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Chapter1

Introduction

ill f-electronSystems

I-HheNz-ormal.lcompouzld,thera-reearth.onsandthehea､･yact"lldelon≦areln

trl､･alenLstatea.-dmostorthem ordermagnet.Callyatlo､vtempcraures,whereasthe

llghLact.n】de10"Sl】kcu,an.u.一日On㌔areOrar一〇PenqueSuoⅠ川bouHhevatence日日qOI.dS,

e･T(CePLforsomespec.alCasesSuchasthelctra､,a)川 t･mateO[UOtOrthetrllaEcnLst.lttl

orUPd3 ).-the).ghLacい一一,deSthe5r-elecLrOnSarLldt-smt)ぐ'=reque'ltlv asltU1eranLand

paramag■-etl｡･magnCLICWITトasmallmomentorc､ensuperconducいnggrountlstate" rf.

ra†-0red Certalnrareearthcompounds,cspeclallyい10Sebasedo■1cc.Sm,Eu､Tm Yt).arc

non-maglleいcmetal50rnOn-magnCL.cscrmCOtldu(torslnいlegroundStateThesesystems

alsoexh.bltaVar.etyOfunusualmagnet.C.tll(･rLT.OdvnanlCandLransporLproperいesThe

那-Omalousbehavtor-sdnvenbJasecond)onlC〔OnRguraL10".lVhlCt-InSOlld5hasallenergy

ぐOml'arableLoLheLrlValenLone ThelOnlCCOnRgurat'onleadlngLoayaLpnceinLqtal)日■Ly
ofLhc∫-shetllSthedlvaLenLorle【orSm.Eu､T rn.YbandtheteLla､･alenLonE･forC(A

InpartasaconsequenceohlleValencelnSLabll-Lythesesystemshalearel･lLl､Clytargc

hybr.d.∑at.onbeい､･eenthe(-Slates andtheco..duct.0..bandstates Thehybr''J.zal】on

aHo､､sthef-electronsLodelocali7･eLo50n-eeXLeTlt-nCtudJngnuCtuat10nSlntT-eトcharge.

as､､ellas .nthesp.nandorbltaldegreesoHreedom Thismeでha11iSm )SraPabkol

prevenllngmagnet.cordeTa,ld､V.llg)ve∫.seLomlXed一､･alerltal1dheavyrcrml0nbeTmvl0r

lnLh)ssect.on･webrleflvintroduceLhcphySlCalproT'erl.窃OhheylterbMmdodeca

I,oride(YbB12)andtheLlran)umd.ox.de(UOlHn､､ht｡hwcsIICCeededmdirprtobsc,､･a-

一一〇nofmagncti亡On-SltCN･llRThぐrOrrnerLSOneOfRe､亡ra)compoundswltl-aSmdtlgdJJH

tllelreXdtat】onspectrurn･LllCSO-CatledrKoT-dose･,jc｡･lductor'or｢l(ondolnsLllator｢I)

andtheJatteHSat∫p.Calsystemorthelo(a).Z"1LpLravalez.istateorwhlClHheground

stateisthecoe･Y■stenceoftheant,fe･rromagnClrcandthea-ltlrerrOquadrupoleorder'ng

I11 1(ondoSemlCOnductor,Yb8 12

TheSystemsdasslrledastheRondosemlCOllduclorshaヽcbeendlSCOVeredI一lSC､,eral

rareeRrLh･basedcornl'OurLdsTheClassICaLexampJesareSrnB6(2】andYbn.,E3トV.ll-rubir

crystalstructure(FTlg 1ll,andthere)atlVPl)IresentcxampltSareCe-basedcompoLm 'lh

Flgure1ITlleCr)Stalstru｡lureorYbBl)
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FISurel2Temperaturedepe,ldenCeOrCJeclrLCr缶･St】V･LJ P a･ldllall亡OefricrenLlhroras"･glerr)SLAl
samplporYbBl2(FromRerl8])

suchasCe-NISnl4]OrCeRJISb(5】W ,titOrtllOrho･一一b･ccrystalstructure jnhoughthese

sJpSte･･-ShaveeaclllrldlV･dualcllaraCter.eSPe｡alLybyLhctocalsymmetryaLtherare

earths･tes,theoveralldlSCuSS･On-S rCI,OrLc{lontheshortrev･cwH an(lrnacroscol)ir

exper"-1entalresuILSareSummarはed】nRer【6】
TheC･ySLalstructureorYbR.2hasanrc⊂5truCLure(D2f),al一(lLhcSPaCegroup'ゝ

Fm3m10EtF.g H】 Th.ssLr､lCturCCanbcconstdcrd tobeaNaChyt'C ､vtけrPNa

andCJarecorrespOndlngLoYbandJ3)2Cube-0cLahedra.respeCtlVelv.butcanbea一so

descrlbed asanrccarrayorYbatomsw)lheachYbatom locatedtnthecenterora

(B4)6CubO-octahedron lfIgroupsOrtheKondo5emjcollducLors.YbB12ShowsaClear

gal)formatlOn.ntransportPrOPert- lFlgl12】andrnagnct,csuscepltb.]･tyIrrlg 13】.

Alhlghtcmpcraturestheva)ue50felectricrcsISuVILyareofthesameorderaSthatln

i.tpICalI(ondolaLL)cesystemsllkeCeCu6,",hereaSbelowabout501日 teXT)011enllally

mcreases astemperature(T)decrea5eS AssurTunSaSlnSlecame一model,thenumberor

t｡･,duL=t.U･･elt=t･lr｡‖5 15t55LITllated to I,eat,outu‖t,I,I,rLm iLct;))aLroomtem peralur亡.buL

ltdrasL･callvdecreasesasTdecreLaSe与aZldreadleSIothe､･al..eorabout74 ×10~6lw,

un,IccJlaLI17Kl7J,IssccM ド.g.1.2､theacu仙 onene,gy.iseemsLol,ぐdepcnde.lt

onT.andthissuggeststhattheorlglnOrtheenergygapISdlfrerenLFrom tllatOrusual

semlCOnduぐtOrS Thepresenceohhee.Ycltatloll名al)Jn＼bI]12C糾Ibe†urLheresLabllShed

bユーllemeaSureme-1tSOhhc.lB,-uclearspl･一一latt･ぐerehxaL･onrate,I/T.(7JInng l.･l

wr･SeetherapldrcductlOnbelo､r80Kduetotheezlergygap.Whereastheup-turnbeloIV
15KremalnedLObenotc)arlFied

Themagnet)csuscepLlbllltyllaSaPrOr)OunCedI)eakatabout8(= (.alldthenralndly
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F】g"re15Temperaturedeper,de･･ccoHheh:"ghtゝhLlLatlheltBslteS "LYbB'2 (Fror･･Rep【7】)

0 100 200 300

T(K)

F.gtJreI6 TernperaturedependenceorthemasnellCSuSCePtlbLJILyLrltheCeandYb-basedKolldo
釈n'uWllduCtors(FromRef【6))
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TorTIPeratl,Are(Kl

｢'gure】7Te■■叩eranredependenceohhemagneutsuscepLLb,lltyOrFeSl(FromRcrl9J)

decreasesas'lldecreasesThee恥ct,､pmoment'sesL]matedtobe109/L13abo､eI70K

whLChlSa】mo5tCOrre5POndmgtOthec打ectlVemomentOrYb 3+,LI5I/LB Althoughthe

susぐePt■blHLylla5aSampledependenceatl0､-emperaLur∈S,L lleH山 1■-SicT･depez-dence,

wh】chtsconstantaL'r≪ -i..sconr.rmedbytheT-dependenceortheKnlghtshllLln

the‖B･MIRe･YpcrlmentSl7日F･g 1r5) ltlSWOrLhyolnot.cethattheCurleterm at

)owteml,erature- HhereSenlhlghquallty5Lnglecr.ysLal(bJiSrathersmallerthanthatof

thepo､､dered5A.T.Plf･Np､erlhele5S-1heSuSCePt■b'lltVrough)yhalhhcmax=numvalue

around80L(rcma.nsatr - 0 Asseen1.IFlg 16･LhlS)argesuSCePtlblliLyremalned

alT-015alsoobser､'edm a)1Ce-basedRondosern･conduClor516I lncol-tra叫 the
susceptibllityofatran5lLIOnmetalcompourlds.FeS1.､1,hlChlSaSlmllarsemlCOndurtor

､､'lthanenergygapof1701叩),･snear)y訳rOalT- OEFlg 1.7】Cons.der'ngthatthe

reduぐtlOnOrthesu5叩 l,bll.tyduelolhpenerg.vgap.son)vefreCl'､ero√theSPlnpart

鮎､OCLated､､,llheleclron.cstatesneartheFermJle､･eltlleSuSCePl'b.llt)forrareearth-

))ajid sem)conductorsremalnedatT-0shouldbeatLrlbuledtotllCextreme)ylarge､,aJl

＼'lecktypeco‖trll,ut･on【LO】Exper･m enla日y.ho､､e､IertheorLg.nOhhlSSuSCePtlblI.ty)s
notclar16ed

Ill2 AI-tiferromagnet,UO2

L'ran"mdlOXldpl<anlOl11rallさ-boundedsellllCOnductorl川hh､･05feleCtronsoneach

9
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rlgureI8TlleCrySLaJsLruttureorUO7

0 100 200 300

Tem叩rature(K)

)'■gure)9Temperatured叩 ndenceolLhemagnet】CSu5ccPtLblHLyolUO2

じ叶 IOn Thellund-srulegrourld5LatelS3-l･l ThecrystalstructureoluO2 lSthe

lacc-centered-〔ub】cEluorltfLSLrucLureaslHusLratedlnF】g18 IntheprtSenCeOraCublC

cr)sta】】1llCrle)A.theT=nerOJddegenerac)0日he3HdStaLelSreducedLoLrlPlpL rSalldr4

5LaLcs.adoub一et｢3aT一｡asH鳩IeLrlRahman亡t.aldlagOnall苫edthecomp-etelramllLo-

n■anforUO21nCtud,ng(loulomb,5P･･･-Orbltandcrystal-鮎Idtermsllり TlleJfoundthe

rStrIPIetstateseparatedbv170meVfromanrsL-excltedr3StatesExperHneuLsaHhe

pulsedneutronSourcegl､･eこnc､ldcn｡Cr.,Suchane.yc.ta.】｡｡at16Jmc､112】
ThedegeneraでyOrLhegroundstateoras.tstelnOfIOnSl川hanel,ennumbcrofeleclrollS

canbcllfledbvLhctrams.liontoamagnetical1､-OrderedstateorbytheJahn-Tclle,

LransltlOr-1､Ol､･lngadlS10rLIOnOfalaun:e･L'raniumd10･YldelSaStnklngぐXarnPleorlhe

5-tSLen日､･heretheexchange)nLeractlOnSandtheJabn-TellerⅢleractlOnVlathephor10nS
alecomparablelnSIZP

TheanllferromagnellCtrAnSitlOnaLT･T=30･Sj=031ヾ lSOflhcnrstorderpllaSe
Lhd"Str13】 TI.ビ日.a且Zleticsuscepl.bil･ly.SSho､vninFlg 1.9 Theetrectl､･emoment.s

cst=71atedtobeal〉ouL30ILB1､､111ChlSSOmel､･hallargerI-1aZlI)latOrther与grOundsta le.

1283FLBlandlSSmallert1-allll柑lorLhe3HISlale･358IL且L'ran仙川dlO･YIdehasLhet)pe-I

antirerromagneいcstrucLurc･rM h.chthereare【001)ferromagneticpla■-esslackedHlan

aJternatmgPlusrmnussequenccl13J･lna■一､ultl-domalnCTySLaI.thesp■nd'r∝t■onscan一

一一oLbcdeler･-1･nedbrH l-cneuLrO･ldlfrracllon,bu.they"･ereknowntolle■■､the(HO)

dlre仙onSThetlrtHrO"d･打ract10ne.YPer･mentSbyFaberandLanderrlJ】proposedanon-

collHlear21.struCtur- ･】lhtl-I,SP川RaJlernat･ngbet､､･eenll10】an(l(710]dlrCCt■0■lSThey

fou一･dasmallsh.rL(0011A)ol.hpoxvtgcnatomsrromthezrequ'librmmposltlOl… .th
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r'gure1I1ltlagnO叩 hononcoupleddlSpCrS･〇･･relat･on5TorL102m easuredbyCo"eJa･ldJkJt■ng【15】
ThephonollSalroo■nLenlPeratureareSllOWnaBbrokenllnes

nochangeHltheu一一llcelldtmenslOnS ThemagneいCexcrtationslntheanLlrerromag-

netF｡State､VerernC･､SurPdbyCo､､,leya,ldDoll-ngl151whoroun'hheRrstexampleohhe

lntCraCいonbeu､eenmagnonsan'lph0Ⅰ-OnS

ThetheoryofUO-by t̂lenlL6】g･vesasat･sfactoryexplanat'0-10日hefjrst10rderpllaSC

Ira-15ltlOnthroughthespln-laulCetnteraCtlOn､､,hlChtsantnLerPIaybeいvee"Llleexchange

an(lthequadrupolecot,Pl"g Thephys.catmechan.smforthequ･1drupolecoupt"lglSthe

modlRcatlOnOrthecrystallmeRpldarlH一golHheさreleCtronsbytllemOt10nOfsurrol川(lH-g

Oト 10nSThelhnrysh｡､vsho､H hequadrupole｡oupl'ngman■feStS-LselrlnthebehavIO,

ohlleCJ4CIast.ccorlSLat1tSabo､-etheorder】ngternperature･Astherc511Itohhedl,nar'l'｡

coupllngbetweenuraT一mm quadrupolcsandoxygenatom d■splacemeuts,theobserved

ultrasonlC､･eloelLy'srer10rmal.zedb1.thequadrupolerespol.Se Thetheorya)sogJVtS

agoodaccountOlLheい､obranchesofspln-､､a､-eSObser､edlntheneutronSCatlerlllg
e-yperHnentS

lnA】len-smodeltheSp--1宍Ile‖-(110)dlreCl･0.-5 Ho"e､･er.Allenassumedthatthey

､､ereallparallehoasingkl‖OJd･ren･o".､,hereaSHHhemodelofFaberandLanderl14】
theさ0(CuPyallfour(110)d)rect10nS､r･th･nan(001)plane. so-calledthe･2k-sLrucLure

I"F･g 110(a) Jnadd.t･o･･.asaresuLtofacarefulanalys.sortheDos.<]blemagnetlC

structlH-e≦l.i.SpOtntPdo"Hhalthe3LStruCturet､.ththe3たcrysLallograph-cd'stort)o■､

aJsomlnlrmZethequa｡rupoleenergya3､,1ellastlleexchangeenerg.vt18.17日Flg110(b)J



1･2 Studiesofr-electronSystemsbyNMR/NORTechniques

ThenuclearmagncLICrPくOnanCe(:(MR)leThnlqueShal叩 rOl･ldedus､rithrrutLrL)Iresults

olHhestudiesorlhelocakkrlronLrStatP川magnellcaridSuperrOnLlucLHlgrrlaltLrlalsTora

longtlmC･Esper･a11､."lLhr{叩什ILOthelraHnllOllmLllalcompoundsa.Jllgh7<rl叩rAt(5

lT- hlCh3d-elertronsplaヽ･anlmT}OrtanHolc071theclerlnrandmagnctlCprOl)CVlleSLJle

:小目itech"1queSha､でCOZltrLbulfdloacqu"it･ol･oflnrOrmaLIO-Lal,outllw'Tmgl1etlCa■-d

叫-errOnducl川gprOPertlb･From.them tRsp亡でtrい reranrlaT･rylllPStal'rt｡aglln 'r

properLleSSudlaSthe)nLernalfieldlnmagnetiralll,OrderedslatesandfromlhM uぐlpaT

rela.T(ationrates､ve〔anoblalnillformat10nSabouttl､elo､venergymag■1ell｡eXCILaいon ln

addi1.0･.,Ⅵで ⊂anOftendel帥1一･nCthH p.nslat- fCoopprpa･rintheS･叩erCO‖durtl叩

くIateSfrom theT-dependencesorthel(nightshlr15andthereLa_YatIOnrates SuCllan

ad､antagerorthe:(･uRtedlnlqueH- la.nh･because:t'MRexperime..tsformagnetic

lranSltlOnmeLallollsarePraCllCableaS､VPL)aSforr101トmaglleいC]lga11(llOnS Sl‖CellltL

InlRtechnlqueutlllZenuClelCOnlPOSedoh gl､･(･nlTlaterlala5 aprobe.lhcplllrSICal

q.･ant･t.Psassoc･atedwlththeelectroI･Sareg･叩nthroughashort-range､vcakmLぐrartlOn

betweenthenucleusandeleCLrons.thatIShyperflnelnLeractl0n ThusWeOftenneedto

kn0､､･themagnltudeandtheTnPChanLSrnOlLllehJT)ern‖elnLeractlOtltOObLalnHlrOrTTlat】Ol■

abouttheeletlrorHrStatesaroundtheprobctIrMd.･usThIbmearlもthaHlleNMRaHltP

magl-Ptlぐ SILeslSmOrPadヽ･anlageoustolrL､･eStlgatlOrlOrmagneLICPIOPertLeSln･lglヽ 川

rnaLer]ahhallatthellOr1-magnetlCSlteS IlurtllermOre,themecham5mOrいIehypcrrllle

fie一datthemagnet･cS･teSisClearerthantllataHhenon-magneticllgands'teexcept

ro√theclasslcaldlPOle-dlPOtelnteraCLIOn lnSe( 1i)い ve帆,Illdescrlbetheanalyses川

non一magnetlCHgalldド.tIR,wllldllSauSuaJmethodlrtl-eZecLro‖SySLem5 LlISeL･I22,
＼､cWlHexplalTHhetlyPerfineGeldattherareearthandactlmdcslteS.lndltLStrlCt10110†
obsr･rvatlOnOrrareearl,hatldact,1nldeNltR

I21 Approachfrom Non-magneticLigandNMFt

Themagnet)chypernneHlteraCl10naHhel-1hslte､､Ithttlenuclearsp)nJ,wltllllla

groul)dterm(J.LS)ofトelc･亡trOnShasthegelleraHorm

71日FI=′1∑JiuJ.･ (11)
J

･vhereAuandhJJarethehypcrn･letenSOratll】e･･ll･S･leduelotheJ一日.n Le.aHla‖

angularrnomellLum atthe)-1hslte51nLSroLIPI-l一g.rCSPeCtlYely TllH Prm ､Vllhl=l

repでentson･S)Lehyper吊ne.nteract】叫 andthH erm ､､仙 '≠j､､vhlChmClu'lpstllぐ
class･caldlF)01e-dipolelnteraCt10nandthetransferredhypcrrlne･nLerart101.(Tm),lSdlle

tosurroundlngllgandsltES Forthemagnet)crareearthandacいn)de:(1日ltheon-slte

tfrmj｡)(～107oe)isamajorconLrlbuL.0 .I.Wh.Jerorthenon･rnagnet.C).ga..dNMRLhc

A.≠,termFromtherT"g･-et･ぐS･tL･5()02-1010り】- sua)lydom･nanland‖-1Ⅰ･OrLaln "

obtalnlnformat)ol10nthemagneLICPrOl)ertleSOrトelectronsThLSllldlCatCStllaHhenolト
magnetlelISaJldト･れ1R)soradvantageforthe=1VeゝlJ即110nOrmagrletlCStrL)rturCbeCausp

)4

theh)･perGnc"1leracllOl- 紳 ="I､･etothepropertICSOlBurro""(lll唱TnagHellCSlteH Tl

tlllSSeCIIOl1.",- LroduCethHyT"alanalysesofthe:<14RreゝulLsaHhenon･maFnetlr

]lgandsitesWeTeWrlt{･th- -agnetlChyperGne)nterac山 一atnon-magneltc1)£ands佃

mlothe【ormoranmtcracuonI)仙 ermthenucJeard.polemompnLFIヽ - 1.lIJ allda
rrl･lgnet)C)oraHlPIdHl帆 aSrOlloWS.

71IlFI = -JJ､Hb . J.I_'〉

IJL･ - HLtLG+Jliil,G-JILli:L., (1.3)

･hereJl;kipan･lHilこ■arethe.ran5fm PdhyperR■leGe)dandthe｡ass.calA.poler.eld
r,omthe･nag一･eL.I" lps,r叩 eCtl､ely.andH三笠.E.Stheo■ト､■teCOntr)but)onduelon｡｡_
magnellCSOTP･ぐlcCtrOnSarOun(llht･nucleus

＼＼'eorlenassumelhp)(mght､h1lLmtheapplledFie ld,flo.asfoHows.

(FIl.x)
II(T)=-

〟o

-怠 ､f(T,⊥悪 ､ご11･濃 ､Ihb,

- '̂-(千)+̂cr.+ I(.,b, (JJ)

where(JJIoE).stlleumea､-eraseohhetotalrteldatthenucleus.NA .らthe v̂ogadoro､

rtllmbcr-andヽandノIrepre5enHhesuSCePub,tlt､･andhyperrme｡oupl■ngconstantcorre-

sJ,Ond…gtoLhphyl,err"eGeld-respectlVely lnthe･N･lIRexperlmenLs.tllelaLueorAl5

usuaHyg･､en ‖-Lhcu･llLofhoe//LE)OrT/伽 htheselormLlla､thc爪rsLtCrJTHnd.caLeSthe

conLrlbutlOn dueLo∫-eI,TLrons"clud=】gtheTm a.-dtheclass■caEdtl'OIp-(llPO-e川teraC･

i"n.andlLSho､vsLE柁T･dcpc.ldcnreCOrreSPO,ldlngLothesuscept'bll】L)･duHoトekeL10叫
＼'Thesecondandth.rdter.T.51rLdlCatethesplnl'arldueLo50rp-｡Onductl0nelcctrons

andLhcorblLalI)art.respeぐいveEy,andtheヽ,areLndependenLonT ThemechanlSmOr

Tm lnrareealihandaCllnl(1ぐHlLemeLaJllCSISCOnSlderedasaresu1-0日hcexcllallge
polarlZattOnOrCOnduct.oncleCtrOnShyl-electrozIS･411houghthedas5lCaldlPOlcRcldls
eaゝ･1､-cakl･IaLetl.thee･,(actelalualionofTHJ'51mpOSSlb)ebprallSethedetaiaedkno､Vト

edgeabouttheC-rmlX.ni.､requt･SLedfortheal-alr51S Thus､､･ee.yperlmenlallyobLa■n

thehyperfinecoupllngCO.lSLanL･′llJromtheI(､･sIpl｡=川hanlmPHcltParameter

T･andd.srl.SStheprese..⊂eoHheTm b､･compar.ngw,tl.thecalc.llaLed｡lassICald'poLe
Geld Wllenther(nlgl-ishirtlSilldependentonT ltl5dlRicuLt10investigatethepllyS)Gal
orLglnOHheI(n.ghLshlrlb∝ause一he '̂､-SlPlotlSnotaPPllcabk Th'sISaSeTlOuS

problemespeeiall､,otH hpm､ICStlg的ol10hller(nJghtsh汀tlntlleSuPerCOnduetlnSStale£

orLnthegroundslateOrthPRondogem)conductors

Theflu⊂tualH-grOrnPOneZltSO川 lPlocaltieldt6JItoc.Causethere)a+<at10nPhenomena

olthenuclearmagneLIZJatlOn･Let2bethedlrCぐtlOnOfquanL.zationforlllelluClearand

i)kctlo,l･rSP".SJSLcrnsThegeneraHormorthenuclearSP日､-1au ■Ceretaxat】onrate.1/T,.
1Sthengl､enby

去-守/_+I dL"6〝･-JL)6〃脚 ))exp(-･JnL)･ (15)
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･､･herelJ志=II.Lo=土IFIIyo.tABl-(AB+I?Jり/･2..vl(lwy 】日heNMHrequenry l‖
pq(15).LllenuClear叩HトーaulCerPlaxaLl0nratelSjustFourlerconlPOltenLattllt･NhlR

frequcncyohhoseFlementsoIthefluctLはt.nSloralrleld肌･111lharclrat､svt,rs'･Loいlr

quantlZatlOndlreCL)On-し'slngthelrans､erseFour.ercomI〉0-lentOH hpI-)1)erRnerOuPlmg
ron･,LarlLA⊥(q).an(huelrnaginaryPartOrthelTarlSlCrSeCOm]氾 nentOhlledyllamirtll

･u宍CePt･bility･((q･一)･WCCanal-q pxprcsH lle nl.rlt･aHp‖1-lauirPrPIaxauo■lraLe【1()ト

百-主祭 写Ii(q,､''(q･-.･J･ (･6,

1

I,hereL'8.5theBoltzmann●sconstantForthpnormal.¶elalsI'kch'amelal,llobqr.H1-ド
h:orrlngarelatlon

'̂?
Consl (17)

whereR=1/(TIT)lnrareearthandactlnldplntermelalllCS.､､-eOften.lSSumethestmllar

rorlTlaStheKTllghLshllL

FZ(T)≡Rf(T)+RcE+JL b (I8)

TheGrsLtermlSusual一ymuchlargerthantlleSeCOl1dterlnduetothecollductlOnelec･

tro･-sWeoftenobta.nLhc6rsttermbysubtractL'lgthea■EltheI-o"-.llagnetlCrerCreJICe

lnaterlaH1keLa･basedcompoundsFromtllP m e.liLlre(1㌧<ltuCS.bLlHlleallalysISIS‖obaト

",aysappllCablebecausethebandstrtlCturelntherererCnCematerlalmayqt‖tedlrrCrenL

fromthemagnetlCmaLenalneartheFerrnHe､･e]IrwecanrortunatelypICkouttheIfr

Fromtheexperlmental､,alues.WegettheCorlVemenllorm

R,=響 (掌棉 (I9,

whereIandTrarethenM一一bcroHhellgandJnagnPLlc5】L総 a‖dthecorrelatIOnいIlleOf

f-splnS.rCSPeClt､relvThen､vcassumethaHhedynamlCalsuscepLlb日llylla5aLor州tZla11

formWlththecharacterlstlCenergy,r(q)=A/TE.

･(甘IU,-TR . (1.0)

aI･dthatthetheseq-d叩endenceSareneg】eCLed ThcSeanalytlCalproc6 5eiare uSerulTor

m､CstlgationonthecharacterlsM enerむ 0日 ele亡trOnS

Weshoulda)sor10tethaHheexpress10nlneq.(18))sanappro.ylmatl0nthatrluc-

Luat10nSbeLw配r･localrleldswitlldlrrere■ltOr唱'nSdo･-otco■ltrlbuLetotherehxat'ozI

T)rOCeSSeS PartlCllra)y,"theSySは1lSWILllLlleStrongC-fmlxlng.Valld■tvoh hpexpres･

slOnineq(1･8)lSnotassured.Wedescr･bethelcatureforthenon-magneL･cllgandlTIhlR
asroIIoll･S.

･WecanpreclSelynleaSureLhcドMRquantltleS(IIorJi)overalVidpLempeI･a-

tuTCrCg10nlnC)udmgLhc.1nlSOtrOPyOrthose WccandlSCuSSqualItatlVelyther-

dependenee.
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.ThellOn-rnagnellC)Jgand･V･11RcansometlmeSdeLermlnethemostposSibtrmagr"I-c
strL汀Iureamongthoseproposedbytheneutronscattcnnge･YpemnmLS.becausetlle

h-vperGzlelnteraClion lSdLJPtOtheconlnbutlOnrrOrnSurTOundlngrnagnellrsllF土･

.ltLSdlFfh lllodlSCuくSqLJantllal】､Cb theph55iealorlglnoltl一cm IRquantltleS

SoJT)etl-nt笥 ､､(lranr-oLdetermlneeven､ヾhplhcrthe.varere鮎亡tedwlththepropL･rいくち
oTトeleCtrons

122 ApproachFrom MagneticRareEarthandActiIILdeNMR

LInllke3d.on51rOrWILIChtheo,b.la‡anguhrmomerltum'Squenched.thedon,.[ant
conLr･bu110nS10Lhrh)pt･rrmeripldaHherareearthandaclln■denurl.I.lnSol.dsarise

fromlheangularmomentum(splna-ndorb.tal)ohheトekcLronsTh'slsorthe0,der｡f

10Toc･̂ sthercsulLILlleCol-tributlonFromthellgandslteSrSuSUall.-leg)lglble Jnthe

magnet.crareeartllandact.∩.dP:llllR "ccan､vr.tethemagnetlChyperFlnPlnteraCL10n
"LOaSLrnPleform(seeAppendlXA)

7LHFI-Ah'(J I)･ (1ll)
＼vhere

AhT- AJ+n co,(

= 2I▲87J(,~3)(JLい■rlJ)+A｡(gJ-I) (Lll2)

lneq(1j2).theRrHta一l(lthe㌔ecoltdtermsarethehype捕necoupl】ngronstantduetothe

orb'LaJandthecorepolar.zaいOn-reSPeCtl､･ely Theh)･per爪nefield/IhrlSthenexpressed
asaSurnOhheorb)tahertllandthecorepolarlZaいonterm

Hh,- JtJ+H ｡wE (113)

where

HJ - a (-gJPBJ,. (1.4'

L1-- - 蕊 (9J-1,卜 9JPBJ) (1･15)

IntheseforTmla"crindthatlhでh)･pcrfhe.nterac1.0.I.SParaLlehotheorbitalma即etic
moment･FIJ=lgJF･BJ S･nceLheorb･talhyperfhefie)d,neq(1.14)JSuSuall_vdorTllnar)i

lotherareearthandactm,denucleusJheKn･ghtsh約 ･SSn.enby

JW ,:普 -蓋 普 一志 ､･(T)･ (‖6)

･ヾhere〟oISthee;<LernalGeldalongthez-a･TISand＼r.sthernagrleuCSuSCePtlbll'Lydueto
rckCtrOnS rPSPCftl､el､･Wpra.1t-OLOnL､,measuretheT-dependenceortheKnLShtshllt
duetor･cLecLroHsbutalsoquantLtat,､･eL1,.n､･eSugatethephJSICalortg.northeF(ntghL
shlrtFromtheh_vperfizleCOuPllngC0.1StantS.mllarIJ,thenuclearSPHト1auicerelaxat1011
rateLSalsoe0-15･deredtobeduetof-el∝troIIS Thernagnetlron-sLtP.1-1LRI5therefore
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Tabk日=T}~p-GallN･1TRpArAnYte-boutnl.Cle.
Xu亡kuS lNuCJearsFn･･ aヽttJraJabunda･･⊂e(A) Th(九日l王/T) Q(barnさ)

11Ⅰ
丘】＼'
63cu
lTll'b
23与L

99985 LL25759
9976 1119 -001
6909 11'Zヽふ 1016
1131 7LI99

0711 07さ1 4I

TdlkI2ExampksQfthe 1ヽ1Robs-paLIOLHnraLreeaTlhaJd･LCllnideser旧 Theドand＼lr叩 m L

theparamagnetlCStateandthe111a即はILC叫 orderedstiLte.r叩 Cll､elさ(0)the.lhlRobSerlatl0H Lb

r叩…ed(-)=notreported,and(xl=･1｡ eXjslcn亡eOrth-Labl†ijOlop-.･･lhaz"clearspln･
Ce Pr .lyd F'HI Sm Eu Gd Tb Dさ Ho Er Tm Yb

梯

a)Il叫201alldthIいVOTk
b)11n5､､0rk

qulteapowerfulmethodto】nvcsllgalethel-ele(troIHCStatelnrareearthanda亡Llm(lp
compounds

No､､r､､･hydoc日hcmagnet.co .1-3･LeNMRhaveSeldombeenperrorllledroH aL."lLltLJ

andactLnldecompounds?FlrSLISdueLoaveryShortrelaxat】oTlrate,TIarld'12,､vIHCh

resultsfrom ahrgehyperfincfieldandasnl･lllcharaCLerlStECenergy,(,Hll-(.EL･ぐlro‖

sJStemSTherela.Yat■o■1いme,～亡/A?I■stooshorHobeobscr､edbyme.ln50川 一叩 u】setL

NhlRtc.:hnlque SecondlSdueLotllePrOl)erLlf･SOrrareearthaTlda亡tln)denucleus

ThetypICalNか1Rparameteraboutnudcl】･qSl10WlHnTable11 TheI)rOtOl1:tT入IR,

frequenLlyutlllZedro√chemcalandmedlCalanall-SCShasthemostad＼-且11LagcotlSCOndlい0日

onobser､,aL.onohheh-MRslgnals,thelHrluCleushasthelargenucleargyrornagneltCrat10

andtherldhnaLuralabundanrC rnrO■､lra sL.Lhc2nSunucleusllaSaVcr_VSmallnLlCIear

&troTTlagnetlCratioorO･78日 川7JTandapoornaLuralabundanceor072% ConparHlg

wllhユlyand63cunuclel､Vh■chplayas■gni爪cantrotero√theNlrRexpLlr.mt･rltSmLlle

solidstateT'hysICS,the738UnllCleargyromagnetlCrahoislcssthanl/10an'lLh… at"Pal

abundancelSrnuChLess lt.sthereforeveryd.frLCulHoobservethe235しこヾhTRslgnalTor

tllCSamplepreparedbythena-turaluramumuzlderamagnetlcfleldorale､vLenT Ln

addlllOn.thenuclearquadrupolemo'ncntor23Sい sconsi(lerat,ly♭rge.ThlSlndlCateS

thattheelectrlcnuclearquadrupolclntCraCt10nlSCOmParablewlthorlargerLllaIIthe

ZeernantermlrltheHarnlltonlanOlanucJearsp)nunderusualmagnetlCticldsTl】llSLIle

resonancer,equency)swldelydlStr)butedundertheapl)lledrLeld ExamplesortheN入IR

observa110nforrareearLhandarLlnldcspIlPSa･P gl､･enlnTable12 rorI■105Lohhcrare
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ぐarlhnuで1pILl.e･NMIslgnalsareohsPr､pPd0.-1､日HherllagnetlCa)lvordt･rpd→tatp Ih15

15becausether(心･yaLIOnrat-日lrast)callyreducedbelo､- 1LH raTISlllOntemPeralurぐ
Jntheant.(erromagnetLC机atelthemarkedreduCL10nlSPart.Cularhob､ぐr､rfLs川Cethe
energygapdueto aTHSOLropy)5PresentWpthuskarnthattrialtothe:(.llRobspTt71ho-)

shouldbecarrledoutallowtemperatureslorasystem､ヾithaenergy8aP･-i,sucha5an
i.ntiferromagn et.asupf･r⊂OnductorandaRondosemICOnductor.lnhcl､tllenyband

235L:;tlIR ～.名.-al日日thf･lmSentStudyareon1､･oh坪r､edalT≪上.
lnsummary

･Theh'･lIRqua･.M lぐbgl､･ぐdlrerlinrormation､onf-elerIrorlS

･ThehyperFirle 川 t(LraC1101lCanbeapproxlmalE･Ivel･alualedFromaFreeton llelhtlh

calldlSCuSSquantllalll･elythe.Tf.1lRquantitles.

･Obser､,at.onohhemagneLiHareearthoractm.de･V･11RslgnallSreStrlCted､'lthln
anarrowternperaturpreglOnOraParticularmaterlal

1.3 PurposeforthePresentThesis

AlmosLall･m lRsLudtesorf-electronsJSternShavebeendlSCuSSedonthebasJSO†the

･nd.reCt.nIormat10-I01,ta"edbythenon-magnet.cllgandド.uR AlthoughthesestudlC3

lla､eCOntnbuted(ons.derab]ytotLle=-VeStlgatlOnOhheo､･era】lqualltat.YePrOPertleSln

agt､･enmaLerlal,theydo.lotal",aJSlla､･ePrO､･.dedus､rlthkno､vtedgeaboutthelocal

r-clecuomcstatesOursoaHstounderstandanomalousmagnetlCandelectrlCPrOPertleS
Hl∫-electronsystemsfromLhpml,rOSrOr"rStd_ndpoH1t

ThepurposeTorthePresentsLLldylStheobscrl,atlOnOrra,reearthandactlmdeNMR

andtlleaCqulS.110.-OrLyr"(alexampleswILh,especLtothemagnetichyPerr1-1cmteraCt10n

andthenucleareI∝trlrquadrupolemteractJOn ThlS､VLllbethesta'tl■1gPOHltOrOur
昌OaJ Wehal,eperrormcdLrla]loobSer､･atlOnOrtherareearthandact)TLldeNMRand

succeedmDbserva=onor17Jyband235tm lR Part■curaly.the235LTNMRofUO2 'S

theRrstreportforartln.(1eNhIRlnSOlldsandtheh)-perfinel■lLeractLOnlS■mPOrtantaS

anexampleorLT4+ions WealsocampdoutLrLelTo二竹1RexperlrnCnlstoln､･eStlgate

themagneticstructureandJahn-TeL)erdlStOrt.OtlO=JO?ThedJreCtlOnOtthemagneLIC

hyperfinefieldisl一ccCSSar.Ye5P∝･aLl､･lortheevaluat'onohhe■､uclearele{Lrl｡quadrupole

Interact.or-Hhet◆S)teaForourluLurFreferenceLOSearchfornSL'･T(･tlRslg■-a)1andLo

analvzethe235L':(･tlRresults1rLuran.umlntermetalllCSWIthmorecomptlCatedelectr)r

slatcs･"edlSL-1･､StilehyperfinelnteraCいonontheuran■um.on≦throughthecomparlSOn
beい､-eentheexperlmPl一taLl･aluesal1dthecalCulatedlahe5forafree lOll



Chapter2

ExperimentalTechnique

2.1 Sam plePrepa∫atioll

AsmglecrystalofYbB12isI,rO､･,dedbyP,olド Jga.llr 二ヾ Sh･mlZllandPro†

T TakabaLakeaLttlelllrOShlmaUnnerSlty Rect.n11さ･.tlle)SucceededrortheLlrStいme

mgro"･lngalargcsmglecrystalorYl,812(6mmdx50日-)byfloatHlg狐･-emethod

us■ngade､-elopedImage-furtlaCCW)throt.r.Ye,tonlamps【8】Weha､rel,crrorlTtedlht･NLllR

ph･Per'mentSbyusH一gthesH1glecrystals)ICed川tllePlaneperPendlCula･Lo(llLH0-2-

03lTHTlthlckneSS)-becausetllerlpeI-etra110ndepthlSCStlmaLedtobeabout015mm

aL30Kar)dlooMHz LnordertogeHhCbetterS/NratlO,､VeCrushedthe5日Lledcr)Sta】

]nLopowder ThePOll･derl11g.howc､,cr,pnlargpstheC"rletCTmOrSUSCePいbtltLyallo"
temperatures1)keRぐr【8】,･lnda一sobroadensthpllllRspectraThuHveusetheI,O､Vdrr

sampleonl)formeasurerncntsofi/TI

Two93%235uenrlChedsampleso=JO,areprov'dedby.urSTsutsul,.urド .llasakl

arid1)rA :1akamuraaHheJapanAtoznlCEnergyResearchLnst】LuLe(JAERl)OIle

(UO2#1)lVaSPreparedbyllCatlrlga.uran)um10XIdeat1273l､urlderaTlatmosphere

orhJdrogen.Anothersample(UO2#2)､vasrnadchyox･(1】Z.ngthe235し'-metaLpowder.

pt'1､erはed■ntosmaHpart.clesbyhcallngaPllr.紘(l235U-metal.ngotaL6731くundpran

atmosphereothj･drogenThe.Y-raydJFrTaCt10nPauernSOrbothsampteS､ヾere､､･elllndexed

bytheRuorLteStruClllre.buttllePeakneartl.epltaseLraz-slt･0･.(305K)lnthemagneLIC

sus｡叩tlb■1.1yolL'02#2)5CIcaTPrthanthatoH'02#LandtheCL.netCrrr- fUO2#2

atloヽvtemperatureslsalmostnotObser､･ed L】othsamples.veremadelnLO7〇一peHetsby

belnSI)reSSedandslnteredurldera"aLrmosphereoHlydrogenbecauseo川 LebeLLerflll･ng

factorresul一LnglnthebeuerS/.～ratlOOrNluRh･grlalsandtheshorterplllsesperI)Over
alaIlable

A170enrlChedsamplcorUOZlSPrOYidpdbyhlrr(._llasakl.llr～TsuLSulan(lDTA

ドakamuraaりAEFt)ThesampkIVaSPreparedbythes)mllarmethodasthatort702#2

Th■sp0､､･deredsample､＼assealed.naquartztubeordlameter89becausethehT入日l

expenmentsareperformedatlrtst】tutetorSol,dSLatePhyslc5(ISSP)ouLs･deLhcconk,Ol
areaforradlatlOll
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2･2 Spel:trOlILeter

･u)e･ypertmenLSu引ngLht,hl鳥hlyenrJCheduranlurn､IPre ぐarrLedoutlntheronlr｡I

areaforradlaL)orlaLJAERl.lIcneel- newlysetupthe･TnlRsrJertromFIerorcarry

onsomemstrurnpntsolYasuoka'S)at,0,atoryinthecontro)areaatJAER]ヽIyp'ral

hlorkd'agramoftheI(･11RspprtrorrlぐIer.sd.splaさedlnド.S A2)The:(･uRexperlmenLh

"什ealmostCa-t･doutb､us,ngaCOn､･ent.Onalpul～d I,hase-coherentspcrtrOmでter For

･earChfors.gnalsandm e恥urementSOrtherrequen亡ySl,eぐtraaPuJsedphasp･.n00 hprent

叩什trOmeler仙asalsousedbecauseOhimpllfical■onohhecxper■mentalcondlLIOnSTl.e

ll.gh-speeda､erag1..蛋functionorthedig.talscope.sparいcuralyullli7.Cdlnthemeasure一

mentsorrelaxat)onrate TheStalldard-Tn1R5peClra-obtaH]edbysv･･eeplngmagnfrt)C

恥l(lataCOn51an-rrぐqu川C}､l､ m easuredb)reCordlngtheoutputoraboxcarInteger
-nsLeadorthedlgltaJscope

FlrStrad･orrttlue‖C)(rr)pulsesaremadeI,)･mixU'garfcontlnuOuS､､aVefroma

s.gna)generatorandagatepulserronH pulsegeneratorthroughthedoublebalanced

'mxer(DB･u)･SecondltherlpulseswILhfourdlfferentphasesaremadebythelb0-
11､1mdlunCt】0-Iandthe90-hybr■dJl川C110n､andthecho.ceohhcmCanbeconL,oHedb､,

thegateL,ulseFromthepulsegeneratorPart.cura ay.forthespln-echomぐaSIJrCmPntSW)th

a汀/2-･FI,.IIscs"tuezlCe､alLerl･at･ngthephase1- eriusefultoCancelouttherll一g■ng

a一terthe7rPulscandtos"btrartbackground ･TIexl･theserlI,､】】sesareampI16edup

tDaboutakwllundredvo一tsandtheyca.lsetherf爪eldlIJ1- looOc.aHhesa'nple

poslt.0■llntheI)■Ck･t'l'CO･lohheLankc･rcu,iThe srnal1～,oJtage(～are"IIT).CrO､0】t5)1Ⅰ-

theplck←upcoll.nducedbytllenUCJearmagneいzat.on.sdetectedbyuS】ngtheLechn'quぐ
orphaSP SP∩S.tlVL･,lP-P,I.0日 F川allyluleSP,n-echoslgnalい､1thaI'haSel■､formatIOnarc

a､eragedandanal､･zedbythedlgltalscoT'e

Thepulsege,LeratOrJhedlgltalscopeandLIleOLher5eVeratgeneratorCanhpcontrol一ed

thro.･gIICPIBbusor1/0portfromtheT,er50tlalcomputer･n､vhlCh､､,eusetheappllCat■0■1

prog,ammedbythe＼'･sualBaSlC､andthedaLa･･StransferredthroughtheGPIBbusfrom
thedLgltalscopeLoLh叩 erSOllalromptlteT

2･3 SpectraM easurements

lrHlle171ybandl70:nlRexper.mpntsl■ltheparamagneL.cstate･thesp■n-ed10

sp̀てLraareObLa.nedb､,S､veep.ngmagnet.C吊CLdatac011Stantfreque■lCyOrA,a The

e･yter.lalmagnet,crleld､､aSaPP)ledus.ngsuperronductlngSole-101ds･､､hosem a:xtmllm

Rpldsareappro･yl･na叫 ,12Tand9T WeobLa.･HheKnlglltSh.rL '̂.fro.Tlthetollowlng
relat10n.

･'-些 元警 ×.00%. '21)

･vherelJo= 叫hhIandlI.t. I" heRode､･aluatedFromthepeakpo5lt)0日0†叩eClrum,

(orllle.TlYbandthe170m IR.thegyronlagl-etlCra110S are7499T/Mltzand5772
T/hlHz,respM1-1､･ely,alldtheTn川 speclraaremeasllredat967AlHzro√171Ybgf.uFl
and62.1h‖lzfor17oNhlR
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Flgure21Atyplca=)lo{kdla古rZLmOfzLFmlstdJ,hast-Coherent･X'lIRspe(LrO･neLerThesylnL)ols.㊨,

TepreSeLltthedotlbJebalall⊂ednllXer(D8叫

Searrlll=gforZ35uPeso.lanceS.gna)5 ､rぐreper-orrnedbJ･us川Sai-02#lsalnPIeat
zero-lleLdandbelo.v121く･S..-cpll.ellyperfinefieldaLthetT5lteS IS eStlmated as･270

j=L20Tlro■一日 he･u assbauerexpcr･m pnt5121122ト､,econcentncallySPard.roH hesignal
althecorTeSPOnllll鳩 rreqUenC>･between150 and2501W z ThefrequencyspectrumlS

oblalnedbvrnpas"rmgthplntellSILyofspln-echoslgnala､er呼 dhythedLgltalSCOIX･al
t･dt:llrrequenで11

2.4 TIM easLlrementS

rh" uc)ea,sp.n-latL.ccrcla･Val.onratewasmea5U,edbyLhftSLandard5aturat10n(

orlr)､Cr､10n)recoveryte'hnlque Thes･nglesaturat-on(or'n､･er510n)pulbei5aPpLled

aLatlme･I.beforeLhe叩 =一打hosquenCeandtherecoveryorlluClearLnagneいLatlOnlゝ
obLaLnedbl･ChanglngtheL Thenudearspln-1au)cerelaxatLOnrate,Sdelernunedb＼
Gulngtherecoverycurve･forthenybandtーo :nIR tothesJng-eexponcnllalrullCLlon
lFlg22】

土等 孟㌍ - 1]olexp(-か (22'

andfor235し･N-llRytothelollow.･lgrunCt･Onforthemagrlet,Crelaxat.onprocess【F■g23】

.1/(00)-▲lI(I)

一･･両 ｢ .- l̂olA expト音)･Bexp(一g,･Ce･yp(一号 +D-p(一等 )】 (23,

rlereLJ(I)andLl/(co)arethenuCIearmagnetlZatlOnatいrneta一terthesaturat'on(or

ln､'erSIOn)pu】scltln｡thataHhetlter･nalequtllb,lumState,reSPeCt一､･elylntheeq(23).

AIB･CIDandLlloareequaltoI/84､3/4475/364､1225/1716andI,reSPeCLtvely,tf
thelnltlalcondit】onlSSl】ChthattllCCentralLra一一S】t】ontscompleLelysaturaLcdalldthe

t,OPLJat.onsorlheotherspmlcvel5arcuna打ectpdThereco､･ery｡ur､e canbeGLtcdmore

rpasonablyforllleL'0っ#-2Sampkalthoughtheno5■gn】ficantd■frerencebet､､･eenthese
samp)e5.50bsenedTortheresor.anrelrcquerLC■e5
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Chapter3

ExperimentalResultsandAnalyses

3･1 RondoSemiconductor,YbBl2 - 17lYbNMR

lngeneral.theKnlghtshlrlattherareearthslteShasqu)lealargeamplrLudedue

totheorb)ta=1さ,PCrGnecoupllllgCOnSlantandthusoneneedslosearchfor.Tf･lIRs)gnals

aLtheReldolvo/(1+N)7NratherthaTHheusualresonancecond'tton.ツoh.v Stncc

thehyl'erTlneCOuI'1mgCOnSLantofaTreeYb3'･on-sS･mplyest'maLedas115T/lLB(See

Chapter4a･-aApl,end･･yA)･､veobta,ntheresonanceGeldforaconSlantfreque.lCyby

uslngtheh-vperr"e〔OU-)IlngCOnStanLandthemagneいcsuscepLIt)lllt)･lTearthemagn仙c

Ge)｡es"matedForarOnhLallL∫-equellC)0(967llllz.t､eObser､･edaspln-echoslgnalbe-ow

l0I(ro√tlleSllCedslt一glccr)slatolYbB12 AsseenlnFlg31.theSpln･eChospectrum
hasaT-dependen ce.a一一dthespiI一一ccllDSlgnal■sdra5L■cal]y､veakerasT.nc,eases We

cal=I"btitCludeLT"itheslgna),SaurlbuLedLononmagnchcmaterlalsaroundtheco.I

otherthanYbT]t2 'rheT-dependenceofthelくn,ghtsh机 lSSho､vE…1FIE32(a)The
llyPernne COuPHng ron5tant･Se5tlmatedtobc115T/pB aH Oド rrot一日he.,1eaS｡rCd

lく‖唱hLshlrL66トIC/(,art(hhesuscepL･b･llty.3219米lo-3emu/moJThere】SLherefo,e｡o

longerdoubttorthe17tl′bspln-echoslgnallnYbB12I"SPILeofexpertmenLswILlllntlle

narro､=emperat"rerange･thedlrectobservatlOnfortllemagnetlCOn-S-1enucleusg'veS

thedearevJdencefortheplIySICaLorlglnOfmagnetlrSuSCePtlblLlt),Ithesuscel)l】bllltyOr
YbBr2rerna‖1edatT1 0isdue101heorbltalcontrlblltlOl10tYb3+Ions

The71-depcndp"CeOH /Tl.5Sh0､､-n･nF一g32(b) Therclaxat'o■.ratedrasLLCally
■n｡reaSeS a5T.ncreases.andtheenergygap -1 .S'oughlye､･aluatedas～loo比 ThlS

■scomparabletotheenergユーgal,｡bLa･nedb)Otherexper'rncntSl7.23,21I7 Themost

-nleresLmgfeature.slhaLunlikpLl.eI/TlattheI18sites.theupturnlntheT-dependence

ofI/T'･Snotobser､edbelo､Ⅴ)51叩I lf､veesLlmatethe‖(1/Tl)(ron therelation.

()'1N･LLA)2/(1711トlTtA)2×17'(I/T,),byus･ngthel18 hyperGnecouplHlgCOn5ta.lt.065
hoe/F･B.andthe､,alL･eO†17-(1/Tl)aL10I(.weobtaln1Ix10-3S-A､vh.ch.ssmaHe,

lhaJHheobser､･ed､aJuc1025~l TIIISSuggeststhaHheextracontrlbutlOnISma】nly
don一日.anHothe‖L3reTaxat.0,.rateatl0､､･temperaturesSlllrethe=BrelaxatlOn,atelS

-TIuChsmanertllallthe1711●bone-thercl･lXatlOllProcessesassociated"ltllthemagnetlC
･m pur.t.esmaybemorePIYaggeratedlydetecteda110､､･temperatures
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3･2 A11tiferromagllet,UO･2 - 23bU and 17oNMR

3.2.1 235U NMR

Se､･en235U(∫-7/2)resona■lCel‖-eswlthasharpI.111･､V.dLl10taboutI.u lzlla､･ebeell

ot,Ser､･edlnUOZbelo"42KandaLzeroかId The2351-spln一cchosFMrlrllm )SShow'1

･nF･g33 .llIrewllarLCerrequt,ncleSarelLSledlnTable3｣▲AsfaTa5W krlOl＼､LIHS l～

the6rsl:t'llRobsrr､atIOn【OrmagnptlぐartlMdpl0rlS ThehypcTrLlle鮎Idatlhpt●Sllrs

helaluated asl2523士05T ll,hlrllaEr㈹ lVltllthatobtatnedtromthe ?侶t:.tl6'sl〉auer

e叩 erH一一entSW･Lh" the.re叩er･mer.Lalerrors【121.22ITlleeXtremClrlargehyperfizlert'･kl

･scons.deredastheorbllalfielddueto5r-plpclronsoHhe3HdStaLe一･tIost.nterestl■一g

feature15thattheeleCtr)cquadrupolelnteraC110.-atthe235UslteS.SCkarlJ,01)､erved

althougll.iWasZIO10bser､･ed日日he23SuLuるssbauerspectrum becauseorthe川[lPrently

poorresolut･on lnrareearlhandact･･.tdetonsa･.electr)cquadruT)01elnteraCt■On‖Ormally

e>lSISe､enlnthecublCCr)StalllnefScldlfTTlagnCtlCOrtlemIglSPreSellL,be田usethespatlal

allgnmentOfthemaglleLICmOmeTltS rCqL)lreSthatoftheOrblLall110111elltLullandcauses

ana)こIallysynlmetrlCChargedIStrlbuいonaroun(hhelluCleus l̂mosLc･ql】atS叩aratlOrlS

hPt､､em Ihcrc<onanccrTeque‖CleSJLl土 Ol1日1Z‖1dlCatethea;()al一ysyrnmplrtrぐlc亡trlr

肘 dgradlent(EFG)altl･e 23与U sILes Thuい､eObtaln theclectrlCquadTupOle川terLICt】0"
a5rO】】0Ⅵ,S

曹 (3cos201･)l-392士El枇 (3り

WllereeqlSLJlema.XHnumPrlllCIPalcompOneTILorLllCEFGtensore､･a)uaLcdatLhcnuclclは,
QlSthenllCIearquadrul)OremolnerILarl(lelStheallglcbet"eetHheprlnCIPala.yISOlthe
max‖llum EFG LellSOrandthedlrecLIOl10日 llCIlyl)PrLhleLjeld ThedeLajledatlalyscs

olthemagnetichyper氏nefieldandLhceleClrlCqL"(lrupolemteract】oHI)rOducedbyr-

electronswlllbepertormedlnChapter4,andltlSCOn伝rrncdthattheobservedqu.Idrupole

lnteraCtIOI=SCOmParablewlththatproducedbythe｢5-grOulldstateorUl+

WehavemeasllredtheT･dependcnceortherrlagneいchyI)erGneField,JJhL,arldthe

quadrupolespllttlnglntheanいferromagnct.cSlaLeorし'02(Fig 3･4(a)I ThesLgnals

cannotbeobSer､edabove1IドbecauseortoosllOrtrelaxatlOntlme ドoT-dcpplldpnrc･

orthemagz)ellchyper611efieldalldthequadrupolespllulnglndlCatCSnOChangeorthe

Tablc3IRiSOnALICerrequen亡IeSOl235U(I=7/2)N̂1RntheantJrerrOmagr)eLlCStateO†UO】
QuaJrupolespEll1111g(JJ RE･SOILaJICCFrquellCy(れtH之)
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FLgure35 17ospm-echospe(Lm'7"日heI)aTamagtlCいCslateorU02 1日 日日eaSLrredonll】～FM .I5'

cond)tlOE】Or42J▲5-T-aqJJS

dlStrlbutlOnOr5r-e)ecLronsaroundthenucleusatlowtemT)eratureSandlSCOnSIStenい､,lth

lhaLOrtheorderedmomentbytheneutronscatLerlngeXPerlmentS

F】gure34(b)sho､vStheT･depelldenceorthe735Lnuclearspm-lan.Ccrelalal】onrate,
､､,h.dH1-d.cakesaT7-llkcbeha､･10rratherLhanLIleaCuvaL10nLype(a一soseeFlg ･iLl)
Tllぐ叩 ■nl･･aVePXCltat】Ol=llUO21､･111bcdlSCuSSPd川Sec323

3.22 17oNMR

The170(I- 5/2)JT付目もspectrum lntheparamagnetLCState･ObtalnedFrom the

SP‖1-cchoslgnallVILhaPulsecorldlL10nOr4-2/LSイ･84ILS..SSho､vl･lllF】g135 Ttle

S∫mmetrlCSharpsl)∝trum (FWllMと300e).ndlCaLeSnO｡uadrupolespllu"g､､Vhlぐh

Canbeunderstoodfromthecub.cI〉0.ntSyTmletrさaLthelToslte5FtguTC36rppr̀-.-Ls

theT-dependencesortheKnlghtshlftsTher-)ndeT)endenceohheKnlghLshlrtSuggests

thatthetral)Srerredhypertine丘eldlSSlgnlrlCantl.vsrllalL"llH,.llmeansthedlreCtO､ertaP

､V)th5(-､va､erunct)onsareoh econdary)mportal)ce

ThelntCreStresult■■lthe170.7(.uRe.YperlmerLtS ■=■11hcantlfcrromag■letJCStt'Le rlle

specLrundrast】callyhroadel)SbelowTNalldlS5trOnglydependentonth叩 ulserOndlt[Oll

fo=hesp.n-echo†OrmatIorl(251 lnFlg37.thespln-echospectraonthecond･t10nOr

I4FLS-T-28FJSareSho､rnfoTSeveraltlmelnterVals.T.at28JくAsseezllnlTlg39,LhlS
anomalousI-deT)endcnceohhesptn-echospectralsattrlhuLe(hothenlOduLaLtonohhc

叩川一cchodecayohlllJdltheperlOdlSdependentontheresollal-CeFielLlrrhuH､･eCAnl10L

measuretheexactspln-echolntenSJLyunlesstheLlme)llterValsareenoughlongLDSuch
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Flgure36TeTTIPeraLuredepcndeJlCeOrtheKn)ghtShlalorthe17oslle-Z=heparamagTletlC5taLe

aTleXtenHI-aHhemodtllatIOnCErpetslSnegliglble lnlactlthespectrum TorT =1000JJS
ISStnlJEarLoLhcl)0､VderpatternSPeClrurnlntheantllerromagneいcstateaH heslteSOr

wh■ch'nLcrna川eJd,I/-i,,5gmallcrLluIIltheexterna】鮎IJJJ.I.t26JForthepurJ)O£etO
lllustratethepowderI,aLLerr15PeCLrumlntheal-I)(erromagneLlrSta te."･edemonstrate

the)dealspectrumatllFXt≫ 〟LnLIllFIE3･8TheN丸lRsISnalsaHhccdge5011theJo､ver

andhlgllerGelds1°eariseFromthesltesl､,lththelnterrLalrleld5antIParallelalldparalle一to

theexterltaHkld.respecLl､elyAstheresulttthellnewidthlS COrreSPOndlngt012H"(and

thesp∝trumsho､r5aSymmeLrlrrPaturefortheusualresonanceGeJdIlo≡〝oh h.From

theA.n… ･dtl日日F･g37(e).theH"ernalGeldatlheo･yJgenslteSISrOughJ)Iestlmatedt｡

beabout65kOe･̂ nL=-- eCtedspectrumlSalsooblau)edonthesamep111secondllIOn

as4'2/JSや 84FLSlntl､eparamagnel.rstaLelFIS3JO(b)】Tlleい､･oreso爪anCCGe)(Is,〟五
1.Ith.sspln-echosp∝L,umarealmostsymmeL'ICforllo

TILeSeanomalousN･MRresultscanbeen:plallled､cry､rellbJ,thepresenceohheaJ<iauy

symnletricEFGattheけos.tesI-1theantife''omagl.eLICStateaSrOLlowSTherl,St10.de,
quadrupole5PIluHLg CausesLllCqPln-echoI-10dulaL10n､-1thaperlOd.Tm.equl､alenHo

thespl,ttingl27l. l･lF･g 39 themodula110Elperl0dattheedge0-I1hespettrum .s

aboutahalrper10daLFl〇･that15theSpllu)ngaHheedgelSabouttwl〔eaSJargeas

tllatat〟oTlllSindICateSthaHhed)recl10Ⅰ-OflnternalfieldlSParalleltotheprlnCIPal

a･Y■Sortllemax"ⅥurTIEFCtp･-sor(Z･a･Yis)lrorntheCharaClerohhe爪rsL-orderquadrupole

spl･tt･ngE28日 nFI菖39(a)and(b)Itllehlgherharmomctermsw'ththeperlOdol'.Jl2a,e

aI500bscr､ed Theseter一一一sareattrlbuledtotlleeXClLa110nCOndltlOn､､･heretherfpulqes
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FEgure38Den)oJLSlraLIOTIOrtllePOWderpaucr"spe亡ITumlrHheantlrerTOmagn"ICStateatll.xt>FI.∩.
ruel､llRs唱llabaLlh-dg朗On山 】o"eraJldhlgherGelds7dearlSerTOmtheSltem 1日Ith… ternal

rleldSanL'Parallelandpa,allehothepxterrnl鮎Id.re叩eCt】､eJyThereso.･an⊂eRelds,FI孟.,onthe"la島.e
anglecondluOnare･11細もl】owTILTltll- aSethatthedlre⊂tlOnOftheLnlerElaJrleldlSParalleltotheZ-AXLS

exctte0--1yasmgEe][nebutalsomult】p]e)lneSSplrtLedbythenu｡eareleCtrlCquadrupole

mteraCt10nL27】 Inlh･sc礼Se･theshapeofsp川一eChodecaylSSLJ0-1glydependentonthe

pu一second'いonbutLhpppr･O(Ior一一一odulauon･snotafrecLed InF】g39(a)and(b).W｡

coT16rmI-0Chal一ge日日heper)0°Fromthespln-echod∝ayoHthepulsecondtllOl10日 lILS-

'-28FLSOr18ILS1-36IL5SuPPreSSH-gtheampllludeofrfGeld Furthermore.nomodulal10n

atthehvoresona･-reReIds･JInL ･sobser､edrFlg 39(C)J Thは】ndleateSthatthp_sp

resonancesareonthenag･Canglecond･t･on w･theI cos-I(1/V5)≡ alnWhlChthe

Rrsトorderquadrupolcspllulng､･AnlShes.Here･elStheanglebeいveeTH hc Z-ailsand

theeXlerna川 eld ThlsmaglcangkcondltlOnISalsosupportedbytheresultthatthe

d･frerencebeいreen〟nt and〟o･sabout1/Jill■neSa5largeastl-ehall､､,.dth｡lthe

spectrum ■nFlg 37(e) Tilereason､､,hyLhcI"ollneSareOnlyobSer､edonthepulse

col-dlLIOnOri2〝S･T18･JJISCanbeexplalnedb)･thequadTupOlesplltLlnS Theerre" L､℃

rrGeld†orthecentrahrans.t･0--(L/2,--1/2olI-5/2)SPl.nedbythenurIeA,elettr.c
quadrupoIE･.ntr･ra〔L.orlisthreetlmeS a5largeasthatrorl九etrazISitlOnmtheabsenceor

thequadrupoleSPI･uit･gl'28】SinceLhepulsew.d.ht･pp･ngthe.T-agnel.zatLO■l■S'nVerSely

I'rOPOrtlOnaltotheamp1.I"deorrrReJdlthee･ycit川gpul叩､､IdLhforthec川trah rans.t1011

151/3olthaHorthetr- .lion･nLI･eat,ヨenceOhhequadrupolespLlulng ThespccL,um

onthemagICanglerOlldiLIOn15thereforeobLa"ledo-1L､･onlhcsalnePu一secondltIOna5

I'2 ILS一丁-8IllsIllLhcpar8-7"gnetlCSLaLewlthoulthequadrupolespllulng Asaresult､
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Fl･glJre313 F･elddeptl･d亡･.CeOTthernodulaLIOnrrquerlCy川tlleSPH'led'odでCay Tlle約1LdCurl･p
r叩 reSentSCalculaledonebyus1-1gH.n,≡659hopandL･qI 76kHZOnLhp assLmlpLJOJllhaLthe
lnOduh 110nLSCausedbyl九equadruF)OlesphtLLngdueto tltpnAlalL56ymMFtrlrL:FG
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"e 亡anexpressIl.I.u a:,fo=ows､

〝 mi-生キ諾 聖 -笠 酔 (32'

･here r̂J-rflo土 (1/J57II-･-/tnt")/〟i ,sdeGned aStheshlrlattheangl… .Tll.h
ranbealsoretmltf･nlIy

'̂,=flo/((JI㌫+JIエ)/-))-1 (3n

､､h,ch,eprchP"lstll- h.ltorthe Centra川 eldfromJJo･～redeLerm.nedthe ･̂Jromthe

H三･andthe'l-dppr..dぐnCeOr̂ ･｡isshowninF唱 3ll L,S.ngthe､･alllCOl ･̂｡andJIと.

､､川 bLa-ntheT-dependenceoM e一･t.ernal鮎ldlromeq･(32日Fig3】21.＼lthough叩

donotkn0､､･theI)h､･"calorlglnOrI;〇一LheInternalReldislnSenSltltPlothesma)Ivalue

of̂ 'Jasfo.･ndineq(32)

Ontheassumpt10nOrlheaxl叫 symmeLr･cEFClensorand/I.."//Z･ax.,.the,n｡du_

latlOnrrequenC)duHothe(JuadrupoLespllLtlng15expressedbv.

･".(o)I l箸 (3cos20-.)I, (34)

Wheretheangle0CanbewrluenbJp

cosOI(Ilo-I/,C.)/ ll,n. (35)

Jntheserorrnula,〟ntandvQ arethemodulatlOI-frequencyandtheelectrIC(luadrupole
rrcql.enCy･reSPeCLt､･elJ･and/I,..lStheexternalGeldaいvh'chtheresonL,nCC.SObserved

Thesolldcurve"1Flg313representsLheonecatculatedbysubs"uLlngll一日l≡659hoe

andvQ -76klI7･aL28I(LnLoeq (34)and(35) ThepresenCeOrtheax.allysy.1,･

metrlCEFGattheox}･gens.lps,s reconfirmedbJthlSBOOdagrecJT.enl､viLhthemeasu,Pd

lrequel-CIeSlnFlg 3】3 日ere.Lh- Q JSevaluatedb!mu-t】pl)lngaFactor2from the

modulatlonrrequcncyatJl- =lJo l＼ealsomeasuredtheT-dependenceofレol､Vh)ch
obvlOuSlysl10WStheprcscnceoh heJahn-TellerdlS10r110naHheanllrerrOmagnet)ClraT1 ･

㌔.110nLemperaLure(F･E312】ln.henexts"t】ozl･tYe､州 d,scussthemagneL'cstruclu.e
andJal"-Tcl)erdlStOr11011OrL'020nLhcbasISOrthesere5ults.

Thenudearsp日.･lat.lr- e)axatlOnratealthelTo srLes17(1/T.‖ smeasured.nthe

antlrerromagnetlCStateloln､･est)gatethespln､ra､-eeXCltat10Ⅰ- TheT-dependenceOr

.7()/Tl)･SSl10Wn･nF'gl31日 sseenF･gl22(b).e､en･ntheant.ferてO-agnetLCStaLe･
lllPreCO､eryCur､eOnthernaglCang一econdJt)OnlSGtted ､･ery､､eJ)toaslngleexl)Onent】al
lun〔tlon Therela.ya110･】rateremarkabL､,reducesbe)0､､･T:<.andsho､vsar-1.kcbehav.｡r
at]olVtemPeralure55lmllartotheresultofthem L;I(MR.
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Tempera【ure (K)

FJgure314Temperaturedependenceor(I/r Iいnthea11tlrerrOmagneLJてSLale TheopmalldcJo緊d
｡■r亡ト5rCPrGCnLthHeJAよAtJIMr8tC9rOr235Lwd1701川CIc=espeてい､e)y

323 DiscussLOnOIIUO2

MagneticOrderhgandJahn-Tel)erDlstortlOnOrUO2

llsdel101p{llllSpcIl･lllSProposedhH heneutronsrattprlngexperimentsthatllle
magnetlCStructureorL'07iSamultトA=slruぐ1.JrfL･･2A=-or3k-slructu,… 山ladlSlo,tIOn

oltheoxygenatomsfromlhpeq"Jlibr"mpositlOn l̂solnlhl＼坑udl.theJahlトTpIJer

d-sLortion)srlearlyob叩r､d beJowTN･from thepreでenCeOhheTIFCaHhe.-osltes,

LlHllI5SeCtlOn.WCdlSCll<S LhでmLJJLl-A:structureort･0Zfromthel･o:i.uRresultsOur
Te,ul15areaSrOIJoIVS.

(1)JI.,. = 71土02kOebcloIV)6Jt

(2)A/C=93士0_-2k‖zbPIo帆･lr)K

(3)The･nternalGp)(I-sparallehotheZ-ax-5IJ"I//t主Z

(4)TheEFCtensoraHhe1705･tes ISuruaXla).Vyy-Vxx､thatLS,,7=0

､､rhere(X･Y,Z)･sthepr･ncll,alax･so†theEFGtensor.V.atthe●705'tesandthpasJ,mmeト

rlCParameter,り ･S(leRnp{las(l'Yy-l'xx)/lEzzTheparameLeE.7.-5uSeruhorep,esenL

LlleaSymmetr･CCha,acteroltheEFCte"sorand･thasavalLJer'Om0(a.m illsymmct,.｡

EFC)to1 lnド.g I10,the3ムーstrt.cLurehasathree-o一d,otaいonaxISaLeacho･yygen
S●tC､Vh.Tethed.StOrL,on=lthe2A,-structure■sorthorhomblC IntheCol15lderatlOnOrthe

s∫mmetr)'orlau.cpdistort.onltheobSerVCda又1aHysymmetrlCEFGtcnsor,nd.caLe5that

the3A'-Structure.sreal-zed TnorderloverLlytheposヨ-b‖lL)Iohhe3k-strucnre】lHnO,e

(leLa lLWeCalculaLedthecJ･lSSICald]po】ene-dandtheEFGLensOrduHolaulCeCharges
Fl叫 Htcc)asslCa】d-po一erleldaH hc oL･ygenatoms)Sg】Vel-by

'HL･･,,-∑ 3聖 -鞍 (36,∫

･､'here(p,)･stheuTT･eaverageOhheelectron･cspinmomentaHheJthaL｡m.wh,ch.s
aladJSta.leer.,fromtheithatom ThedlPOle鮎LdlSCalculatedbvthesum,nat.onoヽ-e,

I-)0unltCeHsforeacllCaseOhhe2k-and3ん･slructurelnFlg110 IJerc.､､enegl∝tthe
d.くLort10･.Ortheox.YgeE-alomsbecausethesmaHdlSP)acemento†0OldAd｡nota打ect

lT"gnltudeanddmLrt10IIOfI)1ell-terna川eld L'slngtheor(-Fredmornenl.171紬.the
dipoLeReldsatthe0-7)rgpn川 p- T.,吋 】matedtobeaboutA2hoelo,bothstructu.es.

､vhlCh)Sohhesameorderasthecxperimelltal､,a)ue･ThedlreCt10nOrtl-edlpOleGeld

rel'reSentS.nF■g J15(a)and(b)Forlhc2A･-structure･thed,poleGeldsaHheoxJgen
SIICSPO･ntalongtl.e(101)dlreClionsohhecub)cunLtCell､vhereasfoHhe3k_structure

thesepo･ntalonglhr･(Lll)d■rert10"5

NexL."eCalrLHatedtheEFG lrnsoraH heo･YさgenSlteSforthe2k･alldthe3k-

-nruclureso一日heI,0.ntchargeappro･Y=一.･,Ilo,. Fortheo･V･gen.onsH-"･hlChallelec･

troI-Shellsarerlosod.theconlrlbuL.onortheEFGISCOnS■de'edlobema)nlyduetothe

surroundlnglaLtJCeCharges Smretheoxygensltesha､･ethecublぐPOlnt5.Vlnmetryln

theparamagnetLCState-theRnlLeplectrlC(luadrupolelllteraCl10n日日heanL[rerrornagnetlr
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Flglre3)5The(Ooユ)proJeCtlOnSCrlhenuonteslruCtLJTerOrthe2人･-andthe3b-sLrucLurcs1hedlpole
LleEdsattheoxyger)atol'鳩L)O川talollglhe(101)dlreCtJOIISrOrthe2L-5lrllCturCall(lalonglhe(‖I)
dlreCLl011SrOrthe3ん-stru亡tLlre

(a)2kstn)clurC (b)3tstTUCLurC

J

Y

O (lJH /4 l… LyP 中也

r■gLJre316TheprLnt･PalAxisOrlheEFGtcnsor(theXY7･rra･･旭)aLa()/4.]/Ll,I/LI)oxyge･18･terl･e
(xyz)IrametstakenrDr一heCublCCTySLaHLneaLllS
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statelndlCateSthepre5cmCeOlthelaltlCedlStOrLIOnfromtheCublCSyn-mPllyrrheEFC;
tensor,I;帆 producedbyan･onOrCha,gcZeaLrcanbewrluenh.Y.

LL-=ZE(3r-r:,-rlernn) (37)

､vheremandzlrePre､elllx･)orz-axISalongthecublCaょesTheEFCtellSOrLSCalculale(l

fromthesummalIOnO､･erthe20unlLcel)sWedetermlnetLlePrin叩 alaxISOhheEFG

tenserb}dlaSOnalizlllgtheCalcu)atedonp･WllCntheprlnCIPalcomponentOftheEF(j

ad-spJacemぐntOrOOl1A'nthe･2A:-struCtu,e､

l'xx - -009xlO-2 esu //(0.1.0).

l'yy = -9･18×10.2esu //().0.-1),

lrzz = 927×10.2e5u //(4 0.ll).

andlntlle純一slrucLure.

(3S)

l'xx = 1536×10.2esu //(12,日 ).

l'yY I -536×10.2esu //(0226･-0792･0566), (39)

l'zz = 1072×1012esu //(1,日 )

Here･､､'eneg】ccttheEFCproducedbycharges0日heoxygens】Lesbecause.tlSOforderor

109esu Assee.1"P･g 316,the乙-axesaHhe(1/〟 /4I/4)0.yyge,IS.teforthe2A:_and

the3k-structurearethe(lot)andthe(Hl)d･rect･on,respeetlVeJylnthesame､､･ay.we

〔an｡aJcuJatetheL:FGtビHSOrSToralle･ghLoxygen5,LeョequlValen=o(1/=/4.I/4)a,.A

(E/Jl1/4.･1/4)TherL･axesTorLheseoxygens】tesoccup.valllot汀(lot)d■recいonsfo,tl､C
2k-Structurea一一daHe･ght(111)d.reetlOnSforthe3k-sLrucuJre l.Itheexacte､･aluatl.n

ortheEFGLensor1OneneedsLocons)dcrLlleCOntrlbu110narlSL=gfromtheClosedsllell5
､vhichbecome(J.StortedurlderLhelnRuenceofthenonspher'calEFC Th.scontrlbut,011

1SllSuall)'expressedHHermohheSternhelmerant.Shleldlngfactor.1J29】."･h■chlsof

orderorumty･TheEFGtensorCanLhereforebe､vrlttenbyl'zz(1-･Y00)Inthlsanalysl,,
l10"･C､erWeneglecttheantiShleld.ngeffectbecauseltdoesnotaqectthedeter,n,naいOnOf

theprlnCIPaJax】SortheEFCtellSOrThenlthequadrupolefrequencさ･andtLleaSynlmCtrlC
parameterTortht･2七一slructurparee＼,aluatedtobe

t/q = 2-6kHZ (Z//Hd.,).

ll t L

J'Q - 30kHz (Z//Jld▲,).

,7- 0.

andforthe3A;-structure.

･､･here､､euse-26×10~JbarnasthenLJClcarquadrupolemornelltOr170nucleus Fo,

botl…-ulLl-Astru亡Iu,es,theZ･a･Y'S■sparal一ellothedlpokfie一d.ll1llCh.ssalISrlCdlVlth
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theexperlmenla)result(･J) ThecalculatedlこFG l､hlChlSOftlleSameOrderastllC

(,xpermlental､alue(r̀-It(2))iud.GatesLhaHhcror･Lnl,..L･ondt岬tOlauicedlargt･5 'S

dominant ThemostImportantresultlStllaH Llp.lS)mmelrlcP.lramPLerlorthL1-兆･

SlrtlClurelSjustopposltetotheresult(l)wllileonefortllC純一strucLureagrop5ll,lththe

rぐうuLt(LI)～TheI-JA,-structureistI･ereroTYeXCIudtJa.'L川 .C3七一strucLllre.511､e■nostHkdy
oftheTTlulL卜kstruc一uTeS

Sp'LnW aveE)(citatlOnintheAl-tirerronlag一一etiCState

lzILeraCtlngWlthI" clcarsp"㌔aSare･SulLorh.t･F･erfi･ぼくOul,)lng,thesplnWaves(or

magnons)CanbesCalterlngbytheT"CIcarspln､ aS､rell鮎 absorbedandenllutdhylkll1.

もnallざ.SPln､ra､eSCanbecon､ertedintolaulCel･lbratlOnS(phonons)Thus.lhcrclaxal10n

processcausedbyLluctual‖唱Ioca川eldattlleI-uCleusg)yesuslml,OrLantkno"-Jedgeon

thesp･n､vaveexc･tal･on-D lrPrtPrOrCSSeS･･n"hlrhlhcrLuClearspUllSfl■I'l'eda■ldasp'n

･va､elSabsorbedoremltted.areusuaHyun.mporlanLbecauseor,cstr.cl】On0"energy

conser､,atlOn lto､､e､er,Ramanprocesses.ln､､,hichthenuclearsplnfllparlSeSFromLllP

absorptlOnOh SP.∩､､･a､′eOrenergyh叫 andtheslmultaneousemtss■0-I0ranotherSPm

･vayeofenerg5hLL,k･､ aSIhJk-ALL･七･[.SequahothenuclearZee,nanenerg5･,亡aZlbea

majorcolltrlbuL10Ⅰ=nthereh.YaLIOnPrOCPS5 Thぐ T-dependpIICeOH /TtduetoLwo一

magt10nI)rOCeSSeSISe･YP･eSSedbyl32ト

I
ETI
-
二
ill-

∝ T3 ro'T≫TAE. (3I2)

∝ T2叩 (-T/T̂E)forT≪ TAF,, (･1L3)

wherebTAEtSthelnltlalgal日nthesptn､va､espectrum ForT≪ TAG.い,eraE1 See

thepronouncedetrectorLLleCI-ergygapkBrAE.ThlscllaraぐLcraLT≪ TAEISa150

e.YpectedForprocessesWltlH hPPartlClpaL10IIOhhrPeOrmorernagnOnS Infact,LllP
IluClearspm-httlCerelaxaL10nratedueLORamanprocessesISquanLllaLllelyconfirmed
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Hyper五meInteractiononRareEarth
andActinideions

4.1 17lYbNMRofYbB12

Yb3+ J-7/2,L-3,S=1/2

MagnetlChyperLhlelnteL･aCtion

Fromeq (116)"･ecanevaluaLethe､-alueorAl,(byuslngII=6641%andI≡

3･219X LO~3emu/molal10K

坐
gJ

Ll31=2T//LR (II)
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17.YbN入lRolYbAl2andYbA13【20】 JnTable41.､､,esho､､･thecalcu一atedhJpC･rrlnP
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theeXPeTlmentalvaluelndlCateSLhaLtheadrruxtureortlleJ=5/2first-excltedStatetO
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4･2 235U NMRofUO2

Ul+･I-41L=5,S=l

MagL-etichyperGnelntel･aCtlOn
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触dthatthenonrcla日､一･stLCCalCulat.｡･-sitescomparableresults､vILhthe､,alue50r(㍗-3)
ll-CLudlngrelau､,lStlC rOrrPrH0日Sbut son- hatCauseano､erestlmationorthehyperGne
rot.PL川g CO,.Stanl Comparlngb州 ､CPrHheexperimental､･alueandthecalculaledlalues
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polar.zat■on DunlapetLILJ -0､､p､Fr,lla､,ee､,aluatedthe〔orel'01arほat】Ol川 eldsfrom
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NuC1eaTelectricquadrupoleinteraction
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ForUO2.lVeCal=VriLe
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Conclusion

lntheprescnLthe515.WPhalでPrOHdpdu･IthLlleresultsoflTIYbJT:入IR川 Yucrblum

dodecaborldes,and235Uand.Ton lR■nuramumd'ox■(lcs,ro川SlngO■HheappIJCatlOn

ohhemagneLICOn･SlteNllRln(-electronsystemsIntheroLlo､vlng.C･lCl…1a‖1COnChls暮On
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Becauseohhelargehyperfhterteld,1日SPOSSlblethaHheIm Rspectrum】SConsldembly

broadenedbyal-ulemagneL･C･･.homoge･-C･t5･lnthesampleTlleh･gllqual･tysamplcwit)

bethus'mPOrtantlorobservat■or10rra-Pea■Lhau°actlnldeNMR Unltkethe235UNMR､
thecrmchedsaml)1e(loesnoい-cedLObcI)rCl〉are(northe'7tybN入日lTheobser､atlOl10r
thelTlYbN九LRIV川 be.ho仙,everrc5LrtctcdwILh川 LllClくOndosemLCOnducLorsorlhc

comparatl､,ely'llght-'heavyrermlOnSystemsln､VhlClHhercl'lX･,lLOntlmCSl】ouldh(I

moderately一ong

hltlleRondosemlCOnductor･Yb8t2.､VeObLal一一C.hhecons.deraL,lyJargelTtybトこnlghL

shirt(6641%)aL10K Thehyper6necouplingconstantagreeswlthtIICOrL)ILalone

calculatedforaTreeYb3+lOn ltisLhereloreconcludedLha.Hhesusceptlbllltyrernalnedat

T≪ 上arlSeStronltheorbltalm01ne･[.iorYb3+(J-7/2)IonsThlSresultLSCharacLerlStLC

olthemagnetLCOn-SlteNiVFt､vlththe(llreぐtlnformatlOn

vSuNMR lnUO2
1zlalongh)storyo†NMRtcchniqucs,lhpaCLlnt【Le:〈itlRhasneyerl)-IObservedm

so)lds.PartlCuraly.foruranlumCOmT)OundswhlChsl10lVVarH)USlntereStlngl)herlome‖a
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nnelntheantlrerrOn-aytetlCSLatpandthat"･eprepareda93Ĉt i,SL.-enrlChcdSample
ThlSmCa-lStrial"PCanOl}洲 .ethe235L･m lRbyseJerLmganapproprlatP111aterlalarl｡
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forebeaI)0､Verrul-TWlhodforsludleSOrtheantlrerrOmagncIJぐSLate･thestJPerCOndu亡Img
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､､1-1Chcanbecxp]a lT-ed､- ､vellbythepresenceoftllCquadnlPO-espIIu川島｡=PLothe

a- I)ys)m etrlCEFCaHh- xygeJ"lies [ntlllSSLud.vJhc叩Pl-CationoEthesl"n-
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AppendixA

Hyper五meinteraction

ThedetaildlSCuSS.OnOnthehyT)errltlelnLeraぐt'OlHSPart.CularL)-des｡rlbedmRprト13)

rnLhtsappendlX,､rebr.eElydenotethehypcrrtnpInteract.OnlVILhtTHhcJ-rn･M.fold

lngenera一theh_vl,er6.-e,nteraCt10.-fo,arrcrtonlSe=<PreSSCdby

･HF.-2- ･JLll班 +(3 賢 一;,･筈sk6(rk,'】 (All)

､vhelerk'Sd】StancebetweentllelluCleusandtlrek一日】electrorLtVILhthぐ0･t"Lah110mmllum

hLkandthesp'nmomentum hsk･andっトISa.-uClcargyromagnpt.cr･1uOa.-d/Ln.SthP

Bohrmagneton The6rsLtermandth-ぐCO一.(herm川eq (八1)represc･一日lleOrbltal

andsp.n-dlPOlecontr■buLIOnfromLllCnOnS-CIcctronslreSPeCtlVely,andthe一asttcr,.HS
theFermlCOTltaCttermduetotheら-electrons lnI,5-couptHlg≡.I.-Lalld∑ ,S.=S,
themagnet'cll.VPCrrmelnteraCt】OnCanthe.lbe､､,rLttet-

71日FI = 2ItBつNhL(r,13)(L /)+(γ㌻S)(S /)

+(,.lc3)I(i(L･1)(∫ S)-書く(i I)(L S)-(L S)(L I))H A2)

lnLhlSformula､､･eusetherollo､vlllgrelauOnforthe(LS)termobey･ngLlundlsrule

∑ 3(I rk)(sk'k)-r己(∫ sk)=E(rk3)tl･(/J･1)(IS)-鉢 LI)(LS)-(LS)(LI))).

k r王 (A3)

where

E-
2J+I-15■

S(2/-1)(2L+3)(2L-1)
(̂ l)

lneq(A2),(r.13)and(r.lc3)arethea､･eragedd･stA･.,CSrO,theorb.tahn｡thesptn-d.pole

hyperRnelnteraCtlOI-reSPeCtlVety lHSOrtPnCOn､･Cn,enttOellml･laLetheractor(87r/3)
｡fthelastterm.■-Cq(A1)b) mtrOduc■ngaparameter｡r(T,13).bt･〔ausctherclaL･V･sl,c

efrecLcanbeexpressedthesarnp/ sform astheFern.contacHerm I.-ararefLarth

oractlnlde■onwhereJLSagOOdquantumnu.T.bpr.wemustpro)ecttheopcmLOTSLIB

ontoIto伝ndthehyperfineoperatorrora,T-1ifoldofstatesofgivenJ ForthlSPllrpOSe
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､､erepEaCeLbyav.･clorcoHlnearW)thJ.

業 苦 J

a"A smvlarll･5LJJa tヽ･爪orcolllneaTlVlthJ.

;I.. lil.J･

l＼ltere

(L J)= 主tJ(J･･)" (L十1ト S(.q+1)).

(s J)- 妄iJ(J･1)･5･L9-.)-L(L川 .

(I S)- ;tJ(J･l)-L(L･,)-S(5'uJ

ThtlS Wehal･eWlthlntheJ-manlrOld

い 7)

1
71HFE= 2J･BTNIljfj71r(7,-3)(L J)+(r･13)(s J)

+(r･-C3)EiL(i+1)(5 J)-3rL J)(L S))】(J I) (A8)

＼＼henlVelntrOduccい,eetorN

･ -写iLL-5k通 学 rk). '八9)

- obta)nthecollStaTIHerm whlCh】S川(lependentOEILhemagnetlCqll･1rltUrnllumber
wlthlntheJ-maMfoldl

(Jr.̂JlrJ)=jTJTTyL(L J)H L(L'1)(SI)-3f(L J)(L S)) (A.0)

･lssum'ngthat(r'13)≡(r･-r3)≡(,-3)and(rT3)-o･".ecanm･ue･leq(A8)IntoaslmPle
rormasroll0､､S､

71rtF.= Ĵ(J I)･ (All)
llhere

/lJ-2/･B7.A(,~3)(JIIIYIJJ)

llllSISCqulValenHoanlnlerartlOn.

-1JI(JIJ /)

where

F'J=･2/LB(r-3)(-N)-蓋 (-J) (lu4)

Then一m.'SSigrl" Cq(A)J)一･ld･caLesthatLtJ ISalways"H l､esamed.,e｡t.｡nasth.
orblta]magnet.cr.10menLr gJ/JE)J
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Weorten伝ndllleOthernneeErcclsolH hemagrteいchypertineInteract)On SLandLlrS

andBeckhavelnleSllgatedtherelatrnstlCetreClonthemagneLIChypr･r611P lntPraぐ‖OH.

arldtheyhaveshowntheformulaofanefrecLl､Ph､perrmellarnlltonialHVlthre)tlLi､･lSt)亡

｡orrecuo■15【41】､､ll'Ch.S(r.13)≠(,.-C3)and(r.13)≠o■■teq(A8)Inadd'110n.aSaresult
oftheFerTTllCOntaぐIlnLerachonduetoclose(lshpllsI)01aTizm1I)yanopeneYtprnalsllr･lL

there15CorePOlarlZallOne汀ect ForthetransLt10llmeLal10n.theefrecllsparllぐularlJr

JmPOrtantThIShさPerruleinleractlOl･‥lctS I),T叩reSenLd bュatermSLmllarLoFerml

colltartterm lSProjectedolltOJa5bH0､､5,

)

･-rr≡ ･lr若菜 (J I･-一- ､f･(弓､,(gJ-～ I, い ･13,

HereI15definedasaquanM)onthedpnsityolunpalrC(l叩MSatthentlrkuS

･-芸写tld (0"2-lp;I(0)l2)･ (A16)

･･,herelやI.(0)12landlp二.(0)l2arHhrdcns･l】csfors-clectrons､､,,illSl】】nulH.-ddo､vnaL

theor'gm respeCL■､dy For4(10nSrlgoesfromIto5ar･dfor5rIons･LgoesFrom 1LO6

ŝaresult,theLota】h.vperfinecoupllnSCOnSLa叫 Al､(,Canbeexpressedb＼

Ald-AJ+Acm, (A17)

and.orcourse.thetotalllyPernrleReld.Hhf､aLLhcrareea-rLl-alldacL･n.(le･turlpusca-.

bealsog】venhy
Hl,r=H.I+HC0,,. (AJS)

lt'ss.gntficanttod】vldebeいveenthecorepolanzaいontermandthe(SI)termlnCtud川g

therelatLV】StlCCfrectlneq(A2),slnCetheformerlSduetotheexchange･一一teract,o･l

betl､eenelcctronsandthehLterlSduetothepurelysmgle-electronefrecL

TnorderLOdescrlbeasllb-spaceohheJI.TlanlrOldspl･LtedbythecrystaHtnerlel(いいS

tlSCrultointroducethefictlOuSSPlllS WhelHllehyPCrfineLensorltaslhCSamePrl"C1Pal

aj{esastheg-Le■lSOr,theprmCIPaLvaluesorLhescten50rSareCon..eCtedbytherollowmg
relauon

^ ･ Av Az ^ht (̂ 19)
gE gy g! gJ

Thuswecanobtalnthe＼alueorA.IFromtilerqlRexT)PrlJTICl1Ls､vlthoutan､,kT10､VIぐdgc

ohhecrystauLneGeld

ThenucleareLectrlCquadruPOle■mCrACt10･=T･tha･-uclearspm Iforafree10n"'lth･n

a蛋)yellJ-tnan.foldcanbecxprftSSCda5

7小 一詔 等 (J"a"J"{3J･21･J(J･.,,."Z2-I(/I1,}

+3(J.2-J,2)(J三一J,7)], (A20)

､､llere(J"0日J)arereducedmatr.xelemenLs.tabu)aもedbyEu･otalldSLeve･lSl叫 ,and

(r√s).StheefreCt.verad･alparameteronthe･luClearelerLrlぐql.a(lrupol" .LFrarLLO'1l-.

:Jl.1

tl… formu lal"eCOnSlderoHlymatrl･YC)ementswh7CharedlagOnal､､lthlntheelⅣtroMC

StateslntheSub-bPaCeOrtheJ一manlToldlllLedbythecrystalll.Lerleld ThcTl.tllema又卜

mumEFCeomponeTlLt(qlProducedl}yLlleteleclronslSg)､でnb､･

rq--e(JJIohJ)(r.-3)川 JL-J(J+川 ).

anthhc･asymrnplrllParalrleter,71･is

3(J呈)

い 121)

(A-122)

･､llere(ll′r)reprp､e.ItsthematrlXelementofanoperal0日′･compulcdroJagl､en
elerlronlCState.[nLLlcsubspaceortheJ-man1-0)dwLthaGctioussplnOfS.≠ecan

obLaJnLh‥ =一一llarrormula､州 pqい 20日 rlthecaseoltheritrlP)cLforJ=J･thefq
lSg汀enbvtlle†0110､､･lngrOrmula"ltlla触 lOuSSpinofS-1

eq- -C(JIIollJ)(rl13Hiz3512-5(31+))Fi)(il3J.2-J(J+川i). (A23J

wheretaklngtheC2aXa50川 1ccubeas axISOrquant-ZaLH)n,

ri)-義(vFJJz-3卜 J=--u). '̂ 2｡J

aT-dLaklngtheLhreeroldaxlsohhecube

li)-志"Jz-12)･5lJz-1卜 ･2J7JJ=-JH (A25)

ThelmPOrLanl-)o川LlsthatLh- uCIeareleclllcqua｡rupoleintcracLIOnStronglydepeJlds
oTHhedecLronI〔Slat- =hecryslaHmerleldunllkethemagTleuchypernne川teraCtlOn
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