'lHTb no Kpaii:HeH Mepe /XOTJI 6b1/ 'laCTH'lHOe 

caMocornacoBaaae, npa onpe~eneHHH < J z > Bbi'IHCJIHM 

-f3E f n B llMll: fn = e nj Z. 
ii. TaKHM )l(e o6pa3oM, KaK KoppeJIJIUHOHHble clJyHKUHH, 

paCI.UenJIJIIOTCJl H «<>r BbiCWero nOpJl~Ka, T. e. B ypaBHeHHH 

~BH)I(eHHJl npOBe~eM 3aMeHy 

+ + 
c (i)c (i) e (j)c (j) => 

m n r s 

/9/ 
=> fmonme: (j)c8 (j) + fr ors c ~i)cn (i). 

B pe3yJibTaTe 3TOro clJypbe-o6pa3 nonepe'IHOH wr npHHH­

MaeT BH~ 

6 

1 

~~ 

+-
g ((v). ·~-­

G+-(q, w) = -~-~;+-(w) 
q 

r~e O~HOHOHHaJl «<>r 

g +- {w) = 
J t J - (f - f ) 

~ --~-n~ m n _____ '!!__~~--~ 
mn 

+z-
,lJ.JIJl G ( q. w) 

+ z-
G ( q, w) 

C O~HOHOHHOH «<>r 

(J) - (J) + (J) + it 
n m 

nonyqaeM 

+ z-( ) g (J) 

1 - Iq g+-- (w) 

+z­
g ( ) = ~ IJ + J- J z _ J + J- J z _ 

w mn nm pp mn np pm 
mnp 

-J+J-Jzlf (f -f )/(w-w +w +it). mn pm np p m n n rn 

/10/ 

/11/ 

/12/ 

/13/ 

C nOMOIUbiO cneKTpaJibHOrO npe~CTaBJieHH.ft KOppeJI.HUHOHHble 

lilYHKUHH Bbi'IHCJI.HIOTC.ft no clJopMyJie 

+-
1 + z- Jg (w) 

-- ---- g (w )/ --------1 I . 
fiW q v q ,I/ aw w=w q v q 

e ' -1 ' 

z n - + 1 
<(J.) J. J. > =- -- ~ 

1 1 1 N q,v 

/14/ 
w q, v - nOJIIOCbl «<>r B /10/ H /12/, r~e v 0603Ha'laeT 

HOMep nonrocoB. CyMMHpoBaaae no q npoBo~HTC.H cne­

~YIOI.UHM o6pa30M: 

1 1 
N ~ f Clq/I(O)) = f dxp 0(x) f(x), /15/ 

q -1 

r~e p O (X) - nJIOTHOCTb COCTO.HHH.ft OTHOCHTeJibHO BeJIH-

'lHHbl lq. ,lJ.JIJl npOCTOTbl HCCJie~yeTCJl MO~eJibHLIH CJiy'laH, 

KOr~a lij t 0 TOJibKO ~Jig 6JIH)I(aHWHX coce~eii: H peWeTKa 

npocTaJI Ky6aqecKa.H. 
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Cy~ecTBeuuoe ynpo~euue qucneHHhiX pacqeToB nony­
qaeTcH, ecnu yqecTh ,D.HcnepcHIO I q =/ 0 TOIThKO .LJ.ITH nepe­
xo,D.oB Me)I(.LJ.Y 'leThlphMH HH3KHMH YPOBHHMH / cuurneT­
TpunneT-cHcTeMa/. 3To ynpo~euue onpaB.LJ.hlBaeTcH, ecnu 
orpaHH'IHTbCH HH3KHMH TeMnepaTypaMH. 

3. OECY)f(,4EHHE P E3Y Jib T A TOB 

Cuaqana npoBepuM, KaKHM o6pa30M c,D.enaHHhie B pa3-
,D.ene 2 llpH6ITH)I(eHHH BITHHIOT Ha pe3yiTbTaT llMll /Iq =0/ 
,l),nH MO,D.enH reu3eH6epra I HKII =0/. ,LI;nH 3Toro auanH3H­
pyeM B qucneuuoM BH.LJ.e ypaBHeHHH /5/ I puc. 1 - KPHBaH 1/ 

4r-----

~ v 
3 -. ................. _. ___ _ 

2 

8 24 

Puc.1. TeMnepatflypHa.R 3U6UCUMOC1flb napaMetflpa nop.ROKa 
<J ~ OA.R MOOeAU rei13eH6epza: KpU6Q.R 1 - IIMII U3 
ypa6HeHu.R /5/; Kpu6a.R 2 - IIMII u3 ypa6HeHu.R /7/, 4>r 
n0,1Y'leHbl 6 npu6AuxeHuu T.R6AUK06a; Kpu6a.R 3 - IIMII 
U3 /7/ , fl>F U3 /10/ U /12/; KpU6Q.R 4 - OtfiKAOHeHUe 
6 nep6oM MOMeHtfle 4>F fl. 1 . 
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H /7 I. Koppemm;uoHHhle IPYHKUHH onpe,D.enJieM B .LJ.BYX BH.LJ.ax: 
i. 113 «<>r a npu6nJDKeHHH T.116nHKOBa u a CJJyqae I q =0 

jpuc. 1 - KpHBa.ll 2/; 
ii. 113 «<>r /10/ u /12/ npu HKn =0 u I q =0 I puc. 1 -

KpHBa.ll 3/. 
113 cpaBHeHH.II pe3ynhTaTOB ypaBHeHH.II /5/ H /7 I B cny­

qae i cne,D.yeT, 'ITO liJniDKTyaUHH BbiWe KBa,D.pa TH'IeCKHX 
c~ecTBeHHbl TOIThKO B oKpecTHOCTH TO'IKH K10pu T c. 
ilOCKOIThKY H3MeHeHHe Tc Marro, MO)I(HO C'IHTaTh, 'ITO ypaB­
HeHHe /7/ npe,D.cTaBnJieT .LJ.OBOITbHO xopowee npu6nJDKeuue. 

llpu ucnonb30BaHHH cnoco6a ii nonyqaJOTC.II 6onbWHe 
OTKITOHeHH.II OT pe3yiTbTaTOB llMll jypaBHeHH.II /5//. 3TO 
06b.IICH.IIeTC.II TeM, 'ITO llpHMeH.IIITHCh HenpaBHITbHble KOM­
MyTaUHOHHble OTHOWeHH.II ,D.IT.II C -onepaTOpOB. )1;n.11 IIJepMH­
onepaTOpOB pac~enneuue KoppenJIUHOHHblX IIJyHKUHii 6blno 
6bl TO'IHO B paMKax llMll. O,D.HaKo c -onepaTopbl HMeiOT 
6onee cno)I(HYIO cTpyKTYPY, noxo)l(yiO ua CTPYKTYPY cnuuo­
BhlX onepaTopoa. Cne,D.oBaTenbHO, pac~enneuue npHBO.LJ.HT 
y)l(e B llMll K OTKITOHeHH.IIM B nepBOM MOMeHTe «<>r a+-(q,cu) 

+z- ) H G ( q, cu , T • e . 

z + -
2<J > - !n J mn J nm (f m- fn) = fl. 1 -f. 0 , 

1 + - z 2<Jz>2-<Jz>+-- ~ !JmnJnmJpp-
2 mnp 

+ -z +-Zif f -J J J -J J J : p(fm- n)==/1.2-f. 0. mn np pm mn pm np 

Ha puc. 1 /KpHBa.ll 4/ npuae,D.eHo TaK)I(e TeMnepaTypuoe 
noae,D.eHue fl. 

1 
,'ITO noKa3blBaeT uarn.II.D.HO, noqeMy B cno­

co6e ii llO.IIBIT.IIIOTC.II TaKHe 60ITbWHe OWH6KH. 
Pe3ynLTaTbl .D.ll.ll cnyqaJI Hi<n =I 0 npe,D.cTaaneHbl ua 

pUC. 2 /KpHBa.ll 1 COOTBeTCTByeT ypaBHeHHIO /5/ H KpHBa.ll 
2 - ypaBHeHHIO /7/, pewaeMOMY no MeTO.LJ.Y ii /. 60nb-
woe 3Ha'leHHe BenH'IHHbl /1.1 I puc. 2 - KPHBa.ll 4/ 
MOlKeT 06b.IICHHTb, llO'IeMy H B 3TOM cnyqae H3 
npaBHIT CyMM nony'laeTC.II CTOITb HenpaBHllbHblH OTBeT ,D.ll.ll 
<J z >. C ,D.pyroii CTOpOHbl, OT6pomeHHble cilniDKTyaUHH 
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Puc.2. TeMnepamypHaJI 3a8UCUMOC11lb <.J 8 MOOeAu /1/: 
Kpu8aJI 1 - IIMII u3 ypa8HeHUJI /5/; Kpu8aJI 2 - IIMII U3 
/7/, C/>F U3 /10/ U /12/; KPU8aJI 3- JIXC/> U3 /7/; KpU8QJI 
4 - 011lKAOH€HUe 8 nep80M MOM€H11le C/>F !\ 1 • 

B ypaaueHHH 17 I MoryT BJIHHTL ua :noT peJyJILTaT 6oJILllle, 
qeM B cnyqae HKII " ·0, nocKOJILKY <J z> npu acex 
TeMnepaTypax HaMHOrO MeHbllle HaChlll\eHHOrO 3HaqeHHH. 

KaK OTMeqzanocL so aae.n;eHHH, npu H KII t 0 cnoco6 
BhJqHCJieHHH <J :> Ha OCHOBe npaBHJI CYMM, B03MO)I(H0 1 

.IIBJIHeTCH <PuJuqecKH uenpaBHJILHhlM. HanpuMep, ,n;nH Mo.n;enu 
H3HHra a nonepeqHoM none JTOT no.n;xo.n; yquTwaaeT <Pnffi­
KTyau.u~ napaMeTpa nopH.n;Ka a IIX<I> ue$HJHqecKH, T .e. 
<Jz> nx > < J z > nMn 15 •6 1. TaKoB: )l(e pe3yJILTaT no-

nyqaeM H a HallleB: Mo.n;enu npu HKn _,(0. BKJiffiqaH I q;k 0 
.IJ;JI.II CHHrJieT-TpHnJieT-CHCTeMhl, qeM yqHThlBaiOTCH .IJ;OflOJI­
HHTeJILHhle cPJiffiKTyaU.HH napaMeTpa llOpH.IJ;Ka OTHOCHTeJILHO 
IIMII, npu acex TeMnepaTypax ·<J z> Jie)I(HT Bhlllle Jna­
qenu.H II Mil I puc. 2 - Kpuaa.H 31. 

HcnoJILJOBaHHhle npu6JIH)I(eHH.II, oco6euuo 3aMeua c -
onepaTOpOB Ha $epMHeBCKHe, MOrYT MO.IJ;HcPHU.HpoBaTh pe-
3yJILTaT IIX<I>. HecMoTp.H ua JTO, MO)I(HO c.n;enaTL awao.n;, 

10 

qTo a uccne.n;oaauuoB: Mo.n;enu npuMeueuue npasan cyMM 
.IJ;JIH ablqucneHB.II <J z >, uaaepuoe, ue no.n;xo.n;BT. Cne.n;osa-

•
1 TeJibHO, e,IJ;HHCTBeHHbiM cPB3HqecKHM CflOCOfiOM Ollpe,n;eJie­
HHH napaMeTpa llOp.ll,n;Ka .IIBJI.IIeTC.II MBHBMH3aU.B.II CB06o,n;­
HOH JHeprBH, KOTopyiO MO)I(HO BblqBCJIBTb C flOMOil\bffi<l>r 151. 

CaMocornacoaauuoe IIX<I> ,n;OJI)I(HO 6hlTL nocTpoeuo ua Ta­
KOH OCHOBe. 

ABTOpbl npH3HaTeJILHhl H.M.IlnaKu,n;e u B.A.AKceuoay 
3a u.enuhle o6cy)l(,n;enu.H a JaMeqaua.H. 
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PyKonuc& nocmynuAa 8 uaoallleA&cKuil o•oeA 
25 oKmJI6pJI 1978 zooa. 
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