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Enantiodetection of chiral molecules is important to chemical reaction control and biological function
designs. Traditional optical methods of enantiodetection rely on the weak magnetic-dipole or electric-
quadrupole interactions, and in turn suffer from the weak signal and low sensitivity. We propose a new
optical enantiodetection method to determine the enantiomeric excess via two-dimensional (2D)
spectroscopy of the chiral mixture driven by three electromagnetic fields. The quantities of left- and
right-handed chiral molecules are reflected by the intensities of different peaks on the 2D spectrum,
separated by the chirality-dependent frequency shifts resulting from the relative strong electric-dipole
interactions between the chiral molecules and the driving fields. Thus, the enantiomeric excess can be
determined via the intensity ratio of the peaks for the two enantiomers.

DOI: 10.1103/PhysRevLett.129.103201

Introduction.—Chiral molecules contain two species
(often dubbed as enantiomers), e.g., left-handed and right-
handed chiral molecules, that are mirror images of each other
but cannot be superposed on through rotations, translations,
or any other combinations of these two changes [1,2].
Enantiomers share almost the same physical properties,
yet have disparate chemical and biological properties [1],
which lead to constant interest in investigating enantiosepa-
ration [3–5], enantioconversion [6–11], as well as enantio-
detection [12–15]. The function of a drug with chiral mixture
depends critically on the enantiomeric excess, characterizing
the amount difference of the enantiomers. Accurately
determining the enantiomeric excess, i.e., enantiodetection,
is thus of critical importance, yet remains a challenging task.
In the traditional enantiodetectionmethods including circular
dichroism [13], vibrational circular dichroism [13,14], and
Raman optical activity [15], the signal is typically weak
since they depend on the weak magnetic-dipole or electric-
quadrupole interactions.
In contrast to these traditional magnetic-dipole (or electric-

quadrupole) dependent methods [13–15], some innovative
approaches relying on the strong electric-dipole coupling
[16–24] have been proposed in current studies of chiral
molecules. These approaches adopted a cyclic three-level
structure [25–27], constructed with three electromagnetic
driving fields (nearly) resonantly coupled to the three related
electric-dipole transitions of chiral molecules. The overall
phases of the three Rabi frequencies for the two enantiomers
differ by π [26,27], resulting in chirality-dependent effective
Hamiltonian and thus chirality-dependent process. Such a

structure offers a feasible and universal mechanism for
enantiodetection [16–23] (as well as enantiospecific state
transfer [24,27–32] and enantioseparation [33–35]).
However, many electric-dipole-transition–based enantiode-
tection methods typically require enantiopure samples as
reference [17–20], limiting their applications since acquiring
a standard enantiopure sample is challenging [3–11,33–35]
for many molecules.
In this Letter, we propose a new method of enantiode-

tection via the 2D spectroscopy [36–40] in a four-level
structure of gas-phase chiral molecules consisting of an
upper cyclic three-level subsystem and an auxiliary level
[22–24]. The three-level subsystem is formed by applying
three electromagnetic driving fields, and is chirality
dependent due to the π phase difference of the two
enantiomers. The electric-dipole transition between the
auxiliary level (e.g., ground state) and one of the upper
three levels (e.g., the first-excited state) is coupled with
three delayed laser pulses, producing a chirality-dependent
signal for the 2D spectroscopy via the four-wave-mixing
process. In our scheme, the signal is detected in time
domain as a function of three time coordinates (τ, T, and t)
and Fourier transformed with respect to τ and t [39,40].
The signals from the two enantiomers are mapped onto the
separate peaks on the spectrum with the frequency sepa-
ration depending on the applied driving fields. The relation
between the peak intensities and the enantiomer quantities
allows us to determine the enantiomeric excess.
Model.—The current method utilizes the generic four-

level structure universally existing in gas-phase chiral
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molecules [22–24]. The structure is illustrated in Fig. 1(a),
composed of a ground state jgαi and an upper cyclic three-
level subsystem with three excited states jeα1i, jeα2i, and
jeα3i. The index α (¼ L or R) denotes the left-handed (L) or
right-handed (R) chiral molecules. Three electromagnetic
driving fields (e.g., microwave fields), shown in Fig. 1(a) as
blue, orange, and green arrows, are constantly applied to
the sample of chiral mixture to induce the chirality-
dependent difference in the evolution of the two enantiom-
ers. The frequencies of these fields are designed to be
resonant with the corresponding electric-dipole transitions
[21,22]. In the interaction picture with respect to
Hα

0 ¼
P

j ωjjeαj iheαj jðℏ ¼ 1; j ¼ 1; 2; 3Þ, the Hamiltonian
is given as

Vα
I ¼Ωα

21jeα2iheα1jþΩα
31jeα3iheα1jþΩα

32jeα3iheα2jþH:c:; ð1Þ

where ωj are the energies of states jeαj i with the ground
state energy ω0 ¼ 0 (the lower index 0 corresponds to
ground state hereafter), and Ωα

jl are the Rabi frequencies
corresponding to the transition jeαj i ↔ jeαl i. The rotation-
wave approximation has already been applied above.
The difference between left-handed and right-handed
chiral molecules is depicted by the Rabi frequencies
[21,26,27] as ΩL

21 ¼ ΩR
21 ¼ Ω21, ΩL

31 ¼ ΩR
31 ¼ Ω31, and

ΩL
32 ¼ −ΩR

32 ¼ Ω32.
The chirality dependence is reflected by the eigenvector

jdαj i ¼
P

i n
α
ijjeαi i (i, j ¼ 1, 2, 3) of the cyclic three-level

subsystem [21] under the Hamiltonian Vα
I , which satisfies

Vα
I jdαj i ¼ Eα

j jdαj i with Eα
j being the corresponding eigen-

values. Here, nαij are the transformation matrix elements.
Detailed derivations are presented in Supplemental
Material [41]. Our method is designed to determine the
signal from different enantiomers by distinguishing the
frequencies Eα

j .
Three laser pulses (e.g., infrared pulses) in the

BOXCARS geometry [36–40] with intervals τ and T are
applied to probe the sample response. k⃗p (p ¼ a, b, c) are
the wave vectors and δtp are the pulse durations. The
central frequencies ν of the three pulses are set the same and
resonant with the transition jgαi ↔ jeα1i, i.e., ν ¼ ω1. The
Hamiltonian describing the current system during a pulse
interaction is written in the interaction picture as

Vα
pðsÞ ¼ ΩpðsÞeik⃗p·r⃗jeα1ihgαj þ H:c:; ð2Þ

where r⃗ is the spatial location of the molecule, ΩpðsÞ is the
Rabi frequency corresponding to the transition jgαi ↔ jeα1i,
and s is the time variable. Within the short durations
of the probe pulses, we have neglected the interaction
Hamiltonian Vα

I in Eq. (2) noticing that the incident
pulses are strong and short enough that the interaction
with the three driving fields becomes negligible, i.e.,R δtp
0 Ωjlds ≪

R δtp
0 ΩpðsÞds.

In general, including only the transition jgαi ↔ jeα1i in
Eq. (2) is reasonable when the bandwidths δν of
the incident pulses are much smaller than the frequency
differences between the upper levels, i.e., δν ≪ fω21;ω31g
where ωij ¼ jωi − ωjj. Another situation for the validity of
Eq. (2) is when the transitions jgαi ↔ jeα2i and jgαi ↔ jeα3i
are forbidden by the selection rules of electric dipole of
chiral molecules [25,26,32]. In our discussion, the molecu-
lar levels are selected to fulfill such selection rules.
As shown by the pulse sequence in Fig. 1(b), the sample

of chiral mixture interacts with the first pulse k⃗a and then
interacts with the second pulse k⃗b after an evolution time τ.
Later, after a second evolution time T, the sample interacts
with the third pulse k⃗c, while the signal emitted by the
sample will be measured after a third evolution time t. After
the whole process, the final wave function of the system is
given (in the Schrödinger picture) as

jψαðτ; T; tÞi ¼ Uα
SðtÞUα

c;SU
α
SðTÞUα

b;SU
α
SðτÞUα

a;Sjψα
0i; ð3Þ

where the initial state jψα
0i is taken as the ground

state jgαi under the typical low-temperature condition
[17]. Here, Uα

p;S ≡ exp½−iHα
0δtp�Uα

pðδtpÞ and Uα
SðsÞ≡

exp½−iHα
0s� exp½−iVα

I s� are the evolution operators with
and without the probe pulses, respectively. The evolution

operator Uα
pðδtpÞ≡ T exp½−i R δtp

0 Vα
pðsÞds� (with T being

the time-ordering operator) is simplified under the square
pulse approximation [42] as Uα

pðδtpÞ ¼ exp½−iVα
pδtp�.

FIG. 1. The model and the pulse sequence. (a) In the cyclic
three-level subsystem, three electric-dipole transitions are reso-
nantly coupled to three electromagnetic driving fields with Rabi
frequencies Ω21, Ω31, and �Ω32. The incident probe pulses with
wave vectors k⃗pðp ¼ a; b; cÞ are applied to induce the transition
between jgαi and jeα1i with Rabi frequencies Ωp. (b) The squares
denote the incident probe pulses under the square pulse approxi-
mation, while the curve denotes the signal.
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Here, Vα
p ¼ Ωp exp½ik⃗p · r⃗�jeα1ihgαj þ H:c: is the interac-

tion Hamiltonian during square pulse k⃗p and Ωp is the
corresponding (time-independent) Rabi frequency.
The emission of the enantiomers is induced by

the polarization Pαðτ; T; tÞ ¼ Tr½ραðτ; T; tÞμα�, where
ραðτ; T; tÞ≡ jψαðτ; T; tÞihψαðτ; T; tÞj is the density matrix
and μα is the electric-dipole operator. We particularly sort
out the signal with the frequencies near ω1, which is
proportional to Pα

10ðτ; T; tÞ≡ ρα10ðτ; T; tÞμ01 þ c:c: (with
μα01 ¼ μ01 being the electric-dipole moment corresponding
to the transition jeα1i → jgαi). Such sortation is accessible
for the molecules in the gaseous phase where the linewidths
of these levels are rather smaller than their energy spacings
[24,43]. Moreover, by the phase matching, we select the
rephasing (RP) signal emitted along the direction k⃗s ¼
−k⃗a þ k⃗b þ k⃗c as Pα;RP

10 ðτ; T; tÞ exp½ik⃗s · r⃗�, where

Pα;RP
10 ðτ; T; tÞ ¼ μ01

X3

l;l0¼1

jnα1lj2jnα1l0 j2

× ½Aeiðω1þEα
l ÞðτþTÞe−iðω1þEα

l0 ÞðTþtÞ

þ Beiðω1þEα
l Þτe−iðω1þEα

l0 Þt�: ð4Þ

Here, A ¼ N 2
aN 2

bN cβ
�
aβbβ

�
c, B ¼ N 2

aN bN 2
cβ

�
aβ

�
bβc,

βp ≃ −iΩpδtp under the condition Ωpδtp ≪ 1 and
N p ¼ ð1þ jβpj2Þ−1=2 are the renormalized constants.
The two terms in Eq. (4) correspond to two different

processes: the stimulated emission (SE) and the ground
state bleach (GSB), illustrated by the double-side Feynman
diagrams in Fig. 2. The two processes differ from each
other at the duration time T, i.e., in the SE process the
excited-state population is generated while in the GSB
process the ground-state population is generated. By taking
into account the relaxation rate Γ and the pure dephasing
rate γ of the excited states (assumed to be the same for three
excited states) in these processes, the rephasing signal in
Eq. (4) is thus corrected as

Pα;RP
10 ðτ;T;tÞ¼μ01

X3

l;l0¼1

jnα1lj2jnα1l0 j2

× ½Aeiðω1þEα
l ÞðτþTÞe−iðω1þEα

l0 ÞðTþtÞe−Γ0ðτþtÞe−ΓT

þBeiðω1þEα
l Þτe−iðω1þEα

l0 Þte−Γ0ðτþtÞ�; ð5Þ

where Γ0 ≡ ðΓ=2Þ þ γ indicates the decay of ρ10.
For a mixture with NL left-handed molecules and NR

right-handed molecules, the average rephasing signal is

Pm;RP
10 ðτ; T; tÞ ¼ NLP

L;RP
10 ðτ; T; tÞ þ NRP

R;RP
10 ðτ; T; tÞ

NL þ NR
; ð6Þ

where the upper index m means chiral mixture.
2D spectrum.—The measured signal in time domain is

analyzed [39] with the 2D Fourier transform with respect to
τ and t as

P̃m;RP
10 ðωτ; T;ωtÞ≡F ½Pm;RP

10 ðτ; T; tÞ�: ð7Þ

Substituting Eqs. (5) and (6) into Eq. (7), we find that each
enantiomer will generate nine peaks at positions ðωτ;ωtÞ ¼
ðω1 þ Eα

l ;−ω1 − Eα
l0 Þ in the 2D spectrum with their mag-

nitudes dominated by jnα1lj2jnα1l0 j2. The chirality dependence
of Eα

j and nα1j is thus reflected by the spectrum.
We demonstrate our method on determining enantio-

meric excess by an example of 1,2-propanediol with equal
Rabi frequencies Ω21 ¼ Ω31 ¼ Ω32 ¼ Ω [9]. Thus, the
eigenvalues of the Hamiltonians VL

I and VR
I are

EL
1 ¼ 2Ω ¼ −ER

1 , EL
2 ¼ EL

3 ¼ −Ω ¼ −ER
2 ¼ −ER

3 . The
transformation matrix elements involved in Eq. (5) are
specified as jnα11j2 ¼ 1=3 and jnα12j2 þ jnα13j2 ¼ 2=3.
For the numerical simulation, we choose the working

states as jgi ¼ jvgij00;0;0i, je1i ¼ jveij11;1;1i, je2i ¼
jveij22;1;2i, and je3i ¼ jveij22;0;1i, where the chirality
index is neglected. The ket vector jvgi (jvei) denotes the
corresponding vibrational ground (first-excited) state and
jJKa;Kc;Mi denotes the rotational state [44]. Under such a
working state arrangement, only the transition jgi ↔ je1i is
induced by the pulses, and the others are forbidden
due to the selection rules [25,26,32]. The transition
frequencies are given as ω10=2π ≃ 4.33 THz, ω21=2π ≃
29.21 GHz, ω31=2π ≃ 29.31 GHz, and ω32=2π ≃
100.76 MHz [22,44–46]. We take the Rabi frequency
Ω=2π ≃ 2 MHz, the relaxation rate Γ=2π ≃ 1 kHz, and
the pure dephasing rate γ=2π ≃ 0.1 MHz according to
the recent experiments [24,43]. The value of the Rabi
frequency Ω is achievable with the microwave field in the
existing experimental setups [17,24]. We assume that all
the probe pulses are the same except for their direction by
taking Ωp=2π ≃ 50 MHz and δtp ≃ 0.5 ns, with the band-
width δν ≃ 2π × 1.8 GHz ≪ fω21;ω31g [47].

FIG. 2. Double-side Feynman diagrams for (a) stimulated
emission process and (b) ground state bleach process with the
evolution times denoted on the left side. The solid and dashed
arrows represent the incident probe pulses and the signals,
respectively. In panel (a), the population for the first-excited
state is generated after the first two pulses, while in panel (b), the
ground-state population is generated.
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The pulse frequency ν ¼ ω10 in our example falls in the
region of terahertz (THz) spectroscopy. For the 2D-THz
measurement, the BOXCARS geometry is hard to be
implemented due to the large diameter of terahertz beams
[48]. Instead, the collinear geometry [49,50] is used along
with additional detection methods, such as electrooptic
sampling and chopping detection [48–50], to sort out the
desired rephasing signal.
The numerical results are shown in Fig. 3 where the

time-domain signals are detected every 0.02 μs with the
scale 0.2 ms for time coordinates τ and t. The 2D spectra
are obtained via 2D fast Fourier transform by taking the
absolute values of the transform result. To obtain a
maximum response, we have taken T ¼ 0 in Fig. 3, since
the signal should decay with relaxation rate Γ during the
evolution time T, as indicated by Eq. (5).
Because of the degeneracy for the eigenvalues Eα

j in our
example, nine peaks reduce to four (two diagonal and two
off-diagonal peaks) for each enantiomer in Figs. 3(a)
and 3(b). For a chiral mixture, eight peaks are naturally
divided into two groups with the help of off-diagonal peaks.
The two groups are associated with specific enantiomers
by detecting any sample containing one dominant
enantiomer since the dominator generates higher peaks.
Hence, a standard enantiopure sample is not needed in our
method.
To determine the enantiomeric excess, we denote KL

(KR) the amplitude of the highest peak corresponding to the
degenerate levels jdL2 i and jdL3 i (jdR2 i and jdR3 i) for left-
handed (right-handed) chiral molecules [e.g., see Fig. 3(c)
in the case of racemic mixture with NL ¼ NR],

KL=R ¼ ðNL þ NRÞ × jP̃m;RP
10 ðω∓; T;−ω∓Þj;

¼ NLjP̃L;RP
10 ðω∓; T;−ω∓Þj þ NRjP̃R;RP

10 ðω∓; T;−ω∓Þj
ð8Þ

(the indices “−” and “þ” on the right-hand side correspond
to indices L and R on the left-hand side, respectively),
where ω∓ ¼ ω1 ∓ Ω. In the strong coupling condition
fΓ; γg ≪ Ω, the peaks are well separated, and KL (KR) is
approximately linearly proportional to NL (NR),

KL=R ≃ NL=RjP̃L=R;RP
10 ðω∓; T;−ω∓Þj: ð9Þ

Noticing the equal coefficients jnα12j2 þ jnα13j2 ¼ 2=3 in
Eq. (5) in the degenerate case, the signal intensities for left-
handed and right-handed chiral molecules are the same, i.e.,
jP̃L;RP

10 ðω−; T;−ω−Þj ¼ jP̃R;RP
10 ðωþ; T;−ωþÞj. Thus, our

estimation of the enantiomeric excess is

εe ¼
KL − KR

KL þ KR
; ð10Þ

and the error of our estimation is δ ¼ εe − ε with the real
enantiomeric excess ε ¼ ðNL − NRÞ=ðNL þ NRÞ. Figure 4
shows the effectiveness of our estimation by numerically
giving the absolute errors for various Rabi frequencies Ω.
In most regions, the absolute errors of our estimation are
smaller than 2 × 10−3.
Our estimation is not limited to the degenerate case with

the arrangement Ω21 ¼ Ω31 ¼ Ω32 ¼ Ω. When Ω21, Ω31,
and Ω32 are not equal, one can still denote KL (KR) the
amplitude of the highest peak for left-handed (right-
handed) molecules with Kα≃NαjP̃α;RP

10 ðωα;T;−ωαÞj. ωα ¼
ω1 þ Eα

ξ (with EL
ξ ¼ −ER

ξ ) are used to replace ω∓ in
Eq. (9). The signal intensities in Eq. (5) for the left-
handed and right-handed molecules have the relation
jP̃L;RP

10 ðωL; T;−ωLÞj=jnL1ξj4 ¼ jP̃R;RP
10 ðωR; T;−ωRÞj=jnR1ξj4.

We prove a general relation jnL1ξj2¼jnR1ξj2 with
details in Supplemental Material [41]. Therefore, the
estimation of the enantiomeric excess is still εe ¼
ðKL − KRÞ=ðKL þ KRÞ.

(b)(a) (c)

FIG. 3. 2D spectra (in arbitrary units, arb. units) of (a) pure left-handed chiral molecules, (b) pure right-handed chiral molecules, and
(c) racemic mixture with equal left-handed and right-handed chiral molecules. These spectra are obtained via 2D fast Fourier transform
and only the absolute values of the transform result are taken. The time-domain signals are scanned from 0 to 0.2 ms with 0.02 μs time
step for both τ and t, while T is set to be zero here.
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To implement measurement with broadband probe
pulses, additional levels (other than je2i and je3i) may
be included in the spectra if one cannot selectively induce
je1i ↔ jgi transition. In such a case, we can apply the
chopping methods [48–50] where two signals (P̃m;RP

10;on and

P̃m;RP
10;off ) are measured with the microwaves on and off. The

subtraction P̃m;RP
10;on − P̃m;RP

10;off will remove any contributions
from the additional levels, since their peak locations and
intensities are not affected by the microwave modulations.
Conclusion.—We have proposed a new method on

enantiomeric excess determination via the 2D spectroscopy
based on the generic four-level structure of chiral molecules
in the gaseous phase. The procedure of the current method
is summarized with two operations, modulation and probe.
The three constant driving fields modulate the system and
cause the different frequency shifts of the upper three levels
for the two enantiomers. The signal generated by the four-
wave-mixing process is probed via the 2D spectrum, where
the peaks reflect the chirality dependence. With the off-
diagonal peaks, the corresponding chirality of the peaks can
be identified with any sample containing one dominant
enantiomer. In the strong coupling condition fΓ; γg ≪ Ω,
the peak amplitudes are approximately linear with the
quantities of the corresponding chiral molecules. Hence,
the enantiomeric excess is estimated by comparing the peak
intensities.
The advantages of the current method lie in two aspects.

First, the tunable driving fields allow the creation of
significant difference between enantiomers, comparing
with the traditional enantiodetection methods with the
weak magnetic-dipole or electric-quadrupole interactions.
Second, the application of 2D spectroscopy allows the
separate contributions of the enantiomers within one single
spectrum, without the need for standard enantiopure
sample, benefited from the inherit resolution of 2D
spectroscopy.
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