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Experimentalresultssuggestingspindensitywaveofitinerantheavyelectronsareshownin
Ce(Ru,_"Rh")2Si2andpossiblenestingofholebandsisdiscussed. InCe,_"La"Ru2Si2, the4f
localizedmagneticmomentaroundandabove0.2"Bordersdominantlybymeansofthemagnetic
exchangeinteractions,althoughitissuggestedfromtheresistivitymeasurementthatanesting
eflectexists.ThedetailsofthemagneticorderinginCe(Ru,_"Rh")2Si2andCe,－範La"Ru2Si2
(0.05<x<0.3)arediscussed.
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neticstateinCe(Rul_"Rh")2Si2isaspindensitywave
(SDW)fbrmedbynestingofholebandsinheavyfbrmion
state.AnisotropicgapopeningintheFermisurfaceoc-

cursperpendiculartothec-axisinthereciprocal lattice

spaceandtheresistivityexhibitsanisotropicanomalyas-
sociatedwiththeSDWtransition7). InCe,－zLazRu2Si2
,onthecontrary, theanomalyintheresistivityoccurs
alongthea-axisatZ,butthereisnoanomalyalongthe
c-axis. Inthissystem,Z1<varieslargelywithzandbe-
comesclosertothetemperatureZw.Asaresult,from

Kondoscreenednon-magneticstate, localizedmagnetic
momentsbegintoappearmorerapidlythaninthecase

ofCe(Ru1_"Rh")2Si2atCesiteswithLaimpurities.
Here, we show themagnetic properties of two

Ce(Ru,_"Rh")2Si2 andCel_"La"Ru2Si2 compounds
fromtheviewpointoftheorderingmechanism.

§2. MagneticPropertiesofCe(Rul_"Rh")2Si2
andCe,－毎LazRu2Si2

2./ Z1< q7'd恥0s・ 韮〃α"e"cPhaseDiaymmo/
ce(R"1-"Rh垂ﾉ2Si2dndCel_"Lα諺R"2Si2

ThemagneticphasediagramofCe(Rul_"Rh")2Si2
andCe,ー垂LazRu2Si2 isshowninFig. 1. TheSDW,

withthemagneticwavevectorpropagatingalongthec-
axis, occurs intherangeofabout"=0．05to0.25in

Ce(Rul_"Rh")2Si2asreportedintheprecedingpaper8)
andtheorderingtemperature,Zv , ismaximumat"

=0.15.TheKondotemperature,Z< , andthevolume
oftheunit cell arealmost constant intheconcentra-

tionrangewheretheSDWappears.NearlyconstantZ<
supportsthetheoreticalmodelgivenbyCoqblineta1.4)
whoclaimthatantifbrromagneticcorrelationsstabilize
theKondostatenearmagneticinstabilityandenhance
thedensityofstates･ Here, Z1< isestimatedfromthe

peaktemperatureoftheSchottkyanomalyinthespe-
cificheat.

§1. Introduction

Magneticphasetransitionsinheavyfbrmionsexhibit

alargevarietyandareaninterestingresearchsubject.

Thelowtemperaturephase isclassi6edintomagnetic
andnon-magneticstatesaccordingtothesizeofthechar-

acteristicenergies: i) thebindingenergyoftheKondo
screening, ii)theRKKYinteractionenergyandiii)crys-
tallinefieldenergy.

Inadditiontoabovecharacteristicenergies,quadrupo-

larcoupling') andtheeffbctofbandstructure (Nest-
ingeiYect)2)contributetothephasetransitioninsome
compounds. IntheHaldanestate,anon-magneticstate
isfbrmedbythenearestneighbourcouplingbetween

themagneticatomswithinteger spin. However,the
roleoftheRKKYinteractionsfbrthefbrmationofnon-

magneticgroundstateinthecoherentKondostateisnot
knownsowell.

Flouquetandhiscollaboratorsstudiedthemagnetic
instabilityinCeheavyfermioncompoundsbyapplying

pressureandmagneticfield3)． Coqblineta1.4) studied
theoreticallytheeffbctsofmagneticshortrangeorders

ontheKondostatenearthemagnetic instability.
CeRu2Si2isoneofthemostinterestingheavyfbrmion

compounds,showingPauliparamagneticdownto40mK

asderivedinneutronscatteringexperiment5).Recently,
atinymagneticmoment l/103"Bwasfbundin"SR
experiments6). ThecharacteristicfbatureofCeRu2Si2
compoundisastrongmagneticanisotropy.Thesuscepti-

bilityshowsaCurie-Weissbehaviorathightemperatures
alongthec-axisbutitisalmostindependentoftempera-

turealongtheQ-axis.Themagnetizationisalsostrongly
anisotropic. Thismagneticanisotropy is reHected in

themagneticordering. Ce(Ru,_"Rh")2Si2 (0.07<z
<0.3)andCel_"La"Ru2Si2 (0.1<"<0.3)showan
antifbrromagneticphasetransition. Theantiferromag-

12



SpinDensityWavGAccompaniedbyAnisotropicEnergyGapOpening 13

30 30

i
一
一

. ， ’ , l 1

Ce(Ruo90Rh0.10)2Si2
－

60
●

● O

● ○

○

25 25 p＝

〆

篭;〆4020 20
●

●

Ｒ
Ｒ
弧

ｕ
ｕ
ｌ
』
‐
Ｌ

（
』
（
し
（
し
（
し

ｅ
ｅ
ｅ
ｅ

↑
↑
↑
『
一
］

｜
｜
｜
’

Ｋ
Ｎ

Ｔ
Ｔ
Ｋ
Ｎ

Ｔ
Ｔ

２
２

Ｓ
Ｓ
ｉ
２
・
●
も

、
姫
、
ｈ
Ｓ
Ｓ

ｘ
ｘ
２
２

。
ｎ
．
ｈ
ｕ
ｕ

Ｒ
Ｒ
Ｒ
Ｒ

●●

０２

（
Ｅ
ｏ
ｑ
『
二
Ｑ

５１

（
￥
）
〉
｛
ト

『
之
（
大
）

５
０

１
１

●

●
●

ー～

10
60

(Ceo.87Lao.13)Ru2Si2
O O 9 8 -

●

OOOOOOOOOO ●／

／
，

／

０３言
一
三
栃
扇
①
匡

｜
妾
矛

、
、

世
．

一
へ

5
５
０
３

50
／

OOOO 一＞ ●0

Ｏ
●

。
哉
逢

0 0.05 0．1 0.15 0.2

Concentrationx

0.25 0 ＜ ●●
●●

●

●●●●●●●●●

04

Ｓ
Ｓ

鍬
鍬

ａ
Ｃ

●
○

25
Fig. 1. MagneticphasediagramofCe(Ru,ー垂Rhz)2Si2 and
Cel－ェLazRu2Si2 . 30I
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InpureCeRu2Si2, themagneticsusceptibilityhasa

maximumataboutlOKanddecreasesslowlybelowthe

peaktemperature9). TheC/Tofthespecificheat is
alsoconstantbelowabout5K'0).Theseresultsindicate

Pauli paramagneticproperties. Basically, thesePauli

paramagneticpropertieswithantifbrromagneticcorrela-
tionsaresustainedinCe(Ru,_"Rh")2Si22),althougha
SDWorderingsets inbelowabout5K・Ontheother

hand, theZ< fbrCe,－諺La"Ru2Si2varies largelycloser

tothevalueofZ1w ・Theantifbrromagneticorderchanges
fromsinusoidal tosquaredmodulationwiththesame

magneticwavevectorq(0.309,0,0) inthesimilar"range
asCe(Ru,_"Rh")2Si2 .For0.4<"<0.9, themagnetic
order isreported, butthedetailsofthepropertiesare
notknown'').

Fig． 2. Anomalousbehavioroftheresistivityaroundtheantifも腰

romagneticphasetransitiontemperatuｴでinCe(Ruo.9RhOl)2Si2
andCeo.87La0.13Ru2Si2,respectively.

I

q(0,0,k)

0.5 ● 一

k

2．2Mα"edic O7㎡e""" o/ce(R"1_"Rh")2Si2 ｡"d
Cel－毎LαｪRu2Si2

Fig. 2shows theresistivityaroundtheantiferro-

magnetictransitiontemperaturefbrCe(Ruo9Rhql)2Si2
andCeo87Lao.13Ru2Si2, respectively. Ahumpat

Tk isobserved in the c-axis fbrCe(Ruo9Rho,)2Si2
whilethere isnoanomalyintheQ-axis. However, in

Ce0.87Lao.13Ru2Si2,asmallincreaseoftheresistivityoc-

cursbelowThalongtheQ-axisandtheresistivityalong
thec-axisdecreasessmoothly. Thisdiffbrentbehavior

isassociatedwiththemagneticorderedstate. Neutron

scatteringexperimentonCe(Ruo85Rhol5)2Si2revealed
thattheantifbrromagneticorderedmomentsalignalong

thec-axiswiththemagneticwavevectorq(0,0,0.42)and
aremodulatedsinusoidallywithanamplitudeof0．65

"B2). Thesinusoidalmodulationoftheorderedmo-
ment isinfbrredtobethemagneticgroundstatefrom

thefact that itremainsdownto0.4K, i.e、 1/10of
TM(5.5K).Themagneticwavevectorqchangesasa
fUnctionof"asshowninFig. 3. Theseresultspre-

dict thespindensitywave (SDW) ofitinerantheavy

electrons inKondoscreenedstate.Wesuggested2) that
thedominantdrivingfbrceoftheSDWorderingisthe

●
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X

Fig. 3. Themagnetic wave vector q(0,0,A) vs. z in
Ce(Ru,_zRh")2Si2.Theqfbrz=0.25wasmeasuredbyHaen
etc1.13).

nestingoftheholebands・TheFermisurfaceofthequasi-

particlebandcalculatedbyZwicknagll2)isshowninFig.4(a)
and(b)．Theexperimentsofneutronscatteringandresis.

tivitypredicttheanisotropicgapopeningmtheFermisur-

faceofthequasi-particlebands.However, itisdi伍cultto

assigntheFermisurfacefornestmgwiththemagneticwave

vector 9(000．42) for Ce(Ruo､85Rh0.15)2Si2 0n the
basisofthebandcalculation.
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Therelaxationrateofmuonspinsisindependentoftem-
peraturebelowlOOKinCeo95Laoo5Ru2Si2,whenthe

spinsoftheincidentmuonsbeamarepolarizedalongthe
cBaxisofthecrystal,whiletheyslowlydecayfbrspinspo-
larizedalongthefz-axis，ThisbehavioristhereHectionof

thestrongmagneticanisotropyobservedinthesuscep-
tibility・Themagneticmomentsorderalongthec-axis.

Wecalculatedthedipolarneldatthepossiblellmuon

sitesinaCe,－毎LazRu2Si2unitcell, takingintoaccount
therandomdistributionofLa'4).Weassumedsinusoidal

(fbrz=0.13)andsquared(fbrz=025)modulations
withthemagneticwavevector,9(0.309,0,0), fbrthelG
calizedmagneticmomentatCesites, respectively.The

", I/,z-componentsofthedipolarfield,whichareparallel

totheQ,bandc-axisofthecrystal,arediffbrentinmag-
nitudeanddistribution.Therelaxationofmuonspins

isexplainedbythedipolar fieldfromthe4fLlocalized

magneticmomentatCesitesinthemixedcompounds

Ce,_"LazRu2Si､"=0.13and"=025j
Theanisotropicanomalyintheresistivityisrelated

totheanisotropicgapopening intheFermi surface.

InCe,－工LazRu2Si2 , themagneticmoment drasti-

callyincreaseswith", but themagneticwavevector,

9(0.309,0,0), doesnotchangewith"Therefbre, it is
consideredthatmagneticexchange interactionsbring
intoplayfbrthemagneticorderwhenthelocalizedmag-

neticmomentatCesitesexceedsthecriticalvalue,about

0.2"B ･
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2.3 Speci/ic"@t, S"scep"6""α九d""ne"z""o"Qf

ce(R"085RhO15ﾉ2Si2 (IndCel_zLazRU2Sj2
Thelog-logplotofthetemperaturedependenceofthe

magneticspecificheat,Cm｡9,ofCe(Ru,_"Rh")2Si2fbr
"=0.1andO.15isshowninFig. 5.Thespecificheat

ofsamplesofaboutlOmgweremeasuredbyathermal

relaxationmethod.Belowthepeakofthespecificheatat

temperatureabout4K, theCmu9obeysapproximately
thepowerlaw

Z 「

(b)

Fig. 4. InteIsectionsoftheR'Tnisu'faces(a)and(b)intheBrn-

louinzonefbrCeRu2Si2 (AfterG.Zwicknagl'2)).

Ontheotherhand, inCe,－毎La"Ru2Si2 themag-

neticshort rangeorderingwithmagneticwavevector

q(0.309,0,0)asinCeRu2Si2, isstabilizedfbrO.07<z<
0.34). InCe,－zLazRu2Si2 ,Z<decreaseswith"more
rapidlythaninCe(Rul_"Rh")2Si2 ．Themagneticmo-
mentof～1"B isestimatedfbr"=0.13fromneutron

scatteringexperiments4).Themagneticmodulationwith
magneticwavevector9(0.309,0,0) issinusoidal fbrz=
0.13,butitshowssquaringfbr"=0.20withthesame

magneticwavevector.Romthisneutronexperiment, it
seemsthatthemagneticorderchangesfromaSDWof

itinerantelectronsfbr"=0.13toanantifbrromagnetic

stateoflocalized4fLelectronsfbrr=0.2andthemag-

neticwavevector,9(0.309,0,0),oftheincommensurate

SDWispossiblydeterminedbythenestingasshownin

Fi9.4(b).However,"SRexperimentinorderedstatefbr
"=0.13suggestedthatthemagneticorderisduetothe
4flocalizedmomentatCesites'4). InaSDWstateof

itinerantelectrons,muonspinfbelsaninternal fieldvia

hyperfinecoupling.Amatoestimatedthehyperfine6eld,

Ac=0.86kG/"B , inCeRu2Si25)． Inour"SRexperi-
ment)wecouldnotobservetheeffectduetothehyperfine

6eldinCe,_"LawzRu2Si2 (z=0.05, 0.13and0.25)'4).

Cmq9=AT" (2.1）
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withTD=1.5～2) ratherthanhavinganexponentialfbrm.

Thismaybecorrelatedwithananisotropicgapopening
at theFermi surfaceduetotheorderingoftheSDW
ormaybereminiscentoftheso-callednonFermi liquid

propertiesoftenfbundontheparamagneticsideofthe
magneticnon-magnetictransition. Ifwefittheexperi-

mentaldatawiththefbrmula,C/T=7+AT,we6nd

thatC=200(mJ/mole.K2)T+100(mJ/mole.K3)T2 in
therangebetweenthepeaktemperatureofC/T(4.3K)
and2.3K.Below2.3K,Abecomessmallerinthisfitting.
Tostudythethermalexcitationsatverylowtempera-
tures,moredetailedmeasurementsarenecessary.
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