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ABSTRACT: We analyze electronically excited nuclear wave functions and their
coherence when subjecting a molecule to the action of natural, pulsed incoherent solar-
like light and to that of ultrashort coherent light assumed to have the same center
frequencies and spectral bandwidths. Specifically, we compute the spatiotemporal
dependence of the excited wave packets and their electronic coherence for these two
types of light sources, on different electronic potential energy surfaces. The resultant
excited state wave functions are shown to be dramatically different, reflecting the light
source from which they originated. In addition, electronic coherence is found to decay
significantly faster for incoherent light than for coherent ultrafast excitation, for both
continuum and bound wave packets. These results confirm that the dynamics observed
from ultrashort coherent excitation does not reflect what happens in processes induced by
solar-like radiation, and conclusions drawn from one do not, in general, apply to the other.
These results provide further support to the view that the dynamics observed in studies
using ultrashort coherent pulses can be significantly different than those that would result from excitation with natural incoherent
light.

■ INTRODUCTION

An increasing number of studies in recent years have identified
surprisingly long-lived coherences in biological systems,
especially in photosynthesic light harvesting molecules.1−9

Such long-lived coherences were detected in studies such as
two-color photon echo spectroscopy,2,4 angle-resolved coherent
optical wave-mixing,3 and phase-stabilized 2D electronic
spectroscopy.10 Following these findings, it has been suggested
that quantum coherence may play an important role in
biological processes, for example, in the energy transfer that
follow the photoexcitation step. An important question is to
what extent the dynamics observed in such experiments, which
utilize coherent laser light sources, are relevant for processes
induced by incoherent sources such as sunlight, even when the
two types of light share the same center frequencies and
spectral bandwidths.
Several previous studies have analyzed various effects of

incoherent excitation sources on the resultant molecular
dynamics. These include an analysis of the excited state survival
probability as a function of the incoherence of the light,11,12

effects of incoherent fields on the photoisomerization yields,13 a
quantum-optical formulation of the state of the molecule after
photon-absorption,14 studies of open system dynamics relevant
to photosynthetic complexes,15 and general features of the
response of open systems to incoherent excitation.16 However,
none of these studies looked directly at the spatial shape of the
wave packets and the associated temporal evolution and
coherence properties resulting from excitation with incoherent
vs coherent light sources. Such studies are particularly

important in comparing the nature of the excited quantum
state prepared by these light sources.
In this article, we concentrate on the actual spatiotemporal

shape of the wave functions resulting from photoexcitation, a
primary entity that effectively brings out the differences
between the two types of light-induced excitations mentioned
above. In addition, we consider the photoexcitation of a model
molecule into a superposition of two electronic states and
contrast the calculated coherences induced by incoherent solar-
like light with the outcome of excitation by an ultrashort
coherent pulse with the same center frequency and spectral
bandwidth.
Our main theoretical tool is a time-dependent quantum-

theoretic calculation of the different nuclear wave packets
resulting from the photoexcitation step. Optical incoherence is
simulated by introducing random jumps in the phases and
center frequencies of the excitation pulse, with the degree of
optical incoherence being controlled by the frequency and
amplitudes of these random jumps. Both the spatial structure
and time dependence of the resultant wave packet dynamics is
then analyzed for a variety of potential energy surfaces (PES).

■ THEORY OF “RANDOM” AND COHERENT WAVE
PACKET DYNAMICS

Consider first the case in which a nuclear wave packet is
photoexcited to a single excited PES. The molecule that is
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assumed to be initially in the ground electronic state is excited
by a light source, treated as a classical time-varying electric field,
to a dissociative or bound excited state. The time-evolution of
the total molecular quantum state can be described by a
(stochastic) Schrödinger’s equation, written in the adiabatic
(Born−Oppenheimer) electronic basis as

ℏ Ψ̲ = Ψ̲i
t

t t tR R
d
d

( , ) H( ) ( , )
(1)
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with Ψg(Ψx) being the nuclear wave packet in the ground
(excited) electronic manifold. The total Hamiltonian matrix
consists of a molecular part and an electric-dipole Matter−
Radiation interaction part
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The nuclear kinetic energy operator TN and the ground and
excited PES functions Wg,x of the above equations depend on
the set of nuclear coordinates R. The Matter−Radiation
interaction term is given as

∫ ψ ψ= − ·ϵ̂*V t q q q q E tR R d R R( , ) [ ( , ) ( , ) ( , )d ] ( )MR
x
e

e e g
e

e e

(3)

where qe is the set of electronic coordinates, E(t) ≡ EL(t)
cos(ωt + Φ) is the electric field, d(R,qe) is the dipole moment,
and ϵ ̂ is the unit polarization vector.
It is most convenient to solve the Schrödinger equation in

the interaction representation (with the R variable temporarily
suppressed for brevity)

ℏ − ·Ψ̲ = · − ·Ψ̲† †i
t

t t t t t t t
d
d
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MR
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where t0 represents some initial time long before the onset of
HMR(t), and
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with the (interaction representation) evolution operators
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Assuming the laser field intensity is weak enough so that first-
order perturbation theory is valid, the state in the interaction
representation assumes the form

∫− ·Ψ̲ = Ψ̲ +
ℏ

′ ·Ψ̲ ′† t t t t
i
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or in the Schrödinger ’s representation
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In order to gain physical insight, we now consider
excitation by a E(τ)δ(t − τ) pulse, for which VMR(R,t) =
D(R)E(τ)δ(t − τ), where

∫ ψ ψ≡ −ϵ̂· *D q q q qR R d R R( ) ( , ) ( , ) ( , )dx
e

e e g
e

e e

The assumption that the molecule is initially in the ground

electronic manifold, Ψ(R,t0) =
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is the Heaviside function. The physical picture that emerges is
that no population is excited before the arrival of the delta pulse
and that exactly at t = τ, where h(0) = 1/2 and Ue(τ − τ) = 1,
we have

τ τ τ

τ τ

Ψ =
ℏ

− Ψ

=
ℏ

Ψ

D
i

E U t t

D
i

E

R
R

R

R
R

( , )
( )

2
( ) ( ) ( , )

( )
2

( ) ( , )

x g 0 g 0

g (10)

Thus, at t = τ we form on the excited PES a replica of the
ground state wave packet times D(R)E(τ)/2iℏ, that evolves at t
> τ as

τ τ τΨ > = − Ψt U tR R( , ) ( ) ( , )x x x (11)

Using the above insight we now expand any time-dependent
function for the electric field as a series of delta pulses

∫ τ δ τ τ= −
−∞

∞
E t E t( ) ( ) ( )d
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and generalize eq 8 for a general pulse to obtain

∫ τ
τ τ τΨ =

−
ℏ

− Ψ
−∞

t
U t

i
D E U t tR R R( , )

( )
( ) ( ) ( ) ( , )d

t

gx
x

g 0 0

(13)

The excited wave packet is seen to be a sum of replicas
launched by all the delta pulses up to time t, evolving according
to the excited state Hamiltonian Hx.

17,18 Written in differential
form

ℏ Ψ = Ψ + − Ψi
t

t H t D E t U t t tR R R R
d
d

( , ) ( , ) ( ) ( ) ( ) ( , )x x x g 0 g 0

(14)

which is an inhomogeneous Schrödinger’s equation for the
excited state nuclear wave function Ψx(R,t) whose source term
is the field times the dipole operator times the ground
electronic state.
The great advantage of eq 14 is that it allows us to easily

realize varying degrees of incoherences in the light sources by
introducing random jumps in the center frequency and the
carrier-envelope phase of a select number of the δ function
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components of the electric field. Specifically, we write the
magnitude of each δ function component of eq 12 as

τ τ ω ω τ τ τ= + Δ + ΦE E( ) ( ) cos{[ ( )] ( )}L L (15)

The real-valued functions Δω(τ) and Φ(τ), which are taken to
be constant (zero) in time for coherent fields, serve as random
variables for incoherent light. Below, for example, phase jumps
are introduced every 7 fs on the average, a coherence time that
exceeds the 1.32 fs coherence time of solar radiation.19 The
resultant field correlation function ⟨E(τ + t)E(t)⟩ falls off
rapidly, becoming essentially zero within 2 fs.
The method adopted below is similar in spirit to the

quantum trajectories approach20,21 where the ensemble
associated with the electric field correlation function is built
up of a collection of individual realizations, each one given by
excitation with different random parameters. Two different
types of results are shown below. The first are results from
sample individual realizations, and the second are those
obtained as an average over the ensemble of realizations.
The natural photosynthetic apparatus is far smaller than the

wavelength at which sunlight is absorbed. As such, excitation is
not localized, but rather, energy eigenstates are excited. For this
reason, one can gain qualitative insight into the issue of
coherent vs incoherent excitation using even the simple model
adopted below.

■ RESULTS AND DISCUSSION
Consider then the results of numerical simulations by pulsed
coherent and incoherent light. Figure 1 displays the coherent
pulse and one specific realization of the incoherent light pulse,
in which we have chosen similar average values for the center
frequency and bandwidth, with rate of jumps of the center
frequency shifts and phase interruptions as described above.
The total energy flux, ∫ −∞

∞ |E(t)|2dt, is kept the same for the two
types of pulses.
As a model molecular system we consider the PES of the H2

+

molecular ion. We examined the photoexcitation from the
ground 1σg electronic state, to two model (dissociative or
bound) excited states of the 1σu symmetry. We assumed that

these two states are decoupled from one another in order to
reduce the dynamics to that of a sum of the individual ground
to excited state transitions of eq 14. Although this is a model
system, the general results that emerge are expected to apply to
a wide variety of systems.
We assume that at t0 = 0 the ground state wave function is a

ro-vibrational energy eigenstate with zero angular momentum.
The excitation field is linearly polarized, and the transition
dipole function is given as D(R) = D(R)Y1

0(θ) where R is the
internuclear separation vector and θ the angle between the
nuclear axis and polarization direction. We model |D(R)| ≈ R/2
au as in H2

+.22

Writing the J = 1 wave function as a product of vibrational
and angular parts Ψx(R,t) = Y1

0(θ,ϕ)Ψx(R,t), and using atomic
units, transforms eq 13 to
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The excited state propagator for the J = 1 channel is given as
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with μ being the reduced mass associated with the R
coordinate.
Using eqs 14 and 16, we have

ψ
ψ ψ= − += −R t

t
iH R R t D R E t R

d ( , )

d
( ) ( , ) ( ) ( )e ( )x J iE t

x
1

x g
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Figure 1. Upper left panel: a sample realization of incoherent light. Upper right panel: magnified view. The center wavelength is ∼455 nm
(corresponding to center energy of 0.1 hartree). The pulse has an envelope function of EL(t) ≈ [sin(πt/200 fs)]0.1 for 0 < t < 200 fs and is zero
elsewhere, chosen to simulate CW behavior with smooth turning on and off. The incoherent light is somewhat more coherent than solar radiation
since we introduce, every 7 fs on the average, a random phase jump in the [−π,π] range, at a center frequency shift in the ±0.0175 hartree range.
Lower left panel: A coherent pulse (denoted “TL” for transform limited) whose envelope is EL(t) ≈ exp[−(t − 6 fs)2/2(1.6 fs)2]. A portion of the
incoherent pulse from the upper panels is shown for comparison. Lower right panel: The frequency profile of the pulses of coherent and a single
realization of incoherent light, demonstrating that both light sources share the same center frequency and the same spectral bandwidth.
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Finally transforming to radial wave functions ug,x(R,t) =
RΨg,x(R,t), we obtain the radial analogue of the inhomogeneous
Schrödinger equation

μ
= − − +

+
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u R t
d
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W R u R t
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2 x
1

x

g
g

(20)

By modeling the electric field E(t) as in Figure 1 and
choosing ug(R) as the v = 5 vibrational state such that the field’s
wavelength is appropriate for the electronic excitation, we used
eq 20 to propagate the excited radial wave functions ux

(1)(R,t)
and ux

(2)(R,t) in electronic states 1 and 2, from t = 0 to 300 fs,
using time-steps of 0.003 fs and radial-steps of 0.02 Bohrs. We
analyze the motion of the ux

(1)(R,t) and ux
(2)(R,t) pair that has

originated from the same ground electronic state for two cases:
(A) continuum dynamics for a pair of purely repulsive
exponentially decaying excited potentials and (B) bound state
dynamics for a pair of Morse potentials, where a heavier
reduced mass, μ = 5 × 918 au is used. Sample plots of the wave
packets, for these two cases, subject to the coherent and
incoherent modes of excitation, are presented in Figures 2. In

the case of the incoherent excitation, the results of a single
random realization is shown.
The completed wave packets resulting from incoherent light

excitation are seen to be choppy and highly unstructured. In the
case of the repulsive potentials, following the excitation step,
these wave packets spread out in configuration space much
more rapidly, while covering much larger extensions, than do
the coherently excited cases. The situation is even more
dramatically seen in the bound state excitation cases where the
wave packets resulting from the incoherent light excitation
exhibit a significantly smaller number of coherent oscillations as
compared to excitation by coherent pulses, and a highly
irregularly structured wave function is seen.
The above results show characteristics of the excited state

wave functions on individual electronic states. Also of interest,
in particular with respect to experimental studies of long-lived
coherences, is the persistence of electronic coherence, a
property related to several electronic levels. To examine this
we calculate the electronic coherence given by ρ1,2(t), the off-
diagonal element of the density matrix of the two electronic
states, traced over the nuclear spatial coordinate

Figure 2. Spatiotemporal plots of the modulus-squared radial wave functions of the vibrational wave packets, ux
(1,2)(R,t). Top row is for case (A):

purely repulsive excited state-1 and state-2 potentials. Bottom row is for case (B): bound Morse wells. The functional forms for both types of PES
correspond to the first and third cases in Figure 3. Figures associated with the incoherent pulse refer to a single sample realization.
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∫ρ = *t u R t u R t R( ) ( , ) ( , )d1,2 x
(1)

x
(2)

(21)

Because the coherence is obtained via first-order perturbation
theory, it is convenient to normalize ρ1,2(t) by dividing it by
ρ1,1(t) + ρ2,2(t), the density matrix trace, giving

ρ

ρ ρ
=

+
C t

t

t t
( )

( )

( ) ( )
1,2

1,1 2,2 (22)

In this way we factor out the effects of the total excitation yield
that are of no interest for this comparative study. Note also that
eq 21, by averaging over vibrations, includes the effect of
decoherence due to the vibrational degree of freedom on the
electronic coherences. The resultant normalized coherences
C(t) are plotted in Figure 3, for different choices of the PES for
the two electronic states, under the action of the two types of
fields. Interestingly, in the case of incoherent light, convergence
for the results shown were obtained with averaging over only
ten realizations of the electric field.
These plots clearly show that for incoherent field excitations

the magnitude of the coherence C(t) decays at a much faster
rate than that of the coherent pulse, approaching a much lower
asymptotic value than that of the coherent case. This is
especially so, as shown in the middle row of Figure 3, when
coherence C(t) is not significant to begin with, in the coherent
case, due to small Franck−Condon overlap regions of the two
surfaces. In the case of the bound Morse potential wells, clear

and gradual decoherence of the two wave packets is observed
for the case of coherent excitation. This is in strong contrast
with the incoherent pulse excitation, where the coherence C(t)
decays almost immediately.
In all of the three cases, the final electronic coherence

induced by the incoherent field is a small fraction of the
coherence generated by the coherent case. Thus, we find that
the incoherence of the light eliminates long-lived coherences
when the excitation is carried out with pulses of solar-like
incoherent sources.
Several comments are in order. First, note that decoherence

observed here does not include additional environmental effects
since the molecule is isolated, i.e., the system is closed. Rather,
the observed fast coherence loss arises, in the incoherent light
case, from the nature of the two wave packets as they move
away from one another. That is, the molecular vibration serves
as the decohering environment,23,24 and it is particularly
effective in this case due to the highly unstructured and choppy
nuclear wave functions created by incoherent light. If, in
addition, coupling to an external environment is present, the
decay of electronic coherence will also reflect this coupling.16

As a consequence, long-lived electronic coherences are not
expected to persist in realistic open systems irradiated with
incoherent sources.
Second, note that the incoherent light source used above acts

over a 200 fs time scale. Thus, although the short coherence
time of natural incoherent light is represented in this

Figure 3. Left column: PES and the v = 5 vibrational wave function. Top panel: Repulsive PES of the form Wx
(i)(R) = W0

(i) exp[−(R − R0
(i)/a(i)] +

W∞
(i), i = 1,2; where W0

(1) = 0.1 hartree, R0
(1) = 3.3 Bohr, a(1) = 1.0 Bohr, W∞

(1) = 0; W0
(2) = 0.1 hartree, R0

(2) = 3.0 Bohr, a(2) = 1.2 Bohr, W∞
(2) = 0.005

hartree. Middle panel: W0
(2) = 0.1 hartree, R0

(1) = 3.3 Bohr, a(1) = 1.0 Bohr, W∞
(1) = 0 hartree; W0

(2) = 0.1 hartree, R0
(2) = 2.5 Bohr, a(2) = 1.0 Bohr, W∞

(2)

= 0.01 hartree. Bottom panel: Wx
(i)(R) = W0

(i)[1 − e−(R−R0
(i))/a(i)]2 + W∞

(i), i = 1,2; where W0
(1) = 0.1 hartree, R0

(1) = 5.0 Bohr, a(1) = 2.5 Bohr, W∞
(1) = 0

hartree;W∞
(2) = 0 hartree, R0

(2) = 5.01 Bohr, a(2) = 2.53 Bohr,W∞
(2) = 0.01 hartree. Right column: The absolute value of C(t); the normalized electronic

coherence resulting from coherent and incoherent light excitation for the three different PES of the left column. The results for the incoherent light
were averaged over a set of 10 random-jump realizations. (Additional realizations did not significantly alter the results.)

The Journal of Physical Chemistry A Article

dx.doi.org/10.1021/jp4023986 | J. Phys. Chem. A 2013, 117, 8199−82048203



computation, there are two significant differences between the
results of this computation and that which would result from
solar irradiation, which acts over far longer times, and that is is
effectively CW. First, any pulse possesses some degree of
coherence due to the pulse envelope.11 Hence, the incoherent
pulse used here possesses more coherence than would natural
solar radiation that is incident for minutes or longer. Second, at
such long times, as discussed elsewhere,11,14 long time
excitation of isolated molecules using natural incoherent light
leads, when averaged over realizations, to stationary eigenstates
of the Hamiltonian that do not evolve in time. Relaxation in
open systems also leads to mixtures of stationary states.16

■ CONCLUSIONS

This article has shown that the nature of the light-induced wave
function, as well as the rates of electronic coherence in
molecules, strongly reflect the coherence properties of the
incident radiation. Coherent light pulses produce well localized
wave packets, whereas incoherent pulses produce irregularly
structured coordinate space densities. In addition, we have
calculated electronic coherences in the photoexcitation of a
molecule into a superposition of two electronic states, using the
two types of electromagnetic pulses with different degrees of
coherence. The results show decreased electronic coherence
values and much faster decoherence rates when the excitation is
conducted with pulsed incoherent light than with excitation
with coherent pulses of the same center frequency and spectral
bandwidth. Thus, even in the absence of external environ-
mental effects, the random character of the incoherent light
enhances decoherence. This study adds considerable support to
the conclusion14,16,25 that excitation with coherent vs
incoherent results in substantially different dynamical behavior.
As such, modern coherent pulsed laser experiments on
biological molecules do give insight into the nature of the
system and its coupling to the surrounding environment but do
not necessarily imply that similar dynamical behavior will be
observed under natural illumination with incoherent light.
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