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Pathway Selectivity in 2D Electronic-Vibrational
Spectroscopy with Quantum Light

Deependra Jadoun, Hari K. Yadalam, Upendra Harbola, Vladimir Y. Chernyak,

Matthias Kizmann,* and Shaul Mukamel*

Pathway selectivity in quantum spectroscopy with entangled photons is a
powerful spectroscopic tool. Phase-matched signals involving classical light
contain contributions from multiple material pathways, whereas quantum
spectroscopy may allow the selection of individual pathways. 2D
electronic-vibrational spectroscopy (2DEVS) is a four-wave mixing technique
which employs visible and infrared entangled photons. It is showed how the
three contributing pathways—ground state bleach, excited state absorption,
and excited state emission—can be separated by photon-number-resolved
coincidence measurements. Entangled photons thus reveal spectral features
not visible in the classical signal, with an enhanced spectral resolution.

1. Introduction

Entangled photons!!! offer new avenues in the study of molecules
and chemical processes.>*] The enhanced two-photon ab-
sorption strength of entangled photon pairs (EPPs)>® com-
pared to classical light provides a pivotal manifestation of
quantum spectroscopy. The increased entangled two-photon-
absorption!”! cross-section stems from the temporal correlation
of the EPPs,®) and the time and energy entanglement of photons
can help achieve joint high temporal and spectral spectroscopic
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resolutions,® 1 as has been demon-
strated in the spectroscopy at conical
intersections.!'*"1%] However, suitably de-
signed classical pulses have been pro-
posed as substitutes for quantum spec-
troscopy where one photon from an EPP
interacts with the sample while the other
serves as a reference.'’]

Interferometric’®! EPPs setups have
been used for pathway selectivity!!®24l
by singling out specific Liouville path-
ways contributing to the non-linear opti-
cal responsel®®! of material systems. Co-
incidence photon-counting detection of
EPPs has been used to separate different
pathways in four-wave mixing.2?’] Quasiparticle scattering pro-
cesses have been theoretically selectively probed in exciton
transport by using quantum interferometry.?3] Interferomet-
ric photon-number-resolved measurements have been used to
achieve pathway selectivity in a 1 signal (difference-frequency
generation).?*l Three entangled photons have also been used in-
terferometrically to selectively probe individual pathways.[2829]
Recently, pathway selectivity has been proposed using classical
pulses in two-dimensional (2D) photon echo spectroscopy.*]

In this paper, we show how quantum spectroscopy com-
bined with coincidence photon-number-resolved measurement
of EPPs may be used to discriminate different contributions to
2D electronic-vibrational spectroscopy (2DEVS) spectra. 2DEVS,
proposed by the Graham Fleming group,3**] uses two opti-
cal pulses followed by two infrared (IR) pulses to probe corre-
lations between electronic and vibrational degrees of freedom
in light-harvesting complexes.>*3¢/ A complement technique
2D vibrational-electronic spectroscopy was proposed by Munira
Khalil,1*”] which uses two IR pulses followed by two optical pulses
to create vibrational transitions. Simpler single-color techniques
such as 2D electronic spectroscopy and 2D IR spectroscopy only
probe electronic or vibrational transitions, respectively. 2DEVS
can explore both electronic and vibrational dynamics. 2DEVS has
been used to study energy transfer processes***#° and vibronic
couplings in light-harvesting complexes.[*1-#4]

The 2DEVS signal has three contributions: Ground state
bleach (GSB), excited state emission (ESE), and excited state ab-
sorption (ESA),[?! depicted by Feynman diagrams in Figure 1b).
GSB reveals vibrational dynamics in the ground electronic
state, whereas the ESE and the ESA monitor the vibrational
dynamics in the excited electronic state and energy transfer
processes. These can be masked by the GSB contributions if the
vibrational frequencies in the two electronic states are similar.
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Figure 1. a) The setup that uses EPPs generated by a PDC process in 2DEVS is shown. The s-photon and the i-photon are directed into two arms of
the setup. Sets of mirrors and beam splitters are used in the two arms to vary the path lengths of the s and i photons, thereby controlling the delays
between the photons. The two photons are detected in coincidence after interacting with the sample. Notations: M represents mirror, BS represents
beam splitter, and OWM represents one-way mirror. b) Loop diagrams corresponding to GSB, ESE, and ESA processes in 2DEVS are shown. Each loop
diagram is divided into two parts: the light-matter interaction part and the detection part. The same colored arrows in the light-matter interaction part
belong to the same EPP. In the detection part, blue arrows represent the detection of i-photons, and pink arrows represent the detection of s-photons.

Here, we show how to separate the three contributions using a
photon-number-resolved coincidence measurement with EPPs.
The number of signal (s) and idler (i) photons observed in
coincidence can mark a specific 2DEVS pathway. We further
explore the effect of the delays of s- and i-photons for a fixed
entanglement time on the spectral resolution along the probe
frequency.

2. Theory

2DEVS is a four-wave mixing technique that uses two visible
(vis)/ultraviolet (UV) pulses (E, and E,) resonant with vibronic
transitions, followed by two IR pulses, E; and the signal field
(E,), that induce vibrational transitions within the same elec-
tronic state. The signal field, E,, is emitted in the direction k, =
k, — k, + ks, where k,, k,, and k; are the wavevectors of fields E;,
E,, and E;, respectively. We set k; =k, so that k.=k,, implying
self-heterodyne detection.

In our setup depicted in Figure 1la, EPPs generated by the
parametric-down conversion (PDC) process are directed into two
arms labeled signal and idler, which are in the vis/UV and in the
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IR regimes, respectively. s-photons represent E; and E, field inter-
actions, and i-photons form the Ej field. A set of mirrors is used
in the i-arm to control the delay with respect to the s-arm photons.
An additional pathway is created in the s-arm using beam split-
ters and mirrors, giving rise to a superposition in the s-photon
state with a variable delay. This allows to mimic the sequence of
two vis/UV pulses (E; and E,) in the classical 2DEVS using a sin-
gle s-arm photon. Note that the superposition is between the two
pathways that a single s-photon can take, and it should not be con-
fused with the superposition of two s-photons (see Equation 3).
The delay in the s-arm (z,) is kept smaller than in the i-arm (z,) so
that the s- and i-photon envelopes are temporally well separated.
This can be ensured by setting the delay of i-photons larger than
the sum of the pump pulse width and the delay in the s-arm.
Following the interaction with the sample, the photons in the
two arms are detected in coincidence by the detectors D, and D,.
The photon-number-resolved coincidence measurement is used
to select the pathway corresponding to the recorded 2DEVS sig-
nal, as depicted in Table 1. A one-photon count in each detector
D, and D; indicates the GSB pathway. Similarly, a zero photon
count in D, and a one photon count in D; marks the ESA contri-
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Table 1. The number of photons detected in each detector is noted for each
pathway contributing to 2DEVS.

detect
process

GSB 1 1
ESA 0 1
ESE 0 2

bution. Finally, a zero photon count in D, and a two-photon count
in D, represents the ESE contribution.

The signal is defined as the coincidence photon-number-
resolved measurement of the s-photon and the i-photon,[*>4¢]

Q?l —Q, Q’:’ —Q,
SoL = Tn_i!e e “p(t) 1)

where T is the time-ordering operator, p(t) represents the density
matrix for the system at time ¢, n; (n,) is the number of detected
i (s) photons, and @, = / deIAEj:R(g)]AEjL(g) with ]E"J being the electric
field superoperator,

E](t) =ie€ / dwja‘j(a)j)e_iwfteiki'r (2)

where j € {s, i}, ¢ is the polarization, k; is the photon wavevector,
€ represents the amplitude, 1 is the position vector, 4;(w)) is the
annihilation operator for the j-photon with frequency w;.

The total density matrix p is given by the direct product of the
molecular, p,,, and the field, pp, density matrices. We consider a
molecular model system with two electronic states, and a single
harmonic vibrational mode that includes five vibrational states in
the simulation. The electronic energy gap is 3 eV, and the vibra-
tional frequencies of the ground and excited electronic states are
0.1 and 0.16 eV, respectively. The system Hamiltonian and the
energy level diagrams are given in Supporting Information. The
molecule is initially in the lowest vibronic state.

The initial field density matrix, pp=|y}) (y;|, represents the
bi-photon entangled state, |y). We have assumed the following
bi-photon wavefunction,

(ws - d)s)

2 s 2 !

lwg) = /de/dwie_(w5+(ui_"_)”)2/2°lz’sinc
X (T + Re“s™)a, (,)e2a; (a;) |0, 0;)

where @,, @, and @; represent the center frequencies of the
pump, the signal, and the idler photons, respectively. o, is the
pump-pulse bandwidth, T, (T;) represents the time spent by the
s-photon (i-photon) in the PDC crystal, and 7 and R are transmis-
sion and reflection coefficients for the beam splitter in the s-arm,
respectively. 7, represents the delay between the two paths in the
s-arm, and 7, is the delay introduced in the i-arm of the setup.
The GSB signal is calculated using Equation (1) with n; = 1,
and n, = 1. A perturbative expansion(?’] of the total density-matrix
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in light-matter interaction in Equation (1) leads to the following
expression for the signal,

o ty 0 ty
Sorcse(T1, 1) =2NR [/ dt4/ dt, / dtz/ dt,
to to ty to

X (W) | 1, (£ (B3 (B) 1, (1) 1 (o))

X Oty =7,y = 1) Pty 1 — 7))

o ty -] 1) (4)
+ / dt, / dt, / dt, / dt,
t to to ty

X (W (to) | (), (B bty () () 1 ()

O (b, ty — 1) P(t, — 74,8 — Tz)]

where N is a normalization factor, |y,,) represents the molec-
ular wave-function, p, represents the transition dipole moment
(TDM) between vibrational states, y, denotes the TDM between
electronic states, and ®(t, t') is the two-photon amplitude (TPA),

®(t, t') = (0, 0] E(®)E() lwy)

_ —iw;t —iogt —(0+w;—@,) /202
—/dcoie L/dwse e p)" /20
)

. w; — d)s w; — d)i
X sinc 3 T + T,

Equation (5) may be used to obtain a frequency-dispersed sig-
nal by eliminating one of the frequency integrations. In Equa-
tion (4), we omit the integration over the probe-frequency (w,)
corresponding to the interaction with E; at time t,. The same ap-
proach is used below to obtain the frequency-dispersed signals.

The GSB diagram shown in Figure 1b(left) is divided into the
light-matter interaction and the detection parts. In the former,
each arrow represents an interaction of a photon with the molec-
ular sample. Arrows with the same color belong to the same EPP.
In the detection part, each arrow represents the interaction of
a photon with the detector. Two blue (pink) arrows on opposite
branches represent the detection of the i(s)-photon.

We next turn to the ESE signal obtained using Equation (1)
with n; = 2 and n, = 0. By calculating Equation (1) together with
Equation (3) using time-dependent perturbation theory, we ob-
tain the following expression for the signal,

o o i i
SoLese(T1, 7)) = ZN'R/ dt4/ dt3/ dt2/ dt,
to to to to

X (W (b0 | (1), (85) A (Ea) 1, (1) 1, () (6)
X @ (b, ty = 1)@t — 71,8 — 7)
+OU (b — 7y, by — 1)@y, by — 7))

The ESE diagram is shown in Figure 1b(center). Here, the two

interactions with the s-photon create a vibrational coherence in
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the excited state, which results in the zero-photon count in the
D, detector.

Finally, the ESA signal is computed using time-dependent per-
turbative expansion of Equation (1) for n;, =1, n,=0,

) 00 ty ty
Soresa(T, 73) = —2./\/'91/ dt4/ dtz/ dta/ dty {w, (1)
o f fo o

+ ¥ 7
X Me(tZ)MV(t4)”V(t3)Me (t1) [, (to)) [‘D*(tz =Tt —Ty) ( )
Dty — 7y, 1) + @y, ty — 7)) Dt — 7y, 1 — Tl)]

The ESA diagram is shown in Figure 1(b,right). Similar to the
ESE signal, the s-photon interactions create a vibrational coher-
ence in the excited electronic states. However, the probe process
now involves the absorption and emission of the i-photon. Thus,
only a single photon is detected in D;, with a zero-photon count
in D,.

Pathway selectivity in a four-wave mixing technique results
in disconnected pathways on top of the selectively probed
pathway.*®] These pathways must be taken into account since
they can contain signals that are non-trivial to filter. However, in
2DEVS, the disconnected pathways are fewer compared to single-
color spectroscopic methods. The disconnected pathways con-
tributing to 2DEVS contain products of two components: One
part is independent of the s- and the i-photon delays, while the
other depends on the delay ;. The part independent of the de-
lays can be treated as a constant background. Thus, one can con-
struct a linear signal using s-photons and subtract its product
with the aforementioned constant background from the 2DEVS
spectra that contain contributions from the disconnected path-
ways. A detailed discussion can be found in the Supporting In-
formation along with signal derivations for pathway selectivity in
four-wave mixing.

Using Equation 5, we construct 2D frequency-dispersed spec-

tra,
S/QL(wr’ ®;7;) = F[SQL(wﬂ 715 7,)] (8)
where F represents the Fourier transform with respect to the de-
lay 7;, and the delay , is treated as a parameter. In a similar man-
ner, 2D frequency-dispersed spectra can be displayed vs 7;,

SéL(wr’ ®,;7y) = T[SQL((HV’ 7,5 71)] 9)

Note that detecting single-photon counts in the far-IR region can
be challenging due to the photons being in the same frequency
regime as the thermal light. One can use photons in the mid-
IR or near-IR frequency regimes in 2DEVS to avoid dealing with
the thermal light background. Over the past years, efforts have
been made to develop detectors that allow single-photon detec-
tion of mid-IR photons, and devices such as photovoltaic detec-
tors, and detectors consisting of superconducting nanowires can
be utilized.[*”]

3. Results and Discussion

Figure 2 compares the 2D frequency-dispersed signals vs @, and
w, (see Equation 9) for EPPs and classical pulses. Panels (a—c)
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show the photon-number resolved measurements of EPPs, while
panels (d—f) show the corresponding classical pulse spectra. The
GSB contribution to the 2DEVS for EPPs shown in Figure 2a was
calculated using Equation (2) and Equation (9) for @, = 3.32 eV,
and @; = 0.32 eV, with the pump bandwidth being o, = 0.06 €V,
while the delays between the entangled photons and the pump
pulse are T, = 30 fs, T, = —30 fs. The delay 7, is set to be 0 fs in our
calculations since it only introduces an overall phase to the sig-
nal. Peaks in the 2DEVS spectra are assigned to population and
coherence contributions marked by colored circles. Peaks con-
nected via orange-dashed line correspond to the same vibrational
state, while those connected via the black-dashed line represent
coherence contributions. Two types of peaks appear in the spectra
corresponding to vibrational populations, P;, and to vibrational
coherences, Cy» with i and j denoting vibrational states. The for-
mer appear around w, = 0 eV, while the latter show up at finite
w, values. The strongest peak in Figure 2a at w, = 0.32 eV and w,
=0 eV corresponds to the population of the lowest vibration state
in the ground electronic state. The spectrum has a mirror sym-
metry around w, = 0 eV. The weaker peaks at w, = 0.1 eV and o,
=-0.1 eV represent the coherence between two vibrational states
separated by 0.1 eV. The signal intensity is normalized with re-
spect to the peak intensity for the ESA contribution of the signal,
as shown in Figure 2c.

Figure 2b depicts the ESE contribution calculated using Equa-
tion (6) and Equation (9). The strongest @, = 0.32 eV peak rep-
resents vibrational population, P;, in the excited electronic state.
The other population peak appears at w, = 0.16 eV, and corre-
sponds to the vibrational population P,. The vibration population
peaks in 2DEVS spectra are connected by a red-dashed line. The
vibrational coherence peaks appear at w, = 0.16 eV, which corre-
sponds to the vibrational frequency in the excited electronic state.

ESA peaks shown in Figure 2c appear in a similar fashion to
the ESE. The three peaks at w, = 0 eV connected by the red-
dashed line represent vibrational populations in the excited elec-
tronic state. The coherence peaks at w, = 0.16 eV are connected
by the black-dashed line. The key difference between the ESE and
ESA stems from the nature of the probe of the vibrational coher-
ence created by the first two interactions. The ESE contribution
involves the stimulated emission of i-photons, and hence can-
not have contributions from the lowest vibrational state in the
excited electronic state. The probe process in the ESA is of Ra-
man type, and hence does not detect the population and coher-
ence contributions from the highest vibrational state in the ex-
cited electronic state.

Comparison of quantum signals with 2DEVS spectra obtained
Dby classical pulses reveals the role of the photon-entanglement.
The first two pulses that induce vibronic transitions have the
center-frequency of 3.32 eV, whereas the probe pulse has a center-
frequency of 0.32 eV. All the pulses have a 6, = 0.06 eV band-
width. The GSB, ESE, and ESA contributions to the classical
2DEVS signal are shown in Figure 2d—f. These contributions may
not be separated by classical experiments but can be revealed by
EPP spectra. In the GSB contribution (see Figure 2d), the strong
peak at w, = 0 eV corresponds to the vibrational population in
the ground electronic state. Sidebands corresponding to vibra-
tional coherence appear at w, = 0.1 eV (and —0.1 V), but un-
like the EPPs signals, the peaks are not resolved along the probe-
frequency axis.
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Figure 2. 2D frequency-dispersed (w,, w,) spectra for quantum and classical light calculated using Equation (9). a—c) GSB, ESE, and ESA contributions to
the 2DEVS signals for the model system under study, respectively. d—f) GSB, ESE, and ESA contributions to 2DEVS signals, respectively, constructed using
classical pulses. Vibrational population (P;) and coherence (C;;) peaks are marked in the spectra, where i and j represent vibrational states. Population
(coherent) peaks are connected via a red (black)-dashed line. The population and coherence peaks connected via an orange-dashed line stem from the

same vibrational level. The spectra are calculated for the delay 77 = 0 fs. Quantum light parameters: o, = 0.06 eV, T, = 30 fs, T; = -30 fs, w, = 3.64 eV,

p

w; =332 eV, and w; = 0.32 eV. Classical spectra are constructed using pulses with ¢, = 0.06 eV spectral width.

A more pronounced photon entanglement effect appears in
the ESE and ESA spectra, where the participating vibrational
states have a 0.16 eV frequency. The classical ESE and ESA con-
tributions shown in Figure 2e,f, respectively, only contain two vi-
brational coherence peaks along with a single population peak,
which carries considerably less information compared to the EPP
spectra. Entangled-photon 2DEVS thus provides as improved
probe of vibrational excitations due to an increase in the band-
width of the photons owing to the entanglement time. However,
entangled photons are just a convenient source to achieve the
discussed pathway selectivity along with an improved spectral
resolution, and similar results can be obtained by using classi-
cal pulses with a larger bandwidth. Additionally, ESE and ESA
contributions to the classical signal are very similar but with op-
posite signs, as evident by the signal expression (Equation S10
and S12) in the Supporting Information. The two contributions
thus cancel out, and the GSB dominates the signal. A classical
2DEVS signal cannot probe vibrational dynamics in an excited
electronic state when the three contributions spectrally overlap.

To demonstrate the effect of the entanglement time (T, = T;-
T,) on the 2DEVS spectra, Figure 3a—c shows the ESA spectra
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constructed using Equation (7) and Equation (9) for several en-
tanglement times T, =40 fs (T, = 10 fs. T, =-301s), T, = 60 fs (T,
=30fs. T, =-301s),and T, =40 fs (T, = 30 fs. T, = -10 fs), respec-
tively. Three population peaks appear for T, = 40 fs, as shown
in Figure 3a. These peaks appear at w, = 0 eV for the probe fre-
quencies @, = 0.16, 0.32, and 0.48 eV. Coherence peaks appear at
two finite w, values: 0.16, and 0.32 eV. A single coherence peak
appears for w, = 0.32 eV, while two coherence peaks appear for
®, = 0.16 eV and w, = 0.48 eV. The number of coherence peaks
decreases with an increase in w,. Similar features appear in the
signal shown in Figure 3c for the same entanglement time of T, =
40 fs, but for different signal and idler delays. In contrast, the ESA
signal for the entanglement time of T, = 60 fs shows distinct fea-
tures from T, = 40 fs. For example, the coherence and population
features are stronger than the central peak atw, =0.32 eV and w,
=0eVinthe ESA signal with T, = 40 fs. Additionally, an extra co-
herence peak appears in Figure 3b compared to Figure 3a, repre-
sented by the magenta circle at w, = w, = 0.32 eV. The emergence
of distinct coherence features in the spectra for two entanglement
times stems from the change in the TPA of the EPPs with the en-
tanglement time along with T, and T;. Figure 3d shows the TPA
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Figure 3. 2D frequency-dispersed ESA spectra for different entanglement times calculated using Equation (9). a—c) Spectra dispersed over w, and w,
are shown for T, =40fs (T, =10fs. T, =-30fs), T, =60 fs (T, =30fs. T, =-30fs), and T, =40 fs (T, = 30 fs. T, = -10 fs), respectively. Peaks at w, =
0 eV represent vibrational population contributions, and peaks at non-zero w, represent vibrational coherence contributions. d—f) TPAs dispersed over
w, and w; are shown corresponding to EPPs used in (a), (b), and (c), respectively. Quantum light parameters: 6, = 0.06 eV, w, = 3.64 eV, w,; = 3.32 eV,

and w; =0.32 eV.

for the entanglement time of T, =40 fs with T, = 10 fsand T, =
-30 fs. The number of islands that represent the TPA for signal
and idler frequencies, w, and w;, respectively, is lower than for
the entanglement time T, = 60 fs shown in Figure 3e. Addition-
ally, the positions of the islands in the two TPAs are different, as
can be seen by vertical and horizontal intersecting lines along the
anti-diagonal. This leads to different molecular transitions that
are accessible for the two entanglement times.

Figure 3a,c shows similar features due to the same entangle-
ment time, even though the signal and idler-photon delays are
different. Interestingly, the islands in TPA for the same entan-
glement time of T, = 40 fs with different T, and T, values appear
at exactly the same signal and idler frequencies, as can be seen in
Figure 3d,f. Changing the entangled photon delays while holding
the entanglement time fixed changes the shapes of the islands in
TPA without affecting their position along signal and idler fre-
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quencies. Increasing the delay of the s (i)-photon, T (T;), reduces
the TPA along the s (i)-photon frequency axis. This helps con-
trol the resolutions provided by the signal and idler photons in
the signal.

To further study the impact of signal and idler delays on
2DEVS spectra, we have examined 2D frequency-dispersed ESA
spectra in ,/w; space. Figure 4 shows the 2D frequency-
dispersed signals around w, and @, constructed using Equa-
tion (7) and Equation (8). The ESA signals for the signal and idler
delays T, =10fs, T; =-60 fs, and T, = 60 fs, T, = -10 fs are shown
in Figure 4a and Figure 4D, respectively. Note that both spectra
are constructed for the same entanglement time of T, = 70 fs.
Peaks that appear in the 2DEVS spectra have contributions from
both vibrational populations and coherences. The @, = 0.32 eV
and w; = 3.32 eV peak has the maximum intensity in both spec-
tra since the idler and signal photons have center frequencies of

© 2025 Wiley-VCH GmbH
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Figure 4. 2D frequency-dispersed ESA spectra for different entanglement times using Equation (8). Spectra dispersed over w, and w; are shown here
fora) T,=10fs, T, =-60 fs, and for b) T, = 60 fs, T; = -10 fs with 7, — 7; = 280 fs. Red-dashed lines are drawn to show the width of peaks in the panel
(a) and compare it with the widths of peaks in the panel (b). Quantum light parameters: 6, = 0.06 eV, w, =3.64 eV, &, = 3.32 eV, and »; = 0.32 eV.

0.32 and 3.32 eV, respectively. The signal centered at w, = 0.32 eV
and @, = 3.32 eV has a larger bandwidth in Figure 4a compared
to Figure 4b along w,. The peaks at w, = 0.16 eV, and 0.48 eV in
Figure 4b are broader compared to the corresponding peaks in
Figure 4a, as can be seen with the help of horizontal-dashed lines.
The lines are drawn such that they entirely contain the peaks at
®, =0.16 eV, and 0.48 eV in Figure 4a. When the lines are drawn
at the same w, frequencies in Figure 4D, the peaks cross the lines
on either or both sides, indicating the increased bandwidth of the
peaks along o,.

4, Conclusion

We have proposed a quantum setup that can select different Li-
ouville pathways in 2DEVS four-wave mixing using visible and
infrared entangled photons. The GSB, ESE, and ESA contribu-
tions can be isolated through the number of photons detected
in coincidence. This pathway discrimination allows for a sepa-
rate study of molecular vibrational dynamics in the ground and
excited states. Photon entanglement has been used to construct
2DEVS spectra that contain more features compared to classical
signals for a given pulse bandwidth. The entanglement between
the two photons can be tuned in order to access a broader range of
vibronic transitions. The photon entanglement-time plays an im-
portant role as well, and changing the entanglement time gives
access to different vibronic transitions due to the change in the
TPA. In addition, changing the signal and idler photon delays
without changing the entanglement time allows controlling the
spectral resolution provided by the two photons.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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The Model System

Figure S1 shows the vibronic energy levels of the model system used in our study. For the

used model system, the total Hamiltonian is given by,

H=Hp+ Hy + Hyy (S1)

1


matthias.kizmann@web.de
smukamel@uci.edu

JTo.16 ev

3eV

| $0.1eV 9,2

Figure S1: Energy levels in the model system are shown. Two electronic states (|g) and |e))
with five vibrational states each are considered in the model system. The ground state |g)
and the excited state |e) vibrational frequencies are 0.1eV and 0.16 eV, respectively.

where Hp = 2?21 i dwjhd;dj represents the Field Hamiltonian with a; (d}) being the pho-
ton annihilation (creation) operator for four fields that interact with the molecules. Hy

represents the matter Hamiltonian expressed as follows,

Hy =Y > hwspnlo,n) (o,n| (S2)

o=e,g n=1

where w,,, represents the energy of the vibrational state n € (1,5) in the electronic state
o € {g,e}, with g and e representing ground and excited electronic states. The light-matter

interaction Hamiltonian H;,; is expressed as follows,

5 5
f{int == Z Z |en> <gn’| /len,gn’EAj + Z Z Z ‘O'n> <0n’| ﬂon,on’Ej’ —+ h.C. (SS)

n,n'=1j=1,2 n,n'/=1o0=e,g j'=3,4

where fi,n,on’ represents the transition dipole moment (TDM) operator for the transitions
between vibronic levels o,, and o/, and Ej (Ej,) represents the electric field operator for

the pulse in ultraviolet (UV)/visible (infrared (IR)) energy regime that is responsible for



vibronic (vibrational) transition. The electric field operator can be expressed as follows,
4 -
E=Y it / sy (w) e (S4)
j=1

where ¢é; is the polarization, Ej is the wavevector of the photon, &; represents the amplitude of
the electric field, a;(w) is the annihilation operator for the photon j with the mode frequency

w, and 7" is the position vector.

Quantum 2DEV Signals

Ground State Bleach

The ground state bleach contribution is selectively probed by detecting one photon in Dy

and one photon in D;, and the signal is defined as,
SGSB = <TQSG_QSQZ‘€_Qi> (85)

where T represents the time-ordering, €2,/ — deS/iE;/iR(Ts/i)ES/i7L(TS/Z~), which leads to

the following expression,

Sesn = / dr, / 7 (TEL () B (7) B (7 Bun (r)p(1)) (S6)

where p(t) = pr(t)pa(t) is the total density matrix at time ¢ with pr and py; being density

matrices for field and matter, respectively. Using the perturbative expansion of the total



density matrix up to the fourth order leads to the following signal expression,

Sass Z—%/d%/dﬂ[/ dt4/ dtg/ dtz/ dty (ar fua(ta) iy (t3) fra(t2) iy (11) [Var)

x (Yr| B (1,)E; (1;) (73) By (ta) Bs(t3) By (t2) Er(81) [r) +

/ dt / dts / dt, / ity (tar] o () 1y (t2)f1a (£2) iy (F) )

x (Wr| By (1) B (t2) Ey () B (1) Bi(7:) Eo(70) By (64) s (t5) |¢F>]
(S7)
Note that here we derive the signal for generic four-wave mixing with different electric field
notations, and we will transform the expression to two-dimensional electronic-vibrational
spectroscopy (2DEVS) in the final step. The field correlation functions can be simplified by

integrating over 7, and 7;, and the final expression reads,

Sess :—@R[ / s / s / dt, / by (] (b (Es) ()2, (41) [63r)

x (V| Ey(t2) By (ts) Bs(ts) Ex (1) [br)

/ i / s / dt, / dty (| fn (£ (E2)a () 3 ) 1) >

x (V| By (t) By (ts) Bs(ts) Ex(t2) |¢F>]

The expression in the main text is customized for 2DEVS, where field operators with delay 75
correspond to the i-photon, while the remaining field operators correspond to the s-photon.
A multi-dimensional time-grid is used to represent the four-point correlation functions corre-
sponding to each pathway in 2DEVS. Integrations over the four time variables are calculated
numerically following the multiplication of the matter correlation function with the entangled
field amplitudes.

Four-point matter correlation functions in the above expressions can be visualized us-
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Figure S2: Ladder diagrams corresponding to a loop diagram for ground state bleach (GSB).
Top row shows complete diagrams, while the bottom row shows disconnected diagrams.

ing loop diagrams. Figure shows a loop diagram forground state bleach (GSB) along
with corresponding complete and disconnected ladder diagrams. The ladder diagrams in
the top row represent complete contributions, whereas the diagrams in the bottom row are
disconnected contributions. Note that the right two ladder diagrams do not represent GSB
contribution and are still part of the loop diagram. To consider only the true GSB contri-
bution in 2DEVS, the delay of the i-photon can be set much larger than the pulse width,
which eliminates the non-GSB contributions. In principle, disconnected parts contribute to
the selected pathway, but due to non-degenerate frequencies of the entangled photons in
2DEVS, the disconnected part in our study can be filtered out. Only the part corresponding
to £y and Fs in the disconnected contributions depends on the delay 77, while the other part
is a constant background. Therefore, a linear signal in the field intensity constructed using
El and E’g fields can be used to calculate the disconnected part in GSB that depends on the

relative delay between the two pulses, which can be subtracted from the 2DEVS signal.
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Figure S3: Ladder diagrams corresponding to a loop diagram for excited state absorption
(ESA). The top row shows complete diagrams, while the bottom row shows disconnected
diagrams.

Excited State Absorption

Excited state absorption (ESA) contribution is probed when one photon is detected in D;

and zero photons in D,, and the coincidence-count signal is defined as,
SESA == <TQZ€_QZ> (89>

Following the same steps used to derive the GSB signal, we get the final signal expression

for ESA,

Sepsa = — —3?

/ dt, / s / d, / ity (thar] fia(t2) e (t2) ity (b0 (1) o)

x (| Ey(t2) By (ta) Bs(t3) Er (1) 1)

/dt4/ dt3/ dtz/ Aty (a] fun(t1)a(ta) i (F3) i (2) [9onr) 510

x (Y| By (1) Ey(ts) Bs(ts) Ex(t2) |¢F>]

Figure [S3|shows a loop diagram corresponding to ESA signal, along with the contributing



ladder diagrams from complete (top row) and disconnected (bottom row) components. The
right-most ladder diagram in the top row does not represent the ESA contribution, and it
can be eliminated by setting the delay between the s- and i-photons larger than the pump-
width that creates entangled photons. The contribution from the disconnected parts can
be treated in ESA contribution in a similar manner as the GSB contribution since only the
terms with £ and E, fields depends on the delay 7 while the other component is a constant
background. One can construct a transient absorption signal using Ey and B, fields and

subtract from the ESA signal.

Excited State Emission

~

Ej<—t4 El<—ts Ej<—]t El—ts
ts}——F;3 _ ts—>E3 n tsf—>E3 Ey—>ts
t1 |e—— Bt tsl—> E.
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]ty E ]t E ]t
t3 —i t3 —3> E,
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+ —>t2 t1je—— Es3
2 o 1 s [ S
t1 1 E2

Figure S4: Ladder diagrams corresponding to a loop diagram for excited state emission
(ESE). The top row shows complete diagrams, while the bottom row shows disconnected
diagrams.

Excited state emission (ESE) contribution is probed by detecting two photons in D; and

zero photons in D,, and the signal is defined as,

1

The signal can be derived by following the steps in the GSB signal derivation, and the final
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Figure S5: The pulse configuration for the 2DEVS technique. E; and FEy are optical pulses
that drive electronic transitions, and Ej3 is an IR pulse that probes the non-linear response
of the molecule. The optical and IR are considered to be temporally well-separated in our
study.

expression reads,

SesE 2—3?

/ dt, / dt, / dt, / it (Whar] fia (t2) 1y (t3)fra(t2) i (1) o)

x (Y| Ey(t2) By (ta) Ba(ts) Ev (1) o)

/ dt / dty / dt / ty (] i (40) ) (8 aa (1) (1) i) o

x (Y| By (t1) By (ts) Bs(ts) Ex(t2) |wF>]

Figure shows a loop diagram for the ESE contribution along with corresponding
ladder diagrams. The right-most diagram does not represent the actual ESE contribution
and can be eliminated by introducing a delay between signal and idler photons that is much
larger than the pulse width that creates entangled photons. The disconnected parts do not
contribute to the ESEsignal since the contribution from Ej and Ej fields is vanishing in our

system since it starts in the ground vibronic state.

The Classical 2DEVS Signal

2DEVS is a method based on the four-wave mixing technique, in which molecules interact
with three pulses, which generates a non-linear response in the molecules, that results in the

emission of a signal photon. The pulse configuration for the 2DEVS method is shown in Fig.
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Figure S6: Loop diagrams corresponding to the GSB contribution to the 2DEVS signal.
Each arrow indicates a light-matter interaction process.

[S5l Two optical pulses are used to create electronic transitions in the molecules under study,
while an IR pulse probes the response generated in the molecule. The signal photon can be
seen as self-heterodyned with the third pulse, Fs.

The 2DEVS signal is defined as a change in the number of photons of the third light

pulse,

00 d
SCZZ/ dt4d_t4<N3(t4)> (S13)

where Ngza;ag represents the photon number operator for the third pulse, Fs5, with as
(a;) being the corresponding annihilation (creation) operator. The above expression can
be calculated using the time-dependent perturbation theory in the light-matter interactions.
There are three contributions to the 2DEVS signal when the molecule is initially in a vibronic
ground state (|g,0)), namely, ground state bleach (GSB), excited state absorption (ESA),

and stimulated emission (SE), and the total signal can be recast as,

Se(T1,72) = Scsp(T1, 72) + Spsa(m1, 72) + Ssp(T1, T2) (S14)

where 7y is the delay between F; and Fs, and 73 is the delay between Fy and E3. The GSB



contribution, Sgspg, is given by,

Scss(T1, T2) :23‘3/ dt4/4dt3><
{ / 3 dt, / ’ Aty (r(to)| tro(ta) Ba(ts — 7o) s (t3) Bs(ts — 72 )pte(ta) By (ts — 71) i (t1) By (t1) |or(to)) +

[t [t ) ) B0 02 B~ i) B~ ) 0) Bl = ) ) }
! ! (S15)
where 97 (tg) represents the total field + matter wave function at an initial time ¢y, which
will be set to —oo in our derivations later on. Note that we work in atomic units (i.e.,

h =e =m, = 4wy = 1), unless stated otherwise. Figure depicts the loop diagrams
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Figure S7: Loop diagrams corresponding to the ESA contribution to the 2DEVS signal.
Each arrow indicates a light-matter interaction process.

Similarly, the ESA and SE contributions are given by,

Spsa(m,72) = —23?/00 dt4/4dt3><
to to
{ [t [t () ) B = ) Bt — 76 Bslts — mail ) ) () +

/t 4 diy /t 3 dta (Pr(to)] pe(t1) By (1) o (t2) B3 (ty — o)ty (t3) Ea(ts — 7o) o (ta) Ea(ts — 72) [r(to))
(S16)

The loop diagrams corresponding to the ESA contribution to the 2DEVS signal are shown

10



in Fig. [S7
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Figure S8: Loop diagrams corresponding to the SE contribution to the 2DEVS signal. Each
arrow indicates a light-matter interaction process.

) ta
Sese(T,T2) = 2%/ dt4/ dts x
to to

{ / "t / it (o (to) | e(t2) L (b — 72)p) () Ei(ts — mo)pao(ta) By (ta — mo)pul (1) Bx () [ (to)) +

[t [t o) ) B ) ) Bty — 71 B — 1) ol — 7)o 1)
"’ ’ (S17)
The loop diagrams corresponding to the ESE process in 2DEVS are shown in Fig. [S§
We construct frequency-dispersed signals by using the following frequency-domain ex-

pression for the signal field and omitting the integration over the frequency,

Es(ty) = /derg(wr)ei”Tt4 (S18)

where Fs3(w,) is the electric field in frequency-domain, and w, is the signal frequency. 2D
frequency-dispersed spectra are constructed by Fourier transforming one of the time delays

while using the other time delay as a parameter.
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