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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 polyinens
polyacetylene, polydiacetylene, pgbara-phenylene, and polyphenylenevinylénare 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 nylene(PPV). In particular, results for higher resonances in
the optical response are presented. We find that exciton ef-
The calculation of excitons in inorganic or organic semi-fects lead to a complete rearrangement of the optical spectra
conductors is a requirement for a full understanding of thefor both long- and short-axis components. Our findings are
optical properties of these materials. For bulk and low-compared to experimental spectra for highly oriented
dimensional inorganic semiconductors the effective mass détans-polyacetylené? crystalline bisp-toluene sulfonate)
scription of Wannier excitons has been applied for manypolydiacetylene?  thin-film  ladder-type  polypara-
years. There is, however, a growing consensus that morehenylené;’ and oriented polfy2-methoxy, 5-(2'-ethyl)-
refined methods such as the Bethe—Salpeter approach dvexyloxy) para-phenylene vinylenk' In all these polymers,
needed for accurate resultss A prominent example is the the m-conjugated backbones are essentially planar provided
case of indirect band gap materials such as Si, for whiclflefect density is low. Hence, even though we replace side-
excellent agreement with experimental spectra has beegfoup and substituents by hydrogens in the calculations, we
demonstrated® However, even for direct band gap materials restrict all conformations to planar ones. In general, calcu-
there is a clear need for accurate methods if the optical progated singlet as well as triplet excitons are in good agreement
erties above the vicinity of the band gap are considered. With experiments including higher singlet excitons detected
For conjugated polymers and other quasi-one-dimensionah the UV/optical response. Taken together, we find that the
materials a similar situation is encountered. The long-axi®F-TB+ Bethe—Salpeter approach provides an accurate and
optical response in the vicinity of the band gap can be decomputationally efficient description of excitonic properties
scribed within the effective mass pictute® However, higher  in conjugated polymers.
resonances and, in particular, excitations perpendicular to the
polymer axis depend intimately on the detailed band struc-
ture and chemical structure that are ignored in the effective
mass approximation. Several convincing applications of the The DF-TB method was originally developed for
Bethe—Salpeter approach to conjugated polymers have beégdrocarbon’ but has since been applied to a range of ma-
published”™ Unfortunately, the full density-functional terials including silicort® complex organic moleculés,
theory+ Bethe—Salpeter approach is rather computationallwarious nanotube  structur&$!® and also metal-
demanding. This ultimately limits the applicability to struc- semiconductor contact8.lts great simplicity lies in the fact
tures with small unit cells and excludes structures like chirathat all two-center integrals as well as the repulsive two-body
carbon nanotubes, which represent highly exciting chalpotentials are parametrized functions of distance. These
lenges. For this reason, we have recefitigxplored the functions are obtained from density-functional thet®FT)
much less demanding density-functional-based tight-bindingn the local density approximation for isolated atoms and
(DF-TB) method! and applied it to exciton optical and diatomic molecules using a “compression” potential to
electro-optic properties of polgara-phenylene and polyphe- mimic the influence of surrounding$.A “self-consistent
nylenevinylene. The reasonable results obtained for bindingharge” extension has been formulateédut the original
energies of the lowest singlet exciton are encouraging indimethod is not self-consistent and all iteration steps are
cations of the accuracy of the DF-TB method. avoided. Nevertheless, the method reproduces structures and
The purpose of this paper is to present a much more deribrational frequencies with remarkable accuracy. In the case
tailed study of the combined DF-TBBethe—Salpeter of planar conjugated molecules, the method has the addi-
method applied to excitonic optical properties of conjugatedional advantage that and o electrons are completely de-
polymers. Hence, we includg) calculation of the relaxed coupled. In ordinary DFT this is not the case since orbitals of
geometry,(2) both singlet and triplet exciton$3) long- as  different symmetry are coupled via the contributions to the
well as short-axis UV/visible optical spectra for four impor- electron density. In the present case, we only consider planar
tant materials: trans-polyacetylene (PA), polydiacetylene conformations and, thuss—o decoupling allows us to ignore
(PDA), poly-para-phenylene(PPB, and polyphenylenevi- the o-electron bands that are of relatively little importance

II. THEORETICAL FRAMEWORK

0163-1829/2004/69)/0752078)/$22.50 69 075207-1 ©2004 The American Physical Society



THOMAS G. PEDERSEN PHYSICAL REVIEW B9, 075207 (2004

for the optical properties in the UV/visible spectral range. 24 - - T
In our previous work® dealing with the high-field electro- r
optic response, we treated conjugated polymers as large bt~ 20
finite molecules comprised of 30 to 40 monomers. This ap-__ I
proach was partly dictated by the need of including an exter-% 16
nal electrostatic potential that breaks the translational sym-— I
metry and makes it impossible to apply periodic boundary $0 12
conditions. In the present work, we focus on intrinsic optical &
properties and exclude external fields. Thus, periodic bound™
aries are assumed throughout, which corresponds to consic

Coulomb integral, exact
Coulomb integral, Ohno formula

ering a ring rather than a linear chain of monomers. This 4r Exchange integral

approach is similar to that applied by Abe and I . .
co-workers??2|n this manner, Bloch sums formed from the % > 4 6
ath mr-orbital within the monomer or unit cell can be written Interatomic distance r, [Bohr]

as
FIG. 1. Calculated Coulomb and exchange integrals vs inter-

1 N " atomic distance. The dashed line is an Ohno-type fit to the exact
Xa(1)= 7= 2 €"%(1 =1 ), (D curve.

wherea is the lattice constani\l is the number of unit cells d()P*(r—r)d*(Np(r' —ry) . .
in the ring,k=m(2p—N—2)/(aN) with p=1,2,..N, is the  (0n|0n)= =] d°rd”r’.
wave number, ands(r —r,,) is a localizedsw-orbital cen- (4)

tered at theath position of thenth unit cell. The matrix h ial behavior of the orbitals is k licitl
elements between such Bloch sums are calculated using tlﬁoéS the spa_tla ehavior ot t e or 't‘.”ls IS Known €xp '.C'ty
in DF-TB (in contrast to empirical tight-bindinghese inte-

DF-TB framework and leads to a simple generalized eigen- A
value problem. e g g grals can be evaluated. The results are plotted in Fig. 1 to-

Once the band states,(r) are obtained as linear com- gethzeg \iwlt/? an Ohno-type approximation if{h,0)~ wo(1
binations of Bloch sums, i.e.gi(r)==2,cxu(r), the n) - with ©,=20.08 eV for the Coulomb integral.
Bethe—Salpeter equation for the exciton states can b he fit is seen to _be quite satisfactory. The Coulomp integral
set up. The exciton states are expanded in valenea ) ecays as_ymptohcally asr}/whereas the exchange mtegr(_al
and conduction i(=c) band states as gedr.r') has a rapid exponentl_al decrease. In faqt, the exchangg inte-
=3 Arwe@er(r) @ (r'). The matrix problem constructed gral is closely approx_lmated by an on-site interaction since
for the expansion coefficients,, . and exciton energy eigen- the vall_Je at a typical interatomic distance of 2.6 bohr is only
valueE..... reads 56379 v approximately 2% of the on-site valt(é,q_0,0). We conse-

exc quently ignore all non-on-site exchange integrals, i.e., terms

like (0,n|0,n) are neglected whenevar: 0. Hence, with this

2 [ZV:uc,k’v’c’és,O_ Wigekrore JA e step, all integrals over atomic orbitals of the same argument
K'v'c’ but located on different sites are ignored. It is noted that this
=[Eexc— Eckt EpklAkpe - (2)  also goes for thX-term (0,00,1)=(0,01,0) that has been

) . considered in previous modéf$This term, however, also
Here, E¢ and E, are conduction and valence band eigen-decays exponentially with distance and at 2.6 bohr we find
values, respectively. Electrons and holes are coupled via th@at it amounts to only 12% of the on-site integral. This
Coulomb matrix elementVy,c k', ¢ and the exchange ma- finally allows us to express the Coulomb and exchange ma-
trix elementvﬁucyk,v,c, . The factords implies that the ex-  trix elements as

change interaction is present for singlet excitons with van- N

ishing total spinS only. When the bands states are expanded 1 * (v 1y -

i ; ; : =_ (0)* ~(") L (c)n(CT) i(k' —k)na
in Bloch sums and Eq(l) is used, the exciton matrix ele- Wiwe ke =N az;; Cak Caks CpkCpis n§=:1 €

ments are ultimately expressed in terms of Coulomb and '

exchange integrals between localized orbitals. Among X (0a,nB|nB,0a)wy, (5)
these four-center terms only a small fraction are of impor-
tance due to the exceedingly small overlap between distant and

orbitals. Hence, terms with more than two different sites in- 1 . -
volved are discarded. The question of screening is tempo- v’;vc’k,v,c,:NE c®) cgfk,)cgck)cgk?
rarily left aside and we consider the following bare Coulomb ap

and exchange integrals:

[p(DI2 B —r0)|?

[r=r’|

N
x 2, (0a,ng|ng.0a)y, (6)
d3rd3’, (3 n=t

(0,n|n,0)= f
where subscript®V andV indicate that different implemen-
and tations of screening are needed for the two types of interac-
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tions. In the double-index notatigisuch amB) used in the  body potentials. To this end we obviously need to inclade
four-center integrals, the first and second indices refer to unias well asw electrons. All geometric parameters including
cell and relative position within a unit cell, respectively. C-H distances and C-C-H angles are allowed to relax within
The question of screening is a delicate one. As pointed ouhe (x,y) plane. The lattice constants obtained in this manner
by van der Horset al®?* the anisotropy of polymer chains are: 2.46 A(PA), 4.93 A (PDA), 4.28 A (PPB, and 6.49 A
has important consequences for the screened interaction. (PPV). The relaxed geometries are available from the author
the symmetry of the one-dimensional system is approxion request. When the band gap is calculated for the relaxed
mately uniaxial(cylindrical) with x along the polymer long structures we generally find that it is unrealistically small.
axis, then the dielectric tensor readssasdiag(ey .y ,e,) and ~ This “band gap problem” is a common weakness of most
the screened Coulomb interaction between oppositelglensity-functional-based approaches. We correct the band

charged point charges®fs gap by rigidly shifting the conduction bands upwards using
the “scissors operator,” which can be regarded as a simplis-
1 tic implementation of quasiparticle correctichhe shifts
Vix,y,2)=— N v - (7)  applied for this purpose are 1.47 @A), 0.79 eV (PDA),
y x€y x€y

0.97 eV(PPB, and 1.20 eMPPV). They have been adjusted
For this reason we have approximated the screened Coulonsto that the lowest singlet exciton coincides with the funda-
integral by the following screened Ohno-type expression: mental absorption peaks measured in Refs. 12—15. It should
be noted, however, that the calculated exciton binding ener-
wq gies defined as the difference between band gap and exciton
8 energy are independent of the scissors operator shifts.
For the short-axis element of the dielectric tensor we have

Next, we need to consider whether the exchange interad@ken ey=3, which has been proved to be an appropriate

tion should be screened or not. From many-body perturba’@/ué for conjugated polymefsThe long-axis element,
tion theory it is well established that if all quasiparticle cor- €& be taken directly from experiments. However, different
rections are included in a full set of single-particle experiments yield somewhat inconsistent values. Taking

excitations and all charges are taken into account in the qudr@nspolyacetylene as °”§7°f the best-studied materigls,
siparticle calculation the exchange interaction should be vi¥ares lfzrom ex=252~6.4 measured at 0.62 eV te,

the bare Coulomb potentia?-37-On the other hand, if a %1Q.5. We have found that_ an |ntermed|ate value egf
molecule is treated as embedded in a surrounding mediuT / IS @ reasonable compromise and this value has been used
whose only influence is via screening the situation is lesdOr all materials. As argued earlier, the short-axis screening
clear. In many semi-empirical studies based on Pariser§h0U|q be partially included in the exchange _mtgrachon and
Parr—Pople parametrization such as Refs. 21 and 22, the ef@r this part we have takes,=2. The sensitivity to the
change interaction is taken as fully screened. The tacit justivalue of these parameters is discussed in the subsequent sec-
fication for this approach is that electronic states ardion- The number ofr-orbital bands in the four polymers are
calculated for individual polymer chains with no coupling to 2 (PA), 4 (PDA), 6 (PPB, and 8(PPV). However, for the
other chains. Moreover, it has been rigorously shown that th@Ptical properties in the UV/visible range the most remote of

exchange interaction must be screened if onfinie set of ~ these bands are of little importance and, hence, we have ne-
single-particle excitations is taken into accofftn the  glected the two most remote bands of PPP and PPV in the

present work, we have taken a rather pragmatic approa(lq:fallculation of exciton states. In addition, the number of unit
based on the following premises. First, the large long-axi$€lls is taken as 200PA), 100 (PDA), 100 (PPR, and 70
dielectric constant, is almost entirely due to self-screening (PPV). Hence, the dimension of the exciton matrix is 400
within a single polymer chain. Hence, this contribution must(PA, PDA, and PPPand 630(PPV), which is easily handled
be excluded from the exchange interaction. Second, thBumerically. As in our previous work,we apply a recursive
screening due to charges on surrounding polymer chaingreen’s function technigdeo calculate the dielectric func-
should be included in the exchange interaction to a certaifon &(@)=¢r(w) +ig (w) given by

extent. This leads us to consider the following form:

(O,n|n,0)W% .
20.2,,2 2
\/sxsy-i- wg(eyXntexeyyn)

2e? |(exdr -n|0)|?
wo __
0n[n,0)y~ . 9 e(w)=1+ ——=> ————— (10)
Ol Ov= et vd © 20lA &xc Eoxem R =1L

The values adopted for the dielectric constants are discussed ] o
in the following. The parametrizations Eq8) and(9) allow  Wherel=Nais the length of a polymer chaid is the cross-

us to calculate numerically the exciton matrix with relatively S€ctional area of a chain taken as QAT is a phenom-
small computational effort. enological damping constant takenfeds=0.15 eV, andi is

the unit vector of the optical electric field so thafi=x and
r-n=y for long- and short-axis properties, respectively. Us-
ing the commutation relatiop=im/A[H,r] between mo-

The starting point for the implementation is a geometrymentump, HamiltonianH, and positionr we obtain for the
optimization using the parametrized DF-TB repulsive two-dipole moments

IIl. IMPLEMENTATION
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TABLE |. Calculated band gap6ncluding scissors shiftand TABLE 1l. Comparison of theoretical and experimental binding
exciton energies for different conjugated polymers. energies for both singlet and triplet excitons.
Polymer Band gap Low. singlet Low. triplet Singlet exciton Triplet exciton
(eV) exciton (eV) exciton (eV) Polymer binding energy(eV) binding energy(eV)
PA 2.07 1.70 1.25 PA (theory) 0.37 0.84
PDA 2.56 2.00 1.37 PA (expt)® 0.50 -
PPP 3.40 2.72 2.22 PDA (theory) 0.56 1.19
PPV 3.01 2.40 1.86 PDA (expt)° 0.57-0.59 1.40
PPP(theory) 0.68 1.18
PPP(expt)® 0.50-0.85 1.12-1.47
. f (@or(N)|p- Nl @ci(r)) PPV (theory 0.61 1.15
(exdr-Al0)=72 kzvc Awe™E “E D ppy(exprad 0.20-0.60 1.20-1.60

where, in turn, the band-to-band momentum matrix elemeniReference 29.
(@u(r)|p-N]eci(r)) is expressed in terms of momentum PReferences 30 and 31.

matrix elements between Bloch sums giverf®oy ‘References 32-34.
dReferences 35 and 36.

im

A =—1. ikna, _
{xak(r)lp n|X5k(r)> f n n:,El,o,le (Foa™rnp) However, such an extension would not be possible without
abandoning the computational simplicity that is a central part
X{P(r=roa)[H[A(r—rnp)). of the approach. Fortunately, van der Horst and

(12) co-worker§?* have demonstrated from their comparison
_ . - with ab initio calculations that the approximatien =3 for
Due to the rapid decay of orbital overlap with distance, thethe important transverse dielectric constant is, in fact, not too
summation above need only cover the central unit cell and itgevere. The influence of the remaining dielectric constapts

nearest neighbors. It is noted that no intra-atomic contribuand ¢, used in the present work can be judged from their
tions appear as only,-type atomic orbitals are considered. influence on the exciton binding energies. Taking PA as an
example, the results in Table 11l can be used to estimate the
IV. RESULTS AND DISCUSSION sensitivity to these parameters. The first row shows the re-

sults usinge,=7 andeq =2 as above and the remaining

Before addressing the optical spectra we consider the fury, s are the results of varying the parameters around these
damental excitations. For the four different polymers the rey 51 es. |t is noted that the variations for singlets and triplet
sults are summarized in '_I'able I. The t_)and gaps listed mcIud_gre at most 0.04 and 0.06 eV, respectively. In addition, only
the scissors operator shifts. As mentioned above, the gap {fipjets do not feel the exchange interaction and, hence, do
adjusted to bring the lowest singlet excit¢shown as the n gepend om:,,. at all. Thus, based on these observations
second columninto agreement with experiments. The final \ o jydge that excitonic effects are not critically sensitive to

column lists the position of the lowest triplet exciton. The \he hrecise values of these parameters. On the other hand, it
triplet energies are between 53% and 65% of the band 9aRy cjear that all results will be extremely sensitive to any
which attests to the large exciton effect in conjugated polyy ariation ine, . The transverse screening, however, is largely
mers. The calculated singlet binding energies vary betweeaetermined by the surroundings of the polymer chai.,
0.37 and 0.68 eV, which is more than an order of magnitud

Solvent or other chain® and these additional interactions

larger than the values observed in bulk inorganic semicony .o ovcluded from the present model anyway. The value

ductors. In _order to direct_ly compare \.Nith expc_arir_nents, WE-3 is the appropriate one for chains in polymer films.
have compiled a list of singlet and triplet excittinding ence, to simulate isolated chains or chains in various sol-

energies in _Tat_JIe . NOt? that in the.cases of PPP apd PPYents other values of, must be used. In the discussion of
the triplet binding energies are obtained from experimental

singlet binding energies by adding experimental singlet—

triplet Sp|lttIn.gS'0f 0.62 e.\% and ;L.O e\?, respectively. The .ﬁ'liﬂated for the lowest singlet and triplet usiag=3 but different

calculated binding energies are in reasonable agreement wi
. . \g}lues fore, andegyc.

experiments where available. The largest errors are aroun

25%, which must partially be attributed to our simple chemi-

cal structures ignoring side-groups. In addition, different ex-

TABLE lll. Exciton binding energies ofrans-polyacetylene cal-

gy &x e Singlet exciton(eV)  Triplet exciton(eV)

perimental methods are known to produce somewhat differ- 3 7 2 0.37 0.82
ent values for the binding energies. Hence, the overall 3 7 15 0.33 0.82
agreement is rather convincing. 3 7 25 0.41 0.82

The simplistic implementation of screening in the present 3 6 2 0.39 0.88
approach is a potential source of error. Naturally, a self- 3 8 2 0.36 0.78

consistent implementation would lead to higher reliability.
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PDA
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:_Tg 0.00 L 0.0 ol . FIG. 2. Histogrgms for.the propability gf lo-
3 00240 -20 0 20 400 0520 -10 0 10 20 cating an electron in a particular unit cell with the
g ' ' ' ) ' ' ' hole fixed at the zeroth cell. The location of both
[y ) .
PPV electrons and holes is taken as the central atom in
the unit cell.
0.01} {003t
0 00 L 1 ” " H Il 1 L 0 00 F | H H N ﬂ 1
20 10 0 10 20 210 I 0 5 10

Electron-hole separation [unit cells]

PPV to follow, the dependence of exciton binding energiePPP, the left-most among the equivalent central atoms has
on e, is examined in more detail. been used. The figure shows the probability distributions for

Apart from experimental data, it is quite instructive to the lowest singlet excitons obtained in this manner. It is seen
compare the present results to more sophisticated calcul#hat the spread ranges from many unit cells in the case of PA
tions based on full DFT and empirical screening as in Ref. 8o very few in the case of PPV. It should be kept in mind,
and full DFT combined with self-consistent screening as inhowever, that the size of the unit cell varies greatly among
Ref. 7. Specifically, we focus on the binding energy of thethe different materials. A more direct measure of the local-
lowest singlet exciton in PA and PPV since these materialézation is the full width at half maximum for which we find
are considered in both Refs. 7 and 8, as well as in the presetite following values 30 A(PA), 21 A (PDA), 18A (PPB,
work. The values obtained are 0.4 €é®A) and 0.9 eM(PPV) and 19 A(PPV). It is noticed that the PA width is much
in Ref. 7 and 0.43 e(PA) and 0.54 eV(PPV) in Ref. 8. larger than the others, in agreement with the somewhat lower
These numbers should be compared to the values 0.37 edinding energy obtained for this materi@able 11). Also, it
(PA) and 0.61 eM(PPV) obtained above. Hence, our values is seen that while the exciton in PA may reasonably be char-
are quite close to those of Ref. 8, as expected from the simi-
larities between the two approaches. In contrast, the binding 30
energy of 0.9 eV obtained for PPV in Ref. 7 is much greater
than our value as well as that of Ref. 8. At first sight, this
might indicate that self-consistent screening is essential in
this case. However, as clearly demonstrated in Ref. 24, the
reason for the discrepancy is thHablatedchains were con-
sidered in Ref. 7. In contrast, the transverse screening
=3 applied here and in Ref. 8 is appropriate for chains
screened by molecules in their surroundings. Hence, our ap-
proach applies to polymers in, e.g., dense films and the
agreement with Ref. 8 and experimental data are indications
that reliable predictions are obtained in this case. The pro-
nounced dependence of binding energiesegnis clearly
seen in the calculated optical spectra of PPV that are pre-
sented at the end of this section.

The spatial localization of excitons is a manifestation of
the large Coulomb forces in conjugated polymers. Depend-
ing on whether excitons extend over many unit cells or es- 0.0
sentially a single unit cell they are classified, respectively, as
Wannier or Frenkel excitons. To address this question we
have illustrated in Fig. 2 the probability of finding an elec- |G, 3. Theoretical absorption spectra fisanspolyacetylene
tron in a particular unit cell given that the hole is located in(pa). Full and dashed lines show calculations with and without
the zeroth cell. The electrons and holes have been placed @Rciton effects, respectively. The upper panel is for light polarized
the atom nearest the center of their respective unit cellalong the polymer long-axis and the lower panel is for the short-
shown as insets in Figs. 3—6. In the case of PA, PDA, andxis within the molecular plane.

x4,

[\
=]

—_
<

.x - polarization
u t

<

Imaginary part of dielectric function £(@)
o
(3]

o
=

0 2 4 6 8§ 10
Photon energy #iw [eV]
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(PDA) using the same format as in Fig. 3. Notice the weak feature

around 8 eV in the long-axis exciton spectrum. FIG. 6. Same as Fig. 3 but for polyphenylenevinyld®®\).

Notice the weak resonances at 4.6 and 3.8 eV in the magnified
curves.
acterized as a Wannier exciton, the other cases actually lie in

between the Frenkel and Wannier limits. Finally, it is nOtEdtiver. Where necessary, we have expanded portions of the
that the widths found for PA and PPV are roughly the sam&res in order to display low-intensity resonances more

as those obtained in Ref. (judged to be approximately 13 cjearly. Starting with PA in Fig. 3, it is seen that in the long-
and 5 unit cells, respectivelyusing full DFT and self-  5yis case x-polarization exciton effects simply shift the
consistent screening. This indicates that also wave functiong,,qamental resonance to lower energies and leads to a more
are reliably reproduced by the present method. symmetric peak. The fact that the position of the single peak
Next, we turn to the optical spectra obtained from theys pa coincides with the experimental spedris not sur-
calculated singlet excitons. In Figs. 3—6 the theoretical SpeCsyising as this is precisely the requirement used to determine
tra for the imaginary part of the dielectric constan{w)  the scissors operator shift. For the perpendicular polarization,
using both polarizations are shown. Full and dotted curvege spectrum is also redshifted and a small peak is visible at
represent results with and without exciton effects, respecpe position of the fundamental singlet exciton. Compared to

the long-axis spectrum, though, the intensity of the

30 ; ; ‘ : y-polarization spectrum is much smaller. These findings
agree with the anisotropy of the measured spectra of Ref. 12.

‘E@i In the case of PDA, Fig. 4 shows a similar behavior and the
1 long-axis spectrum has an intense peak corresponding to the

. lowest singlet exciton. Here, however, additional structure is
\\XL(L/ visible at higher photon energies. In particular, a resonance is
lated resonance is quite small, though. For the perpendicular
polarization, a number of low-intensity resonances are ob-

observed around 8 eV in excellent agreement with the ex-
served. The exciton effect is seen to produce a complete

[\-3
(=}
T

—_
o
T

perimental resonance at 7.6 E\The intensity of the calcu-

rearrangement of the spectra.
8r 1 Turning now to the technologically more relevant poly-

mers PPP and PPV, we find that exciton effects have a simi-
larly dramatic influence on the optical spectra. For the long-
axis absorption of PPP, the free-carrier calculation neglecting
excitons predicts two resonances at 3.4 and 6.7 eV, cf. the
dotted curve in the upper panel of Fig. 5. When excitons are

Imaginary part of dielectric function £(®)
(=]

% ) y 3 A 10 included, these resonances shift to roughly 2.7 and 6.9 eV
Photon energy 7iw [eV] and a weak resonance appears around 5.7 eV. In addition, the
excitonic spectrum for the perpendicular polarization has a
FIG. 5. Same as Fig. 3 but for popara-phenylenePPB. relatively intense peak close to 4.8 eV while the free-carrier
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peak is at 5.3 eV. To our knowledge, no experimental optical 40

spectra for aligned ladder-type PPP have been published. inc. £, o

Hence, we compare our calculation to measured spectra from 30t — 3 \&
thin films with random orientation of the polymer chaifls. 10 's\\
Apart from the fundamental resonance at 2.7 eV, to which 20l @ 03

=3

=3

the present calculation was adjusted, a second absorption
band emerges at roughly 4.3 eV. This is in reasonable agree-
ment with the calculated onset of absorption for the perpen-
dicular polarization of 4.8 eV when exciton effects are taken
into account.

10+

10

Imaginary part of dielectric function &)

The case of PPV is particularly interesting. Apart from st o5 ]
excellent experimental data, a range of high quality calcula-
tions has been published. Experimentally, four peaks below 6 or
eV are detected for MEH-PPV: 2.4-2.5 eV, 3.6-3.7 eV, 4.7
eV, and 5.9-6.0 e¥»* The first, second, and last of these 4r
are polarized along the long axis while the third at 4.7 eV is sl

polarized off-axis with both short- and long-axis contribu-

tions. From the calculated spectra shown in Fig. 6, we find 0 s :

resonances at 2.4, 4.6, and 7.2 eV with long-axis polarization 0 2 4 6 8 10

and at 3.8, 4.6, and 6.0 eV with short-axis polarization. In Photon energy 7w [eV]

addition, a number of higher resonances are noticed. Thus,

the predicted long-axis polarization of the lowest peak as FIG. 7. x-polarized(upper panglandy-polarized(lower pane)

well as the off-axis polarization of the peak at 4.6 eV is inabsorption spectra for PPV using valuessgfranging froms, =2

clear agreement with experiments. The origin of the structurd® €y=4 in steps of 0.5. Increasing, leads to a blueshift of the

at 3.6-3.7 eV has been debated in the literature, and expkgg(cnon resonances. The inset |_Ilus_trates atl;)gjependence of sin-

nations based on broken charge-conjugation symmetry du@€t (5) and triplet (T) exciton binding energies.

to side-group¥ or a finite-size effect resulting from chains

with relatively few monomer8 have been offered. The fact turn, is likely to depend o’y as well. The calculated bind-

that the present calculation based on periodic boundary coring energies are not affected by this uncertainty, however.

ditions predicts a resonance around 3.8 eV might poinkrom the results in Fig. 7, it is found that a singlet binding

against explanations based on finite-size effects. Howevepnergy of 0.9 eV is obtained aroum(=2.3. A binding en-

the calculated resonance has the wrong polarization angrgy of this magnitude was found for isolated PPV chains in

therefore the present model obviously cannot provide the fulRef. 7 using full DFT and self-consistent screening. Thus,

explanation for this resonance. _ the values,=2.3 can be used as an estimate of the trans-
As mentioned earlier, varying the transverse screening verse self-screening in conjugated polymers, i.e., the screen-

amounts to simulating polymer chains in different environ-jng due to charges on the polymer chain itself rather than the
ments. The influence of the environment may be responsiblgyrroundings.

for part of the discrepancy between the different experimen-
tal values for the exciton binding energies listed in Table Il
although different experimental techniques are probably the
main reason. In order to give a quantitative measure of the
influence of the environment, we have performed simula-
tions of PPV using different values ef, in the range from The density-functional-based formulation of the tight-
ey=2 to e,=4, while keeping all other parameters fixed. binding method(DF-TB) has been applied to conjugated
The range from 2 to 4 should cover most solvents as well apolymers. The relaxed geometry and electronic band-
polymer films with varying density. As expected, the spectrastructure of four important materialdrans-polyacetylene,

in Fig. 7 show that the exciton resonances shift to highepolydiacetylene, polyara-phenylene, and polyphenylenevi-
energy when screening is increased. In addition, the resultsylene have been obtained from this non-self-consistent
in the inset show that the singlet binding energy changesnethod. Exciton effects are subsequently incorporated via an
from 0.41 eV atey=4 to 1.04 eV ate,=2 whereas the expansion of the Bethe—Salpeter equation in the double basis
triplet binding energy ranges between 0.86 and 1.69 eV. Théormed by the tight-binding band states. A detailed discus-
overall shape of the spectra changes slightly in this screeningjon of the implementation of anisotropic screening has been
range and the relative weight of the two polarizations isincluded for this purpose. The theory has been applied
roughly constant. It is seen from the spectra, however, thab singlet as well as triplet excitons and, generally, rather
the lowest singlet exciton around 2-3 eV tends to split offclose agreement with measurements has been found. Impor-
from the remaining absorption continuum when the bindingtantly, the UV/visible optical spectra calculated from the sin-
energy is sufficiently high. It must be stressed, though, thatjlet excitons reproduce several features of the experimental
the precise location of the resonances will depend also on thepectra for the four materials including position and polar-
quasiparticle correctioriscissors operator shiftwhich, in  ization of many resonances. We conclude that the DF-TB

V. SUMMARY AND CONCLUSIONS
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