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A simple tight-binding model extended to include the zig-zag structure of the chains and the inter-
chain electronic coupling has been used to account for the dispersion of the real and imaginary part of
the dielectric function of polyacetylene as derived from optical measurements. The model also accounts
for the pump polarization anisotropy observed in the photoexcitation of oriented trans-(CH)„. It is es-

tablished that a relatively small hopping integral (P, =0.05 eV), combined with laser heating effects, ac-
counts for the observed experimental features, assuming that bimolecular recombination does not occur.

I. INTRODUCTION

Experiments on the photoconductivity and on the pho-
toinduced absorption carried out both on fibrous' and
Durham ' highly oriented trans-polyacetylene have re-
vealed an intriguing aspect of the carrier photogeneration
in one-dimensional semiconductors. Figure 1 shows the
picosecond photocurrent as a function of the angle
formed between the electrical vector of the exciting radia-
tion and the chain direction. These data, relative to
fibrous polyacetylene stretched up to seven times, show
that the response is maximum when the exciting radia-
tion is polarized perpendicularly to the chain direction.
Various experimental findings concerning the anisotropy
of the photoresponse with respect to the "pump" polar-
ization can be summarized as follows.

(i) The anisotropy of the photoconductive (PC)
response is comparable with that of the photoinduced
"midgap"' absorption, thus showing that this kind of
anisotropy is related to photogeneration of the carrier
rather than to their mobility.

(ii) After correcting for the refiectivity anisotropy the
subgap (1.17-eV) photocurrent exhibits a pump anisotro-
py smaller (=2) than the photocurrent anisotropy (4—8)
resulting from visible excitation (2.34 eV). Moreover, the
latter strongly decreases as the laser intensity is in-
creased (Fig. 2).

(iii) A pump anisotropy is observed both for cw and
pulsed (25-ps) excitation. '

There are, in principle, two possible explanations for
this effect. One proposed by Blanchet et al. and Dor-
sinville et al. ' is related to a bimolecular recombination
of the carriers and can be traced back to the topological
nature of the soliton excitations. This model, which has
been discussed in detail in a previous publication, ' has
been questioned by Bleier et ai. who have shown that,
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FIG. 1. Picosecond photoconductive response (normalized to
the number of absorbed photons) vs the polarization of the in-
cident excitation above (2.34 eV, full circles) and below gap
(1.17 eV, open circles) (from Ref. 4).

at least for Durham polyacetylene, the rate of decay of
the slow PC component is intensity independent.

The other explanation, proposed by Townsend and
Friend, is related to the direct interchain carrier photo-
generation, whose rate is maximum for perpendicular ex-
citations. This model requires a small but nonvanishing
perpendicular absorption. Unfortunately the direct ex-
perimental observation of this interchain perpendicular
absorption is hampered by two factors: the intrachain
perpendicular absorption due to the zig-zag structure of
the chain and the perpendicular absorption due to chain
misalignment. The latter component is given by
a~~sec (5), for a tilt angle 5. The chain misalignment de-
pends on the morphology of the sample, fibrillar (CH)„
showing an anisotropy ai/at=15 (Ref. 6) while Durham
(CH)„shows an anisotropy of =25.2'7
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II. THEORETICAL MODEL

As already discussed, we assume that the self-trapping
of the photogenerated e-h pair into an S S pair is fas-
ter than the interchain charge separation (nonadiabatic
photogeneration). As a consequence, a fraction
g=(~&D/") of the intrachain carriers will manage to
transfer on different chains. ' ' It is safe to assume that
only carriers which have managed to separate on
different chains and carriers directly created by inter-
chain absorption can contribute to the overall photocon-
ductive response, while pairs on the same chain or seg-
ment undergo a quick one-dimensional recombination. If
this is the case, the concentration of long-lived carriers
created with the polarization parallel (n) and perpendic-
ular (n, ) to the chain on a plane at distance x from the il-

luminated surface is given by the following rate equa-
tions:

FIG. 2. Intensity dependence of the ps pump anisotropy of
the photocurrent. Each curve has been normalized to the num-
ber of the absorbed photons (see Ref. 4). Full circles, excita-
tions at 2.34 eV; open circles, excitation at 1.17 eV.
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The effect of direct interchain carrier photogeneration
on the pump anisotropy depends on two characteristic
times: the self-trapping time in a one-dimensional lattice
(r&D -—I/co», fico» being the average phonon energy) and
the time needed for the carriers to hop to a different
chain (r~=A/P~) These t. imes control the fraction of
carriers escaping the geminate recombination
g=(i,D/i~) . Two limiting cases can occur.

(1) r, D «r~ (p~ «%co»); in this case the electron-hole
(e-h) pair is quickly trapped on the same chain and disap-
pears through geminate recombination, and only a small
fraction of photogenerated carriers manages to separate
on different chains. In this case the direct e-h separation
produced by a perpendicular interchain absorption
coefficient produces a large pump anisotropy.

(2) If, on the other hand, ~&D)) r~ (p~)) ficozh), many
carriers will be able to hop on different chains before re-
laxing into solitons. In this case the effect of the perpen-
dicular interchain absorption will be negligible. Since es-
timated values for p~ range in 0.01—O. 1 eV, ' and a typi-
cal C=C stretching energy is about 0.15 eV, trans-(CH)„
falls into the intermediate case (pe&fico») and some

pump anisotropy is therefore expected.
The aim of this paper is to evaluate the anisotropy of

the photoconductive response with respect to the pump
polarization in trans-(CH)„by working out a simple
band-structure model to compute the anisotropy and the
dispersion of the dielectric function of this polymer. A
number of papers have already appeared on this
matter. ' ' We will present here a relatively simplified
model for the interchain interactions that has the advan-
tage of providing simple analytical expressions for the di-
pole moment components as a function of only one inter-
chain parameter (p~), therefore providing a simple semi-
quantitative picture of the basic physics of the interchain
coupling.

where g is the probability that an impinging photon
creates an e-h pair (g= 1 for photon energies greater than
the band gap E ), g is the probability of escaping gem-
inate recombination for intrachain carriers, a~~ is the ab-
sorption coefficient along the stretching direction, a~
and a~ are the perpendicular intrachain and interchain
absorption coefficients respectively, I is the number of
photons per unit time per unit square area,
a~=a~~~sec (5)+al +al is the overall perpendicular ab-

sorption coefficient, and ~ the monomolecular recombina-
tion time.

In Eq. (la) the generation term corresponds to the
creation of carriers following absorption of photons po-
larized along the chain axis. Carriers created by perpen-
dicular polarization [Eq. (lb)] arise from three different
generation processes: (i) The chain misorientation which
gives rise to a perpendicular absorption coefFicient

a~~sec (5). (ii) The intrachain perpendicular absorption
originating from the zig-zag structure of the single chain.
(iii) Direct generation of carriers on different chains origi-
nating from finite transverse bandwidth.

Equations (la) and (lb) can be integrated to yield the
total numbers N~~ and N'~ of long-lived carriers created
with the two polarizations:

I dxnllx Adit A.~P
II

(2a)

N dxn, (x) Ad,
0

= Arg jg[a~~sec (5)+al )+alI
a&

where d
~~

—-1 fa~~ and dJ —1/ay are the radiation penetra-
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difficulty, we will attempt an evaluation of the absorption
coefficients by working out a simple extension of the
tight-binding model to include interchain interactions
and the zig-zag structure of the chain.

The model adopted assumes planar zig-zag chains or-
ganized in the three-dimensional crystal structure'
shown in Fig. 3. According to Refs. 19 and 20 the elec-
tronic transition moment is given by

lM„,(k)= — u,'„(r)Vku, „(r)d r,
V

(4)

where k is the wave vector corresponding to the vertical
optical transition, V is the volume of the unit cell, d r is
the infinitesimal volume element, and u, & is the unit-cell
periodic part of the Bloch wave function 4,&,

4,1,
(r)=e' 'u, 1,(r) .

aLy

x ~

In the crystal structure of trans-polyacetylene the unit
cell contains two inequivalent chains. The wave function
4 is constructed as a linear combination of the atomic or-
bitals belonging to the two chains:

4,~(r) = (N1N2N3 )
(a)

N) N~ N3

xy y y e"'1 "'a(i, m, n),
1=1 m=1 n=1

(6a)

A(l, m, n)=ik [(l —1)ae„+(m —1)be +(n —l)ce, ],
(6b)

8(l, m, n)=C'i"p4( 34 34„3+C2 f41 24 24„2
(b)

sk sk+ 3 04I —1,4m —1,4n —1+ 4 441,4m, 4n (6c)
FIG. 3. (a) Sketch of the unit cell of trans-(CH)„ in a plane

perpendicular to the chain axis (full. circles, carbon atoms; open
circle, hydrogen atoms). 2L„and 2L~ are the projections of the
chain width on the crystallographic x and y axes, respectively.
(b) Dimerized (full line) and undimerized (broken line) bonds in
the chain plane. uo is the displacement of the carbon atoms due
to the dimerization (see Ref. 24).

where the P's are the atomic wave functions for the 2pn.
electrons, and the C'" are the expansion coefficients
which can be determined by minimizing the total m. elec-
tronic energy of the crystal. By inserting Eqs. (6) into Eq.
(4) and using the relation

J P,'xP, d r=5,,x;

tion depths for the two polarizations and A is the il-
luminated area.

The carrier anisotropy is then given by
3Daz1V~ =1-

Ni(

1
1 ——=1+

a

being g((1 as measured by Orenstein et al. ' Since the
measurement of the absorption coefficient with perpen-
dicular polarization provides the value of a~, a~ cannot
be directly determined. In order to overcome this

one obtains for the x component of the electronic transi-
tion moment

4

(8)

with analogous expressions holding for the y and z com-
ponents, Evaluation of (8) requires analytical expressions
for the expansion coefficients. If the interactions within
the cell are neglected and only the closest interactions be-
tween equivalent chains in the x direction are included,
the 4X4 equation splits into two identical 2X2 equations
of the form

P1+P2exp(ik, c )+Pjexp(ik„a )

P, +P2exp( ik, c )+Pjexp—( ik„a)—
=0, (9)
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C", =C; = I/&2(P/P*)'",
Cv Cv 1/v/2(Pe /P) 1/4

(10a)

(10b)

where p& and p2 indicate intrachain transfer integrals
along the single and double bonds, respectively, and p~
the interchain transfer integral. If we put
P=P, +Pie xp(

—ik, c )+P~exp( i—k„a ), the expansion
coefficients are given by

x(~)=x.+x.(~»
where the contribution y coming from the o. electrons is
evaluated within the framework of the bond polarizabili-
ty theory ' ' and can be considered independent on the
energy A'co, and y (co) is the contribution coming from
the ir electrons. For a stretch-oriented polymer Eq. (15)
becomes

and we obtain the following expressions for the com-
ponents of the conduction-valence transition moment:

gll(co) =gll +gll (co)

x'(~) =x'.+x'.(~) .

(16a)

(16b)

M,"„(k)= [E —so+pi] —L„,
M~„(k)= L—

(1 la)

(1 lb)

Because of the local-field correction the perpendicular
component of the dielectric function c,(co) is related to
X(~) by

M;, (k) = — uo+ [s —
Eo

—pi+pi
C

—2PiPj cos(k, c —k„a ) ]

1+2iry (co)

1 —2iry (co)

whereas the parallel component is

E"(co)= 1+4irg" (co) .

(17a)

(17b)

(1 lc)
Standard relations are used to calculate the absorption
coefficien (a) and the reflectivity (R)

In (11) E is the two-band solution of (9)

E (k) =so(k)+Pj+2P&Pecos(k„a )

+2PiPicos( k, c —k„a ),
EQ( k ) —P& +Pi +2P&Pecos( k, c )

(12a)

(12b)

n(co) =
—,
' [[sf(co)+a~(co)]' +c,, (co)]'

k(co) =
—,
'

[ [s&(co)+Ez(co)]' —s, (co) J
'

2cok(co)aco=

(18a)

(18b)

(19)

where c., = —c,, and c, = c., uo is the displacement parallel
to the chain direction due to the dimerization [Fig. 3(b)]
and 2L, 2L are the projections of the chain width on
the crystallographic x andy axes, respectively [Fig. 3(a)].
We remark that the expressions (11) are slightly different
from those previously published by us, ' ' in which the
effect of the dimerization and of the zig-zag structure of
the chain were not considered, and a misprint [a factor of
2 in Eq. (11c)]occurred.

The interchain and intrachain components of the tran-
sition moments are then given by

[n(co) 1] +—k (co)

[n(co)+1] +k (co)
(20)

where c., and c.2 are the real and imaginary part of the
dielectric constant and &(co)=n(co)+ik(co) is the com-
plex refractive index.

Following Genkin and Mednis, ' y„(co) in the two-
band model is given by

IM„(k)I'
y (co)= d k

(2ir)3 az s„(k)—fico —iiril

M,„(k);„„,= [s —a~0+Pi~],
4c

(13)
IM„(k) I'

+ .,„(k)+r~+i~r (21)

M„(k );„„,=c /(4&3 ) . (14)

By putting pj =0 and using the relation between the p
and x representation ( Ip,„ I

=m (%co) /R Ix,„ I ) (Ref. 23)
this model yields the expressions derived by Baeriswyl
et al. in the single chain approximation. From expres-
sions (13) and (14) the optical response function can be
evaluated using standard relations.

III. OPTICAL PROPERTIES

In a conjugated polymer o. and m electrons give rise to
energy bands well separated in energy. The localized o.
electrons originate a weakly dispersed band possessing
high excitation energy. On the other hand, the m elec-
trons, which are delocalized over the whole chain, origi-
nate a band with considerable width ( = 10 eV). The elec-
tric susceptibility can then be written

where e is the electronic charge, s,„(k) is the energy
difference between conduction and valence bands, BZ
denotes the first Brillouin zone, and I is the broadening
resulting both from lifetime effects and from the distribu-
tion of the transition energies originated by the different
conjugation lengths present in the actual polymer. The
factor 4 in Eq. (21) accounts for the presence of two
chains, for each spin, in the unit cell.

This expression does not include the vibronic structure
of the absorption spectrum originating from the strong
electron-phonon interaction which has been observed in
cis-polyacetylene and in short polymers. Although
hidden in trans-polyacetylene by the distribution of the
conjugation lengths, this effect is certainly present and
rounds off the singularity at the absorption edge. Within
the approximation of the displaced oscillator model, the
electron-phonon interaction yields a number of vibronic
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replicas separated by the energy of the phonons coupled
to the electronic transition and weighted, for the nth
replica, by the intensity factor

~
—SgnI =
nt

---- Theo.
Exp.

0.8

~ M 0

O

~ 0.4Q

0.2

(22)

where S, the Huang-Rhys factor, is a measure of the dis-
placement of the equilibrium position in the excited state
relative to the ground state.

IV. RESULTS

A. Optical properties
~ I I i I ~ I I I I I I I f I ~ l I I I I I I

2.5 3.0 3.5 4.0
rgb (eV)

0.0
1.0 2.0

Ene
1.5The following values have been assumed for the evalua-

tion of the optical properties: P, =2.5 eV, P2=3.3 eV,
P =0.05 eV, 1/I'l=6 fs, 1/1 =70 fs, fico „=0.15 eV,
S=0.68, uo =0.035 A (average value from Refs. 24 and
30), a =4.24 A, b =7.32 A, and c =2.48 A. ' The value
assumed for I" rejects the distribution of the conjugation

II

lengths which yields an inhomogeneous broadening of the
absorption band of about 1 eV. The value adopted for
the interchain hopping integral corresponds to a ratio
P2/Pj =70 which is similar to the ratio ( =85) between
the corresponding overlap integrals calculated using
STO-3G atomic orbitals. ' Our calculations show that
for Pt in the range 0.01—0. 1 eV the overall perpendicular
absorption is quite insensitive to the particular value of Pt
assumed. However, as it will be discussed in the follow-
ing section, the value of P~ strongly afFects aj and there-
fore the pump anisotropy [Eq. (3)].

Since polyacetylene is oriented upon stretching, the
chains in the plane perpendicular to the stretching direc-
tion are randomly oriented. In the comparison between
the calculated and experimental optical properties, t is
fact has been taken into account by averaging the perpen-
dicular absorption coefficient according to

FIG. 5. Experimental (solid lines} and calculated (dashed
lines) reflectivity for parallel and perpendicular polarization.
Experimental data are taken from Ref. 7.

where 8 is the angle between the polarization direction of
the electric field and the axis of a particular chain.

The absorption coefficient and reflectivity calculated
for both polarizations are reported in Figs. 4 and 5 and
compareompared with the experimental data obtained for highly
oriented Durham trans-polyacetylene. Even thoug
minor discrepancies are observed, the frequency depen-
d f the optical properties can be considered satisfac-ence o e

of thetory especially in consideration of the simplicity o t e
model. Figure 6 shows the details of the three contribu-
tions to a~. We notice that in Durham polyacetylene the
main contribution to the perpendicular absorption comes
from the perpendicular intrachain absorption (crj be-
cause the contribution related to the chain misalignment
(cr /365 for 5=3') is quite small. Figure 6 shows that
the absorption maximum for a~ peaks at ower energies
than a~~. This is due to the fact that coupling between
electronic transitions and C=C stretching phonons (that
generates high-frequency phonon replicas of the joint
density of states) does not occur for the interchain transi-
tions.

(a, ) = J dna, c s'ol,t
277 0

(23)
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FIG. 4. Experimental (solid lines) and calculated (dashed
lines) absorption coefficient polarized parallel and perpendicular
to the chain axis. Calculated perpendicular data have been
averaged according to Eq. (20). Experimental data are taken
from Ref. 7.

FIG. 6. Detail of the contributions to a&. a& (broken line);
a . =a /365 (dotted line); a& (full line).amis
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B. Photoconductive response 14- hv = 2 34 eV

In this section we will discuss the anisotropy of the
photoconductivity measured on samples of trans (C-H)

possessing fibrous morphology. Stretching of these sam-
ples results in a lower degree of orientation with respect
to Durham (CH)„as shown by x-ray measurements
which give a half width at half maximum chain orienta-
tion angle 5=7.

According to Eqs. (2a), (2b), and (3) the free-carrier
generation anisotropy (N~/Nl ) depends on g and /3~.

The carrier photogeneration efficiency, g, has been exper-
imentally evaluated by Orenstein et al. ' who have found
that g drops by an order of magnitude from 2.2 eV down
to 1.4 eV.

With the parameters used for optical properties an an-
isotropy of =4.6 at 2.34 eV and of 2.7 at 1.17 eV is ob-
tained with a quantum efficiency of 1/400 at 2.34 eV and
1/1000 at 1.17 eV. The scaling of the quantum efficiency
with the photon energy is consistent with the data report-
ed in Ref. 17.

As already pointed out, the pump anisotropy is much
more sensitive to aj and therefore to P~ than the optical
response function. The strong dependence of N~/Nl on

Pt is reported in Figs. 7 (1.17 eV) and 8 (2.34 eV) for
different values of the quantum efficiency.

Figures 7 and 8 show that below and above gap values
can be reproduced with various pairs of Pt and g. The
particular couple Pt, g selected determines the anisotropy
in the gap region, which has not been yet fully experi-
mentally investigated for fibrillar polyacetylene.

Another important feature of the picosecond data (re-
ported in Fig. 2) is the fact that the anisotropy is indepen-
dent from the laser intensity for below-gap laser excita-
tion, while it decreases with increasing laser intensity for
excitation above the energy gap. There are two possible
explanations for this behavior. At first sight the model
here developed seems to be inconsistent with the depen-
dence of the anisotropy on the laser intensity because
both the transverse hopping integral and the quantum

hv = 1.17 eV

6-

4-

3-

8-z
Z 6—

2-

0.00 0.02 0.04 0.06 0.08 0.10
)s' (~v)

FIG. 8. Pump polarization anisotropy vs P, for above-gap
(2.34 eV) excitation and for diff'erent values of g. 0, /=1/500;
~, /= 1/400;, /= 1/300; X, g= 1/200; s, (=1/100.

efficiency for carrier generation are clearly independent
from the photon Aux. However, heating effects generated
by the laser pulse should be considered. In fact, for pho-
ton energies above the energy gap and polarized along
the chain axis, the penetration depth into the sample is
very small and a substantial amount of energy is deposit-
ed into a small volume for each pulse. If heat diffusion
beyond the volume initially illuminated is neglected, the
temperature increase following the pulse is given by

II
(1—R )Nficu

Pcpd
~

(24)

where N is photon fiux, c is the specific heat [1.43 J/gK.
(Ref. 32)], and p is the density of the polyacetylene sam-

ple (1.1 g/cm ). Using Eq. (21) the difference in heating
between the maximutn (6X10' photons/cm ) and the
minimum (3 X 10' photons/cm ) illumination is 137 K,
which can be considered an upper value, because, within
the duration of the pulse (25 ps), heat diffusion beyond
the illuminated volume has been neglected. This hT is

large enough to increase the hopping conduction, which
has an activation energy of 0.043 eV, so that the anisot-

ropy decreases with the intensity as experimentally ob-
served. The other explanation for the pump anisotropy
can be found by assuming a bimolecular recombination of
the carriers, which implies a photocurrent dependence on
the inverse square root of the absorption coefficient

I h „,„,„,„,=2ew(gI/ag)'~ @[1—exp( at/2)]~E~, —

(25)

0.00 0.02 0.04 0.06 0.08 0.10
~.( v)

FIG. 7. Pump polarization anisotropy vs P~ for below-gap
(1.17 eV) excitation and for different values of g. , /= 1/1500;
~, /=1/1000; o, g= 1/500.

where w is the electrode width, p the carrier mobility, E
the static electric field, t the film thickness, I the laser in-

tensity, and g the bimolecular recombination constant.
This kind of recombination becomes important when

the concentration density is large. Bleier et al. have
ruled out the bimolecular decay path on the basis of the
observation that the slow photocurrent component does
not depend on the intensity. It is, however, not clear
whether this argument is fully acceptable since the bi-
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molecular recombination may affect only the early stages
of the carrier dynamics and it is likely that the slow com-
ponent of the photocurrent is controlled by recombina-
tion at impurities and defects in the sample. Moreover
in many experiments so far carried out only a small frac-
tion of the electronic density is excited [typically 1/2000
(Ref. 31)]. In the present case the high photon Aux (up to
6X10' photons/cm ) could give rise to some bimolecu-
lar recombination and therefore contribute to the ob-
served pump anisotropy.

V. CONCLUSION

In this paper we have presented a model which is a
rather straightforward application of the Su-Schrieffer-
Heeger Hamiltonian extended to include the zig-zag
structure of the chain and the electronic coupling be-
tween chains. This model satisfactorily accounts for the
observed optical properties, and since it implies a small
but nonvanishing direct carrier separation on different
chains (aj ), it predicts the observed anisotropy of the
long-lived carriers, experimentally determined through
photoconductivity and photoinduced absorption mea-
surements.

The value of P~ which has been used appears to be
reasonable on the basis of the following considerations.

(i) P~/P2 scales with the ratio between the overlap in-

tegrals of the 2pm atomic orbitals of two nearest-neighbor
carbon atoms in the chain and in different chains, as it

should be according to the Mulliken approximation for
the Hamiltonian matrix elements.

(ii) The broadening effect of the 1D singularity intro-
duced by the interchain coupling (of the order of 4P~) be-

comes comparable with the separation between the pho-
non replicas observed in the absorption spectrum of cis-

polyacetylene.
We have already stressed that while optical anisotro-

pies are quite insensitive to the value of Pj (at least in the
range 0.01—0. 1 eV), the pump anisotropy of photocon-
ductivity is critically dependent on the direct creation of
charge carriers on different chains (through P~) in addi-

tion to those arising from early hops (quantum efficiency

g) to neighboring chains.
Although the present model, combined with the laser

heating effects, accounts for the observed pump anisotro-

py both for below- and above-gap excitations and also for
the intensity dependence of the anisotropy observed only
for above-gap excitation, possible contributions from the
bimolecular recombination, especially at high excitation
densities, cannot be excluded.
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