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Detection of Electronic Excited States in Conjugated Polymers 
by Picosecond Transient Strain Spectroscopy 
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We describe a new type of spectroscopy based on picosecond transient strain in absorption 
photomodulation that can be used to detect and identify both allowed and forbidden optical transitions 
in solid thin films. We have applied the new spectroscopy to a variety of conducting polymer films 
such as poly thiophene, trans and cis polyacetylene, and poly(diethynyl-silane), in which we measured 
energy levels of various excitonic states with odd and even symmetry that are, respectively, allowed 
and forbidden in the optical absorption. 

PACS numbers: 78.47.+p, 42.65.An, 78.66.Qn 

The luminescence efficiency and the resonant and sub­
gap third-order nonlinear optical properties of conducting 
polymers are determined by the energies and symmetries 
of a subset of the excited states, including a series of sin­
glet excitons with odd (Br<) and even (Ag) parity lying 
below the continuum band threshold. Among them, the 
lowest Bu exciton (lB u ), a dominant Ag exciton (hereafter, 
the mAg), and a Bu exciton near the continuum band (here­
after, the nBu) are particularly important in determining 
the spectra of the real (X(3)/) and imaginary (X(3)1I) parts 
of the third-order nonlinear optical susceptibility X(3) [1]. 
The relative energies of the IBu and the lowest A" (2A!?) 
excitons determine the photoluminescence (PL) quantum 
efficiency y [2]: If E(2Ag) < E(IBu), then y is small be­
cause of the dipole forbidden character of the lowest sin­
glet. Conversely, for E(2Ag) > E(IBJ, y is large and 
the polymer might be considered as the active material for 
display applications such as light emitting diodes [3]. 

Several cw optical techniques including electroabsorp­
tion [4], third harmonic generation [5], two photon ab­
sorption [6], and PL [7], as well as various excitation 
spectroscopies [8], are commonly used for measuring the 
exciton energy levels in conducting polymers. In this Let­
ter we introduce a transient method, based on picosecond 
transient strain spectroscopy [9], for detecting odd and 
even parity excitons in these materials. 

A feature often observed in picosecond transient absorp­
tion photomodulation (PM), in which the dynamics of pho­
toinduced changes !!.T(t) in transmission T is measured, is 
an oscillation caused by a propagating strain pulse, super­
imposed on the electronic portion of the !!.T signal [9-12]. 
Figure I(a) depicts the strain generation process [10]. A 
thin solid film of thickness d, bonded to a transparent sub­
strate, is illuminated through the substrate by a picosec­
ond pump light pulse, which is absorbed within the optical 
penetration depth g. The consequent heating of this layer 
creates a thennal stress, causing an acoustic wave to be 
launched into the film. The spatial and temporal depen­
dencies of the strain T/ can be derived by solving a I D 
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wave equation, with a thennal generation term, for a semi­
infinite film [10]. Assuming zero displacement at the in­
terface between the substrate and the film at z = 0, 

T/(Z, t) = K[e- z!,;(2 - e- vt /{;) - e-Iz vt l!';] 

= T/ss + T/ds(t), (I) 

where Z is the distance into the film from the interface, t 
is time after photoexcitation, v is the longitudinal sound 
velocity, and K is a constant proportional to the heat 
transferred to the film from the pump pulse. The first 
term, T/ss, in Eq. (1) is time independent for t » glv, 
whereas the second one, T/ds, corresponds to a portion 
of the strain that propagates back and forth inside the 
film. Equation (1) describes the stain for times before 
the propagating strain pulse first reaches the free surface 
(z = d); upon arrival at this surface T/ds, the dynamic 
strain, is reflected with a change in sign, but T/ss, the static 
strain, remains intact near the substrate-film interface. The 
spatial profile of the strain for t < d I v and for d I v < t < 
2d I v is shown in the upper and lower parts of Fig. I (b), 
respectively. 

The strain is detected through its modulation of the 
optical parameters of the film by measuring !!.T(t)IT of a 
time-delayed weak probe pulse [Fig. I (a)]. The magnitude 
of the strain-induced change in transmission (!!.T IT), is 
proportional to the strain (T/(t», averaged over d [10]. 
Figure I(c) shows (T/(t» for a poly thiophene CPT) film 
calculated by a numerical simulation that includes both 
the stationary and propagating strain components. The 
change in sign of T/ds(t) in Fig. l(b) at the free surface 
is manifested as an oscillation in (T/(t». The decay 
of the oscillation in Fig. 1 (c) is a result of simulated 
reflection losses at the interface with the substrate, but, 
generally, acoustical attenuation must also be taken into 
account [9,10]. Disregarding heat diffusion out of the 
absorption region, T/ss adds a time-independent component 
to [!!. T(t) ITl; it simply shifts the baseline of the curve in 
Fig. ICc) by half the amplitude of the total strain. 

© 1995 The American Physical Society 1685 



VOLUME 74, NUMBER 9 PHYSICAL REVIEW LETTERS 27 FEBRUARY 1995 

Probe Film 

(a) 

D 

Substrate 

(b) 

z 

(c) 

400 600 800 1000 

time (ps) 

FIG. I. (a) Experimental geometry for strain generation in a 
thin film of thickness d by a pump light pulse with absorption 
depth §, and detection via transmission of a time-delayed probe 
pulse. D symbolizes the detection apparatus. (b) Strain profile 
[see Eq. (I)] before (upper curve) and after (lower curve) 
reflection of the propagating strain pulse at the free surface 
(z = d). The arrows denote the direction of propagation. 
(c) The average transient strain (7J(t» in a PT film, calculated 
numerically (see text). 

Our detection scheme for measuring the spectrum of 
the photoinduced strain contribution (t::..T IT)s in the pi­
cosecond transient PM was described elsewhere [9] for 
the case in which the pump and probe beams were 
derived from the same laser. The data reported here 
were taken with two independent dye lasers for the 
pump and probe beams, synchronously pumped by a 
frequency-doubled mode-locked neodymium yttrium alu­
minum garnet (Nd: Y AG) laser at 76 MHz; their cross 
correlation was 5 ps. The pump wavelength was usually 
fixed at 580 nm, whereas the probe was varied between 
580 and 1020 nm to obtain the transient strain spectrum 
(TSS). We studied TSS in thin films (d = 1500 A) of 
electrochemically prepared poly thiophene (PT), cis-rich 
(CH)x, and poly(diethynyl-silane) (PDES); all films were 
deposited on glass or sapphire substrates. 

An example of the oscillation in the t::..T(t) response of 
PT at a probe photon energy (hw) of 2 eV is shown in 
the inset of Fig. 2. The main part of the figure shows 
the TSS, i.e., the amplitude of (t::..T IT)s at the peak of the 
first oscillation in t::..T(t) [(t::..T IT)ds, occurring at 220 ps] 
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FIG. 2. PT absorption spectrum a(w) (dashed line), nor­
malized aalaw spectrum (solid line), and TSS measured by 
(t>.T IT)d, amplitude at 220 ps (points). The inset shows the 
oscillation in t>.T at hw(probe) = 2 eV. 

as a function of h w probe. The spectra of the absorption 
coefficient o'(w) and its normalized derivative, dO' / dW, 
are also shown by dashed and solid lines, respectively, 
for comparison. The TSS in PT follows closely dO'/dW, 
since [9] 

( t::..T) = dO' A( (» ~ 
T ds dW I YJ t h' 

(2) 

where Ai is the deformation potential of the ith excited 
state. We can, consequently, easily identify the energy 
of the excitonic transition from lAg to lBu from the 
maximum in TSS, corresponding to a shoulder in O'(w), 
resulting from the 0-0 transition. In Fig. 2 we find the 
1Bu exciton in PT to be at 2.03 eV. This is in good 
agreement with the 0-0 PL band of PT measured in the 
same film [13]. 

The analysis of TSS for the cis-rich (CH)x film is more 
complicated than that for PT. As seen in Fig. 3(a), the 
resemblance between TSS and aO'ldw in cis-rich (CH)x 
is quite poor [14]; there is only a qualitative correspon­
dence between the positions of the peaks in both spectra. 
In view of this discrepancy we consider that, in addition to 
causing a shifting of O'(w) associated with allowed transi­
tions [Eq. (2)], the photoinduced strain acts as a symmetry­
breaking mechanism that permits the detection of optically 
forbidden states in TSS. Upon uniform heating, hydro­
static pressure, or uniaxial pressure, the inversion sym­
metry of the film does not change. Hence in conducting 
polymers with C2h point group symmetry, Bu and Ag ex­
citons do not mix when subject to these perturbations. 
Therefore, measurements such as thermal or pressure mod­
ulation of a and piezoabsorption are expected to yield a 
first-derivative-type spectrum associated with Bu excitons 
and their phonon sidebands [15]. However, if the stress 
is nonuniform, the inversion symmetry is broken and new 
transitions may appear because states of opposite parity 
are mixed by the perturbation. In the present experimental 
situation [Fig. 1 (a)], the stress is photothermally generated, 
and, therefore, spatially inhomogeneous with an exponen­
tially decaying spatial profile rYJ ~ e-z/i;, Eq. (I)]. This 
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FIG. 3. (al Normalized aa/aw spectrum (dashed line), and 
TSS measured by (t::..T /Tld, amplitude at 160 ps, (solid circles, 
full line) in a partially isomerized (CH)x' (b) Normalized 
transient PM spectra at t = 0 (solid circles), t = 100 ps 
magnified by a factor of 4 (empty circles), and t = 400 ps 
magnified by a factor of 6 (triangles), for the same film as 
in (a). Solid lines are guides to the eye. 

stress leads, therefore, to an inhomogeneous perturbation 
Hamiltonian Hs(z), given by [16] 

aT] I H,(z) = AiT](z) = AiT](ZO) + Ai a: (z - ZO), (3) 
....... Zo 

where Zo is the Z coordinate of the exciton center and Ai 
is its deformation potential. Using this H.\.(z) in second­
order time-independent perturbation theory causes Bu and 
Ag states to mix since H,(z) destroys the inversion sym­
metry. Consequently, this mixing causes the forbidden 
transition to be partially allowed with a probability pro­
portional to «aT]/az)2), the average square of the strain 
gradient in the film [16]. This situation is analogous 
to the application of an external electric field F with a 
symmetry-breaking Hamiltonian HF = eFz, which leads 
to an electroabsorption (EA) spectrum with contributions 
from both Bu and Ag excitons [4]. Ag excitons appear 
in EA in the form of induced absorption bands centered 
at E(A g ), which results from the transfer of oscillator 
strength from adjacent Bu states [4,8]. Although the per­
turbation Hamiltonians in TSS and EA are not exactly 
the same, we still expect similar bands for the forbidden 
Ag states in both spectra since they result from symmetry 
breaking in both cases. Nevertheless, the spectra obtained 
with these techniques are strikingly different from each 
other; for example, the Ai? states in EA of (CH)x [17] are 

obscured by features associated with the excitonic phonon 
sidebands, whereas they clearly appear in TSS here. 

Based on the above analysis we can now assign the 
prominent peaks in the TSS of the partially isomerized 
(CH)x film in Fig. 3(a) and confirm them by comparing 
the TSS with results of other optical measurements. First, 
we attribute the TSS band at 2.05 eV to the IBu exciton 
of the cis isomer chains in the sample. This is based on 
a similar feature in the a ex / a w spectrum showing that the 
TSS band is due to an allowed optical transition, and is in 
agreement with the 0-0 transition of the PL spectrum in 
cis-(CH)x [18]. Additionally, from the similarity between 
the spectral features of TSS and a ex / a w in the range of 
1.5 to 1.65 eV, we assign the prominent shoulder in TSS 
at 1.58 eV to the IBu exciton of the trans isomer chains in 
the sample. This band is broader and weaker compared to 
that of the cis isomer chains because of the strong exciton 
dispersion associated with the inhomogeneity known to 
exist in the trans isomer chains [19]. Our assignment 
of IBu (trans) at 1.58 eV is in agreement with the 
energy threshold of the weak infrared PL band previously 
observed in partially isomerized (CH)x, caused by the 
trans isomer chains [20]. It is also in agreement with 
3 times the energy of the "three-photon resonance" in 
the x(3)! spectrum of trans-(CH)x observed at ~0.55 eV 
[5,21]. Finally, since the TSS symmetric band at 1.7 eV 
does not have an analogous companion in the aex/dW 
spectrum, we assign it to an Ag exciton. Its higher 
energy compared to that of the IBu exciton suggests that 
it be associated with the mAg exciton in trans-(CHlx. 
This assignment is in excellent agreement with twice 
the energy of the "two-photon resonance" observed at 
0.85 eV in both X(3 )! [21] and X(3)/f [6] spectra in partially 
isomerized (CH)x' 

Confirmation of our interpretation of the features in TSS 
comes from related features in the transient PM spectrum 
not associated with the !J.T oscillation [Fig. 3(b)], for 
times 0, 100, and 400 ps. At t = 0, most of the pump 
photon energy is used to form solitonic excitons [22] [HE 
band in Fig. 3(b)], with only a small amount of excess 
energy available for thermal strain production. After 
most of the photoexcitations have recombined, primarily 
nonradiatively [18], more energy is used to generate strain. 
Therefore the strain contribution to !J.T increases shortly 
after exciton recombination, whereas the electronic portion 
of !J.T is reduced. This is demonstrated in Fig. 3(b), 
which shows the presence of photobleaching (PB) bands 
at t = 100 ps that are not immediately apparent at t = O. 
The PB peak energies at 1.58, l.7 and 2.05 eV are exactly 
the same as those of the most prominent bands in TSS of 
Fig. 3(a). We also speculate that the prominent PB band 
at 1.9 eV in Fig. 3(b), with only a weak analogous band 
in Fig. 3(a), is due to the elusive nBu exciton in trans­
(CH)x; it is in agreement with 3 times the energy of a 
prominent shoulder in the three-photon resonance band in 
the X(3)! spectrum of trans-(CH)x, observed at ~0.65 eV 
[21]. The lack of photoinduced dichroism exhibited in the 
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oscillation amplitude (.:lTds) and in the long-lived PB 
(.:l Tss) shows that these two responses are not of electronic 
origin [23]. Also, the agreement between .:lTds and .:lTss 
spectra [Fig. 3(a) and Fig. 3(b), respectively] shows that 
.:lTss does not originate from a simple thermal effect. We 
attribute, therefore, .:lTss to the stationary component Yfss 
of the photothermally generated strain LEq. (I)], which can 
also mix states of opposite parity because of its spatial 
nonuniformity. 

In some of the conjugated polymers, no strain-induced 
oscillation .:lTds has been observed so the only way to de­
tect excitonic states through TSS is that measuring the 
.:lTss spectrum caused by the static strain. For example, 
in Fig. 4 we show transient PM spectra in POES at t = 0 
and t = 100 ps, and compare them to the all' / a w spec­
trum. The PM spectrum at t = 0 contains a polarized elec­
tronic excitation band at 1.5 eV, associated with photoex­
cited excitons that decay within 2 ps [24], and a band at 
1.9 eV followed by a dip at 2 eV, both of which persist 
beyond 400 ps and are not polarized; the latter two fea­
tures therefore arise from photoinduced static strain (Yfss) 
in the film. .:l Tss at 100 ps seems to follow all' / a w up 
to 1.6 eV, but deviates from it around the peak in .:lTss at 
1.9 eV and the dip at 2 eV. As in (CH)x [Fig. 3(b)] we 
assign the 1.9 eV band to an Ag exciton that becomes par­
tially allowed in TSS because of the inhomogeneity of the 
photogenerated strain. Since this Ag exciton is below the 
dip in TSS (and the analogous peak in all' / aw) at 2.02 eV, 
attributed to the IBu exciton [24], we assign it to 2A g, and 
thus E(2Ag) < E(lBul in POES. The reason why the IBu 
exciton in POES appears as a dip in TSS rather than a peak 
[as in PT (Fig. 2) and (CH)x (Fig. 3)] is the large oscillator 
strength transferred to the neighboring 2Ag state. This is 
in agreement with the EA spectrum of POES, which, when 
corrected by subtracting out the Stark shift of IBu, reveals 
the transfer of oscillator strength from lBu to 2Ag [25]. 
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FIG. 4. PDES normalized aa/aw spectrum (short dashed 
line), PM at t = 0 (crosses and full line), and PM at t = JOO ps 
multiplied by a factor of 20 (solid circles and long dashed line). 
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In conclusion, we have shown that TSS is a poten­
tially useful technique for detecting both allowed and for­
bidden optical transitions, and is particularly suitable for 
conjugated polymers, for which the lowest singlet exci­
ton is often at energies accessible to mode-locked dye 
and Ti:sapphire lasers. We have demonstrated the TSS 
capability in measuring singlet excitons with Bu and At; 
symmetries in a group of 1T-conjugated polymers such 
as those with E(lBul > E(2Ag) [PT and cis-(CH)x], as 
well as polymers with E(2Ag) < E(lBul [trans-(CH)x and 
POES]. 
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