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Electrical and thermal transport measurements were performed on thin films of the electron-
doped superconductor Sm2−xCexCuO4−y (x = 0.13− 0.19) in order to study the evolving nature
of the charge carriers from the under-doped to over-doped regime. A temperature versus cerium
content (T − x) phase diagram has been constructed from the electrical transport measurements,
yielding a superconducting region similar to that found for other electron-doped superconductors.
Thermopower measurements show a dramatic change from the underdoped region (x < 0.15) to
the overdoped region (x > 0.15). Application of the Fisher-Fisher-Huse (FFH) vortex glass scaling
model to the magnetoresistance data was found to be insufficient to describe the data in the region
of the vortex-solid to vortex-liquid transition. It was found instead that the modified vortex glass
scaling model of Rydh, Rapp, and Anderson provided a good description of the data, indicating
the importance of the applied field on the pinning landscape. A magnetic field versus tempera-
ture (H − T ) phase diagram has also been constructed for the films with x ≥ 0.14, displaying the
evolution of the vortex glass melting lines Hg(T ) across the superconducting regime.

PACS numbers:

I. INTRODUCTION

Establishing a complete H − T − x phase diagram of
both hole- and electron-doped high-Tc cuprates is an im-
portant step towards building an understanding of the
physical origin of superconductivity in these compounds.
An immense volume of work has been carried out in this
regard for hole-doped cuprates. However, it has been
only recently that the electron-doped cuprates have be-
gun to receive similar levels of attention experimentally.
Of the class of electron-doped cuprate superconductors
having the composition of R2−xCexCuO4±δ (R = La,
Pr, Nd, Sm, and Eu), the compounds which received
the most attention over the past two decades have been
Nd2−xCexCuO4−y and Pr2−xCexCuO4−y.1 The remain-
ing R2−xCexCuO4±δ compounds have seen a recent in-
crease of attention, particularly Sm2−xCexCuO4−y, with
the mapping of the Tc−x phase diagram,2 investigation of
the pseudogap phase,3–5 measurements of the supercon-
ducting gap energy,6 and experimental and theoretical
investigation of the Fermi surface.7,8

This recent work has been primarily concerned
with the evolution of the physical properties of
Sm2−xCexCuO4−y as a function of Ce content, i.e.,
the mapping of the T − x phase diagram. There re-
mains, at least, the need to extend investigation of
key properties along the ‘H-axis,’ i.e., to complete the
H−T−x phase diagram. Furthermore, the Sm3+ ions in
Sm2−xCexCuO4−y order antiferromagnetically below the
Néel temperature TN ∼ 6 K into an arrangement that is
unique in high-Tc materials, wherein the magnetic mo-
ment of the Sm3+ sites align within a single ab plane fer-
romagnetically, but each adjacent plane along the c-axis
is aligned antiferromagnetically.9 This presents an oppor-
tunity to both investigate the interplay of superconduc-

tivity and magnetism and the possible role of magnetic
excitations in the pairing process,10,11 and, also to study
of the effect of magnetic order on the dynamic properties
vortices in the region of the melting of the vortex solid.
We report here electrical and thermal transport

measurements on thin films of Sm2−xCexCuO4−y

(x = 0.13− 0.19) in order to study the progression of
key physical properties from the under-doped to over-
doped regime. We find similar features in the evolu-
tion of thermopower properties as that found for films of
Pr2−xCexCuO4−y,12 which has been taken as evidence
for the presence of both holes and electrons as charge
carriers. From high field ab-plane resistivity ρ(T ) mea-
surements we determine the pseudogap temperature T ∗

across the under-doped to over-doped regimes. Finally,
from an analysis of the vortex glass melting transition
we find that the pinning landscape in the H−T plane of
Sm2−xCexCuO4−y is significantly affected by the appli-
cation of the magnetic field, a possible indication of the
interaction of Sm3+ moments with the magnetic flux line
lattice.

II. EXPERIMENTAL DETAILS

Polycrystalline Sm2−xCexCuO4−y target material for
use in the pulsed laser deposition (PLD) process was
formed by a solid state reaction technique with starting
materials of 99.99% pure oxides of Sm2O3, the dopant
CeO2, and CuO. To insure the proper stoichiometry of
the target the powders were dried in air inside alumina
crucibles at 900 ◦C for ≥ 12 hours since both compunds
are known to absorb water readily.13 Once dry, the start-
ing materials were weighed and mixed in ultra-high pu-
rity (UHP) Ar atmosphere. The prepared mixture was
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FIG.1:SuperconductingcriticaltemperatureTcversusan-
neal(dwell)timeat600◦Cforthex=0.16samples. An
optimalannealtimeof4minuteswasalsofoundforallother
concentrationsgrown.

firedinairfor≥18hoursat900◦Cinanaluminacru-
cible,thengroundbyhandandre-firedinairat1000◦C
for≥24hours.Subsequently,thematerialwasground
inacentrifugalballmill,andtheresultingfinepowder
waspressedintoapelletandfiredafinaltimeinairat
1100◦Cfor≥3days.Finally,thefurnacewascooledto
900◦Candthetargetwasremovedtocoolinair.

TheSm2−xCexCuO4−y filmsweregrownonyttria-
stabilizedzirconia(YSZ)witha(100)orientation. The
optimalgrowthconditionsofthefilmsforeachconcentra-
tionofSm2−xCexCuO4−yweredeterminedexperimen-
tallyfromnumeroustrialgrowthswhilesystematically
varyingtheparametersincluding:incidentlaserenergy
density,substratetemperature,chamberpressure,and
annealingconditions.Theoptimalincidentlaserenergy
densitywasdeterminedtobe∼1.5J/cm2.Theenergy
densitywasverifiedbeforeandaftereachgrowthusinga
ScientechVectorS310externalpowermeter.Allconcen-
trationsofthefilmsformwellatT≈800◦Candunder
chamberpressuresofp≈200mTorrofflowingN2O.The
N2Ogaswasfloweddirectlyintotheplumeofthelaser
ablatedmaterial.Thedepositiontimewas10minutesin
durationforallsamples.Aftereachdepositionthecham-
berwasimmediatelyevacuatedtop<10−6torrandthe
sampleswerealsoimmediatelycooledto600◦Catarate
of20◦C/min.Thesamplesdwelledat600◦Cforadu-
rationofzeroto10minutes,cooledagainto400◦Cata
rateof25◦C/min,dwelledfor8minutes,andthenthe
heaterwasshutoffandthesamplescooledto∼100◦C
beforeventingthechamberandremovingthefilms. A
plotofthesuperconductingcriticaltemperature,Tc,ver-
susannealtimeisshowninFig.(1)forthex=0.16sam-
ple.Tcisshowntoincreasewithdwelltimetoamaxi-
mumatabout4minutes.Anoptimalannealtimeof≈
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FIG.2: X-raydiffractionpatternforaSm1.85Ce0.15CuO4−y
filmexhibitingthehighlyc-axisorientednatureofthefilms.
Animpuritypeak(indicatedwithanasterisk)seenat∼33◦

isidentifiedasCeO2. Otherverysmallpeaksobservedare
identifiedasbeingattributabletotheimpuritypresenceof
eitherCeO2orCe2O3.Twosubstratepeaksarevisibleat∼
35◦and∼73◦. X-raydiffractiondataforallconcentrations
grownindicatedasimilarlyhighqualityofthefilms.

minutesat600◦Cwasfoundforallotherconcentrations
aswell. Wenoteherethatafinite‘shelflife’seemstobe
atworkforallSm2−xCexCuO4−yfilmsgrownhere(and
inotherstudieswehaveundertaken).Samplesleftex-
posedtotheatmosphereexperienceasuddenrapiddete-
riorationthroughouttheentirefilmafterapproximately
9-12months−uponwhichthesuperconductingproper-
tiesareirretrieviablylost−leavingbehindatransparent
film.TheshelflifeofsamplesstoredinaUHPargonat-
mosphereisextendedtoabout18months,howeverthe
breakdownappearstobeinevitable.Alldatapresented
hereweretakenfromsamplesthatwerefrom1weekto
3monthsold,andwerestoredina∼1torrvacuumin
theinterveningtimebetweensamplegrowthandmea-
surement.
Allfilmswerecharacterizedbyx-raydiffractionand

electricaltransportmeasurements. MagnetizationM(T)
measurements(notshown)werealsoperformedaspart
ofthegrowthoptimizationprocesstoestablishTcval-
ues. Allresistivityρ(H,T)dataweretakenonfilms
in whichgoldpads weresputteredontheasgrown
filmsinastandard4-wireconfiguration. Thefilms
wereannealedfor10 minutesinairat500 ◦Ctoal-
lowthegoldtodiffuseintothefilms. Goldleads
wereattachedusingatwopartsilverepoxyandcured
for3 minutesat200◦C.Typicalsampledimensions
are ×w×t≈3mm×3mm×100nm. Thermopower
measurementswerealsoperformedonasgrownsamples
onamodifiedQuantumDesignPPMSelectricaltrans-
portpuck,asdescribedfurtherbelow.Electricaltrans-
portmeasurementswereperformedwithaKeithley220
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programmablecurrentsourceandaKeithley2182nano-
voltmeterwiththesamplesinaQuantumDesignPPMS
overatemperaturerange1.85K≤T≤310Kandmag-
neticfieldHrangeupto9T.
Standardθ−2θmeasurementswere madeusinga
RigakuDMAXBx-raydiffractometer. X-raydatafor
thex=0.15sampleisshowninFig.(2). Thediffrac-
tionpatternsareconsistentforallsamplesand,inad-
ditiontothesubstratepeaks,themajorpeaksareas-
sociatedwiththe(001)reflections,indicatingexcellent
c-axisorientation. Therearetwoprimaryminorpeaks
consistentlyobservedwhichweassociatewithanimpu-
rityphase. Thesepeakswereminimizedduringgrowth
optimization;however,theycouldneverbecompletely
removed. Allofthe minorpeaksobservedcanbeat-
tributedtothepresenceofCeO2orCe2O3.Inarecent
studybyKangetal.,14itissuggestedthat,ratherthan
beingamaterialsprocessingproblem,therareearthox-
ide“impurityphase”isactuallyresponsibleforsupercon-
ductivityintheelectron-dopedcompounds.Theauthors
proposethat,duringthehightemperatureoxygenreduc-
ingannealprocessthecompoundphaseseparatesinto
thissmallCufree“impurityphase”anda“Cu-perfect”
Ln2−xCexCuO4−yphase.Effectively,thisallowsanyCu
vacanciesintheLn2−xCexCuO4−yphasetobefilledby
theCuatomsfreedinthephaseseparationandcreation
oftheCufreeR2O3phase.

III. EXPERIMENTALRESULTS

A. Thermopower

SimilartotheHalleffect,thethermopowerofama-
terialisrelatedtothecarrierconcentrationandcharge
carriertypeinamaterialwithS∝1/ne,wherenisthe
carrierconcentrationandeisthechargeofthecarrier.
ThermopowermeasurementsofhighTccupratematerials
canpotentiallyshedlightonthenatureofthechargecar-
riersinbothhole-dopedandelectron-dopedcompounds
andonhowtheyevolveacrossthedopingspectrum.
ThermopowerdataareshowninFig.(3)forsamples

withceriumconcentrationsofx=0.135,0.14,0.15,0.16,
and0.19.Itcanbeseenthatthereisadramaticchange
inthethermopoweraswe movefromtheunderdoped
totheoverdopedconcentrations.Theunderdopedsam-
plesexhibitanegativethermopowerwhose magnitude
decreasesastheoptimalTcdopinglevel(x=0.15)isap-
proached.Additionally,itisseenthatthethermopower
forthex=0.15sampleisverysmallinmagnitudeand
negativeatlowtemperaturesandhasasignchangeat
T≈35K. Wecomparethedataheretothermopower
measurementsonpolycrystallineSm2−xCexCuO4−yand
thinfilmsofPr2−xCexCuO4−y.
Yang et al.15 performed some of the earli-
est thermopower measurements of polycrystalline
Sm2−xCexCuO4−y

 50  100

-5

 0

 5

0T SCCO x = 0.135

0T SCCO x = 0.14

0T SCCO x = 0.15

0T SCCO x = 0.16

0T SCCO x = 0.19

T [K]

S [
m
V/
K]

samplesacrossawidedopingspec-
trum.Intheunderdopedlimit,thesampleswerefound

FIG.3:ThermopowerdataofSm2−xCexCuO4−yfilmswith
Cecontentx=0.135,0.14,0.15,0.16,and0.19.

tohavealargenegativethermopowervoltage,implying
n-typecarriers. The magnitudeofthethermopower
voltagedecreasedasthe Cecontent wasincreased
untiloptimaldopingatx=0.15 wherethere wasa
signchangeandasmallpositivesignal(ontheorder
of1µV/K)wasobserved. Thissmallpositivesignal
peakedandthenremainedatS≈0.5µV/Kuptoroom
temperature. Movingbeyondoptimaldoping(x>0.15),
thethermopowervoltageretainedthesameshapeas
thatofthex=0.15sample;however,therewasasign
changeathighertemperaturewithasmall magnitude
(S≤1µV/K)negativevoltage.
Recentthermopower measurementsperformedbyLi
etal.12onthinfilmsofPr2−xCexCuO4−ywereobserved
tobeconsistentwithHalleffectmeasurementsperformed
onthesamesamples.16Itwasshownthatthesignchange
inthethermopowerwasatthesametemperatureasthat
ofHalleffectmeasurements,fromwhichthepresenceof
bothholesandelectronsaschargecarrierscanbein-
ferred. Thethermopowerwasobservedtohavealarge
negativevalueforunderdopedfilms,decreasinginmag-
nitudeuntilthex=0.16overdopedsample,wherethe
thermopowerispositiveaboveTcuntilT≈25Kwhere
itchangessign. Sampleswithx>0.16showasmall
positivevalueofSforalltemperaturesaboveTc.These
resultsweretakenasevidenceforanantiferromagnetic
toparamagneticquantumphasetransitioninelectron-
dopedcupratesnearx=0.16.
Theresultsfoundherebearsomesimilaritiesto
theresultsfromthethermopowerstudyofpolycrys-
tallineSm2−xCexCuO4−y samples, however,a more
consistentcomparisoncanbe madetoresultsfrom
Pr2−xCexCuO4−y thinfilms. Onepossiblereasonfor
thedifferenceisinthenatureofthesamplesthemselves,
sinceboththinfilmstudiesproducedc-axisorientedfilms
andmeasurementswereperformedintheab-plane.The
differenceswiththepolycrystallineSm2−xCexCuO4−y
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FIG. 4: (color online) Resistivity ρ(T)inzero mag-
neticfieldforthinfilmsamplesofSm2−xCexCuO4−y with
x=0.13-0.19.

studycanlikelybeattributedtothedifferentorien-
tationsofthegrainsand, possibleoxygeninhomo-
geneitieswithinthegrains. However,furthercompari-
sonofourdatawiththatofthePr2−xCexCuO4−ythin
filmsshowthattheonlysignificantdifferenceisthe
ceriumconcentrationatwhichthereisasignchangein
thethermopower. Thisisobservedatoptimaldoping
x=0.15forSm2−xCexCuO4−yasopposedtox=0.16
forPr2−xCexCuO4−y.Qualitatively,thedatabehaveas
onewouldexpectuptoaboutoptimaldoping,wherein
anincreaseoftheceriumcontentinthesamplesshould
resultinaproportionalincreaseinthe(electron)car-
rierconcentration. Withthethermopowerinverselypro-
portionaltothecarrierconcentration,themagnitudeof
thethermopoweristhennormallyexpectedtodecrease
withincreasedCedoping.Inallofthesamplesmen-
tionedabove,thereisasignchangeinthemeasuredther-
mopowervoltageasafunctionofceriumconcentration.
Inbothcases,thiswasexplainedintermsofatwo-band
modelwithacompensationatsomecriticaldopinglevel
(xc),abovewhichtheholecontributiondominates. As
thedatapresentedhereonSm2−xCexCuO4−yfilmsam-
plesappeartobemostconsistentwiththecorrespond-
ingdatafromPr2−xCexCuO4−y filmsthiswouldlead
ustoalsoinvokeatwo-band model. Thisconclusion
shouldbetakeninthecontextofrecentquantumos-
cillationexperimentsontheelectrondopedsupercon-
ductorNd2−xCexCuO4−y

17andonhole-dopedhigh-Tc
cuprates,whichhavebeeninterpretedasevidencefor
twoconductionbandsattheFermisurfaceconsistingof
bothholes18andelectrons19,20
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FIG.5: Resistivityρ(T)in magneticfieldsupto9Tfor
thex=0.17sample.Thedatashownaretakeninmagnetic
fieldsof0Tto0.8Tin0.2Tincrements,1.0Tto7Tin0.5T
increments,andat9T.Additionalρ(H)vs. Tdatawere
takenatotherfieldsnotshownhere.

monalityinspiteofotherknowndifferencesintheirelec-
tronicstructuresandsuperconductingphasediagrams.

B. ElectricalTransport Measurements

1. H−Tc−xphasediagram

Measurementsofresistivityρvs.temperatureinzero
magneticfieldofallsamplesareshowninFig.(4).The
superconductingtransitiontemperatureTcforeachof
thefilms,showninFig.(8),wastakenasthetemper-
atureatwhichtheresistivitydropsto50%ofthenor-
malstatevalueattemperaturesjustabovethetransition.
Thetransitionwidth,∆Tc,istakenasthedifferencein
temperaturebetweenthe10%-90%dropinthenormal
stateresistivityvalues.Thevaluesofthecriticaltemper-
aturesdeterminedbythemidpointtransitionTc(K)[mid]
forallsamplesaregiveninTableI.
Resistivityρ(T)measurementsinfixedmagneticfields
upto9TwereperformedoneachSm2−xCexCuO4−y
film.InFig.(5)weshowρ(T)dataforthex=0.17
sample. Asmoreeasilyseenintheinset,assupercon-
ductivityissuppressedbyincreasingthemagneticfield,
theresistivitybeginstoexhibitaclearupturnatlow
temperatures.Thisupturnisobservedinthehighfield
ρ(T)dataofeachsample. AsshowninFig.(4),the
zerofieldresistivitydataoftheunderdopedsamplesal-
readyexhibitsuchanupturn,priortothetransitioninto
thesuperconductingstate.Interestinglythough,wefind
thatthehighfielddata(H 7T)forallsamples,under-
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FIG.6:Infield(H =9T)resistivitydatafromwhichthe
pseudogaptemperatureT∗isinferredforSm2−xCexCuO4−y
thinfilmsamplesx=0.13,0.15and0.16.Seethetextforfur-
therexplanationofthecriteriabywhichT∗wasestablished.

dopedtooverdoped,canbefitwelltoanempiricalex-
pressionρ(T)=ρ0+a/T+bT+cT

2fromT=2K(the
lowesttemperatursmeasured)uptotemperatureswell
above(40K T 160K)thecriticaltemperatureTc.

Thelowtemperature-highfieldbehaviorobserved
here across the doping range x
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FIG.7:Infield(H =9T)resistivitydatafromwhichthe
pseudogaptemperatureT∗isinferredforSm2−xCexCuO4−y
thinfilmsamplesx=0.17,0.18and0.19.Seethetextforfur-
therexplanationofthecriteriabywhichT∗wasestablished.

Sm2−xCexCuO4−yisinmarkedcontrasttothatfound
fortheelectrondopedcupratesystemsLa2−xCexCuO4
andPr2−xCexCuO4−y,whereaninsulator-to-metaltran-
sitionisobservedtooccurnearoptimaldopingviaresis-
tivitymeasurementsinlargemagneticfields.21–23Ata
concentrationofx=0.17thehighfieldresistivityρ(T)
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FIG.8:SuperconductingtransitiontemperatureTc(squares)
versusceriumconcentration,x,forSm2−xCexCuO4−y thin
filmsampleswithx=0.13tox=0.19. Thesolidlineisa
guidetotheeye. Alsoshownisthepseudogaptemperature
T∗vsxasdeterminedfromanalysisoftheresistivitydataof
theSm2−xCexCuO4−yfilms(closedtriangles,opentriangle,
opendiamond)asindicatedinFigs.(6)and(7),andasdeter-
minedbyKawakamietal.,4fromc-axiselectricaltransport
measurementsperformedonSm2−xCexCuO4−y singlecrys-
tals(circles). ThedashedlineisalinearfittotheT∗data.
Theshadedsectionindicatestheregionoverwhichthereisa
possibledifferencebetweentheTcvsxresultfoundhereand
thatfoundforMBE-grownfilms,2asdescribedinthetext.

ofLa2−xCexCuO4andPr2−xCexCuO4−ymonotonically
decreasestoaresidualvaluewithaρ(T)∼Tndepen-
dencewithn>1andn=1respectively.Itwouldappear
thatthepersistenceofaninsulating-likecomponentin
theresistivityρ(T)insampleswithCeconcentrationsup
toatleastx=0.19isuniquetotheSm2−xCexCuO4−y
system. WenotethatforboththeLa2−xCexCuO4and
Pr2−xCexCuO4−y system,thecharacteristictempera-
tureTmin(x),correspondingtoanobservedlocalmini-
mumintheρab(T)(H=0)data,vanishesinthevicinity
ofx=0.15.22,24ThetemperatureTmin(x)isfrequently
takenasbeingindicativeofthepresenceofthepseudo-
gap,whereTmin(x) T∗(x).

InFigs.(6)and(7)weshowanalysisoftheresis-
tivitydataoftheSm2−xCexCuO4−yfilmsfromwhich
weinferthelocationofthepseudogaptemperatureT∗

foreachfilm,excludingthex=0.135and0.14sam-
ples. Forthex=0.16−0.19samples,T∗(x)isdeter-
minedbythetemperatureatwhichadistinct‘kink’is
observedwhentheconstantρ0andT

−1termsaresub-
tractedfromthehighfield(H=9T)resistivityvstem-
peraturedata,i.e.,ρ(T)−(ρ0+a/T). Thisfeatureis
clearlyvisibleforthex=0.17andx=0.19samples.For
thex=0.
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FIG.9: Vortexglass meltinglines,Hg(T),determinedvia
analysisinthecontextoftheRRAmodel,foreachcerium
concentrationx,withx=0.14tox=0.19.Inset:Samedata
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inref.[25],asrecentlyreportedbyTayloret.al.,inref.[26].
Valuesofthefittingparameterscanalsobefoundinref.[26].

d{ρ(T)−(ρ0+a/T)}/dTvsTwhereinthe‘kink’ismore
pronounced.

Asnotedabove,alloftheSm2−xCexCuO4−yfilmsthat
wehavegrownaresubjecttoashelflifethatlimitsthe
timeperiodoverwhichmeasurementscanbeperformed.
Unfortunately,thehighfielddataofthex=0.13−0.15
samplesdoesnotextendtotemperatureshighenough
bywhichwecanperformthesameanalysisasdonefor
thex=0.16−0.19films.Thesefilmshavesinceexceed
theirshelflife,thusfurthermeasurementscannotbeper-
formed.However,wefindthatwecanextractmeaningful
valuesforT∗forthex=0.13andx=0.15throughthe
followingprocedure:Forthex=0.13sampleweobserve
atlowtemperatures(stillaboveTc)anegativemagne-
toresistiveresponsethatdecreasesinmagnitudeastem-
peratureisincreased. Thisbehaviorissimilartothe
ρc(T)datatakeninvariousmagneticfieldsbyKawakami
onsinglecrystalsofSm2−xCexCuO4−yfromwhichthe
pseudogaptemperatureforthissystemwasinferredin
thedopingrange0.14≤x≤0.156bythetemperature
atwhichanegativemagnetoresistancewasobserved,in-
creasinginmagnitudetolowertemperatures.3Itseems
likelythat,duetosomeroughnessofthesamplesur-
face,themeasuredresistivityofthisfilmcontainsasmall
ρccomponent,towhichweattributetheobservednega-
tivemagnetoresistance.Theinfieldresistivityρ(T)data
takenheredoesnotextendtoatemperaturehighenough
todirectlydetermineT∗bythepointatwhichthezero
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FIG.10:Scaledresistivitydlnρ/dTvsTfortheoptimally
dopedSm1.85Ce0.15CuO4−ysample.Thedarklineisaguide
totheeyethroughtheregiontowhichalinearfitwasapplied.

fieldandhighfielddatamerge,howeverweobtainarea-
sonableestimatebyanextrapolationofthedataasshown
intheinsetofFig.(6a).Forthex=0.15sample,wehave
determinedanestimateforT∗byextrapolatingthe9T
ρ(T)datatohighertemperatures,andbythelocation
ofaninflectionpointobservedinthe(H=0)ρ(T)data
(Fig(6b)). ThevaluesforT∗(x)determinedhereare
giveninTableI,andshowninFig(8)alongwiththe
dataofKawakamietal.4

Fromtheabovezerofieldandhighfieldρ(T)data,we
constructinFig.(8)atemperatureTversusCeconcen-
trationxphasediagram. OurresultsforTcarefound
tobecomparabletoarecentTc−xphasediagramcon-
structedbyKrockenbergeretal.,2forMBE-grownexpi-
taxialthinfilmsofSm2−xCexCuO4−y. Thereisgood
agreementbetweenthetransitiontemperaturesTcof
samplesinthex=0.15−0.17rangeproducedfromboth
growthmethods.Thereisalsogoodagreementastothe
Ceconcetrationintheunderdopedregionatwhichsuper-
conductivityemerges:intherangeofx≈0.125(here)to
x≈0.13(MBE-films). However,thereappearstobea
disagreementastothetemperatureintheoverdopedre-
gionatwhichthesuperconductingdometerminates. We
obtainhighervaluesofTcforx≥0.18,resultinginan
extrapolatedcriticalupperconcentrationofx≈0.22that
issomewhathigherthanthatoftheexperimentallyde-
terminedvalueofx≈0.21fortheMBE-films.Ineither
case,thisplacesthelinearlyextrapolatedT∗=0Kpseu-
dogaptemperature,atx≈0.20,i.e.,withinthesuper-
conducting‘dome.’Thisresultisrelevantinthecontext
ofthemanycompetingscenariosastotherelationshipof
thepseudogapphasetothesuperconductingstate.27,28

2. Vortex-glassScalingAnalysis

Fromtheaboveinfield ρ(T) measurementsthe
vortex-solidtovortex-liquidtransitionboundary,Hg(T),
showninFig.(9), wasdeterminedforsamples with
0.14≤x≤0.19.Theshapeofthisboundaryintheun-
derdopedregionhasanupwardcurvaturewithdecreas-
ingtemperaturethatistypicallyreportedforhigh-Tc
compounds.29However,asthesystemprogressesintothe
overdopedregion,theHg(T)linerapidlylosesthissteep
upwardcurvature,developingaformapproachingthatof
theuppercriticalfieldHc2(T)aconventionalBCStwo-
bandsuperconductor.30

The magnetoresistancedata werefurtheranalyzed
inthecontextoftheFisher-Fisher-Huse(FFH)vortex
glassscaling model.31 Inthecriticalregion,attem-
peraturesabovethevortexglass meltingtemperature
Tg,theresistivityconformstoanequationoftheform:

ρ=ρ0|T/Tg−1|
ν(z+2−d)

.Assumingd=3gives: ρ=

ρ0|T/Tg−1|
ν(z−1)

.Whenperformingananalysisofin
fieldresistivitydatainthecontextoftheFFHmodel,
aplotof(dlnρ/dT)−1vsT,isusedtoclearlyidentify
aregionoflinearbehavior−correspondingtothecriti-
calregionofthevortexglassmeltingtransition−from
whichthevaluesofTgandν(z−1)canbeextracted.
Thisscalinganalysiswasperformedonthedataforeach
magneticfieldappliedtothesampleswithceriumcon-
centrationx≥0.14. Aplotof(dlnρ/dT)−1vsTfor
theSm1.85Ce0.15CuO4−ysampleisshowninFig.(10).It
canbeseenthataregionoflinearlyvanishingdataisnot
readilyapparent.ThisresultistypicalofalltheHg(T)
dataanalyzedinthismanner,suggestingthatthevortex
glassmeltingtransitionscenariomaynotbeadequatefor
describingthevortex-solidtovortex-liquidtransitionof
theSm2−xCexCuO4−ysystem.InadditiontotheFisher-
Fisher-Huse(FFH)model,amodifiedvortexglassthe-
oryproposedbyRydh,Rapp,andAndersson(RRA)32,33

wasalsousedtoanalyzethedata.FromtheRRAmodel,
(whichisbasedupontheFFHmodel),amodifiedscal-
ingexpressionfortheresistivityinthecriticalregionis
obtainedsuchthat,

ρ(T)=ρ0
T(Tc−Tg)

Tg(Tc−T)
−1

ν(z−1)

, (1)

whereρ0istakenasthenormalstateresistivityjust
aboveTc.TheRRAmodeldiffersfromtheFFHmodel
inthattheauthorsclaimthatthepinningenergyscale
changeswithbothtemperatureandmagneticfieldsuch
thatthevortexglasstransitionisdependentontheen-
ergydifferencekBT−U0(H,T),whereU0isthecurrent
independentmeanpinningenergy. Qualitativelyspeak-
ing,thiscanbethoughtofintermsofusingthetwo
dimensionaldistanceintheH−Tplanetotraverseto
Tg,insteadoftakingtheusualonedimensionaldistance
intemperaturetoTgataconstantfieldH. Byplot-
tingρ/ρnvs[T(Tc-Tg)/Tg(Tc-T)-1]onalog-logplot,
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TABLEI:Valuesofthesuperconductingcriticaltemperature
atthemidpointofthetransitionandatthevanishingofthe
resistivity,Tc(K)[mid]andTc(K)[ρ→0],respectively,thesuper-
conductingtransitionwidth,∆Tc,thepseudogaptemperature
T∗,thecriticalexponents≡ν(z−1),andtheestimateder-
rorofs,∆s,foreachCeconcentrationx.

x Tc(K)[ρ→0]Tc(K)[mid]∆Tc(K)T
∗(K) s ∆s

0.13 ∼1.2 ∼2 − 55 − −
0.135 ∼1.5 ∼2 − − − −
0.14 14.0 15.4 2.5 − 2.11 0.15
0.15 19.0 19.5 0.6 42 2.60 0.25
0.16 17.4 18.0 0.9 30 2.45 0.25
0.17 15.4 16.7 1.9 24 2.60 0.25
0.18 12.4 12.9 1.1 15.5 2.33 0.1
0.19 10.8 11.2 0.9 10.5 2.45 0.2

theresistivitydatatakeninvariousfixedfieldsshould
collapseontoasinglecurve,fromwhichavalueforTg
andν(z−1)canbeobtained.Themodifiedscalingex-
pressiongiveninEq.(1)wasverysuccessfulinaccurately
describingthedata.Thedataforalltheconcentrations
inthisstudyalsoscaleaccordingtothisrelationand
thisisshownintheplotsinFig.(11). Althoughboth
scaling modelsgiveresultsthatarereasonablyconsis-
tentwithrespecttothevalueofthecriticaltemperature
Tg,thetemperaturerangeoverwhichthedatacouldbe
fittotheexpressionfromtheRRAscalingmodelwas
muchclearerthanthatoftheexpressionfromtheFFH
model.Assuch,therewasmuchlessuncertaintyinthe
valuesofν(z−1)obtainedfromtheRRAmodel.Values
oftheexponentν(z−1)obtainedviatheRRAscaling
analysisaregiveninTableI.Thesignificantlybetterfits
tothedatafromtheRRAmodelleadsustoconclude
that,fortheSm2−xCexCuO4−ysystem,themeltingof
thesolidvortexstateissignificantlyinfluencedbythe
effectsofthemagneticfieldonthepinninglandscape.
Whileitistemptingtoattributethisfindingtothepres-
enceoftheSmsublattice,itisnotreadilydiscernibleas
towhetherornotthisunusualbehaviorcanbeattributed
toaninteractionofthefluxlinelatticewiththeSm3+

ions.However,sincetheŃeeltemperatureTN ∼6Kof
theSmsublatticeisbelowthatofthemajorityofthe
lengthoftheHg(T)lines,theantiferromagneticordering
oftheSm3+ions(intheab-plane)wouldseemtoplay
nosignificantroleinthedynamicalpropertiesofvortices
intheregionofthemeltingtransition.

IV. CONCLUSIONS

Electricaltransportmeasurementswereperformedon
highqualityPLDgrownepitaxialSm2−xCexCuO4−y
films,from which we have developedfurtherthe
H−T−xphasediagramofthiselectron-dopedhigh-Tc
superconductor. WefindaTc−xregioningoodagree-
mentwiththatfoundforMBEgrownSm2−xCexCuO4−y
films,2withthenotabledifferenceofhigherTc

10
-4

10
-3

10
-2

10
-1

10
0

10
-2

10
-1

10
0

10
1

10
2

ρ
/ρ
0

T(T
c
-T
g
)/T
g
(T
c
-T)-1

Sm
1.85
Ce
0.15
CuO

4-y

H = 0.1 T - 5 T

10
-5

10
-4

10
-3

10
-2

10
-1

10
0 Sm

1.86
Ce

0.14
CuO

4-y

H = 0.1 T - 3 T

10
-5

10
-4

10
-3

10-2

10
-1

10
0

10-1 100 101 102

Sm
1.83
Ce
0.17
CuO

4-y

H = 0.1 T - 3 T

ρ
/ρ
0

T(T
c
-T
g
)/T
g
(T
c
-T)-1

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

Sm
1.84
Ce
0.16
CuO

4-y

H = 0.1 T - 3 T

ρ
/ρ
0

10
-2

10-1

10
0

10
-1

10
0

10
1

10
2

Sm
1.81
Ce
0.19
CuO

4-y

H = 0.1 T - 2 Tρ
/ρ
0

T(T
c
-T
g
)/T
g
(T
c
-T)-1

ρ
/ρ
0

T(T
c
-T
g
)/T
g
(T
c
-T)-1

10
-4

10
-3

10
-2

10
-1

10
0

10
-1

10
0

10
1

10
2

Sm
1.82
Ce
0.18
CuO

4-y

H = 0.1 T - 2 T

ρ
/ρ
0

valuesob-

FIG.11:Resistivitydatascaledaccordingtotheexpression
giveninEq.(1)forsampleswithceriumconcentrationsbe-
tweenx=0.14andx=0.19.

tainedintheoverdopedregion,andsubsequentlyaslight
extensionoftheTcregiontoahigherCedopinglevelwas
inferredbyus.Fromananalysisofthein-planeresistivity
ρab(T)inhighmagneticfieldswehaveextendedthedop-
ingrangeoverwhichthepseudogaplineT∗(x)hasbeen
previouslydetermined.4Theevolutionoftheboundary



9

between the solid and liquid vortex phases, Hg(T ), was
examined for samples with 0.14 ≤ x ≤ 0.19 and can be
seen to develop towards a form in the overdoped re-
gion consistent with the upper critical field Hc2(T ) of a
two-band BCS superconductor.30 The possible existence
of two superconducting bands in Sm2−xCexCuO4−y is
further supported by thermopower measurements pre-
sented here that are strikingly similar to those obtained
on Pr2−xCexCuO4−y films,12 which, in conjunction with
Hall effect measurements, have been cited as evidence
supportive of this picture. Finally, from a scaling analy-
sis of the vanishing of the resistivity ρ(T ) along theHg(T )
boundary, we find an unusually strong effect of the ap-

plied field on the pinning landscape of the vortex flux line
lattice.
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