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An equation-of-motion procedure to study intramolecular vibrational relaxation in poly-

atomic molecules is developed and applied to study the transient structural response of a

polyene to photoexcitation. The lattice response at short times {-20fs) following excita-

tion is characterized by an adiabatic relaxation which is highly specific to the exciting fre-

quency. For longer times {20—1000 fs) this relaxation is strongly modified by the nonadia-

batic relaxation of the excited carrier and takes the form of a "splash" in the bond-

alternation profile, which reflects the transient distribution of the excited carrier in energy.

Recent interest in polyacetylene has largely been
focused on the interesting electrical properties of
this material' (a doping-induced insulator-metal
"transition, "' having potential use as a battery
electrode ) and the consideration of (CH)„as a
medium which supports nonlinear structural excita-
tions, or solitons. ' Considerable evidence has been
presented to demonstrate the importance of solitons
in the charge-transfer doping of this polymer,
and it has further been suggested that such defects
also occur in response to the creation of electron-
hole pairs by photoexcitation. " This theoretical
suggestion is supported by a Borri-Oppenheimer cal-
culation of the structural response of a model po-
lyene to the creation of an electron-hole pair at the
band edges. We have generalized such a computa-
tional procedure to include possible nonadiabatic
processes, i.e., transitions between excited electron-
ic states, and have applied it to study the transient
structural response of a polyene when carriers are
created above the band edge which is the more fre-
quently experimentally realized situation in

(CH)„.' ' In this study we obtain a number of in-

teresting new dynamic phenomena which are dom-

inantly attributable to the nonadiabatic relaxation
channel. Among these are the evolution of a
"splash" or localized modulation of the bond-
alternation profile as the carriers relax towards the
band edges; these dynamic structural configurations
directly reflect the transient distribution of the ex-

cited carrier in energy. A more detailed account of
our computational procedure is planned to be forth-
coming; in the present paper we will briefly outline
the computational method and discuss several
specific results for the relaxation in (CH}„. Of im-

mediate experimental interest, we find that spectral
line shapes for secondary photons emitted by radia-
tive recombination of the electron and hole during
this relaxation provide a strikingly good description
of the unusual Stokes-shifted lines reported in

(CH)„and routinely attributed to an inhomogene-
ous distribution of conjugated lengths in the materi-
al. ' ' Furthermore, while the adiabatic gemina-
tion of solitons following band-edge excitation is ex-

tremely fast" (-20 fs) the formation of such de-

fects following photoexcitation above the band gap
is significantly slower, being limited by the transit
time of the carrier to the band edge (- I ps). This
time domain is presently experimentally accessible,
suggesting that the gemination of photoexcited de-

fects in the polyene may be directly experimentally
monitored in time.

To describe the coupled electron-lattice system in

(CH}„we adopt the parametrized Huckel Hamil-
tonian ':

H g ( tn Cn + 1,ocn, a + tn —1Cn —I,crcn, o }
n, cr

+ —,Kg(u„+i —u„)

+g[Mu„—I'(u„,—u„)],

where c„annihilates a nelectron of sp.in o on site
n, u„ labels the longitudinal displacement of each
carbon atom from its location in the equal-bond-

length structure, and M is the ion mass. The hop-

ping integrals in Eq. (l), [t„],are linearized in the

tn =to+ o'(un ~ i —un ) ~
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and I =4(a/n). . Taking to ———3.0 eV, E= 68.6
eV A, and a =8.0 eV A, one obtains
a 12-eV bandwidth, a 1.4-eV band gap, and an
equilibrium dimerization amplitude

~
u„~ =0.023 A

in the ground state, results which are representative
of trans-(CH)„. '

To investigate the polyene dynamics in the pho-
toexcited state, we wish to calculate the time evolu-
tion of the ion coordinates [u„] in response to a
time-dependent force from the occupied electronic
states. We summarize the computational method as
follows. ' We first diagonalize the electronic part
of Eq. (1) for some structural configuration [u„ I,

where p@, denote off-diagonal terms in the density
matrix which are, in general, nonzero for a system
evolving in time from the startirig configuration in
Eq. (4). By combining the ap and pa terms in the
resulting double sum in Eq. (8), we obtain

F„'"'=—g'p p[H,"~h]p
a, P

where the prime excludes the a =p term in the
summation. The matrix p thus will completely
specify the instantaneous electronic force exerted on
the ions. The p also evolve in time according to

H, [u„]lit =E g (3) a't= ~ ' '"'p'+a't
damping

(10)

and construct the density operator from the result-
ing eigenstates [g I:

P=gf.P 0. (4)

[H,"ph ]...
a

where we define the deformation potential

aa,
[H,"p„j„=P, e P, )

.
BQ~

(7b)

Second, transitions between electronic levels in-
duced by the ion motion produces an additional
nonadiabatic term,

~paaFH"'= —g I:He]
un

A perturbation expansion yields

(8a)

~Paa [He-ph ]aP [He-ph ]aP
au„=p~. E.—E, pap+ ppaE —Ep

where fa are the occupation numbers for the states,
o. This density exerts a force on the nth ion coordi-
nate:

a gf.Ea
Q~

which is to be combined with the lattice part of Eq.
(1) to yield a classical equation of motion for the u„:

Mii„=E(u„+~+u„~—2u„)—yu„+F„. (6)

In Eq. (3) we recognize two origins of the classical
driving force I„. First, the adiabatic modulation of
the eigenvalues, E, produces an adiabatic force,

F(e)
(7a)

where H depends on the u„ following the linearized
dependence given in Eq. (2). The damping term in-
cludes the effect of interactions not specifically in-
cluded in the Hamiltonian in Eq. (1),' ' which are
assumed to be stochastic in nature and which will

consequently exponentially reduce the off-diagonal
terms in p if the polyene is left in a fixed configura-
tion [u„[.

A complete solution for the polyene dynamics
thus requires the parallel integration of the equa-
tions of motion (6) and (10) for the ion coordinates
and density matrix, respectively. In practice this
may be difficult because some of the terms in p os-
cillate much faster than the ion coordinates, impos-
ing an inefficiently fine integration mesh on the
problem. In our approach to this problem we seek
to integrate both sets of equations on a mesh which
is designed to accurately describe the ion motions.
For the electronic degrees of freedom we construct
a piecewise continuous solution for the time evolu-
tion of the density matrix on the same "coarse"
mesh. In each time increment (t, t+b, t) we pro-
pagate the electronic states as though the ion coor-
dinates were frozen in the configuration [u„(t)I.
The characteristic solutions to Eq. (8) are then

pap(t) =PaPpexp[ i(E Ep—)t]—
Xexp[ —(1 5p)I pt]—,

where, as previously He[u„(t)]pa =Eafa To com-.
plete the piecewise integration of Eq. (8) we require
a boundary condition for u„(t) in each such inter-
val. This is provided by transforming p into the site
representation [ ~

i ) I and demanding that the
(i

~ p ~
j), which represent the physical charge den-

sity, remain continuous upon crossing between two
adjacent intervals. Thus returning to the represen-
tation of "instantaneous" eigenstates, we have
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0 &=(g (t+At)
l
g&(t)) . (13)

With this scheme, the electronic degrees of freedom
can be efficiently propagated on the same integra-
tion mesh as required for a description of the ion
motions. Notice that if the energy difference be-

tween two states a and /3 in the electronic manifold
is large compared to a phonon frequency, the asso-
ciated term p p in the density matrix oscillates rap-

idly on the scale of a phonon period and energy
transfer from such an electronic oscillator to the
lattice is inhibited. Conversely, if the energy differ-
ence between states a and P is well matched to a
phonon frequency, the nonadiabatic force in Eq. (7)
acts coherently with the ion response to efficiently
deliver energy into the lattice. The evolution of the

p~p described by Eqs. (10)—(13) thus naturally
builds into the problem constraints imposed by en-

ergy conservation and the selection rules governed

by the symmetry of the electronic and vibrational
states coupled by Eq. (1). Notice that this is accom-
plished without having to reference a specific set of
adiabatic vibrational normal modes which are
prohibitively difficult to evaluate and would at any
rate yield a poor approximation to the actual time
evolution of the lattice displacements. The evolu-

tion of the diagonal elements in P provides informa-
tion about the transient decay of the excited carrier
in energy and the parallel evolution of the atomic
coordinates provides information about the distribu-

tion of phonons involved in the relaxation.
We now turn to consider the relaxation in po-

lyacetylene following photoexcitation. The calcula-
tions described here are performed on a finite 48-
atom chain. The equations of motion are integrated
in time, each interval in the integration is 0.5 fs
wide so that roughly 40 iterations are required to
span an optical-phonon period. In the starting con-
figuration the ion coordinates are fixed in the
ground-state configuration and the density matrix,
initially diagonal in the representation of energy
eigenstates, describes the result of an optical excita-
tion from state n to n':

p(t+ht)=Otgp tiexp[ t'—(E E—t3)bt]O,
aP (12)

where

about the band gap as would be required by
momentum conservation were the chain infinite.
As we have noted in a previous Communication, '

once the system is prepared in this excited configu-
ration, the time required for a transition between
electronic excited states is substantially longer than
the time required for an adiabatic relaxation on the
single excited state potential surface. Thus the
short-time dynamics is dominated by the adiabatic
force in Eq. (7). This is very significant because the
deformation potentials defined in Eq. (7) are
tremendously sensitive to the particular state n in

which they are evaluated. For the mth electronic
excitation above the optical threshold the H,"~h un-

dergo a sinusoidal modulation as a function of posi-
tion on the polyene which is well described away
from the chain ends by

[H,"~h ] —V cos[2n.nm /(N —1)], (15)

0.01 A

where N is the number of atoms in the chain. For
example, the lattice configuration obtained a short
time (-10 '

) after photoexcitation in response to
this adiabatic force is shown in Fig. 1 for the third,
fifth, and seventh "allowed" optical excitations of
the chain. This short-time lattice response clearly
demonstrates this excitation-frequency dependence
of the adiabatic driving force. This interesting
behavior is most easily understood by considering
the infinite-chain limit in which [H, ~h]~ drives a
lattice distortion which connects two degenerate
states across the Brillouin zone with the energy of
the final state involved in the absorption. In this
limit, the adiabatic force apparently drives a
Peierls-type distortion on the excited-state surface.

As the polymer continues to relax, amplitude for
the excited electron grows in states closer to the
band gap. In our semiclassical picture we find that

2, E~ &E~, ann
paa= '1, u=n

1, u=n'.
(14)

The initial and final states n and n', connected in
the absorption process are symmetrically positioned

L
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FIG. 1. Graphs of the distortions in the bond-

alternation profile of a 48-atom polyene 10 fs following
photoexcitation of the third, fifth, and seventh allowed

optical excitations of the chain. The dashed line in each
panel denotes the undistorted configuration.
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the nonadiabatic force in Eq. (9) begins to drive the
carbon motions, doing work on the ions and hence
transferring energy from the electronic manifold to
the lattice. From Eq. (9) the nonadiabatic contribu-
tion is completely attributable to the off-diagonal
terms in p in the representation of energy eigen-

states. Thus the energy transfer is most efficient
for processes which involve the off-diagonal terms
in p which are oscillating coherently with the lat-
tice, i.e., well matched in frequency. Thus one re-
covers in this procedure a detailed picture in time of
the transition of the excited electron between excit-
ed states.

Graphs of the lattice configuration are shown in
Fig. 2 for times extending out to 100 fs following
photoexcitation of the fifth allowed optical transi-
tion of the chain. To obtain these profiles we have
removed a spatially rapidly oscillating part from
these distortions by Fourier analyzing the real-space
distortion and retaining the components with

q &10(2m IL) where L is the chain length, in the
back transform. These suppressed rapid oscillations
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FIG. 2. Graphs of the distortions in the bond-
alternation profile of a 48-atom polyene as a function of
time following photoexcitation of the fifth allowed opti-
cal excitation of the chain. The dashed lines in each
panel denote the undistorted configuration. The numbers
in the right-hand column denote the elapsed time follow-

ing the excitation in units of 10 ' s.

are of peripheral interest in the present study since
they are dominantly due to an overall swelling of
the chain which occurs in the excited state.

In Fig. 2 we observe that as time increases the di-

merization profile undergoes a series of bounces; we

can identify two dominant effects which occur with

each successive bounce. First, it is apparent that
the lattice distortion is becoming more and more
pronounced at the center of the chain. Second, the
sinusoidal modulations of the bond-alternation pro-
file are evolving to longer wavelengths or smaller

momenta, as time increases. If extended to much

longer times, we will ultimately recover a lattice
configuration containing two photogenerated soli-

tons, in which there will be a reversal of the bond-

alternation amplitude at the center of the chain
without the modulated structure shown in Fig. 2.
However, Fig. 2 demonstrates that the formation of
such defects is a continuous process which begins

while the carrier resides above the band edge. In
fact, Fig. 2 describes a continuous localization of
the excited carrier as it relaxes towards the band

edge. The evolution of the sinusoidal modulation of
the bond-alternation profile to longer wavelengths

as the carrier relaxes is the result of an interesting

interplay between the adiabatic and nonadiabatic re-

laxation channels. As the excited carrier relaxes, its
amplitude in states closer to the band edge is con-

tinuously increasing. Crudely speaking the states
closer to the band edge are the states which are adi-

abatically coupled to the longer-wavelength distor-
tions of the lattice through Eq. (11). Qualitatively,
we then expect the growth of a lattice distortion
which is a superposition of sinusoidal modulations
from the dynamically occupied states. Since the
electron distribution is spreading in momenta, this
implies the formation of a localized lattice distur-

bance on the chain. Again, since the adiabatic
response rate is significantly faster than the transi-
tion rates between levels, we expect the resulting lat-
tice distortion to directly reflect the transient distri-

bution of the excited carrier in energy.
This evolution of the bond-alternation profile as

the carrier relaxes towards the band edges is

displayed more quantitatively in Fig. 3, in which we

plot the squares of the amplitudes of the Fourier
components of the bond-alternation pattern for
three times following photoexcitation of a ~ elec-
tron. The data are averaged on a 20-fs window (a
phonon period) centered on the times given in the
insets. For the shortest time shown, the distortion
is strongly peaked on the Fourier component which
is tuned to the photoexcited state through the in-

stantaneous adiabatic force. As time progresses,
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this distribution spreads and shifts to lower momen-

ta, in concert with the relaxation of the carrier to-
wards the band edge.

Unfortunately, many of these interesting excited-
state phenomena occur extraordinarily rapidly fol-
lowing photoexcitation so that direct experimental
study of them may be difficult. However, we do
call attention to two important experimental conse-
quences of these results.

The first of these involves secondary-photon
emission spectra in (CH)„.' " In a previous Com-
munication' we noted a possible connection be-

tween the fast excitation-frequency-dependent adia-
batic relaxations described here and the unusual Ra-
man line shapes reported in (CH)„' here we develop
this idea in more detail. Immediately after the m

electron is excited in the polymer, the lattice is
driven towards a specific distortion as defined by
the adiabatic force in Eq. (7). At longer times the
lattice distortion evolves further, as amplitude for
the excited electron develops in states closer to the
band edge. We now consider a radiative recombina-
tion of the electron and hole which occurs during
such a relaxation. The radiative decay occurs sud-

denly with respect to the lattice response time, so
that in the familiar Frank-Condon picture, the con-
figuration of the ion coordinates in phase space
remains stationary during the deexcitation. We in-

terpret the instantaneous phase-space coordinates

(q,p) of the classical system as the expectation
values of (q,p) evaluated in a quantum-mechanical

20 fs

4Q fs

9Q fs

01 23456789

wave packet for the lattice degrees of freedom. ' If
the atomic displacements from their ground-state
equilibrium positions are small compared to the
zero-point envelopes for the ion positions, then the
expectation values (q,p) can be used to specify the
quantum phonon occupation distribution in the
recombined state. Thus the occupation probability
(number) for a phonon of band index n and wave

vector q in the recombined state is

(16)

where

2

I
f„(q) I

= guj(t)g&(n, q)
j=1

and

(17a)

(17b)

y 5(co —coo+a)„(q))e (18)

Here coo is the exciting frequency and the exponen-
tial factor in the integrand results from the tran-
sient decay of the electron from the original pho-
toexcited state. We have evaluated the line shape
given by Eq. (18) by extending our results from the
48-atom chain to an "infinite" chain as follows.
We assume that the electrons propagate in a one-

dimensional band with dispersion near the zone
boundary kp given by

E(k)=+[6 +h uF(k —ko) ]'i, (19)

where 6=1 eV, kp=1.3 A ', and hvF ——7.2 eVA.
Thus photoexcitation at frequency up couples
valence and conduction states at wave vector k,
where

where g~ (n, q) is the projection of the mode (n, q) on
the jth atom coordinate. This occupation proba-
bility corresponds to a probability for leaving the
system in a vibrationally excited state after the radi-
ative decay. Energy conservation thus requires that
the radiated spectrum contain a Stokes-shifted side-

band calculable as a convolution over the distribu-
tion function in Eq. (16):

I(co )=f fdt dq p„(q, t)

FIG. 3. Momentum distributions for the lattice con-
figurations shown in Fig. 2. The distributions are aver-

aged over a 20-fs window centered on the times given in

the insets. Here qo is the wave vector of the longest
standing wave of chain, i.e., qo ——2~/L, where L is the
chain length.

k =+[—,(fuuo) —b, ]'~ (20)

The subsequent transient response of the lattice de-

picted in Fig. 3 is then modeled by fitting those
momentum distributions to normalized Lorentzian
distributions with a time-dependent peak position
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and width chosen to reproduce the time evolution of
the distributions shown in the figure. Finally, the
phonon dispersion co(q) is taken from our previous
force-field calculations for the 1450-cm ' band of
trans (CH-)„. This band is dominantly a bond-

length oscillation of the double bonds in the poly-
mer, and its line shapes in the Stokes-shifted spec-
trum has been the subject of extensive experimental
study. The residence time in the initially excited
state, I/A, in Eq. (8), is taken to be the electron-
phonon scattering time, or roughly a phonon period
in this system (-20 fs). The resultant line shapes
are plotted for several exciting frequencies coo in

Fig. 4. For primary excitation close to the adsorp-
tion threshold (2 eV) we obtain a narrow line shape
tailing towards higher scattered phonon energy. As
the excitation frequency is increased a well-defined
second peak develops, again shifted towards higher
scattered phonon frequency. The overall width of
the Stokes-shifted line reflects the frequency distri-
bution of vibrations driven during the transient
response of the polymer backbone to the photoexcit-
ed electron. As the primary excitation frequency
approaches the optical threshold, the driven vibra-
tions are weighted more strongly towards long wave

lengths, causing the Stokes line shapes to narrow.
The line shapes presented in Fig. 4 provide a very

satisfactory account of the line shapes experimen-
tally measured in (CH)„ films. ' ' These unusual
line shapes have been commonly observed in
resonant Raman-scattering experiments in (CH)„
and have been generally attributed to a resonance
effect resulting from a distribution of conjugation
lengths in the polymer. Our results suggest that the
line-shape variation is indeed a resonance effect, re-
sulting instead from the dynamic response of a long

lA
C
S
C

I I I

0 20 &0 60 80 100 120 140
~' (cm")

FIG. 4. Line shapes for the Stokes-shifted line corre-
sponding to the C=C stretch in (CH)„. co'=0 corre-
sponds to the band edge of the Stokes-shifted radiation
(experimentally-1450 cm '). The inset energies label
the primary excitation frequency, Np.

chain to photoexcitation. We have previously anti-

cipated the excitation-frequency dependence of the
positions of the shifted peaks shown in Fig. 4 (Ref.
18); however, our present results surprisingly sug-

gest that the position, width of the shifted peak, and
the band-edge emission are all dominated by this
fast luminescence mechanism in the polymer.
Similar results are obtained for all the Raman-
active bands in (CH)„and (CD)„; the overall widths
of these lines differ because of the co„(q) contribu-
tion to the line shapes in Eq. (18).

This incoherent secondary emission is measurably
strong in the inelastic spectrum. The yield for this
emission can be estimated straightforwardly from
the absorption cross section cr, (co) and the radiative
and nonradiative relaxation rates. The cross section
for secondary emission by luminescence is then

og(co) =o, (co)~„,/r, (21)

Reasonable estimates are obtained by extracting o.,
from experiments (10X10 ' cm to SX10 ' cm
within 1 eV of the absorption maximum), r„, from
our dynamics calculation (r„,-20 fs), and r„ from
the transition probability between valence and con-
duction eigenstates of the Hamiltonian in Eq. (1)
(r„-10 s). Thus we estimate oz(co) =2)& 10
cm . This cross section is large compared to typical
Raman cross sections even in a resonance Raman
experiment, and furthermore agrees moderately well

with recent experimental measurements of the
inelastic-light-scattering cross section. We con-
clude that it is likely that the inelastic-light-
scattering spectra observed in this polymer are dom-
inated by this form of incoherent emission. If so,
the unusual Stokes-shifted line shape is a direct
manifestation of the interesting structural relaxa-
tion pathway we have described.

Experiments which could potentially distinguish
incoherent and coherent emission would clearly be
useful for distinguishing between the homogeneous
and inhomogeneous line-broadening mechanisms

proposed for this system. An interesting property
peculiar to the luminescence model is that the
secondary emission can, in principle, be dispersed in
time following the photon absorption. To demon-
strate this effect, we have decomposed the line
shape for coo ——2.7 eV by limiting the range of the
time integration in Eq. (18). The results are
displayed in Fig. S. Here we have calculated the
emission over a 50-fs time window following delays
of 0, 50, and 125 fs after the primary photon is ab-
sorbed. We observe that earliest emission is cen-
tered about the corresponding shifted peak in Fig.
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4. As the relaxation proceeds the emission becomes
more strongly weighted towards the phonon band
edge.

A second experimental consequence of these
dynamic studies to which we call attention involves
the time required to ultimately generate solitons
after photoexcitation. Our results are consistent
with previous dynamics studies which indicate that
the time required to geminate these defects is ex-

traordinarily short if the system is prepared with
the photoexcited carriers at the band edge. " Unfor-
tunately, the typical experimentally realized situa-
tion excites the carriers 0.2 —1.0 eV above the band

edge. In this experimental situation the creation of
these photogenerated defects is ultimately limited

by the time required for the carrier to relax to the
band edge, which is apparently substantially longer
than the "adiabatic" time. Over the longest inter-
vals studied in the present calculation (0.5 ps) the
carrier is continuing to relax towards band-edge
states; it is likely that the full relaxation requires
times on the order of, but exceeding, 1 ps. As we

have seen, this relaxation proceeds by an interesting

pathway characterized by a continuous evolution
and growth of the bond-alternation defects as the
carrier relaxes. This suggests that some of the later
stages of this relaxation can be directly probed ex-

perimentally in time-resolved measurements.
In summary, we have developed a scheme to

directly study vibrational intramolecular relaxation
in a complicated polyatomic molecule and have ap-
plied it to study structural relaxation following pho-
toexcitation in a long polyene. We find that the
early stages of this relaxation are dominantly
describable in terms of an adiabatic relaxation on a
single excited-state surface. For longer times nona-

diabatic processes dominate the relaxation, and the
evolution of the excited electron between excited

V)
CS
C

I I 1—

0 20 40 60 80 100 120 140

(cm )

FIG. 5. Time dispersion of the Stokes-shifted line for
2.7-eV primary excitation shown in Fig. 4. The data are
averaged over a 50-fs window following delays of (a) 0 fs,
(b) 50 fs, and 125 fs after photoexcitation.

states is reflected in the transient distortions exhi-
bited by the bond-alternation profile on the polyene.
The bond-alternation pattern undergoes a series of
bounces, from which photogenerated solitons ulti-

mately emerge. Radiative decay from the molecules

undergoing such a relaxation will exhibit a Stokes-
shifted sideband with a line shape which depends
sensitively on the primary excitation frequency. Fi-
nally, since the nonadiabatic aspects of this relaxa-
tion are the time-limiting step in the relaxation of
such excited molecules, the gemination of solitons
following photoexcitation may extend into a time
regime in which it can be directly monitored experi-
mentally.
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