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We characterize attosecond transient absorption spectroscopy (ATAS) in molecules with coupled nuclear
and electronic dynamics in the vicinity of a conical intersection between adiabatic potential energy
surfaces. With respect to ATAS, the nonadiabatic vibronic coupling strength can be divided into weak,
intermediate, and strong, and the characteristics of spectra belonging to each of these domains are
discussed. The results can guide the analysis of ATAS experiments in molecules with conical intersections.
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In the Born-Oppenheimer approximation (BOA), elec-
tronic and nuclear degrees of freedom are separated and this
separation offers a picture where the nuclei move on an
adiabatic potential energy surface (PES) formed by the
faster electrons. A conical intersection (CI) is a point in the
configuration space of the nuclei in polyatomic molecules
where two adiabatic PESs are degenerate. The local top-
ology of the PESs at the CI is that of a double cone [1,2]. In
the vicinity of the CI, the nonadiabatic coupling between
the vibrational and electronic motion, i.e., the vibronic
coupling (VC), becomes large, and the BOA breaks down.
It is by now understood that CIs are abundant in polyatomic
molecules and key in photophysical and photochemical
molecular processes [3], e.g., in the ultrafast primary
photoisomerization event in the vision [4]. Recently,
coherent electron-hole wave packet dynamics were studied
in CO2 near a CI [5], two-dimensional electronic-vibra-
tional spectroscopy was illustrated [6], and the nonadia-
batic electron-nuclear dynamics was elucidated by theory
on attosecond streaking [7] and attosecond stimulated x-ray
Raman processes [8]. Very recently, the effects of non-
adiabatic couplings on electronic coherences close to a CI
were investigated [9].
As we shall see, attosecond transient absorption spec-

troscopy (ATAS) seems ideal for an investigation of CIs. In
transient absorption spectroscopy, the frequency-resolved,
time-integrated absorption by a medium interacting with
two time-delayed laser pulses is measured. One pulse
induces transient dynamics, which is imprinted onto the
spectrum by the other pulse. Control of the relative delay
between the two pulses gives the time resolution, while the
width of the features being probed gives the spectral
resolution. Because time is accessed indirectly via the
measurement of a delay-dependent signal, transient absorp-
tion spectroscopy gives access to both fast dynamics and
narrow spectra features without violating Fourier transform
limits [10]. In ATAS, an attosecond pulse is displaced in
time with respect to a femtosecond laser pulse, and they can

be synchronized with subfemtosecond resolution [10]. We
use the notation near infrared (NIR) and extreme ultraviolet
(XUV) to denote the femto- and attosecond pulses,
respectively, although their wavelengths could be in differ-
ent regimes. ATAS has proven to be excellent for the study
of ultrafast subfemtosecond dynamics, not only in atoms
[11–15], but also in molecules [16–20] and solids [21,22].
The signatures of nonadiabatic couplings between elec-
tronic and nuclear degrees of freedom have not been
investigated by ATAS. It is the purpose of this Letter to
highlight how the ultrafast nonadiabatic dynamics in the
vicinity of a CI is revealed by specific signatures in ATAS.
To capture and highlight the rich dynamics near a CI, we

consider a simple model Hamiltonian that describes a CI
and still shares essential features with real molecules. The
nuclear degrees of freedom are restricted to two dimension-
less mass-frequency-scaled vibrational modes Q1 and Q2

[3]. We present ATAS spectra based on this model, which
allows extensive parameter scans, and adjust the influence
of the CI on the dynamics by varying the VC strength. We
categorize the VC strength into weak, intermediate, and
strong based on characteristic ATAS features for each of
these domains. In the adiabatic representation, the non-
adiabatic couplings appear through the action of the nuclear
kinetic energy operator on the electronic wave functions
and the couplings diverge at the CI. To avoid this
divergence, the Hamiltonian is expressed in a diabatic

representation where different electronic states jϕðdÞ
j i are

coupled by smoothly varying off-diagonal elements of the
potential matrix. In the vicinity of the CI, the two diabatic
electronic surfaces involved in the CI are approximated as
harmonic [23,24]. This two-surface diabatic VC model was
introduced more than 40 years ago [23] and has been
successfully applied ever since (see, e.g., Ref. [3]). Finally,
for ATAS, we supplement the VC model with two addi-
tional diabatic surfaces, such that, in total, four surfaces are
involved (Fig. 1). The Hamiltonian is represented as
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Hij ¼
�
−
ωi;1

2

∂2

∂Q2
1

−
ωi;2

2

∂2

∂Q2
2

þ ViðQ1; Q2Þ
�
δij

þ VL
ijðtÞ þ ΔVijðQ1; Q2Þ; ð1Þ

with the PES for the ith diabatic state given by
ViðQ1;Q2Þ ¼ ðωi;1=2ÞðQ1 − Q̃i;1Þ2 þ ðωi;2=2ÞðQ2 − Q̃i;2Þ2
þbi, with ωi;1 and ωi;2 as the frequencies, minimum at
(Q̃i;1, Q̃i;2), along Q1 and Q2, respectively, and bi as the
energy offset with respect to the ground state. Note that,
while the diabatic surfaces are harmonic, the adiabatic are
not (Fig. 1) and, as we shall see below, the spectra show
clear anharmonic features. The parameters of the model are
detailed in the Supplemental Material [25]. The laser
interactions VL

ijðtÞ of Eq. (1) are

VLðtÞ ¼

2
6664

0 del12FXUVðtÞ 0 0

del21FXUVðtÞ 0 del24FNIRðtÞ
0 0 0 0

0 del42FNIRðtÞ 0 0

3
7775;

ð2Þ

wheredelij is the dipole transitionmoment between the ith and
jth diabatic electronic states. For both FXUVðtÞ and FNIRðtÞ,
we use the expression FðtÞ ¼ F0 cos ½πðtþ τÞ=NcT�
× sin½ωðtþ τÞ�, for −NcT=2 ≤ tþ τ ≤ NcT=2 with Nc as
the number of cycles and T as the period. For the NIR pulse,
τ ¼ 0 since its maximum is used as the time reference. With
this definition of delay, a positive (negative) delay describes
the situation when the XUV comes before (after) the NIR.
The XUVand NIR are 50 and 800 nm fields with intensities
of 109 and 5 × 1012 W=cm2 and FWHM field strength
durations of 330 as and 5.30 fs, respectively.

The nondiagonal elements ΔVijðQ1; Q2Þ in Eq. (1)

contain the VCs. Here, jϕðdÞ
2 i and jϕðdÞ

3 i couple through
ΔV23 (Fig. 1). We follow [24] and use

ΔVðQ1; Q2Þ ¼

2
6664
0 0 0 0

0 κðQ1 − Q̆1Þ γðQ2 − Q̆2Þ 0

0 γðQ2 − Q̆2Þ −κðQ1 − Q̆1Þ 0

0 0 0 0

3
7775;

ð3Þ

where Q̆1 and Q̆2 define the position of the CI. In Eq. (3), γ
is the first-order interstate coupling constant, and it
influences the VC strength and deforms the PESs in the
Q2 direction. The first-order intrastate coupling κ deforms
the PESs in the Q1 direction. The two left panels of Fig. 1
show the PESs in the Q1 direction for two values of κ, and
the right panel specifies the VC [Eq. (3)] and light-induced
couplings [Eq. (2)]. The transformation from the diabatic

jϕðdÞ
j i to the adiabatic jϕðaÞ

j i representation is done by
diagonalizing the 4 × 4 potential matrix at each nuclear
configuration, VðaÞ ¼ UVðdÞU†.
The VC model approximates the diabatic electronic

surfaces with a low-order Taylor expansion in terms of
normal coordinates. Usually, the coupling constants enter-
ing the Hamiltonian are evaluated using ab initio calcu-
lations for specific electronic states of a given molecule.
Here, we do not attempt to describe a specific molecule, but
aim at providing general features of ATAS spectra in the
presence of a CI; thus, we perform a scan of these
parameters. Because of the quadratic approximation of
the diabatic surfaces, the model is not suitable for describ-
ing large amplitude nuclear motion, as, e.g., photoinduced
dissociation processes. For dynamics where the nuclear
wave packet explores a limited part of the PESs, as in the
vicinity of the CI, the diabatic PESs are well approximated
by low-order Taylor expansions and the model provides
accurate results and has been successfully applied to
understand spectra of many molecules with CIs [3].
For a given time delay τ, between the XUVand the NIR

pulse, the absorption spectra are modeled by [28]
Sðω; τÞ ¼ ð4πnω=cÞIm½F�

XUVðω; τÞdðω; τÞ�, with n as the
density of molecules, c as the speed of light, and
FXUVðω; τÞ and dðω; τÞ as the Fourier transforms of the
XUV pulse and the expectation value of the dipole operator
dðt; τÞ, respectively [29]. To obtain dðt; τÞ, we propagate
the time-dependent Schrödinger equation with the
Hamiltonian of Eq. (1) by a fast Fourier transform split-

operator algorithm [25,30]. Since jϕðdÞ
2 i is the only excited

state with a nonzero dipole coupling to the ground state
(Fig. 1), dðt; τÞ and thereby the absorption spectrum is a

direct measure of the phase and population of the jϕðdÞ
2 i

state.

FIG. 1. Adiabatic PESs (see text) corresponding to the adiabatic

jϕðaÞ
2 i (full line) and jϕðaÞ

3 i (dashed line) states for κ ¼ 0.0 (left)
and κ ¼ 0.1 (middle) [see Eq. (3)] as a function of Q1 for Q̆1 ¼
5.217 and Q2 ¼ Q̆2 ¼ 0, which makes the figure independent of
the interstate coupling γ. The green (red) arrow indicates the
position of the minimum of the PES corresponding to the

adiabatic jϕðaÞ
1 i (jϕðaÞ

4 i) state. (Right) Illustrates the diabatic

electronic states jϕðdÞ
j i and their couplings [see Eqs. (2) and (3)].
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We focus on the impact of the interstate coupling γ.
The intrastate coupling κ also affects the dynamics. If we,
e.g., consider the Landau-Zener model, the gradient of the
diabatic PESs at the crossing, influenced by κ, plays an
important role. The full exploration of the sensitivity to κ
is left for future studies. Before we investigate the
τ-dependent absorption, we present in Fig. 2 the XUV-
only spectrum as a function of γ. The results allow us to
divide the strength of the VC into three categories: weak,
intermediate, and strong coupling. The weak coupling
regime is characterized by spectra with weak dependence
on γ, and due to the small off-diagonal components of ΔV,
the wave function is approximately separable and the BOA
well justified in the diabatic representation. Thus, the wave

packet evolves almost exclusively on the surface of jϕðdÞ
2 i,

and the spectrum is the one of the harmonic potential of the
diabatic state with frequency ω ¼ 0.015. Delay-dependent
absorption spectra calculated under the BOA are reported
elsewhere [16]. In brief, in this weak coupling regime,
ATAS spectra show clear signatures of the vibrational
states, and a Fourier transform of the spectra with respect
to τ confirms a modulation with the vibrational frequencies
in question [18]. In the rest of this Letter, we therefore focus
on the intermediate and strong coupling regimes.

As the VC strength is increased, the nonadiabatic
electron-nuclear coupling can no longer be neglected
and the BOA breaks down. As seen in the lower panel
of Fig. 2, for increasing γ, we first go through an
intermediate region characterized by more complex struc-
tures, such as avoided crossings of the absorption lines.
These complex structures result from the simultaneous
evolution of the wave packet on the coupled surfaces of

jϕðdÞ
2 i and jϕðdÞ

3 i, leading to a strong anharmonicity in the
spectra. When γ is increased further, we reach the strong
coupling region with a relatively simple and well-ordered
spectrum. In the top panels of Fig. 2, we show a sketch of
the PESs in the Q2 direction. As γ is increased, a double-
well structure emerges in the γ-distorted adiabatic PES for

jϕðaÞ
2 i (full curve). The VC is so strong that the entire wave

packet follows this strongly modified adiabatic excited
state surface. In the bottom right of Fig. 2, we see that the
absorption lines follow the energies of the field-free
vibrational states of the adiabatic PES corresponding to

jϕðaÞ
2 i, which validates that the nuclear wave packet is

confined to move on a single strongly modified adiabatic
PES. The energy splitting between the doublets in this limit
is ≈0.3 eV, which corresponds to a revival period of
≈13.5 fs; a period we will see later. For now, we stress
that this period differs from the periods associated with the

harmonic diabatic potentials of jϕðdÞ
2 i and jϕðdÞ

3 i (10 and
15 fs, respectively) and is hence a signature of anharmonic
effects.
Equipped with the above knowledge of wave packet

evolution under XUV-only conditions, we now turn to the
study of τ-dependent spectra. In the XUV-only case, three
electronic states were involved in the dynamics (Fig. 1), but

now the electronic state jϕðdÞ
4 i can be accessed through its

NIR-induced dipole coupling with jϕðdÞ
2 i. The excited states

can only be reached by the XUV, and not by the NIR. In
Fig. 3, the delay-dependent absorption spectrum for γ ¼
0.05 is shown. This γ value places the VC strength in the
intermediate region, where even the XUV-only spectra
show rich structures (Fig. 2). For negative delays, the XUV
pulse comes after the NIR pulse, and to the very left in
Fig. 3, we therefore find a spectrum identical to the XUV-
only spectrum. For larger delays, the NIR pulse strongly
modifies the spectrum, and in opposition to other molecular
ATAS spectra [16,18], the spectrum shows a complete
lack of periodicity. The vibrational period ω2;1 in the Q1

direction of the diabatic surface corresponding to the jϕðdÞ
2 i

state is 10 fs, but a Fourier analysis of the data in Fig. 3
shows no sign of any modulation at that or any other period,
a signature of anharmonic effects. In addition, the ATAS
spectrum in the intermediate VC regime is characterized by
broad spectral features indicating shorter timescales, and
therefore, as a consequence of the nonadiabatic coupling
between electronic and nuclear degrees of freedom, nuclear

FIG. 2. (Bottom) XUV-only absorption spectrum as a function
of γ [See Eq. (3)]. (Top) The adiabatic potential energy curves as a
function of Q2 for Q̆2 ¼ 0 and for γ ¼ 0.00, γ ¼ 0.05, and
γ ¼ 0.15, respectively. We use Q1 ¼ Q̆1 ¼ 5.217, which makes
the figure independent of κ. Full and dashed lines show the

adiabatic PESs of jϕðaÞ
2 i and jϕðaÞ

3 i, respectively. The arrows are
at Q2 ¼ 0 and indicate the position of the minimum of the PES

for jϕðaÞ
1 i. The labels characterize the strength of the VC with

respect to ATAS. The four dashed lines in the lower right of the
bottom figure show selected adiabatic energies of the strongly
VC-modified adiabatic potential.
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motion faster than the typical vibrational periods of the
system. To further elucidate the dynamics in this regime, we
show in the lower panel of Fig. 3 the time-dependent

population of jϕðaÞ
2 i and jϕðdÞ

2 i, found in an XUV-only
calculation. In these populations, we observe no regular
patterns and populations of similar magnitude, which is a
signature of a relatively strongVC located in a spatial domain
accessible for the nuclear wave packets. As a result, the
nuclear dynamics is relatively fast and complex in both
representations, due to the simultaneous motion of the wave
packet on the two coupled electronic states. Even when the
diabatic states are assumed to be harmonic, Eq. (1), the VC
strongly affects the dynamics, and for nonvanishing γ, the
harmonic frequencies of the PES are not observed in the
ATAS or the XUV-only spectrum of Fig. 2.
In Fig. 4, the interstate coupling is increased to the strong

VC domain, γ ¼ 0.15 (Fig. 2). The ATAS spectrum in
Fig. 4 is very different from the one in Fig. 3. A priori, the
dominant periodic modulations seen in the spectrum of
Fig. 4 bear strong similarities with spectra in the weak VC
domain. The nuclear wave packets, however, now move on
strongly modified PESs mixing the Q1 and Q2 directions
(Fig. 5). Remember the XUV-only case where the nuclear
dynamics in the adiabatic representation was particularly
simple in the strong coupling regime with only the PES

corresponding to jϕðaÞ
2 i populated. The dynamics in this

regime is illustrated in Fig. 5, which shows the evolution of
the density of the full wave packet in the excited states and
the period of the XUV-induced wave packet motion is
exactly the 13.5 fs also seen in the lower panel of Fig. 4,
and corresponding to the revival period for the wave packet
in the adiabatic surface [see dashed lines in the lower panel

of Fig. 2]. With the NIR field present, the jϕðdÞ
2 i state is

coupled to the jϕðdÞ
4 i state. We therefore expect the time-

dependent dipole moment, and thereby the absorption
signal, to be weaker for delays where population can be

trapped in the jϕðdÞ
4 i state, i.e., at delays where the nuclear

wave packet is located in jϕðdÞ
2 i. The lower panel of Fig. 4

validates this hypothesis: the peaks in the diabatic pop-
ulation aligns with the absorption dips observed in the

FIG. 3. ATAS spectrum for γ ¼ 0.05 (intermediate region in
Fig. 2) for different delays between the XUV and the NIR pulse.
A positive delay denotes that the XUV comes before the NIR. The
lower part of the figure is concerned with the XUV-only case.
The XUV is fired at time zero and the time-dependent populations

of the diabatic state jϕðdÞ
2 i (black line) and the adiabatic state jϕðaÞ

2 i
(red line) are shown on an axis from 5.0 × 10−7 to 1.3 × 10−6.

FIG. 4. As Fig. 3 but for γ ¼ 0.15 (strong region in Fig. 2) and
with a scale for the time-dependent populations in the lower part
from 3.0 × 10−7 to 1.4 × 10−6.

(a) (b)

(c) (d)

(e) (f)

FIG. 5. Evolution of the density of the nuclear wave packet in
the excited states at the instants indicated in (a)–(f) for γ ¼ 0.15
and the XUV-only case as in the lower panel of Fig. 4. The

contours represent the adiabatic PES for the jϕðaÞ
2 i state. The

figure shows the oscillation period observed in Fig. 4.

PHYSICAL REVIEW LETTERS 121, 023203 (2018)

023203-4



upper panel. We also see from the lower panel of Fig. 4 that
the adiabatic population is almost constant, which is again a
signature of the strong VC domain. In [25], the case of
unequal frequencies along the different vibrational modes
is considered. Also in that case, a revival-like behavior can
be observed in the excited state density, and the conclusions
from the strong coupling regime therefore hold for this case
as well.
In summary, based on a minimal extension of a vibronic

coupling model, which has been successfully used for more
than 40 years [23,24], we investigated attosecond-resolved
absorption spectra for a molecule in the vicinity of a CI
accessible by attosecond pulse excitation from the ground
state. We showed examples of how the CI induces different
dynamics depending on the VC strength and illustrated the
signatures of these dynamics in the spectra. We divided the
VC strength into weak, intermediate, and strong coupling
domains. Detailed information about the resulting nuclear
and electronic dynamics can be obtained from time-
resolved ATAS measurements. The results of this Letter
can be used for generic identification and characterization
of CIs in experimental ATAS data, emphasizing the general
aspects of the problem in this theory work and leaving
consideration of particular molecules for future studies.

This work was supported by the Villum Kann
Rasmussen (VKR) Center of Excellence QUSCOPE.

[1] D. R. Yarkony, Diabolical conical intersections, Rev. Mod.
Phys. 68, 985 (1996).

[2] W. Domcke and D. R. Yarkony, Role of conical intersec-
tions in molecular spectroscopy and photoinduced chemical
dynamics, Annu. Rev. Phys. Chem. 63, 325 (2012).

[3] Conical Intersections: Electronic Structure, Dynamics and
Spectroscopy, edited by W. Domcke, D. R. Yarkony, and H.
Köppel, Advanced Series in Physical Chemistry Vol. 15
(World Scientific, Singapore, 2004).
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