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Amplitude solitonexcitationsare describedfor bothdimerized[i.e.
commensuratewith 2k

1= (it/a)] andincommensuratecharge-density-
wave(CDW) groundstates.For thedimerizedcasethesolitonexcitations
canhavechargé+ e,0, — ewith spin0,±~, 0 dependingon the occupancy
of the localizedgap state.Forthe incommensuratecaseonly theneutral
spin4solitonexists.Utilizing theresultsof Takayama,Un-UuandMaid,
weshowthatE8 = (2/ir)~where2~is gapfor electron—holeexcitations

= W exp (— 1/A) for the incommensuratecaseand4~,= W exp (— ~X)
for thedimerizedcasewhereA is theelectron—phononcouplingconstant
and W is thebandwidth).We suggestthatneutralsolitonexcitationsmay
makesignificantcontributionsto themagneticsusceptibilityof incom-
mensurateCDW systems,and that this maybethe origin of observed
differencesbetweenthe low-temperaturemagneticandtransportacti-
vation energiesin TFF—TCNQ.

RECENTLY therehasbeensignificantprogressin the thespatiallyuniformly dimerizedsystem,or for one
theoretical description of the interactingelectron— with asoliton (antisoliton,or pair).
phonon system in quasi-ld materialswhich exhibit An alternativeapproachto this classof problems
Peierls-charge-densitywave (CDW) instabilities.Su, has beenvia the Luttingerdoublelinear-bandbasis
Sch.riefferandHeeger[1] (SSH)andRice [2] discussed [3—5], usinga two-statespin or electronicwave function
the formationof solitons in thehalf-filled bandcase whichslowly modulatestheFermi-levelelectronicstates
[2k, = (it/a)] wherethe electronconcentrationis such in a continuumrepresentation.Thecoupledion-
that the Fermivectoris exactlycommensuratewith the displacementandelectronGreen’s.functionequations
chainperiodicity,asis thecasefor polyacetylene.They of motionare derivedanddependon an orderparam-
concludedthatanamplitudesoliton couldexist with eteri~(x)~ In the mean-fieldapproximationfor
orderparameter~(n) = ~., tanh(na/i),wherea is the the electrons,and to leadingorderin time andspace
latticeconstant,1 isthe half-widthof thesoliton,andn derivatives,approximatedifferentialequationsgoverning
denotesthe positionalongthe chain.With the forma- ~ and~ havebeenderivedand solved [5] (and refer-
tion of sucha soliton(eitheras a defect,a thermal encestherein);butthesedifferentialequationsinvolve
excitationor throughdoping)thereis anassociated approximationsthatare invalid if ~ —0. Unfortunately,
electronicboundstateat anenergyin themiddleof the the amplitudesoliton demandsjust this conditionat its
Peierlsgap.Dependingonthe occupancy,theelectronic center.Takayama,Lin-Uu, andMaid [6] (TLM), have
statecouldhavecharge0,±e withspin~,0 respectively, recentlysolved directlythe integralequationresulting
The “neutral-spin~“ solitoncouldcontributeto mag- fromthe equationsof motionandthe selfconsistency
neticsusceptibility,butnot toelectricalconduction. conditionon the electrondistributionby methods
The SSHcalculationwascarriedout in detailin a cell- analogous to those used for the Bogoliubov—de Gennes
localizedbasisset,from which theorderparameterand equation[7]. Of centralimportancein our discussion
electronicGreen’sfunctionscanbe obtained for either here is that: first, TLM fmd thata neutral-spin~gap
____________ solitonwith ~(x) ~ tanh(xii) is indeed a proper

solution(withoutderivativeapproximations);second,* Permanentaddress:Dept.of Physics,CornellUmver-
sity; supportedby Army ResearchOffice through uponexaminationwenow concludethat their calcu-
GrantNo. DAAG-29-C.0097. lationis applicablewithslight modification to boththe

incommensurateandcommensuratecases(aswewill
~ Permanentaddress:WeizmannInstituteof Science, discussbelow);third, TLM’s computedneutralsoliton

Rehovat Israel.
energyE9 = (2/ir)~~implies a low-temperaturepara-
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electron—holepairs.We suggestthis is a possiblesolution
to thelongstandingquestionof the observeddifferences ~(x) = — Aitv,I~(u,8v,,9+ nuz.sv~.s)J. (5)
betweenthe low temperaturemagneticandtransport F
activationenergiesin TTF—TCNQ. Oneof us(B.H.) [8] Equation(4) is identicalin form to thatgivenby TLM
hasalsoextendedthetreatmentto includeCoulomb [their equation(7)];howevertheir consistencycondition
effectsin the Hartree—Fockapproximation;theresults [their equation(8)] correspondsto the incommensurate
imply that thegapsolitonsolution survivesin this more casewith i~= 0. Thus,themathematicalanalysisof TLM
generalcaseandE8 = (2/ir)i~gstifi applies, canbetakenover exactlyto the incommensuratecase,

In thecontinuumlimit, the electronfield operator andtheamplitudesolitonthusfound leadsto the bound
in thetwo branchbasis is written as state

Ub(X) = jVb(X) = (z~~/4v1)”
2sech(L~,x/v

1), (6a)
Cn,s = u3(n) ~ — iv3(n)ethfnb (1)

L~(x)= ~ tanh(i~x/v1), (6b)
and theion displacementfield is takento bea classical
field = We~~= = real. (6c)
F,, = A[~(n) ei2k1~~~~+ z~(n)e~

2~f~”]. (2) Here W is thenominalbandwidth and~ is theincom-
mensuratecasePeierlsgap.Theexcitationenergyof this

In the limit wherethe spinor‘I’ (u
8, v9) and~7,~ vary staterelativeto thegroundstateascalculatedby TLM is

slowly with siten onereplacesna by the continuous (2/ir)Aj, andtheconsistencycondition,equation(5) can
variablex;A is defmedby anelectron—phononcoupling be satisfiedwith I~realonlyfor theneutralsoliton.
parameterc~.In this representationthe Hamiltonian That is, if theboundstateis singly occupiedwith either
written in termsof intersitehoppingmatrix elements spinthenthe sumoverbandstatesjust cancelsthe
modulatedby ion displacementsis transformedto imaginaryterm [u~(x)vb(x)]. Multiply occupied,charged,
(h = 1) solitonscannotbedescribedby equations(6) in this

H = ~ J dx ivy, 1t4(x) ~— u8(x) — ~ a i incommensuratecase.Instead,~ mustbecomplex,con-(x) — v9 sistentwith theknownresult that excesschargedensityax maybe definedby thegradientof the phaseof the order

+ [i~~(x)+ ~~(x)] u(x)v~(x)+ [~(x) parameterof in an incommensuratePeierlscondensate
with I I = constant.

+ r~L~(x)]u(x)vs(x))+ (2itXvF)’ Consistencyin the dimerizedcommensuratecaseis
morestraightforward;i~= I in equation(4b) implies

x Jdx[2~(x)z~(x)+ ii&(x) + i~~(x)
2]. (3) ~(x) is manifestlyrealandtheTLM solitonsolutions

arevalid for occupancies0, 1, 2 correspondingto charges
In theabove,VF is the Fermivelocity andA is the + e, 0, — e andspin 0, ~,0 respectively(within thepres-
dimensionlesselectron—phononcouplingparameter ent one-electronapproximation,which maybequite
(4ct2a/itvpk),wherek is thephononelasticstiffness.For goodif the solitonstateis ratherspreadout).The (real)
the commensuratecase,2kF = yr/a (e.g. the dimerized ion displacementsare directlyproportionalto 3.(xX— I~
structureof (CH)~)and17 = I, while for the incommen- [by substitutionin equation(2)]; theboundstatehas
suratecasei~= 0. This differencecanbetracedto the the form ~ tanh(x/l) where
extracontributionof umklapptermsnear thecommen- = W ~ (7)
suratecondition.Note that for ii = 0 the Hamiltonianis Thisgapis largerthanthat of the incommensuratecase
identicalto that studiedby TLM. by thefactor(e’ ~~2X)~Theseresultsare,of course,just

The equationsof motionof the single-particlewave thoseof SSH.
function(indices: “1” level,“s” spin) taketheform Summarizingbriefly, we envisageseveraltypesof

excitations:chargedor neutralgap-solitonsin dimerized

— iv
1 ~— u,9(x) + ~~(x)v,,8 = e,u,9(x) commensuratematerials,andneutralgap-solitons(mag-

(4a) netically active).Chargedphasesolitonsmay bein-

iv1 -~-- v,8(x) + ~(x)u,,9 = e,v,,3(x) ducedin anincommensuratePeierlschainby an
ax additionalperiodic field [5, 9].

The possibility of neutral solitons in dimerizedpoly-
where~(x) = ~x) + 17~(x), (4b) acetylenehasbeendiscussedextensively[10]. However,

Summingon occupiedstates,the variationofH theexperimentalconsequencesof neutralamplitude
with respectof ~ yieldsthe self-consistencycondition solitonsin anincommensurateCDWsystemsuchas

TTF—TCNQ havenot yet beenexplored.Theexistence
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of suchneutralspin~excitationswould leadto a contri- is requiredby theexperimentalresultson
bution to theparamagneticsusceptibilityof the form (TTFj~TSeF~XTCNQ)alloys;theexperimentsshow

that in TSeF—TCNQ,~cond ~ However,it is also
X = N8(T)ii~/kT (8) true that the low-temperatureorderingisdifferent

perchainof unit length where N9(T)is thenumberof (periodof 4d for TTF—TCNQ and2afor TSeF—TCNQ)
thermallyexcited amplitude solitons given by andthelocal fields therefore must differ [16].

N9(T) = ~- exp( 2 Werecognizetheneed for addressing analytically
— NkT) (9) such further properties as interchain effects, soliton
it / interactions, multiple solitonstates,andtheenergetics

wherea is the lattice constantanda isanentropy of phasevs. amplitudesolitons in incommensurate
factor. Including thenumberof chainsperunit area,the systems;however,for nowwe prefersimply to air the
molar susceptibility is written. main idea of amplitude solitons in incommensurate

materials.
~ 2~~’~1
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