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Long-Lasting Molecular Orientation Induced by a Single Terahertz Pulse
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We present a novel, previously unreported phenomenon appearing in a thermal gas of nonlinear polar
molecules excited by a single THz pulse. We find that the induced orientation lasts long after the excitation
pulse is over. In the case of symmetric-top molecules, the time-averaged orientation remains indefinitely
constant, whereas in the case of asymmetric-top molecules the orientation persists for a long time after the
end of the pulse. We discuss the underlying mechanism, study its nonmonotonous temperature and
amplitude dependencies, and show that there exist optimal parameters for maximal residual orientation.
The persistent orientation implies a long-lasting macroscopic dipole moment, which may be probed by
even harmonic generation and may enable deflection by inhomogeneous electrostatic fields.
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Introduction.—Molecular alignment and orientation,
mostly by ultrashort optical pulses, attract considerable
interest owing to their extreme importance in a variety of
applications in physics, chemical reaction dynamics, and
attosecond electron dynamics (for reviews see, e.g.,
Refs. [1-5] and references therein). In recent years,
advanced THz pulses [6] were utilized to orient polar linear
molecules [7-9], and later on, symmetric- [10] and asym-
metric-top molecules [11]. The pioneering theoretical stud-
ies of the hybrid excitation, combining THz and optical
pulses [12—14], led to extended theoretical research [15-18]
and finally resulted in an experimental demonstration
of enhanced orientation [9]. In the most studied case of
linear molecules, the induced orientation shows a short
transient signal with periodic recurrences (quantum revivals
[19-21]), all riding on zero baseline. This is consistent with
the classical dynamics of a free linear rotor whose axis is
confined to a plane of rotation perpendicular to the con-
served vector of angular momentum. As a result, the time-
averaged orientation signal is strictly zero.

In this Letter, we analyze the case of general molecular
rotors, symmetric or asymmetric. The free evolution of
their molecular axes is, in general, nonplanar, and the
molecules perform precessionlike motion about the vector
of angular momentum. We theoretically study the orienta-
tion of a gas of symmetric- and asymmetric-top molecules
excited by a single linearly polarized THz pulse. The THz
pulse not only induces a short time transient dipole signal
(transient orientation), but also results in a steady molecular
orientation that persists for a long time after the end of the
pulse. In the case of symmetric-top molecules, the ensem-
ble-averaged long-time orientation remains constant, while
for asymmetric-top molecules, it persists on a time scale
exceeding the duration of the pulse by several orders of
magnitude. We show that this phenomenon is classical in
nature and discuss its underlying mechanism. The degree of
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orientation is shown to have nonmonotonous temperature
and amplitude dependencies.

Equations of motion.—The free motion of symmetric and
asymmetric tops is a standard classical and quantum
mechanical textbook topic, whereas the interaction with
an external field complicates the problem considerably (see
Refs. [22,23] and references therein). The Hamiltonian
describing molecular rotation driven by an external time-
dependent field interacting with the molecular dipole is
given by [24] H(t) = Hy + H;,(t), where Hy, is the rota-
tional kinetic energy Hamiltonian and Hy, (1) = —p - E(7) is
the molecular dipole-field interaction. The electric field of
the THz pulse is modeled (Fig. 1) as E(z) = Ey(1 —
2Kt2)e"<’2ez [25]. Here E; is the peak amplitude, x deter-
mines the width of the pulse, and e is the unit vector along
the laboratory Z axis. In this work, we use parameters typical
for currently available THz pulses [26—29]. We consider the
problem both classically and quantum mechanically. For the
quantum mechanical treatment, the wave function is
expanded in the basis of free symmetric-top wave functions
|JKM) [30]. Here J is the total angular momentum, while K
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FIG. 1. Time-dependent field amplitude of the THz pulse
defined by E(r) = Eo(1 — 2k*)e™", where E, = 8.0 MV /cm
and k = 3.06 ps~2. Note that the time integral of the electric field
is identically zero.
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and M denote its projections on the molecule-fixed axis and
the laboratory-fixed Z axis, respectively. The time-depen-
dent Schrodinger equation ihd,|W(z)) = H(1)|¥(z)) is
solved by numerical exponentiation of the Hamiltonian
matrix (see ExpoKit [31]). We average the orientation signal
over the initial thermal state of the molecular rotor. In the
case of symmetric-top molecules, the nuclear spin statistics
[32] is taken into account. A detailed description of our
scheme is presented in Sec. I of the Supplemental
Material [33].

In the classical limit, the rotational motion of rigid
molecules driven by external time-dependent fields was
modeled with the help of Euler’s equations [36]

IQ=(IQ) xQ+T, (1)
where I = diag(/,,1,,1.) is the moment of inertia tensor
(I, <I,<1,.), Q= (Q,Q,,Q,) is the angular velocity,
and T = (T,, T, T.) is the external torque expressed in the
molecular frame. The latter is given by T = p x QE, where
E is the external electric field defined in the laboratory
frame, and Q is a4 x 3 matrix composed of the elements of
a quaternion [37,38]. A quaternion is defined as a quad-
ruplet of real numbers, ¢ = (o, q;,¢2,¢3) and it has a
simple equation of motion ¢ = ¢Q/2, where Q = (0, Q) is
a pure quaternion and the quaternion multiplication rule is
implied [37,38]. To simulate the behavior of a thermal
ensemble, we use the Monte Carlo approach. For each
molecule, we numerically solve the system of Euler’s
[Eq. (1)] and quaternion equations of motion. Our ensem-
ble consists of N = 107 sample molecules and the initial
uniform random quaternions were generated using the
recipe from Ref. [39]. Initial molecular angular velocities
were generated according to the Boltzmann distribution
F(Q)) x exp[1;Q%/(2kgT)],i = a, b, ¢, where T is the
rotational temperature and kg is the Boltzmann constant.

Simulation results.—In this Letter, we used methyl chlo-
ride (CH3Cl) and propylene oxide (PPO, CH;CHCH,O)
molecules, as typical examples of symmetric- and asymmet-
ric-top molecules, respectively. Molecular parameters are
provided in Sec. II of the Supplemental Material [33].

Figure 2 shows time-dependent ensemble-averaged pro-
jection of the dipole moment, {(u,)(¢) on the laboratory Z
axis, along which the THz pulse is polarized. The angle
brackets (---) denote thermal averaging over the initial
molecular state. The initial temperature is set to 7 =5 K.
The two other averaged projections of the molecular dipole,
(ux)(t) and (uy)(r) are zero, due to the axial symmetry of
the system. On the short time scale (first ~10 ps), the
quantum results are in good agreement with the classical
ones. Both symmetric [Fig. 2(a)] and asymmetric-top
[Fig. 2(b)] molecules immediately respond to the THz
pulse by a transient dipole signal. However, long after the
pulse, the orientation does not completely disappear and a
long-lasting persistent dipole signal remains (see insets of
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FIG. 2. Time-dependent orientation factor, (cos 6) or ensemble
averaged Z projection of the dipole moment, (u) as a function of
time for (a) CH5Cl and (b) PPO molecules. The results of the
quantum and classical simulations are shown in blue and red
lines, respectively. The green curve represents the sliding time

average defined by (u,) (¢ i Hftt/zz dr' {uy) (). Here At

is selected to be approx1mately equal to revival period,
(a) At = 38.2 ps, (b) At = 82.2 ps, respectively. The insets show
a magnified portion of the signals.

Fig. 2). This remarkable behavior is the main result of our
Letter.

In the classical limit, the long-lasting orientation of
symmetric- and asymmetric-top molecules remains con-
stant indefinitely (until the orientation is destroyed by
collisions). Quantum simulations exhibit the expected
quasiperiodic beats [19] due to quantum revivals, but a
moving window average of the quantum results (see
captions of Fig. 2) keeps close to the classically predicted
constant orientation. In the case of symmetric-top mole-
cules the time-averaged quantum signal is essentially
constant [Fig. 2(a)]. In the case of asymmetric-top mole-
cules [Fig. 2(b)], the time-averaged signal is long lasting
(hundreds of ps in the present case), and on an even longer
time scale, the absolute value of the orientation slowly
decreases and eventually changes its sign (not shown). The
difference between symmetric- and asymmetric-top mole-
cules stems from the fact that quantum-mechanical states of
the latter are nondegenerate and have different parity [30].
As a consequence, any state that is internally oriented at
some point in time cannot be an eigenstate and will oscillate
between being oriented and anti-oriented, an effect known
as dynamical tunneling [40].
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Thermal ensemble of classical symmetric-top molecules excited by a Z-polarized THz pulse. (a) llustration of the precession

motion of the molecular symmetry axis a (in blue) about the angular momentum vector L. (in red), € is the polar angle between a (u) and
the Z axis. (b) The dipole signal (u7) as a function of time and L;/L. (c) Permanent value of (uz),, after the pulse as a function of the

initial conditions before the pulse: cos @ and L, /L’. Two regions, I and II, are marked in (c). The color scales in (b) and (c) are in the

units of millidebye (mD).

Two additional factors should be mentioned: centrifugal
distortion and radiation emission due to fast changes in the
dipole moment. The centrifugal distortion leads to eventual
decay of the periodic quantum revival peaks [10,41] due to
the dephasing of the rotational states. However, the dipole
signal averaged over multiple revival periods is hardly
affected (see Sec. III of the Supplemental Material [33]).
Fast variation of the dipole signal during each revival event
may lead to radiative emission and gradual reduction of the
rotational energy [10,41]. However, in the case of a rarified
molecular gas considered here, the estimated relative
energy loss during a single revival is negligible.

Recently, a related phenomenon of persistent orientation
was reported [42,43], where laser pulses with twisted
polarization were applied to chiral molecules. In the present
work, however, we use a single unshaped THz pulse,
chirality is not required and the underlying mechanism is
different, as is discussed in the next section.

Qualitative discussion.—To understand the origin of the
long-lasting orientation shown in Fig. 2, we first analyze the
case of an ensemble of classical symmetric-top molecules
excited by a Z-polarized THz pulse. The motion of free,
prolate for definiteness, symmetric-top molecules is defined
by a simple vectorial differential equation a = (L./I) x a,
where a is a unit vector along the molecular axis of
symmetry, / is the moment of inertia (I, < 1, =1.=1),
and L is the vector of angular momentum. Explicit solution
of this equation is provided in Sec. IV of the Supplemental
Material [33]. Figure 3(a) shows the general motion of a
symmetric top, namely precession of a about the vector L at
rate L/I, where L is the magnitude of the angular momen-
tum. The time-averaged projection of the dipole on the Z axis
is given by

T L,L
a(t) 'ezd[:/’l zza’

1
Jiz = plim — (2)

=0 T Jo

where y is the magnitude of the dipole and e, is a unit
vector along the Z axis. The solution a(z) describes the
field-free stage of the motion, therefore L, and L in the
above equation are taken at the end of the pulse. Notice that
the projection of the angular momentum on the axis of the
pulse, L is a constant of motion. The projection, L, of the
angular momentum on the molecular symmetry axis can be
expressed in terms of Ly, Ly, L, and the Euler angles
[30]: L, = Ly sin@cos¢ + Lysin@sing + L, cos 6.

Thus, we have iy /u = (Lz/L)*cos® + (LyLz/L*)x
sinf@cos¢ + (LyL,/L?)sin@sin¢. Denoting cos@ = x
and cos@;, = L,/L =y, the ensemble averaged dipole
moment is given by

i) < u /_ Py (x)dx, 3)

1

where Py o [y*L?P;(x,y,L)dLdy and P,(x,y,L) is the
joint probability distribution of cos@, cos@; and L at the
end of the pulse. Terms proportional to sin ¢ and cos ¢ in
the expression for zi;/u do not contribute to the average,
because a THz pulse does not affect a uniform distribution
of the angle ¢. For initial temperature 7 =0 K, 7,
vanishes because L, =0 before and after the pulse.
Also, in the limit of a pulse of vanishing duration
(k - o0, see Fig. 1), the permanent orientation tends to
zero because P, keeps the initial symmetric distribution
just after the pulse. As an illustration, P; can be written
down explicitly for a model system of thermalized
symmetric-top molecules (I/I, =w > 1) subject to a
constant dc field of amplitude E; which is then abruptly
switched off. In this case, Pi(x,y,l) « f(x)g(y,l) =
exp (ex) exp {—1[1 + y*(w = 1)]}, where € = uEy/kzT
and [ = L/+\/2IkgT (see Sec. V of the Supplemental
Material [33]). Clearly, (u,) # 0, because exp (ex) is not
a symmetric function in the interval x € [—1, 1] for ¢ > 0.
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To explore the long-lasting orientation and to better
understand its physical origin, we consider the underlying
dynamics in more detail. After the end of the pulse,
at t>2ps (see Fig. 1), the ratio Ly/L is constant.
Figure 3(b) shows the ensemble averaged dipole moment,
(1) in a three-dimensional color-coded plot, as a function
of time and L,/L. Right after the pulse (1 =2 ps)
approximately all the molecules have a negative Z projec-
tion of their dipoles. Moreover, at long time, molecules
with L, ~ £L (upper and lower blue bands) contribute to
the overall negative dipole signal, while for molecules with
|L,/L|<1 (central portion of the figure), the time-aver-
aged dipole signal tends to zero. In the absence of external
fields, the molecules with angular momentum along +Z
axis and the symmetry axis initially directed along —Z, will
continue to precess around —Z direction forever. In con-
trast, the contribution of molecules with angular momen-
tum lying in the XY plane (|L,/L| < 1) averages to zero
and they do not contribute to the long-lasting orientation. In
the special case of initial temperature of 7 =0 K, L,
remains identically zero after the pulse (L, is conserved),
thus forbidding the permanent orientation.

The physical origin of the permanent (negative) ori-
entation observed in Fig. 3(b) can be further analyzed by
considering it as a function of the initial orientation factor,
cos & and the value of L, /L' before the pulse. Figure 3(c)
shows the value of (uy) taken after 100 ps [after the
orientation settled to its permanent value, see Fig. 2(a)],
denoted as (uz),, as a function of the initial conditions.
Angle @' is the initial angle between the dipole moment
and Z axis [see Fig. 3(a)]. The figure shows that molecules
with |cos@| ~1 and L,/L' = 41 (regions denoted by I
and II, blue and red in the figure) maintain the nonzero
permanent orientation, while the orientation of molecules
in other regions tends to zero. To understand the reason for
this, we consider molecules in each region separately and
follow their time evolution in the presence of the
THz pulse.

Initially, molecules in region I precess about the +Z
direction, because L, ~ 4L’ and cos &' ~ 1. During the first
phase of the THz pulse, when the field points along —Z (see
Fig. 1), it tends to flip the molecular dipoles. In contrast,
during the second phase, when the field is along +Z (see
Fig. 1), it pushes the dipoles towards +Z, thus facilitating the
permanent orientation. Molecules in region II, which ini-
tially precess about —Z (L, ~ +L', cos @ ~ —1) respond
oppositely as compared to the molecules in region I. For the
chosen parameters of the THz pulse (see Fig. 1), there is an
imbalance between these two groups resulting in the excess
of molecules precessing about —Z axis. This leads to the
overall negative permanent orientation.

The qualitative mechanism described above for the
case of symmetric-top molecules is essentially the same
for asymmetric-top molecules as well. Figure 4(a) depicts

the permanent values of (uz), as a function of initial
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FIG. 4. (a) Classically calculated permanent values of (u7) , as
a function of initial angular position cos @' for four cases: CH;Cl
without field (dashed blue), CH;Cl and THz field (solid blue),
PPO without field (dashed red), and PPO and THz field (solid
red). The parameters used here are the same as in Fig. 2:
T=5K, E,=8.0MV/cm, k = 3.06 ps—2. (b) Classically cal-
culated permanent values of (uy) » as a function of rotational
temperature for PPO molecules excited by a pulse with fixed peak
amplitude E; = 8.0 MV/cm. (c) Classically calculated perma-
nent values of (uz), as a function of E, for PPO molecules at
initial rotational temperature 7 = 5 K.

orientation quantified by cos @’ for the previously con-
sidered methyl chloride and propylene oxide molecules.
In both cases, the THz pulse preferentially supports the
molecular precession about the —Z direction, as opposed
to +Z, so that the overall long-time dipole value is
negative.

It was pointed out earlier that at 7 = 0 K permanent
orientation is impossible. Also, as T — oo the orientation
disappears, as well. This nonmonotonous temperature
dependence leads to the existence of an optimal initial
temperature that provides the maximal (in absolute value)
permanent orientation. Figure 4(b) depicts the temperature
dependence of the permanent dipole signal calculated
classically. For the pulse parameters used here, the maximal
persistent orientation is achieved for the initial temperature
of Tx4 K. Clearly, the pulse amplitude affects the
orientation as well. Figure 4(c) depicts the pulse amplitude
dependence of the permanent orientation. It demonstrates a
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nontrivial nonmonotonous behavior that has a clear physi-
cal origin. Orientation is zero for vanishing amplitudes, and
it asymptotically tends to zero at extremely high amplitudes
for which one may neglect the initial thermal motion of
molecules. This suggests the existence of the extremum in
the orientation dependence on the field strength. Note that
the minimum seen in Fig. 4(c) corresponds to a realistic
value for currently available THz pulses.

Summary.—We have theoretically demonstrated a new
phenomenon of persistent orientation of symmetric- and
asymmetric-top molecules excited by a single THz pulse.
The orientation was shown to persist long after the end of the
pulse for both types of molecules. Analysis of the relatively
simple special case of symmetric-top molecules reveals the
underlying classical mechanism and provides a detailed
understanding. The mechanism is general and relies on the
symmetry breaking of the molecular ensemble caused by the
interaction with the external field. A similar mechanism may
lead to a persistent orientation effect in the cases of
symmetric and asymmetric tops excited by two-color laser
fields [44—48]. The fast transient dipole signal and its long-
time persistent component may be directly measured with
the help of second (or higher order) harmonic generation,
which is sensitive to the lack of inversion symmetry [47].
The existence of long term orientation may open up
possibilities for further molecular control and to deflection
of the excited molecules by inhomogeneous electrostatic
fields. Thus, one can envisage selective excitation of specific
molecules in a mixture followed by selective deflection of
the excited molecules, giving rise to separation of various
species in a gaseous mixture.
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