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In this Letter, we study the molecular alignment and orientation driven by two elliptically polarized laser pulses.
It is shown that the field-free molecular alignment can be achieved in a three-dimensional (3D) case, while the
field-free molecular orientation is only along the x and y directions, and that the field-free alignment and ori-
entation along different axes are related to the populations of the rotational states. It is demonstrated that
changing the elliptic parameter is efficient for controlling both in-pulse and post-pulse molecular alignment
and orientation. The delay time also has an influence on the field-free molecular alignment and orientation.
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In recent decades, with the development of laser technol-
ogy, dynamical analysis of laser-controlled molecular
alignment and orientation has attracted much attention
due to its significance in chemical reactions, high-order
harmonic generation, multiphoton ionization, surface
processing, and so on[1–10]. For a linear polar molecule,
molecular alignment means that the molecular axis is
along the pulse polarization direction, while the molecular
orientation is based on the alignment and points to a spe-
cific direction.
Earlier methods to align and orient molecules include

using a dc electric field through the permanent dipole
interaction[11,12]. Later, researchers found that using the
dc electric field combined with a non-resonant laser pulse
can obtain a higher degree of alignment or orientation[13].
However, the strong dc field can easily induce Stark effect
in real applications, so it cannot be widely used and re-
placed by various laser pulses. Up to now, there are many
kinds of laser techniques to achieve alignment and orien-
tation both in experiment and theory, such as the two-
color and multi-color laser pulse[14–17], the single-cycle or
few-cycle terahertz (THz) laser pulse and the combination
of different pulses[18–24]. The related studies showed
that the laser intensity, pulse duration, pulse shape,
and pulse delay, as well as the temperature of the system,
have a significant effect on the molecular alignment and
orientation. Based on the different pulse durations, two
different molecular alignment and orientation dynamic
regimes were found, i.e., adiabatic and non-adiabatic
regimes of alignment and orientation[25–27]. For the former
case, in which the pulse duration is long compared to the
rotational period of the molecule, a pendular state is cre-
ated, and the molecular ensemble evolves along it. The lat-
ter case, also named field-free molecular alignment and
orientation, shows an opposite situation, which can be
viewed as a rapid “kick” to drive the molecular axis

toward the laser field direction, and after the pulse, the
alignment and orientation can be repeatedly emerged.
Therefore, using laser techniques to control the field-free
molecular alignment and orientation in a non-adiabatic
regime is more valuable for real applications.

So far, dynamical analysis of alignment and orientation
driven by linearly polarized laser pulses for linear mole-
cules has been widely studied both experimentally and
theoretically. By contrast, the field-free molecular align-
ment and orientation of linear molecules induced by ellip-
tically polarized laser pulses are relatively rarely discussed.
In recent years, some of the alignment and orientation
induced by elliptically polarized laser pulses have been re-
ported. For example, Daems et al.[28] and Hertz et al.[29]

have used elliptically polarized laser pulses to achieve
three-dimensional (3D) field-free molecular alignment
and shown a different quantum process. Maan et al.[30]

have achieved field-free molecular orientation by delayed
elliptically polarized laser pulses and analyzed the effect of
pulse parameters on the rotational excitation and orienta-
tion dynamics; however, they only selected one direction
to discuss. Due to the different properties from linearly po-
larized laser pulses, molecular alignment and orientation
by elliptically polarized laser pulses have become an inter-
esting topic.

In this Letter, we use the density matrix method to
study the molecular alignment and orientation driven
by two elliptically polarized laser pulses. We describe
the full Hamiltonian of the system and the numerical cal-
culation method in detail. We compare the alignment
and orientation results steered by the elliptically polar-
ized laser pulse, and analyze the populations of the rota-
tional states after the laser pulse. Then, the effects of
the delay time and elliptic parameters on alignment
and orientation are discussed. Finally, the conclusions
are drawn.
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In this work, the two elliptically polarized laser pulses
EðtÞ used can be written as[29,30]

E
!

iðtÞ ¼ E0ðtÞf e!xai cos½ωiðt − tiÞ�
þ e!ybi sin½ωiðt − tiÞ�g; ði ¼ 1; 2Þ; (1)

with

E0ðtÞ ¼ Ei exp½−ðt − tiÞ2∕2σ2i �; (2)

where Ei denotes the electric field intensity, ωi is the field
frequency, ai and bi represent the half-axis of the ellipse
along the x and y axes, respectively, with a2i þ b2i ¼ 1,
ti is the pulse center time, and σi is the pulse half-duration.
The delay time between the two elliptically polarized laser
pulses is t2 − t1. Based on the rigid-rotor model, the Ham-
iltonian for this system is

Ĥ 0ðtÞ ¼ Ĥ 0 þ Ĥ polðtÞ þ ĤdipðtÞ: (3)

Here the first term Ĥ 0 ¼ BeĴ
2 is the molecular rotation

energy, in which Be denotes the molecular rotational con-
stant and Ĵ the angular momentum operator. The second
term is the polarization interaction between the ellipti-
cally polarized laser pulse and the molecule, which can
be described as

ĤpolðtÞ ¼ −
1
4
E2

0ðtÞðα∥ − α⊥Þsin2 θ½ða21 − b21Þcos2 ϕþ b21�;
(4)

in which α∥ and α⊥ are the polarizabilities parallel and
perpendicular to the molecular axis, respectively, θ is
the angle between the molecular axis and z axis, which
is orthogonal to the ellipse plane, and ϕ is the azimuthal
angles along the z axis. The last term means the dipole
interaction, which can be read as

Ĥ dipðtÞ ¼ −μE0ðtÞa2 sin θ cos ϕ cos½ω2ðt − t2Þ�
þ μE0ðtÞb2 sin θ sin ϕ sin½ω2ðt − t2Þ�; (5)

with μ being the permanent dipole moment.
The time evolution of the density operator is obtained

by solving the Liouville equation,

dρ̂ðtÞ
dt

¼ −
i
ℏ
½Ĥ ; ρ̂ðtÞ�: (6)

If the eigenvector of the Hamiltonian is expressed
by jJMi, then ρ̂ðtÞ can be expanded as ρ̂ðtÞ ¼P

JMJ 0M 0ρJMJ 0M 0 ðtÞjJMihJ 0M 0j, where the matrix
elements ρJMJ 0M 0 ðtÞ are given by solving the coupling
equation[31]:

dρJMj 0M 0ðtÞ
dt

¼−
i
ℏ

�X
J1M 1

ðρJ1M 1J 0M 0 ðtÞhJM jBeĴ
2jJ1M 1i

− ρJMJ1M 1
ðtÞhJ1M 1jBeĴ

2jJ 0M 0iÞ

−
1
4
E2

0ðtÞðα∥ − α⊥Þ
X
J1M 1

½ða21 − b21ÞðρJ1M 1J 0M 0 ðtÞ

·hJM jsin2 θ cos2ϕjJ1M 1i
− ρJMJ1M 1

ðtÞhJ1M 1jsin2 θ cos2ϕjJ 0M 0iÞ�
− b21ðρJ1M 1J 0M 0 ðtÞhJM jcos2 θjJ1M 1i
− ρJMJ1M 1

ðtÞhJ1M 1jcos2 θjJ 0M 0iÞ
− μE0ðtÞ

X
J1M 1

½a2 cosðω2ðt− t2ÞÞðρJ1M 1J 0M 0 ðtÞ

·hJM jsin θ cos ϕJ1M 1i
− ρJMJ1M 1

ðtÞhJ1M 1j sin θ cos ϕJ 0M 0iÞ
þ b2 sinðω2ðt− t2ÞÞðρðtÞ
·hJM j sin θ sin ϕjJ 1M 1i

− ρJMJ1M 1
ðtÞhJ1M 1j sin θ sin ϕJ 0M 0iÞ�

�
: (7)

In the representation of angular momentum, the initial
density operator is a diagonal matrix, which satisfies the
temperature-dependent Boltzmann distribution:

ρ0ðTÞ ¼ 1
Z

X∞
J¼0

XM¼J

J¼0

jJMihJM je−ε∕KBT ; (8)

where ε ¼ BeJðJ þ 1Þ is the molecular rotational energy
of the jJMi state, Z ¼ P∞

J¼0

PM¼J
J¼0 e−ε∕KBT is the parti-

tion function with the Boltzmann constant KB at temper-
ature T . The molecular alignment and orientation degrees
along the three axes are[32]

hcos2 θxi ¼ Trfsin2 θ cos2 ϕρ̂ðtÞg
hcos2 θyi ¼ Trfsin2 θ sin2 ϕρ̂ðtÞg

hcos2 θzi ¼ Trfcos2 θ ρ̂ðtÞg

9=
;; ð9Þ

hcos θxi ¼ Trfsin θ cos ϕρ̂ðtÞg
hcos θyi ¼ Trfsin θ sin ϕρ̂ðtÞg

hcos θzi ¼ Trfcos θ ρ̂ðtÞg

9=
;: ð10Þ

The CO molecule is taken as an example to analyze its
alignment and orientation dynamics. The molecular
parameters are as follows: Be ¼ 1.93 cm−1, μ ¼ 0.112D,
α∥ ¼ 2.294 Å3 (1 Å = 0.1 nm), α⊥ ¼ 1.77Å3[33]. The rota-
tional period T rot ¼ h∕2Be ¼ 8.64 ps and the temperature
of the system is taken to be T ¼ 0 K. Here, we use two el-
liptically polarized laser pulses with different frequencies to
interact with molecules. The first pulse with frequency
12; 500 cm−1 is used to align the molecule, and the second
pulse with THz frequency is added to orient the molecule.
Figures 1(a) and 1(b) show the time evolutions of the
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field-free molecular alignment and orientation along three
axes driven by elliptically polarized laser pulses, respec-
tively. It can be seen from Fig. 1(a) that in a non-adiabatic
regime, the 3D field-free molecular alignment can be
achieved. After the laser pulse, the maximum of hcos2 θyi
appears periodically at around T ¼ 1

2 nT rotðn ¼ 1; 3; 5;…Þ,
while the maximum of hcos2 θxi and hcos2 θzi appears regu-
larly at around nT rotðn ¼ 1; 2; 3;…Þ. At any time, the
alignment degrees of these three axes satisfy the equationP

i¼x;y;zhcos2 θiiðtÞ ¼ 1[28]. Based on this principle, if we
know the alignment results of any two axes, the alignment
degrees on the third axis can be deduced. Compared with
the 3D field-free alignment results, the field-free molecular
orientation by elliptically polarized laser pulses is very dif-
ferent. It should be pointed out that a molecule cannot be
oriented along the z axis (orthogonal to the polarized
plane), i.e., we can only obtain a two-dimensional (2D)
field-free orientation along the x and y directions. More-
over, as shown in Fig. 1(b), hcos θxi and hcos θyi appear
periodically at around T ¼ nT rotðn ¼ 1; 2; 3;…Þ. In com-
parison, Figs. 1(c) and 1(d) show the time evolutions of
field-free alignment and orientation driven by linear laser
pulses. It can be seen from Fig. 1(c) that although the
3D alignment results can be obtained, the alignmentmainly
along the x direction, i.e., the pulse polarization direction,
and the other two directions have lower alignment degrees.
In addition, from Fig. 1(d), we can see that the molecule
cannot be oriented along the y and z axes; instead, it only
exists on the x axis. Due to the alternation of two-direction
alignment and orientation driven by elliptically polarized
laser pulses, this technique is more useful for some real ap-
plications, such as the 3D molecular switch.

In order to track the physical origin of the above align-
ment and orientation by the elliptically polarized
laser pulses, we further give the populations of each
rotational state after the laser pulse in Fig. 2. In this sys-
tem, molecules excited from the initial state (j00i)
undergo two kinds of interaction. One is the aniso-
tropic polarizability interaction, under which the
transition matrix element hJ1M 1j cos2 θjJMi follows
the selection rules of ΔJ ¼ 0; �2; ΔM ¼ 0, and
hJ1M 1j sin2 θ cos2 ϕjJMi follows the selection rules of
ΔJ ¼ 0; �2; ΔM ¼ 0; �2, leading to the molecule being
populated on even states. The other is called the perma-
nent dipole interaction, under which the transi-
tion matrix elements hJ1M 1j sin θ cos ϕjJMi and
hJ1M 1j sin θ sin ϕjJMi in Eq. (10) follow the selection
rules of ΔJ ¼ �1;ΔM ¼ �1, leading to the populations
being on odd states, which results in the appearance of ori-
entations. Based on the above different selection rules,
there are no populations on j1; 0i, j2;−1i, j2; 1i, j3; 0i,
j3;−2i, and j3; 2i states, as shown in Fig. 2. According
to Eq. (10), hcos θzi is related to the matrix element
hJ1M 1j cos θjJMi, which follows the selection rules of
ΔJ ¼ �1; ΔM ¼ 0, i.e., the populations on j1; 0i and
j3; 0i states are required. However, this case cannot be
achieved by elliptically polarized laser pulses, and eventu-
ally, only 2D field-free orientation can be obtained. It can
be deduced that the magnetic quantum numbers play an
important role in the field-free alignments and orienta-
tions along different axes. Moreover, the results indicate
that as long as the jJ ; 0i state has a proper distribution,
an efficient orientation degree along the z axis can be
obtained.

To display the impact of delay time on field-free molecu-
lar alignment and orientation, the maximal alignment
degrees hcos2 θimax and the maximal orientation degrees
hcos θimax as a function of the delay time are shown in
Fig. 3. It can be seen that every curve shows irregular
oscillations, and the maximal value of hcos2 θximax and
hcos θximax occurs at 0.7T rot. For hcos2 θyimax and
hcos θyimax, the highest value occurs at 0.3T rot, while
for hcos2 θzimax, the highest value appears at 0.9T rot.

Fig. 1. Time evolutions of field-free molecular (a) alignment and
(b) orientation along the three axes steered by the elliptically
polarized laser pulse with E1 ¼ 5.0 × 107 V∕cm, E2 ¼
4.0 × 107 V∕cm, ω1 ¼ 12; 500 cm−1, ω2 ¼ 36 cm−1, σ1 ¼ 0.4 ps,
σ2 ¼ 0.45 ps, a1 ¼ a2 ¼ 0.5, t1 ¼ 0, and t2 ¼ 1T rot. The time evo-
lutions of field-free molecular (c) alignment and (d) orientation
steered by the linearly polarized laser pulses with a1 ¼ a2 ¼ 1.0,
while the other parameters are the same as those in (a) and (b).

Fig. 2. Populations of rotational states after the elliptically
polarized laser pulse with E1 ¼ 5.0 × 107 V∕cm, E2 ¼
4.0 × 107 V∕cm, ω1 ¼ 12; 500 cm−1, ω2 ¼ 36 cm−1, σ1 ¼ 0.4 ps,
σ2 ¼ 0.45 ps, a1 ¼ a2 ¼ 0.5, t1 ¼ 0, and t2 ¼ 1T rot.
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Just as we know that the interference effect of the rota-
tional states can make the molecule reacquire the spatial
alignment and orientation, when the highest value is
achieved, it presents a constructive interference; on the
contrary, it indicates a destructive interference. So chang-
ing the delay time between these two elliptically polarized
laser pulses can control the field-free molecular alignment
and orientation.
To further explore the field-free molecular alignment

and orientation by the elliptically polarized laser pulses,
we calculate the maximum degrees of alignment
hcos2 θimax and the maximum degrees of orientation
hcos θimax with the changing elliptic parameters, and
the results are shown in Fig. 4. Figure 4(a) presents the
maximum alignment degree hcos2 θimax as a function of
the elliptic parameter a1 driven by the initial elliptically
polarized laser pulse. From it, we can find that when a1 ¼
0 and 1, which means a linearly polarized laser pulse along
the y and x axes, respectively, the highest value of
hcos2 θyimax and hcos2 θximax can be obtained. In addition,
when hcos2 θximax or hcos2 θyimax achieves the highest
value, the maximum alignment degrees of another two
axes are equal. It is worth noting that in the near circular
polarization case, i.e., a1 ¼ 0.7, the maximum alignment
along the z axis hcos2 θzimax is largest, while the maximum
degrees of hcos2 θyimax and hcos2 θximax are equal. From
Fig. 4(a), we also notice that hcos2 θyimax has a minimum
value at a1 ¼ 0.6, and hcos2 θximax gets the minimum value
at a1 ¼ 0.8. A reasonable explanation is that the

elliptically polarized laser pulse with the parameters a
and b can be written as a superposition of two linearly po-
larized laser pulses along the x and y axes[29,34]. Thus,
hcos2 θxia2ðtÞ and hcos2 θyia2ðtÞ are considered as the com-
bination of the effects of the two axes, which follow the
equations:

hcos2 θyia2ðtÞ ≈ b2y1 þ a2x1 ¼
�
1− 3a2

2

�
y1 þ

a2

2
; (11)

hcos2 θxia2ðtÞ ≈ a2y1 þ b2x1 ¼
�
3a2 − 1

2

�
y1 −

a2

2
þ 1
2
;

(12)

where y1 ¼ hcos2 θyia2¼0ðtÞ is the alignment along the y
axis at a2 ¼ 0, x1 ¼ hcos2 θxia2¼0ðtÞ is the alignment
along the x axis at a2 ¼ 0, and hcos2 θxia2¼0ðtÞ ¼
hcos2 θzia2¼0ðtÞ. Using the principle

P
i¼x;y;z

hcos2 θiiðtÞ ¼ 1, it can be obtained that

hcos2 θxia2¼0ðtÞ ¼ 1
2 ½1− hcos2 θyia2¼0ðtÞ�, i.e., x1 ¼ ð1−y1Þ

2 .
According to Eqs. (11) and (12), when a2 ¼ 1

3,
hcos2 θyia2¼0ðtÞ has a maximum value, and when a2 ¼ 2

3,
the highest value appears for hcos2 θyia2¼0ðtÞ, which corre-
sponds roughly to a1 ¼ 0.6 and a1 ¼ 0.8, respectively, as
reflected in Fig. 4(a).

Figure 4(b) shows the maximum orientation degrees
hcos θximax and hcos θyimax as a function of the elliptic

Fig. 3. (a)Maximum of alignment hcos2 θimax and (b) orientation
hcos θimax as a function of delay time with E1 ¼ 5.0 × 107 V∕cm,
E2 ¼ 4.0 × 107 V∕cm, ω1 ¼ 12; 500 cm−1, ω2 ¼ 36 cm−1, σ1 ¼
0.4 ps, σ2 ¼ 0.45 ps, a1 ¼ a2 ¼ 0.5.

Fig. 4. (a) Plots of the maximal alignment degrees along
three axes versus the elliptic parameter a1 with E1 ¼ 5.0×
107 V∕cm, ω1 ¼ 12; 500 cm−1, σ1 ¼ 0.4 ps, and t1 ¼ 0. (b) Plots
of the maximal orientation degrees versus the elliptic parameter
a2, with E1 ¼ 5.0 × 107 V∕cm, E2 ¼ 4.0 × 107 V∕cm,
ω1 ¼ 12; 500 cm−1, ω2 ¼ 36 cm−1, σ1 ¼ 0.4 ps, σ2 ¼ 0.45 ps,
a1 ¼ 0.7, t1 ¼ 0, and t2 ¼ 1T rot.
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parameter a2 driven by the combined elliptically polarized
laser pulses. It is found that hcos θximax presents a monot-
onical increase with a2 changing from 0 to 1, while
hcos θyimax decreases slowly at first and then decreases
rapidly with the increase of a2. When a2 ¼ 0.9,
hcos θximax and hcos θyimax are approximately the same,
which indicates that the coherent effects of the rotational
wave packet on the x and y axes are the same.
The above analyses are under the non-adiabatic regime.

To study the in-pulse molecular alignment and orientation
induced by the elliptically polarized laser pulses, the time
evolutions of 3D alignments driven by the initial ellipti-
cally polarized laser pulse with different elliptic parameter
a1 and 2D orientations driven by the combined elliptically
polarized laser pulses with a different elliptic parameter a2
are shown in Fig. 5. It can be seen from Figs. 5(a)–5(e)
that due to the average thermal distribution, the align-
ment degrees on three axes are equal before and after being
driven by the laser pulse. The in-pulse alignments of
hcos2 θxi and hcos2 θyi show an opposite changing pattern
with the increase of a1. For hcos2 θxi, with a1 increasing
from 0.5 to 0.9, the overall oscillation pattern changes
from valley to peak gradually. This is because with a1
increasing, the field intensity on the x axis gradually in-
creases and, hence, improves the alignment in the x direc-
tion. For hcos2 θyi, an opposite situation arises, i.e., when
a1 increases from 0.5 to 0.9, the alignment in the y direc-
tion is gradually inhibited. However, because there is no

field intensity in the z direction, the in-pulse alignment
of hcos2 θzi does not change with the increase of a1. There-
fore, in combination with Figs. 1, 3, 4, and 5(a)–5(e), we
can infer that the field-free molecular alignment on
the z axis depends on the interference effect of specific
populated rotational states. Choosing the different delay
time, the elliptic parameter and other parameters can
change the population of rotational states, impacting
the molecular alignment. For the in-pulse alignment,
the interaction between the molecules and the laser field
creates a pendular state, which evolves along with the
polarization vector. The maximum degree of the molecu-
lar alignment reached during the interaction is related
to the field intensity distribution on different axes
rather than the periodic dephasing and rephasing of
the rotational wave packet. So the alignment on the x
and y directions shows an alternate changing pattern,
while the alignment on the z axis does not change with
the elliptic parameter. To study the in-pulse orienta-
tions, the second elliptically polarized laser pulse is added
after 2T rot. Compared with the pure adiabatic 3D
alignments, the 2D orientation shown in Figs. 5(f)–5(j)
corresponds to an intermediate regime between non-
adiabatic and adiabatic regimes. It can be seen that with
a2 increasing from 0.5 to 0.9, the maximum of jhcos θxij
increases gradually; meanwhile, the maximum of hcos θyi
decreases gradually. This phenomenon can also be ex-
plained by the different field distributions on the x
and y axes.

We have theoretically studied the molecular alignment
and orientation induced by elliptically polarized laser
pulses. It is shown that the 3D field-free molecular align-
ment can be achieved by elliptically polarized laser pulses,
while the field-free orientation can only be realized along
the x and y directions. From the populations of each rota-
tional state with different magnetic quantum numbers
after the laser pulse, we can deduce that the lack of a
jJ ; 0i state leads to molecules not being oriented along
the z axis. By choosing an appropriate delay time, the
field-free alignment and orientation degree can be en-
hanced. Also shown is that the field-free alignment by
one elliptically polarized laser pulse can be seen as a super-
position of alignment by two linearly polarized laser pulses
along the x and y axes. In addition, for the in-pulse align-
ment and orientation, changing the elliptic parameters
only influences the alignment and orientation results in
the x and y directions, from which it can be inferred that
it is the field intensity distribution on the x and y axes
rather than the periodic dephasing and rephasing of the
rotational wave packet that gives rise to the in-pulse
alignment and orientation. The above conclusions are
significant for the external manipulation of molecular
field-free alignment and orientation.

This work was supported by the National Natural Sci-
ence Foundation of China (No. 11674198) and the
Taishan Scholar Project of Shandong Province.

Fig. 5. (a)–(e) Time evolutions of 3D alignments with
different elliptic parameters a1 driven by the initial elliptically
polarized laser pulse with σ1 ¼ 5 ps, E1 ¼ 5.0 × 107 V∕cm,
ω1 ¼ 12; 500 cm−1, and t1 ¼ 0. (f)–(j) Time evolutions of
2D orientations with different elliptic parameters a2 steered
by two elliptically polarized laser pulses with E1 ¼
5.0 × 107 V∕cm, E2 ¼ 4.0 × 107 V∕cm, ω1 ¼ 12; 500 cm−1,
ω2 ¼ 36 cm−1, σ1 ¼ 5 ps, σ2 ¼ 3 ps, a1 ¼ 0.7, t1 ¼ 0, and
t2 ¼ 2T rot.
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