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REFLECTIVITY OF A ONE-DIMENSIONAL ELECTRON-PHONONSYSTEM
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Theeffect of thegiant Kohn anomalyin a one dimensionalsystemon the
optical reflectivity is calculated,for parametersbelievedto becharacteristic
for TTF—TCNQ.It is foundthat theKohn anomalyin theoptical phonon
branchdue to stretchingvibrationsof the ~N groups,whoseunperturbed
frequencyis 2100—2200cm’, producesa minimum in the reflectivity at
1600cm’, approximately.This minimumcoincideswith the minimum
foundexperimentallyby Bright, GaritoandHeeger.By this mechanism,
phononswith a wavevectorof order 2kF affect thereflectivity of photons
with q~0.

IT WAS suggestedin apreviouspaperthat the metal- effectiveFröhlichHamiltonian
to-insulatortransitionobservedin TTF—TCNQ at
~60°K’ may be a Peierls—Frohlichtransitiondueto H = ~ e~4C~+ ~ w°~a~a~+ p~qgq(aq+ a~q)4+qcp,
the interactionof the one-dimensionalelectronsystem (3)
with opticalphononsat 2 kF,namely,with the
stretchingvibrationsof ~N or C=Cbonds.2Recently, wherea~,c~arethe phononandelectron~destruction
thereflectivity of TTF—TCNQ wasshownby Bright operatorsandg~is theelectron—phononcoupling
et al.3 to possessa very broadminimum around constant.Wecharacterizethecoupling strengthby a

dimensionlessparameterSq definedby1500cm’. The overallreflectivity curve,exceptfor
thisminimum,wasfitted by the authorsof reference — Wq°EFSg

(4)
3 using theDrudeform of thedielectric constant q —

(1) where~ is the barephononenergy,EF is the Fermie(w) =
w + iw/r ‘ energyandn is theelectrondensity. In sucha one-

dimensionalsystemthereis largephase-spacevolume
with a frequencyindependentr. The reflectivity is availablefor low-energyelectronexcitationsaccom-
givenby

1 + el — [2(IeI+ Re ~)]1~’2 paniedby the absorptionandemissionof phononsat
R(w) = (2) q 2kF. This leadsto a strongcouplingwith such

1 + tel + E2(l�I+ Re e)]h/2~ phononsandthusto a significantrenormalizationof

In this note we wishto apply a recentlydeveloped the phononspectrumin this region,which resultsin
formalism4 to calculatethe effectof thecouplingof a Peierls—Frohlichinstability at a critical temperature
the conductionelectronswith thebondvibrationson T~,anda giant Kohn anomalyat T> T~.
the reflectivity.

The strongcouplingto phononsat 2 kF resultsin
We assumea simplepictureof free electronswith a frequencydependentlife time of anelectronstate

a Fermisurfaceconsistingof two parallelplanes, at theFermi surface,givenby
coupledto phonons.The systemis describedby an
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1 1 N(w) 0. Finally,
Tph(W) = ~-Im~(kF,w), (5)

r~(w) = ~__~_hB(
2kF,w). (11)

where~ (kb.,w) is theselfenergyof anelectronat
theFermi surface.The latterisobtainedsimply from The spectraldensityfunctionB(k, w) wasderived
the“imaginary time” self energygivenby andanalyzedin the randomphaseapproximationin

E (kF, iw) = _1 ~ d~i 2 reference4. It reflectsthesofteningand broadening

(~)3~2kF+~lX of the phononspectraldensityaround2kv, aswell as

the instability whenT—~T~.It is shown in reference4
D(2kF + q, lW~— lWm)G(kF — q, jWm), (6) that

where~ = 1/kT, w~= ir(2n + 1)/a, andD,G are the B(2kF,w) = 2 8w~sI
2(w)

phononandelectronGreen’sfunctions.For G we 1w — W~+ 2w~sI1(w)}
2+ 4w4os2I~(w)’

takethe freeelectronGreen’sfunction
(12)

1 wherew~is the barephononfrequency,s is thevalue
G(k, iWm) = . (7) of sq at q = 2kF [seeequation(4)] and (for T’~TF)

1Wm(C~ j.t)’

andwrite Din its spectralrepresentation Ii(w) = -~-(2+ 1n4)— ±[(y + r)ln Cv + r)
8r

D(k,iwnjWm) =

—(y—r)lnty—rII, (13)
1 1

j—B(k~w)l — ___________

2~ ‘~j(WnWm)W’ i(Wn_wm)+W’j~ 1
2(w) =

(8) ~[exp(_2’y/r) + I — exp(
2y/r)+ 1] (14)

We assumethat the integrandin equation(6) where
dependsonly on themomentumcomponentsin the = T/T~~ Y = (~.)/4eF.
directionof the linearchainsand the integrationover
thetransversalcomponentsintroducesa factor 1/a2, Let us now turn to theTTF—TCNQ crystal. We
wherea is thedistancebetweentwo chains.Inserting assumethat theconductionelectronson the TCNQ-
equations(7)and (8) into equation(6) andsumming chainsare moststronglycoupledto theC~Nbonds,
over m,we obtain becausetheyoccupymainly the neighbourhoodof

thesebondsin the TCNQ molecules.5The vibration
1 r dq c dw 2 frequencyof a CEN bond is around2 100—2200cm’,

E (kF,iwfl) = —~ ) ~— J —g2k~+qB(2kF+ q,w)
2ir dependingon the material. It is observedexperimen-

I N(w’) + 1 — n(kF + q) + N(w’) + n(kF + q) 1 tally by Bright eta!. ~Fig.4, reference3) at 2150cm’.
____________________ ____________________ Thiswill be our valueof w

0. The Fermienergyis
[iwn — (�k~+q — P) — ~ ~Wn — (Ck~+q— ~)+ W’J’ 0.25eV ands 0.36, asdeterminedby the relation

4
(9) T~= 2TF expEl —(2/s)j, (15)

whereN(w) andn(k) arethe Bose—Einsteinand
Fermi—Dirac distribution functions.We expectthat with T~= 60°K.The functionB(2kF, w) for these
the main contributionto the self-energycomesfrom parametersandseveralvaluesof T is plotted in Fig. 1.
phononsin a narrowregionof momenta~k around It showsa characteristictwo-peakedstructurewhich
2k~(q= 0) andevaluatethe integrandat that point, wasdiscussedin reference4 (asimilar structureof
To obtain the imaginarypartof the“real-time” self thephononspectraldensitywas also foundby
energy,wereplaceiw,

1 -~ — i~.Then Barisic eta!.)8 Thelowerpeakgrows andmoves
downwardswhenT-~7’,, until it developsa diver-

g
2~k

Im~(kF,w)=—~-B(2kF,w)[N(w)+ 1 —n(kF)]. genceat w = 0 for T= T~.At thesametime the
2ira higherpeakis almostindependentofT down to T~.

(10)

Beinginterestedin frequenciesabove1000cm1 (five We shall now makethephenomenological
timesthe room temperature),we approximate assumptionthat thelife-time definedin equation(5),
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vaIueseo=2.43,w~=1.8X 1015sec~,r
0=2.83X

~ 10—15sec,suggestedby Bright etal. ~

The resultantreflectivity is plottedin Fig. 2,
curve (a).The minimum(— 1600cm’) is closeto
that observedexperimentallyby Bright eta!.,

3andit

(c) hasthesamewidth andshape.Curve (b) showsthe
ratio ro/Tph(w). There is someuncertaintyin the

(b) constantcoefficientof B(2kF, w) in equation(11),
(0) whichwaschosenso asto give a ‘-5 per centreduc-

tion in reflectivity at theminimum. Changesin this
constantdo noteffectthe positionof the minimum,
itswidth andshape.Notethat the minimumin the

o 2 w 3x1O3cm~ reflectivity is dueto thehigherpeakin the phonon
spectraldensity.Since theposition andshapeof this

FIG. 1. The functionB(2kF)(in arbitraryunits) for peakis almostindependentof T,we expectthat the
varioustemperatures:(a) 300°K,(b) 200°K, minimum in thereflectivity will notchangewith
(c) —100 K. temperature.

which is determinedby theemissionandreabsorption In principle, theminimum inR(w)at 1500cm’
of virtual phonons,contributesto the relaxationtime maybe dueto C=C bondvibrationswhich are
in the Drudeformula to give aneffectiver resonantat this frequency,or to CEN bondvibrations

~ loadedandshifteddown in frequencyby theconduc-
— = — + , (16) tion electrons(or a combinationof bothfactors).
Teff T0 T h(W)

Thepresentcalculationshowsthat the secondpossi-
wherer

0 is determinedby theemissionandabsorption bility is consistentwithexperiment;however,the
of realphonons.In ourcase(T= 300°K,

0D = 90°K, otheronecannotbe definitely excluded.While van-
w = 2000—3000°K)the first term in equation(16) ation of temperatureshouldnot changethe reflec-
involvesonly acousticphonons,whereasonly optical tivity significantly for wavelengthX < 10pm, the
phonons(molecularvibrations)contributeto the applicationof hydrostaticpressureis expectedto
secondterm.Wehavecalculatedthe reflectivity with providea decisiveexperimentto verify (or refute)
rin equation(1)given by equation(16), andthe thepresentmodel.Chueta!.6 measuredtheelectrical

,I~. I I I I I I I I I I I
(c) .

0 1 2 3 4 5 6 7 8 9 10 X[pm]

FIG. 2. The reflectivity RQt) [curve(a)1 andthe ratio ro/’rPh [curve(b)].
The dottedcurve (c) correspondsto s= 0.2,EF= 0.5.
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conductivityof TTF—TCNQunderpressurein the line. Also the possibility of molecularnormal modes
range7—20kbar, andfound that theconductivity of the CEN groupsof sucha symmetrythat they are
falls rapidly while the metal-to-semiconductortran- not coupledto the electronsmust be considered.
sition temperaturerisesslowly with pressure.Jerome
et a!. ~performeda similar measurementin the range We want to point outthat the interpretationof
0—6kbarand obtainedin additionto the transition thePeierlstransitionin TTF—TCNQ assumedin this
foundby Chuetal.,6 an indication of a secondtran- paperis quite different from that proposedby Bright
sition with a critical temperaturedecreasinglinearly et al. ~ Theseauthorsconsideracousticphononsand
with pressure(T~= 32°Kat 1.5kbar).An extra- find a coupling constantA = s/2 = 1.2 whichin mean
polationof their resultsindicatesthat T~vanishesat field theorygives T,, 1000°K. This is in agreement
4 kbar.They identified thesecondtransitionas the with the modelof Leeeta!.9who arguethat themean
Peierlstransition.In any casethevariationof the field valueof T~,is muchhigher than theobservedone.
conductivity with pressure(found by bothgroups) We consideropticalphononsandassumethat the
suggeststhatEF approximatelydoublesat 8 kbarand observedT~,is closeto themeanfield value, which
this shouldroughly reducesby a factorof 2 [equation leadsto a couplingconstantA = 0.18.
(4)]. Sucha valueof sgives a negligible T~in accord
with the interpretationof JeromeetaL ‘~‘With Onepoint of criticism which canbe raisedagainst
EF 0.5eV ands 0.2 (curve(c) in Fig. 2) the our proceduremay be theuseof a freeelectronapproxi-
minimumin the reflectivity curve isexpectedto shift mation,while TTF—TCNQ has a narrowir-band.How-
to ‘~1900cm~if it is dueto CEN bonds.ForC=C ever, if the gapbetweenthe ir- andthe excited7r*~bands
bondstheshift shouldbe negligiblebecausethe ob- is smallcomparedwith thebandwidththe free-electron
servedminimum is alreadyvery closeto w

0. model shouldbe applicable.Bright eta!.
3 claim to

observeinterbandtransitionsat — I eV indicatingthat
Note thatBright eta!.3 observethe minimumin the bandgapis smallerthan 1 eV andof the same

polycrystallinesamples,in which they also observea order of magnitudeas thebandwidth. The question
“normal” line at 2150cm’ . Thisunshiftedline may of the free-electronvs the tight-bindingmodel will be
be dueto defectivematerialat thesurfacesof the discussedelsewhere.
grainsof the crushedsample;alternatively,thephonons
withq = 0, which are unshiftedin frequencyby the Acknowledgements— We benefitedgreatlyby criticism
electron—phononinteraction,may give rise to this andsuggestionsof S. Alexanderand E. Burstein.
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Nous calculonsl’effet d’anomaliedeKohn sur les propriétésoptiquesdans
un systèmeunidimensionnel,pourle systèmeTTF—TCNQ.On trouveque
l’anomaliede Kohn desphononsoptiquesdusauxvibrationsdesgroupes
cEN,qui ont (sansperturbation)Ia fréquence2100—2200cm~,donneun
minimumdu pouvoirder~flexiona 1600cm1 . Ce minimumestle fnême
quele minimumtrouvépar Bright,Ganito et Heeger.Lesphononsayantun
vectord’onde2kFmodifientle pouvoirde réflexion desphotonsayantun
vectord’ondeavecq 0.


