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Optical evidence of a purely one-dimensional exciton density of states
in a single conjugated polymer chain
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The excitonic luminescence of an isolated polydiacetylene polymer chain in its monomer matrix is studied
by microphotoluminescence. These chains behave as one-dimendibhalystems with the expected\E
density of states between 5 and 50 K. It is also shown that the exciton coherence time is determined by
interactions with LA phonons of the surrounding 3D crystal matrix, thus leading to very(ggsexciton
thermalization within the band. The optical phonons of the chain that are involved in the vibronic transitions
are found to have coherence times ranging from 300 to 600 fs.
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Excitons are the dominant optically accessible states imeous linewidthl'y and its temperature dependence. It also
conjugated polymers. They are usually discussed in terms dfrought evidence on long-range-energy transfer along the
single discrete states, as in an isolated molecule. The excitazhain® In the present paper this study is extended to the
band structure and density of stat@®0S) are not consid- vibronic emission lines.
ered, unlike in inorganic semiconductors for which the exci- Macro-PL experiments on an ensemble of red cHiins
ton energy dispersion and DOS are important properties. F@how that up to 50 K the exciton lifetime increases with
the past decade, an important effort has been made in ordegmperature while the fluorescence rate decreases. This sug-
to obtain a one-dimensionélD) semiconducting system ex- gests that nonradiant states are populated by thermal excita-
hibiting a 1A/E DOS. Such a DOS has never been observedtion of radiant ones, a known process in exciton bands of
neither in the quantum wires that have been realtzed; in ~ semiconductor quantum wires. Nevertheless, in organic ma-
organic “1D” J aggregateé However, a consequence of one terials the exciton is usually considered as a single excited
dimensionality is ar*’? dependence of the exciton radiative state. The analysis of the vibronic peaks line-shapes removes
lifetime, which has been observed by Gershenal® In the  this ambiguity since they reflect the DOS in a band descrip-
present paper, we report microphotoluminesceneeP() tion.
experiments on a single isolated poly-3BCRtkd chain The 3BCMU single crystals analyzed here were identical
and show that to properly describe excitons in this systento that described in Ref. 9. The average concentration of red
the actual band structure must be considered. We show thahains is smaller than 16 in weight, allowing the study of
the DOS is the one of perfect 1D systems with the expected single chain. The:.-PL experimental setup is the same as
1/\/E singular variation. The temperature dependence of thin Ref. 9. The excitation wavelength of the Alaser was
homogeneous width is explained by interaction with acoustichosen at 497 nm, nearly resonant to (héDouble bound
phonons, and the values found for the chain optical-phononstretch absorption line. The excitation power was of the or-
coherence times are also presented. der of one uW to keep the measurement in the low-

PolydiacetylengPDA) chains diluted in 3BCMU crystal excitation regime, i.e., with at most one exciton per chain.
monomer matrix exist in two electronic structures so-called The D emission line aT =43 K is shown in Fig. (a).
“red” and “blue” phases. Both types of chains exhibit an The line shape is clearly non-Lorentzian, this emission can
excitonic resonance fluorescerfdlue chain fluorescence is then not be that of a single state. In such a vibronic emission,
very weak with a quantum yield of 18, whereas red chains the final-state involves a 1D optical phonon of the chain so
have a high-fluorescence quantum yield of 0.3 at 15Te  that anyk state of the exciton band is connected to the
emitting species of such chains are excitons with a largground state by an optically allowed transition with genera-
binding energy of 0.5 e¥The luminescence spectrum of red tion of an optical phonon with the sanke In Fig. 1(a), a fit
chains exhibits an intense zero-phonon line and several mudbarely distinguishable from the experimental data is pre-
weaker vibronic replicas. The zero-phonon line is centered aented as well, and the corresponding error is given in Fig.
2.28 eV at low temperature. The two main vibronic peaksl(b). This fit is based on three assumptions:
correspond to the stretching of the=GC and G=C bounds (i) The excitons are in thermodynamic equilibrium with
and will now be denoted b andT respectively. These two the surrounding crystal, their energy then follows a Maxwell-
lines are centered at 2.09 and 2.01 eV and are due to radi&oltzmann distribution. As shown below, the interaction be-
tive recombination with emission of a chain optical phonontween the 1D exciton of the chain and the 3D LA phonons of
with the appropriate momentufriThe very high dilution of  the crystal is indeed strong enough to ensure this thermal
red chains and their high-fluorescence vyield allow the studyquilibrium.
of a single red chain by-PL experiments. The zero-phonon (i) The energy dispersion of the optical-phonons gener-
line was studied previously giving access to the homogeated in the vibronic emissions is very small compared to the
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o FIG. 2. T’ (filled circles andI'y (open circlegversus tempera-
FIG. 1. (a) Data and fit using a 1D DOS of tf2 peak centered tyre. The crosses represent the difference betdigeandT,.
at 2.102 eV forT=43 K. (b) Comparison of the errofrelative to

the maximum signal valydetween the fit function and the data for

the 1D model(points and for the 2D modefopen circles consist in a series of asymmetric Lorentzignsspectively

Lorentzian$, whereas in a long QB the vibronic emission
line shape should be given by the fitting function that was
considered above and the one of the zero-phonon line by a
single Lorentzian. In the luminescence spectrum, peaks re-
Isulting from the emission of discrete states have never been
observed neither near a vibronic emission nor near the much
narrower zero-phonon line that is recorded with a dynamics
=0 statg. The contribution of the initiak state to the over- .Of abogt two .orders of magnitude. Thus, any extra line hav-
all homogeneous width is the same for lall ing an intensity of at leasts; qf the zerojphqnon line vyould
have been observed. Assuming a localization potential of the

The fitting functionf(E) is the convolution of the homo- order of the experimental inhomoaeneous broadefariaw
geneous Lorentzian profile and the population of emitting P 9 (ang

states(1). This population is the product of the DOS by the meV)- the D and ze_ro-phonon emissions of the QB were
. - . . simulated as a function of the box length at several tempera-
occupation probability. In(1) E, is the Lorentzian's center

position and’ ;,, its half width. A is a constant including the tures, showing that for a 400 nm or longer QB the results are

amplitude of the Lorentzian and the constant parameters oL%ndIStmnghable from that presented above. This is ex-

the DOS. The only relevant parameter in the fitting routine is” eCtﬁ d since a_800 mc()jnomt_ers_, QBbcontams 80|Q derlle(‘)rgy Iev_els
I',ip (e.g.,I'p for the D line) which variation with tempera- S0 that a continuum description becomes valid. 400 nm 1Is

vib \=: g™ D also shorter than the length of the observed emitting region
ture will be discussed.

of ~2um [see Guilletet al, (Ref. 9], and much larger than
_ the calculatett or experimentdl exciton size of about
= —[exp( - O).DOS} (1 15nm. _ . . o
(E—E0)2+1“§ib kgT The analysis of the zero-phonon and vibronic emission
linewidths and their temperature dependentg(T) and
A quantitative 1D fit, i.e., with aE—Eg) Y2 DOS, is  I'p(T) (Fig. 2), allow the study of the exciton-phonon inter-
obtained for all vibronic lines at all temperature studiedaction process and consequently to validate our first assump-
(5-50 K). Fitting with a 2D DOS is always worse. The 2D tion above. The model used to account for the variation with
DOS corresponds to the lowest dimensionality nonsingulatemperature of’, assumes that the dominant process is the
density of states, and has been found to fit dataJon absorption of a single acoustic phonfmA phonon of the
aggregate$.The fitting error for the 1D and 2D models are crystal. It is an adaptation of the deformation potential theory
presented in Fig. (b), and show the very good accuracy of to a 1D centro-symmetric system such as poly-3BCMeke,
our model when a 1D DOS is used. for instance Oh and SingiRef. 12]. In the expression of the
The 1AE DOS is that of a perfect wire, free of defects Fermi golden rule, the 1D character of the excitons of the
and infinite. The chain is in fact not infinite, though very chain induces a threshold in the scattering by phonons re-
long, =10um (20 000 monomeyps In addition it may not be gardless of the phonon dimension because of the energy and
perfectly uniform and the question of the length over whichmomentum conservation rules. LA phonons confined on the
the exciton is actually delocalized arises. Considering th@olymer chain(1D phonong can only make exciton transi-
emitting region as a quantum b@®B), two limits occur: in  tions betweerk=0 andk=k; the point where the exciton
a short QB the excited-states energies are discrete, andaad the 1D LA phonon dispersion relations intersect as
vibronic (respectively zero phongnemission line would shown in Fig. 3. This is not an efficient thermalization pro-

one of the excitons and is neglected. Since the effective ma
of the exciton is found to be-0.3m,'° (m, is the bare mass
of an electroi this hypothesis seems very reasonable.
(iii) The transition matrix elements between all the initia
k exciton states and the final stag@mission of one photon
and one chain optical phonprare equal(including the k

f(E)
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E 2.5x10° ms 1. This value was measured in another di-
acetylene, pT$*®and is typical for molecular crystals. This
leads tokJi"=1.3x 102 (10 2 r.L.u.). The slope of the 1D
LA phonons dispersion curve on Fig. 3 corresponds to the

@) sound velocity measured on poly-p¥&'® and equal to 5.5
X 10° ms . This larger value compared to the one of the
monomer is related to the fact that the polymer is a chain of
covalent bonds.

Besides the chosen sound velocity, the calculation in-

(1) volves three parameters: the exciton Bohr radius, its effective
mass, andlD.+ D,) the sum of the deformation potential for

the conduction and valence band, respectively. Experiments

and theory indicate that the Bohr radius of the exciton on

; ; PDA chains is between 10 and 20%! The chosen value

I(min Kk k (r.l.u) for this parameter is not critical as _shov_vn i_n Fig. 4. Frc_)m the

3D 1D temperature dependence of radiative lifetime, an exciton ef-

i * ~ i 0 * _
FIG. 3. Dispersion relations of the excitons and LA phon@hs. fective massmy of ~0.3m is deduced” To my=0.3

and (2) are the dispersion curves of LA phonons of the crystal and™ 0-1Mg  correspond D.+D,) values equal to 6.1
LA phonons confined on the chain respectively. The dispersion re= 0.8 €V, which are typical deformation potentials. A
lations correspond ten% and sound velocities given in the text.  smallerk}" (smaller sound velocifywould lead to a slightly
larger deformation potential to reach similar agreement with
cess and does not agree with the experimental observatighe experimental data.
that all k states emit within an energy ranggT. On the Since the scattering rate of excitons by LA phonons goes
contrary, exciton scattering by 3D monomer crystal LAto zero at zero K, a constant value corresponding to the re-
phonons connedt=0 to the continuum ok states withk  sidual linewidth at zero K has been added. Its fitted value is
>kap' (kzp' is defined in Fig. 3since only the component 150 eV, which can only be partly due to the instrumental
parallel to the chain of the total momentum must be convesolution (100ueV). This will be the subject of further
served in the case of the 1D excitfsee, for instance Agra- gnpalysis. Note that the contribution of the effective lifetime
novitch and Dubovskii(Ref. 13]. Further scattering pro- of the exciton &1 K (=6 weV)'®is much smaller.
cesses can populate the rest of the band. Therefore, we have e inelastic processes thermalizing the excitons in their
considered interactions with LA phonons of the crystal. Th'sband are thus either the emission or absorption of LA
process quantitatively explains the variationlgf(T) in the
range of temperature exploréske Fig. 4. The crystal soun
velocity was assumed isotropic for simplicity and taken a

phonons in the temperature range studied. The absorption is
d the slowest process and has a characteristic time of 2 ps or
ﬁess(see the widths in Fig.)2 The excitons are then at ther-
modynamic equilibrium since their effective lifetime is over
100 ps in the range of temperatures studfed.

In Fig. 2, one notes thdf is 3 times larger thai’, at

6 T T T T

5 low temperature. Let us assume that the width of a vibronic
line is the sum of the terms resulting from the initial and final
a state. The contribution of the initial statelig. The one from
—_ the final-state represents the coherence time of the optical-
- phonon emitted in the recombination that is slowly decreas-
3 3 ing with temperaturésee, for instance Fig. 2 for tHe line).
i One would expect that the coherence time so obtained is not
2 the same for all vibronic peaks. This is indeed observed; a

coherence time of approximately 300 fs is found for the
andT lines, while in another vibronic line centered at 2.15
eV, distinctly narrower, a coherence time of 600 fs is found.
These different values are in agreement with previous mea-
: : : - surements made in another PDA by Cleral. using a com-
0 10 20 30 40 50 pletely different methodCARS). 1617
Temperature (K) Fitting the line shape of the vibronic peaks has enabled us
FIG. 4. Experimental datéopen circles and calculated broad- [© deduce that the excitons on the polymer chain have to be
ening of T, with temperature for an exciton Bohr radius of 10 and described by a band with a £ DOS. Let us associate this
20 A [(a) and(b), respectively and an effective mass of Orf,. In conclusion with the analysis of the exciton decay time pre-
both cases, the sum of the deformation potential for the valence angented in Ref. 10. Indeed, the radiative lifetime of excitons
conduction band is 6 eV. increases ag'T for T up to 80 K at least, as it is expected for
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an ideal 1D wire® Therefore, the finite size of the emitting perature studied. This interaction thermalizes the excitons in

regions does not affect the 1D character of the excitons urntheir band so that they are at thermodynamic equilibrium

like in inorganic semiconductor quantum wites with the surrounding medium. Finally, the chain optical-
To summarize, we have presented microfluorescence eghonons generated in the vibronic emissions are found to

periments performed on a single conjugated polymer chaifave coherence times ranging from 300 to 600 fs at low
in its crystalline matrix. The zero-phonon emission line istemperature.

Lorentzian while the vibronic ones are asymmetric. Fitting

the line shape of these vibronic peaks shows that the chain is The authors are thankful to P. Lavallard and G. Weiser for
a one-dimensional system that has to be described by arery helpful discussions and to J. Kovensky for synthesizing
excitonic band with a /E DOS. Furthermore, the variation the diacetylene monomer. This research is supported by
of I'y with temperature is explained by interactions with lon- CNRS within the program “nano-objet individuel,” and by a
gitudinal acoustic phonons of the crystal in the range of temgrant from UniversiteDenis Diderot.
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