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ElectronicstructureoftheorganicsuperconductorK･(BEDT･TTF)2Cu(NCS)2lwhereBEDT-TTF
ishis(ethylenedithio)tetrathiafulvalene]studiedbyscanningtunnelingmicroscopy
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Thebis(ethylenedithio)tetrathiafulvalene(BEDT-TTF)moleculesinK-(BEDTITTF)2Cu(NCS)2
Crystalswereobserveddirectlybyscannlngtunnelingmicroscopy.Carrierdistributionobservedon
theliEDT-TTFmoleculeswereingoodagreementwiththeelectronicstructurecalculatedbyan
abinitiomethodbasedonthedimerizedmolecularstructuredeterminedbyA-raydiffraction.The
layerstructureconsistingofastackoralternateconductiveandinsulatinglayerswasclearlyob-
served.

Organicsuperconductorshavebeenstudiedextensively
becauseoftheirhighpotentialdeslgnabilityforthesuper-

conductivity･1~6Theyhavealayerstructureconsisting
ofastackoralternateconductiveandinsulativelayers.
Thecriticaltemperaturestronglydependsonthemolecu-

larstructuresinthoselayers.Recently,bandstructures
havebeen calculatedonthebasisortheirmolecular

structuresdeterminedbyx-raydiffraction,andtheexper-
imentalresultsontheelectronicstructures,suchasthe

Fermisurface,ofthosematerialshavebeenthesubjectof
considerableattention.7 sincethosecalculationswere

performeduslngthemolecularorbitals,itisveryImpor-
tanttodirectlystudytheelectronicstructuresorthemol-
eculesinthecrystalsinordertocheckthetheoretical
modelsandtounderstandtherelationshipbetweenthe
molecularstructureandthesuperconductivity.

Inthispaper,Wepresenttheresultsorthescanning

tunneling microscopy (STM)observation.of the K-

(BEDT-TTF)2Cu(NCS)2 CryStal [BEDT-TTF is
bis(ethylenedithio)tetrathiafulvalene] which was the
highestTc organicsuperconductorinambientpressure
(㌔ -10.4K)untilrecently.8TheSTM imageorthe
BEDT-TTFmoleculeinthecrystalwasinterpretedsatis-
factorilybytheelectronicstructurecalculatedbytheab
initiomethod.

The crystalstructure ofK-(BEDT-TTF)2Cu(NCS)2
determinedbyx-raydi駄actionismonoclinic(α:1,6248
nm;b:0.8440nm;C:1.3124nm;8:110.30 0; V:1.688
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nm3 at298K),and consistsorastack ofalternate

BEDT-TTFlayersandCu(NCS)2layersparalleltotheα
axis(Fig･1)･9,10 Thehexagonalringatoneendorthe
BEDT-TTFmoleculeismoredistortedthanthatatthe

othersideorthecrystal,asshowninFig.1bythe
hatchedcross.

FIG･1･Crystalstructureor〟-(BEDT-TTF)2Cu(NCS)2.Dis-
tortedhexagonalringsaremarkedbyhatching.(□:Cu;○:S;●:C;○:N).
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A singlecrystalwaspreparedbytheelectrochemical
oxidationofBEDT-TTFina1,1,2-trichloroethanesolu-
tionundertheconstantcurrentorl･5J↓A atroom tem-
perature using potassium thiovyanate,copper (I)

thiocyanate,and18-crown-6etherasthesupportingelec-
trolytesandplatinumrodsastheelectrodes･9 Thecrystal
hasadistortedhexagonalshapeandthesizeisabout0.05
mmx2mmXlmm inthedirectionsorα*(perpendicu-

lartotheb-cplane),bandcaxes,respectively.
Thecrystalwas丘Xedontoacopperplatewithconduc-

tivesilverepoxyandtheSTM observationswereper-
formedoverthecrystala-bandb-cplanesinairatroom
temperatureusingPt-Irtips.Thecrystalsurfacewas
veryshiny.Noparticularsurfacepreparationforthe
STM observationwascarriedoutexceptfわrrinslngln
deionizedwater.

Figure2(a)Showsthecurrentimageobtainedoverthe
crystala-bplane.ThetlPVOltagetothesamplewas22.9
mV.Alternatebrightanddarkbandscanbeseenalong●
thebaxis.ThelineprofilealonglineAl-A21nFig.2(a)
isshowninFig.2(b).Theperiodorthisstructureis1.70
nm andisclosetothelatticeconstantalongtheαaxis
(1.6248nm).Accordingtotheresultsobtainedbytech-
nlqueSSuchasESR,electronspectroscopyforchemical

(b)

FIG.2.(a)Currentimageofthecrystala-bplane(Vt=22･9

mV,10.2nmXIO.2nm).(b)CrosssectionalonglineAl-A2in
(a).(a:latticeconstant;ll_4:distancebetweentwoSatomsin
thehexagonalringsatbothendsorBEDT-TTFmolecule(0.86
nm)】.
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FIG.3.HOMO structureorBEDT-TTF moleculeat

lQ l2-0.081bohr~3 calculatedbytheabinitiomethod.The
shapeorthehexagonalringontherighトhandsideismoredis-

tortedthanontheleft-handside.

analysis(ESCA),and A-ray-diffraction measurements,
throughthetransferofahalf-electronfromeachBEDT-
TTFmoleculetotheCu(NCS)2layers,theCu(NCS)2lay-
ersbecomeinsulativeandtheBEDT-TTFlayersbecome
two-dimensionally conductive･10 Actually'thetyplCal
valueoftheconductivitynormaltotheb-cplaneisabout
600timesassmallasthatintheb-cplane･1lSTM would
notworkwellinaconstantcurrentmodeoverthea-b

planebecauseorthepresenceorthoselow-currentre-
glOnS.Therefわre,theperiodicbandimageisexpectedto
reflectthealternatestackingstructureoftheconductive
BEDT-TTF cationlayersandtheinsulativeCu(NCS)2
anionlayers.

Sincethefoursulfuratoms,whichareclosetotheob-
servedsurfaceandwillcontributetotheSTM image,la-

beled 1-4intheBEDT-TTF molecules,arearranged
nearlyequidistantfromthea-bplanelFig.2(b)],thetun-
nelingcurrentfrom thesefoursulfuratomsinaBEDT-
TTFmoleculeshouldbealmostequalirtheirelectronic
structureremainsinthesamestate.Thedistancebe-

tweentheoutermosttwoSatoms(1and4)ofthehexago-

nalringsortheBEDT-TTFmolecule,indicatedbyJl_4

inFig.2(b)asdeterminedbyx-raydi駄action,is0.86nm.
ThecorrespondingreglOnisalsoindicatedinthepro丘le
byahatchedarea.Asisshowninthepro丘leinFig.2(b),
thecurrentintensityfromthebrightbandsarenotequal
forthesefoursulfuratoms,whichindicatesthepresence
orthecarrierconcentration around thecentralTTF

molecularpart.Figure3showsthedistributionorthe
highest occupied molecular orbital (HOMO) at
lQ l2-0.081bohr-3calculatedbyanabinitiomethod.
ThehighconcentrationorthecarrierdensltyOnthepart

FIG.4. STM currentimageofthecrystalb-cplane
(Vt-120.8mV,3.7nmX3.7nm).
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FIG.5.MoleculararrangementorthecrystalprqIectedon
thecrystalb-cplane(D:Cu;o:S;+:C;o:N)･

ortheTTFmoleculeisclearlyvisible,whichisingood
agreementwiththeexperimentalresultwrittenabove.
Indiscernibilityofthetwosulfuratomslabeled2and3in
theprofileimagemaybeduetothefactthattheSTM tip●
probesthelowerdensltyOrState,thecontourorwhichis
rathersmooth.

Figure4showsacurrentimageovertheb-c plane.
Thetipvoltagewas-20.8mV.Thefourtypesofpro-
trusionsobservedarelabeledA-D inFig.4.Theob-
servedsizeortheunitcellis0.97nmXl.70nm and

agreeswith0.8440nmX1.3124nm asdeterminedby又-
raydilfractionforthebulkcrystal･10ThediHerencebe-
tweenthesevaluesisconsideredtobeduetothermal

drift.Ofthefourtypesofprotrusion,Cissmallandless
bright.Almostthesameimagewasobtainedfわrthein-
versevoltage.Thisresultindicatesthatthesurfaceelec-
tronicstructureobtainedismetallicandthattheSTM

imageobservedisexpectedtoreflectthemolecularstruc-
tureortheconductiveBEDT-TTFlayer.However,since
thecrystalstabilitylSassuredbythesandwichedstruc-
tureorthecationlayersbytheanionlayers,thetopmost
layerisassumedtobeananionlayer,whichmustbetak-
enintoconsiderationinordertoanalyzetheSTM im-
ageS･

Figure5Showsthetopvieworthemoleculararrange一
mentovertheb-cplane.Sincethetunnelingcurrentis
verysensitivetothedistancebetweenthetipandtheob-
ject,itismostimportanttoconsideronlythoselobes
whichstandoutfrom thetopringsofthemolecules.
Therefore,theuppertworlngSOftheBEDT-TTFmole-
culeswhichareclosertothecrystalsurfacearedrawnin
theFig.5,togetherwiththeanionpositions.Since,in
thehexagonalrlng,thelobesorHOMO aroundtheS
atomsarebigaccordingtotheabinitiocalculation,the
positionsorthelobesoftheSatomsintheuppermost
ringsaremarkedinFig.5byellipses,whichshouldbe
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FIG･6･STMimageofthecrystalb-cplanesuperimposedon
themolecularstructuredrawninFig.5(Vt--20.8mV,3.7
nmX3.7nm).

ComparedwiththeSTM imageobtained.Thesizeorthe
lobesincreaseswiththedegreeordistortionoftheupper
hexagonalringofthemolecule(Fig.3).Thus,asis
showninFig.5,theimagesormoleculesαandcareex-
pectedtobelessbrightthantheimagesorthedistorted
moleculesbandd･Inaddition,theSTM imagesofthe
cationsareinauencedbytheanionsinthetoplayer,as
describedelsewhere,12,13 sotheimageormoleculesc,
whichareclosertotheanioninthetoplayerthanmole-
culesd,mustbetheleastbrightoftheseprotrusions.
Therefわre,protrusioncinFig.4shouldbeasslgnedto
themoleculescinFig.5,andtheprotrusionsA,B,andD
canbeasslgnedtoa,b,andd,respectively.Figure6

ShowstheSTM imagesuperimposedonthemolecular
structuredrawninFig.5.Thebrightnessdistributionin
eachprotrusionoftheSTM imageshowsasatisfactory
agreementwiththetheoreticalmodelcalculatedbythe
abinitiomethod(Fig.3).

Inconclusion,BEDT-TTFmoleculesintheK(BEDT-

TTF)2Cu(NCS)2CryStalwereobserved bySTM.The
STM imagewasingoodagreementwiththecalculated
electronicstructureorBEDT-TTFmoleculesinthecrys-
tal･Thelayerstructureorthecrystal,consistingorthe
conductiveandinsulativelayers,wasclearlyobserved.
Theseresultsindicatethatsuchcalculationisusefulin

●
analyzlngtheelectronicstructureorthesematerials.
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FIG 2 (a)CurrentImageOrthecrysta一a-bplane(Vl-22･9

mV,)02nmXIO2nm)･(b)CrosssectlOna)ongl)neAl-AZln
(a)(a laltlCeCOnSlanL;/1_4 dIStanCebetweenlWOSatomsln

lhehexagonalrlngSalbothendsorBEDT-TTFmolecule(086
nmI】



FIG 4 STM currentImageOrlhecrystalb-cplane
(Vt--208mV,37nmX37nm).



FIG 6 STMImageOrlhecryslalb-cplanesuperlmPOSedon
themolecularstructuredra､vnlnFlg 5(VI--208TTIV,37
nmX37nm)


