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MHzconductivity,torquemagnetometerandmagnetizationmeasurementsarereportedonsingle
crystalsofCeOs4Sb12andNdOs4Sb12usingtemperaturesdownto0.5Kandmagneticfieldsofup
to60tesla. Thefield-orientationdependenceofthedeHaas-vanAlphenandShubnikov-deHaas
oscillationsisdeducedbyrotatingthesamplesaboutthe[010]and[0̄11]directions. Theresults
indicatethatNdOs4Sb12hasasimilarFermisurfacetopologytothatoftheunusualsuperconduc-
torPrOs4Sb12,butwithsignificantlysmallereffectivemasses,supportingtheimportanceoflocal
phononmodesincontributingtothelow-temperatureheatcapacityofNdOs4Sb12. Bycontrast,
CeOs4Sb12undergoesafield-inducedtransitionfromanunusualsemimetalintoahigh-field,high-
temperaturestatecharacterizedbyasingle,almostsphericalFermi-surfacesection.Thebehaviorof
thephaseboundaryandcomparisonswithmodelsofthebandstructureleadustoproposethatthe
field-inducedphasetransitioninCeOs4Sb12issimilarinorigintothewell-knownα−γtransition
inCeanditsalloys.

I. INTRODUCTION

Filledskutteruditecompounds, withtheformula
MT4X12,whereMisanalkalimetal,alkaline-earth,lan-
thanide,oractinide,TisFe,Ru,orOsandXisP,
As,orSb,displayawidevarietyofinterestingphenom-
enacausedbystrongelectroncorrelations1–9. Amongst
these,thethreecompounds CeOs4Sb12, PrOs4Sb12,
and NdOs4Sb12,formedbyemployingPeriodic-Table
neighborsfor M,spantherangefromanantiferromag-
netic(AFM)semimetal1,2orperhapsKondoinsulator
(M=Ce)[10]viaa1.85Kunconventional(quadrupolar-
fluctuationmediated11)superconductor(M=Pr)[8]to
a1Kferromagnet(FM; M=Nd)[12].Inviewofthe
loworderingtemperatures,allaround1−2K,associated
withtheirvariousgroundstates,plusprecedentsinother
unconventionalsuperconductors13,14,itistemptingto
speculateastowhetherthesuperconductivityinM=Pr
arisesfromcloseproximitytoAFMandFMquantum-
criticalpoints,withthemoreexplicitlymagneticM=Ce
and M=Ndlyingontheeithersideofthepostulated
quantumphasetransitions.Toexplorethisideafurther,
knowledgeoftheFermisurfacesofallthreematerialsis
essential. WhilsttheFermisurfaceofPrOs4Sb12isrela-
tivelywellknown8,thoseofCeOs4Sb12andNdOs4Sb12
havebeenlittlestudied.Inthispaper,wethereforeuse
magneticfieldsofupto60TtomeasureFermi-surface
cross-sectionsandeffectivemassesforthesetwoskutteru-
dites.Intheprocesswefindanewmagnetic-field-driven
phasetransitioninCeOS4Sb12,whilstourmeasurements
ofNdOs4Sb12pointtothecontributionoflocalphonon

modestothelow-temperatureheatcapacity.
Thepaperisorganizedasfollows. Experimentalde-
tails,includingcrystalgrowthandmeasurementtechn-
ques,aregiveninSectionII.SectionsIIIdiscusseshigh-
fielddatafromCeOs4Sb12,includingevidenceforthe
field-inducedchangeinFermisurfaceandthedelineation
ofthenewphaseboundaryatwhichthisoccurs,whilst
theFermiSurfaceofNdOs4Sb12istreatedinSectionIV.
SectionVpresentsasummaryandconclusions.

II. EXPERIMENTAL DETAILS

A. Crystalgrowth

SinglecrystalsofCeOs4Sb12andNdOs4Sb12aresyn-
thesizedusingamolten-fluxtechnique10withanexcessof
Sb(40to1ratiorelativetotherare-earthelement).The
puritiesoftherare-earthelementsare3N;thoseofOsand
Sb4Nand5Nrespectively. Typicaldimensionsofthe
singlecrystalsusedintheexperimentsinthispaperare
∼3.5×0.4×0.3mm3forbothcompounds.Thecrystals
havecubicspacegroupIm̄3;thecubic(non-primitive)
unitcellandionpositionsareshowninFigure1(a).Fur-
therstructuraldetailsaregiveninRefs.15and16.

B. Quantumoscillation measurements

BothdeHaas-vanAlphenandShubnikov-deHaasos-
cillationsareusedtodeterminetheFermi-surfacecross-
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FIG.1.(a)Cubic(non-primitive)unitcellforNdOs4Sb12
andCeOs4Sb12. Nd/Ce(cornersandbodycenterposition)
arepurple;Osionsaregray,surroundedbycageswithred
Sbionsatthevertices.(b)TypicalNdOs4Sb12singlecrystal
withproximity-detectoroscillatorcoil(insulated46gauge,
high-conductivitycopper)wrappedaroundit.

sectionsofthetwomaterialsasafunctionoftheorienta-
tionoftheappliedmagneticfield.Oscillationfrequencies
andeffectivemassesdeducedfrombothtechniquesare
foundtobeingoodagreement.Inaddition,datataken
usingdifferentcrystalsandbatchesofthesamemate-
rialareinaccordwithinexperimentalerrors,suggesting
thatthefeaturesdescribedbelowareintrinsictothetwo
compounds.

MeasurementsofthedeHaas-vanAlpheneffectare
carriedoutinquasistaticmagneticfieldsandemploya
torquemagnetometerwithacantileverconstructedfrom
5µmphosphorbronze3.Asmallslicetakenfromasin-
glecrystalisgluedtothecantileverviaathinsheetof
strain-reducingpaper.Theinteractionbetweenthesam-
ple’smagneticmomentmandtheappliedmagneticfield
Bcausesatorque−m×Bthatresultsinadeflectionof
thecantilever.Thedeflectionismonitoredusingtheca-
pacitancebetweenthecantileverandafixedplateabout
1mmbelowit(∼0.5pF),measuredusingaGeneralRa-
dioCapacitancebridge. Careistakentoensurethat
deflectionsaresmall,sothatthesample’sorientation
inthefieldisnotchangedsignificantlybythetorque.

Thetorquemagnetometerismountedonatwo-axiscryo-
genicgoniometerthatallowsthesampleorientationtobe
changedinsitu;3Herefrigerationprovidestemperatures
intherange0.45−10K.Quasistaticmagneticfieldsare
providedbya35TBittercoilatNHMFLTallahassee.
Shubnikov-de Haas oscillations are measuredin
pulsedmagneticfieldsusingthecontactless-conductivity
methoddescribedinRefs.17and18. Acoilcompris-
ing5−12turnsof46-gaugehigh-conductivitycopper
wireiswoundaboutthesingle-crystalsample(seeFig-
ure1(b));thenumberofturnsemployeddependsonthe
cross-sectionalareaofthesample,withalargernum-
berofturnsbeingnecessaryforsmallersamples. The
coilformspartofaproximitydetectoroscillator(PDO)
circuitresonatingat22-29 MHz. Achangeinthesam-
pleskindepth18ordifferentialsusceptibility17causesa
changeintheinductanceofthecoil,whichinturnal-
terstheresonantfrequencyofthecircuit.Shubnikov-de
Haasoscillationsareobservedintheresistivityandhence
theskindepthandfrequency17,18. Forthepurposesof
digitizingthedatapriortoFouriertransformationtoob-
tainthefrequencyasafunctionoffield,thesignalfrom
thePDOcircuitismixeddowntoabout2 MHzusing
adoubleheterodynesystem17,18. Dataarerecordedat
20 Msamples/s,wellabovetheNyquistlimit. Twoor
threesamplesinindividualcoilscoupledtoindependent
PDOsaremeasuredsimultaneously,usingasingle-axis,
worm-driven,cryogenicgoniometertoadjusttheirorien-
tationinthefield. Pulsedmagneticfieldsareprovided
bythe60Tlong-pulsemagnetandoneofthe65Tshort-
pulsemagnetsatNHMFLLosAlamos19;theformermag-
net,withitsrelativelyslowrisetime,isusedtocheckthat
inductivesampleheatingisnotanissue.
Thegoniometerisplacedwithinasimple3Hecryostat
providingtemperaturesdownto0.4K;temperaturesare
measuredusingaCernoxsensorsuppliedandcalibrated
byLakeshoreInc. Magneticfieldsarededucedbyinte-
gratingthevoltageinducedinaneleven-turncoil,cali-
bratedagainstthedeHaas-vanAlphenoscillationsofthe
bellyorbitsofcopper3.Inbothexperiments,thecrystals
wereeitherrotatedabouttheir[010]axisortheir[1̄10]
axis,withtheaxisofrotationlyingperpendiculartothe
magneticfield.
ThephaseboundaryshowninSectionIIIwastraced
usingboththepulsed-fieldextractionmagnetometerde-
scribedinRef.20andacommercialSQUIDmagnetome-
ter(QuantumDesignMPMSwith7Tmagnet).

III. RESULTSONCERIUMOSMIUM
ANTIMONIDE

A. OverviewofCeOs4Sb12PDOdata;phase
boundaryandquantumoscillations

Figure2showsthePDOfrequencyasafunctionof
fieldforavarietyoftemperatures.Asmentionedabove,
anincreaseinsampleskindepth,duetoanincreasein
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FIG.2.(a)ThenegativeofthePDOfrequencyshift,−∆f,
observedforaCeOs4Sb12singlecrystalplottedasafunction
ofmagneticfieldforseveralsampletemperaturesT;thecolor
keyforthevariousTisgivenwithinthefigure.H isparal-
lelto[100]. Dataforbothup-anddown-sweepsofthefield
areshown;theblue(red)arrowindicatesthepositionofthe
inflectionpointofthe−∆fversusHcurveinfalling(rising)
fieldforthe4.3Kdataset. NoteShubnikov-deHaasoscil-
lationsemergingathigherfields.(b)Inflectionpointsinthe
−∆fversusH curvesshownin(a)plottedasafunctionof
T. Notionalphaseboundariessupposedlyenclosingthelow-
temperatureantiferromagneticstateanddeducedbyother
authors(Namikietal.[22],Sugawaraetal.[24],Rotunduet
al.[21],Tayamaetal.[1])areshownforcomparison;tech-
niquesandauthorsareshownintheinsetkey.

resistivity,willraisetheinductanceofthecoil,asthe
sampleexcludesfluxfromasmallerarea.HencethePDO
resonantfrequencyfwilldrop.Forsmallchangesitcan
beshownthat17

∆f∝−∆ρ (1)

where∆fistheshiftinfrequencyduetoachangein
sampleresistivity∆ρ. Hence,Figure2hasbeenplot-
tedas−∆fversusH,sothatupwardshiftsinthedata
indicateincreasingresistivity.
Asthefieldincreases,theresistivityrisessteeplytoa

broadpeakbeforefallingtoaminimumatabout25T;
notethatwithintheregionwheretheresistancefalls
thereishysteresisbetweentheup-anddownsweepsofthe

magneticfield,suggestiveofaphaseboundary23.From
nowon,weshallrefertothefieldregionsoneithersideof
thisboundaryastheL(low-field,low-temperature)and
H(high-field,high-temperature)phases.

Followingprecedentssetbysimilar,broadphasetran-
sitions23,weplottheinflectionpointinthe−∆fversus
H curves(seearrowsinFig.2(a));inFig.2(b)inred
(risingfield)andblue(fallingfield).Inpreviousworkon
CeOs4Sb12,aphasetransitionatT≈1Kwithlowen-
tropywasdetected;resultsfrommagnetoresistance,Hall
effect,Sbnuclearquadrupoleresonance(NQR),dilatom-
etryandneutron-scatteringexperimentsindicatethat
thislow-temperaturephaseisintrinsicandoriginates
fromanantiferromagnetic(AFM)state,perhapsassoci-
atedwithaspin-density-wave(SDW)groundstate.1,24–27

NotionalphaseboundariesenclosingthisAFMstate,de-
ducedbyotherauthors1,21,22,24areshowninFigure2(b)
forcomparison. TheLtoHtransitionmarkedbythe
fallin−∆faround11T(redandbluepointsinFig-
ure2(b))persiststotemperatureswellabovethephase
boundaryaroundtheantiferromagneticstate(blackand
hollowpoints).Thisshowsthat,above2K,theLtoH
transitioncannotbecausedbyafield-induceddestruc-
tionoftheantiferromagneticstate(c.f.Ref.28).

However,below1.5Kandabove10T,webelievethat
theLtoHtransitioncoincideswiththeboundaryof
theantiferromagneticphase.InSectionIIIC,wedis-
cusschangesinFermi-surfacetopologyandeffectiveCe
valencethatoccurattheLtoHtransition;theseareal-
mostcertaintodestroyanyantiferromagnetism.Inthis
context,thefeaturesintheoriginaldata21,24usedbyoth-
erstodenotethehigh-fieldlimitoftheantiferromagnetic
phase(Fig.2(b),hollowtriangles,black,filledcircles);
areratherbroad.Giventhatthefallin−∆fcoverssev-
eraltesla(Fig.2(a)),webelievethatthepointsmeasured
below1.5Kandbetween10and15TinRefs.21and24
areinfactassociatedwiththebroadenedLtoHtran-
sitionthatweobserveinthePDOdata. Bothofthese
collectionsofpointsliewithintheextendedfieldrange
ofthefallin−∆f,andthescatterbetweenthetwodata
setsprobablyreflectsthedifficultyofassigninganexact
fieldforsuchabroadenedfeature23.Theswitchingofthe
orderoftheup-anddownsweepLtoHinflectionpoints
atlowtemperatures(Fig.2(b),redandbluepoints)may
wellbeamanifestationoftheinterdependenceofthean-
tiferromagneticandLphases,apointtowhichwereturn
inSectionIIID.

Athigherfields,(intheHphase),Shubnikov-deHaas
oscillationscanbeseensuperimposedonagentlepositive
magnetoresistance(seeFigures2(a)and3(a)). Weshall
nowdiscussthesequantumoscillations,returninglater
totheoriginoftheLtoHtransition.
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B. Shubnikov-de Haasoscillationsand
Fermi-surfacetopologyinthe Hphase

AsinglefrequencyofShubnikov-deHaasoscillationsis
observedintheHphaseatallanglesofthefield;data
suchasthoseinFigure3(b))showthatthereiscom-
paritivelylittleangularvariationoftheextremalorbits,
suggestingthattheFermisurfaceislikelytobeanap-
proximatespherecentredontheΓpoint.Thequasipar-
ticleeffectivemassm∗wasevaluatedbyexaminingthe
temperature(T)dependenceoftheShubnikov-deHaas
oscillationamplitudeA(Figure3(c)),andfittingitto
thefollowingportionoftheLifshitz-Kosevichformula29:

A

T
∝

1

Bsinh(14.7TB
m∗

me
)
; (2)

here,meisthemassofafreeelectron.Arelativelylight
valueofm∗/me=3.6±0.1wasobtainedforH||[010].
ThefullangledependenceoftheShubnikov-deHaas

oscillationfrequency(and,viathe Onsagerrelation-
ship29,theFermi-surfacecross-section)ofCeSb4Os12in
thehigh-fieldphaseisshowninFigure4(a);forcompar-
ision,dataforCeRu4Sb12fromRef.9arealsoshown.
The low-temperature electrical resistivity of

CeOs4Sb12 wasinitiallyinterpretedintermsofa
Kondoinsulatorwithasmallenergygapof≈10K[10].
However, bandstructurecalculations2,30 suggestthat
CeOs4Sb12 is acompensatedsemimetal, withthe
chemicalpotentiallyingclosetothebottomofan
electron-likeband(withveryhighdensityofstates)and
thetopofahole-likeband,producingaFermisurface
consistingoftinyholeandelectronpockets;thisis
shownschematicallyinFig.4(b). Yanetal.[2]remark
that CeOs4Sb12 isveryclosetobeingatopological
insulator2.Intheabsenceofsymmetrybreaking(forex-
amplecausedbystrain),theenergygapiszero,leading
totheabove-mentionedFermi-surfacepockets2,30. The
predictedShubnikov-de Haasfrequenciesthat would
resultfromthesecalculatedFermisurfacesare much
smallerthantheexperimentalvaluesshowninFig.4(a).
InRef.2,Yanetal.calculatetheeffectofremoving
electronsfromtheCeOs4Sb12bandstructure;theresult
isasingle, muchlarger,approximatelysphericalhole
pocketcentredontheΓpoint(shownschematicallyin
Fig.4(c)).(Thesameconclusioncanbederivedfrom
Fig.3ofRef.30.)SuchaFermi-surfacetoplogyisqual-
itativelysimilartoourexperimentalobservationsinthe
HphaseofCeOs4Sb12,providing,asweshallseeinthe
followingSection,aclueastothecauseoftheLtoH
phasetransitionobservedinFig.2.

C. OriginoftheLto Hphaseboundaryin
CeOs4Sb12

Basedonexperimentalevidence,weproposethatthe
LtoHphasetransitioninCeOs4Sb12isavalencetransi-

FIG.3.(a)Shubnikov-deHaasoscillationsinthePDOfre-
quencyshiftofaCeOs4Sb12singlecrystal,obtainedbysub-
tractingthemonotonicbackgrounddependenceduetomag-
netoresistance. ThetemperatureisT=1.5Kandthefield
isorientedat28.5◦tothe[0̄10]axisforrotationaboutthe
[110]axis.(b)Fouriertransformsofdatasimilartothosein
(a)fortheorientationsshownintheinsetkeywithrespect
tothe[0̄10]axis;T=1.5Kandthesampleisrotatedabout
the[110]axis.(c)CeOs4Sb12Shubnikov-deHaas-oscillation
FourieramplitudedividedbyTversusT;dataarepointsand
thecurveisafittoEquation2.Hwasappliedparalleltothe
[001]direction.

tion23,31analogoustothoseobservedinYbInCu4[31–
34],elemental Ce[31,35–37]and Cealloyssuchas
Ce0.8La0.1Th0.1[23].Inthesematerials,thevalencetran-
sitionoccursbetweenahigher-temperature,higher-field
phaseinwhichquasi-localized4fmoments(ontheYb
orCeions)arestabilizedbyentropytermsinthefree
energy,andaband-likestateofthefelectronatlow
temperaturesandlowfields31. Forbrevity,wereferto
thesephasesasHandLrespectively,justasasinthe
caseofCeOs4Sb12.

Intheabovematerials,boththeLandHphasesare
thoughttopossesscorrelated4felectrons,butwithvery
differenteffectiveKondotemperatures23,31.Theeffective
KondotemperaturesoftheHphasesaresmall,sothat
thepropertiesofthe4felectronswillbealmostindis-
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FIG.4.(a)Field-orientationdependenceoftheShubnikov-de
HaasoscillationfrequencyoftheHphaseofCeOs4Sb12(black
points); Forcomparison,analogousdatafrom CeRu4Sb12
takenfrom Ref.9areshowninred. (b)Schematicof
semimetallicFermisurfaceforCeOs4Sb12andfirstBrillouin
zone(darkgreenlines)basedonRef.2.Atinyholepocketat
thezone-centerΓpoint(red)iscompensatedbyelectronpock-
ets(purple)attheHpointsoftheBrillouinzone;1

6
ofeach

electronpocketisinthefirstBrillouinzone.(c)Schematicof
CeOs4Sb12Fermisurfaceafteradownshiftinchemicalpoten-
tialcorrespondingtotheremovalofitinerantquasiparticles
fromthebandstructure(basedonRefs.2and30). Thedis-
cussioninSectionIIICsuggeststhattheFermisurfaceinthe
Lphaseissimilartothatshownin(b),whilsttheH-phase
Fermisurfaceissimilartothatshownin(c).

tinguishablefromthoseoflocalizedionicmoments23,31;
anyremainingitinerantquasiparticleswillhaverelatively
lighteffectivemasses(asweobserveexperimentallyin
CeOs4Sb12;seethediscussionofFig.3(c)).Bycontrast,
theLphasesoftheabove-mentionedsystemshaverela-
tivelylargeKondotemperatures.Thiswillcausethe4f
electronstobeinthemixed-valenceregimewithsignif-
cantspdandfhybridization,resultinginitinerantquasi-
particleswithalargeeffectivemass23,31,32.Thisisagain
inaccordwiththebehaviorofCeOs4Sb12;theLphase
hasanestimatedKondotemperatureTKL≈100K[10],
andevidenceforaveryheavyeffectivemassisgivenby

heat-capacitydata10,21,22thatrevealarelativelylarge
γ=92−180mJmol−1K−2,despitethesmallitinerant
carrierdensity30.

Inallsuchsystems,theL-phaseitinerantquasipar-
ticleswillbepreferabletoquasi-localizedelectronsfrom
anenergeticstandpoint-theyhavesmallerzero-pointen-
ergy–atlowtemperatures,butquasi-localized4felec-
tronswillbefavouredonentropicgroundsatelevated
temperatures31. Therefore,increasingthetemperature
willdrivetheLtoHtransition.Similarly,amagnetic
fieldaffectsthefreeenergyofthequasi-localized4felec-
tronsintheHphasemorestronglythantheenergiesof
thebandquasiparticlesineithertheLorHphases23,31.
Thus,theHphasebecomesmoreenergeticallyfavorable
withincreasingfield,sothatafield-drivenLtoHtran-
sitionoccurs,asobservedinCeOs4Sb12andtheother
systems23,32–34.

IncommonwithourobservationsofCeOs4Sb12,the
valencetransitionsfromLtoHphasesinYbInCu4,Ce
andCealloysare markedby(veryfrequentlybroad-
ened)changesinresistivityandmagneticsusceptibility,
bothaccompaniedbyhysteresisinfieldandtemperature
sweeps23,32–37. Thistypeoftransitionismostspectac-
ularinelementalCeriumandCealloys 23,35–37,where
theLphaseisknownastheαphase,andHastheγ
phase23,35–37. Whereasthe4fionsinCeOs4Sb12and
YbInCu4representarelativelysmallproportionofthe
elementsintheirrespectivesolids,inCeitself,everyion
isinvolved,andtheγ−αtransitionisaccompaniedbya
14.8%volumecollapseastheredistributionofchargebe-
tweenionsandtheseaofitinerantquasiparticlesoccurs;
nevertheless,theface-centred-cubic(fcc)structureofCe
ispreserved23,38.ThisfascinatingaspectofCerium’sbe-
haviormeansthattheγ−αtransitionhasattractedcon-
siderableattention,especiallyinthemetallurgycommu-
nity(seeRef.35andreferencestherein).

IntheLphaseofCeOs4Sb12,alloftheavailableelec-
tronswillcontributetotheseaofitinerantquasipar-
ticles;CeOs4Sb12willbeacompensatedsemimetal

2,30

withaFermisurfacesimilartothatshownschematically
inFig.4(b).Thoughthecarrierdensityissmall,band-
structurecalculations30suggestthatthechemicalpoten-
tialislocatedinaregionwherethereexistsaverylarge
densityofstatesassociatedwithbandsderivedmostly
fromthe4forbitals,leadingtoalargeelectronicheat
capacity10,21,22. OnmovingfromtheLtotheHphase,
theremovaloffelectronsfromtheitinerantquasiparticle
seawillhavetheeffectofloweringthechemicalpotential,
leadingtoaholeFermisurfaceattheΓpoint,similarto
thatshowninFig.4(c)[2].InCeOs4Sb12,thetransi-
tionfromasmalldensityofveryheavyquasiparticles(L
phase)toalargerFermisurfaceofmuchlighterholes(H
phase)shouldlowertheresistivity,asisindeedobserved
experimentally(Fig.2(a));thisisincontrasttothecase
ofCe,wheretheverydifferentbandstructureleadsto
ariseinresistanceongoingfromα(L)toγ(H)[23].
Finally,asthechemicalpotentialinCeOs4Sb12moves
downattheLtoHtransition,awayfromthebandswith
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thehighdensityofstates30,theelectroniccontribution
totheheatcapacityshouldalsofall,despitethelarger
Fermisurface30,40;experimentscarriedoutatfieldsclose
totheLtoHborderseemtosuggestthatγindeedfalls
withincreasingfield21.
TheantiferromagneticstateofCeOs4Sb12hasbeenat-

tributedtoapossibleSDWstate1,24–27.SDWsareusu-
allyassociatedwithfeaturesoftheFermi-surfacetopol-
ogy41;therefore,astheFermisurfacechangesasone
crossesfromLtotheHphase,onewouldexpectthe
antiferromagneticstatetobedestroyed,aswearguedin
thediscussionofFig.2above.

D. DelineatingtheLto Hphaseboundaryin
CeOs4Sb12

SectionIIdescribedhowthePDOresponseisacon-
volutionoftheelectricalresistanceandthe(magnetic)
differentialsusceptibility17;inthephase-transitionmech-
anismdescribedabove,bothofthesequantitiesareex-
pectedtochangeattheLto Hboundary, withun-
predictableconsequencesforthePDOfrequency42. We
thereforeattemptabetterdelineationoftheLtoHphase
boundaryusingmagnetometry.Fig.5(a)showsapulsed-
fieldmeasurementofthemagnetizationM(H)atatem-
peratureof0.58K.AchangeinthebehaviorofM(H)
occursatafieldclosetotheshiftinPDOfrequency
thatweassociatewiththeLtoHtransition(Fig.2);at
highfieldsthedifferentialsusceptibilitydM/dHisrela-
tivelysmall,whereasatlowerfieldsitislargerandvaries
rapidly,leadingtoacurvedM(H)trace.Thefineblack
lineinFig.5(a)isprovidedasaguidetotheeyeindis-
tinguishingthetworegimes. Notethattheα(L)toγ
(H)transitioninCealloysisalsoaccompaniedbyan
analogous,fairlygradual,changeindM/dH[23].
Free-energyconsiderations31 showthatincreasesin
temperaturealsofavorquasi-localized4f electrons;
therefore,increasingtemperatureshoulddrivethesys-
temthroughtheLto Htransitionatzero magnetic
field. Fig.5(b)showszero-fieldtemperature-dependent
resistivity(ρ(T))datafortwooftheCeOs4Sb12sam-
plesusedinthisstudy;adistinctminimumisseenclose
toT=15K.TheLphase,withitssmallnumberof
heavyquasiparticles,willhaveahighρatlowtempera-
tures,whereastheHphase,withitssimpler,largerFermi
surfaceoflighterquasiparticles,shouldexhibitrelatively
conventionalmetallicρ(T)behaviorathighertempera-
tures;therefore,weassociatetheminimuminρ(T)with
theboundarybetweenthesetworegimes.
Fig.5(c)isacompilationofthevariousdatainan

attempttoidentifythecompleteLtoHphasebound-
ary.Thecolorscaleandcontoursaredifferentialsuscep-
tibility(dM/dH)dataderivedbydifferentiatingM(H)
curvessuchasthatinFig.5(a);thewholeplotisan
interpolationofdatafrom20Tpulsed-fieldsweepsat
temperaturesof0.58,1.33,2.54,3.12,3.64,4.30,5.00,
5.50,6.00,6.50,7.00,7.50,8.50,9.00,10.00,11.00,13.50,

FIG.5.(a)Pulsed-fieldmeasurementofthemagnetization
M(H)ofaCeOs4Sb12crystalforH||candT=0.58K.The
unitsofM(H)areµBperformulaunit(f.u.).Dataareshown
indarkgreen;thefinelineisshownasaguidetotheeye,
indicatingtherapidlyincreasingmagnitudeofdM/dHasthe
fieldfallsbelowabout11T.(b)Resistivityρ(T)normalizedto
thevalueat300Kversustemperaturefortwocrystals(A,B)
ofCeOs4Sb12.AminimumaroundT≈15Kisclearlyvisible.
(c)PhasediagramofCeOs4Sb12includingacontourplotof
dM/dHversusfieldµ0HandtemperatureT.Thegreenpoint
istheaveragepositionoftheminimuminresistance(see(b))
foroursamples,withtheerrorbarshowingthespreadof
values;redpointsarethefalling-fieldinflectionpointsfrom
thePDOdata(seeFig.2).Theorangecurveistheboundary
oftheantiferromagneticstate,derivedbyaveragingthepoints
ofvariousauthorsshowninFig.2(b),buttruncatedbytheL
toHtransitionathighfields.Thepurplecurveisthenotional
phaseboundarybetweentheHandLphases.

15.00,16.00and18.00K,plusconstant-fieldtemperature
sweeps(40−2K)intheSQUIDatfieldsof0.1,0.5,1,2,3,
4,5,6and7T.Theresistivityminimum(Fig.5(b))and
thefeaturesfromthelow-temperaturePDOdata(Fig.2)
aresuperimposedontheplot,alongwiththeboundary
aroundtheantiferromagneticphase(orangecurve).

Asdiscussedabove,theLphaseseemstobecharac-
terizedbyarelativelyhighdM/dH,andtheHphase
bylower,lessfield-dependentvalues. Attemperatures
above1.5K,ournotionalboundarybetweenLandH
phasesisthereforebasedontheideathatsomechar-
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acteristicvalueofthedifferentialsusceptibility(i.e.a
contourinFig.5(c))separatesthetwostates39.Tothis
end,notethattheresistiveminimumandthekinksin
thePDOdataabove1.5Klieatverysimilarvaluesof
dM/dH. WethereforetraceanotionalLtoHphase
boundarythatconnectsthesepoints,roughlyfollowing
thedM/dHcontours(Fig.5(c);purplecurve).
SectionsIIIAandIIICdescribehow,below1.5Kand

above10T,weexpecttheLtoHtransitionandthe
boundaryoftheantiferromagneticphasetocoincide;be-
low1.5K,thenotionalphaseboundaryfollowsthePDO
datatoreflectthechangeincharacteroftheLtoHtran-
sitionobservedinthisregion(seeFig.2).
Atfirstsight,byanalogywithothercorrelated-electron

systems13,14,45,itistemptingtoascribetheantifer-
romagneticphasetoaregionofquantumfluctuations
aroundsomepointatwhichtheLtoHtransitionplunges
toT=0. However,thesusceptibilitycontours(and,
presumably,theLtoHphaseboundary)areunusual
incurvingbacktowardstheoriginatlowtemperatures.
Relatedbehaviorhasbeenseeninthephasediagrams
ofreduced-dimensionalityantiferromagnets43,44;butby
contrast,inthosecases,theeffectoccurredonthehigh-T,
low-Hsideofthephaseboundaryandwasattributedto
theeffectofthermalfluctuationsonthefreeenergyofthe
system43.InthecaseofCeOs4Sb12,thereversecurva-
tureinsteadoccursclosetothelow-temperatureantifer-
romagneticstate(orangephaseboundaryinFig.5(c));it
ispossiblethattheeffectisdueheretoantiferromagnetic
quantumfluctuations,ratherthanthermalfluctuations.
Insummary,theLtoHtransitioninCeOs4Sb12be-

havesinmanyways(i.e.broadness,hysteresis,gentle
changesinresistivityanddifferentialsuceptibility)very
similarlytotheα−γ(L-H)transitionobservedinCe
anditsalloys23,31.TheapparentchangeinFermisurface
fromthecompensatedsemimetalpredictedbybandstruc-
turecalculations(Lphase)tothesingle,approximately
spherical,muchlargerpocketevidencedbythequantum
oscillationsintheHphaseisalsoinaccordwithsuch
anexplanation.Ineffect,someofthechargecarriers
undergoatransitionfromdelocalizedquasiparticles(L
phase)tolocalizedCe4felectrons(Hphase)46.

IV. NEODYMIUMOSMIUMANTIMONIDE

Figure6(a)showstypicalquantum-oscillationdatafor
NdOs4Sb12;aFouriertransformisgiveninFigure6(b).
Dependingontheorientationofthemagneticfield,as
manyasfiveseparatefrequenciesmaybevisible,oras
fewastwo. Oneofthefrequenciesobservedwasvery
obviouslyasecondharmonic,suggestiveofwell-resolved
spinsplittingofthefundamentalfrequency29.
ThefrequenciesobservedinNdOs4Sb12areplottedin

Figure7asafunctionoftheorientationofthemagnetic
field.Forcomparison,frequenciesmeasuredindeHaas-
vanAlphenexperimentsonPrOs4Sb12reportedinRef.8
areshownascontinuouscurves;forconvenience,weuse

FIG.6.(a)Shubnikov-deHaasoscillationsinthePDOfre-
quencyshiftofaNdOs4Sb12singlecrystal,obtainedbysub-
tractingthemonotonicbackgrounddependenceduetomag-
netoresistance. ThetemperatureisT=1.5Kandthefield
isorientedat39.5◦tothe[0̄10]axisforrotationaboutthe
[110]axis.(b)Fouriertransformsofdatasimilartothosein
(a)forH makinganangleof6.7◦withrespecttothe[0̄10]
axis;T=1.5Kandthesampleisrotatedaboutthe[110]
axis. Thepeakcloseto90Tisthoughttobeanartefact
ofthebackgroundsubtractionroutine. TheFermi-surface
sectionsarelabelledα,βandγfollowingtheschemeused
inPrOs4Sb12[8].(c)NdOs4Sb12α-frequencyShubnikov-de
HaasoscillationFourieramplitudedividedbyTversusT;
dataarepointsandthecurveisafittoEquation2.H was
appliedparalleltothe[001]direction.

thesamecross-sectionlabelsasthatwork. Overall,the
Fermi-surfacetopologiesofthetwomaterialsaresimilar,
withtheβFermi-surfacesectionbeingslightlysmaller
inNdOs4Sb12thaninthePr-compound.Theαsheetof
thetwomaterialsisalsosimilar,withthatinNdOs4Sb12
beingsomewhatslimmerforfieldsclosetothe[101]di-
rections.Bycontrast,theγsheetissomewhatlargerin
NdOs4Sb12.

Asingle,higherfrequencyaround3800Twasobserved
forfieldsclosetoalignmentwith[101];thoughanequiva-
lentisnotseeninexperimentaldataforPrOs4Sb12,itis
verysimilartooneofthefrequenciespredictedfromthat
material’sbandstructurecalculations8.Forthisparticu-
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NdOs4Sb12(thispaper) PrOs4Sb12(Ref.8)

FieldorientationFermi-surfacesection F(T) m∗/me F(T) m∗/me

H||[001] α 2560±20 3.1±0.2 2610 4.1

H||[001] β 950±20 1.8±0.3 1070 2.5

H||[001] γ 690±30 3.6±0.4 710 7.6

H||[011] β 870±30 1.5±0.4 875 3.9

TABLEI.Effectivemassesandquantum-oscillationfrequenciesforNdOs4Sb12andPrOs4Sb12.

FIG.7.Quantum-oscillationfrequenciesversusfieldorienta-
tionforNdOs4Sb12;pointscorrespondtowell-resolvedfre-
quenciesobservedinthedata;thecurvesareanalogousdata
fromPrOs4Sb12takenfromReference8. TheFermi-surface
sectionsarelabelledaccordingtotheschemeusedinthelatter
referenceforPrOs4Sb12.

larFermi-surfacesection8,whenH||[101],itappearsthat
theFermisurfacecross-sectionalareachangesrelatively
slowlyasonemovesawayfromtheextremalorbitalong
adirectionk||H.Suchatopologywillgiveanenhanced
quantum-oscillationamplitudeforanarrowrangeofan-
glesaroundthisfieldorientation29. Moreover,asdis-
cussedbelow,theeffectivemassesaregenerallylowerin
NdOs4Sb12thaninPrOs4Sb12,favoringtheobservation
ofquantumoscillationsintheformer.

BandstructurecalculationsforPrOs4Sb12predicta
splittingoftheαfrequencyforfieldsaroundthe[001]di-
rection;thiswasnotobservedinPrOs4Sb12[8]butseems
toberesolvedinthepresentexperimentsonNdOs4Sb12.

Effectivemassesm∗werederivedfromthetempera-
turedependenceoftheoscillationamplitudesasshown
inFigure6(c);valuesaretabulatedinTableI,andanalo-
gousdataforPrOs4Sb12areshownforcomparison.The
massesforNdOs4Sb12areconsistentlysmallerthantheir
equivalentsinPrOs4Sb12,suggestingthattheinterac-
tionsthatleadtomassrenormalizationaresmallerin

theformercompound.
AsmentionedintheIntroduction,NdOs4Sb12isafer-
romagnetwithanorderingtemperatureTC ≈1Kdis-
playingmean-fieldferromagnetism12.Itstemperature-
linearheat-capacitycoefficientisγ≈520mJmol−1K−2;
thatforPrOs4Sb12isγ≈650mJmol

−1K−2[8]. The
factthattheeffectivemassesaresignificantlylargerin
thelatterthantheformer(TableI),whilsttheγvalues
arerelativelyclose,suggeststhatanothercontribution
toγmightbepresentinNdOs2Sb12. Theoreticalmod-
elsindicatethattheoff-centerpotentialminimaofthe
sixrareearthsites(seeFigure1(a))couldgiveriseto
localphononsandenhancetheelectron-phononinterac-
tioninthefilledskutterudites.48–50.Thiseffectresultsin
Kondo-likephenomena,butwithanon-magneticorigin;
itcanalsocontributetoalargeelectronicγ.Thesemod-
elshavebeenusedtoexplainthelargemagnetic-field-
independentγ≈820mJmol−1K−2inSmOs4Sb12.

51,52

Previousultrasonicmeasurementsshowanextramode
inNdOs4Sb12atT≈15K[53–55];itandtheabove-
mentionedSmOs4Sb12aretheonlytwoskutterudites
displayingthisultrasonicanomaly53–55. Thecontrast
betweentherelativelylowcyclotroneffectivemassesin
NdOs4Sb12anditsrelativelyhighγvalueistherefore
probablyduetothelocalphononmodes.

V. CONCLUSIONS

Magnetometryandhigh-frequencyconductivitymea-
surements have been made onsingle crystals of
CeOs4Sb12andNdOs4Sb12usingtemperaturesdownto
0.5Kandmagneticfieldsofupto60tesla. Thedata
showthatCeOs4Sb12undergoesafield-inducedtransi-
tionfromasemimetalLphaseintoahigh-field,high-
temperatureHphasecharacterizedbyasingle,almost
sphericalFermi-surfacesection. Thegeneralbehaviour
ofthephasetransitionandcomparisonswith models
ofthebandstructureleadustoproposethatthefield-
inducedphasetransitioninCeOs4Sb12issimilarinori-
gintothewell-knownα−γtransitioninCeanditsal-
loys23. Thephaseboundaryappearstoexhibitanun-
usualcurvatureatlowtemperatures,possiblydueto
quantumfluctuationsassociatedwiththeantiferromag-
neticphase.Bycontrast,thebehaviorofNdOs4Sb12is
relativelystraightforward;ithasasimilarFermisurface
topologytothatofPrOs4Sb12,butwithsignificantly
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smallereffectivemasses.Thisresultsupportstheimpor-
tanceoflocalphononmodesincontributingtothelow-
temperatureheatcapacityofNdOs4Sb12. Theoriginal
motivationforthisstudy–toinvestigatewhetherthesu-
perconductivityinPrOs4Sb12arisesfromcloseproximity
toAFMandFMquantum-criticalpoints,withthemore
explicitlymagneticCeOs4Sb12andNdOs4Sb12lyingon
theeithersideofthepostulatedquantumphasetransi-
tions–isborneoutinpart.NdOs4Sb12andPrOs4Sb12
indeedlooklikecloserelatives,withtheheavierquasipar-
ticlemassesinthelatterfavoringsuperconductivity.But
anyresemblanceofCeOs4Sb12totheothertwoSkutteru-
ditesisoverwhelmedbytheKondophysicsthatisoften
writlargeinCeanditscompounds.
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