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Abstract  

Since the discovery of the first high－temPerature OXide  

superconductorin1986，SuPerCOnductivltySCienceandtechnologyhave  

maderapidprogress・Studiesofthisresearchfieldaredeeplyrelatedto  

various disciplines such as solid－State PhysICS，SOlid－State Chemistry，  

energy－relatedtechnology，infbrmation，COmmunications，electronics，etC・  

andsuperconductivltylSeXPeCtedtobekeytechnologyln21Tstcentury・  

The most important property of superconductors for practical 

applicationsis，nO doubt，SuPerCOnductingtransitiontemperature（Tc）・  

Since1986，many neW OXide superconductors have been discovered  

thanks to tremendous efforts of scientists all over the world and the 

recordofTcreachedupto135K．However，after1992，thereports of  

newsuperconductorspreparedatambientpressuredecreaseseriouslyln  

number．Wehavetosaythatthesyntheticstudyofnew superconductors  

bytheconventionalambient－PreSSurereaCtionfaceslargedifnculty・  

Instead of solid－State reaCtion under ambient pressure，high  

PreSSure SynthesishasbeenrecognlZedintheseseveralyears asavery  

efftctivemethodtoexplorenewhigh－Tcoxidesuperconductors．Indeed，  

numberofoxide superconductorspreparedunderhighpressurereached  

toover30・Thisfactsuggeststhathighpressureconditionisfavorablefor  

layered structures of Cu－based oxide superconductors．The crystal  

StruCtureS Ofthe cuprate superconductors consistofconductionlayers  

including the CuO2Planes and blockinglayers which separates the  

COnductionlayers・Underhighpressure，WeCanVaryWidelythenumber  

OftheCuO2Planesinaconductionlayer，andmoreover，aVariety of  

elementscanbeintroducedintocationsitesoftheblockinglayer・Inthis  

treatise，WeSummarizeourphase－SearChexperimentsunderhigh－PreSSure  

Ⅴ   



anddiscusssuperconductlngandstruCturalpropertiesofvariousseriesof  

high－Tcoxidesuperconductorsdiscoverednewly．  

Followed bylntrOductionin Chap．1，We describein Chap・2  

detai1edhigh－PreSSuregenerationtechniquewhichweusedthroughoutthe  

PreSent Study．Chapter3is devoted to new series ofoxycarbonate  

SuPerCOnductors・We satisfactorilyprepared at5GPa，1200～1250Oc  

OXyCarbonate family，（Cuo．5Co．5）mBam十1Can－1CunO2（m＋n）＋l  

（（Cu，C）－m（m＋1）（n－1）n）．Five members ofthefamilyhavebeenisolated  

as almost single phases and all of them show superconductivity. In 

Particular，them＝1andn＝4memberofthisseries，（Cu，C）－1234，hasTc  

as high asl17K．This valueis the highest record ofTc among the  

OXyCarbonatesuperconductorsknownthusfar．  

InChapter4，Wediscuss new oxyborate superconductlng family，  

BSr2Can－1CunO2n＋3（B－12（n－1）n；n＝3～5），Whichwerepreparedat6  

GPaand1200－13000c．Inthisseries，OneOfthesmallestcationB3＋  

OCCuPleSthecationsiteofblockinglayerandsuchaseriescanneverbe  

PreParedwithoutuslnghigh－PreSSureteChnique．  

Chapter 5is devoted to two high－PreSSure Stable series of  

SuPerCOnductors，Sr2Can－1CunOy（02（n－1）n；n＝l～4）and Sr2Can－  

1CunO2n＋8F2±y（02（n－1）n－F；n＝2，3）・Although，Variousresultswere  

reported fbrthe former series，Tc ofeachmember was not specified  

because of the difficultyin gettlng high quality samples．We  

reinvestlgatedthisseriesandsucceededtodetemineTcofeachphaseby  

COmParlngSuPerCOnductlngPrOPertiesofvarioussamples．Thelatterisa  

Seriesofsuperconductorsincludingfluorinepreparedforthefirsttime．  

We discussinfluence offluorine substitution for superCOnductlng  

PrOPertiesbasedonexperimentalresultsforthesetwoseries．  
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1．Introduction  

1．1．Significance of searching for new substancesin the study  

Of oxide superconductors  

SuperconductlVltylSaPhysICalphenomenonwhereinasubstance  

reachesanelectricresistanceofzerowhencooledtolowtemperatures．It  

WaSdiscoveredbytheDutchphysicistOnnesin1911．Superconductivity  

isrealizedinavarietyofmaterialssuchasslngleelements，alloys，OXides，  

intermeta11iccompounds，Sulfidesandorganicsubstances．Ofthem，OXide  

SuPerCOnductorshave beenresearchedthe most，Startlngafterthe1986  

discoveryofthefirsthigh－temPeratureSuPerCOnductor．Today，Studiesof  

thesortareobservedinnumerousareas，SuChasnaturalscience，Synthetic  

Chemistry，thin films and device applications．Meanwhile，many neW  

oxide superconductors were found and we now know of a substance 

having a superconducting transition temperature（Tc）topping130K，a  

Valueunthinkablebefbretheadventofhigh－temPeratureSuPerCOnductors．  

The problemin using superconductorsis that realizing a  

SuPerCOnductlng State requlreSliquid helium as a refrigerant，Which  

requlreSlarge－SCalecoolingequlPment，thuslimitingpracticalapplication  

OWing to cost and technologlCalfactors．The discovery of high－  

temperature superconductors enabled the use ofliquid nitrogen as a  

refrigerant，allowlngamuChwiderrange ofpracticalsuperconductivlty  

use・Thefindalsohadaprofbundimpactonthefieldoftheoreticalsolid－  

StatePhysics，aStheconventionalBCS－theoryofsuperconductivityhadput  

thetoplimitofTcatabout30K．Neverthelessamaterialwithafarhigher  

Tcinfactemerged．Researchonthisadvancedrapidly to explainhow  

SuPerCOnductivitylSgenerated，andastheprecIPltateWehavebegunto  

understandtheelectricandmagneticpropertiesoftransitionmetaloxides・  
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Various fields ofmaterials science such as synthesis，StruCture  

analysIS，Slnglecrystalgrowth，thin－nlmfbrmation，PrOCeSSlng，etC．are  

invoIvedin superconductivlty reSearCh andthey provideinformation  

neededinbasictheoreticalstudy．Amongthem，theexplorationofnew  

SuPerCOnductlngmaterialsisdeserv1ngSPeCialmention・StartlngWiththe  

discoveryofaLa－basedoxidesuperconductorin1986，SCientistsfounda  

Seriesofnewoxidesuperconductorsinquicksuccession，andclearlythese  

discoveries have furnished the momentum for all spheres of 

SuPerCOnductlngreSearCh・Whenseekingnewsubstancesinthestudyof  

OXidesuperconductors，thekeyliesinsynthesisandevaluation，thereby  

providing knowledge to build theories for how superconductivity is 

generatedandassistlngreSearChonthepracticaluseofsuchsubstances．  

Inthis，theobviousgoalistofindasuperconductlngmaterialhavlngthe  

highestTcever．  

1．2．Background of the study of copper oxide superconductors  

Since1986scientistshavediscovereddozensofcopperoxidehigh－  

temperaturesuperconductors（Table・l．1），Whichmeritsabriefreviewof  

thehistoryofstudiesofcopperoxidesuperconductors．  

BednorzandMdlleroftheIBMZurichInstitutein1986foundthat  

La－Ba－Cu－00Xidesshowsuperconductivityatabout30K［1］．Afbllow－uP  

experiment by Uchida et al．of the Universlty Of Tokyo proved  

（La，Ba）2CuO4WithaK2NiF4－tyPe StruCture tO be responsible for  

SuperCOnductivity［2］，andtheresultsmarkedthestartofstudiesofcopper  

OXidesuperconductors．Kishioetal．ofthesameuniversltySubstitutedSr  

forBaand synthesized（La，Sr）2CuO4havingTc ofabout40K，thus  

updating the Tcrecord［3］．Earlythenextyear，Chuetal・OfHouston  

UniversitysynthesizedoxidesuperconductorYBa2Cu307－8havingTc  

aboveliquidnitrogentemperature（77K）fbrthenrsttime［4］・Withthat  
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asthetumlngPOlnt，reSearChersinphysicsandchemistrythroughoutthe  

WOrldlaunchedresearChonsynthesisto丘ndsuperconductorshavlngeVen  

higherTclevels，thuscausingl’superconductivityftver－T．Earlier，Chuet  

al．fbundthatTcof（La，Ba）2CuO4risesunderhighpressureandlooked  

toobtainhigh－TcsubstancesbyinduclngChemicalpressuresinthecrystal  

byreplaclngLa3＋withY3＋oralanthanideionhavlngaSma11erionic  

radius，andtheirworkresultedinfindingYBa2Cu307－8，Whosecrystal  

StruCture WaSelucidatedbySiegristetal．［5］andIzumietal．［6］using  

neutron rietveld analysIS．These experiments showed that the  

YBa2Cu307－8crystals亡ruCtureWaSnOtOfK2NiF4tyPe，aSadvocatedby  

The Universlty OfTokyo group，but based on an oxygen－deficient  

PerOVSkitestruCtureWhereinbothCuO4ChainsandCuO2Planesexist・  

In1988Maedaetal．ofthe NationalResearchInstitute for Metals  

discoveredBi2Sr2Can－1CunO2n＋4（n＝1－3；Tc≦110K）［7］，andShenget  

al．and Parkin etal．discovered T12Ba2Can＿1CunO2n＋4（n＝1－3；  

Tc≦127K）andTIBa2Can－1CunO2n＋l（n＝ト4；Tc≦122K），reSPeCtively［8，  

9］．Theseserieswerefbundbyintroducinganewtrivalentelement，Bior  

Tl．WhenitwasseenthattheseBi－basedandTl－basedcompoundsareso  

StruCtured that n oxygen－deficient perovskite－tyPelayerslie between  

rock－Salt－tyPelayers，itbecameclearthatthelayeredstruCtureSbasedon  

theCuO2PlanearemandatoryforsuperconductivltyandtheCuO4Chain  

SeenintheYBa2Cu307struCturedoesnotplayanimportantrolefor  

realizingsuperconductivlty．  

The1989discovery of（Nd，Ce）2CuO4（Tc ofabout23K）［10］  

greatly helped to elucidate how superconductivity is generated and 

becamethe員rstcopperoxidesuperconductorwithelectronsascarriers・  

Itisconsideredthatthe CuO2COnductiveplaneis suppliedwithholes  

through the apICaloxygenimmediately above Cuin the plane・In  

Nd2CuO4，theCuO2Planeissandwichedbyfluorite－tyPe blocks of  
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Nd202，andtheholeintroductionintotheCuO2Planeisinhibitedowlng  

tothelackofapICaloxygen・However，rePlaclngNd3＋withCe4＋and  

removlngaSmallamountofoxygenfromtheCuO2planebyreduction  

resultsinelectronintroductionintotheCuO2Plane，induclngthen－tyPe  

SuPerCOnductivity・Nextcamethesynthesisof（Nd，Ce，Sr）2CuO4，Wherein  

（La，Sr）2CuO4and（Nd，Ce）2CuO4blocksareStaCkedalternatelyalongthe  

C－aXis［11］．  

AfterthediscoveryofTトbasedoxidesuperconductors，thesearch  

fbrnewsubstancescontinued，Whichresultedin負ndingPb［12］andCO3  

［13］basedsuperconductors．Moreover，in1993，Putilinetal・discovered  

anoxidesuperconductorcontainingHg［14］・Later，inthesynthesisofthe  

Hg－basedseries，HgBa2Ca2Cu308＋8recordedTcof135K，thehighestTc  

atpresent［15］・  

1．3．Principles for designlng neW SuPerCOnductors ●  

As evident from the above research，allhigh－Tc oxide  

superconductorscontaincopper・Thecrystalstructuresofmany oxide  

superconductors havebeendeterminedbyX－rayandneutronanalysIS・  

Tokura et al．［16］were the first to attempt conceptualstructural  

classificationofcupratesuperconductors・Accordingtotheirconcept，an  

oxide superCOnductor struCture COnSists ofaconductionlayerand a  

blockinglayer，and carriers are suppliedfromthelatterlayertothe  

former（Fig．1．1）．ACuO2PlaneoragroupofCuO2Planesseparated  

byaCa，Yorlanthanideplaneconstitutesaconductionlayer・Various  

types ofblockinglayers have been known thus far・Forinstance，  

YBa2Cu307＿8andBi2Sr2Can－1CunO2n＋4COntainBaO－CuO－BaOtriple  

planesand SrO－BiO－BiO－SrOcompositeplanesastheblockinglayer，  

respectively・AsshowninFig・1・2，aCryStalstructureofahigh－Tc  

superconductorisbuiltupbystackingblockinglayersandconduction  
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1ayersalternately・NumberoftheCuO2Planesinaconductionlayeris  

usuallylessthanthree・However，aCOnductionlayerwithhighernumber  

OftheCuO2Planesis often realizedbythin filmformationandhigh  

pressuresynthesis．  

l．4．Effectiveness of highpressure synthesis  

PrinciplesfbrmaterialdeslgnObviouslyareimportantinsearching  

foroxide superconductors・ThechallengebecomlngeVenkeenerthese  

daysishowtosynthesizeaspecimenasdesigned．Acloselookatrecent  

trendsindicatesashiftin synthesismethodfromthesimplesolid－State  

reactionprocesstothethin－filmformation，highpressuresynthesisand  

Otherprocessesuslng mOreCOmPlexequlpment．Amongthem，thehigh  

PreSSure Synthesis processis regardedas one ofthemostefftctive for  

Seekingnewmaterials．  

Inthesearchfbrsuperconductingsubstancesuslnghighpressure，  

Okaietal．ofthe NationalInstitutefbrResearchinInorganicMaterials  

andTakanoetal．ofKyotoUniversityplayedaplOneenngrOle・In1990  

0kaisynthesizedYSr2Cu307（Tc＝60K）atapressureof7GPaaspart  

OfhisresearchfbrY（Bal－ⅩSrx）2Cu307［17］．Usingthehighpressure  

PrOCeSS，theTakano－s groupln1992synthesizedap－tyPeinnnite－1ayer  

OXide superconductor（Sr，Ca）0．9CuO2（Tc＝110K）［18］．Smithetal・  

reportedthatn－tyPeinfinitelayeroxidesuperconductorscanbeobtained  

byreplacingpartofthe（Sr，Ca）sitewithNd［19］underhighpressure・  

Theinfinite－1ayerstruCtureis verysimpleconsistlngOfonlytheCuO2  

Plane and an alkaline earth plane stacked alternately（Fig・1・3）・The  

infinite－1ayercompoundisconsideredasthecommonmotheroxidefor  

allhigh－Tcsuperconductors．  

Thesestudiescanbecalledvaluableinthattheyshowedaheadof  

Otherstheefftctivenessofsearchingformaterialsunderhighpressure・  
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Theadventofhighpressuresynthesishasmadepossibletherealizationof  

adeslgnedstruCture・However，tO eXPlainwhy highpressure worksin  

SynthesIZlngOXidesuperconductorsisnoteasy．Onepossibleansweris  

thatthe basic struCtureOfanoxide superconductoris ofhighpressure  

Stableperovskitetype．However，itisnotclearifthatinfactisthecase．  

The struCtureS Ofcupratesuperconductorsarenotexactlyofperovskite  

type but have more complicated features and no ground exists for  

assertlngthatalloxidesuperconductorsarehighpressurestable・  

Inreality，high pressureproductseasily formedareinfinite－layer  

Or PerOVSkite compounds，frequently resultingin thelack of a  

SuPerCOnducting phase．This seems to happen when the reaction  

temperatureistoohighinwhichconditionCuandotherB－Sitemetals（See  

Fig．1．2）orSr（Ba）andCatendto be mixed randomly，reSultingin a  

Simple perovskite orinfinite－layer structure．To synthesize a  

SuPerCOnducting phase，itis vitalto find effective ways to set  

temperatures，OXygenCOntentS，PreSSureandotherparam＄terS．  

l．5．Purpose of this study  

This study seeks new copper oxide superconductors by high  

PreSSure Synthesis．Target substancesin the quest for new materials  

included oxide superconductors centered on the perovskite－related  

StruCture COntainlngCOPPerbasedonearlierfindings andchanglng the  

typesofmetalatomsintheblockinglayerandthenumberoftheCuO2  

Planes．Accordingly，WeSuCCeSSfu11ysynthesizednewsuperconductorsas  

describedinChapter3andthereafter．  
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Tablel．1．Thehistoryofthediscoveryofnewoxidesuperconductors．  

ma【e丘山s  

軋al＿XBax）2CuOヰ  

札a．．xSrx）2CuOヰ  

YBa2Cu307＿8  

Bi2Sr2Ca。＿1CunOユn＋4  

T12Ba2Ca。－1CunO2n十4  

TIBa2Can＿lCu。02n＋3  

TISr2Can．1Cu。02n＋3  

（Ndl．xCex）2CuO4  

（Nd，Ce，Sr）2CuO4  

YBaユCu408  

YzBa,Cu,O, , 

G・aトxSrx）2CaCu206  

PbBaSrYCu30y  

YSr2Cu307  

（Sr，Nd）CuO2  

（Sr。．7Ca。．3）0．9CuO2  

（Ba．＿XSrx）2Cu1．yO2．2，．Z（CO3）l＿，  
HgBa2Can＿LCu。02n粛  

Sr。＋lCu。0加＋1＋る  
Sr2Can－1CunOy  

CuBa2Can＿lCu。02。＋3  

（Cu，Ag）Ba2Can＿lCunOユ。．3  

（Cu。．5Co．5）Ba2Can＿lCunO2n．3  

（Cuo．5Co．5）2Ba3Can＿．CunO2。．5  

GaSr2Can＿1CunO2n＋3  

AlSr2Ca。．1Cu。02。＋3  

SrっCuO2F2．6  

（Ca，Na）2CuO2C12  

BSr2Ca。＿lCunO2。＋3  

（Cu。．5S。．，）Sr2Ca。＿1Cun？y  

Sr2Can－1CunO2n＋6F2iy  

（Cu。．5P。．5）Sr2Can＿lCu。Oy  

（Cu，Ge）Sr2Ca2Cu30y  

J e剋∵  

1986  （T。～30K）  

（T－StruCture、Tc－40K）  

（T。－30K）  

（n＝ト3、T。≦110K）  

（n＝ト3、T。≦127K）  

（n＝ト4、T。≦122K）  

1987  

1988  

（T，一StruCture）  

（T＊－StruCture）  

1989  

（HP－Synthesis）  

（Infinitelayer）  

（hfimitelayer、HP－Synthesis）  

1990  

1991  

1992  

（n＝ト3、T。≦135K）  

（HP－Synthesis）  

（HP－Synthesis）  

（HP－Synthesis）  

（HP－Synthesis）  

（n＝3，4、HP－Synthesis）  

（n＝3～5、HP－Synthesis）  

（n＝3，4、HP－Synthesis）  

（n＝4，5、HP－Synthesis）  

1993  

1994  

（HP－Synthesis）  

（n＝3～5、HP－Synthesis  

（n＝3～7、HP－Synthesis  

（n＝2，3、HP－Synthesis  

（n＝3－6、HP疇Synthesis  

（HP－Synthesis）  

）
 
）
 
 ）  

1995  

1996  
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Blocking layer 

● Conductlnglayer  

p」＝ 、 －、  
Blocking layer 

Fig．1．1．GeneralcrystalstruCtureOfoxidesuperconductors・  

A’n＿l＋（CuO2）n  

BmA2A－n＿lCunO2n．m．2   

Fig・1・2・AnexampleofthecrystalstruCturebasedonthepnnciples  
fbrmaterialdesignlng．  
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CuO2  

Ca，Sr  

CuO2  

Ca，Sr  

CuO2  

Fig・13・CrystalstruCtureOfthein丘nitelayercompound，（Sr，Ca）CuO2・  
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2．Higb．pressuresynthesismethod  

Thischapterwilldiscussmattersrelatedtohighpressureapparatus  

andsynthesis．  

2．1．Belt－typehighpressl）reapParattlS  

Belt－typehighpressureapparatus，developedbyGeneralElectric  

（USA）inthe1950stosynthesizediamond，issostruCturedthatacylinder  

havlnganear－COnicalcrosssectionisputbetweentwoconfbrmanvils，  

Oneatthetop，theotheratthebottom，（Fig・2・1）generatespressureby  

applyinguniaxialfbrcefromthedirectionsoftheupperandloweranvils．  

Spacebetweentheanvils and the cylinderis mledwithcompressible  

gasket，Which serveS tOlockpressureinthe sample areaandproduce  

COmPreSSiontherein．  

A salientftature ofthis apparatusisits relativelylargersample  

SPaCe，Whichis most desirablein experimentsintendedto synthesize  

material．In high pressure experimentation，the question generallylS  

Whethertheexperimentscanbereproduced．Thebelトtypeapparatushas  

largersamplespace，enablingtheusealargeheaterthatishighlyprecisein  

termS Ofdimensions．Thus the belt－type apparatus permits thoroughly  

reproducibleexperiments．  

SinceformlngltSHighpressureResearchStationin1977，National  

Institute fbrResearchinInorganic Materials（NIRIM）has worked to  

expandthesample space，lnCreaSe eXPerimentalpressure andbroaden  

temperatureconditionsindevelopingbelトtypehighpressureapparatus・At  

PreSent fbur types－－FB－25H，FB－30H，FB－40H and FB－60H－－are  

OPeratlngundervariouspressurerangesuptolOGPa・   

InthisstudyFB－30Hwasmainlyused・Thefb1lowlngParagraPhs  

reftrtothistypeonly．  
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2．2・Highpressureexperiments：thepreparationstage  

2．2．1．Synthesisofstartimgmaterialpowder  

WhenCu－basedoxidesuperconductorissynthesized，OXidepowder  

COmPrlSlngVarioussubstancesisneededfbrstartlngmaterial．Inmost  

CaSeSChemicalreagentswithapurityofover99．9％canbebought丘om  

manufhcturers，butvarious kinds ofoxide powder，nOt COmmerCia11y  

available，muStbesynthesizedinthelab．Thissectiondescribedamethod  

fbrsynthesizlngStartlngmaterials．  

（SrCuO2）  

SrCO3POWder（99．9％）andCuOpowder（99・9％）wereweighedso  

thattheratioofSrCO3tOCuOinmolequaledl：1andweremixeduslng  

agatemortartoassureuniformquality・Thismixturewasthenallowedto  

reactinanaluminumcruCiblebynringltinanelectricfurnaCeatl，0000c  

fbr’about three days，during whichitwas taken out severaltimes fbr  

grinding andmixlng・Af［ernring，the synthesized powder underwent  

POWderX－raydi胎actionanalysISandwasconfirmedtobeslnglephase・  

CatbonanalysisdetectedO．04％ofcarbonbyweight・  

（BaCuO2）  

BaCO3POWder（99．9％）andCuOpowder（99・9％）wereweighed  

sothattheratioofBaCO3tOCuOinmoIconcentrationequaledl：land  

mixedusingagatemortartoensureunifbrmquality・Nextthemixturewas  

SynthesizedinanaluminumcruCibleand且redinanelectricfurnaCeat900  

Ocfbraboutaweek，durlngWhichitwastaken out severaltimes fbr  

grinding andmixlng・Pursuantto鮎ing，the synthesizedpowder was  

SubjectedtopowderX－raydi胎actionanalysISandverinedtobeslngle  

Phase・CarbonanalysISidenti鮎dO・95％ofcatbonbyweight・  
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（Ca2CuO3）  

CaCO3POWder（99・9％）andCuOpowder（99．9％）wereweighed  

SOthattheratioofCaCO3toCuOinmolequaled2：1andweremixed  

using agatemortarto produce uniformquality．Themixture was then  

SynthesizedinanaluminumcruCibleandnredinanelectricfurnaCeat  

l，000OCforaboutthreedays，dunngwhichitwastakenoutseveraltimes  

fbrgrindingandmixlng．After頁ring，thesynthesizedpowderunderwent  

POWderX－raydi胎actionanalysISanditwasconfirmedtobeslnglephase．  

Carbonanalysisdetectedverylittlecarbon．  

（SrO2）  

SrC12POWder（99・9％）was dissoIvedin distilled water・Proper  

amounts ofreagentgrade H202andNH3Wereaddedto the solution，  

SrO2pOWderwassettledinit，andtheprecIPltateWaSSeParatedthrough  

suction and蔦1tration and cleaned with distilled water and ethanol．The  

SeParatedpowderwasdriedinanoxygennowat150Oc・Thesynthesized  

POWder was su句ected to powderX－ray diffraction analysIS and was  

COn貞．rmedtobeslnglephase．CatbonanalysisdetectedO．37％ofcafbon  

byweight．ItseemsthatthesecatbonwereincludedintheH202andNH3  

1iquid．  

（BaO2）  

ReagentgradeBa（NO3）2POWderwasdissoIvedindistilledwater，  

PrOPer amOuntS Or reagent grade H202andNH3Were addedto the  

SOlution，andBaO2pOWderwas settledinit．TheprecIPitatewasthen  

Separatedthroughsuctionand創trationwhilesprayedwithnitrogengas  

andcleanedwithdistilledwaterandethanol．Theseparatedpowderwas  

driedinanoxygenflowat2000c．Thesynthesizedpowder underwent  

powderX－raydi胎actionanalysISandwasverinedtobeslnglephase・  
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CarbonanalysisdetectedO・23％ofcarbonbyweight．Itseemsthatthese  

CarbonwereincludedintheH202andNH31iquid．  

2・2・2・Makinggoldcapsulestocontainsamplepowderandenclosing  

the powder in them 

Experiments fbr Cu－based oxide superconductor high pressure  

SynthesisgenerallycallfortheuseofgoldcapsulestopreventNaCl，a  

PreSSure medium，from mixlng With the sample powder and to keep  

OXygen COntentunChanglng．This section describes how to make gold  

CaPSulesandenclosethesamplepowderinthem．  

2・2・2・l・Goldcapsules：thereclpe ●  

Anorderforgoldpipes（Outerdiameter6．8mm，0．2mmthick，8．O  

mmlong）andgolddisks（Outerdiameter6．2mm，0．2mm thick）was  

Placedwithamanufacturer．OnepIPeandtwodiskswereusedtomake  

OneCaPSule．  

A6．9¢dieandpunchoftungsten－Carbideanda6．3¢rodmadeof  

thesamematerialwereprepared．Therodwaspassedthroughagoldpipe  

SOthattheendoftherodremainedabout2mminsideoneendofthepIPe．  

Thenagolddiskwasputinsidetherimofthepipe（Fig．2・2（a））andthe  

PrOtrudingrimofthepIPeWaSbentsymmetrica11ylnSideuslngtWeeZerS  

（Fig・2・2（b））．Thispiecewassetinthedieandpunchandaloadoftwo  

tons／cm2wasappliedwithahandpress（Fig．2．2（C）），therebyproducing  

agoldcapsule（Fig．2．2（d））．  

2・2・2・2・Enclosingthepowdersample  

About250to300mg ofsample powderwas enclosedin the  

COmPletedgoldcapsule・Slightpressurewasappliedtothepowderuslng  

the6．3mmdiameterrodtoflattenthesurfaceofthepowder（Fig・2・3  
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（a））．Nextagolddiskwasplacedonthepowdersurface（Fig．2・3（b））  

andtherimofthecapsulewasbentinsidewithtweezers（Fig．2．3（c））．  

Itwasthensetinthe6．9¢dieandpunchandapplied with two  

tons／cm2pressureusingahandpress（Fig．2．3（d）），Whichcompressed  

thegoldbetweenthedieandpunch，andsealedthepowderinthecapsule  

（Fig．2．3（e））．  

2．2．3．Makingcomponentsfbrhighpressureexperiments  

Highpressure experiments needhighpressure cells，gaSkets and  

Otherparts・Thissectiontreatsthemakingofcomponents requiredfbr  

highpressureexperiments．  

2．2．3．1．Highpressurecell  

Ahighpressurecellconsistsofnvecomponents：  

［1］TwoNaCl－10wt％ZrO2COmPaCtedringswithasteelring：  

26mmouterdiameter，12mminnerdiameter，8mmhigh  

［2］Onegraphitesleeve：  

12mmouterdiameter，10mminnerdiameter，16mmhigh  

［3］Twographitedisks：  

10．05mmdiameter，1．Ommthick  

［4］TwoNaCト20wt％ZrO2disks：10mmdiameter，1．5mmthick  

［5］TwoNaCldisksincludingagoldcapsule：  

10mmdiameter，5．5mminthick  

Thefbllowlngdescribewaystomakethesecomponents．  

［1］NaCl－10wt％ZrO2COmPaCtedringwithasteelring  

A26¢dieandpunchmadeofTungsten－Cafbide（specincally，adie，  

upperandlowerpunchwitha12¢hole，anda12¢rod）wereprepared・  
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Thediewassetonthetableofthepressfbrmoldingapressuremedium  

andthelowerpunchofthepresswasusedasaflatbase．Then2．5％of  

WaterinweightwasaddedtoNaCl－10wt％ZrO2POWder．Next，thelower  

PunChofthepressandthe12¢rodweresetinthecylinder，aSteelring  

（Outerdiameter26mm，innerdiameter18mm，4mmhigh），and5．3gof  

thepowderwasputinthecylinder・Thepowdersurfacewasleveledby  

lightlyapplyingtheupperpunchofthepressfiomabove．ThenanNaCl－  

10wt％ZrO2COmPaCtedringwasmoldedbyapplyingabout3・5tons／cm2  

PreSSuretOthepowder（Fig・2．4（a））．Af［ermolding the ring，PreSSure  

WaSreduced，thelowerpunchofthepresswaschangedtoadevicefbr  

drawlng Out the rlng，and the rlng WaS eXtraCted by agaln aPPlying  

PreSSure（Fig．2．4（b））．Thennishedringwasdemoisturizedinadrierfbr  

24hours at1500cbefbreuse．  

［2］Graphitesleeve  

An order fbr a graphite sleeve（Outer diameter12mm，inner  

diameterlOmm，height20mm，materialquality：G－530）wasplacedwith  

a manufacturer．  

［3］Graphitedisk  

AlO．05¢graphiterodorderedfromamakerwasslicedintoabout  

al．2mmthickdiskuslngaCutterand且nishedbysandingbothsideswith  

emerypapertoathicknessofl．00±0．02mm．  

［4］NaCl－20wt％ZrO2disk  

AlO¢dieandpunchmadeofTungsten－Catbide（SpeCincally，adie，  

upperandlowerpunch，a30¢metalrod，a30¢metalrodwithahole）  

Were PrePared・Then2・0％ofwaterin weight was added to NaCl－  

20wt％ZrO2POWder．Next，the30¢metalrod，10¢dieandlO¢lower  
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PunChweresetonthelowerpunchoftheelectric press，0・4gofthe  

POWderwasputintotheholeofthelO¢die，andthepowdersurfhcewas  

leveledbyapplyinglightpressureusingthelO¢lowerpunch．Thenan  

NaCl－20wt％ZrO2diskwasmoldedbyapplyingaboutfburtons／cm2to  

thepowderusingthepress（Fig・2・5（a））・Aftermoldingthedisk，PreSSure  

WaSreduced，the30¢metalrodwasreplacedwiththe30¢metalrod  

Withahole，andthediskwasdrawnoutafteragainapplyingpressure（Fig．  

2．5（b））．Thennisheddiskwas demoisturizedinadrierfbr24hours at  

1500cprlOrtOuSe．  

［5］NaCldiskincludingagoldcapsule  

AlO¢dieandpunchmadeofTungsten－Carbide（SPeCihcally，adie，  

upperandlowerpunch，a30¢metalrod，a30¢metalrodwithahole）  

andNaCIpowderdriedat150Ocwereprepared・The30¢metalrodwas  

SetOnthelowerpunchofthe electricpress，aSteelringandthelO¢  

lowerpunchwereplacedit，andlastlythelO¢die．Next，0・55gofthe  

POWderwasputintotheholeofthelO¢dieandthepowdersurfacewas  

leveledbystrikingthetopfaceofthelO¢diewithawoodenma11et・A  

goldcapsulecontainlngSamPlepowderandkepthorizontalwaspushed  

intothepowderinthelO¢diehole，0．2gofthepowderwasputinthe  

Cylinder，andthepowdersurfacewasleveledbylightlyapplyingpressure  

usingthelO¢lowerpunch．ThenanNaCldiskwasmoldedbyapplyinga  

loadofaboutfburtons／cm2tothepowderwiththeelectricpress（Fig・2・6  

（a））．Aftermoldingthedisk，PreSSureWaSreduced，the30¢metalrod  

WaSrePlacedwiththe30¢metalrodwithahole，andthecompleteddisk  

WaSdrawnoutafteranotherapplicationofpressure（Fig・2・6（b））・  
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2．2．3．2・Pyrophyllitegasket（Fig．2．7and2．8）  

2・2．3・2・1・Makingtheinnerpyrophyllitegasket  

Aninner pyrophy11ite gasket，Orinner gasket fbr short，WaS  

fashionedfromapyrophy11itesleeveorderedfromamanufacturer（outer  

diameter40mm，innerdiameter26mm，40mmlong）usingalathewitha  

SPeCialcuttlngbite・Itisnecessarytomakeaninnergasketthatprecisely  

丘tsthecurvedinteriorofthecylinderbya句ustlngthedimensionsofthe  

Outerdiameterofthegasket’stapenngendaccordingtotheinnerdiameter  

Ofthecylindercoreofthehighpressureapparatusbeingused，Detailsof  

PrOCeSSlngareOmittedhere■Forreaderreftrence，aphotoofthesceneof  

manufhctureofinnergasketispresentedinFig．2．9．  

2．2．3．2．2．Makingtheouterpyrophyllitepowdercompactgasket  

Outerpyrophyllitepowdercompactgasket，OrSimplyoutergasket，  

WaSmadebymoldingpre－arrangedpyrophyllitepowderuslngaSPeCial  

preSS・  

A65¢dieandpunchmadeofTungsten－Carbide（SPeCincally，adie，  

upperandlowerpunchwitha40¢hole，a40¢rod）wereprepared．A65  

¢diewasattachedtothetableofthepress fbrmoldingthegasket．The  

lowerpunch ofthepress was usedas aflatbase and the65¢lower  

PunChwitha40¢holeandthe40¢rodwereinsertedintheholeofthe  

65¢die・Then45gofthepyrophyllitepowderwasputintotheholeof  

the65¢die，Withitssurfaceleveledbylightly applyingpressurefrom  

aboveusingthe65¢upperpunchwitha40¢hole・Thenoutergasket  

wasmoldedbyapplyingaboutfivetons／cm2tothepowderuslngthe  

PreSS（Fig．2．10（a））．Pursuant to molding the gasket，PreSSure WaS  

reduced，thelowerpunch ofthepresswaschangedinto adevice fbr  

drawlng Out the gasket，after whichit was extracted after applying  

PreSSure again（Fig．2．10（b））．The finished outer gasket was  
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demoisturizedinadrierfor48hours atlOOOcandstoredinaconstant－  

humiditydesiccatorformorethan24hoursbefbreuse・  

2．2．4．Assemblinghighpressurecells  

2．2．4．1．ComposlngNaCl－ZrO2rlngSandagraphitesleeve ●●  

First，tWONaCl－10wt％ZrO2nngSWithasteelringwereprepared・  

Thesteeトringsideofthenngswassanded，thentheothersideofthenngs  

wasgroundsothattheirheightwas8・00±0・02mm・Agraphitesleevewas  

insertedinthetwoNaCト10wt％ZrO2rlngSWithasteelringuslngahand  

press・TheportionofgraphitesleevelongerthantheNaCl－10wt％ZrO2  

nngscombinedinlinewassandedofflFinally，theinsideofthegraphite  

sleevewashollowedand頁・nisheduslngalOmmhandreamer・Theexternal  

surfaceofthe頁nishedhighpressurecellwas grounduslngSandpaper，  

withitsdimensionsadjustedtontininnergasketusedintheexperiment・  

Fig．2．11showsthepictureofnnishedhighpressurece11（OuterPart）・  

2．2．4．2．Adjustmentofcellcomponentdimensions  

Amongthecellcomponentsmanufacturedin2・2・3・1，thetwoNaCl  

disks witha gold capsule andthe two NaCl－20wt％ZrO2diskswere  

sandedtoadjusttheirthickness．Standardsizefbrthefbrmeris5・5mm，  

fbrthelatter，1．5mm．Butifthe totalheight ofthefourcomponents  

combinedinlineis14mm，anyOfthefburbeingslightlylongerorshorter  

thanthenormwillposenoproblem・  

2．2．4．3．Assemblingthehighpressurece11  

Thetwoa4justedNaCldiskswithagoldcapsule，tWO adjusted  

NaCl－20wt％ZrO2disks，andgraphitediskswereincorporatedintothe  

graphitesleeve，themakingofwhichwastreatedin2・2・4・1・Fig・2・12  

Showsthecrosssectionofthehighpressurecell・  
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2．3．Experimentalmethod  

AhighpressureexperimentwasconducteduslngtheFB－30Hflat  

belt－typehighpressureapparatus（Fig・2・13）installedinal，500tonpress  

OWnedbyNIRIM．  

2．3．1．Settingthe highpressurecellandgaskets  

Thehighpressurecellandthegasketwerecombinedandputinto  

thehighpressureapparatus・Atthesametime，tOPrOteCtthetopofthe  

anvil，aStainlesssteelplate（SUSplate），aSteelringfbrtheflowelectric  

Currentintothe samplearea（currentring），and amolybdenumplate to  

PreVentgraPhicheaterdeterioration（MOplate）wereplacedatthetopand  

bottomofthehighpressurecell．ThecurrentrlngWaSmadebyfbrclnga  

ZrO2diskordered丘omamanufacturerintoasteelringuslnganelectric   

PreSS・  

Next，tO PreVentthe gasketftomovernowlng andcoolingwater  

frominvadingthe samplearea，a4－mmanda5－mm thickrubberplate  

Werearrangedoutsidetheouterpowdercompactgasket．Fig．2．14shows  

theovera11settlngOfthehighpressureexperiment．Inactualexperiments，  

thesecomponentsaresetfbreachofthetwo（upperandlower）anvi1sbut  

detailsofthisareomittedhere．  

2・3・2・Hightemperature，highpressureexperiment  

Afterthehighpressurecell，gaSketandothercomponentswereset，  

PreSSureWaSincreasedbyoperatlngthepressuntilreachingtherequired  

fbrce・The relationshipbetweenhydraulicpresspressure andpressure  

generatedshouldbefoundinadvanceuslngthe measurement fbrmula  

describedin the next section．After pressure grew to the specined  

Strength，itwassecuredbypresslngthecontroIsystem’sHOLDbutton，  
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andahosefbrcoolingwaterwasconnectedtotheupperandloweranvils  

tointroduce theflow．Afterconmmlngthenow ofcoolant，a heatlng  

programthatservedthepurposeofexperimentwaspreparedbasedonthe  

relationshipbetweenelectricpowerandtemperaturethatwasfounduslng  

thetemperaturemeasurementfbrmuladescribedinthefo1lowlngSeCtion，  

andtheprogrambeganbyswitchingontheheatpowersource．Withthis，  

the sample area startedto growhotter．Fig2．15glVeS an eXamPle of  

heatlngPrOgramPatternS・  

2．3．3．Endofexperiment  

WhentheheatlngPrOgramended，theelectriccurrenttothesample  

areawascutandthesamplewasrapidlycooledatlOOOcpersecond．At  

theclose oftheheatlngprOgram，thecoolantwasstoppedanditshose  

WaS rePlaced with one fbr compressed airto expelwater remainlng  

betweenthecylinderandanvil．Next，anOilpressurecontroIprogramwas  

executedtodecreasepressureinthesamplearea・Ittookabout40minutes  

tolowerpressureinthesample area．Detailsofthepressuredecreaslng  

PrOCedureareomittedhere・Thesamplewasremovedfb1lowlngPreSSure  

decrease．  
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2・4・Pressureandtemperaturecalibration  

SynthesIZlngCryStal，Sinterandothersubstancesathighpressures  

andtemperaturesdemandsthedeslgnanddevelopmentofsuper－high  

pressureapparatus，butatthesametimeitisvitallylmPOrtanttOrneaSure  

andregulatepressureandsteadilyboost，meaSureandcontroltemperature  

underhighpressure・This sectiontreats the pressure and temperature  

calibration methods usedin context with belトtype high pressure  

apparatus・  

2．4．1．Pressure calibration  

Usually，Phasetransitionofmetalatroomtemperatureisutilizedto  

measure pressureinhighpressure apparatus．This section describcs a  

meansofcalibrationusingbismuth（Bi），tha11ium（Tl）andbarium（Ba）  

requiredfbrhighpressureapparatusupto6GPa．  

● 2・4・1・1・PreparlIlgCOmPOnentS andmaking high pressure cells for  

PreSSure Calibration  

Apyrophyllitering（Outerdiameter12mm，innerdiameter10mm，  

heightl－2mm）wastooledusingalathe・Aroundpyrophy11iterodwas  

員xedtothelathe・First，alO・Ommdiameterholewascutintherod，a鮎r  

Whichtherod，sexteriorwasgraduallyshaveduntilitsextemaldiameter  

WaS12・0±0・02mm（theouterdiameterofthepyrophylliteringmustnts  

theinternaldiameteroftheNaCl－10wt％ZrO2ringwithasteelring）．  

TwoNaCト10wt％ZrO2rlngSWithsteelringwerereadiedfbruse．  

First，thesteel－ringsidewassanded，thentheothersidewasgroundtoa  

heightof8・00±0－02mm（COmbinedheightofthetworingsinwithin  

16・00±0．05mm）．  
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Agraphitesleevewaspreparedandfbrcedintothetwoconnected  

nngsuslngahandpress・Atbothends，theportionofthegraphitesleeve  

exceedingthelengthofthenngswassandedoft  

Thegraphitesleevewaspushedfromoneenduslngtheupperand  

lowerpunchesuntiltheendofitssleeveprotrudedbylmm，Withthe  

protruSionsandedofEThepyrophylliterlngWaSthenpushedintoagap  

createdattheotherendofthegraphitesleeve，Withtheportionofthenng  

thatprotrudedsandedofモ  

Theinteriorofthegraphitesleevewashollowedoutandnnished  

uslnga10－mmhandreamer・Theoutersurfaceofthehighpressurece11  

WaSSandedsothatitntinsideinnergasketusedintheexperiment・The  

10．05¢graphite disk was removedfrom the dryer and ground and  

抗nishedtoaheightofl．00±0．02mm・  

The NaCl－10wt％ZrO2POWder（driedat1500c）wasreadiedfbr  

useandtwodiskswithadiameterof10mm（height7．3mmand8・3mm，  

respectively）were fashioned using alO¢die and punch made of  

Tungsten－Carbide・Atthistime，PreSSureaPPlieduslngapreSSWaSfbur  

tons／cm2・Bothsidesofthecompleteddisksweresandedandnnishedto  

heightsof7・00±0・02mmand8・05±0・02mm，reSPeCtively．1tisadvisable  

thatthetotalheightofthelOmmdiametergraphitediskandthetwodisks  

COmbinedexceedthatofthehighpressurecellsfbrpressurecalibrationby  

about O．05mm‥  

The side ofthe NaCl－10wt％ZrO2diskswererubbed uslngWet  

tissueandtheirsizewasadjustedtotheextentthatthediskspassedinside  

thegraphitesleevesmoothly，  

Fina11y，uSlngahandpressthegraphitedisk，kepthorizontal，WaS  

PuShedinsidethegraphitesleevefromtheothersideofthepyrophyllite  

ring・Fig・2・16（a）showsthecrosssectionofthecompletedhighpressure  

Cellsfbrpressurecalibration．  
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2．4．1．2．Ce11sfbrpressurecalibration  

AholewascutinthetwoNaCl－10wt％ZrO2disksuslngadri11with  

aO・09mmdiameterbit，theholemadeascloseaspossibletotheedgeof  

thedisk（Fig．2．16（b））．  

GoldleafwithathicknessofO・02mmwascutinto丘nepieces（thin  

enoughtopassthroughaO・09mm¢hole）andtwogoldleadlineswere  

PrePared・Ifthelineswereslack，theywerenatteneduslngaSteelrod・  

2．4．1・3．Preparationofmetalwirefbrpressurecalibration  

Thetwogoldlineswerethreadedthroughtheholeofthetwodisks，  

thencutsothatbothendsprotrudedffomthedisksbyaround5．Omm．  

Forthe8mmhighdisk，the protruding portions ofthe goldlinewere  

SeCuredto the surfhce ofthe diskwithaadhesiveagent（bond），taking  

CarenOttOlettheadhesivesticktotheuppersideofthegoldline．Onthe  

7mmhighdisk，theprotrudingportionofthegoldlineononesidewas  

StuCktoitssurfacewithCemedine（theprotrudingportionofthelineon  

theotherside，Wherebismuthpieceweretobeplaced，1e氏loose）・Bismuth  

（Bi）attachedlikeathinⅢmtothesurfaceofaglassplatewasprepared  

andcutinto丘nepleCeSuSlngaraZOrbladesothatonepleCeWaSaboutO・1  

toO．2mmthick Massesofthallium（Tl）andbarium（Ba）werestretched  

intoathinleafuslngahandpressbeforeuse．First，aPleCeOfapproprlate  

Sizewas cut丘om thesemetals andputbetweentheupperandlower  

PunChesandadropofliquidparafTinaddedtothemtoforestalloxidation・  

Theupperandlowerpuncheswereplacedonahandpressandfbrceof  

aboutthreetons／cm2wasappliedtothem・Pressurewasreducedandthe  

PunChesweretakenout．ThesemetalsrolledasshowninFig・2・16（c：  

left）．Thero11edmetalswerecutintopiecesofappropriatesizeusinga  

razorasshowninFig．2．16（C：right）andfurtherpressedunderthree  
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tons′cm2uslngahandpress・ThemetalpleCeSbecamesufncientlythin  

aftertwoapplicationsofpressure．  

Adropofliquidparafhwasappliedtotherolledmetalpiecesand  

theywerefurthercutuslnganeWraZOrblade．Atthistime，theTIpiece  

WaSaboutasthinasahumanhair，WiththatoftheBapleCearOundthree  

times as much・The three metalpleCeS Were Set On the7mm disk as  

ShowninFig・2・16（d）・First，theBipiecewasplacedunderthegoldline  

andbothendsofthelinewerestucktothediskwithCemedinetolinkthe  

goldlineandtheBipleCe．Next，theTlandBapleCeSWereSetOnthedisk  

WithoneendoftheTIpieceplacedontheBipleCeandoneendoftheBa  

PleCePlacedontheTIpleCe，takingcarenottolettheendofthesemetal  

PleCeSreaChtheedgeofthedisk，Sinceiftheirendtouchedtheedgeofthe  

disk，theywouldshort－Circuitthegraphiteheater，makingltimpossibleto  

COnnrmthephasetransitionpolntOfthesemetals．  

AfterthethreemetalpleCeSWereSetOnthedisk，the7mmdiskwas  

Carefu11ylnSertedinthepressurecalibrationcell，Withthesidehavlngthe  

metalpiecesfacingup・Next，the8mmdiskwasinsertedinthece11sothat  

itwas onthe7mm disk．Thetwo diskswereinsertedwiththeirlocations  

COOrdinatedsothatthegoldlineontheupperdisktouchedtheBapleCeOn  

thelowerdisk．  

Thecompletedpressurecalibrationcellwasputbetweentwosheets  

OfstainlessandresistancewasmeasureduslngateSter・Aresistanceof2－  

3E2issatisfactory．Ifthereisnocontinuityorresistanceisunusuallylow，  

itwouldbebettertoprepareanewset．  

2・4・1・4・SettingperipheralequlpmenttOPreSSureCalibration ●  

Firstly，aboothbaronthetemperaturecontroIsystemofthehigh  

PreSSureaPParatuSWaSinsulated・Usually，therearetwoboothbarsbut  

Onlyoneisinsulated・Fourscrewsfbr触ingtheboothbarwereloosened  
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andasheetofthickpaperlikecardboardwasputbetweenthetwometal  

plates．Thenvariouspiecesofperipheralequipmentwereset（Fig．2．16  

（e））．  

2．4．1・5．HowtoreadsignaIs  

A minimum of two persons were required to conduct pressure 

Calibration experiments．One person record data on strokes occurrlng  

whenoilpressureincreasesby10kg／cm2，theotherobserveChangesin  

VOltage，Shownontherecorder，Whichaccompaniedthephasetransition  

Ofthemetalsandrecordedoilpressurevalueswhensuchchangestarted  

and ended．Fig．2．16（f）shows voltage nuctuations，Shown on the  

recorder，Whichaccompaniedthephasetransitionofthemetals．Carewas  

takennottomistakenlysetvoltmeterrangesinceitvariesdependingon  

types ofmetals．Phase transition pressure fbr each metalat room  

temperatureis：  

BiトⅠI  

BiIトⅠⅠI  

Tl   

馳  

2．55GPa   

2．71GPa   

3．67GPa   

5．5GPa  

Valuesofphasetransitionpressureforeachmetalobtainedinthe  

experimentswereconvertedtopressurevaluesuslngtheabovedataand  

the relationships between oil pressure and transition pressure were 

expressedintheformOfagraph．  

2・4．1．6・Handlingsamplesaftercalibration  

Fo1lowlng the completion of measurement and pressure was  

COmPletelylowered，thehighpressurecellwastakenout，Withthedisksin  
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thegraphitesleeveremovedwithextremecare・Usually，thedisksare  

dis負guredasshowninFig．2．16（g）．Diskdiameterattheirtopandbottom  

edgesandatthecenteraswellasdiskheightweremeasureduslngSlide  

calipersandrecordedinanotebook・Thediameterofthediskatthecenter  

wascomparedwithpreviousdatatoconnrmanySlgnificantdi恥rence  

betweenthem．  

2．4・2．Temperaturecalibration  

Variouswaystocalibratethetemperatureofthebelt－typeandother  

typeSOfhighpressureapparatusinwhichsolids are usedas apressure  

mediumhave beenproposed・Butunderthepresent circumstances the  

mostappropriatemethodintermsofreliabilityandconvenienceisonethat  

calibrates temperature using various thermocouples. 

ItisnotimpossibletoinsertathermOCOuPleinthehighpressurecell  

Whensynthesisexperimentsareconductedbutitisinconvenientbecauseit  

takestoolongtomakeahighpressurecell，thesamplespaceislimitedby  

thepresenceofathermocouple，hydrostaticpressuredropsandmoisture  

（fromthecementusedto茄．xthethermocouple）ismixedwith thecell．  

Comparedwithmulti－anVilhighpressureandothertypesofhighpressure  

apparatus，belt－typehighpressureapparatusmakespossibletheuseofa  

fairlylarge graphite heater precisein dimensions，enabling highly  

reproducibleresistanceheatlngthankstoelectricpowercontrol・  

Forthereasonsdescribedabove，OurreSearChgroupISCalibrating  

temperatureatreasonableintervals（say，OnCeeVerythreetosixmonths）  

bylnSertlngathermocoupleinthesampleareainadvance，thusseeking  

dataontherelationshipbetweentemperatureandelectricpoweratfixed  

PreSSure Values・Based on these data，electric power suitable fbr  

experimentalconditionsisestimatedandinroutinesynthesisexperiments，  

temperatureisregulatedthroughelectricpowercontrol．  
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Thethermalelectromotiveforceofthermocouplesvariesaccording  

topressure，OrSOithasbeenreported，butourresearchgroup didnot  

COnSiderthepressureefftctsofsuchfbrce．  

2・4・2・1・Typesofthermocouples  

Whencalibratingtemperature，NIRIMgenerallyusesthreetypeSOf  

thermocouples：  

［1］Alumel（Ni：94％；Al：2％；Si：l％；Mn：2．5％）－Chromel（Ni：  

80％；Cr：20％）  

Rangeoftemperaturemeasured：Uptol，3600c  

［2］Platinum－Rhodium  

Rangeoftemperaturemeasured：  

Uptol，600QcfbrPt／Pt13％Rh  

Uptol，7000cfbrPt6％RhJPt30％Rh  

Uptol，8000cfbrPt20％RJL／Pt40％Rh  

［3］Tungsten－Rhenium  

Rangeoftemperaturemeasured：  

Upto2，3000CfbrW5％Re／W26％Re  

Inourexperiments agold capsule was used as described above，  

thusrulingouttestsattemperaturesexceedingthemeltingpolntOfgold  

（e・g・，1，380Ocunderpressureof6GPa）・Therefbre，aO．5mm¢alumeト  

ChromelthermOCOuPlewasusedfbrtemperaturemeasurement．  
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2・4・2・2・Preparation of the high pressure cellfor temperature  

callibration 

2．4．2．2．1．Assemblyofathermocoupleandaprotectivetube  

Bothlinesofathermocouplewereeachtwistedthreeto頁vetimes  

andthreadedthroughatwo－holealuminainsulationtube（Outerdiameter  

2．5mm，about9．Omminlength；WithtwoO・7mmdiameterholes）．The  

twistedlinesofthethermOCOuPlewerecutsothattheirpolntSPrOtruded  

byaround3mmfiomtheedgeandwere且xedwithcement・  

2．4．2．2．2．Makingahighpressurecelln）rtemperatureCalibration  

Unlikeregularce11sfbrsynthesisexperiments，ahighpressurecell  

fbr temperature calibration must have space fbr theinsertion ofa  

thermocouple（hBN－20wt％ZrO2）・Otherparts mayhavecomponents  

similartothoseofcells fbrsynthesisexperiments．Fig．2・17shows the  

crosssectionofahighpressurecellfortemperaturecalibration・  

2・4・2・2・3・Fixingthethermocoupletohighpressurecell  

Toinsertthethermocouple茄xedtothealuminaprotectivetubein  

theheater，a2・6mmdiameterholewasdri1ledinthecenterofthehBN－  

20wt％ZrO2disk（Fig．2．18（a））．Theholewaspainstakinglyboredsothat  

theedgeofthealuminaprotectivetubewentaboutO・5mmdeeplnthe  

outersurfaceofthehighpressurecell・Thealuminaprotectivetubewith  

theinsertedthermOCOuPlewasputintothisholeand触edwithcement・By  

hardenlng the cementinaovenatmorethan1000C，the alumina  

protectivetubewithitsthermocouplewassecuredtothehighpressure  

Cell（Fig．2．18（b））・  
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2．4．2．2．4．Fixingthethermocouple’sinnerpyrophyllitegasket  

Agrooveabout3mmwideandl・5mmdeepwasduglntheinner  

PyrOPhyllitegaskettosecurethethermocouple，takingcaretomakethe  

bottomofthegroovenat・TooIssuchasachisel，SaWbladeor創ecanbe  

usedtocutthegroove・Usually，fburgroovesaredugto accommodate  

twopalrSOfthermocouples．  

Aftermakingthefburgrooves（Fig．2．19（a）），theinnergasketwas  

COmbinedsothatthesurfaceofitstapenngendcametothecenterofthe  

high pressure cellto which the alumina protective tube withits  

thermocouplewas氏xed．ThelinesofthetwopalrSOfthermocoupleswere  

bentsothattheyntthegrooveintheinnergasket．Atthistime，thelinesof  

thethermOCOupleswerewoundtoreducetheriskofbeingcutdurlngthe  

experiment．Afterthelinesofthethermocoupleswerewound，theinner  

gasketandhighpressurecellwerenxedwithcementandheatedinaoven・  

When theinnergasketwithhighpressure cellwere dry，it was  

Placedonthecoreofawelトusedanvil，andthelinesofthethermOCOuPle  

Wereputinthe groove ofthe gasketand餌xedtothe anvilcorewith  

adhesivetape（Fig．2．19（b））．Next，CementWaSaPPliedtothegrooveso  

thatthe thermocouplelines were covered，afterwhichthe cementwas  

a1lowedtodrynaturallyandslowly．Whenthecementsolidined，itwas  

heatedinaovenfbrmorethan30minutes．  

Af［erthisdryingprocess，aPyrOPhylliteplate3mmwideandl．5to  

2mmthickwas processedinto pleCeS Ofapproprlatelength，Withthe  

PleCeSthenfixedtothegroovewithcement．Thecementwasdriedas  

describedabove・Afterdrylng，theprocessedpyrophy11iteplatewasshaved  

and茄nisheduslngadiamondmesothatitssurfacematchedthecurved  

Surfaceoftheinnergasket．  
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2・4・2．3．Attachingthehighpressureceilfbrtemperatureca！ibration  

The5mm－thickoutergasketandrubberplatewereplacedonthe  

Cylinder（Fig・2・20）bycombiningthemwiththehighpressurecellfbr  

temperature calibration；neXtthe molybdenum plate，Current rlng and  

Stainlessplatewereattachedtothecell．Thelinesofthethermocouples  

Were then taken outwhile winding them，and connected with vlnylq  

COVeredcopperlinespreparedinadvanceandwhichwereledoutsidethe  

highpressure vessel・Atthis time，the copperandthermocoupleline  

COnneCtionswerewr？PPedwithvinyltapetoensuretheirinsulationfrom  

thecylinderandtheanvil．Aftercompletlngtheseprocedures，the4mm－  

thickoutergasketandrubberplateweresettocoverthethermocouples．  

Fo1lowlngCOmPletionofarrangementsontopofthe cylinder，theinner  

andoutergasket，Stainlessplate，Currentnngandmolybdenumplatewere  

Placedontheloweranvilasinregularexperiments．  

2．4．2．4．Increased pressure and calibration oftemperature under  

highpressure  

Based on the previously examined pressure－hydraulic pressure  

relationship（2．4．1），PreSSureWaSraisedtothelevelatwhichourresearch  

team wanted to find the relationship between electric power and  

temperature．As pressureincreased，electricalthermocouple resistance  

WaSmeaSuredtoconfirmthattheywerenotcut．IfbothofthetwopalrS  

Ofthermocouplesarecutduringthepressureincrease，lfartherapplyofthe  

PreSSure Should be stopped，With the sample removed after pressure  

lowersinordertoclarifytheplaceofthermocouplescutanditsreason・  

When pressure rose to the desiredlevelwithout cuttlng Ofthe  

thermocouples，theheatingpowersourceprogramwassetandvaluesof  

electric current，VOltage and thermalelectromotive fbrce，aS Wellas  

30   



StrOkes，Werereadandrecordedataspec沌celectricpowerlevel・These  

datawerecollectedatvariouselectricpowerlevels．  

Dataonthermalelectromotive fbrce thus obtainedwere converted  

totemperature datato expressintheformOfa graphtherelationship  

betweenelectricpowerandheat．  
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31．8～31．9mm．  

27．3mm  

▲
†
－
1
－
■
▼
 
 

40 mm 

（a）  
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l ・ ▼t  

†■  ‾T  

（b）   

Fig．2．7．Innerpyrophy11itegasket，thesideview（a）andpicture（b）・  
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Fig・2・8・Outerpyrophyllitepowdercompactgasket，  
thesideview（a）andpicture（b）．  
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Fig・2・9・Thesceneofmanufactureofinnergasket・  
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Fig・2・11・Thepictureofthehighpressurece11（OuterPart）・  

Graphitedisk   

Fig・2・12・Thecrosssectionofthehighpressurecell  
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Fig．2．13．ThepICtureOftheFB－30Hflat－belt－tyPehighpressureapparatus・  
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teel ring 
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（a）  

（d）  

ヰ  t‖＝……‖け   

（C）  

Recorder  

10 mV 

（e）  

Bi：range  
2500～5000  

Tl：range  
500  

Ba：range  
lOOO  

戸  
（g）  （り  

Fig．2．16．Therelated缶guresofpressurecalibration．  
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Graphite disk 

Fig・2・17・Thecrosssectionofthehighpressurece11fbrtemperatureCalibration・  
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（b）  

Fig・2・18・Thecrosssectionofthehighpressurece11・A鮎rdri1ledinthecenter  
ofthehBN－20wt％ZrO2disk（a）andafterinsertedthethermocouple（b）・  
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Highpressurecellfbrtemperaturecalibration  

Usedanvilcore  

Adhesive tape 

Fig・2・19・Thesideviewoftheinnergasketwithhighpressurecell  
fbrtemperaturecalibration・  
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Fig・2・20・ThesettlngOnthecylinderfortemperaturecalibration・  
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3・High pressure synthesis and superconducting  
PrOPerties  of new series of high－Tc  

SuPerCOnductors，  

（Cuo．5Co．5）mBam＋1Can・1CⅦmO2（m＋n）＋1  

3・1New oxycarbonate superconductors（Cuo．5Co．5）Ba2Can＿  

1CunO2n＋3（n＝3，4）prepared at highpressure  

In1993，reSearChgroupatElectrotechnicalLaboratory，Japanhave  

reportedanewhighpressurestablesuperconductorwithTc＝l17Kinthe  

Ag－Ba－Ca－Cu－O system［20］．Though they suggested that the  

SuPerCOnductoristheAg－based1234isostruCturaltoTl（OrHg）－1234，its  

exact composition and structure were not glVen．Moreover，it was  

questionableifthesuperconductorincludessilver．  

Toclarifytheseproblems，WeCarriedoutphasesearchexperiments  

Of the system under high pressure．Weisolated successfully two  

SuPerCOnductorshavlngTc’s，67andl17Kinwhichthelatterseemedto  

COrreSPOndtothe superconductorinquestion・Chemicalandstructural  

analysisindicated，however，thatbothphasesdidnotincludesilver，ata11，  

butinstead，includedcarbonand‖excess‖copper・  

Thefirstsuperconductorincludingcarbon，（Ba，Sr）2（Cu，C）20ywas  

reportedin1992byKinoshitaandYamada［13］・Aftertheirdiscovery，  

Various kinds of oxycarbonate superconductors have been found by  

SeVeralgroups［2ト33］・Here，We rePOrt tWO neW OXyCarbonate  

SuPerCOnductors，（Cuo．5Co．5）Ba2Ca2Cu309±8 and  

（Cuo．5Co．5）Ba2Ca3Cu4011±8which were fbundby chancein the  

processofphasesearchfbrtheAg－Ba－Ca－Cu－Osystem・Thelatterphase  

has Tc of117K whichis the highest value among oxycarbonate  

SuPerCOnductorsfbundthusfar・  
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3．1．1．Experimental  

AprecursorhavlngaCOmPOSition 一’Ba2CaCu205f’wasprepared  

fromBaO2，CaCO3（99．9％）andCuO（99．9％）at8500cinairfor4days  

Withseveralintermediate grindings．The precursorthus obtainedwas  

groundtogetherwithCa2CuO3，CuOandAg20（reagentgrade）toobtain  

Startlng mixtures－1AgBa2Ca2Cu307．5一’and”AgBa2Ca3Cu409．5”for  

highpressuresynthesis・Themixturesweresealedingoldcapsules and  

allowedtoreactinaflat－belt－tyPehighpressureapparatusat5GPa，1200  

OCforlhour，andthenquenchedtoroomtemperature．  

Though dry－boxtechnique was usedtohandletheprecursor，We  

found that the resulting high pressure products included significant 

amountofcarbon（Seebelow）．Wesuspectthatourprocessinpreparation  

Oftheprecursor was notadequate toremoveacarbonatecompletely．  

Indeed，therewereafewweakpeaksunidentifiedintheXNrayPOWder  

PatternOftheprecursor，thoughmostofpeakscouldbeindexedassumlng  

amiⅩtureOfBaCuO2andCaO．  

X－ray POWder diffraction patterns were obtained by a  

diffractometer（Philips－PW1700）with Cu Kαradiation andlattice  

COnStantS Were determined from the patterns uslngtheleast squares  

method．High－reSOlution transmission electron microscope（HRTEM）  

Observationswerecarriedoutusingamicroscope（typeH－1500）operated  

atlOOOkV．  

DC magnetic susceptibility data were collected by a SQUID  

magnetometer（QuantumDesign）underthefield－COOlingconditionata  

magnetic員eldof200e．DCresistivitiesweremeasuredbythestandard  

fbur－prObemethod．  

Atomic rations ofBa，Ca andCu（andAg）were determinedby  

EPMAmethod．Inaddition，CarboncontentswereobtaineduslngaCarbon  

determinator（LECO，tyPeWR12）・  
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3．1．2．Results and discussion  

Figures3．1（a，b）showtheX－rayPOWderdifffactionpatternSOfthe  

highpressureproductsfromthestartlngmixtures，一一AgBa2Ca2Cu307．5”  

and”AgBa2Ca3Cu409．5’一，reSPeCtively．MostX－rayPeaksinngs・3・l（a）  

and（b）couldbeindexed assuming tetragonalcells with at＝3・859（1），  

O ct＝14．766（5）Åand at＝3．855（1），Ct＝17．930（6）A，reSPeCtively．In  

addition，any SyStematic extinction was not，in bothcases，Observed，  

SuggeStlng aSPaCe grOuP，P4／mmm．These crystaldataimplythatthe  

fbrmer phaseisisostruCturalto Tl（OrHg）－1223［34］andthelatterto  

Tl（OrHg）－1234［35］．Hereafter，WeCa11thefbrmerPhaseas（Cu，C）－1223  

andthelatteras（Cu，C）q1234since they actuallyincludedcarbon（and  

COPPer）insteadofsilverasrevealedbelow・  

Table3．1givesatomicratiosandcarboncontentsin（Cu，C）－1223  

and1234deteminedbyEPMAandcarbonanalysis．Thoughwecarefu11y  

CheckedinEPMAmeasurement，anydetectableslgnalofsilverwasnot  

Observedinboththe（Cu，C）－1223and1234phases．Mostsilverwasfound  

toextractasmetalsuggestlngthatAg20workedonlytoincreaseoxygen   

PreSSure・  

In（Cu，C）－1223，the observed atomic ratio，Cu／（Ba＋Ca）deviated  

Slgni丘cantlyfrom3／4whichisexpectedfbra1223－typecompoundbutis  

rathercloseto3．5／4．TheBa／CaratiowasclosetounltyCOnSistentwith  

the1223－COmPOSition．Ontheotherhand，itincludednoticeableamount  

Ofcarbon（0．85wt％）．Simi1arresultswereobtainedfbr（Cu，C）－1234；its  

Cu／（Ba＋Ca）ratiowascloserto4．5／5ratherthan4／5andcarboncontent  

WaSaSlargeasO．62wt％．In（Cu，C）－1234，however，theBa／Caratiowas  

Smallerthan2／3expectedforthe1234－COmPOSition，SuggeStlngPartial  

replacementoftheBasitesbyCaatoms．  

Figures3・2and3・3glVe electrondiffraction patterns andlattice  

imagesfbr（Cu，C）－1223・ThehOldiffractionpatternin凸g．3．2（b）isnot  
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fu11ycompatiblewiththesimpletetragonalcellofP4／mmmbutsome  

extraspotsappearindicatlngaSuPerStruCturehavlngas＝2at，bs＝bt，Cs＝2ct  

andapossiblespacegroup，Bmmm・Inthelatticeimagesprq］eCtedalong  

the［100］direction（且g・3・3（a））andthe［010］direction（ng．3．3（b）），We  

CandistinguishCu，BaandCaplanesstackedconsistentwiththe1223－type  

StruCture・However，intheimageofBg．3．3（b），theplanebetweentwoBa  

OneSCOnSistsoftwotypesofdotshavlngdarkandlessdarkcontrastto  

glVe 2at periodicity．Similar dot withless dark contrast was，  

COrreSPOnding to a carbon site，OftenObservedin oxycarbonate  

SuPerCOnductors（See ref．21，forinstance）．Takinginto account the  

COmpOSitionanalysISintable3．1，WeCOnCludedthatthisplaneisoccupied  

byCuandCatomsalternatedalongtheat－aXisas－Cu－C－Cu－C－．TheCu－C  

SequenCeintheupper（Orlower）tetragonalcells has adifftrentphase，  

qC－Cu－C－Cu－，reSultingin2ctperiodicitylnthesuperstruCture・Theideal  

COmPOSition of this phase becomes， therefore，  

（Cuo．5Co．5）Ba2Ca2Cu309±8．The2aperiodicityduetoCu－Cordering  

has been also reported for the123－tyPe OXyCarbonate，  

（Y，Ca）Sr2（Cu，C）30y［23］，forinstance・  

Similar superstructure was observedin（Cu，C）－1234，aS Well・  

Thoughwehavenotobtainedlatticeimagesof（Cu，C）－1234yet，electron  

diffractionpattems revealthatithasasuperstruCtureWith as＝2at，bs＝bt，  

cs＝2ctandapossiblespacegroup，Bmmmderivedfrom the1234－tyPe  

tetragonalce11（seethehOldiffractionpatternin負g・3・4）・The plane  

betweentheBaones，therefore，COnSistsofCuandClocatedalternately  

along aトaxis and theidealcomposition  becomes  
（Cuo．5Co．5）Ba2Ca3Cu4011±8．Inng・3・5，StruCturemOdelsfbr（Cu－C）－  

1223and1234areshown，basedontheaboveresults・  

Figure3．6givesDCsusceptibilitydatafor（Cu，C）－1223and1234・  

ThefbrmerPhaseshowssharpsuperconductlngtranSitionat67K，While  
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thelatterseemstohavetwo－StePSuPerCOnductlngtranSitionsatl17and  

95K・Thesecondtransitionat95Kmaybecausedbyothermemberof  

theseries，1ike（Cu，C）－1245includedasaminorphase．Both samples  

Showed diamagnetic susceptibilitieslarge enough to assume bulk  

SuPerCOnductivity・  

Figure3・7indicatesDCresistivitydatafbr（Cu，C）－1223and1234．  

BothcompoundsshowmetallicbehavioraboveTc・Thesuperconducting  

transitionwasverysharplneaChsampleandTc’s determinedfromthe  

resistivitydatawere67Kfbr（Cu，C）－1223andl17Kfbr（Cu，C）－1234，  

COnSistentwiththesusceptibilitydata．  

3．2 A new series of oxycarbonate superconductors  

（Cuo．5Co．5）2Ba3Can．1CunO2n＋5（n＝4，5）prepared at high   

preSSure  

In previous paragraph，We described new oxycarbonate  

SuPerCOnductors，（Cuo．5Co．5）Ba2Can－1CunO2n＋3（（Cu，C）－12（n－1）n）・  

Two members ofthe series with n＝3（（Cu，C）－1223）and n＝4（（Cu，C）－  

1234）wereisolated．  

IntheX－rayPatternOf（Cu，C）－1234，Wefbundsomeextrapeaks  

Whichsuggestedexistenceofamemberwithahighern，SuChas（Cu，C）－  

1245．Therefore，We Carried outphase search experiments underhigh  

PreSSure，eXPeCtlng PreParation ofanew member ofthe series・We  

found，however，a COmPletely different series of oxycarbonate  

SuPerCOnductors，（Cuo．5Co．5）2Ba3Can－1CunO2n＋5（（Cu，C）－23（n－1）n）・  

The membersoftheserieswithn＝4and5werepreparedinbulk．  
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3・2．1．Experimental  

AprecursorhavlngaCOmPOSition‖Ba2Ca3Cu409，，wasprepared  

from BaO2，CaCO3（99．9％）andCuO（99．9％）at850Ocinairfbr12  

days withseveralintermediategrindings・Theprecursorthusobtained  

WaS mixedtogetherwithCaCO3，Ca2CuO3，CuOandAg20（reagent  

grade）inadry－boxtoobtainstartingmixtures”Co．5Ba2Ca4Cu5．5013一一  

and一．Co．6Ba2Ca4Cu5．5013．2‖forhighpressuresyntheses・Ag20was  

expectedtoworkasanoxygensource．Thoughasmallamountofcarbon，  

aboutO・3wt％，WaSincludedintheprecursor，Wedisregardedthis．The  

mixturesweresealedingoldcapsulesandallowedtoreactinaflat－belト  

type high pressure apparatus at5GPa，12500c forlhour，and then  

quenchedtoroomtemperature．  

X－ray POWder diffraction patterns were obtained by a  

diffractometer（Philips－PW1800）with Cu Kαradiation andlattice  

COnStantS Were detemined from the patternS uSlng theleast squares  

method．High resolution transmission electron microscope（HRTEM）  

Observationwascamiedoutusingamicroscope（typeH－1500）operatedat  

lOOOkV．  

DC magnetic susceptibility data were collected by a SQUID  

magnetometer（Quantum Design）at a magnetic field of200e・DC  

resistivitiesweremeasuredbythestandardfbur－PrObemethod・  

3．2．2．Results and discussion  

Figures3．8（a，b）showtheX－rayPOWderdifftactionpatternsofthe  

high pressure products from the starting mlXtureS，  

‖Co．6Ba2Ca4Cu5．5013．2’●and．一Co．5Ba2Ca4Cu5．5013’’，reSPeCtively・  

M毎OrX－rayPeaksin凸g．3．8（a）couldbeindexedassumingatetragonal  

ce11witha＝3．855（3），C＝21．87（l）Å．TheX－rayPeaksinfig．3．8（b）could  

be，On the otherhand，indexedassumlng amixture oftwo tetragonal  
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phasesinwhichonewasthesamephaseasthatin蔦g・3・8（a）whilethe  

otherhadlatticeconstants，a＝3．857（1），C＝25．067（7）Å．systematic  

extinction was notobservedin both cases，SuggeStlng aSPaCe grOuP，  

P4／mmm・Companngthe c－dimensions ofthesephaseswiththoseof  

（Cu，C）－1223（14．766Å）and（Cu，C）－1234（17．930Å），OnemaySuPPOSe  

thattheyaren＝4，5members ofthe（Cu，C）－12（n－1）n series．However，  

HRTEM observationindicated clearlythattheybelongtoadifferent  

homologousseriesofcompounds・Hereafterwewi11ca11thephasewith  

c完21．9Åas（Cu，C）－2334，Whilethatwithc＝25．1Åas（Cu，C）－2345，Since  

they are，aS Shown below，n＝4，5 members of the series，  

（Cuo．5Co．5）2Ba3Can－1CunO2n＋5．  

Figures3．9（a，b）show electron difftaction（ED）patterns ofthe  

（Cu，C）－2334 phase．These ED patterns are compatible with an  

Orthorhombicsuperlattice（possiblespacegroupPmmm），aS＝2a，bs＝band  

Cs＝Cforthe tetragonallattice described above．On the contrary，the  

（Cu，C）－12（n－1）nseriesofcompoundshavedifferentsuperlattices，aS＝2a，  

bs＝b andcs＝2c withrespect to the tetragonalsubcells・Inthelattice  

images of（Cu，C）－2334shownin figs．3・10（a，b），We Can Clearly  

distlnguishthreeBa，threeCaandfburCuplanesstackedalongthecaxis・  

TworemainingmetalplanesbetweentheBaonesarethe（Cu，C）planeS・  

Intheimageinfig．3．10（b）whichcorrespondstotheEDpatternoffig・  

3．9（b），OrderingbetweenCuandCisobserved；adotwithdarkcontrast  

andthatwithlessdarkcontrastareplacedalternately alongtheaaxis  

glVlngthe2aperiodicity．Thiskindof－Cu－C－Cu－C－Orderingwasseenin  

the（Cu，C）－12（nql）ncompoundsorina123→tyPe OXyCarbonate［23］．In  

（Cu，C）一12（n－1）n，however，a（Cu，C）planeofupperOrlowersubcellshas  

theoppositephase（－C－Cu－C－Cu－）resultinginthe2cperiodicityaswellas  

the2aperiodicity．Onthecontrary，eVery（Cu，C）plane has the same  

PhasewithrespecttotheCu－Csequencein（Cu，C）－2334．  
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Infig．3．11，thestruCturemOdelof（Cu，C）－2334isgivenbasedon  

the HRTEMimages・Theidealcomposition of this phase becomes  

（Cuo．5Co．5）2Ba3Ca3Cu4013．  

Theaboveresultsonthe（Cu，C）－2334phasesuggestthatthephase  

with c完25．1Å（一一（Cu，C）－2345T，）has anidealcomposition，  

（Cuo．5Co．5）2Ba3Ca4Cu5015andastruCtureShowninfig．3・11・Though  

wehavenotobtainedlatticeimagesof”（Cu，C）－2345一’yet，ann＝5slabwas  

often seen asintergrowthin the n＝4structure（See fig・3・10（b））・  

Moreover，WeSOmetimesfbundanintermediatephasebetween（Cu，C）－  

2334and（Cu，C）－2345inHRTEMobservation（Wereftrtothisphaseas  

（Cu，C）－23（3．5）（4．5））．Figures．3．12and3．13show ED patternS and a  

latticeimageofsuchaphaseinwhichthen＝4andn＝5slabsarestacked  

alternatelyalongthecaxisglVlngC完46Å．Inaddition，the2aperiodicity  

isseenderivedfromtheCu－Cordering．Thoughwehavenotconfirmed  

this phasein X－ray PatternS，it may be preparedin bulk by proper  

Syntheticconditions・  

0   0nemaystillaskaquestionifthec＝25・1Aphaseisindeed（Cu，C）－  

2345ratherthan（Cu，C）－1256，Sincewehavenotgottenthelatticeimages  

forit．Infig．3．14，a－andc－dimensionsareplottedagalnStm，aSumOf  

numbersof（Cu，C）andCuplanesinaunitfbrmula（notethatmis7for  

bothcompositions，（Cu，C）－2345and（Cu，C）－1256）・Thec－dimensionsof  

（Cu，C）－2334（m＝6）and’’（Cu，C）－2345’’（m＝7）deviate upward from a  

Straightline obtainedfor（Cu，C）－1223（m＝4）and（Cu，C）－1234（m＝5），  

PrObablyduetohighernumbersofBaplanesincludedinasubcell．Thisis  

COmPatiblewiththeconclusionthat‖（Cu，C）－2345‖isthen＝5memberof  

the（Cu，C）一23（n－1）n seriesratherthanthen＝6memberofthe（Cu，C）q  

12（n－1）n series．Similar positive deviation was observedin the a－  

dimensionvs．mplot，aSWell．  

58   



The oxidation state of Cuin theidealcompositions，  

（Cuo．5Co．5）2Ba3Can－1CunO2n＋5isexactly2＋Whichmeansthatno  

Carriers（holes）aredoped．Therealcompositionsmay，therefbre，differ  

ftomtheidealones；introductionofexcessoxygenand／orreplacementof  

CuforCmayoccurinthe（Cu，C）planesofthesuperconductingphases．  

Indeed，mixlng OfCu and C for one crysta1lographic site has been  

reportedfor（Ba，Sr）2（Cu，C）20y［13］・   

InthestruCturemOdelsinFig・3・11，C205grOuPSareaSSumedto  

existratherthanisolatedCO3grOuPS．Sincetheoxygenpositionswithin  

the（Cu，C）planehasnotbeendetemined，WeCannOteXCludecompletely  

StruCturalmodelswhichincludeisolatedCO3grOuPS．Neutrondiffraction  

Or VibrationalspectroscopIC Studies may be helpfu1to answer this  

question．  

ThenominalcompositionsinthepresentsyntheseswereCa－rich  

With respect to the idealcompositions．The excess Ca might be  

COnCentratedinimpurity phases．In（Cu，C）－1234，On the other hand，  

Ba／CaratiodeterminedbyEPMAwassubstantiallysma11erthantheideal  

OneindicatlngPartialsubstitutionofCaforBa．Suchasubstitutionmay  

OCCurinthepresentseriesofcompounds，aSWell．  

Thepresentseriesofcompoundsarethefirstexamplesin which  

threeBaOlayersareincludedinachargereservoirlayer・Thistypeof  

StruCturalblockappearstobeunstablebecauseofhighlyactiveBaions．It  

isworthnotlngthateveryBaionisboundedtooneortwoCO3grOuPSin  

the structuresinfig．3．11．InsertionofCO3grOuPS betweenthe BaO  

Planes and the ordered mannerin the Cu－C sequence seemtoplay a  

de負niterolefbrstabilizingtheblockwhichconsistsofthreeBaOplanes．  

Figures3・15and3．16indicateDCsusceptibilityandDCresistivlty  

dataforthe samples whoseX－rayPatternSareShowninfigs．3．8（a，b）．  

BothsamplesindicatedonsetsuperconductlngtranSitionatl13Kand  
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large enough diamagnetic susceptibilities at 5 K to assume bulk 

SuPerCOnductivity・Sincethesamplecorrespondingtong．3．8（a）（denoted  

as（Cu，C）－2334in蔦gs．3．15and3．16）didnotincludethe（Cu，C）－2345  

Phase，itisreasonabletoassumethatTc（OnSet）of（Cu，C）－2334isl13K．  

Ontheotherhand，the sample correspondingto負g．3．8（b）（denotedas  

（Cu，C）－2334＋2345）included both（Cu，C）－2334and2345phases．This  

SamPleshowedalargerdiamagneticsusceptibilityat5Kthanthesample  

Of缶g．3．8（a）．Thesusceptibility dataofthezero－field－COOlingcondition  

appeartoshowtwo－StePdecreasesatl13Kandnear90Kinwhichthe  

latter may reflect the transition of（Cu，C）－2345．However，the second  

‖transition’Tdisappearedinthefield－COOlingconditionresultinglnaSlngle  

transitionatl13K・Thelargerdiamagneticsusceptibilityat5Ksuggests  

that（Cu，C）－2345isalsosuperconductingwithTcnearllOK・Weneedto  

PrePare a Slngle－Phase sample for the definite determination ofTcof  

（Cu，C）－2345．  

3．3  A new oxycarbonate sup erc onduc tor  

（Cuo．5Co．5）2Ba3Ca2Cu3011（Tc＝91K）prepared at high   

PreSSure  

In previous paragraph，We describednew series ofoxycarbonate  

SuPerCOnductors，（Cuo．5Co．5）mBam＋1Can－1CunO2（m＋n）＋1［（Cu，C）－  

m（m＋1）（n－1）n］．Thusfar，n＝3andn＝4membershavebeenpreparedin  

bulkforthem＝1series，Whilen＝4andn＝50neSfbrthem＝2series．The  

m＝2series ofcompounds have unlque StruCtureSin whichthree BaO  

Planesarestackedseparatedbythe（Cu，C）planes・Thistypeofblockis  

notseeninothersuperconductors．OrderingbetweentheCuandCatoms  

OCCurSinbothm＝1andm＝2series resultingln SuPerStruCtureS With  
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as＝2a，bs＝bandcs＝2cfbrm＝1whileas＝2a，bs＝bandcs＝Cfbrm＝2with  

respecttotetragonalsubce11s，a，band c・   

IntheX－rayPatternOf（Cu，C）－2334，We SOmetimes fbund some  

extrapeakswhichsuggestedexistenceofanothermember・Wecontinued  

phase－SearChexperimentsunderhighpressureandfoundanewmember  

ofthem＝2series．   

Inthisparagraph，WerePOrtaneWOXyCarbonatesuperconductor，  

（Cuo．5Co．5）2Ba3Ca2Cu3011（Tc＝91K）whichisamemberof（Cu，C）－  

23（n－1）nserieswithm＝2andn＝3．TheCuandCatomsare，inthisphase，  

Orderedinadifftrentmannercomparedwithotherm＝2members・  

3．3．1．Experimental  

StartlngmaterialsfbrhighpressuresynthesiswereBaCuO2，BaO2，  

CaCO3（99．9％），Ca2CuO3and CuO（99．9％）．The starting materials  

Were mixedin a dry－box to obtain a mixture with a composition，  

’’Cl．OBa2．5Ca2．5Cu4011．6’’．Theoxygenandthecarboncontents were  

adjustedexactlybycontrollingtheamountsofBaO2andCaCO3・The  

Carbonincludedin BaO2and BaCuO2WaStakeninto accountin this  

PrOCedure．Inpreliminaryexperiment，Wetriedthe stoichiometric2323  

COmPOSition，’一Cl．OBa3．OCa2．OCu4011’一・However，the（Cu，C）－2323phase  

WaSnOtObtainedfromthiscomposition．Themixturewassealedinagold  

CaPSuleanda1lowedtoreactinanat－belt－typehighpressureapparatusat  

5GPa，1250Ocfor5hours，thenquenchedtoroomtemperature．  

Atomic ratios ofBa，CaandCuweredeterminedby theelectron  

PrObemicroanalysis（EPMA）・Carboncontentsweremeasuredusing a  

Carbondeterminator（LECO，tyPeWR12）．  

X－rayPOWderdiffractionpatternwasobtainedbyadifffactometer  

（Philips－PW1800）withCu Kαradiation andlattice constants were  

determineduslngtheleastsquaresmethod・Highresolutiontransmission  

61   



electron microscope（HRTEM）observation was carried out using a  

microscope（typeH－1500）operatedatlOOOkV．  

DC magnetic susceptibility data were collected by a SQUID  

magnetometer（Quantum Design）at a magnetic field of200e・DC  

resistivitywasmeasuredbythestandardfour－PrObemethod．  

3．3．2．Results and Discussion  

Fig・3・17shows the X－rayPOWderdiffractionpattern ofthe high  

PreSSurePrOductfromthestartlngmixture，一’Cl．OBa2．5Ca2．5Cu4011．6’’．  

M可OrX－rayPeaksinFig．3．17couldbeindexedassumlngatetragOnal  

O Cellwitha＝3・852（l），C＝18・61（2）A・Theyareclosetotheparametersof  

thesubcellfbr（Cu，C）－1234，a＝3．855andc＝17．93Å．Atthesametime，  

however，thec－dimensionsuggeststhatthepresentphasemaybe（Cu，C）－  

2323，them＝2andn＝3memberoftheseries（COmPare18．61Åwith  

21．87Åfor（Cu，C）－2334and25．067Åfor（Cu，C）－2345）．Wecannot，  

therefore，COnCludedefinitely only fromtheX－ray Pattern Whether the  

Phaseis（Cu，C）－12340r（Cu，C）－2323．  

Figs・3・18（a），（b）show electron diffraction（ED）patternS Ofthe  

PreSentPhase・TheseEDpatterns arecompatiblewith asuperstructure  

（possiblespacegroupBmmm）havingas＝2a，bs＝b，Cs＝2cwithrespective  

to the above－mentioned tetragonallattice・This type ofsuperstruCture  

havebeenobservedin（Cu，C）－12（n－1）nserieswhilethe（Cu，C）q23（n－1）n  

Serieshave，atleastfbrn＝4，5，difftrentsuperlattices，aS＝2a，bs＝b and  

Cs＝C・InthelatticeimagesshowninFigs．3．19（a），（b），however，WeCan  

distlnguishthreeBaplanesstackedalongthec－aXisaswellasthreeCu  

and two Ca planes■This clearly shows thatthe present phaseis not  

（Cu，C）－1234 but（Cu，C）－2323in spite of the different type of  

SuPerStruCture・  
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Two（Cu，C）planeslocatedbetweenBaOonesmakingapair．Inthe  

imagein Fig・3・19（b）which corresponds tothe ED pattern of Fig．  

3．18（b），OrderingbetweenCuandCisobserved；adotwithdarkcontrast  

andonewithlessdarkcontrastareplacedalternatelyalongthea－aXis  

givingthe2aperiodicity・Ineachdouble（Cu，C）plane，aCatom（Cu  

atom）islocatedjustbelowaCatom（Cuatom）ofanupper（Cu，C）plane，  

thatis，thephaseoftheCu－Csequenceis thesamewithinadoubleplane・  

Inanadjacentdoubleplane，however，thephaseisdifftrent（i．e．，－C－Cu－  

C－Cu－against－Cu－C－Cu－C－）whichresultsinthe2c periodicity．Both  

（Cu，C）－2334and2345has，incontrastto（Cu，C）－2323，Singleperiodicity  

alongc－aXis（Cs＝C）sinceevery（Cu，C）planehasthesamephase．InFig．  

3．20，aStruCturemOdelof（Cu，C）－2323isgiven，tOgetherwiththoseof  

（Cu，C）－2334and2345．Wehavenoinformationaboutoxygenpositionsin  

the（Cu，C）plane．Oxygen atoms ofthe（Cu，C）planein Fig・3・20are，  

therefore，drawnJuSt for eyes．According to the model，theideal  

COmPOSitionof（Cu，C）－2323becomes（Cuo．5Co．5）2Ba3Ca2Cu3011・The  

valenceofCuisexactly＋2．Obasedonthiscomposition・Excessoxygen  

introductionand／orpartialsubstitutionofCufbrCmayoccurtoproduce  

Camiers（holes）asinthecaseof（Ba，Sr）2（Cu，C）20y［13］・  

To check cation ratiosin the（Cu，C）－23（n－1）n phases，EPMA  

measurementswereperformednotonlyforthepresentphasebutfbrthe  

（Cu，C）－2334and23450neSWhichhadbeenpreparedintheprevious  

work．Table3．2givestheresultswheretheCu／（Ba＋Ca）ratioisalways  

close to（n＋1）／（n＋2）obtained for theideal composition，  

（Cuo．5Co．5）2Ba3Can＿1CunO2n＋5．TheBa／Caratiois，Onthecontrary，  

genera11ysmallerthantheexpectedone，3／（n－1）・Thisindicatespartial  

occupationoftheBasitesbytheCaatomswhichmaybeareasonwhywe  

couldnotobtain（Cu，C）－2323startingfromthe stoichiometric2323  

composition・Suchasubstitutionoccursinthe（Cu，C）－1234phase，aSWell・  
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InFig・3・21，a－andc－dimensions ofthetetragonalsubce11softhe  

（Cu，C）－m（m＋1）（n－1）nphasesareplottedagainstk，thesumofnumbersof  

（Cu，C）and Cu planesin aunit formula．The c－dimensionincreases  

linearlywithkform＝1aswellasfbrm＝2，butthelineobtainedform＝2  

isdeviatedupwardcomparedwiththatform＝1．Thisseemsreasonable  

becauseam＝2seriesofcompoundincludeshighernumbersofBaplanes  

inasubcell・AmorecontrastivetendencylSSeeninvariationofthea－  

dimensionwithk．Itdecreaseswithkinthem＝1serieswhileincreasesin  

them＝2series・Fig・3・21isananotherevidencefbrthatthepresentphase  

isnot（Cu，C）－1234but（Cu，C）－2323．  

Theaboveresultscastanimportantproblemonidentincationofthe  

PreSent Series of compounds．A23（n－1）n phase would have subcell  

ParameterSClosetothoseofa12n（n＋1）（k＝n＋2inbothcases）．Therefore，  

X－raymeaSurementisnotalwayssufficientforidentificationofaphase  

thoughaccuratelattice parameters would glVe uSefulinformation as  

discussedabove・Moreover，eVenEDpatternSOfaphasemaynotprovide  

COnClusiveevidencefortheidentincation．Notethat（Cu，C）－2323hasthe  

different type ofsuperstructure seeninneither（Cu，C）－2334nor2345．  

Observation oflatticeimages seemsindispensable for the definite  

identi氏cation．  

Fig・3・22givesDCsusceptibilityofthepresentsample・Itindicates  

two－StePSuPerCOnductlngtranSitionsatl13Kand91Kwithasufnciently  

largediamagneticsusceptibilityat5K・AsshowninFig・3・17，thissample  

included（Cu，C）－2334asaminorphase．SinceTcof（Cu，C）－2334isl13  

K，We COnCluded thatthe second transitionat91KrenectsTc ofthe  

（Cu，C）－2323phase・Fig・3・23indicatesDCresistivityofthesamplewhich  

Showsaratherbroadbutsinglestepdecreasenearl13Kwhichsuggests  

that theminorphase，（Cu，C）－2334percolatedthroughthesample．A  

metallictemperaturedependenceoftheresistivltyWaSObservedaboveTc・  
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（a）（C叫C）－1223  

2∂  

Fig・3・1・PowderX－rayPatternSOf（Cu，C）－1223（a）and1234（b）phases．Peaks  

duetoimpuntyphasesarelabeledby一・＊”・IndexesareglVenbasedonthe ●  
tetragonalsubcellswithat＝3・859（1），Ct＝14．766（5）Åfbr（Cu，C）－1223and  

at＝3・855（1），Ct＝17・930（6）Åfbr（Cu，C）－1234．  
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Fig．3．2．ThehkO（a）andhOl（b）electrondiffhctionpatternSOf  

（Cu，C）－1223．Indexesaregivenbasedonthetetragonalsubcell．  
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Fig．3．3．HRTEMimagesof（Cu，C）一1223prqjectedalongthe  
［100］direction（a）andalongthe［010］direction（b）・  
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Fig．3．4．ThehOlelectrondiffractionpattemof（Cu，C）－1234．  

IndexesqreglVenbasedonthetetragonalsubcell．  
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Fig・3・6・DCsuscepdbilitydataof（Cuo．5Co．5）Ba2Ca2Cu309±8  

and（Cuo．5Co．5）Ba2Ca3Cu4011士8・  
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Fig・3・7・TemperaturedependencesofDCresistivitiesof  

（Cuo．5Co．5）Ba2Ca2Cu309t8and（Cuo．5Co．5）Ba2Ca3  
Cu4011士8・  
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112，1（旭  

5   10   15  20  25  30  35  40   45  

2∂（degree）  

5   10   15   20   25   30   35   40   45   50  

2∂（degree）  

Fig・3・8・PowderX－rayPatternSOfsamples丘omstartlngmixturesof  
一．Co．6Ba2Ca4Cu5．5013．2’’（a）and’’Co．5Ba2Ca4Cu5．5013’’（b）・  

Peaksduetoimpurityphasesarelabeledby一一＊‖・Indexesaregiven  
basedonthetetragonalsubcellwitha＝3．855（3），C＝2l．87（l）Åandthat  
O Witha＝3・857（1），C＝25・067（7）A（thelatterindexesareinboxes）．  
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、Fig・3・9：TheOkl（a）andhOl仲）electrondiffractionpatternSOf  
（Cu，C）－2334．IndexesaregivenbasedontheorthodlOmbic  
SuPedattice，aS＝2a・bs＝bandcs＝C・  
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Fig．3．10．HRTEMimageof（Cu，C）－2334prqjectedalongthe  

［100］direction（a）andalongthe［010］direction（b）・The  

numberinFig．3．10（b）indicatesthenumberofCuplanes・  
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Fig．3．12．TheOkl（a）andhOl仲）electrondiffractionpatternSOf  
theintermediatephase，（Cu，C）－23（3・5）（4・5）・Indexesa！egiven  
O basedonthesuperlattice，a完7．7Å，b＝3．9Aandc完46A・  
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Fig．3．13．HRTEMimageof（Cu，C）－23（3・5）（4・5）prqjectedalong  
the［010］direction．Thenumberinthe丘gureindicatesthenum－  
berofCuplanes・  
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Fig・3・14・Thevariationsofthelatticeconstantsofthetetragonal  
subcellasfunctionsofm，thesumofnumbersof（Cu，C）andCu  
Planesinaunitfbrmula・  
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Fig・3・15・DCsusceptibilitydataofsamPlescorrespondingtoFig・  
3・8（a）（denotedas（Cu，C）－2334）andtoFig．3．8（b）（denotedas  

（Cu，C）－233．4＋2345）．  
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Fig・3・16・DCresistivitiesofsamPlescorrespondingtoFig．3．8（a）  

（denotedas（Cu，C）－2334）andtoFig・3・8（b）（denotedas（Cu，C）－2334  

＋2345）・  80   



200  

30  

2β（degree）  

Fig・3・17・PowderX－rayPatternOfthesanPlehavlngthenominalcomposition，  

‖Cl．OBa2．5Ca2．5Cu4011．6‖・Peaksdueto（Cu，C）－2334arelabeledby’’＋．■while  

thoseduetounknownimpurityphase（S）by”＊‖．Indexesaregivenbasedonthe  

O tetragonalsubcellwitha＝3．852（1），C＝18．61（2）A．  
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Fig．3．18．TheOkl（a）andhOl（b）electrondiffractionpatternSOf  

（Cu，C）－2323・Indexesaregivenbasedonthesuperlattice，aS＝2a，  

bs＝b，Cs＝2c・  
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Fig．3．19．HRTEMimageof（Cu，C）－2323prqjectedalongthe  
［100］direction（a）andalongthe［010］direction（b）・  
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3．840  

Fig・3・21・Thevariationsofthelatticeconstantsofthetetragonal  
Subcellasfunctionofk，thesumofnumbersof（Cu，C）andCu  

Planesinaunitfbrmula・  
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Fig・3・22・DCsusceptibilitydatafbrthe，一Cl．OBa2．5Ca2．5Cu4011．6”sample・  
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Fig．3．23．TemperaturedependenceofDCresistivityfbrthe  

‖Cl．OBa2．5Ca2．5Cu4011．6”sample・  
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4・High pressure synthesis and superconducting  
PrOperties of  new series of high－Te  

SⅦperCOn血ctors，BSr2Can一且CumO2n＋3（n＝3～5）・  

Thus far，SeVeralinvestlgations have been done on oxyborate  

CuPrate SuPerCOnductors．Zhu etal・Studiedthe（B，Cu）－1212system，  

（BxCul一Ⅹ）Sr2YCu207andpreparedasolidsolutionwithx＝0．ト0・9［36］・  

Though this Sr－based solution was not a superconductor，the Ba－  

Substituted system，（Bo．5Cuo．5）（Sr，Ba）2YCu207，Showed  

SuPerCOnductivitybelow51K［36］．Underhighpressure，Ueharaetal・  

SubstitutedBfbrCinoxycarbonatecompoundstoobtainahomologous  

Seriesofsuperconductors，（BxCl－X）Sr2（Ca，Sr）n－1CunOy（n＝l，2，3）［37］・  

Theyclaimedthatsuchasubstitutionis effective tointroduce carriers  

（holes）intoanoxycarbonatecompound．  

Successfulhigh pressure syntheses ofsuperconductors such as  

（Cu，C）mBam＋1Can－1CunO2（m＋n）＋l，（Cu，S）Sr2Can－1CunOy［38］and  

MSr2Can－1CunO2n＋3（M＝Al，Ga）［39－40］suggeststhatifthereisa1212  

Phaseunderambientpressure，12（n－1）n（n＞2）phases maybe stabilized  

underhighpressure．CombiningthisideawiththepreviousreportbyZhu  

etal．［36］，Takayama－Muromachietal．appliedhighpressuresynthesisto  

the B－Sr－Ca－Cu－O system to find a new oxyborate superconductor，  

BSr2Ca3Cu4011（B－1234）［41］．ItsstruCtureiscloselyrelatedtothatof  

Tl（Or Hg）－1234；the Tl（or Hg）siteis occupied by B．HRTEM  

Observation indicated that there were intergrowths of  

BSr2Can－1CunO2n＋3（B－12（n－1）n）upton＝6・ThissuggeststPatthere  

existthehomologousseriesofcompoundsandaphasewithn≠4canbe  

PreParedinbulkbyadjustlng Synthetic conditions・Inthischapter，We  

discuss a new oxyborate superconductors，BSr2Ca2Cu309 and  

BSr2Ca4Cu5013Whicharen＝3and5membersoftheseries．  
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4．1．Experimental  

StartlngmaterialsfbrhighpressuresynthesiswereSrCuO2，SrO2，  

Ca2CuO3，B203（99．9％）andCuO（99．9％）．Thesematerialsweremixed  

inanagatemortartoobtainstartlngmixturesfbrhighpressuresynthesis．  

Themixturewassealedinagoldcapsuleanda1lowedtoreactinaflaト  

belトtypehighpressureapparatusat6GPa，andat1200～1300Ocfbrl  

hour，thenquenchedtoroomtemperature．Carboncontents ofthehigh  

PreSSurePrOductsweremeasuredusingacarbon determinator（LECO，  

typeWR12）．  

X－rayPOWderdifffactionpattemwasobtainedbyadiffractometer  

（Philips－PW1800）with Cu Kαradiation andlattice constants were  

determineduslngtheleastsquaresmethod．Highresolutiontransmission  

electron microscope（HRTEM）observation was carried out using a  

microscope（typeH－1500）operatedatlOOOkV・  

DC magnetic susceptibility data were collected by a SQUID  

magnetometer（Quantum Design）at a magnetic field of200e・DC  

resistivltyWaSmeaSuredbythestandardfbur－PrObemethod・  

4．2．Results andI）iscussion  

Theidealcomposition ofthe B－1223phaseis BSr2Ca2Cu309・  

However，the Sr／Caratiomay be different from theidealone due to  

mutualsubstitutionbetween SrandCa．Electron probemicro analysIS  

gavetheSr／CaratioofO．56fortheB－1234phasewhichissmallerthan  

theidealone，0．67［41］．Accordingtothisresult，WefirsttriedCadrich  

nominalcompositionsBSrl．5Ca2．5Cu30y（y＝9・0，9・1，9・2）・Themixtures  

Wereheattreatedat12500cunder6GPa．However，Ⅹ－rayPatternSOf  

theproductsindicatedthattheydidnotcontaintheB－1223phaseatal1but  

COntainedtheB－1234phasereportedpreviously［41］andsomeunknown  

Phase（S）．Next，We triedthe stoichiometric metalratios，Varying the  
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nominaloxygencontentfromy＝9．Oto9．5withanintervalofO．l．The  

reactiontemperaturewas12000c・Bythisprocedure，Wefbundthatthe  

bestoxygencontenttopreparetheB－1223phaseisy＝9．1，thoughsome  

unknownphase（S）was（Were）stillobservedintheX－rayPattern．The  

Startlng mixture with y＝9．1was heat treated at another reaction  

temperaturesofllOOand13000c．Theresultbecamebetterfbr13000c  

WhileitbecameworsefbrllOOOc・Fig．4．1（a）showstheX－rayPOWder  

diffractionpatternOfthesampleobtainedat13000c startlngfromthe  

“best”mixture，BSr2Ca2Cu309．l・M毎OrX－rayPeaksinFig．4．1（a）  

COuldbeindexedassumingatetragonalcellwitha＝3．821（1），C＝13．854（6）  

O A，COmPatiblewiththeB－1223struCture．  

FortheB－1245phase，Wealsotestedthestoichiometricmetalratios  

Withchanglngtheoxygencontentandfoundthataslightlyoxygen－POOr  

nominalcomposition，BSr2Ca4Cu5012．9，gaVeaSatisfactoryresult；Fig．  

4・1（b）showsaX－rayPatternforasample obtained at13000c where  

mostpeakscouldbeindexedassumingatetragonalce11witha＝3．837（2），  

c＝20．22（1）Åasexpectedforthe1245structure．Notanysystematic  

extinctionwas observed，in bothX－ray PatternS，SuggeStlng the space  

groupP4／mmm．  

Fig・4・2showsthehOlelectrondiffraction（ED）patternoftheB－  

1223phase．This ED patternis consistent with the tetragonallattice  

described above・Fig・4．3is alatticeimage corresponding to the ED  

PatteminFig．4・2，WherewecandistlnguishtwoSr，tWOCaandthreeCu  

Planes stackedbetweenBplaneshavingwhitecontrast．Fig．4．4（a），（b）  

ShowthehOlandhhlEDpatternsoftheB－1245phasewhileFig・4・5isa  

latticeimage corresponding tothe onein Fig4．4（a）．Thisimageis  

COnSistentwiththe1245struCtureinwhichtwoSr，fourCa，fiveCuand  

OneBplanesarestackedalongthec－aXis．InFig．4．6，thestruCtureSOfB－  

12（n嶋1）nphasesareshownschematically．Wehavenoinformationabout  
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OXygenPOSitionsintheBplane・OxygenatomsoftheBplaneinFig・4・6  

aredrawninthecaseofthree－foldcoordinationoftheB，however，itis  

POSSibletohavefouトfoldcoordination．  

The carbon analysISindicated that our highpressure samples  

includedO．15～0．16wt．％C．ThecarboncontentinthepresentB－1223  

andB－1245phasesare，therefore，atmOStO．07～0．10permOlecule，i・e・，  

theplane with whitecontrastwasconfirmedtobethe Bplane，nOt a  

Carbonateplane・   

In Fig．4．7，a－and c－dimensions ofthe B－12（n－1）n phases are  

PlottedagalnStn．Thec－dimensionincreaseslinearlywithaslopeof3・18  

ÅwhichcorrespondstothethicknessofthecompositeCuO2－Caplane  

andisconsistentwithvaluesobtainedforotherseriesofsuperconductors  

PreParedunderhighpressure［38－41］．Thea－dimensionlookstoincrease  

Slightlywithnbuttheincreaseissaturatedalreadyatn＝5whichsuggests  

thatthea－dimensionisessentiallydeterminedbytheCuO2Plane・  

Fig．4．8glVeS DC susceptibilities of the B－1223and B－1245  

SamPles．Superconductlng tranSitions occurred at75KintheB－1223  

SamPle and85Kinthe B－12450ne．In addition，Smalldiamagnetic  

SuSCePtibilitieswereobservedbelowllOKinbothsamples・Accordingto  

thepreviousreport，TcoftheB－1234phaseisllOK［41］・Weconcluded  

thatatraceamountoftheB－1234phasecontainedinthesamplescaused  

the diamagnetic susceptibilities belowllO K．Fig．4．9indicates DC  

resistivitiesofthesamples．Consistentwiththesusceptibilitydata，tWO－  

StePdecreaseswereobservedinbothcasesnearllOKand at750r85K・  

BothshowedmetallicbehavioraboveTc．  
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ユ（X）  

200  

20   

2∂（degree）  

30  

Fig・4・1・PowderX－rayPattemSOfthesampleshavlngthenominal  
COmpOSitions，’’BSr2Ca2Cu309．1’’（a）and‖BSr2C叫Cu5012．9”（b）・  

Peaksduetounknownimpuntyphasesarelabeledby一一＊一一・Indexes  
禦egivenbasedonthetetragonalcellswitha＝3・821（1），C＝13・854（6）  

A（a）anda＝3．837（2），C＝20．22（1）Å（b）．  
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Fig・4・2・ThehOlelectrondiffractionpatternOftheB－1223phase・  
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Fig．4．3．＝RTEMimageoftheB－1223phaseprqjectedalong［010］・  
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Fig．4．4．ThehOl（a）andhhl仲）electrondiffractionpattemsof  
theB－1245phase・  
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Fig．4．5．HRTEMimageoftheB－1245phaseprqjectedalong［010］・  
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Fig．4．7．ThevariationsofthelatticeconstantsofB－12（n－1）nas  
functionsofn．ThedataわrB－1234weretakenftomRef，［41］．  
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Fig．4．8．DCsusceptibilitydataofthesamplescorrespondingtoFig・  

4．1（a）（denotedasB－1223）andtoFig．4．1（b）（denotedasB－1245）・  
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Fig．4．9．DCresistivityofthesamplescorrespondingtoFig・4・1（a）  
（denotedasB－1223）andtoFig．4．1（b）（denotedasB－1245）・  
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5・High pressⅦre Syntbesis and s叩erCOn血cting  
properties of  new series og b量帥・Tc  
SuperCOn血ctors，Sr2Can・1CumO2mX2（Ⅹ＝0，F）  

5・1Superconductivityin the series ofcompounds  

Sr2Can・1CunOy（n＝1～4）preparedunderhighpressure  

SトCu－Osystem（OrSr－Ca－Cu－Osystem）isveryinterestingbecause  

therearesuperconductorshavlngSimplecrystalstruCtureSCOnSistlngOf  

Onlyalkalineearth，COPPerandoxygenatoms・However，PreParationofa  

Slngle－Phasesampleisveryhardunderhighpressurewhichsometimes  

makesitdifnculttoidentifythesuperconductlngPhasedennitely．  

Hiroiet al・rePOrted that n＝1and n＝2 members of  

Srn＋lCunO2n＋1＋8showed superconductivity below70andlOO K，  

respectively［42］．On the other hand，Adachiet al．found similar  

homologous series，Sr2Can－1CunO2n＋1＋8intheSr－Ca－Cu－Osystem  

［43，44］．However，their superconducting samples were multiphase  

mixturesincludingmemberswithn＝2，3，4andtheydidnotdecideTcof  

eachmemberseparately．Laffezetal．investigatedSr2CuO3＋8varying  

amount ofKClO3uSed as anoxidizingagent［45］and observed bulk  

SuperCOnductivlty WithTc of80K・Theydidnot，however，COmPletely  

denythepossibilitythatthesuperconductivltyWaS aSCribedtoaphase  

Other than Sr2CuO3＋8［45］．Prouteau et al．also observed  

SuPerCOnductivity with Tc＝98Kin Sr－Ca－Cu－Osystem［46］，butthe  

SuPerCOnductingphasewasnotidenti氏ed・Hanetal・PreParedSr2CuO3＋8  

SamPleathighpressurethenheattreatedat3100cinN2at ambient  

PreSSure［47］．After the N2annealing，Tc roseto94Kfrom70K・  

However，theabsolutediamagneticsusceptibilityoftheirsamplewasnot  
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SOlargeimplyingapresenceofasuperconductlngPhasedifftrentftom  

Sr2CuO3＋8．  

Shakedetal・［48］investigated（Sr，Ca）CuO2havingtheinfinite－  

layer structure・According to them，theinfinite－layer phaseis not  

SuPerCOnductingbutthesuperconductivityreported［49］isascribedto  

Srn＋1CunO2n十1十8（n≧2）phasesincludedasimpurity．Moreover，they  

SuggeSted that the n＝1member of the series，Sr2CuO3十8isnot  

SuPerCOnductlng．  

Shimakawaetal・analyzed crystalstructure ofSr2CuO3＋8by  

neutronpowderdiffraction method andfoundthatnearlyhalfofthe  

OXygenSites arevacantinthe’’CuO2一’plane［50］．Thisresultcastserious  

questiononthereportswhichinsistsuperconductivityinSr2CuO3十8．   

Inthepresent study，We reinvestlgatedthe Sr－Ca－Cu－O system・  

Thoughwealsofailedtoprepareslngle－Phasesamples，COmParisonof  

SuPerCOnductivlty Of various samples enabled us to specify Tc－s of  

n＝2，3，4phasesoftheSr2Can－1CunO2n＋1Series．Moreover，OurreSults  

SuggeStStrOnglythatthen＝1phase，Sr2CuO3＋8isnotsuperconducting．  

5．1．1．Experimental  

StartlngmaterialsfbrhighpressuresynthesiswereSrCuO2，SrO2  

（orKC103），Ca2CuO3andCuO（99．9％）．Thesematerialsweremixedin  

anagatemortartoobtainstartlngmixtures．Themixturewassealedina  

gold capsule and allowed to reactin aflaトbelt－tyPe high pressure  

apparatusat5～6GPa，andat900～1300OCfbrO．5～3hours，thenquenched  

toroom temperature．SrO2WaS generally usedas anoxidizing agent．  

OnlySr2CuO3＋8sampleswerepreparedusingKClO3．  

X－rayPOWderdiffractionpatternwasobtainedbyadiffractometer  

（Philips－PW1800）with Cu K（X radiation andlattice constants were  

determineduslngtheleastsquaresmethod．Pro丘1e餌tingoftheX－ray  
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pattern was done using intermediate Lorentzian as a profile shape 

function［51］．DC magnetic susceptibility data were collected for a  

Pulverized sample bya SQUID magnetometer（QuantumDesign）ata  

magnetic丘eldof200e・  

5．1．2．Results and discussion  

Table5．1shows the synthetic conditions and superconductlng  

PrOPerties of allsamples preparedin the present study・Every high  

PreSSurePrOductwasamulti－Phasemixture・InTable5・1，Onlythephases  

belonglngtOtheSr2Can－1CunO2n＋1SeriesareshownuslngaSimplified  

notation，02（n－1）n［44］sincemostofcoexistingimpurityphasescouldnot  

beidentified．ItwassometimeshardtodetectminorO2（n－1）nphasesand  

Onlythoseidentinedde且nitelyareshowninTable5・1・  

The superconductlngtranSitiontemperature，Tcinthetableisthe  

OnSetValuedeteminedffomthemagneticsusceptibilitydataco11ectedby  

thezero一缶eldcoolingmethod．Whenasampleshowedtwo－SteP（orthree－  

SteP）superconducting transitions，Tc ofthesecond（and the third）  

transitionislisted as we11asthe onset value．In addition，magnetic  

SuSCePtibilityat5Kbythezero－fieldcoolingmethodisglVenaSarOugh  

measureofthesuperconductlngVOlumefraction・  

The O2（n－1）n－Phase formation was dependent not only on the  

nominalcationratiobuttheoxygencontent，PreSSureand temperature・  

Forinstance，difftrentresultwas sometimes obtainedafterpressure or  

temperature was changed by the magnitude ofO・5GPa or50OC，  

respectively．  

Letusdiscussfirstthen＝1phase，Sr2CuOy（0201phase）・We  

preparedtwosampleshavlngdifftrentnominaloxygencontents，y＝3・1  

and3．2（SamPleNo．hp－76－1andhp－76－2，reSPeCtively）andcompared  

theirsuperconductingproperties．Fig．5．1（a）andFig・5・1（b）showtheX－  
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raypowderdiffractionpatternSOfthey＝3・1and3・2samples．M年iorX－  

raypeaksinFigs．5・1（a），（b）couldbeindexedassumingthetetragona1  

02011atticeindicatlngthatbothsamplescontainedtheO201phaseasa  

maJOr One・It should be noted here that there are no slgnificant  

differencesinlattice parameters of the two samples：a＝3．788（2），  

c＝12．434（8）Åfory＝3．1anda＝3．791（2），C＝12．425（7）Åfory＝3．2．This  

SuggeStS StrOngly thatcompositions andoxygencontents ofthe O201  

Phasesinthetwosamplesareveryclosetoeachother・Nevertheless，they  

Showedqultedifferentsuperconductlngbehaviors・  

DCmagneticsusceptibilitydataofbothsamplesappearinFig・5・2・  

They＝3．1sampleshowedasuperconductlngtranSitionatca・70Kthough  

SuPerCOnducting volume fraction was rathersmall・ThisTcisingood  

agreement with the value reported by Hiroiet al・［42］・However，  

SuPerCOnductivlty disappeared almost completelylnthey＝3・2sample・  

Thesimilaritylnthelatticeparameters andthe sma11superconductlng  

VOlume fraction cast doubtif the O201phase rea11y becomes  

SuPerCOnductlng・  

Tocheckthepossibilitythatthesuperconductingsample，they＝3・1  

SamPleincluded ahigher order phase with n＞1，We COmPared very  

Carefu11ythetwoX－rayPatternSinFig．5・1．Fig・5・3（a）andFig・5・3（b）  

Show the enlargement ofthepatternsfbralower20range where we  

notedtwosmallpeaksnear20＝8・5Oand170inthey＝3・1sample・They  

canbeasslgnedasOO2andOO4reflectionsofthen＝2phase，Sr3Cu20y  

（i．e．，theCa－freeO212phase）．Moreover，Patternnttingforthey＝3・1  

SamPle（Fig．5．4（a））revealedclearlythatthereisanadditionalpeaknear  

20＝31・80，JuStbesidethelO3peakoftheO201phase・This20angle  

correspondstopositionoflO5reflectionoftheO212phasewhichhasthe  

secondhighestintensltyandisnotoverlappedwiththepeaksoftheO201  

phase. All these peaks assignable to the 0212 phase disappeared 
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completelyinthenonsuperconductlngSamPlewithy＝3・2asshowninFig・  

5．3（b）andFig．5．4（b）．Ifwe assumethe stoichiometric composition，  

Sr2Can－1CunO2n＋2，aVerageValenceofCuishigherinthen＝1phase  

thaninthen＝20ne・Thissuggeststhatthen＝2phasebecomesstableina  

relativelyloweroxygenpressurerangecomparedwiththen＝lone・The  

disappearanceoftheO212phaseinthey＝3・2sampleseems，therefore，  

reasonable．ItisalsoworthnotingthatTcofthey＝3．1sample（70K）is  

ClosetothatoftheCa－COntainingO212phase（77K，Seebelow）・  

Shimakawaet al．foundthatnearlyhalfofthe oxygen sites are  

vacantinthe▼TCuO2‖planeoftheO201phase［50］・Togetherwiththeir  

負nding，thepresentresultssuggeststronglythattheO201phaseisnot  

superconductingandthe70－Ksuperconductivityreportedpreviously［42］  

isascribedtotheO212phasecontainedasaminorphase・  

We carried out many experiments with various conditions to  

PreParetheO212phase（seetable5・1）・However，itwasquitedifficultto  

getagoodsample・Fig・5・5showsX－rayPOWderdiffractionpatternof  

Our．一best一一sample（No．40－ト6）preparedat5．5GPaandlO50CCfora  

nominalcomposition ofSr2CaCu205．5．Thoughthepatternwas very  

COmPlicated，StrOngX－rayPeakscouldbeindexedassumlngatetragOnal  

O Cellwith a＝3．821（4），C＝20．74（6）A whicharein goodagreementwith  

a＝3．86，C完20．4Åreportedpreviously forthe O212phase［44］．We  

COnCluded，therefbre，thattheO212phasewasdominantinthissample．  

BesidesO212，theO201andO223phaseswerealsoincludedinthis  

SamPleasindicatedby theirOOepeaksappeannglnthelower20reglOn．  

Corresponding to this，tWO－SteP SuPerCOnductlng tranSitions were  

ObservedinDCmagneticsusceptibilitydataatlO9and＝77K（Fig．5．6）  

inwhichthelattertransitionshowedlargerdiamagnetism．  

Fortunately，aPrettygOOdO223samplewasobtainedinthepresent  

StudyanditsTcwasdeterminedaslO9Kasdescribedbelow．Combined  
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thisfactwiththeaboveresults，WeCOnCludedthatthetransitionat77Kis  

ascribedtotheO212phase．  

Whenthe startingmixture ofSr2CaCu205．5（the O212mixture  

described above）was heat treated athighertemperature of12500c，  

VOlumefractionoftheO223phaseincreaseddrastica11y（No．40－2－5）．  

Fig・5・7indicatestheX－rayPOWderdifffactionpatternOfthesamplein  

question；itsmqorpeakscouldbeindexedassumlngatetragOnalcellwith  

O a＝3・863（1），C＝27・22（2）A whichareingoodagreementwithprevious  

values，a＝3．86，C宝27．2ÅobtainedfortheO223phase［44］．Besidesthe  

O223phase，SmallamountoftheO212andO201phaseswerecontainedin  

the sample・Various startlng mixtures having O223－tyPe nOminal  

COmPOSitions（No．40－1－4，forinstance，Seetable）werealsotestedwith  

the object ofpreparlng a better O223sample．However，the volume  

fractionsoftheO223phasewererathersmal1erinthesespecimensthanin  

the40－2－50ne．  

DCsusceptibilitydatafbrthe40－2－5sampleisglVeninFig．5．8．  

Almostslngle－StePtranSitionatlO9Kwithslightanomalynear80Kis  

Seeninthisngure・Thetransitionat109KisascribedtotheO223phase  

While theanomalousbehaviornear80KtotheO212phaseincludedasa  

minorcomponent．  

Hiroietal・rePOrtedthattheO201andCa－freeO212phases，i．e．，  

Srn＋1CunO2n＋l＋8（n＝1，2），Showedsuperconductingtransitions at70  

andlOOK，reSPeCtively［42］．Itis worthnotingthattheirTc－sofO201  

andO212areclosetoourvaluesforO212and O223，reSPeCtively・We  

SuggeStthattheirO201andO212samplescontainedtheO212andO223  

Phases，reSPeCtivelyasaminorcomponent・  

Fig・5・9indicatestheX－rayPOWderdifftactionpatternofthehp－  

73－2 sample・Its starting composition，Sr3CaCu2．807．5  

（Sr2（SrCa）Cu2．807．5），WaSClosetothen＝3composition．However，many  

104   



X－rayPeaksinFig・5・9couldbeindexedassumlngatetragOnalcellwith  

O a＝3・901（3），C＝33・82（2）AwhichindicatedthattheO234phaseratherthan  

O223wasdominantinthissample．  

DCsusceptibilitydataofthehp－73－2sampleappearinFig・5・10．It  

ShowedmainsuperconductlngtranSitionat83KwhichisasslgnedtoTc  

OftheO234phase・AdditionaldiamagnetismobservedbelowlO5andニご70  

KisascribedtominorphasesofO223andO212，reSPeCtively・   

InFig・5・11，a－andc－dimensionsoftheO2（n－1）nphasesareplotted  

O agalnStn・Thec－dimensionincreaseslinearlywithaslopeof6．4Aand  

O halfofthis glVeS a reaSOnable value of3．2A as the thickness ofthe  

COmPOSite CuO2－Caplane［44］・Thea－dimensionalsoincreaseslinearly  

withnwiththeslopeof＝0．4Å．Thegoodlinearityonnbothina－andc－  

dimensions supports thepresentasslgnmentOfthe X－ray PatternS and  

identificationofthephases．  

Fig・5・12indicatesthevariationofTcagalnStn．Here，WeuSedTc  

data for the’一best’’samples described above．The Tc－n CurVe has a  

maximumatn＝3andsimi1artendencyhasbeenobservedinotherseries  

Ofsuperconductors，inT12Ba2Can－1CunO2n十4，fbrinstance［52］．  

5・2High pressure synthesis and superconductivity of new  

OXyfluoride superconductors，Sr2Can－1CunO2n＋8F2±y  

（n＝2，3）   

In1994，aneWSuPerCOnductorincludingfluorine，Sr2CuO2F2＋8，  

WaSrePOrtedbyAl－Mamourietal・［53］．Itwassynthesizedthroughthe  

reactionofSr2CuO3WithF2gasatambient pressure andit showed  

SuPerCOnducting transition at46K・The structure of this phaseis  

essentia11yofK2NiF4typeandiscloselyrelatedtothatof Sr2CuO3＋8  
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PreParedunderhighpressure［42］，i．e．，theoxygenandinterstitialsitesof  

the’一SrO一’planeinSr2CuO3十8areoccupiedbyfluorineatoms．Anexcess  

fluorine atomintroducedintotheinterstitialsite creates oneholewhich   

actsasacamer．  

Thissystemhasbeenreinvestlgatedbyseveralgroups to obtain  

essentiallythesameresults［54，55］・However，thesuperconductingvolume  

fractionestimatedfrommagneticsusceptibilitydatastillremainslow．  

Under high pressure，On the other hand，Chlorine－based  

SuPerCOnductors，（Ca，M）2Can－1CunO2nC12（M＝NaorSr，n＝1，2）has  

beenprepared［56－58】inwhichthen＝1phasecorrespondstotheabove－  

mentionedfluorine superconductorif we disregard that carriers are  

CreatedbytheNa－Substitutioninthechlorine－basedsystem・  

Successfulhigh pressure syntheses of the chlorine－based  

SuPerCOnductors suggest that a homologous series of compounds，  

Sr2Can－1CunO2n＋8F2±y Withn≧2maybestabilized under high  

PreSSure・Here，We discuss two new oxyfluoride superconductors  

PrePared under high pressure，Sr2CaCu204＋8F2±y and  

Sr2Ca2Cu306＋8F2±y，Which are the n＝2，3 members of  

Sr2Can－1CunO2n十8F2±ySeries，reSPeCtively・  

5．2・1・Experimental  

StartingmaterialsforhighpressuresyntheseswereSrF2（99．9％），  

CaF2（99・9％），SrCuO2，SrO2，Ca2CuO3andCuO（99．9％）．These  

materialsweremixedinanagatemortartoobtainstartlngmixturesfor  

highpressuresynthesis・Themixturewassealedinagoldcapsuleand  

allowedtoreactinaflaトbelt－tyPehighpressureapparatusat5・5GPa，  

andat12500cfbr3hours，thenquenchedtoroomtemperature・  

X－rayPOWderdif＆actionpatternwasobtainedbyadiffractometer  

（Philips－PW1800）with Cu Kαradiation andlattice constants were  
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determineduslngtheleastsquaresmethod．Highresolutiontransmission  

electron microscope（HRTEM）observation was carried out using a  

microscope（typeH－1500）operatedatlOOOkV．  

DC magnetic susceptibility data were co11ected by a SQUID  

magnetometer（Quantum Design）at a magnetic fieldof200e．DC  

resistivltyWaSmeaSuredbythestandardfbur－PrObemethod．  

5．2．2．Results and discussion  

Table5．2shows synthetic conditions triedin thepresent study．  

Temperature and pressure were fixed at1250Oc and5・5GPa，  

respectively・Everyhighpressureproductwasmulti－Phasemixtureand  

OnlysuperconductlngPhaseincludedisshowninTable5・2sincemostof  

COeXistlnglmPuntyPhasescouldnotbeidentified・Thesuperconductlng  

transitiontemperature，Tcinthetableistheonsetvaluedeterminedfrom  

themagnetic susceptibilitydata・Magnetic susceptibilityat5Kby the  

鮎IdcoolingmethodisglVenaSarOughmeasureofthesuperconducting  

volumefraction．Inthefbllowlng，WeWilldescribeindetailtwosamples  

having nominalcompositions，Sr2CaCu204．6F2．O and  

Sr2Ca2Cu306．2F3．2．  

Figs．5．13（a）and（b）showtheX－rayPOWderdi肘actionpatterns  

forthe Sr2CaCu204．6F2．O and Sr2Ca2Cu306．2F3．2SamPles，  

respectively．MajorX－ray Peaksin Figs・5・13（a）and（b）couldbe  

O indexedassumingtetragonalcells witha＝3・843（1），C＝19・88（1）A and  

a＝3．840（1），C＝26．17（1）Å，reSPeCtively．Hereafter，WeCalltheformer  

tetragonalphaseasO212－FandthelatterasO223－Faccordingtotheir  

idealcompositions（Seebelow）・  

Figs．5．14（a）and（b）showsthehkOandhOlelectrondiffraction  

（ED）patternSOftheO212－Fphase．Spacegroup，tetragOnalI4／mmmis  

derivedfrom systematic extinction ofdiffraction spotsin these ED  
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pattems・Fig・5・15isalatticeimagecorrespondingtotheEDpattemin  

Fig・5・14（b），WherewecandistinguishtwoSr，OneCaandtwoCuplanes．  

StrongwhitecontrastisseenneartheSratomsuggestlngthattheFatoms  

areconcentratedin thispartofthe crystal．TheHRTEM observations  

indicatethattheidealcompositionofO212－FisSr2CaCu204F2，then＝2  

memberoftheSr2Can－1CunO2nF2fami1y．  

Figs・5・16（a）and（b）show thehkO andhOIEDpattems ofthe  

O223－Fphase while Fig・5・17is alatticeimage correspondingto Fig  

5・16（b）・TheEDpatternSgivethespacegroupI4／mmmandtheimageis  

COnSistentwiththeO223struCtureinwhichtwoCaandthreeCuplanes  

arestackedalong the c－aXis between double Srplanes・Strong white  

COntraStisseenneartheSratomaswe11asin O212－FsuggestlngPreSenCe  

Of SrF－SrF double planes．Theidealcomposition of O223－Fis，  

therefore，Sr2Ca2Cu306F2．  

According to Adachiet al．［44］，the c－dimensions of  

Sr2Can－1CunO2（n＋1）Seriesare20・4Å（n＝2）and27．2Å（n＝3）．These  

valuesareappreciablylargerthan19．88Å（n＝2）and26．17Å（n＝3）in  

thepresentseriesofphases，reSpeCtively．ThisseemstoreflectthatapICal  

OXygenatOmSinSr2Can－1CunO2（n＋1）arerePlacedbysmallFatomsin  

thepresentphases．   

InFig・5・18，StruCture mOdels of O2（n－1）nqF phases are shown  

SChematicallywherethen＝1memberwasreportedpreviously・The一，SrF”  

doublelayers are supposedtoinclude theinterstitialfluorine and／or  

OXygen atOmS・Moreover，Partialsubstitution of the oxygen for the  

fluorinemayoccur，although，inFig・5・18，thesecomplexfeatures are  

disregarded．  

Fig・5・19glVeS DC susceptibilities of the O212－F and O223－F  

SamPles・BothshowedsharpsuperconductlngtranSitions，at99Kinthe  

fbrmerSamPleandatlllKinthelatterwithlargeenoughdiamagnetic  
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susceptibilities at5Kto assume bulk superconductlVlty・Fig・5・20  

indicates DC resistivities ofthe two samples・A sharp decreasesin  

resistivitywereobservedaroundlOOandllOKforO212－FandO223－F，  

respectivelyconsistentwiththesusceptibilitydata・Bothsamplesshowed  

metallicbehaviorsaboveTc．  

AsshowninTable5・2，TcandthesuperconductlngVOlumefraction  

（Xat5K）werestronglydependonthenominalcationandanionratios・  

When thefluorine contentincreasedwith fixingthe cation ratios and  

OXygenCOntent，Tcgotthemaximumatanoptlmumfluorinecontent・In  

the Sr2CaCu204Fx series，forinstance，maXimumTc was obtained at  

X＝2．6．IntheSr2Ca2Cu306Fxseries，Ontheotherhand，thex＝3．2sample  

Showed the highest Tc oflO9 K while the x＝3・4 0ne WaS nOt  

SuPerCOnducting．  

Simi1artendencywasseenwhentheoxygencontentwasvariedwith  

fixing the cation rations and the fluorine content．In the  

Sr2CaCu20zF2．0，forinstance，anintermediateoxygencontentofz＝4．6  

gavethehighestTc．Asaresult，Tcvariedverywidelydependingonthe  

nominalfluorineandoxygencontents，from43to99KintheO212phase  

andfrom75tol11KintheO223phase．Thoughwecouldnotcalculate  

theholeconcentrationfbreachsamplebecauseofpresenceofcoexistlng  

impurlty Phases，the Tc variation described above seems to reflect  

Variationofthehole（carrier）concentration．  

ToobtainabetterO212sample，WeChangedtheSr／CaratioorCu  

COntentin the startlng mixture as shownin Table5．2．However，this  

attemptwasnotsuccessfu1；inmanycases，itresultedincoexistenceoftwo  

SuPerCOnductlngPhasesandimpurityones．   

ItshouldbenotedthatTc－softhepresentseriesofphasesarevery  

highinsplteOfthepresenceoftheapicalnuorineatom・Inparticular，Tc  

OfO223－F，111KiscomparabletothehighestTcobservedinhalogen－  
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freeoxidesuperconductors・Thisfactclearlyindic？teSthatthestruCture  

andthecarrierdensityoftheCuO2planeareessentialtodetemineTc  

andtheblockinglayerisimportantsolongasitisconcernedwiththe  

Creation ofthe carriers．  
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Table5・2・ChemicalcompositionofstartlngmiⅩtureS，Observedphasesand  

SuPerCOnductingpropertyofeverysamples．  

SamPleNo・  StartlngCOmpOSition  T。  Xat5K（FC）  

（K） （10‾3emu／g）  

Sr2CaCu204F2．O  

SrっCaCu204F2．2 ▲■  

Sr2CaCu204F2．．  

SrっCaCu204F2．6  

Sr2CaCu204F2．8  

Sr2CaCu204F3．O  

Sr2CaCu204．2F2．O  

Sr2CaCu204．．F2．O  

Sr2CaCu204．6F2．O  

SrっCaCuユ0。．8Fヱ．0 ▲－  

SrっCaCu205．。F2、。 ▲●  

Sr2CaCu203．9F2．4  

SrっCaCu204．1F2．．  

Sr2CaCu204．2F2．4  

SrっCaCu204．3F2．4 ■■  

Sr2CaCu204．4F2．4  

Sr2CaCu204．6F2．4  

Sr2CaCu204，8F2．4  

Sr2．7Ca。．3Cu204．OF2．4  

Sr2．7Ca。．3Cu204．1F2．4  

Sr2．7C恥3Cu204．2F2．4  

Sr2．7Ca。．3Cu20．．3F2．．  

Sr2、4Ca。．6Cu204．OF2．4  

Sr2．4Ca。．6Cu204．1F2．4  

Sr2．4Ca。．6Cu204．2F2．4  

Sr2．4Ca。．6Cu20．．3F2．4  

Srl，7Cal．3Cu204．3F2．4  

40－7－1  

40－7－2  

40－11－1  

40－7－4  

40－7－5  

40－7－6  

40－10－4  

40－10－5  

40－10－6  

40－10－7  

40－10－8  

40－8－12  

40－8－1  

40－8－2  

40－8－3  

40－10－1  

40－10－2  

40－10－3  

40－8－4  

40－8－5  

40－8－6  

40－8－7  

40－8－8  

40－8－9  

40－8－10  

40－8－11  

40－1ト4  

0212  

0212  

0212  

0212  

0212  

0212  

0212  

0212  

0212  

0212  

0212  

0201，0212  

0212  

0212  

0212  

0212  

0212  

0212  

0201，0212  

0201，0212  

0201，0212  

0201，0212  

0212  

0212  

0201  

0201，0212  

0212，0223  

43  －0．08  

79  －3．04  

83  －1．01  

93  －0．62  

89  －0．98  

85  －0．94  

83  －0．99  

93  －1．90  

99  －4．73  

83  －5．46  

53  －3．06  

83  －0．08  

87  －1．43  

97  －3．09  

99  －3．66  

91  －5．43  

77  －3．82  

53  －2．87  

79  －1．01  

87  －1．79  

89  －1．85  

87  －1．21  

80  －2．31  

83，97  －5．92  

45，90  －1．45  

80  －3．04  

97，111   －5．83  
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Table5．2．cont．  

40－1ト2  

40－1ト3  

40－7－7  

40－7－8  

40－7－9  

40－7－10  

40－7－11  

40－7－12  

40－10－9  

40－10－10  

40－1ト5  

40－1ト6  

40－11－7  

40－11－8  

40－11－9  

40－10－11  

40－10－12  

40－11－10  

40－1ト11  

40－11－12  

Sr2CaCul．80．．1F2．．  

SちCaCul．803．9F2．4  

Sr2Ca2Cu306F2．O  

Sr2Ca2Cu306F2．2  

Sr2Ca2Cu306F2．．  

Sr2Ca2Cu306F2．6  

Sr2Ca2Cu306F2．8  
Sr2Ca2Cu306F3．O  

Sr2Ca2Cu306F3．2  

Sr2Ca2Cu306F3．4  

Sr2Ca2Cu306．6F2．O  

Sr2Ca2Cu306．2F2．．  

Sr2Ca2Cu306．4F2．4  

Sr2Ca2Cu306．6F2．4  

Sr2Ca2Cu306．8F2．．  

Sr2Ca2Cu306．2F3．O  

Sr2Ca2Cu306．．F3．O  

Sr2Ca2Cu306．2F3．2  

Sr2Ca2Cu306，4F3．2  

Sr2Ca2Cu306．6F3．2  

0212  

0212   

？  

0223  

0223  

0223  

0223  

0223  

0223   

？   

0223  

0223  

0212，0223  

0212   

？        ●  

？  

？   

0223  

0223  

0223   

99  －3．77   

89  －1．92  

notsuperconductlng   

75  －0．19   

81  －0．21   

89  －3．97   

97  －4．22  

101  －4．26  

109  －4．03  

notsuperCOnductlng  

lO3  －7．60   

49，77  －4．78   

89  －3．16   

85  －0．77  

notsuperconducting  

not superconducting 

not superconducting 
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20（degree）  

Fig．5．l．PowderX－rayPatternSOfthesampleshavlngthenominal  

COmPOSitions，’1Sr2CuO3．1’’（a）and’’Sr2CuO3．2”（b）・Indexesare  

givenbasedonthetetragonalcellswitha＝3．788（2），C＝12．434（8）Å  
（a）anda＝3．791（2），C＝12．425（7）Å（b）．  
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Fig・5・2・DCmagneticsusceptibilitydataofsamplescorresponding  
toFig．5．1（a）andtoFig．5．1（b）．  

115   



6  8  10  12  14  16  18  20  

20（degree）  

Fig・5・3・TheenlargementoftheX－rayPattemSinFig．5．1fbra  

lower20range．  
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Fig・5・4・ProfilenttingofX－raydi胎actiondatainFig・5・1  

near20＝320．  

116   



200  

20  30   

20（degree）  
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Fig．5．5．PowderX－rayPatternOfthe40－1－6samplehavingthe  

nominalcomposition，‖Sr2CaCu205．5一一・IndexesareglVenbased  

onthetetragonalcellswitha＝3．821（4），C＝20．74（6）Å．peaksdueto  
O201andO223phasesaredenotedby’’O＝and”＋’’，reSPeCtively・  
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Fig・5・6・DCmagneticsusCePtibilitydataofthe40－1－6sample・  
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Fig・5・7・PowderX－rayPatternOfthe40－2－5samplehavlngthe  

nominalcompositions，，．Sr2CaCu205．5一一・IndexesareglVenbased  
0 0nthetetragonalcellswitha＝3．863（1），C＝27．22（2）A．Peaksdueto  

O201andO212phasesaredenotedby…and一，＋”，reSpeCtively・  
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Fig・5・8・DCmagnedcsusceptibilitydataofthe40－2－5samPle・  
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Fig・5・9・PowderX－rayPattemOfthehp－73－2samplehavingthe  
nominalcompositions，”Sr3CaCu2．807．5‖・IndexesareglVen  

O basedonthetetragonalce11switha＝3．901（3），C＝33．82（2）A．  

PeaksduetoO201，0212andO223phasesaredenotedby…，  

’’十一一and’一・’’，reSPeCtively．  
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Fig・5・11・ThevariationofthelatticeconstantsoftheO2（n－1）n  
Phasesasfunctionsofn．  
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Fig・5・12・ThevariationoftheTc（onset）oftheO2（n－1）nphases  

asafunctionofn．  
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28（degree）   

Fig・5・13・PowderX－rayPatternSOfthesampleshavlngthenominal  
COmPOSitions，Sr2CaCu204．6F2．0（a）andSr2Ca2Cu306．2F3．2（b）・  

Peaksduetounknownimpmityphasesarelabeledby－1＊一1．Indexes  

aregivenbasedonthetetragonalce11switha＝3．843（1），C＝19．88（1）Å  

○ （a）anda＝3．840（1），C＝26．17（1）A（b）．  
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Fig．5．14．ThehkO（a）andhOl（b）electrondiffractionpatternS  
OftheO212－Fphase・  
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Fig．5．15．HRTEMimageoftheO212－Fphasepr句ectedalong［010］・  

124   



Fig．5．16．ThehkO（a）andhOl（b）electrondiffractionpattems  
oftheO223－Fphase・  
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Fig．5．17．HRTEMimageoftheO223－Fphaseprqjectedalong［010］・  
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Fig・5－19・DCmagneticsusceptibilitydataofthesamplescorresponding  
toFig・5・13（a）（denotedasO212－F）andtoFig．5．13（b）（denotedas  

O223－F）．  
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Fig・5・20・DCelectricresisdvitydataofthesamplescorresponding  
toFig・5・13（a）（denotedasO212－F）andtoFig・5・13（b）（denotedas  

O223－F）・  
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6．Conclusions   

Newoxycarbonatesuperconductorswerepreparedat5GPa，  

1200～1250Qc・Tberearetwoseries，（Cuo・5Co・5）Ba2Can－1CunO2n＋3  

（n＝3，4）and（Cuo・5Co・5）2Ba3Can－1CunO2n十5（n＝3～5）・Puttingthem  

together，they are described as（Cuo．5Co．5）mBam＋1Can＿  

lCunO2（m＋n）＋1（（Cu，C）－m（m＋1）（n－1）n）・CrystalstruCtureSOfm＝1  

SeriesareessentiallyisostruCturaltoTl（OrHg）－12（n－1）n，Whilethem＝2  

SerieshavequlteunlqueStruCtureSinwhichthreeBaplanesseparatedby  

the（Cu，C）planesformtheblockinglayer．Inbothseries，theCuandC  

atomsinthe（Cu，C）planearelocatedalternatelyalongthea－aXisresulting  

insuperlatticeshavingas＝2a，bs＝b，Cs＝2c（form＝1；n＝3，40rm＝2；n＝3）  

Oras＝2a，bs＝b，Cs＝C（fbrm＝2；n＝4，5）withrespecttotetragonalsubce11s．  

All the members of the series found show superconductivity. In 

Particular，Tc of（Cu，C）一1234，117Kis the highest value among  

OXyCarbonatesuperconductorsreportedhitherto．  

Then＝3，5membersoftheoxyboratefamily，BSr2Can－1CunO2n＋3  

（B－12（n－1）n），WerePreParedforthe丘rsttime．Togetherwiththe n＝4  

Phase reportedpreviously［41］，homologous series with n＝3～5were  

fbundtoexiststablyunderhighpressurecondition・TheirstruCtureSare  

closelyrelatedtothoseofHg（OrTl）－12（n－1）n・TheHg（Tl）siteare  

occupiedbyB3＋，OneOfthesmallestcations・TheB－1234wasreportedto  

bepreparedat1200。Cunder6GPaandhadlatticeparametersof  

O a＝3．8359（1），C＝17．082（2）AandTcofllOK，thehighestvalueamong  

the series［41】．Inthepresentstudy，then＝3andn＝5phases were  

preparedatslightlyhighersynthetictemperatureof13000candthesame  

pressureof6GPa・Theyhavetetragonalcellswith a＝3・821（1），  

c＝13．854（6）Åforn＝3anda＝3・837（1），C＝20・22（1）Åforn＝5andare  

superconductlngbelow75Kand85K，reSPeCtively・  
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AseriesofcompoundsSr2Can－1CunOy（n＝l－4）wereprepared  

under5～6GPaandtheirsuperconductlngPrOpertieswerestudied・The  

n＝1member of the series，Sr2CuO3十8，WaS believed to be a  

SuPerCOnductor withTcof70K．However，OureXPeriments suggest  

StrOnglythatitisnotsuperconductlngbutthe70KsuperconductivltylS  

ascribedtothen＝2memberoftheseries，Sr2CaCu20y・Then＝3and4  

memberswerealsopreparedandthey wereconfirmedtohaveTc－sof  

lO9Kand83K，reSPeCtively・  

We prepared new oxyfluoride superconductors，  

Sr2CaCu204＋8F2±yandSr2Ca2Cu306＋8F2±y，at1250Ocunder5・5  

GPa・These phases are the n＝2，3members of a homologous series，  

Sr2Can－1CunO2n＋8F2±y，reSPeCtivelyinwhich the n＝1phasewas  

reportedpreviously・X－rayandHRTEMstudiesindicatedthattheyhave  

tetragonalstructures with a＝3．843（1），C＝19．88（l）Åfor n＝2and  

a＝3．840（1），C＝26．17（1）Å for n＝3．The n＝2 phase showed  

SuPerCOnductlngtranSitionat99K，Whilethen＝30neatl11K・   

Insummary，WeCarried outphase－SearChexperiments underhigh  

PreSSure，andfoundvariousnewhigh－Tcoxidesuperconductorsaslisted  

below．  

Superconducting phase Tc（K）  

1
 
 

7
 
 

3
 

6
7
‖
9
1
1
1
7
5
8
5
9
9
‖
 
 

（Cuo．5Co．5）Ba2Ca2Cu309＋8  

（Cuo．5Co．5）Ba2Ca3Cu4011＋8  

（Cuo．5Co．5）2Ba3Ca2Cu3011＋8  
（Cuo．5Co．5）2Ba3Ca3Cu4013＋8  
（Cuo．5Co．5）2Ba3Ca4Cu5015十8  
BSr2Ca2Cu309＋8  

BSr2Ca4Cu5013＋8  
Sr2CaCu204＋8F2  

Sr2Ca2Cu306＋8F2  
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One ofthe mostimportant properties of superconductors for  

PraCticalapplicationsis superconducting transition temperature（Tc）・  

Since1986，manyneWOXidesuperconductorshavebeendiscoveredand  

nowtherecordofTcreached135K．However，thisrecordhasnotbeen  

renewedinthelast丘veyears・Ourpresentstudyshowsclearlythathigh－  

pressureconditionisqulteeffectivetostabilizethelayeredstruCtureSOf  

CuPrateSuPerCOnductors・Indeed，includingthoselistedabove，mOrethan  

twothirdofsuperconductors with Tc＞100K are high pressure stable  

Phases which were discoveredin these severalyears・It shouldbe，  

however，StreSSedherethatmostofhighpressureexperimentshavebeen  

carriedoutinthepressurerangeP≦6GPaandweknowlittleaboutwhat  

happens under higherpressure conditions such as8GPaorlOGPa・  

Increaseofpressurewi11causeincreaseofmeltingpointwhichmeans  

expansion of synthesis temperature range. Synthesis experiments in 

higher－PreSSure／higheトtemPeratureCOnditionsmayleadtoinnovationin  

thesuperconductivltymaterialsscience・Webelievethattherestillexist  

manyunknownsuperconductorsandthatthehighpressureresearchisfu1l  

Ofpromise．  
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