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We demonstrate how two-photon excitation with quantum light
can influence elementary photochemical events. The azobenzene
trans → cis isomerization following entangled two-photon exci-
tation is simulated using quantum nuclear wave packet dynamics.
Photon entanglement modulates the nuclear wave packets by co-
herently controlling the transition pathways. The photochemical
transition state during passage of the reactive conical intersection
in azobenzene photoisomerization is strongly affected with a
noticeable alteration of the product yield. Quantum entanglement
thus provides a novel control knob for photochemical reactions.
The distribution of the vibronic coherences during the conical
intersection passage strongly depends on the shape of the initial
wave packet created upon quantum light excitation. X-ray signals
that can experimentally monitor this coherence are simulated.

entangled photons | two-photon absorption | photoisomerization |
azobenzene | wave packets

Quantum spectroscopy, which makes use of the quantum
nature of light to extract new information about matter, is

made possible by recent developments in quantum optics (1).
Conventional classical spectroscopy uses laser light to detect
the optical properties of molecules and materials by varying
laser frequencies or interpulse time delays (2). By exploiting the
squeezing and entanglement of quantum states of light as novel
control knobs, quantum light opens up new avenues for spec-
troscopy. Quantum spectroscopy has been demonstrated, both
theoretically and experimentally, to be a powerful tool for reveal-
ing novel information about complex molecules and enhancing
the signal-to-noise ratio and resolution beyond what is possible
with classical light (3, 4). The incoming photon statistics can be
employed to improve the selectivity of optical response functions
of matter (5), and quantum two-photon interferometers such as
the Hong-Ou-Mandel and Franson’s (6) can be used to design
novel signals which have no classical analogs (7–9).

The simplest quantum light spectroscopic techniques, entan-
gled two-photon absorption (ETPA), has attracted broad atten-
tion (9–24). In this technique, the molecule is promoted from
the ground state to an excited state by simultaneous absorption
of two entangled degenerate or nondegenerate photons. Here
we exploit ETPA to trigger the azobenzene photoisomerization
reaction. This is a textbook photochemical reaction connecting
the cis and trans isomers through a conical intersection (CoIn).
Azobenzene-based photoswitches have found broad application
as functional units in biology (25) and material science (26).
Their isomerization can be switched selectively in both directions
with high quantum yield using different wavelengths (27–29).
The activity of ion channels, lipids, neurons, pharmaceutical
drugs, charge carriers, and protein folding can be regulated by
chemically incorporating azobenzenes at the active sites (25, 26,
30). For these reasons, the ultrafast dynamics of azobenzene
upon photoexcitation has been extensively studied (supplement
in ref. 29). The isomerization occurs in the S1 electronic potential
energy surface (PES), which has a very weak oscillator strength in
the one-photon transition. The trans → cis isomerization can be
initiated by ultraviolet (UV) excitation to the optically bright ππ∗

S2 state (28, 29, 31), which then decays in ∼ 100 fs to the lower

nπ∗ S1 state (29, 31). Isomerization then occurs in S1 through a
reactive CoIn with S0 between the trans and cis structures (32).
However, this has a lower quantum yield. A second possibility is
direct excitation to the reactive S1 state by two-photon absorption
as demonstrated repeatedly in experiments (33–35), where the
isomerization then occurs with almost double the quantum yield,
thus violating Kasha’s rule (29, 31, 36). Near-infrared light, in
contrast to UV/visible wavelengths used in the one-photon pro-
cesses, can better penetrate tissues without photodamage (37),
thus enabling selective switching in biological environments (25,
30). Azobenzene multiphoton excitation further offers three-
dimensional submicron spatial resolution (38).

Here we directly excite azobenzene to the reactive S1 elec-
tronic state using an entangled photon pair and investigate the
ability of the quantum light parameters to manipulate the result-
ing photodynamics. By using nonadiabatic wave packet dynamics
simulations, we demonstrate that photon entanglement provides
a powerful tool to study the complex interplay of reactive and
nonreactive CoIns that determines the quantum yield of the
reaction. ETPA differs from the classical counterpart (classical
two-photon absorption [CTPA]) in many ways. At low photon
fluxes, it scales linearly rather than quadratically with the pump
intensity (23, 39). This is because the entangled photon pairs gen-
erated by, e.g., spontaneous parametric downconversion (SPDC)
(40, 41) are born at the same time and interact with molecules
simultaneously. Furthermore, twin photons generated by a
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narrowband pump exhibit a strong energy anticorrelation; that is,
detection of one photon reveals the frequency of its twin within
a small uncertainty determined by the pump bandwidth. This
energy–time entanglement may be used to manipulate the quan-
tum interference among transition pathways. Entangled photon
pairs have been shown to induce classically forbidden collective
excitations (42) and to probe classically dark bipolariton states
(19). Since the ETPA signal depends on the incoming entangled
photon pair (biphoton) statistics, the two-photon excitation
process can be coherently controlled by tuning the biphoton
state.

The ETPA Signal
In the setup schematically shown in Fig. 1, a pump pulse creates
an entangled photon pair, known as signal and idler, through
interaction with a second-order nonlinear crystal. The photon
pair then brings the azobenzene molecule to the S1 excited
state by two-photon absorption, launching the photoisomeriza-
tion process.

The ETPA signal is commonly detected by fluorescence from
the excited states. However, for molecules undergoing CoIns,
nonradiative processes dominate the excited state dynamics,
thus reducing the fluorescence yield. We thus define the signal
by the isomerization rate S = limt→∞

dP(t)
dt , where P(t) =

〈Ψ(t)|P|Ψ(t)〉 is the population of product defined by the pro-
jection operator P and |Ψ〉 refers to the joint photon–electron–
nuclear state. For the trans → cis isomerization, the projection
operator can be formally defined as the torsion angle q1 ≡
C1–N1–N2–C2 (CNNC, see Fig. 1) in the range

(
−π/2,π/2

)
,

i.e., P =
´

dqθ(|q1|< π/2) |q〉 〈q| where q denotes the internal
nuclear coordinates and θ = 1 if |q1|< π/2 and 0 otherwise.
The ETPA signal can then be calculated using time-dependent
perturbation theory (43) (SI Appendix, section S1), which gives

P(t) =
∑
p

ˆ t

t0

dt2
ˆ t2

t0

dt1
ˆ t

t0

dt ′2

ˆ t′2

t0

dt ′1

〈
ψ0(q)χ0

∣∣∣μp′
1
(t ′1)μp′

2
(t ′2)P(t)μp2(t2)μp1(t1)

∣∣∣ψ0(q)χ0

〉
×G(2)

p (t ′1, t
′
2, t2, t1),

[1]

where G
(2)
p (t ′1, t

′
2, t2, t1)≡ 〈E (−)

p′
1

(t ′1)E
(−)

p′
2

(t ′2)E
(+)
p2 (t2)E

(+)
p1 (t1)〉

is the field correlation function and E
(+)
pi (t) (E (−)

pi (t)) is the
positive (negative) frequency component of the electric field
operator of the pi beam (44), and μpi (t) = U †

M(t)μ · epiUM(t)
denotes the dipole operator μ projected on the polarization
epi in the interaction picture with UM(t) being the interaction-
free molecular propagator. Eq. 1 can be represented by the
time loop diagram shown in Fig. 2, where the photon indices
p= (p′

1, p
′
2, p2, p1), pi = { s, i } are ordered along the time

loop clockwise. The initial molecular state |ψ0(q)χ0〉, where
|ψα(q)〉 denotes the αth adiabatic electronic state, describes
the ground vibrational state |χ0〉 in the ground electronic

pump
signal

idler

S
P

D
C

Fig. 1. Azobenzene trans → cis isomerization initiated by entangled two-
photon absorption. The combined energy of the two photons matches the
S0/S1 transition at the trans geometry. The first reactive nuclear coordinate
q1 is the C1–N1–N2–C2 dihedral angle, and the second coordinate q2 is the
symmetric bending of the C1–N1–N2 and N1–N2–C2 angles.

Fig. 2. Time loop diagram for Eq. 1 representing the ETPA followed by a
chemical reaction.

PES. The field correlation function can be used to control
the two-photon excitation process by tuning the incoming
biphoton statistics. For a pure two-photon state, G(2) can
be factorized by G

(2)
p (t ′1, t

′
2, t2, t1) = A∗

p′
2p

′
1
(t ′2, t

′
1)Ap2p1(t2, t1),

where Ap2p1(t2, t1)≡ 〈0|E (+)
p2 (t2)E

(+)
p1 (t1)|Φ0〉 is the two-

photon detection amplitude (SI Appendix, section S2). In this
case, Eq. 1 reduces to (set the vibronic ground state energy to
zero)

P(t) =

ˆ
dqθ(q1 < π/2)

∣∣∣∣ ∑
p2 �=p1

ˆ t

t0

dt2
ˆ t2

t0

dt1

〈
q

∣∣UM(t − t2)μp2UM(t2 − t1)μp1

∣∣ψ0(q),χ0

〉
Ap2p1(t2, t1)

∣∣∣∣
2

.

[2]

The condition p1 �= p2 ensures that the molecules absorb pho-
tons from different beams. Eq. 2 is our final result that will be
computed numerically. The detection amplitude is determined
by the entangled light employed, whereas the molecular prop-
agator in Eq. 2 is computed by nuclear wave packet dynamics
(SI Appendix, section S3). For CTPA, the two-photon transition
amplitude is replaced by the electric field Ep2(t2)Ep1(t1), and
pathways with p1 = p2 must be included as the molecule can
absorb two photons from a single classical pulse.

The trans → cis Isomerization of Azobenzene
The process can be initiated by optical excitation either to the
dipole-allowed ππ∗ S2 or the dipole-forbidden nπ∗ S1 state (29,
31). Compared to S2 excitation, direct population of S1 doubles
the photoisomerization yield, in violation of Kasha’s rule (36).
This has puzzled researchers for many years. High-level com-
plete active space second-order perturbation theory (CASPT2)
PESs of the relevant electronic states along the isomerization
path were recently reported (32). The relevant nuclear space is
spanned by three degrees of freedom, with the first being the
CNNC dihedral angle (Fig. 1) that connects the trans with the
cis minimum at 180◦ and 5◦, respectively. The second and third
degrees of freedom are the C1–N1–N2 (CNN) and the N1–N2–
C2 bending angles (Fig. 1).
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Earlier, we had employed an effective two-dimensional Hamil-
tonian for the other cis → trans direction of the isomerization
(45). Fixing one of the two CNN bending angles was required
to achieve symmetry breaking and reach the minimum energy
reactive CoIn. The PESs and semiclassical dynamics in ref. 32
reveal that the excited trans molecule evolves first along symmet-
ric bending, and energy is then transferred to the CNNC torsion.
Thus, to perform nuclear wave packet simulations describing the
trans → cis isomerization, we use an effective Hamiltonian with
the reactive CNNC dihedral and the symmetric CNN bending
coordinate. The S1 and S0 PESs are depicted in Fig. 3, along
with the nonadiabatic couplings (NACs) responsible for the non-
Born–Oppenheimer effects and wave packet relaxation during
the dynamics. The NACs were calculated at the same level of
theory as the PESs by atomic displacement along the internal
coordinates. As is apparent from Fig. 3, the trans → cis isomer-
ization is blocked in the ground state by a 2-eV barrier. In S1,
the main gradient from the Franck–Condon (FC) point points in
the symmetric bending direction, keeping the in-plane symmetry.
A shallow local minimum with 2.1 eV energy exists at CNNC =
180◦ and CNN = 126◦. From here, along the CNNC torsion,
a small 0.2-eV barrier exists that is, however, lower than the
FC in S1 lying at 2.5 eV. Isomerization in S1 is thus possible
at the path from FC to the reactive CoIn seam that stretches
from CNNC = 90◦ to 105◦ and from CNN = 115◦ to 155◦,
with the strongest coupling region around CNNC = 100◦ and
CNN = 143◦.

The NACs in Fig. 3 are responsible for population transfer
of the nuclear wave packet between the adiabatic states. Their
calculation involves terms of type 〈ψ0| ∂

∂qi
|ψ1〉, i.e., overlap in-

tegrals of two adiabatic electronic wave functions ψ, where one
of them is displaced along the internal nuclear coordinate qi ,
thus mixing electronic and nuclear degrees of freedom. The
nuclear coordinates q1 = CNNC and q2 = CNN yield two NACs
displayed in Fig. 3. The reactive CoIn seam is located between

the cis and trans geometries and thus allows the molecule to relax
back to S0 on the isomerization pathway. Both q1 and q2 induce
significant NAC.

A nonreactive CoIn seam at larger symmetric bending angles
(around 150◦) is well established. We have calculated the NAC
scanning symmetric CNN bending angles from 100◦ to 180◦ at
fixed CNNC = 180◦ in SI Appendix, section S4. This NAC is
highly peaked at CNN = 150◦, while it is almost vanishing along
CNNC. We observe very weak mixing of the S0 and S1 CASPT2
wave function, suggesting a real crossing of the two states. The
same behavior is observed for identical scans at different CNNC
dihedral angles when S0 and S1 come close in energy. We thus
replicated the calculated NAC profile for the CNNC = 180◦ scan
along the CNNC direction at the minimal energy difference along
CNN, thus creating the nonreactive CoIn seam depicted in Fig. 3,
which is only relevant in CNN direction and vanishes for CNNC.

The two possible pathways for the nuclear wave packet
launched at the FC point upon optical excitation to S1 are marked
with black (nonreactive) and magenta (reactive) in Fig. 3. The
first step along the nonreactive pathway involves wave packet
evolution along CNN, keeping the planar symmetry. If the wave
packet reaches the nonreactive CoIn seam at CNN = 150◦, it will
relax to S1 without having picked up momentum along CNNC.
Step 2 is evolution back to the trans-S1 minimum, and thus, no
isomerization happens. If, upon excitation, the wave packet is
able to pick up momentum along CNNC and thus break the
planar symmetry, there is a clear path to the reactive CoIn
(magenta arrows in Fig. 3). It can then relax to S0, where the
momentum gained in S1 is preserved and further barrierless
evolution to the cis-S0 minimum occurs; thus, the photochemical
reaction can be completed.

The Nuclear Wave Packet Created by ETPA
The signal in Eq. 1 depends on the field correlation function
of the entangled photons. There are multiple ways to create
entangled photon pairs such as cascaded emission and SPDC

Fig. 3. (Left) Potential energy surface of the S1 (Top) and S0 (Bottom) electronic states in the two-dimensional nuclear space (q1, torsion; q2, symmetric
bending). The trans-azobenzene minimum is marked with the black cross. Isomerization to cis-azobenzene is prevented by a 2-eV barrier in S0 but possible
in S1. The reactive pathway is marked in magenta by 1) symmetry breaking of the molecular plane and wave packet evolution to the reactive CoIn and
2) continuing the CNNC torsional motion after relaxation to S0, thus completing the photochemical reaction. The nonreactive pathway is marked in black
with 1) keeping the planar symmetry and relaxing via the nonreactive CoIn and 2) evolving back to the trans minimum in S0. (Right) NACs between S0 and S1

are calculated on the same level of theory (SI Appendix, section S3) while keeping track of the phase of the electronic wave function. The nonreactive seam
keeps the planar molecular symmetry (CNNC = 180◦) at symmetric bending values around CNN ≈ 150◦. The reactive CoIn seam breaks the planar symmetry
and opens the trans → cis isomerization pathway.

Gu et al.
Photoisomerization transition state manipulation by entangled
two-photon absorption

PNAS 3 of 9
https://doi.org/10.1073/pnas.2116868118

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116868118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116868118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116868118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116868118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116868118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116868118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116868118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116868118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116868118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116868118/-/DCSupplemental
https://doi.org/10.1073/pnas.2116868118


processes, leading to two-photon states with different features.
To excite trans-azobenzene to S1, we employ the twin, signal
and idler, photons, generated by a type II SPDC process (41,
46, 47). The entangled photon pair state is given by |Φ〉=˜∞

0
dωs dωiJ (ωs,ωi)a

†
1(ωs)a

†
2(ωi) |0〉, where J (ωs,ωi) is the

joint spectral amplitude (JSA) describing the signal photon
with frequency ωs and idler photon with frequency ωi, and
aj (ω) (a†

j (ω)) annihilates (creates) a j photon with frequency
ω satisfying [aj (ω), a

†
j ′(ω

′)] = δjj ′δ(ω − ω′). We focus on the
frequency anticorrelation of the entangled photons, suppressing
the spatial degrees of freedom (46, 48). For a Gaussian pump
pulse with bandwidth σp, the type II SPDC JSA is described
by (43)

f (Δs, Δi) =N exp

(
− (Δs +Δi)

2

4σ2
p

)

× sinc
(
1

2
T̄ (Δs +Δi) +

1

2
(Δs −Δi)Te

)
,

[3]

where Δj = ωj − ω̄j and ω̄j is central frequency of the j photon,
Te =

1
2

(
L
vs
− L

vi

)
is the entanglement time characterizing the

difference between the arrival times of the photon pair, T̄ =
1
2

(
L
vs
+ L

vi

)
− L

vp
is the travel time difference between the bipho-

ton and the pump inside the nonlinear crystal, and N is a normal-
ization constant. The entanglement time sets an upper bound of
how long the twin photons can separate in time. It fundamentally
differs from the time delay between two classical pulses as sepa-
rable pulses cannot violate σt1−t2σω1+ω2 ≥ 1, where σx denotes
the variance of x (49). The entangled light excitation process was
simulated using the protocol detailed in ref. 43. It is given by
a sum over all transition pathways each determined by the two
light–matter interaction times t2, t1 sampled on a time grid. Each
transition pathway for a fixed (t2, t1) is simulated by wave packet
dynamics on the intermediate and final PESs. The two-photon–
excited wave packet is finally obtained by numerical integration
over the t1, t2 grid. The initial quantum light excitation process
is relatively short (tens of fs) compared with the isomerization
dynamics (1 ps) so that they can be separately considered.

Fig. 4 shows the nuclear wave packets in the S1 surface excited
by an entangled photon pair with different entanglement times.
Clearly, the nuclear wave packets in S1 varies with the entan-
glement time. The wave packet excited by entangled photons

with Te = 6 fs is more delocalized compared to Te = 1 fs. The
variation of the nuclear wave packet shape over Te is periodic
with ∼ 3 fs.

To rationalize these observations, we turn to the sum-over-
states expression for the transition amplitude, whose modulus
squared gives the transition probability to final states (43).
We expand the transition amplitude Tfg(t) =

´ t

t0
dt2

´ t2
t0

dt1〈
f
∣∣UM(t − t2)μiUM(t2 − t1)μs

∣∣g〉
Ais(t2, t1) + (s ↔ i) (cf. Eq. 2)

from the ground vibronic state |g〉 to a final vibronic state |f 〉 in
S1 by summing over all intermediate eigenstates. Here (s ↔ i)
denotes a contribution from exchanging the s and i labels in
the first term. Although obtaining all eigenstates of a molecular
Hamiltonian is numerically expensive, the sum-over-states
expression provides useful insights into the Te dependence of
the excited wave packet. Let { v } denote the vibronic eigenstates
in higher-lying excited state PES (e.g., S2); the final transition
amplitude is given by (43)

Tfg ∝ exp

(
− (ωfg − ω̄s − ω̄i)

2

4σ2
p

) ∑
v

μ
(i)
fv μ

(s)
vg

e iΔvTe − 1

iΔv

+ (s ↔ i) ,

[4]

where Δv = 1
2
ωfg − ωvg is approximately the energy difference

between the S0–S2 gap and the incoming photon energy. For our
choice, Δv ∼ 1 eV, which leads to a periodicity around 2π/Δv ≈
3 fs. The transition dipole moment matrix elements in Eq. 4 are
between vibronic states, i.e., FC factors. The exponential factor
comes from the pump spectral envelope, whereas the phase
factor comes from the phase-matching condition in Eq. 3. The
two-photon excited nuclear wave packet in S1 is a superposition
of many nuclear eigenstates in the S1 PES determined by the
pump pulse bandwidth, instead of the signal/idler bandwidth.
Eq. 4 reveals that the transition amplitude to each final vibronic
state varies strongly on Te due to the phase factor e iΔvTe , which
then results in a dependence of the created nuclear wave packet
on the entanglement time.

To unveil the role of entanglement in the two-photon exci-
tation process, we contrast the nuclear wave packets created
by quantum light with those created by classical two-photon
excitation including the chirped and nonchirped pulses. Fre-
quency anticorrelation can also be achieved in classically corre-
lated light (50). For example, the classically correlated light ρ=˜

dωs dωi
∣∣f (ωs,ωi)

∣∣2 |ωs〉 〈ωs| ⊗ |ωi〉 〈ωi| exhibits the same joint

Fig. 4. Entangled two-photon excited nuclear wave packets in the S1 surface at t = 20 fs varying the entanglement time Te as indicated. The other
parameters are T̄ = 0,σp = 0.4 eV.
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Fig. 5. Classical two-photon excited nuclear wave packets in the S1 surface at t = 20 fs with Gaussian pulses. The bandwidth is varied in correspondence to
different entanglement times Te used in Fig. 4 as indicated. The excited wave packets shows negligible dependence on the bandwidth.

spectral intensity as the entangled photon pair; nevertheless, such
states cannot be used to create coherent nuclear wave packets.

Classical Gaussian Pulses. We first consider two uncorrelated clas-
sical Gaussian laser pulses with bandwidth resembling the signal
and idler photons for a given JSA. The electric field of the
classical pulses (for convenience, also labeled by s,i) reads

Ej (ωj ) = Aj exp

(
− (ωj − ω̄j )

2

4σ2
j

)
, [5]

where Aj is the field amplitude. The signal/idler mode bandwidth
is given by σ2

j =
˜

dωs dωi
∣∣f (ωs,ωi)

∣∣2 Δ2
j where j = s, i, which

explicitly depends on the JSA. Such pulses exhibit a power
spectrum resembling the quantum light, i.e., E∗

j (ω)Ej (ω)∝
〈a†

j (ω)aj (ω)〉q
. The electric field in the time domain reads

Ej (t) = Aj2σ
√
πe−σ2t2 .

Fig. 5 shows that without signal-idler entanglement, variation
of the incoming pulses bandwidth hardly affects the prepared nu-
clear wave packet. The frequency anticorrelation is thus essential
for the modifications in the entangled photon pair excitation.

Fig. 6. Typical wave packet evolution after classical two-photon absorption. Each of the six panels contain the S1 (top) and S0 (bottom) potential energy
surface with nuclear wavepacket snapshots at 68 fs, 117 fs, 165 fs, 214 fs, and 262 fs. The starting wave packet at 20 fs corresponds to Fig. 5 with Te = 1 fs.
After 68 fs, the wave packet returns back to the FC region in S1. Very small parts have relaxed through the nonreactive pathway or reached the reactive
CoIn. At 117 fs, the planar symmetry starts to substantially decrease with major parts of the wave packet starting to evolve along the CNNC torsion. The
snapshots on the bottom illustrate how the wave packet predominantly follows the reactive pathway and reaches the cis product minimum.
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Classical Pulses with Long Frequency Tails. To uncover whether the
control is due to the long tails in the sinc phase matching function
of quantum light, we simulate with two-photon excitation with
classical pulses containing similar features, i.e.,

Ej (ω) = Aj sinc
(
σj (ωj − ω̄j )

)
. [6]

SI Appendix, Fig. S1 shows unnoticeable differences in the two-
photon excited nuclear wave packets by varying the bandwidth,
similar to the wave packets created by the Gaussian pulses de-
spite the long tails in the spectral profile. This suggests that the
single-photon resonances caused by long frequency tails are not
the reason for the modulations induced by entanglement time in
Fig. 4.

Linearly Chirped Gaussian Pulse. We consider the following
chirped pulse:

Ej (t) =Aj exp
[
−1

2

(
t/τj

)2] exp
[
−i

(
ω̄j t + βj t

2
)]

, [7]

where the phase βj t
2 accounts for the chirping. The instanta-

neous angular frequency of the pulse reads ωj (t)≡ dφ
dt = ω̄j +

2βj t . We let βi =−βs = β such that the sum of the instantaneous
frequencies of the two pulses can be narrowly distributed, mim-
icking the frequency anticorrelation of entangled light.

SI Appendix, Fig. S2 shows the wave packets created by the
two-photon excitation with chirped pulses with their bandwidth
matching the quantum light. They do not exhibit a strong de-
pendence on the bandwidth, which implies that the control with
entangled light cannot be reproduced with chirping. While the
chirped light can have a narrow distribution of the instantaneous

frequency, there is no temporal correlation between the two pos-
itively and negatively chirped pulses to ensure that the molecule
interacts with the two pulses simultaneously.

Isomerization Dynamics Launched by Entangled Two-Photon
Excitation
We had performed quantum dynamical propagations accord-
ing to the time-dependent Schrödinger equation on the adia-
batic PESs in Fig. 3. This numerical procedure is exact for the
model Hamiltonian that contains two nuclear degrees of free-
dom. We first discuss the typical numerical propagation for the
wave packet depicted on the top left in Fig. 5 upon excitation with
two nonentangled near-infrared (IR) photons. Snapshots of this
propagation are shown in Fig. 6 starting at 20 fs after the intensity
maximum of the near-IR pulse. Within 20 fs, the wave packet
starts to evolve to higher CNN values while retaining the planar
symmetry in CNN; at 68 fs, it has bounced back to the FC, while
very small parts have relaxed to S0 through the nonreactive CoIn
seam. When evolving to higher CNN values for the second time,
the planar symmetry starts to break, and the wave packet spreads
along CNNC. This is already visible at 117 fs and becomes more
pronounced at 165 fs (compare Fig. 6). At 165 fs, considerable
parts of the wave packet have reached the reactive CoIn seam and
start to relax to S1. As can be clearly seen from the 214 and 262 fs
snapshots in Fig. 6, the planar symmetry is completely broken,
and the wave packet broadly spreads along CNNC in S1. In S0,
major parts of the wave packet have reached the cis-S0 minimum,
thus completing the photoisomerization. Once this minimum is
reached, we absorb the nuclear wave packet with a Butterworth
filter operation (51). In reality, vibrational relaxation to other
modes will redistribute the kinetic energy, thus preventing major

Fig. 7. Photoisomerization dynamics following two-photon excitation with classical light. Panels correspond to Fig. 5 where the starting wave packets are
displayed, which are very similar. For each set of three panels, Top shows population dynamics with the ground and exited state populations ρgg and ρee,
the product yield as the cumulative amount of wave packet that has been absorbed in the cis minimum, and the cumulative amount of population that has
been absorbed at the symmetric bending grid borders. Middle shows TRUECARS signal according to Eq. 8 being strong from the beginning, as parts of the
nuclear wave packet immediately reach the CoIns and fading out with time. Bottom shows spectrogram of the TRUECARS signal according to Eq. 9 revealing
the vibronic coherence distribution.
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parts of the wave packet from continuing along the dihedral
bending and crossing the 2-eV barrier in the ground state back
to the trans minimum or even evolving back to S1 through the
CoIn. This vibrational relaxation is not captured by our two-
dimensional Hamiltonian, and absorbing the wave packet in the
product minimum prevents these artifacts.

This wave packet propagation explains the violation of Kasha’s
rule. Directly exciting S1 provides enough energy for the wave
packet to reach the nonreactive CoIn seam close to CNN = 150◦,
only for the small tails. The vast majority of the wave packet
bounces back to the FC and subsequently breaks the planar
symmetry to evolve toward the reactive pathway. Excitation to S2

places the wave packet higher on the potential energy landscape.
After a sub–100-fs relaxation to S1, as found in earlier work (29,
31), the wave packet has additional kinetic energy, and thus,
much bigger portions are able to reach the nonreactive CoIn
seam and relax to S0 without breaking the planar symmetry.

The photoisomerization kinetics is shown in Fig. 7, Top. Once
the wave packet reaches the reactive CoIn around 160 fs, the S1

population starts to decrease, and S0 is continuously populated.
After 200 fs, parts of the wave packet start to be absorbed in
the cis-S0 minimum, counting to the product yield. After 900
fs, the product yield amounts to 44%, with 13% population still
remaining in S1 and 7% in S0, and 36% have exited the numerical
grid in the symmetric bending direction and are not considered
in our simulations any further.

We probe the coherence at the CoIn by simulating the TRUE-
CARS signal (transient redistribution of ultrafast electronic co-
herence in attosecond Raman signals). While we do not discuss
it in detail, suffice it to say that it can extract experimentally the

vibronic coherence structure around the CoIn (52, 53). The signal
reads (54)

S(ω,T ) = 2 Im
ˆ ∞

−∞
dte iω(t−T)ε∗0(ω)ε1(t − T )

× 〈Ψa(t)|α̂ab |Ψb(t)〉,
[8]

where |Ψa/b〉 are the total nuclear-electronic states in the adi-
abatic representation; α̂ab is their transition polarizability; and
ε0 and ε1 are the broadband (500 as) and narrowband (3 fs) X-
ray pulses, respectively. These induce an off-resonant stimulated
Raman process between two electronic states, and the signal is
given by the time-integrated rate of change of photon numbers
in the ε0 field. TRUECARS is a sensitive probe of CoIns as it
only exists if there is an electronic coherence.

The TRUECARS signal in Fig. 7 is nonvanishing right from
the beginning at 20 fs as tails of the wave packet have already
reached the nonreactive CoIn. It gets stronger during the dynam-
ics when the reactive CoIn is reached by other parts of the wave
packet and persists throughout the propagation time the wave
packet passes through the CoIn. As demonstrated before (52),
the vibronic coherence evolves with a dynamical phase according
to the energy difference of the adiabatic states. This information
is encoded in the positive gain (red)/negative loss (blue) oscil-
lations at a given Raman shift. For a clear visualization, we took
the signal trace S(t) at ωr = 0.3 eV and calculated the frequency-
resolved optical gating (FROG) (55) spectrogram

IFROG(ωc , τ) =

∣∣∣∣∣
ˆ ∞

−∞
S(t)Egate(t − τ)e−iωct dt

∣∣∣∣∣
2

. [9]

Fig. 8. Photoisomerization dynamics following two-photon excitation with quantum light (entangled photons). Panels correspond to Fig. 4 where the
starting wave packets are displayed. For each set of three panels, Top shows population dynamics with the ground and exited state populations ρgg and
ρee, the product yield as the cumulative amount of wave packet that has been absorbed in the cis minimum, and the cumulative amount of population
that has been absorbed at the symmetric bending grid borders. Middle shows TRUECARS signal according to Eq. 8 being strong from the beginning, as parts
of the nuclear wave packet immediately reach the CoIns and fading out with time. Bottom shows spectrogram of the TRUECARS signal according to Eq. 9
revealing the vibronic coherence distribution. In contrast to there, the photochemical yield is slightly affected by a few percent. The strongest difference is
in the vibronic coherence distribution revealed by the TRUECARS spectrogram. This shows that the transition state of the photochemistry can be severely
influenced by quantum light.
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This spectrogram, depicted below the TRUECARS signal in Fig. 7, reveals the
time-dependent vibronic coherence structure stretching from 0.1 to 0.7 eV
with major contributions around 0.2 to 0.4 eV.

We next turn to the isomerization kinetics. TRUECARS signals and FROG
spectrograms for the six initial wave packets in Fig. 5 are shown in Fig. 7.
The latter were created by classical TPA without entanglement. Neither the
kinetics or product yield, nor the coherence structure associated with the
CoIn is changing. We observe that modifying the bandwidth of the classical
near-IR fields gives no control opportunity for the reaction path.

As shown in Fig. 4, photon entanglement has a stronger effect on
the excited wave packets compared to their classical counterparts. Fig. 8
depicts the photoisomerization dynamics following ETPA with different
entanglement times (Eq. 2). In contrast to their classical counterparts, the
entanglement time does effect the isomerization yield, varying from 47%
for Te = 3 fs to 41% for Te = 9 fs. Photon entanglement is thus able to add a
control knob for photochemistry not available by classical light sources.

The strongest photon entanglement effect manifests the TRUECARS
spectrogram and thus reveals the vibronic level structure of the CoIn. This is
illustrated in Fig. 8, where the spectrograms for Te = 3 fs and Te = 6 fs are
significantly different from the other ones. The vibronic coherence around
the CoIn, and thus the transition state of the isomerization, is thus strongly
modulated.

Conclusions
Entangled light provides a coherent control scheme for nuclear wave packets
in a one-photon dark excited state of molecules. This is demonstrated by
nonadiabatic CoIn wave packet dynamics for the trans–cis photoisomeriza-

tion of azobenzene. This control leads to a substantial difference in the
transient coherences during the passage through a CoIn, i.e., the transition
state structure of the photochemistry, which we detect by a stimulated X-
ray Raman signal. Additionally, the photoisomerization yield is noticeably
affected by modulating the photon entanglement time. The essential role
of energy–time entanglement in the control is clearly demonstrated by
contrasting the quantum light–excited wave packets to that created by
classical light. Varying the bandwidth alone for both classical nonchirped
and chirped pulses leads to minor differences in the two-photon excitation
process. Our results provide a strategy for coherent quantum light control
of the photoexcitation of electronic dark states of molecules. This can have
important applications in photoswitches and biological sciences (35, 56)
that require a low photon flux to prevent photodamage of fragile samples.
Further prospects may include introducing additional control quantum light
pulse during the course of the reaction (57).

Data Availability. All study data are included in the article and/or
SI Appendix.
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