
PHYSICAL REVIEW A 82, 033409 (2010)

Nonadiabatic molecular orientation by polarization-gated ultrashort laser pulses
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We show that the nonadiabatic orientation of diatomic polar molecules can be controlled by polarization-gated
ultrashort laser pulses. By finely adjusting the time interval between two circularly polarized pulses of different
wavelengths but the same helicity, the orientation direction of the molecules can be twirled. A cloverlike potential
is created by using two circularly polarized laser pulses of different wavelengths and opposite helicity, leading
to multidirectional molecular orientation along the potential wells, which can be well revealed by a high-order
statistics metric of 〈〈cos3 θd〉〉.
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I. INTRODUCTION

The study of nonadiabatic (field-free) alignment and orien-
tation of gaseous molecules has attracted much attention for its
extensive applications in molecular orbital reconstruction [1],
high-harmonic generation [2], chemical reaction control [3],
molecular nanomaterial design [4], and ultrashort laser pulse
propagation [5]. The field-free alignment of molecules can
be achieved through impulsive excitation by ultrashort laser
pulses [6,7], while the field-free molecular orientation with
distinguishable head versus tail orders can be achieved by
using half-cycle terahertz pulses [8–10], a weak electrostatic
field combined with intense laser pulses [11], or dual-color
laser pulses [12–15]. As the laser-induced molecular alignment
and orientation closely depend on the field polarization, the
alignment and orientation direction can be readily controlled
by varying the polarization of the applied pulses. For instance,
linearly polarized laser pulses can align and can orient
molecules parallel or perpendicular to the field polarization,
and elliptically polarized pulses can create three-dimensional
molecular alignment and orientation [16,17]. It is well known
that an extremely short linearly polarized pulse can be gated
between elliptically polarized pulses by setting a certain time
interval between two circularly polarized ultrashort pulses
of opposite helicity, which was successfully applied for
single attosecond pulse generation [18,19]. Such a polariza-
tion gating technique is promising for molecular orientation
control.

In this paper, we show that the direction of the molecular
orientation can be controlled by finely adjusting the time
interval between two circularly polarized ultrashort pulses
of different wavelengths but the same helicity. A cloverlike
interaction potential can be created by using two circularly
polarized ultrashort pulses of different wavelengths and op-
posite helicity, which supports simultaneous multidirectional
field-free molecular orientation control along the minimums
of the interaction potential.
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II. RESULTS AND DISCUSSIONS

A. Effective Hamiltonian

The polarization-gated laser field created by two circularly
polarized laser pulses can be expressed as

�E(t) = Ex (t) êx + Ey (t) êy

= E0[g(t + Td/2) sin ω1(t + Td/2)

± g(t − Td/2) sin ω2(t − Td/2)]êx

+E0[g(t + Td/2) cos ω1(t + Td/2)

+ g(t − Td/2) cos ω2(t − Td/2)]êy, (1)

where g(t) = exp (−t2/τ 2
0 ), τ0, E0, and ω1(2) are the envelope,

temporal duration, amplitude, and carrier frequencies of the
circularly polarized laser pulses. Td is the time interval between
the two pulses, and êx and êy are the unit vectors along the
x and y axes. The sign ± accounts for the polarizations
of the pulses with the same helicity or opposite helicity,
respectively.

The effective Hamiltonian for the interaction of the
polarization-gated laser field with a linear molecule can be
expressed as

H (t) = B0J0(J0 + 1) − 1
2α⊥

(
E2

x + E2
y

)

− 1
2�α

(
E2

x sin2 θ cos2 ϕ + 2ExEy sin2 θ cos ϕ sin ϕ

+E2
y sin2 θ sin2 ϕ

) − 1
6 (β|| − 3β⊥)

(
E3

x sin3 θ cos3 ϕ

+ 3E2
xEy sin3 θ cos2 ϕ sin ϕ

+ 3ExE
2
y sin3 θ cos ϕ sin2 ϕ + E3

y sin3 θ sin3 ϕ
)

− 1
2β⊥

(
E2

x + E2
y

)
(Ex sin θ cos ϕ + Ey sin θ sin ϕ),

(2)

where B0, J0, θ , and ϕ are the molecular rotational constant,
the molecular rotational momentum, the angle between the
molecular axis and the z axis, and the angle between the
projection of the molecular axis on the x-y plane and
the x axis, respectively. α||, α⊥, β||, and β⊥ are the po-
larizability and hyperpolarizability components parallel and
perpendicular to the molecular axis, and �α = α|| − α⊥ is the
polarizability difference. The first term on the right side of
Eq. (2) is the field-free Hamiltonian, and the terms related to
the molecular polarizability and hyperpolarizability contribute
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for the molecular alignment and orientation, respectively.
For molecular CO, the molecular parameters are B0 =
3.83 × 10−23 J, �α = 5.83 × 10−41 C2 m2 J−1, β|| = 1.02 ×
10−51 C3 m3 J−2, and β⊥ = 1.85 × 10−52 C3 m3 J−2 [20],
respectively.

B. FW and SH with same helicity

As compared with molecular alignment, molecular ori-
entation requires an asymmetric laser field to change the
molecular wave-function parity. Here, two circularly polarized
fundamental-wave (FW) and second-harmonic (SH) pulses
with carrier frequencies of ω2 = 2ω1 = 2ω are considered for
the polarization-gated laser field. For FW and SH circularly
polarized pulses with the same helicity, the cycle-averaged
effective Hamiltonian reduces to

Heff(t) = B0J0(J0 + 1) − 1
4�αE2

0[g2(t + Td/2)

+ g2(t − Td/2)] sin2 θ − 1
8 (β|| − 3β⊥)

×E3
0g

2(t + Td/2)g(t − Td/2) sin3 θ sin(ϕ + 2ωTd )

− 1
2β⊥E3

0g
2(t + Td/2)g(t − Td/2)

× sin θ sin(ϕ + 2ωTd ). (3)

It indicates that the minimum of the interaction potential with
hyperpolarizability for molecular orientation (the third and
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FIG. 1. (Color online) (a) Temporal evolution of molecular ori-
entation observed from various detection directions for Td = Tλ/12.
The simulated field-free molecular orientation distribution (blue solid
and red dash-dotted curves) around the full revival time [t = 8.30 ps,
as marked with an arrow in (a)] in the x-y plane for different
time intervals Td (from 0 to Tλ/8) is shown in (b)–(e), which is
rotated by closely following the rotation of the potential well (black
dash-dot-dotted curves). The blue solid and red dash-dotted curves
stand for the positive and negative molecular orientation, respectively,
and the olive dashed circles represent the potential U = 0.

fourth terms on the right side of the effective Hamiltonian)
locates at θ1 = π/2 and ϕ1 = π/2 − 2ωTd , which closely
depends on the time interval Td between the FW and SH
pulses with the same helicity. This provides us with an effective
approach to control the molecular orientation direction along
the minimums of the potential well by finely adjusting the time
interval Td .

We calculate the molecular orientation by numerically solv-
ing the time-dependent Schrödinger equation ih̄∂|ψ〉/∂t =
Heff(t)|ψ〉 for the evolution of the rotational state |ψ〉 =∑

JM CJM |JM〉. The molecular orientation metrics are cal-
culated for each initial rotational state |J0M0〉, and are
then assembled by considering their temperature-dependent
Boltzmann distribution and eventually lead to the observable
molecular orientation evolution [21]. Figure 1(a) shows the
simulated field-free orientation of molecular CO for an initial
temperature of 30 K. Here, the peak intensity and temporal
duration of each circularly polarized laser pulse are set to be
3.0 × 1013 W/cm2 and 50 fs (full width at half maximum),
respectively. The central wavelengths of the FW and SH
pulses are set to be 800 and 400 nm, respectively. The
molecular orientation with respect to the detection direction êd

is denoted by 〈〈cos θd〉〉 with θd being the angle between the
directions êmol and êd , where êmol = (sin θ cos ϕ, sin θ sin ϕ,
cos θ ) is the unit vector of the molecular axis and êd =
êx ,êy,êwell|| ,êwell⊥ . The unit vectors êwell|| = (cos ϕ1, sin ϕ1,0)
and êwell⊥ = (cos ϕ2, sin ϕ2,0) describe the azimuth of the
potential well and the direction perpendicular to the potential
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FIG. 2. (Color online) (a) Temporal evolution of molecular
orientation observed from the potential well. Cloverlike poten-
tial wells (black dash-dot-dotted curves) created by the dual-
color circularly polarized pulses of opposite helicity, and the
corresponding multidirectional molecular orientation (blue solid
and red dash-dotted curves) characterized by 〈〈cos3 θd〉〉 around
the full revival time (t = 8.92 ps) for different time intervals
are shown in (b)–(e).
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well, respectively, where θ2 = π/2 and ϕ2 = −2ωTd . For
Td = Tλ/12, the potential well along ϕ1 = π/6 has a larger
projection on the x axis than that on the y axis, which accounts
for a larger molecular orientation degree of 〈〈cos θx〉〉 than
〈〈cos θy〉〉 as shown in Fig. 1(a). Meanwhile, the molecular
orientation is detected with the maximum degree from the
direction parallel to the potential well with 〈〈cos θwell‖ 〉〉 but
with zero from the perpendicular direction with 〈〈cos θwell⊥〉〉.
As shown in Figs. 1(b)–1(e) (black dash-dot-dotted curves),
by adjusting the time interval Td from 0 to Tλ/8, the direction
of the potential well (U = −U0) rotates from the y axis to
the x axis. Correspondingly, as shown in Figs. 1(b)–1(e), the
direction of the field-free molecular orientation around the full
revival time (t = 8.30 ps) is controllably rotated by closely
following the rotation of the hyperpolarizability-related inter-
action potential well. Here, the blue solid and red dashed-
dotted curves stand for the positive and negative molecular
orientations with more oxygen or carbon atoms orientated
along the unit vectors, respectively. Therefore, by finely
adjusting the time interval between two circularly polarized
pulses of the same helicity, the direction of the molecular
orientation can be controllably rotated in the polarization
plane. For a larger time interval of several optical cycles,
the molecular orientation direction control is still valid, but
the molecular orientation degree is decreased for the reduced
effective temporal duration of the dual-color laser field.

C. FW and SH with opposite helicity

Beyond the rotation of the molecular orientation direction
by using FW and SH pulses of the same helicity, a cloverlike
multidirection molecular orientation can be achieved by using
circularly polarized FW and SH pulses of opposite helicity.

For this case, the cycle-averaged Hamiltonian takes the form

Heff(t) = B0J0(J0 + 1) − 1
4�αE2

0[g2(t + Td/2)

+ g2(t−Td/2)] sin2 θ + 1
8 (β||−3β⊥)E3

0g
2(t+Td/2)

× g(t − Td/2) sin3 θ sin(3ϕ + 2ωTd ). (4)

Interestingly, as we can see from the third term on the
right side of Eq. (4), there exist three minimums for the
hyperpolarizability-related interaction potential in the polar-
ization plane, which locate at ϕ = π/2 − 2ωTd/3, −π/6 −
2ωTd/3, and 7π/6 − 2ωTd , respectively. Since the molecules
tend to orientate along the minimums of the potential
well, this cloverlike potential structure can be used for
multidirectional molecular orientation. However, when the
conventional molecular orientation metric 〈〈cos θd〉〉 is used
for the measurement, zero net molecular orientation measure-
ment will result for this symmetrical cloverlike interaction
potential. In order to show this highly symmetrical cloverlike
multidirectional molecular orientation, we use an extended
metric of 〈〈cos3 θd〉〉 to characterize the actually existing
cloverlike molecular orientation. A similar description of
the higher-order orientation metric based on the spherical
tensor can be found in Ref. [22]. Figure 2(a) shows the
temporal evolution of molecular orientation metric 〈〈cos3 θd〉〉.
The black dash-dot-dotted curves in Figs. 2(b)–2(e)
show the cloverlike interaction potential created by the
dual-color circularly polarized pulses of opposite helicity,
and the corresponding multidirection molecular orientation
characterized by 〈〈cos3 θd〉〉 around the full revival time (t =
8.92 ps) is presented with the blue solid and red dash-dotted
curves. Similarly, the cloverlike interaction potential wells can
be rotated as the time interval Td (�ϕ = 2ω�Td/3) increases,
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FIG. 3. (Color online) The characterizations of (a) three diatomic polar molecules orientated at θ = 90◦, 195◦, and 345◦ by the orientation
metrics of (b) 〈〈cos θd〉〉, (c) 〈〈cos3 θd〉〉, and (d) 〈〈cos99 θd〉〉, respectively.
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FIG. 4. (Color online) Temporal evolutions of the molecular
orientation metrics of (a) 〈〈cos θd〉〉 and (b) 〈〈cos3 θd〉〉 for an
interaction potential of −U0 sin3 θ sin3 ϕ by detecting from various
directions in the polarization plane. The distribution of 〈〈cos3 θd〉〉 in
the polarization plane (c),(d), the molecular orientation distribution
(e),(f), and the molecular rotational wave-function probability dis-
tribution (g),(h) for evolution times at t = 0.6 ps (left column) and
3.14 ps (right column) [as marked with arrows in (b)] are shown in
(c)–(h), respectively.

leading to the rotation of the multidirectional molecular
orientation as shown in Figs. 2(b)–2(e).

D. The high-order orientation tensor

The fact that the high-order symmetrical multidirectional
molecular orientation can be characterized by 〈〈cos3 θd〉〉
rather than the conventional 〈〈cos θd〉〉 can be understood
by following the instant example of three diatomic polar
molecules as shown in Fig. 3(a). Figure 3(b) shows the con-
ventional metric 〈〈cos θd〉〉 of the molecules with 〈〈cos θd〉〉 =∑

Ai cos(θd − θi) = Am cos(θd − θm), where Ai is the prob-

ability of molecules oriented at θ = θi . Since 〈〈cos θd〉〉 has
only one maximum, it shows only one direction of orientation
as plotted in Fig. 3(b). The ideal parameter to characterize the
distribution of the molecular orientation should have the form
of a δ function with its weight to be 1 only in the direction of
measurement and 0 in other directions, which can be expressed
as 〈〈cosn θd〉〉 with n approaching infinity. The bigger n is, the
more rapidly the value of 〈〈cosn θd〉〉 descends in the vicinity
of θ ∼ θd , and therefore the closer the measurement is with
respect to the real distribution of the molecular orientation. As
plotted in Fig. 3(d), the maximums of 〈〈cos99 θd〉〉 are located
at θd = 90◦,195◦, and 345◦ with equal values, corresponding
to the actual molecular orientation distribution.

Furthermore, as shown in Figs. 4(a) and 4(b), for another in-
teraction potential of −U 3

0 sin3 θ sin3 ϕ with U0 = 10B0g
3(t),

the contrast of the temporal evolution between 〈〈cos θd〉〉 and
〈〈cos3 θd〉〉 is observable. The metric 〈〈cos3 θd〉〉 varies at about
one-third and two-thirds revivals, while 〈〈cos θd〉〉 remains
zero. Further exploration of the distribution of 〈〈cos3 θd〉〉
shows that molecules are oriented in one direction at t =
0.6 ps [see Fig. 4(c)], and multidirectionally oriented at
t = 3.14 ps [see Fig. 4(d)], which are similar to the real
molecular orientation distribution as shown in Figs. 4(e)
and 4(f). Figures 4(g) and 4(h) show the asymmetric rotational
wave-function probability distribution of the molecules, and
the orientation distribution is acquired from the difference
between the distributions of the two different atoms.

III. CONCLUSION

To summarize, we have shown that the field-free molecular
orientation could be controlled by using polarization-gated
laser fields of different wavelengths. By finely adjusting
the time interval between the circularly polarized pulses,
the created interaction potential well and consequently the
molecular orientation direction can be continuously rotated in
the polarization plane. Spatially symmetric multidirectional
molecular orientation is predicted by using a polarization-
gated laser field consisting of FW and SH pulses of opposite
helicity, and is characterized by 〈〈cos3 θd〉〉, which is helpful
to illustrate the fine structure of the molecular multidirectional
orientation.
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