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Optical Excitations in Conjugated Polymers
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We investigate optical absorption spectra and excitons in conjugated polymers from first principles.
This is done by calculating the one-particle and the two-particle Green’s function, including relevant
many-body effects, and evaluating quasiparticle and optical excitations. Trans-polyacetylene and poly-
phenylene-vinylene are studied as prototype long chain polymers. The electron-hole interaction gives
rise to large exciton binding energies{ eV) and dramatically alters the optical spectra. The calculated
exciton wave functions are very extended in real space. [S0031-9007(99)08570-1]

PACS numbers: 78.40.Me, 36.20.Kd, 42.70.Jk, 71.20.Rv

Conjugated polymers constitute a fast-growing field ofexciton states is very large. We concentrate on polymers
fundamental research and technological applications due fa their ground-state geometry and focus on the interac-
their fascinating electronic and optical properties [1—10]tion of electrons, holes, and light in the optieddsorption
As a part of the systematic progress in this field, theoreticgbrocess. Coupling of the excited states to phonons, lat-
investigations of the electronic structure and excitations ofice relaxation, polaronic effects, as well as the decay of
conjugated polymers are very important. To obtain mosexcitons into other excitations (such as solitons) are not
reliable results, it would be highly desirable to employconsidered.
ab initio techniques that overcome the need for adjusted The simplest conjugated polymer is trans-polyacetylene
parameters in empirical methods. Unfortunately, such4—7], serving as a natural candidate for studying fun-
ab initio studies are very demanding for complex polymersdamental properties of conjugated polymers. Figure l1a
with large unit cells. Therefore, only limited information shows the corresponding QP band structure. It has a di-
about the electronic ground state and excited states of thesect fundamental band gap of 2.1 eV at thepoint of
systems is available so far. In particular, the effect ofthe one-dimensional Brillouin zone. The highest occu-
excitons on the optical properties is not fully resolved.pied and the lowest unoccupied bands (labeteand 7*)

This is the focus of our present work. are formed from delocalized states.

A systematicab initio approach to optical excitations The QP band-structure energies (i.e., the spectrum
of an electronic system is to calculate its one-particleof the one-particle Green’s function), however, do not
and two-particle Green'’s functions, including all relevantyield reliable information on optical properties. The one-
aspects of electronic interaction and correlation [11—14]particle Green’s function corresponds to processes in
The key quantity in this context is the electron self-which isolated electrons are added to the system (crea-
energy operator which can be evaluated very accuratelijon of quasielectrons) or are removed from the system
for many materials in th&W approximation [11]. The
one-particle Green'’s function describes quasiparticle (QP)
excitations (i.e., the individual excitation of electrons and
holes) [11,15,16] while the two-particle Green’s function
describes coupled electron-hole excitations and allows for
the evaluation of the optical spectrum [12-14,17-20].
This approach has yielded highly reliable results for the
full absorption spectrum of small semiconductor clusters
[19] and of extended bulk crystals from first principles
[20]. In the present paper we employ these techniques to
investigate two conjugated polymers, trans-polyacetylene
and poly-phenylene-vinylene (PPV).

To obtain their basic intrinsic optical properties, we con-
sider infinitely long chain polymers. This is distinctly dif- C
ferent from previous quantum-chemical calculations that 25 L 1L
focused on molecules of limited length [3,8]. For the sys- r X T X
tems studied here, infinitely long chains are more approgs 1. Quasiparticle band structures of trans-polyacetylene

priate to describe the properties of long polymers since thes) and of PPV (b), as calculated within t68V approximation.
intrinsic correlation length of electrons and holes in theThe vacuum level is at O eV.
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(creation of quasiholes). In optical absorption processes,he changes in the absorption strength are caused by a
on the other hand, electrons and holes are created simudestructively coherent coupling of the optical matrix ele-
taneously, interact with each other, and can form boundnents of the electron-hole pair configurations in the for-
electron-hole pairs. The description of electron-hole paimation of the excitations.

excitations goes beyond the quasiparticle band-structure Below the gap, two bound exciton states are formed
concept. It requires solving the Bethe-Salpeter equatiofmainly from = — #* transitions), at excitation energies
(BSE) for the two-particle Green’s function, including the of 1.7 and 1.8 eV [21]. The first one shows a construc-
electron-hole interaction [14]. tive, coherent superposition of oscillator strength, result-

Figure 2a shows our calculated optical absorption spedng in a pronounced signal in the optical spectrum. The
trum for trans-polyacetylene. The dashed line denoteeptical transition matrix element of the second exciton, on
the spectrum neglecting the electron-hole interaction (thuthe other hand, is zero. The absorption spectrum thus con-
corresponding to verticalm — #* transitions of free sists of one single line at 1.7 eV, in good agreement with
electron-hole pair states within the QP band-structure picthe measured spectrum which shows maximum absorp-
ture). This spectrum exhibits the typical behavior of ation at 1.7 eV [5]. It should be noted, however, that the
one-dimensional joint density-of-states (JDOS), i.e., it di-measured spectrum is much broader than our single-line
verges as(iw — E;)"'/? at E, = 2.1 eV. When the spectrum, with an asymmetric tail structure above 1.7 eV.
electron-hole interaction is included, the spectrum (nowThis could result from static lattice distortions, leading to
given by the solid line in Fig. 2a) is drastically changed.finite conjugation lengths, or from simultaneous excitation
The absorption at and above the energy gap is reduced lof excitons and phonons.

2 orders of magnitude and the material is nearly transpar- The absorption spectrum presented in Fig. 2a has been
ent above 2.0 eV. This does not result from an absencealculated for light with the electric field polarization
of states in this energy range; in fact, we find virtually thevector parallel to the chain, in which direction the
same JDOS above the gap as in the noninteracting caselectrons are highly polarizable. For the polarization

perpendicular to the chain but still within the plane

of the polymer, we observe nearly the same shape of
' ' l ' l ' the spectra as in Fig. 2a, but the absorption strength is
smaller by 3 orders of magnitude, which is also observed
experimentally [5]. For polarization perpendicular to
the plane, the absorption is zero due to the mirror
symmetry of ther states. For the latter two polarizations,
significant absorption strength is observed only above
8 eV, resulting from transitions other than— 7*.

Our approach allows us to evaluate the two-particle
wave function of each exciton state and to visualize the
electron-hole correlation in real space [20]. Figure 3a
shows the distribution of the electron relative to the hole
along the chain, for the two bound excitons in trans-
polyacetylene. The hole is fixed at an arbitrary position
on the polymer chain (placed in the center of the panel).
The first exciton state (at 1.7 eV) has an even envelope
function, giving rise to the strong optical peak since
the = — 7" interband transition is dipole allowed. The
second exciton state, on the other hand, has an odd
envelope function that vanishes at zero distance between
electron and hole, leading to optical inactivity because of
the dipole selection rule. Already the first exciton is very
extended in real space, covering a range of about 50 A.
The second exciton is even larger. These large sizes are
related to the strong dispersion of the and #* bands
close to the fundamental gap at tiepoint of the band
FIG. 2. Calculated optical absorption spectrum of trans-structure. Only electron-hole configurations closeXto
polyacetylene (a) and PPV (b) in arbitrary units. The solidcontribute to the formation of the excitons. They are thus

(dashed) lines denote spectra including (neglecting) electronsyqngly localized in reciprocal (or momentum) space and
hole interaction. The polarization vector of the electric field -
hence very extended in real space.

is along the polymer chain. The figure includes an atrtificial 4 L .
broadening of 0.005 eV (005 eV) for trans_po|yacety|ene The results discussed above are for Spln-SInglet transi-
(PPV). tions in trans-polyacetylene. When we look at spin-triplet
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Distance from the Hole [in CoH,-units] by = states distributed over all C atoms, forming an
uninterrupted= electron system over the entire chain.
-30 20 -10 0 10 20 30 . :
The second-highest valence and second-lowest conduction
bands ¢, and ;) are also formed fromr states, but are
mainly localized on the benzene rings [8].

Figure 2b depicts the calculated optical absorption
1.7 eV spectrum for PPV, with the electric field of the light po-
larized along the chain direction. Neglecting the electron-
MWMMWMMWMM hole interaction (dashed line), the spectrum is m*ainly

given by an asymmetric peak structure duemtp—
P S S (I I S N transitions, which diverges &, = 3.3 eV. Additional
-60 —-40 20 0 20 40 60 structures due ter, — 5, m — 1, andm, — 75 tran-
Distance from the Hole [in A] sitions occur at 5.5, 5.8, and 8.0 eV, respectively. This
spectrum is in distinct disagreement with experiment: the
measured absorption spectrum shows transitions at 2.5,
3.7, 4.8, and 6.0 eV [3,9].
-10 0 10 20 When we include the electron-hole interaction, the
spectrum is completely changed (see the solid curve in
Fig. 2b) and now consists of a number of sharp peaks (see
Table ). The lowest transition is to a bound exciton at
2.4 eV (0.9 eV belowE,), in excellent agreement with
the measured value of 2.5 eV [9]. This exciton consists
of coherently coupled transitions between the bangs
and 7. In Fig. 3b we show the electron-hole wave
N function of this exciton in real space. The wave function

—50 0 50 100 150 is similar to the optically active exciton in polyacetylene
(cf. Fig. 3a), confirming the similarity in the excitation
process in the two materials. Again, the exciton is very
FIG. 3. Real-space electron-hole wave function of the excitorextended in real space. We also find another bound
states, showing the distribution of the electron relative to theexciton at 2.8 eV with a vanishing transition matrix
K e o of som o s Secubn SimAN TN, thus not observable in the optical spectrum.
is za{veraged over a plane peprpendicular to the chain, resultinﬁ.orreSpondmg to these spin-singlet eXCIthS.’ two spin-
in its one-dimensional density along the polymer. Panel a idfiPlet excitons occur at 1.5 and 2.7 eV excitation energy.
for the optically active (at 1.7 eV) and the inactive (at 1.8 evV) Besides the bound excitons below the gap, we find ab-
bound exciton states in trans-polyacetylene. Panel b shows twgorption at 4.0 and at 4.9 eV, compared with the experi-
optically active exciton states in PPV, at 2.4 and 4.0 eV. mental results of 3.7 and 4.8 eV, respectively. These

excitations are mainly given by coupled, — 7> and

i, — ary transitions. The nature of these excitations is,
transitions (that cannot be excited by light), we again findhowever, distinctly different from the bound exciton be-
two bound excitons, at 0.9 and 1.7 eV. These two state®w E,. Being above the gap, the excitations interact
correspond to the equivalent spin-singlet excitons at 1.With the freer; — | electron-hole continuum. There-
and 1.8 eV, respectively. The triplet energies are smallefore they have to be understood as resonances rather than
since the repulsive exchange interaction between the elesharp, long-lived eigenstates. The resonant character of
tron and the hole is absent for spin-triplet configurationsthese excitations is directly visible in their electron-hole
As a consequence of the spatial confinement of the elesvave function (see Fig. 3b for the excitation at 4.0 eV).
tron and the hole in the polymer, the present singlet-triplet
splittings of 0.8 and 0.1 eV for the first and second exci-

ton levels, respectively, are much larger than those fofag| | calculated optical excitation energies in PPV (in
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excitons in bulk semiconductors. eV), compared with measured absorption energies [9] and with
Now we focus on a technologically more relevantcalculated transition energies by Mukaneglal. [3].

polymer, PPV [3,8-10], which is much more difficult to This work Expt. [9] Ref. [3]

treat than trans-polyacetylene due to the larger unit ceH

of 14 atoms. Figure 1b gives the calculated QP band 2.4 2.5 2.8

structure of the material. Again, the fundamental band 4.0 3.7 3.3

gap (3.3 eV) is at thex point. The highest valence 58 ‘é‘%_eg 4680 546570

and the lowest conduction states;(and ;) are given
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Similar to the exciton at 2.4 eV, the distribution of the sensitive to conjugation lengths below about 50 A, which

electron is strongly enhanced near the hole (which correis the size of the intrinsic excitons.

sponds to the strong optical transition matrix element of We thank G. Martinez for valuable discussions. This
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Instead, the excitations at 6.7 eV in our spectrum may

correspond to the experimental data. The absorption

spectrum of PPV has also been calculated by Mukamel

et al., using a model Hamiltonian [3]. Their results are
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