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CucreMa YBa2 (Cu1_xFex) 3O 6+y 1-1cCJ1eJJ.0Batta MeToJJ.aMH tteHTpottorpaq>HH H 

Mecc6ay:JpoBCKOH cneKTJ)OCKOmrn B WHJ)OKOM JJ.Hana30He KOHU.eHTpaU.HH )KeJie-

3a, 0,05 :S X :S 0,30, B HaChll.UeHHOM KHCJIOJ)OJJ.HOM COCTOSIHHH, y:::,; I, H nOCJie 

4aCTH4HOH 0TroHKH K11CJI0poAa, y:::,; 0,5. no11y4eHbl nOApo6Hl>iC JJ.aHHhle no 

aTOMHOH CTpyKType 11 Marttl1THOMY COCTOSIH11IO BCeX 113y4eHHblX COCTaBOB. npo

BeJJ.eH0 cpaBHett11e 3q)q)CKTOB 3aMe[UeHl1SI MeA11 Jl.JISI 3TOH CHCTeMbl "AJISI YI 23 

c Co. YcTaHOBJICHhl cyiuecrnettttble OTJIH411SI e noseJJ.eHHH aTOMHOH CTPYKTYPbl 
11 B Marttl1THblX q>a30BblX JJ.HarpaMMax :JTHX ABYX Cl1CTeM, B 4aCTHOCTH 

OTCYTCTBHe Jl.clJlbHCro MarHHTH0ro nopSIJJ.Ka B HaCbl[UeHHblX K11CJIOJ)OJJ.OM o6pa3-
u.ax Y 123-Cu/ Fe np11 JIIOOhlX x. Ha MarttHTHOH q>a3oeoi1 JJ.HarpaMMe CHCTeMhl 
Y 123-Cu/ Fe onpeAeJieHhl 00:/laCTH C ynopSIJJ.04eHHCM M0MeHTOB )KeJie3a no 

THny CnHH0BOro CTeKJia H OOJlaCTH, rAe B03HHKaCT JJ.aJihHHH aHTHq>eppo

Ma rH 11TH bl H nopllAOK. 

Pa6oTa BblnOJIHctta B Jla6opaTOpHH HCHTJ)OHHOH q>H3HKH OH5U1. 

Coo6111em,e O6,,e)lHIICIIIIOl'O HIICnnyTa 11/\CpllblX HCCJtC)l0UallHH . )..l.y611a, 1992 

nepeBOJJ. aBTOJ)OB 

Balagurov A.M., Lyubutin I.S. Pl4-92-579 

Atomic and Magnetic Structure of YBa2 (Cu1_xFex) 3O6+y 
at 0.05 :S x :S 0.30, y:::,; I and y:::,; 0.5 

The system YBa2 (Cu1_xFex)3O6+y was studied by neutron diffraction and 
Mossbauer spectroscopy in the wide interval of iron concentration, 

0.05 :S x :S 0.30, in both oxygen saturated, y:::,; I, and oxygen deficient, 

y:::,; 0.5, compositions. The very detailed data about the atomic structure and 

magnetic state were obtained for all the samples and compared with the 

YI 23-Cu/Co system. The strong concentration dependence of the probability 

of copper substitution for Fe in Cu sites was confirmed for YI23-Cu/Fe. The 

interatom,c distance Cu2-0I remained practically constant for all the Fe cofl

centrations. A marked difference in magnetic phase diagrams of Fe and Co 
systems was established, in particular, the long range magnetic order was 

absent in YI 23-Cu/Fe for the oxygen saturated samples at any x. On the 
magnetic phase diagram the regions with spin glass ordering of iron moments 

as well as the regions with antifcrromagnetic order were established. 

The investigation has been performed at the Laboratory of Neutron 
Physics, JI NR. 
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1. BBE)];EHME 

AToMbI Meµ;II B CBepxrrpoBop;HIIKe YBa2Cu3 0 7 rrerKo MoryT 6hlTb oa

Me~eHbI Ha µ;Byx II TpexBaJICHTHhlC MCTaJIJibI, II 0TO o6CTOJITCJibCTBO 

lIIIIpOKO IICIIOJibOYCTCJI )l;JIJI BbUIBJICHIIJI pOJIII TCX IIJIII IIHhlX CTpyKTyp

HhlX 0JICMCHTOB Yl23 B cpopMIIpOBaHIIII CBepxrrpoBO)l;JI~IIX CBOHCTB II 

)l;JIJI yrrry6rreHHoro IICCJIC)l;OBaHIIJI rrpo6rreMbl cocy~eCTBOBaHIIJI CBepx

rrpoBO)l;HMOCTII II MarHCTIIOMa B 0TIIX coeµ;IIHCHIIJIX. IIHTepeCHOli B 0TOM 

CMhlCJie CIICTCMOn: JIBJI.HCTC.H YBa2(Cu1-x·Fexh06+y, ;a;orrycKaIO~a.H Ba

pIIaD;IIIO KOHD;CHTpan;IIII )KCJieoa II co;a;ep,KaHII.H KIICrropo;a;a B nmpoKIIX 

rrpe;a;errax II y;a;o6Ha.H µ;ITH IIOY'ICHII.H c IIOMO~bIO HCHTpoHorpa<pIIII II MCC

c6ayapoBCKOR crreKTpocKOIIIIII. 

Ha OCHOBC peoyrrbTaTOB, orry6JIIIKOBaHHbIX K HaCTOJI~eMy BpCMCHII 

B 60JiblIIOM 'IIICJIC pa6oT, y)Ke MO)KHO µ;aTb ;a;ocTaTO'IHO orrpe;a;erreHHhle 

OTBCTbI Ha MHOrIIe BOIIpOChl O CTPYKTYPHOli II MarHHTHOli opraHIIOaD;IIII 

Yl23-Cu/Fe II cpaBHIITb rroBeµ;eHIIe aTorr CIICTCMbI c µ;aHHhlMII no oaMe

~eHIIIO Meµ;n Ha ;a;pyrIIe 3d-MeTaJIJibI. Oco61:,1n: IIHTepec rrpeµ;cTaBJIJieT 

cpaBHCHIIe Yl23-Cu/Fe c cncTeMorr, B KOTopon: Meµ;1:, 'IaCTII'IHO oaMe

~eHa Ha K06aJibT, Hecy~IIH1 KaK II )KCJICOO, 6oJiblIIOli MarHIITHblli MO

MCHT. B n;erroM 0TH µ;Be CIICTCMbl rrpo.HBJI.HIOT KaK o6~IIe, TaK II IIH

;a;1rnn;a;yaJibHhle 'IepTbI. HarrpHMep, y)Ke rrpII KOHD;CHTpan;IIII Fe HJIII Co 

OKOJIO 2-3% rrponcxoµ;IIT cpaOOBblli rrepexo;a; IIO opTopoM6II'ICCKOli B TC

TparoHaJibHYIO cpaoy, Tor;a;a KaK, HarrpIIMep, coeµ;nHeHIIe Yl23-Cu/Ni 

OCTaCTC.H poM6II'ICCKIIM rrpII JII06bIX ;a;ocTII)KIIMhlX KOHD;CHTpan;II.HX Ni, a 

cIIcTeMa Yl23-Cu/Zn coxpaH.HeT poM6H'!ecKyro CTPYKTYPY ;a;o x=0.1. B 
TO )KC BpeMH, Co oaMe~aeT Meµ;1:, TOJibKO B rroOIID;IIJIX Cul (n;erro'IKII -

Cu-0, la -yorr1:,1) BrrrroTb ;a;o x=0.20/1/, Tor;a;a KaK ,Kerreoo B Yl23 Beµ;eT 

ce6.H cy~ecTBeHHO IIHa'Ie - rrpIIcyTcTBIIe Fe B rroOHD;HHX Cu2 (rrrrocKOCTII · 

- Cu02, 2q - yorrhl) o6Hapy,KIIBaeTc.H y)Ke rrpn x=0.0512/, a aKTIIBHoe 

oaMe~eHIIC Meµ;II B 0TIIX IIOOIID;IIJIX Ha'IIIHaCTC.H rrpn x=0.08-0. 10/3
,
4/. 

Ilo UMCIO~IIMC.H, XOT.H II O'ICHb HCIIOJIHhlM, µ;aHHbIM, cy~eCTBCHHO 

paorrII'IHbI II MarHIITHhle CBOHCTBa aTIIX cIIcTeM. B Yl23-Cu/Co rrpII He

KOTop1:,1x ycJIOBII.HX ( corrraCHo/5
/' x=0.07, y=0.4-0.8) cy~eCTBYIOT µ;Ba 



' 
q,anoBbIX ITepexop;a B aHTII<peppoMarHIITHoe cocTOJIHIIe: AFl, CBJI□aH-

HbIH c YITOpJI)J;O"'IeHIIeM MOMeHTOB TOJibKO B 2q ITOl31ID;IIJIX ( Ha HeHTpOHO

rpaMMaX BOIJHIIKaIOT p;II<ppaKD;lIOHHbie ITlIKll TIIITa (1/2,1/2,J), rp;e 1 - n;e

rroe ), II AF2, Korp;a MarHIITHbIH ITopHp;oK ITOJIBJIJieTcJI B o6eIIx la II 2q ITO

□IID;IIJIX (BolJHIIKaIOT ITIIKII c ITorryn;errbIM 1). Bi61 p;rrH 27% Co Ha6rrrop;arrcJI 

TOJibKO op;IIH q,a□oBbIH ITepexop; B cocTOJIHIIe AF2. Op;HaKo B pa60Te/1/ 

)J;JIJI o6pann;a C 6JIII3KlIM cop;ep)KaHIIeM K06aJibTa lI KlICJiopop;a 6bIJill □a

perIIcTpllpOBaHbI HeHTpOHHbie p;II<ppaKD;lIOHHbie ITlIKll KaK C ITorryn;eJibIM, 

TaK II n;eJibIM IIHp;eKCOM J. CBep;eHIIJI o MarHIITHoii: q,a□ oBoii: p;IIarpaMMe 

Y123 c )KerrenoM TaK)Ke BeCbMa q,parMeHTapHbI. Mecc6ayapoBCKIIe IIC

crrep;oBaHIIJI ITOKa□bIBaIOT/7-10/, "'ITO ITPll MaJibIX KOHn;eHTpan;IIJIX )KeJie□a 
(x::;0.10) B HaCbI~eHHbIX KlICJiopop;OM o6pa□n;ax MarHIITHbie MOMeHTbl 

aTOMOB )KeJie□a ITpll HIIIJKIIX TeMITepaTypax Haxop;JITCJI B COCTOJIHllll CITII

HOBoro CTeKJia, KOTOpoe cocy~eCTByeT co CBepxITpOBO)J;IIMOCTbIO. KaK 

aJibTepHaTIIBa CITIIHOBOMY CTeKJIY B pa6oTe/ll/ Ha OCHOBe Mecc6ayapo

BCK1IX p;aHHbIX ITpep;JIO)KeHO KBammp;HOMepHoe YITOpHp;O"'IeHIIe MarHIIT

HbIX MOMeHTOB IIOHOB Fe B y□rrax Cul Bp;orrb HaITpaBJieHIIH [110]. He

p;aBHO ITOJIBlIBIIIIIeCJI p;aHHbie ITO MarroyrJIOBOMy/12/ II KBa□IIyITpyroMy/13/ 
pacceJIHIIIO Heii:TpOHOB ITO)J;TBepp;IIJIII HaJIII'IIIe YITOpHp;O"'IeHJrn TIIITa CITII

HOBoro cTeKrra. IloITbITKII naperIIcTpIIpoBaTb p;arrbHIIH MarHIITHbIH ITo

pHp;oK c ITOMO~bIO p;II<ppaKn;IIII Heii:TpoHoB/12,14/ B o6pann;ax Y123-Cu/Fe 

c 6oJibllIIIM cop;ep)KaHIIeM KIICJIOpop;a He p;arrII pe□yJibTaTa BITJIOTb p;o 

x=0.17. 

B HallIIIX ITpep;bip;y~IIX pa60Taxl15,l6/ 6bIJIII IToJiy"'IeHbI Heii:TpOHHbie 

p;u<ppaKD;IIOHHbie p;aHHbie ITO aToMHoii: cTpyKType cIIcTeMbI Y123-Cu/Fe 

B llIIIpOKOM p;IIaITa□oHe KOHD;eHTpan;IIii: )KeJie□a II pa□JIH"'IHOM cop;ep)KaHHll 

KlICJiopop;a. Bl16f o6pa~aJIOCb BHIIMaHIIe Ha ITOJIBJieHIIe B HeIITpOHOrpaM

Max ITPII x2::0.20 p;OITOJIHIITeJibHbIX )J;II<ppa~n;IIOHHbIX ITIIKOB, "<JaCTb KO

TOpbIX IIMeJia MarHIITHOe ITpOIICXO)Kp;eHIIe. B "<JaCTHOCTII, ITPII 6oJibllIOH 

KOHD;eHTpan;IIII )KeJie□a II ITOHII)KeHHOM cop;ep)KaHIIll KlICJiopop;a 6bIJIII na

perIICTpIIpOBaHbI p;II<ppaKD;IIOHHbie ITIIKII c IIHp;eKCaMII (1/2,1/2,1) II (1/2, 

1/2,3/2), CBIIp;eTeJibCTBYIO~IIe O p;aJibHeM MarHIITHOM ITOpHp;Ke )J;JIJI aTO

MOB, paCITOJIO)KeHHbIX KaK B ITJIOCKOCTJIX, TaK II B n;eITO"'IKax. IlpIIHap;Jie)K

HOCTb BCex <ITIIX ITIIKOB K Y123 IIJIII K ITpIIMeCHblM <pal3aM ocTaBaJiaCb ITOp; 

BOITpOCOM. B HaCTOJI~ee BpeMJI yp;arrocb ycTaHOBlITb, "'ITff HeKOTOpbie 

p;oIToJIHIITeJibHbie ITIIKII ITPIIHap;rre)KaT <pane YBaCuFe05, :KOTOPM JIB

m1eTcJI aHTII<peppoMarHIITHoii: ITPII KOMHaTHOH TeMITepaType (TN=460 
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K)f17 /, 11, COOTBeTCTBeHHO, KoppeKTHM IIHTepITpeTan;1rn p;aHHbIX ITpII 

x2::0.20 Tpe6yeT y"'IeTa aToii: q,a□bI. B HacToJI~eii: pa6oTe naHoBo ITpoa

HaJIII□IIpoBaHhI HallIII cTpyKTYPHbie p;aHHble no cIIcTeMe Y123-Cu/Fe II 

ITpIIBep;eHbI HOBbie Heii:TpOHorpaq>II"<JeCKIIe pe□yJibTaTbI ITO MarHIITHOMY 

YITOpHp;O"'IeHIIIO B <!TOM coep;JIHeHIIII. ITpII 60JibllIOH KOHn;eHTpan;IIII )Ke

rre□a. Ilp1rnep;eHbI TaK)Ke HOBbie Mecc6ayapOBCKHe p;aHHbie, B TOM "'IIICJie 

ITO MarHIITHoii: q,anoBoii: p;IIarpaMMe Y123-Cu/Fe, a TaK)Ke o6o6~eHbI 

ITpe)KHIIe pe□yJibTaTbI, "<JaCTII'IHO orry6JIIIKOBaHHbie paHee B/S,lO,IS/. Ba
rree ITOJIHO Mecc6ayapoBCKHe p;aHHbie ITO MarHIITHOMY YITOpH)J;O"<JeHIIIO )Ke

rrena B o6pa□n;ax c p;eqmn;IITOM KIIcrropop;a ITpIIBep;eHbI B/I9,2o/. 

2. 8KCIIEPMMEHT 

Heii:TpOHorpaq>II"'IeCKIIe 3KCITepIIMeHTbl 6bIJilI BbIITOJIHeHbI Ha p;II<ppaK

TOMeTpe ITO BpeMeHII ITporreTa ,I(H-2119/ Ha peaKTope MBP-2 B JIH<l> 

OM5Ill. ,I(II<ppaKn;HoHHbie cITeKTpbI II□MepHmicb ITaparrrreJibHo Ha yrrrax 

pacceJIHlIJI 150°, 90° II 30°, "'ITO IT03BOJIJIJIO OXBaTIITb lIHTepBaJI cl OT 1 

p;o 20 A. 06pa□n;hl 6bmII ITpIIroToBneHbI ITO cTaHp;apTHoii: KepaMII"<JecKoii: 

TexHonorIIII/161. ,I(nH aHaJIII□a HCITOJiblJOBanacb cepII.n YBa2(Cu1-xFexh· 

0 6+y c x=O, 0.05, 0.10, 0.15, 0.20, 0.23 II 0.27. B IIcxop;HbIX o6pa□n;ax 

cop;ep)KaHHe Kncnopop;a 6bIJio 6oJibUIIIM (y~l ). ,II;rr.n yBeJIII"'IeHIIJI Heii:

TpOHHoro KOHTpacTa II ITOBbillleHIIJI TO"'IHOCTII Mecc6ayapoBCKHX 3KCITe

pIIMeHTOB )KeJielJO BO BCex o6pann;ax 6bIJIO o6ora~eHO IIIJOTOIIOM 57Fe, 

a IIMeHHO IICITOJiblJOBaJiaCb C~WCb IIIJOTOIIOB )KeJiena B COCTaBe: 56Fe 

2.87%, 57Fe - 95. 70%, 58Fe - 1.43%. Cpep;HJIJI p;nIIHa KorepeHTHoro pac

ce.nH~JI HeHTpOHOB p;rrH 0Toro cocTaBa H□OTOIIOB - bcoh =0.270· 10-12cM, 

13aMeTHO OTJIII"<JaeTCJI OT p;nIIHbl pacceJIHHJI Mep;II (bcu=0;772-10-12cM). 

8To IT03BOJIIIJIO cy~eCTBeHHO YJIY"'IllllITb TO"'IHOCTb OITpep;erreHIIJI <paKTO

poB naIToJIHeHIIJI rronnn;IIii: la II 2q )KeJie□oM. ,I(nq,paKn;IIoHHbie II□MepeHIIJI 

ITPII pa13HbIX TeMITepaTypax 6bIJilI ITpOBep;eHbl Ha OTp;eJibHbIX o6pann;ax 

aToii: cep~II, a TaK)Ke Ha o6pann;ax c x=0.30 II 0.33, cop;ep)Ka~IIX ecTe

CTBeHHYIO CMeCb II30TOIIOB )KeJie□a. 

IlaparrJieJibHO c Heii:TpOHorpa<pll"<JeCKlIMII nccrrep;oBaHIIJIMlI o6pa13D;bl 

CIICTeMbI YBa2(Cu1_x57Fexh06+v B p;IIaITanoHe TeMITepaTyp 4.6::;T::;500 

K nny"'IaJIIICb MeTop;oM Mecc6ayapoBCKOH cITeKTpocKornrn. CITeKTpbI OT 

Hp;ep 57Fe CHlIMaJIIICb B reoMeTpIIII rrporrycKaHI-rn ,-KBaHTOB -qepen IICCJie

p;yeMbIH o6panen;. llcTO"'IHIIK 1 -KBaHTOB 57 Co( Cr) Haxop;IIJICJI rrpII KOM-
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Ta6nm:.{a 1. IIapaMeTpbI 011eMeHTapHorr JI'IeHKII II KpIITWieCKaJI TeMrre

paTypa /I,JIJI cepIIII 06pa3:qoB YBa2(Cu1_x57Fex)3 06+y, y,:;;;:1 

X a(b), A c, A T,K 

0.00 3.819 (3.891) 11.674 91 

0.05 3.864 11.682 69 

0.10 3.867 11.675 43 

0.15 3.872 11.616 9 

0.20 3.874 11.637 

0.23 3.872 11.646 

0.27 3.873 11.640 

HaTHOH TeMrrepaType. ,I(JHI HlI::JKoTeMrrepaTypHhIX H::JMepeHHH ncrroJih-
u u 

30BaJIC.H rrpOTO'IHhIH reJIHeBbIH KplIOCTaT, )];JI.H BhICOKOTeMrrepaTypHbIX -

crreri;ImJihHa.H 6e::JBaKyyMHa.H rre'Ih. 

06pami;hl KOHTpOJIHpOI~aJIHCh Ha op;HOq>a::JHOCTh c IIOMOrn;hIO peHTre

HOq>a::JoBoro aHaJIH::Ja, Ha 0JieMeHTHhIH COCTaB Ha 0JieKTpOHH0-30Hp;OBOM 

crreKTpoMeTpe COMEBAX. lfoMep.Hrroch TaK)Ke aneKTpocorrpoTHBJieHne 

o6pa::JIJ;OB 'IeTbipeX::JOH)J;OBhIM (pe3lICTlIBHhIM) n 6ecKOHTaKTHhlM (nH

p;yKTlIBHhIM) MeTop;aMlI B p;narra::JOHe 4.2:::;T:::;300 K. ,I(JI.H qacTH'IHOro 

yp;aJieHlI.H KlICJiopop;a (p;o y,:;;::0.5) lICXOp;Hbie o6pa3IJ;hl rrop;BepraJIHCh OT

:)lmry B TOKe qncToro He rrpn T=650 °C. Cop;ep)KaHne xncnopop;a B 06-

pa::Jri;ax orrpep;eJI.HJIOCh TepMorpaBHMeTpH'IeCKlI lI MeTO)J;OM lIO)J;OMeTplIH, 

a TaK)Ke B xop;e o6pa60TKlI HeHTpOHHhlX p;nqipaKIJ;lIOHHhIX crreKTpOB. Bee 

Tpn MeTop;a p;aJIH xoporno cornacyrorn;nec.H pe::JyJihTaThI. ,I(n.H ncxop;HhlX 

o6pa::JIJ;OB rrapaMeTphI aneMeHTapHoir .H'Ieirxn (peHTreHoBcxne p;aHHhre) 

n xpnTH'IecKa.H TeMrrepaTypa cBepxrrpoBop;.Hrn;ero rrepexop;a p;aHhI B Ta-

6nnri:e 1. 

3. PE3YJihTAThl ,Il;li<l>PAKIJ;liOHHhIX 8KCIIEP11-
MEHTOB 

3.1. CTpyKTypa II pacnpeµ;eJieHHe :>KeJieoa no noonu;H.HM 

CTpyKTYPHhie rrapaMeTphI YBa2(Cu1-x 57Fexh06+y yTo'IH.HJilICh rro 

MeTop;y PnTBeJihp;a H::J HenTpoHorpaMM, H::JMepeHHhlX c MaKCIIMaJihHhIM 
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p;n.H ;a;nqipaKToMeTpa ,I(H-2 pa::JperneHneM (~d/d,:;;;: 0.01) rrpn 20=150°. 

06pa6oTKa crreKTpoB Benach B HHTepBaJie 1.3:::;d:::;4.0 A, cop;ep)Karn;eM 

OKOJIO 40 ;a;nqipaKIJ;lIOHHhIX IIlIKOB TeTparoHaJihHOH q>a::JhI P4/mmm. 8Ta 

q>a::Ja ycTaHOBJieHa p;rr.H BCeX o6pa3IJ;OB, KpOMe HCXOp;Horo (x=O, y,:;;::0.9). 

IlpuMep o6pa6oTKH o;n;Horo H::J crreKTpoB rrp1rnep;eH Ha pnc.l. 

57 0 YBa2Cu2.1 Fea.3 1.1 

1.b 2.0 0 3.0 4.0 
d, A 

PIIc.l. HerrTpOHOI'paMMa OlI,HOI'O II(J o6pa3:qOB ¥123-Cu/Fe, II(J

MepeHHaJI rrpII KOMHaTHOH TeMrrepaType Ha /I.IIcf>paKToMeTpe ,[{H-2 

rrpII 20=150° B 1I,IIarratJ0He 1.1:::;d:::;4.0 A. IIoKatJaHhl 0KcrrepIIMeH

Ta1IbHhle TO'IKII, pacc<rIITaHHhlH rro MeTO/I.Y PIITBeJib/I,a rrpocf>IIJib II . 

patJHOCTHaJI KpIIBaJI 

PaHee 6hlJIO IIOKa::JaHo, 'ITO rrpu ::JaMern;eHHlI Me;n;n Ha )KeJie::Jo/3
/ lIJilI 

K06aJibT/l/ TeIIJIOBbie q>aKTOphI aTOMOB o~eHb crra6o ::JaBIIC.HT OT KOHIJ;eH

TpaIJ;IIlI rrpuMecn, rro0T0My MhI 6paJIH IIX H::J rrperi;II::JHOHHOH HeirTpOHHOH 

pa60Th1/2/ II q>lIKCIIpOBaJIH. Ha q>aKTOphI ::JacerreHHOCTII n rro::JHIJ;HH la n 

2q aToMaMH Mep;II II )KeJie3a HaKrrap;bIBaJilICh CB.H::JH: 

n(Cul) + 2n(Cu2) = 3(1 - x), n(Fel) + 2n(Fe2) = 3x, (1) 

xpoMe Toro,rrpep;rrorrararroch, 'ITO z(Cu2)=z(Fe2). YTO'IHeHHhie xoop

p;IIHaThI aTOMOB, q>aKTOpbI ::JacerreHHOCTH p;JI.H )KeJie::Ja II BeJIH'IlIHhI y p;rr.H 

Bcex o6pa3IJ;OB rrpnBep;eHhI B Ta6nnri:e 2 ( o6orarn;eHHhie Kncnopop;oM 06-

pa::JIJ;hl) n Ta6JIIIIJ;e 3 (rrocne oTrOHKH xucnopo;n;a). Ilpn x~0.20 Y'IHThIBa

JIOCh HaJIII'IIIe B o6pa::JIJ;ax IIOMIIMO ocHOBHOH Y123 ern;e p;Byx rrpuMeCHhIX 

q>a::J BaFe03 II YBaCuFe0 5 . 06'heMHa.H p;oJI.H Ka)Kp;oii II::J 0THX p;Byx rro

cTopoHHHX q>a::J B o6pam.i;ax He rrpeBhIIIIaJia 5%. KaK MO)KHO BIIp;eTb Im 
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Ta6mr~a 2. CTpyKTypHbie napaMeTpbI lFIJI HCXOJ:{HOH ceprrrr o6pan~oB. 

ATOM 01 HaxOl{HTCH B ClIOJIX c Ba, 02 - B ClIOJIX c Cu2, n - paKTop 

nano1IHeHHJI noorr~rrir Cul HlIH Cu2 aToMaMrr )Ke1Iena. CTaHl{apTHbie oT

KlIOHeHHJI COCTaBlIJIIOT: 0.001 - l{lIJI KOOpl{HHaT, 0.02 - l{lIJI Y, 0.015-0.025 

- l{lIJI n(Fel) H n(Fe2) 

X z(Ba) z(Cu2) z(Ol) z(02) y n(Fel) n(Fe2) 

0.00 0.1840 0.3560 0.1601 0.3790 0.95 0 0 
0.05 0.1870 0.3577 0.1575 0.3795 1.01 0.15 0.00 
0.10 0.1869 0.3581 0.1581 0.3800 1.09 0.26 0.02 

0.15 0.1845 0.3582 0.1594 0.3796 1.18 0.34 0.06 
0.20 0.1861 0.3576 0.1575 0.3797 1.26 0.44 0.08 

0.23 0.1863 0.3579 0.1572 0.3801 1.21 0.46 0.12 
0.27 0.1867 0.3567 0.1577 0.3797 1.23 0.50 0.15 

Ta6mni; 2 II 3, Koopp;IIHaThl aTOMOB O'IeHh Marro II3MeH.lIIOTC.lI C poCTOM x, 
ocTaBaJICh rrpII y~l TIIIIII'IHhlMII ;a;rr.H poM6II'!eCKQII <pa3hI 'IIICToro Y123, 
HeCMOTp.H Ha TeTparoHarrhHYIO CIIMMeTpIIro cTpyKTYPhI, a rrpII y:S0.5 -
TIIIIII'IHhlMII p;rr.H o6e;a;HeHHhIX KIICrropo;a;oM o6pami;oB Y123 (pIIc.2). 

Ha pIIc.3. IIOKa3aHhI naBIICIIMOCTII <paKTOpOB narrorrHeHII.lI 2Kerre30M 
la II 2q II03IIIJ;IIll B 3aBIICIIMOCTII OT ero KOHIJ;eHTpaIJ;IIII, rrorry'IeHHhie 
B penyrrhTaTe rrpo<pIIrrhHOI'O aHarrIIna Heii:TpoHorpaMM o6pa3IJ;OB C y~l. 
Ilo HallIIIM ;a;aHHhIM,BIIlIOTh ;a;o x~0.10 co;a;ep2KaHIIe 2Kerrena B II03IIIJ;IIII 2q 
Marro OTrrII'IaeTC.lI OT Hyrr.H, C y'IeTOM 0KCIIepIIMeHTaJihHOll OIIIII6KII Bep
XH.lI.lI rpaHIIIJ;a cocTaBrr.HeT n(Fe2)=0.03. IlpII x~0.10 nHa'!eHIIe n(Fe2) 
yBerrII'IIIBaeTC.lI rrpIIMepHo rrIIHei'rno c KOHIJ;eHTpaIJ;neii: x. Ha pIIcyHKe 3 
rrpIIBep;eHhl TaK2Ke rrIITepaTypHhie ;a;aHHhie, KOTOphie, KaK BII)l;HO, Herrrroxo 
COOTBeTCTBYIOT ;a;pyr ;a;pyry II HallIIIM peoynhTaTaM. lfo COBOKYIIHOCTII 
BCex ;a;aHHhIX M02KHO 3aKrrIO'IIITh, 'ITO IIOHhl Fe 3aHIIMaIOT,rrraBHhIM 06-
pa80M1Y3rrhI Cul, Ho, B oTrrII'IIIe oT Co, rrpII yBerrII'IeHIIII KOHIJ;eHTpa
IJ;IIII MoryT -qacTII'IHO naHIIMaTh II ynrrhI Cu2. KoHKpeTHoe pacrrpe;a;e
rreHIIe :lKerrena ITO II03IIIl;II.lIM ,rro-BII;IJ;IIMOMY, B KaKOll-TO CTerreHII 3aBIICIIT 
OT oco6eHHOCTeii: rrpIIrOTOBrreHII.lI o6pa3IJ;OB (.HBHhie yKa3aHII.lI Ha 0TO 
rrorry'!eHhI B pa60Te/24f), HO B IJ;erroM II3 pIIc.3 crre;a;yeT, 'ITO co;a;ep2KaHIIe 
Fe B ynrrax Cu2 BrrrroTh ;a;o x=0.20 He rrpeBhIIllaeT n(Fe2)=0.08. 

0TroHKa KIIcrropo;a;a II3 o6pami;oB He rrpIIBerra K rrepepacrrpe;a;erreHIIIO 
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~ 

}. 

Ta61111~a 3. CTpyKTYPHhle napaMeTpbI rrcc1Iel{OBaHHbIX o6pan~oB noc1Ie 

gaCTil"'IHOII OTI'OHKlI KJIC1IOpOJ:{a. 06ooHa"'IeHIIJI,KaK B Ta6m1~e 2 

X z(Ba) z(Cu2) z(Ol) z(02) y n(Fel) n(Fe2) 
0.00 0.1952 0.3598 0.1540 0.3804 0.28 0 0 
0.05 0.1930 0.3626 0.1531 0.3802 0.40 0.16 -0.01 
0.10 0.1950 0.3619 0.1521 0.3807 0.26 0.31 -0.01 
0.15 0.1945 0.3631 0.1527 0.3820 0.54 0.35 0.05 
0.20 0.1920 0.3638 0.1521 0.3822 0.44 0.41 0.10 
0.23 0.1914 0.3635 0.1525 0.3830 0.48 0.46 0.12 
0.27 0.1925 0.3608 0.1526 o.~835 0.64 0.57 0.12 

0.165 , 
z(01) 

y=1 
D 

D 

0.155 l 
A 

0 

y=0.5 
j 

0.145 

0.370 
z(Cu2) PHc.2. 3aBHCJIMOCTb OTHOCII-

y=0.5 TeJibHbIX Z-KOOpl{HHaT aTOMOB 
0 0 0 Ba, Cu2 rr 01 B ¥123-Cu/Fe 

0.360 }-

0 e 
0 OT KOH~eHTp~HH Fe B 06-

D D 

IIoKanaHhl t D pao~e. 0KCnepH-

y=1 MCHTaJibHbie 3Ha'Ie.HlIJI l{llJI 

0.350 HaCbILqeHHbIX (y~l) 11 o6e-

0.200 ~ z(Ba) 
l{HCHHbIX (y~0.5) KIICJIOpOJ:{OM 

I o6pao~oB 
0 0 y=0.5 

0 ~ 0 
0.190 i 

D D - D 
y=1 

0.180 l,,,,,,,,, 1,,,,,,,,, 1,,,,,, 
0.0 0.1 0.2 0.3 

X 
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:lKeJiemi MC:lK;tJ;Y Il0:3IU1lI.HMlI. ,I(rr.H KOHIJ;CHTpaIJ;lilI x=Q.12 0TO IlO;tJ;TBep:iKp;a

eTC.H lI penyrrbTaTaMlI pa60Tbrl21 /, rp;e p;rr.H <paKTopoB n(Fel) lI n(Fe2) 

B o6panu;ax,HaCbI~eHHbIX KlICJiopop;oM,lI rrocrre ero OTrOHKlI norry'IeHbI 

COBnap;aIO~lIC nHa'IeHlI.H. 

11:0.5 
:s: 
:i: 
~0.4 
I:: 
0 
[a•0.3 
C') 

g.0.2 
E-i 
ill 

/ 

jg" X 
!), / 

/ 

-0- -

¢,,fr n(Fe1) 
/ 

-'I 

n(Fe2) 
...[] 

~ 0.1 

/ 

/0 ◊ 
/ + / ..,.0--

0. 0 ij!' / + ◊ ~ - I!!! - - ..£]...-

0 o• I I@ ffi1I -m- J) • I I I I I I I I I I I I I I 

0.1 0.2 0.3 
X 

Pnc.3. <PaxTop:bI narronHeHIDI rronn:qrrrr Cul H Cu2 B ¥123-Cu/Fe 

aTOMaMH )KCJiena B [JaBHCHMOCTH OT HX KOHI:{CHTpa:qHH B HaC:bI

ll{CHH:bIX KHCJIOpO~OM o6pan:qax. IIoKa[JaH:bI HamH (o, □) H JIHTe
paTypH:bIC ~aHH:bie: ( + y21, ( ◊ )14/, (J?;,Jf 12/, ('If. Jf 14/, ("fl. y14/, ( t::,_ y22/, 

(x)f231. Bee <jJaxTop:bI narronHeHHJI rro□HI:{HH Cu2 H~YT HH)Ke, 'ICM 

~JIJI Cul. ,[(aHH&e H□/4/ rroKanaHhl ~JIJI nccne~oBaHHoro B 0Torr pa-

6oTe o6pa□:qa N4 

3.2. ,Il;onOJIHHTeJibHhie µ;11<JlpaKIJ;HOHHble IlHKH H HX oaBHCH

MOCTb OT TeMnepaTyphI 

BonHlIKaIO~lie B HeiiTpOHorpaMMax nplI x2::0.20 ;tJ;OIIOJIHlITCJibHble 

p;lI<ppaKIJ;lIOHHbIC IllIKlI MO:lKHO pan6lITb Ha TplI rpynnbl B naBlIClIMOCTlI 

OT cop;ep:iKaHlI.H KlICJiopop;a: qacTb IllIKOB cy~eCTByeT TOJibKO B lICXO

;tJ;HbIX o6panu;ax C 6oJibllllIM cop;ep:iKaHlICM KlICJiopo;o;a, qacTb BOnHlIKaeT 

nplI ero OTrOHKe, lIHTeHClIBHOCTb HeKOTOpbIX ;tJ;OilOJIHlITeJibHbIX IllIKOB 

npaKTlI'IeCKlI He naBlIClIT OT BCJilI'IlIHbI y. PeHTreHOBCKlili <panOBblli 

aHaJilin He BbI.HBlIJI ;tJ;OCTOBepHoro nplICYTCTBlI.H HlI op;Horo lin BOnMO:lK

HbIX :iKerrenocop;ep:iKa~lIX coep;IIHCHliii, KpoMe BaFe03; yKanaHlI.H 6bIJilI 

8 

!, 

H 

~, 
i 
l 

TOJibKO Ha Ba2Fe60n lI 5Ba0-7Fe20 3, op;HaKo o6panoBaHlie 0TIIX <pan 

KpaiiHe MaJIOBepO.HTHO no ycJIOBlI.HM ClIHTena. 

5 

2.5 4.5 

x=0.27, y=1.2 

1 

3 2 

x=0.15, y=1.2 
2 

d o 6.5 
,A 

8.5 

Pnc.4. ,[(n<jJpax:qHOHH:bie crreKTp:bI B o6nacTH 6onbmHx dhkl OT Ha

C:bIIL{eHH:bIX KHcnopo~oM o6pa□:qoB ¥123-Cu/Fe rrpH ~Byx □Ha'IeHHJIX 

KOH:qeHTpa:qHH )Kene□a: x=0.15 H x=0.27. IIpH x=0.27 B Heii:TpoHo

rpaMMe BOtJHHKaIOT ~OlIOJIHHTCJibH:bie lIHKH. ~H<jJpaMH o6o□Ha'ICH:bI: 2 

H 5 - ITHKH OT <jJa□:bI ¥123, (002) c d=5.84 AH (100)/(003) c d=3.88 A; 

1 H 3 - lIHKH OT <jJa□:bI YBaCuFeO5 , (001) c d=7.67 AH (1/2,1/2,1/2) 

c d=5.18 A; 4 - lIHK OT <jJa□:bI BaFeO3 , (100) c d=4.10 A 

PaHee y:iKe 6bmo linBecTHo, 'ITO nplI CIIHTene ClICTCMbI Y123-Cu/Fe 

nplI 60JibllIOli KOHI1eHTpau;lilI :iKerrena BOnHlIKaIOT IlOCTOpOHHlie <panbl. 

HanplIMep, -~/14/ npu x=0.33 Ha6rrrop;arrocb nHa'IlITeJibHoe KOJIII'IeCTBO 

BaFe03, <pana YBaCuFe05 BOnHlIKaeT nplI naMe~eHIIlI Mep;1I Ha :iKerreno 

KaK B Y123, TaK lI B Y2BaCu0,251 . Coep;IIHCHlie BaFe03 (np.rp. Pm3m, 

a=4.08 A) linBeCTHO KaK "1Ip;earrbHbrii" Ky6lI'IeCKlIR nepoBCKIIT, nplI'leM 

:lKerreno B HeM Haxop;lITC.H B COCTO.HHlilI Fe4+. B HallllIX ;tJ;lI<ppaKIJ;IIOHHbIX 

cneKTpax HalI6orree naMeTHbIMlI IllIKaMlI 0TOli <pa3bl 6bIJilI dhk1=4.10, 

2.36 II 2.05 A (yTo'lHeHHoe nHa'IeHlie napaMeTpa pe11IeTKlI a=4.104 A). 
CTpyKTypa <panbr YBaCuFe05 (rrp.rp. P4mm, a=3.87 A, c=7.67 A) 
nplIBep;eHa B/17/, 0Ha noxo:iKa Ha cTpyKTYPY Y123 c BbIHYTbIMlI u;e
no'lKaMlI Cu-0. IlapaMeTpbI a arreMeHTapHbIX .H'leeK 0TlIX <pan npaKTlI

qecKII paBHbI, Torp;a KaK c~3a p;rr.H Y123 lI c~2a p;rr.H YBaCuFe05. <Pana 

YBaCuFe05 aHTlI<peppoMarHlITHa np1I KOMHaTHoii TeMnepaType II p;aeT 
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HeCK0JihK0 xopowo Ha6moµ;aeMbIX Ha HallilIX HeHTpoHorpaMMax Sip;ep

HhIX lI MarHlITHhIX m1KoB, HarrplIMep (001) c d=7.67 A, (1/2,1/2,1/2) c 

d=5.18 A lI µ;p. Bo3HlIKHOBeHlie µ;orroJIHlITeJihHhIX µ;mppaKI.J;lIOHHhIX rrrr

K0B rrprr TI0BhillieHlIII K0HI.J;eHTpaI.J;lIII )KeJie3a M0)KH0 BIIp;eTh Ha pIIc.4. 

OTrOHKa KlICJiopoµ;a II3 o6pa3I.J;OB JIIIllih He3Ha'":IUTeJihH0 lI3MeHlIJia 

IIHTeHCIIBH0CTII µ;mppaKI.J;lIOHHhIX IIlIK0B OCHOBHOH Y123-cpa3hI, Torµ;a 

KaK µ;onoJIHIITeJihHhie TIIIKII lI3MeHlIJIIICh BeCbMa 3aMeTH0. HeKOTOphie 

II3 HlIX IIC'":Ie3JIII, µ;pyrlie yBeJilI'":IIIJilI lIHTeHCIIBH0CTh, Kp0Me Toro, II0SI

BlIJilICh H0Bhie TIIIKII (plic.5). ,l];JISI TO'":IHOH IIp;eHTmfmKaI.J;lIII MarHIITHhIX 

TIIIK0B 6bIJilI npoBep;eHhI II3MepeHIISI B p;Hana3oHe OT 8 µ;o 680 K. B o6-

pa3I.J;ax, HaChIII.~eHHhIX KUCJiopop;oM, II3MeHeHlISI Ha6moµ;aJIIICh T0JihK0 p;lISI 

pecprreKcoB, nplIHap;rre)Karn;ux cpa3e YBaCuFeO5 - yBerru'":IeHIIe lI Hachrrn;e

HIIe IIHTeHCIIBHOCTeii: npu 0XJia)Kp;eHIIII II yMeHhllieHIIe IIX µ;o HYJISI rrpu 

HarpeBe µ;o T~450 K. IlplI oxJia)Kp;eHuu o6pa3I.J;OB µ;o 10 K, rroMIIM0 3a

MeTHoro yBeJIII'":IeHIISI IIHTeHcIIBH0CTlI IIIIK0B c d=5.18, 3.74 lI 4.49 A, 
B03HIIKarr HOBhIH µ;ucppaKI.J;IIOHHhIH nuK c d=4. 73 A (pnc.6). 

2.8 

~ 
0 
0 
Ill : 
~ 
Cl) 
f< 

~ 

3.3 

0 

x=0.23, y=0.5 

3.8 4,13 
d, A 

4.8 5.3 

100 200 300 400 
TeimepaTypa (H) 

PIIc.5. ,I!11cppaK~IIOHHble cneKTpbI OT 

¥123-Cu/Fe c x=O.23 ,qo II noc11e 0T

roHKII KIIc11opo,qa. IIpu y~O.5 BO3H1I

KJIII ,qonOJIHIITeJibHble I1IIK11, CB.HtJaH

Hble C aHTIIcpeppoMaI'HIITHbIM yno

p.H,qo-creHIIeM B ¥123-Cu/Fe. ~II

cppaMII o6orma-creHhl: 1 - I111K OT cpa3bl 

YBaCuFeO5 , 2 II 3 - ITIIKII OT cpa□bl 

¥123 

Puc.6. 3anucuMoCTh OT TeM

nepaTyphl IIHTeHCIIBHOCTII He

KOTOpbIX MaI'HIITHbIX ,qn:cppaK

~II0HHbIX n11KoB ¥123-Cu/Fe c 

x=O.3. II11K c d=5.18 A npIIHa

,q11eE11T cpa□e YBaCuFeO5, nIIK c 

d=4.49 A - ¥123, lllIK c d=4. 73 

A ocTaJIC.H He11,qeHTIIqJII~IIpoBaH-

5Cio HbIM 
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4. MCCJIE.D:OBAHMJI C IlOMOm:bIO MECCBAYBPOB

CKOM CilEKTPOCKOilMM 

4.1. CTpyKTYPHhie nonuu;uu _aTOMOB Fe 

Mecc6ay3poBcKlie crreKTpbI Sip;ep 57Fe o'":IeHb '":IYBCTBIITeJibHhI K ycrro

BirnM CIIHTe3a o6pa3I.J;OB II pe3K0 MeHSIIOTCSI C lI3MeHeHlieM K0HI.J;eHTpa

I.J;HII )KeJie3a II KIICJiopoµ;a. KoMIIbIOTepHaSI o6pa60TKa crreKTp0B II03Bo~ 

rrSieT Bhip;errlITh B HIIX TPII 0CH0BHhIX KBap;pyrroJibHhIX µ;y6rreTa Dl, D2 

lI D3 (pnc. 7), pa3JIII'":IaIOrn;nxcSI BeJIII'":IIrnoii: KBap;pyrrorrbHoro pacrn;errrre

HIISI QS ( ~2.0, ~ 1.0, ~0.6 MM/ C COOTBeTCTBeHHO) II lI30MepHoro XII

MH'":IecKoro cµ;m1ra IS ( +0.01, -0.02, +0.3 MM/c 0THocuTeJibH0 a-Fe npII 

300 K). Ilpu HII3KIIX K0HI.J;eHTpaI.J;IISIX )KeJie3a B Hachrrn;eHHhIX KIIcrropo

µ;oM o6pa3I.J;ax TI0SIBJISICTCSI '":IeTBepTaSI K0MTI0HeHTa D4 C napaMeTpaMII 

QS~l.5 MM/c II IS~-0.2 MM/c . 

Ka)Kp;aSI Im K0MII0HCHT rrpHHap;Jie)KIIT aT0MaM )KeJie3a, pacnoJI0)KeH

HbIM B la lI 2q no3III.J;IISIX cpa3bI Yl23. Ila lI3MeHeHIIIO IIHTeHCHBH0CTII 

3TIIX K0MTI0HeHT rrpII BapIIaI.J;IISIX K0HI.J;eHTpaI.J;IIII )KeJie3a lI KIICJIOpoµ;a 

MO)KHO cyp;IITb 0 CTerreHII □aII0JIHeHIISI aToMaMII Fe pa3lIII'":IHbIX CTpyK

TYPHbIX rro::JIII.J;IIH. Ha pIIc. 7 rroKa::JaHbI crreKTpbI o6pa3I.J;a c x=0.05 c 

pa3HhIM coµ;ep)KaHlieM KIICJiopoµ;a, µ;eM0HCTplipyIOrn;IIe II3MeHeHlie IIH

TeHCHBH0CTII µ;y6rreToB D2, D3 II D4 npII yµ;arreHIIII KIIcrropo;a;a. 

CneI.J;IIaJibHhie IIccrreµ;oBaHlISI Ha o6pa3I.J;ax c pa3JIII'":IHhIM coµ;ep)Ka

HIIeM KIIcrropoµ;a/
26

/ no□B0JIIIJIII ycTaHoBIITh, '"ITO K0MrroHeHThI Dl, D2 II 

D4 rrpIIHap;rre)KaT aT0MaM )KeJie::Ja, pacrroJio)KeHHhIM B y::Jrrax Cul II IIMe

IOII.J;lIM pa3JIII'"IHYIO Kucrropop;HyIO Koopµ;IIHaI.J;IIIO k. Ilpu aT0M µ;y6rreT 

Dl OTHOCIITCSI K Koopp;lIHaI.J;HII rrrrocKoro KBap;paTa (c k=4), a ;a;y6rreT 

D2 - K IISITIIKpaTHoii: Koopp;lIHaI.J;nn KBap;paTHoii: nIIpaMnp;hI (k=5). AHa

JIII3 □Ha'":Iemiii: napaMeTpoB IS ( a TaK)KC BeJIII'":IIIH MarHIITHhIX rrorreii: Ha 

Sip;pax 
57

Fe B o6rraCTII TeMrrepaTyp MarHIITHoro yrropSip;O'":IeHIISI) yKa3bI

BaeT, '"ITO 3JieKTp0HHbIC C0CT0SIHIISI lI0H0B )KeJie3a B 3TIIX CTPYKTYPHhIX 

rro::JIII.J;IISIX OTJilI'":IHhI OT BbicmmcmrnoBbIX Fe3+ (S=5/2). HaII6orree Bepo-
.J 

SITHhI cocToSIHIISI Fc
3
+ c HII3KIIM (S=l/2) IIJIII rrpoMe)KyT0'":IHhIM (S=3/2) 

CIIIIHOM, a TaK)Ke Fe
4
+-COCTOSIHIISI. KoMIIOHeHTa D4, II0-BII)];IIM0My, IIpII

Hap;Jie)KIIT BbIC0K0BaJieHTHbIM II0HaM Fe4+, Haxop;SIII.J;IIMCSI B HH3K0CIIIIH0-

BOM p;liaMarHIITH0M cocT0SIHIIH (S=0). ,II;y6rreT D3 no 3Ha'!CHIIIO rrapa-
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MeTpOB QS II IS 6orree Bcero COOTBeTCTByeT BhICOKOCIUIHOBOMY COCTO.Il

HIIIO IIOHOB Fe3+ B Koop;a;1rnau;m1 rrorrHoro OKTaaµ;pa (k=6) a y::max Cul. 

Oµ;HaKo no xapaKTepy ero rroaeµ;eHII.Il c oTrOHKoii Kncrropoµ;a u B o6rra

CTll MarHllTHOro yrrop.aµ;o'IeHII.Il aTOMOB Fe 0TY KOMIIOHCHTY MO)KHO OT0-

2Kµ;ecTBIITh TaK2Ke c aToMaMII 2Kerre:Ja B y:Jrrax Cu2. IIccrreµ;oaaHII.Il µ;u

HaMIIKII II:JMeHeHn.a IIHTeHCIIBHOCTII pa:JJIH'IHhIX KOMIIOHeHT Mecc6ayapo

BCKHX crreKTpOB rrpu II:JMeHeHHII Kncrropoµ;Hoii CTexHOMeTpnu/26/ IIOKa

:Jarrn, 'ITO rrpn MaJihIX KOHIJ;eHTpau;u.ax 2Kerre:Ja ( x::;0.1) He MeHee 90% 

aTOMOB Fe ( cyMMa rrrror.1~a;a;eii KOMrroHeHT D1, D2 n D4) pacrrorrararoTc.a 

B y:Jrrax ·cul. OcTaall.lrurc.a '!aCTh:(KoMrroHeHTa D3), rro-auµ;nMoMy, nµ;eT 

B Cu2-y:JrrhI. TaKIIM o6pa:JoM, Mecc6ayapoacKHe Hccrreµ;oaaHH.Il rroµ;Taep-

2Kµ;a10T H Ka'IeCTBCHHO H KOJIH'IeCTBeHHO HeHTpOHorpaqm'IeCKIIe µ;aHHhie 

0 rrpeµ;rro'ITHTeJihHOM :JaIIOJIHeHHH aTOMaMII )KeJie:Ja y:JJIOB Cul. 

-3 

T =295 K ,-------i D1 

D2~ D3 

I 
I 
I 
I 
I 
I 

I I I 
\III,,.,.-

y=Q.48 \ ~ ! : : : : . . . . . . . 
V V 

-2 -1 0 1 2 
CKOpOCTI,, MM/C 

3 

PJic. 7. Mecc6ay0poncKIIe crreK

Tphl HaCbILqeHHOI'O (y=l.O1) JI 

o6el{HeHHOI'O (y=O.48) KHCJIOpo

l{OM o6pam{oB ¥123-Cu/Fe l{JIJI 

x=O.O5 rrpJI KOMHaTHOH TeM

rrepaType. IIoKa□aHo pamrmKe

HJie 0KCIIepJIMeHTaJibHOI'O CIIeK

Tpa Ha 'ieTbipe KBal{pyIIOJibHbIX 

l{y6neTa Dl, D2, D3 JI D4. Xo

pomo BJI!{HO JIC'ie::JHOBeHJie l{y-

6JieTOB D2, D3 JI D4 rrocJie oT

roHKJI KJIC1IOpOl{a 

4.2. MarHHTOe ynop.H;D;O'<IeHHe aToMoB Fe B ooJiacTH HHOKHX 

TeMrrepaTyp 

Ilpu rroHn2KeHIIII TeMrrepaTyphI ;a;o rerrHeaoii B Mecc6ayapoacKIIX crreK

Tpax Bcex nccrreµ;oBaHHhIX o6pa:JIJ;OB (0.01::;x::;0.3) IIO.IlBJI.IleTC.Il MarHHT-
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Hoe CBepXTOHKOe pacrqerrrreHHe JIHHIIii, yKa:JhIBaIO~ee Ha MarHHTHOe yrro

p.aµ;O'ICHHe aToMOB Fe BO Bcex CTPYKTYPHhIX rro:JHIJ;H.IlX (pHc.8). IlpH 

aToM xapaKTep MarHHTHoro yrrop.aµ;o'IeHirn H ero TeMrrepaTypHrur oa

BIICHMOCTh CIIJihHO oaBHC.IlT OT COCTO.IlHII.Il o6paou;a, B '!aCTHOCTII, OT 

KOHIJ;eHTpau;IIH )KCJieoa ll KIIcrropo;a;a. 

}[_ 270 K 

113 

51.7 J --, ,----• r. • 26.5 ---~f--·w 20.2 
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PHc.8. Mecc6ay0poBcKJie crreK

TpbI JI!{ep 57Fe HaCbILqeHHoro KJI

c1Iopol{OM o6pam~a ¥123-Cu/Fe c 

x=O.1O, y=l.O7 rrpH pa□JIJI'IHbIX 

TeMrrepaTypax 

B HaChILqeHHhIX KIIcrropoµ;oM O 6paou;ax C y 2'.: 1 MarHHTHOC yrrop.aµ;o

'!eHHC cy~eCTByeT KaK B CBepxrrpOBO;D;Jlll~eM (rrpu x::;0.17), TaK II B He

CBepxrrpoBoµ;.arqeM COCTO.IlHH.IlX, HO paopyll.laeTC.Il rrpII ;D;OBOJibHO HIIOKOH 

TeMrrepaType B TO'!Ke Tm1 (pHc.9,10). 3Ha'!eHIIe Tm1 B o6rracTH KOHIJ;CH

Tpau;Hii x, r;a;e cyrqecTByeT CBepxrrpoBO;D;HMOCTb, oaBHCHT OT KOHIJ;eHTpa

IJ;HII 2Kerreoa H pacTeT OT O µ;o ~30 K rrpH uoMeHeHHH x OTO µ;o 0.15. C 

µ;arrbHCHllIHM pocToM x rrpII rrepexoµ;e o6paou;a HO cBepxrrpoBoµ;.arqero B 

rrorryrrpOBO;D;HIIKOBOC COCTO.IlHHC OHa'!eHHe Tm1 MeH.IlCTC.Il HCOHa'IHTCllbHO 

H B IIHTCpBarre 0:15::;x::;0.30 COXpaH.IlCTC.Il Ha ypoBHC 30-35 K. 
Mecc6ayapoBCKHH crreKTp rrpH T.:STm1 cocTOHT HO HCCKOJibKIIX ('Ie

Tbipex II 6orree) MarHIITHhIX KOMIIOHeHT Ml, M2, M3 II M4, M5 (pIIc.11), 

rrpHHaµ;rre2Karqnx aTOMaM 2Kerreoa B paorrH'IHhIX CTPYKTypHhIX IIOOIIIJ;ll.IlX 

H OTJIH'IaIOrqHXC.Il rrpe2Kµ;e Bcero OHa'!eHIIeM CBCpXTOHKoro MarHIITHOro 

rrorr.a Hhf Ha .a;a;pax 57Fe. K co2KarreHHIO, IIO-oa crro2KHOCTH crreKTpoB µ;o-
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• 
BOJihHO Tpyp;Ho npoBeCTII norrHyro cTpyKTypHyro IIp;eHTIIq>IIKaD;IIIO Bcex 

MarHIITHbIX KOMnoHeHT II nocTaBIITb IIM B COOTBeTCTBIIe napaMarHIIT

Hhle KOMnoHeHThI Dl, D2, D3 II D4. TeM He MeHee no xapaKTepy ne

pexop;a B TO"'!Ke Tm1 Ha 06pa0u;ax c x~O.l II y:2::1 c 6oJihlllOH cTeneHhIO 

)J;OCTOBepHOCTII MO:lKHO 3aKJII0"9:IITh, "'ITO HaII6orree IIHTeHCIIBHbie KOMno

HeHThI Ml II M2 c norreM H~1 ~210 K8 II H~2 ~265 K8 TpaHcq>opMIIpy

IOTCJI COOTBeTCTBeHHO B KOMnoHeHTbI Dl II D2. 8To roBOpIIT O TOM, "'ITO 

Ha6rrrop;aeMoe npII T~T ml MarHIITHoe ynopJI)J;O"'IeHIIe OTHOCIITCJI npe:iKp;e 

Bcero K aToMaM Fe B ymrnx Cul. 

500 

a,400 

~ 
_300 
l: 

:r: 200 

100 J 
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T,K 

PHc.9. TeMrrepaTypHaJI oaBH

CHMOCTI:. CBepXTOHKHX MaI'HHT

HbIX rroJieH Ha .HApax 57 Fe AJI.H 

KOMIIOHeHT M2 rr M5 Mec

c6ayGpoBcKoro crreKTpa c pao

HblMH TeMrrepaTypaMrr MaI'HHT

HOI'O yrrop.HAO'IeHH.H B o6pam~ax 

¥123-Cu/Fe c x=O.O5, y=O.48 
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Prrc.1O. To )Ke, 'ITO Ha prrc.9, 

AJI.H KOMIIoHeHTbl M2 B o 6-
pao~ax c x=O.O5, HacblI.qeH

HbIX (y=l.O1) rr o6eAHeHHblX 

(y=O.48) KHCJIOpOAOM 

4.3. MarHHTHoyrrop.Hl];O'IeHHbie cocrrO.HHH.H IIpH y~0.5 

IlpII OTrOHKe KIICrropop;a II3 o6pa3D;OB II noTepe CBepxnpOBO)];IIMO

CTII IIX MarHIITHOe COCTOJIHIIe pe3KO MeHJieTCJI. 3Ha"9:eHIIe HII3KOTeMne

paTypHOH TO"'IKII T ml' B KOTopoiI npOIICXO)];IIT MarHIITHOe ynopJI)];O'IeHIIe 

aToMoB Fe B y0rrax Cul, yBerrII"<IIIBaeTcJI. HanpIIMep, p;rrJI KOHD;eHTpau;IIII 

x=0.05 3Ha"<IeHIIe Tm1 B03pacTaeT c ~10 K go ~20 K npII II3MeHeHIIII y 

OT 1.01 p;o 0.48 (pIIc.10). KpoMe Toro, B Mecc6ayapoBCKIIX cneKTpax no

JIBrrJieTcJI HOBaJI MarHIITHaJI KOMnoHeHTa M5, npIIHap;rre:iKa~air, no BceiI 
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BCpO.!ITHOCTH, aTOMaM Fe B y0rrax Cu2, MarHHTHOe ynop.H)J;O"'ICHHe B KO

Topoii coxpaHJICTC.!I p;o BhICOKOH TeMnepaTyphI T m2 • ,I(rrJI 06pa0u;oB c 

KOHD;CHTpau;:i1eii :iKerrma 0.05-0.30 3Ha'IeHIIe Tm2 rre:iKIIT B npep;errax OT 

405 K p;o 460 K u oKa3hIBaeTcJI 6rru0KIIM K BerrII'IHHe TO'IKII HeerrJI p;mi: 

TeTparoHarrhHOH q>a3hI YBa2Cu306•. 

-12 

M5 

M2 I I I I 

rT77 11,U 

M4 

Prrc.11. 9KcrreprrMeHTaJII:.HblH 

Mecc6ayGpoBcKIIH crreKTp 06-
pao~a ¥123-Cu/Fe c x=O.23 

. rr y=l.21 rrprr T=15.3 K 
-'= ' ►.:a:~ ( TO'IKH ). IIoKaoaHo paoJio)Ke

bl ,,.A._ JI A A.. ,.I\ .1. A, I\,, Ac,. .. 0 ..., - • -7Jv .. ~v,P"vy .. 7J• 

-8 -4 0 4 
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HI-Ie CIIeKTpa Ha 'IeTI:.Ipe KOM

IIOHeHTbl Ml, M2, M4 rr M5 1r 

cyMMapHaJI KpHBaJI ( CIIJIOlllHI:.Ie 

JII-IHrrrr). BHrr0y rroKaoaHa pao

HOCTHaJI_ KpHBaJI, BBepxy rrprr

BeAeHa lllTpHX

AHarpaMMa, yKaOblBaIOI.qaJI IIO

JIO)KeHrre peooHaHCHbIX JIHHHH 

12 B Ka)KAOH KOMIIOHeHTe 

lIHTepecHoiI oco6eHHOCThIO MarHIITHoro cocTOJIHIIJI o6ep;HeHHOH KII

crropop;oM cIIcTeMhI Y123-Cu/Fe JIBIT.HeTcJI "MarHIITHaJI He3aBIICIIMOCTh" 

·; Cul II Cu2 nop;pellleTOK npII MaITbIX KOHD;eHTpaD;IIJIX :iKerre0a. I-I0 Mecc6a

yapoBCKIIX CIICKTpOB MbI o6Hapy:iKIIITII, 'ITO rrpII x~0.10 aTOMhI :iKerre0a 

B y0rrax Cul II Cu2 IIMCIOT pa0Hble TO'IKII MarHIITHoro yrropJip;o"<IeHIIJI, 

COOTBeTCTBeHHO HII3KOTeMrrepaTypHyro Tm1 II BhICOKOTeMrrepaTypHyro 

Tm2 • Op;HaKo c pocToM KOHD;eHTpau;m1 :iKerre0a He3aBIICIIMOCTh Cul II 

Cu2 nop;pellleToK HapylllaeTc.H. Mecc6ayapoBcKI-Ie cneKTphI q>IIKc1-1pyroT 

TOITbKO op;Hy BbICOKOTeMrrepaTypHyIO TO'IKY MarHIITHOro ynopH)];O'IeHI-IJI 

Tm2 ~460 K. 8To yKa3bIBaeT Ha B03HI-IKHOBeHI-Ie CI-IJihHoro o6MeHHoro 

B3aIIMop;eucTBirn Me:iKp;y Cul II Cu2 rro;a;pe1I1eTKaM1-1, npI-IBO)J;JI~ero K no

.HBITCHI-IIO p;arrbHero aHTI-Iq>eppoMarHI-ITHOro yrropJI;IJ;O"'ICHIIJI BO BCCH Ma

TpIIu;e. 
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5. OBCY)K.IJ:EHME PE3YJihTATOB 

5.1. CTpyKTYPHhie µ;aHHhie 

Ilop;bITO)KIIM ocHOBHbie cTpyKTYPHbie penyrrbTaTbI µ;m1 Y123-Cu/Fe, 

ITpeµ;BapIITeJibHO ccpopMyirnpoBaHHble B/161, ITPOBO}J;H ITaparrrreJib C CIICTe

MOli Y123-Cu/Co, }J;JIH KOTopoii TaK)Ke IIMeIOTC.H IToµ;po6Hbie p;aHHb1el1/. 

IloBep;eHIIe ITpIIMeCHOro aTOMa B 0TIIX p;Byx CIICTeMax OKa□bIBaeTCH 

cyll(eCTBeHHO pa□JIII'1HbIM. EcrrII µ;rrH Co ITpeµ;err □aMell(eHIIH Mep;II B 2q 

·no□IIIJ;IIHX COCTaBJI.lieT,ITO on;eHKe·Ha OCHOBe CTaTIICTII'1eCKIIX OlIIII6oK,He 

6orree 3% OT ero coµ;ep)KaHII.lI B o6pann;e, TO p;rr.lI Fe aTa BeJIII'1IIHa µ;o

CTIIraeT ITO Kpaii:Heli Mepe 15%. <PaKTOp □aITOJIHeHII.lI )KeJie□oM 2q ITO□II

IJ;IIli □aBIICIIT, Op;HaKO,OT KOHIJ;eHTpan;IIII II TOJibKO ITPII x2:0.08 Ha'1IIHaeT 

trnMeTHo pacTII. 0THOCIITeJibHbie Koopp;IIHaTbI aToMoB B Y123-Cu/Fe 

0'1eHb crra6o . naBIIC.lIT OT KOHIJ;eHTpan;IIII )KeJiena KaK B HaCbIII(eHHbIX, 

TaK II o6ep;HeHHbIX KlICJiopop;oM o6pann;ax. I-fo-na cpaBHIITeJibHO HeBbICO

KOli panpernaIOII(eli CITOC06HOCTII )];II<ppaKTOMeTpa ,Il;H-2 Z-Koopp;IIHaTbl 

aTOMOB OITpeµ;erreHbI c ITorpernHOCTbIO OKOJIO ± 0.005, 'ITO ITpIIMepHO 

B 5 pan xy)Ke, '1eM Ha p;IIcppaKTOMeTpe D2B, Ha KOTopoM BbIIIOJIHeHo 

IIccrrep;oBaHIIe/1/ cIIcTeMbI Y123-Cu/Co. Mo)KHo, op;HaKo, BITOJIHe yBe~ 

peHHO YTBep)Kp;aTb, 'ITO KoppeJI.lIIJ;II.lI Me)Kµ;y KOHIJ;eHTpan;IIeii ITpIIMeCHblX 

aTOMOB II )];JIIIHOli CB.lI□II Cu2-01, na<pIIKCIIpOBaHHaH B/l/ )J;JI.lI ;IICTeMbI C 

Co, B HarneM crry'1ae OTCYTCTByeT (pIIc.12). cho B Ka:KOH-TO CTeITeHII 

CTaBIIT noµ; COMHeHIIe cµ;erraHHble B/l/ BbIBO)J;bl 06 YHIIBepcaJibHOCTII Me

xaHII□Ma ITOTepII cBepxITpOBO)J;IIMOCTII B Y123 II□-na yBeJIII'1eHII.lI paCCTO

.lIHII.lI Cu2-01 II CB.lI□aHHoro C 0TIIM ITepeHoca OTpIIn;aTeJibHOro nap.lip;a 

II□ n;eIT0'1eK B ITJIOCKOCTII. Bo□MO)KHO, 'ITO 0TOT MexaHII□M pa6oTaeT B 

TaKoM "'1IICTOM" crry'1ae, KaK Y123-Cu/Co, xorµ;a p;oITOJIHIITeJibHbili ITO

JIO)KIITeJibHbili nap.Hp; ITO.lIBJI.lieTC.lI TOJibKO B n;eIT0'1Kax. 

~~~--------------~ 
...... o.::s, 
... 
9~35 
~ □ tJ 

□ 
~30 1,,,, ...... ,,,, .... ., .............................. ,, .... ,,,1 

0.0 0.1 0.2 0.3 
X 
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P:uc.12. 3aBIICHMOCTb Me)I(a

TOMHoro paccTOHHH.lI Cu2-01 B 

¥123 OT KOH~eHTpar{HH rrprrMe

CHbIX aTOMOB JKeJie□a rr Ko6aJibTa 

(~aHHbie/1! ). PanMep TO'IeK oTpa

JKaeT rrx OI1JH6KH 

B Y123-Cu/Fe ITPII x2:0.08 ITO.lIBJieHIIe □Ha'1IITeJibHoro KOJIII'1eCTBa )Ke

rrena B ITJIOCKOCT.lIX Cu02 KOMITeHcIIpyeT yBeJIII'1eHIIe ITPIIT.lI)KeHII.lI MO

CTIIKOBoro KIICJiopoµ;a K n;eIT0'1KaM. 0 6orree CJIO)KHOM MeXaHII□Me ITOp;a

BJieHII.lI CBepxITpoBop;IIMOCTII B Y123-Cu/Fe CBIIp;eTeJibCTByeT II pa□JIII
'1IIe B □aBIICIIMOCT.lIX Tc 0TIIX CIICTeM OT x: OHII ITpaKTII'1eCKII COBITap;aIOT 

ITPII x~0.1, HO ITPII 6oJibIIIIIX x B cIIcTeMe c Co Tc yMeHbrnaeTC.H naMeTHO 

6orree KpyTo, '1eM B CIICTeMe c Fe. 

Coµ;ep)KaHIIe KIIcrropoµ;a B n;eIT0'1Kax Cu(Fe )-0 pacTeT ITPII yBeJIII'1e

mrn KoHn;eHTpan;IIII )Kerrena JIIIHen:Ho µ;o x~0.15. KoacpcpIIn;IIeHT yBeJIII

'1eHII.lI cocTaBJI.lieT 0.52± 0.01 aToMa KIIcrropoµ;a Ha op;nH p;oITOJIHIITeJib

Hbili aToM )KeJiena. Ilpep;ITorrarM, 'ITO BarreHTHOCTII Y, Ba II O paBHbl 

cooTBeTCTBeHHO +3, +2 II -2, MO)KHO ITOJIY'1IITh p;rr.lI cpopMaJibHbIX Ba

rreHTHOCTen: Mep;II B ITO□IIIl;II.lIX la II 2q □Ha'1eHII.lI l/1 =1.96 II l/2 =2.45. 

AHarrorII'1Hbie paccy)Kp;eHII.lI p;rr.lI Y123-Cu/Co ITpIIBerrII/27/ K v1_ =1.98 II 

l/2 =2.44, 'ITO B ITpeµ;errax OIIIII60K COBITap;aeT C HaIIIIIMII p;aHHblMII. 

TT u u 5.2. ,u,aJibHHH MarHHTHblH nop.H)J;OK 

0 µ;arrbHeM MarHIITHOM ITOp.lip;Ke B cTpyKType Y123-Cu/Fe MO)KHO 

ITpe)Kµ;e BCero cyp;IITb ITO penyJibTaTaM HeHTpOHHbIX p;IIcppaKIJ;IIOHHbIX 

0KCITepIIMeHTOB. TaK )Ke, KaK cTpyKTypHbie penyrrbTaTbI, IIX IIHTepecHo 

coITocTaBIITb c p;aHHbIMII no Y123 II Y123-Cu/Co. 

<l>parMeHTbI MarmrTHOli cpanoBoii p;IIarpaMMbI p;rr.lI Y123-Cu/Co - na

BIICIIMOCTh TeMITepaTyphl HeeJI.lI OT KOHIJ;eHTpan;IIII K06aJibTa II coµ;ep)Ka

HII.lI KIICJiopoµ;a B n;erro'1Kax - ITOCTpoeHhl B pa60Taxl5
,
6/. 0Ka□aJIOCh, 'ITO 

IIpII cpaBHIITeJihHO MaJiblX KOHIJ;eHTpan;IIi.rx Co, x~0.07, II ITpoMe)KyT0'1-

HOM coµ;ep)KaHirn KIIcrropoµ;a, y~0.8, BO□HIIKaeT aHTII<peppoMarHIITHall 

cTpyxTypa c TN=415 Kc yITop.lip;o'1eHIIeM MarHIITHblX MOMeHTOB IIOHOB 

Cu2+ B rro□IIIJ;II.lIX 2q 6en yp;BoeHII.lI rrepIIop;a arreMeHTapHoii .lI'1eliKII Bp;orrh 

oc;II c. 8Ta cTpyxTypa ITOJIHOCThIO aHarrorII'1Ha xopoIIIo II□BeCTHoii: AF 

cTpyxType "'1IICToro" Y123, BO□HIIKaIOII(eii: rrpII y~0.5. IlpIIcyTcTBIIe 

Co JIIIIIIh cp;BIIraeT rpaHIIU:Y ITO.lIBJieHII.lI yITop.lip;o'1eHII.lI B cTopoHy 6orrh

IIIIIX y II ITOBblIIIaeT TeMITepaTypy Heerr.lI. Tax )Ke, xax B Y123, aTa AFl . 

CTPYKTypa ITPII ITOHII)KeHIIII TeMITepaTypbI IIJIII rrpII yMeHhllleHIIII y rre

pexop;IIT B AF2 cTpyxTypy, c yITop.lI)];0'1eHIIeM MoMeHTOB aToMoB, Haxo

)J;.lIII(IIXC.lI B rro□IIIJ;II.lIX Cul. B Heii:TpoHorpaMMaX 0TOT rrepexoµ; perII-
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CTpIIpyeTC.H no B03fIIIKHOBeHIIIO peqmeKCOB C norryu;eJibIMII IIHp;eKCaMII 1, 
T.e. no yp;BoeHIIIO nepIIop;a MarHIITHOH perneTKII Bp;OJih OCII C. 

BonMO)KHhI HecKOJihKO BapIIaHTOB AF2 CTPYKTYPhI, panm1'!a10rn;uxc.H 

BeJIII'IIIHOH II B3aIIMH0{1 opIIeHTau;IIeu MoMeHTOB B ynrrax Cul II Cu2 

(pIIc.13). Ilpep;norrara.H HaJIII'IIIe B o6rn;eM crry'Iae rnecTII aHTmpeppo11,rn

rHIITHO ynop.Hp;o•1eHHhIX MOMeHTOB (µ;Ba B Cul II '!eTbipe B Cu2 ynrrax) 

Ha yp;BoeHHYIO 0rreMeHTapHy10 .H'IeIIKY, p;rr.H Koopp;IIHaTHou '!acn1 Ma

rHIITHoro CTpyKTypHoro <paKTopa MO)KHO norry'IIITh 

F~ -2iµ1(l+e21ril)sin(27rlz)- 2µ2(1-e21ril)cos(27rlz) +1.t3(1-e21ril), (2) 

rp;e µ1 - CIIMMeTpII'IHa.H, a µ2 - aHTIICIIMMeTpII'IHa.H OTHOCIITeJibHO Ha

'!aJia Koopp;IIHaT '!aCTh MOMeHTa B ynrrax Cu2, µ3 - MOMeHT B ynrrax Cul, 

z~0.360 - Koopp;IIHaTa ynrra Cu2. JierKo BIIp;eTh, 'ITO F=O, ecrrII 1=0. 

,II:e:uCTBIITeJihHO, nIIKII C 1=0 He Ha6rr10p;aIOTC.H B 0KcnepIIMCHTe. CTpyK

Typa AFl norry'!aeTc.H npII µ 2=µ3=0, T.e. ecrrII npIIcyTcTByeT TOJihim 

CIIMMeTpII'IHa.H 'IaCTh MOMeHTOB. 

AFl AF21 AF22 

Cul 

Cu2 --
Cul 

_.,.._.I 
Cu2 

Cul 

PIIc.13. CxeMbl opIICHTa~IIII MOMCHTOB l{JIJI paDlIII'IHbIX TIIllOB MarHIIT

HOH cTpyKTYPbI Y123. lioKanaHo pacnoJio:>KeHIIe ynJioB Cul II Cu2 n,qoJib 

ocII c B ,qnyx coce,qmrx 01IeMeHTapHhlX H'IeHKax. /{JIH AFl II AF21 cTpyK

TYP ynopH,qo'IeHHbIH MOMeHT B yn1Iax Cul OTCYTCTByeT. TpaHClIH~IIOH

HbIH nepIIo,q T MarHIITHOH CTPYKTYPbI 1{1IH AFl paneH nepno,qy H,qepHoH 

H'IeHKII, 1{1IH AF21 II AF22 - T=2c. /{JIH AFl II AF21 cTpyKTYP non

MO:>KHO llOHBlICHIIe ,qII<ppaK~IIOHHbIX MaI'HIITHhlX llIIKOB TOlibKO C ~CJibIM 

mm TOlibKO noJiy~eliblM IIH!{CKCOM 1 COOTBCTCTBCHHO. /{lIH AF22 CTpyK

TYPbI BOtJMO:>KHO llOHBlICHIIe o60IIX TIIIIOB llIIKOB, HO eCJIII 
0

MOMCHTbI B 

ynJiax Cul II Cu2 61IIIDKII no BelIII'IIIHe, TO CIIJibHbIM 6y,qeT TOJibKo IIIIK 

(1/2,1/2,3/2) 
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B 0TOM crry'Iae F~(l +e2,,.;1)/=0, ecrrII 1-u;erroe. JI106hle p;pyrne cooTHO

IIICHil.H Me)Kp;y µ 2 II µ3 npHBOp;HT K AF2 cTpyKType, npn'IeM nIIKil c 

u;eJibIM 1 6yp;yT OTCYTCTBOBaTh, ecrrn µ1 6JIIl3KO K HYJIIO. llMeHHO TaKa.H 

CHTyau;IIH,nO-Bilp;IIMOMY, Ha6rr10p;arrach B/2s/' rp;e nccrrep;OBaJIC.H o6paneu; 

YBa2 Cu2.rnCo0.s4 01.32 II 6bIJIII o6Hapy)KeHhI MarHHTHhie nIIKil c 1= 1 /2, 

3/2, 5/2 Il T.p;. B pa6oTe/6/ p;JIH cocTaBa YBa2Cu2.2Coo.s06.91, T.e. 6JIII3-

Koro ITO KOHD;CHTpaD;IIII Co, HO C IIOHil)KCHHhlM cop;ep)KaHilCM KIICJIOp~p;a, 

TaK)KC 6bIJIIl o6Hapy)KeHhl IIIIKII TOJihKO c rrorryu;eJibIM 1, HO B OTJIIl'IIle 

OT/2s/ IIHTeHCilBHOCTh IIIlKa C 1=1/2 6bma 6JIH3Ka K HYJIIO. llcxop;.H Il3 (2), 

0TO MO)KHO 06'.b.HCHilTh, rrpep;rrorrara.H, 'ITO µ1 ~0 Il µ2 ~ µ3 . Ilpn MCHb

IIIeH KOHD;CHTpau;HII Co Ha6rr10p;aIOTCH MarHIITHhle nIIKII KaK C D;CJibIMil, 

TaK Il rrorryu;eJiblMII 1, T.e._ B 0TOM crry'!ae µ1 cyrn;eCTBCHHO OTJIII'IHO OT 

HYJIH. B o60IIX CJIY'IMX MarHeTII3M B OCHOBHOM orrpep;eJI.HJIC.H cpep;HIIM 

ynopHp;o•1eHHhIM MOI"1CHTOM IIOHOB Cu2+ B ynrrax Cu2, KOTOpbIH y)Ke npn 

KOMHaTHOH TCMIIepaType COCTaBJIHJI OKOJIO 0.6-0. 7 µB. 

~ 
0 
0 
III : 
~ 
Cl) 

I 

3.5 4.0 

xaa0.20 

4.50 
d, A 

PHc.14. HeifrpoHorpaMMbl Y123-Cu/Fe nprr panJIII'IHhlX KOH~eHTpa

~IIHX )KeJiena OT o6e,qHeHHhlX KI!ClIOpo,qoM o6pan~oB, IIlIJIIOCTpIIpyrorn;rre 

noHBJieHrre MarHIITHbIX IIIIKOB : 1 - IIIIK (1/2,1/2,1/2) c d=5.18 A OT 

panhl YB~CuFe05 , 2 II 3-nIIKJI (1/2,1/2,1) c d=4.97 A II (1/2,1/2,3/2) c 
d=4.49 A OT panbl Y123. 06parn;aeT Ha ce6.H BHJIMaHIIe, 'ITO IIJIK d=4.49 

A no.HBlIHCTCH nprr MeHbIIJIIX, 'IeM IIIIK d=4.97 A,KoH~eHTpa~rrHx :>Ke1Ie:::m 

B cIIcTeMe Yl23-Cu/Fe B o6orarn;eHHbIX KIIcrropop;oM o6panu;ax p;arrb-
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HIIH AF nop.n:µ;oK He yµ;arrocb 06Hapy:lKIITh/I 4
,
16/, HecMoTp.n: Ha TIIJ;aTeJib

Hhre nmICKII. Ilo o:u;eHKaM, cµ;erraHHhIM B/I4
/, II HaIIIIIM µ;aHHhIM, cpeµ;HIIII 

ynop.n:µ;o"'IeHHhIH MOMeHT B y::rnax Cu2 B 0TOM crry-qae no Kpa11He11 Mepe 

Ha nop.n:µ;oK MeHbIIIe, "'!eM B Y123 c Co, BIIJIOTh µ;o MaKCIIMaJibHo µ;ocTII

:lKIIMhIX 3Ha"'!eHIIH KOH:QeHTpa:u;IIII :lKerrena x~0.3. IlpII"'IIIHbI, no KOTOpbIM 

:lKerreno B nHa"'IIITeJibHO MeHbIIIeII cTeneHII, "'!eM Co, cnoco6cTByeT yno

p.n:µ;o"'IeHIIIO MOMeHTOB Meµ;II, noKa OCTaIOTC.H He.HCHbIMII. 

B o6pan:u;ax c µ;eq>II:QIITOM KIICJiopoµ;a Ha6rrroµ;aJIIICb BapIIaHTbI Ma

rHIITHOH CTpyKTYPbI TIIIIa AF2 KaK C µi #0, TaK II C µ1 ~o II µ2 ~ µ3. 
AHaJIII3 HaIIIIIX µ;aHHbIX noKa3bIBaeT, "'ITO Ha"'IIIHaJI C x=0.10 B HeHTpOHO

rpaMMax no.HBJI.HeTC.H TOJibKO O)l;IIH CIIJibHbIH MarHIITHbIH IIIIK (1/2,1/2,3/2), 

CBIIµ;eTeJibCTBYIOIIJ;IIH O HaJIII"'IIIII AF2 CTPYKTYPbI C µ1 ~o II µ2 ~ µ3. 
C pocTOM KOH:QeHTpa:u;IIII :lKerrena B03HHKaeT em;e H IIHK (1/2,1/2,1) 

(pIIc.14), T.e. CIIMMeTpII"'IHaJI -qacTb MarHIITHOro MOMeHTa B ynrrax Cu2 

CTaHOBIITC.H OTJIII"'IHOII OT Hyrr.n:. 

5.3. ,Il;onoJIHHTeJihHhie µ;Hcf>paK:QHOHHhie IlHKH 

KaK OTMe'IaJIOCb BbIIIIe, µ;onoJIHIITeJibHble µ;uq>paK:QIIOHHbie nIIKH, Bp3-

HIIKaIOm;IIe B HeHTpOHOrpaMMaX npu 6oJibIIIHX KOH:QeHTpa:u;II.Hx :lKerrena, 

HMeIOT panHyIO npupoµ;y. BorrbIIIaJI "9:aCTb H3 HIIX npnHaµ;rre:lKHT q>ane 

YBaCuFeOs, CTPYKTYPHO CB.H3aHHOH C Y123 II aHTIIq>eppoMarHIITHOH 

npII KOMHaTHOH TeMnepaType. Oµ;HaKo HeKoTopbre II3 Ha6rrroµ;aeMbIX nII

KOB noKa He HaIIIJIII CBoero oµ;H03Ha'IHOro o6'b.HCHeHII.H. "CJacTb H3 HIIX 

MO:lKHO onIIcaTh7npeµ;norrarasr KrracTepuna:u;IIro aToMOB :lKerrena, Haxoµ;.n:

m;IIxc.n: B nonII:QIIII Cul, II ynop.n:µ;o'IeHIIe KIIcrropoµ;a BOKpyr HIIX c o6pano

BaHIIeM µ;ByMepHoii: peIIIeTKII. Cym;ecTBOBam1e KrracTepIIna:u;IIII aTOMOB 

:lKerrena, TaK Me, KaK II K06aJibTa, B Y123 noµ;TBep:lKµ;aeTC.H µ;aHHbIMII 

MHOrIIX 0KcnepIIMeHTOB. 06 0TOM cmrµ;eTeJibCTByeT, B "9:aCTHOCTII, ne

pexoµ; KpIICTarrrra B TeTparoHaJibHYIO ¢any npII O'IeHb He60JibllIIIX KOH

:u;eHTpa:QII.HX Fe IIJIII Co,Korµ;a Me:lKµ;y oTµ;errhHhIMII aToMaMII em;e HeBon

MO:lKHO B3aIIMoµ;eii:cTBIIe, eCJIII 6hr OHII 6bIJIII paBHOMepHo pacnpeµ;erreHbI 

B o6'beMe. CorrracHo, HanpIIMep, pa60TaM/2,29
/ aTOMhI :lKerrena pacnorra

raroTc.n: B 6a3IICHOH nJIOCKOCTII TaK, 'ITO o6panyroT :u;enO'IKII,BbIT.HHYTbie 

B HanpaBrreHII.HX TIIna [110]. Mo:lKHO npcµ;rrorraraTh, "'ITO cocym;ccTBYIOT 

pa3JIII"'IHbie TIInbI ynop.n:µ;o'IeHII.H KIICJiopoµ;a. ,I(IIq>paK:QIIOHHbie nIIKII, Ha-

6rrroµ;arom;IIec.n: B HaIIIIIX cneKTpax, xopoIIIO onIICbIBaIOTC.H B KBaµ;paTHOH 
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peIIIeTKe a=b=a123.JTI}. CBIIµ;eTeJibCTBOM B norrbny Toro, "'ITO 0TII nIIKII 

µ;eHCTBIITeJibHO CB.H3aHbI C ynop.n:µ;o"'IeHHbIM KIICJIOpoµ;oM, .HBJI.HeTC.H IIX 

IIC"'Ie3HOBeHIIe nocrre ero OTrOHKII. 

5.4. MarHHTHa.H cf>aooea.H µ;HarpaMMa (pHc.15) · 

Ha OCHOBe IIMeIOIIJ;IIXC.H Mecc6ay0pOBCKIIX II HeHTpOHHbIX µ;aHHbIX 

MO:lKHO nonbITaTbC.H nocTpOIITb MarHIITHYIO q>a30BYIO µ;IIarpaMMY µ;rr.n: 

o6oram;eHHhIX H o6eµ;HeHHhrx no KIIcrropoµ;y coeµ;IIHeHIIH Y123-Cu/Fe. C 
nOMOIIJ;bIO 0¢q>eKTa Mecc6ay0pa YCTfilIOBJieHo, "'ITO npII KOH:QeHTpa:u;mI 

Fe B 1-2% MarHIITHble MOMeHTbI aTOMOB :lKerrena, 3aMeCTIIBIIIIIX Mep;b B 

nonII:u;~II Cul, npII HII3KOH TeMnepaType Haxoµ;.n:Tc.n: B cocTO.HHIIII cnII

HOBoro cTeKrra HenaBIICIIMO OT coµ;ep:lKaHII.H KIIcrropoµ;a. B o6pan:u;ax, Ha

ChIIIJ;eHHhIX KIICJIOpoµ;oM, TeMnepaTypa nepexoµ;a B 0TO COCTO.HHIIe yBe

JIII"'IIIBaeTC.H c pocTOM x µ;o Tm1 ~30 K npII x=0.3. MoMeHThI aTOMOB 

Fe, nonaBIIIIIX B ynrrhr Cu2, no Mecc6ay0poBCKIIM µ;aHHhIM cTaHoB.n:Tc.n: 

MarHIITHoynop.n:µ;o"'IeHHbIMII npII KOH:QeHTpa:u;IIII,60JibIIIeii: 15%, npII"'IeM 

TeMnepaTypa ynop.n:µ;o"'IeHII.H BbICOKa: T m2 ~400 K. ,UarrbHIIH MarHIIT

HhI_H nop.n:µ;oK B 0Toii: o6rracTII q>anoBoii: µ;IIarpaMMhI oTcyTCTByeT, no 

Kpaii:Heii: Mepe, npII Bcex TeMnepaTypax BhIIIIe rerrIIeBoii:, "'ITO CBIIp;eTerrb

CTByeT O napaMarHIITHOM COCTO.HHIIII aTOMOB Meµ;II. ThKIIM o6pa30M, 

B o6rraCTH x~0.15 II y~l Ha6rrroµ;aeTC.H ynop.n:µ;o"'IeHIIe TIIna cnIIHOBOro 

CTeKJia MarHIITHbIX MOMeHTOB aTOMOB :lKerrena, Haxoµ;.n:m;IIXC.H B ynrrax 

Cul c Tm1 ~30 K II Haxoµ;.n:m;IIxc.n: B ynrrax Cu2 c Tm2 ~400 K, 6en 

ynop.n:µ;o"'IeHII.H MOMeHTOB Meµ;II. 

_) 0TrOHKa KIIcrropoµ;a B ""'IIICTOM" Y123 npIIBO)l;IIT, KaK II3BeCTHO, K 

B03HIIKHOBeHIIIO AFl cTpyKTYPhI c ynop.n:µ;o"'IeHIIeM MOMeHTOB Cu2+ B 

ynrrax Cu2 npII TeMnepaType HII:lKe TN ~400 K. MoMeHThI aTOMOB B 

ynrrax Cul Haxoµ;.n:Tc.n: B Heynop.n:µ;o"'IeHHOM cocTO.HHIIII BnrroTb µ;o T~15 

K, HH:lKe KOTOpoii: B03HIIKaeT cnHHOBOe CTeKJIO nrrn, npn HeKOTOpbIX 

ycrroBII.n:x, AF2 CTPYKTypa/3o/ (pnc.156). Ilpn KOH:QeHTpa:u;n.n:x :lKerrena, 

6orrhIIIHX 10%, Me:lKµ;y noµ;peIIIeTKaMH Cul n Cu2 B03HIIKaeT cnrrhHoe 06-

MeHHOe B3aHMoµ;eii:cTBHe, np1rnoµ;.n:m;ee K nepexoµ;y Bceii: CilCTeMbI CIIHHOB 

B aHTnq>eppoMariinTHOe cocTo.n:Hne c TN ~400 K ( 460 K npn x=0.23), 

npn"'IeM OTJIIl"'IHaJI OT HYJI.H CilMMeTpll"'IHaJI "9:aCTb CilCTeMbI cnHHOB q>op

MnpyeTC.H TOJibKO npn x~0.20. He.n:CHbIM OCTaeTC.H MarHHTHOe COCTO.H

Hlle B o6rraCTil MaJibIX, x~0.05, KOH:QeHTpa:u;nii: Fe. lfo HaIIIHX HenTpOHO-
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rpaqm-qecKIIX ;a;aHHhIX crre;a;yeT, "ITO ITPII y~0.5 p;arrbHIIH ITop.Hp;OK B Hen 

oTcyTcTByeT, "ITO MO)KHO _IIHTepITpeTIIpoBaTb KaK ITepexo;a; oT AFl K 

AF2 cTpyKType -qepen cocTO.HHIIe cmrnoBoro cTeKrra. Ha TaKyro B03MO)K

HOCTh YKa3bIBaIOT Mecc6ayapoBCKIIe ;a;aHHhle, HO )KeJiaTeJibHa ITpOBepKa 

C ITOMO~bIO KBanIIyITpyroro pacce.HHII.H HeHTpOHOB, TaK, KaK 0TO 6bIJIO 

c;a;erraHO B/12/ ;D;JI.H x=0.06, y2'.l. lfoJIO)KeHHbie coo6pa)KeHII.H ITO B03MO)K

HOH MarHIITHOH cpanoBoH ;a;narpaMMe Yl23-Cu/Fe ;a;rr.H o6rracTeH y2'.l II 

y::;0.5 cxeMaTII"IHO ITpe;a;cTaBrreHbI Ha pnc.15. 

500 
y=0.5 

:i:::400 1 .; I 

~300 
1 Tin 
I .,0 
I p. ... , 

~200 ~, 
~ I 

E-< 100 I SG 
I 

0 
,AF~I _ 

500 ~ y=l 

:i:::400 
.; 
~300 :; 
p. 

i200 

E-< 100 
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I 
I 
I 
I 
I 
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I 
I 
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TNZ 6 

AF2 
(Cu1+Cu2} 

I 
I 

JJ,1=0 I JJ,1'/0 

I 
I 
I 
I 
I 
I 
I 
I 
I 

(a) 

Tm(Fe2) 

SG(Fe2) 

PHc.15. MarHHTHI:.Ie paooBI:.Ie 

AHarpaMMbI AJIJI HacI:.Ill.{eHHOH 

(y~l) H o6eAHeHHOH (y~0.5) 

cHcTeMI:.I ¥123-Cu/Fe. IIpH 

y~l JIHHHH Tc - TeMrrepaTypa 

rrepeJWAa B cBepxrrpoBOAJII.L{ee 

COCTOJIHHe, Tm(Fel), Tm(Fe2) 

- TeMrrepaTypI:.I rrepexoAa Ma

I'HHTHI:.IX MOMeHTOB )lWJieoa B 

COCTOJIHHe CIIHHOBOI'O CTeKJia 

B ymmx Cul H Cu2 cooT

BeTCTBeHHo. IIpH y~0.5 JIH

HHH TN1 H TN2 - TeMrrepa

TYPbI HeeJIH aHTHcj,eppoMa

rHHTHoro yrropJIAO''IeHHJI MO

MeHTOB aToMoB B yoJiax Cu2 

H, AOIIOJIHHTeJibHo, Cul. B 
o6JiaCTH AFl rrepHOA MarHHT

u.J HOH CTpyKTYPbI BAOJib OCH C 

COBIIaAaeT C JIAepHbIM, B 06-

a~~~, ,%, :S, , , , , ,sy(,F1'1,l, , , , I 
a.a 0.1 0.2 • 

Tm(Fel) 

KoHI1eHTp~H zeneaa 

JiaCTJIX AF2 oH YABaHBaeTcJI. 
B o6JiaCTH c µ 1 =0 (µ 1 - CHMMeTpH''IHa.H "IaCTb cpeAHero yrropJIAO"IeHHoro 

MaI'HHTHOI'O MOMeHTa B yoJiax Cu2) Ha6JIIOAaIOTCJI MarHHTHbie IIHKH c 

IIOJiyIJ,eJibIM 1, B o6JiaCTH C µ1 =l=O IIOJIBJIJIIOTCJI IIHKH C IJ,eJibIM 1 
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6. 3AKJnoqEHHE 

IlpoBe;a;emie HenTpoHorpaq>Il'IecKIIX Hccrre;a;oBaHIIH Ha HnoToITII"IecKII 

KOHTpaCTI!pOBaHHbIX o6pami;ax IT03BOJIIIJIO BHeCTII .HCHOCTb B BOITpoc 0 

pacITpe;a;erremrn IIOHOB Fe ITO Cul n. Cu2 ynrraM. ,I(ocToBepHo ycTaHo

BJieHo, "ITO ITpep;ITO"ITIITeJibHblM MeCTOM 3aMe~eHII.H Mep;II Ha_ )KeJieno 

.HBJI.HIOTC.H ri;eITO"IKII Cu-0, HO B OTJIII'IIIe OT cIIcTeMhl c Co, naMeTHaJI 

'!aCTh Fe MO)KeT IToITacTb II B ynrrhr Cu2. 

MexaHII3M ITo;a;a:srremrn cBepxITpoBop;IIMOCTII B Yl23 ITPII naMe~eHIIII 

Mep;II Ha ;a;pyrne KaTIIOHbI ITOKa OCTaeTC.H He.HCHbIM. B pa60Te/1/ ITpoBe

;a;eHa aHarrorII.H Me)K;a;y aqiq>eKTaMII, ITpO.HBJI.HIO~IIMIIC.H ITpII OTrOHKe KII

crropo;a;a II npII naMe~eHIIII Cu Ha Co B 0TOM coep;IIHCHIIII. B o6oIIx 

crry"IaJIX xapaKTepHbIM o6pa80M yBeJIII'IIIBaeTc.H ;a;rrIIHa CB.H3II Cu2-01, 

'ITO ITpliIBO;D;IIT K ITepeHOCY ;a;o6aBO"IHOro OTpnri;aTeJibHOro nap.H;a;a B ITJIO

CKOCTH II panpymeHIIIO CBepxITpOBOp;IIMOCTII. CorrraCHO HallJIIM ;a;aHHbIM 

B cIIcTeMe Yl23-Cu/Fe HeT .HBHOH KoppeJI.HIJ;IIII Me)K;a;y ;a;rrIIHOH CB.H3II 

Cu2-0l II 3Ha"IemreM Tc. 

Op;HIIM II3 OCHOBHblX penyJibTaTOB HaCTO.H~e11 pa6oTbl .HBJI.HeTC.H ITo;a;

po6Hoe IICCJiep;oBaHIIe MarHIITHbIX COCTO.HHIIH CHCTeMhl B lllHpOKOM ;a;u

aITa30He KOHIJ;eHTpari;ui°r )KeJiena B o6ora~eHHbIX BITJIOTb ;a;o y~l.2 II 

o6e;a;HeHHbIX ;a;o y~0.5 ITO KIICJiopo;a;y o6panri;ax. 3aq>IIKCIIpoBaHbl . .HB

Hble OTJIII'III.H MarHIITHhIX cBOIICTB Yl23-Cu/Fe OT cBOHCTB KaK "-qu

cToro" Yl23, TaK n Yl23 c Co. MuTepecHbIM ITpe;a;cTaBrr.HeTC.H q>aKT OT

cyTcTBH.H ;a;arrbuero MarHIITHoro ITop.Hp;Ka B Yl23 c Fe B o6ora~eHHhIX 

KIICJiopo;a;oM o6panri;ax BITJIOTb ;a;o MaKCIIMaJibHO )J;OCTII)KIIMbIX KOHIJ;eH

Tpi:tri;ni'r x=0.3, KOTOpb~n,op;HaKo 7Ha6rrro;a;arrc.H B_cncTeMe Yl23-Cu/Co. 

Bo3MO)KHO, ITpII"IIIHa CB.H3aHa C OTCYTCTBHCM CHJibHoro o6MeHHOro B3a

li!MOp;encTBII.H Me)K;a;y aToMaMH )KeJiena, Haxo;a;H~IIMliIC.H B ynrrax Cul liI 

Cu2. ,I(arrhHIIH MarHliITHhIH ITOp.Hp;oK, B03Hli!KaIO~liIH ITpliI oTroHKe KIIcrro

po;a;a, IIMeeT, KaK Bbl.HCHIIJIOCh, CJIO)KHblli xapaKTep. ,I(rr.H YTO"IHCHII.H B03-

HIIKIIIIIX ~oITpOCOB Heo6xop;HMbl ;a;aJibHeMlllli!e KOM6li!HllpOBaHHhle, HeH

TpOHOrpaq>II"ICCKHe liI Mecc6ayapoBCKlile li!CCJiep;oBaHII.H o6rracTeH MarHIIT

HOH q>anoBoH ;a;11arpaMMb1 KaK ITpoMe)KyTO"IHhIX ITO co;a;ep)Kamrro Kncrro

po;a;a Me)K;a;y y=0.5 n y= 1.2, TaK n o6e;a;HeHHhIX ;a;o y::;0.2. 

ABTOphl 6rraro;a;apHbI A.JI.IIlaITIIpo, ITpnroTOBIIBilleMy o6panri;hl, 

r.A.Bou-q-OcMOJIOBCKOMY II B.r.TepnneBy na ITOMO~b B ITpoBep;eHIIII 0KC

ITepliIMCHTOB liI o6pa6oTKe p;aHHhIX, B.Jl.AKceHoBy na ITo;a;;a;ep)KKy II ITO

rrenHbie o6cy)Kp;eHH.H penyrrhTaToB. 
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