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Transient chiral dynamics revealed by two-dimensional circular dichroism spectroscopy
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Chirality has been considered as one of the key factors in the evolution of life in nature. It is important to
uncover how chiral potentials of molecular systems play vital role in fundamental photochemical processes.
Here, we investigate the role of chirality in photoinduced energy transfer in a model dimeric system, where
the monomers are excitonically coupled. To observe transient chiral dynamics and energy transfer, we employ
circularly polarized laser pulses in two-dimensional electronic spectroscopy to construct the two-dimensional
circular dichroism (2DCD) spectral maps. Tracking time-resolved peak magnitudes in 2DCD spectra allows
one to identify chirality induced population dynamics. The dynamics of energy transfer is revealed by the
time-resolved kinetics of cross peaks. However, the differential signal of 2DCD spectra shows the magnitude of
cross peaks is dramatically reduced at initial waiting time, which indicates the weak chiral interactions between
two monomers. The downhill energy transfer is resolved by presenting a strong magnitude of cross peak in
2DCD spectra after long waiting time. The chiral contribution towards coherent and incoherent energy-transfer
pathways in the model dimer system is further examined via control of excitonic couplings between two
monomers. Applications are made to study the energy-transfer process in the Fenna-Matthews-Olson complex.
Our work uncovers the potential of 2DCD spectroscopy to resolve the chiral-induced interactions and population
transfers in excitonically coupled systems.
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I. INTRODUCTION

Chirality is a fundamental feature of biological life.
It refers to chemically identical molecular species having
nonsuperimposable structural arrangements [1]. Steady-state
circular dichroism (CD) is a standard analytical tool for mea-
suring chirality in chemistry and biology, where CD denotes
the difference in absorption of left- and right-handed cir-
cularly polarized light in chiral molecular systems. In the
deep UV, the CD absorption is quite useful to examine the
protein structure by interacting to the transition dipoles of
amino acids and nucleotides [2]. Consequently, time-resolved
CD spectroscopy has been considered as a promising exper-
imental tool that is sensitive to the changes of biomolecular
configuration as a function of time, combining the information
of electronic transitions from traditional transient absorption
spectroscopy. Recently, Oppermann et al. developed an ultra-
fast CD spectrometer with broadband pulses in deep UV range
[3]. The excellent signal-to-noise ratio (10−5 OD) allows us
to track the weak chiral dynamics of Ru-complex during the
process of metal-to-ligand charge transfer. The earlier work
of transient absorption with chiral light has been performed
two decades ago [4]. The pump-probe spectroscopy provides
the information of underlying energy and population transfers,
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but the coherent dynamics associated with the process can-
not be revealed. The two-dimensional electronic spectroscopy
(2DES) is a valuable tool to examine the quantum coherence
during the process of energy transfers [5–9]. The phase-locked
techniques and the heterodyne detection allows 2DES to de-
tect the quantum electronic and vibrational coherences with
a decent signal-to-noise ratio (SNR). Recently, it has been
extensively employed to study the energy transfers in pho-
tosynthetic protein complexes [10–13], solid-state materials
[14,15], and molecules in the gas phase [16]. The chiral dy-
namics of photosynthetic protein complex (LH2) has been
studied by 2DES with polarization dependent measurement
[17]. After the careful selection of the polarization of each
laser pulse, the 2DES is able to suppress the achiral signal
from the chiral contribution. However, the circularly polarized
light has not been employed to study its interaction with mag-
netic dipole and quadruple moments, which is fundamental to
the chiral interaction between light and matter.

Theoretically, the transient chiral dynamics has been calcu-
lated by ab initio methods at different wavelength. Cho et al.
have proposed to calculate the circularly polarized transient
absorption spectra by response-function theory [18] and the
calculations have been extended to the IR region for the
study of basic elements in protein structure [19]. Mukamel
et al. calculated the 2DES in ultraviolet region of the spec-
trum to study the structural dynamics of protein backbone
[20]. The perpendicular configuration of linearly polarized
field of the first two pulses are employed to separate the
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transient chiral signals from achiral part. The resonant x-ray
spectroscopy has been employed to explore the photoinduced
molecular chirality [21]. The time-resolved circular dichro-
ism signals are calculated by difference of left and right
circularly polarized x-ray probe transmission following an
excitation by a circularly polarized optical pump with the
variable time delay. Recently, the chiral four-wave-mixing
signals are also calculated with circularly polarized x-ray
pulses, which has been used to analyze chiral stimulated x-ray
Raman signals at the carbon K-edge and chiral visible 2DES
of the valence excitations of S-ibuprofen [22]. The utilization
of circularly polarized laser pulses in 2DES to investigate
coherence in energy-transfer processes and, especially, the
interactions of magnetic-dipole or -quadruple moments with
matter have not yet been fully investigated despite these rig-
orous investigations in many wavelength areas. Additionally,
the time-resolved chiral dynamics of 2DES and its detailed
relation to the chiral molecular structure is still elusive.

In this paper, we employ the circularly polarized laser
pulses in 2DES and study the transient chiral dynamics of
energy transfer in an excitonically coupled dimer system. For
this, the electronic and magnetic-dipole moments have been
used to construct the response function for the calculation
of 2DES. We tune the strength of electronic coupling be-
tween two monomers to examine the coherent and incoherent
population transfers and its relation to the molecular chiral
structure. The 2DCD data show two diagonal peaks with
positive and negative amplitudes corresponding to the spec-
tral features of steady-state CD spectrum. The coherent and
incoherent contributions to chirality induced energy transfer
have been examined in different excitonic coupling strength
regimes. Additionally, the electronic quantum coherence is
also observed in the 2DCD spectral dynamics during the pro-
cess of energy transfer. Our work provides careful comparison
between 2DCD and 2DES spectra to show that the 2DCD
provide a rich spectroscopic signal.

II. THEORETICAL MODEL

A. Hamiltonian

We employ the system-bath model to calculate the linear
absorption and 2DES. The model Hamiltonian can be written
as

H = HS + HB + HSB, (1)

where HS indicates the system Hamiltonian and is given as

HS =
N∑

m=1

εm |m〉 〈m| +
N∑

m=1

∑
n<m

Jn,m(|m〉 〈n| + |n〉 〈m|), (2)

εm and Jn,m is the mth site energy and the excitonic coupling
between nth and mth pigments, respectively. N is the total
number of pigments; for a dimer, N = 2. The bath Hamilto-
nian can be written as

HB =
N∑

m=1

Nm
b∑

j=1

(
p2

m j

2
+ 1

2
ωm jx

2
m j

)
, (3)

where Nm
b is the total number of bath modes coupled to the

mth molecule. xm j and pm j are the mass-weighted position

and momentum of jth harmonic-oscillator bath mode with
frequency ωm j . The interaction term HSB = ∑

m Km�m(x) de-
scribes the coupling between system and bath. It is assumed
to be separable such that Km only acts on system subspace and
�m(x) only on the bath degrees of freedom. In the following,
we further assume a linear relation between bath coordinates
and the system. The system-bath interaction is then given as

HSB =
∑

m

Km

∑
j

cm jxm j . (4)

The influence of the bath is fully described by its bath spectral
density

Jm(ω) = π
∑

j

cm j

2mm jωm j
δ(ω − ωm j ) = 2λ

ωγ

ω2 + γ 2
. (5)

Here, we take the Lorentzian type of spectral density with
Drude cutoff frequency, which has been used in related studies
[23–25]. λ and γ are the reorganization energy and high-
frequency cutoff. We assume the identical spectral densities
of all the baths, i.e., Jn(ω) = Jm(ω).

The laser pulse interacting with molecules can be described
by the interaction Hamiltonian Hint, which is given as

Hint = −μ · E(t ) − m · B(t ) − q · ∇E(t ), (6)

where μ is the transition electric-dipole moment, m is the
transition magnetic-dipole moment, and q is quadrupole. E(t )
and B(t ) are the electric and magnetic fields, respectively. For
each electric and magnetic field, one has

E(t ) = E0 f (t )eik·r−iωt e + c.c.,

B(t ) = B0 f (t )eik·r−iωt b + c.c., (7)

where E0 and B0 are the related amplitudes and f (t ) is the
pulse envelope function. The vectors of electric and magnetic-
field polarization directions are e and b, respectively. We
assume the left- and right-circularly polarized waves propa-
gating along the z direction ez. The vector b, is orthogonal to
both ez and eL and eR as [26]

bL = 1

c
ez × eL, bR = 1

c
ez × eR. (8)

The left- and right-circularly polarized waves have polariza-
tion vectors [18]

eL = 1√
2

(ex + iey), eR = − 1√
2

(ex − iey). (9)

Furthermore, the magnetic-field polarization directions

bL = −ieL, bR = ieR. (10)

For the CD in the linear regime, the contribution of the
electric-quadrupole moment vanishes due to the rotational
averaging factors. For the nonlinear chirality-induced signals,
the importance of magnetic field and electric quadruple elec-
tric field cannot be neglected [27,28]. However, due to the
rotational averaging factors, the overall quadrupole contribu-
tion is an order of magnitude smaller than the magnetic-dipole
contribution [29]. In Refs. [18,30], the researchers eliminated
the contribution of quadrupole-electric field gradient inter-
actions by controlling the beam propagation direction. For
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simplicity, we ignore the signal from quadrupole moment in
this work.

B. Theoretical description of chirality-induced signals

CD denotes the difference in absorption between left- and
right-polarized light,

	ε = εL − εR. (11)

The differential absorbance 	ε is plotted against the wave-
length λ to yield the CD spectrum. The integral of 	ε over
a wavelength range associated with a particular transition
is known as the CD strength or rotational strength of that
transition. From the quantum electrodynamic viewpoint, the
rotational strength [31] R0n of a transition from the ground
state 0 to an electronically excited state n is the product of the
electric transition dipole moment and the magnetic transition
dipole moment:

R0n = Im(μ0n · mn0). (12)

μ describes a linear displacement, whereas m characterizes a
circulation of charge [2]. Thus, the combination of μ and m
creates a helical displacement of charge, leading to a differ-
ent interaction with left- and right-circularly polarized light.
While the operator for μ is a real vector, that for m is imagi-
nary because it describes the rotation of charge in a complex
coordinate system [32] and it is origin-dependent [33]:

m = e

2mc
r × p, p = h̄

i
∇, (13)

where e is the charge, m the mass of the electron, c the speed
of light, where r is the position operator of the electron, p is
the linear momentum of the monomer, and ∇ is the gradi-
ent operator. For the study of a specific system, the electric
and magnetic transition dipoles can be calculate by quantum
chemistry methods [22,29].

We use time-dependent perturbation theory [34] with the
treatment of Hint to calculate the optical spectroscopy. The
quantum Liouville equation is given as

∂ρ(t )

∂t
= − i

h̄
[H − Hint, ρ(t )] − i

h̄
[Hint, ρ(t )]

= − i

h̄
O×ρ(t ) − i

h̄
O×

I ρ(t ). (14)

The formal expression of the first-order and the third-order
polarization are given as

P(1)(t ) =
∫ ∞

0
dt1F (t − t1)R(1)(t1),

P(3)(t ) =
∫ ∞

0
dt3

∫ ∞

0
dt2

∫ ∞

0
dt1F3(t − t3)

× F2(t − t3 − t2)F1(t − t3 − t2 − t1)R(3)(t3, t2, t1),
(15)

with

R(1)(t1) ∝ i〈OI G(t1)O×
I ρ(−∞)〉,

R(3)(t3, t2, t1) ∝ −i〈OI G(t3)O×
I G(t2)O×

I G(t1)O×
I ρ(−∞)〉,

(16)

where F (t ) is the external field and OI is the conjugate opera-
tor that induces quantum transitions between any two different
quantum states. For any operator O, it shows O×ρ = [O, ρ]
and the time evolution operators G(t )ρ = e−iHStρeiHSt . In this
paper, we employ the Redfield quantum master equation [35]
to calculate the time-evolved dynamics.

We insert Hint = −μ · E(t ) − m · B(t ) − q · ∇E(t ) into
Eq. (14), we find P(3) can be expanded as

P(3)(t ) = P(3)
0 (t ) + δP(3)(t, m) + δP(3)(t, q) + · · · . (17)

The first term on the right-hand side involves only the
electric-dipole transitions and it is dominant in the signal
of the third-order polarization. The second and third terms
are linearly proportional to the magnetic-dipole and electric-
quadrupole moments, respectively. The optical activity signal
can be defined as the difference between two signals ob-
tained with the left- and right-circularly polarized beams as
[18,22,29]

	S = S(L) − S(R). (18)

Here, the subscripts L and R represent the cases when the
polarization property of the injected beam is left- and right-
circularly polarized, respectively.

The first terms in Eq. (17) are identical regardless of the
rotation direction of the injected circularly polarized pulse, it
cannot provide information on the optical activity of chiral
molecules in solution. In contrast, the second and third terms
depend on the molecular chirality and the rotational direction
of the injected circularly polarized beam. Thus, we name this
part of signal as chirality-induced signals.

C. Linear response

The steady-state CD spectrum is calculated from the first-
order signal, which usually contains the chiral and achiral
contributions,

S(1)
het (
) = S(1)

achir (
) + S(1)
chir (
), (19)

where 
 contains the set of parameters that control the sig-
nal (field-matter interaction times, laser pulses polarizations,
wave vector configuration, central frequencies, bandwidths).
The achiral part is purely given by electric-dipole moment,

S(1)
achir (
) =

∫
dtdt1R(1)

μμ(t1) · [ES (t ) ⊗ E1(t − t1)], (20)

with

R(1)
μμ(t1) = i〈μG(t1)μ×ρ(−∞)〉. (21)

The chiral part is contributed by multipolar interaction,

S(1)
chir (
)=

∫
dtdt1

{
R(1)

mμ(t1) · [BS (t ) ⊗ E1(t − t1)]

+R(1)
μm(t1) · [ES (t ) ⊗ B1(t − t1)]

+R(1)
qμ (t1) · [∇ES (t ) ⊗ E1(t − t1)]

+R(1)
μq (t1) · [ES (t ) ⊗ ∇E1(t − t1)]

}
, (22)

with

R(1)
mμ(t1) = i〈mG(t1)μ×ρ(−∞)〉, (23)
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and

R(1)
qμ (t1) = i〈qG(t1)μ×ρ(−∞)〉, (24)

respectively. E1 and B1 denote the electric and magnetic
fields of incoming beams. ES and BS denote the electric
and magnetic fields of probe beams. G(t ) indicates the
time-evolution operator. ρ(−∞) is a density operator at the
negative infinity time. For the electric-dipole moment op-
erator, we show μ= μ+ + μ− with μ+ = ∑N

n=1 μn |n〉 〈0|
and μ− = ∑N

n=1 μn |0〉 〈n|. For the magnetic-dipole moment,
it shows m = m+ + m−, where m+ = ∑N

n=1 iMn |n〉 〈0| and
m− = ∑N

n=1 −iMn |0〉 〈n|. μn and Mn are real values.
We employ the delta-pulse approximation to simplify the

expression. By this, we can move the electric field outside of
the integral. Then, the Eqs. (20) and (22) can be simplified as
follows:

S(1)
achir (
) = R(1)

μμ(t1) · (ES ⊗ E1), (25)

and

S(1)
chir (
) = [

R(1)
mμ(t1) · (BS ⊗ E1) + R(1)

μm(t1) · (ES ⊗ B1)

+ R(1)
qμ (t1) · (∇ES ⊗ E1)+ R(1)

μq (t1) · (ES ⊗ ∇E1)
]
,

(26)

respectively. The linear absorption spectrum S(1)
het (
,�) is

obtained by Fourier transform of S(1)
het (
) over t1. The CD

spectrum can be written as the signal difference between left-
and right-circularly polarized light,

CD(ω) = S(1)
het (L, L,�) − S(1)

het (R, R,�), (27)

where (L, L) and (R, R) denote the fields interacting with
matter by left and right polarization. It is noticeable that, in
Eq. (27), the nonchiral contribution is canceled and the contri-
bution of the electric-quadrupole moment to the CD spectrum
also disappear due to the rotational average.

D. Nonlinear response

We consider the four-wave-mixing signal, which is denoted
as kI,and kII according to the phase matching directions

kI = −k1 + k2 + k3, kII = +k1 − k2 + k3, (28)

where k1, k2, and k3 are the wave vectors of the time-ordered
incoming pulses. The third-order signal of kI and kII contains
three contributions, ground-state bleaching (GSB), stimulated
emission (SE), and excited-state absorption (ESA), respec-
tively.

Consequently, the third-order S(3)
het (
) contains the chiral

and achiral contributions, it can be described as

S(3)
het (
) = S(3)

achir (
) + S(3)
chir (
), (29)

and

S(3)
achir (
) =

∫
dtdt3dt2dt1R(3)

μμμμ(t3, t2, t1)

· [ES (t ) ⊗ E3(t − t3) ⊗ E2(t − t3 − t2)

⊗ E1(t − t3 − t2 − t1)], (30)

with

R(3)
μμμμ(t3, t2, t1) = −i〈μG(t3)μ×G(t2)μ×G(t1)μ×ρ(−∞)〉.

(31)

In Eq. (31), R(3)
μμμμ(t3, t2, t1) is a sum of pathways with four

electric dipoles. At the lowest multipolar order, the chiral
contribution S(3)

chir contains either one magnetic dipole or one
electric quadruple, which is given by Ref. [22]. Then it shows

S(3)
chir (
) =

∫
dtdt3dt2dt1

[
R(3)

mμμμ · (BS ⊗ E3 ⊗ E2 ⊗ E1)

+ R(3)
qμμμ · (∇ES ⊗ E3 ⊗ E2 ⊗ E1)

+ R(3)
μmμμ · (ES ⊗ B3 ⊗ E2 ⊗ E1)

+ R(3)
μqμμ · (ES ⊗ ∇E3 ⊗ E2 ⊗ E1)

+ R(3)
μμmμ · (ES ⊗ E3 ⊗ B2 ⊗ E1)

+ R(3)
μμqμ · (ES ⊗ E3 ⊗ ∇E2 ⊗ E1)

+ R(3)
μμμm · (ES ⊗ E3 ⊗ E2 ⊗ B1)

+ R(3)
μμμq · (ES ⊗ E3 ⊗ E2 ⊗ ∇E1)

]
, (32)

with

R(3)
mμμμ(t3, t2, t1) = −i〈mG(t3)μ×G(t2)μ×G(t1)μ×ρ(−∞)〉,

R(3)
qμμμ(t3, t2, t1) = −i〈qG(t3)μ×G(t2)μ×G(t1)μ×ρ(−∞)〉.

(33)

Considering the impulsive limit, we can remove all the inte-
grals in Eqs. (30) and (32), then, we have

S(3)
achir (
) = R(3)

μμμμ(t3, t2, t1) · (ES ⊗ E3 ⊗ E2 ⊗ E1), (34)

and

S(3)
chir (
) = [

R(3)
mμμμ · (BS ⊗ E3 ⊗ E2 ⊗ E1)

+ R(3)
qμμμ · (∇ES ⊗ E3 ⊗ E2 ⊗ E1)

+ R(3)
μmμμ · (ES ⊗ B3 ⊗ E2 ⊗ E1)

+ R(3)
μqμμ · (ES ⊗ ∇E3 ⊗ E2 ⊗ E1)

+ R(3)
μμmμ · (ES ⊗ E3 ⊗ B2 ⊗ E1)

+ R(3)
μμqμ · (ES ⊗ E3 ⊗ ∇E2 ⊗ E1)

+ R(3)
μμμm · (ES ⊗ E3 ⊗ E2 ⊗ B1)

+ R(3)
μμμq · (ES ⊗ E3 ⊗ E2 ⊗ ∇E1)

]
. (35)

The 2DES is calculated by Fourier transform of S(3)
het (
) in

Eq. (29) over t1 and t3. The obtained 2DCD spectra is defined
as the difference between two nonlinear signals from left- and
right-circularly polarized pulses, which shows

S(3)
2DCD(�3, t2,�1) = S(1)

het (L, L, L, L,�3, t2,�1)

− S(1)
het (R, R, R, R,�3, t2,�1), (36)

where (L, L, L, L) and (R, R, R, R) denote the four-time-field-
matter interactions with the left or right polarization. The
transitions of linear and nonlinear response functions can be
described by Feynman diagram, which is presented in Fig. 1.

054119-4



TRANSIENT CHIRAL DYNAMICS REVEALED … PHYSICAL REVIEW E 107, 054119 (2023)

FIG. 1. (a) The Feynman diagrams for first-order linear spec-
troscopy. (b) The Feynman diagrams for third-order nonlinear
spectroscopy. α · a, β · b, χ · c, and δ · d represent one of μ · E,
m · B, and q · ∇E. When considering nonchiral signals, we only
consider μ · E interactions. When considering the lowest multipolar
order of chiral signals, we need to replace one μ · E of four by m · B
or q · ∇E and sum up all possible cases.

III. RESULTS AND DISCUSSIONS

First, we assign the parameters in the dimer model. We sep-
arate the calculations into two cases: coherent vs incoherent
energy transfers. In the case of incoherent energy trans-
fer, we choose ε1 = 21 459.0 cm−1, ε2 = 19 011.0 cm−1, and
J1,2 = J2,1 = 84.6 cm−1 (we took the parameters directly
from Ref. [36]). The interaction between two monomers is
rather weak compared with the energy gap between them.
The parameters of the spectral density are λ = 245.5 cm−1,
γ = 2448 cm−1 in Eq. (5). The calculations are performed
at room temperature, T = 300 K. For the simplicity, we as-
sume two transition dipoles are perpendicular to each other,
i.e., μ1 = μ1ex, with μ1 = 9 Debye, μ2 = μ2ez, with μ2 = 5
Debye. The sum rule for rotational strengths [37] requires
that the integral of the CD spectrum over all wavelengths
must vanish, thus we set m1 = im1ex, with m1 = 5 Bohr mag-
neton, and m2 = im2ey, with m2 = −9 Bohr magneton. The
rotational averaging has been achieved by randomly rotating
the molecule 150 times, while the Euler angles and rotation
matrices have been used. Calculations performed including
more rotations showed no significant differences.

A. Results

With the dimer model and mentioned set of parameters,
we first calculate the linear absorption and steady-state CD
spectra. The calculated results are shown here in Figs. 2(a)
and 2(b). In Fig. 2(a), two main peaks are located at 19 000
and 21 500 cm−1. The calculated CD spectrum is shown in
Fig. 2(b), where the main peaks are located at the same fre-
quency values as that of the linear absorption, however, with

FIG. 2. Transient chiral dynamics of the model molecular dimer.
Panels (a) and (b) show the calculated linear absorption and steady-
state CD spectra, respectively. The traditional 2DES data (total and
real part) of the exciton dynamics at different waiting times are
shown as panels (c), (e), and (g). The calculated 2DCD spectra (total
and real part) for the same waiting times are presented in panels
(d), (f), and (h). The associated excitonic main and cross peaks are
marked as A, B and C, D, respectively in panels (c) and (d). The
selected waiting times are 0, 2, and 4 ps.

rather weak amplitude. The weaker steady-state CD signals
signify that the chiral contribution towards the absorption
signal of the dimer is significantly weaker than the achiral
contribution.

To analyze the transient chiral dynamics of the energy
transfer process in the model dimer, we computed 2DCD
spectra (total, real part), which are shown here for selected
waiting times in Figs. 2(d), 2(f), and 2(h). The conventional
2DES spectra are also calculated and displayed in Figs. 2(c),
2(e), and 2(g) for comparison. In Fig. 2(c), the 2DES show
two diagonal peaks at 19 000 and 21 500 cm−1, which repre-
sent the ground-state bleach, GSB signals (marked A and B).
Two cross peaks (marked C and D) demonstrate the existence
of excitonic couplings between the two monomers. However,
we observe different spectral features in Fig. 2(d) representing
2DCD data: two diagonal peaks marked A and B show the
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FIG. 3. Time-resolved kinetic traces of the excitonic main (A and
B) and cross peaks (C and D), which are marked in Fig. 2. Panels
(a) and (c) represent the kinetic traces obtained from the 2DES data,
while panels (b) and (d) are kinetics extracted from the calculated
2DCD data.

positive and negative magnitude, which corresponds to the
spectral profile of CD spectrum in Fig. 2(b). Two cross peaks
(marked C and D) are present but with weak magnitudes,
which indicate the weak chiral contribution from excitonic
interaction between two monomers. Interestingly, at initial
waiting time, the cross peaks C and D show the same spectral
profiles. We further calculate the 2DCD spectra evolution with
the different waiting times (2 and 4 ps), which are shown in
Figs. 2(f) and 2(h), respectively. It shows the magnitude of
cross peaks (marked C) increases its absolute value and reach
to the maximum at 4 ps. It demonstrates the downhill energy
transfer between the two monomers.

To examine the dynamics of energy-transfer process in the
model dimer, we also extract the time-resolved traces of the
diagonal and cross peaks, shown in Fig. 3. In 2DES data, the
diagonal peaks in Fig. 3(a) show the fast decay of magnitude
and it reaches to the minimum at 6 ps. The exponential func-
tion has been employed to extract the decay constant for the
energy-transfer process. The details of fitting and results are
shown in the Supplemental Material (SM) [38]. For compari-
son, we then extract the magnitude of diagonal peaks of 2DCD
and plot them in Fig. 3(b) with evolving of waiting time.
We also employ exponential function to fit the kinetics and
retrieve the decay time constants in the SM [38]. The decay
dynamics of cross peaks C and D are shown in Figs. 3(c)
and 3(d). In comparison with the 2DES, the 2DCD spectra
show the chirality-induced signals and the associated energy
transfer in the model dimer system. On the basis of expo-
nential fitting, we obtain that the time constant of population
transfer is identical to those retrieved from 2DES (the detailed
curve-fitting results and lifetimes are shown in the SM [38]).
However, it shows two traces with decay of amplitude in
Fig. 3(d) in comparison to the decay and increase in Fig. 3(c).
Notably, we do not observe any signature of electronic coher-
ence during the process of energy transfer in Fig. 3, which
signifies incoherent nature of the energy-transfer process.

To study transient chiral dynamics of the coherent energy
transfer, we perform calculations in strong excitonic coupling
regime with different set of parameters: ε1 = −50 cm−1, ε2 =
50 cm−1, and J1,2 = J2,1 = 150 cm−1. The parameters for

FIG. 4. Transient chiral dynamics of the model molecular dimer
under strong excitonic coupling regime. Panels (a) and (b) show
the calculated linear absorption and steady-state CD spectra, respec-
tively. The 2DES data of the energy transfer in coupled exciton
dynamics at different waiting times are shown as panels (c), (e),
and (g). The calculated 2DCD spectra for the same waiting times
are presented in panels (d), (f), and (h). The associated excitonic
main and cross peaks are marked as A, B and C, D, respectively
in panels (c) and (d). The selected waiting times are 0, 400, and
800 fs. Compare with the 2DES, 2DCD presents the magnitude of
four orders smaller.

spectral density, λ = 50 cm−1, γ = 150 cm−1, and the envi-
ronmental temperature is 300 K. Two transition dipoles show
μ1 = μ1ex, and μ2 = μ2ey with μ1 = μ2 = 1 Debye, m1 =
im1ex, and m2 = im2ey, with m1 = −m2 = 1 Bohr magneton.
We calculate the 2DES and 2DCD spectra of the model dimer
with strong excitonic coupling and show them in Fig. 4. The
calculated linear absorption and steady-state CD spectra are
shown in Fig. 4 as Figs. 4(a) and 4(b), respectively. First,
we observe two peaks locating at −150 and 150 cm−1. The
calculated CD spectrum shows the similar features with pos-
itive and negative magnitudes in Fig. 4(b). The time-resolved
2DES and 2DCD specta are shown in Fig. 4 as Figs. 4(c),
4(e), 4(g) and 4(d), 4(f), 4(h), respectively. For comparison,
the main and cross peaks are marked as A, B, C, and D in
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FIG. 5. Time-resolved kinetic traces of the excitonic main (A
and B) and cross peaks (C and D) (marked in Fig. 4) in strong
excitonic coupling regime. Panels (a) and (c) represent the kinetic
traces obtained from the 2DES data, while panels (b) and (d) are the
kinetics extracted from the calculated 2DCD data. The orange and
blue traces show clear oscillatory dynamics, which is the evidence of
electronic coherence. The oscillatory period is 112 fs, which agrees
with the energy gap between two electronic states.

Figs. 4(c) and 4(d). In 2DES, two main peaks show pos-
itive magnitude, which manifests the GSB signals and the
cross peaks demonstrate the excitonic couplings between two
monomers. The observed increase of magnitude for peaks B
and C signifies the energy-transfer process in the dimer model.
However, the time-evolved 2DCD spectra show different ki-
netics. At T = 0 fs, the positive and negative amplitude of
diagonal peaks (A and B) indicates the signature of chiral con-
tribution originating from various interactions of electronic-
and magnetic-dipole moments. The cross peaks C and D show
a rather small magnitude. With the evolution of waiting time,
the amplitude of the diagonal peaks decay rapidly at initial
400 fs and then keep a steady value after that. Additionally, the
cross peaks do not show any appreciable change of magnitude
with time.

To carefully examine the associated energy transfer, we
extract the kinetics of diagonal and cross peaks and plot them
in Fig. 5. In Figs. 5(a) and 5(c), the time-resolved traces
of main peaks show the oscillatory dynamics up to 400 fs,
which manifests the electronic quantum coherence induced
by the strong excitonic interaction between two monomers.
In addition, the evidence of electronic coherence are also
present in the kinetic traces of cross peaks in Fig. 5(c). The
period of this oscillation is 112 fs, which is in agreement
with the energy gap between two excitonic states (300 cm−1).
The increase of magnitude of the cross peak [orange line in
Fig. 5(c)] manifests the downhill energy transfer from higher
excitonic state to the lower one. The decay time constant of
energy transfer are obtained by employing exponential fitting,
the detailed procedure are presented in the SM [38]. To fur-
ther retrieve the information on energy transfer in 2DCD, we
analyze the kinetics, shown in Figs. 5(b) and 5(d) for diagonal
and cross peaks, respectively. In Fig. 5(b), the diagonal peaks
indicates the chiral interaction generated after photoexcita-
tion, the fast decay of the magnitude manifests the loss of
chiral contribution of interacting monomers in the 2D spectra.
The retrieved time constant agrees to those obtained from the

FIG. 6. Transient chiral dynamics of the model molecular dimer
of the two pigments from the FMO complex. The absorption and
CD spectra are presented in panels (a) and (b). 2DES and 2DCD
with selected waiting time of 0, 300, and 800 fs are shown in panels
(c), (e), (g) and (d), (f), (h), respectively. The calculated 2DCD data
shows clear main and cross peaks for the selected dimer of the natural
photosynthetic system.

computed 2DES data. The signatures of electronic quantum
coherence is also present in Figs. 5(b) and 5(d). Interestingly,
they show opposite phase of oscillations compared with those
in Figs. 5(a) and 5(c) of 2DES.

After the calculations and analysis of energy transfer dy-
namics in molecular dimer in different excitonic coupling
regime, we examine the transient chiral dynamics in a nat-
ural system to demonstrate its applicability. We select a
dimer-system constituting two pigment molecules from the
Fenna-Matthew-Olson (FMO) complex. To study the energy
transfer and the associated electronic coherence, the dimer
system is selected judiciously with relatively strong excitonic
coupling with in the pigments (pigment 1 and 2 in Ref. [39]).
To study the energy transfer, we perform the calculations and
plot 2DES and 2DCD spectra in Fig. 6. The absorption and
CD spectra are also shown in Figs. 6(a) and 6(b), respectively.
The 2DES and 2DCD with selected waiting time of 0, 300,
and 800 fs are shown in Figs. 6(c), 6(e), 6(g) and 6(d), 6(f),
6(h), respectively. In 2DCD [Figs. 6(d), 6(f) and 6(h)], the
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FIG. 7. Time-resolved kinetic traces of the excitonic main (A and
B) and cross peaks (C and D) (marked in Fig. 6) obtained from the
calculated 2DES and 2DCD are shown in panels (a), (c), and (b), (d),
respectively.

cross peak C shows the increase of magnitude (absolute value)
with increase of waiting time, which indicates the downhill
energy transfer. For all the calculations direction of the dipole
moments is conserved as the natural system (i.e., dipoles are
not kept parallel or perpendicular to each other). The calcu-
lated 2DCD shows featured diagonal and cross peaks similar
to above-mentioned special cases of coherent and incoherent
energy transfer in different excitonic coupling regime. The
respective kinetics are shown in Fig. 7. Importantly, a clear
oscillatory dynamics in Fig. 7(d) manifests the electronic
quantum coherence during the process of energy transfer.
Hence, 2DCD measurements can be very useful to resolve
underlying quantum coherences during the energy-transfer
process in natural photosynthetic systems.

B. Discussion

We have calculated the 2DCD spectra of a simple dimer
model system. We observed that the transient chiral sig-
nal of the 2DCD is three order magnitude weaker than the
one in 2DES, which makes it challenging for the experi-
mental detection of the signals. We have been motivated to
seek an effective approach to enhance the chiral signal, es-
pecially, at ultrafast timescale. Recently, plasmon-enhanced
chiral dynamics has been performed [40] and the associ-
ated steady-state absorption spectrum has been significantly
enhanced. Application of plasmonic fields for enhancement

of 2DCD signals may overcome the hurdle in experimental
detection of chirality induced transient signatures. Addition-
ally, optical beam with spatial vectors [41] could enhance the
absorption spectrum by magnitude of three orders. Hence,
the implementation of spatial vectors to measure 2DCD data
would provide a powerful optical tool to explore the chiral
dynamics in an ultrafast timescale.

Also, a simple dimer model is used in this study. It would
be more challenging but at the same time interesting to un-
cover the chiral population transfer in molecular systems with
chiral structure elements such as protein complexes or chiral
aggregates. A recent study presented the chiral current circula-
tion and PT symmetry in a trimer model [42]. On the basis of
accurate control of phase of each oscillator, the chiral circula-
tion can be effectively modulated by optical pulses. Hence, we
envision that these solutions might pave the way to study the
transient chiral dynamics by an ultrafast spectroscopic tool.

IV. CONCLUSIONS

In this paper, we studied the transient chiral dynamics of an
excitonically coupled dimer system. We employ the response
function theory and made an extension of light-matter inter-
actions with transition magnetic and quadrupole moments to
calculate the 2DCD spectra. Based on a simple dimer model,
we presented a positive and a negative peak along the diagonal
of 2D spectra, which is also the spectral profile associated
with the lineshape of steady-state CD spectrum. Moreover,
two cross peaks in 2DCD directly manifest the chiral-induced
interaction between the two monomers. To study the chiral
dynamics in an ultrafast timescale, we calculated the 2DCD
spectra for different waiting times and observed the chirality-
induced evolution of different spectral features. The downhill
energy transfer can be revealed by the dynamics of cross peaks
with the associated electronic quantum coherence in strong
excitonic coupling regime. We observed that the transient
chiral signal is three orders of magnitude smaller than the
conventional 2DES signals, which motivates us to enhance the
chiral signal by optical or chemical approaches.
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