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Microscopic theory of vibronic dynamics in linear polyenes
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We propose an approach to calculate dynamical processes at an ultrafast time scale in molecules in which
vibrational and electronic motions are strongly mixed. The relevant electronic orbitals and their interactions are
described by a Hubbard model, while electron-phonon interaction terms account for the dependence of the
hopping on bond length and the dependence of the equilibrium bond length~atomic radii! on the local charge.
The latter term plays a crucial role in the nonadiabatic internal-conversion process of the molecule. The
time-resolved photoelectron spectra are in good qualitative agreement with experiments.
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I. INTRODUCTION

Photoexcitation in polyatomic molecules leads to t
rapid mixing of vibrational and electronic motions, inducin
charge redistribution and energy flow in the molecule. T
nonadiabatic internal conversion is essential in photoche
cal processes,1 in photobiological processes, such as tho
involved in vision,2 and in molecular electronics.3

In recent years, progress in the technology of laser pu
has triggered the development of a new generation of s
troscopies devoted to the investigation of ultrafast pheno
ena. Beautiful experiments have recently been reported
the study of ultrafast nonadiabatic internal conversion in i
lated molecules.4,5 In particular, time-resolved photoelectro
spectroscopy~TRPS! has been used to follow the vibron
dynamics of a linear polyene—specifically, the all-trans
2,4,6,8 decatetraene—in a femptosecond time scale.5

In this molecule, the electronic ground state is the sing
S0 (11 Ag), which is even under inversion symmetry. Th
first optically allowed excited state,S2 (11 Bu , odd under
inversion!, has an energy higher than the first excited ‘‘dar
singletS1 (21 Ag). A short laser pulse~pump! prepares the
molecule in a vibrationally hot wave packet involving th
stateS2. The packet evolves and its time evolution is prob
by photoexciting an electron and analyzing the ensuing sp
tra at subsequent times.

The analysis of the photoelectron spectra reveals a po
lation of the ‘‘dark’’ band, which increases with time, as
consequence of a nonadiabatic internal conversion betw
vibrational and electronic excitations. Such a process las
few hundred femptoseconds, and is a manifestation of
failure of the adiabatic description.

The aim of any theory in this field is to relate experime
tal spectroscopic data, such as relaxation times and excita
energies, with the basic microscopic interactions of the s
tem. This task is particularly difficult in the present case
theory describing the experiments should indeed start fro
model which includes both electron-electron correlations
well as electron-phonon interaction, and should treat the
ter beyond the adiabatic approximation. So far, to the bes
our knowledge, time-dependent photoemission spectra
such nonadiabatic internal-conversion processes have n
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been calculated on the basis of a microscopic model. Pr
ous theoretical work on the internal-conversion process
based on semiempirical models for the relevant energy
faces, supplemented by phenomenological couplings
tween them.7

The goal of this work is to describe the whole proce
behind a TRPS experiment5 ~laser pump followed by a dy-
namical internal conversion, probed by the ensuing tim
dependent photoemission spectra!, using a minimal micro-
scopic model in which both electron-electron and electr
phonon interactions are exactly taken into account. O
results show a good qualitative agreement with the exp
mental findings,5 and bring insight into the nature of th
basic underlying interactions.

The paper is organized as follows. In Sec. II we introdu
the model including a detailed description of the role play
by each of the interactions considered and explain the th
retical treatment employed to calculate the photoemiss
spectra. In Sec. III we present the results. Sec. IV contain
summary and the main conclusions of this work.

II. THEORETICAL APPROACH

A. The model

As is usual in the description of graphite, fullerides, a
nanotubes, the model we study is based on a formal sep
tion of the hybridizeds andp orbitals lying in the plane of
the molecule,@see Fig. 1~a!#, and thep-p orbitals perpen-
dicular to it. While the former are those with the larger co
tribution to the chemical bond and vibration dynamics, t
latter are those involved in the low-energy excitations of
terest to us. A Hubbard Hamiltonian will describe these lo
energy electronic degrees of freedom. Its key ingredient
strong local Coulomb interaction term which is crucial

FIG. 1. ~a! Scheme of the linear polyene.~b! Scheme of the
normal modes of the molecule.
©2003 The American Physical Society07-1
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explaining the observed structure of the electronic spectr
namely, theS1 ~dark! excited state lying, in energy, below
the S2 one. Electron-phonon coupling terms are then
cluded, as derived from an expansion of the electron-ion
teraction up to first order in the ionic displacements relat
to the equilibrium positions.6

Specifically, the model reads

H52 (
s5↑,↓ (

i 51

L21

@ t02g~ui 112ui !#~ f i ,s
† f i 11,s1H.c.!

1U(
i 51

L

ni↑ni↓1g8 (
i 51

L21

~ui 112ui !~qi1qi 11!

1
K

2 (
i 51

L21

( ~ui2ui 11!21
1

2m (
i 51

L

Pi
2 , ~1!

wherei 51, . . . ,L labels thep orbitals of the C atoms,f i ,s
†

creates an electron with spins at site i, nis5 f i ,s
† f i ,s , and

qi512ni↑2ni↓ is the net charge at sitei. The hopping ma-
trix element between two nearest-neighborp orbitals is t0,
and U is the local Coulomb interaction. Finally,ui are the
ionic displacements with respect to the equilibrium positio
and, for simplicity, the vibration dynamics has been assum
to be that of a one-dimensional chain of ions~the CH units!
of massm with a nearest-neighbor harmonic constantK.
~This simplification does not affect the essential physics
it would be straightforward to consider any other form
dynamical matrix!. Two electron-phonon interactions hav
been included in Eq.~1!, with coupling constants labeled b
g andg8. The g term is quite standard and accounts for t
fact that the magnitude of electronic nearest-neighbor h
ping becomes weaker or stronger as the bond stretche
compresses, respectively. Theg8 term, withg8.0, accounts
for the contraction~expansion! of the bond upon remova
~addition! of an electron. Such a term is a consequence of
dependence upon the valence charge of the spread o
wave functions~particularly thes orbitals!, a spread which
in turn modifies the bond lengths. The adiabatic form of t
term has been considered before in a problem of sur
segregation of atoms with size mismatch.8

The phonon part of the Hamiltonian@last two terms in Eq.
~1!# can be diagonalized by introducing the normal-mo
coordinates. For the sake of simplicity, and in order to
able to numerically solveexactly the Hamiltonian, we con-
sider a molecule withL54 C atoms. The decatetraene mo
ecule measured in Ref. 5 hasL514. While this simplifica-
tion leads to some quantitative difference with respect to
experimental results, it does not affect the conceptual iss
related with the understanding of the mechanism of inter
conversion. Hence, the vibrational motion of the molecu
for g5g850, can be described in terms of three norm
modes,ea , eb , andec , oscillating with frequencies

va5A~21A2!K/m,

vb5A~22A2!K/m,
13430
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vc5A2K/m, ~2!

as sketched in Fig. 1~b!. The modeeb will not be included,
since it describes a uniform dilatation or contraction of t
molecule, which should have a small coupling with the ele
trons in a larger molecule.

1. The role played by the different interactions

In order to show that the Hamiltonian~1! represents the
minimal model containing the relevant ingredients to d
scribe the essential physics, we discuss first each interac
term within the adiabatic picture.

a. Role of U. The role of electron-electron correlations
the excitation spectrum of polyenes has been alre
discussed.10,11 It suffices here to say that in the noninterac
ing limit (U50), the optically allowedS2 state would have
a lower energy than the darkS1 state, while a Coulomb re
pulsion (U/t0);

.1.7 leads to the observed ordering of bo
singlet excitations. Given the reasonable estimate oft0
52 eV for the electronic hopping,9 we find that the value of
U that best fits the data on decatetraene isU54.2 eV.

b. Role of g. The electron-phonon interactiong is a stan-
dard ingredient of the Pariser-Parr-Pople-Pierls~PPPP!
model,10,11 crucial in explaining dimerization effects. Th
coupling between the electrons and theea mode~the dimer-
ization mode! leads to different equilibrium lengths for C-C
and C5C bonds, alternating short and long bonds. From
perimental data on the typical frequency of the dimerizat
mode12 we took va50.2 eV ~which implies K536 eV/Å2

andvc50.15 eV). A value forg53 eV/Å is then calculated
by fitting the experimentally observed difference in bo
lengths.13 With all the parameters so determined, and sett
for the time being g850, one can study the Born
Oppenheimer~BO! surfaces corresponding to the thre
lowest-energy singletsS0 , S1, and S2, as functions of the
normal-mode coordinatesea andec @see Fig. 2~a!#. The po-
sition of the minimum of theS0 ~ground-state! BO surface,
occurring at a finiteea.0, reflects the previously mentione
dimerization effect. It is also evident from Fig. 2~b! that the

FIG. 2. ~a! Cuts of the potential energy surfaces forg850, with
t052 eV, U54,2 eV,g53 eV/Å, andK536 eV/Å2. Dashed and
solid lines correspond toec50 and 0.1, respectively.~b! Same as
~a! for g855 eV/Å.
7-2
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electron-phonon interaction introduces anharmonicities
the BO energy surfaces leading to the occurrence of le
crossings in the excited states, known as con
intersections.6 The S2 singlet is odd under space inversio
while theS1 is even. The conical intersection between bo
states is a central feature of the physics we want to desc
Note that theea mode is even under inversion, whileec is
odd. Then, on general symmetry grounds, the coupling
tween the electrons and theec mode would be expected t
produce a nonvanishing matrix element between theS1 and
the S2 states, leading to anavoided crossingbetween the
corresponding bands, with a gap proportional to the effec
tunneling amplitude.6 As a consequence of that mixing, th
adiabatic description in terms of uncoupled BO surfa
would lose meaning, and the quantum nature of the phon
should be included explicitly. However, in the absence of
g8 term, the Hamiltonian possesses a subtle electronic s
metry ~particle hole! which leads to the vanishing of th
interband tunneling matrix element, even forecÞ0, as ex-
plained below. The particle-hole symmetryPp-h is defined as
the invariance ofH ~when g850, and up to an inessentia
chemical-potential shift! under the transformationf i ,s

† →
(21)i f i ,2s . Taking into account that the electronic states
polyenes correspond to half-filled configurations~the number
of p electronsN5L) and that this subspace is left invaria
by Pp-h , the eigenstates ofH within this sector can be clas
sified as even or odd according toPp-h .10 Detailed analysis
reveals thatS1 is even underPp-h , while S2 is odd. As a
consequence, the interaction termg alone cannot produce th
interband coupling leading to the nonadiabatic internal c
version observed in these molecules.

c. Role of g8. For this reason, the additional interactio
g8, which breaks particle-hole symmetry, isessentialfor the
internal conversion in our model. Figure 2~b! shows the BO
energy surfaces wheng8 is included. Notice that the ground
state energy surface is practically unaffected by this inte
tion. This is due to the fact that the on-site Coulomb rep
sion inhibits charge fluctuations in the ground state, th
making theg8 term, involving the net chargesqi , ineffec-
tive. On the contrary, charge fluctuations are important in
excited states, and couple to the phonon modes through
g8 term: As a consequence of the quantum tunneling forec
Þ0 due tog8, the two relevant potential-energy surfac
show now an avoided crossing@Fig. 2~b!#, instead of inter-
secting@Fig. 2~a!#. A rough estimate for the strength ofg8
can be obtained from its effect on a C2 dimer. By fitting
experimental data for the bond lengths of C2 ~1.2425 Å! and
of C2

2 ~1.2682 Å! with our model, we getg8'3.95 eV/Å.14

Similar values are obtained using data of ionic radii. F
instance, a rough estimate based on the ionic radii of C14

and C24 ions ~0.15 and 2.60 Å, respectively15!, leads tog8
'10 eV/Å. We found thatg8'5 eV/Å leads to reasonabl
values for the effective interband coupling and for the po
tion of the conical intersection.

B. Time-resolved photoelectron spectra

As discussed above, in order to describe the intern
conversion effects observed in TRPS experiments, the a
13430
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batic picture must be abandoned and the classical nor
coordinates must be quantized as

ea5A \

2mva
~a1a†!,

ec5A \

2mvc
~c1c†!. ~3!

The resulting HamiltonianH can be numerically diago
nalized by introducing a cutoff in the number of phononsna
and nc . We found that keeping states with up tona5nc
510 was enough to obtain accurate results for the excitat
within the energy window of interest.

The laser pump is simulated by acting att50 on the
ground stateuf0& with the following operator:

Ô5(
m

Gmufm&^fmuÊ, ~4!

whereufm& denote the exact eigenstates ofH, and the effect
of the laser electric field is represented by the dipole oper
Ê5( iRiqi , whereRi is the position of the C atomi for ui
50. The pump pulse is assumed to have a Gaussian sha
time. The Fourier transform of its envelope determines
excitation amplitudes

Gm;exp@2~em2 ē !2/2sp
2#, ~5!

whereem5Em2E0 are the excitation energies relative to th
ground stateE0, while ē andsp are parameters defining th
mean excitation energy and the half width of the pump pu
The Schro¨dinger time evolution of the prepared wave pack
is then given by

uc~ t !&5exp~2 iHt/\!Ôuf0&. ~6!

In order to describe in detail the TRPS-experimental probe
the dynamics, we must calculate time-dependent photoe
tron spectra. Within the sudden approximation, the pho
electron spectrum at timet is essentially a measure of th
following spectral function:16

r t~v!5(
i ,s

(
m

u^fm8 u f i ,suc~ t !&u2d~v2Em8 !, ~7!

whereEm8 andufm8 & denote the eigenenergies and eigensta
of H upon removal of a valence electron, i.e., within t
sector withN5L21 particles.

III. RESULTS

A qualitative picture of the resulting dynamics can be o
tained from

Po~ t !5^c~ t !uPouc~ t !&, ~8!

wherePo is defined as the projector of the eigenstates ofH
on the subspace of electronic states with odd parity un
space inversion.
7-3
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The evolution ofPo(t) as a function of time is shown in
Fig. 3. The first energies of the singlet excitation~with pre-
dominantly S1 and S2 character! are ;3.74 eV and
;4.31 eV, respectively. The spectral density profile of t
initial wave packet (t50, that is, immediately after the lase
pulse!,

A~e!5(
m

u^fmuc~0!&u2d~e2em!, ~9!

is shown in the inset of Fig. 3 for a pulse withsp52 eV and
ē54.3 eV. Both these parameters, as well as the energy
between the two lowest-energy excited singlets, are v
close to the experimental conditions of Ref. 5. The results
Po(t) in Fig. 3 show that, on top of a fast oscillatory com
ponent, there is a slower internal-conversion compon
which lasts approximately 243 fs. This process is domina
by the evolution of the two excited states labeled by~1! and
~2! in the inset of Fig. 3. The excitation energies of the
states aree154.304 eV ande254.315 eV, respectively
State ~1! has predominantly S1 ~even! character
(^f1uPouf1&;0.4), while state~2! has predominantlyS2
~odd! character (̂f2uPouf2&;0.74). Both states have ap
proximately the same small mean value of excitedea
phonons,^na&,1, which leads us to identify them as th
quantum counterparts of the semiclassical states at the c
cal intersections. The evolution of a wave packet compo
of just these two states is indicated with a dashed line in F
3. This behavior suggests that the relevant time scale in
evolution of uc(t)& is set by;\/(e22e1).

FIG. 3. Evolution of the projectorPo(t) for ē54.3 eV, and
sp52 eV ~solid line! and 0.04 eV~dot-dashed line!. The dashed
line is the result for a wave packet consisting only of the two sta
~1! and ~2! indicated in the inset. Inset: Spectrum of the wa

packet for a Gaussian pulse withē54.3 eV andsp52 eV. Other
parameters are as in Fig. 2~a!.
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Results for the time evolution ofr t(e) are shown in Fig.
4, where an artificial broadening of the delta functions h
been introduced by replacingd(v2Em8 ) with a Lorentzian.
The most salient feature of Fig. 4 is the transfer of spec
weight, as a function of time, from a group of states close
energy to the ground state of the system withN5L21 elec-
trons~a doublet, which is obtained by photoexcitingS2, and
is indicated withD0 in the scheme of Fig. 4!, to a group of
states at a higher energy. The latter states are identifie
vibrationally hot states related to a doublet, which are o
tained by photoexcitingS1 ~seeD1 in the scheme of Fig. 4!.
The arrow in the lowest panel of Fig. 4 indicates the posit
of the lowest-energy state of such a band. The behavio
the photoelectron spectra as a function of time is in qual
tive agreement with the experimental results of TRPS. Qu
titative differences, such as the larger energy gap betw
the relevant photoelectron spectral features which we find
our simulation@;2 eV in our case, to be compared with th

s

FIG. 4. Evolution of the photoelectron spectra for the para
eters of Fig. 2. A scheme of the photoelectron channels and co
sponding levels is shown in the upper panel. The origin of energ
is set ate0850 eV. The solid arrow indicates the ‘‘hot’’ group with
a dominantD1 electronic component. The state with lowest ener
of this set hase18;1.61 eV.
7-4



r

ia
ex
ly

ro

ar
o

ys
s
ro

io
e

ro
,
il

iza
o

f
e
e
ns
u

re-
m-
nt
p

um
lts
ger

he
el,
se

ci-
the
lar,

is
ons
sed,
m-
ise
ob-

rk
yT,

ax
R

-

nk

C

re

ys.

iel,

-

A.

MICROSCOPIC THEORY OF VIBRONIC DYNAMICS IN . . . PHYSICAL REVIEW B67, 134307 ~2003!
experimental result of;1.2 eV ~Ref. 5!# should be likely
ascribed to the smaller size of the molecule we conside
our simulation.

IV. SUMMARY AND CONCLUSIONS

In summary, we have shown that the model Hamilton
in Eq. ~1! contains all the basic ingredients necessary to
plain the essential features of the dynamics of linear po
enes, notably, electron-electron correlations and elect
phonon interactions treated in a nonadiabatic~fully quantum!
framework. With such a model, we have described the v
ous features of a time-resolved photoemission spectrosc
experiment, obtaining a good picture of the underlying ph
ics. We remark that, although the ground-state propertie
well as the structure of the electronic excited states are p
erly described by the standard PPPP model,10,11 the proper
treatment of the observed nonadiabatic internal convers
related to tunneling between coupled Born-Oppenheim
states, requires the inclusion of usually neglected elect
phonon interactions, such as theg8 term we have considered
which break a residual particle-hole symmetry of the Ham
tonian.

On the technical side, we remark that exact diagonal
tion techniques are useful theoretical tools for the study
these effects, as shown by the reasonable agreement o
simulations with the behavior reported in Ref. 5. A clos
quantitative comparison between theory and experim
would probably require relaxing some of the simplificatio
of our model, to describe in a more detailed way the act
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with time tend to be damped, and might be even suppres
eventually, if the coupling is too strong. The basic quantu
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