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Field-free molecular orientation by femtosecond dual-color and single-cycle THz fields
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We theoretically demonstrate the dynamics of field-free molecular orientation under the radiation of a
femtosecond dual-color field and a delayed single-cycle terahertz (THz) field, with CO and LiH as the prototype
molecules. The results show that the impulsive Raman processes of dual-color field and the resonant effect of
the THz field exhibit higher excitation efficiency in a combined way and give rise to a significant enhancement
of orientation degree when the THz field is introduced around the full revival time of molecules. It also shows
that the dual-color field has an advantage over the single-color field when they combine with the THz field in
creating field-free orientation.
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I. INTRODUCTION

Alignment [1,2] and orientation [3,4] of gas-phase
molecules have long been noted to play a critical role
in many physical and chemical processes, such as high-
harmonic generation (HHG) [5], strong field ionization and
dissociation [6], spectral manipulation [7,8], chemical reaction
control [9], functional material construction [10], and so on.
Alignment, for both nonpolar and polar molecules, refers to the
confinement of molecular axes to a fixed direction, such as the
polarization of external field, whereas orientation, mainly for
polar molecules, has further specific “head-versus-tail” order,
which requires that the molecular rotational wave function
lies in the coherent superposition of even J (even parity) and
odd J (odd parity) states. As molecules in the Boltzmann
distribution condition initially occupy a single even or odd
J state, it needs extra manipulation to change the parity of
the initial wave function. Thus far, several methods have been
proposed for orientation. It was demonstrated that a few-cycle
THz pulse [11–15] can be used to generate effective molecular
orientation. Actually, the solution of the THz field has to be
zero area, i.e.,

∫
ε(t)dt = 0. Such characteristic arises from the

requirement of Maxwell equations, and thus the THz electric
field can be asymmetric, with a narrow but intense positive
peak and long but weak negative tails. The THz field changes
the parity of rotational wave function via interacting with the
molecular permanent dipole moment, and its advantage lies
in the fact that the transition frequency between rotational
states generally stays in THz or sub-THz range so that the
resonant THz-molecule interaction shows a higher efficiency.
Alternatively, owing to the advancement of laser technology,
the peak intensity of the focused femtosecond laser pulse
can steadily reach the order of 1013 W/cm2, by which the
dual-color laser field gradually becomes a promising tool
for achieving molecular orientation [16–18]. Dual-color field
also exhibits the feature of asymmetry. Its interaction with
molecular hyperpolarizability changes the parity of rotational
wave function through three-photon Raman transition [3].
Moreover, because the maximum degree of orientation by a
single pulse is strictly limited by its peak intensity and temporal
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duration, it is highly desired to develop multipulse schemes to
obtain improved results. Fortunately, the present femtosecond
technology allows much more complex optical modulation for
the orienting molecule, such as controllable delay between two
dual-color pulses [19], slow rising and rapid falling of pulse
edges [20], and the combination of single-color and THz pulses
[21]. Since both the dual-color field and the THz field have their
respective advantages, it is significant to apply them at the same
time. Interestingly, the dual-color pulse has a relative lower
critical power for the femtosecond filamentation process [22]
so that it can easily generate femtosecond filaments. When a
dual-color pulse undergoes filamentation, the field intensity in
the optical filament stabilizes around 5 × 1013 W/cm2 [22],
accompanying which there automatically follows a resonant
enhancement of plasma generation and an enhanced THz wave
emission [23–25]. Therefore, it should be an interesting way
to make full use of the features of dual-color and THz fields
simultaneously.

In this paper, we investigate the dynamics of orientation
under the excitation of dual-color and THz fields, with a
controllable delay time. The discussions cover the cases
of molecules with a longer revival period TRev (CO), as
well as a shorter one (LiH). We show that the combination
of the dual-color and THz fields makes full use of their
advantages and gives rise to an enhancement of orientation
if the THz field is applied around the full revival time of
the molecules. Meanwhile, comparing with the combina-
tion of single-color and THz fields [21], our scheme also
shows improved excitation efficiency and higher orientation
Degrees.

II. THEORETICAL ANALYSIS

We consider that a polar molecule is subjected to linearly
polarized dual-color and THz laser pulses, as shown in
Fig. 1(a), given by

ε(t) = εDC(t) + εTHz(t + Td,ϕCEP)
= exp[−(t/τDC0)2][εω cos(ωt) + ε2ω cos(2ωt)]

+ exp{−[(t + Td )/τTHz0]2}εTHz cos[ωTHz(t + Td )

+ϕCEP], (1)

where τDC0(THz0) = τ FWHM
DC(THz)/

√
2 ln 2 is the pulse duration, ω

and 2ω are the carrier frequencies of the fundamental and
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FIG. 1. (Color online) (a) Schematicillustration of the molecular
orientation excited by femtosecond dual-color field and single-cycle
THz field. Td denotes the time delay between the peaks of dual-color
and THz fields. (b) and (c) show the hyperpolarizability interaction
and resonant interaction induced by dual-color field and THz field,
respectively. (d) The field-free orientation of CO by THz field (pink
dash-dot line), dual-color field (blue dash line), and their combined
fields (olive solid line). The inset line shows the timing sequence of
combined fields.

second harmonic waves, while ϕCEP and Td denote the carrier-
envelope phase (CEP) of εTHz and the time delay between εDC

and εTHz. The field-molecule interaction is closely related to
the molecular constants as

H (t) = H0 + Vμ(θ )ε(t) + Vpol(θ )ε2(t) + Vhyp(θ )ε3(t)
= B0J

2 − μ0ε(t) cos θ − 1/2[(α‖ − α⊥) cos2 θ + α⊥]

× ε2(t)−1/6[(β‖ − 3β⊥) cos3 θ + 3β⊥ cos θ ]ε3(t),

(2)

where B0, J , μ0, and ε denote the rotational constant, rotational
angular momentum operator, permanent dipole moment, and
the applied field, respectively, while α‖(β‖) and α⊥(β⊥)
represent the polarizability (hyperpolarizability) components
parallel and perpendicular to the main molecular axis. The
calculation of orientation is divided into the field-on step
and field-off step. In the field-on step, for any specific initial
rotational state ψ(t= 0) = |J0M0〉, with the laser-molecule
interaction going on, as shown in Figs. 1(b) and 1(c), the wave
function coherently evolves into the superposition of a series
of field-free rotors’ eigenfunctions by Raman transition [3] or

resonant dipole transition as follows:

ψ(t) =
∑

dJM (t)|JM〉, (3)

whose time-dependent complex coefficient dJM (t) can be
determined by solving the time-dependent Schrödinger equa-
tion (see Appendix for details),

ih̄∂ψ(t)/∂t = H (t)ψ(t). (4)

In the field-off step, the wave packets freely evolve as

ψ(t) =
∑
JM

dJM exp

(
−i

EJ

h̄
t

)
|JM〉=

∑
JM

cJM (t)|JM〉,

(5)

where EJ = B0J (J + 1) is the rotational energy of the field-
free rotor in J state. The complex coefficients cJM (t) contain
all information about the wave packet, such as population of
each J state in Eq. (5). With the time-dependent cJM (t), the
contribution of the initial state |J0M0〉 to orientation degree
can be calculated by

〈cos θ (t)〉J0M0 =
∑

JM,J ′M ′
c∗
JM (t)cJ ′M ′(t)〈JM| cos θ |J ′M ′〉 (6)

It has been pointed out that the value of 〈cos θ (t)〉J0M0

reaches its maximum when the coherent wave packet in
Eq. (5) evolves into the state in which the total population
of even J is equal to that of odd J [21]. If the initial state
|J0M0〉, which populates in a single even or odd J state, is
sufficiently excited into a coherent wave packet with equal
even and odd populations, this must be accompanied by
significant variations in population, and hence the condition of
population is critical for characterizing molecular orientation.
As the initial rotational states of the molecular ensemble
in thermal equilibrium follow a Boltzmann distribution, the
total contributions of various initial rotational states should be
weighted in average as

〈〈 cos θ (t)〉〉 =
∑
JM

wJ 〈cos θ (t)〉JM

=
∑

JM exp(−EJ /kT )〈cos2 θ (t)〉JM∑
J (2J + 1) exp(−EJ /kT )

, (7)

where wJ is the Boltzmann weight factor and T is the initial
temperature of the molecular ensemble.

III. RESULTS AND DISCUSSIONS

A. The case of CO molecule

In our calculation, the relevant parameters for the dual-color
pulse are τ FWHM

DC = 35 fs, λω = 800 nm, λ2ω = 400 nm, Iω +
I2ω = 5 × 1013 W/cm2, and the ratio Iω : I2ω is chosen as an
optimized value of 2 [17], while for the THz field τ FWHM

THz =
450 fs, ωTHz = 2π × 1012 Hz, and its peak field strength εTHz

is taken as 3 MV/cm, which is a typical order of magnitude
for creating effective orientation. The initial temperature T is
kept as 30 K. We firstly take the CO molecule as an example,
whose parameters are μ0 = 3.734 × 10−31 C m,B0 = 3.83 ×
10−23 J,α‖ = 2.553 × 10−40 C2 m2 J−1, α⊥ = 1.969 ×
10−40 C2 m2J−1, β‖ = 1.02 × 10−51 C3 m3 J−2, β⊥ = 1.85 ×
10−52 C3 m3 J−2 [26]. These parameters are sometimes
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given in atomic units or electrostatic units in some studies.
Their conversion factors to SI units are listed here for
convenience. 1 a.u. of μ ≈ 2.542 D ≈ 8.478 × 10−30 C m;
1 a.u. of α ≈ 0.148 Å3 ≈ 1.649 × 10−41 C2 m2 J−1; 1 a.u. of
β ≈ 8.638 × 107 Å5 ≈ 3.206 × 10−53 C3 m3 J−2; 1 a.u. of
E ≈ 2.195 × 105 cm−1 ≈ 4.359 × 10−18 J.

Figure 1(d) shows the temporal evolution of the field-free
orientation of the CO molecule after the excitations of the
THz field (pink dash-dot line), dual-color field (blue dash
line), and their combination (olive solid line), respectively,
with Td = TRev = 8.64 ps and ϕCEP = 0. Here, positive
〈〈cos θ〉〉 corresponds to the case when carbon atoms point
upwards. Comparing with the separated ways, the generated
orientation degree in the combined way is enhanced by a factor
of about 2 when the THz field is applied around TRev. Due to the
robustness of orientation, the enhancement remains valid for
the moderate changes of temperature as well as the intensities
of the fields, which is critical for experimental applications.
For the property of periodic evolution, the rotational wave
function around TRev is the exact copy around zero delay, just
after the excitation of the dual-color field. As shown by the
timing sequence of the fields in Fig. 1(d), when the wave
function starts a new period at TRev, the in-phase THz field
strikes the molecules to orient to the positive direction, as
the dual-color field did around zero delay. Therefore, in the
impulse limit, the extra in-phase kick of the THz field promotes
the orientation, although the negative part of the zero-area THz
field actually acts in an opposite way to degrade the promotion.
The enhancement can also be explained by the fact that, based
on the preexcitation of the dual-color field, if the in-phase THz
field is applied at TRev, it would play a role in strengthening
the transition and coupling between even and odd J states of
the precreated coherent wave packets [19], and consequently
generates an enhanced field-free orientation.

Recently, it was demonstrated that the molecules prealigned
by an intense 800-nm femtosecond pulse centered at 800 nm
could be well oriented by the subsequent delayed THz
field [21,27]. In this scheme, the intense single-color field
effectively excites the molecules into higher J states so
that the weaker THz field could avoid directly exciting
the initial states into higher J states by the multiphoton
process. Here, we make a simple comparison. In Fig. 2(a),
the orange squares (violet circles) show the maximum
orientation degree created by dual-color (single-color) field
and delayed THz field, with the delay time Td varying
from zero to about 2TRev. The parameters used for the
dual-color and THz fields are identical with those in Fig. 1(d).
For single-color field, in order to be comparable, we kept
its FWHM duration τ FWHM

SC = 35 fs, central wavelength
λω = 800 nm, and peak intensity Iω = 5.0 × 1013 W/cm2.
Figure 2(a) shows that the dual-color scheme
exhibits an apparent advantage over the single-color scheme
in orienting molecules. This is because the single-color field
creates a coherent wave packet according to the selection
rule of 
J = 0,±2 so that its prealignment fails to break
the parity of wave function until the arrival of the THz field,
and hence lowers the excitation efficiency. By contrast, the
dual-color field is capable of directly exciting the initial states
into coherent superposition states consisting of both even and
odd J states. In Fig. 2(b), the green (light gray) bars [red

FIG. 2. (Color online) (a) The orange squares (violet circles)
show the maximum degree of field-free orientation created by
dual-color (single-color) field and delayed THz field at various Td ,
with ϕCEP = 0. (b) The green bars (red bars) show the populations of
rotational states of CO, after the excitation of dual-color (single-color)
and THz fields.

(dark gray) bars] show the population in various J states after
the excitation of dual-color (single-color) and THz fields.
For J = 0–3, their populations in the single-color scheme
are larger than those in the dual-color scheme, whereas the
conditions for higher J from 4 to 9 are the reverse. It also
suggests that the preorientation of the dual-color field shows
higher excitation efficiency. Therefore, when cooperating with
the THz field, the dual-color field has an advantage over the
single-color field in creating orientation for its characteristic of
asymmetry.

B. The case of LiH molecule

In the case of the LiH molecule, the parameters used
are μ0 = 1.958 × 10−29 C m [28], B0 = 1.493 × 10−22 J,
α‖ = 4.254 × 10−40 C2m2J−1,α⊥ = 4.881 × 10−40 C2m2J−1,

β‖ = 2.019 × 10−50 C3 m3J−2,β⊥ = 7.502 × 10−51 C3m3J−2

[29]. Comparing with the CO molecule, LiH has a shorter
revival period (TRev = 2.22 ps) but much greater opti-
cal nonlinearity, which leads to a larger orientation degree
as well as many other new features. The parameters for
dual-color or THz fields are the same as above unless
otherwise specified. In Fig. 3(a), it shows the molecular
orientation created by dual-color field (blue dash line) and
the combined fields (olive solid line), with Td = TRev and
ϕCEP = 0. Here, positive molecular orientation is defined by
the case that Li atoms are directed upwards. The blue dash
line presents a clear periodic feature of field-free orientation,
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FIG. 3. (Color online) (a) Molecular orientation created by dual-
color field (blue dash line) and the combined fields (olive solid line),
with Td = TRev, ϕCEP = 0. (b) Molecular orientation created by THz
fields with various pulse durations. (c) Molecular orientation cre-
ated by combined fields, with Td = 2.41 ps (Td = TRev + σTHz0/2 =
TRev + √

2τTHz0/2, σTHz0 = √
2τTHz0, is the duration of electric field),

and ϕCEP = 0 (olive line), ϕCEP = π (pink line).

with the maximum orientation being 0.44. However, when
the delayed THz field is applied, the evolution of orientation
changes with the electric field. After the extinction of the THz
field, it ends up with a poor field-free orientation. Obviously,
the evolution exhibits a typical characteristic of adiabatic
excitation [1] rather than the field-free condition when the
THz field is present. It suggests that, in the case of short
revival time, the relatively longer THz-molecule interaction
cannot be taken as a “kick.” The impulse limit, in which the
interaction is supposed to be instantaneous on the scale of the
rotational period, is valid only when τ0 
 TRev [30,31], so that
here its requirement cannot be satisfied any more. Figure 3(b)
presents the molecular orientations created by THz fields with
different pulse durations. It is found that shorter THz fields
create higher field-free orientations. The reason lies in the
fact that as the pulse duration of the THz field gets shorter,
the asymmetric characteristic of its electric field becomes

more prominent. It is also consistent with the fact that a
shorter THz field holds a broader spectrum, as shown in the
inset of Fig. 3(b), which enables it to cover more rotational
energy levels and create a higher field-free orientation
degree.

Since the duration of the THz field cannot be neglected
any longer, the delay time Td must add another σTHz0/2
(σTHz0 = √

2τTHz0 is the duration of the electric field) to
ensure the beginning of the THz-molecule interaction occurs
at TRev so that most of the THz field could contribute to
the generation of orientation. In Fig. 3(c), it shows that
the combined fields create a poor field-free orientation
when ϕCEP = 0, whereas in the case of ϕCEP = π , it gives
rise to a high-degree field-free orientation peaking at 0.60,
with Td = TRev + σTHz0/2 = TRev +√

2τTHz0/2 = 2.41 ps.
The reason for such significant difference can be revealed
by analyzing the temporal evolution of related rotational
states. Figure 4 shows the populations of the main populated
J states during the whole field-on step. The variations
around zero delay and Td are attributed to the dual-color
field and the THz field, respectively. The incidence of
dual-color field always causes drastic jitter, as shown by
the inset in Fig. 4(a). Such feature is caused by the strong
hyperpolarizability and alignment interactions, which induce
not only 
J = ±1, 
J = ±3, but also 
J = ±2 transitions
(see Appendix and [29]), and thus leads to complex transition
paths and rapid variations of populations. The influence of

FIG. 4. (Color online) (a)–(h) show the temporal evolution of
populations of main populated J states under the combined fields
as used in Fig. 3(c), with Td = 2.41ps, and ϕCEP = 0 (olive line),
ϕCEP = π (pink line).
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the THz field is also profound. When the coherent wave
packets created by the dual-color field are irradiated by the
delayed THz field, the transition amplitude from J to J + 1
is predicted to be [32]

AJ,J+1(t) ∝ μJ,J+1

ih̄
(PJ − PJ+1)

∫ t

−∞
εTHz(t ′)ei
ωJ,J+1t

′
dt ′,

(8)

where μJ,J+1 = μ0〈J | cos θ |J + 1〉 is the dipole moment
matrix element, P(J )J+1 is the population of the J (J + 1)
state, and 
ωJ,J+1 = (EJ+1 − EJ )/h̄ = 2B0(J + 1)/h̄ is the
angular frequency spacing between neighboring J states.
Therefore, for ϕCEP = 0 and ϕCEP = π , opposite THz electric
fields induce different transitions and evolutions. In the case
of ϕCEP = 0, the populations in lower J (J = 0, 1, 2) roughly
decrease first while those of higher J (J = 3–7) increase,
and consequently there exists a peak orientation of 0.76 at
2.38 ps in Fig. 3(c). Such enhancement by the in-phase THz
field is just similar to the case of CO in Fig. 1(d). The pulse
duration of the THz field here is short enough for CO, but this
is not true for LiH. After the peak orientation, the rest of the
THz field induces a subsequent drop of higher J populations,
which corresponds to the coherent transfer from J + 1 states
to J states, and finally results in the depletion of populations
in higher J states and the accumulation in lower J states.
On the contrary, in the case of ϕCEP = π , the processes are
generally the opposite, the deexcitation of higher J states
occurs first and then is followed by a rise, ending up with
more populations occupying higher J states, which suggests
that, at the end of THz field, the coherent wave packets lie
in the condition of being sufficiently excited, as discussed in
Sec. II, and thus it gives rise to a higher field-free molecular
orientation.

IV. CONCLUSION

In conclusion, we have analyzed the molecular orientation
characteristics of polar molecules driven by a dual-color

femtosecond laser field and a delayed single-cycle THz field.
The scheme effectively combines the advantages of dual-color
and THz fields together. The results indicate that an enhanced
molecular orientation degree could be achieved for molecules
with longer or shorter revival periods. This scheme is also
applicable to other polar molecules in a considerable range
of temperature and driving fields’ intensities, and is expected
to be beneficial to the research and applications of field-free
molecular orientation in all related fields.
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APPENDIX

By expanding Eq. (4) into explicit form with Eqs. (1)–(3),
we obtain a set of coupled differential equations,

i
h̄

B0
ḋJ (t) = dJ (t)

EJ

B0
− ω1(t)

∑
J ′

dJ ′ (t)〈JM| cos θ |J ′M〉

−ω2(t)
∑
J ′

dJ ′ (t)〈JM| cos2 θ |J ′M〉

−ω3(t)
∑
J ′

dJ ′ (t)〈JM| cos3 θ |J ′M〉, (A1)

where ω1(t) = [β⊥ε3(t) + 2μ0ε(t)]/(2B0),ω2(t) = 
αε2(t)/
(2B0), and ω3(t) = (β‖ − 3β⊥)ε3(t)/(6B0) are dimensionless
coefficients. The nonvanishing matrix elements of the ω1 and
ω2 terms in Eq. (A1) could be explicitly expressed by [33,34]

〈J,M| cos θ |J ′ = J + 1,M〉 =
√

(J + 1)2 − M2

(2J + 1)(2J + 3)
, (A2)

〈J,M| cos θ |J ′ = J − 1,M〉 =
√

J 2 − M2

(2J − 1)(2J + 1)
, (A3)

〈J,M| cos2 θ |J ′ = J,M〉 = (J + 1)2 − M2

(2J + 1)(2J + 3)
+ J 2 − M2

(2J − 1)(2J + 1)
, (A4)

〈J,M| cos2 θ |J ′ = J + 2,M〉 =
√

[(J + 2)2 − M2][(J + 1)2 − M2]

(2J + 1)(2J + 3)2(2J + 5)
(A5)

〈J,M| cos2 θ |J ′ = J − 2,M〉 =
√

[(J − 1)2 − M2](J 2 − M2)

(2J − 3)(2J − 1)2(2J + 1)
. (A6)

For the ω3 term, considering that
∑

J ′′ |J ′′M〉〈J ′′M| = 1, the matrix element 〈JM| cos3 θ |J ′M〉 could be expanded as follows:

〈JM| cos3 θ |J ′M〉 = 〈JM| cos2 θ
∑
J ′′

|J ′′M〉〈J ′′M| cos θ |J ′M〉

= [〈JM| cos2 θ |J ′′ = J,M〉 + 〈JM| cos2 θ |J ′′ = J + 2,M〉 + 〈JM| cos2 θ |J ′′ = J − 2,M〉]
× [〈J ′′ = J ′ + 1,M| cos θ |J ′M〉 + 〈J ′′ = J ′ − 1,M| cos θ |J ′M〉]. (A7)
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Therefore, with (A2)–(A6), there are six nonvanishing elements in Eq. (A7):

〈J,M| cos2 θ |J ′′ = J,M〉〈J ′′,M| cos θ |J ′ = J ′′ + 1 = J + 1,M〉, (A8)

〈J,M| cos2 θ |J ′′ = J,M〉〈J ′′,M| cos θ |J ′ = J ′′ − 1 = J − 1,M〉, (A9)

〈J,M| cos2 θ |J ′′ = J + 2,M〉〈J ′′,M| cos θ |J ′ = J ′′ + 1 = J + 3,M〉, (A10)

〈J,M| cos2 θ |J ′′ = J + 2,M〉〈J ′′,M| cos θ |J ′ = J ′′ − 1 = J + 1,M〉, (A11)

〈J,M| cos2 θ |J ′′ = J − 2,M〉〈J ′′,M| cos θ |J ′ = J ′′ + 1 = J − 1,M〉, (A12)

〈J,M| cos2 θ |J ′′ = J − 2,M〉〈J ′′,M| cos θ |J ′ = J ′′ − 1 = J − 3,M〉. (A13)

By far, all terms in Eq. (4) are explicit for calculation.
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