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ThePeierlscondensatewith densityp near 1 electronperatom is studied
andan effectivephase-amplitudeHamiltonianis derived. It isshownthat
a Hartree—Focktheory removesthep —~ 1 singularityandthephasefield
existsevenatp = 1. The chargecarriersare attractingsolitonsandthe
lock-in transitionis of first order.If p is fixed near 1 the condensatewill
separateinto a commensuratephase(p = 1) andan incommensurate
phase(çi # 1). Theseresultscanaccountfor theunusualfeaturesof
dopedpolyacetylene.

THE PEIERLSINSTABILITY of aquasi-one- Thesetheoriesfor solitonsin polyacetylene[10,
dimensionalelectronsystemandeffectsof commen- 11, 13] describethesinglesolitonformation,applicable
surabiitywith thelattice havebeenextensivelystudied to very dilute dopingof 8p ~ 0.001,wheresolitonsare
in recentyears[1—5].Howeverthe simplestcommen- isolatedfrom eachother. However,the understanding
suratecase,correspondingto densityp of 1 electronper of the metal to insulatortransitionrequiresmulti-
atom,remainedas a puzzlingspecialcase.It hasbeen solitonsolutionsandtheunderstandingof thecommen-
arguedthat in this casea phasemodedoesnotexist surateto incommensurate(G—I) transition.
[1, 2], andthat the free energycannotbe expanded In this work we re-examinethePeierlscondensate
aroundp = 1 [5]. nearp = 1, andshowthat the eliminationof thephase

The caseof p near1 hasbecomeparticularly modefor p = 1 is a deficiencyof theHartreeapproxi-
interestingin view of recentexperimentson doped mation,which wasusedin previoustheories[1, 2, 5].
polyacetylene[6—8],whereby dopingp = 1 + &p We thenderivean effectivephase-amplitudeHamiltonian
electronsin theconductionband.A dramaticincrease by using theHartree—Fockscheme,i.e., includingthe
in conductivityaround&p 0.01 suggestsan insulator exchangeterm.Thechargedsolitonobtainedhere,does
to metaltransition.Optical absorptionindicates[7—9] notpassthroughthesingularpoint wherethe orderpara-
thatdopingleadsto anadditionalabsorptionbelow metervanishes,andthereforea Ginzburg—Landau

0.5eV, but surprisingly,absorptionat the gapof effectiveHamiltomancanbe used.In the secondpart
-~ 1.6eVpersistsall the way throughtheinsulatorto we apply the resultsto describethe transitionnear
metaltransition. p = 1. Thesolitons in thepresentmodel canattracteach

Furthermore,magneticsusceptibilitydata other,condensingintometallic like regions.
indicatesthatundopedpolyacetylenehasspin carrying The amplitude~ andphase0 of the interacting
defects,while theexcesschargefrom thedopingions electron—phononorder parameter~ exp(iØ) are usually
doesnot carryspin [9]. Thisis consistentwith the electron-phononorderparameter~ exp (iO) areusually
theoryof Su, Schriefferand Heeger(SSH)[10] that identifiedby theion displacementpattern
neutralsolitondefectscarryspin,while chargedsolitons ~ cos(2k~.x+ ~),wherekF = irp/2a is the Fermi
do no carryspin. wavevectoranda is the lattice constant.Forp = 1 the

An alternativetheoryby Rice [11] suggestedthat ionsatx = naare displacedby (_)P~cos0. The only
solitonsin polyacetyleneare amplitudekinks. However, ion variablethenis the producti~cos0 and theorder
the Landau—Ginzburgfunctionalusedby Rice is singular parameterappearsto be real [2]. However,including
for an amplitudekink [12]. The continuumversionof interactionsbetweenelectrons,eitherby virtual
theSSHmodel,as doneby Takayainaet al. [13] does phononexchangeor by Coulombinteraction,canlead
notsufferfrom thatdefectandyieldsan amplitude to a complexresponse,i.e. the orderparameter,
soliton. definedby this response,is complex.

To maketheseideasmoreexplicit, let usconsider
* Presentaddress:Departmentof Physics,The a systemwith2kF= ir/a. Write theelectronwave-
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u(x) = ui(x)ethFx+u
2(x)e_thFx (1) 1 “. A

2 )
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anda spinor notationis used~(x) = [ut(x), u~(x)]. 8 ~ + 3~2 (a+ 2~)~
The phononfield is written as~(x) exp(ilrx/a) = / a )2 1

~(x)(—)1 forx = na and ~(x), u
1(x),u2(x)are slowly X

varyingfunctions.Ne~ectingsecondderivativesin ~t ~ cos0 3—~fO’dx (3)
u1,2(x)and termswhich oscillate fast as(~)“,the whereE~is theelectroniccutoffenergy,a — l/(2X + y),
Hamiltonian iswritten as = X/[7(2 X + ~y)]and X = g

2N(0)/w
0.The slowly vary-

= Jdx {— ~VF~t a ing partof theelectron densityis [12](X)03 —~i(x)+ ~WoX(X)ax p = 1 + -~-a0Iax. (4)

+g~t(x)ai0(x)~(x)
Exceptfor the last term in equation(3), thesystem

+ —~--~Jit(x)~/i(x)iIIt(x)~JI(x)} (2) is symmetricin thephasegradient,as requiredfor the
N(0) halffilled band[15]. Thelast termin equation(3) is the

wherea are the Pauli matrices,N(0) = 2/irv~is the electronchemicalpotentialwhich couplesto theelec-
densityof statesat the Fermi level,gis the electron—~ tron density[equation(4)]. This termmay induce a
phononcoupling,andy is the strengthof the Coulomb changein theelectron densityandbreaksthe symmetry
coupling.Thelastterm in equation(2) describesa of thehalf filled band.
Coulombinteractionwith a rangelongerthana but The Hartreeapproximationcorrespondsto y -* 0
shorterthan the coherencelength VF/L~. (no exchangeterm) andthen thelocking term

The couplingof a phasemodeto electrons,present ~~2(1 — cos 20) divergesfor 0 ~‘ 0. (The Coulomb
in the incommensurateproblem,is absentin equation interactionis not essentialfor this; phononexchange
(2). The couplingby the a~matrix meansthata(+ 2kF) leadsto the sameeffect.)The only finite energy
phononcantransferelectronsfrom type 2 to type 1 solutionin the Hartreeapproximationis then0 = 0, i.e.
(direct process)andalso from type 1 to type 2 the chargedensitywave is alwayslockedto thelattice
(Umklappprocess).Note that the Coulombinteraction and from equation(3) p = 1! The expansionnearp = 1
doesnot involve an Umklapp process.Thisprocessis is thennotpossible[5] andthereis no phasemode.
affectedby the4kF componentof the interaction Note that for a complexorder parameterthe form
which is neglectedherecomparedto theq 0 com- of equation(3) follows essentiallyfrom generalsym-
ponent.We also assumethat the systemis charge metryarguments[3] and the microscopicderivation
neutralon thescaleof the coherencelength, i.e. the servesmainly to identify thevariouscoefficients.
dopantions arenot too far from their chargeon the To first orderin 0 theCDW is changedby
polymer chain. 0~sin

2kFxwhichvanishesat the ion positionsbutnot
The orderparameteris definedby thecombined otherwise(thusthe ionsdo notcouplelinearly to phase

electron—phononresponse[12] (notjust the ion oscillations).Since Ø(x, t) is definedon a continuum
displacement),i.e. theelectronoff diagonalselfmass (manifestedby thevirtual interactions)a non-adiabatic
correctionis L~cos001 — ~ sin 002. theoryyieldsaphasemode,i.e. the order parameteris

The procedureof a microscopicderivationof an complex.Note that thephasemodeis notthe acoustic
effectiveHamiltonianhasbeenshownin [12]. The new mode [1], sinceit involvesCDW motion relativeto the
featurehere is that the calculationis extendedbeyond ions;it is also distinct from theamplitudemode [2]
the Hartree(or adiabatic)approximationand this leads sincethelatter doescouple linearlywith the ions.
to qualitativelynewresults for the systemnear~ = 1. We now analyzeandapply theresulting equations
More specifically,we use theHartree—Fockscheme[14] of motionin thestatic limit,
andassumelow frequencyphonons(w

0 ~ L~)so that [a + 13(1 — cos 20)] ~ = ~ ln (2E~/~)
theexchangetermis dominatedby theCoulombinter-
action [14]. We obtainthefollowing effective — (~~2— A~”)v~~/~ (5)
amplitude-phaseHamiltonian 4~3~2sin 20 = v~0”. (6)

3C {~, 0} = N(0)Jdx (— ~& (~~ + -i-) + ~!-~a&} In the commensurategroundstate0 = 0 and
= = 2E~exp (— a). (Includingtime dependence

~‘2 \ gives phononfrequenciesw~, &~‘.f8a and
+ I13~2(1 — cos 20) + ~ (~‘~+ —i) = co0(2X+ y)/~/~.)In the incommensuratelimit
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(ir/a ~ q ~ ~ ~j/VF, q 2p/vF)0 is changing rapidly Recentnumericalstudies[18] of the Hamiltonian
andthecos 20 termin equation(5) contributesjust a (3) confirmthatsolitonsindeedhavea longrange
smallsecondharmoniccorrection, attraction,andform static boundstatesfor 13> 1.48.

0(x) = 0~+ qx — sin (2qx + 20o)13L~/v~q2 (7) In the incommensuratelimit (ii ~E
1) the solitonlatticeis describedby equations(8) and(9) with a

~(x) = i~ + 3 cos(2qx+ 20~)13~/v~.q
2 (8) densityop = qa/ir (eachincrementof 0 by ir is one

where~ = 2E~exp (— a—13), andOo arbitrary, soliton). This limit is a goodapproximationdown to
reflectingthe phasedegeneracyof this state.For nearp E

1 [3, 4, 14], i.e. for Op ~ Op~where
13 � 1, A~~ ~ which demonstratesthe strongphase— = 2EIa/7rvF . (10)
amplitudecoupling. In general[1, 2, 13] & .~2E~and
y< A sothat 13> a ~ 2. Below Op1 thesolitondensitywould decreasevery

Fora constantamplitudeequation(6)yieldsthe fast with p, if ~ = ~ (dashedline in Fig. 1), but then
well known sine-Gordonphasesolitons[12, 16]. A phase L~(x)increasestowards~~and p must increaseto over-
solitoncorrespondsto a localized changeof ir in the comethecorrectsolitonenergy.
phase,it containsan energyE8, a charge±e [equation Thedependence~Sp(p)is shownqualitativelyin
(4)] andspinzero [12]. Thechargeand spin of this Fig. 1. This type of behaviorhappensat leastfor 13 ~ 3,
soliton is identical to thatof SSH,andthedifferenceis since thenwe haveshown two solutionsat .z = E8: the
thatherewe includeexchangeinteractionanda corn- commensuratestate,andthe incommensuratesolution
plex order parameter. equations(8) and(9), the latterbeingvalid at

Thecoupledphase—amplitudeproblem,equations ~z~’~’1= E~/E~~ I -

(5) and(6), also hassolitonsolutions,althoughthe Figure 1 impliesthat the C—I transitionis of first
explicit solution is not simple. At thesoliton center order.It is analogousto the density—pressuredepen-
~(x) has a minimumwhich canbe muchsmaller than dencein. a gas—liquidtransition.The equilibrium

= ±00) = ~, It canbe shownthat solution (vertical line in Fig. 1), describestwo separ-
atedphases;a commensuratephaseandan incommen-

E~= ~N(0)J dx [z~ — &(x)] (9) surateone with densityOpt. Fora given Op <Op* the
systemwill separateinto thesetwo phasessuchthat

anda lowerboundon E8 canbe found.Define the incommensuratephaseoccupiesa fractionOp/Op*
E1 = ~/~/ir (energyof “phase only” soliton with a of the chain length.Comparingtheenergyof equations
constant~ = ~) thenE5/E1>4.0 for 13 = 3 and the (7) and(8) to theenergyof the commensuratephase
lowerbound increasesrapidly for larger13. gives(for large13) that the equilibriumlinesis at

We now proceedto discussthe situationfor many
solitons.This is relatedto the C—I transition,or “lock
of the chemicalpotential~. Po is a commensuratevalue /
in” transition,which correspondsto p -* Poas function
of the electrondensity,Po = 2N/MwhereN, M(N<Al) 8p*

are small integers[1], andMisthe orderof commen-
shownto be continuous[2—5].
surability. ForM ~ 3 this transitionwas studiedand

In equation(3) the netenergyfor creatinga
soliton is E~— p. Thus for p >E~thesystemis //

unstableagainstaccumulationof solitons [3—5,17]. /

This is theC—I transitiondescribedby the soliton /
densityp — I = Op(p). Op increasesasp becomes I
largercomparedwith the locking potential~B&, i.e. I
the coefficientof cos 20 in equation(4).
However,the phase—amplitudecoupling drivesan
unusualeffect: asOp increases,the amplitudeand Fig. I. Qualitativebehaviorof the excesschargedensity
hencethe locking potential,both decrease.Thus asa function of the chemicalpotential.Thedashed
unlockingbecomeseasierand the solitondensitycan line correspondsto the(false)case of a constant
bootstrapitself to highervalueswithout increasing~. amplitude~ = A~.The vertical line is obtainedby a
Thiscorrespondsto anattractiveinteractionbetween Maxwell construction;it is the equilibriumstatefor
solitons Op <Op* andcorrespondsto a linearcombinationoftwo separatedphases.
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