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Orientation of KRb molecules in a switched electrostatic field∗
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We theoretically investigate the orientation of the cold KRb molecules induced in a switched electrostatic field by
numerically solving the full time-dependent Schrödinger equation. The results show that the periodic field-free molecular
orientation can be realized for the KRb molecules by rapidly switching off the electrostatic field. Meanwhile, by varying
the switching times of the electrostatic field, the adiabatic and nonadiabatic interactions of the molecules with the applied
field can be realized. Moreover, the influences of the electrostatic field strength and the rotational temperature to the degree
of the molecular orientation are studied. The investigations show that increasing the electrostatic field will increase the
degree of the molecular orientation, both in the constant-field regime and in the field-free regime, while the increasing of
the rotational temperature of the cold molecules will greatly decrease the degree of the molecular orientation.
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1. Introduction
In recent years, more and more attention has been paid to

molecular alignment and orientation[1–3] along with the devel-
opment of molecular cooling. In a cold (< 20 mK) molecu-
lar system, most of the molecules populate in low rotational
states. When a strong electrostatic field is applied, due to the
interaction of the molecular dipole moments with the field,
these low-J states can be converted from pinwheeling rotors
into pendular librators. These states in the alignment and ori-
entation where the molecular axises are confined to librate
over a limited angular range along the field direction in the
lab frame are called pendular states.[4,5] It has significant ap-
plications for the pendular state molecules in studying the
molecular spectroscopy,[6–8] chemical reaction dynamics,[9,10]

and surface science.[11] Recent investigations showed that the
aligned or oriented molecular system can be regarded as an
ideal quantum system when the density of the cold molecules
reaches quantum gas regime.[12] They greatly enhance the im-
portance of the realization of the alignment or orientation of
the cold molecules.

Compared with the molecular alignment, it raises greater
challenge to achieve the molecular orientation with a head-
versus-tail order. The traditional method to realize the molec-
ular orientation is mainly based on the electrostatic field,
including the hexapole state selection[13] and the so-called
brute force orientation techniques.[14,15] Only symmetric top
molecules with very low density can be state-selected and
oriented in the hexapole state-selection method by using an
inhomogeneous electrostatic field. Comparatively, the brute
force technique is applicable to all dipolar molecules. Those

molecules with large permanent dipole moment and small ro-
tational constant are favorable to obtain a high degree of the
molecular orientation. Friedrich et al.[16] proposed a scheme
to enhance the degree of the molecular orientation by using
combined electrostatic and nonresonant laser fields, and the
orientation was realized experimentally later by Sakai and his
co-workers.[17,18] However, the electrostatic field is applied
adiabatically and it can hardly realize the field-free molecu-
lar orientation so far. Thus, the subsequent applications of
the molecular orientation are usually influenced by external
fields.[19]

In the study of the laser-induced field-free molecular
alignment and orientation, investigations showed that the re-
alization of the field-free cases depends on the turn-off time
of the laser field.[20] Meanwhile, it has been demonstrated that
a slow turn-on and rapid turn-off nonresonant laser field can
greatly enhance the degree of the molecular alignment, and
the maximal degree is closely correlated with the turn-off time
of the laser field.[21,22] Similarly, the field-free molecular ori-
entation could probably be realized by rapidly switching the
electrostatic field. The shortest switching time of the electro-
static field can be as short as 1 ns, even down to 800 ps in
the laboratory[23] at present. Therefore, molecules with a rel-
atively long rotational period may experience nonadiabatic in-
teraction with such a switched electrostatic field, and the field-
free molecular orientation would be realized.

In this paper, we propose the orientation of the KRb
molecules by rapidly switching an electrostatic field. One rea-
son why we choose the KRb molecule as the candidate is that it
has relatively long rotational period, and thus one can readily
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study the adiabatic and nonadiabatic processes in the rapid-
switched electrostatic field. The other is that KRb quantum
gas, below 350 nK, has been successfully produced in the lab-
oratory by Ni et al.[24] Thus, the alignment and orientation of
the KRb molecules have practical significance in the investi-
gation on the new phenomena in a quantum regime. Our re-
sults show that the adiabatic and nonadiabatic behaviors of the
KRb molecules can be realized by varying the switching times
of the applied electrostatic field. Field-free molecular orienta-
tion can be obtained when a short switch-off time is applied,
and the maximal degree of the molecular orientation is closely
correlated with the switch-off time. Furthermore, the degree
of the molecular orientation in the constant-field regime is in-
fluenced by the switch-on process of the electrostatic field. Fi-
nally, we calculate the dependence of the maximal degree of
the molecular orientation on the strength of the electrostatic
field and the molecular initial rotational temperature.

2. Theoretical model

We consider a linear molecule using the model of a rigid
rotor. The time-dependent Schrödinger equation can be ex-
pressed as[25]

ih̄
∂ |ψ(t)〉

∂ t
= H(t) |ψ(t)〉 , (1)

H(t) = BJ(J+1)−µE(t)cosθ , (2)

where B is the rotational constant of the molecule, J is the total
angular momentum, µ is the permanent dipole moment of the
molecule, θ is the angle between the molecular axis and the di-
rection of the electrostatic field, and E(t) is the strength of the
electrostatic field at time t. Generally, the degree of the molec-
ular orientation is defined to be the mean value of cosθ (i.e.,
〈cosθ〉). Considering the thermal equilibrium of the molecule
system, 〈cosθ〉 should be averaged over the Boltzmann dis-
tribution of all the internal rotational levels, and expressed as

〈cosθ〉= ∑
J

WJ

J

∑
M=−J

〈ΨJM |cosθ |ΨJM〉, (3)

where WJ is the Boltzmann weight factor in the form of

WJ = Q−1gJ exp[−BJ(J+1)/kT ],

and Q is the partition function given by

Q = ∑
J

gJ(2J+1)exp[−BJ(J+1)/kT ],

where gJ is the spin degeneracy factor.
The electrostatic field used in our simulation is defined

(see Fig. 1) as[23]

E(t) =



E0 f
(

5+10
t− ton

ton− ti

)
, (ti ≤ t < ton),

E0, (ton ≤ t < toff),

E0 f
(

5+10
t− toff

toff− tf

)
, (toff ≤ t < tf),

0, (elsewhere),

(4)

where f (t) = 1/(1+ e−2t). The electrostatic field is character-
ized by four parameters E0, ∆ton,i = ton− ti, ∆toff,on = toff− ton,
and ∆tf,off = tf− toff, representing the maximal strength of the
electrostatic field, the switch-on time, constant-field time, and
switch-off time, respectively. When ton ≤ t < toff, the strength
of the electrostatic field remains E0, and we call this regime
as the constant-field regime. When the electrostatic field is
completely switched off, the strength of the electrostatic field
is zero, and we call this regime the field-free regime in the
following description.
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Fig. 1. (color online) Electrostatic field profile E(t) with ∆ton,i =
∆toff,on = ∆tf,off = 1 ns, and the maximal field strength E0 = 50 kV/cm.

In our simulation, the time-dependent Schrödinger equa-
tion is numerically solved using the split-operator method.[26]

The molecular parameters of KRb are: B = 0.037 cm−1,
µ = 0.566 D, α‖= 110.83 Å3, and α⊥= 56.68 Å3.[24,27] Thus,
the rotational period of the KRb molecule is Trot = 1/(2Bc)≈
450 ps, where c is the velocity of the light in vacuum. The
maximal strength of the electrostatic field used in the calcula-
tions is 50 kV/cm, and the initial molecular rotational temper-
ature is 10 mK unless otherwise specified.

3. Results and discussion
It is known that the adiabatic or nonadiabatic interac-

tion in the molecular alignment and orientation induced by
the laser field depends on the ratio of the laser pulse width to
the rotational period of the molecule. Similarly, the switch-on
(or switch-off) time of the electrostatic field and the molecular
rotational period determines the adiabatic or nonadiabatic in-
teraction in our scheme. Considering the switching times that
can be realized for dc electrostatic fields and the rotational pe-
riod of the KRb molecule, we compare the molecular orien-
tation induced by the electrostatic field with three switching
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times ∆ton,i = ∆tf,off = 1, 3, and 5 ns, as shown in Fig. 2. Fig-
ure 2(a) shows the time-dependent molecular orientation for
the switching time ∆ton,i = ∆tf,off = 1 ns. Here, the switching
time of the electrostatic field is between 2Trot and 3Trot, where
Trot = 450 ps for KRb molecule. One can see that the degree
of the molecular orientation is not constant and varies with the
temporal evolution in the constant-field regime. This indicates
that the interaction between the molecules and the electrostatic
field is nonadiabatic under this switching time. In the field-
free regime, the rapid switch-off process of the electrostatic
field induces the generation of the rotational wave packet that
periodically evolves after switching off the electrostatic field.
This phenomenon is similar to the molecular alignment ob-
tained by an ultrashort laser pulse, which is induced by the
rapid interaction between the molecules and the laser field.[28]

Another case of ∆ton,i = ∆tf,off = 3 ns is presented in Fig. 2(b).
The interaction between the molecules and the electrostatic

field tends to be adiabatic with increasing switching time. The
oscillation of the degree of the molecular orientation in the
constant-field regime and the maximal degree of the molecu-
lar orientation in the field-free regime are all smaller than that
in Fig. 2(a). Figure 2(c) shows the case when the switching
time ∆ton,i = ∆tf,off = 5 ns. Clearly, one can see that the in-
teraction between the molecules and the electrostatic field be-
comes adiabatic. The degree of the molecular orientation is
constant in the constant-field regime and the periodic orienta-
tion nearly vanishes after the electrostatic field is switched off.
Thus, both the adiabatic orientation and the nonadiabatic ori-
entation of the cold molecules can readily be implemented in
a same experimental system by merely varying the switching
time of the applied electrostatic field. Apparently, it is eas-
ier and less expensive than the multiple laser beam orientation
method.
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Fig. 2. (color online) Time-dependent molecular orientation 〈cosθ〉 (red solid lines, left axis) and the corresponding electrostatic field
(blue dashed lines, right axis) for the switching times ∆ton,i = ∆tf,off = 1 ns (a), 3 ns (b), and 5 ns (c). Here, the constant-field times
∆toff,on are all 1 ns.

In order to analyze the degree of the molecular orienta-
tion influenced by the switch-on and the switch-off times, we
investigate the temporal evolution of the molecular orienta-
tion in the field-free regime for different switch-on times at a
fixed switch-off time and different switch-off times at a fixed
switch-on times, and the results are shown in Figs. 3(a) and
3(b), respectively. Figure 3(a) presents the case where the
switch-on times are 1, 2, 3, and 5 ns at the fixed switch-off
times of 1 ns. It is shown that the field-free molecular ori-
entation always occurs in these switch-on times, which indi-
cates that the occurrence of the field-free molecular orienta-
tion does not evidently depend on the switch-on time of the
electrostatic field. Note that the maximal degree of the molec-
ular orientation is induced by the electrostatic field when the
switch-on time ∆ton,i = 1 ns. However, this is not similar
to the results on the field-free molecular alignment induced
by a slow turn-on and rapid turn-off laser field, where the
slower turn-on time can increase the maximal degree of the
molecular alignment.[29] The reason why the maximal degree
of the molecular orientation is created with ∆ton,i = 1 ns in
our scheme is due to the nonadiabatic interaction between the

molecules and the electrostatic field. In this case, the degree of
the molecular orientation in the constant-field is not constant
anymore and varies with time, which influences the maximal
degree of the molecular orientation in the field-free regime. As
the switch-on time is longer than 2 ns, the interactions between
the molecules and the electrostatic field during the switch-
on times become adiabatic, and the degrees of the molecular
orientation in the constant-field regime nearly keep constant.
Hence, the maximal degrees of the molecular orientation in
the field-free regime change very little for the switch-on times
of 2, 3, and 5 ns.

Figure 3(b) displays the temporal evolution of the molec-
ular orientation in the field-free regime for different switch-
off times at the fixed switch-on time of 5 ns. Now in the
constant-field regime, the degree of the molecular orientation
keeps constant because the switch-on process is nearly adia-
batic. We can find in Fig. 3(b) that the field-free molecular ori-
entation is closely correlated with the switch-off time. The de-
gree of the molecular orientation decreases dramatically when
the switch-off time changes from 1 to 2 ns. Furthermore, when
the switch-off time of the electrostatic field is ∆tf,off = 5 ns, the
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switch-off process becomes adiabatic and the molecules go to
the initial states in the absence of a field. Thus, the molecular
orientation in the field-free regime almost disappears.
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Fig. 3. (color online) Temporal evolutions of the molecular orientation
〈cosθ〉 in the field-free regime for (a) different switch-on times and (b)
different switch-off times.

The molecular orientation influenced by the maximal
strength of the electrostatic field E0 is displayed in Figs. 4(a)
and 4(b). We choose the electrostatic field with the switch-
ing times ∆ton,i = 5 ns and ∆tf,off = 1 ns, hence the field-
free molecular orientation can be achieved and the degree of
the molecular orientation in the constant-field regime keeps
constant. Considering the experimentally available condi-
tions, we calculate the strength of the electrostatic field up to
200 kV/cm. Figure 4(a) shows the dependence of the maxi-
mal degree of the molecular orientation on the maximal field
strength in the constant-field regime. With the increase in the
field strength, the maximal degree of the molecular orientation
increases. This enhancement is significant at a weak applied
field, and the degree of the molecular orientation gradually be-
comes saturated at an intense field (E0 > 100 kV/cm). Here,
the correlations between the strength of the electrostatic field
and the molecular orientation are similar to that in the brute
force technique. That is, with the increase in the strength of
the electrostatic field, more rotational states are bound and the
degree of the molecular orientation is enhanced.[30]

Figure 4(b) illustrates the temporal evolution of the
molecular orientation for different strength of the electrostatic
field in the field-free regime. Like the case in the constant-
field regime, the maximal degree of the molecular orientation

enhances with the increasing of the field strength. Addition-
ally, we find that the strength of the electrostatic field can
change the structure of the wave packet. Compared with that
of E0 = 50 kV/cm, there is obvious distinction in line config-
uration when E0 = 100 kV/cm. This change is similar to the
molecular alignment excited by a short-pulse laser field. In-
vestigations show that the composition of the rotational wave
packet is more complex with the increasing of the strength of
the laser field because the number of the rotational states par-
ticipating in the wave packet depends on the strength of the
electric field.[31]
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Fig. 4. (color online) (a) Maximal degrees of the molecular orienta-
tion 〈cosθ〉max in the constant-field regime. (b) Temporal evolutions of
the molecular orientation 〈cosθ〉 in the field-free regime for different
maximal strengths of the electrostatic field.

Additionally, we investigate the dependences of the pop-
ulations of the initial rotational levels (Fig. 5(a)) and the max-
imal degrees of the molecular orientation in the constant-field
regime (Fig. 5(b)) and in the field-free regime (Fig. 5(c)) on
the temperature of the molecules. Figure 5(a) shows that
molecules are populated at the ground level when the initial
rotational temperature is 10 mK and the contributions to the
high levels are increasing with the rising temperature. There-
fore, the maximal degree of the molecular orientation in the
constant-field and the field-free regimes are both decreasing
with the increasing of the rotational temperature. The degree
of the molecular orientation decreases sharply when the rota-
tional temperature rises from 100 mK to 1 K, and the degree
of the field-free molecular orientation with E0 = 50 kV/cm
turns to be zero when T = 1 K, as shown in Fig. 5(c). Thus,
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we can conclude that low rotational temperature (less than
20 mK) is necessary for achieving a high degree of molec-
ular orientation. Fortunately, all kinds of molecular cool-
ing techniques (for example, photo-association of laser cooled
atoms,[24] buffer gas cooling combined with low velocity filter-
ing of polar molecules[32] and Stark deceleration of supersonic
expanded polar molecules[33]) can routinely produce such cold
molecules.
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Fig. 5. (color online) (a) Population for J ≤ 3. Maximal degrees of the
molecular orientation 〈cosθ〉max in (b) the constant-field regime and (c)
the free-field regime as a function of the initial rotational temperature.
Here, ∆ton,i = 5 ns, ∆toff,on = ∆tf,off = 1 ns.

Oriented (especially field-free oriented) cold molecules,
have many unique properties over free ones. Due to the spa-
tial anisotropy, the oriented molecules can be used to study
the anisotropic collisions of cold molecules, the external field
controlled chemical reactions and thus reaction barriers, high
harmonic generations, and pendular spectroscopy.

4. Conclusion
In this paper, we investigate the orientation of the cold

KRb molecules in the switched electrostatic field. For such
KRb molecules with a long rotational period, the simple
switched electrostatic field can induce the field-free molecular
orientation. The achievement of the field-free molecular ori-
entation closely correlates with the switch-off time of the elec-

trostatic field. The molecular orientation in the constant-field
regime is also influenced by the switch-on time. If the switch-
on time is much longer than the molecular rotational period,
the molecular orientation in the constant-field is similar to that
in the brute force technique and the interaction is adiabatic.
Otherwise, a short switch-on time makes the interaction nona-
diabatic and the degree of the molecular orientation vary with
time. We also investigate the influences of the electrostatic
field strength and the rotational temperature to the degree of
the molecular orientation. The results show that both in the
constant-field regime and in the field-free regime, the maximal
degree of the molecular orientation can be increased with the
increasing of the electrostatic field strength or the decreasing
of the molecular rotational temperature.
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