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Theoretical description of the mixed-field orientation of asymmetric-top molecules:
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We present a theoretical study of the mixed-field-orientation of asymmetric-top molecules in tilted static
electric field and nonresonant linearly polarized laser pulse by solving the time-dependent Schrödinger equation.
Within this framework, we compute the mixed-field orientation of a state-selected molecular beam of benzonitrile
(C7H5N) and compare with the experimental observations [J. L. Hansen et al., Phys. Rev. A 83, 023406 (2011)]
and with our previous time-independent descriptions [J. J. Omiste et al., Phys. Chem. Chem. Phys. 13, 18815
(2011)]. For an excited rotational state, we investigate the field-dressed dynamics for several field configurations
as those used in the mixed-field experiments. The nonadiabatic phenomena and their consequences on the
rotational dynamics are analyzed in detail.
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I. INTRODUCTION

During the past years, experimental efforts have been
undertaken to develop and improve experimental techniques
to enhance the orientation of polar molecules [1–6]. When
a molecule is oriented one or more molecular fixed axes
are confined along the laboratory fixed axes and its perma-
nent dipole moment possesses a well-defined direction. The
experimental efforts are motivated by the broad range of
promising perspectives and possible applications of oriented
molecules, such as high-order harmonic generation [7–9],
chemical reaction dynamics [10–13], ultracold molecule-
molecule collision dynamics [14–17], and diffractive imaging
of polyatomic molecules [18,19].

Some of the methods to orient molecules are based on the
use of strong dc electric fields, i.e., brute-force orientation
[14], hexapole fields [20], THz pulses [21,22], single-cycle
THz field pulses combined with a femto laser field [23], two-
color laser fields [24], and the combination of a nonresonant
laser with a static electric field [25,26]. The last method,
which was first proposed theoretically, suggested to strongly
orient molecules by coupling the quasidegenerate levels
of a nonresonant-laser-generated pendular state [25,26] and
quickly became a promising experimental technique [27–29].
However, only by using state-selected ensembles of linear and
asymmetric top molecules could unprecedented degrees of
orientation be reached [1,2,30,31]. These experimental efforts
have been accompanied by theoretical studies to provide a
better physical insight into the field-dressed dynamics. For
a state-selected beam of asymmetric top molecules, the first
analysis showed that the experimental mixed-field orientation
could not be reproduced in an adiabatic description [32]. Based
on the lack of azimuthal symmetry due to a tilted weak static
electric field, a diabatic model was proposed to classify the
avoided crossing as diabatic and adiabatic depending on the
field-free magnetic quantum numbers of the involved states
[32]. An explicit time-dependent analysis of the mixed-field-
orientation experiments of OCS (carbonyl sulfide) concluded
that this process is, in general, nonadiabatic and requires

a time-dependent quantum-mechanical description [33]. The
lack of adiabaticity is due to the formation of the quaside-
generate pendular doublets as the laser intensity is increased,
the resulting narrow avoided crossings, and the corresponding
couplings between the states in a |J,M〉 manifold for tilted
fields [33,34]. These nonadiabatic phenomena provoke a trans-
fer of population between energetically neighboring adiabatic
pendular states, which might significantly reduce the degree of
orientation [33,34]; this effect can be mitigated using stronger
dc electric fields [35]. This population transfer between the
oriented and antioriented states forming a pendular doublet
could be efficiently controlled to achieve a strong field-free
orientation during the postpulse dynamics [36].

For an asymmetric-top molecule, we had performed a time-
dependent study on parallel fields showing the complexity
of the field-dressed dynamics [37]. Here, we extend this
work and analyze the rotational dynamics of benzonitrile
(BN) in tilted-field configurations similar to those used in
current mixed-field experiments. Within this time-dependent
framework, we revisit the experiment on mixed-field ori-
entation of a state-selected molecular beam of benzonitrile
[38,39], extending upon our earlier theoretical description
[32]. The sources of discrepancies between the experimental
results and the time-dependent description are analyzed. For
a prototypical excited rotational state, we explore the field-
dressed rotational dynamics and investigate the complicated
nonadiabatic phenomena, showing that it is experimentally
more challenging to reach the adiabatic limit.

The paper is organized as follows. In Sec. II we present
the Hamiltonian of a polar asymmetric-top molecule in tilted
electric and nonresonant laser fields, and the numerical method
used to solve the time-independent Schrödinger equation.
The time-dependent description of the mixed-field orientation
experiment of a benzonitrile molecular beam is presented
in Sec. III, where we also provide a comparison with our
previous time-independent analysis. Section IV is devoted to
investigating the mixed-field dynamics of an excited rotational
state, and we explore the sources of nonadiabatic effects in
Sec. V. The conclusions are given in Sec. VI.
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II. THE HAMILTONIAN OF AN ASYMMETRIC-TOP
MOLECULE IN TILTED FIELDS

We consider a polar asymmetric-top molecule in combined
electric and nonresonant laser fields. Our study is restricted
to asymmetric-top molecules that can be described within
the rigid rotor approximation and that have the polarizability
tensor diagonal in the principal axes of inertia frame and the
permanent electric dipole moment μ parallel to the z axis of
this molecule fixed frame (MFF) (x,y,z). The MFF z axis is
taken along the molecular axis with the smallest moment of
inertia. The nonresonant laser field is linearly polarized along
the Z axis of the laboratory fixed frame (LFF) (X,Y,Z) and the
electric field is tilted by an angle β with respect to the LFF Z

axis and contained in the XZ plane. The rotational dynamics
of the molecule is described using the Euler angles (θ,φ,χ )
that relate the LFF and MFF [40]. In the framework of the
rigid rotor approximation, the Hamiltonian reads as

H (t) = HR + Hs(t) + HL(t), (1)

where HR is the field-free rotational Hamiltonian

HR = BxJ
2
x + ByJ

2
y + BzJ

2
z , (2)

with Jk being the projection of the total angular momentum
operator J along the MFF k axis with k = x, y, and z and
Bk the rotational constant along the MFF k axis. For BN, the
rotational constants are Bx = 1214 MHz, By = 1547 MHz,
and Bz = 5655 MHz [41]. The electric field Es(t) interacts
with the electric dipole moment μ of the molecule as

Hs(t) = −μEs(t) cos θs, (3)

where θs is the angle between the electric field and the MFF
z axis, cos θs = cos θ cos β + sin β sin θ cos φ. For BN, the
permanent electric dipole moment is μ = 4.515 D [41]. Es(t)
initially depends linearly on time, and once the maximum
strength Es is reached, it is kept constant. The turning on speed
ensures that the process is adiabatic, and we have neglected
the coupling of this field with the molecular polarizability or
higher-order terms.

For a nonresonant linearly polarized laser field, the interac-
tion reads [42,43]

HL(t) = − I (t)

2ε0c
(αzx cos2 θ + αyx sin2 θ sin2 χ ), (4)

where αkm = αkk − αmm are the polarizability anisotropies,
and αkk the polarizability along the molecular k axis k,m =
x, y, and z. For BN, the polarizabilities are αxx = 7.49 Å

3
,

αyy = 13.01 Å
3
, and αzz = 18.64 Å

3
[41]. ε0 is the dielectric

constant and c the speed of light. In this work, we consider
Gaussian pulses with intensity I (t)=I0 exp (− 4 ln 2t2

τ2 ), I0 is the peak
intensity, and τ is the full width half maximum (FWHM).

For tilted fields with β �= 0◦, 90◦, 180◦, the symmetries of
the rigid rotor Hamiltonian (1) are the identity, E, the twofold
rotation around the MFF z axis, C2

z , and the reflections σXZ

on the plane spanned by the two fields, i.e., the XZ plane.
These symmetries imply the conservation of the parity of the
projection of J on the MFF z axis, i.e., the parity of K , and
the parity under the reflections on the LFF XZ plane σXZ .
Consequently, the eigenstates can be classified in four different

TABLE I. For tilted fields with β �= 90◦, functions used in the
basis set expansion of the time-dependent wave function.

Parity
C2

z σXZ K Functions

e e e, K,M = 0 |J00〉
e e e 1√

2
[|JKM〉 + (−1)K+M |J − K − M〉]

e o e 1√
2
[|JKM〉 + (−1)K+M+1|J − K − M〉]

o e o 1√
2
[|JKM〉 + (−1)K+M |J − K − M〉]

o o o 1√
2
[|JKM〉 + (−1)K+M+1|J − K − M〉]

irreducible representations [43], whose basis elements are
presented in Table I in terms of the field-free symmetric top
eigenstates |JKM〉 [43].

The time-dependent Schrödinger equation associated with
the Hamiltonian (1) is solved combining the short iterative
Lanczos method [44] for the time variable and a basis set
expansion in the field-free top eigenstates, |JKM〉, written
in terms of the Wang states for the angular coordinates.
For each irreducible representation, the symmetric-top wave
functions forming the basis are properly symmetrized as
indicated in Table I [43]. The time-dependent wave function
is labeled using the adiabatic following and the field-free
notation |JKa,Kc

M〉t, where Ka and Kc are the values of
K for the limiting prolate and oblate symmetric-top rotor,
respectively [45].

To analyze the rotational dynamics, the time-dependent
wave function is projected on the adiabatic pendular states
at time t ,

∣∣JKa,Kc
M

〉
t =

∑
C|JKa ,KcM〉(t)

∣∣JKa ,Kc
M

〉
p, (5)

with C|JKa ,KcM〉(t) = p〈JKaKc
M|JKa,Kc

M〉t and the wave func-
tion of the adiabatic pendular state of the instantaneous
Hamiltonian (1) |JKa ,Kc

M〉p that connects adiabatically to
the field-free state |JKa ,Kc

M〉. The sum in Eq. (5) runs over
all pendular states within the same irreducible representation.

The rotational dynamics can be characterized by the
adiabaticity ratio or parameter [46]

η =
�
∣∣
p〈k| ∂HL(t)

∂t
|m〉p

∣∣

|Em − Ek|2 , (6)

where |k〉p and |m〉p are the eigenfunctions of the adiabatic
pendular eigenstates of Hamiltonian (1) at time t and Ek and
Em are the eigenenergies. The rotational dynamics can be
considered as adiabatic at a certain time if η � 1 [46].

Experimental measures

In mixed-field orientation experiments, the degree of
orientation can be measured by a multiple ionization and a sub-
sequent Coulomb explosion of the molecule, and the velocity
mapping of the ionic fragments onto a two-dimensional (2D)
screen perpendicular to the dc field of the velocity mapping
electrodes. The molecular orientation is reflected in the 2D
images, which show an up or down asymmetry measured by the
ratio Nup/Ntot, where Ntot and Nup stand for the amount of ions
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collected on the full screen and on its upper part, respectively
[1,2,30]. Theoretically, the recorded image corresponds to the
2D projection of the 3D probability density on the screen
perpendicular to the electric field [32,33]. The theoretical
orientation ratio Nup/Ntot reads

Nup/Ntot =
∫ ∞

0

∫ ∞
−∞ ρ(ys,zs)dysdzs∫ ∞

−∞
∫ ∞
−∞ ρ(ys,zs)dysdzs

, (7)

where ρ(ys,zs) is the 2D probability density and ys and zs are
the horizontal and vertical screen coordinates, respectively.
Here, we derive this 2D probability density including the
selectivity factor of a circularly polarized probe laser and
the experimental velocity distribution of the ionic fragments
under the recoil approximation [32]. Note that for nonoriented
states, 〈cos θ〉 = 0 and Nup/Ntot = 0.5, whereas Nup/Ntot >

0.5 and Nup/Ntot < 0.5 for oriented and antioriented states,
respectively.

III. MIXED-FIELD ORIENTATION FOR EXPERIMENTAL
CONDITIONS

In this section we present a theoretical time-dependent
description of the mixed-field orientation experiments of
benzonitrile [30] and a comparison with our previous
time-independent analysis [32]. State-selected benzonitrile
molecules in a molecular beam were oriented using the weak
dc electric field from the velocity-map-imaging spectrometer
and a nonresonant laser pulse [30]. For a 10-ns laser pulse
with peak intensity I0 = 7 × 1011 W/cm2 and a weak dc field,
Es = 286 V/cm, tilted with respect to each other an angle
β = 135◦, the experimentally measured degree of orientation
was Nup/Ntot = 0.71 [39]. For this field configuration, we
perform a theoretical study including 54 rotational states of
the state-selected molecular beam of this experiment, i.e.,
accounting for 92.5% of the total population in the beam [39].

The adiabatic approximation, which assumes that the
field-dressed instantaneous eigenstate is a solution of the
time-dependent Hamiltonian, would give rise to a very weakly
oriented ensemble with Nup/Ntot = 0.55 [32]. This result is in
contradiction with the experimental observation and indicates
that the mixed-field orientation is, in general, a nonadiabatic
process [32]. The weak electric field is responsible for breaking
the azimuthal symmetry and for coupling states with different
field-free magnetic quantum numbers. Based on this fact,
we had proposed a diabatic model [32], which improves the
adiabatic description by classifying the avoided crossings: As
I (t) increases, they are crossed diabatically (adiabatically) if
the involved states have different (same) field-free expectation
value 〈M2〉. The diabatic model is equivalent to an adiabatic
description of a parallel-field configuration including only the
dc electric-field component parallel to the alignment laser field
Es cos β and neglecting the perpendicular component. Within
this diabatic model, the orientation ratio of the state-selected
molecular beam is Nup/Ntot = 0.624, which is larger than
for the pure adiabatic description, but still smaller than the
experimental measurement.

To check the validity of the diabatic model, we have solved
the time-dependent Schrödinger equation considering a dc
electric field parallel to the LFF Z axis with strength Es cos β.

Hence, the field-dressed rotational dynamics takes into account
the nonadiabatic couplings between states with the same mag-
netic quantum number and the pendular doublets formation
[37]. In this description, we obtain a smaller orientation ratio
Nup/Ntot = 0.623 than the experimentally measured one. For
a full nonadiabatic description, we have taken into account
all the couplings, and, in particular, those between states with
different field-free magnetic quantum numbers, which were
neglected in the parallel-field time-dependent description, and
solved the time-dependent Schrödinger equation associated
with Hamiltonian (1) for each initially populated state. The
obtained degree of orientation Nup/Ntot = 0.612 is still lower
than the experimental one and even lower than the simplified
models described above. The discrepancies between the time-
dependent descriptions of the tilted and parallel fields configu-
rations arise due to the couplings between the states within the
|JKa,Kc

M〉 manifold with 0 � M � J , i.e., degenerate states
in the field-free case, which differ in the magnetic quantum
number M at weak laser intensities, i.e., I � 108 W/cm2, and
between the states with different field-free magnetic quantum
numbers at strong intensities [34].

To analyze these theoretical results, we build up the
molecular ensemble by successively adding states according
to their populations in the experimental state-selected beam.
The orientation ratio Nup/Ntot is plotted in Fig. 1 versus
the percentage of population included in the experimental
molecular beam. For the ground state, which has the largest
population, we obtain 〈cos θ〉 = 0.986 and Nup/Ntot = 0.999,
which is very close to the adiabatic result Nup/Ntot = 1. As
more states are included in the ensemble, the orientation ratio
Nup/Ntot decreases with a superimposed oscillatory behavior
due to the orientation or antiorientation of the additionally
included states. The discrepancies between these results
illustrate the importance of performing a full time-dependent
description of the mixed-field orientation process.

Several reasons could explain the disagreement between the
time-dependent study and the experimental result. First, we do
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FIG. 1. The theoretical orientation ratio Nup/Ntot as a function
of the population of the molecular beam of benzonitrile using a
probe laser circularly polarized perpendicular to the screen computed
by the diabatic model (red solid line), by time-dependent (TD)
description for parallel-fields (blue dashed line), and by time-
dependent description for tilted fields (green dot-dashed line). The
field configuration is I0 = 7 × 1011 W/cm2, Es = 286 V/cm, and
β = 135◦.
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FIG. 2. The 2D projection of the probability density of the state
|30,31〉t at the peak intensity computed using (a) the adiabatic approxi-
mation, (b) the diabatic model, and (c) the time-dependent description
for tilted fields. The field configuration is I0 = 7 × 1011 W/cm2,
Es = 286 V/cm, and β = 135◦.

not include the finite spatial profile of the alignment and probe
lasers, which implies that all the molecules in the beam do not
feel the same laser intensity. Based on our previous studies
[32], we can conclude that this effect should not significantly
modify the degree of orientation. Second, it has been assumed
that the state selection along the dc-field deflector is an
adiabatic process [1,2,30]; if this were not the case, the
rotational states before the mixed-field orientation experiment
would not be pure field-free states [47]. Third, the mixed-field
dynamics is very sensitive to the field configuration, and small
variations on it, e.g., on the pulse shape, could significantly
affect these results. Finally, by adding the rest of states forming
the experimental molecular beam, the theoretical degree of
orientation will not approach the experimental one. Assuming
that the rest of the states are not oriented, or that half of them
are fully oriented and the other half fully antioriented, the
theoretical degree of orientation would be reduced to 0.605,
still far from the experimental value.

The adiabatic and diabatic approximations predict pendu-
lar states either fully oriented Nup/Ntot ≈ 1 or antioriented
Nup/Ntot ≈ 0, whereas in a time-dependent description they
are not fully oriented or fully antioriented with 0 � Nup/Ntot �
1. This is illustrated in Fig. 2 with the 2D projection of the
probability density of the |30,31〉t state at the peak intensity.
For the adiabatic and diabatic descriptions, the 2D probability
density is concentrated on the upper part of the screen with
Nup/Ntot = 1. In contrast, the time-dependent description
provides a weakly antioriented state with Nup/Ntot ≈ 0.44;
see Fig. 2 (c). This is due to the contributions of antioriented
pendular states to the rotational dynamics: At the peak intensity
the antioriented adiabatic pendular state |22,01〉p has the
largest contribution with a weight of 41.1% into the |30,31〉t
time-dependent wave function.

IV. FIELD-DRESSED DYNAMICS OF A ROTATIONAL
EXCITED STATE

The rotational dynamics in tilted fields is more complex
than in parallel fields [37]. We illustrate this complexity

FIG. 3. For the |30,31〉t state, expectation value 〈cos θ〉 as a func-
tion of I (t) for laser pulses with peak intensity I0 = 7 × 1011 W/cm2

and temporal widths τ = 0.5 (red solid), 1 (blue dashed), 5 (orange
dotted), and 10 ns (green dot-dashed). The electric field has strength
Es = 300 V/cm, and is tilted an angle (a) β = 0◦, (b) β = 30◦, and
(c) β = 60◦.

by analyzing the field-dressed dynamics of the excited state
|30,31〉, which has been studied for parallel fields in Ref. [37].
For tilted fields, the adiabatic pendular state |30,31〉p is the
ninth one of the even-even irreducible representation, and is
oriented in a strong laser field combined with a weak static
electric field.

In Fig. 3 we plot the orientation 〈cos θ〉 of the state |30,31〉t
as a function of the laser intensity I (t) for three different field
configurations (a) β = 0◦, (b) β = 30◦, and (c) β = 60◦, with
Es = 300 V/cm, and laser pulses with temporal widths τ =
0.5, 1, 5, and 10 ns and peak intensity I0 = 7 × 1011 W/cm2.
For these field configurations, the adiabatic orientation is given
by 〈cos θ〉 = 0.97, and weakly affected by the inclination angle
of the dc field β.

For parallel fields, |30,31〉p is the third adiabatic state in the
irreducible representation with M = 1 and even parity under
twofold rotations around the MFF z axis. This state is oriented
in the pendular regime. As I (t) increases, the orientation shows
an increasing trend with a superimposed smooth oscillatory
behavior, which is due to the couplings among the adiabatic
pendular states contributing to the nonadiabatic dynamics.
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Three adiabatic pendular states—|30,31〉p (oriented), |22,11〉p
(antioriented), and |22,01〉p (oriented)—dominantly contribute
to the time-dependent wave function of |30,31〉t. The cou-
pling between the oriented adiabatic pendular states, i.e.,
|30,31〉p and |22,01〉p, provokes the oscillations, because in
the pendular regime their couplings with the antioriented
one are close to zero, i.e., p〈30,31| cos θ |22,21〉p ≈ 0 and
p〈22,01| cos θ |22,11〉p ≈ 0 [37]. The contribution of the antiori-
ented adiabatic pendular state reduces the degree of orientation
compared to the adiabatic prediction. As the temporal width
of the pulse τ increases, the dynamics becomes more adiabatic
and the orientation increases approaching to the adiabatic limit.

Due to the splitting of the field-free degenerate |30,3M〉
multiplet in tilted fields, the adiabatic pendular states |30,3M〉p,
with M = 0,1,2,3, contribute to the field-dressed dynamics
of |30,31〉t and their weights depend on the angle β and
on the dc-field strength. For β = 30◦, the |30,31〉t wave
function is antioriented, which can be rationalized in terms
of the adiabatic pendular states contributing to the rotational
dynamics. Once the multiplet is split, the contribution of
the adiabatic pendular states |30,3M〉p onto the |30,31〉t wave
function is approximately the same for all the pulses. From
this moment on, the way the laser is turned on plays an
important role on the dynamics. We find up to 27 adiabatic
pendular states with J � 4 contributing significantly to the
dynamics of |30,31〉t, and the antioriented adiabatic pendular
state |22,01〉p has the largest contribution to the time-dependent
wave function, larger than 67% for τ = 5 and 10 ns. By
decreasing the temporal width of the pulse, more adiabatic
pendular states contribute to the dynamics, and |〈cos θ〉|
diminishes because the weights of oriented and antioriented
adiabatic states are very similar. In contrast, |30,31〉t is oriented
if the dc field is tilted an angle β = 60◦. For this case, the
dominant contributions to the wave function are due to the
|22,12〉p and |32,13〉p oriented states for τ = 10 ns and τ = 5 ns
and to |32,13〉p for τ = 1 ns and τ = 0.5 ns. As τ increases,
the orientation increases, but it is smaller than the adiabatic
limit of the orientation 〈cos θ〉 = 0.97.

The dc-field strength determines the energy gap between the
two states forming a pendular doublet in the strong-laser-field
regime. Thus, by increasing the dc-field strength the dynamics
should become more adiabatic because the population trans-
ferred between these two states as the pendular doublet is
formed should be reduced. For a 10-ns alignment pulse, we
present in Fig. 4 the orientation of the |30,31〉t state versus
the laser intensity I (t) for dc-fields strengths Es = 5 kV/cm,
Es = 10 kV/cm, and Es = 20 kV/cm. Let us remark that for
strong dc fields, the energy gap between two states forming
the pendular doublets in a strong ac field is large and they are
not quasidegenerate, and, in particular, the interaction due to
the static electric field could not be treated as a perturbation
to the ac-field interaction. Even for these strong electric
fields, the rotational dynamics is nonadiabatic, and this state
is either weakly oriented, strongly oriented, or antioriented
depending on the field configuration; see Fig. 4. This can be
explained in terms the splitting of the |30,3M〉p manifold and
of the avoided crossings that are encountered during the time
evolution of the wave packet, which, in most cases, are not
crossed adiabatically [37]. For strong dc fields, the avoided
crossings between adiabatic pendular states evolving from

FIG. 4. For the |30,31〉t state, expectation value 〈cos θ〉 as a
function of I (t) for a 10-ns laser pulse with peak intensity I0 =
7 × 1011 W/cm2. The electric field has strengths (a) Es = 5 kV/cm,
(b) Es = 10 kV/cm, and (c) Es = 20 kV/cm and is tilted by β = 0◦

(red solid line), β = 30◦ (blue dashed line), and β = 60◦ (orange
dotted line).

different multiplets become more likely. For Es = 20 kV/cm,
the orientation at the peak intensity is very similar for the
three tilted angles, which is due to the dominant contribution
of oriented adiabatic pendular states to the rotational dynamics.

For the |30,31〉t state, we compare in Fig. 5 the orientation
in tilted fields with the results obtained in a parallel-field con-
figuration which includes only the Z component of the electric
field Es cos β. For this parallel-field configuration, the state is
oriented and 〈cos θ〉 increases as Es is enhanced and shows
a plateau like behavior for I (t) � 1011 W/cm2. In contrast,
for tilted fields, the |30,31〉t state is antioriented for weak
dc fields Es = 300 V/cm and Es = 1 kV/cm and oriented
for Es = 10 kV/cm and Es = 20 kV/cm. The discrepancy
between these results illustrates the importance of the dc
field perpendicular to the nonresonant laser. The nonadiabatic
phenomena that take place for tilted fields, i.e., the splitting
of the |30,3M〉p manifold and the avoided crossing between
pendular states having different field-free magnetic quantum
number, strongly affect the field-dressed dynamics. For weak
electric fields, the impact of these nonadiabatic effects is larger
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FIG. 5. For the |30,31〉t state, expectation value 〈cos θ〉 as a
function of I (t) for a 10-ns laser pulse with peak intensity I0 =
7 × 1011 W/cm2 for (a) tilted fields with β = 30◦ and for (b) parallel
fields with the electric field parallel to the LFF Z axis of strength
Es cos 30◦. The electric-field strengths are Es = 300 V/cm (red solid
line), Es = 1 kV/cm (blue dashed line), Es = 10 kV/cm (orange
dotted line), and Es = 20 kV/cm (green dot-dashed line).

and the direction of the orientation is reversed, whereas for
strong dc fields, they show qualitatively similar but quantitative
different orientation.

V. SOURCES OF NONADIABATIC EFFECTS

For tilted fields, the dynamics is characterized by the
pendular doublet formation, the splitting of the degenerate

|JKa,Kc
M〉 multiplet at weak laser intensities, and a large

amount of avoided crossings, some of them due to the tilted
electric field which breaks the azimuthal symmetry. Since the
formation of the pendular doublet has been discussed in detail
in our work on asymmetric-top molecules in parallel fields
[37], we focus here on exploring the other two nonadiabatic
phenomena.

Let us remark that the rotational dynamics of the absolute
ground state is mainly affected by the pendular doublet
formation, and, therefore, it is easy to reach the adiabatic
mixed-field orientation limit by increasing the width of the
pulse and/or the strength of the dc field [37].

A. Coupling in the J manifold

In the field-free case, the |JKa,Kc
M〉 states with 0 � M � J

are degenerate due to the azimuthal symmetry. The weak
electric field of the mixed-field orientation experiments breaks
their M degeneracy by the quadratic Stark splitting, E ∼ E2

s .
For Es = 300 V/cm and β = 30◦, the neighboring levels
of the |30,3M〉 manifold are separated by 1.6 × 10−4 cm−1,
9.4 × 10−5 cm−1, and 3.1 × 10−5 cm−1. Due to these small
energy gaps, even a weak laser field provokes strong cou-
plings among them, which significantly affect the rotational
dynamics. We consider a dc field tilted β = 30◦ with strengths
Es = 300 V/cm, 600 V/cm, and 1000 V/cm. In Fig. 6 we
present the energy, and expectation value 〈M2〉 of the adiabatic
pendular states |30,3M〉p as the laser intensity is increased until

I (t) = 3 × 108 W/cm2. In the presence of only an electric
field forming an angle β with the LFF Z axis, the projection
of J along the dc-field axis is a good quantum number, but
not along the LFF Z axis; cf. Figs. 6(d), 6(e), and 6(f). As
the laser intensity increases, the levels suffer several avoided
crossings, whose widths are larger for stronger dc fields; see
Figs. 6(a)–6(c). The effects of these avoided crossings are
recognized in the time evolution of 〈M2〉. After them, 〈M2〉
shows a constant behavior as I (t) increases. Indeed, when the
interaction due to the ac field is dominant, the projection of J

FIG. 6. For the adiabatic pendular states |30,33〉p (red solid line), |30,32〉p (blue dashed line), |30,31〉p (orange dotted line), and |30,30〉p (green
dot-dashed line), energy and expectation value 〈M2〉 for a dc field tilted β = 30◦ and with strength Es = 300 V/cm (a) and (d), Es = 600 V/cm
(b) and (e), and Es = 1000 V/cm (c) and (f). The laser pulse has τ = 10 ns and peak intensity I0 = 7 × 1011 W/cm2. In the insets, the energy
is given in units of cm−1 and the intensity in units of 108 W/cm2.
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FIG. 7. The squares of the projection of the time-dependent wave
function |30,31〉t onto the adiabatic states of the |30,3M〉 multiplet, i.e.,
|30,33〉p, |30,32〉p, |30,31〉p, and |30,30〉p as a function of I (t). The field

configurations are I0 = 7 × 1011 W/cm2, τ = 10 ns, β = 30◦, and
(a) Es = 300 V/cm, (b) Es = 600 V/cm, and (c) Es = 1000 V/cm.
The labels of the states are the same as in Fig. 6.

along the LFF Z axis becomes a quasigood quantum number,
as is observed in Figs. 6(d), 6(e), and 6(f).

The couplings within the states of the |JKa,Kc
M〉p manifold

have a strong impact on the rotational dynamics since, for
a given state, the time-dependent wave function might have
contributions from all the adiabatic pendular states within this
multiplet. This is illustrated in Fig. 7 with the weights of
the adiabatic pendular states |30,3M〉p into the time-dependent
wave function of |30,31〉t for Es = 300 V/cm, 600 V/cm,
and 1000 V/cm, β = 30◦, and a 10-ns laser pulse with peak
intensity I0 = 7 × 1011 W/cm2. As I (t) increases, the weights
of the adiabatic pendular states change drastically and are
redistributed within the manifold. This population transfer
depends on the coupling among the states in the multiplet,
on the initial energy gap between them, which is determined
by the dc-field strength and the angle β, and on the way the
alignment pulse is turned on. The field-dressed dynamics in
this region is characterized by large time scales and very large
adiabaticity ratios η � 1 among the adiabatic pendular states
[34]. As a consequence, very long laser pulses are required
to reach the adiabatic limit. Once the manifold is split, the

weights reach a plateaulike behavior, which is kept until one
of the adiabatic pendular states suffers an avoided crossing,
which might occur at stronger laser intensities.

B. Check of the diabatic model

In this section, we check the validity of the diabatic model,
which is based on the weak coupling, induced by the tilted
weak electric field, between states with different field-free
magnetic quantum numbers [32]. In the presence of only a
laser field, the magnetic quantum number of the field-dressed
states is conserved, and by adding a tilted static electric field
the rotational symmetry around the laser polarization axis
of the ac-field Hamiltonian is broken. For a weak dc field,
the interaction due to this dc field could be considered as
a perturbation to the ac-field Hamiltonian, and, in this case,
〈M2〉 is almost conserved. The diabatic model assumes that
an avoided crossing is crossed adiabatically (diabatically) if
the two involved states have the same (different) 〈M2〉. Then
the adiabatic model implies that 〈M2〉 should approximately
remain constant.

As an example, we present in Fig. 8 the time evolution
of 〈M2〉 for the |30,31〉t state in several field configurations.
Before the pulse is turned on, the initial state is the adiabatic
pendular level of the corresponding dc-field configuration, and,
as indicated above, 〈M2〉 differs from its field-free value due
to the tilted electric field. As I (t) increases, 〈M2〉 increases
and reaches a maximum, which appears at lower intensities for
longer pulses. If the pulse is short, the rotational dynamics does
not adapt to the time-dependent interaction, which provokes
nonadiabatic avoided crossings, and 〈M2〉 does not change
significantly. For longer pulses, the field-dressed dynamics
is more adiabatic and larger changes on 〈M2〉 are observed at
moderate laser intensities, and, therefore, 〈M2〉 reaches a larger
value at the maximum. By increasing the dc-field strength, the
Stark couplings among neighboring levels are larger provoking
larger changes in 〈M2〉; see Figs. 8(a) and 8(c). After the first
maximum, 〈M2〉 shows a rapid oscillatory behavior due to
the presence of several avoided crossings, which are crossed
diabatically transferring part of the population. For τ = 10 ns,
Es = 300 V/cm, β = 30◦, and β = 60◦, 〈M2〉 shows a sudden
change due to highly nonadiabatic avoided crossing among
states with different values of 〈M2〉. For I (t) � 1011 W/cm2,
〈M2〉 reaches a plateaulike behavior with small fluctuations,
and, therefore, in this region the diabatic model provides a
good approximation to the field-dressed dynamics.

These results show that the failure of the diabatic model
mainly occurs at low or moderate laser field intensities.
In this regime, the field-dressed states are strongly coupled
and several nonadiabatic effects take place, resulting in a
time-dependent wave function which is a linear combination of
the eigenstates of the instantaneous field-dressed Hamiltonian.
These nonadiabatic effects cannot be captured by the diabatic
model, since it considers an unambiguous correspondence
between eigenstates.

VI. CONCLUSIONS

In this work, we have investigated the rotational dynamics
of asymmetric-top molecules on a tilted-field configuration
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FIG. 8. For the time-dependent state |30,31〉t, expectation 〈M2〉 as
a function of I (t) for the rotational state for (a) Es = 300 V/cm and
β = 30◦, (b) Es = 300 V/cm and β = 60◦, and (c) Es = 1000 V/cm
and β = 30◦. The laser pulse has I0 = 7 × 1011 W/cm2, and temporal
widths τ = 10 ns (red solid line), 5 ns (blue dashed line), 1 ns (orange
dotted line), and 0.5 ns (green dot-dashed line).

similar to those used in current mixed-field orientation experi-
ments. By considering the benzonitrile molecule as prototype,
the richness and variety of the field-dressed dynamics have
been illustrated. We have addressed unique nonadiabatic
effects of the tilted-field configuration such as the J -multiplet
splitting and the coupling between states with different field-
free magnetic quantum numbers. By increasing the dc-field
strength, the energy spacings among the states on a J manifold
and on the quasidegenerate pendular doublets are enhanced.
Thus, the characteristic time scales of these two nonadiabatic
phenomena are reduced, easing the experimental requirements
for an adiabatic dynamics. However, the large amount of
narrow avoided crossings that emerge for moderate and strong

laser intensities frustrates the hunt of an adiabatic field-dressed
dynamics for rotationally excited states. As a consequence, for
excited rotational states, it becomes more challenging to exper-
imentally reach the adiabatic limit. For OCS, a nonadiabatic
control of the dynamics was experimentally observed to induce
field-free orientation [36]. Such a nonadiabatic control might
be more complicated for an asymmetric-top molecule due to
the intricate level structure.

In this time-dependent framework, we have revisited the
mixed-field orientation experiment of a state-selected molec-
ular beam of benzonitrile [39]. Our analysis includes 92.5%
of the molecular beam with the experimental weights and the
experimental field configuration: a weak static electric field
combined with a nonresonant linearly polarized laser pulses.
In this time-dependent description, the degree of orientation
of the molecular ensemble is smaller than the experimentally
measured one [39] and similar to the orientation provided by
the diabatic model [32]. By completing the molecular beam
with the rest of the populated states in the experiment and
taking into account the volume effect, this time-dependent
orientation ratio should not be significantly modified and
should not become closer to the experimental one. The
disagreement between the theoretical and experimental results
could be due to the Coulomb explosion, and the subsequent
detection of the molecular ions, and the way these processes
are simulated or to the lack of adiabaticity on previous steps
of the experiment, such as the state selection, which might
modify the experimental weights of the rotational states in the
molecular beam.

A rather natural extension of this work would be to inves-
tigate the rotational dynamics of asymmetric-top molecules
without rotational symmetry in combined dc and ac electric
fields. If the polarizability tensor is not diagonal in the
molecular fixed frame, or the dipole moment is not parallel
to one of the molecular axes, the symmetries of the field-
dressed Hamiltonian are reduced, and, therefore, the number
of avoided crossings increases. The basis set expansion in the
angular coordinates should be properly adapted to the new
irreducible representations, and longer computational times
would be required. Such a time-dependent study should allow
us to review the adiabatic analysis of the 6-chloropyridazine-
3-carbonitrile in combined electric and nonresonant laser
fields [48].
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Holmegaard, J. H. Nielsen, H. Stapelfeldt, and J. Küpper, Phys.
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