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Enhanced persistent orientation of asymmetric-top molecules induced
by cross-polarized terahertz pulses
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We investigate the persistent orientation of asymmetric-top molecules induced by time-delayed THz pulses
that are either collinearly or cross polarized. Our theoretical and numerical results demonstrate that the orthogo-
nal configuration outperforms the collinear one, and a significant degree of persistent orientation—approximately
10% at 5 K and nearly 3% at room temperature—may be achieved through parameter optimization. The
dependence of the persistent orientation factor on temperature and field parameters is studied in detail. The
proposed application of two orthogonally polarized THz pulses is both practical and efficient. Its applicability
under standard laboratory conditions lays a solid foundation for future experimental realization of THz-induced

persistent molecular orientation.
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I. INTRODUCTION

Molecular alignment and orientation induced by short
laser pulses have attracted widespread interest across vari-
ous disciplines within ultrafast science. This is mainly due
to their pivotal role in numerous physical processes, such
as laser-induced ionization, high-order harmonic generation,
molecular imaging, etc. Existing methods for molecular ro-
tational control and their applications have been reviewed
extensively over the past two decades [1-6]. Besides molec-
ular alignment, various strategies have been proposed and
implemented to achieve molecular orientation. One such tool
employs optical-frequency two-color laser pulses consisting
of a fundamental wave and its second harmonic. Such pulses
were shown to be effective in inducing molecular orienta-
tion via two distinct intensity-dependent mechanisms [7-27].
At low (nonionizing) intensities, the dominant mechanism
depends on the interaction of the two-color pulse with the
molecular hyperpolarizability, inducing asymmetric torques
that orient the molecules [7-14,16-27]. The other mechanism,
which is dominant at high (ionizing) intensities, is caused
by the different probability of ionization along or against the
polarization direction of the asymmetric electric field gener-
ated by the collinearly polarized two-color pulse [15-17,27].
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Another method combines weak electrostatic and intense non-
resonant laser fields [28-36]. Advances in terahertz (THz)
technology paved the way for achieving molecular orienta-
tion using pulsed THz fields, either standalone [37—44] or in
conjunction with optical-frequency pulses [45—48]. Recently,
attention has also shifted towards the study of enantioselective
orientation, which employs laser or THz pulses with twisted
polarization [49-56], as well as two-color cross-polarized
laser pulses [10,25].

In addition to the well-known transient orientation that
appears immediately following excitation by the laser pulses,
a new phenomenon of persistent orientation has recently
been studied. The effect was observed for the first time in
chiral molecules excited by laser pulses with twisted polariza-
tion [53,54]. Furthermore, it has been predicted in nonlinear
molecules stimulated by THz pulses [44,55] or two-color
laser pulses [24,25,27]. In this context, “persistent” refers to
a nonzero average orientation that persists on a time scale
several orders of magnitude longer than the duration of the
applied external field.

While persistent orientation in chiral molecules has
been experimentally achieved using polarization-shaped laser
pulses [54], similar effects are yet to be realized using THz
or two-color laser pulses. One reason is that the value of the
persistent orientation is generally small, especially at high
temperatures. Thus, an efficient approach is required to en-
hance the effect and make it experimentally feasible.

Here, we investigate the persistent orientation of
asymmetric-top molecules excited by THz pulses. The THz
pulse induces molecular orientation through the field-dipole
interaction, which is more efficient than the two-color laser
pulse acting through the field-hyperpolarizability interaction.
We show that the persistent orientation may be significantly
improved using a pair of time-delayed cross-polarized THz
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pulses, compared to excitation by collinearly polarized
pulses. We further investigate the dependencies on the field
amplitude, the polarization angle, the time delay between
pulses, and the temperature. The paper is organized as
follows. Section II introduces the theoretical methods. The
persistent orientation induced by a single THz pulse and a
pair of time-delayed THz pulses are presented in Sec. III
and Sec. IV, respectively. Finally, we summarize the paper in
Sec. V.

II. THEORETICAL METHODS

Asymmetric-top molecules are assumed to be in the ground
vibronic state as the probability for populating excited states
[57] at T = 300K is negligible. Moreover, the molecules are
treated as rigid rotors with three orthogonal inertia axes de-
noted by a, b, and ¢, with the moments of inertia I, < I, < I..
We perform quantum mechanical and classical simulations
of the molecular rotations following the THz excitation. The
model Hamiltonian is H(t) = H, 4+ Hiy(¢) [5,58], where H,
is the rotational kinetic energy Hamiltonian and Hin(t) =
—p - E(t) describes the field-molecule interaction. Here u is
the molecular dipole moment vector, and E(¢) is the electric
field vector. The symmetric-top eigenfunctions |JKM) are
used as a basis set [59]. The quantum numbers J, K, and M
correspond to the total angular momentum and its projections
on the molecular a and the laboratory X axes, respectively.
The nonzero matrix elements of H, are given by [59]

B+C
(JKM|H,|JKM) = %[J(J +1)— K]+ AK?,
B—C
(JKMIH,|J,K:i:2,M)=Tf(],K:i:l), (D

where A = h?/21,, B = I*/2I,, C = h?/21., and f(J,K) =
VU2 —K2)[(J +1)2 —K?]. The eigenfunctions of the
asymmetric-top molecule, [JkM) =) cﬁ{]'(M)UKM ), with
—J < k < J, can be obtained by numerical diagonalization
of H,.

The finite initial rotational temperature is accounted for
using the random phase wave functions method [60]. In this
method, the initial state is defined as

—enem/(kgT)
W) = Y2\ e M), (@)

JkM

where #; is the initial time, &, is the rotational kinetic energy
of |JkM), kg is the Boltzmann constant, T is the tempera-
ture, and Z is the partition sum. Here ¢, s € [0,27) is a
random number and the sum runs over all the thermally pop-
ulated eigenstates |JxM). The time-dependent Schrodinger
equation i7id, |V, (1)) = H(¢)|\V,(¢)) is solved using numerical
exponentiation of the Hamiltonian matrix (see Expokit [61]).
The expectation value gives the degree of orientation of the
molecular a axis,

N

(cos(b4;)) (1) = le Z(‘I’n(t)la -e;|W,(1)), 3)

n=1

where N is the number of initial states, €; is a unit vector along
the laboratory j (j = X, Y, Z) axis, a is a unit vector along the

TABLE I. Molecular properties of CH,O: moments of inertia (in
atomic units) and nonzero elements of the dipole moment (in Debye)
in the frame of principal axes of inertia.

Molecule Moments of inertia ~ Dipole components
I, = 11560 Ha = 2.389
Formaldehyde CH,0 I, = 84122
I. = 95682

molecular a axis, and 6,; is the angle between the molecular
a axis and the laboratory j axis. Given the considered temper-
atures (T > 5K), we use N = 10* to get convergent results,
where the absolute error in the degree of orientation is less
than 107*.

Here we use formaldehyde (CH,O) as an example
asymmetric-top molecule. In this molecule, the molecular
dipole moment points along the molecular a axis. Table I sum-
marizes the molecular properties as taken from NIST [density
functional theory (DFT), Coulomb-attenuating method with
Becke three-parameter Lee-Yang-Parr functional and aug-
mented correlation-consistent polarized valence triple zeta
Gaussian basis set (CAM-B3LYP/aug-cc-pVTZ)] [62]. Since
formaldehyde is a planar molecule belonging to the Cy, point
symmetry group, the statistical factor due to nuclear spin [63]
should be included in the sum in Eq. (2). According to Eq. (1),
the rotational states with odd and even K are decoupled. As a
result, the initial rotational [JxM) states formed by |[JKM)
states with odd K have triple the statistical weight of |JxM)
states formed by |[JKM) with even K [63].

In the classical limit, we model the ensemble behavior us-
ing the Monte Carlo approach. Initially, sample molecules are
isotropically distributed in space, their angular velocities (£2;)
are random and follow the Boltzmann distribution P(£2;) o
exp[—I,-Q%/(ZkBT)], where i = a, b, c. The rotational dy-
namics of each sample molecule is determined by Euler’s
equations in the rotating molecular frame [64]

I =(1IR) x +T, 4)

where I = diag(l,, I, 1.) is the moment of inertia tensor,
Q@ = (R, 2, ) is the angular velocity vector, and T =
(T,, Ty, T.) is the torque due to the interactions with the
THz field, given by T = u x Ey,1(¢). Here, Ey(¢) is the
electric field vector expressed in the frame of principal axes
of inertia. A quaternion, g = (qo, 91, g2, q3) parametrizes the
relationship between the molecular and laboratory frames
[65,66]. The equation of motion for a quaternion is given
by ¢ = ¢<2/2, where the multiplication rule of quaternions
is adopted [65,66], and 2 = (0, ,, 25, 2.). The ensemble
average gives the degree of orientation,

1 ¥
(08(6))) (1) = 77 D coslflj(', D), )

n'=1

where N’ = 10° is the number of sample molecules used in
the classical ensemble and 6,;(r’, ) is the time-dependent
angle of the n’th molecule. A more detailed description of the
classical simulations can be found in [44].
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FIG. 1. (a) Classically and quantum mechanically calculated
time-dependent degree of orientation of CH,O molecules excited
by a linearly polarized THz pulse. Here, T = 300K and the field
amplitude is Ey = 6.5 MV /cm [see Eq. (6)]. Note that the THz pulse
is turned on at about t = —2.5 ps and off at 2.5 ps with the peak
amplitude at# = 0. In the quantum simulations, the basis set included
all the states with J < 44. (b) Magnified view of the rectangular
region marked in (a). The value obtained using the classical formula
[{L.Lx/L?), see Eq. (13)] is shown by the dotted green line (see text).

III. PERSISTENT ORIENTATION INDUCED
BY A LINEARLY POLARIZED THz PULSE

We begin with the case of excitation by a single pulse.
Consider asymmetric-top CH,O molecules excited by a sin-
gle THz pulse propagating along the laboratory Z axis and
polarized along the X axis. The electric field of the THz pulse
is given by

E@t) = Eof(1)ex, (6)

where the time dependence is described by [67]
f) =1 =201, )

Ey is the peak amplitude, o determines the temporal width of
the THz pulse (in our simulations we use o = 3.06 ps~2), and
ey is a unit vector along the laboratory X axis.

Figure 1 shows the time-dependent degree of orientation
(cos(f,x)). The rotational temperature is set to 7 = 300 K. As
expected, a strong transient orientation appears in response to
the THz pulse. The results of quantum and classical simula-
tions are in excellent agreement on the short time scale [see
Fig. 1(a)]. On a longer time scale, the classical orientation
factor tends to a nonzero constant value after the dephasing of
the molecular ensemble [about 6 ps, see Fig. 1(b)], which we
denote by (cos(f.x)),, while the quantum expectation value
oscillates around the same nonzero baseline. This effect in-
duced by a single THz pulse has been previously studied [44].
The long-lasting orientation metric (cos(6,x)), was termed
the persistent orientation factor.

Next, we derive an approximate analytic expression for
the persistent orientation factor in the case of asymmetric-top
molecules. Starting from the wave function of an asymmetric-

top molecule after the THz excitation, at 7 (t > 5)

it

W)y =e " wie)

= Z C‘IKM |JKM> e_%SJKM(t_tf)s (8)
JkM

where #; is a moment at the end of the pulse, Cjp =
(JkM|Y(tr)), and

W(tp)) = Tt b HO [y) ©)

is the wave function immediately at the end of the pulse.
T is the time-ordering operator. Recall that the thermal ef-
fects are accounted for in the initial wave function with the
random phases, as shown in Eq. (2). Here, we use a sin-
gle |\, (#;)), which suffices to describe the dynamics at high
enough temperatures. Accordingly, the time-dependent degree
of orientation is given by

{cos(0ax)) (1) = (W(1)] cos(bax )| W(1))

3
:E E AJKM,KAJ’KM,K’

JKM J' i i’
x (JKM|cos(O.x)|J'KM)
X eié(gl/K/MisjkM)(titf)v (10)

where Ajxm,c = (JKM|JkcM) (JkM|W(tr)). The mean orien-
tation factor approximates the persistent orientation factor,

1 tr+Trey

{cos(Oux)), ~ ——

. (cos(Bux)) (t)dt

tf
KM
~ Y Y Ao ———. (1)
JKM,K ) J(J+ 1)

JKM i ,k’

where Ti.y is a “revival period”. It should be noted that several
revival times can be defined for asymmetric-top molecules. In
the context of our derivation, T, refers to a typical rotational
time scale on the order of tens of picoseconds, and variations
in the exact value are insignificant. Here, we neglect the os-
cillatory behavior caused by the nonzero energy difference
between [JkM) and |J'«'M), Ae = eyp — €5 Nonzero
Ace produces oscillations, sign changes, and even the vanish-
ing of the persistent orientation factor on the nanosecond time
scale. Proper description of the molecular rotations on the
nanosecond time scale may require considering intermolecu-
lar collisions, complicating the model considerably. Thus, we
leave the study of persistent orientation on such a long time
scale for future studies.

In the special case of a symmetric-top molecule, for which
K is a good quantum number, the formula in Eq. (11) reduces
to (see Appendix for details)

KM

(cos(Oux)), ~ Z |A1KM’K|2m

JKM

=) | JKM|W(p) [P

JKM

_KM (12)
JU+1)

which is the same as in [68]. The corresponding classical
formula, (L,Lx /Lz), can be derived from a single classi-
cal symmetric top persistent orientation, L,Ly/L*> [24,44].
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FIG. 2. Classically calculated persistent orientation factor as a
function of field amplitude at low (5 K) and at room (300 K) rota-
tional temperatures.

Here, angle brackets denote the ensemble average, L is the
magnitude of the angular momentum, L, and Ly are the an-
gular momentum projections on the molecular a axis, and the
laboratory X axis (polarization direction of the THz pulse),
respectively. The direct relation between the quantum and
classical formulas is evident due to the correspondence be-
tween the quantum and classical quantities, J <> L, K < L,
and M <> Lx. After the pulse, L, L,, and Ly are conserved in
the case of a symmetric-top molecule, while L, and Ly are
conserved even during the pulse.

The case of asymmetric-top molecules is more complicated
because L, of the individual molecules is not a constant of
the motion [64]. Nevertheless, we found that after the pulse,
the distribution of L,Ly/L? reaches a dynamic equilibrium,
such that the ensemble average (L,Ly/L?) is effectively time
independent (like in the symmetric-top case). Thus, the clas-
sical formula, corresponding to the quantum-mechanical one
inEq. (11)1is

LaLX> I%La(n’,t)LX(n/) 13

(cos(Bax ))p ~ < L2 = L? (n)

N n'=1
where L(n'), L,(n', t), and Ly (n') are the angular momentum
magnitude and components of the n'th molecule. After the
pulse, L,(#',t) is time dependent, while Lyx(n') and L(n’)
are conserved. Figure 1(b) compares the prediction of the
formula in Eq. (13) with the results of fully time-dependent
simulation. Equation (13) shows an excellent approximation
to the persistent orientation factor and reflects the following
qualitative symmetry argument. If the molecules are initially
isotropically distributed in space, the distribution of L,Ly /L?
is fully symmetric, which implies that (L,Lx/L?*) = 0. The
THz pulse(s) breaks the symmetry of the molecular ensemble,
resulting in nonzero average (L,Lyx/L*) # 0 during and after
the pulse [44].

It is instructive to consider the dependence of the persis-
tent orientation factor (cos(6,x)), on the peak amplitude of
the THz pulse Ey [see Eq. (6)]. Figure 2 shows the clas-
sically calculated persistent orientation factor as a function
of the field amplitude (cos(6,x)) » (Ep). The degree of ori-
entation is taken at t = 50ps, after the steady-state value
has been reached, see Fig. 1(b). For linearly polarized THz
fields, with increasing field amplitudes, the value of the
persistent orientation factor fluctuates between positive and
negative values, and when Ej < 30MV/cm, its absolute

value is limited: |({cos(f.x)),| < 0.013 at T =300K and
[ (cos(fux)), | < 0.016 at T = S K. The persistent orientation
factor, (cos(6ax)), (Ep), is a nonmonotonic function at both
low and high temperatures, which is consistent with our pre-
vious study [44]. Thus, increasing the field amplitude won’t
necessarily lead to a higher value of the persistent orientation.

For field polarization fixed along the X axis Ly remains
constant during and after the pulse. Thus, considering the
formula in Eq. (13), when Ey — 0, the symmetry of the
distribution of L,Ly/L* remains mostly unchanged, result-
ing in vanishing persistent orientation. When Ey — oo, the
ensemble symmetry may be completely broken, but the post-
pulse angular momentum L also tends to infinity, resulting
in L,Lyx /L2 — 0. Thus, between these limits, there will be a
value of the field amplitude that will give rise to the maximal
persistent orientation.

One way to potentially enhance the persistent orientation
factor is by shaping the field polarization. The qualitative
arguments above do not apply in this case because the angular
momentum projection Ly is no longer conserved when the
field polarization is not fixed (e.g., a pair of time-delayed
cross-polarized THz pulses). The following section explores
this potential route to enhanced persistent orientation.

IV. PERSISTENT ORIENTATION INDUCED BY A PAIR
OF TIME-DELAYED CROSS-POLARIZED THz PULSES

Consider two pulses propagating along the laboratory Z
axis; the first THz pulse is polarized along the X direction,
while the second one is polarized in the XY plane at angle o
to the X direction. The resulting electric field is described by

E@) = Eo[f()ex + f(t — 1)e], (14)

where the polarization direction of the second THz pulse is
given by

e, = cos(a)ey + sin(a)ey, (15)

ey is a unit vector along the laboratory Y axis, f(¢) is defined
in Eq. (7), and 7 is the time delay between the peaks of two
THz pulses.

We wish to investigate the dependence of the persistent
orientation on the various parameters: field amplitude E,
the delay between the two pulses 7, and the angle between
their individual polarizations «. Figure 3 depicts this depen-
dence for two rotational temperatures: 7 = 5K (right side)
and room (7 = 300K) (left side). For each temperature we
show five panels, each for a different angle « between the two
polarizations: @ = 0°,45°,90°, 135°, 180°. Each panel shows
the molecular persistent orientation factor along the laboratory
X axis as a function of the field amplitude (horizontal axis)
and the time delay (vertical axis), (cos(f.x)) p(Eo, 7). The
value of the persistent orientation is given by the color code.

A sizable persistent orientation factor appears at short de-
lays, 0.2 ps < |t| < 0.6 ps, when the two time-delayed THz
pulses partially overlap. Note, however, for t ~ 0, the two
THz pulses coalesce into a single linearly polarized pulse,
resulting in a small persistent orientation factor.

By observation, under some conditions, the cross-polarized
pulses induce a higher persistent orientation factor (colors
blue or red in the figure). At o« = 45°, 135° and especially for
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FIG. 3. Classical persistent orientation factor (cos(f.x )}, as a function of field amplitude, E, and time delay, 7 for several relative angles, o
[see Egs. (14) and (15)] at T = 300 K (left panels) and T = 5 K (right panels). As expected, the (absolute) values are lower at room temperature
(note the difference in color bar scales). The persistent orientation factor along e, (the polarization direction of the second THz pulse) satisfies

(cos(Bae, ), (Eo, —7) = (cos(fux )}, (Eo, 7).

a = 90°, the values are much higher than for the collinearly
polarized pulses (o = 0°, 180°). The most efficient configu-
ration is for « = 90°. Indeed, the optimal polarization angle,
a, depends on the temperature, the field amplitude, and the
time delay. Figure 3(c) shows that at 7 = 300 K, the highest
(in absolute value) persistent orientation factor, (cos(0ux)),
0.029, is achieved when Ey = 17MV/cm and 7 = 0.32 ps.
Note that a slightly higher value ({cos(f.x)), ~ 0.032) is
achieved in the case of @« = 135° [see Fig. 3(d)], but it requires
a much higher field amplitude (Ey = 30 MV /cm).

The use of cross-polarized pulses at room temperature
almost doubles the persistent orientation induced by a pair
of collinearly polarized pulses [|(cos(fux)),| < 0.019 in
Fig. 3(a) and | (cos(fux)),| < 0.008 in Fig. 3(e)]. The en-
hancement is more pronounced at low temperatures. As
shown in Fig. 3(h) for T = 5K, a value of (cos(0ux)),
—0.101 is reached when Ey = 21 MV /cm and T = —0.58 ps.

This is more than five times higher (in absolute value) com-
pared to collinearly polarized THz pulses [| (cos(0ux)), | <
0.019 in Figs. 3(f) and 3(j)]. These findings confirm that
polarization shaping (e.g., combining two time-delayed or-
thogonally polarized pulses) may be efficient for increasing
the persistent orientation.

A single THz pulse induces persistent orientation along its
polarization direction. However, cross-polarized THz pulses
induce orientation in the XY plane, and it is not a priori
clear that the polarization along the X direction is the max-
imal one. For fixed field parameters (polarization angle, field
amplitude, and time delay), we consider the persistent orien-
tation along a direction in the XY plane defined by exy =
cos(¢)ex + sin(¢)ey, where the angle ¢ runs from 0° to 360°.
The direction along which the maximum persistent orientation
factor appears is defined as @optimat. We plot Popima and maxi-
mum persistent orientation factor (measured along the optimal
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FIG. 4. Classically calculated @opima (along which the maximum persistent orientation factor is reached) as a function of field amplitude
and time delay for different angles o [see Eqs. (14) and (15)] at T = 300 K (left panels) and ' = 5 K (right panels). Only persistent orientation
factor values larger than 0.01 are considered. The field parameters used are the same as in Fig. 3.

direction) as functions of the field amplitude and the time
delay, for each set of field parameters in Figs. 4 and 5, respec-
tively. For better visibility, Fig. 4 shows only the points where
the maximum persistent orientation factor is larger than 0.01.
As can be seen, @opima has a nonmonotonic dependence on
the field amplitude and the time delay.

Figure 5 shows that sizable persistent orientation factor
appears when 0.2ps < |7]| < 0.6ps, similar to (cos(f.x)),
in Fig. 3. For the collinearly polarized THz pulses (¢ =
0°,180°), the maximum persistent orientation factor is
the same as in Fig. 3. However, the maximum persis-
tent orientation factor is slightly higher in the case of
cross-polarized THz pulses. Figure 5(c) shows that at T =
300K, the global maximum [@opimal = 0°, see Fig. 4(c)]
at £y = 17MV/cm and t = 0.32ps is about 0.0293, which
is slightly higher than (cos(f.x)), in Fig. 3. At T =5K,
the global maximum [@opima = 319.2°, see Fig. 4(h)] is
about 0.116 at Ey = 30 MV /cm and T = 0.38 ps, as shown in
Fig. 5(h).

Temperature is a crucial parameter affecting the persistent
orientation [24,27,44,53,55]. Figure 6 shows the temperature
dependence of the persistent orientation factor, (cos(fux)),
for different time delays. Here, we consider orthogonally
polarized THz pulses («¢ = 90°) and the field amplitude is
fixed at Ey = 21 MV/cm. Recall that the persistent orien-
tation factor along the laboratory X axis is approximately
given by (L,Lx/L?). In the case of a single X-polarized THz
pulse, there is no persistent orientation at 7 = 0 K because
the conserved Ly is zero [44]. In contrast, the orthogonally
polarized pulses change Ly and can induce nonzero persistent
orientation factor in the XY plane even at T = 0 K.

For long time delays, the maximum (in absolute value)
(cos(bax)), &~ —0.131 appears at T = 0K, and (cos(6.x)),
decays with the temperature (see the case of T = —0.6ps
in Fig. 6). The persistent orientation factor slowly decreases
with temperature for shorter time delays (see the cases of
T = —0.5, —0.4ps). The optimal time delay at higher tem-
peratures is shorter than at low temperatures. For instance, at
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FIG. 5. Classically calculated maximum persistent orientation factor in the XY plane as a function of field amplitude and time delay (in
absolute value) for various angles o [see Eqs. (14) and (15)] at T = 300K (left panels) and 7" = SK (right panels). The field parameters
used are the same as in Fig. 3. Equal maximum persistent orientation factors are achievable for positive or negative time delays but along

different ¢.
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FIG. 6. Classically calculated persistent orientation factor as a
function of temperature for different time delays. Here the field
amplitude is fixed at £y = 21 MV /cm and the polarization angle is
fixed at « = 90°, see Egs. (14) and (15).

T = 0K, the optimal time delay is T = —0.6ps, while at 7 =
300K, the optimal time delay is T = —0.4 ps. The effective
rotational time scale is shorter at high temperatures, requiring
shorter time delays. As noted, for vanishingly short time de-
lays, the two pulses coalesce to a linearly polarized pulse,
leading to a smaller persistent orientation factor that may
even change its sign with temperature (see the case of
T = —0.3ps).

V. CONCLUSIONS

We set out to investigate the persistent orientation of
asymmetric-top molecules excited by a pair of cross-polarized
THz pulses, aiming to overcome the limitations of the existing
scheme that yields relatively small persistent orientation. Our
simulations revealed that using time-delayed, orthogonally
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polarized THz pulses significantly enhances the persistent
orientation, especially at lower temperatures. For example,
when induced by two THz pulses, the persistent orientation
is roughly twice as high at room temperature and five times
greater at 5 K compared to that induced by a single THz pulse
of similar field parameters. These findings not only outper-
form previous methods but also suggest that measurements at
room temperature are now within experimental feasibility.

Furthermore, we derived an approximate expression de-
scribing the field-free persistent orientation of asymmetric-top
molecules. One key distinction of our cross-polarized scheme
is that it disrupts the conservation of angular momentum along
the field polarization direction, contributing to the observed
enhancement. While this qualitative insight provides an ini-
tial explanation, a more detailed and rigorous understanding
of the underlying mechanism still warrants further research.
Moreover, simultaneous optimization of all controllable pa-
rameters (including, for example, pulse duration) may yield
even greater improvements. Using other types of polarization-
shaped pulses or trains of THz pulses (three or more) may
potentially lead to even higher persistent orientation.

The persistent orientation relies on the precession-like mo-
tion of the molecular axes about the conserved vector of
angular momentum [44]. The proposed scheme is valid for
any asymmetric-top molecule whose dipole moment does not

J

(cos(bax ) (1) = (W(2)] cos(Bux )|V (1))

exactly align along the intermediate axis of inertia. When the
dipole moment coincides with the intermediate axis of inertia,
the persistent dipole signal component is absent [25,55]. The
persistent orientation may be measured by probing the free-
induction-decay [40,43], by measuring the second (or higher
order) harmonic generation in the gas phase [15,69,70], or
via Coulomb explosion [17,47,54]. Naturally, intermolecular
collisions will eventually destroy the persistent orientation.
However, this may be useful, as time-resolved measurement
of persistent orientation decay may provide new insights into
the molecular gas relaxation dynamics.
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APPENDIX: PERSISTENT ORIENTATION FACTOR
OF ASYMMETRIC-TOP MOLECULES

The time-dependent degree of orientation along the labora-
tory X axis, according to Eq. (8), is given by

= 3 D" CrauCren kM| cos(@u )|/’ M') i e =ttt

JkM J'k’'M'

=3 2 Y CronCren IMITKM) (JKM | cos(6u )l K'M') (J'K'M |7/ M) &7 ettt

JeM J'k’'M’ K,K'

=Y > CronCrom (TxMIKM) (JKM| cos(0ux)|J' KM) (J'KM|J'k'M) e~ R Erom—enant=1y)

JKM J' k,k’

=D D AlxusArgme (KM cos@u )l KM) e~ Cron=ent=t),

JKM J' k&’

where Ak =Crem (JKM|IkM=JKM|JkM) (JkM|[W(t)).
The persistent orientation factor is approximated as the
mean orientation factor averaging over a revival period,

1
Trey

tp+Trey
(cos(Bax ), ~ / (cos(O.x)) (2)dt
tr

~ 33 A Arione
JKM,x K ](]4—1)’

JKM k.,k’

(A2)

where T, is a “revival period”. It should be noted that several
revival times can be defined for asymmetric-top molecules.
In the context of our derivation, T, refers to a typical ro-
tational time scale on the order of tens of picoseconds, and
variations in the exact value are insignificant. Here, we neglect
the oscillatory behavior caused by the coherence between
|[JkM) and |J'k’M), which has a nonzero energy difference,
Ae = epem — €nem- On the long-time scale, such nonzero
energy difference may result in oscillation, sign change, and

(AD

(

even the vanishing of the persistent orientation factor. This
is in sharp contrast to the case of symmetric-top molecules,
where the persistent orientation is permanent.

The states |JKM) are the eigenfunctions of the symmetric-
top molecules, thus the time-dependent degree of orientation
[see Eq. (A1)] can be expressed as

(cos(bax)) (1)

= Y A xArkmx TKM|cos(@ux)|J KM)
J'JKM

X e—ﬁ(SJ/KM —erxm)t—ty)

(A3)

For symmetric-top molecules [B = C, see Eq. (1)], the rota-

tional kinetic energy takes the form [59]
erxm = BJ(J + 1)+ (A — B)K>. (A4)

As aresult, the energy difference between |JKM) and |J'KM)
is eyxm — €yxkm = B +J + 1)(J' — J) = 2mB, where m is
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an integer. Averaging over a revival period, Tiey = wh/B [71],
the accumulated phase is —(eyxy — €sxm ) Trev /B = —2m,
resulting in the persistent orientation factor

KM

~ *
(COS(QaX))p ~ Z AJKM’KAJKM’Km

JKM

=Y | UKM|W(tp) |?

JKM

K
—_— (A5)
JU+1)
which is consistent with the results in the quantum [68] and
classical cases [24,44].

The persistent orientation factors in the cases of
symmetric- [Eq. (AS5)] and asymmetric-top [Eq. (A2)]

molecules are similar, and both depend on the three quantum
numbers: J, K, M. However, there are two main differ-
ences: (i) The persistent orientation factor is permanent for
symmetric-top molecules, while it oscillates and eventually
vanishes for asymmetric-top molecules due to the nonzero
energy difference, Ae = ey — €pem. (1) According to
Egs. (A2) and (AS5), the persistent orientation factor depends
on the quantum number K. As a result, each symmetric-
top molecule has a specific contribution to the persistent
orientation factor. On the other hand, in the case of an
asymmetric-top molecule, K is not a good quantum num-
ber; the contribution of each molecule is time dependent and
only the ensemble has a well-defined, approximately time-
independent persistent orientation factor.
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