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THE 38K TRANSITION IN TTF—TCNQ VIEWED AS A PERCOLATIONPHENOMENON*
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The d.cconductivity,staticdielectric constantandthermopowerof
TTF—TCNQ havebeencalculatedfor temperaturesbelow54Kwithin
a self-consistenteffectivemediumapproximation.TTF—TCNQ is assumed
to consistof smallregionswhich are semiconductingand otherswhich
are highly conducting.The conductingregionshavea largenegative
dielectric constant,a larged.c.conductivity anda negativethermopower;
the semiconductingportionshavea largepositivedielectricconstant,an
activatedd.c.conductivity anda largepositivethermopower.Thevolume
fractionof conductorincreasesfrom zero at T= 0 to unity at 54K. The
model is thefirst to reproducethe observedmetal—insulatortransition
(e.g.the d.c.conductivity anomaly)near38K. The dielectricconstant
is calculatedto rise initially with temperatureandthenbecomenegative
as thetemperatureincreasesabove38K. The thermopowerchangessign
below54K andincreasesvery rapidly at 38 K.

IN THIS PAPERwe discussseveralpropertiesof tetra- portionsof thematerialto becomeconducting.Because
thiofulvalenë—tetracyanoquinodimethane(TTF—TCNQ) the systemis below thetransitiontemperaturethese
for T< 54K from theviewpoint that the systemis excitationshaveonly a finite lifetime. Nonetheless,at
spatiallyinhomogeneous.We will describeTTF—TCNQ in anyinstanttherewill bea definitevolume fractionf of
termsof a simplemodelwhich doesnot containall of the solid whichis conducting.Thesystemis thusspatially
the detailsof the systembutwhich doespossessmany inhomogeneous,beingcomposedof bothconductingand
of the importantfeatures.As indicatedby specificheat semiconductingregions.If (i(T) is the order parameter
measurements,1at approximately54K TTF—TCNQ of the orderedphasethen k1i(T)12 is proportionalto the
undergoesa secondorderphasetransition.Thehigh volume fraction 1 — f of insulator. Wewill use a simple
temperaturephaseis highly conducting,while at low meanfield theoryandassumethat the temperature
temperaturesthereis semiconductingbehavior.2Infrared dependenceof i/.i(T) is the sameasthe temperature
studies3suggestthat TTF—TCNQ canbe describedin dependenceof the BCSgap parameter.
termsof the Peierls—Fröhlichpicture4andwe wifi adopt This temperaturedependenceis in agreementwith
the picture,althoughit is not essentialto our model. far infraredmeasurementsin TTF—TCNQ films.3 The
Thereis an energygapat all temperatures.The high conductivitypeakassociatedwith thepinnedcollective
temperatured.c.conductivityis due to a longlife-time modeexhibitsanunusualtemperaturedependence.The
collectivemodel which resultsfrom a one-dimensional centerfrequencydoesnotshift (i.e. soften)butrather
orderalongthechains.Below thephasetransitiontem- theoscillatorstrengthof themodediminshesrapidly
peraturethe collectivemodebecomespinnedby three- between35 K and the 54K transition.This oscillator
dimensionalorderingof the chainsandthehighd.c. strengthis presumablyproportionalto thevolume
conductivitygoesaway. fractionof insulatorandit canbe fit very well by I

Like anysystemundergoinga secondorderphase where i/i(T) has theBCS gaptemperaturedependence.
transition,the low temperaturephaseof TTF—TCNQ Ourmodelis oversimplifiedin at leasttwo respects.
hasan orderparameterwhich goessmoothlyto zeroat First, thereexistssomeexperimentalevidence3’5suggest-
thetransitiontemperatureandwhich only reachesits ing that insulatingregionspersistevenabove54K, al-
low temperaturevaluewell belowthe transition.In our thoughtheir volumefractionseemsto besmall. As long
modelthe orderparameterdescribestheamountof the as 1 —f~0.1 for suchtemperatures,theeffect on trans-
materialwhichis non-conducting.At the intermediate port coefficientsshouldbe relativelyweakandour
temperaturesfluctuationsandthermalexcitationscause conclusionswould remainunchanged.Second,we are

consideringonly oneof the two molecularspeciesin
* Supportedin partby the National ScienceFoundation TTF—TCNQ.The structureof this systemconsistsof

underGrantGH 33746. alternatingplanescontainingparallelchainsof TTF or
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I ITCNQ molecules.If the conductivityarisesfrom the
TCNQ molecules,then theTTF planesservemerelyto I
insulateneighboringTCNQ planesfrom eachother. Our
model is thusessentiallytwo dimensionalwith all of the 0.8 6

activity taking place in oneof the planes.Recentmag-
netic resonancemeasurements,7however,indicatethat
bothof the planesplay a role in themagneticsuscepti- 0.6

b
Cbility. The picturedevelopedhereconsiderstwo types
—~ 0

of domains(phases)on onespeciesof molecule.A corn- 04

pletedescriptionof the behaviorof TTF—TCNQ would
certainlyinvolve taking into accountbothtypesof

C
molecules.Bak andEmery8haverecentlyconstructed 0.2

a theoryof the structuralphasetransitionsin TTF—
TCNQ. Theydefineauniform orderparameterfor each 0 I

0 0 20 30 40 50
of the two typesof moleculesandcalculatethe tem- TEMPERATURE (K)

peraturedependenceof the observed9neutrondiffrac-
tion superlatticeline alongthe crystallographica direc- Fig. 1. Logarithmicderivativeof the conductivityversus

temperature.Experimentaldataareshownasopencircles.tion. Theydo not considertransportproperties.Recently,
ently,Phillips’0 hasproposeda two-planefour-phase
model.Weexpect that sucha model would havetrans- thermopowerS(T)of TTF—TCNQ between20 and
port propertiessimilar to thosefound here. 54K. We haveobtainedU and e

1 from the realandimag-
With the descriptionof the model complete,one marypartsof a complexdielectric function Eeff(W, T) =

cananticipatethe consequencesfor variousphysical e1(w, fl + (4iri/w)u(w, T) evaluatedin the limit ~ -+ 0~8
properties.Therapid increasein thed.c. conductivity Within theEMA, Eeff(W, T) satisfiesthefollowing
which hasbeenobserved

2at 38 K is a percolationtransi- equation
tion correspondingto a sufficient amountof conductor
beingpresentthat a conductingpathforms throughout (1 ~ Ceff ~i Ceff Cm = 0.
the material.The microwavedielectric constant11first ge~+ (1 —g)eeff ge~+ (1 g)eeff

increasesdue to the largepolarizabilityof the conduct- (1)
ing regions.At thepercolationtransitionthe dielectric Heref is asbeforethevolume fractionof metal,and
constantbecomescharacteristicallymetallic (negative).’2 e(w T) ande~(w,T) arethe (complex)dielectric func-
The thermoelectricpowershowsa largechangetowards tionscharacterizingthe metallic andsemiconducting
semiconductingbehavior13at the percolationtransition. regions.The quantityg denotesa depolarizationfactor
Thereis structurein the thermalconductivity’4at 38 K, describingthe shapesof the inhomogeneities,assumed
also characteristicof a percolationtransition. Diffuse all identical.For thepresentmodel,which assumesthat
X-ray scatteringexperiments15show spotsat 20K transportarisesentirely from within theTCNQ planes,
(characteristicof three-dimensionalorder)andstreaks theseshapesareof necessitytwo-dimensional;the
at 55K (characteristicof only one-dimensionalorder). correspondingg’smay vary from nearlyzero (needle
At 40K the X-ray experimentsshowa superpositionof parallelto the appliedfield) to nearlyone (needleper-
spotsandstreaks.This is probablythe strongestevidence pendicularto the field). For circlesg = 1/2.
for inhomogeneitiesin TTF—TCNQ.16 We havesolvedequation(1) for o(T) ande

1(T)
In orderto usethis modelfor quantitativecalcula-

usingparametersappropriateto TTF—TCNQ. The
tions,onerequiresa methodof computingthe effective resultsareshownin Figs. 1 and2. The conductorwas
transportcoefficientsof a randomlyinhomogeneous assignedto be characterizedby a temperature-independ-
systemcomposedof separatemetallicand semiconduct- ent Drudedielectric functionwith plasmafrequency

3
ing regions.The bestanalyticapproachfor suchprob- w~,= 7.5 x iO~sec’. The relaxationtimewaschosen
lemsis the self-consistenteffective mediumapproxima- so that thed.c. conductivity Urn = w~r/4irwas compar-
tion (EMA).’7 In this approachonecomputesthe fields ablewith themeasured’9conductivity of TTF—TCNQ
and currentsinsideeachinhomogeneityasif the actual at 58 K. In Fig. I curve A is for °m = 70,000&2~cm1,
environmentof the inhomogeneitywere replacedby curvesB for 0m = 30,000~Y’ cm1 and curve C for
self-consistentlydeterminedhomogeneousmedium(the = 7000f1~cm’. Forthesemiconductingregions
“effective medium”). we haveusedan activatedd.c. conductivity,2a~=

Wehaveusedthe EMA to calculatethe d.c.conduct- 30,000e_E/‘~‘~Z~’cm1 with E = 220 K. Thelow
ivity, cr(T), d.c. dielectric constantc

1(T), and
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I I I frequencydielectricconstantof themetalis 6m 1 =

4 I A 1 — w~r2andisbetween_106 and— l0~.The di-
3- / electricconstantof the insulatorwastakento be corn-

F A parablewith themeasured”microwavedielectric con-
c P~/ stantof TTF—TCNQ at 4.2K. In Fig. 2 curvesA are

2- )~ for e
3 = 5000,curvesB for c~1= 3000 andcurvesC for

= 1000.
Figure 1 showsd in a/dTvs Tplottedfor two shape

910

‘U- factors,g = 1/3(solid line) andg = 1/2(dashedline).S..

-0 I I I I I ~ju~ The opencirclesare thedataof Etemad.
2The calcula-tionsforg = 1/3,which in our modelwould describe

elliptical domainswith the longaxis along theb crys-

thepeakin d ln u/dTalthoughthe peakis toobroad.
tallographicdirection,give thecorrecttemperaturefor
Figure 2 showse

1 vs T for thesameshapefactors.The
opencircles arerepresentativedataof Khannaetal.

1’
-10~ Notethat thescalefor negativeeis stronglycontracted;

I I I I the calculateddielectricconstantsin fact go smoothly0 10 20 30 40 50
throughzero.The dropin ei(T) followed by a sign

TEMPERATURE (K)
changejustbelow 38K hasbeenobservedin microwave

Fig. 2.Dielectric constantdivided by its valueat T= 0 dielectric constantmeasurementsby GunningetaL’2
plottedvs temperature.Experimentaldataareshownas In thecaseof the dielectricconstant,thebestcompari-
opencircles.Notice the largeconstructionof thescale
for negativevaluesof e. The dashedlineshavebeensup- sonwith experimentis obtainedforg = 1/2.
pressedbelowzero A betterfit to the datacanbeobtainedby assum-

________________________________ ing that theshapesof the inhomogeneitiesthemselves

\ ej(T) ascalculatedwithg = (T~— T)/T~withthis
0.8 \ choiceof g, the inhomogeneitiesbecomeveryelongated

\ I I in the highconductivitydirection(parallel to theTCNQ.0 r I I I I vary with temperature.Figure 3 showsdin o/dTand\ chains)as T approachesT~from below.Thisbehavior
I— 0.6

I I is tobe expected,at least roughly,sincethe lengthof
C I 01? the inhomogeneitiesalongthe chainis expectedto
—~ ‘ I I

‘Q~ It
0.4 .c~ ~ vary in proportionto a coherencelength,whichdi-

vergesat T—’~T,,. Theparametersusedare Urn = 17,000

a, = 30,000e~22°~~r1cm~, �~ = 3000,0.2 ~ and =—6x 106.

Weemphasizethat the qualitativefeaturesillustrated
0 ~ I I I I in Figs. 1—3 arequite insensitiveto the choiceof para-

3 - . metersandare in fact generalcharacteristicsof any
percolationtransition.The only requirementon the

0 parametersis that Um(T) ~‘ a,(T)at the temperature
III~ 2 — wherethe transitionoccurs,namely,at the temperature

wheref(T) =
‘U-

In orderto illustrate furtherthe percolativenature
of the 38 K transition,weshowin Fig.4 the thermo-

0 I I powerS(T)for TI’F—TCNQ, ascalculatedwithin the
0 0 20 30 40 50 EMA,21 comparedto the experimentaldataof Chaikin

TEMPERATURE (K) et al.13 The EMA formulais21

Fig. 3. Logarithmicderivativeof the conductivity(upper ( 3Keff U’S’
portion)andstaticdielectricconstant(lower portion) (K’ + 2Keff) (a’ + 2Ueff) , (2)

/ Keff U’ + UeffK’ + ~KeffUeff — K ~factor is temperaturedependent.Experimentalpointsversustemperaturefor the casewherethe depolarization = + 2K~~)(a’ + 2Ueff) )
are shownby varioussymbols.
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300 I I I I I I I I temobeysanequationof thesameform asequation(1).

\ Equation(2)is written for sphericalinclusions(g= 1/3).
\ . It presumablyis valid also for elliptical inclusionswith

250 \ \ g = 1/3. We havenotconsideredtemperature-dependent

\ \\ valuesofg becausethe experimentis not sufficiently
\ \\ reproduciblefrom sampleto sampleto warrantsucha

200 \ ~\ I detailedanalysis.In evaluatingequation(2), we have
\ ‘~\ I chosenKrn andK, to beconsistentwith thedataof
\ ~\ SalamonetaL,14assuminga metallic thermopower,

50 \ \\ S = — (k~/IeI)T/t,and a semiconductingthermopower
B\ ~\A 5 = a(k~/IeI)E/Twith t = 1400K andc~= 0.6 (curve

\ ~.\ A) and 0.3 (curveB). Theseparametersare consistent
00 \ \\ with thehighandlow temperaturedataof Chaikin

\ \\ etaL13for “Penncrystals”.The calculationsreproduce
\ \\ theobservedrathersharptransitionfrommetallic to

- \ \\ semiconductingbehaviorat 38 K. The discrepancyfor
\\~--. .. temperaturesbetween38 and54K is presumablydue

to our neglectof effectsfrom thesecondplanes.
0 I I I I I I ~..J-__- I In conclusion,we haveshownthat severalimport-

ant transportpropertiesof TTF—TCNQ at temperatures

-40 I I I I I near38K areconsistentwith a percolativetransition
0 0 20 30 40 50 60 which we interpretasbeingdueto the linking of metal-

TEMPERATURE (K) lic regionsabove38K to form a continuousnetwork

Fig.4. Calculatedthermopowerversustemperaturefor permeatingtheTCNQ planes.Severalotherexperimen-
severalvaluesof parameters.The trendof theexperi- tal resultsnear38K canbeunderstoodwithin thispic-
mentalresultsis shownas a dashedline. ture. Theseare (1) anomalyin thethermalconduct-

ivity;’4 (2) diffuse X-ray scattering;’5(3) lackof
where(x3 is the averageof a quantityx’, to beevaluated specificheatanomaly;1”4(4)disappearanceof the 38K
asfxm + (1 —f)x

1.In equation(2), a~,K~,andS1 are the resistanceanomalywith the introductionof impur-
electricalconductivity,thermalconductivity,andthermo- ities;

2’22and(5) lackof evidencefor soft modes.3
powerof the semiconductingregions,and urn, Km, and
Sm the correspondingquantitiesfor themetallic regions. Acknowledgements— We havebenefitedfrom conver-
The thermalconductivityK of the inhomogeneoussys- sationswithJ.C.Scottand A.J. Heeger.
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