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Thepressureeffectsofthec-axisandthebasalplaneresistivitiesofholmiumhavebeenin-
vestigated. TheNeeltemperatureTNofl31Kbelowwhichthespiralspinorderingdevelops
isdecreasedwithincreasingpressureatarateof-0.47K/kbar. It isfbrthefirsttimefbund
thatthespiral toconicalspinstructuretransitiontemperatureTcisdecreasedwithpressure
atarateof-0.10K/kbar. Thepressuredependenciesoftheresidual,phononandspindis-
order(psd(P,T))resistivitiesfbrboththeq-andc-axesareestimated;psd(P,T) fbrtheq-axis
isadecreasingfunctionofpressureandscalesfairlywellwiththereducedtemperatureT/Tjv.
AnomalousresistivityrisefOrthec-axisbelowTNisanalyzedonthebasisofthetheoriesby
MiwaandElliottandWedgwood. Itisindicatedthatthecorrectionfactortotheresistivitydue
tothemagneticsuperzoneboundarygapasaconsequenceofincommensuratemagneticordering
isenhancedbypressure.
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RecentlyaneutrondiffractionstudyinHounderpressurell)

revealedthat thewavevector9ofthespiralarrangement

belowTNwasappreciablychangedandsuggestedthat the
exchangeinteractionI/waslargelysuppressedbypressurc;

AI'7"=-12%atP=21kbar・ It is, therefOre,expectedthat

thegapopeningissosensitivetopressure,inHo・Therehas

bcennoreportsconceminghighpressureexperimentnot

onlyonresistivitybutalsoonZb(ninHo.
hthepresentpapcr,wereporttheprecisehighpressure

resistivitymeasurementsonholmiumsinglecrystalsupto60
kbar・Theeffectsofpressureonboththemagneticordering

tempcratures,ZiWandTb, andtheanomalousbehaviorofthe
resistivityarisingfromtheenergygapopeninghavebeen
invcstigated.

1. Introduction

Many investigationson theeffectofpressureon the
magneticpropertiesofheavyrareearthmetalsl-11)havebeen

devotedtoexaminetheindirectexchangeinteractionsvia

conductionelectrons, butmostofexperimentshavebeen
doneusingtheinductivemethodandlimitedtoabove77K.

ItiswellknownthattherearetwomagnetictransitionsinTb

toTmrarecarthmetals.12,13)BelowaN6eltemperatureTN
theyshowanantiferromagneticstructurewithaperiodic

(incommensuratc)arrangementofmagneticmomentsalong
thehexagonal c-axis.At lowertemperaturesthereexistsa

transitiontoastructurewithaferromagneticcomponent

belowtheCurietemperatureZb. FormOStheavyrareearths
恥hasbeen reported tobcdecreascdwith increasing
pressure,buttheresultsarefOundtobescattercdthroughthe
literatures､1-11)Furthennore,therehasbeennoreportonthe

effectOfpressureonthelowertemperaturetransitionTCof
HoandTm.

Onthcotherhand,theeffectofpressureonthetransport
properties,particularlytheelectricalresistivity,hasnotvery
ofienbeeninvestigatedinheavyrareearths.This ispartly
duetothefact thathigh-accuracyresistivitymeasurement
underhydrostaticpressureconditionhasbeenhamperedby
theinstabilitytomaintaingoodohmiccontactstothesample
andbythedifficultytointroducemoIethanfOurelectrical

leads into the sample cell. However, the resistivity
measurement under pressure may give invaluable

infOrmationon themagnetic spin (disorder) scattering,
particularlyunusual temperaturedependenceofresistivity

belowZIWarisingfromthefbrmationofmagneticsupeIzone
asaconsequcnceofincommensuratemagneticordering,as

wellasmagncticorderingtemperatures,7N(9andrb(3.

2． Experimental

Singlecrystallineholmiumsamplesweregrownbythe

strain-annealmethod.ThestartingHoingotwithpurityof
99.9+%waswrappedbyaTasheet,sealedintoanevacuated

quartztubeandsubscquentlyannealedfOr3daysatl,420K.

nlesamplesthusobtainedwerecutintothefOnnofcubeof

3×3×3mm3fOrmagneticmeasurementsandrectangular
parallelepipedswithdimensionsofO.4×0.4×6(or2)mm3
fOrelectricalresistivitymeasurements.

Thed.c.magnetizationwasmeasuredby aSQUID

magnetomcterinthetemperaturerangebetween4.5Kand

300K.Theclectrical resistivitymeasurementsatpressures
weremadeftom4.2to300Kbvmeansofaconventional

づ

fbur-probemethod. Voltageandcurrent leadsoffinegold

wireswerespotweldedtothesamplc. Twohigh-accuracy
nanovoltmeters(Keithleyl82)wercusedtomeasure the

samplevoltage. The temperature isdeterminedusinga

calibratedAu+0．07at.%Fcvs.Chromelthermocoupleand
aRuO2thermometer.Hydrostaticpressurewasgeneratedby*E-mail: kurisu@jaist.ac.jp
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belowTNasthemagneticorderincreasesinasimilarwayto
thatobservedinNi.N6eltemperaturesweredeterminedfrom
theintersectionpointsoflinearextrapolationsof the瓜刀

curvesaboveandbelowthetransition.The7iVatP=0kbar
determined in thisway is l31 Kin agreementwith

magnetizationmeasurements. It isfbundthattheN6elpoint

isdecreasedwithincreasingpressure.Andthespindisorder

resistivity is also decreasedwitbpressure・ TheCurie

temperaturerbwasdeterminedfromthepoints inwhich
appreciablechangeinslopeappearsinthePのcurve・

Forthec-axisresistivity, it isseenthat thereisasharp

rise below7iW and amaximumis fOllowed a( lower
temperatures(Fig.2(b)).WedefinetheN6el temperamrefbr

thec-axissamplebytheintersectionoflinearXncurvesin

theparamagneticregionbelow200Kandthesharprise

belowthetransitionasillustratedinFig､2(a).n'eTbwas
determinedinthesamewayasfOrthea-axis.

4． Discussio皿

using the fOllowing twodevices: Aclamp-typepiston-

cylindercellandacubic-anvil･ThefOrmerwasemployedfbr

simultaneousresistivitymeasurementparallel tothe(z-axis

andtothec-axisonthetwosinglecrystalsunderpressures

lowerthan25kbarusingtransmittingmediumofl:1mixture

ofn-pentaneandisoamylalcohol.The latterwasusedfOr

higherpressuresupto60kbarwith4:1methanolandcthanol
nuid.

3. Results

Weak6eldmagnetization,qandthereciprocalmagnetic

susceptibility,1/X,areplotted･asafUnctionoftemperatureT

mFi9． 1.Sincethepositionofthecuspwhichindicatesthe

onsetofantiferromagneticorderingis fielddependent, the

Neeltemperature7Nwasdeterminedbytheextrapolationm
oH=0intheisofieldcuIvesfOr the@z-axissample.Value
determinedinthiswayisl31KOntheotherhand,thereis

noanomalyaroundTNinthec-axisdataindicativeofany
onsetofantiferromagnetism.

For theanomalyassociatedwith the spiral tocone

stmcmretransitionintheo-Tcurve,asmallpeakisscen

aroundtheCurie temPeratureTC～20KfOr thea-axis
sample.Thec-axissampleshowstheshamdsemtheo-T

curvebelowTC･
TheX(T)curvcs fOllowaCurie-Weiss lawat higher

temperaturesasshownmFi9.1.ThededucedeffectiveBohr

magnetonnumbersandtheparamagneticCudetemperatures

whicharePresentedmFig､1areclosetothoseofStrandburg
ααﾉ.､12）

'IheresistivityversustemperaturecurvesfOrthefz-axis

andthec-axiscrystalsundervariousprcssuresareshownin

Fi9.2(a)and(b), respectively・Theresidual resistivitiesPO
whicharepressuredependentaswillbeshowninFi9.6are

subtracted・CorrectionoftheresistivityfOr thechanges in

sampledimensionsbypressurewasmadebyusing the

compressibilitydataobtainedfromelasticmeasurementl4)

abovethcN6elにmperature・The"-axisresistivitydecreases

qf4-IR･e""re depe"me"Ce 腕αg""c or"eri"g

re"'per'zr"res;7W(P)""(17t(P)
ThevariationofriWwithpressureup to20kbar is
presentedinFig､3． Itisfbundthatwithincreasingpressure

theNeel temperature isdecreasedwithupwardcurvamre.

ThemitialpressurededvativeofTNis-0.47K/kbarfOr
boththefz-axisandthec-axis.Thisrateshouldbecompared
withpreviousworkslistedinTablel.OurresultSarevery

cIosedtothatobtainedbyBlochandPauthenet1,2),McWhan

αα1..3) andAchiwaerfzl.11) Figure4gives thehigher
pressureresultsupm60kbarfbrthec-axissampletogether

with"datapbtainedbyapistoncylindeLTiWchanges
smoothlyasafUnctionofpressure・Anyunusualphenomena
suchaspにssure-inducedstructuraltransitionsdonotoccur.

hFig.5isshownthevariationofTbwithpressurcupto
20kbar fOr the"-axisandthec-axissamples.nleCude

temperature isalsoadecreasingfUnctionofpressure.The

initialpressurederivativcofZbis-0.10K/kbar.Itshould
benotedthatthisisthefirstpressureexperimentonthespiral
mconestructuretransition temperature inholmium. For

Tb,0Dy4,7)andEr,7)negativedTC/dPwasalsoreported,
butanyinterpretationshavenotbeengivenfbrthispoint.
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Miwal5,16)andElliottandWedgwoodl7,18)developed

the theories toaccount fOr the anomalous temperature

dependenceofresistivitybelowTNofthebeavyrareearth
metals・Theytookintoaccount theeffectofthespiral spin

strucmreaswell as thefluctuations inthespinsystemto
calculatetheresistivity.htheirtheoriesthereSistivitiesin

thec-planeandalongthec-axisarerespectivelygivenby
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pa(T)=p6+pbh(T)+pSd(r)' （1）

Pc(T)=pO"Pl,(rlipSd(r) （2）
1-I-M '

wherePOistheresidualresistivity,Pph(T)thephononterm
照vitywhichmayboandfd(T)is thespindisordcrresi

approximatedl9as

Temperature(K)

Magnetizationandrcciprocalmagneticsusceptibility

singlecrystals asafunctionof tcmperamre・The
lines represent linearfits throughtheexperimental

Fig.1
ofHo

dashed

dzum psd(T)=4Iﾉ2(1-M2). (3)
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Fig.2 Electrical resistivityofHo singlecrystal as a

fUnctionoftemperatureandpressure: (a)fOrthe!z-axis; the

insctgivesthereducedresistivityasafUnctionofreduced

temperature,and(b)fbrthec-axis.
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Fig.4 'I11evariationoftheNecl temperaturewithpressure
upto60kbarfOrthec-axisHosinglecrystal.

risthecorrectionfactortotheresistivityduetothechange
mtheFermisurfacebroughtaboutbythenewsupeIzone
boundadesandM(T)isthenormalizedmagnetization.I'isan

effectiveexchangeenergybetweenaconductionelectron

spinand4felectronspinS.Itisnotedthateq.(1)expressthe
resistivitywhentheeffectofgapopeningisabsent.
AtTE0K,

軸鰹幾M．"｡verMSh･uldbelandthenpsd(Z)bezero,

pc(0)=岳 (4)

d.creaged;rclativepressurelerivatiYeofhis-3.5×10-3
kbar -1and+3．7×10-3kbar -1, resPectively.Positive
pressuredependence fbr thec-axis suggests thatris

enhancedwithincreasingpressure・However, thefact that

therecxiststhespiral-to-conestructuretransitionat7b=20
KdocsnotallowdefiniteestimationofthechangeinFwith

pressurefromthePO(P)data.
Figure7showsthepressuredependenceoftheslopeof

thephononHeqistiXi!y｡again9t t.mller4!ure,. dPph"Hcrc
weassUmethataTindependentspindisorderresistivity,Psd,
andalinearPph-T relationholdfbr theparamagnefiC
region.Itisfbundthatthephononresistivityissuppressedby
pressure;thevariationoftheslopewithpressureislargerfbr
the"-axisbyafactorof3thanthat for thec-axis・This

suPPressionof*hshouldbeattributedtoanincreaseinthe

The"sidUalresistivity"wasdClerminedbyaleastsquare
6tofthedatabelowlOKtotheZglaw.Theresultsaregiven

mFig.6. POfOrbothdirectionsatP=0areabout twiceas
largcasthoseofStrandburger(zl.; 12)5.2211Qcmfbrthedz-

axisand7.17 11QcmfOr thec-axis・ It is fbundthatPois
increasedwithpressuref･rthec-axiswhilefOrthefz-axisitis
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Tablel・PressurecoefficientsoftheN6eltemperatureTNandCurietemperatureTCofHo

dTN/dP drddP Prange

(K/kbar) (K/kbar) (kbar)

Reference MethOd

－0．45±0．15 0‐ 6

－0．48±0．01 4－71

-0．5±0.1 0- 18

－0．33±0．05 0－ 6

－0．40 0‐ 5

－0．48 0－21

－0．47±0 ．01 ‐0．10±0.02 0-20/60

BIochandPauthenet1,2)

McWhanandStevcns3)

Kawaierαﾉ． 8)

Umebavashieral. 9)

Okamotoer"/. 10)

Achiwaer tz1. 11)

Present study
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Fig.7 'Ihevariationoftheslopeofthephononresistivity

4gainsttpmp."ure,dPppPTIwithpressllreupto20kbarfO[
thezz-axisandthec-axiSHosinglecrystals.
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Fig.6 ThevariationofthereSidual resistivityPOwith
pressureupto20kbarfbrthe(z-axisandthec-axisHosingle
crystals.
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4-3PressJ"･edepe"火"ceqf"ee"んα"ceme'zr/izcrorr.

ThedeterminationofthespindisorderresistivityPsd(7)
fbrthec-axisisanothermainProblem.AsthePsd(ZiW)fOr
thec-axisisalsoadecreasingfUnctionofpressureasseenin

Fi9.2(b)andthePsd(P,T)fbrthe@z-axisscalesverywellwith

WTN,thePSd(RT)fOrthe@z-axisisusedtodeterminethec-
axis4d(RT).AtT=TiVtheIMmthedenominatorofthe

燕"W:mfi:…xiSpSd(鼠恥) 1srighthandsideof

scaledwiththelz-axis4d(P,ZiW).ThusthemeasuredPc(RT)
d到畑arefittedas

△

IS

0．4

ミ

L0.2
pO("+pph(RT)+psd(P'T/TN) (6)pc(P,T)=

1-l~M

'I11ustheparameterI孔fisdetermined.Theresultsareshown

asafunctionofreducedtemperatureinFi9.9.1孔〃 ismund

tobeincreasedlargelyupto11.8kbarandtobelesssensitive

mpressureinhigherpressureregion.Therapidincreasein

IMwithdecreasingtemperatureisfbundapproximatelyat

TC.KeepinginmindthatMisthenonnalizedmagnetization
andifM(T)isassumedtobepressureindependentforthe

localizedspinsystem,wemayconcludethatthequantityr

isincreasedwithincreasingpressure;0.32atP=0to0.4at
P=20kbar.

Inthetheories,15-18) thetotalenergyoftheconduction

electronsdependsonboththemagnitudeoftheenergygap
alongnewBrillouinzoneboundaries,4=I'EMF(9,inwhich

F(9is thestructurefactor, andthepositionsofthenew

superzoneboundaries,2I=T+q,whererisanyreciProcal

latticevectorandq isthewavevectorwhichdescribesa

spiralspinstructure.ThecorrectionfactorrMisgivenbya

functionoftheabovetwotermsasmeq.(32)mref.18),

8▽:20.5kbar
l I I I I I I I I l l

＄ 1.00.5､0

T/7N

Fig.9 T11evariationofIMwiththereducedtemperature

atvariouspressuresupto20kbarforthec-axisHosingle
crvstal.
‐

Debye temperaturewithpressure intheGmneisen-Bloch
modcl・Howeverwecannotexplainthedifferencein the

pressureresponseof"hfOrthesetwoprincipalaxes.
ToestimatetheeffectofPressureonthespindisorder

resistivitymaygiveanindispensablebasisfromwhichthe

volumedependenceoftheexchangeinteractionbetweenthe

conductionelectronspinandthelocalized4fspincanbe
determinedinholmium.Thefz-axisresistivityisexpressedby

eq.(1).Thefd(T),whichispressuredependent,isobtained
bysubtractingboththeresidual resistivityandthephonon

resistivityfromtheobserveddataas

psd(P'T)=p(P'Z)~h(P)~､h(RT)･ (5)

伽-?‘(黒,‘(り)(ｷ'2 (7)

Notationsarereferredtoref.18).Ifweaccepttheanalysisof

psd(TiW)andZN(P)made insection4-2,4is alsoa
decreasingfUnctionofpressure,whichsuggests that the

changewithpressureofthepositionofthenewBrillouin
zone boundarieS must be considered fOr detailed

interpretationofthegapfbrmation.InFig.6ofref.19),IM
wascalculatedonthebasisof thefreeelectronmodel to

result inthatl汎f isincreasedasA isdecreased・ThuSwe

concludethattheenhancementofIn"withpressuremaybe
intemretedby theexisting theories.15-18) However、 the

detailedgeometryofFermi su㎡aceand itsdistortionby

pressurearestillunknowninHo.

Veryinterestingly, if"d(P,Z)fOrthe@-axisisnormalizedto
itsPsd(P,ZiW), it scaleswithWTNfor temperaturesboth
aboveandbelowtheNeeltemperature.Thescalingbehavior

isillustratedintheinsetofFi9.2(a)wheretheresistivitiesat

Okbarand20.5kbarareplottedas representatives.This

findingsuggeststhat thepressuredependenceofthesetwo

Parameters,Psdand7N, shouldbe relatedtoeachother
throughthechange intheeXchangecnergywithPressure.

Figure8showsrelativechangesinthe4d(ZiW)andZi,with
pressure. It isfOundthatthespin-disorderresistivityatriVis
alsoadecreasingfUnctionofpressureandthat itsrelative

changeisthesameasthatoftheN6el temperature, -3.0x

10-3kbar-1.Usingeq.(3),where,l isassumed tobe
independentonpressure,dln"/dPisgiven-1.5×10-3

kbar-1,i.e､,AW"=-3%atE20kbar.Thisrateiscompared
withtheresultsoftheneutrondiffractionworkbyAchiwaer
aj,11)TheyclaimedAI'7I/=-12%atP=21kbarftomthe

analysisofthepressuredependenceofspiral tumangleon
thebasisoftheMiwa's theory､16)Thedifference in the

valucsof△〃〃determinedbytwowaysisnotsosurprising.

AsMiwapointedoutinref.16),thetheoryisbasedonthe

heeelectronmodel.Furthennorethecontoursofequal tum
anglewhichAchiwaer@ml.usedfOrtheestimationofI'(P)can

notbedrawnquiteuniquely.
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