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Bound excitons and optical properties of bulktrans-polyacetylene
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Using the GW approximation and solving the Bethe-Salpeter equation, we performed a first-principles study
of the electronic configuration and linear optical response of crystalline polyacety€3el,-), one of the
simplest conjugated polymers. The optical spectrum is dominated by a low-energy bound exciton, denoted
1'B,. A “dark” interchain bound exciton is found to be almost degenerate with st&g thterchain interac-
tions are found to be responsible for a reduction of both the electronic energy gap and the binding energy of
bound excitons, compared to previous single-chain calculation. The optical absorption spectrum is compared to
measurements performed on thin films of oriented polyacetylene.
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Smce thelr dlscqvery,.cor?jugated polymers hayg been the S = D Akalck;vk>, (1)
subject of intense investigation due to their promising appli- cok

cations in light-emitting diodes and other optoelectronic

deviceS} On the other hand, the nature of elementary exCiyyhere |ck ;vk) represents a configuration in which a quasi-
tations in such materials is a complex and often controversigdectron is promoted from valence bamdto conduction

issue. In particular, there are theoretical predictions for thgygndc. The coefficientsAS  satisfy the BSE
binding energy of excitons ranging from an upper bound of 0

1.0 eV to less than 0.1 €¥° On the experimental side, the

debate is equally unsettléd? (Eq-EAS, + > VKNS L =OQRS, (2)
Different empirical or semi-empirical theories have been

proposed in order to describe excitation energies and the dy-

namics of the lowest excitations of conjugated polyniats. . . . .
M9 POy where g, © describes the interaction between the excited

In addition, in spite of their complexityab initio methods, electron and hole an@S is the energy of statis). 13141 this

which are more reliable and general than empirical or semi-s " bound state, its binding energy will be given by the

empirical models, have been successfully applied to avariet&ifference betweer2S and the electronic quasiparticle en-

H 1-14 i
of different systemé:~*Some of th_e ground state properu_es ergy gap?® The quasiparticle energies of the electronic states,
of polyacetylene have been predicted successfully by flrstECk or E,,, are taken from the GW calculation. The linear

principles calculation®1%1® Both descriptions, either as a optical response is obtained by solving E8). This is the
single isolated polymeric chain or in a crystalline environ-ggsence of the GW/BSE methpe-14
ment, have been explored. Optical properties have been ad- x-ray measurements on polyacetylene have indicated a
dressed both by fullyab initio method8 and byab initio  monoclinic lattice with two monomers per unit cell. There
methods with model electronic screerfinfgor self-energy  are two possible arrangements of chains within the unit cell:
corrections’ Our purpose is to investigate more deeply thethe double bonds in neighboring chains can be either in
role of interchain interactions in the electronic properties,phase(P2;/a stacking, or out of phasgP2,/n stacking.
linear optical response, and properties of excitons withouThe actual geometry is not well understood, with different
any assumption on the electronic properties of the system. Tmeasurements supporting both arrangem&ntsConsider-
this end, we employ the GW methbdo calculate the qua- ing the experimental technique and a better analysis of data,
siparticle band structure, with electronic screening obtained seems that evidence for the out-of-phase arrangement,
from the random-phase approximatigRPA). Having the  P2;/n is stronger. Vogl and Campbgilhave shown that the
guasiparticle band structure, we solve the Bethe-Salpetd?2,/a stacking is theoretically more stable than th2,/n,
equation(BSE)'?14for the two-particle Green’s function and having slightly lower total energy. Taking into account the
obtain a detailed description of the linear optical response o¢laborate method of preparation, that requires stretching and
the system, including exciton effects. Interchain interactiondieating at temperatures well above room temperature, it
are included by considering a clean periodic crystal. seems reasonable to expect ttranhs-polyacetylene crystal-
The ground state properties of the system are describdizes in theP2,/n configuration, as indicated by the latest
within density functional theory in the generalized gradientexperiment. We followed the structural conformation deter-
approximation DFT-GGA).1” A basis of plane waves is used mined by Zhuet al® One additional assumption in our work
to expand the electronic states. Photoexcitations are taken t® that the polymer chains are taken to be rigid in optical
be in the form of correlated electron-hole pairs, as absorption.
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FIG. 1. Band structure of polyacetylene calculated within DFT/
GGA, with GW corrections. The four lowest valence bands are not ¢ O]
shown. The minimum gap is at tiepoint. The first Brillouin zone 100 \
is shown in the upper right corner. F !

Energy (eV)

The quasiparticle band structure is shown in Fig. 1. The FIG. 2. Real and imaginary parts of the dielectric function
special arrangement of the two monomers inside a unit cell ig w):E' (a;)+ie () calcula?ted \>//vit$1in BSHsolid line) and RPA '
responsible for the series of degeneracies and band splittin ! 250

h M f d a direct electroni f18 ashed ling The polarization vector is chosen along the chain
shown. VIoreover, we found a direct electronic gap o 1.6 €V o ion The GW electronic energy gap is indicated. Curves are

at the A F’?im- As expected, the DFT gap is SUl:’Stanti"""ybroadened by 0.05 eV. The inset shows the measured imaginary part
smaller, with a value of only 0.47 eV. The small overlap of j ihe dielectric functior(Ref. 20.

atomic orbitals positioned at different chains is reflected in
somewhat “flat” bands along the patb8 AED andYCX'Y, The calculated spectrum is in agreement with a measure-
both perpendicular to the chain direction. ment performed in thin films of highly oriented

It is worth mentioning that we kept control of all precision polyacetylené? It is not clear whether the observed peak
parameters involved in the calculation. In addition, we keptasymmetry is due solely to bound excitons or if chain relax-
control of the effect of anisotropy in the calculation of the ation effects are also present. Such effects play an important
static dielectric matrix for the construction of the screenedole in conjugated polymers and they are responsible for a
Coulomb interaction and of the self-energy operator in thé'broadening” of the absorption peak. In addition, the pres-
GW calculation. Since the crystalline arrangement is highlyence of defects and misalignment of chains in the experimen-
anisotropic, the long-wavelength, static limit of the dielectrictal sample reduce the observed electric polarizability along
function, e(w=0,g—0), is nonanalytic, changing by up to the chain direction, while increasing the polarizability along
one order of magnitude between polarization along the chaiperpendicular directions. This should account for the discrep-
direction and perpendicular to(isee Ref. 20 and discussion ancy in peak height.
below). We estimate a precision of 0.1 eV in the calculation The strong anisotropy in electronic screening is present in
of the minimum electronic gap. the calculatedstatig dielectric tensor. The components with

Linear optical response is obtained by solving the Bethepolarization direction along the chain directiog) and per-
Salpeter equatiof®'* The BSE approach goes beyond the pendicular to it(e,) are 24 and 2.2, respectively, which
random-phase approximatiofRPA) in that electron-hole should be compared to measured valuesepfl0.5,¢,
correlation effects are included in the dielectric function and=3.02° As expected, the measured parallel component is
in the excitation energy of optical transitions. We follow much lower than the calculated quantity, whereas the perpen-
closely the procedure outlined in Ref. 14. Since the bandslicular component is underestimated in our calculations.
closer to the electronic energy gap are the most importarithis is a result of imperfect alignment of chains. Excitonic
ones for optical response, we restrict our analysis to theseffects in the dielectric tensor are found to be around 10%.
ones. The Brillouin zone was sampled in a grid containing In the solution of the BSE, we found a pair of deeply
approximately 23 00&-points, distributed so that we could bound spin singlet excitons, with binding energies 0.16 and
get a well converged spectrum in the optical range, up to %.15 eV, which will be referred to &&; andS,, respectively.
eV, with resolution 0.02 eV. Since this energy difference is smaller than the level of ac-

The complex dielectric function is shown in Fig. 2, with curacy attainable, we are unable to resolve the quasidegen-
polarization direction along the orientation of the chains. Un-eracy of this pair. Despite having almost the same binding
correlated interband transitions give rise to an onset of abenergy, these states have quite different properties: Stase
sorption at the electronic energy gap, as shown by the dashegptically active (“bright” exciton) and it is responsible for
curve in Fig. 2. By including electron-hole correlations, themost of the calculated optical absorption of the crystal,
absorption spectrum changes significantly and it becomewhereas stat&, has very low optical activity“dark” exci-
dominated by a high, narrow peak located at 1.65 eV, at théon). StateS, is well known in the literature, where it is
energy of the lowest energy singlet exciton. In the rangeeferred to by the group theory nomenclatur®lin previ-
1.7-1.8 eV, we see contributions from higher energy bounaus studie§:”-?! StateS; may be related to the many-body
states, resulting in an asymmetric peak, with a smooth higheptically inactive state A,” but this association is not clear
energy tail. because there is indication that the staﬂtAQZS a superposi-
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TABLE |. Binding energy of the lowest energy bound states of
crystalline and single-chain polyacetylene. The calculated optical
gap in crystalline polyacetylene is 1.65 eV.

Crystal  Single chain  Single chain, Ref. 5

Singlet S, 0.15 0.50 0.4

S 0.16 0.38 0.3

Triplet T,  0.44 0.99 1.2

T, 0.37 0.43 0.4

S T, 0.16
H:
n order to investigate more deeply the interchain interac-

[010] tion effects, we have used our same computer code to com-

(b) el pute the properties of an isolated polyacetylene chain using a
FIG. 3. Electron-hole probability distribution integrated along SUPercell geometry with truncated Coulomb interaction.
each chain, for states, (a) andS; (b). The horizontal plane shows These results are also presented in Table | and compared to a

schematically the position of the chains on a plane perpendicular tsimilar calculation from Ref. 5. Binding energies of the first
chain axis. The amplitude shows the probability of finding an electwo spin singlet and the second spin triplet states from the
tron on a chain given that the hole is located on a chain that is at thgyo calculations differ by less than 0.1 eV, except for the first
center of the plane at si(@,0). spin triplet exciton, where we found a discrepancy of 0.2 eV

between the present approach and Ref. 5. The underlying
tion of singly and doubly excited stat&$-??Doubly excited  quasiparticle band structure for the isolated chain system is
states are beyond the scope of the GW/BSE method. also consistent with Ref. 5.

Figure 3 shows the electron-hole distribution function Comparing our crystalline system results to those on a
tegrated along chaipon the different chains for stat€  single-chain systeffiwe observe a reduction in the binding
and S;. For a hole fixed on a particular chain, this function energy of both singlet and triplet states. This phenomenon
indicates the probability of finding the electron in the vicinity was also pointed out in previous wérk® and it is due to
of a nearby chain. A striking feature of stafg is that its  strong dispersion of the-dependent dielectric function at
electron-hole distribution function is suppressed when elecdirections perpendicular to chain, and ultimately to inter-
tron and hole are on the same chain, and it is maximize@hain screening. The optical gap, defined as the excitation
when these particles are on separate chains. The interchagmergy of the lowest energy optically active exciton, remains
character of this state reduces drastically the repulsive exalmost unchanged, decreasing from 1.7 to 1.65 eV as one
change electron-hole interaction leading to an increase igoes from a single chain to a crystal. We attribute discrepan-
binding energy. This explains why it has binding energycies in the actualalue of the binding energies among the
comparable t&, despite having a larger electron-hole corre-present work and Refs. 6,7 and 9 to different methodologies
lation length. The stat§,, on the other hand, has a maximum in dealing with electronic screening: first-principles quasipar-
in the electron-hole distribution function when both particlesticle energies and RPA screening in this work as opposed to
are on the same cha(probability 23%, as shown in Fig. 3. ad hocmodels for interchain screening in Refs. 6 and 7 or

Using the same theoretical machinery, we have studiedhodel self-energy corrections in Ref. 9. We stress that elec-
the spin triplet excitations, which are inaccessible to lineatronic screening, self-energy corrections, and the optical
optics experiments. The two lowest spin triplet states arepectrum are calculated here from first principles, without
bound, on-chain excitons with binding energy of 0.44 andany input parameter besides the crystalline structure. Finally,
0.37 eV, respectively, and they come from the split pairs ofthe fact that Table | presents results obtained using different
conduction and valence bands closer to the energy gap. Theasis setqGaussian functions in Ref. 5, and plane wave
formation of a pair of triplet states follow the same mecha-functions in the present woyks gratifying because we were
nism responsible for the Davydov splitting in molecular able to reproduce with good accuracy the early results on an
solids?3 In a molecular solid with two sites per cell, two isolated polymer chain using a very different basis set and
Frenkel excitons are formed with energy splitting dictated bycomputer code.
the strength of intersite interactions. In solid polyacetylene, In summary, we have investigated the electronic and op-
the same picture applies, but the “sites” are now onetical properties ofrans-polyacetylene in crystalline environ-
dimensional, linear chairf$.The third state is a bound exci- ment employing fullyab initio methods. We observe a sig-
ton with binding energy 0.16 eV, and it has strong interchaimificant reduction in both the energy gap and exciton binding
character. This state, as well as singlgfsand S;, are com-  energy when compared to single-chain calculations. This is
posed almost exclusively of states from the topmost valencthe result of interchain interactions, in qualitative agreement
band and bottom most conduction band alone. Other energyith previous studies on this system. Quantitative disagree-
bands contribute less than 2%. ment exists in the exciton binding energy among previous
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work 8 7?and this calculation is attributed mainly to different chains in the real material play an important role in this

ways of including interchain effects in the electronic screen-effect.

ing: first-principles RPA here, aretd hocmodels in previous

work. The linear optical response is almost completely domi- This work was supported by the NSF under Grant No.
nated by the statelﬂgu (S, in our nomenclature The theory DMR00-87088 and the Office of Energy Research, Office of
predicts the existence of a quasidegeneracy betweenState Basic Energy Sciences, Division of Materials Sciences, U.S.
and a dark, interchain spin singlet st4®y), although direct Department of Energy under Contract No. DE-ACO03-

experimental evidence of such a state is still lacking. TheZ/6SF00098. Computer time was provided by the DOE at
calculated anisotropy of the optical response is stronger thahawrence Berkeley National Laboratory NERSC center and
what was observed in thin films of oriented polyacetyléhe. by NSF at the National Partnership for Advanced Computa-
We believe that the presence of defects and misalignment dfonal Infrastructure.
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