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Mott-Peierls transition in the extended Peierls-Hubbard model
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The one-dimensional extended Peierls-Hubbard model is studied at several band fillings using the density-
matrix renormalization-group method. Results show that the ground state evolves from a Mott-Peierls insula-
tor, with a correlation gap at half-filling, to a soliton lattice with a small band gap away from half-filling. It is
also confirmed that the ground state of the Peierls-Hubbard model undergoes a transition to a metallic state at
finite doping. These results show that electronic correlation effects should be taken into account in theoretical
studies of doped polyacetylene. They also show that a Mott-Peierls theory could explain the insulator-metal
transition observed in this materi§50163-182808)06716-3

Since the discovery of the metallic phase of doped poly-are important, and should be taken into account in theoretical
acetylene, this material has been extensively stutffdnjt ~ studies of doped polyacetylene. They also confirm that a
the mechanism of the insulator-metal transition observedott-Peierls theor§® could explain the insulator-metal tran-
upon doping is still poorly understood. It is known that both Sition observed in polyacetylene.
the Peierls instability and electronic correlations play a fun- The one-dimensional extended Peierls-Hubbard model is
damental role in the formation and properties of the insulatdefined by the Hamiltonian
ing phasée and thus undoped polyacetylene is a Mott-Peierls

insulator? Therefore, ten years ago, Baeriswyl, Carmelo, and H= - AZ— E E (—1)7A,

Maki® proposed that the insulator-metal transition was also Aamtx 7 77w 7

driven by the interplay of electron-electron and electron- A

phonon interactions. Within the restricted Hartree-Fock ap- _ (t— -1 /_/) e +ct e
proximation, they showed the possibility of such a Mott- /Efr (Z1)" 5 (Cr10Crot CroCriao)

Peierls insulator-metal transition in the Peierls-Hubbard
model, which is the simplest model of polyacetylene includ- ,
ing both interactions. Recently, several works using sophis- +UZ/ n/Tn/lJrVZ AN/ @)
ticated numerical many-body methods, such as the + .
Gutzwiller variational wave functidhand quantum Monte The operators,, (c,,) create(destroy an electron of spin
Carlo(QMC) simulations’ have confirmed the occurrence of o at site/, n,,=c},C,, andn,=n,,+n, . t is the reso-
an insulator-metal transition in this model. On the othernance integral for an undistorted lattice, and fixes the energy
hand, Wen and Su, who applied the density-matrix renormalscale;\ is the electron-phonon coupling constant; ahand
ization group(DMRG) technique to this problem, disputed V are the on-site and nearest-neighbor Coulomb repulsion.
the existence of this transitighHartree-Fock, and QMC  As this model has an electron-hole symmetry, only hole dop-
(Ref. 7 simulations have also shown that the nearesting is examined. The doping raseis defined as the fraction
neighbor Coulomb repulsion opposes and can prevent thef electrons removed from a neutral chawhich corre-
formation of a metallic state in the extended Peierls-Hubbar@ponds to a half-filled bandThe usual dimerization order
model. parameterA , describes the lattice degrees of freedom. A
As an attempt to clarify this issue, | have studied thelinear term with constan® is explicitly included in the lat-
properties of the extended Peierls-Hubbard model with patice elastic energy instead of the constraint on the dimeriza-
rameters leading to a Mott-Peierls insulating ground state dion order parameter used in previous wotksin order to
half-filling. Accurate ground states and gaps are obtained foreduce the average bond-length variation. The valud of
open chains up to 200 sites and different band fillings using>0 is determined by the condition that the linear term in the
the DMRG method? and finite-size effects are carefully elastic energy equals zero in the ground-state configuration
analyzed. Results show that the ground state of a Mottat half-filling. The lattice dynamics is completely neglected
Peierls insulator evolves to a soliton lattice upon dopingin this approach, and the electron-phonon interaction is taken
This soliton lattice is qualitatively similar to the ground stateinto account only through the coupling between electrons
predicted by simple electron-phonon mod&t$? but both  and a classical lattice relaxation.
the gap and amplitude of the lattice distortion decrease faster To determine the ground state of Hamiltonidn, one has
in the extended Peierls-Hubbard model than in these modets find both the lattice configuratiop\ ,} and the electronic
when the doping increases. An insulator-metal transition ocwave function which minimize the total energy. Using a fi-
curs at a finite doping concentration in the absence ofite system DMRG algorithr one can compute the elec-
nearest-neighbor electron-electron interaction, in agreememtonic ground state, its energy, and the gradient of this en-
with previous studies of the Peierls-Hubbard motiél. ergy (thanks to the Hellmann-Feynman theojefor any
These results demonstrate that electronic correlations effecggven lattice configuration, and thus perform the minimiza-
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tion of the total energy with respect to lattice degrees of 0.8
freedom{A ,}.%® In principle, direct electronic excitations
can also be obtained by calculating excited states of the elec-= 0.6
tronic part of Hamiltonian(1) for a fixed lattice configura-
tion. Unfortunately, while the DMRG method gives excellent E g 4
results for ground states, it is more difficult to obtain results 2
for specific excited states. Therefore, | have only calculated &
charge gaps, which can easily be obtained from ground-state ©
energies for different band fillingsThe charge gap is be-
lieved to be equal to the lowest optical-absorption energy in 0-00 0 40 8.0 ' Tz‘o ' 18.0
the thermodynamic limit of the Peierls-Hubbard model ( ' ' Doping I'eveI (%) ) '
=0). In the extended Peierls-Hubbard mod&l#0), the
relation between the charge gap and optical gap is compli- F|G. 1. Optical gag(in units oft) of the Peierls-HubbaréPH)
cated by the presence of excitdfisin this work, | have  model, extended Peierls-Hubba@PH model, and SSH model as
assumed that the charge gap is roughly equivalent to the gapfunction of doping.
between the ground state and the lowest charge excitation
band, which will be called the optical gap, in the thermody-the gap is only~0.04 for U=V=0 and\=0.1, electronic
namic limit. correlations account for at least 94% of the gap. Conse-
All calculations have been carried out for several chainquently, one expects this gap to be strongly reduced as soon
lengths up to 200 sites, and results have always been exss the system is doped, because electronic correlations do not
trapolated to an infinite chain. Only open chains are consideontribute to the formation of a gap away from half-filling in
ered, because the DMRG method performs much better ithe Hubbard model. A strong experimental evidence for this
this case than for periodic boundary conditions. Computareduction is the difference between the gap at half-filib@
tions have been performed, so that numerical errors on theV) and the energy of the optical transition induced by pho-
ground-state dimerization parametar, are smaller than togenerated charged solito{@®45 eV}, which corresponds to
10~ 3t. Numerical errors on gap values are estimated to b¢he gap of a lightly doped chain in our simplified model.
less than 102t at half-filling, and around 10°t away from | have investigated the extended Peierls-Hubbard model
half-filling. All these estimations of the accuracy are basedat several dopant concentrations upyte 16% in the Mott-
on an analysis of the behavior of DMRG results as a functiorPeierls regime. In this regime, the system evolves upon dop-
of the numbem of quantum states kept per block. The larg- ing from the Mott-Peierls insulating state to a soliton lattice
est value ofm used in this work ranges from 80 for short with a small gap. The evolution of the optical gap upon
chains(50 siteg at half-filling, to 400 for long chaing200  doping is shown in Fig. 1 for the polyacetylene parameters
site9 away from half-filling. Truncation errors are typically mentioned previously. As expected, the gap is strongly re-
between 10° and 10 7. | have also checked the accuracy of duced to~0.17 as soon as the system is doped. The ampli-
DMRG calculations against exact numerical results for longude of the lattice distortion and the gap decrease with in-
(up to 100 sites noninteracting U=V=0) chains, and creasing doping, but no transition to a metallic state is found
against exact results for the one-dimensional Hubbard modeip to the highest doping studied in this work= 16%). It is
(A,=0 andV=0).}* Excellent agreement has been found inpossible that a transition occurs at a higher doping, but this
both cases. would not be relevant for the transition observed in poly-
My results at half-filling are in good agreement with re- acetylene around y=6%. Quantum Monte Carlo
sults obtained previously with DMRG@Ref. 15 and other simulationd have also shown that the lattice distortion sur-
many-body techniques like exact diagonalizations, quanturwives at high doping fo=U/2. Fory>4%, the amplitude
Monte Carlo simulations, and variational methddShey  of the lattice distortiomA , corresponds exactly to the value
confirm that undoped polyacetylene is a Mott-Peierls insulaef the gap if both quantities are extrapolated to an infinite
tor, which can be described with a reasonable accuracy bghain. Therefore, away from half-filling the gap is a band
the extended Peierls-Hubbard models. | have determined agap generated by the lattice modulation, though electronic
propriate parameters for polyacetylene by comparing modeatorrelations contribute indirectly to its formation because
predictions to experimental values for the optical gap at halfthey increase the amplitude of the lattice distorfion.
filling, the optical transition energies induced by photogener- The soliton lattice found in the doped extended Peierls-
ated neutral, and charged solitons and the neutral soliton spidubbard model is qualitatively similar to the soliton lattice
density obtained from magnetic resonance experiments. predicted by simple electron-phonon mod&lsowever, it
This comparison shows that=0.1, U=4V=2.5, andt is important to realize that the evolution of the gap and lat-
=2.7 eV seem to be appropriate for polyacetylene, in agreetice distortion amplitude upon doping is different from the
ment with previous studie¥® predictions of the Su-Schrieffer-Heedker(SSH model
It is important to realize that in the Mott-Peierls regime (shown in Fig. 1 forh=0.2). To reproduce the results ob-
the optical gap at half-filling is essentially a correlation gaptained in the extended Peierls-Hubbard model with the SSH
as in the one-dimensional Hubbard motfeklthough the model, one would need to use an effective electron-phonon
electron-phonon coupling and the Peierls instability are recoupling which decreases with increasing doping. Moreover,
sponsible for features like the dimerization and the existenceuch a doping-dependent parameidly) should change
of solitons. For instance, DMRG calculations predict an op-abruptly at half-filling to reproduce the sudden disappearance
tical gapEy=0.74 for the parameters mentioned above. Asof the correlation gap. Finally, one notes that the energy
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Hubbard model ay=12%.
FIG. 2. Charge gafin units oft) of the Peierls-Hubbard model
as a function of the inverse system size for two different dopin
levels. Lines are linear extrapolations.

demonstrates that the lattice distortion is a chain-edge effect
Ywith a very slow asymptotic decay. The amplitude of these

Friedel oscillations is known to decrease asymptotically as a
power law with an exponent 1 in a one-dimensional Fermi

scales involved in both approaches differ by an order of magl"quid, but density fluctuations are strongly affected by

nitude. For instance, my calculations indicate a gap of abou . :

0.07 eV aty=8%, while the SSH model predicts 0.4 V. L‘:;ﬂ%@fIf?rt]r(;nl_&?:ienragr“ﬁnu%Tg the exponent can be as
These results demonstrate that electronic correlation effect In conclfjsion | hav% inv?astigiated the ground state of the
n such .one-dlmensmnal systems are not rgproduced bgxtended Peierls-Hubbard model in the Mott-Peierls regime,
simple single-electron models with an effective electron-

phonon coupling, contrary to a basic assumption of the SSly|vh|ch is appropriate for polyacetylene. Results show that the

theory of conducting polymerst Thus the electron-electron ground state evolves from a Mott-Peierls insulator with a

interaction and electronic correlation effects should be take gorrelation gap at half-filling to a soliton lattice with a small
) . . . Band gap away from half-filling. It is also confirmed that an
into account in theoretical studies of doped polyacetylene.

In Fig. 1, one can also see that the gap of the I:)eierlsl_nsulator-metal transition occurs in the Peierls-Hubbard

I 1 0, 0,
Hubbard model withh =0.1 andU = 2.5 vanishes at a criti- model at a doping concentration between 8% and 12%.

) . These results clearly show that electronic correlations effects

0, 0
gi!sﬁgﬁégg gfet;vetigniifi)oin(tjolimfngaelﬁg r;zt:(lats;[orglrfrirr\] itggre important, and should be taken into account in theoretical
studies of doped polyacetylene. They also suggest that the

. 5_7 _ . B
doping.™" They also show that the electron-electron interac primary mechanism of the insulator-metal transition in poly-

tion can eifch_er support or oppose the Pelerls instability aV\"F’“écetylene is the interplay between electron-phonon and
from half-filling, depending on the parameters used, as pre-

dicted by the restricted Hartree-Fock approximaﬁ@nlt electron-electron interactions, which induces a transition
should be noted that my numerical results agree quantit upon doping from an insulating state with a gap-ot.8 ev

. X . " %o a state with a gap which is two orders of magnitude
tively with those presented in Ref. 8, but additional CalCUIa'smaller. Obviously, this theoretical investigation of the prop-

tions and an analysis of finite-size and chain-edge eﬁceCtSrties of an ideal, infinite, and isolated chain cannot describe

Llesait}%EC?i'gﬁrgpttﬁgnsdgtséz]‘S'izzlgufre'f;;ogﬁ dthlezg/ha_rlgheegaﬁ]e properties of actual physical systems. Understanding the
Y y 0 . insulator-metal transition of polyacetylene will require a

]\c/_a!uefof th:e8%/apbextrapc_>litedfto :arizl(r;mlt_eh_chaln IS .Clelarlystudy of a more realistic model, including lattice dynamics,
Inite fory 3 0, but vanishes foy= 170 within numerical - interchain couplings, interaction with dopant ions, and
errors (~107"). The lattice dimerization parametér, is disorder!’ In the future | plan to study such models with

shown in Fig. 3 for a 200-site chainat 12%. The shape of DMRG ticularly the effects of tum lattice d ;
A, looks similar fory=8%, except that the amplitude is » parficiarly the etiects of quantum laffice dyhamics.

smaller at higher doping. However, in the insulating phase | thank S. White and D. Baeriswyl for helpful comments
(y=8%), theamplitude of the distortion in the middle of the and discussion. | wish to acknowledge support from the
chain tends to a finite value as the chain length increaseSwiss National Science Foundation. This work was also sup-
This confirms that this lattice modulation is a genuine Peierlorted in part by the Campus Laboratory Collaborations Pro-
distortion. On the other hand, in the metallic regimg ( gram of the University of California and by the NSF under
=12%), the amplitude decreases as a power law with aGrant No. DMR-9509945. Some of the calculations were
exponent—0.66 as the system size increases. This behavigperformed at the San Diego Supercomputer Center.
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