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ABSTRACT

We investigate the effects of incli. ding “off-diagonal” terms - nearest-neighbor bond-bond repulsion

(W) and bond-site repulsion (.Y) - in the extended Peierls-Hubbard model. As a specific illustration

we study the ground state dimerization in the one-dimensional, half-filled-band models that have been

widely applied to conjugated polymers such as tmrwpolyacetylene and related charge density wave

systems.

INTRO I) UCTION

The continuing debate on the relative importance of electron- phmon (-p) versus electronelectron

(e-e) interactions in conducting polymem and related materials haa recently acquired a new dimension\

with the suggestion [1] that standard Hubbard [2] or Pariser-Parr-Pople ( FPP) [3] models, which involve

oI~ly site-diagonal Coulomb inter~tiona, fad to capture the true effectsof e-e interactions. The specific

observation [1] i~ that the translatio~al invariance of the Coulomb repulsion between electrons requires

that, in addition to ei~-d.iagcmai terms which can be represented entirely in terms cf the density

operator, them are ofl-diagonaf terms - e.g., nearest-neighbor bond-bond (called “Wfi ) and mixed

bond-site (called “X”) repulsions - in the Wannier function representation of the Coulomb interaction.

Although these terms were indeed recognized and analyzed in the early discussions of both the PPP

/3./] and Hubbard [2] model~, the justification for neglecting them did not focus on competing we anti

o-p interacting or on the potentld effects of qu~i-one-dl mension~ity. ~{ence the issue of the elrerts t)!’

three terms requiren revielting [I, 5, 6]. In particular, in the context if tmr~+(t’fl )= the possible IIf~(Irt.

of (Jff-dlagona! terms on dimerization is of vit~ interent. [f o,l~ inc]udea e-e interaction etfects u~in~ only

the standard site diagonal l{ubbard t~rrns (’ and L’, one finds unambiguously using ~xw-t ( nllrrl~~rirtll I

many-bodv mrthodri that for the cxpectefi range O( e-p couplings the on-site (’{)ultjrllb rvpl]liil)rl t~ltllt~ll~
.,

‘CJ.&KUR (jlm~rlzatlo~l Up to f~rly large values [7, N], I hew results are still widely r~~artivti ,Ls t~)lliltt*r I(I
. .

the conventional wisdom that (’olllomb interutiorln Rhould suppress the build up ()( rh,irg(’ ~u~~h~’r~:

.,. ,.. .
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the build-up of charge on the bonds. Thus, the absence of these terms in the standard exte;ld~>(i Peierls-

Hubbard (PH) models suggests a priori that these models may artificially favor the continuation of

riimerizatiort in the half-filled band into the region of intermediate to strong Coulomb interaction. \lore

generally, the omission of such otf-diagonal terms raises significant questions about the appropriateness

of PH or PPP-like models for describing the whole class of novel solid state materials, including high

temperature superconducting copper oxides, “heavy fermion” systems, crganic synthetic metals (both

conducting polymers and the incredible variety of charge transfer salts), :.nd haloqen-brid~ed transition

metal chains. In view of this wide range of potential applications, the isslie of ofl-diagonal terms clearly

merits a thorough and definitive investigation. In this and related arl icles 19] we carry out such a

detailed study, using both strong and weak coupling perturbation theor:~ and exact diagonalization of

finite-size systems. Limitations of space compel us to focus here solely on the exact dlaqonalization

results; the additional studies will be reported elsewhere [9]. We find that for the expected range of

parameters the inclusion of off-diagonal Coulomb terms does WL alter qualitatively the conclusions

based on models including only site-diagonal terms. In particular, counter to the simple intuition,

in the relevant parameter range the dimerization initially ~ M ~~ increases from zero, remiuns

approximately constant for intermediate values of W, and drops sudden~~ to zero only for ( unphysica.liy)

large values of W. Further, the major effect of .Y on the specific probl~m of dimerization is mereiy to

renormalize the hopping; however, since the .K term breaks the charge-conjugation symmetry of the

standard PH model, in other contexts, such M optical absorption, it may play a more important role.

THE MODEL

To analyze the effects of off-diagonal Coulomb terms in quasi-one~limensicnal systerils, we consider

the modified Peierls- Hubbard Haxniltonian [1,5,6,9]

where n(e = c~vctw, nt = ntl + nrl, Bt,t+l = ~e(ct ~tC(+I ~ -+ CI+I etc( 0), to in the hopping intrgra.1

for the uniform lattice, a is the eiectron-phonon coupling, C5(is the relative displacement between the

ions at site. 4 and ~ + 1, and k repreaentu the coat of dietorLin~4 the lattice. (J describes the on-

site Coulomb repulsion and V the nearest-neighbor repulsion. ,Y is a ‘mixed” term involving bo:h

on-site and bond-charge effects, and W is the bond-bond chw~ge rep,,.lnion. For U, V, \V, .Y = O, this

rnc~del reducett to the SS1{ Harniltonian [10], In the (staztiard) linlit of classical ion displacements, FI)-

\\’, .Y = 0, this Hamiltonian ia the conventional cxtend~ peief:l~. Hu!)barri mode). tt, at hag widrlv bocn

used [N] to model conducting polymers and in partirulu to in~w+t igate the r-om$)etition h~~twwn P p An(!

[*.P interactions in these ~ystems, \vhpn both \f’ and .~ are I{lcju{ip(i, thp ~,~o(]pl f.ollt;~llls ,Lll LIlf~ICtS()(

( “{)ulomb interactions both {~n. anli t)ff ,iiagona.1 up to aild including neartwt 111’lgtit)or lnti*r<~{Ilo[ls

[1 6]

\\ hvn tho I)tf tlIag[)nal l(*rms aro not d prvor-t n~gligih,lt’, thl’ r{’ntraf IssIl~* I> 1110 I’~tIJIII I,) wtll~h
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Fig. 1. The phase diagram as a function of l’/to and W’/tO for intermediate coupling [’ = -lto = loci’,
and .Y = 0. Phase boundaries are plotted for a 8-site ring. The ground-state changes discontinuously
across solid lines, smoothly across the dotted line.

derive from the (screened) Coulomb interaction [1-6], cne must anticipate that t~ > V, .Y, IV and hence

must adopt a method that gives correct results in this parameter regime. Since in many materials one

expects U = 4to, to be certain of th~ results we use ( nurner; cally) exact many-body methods known to

be reliable in the intermediate coupling regime.

EXACT DIAGONALIZATION: RESULTS AND DISC~SSION

In the regiou of intermediate e-e coupling anticipated to apply to many novel materials, we have

calculated numerically the “exact” ground state of finite rings described by the Hamiltonian ( 1) using

a version of the Lanczos method [1 1]; details will be published elsewhere [9]. To demonstrate the

convergence of our results M a function of system size, we investigate 4, 6, 8, and 10 site rings. l~e

focus on the phase diagram M a function of W and V at fixed U = [10. For comparison and definiteness,

we use the conventional SSH. polyacetylene paramcteis a = 4.1eV/~, k = 21eV/~2, and tO = 2.5eY.

Fig. 1 shows the phue diagTam for an tl-site ring; comparison with results on 4-, 6-, and 10-site rings

suggests this diagram reflects the in finike-ring behavior. In Figs. 2 and 3 we show the actual value of

4., the optimal dimerization, versus W for 4, 6, 8, and 10 site rings when [ro = ‘ltn( = loe’~’)t ~“ = ()

and b’ = 3eV, respectively. Several pointtt are immediately apparent from these figures.

First, the dimerized/BOW persists for a substantial range of (’oulomb repulsion, both {liag~~nd

and off-diagonal. In particular, as shown in Fig. 2, even for V = 0, W does not dwtroy dimeri~at~im

IIntil t$’f & 0.24t0 = 0.6eV. Indeed, dimerization ~ monotonically with W before ~ir{)pl)ing

rapidly to zero in a “first order phase transition” at kV = WC; elsewhere [9] we describe ~trorlg coupling

argumento that provide an intuitive explanation of these regults, The existence of real mat~~rlxls with

If’ > !\’, remains an open question; it is conceivable that the rrccntly observed orga[li( f~~rroll]:~gll,!!i(

ma!{’ri:d!i may be rnod?led using parameters in this range. However, for ((’}{ )= .uld lho ,)th(’r CI)IIJIIK4if{IIl

p(llym[’rs, the ~xperi mentally observed {iilll~rization rwluir~s, within the [II()(IPI ll,ullllt(~lll.u}, J}’ . 11’

Importantly+ on? .*(III finds dlm?r-i:utlorl for .lfrvflg, Iri(?rmilly Cr)n.~1.9tcnf ( “f)uh~r)ibIrIlfmfftIJrIi, f tIII

MKIImp[ion I)( w~ak e 41;rlteracti{~ns iq ~Q rmlulr~{l, ‘1’hifi iri fortutrato, fl~r in LhIB ( WI (I( I( ‘/1 I, III ‘I

t~n ,ISSIIIIIpt I(Jn appearg Itl(. onsistpnt with l)~)th ohser’:o~ I \pIn donsltv ratios 112] AIII! 1)1)111 .il ,~l,ifjrl)flftl
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Fig. 2 (left). Dimerization as a function of W/t. for U = 4C0 = 10eV and V, X = O for 4-, 6-, s-, z nd
10-site rings. For the A-site ring, the dotted line giwu results for the lowest energ dimerized state even
though for this small ring the ground state is not dlmerized for intc~e~ate values ((). lo < \t-/fo <
0.225) of W/tI).

Fig, 3 (right). Dimerization w a function of W/t. for U = 4C0 = 10eV, V = 3eV, and .Y = O for 4., 6.,
8-. and 10-site rings. The 4-site ring ia not dimerized for intermwiiate values (0.16 < W/t. < 0.29) of
W’/to.

larger values of W, and again W ~ dimerization (slightly) until the BOW/FM SDW boundary

is reached. This is indicated quantitatively in Fig. 3. Note the increase in We relative to Fig. 2: this

is as expected from Fig. 1.

Second, both Figs. 2 and 3 show that the distinction between “Jahn-TeUer” (4LV) and “non-Jahn-

Tel.ler” (AN+ 2) systems persists even away from the band theory limit, However, they also suggest that

s~stems with N ~ 8 are near the converged large N behavior. hcident~ly, the dotted regions of the

4-site ring results in Figs. 2 and 3 reflect the dimerization observed in the BOW phase. However, the

actual ground state of the 4-site system at valuea of W in theee dotted regions is a different, small-ring

‘bus the solid line for the 4-site system, which SI, OWSphw, which does not appear in the larger rings.

the dimerization going to zero at relatively small valuea of W, although strictly correct, is essentially

an artifact d the small syctem size. The dotted line, which explicitly ignores this small-ring phase

and plots th. dimenzatiotl amurning the BOW state remtins th? ground state until the transition to a

fetromagnetlc 5DW, shows more clearly the true finite size effectt on We and 40 vs. W.

Third, the phw boundaries in Fig. 1 in general reflect a “first order transition” in the dimmization

order paruneter, L50: that is, there is a sudden qu~itative chmge in the nature of the ground state.

a[Iddo drops immediately from a finite VdUe to zero. }~~wev?r, for short segment of the ~)(}W/(’I)\V

hound~y near W = O the range is rollghly () < W < ().1 -– the transition becomps s~ron(l :)r(!i’r,

Exrrpt for this short segm?nt, th~ dilll~riz~d ph~e ha non-zero ~imerization on its h(~undarv,

lncre~ing }\’, of course, must supprrw b(}nil-bond correlations. In Fig. 4, ttw I)on(l I)oud r(lr

rolatit)l], ;lv~rag~ I)on({ rharg~, afl(l ~l~rll~tlllg l)on(~ (.hargP are p[ot~~~ M a (Iln(.ti{]n II( It” (t)r Illtl’r

Illwli,ktp r~m[)lifig, l~o : lf~ and \“ -= [), I)n the l’!sit~ rinR, /\s rxpwt~d, thr lIi~II(l t]i~lltl ( tlrri*li~t IIJII

(H}) = +~/)/, +,, which cOUpIrS (lirtwtl~ to }1’ in the }Iamiltonian, is ~upprms~~~i ;III)II~)IIIIII( .IIIv ,IS

II” is lIitrld 1)11, (’~)untrr 10 simple? Intuition, how~ver, the ULIFmU~ horttl (h~ruv ( II) LJ’ )111,1



does not fall OR - dramatically aa the correlation and indeed, for small tv, the bond charge stays

remwkably flat. Yfeanwhile. the alternating bond charge, which is related to the dimerlzatlon by

(B’) = + ~(-) ’B,,,+l = kS/a, increases with kV, aa we have seen eariier. In sum, althc ugh }{’ does

suppress bond-bond correlations, the effects on average and alternating bond charge are quite different,

and. in particular, we observe that W enhances the dimerization.

Inspection of the Harniltonian ( 1) shows that when [’ is very large so that the probability of doll~le

occupancy is very small and n~ + nt+l a ‘2 , the term proportional to .Y acts simply to “renormalize’

the hopping from to to t = tO – Z.Y. Surprisingly, even for intermediate coupling this remains the

primary effect of .Y; this is indicated in Fig. 5. which shov~s the diznerization versus LV plct for several

values of to and .Y. Ln Fig. 5, curve (a) is for to = 2.5, -Y = O. “rhat labeled (b) is actually two curves.

one for to = ‘2.0, .Y = O and one for tO = 2.5,.X = 0.25. They are essentially indistinguishable on this

scale. Similarly, curve (c) is again two curves: tO = 1.5, -Y = O and to = 2.5. -Y = 0.5. Although the

values of both WC and 6 are again virtually indistinguishable. one can see a slight enhancement ( N

0.3’33) of dimerization with .K (to = 2.5eV, .K = 0.i5eV) beyond what one would expect from simply

renorrnalizing the band width (to = 1.5eV’, -Y = O). However, as far ~ dimerization in the half-filled

band is concerned, one c= in effect use the .Y = O results with to determined by the actual band

width to determine both o and We; if non-zero X is used, to must of course be suitably increased to

compensate, so that the actual band width, now given by -it, remains correct.

Although :he off-diagonal terms produce only minor quantitative effects on dimerizatiort, for other

observable they can have important qualitative consequences. The mixed bond-site term X breaks

charge conjugation/particlehole symmetry; its inclusion in mcdels of (C17)= may thus help explain the

puzzling “intensity anomaly” in polaron/bipolarcm optical absorption [13] experiments and also the ratio

of neutral (SO - So) to charged (S+ – S-) soliton pairs in the decay channels of electron-hole pairs in

photoexcitation of M-(CH)= [8]. In both ~hese cawea, the X term may weU be more important than

the straightforward next-nearest neighbor hopping term, t2;within a tight-binding model, t2 m e-”o”to.

Furthm, when .Y terms are included in H, the hopping in effect acquires a band-fllicg dependence; this

may be quite significant in applying Hubbard-like
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Finally, we turn to the general issue of the apphcabiity of the standard Hubbard model, l~ere it

is useful to place our work in the context of several recent articles that, in one w-j or another. have

revisited the original analyses that justified the “zero differential o~erlap” [4,14] approximation that

neglects off-diagonal terms [2]. First-order perturbation theory [1] is @ a reliable basis on which to

question the validity of the extended Hubbard model, since conclusions based on perturbation theory

about the effects of off-diagonal terms on dimerization are not valid for realistic, self-consistent valu~s

of the Coulomb interaction parameters. .Although our study focused explicitly on (an exact solution

for) short-ranged Coulomb effects, involving only on-site and nearest neighbor interactions, our results

are consistent with two recent variational studies [15, 16] invol~ing (approximate) solutions for the full

(screened ) Coulomb interaction. Further, for the expected region of parameters, the variational results

on the full Coulomb problem are consistent with early (Gutzwiller) valiationa! calculations in the pure

Hubbard model [17]. Ln summary, the familiar Hubbard and extended Hubbard models remain valid

and useful theoretical starting points for understanding the role of electron-electron interactions in a

vmiety of uovel real materials.

JVe are happy to acknowledge the Centers for Materials Science and Nonlinear Studies for compu-

tational support at Los Alamos National Laboratory and the Computational Sciences Division of the

US DOE for computational support at the NMFECC at Livermore.
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