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The effect of electron-phonortoupling on the formation of bipolaronsis consideredn
both adiabaticandantiadiabatiagegimes.Within the two-site Holstein-Hubbardnodel, it
is shavn that fast phononscaninfluencethe formationfor both repulsive and attractve
effective on-siteinteractions.
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It is widely acceptedthat the descriptionof the electronic structureand proper
ties of high-temperatursuperconductorsequirestight-bindingmodels.The presencef
electron-phonoimteractionis alsorecognizedparticularlyin thelow hole-dopingregime
[1]. An obviousquestions how muchthepresencef electron-phonogouplinginfluences
the propertiesof thesemodelsand accountsor the physicsof the materialsthe models
describe.importantis the In the scenarioof preformedpairs[2], couplingof the pair's
electrongo lattice vibrationalmodesmight resultin anincreaseof the binding enepgy of
thepairor in areductionof thebindingenengy. In addition,thevalueof thesuper&change
interactionJ mightalsodependntheelectron-phonoimteraction.

Theelectron-phonointeraction,evenif it appearsiotto bea mechanisnresponsible
for superconductity, might be a clue for the understandingf the stability of pairsand
have a significantconsequencaa themodelsused.
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We approactthis problemby examiningthe Holstein-Hubbardnodel,in which cor-
relatedelectronsare assumedo be locally coupledto a dispersionlesphononmodein
a wide rangeof parametes space.This haspreviously beenconsideredn the adiabatic
limit w — 0 [3-4], whenit wasfoundthatsuperechangaloesnotdependntheelectron-
phononcoupling, as the time is too shortfor the lattice to follow the virtual electron-
hoppingprocessesThe non-adiabatidimit hasbeenaddressedh Ref. 5, wherea non-
trivial dependencef J on electron-phonorouplinghasbeenshovn within a variational
approach.

In this letter, we will usethe exact diagonalizatiorfor small clusters,truncatingthe
Hilbert spacg6] by allowing only a finite maximumnumberof phononsper mode.The
Holstein-Hubbardanodelis definedby the Hamiltonian

H =w¥i(afai+}) - g%, i — (m)af +a) @

3 5.4y,0 (G Cio + €fpcio) + U X nipniy.
Wherec;; andc;, arethe creationandannihilationoperatorgor electronsof sping and
a} anda; arecreationandannihilationoperatorsfor local phonons.In the sum,the in-
dices< i,j > runoverthe nearest-neighboisites. The modeldescribegightly-binding
electrondgnteractinglocally with the effective interactionU thatis assumedo be attrac-
tive or repulsie. Their couplingto the Einsteinoscillatorof frequeny w is takenvia the
fluctuationsof the electrondensityn;, — {n} aroundthe meanelectrondensity{n}. This
eliminatesthe trivial couplingof the zero-momentunphononmodeto the total electron
density We useunitssuchthath = 1.

Thesimplestway to examinethe modelis to considertwo electronsat a two-siteclus-
ter. Inspiteof its simplicity, thesystendoeshave basicfeatureghatgive aninsightinto the
importantphysicalquantitiessuchasthe superg&changeandtheaveragedistanceébetween
electrongwhich couldberelatedto the stability of electronpairs).For a sufficiently weak
electron-phonorouplinganda large positive U, the electronicconfigurationwith only a
singleelectronpersitewill predominateFor alargercouplingconstanty, oneobsenesa
transitionto alocal bipolaron.The enegy differencethenhasthe meaningof the bipola-
ronic binding enegy. One caneasilyfollow the developmentof the systemasa function
of the couplingconstanty, from an electrons singletstatewith eachelectronat different
sitesto alocal bipolaronicstate wherebothelectronsarelocalizedat the samesite.

For the two-electronproblem,we choosethe basissetthatis a productof electronic
andphononicstatesThewave functionis of theform:

U =202y (85 nlS>n>pm +64 nl+ > I >pn +8,, = > 0 >pn
FBmalT—1 > |n >pn +8700[T0 > [0 >pn +81n|T1 > |0 >pn)

wherem = 0, 1,2, 3, .. and0 describeshegroundstate|n >, is annt" excitedoscillator
state.Electronstatesareanintersitesinglet

1
S >=—
| 7
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polarstates

|£ >= (c;r’ch’L + c;Tc;LHO > 4)

1
V2
andtriplet states

Ty >= \%(CITCIL +¢f g )l0>
Ty >=cf 1cf 4]0 > ®)
|T_1 >= cf’Lc;dO >

It hasturnedout thatlessthan 50 phononsare neededo ensurethe stability in the
diagonalizatiorfor smallclusters.

The enepy of the groundstateis calculatedasa function of the electron-phonoicou-
pling g/¢. In Fig. 1a, ground-stateenegy is shovn for a positve andlarge value of U
for a rangeof phononfrequenciesfrom adiabaticto antiadiabaticregion. In the weak-
couplingregime (g/t < 1), the ground-stateenegy shaws little dependencen the cou-
pling strength.In the electronicconfigurationof the system,a single electronper site
dominatesgiving asingletgroundstate.lt is evidentthatthedifferencan enegy E; — Ey
betweerthelowesttriplet stateF; andtheground-statsingletE, canbeinterpretedasthe
effective exchangenteractionJ [7]. Notethata triplet statedoesnot coupleto phonons
with our choiceof the Hamiltonian.
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Fig. 1: Groundstateenegy from diagonalizatiorof the Holstein-Hubbardnodelfor two
sitesversuselectron-phonomrouplingg. (W= w/ | t |, w is phononfrequeng.) a)U/ |
t|=+18.b)U/ | t|=-0.5.

In Fig.2 an effective exchangeinteractionJ is plottedfor severalvaluesof w/t. One
shouldnotethattheresultagreesvell with the predictionof Ref. 4 that.J doesnotdepend
on electron-phonorouplingin the adiabaticlimit. The adiabaticresultJ = 4¢2 /U ap-
peargo holdfor w = ¢ . Whatonelearnsfrom Fig. 2 is thatanincreasef electron-phonon
couplingenhancesupera&changevery little until the couplingbecomestrongenoughto
causea transitionto an on-sitebipolaron. Thenthe enegy differenceF; — Ey becomes
large,andthis is accompanieavith the completedominationof the polar statein the elec-
tronic part of the ground-statevave function ¥y,. Also, the interpretationof E; — Ey as
supergchangdosesits meaninglt rathermeanghebipolaronbindingenegy [8].
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FromFig. 1, onecanseea dramaticcollapseof the systemto a stronglyboundstate
at particularvaluesof g/t. It shaws thatfor a larger phononfrequeng w, the transition
happenst largervaluesof g, extendingthe rangeof the adiabaticoehaiour well into the
strongcouplingregime.
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Fig. 2: Enegy differencebetweertriplet E; andground-stateingletE, versuselectron-
phononcoupling.U/ | t |= +18. (w=w/ | t |, w is phononfrequeng.)
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Fig. 3: Averagedistancebetweerelectronsnormalizedto the size of the system,versus
electron-phonomrouplingg (W= w/| t |, w is phononfrequeng.) a)U/ | t |= +18. b)
U/|t|=-05.

‘OClIn Fig. 3, thechangeof the averagedistancebetweerelectronsmeasuredn units
of thesizeof the system|js plottedasa functionof the electron-phonogouplingconstant
g- In Fig. 3a,onecanseethatfor a large andpositive valueof U anda sufficiently weak
couplingconstanty, the systemprefersa singletgroundstate,asexpected.The average
distancebetweenrelectronds aslarge asthe size of the system.A large enoughvalue of
g is neededo overcomethe repulsive potentialU' andto localize electronsaroundone
centerof the systemlt is evidentthatthe crosseer from the weak-couplingg/t <« 1) to
thestrong-couplindg/t >> 1) regimedepend®ntheadiabaticityof the systemFor faster
phononsthetransitionto alocalizedstateof electronds postponedo a largervalueof g.
This seemdo agreewell with the predictionof the Lang-Firsa approach9] which gives
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the effective on-siteinteractionasU, s = U — 2¢* /w, aresultthatis valid in theextreme
antiadiabatidimit (w/t > 1). Thetransitionshavsupin variouscorrelationfunctions the
analysisof whichwill bepresenteelsavhere.

For largeandnegative valuesof U, electronsvould belocalizedat onecenter evenin
aweak-couplingegime.

An interestingfeatureemepgesfor a small and negative value of U. In Fig. 1b, the
ground-statenegy is plottedfor a setof phononfrequenciegandfor anattractize on-site
electron-electroimteraction/’ = —0.5 (measuredn unitsof | ¢ |). It shovs atransition
to a strongly boundstate. It is also evident that for a weak-couplingvalue of g, even
thoughlU is negative, the systemis not entirely boundat onesite. In the first place,that
is a consequencef the hoppingtermin the Hamiltonian,but it alsoshowvs a dependence
on the phononfrequeng. The effectis betterseenthroughthe averagedistancebetween
electronsasshavnin Fig. 3b. Theattractionandconsequentlyhelocalizationof electrons
atonecenteris in asensaeducedy afastphonon.

In summaryit hasbeenshown that the presencef the electron-phonorinteraction
leadsto anincreaseof the effective exchangeinteractionin a two-sitemodel. The effect
can be obsened experimentallyas an isotopic dependencef the measuredralue of J
[10]. It is alsoshavn thatthe value of the couplingconstantat which a transitionoccurs
to an on-sitebipolarondependsn the phononfrequeng. A tendeng is shavn thatfast
phononspposéhetransition.They seento actsoasto preserethesingle-siteoccupany.
Theeffectcanbeseerevenfor anegative on-siteelectron-electromteractionl/. Onemay
expectthatfor asmallon-siteeffective interactionfastphononsmayleadto ananharmonic
lattice fluctuation,suggestingoossiblepolaroniceffectswell into the regime of existing
local bipolarons.

A similar conclusiorabouttheinterplayof theelectron-phonogouplingandphonons
hasbeenpresenteth Ref. 11. There aformationof asinglepolaronwasconsideredvithin
thevariationalapproachandit is shavn thatfastphononsdo opposehatformation.

In conclusion,it appearghat a two-site model considerechereagreeswell with the
adiabaticesultsandresembleshe behaiour of the Holstein-Hubbaranodelin the antia-
diabaticregion. It givesa consistenmeaningto the resultsin thewholeregion of phonon
frequenciedrom theweak-to the strong-couplingegime,aresultthatis ratherdifficult to
achieve usingstandardanalyticaltechniques.

This work wassupporteddy the Ministry of Scienceand Technologyof the Republic
of Croatiaundercontractno.00980101.
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FORMIRANJEPOLARONA: STUDIJMALIH NAKUPINA

Ucinak elektron-phononvezanjana formiranje bipolaronarazmatrase kako u adija-
batslomtako i u antiadijabatskm rezimu. U okviru Holstein-Hubbardeog modelas dva
centrapokazange dabrzi fotoni moguutjecatinaovo formiranjekako za odbojnatako i
zaprivlatnamedudjelovanjamedi Cesticamgednogcentra.
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