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Lack of a trans-cisoidphase incis-polyacetylene
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By an ab initio calculation based on the local-density approximation of density-functional theory, the
possible geometries afis-polyacetylene are determined. While the stahifetransoidstructure is confirmed,
the “metastable”trans-cisoidphase is not found in our first-principles calculation. Further calculations indi-
cate that the electronic band gapcis-polyacetylene is contributed almost equally by the Peierls dimerization
and the nonequivalence of its two kinds of bonds. This fact is shown to account for the nonexistence of the
trans-cisoidphase incis-polyacetylene[S0163-182608)04802-4

Polyacetylengabbreviated as PA a prototype of con- “metastable” trans-cisoidphase is not found in our calcula-
ducting polymers, has been studied extensively due to itdon. Further calculations indicate that the electronic
promising electric, magnetic, and optical properfiess a  band gap of thecis-transoid configuration is contributed
planar molecule, in principle, PA has four possible struc-almost equally by the Peierls dimerization and the
tures, i.e., trans-transoid cis-transoid trans-cisoig and  nhonequivalency of its two kinds of bonds. This fact is shown
cis-cisoid® Among these four configurationss-cisoidcan- ~ t0 account for the nonexistence of ttrans-cisoidphase in
not be realized due to geometric constraints. ThelS-PA. _ _
trans-transoid(simply calledtrans-PA) is known to be the _The present numgrlcal callculatlons ha;ve been performed
most stable phase and has twofold degenerate ground statéind the local-density functional theéh? and the norm-
due to the symmetry of its single and double bondsconserving pseudopotential _meth_%?&. The Kohn-Sham
exchangé. However, cis-PA (simply for both cis-transoid ~ €duations were solved iteratively in terms of a plane-wave
andtrans-cisoid is not degenerate due to the nonequivalencé@Sis- The electron density is the only information transmit-
of its neighboring bonds. While theis-transoid PA is  ted from one step to the other of the iteration. The total
observed to be topologically stable, thans-cisoidPA is  €nergy of the system is directly minimized by using the
thought to be a metastable phadséput it is not confirmed
by experimental measuremefits. Although there have 'd=A-B ®
been a lot of works concerning the two phases of | n
cis-PA 1°12gpecifically concerning the energetics among the
cis-trans isomers by ab initio crystal calculationd*
the result obtained seems to be still in poor agreement with
observation.

Ab initio methods based on density-functional theory
(DFT) are by now common and well established tools for
studying structural properties of materials, which are usually
not easily ob'gained from experiments. .The planc_a—wa_ve o— Y
pseuodopotential method and local-density approximation
(LDA) to DFT have provided a simple framework whose
accuracy and predictive power have been convincingly dem-
onstrated in a large variety of systems. The calculations of
energetics and geometries in semiconductors are well within . .
the reach of DFT. There have been a lot of studies on the . ;
trans-PA chain by this methot?~2°In this paper, we present a
the result of ouab initio calculation on &is-PA chain based FIG. 1. Schematic structure afis-polyacetylene. A positive
on the local-density approximatiofLDA) of density- (negativeé d (as defined in textcorresponds to theis-transoid
functional theory. We computed, as the first trial, the total(trans-cisoid structure. The optimized geometry is at ths-
energies oftis-PA with relaxed and constrained geometries.transoid phase with the dimerizatiod=0.047 A and the angle
While the stablecis-transoid structure is confirmed, the ¢=53.93°.
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FIG. 2. Total energy per unit cell with optimized geometry for solid line is for theab initio calculation and the dashed line for the

different lattice constants. The optimized lattice constantmodel result withn=0.5 and\=0.25. The optimizedis-transoid
a=4.37 A. structure is indicated by point S and the undimerized case by point

O. The lines 1-4 in the inset are the model resultsz;fer0.05, 0.1,

. . . 0.2, and 0.3, respectively.
conjugate-gradient techniqdg We employed the nonlocal

norm-conserving pseudopotentfafor carbon, particularly ) .

constructed to optimize the softness of the pseudopotenti&f@ussian mesh. In this work, we take the regular mesh of 9
and thus minimize the size of the basis set needed to repr&s including the boundarie&=*m/a (these two points
sent it. In the case of hydrogen we used the truepbtential. ~ With a half weight, the number of independekipoints (Ny)

The calculations were performed on a singiePA chain  is five due to the symmetry. Now, we can determine the
in a supercellaxbxc with periodic boundary conditions. lattice constana by comparing total energies of correspond-
The method of specidk points’ was used to perform the ing optimized structures for different lattice constants. Dur-
integrations ink space over the first Brillouin zone. As ing the optimization processes the constrain€Cgf symme-
shown in Fig. 1a is the lattice constant afglandc serve as  try is taken. Figure 2 shows the total energy per unit cell as
the in-plane and out-plane interchain distances, respectively function of the lattice constaat The minimum is found at
While a will be optimizedb andc will be chosen to be large a=4.37 A?° The optimized geometry has the CC bond
enough so that the interaction between chains can be n@ngthsA=1.406 A andB=1.359 A, which corresponds to
glected. The dimerization is defined as the bond-length gimerization d=0.047 A and $=53.93°, the carbon-

difference between the two kinds of carbon-carbon bo”d%\ydrogen bond lengttC=1.099 A, and the CCH angle
i.e., thetransbondA which makes an angle with the chain  y_ 116 80°. It is mentioned here that the optimized geom-

axis and thecis-bond B parallel to the chain. These two etries for different lattice constants are all of ttis-transoid

kinds of bonds are clearly not equivalent. Each point in theconfiguration, i.e., the dimerizaticth is always positive.

d—d¢ phase_plane defines a conflgur_atlon of the carbon back- To search for all possible geometries dis-PA, we re-
bone. Apositive dcorresponds to theis-transoidphase and . C oy )
strict the dimerizatiord to optimize these geometries. For

a negative dto thetrans-cisoidone. .
First, we calculated the total energies for a fixed geometrfaChd’ we vary the angleb and relax the hydrogens to find

with different interchain distanceéb andc), plane-wave cut- an optimized structure and its corresponding total energy. In
off energies E.,), and thek-point numbers I,) to get Fig. 3, we show the total energy as a function of the dimer-

appropriate parameters by the reach of a convergence of tfigationd. The stablecis-transoidstructure indigateq by point
total energies. In the following calculations, we take these> has values ad=0.047 A and¢=53.93°, which is exactly
value?® asb=10 A, c=7 A, E,=50Ry, andN,=5 k what we have found without the constraint, and the undimer-
points (along the chain direction which give a very good izedd=0 by point O has the angié=54.25°. The cohesive
convergence for the total energy and geometry of the groun@nergy of thecis-transoid PA is 7.2 meV per carbon-
state. The choice df points in the integration over the first hydrogen unit, which is much smaller than the value of 19.2
Brillouin zone is made very carefully. In the one- meV oftransPA!® Animportant fact is that we do not find
dimensional Brillouin zone, we have tested three diffetent the so-called “metastabletrans-cisoidphase, i.e., no local
meshes/ i.e., a regular mesh including the boundaries, aminimum be found. This result is further confirmed by a
regular mesh including only interior points, and a nonregulatarge-area careful search in the- ¢ phase plane.

Gaussian mesh. Unlike the casdminsPA, the geometry of To understand the physical reason behind the above facts
cis-PA, specifically its dimerization, is insensitive to tke we found by theab initio calculation, we write down the
mesh. It is less than 10% for the difference of dimerizationSu-Schrieffer-Heeger-type modefor the nondegenerate
between 5k-point regular mesh and 2k-point nonregular  polymerg
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where the transfer integrals are assumed to have different ¢ ¢ ¢ ¢ ¢ ¢ : . o 8 8 ¢
valuest,; andt, corresponding to the alternative nonequiva- 3 108 o o ° N . o ° ° .
lent bonds, respectively is the electron-phonon coupling E § o o 8 0 ., .
constant,K is the effective spring constant, and is u [ e o o o o s ?
the mass of the CH group. In the perfectly dimerized chain, w o-1sg . . ]
the configuration coordinatesu; are constrained by A o ]
u;=(—1)'u. The ground state of the chain has exactly ane § o o o g o o o ° ’ b
electron per site on average. The static system energy of the '2%_0 0.2 0.4 0.6 0.8 1.0
d!menEed chain in the Born-Oppenheimer approximation is WAVE VECTOR k (v/a)
given by

ANt FIG. 4. Electronic energies dfis-polyacetylene. The obtained
0

2 /2
Eq A_' _j dkycos k+A?%sirP ki, (2 band gapEy(S)=0.91 eV for thecis-transoidconfiguration at point
m 4N 0 S andE4(0)=0.49 eV for the undimerized structure at point O.

where N is the number of sites of the chain,

N(=4a? 7(t;+1,)K) is the dimensionless electron-phonon about 0.5, an unexpected large value. We should mention
coupling constant, the band-gap order paramé&terA;+A,  here that in all previous model consideratidnéthis value

is combined by contributions both from the Peierls dimerizadis taken as a very small one, which makes the metastable
tion, Aj(=4au), due to thew electrons and the external phase appedsee the inset of Fig.)3In Fig. 3, we show the
effect, Ag(=t;—t,), due to theo skeleton. By plotting curve from Eq.2) for =0.5 as a dashed line. The units are
the energyE; vs the dimerizationA;, as shown in the scaled by point S, then an excellent agreement between these
inset of Fig. 3, we find that a metastable phase only appeatgo curves can be found. This fact implies that it is the large
in the system with a relatively small quantity, which  gap due to the external effect, i.e., the nonequivalence be-

is defined by the ratioA./A, that is, the percentage of tween two kinds of bonds that causes the nonexistence of the
the contribution from the external effet., the band gap “metastable” trans-cisoidphase.

of the undimerized PAin the “total” band gap €,) of
polymers.

Forcis-PA, we carestimatethe valuez by calculating the
electronic energies of theis-transoidconfiguration at point
S and that of the undimerized structure at point O shown i
Fig. 3. It is understood that the LDA underestimates the ban
gap, but the ratiop should be not far from the reality, fur-
thermore, an approximateg value is enough to display The authors are grateful to the crew of the Supercomput-
these physical facts. The calculations are made by use of lihg Center of the Institute for Materials Research, Tohoku
k points along the chain axis, the energy levelsoi-  University, for their continuous support of HITAC S-3800/
transoid PA is given in Fig. 4. Our calculation gives that the 380. C.Q.W. thanks Professor Lu Yu for his critical reading
band gap at S is 0.91 eV, which should corresponB{olt  of the manuscript. He acknowledges financial support from
is expected that the value &f; we found is a little less than the Materials Design Virtual Laboratory of the IMR funded
the half of the observed value 2.05 efRef. 30 due to the by IBM and Hitachi Corporations and the hospitality of the
LDA we adopted in this calculation. The obtained gap at O iSMR at Tohoku University during his stay. This work was
0.49 eV, which should correspond Ky, the external con- partially supported by the Shanghai Post-Qi-Ming-Xing Plan
tribution since there is no Peierls contribution in the equalfor Young Scientists and the Natural Science Foundation of
bond-length case. Then we have the vale~E./Ey) is  China.

In summary, the “metastabletrans-cisoidphase is not
found in the present first-principles calculation. The band
gap of thecis-transoidpolyacetylene is contributed almost
equally by the Peierls dimerization and the nonequivalence

f its two kinds of bonds, which is shown to account for the
onexistence of th&ans-cisoidphase incis-polyacetylene.
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