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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 léatgthic radij 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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[. INTRODUCTION been calculated on the basis of a microscopic model. Previ-
ous theoretical work on the internal-conversion process is
Photoexcitation in polyatomic molecules leads to thebased on semiempirical models for the relevant energy sur-
rapid mixing of vibrational and electronic motions, inducing faces, supplemented by phenomenological couplings be-
charge redistribution and energy flow in the molecule. Thisween then.
nonadiabatic internal conversion is essential in photochemi- The goal of this work is to describe the whole process
cal processek,in photobiological processes, such as thoseoehind a TRPS experimeéntiaser pump followed by a dy-
involved in vision? and in molecular electronics. namical internal conversion, probed by the ensuing time-
In recent years, progress in the technology of laser pulsegependent photoemission spegtrasing a minimal micro-
has triggered the development of a new generation of spe&copic model in which both electron-electron and electron-
troscopies devoted to the investigation of ultrafast phenomphonon interactions are exactly taken into account. Our
ena. Beautiful experiments have recently been reported ofesults show a good qualitative agreement with the experi-
the study of ultrafast nonadiabatic internal conversion in isomental findings, and bring insight into the nature of the
lated molecule&® In particular, time-resolved photoelectron basic underlying interactions.
spectroscopyTRPS has been used to follow the vibronic The paper is organized as follows. In Sec. Il we introduce
dynamics of a linear polyene—specifically, the wins the model including a detailed description of the role played
2,4,6,8 decatetraene—in a femptosecond time Scale. by each of the interactions considered and explain the theo-
In this molecule, the electronic ground state is the singlefetical treatment employed to calculate the photoemission
S (11 Ag), Which is even under inversion symmetry. The spectra. In Sec. Ill we present the results. Sec. IV contains a
first optically allowed excited stateS, (1! B,, odd under ~summary and the main conclusions of this work.
inversion, has an energy higher than the first excited “dark”
singletS; (2 Ag). A short laser pulsépump prepares the Il. THEORETICAL APPROACH
molecule in a vibrationally hot wave packet involving the
stateS,. The packet evolves and its time evolution is probed A. The model
by photoexciting an electron and analyzing the ensuing spec- As is usual in the description of graphite, fullerides, and
tra at subsequent times. nanotubes, the model we study is based on a formal separa-
The analysis of the photoelectron spectra reveals a popuion of the hybridizeds and p orbitals lying in the plane of
lation of the “dark” band, which increases with time, as a the molecule[see Fig. 1a)], and thep-# orbitals perpen-
consequence of a nonadiabatic internal conversion betweeticular to it. While the former are those with the larger con-
vibrational and electronic excitations. Such a process lasts #ibution to the chemical bond and vibration dynamics, the
few hundred femptoseconds, and is a manifestation of thiatter are those involved in the low-energy excitations of in-
failure of the adiabatic description. terest to us. A Hubbard Hamiltonian will describe these low-
The aim of any theory in this field is to relate experimen-energy electronic degrees of freedom. Its key ingredient is a
tal spectroscopic data, such as relaxation times and excitati®strong local Coulomb interaction term which is crucial in
energies, with the basic microscopic interactions of the sys-

tem. This task is particularly difficult in the present case. A H H 0 o o o e

K , - (a) | | o o o )
theory describing the experiments should indeed start from ¢ c s s e e ¢
model which includes both electron-electron correlations as -~ \C/ \C/ ¢+ 0 o
well as electron-phonon interaction, and should treat the lat- lI_| |I_| ._>—<._—<._—7ec

ter beyond the adiabatic approximation. So far, to the best ot

our knowledge, time-dependent photoemission spectra for FIG. 1. () Scheme of the linear polyené) Scheme of the
such nonadiabatic internal-conversion processes have nevwasrmal modes of the molecule.
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explaining the observed structure of the electronic spectrum 6 ‘ ‘ 6
namely, theS; (dark) excited state lying, in energy, below () (b)
the S, one. Electron-phonon coupling terms are then in- 47 S, 147 S,
cluded, as derived from an expansion of the electron-ion in-
teraction up to first order in the ionic displacements relative 20
to the equilibrium position§. W ool
Specifically, the model reads
-2
L-1
H== 2 2 [to= guia =W fivs T He) |
o=1,] i=
L L-1 -6
FU2 ming g’ 2 (U= U (G i) e, 6,
K L-1 1 L FIG. 2. (a) Cuts of the potential energy surfaces §gr=0, with
= > > (Ui— Uiy ) =— D, P2, (1) to=2eV,U=42eV,g=3 eV/A andKk=36 eV/A’. Dashed and
2= 2m =1 solid lines correspond te,=0 and 0.1, respectivelyb) Same as
(@) for g'=5 eV/A.
wherei=1, ... L labels ther orbitals of the C atomsf,|
. . o _ ¢t !

creates an electron with spin at sitei, n;,=f; .f; ,, and 0= J2K/m, )

g;=1-—n;;—n;, is the net charge at site The hopping ma-
trix element between two nearest-neighboorbitals isto, 55 sketched in Fig. (). The modee, will not be included,
and U is the local Coulomb interaction. Finally; are the  gjnce it describes a uniform dilatation or contraction of the

ionic displacements with respect to the equilibrium positionsmglecule, which should have a small coupling with the elec-
and, for simplicity, the vibration dynamics has been assumegyns in a larger molecule.

to be that of a one-dimensional chain of idtise CH units
of massm with a nearest-neighbor harmonic const#ht
(This simplification does not affect the essential physics and o
it would be straightforward to consider any other form of In order to show that the Hamiltonia(l) represents the
dynamical matrix Two electron-phonon interactions have Minimal model containing the relevant ingredients to de-
been included in Eq(1), with coupling constants labeled by Scribe the essential physics, we discuss first each interaction
g andg’. Theg term is quite standard and accounts for thet€m within the adiabatic picture. o
fact that the magnitude of electronic nearest-neighbor hop- & Role of U The role of electron-electron correlations in
ping becomes weaker or stronger as the bond stretches H}e excﬂa(l)tlloln spectrum of polyenes has been already
compresses, respectively. Theterm, withg’ >0, accounts Q|scys§ed.' It suffices here to say that in the noninteract-
for the contraction(expansion of the bond upon removal ing limit (U=0), the optically alloweds, state would have
(addition of an electron. Such a term is a consequence of thé lower energy than the daf¥ state, while a Coulomb re-
dependence upon the valence charge of the spread of thllsion U/to)~1.7 leads to the observed ordering of both
wave functiong(particularly theo orbitalg, a spread which singlet excitations. Given the reasonable estimatetqf
in turn modifies the bond lengths. The adiabatic form of this=2 €V for the electronic hoppingwe find that the value of
term has been considered before in a problem of surfac that best fits the data on decatetraentl is4.2 eV.
segregation of atoms with size mismafch. b. Role of g The electron-phonon interacti@nis a stan-
The phonon part of the Hamiltonigfast two terms in Eq.  dard ingredient of the Pariser-Parr-Pople-Pie(BPPR
(1)] can be diagonalized by introducing the normal-modemodel!®*! crucial in explaining dimerization effects. The
coordinates. For the sake of simplicity, and in order to becoupling between the electrons and tyemode(the dimer-
able to numerically solvexactlythe Hamiltonian, we con- ization modg leads to different equilibrium lengths for C-C
sider a molecule with. =4 C atoms. The decatetraene mol- and C=C bonds, alternating short and long bonds. From ex-
ecule measured in Ref. 5 has=14. While this simplifica- perimental data on the typical frequency of the dimerization
tion leads to some quantitative difference with respect to thénode”” we took w,=0.2 eV (which implies K =36 eV/A?
experimental results, it does not affect the conceptual issueindw.=0.15 eV). Avalue fog=3 eV/A is then calculated
related with the understanding of the mechanism of internapy fitting the experimentally observed difference in bond
conversion. Hence, the vibrational motion of the moleculejengths!® With all the parameters so determined, and setting
for g=g’'=0, can be described in terms of three normalfor the time beingg’'=0, one can study the Born-

1. The role played by the different interactions

modes.e,, e,, ande., oscillating with frequencies Oppenheimer(BO) surfaces corresponding to the three
lowest-energy singletS,, S;, andS,, as functions of the
wy= /—(2+ J2)Kim, normal-mode coordinates, ande. [see Fig. 23)]. The po-

sition of the minimum of the5; (ground-stateBO surface,
occurring at a finitee,> 0, reflects the previously mentioned
wp=V(2— \/E)K/m, dimerization effect. It is also evident from Fig(# that the
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electron-phonon interaction introduces anharmonicities irbatic picture must be abandoned and the classical normal
the BO energy surfaces leading to the occurrence of levatoordinates must be quantized as

crossings in the excited states, known as conical
intersection$. The S, singlet is odd under space inversion [ A N
while the S; is even. The conical intersection between both €a= 2mwﬁ(a+a ),
states is a central feature of the physics we want to describe.

Note that thee, mode is even under inversion, whié& is

odd. Then, on general symmetry grounds, the coupling be- e.=
tween the electrons and tleg mode would be expected to
produce a nonvanishing matrix element betweenShand
the S, states, leading to aavoided crossingoetween the
corresponding bands, with a gap proportional to the effectiv
tunneling amplitudé.As a consequence of that mixing, the
adiabatic description in terms of uncoupled BO surface%vithin the energy window of interest.

would lose meaning, and the quantum nature of the phonons The laser pump is simulated by acting tat0 on the

sflwuld be mcludeq expllcnly. However, in the absence.of thrf%;round statd ) with the following operator:
g’ term, the Hamiltonian possesses a subtle electronic syni-

metry (particle holg¢ which leads to the vanishing of the R R

interband tunneling matrix element, even &y#0, as ex- OZE Gl dm){ bl E, (4)
plained below. The particle-hole symmety_, is defined as m

the invariance oft (wheng’=0, and up to an inessential where|#,,) denote the exact eigenstatestéf and the effect
chemical-potential shift under the transformatiorf{ ,—  of the laser electric field is represented by the dipole operator
(—1)'f; _,. Taking into account that the electronic states iNE=3.R.q;, whereR; is the position of the C atorfor u;
polyenes correspond to half-filled configuratigtiee number _—g The pump pulse is assumed to have a Gaussian shape in

of m electronsN=L) and that this subspace is left invariant time. The Fourier transform of its envelope determines the
by Py, the eigenstates dft within this sector can be clas- excitation amplitudes

sified as even or odd according Ry, .*° Detailed analysis

reveals thatS; is even undeP,, while S, is odd. As a GmNexq_(Em_?)z/zgS]' (5)

consequence, the interaction tegmlone cannot produce the

interband coupling leading to the nonadiabatic internal conwhereey,=Er,—E are the excitation energies relative to the

version observed in these molecules. ground stateEg, while € ando, are parameters defining the
c. Role of g. For this reason, the additional interaction mean excitation energy and the half width of the pump pulse.

g’, which breaks particle-hole symmetry,@ssentiafor the  The Schrdinger time evolution of the prepared wave packet

internal conversion in our model. Figuréb? shows the BO s then given by

energy surfaces whegl is included. Notice that the ground-

state energy surface is practically unaffected by this interac- |¢(t))=exFJ(—th/ﬁ)©|¢o>, (6)

tion. This is due to the fact that the on-site Coulomb repul- o ) )
sion inhibits charge fluctuations in the ground state, thugh order to describe in detail the TRPS-experimental probe of

making theg’ term, involving the net charges, ineffec- the dynamics, we must calculate time-dgpendent photoelec-
tive. On the contrary, charge fluctuations are important in thdfon Spectra. Within the sudden approximation, the photo-
excited states, and couple to the phonon modes through tHIECtron spectrum at timels essentially a measure of the
g’ term: As a consequence of the quantum tunnelinggfor T0llowing spectral functiort

#0 due tog’, the two relevant potential-energy surfaces

shov_v now an avoided crossirﬁ_&ig. 2(b)], instead of inter- pt(w)zz 2 {rlfi ol P(1))?8(w—EL), 7)
secting[Fig. 2(@)]. A rough estimate for the strength gf o m

can be obtained from its effect on a @imer. By fitting
experimental data for the bond lengths of @.2425 A and

of C, (1.2682 A with our model, we geg’ ~3.95 eV/A*
Similar values are obtained using data of ionic radii. For
instance, a rough estimate based on the ionic radii of C
and C “ ions (0.15 and 2.60 A, respectivef), leads tog’
~10 eV/A. We found thag'~5 eV/A leads to reasonable A qualitative picture of the resulting dynamics can be ob-
values for the effective interband coupling and for the positained from

tion of the conical intersection.

mec(c+ ch. 3

The resulting Hamiltoniari{ can be numerically diago-
nalized by introducing a cutoff in the number of phonaons
@nd n.. We found that keeping states with up tg=n,
=10 was enough to obtain accurate results for the excitations

whereE;, and| ¢, denote the eigenenergies and eigenstates
of H upon removal of a valence electron, i.e., within the
sector withN=L —1 particles.

Ill. RESULTS

Po(t) =(#(1)[Po| (1)), 8

whereP,, is defined as the projector of the eigenstateg{of
As discussed above, in order to describe the internalen the subspace of electronic states with odd parity under
conversion effects observed in TRPS experiments, the adigpace inversion.

B. Time-resolved photoelectron spectra
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FIG. 3. Evolution of the projectoP,(t) for e=4.3 eV, and
o,=2 eV (solid ling) and 0.04 eV(dot-dashed ling The dashed
line is the result for a wave packet consisting only of the two states 0
(1) and (2) indicated in the inset. Inset: Spectrum of the wave 3 - r T r :
packet for a Gaussian pulse wid+4.3 eV ando,=2 eV. Other
parameters are as in Fig(a2.
The evolution ofP,(t) as a function of time is shown in
Fig. 3. The first energies of the singlet excitatiovith pre-
dominantly S; and S, character are ~3.74 eV and

~4.31 eV, respectively. The spectral density profile of the  Zg55 o 0.6 1 1.4 1:8 29
initial wave packet{=0, that is, immediately after the laser
w[eV]
pulse,
FIG. 4. Evolution of the photoelectron spectra for the param-
eters of Fig. 2. A scheme of the photoelectron channels and corre-
A(e)=2, [{mlth(0))|25(e— €m), (9)  sponding levels is shown in the upper panel. The origin of energies
m is set ate;=0 eV. The solid arrow indicates the “hot” group with
a dominantD, electronic component. The state with lowest energy
is shown in the inset of Fig. 3 for a pulse with=2 eV and  of this set has;~1.61 eV.

e=4.3 eV. Both these parameters, as well as the energy gap

between the two lowest-energy excited singlets, are very Results for the time evolution gfi(e) are shown in Fig.
close to the experimental conditions of Ref. 5. The results fo#, where an artificial broadening of the delta functions has
P,(t) in Fig. 3 show that, on top of a fast oscillatory com- been introduced by replacing(«—E;,) with a Lorentzian.
ponent, there is a slower internal-conversion componentThe most salient feature of Fig. 4 is the transfer of spectral
which lasts approximately 243 fs. This process is dominatedveight, as a function of time, from a group of states close in
by the evolution of the two excited states labeled(byand  energy to the ground state of the system vt L — 1 elec-

(2) in the inset of Fig. 3. The excitation energies of thesetrons(a doublet, which is obtained by photoexcitiBg, and
states aree;=4.304 eV ande,=4.315 eV, respectively. is indicated withD in the scheme of Fig.)}4to a group of
State (1) has predominantly S; (ever) character states at a higher energy. The latter states are identified as
({p1]Polp1)~0.4), while state(2) has predominantlyS,  vibrationally hot states related to a doublet, which are ob-
(odd) character (¢,|P,|#,)~0.74). Both states have ap- tained by photoexciting, (seeD; in the scheme of Fig.)4
proximately the same small mean value of excitegd The arrow in the lowest panel of Fig. 4 indicates the position
phonons,(n,)<1, which leads us to identify them as the of the lowest-energy state of such a band. The behavior of
guantum counterparts of the semiclassical states at the corihe photoelectron spectra as a function of time is in qualita-
cal intersections. The evolution of a wave packet composetive agreement with the experimental results of TRPS. Quan-
of just these two states is indicated with a dashed line in Figtitative differences, such as the larger energy gap between
3. This behavior suggests that the relevant time scale in théne relevant photoelectron spectral features which we find in
evolution of |(t)) is set by~#/(e,— €7). our simulation ~2 eV in our case, to be compared with the
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experimental result of-1.2 eV (Ref. 5] should be likely —decatetraene molecule. Extensions of our study to more re-
ascribed to the smaller size of the molecule we consider imlistic cases are, in principle, feasible either by larger com-

our simulation. putational effort’ or through alternative techniques. Recent
work on dynamical density-matrix renormalization group
IV. SUMMARY AND CONCLUSIONS method$® and advances on real time dynamical quantum

Monte Carld® calculations seem promising. Our results

In summary, we have shown that the model Hamiltonianshould serve to test approximations for calculations in larger
in Eq. (1) contains all the basic ingredients necessary to exmolecules.
plain the essential features of the dynamics of linear poly- In addition, dissipative effects due to the coupling of the
enes, notably, electron-electron correlations and electrormolecule with the external world, not included in our model,
phonon interactions treated in a nonadiabétily quantum)  could also play a role. The detailed investigation of these
framework. With such a model, we have described the varieffects is left to future studies. However, one might antici-
ous features of a time-resolved photoemission spectroscoate the result of such a coupling to the environment on the
experiment, obtaining a good picture of the underlying physbasis of previous studies found in the literature. In particular,
ics. We remark that, although the ground-state properties asgs reviewed in Ref. 20, when a quantum two-level system is
well as the structure of the electronic excited states are progoupled to a bath of bosonic modes, the internal oscillations
erly described by the standard PPPP mdfél the proper  with time tend to be damped, and might be even suppressed,
treatment of the observed nonadiabatic internal conversioraventually, if the coupling is too strong. The basic quantum-
related to tunneling between coupled Born-Oppenheimemechanical ingredient of a tunneling between two otherwise
states, requires the inclusion of usually neglected electrorunconnected states, however, is the crucial ingredient to ob-
phonon interactions, such as theterm we have considered, serve a conversion between the two states.
which break a residual particle-hole symmetry of the Hamil-
tonian.

On the technical side, we remark that exact diagonaliza-
tion techniques are useful theoretical tools for the study of We thank P. Bolcatto for useful discussions. This work
these effects, as shown by the reasonable agreement of owas sponsored by PICTs Contract No. 03-06343 of ANPCyT,
simulations with the behavior reported in Ref. 5. A closerArgentina. L.A. and A.A.A. acknowledge support from
quantitative comparison between theory and experimen€ONICET. Part of the numerical work was done at the Max
would probably require relaxing some of the simplificationsPlanck Institut PKS. G.E.S. acknowledges support by MIUR
of our model, to describe in a more detailed way the actualinder Project COFIN.
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