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ThesynthesisandsuperconductingpropertiesofnewHTSCphasesarepresented・ InHg-
cuprateshighcriticaltemperaturesTcarereachedwithamaximumvalueofl35KfOrn=3

(n=numberofCuO2planes)inHgBa2Ca"_,Cu"08+d.Tcgoesthroughamaximumasa
filnctionoftheoxygencontentandincreaseswithpressurefbrl<n<5. 1tcanreachl60
Kunder350kbarsinHg-1223.However,uptonow, suchhighcriticaltemperatureshavenot
beenreachedatatmosphericpressurebychemicalsubstitutions・ FbrthepureHg-1223phase,
thecriticalcurrentdensities,irreversibilitylineandanisotropycomparefavorablywithother

(Bi,TI,…)compounds.Phaseswithtwomercuryplaneshavebeensynthesized,buttheirT｡
remainsmallerthanfOronemercuryplane. Inthe(Cu,C)-cuprates,preparedunderpressure,
aTcofll7Kisobtainedfbrn,=4,andforn=3,anoxygenreductionchangesTc from80
Ktol20K.Finally,aminorityphasewithTouptol29K(increasingwithpressure)hasbeen
observedbutnotidentified.
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largerthan3, likeinotherknownfamilies[4]andvalucsofn

up to9havebeenobserved in somegrains, byelectron

microscopy.Itispossibletopreparethesamplesfromthe

precursorsbyaclassicaltechniqueorunderpressure(around

20kbar)forn=1-3,andonlyunderpressureforn>3.Thislast

technique,besidesitssafety, allowstoobtainsampleswitha

highoxygencontent (overdoped). Furtherannealingcanbc

madetovarytheoxygencontent,andtoobtainthemaximum

ofthecurveofTcversusoxygencontent(orcoppcrvalcnce),

asforinstanceinHg-1212[51.Moreover,TchasbeenfOundto

stronglydependon theappliedpressure, evenwhen the
maximumTc(versusoxygencontent)hasbeenreachedfor

differentelementsofthemercuryfamily[6-71. Inparticular,
valuesashighasl64K(onsetTc)havebeenmentionedfor

Hg-1223[7].ThisincreaseofTciSassodatedwithchangeSin

the structure. In particular a decrease of the c lattice

parameter, andmorepreciselyofthedistanceoftheapical

oxygenfromtheCuO2planesisobserved[81.Thus, itmustbe

possibletoreachsuchhighTcvaluesifsimilareffectscanbe

obtaincdbychemicalpressure・Severalsubstimtionshavebeen

tried on theBa andHg sites. Many of themgive

superconductingmaterials [9-101, butwithout improvement

(exceptmaybefOrapartialsubstitutionbyTlwhichgivesa

Tcofl38K[111orbyPbwhichgivesaTcofl43K[121).

Finally,compoundswithtwomercurylayers(analogoustothe

TI2- andBi2- families) have becn synthesiZed.Their

superconductingpropertiesdonotappearveryinteresting(Tc

=70K)[131.However,recent resiStivitymeasurementsunder

pressureshowthattheycanbeimproved.

TheMercuryfamily§1

Sincethediscoveryofsuperconductivityathightemperature

incoppermixedoxidesbyBednorzandMuller (1986) a

numberofnewcompoundsandoffamiliesofcompoundshas
beendiscovered･BesidesYBa2Cu307withaTcof94K, the

highestTchavebeenobtainedforn=3 in theBi andTl

familiesofgcneral fOrmulas:Bi2Sr2Can_1CunO2n+2+dand

Tl2Ba2Can-1CunO2n+2+dwithrespectivelyTc=108KforBi-

2223andTc=125KforTl-2223.Thestmcturesof these

compoundshavesomecommonfeatures.Theyaremadeof

blocks ofCuO2-Ca-CuO2- layers having the perovskite

structurewhichaltematewithblocksmadeofBaO-TIO-TIO-

BaOorSrO-BiO-BiO-SrOhavingtherock-saltStructure． 'me

perovskiteblocksareat theoriginofthesuperconductivity

whentheCuvalenceishigherthan2andintherangeof+2.1

to+2.2.Moreover, for agivencompound,Tc isstrongly

depcndentonthevalenceofcopper intheCuO2planes,which

itselfstronglydependsontheoxygencontent intherock-salt

blockswhicharecalledchargereservoirs.

TheHgBa2CuO4+d compound has been obtained by

substitutingoneCu (of the chains) ofYBa2Cu307 by

mercury, andreducingthenumberofCuO2planesfrom2to

1.The critical temperature,Tc=97K,ofthisn=1compound

wasamongthehighestofallcuprateswithoneCuO21ayer

(exceptforTI2Ba2CuO6+dwhichhasaTcofuptolOOK)[11.

Therefore,recordhighTcIshavebeenobtainedwithn=2(Tc

= 127K) andn=3 (Tc =135K) in themercury family

HgBa2Can-1CunO2n+2+d [2,3].Then,Tcdecrcasesforn
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§2 TheCopper-Carbonatefamily Tc,=84K

i』ぶOncofthesucccssfUl substitutiononthemercurvsiにhas
〃

beenobtainedbytryingtoputsilver insteadofmercury[14-

16]. Infactsilverdoesnotenterinthestructurebutcopperis

fbundononeHgsiteovertwo(50%ofCuonthemercury

sites)theothcrHgsitebeingoccupiedbycarbonate(CO3)2-
1ons・Moreover, andonthecontraryofthemercuryfamily,

thiscopper family (ofgcneral formulaCul_xCxBa2Can_

1CunOy)needstobepreparedunderpressure(70kbar).The
presenceofcarbonatcs comes naturally fromthe carbon

dioxideoftheairwhichreactswiththestartingprecursor. In

thecopperfamily,nisfbundtovaryonlyfromn=3ton=6

(observed by electronmicroscopy). In the as-prepared

samPles,Tcisequalto70Kforn=3andll7Kforn=4,it

decreasesfor largern. Itwouldbe theonlycasewhereTc
wouldbemaximal forn=4insteadofn=3 inall theother

knowncuprate families (except forTl-1223 andTI-1234

whichhavethesameTc=120K).

Foreverysynthesisperfbrmedat-800℃andunder8GPa

bcsidestheusualtransitionatl17.6Kcorrespondingtothen=4
member,oftenmixedwithothermembersofthefamilywith

lowercritical temperatures,wealsoobservedawelldefined

transitionat=126.5K(Figure l).Thistemperatureisvery
cIosetothemghestobservedTcwithinthethalliumfamilyof

cuprates、andonlysccondtothebestmercurybasedoneat

atmosphericpressure(Tc=133Kforthen=3membcrofthis

familywithoptimaldoping).Theamountofsuperconducting

phasewithTc=126.5Kisverysmall[17]. Itcanbeestimatedto

-1%ascomparedwithabout60%forthen=4membcrofthe

cupro/carbonatefamilyobservedinthesamesynthesis,from

magnetizationmeasurementsonceramics・ It couldevenbe

muchlessassuggestedbyacsusceptibilitymeasurementson

powders. Althoughwe could not identify thematerial

responsibleforthishighTc,onecanreasonablyassumethatit

iseitheranoptimisedmemberofthecupro/carbonatefamily,

or that, under thchighpressureusedduringthesynthesis,

silverhasenteredthestructureintheChargeReservoirBlock

(CRB),improvingthesuperconductingproperties.Obviously,
moreworkisneededinordertoincreasetheamountofthis

phaseinthesamplesoastoproperlyidentifyit.

c2=116K
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Figurcl:miStcnccof thrcediffercntphasesma(Cu,C) compound

preparcdunderpressure.

distances,dTc/dPissmall inoptimallydopedsamples,wecan

inferthat then=4memberofthefamilyisnearlyoptimised

undertheprescntsynthesisconditions(seealsoreferenccl7).

Tcl=80Kshouldcorrespondtothen=3memberof the

cupro/carbonatefamily. Itdecreases stronglywithpressure

indicatingclearly thatoverdopinginoxygenexists in this

phase,confirmingpreviousobservations[171(seefigure2).

Themost interestingresult is themarked increaseofthe

highestTc,namelyTc3=126.5K,observedinsamples ofthis

system.At thehighest presSureused,21GPa,Tc3attains

=136KItmightstill increascifhigherpressureswereapplied.

This iS the second highest Tc ever observed for a

superconductingsampleunderpressure, thefirstbeingthatof

then=3member (Hg-1223) of themercurybasedHTSC

Cuprates.

Undoubtedly,moreworkhas tobedone to synthesize

monophasesamplesof thesehighpressurephases, tofUlly

characterizetheirsuperconducting-andother-properties,and
identify theunknownphasewith thehighestTc.Yet the

presentresultsshowthat, intheabsenceoftoxicthalliumor

mercury,veryhighcritical temperaturescanbeachievedin

thiscupro/carbonatefamily.

The structural refinement based on neutron diffraction

powderdatareportedbyShimakawaetal.[181confirmedthe

structureenvisagedbyhighresolutionelectronmicroscopy.

However,itisnotveryconclusiveaboutthelocalarrangement

ofthe(Cu,C)CRBblock,whichshouldreveal thedoping

mechanismand eventually allowone to optimize the

superconductingproperties.Chailloutetal. [191alsocollected

neutronpowderdataonasamplecontaining60%of(Cu,C)-

12､, 19%of(Cu,C)-1223, andother impurities, someof
whichhavenOt been identified. This refinement is not

conclusiveeither, but togetherwith the results of other

experimentsallowsus tomakesomeco町ecturesabout the
structureoftheCRB.

Thesecupro/carbonates seemtobe insensitive to heat-

treatmentsunderoxygenpressure.Thiswouldindicatethatthe

mBof thesecompoundsdocsnOt containmobileoxygen

atomsastheHgcounterparts・ InthiscasetheCucationsofthe

CRBwouldhave thedumbbell coordinationand theonly

oxygenatomofthisla/rwouldbethatbondedtoC・This

Resistivityunderpressure:

Althoughforthereasonsindicatedabovewehavenotbeen

ableasyet toprepareinpureformasinglememberofthe

cupro/carbonatefamily,wehavebccnable tofOllowthe

pressuredependenceofTcfor thethreedifferent phases.

Selecting chips from the sample that showedMeissner

expulsion below l26.5Kwe measured their electrical

resistanceasafunctionoftemperatureinthediamondanvil

apparatususedpreviously[171･AsshowninFigurelitiscasy

todeterminethreedifferenttransitiontemPeratures(Tcl,Tc2,

Tc3)thatcorrespondtodifferentsuperconductingPhases.

WeattributeTc2-117Ktothen=4memberofthefamilyof

cupro/carbonates[14,171.AsshowninFigure2,Tc2hasa

smallPressuredependence, itgoesthroughamaximumaround

10GPa.As it isusuallyassumedthat, duetoamostsubtle

compromise between oxygen content and interatomic
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anunidentifiedphase (of theorderof 1%involume, as
determinedbysusceptibilityonpowders)withTcashighas
129Khasoftenbeenobservedinthesecompounds・ It is the

highestTcinacompoundwithoutmercuryorthallium.
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ManyattemptshavebeenmadetorealiZeaninfinitelayer
comPound,whereaninfinitcnumberofCuO2 planes(non

superconductingwhen theyareonlyseparatcdbyCaorSr
layers)wouldbecomesuperconductingiftheywerecorrectly
charged・However,whensomesuperconductivityisfOundin

thesematerials, itappears that it isduetootherphascs, for
instancewith2CuO21ayers.Moreover, thesuperconducting

propertiesobtainedarenotexcellentandwell reproducible
(maximumTc=110Kand30%superconductingvolume).The

deposition, layerby layer, isanotherway toobtainnew

compoundsandstructureswhichwouldnot existnaturally,
evenaftersynthesisunderpreSSure.
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Figurc2:EffectofthepressurconT℃ofvarious(CuC)phascs
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ThepropertiesofHTSCcupratesarestronglyanisotropic
sincetheconductionismuchbetteralongtheCuO2planes in

thenormal state.Thesuperconductingproperties, too, are

anisotropicand,whenanewcompound isdiscovered, it is
veryimportanttomeasureitsanisotropy, thecriticalcurrent

densitieS(invariousdirections),andtheirreversibilityline, to

appreciateitsinterestfor theapplicationsascomparcdwith
existingsuperconductors.Someof theseproperties canbe

estimatedassoonasapurephaseissynthezisedintheformof
ceramics・Thegrowthofcrystalsorfilmsisthenneededfora

detailedstudy.

Thccritical current densitiesand irreversibility linesof

sinteredcompoundsof theseriesHgBa2Can_1CunO2n+2+d

withn=1-5havebeendetermined.Theyareobtainedina

wide temperature range andunder largemagnetic field

(20tesla) from magnetoresistance or magnetization
measurcments.Themagnetization ofHg-1223 has been

measured inamagnetometerusingtheextractionmethod,

wherethesamPleismovedfromonetotheotherofthepick-

upcoils.Theresultsarepresentedinfigure4,whereM(H)is

reportedforfieldsuptol4Tandseveral temperatures.

Fromthehysteresiscyclesonecandeduce[201 thecritical
current density, Jc, either fromthe saturated remanent

magnetizationRMinnullfieldwhichgivesJc(H=0)orfrom

thedifference(DM)betweenthemagnetizationvaluestaken

inthesameincrcasingordecreasingficld(H).UsingtheBean

model,theintragrainJc,canbeestimatedfromaceramicsby

takinganaveragegrainsizeoflOmm,observedbyelectron
microscopyandwritingJc(A/cm2)=30000RMor l5
000DM(withRMandDMincm3).AlthoughtheabsoluteJc

valueisnotveryaccurate(duetotheuncertaintyonthegrain

size) themainconclusionsabout its fieldandtemPerature

dependenceremaincorrect.

ThefielddependenceofJcfordifferent temperatures is
ratherstrongsinccJcdecreasesbyafactorfivebetweenOand

14T at 4.2K, which is two times larger than for

YBa2Cu307 in the same conditions. However these

perfOrmancescanbeimproved・Thetemperaturedependence
ofthezerofieldcriticalcurrentdensityJc(T) decreases
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conjecture iscorroboratedby theresultsof thestructural
refinement of reference l7・ The formuladeduced from

preliminary resultswouldbeCu0.22C0.78Ba2Ca3Cu4011,
whichcorrespondstovCu=2.16v､u・ fortheCucationsofthe
CuO21ayers・ThisvalueisveryclosetothecriticalCuvalence

corresponding to the optimal carricr concentration for
superconductivity・Thesamercasoningfor then=3member
yieldsvCu=2.22v.u・whichwouldcorrespond indeedtoan

overdopedstateasthehighpressureexperiments indicate. In
fact,successiveannealingsinAratmosphereresult intolarger
Tcfor(Cu,C)-1223whichtendstosaturatetol20K.

Asrcvealedbyhighresolutionelectronmicroscopy, some

crystallites of the cupro/carbonates contain sequences

correspondingtothen-5,6,or7members.Theexistenceof
thehighermembersoftheseries, SharedwiththeHg-based
cuprates,wouldindicatethattheCuO21ayersarenatasinthe

Hgcounterparts.Forexample,toobtainthehighermembers
oftheBi-basedlayeredcuprates, thelayer-by-layerdeposition

techniquehaStobeused.

ThissuggeststhatTccouldcontinuetoincreasewithnifthe

chargetransfertotheCuO2planeswassufficient.Moreover,
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Figure5. IITcvcmibilitylinesfOrsomemercuryandotherHTSC
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Differentfactorsarekllowntoinnuenccthepositionofthe
irreversibilityline.First, thequalityofthematerialandthe
optimisationofitssuperconductingproperties(highTc, large

superconductingvolume, small amountof largedefectsand

impurities). Second, a largeanisotropy leads toa smaller

couplingofthevortices(trappedon2Dpancakcs)whichcan
movemoreeasilyresultingintoasmallHirr (T)foragiven

reducedtcmperaturcT/Tc.Third, theincreaseofthepinning
fOrceincreases,ontheopposite, theHirr(T) line: thiscanbe
obtainedbyvarioussubstimtionsordefectsinthestructure.
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Theanisotropyischaracterizedforinstancebye=(M/m)1/2,
thesquarerootoftheeffectivemassesalongthecaxis(M)and
inthea-bplane(m)asdeducedfromrcsistivitymeasurements.
TheanisotropyissmallinthecaseofYBa2Cu307withe=4-

6,muchlargerinBi2Sr2Can_1CunO2n+2+dandTI2Ba2Can-

1CunO2n+2+d,withevaluesoftheorderoflOO. It isquiに
remarquablethatforHg-1223itisrathersmallwithavalueof

16(largervaluesareobtainedforHg-1234orHg-1245,but

thesephasesarenotsopure)[201.Thisisinagreementwiththe

relatively large values ofHirr(T) forHg-1223,which,

togetherwithahighTc,musthave largecritical current

densities,andmustbeagoodcandidatefortheapplications.

100

0 2 4 6 8 10 12 14

H(T)

Figure4・MagnetizationversusHforaceramicofHg-1223
andthededucedcriticalcurrentdensityfordifferent

temperatures.

exponentiallyinalargetemperaturerange,exceptbelowlOK
whereJcincreasesfasterwhenTdecreases,andclosetoTc

whereapowerlawisexpected.ThethermaldependenceofJc

=Aexp(-T/50)isslowerthaninYBCOwhereanexp(-Ty20)

variation has beenobserved in single crystals for two

directions of the applied field・ Therefore, if the field
dependenccofJcisstrongerinHg-1223thaninYBCOits

temperaturedependenceisweaker(better).

'I1neirrevcrsibilitylineIhrr(T), canbe takenat thepoint

wherethemagnetizationM(H)becomesreversible,andDM=0.
Theoccurenceofan irreversibilityUnewithIfrr(T)well

belowthecritical linelt2(T) intheH(T)phasediagram, isa

common featureofall thecopperoxide superconductors.
Abovetheirreversibilitylinethereisameltingofthevortex

latticeand thecritical current densitydeduced fromthe

magnetizationisnull sinceDM=0(this isnot truefor the

currentwhichstillcanflowintheperovskiteblocksabovethe

irreversibilityline,asshownbyresistivemeasurementsofthe

criticalcurrentdensityoffilms).Theirreversibility lineof
Hg-1223 isabovethatofYBCOforT>70K,andwellabove

thoseoftheBi2-andTl2-families.

Asimilarbehavior isobservedfor theirreversibilitVlines
グ

obtainedfrommagnctoresistancemeasurements (inthiscase

theirreversibilitylineshavebeentakenatl/100ofthenormal

stateresistancc)[20]andshowninfigure5.

Asexpccted, thcanisotropyislarger insystcmswherethc

charge reservoir blocks contain two planes (Tl2-, Bi2-,

families) than inYBa2Cu307or theHg- family.Astrong

anisotropy isfbundinothersuperconductingproperties, in

particularthecriticalcurrentdensityisthehighestwhenthe

current flowsalongtheCuO21ayers. It rcmainsconstant in

largefieldswhenthemagneticfieldisparallel totheseplanes.

Therefore, fortheapplicationsit isimportant torealizethese
conditions:for instancecoilsmadeofribbonswiththeCuO2

layersintheplancoftheribbon(thehighestfieldbeingthen

parallel toCuO2planes), or touscHTSCwith a small

amsotropy･

Anotherveryimportantproblemconsiststomakewiresor

ribbonsfrommaterialswhichnaturallyexistintheformof

ceramics. It isthenimportanttoobtainthegrowthofcrystals

"largeaspossiblewhichhavegoodsuperconductingcontacts

with thenext crystalS、 tomakewireSwith largecritical

current densities・ Obviously, it is easier tomake short

superconductingconnections (a fewcms long) as super-

conductingleadsforsuperconductingcoils.Itisalsoeasyto

makecylindersformagneticscreeningor totrapamagnetic
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field, aswell astorealizeasuperconductingcavity・But the

bestperfOrmanceswill beobtainedonly if thenumberof

grainsislimitedandthecontactbetweengrainsoptimized(in

qualityandsize).TheadditionofAg(afewpercent)helpsto

increasethesizeofthegrainsandthecontactbetweenthem

(notfortheHg-family!).Muchworkhasbeenmadetorealize
rodSorwiresofYBa2Cu307andribbonsofBi2Sr2Can_

1CunO2n+2+dandTl2Ba2Can_1CunO2n+2+dsheathedwith

silverandsomesuperconductingcoilshavealreadybeenmade.

Suchcoilshaveapparentlyweakperfbrmances: 5-6T, but

(sincetheyhavelargercritical fie1ds) theycanbeput inside

classical superconductingcoils (givingupto20T)andadd
theirfieldtothis20Tfield.
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Filmsofallthemainsuperconductingphases,haveverygood
perfOrmancesintermsofcriticalcurrentdensities.Recently,

andinspiteofthevolatilityofHgO, filmsofHg-1212have

beensuccessfUllyprepared[201.VerylargeCriticalcurrent
densitieshavebeenmeasured(108A/cm2at77Kinthebest
conditions,withJandHinthea-bplane,andJperpendicular
toH)invariousexperimentalconditions[211.

Insummary, thediscoveryofnewHTSCPhases,which

alreadyshowexcellent capacitiesfor applications,isquite
promising,eventhoughTchasnotyetreachedvaluesofl60K

observedunder pressure (or higher values)． ThceffOrts
towards theapplicationsarealsofruitfull,and thereisno

doubt thatthesematerialswillhaveanincreasingimportance
inthefuture.
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