
Time-dependent analysis of the mixed-�eld orientation of molecules without

rotational symmetry

Linda V. Thesing,1 Jochen Küpper,1, 2, 3, a) and Rosario González-Férez4, b)

1)Center for Free-Electron Laser Science, Deutsches Elektronen-Synchrotron DESY,

Notkestrasse 85, 22607 Hamburg, Germany

2)The Hamburg Center for Ultrafast Imaging, Universität Hamburg, Luruper

Chaussee 149, 22761 Hamburg, Germany

3)Department of Physics, Universität Hamburg, Luruper Chaussee 149, 22761

Hamburg, Germany

4)Instituto Carlos I de Física Teórica y Computacional and Departamento de Física

Atómica, Molecular y Nuclear, Universidad de Granada, 18071 Granada, Spain

(Dated: 5 June 2017)

We present a theoretical study of the mixed-�eld orientation of molecules without

rotational symmetry. The time-dependent one-dimensional and three-dimensional

orientation of a thermal ensemble of 6-chloropyridazine-3-carbonitrile molecules in

combined linearly or elliptically polarized laser �elds and tilted dc electric �elds is

computed. The results are in good agreement with recent experimental results of

one-dimensional orientation for weak dc electric �elds [J. Chem. Phys. 139, 234313

(2013)]. Moreover, they predict that using elliptically polarized laser �elds or strong

dc �elds three-dimensional orientation is obtained. The �eld-dressed dynamics of ex-

cited rotational states is characterized by highly non-adiabatic e�ects. We analyze the

sources of these non-adiabatic e�ects and investigate their impact on the mixed-�eld

orientation for di�erent �eld con�gurations in mixed-�eld-orientation experiments.
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I. INTRODUCTION

Directional control over complex molecules, i. e., their alignment and orientation in labo-

ratory space, is strongly sought after for many applications, not the least in the quest for the

recording of so-called molecular movies of (bio)chemical dynamics.1�3 A detailed understand-

ing of the underlying control mechanisms and the related rotational dynamics is necessary

to guide experiments as well as to support the analysis of the actual imaging experiments,

especially when no good experimental observables of the degree of alignment and orientation

are available anymore.

Even for present day experiments with moderately small molecules the angular control

strongly improves or simply enables the observation of steric e�ects in chemical reactions4,5

or in imaging experiments utilizing photoelectron angular distributions,6�8 high-order-

harmonic-generation spectroscopy,9�11 and X-ray and electron di�ractive imaging.12�14 While

these experiments typically have been performed for simpler molecules so far, molecules of

the complexity of 6-chloropyridazine-3-carbonitrile (CPC) are within reach.

The generation as well as the basic concepts of alignment and orientation have been

described before.15�17 Here, we focus on mixed-�eld orientation, which utilizes the combined

action of a strong laser �eld with a dc electric �eld.16,18�21 This approach was experimentally

shown to allow for three-dimensional (3D) alignment and one-dimensional (1D) orientation

of the prototypical complex molecule CPC,22 but the employed adiabatic analysis of the

quantum dynamics could not reproduce the experimental �ndings.22,23

Here, we set out to accurately theoretically describe the rotational dynamics of a ther-

mal ensemble of CPC under the combined action of laser pulses and dc electric �eld. We

investigate the in�uence of the dc �eld strength as well as the angle between the �elds as the

ac �eld strength changes during the turn-on of the linearly and elliptically polarized laser

�elds. Our �ndings demonstrate that the rotational dynamics is very complex, and can be

quantitatively described as a solution of the time-dependent Schrödinger equation.

II. THEORETICAL DESCRIPTION

We consider a planar, polar, asymmetric top molecule with a polarizability tensor that is

diagonal in the principle-axes-of-inertia system and an electric dipole moment (EDM) that
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is not parallel to any principle axis of inertia. We investigate the rotational dynamics of

such a molecule in combined non-resonant laser and dc electric �elds where the laser �eld

is either linearly or elliptically polarized. The (major) polarization axis of the laser de�nes

the Z-axis of the laboratory-�xed frame (LFF) (X, Y, Z) and for an elliptically polarized

laser, the LFF Y -axis is de�ned by the minor polarization axis. The static �eld lies in the

Y Z-plane forming an angle β with the Z-axis. The molecule-�xed frame (MFF) (x, y, z) is

de�ned by the principle axes of inertia in such a way that the rotational constants satisfy

Bz > By > Bx. The MFF is related to the LFF by the Euler angles (φ, θ, χ).

Within the rigid rotor approximation, the Hamiltonian of the system is

H(t) = J2
xBx + J2

yBy + J2
zBz +Hstat +Hlaser(t) (1)

where Ji are the components of the angular momentum with respect to the i-axis, i ∈

{x, y, z}. The interaction of the molecule with the static electric �eld reads

Hstat = −Estat · µ = −Estatµz cos θsz − Estatµy cos θsy (2)

with the dc �eld strength Estat, the components µy and µz of the EDM µ and the angles

θsz and θsy between the static electric �eld and the MFF z- and y-axes, respectively (see

ref. 22 for their relations to the Euler angles). The interaction of the molecule with the

non-resonant laser �eld reads

Hlaser(t) =− IZZ(t)

2cε0

(
αzx cos2 θZz + αyx cos2 θZy

)
(3)

− IY Y (t)

2cε0

(
αzx cos2 θY z + αyx cos2 θY y

)
where IZZ(t) and IY Y (t) are the time-dependent intensities along the major and minor

laser-�eld polarization axes, respectively. For linear polarization, IY Y (t) = 0 and the total

intensity is given by I(t) = IZZ(t); for elliptical polarization I(t) = IZZ(t) + IY Y (t) and we

assume IZZ(t) = 3IY Y (t). In (3), αij = αii − αjj, where αii are the diagonal elements of the

polarizability tensor with i, j ∈ {x, y, z}. θPq is the angle between the LFF P -axis and the

MFF q-axis.22

To investigate the rotational dynamics of the CPC molecule in combined ac and dc �elds,

we solve the time-dependent Schrödinger equation (TDSE) associated with the Hamilto-

nian (1). For the angular coordinates, we employ a basis set expansion of the wave function
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i Bi (MHz) αii (10
−3 nm3) µi (D)

x 639.708 7.88 0

y 717.422 11.98 4.37

z 5905.0 22.24 2.83

TABLE I. Rotational constants, polarizability components and components of the EDM of the CPC

molecule.22 In the calculation of the rotational constants, the 35Cl isotope was considered.

using linear combinations of �eld-free symmetric rotor states, i. e., Wigner functions,24 which

respect the symmetries of the Hamiltonian. In the case of tilted �elds with β 6= 90 ◦, the

remaining symmetry operations of the Hamiltonian (1) are the identity E and the re�ection

σY Z on the Y Z-plane, which contains the dc and ac electric �elds, implying two irreducible

representations. The basis used for each irreducible representation has been described else-

where.25 The time propagation is carried out using the short iterative Lanczos method.26,27

In our calculations, the dynamics during the turn-on of the static electric �eld is assumed

to be adiabatic and the dc �eld-dressed states are taken as the initial states of the time-

propagation. For the adiabatic labeling of the time-dependent states, the static electric �eld

is �rst turned on parallel to the LFF Z-axis and, thereafter, rotated by an angle β.

This work focuses on the CPC molecule,22 which has an EDM of µ = 5.21 D that forms

an angle of 57.1 ◦ with the most polarizable axis (MPA) of the molecule, see Fig. 1. The

components of the EDM as well as the rotational constants and polarizability components

of CPC are listed in Table I. We use a �eld con�guration equivalent to the experimental

one,22 i. e., a Gaussian laser pulse with a peak intensity of Icontrol = 8.0 × 1011 W/cm2 and

a full-width at half maximum (FWHM) of 10 ns, and a tilted dc electric �eld with a �eld

strength of 571 V/cm.

In the experiment,22 an inhomogeneous electric �eld was used to de�ect the molecules

according to the e�ective dipole moments of their rotational states.28,29 The dispersed molec-

ular beam then entered a velocity map imaging (VMI) spectrometer where it was crossed

by the alignment and probe laser pulses. A state-selection of the sample was carried out

by focusing the laser beams on the most de�ected molecules, which are the ones in the

lowest-energy rotational states.29 The alignment and orientation of the CPC molecules was

measured by Coulomb explosion imaging of ionic fragments onto a screen perpendicular to
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FIG. 1. Sketch of the structure of the CPC molecule. The x-axis is perpendicular to the �gure

plane.

the dc electric �eld. The measured orientation corresponds to the average orientation of the

molecules occupying di�erent rotational states in the state-selected molecular ensemble.

The degree of orientation is experimentally quanti�ed by the ratio Nup/Ntot of Cl
+ ions

that are detected in the upper half of the screen to the total number of detected ions. In our

calculations, we determine this orientation ratio by projecting the 3D probability density

onto a 2D screen perpendicular to the dc electric �eld.23 Here, we take into account the probe

selectivity for a probe pulse that is linearly polarized parallel to the screen. The volume e�ect

due to the spatial intensity pro�les of the alignment and probe lasers is not included in this

work. We mimic the state-selection, which results in a non-thermal population distribution,

by using a thermal ensemble at a temperature of 200 mK, which is lower than the (1 K)

rotational temperature of the non-de�ected molecular sample and was found to describe

the non-thermal experimental ensemble well. We solve the TDSE for each state |ψγ〉 in the
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thermal ensemble and determine the thermal orientation ratio as

Nup

Ntot
=
∑
γ

wTγ
Nγ

up

Nγ
tot

(4)

with the thermal weights according to a Boltzmann distribution

wTγ =
e−Eγ/kBT∑
γ e

−Eγ/kBT
(5)

with the �eld-free energy Eγ of the state |ψγ〉. For the thermal ensemble at 200 mK, we take

into account the 50 lowest lying rotational states of each irreducible representation, i. e., 100

rotational states are included in the sums (4) and (5).

III. ORIENTATION OF A THERMAL ENSEMBLE AND COMPARISON

TO EXPERIMENTAL RESULTS

Fig. 2 shows the theoretical orientation for a thermal ensemble at T = 200 mK at the

control laser peak as a function of the angle β between the dc �eld and the LFF Z-axis

for linearly and elliptically polarized laser �elds. These results are in very good agreement

with the experimental orientation ratios for the state-selected molecular sample, which are

reproduced from ref. 22. We observe similar results for the linearly and elliptically polarized

laser �elds: The orientation of the thermal ensemble increases smoothly as the static �eld is

rotated towards the (major) polarization axis of the laser, and reaches values of Nup/Ntot ∼

0.65 for small β. For linear polarization, Nup/Ntot decreases for β = 10 ◦ due to the employed

geometry of the experimental setup, which cannot correctly measure the orientation for

parallel �elds.20 Overall, our time-dependent description of the mixed-�eld orientation of

state-selected CPC reproduces the features of the experimentally observed behavior well. In

particular, we �nd a good agreement between the experimental and theoretical orientation

ratio for β . 70 ◦. For β = 90 ◦, the experimental ensemble shows a small orientation which

contradicts the theoretical prediction of no orientation for perpendicular �elds. This could

be due to experimental imperfections such as misalignment of the dc �eld, the polarization

axis and detector screen or due to the in�uence of the probe laser. We point out that the

smooth behavior of Nup/Ntot is a consequence of the ensemble average. The orientation of an

individual state might strongly depend on β due to highly non-adiabatic e�ects appearing

in the rotational dynamics, see section IV below. These non-adiabatic e�ects are masked by

the ensemble average.
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FIG. 2. The orientation ratio Nup/Ntot at the peak of the laser pulse, Icontrol = 8.0× 1011 W/cm2,

as a function of β for linearly and elliptically polarized pulses, computed for a thermal ensemble

at T = 200 mK (red diamonds and blue circles, respectively) and experimental results for a state-

selected sample (red squares and blue triangles), see Fig. 5 from ref. 22. The dc �eld strength is

571 V/cm.

Fig. 3 shows the calculated expectation values of the orientation cosines along the LFF Z

and Y -axes as well as the dc �eld direction for the same thermal sample and �eld con�gura-

tions. The ratio Nup/Ntot plotted in Fig. 2 quanti�es the orientation of the MFF z-axis along

the major polarization axis of the laser, providing information about 1D orientation, which

is also characterized by 〈cos θZz〉T shown in Fig. 3 (a). To investigate the 3D orientation, we

additionally consider the expectation value 〈cos θY y〉T , shown in Fig. 3 (b), which measures

the orientation of the MFF y-axis along the LFF Y -axis. The orientation of the EDM along

the dc �eld direction is quanti�ed by 〈cos θsµ〉T , presented in Fig. 3 (c).

For the linearly polarized laser �eld, the thermal sample is strongly aligned along the

Z-axis, but not aligned along the Y -axis, as presented in Fig. 4. Strong 3D alignment is ob-
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FIG. 3. For a thermal ensemble at T = 200mK, the expectation values (a) 〈cos θZz〉T , (b) 〈cos θY y〉T

and (c) 〈cos θsµ〉T at the laser peak intensity as a function of β for a linearly polarized ac �eld and

with Estat = 571 V/cm (blue diamonds) and Estat = 20 kV/cm (green squares) as well as for an

elliptically polarized ac �eld with Estat = 571 V/cm (red circles) and Estat = 20 kV/cm (purple

triangles).
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FIG. 4. For (a) a thermal ensemble at T = 200 mK, and (b) the state |2121〉t, the expectation values

〈cos2 θZz〉 (�lled symbols) and 〈cos2 θY y〉 (empty symbols) at the laser peak intensity as a function of

β for a linearly polarized ac �eld and with Estat = 571 V/cm (blue diamonds) and Estat = 20 kV/cm

(green squares) as well as for an elliptically polarized ac �eld with Estat = 571 V/cm (red circles) and

Estat = 20 kV/cm (purple triangles). The alignment along the LFF Z-axis is practically independent

of all parameters with values of 〈cos2 θZz〉T ≈ 0.97 and 〈cos2 θZz〉 ≈ 0.95 for the thermal ensemble

and the |2121〉t state, respectively.
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tained with the elliptically polarized laser �eld, yielding 〈cos2 θZz〉T ≈ 0.95 and 〈cos2 θY y〉T ≈

0.83 for all β. The alignment cosine 〈cos2 θY y〉T shows a weak dependence on dc �eld and

on the angle β.

The orientation of the thermal ensemble, Fig. 3 (a), shows a smooth behavior, with

〈cos θZz〉T increasing from 0.09 to 0.29 for β = 85 ◦ and β = 10 ◦, respectively. This increase

is not reproduced within the adiabatic picture, which predicts a β-independent orientation

for a weak static electric �eld.22 The small orientation for β close to 90 ◦ in Fig. 3, obtained

from the time-dependent results, can be explained by population transfer within pendular

doublets formed as the laser intensity rises.20,21,30,31 At this �eld con�guration, the oriented

and antioriented adiabatic states within these near-degenerate pairs have similar contribu-

tions to the �eld-dressed dynamics reducing the orientation of the ensemble.

We now turn to the in�uence of a strong dc electric �eld on the orientation. For a dc

�eld of 20 kV/cm, the thermal orientation 〈cos θZz〉T rapidly increases as the angle between

the �elds decreases. For β = 10 ◦, we �nd a strong orientation with 〈cos θZz〉T = 0.94 and

〈cos θZz〉T = 0.90 for linearly and elliptically polarized pulses, respectively. The enhancement

of the orientation can be rationalized in terms of the rotational dynamics of each state

in the thermal ensemble, i. e., the contributions of di�erent instantaneous eigenstates of

the Hamiltoninan (1) to the time-dependent wave function, see section IV. For low laser

intensities, the interaction with the dc �eld is dominant, inducing a brute-force orientation

of the EDM along the dc �eld direction. If β is small, this brute-force orientation implies

a moderate orientation of the MFF z-axis along the LFF Z-axis, due to the angle between

the EDM and the MFF z-axis. As the laser intensity increases and becomes the dominant

interaction, the strong dc �eld leads to preferred contributions of oriented pendular states

to the time-dependent wave functions, which results in an enhancement of the orientation

of the thermal ensemble.

Considering the orientation of the MFF y-axis along the LFF Y -axis, shown in Fig. 3 (b),

the thermal ensemble is very weakly oriented for a linearly polarized pulse and Estat =

571 V/cm, reaching a maximum value of 〈cos θY y〉T = 0.12 at β = 85 ◦. However, a strong dc

electric �eld induces a brute-force orientation of the EDM, and thus, a moderate orientation

of the molecular y-axis, along the dc �eld direction before the laser pulse is turned on. This

orientation of the MFF y-axis is maintained to some extend even in the presence of the laser

�eld with 〈cos θY y〉T increasing from 0.11 to 0.53 for β = 10 ◦ and β = 85 ◦, respectively,
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at the peak of the linearly-polarized laser pulse. Thus, a strong dc �eld combined with

a linearly polarized ac �eld induces a signi�cant 3D orientation for intermediate β. In

contrast, even a weak dc �eld induces a moderate 3D orientation when combined with

an elliptically polarized laser �eld. Here, the orientation along the Y -axis monotonically

increases from 〈cos θY y〉T = 0.25 to 〈cos θY y〉T = 0.40 for β = 10 ◦ to β = 85 ◦, respectively.

For Estat = 20 kV/cm, we �nd an enhancement of 〈cos θY y〉T , similar to the behavior of

〈cos θZz〉T for strong dc �elds, but for increasing β. If β is small, the in�uence of the static

�eld along the Y -axis is not strong enough to, in general, achieve preferred contributions of

oriented pendular states to the rotational dynamics of excited states in the thermal ensemble.

As a result, for β = 10 ◦ we encounter a few low-lying excited states in the molecular ensemble

that are not oriented or even strongly antioriented along the Y -axis at the peak intensity.

Compared to the weak dc �eld, 〈cos θY y〉T is reduced at this angle. This e�ect disappears if

the temperature is increased and more excited states contribute to the thermal ensemble.

Regarding the behavior of 〈cos θsµ〉T in Fig. 3 (c),32 the orientation of the EDM along

the dc �eld direction shows a weak dependence on β. For small angles between the ac and

dc �elds, 〈cos θsµ〉T is approximately given by cos(57.1 ◦)〈cos θZz〉T , since for these small

angles it holds 〈cos θsz〉T ≈ 〈cos θZz〉T . Thus, for both polarizations we �nd similar values

of 〈cos θsµ〉T ≈ 0.18 and 〈cos θsµ〉T ≈ 0.5 for the weak and strong dc �elds, respectively.

For β = 85 ◦, the orientation of the EDM along the dc �eld direction is dominated by the

behavior of 〈cos θY y〉T , and as a consequence, 〈cos θsµ〉T is larger for the elliptically polarized

laser �eld than for the linearly polarized laser �eld. The decreasing (increasing) behavior

of 〈cos θsµ〉T versus β for linear (elliptical) polarization is due to the larger contribution

of 〈cos θsy〉T , since cos(57.1 ◦) < sin(57.1 ◦). In addition, for the linear polarized case we

�nd that 〈cos θY y〉T for β = 85 ◦ is smaller than 〈cos θZz〉T for β = 10 ◦ for both dc �eld

strengths. For β = 57.1 ◦, the angles between the ac and dc �elds and between the EDM and

the MPA coincide, and a maximum of 〈cos θsµ〉T could be expected for the 3D aligned sample

in an elliptically polarized laser �eld. However, this is not the case since the orientation of

the EDM is obtained from the average over the four possible orientations of the adiabatic

pendular states, shown in Fig. 5, which contribute to the time-dependent wave function of

each state in the thermal ensemble.

To summarize, a signi�cant 3D orientation is obtained for intermediate angles β, a strong

dc �eld and both, linear and elliptical, laser polarizations. The degree of orientation of the
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FIG. 5. For an elliptically polarized laser �eld, the four possible orientations of the 3D aligned

pendular states in the adiabatic picture.

MFF y-axis along the LFF Y -axis is larger for an elliptically polarized pulse than for a

linearly polarized one, whereas the orientation of the MFF z-axis along the LFF Z-axis is

similar in both cases. This implies that to achieve a large 3D orientation an elliptically po-

larized laser is recommended. Nevertheless, we point out that the naive picture of achieving

3D orientation by �xing one molecular axis, namely the MPA, with a linearly polarized laser

�eld and a second axis, the EDM, with a dc electric �eld does (only) work in the limit of
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strong laser and strong dc electric �elds.

IV. FIELD-DRESSED DYNAMICS

To analyze the dynamics of individual excited states33 for the di�erent �eld con�gurations

in detail, we choose the state |2121〉t as a prototypical example. Energetically, it is the 14th

and 19th excited state of the representation with even parity under the re�ection σY Z for

Estat = 571 V/cm and Estat = 20 kV/cm, respectively. In Fig. 6 the orientation cosines

〈cos θZz〉, 〈cos θY y〉 and 〈cos θsµ〉 at the peak intensity are presented as a function of β. The

smooth β-dependence found for the orientation of the thermal ensemble is not re�ected in

the �nal orientation of the state |2121〉t. For instance, depending on the angle β, this state

can be strongly 1D or 3D oriented, antioriented, or not oriented. However, certain features

of the orientation of the thermal average can also be observed for the state |2121〉t as well

as for most other states contributing to the ensemble average at 200 mK. In particular, the

signi�cant orientation along the Z-axis for a strong dc �eld and small β and the decreasing

orientation along the Z-axis for a weak dc �eld in the region 75 ◦ . β < 90 ◦. However,

the exact orientation for a speci�c �eld con�guration can only be determined from time-

dependent calculations. In contrast, the alignment along the the Z-axis of the state |2121〉t,

shown in Fig. 4 (b), does not depend on β and resembles the alignment of the thermal

sample. The alignment cosine 〈cos2 θY y〉 shows a weak dependence on the angle between

the ac and dc �elds due to contributions of highly excited pendular states that are weakly

aligned along the Y -axis.

The rotational dynamics shows highly non-adiabatic e�ects due to M -manifold splitting,

avoided crossings and the formation of pendular doublets and quadruplets.31,34 The impor-

tance of each of these e�ects depends strongly on the �eld con�guration, i. e., the ac and

dc �eld strengths, the angle β between the �elds, and the polarization and temporal pro�le

of the laser pulse. In this section, we investigate the in�uence of these non-adiabatic phe-

nomena on the mixed-�eld orientation. For illustration, the time evolution of the rotational

dynamics of the |2121〉t state and the orientation cosines of the adiabatic pendular states are

shown in movies provided in the supplementary material (see section VI).
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FIG. 6. The expectation values (a) 〈cos θZz〉, (b) 〈cos θY y〉 and (c) 〈cos θsµ〉 for the state |2121〉t

at the peak intensity as a function of β for a linearly polarized ac �eld and dc �eld strength

Estat = 571 V/cm (blue diamonds) and Estat = 20 kV/cm (green squares) as well as for an elliptically

polarized ac �eld and dc �eld strength Estat = 571 V/cm (red circles) and Estat = 20 kV/cm (purple

triangles).
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A. Linearly polarized laser

We start by analyzing the dynamics for a linearly polarized laser �eld. Even at low

intensities, the dynamics is highly complicated. This is illustrated in Fig. 7 (a) and (b), which

show the squares of the projection of the time-dependent wave function onto the adiabatic

basis formed by the eigenstates of the instantaneous Hamiltonian (1). The dynamics is

shown for a linearly polarized laser �eld through the intensity regime 109 W/cm2 ≤ I(t) ≤

1010 W/cm2 and both dc �eld strengths, Estat = 571 V/cm and Estat = 20 kV/cm. For this

example we chose β = 57.1 ◦, which corresponds to the angle between EDM and MPA.

For a weak dc �eld of 571 V/cm, the population of the adiabatic pendular state |2121〉p
is already signi�cantly reduced at 1.0 × 109 W/cm2 compared to the laser �eld-free value

of 1.0, see left side of Fig. 7 (a). This is due to population transfer at the splitting of

the |212M〉p manifold with M = 1, 2 occurring at even lower intensities.34 In contrast, for

Estat = 20 kV/cm, the energy gap between the states within this manifold is so large that

their coupling is signi�cantly reduced, preventing population transfer within the manifold

as the ac �eld is turned on.

In this low intensity regime, the large number of avoided crossings, see Fig. 7 (c) and

(d), is the main source of the non-adiabatic behavior and leads to many adiabatic pendular

states being involved in the dynamics. At each avoided crossing, the energy spacing among

the involved pendular states strongly depends on the dc �eld strength and the angle between

the ac and dc �elds. Thus, the adiabatic pendular states contributing to the time-dependent

wave function signi�cantly vary for the dc �eld strengths considered here, c. f. Fig. 7 (a) and

(b). By changing the angle β or any other �eld parameter, the contributions of the adiabatic

pendular states to the time-dependent wave function also vary strongly (not shown here).

We emphasize that avoided crossings play an important role during the whole rotational

dynamics of excited states and are one of the main sources of non-adiabatic e�ects. The

dynamics through an avoided crossing depends, additionally, on the temporal pro�le of

the laser. Achieving completely adiabatic dynamics at arbitrary avoided crossings, i. e., no

population transfer between the involved pendular states, would be very challenging since

it requires an extremely slowly increasing intensity due to the extremely narrow spacing

between the involved states; i. e., to achieve adiabatic dynamics corresponding to the energy

and �eld-strength range presented in Fig. 7 and Fig. 10 microsecond-long laser pulses or a
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FIG. 7. The squares of the projection of the time-dependent wave function onto the adiabatic-

pendular-state basis of the state |2121〉t, for a linearly polarized ac �eld through the �eld-strength

regime 1.0×109 W/cm2 ≤ I(t) ≤ 1.0×1010 W/cm2 and dc �eld strengths of (a) Estat = 571 V/cm

and (b) Estat = 20 kV/cm. Energy level structure for the same intensities and dc �eld strengths (c)

Estat = 571 V/cm and (d) Estat = 20 kV/cm. The angle between the ac and dc �elds is β = 57.1 ◦.

continuous-wave control laser35 would be necessary.

At stronger laser �elds, quasi-degenerate pendular doublets are formed providing an ad-

ditional source of non-adiabatic e�ects. During the doublet formation with increasing I(t),

the energy splitting and the directional properties of the two pendular states change in a way

that depends strongly on the external �eld parameters, in particular the dc �eld strength and

the angle β. Thus, the in�uence of the doublet formation on the rotational dynamics and

the mixed-�eld orientation at the peak intensity varies signi�cantly if the �eld con�guration
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FIG. 8. The energies of the 20 lowest lying adiabatic pendular states with even parity under

re�ection on the plane containing the ac and dc �elds, at the peak intensity for (a) linearly polarized

ac �eld and Estat = 571 V/cm, (b) elliptically polarized ac �eld and Estat = 571 V/cm, (c) linearly

polarized ac �eld and Estat = 20 kV/cm, (d) elliptically polarized ac �eld and Estat = 20 kV/cm.

is modi�ed.

For Estat = 571 V/cm, the pendular doublets can be clearly observed for all values of

β, see Fig. 8 (a), which shows the energies of the 20 lowest lying adiabatic pendular states

at the peak of the laser pulse for β = 10 ◦ and β = 85 ◦. The energy separation within

these pendular doublets, ∆E ∼ 2Estatµz cos β, decreases as the dc �eld is rotated towards

the perpendicular �eld con�guration. For β = 85 ◦, the small energy splitting and rapid

formation of the pendular doublets with increasing laser intensity leads to a redistribution

of the population within the quasi-degenerate doublets. This redistribution of the population

for β = 85 ◦ can be observed in the projection of the wave function onto the adiabatic basis

at the peak intensity, shown in Fig. 9 (a), where the two adiabatic pendular states in several

doublets have similar weights. This can also be observed in the �eld-dressed-dynamics

movies in the supplementary material (see section VI). Since the quasi-degenerate doublets

consist of strongly aligned pendular states that are oriented in opposite directions along the

LFF Z-axis, the overall orientation of the state |2121〉t at the peak intensity decreases as
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β approaches 90 ◦, see Fig. 6 (a). A similar population redistribution within the pendular

doublets also occurs for other excited states, and, as a result, the orientation of the thermal

ensemble in Fig. 3 (a) decreases as β approaches 90 ◦.

As β decreases, the increasing Z-component of the dc �eld leads to larger energy split-

ting between the two adiabatic pendular states in the doublets. As a result, for small β we

�nd less population transfer among the involved adiabatic pendular states than for β close

to 90 ◦. The weights of two adiabatic pendular states forming a quasi-degenerate pair can

di�er strongly at the peak intensity for β . 70 ◦, c. f. Fig. 9 (a). In the �nal population

distribution in Fig. 9 (a), we encounter gaps of unpopulated pendular states that can be

explained by population transfer at avoided crossings occurring at high intensities. When

the pendular doublets are already formed, we encounter avoided crossings involving four

adiabatic pendular states. In these highly non-adiabatic avoided crossings, the population

of the oriented (antioriented) state passes to the oriented (antioriented) state of the adjacent

doublet (see section VI). Due to this mainly diabatic rotational dynamics at high intensities

only a few adiabatic pendular states, distributed over a wide range of energies, signi�cantly

contribute to the �nal wave function. These pendular states mainly determine the orienta-

tion at di�erent β. Depending on the angle between the ac and dc �elds, the contributions

of either oriented or antioriented adiabatic states are dominant in the �nal wave function.

This leads to the oscillating behavior of 〈cos θZz〉 versus β in Fig. 6 (a).

For a strong dc �eld of Estat = 20 kV/cm, the arrangement in pendular doublets can

still be observed for β close to 90 ◦, where the energy separation within the doublets is

much larger than for a weak dc �eld, see Fig. 8 (c). For small angles, the lower lying

adiabatic states do not form pendular doublets having opposite orientation, but there are

nearly degenerate adiabatic states oriented in the same direction. For β = 85 ◦, due to

the large energy separation, the pendular doublet formation does not lead to a signi�cant

population transfer between the two pendular states as for a weak dc �eld and the same angle.

Thus, the �eld-dressed dynamics for Estat = 20 kV/cm is dominated by avoided crossings

between neighboring levels. The population transfer occurring at these avoided crossings

gives rise to a broad and homogeneous distribution of populated pendular states at the peak

intensity, see Fig. 9 (b). As a result, we �nd similar contributions of oriented and antioriented

adiabatic pendular states for β = 85 ◦, giving rise to a small orientation along the Z-axis of

the state |2121〉t. We �nd other time-dependent excited states that are strongly oriented or
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FIG. 9. For the state |2121〉t, the squares of the projection of the wave function at the peak of a

linearly polarized laser pulse onto the adiabatic pendular states as a function of β and the index

of the pendular states according to energetic order. The dc �eld strength is (a) Estat = 571 V/cm

and (b) Estat = 20 kV/cm. The index of the adiabatic pendular state |2121〉p is 14 and 19 for the

weak and strong dc �eld, respectively.
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antioriented at the peak intensity, depending on the weights of the adiabatic states in their

�nal wave functions. The opposite orientations of these time-dependent states cancel in the

thermal ensemble, which shows a weak orientation for β = 85 ◦.

If β is small, the initial brute-force orientation of the EDM, induced by the strong dc

�eld, implies a signi�cant orientation of the MFF z-axis along the LFF Z-axis before the

laser pulse is turned on. For laser intensities above 1.0× 1010 W/cm2, the interaction with

the ac �eld becomes dominant over the interaction with the dc �eld and the MPA becomes

aligned along the Z-axis. Due to this strong con�nement of the MPA, the orientation of

many adiabatic pendular states along the Z-axis increases while some pendular states grad-

ually become strongly antioriented. The change in the 〈cos θZz〉 versus the laser intensity

can be observed in the movies provided in the supplementary material (see section VI).

The pendular states initially becoming antioriented in this intermediate intensity regime are

mostly highly excited states that are not populated so that mainly oriented adiabatic states

continue to contribute to the rotational dynamics in this regime. As the laser intensity

increases further, we encounter numerous avoided crossings between these strongly oriented

and strongly antioriented pendular states. At such an avoided crossing, the involved adia-

batic pendular states interchange their directional properties, i. e., the previously oriented

(antioriented) state becomes antioriented (oriented). Since these avoided crossings are tra-

versed diabatically, the time-dependent wave function does not acquire population on the

antioriented adiabatic pendular states. As a result, the distribution in Fig. 9 (b) shows gaps

of unpopulated adiabatic states that are mainly antioriented at the peak intensity. Thus,

at the peak intensity, the state |2121〉t is strongly oriented along the LFF Z-axis for small

values of β, see Fig. 6 (a). The dynamics of other excited states shows a similar behavior,

thus enhancing the orientation of the thermal ensemble as seen in Fig. 3 (a).

For β close to 90 ◦, i. e., small angles between the dc �eld and the LFF Y -axis, the

initial brute-force orientation of the EDM implies an orientation of the MFF y-axis along

the LFF Y -axis before the laser pulse is turned on. This orientation is maintained for

several adiabatic pendular states even at the peak intensity but we also �nd other pendular

states being weakly antioriented or not oriented (see section VI). This leads to an overall

moderate orientation of the MFF y-axis along the LFF Y -axis for the state |2121〉t as well

as the thermal average, for β close to 90 ◦, see Fig. 6 (b) and Fig. 3 (b). If β is small, the

dc electric �eld does not induce an initial orientation of the MFF y-axis along the LFF Y -
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axis. In the presence of the laser �eld, di�erent time-dependent excited states may become

moderately oriented in opposite directions or show no orientation along the LFF Y -axis at

the peak intensity. Thus, the thermal ensemble shows a very small orientation 〈cos θY y〉T
for small β.

B. Elliptically polarized laser

We now consider the rotational dynamics in elliptically polarized laser �elds. In the

absence of the dc �eld, the elliptically polarized ac �eld induces 3D alignment of the CPC

molecules, with the z and y molecular axes aligned along the LFF Z and Y -axes, respectively.

Compared to the linearly polarized cases analyzed in the previous section, and since the

total intensities for both polarizations are equal, the e�ective intensities of the elliptically

polarized laser �eld along these two axes are weaker. This implies a smaller alignment along

the Y -axis, as is illustrated in Fig. 4. In this section, we analyze how this change in the ac

�eld polarization a�ects the rotational dynamics and mixed-�eld orientation.

For low intensities, 109 W/cm2 ≤ I(t) ≤ 1010 W/cm2, the squares of the projection

of the time-dependent wave function for the state |2121〉t are shown in Fig. 10 (a) and (b)

for β = 57.1 ◦ and Estat = 571 V/cm and Estat = 20 kV/cm, respectively. In this intensity

regime, we �nd a similarly complex dynamics as for a linearly polarized laser �eld presented

in Fig. 7. For Estat = 571 V/cm the splitting of the |212M〉p manifold at weaker intensities

leads to population transfer among the two pendular states within this manifold. For a

strong dc �eld with Estat = 20 kV/cm, this e�ect is not signi�cant and the population

of the state |2121〉p, is still approximately 1.0 at 1.0 × 109 W/cm2. The large number of

avoided crossings in Fig. 10 (c) and (d) dominate the rotational dynamics, which involves

several adiabatic pendular states even for low intensities. Di�erences between the dynamics

for linearly and elliptically polarized ac �elds gain importance at higher intensities where

the elliptically polarized ac �eld signi�cantly in�uences the energy level structure and the

directional features of the adiabatic pendular states.

Analogously to the linearly polarized ac �eld, near-degenerate pendular doublets are

formed as the laser intensity increases. For Estat = 571 V/cm and I(t) & 1011 W/cm2,

we additionally encounter the formation of near-degenerate quadruplets, after the doublets

are already formed. This arrangement in doublets and quadruplets can be observed in the
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FIG. 10. The squares of the projection of the time-dependent wave function onto the adiabatic-

pendular-state basis of the state |2121〉t, for an elliptically polarized ac �eld through the �eld-

strength regime 1.0× 109 W/cm2 ≤ I(t) ≤ 1.0× 1010 W/cm2 and dc �eld strengths of (a) Estat =

571 V/cm and (b) Estat = 20 kV/cm. Energy level structure for the same intensities and dc �eld

strengths (c) Estat = 571 V/cm and (d) Estat = 20 kV/cm. The angle between the ac and dc �elds

is β = 57.1 ◦.

energies of the adiabatic pendular states at the peak intensity, shown in Fig. 8 (b). The

energy separations between consecutive quadruplets are larger than between consecutive

doublets in the case of a linearly polarized ac �eld. Due to the quadruplet formation for

the elliptically polarized laser �eld, we �nd a smaller number of avoided crossings between

near-degenerate groups of pendular states than for linear polarization. These features of

the energy level structure limit the population transfer to highly excited states and the
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FIG. 11. For the state |2121〉t, the squares of the projection of the wave function at the peak of a

elliptically polarized laser pulse onto the adiabatic pendular states as a function of β and the index

of the pendular states according to energetic order. The dc �eld strength is (a) Estat = 571 V/cm

and (b) Estat = 20 kV/cm. The index of the adiabatic pendular state |2121〉p is 14 and 19 for the

weak and strong dc �eld, respectively.
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population at the peak intensity is con�ned to a small region of relatively low-lying adiabatic

pendular states for all values of β, c. f. Fig. 11 (a) and section VI.

For the weak dc �eld and β close to 90 ◦, a redistribution of the population occurs during

the formation of the near-degenerate doublets similar to the case of a linearly polarized ac

�eld (see section VI). This is re�ected in the weights of the adiabatic pendular states con-

tributing to the time-dependent wave function at the peak intensity, c. f. Fig. 11 (a), where

there are several neighboring adiabatic levels with similar contributions. This redistribution

leads to the decrease of 〈cos θZz〉 for β & 75 ◦ for the state |2121〉t in Fig. 6 (a) and the

thermal ensemble in Fig. 3 (a), similar to the case of a linearly polarized laser pulse. For

β = 85 ◦, the states forming each of the two doublets in a near-degenerate quadruplet are

oriented in opposite directions along the LFF Z-axis, but in the same direction along the

Y -axis (see section VI). Thus, the state |2121〉t shows a moderate orientation along the

Y -axis at this angle see Fig. 6 (b). We �nd other time-dependent excited states that are

antioriented at the peak intensity due to di�erent adiabatic pendular states contributing to

their rotational dynamics. In the thermal ensemble, the contributions of states, which are

oriented along the Y -axis, become more dominant as β approaches 90 ◦, giving rise to the

increase of 〈cos θY y〉 for increasing β in Fig. 3 (b).

For a strong dc electric �eld, pendular doublets can be observed for β close to 90 ◦ and

some low-lying pendular states for small β. Near-degenerate quadruplets are not formed,

see Fig. 8 (d). Thus, avoided crossings are the main source of non-adiabatic phenomena in

the rotational dynamics at higher intensities.

For β = 10 ◦, a qualitatively similar rotational dynamics can be observed for both, linear

and elliptical, polarizations of the ac �eld, but with di�erent adiabatic states contributing to

the time-dependent wave functions (see section VI). The distributions of the population of

adiabatic pendular states in the wave function at the peak intensity show the same features,

i. e., the approximate number and range of contributing pendular states, in both cases,

see Fig. 11 (b) and Fig. 9 (b). The state |2121〉t also shows a signi�cant orientation of the

MFF z-axis along the LFF Z-axis at the peak intensity of the elliptically polarized ac �eld,

see Fig. 6 (a). However, since the weights of the adiabatic pendular states vary when the

ac �eld polarization is changed, 〈cos θZz〉 at β = 10 ◦ di�ers for the linearly and elliptically

polarized laser pulses.

Regarding the orientation along the LFF Y -axis for the strong dc �eld and the elliptically
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polarized ac �eld, the state |2121〉t shows an analogous behavior for β = 85 ◦ as for the

orientation along the LFF Z-axis for β = 10 ◦. Once the ac �eld component along the LFF

Y -axis is su�ciently strong to align the MFF y-axis along the LFF Y -axis, the initially

brute-force-oriented adiabatic pendular states become either strongly oriented or strongly

antioriented along this axis (see section VI). As this occurs, several pendular states becoming

antioriented along the Y -axis have signi�cant weights in the time-dependent wave function.

As a result, the state |2121〉t only shows a moderate orientation of the MFF y-axis along the

LFF Y -axis at the peak intensity, c. f. Fig. 6 (b). Other excited states may even be weakly

antioriented. Thus, for the thermal ensemble, 〈cos θY y〉T in Fig. 3 (b) is only moderately

enhanced by the strong dc �eld.

To summarize, even if the �eld-dressed dynamics is highly non-adiabatic, the directional

features of individual excited rotational states and, consequently, of the ensemble average,

can be controlled to some extend. A signi�cant orientation of the MFF z-axis along the

LFF Z-axis can be achieved by applying a strong dc �eld for small values of β and both a

linearly and elliptically polarized laser �eld. An analogous enhancement of the orientation

of the MFF y-axis along the LFF Y -axis is obtained for an elliptically polarized ac �eld and

β close to 90 ◦.

V. CONCLUSION

We present a time-dependent analysis of the rotational dynamics of a non-symmetric

molecule in combined ac and dc electric �elds. We investigate the in�uence of the dc �eld

strength and the angle between the ac and dc �elds during the turn-on of linearly and

elliptically polarized laser pulses. Our theoretical study is focused on the prototypical CPC

molecule, which has a permanent dipole moment with a direction that is neither parallel to

any principle axis of inertia nor to any principle axis of polarizability.

Our computational results for a thermal ensemble at 200 mK agree quantitatively with

mixed-�eld-orientation experiments of state-selected CPC molecules,22 including the 1D ori-

entation along the Z-axis, and the smooth β-dependence of the orientation that could not

be explained by the previous adiabatic description. Our time-dependent description also

shows that in the experiment 3D orientation was achieved for the employed combination of

the elliptically polarized laser pulse and the weak dc �eld.
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The analysis of the time-dependent dynamics of individual states, which we described

for the prototypical state |2121〉t, shows highly non-adiabatic dynamics. These non-

adiabaticities arise due to avoided crossings, M -manifold splitting, and the formation of

pendular doublets and quadruplets. The relevance of these phenomena and the exact dy-

namics are highly dependent on the �eld parameters, e. g., the laser pulse, the dc �eld

strength, and the angle between the two �elds. Generally, the distribution of population

over many adiabatic pendular states leads to a weak net orientation, because a priori as

many oriented as antioriented pendular states are involved in the �eld-dressed dynamics.

However, for strong dc electric �elds, preferred contributions of oriented pendular states

to the wave function are obtained and strong degrees of orientation are achieved even for

rotationally excited states.

For a ground-state ensemble, which for complex molecules can be produced by state-

speci�c guiding,36 adiabatic 3D orientation can be achieved by combining a long laser pulse

with a moderately strong dc electric �eld. For excited states, although the dynamics is non-

adiabatic, their directional features can be controlled to some degree by applying strong dc

�elds. Furthermore, we show that 3D orientation of a thermal ensemble can be achieved in

two ways: Firstly, by combining a linearly polarized laser �eld with a strong dc electric �eld,

e�ectively locking the MPA to the laser polarization axis and the EDM to the dc electric

�eld direction. Secondly, by combining an elliptically polarized laser �eld with a strong dc

electric �eld to induce mixed-�eld orientation of the 3D aligned sample.

While the current work is focused on the prototypical complex molecule CPC, similar

rotational dynamics are expected for other non-symmetric molecules. Even if the principle

axes of inertia and polarizability are non-parallel, mixed-�eld orientation is expected. Since

the non-adiabatic e�ects strongly depend on the molecular properties, accurate predictions of

the results of mixed-�eld experiments requires an accurate description, e.g., a TDSE analysis

of the rotational dynamics. The present work paves the way to an accurate description of the

mixed-�eld orientation of large molecules in general, which is highly relevant for molecular-

frame imaging experiments of complex molecules, where experimental determinations of the

degree of alignment and orientation become very di�cult and corresponding simulations of

the angular control are necessary to analyze the experimental data.2,37
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VI. SUPPLEMENTARY MATERIAL

See supplementary material for movies of the �eld-dressed rotational dynamics of the

state |2121〉t and the orientation cosines of the adiabatic pendular states.
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