'LEGIBILITY NOTICE

A major purpose of the Technl-
cal Information Center is to provide
the broadest dissemination possi-
ble of. information contained in
DOE’s Research and Development
Reports to business, industry, the
academic community, and federal
state and local governments.

Although a small portion of this
report IS not reproducible, it is
being made available to expedite
the availability of information on the
- research discussed herein.

1



L:% A Amos Nal 0”a L ADOralory 3§ Jperated Dy "ne LN ve'sly uf Jantorma 'ni 'me Lo ted Stales Department of Frergy ,nger Tontract WoTAMS ENG 16

LA-UR--88-2613

DE88 016338

TTLE THE EXTENDED PEIERLS-HUBBARD MODEL: OFF-DIAGUNAL TERMS

AUTHORISI ), K, Campbell, J. Tinka Gammel, Eugene Y. Loh

SUBMITTED YO Proceedings ol the International Conterence on Synthetic Metals
held at Santa Fe, NM, June l6-lJulv I, 1988.

DISCLLAIMER

This report was prepared as an account of work spomsared by an agency of the United States
Govermment  Newther the United States Government nor any agency thereol, not any of their
cmployees, mukes any warranty, expres. or imphed, or assumes any legal ablity or responsy
ilty for the accuracy, completeness, or uselulness of any mlormation, saipparatus, product, o
pronesy disclosed, 1 represents that sty use would not infringe prvately owned rights Reter
enve heten 1o any apectic commerarid product, process, o service by taade name, trademark,
manufacturer, or utherwine doey not necessanly constitute o imply ity endorsement, recom
mendation, or Givonmg by the United States Government or any apeacy thereol The views
and opimons of authors expressed herem do not necessarily stive or aetlect those of the
Limited States Government or any agency theieof

Wy oy oty e v g artg i@ the publigher TECOQMII@Y thAt TRE ) Yy ORI NMANT '@ANS 4 yOnBaC'L vl sy ity TAA L CENYE 10 DUDLIR O rApradLtL e

e L et o ey gt Balan e Y0 aniow alh@ry ' o fo ar 1S (goeernmgnt pyrposesy

() W A s Tyt e g ADOrAtar, c@ ,@8ts 1hgt "he Db gRar Jantl, ‘R g At i@ gy wark perfareadd LoHar the autp as nf thg i %y Dapartmant ol nery

3 A Los Alamos National Laboratory
) L S @m@) L.os Alamos.New Mexico 87545

MSTAEG S 0F DR poeimiRT IS HRVIMITED

MreTrD e


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


D.K. Campbell, J. Tinka Gammel. and E.Y. Loh, Jr.

Center for Nonlinear Studies and Theoretical Division, Los Alamos National Laboratory, Los Alamos,

NM 87545 (USA)

ABSTRACT

We investigate the effects of incli.ding “off-diagonal™ terms - nearest-neighbor bond-bond repulsion
(W) and bond-site repulsion (X) - 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 transpolyacetylene and related charge density wave

systems.

INTRODUCTION

The coutinuing debate on the relative importance of electron-phonon (e-p) versus electron-electron
{e-e) interactions in conducting polymers and related materials has recently acquired a new dimension
with the suggestion (1] that standard Hubbard (2] or Pariser-Parr-Pople (FPP) [3) models, which involve
oaly site-diagonal Coulomb interactions, fail to capture the true effects of e-e interactions. The specific
observation 1] is that the translatioaal invariance of the Coulomb repulsion between electrons requires
that, in addition to site-diagonal terms which can be represented eutirely in terms cf the density
operator, there are off-diagonal terms - ¢.g., nearest-neighbor bond-bond (called “W™) 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
[3.4] and Hubbard [2] models, the justification for neglecting them did not focus on competing e-¢ and
e-p interactions or on the potential effects of quasi-one-dimensionality. Hence the issue of the effects of
these terms requires revisiting (1, 5. 6]. In particular, in the context f trars-(C'H), the possible offect
of off-diagonal terms on dimerization is of vital interest. {f oue includes e-e interaction etfects using only
the standard site diagonal Hubbard terms [’ and V', one finds unambiguously using exact {numerical
many-body methods that for the expected range of e-p couplings the on-site Coulomb repulsion actually
enhances dimerization up to fairly large values [7,8]. These results are still widely regarded as counter to

the conventional wisdom that Coulomb interactions should suppress the build up of charge quywhere
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the build-up of charge on the bonds. Thus, the absence of these terms in the standard extended Peierls-
Hubbard (PH) models suggests a priori that these models may artificially favor \he continuation of
dimerization in the half-filled band into the region of intermediate to strong Coulomb interaction. More
generally, the omission of such off-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, crganiz synthetic metals {both
conducting polymers and the incredible variety of charge transfer salts), :.nd halogen-bridged transition
metal chains. [n view of this wide range of potential applications, the issue of off-diagonal terms clearly
merits a thorough and definitive investigation. In this and related articles |9] 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 diagonalization
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 pot alter gualitatively the conclusions
hased on models including only site-diagonal terms. In particular, counter to the simpie intuition,
in the relevant parameter ;ange the dimerization initially jncreases as ¥/ increases from zero, remains
approximately constant for intermediate values of W, and drops sudden’y to zero only for (unphysicaliy)
large values of W. Further, the major effect of X on the specific problem of dimerization is merely to
renormalize the hopping; however, since the X term breaks the charge-conjugation symmetry of the

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

THE MODEL

To analyze the effects of off-diagonal Coulomb terms in quasi-one-dimensicnal systeris, we consider
the modified Peierls-Hubbard Hamiltonian (1,5.6.9)

ko~ 2
H = - Z(to - 06()8[.[4;1 + "2' 21461

[
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where ny, = C;,Clav ne=neg + 0o, Beesr = 3 (CeolCopr o+ Crar o'¢e 0), to i8 the hopping integral
for the uniform lattice, a is the electron-phonon coupling, &, is the relative displacement between the
ions at sites € and ¢ + 1, and k represents the cost of distoriing the lattice. U describes the on-
site Coulomb repulsion and V' the nearest-neighbor repulsiou. Y is a “mixed” term involving both
on-site and bond-charge effects, and ¥ is the boad-bond cha-ge rep..ision. For U,V W, X = 0, this
model reduces to the SSH Hamiltonian {10], in the (stazndard) limit of classical ion displacements. For
W, X = 0, this Hamiltonian is the conventional extended Peie;|s- Huhbard mode’ that has widely been
used [R] to model conducting polymers and in particular to investigate the competition hetween e p and
e-e interactions in these systems. When both ¥ and X are iacluded, the model contains all offects of
Coulomb interactions  both on- and off diagonal  up to aad including nearest neighbor interactions
(1 6]

When the off diagonal terms are not a prior negligible, the central 1ssue 15 the extent 1o which

they produce results qualitatively different from those predicted in their absence Since these terms all
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Fig. 1. The phase diagram as a function of V'/to and W/t, for intermediate coupling " = 4t5 = 10eV.
and X = 0. Phase boundaries are plotted for a 8-site ring. The ground-state changes discontinuousiy
across solid lines, smoothly across the dotted line.

derive from the (screened) Coulomb interaction {1-6], cne must anticipate that U/ > V, X,V 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 the results we use (numerically) exact many-body methods known to

be reliable in the intermediate coupling regime.

EXACT DIAGONALIZATION: RESULTS AND DISCUSSION

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 tie Lanczos method [11]; details will be published elsewhere [9]. To demonstrate the
convergence of our results as a function of system size, we investigate 4, 6, 8, and 10 site rings. We
focus on the phase diagram as a function of W and V at fixed U = Uy. For comparison and definiteness,
we use the conventional SSH-polyacetylene parameteis a = 4.1eV/A k = 21eV/A?, and to = 2.5eV.
Fig. 1 shows the phase diagram for an 8-site ring; comparison with results on 4-, 6-, and 10-site rings
suggests thie diagram reflects the infini.e-ring behavior. In Figs. 2 and 3 we show the actual value of
9. the optimal dimerization, versus W for 4, 6, 8, and 10 site rings when Uy = dto(= 10eV), V' =0
and V' = JeV, respectively. Several points are immediately apparent from these figures.

First, the dimerized/BOW persists for a substantial range of Coulomb repulsion, both diagonal
and off-diagonal. In particular, as shown in Fig. 2, even for V = 0, W does not destroy dimerization
until . ~ 0.24t9 = 0.6eV. Indeed, dimerization jgcreages monotonically with W before dropping
rapidly to zero in a “first order phase transition” at W = W, elsewhere [9] we describe strong coupling
arguments that provide an intuitive explanation of these results. The existence of real materials with
W > V. remains an open question; it is conceivable that the recently observed organic ferromagnetic
materials may be modeled using parameters in this range. However, for (("H), and the other conjugated
polvmers, the experimentally observed dimerization requires, within the model Hamiltonan 14V . 1%
Importantly, one stil finds dvnenczation for strong, internally conmstent (Coulomb intermetions, the
assnmption of weak e ¢ interactions is got required. This is fortunate, for in the case of (7,0 och

an assumption appears inconsistent with both observed spin density ratios {12} and optical absorprion
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Fig. 2 (left). Dimerization as a function of W/ty for U = 4t = 10eV and V, X = 0 for 4-, 6-, 8-, and
10-site rings. For the 4-site ring, the dotted line gives results for the lowest energy dimerized state even
though for this small ring the ground state is not dimerized for intcrmediate values (0.10 < W/t <
0.225) of W/t,.

Fig. 3 (right). Dimerization as a function of W/tg for U = 4tg = 10eV, V = 3eV, and X = 0 for 4-, 6-,
8-, and 10-site rings. The 4-site ring ia not dimerized for intermediate values (0.16 < W/ts < 0.29) of
W/to.

larger values of W, and again W increases dimerization (slightly) until the BOW/FM SDW boundary
is reached. This is indicated quantitatively in Fig. 3. Note the increase in W, relative to Fig. 2: this
is as expected from Fig. 1.

Second, both Figs. 2 and 3 show that the distinction between “Jahn-Teller” (4N) and “non-Jahn-
Teller”™ (4N + 2) systemus persists even away from the band theory limit. However, they also suggest that
systemas with V > 8 are near the converged large ¥ behavior. Incidentally, the dotted regjons 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 values of W in these dotted reginns is a different, small-ring
phase, which does not appear in the larger rings. Thus the solid line for the 4-site system, which sl.ows
the dimerization going to zero at relatively small values of W, although strictly correct, is essentially
an artifact of the small system size. The dotted line, which explicitly ignores this small-ring phase
and plots the dimerization assuming the BOW state remains the ground state until the transition to a
lerromagnetic SDW, shows more clearly the true finite size effects on W. and 8y vs. W.

Third, the phase boundaries in Fig. 1 in geaeral reflect a “first order transition” in the dimerization
order parameter, §g: that is, there is a sudden qualitative change in the nature of the ground state,
and 8y drops immediately {rom a finite value to zero. However, for short segment of the BOW /(' DW
boundary near W = 0 the range is roughly 0 < W < 0.1 — the transition becomes second order.
Except for this short segment, the dimerized phase has non-zero dimerization on its boundary.

Increasing W', of course. must suppress bond-bond correlations. In Fig. 4, the hond bond cor
refation, average bond charge, and alternating bond charge are plotted as a function of W for inter
mediate coupling, U’y = g and V' = 0, on the R site ring. As expected, the hond hond correlation
(BY) = &Y B}, .. which couples directly to W in the Hamiltonian, is suppressed monotonically as

W ois turned on. Counter to simple intuition, however, the average bond charge (1) LN 10



does not fall off as dramatically as the correlation and indeed. for small W, the bond charge stays
remarkably flat. Meanwhile, the aiternating bond charge, which is related to the dimerization by
(B} = <b S (=)' Bii41 = ké/a, increases with W, as we have seen earlier. In sum, althcugh W 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 Hamiltonian (1) shows that when " is very large so that the probability of donble
occupancy is very small and ny + ngyy =~ 2, the term proportional to X acts simply te “renormalize’
the hopping from o to t = t — 2.X. Surprisingly, even for intermediate coupling this remains the
primary effect of \'; this is indicated in Fig. 5. which shows the dimerization versus W plct for several
values of tp and .X. In Fig. 5. curve (a) is for to = 2.5,.X = 0. That labeled (b) is actually two curves,
one for tg = 2.0..X = 0 and one for t; = 2.5, X = 0.25. They are essentially indistinguishable on this
scale. Similarly, curve (c) is again two curves: to = 1.5..X = 0 and tp = 2.5.X = 0.5. Although the
values of both W, and 6 are again virtually indistinguishable, one can see a slight enhancement (~
0.3%) of dimerization with X (to = 2.5eV, X = 0.5eV) beyond what one would expect from simply
renormalizing the band width (tp = 1.5eV,.X = 0). However, as far us dimerization in the half-filled
band is concerned, one can in effect use the X = 0 resuits with t; determined by the actual band
width to determine both ¢ and W,.; if non-zero X is used, tg must of course be suitably increased to
compensate, so that the actual band width, now given by 4¢, remains correct.

Although the off-diagonal terms produce only minor quantitative effects on dimerization, for other
otservables they can have important qualitative consequences. The mixed bond-site term X breaks
charge ccnjugation/particle-hole symmetry; its inclusion in mcdels of (C H), may thus help explain the
puzzling “intensity anomaly” in polaron/bipolaren optical absorption [13] experiments and also the ratio
of neutral (§° — S°) to charged (S* — S~) soliton pairs in the cecay channels of electron-hole pairs in
photo-excitation of 1rans-(C H), (8]. In both \hese cases, the X term may well be more important than
the straightforward next-nearest neighbor hopping term, ¢;; within a tight-binding model, t; x e="°%t,.
Furthar, when X terms are included in H, the hopping in effect acquires a band-filling dependence; this
may be quite significant in applying Hubbard-like models to situations other than the half-filled band.
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Fig. 4 (left). Bond-charge measurements on the R-site ring as a function of W/t, for {7 = 10eV and
V" = 0: a) bond-chrge correlation (multiplied by 1/2) b) average bond charge, and ¢) alternating bond
charge, which is proportional to the dimerization.

Fig. 5 (right). Dimerization as a function of W/t for {7 = 10eV and V = JeV. The individual curves are
for values of (ty, X equal to(a) (25 2V, 0) (b)(2.5eV,0.25 e\/; and (2.0 eV, 0); and (c) 12 5oV 0 Sed
and (1.5eV,0). The dotted lines are the X = 0 curves; the solid lines are for non zero \



Finally. we turn to the general issue of the applicability of the standard Hubbard model. Here it
is useful to place our work in the context of several recent articles that, in one w., or another, have
revisited the original analyses that justified the “zero differential overlap” [4,14] approximation that
neglects off-diagonal terms [2]. First-order perturbation theory [1] is pot 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 values
of the Coulomb interaction parameters. Although our study focu<ed 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 variatioral studies (15, 16] involving (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) vaiiational calculations in the pure
Hubbard model {17]. In summary, the familiar Hubbard and extended Hubbard models remain valid
and useful theoretical starting points for understanding the role of eiectron-electron interactions in a
variety of novel real materials.

We are happy to acknowledge the Centers for Materials Science and Noulinear Studies for compu-
tational support at Los Alamos National Laboratury and the Computational Sciences Division of the
US DOE for computational support at the NMFECC at Livermore.
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