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The quantum coherent dynamics of a vibronic wave packet in a molecule passing through a conical
intersection can be revealed using attosecond transient coherent Raman spectroscopy. In particular, the time
evolution of the electronic coherence can be monitored in the presence of vibrational dynamics. So far, the
technique has been investigated without including environmental quantum noise. Here, we employ the
numerically exact hierarchy equation of motion approach to show that the transient coherent Raman signals
are robust and accessible on times of up to a few hundred femtoseconds with respect to electonic and
vibrational dephasing.
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Introduction—Conical intersections are crucial in photo-
chemical processes of polyatomic molecules [1–4]. They
appear when two or more electronic potential energy
surfaces become degenerate. Then, electronic and nuclear
motions take place on similar timescales and thus become
strongly coupled due to the breakdown of the Born-
Oppenheimer approximation that usually allows for their
separate treatment. Molecular funnels promote radiation-
less transitions between electronic states in nonadiabatic
processes which are crucial for numerous processes,
including photoisomerization [2,5], photosynthesis [6],
and the photostability of DNA [2].
Electronic transitions at a conical intersection typically

occur on the femtosecond timescale and involve a broad
range of vibronic energies in a confined nuclear space.
While attosecond transient absorption spectroscopy can
provide strong evidence of conical intersections through
rapid change or emergence of absorption lines [7,8],
features emerging directly at the conical intersection, like
vibronic coherences, have not yet been observed directly.
Recently, a hybrid qubit-oscillator circuit quantum electro-
dynamics simulator of an artificial conical intersection has
demonstrated branching between different photochemical
reaction products with strong dissipation [9]. Moreover, a
trapped-ion quantum simulator has been designed in which
both the ion’s electronic and motional degrees of freedom
engineer a Jahn-Teller Hamiltonian, with the dynamics
occurring on the millisecond timescale [10]. Yet, a direct
observation of the coherent wave packet dynamics
around conical intersections, let alone the time-resolved

measurement of electronic or vibronic coherences around
the diabatic point so far remains elusive.
Advanced theoretical concepts for monitoring the

dynamics around a conical intersection have also been
proposed using optical spectroscopy of the vibrational
wave packet (as an indirect measure) [11] or the time-
resolved x-ray absorption or photoelectron spectroscopy
[12]. A versatile, recently proposed technique exploits the
transient redistribution of ultrafast electronic coherences in
attosecond Raman signals (TRUECARS) [13–16]. It
directly reveals the time-dependent emergent vibronic
coherences of the wave packet around a conical intersection
[13,17] via a stimulated coherent Raman process. Upon
optical excitation, the combination of a broadband and a
narrow-band x-ray pulse permits both sufficient spectral
and temporal resolution. Since the two x-ray pulses are
chosen to be off-resonant from the molecular core states,
the signal is not influenced by electronic population
dynamics and thus provides a background-free measure
of coherences. While experimentally challenging, in par-
ticular due to the required precise phase control between
both x-ray pulses, recent developments in free electron
lasers have brought an implementation of TRUECARS into
potential reach.
So far, TRUECARS has been implemented for closed

molecular quantum systems. A more realistic picture needs
to include the coupling to fluctuations stemming from a
large number of environmental degrees of freedom [18–
21]. In particular, for conical intersections, electronic
coherence may be disturbed by two sources of noise.
First, the direct coupling of the electronic states to
fluctuating charges in the molecular host and the solvent
(electronic bath) gives rise to electronic dephasing and*Contact author: florian.otterpohl@physik.uni-hamburg.de
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damping. In addition, the nuclear modes participating in the
conical intersection are also damped by other fluctuating
nuclear degrees of freedom of the molecular host or the
solvent. Via the coupling of the electron to these damped
nuclear modes, this vibrational bath generates additional
damping of the electronic coherence. In general, in
molecular systems, direct electronic damping is rather
strong and occurs on timescales of about 100 fs [22–
27]. On the other hand, vibrational damping of the vibra-
tional modes is much weaker and arises on timescales of a
few ps [22–27].
In this study, we compute TRUECARS in a model

system of two molecular electronic states with two vibra-
tional modes which form a bimodal conical intersection.
The electronic states are coupled directly to an electronic
bath, while the two vibrational modes are coupled to their
vibrational baths. The latter affects electronic coherence via
the vibronic coupling [22–27]. The electronic and the
vibrational baths are described within the formalism of
quantum dissipative systems in terms of harmonic envi-
ronments with a bilinear coupling to the electronic or
vibrational degrees of freedom. The two vibrational modes
participating in the conical intersection (known as the
coupling and the tuning mode) are then transformed as
part of the harmonic environment, yielding an effective
spin-boson model with two noncommuting structured
vibrational baths and an electronic bath. We analyze the
nonequilibrium quantum dynamics using the numerically
exact hierarchy equation of motion [28]. We find that the
signal is robust against realistic environmental disturbances
and that it is indeed measurable on the few hundred
femtosecond timescale even in the presence of a dissipative
environment.
Model—We consider the Hamiltonian (ℏ ¼ 1) H ¼

Hel þHel-nuc þHnuc þHenv, consisting of a molecular
electronic two-level Hamiltonian

Hel ¼
ϵ

2
σz þ

Δ
2
σx; ð1Þ

with the Pauli matrices σx=z, the energy bias ϵ, and the
coupling Δ. The electronic sector is bilinearly coupled to
two nuclear modes with the Hamiltonian Hnuc ¼P

i∈ fc;tgΩðP2
i þQ2

i Þ=2, with the corresponding position
and momentum operators Pi and Qi of the tuning (t) and
the coupling (c) mode, assuming for simplicity that both
have identical vibrational frequencies Ω. The vibronic
coupling is described by the Hamiltonian Hel-nuc ¼
κcσxQc þ κtσzQt, with the vibronic coupling constants κc=t.
To be specific and assuming a typical molecular system,

we employ the model parameters [19,20,22–27] ϵ ¼ Ω ¼
300 cm−1ð≈37.2 meVÞ, Δ ¼ 50 cm−1ð≈6.2 meVÞ, κt ¼
150 cm−1ð≈18.6 meVÞ, and κc ¼ 75 cm−1ð≈9.3 meVÞ.
The corresponding potential energy surfaces exhibit a
conical intersection as shown in Fig. 1. The parameter
choice also mimics typical molecular systems with Jahn-

Teller distortions, such as halobenzene cations, triazine, or
metal trimers, such as Cu3, or Li3, Na3, Mn3, or triptycene,
see Table VII of Ref. [29].
To describe environmental effects, the molecular degrees

of freedom are coupled to a dissipative environment with
the Hamiltonian

Henv¼
X

i∈fc;t;elg

X
α

½cðiÞα AiðaðiÞα þaðiÞα
†ÞþωðiÞ

α aðiÞα
†aðiÞα �: ð2Þ

Wemodel the effect of vibrational damping of the tuning (t)
and the coupling (c) mode and of electronic dephasing (el)
via the operators Ac ¼ Qc, At ¼ Qt, and Ael ¼ σz, respec-
tively. The respective bath counterterms are included as
usual [18–21], but not explicitly written here. The harmonic
oscillator baths are characterized by their spectral densities

JiðωÞ ¼ π
P

αðcðiÞα Þ2δðω − ωðiÞ
α Þ. We assume for the vibra-

tional damping pure Ohmic spectral densities with equal
damping constants ηvib for both modes, i.e., Jðc;tÞðωÞ ¼
ηvibω. This form corresponds to a frequency-independent

FIG. 1. (a) Potential energy surfaces ofHel þHel-nuc þHnuc and
probability density of the initial state based on the provided
parameters. The region around the conical intersections is high-
lighted in orange. (b) The potential energy surface is depicted with
contour lines, and the initial state’s probability density is color
coded. The conical intersection is highlighted by a blue cross.
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vibrational Stokes damping force [19,20]. For the elec-
tronic bath, we also assume an Ohmic form JelðωÞ ¼
ηelωγ

2=ðγ2 þ ω2Þ, where ηel is the electronic damping
constant and the Debye cut-off frequency is fixed to γ ¼
4ϵ throughout this work. This Debye form is known to
properly describe electronic dephasing for typical molecu-
lar systems [19,20,24–27]. It is, e.g., related to the dielectric
function εðωÞ of a solvent via JelðωÞ ∝ Im 1=εðωÞ. To
describe electronic dephasing occurring on the timescale of
100 fs, we choose below ηel in the range of 0.1. The
vibrational relaxation occurs on the ps timescale which is
taken into account by setting ηvib in the range of 0.01.
The TRUECARS technique uses a combination of a

broadband pulse E0ðtÞ and a narrow-band pulse E1ðtÞ as a
probing field, with HspecðtÞ ¼ σxjE0ðtÞ þ E1ðtÞj2, and
Gaussian field envelopes E0=1ðtÞ ¼ exp ð−t2=2σ20=1Þ=σ0=1,
with the pulse durations σ0 ¼ 7.5 fs and σ1 ¼ 30 fs. By
this, we ensure the required combination of a broadband
and a narrow-band x-ray pulse [13]. Specifically, σ1 must
be significantly shorter than the timescale of the electronic
dynamics and yet spectrally narrower than the electronic
energy bias, while σ0 constitutes an envelope function on
the TRUECARS and is thus chosen to be sufficiently small.
The electronic dipole operator σx describes the Raman
transitions between the electronic states. We do not include
competing photoionization processes in the simulations.
The TRUECARS [13] then becomes

Sðω; TÞ ¼ 2ℑ
Z

∞

−∞
dteiωðt−TÞE�

0ðωÞE1ðt − TÞhσxðtÞi ð3Þ

for a given Raman frequency ω and a delay time T.
Mapping to an effective spin-boson model—To obtain

the dissipative wave packet dynamics, we map the
Hamiltonian to an effective spin-boson model with a
nontrivial environmental spectral density. To that end,
we follow the procedure of Refs. [22,23,32] and include
both the nuclear tuning and the coupling modes as part of
the environment such that the Hamiltonian becomes
H ¼ Hel þHeff

env, where Heff
env is formally identical to

Eq. (2), but with Ac ¼ σx and At ¼ σz and with the
effective spectral densities

Jeffc=tðωÞ ¼
16ηvibκ

2
c=tωΩ

2

ðΩ2 − ω2Þ2 þ ð2πηvibωΩÞ2
: ð4Þ

We thus obtain an effective spin-boson model in which the
electronic two-level system couples to two harmonic baths,
each with a pronounced peak at the mode frequency Ω,
whose width is determined by ηvib. The baths couple to two
noncommuting electronic operators. The mapping is exact,
yet it is based on the assumption that both the tuning and
coupling modes are initially in a thermal equilibrium
(mixed) state. This is different from the initial preparation
used in Refs. [13,17] for the nondissipative TRUECARS.

The electronic two-state system is initially prepared in
the excited electronic state and all harmonic degrees of
freedom are initialized at thermal equilibrium at room
temperature (293 K).
The structured environment coupled to the electronic

system induces non-Markovian dynamics. The resulting
bath autocorrelation function shows damped oscillatory
dynamics in time, with the oscillation frequency Ω and the
decay determined by ηvib. To obtain the dissipative wave
packet dynamics, we shall use the numerically exact
method of the hierarchical equations of motion [28] as
implemented in the QuTiP library [30,31]. It is ideally suited
for the Drude-Ohmic type of spectral densities used here.
We thus obtain hσxðtÞi.
Dissipative TRUECARS—The signals Sðω; TÞ of the

undamped (a) and the damped (b) system are shown in
Fig. 2. For the latter, we set ηel ¼ 0.1 and ηvib ¼ 0.01,

(a)

(b)

(c)

FIG. 2. TRUECARS Sðω; TÞ, Eq. (3), for (a) the case without
damping (ηel ¼ 0 ¼ ηvib), and (b) the case with damping
(ηel ¼ 0.1, ηvib ¼ 0.01). (c) Time evolution of hσxðtÞi. The solid
line represents the undamped case, while the dash-dotted line
represents the damped case.
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reflecting the fact that electronic damping is much faster
than vibrational damping [24–27].
The red and blue signals show the Stokes and the anti-

Stokes components of the Raman spectra. The oscillatory
pattern for increasing delay time T indicates that the
electronic coherence lifetime is longer than the time
window T and exceeds 2 ps in the absence of dissipation.
The oscillatory pattern in the undamped case becomes more
complex at longer delay times, since after the first passage
of the conical intersection, the electronic wave packet
returns and repasses through the intersection, thereby
generating new electronic coherences on a timescale
determined by the vibrational frequency.
In the presence of dissipation, the oscillatory pattern

fades out with T on a timescale of a few hundred femto-
seconds. Nevertheless, although being fragile against envi-
ronmental noise, the electronic coherences are still
observable.
To quantify the extinction of electronic coherence, we

consider the ratio of the TRUECARS strength with and
without damping for fixed delay times. In Fig. 3, we show
the ratio Sηel;ηvib=S0;0, in which we take the local maxima at
those waiting times closest to the two different values T ¼
200 fs (solid lines) and T ¼ 2200 fs (dashed-dotted lines).
At short waiting times T ¼ 200 fs, the TRUECARS is still
sizable even for rather strong electronic damping. At these
short times, the weaker vibrational damping has essentially
no effect. This, however, sets in at longer waiting times, as
can be seen from the data for T ¼ 2200 fs. The signal,
though being an order of magnitude weaker, is, however,
still observable, even for increased electronic damping.
This clearly shows that TRUECARS is a versatile tool to
uncover time-dependent electronic coherences in the
dynamics of an electronic wave packet in the vicinity of
a conical intersection even in the presence of electronic and
vibrational damping.

The fate of the coherences in the vicinity of the conical
intersection may also be revealed by the frequency-resolved
optical gating (FROG) spectrogram [33]

Iðω; TÞ ¼
����
Z

∞

−∞
dt SðtÞEgateðt − TÞe−iωt

����
2

; ð5Þ

with the gating function Egateðt − TÞ ¼ 1 if 0 ≤ t − T ≤
1000 fs and Egateðt − TÞ ¼ 0 else. In Fig. 4, the FROG
signal Iðω; TÞ of the undamped case is compared to the
damped case. We observe that a strong FROG component
develops around 250 cm−1, which corresponds to the
fundamental energy gap between the vibronic states, as
indicated by the stick spectrum (green bars in Fig. 4). The
stick spectrum is further detailed in the Supplemental
Material [34]. The signal weakens with increasing T,
moves to smaller frequencies and reappears again around
250 cm−1, before it disappears eventually. In the presence
of damping, the FROG signal emerges at slightly higher
frequencies, approximately around 270 cm−1, due to the
bath-induced Stokes shift. Although the FROG signal
diminishes within a delay time window of about 300 fs,
it remains observable during this period.
Conclusions—We have shown that the vibronic coher-

ences of an electronic wave packet, which develop during
its passage through a conical intersection, can be reliably
revealed even in the presence of realistically strong
electronic dephasing and vibrational damping. The
TRUECARS of the damped systems decays on typical
timescales of a few hundred femtoseconds and is thus still
long-lived enough to be measurable in a spectroscopic
experiment at room temperature. A FROG-type postpro-
cessing analysis reliably captures the frequency distri-
bution of the vibronic coherence emerging at the conical

FIG. 3. Ratio of the magnitudes of the local maxima of the
damped TRUECARS Sηel;ηvibðω ¼ 0.12 eV; TÞ and the corre-
sponding undamped signal S0;0ðω ¼ 0.12 eV; TÞ for all
ðηel; ηvibÞ∈ f0.1; 0.2; 0.3g × f0.01; 0.02; 0.03g. The solid lines
represent the local maxima closest to T ¼ 200 fs, while the dash-
dotted lines indicate the maxima closest to T ¼ 2200 fs.

(a) (b)

FIG. 4. FROG Signal Iðω; TÞ, Eq. (5), with SðtÞ ¼ Sðω ¼
1.2 eV; TÞ for (a) the undamped case (ηel ¼ 0 ¼ ηvib), and (b) the
damped case ηel ¼ 0.1, ηvib ¼ 0.01. The green bars mark the stick
spectrum of the undamped vibronic Hamiltonian.
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intersection also in the damped system. This finding is
encouraging to experimentalists and is likely to survive
even when a stochastic train of pump and probe pulses is
applied [35]. Potential implications of the observed elec-
tronic and vibrational coherence as a resource for appli-
cations in molecular electronics, optoelectronics, and
quantum information processing are foreseeable, e.g., by
increasing the efficiency of optoelectronic devices by
accelerating and controlling the involved short-time
dynamics [36] or by tailoring the nonradiative decay
pathways in solid-state luminescent organic molecular
crystals [37].
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In this Supplemental Material, we provide further information on the transition around 250 cm−1

as seen in Fig. 4 of the main text.

Consider the undamped Hamiltonian

H = Hel +Hel-nuc +Hnuc (S1)

with the parameters given in the main text. We refer to
the energy eigenbasis of this Hamiltonian with energies
Ek and states |k⟩ as the vibronic basis. The basis con-
sisting of the uncoupled electronic and vibrational states
|e/g, nt, nc⟩ is referred to as product basis where |e/g⟩
refers to the electronic excited/ground state and |nc/t⟩
refers to the occupation number of the coupling/tuning

mode. The stick height |µk,l|2 as shown in Fig. 4 of the
main text is obtained from

µk,l =
∑
nt,nc

[⟨k|g, nt, nc⟩ ⟨e, nt, nc|l⟩

+ ⟨k|e, nt, nc⟩ ⟨g, nt, nc|l⟩]. (S2)

In analogy to the blue curve in Fig. 2c) of the main text,
the dynamics of ⟨σz(t)⟩ is given in Fig. S1. The transition
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FIG. S1. Time evolution of ⟨σz(t)⟩ for the undamped case.

belonging to E1 −E0 = 241.5cm−1 is the transition with
the second largest stick height in Fig. 4 of the main text.
The overlaps of the vibronic states |0⟩ and |1⟩ with a
range of product states are shown in Fig. S2 and Fig. S3

respectively. As room temperature corresponds to a
wave number of roughly 200 cm−1, which is similar to the
oscillator wavenumbers of Ω = 300 cm−1, the two lowest
eigenstates of the oscillators will be populated and as seen
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FIG. S2. Overlap between vibronic eigenstate |0⟩ and each
product state indicated on x-axis.
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FIG. S3. Overlap between vibronic eigenstate |1⟩ and each
product state indicated on x-axis.

from Fig. S1, both electronic states are also populated
most of the time. Thus, the states |0⟩ and |1⟩ are also
populated.
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