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The observedphasetransitionsin Tetrathiafulvalene—Tetracyanoquino-
dimethane(TTF—TCNQ) arediscussedusinga simplemodel for the inter-
chaincoupling of chargedensitywaves.Estimatesbasedon Coulomb
energiesshow that for 38K < T <49K thecomponentsq~= lr/a + q~
and of thewavevectorassociatedwith thechargedensitywavesatisfy
q~c/q~a~ 0.1,with q~a (7’s — T)’~’2andT

2 = 49K.A possiblemech-
anismfor the first ordertransitionat 38K isproposed.Theresultsare
comparedwith neutronandX-ray scatteringandwith isotopeshiftsof the
transitiontemperatures.

THE PHASETRANSITIONSoccuringin TTF—TCNQ determinedby symmetryconsiderationsalone;a more
havebeenstudiedextensivelyin recentyears.The detailedmicroscopicmodelis needed.
variousphasesarecharacterizedby the wavevectorq of In thepresentnote we considera simplemodel for
a chargedensitywave (CDW). At T1 = 54K [1—3] a possibleinteractionenergiesbetweenCDW’s on differ-
secondorderPeierlstransitionoccurswith q = (0.5a*, entchains.Taking into accountCoulombenergieswe
0.295b*,0), involving CDW’s on onetype of chains [4, fmd that Xc/Xa ~ 0.1 which togetherwith the exper-
5] (probablyon the TCNQ [51).The componentqy = imentalvalue [4JX.~ 0.4 yieldsX~~ 0.04. Ourmodel
0.295b*is usuallyidentified as2kF, twice the Fermi certainlydoesnot representa completemicroscopic
momentum.As pointedoutby Bak andEmery[4] descriptionof TTF—TCNQ.Thenumericalresultsshould
anothertransitionis expectedto takeplaceat a tempera- thereforebeconsideredonly asa guideto the orderof
ture 7’2 <T1 in which the otherset of chainsorders, magnitudeof variousquantities.
Below T2 theq~componentof theCDW is expected Themodelalsosuggestsapossiblemechanismfor
to satisfyq~= 0.5a* + Xa(T2 — T)u

2. A careful the first order transitionat T
3 = 38K.

analysisof the original experimentaldataandfurther A detailedstudyof thevariouslatticemodesand
measurementsperformedwith higherprecisionsupport theirinterchaincouplingswas madeby Wegerand
thesepredictionswith [4] T2 = 49K. Finally, aswas Friedel [81. Theyemphasizemainly the interchain
first observedby Jerome,Muller andWeger[61 a first couplingswithin the(a,b) planewhereTfF andTCNQ
ordertransitiontakesplaceat T3 = 38 K [2, 3, 6] chainsalternate.In thepresentwork welook for
belowwhichthe wavevectorq islockedat q = (0.25a*, additionaleffectswhich may arisedue to interchain
0.29Sb*, 0). Recently [7] symmetryconsiderations couplingsin thec direction.
havebeenusedto analyzethe T2 transition.It hasbeen Supposethat the CDW’s arelocalizedon chains
shownthatowingto a couplingbetweentheq~andq2 alongtheb axis,andlet R1, bethevectorin the (a,c)
componentsin the Landau—Ginzburgfree energy,the planewhich connectstheith and/th chains.Weassume
q~componentof theCDW is expectedto be non-zero that thechargedensityalongthechaintakesthe form
for T3 <T< T2 withq~ X~(T2— T)~’

2.Thisbehavior p
1 cos (2k~y+ Ø~)wherep1 = pq on a TCNQ chainand

of thecomponentqz hasnotyet beenobserved Pt = Pi~’on a TTF chain.The Coulombinteraction
experimentally.The observabilityof this effectdepends betweentheith andjth chainsthentakestheform [9]
on thevalueof the parameter\,. Thisvaluecannotbe ~i. — ~ , ,. ,

Eu — p~p~cos~
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a

~y~t’4,

� ti,5 —ti,6.
6 ~(ti,5 + t1,6), (5)

Herewe assumethat thehoppingtermt~,like the
Coulombterm,dependsonlyon the distancebetween
thechainsi and/andthereforewe taket110 t47 and

= t4,5. Wealso assumethat for thegroundstate
— = q.Ru, exceptfor an additionalphasediffer-

ence0 betweentheTTFandTCNQ sublattices.IndeedLzii1~ higherharmonicswereseenonly belowT3 withrelativelylow intensity [3] . Thefree energyof thesystem,now,hasthe form:

Fig. 1. A cross-sectionof the chainsystemin the (a,c) f(q~,qj) = a cosq~a+ 13 cos~q~c+ ~ucos~[y cos4q~a
plane.Thechaindirectionb is perpendicularto thea
andc axis. A full circle is a TCNQ chainandanopen + 26 cos~q~ccos ~q~a+ e sin~q~csin ~q~aJ (6)
circle is a TTF chain,a = 12.2A, c = 18.3A andthe
(a,c) angle13 is 104.50. where~t= 2pFpQ/(pi~’+4). This expressionis mini-

mizedby 0= ir or 0=0. Wecanchoose~ = ir, while
where = 0 yields equivalentsolutionswithq, replacedby

K0(x) J (t
2 + x2)_U2 costdt q~+ 2ir/a.

If p = 0 the absoluteminimumof (6) is at q, =

is the modifiedBesselfunctionof the third kind. A it/a,q~= 21r/c. Note thatneighbouringCDW’s in thec directionare out of phase.Thismaintainsthe original
cross-sectionof thechainsystemin the(a, c) planeis latticeperiodicity,sincethereare two TCNQ chainsper
shown in Fig. 1. Fortheparameters[1, 10] of TTF— unit cell in thec direction.Thisconfigurationdescribes
TCNQ 2kpa~ 6 andkFc~ 4.5. SinceKo(x)
e_x/..,&for x � 2 theCoulombenergyis dominatedby TFF—TCNQfor T

2 <T < 7’1. Below 7’3 the ratio j.t
growslinearly [4] with (7’2 — T)”

2 /pQ(T),andpQ(T)
the nearerneighborterms,and theinterchaincouplings dependsweaklyon temperature.To first orderin p the
of the4k~instability [3, 11] (or thoseof higher minimumof (6) is givenby
harmonics)canbe neglected.The Coulombinteraction
(1) betweentwo chainsfavoursa phasedifference sin~q~a = jz(’y — 26)/4a

(7)
— = it. Thehoppingterm alsofavoursaphasedif- sin ~q’~c =

ferenceof it sincea densitymaximumon onechain
tendsto becloseto a densityminimum on the other whereq~,= — q,, + it/a.q~= — q~+ 2ir/c. Thusq~and
chain. More explicitly, it hasbeenshown[12] that q~arebothnonzerofor T< 7’2 andtheir ratio,
within a singlebandapproximationandto lowestorder 4ae
in the interchaincoupling,thehoppingterm takesthe q~c —

26)~xa (8)
sameform astheCoulombterm,namely

E~JOP = p1p1t~~ (0, — ~). (2) is temperatureindependent.This behaviourhasbeen
predictedby Mukamel [7] usingsymmetryconsider-

Wethereforeassumethat the interactionbetweenchains ations.Theparametere, whichmeasuresthe deviation
is given by of the unit cell from being orthorombicis responsible

Eu = p,p,t~cos (0, — Oj) (3) for thevariationof q~.If the Coulombtermsdominate
With in(4)thena/7~0.04,j3/7~0.2,6/7~0.1,e/y~0.1,

= + Ko(2k~R11). (4) andq~c~ 0.1q~a.From theknownvalues[4] of q~a

Sincetheinteractionenergyfalls off quite rapi&y weobtain0.13 � q~c~ 0 for 7’3 <T “~ 7’2, andthe
withdistanceweconsideronlyinteractionbetween periodicity in thec directiondeviatesby up to
chainswhicharenottoo far apart.Defme now the 0.13/2ir ~ 2%.Thisshouldbe a lowerboundsincethe
following interactionparameters(seeFig. 1): transferintegralbetweenmolecules1 and4 is zero [101

(Fig. 1) while hoppingdoescontributeto othert,~
a t1,10 = t47, terms[12].

= p4,5, Thepostulatedfreeenergy(6) suggestsa possible
mechanismfor the first ordertransitionat 38 K. The



Vol. 23,No.5 A MODEL FORPHASETRANSITIONS IN TTF—TCNQ 287

solution(7) is associatedwith oneminimumof Thuswe expect,rathergenerally,that the transition

f(q~,q~).As the temperatureis lowered,theparameter temperatureT3 is thesolution of
p grows andanotherminimumoff(q~,qg) mayyield a
lowerenergy,thusgiving riseto a first ordertransition. (T)~~0(T)= const. (15)
Let usstudythe minimaof the expression(6), assuming The constantisdeterminedby interchaincouplings,
for simplicity e=0. The extremaare whichcanbetakenastemperatureindependentin the

cos~q~a= p(y + 26)/4a, cos ~q~c = + 1, (9) relevanttemperaturerange.
An interestingfeatureof thesolution(9)is that the

sin ~q~a = 0, cos~qzc = ±1, (10) relativephaseofneighbouringCDW’sin the c direction

And theprevioussolution (7) = q~c/2jumpsfrom closeto it for T> T3
[equation(7)] to zerofor T< 7’3. Thiscanbeunder-

cos~q~a= p(7—26)/4a, cos~q~c= —1. (11) stoodeasilyif13—’&”~~.Forsmallp(T>T3)thechain

Thefirst derivativesof equation(6)vanishalso for 1 (Fig. 1) is coupledstronglyonly with thechains2 and
3, hence~ = it. Forlargeip, the‘y termfavours

cos~q~a = 13/2p8, cos ~q~c = ajl/(p6)
2 — ‘y/2&. nearestTTF andTCNQ to beout of phase.Also the

(12) interactionsbetweenthechain1 and thechains2, 3, 5,

Checkingthesecondderivativesit iseasyto verify that 6, 8, 9 becomecomparable.If ~ = it thenonly two
the solution(12)is not alocal minimumfor anyvalue of theseinteractionsareattractive,while if ~ = 0
of the parametersa,13,7,6andp, andthereforeneed thenfour of them are attractive.The condition
notbeconsidered.Hence,thesolution (9)is the only 13 ‘—6 “~ i seemsreasonablein view of the shapeand
onewhich couldaccountfor the first order transition orientationof the variousmolecules[10] andis indeed
to q* (0.25a*,0.295b*,0). For(9)to be the absolute satisfiedfor theCoulombtermsin (4). Thusfor large
minimum oneneeds: enoughp a transitionfrom ~ it to ~ = 0 is

possible.
p(y + 28)/4tz < 1, (13) Wediscussnow theavailableneutronandX ray

and
2a$3 <,,~278. (14) scatteringdata.The scatteringintensityassociatedwith

theorderingsgivenby (7) andby (9)canbeestimated
Thuswhenp becomeslargeenoughto satisfy (14), if thestructurefactorof eachmoleculeis slowly varying

and(13)is alsosatisfied,a first order transitiontakes within onezone[3, 14] . Sincewe are interestedin the
placein which theCDW’s are describedby (9), instead q~componentof the CDW considerthe measured
of (7). If theparametersthen satisfyq~~ q~= ir/2a scatteringintensityat q~= (/wS ±q~,kb* ±qy,lc*),
andq~~ q = 0 (whene*0) umklappterms[4, 13] whereq,~,qy are thex, y componentsof the CDW wave-
would pinthe CDWat q = q*~Thusit is sufficientto vector.Thusweeliminatecomplicationsdueto the
haveweakUmklapptermssincethephasetransition relativephasesin the(x,y) directions.Thescattering
itself is drivenby otherforces. intensityisthengivenby

It hasbeensuggestedthat thephasetransitionat
7’3 is dueentirelyto umklappterms[4, 13] which are S(qj) = lb

1 + b2(—~e”~’~
2l2 (16)

of fourthorderin theorderparameters.The solution = (b
1 — b2)2 + 2b1b2 [1 — (_)1 cosIjq~c].

(9) illustratesan alternativemechanism— the transition
is drivenby secondordertennsin the order parameter, Here thescatteringamplitudesb,(h,k,1) = b? + bf =

but involveshigherordertermsin thewavevectors b, correspondsto the TCNQ molecules1,2(b?,b~)and
theTTF molecules4, 5(bç,b!) of Fig. 1. Thefactor

q~,q~.
Taking into accountonly theCoulombcontribu- exp [iq~c/2] accountsfor therelativephaseson these

tionsto (5) onefmdsthat (13)and(14)cannotbe chains(b, canbetakenaspositivenumbers).
simultaneouslysatisfied.Howevera solutionis possible Experimentallyit is found(seeFig.4 of reference
if thehoppingcontributionsandthe � termis included. [2]) that for 7’2 <T< T1 noscatteringintensity.is
In facteventheoriginal form (6) maynotbesufficiently observablefor (h,k,1) = (1,3,0)while onefinds
realistic. It shouldcertainlybemodified to allow for S(q,)‘-(Ti — T) for (/i, k, 1) = (0, 1, 3).Below 7’2 the
CDW’s whicharenotlocalizedon linear chains,by (1,3,0)scatteringgrowslike (T2 — T) while the
addingmorecomplicatedhoppingterms[12] andother (0, 1,3)scatteringexhibitsa weak dependenceon
typesof interchaincouplings[8, 12]. However,the temperature.Theoreticallyweexpectfor T> 7’2 q~=
correctf(q~,q~)canstill developaminimum, distinct — ~ + 2ir/c = 0 andbf =0 (i.e.no orderon the TFF
from thesolution for T3 <T, which for largep would chains),andsoS(q1)= [b? — (—~b~]

2.Henceexper-
causea first ordertransition. iment impliesb?(l = 0) = b~(l= 0). If the 2kp mode
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polarizedin thec’~direction [3] thenb,’1(l = 0) = 0. intensityincreasesveryslightly at T
3,while 1 = 1 and

Thegrowthof orderon the TCNQ chainsis described 1= 12 intensitiesincreaseby a factorof two. Thedif-
byS(q1)= (b? + b~)

2‘-4 ‘-T
1 — T, andcor- ferencebetweentheX-ray andneutronscatteringdata

respondsto the 1 = 3 data.Below T2, a temperature is probablydue tothe highersensitivityof X-ray scatter-
dependenceassociatedbothwithbr andq, *0 may ingfrom thesulfur atomsin theTTF chains.Thus
appear.Thefactorsb, aredominatedby b? so thatb, (b~— b~)

2in the first termof (16) islarger andthe
andS(q

1)for odd1 areexpectedto depend.weaklyon effect of thesecondterm in (16) is smaller.
temperatureif 7’ < 7’2. This is consistentwith the I = 3 Finally,we commenton therecentlymeasured
data.For1=0 the experimentis consistentwith the isotopeshifts [151 of T1 andT3. Deuterationof TCNQ
increaseof the first termin equation(16)(if bf * increasesT1 while T3 is decreased.Onthe otherhand
b~’*0 andb? = b~)since(bf)

2 ‘-p~.—‘T
2 — 7’. It is deuterationof TFF insteadof TCNQ doesnot affectT1,

alsoconsistentwith thesecondtermof equation(16), while T3 is increased.Theseresultsimply a Peierls
since(q~)

2‘~~7’2— Tfrom equation(7). If b’
1 b~for instability on theTCNQ chainsat T1. Thepositive

all 1,S(q1)is expectedto havethesamepatternfor all isotopeshift is in agreementwith theory [16] andits
even1, namelyS(q1)iszero for 7’> T2 andgrows magnitudedeterminestheelectron—phononcouplingof
linearlywith T2 — T for T< 7’2. If b’~* b~*0 for theC—Hmode.Deuterationof TCNQ increasesT~and
I * 0 thenthis patternwill besmeared.X-ray datafor PQ(

T), sothat thesolution T
3 of equation(15) is indeed

I 0 and1 = 12 seemto beconsistentwith this pattern, decreased.SinceT2 correspondsto a Peierlsinstability
althoughnotasnicely asthe I = 0 neutronscattering on theTTF chain,the sametheory [16] predictsthat
data.Thusthe predictedq~*0 for T3 <T< T2 does deuterationof TTF would increaseT2. Thus,for a given
notcontradicttheavailableexperimentaldata.These TpF(T)islargerand 7’3 from (15)is increased.There-
conclusionsdonot dependon thedetailsof themodel fore, the relation(15)which determinesT3 is in good
(6), sincetheycanbe derivedfroma Landau—Ginzburg agreementwith theisotopeshift measurements.
expansion[4, 7]. In conclusion,a simplemodel for the interchain

At thetransitionT3,S(q1)increasesby [21 —‘20% couplingis abletoaccountfor the phasetransitionsin
for 1= 3 andby ‘-60% for 1=0. A quantitativeanalysis TTF—TCNQ. It yieldspreviousresultsconcerningthe
of thisincreasedependson theactualvaluesof b,. How- secondorder phasetransitionandsuggestsanovelmech.
ever,the largedifferencein the increaseof the I = 0 and anismfor the first orderphasetransitionat T3 = 38K.
I = 3 intensitiessuggestsa changein the orderwithin the
unit cell, in additionto the growthof theamplitudesb,.
In themodelproposedhere,cos~q~cis closeto + I for Acknowledgements— Wewould like to thank
T> 7’3 [equation(7)] andjumps to— 1 for 7’ < T3 ProfessorsV.J. Emery,M.E. Fisher,J.A:Krumhansland
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