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New ET-based organic superconductors with the organometallic anion Cu(CF3) 4-
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Abstract

Electrocrystallization of bis(ethylenedithio) tetrathiafulvalene (ET) with (PNP)Cu(CF3) 4 in 1,1,2-trichloroethane
(TCE) results in two new superconductors, KL-(ET)2Cu(CF3)4"(TCE), 1, with Tc = 4.0 K, and KH-(ET)2Cu(CF3)4'(TCE)x, 2,

with Tc = 9.2 I_ I forms well-developed plate-like crystals whose structure was determined by X-ray crystallography. Its
band electronic structure is reported. The gH-phase forms long, thin needle bundles.

record holders _-(ET)2Cu[N(CN)2]Br (Tc = 11.8 K,
1. INTRODUCTION ambient pressure) [5] and g-(ET)2Cu[N(CN)2]C1 (Tc =

12.8 K, 0.3 kbar pressure) [6]. All organic

Whereas the first organic superconductors, i.e., superconductors (excluding fullerides)with Tc greater

(TMTSF)2PF 6 (T c = 0.9 K at 12 kbar pressure) [1] and than 10 K contain polymeric anion chains built of planar
(TMTSF) 2CIO 4 ( Tc - 1.4 K at ambient pressure) [2] in the copper(I) complexes with bridging and terminal halide or
tetramethyltetraselenafulvalene (TMTSF) series, and pseudohalide anions.
subsequently, _-(ET)213 (Tc = 1.5 K in the absence of Our search for new superconductors has not been

special pressure treatment)[3] in the bis(ethylenedithio)- restricted to polymeric anions. As the case of the
tetrathiafulvalene (ET) series, were composed of crystallographically ordered _*-(ET)213 (after pressure

electron-donor radical cations and simple inorganic treatment, T c = 7-8 K) [7, 8, 9] proved, relatively high
anions, the more recently discovered salts with much transition temperatures could also be obtained with the

higher Tcs contain much more complex and in many use of large, monovalent, monomeric anions. When a
cases, polymeric anions. Thebest known examples are K- salt of the new air-stable organometallic cation
(ET)2Cu(NCS)2 (Tc = 10 K, ambient pressure) [4], and the Cu(CF3) 4- [10] became available, we immediately

* Work at Argonne National Laboratory is sponsored by the U. S. Department of Energy, Office of Basic Energy Sciences,
Division of Materials Sciences, under Contract W-31-109-ENG-38.
t Research at the University of Cologne is supported by the Fonds der Chemischen Industrie and the Ministerium Rir
Wissenschaft und Forschung des Landes Nordrhein-.Westfalen (Arbeitsgemeinscha_ Fluorchemie).

Work at Sandia National Laboratories is sponsored by the U. S. Department of Energy, Office of Basic Energy Sciences,
Division of Materials Sciences, under Contract DE-AC04-94AL85000. v"
§ Work at North Carolina State University is sponsored by the U. S. Department of Energy, Office of Basic Energy
Sciences, Division of Materials Sciences, under Grant DE-FG05-86ER45259 ¢
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synthesizedthe correspondingET salts[11,12]in the series.The z-phase packingischaracterizedby the

hopeofproducinga new superconductor.The immense presenceofface-to-facedimers(oftencentrosymmetric,

successofthisendeavorisreportedinthispaper, as in the presentcase). The dimers are tiltedby
approximately45°withrespecttoa unitcellaxis,and

surroundingdimersaretiltedby thesame amount inthe

2.SYNTHESIS AND CHARACTERIZATION oppositedirection.IntermolecularS'"Scontactsshorter
thanthesum ofthevan derWaals radii(3.6/k)connect

A standardelectrocrystallizationprocedure[13]was moleculesofadjacentdimers,but notwithinthedirner.

used togrow crystals.The electrolyteconsistedofa These short contactsare frequentlyindicativeOf

solutionof ET (StremChemicals,recrystallizedfrom electronicorbitaloverlapand thus provideelectron

chloroform) and bis(triphenylphosphoranylidene)- conductionpathways. In 1,theS...Scontactsform a
ammonium tetrakis(trifluoromethyl)cuprate(III),network of two-dimensionaltopology,and the band

[N(PPh3)2]Cu(CF3)4[10],inTCE (Aldrich,98%,freshly electronicstructurecalculation(videinfra)corroborates

distilledoverP20 s). The additionof10% ethanoltothe theobservedgeometry.
solventyieldedidenticalresults.Afterfourdays,thin The anionand thesolventmoleculearebothlocated

darkneedlesstartedtogrow,whereasaftera week the on acrystallographicmirrorplane.The orientationofthe
main growthwas intheform ofblackplates.Once the anion,which containsan approximatelysquare-planar

platesstartedtoform,verylittlefurthergrowthofthe CuC4 coreasinthecorrespondingPNP +salt[I0],issuch
needlephasewas observed.Afterharvesting,thecrystals thatthetrifluoromethylgroupsare disorderedaround

were separatedunder the microscopeand storedover the Cu-C bond inordertoavoidunusuallyshortnon-

dry ice whenever they were not in use. These bondedF".Fcontacts.Similarly,thecarbonatomsofthe

precautionswere necessarysincewe observedsevere TCE moleculewerefoundindisorderedpositions.

deteriorationoftheopticaltransmissionandlossofsharp Overall,therearetwo ET molecularlayersand two

extinctionsbetweencrossedpolarizersinthincrystals, anion/solventlayersperunitcell.The spacegroup and

especiallyoftheneedlephase,overaspanofafewdays. theoverallarrangementofthemolecularcomponentsis

The crystalstructure[Ii]ofthe platephase,*:L" thesame asinthe"high-Tc",c-(ET)2Cu[N(CN)2]Xsalts.

(ET)2Cu(CF3)4.(TCE), 1, was determined by use of The needlephase,2,didnotyieldcrystalssuitablefor

singlecrystalX-raydiffraction.At 298 K,theunitcell singlecrystalX-ray diffraction[12]. A few needles
was found to be orthorhombic,a = 13.169(2),/k,b = exhibitedveryweak, broaddiffractionmaxima which

38.031(3),/k, c = 8.5388(11),/k, V = 4276.4(9),/k3, Z = 4, couldbe tentatively indexed with the same cellas 1, either

space group Pnma. As in most ET-based cation radical due to the inclusion of some zL-phase inside the needle
salts [14, 15], the structure consists of alternating layers of bundles or because the structures of the two phases are

ET molecules and layers of anions (see Figure 1). The very closely related. Other needle crystallites did not
latter also incorporate one solvent molecule per formula exhibit a discernible diffraction pattern at all. The

unit. The layer normal corresponds to the b-axis, composition of 2 was determined by use of energy
dispersive X-ray spectroscopy inside a scanning electron
microscope. Several crystals of 2 consistently showed an
S:Cu molar ratio of 16:1, indicating an ET:anion ratio of

.... 2:1. However, the chlorine content varied from 0.6 to 3 C1

atomsperCu atom,indicatinga variablesolventcontent

(assumingno othersourceofchlorine)between0.2and 1

moleculeofTCE performulaunit.

The ESR peak-to-peak linewidths (at room

temperature)are:1:50G, 2:16 G. However,the ESR

spectraofmostoftheneedlesexhibitasizeableadmixture

of the50 G component,againindicatingthatsome ZL-
phase may be includedinsidethe needlebundles.The

narrow 16G linewidthresemblesthatfound inthe _-

Figure1. Perspectiveprojectionofthe unitcellofzL- (ET)_ salts,whereX isalinear,triatomicanion[14].
(ET)2Cu(CF3)4'(TCE)alongthec-axis. The electricalresistivityofbothmodifications,1 and

2, initiallyincreasedupon cooling,then reached a

The packing arrangement of the ET molecules maximum (Tma x = 150K for1,100 K for2),and finally
withintheconductinglayerisofthe z-typecommonly decreasedinmetallicfashionbelow themaximum. We
foundinmany othersuperconductingET salts,e.g.,z- were not ableto coolthe crystalsto sufficientlylow

(ET)2Cu(NCS)2 and the z-(ET)2Cu[N(CN)2]X (X = Cl, Br) temperatures to observe the superconducting transitions



resistively. A resistivity maximum is characteristic of _-
phase materials, and this trait led us to tentatively label 3. SUPERCONDUCTIVITY
the needle phase 2 as _H(H for high Tc).

The band electronic structure of ZL- Superconductivity in both phases 1 and 2 was
(ET)2Cu(CF3)4"(TCE) was calculated by performing detected inductively with the use of an rf resonance
extended Hiickel tight binding computations [16, 17] for a circuit or an ac susceptometer (Lake Shore Cryotronics,
single donor-molecule layer of the salt, based on the room Inc.) and explored further in dc magnetization studies
temperaturecrystalstructure.Figure2a shows the and rftechniquesappliedtocrystalsunderpressure.For
dispersionrelationsofthefourhighestoccupiedbandsof theplatephaseIinan rfcircuit,we observedtheonsetof

1.Withtheoxidationstate(ET)2+,therearesixelectrons superconductivityat4.00±0.05K (independentof cooling

tofillthefourbands,thus the highesttwo bands are rate).The resonancefrequencyunderwentitsstrongest

partiallyfilled.The Fermi surfacesassociatedwiththese increasenear3.5K and saturatedslightlyabove2K. A
bands,shown inFigure2b,aredescribedbyoverlapping slightlylowersuperconductingonsettemperature(3.5K)

circlescentered at F and its equivalentpositions, was observedintheacsusceptibility(Figure3),probably

Cor,sequently,2 isexpectedto have two-dimensional due to temperaturegradientsin the pumped helium

metallicproperties.The band structureisvirtuallythe cryostat.

same asthatfoundintheK-(ET)2Cu[N(CN)s]X(X = Cl,

Br) salts [5, 18].. 1 .... - - - , ......... ...... . ........

..... _M
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Figure 3. Ac susceptibility (filled symbols: real part X';
, \ / \

[' i ' [ open symbols: imaginary part X")as a function

i i i , ! of temperature for both superconducting;',i '\/ phasesofET:Cu(CF3)4salts.OnsetTc = 4.0Ki

_'-___ ( _:Lphase 1) and 9.2 K (ZH phase 2).

• _, _ In the needle phase 2, the diamagnetic susceptibility
', t1_ / \ l
' ' ' ' _ _ I (Figure 3) showed an onset Tc of 9.2+0.1 K and a rather

!,I) k
// .,,i// '\/ "\ broadtransition(10%-90%width:1.4K),possiblydue to
_._ .__ impurities,but more likelybecause of the random, orientationof microdomainswithinthe needleswith

(b) ___ respect to the magnetic field., :' '_ ' ' " With an applied hydrostatic pressure, the

) i ) { ) ( superconducting transition temperatures in bothmodificationsdecreasedwithincreasingpressure.In_L"
/ ,, _k/ _'_ ; " "

"....._....__'_ (ET)2Cu(CF3)4"(TCE), the decrease was approximately
linear with dTc/dp = -2.5±0.2 K/kbar, whereas in Zn-

Figure 2. (a) Dispersion relations of the four highest (ET)2Cu(CF3)4"(TCE), the initial decrease was dTc/dp =
occupied bands calculated for a single donor- -3.0!_).2 K/kbar, tapering offto --2.2+0.3 K/kbar above ca.
molecule layer of _L-(ET)2Cu(CF3)4'(TCE). 1-1.5kbar.
The Fermi level is represented by a dashed
line. r= (0, 0),X= (a*/2, 0), M = (a*/2, c*/2),

and Z = (0, c*/2). (b) Corresponding Fermi
surfaces in an extended zone.
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[7]V.N.Laukhin,E._.Kostyuchenko,Y.V.Sushko,I.F.

4.CONCLUSIONS Shchegolevand I_.B.Yagubskii,Pis'maZh.Eksp.

Teor.Fiz.41(1985)68.Engl.Transl.:JETP Lett.41

With theuseofa large(comparedtothepreviously (1985)81.

employed, simple inorganicanions)organometallic [8]K. Murata,M. Tokumoto,H. Anzai,H. Bando,G.

anion,Cu(CF3)4-,we have discoverednotone,but two Saito,K. Kajimuraand T.Ishiguro,J.Phys.Soc.

n_.worganicsuperconductorsin the ET family. The Jpn.54 (1985)1236.

bettercharacterizedofthetwo,zL-(ET)2Cu(CF3)4'(TCE), [9]J.E. Schirber,L.J.Azevedo, J.F. Kwak, E.L.

isisostructuralwiththe"high-Tc"z-(ET)2Cu[N(CN)2]X Venturini,P.C.W.Leung,M.A.Beno,H.H. Wang
(X =CI,Br)salts.However,theanionlayerinthepresent and J.M.Williams,Phys.Rev.B:Condens.Matter

compoundshasmuch morespatialextentinthedirection 33 (1986)1987.
normaltotheanionlayer,thusforcingtheconductingET [10]D. Naumann, T.Roy,K.-F.Tebbe and W. Crump,

molecularlayersapart by an additional-4 ]k. This Angew.Chem. Int.Ed.Engl.32(1993)1482.
increaseddistance,and thedisorderintheCF3-groupsof [11]J.A.Schlueter,U. Geiser,J.M. Williams,H.H.

theanionand inthesolventmolecule,leadtoa lowerTc Wang, W.-K.Kwok, J.A.Fendrich,K.D.Carlson,

comparedtothedicyanamidesalts(4K vs.12K). The C.A.Achenbach,J.D.Dudek,D.Naumann, T.Roy,
superconductingneedlephase 2 has a much higherTc J.E.Schirberand W.R. Bayless,J.Chem. Soc.,

(9K),butitsdetailedcharacterizationawaitstheadvent Chem. Commun. (1994)inpress.

oflargercrystals.The resistivitydatasuggesta z-type [12]J.A.Schlueter,K.D.Carlson,J.M. Williams,U.

structurefortheneedlephase.In summary, monomeric Geiser,H.H. Wang, U. Welp, W.-K. Kwok, J.A.

organometallicanionshave proven suitablefor the Fendrich,J.D. Dudek, C.A. Achenbach, D.

synthesisof new organicsuperconductors.Further Naumann, T.Roy,J.E.Schirberand W.R.Bayless,
studiesonrelatedmaterials,e.g.,thecorrespondingsilver Physica(Amsterdam)C (1994)inpress.

complexes,areunderway. [13]T.J.Emge, H.H.Wang, M.A. Beno,J.M.Williams,
M.-H.Whangbo and M. Evain,J.Am. Chem. Soc.
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