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Structural instability in polyacene: A projector quantum Monte Carlo study
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We have studied polyacene within the Hubbard model to explore the effect of electron correlations on the
Peierls’ instability in a system marginally away from one dimension. We employ the projector quantum Monte
Carlo method to obtain ground-state estimates of the energy and various correlation functions. We find strong
similarities between polyacene and polyacetylene which can be rationalized from the real-space valence-bond
arguments of Mazumdar and Dixit. Electron correlations tend to enhance the Peierls’ instability in polyacene.
This enhancement appears to attain a maximum atU/t;3.0, and the maximum shifts to larger values when the
alternation parameter is increased. The system shows no tendency to destroy the imposed bond-alternation
pattern, as evidenced by the bond-bond correlations. Thecis distortion is seen to be favored over thetrans
distortion. The spin-spin correlations show that undistorted polyacene is susceptible to a spin-density-wave
distortion for large interaction strength. The charge-charge correlations indicate the absence of a charge-
density-wave distortion for the parameters studied.@S0163-1829~98!05512-X#
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I. INTRODUCTION

The structural instabilities of one-dimensional system
first predicted by Peierls1 have been subjects of long
standing interest to theoreticians and experimentalists. In
studies of the Peierls’ instability focused on quasi-on
dimensional inorganic and organic charge-transfer so
such as KCP@K2Pt~CN!4Br0.3•3H2O# and tetrathiofulvalene-
tetracyanoquinodimethan~TTF-TCNQ!.2–4 However, later
studies concentrated on polyacetylene, the archetypal
dimensional system. Subsequent to the initial Hu¨ckel theo-
retic descriptions of polyacetylene,5 much interest has bee
generated by the possibility of solitonic and polaronic ex
tations in polyacetylene, the former suggested first in
work of Pople and Wamsley,6 and taken up again by Rice7

and Su, Schrieffer, and Heeger.8 The importance of including
electron-electron interactions in interpreting the electro
spectra of finite polyenes has been demonstrated. There
there has been much interest in studying the effect of e
tron correlations on the Peierls’ instability in polyacetylen
Early work in this direction which described dimerizatio
within a real-space valence-bond approach was carried
by Coulson and Dixon.9

The ordering of excited states has been studied in in
acting models and the correct ordering of excited state
long polyenes (21Ag below the optically allowed 11Bu
state! is obtained only at moderate to strong correlati
strengths.10 The effect of electron correlations on the grou
state of polyacetylene is not obvious, and contradictory
sults were obtained from different approximate theoreti
approaches. Mean-field and Hartree-Fock approaches in
eral predict a decrease in dimerization on including elect
correlations even at the minimal level, i.e., the Peie
Hubbard model. However, going beyond mean-field theo
a real-space picture of dimerization was gained by
570163-1829/98/57~15!/8927~7!/$15.00
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valence-bond analysis of Mazumdar and Dixit.11 They found
that while correlations enhance dimerization, and that t
persists over a large range of correlation strength, the st
lization has a maximum forU;4t. Hirsch12 studied finite
rings within the Peierls-Hubbard model using a checkerbo
Monte Carlo technique and obtained a similar maximum
the enhancement. The variational calculation of Baerisw
and Maki13 agrees well with the quantum Monte Carlo r
sults. The numerical renormalization-group studies of H
den and Mele14 predicted a similar maximum. Thus, it is no
widely held that electron correlations enhance the instab
in Peierls-Hubbard systems. TheXY spin model maps onto a
noninteracting spinless fermion model, and is hence
pected to show a similar instability. The spin analog of t
Hubbard model is theXYZ model or Heisenberg model. In
spin-Peierls’ systems, the effect of dimerization is to intr
duce a gap in the excitation spectrum.15 The spin-Peierls’
instability of the spin-half-system has been extensively st
ied by probing this gap.

Another aspect of interest in Peierls’ systems is the eff
of dimensionality on the instability. In noninteracting sy
tems, this aspect has been studied quite generally in
framework of energy band theory, and it is well recogniz
that the strength of the instability depends upon the exten
nesting of the Fermi surface. The effect of increase in dim
sionality on the spin-Peierls’ instability has been explored
studying spin ladders and dimerized spin chains with ne
nearest-neighbor interactions.16

The effect of dimensionality on the Peierls-Hubbard s
tem can also be studied by dealing with coupled Hubb
chains.17 However, Hubbard ladders have been studied
tensively mainly to explore other kinds of instabilities su
as the pairing instability. Experimentally realizable syste
which closely resemble Hubbard ladders are the polyace
@Fig. 1~a!#. In the laboratory, polyacenes with up to sev
rings have already been synthesized.18 Early studies of the
8927 © 1998 The American Physical Society
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Peierls’ instability in polyacenes were carried out by Sal
and Longuet-Higgins,19 within the Hückel approximation.
They considered the stabilities of thecis form of bond-
alternated polyacene@Fig. 1~b!#, and observed that the insta
bility in these systems is only conditional, that is it cou
occur only below a critical force constant for a give
electron-lattice coupling strength. This is unlike the pred
tion in one dimension, where the distorted state is m
stable than the undistorted state independent of the ma
tude of the force constant and the strength of electron-lat
interaction. Boon20 considered thetrans form of bond-
alternated polyacene@Fig. 1~c!#, and argued that this shoul
be the more stable distortion. Misurkin and Ovchinnikov21

predicted that very long polyacenes should have an ant
romagnetic spin structure. The calculations of Whang
Woodward, and Hoffmann22 indicated that thetrans form is
energetically stabilized. The more detailed complete neg
of differential overlap calculations of Tanakaet al.23 indi-
cated that polyacene prefers thetrans-distorted ground state

There have been some theoretical studies on the elect
cally driven structural instability in polyacenes which i
clude electron correlations in the mean-field approximati
Kivelson and Chapman24 studied the possibility of bond al
ternation, magnetic ordering, and a superconducting tra
tion as possible broken symmetry states of polyacene. T
mean-field calculations indicated that the bond-alterna
state is not favored. It has been conjectured that polyac
might show interesting conducting properties in view of t
small excitation gap. Electron correlations were explici
included by O’Connor and Watts-Tobin25 in their study of
polyacene, which employed a modified Gutzwiller var
tional ansatz. Their study showed that the mean-field ph
diagram for the ground state is only quantitatively modifie
and that the instability is only conditional. However, th
variational ansatz used by them makes assumptions abou
structure of the wave function, and does not provide un
ased correlations. The question of spin-Peierls’ vs Peie
distortion has been examined via Heisenberg and tig

FIG. 1. Structure of~a! undistorted,~b! cis-distorted, and~c!
trans-distorted polyacene.
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binding models by Garcia-Bach, Valenti, and Klein.26 In ad-
dition to these studies there also exist other theoretical s
ies of polyacene which pertain to the origin of the band g
and the crossover of these systems to the metallic state.27–29

The issue of the effect of electron correlations on the
stability predicted by noninteracting theories is far from b
ing resloved. A proper study of this aspect would require
use of reliable numerical techniques for the ground state
the interacting model Hamiltonian for fairly large syste
sizes. In recent years, the projector quantum Monte C
method has emerged as a technique which is particul
well suited to study the Hubbard model in higher dime
sions. In this paper we report our projector quantum Mo
Carlo ~PQMC! studies on the role of electron correlations
the different dimerization instabilities in polyacene. Th
PQMC method provides a treatment of the Hubbard mo
that is exact within statistical errors, and makes no assu
tions about the structure of the wave function in estimat
correlation functions. The technique also allows us to stu
significantly larger system sizes than have been acces
through other approaches. The paper is organized as follo
We begin with a brief review of the results from the noni
teracting model, and then present our results and discuss
We end with a summary of our results in Sec. III.

II. RESULTS AND DISCUSSION

Before discussing the interacting model, it would
worthwhile to present a brief outline of the analysis of t
noninteracting model, due to Salem and Longuet-Higgin19

In the noninteracting picture, the Hamiltonian for polyace
~Fig. 1! is given by

Ĥ05(̂
i j &

(
s

t i j ~cis
† cj s1H.c.!, ~1!

wherecis
† (cis) is the creation~annihilation! operator for an

electron with spins in the Wannier orbital at thei th site, and
the summation̂ i j & runs over bonded atom pairs. The ban
of polyacene can be classified as symmetric or antisymme
based on the symmetry property~reflection about the plane
bisecting the rungs! of the molecular orbitals from which
they are constructed. The ordering of the bands is such
the Fermi level lies between the antisymmetric and symm
ric bands. In the absence of any distortion, for all values
the interchain coupling, there is a degeneracy, at the Fe
level, between the top of the antisymmetric band and
bottom of the symmetric band. A symmetric distortion of t
polyacene leads to a symmetric perturbing potential. The
trix element of the perturbation between the degenerate s
at the Fermi level vanishes by symmetry. Therefore, the
sponse of the electronic system to a finite perturbation d
not diverge, in second order. This is to be contrasted with
result of Longuet-Higgins and Salem on polyacetylen5

within the same formalism, which shows that the perturb
tion introduced by a distortion diverges in second-order p
turbation theory. Thus the equal-bond configuration of po
acetylene is not the preferred state. Thus Hu¨ckel model
studies indicate that the Peierls’ instability in polyacene
conditional~the occurrence of the distortion depends on
magnitude of the force constant!. Essentially the same resu
holds for a distortion in which the dimerization of the to
chain is out of phase with the dimerization of the botto
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57 8929STRUCTURAL INSTABILITY IN POLYACENE: A . . .
chain @Fig. 1~c!#. A polymer with this type of distortion re-
tains aC2 symmetry, with the axis of symmetry being pe
pendicular to the molecular plane and passing through
center of the polymer, and the above reasoning car
through because the matrix element between states of di
ent symmetry vanishes when the operator has the same
metry as one of the states.

We now present results from PQMC calculations of t
ground states of polyacenes studied within the framewor
the Hubbard model.

The Hubbard Hamiltonian is given by

Ĥ5Ĥ01Ĥ1 , ~2!

Ĥ15U(
i

n̂i↑n̂i↓ , ~3!

whereĤ0 is the Hückel Hamiltonian described above and t
notation is otherwise standard. The PQMC method30 is a
reliable method for obtaining ground-state estimates of v
ous properties of the Hubbard model. In a PQMC calcu
tion, a Trotter decomposition of the projection opera
exp(2bĤ) is followed by a discrete Hubbard-Stratonovic
transformation which decouples the Hubbard interaction i
the interaction of fermions with Ising-like fields. Expectatio
values are obtained as Monte Carlo averages by importa
sampling the Ising configurations. Estimates obtained fr
the PQMC method are subject to a Trotter error and a sta
tical error, the first arising from the Trotter decompositi
and the second from the Monte Carlo procedure. Howe
these can be controlled, and it is possible to obtain accu
estimates of the energy and other correlation functions fr
the PQMC method. Further details of the method can
obtained from the literature.30–32However, a caveat in using
the PQMC method is that a single-configurational trial wa
function is inadequate for ‘‘open-shell’’ systems,33 i.e., sys-
tems which have degenerate noninteracting ground sta
Since the neutral polyacenes are ‘‘closed shell,’’ i.e., th
possess unique noninteracting ground states, the PQ
method is expected to provide accurate estimates, and w
allow the simulation of fairly large systems.

We study polyacenes with up to 11 rings, with period
boundary conditions. We have considered the undisto
and cis- and trans-distorted ~about the cross-links! forms
shown in Fig. 1. We study the effect of bond alternation
imposing an alternation in the transfer integrals,d, as shown
in Fig. 1. With this notation, the double lines between sitei
and j in Fig. 1 would correspond to shorter bonds betwe
these sites. Thus hopping between sitesi and j would have a
transfer integral (11d)t i j . The transfer integrals corre
sponding to the other bonds are so modified as to keep
sum of transfer integrals constant to allow reasonable c
parison of energies. We have studied the effect of increa
correlation strength, from weak through intermediate val
(U/t54.0), for alternation parameter valuesd5 0.05, 0.1,
and 0.2, but present data only for the first two values ofd.

We have studied the instability in polyacene within t
static lattice approximation. Our approach is to impose
bond-alternation pattern, and then to study the effect of e
tron correlations. The strength of the Hubbard interaction
systematically increased from the Hu¨ckel limit and the re-
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sults obtained compared with the noninteracting results.
objective of this study is to understand the effect of electr
electron correlations on the structural instability in pol
acene. The use of the Hubbard Hamiltonian to study t
problem is justified in that, while one should, in principl
use models like the Pariser-Parr-Pople~PPP! model to study
the effect of correlations in long conjugated molecules,
Hubbard model is a good toy model to study the effect
correlations. This is the first study, to our knowledge, th
has included a proper treatment of electron correlations,
while the Hubbard model is amenable to a very precise st
through quantum Monte Carlo methods, models with lon
range interactions such as theU-V or PPP models would
either restrict the study to much smaller system sizes,
would not be possible at all. Further, the broken symme
states of models with arbitrarily long-range Coulomb inte
actions ~and not just the zero-range Hubbard model! have
been studied34 and are found to show the same features
the Hubbard model for realistic potentials. Therefore we
lieve that the Hubbard model is adequate for our purpose
being the first treatment of electron correlations in this pro
lem. Our studies are carried out for different values of t
alternation parameter and for different types of distortio
The issues we address are the following:~i! the effect of
electron correlations on the stability of the distorted stat
~ii ! differences between systems with odd and even num
of rings, if any; ~iii ! whether any qualitative change occu
on increasing the alternation parameter;~iv! the effect of
interactions on the imposed bond-order wave~BOW!; ~v! a
comparison with polyacetylene; and~vi! an interpretation in
terms of real-space pictures along the lines of Mazumdar
Dixit for polyene rings. The reader should keep in min
however, that the comparisons with other work are to p
vide a context and qualitative arguments and are not qua
tative comparisons, because the Hamiltonians used are
identical.

We first use a na¨ive approach to the Peierls’ distortion
entirely in terms of energetics. We study the g
DEA(N,d,U) @5EA(N,d,U)2DE(N,0,U), whereA is ei-
thercis or trans# between the distorted and undistorted sta
varying the number of rings (N), the alternation paramete
(d), and the strength of electron correlations (U). In Figs. 2
and 3, we present the variation ofDEcis(N,d,U)/N and
DEtrans(N,d,U)/N with the number of rings in the system
With our definition, a negative value ofDE would imply
stabilization of the distorted state. We observe that the
torted state is stabilized with respect to the undistorted s
even for U/t50.0. At U/t50.0, increasing the alternatio
parameterd tends to increase the stabilization. At the level
the Hückel model, thecis andtransdistortions are stabilized
to the same extent. There is a difference in the behavio
systems with odd and even numbers of rings even within
Hückel picture. Introducing electron-electron interactions a
pears to increase the stabilization of the distorted state,
both cis and trans distortions. We digress at this point t
establish a connection between polyacene and coupled p
ene chains, which will be useful in interpreting most of t
results.

We note that anN-ring polycene with periodic boundar
conditions has 4N sites. If we view anN-ring polyacene as
coupled polyene chains with missing alternate rungs, i
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8930 57BHARGAVI SRINIVASAN AND S. RAMASESHA
evident that systems with odd numbers of rings would c
respond to coupled 4n12 rings, and that systems with eve
numbers of rings would correspond to coupled 4n ‘‘poly-
ene’’ rings (2n11 5 N). The larger stabilization of the
even-N polyacenes relative to the odd-N polyacenes~Figs. 2
and 3! can be rationalized using the real space argument
Mazumdar and Dixit. They showed that for cyclic polyene
in the space of covalent functions, the 4n ring systems have
a stronger propensity for dimerization since the fraction
covalent valence-band~VB! states that favor uniform bond
is zero for alln. However, for the 4n12 ring systems, this
fraction decreases to zero from a finite value asn→`. This
explains the opposite trend in the stability of the evenN
polyacenes compared to the odd-N polyacenes as a functio
of the system sizeN upon introducing dimerization. The dat
shown in Figs. 2 and 3 clearly indicate that marked diff
ences exist between systems with even and odd numbe
rings. If we interpret a larger stabilization energy as be
indicative of a greater susceptibility to distortion, syste
with even numbers of rings are seen to be more suscep
to distortion and their stabilization decreases with increas
system size. The opposite trend can be noted for syst
with odd numbers of rings from Figs. 2 and 3. In polyace
the most favorable extended conjugation pattern can be
tained by treating it as coupled polyene chains within
given structural framework. Introducing ‘‘double-bond
paths along the rungs would only lead to break in conju
tion and thus an overall destabilization. This would acco
for the similarity in the results for polyacene and polyace
lene.

We now examine the effect of correlations on the stab

FIG. 2. ~a! DEcis(N,d,U)/N and ~b! DEtrans(N,d,U)/N, with
d50.05 for polyacenes with 3–11 rings.
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zation of polyacene systems with odd numbers of rings.
can be seen from Figs. 2 and 3, these systems are fu
stabilized by a nonzeroU/t. This stabilization is seen to
increase initially with increasingU/t, but appears to reach
maximum atU/t53.0, whereupon the effect ofU/t is to
relatively destabilize the distorted state. Furthermore, u
increasingd to 0.2, we find that the maximum value of th
stabilization is not attained even atU/t54.0. These data are
not presented in this paper as other features are very sim
As shown by Mazumdar and Dixit, introducing the Hubba
interaction increases the tunneling barrier between the st
tures with two opposite phases for dimerization. This lea
to an increase in the energy difference between the dimer
and undimerized structure upon increasing the Hubbard
rameterU/t. This increased stabilization gradually reduces
larger on-site correlation strengths as the energy scale in
problem changes from the transfer integralt to J52t2/U.
Since the quantities presented here are differences in e
gies, they are more difficult to measure accurately than
ground state energies. Furthermore, it is well known that
PQMC method becomes increasingly inaccurate with
creasing correlation strength. Since the system shows th
teresting turnaround behavior inU/t even atd50.1, we con-
centrate on this case without any loss in generality. W
observe that systems with even numbers of rings also s
an increase in stabilization energy with increasingU/t. How-
ever, there is no discernible maximum in the stabilizati
energy, for the system sizes and correlation strengths tha
have studied. It is evident that the system size variations
strong even at ten rings for polyacenes with even number
rings. However, the extrapolated stabilization energies

FIG. 3. ~a! DEcis(N,d,U)/N and ~b! DEtrans(N,d,U)/N, with
d50.1 for polyacenes with 3–11 rings.
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57 8931STRUCTURAL INSTABILITY IN POLYACENE: A . . .
the infinite system size obtained from the results for
even-N polyacenes do show a maximum betweenU/t5 3.0
and 4.0, although it is not clear at what system size
effect will be observed for finite systems. The tren
obeserved in the stabilization energy withd andU/t can be
compared to the behavior observed in polyacetylene.
mentioned previously, a variety of analyses, based on Q
methods, the real-space VB analysis, the variational
proaches and numerical renormalization-group methods h
indicated that the effect of electron correlations is to enha
the Peierls’ instability in polyacetylene.

A physical picture of the ground state can be obtained
analyzing the various correlation functions. The rest of o
analysis concentrates on systems with odd numbers of r
and specifically on the system of 11 rings, the largest that
have studied. The correlation functions of smaller syste
with odd and even numbers of rings also show similar
havior, and we believe that the results of the chosen sys
are indeed representative of the infinite system. We h
computed the bond-bond, spin-spin, and charge-charge
relations of these systems. To study the existence of a B
in systems which have degenerate ground states, the b
bond correlation function defined as

FIG. 4. Bond-bond correlations vs bond separation for~a! un-
distorted,~b! cis-distorted (d50.1), and~c! trans-distorted poly-
acene (d50.1) for U/t52.0.
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s

~ai ,s
† ai 11,s1H. c.!~aj ,s

† aj 11,s1H. c.!L ,

~4!

should be studied. The bond orderper sedoes not give in-
formation about the susceptibility to distortion in system
with possible degenerate distorted states, in the absence
imposed distortion. Since the bond-bond correlation
scribes relative distortions of bonds in the system, in pr
ciple, its Fourier transform would give the amplitudes f
various kinds of BOW distortions. The system has five bon
per unit cell, and hence there are fifteen possible bond-b
correlation functions. We do not consider all these fifte
correlation functions but instead consider only those corre
tion functions that correspond to the distortions shown
Figs. 1~b! and 1~c!. For the numbering scheme shown in Fi
1~a!, the bond which connects sitesi and i 11 is labeledi ,

FIG. 5. Bond-bond correlations vs bond separation for~a! un-
distorted,~b! cis-distorted (d50.1), and~c! trans-distorted poly-
acene (d50.1) for U/t54.0.
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8932 57BHARGAVI SRINIVASAN AND S. RAMASESHA
with the exception of those labeled 2N and 4N, which con-
nect sites 1 with 2N and 4N with 2N11.

In Figs. 4~a!–4~c! we present the bond-bond correlatio
^b1bj& for U/t52.0 for the undistorted andd50.1 cis-and
trans-distorted forms of polyacene with 11 rings. To com
pare the effect of increased correlation strength, we pre
thse correlations forU/t54.0, in Figs. 5~a!–5~c!. In these
figures, j 52, . . . 2N label the bond-bond correlation of th
bond 1 with bonds on the upper chain andj 52N
11 . . . 4N label the correlation of bond 1 with bonds on th
lower chain. From Fig. 4~a! we see no evidence for bon
alternation in the ground state of polyacene when it is
imposed in the Hamiltonian, independent of the strength
correlations. However in Figs. 4~b! and 4~c!, we see that the
bond-bond correlation reflects thecis and the trans bond
alternation imposed on the system respectively. Increa
U/t to 4.0 @Figs. 5~a!–5~c!# does not bring about any qual
tative change in the picture. However, the amplitude for
cis distortion is larger than that for thetransdistortion for the
same imposed bond alternationd. It is also seen that on
going from U/t52.0 to U/t54.0, the amplitude of thecis
distortion increases slightly, while that of thetransdistortion
decreases. Although energetically, thecis and trans distor-

FIG. 6. Spin-spin correlations vs intersite separation for~a! un-
distorted,~b! cis-distorted (d50.1), and~c! trans-distorted poly-
acene (d50.1) for U/t52.0.
nt

t
f

g

e

tions are favored almost equally, the bond-bond correlat
functions indicate a larger susceptibility to distortion of t
cis type. It would be interesting to study the bond-bond c
relation function of the doped system, since any dom
walls resulting from change over in the phase of the dist
tion would be very clearly indicated. However, this wou
require the use of a multiconfigurational trial wave functi
to obtain accurate open-shell ground-state energies,
would be the subject of a different study.32

In Figs. 6~a!–6~c! we present the spin-spin correlation
4^s1

zsj
z&, where j 52, . . . 4N, for the numbering shown in

Fig. 1~a!. The correlation function falls off very rapidly fo
U/t52.0. However, we observe from Figs. 7~a!–7~c! that
while the uniform system starts developing antiferroma
netic fluctuations, the correlation length appears extrem
small for the bond-alternated states. It is interesting to n
that the amplitude for spin-density-wave~SDW! distortion is
noticeable for the uniform case, while in the distorted syst

FIG. 7. Spin-spin correlations vs intersite separation for~a! un-
distorted,~b! cis-distorted (d50.1), and~c! trans-distorted poly-
acene (d50.1) for U/t54.0.
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57 8933STRUCTURAL INSTABILITY IN POLYACENE: A . . .
this amplitude is nearly vanishing. This indicates that
polyacenes the BOW and SDW are mutually exclusive. T
charge-charge correlations, as expected, show that the ch
density fluctuation is negligible, and rule out charge-dens
wave ~CDW! states in both the distorted and the unifor
polyacenes.

III. SUMMARY

We have studied polyacene systems with up to 11 rin
within the Hubbard model, using the PQMC method. W
compare our results with those known for polyacetylene a
find strong similarities. We find that systems with even a
odd numbers of rings exhibit different behavior, as do po
acetylene systems with 4n and 4n12 sites. We compare
polyacene systems with odd numbers of rings to coup
4n12 polyene rings and systems with even numbers
rings to coupled 4n polyene rings. Electron correlations ten
to enhance the effect of bond alternation. This effect is s
to pass through a maximum forU/t;3.0, the value for poly-
in
he
arge
ty-
m

gs
e
nd
nd
ly-

led
of
d
en

acetylene beingU/t;4.0. Furthermore, the correlatio
strength at which this maximum occurs is seen to be shi
to larger values ofU/t with increase in the bond-alternatio
parameter. A study of the bond-bond correlations indica
that the system has no tendency to destroy the impo
bond-alternation pattern. It also shows that thecis distortion
is favored over thetrans distortion. The spin-spin correla
tions show that the undistorted polyacene has a tendenc
form a SDW for large interaction strength. The charg
charge correlations show no evidence of any CDW distor
for the paramaters studied.
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