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Photo-initiated processes in molecules often involve complex situations where the
induced dynamics is characterized by the interplay of nuclear and electronic degrees of
freedom. The interaction of the molecule with an ultrashort laser pulse or the coupling at
a conical intersection (CoIn) induces coherent electron dynamics which is subsequently
modified by the nuclear motion. The nuclear dynamics typically leads to a fast electronic
decoherence but also, depending on the system, enables the reappearance of the
coherent electron dynamics. We study this situation for the photo-induced nuclear and
electron dynamics in the nucleobase uracil. The simulations are performed with our
ansatz for the coupled description of the nuclear and electron dynamics in molecular
systems (NEMol). After photo-excitation uracil exhibits an ultrafast relaxation mechanism
mediated by CoIn’s. Both processes, the excitation by a laser pulse and the non-adiabatic
relaxation, are explicitly simulated and the coherent electron dynamics is monitored
using our quantum mechanical NEMol approach. The electronic coherence induced
by the CoIn is observable for a long time scale due to the delocalized nature of the
nuclear wavepacket.

Keywords: quantum dynamics, coupled nuclear and electron dynamics, electronic coherence, conical

intersection, photo-excitation, uracil

1. INTRODUCTION

The interaction of molecular systems with light induces numerous chemical processes which can
be natural, such as vision [1–3] and photosynthesis [4–7], or artificial like organic photovoltaics
[8–12] and photocatalysis [13, 14]. In these processes a molecule often absorbs light with a
wavelength in the visible or ultraviolet range where electrons are promoted from the molecular
ground state to higher electronic states. The excited molecule can undergo radiative or non-
radiative decay processes. Only the non-radiative processes can lead to photo-chemical reactions
which are often mediated by non-adiabatic transitions [15]. The necessary non-adiabatic couplings
(NACs) between the states involved are only present in the vicinity of a conical intersection (CoIn)
[16–18] or an avoided crossing. Depending on the number of degrees of freedom these CoIn’s are
extraordinary points, seams or even higher dimensional crossing spaces. Besides the possibility of
non-radiative relaxation they lead to the breakdown of the adiabatic separation between nuclear
and electronic motion and equalize the time scales of their dynamics. Overall the excitation process
and the non-adiabatic transitions are complex situation where both nuclear and electronic motion
and their interaction play a key role. In order to simulate these situations a theoretical approach is
needed that can describe the coupled nuclear and electron dynamics in a molecular system.
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Most methods which can describe the electron dynamics
are often modified versions of their well-known quantum-
chemical counter parts and neglect the influence of the
nuclear motion [19–23] or treat it classically [24–27]. One
of the possibilities to treat both the nuclear and the electron
dynamics in a molecular systems is the quantum-mechanical
NEMol ansatz [28–32]. Within this ansatz the electronic
wavefunctions are propagated in the eigenstate basis and
coupled to the nuclear wavepacket propagated on coupled
potential surfaces. Compared to similar but more expensive
approaches based on the coupled propagation of the nuclear
and electronic wavefunction on a single time-dependent
potential energy surface [33–36], in NEMol the feedback of
the electron motion to the nuclear dynamics is less directly
included. In the beginning we give a brief introduction to
the NEMol ansatz and how we determine the time-dependent
electron density. This density is used to distinguish the
Born-Oppenheimer part of the dynamics from the coherent
electron dynamics. With the help of the NEMol ansatz
the electron and nuclear dynamics along a photo-induced
relaxation process in molecular systems can be simulated,
including both interaction with a laser pulse and non-
adiabatic events.

In the main part of this paper we apply NEMol to derive
photo-induced dynamics in uracil which is one of the four
nucleobases in RNA. Like all other nucleobases uracil absorbs
mainly in the UV range due to an accessible π −→ π∗

transition [37, 38]. After the excitation uracil can undergo
harmful chemical modifications, such as methylation or base
alteration [39–41]. The altered structures and the subsequent
changed base pairings can lead to mutations, genomic instability
and cancer [37, 40, 42]. To prevent potential mutations in
advance, the inherent photostability of the nucleobases is a
key factor, assuring that the vast majority of photoexcitations
do not lead to harmful modifications [37]. The photostability
of all nucleobases is due to the presence of fast relaxation
mechanisms back to the ground state. Uracil exhibits an
ultrafast relaxation mechanism with experimentally observed
relaxation times between 50 fs and 2.4 ps [37, 43–46]. The
relaxation is mediated via CoIn’s between the first two excited
states and has been well-studied using quantum-dynamics on
two-dimensional surfaces [47, 48], as well as semi-classical
approaches allowing for all degrees of freedom [38, 49–51].
As already demonstrated [52] the coherence induced by these
CoIn’s is long-lived since the non-adiabatic transition is rather a
continuous process due to the delocalized nature of the nuclear
wavepacket. We are following the photoinduced dynamics in
uracil starting with the explicit simulation of the excitation
processes via a laser pulse up to the relaxation via CoIn’s. During
the whole process NEMol is used to monitor the temporal
evolution of the electron dynamics. The simulations demonstrate
that the electron dynamics even in large molecular systems
reflect coherence, decoherence, and reappearance due to nuclear
motion. In previous work the effect of decoherence has been
discussed from the nuclear dynamics side [53–55], and the
reappearance has been reported for small molecular systems
[56–58].

2. COUPLED NUCLEAR AND ELECTRON
DYNAMICS IN MOLECULES (NEMol)

To describe the coupled nuclear and electron dynamics it is
necessary to determine the temporal evolution of the total
molecular wavefunction. This is realized with our NEMol ansatz
[28–30]. In a system with multiple electronic states the total
wavefunction 9tot(r,R, t) can be expressed as a sum over the
products consisting of the electronic wavefunctions ϕ(r, t;R) and
the wavefunctions of the nuclei χ(R, t) (see Equation 1), with the
nuclear and electronic coordinates R and r and the time t. In
this ansatz both the electronic and the nuclear wavefunctions are
explicitly time-dependent.

9tot(r,R, t) =
∑

i

χi(R, t) · ϕi(r, t;R). (1)

The electronic wavefunctions ϕi are parametrically depending
on the nuclear coordinates R and define a multi-dimensional
vector comprising the electronic states involved. Analogously,
the total nuclear wavefunction χtot is given by a multi-
dimensional vector composed of the nuclear wavefunctions
χi residing in the i potential surfaces. Its temporal evolution
is simulated on coupled potential energy surfaces (PES), for
details see Supplementary Section I. Multiplying 9tot(r,R, t)
from the left with χtot and the subsequent integration over the
nuclear coordinates results in an expression of the coupled total
electronic wavefunction [28–30].

8tot(r, t; 〈R〉(t)) =
∫

χ∗
tot(R, t) · 9tot(r,R, t)dR (2)

The individual components 8j of this vector are defined by the
following equation:

8j(r, t; 〈R〉(t)) = Ajj(t) · ϕj(r, t; 〈R〉(t))

+
∑

k 6=j

Ajk(t) · ϕk(r, t; 〈R〉(t)), (3)

with Ajk(t) =
〈

χj(R, t)
∣

∣χk(R, t)
〉

R
. (4)

The time-dependent populations Ajj(t) and the time-dependent
nuclear overlap terms Ajk(t) are determined by the nuclear
quantum-dynamics simulation. The overlap terms specify the
degree of coherence induced between two states j and k. If
the coupling between the electronic states is weak, the nuclear
wavefunctions propagate independently and the overlap term
becomes zero. In this case, the coupled electronic wavefunctions
8j in Equation (3) become equivalent to the uncoupled electronic
wavefunction ϕj. All electronic wavefunctions coupled and
uncoupled are parametrically depending on the time-dependent
expected value of the position 〈R〉(t). This means that the coupled
electronic wavefunctions are evaluated at one single nuclear
geometry which changes with time. The time evolution of the
ϕj(r, t; 〈R〉(t)) is determined by the deformation of the electronic
structure induced by the nuclear motion and the propagation in
the electronic phase space [28–30].

ϕj(r, t; 〈R〉(t)) = ϕj(r; 〈R〉(t)) · e
−iξj(t) (5)
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Here the ϕj(r; 〈R〉(t)) are the real-valued electronic
wavefunctions of the relevant electronic states and ξj(t) is
the electronic phase factor computed by numerical integration
of the electronic eigenenergies Ej(〈R〉(t)) over time.

ξj(t) =
∫ t

0
Ej(〈R〉(t))dt. (6)

In practice the calculation of ξj(t) has to be done recursively
to retain the memory of the progressing electronic phase since
Ej(〈R〉(t)) changes with propagation time

ξj(t) = Ej(〈R〉(t))1t + ξj(t − 1t). (7)

Thereby the propagation velocity of the phase in the complex
plane changes smoothly in time while the nuclear wavepacket
propagates. Within the original NEMol a much smaller time step
must be used for the calculation of the phase term ξj(t). The
coupled total electronic wavefunction is used to determine the
coupled one-electron density ρ(r, t; 〈R〉(t)) [28–30].

ρ(r, t; 〈R〉(t)) =
∑

j

Ajj(t)ρjj(r; 〈R〉(t))

+
∑

k>j

2Re
{

Ajk(t)ρjk(r; 〈R〉(t))e
−iξjk(t)

}

, (8)

with ξjk(t) = 1Ejk(〈R〉(t))1t + ξjk(t − 1t). (9)

The first summation consists of the state specific electronic
density ρjj(r; 〈R〉(t)) weighted with the corresponding time-
dependent population Ajj(t). The second summation defines
the coherent contribution to the coupled electron density
and consists of the time-dependent overlap Ajk(t), the one-
electron transition density ρjk(r; 〈R〉(t)) and its pure electronic
phase ξjk(t) defined by the energy difference 1Ejk between the
electronic states involved. This coherent part of the density
can be induced by an interaction with a laser pulse or by
non-adiabatic coupling events. For non-dissociative molecular
dynamics like in uracil the time-dependent overlap determines
the disappearance and especially the potential reappearance of
the coherent electron dynamics.

To go beyond this single geometry approximation we
introduced the NEMol-grid [32] where the full nuclear
coordinate space is split up into segments for which partial
densities are calculated. In the limit the NEMol-grid is equal to
the grid for the nuclear wavepacket propagation, but in practice
we choose a coarser one. The partial densities ρml(r, t;Rml) are
defined by:

ρml(r, t;Rml) =
∑

j

αml
jj (t)ρjj(r;Rml)

+
∑

k>j

2Re
{

αml
jk (t)ρjk(r;Rml)e

−iξml
jk

(t)}
, (10)

with ξml
jk (t) = 1Ejk(Rml)1t + ξml

jk (t − 1t). (11)

The population terms αml
jj (t) and the overlap terms αml

jk
(t)

are calculated by integration over the wavepackets within the

boundaries of the segments. At the center Rml of each segment
the state specific electronic densities ρjj(r;Rml), the one-electron
transition densities ρjk(r;Rml), and the pure electronic phase

ξml
jk
(t) are determined. Since the positions Rml do not vary with

time the time step for the calculation of the phase term can be
chosen larger than for the original NEMol. In this work a time
step of 1 a.u. is used. To obtain the total coupled electron density
the individual contributions for each segment are summed up.

ρ(r, t;R) =
M

∑

m=1

L
∑

l=1

ρml(r, t;Rml). (12)

This total coupled one-electron density ρ(r, t;R) (also called full
electron density in the following) contains the information of
all partial densities determined at multiple grid points weighted
with the corresponding population and overlap terms. This is
a significant difference from the original NEMol where the
electronic structure was only considered at one geometry. To
visualize the coupled one-electron density the weighted average
R of all Rml is formed. The NEMol-grid extension is used to
sample the nuclear wavefunction to improve the resolution of the
spatial dependence of the electronic phase term. This is crucial for
situations where the nuclear wavepacket is delocalized and only
parts of the wavepacket induce coherence in the system. As this
is increasingly the case for two and more dimensional systems,
the expected value of the position 〈R〉(t) is no longer appropriate
to capture the electron the electron dynamics. Since uracil is such
case we apply the NEMol-grid for all calculations in this work. To
study the electron dynamics the induced dipole moment vector Eµ
is calculated using the coupled one-electron density:

Eµ(t) =
∫

dErρ(r, t;R) · Er. (13)

If the entire dynamics or at least parts of it can be described by
two coupled states, it is possible to obtain a simplified description
of the electron density in the one-electron-two-orbital (1e-2o)

FIGURE 1 | Uracil molecule at the Franck-Condon point. The studied carbonyl
group is indicated in purple. Carbon atoms are shown in gray, hydrogen in
white, oxygen in red, and nitrogen in blue.
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picture, which was derived and successfully applied in reference
[32]. Based on the assumption that the two states are described
by two Slater determinants, which only differ in the occupation
of one spin orbital θ , it is possible to condense the coupled
dynamics in a simple 1e-2o-density. The following Equation (14)
is based on the original NEMol ansatz (see Equation 8), but
the 1e-2o-density can also be determined in combination with
the NEMol-grid.

ρ1e2o(r, t; 〈R〉(t)) = A11(t)|θ1(r; 〈R〉(t))|
2 + A22(t)|θ2(r; 〈R〉(t))|

2

+ 2Re
{

A12(t)θ1(r; 〈R〉(t))θ2(r; 〈R〉(t))e
−iξ12(t)

}

.
(14)

Neglecting the contributions of the equally occupied orbitals, the
first two terms represent the remaining two orbitals weighted
with their respective population Ajj(t). The third term denotes
the coherence between the states characterized by the product of
the two orbitals.

3. PHOTO-INDUCED DYNAMICS OF
URACIL

In this work we investigate the photo-induced nuclear and
electron dynamics of the nucleobase uracil with NEMol. The
geometry of uracil at the Franck-Condon (FC) point is depicted
in Figure 1. Uracil is characterized by an ultrafast photo-
relaxation channel starting in the second excited state (S2) which
is mediated by CoIn’s. As shown in previous studies [47, 48], the
photo-excitation and the initial steps of the subsequent relaxation
can be well-described on two-dimensional PES. We adopt these
adiabatic PES, which were first reported by Keefer et al. [47]
and later modified [52, 59]. The underlying two-dimensional
coordinate space spanned by the vectors q1 and q2 includes all
relevant structures, the FC point, the S2 minimum, the optimized

S2/S1 CoIn and also parts of the associated CoIn seam. Both
vectors are depicted on the right side of Figure 2. The resulting
PES for the bright S2 state is shown on the left of Figure 2. The
potential surface exhibits a double-well structure with a small
barrier separating the S2 minimum on the top left from the CoIn
seam on the bottom right (black). Further information about the
simulations can be found in the Supplementary Section I. The
molecular orientation within the laboratory frame is chosen in
such a way that the molecular plane is equal to the xy-plane at
the FC point and the center of mass defines the origin of the
laboratory frame (see Figure 1). To initiate the dynamics and
promote the system from the electronic ground state to the S2
state we use a Gaussian shaped pulse. Its parameters were adapted
from a previous work [47]. The pulse has a central frequency ω0

of 6.12 eV, a full width at half maximum (FWHM) of 30 fs and
a maximum field strength of 0.036GV cm−1. This maximum is
reached after 40 fs simulation time. The light-matter interaction
is treated within the dipole approximation. We assume that the
electric component of the pulse is optimally aligned with the
transition dipole moment whose absolute value is used. The
complete temporal evolution of the population of all three states
is shown in Figure 3. The excitation pulse is active in the time
period between 10 and 75 fs and leads to an S2 population
yield close to 90%. The motion of the wavepacket in the S2
state is indicated in white in Figure 2. The wavepacket evolves
from the FC point toward the S2 minimum and oscillates back
near the FC region. After this first oscillation period (about
80 fs) a part of the wavepacket splits and travels toward the
CoIn seam. At around 100 fs the population of the S2 state
starts to decay. During the following oscillations this behavior
continues leading to a rather continuous flow of population into
the S1 state.

The NEMol simulations are used to monitor the coupled
nuclear and electron dynamics of uracil during the first 200 fs.
We assume that the coherent part of the electron dynamics

FIGURE 2 | Potential energy surface of the bright S2 state of uracil with indicated CoIn seam (black) and a schematic representation of the path of the wavepacket
(white). The energy scale is given with respect to the global minimum of the S0 potential energy surface. The two coordinate vectors defining the two-dimensional
coordinate space are shown on the right. Only contributions larger than 0.3 Å are depicted.
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FIGURE 3 | Populations of the S0, S1, and S2 state as a function of the
simulation time. The envelope of the excitation pulse is indicated in gray.

is only active during the laser pulse excitation and when the
wavepacket is interacting with the CoIn seam. Since these two
events are spatially and temporally separated from each other
we split our simulation into two parts. Within the interval of
the excitation process (0–75 fs) we calculate the coupled electron
density including only the properties (densities, population and
overlap) of the S0 and S2 states. In the second part (75–200 fs),
characterized by the relaxation via the CoIn seam, we include
only the properties of the S1 and S2 states. For both cases we use
a NEMol-grid of 14 × 10 segments equally distributed between
−0.37 and 1.57Å in the q1 coordinate and from −0.57 to 0.86Å
in the q2 coordinate, shown in Supplementary Figure 1. For
each of these segments the population terms and the overlap
terms of the involved states were determined. The population
outside the NEMol-grid was added to the nearest segment on
the edge of the grid. For the detailed analysis of the electron
dynamics we focus on two quantities, the induced dipole
moment and the temporal evolution of the local density at the
upper carbonyl group (marked in purple in Figure 1). Both are
observables, e.g., the fluctuations in the local density could be
probed by transient X-ray absorption spectroscopy [60, 61]. Both
observables show qualitatively very similar features. The results
for the induced dipolemoment are presented and discussed in the
manuscript, while the ones for the local density are shown in the
Supplementary Material. We should note that for the excitation
dynamics it is important to ensure that the phase information of
the laser pulse is solely imprinted on the electronic wavefunction
and not also on the nuclear wavefunctions. In our previous
work [62, 63], this was realized by calculating the dynamics in
the rotating-wave-approximation to describe the laser-induced
coupling between the molecular states. In this work we have
chosen to remove the phase information of the laser pulse from
the nuclear overlap terms.

FIGURE 4 | Molecular orbital schemes for the S0 −→ S2 excitation with the
active electron indicated in green and corresponding orbitals at the
Franck-Condon point. Orbitals are shown with an isovalue of 0.05.

FIGURE 5 | Snapshots of the electron density and the difference in density
relative to the density at t = 0 fs (green electron-loss, orange electron-gain) for
the excitation-pulse induced dynamics between 0 and 75 fs. The isovalues
used are 0.08, respectively ±0.003.

3.1. Excitation-Pulse Induced Dynamics
The dynamics induced by the laser pulse excitation is basically
characterized by the excitation of one electron from a bonding π

orbital into an anti-bonding π∗ orbital. This process is illustrated
in Figure 4. For the following analysis we calculate the full
coupled electron density according to Equation (12).

Snapshots of the full coupled electron density are depicted
in Figure 5. The excitation process follows with slight delay
the profile of the resonant light pulse (Figure 3). Close to its
maximum we observe a slight backtransfer from S2 to S0.
Thereafter the S2 population smoothly further increases up to
nearly 100% reached at 52 fs. Toward the end of the pulse (at
60–70 fs) about 5% of the population is transferred back to the
ground state. In total, 92% of the population was promoted into
the S2 state. With the naked eye nearly no variation is visible
in the temporal evolution of the full electron density (top row
Figure 5). However, studying the difference in density (bottom
row) recorded with respect to the one at t = 0 fs the change
in the bonding/anti-bonding pattern of the π-system becomes
observable. In addition the deplanarization of the molecule leads
to changes in the σ -system. The corresponding snapshots of the
1e-2o-density can be found in Supplementary Figure 4.

The temporal evolution of the induced dipole moment (DM)
is determined with and without the coherent part of the coupled
electron density included. The difference 1DM is used to
monitor the part of the dipole moment which is induced by the
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FIGURE 6 | Temporal evolution of the dipole moment components for (A) the calculation with the full density and (B) for the difference (1DM) between the dipole
moment calculated with and without the coherence term included. The 1DM are only shown for the for x- and y-components. The envelope of the excitation pulse is
indicated in gray. (C) Fourier spectra of x-1DM and y–1DM. All spectra are normalized to one. (D) Comparison of y–1DM (green) and the electric field of the
excitation pulse (black).

coherent electron dynamics. The DM components, the 1DM
along the x- and y-coordinate and their Fourier transforms are
shown in Figure 6. In addition also the comparison of the y–
1DM signal and the laser field is depicted. In the beginning of
the excitation process the wavepacket mostly remains near the FC
point and the molecular geometry stays planar in the xy-plane.
Therefore, up to 30 fs the z-component of the induced dipole
moment stays zero. After this period the wavepacket movement
toward the S2 minimum breaks up the planar structure and
small modulations of the z-component are observed. Compared
to the other two components it does not change significantly
and is neglected for the further analysis. Regarding the x- and
y-components of the DM, two main features are apparent.
There is an overall increase (y-component), respectively decrease

(x-component) in the DM which is modulated by a slow
oscillation with a period of about 40 fs caused by the initial
nuclear wavepacket motion around the S2 minimum. The
second feature is an extremely fast oscillation which is especially
dominant in the range of 10–45 fs. With the help of the 1DM
components (Figure 6B) these fast oscillations can be attributed
to the coherent electron dynamics. Close to the pulse maximum
a pronounced destructive interference appears around 35 fs
which coincides with the slight backtransfer of the population
(Figure 3). The Fourier transforms (Figure 6C) of the two 1DM
signals clearly reveal that both components share the same main
frequencies at 6.18 eV. These frequencies agree very well with
the excitation frequency of 6.12 eV. A table of all observed
frequencies with an intensity larger than 0.1 can be found in
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FIGURE 7 | Time-windowed Fourier transform of the y-component of 1DM.
The Fourier spectrogram is normalized and a Gaussian window function with a
width of 120 data points corresponding to a time of 2.9 fs is used.

Supplementary Table 1. If we now compare the time evolution
of the electric field of the pulse with the evolution of y–1DM
(Figure 6D) this good agreement is confirmed and furthermore
a maximum phase shift of about 0.5π between the field and the
coherent part of the induced dipole moment can be recognized as
expected [62, 63]. That means there is a briefly delayed response
of the electron dynamics to the laser pulse. Also the beginning
of the destructive interference of the electron wavefunctions at
33 fs is visible. In a final step of the analysis we have used a time-
windowed Fourier transform of the y–1DM signal to determine
the time at which the observed frequencies occur. In Figure 7 the
result of the time-windowed Fourier transform is shown applying
a Gaussian window function with a width of 120 data points
corresponding to a time of 2.9 fs.

In the spectrogram only frequencies in an energy window
between 5.5 and 7 eV are visible. During the simulation these
frequencies are occurring twice, once between 10 and 45 fs
with the maximum being located between 25 and 35 fs, and
a second time much weaker from 60 fs onward. The first one
is directly induced by the laser pulse and the starting point
of this signal matches with the beginning of the population
transfer into S2 state. The second occurrence takes place at the
end of the excitation pulse. Until then parts of the wavepacket
traveled back to the FC area and are again resonant with the
excitation pulse. This enables backtransfer from the S2 state to
the ground state creating again non-zero nuclear overlap terms in
Equation (10) and thus coherent electron dynamics. As described
in the theory section instead of using the total coupled electron
density it is also possible to perform the calculations in the
1e-2o picture (see Equation 14). Besides small deviations, the
results in the 1e-2o picture are quite similar and can be found
in the Supplementary Material. A complete summary of all

FIGURE 8 | Molecular orbital schemes for the S2 −→ S1 relaxation with the
active electron indicated in green and corresponding orbitals at the
Franck-Condon point. Orbitals are shown with an isovalue of 0.05.

performed analyses of the coupled electron density can be found
in Supplementary Section IIIA. In summary, the laser pulse
builds up electronic coherence in the molecule. The subsequent
nuclear movement leads to decoherence within 10 fs, but about
40 fs later a weak reappearance of the signal due to laser coupling
is observed.

3.2. Conical Intersection Induced Dynamics
Since the coupled dynamics of the excitation process is well-
described in the 1e-2o picture, we also performed the simulation
for the conical intersection induced dynamics in this picture. The
two active orbitals which are required to describe the NEMol-
dynamics according to Equation (14) are shown in Figure 8 at
the FC point. In this simplified picture the CoIn dynamics is
characterized by the transfer of one electron from a non-bonding
orbital into a bonding π orbital.

The population dynamics in the time window from 75 to
200 fs and snapshots of the coupled electron density in the
1e-2o picture are depicted in Figure 9. The corresponding
snapshots obtained with the full electron density are show in
Supplementary Figure 11. A slow but steady decay of the S2
population indicating two shallow steps (from 110 to 160 fs and
from 170 to 200 fs) is visible. This rather continuous relaxation
process is due to the delocalized nature of the nuclear wavepacket.
In the 1e-2o picture the variation in the temporal evolution of
the electron density is clearly visible (top row Figure 9B). For
illustration also the difference in density with respect to the one
at t = 75 fs is depicted. The snapshots reveal a transition from an
exclusive non-bonding character at 75 fs to a mixed non-bonding
and π character at 195 fs. Over the observed time the majority
of the density is located at the upper oxygen atom, but the two
left carbon atoms gain more and more density and a π-bond
is formed.

For further analysis the temporal evolution of the induced
dipole moment calculated with and without the coherent part
of the electron density included was determined. The resulting
DM components, the 1DM of the x- and y-components and
their Fourier transforms are shown in Figure 10. In addition
the time-windowed Fourier transform of the y–1DM signal is
depicted there, applying a Gaussian window function with a
width of 2.9 fs. As for the excitation dynamics, the z-component
of the induced dipole moment does not play a major role and is
neglected also in the discussion of the CoIn induced dynamics.
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FIGURE 9 | (A) Temporal evolution of the population of the S1 and S2 state
during the time period between 75 and 200 fs. (B) Snapshots of the 1e-2o
electron density and the difference in density relative to the density at t = 75 fs
(green electron-loss, orange electron-gain) in the 1e-2o picture.The isovalues
used are 0.002, respectively ±0.0008.

In the overall picture the x-component exhibits a slow and rather
small increase, only the y-component shows significant changes
and decreases step-wise analogously to the population in S2.
Since the electron density moves mainly along the y-coordinate
(see Figure 9B), it is logical that this component changes most.
Superimposed weak and fast oscillations can be recognized for
the y-DM signal and to some extent also for the x-DM signal.
As in the previous analysis of the laser induced dynamics these
oscillations can be assigned to the coherent electron dynamics.
Using the 1DM components (see Figure 10B), intervals with
fast oscillations and with slow oscillations can be identified. For
the y-component the fast ones appear in the range from 75 to
100 fs, around 120 and 180 fs while the slow ones have larger
amplitudes and appear from 100 to 120 fs, 130 to 170 fs, and
after 180 fs. Correspondingly two prominent frequency bands
occur in the Fourier transforms (Figure 10C) of these two
1DM signals. For the y-component, e.g., the stronger band is
centered in a range from 0.25 to 0.75 eV and a weaker band
is located between 0.9 and 1.25 eV. A table of all observed
frequencies with an intensity larger than 0.1 can be found
in Supplementary Table 3. Again, as final step of the analysis

we performed a time-windowed Fourier transform of the y–
1DM signal using a Gaussian window function with a width
of 2.9 fs. Compared to the case of the laser induced 1DM
(see Figure 7) the spectrogram (Figure 10D) shows significantly
more structured signals. We observe two main peaks in an
energy range from 0 to 0.75 eV at 170 and 195 fs and additionally
many weaker signals in the same energy region, as well as for
higher frequencies (1.0–1.25 eV). The frequencies appearing at
early times (75–100 fs) origin from the first parts of the nuclear
wavepacket reaching the coupling region but not actually the
CoIn seam. This explains the higher energy reflecting the actual
energy gap 1E. Later at 100 fs also lower frequencies appear
as the wavepacket now hits the CoIn seam and the energy gap
between the states closes. From now on parts of the moving
nuclear wavepacket can be found close to the CoIn or in its
environment. The intense signals at 170 and 195 fs correlate
with the efficient transitions through the CoIn (see Figure 9A).
The same simulations were also performed to obtain the total
coupled electron density according to Equation (12). Comparing
the results of the full and the 1e-2o density, the same frequencies
and pattern are observed in the electron dynamics. However,
the intensities for the higher frequencies are dominant for full
density. The results for the full density can be found in the
Supplementary Material. A complete summary of all performed
analyses of the total coupled electron density can be found in
Supplementary Section IIIB.

In summary, two observations can be made from our NEMol
simulation of the conical intersection induced dynamics. The
first one is, that the CoIn induces coherent electron dynamics
which slows down the closer the system approaches the CoIn.
This is expected since CoIn’s equalize the time scales of the
electron and nuclear dynamics [16, 17]. The second aspect is
the longevity of the observed coherence. Due to the delocalized
character of the nuclear wavepacket parts of it induce almost
continuously coherence in the vicinity of the CoIn leading
to a long lived observable signal. This is in good agreement
with recently published simulations [52] of TRUECARS signals
(transient redistribution of ultrafast electronic coherences in
attosecond Raman signals) of the uracil S2/S1 CoIn. There,
the long lived signal of coherence is also observed and
the time-resolved vibronic frequency maps are in the same
energy region.

4. CONCLUSION

In this paper, we applied our ansatz for the calculation of the
coupled electron and nuclear dynamics in molecular systems
(NEMol) [28–32] to the nucleobase uracil. We use the recently
formulated extended version [32] operating on the NEMol-
grid. As the interplay between nuclear and electron dynamics
plays a crucial role in excitation processes as well as during
non-adiabatic transitions both situations were studied. The
NEMol ansatz treats the nuclear and the electron dynamics
both quantum-mechanically. The electronic wavefunctions are
propagated in the eigenstate bases and coupled to the nuclear
dynamics simulated on coupled potential energy surfaces.
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FIGURE 10 | Temporal evolution of the dipole moment for (A) the calculation with the 1e-2o picture density and (B) for the difference between the dipole moment
calculated with and without the coherence term included. The 1DM are only shown for the for x- and y-components. (C) Fourier spectra of x-1DM and y–1DM. All
spectra are normalized to one. (D) Time-windowed Fourier transform of the y-component of 1DM. The Fourier spectrogram is normalized and a Gaussian window
function with a width of 120 data points corresponding to a time of 2.9 fs is used.

With a simple approximation it was possible to simplify
the description of the excitation and relaxation processes by
expressing the total electron density in the one-electron-two-
orbital (1e-2o) picture [32]. In this work, both, the total
coupled electron density and the simplified 1e-2o picture,
were applied.

The NEMol simulations were used to study the photo-
excitation and the CoIn mediated relaxation in uracil. By
the choice of ultrashort light pulses these two processes are
temporally and spatially separated and can be treated separately.
During the excitation one electron is promoted from a bonding
π orbital into an anti-bonding π∗ orbital. This general change
is clearly visible in the NEMol dynamics but it also enables us

to analyze the excitation process in greater depth. As a possible
observable in an experiment we choose to focus on the induced
dipole moment. Studying its temporal evolution, fast oscillations
are observed which could be directly attributed to the coherent
electron dynamics. Their frequencies are close to the central
frequency of the excitation pulse. The coherent dynamics is
induced by the laser pulse and subsequent nuclear movement
leads to decoherence. A partial reappearance is induced at the
end of the laser pulse when the S2 wavepacket has reentered
the FC area. The good agreement between the results obtained
with the total electron density and that of the 1e-2o picture
supports that the simplified 1e-2o picture can be sufficient to
describe the coupled electron dynamics. This 1e-2o picture was
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used to monitor the coupled electron dynamics induced by the
S2/S1 conical intersection. The electronic coherence is induced
by parts of the rather delocalized nuclear wavepacket and its
recurrences at the CoIn and thus can be observed for long times.
The frequencies in the induced dipole moment are now rather
small, as expected since at the CoIn’s the electron dynamics
slows down [16–18]. A distinct modulation of these frequencies
is observed in the time-windowed Fourier transform reflecting
the movement of the nuclear wavepacket around the CoIn
seam. Both the longevity and the modulation of the coherence
by the nuclear motion is in good agreement with the recent
simulation of the TRUECARS signal of the uracil S2/S1 CoIn
[52]. Here, we demonstrated the capability of the NEMol ansatz
to describe the coupled nuclear and electron dynamics in a
complex molecular system like uracil. We were able to investigate
the electronic coherence that is built up by the laser excitation
and modulated by the subsequent nuclear motion. The following
relaxation via a conical intersection induces again electronic
coherence in the system, which is also treated within the NEMol
approach. The verified 1e-2o picture will allow to simulate even
larger system.
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