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Density-functional-based tight-binding calculation of excitons in conjugated polymers
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The fundamental excitations and optical properties of four important conjugated polymers~trans-
polyacetylene, polydiacetylene, poly-para-phenylene, and polyphenylenevinylene! are described within a
method combining density-functional-based tight-binding and the Bethe–Salpeter equation. This non-self-
consistent approach is computationally highly efficient and can potentially be applied to very complex struc-
tures. We find that both singlet and triplet excitons generally agree with measurements. Moreover, the calcu-
lated UV/visible optical spectra reliably reproduce location and polarization of most experimental resonances.
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I. INTRODUCTION

The calculation of excitons in inorganic or organic sem
conductors is a requirement for a full understanding of
optical properties of these materials. For bulk and lo
dimensional inorganic semiconductors the effective mass
scription of Wannier excitons has been applied for ma
years. There is, however, a growing consensus that m
refined methods such as the Bethe–Salpeter approach
needed for accurate results.1–3 A prominent example is the
case of indirect band gap materials such as Si, for wh
excellent agreement with experimental spectra has b
demonstrated.1,3 However, even for direct band gap materia
there is a clear need for accurate methods if the optical p
erties above the vicinity of the band gap are considered.

For conjugated polymers and other quasi-one-dimensio
materials a similar situation is encountered. The long-a
optical response in the vicinity of the band gap can be
scribed within the effective mass picture.4–6 However, higher
resonances and, in particular, excitations perpendicular to
polymer axis depend intimately on the detailed band str
ture and chemical structure that are ignored in the effec
mass approximation. Several convincing applications of
Bethe–Salpeter approach to conjugated polymers have
published.7–9 Unfortunately, the full density-functiona
theory1Bethe–Salpeter approach is rather computation
demanding. This ultimately limits the applicability to stru
tures with small unit cells and excludes structures like ch
carbon nanotubes, which represent highly exciting ch
lenges. For this reason, we have recently10 explored the
much less demanding density-functional-based tight-bind
~DF-TB! method11 and applied it to exciton optical an
electro-optic properties of poly-para-phenylene and polyphe
nylenevinylene. The reasonable results obtained for bind
energies of the lowest singlet exciton are encouraging in
cations of the accuracy of the DF-TB method.

The purpose of this paper is to present a much more
tailed study of the combined DF-TB1Bethe–Salpeter
method applied to excitonic optical properties of conjuga
polymers. Hence, we include~1! calculation of the relaxed
geometry,~2! both singlet and triplet excitons,~3! long- as
well as short-axis UV/visible optical spectra for four impo
tant materials: trans-polyacetylene ~PA!, polydiacetylene
~PDA!, poly-para-phenylene~PPP!, and polyphenylenevi-
0163-1829/2004/69~7!/075207~8!/$22.50 69 0752
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nylene~PPV!. In particular, results for higher resonances
the optical response are presented. We find that exciton
fects lead to a complete rearrangement of the optical spe
for both long- and short-axis components. Our findings
compared to experimental spectra for highly orient
trans-polyacetylene,12 crystalline bis(p-toluene sulfonate)
polydiacetylene,13 thin-film ladder-type poly-para-
phenylene,14 and oriented poly@~2-methoxy, 5-(28-ethyl)-
hexyloxy! para-phenylene vinylene#.15 In all these polymers,
the p-conjugated backbones are essentially planar provi
defect density is low. Hence, even though we replace s
group and substituents by hydrogens in the calculations,
restrict all conformations to planar ones. In general, cal
lated singlet as well as triplet excitons are in good agreem
with experiments including higher singlet excitons detec
in the UV/optical response. Taken together, we find that
DF-TB1Bethe–Salpeter approach provides an accurate
computationally efficient description of excitonic properti
in conjugated polymers.

II. THEORETICAL FRAMEWORK

The DF-TB method was originally developed fo
hydrocarbons11 but has since been applied to a range of m
terials including silicon,16 complex organic molecules,17

various nanotube structures,18,19 and also metal-
semiconductor contacts.20 Its great simplicity lies in the fact
that all two-center integrals as well as the repulsive two-bo
potentials are parametrized functions of distance. Th
functions are obtained from density-functional theory~DFT!
in the local density approximation for isolated atoms a
diatomic molecules using a ‘‘compression’’ potential
mimic the influence of surroundings.11 A ‘‘self-consistent
charge’’ extension has been formulated17 but the original
method is not self-consistent and all iteration steps
avoided. Nevertheless, the method reproduces structures
vibrational frequencies with remarkable accuracy. In the c
of planar conjugated molecules, the method has the a
tional advantage thatp and s electrons are completely de
coupled. In ordinary DFT this is not the case since orbitals
different symmetry are coupled via the contributions to t
electron density. In the present case, we only consider pla
conformations and, thus,p–s decoupling allows us to ignore
the s-electron bands that are of relatively little importan
©2004 The American Physical Society07-1
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for the optical properties in the UV/visible spectral range
In our previous work10 dealing with the high-field electro

optic response, we treated conjugated polymers as large
finite molecules comprised of 30 to 40 monomers. This
proach was partly dictated by the need of including an ex
nal electrostatic potential that breaks the translational s
metry and makes it impossible to apply periodic bound
conditions. In the present work, we focus on intrinsic opti
properties and exclude external fields. Thus, periodic bou
aries are assumed throughout, which corresponds to con
ering a ring rather than a linear chain of monomers. T
approach is similar to that applied by Abe an
co-workers.21,22 In this manner, Bloch sums formed from th
ath p-orbital within the monomer or unit cell can be writte
as

xak~r !5
1

AN
(
n51

N

eiknaf~r2ran!, ~1!

wherea is the lattice constant,N is the number of unit cells
in the ring,k5p(2p2N22)/(aN) with p51,2,...N, is the
wave number, andf(r2ran) is a localizedp-orbital cen-
tered at theath position of thenth unit cell. The matrix
elements between such Bloch sums are calculated using
DF-TB framework and leads to a simple generalized eig
value problem.

Once the band statesw ik(r ) are obtained as linear com
binations of Bloch sums, i.e.,w ik(r )5(acak

( i )xak(r ), the
Bethe–Salpeter equation for the exciton states can
set up. The exciton states are expanded in valence (i 5v)
and conduction (i 5c) band states as cexc(r ,r 8)
5(kvcAkvcwck(r )wvk* (r 8). The matrix problem constructe
for the expansion coefficientsAkvc and exciton energy eigen
valueEexc reads as2,3,7–9

(
k8v8c8

@2Vkvc,k8v8c8
x dS,02Wkvc,k8v8c8#Ak8v8c8

5@Eexc2Eck1Evk#Akvc . ~2!

Here,Eck and Evk are conduction and valence band eige
values, respectively. Electrons and holes are coupled via
Coulomb matrix elementWkvc,k8v8c8 and the exchange ma
trix elementVkvc,k8v8c8

x . The factordS,0 implies that the ex-
change interaction is present for singlet excitons with v
ishing total spinS only. When the bands states are expand
in Bloch sums and Eq.~1! is used, the exciton matrix ele
ments are ultimately expressed in terms of Coulomb
exchange integrals between localizedp orbitals. Among
these four-center terms only a small fraction are of imp
tance due to the exceedingly small overlap between distap
orbitals. Hence, terms with more than two different sites
volved are discarded. The question of screening is tem
rarily left aside and we consider the following bare Coulom
and exchange integrals:

~0,nun,0!5E E uf~r !u2uf~r 82rn!u2

ur2r 8u
d3rd3r 8, ~3!

and
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~0,nu0,n!5E E f~r !f* ~r2rn8!f* ~r !f~r 82rn!

ur2r 8u
d3rd3r 8.

~4!

As the spatial behavior of thep orbitals is known explicitly
in DF-TB ~in contrast to empirical tight-binding! these inte-
grals can be evaluated. The results are plotted in Fig. 1
gether with an Ohno-type approximation (0,nun,0)'v0(1
1v0

2r n
2)21/2 with v0520.08 eV for the Coulomb integral

The fit is seen to be quite satisfactory. The Coulomb integ
decays asymptotically as 1/r n whereas the exchange integr
has a rapid exponential decrease. In fact, the exchange
gral is closely approximated by an on-site interaction sin
the value at a typical interatomic distance of 2.6 bohr is o
approximately 2% of the on-site value~0,0u0,0!. We conse-
quently ignore all non-on-site exchange integrals, i.e., te
like (0,nu0,n) are neglected whenevernÞ0. Hence, with this
step, all integrals over atomic orbitals of the same argum
but located on different sites are ignored. It is noted that t
also goes for theX-term (0,0u0,1)5(0,0u1,0) that has been
considered in previous models.23 This term, however, also
decays exponentially with distance and at 2.6 bohr we fi
that it amounts to only 12% of the on-site integral. Th
finally allows us to express the Coulomb and exchange
trix elements as

Wkvc,k8v8c85
1

N (
a,b

cak
(v)* cak8

(v8)cbk
(c)cbk8

(c8)* (
n51

N

ei (k82k)na

3~0a,nbunb,0a!W , ~5!

and

Vkvc,k8v8c8
x

5
1

N (
a,b

cak
(v)* cbk8

(v8)cak
(c)cbk8

(c8)*

3 (
n51

N

~0a,nbunb,0a!V , ~6!

where subscriptsW andV indicate that different implemen
tations of screening are needed for the two types of inte

FIG. 1. Calculated Coulomb and exchange integrals vs in
atomic distance. The dashed line is an Ohno-type fit to the e
curve.
7-2
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DENSITY-FUNCTIONAL-BASED TIGHT-BINDING . . . PHYSICAL REVIEW B69, 075207 ~2004!
tions. In the double-index notation~such asnb) used in the
four-center integrals, the first and second indices refer to
cell and relative position within a unit cell, respectively.

The question of screening is a delicate one. As pointed
by van der Horstet al.8,24 the anisotropy of polymer chain
has important consequences for the screened interactio
the symmetry of the one-dimensional system is appro
mately uniaxial~cylindrical! with x along the polymer long
axis, then the dielectric tensor reads as«J5diag(«x ,«y ,«y) and
the screened Coulomb interaction between opposi
charged point charges is25

V~x,y,z!52
1

A«y
2x21«x«yy

21«x«yz
2

. ~7!

For this reason we have approximated the screened Cou
integral by the following screened Ohno-type expression

~0,nun,0!W'
v0

A«x«y1v0
2~«y

2xn
21«x«yyn

2!
. ~8!

Next, we need to consider whether the exchange inte
tion should be screened or not. From many-body pertur
tion theory it is well established that if all quasiparticle co
rections are included in a full set of single-partic
excitations and all charges are taken into account in the q
siparticle calculation the exchange interaction should be
the bare Coulomb potential.2–3,7–9 On the other hand, if a
molecule is treated as embedded in a surrounding med
whose only influence is via screening the situation is l
clear. In many semi-empirical studies based on Paris
Parr–Pople parametrization such as Refs. 21 and 22, the
change interaction is taken as fully screened. The tacit ju
fication for this approach is that electronic states
calculated for individual polymer chains with no coupling
other chains. Moreover, it has been rigorously shown that
exchange interaction must be screened if only afinite set of
single-particle excitations is taken into account.26 In the
present work, we have taken a rather pragmatic appro
based on the following premises. First, the large long-a
dielectric constant«x is almost entirely due to self-screenin
within a single polymer chain. Hence, this contribution mu
be excluded from the exchange interaction. Second,
screening due to charges on surrounding polymer ch
should be included in the exchange interaction to a cer
extent. This leads us to consider the following form:

~0,nun,0!V'
v0

«excA11v0
2~xn

21yn
2!

. ~9!

The values adopted for the dielectric constants are discu
in the following. The parametrizations Eqs.~8! and~9! allow
us to calculate numerically the exciton matrix with relative
small computational effort.

III. IMPLEMENTATION

The starting point for the implementation is a geome
optimization using the parametrized DF-TB repulsive tw
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body potentials. To this end we obviously need to includes
as well asp electrons. All geometric parameters includin
C-H distances and C-C-H angles are allowed to relax wit
the (x,y) plane. The lattice constants obtained in this man
are: 2.46 Å~PA!, 4.93 Å ~PDA!, 4.28 Å ~PPP!, and 6.49 Å
~PPV!. The relaxed geometries are available from the aut
on request. When the band gap is calculated for the rela
structures we generally find that it is unrealistically sma
This ‘‘band gap problem’’ is a common weakness of mo
density-functional-based approaches. We correct the b
gap by rigidly shifting the conduction bands upwards us
the ‘‘scissors operator,’’ which can be regarded as a simp
tic implementation of quasiparticle corrections.8 The shifts
applied for this purpose are 1.47 eV~PA!, 0.79 eV~PDA!,
0.97 eV~PPP!, and 1.20 eV~PPV!. They have been adjuste
so that the lowest singlet exciton coincides with the fund
mental absorption peaks measured in Refs. 12–15. It sh
be noted, however, that the calculated exciton binding en
gies defined as the difference between band gap and ex
energy are independent of the scissors operator shifts.

For the short-axis element of the dielectric tensor we h
taken «y53, which has been proved to be an appropri
value for conjugated polymers.8 The long-axis element«x
can be taken directly from experiments. However, differe
experiments yield somewhat inconsistent values. Tak
trans-polyacetylene as one of the best-studied materials«x
varies from «x52.522'6.427 measured at 0.62 eV to«x
'10.5.12 We have found that an intermediate value of«x
57 is a reasonable compromise and this value has been
for all materials. As argued earlier, the short-axis screen
should be partially included in the exchange interaction a
for this part we have taken«exc52. The sensitivity to the
value of these parameters is discussed in the subsequen
tion. The number ofp-orbital bands in the four polymers ar
2 ~PA!, 4 ~PDA!, 6 ~PPP!, and 8 ~PPV!. However, for the
optical properties in the UV/visible range the most remote
these bands are of little importance and, hence, we have
glected the two most remote bands of PPP and PPV in
calculation of exciton states. In addition, the number of u
cells is taken as 200~PA!, 100 ~PDA!, 100 ~PPP!, and 70
~PPV!. Hence, the dimension of the exciton matrix is 4
~PA, PDA, and PPP! and 630~PPV!, which is easily handled
numerically. As in our previous work,10 we apply a recursive
Green’s function technique2 to calculate the dielectric func
tion «(v)5«R(v)1 i« I(v) given by

«~v!511
2e2

«0lA (
exc

u^excur•n̂u0&u2

Eexc2\v2 i\G
, ~10!

wherel 5Na is the length of a polymer chain,A is the cross-
sectional area of a chain taken as 20 Å2, \G is a phenom-
enological damping constant taken as\G50.15 eV, andn̂ is
the unit vector of the optical electric field so thatr•n̂5x and
r•n̂5y for long- and short-axis properties, respectively. U
ing the commutation relationp5 im/\@H,r # between mo-
mentump, HamiltonianH, and positionr we obtain for the
dipole moments
7-3
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^excur•n̂u0&5
\

im (
kvc

Akvc

^wvk~r !up•n̂uwck~r !&
Eck2Evk

, ~11!

where, in turn, the band-to-band momentum matrix elem
^wvk(r )up•n̂uwck(r )& is expressed in terms of momentu
matrix elements between Bloch sums given by28

^xak~r !up•n̂uxbk~r !&5
im

\
n̂• (

n521,0,1
eikna~r0a2rnb!

3^f~r2r0a!uHuf~r2rnb!&.

~12!

Due to the rapid decay of orbital overlap with distance,
summation above need only cover the central unit cell and
nearest neighbors. It is noted that no intra-atomic contri
tions appear as onlypz-type atomic orbitals are considered

IV. RESULTS AND DISCUSSION

Before addressing the optical spectra we consider the
damental excitations. For the four different polymers the
sults are summarized in Table I. The band gaps listed incl
the scissors operator shifts. As mentioned above, the ga
adjusted to bring the lowest singlet exciton~shown as the
second column! into agreement with experiments. The fin
column lists the position of the lowest triplet exciton. Th
triplet energies are between 53% and 65% of the band
which attests to the large exciton effect in conjugated po
mers. The calculated singlet binding energies vary betw
0.37 and 0.68 eV, which is more than an order of magnitu
larger than the values observed in bulk inorganic semic
ductors. In order to directly compare with experiments,
have compiled a list of singlet and triplet excitonbinding
energies in Table II. Note that in the cases of PPP and P
the triplet binding energies are obtained from experimen
singlet binding energies by adding experimental singl
triplet splittings of 0.62 eV34 and 1.0 eV,35 respectively. The
calculated binding energies are in reasonable agreement
experiments where available. The largest errors are aro
25%, which must partially be attributed to our simple chem
cal structures ignoring side-groups. In addition, different
perimental methods are known to produce somewhat dif
ent values for the binding energies. Hence, the ove
agreement is rather convincing.

The simplistic implementation of screening in the pres
approach is a potential source of error. Naturally, a s
consistent implementation would lead to higher reliabili

TABLE I. Calculated band gaps~including scissors shift! and
exciton energies for different conjugated polymers.

Polymer Band gap
~eV!

Low. singlet
exciton ~eV!

Low. triplet
exciton ~eV!

PA 2.07 1.70 1.25
PDA 2.56 2.00 1.37
PPP 3.40 2.72 2.22
PPV 3.01 2.40 1.86
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However, such an extension would not be possible with
abandoning the computational simplicity that is a central p
of the approach. Fortunately, van der Horst a
co-workers8,24 have demonstrated from their comparis
with ab initio calculations that the approximation«y53 for
the important transverse dielectric constant is, in fact, not
severe. The influence of the remaining dielectric constant«x
and«exc used in the present work can be judged from th
influence on the exciton binding energies. Taking PA as
example, the results in Table III can be used to estimate
sensitivity to these parameters. The first row shows the
sults using«x57 and«exc52 as above and the remainin
rows are the results of varying the parameters around th
values. It is noted that the variations for singlets and trip
are at most 0.04 and 0.06 eV, respectively. In addition, o
triplets do not feel the exchange interaction and, hence
not depend on«exc at all. Thus, based on these observatio
we judge that excitonic effects are not critically sensitive
the precise values of these parameters. On the other han
is clear that all results will be extremely sensitive to a
variation in«y . The transverse screening, however, is larg
determined by the surroundings of the polymer chain~e.g.,
solvent or other chains!24 and these additional interaction
are excluded from the present model anyway. The value«y
53 is the appropriate one for chains in polymer film
Hence, to simulate isolated chains or chains in various
vents other values of«y must be used. In the discussion

TABLE II. Comparison of theoretical and experimental bindin
energies for both singlet and triplet excitons.

Polymer
Singlet exciton

binding energy~eV!
Triplet exciton

binding energy~eV!

PA ~theory! 0.37 0.84
PA ~expt.!a 0.50 ¯

PDA ~theory! 0.56 1.19
PDA ~expt.!b 0.57–0.59 1.40
PPP~theory! 0.68 1.18
PPP~expt.!c 0.50–0.85 1.12–1.47
PPV ~theory! 0.61 1.15
PPV ~expt.!a,d 0.20–0.60 1.20–1.60

aReference 29.
bReferences 30 and 31.
cReferences 32–34.
dReferences 35 and 36.

TABLE III. Exciton binding energies oftrans-polyacetylene cal-
culated for the lowest singlet and triplet using«y53 but different
values for«x and«exc.

«y «x «exc Singlet exciton~eV! Triplet exciton~eV!

3 7 2 0.37 0.82
3 7 1.5 0.33 0.82
3 7 2.5 0.41 0.82
3 6 2 0.39 0.88
3 8 2 0.36 0.78
7-4
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FIG. 2. Histograms for the probability of lo
cating an electron in a particular unit cell with th
hole fixed at the zeroth cell. The location of bo
electrons and holes is taken as the central atom
the unit cell.
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PPV to follow, the dependence of exciton binding energ
on «y is examined in more detail.

Apart from experimental data, it is quite instructive
compare the present results to more sophisticated calc
tions based on full DFT and empirical screening as in Re
and full DFT combined with self-consistent screening as
Ref. 7. Specifically, we focus on the binding energy of t
lowest singlet exciton in PA and PPV since these mater
are considered in both Refs. 7 and 8, as well as in the pre
work. The values obtained are 0.4 eV~PA! and 0.9 eV~PPV!
in Ref. 7 and 0.43 eV~PA! and 0.54 eV~PPV! in Ref. 8.
These numbers should be compared to the values 0.37
~PA! and 0.61 eV~PPV! obtained above. Hence, our valu
are quite close to those of Ref. 8, as expected from the s
larities between the two approaches. In contrast, the bind
energy of 0.9 eV obtained for PPV in Ref. 7 is much grea
than our value as well as that of Ref. 8. At first sight, th
might indicate that self-consistent screening is essentia
this case. However, as clearly demonstrated in Ref. 24,
reason for the discrepancy is thatisolatedchains were con-
sidered in Ref. 7. In contrast, the transverse screening«y
53 applied here and in Ref. 8 is appropriate for cha
screened by molecules in their surroundings. Hence, our
proach applies to polymers in, e.g., dense films and
agreement with Ref. 8 and experimental data are indicat
that reliable predictions are obtained in this case. The p
nounced dependence of binding energies on«y is clearly
seen in the calculated optical spectra of PPV that are
sented at the end of this section.

The spatial localization of excitons is a manifestation
the large Coulomb forces in conjugated polymers. Depe
ing on whether excitons extend over many unit cells or
sentially a single unit cell they are classified, respectively
Wannier or Frenkel excitons. To address this question
have illustrated in Fig. 2 the probability of finding an ele
tron in a particular unit cell given that the hole is located
the zeroth cell. The electrons and holes have been place
the atom nearest the center of their respective unit c
shown as insets in Figs. 3–6. In the case of PA, PDA,
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PPP, the left-most among the equivalent central atoms
been used. The figure shows the probability distributions
the lowest singlet excitons obtained in this manner. It is s
that the spread ranges from many unit cells in the case o
to very few in the case of PPV. It should be kept in min
however, that the size of the unit cell varies greatly amo
the different materials. A more direct measure of the loc
ization is the full width at half maximum for which we find
the following values 30 Å~PA!, 21 Å ~PDA!, 18Å ~PPP!,
and 19 Å ~PPV!. It is noticed that the PA width is much
larger than the others, in agreement with the somewhat lo
binding energy obtained for this material~Table II.!. Also, it
is seen that while the exciton in PA may reasonably be ch

FIG. 3. Theoretical absorption spectra fortrans-polyacetylene
~PA!. Full and dashed lines show calculations with and witho
exciton effects, respectively. The upper panel is for light polariz
along the polymer long-axis and the lower panel is for the sh
axis within the molecular plane.
7-5
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THOMAS G. PEDERSEN PHYSICAL REVIEW B69, 075207 ~2004!
acterized as a Wannier exciton, the other cases actually l
between the Frenkel and Wannier limits. Finally, it is not
that the widths found for PA and PPV are roughly the sa
as those obtained in Ref. 7~judged to be approximately 1
and 5 unit cells, respectively! using full DFT and self-
consistent screening. This indicates that also wave funct
are reliably reproduced by the present method.

Next, we turn to the optical spectra obtained from t
calculated singlet excitons. In Figs. 3–6 the theoretical sp
tra for the imaginary part of the dielectric constant« I(v)
using both polarizations are shown. Full and dotted cur
represent results with and without exciton effects, resp

FIG. 4. Theoretical absorption spectra for polydiacetyle
~PDA! using the same format as in Fig. 3. Notice the weak feat
around 8 eV in the long-axis exciton spectrum.

FIG. 5. Same as Fig. 3 but for poly-para-phenylene~PPP!.
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in

e

ns

c-

s
c-

tively. Where necessary, we have expanded portions of
curves in order to display low-intensity resonances m
clearly. Starting with PA in Fig. 3, it is seen that in the lon
axis case (x-polarization! exciton effects simply shift the
fundamental resonance to lower energies and leads to a m
symmetric peak. The fact that the position of the single pe
of PA coincides with the experimental spectra12 is not sur-
prising as this is precisely the requirement used to determ
the scissors operator shift. For the perpendicular polarizat
the spectrum is also redshifted and a small peak is visibl
the position of the fundamental singlet exciton. Compared
the long-axis spectrum, though, the intensity of t
y-polarization spectrum is much smaller. These findin
agree with the anisotropy of the measured spectra of Ref.
In the case of PDA, Fig. 4 shows a similar behavior and
long-axis spectrum has an intense peak corresponding to
lowest singlet exciton. Here, however, additional structure
visible at higher photon energies. In particular, a resonanc
observed around 8 eV in excellent agreement with the
perimental resonance at 7.6 eV.13 The intensity of the calcu-
lated resonance is quite small, though. For the perpendic
polarization, a number of low-intensity resonances are
served. The exciton effect is seen to produce a comp
rearrangement of the spectra.

Turning now to the technologically more relevant pol
mers PPP and PPV, we find that exciton effects have a s
larly dramatic influence on the optical spectra. For the lon
axis absorption of PPP, the free-carrier calculation neglec
excitons predicts two resonances at 3.4 and 6.7 eV, cf.
dotted curve in the upper panel of Fig. 5. When excitons
included, these resonances shift to roughly 2.7 and 6.9
and a weak resonance appears around 5.7 eV. In addition
excitonic spectrum for the perpendicular polarization ha
relatively intense peak close to 4.8 eV while the free-carr

e
e

FIG. 6. Same as Fig. 3 but for polyphenylenevinylene~PPV!.
Notice the weak resonances at 4.6 and 3.8 eV in the magn
curves.
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DENSITY-FUNCTIONAL-BASED TIGHT-BINDING . . . PHYSICAL REVIEW B69, 075207 ~2004!
peak is at 5.3 eV. To our knowledge, no experimental opt
spectra for aligned ladder-type PPP have been publis
Hence, we compare our calculation to measured spectra
thin films with random orientation of the polymer chains14

Apart from the fundamental resonance at 2.7 eV, to wh
the present calculation was adjusted, a second absorp
band emerges at roughly 4.3 eV. This is in reasonable ag
ment with the calculated onset of absorption for the perp
dicular polarization of 4.8 eV when exciton effects are tak
into account.

The case of PPV is particularly interesting. Apart fro
excellent experimental data, a range of high quality calcu
tions has been published. Experimentally, four peaks belo
eV are detected for MEH-PPV: 2.4–2.5 eV, 3.6–3.7 eV,
eV, and 5.9–6.0 eV.15,29 The first, second, and last of thes
are polarized along the long axis while the third at 4.7 eV
polarized off-axis with both short- and long-axis contrib
tions. From the calculated spectra shown in Fig. 6, we fi
resonances at 2.4, 4.6, and 7.2 eV with long-axis polariza
and at 3.8, 4.6, and 6.0 eV with short-axis polarization.
addition, a number of higher resonances are noticed. T
the predicted long-axis polarization of the lowest peak
well as the off-axis polarization of the peak at 4.6 eV is
clear agreement with experiments. The origin of the struct
at 3.6–3.7 eV has been debated in the literature, and ex
nations based on broken charge-conjugation symmetry
to side-groups37 or a finite-size effect resulting from chain
with relatively few monomers38 have been offered. The fac
that the present calculation based on periodic boundary
ditions predicts a resonance around 3.8 eV might po
against explanations based on finite-size effects. Howe
the calculated resonance has the wrong polarization
therefore the present model obviously cannot provide the
explanation for this resonance.

As mentioned earlier, varying the transverse screening«y
amounts to simulating polymer chains in different enviro
ments. The influence of the environment may be respons
for part of the discrepancy between the different experim
tal values for the exciton binding energies listed in Table
although different experimental techniques are probably
main reason. In order to give a quantitative measure of
influence of the environment, we have performed simu
tions of PPV using different values of«y in the range from
«y52 to «y54, while keeping all other parameters fixe
The range from 2 to 4 should cover most solvents as wel
polymer films with varying density. As expected, the spec
in Fig. 7 show that the exciton resonances shift to hig
energy when screening is increased. In addition, the res
in the inset show that the singlet binding energy chan
from 0.41 eV at«y54 to 1.04 eV at«y52 whereas the
triplet binding energy ranges between 0.86 and 1.69 eV.
overall shape of the spectra changes slightly in this scree
range and the relative weight of the two polarizations
roughly constant. It is seen from the spectra, however,
the lowest singlet exciton around 2–3 eV tends to split
from the remaining absorption continuum when the bind
energy is sufficiently high. It must be stressed, though, t
the precise location of the resonances will depend also on
quasiparticle correction~scissors operator shift!, which, in
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turn, is likely to depend on«y as well. The calculated bind
ing energies are not affected by this uncertainty, howe
From the results in Fig. 7, it is found that a singlet bindi
energy of 0.9 eV is obtained around«y52.3. A binding en-
ergy of this magnitude was found for isolated PPV chains
Ref. 7 using full DFT and self-consistent screening. Th
the value«y52.3 can be used as an estimate of the tra
verse self-screening in conjugated polymers, i.e., the scr
ing due to charges on the polymer chain itself rather than
surroundings.

V. SUMMARY AND CONCLUSIONS

The density-functional-based formulation of the tigh
binding method~DF-TB! has been applied to conjugate
polymers. The relaxed geometry and electronic ba
structure of four important materials~trans-polyacetylene,
polydiacetylene, poly-para-phenylene, and polyphenylenev
nylene! have been obtained from this non-self-consist
method. Exciton effects are subsequently incorporated via
expansion of the Bethe–Salpeter equation in the double b
formed by the tight-binding band states. A detailed disc
sion of the implementation of anisotropic screening has b
included for this purpose. The theory has been app
to singlet as well as triplet excitons and, generally, rat
close agreement with measurements has been found. Im
tantly, the UV/visible optical spectra calculated from the s
glet excitons reproduce several features of the experime
spectra for the four materials including position and pol
ization of many resonances. We conclude that the DF-

FIG. 7. x-polarized~upper panel! andy-polarized~lower panel!
absorption spectra for PPV using values of«y ranging from«y52
to «y54 in steps of 0.5. Increasing«y leads to a blueshift of the
exciton resonances. The inset illustrates the«y dependence of sin-
glet (S) and triplet (T) exciton binding energies.
7-7
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DF-TB1Bethe–Salpeter approach provides a reliable
computationally efficient alternative to more sophistica
methods. Hence, application to structures, which are ot
wise prohibitively complex, can be envisioned.
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