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ABSTRACT

Nonlinear spectroscopic techniques using entangled photon pairs can provide an opportunity to exploit non-classical correlations encoded
in two-photon wave functions to manipulate two-exciton wave functions. We propose an entangled photon pair-enhanced multidimensional
spectroscopic technique that is sensitive to exciton-exciton interactions and correlations at the femtosecond timescale. Simulations for a
dissipative system, namely, the photosynthetic aggregate, reveal the superior ability of entangled photon pairs, compared to both transform-
limited and frequency-chirped laser pulses, to manipulate excited-state absorption pathways. The corresponding spectral features in the
two-dimensional spectrogram are interpreted in terms of one- and two-exciton resonances. The signal scales linearly with the incoming
intensity of the photon sources. We show that classifying these resonances using an entangled photon source in the perturbative limit allows
for probing exciton correlations at the natural energy scale. These insights can be used to explore multi-exciton dynamics in molecular systems
using multiphoton entanglement.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/).
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I. INTRODUCTION

In molecular aggregates, spectroscopic characterization of
exciton-exciton interactions and correlations yields critical insights
into underlying aggregation properties. However, the range of spec-
troscopic techniques available for exploring their temporal and
spectral signatures, particularly in the presence of phonon-induced
dissipation, remains limited. These challenges stem, in part, from
a lack of techniques specifically tailored to extract correlation
induced features hidden in the dynamics of spatially delocalized
two-exciton states. Double-quantum coherence (DQC), a nonlin-
ear spectroscopic scheme, was proposed as a viable approach for
probing quasiparticle correlation and its dynamical signatures.
Among four-wave mixing techniques, photon echo and transient
grating primarily investigate ultrafast exciton transport. Although
the observed signals may contain contributions from two-exciton

states, the associated resonances are often obscured by dominant
one-exciton resonances. The double-quantum coherence technique
investigates spectral features specifically associated with two-exciton
states; the observed signal is sensitive to the differential nature of the
two-exciton wave function compared to that of the constituent two
one-exciton wave functions.”” In previous investigations, double-
quantum coherence spectroscopy has aided the exploration of quasi-
particle correlations in molecular aggregates,”’ quantum-confined
nanostructures,” correlated lattice systems, atomic gases, cou-
pled valence and core-hole excitations in molecules,'” vibrations,
and exciton and vibrational polaritons.

In this theoretical investigation, we deploy the DQC tech-
nique to characterize the ultrafast dynamics of molecular exciton
aggregates, specifically identifying the resonances that originate
from exciton-exciton interactions and correlations. DQC probes the
ultrafast dynamics of the two-exciton wave functions via interfering
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contributions of excited-state absorption (ESA) pathways. Signa-
tures of exciton correlations are typically hidden in the two-exciton
states, making the technique the most suitable for monitoring and
classifying correlation-induced resonances.

We perform numerical simulations for the light-harvesting
complex, LHCIIL, which acts as the primary photon energy harvester
in photosynthetic aggregates. LHCII hosts a large number of one-
and two-exciton states delocalized over sites, each of which under-
goes ultrafast dephasing due to interaction with phonons. As a result,
the spectroscopic identification of correlation-induced resonances
becomes particularly challenging. In principle, pulse-shaping tech-
niques are expected to address two-exciton resonances and selec-
tively amplify desired components of the signal. However, given the
relatively high density of optical transitions within a narrow spectral
range, classical laser sources often face challenges stemming from
the unavoidable time-frequency bandwidth constraints. The situa-
tion becomes even more critical when identical exciton transitions
possess comparable dephasing rates. The entangled photon sources
promise to partially alleviate some of these obstacles, even
though identifying a suitable parameter regime where entangled
photon pairs outperform their classical counterparts remains a
challenging task.

We demonstrate that the entangled-photon-pair enhanced
DQC technique, which utilizes the correlation properties of
two-photon wave functions, may be suitable for manipulating
two-exciton amplitudes. It is shown that a superior resolution of
two-dimensional spectral features can be obtained compared to
both transform-limited and linearly chirped pulses. Furthermore,
the spectral features are shown to be dependent on the variation of
the exciton nonlinearity parameter, thus identifying their origin in
exciton correlations.

In what follows, we introduce the exciton-phonon Hamilto-
nian of the monomeric LHCII, define the one- and two-exciton
states, and derive the relevant Green’s functions in Sec. . In
Sec. , which is divided into three subsections, we present
the analytical signal and the corresponding numerical simulations.
Simulations utilize entangled photon sources, classical laser pulses,
and a variation of the exciton nonlinearity parameters. The article
concludes in Sec. 'V with a summary and an outlook.

Il. THEORY
A. Hamiltonian

We construct a description of the LHCII monomer, using the
Frenkel exciton model within the Heitler-London approximation.
For this purpose, we take the lowest-lying adiabatic electronic states
of each of the N, = 14 chromophoric sites containing chlorophyll
molecules. The combined exciton-phonon Hamiltonian, in the site
basis, is given by

H =" (EnSun + Jnn)B}Bn, (1a)

+ 3" U B,BlBuBum + US) Bl,B} BB, (1b)

mn

m,j

1
+ Z wj(b;bj + E) + gm,j(b]T + bj)Biy,Bm, (1)
j
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where B, (B,,) represents the exciton creation (annihilation) oper-
ators, which follow the commutation relation [B,,,B}L,,] =0m(l-1
(Bl,Bn)?) (where 5 = 3/2). Parameters E, J > UL, and US2) rep-
resent one-exciton energy and inter-site hopping, overtone, and
combination exciton non-linearity parameters, respectively. H,(nln)
=Y un (EmOmn + Jmn) denotes the one-exciton Hamiltonian matrix

elements, while Hy(nzn)kl = H,(nln) O + SmnH,Ell) + U,Eﬂ) + U,(,,zn) denote
their two-exciton counterparts. While all parameters J,,,,,, U,Sql), and

U,(,qzn) affect the overtone and combination two-exciton states, the lat-
ter two are responsible for the shift in two-exciton energies. It can
be expressed as E,(,,2 ) = 2E,(,,2) + A (where Ay, is negative if the two-
exciton energy is stabilized). In the dipole approximation for the

charge densities, J,,,,, are determined by transition dipole moments,

while U,(,,I), U,(nz,l) are determined by the difference between the per-
manent dipole moments of the excited and ground states. Previous
theoretical investigations of two-exciton states based on coupled
two-level models have omitted the role of overtone states. Whereas
arguments based on laser bandwidth might justify limiting the num-
ber of accessible states in the two-exciton manifold, it would amount
to neglecting the role of permanent dipole moments. For chlorophyll
molecules, the primary pigments in LHCII, the excited-state perma-
nent dipole moment is often similar in magnitude to the transition
dipole moment.

The Hamiltonian yields Ny =1 ground state, N, = 14 one-
exciton states, and N = 105 two-exciton states; the latter comprises
14 overtone and 91 combination states. The exciton part of the
Hamiltonian, given in the first two lines of Eq. (1), is diagonal-
ized to yield exciton-number-conserving manifolds, denoted as |g),

le), and |f). These states are expressed as |ej) = T.(I)B:HO) and

m = jm

Ifk) = Zmm TlfzyanInB:Z |0). The transformation matrix elements, T].(Jln)

and T,Ejzn, determine the degree of exciton delocalization for a given
exciton state. The exciton states are coupled to collective vibrational
modes—the normal modes of intermolecular vibrations—hereafter
referred to as phonons. The bare phonon and exciton-phonon
coupling Hamiltonians are defined in the third line of Eq.
Here, the phonon-mode creation (annihilation) operators b]T (b))
follow free-boson commutation relations, defined as [bj,bj] = dyj,
while g, . represents the site-specific coupling strengths. For LHCII,
the phonon spectral density function comprises N, = 48 high-
frequency Brownian oscillator modes and Nj, =1 low-frequency,
overdamped Brownian oscillator modes, expressed as

N 2hwlwy
wYyo jWj wY;
Jon(w) = 2A + . 2
AR i R Nor e S
The associated parameter values are adopted from Refs. 15, 16,
, and 30. All simulations were performed at a temperature of

T=273K.
The exciton-photon interaction Hamiltonian is given by

2nw;

Hin(t)=EVI +ElVv=" % v
i

Jjopa € {geef }
x (aj exp (—iwjt) exp (iwpqt)dpq|p)(q| + h.c.).  (3)
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The photonic sources probe the excitonic dynamics by inducing
transitions between the exciton manifolds; these are captured by
the inter-manifold transition operator V' = dp|p)(g|, where wpq
denotes the exciton energy gap. If the photonic sources can be
manipulated with a high degree of control, the inter-manifold exci-
ton transitions and corresponding resonances can be probed in a
systematic manner.

The Green’s functions are defined as Gy,(w) = i(w ~2p0) 7",
where the exciton resonances associated with inter-manifold tran-
sitions are given by zp; = w,p + ilpg. The energy gaps, w,; and inter-
manifold dephasing parameters, I'p4, jointly determine the locations
of these resonances. The dephasing parameters are estimated using
the line-broadening function, Ty = (y, + y,/)/2, where

YP(t) = Z CPh(Qpp’)Z Tonp Tnp Tmp’ Tmp @
? m

Here, the thermally weighted phonon spectral density, evaluated at
the energy gap (,,, is given by

Gn(Q) = /dt exp (iQt)fi—:](w)[coth (Bw/2) cos wt Fi sin wt].
0

5
The dephasing properties are determined by the resonant phonon
modes.

Ill. RESULTS
A. Theory

The DQC signal is related to a specific component of the
excitonic nonlinear polarization, ks = +k; + ks — k3 generated as a
result of four exciton-photon interactions (see ). Follow-
ing the derivation outlined in , the final expression is
obtained as

) (ES (W EL (W) Ex (wre ) Er (weg))
F(l)(Q3,Qz,Ql,Z 'g,ng,Zeg)

S(Q3,Q2,0) =s0 Z
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The proportionality constant s incorporates all coefficients in the
expression and serves as a scaling parameter for the numerical
simulation. The dipolar spectral weights associated with the two
pathways are given by w'!) = Ay ¢dy g pedeg and w? = Aoy dy (dpedeg.
We introduced two multidimensional functions

Fo(Q3,Q0, Q13262 2a) = (3 = 2) (2 - 2) (Q1 - 2a).  (7)
The variables (); are scanned to identify and track excitonic res-
onances. In a typical two-dimensional spectrum, plotted with
and Q3 as the axes for a fixed Q, the off-diagonal spectral features
primarily represent signatures originating from exciton interactions
and correlations. The four-point photon correlation functions in the
numerator allow the modulation of respective spectral weights.

Spontaneous parametric down-conversion (SPDC) provides
a mechanism for the external manipulation of the two-photon
wave function and the correlation function. In the weak
down-conversion regime, the photon correlation function is given
by (ET(w4)ET(w4)E(w2)E(w1)) = f* (w4, w3) f (w2, w1), where we
define the joint spectral amplitude (JSA) of the two-photon field,

f (wa, wp) = aAp(wa, wp){sinc[¢ (wa, wp)]
x exp i¢p (wa, wp) +a < b}.

(®)

Here, the transform-limited field profile of the SPDC pump is
given by Ap(wa,wp) = Eo\/7/Tpoexp [—(w — wa — @) /4Tp0],
where Tpo is the temporal width. The parameter « gov-
erns the down-conversion efficiency. The phase function
d(wj, wi) = (wj — wp/2)T1 + (wx — wp/2) T2 is governed by the
entanglement time parameter Tent = |T2 — T1|. The latter is crucial
for spectroscopic applications. It is determined by the length of
the SPDC crystal and the relative group velocities of the photon
pairs within the crystal. The square modulus of the JSA, depicted
in , shows that for strongly anti-correlated pairs, there is a
parametric freedom to select two distant frequency values. In ultra-
fast measurements, this flexibility imposes less stringent conditions

fideg on the frequencies of the entangled photon pairs. The associated
singular values, also presented in , are used to estimate the
w® <E (w ')E (W 1) B2 (Wre) Er (weg )> (6) effective correlation between spectral modes. In comparison,
F(z)(Q3,Qz,Ql,zfer,zfg,zeg) the four-point field correlation function for classical laser pulses
Gy (B) ©
E,
Ay —— Ime)i A, [nc) If) N e
""""""" w5 w2
—— |mb) Inb) e Ez
le) E
[ma) Ina) 4 '
@ wy W1 W3l Lw,
lg) -

FIG. 1. (a) Schematic representation of two interacting excitonic sites, m and n. Each site comprises three energy levels, |j) (where j € {a, b, c}), highlighting overtone
exciton nonlinearities A and A,. The model includes 14 such sites. In the delocalized basis, the two-exciton states, | f), are affected by both overtone and combination
nonlinearities. (b) Exciton pathways contributing to the signal, shown in Albrecht notation. Processes involving wy and w, are common to both pathways. Processes
involving w3 and w4 determine the differences between the two pathways and are, therefore, discriminative. (c) Corresponding Keldysh—Schwinger loop diagrams for the

two pathways contributing to the signal.
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factorizes into the product of individual amplitude functions:
(E"(w0s) E"(03) E(w2) E(wr)) = Ay, (04) Ap, (w3) Ap, (@2) Ap, (@1).
The signal, therefore, scales quadratically with the intensity of
the incident field. The frequency domain representation of a
transform-limited pulse with a Gaussian profile is given by

Ap, (w) = Eon/m/Toexp[-(w — wo,j)2/41"0,j], 9)

where Toj =1/ Tévj =21In 2/1&1, To, is the temporal half-width at
1/e, and 70 is the temporal width of the pulse. Pulse shaping tech-
niques effectively add a frequency dependent phase which, restricted
to the second-order dispersion (in addition, neglecting the constant
phase and the linear order terms), can be expressed as

Acp, (w) = Eo\/7[Tojexp [-(w — wo,)? /4T;]. (10)

The profile above is used for the linearly chirped pulse. Here, 1/T;

=1/lo; - 2i¢éj), where ¢(§§) is related to the linear chirp rate.

We introduce I = 1/T,; +iaj, with Tp; = To;n/1+ (2¢(§3)/T§,j)2
and «; = 2¢83) / [Tgvj + (2¢>(()3))2]. Here, « is the chirp rate satisfy-
ing wj(t) = wo, + 2a;t. Setting the quadratic dispersion to zero, i.e.,
(/)(()3) =0, yields a transform-limited laser pulse back. In our case,
two classes of optical processes induced by the laser pulses, namely
absorption and stimulated emissions, involve a large number of exci-
tonic states. The time-dependent instantaneous frequency is suitable
for simultaneously controlling a finite number of transitions within
the spectral bandwidth.

Conceptually, the generation of the DQC signal can be viewed
as a combination of two processes: the initial formation of a state-
specific two-exciton coherence, followed by the projection of these
coherent oscillations onto one of two possible one-exciton coher-
ence components. The two pathways depicted in capture
this phenomenology. Here, the two-exciton coherence is generated
during the interval s; + s, and the one-exciton coherence compo-
nents are generated during the final interval s3. We can manipulate
the two-exciton resonances, z g, by modulating the sum frequency
wp = w1 + wy during the initial pair of exciton-photon interactions.
We can also manipulate the one-exciton resonances at z,, or z;, by
modulating w3 and w4 during the subsequent pair of exciton—photon
interactions. The final signal is the resultant of two interfering path-
ways, the magnitude of which is largely determined by the last two
interactions. If the contributions from exciton nonlinearities are not
significant, the resonances z,, and z;, yield nearly identical con-
tributions. In such situations, we have z ~» wy, + A+ il ~ wy,
+il' 4, where the energetic deviation A is negligible. Consequently,
the two pathways interfere destructively, and the spectral weights
diminish toward zero.

B. Simulations

Strategies for observing desired spectroscopic features can be
devised by jointly considering the exciton gaps w,, and the dephas-
ing parameters I',. They jointly contribute to the inter-manifold
exciton resonances: zpy, defined earlier. In an ideal scenario, scan-
ning the Q, axis would maximally display N(N —1)/2 + N = 105
z, resonances, while scanning the Q3 axis would display a mix-
ture of zj, and ze resonances, amounting to (N(N -1)/2 + N)N

ARTICLE pubs.aip.org/aipl/jcp

=105 x 14 and N = 14 resonances, respectively. In general, a high
density of optical transitions makes it difficult to control individ-
ual spectral features independently. In addition, the presence of
dephasing causes several resonances to overlap. The external pho-
tonic sources may also mask several resonances depending on their
spectral bandwidth properties. While intuition suggests that a nar-
rowband source is a reasonable choice for generating state-specific
two-exciton coherence, it may face challenges from the ultrafast
dephasing of the mediating one-exciton states. Similarly, the selec-
tive projection to one-exciton coherence using a narrowband source
can be less discriminating if the state transitions involved have sim-
ilar spectral weights. These problems can be partially mitigated by
exploiting the properties of the entangled photon pairs.

In the following, we present numerical simulations across Sub-
sections - . First, we deploy entangled photon pairs
to explore correlations encoded in a two-exciton state by exciting
the system via a selected pair of one-exciton states. Two such cases
are explored. For each of these cases, we choose a different pair of
mediating one-exciton states. Second, we use a transform-limited
pulse and a frequency-chirped pulse to recover the spectral fea-
tures observed in the first case. A principal aim of this study is to
recover the maximum number of exciton resonances observed in the
previous case by utilizing both broadband and narrowband classi-
cal photonic sources. Third, we repeat some of the simulations for
two different exciton nonlinearity parameters and degenerate laser
pulses. The exciton nonlinearity parameters quantify exciton corre-
lation within the Frenkel exciton model. This study aims to explore
the alteration of the previously observed spectral features.

1. DQC spectra with entangled photon pairs

In , we present the simulated two-dimensional spectra
obtained using entangled photon pairs. Two distinct two-exciton
states, fip and fg1, are targeted by tuning the sum frequency w,
to the respective state energies (presented in the top and bottom
panels, respectively). Furthermore, the frequencies of the entan-
gled photon pairs are selected such that w; = w3 and w; = ws,
implying that the first pair of photons is identical to the sec-
ond. We also apply the following energy matching conditions
for selecting the mediating one-exciton states: w; ~ E,,, and w;
~ Ee,, for the top panel (where w, ~ Ep,), and w; ~ E,, and w;
~ Ee,, for the bottom panel (where w, ~ E, ). The corresponding
state energies are E,, = 30 765.4 cm ™ and Ej =31219.6 cm™ for
the targeted states, and Ee,, = 15 221.6 cm ™, E,., = 15 370.1 cm”},
Ee = 156559 cm™, and E,,, = 15907.2 cm™ for the mediating
states.

The results in the top-left and bottom-left panels utilize
7p = 50 s, Tent = 10 fs, which serve as the reference simulation. In
the middle and right columns, we vary the temporal width of the
SPDC pump, 7p, and the entanglement time, Tent, respectively. For
the top-middle and bottom-middle panels, we use 7, = 100 fs and
7p = 20 fs, respectively. For both panels in the right column, we set
Tent =60 fS.

The top-left panel shows a series of peaks which can be
partitioned into five sectors along the Q3 axis and four sectors
along the €, axis (where Q = 0/103 in cmfl). Along the Q, axis,
these spectral features can be identified can be identified as 31.5
(%zg,)> 309 (mzy,,), 30.4-30.5 (~zj,—2f,), and 30.2 (~zj,,).
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FIG. 2. Simulated DQC spectra using entangled photon pairs. The sum frequencies of the photon pairs are tuned to the two-exciton states %9 (top panel) and & (bottom
panel). The top-left and bottom-left panels serve as reference simulations with Teyt = 10 fs and 7o = 50 fs. The middle and right columns show the effects of varying the
temporal width of the SPDC pump and the entanglement time, respectively. The top-middle and bottom-middle panels use 7o = 100 fs and 7 = 20 fs, respectively, while
the top-right and bottom-right panels use Tent = 60 fs. All other parameters remain identical to the reference. For a detailed discussion, see Sec. I/ B 1.

Identifying the peaks along the (3 axis is more cumbersome
due to interfering contributions. However, we approximately iden-
tify the peaks with the following inter-manifold resonances: 15.0
(“Zﬁgeg_zﬁgem)’ 15.3 (%Zf:,sm’zf:;g@)’ 15.5 (%zﬁseﬂzﬁgez’zﬂmh)’ and
15.9-16.0 (~zy,., ). In the top-middle panel, changing the tempo-
ral width produced several noticeable changes; the spectral weights
of several off-diagonal peaks are drastically reduced. The reduc-
tion is attributed to the lowering of the spectral bandwidth, which
allows fewer pathways. Increasing the entanglement time alters the
intervals between successive exciton-photon interactions. In the
top-right panel, it leads to the vanishing of off-diagonal peaks. Only
the peaks at (O, 03) ~ (30.9, 15.3) survives in the top-right panel,
while (€, Q3) ~ (31.3,16.0) survives in the bottom-right panel.
The bottom-left panel exhibits peaks similar to those in
the top-left panel, except for the off-diagonal peaks at (Qa,Q3)
~ (31.5,15.5) and within the range (Q,,Q3) ~ (31.6-31.9,16.0),
which are now pronounced. An interesting case emerges when
increasing the temporal width of the SPDC pump: several off-
diagonal peaks survive at (Q,Q3)~ (31.5,15.3), (31.5,15.5),

(30.7,15.5), and (30.7,16.0). The larger spectral bandwidth allows
some new peaks while retaining most of the earlier ones. This can be
explained by destructive interference among the pathways allowed
by the larger bandwidth. The bottom-right panel demonstrates a
marked loss in the number of spectral features, with the exception of
a surviving off-diagonal peak at (Q,,3) ~ (31.3,16.0). Overall, we
note that the spectra in both panels retain their qualitative features
along the Q) axis, even though they exhibit differences along the Q0
axis. In contrast to the top panel, the bottom panel exhibits reduced
sensitivity to changes in the temporal width of the SPDC pump.
This observation highlights that exciton correlation contributions
manifest differently for the targeted | f ) states.

2. DQC spectra with transformed limited
and chirped laser pulses

In Fig. 3, we present the two-dimensional spectra simulated
using two sets of classical laser pulses: transform-limited and
chirped laser, both characterized by a Gaussian profile. The central

J. Chem. Phys. 164, 134306 (2026); doi: 10.1063/5.0322413
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FIG. 3. Simulated DQC spectra using classical laser pulses. The central frequencies of the laser pulses match the frequencies of the entangled photon pairs deployed in
Fig. 2. The top- and bottom-left columns present the reference simulations with ;o = 10 fs. The middle column shows the effect of an increased temporal width by using
7j0 = 20 fs. The decrease in the spectral bandwidth suppresses several peaks. The right column displays spectra obtained using linearly chirped pulses. The negatively
chirped pulse was unable to recover the suppressed peaks. For a detailed discussion, see Sec. II| B 2.

frequencies correspond to those utilized for the entangled photon
pairs, meaning that the targeted and mediating states remain consis-
tent with those in Fig. 2. For the reference simulations, presented in
the left column of both panels, we employ a transform-limited pulse
with a temporal width of 7jo = 10 fs. We explore the spectral fea-
tures resulting from the variation of the temporal width, by setting
7j0 = 20 fs, and the application of an additional spectral phase, by
using a linear chirp parameter of —750 fs*, in the middle and right
columns, respectively.

In the left column, we observe that compared to the previous
simulations in Fig. 2, the number of spectrally resolved resonances
is reduced, particularly along the Qs axis. Several spectral peaks
exhibit marked broadening, and many carry diminished spectral
weights. These features persist across all the plots. We also note
that the top-left panel exhibits a loss of more off-diagonal peaks
compared with the bottom-left panel. In particular, the spectra
in the top-left exhibit dominant off-diagonal peaks at (Q;Q;3)
— (30.5;15.5), (30.7;15.5). The longer temporal width of the pulse
indicates a relatively narrow spectral width. The middle panel reveals

that compared to the left panels, the majority of the peaks in the
top- and bottom-middle panels are absent at higher and lower val-
ues of (3, respectively. In the bottom-middle panel, two peaks
at (Q2;Q3) — (30.7;16.0), (30.2;16.0) gained spectral weights. In
negatively chirped pulses, the instantaneous frequency decreases
over time. In other words, the high-frequency components arrive
earlier within the pulse profile. Such pulses can be used to influ-
ence the discriminative stage of the DQC signal, where stimu-
lated emission involving one-exciton resonances occurs. The limited
capacity of the chirp parameters to resolve multiple resonances
is reflected in the spectra. We observe a few peaks at ({;3)
— (30.4;15.5) in the top-right panel and (Q,;Q3) — (31.2;16.0)
in the bottom-right panel gaining significant spectral weights while
others vanish. In drawing this conclusion, we note that since
the classical laser frequencies address the same mediating one-
exciton states, the specific combination of the chirp parameters
and central frequencies is unfavorable. This result also highlights
the dominant role played by the two-exciton coherence generation
stage.
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3. DQC spectra for a variation of the exciton
nonlinearity parameters and degenerate frequencies

As described by the second term of Eq. (6), the spectral peaks
and their respective weights are dictated by interference between two
pathways. These pathways contain inter-manifold resonances that
correspond to the energy gaps w s and w, 4; the differences between
these resonances determine the overall magnitude of the signal. In
the Frenkel exciton description, these differences are largely due
to the exciton nonlinearity parameters U,(nl) and U,(nz,,). The exciton
nonlinearities, while directly affecting the two-exciton eigenener-
gies, also change the transformation matrices and, consequently, the
transition dipole moments. Figure 4 illustrates the influence of the
variation of the exciton nonlinearity parameter U on the spec-
tra, presented in the left and middle columns. Note that U,(,,l) values
were negative in Secs. III B 1 and III B 2, signifying the energetic

ARTICLE pubs.aip.org/aipl/jcp

stabilization of overtone two-exciton energies; the distribution of
these values is shown in Fig. 5. We also investigate the effect of
degenerate entangled photon pairs and degenerate classical lasers
on the spectra, presented in the top- and bottom-right panels,
respectively.

The top-left and top-middle panels repeat the reference sim-
ulation from Fig. 2, but the nonlinearity parameters U,(,,l) are set
to higher values, respectively. Specifically, these parameters are
increased to the values depicted in Fig. 5. Setting the magnitude
of the U higher effectively shifts the energy gaps. This change
dominantly affects two-exciton eigenstates that have a high overlap
with the overtone states in the site basis. We note that in the top-
left panel, compared with the reference in Fig. 2, the peaks along
Q3 ~ (15.0,15.3,16.0) are the most affected. In general, their spec-
tral weights are diminished, and the peaks are clustered within the
range Q, ~ (30.2-31.0).
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FIG. 4. Simulated DQC spectra evaluated using two distinct sets of excitonic nonlinearity parameters. These parameters influence both the two-exciton wave function and
the transition dipole moments, as highlighted in Appendix A. The top and bottom panels present simulations using the entangled photon pairs and classical laser pulses,
respectively. The sum frequencies are tuned to the two-exciton states fg and £, and we use T = 10 fs and 7o = 50 fs. The upper panels utilize larger overtone excitonic
nonlinearities (values given in the lower panel of Fig. 5) than previous simulations in Fig. 2. The top-left and top-middle panels employ the same photonic parameters as
those in the top-left and bottom-left of the same. The top-right panel uses degenerate entangled photon pairs with frequencies w; = Es,,. The bottom-left and bottom-middle
panels use larger and smaller overtone excitonic nonlinearities, respectively. The bottom-right panel employs degenerate laser pulses with frequencies w; = Ee,, to explore

the down-shifted resonances. For a detailed discussion, see Sec. Il B 3.
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FIG. 5. Absolute values of the exciton nonlinearity parameters are plotted. The
sequence follows the order in which the values appear in the local two-exciton
basis. The values in the upper panel are used in the simulations for and

, While those in the lower panel are used in . Further details regarding the
Hamiltonian and these results are provided in Secs. || A and

In a similar spirit, in the lower panels, we use classical
transform-limited laser pulses with parameters identical to those of
the reference simulation in . The nonlinearity parameters are
set to higher and lower values in the bottom-left and bottom-middle
panels, respectively. The latter makes these values in the bottom-
middle panel negligibly small. We note that in the bottom-left panel,
the peaks around (Q,,Q3) =~ (30.3,15.5) exhibit reduced spectral
weight, following a trend similar to that observed for the entan-
gled photon pairs. The previous argument remains valid: the shift
in the resonances rendered the existing laser parameters unable to
track the resonance frequencies. In the bottom-middle panel, due
to the reduction of the exciton nonlinearity parameter by one order
of magnitude, we approach a limit where two-exciton eigenenergies
are approximately equal to the sum of one-exciton energies. This
implies that the respective z ;s resonances are of approximately equal
strength to the z,,. Consequently, the spectra are devoid of most
correlation features, except for minor residuals.

The top-right panel utilizes degenerate entangled photon
pairs to revisit the scenario presented in the top-middle panel.
These frequencies are selected so that the mediating one-exciton
states become |ei3). We note that two off-diagonal zones around
(€2,03) ~ (31.5,15.5) and ({2, 3) ~ (31.5,16.0), become promi-
nent, while the diagonal peaks at (), Q3) =~ (30.7,15.5) are dimin-
ished. The bottom-right panel utilizes degenerate classical laser
pulses to revisit the scenario from the bottom-left panel. Here, we
choose the central frequencies to ensure that the mediating one-
exciton states remain |ego). All residual off-diagonal resonances are
now markedly diminished.

IV. CONCLUSION AND OUTLOOK

In this article, we demonstrated that the non-classical corre-
lation of entangled photon pairs can be utilized to enhance the
resolution of two-dimensional double quantum coherence spectra,

ARTICLE pubs.aip.org/aipl/jcp

even in the presence of dephasing. The proposed scheme can be real-
ized by combining phase-cycling techniques with interferometric
detection. The mathematical expressions in Eq. (6) in Sec.
reveal that the nonlinear excitonic response involves three types of
inter-manifold resonances: z, z, and z,. The entangled photon
pairs were able to monitor and selectively amplify some of these
resonances in the spectra, as shown in . In molecular aggre-
gates, which are composed of multiple sites, each hosting multiple
energy levels, the number of plausible optical transitions is often
large. It leads to a large number of dynamical resonances; they
may appear congested in the spectra. Furthermore, when weakly
coupled phonon modes act as reservoirs, two or more dynamical
resonances may involve distinct transition energies yet possess sim-
ilar dephasing rates; they appear coalesced in the spectra. A well
characterized source of entangled photon pairs can simultaneously
control the delays between successive exciton-photon interactions
and the combination frequencies of the photons. This, in turn, may
enable the discrimination between the dynamical resonances, lead-
ing to the enhancement of the spectral resolution across either of the
parametric axes, Qs or Q3. Classical transform-limited pulses, while
otherwise suitable for probing ultrafast dynamics, have proved to be
inadequate in the investigated scenarios. As shown in and dis-
cussed in Sec. , the spectral weights associated with the two
pathways could not be modulated over the full parameter regime,
resulting in only a partial suppression or amplification of the res-
onances. In certain cases, appropriate spectral phase modulation is
known to circumvent some of the previous issues by spreading the
frequency components across the pulse profile. This led us to explore
the role of frequency-chirped laser pulses, discussed in Sec.

We note that even though more sophisticated pulse-shaping pro-
tocols can be used, the signal would still exhibit a quartic
scaling with the intensity of the incoming field.

The exciton nonlinear response and the resulting two-
dimensional spectra were computed using a microscopic model of
the photosynthetic complex, LHCIIL. The simulation indicates that
a complex interplay of exciton hopping, dephasing, and exciton
nonlinearity governs the spectral weights of the signal. In previ-
ous studies, ultrafast energy transfer in the one-exciton manifold
was spectroscopically investigated. These studies often omit the
role of excited-state absorption pathways, which are essential for the
generation of the DQC signal. The simulation uses a set of realistic
exciton and phonon parameters at finite temperature, parameters of
which were taken from Refs. 16, 29, and

Within the Frenkel exciton model, the exciton nonlinearity
parameter captures the effect of exciton correlations, the latter orig-
inating from Coulomb interactions. The simulation accounts for
both one- and two-exciton states; the two-exciton Hamiltonian
is explicitly dependent on exciton nonlinearity parameters. The
inter-manifold resonances, via the diagonalization step, carry this
dependency into the expression of the signal. To examine the corre-
lation origin of some of the observed features, we varied the exciton
nonlinearity parameter and studied the resulting spectral modula-
tion. It is discussed in Sec. . It is demonstrated that lowering
the nonlinearity parameter caused most resonances to vanish, while
increasing it gave rise to a new set of resonances. The strategy bol-
sters the capability of the DQC signal to track spectral features
arising from exciton interactions and correlations across a diverse
parameter regime. We note that due to the presence of multiple
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FIG. 6. Squared joint spectral amplitude is presented for two distinct entanglement time parameters: Ty = 10 fs (left column) and 60 fs (right column). Two lower panels

display the distribution of the 20 largest normalized singular values.

levels in two different manifolds, a complete suppression of the
signal cannot be expected.

The Coulomb interactions involving two-exciton transitions
also lead to several interesting phenomena, such as exciton fusion,
scattering, and annihilation. These processes await a detailed spec-
troscopic investigation in the ultrafast regime. In our simulations,
we strategically focus on the two-exciton states f3o and f31, which
lie in the lower and upper halves of the two-exciton manifold and
may be prone to exciton-exciton annihilation (EEA). Even though
the spectral signatures of EEA are typically monitored via fifth-order
nonlinear optical signals, lower-order signals, such as DQC, can
serve as an early stage characterization tool. The DQC technique
also provides a protocol for assigning state-specific dephasing para-
meters for the two involved exciton states. The parameter regime
explored in this study provides a transparent guide for measure-
ments seeking to quantify excited-state dephasing parameters using
entangled photons.”” These measurements would be useful for both
spectroscopy and microscopy.

The parameters of the entangled photon pairs are determined
by the properties of the Joint Spectral Amplitude (JSA), depicted in

in and discussed in Sec. . A spectral engi-
neering approach to the JSA would offer a consistent framework for
determining the SPDC parameters. The principal outcome of
this study is the ability to explore and monitor the survival of spec-
tral signatures originating from interfering pathways. The pathways
in the signal expression appear in a convolutional form contain-
ing exciton and photon correlation functions; it offers ample room
for adopting open-loop control techniques. Control objectives may
seek to optimize the photon correlation functions such that specific
terms in the sum-over-states expression are completely suppressed.
This will provide an extension to the approach adopted in this

study, where the entangled photon parameters were microscopically
informed yet intuitively estimated. We note that applying the pro-
posed technique to monitor the dynamics in correlated materials at
the Mott limit provides an exciting opportunity, which will be
addressed in a subsequent communication.
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APPENDIX A: NOTES ON THE HAMILTONIAN

The exciton Hamiltonian contains two types of exciton non-
linearity parameters, namely U and US. They affect overtone

and combination two-exciton terms in the Hamiltonian, via Hfm)kl

= H,(,,l,,)ékl + 8mnH,Ell) + U,(nl) + Uﬁfn). In this study, we use two sets of
exciton nonlinearity parameters that differ by the magnitudes of the
overtone nonlinearities only. The absolute magnitudes of these two
sets are plotted in

APPENDIX B: OUTLINE OF DERIVATION
OF THE SIGNAL

In this appendix, we succinctly outline the derivation, directing
the reader to Refs. 16, 25, and 26 for a more involved discus-
sion. The DQC signal is defined as the integrated rate of change
of the transmitted intensity of the detected photon mode, denoted
E4. Tt is expressed as S=f_°:o dt4(EI(t4)E4). Here, the averag-
ing is performed over the time-dependent joint exciton-photon
density operator, which involves a partial trace over the phonon
modes. Expanding the density operator to the third power of the
exciton—photon interaction and introducing the frequency domain
variables, we obtain

S= [ dTdTdTy P(0:,00,05 T o Ty) [ diy divy dioy
- I 2n 2m 2m

% e*i(*d)3+d)2+(ﬁ1)T3*l‘(dJ1+d)2)T2*l'a-)lTl

X (E;L(‘:U)EI(*"DI + @ — @s)Ez(@z)El(d)l))

x Z w ge’g(d’l + @ = @3) Gro(@2 + @1) Geg (01)
f.eeg

+(EN(@5)EL(+@1 + @2~ @3)Ex(@2)En (@)

x 3 w?® Gre (=03 + @2+ @1) Grg (@2 + @1) Geg (01) (-
f.eeg
(B1)

In Eq. , we introduced the integral transform operator,

3
F(Q3,Qz,Ql;T3,T2,T1) = H 6(Tj)exp(zQ]TJ), (BZ)
j=1

where the delay variables, T}, represent the differences between the
centering times of successive photon-matter interactions. Specif-
ically, these delays are defined as 75 — Ty, 3, — Ts, 743 — T3 for
diagram T and 3, — Ty, 79 — 743 = T2, 733 — T3 for diagram 1L
Starting from Eq. , we perform the frequency integrations to
obtain the final expression for the signal, presented in Eq.

APPENDIX C: NOTES ON THE JOINT SPECTRAL
INTENSITY FUNCTION

For a better understanding of the correlation properties of the
entangled photon pairs, in , we plot the squared Joint Spectral
Amplitude (JSA) and the singular values obtained via singular value

ARTICLE pubs.aip.org/aipl/jcp

decomposition of the kernel. An increase in the entanglement time
parameter is inversely correlated with the number of statistically sig-
nificant singular values. Consequently, the parametric freedom to
select anti-correlated frequency pairs is diminished.
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