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Ground State of trans-Polyacetylene and the Peierls Mechanism
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It is shown formally that the Peierls expression is inadequate for studying the instabilities of a physi-
cally realizable one-dimensional chain of atoms, due to the long-range nature of the Coulomb interac-
tion. Detailed total-energy studies of trans-polyacetylene, for both suggested crystal structures (P2,/n,
P2,/a) and for the one-dimensional chain, establish that no appreciable total-energy minimum occurs
for nonzero dimerization amplitude within the local-density approximation. The measured dimerization
is discussed within the context of recent models of electron correlation.

PACS numbers: 71.45.Nt, 61.41.+e, 63.20.Kr, 71.30.+h

Polyacetylene, (CH),, has attracted a great deal of
experimental and theoretical attention for several rea-
sons. It is the simplest organic chain polymer, which
makes it a prime candidate both as a Peierls system with
a broken-symmetry ground state and as a testing ground
for models of electronic interactions in one dimension
(1D). It can be doped to change its conductivity over
many orders of magnitude, and it forms crystals of high
enough quality to allow the identification and study of its
structure. The 3D crystal structure of trans-
polyacetylene has been investigated by x-ray'? and neu-
tron® diffraction as well as inferred from nutation
nuclear-magnetic-resonance spectra.4 The structure,
from low temperature to above room temperature, con-
sists of two dimerized chains per unit cell and is either
the P2;/n (Ref. 1) or P2;/a (Ref. 2) space group. The
dimerization amplitude, which is the displacement of a C
atom projected onto the chain axis, is ¥ =0.023-0.03 A.

Although the literature on (CH), is vast, the back-
ground for the purposes of this paper can be stated rath-
er directly. It has been widely accepted that the driving
force for the dimerization is the Peierls mechanism, that
is, a lowering of the electronic energy due to a nonana-
lytic electron-phonon interaction (EPI) contribution aris-
ing from 1D Fermi-surface nesting, and this result is
rigorous for noninteracting fermions on a 1D chain. The
situation in any physical system must involve effects due
to the long-range (LR) Coulomb interaction and to ex-
change and correlation. A number of sophisticated elec-
tronic structure studies, within which the LR interaction
is included and screened self-consistently, have been re-
ported. Hartree-Fock studies, which treat exchange ex-
actly but neglect correlation effects, have been carried
out for finite models and cyclic rings>® (which do not
contain the Peierls nonanalyticity), and for periodic
chains,”™® and indicate a charge density®>~® (Peierls) [re-
spectively, spin density>® (spin Peierls)] instability in the
restricted [respectively, unrestricted] version. Density-
functional studies'%-'2® for trans-(CH), which include

both exchange and correlation within a local-density ap-
proximation, seem finally to conclude'®!! that there is no
minimum in the energy curve for trans-(CH),, but the
energy curve is very flat near the symmetric state (see
below).

A wide variety of studies,'>® both model and ab ini-
tio, have concluded that, starting from a dimerized
configuration (either at the noninteracting or Hartree-
Fock levels), zero-point motion decreases the distortion,
on-site correlations of the Hubbard-type may increase it
somewhat, intersite correlations decrease it, and correla-
tion corrections to the Hartree-Fock approximation de-
crease it. The near-universal conclusion is that the
electron-lattice coupling is dominant and provides the
driving force. In this paper we (1) point out crucial limi-
tations on the Peierls picture based on linear response
theory, and (2) report and analyze the results of exten-
sive local-density total-energy studies which, based on
numerous applications to a wide variety of classes of
solids, should describe the EPI contribution realistically.
To within our very small uncertainty, no symmetry-
breaking state is found, and the analysis of the distortion
energy reopens the fundamental question of the mecha-
nism for dimerization in trans-(CH),.

Peierls'? separated the system energy into a band-
structure term Es and a strain term Eg,. For a system
with 1D dispersion and a half-filled band, one finds the
change due to dimerization (assumed small), that is, due
to opening a gap E,, to be

SEps=— 3 WI(5 +1n2)A%+ § A*—A%Ina+ - -1, (1)

and Peierls assumed an elastic form for the (remaining)
strain term,

SEq=AA+BA*+ - - - . )

Here W is the occupied bandwidth W = huvr(n/a), where
vr is the Fermi velocity at ¥ =0 and a is the lattice con-
stant, and the dimensionless gap A=FE,/2W is propor-
tional to u.
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Unlike the Jahn-Teller theorem, for example, which is
a rigorous statement about the energy of an interacting
many-body system, Peierls’s theorem is based on a
heuristic decomposition of the total energy which can
easily be shown to lack rigor. From linear-response and
density-functional (DF) theory (see, for example, Ref.
14) one has, using implicit matrix (real or reciprocal
space) notation, a rigorous expression for the change in
energy arising from nuclear displacements (giving rise to
8V ext and the accompanying density change n),

SEw=—16ny 'on=1%6Veue ', '6Vex. (3)

Using the DF eigenvalues'> and the effective one-
electron DF potential Vg, the change in band-structure
energy is

SEvws =17 6V xodVim
4)

Here ¢ is the electron dielectric function,'® and y (xo) is
the interacting (noninteracting) susceptibility which
satisfies e "' =1+uv,x (e=1—wv,x0) in terms of the total
electron-electron interaction v, which includes an
exchange-correlation part in addition to the direct
Coulomb part. The remaining energy, given by the
difference between (3) and (4) and corresponding to

=% 5Vextf—lut_l(f—l'—1)5Vext.

1

20(q=0,A) ; Ef —E;
where 7o is independent of A. The upper and lower
bands are given by E;* ==+ [vA(6k)>+A%1'2, and
8k =k —n/a. Equation (6) displays the insulator-to-
metal divergence as A— 0. This establishes that a InA
singularity of the Peierls type indeed occurs in the ener-
gy rigorously;, however, it arises both in the band-
structure term and in the remaining “strain” term, and it
is not necessarily negative as in Peierls’s expression (1).
Peierls’s expression is incorrect because the strain term
that he assumed to be analytic contains the same type of
nonanalyticity as the band-energy term.

We have carried out detailed numerical studies of the
structural stability of trans-(CH), within the local-
density approximation (LDA) to DF theory. The lin-
earized-augmented-plane-wave (LAPW) method,?® with
extensive, highly converged basis sets and general repre-
sentations of the density and potential, was applied in
total-energy studies of both (P2,/n and P2,/a) proposed
crystal structures as well as a space-filling array of wide-
ly spaced trans-(CH), chains which gives a good repre-
sentation of an isolated chain. It was found that the re-
gion around the zone boundary where the gap opens
must be sampled exceedingly carefully in evaluating the
total energy; sparse k-point meshes which include the
zone-boundary point considerably overestimate the band
energy gain due to dimerization, while crude meshes

— =Q/W)InQ2/A)+ + A — F A+ - - 1+ 27,

Peierls’s strain term, is
OE +=06FE ot — 0E ps= ;‘ OVext€ IUI_ 1 Q2—e~ ! ) OV ext - (5)

The strong Fermi-surface nesting in 1D introduces non-
analytic behavior (due to the opening of the Peierls gap)
in ¢, as we show explicitly below for yo. Since € appears
in both the band-structure term and the strain term,
both contain the A%InA term, so that obtaining a
ground-state distortion is not certain, but depends on
their signs and relative magnitudes.'” Note that the re-
cent “proof” of the 1D Peierls instability by Kennedy
and Lieb'® is restricted to a model system with a quadra-
tic strain term (i.e., without LR electronic screening)
and, thus, is not relevant to the present discussion.
There are a number of explicit results'® on model 1D
systems with short-range interactions, such as the ab-
sence of true phase transitions at nonzero temperature
and the lack of a Mott transition at zero temperature.
There is very little known rigorously about structural in-
stabilities in physically realizable 1D systems in which
the long-range Coulomb interaction may play a crucial
role.

It is straightforward, but not simple, to proceed for-
mally from Egs. (3)-(5) to derive the small-distortion
and small-wave-vector (q) behavior of the various terms
(at least within an RPA-like treatment). The spatially
homogeneous limit (G=G'=0, for reciprocal-lattice
vectors G,G') of yo in 1D is simple and is given by

(6)

which use only points interior to the zone underestimate
the band energy gain. We have reported'® earlier that
the use of crude k-point meshes has led in the past to the
incorrect conclusion that LDA predicts the observed dis-
tortion in trans-(CH)y, a result confirmed by Mintmire
and White!' for an isolated chain, and recently also by
Vogl and Campbell 12@) i a 3D self-consistent pseudopo-
tential calculation.

Another complication which must be checked is the
effect of the coupling between the dimerization and other
distortions, such as bond length and orientation. By car-
rying out an energy-minimization study for zero dimeri-
zation, we found that LDA gives the bond length and an-
gle close to the experimental one. A similar set of calcu-
lations for the experimental dimerization (x =0.023 A)
convinced us that coupling between dimerization ampli-
tude and both bond angle and chain length is negligible.
Energy differences between the P2,/a and P2,/n struc-
tures were always within our calculational uncertainty of
no more than 0.3 mRy =50 K per dimer (C,H; unit),
implying that these two crystal structures may both be
present in the same sample. This conclusion is consistent
with the calculations of Vogl and Campbell,'?® al-
though they believe they can resolve an energy difference
of 0.4 mRy/dimer with the P2,/a structure favored.
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The resulting energy versus distortion is shown in Fig.
1 for a single trans-(CH), chain. Within the relative
stability of our calculations (about 0.3 mRy/dimer)
there is no energy minimum for nonzero distortion.
Very similar results were found for both 3D crystal
structures, although it is not possible to rule out a
minimum of no more than 0.5 mRy for a small distortion
of 20%-25% of the experimental value. As a result of
the complexity of the 3D band structure'® near the gap,
which arises from the two chains per cell and interchain
interactions, the uncertainty about the existence of an
energy minimum for the solid was an ambiguous result
by itself. Finding no minimum for the 1D chain clarifies
the issues. In Fig. 1 we also show the (negative) Peierls
band-structure term of Eq. (1), using our calculated
value of W. The calculated change in energy is of oppo-
site sign and 2 orders of magnitude smaller than the
Peierls term, reflecting a huge cancellation implicit from
the above discussion.

Analysis of the dimerization energy is revealing. A fit
by the expression

SE 1=+ Wla,+aA’+a3A%InA+aA*+asA®l, (7)

using the calculated value W =1.372 Ry, shows that only
a3;=—1.76 and a;=3.09x10* are non-negligible.
Specifically, the A%lnA term is positive and there is no
quadratic term. [We emphasize that these conclusions
are not artifacts of the fitting procedure. Refitting the
points by an analytic form— Eq. (7) without the AZInA
term—leads to a fit where only the A* term is apprecia-
ble and the rms error increases by a factor of 5. Again
the quadratic term is absent.] Figure 1 includes both
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FIG. 1. Calculated energy of distortion (symbols) vs
A=Eg¢/2W for trans-(CH).. Note that A is proportional to the
distortion magnitude u. Also shown are the five-parameter fit
of Eq. (7) (upper solid line), the two-parameter representation
(see text, dotted line), and the Peierls band energy scaled down
by a factor of 200 (lower solid line).
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this five-parameter fit (solid line) and the result from
setting @, =a=as =0 (dotted line).

To contrast our results with the Peierls form, AE
was separated into the Peierls term of Eq. (1), which
arises from the sirigle band bordering the gap, and the
remainder §E, (which is analogous, but not identical, to
SE ). The quadratic term in Eq. (1) is canceled almost
exactly by that in 6E,, while the negative A%InA term in
Eq. (1) is more than compensated for by a positive con-
tribution from 8E,. In addition, §E, contributes a /arge
quartic term to 8E ., which is equal to the A%InA term
for the largest value of A shown in Fig. 1, which is still
small.

Our calculations have the following implications. (a)
Interchain coupling is unimportant in determining the
distortion energy, since the 1D and 3D results are very
similar. (b) Since the interaction between the lattice
and the electron density should be described well by
LDA (see, for example, the reviews in Ref. 21), our re-
sults strongly suggest that the Peierls mechanism is not
driving symmetry breaking in trans-(CH),. (c) The
screening differences between metallic and insulating
states discussed above, which invalidate the Peierls ex-
pression, may not be crucial, since the long-range direct
Coulomb interaction is handled exactly in the present
self-consistent calculations. Item (a) has led to several
discussions in the past, and our calculations appear to
settle this question. Item (b) is a novel result which, if
true, must lead to a reexamination of the picture of
trans-(CH), at the most fundamental level.

Item (c), the implication of the long-range Coulomb
interaction (screening), has been addressed in the con-
text of the Pariser-Parr-Pople model by Horsch?? and
the Hubbard model by Wu and Kivelson.?* Both studies
conclude that LR (intersite) interactions decrease the
distortion relative to that obtained by ignoring them,
consistent with the simple physical picture that the direct
Coulomb interaction should favor the most uniform
state. We have emphasized that the LR interaction
leads to a nonanalyticity in what has often been pictured
as an analytic strain term.

With respect to the question of “driving mechanism,”
there is no clear answer, and clearly electron correlations
are involved in a subtle way. From the model Hamil-
tonian point of view, correlations have been necessary to
describe the excitations of trans-(CH),, but the strength
that was inferred led to only a minor effect (albeit an in-
crease) in the ground-state distortion. However, model
Hamiltonians are drastic simplifications whose validity
must be closely examined in each context, a point em-
phasized by Wu and Kivelson.

Although the LDA has its limitations, its failure for
trans-(CH), is of special interest, since for a wide
variety of systems including 3D crystals, 2D surfaces,
and molecules it has proven very reliable in predicting
ground-state geometries. Since even 3D trans-(CH), re-
tains a large degree of 1D character, it may be that the
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one dimensionality of the virtual scattering processes?*

drives its charge-density wave formation. Kondo,? Ku-
boki and Fukuyama,?® and others have suggested that
symmetry breaking of 1D metals may be of the spin-
Peierls type, in which case the present paramagnetic
study would not be expected to produce the distortion.
However, Bethe?” showed that for a 1D chain of atoms a
spin-Peierls state is unstable with respect to a state of
“resonating-valence-bond-like”?® correlated pairs. Such
a state has no static staggered magnetization, but rather
arises from strong spin correlations, and these might also
play an important role in trans-(CH),. A primary im-
plication of the present study is that electronic screening
as well as correlations must be included properly to de-
scribe the metal-insulator transition accompanying the
symmetry-breaking distortion in trans-(CH),.
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