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The discoveryof extraordinaryconductivitymaximain a classof organic
chargetransfersaltsis reported.The dataare interpretedasresultingfrom
superconductingfluctuationsathigh temperatures.A possiblemechanism
for achievinghigh temperaturesuperconductivityis suggestedbasedon the
electron—phononinteraction,in the strong-couplinglimit, andthePeierls
soft-modeinstability in pseudo-one-dimensionalsystems.Proceduresare
suggestedfor thepossibleeventualstabilizationof thesuperconducting
state.

WE REPORTin this letterthe discoveryof extra- (TCNQ) with ametal—insulatortransitionto a mag-
ordinary electricalconductivity maximain a classof netic semi-conductinglow temperaturephaseoccuring
organicchargetransfersalts.We interpretthesedata at about200K.~3The critical role of cationpolari.z-
asarisingfrom superconductingfluctuations(i.e. para- ability in reducingtheelectron—electronCoulomb
conductivity)associatedwith a tendencytowardhigh repulsionso asto makepossiblethe achievementof
temperaturesuperconductivityin thesepseudo-one- the metallicstatein suchnarrowbandsystemswas
dimensionalsolids.The groundstateof thecompounds first demonstratedin the(NMP) (TCNQ) work.1 As
thusfar studiedis, however,that of a Peierlsinsulator; part of acontinuingeffort tostabilizethe metallicphase,
we havenot yet beenable to stabilizethesupercon. otherdonorcationshavebeenconsidered.Thereare
ductingstate- We proposea possiblemechanismfor two basicrequirements:(1) largecationpolarizabiity,
achievingsuchhigh temperaturesuperconductivity and(2) relativelysmall size.Theformerhasbeen
basedon the electron—phononinteractionandthe thoroughlydiscussed;1’4’5the latter follows from the
Peierlsinstabth , and then outlineproceduresfor factthat the interactionbetweentheconducting
the possibleeventualstabilizationof the supercondu:ti1:~. electron andtheinducedpolarizationdipole variesas
statein suchsystems. r~.Consequently,uponthe reportof the initial

characterizationof tetrathiofulvalene(TTF) by Wudi

The organicchargetransfersaltsbasedon tetra- et al.,6 it seemedclear7thatsystemsof this general
cyanoquinodimethan(TCNQ) form a particularly kind wereprime candidatesfor stabilizingthemetallic
interestingandnovel classof solids.Theexistenceof state,beingboth relatively smallandpossessinga
ametallicstatehasbeendemonstratedin (NMP) largemolecularpolarizability asa resultof the low
______________ energyelectronic transitionsarisingfrom thesulfur

* heteroatoms.That the resultantTI’F cationsarealso
Supportedby the National ScienceFoundation open-shellsystemsand thuspotentiallymetallic pro-
throughthe Laboratoryfor Researchon the Struc
ture ofMatter andGP-29583,andthe Advanced vided an additionalattractivefeature.
ResearchProjectsAgencythroughDAHC 1 5-72C-
0174. The questionof superconductivityin organicsalts

in th’ strong couplingpolaronlimit was considered
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previously,4~5whereinit was concludedthat super- freely suspendedcrystals(notethat evenwith such
conductivity via anexcitonicmechanismwasunlikely, low currents,thecurrent densitywas in the rangeof
Superconductivityvia theusualphononmechanism 0.3AJcm2).The voltagewasmeasuredwith a Keithley
appearedpossibleif themetallic statecould be nanovoitmeterwith maximumsensitivity of 3OnV
stabilized, full scale.Underthesecircumstances,theminimum

detectableresistancewas 5 X l0~ci. The room tem-
peratureconductivity of thesampleof Fig. 1 was

SOC I I measuredas 0RT = l837(flcm)”’ , the absolute

— i’r - accuracybeinglimited to about±10 per centdue to
460 : uncertaintiesin sampledimensionsasmeasuredby

(TTF) (TCNQ) reticleandmicroscope(sampledimensionsappropriate
- to Fig. I are:lengthbetweenvoltageleads,0.2mm;

7S8 • 1’ width, 0.1mm;andthickness,0.033mm).The maximumconductivityobservedat 58K thushas the extraordi-

lip — .11 = nary valueof Umax> 106 (cicm)’’ with a slope (doi’r .~ dT)which appearsto be divergent.

300 z :~ A conductivity of this magnitudesimply cannot

°‘ 260 - • —, be understoodon thebasis of conventionalmetallic

~RT . r conduction.Theunit cell volume of (TTF) (TCNQ)

220 - is approximately220A3.’°Allowing for two carriers
- perunit cell (an electronon TCNQ anda mobile

80 - 4 — hole on TTF~),the resultingcarrier densityis 8 X 1021
S

—, or roughly a factor often timessmallerthan thatof
140- U • —

coppermetal.For comparison,the room temperature
- ~ I - conductivity of Cu is 6 X l0~(czcm)~, andthemean

100- • 4 —

- freepathhasbeendeterminedas X~= 420A.’1 Thus.

Go - ~ - if the bandwidthwere thesameasin Cu, a maximum
- — meanfree path greaterthan onemicron would be

20 -

implied. The actualbandwidthis almostcertainlymuchless than that of a nearlyfree electronmetal,
20 60 100 (40 180 220 26.0 300 andthe structureis highly anisotropic.Detailed

T (°K) studies~”3’7of thetight-binding system(NMP)(TCNQ)

FIG. 1. Temperaturedependenceof the conductivity yieldedW 0.1eV. Similar numbersarerelevantto
of (TTF) (TCNQ)singlecrystal. (TTF) (TCNQ) asevidencedby themagnitudeof the

room temperaturespin susceptibility’2’13andnuclear
relaxationrates.14For the tight-bindingone-dimen-

In Fig. 1, we showa plot of the normalizeddec. sional limit, the meanfree path is givenby3
trical conductivityasa function of temperatureof a
singlecrystalof (1’TF) (TCNQ).Thedatawere ob- = cnrh
tamedby theusual four-probemethodwith samples VFT = 2Ne2a
mountedon one-milgold wires asdescribedearlier.3 whereN is thecarrier density,a the latticeconstant
Thecrystalswere solutiongrown from purified(TTF)
(TCNQ)materialsynthesizedin our laboratory.8’9 alongthechain,e the electroniccharge,andathemeasuredconductivity.Note that thebandparameter.
The temperaturecontrolwasachievedthrougha i.e. thetight-bindingtransferintegral,cancelsout of
double-cancryostatwith the inner canback-filled with
heliumexchangegas.3A constantcurrentsource equation(1). Takinga ~ 3.8A,one estimatesXm~>2100A.Suchenormousscatteringlengthsare not
supplying10~Awas used(doublingthe testcurrent possiblein systemssuchastheseat the temperatures
doubledtheresultingvoltageindicatingohmic be- in question.The Debyetemperatureof(TTF)(TCNQ~
havior). All measurementswererestrictedto test asobtainedfrom the T3 termin the low temperature
currentsin this rangein orderto preventheatingthe
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heatcapacityis 90K.’5 Thus,thestrongelectron— / ire2 \ R3/2 — N~(~) (3)
phononscatteringthat limits the room temperature — 1\ i~)-i:’~
conductivitywould still be operativeat 60K(witness
thevariationof o(T) for Cu or anyothersimplemetal wheree = (T — T~)/T~

0andfi (e) is a slowlyvarying
in thevicinity of its Debyetemperature).Thesequan- function of e with magnitudeof orderunity in the
titative arguments,togetherwith the qualitative strongpairbreakinglimit appropriateto thematerials
sharpnessof the a vs. Tanomaly,suggestthat the in question.In theaboveexpression,RN/L is the
excessconductivityis to beinterpretedasarisingfrom resistanceperunit length of the I — d chains(cross-
superconductingfluctuationsabovei,, i.e. para- sectionalareadeterminedby themoleculardimensions
conductivity, of TTF and TCNQ), and~(0)is thesuperconducting

coherencelengthevaluatedat T = OK. The singleun-
known in equation(3) is the coherencelength~(0)

P ‘‘‘~‘ ‘i (RN/L is estimatedfrom thenormal stateconductivity
00 which is takenasapproximatelyI 0~(cicm)’ or haif

(TTF) (TcNO) of the room temperaturevalue).From theexperimental
dataas shown in Fig. 2, one finds�r 7.3. A simple
calculationthenleadsto theestimatedvalueof E(0)

0~ t
~ 50A asinferredfrom theparaconductivitythrough

0 equations(2) and(3). Although certainlya rough
estimate,it is noteworthythat this valueis of the
correctmagnitude.The BCS valuewould be ~(0) =

2h vF/n(3.5 kT~)with hvF = EFa, for a I — d tight
binding band.UsingthevaluesforEF ~ 0.2eV’

3 and

_____________________ _____________ ~ 60K, one estimates~(0)~ 25A.
10 ~00

The behaviorshown in Figs. I and 2 is nor typical

for (TTF) (TCNQ). This apparentlydivergentcon-

FIG. 2. Log—log plot of the conductivityof (TTF) ductivity hasbeenobservedin only threesinglecrys-
(TCNQ)singlecrystal vs. (T—T~)whereT~= 58K. tiasout of approximatelyseventywhichhavebeen
The straightline hasslopeof —1.5. measured.Theseparticularcrystalshadexcellent

morphologywith exceptionallysmoothfaces.The

Furtherconfidencein this interpretationcanbe ‘typical’ conductivity behaviorexhibitedby theother
foundin the log a vs. Iog(T — T~)plot shown in Fig. 2. crystalsis shown in Fig. 3 for comparison.The typical
Thestraight line behaviorindicatesa (T — Ta)” de- curve follows the divergentcurve athigh temperatures,
pendencewith n = 1.5 and T~= 58K. In Fig. 2. we but breaksawayas thetemperatureis lowered,cx-
plot the totalconductivity,not a — 0N~sincethe true hibiting a weakermaximumat or very near the diver-
valuefor UN cannotbe determinedfrom the data.The gencetemperature.It appearsthatextrememicro-
n = 1 .5 powerlaw is suggestiveof fluctuationsin a scopicperfectionis requiredto obtain thedataof
one-dimensionalsystemwheren 3/2 would be ex- Fig. 1. Thereis in additionsomeindicationof strain
pected.16Note that subtracting0N would tend to sensitivity with characteristicallyhighervaluesfound
bring the dataontothen = 1 .5 straightline overthe with smallerdiametergold wiresandsmallersilver
entiretemperaturerange.In plotting the dataasin paintcontactareas.However,takenat facevalue,the
Fig. 2, we implicitly neglectthetemperaturedepen- dataindicatethat the divergentbehavioris charac-
denceof 0N.This will not be misleadingaslongas teristic of only rare microscopicallyperfectcrystals

0N variesslowly comparedto the total conductivity. of(TTF)(TCNQ). It is to be notedthat for a given
With thesequalifications,onecanattempta corn- crystal the dataarereproducibleon successiveruns,
parisonwith thetheoreticalexpressionof Patton17 and no discontinuity or signifIcanthysteresisis ob-

served.Sinceit appearsthat thegroundstateof (TTF)
U — 0N = (/)3/2 f

1 (e) (2) (TCNQ)is that of a Peierlsinsulator(seebelow),the

UN break-awayandweak maximumtypically observed
might result from imperfectionsin thecrystal.The
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Peierls instability then occursnon-uniformly over the ultimately arisesfrom thedivergencein the tempera-
samplewhereasthe rare divergent behavior signifiesa tare depenLent Lindhard function in one dimension.
uniformPeierls soft-modetransition over macroscopic To stabilize the structure, weadd a small amount of
regions, residualdisorder, in addition to the thermaldisorder,

throughthe randomorientation of the asymmetric
cation. The disorder is a small effect; much smaller

lOG T1 ‘1 i I I I I I I thanthatpresentin (NMP)(TCNQ). Havingdemon-

- strated that the electronic properties of the NMP
- compoundare notdominated by disorder,’9 there is

- (TIF) (TCNO) - little doubt that the added methyl groups (Fig. 4)
- - representa small perturbation which might,however,

ye - - be sufficiently large compared to kBTto aid in the
- - stabilization of the structure. Theresults on (AT’rF)
- 1 - (TCNQ) are reproducible with T~,decreasedsome-

- I - what, qualitatively as expected.
60-1 -

- - Despiteconsiderableeffort overa threemonth
52 - - period,we havenotyet beensuccessfulin obtaining

*T. - - singlecrystalsof (ATTF) (TCNQ) of a size suitable

- t I - for four-probeconductivitymeasurements.As a re-
I - sult, we havedevisedanexperimentaltechniquefor
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FIG - 3. Temperature dependenceof the conductivity
of (1’TF) (TCNQ) singlecrystal(—. — • —) and of 1~FLOM /
(TTF) (TCNQ) typical crystals(.... 0 — ~ _), E BLOCK

SILVER ~IN’T- a
FIG. 5. Schematicdiagramof the voltage-shorted

I.l$C~ ) compaction(VSC) device.

CM5

s” ~‘s I., obtaining information on the bulk propertiesfrom

CM compactionof samples.Thevoltage-shortedcom-
paction(VSC) deviceis shownschematicallyin Fig. 5.
Compaction conductivity measurementsof metallicFIG. 4. Molecular structure of ATTF. . . -

organic salts typically showan exponentially activated
behavior with the activation arising from inter-particle

As a fIrst attempt to stabilize the crystal structure, contact resistance.The essenceof the voltage-shorted
we have synthesizedthe related cation

18 cis(trans)- compaction is to allow current paths betweenparticles
dimethyltetrathioflilvalene (ATI’F) shown in Fig. 4. near the compactionsurface via the conducting silver
Themotivation is straightforward. The Peierlsinstability paint short and thereby to wipe-out the interparticle
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activationeffect.The result is a complicatedseries- relativelynarrowmaximumcenteredatabout50K, as
parallelnetworkwhichhasbeenmodeledandanalyzed, shownin Fig. 6. This characteristicbehavioris all the
andwill bepresentedin detailin a subsequentpaper.20 moreremarkableon recallingthat thecompactionis
For ourpurposeshere,it issufficient to notethatwe shortedby ahighly conductingsilver paintandthat
haveverified the qualitativebehaviorexperimentally only thosecurrentlinespassingthroughthelayerof
by studyingcompactionsof (NMP) (TCNQ). Whereas particlesadjacentto thesurfacecan avoid theinter-
regularcompactionsof (NMP) (TCNQ) showancx- particlecontactproblem,so thatasmall thickness
ponentiallysmallandthermallyactivatedconductivity of theactualmaterial is involved.The devicecon-
(A ~ 0.07eV),avoltage-shortedcompactionof this ductivity doesnot divergesincethe limiting con-
compoundclearlyreflectedtheweakandbroad ductivity (i.e. with 0b~ infinite) is determinedby the
maximumwell-knownin singlecrystal studiesof this inter-particlecontactthroughthesilver paint.In the
compound.”3VSCdataon thesymmetric(TTF) regionwhereGlORy>> 1, log—log plotsindicate
(TCNQ) showavery weakmaximum,with ~~/~RT (T—TJ” behaviorwithn = 1.5 ±0.3 and77~,~ 50K.

2, i.e. comparableto the non-shortedcompaction The asymmetrizedT~Fcation,therefore,hassolved
datafor thiscompound.Thus,no evidenceof the thereproducibilityproblem.Single crystal dataare
divergentparaconductivityis seenin thepolycrystalline clearlyneeded,andcontinuedattemptsare in progress.
datain agreementwith the frequencyof occurrencein However,thevoltage-shortedcompactiondeviceshould
single crystals.On the contrary,typical voltage-shorted proveavaluabletechniquefor evaluationof new
compactiondataon (ATTF) (TCNQ) are shownin systems.
Fig. 6. The voltage-shortwas adjustedto give room
temperaturevaluesof about0.1S2 for the four-probed We havesuggestedthatalthoughthedivergent

conductivity resultsfrom superconductingfluctuations,
thephasetransitionisaPeierlsinstability to anon-

bC ~- I I magneticinsulatinggroundstate.Theexperimental
I I I I I I I I I I evidenceleadingto this conclusionis summarizedin

60 - - thefollowing facts.At low temperature,T<< 60K,
(ATTF)(TCNO) the singlecrystalconductivitybecomesexponentially

- - small2’ [O(4.2~ ~ lCF~(~2cm)’J.Thespinsuscepti-
Ill biity is small’3 andshowsa monotonicdecrease

70 - - with decreasingtemperature.The limiting low temper-
aturebehaviorindicatesa non-magneticgroundstate.

60 - Nuclearspin—latticerelaxationstudies14(40MHz) on

I ~ protonsin themetallic stateof (TTF) (TCNQ) show
- j~~ - asingle relaxationtime with no evidenceof significant

- electron—electroninteractions(x’ T
1 T= const.),as

- 4 further confirmationthat only theelectron—lattice
- 4 - interactionis involved.Finally, thefact that thesub-

¶ stitution of the disorderedasymmetriccationlowers
- / — the transitiontemperatureis consistentwith a rounding

of thepeakatq = 2kF in the temperaturedependent
io J - Lindhard function.

~ ~, ~~jL Given this interpretation,theobviousquestion
to be answeredis why do thefluctuationstoward

I (1()
superconductivityappearjust astheelectron—lattice

FIG. 6. Temperaturedependenceof (ATTF) (TCNQ) systemapproachesthePelerisinstability?We suggest
voltage-shortedcompactionconductivity, that theanswerlies in the natureof thePeierlsin-

stability itself. As T-~ 7, (the Peierlstransitiontern-

effective resistance,althoughtheprecisevaluewas not perature),the phononspectrumgoessoftnearthe
crucial. In every case,theVSC datashowa largeand zoneboundarywhich is locatedat 2kF for the
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half-filled bandin I —d. A straightforwardanalysisof mechanism,i.e. the ionizationpotential is phonon
theidealizedone-dimensionalsystemyield modulated.We seeno physical reasonto expect

= ~J[K — 72F(q, thepolaronorthogonalityto affect sucha mechanism.
sin ~ qa (4) On theotherhand,electron—phononcouplingvia

modulationof the tight-bindingtransferintegral,

whereK is the springconstant,m the molecularmass, beingsite-non-diagonal,would be expectedto re-
F(q,T) the I — d tight-bindingLindhardfunction normalizejust asthebandwidthitself is narrowed
and~yis the electron—phononcouplingconstant.For exponentiallydue to the polaronorthogonality.Thus,
adetailednumericalanalysisof F(q, T), seereference theusual strong-couplingrenormalizationcanunder
2. Thus,asT—~7, andw(2kF) —‘ 0, the lattice re- thepropercircumstancesbe avoided,therebyleading
sponsedivergesandan anomalouslylargeindirect potentially tohigh temperaturesuperconductivityvia
attractiveelectron—electroninteractionmight beex- the conventionalelectron—phononinteractioncoupled
pected.This is particularly significantfor a 1 —d with the high densityof statesof t~ exponentially
systembecause2kF spanstheFermi surface,and narrowedband.25’26Note that thecon&t. ~.

would thusleadto pair—pairscatteringnear6F asre- validity of the smallpolaronapproach,2~L~)f t.

quired for superconductivity.~Theconventionalargu- appearsto be a naturalconsequenceof the soft.node
ment,however,would indicatethat as thesystemap- Peierlsinstability sincethe zc’ne-boundaryphonons
proachesstrong-coupling.the renormaiizationeffect approachzero as T—~7. Oh~oous1y.many questions
dominates(X~—. X,

0/1 + X~)andT~is therebylimited.
23 havebeenraised.However,theseideasappearat~rac-

The datapresentedhere indicatesuperconductivityat tive as a first attemptat an explanationof the datr
temperaturescomparablewith, butsomewhatgreater presentedin this paper.
than,themaximum estimatesof strong-coupling
theory.23However,the strong-couplinglimitation Procedurally.the importantquestionis whether
maynot begeneral.Forinstance,in thetrue strong- or not one can stabilizesucha systemjust abovethe
couplinglimit, theproblemmay be approachedfrom Peierlstransitionwherew(2k

1)� 0. so that on low-
thepoint of view of small polarontheory.Usingthe ering the temperaturethesuperconductingstalebe-
resultsof Chaikin et al.

5 for the degeneratepolaron comestruly stable.Thereare severalpossibleavenues:

problem(equation(5) of reference5), the indirect (1) additionalstructuraldisordercarefully designed
attractiveinteractionmaybe written to limit F(q, T= 0)~(2) sterichindranceof the Peierls

dimerization;and(3) someweak two-dimensional

H” 2A i~k(~1~k~07hj0 coupling to limit F(q, T= 0). Theseare currently being
pursuedin our laboratory.

ad (5)
[exp~ik. ~r~—r

1)} + exp {—ik - fr~—

The Peierlsinstability—superconductivitycon-

= Nk~,(F~/k~q)G~+q0cka c’~_~0~C’k’0 nectionsuggestedin this paperis a specificexampleof a generalcompetitionof k-spacevs. real-space
pairing.The ideasare more generallyapplicable at

whererk = 27(2Nmwk)
1sin2 ~ka is of the form ap- leastqualitatively) to three.dimensionalsystemswith

propriateto theelectron—phononinteraction.Note unstablecrystallinestructuressuchasthe weil-I~.cv.’n
9.

thatequation(5) is valid when thepolaronbinding A—ishigh temperaturesuperconductors.
energy,EB, is greaterthan thetight-bindingtransfer
integral.24Undersuchcircumstances,small polaron Acknowledgements— We aregrateful to P. Nigrev
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La découvertedesmaximasextraordinairesdeconductivitédansuneclasse
de selschargestransferCsest rapportée.LesdonnCessontinterpretees
comznerésultatsdesfluctuationssupraconductivantesihaut temperature.
On suggIreun mCcanismepossiblepouracheverha supraconductivitCa
hauttemperature,fondéesur l’int~ractionClectron—phonon,dansla himite
d’accouplementfort,et surI’instabiité de lamodedoucedePeierlsdans
!es systImespseudo-uni-dimensionnelles.On proposedesmCthodespour
Ia stabiisationpossibleet Cventuellede l’Ctat supraconductivant.


