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Enantioselective chiral orientation induced by a combination of a long and a short laser pulse
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Enantioselective orientation of chiral molecules excited by a shaped picosecond laser pulse and a delayed
femtosecond pulse is considered. Using quantum-mechanical simulations, we demonstrate a strong field-free
enantioselective orientation along the laser propagation direction. In addition, we use a classical model to
reproduce the enantioselective orientation. Moreover, the analysis of the corresponding classical system allows
understanding the qualitative features of the induced enantioselective orientation. The strong enantioselective
orientation may be used for the separation of chiral enantiomers using inhomogeneous electrostatic fields.

DOI: 10.1103/PhysRevA.105.033113

I. INTRODUCTION

Chiral molecules exist in two species: left- and right-
handed enantiomers. These enantiomers are mirror images
of each other, and they cannot be superimposed on each
other by translations and rotations [1]. Since its discov-
ery by Pasteur in 1848 [2], the phenomenon of molec-
ular chirality has gained immense importance in biology,
physics, chemistry, and the pharmaceutical industry. Vari-
ous methods for chiral discrimination have been proposed
and implemented over the years. Examples involving laser
fields include photoelectron circular dichroism [3–7], mi-
crowave three-wave mixing spectroscopy [8–15], Coulomb
explosion imaging [16–18], high-order-harmonic generation
[19], and enantiospecific interaction with achiral magnetic
substrates [20].

In the last few years, the enantioselective orientation of
chiral molecules excited by laser pulses with twisted polariza-
tion has been investigated [21–26]. Examples of fields with
twisted polarization include delayed cross-polarized laser
pulses [27–29], the optical centrifuge for molecules [30–34],
chiral pulse trains [35,36], and polarization-shaped pulses
[37–41]. In addition, it was theoretically shown that terahertz
(THz) pulses with twisted polarization [42] and two-color
laser pulses [43,44] are effective for inducing enantioselective
orientation.

When molecules are exposed to linearly polarized nonres-
onant laser fields, the most polarizable molecular axis tends
to align along the polarization direction. When molecules are
excited by laser pulses with twisted polarization, the most
polarizable molecular axis tends to follow the rotating polar-
ization vector, resulting in unidirectional rotation [27–29,45–
47]. Furthermore, in the case of chiral molecules, such twisted
fields induce an orienting torque along the most polarizable
axis [22,23]. This additional torque enantioselectively orients
the chiral molecules perpendicular to the plane of polarization
twisting. The orientation direction (along or against the laser
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propagation direction) depends on the sense of twisting and
the handedness of the molecule.

In this paper, we study the orientation of chiral molecules
excited by a linearly polarized shaped picosecond laser
pulse [48–52] and a delayed copropagating cross-polarized
femtosecond pulse. A slowly rising and sharply truncated pi-
cosecond pulse is used to produce a highly aligned molecular
state. With long pulses, a high degree of alignment can be
reached without significant molecular ionization. Achieving
the same degree of alignment with a femtosecond laser pulse
would require a much higher peak power, which inevitably
results in sizable molecular ionization. After the shaped pi-
cosecond pulse is suddenly switched off, a cross-polarized
femtosecond laser pulse is applied, leading to enantioselective
orientation along a direction perpendicular to the plane of po-
larization twisting, that is, along the propagation direction of
the pulses. The highly aligned state induced by the picosecond
pulse enables a high degree of enantioselective orientation.
A classical model reproduces well the enantioselective orien-
tation and is used to analyze the various qualitative features
of the effect, including the vanishing orientation along any
direction in the plane of laser polarizations, the enantiose-
lective orientation along the laser propagation direction, and
the roles played by the picosecond and femtosecond laser
pulses.

II. NUMERICAL METHODS

For the quantum-mechanical simulations, we consider the
chiral molecule to be a rigid rotor. The Hamiltonian describ-
ing the molecular rotation driven by the laser field is given
by H (t ) = Hr + Hint (t ) [53,54], where Hr is the field-free
Hamiltonian and Hint (t ) = −E · (αE)/2 is the interaction of
the molecule with the laser field. Here, α is the molecu-
lar polarizability tensor, and E is the external electric field.
The wave function is expressed in the basis of field-free
symmetric-top eigenfunctions |JKM〉 [55]. Here, J is the total
angular momentum, while K and M are its projections on the
molecule-fixed z and laboratory-fixed Z axes respectively. The
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FIG. 1. Right-handed propylene oxide molecule. Axes a, b, and
c are the principal axes of the inertia tensor. Atoms are color coded:
black, carbon; gray, hydrogen; red, oxygen. The dashed blue and
solid red arrows represent the dipole moment (see Table I) and α1

axis, α1 = (0.293, 0.115, 0.949), respectively.

nonzero matrix elements of the field-free Hamiltonian are [55]

〈JKM|Hr |JKM〉 = B + C

2
[J (J + 1) − K2] + AK2,

〈JKM|Hr |J, K ± 2, M〉 = B − C

4
f (J, K ± 1), (1)

where f (J, K ) =
√

(J2 − K2)[(J + 1)2 − K2], A = h̄2/2Ia,
B = h̄2/2Ib, and C = h̄2/2Ic, with the moments of in-
ertia Ia < Ib < Ic. The time-dependent Schrödinger equa-
tion ih̄∂t |�(t )〉 = H (t )|�(t )〉 is solved by numerical exponen-
tiation of the Hamiltonian matrix (see EXPOKIT [56]). Thermal
effects are included by considering the different initial states
with the relative weight given by the Boltzmann distribution.
A detailed description of our numerical scheme can be found
in [25].

III. STRONG ENANTIOSELECTIVE ORIENTATION

Here, we consider the propylene oxide molecule (PPO,
CH3CHCH2O) as a typical example of a chiral molecule. The
right-handed propylene oxide molecule is shown in Fig. 1.
Table I summarizes the molecular properties of (R)-PPO (the
right-handed enantiomer), which were computed using the
GAUSSIAN software package (method: density functional the-
ory within the CAM-B3LYP/aug-cc-pVTZ scheme) [57]. The
molecules are excited by a shaped picosecond laser pulse
followed by a femtosecond laser pulse. The picosecond laser

TABLE I. Molecular properties of the (R)-PPO molecule: mo-
ments of inertia (in atomic units), elements of the dipole moment (in
debyes), and polarizability tensors (in atomic units) expressed in the
frame of principal axes of inertia.

Moments of inertia Dipole components Polarizability components

Ia = 180386 μa = 0.965 αaa = 45.63, αab = 2.56
Ib = 493185 μb = − 1.733 αbb = 37.96, αac = 0.85
Ic = 553513 μc = 0.489 αcc = 37.87, αbc = 0.65

FIG. 2. Quantum-mechanically calculated time-dependent de-
gree of molecular alignment along the polarization direction of the
picosecond pulse. The initial temperature is 0 K. Note that the de-
grees of alignment for the two enantiomers, (R)- and (S)-PPO, are the
same. The dashed green line represents the envelope of the shaped
picosecond field [see Eq. (2)]. The inset shows the magnified portion
of 〈cos2 (θα1X )〉.

pulse is polarized along the laboratory-fixed X axis, and it is
used to produce a highly aligned molecular state, while the
femtosecond laser pulse, polarized in the XY plane at angle
π/4 to the polarization of the picosecond pulse, is used to
induce the enantioselective orientation. Such laser pulses with
twisted polarization induce a unidirectional molecular rotation
in the XY plane, allowing us to define a unique Z direction
using the right-hand rule. Both pulses propagate in the same
direction, the Z direction. The electric field of the shaped
picosecond laser pulse (see Fig. 2) is given by

Ep(t ) = E p
0 exp

(
−2 ln 2

t2

σ 2

)
cos(ωt )eX , (2)

where {
σ = σon, t < 0,

σ = σoff , t � 0.

The electric field of the femtosecond laser pulse is

E f (t ) = E f
0√
2

exp

[
−2 ln 2

(t − τ )2

σ 2
f

]
cos(ωt )(eX + eY ). (3)

Here, E p
0 (E f

0 ) is the peak amplitude of the picosecond (fem-
tosecond) field, ω is the carrier frequency, and eX (eY ) is a unit
vector along the laboratory X (Y ) axis. σon and σoff represent
the FWHM of the slow switch on and the rapid switch off,
respectively. σ f is the FWHM of the femtosecond laser pulse,
and τ is defined as the time at which the femtosecond laser
pulse is applied.

Figure 2 shows the time-dependent degree of align-
ment, quantified by the average of the squares of the
directional cosines, 〈cos2 (θaX )〉 (t ) = 〈�(t )|(a · eX )2|�(t )〉
and 〈cos2 (θα1X )〉 (t ) = 〈�(t )|(α1 · eX )2|�(t )〉. a = (0, 0, 1) is
the molecule-fixed a axis, while α1 is the most polariz-
able molecular axis, and for the (R)-PPO molecule, α1 =
(0.293, 0.115, 0.949) (see Fig. 1). The vectors are expressed
in the molecule-fixed frame using the basis consisting of the
three inertia principal axes b, c, a, namely, x → b, y → c,
z → a, such that an arbitrary vector r has Cartesian compo-
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FIG. 3. Quantum expectation value of the Z projection of the
dipole signal 〈μZ〉 (t ) or the degree of orientation 〈cos (θμZ )〉 ≡
〈μZ〉 (t )/μ. Here, θμZ is the angle between the molecular dipole
moment and the laboratory Z axis; μ is the magnitude of the dipole
moment. (R)- and (S)-PPO denote the right- and left-handed enan-
tiomers of the PPO molecule, respectively. Note that the signals are
π out of phase for the two enantiomers.

nents r = (rb, rc, ra) in the molecule-fixed frame. θaX (θα1X )
denotes the angle between the molecule-fixed a (α1) axis
and the laboratory-fixed X axis (the polarization direction of
the picosecond pulse). Here, the initial state is the ground
rotational state (temperature is 0 K). The peak intensity of the
picosecond laser pulse is I p = 1012 W/cm2; the FWHMs are
σon = 50 ps and σoff = 2 ps. In the presence of the picosecond
pulse, the most polarizable molecular α1 axis is aligned along
the polarization direction. Figure 2 shows high degrees of
alignment of the molecular a and α1 axes building up during
the picosecond laser pulse. The maximal degrees of alignment
are 〈cos2 (θaX )〉 � 0.82 and 〈cos2 (θα1X )〉 � 0.88.

During the turn-off stage of the shaped picosecond pulse,
around the time when the degree of alignment is at maxi-
mum (see the inset in Fig. 2), a cross-polarized femtosecond
laser pulse is applied. The femtosecond laser pulse is polar-
ized at angle π/4 to the X axis. The peak intensity of the
femtosecond laser pulse is I f = 1013 W/cm2, its FWHM is
σ f = 0.1 ps, and τ = 0.77 ps [see Eq. (3)]. Figure 3 shows
the time-dependent dipole signal along the laboratory Z axis,
〈μZ〉 (t ) = 〈�(t )|μ · eZ |�(t )〉 (μ is the permanent dipole mo-
ment). As expected, shortly after the pulse, enantioselective
orientation along the laser propagation direction appears;
namely, the sign of 〈μZ〉 (t ) is positive (negative) for (R)-PPO
and negative (positive) for (S)-PPO. The degree of orientation
along any axis in the XY plane is identically zero. The general
behavior is consistent with previous studies on the enan-
tioselective orientation induced by laser pulses with twisted
polarization [21–26]. The scheme presented here, which is
based on the shaped picosecond and femtosecond laser pulses,
achieves a comparable degree of orientation, resulting in a
field-free transient dipole signal of about 0.47 debye corre-
sponding to a degree of orientation 〈cos (θμZ )〉 � 0.23. The
high degree of alignment generated by the picosecond field
(see Fig. 2) serves as a basis for inducing the high degree of
enantioselective orientation using the femtosecond laser pulse
polarized at angle π/4 to the polarization direction of the
picosecond pulse.

Nowadays, it is still challenging to produce polyatomic
molecules exclusively in the rotational ground state in the ex-

FIG. 4. (a) Quantum-mechanically calculated time-dependent
degree of molecular alignment 〈cos2 (θα1X )〉 for different initial tem-
peratures. Only the shaped picosecond laser pulse is used, and the
field parameters used are the same as in Fig. 2. The dashed black line
marks the position of t = 0.77 ps. (b) 〈μZ〉 (t ) of (R)-PPO molecules
for different initial temperatures. The laser pulses used are the same
as in Fig. 3.

periments. However, a low-temperature distribution or a very
narrow distribution of states near the ground state is experi-
mentally available for selection using a so-called state selector
[58–60]. Figure 4 depicts the degree of alignment and the
degree of enantioselective orientation for different low tem-
peratures. As shown in Fig. 4(a), for the shaped picosecond
laser pulse used here, the maximal degree of alignment de-
creases with the temperature. As a result, the maximal degree
of enantioselective orientation following the second femtosec-
ond laser pulse at t = 0.77 ps decreases with the temperature
[see Fig. 4(b)]. At T = 0.5 K, a strong transient dipole signal
of 〈μZ〉 � 0.20 debye [〈cos (θμZ )〉 � 0.099] can be achieved.
A longer and stronger picosecond laser pulse may be useful
for inducing a higher degree of alignment for nonzero temper-
ature, e.g., T = 2 K, which may provide a basis for a higher
degree of enantioselective orientation following the second
femtosecond pulse. In addition, for nonzero temperature, a
stronger second femtosecond laser pulse is expected to induce
a higher degree of enantioselective orientation.

IV. QUALITATIVE DESCRIPTION: CLASSICAL MODEL

To understand the origin of the enantioselective orientation
shown in Fig. 3 and the role of each of the laser pulses, we
resort to a classical model. We consider a collection of clas-
sical noninteracting chiral molecules, where each molecule is
modeled by a rigid polarizable asymmetric top. The picosec-
ond field prepares a highly aligned molecular ensemble, where
the most polarizable molecular α1 axis points, on average,
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along the field polarization direction. To simplify the analysis,
we assume that initially (immediately after the end of the
picosecond pulse), all the molecular a axes (which are close
to the α1 axis; see Fig. 1) are perfectly aligned along the
laboratory X axis, and we take the initial temperature to be
0 K. The aligned molecular ensemble is then excited, at t =
τ = 0.77 ps, by a femtosecond laser pulse polarized at angle
π/4 to the X axis [in the XY plane; see Eq. (3)].

Classically, the rotation of a rigid body is described by
Euler’s equations [61]

I�̇ = (I�) × � + T, (4)

where � = (
b,
c,
a) is the angular velocity vector, I =
diag(Ib, Ic, Ia) is the moment of the inertia tensor, and T =
(Tb, Tc, Ta) is the external torque vector. All the quantities in
Eq. (4) are expressed in the molecule-fixed frame of refer-
ence using the basis consisting of the three principal axes of
inertia, b, c, a. The torque is given by T = αE × E, and it
can be obtained by expressing the electric field vector in the
molecule-fixed frame. The relation between the laboratory-
fixed and molecule-fixed frames is described by (X,Y, Z )T =
U (φ, θ, χ )(b, c, a)T , where the transformation matrix is given
by [55]

U (A) =

⎛
⎜⎝

cos(φ) cos(θ ) cos(χ ) − sin(φ) sin(χ ) − cos(φ) cos(θ ) sin(χ ) − sin(φ) cos(χ ) cos(φ) sin(θ )

sin(φ) cos(θ ) cos(χ ) + cos(φ) sin(χ ) − sin(φ) cos(θ ) sin(χ ) + cos(φ) cos(χ ) sin(φ) sin(θ )

− sin(θ ) cos(χ ) sin(θ ) sin(χ ) cos(θ )

⎞
⎟⎠. (5)

Here, A = (φ, θ, χ ) is shorthand notation for the three Euler
angles: φ and θ are the azimuthal and polar angles defining
the orientation of the molecular z axis (associated with the
molecular a axis here) in the laboratory-fixed frame, and χ is
the additional rotation angle about the z axis (see Fig. 5). The
rates of change of the Euler angles are given by [55]

φ̇ = −
b cos(χ ) + 
c sin(χ )

sin(θ )
, (6a)

θ̇ = 
b sin(χ ) + 
c cos(χ ), (6b)

χ̇ = 
a − cos(θ )
−
b cos(χ ) + 
c sin(χ )

sin(θ )
. (6c)

To describe the ensemble behavior, we use the Monte
Carlo approach and consider the dynamics of N � 1 chiral
molecules. For each molecule, we numerically solve a system
of differential equations consisting of Eqs. (4) and (6a)–(6c).
The N molecules are divided into two groups, I and II. The
initial state of the molecules in group I is given by A(t0) =
(0, π/2, χ0), where χ0 is uniformly distributed between 0 and

(a)

(b)

FIG. 5. A set of three Euler rotations (in accordance with the
convention of [55]) describing the orientation of the molecule-fixed
frame (bca) relative to the laboratory-fixed frame (XY Z) for (a) A =
(0, π/2, π/6) and (b) B = (π, π/2, π/6). The blue arrows represent
the dipole moment μ of a (R)-PPO molecule.

2π , corresponding to the initial state in which the molecular
a axes point along the laboratory X axis [see Fig. 5(a)]. The
initial state of the molecules in group II is defined by B(t0) =
(π, π/2, χ0), such that the molecular a axes point against the
laboratory X axis [see Fig. 5(b)]. The initial angular velocities
are set to 
i = 0, i = b, c, a, corresponding to a temperature
of 0 K.

For convenience, the femtosecond laser pulse is treated as
an impulsive excitation, such that the angular velocity just
after the pulse is directly proportional to the applied torque,

i ∝ Ti/Ii. Considering two molecules, one from each group,
in initial states A(t0) and B(t0), the torque components in the
rotating molecular frame are the same for the two molecules.
After averaging over the rapid oscillations of the laser field
(the carrier frequency ω is larger than the typical rotation
frequency of the molecule by several orders of magnitude)
[62], the torque components are given by

Tb(χ0) = (E f )2

4
[(αcc − αaa) cos(χ0) + αbc sin(χ0)

+αac sin2(χ0) − αab sin(χ0) cos(χ0)], (7a)

Tc(χ0) = (E f )2

4
[(αaa − αbb) sin(χ0) − αbc cos(χ0)

−αab cos2(χ0) + αac sin(χ0) cos(χ0)], (7b)

Ta(χ0) = (E f )2

4
[(αbb − αcc) sin(χ0) cos(χ0)

+αbc cos(2χ0) + αab cos(χ0) − αac sin(χ0)]. (7c)

Figure 6 shows the classically calculated ensemble average
〈μZ〉 (t ). Here, the initial conditions and the field parameters
of the femtosecond pulse are the same as in Fig. 3. Compar-
ing Figs. 3 and 6, it is evident that the simplified classical
model qualitatively reproduces the enantioselective orienta-
tion. Therefore, in what follows, we analyze the system using
the classical model in order to gain physical insight into the
qualitative features of the enantioselective orientation.

033113-4



ENANTIOSELECTIVE CHIRAL ORIENTATION INDUCED … PHYSICAL REVIEW A 105, 033113 (2022)

FIG. 6. Classically calculated Z projection of the dipole signal or
the degree of orientation. Initially, the molecular a axes are aligned
along the X axis, and then the aligned molecules are excited by a
femtosecond laser pulse polarized at an angle π/4 to the X axis. The
initial temperature is 0 K. The field parameters of the femtosecond
laser pulse are the same as in Fig. 3. N = 107 molecules are used in
the classical simulation.

A. Absence of orientation in the plane of the pulses’
polarizations: XY plane

In this section, we consider the orientation along the
laser propagation direction and the absence of orientation
in any perpendicular direction. Here, we focus on a single
enantiomer. The next section addresses the enantioselectivity.
As can be seen from Eqs. (6a)–(6c) and (7a)–(7c), the torques
(the induced angular velocities) and the rate of change of the
Euler angles are independent of φ. Accordingly, the initial
states A(t0) and B(t0) evolve into A(t ) = (δφ, δθ + π/2, δχ +
χ0) and B(t ) = (δφ + π, δθ + π/2, δχ + χ0), respectively.
Here, δφ, δθ , and δχ are the changes in Euler angles resulting
from the rotational dynamics induced by the femtosecond
laser pulse kick. Notice the π difference between φ angles
in A(t ) and B(t ).

The time-dependent projections of the dipole moment on
the laboratory axes can be obtained using the transformation
matrix U [see Eq. (5)]:

U [A(t )](μb, μc, μa)T = (μX , μY , μZ )T , (8a)

U [B(t )](μb, μc, μa)T = (−μX ,−μY , μZ )T . (8b)

Equations (8a) and (8b) follow from the fact that the initial π

difference in the φ angles of A and B is preserved throughout
the motion. The same relation can also be found in Fig. 9
below, where we plot the dipole signals as functions of χ0 for
the two molecular groups (φ0 = 0 and φ0 = π ). The dipole
moment projections on the X and Y axes are of opposite
sign and, when averaged over the entire molecular ensemble
(groups I and II), result in zero averaged dipole signal along
any direction in the XY plane, including 〈μX 〉 = 〈μY 〉 = 0.
In contrast, the dipole moment projections on the Z axis
are of the same sign, giving rise to the nonzero ensemble-
averaged orientation for chiral molecules, while for nonchiral
molecules, 〈μZ〉 = 0 (see below for further details).

(a) (b) (c)

FIG. 7. Two initial orientations of the molecular frame for
(a) A = (0, π/2, χ0 ) and (b) B1 = (π, π/2, π − χ0). (c) Same as
(b) for B∗

1 = (0, π/2, χ0 ), but in terms of the basis (b∗, c∗, a∗) =
(−b, c, −a). Here, χ0 = π/6. μ(R) and μ(S) denote dipole moments
of (R)- and (S)-PPO molecules, respectively. Note that μ(S) in (b) and
(c) point in the same directions, while μ(R) in (a) points in the
opposite direction.

B. Enantioselective orientation along the laser propagation
direction: Z direction

In this section, we consider the implications of chirality on
molecular orientation. The two enantiomers are related by a
reflection transformation [1]; here, we set the ab plane as the
reflection plane. Accordingly, the dipole moment components
and the polarizability components of the two enantiomers
[(S) and (R)] are related as μ(S)

c = −μ(R)
c , α(S)

ac = −α(R)
ac , and

α
(S)
bc = −α

(R)
bc . The other components are the same for both

enantiomers.
To analyze the enantioselective orientation, we begin with

two enantiomers of the propylene oxide molecule, (R)- and
(S)-PPO. Initially, the molecular a axes are aligned along the
X axis, while the dipole moments of the two enantiomers
point in opposite directions (see Fig. 7). Without loss of
generality, we consider the initial states A(t0) = (0, π/2, χ0)
[Fig. 7(a)] and B1(t0) = (π, π/2, π − χ0) [Fig. 7(b)] for (R)-
and (S)-PPO, respectively. For these two states, μ(R) = −μ(S).
Figure 8 shows the torque components [see Eqs. (7a)–(7c)] as
functions of χ0 for the two enantiomers. The relation between
the torque components is given by

T (S)
i (π − χ0) = (−1)δci+1T (R)

i (χ0), i = b, c, a. (9)

FIG. 8. Torque components [Eqs. (7a)–(7c)] as functions of χ0

for (R)-PPO (solid lines) and (S)-PPO (dashed lines) molecules with
E f = 1.
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FIG. 9. (a) and (d) X , (b) and (e) Y , and (c) and (f) Z projections of the dipole signal as functions of χ0 and time for the case of (R)-PPO
molecules shown in Fig. 6. (a)–(c) φ0 = 0, θ0 = π/2. (d)–(f) φ0 = π, θ0 = π/2.

To simplify the comparison of the two enantiomers,
we introduce a new basis in the molecular frame of (S)-
PPO, consisting of the b∗, c∗, a∗ axes, where (b∗, c∗, a∗) =
C2(c)(b, c, a) = (−b, c,−a) and C2(c) is the twofold rotation
about the c axis [55]. In terms of the new basis, the molecular
orientation in Fig. 7(b) is given by B∗

1(t0) = (0, π/2, χ0) [see
Fig. 7(c)]. Note that B∗

1(t0) = A(t0). The relation between the
torque components of (R)-PPO and (S)-PPO (in terms of the
new basis) is

T (S)
i∗ (χ0) = T (R)

i (χ0) (10)

because T (S)
i∗ (χ0) = (−1)δci+1T (S)

i (π − χ0), i∗ = b∗, c∗, a∗.
Thus, in this new basis, (b∗, c∗, a∗), the torque com-

ponents and the initial states for both enantiomers in
Fig. 7 are the same. As a consequence, B∗(S)

1 (t ) = A(R)(t )
[see Eqs. (6a)–(6c)]. Moreover, since (μ(S)

b∗ , μ
(S)
c∗ , μ

(S)
a∗ ) =

(−μ
(S)
b , μ(S)

c ,−μ(S)
a ) = −(μ(R)

b , μ(R)
c , μ(R)

a ), we obtain the re-
lations

⎛
⎜⎝

μ
(S)
X [B1(t )]

μ
(S)
Y [B1(t )]

μ
(S)
Z [B1(t )]

⎞
⎟⎠ = U

[
B(S)

1 (t )
]
⎛
⎜⎝

μ
(S)
b

μ(S)
c

μ(S)
a

⎞
⎟⎠ = U

[
B∗(S)

1 (t )
]
⎛
⎜⎝

μ
(S)
b∗

μ
(S)
c∗

μ
(S)
a∗

⎞
⎟⎠ = −U [A(R)(t )]

⎛
⎜⎝

μ
(R)
b

μ(R)
c

μ(R)
a

⎞
⎟⎠ = −

⎛
⎜⎝

μ
(R)
X [A(t )]

μ
(R)
Y [A(t )]

μ
(R)
Z [A(t )]

⎞
⎟⎠, (11)

which indicate that the opposite sign between μ(S) and μ(R)

is preserved throughout the motion (which can also be seen
from Figs. 9 and 10). As discussed in Sec. IV A, the ensemble-
averaged dipole signal of each enantiomer along any direction
in the XY plane is zero. Consequently, the orientation appears
in the Z direction, and it is enantioselective. Note, however,
that in the case of a racemic mixture (which has equal amounts
of left- and right-handed enantiomers), the orientation in the
Z direction vanishes. Similar and simplified arguments were
previously used in [22,23] to explain the enantioselective ori-
entation.

C. Chirality dependence of the orientation along the laser
propagation direction: Z direction

In the special case of nonchiral molecules, having a
diagonal polarizability tensor, the torque components in
Eqs. (7a)–(7c) reduce to

Tb(χ0) = (E f )2

4
(αcc − αaa) cos(χ0), (12a)

Tc(χ0) = (E f )2

4
(αaa − αbb) sin(χ0), (12b)

Ta(χ0) = (E f )2

4
(αbb − αcc) sin(χ0) cos(χ0). (12c)

In contrast to the case of chiral molecules (see Fig. 8), here,
the torque components have a well-defined symmetry (sym-
metric or antisymmetric) about χ0 = nπ/2, n = 0, 1, 2, 3. For
instance,

Ti(−χ0) = (−1)δbi+1Ti(χ0), (13a)

Ti(π − χ0) = (−1)δci+1Ti(χ0), (13b)

Ti(π + χ0) = (−1)δai+1Ti(χ0). (13c)

Note that the relation in Eq. (13b) is the same as in Eq. (9).
When the dipole moment projection on the molecular c axis is
zero (μc = 0), all the expressions from Sec. IV B still apply.
Similar to Eq. (11), the relation between the dipole moments
corresponding to the initial states of A(t0) and B1(t0) is given
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FIG. 10. (a) and (d) X , (b) and (e) Y , and (c) and (f) Z projections of the dipole signal as functions of π − χ0 and time for the case of
(S)-PPO molecules shown in Fig. 6. (a)–(c) φ0 = 0, θ0 = π/2. (d)–(f) φ0 = π, θ0 = π/2.

by ⎛
⎝μX [B1(t )]

μY [B1(t )]
μZ [B1(t )]

⎞
⎠ = −

⎛
⎝μX [A(t )]

μY [A(t )]
μZ [A(t )]

⎞
⎠. (14)

Consequently, the ensemble-averaged dipole signal along any
laboratory axis is zero, and this includes 〈μZ〉, the projec-
tion along the laser propagation direction. Compared to the
two enantiomers in Sec. IV B, the two nonchiral molecules
in initial states A(t0) and B(t0) are indistinguishable and
can be viewed as a mixture containing equal amounts of
left- and right-handed enantiomers, leading to the vanish-
ing of the ensemble-averaged orientation. Moreover, notice
that μZ [B1(t )] = −μZ [A(t )] = −μZ [B(t )] [see Eqs. (8a) and
(8b)], such that even within each group, A(t0) and B(t0), the
dipole signal 〈μZ〉 vanishes. The symmetries of the torque
components [see Eqs. (13a) and (13c)] allow repeating the
same arguments for molecules in which μb = 0 or μa = 0.

In contrast, in the case of a single enantiomer of chiral
molecules, the torque components do not have symmetry
similar to those in Eqs. (13a)–(13c), resulting in the nonzero
orientation along the Z axis. This orientation depends on the
polarizability tensor being nondiagonal, which is the case for
chiral molecules.

D. Roles of the laser pulses

For a collection of isotropically distributed chiral
molecules, collinearly polarized one-color laser pulses can
induce only molecular alignment and not orientation. Fur-
thermore, orthogonally polarized laser pulses which do not
overlap cannot induce orientation either. The reason is that
the field-polarizability interaction and the spatial distribution
of the molecular ensemble are always symmetric about the
axis parallel or perpendicular to the polarization direction.

For the sake of simplicity, we consider an ensemble with
the molecular a axes initially aligned along the X axis (φ0 =
0, π , and θ0 = π/2) being excited by a Y -polarized laser

pulse. In this case, the torque components denoted as T ′
i can

be written as

T ′
b (χ0) = − (E f )2

2
[αab sin(χ0) cos(χ0) + αac cos2(χ0)],

T ′
c (χ0) = (E f )2

2
[αab sin2(χ0) + αac sin(χ0) cos(χ0)],

T ′
a (χ0) = (E f )2

4
[2αbc cos(2χ0) + (αbb − αcc) sin(2χ0)].

Accordingly, T ′
i (π + χ0) = T ′

i (χ0), and shortly after the
pulse, 
′

i(π + χ0) = 
′
i(χ0). From Eqs. (6a)–(6c), it follows

that for the same θ0,

δθ ′(π + χ0) = −δθ ′(χ0), δχ ′(π + χ0) = δχ ′(χ0),

such that μ′
Z (π + χ0) = −μ′

Z (χ0) [see Eq. (5)]. As a result,
because the contributions from the molecules at π + χ0 and
χ0 cancel each other (which can be seen from Fig. 11), the
ensemble-averaged dipole signal along the Z axis is zero.
Since the torque components depend on only χ0, the same
argument as in Sec. IV A can also be applied, meaning that
the dipole signal along any direction in the XY plane vanishes.
Thus, there is no orientation in this case.

In contrast, in the case of a pair of delayed crossed-
polarized pulses, when the second laser pulse is polarized
at an angle ( �= nπ/2, n = 0, 1, 2, 3) with respect to the
first one, the first pulse effectively breaks the symmetry of
spatial distribution about the polarization direction of the
second one. Consequently, the induced asymmetric torques
[see Eqs. (7a)–(7c)] induce molecular orientation along the
direction perpendicular to the polarization of the two excit-
ing pulses. The timescales of polarization twisting and the
molecular rotation must be comparable; otherwise, the spatial
symmetry about the polarization direction prevails, leading
to zero orientation. In our qualitative discussions we did not
consider the initial angular velocities, but the conclusions re-
main valid even when the molecules have finite initial angular
velocities.
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FIG. 11. Z projection of the dipole signal as a function of χ0

and time for (R)-PPO molecules. The initial conditions and the field
parameters of the femtosecond laser pulse are the same as in Fig. 6,
except that the femtosecond pulse is polarized along the Y direction.
Note that the results for φ0 = 0 and φ0 = π are the same.

A similar effect of enantioselective orientation can be
achieved using THz pulses with twisted polarization. How-
ever, since the THz field couples to the molecular permanent
dipole moment, unlike the case of laser pulses, two delayed
orthogonally polarized THz pulses can also induce the enan-
tioselective orientation [42].

V. CONCLUSIONS

In this work, we have investigated the enantioselective ori-
entation of chiral molecules excited by a shaped picosecond
laser pulse and a delayed femtosecond pulse. We showed that
orientation is induced along the laser propagation direction
and the sign of orientation is opposite for the two enantiomers.
This result is similar to previous works on enantioselective
orientation induced by laser pulses with twisted polarization
[21–26]. The use of a relatively weak, truncated picosecond
pulse to induce alignment may be compared to the use of a
strong femtosecond laser pulse because it avoids molecular
ionization while still allowing a higher degree of alignment.
Another method for achieving a high degree of alignment for
a given pulse energy while minimizing molecular ionization
is to use a pulse sequence consisting of multiple low-intensity
pulses [63–68]. This approach allows the distribution of the
energy, which would otherwise be delivered in a single intense
pulse, over multiple low-intensity pulses. However, for the
optimal degree of alignment, optimization of the sequence
parameters is required. Despite the relatively low intensities
of the exciting laser pulses, a strong enantioselective orienta-
tion (the degree of orientation ≈0.23) was demonstrated. The
enantioselective orientation may be useful for analyzing the
enantiomeric excess and potentially for separating mixtures
of enantiomers using inhomogeneous electromagnetic fields
[69].

The qualitative features of the effect, including the vanish-
ing orientation in the plane of laser polarizations, the chirality
dependence of the enantioselective orientation along the laser

propagation direction, and the roles of the two delayed cross-
polarized laser pulses, may be understood in terms of the
classical model. The shaped picosecond laser pulse prepares
a highly aligned molecular ensemble, which is followed by a
cross-polarized femtosecond laser pulse. This induces asym-
metric torques (depending on the off-diagonal polarizability
elements which exist in chiral molecules), resulting in the
nonzero orientation along the direction perpendicular to the
polarizations of the two exciting pulses. During this process,
the orientation along any direction in the plane of pulses’
polarizations remains zero. More importantly, although the
qualitative argument is based on the transformation properties
of the dipole moment and torque between the enantiomers,
this is effectively a comparison of the light-matter interaction
between the two enantiomers. Therefore, an analysis of the
interaction potential, e.g., the interaction between the dipole
moment and the terahertz pulses, under the same transforma-
tion should lead to the same conclusions.
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APPENDIX: TIME-DEPENDENT DIPOLE SIGNAL
AS A FUNCTION OF χ0

Figure 9 depicts the time-dependent dipole signal as a
function of χ0 for the case of (R)-PPO shown in Fig. 6. As can
be seen, the dipole signals along the laboratory X and Y axes
have opposite signs for A(t0) = (0, π/2, χ0) [Figs. 9(a) and
9(b)] and B(t0) = (π, π/2, χ0) [Figs. 9(d) and 9(e)]. Conse-
quently, the ensemble-averaged dipole signals 〈μX 〉 and 〈μY 〉
are zero. On the other hand, Figs. 9(c) and 9(f) show that for
A(t ) and B(t ), the Z projections of the dipole signal are the
same. These results are consistent with the analysis presented
in Sec. IV A.

Figure 10 shows the case of (S)-PPO molecules. The
dipole signal of (S)-PPO along the X and Y direc-
tions is the same as that of (R)-PPO [μ(S)

X (B1) = μ
(R)
X (B)

and μ
(S)
Y (B1) = μ

(R)
Y (B)], while μ

(S)
Z (B1) = −μ

(R)
Z (B). Here,

B = (π, π/2, χ0), and B1 = (π, π/2, π − χ0). According
to Eq. (11), μ

(S)
j (B1) = −μ

(R)
j (A), j = X,Y, Z . In addi-

tion, μ j (B) = (−1)δ jZ +1μ j (A) (see Sec. IV A), such that
μ

(S)
j (B1) = (−1)δ jZ μ

(R)
j (B). The numerical results are consis-

tent with the analysis, and μ
(S)
Z (B1) = −μ

(R)
Z (B) implies the

enantioselective orientation.
Taking the (R)-PPO molecule as an example, we plot μZ (t )

as a function of χ0 in Fig. 11. Initially, φ0 = 0, π and θ0 =
π/2, corresponding to the molecular a axis pointing along or
against the laboratory X axis. The initial temperature is 0 K.
The femtosecond laser pulse is polarized along the laboratory
Y axis. As shown in Fig. 11, μZ (π + χ0) = −μZ (χ0), in
agreement with the discussion in Sec. IV D. Consequently,
in this case, the ensemble-averaged dipole signal along the Z
axis 〈μZ〉 vanishes.
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