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Zusammenfassung

Moleküle mit Hilfe von externen elektrischen Feldern auszurichten und zu orientieren, ist
von großem Interesse in der physikalischen Chemie. Zu den grundlegenden Anwendungen
zählen verschiedene experimentelle Abbildungstechniken, die mit dem Ziel eingesetzt
werden, zeitabhängige Strukturen isolierter Moleküle in dynamischen Prozessen zu bestim-
men. Kontrolle über die Rotation der Moleküle mindert hierbei den Informationsverlust
durch die Mittelung über zufällige Orientierungen und erlaubt es, Information direkt
im Molekülsystem zu erhalten. Eine genaue theoretische Beschreibung der Rotations-
dynamik in elektrischen Feldern ist äußerst wichtig für die Analyse der Experimente
und um starke Ausrichtung und Orientierung zu erreichen. Viele bisherige Studien
verwendeten die starre Rotor Näherung und vernachlässigten Schwingungsfreiheitsgrade
und Kernspinwechselwirkungen oder waren auf Systeme hoher Symmetrie beschränkt.
Aufgrund der Komplexität vieler Biomoleküle ist eine verallgemeinerte Beschreibung, die
interne Rotationen und deren Kopplung zu der Gesamtrotation sowie Kernspineffekte
einbezieht, erforderlich. In dieser Arbeit werden Schritte zu einer derartigen allgemeinen
Beschreibung der Rotationsdynamik komplexer Moleküle hin vorgestellt.

Zunächst wird eine zeitabhängige Analyse der Orientierung durch Laserfelder in
Kombination mit statischen elektrischen Feldern präsentiert. Hierfür wird das Molekül
6-chloropyridazine-3-carbonitrile verwendet, bei dem das elektrische Dipolmoment zu
keiner der Hauptträgheitsachsen parallel ist. Das im Experiment beobachtete Orien-
tierungsverhalten wird reproduziert und es wird gezeigt, dass es von einer hochgradig
nicht-adiabatischen Dynamik verursacht wird, was in der vorherigen Beschreibung nicht
erfasst wurde. Als Nächstes wird der Einfluss der internen Rotation des Wassermoleküls
in Indol(H2O)-Komplexen analysiert. Hier wird gezeigt, dass die Kopplung der internen
und der gesamte Rotation unter normalen experimentellen Bedingungen für Orien-
tierung mit kombinierten elektrischen Feldern vernachlässigt werden kann und dass die
Indol(H2O)-Komplexe wie starre Moleküle behandelt werden können. Die nachfolgenden
Studien befassen sich mit der Auswirkung von Kernquadrupolwechselwirkungen auf die
laserinduzierte Ausrichtung von Molekülen. Zunächst wird unsere theoretische Vorge-
hensweise vorgestellt, welche es prinzipiell zulässt, eine beliebige Anzahl von Kernspins
einzubeziehen. Die Anwendung von diesem Ansatz wird anhand des Moleküls CFClBrI,
das mehrere schwere Kerne mit großen Quadrupolmomenten hat, demonstriert. Hierbei
wurde eine deutliche Auswirkung der Quadrupolkopplung auf die feldfreie Ausrichtung,
induziert durch kurze Laserpulse, beobachtet. Im Anschluss wird er Einfluss der Laser-
pulsdauer und der Eigenschaften verschiedener linearer und asymmetrischer Moleküle
untersucht. Adiabatische Ausrichtung wird von der Kernquadrupolkopplung nicht beein-
flusst, aber es wird ein deutlicher Einfluss auf die feldfreie Dynamik nach Wechselwirkung
mit verschiedenen Laserfeldern beobachtet. Dieser Effekt kann auf eine Dephasierung
der Wellenpakete durch die Hyperfeinenergieaufspaltungen der Rotationsniveaus zurück-
geführt werden. Diese Dephasierung ist allgemein am größten für Rotationszustände
niedriger Energie und der Einfluss der Quadrupolkopplung ist am geringsten für starke
Laserfelder durch die hoch angeregte Rotationszustände besetzt werden. Des Weiteren
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ist die Größe der Hyperfeinenergieaufspaltungen im Vergleich zu den Energieabständen
der Rotationsniveaus von großer Bedeutung für den Einfluss auf die Rotationsdynamik.
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Abstract
Aligning and orienting molecules with external electric fields has long been of great
interest in physical chemistry. Among the principle applications are various single
molecule imaging techniques employed with the goal to determine transient molecular
structures during dynamical processes. Here, rotational control mitigates the loss of
information from averaging over random orientations of molecules and allows one to
obtain information directly in a molecular frame. An accurate theoretical description
of the field-dressed rotational dynamics is crucial for the analysis of the experiments as
well as guiding them to achieve optimal degrees of alignment and orientation. Many
previous studies relied on the rigid-rotor approximation and neglected large amplitude
vibrations and nuclear spin interactions or focused on highly symmetric systems. Since
most biomolecules are very complex, a generalized description including internal motions
and their coupling to the rotations as well as nuclear spin effects is needed. This thesis
takes steps towards such a generalized description of the rotational dynamics of complex
molecules.

First, a time-dependent analysis of the mixed-field orientation of a rigid molecule
without rotational symmetry, i. e., 6-chloropyridazine-3-carbonitrile, which has an electric
dipole moment not parallel to any principle axis of inertia, is presented. The experimen-
tally observed behavior of the orientation of this molecule is reproduced and shown to
originate from a highly non-adiabatic dynamics, which was not captured by the previous
adiabatic description. Next, the impact of the internal rotation of the water molecule in
indole(H2O) clusters is analyzed. It is shown that the coupling of the internal and overall
rotations can be neglected under typical conditions in mixed-field orientation experiments,
and the clusters effectively behave like rigid-rotor molecules. The following studies focus
on the impact of nuclear-quadrupole interactions on the laser alignment of molecules.
First, our theoretical approach, which allows, in principle, to include an arbitrary number
of nuclear spins, is presented. Its application is demonstrated using the molecule CFClBrI,
which has several heavy nuclei with large quadrupole moments. A significant impact
of the quadrupole coupling on the impulsive alignment of this molecule was observed.
Then, the influence of the laser pulse shape and chemical properties of different linear
and asymmetric top molecules is studied. While adiabatic alignment is not affected
by nuclear-quadrupole interactions, a significant impact on the post-pulse dynamics
following short or truncated laser pulses is observed. This effect can be attributed to a
dephasing of the wave packets caused by the hyperfine energy shifts of the rotational
levels. This dephasing is generally the largest for low-lying rotational states and the
impact of the quadrupole coupling is minimized for strong laser fields populating highly
excited rotational states. Furthermore, the magnitude of the hyperfine energy shifts in
relation to rotational energy gaps plays a crucial for the extent to which the rotational
dynamics is modified.
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1 Introduction

1.1. Motivation

Understanding and controlling nature at the level of molecules and atoms down to
elementary particles is an important endeavor of contemporary physical sciences. For
instance, the analysis of molecular structures plays a crucial role in studies of chemical
reactions which are of high interest due to their importance in biological function, medicine,
industrial processes, astrochemistry and so on. In these dynamical processes, determining
intermediate configurations of molecules is necessary to understand different pathways
of the reactions. This requires a spatial resolution on the order of picometers and a
temporal resolution on the order of femtoseconds to follow the motions of the nuclei.
Sufficient spatio-temporal resolution can be achieved by experimental techniques including
photoelectron imaging [1–7], high-harmonic generation [8–10], electron diffraction [11–13]
and x-ray diffraction. For the latter method, x-ray free electron lasers such as the
LINAC Coherent Light Source (LCLS) in the United States and the European XFEL are
particularly useful as they supply intense ultrashort x-ray pulses [14]. Most experiments
are performed in a pump-probe fashion. A pump pulse induces the dynamics in a single
molecule and diffracted x-ray probe photons generate a pattern that reveals the structure
of the molecule [14–17]. To gain high contrast, it is necessary to collect diffraction
patterns from thousands of identical molecules as each individual molecule is destroyed by
the x-ray pulse [18]. The prime goal is to record molecular movies of chemical reactions
with high spatio-temporal resolution by measuring diffraction patterns for different delays
between the pump and the x-ray probe pulses [14, 19].

To build clear diffraction patterns, single molecule diffraction experiments rely on
the imaging of a large number of identical molecules [20]. Averaging over random
orientations of molecules in the gas phase, however, leads to a blurring of the diffraction
images. Alignment and orientation of molecules in space, i. e., angular confinement and
preferred directions of molecular axes, prevent this loss of information and are therefore
crucial in the quest for the recording of molecular movies. For example, laser alignment
of 2,5-diiodobenzonitrile molecules enabled accurate measurement of the iodine-iodine
internuclear distance in an x-ray diffraction experiment at the LCLS [17]. In another
experiment, the suppression of electron emission in the molecular plane was only observed
for oriented benzonitrile molecules [4]. The relative orientations of molecules often have
direct influence on the rates of chemical reactions as, for example, it was observed in
the reactions K + CH3I [21] and Rb + CH3I [22–24]. Oriented samples of molecules can
enable such observations of steric effects [21–25] and aid in their control [26, 27].
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1. Introduction

1.2. Rotational control of molecules by external electric
fields

Many experimental and theoretical efforts have been undertaken to align and orient
molecules using external electric fields. For instance, electrostatic hexapole fields can be
used to prepare molecules in single rotational states [21, 28–30]. Due to their quantum
nature, the spatial anisotropy of these states is, however, not very large. Another method
utilizes strong static electric fields to induce "brute-force" orientation of the molecules [31–
33]. To achieve strong degrees of orientation (and alignment), this technique relies
on rotationally cold molecules with large permanent electric-dipole moments and its
applicability is thus limited. A more general way to align molecules was proposed by
Friedrich and Herschbach [34–36] as well as Seideman [37]. It makes use of strong
nonresonant laser fields to confine the most polarizable axis (MPA) along the polarization
axis of the optical field [38–40]. This method also entails the possibility of 3D alignment,
e. g., by using elliptically polarized fields [41–46]. Depending on the duration and shape
of the laser field, the temporal behavior of the alignment can be controlled in a variety of
ways [47, 48]. Laser pulses with durations much larger than the molecule’s rotational
period adiabatically transfer the initial quantum state to an aligned pendular state [35]. In
combination with weak static fields, the molecules can additionally be strongly oriented [49–
51]. This so-called mixed-field orientation was demonstrated experimentally [52–55],
however, the adiabatic picture employed in the theoretical calculations proved to be
insufficient to reproduce the observed degrees of orientation [54]. Instead, a time-
dependent description of the field-dressed dynamics is required [56, 57].

While adiabatic alignment allows one to obtain strong degrees of spatial confinement,
its drawback is that the alignment is only maintained as long as the laser field is present.
In chemical reaction studies, external electric fields can cause unwanted perturbations
and laser field-free alignment is necessary. This can be achieved by the creation of
field-free rotational wave packets, e. g., by subjecting molecules to one or more laser
pulses with durations much shorter than their rotational periods [37]. For linear and
symmetric top molecules, these wave packets rephase periodically and exhibit revivals of
the initial alignment during or shortly after the pulse [47, 58–61]. In this impulsive regime,
unprecedented degrees of field-free alignment were, for instance, obtained for carbonyl
sulfide (OCS) molecules using an optimized two-pulse sequence [62]. Asymmetric top
molecules show more complex revival patterns due to their rich energy level structures
and the peak alignment decreases over time [63–65]. Here, the ability to produce shaped
laser pulses has opened the door to further improve field-free alignment techniques, e. g.,
by using truncated laser fields [42, 66–69]. The long rising and short falling edges of these
pulses combine the "best of both worlds" of adiabatic and impulsive alignment. All of the
methods described here benefit from rotationally cold samples of molecules since excited
rotational states typically show smaller degrees of alignment and orientation. In addition,
deflection of molecular beams allows for the spatial separation of low-lying rotational
states [70, 71] further improving the alignment [72].
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1.3. Molecules are complex

1.3. Molecules are complex
To accurately describe the rotational dynamics of different molecules, it is essential
to include all additional degrees of freedom that couple to rotations in a significant
way. A full description encompasses all electronic, vibrational and nuclear spin degrees
of freedom in addition to the rotations. However, such an extensive treatment of the
molecular dynamics is generally not required for isolated, rotationally cold molecules in
the gas phase. For the applications in this thesis, the electronic and nuclear degrees of
freedom can be decoupled within the Born-Oppenheimer approximation. In a similar
manner, vibrational and rotational motion can often be separated in the framework of
the rigid-rotor approximation. This approximation is, however, in general not applicable
for molecules showing large amplitude vibrations, e. g., internal rotations. Since many
molecules are floppy [73–80], it is of high importance to understand how internal motions
and overall rotations interact to accurately predict their coupled dynamics [81–85].

Nuclear spin interactions cause the splitting of rovibrational energy levels into dif-
ferent hyperfine components. Such energy shifts are, for instance, produced by nuclear
quadrupole couplings in molecules substituted with heavy elements like iodine and
bromine. These heavy nuclei are frequently utilized to increase the diffraction signal in
imaging experiments [11, 17]. The coupling of the rotational and nuclear spin angular
momenta can cause a depolarization of molecules prepared in single rotational states [86–
94]. Additionally, a significant influence of hyperfine interactions on the revival patterns
of field-free aligned molecules was recently observed [95]. Knowledge of the nuclear
spin states of molecules is furthermore needed to determine spin statistical weights of
rovibrational levels.

In biological processes, the local environment of a molecule strongly impacts its
function [96]. Understanding solvent-solute interactions is thus highly relevant for the
investigation of the chemical dynamics of (bio)molecules. Solvent effects have, for instance,
been shown for indole, the chromphore of the amino acid tryptophan [97, 98]. Studying
dynamics in, e. g., aqueous solutions adds more complexity to the experimental process. To
bridge the gap between isolated and solvated molecules, molecular solvent-solute clusters
are of high interest [99–101] as they can be brought into the gas phase and subjected to
single molecule imaging techniques [102–104]. They also serve as good candidates for the
study of hydrogen bonded systems, which are ubiquitous in biochemistry. These clusters
are generally floppy and display large amplitude internal motions that are coupled to the
rotational dynamics of the cluster.

1.4. Outline of this thesis
This thesis is organized as follows. In chapter 2, the fundamental concepts and numerical
methods used throughout this work are summarized. In chapter 3, a time-dependent
analysis of the mixed-field orientation of a molecule without rotational symmetry is
presented. Chapter 4 focuses on the influence of the internal rotation of the water
moiety in indole(H2O) clusters on its mixed-field-orientation dynamics. In the following

3



1. Introduction

three chapters, the influence of nuclear-quadrupole interactions on the laser alignment of
linear and asymmetric top molecules is investigated. First, the theoretical model used to
describe these interactions is presented in chapter 5. Its application is demonstrated using
the molecule CFClBrI, for which the effect of the quadrupole coupling is studied in the
impulsive alignment regime. In chapter 6, the impact of the nuclear-quadrupole coupling
is systematically analyzed for different laser intensities and pulse shapes including long
and short pulse durations as well as truncated laser fields. Here, the linear molecule I2
and the asymmetric top molecule 1,4-diiodobenzene are used as prototypical examples.
Chapter 7 is focused on the quadrupole interactions in molecules with different chemical
properties such as their rotational constants, polarizability and electric field gradient
tensors and number of nuclei with large quadrupole moments. The post-pulse rotational
dynamics, induced by short laser pulses, is analyzed for the molecules iodobenzene,
2,5-diiodobenzonitrile, 1,3-diiodobenzene and 1,2-diiodobenzene. Finally, in chapter 8,
the results are summarized and an outlook for future studies is given.

4



2 Fundamental concepts

This chapter provides a brief overview over the theoretical and numerical methods
used throughout this thesis. It provides the equations and concepts that are needed to
calculate the rotational dynamics of complex molecules in external electric fields. These
are implemented in a software package, described in section 2.6, to the development of
which I contributed as a part of my thesis project. For more details on the concepts
illustrated here, I recommend the textbooks [105–108].

2.1. Molecular symmetries

A transformation that leaves the Hamiltonian of a system invariant is called a symmetry
operation of this system. In the case of molecules in free space, such symmetry operations
include permutations of electrons and identical nuclei, spatial inversion, translations
along space-fixed directions and rotations about space-fixed axes. The eigenfunctions of
the molecular Hamiltonian can be classified according to the irreducible representations
of groups formed by these symmetry operations. A particularly useful group for the
symmetry classification of internal molecular wave functions is the so called molecular
symmetry (MS) group, which consists of all feasible nuclear permutation and inversion
operations that commute with the Hamiltonian [107]. Each element Ô of the MS group
can be written as

Ô = ÔvibronicÔrotÔns, (2.1)

where Ôvibronic, Ôrot and Ôns act on the vibrational and electronic (vibronic), rotational
and nuclear spin coordinates, respectively. Vibronic, rotational and nuclear spin states of
the molecule can thus be classified separately in the MS group. When only the rotational
states of asymmetric top molecules are of interest, it is useful to label them according
to the irreducible representations of the rotation group D2 (four-group) [106, 107]. Its
elements are the identity E and the two-fold rotations R2a, R2b, R2c about the molecule’s
principle axes of inertia a, b, c (Ôrot in Equation 2.1). The character table of the D2
group [107] is shown in Table 2.1. For a more detailed discussion of the MS groups and
their relation to rotation and point groups of molecules, the reader is referred to [107].

E R2a R2b R2c
A 1 1 1 1
Ba 1 1 -1 -1
Bb 1 -1 1 -1
Bc 1 -1 -1 1

Table 2.1.: Character table of the D2 rotation group.
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2. Fundamental concepts

Molecular symmetries have important advantages for the applications in this thesis.
Wave functions of different symmetries are not coupled by the molecular Hamiltonian.
By choosing symmetry adapted basis sets, matrix representations of the Hamiltonian can
thus be factorized into different blocks corresponding to each symmetry species, which
reduces the computational cost in numerical calculations. Symmetry considerations also
aid in determining which levels are connected by external perturbations such as electric
fields and thus allows one to distinguish real and avoided crossings. Furthermore, the
symmetries of the nuclear spin wave functions are important for determining nuclear spin
statistical weights [107].

2.2. Rotational energy levels of molecules
In this work, the rotational energy levels and eigenstates of molecules are calculated
within the Born-Oppenheimer approximation. While the structure of the molecules is
in general not rigid, effects related to the nonrigidity are not considered here, with the
exception of internal rotations which are treated in section 2.3 and chapter 4. Using the
rigid-rotor approximation, the rotational Hamiltonian of a molecule is given by

Hrot = AĴ2
a +BĴ2

b + CĴ2
c , (2.2)

where Ĵi are the components of the rotational angular momentum Ĵ in the molecule-fixed
frame (MFF) (abc) defined by the principle axes of inertia. Here,

A = ~2

2Ia
, B = ~2

2Ib
, C = ~2

2Ic
(2.3)

are the rotational constants and Ia ≤ Ib ≤ Ic are the moments of inertia with respect to
the a, b and c axis.

2.2.1. Linear molecules

Linear molecules are characterized by only one rotational constant B0 and the rotational
Hamiltonian reduces to

Hrot = B0Ĵ
2. (2.4)

The eigenfunctions of this Hamiltonian are spherical harmonics YJM(θ, φ), where M =
−J, ..., J is the eigenvalue (in units of ~) of the projection ĴZ of the angular momentum
onto the laboratory-fixed Z axis. The energy levels of the linear rotor are given by
EJ = B0J(J + 1), J = 0, 1, ..., and are (2J + 1)-fold degenerate in M .

2.2.2. Symmetric top molecules

For a symmetric top molecule, two of the rotational constants are equal, i. e., A = B > C

(oblate symmetric top) or A > B = C (prolate symmetric top). The eigenfunctions of
the rigid-rotor Hamiltonian (2.2) can be expressed in terms of Wigner matrices [105]
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2.2. Rotational energy levels of molecules

Figure 2.1.: Schematic energy level structure of an asymmetric top molecule (center). Each
energy level can be linked to an energy level in the prolate (left) and oblate (right) symmetric
top limit giving rise to the labeling using the quantum numbers Ka and Kc.

DJ
MK(φ, θ, χ) as 〈

Ω|JKM
〉

=
√

2J + 1
8π2 DJ

MK (φ, θ, χ)∗ , (2.5)

where Ω = (φ, θ, χ) are the Euler angles [105]. Analogous to M , K = −J, ..., J is the
eigenvalue of the projection of the angular momentum onto the molecule-fixed z axis. For
an oblate and prolate top, the z axis is defined by the c and a axis, respectively. The
energy levels of the oblate top are EJK = AJ(J + 1) + (C − A)K2 and for the prolate
top they are EJK = CJ(J + 1) + (A−C)K2. Each level is doubly degenerate for |K| > 0
and (2J + 1)-fold degenerate in M .

2.2.3. Asymmetric top molecules

For an asymmetric top molecule (A 6= B 6= C), J and M are good quantum numbers
while K is not. The eigenfunctions of the Hamiltonian (2.2) can be written as linear
combinations of symmetric-top functions

|JωM〉 =
∑
K

CωK |JKM〉 , (2.6)

where ω labels different states with the same value of J . To determine the coefficients
CωK , it is advantageous to apply the Wang transformation [109]. It yields a matrix repre-
sentation of the Hamiltonian in a block-diagonal form, where each block corresponds to a
different symmetry species of the D2 group [105, 106]. The associated time-independent
Schrödinger equation (TISE) can then be solved by diagonalizing each of the resulting
submatrices separately. In addition to J , the energy levels can be labeled by the quantum
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0 π/2 π 3π/2 2π

τ

0.0

V0

Figure 2.2.: Example for a torsional potential with a two-fold barrier. The depicted potential
has a cosine shape with minima at τ = π/2 and τ = 3π/2 and a barrier height of V0. The three
lowest torsional energy levels are schematically shown. For a two-fold barrier (N = 2), each
level splits into two nondegenerate sublevels.

numbers Ka and Kc, which correspond to the absolute value of the quantum number
K in the limit of a prolate and oblate symmetric top, respectively, see Figure 2.1. The
Ka and Kc quantum numbers contain useful information about the symmetry of a given
rotational state, i. e., if Ka and Kc are both even (ee) the state is of A symmetry, for Ka

and Kc both odd (oo) it is of Bb symmetry and for the cases eo and oe it belongs to the
Ba and Bc species, respectively.

2.3. Internal rotations

The rigid-rotor Hamiltonian (2.2) is not sufficient to describe the rotational behavior of
nonrigid molecules. A molecule is considered nonrigid if it has two or more potential
energy minima in a given electronic state that are separated by permeable barriers so
that tunneling between the different conformers can be observed. Examples for such large
amplitude motions are internal rotations, which are found in a variety of molecules [73–80].
To describe the coupled internal and overall rotations, we use an angle τ for the internal
torsion and the three Euler angles (φ, θ, χ) describing the overall rotation. The coupled
rotation-torsional Hamiltonian reads

Hrot-tor =1
2

∑
α,β=x,y,z

ĴαG
rot
αβ(τ)Ĵβ (2.7a)

+1
2pτG

tor
τ (τ)pτ + V (τ) (2.7b)

+1
2
∑

α=x,y,z

[
pτG

cor
τα (τ)Ĵα + ĴαG

cor
ατ (τ)pτ

]
. (2.7c)
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2.4. Nuclear-quadrupole coupling

The first term (2.7a) is the rotational Hamiltonian where Ĵα are the components of
the overall angular momentum in the molecule-fixed frame and Grot

αβ(τ) is the kinetic-
energy matrix associated with the overall rotation. If the principle axes of inertia are
independent of the torsion and are chosen as the molecule-fixed frame, the term (2.7a)
reduces to Equation 2.2 with rotational constants that depend on the torsional angle τ .
In the second term (2.7b), Gtor

τ (τ) is the kinetic-energy matrix of the torsional motion,
pτ = −i~∂/∂τ is the momentum operator of the torsion and V (τ) is the torsional
potential. The last term (2.7c) describes the coupling of the internal and overall rotations.
The torsional energy-level structure, i. e., the eigenvalues of the purely torsional part
of the Hamiltonian (2.7b), depends on the symmetry of the molecule and the barrier
height between the equivalent configurations. For an N -fold finite barrier, tunneling
leads to a splitting of each torsional level into (N + 2)/2 ((N + 1)/2) distinct sublevels
for N even (odd), (N − 2)/2 ((N − 1)/2) of which are doubly degenerate [73]. An
example of a two-fold torsional potential and corresponding energy levels is depicted in
Figure 2.2. The rotation-torsional energy levels are obtained by solving the TISE for
the full Hamiltonian (2.7). If the coupling of the internal and overall rotations is small,
these energy levels are approximately given by the sum of pure rotational and torsional
energies. The Hamiltonian in the form (2.7) can also be used to describe other types of
large amplitude vibrations by replacing the angle τ with a coordinate parametrizing the
vibrational mode under consideration [110].

2.4. Nuclear-quadrupole coupling

The interactions of the magnetic-dipole moments and electric-quadrupole moments of
individual nuclei with the internal magnetic fields and electric-field gradients at their
instantaneous positions give rise to the splitting of the rotational levels into several
hyperfine components [106, 107]. The hyperfine energy shifts due to magnetic-dipole
interactions are typically several orders of magnitude smaller than rotational energy gaps.
This thesis is focused on the much stronger electric-quadrupole interactions. Quadrupole
interactions are present if both the nuclear charge distribution and the electronic charge
distribution about the nucleus are nonspherical. Nuclei with spins 0 or 1/2 are spherically
symmetric and thus have zero quadrupole moments.

The Hamiltonian, describing the rotational motion and nuclear-quadrupole coupling
of N nuclei, is given by [106]

Hrot-qc = Hrot +
N∑
l=1

V (l) ·Q(l). (2.8)

Here, Hrot is the rigid-rotor Hamiltonian, see section 2.2, V (l) is the electric-field-gradient
tensor and Q(l) is the nuclear-quadrupole-moment tensor. Using coupled basis states, the
matrix elements of the Hamiltonian can be calculated analytically for different coupling
schemes of the nuclear spins and rotational angular momentum [111]. The hyperfine
energy levels are obtained by solving the TISE associated with the Hamiltonian (2.8).

9



2. Fundamental concepts

In the equal or nearly equal coupling representation, they are characterized by the
quantum number F of the total angular momentum F̂ = Ĵ + Î, Î being the total spin,
as well as rotational and nuclear-spin quantum numbers (if N > 1). For some molecules,
hyperfine shifts can be as large as rotational energy gaps, in particular for molecules with
heavy nuclei and small rotational constants such as 1,4-diiodobenzene. Strong hyperfine
couplings can have a significant effect on laser-induced field-free alignment [95], which is
sensitive even to small energy shifts of rotational states.

2.5. Molecules in external electric fields

The interaction potential of an external electric field ~E with the molecule’s permanent
electric-dipole moment ~µ and polarizability tensor α is given by [106]

Hint(t) = −~µ · ~E(t)− 1
2
~E(t)α ~E(t). (2.9)

Higher order terms such as the interaction of the electric field with the hyperpolarizability
of the molecule, have been neglected. In this thesis, only the interactions with static
electric fields ~Estat and nonresonant laser fields of the form ~Elas(t) cos(ωt) are taken into
account. Equation 2.9 then reduces to

Hint(t) = −~µ · ~Estat −
1
4
~Elas(t)α ~Elas(t). (2.10)

Here, we consider field strengths Estat of the static field that are small enough so that its
interaction with the static polarizability tensor can be neglected. Additionally, 2π/ω is
assumed to be much shorter than the pulse duration and rotational periods and average
over the rapid oscillations of the laser electric field. The interaction of this field with the
permanent electric-dipole moment then vanishes. For certain field configurations, e. g.,
linearly polarized laser fields with parallel static fields, the interaction Hamiltonian (2.10)
can be simplified further, as shown in the following chapters. The symmetry operations,
which commute with the Hamiltonian, depend on the field configuration and molecule.
The relevant cases are illustrated in following chapters as well.

2.6. Numerical methods
We study the rotational dynamics of molecules in external electric fields. To this end, we
numerically solve the time-dependent Schrödinger equation (TDSE)

i~
∂

∂t

∣∣Ψ(t)
〉

= H(t)
∣∣Ψ(t)

〉
(2.11)

for the full Hamiltonian H(t) = Hfield-free + Hint(t). Here, Hfield-free is the field-free
Hamiltonian of the system under consideration (see previous sections) and Hint(t) is the
interaction potential (2.9), for the chosen electric field configuration. The time-dependent
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2.6. Numerical methods

wave function
∣∣Ψ(t)

〉
is expanded in a basis set of the eigenstates of the respective field-free

Hamiltonian, which are obtained by solving the associated time-independent Schrödinger
equation. The alignment and orientation are quantified by expectation values such as〈
cos2θ

〉
and 〈cosθ〉, θ being the Euler angle between the molecular z axis and laboratory

fixed Z axis.
The computation of the time-dependent alignment and orientation of molecules

consists of four steps.
(i) Solving the TISE for Hfield-free to determine the field-free energies and eigenstates
(ii) Calculating the matrix elements of electric-dipole moment, polarizability and other

tensors in the basis of the field-free eigenstates
(iii) Solving the TDSE using the field-free eigenstates as a basis set
(iv) Calculating observables as expectation values of tensor operators
The calculation of the field-free eigenstates (i) can be further divided into substeps
depending on whether internal rotations or quadrupole-coupling effects are included.
Examples for such calculations can be found in Appendix A.

2.6.1. Calculation of field-free energy levels

Rigid rotor

To numerically solve the TISE for the rigid-rotor Hamiltonian of an asymmetric top
molecule, a symmetry adapted basis of Wang symmetric-top wave functions in the form
given in [112] is used. The basis states are classified according to irreducible representations
of either the MS group or the D2 rotation group [113]. For a linear molecule, symmetry
classification is unnecessary since there is only one energy level for each J (omitting the
M -degeneracy). For each J , the matrix elements of the Hamiltonian (2.2) (or (2.4) for
linear molecules) are constructed in this symmetry adapted basis and the eigenstates
are obtained by diagonalizing each block of the resulting matrix separately. The rigid-
rotor energy levels and eigenstates are computed using the python package Watie, see
section A.1.

Internal rotations

Here, the field-free basis set we seek consists of the eigenstates of the rotation-torsion
Hamiltonian (2.7). To solve the TISE, the torsional potential and structural parameters
are required as analytical functions of the torsional angle τ . From the structural param-
eters the kinetic-energy matrices in Equation 2.7 can then be obtained as functions of
τ as well [110, 114]. The construction of a matrix representation of Hrot-tor is divided
into several steps. The first step is the computation of rigid-rotor eigenfunctions for the
equilibrium geometry of the molecule, i. e., solving the TISE for the Hamiltonian (2.7a)
and τ = τeq. In the second step the torsional eigenfunctions of the Hamiltonian (2.7b)
are determined using a suitable basis set, e. g., sine and cosine functions or plane waves.
The matrix elements of Hrot-tor are then constructed in the basis set given by the product
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2. Fundamental concepts

states of pure rotational and torsional eigenfunctions. Finally, the field-free eigenstates
and energy levels are computed by diagonalizing the resulting Hamiltonian matrix. The
calculation of rotation-torsional energy levels and eigenstates is carried out using the
program libtrove, see section A.2.

Hyperfine energy levels

The computation of the spin-rotational states forming the field-free basis builds on the
previous calculation of rigid-rotor states, see above. To numerically solve the TISE, the
matrix elements of Hrot-qc are build in a basis of coupled states |F, I, J, u〉 [111, 112],
where I is a collection of spin quantum numbers and u represents additional rotational
quantum numbers. The construction of the Hamiltonian matrix requires the matrix
elements of the electric-field-gradient tensor in the rigid-rotor basis, see subsection 2.6.2.
Analogous to the cases above, the hyperfine energy levels and eigenfunctions are obtained
from the diagonalization of the Hamiltonian matrix. Hyperfine energy levels are computed
using the Python package HyPy, see section A.3.

2.6.2. Calculation of Cartesian tensor matrix elements

Numerically solving the TDSE for a molecule in external electric fields or calculating
energy levels including nuclear-quadrupole coupling requires a matrix representation of
the Cartesian tensor operators in Equation 2.10 and Equation 2.8. Additionally, the
numerical calculation of expectation values requires the matrix elements of the operator
in question. Here, each Cartesian tensor of rank Ω is represented in the form [115]〈

J ′v′M ′
J

∣∣∣T (Ω)
A

∣∣∣ JvMJ

〉
=

Ω∑
ω=0

M(J ′,M ′
J ,J,MJ )

A,ω K(J ′,v′,J,v)
ω , (2.12)

where J and MJ are replaced by F and MF in the case of hyperfine energy levels, v labels
different eigenstates with the same J or F and A is a multi-index for the laboratory-frame
Cartesian coordinates X, Y and Z. TheM and K matrices decouple laboratory-frame
quantum numbers MJ and M ′

J from the molecule-frame quantum numbers v and v′.
The calculation of the elements of theM and K matrices is carried out in a manner

analogous to determining the field-free eigenstates. The matrix elements〈
φ
J ′,M ′

J

n′

∣∣∣T (Ω)
A

∣∣∣φJ,MJ
n

〉
=

Ω∑
ω=0

M(J ′,M ′
J ,J,MJ )

A,ω K(J ′,n′,J,n)
ω (2.13)

are first computed in the basis sets
∣∣φJ,MJ
n

〉
utilized to construct the respective Hamiltonian

matrices. For the rigid-rotor case, the elements ofMA,ω and Kω are calculated analytically
in the basis of Wang states [115]. If internal rotations are included, the matrix elements
are set up in the rotation-torsional product basis following the calculation of the purely
rotational and torsional matrix elements of the tensors in question. For hyperfine states,
the matrix elements of the electric-dipole moment and polarizability tensors as well as
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other Cartesian tensors can easily be constructed in the coupled basis [111] |F, I, J, u〉,
since these tensors do not act on the nuclear-spin coordinates. After solving the TISE,
the elements of Kω are transformed to the field-free eigenbasis |JvMJ〉 =

∑
nC

J,v
n

∣∣φJ,MJ
n

〉
of the system under consideration

K(J ′,v′,J,v)
ω =

∑
n′,n

[
CJ ′,v′

n′

]∗
CJ,v
n K(J ′,n′,J,n)

ω . (2.14)

The computations of matrix elements are carried out with the programs used for the
respective calculations of energy levels and field-free wavefunctions, see above.

2.6.3. Solving the time-dependent Schrödinger equation

The numerical procedure to solve the TDSE has been described in detail in [115]. The
time-dependent wave function

∣∣Ψ(t)
〉
is expanded in the basis given by the eigenstates

|JvMJ〉 of the field-free Hamiltonian∣∣Ψ(t)
〉

=
∑
J,v,MJ

CJ,v,MJ
(t) |JvMJ〉 . (2.15)

The time-dependent coefficients CJ,v,MJ
(t) are obtained by numerical solution of the TDSE

employing the split operator method [116]. The basis states |JvMJ〉 yield a diagonal
matrix representation of Hfield-free. For the interaction Hamiltonian Hint(t), the matrix
elements are constructed from those of the electric-dipole moment or polarizability tensor,
see subsection 2.6.2. Representing the Cartesian tensor operators in the form (2.12) is
advantageous as it reduces the dimensionality of the matrix-vector products needed to
solve the TDSE speeding up the calculations. The present approach is compatible with
any level of theory used for the field-free basis as long as the operators like electric-dipole
moment and polarizability are provided in the form (2.12). Finally, expectation values〈

Ψ(t)
∣∣∣Ô∣∣∣Ψ(t)

〉
can be computed for any operator Ô expressed in the form Equation 2.12.

The TDSE is solved using the computer program RichMol [115], see section A.4.
RichMol was applied to perform the calculations for which the results are presented

in chapters 4–7. The results discussed in chapter 3 were obtained using a previously
developed program [117] where the TDSE was solved by applying the short iterative
Lanczos method [118, 119].
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3 Time-dependent analysis of the
mixed-field orientation of molecules
without rotational symmetry1

3.1. Introduction
Directional control over complex molecules, i. e., their alignment and orientation in
laboratory 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 [14, 19, 20]. A
detailed understanding 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 effects in chemical
reactions [27, 28] or in imaging experiments utilizing photoelectron angular distributions [2–
4], high-order-harmonic-generation spectroscopy [8–10], and X-ray and electron diffractive
imaging [11, 13, 17]. 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 [31, 48, 49]. Here, we focus on mixed-field orientation, which utilizes
the combined action of a strong laser field with a dc electric field [49, 55, 57, 61, 72].
This approach was experimentally shown to allow for three-dimensional (3D) alignment
and one-dimensional (1D) orientation of the prototypical complex molecule CPC [54],
but the employed adiabatic analysis of the quantum dynamics could not reproduce the
experimental findings [54, 56].

Here, we set out to accurately theoretically describe the rotational dynamics of a
thermal ensemble of CPC under the combined action of laser pulses and dc electric fields.
We investigate the influence of the dc field strength as well as the angle between the fields
as the ac field strength changes during the turn-on of the linearly and elliptically polarized
laser fields. Our findings demonstrate that the rotational dynamics is very complex, and
can be quantitatively described as a solution of the time-dependent Schrödinger equation.

1This chapter is based on the publication: Time-dependent analysis of the mixed-field orientation of
molecules without rotational symmetry, Linda V. Thesing, Jochen Küpper and Rosario González-
Férez, J. Chem. Phys. 146, 244304 (2017), arXiv:1705.03225 [physics.chem-ph]. I optimized the
computational code, performed the calculations, analyzed the data and contributed to writing the
manuscript
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3. Time-dependent analysis of the mixed-field orientation of molecules without
rotational symmetry

3.2. 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 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 fields where the laser
field is either linearly or elliptically polarized. The (major) polarization axis of the laser
defines the Z-axis of the laboratory-fixed frame (LFF) (X, Y, Z) and for an elliptically
polarized laser, the LFF Y -axis is defined by the minor polarization axis. The static
field lies in the Y Z-plane forming an angle β with the Z-axis. The molecule-fixed frame
(MFF) (x, y, z) is defined 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) (3.1)

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 field reads

Hstat = −Estat · µ = −Estatµz cos θsz − Estatµy cos θsy (3.2)

with the dc field strength Estat, the components µy and µz of the EDM µ and the angles
θsz and θsy between the static electric field and the MFF z- and y-axes, respectively (see
ref. 54 for their relations to the Euler angles). The interaction of the molecule with the
non-resonant laser field reads

Hlaser(t) =− IZZ(t)
2cε0

(
αzx cos2 θZz + αyx cos2 θZy

)
(3.3)

− 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-field 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 (3.3), 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 [54].

To investigate the rotational dynamics of the CPC molecule in combined ac and
dc fields, we solve the time-dependent Schrödinger equation (TDSE) associated with
the Hamiltonian (3.1). For the angular coordinates, we employ a basis set expansion
of the wave function using linear combinations of field-free symmetric rotor states, i. e.,
Wigner functions [105], which respect the symmetries of the Hamiltonian. In the case of
tilted fields with β 6= 90 ◦, the remaining symmetry operations of the Hamiltonian (3.1)
are the identity E and the reflection σY Z on the Y Z-plane, which contains the dc and
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z

y

μ
57.1°

Carbon
Nitrogen

Hydrogen
Chlorine

Figure 3.1.: Sketch of the structure of the CPC molecule. The x-axis is perpendicular to the
figure plane.

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 3.1.: Rotational constants, polarizability components and components of the EDM of
the CPC molecule [54]. In the calculation of the rotational constants, the 35Cl isotope was
considered.

ac electric fields, implying two irreducible representations. The basis used for each
irreducible representation has been described elsewhere [120]. The time propagation is
carried out using the short iterative Lanczos method [118, 119]. In our calculations, the
dynamics during the turn-on of the static electric field is assumed to be adiabatic and
the dc field-dressed states are taken as the initial states of the time-propagation. For the
adiabatic labeling of the time-dependent states, the static electric field is first turned on
parallel to the LFF Z-axis and, thereafter, rotated by an angle β.

This work focuses on the CPC molecule [54], 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 Figure 3.1. The components of the EDM as well as the rotational constants and
polarizability components of CPC are listed in Table 3.1. We use a field configuration
equivalent to the experimental one [54], 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
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a tilted dc electric field with a field strength of 571 V/cm.
In the experiment [54], an inhomogeneous electric field was used to deflect the

molecules according to the effective dipole moments of their rotational states [71, 121].
The dispersed molecular 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 deflected molecules, which
are the ones in the lowest-energy rotational states [71]. The alignment and orientation of
the CPC molecules was measured by Coulomb explosion imaging of ionic fragments onto
a screen perpendicular to the dc electric field. The measured orientation corresponds
to the average orientation of the molecules occupying different rotational states in the
state-selected molecular ensemble.

The degree of orientation is experimentally quantified 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 field [56]. Here, we take into
account the probe selectivity for a probe pulse that is linearly polarized parallel to the
screen. The volume effect due to the spatial intensity profiles 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-deflected
molecular sample and was found to describe the non-thermal experimental ensemble
well. We solve the TDSE for each state

∣∣ψγ〉 in the thermal ensemble and determine the
thermal orientation ratio as

Nup

Ntot
=
∑
γ

wTγ
Nγ

up

Nγ
tot

(3.4)

with the thermal weights according to a Boltzmann distribution

wTγ = e−Eγ/kBT∑
γ e
−Eγ/kBT

(3.5)

with the field-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 (3.4) and (3.5).

3.3. Orientation of a thermal ensemble and comparison
to experimental results

Figure 3.2 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 field and the LFF Z-axis
for linearly and elliptically polarized laser fields. These results are in very good agreement
with the experimental orientation ratios for the state-selected molecular sample, which
are reproduced from ref. 54. We observe similar results for the linearly and elliptically
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Figure 3.2.: 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. 54. The
dc field strength is 571 V/cm.
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polarized laser fields: The orientation of the thermal ensemble increases smoothly as
the static field 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 fields [57]. Overall, our time-dependent
description of the mixed-field orientation of state-selected CPC reproduces the features
of the experimentally observed behavior well. In particular, we find 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 fields. This could be due to experimental
imperfections such as misalignment of the dc field, the polarization axis and detector
screen or due to the influence 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 effects appearing in the
rotational dynamics, see section 3.4 below. These non-adiabatic effects are masked by
the ensemble average.

Figure 3.3 shows the calculated expectation values of the orientation cosines along the
LFF Z and Y -axes as well as the dc field direction for the same thermal sample and field
configurations. The ratio Nup/Ntot plotted in Figure 3.2 quantifies 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 Figure 3.3 (a). To
investigate the 3D orientation, we additionally consider the expectation value 〈cos θY y〉T ,
shown in Figure 3.3 (b), which measures the orientation of the MFF y-axis along the
LFF Y -axis. The orientation of the EDM along the dc field direction is quantified by
〈cos θsµ〉T , presented in Figure 3.3 (c).

For the linearly polarized laser field, the thermal sample is strongly aligned along the
Z-axis, but not aligned along the Y -axis, as presented in Figure 3.4. Strong 3D alignment
is obtained with the elliptically polarized laser field, 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 field and on the angle β.

The orientation of the thermal ensemble, Figure 3.3 (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 field [54]. The small orientation for β close to 90 ◦
in Figure 3.3, obtained from the time-dependent results, can be explained by population
transfer within pendular doublets formed as the laser intensity rises [55, 57, 122, 123].
At this field configuration, the oriented and antioriented adiabatic states within these
near-degenerate pairs have similar contributions to the field-dressed dynamics reducing
the orientation of the ensemble.

We now turn to the influence of a strong dc electric field on the orientation. For a dc
field of 20 kV/cm, the thermal orientation 〈cos θZz〉T rapidly increases as the angle between
the fields decreases. For β = 10 ◦, we find a strong orientation with 〈cos θZz〉T = 0.94
and 〈cos θZz〉T = 0.90 for linearly and elliptically polarized pulses, respectively. The
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Figure 3.3.: For a thermal ensemble at T = 200 mK, 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 field and with Estat = 571 V/cm (blue diamonds) and Estat = 20 kV/cm (green
squares) as well as for an elliptically polarized ac field with Estat = 571 V/cm (red circles) and
Estat = 20 kV/cm (purple triangles).
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Figure 3.4.: For (a) a thermal ensemble at T = 200 mK, and (b) the state |2121〉t, the
expectation values 〈cos2 θZz〉 (filled symbols) and 〈cos2 θY y〉 (empty symbols) at the laser peak
intensity as a function of β for a linearly polarized ac field and with Estat = 571 V/cm (blue
diamonds) and Estat = 20 kV/cm (green squares) as well as for an elliptically polarized ac
field 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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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 different instantaneous
eigenstates of the Hamiltoninan (3.1) to the time-dependent wave function, see section 3.4.
For low laser intensities, the interaction with the dc field is dominant, inducing a brute-
force orientation of the EDM along the dc field 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 field 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
Figure 3.3 (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 field induces a brute-force orientation of the EDM, and
thus, a moderate orientation of the molecular y-axis, along the dc field 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 field with 〈cos θY y〉T increasing from 0.11 to 0.53
for β = 10 ◦ and β = 85 ◦, respectively, at the peak of the linearly-polarized laser pulse.
Thus, a strong dc field combined with a linearly polarized ac field induces a significant 3D
orientation for intermediate β. In contrast, even a weak dc field induces a moderate 3D
orientation when combined with an elliptically polarized laser field. 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 find an enhancement of
〈cos θY y〉T , similar to the behavior of 〈cos θZz〉T for strong dc fields, but for increasing β.
If β is small, the influence of the static field 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
field, 〈cos θY y〉T is reduced at this angle. This effect disappears if the temperature is
increased and more excited states contribute to the thermal ensemble.

Regarding the behavior of 〈cos θsµ〉T in Figure 3.3 (c),2 the orientation of the EDM
along the dc field direction shows a weak dependence on β. For small angles between
the ac and dc fields, 〈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 find
similar values of 〈cos θsµ〉T ≈ 0.18 and 〈cos θsµ〉T ≈ 0.5 for the weak and strong dc fields,
respectively. For β = 85 ◦, the orientation of the EDM along the dc field 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 field than for the linearly polarized laser field. 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 find that 〈cos θY y〉T for β = 85 ◦ is smaller than 〈cos θZz〉T for

2This expectation value is given by 〈cos θsµ〉 = cos(57.1 ◦)〈cos θsz〉+ sin(57.1 ◦)〈cos θsy〉.
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Figure 3.5.: For an elliptically polarized laser field, the four possible orientations of the 3D
aligned pendular states in the adiabatic picture.
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β = 10 ◦ for both dc field strengths. For β = 57.1 ◦, the angles between the ac and dc
fields 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 field. 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 Figure 3.5, which
contribute to the time-dependent wave function of each state in the thermal ensemble.

To summarize, a significant 3D orientation is obtained for intermediate angles β, a
strong dc field and both, linear and elliptical, laser polarizations. The degree of orientation
of the 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 polarized laser is recommended. Nevertheless, we point out that the naive
picture of achieving 3D orientation by fixing one molecular axis, namely the MPA, with
a linearly polarized laser field and a second axis, the EDM, with a dc electric field does
(only) work in the limit of strong laser and strong dc electric fields.

3.4. Field-dressed dynamics

To analyze the dynamics of individual excited states3 for the different field configurations
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 reflection σY Z
for Estat = 571 V/cm and Estat = 20 kV/cm, respectively. In Figure 3.6 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
reflected in the final 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 significant orientation along the Z-axis for a strong dc field
and small β and the decreasing orientation along the Z-axis for a weak dc field in the
region 75 ◦ . β < 90 ◦. However, the exact orientation for a specific field configuration
can only be determined from time-dependent calculations. In contrast, the alignment
along the the Z-axis of the state |2121〉t, shown in Figure 3.4 (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 fields due to contributions
of highly excited pendular states that are weakly aligned along the Y -axis.

The rotational dynamics shows highly non-adiabatic effects due to M -manifold split-
ting, avoided crossings and the formation of pendular doublets and quadruplets [123, 124].
The importance of each of these effects depends strongly on the field configuration,
i. e., the ac and dc field strengths, the angle β between the fields, and the polarization

3We use the notations |JKaKc
M〉t and |JKaKc

M〉p for the time-dependent wave function and the
adiabatic pendular states, respectively. Here, we only analyze the dynamics for states with even
parity under reflection on the plane containing the ac and dc fields.
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Figure 3.6.: 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 field and dc field
strength Estat = 571 V/cm (blue diamonds) and Estat = 20 kV/cm (green squares) as well as
for an elliptically polarized ac field and dc field strength Estat = 571 V/cm (red circles) and
Estat = 20 kV/cm (purple triangles).
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and temporal profile of the laser pulse. In this section, we investigate the influence of
these non-adiabatic phenomena on the mixed-field 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 3.6).

3.4.1. Linearly polarized laser

We start by analyzing the dynamics for a linearly polarized laser field. Even at low
intensities, the dynamics is highly complicated. This is illustrated in Figure 3.7 (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 (3.1).
The dynamics is shown for a linearly polarized laser field through the intensity regime
109 W/cm2 ≤ I(t) ≤ 1010 W/cm2 and both dc field 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 field of 571 V/cm, the population of the adiabatic pendular state |2121〉p
is already significantly reduced at 1.0× 109 W/cm2 compared to the laser field-free value
of 1.0, see left side of Figure 3.7 (a). This is due to population transfer at the splitting of
the |212M〉p manifold with M = 1, 2 occurring at even lower intensities [124]. In contrast,
for Estat = 20 kV/cm, the energy gap between the states within this manifold is so large
that their coupling is significantly reduced, preventing population transfer within the
manifold as the ac field is turned on.

In this low intensity regime, the large number of avoided crossings, see Figure 3.7 (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 field strength and
the angle between the ac and dc fields. Thus, the adiabatic pendular states contributing to
the time-dependent wave function significantly vary for the dc field strengths considered
here, cf. Figure 3.7 (a) and (b). By changing the angle β or any other field 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 effects. The dynamics through an avoided crossing depends, additionally,
on the temporal profile 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 field-strength range presented in Figure 3.7
and Figure 3.10 microsecond-long laser pulses or a continuous-wave control laser [125]
would be necessary.

At stronger laser fields, quasi-degenerate pendular doublets are formed providing an
additional source of non-adiabatic effects. During the doublet formation with increasing
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Figure 3.7.: 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 field through the
field-strength regime 1.0× 109 W/cm2 ≤ I(t) ≤ 1.0× 1010 W/cm2 and dc field strengths of (a)
Estat = 571 V/cm and (b) Estat = 20 kV/cm. Energy level structure for the same intensities
and dc field strengths (c) Estat = 571 V/cm and (d) Estat = 20 kV/cm. The angle between the
ac and dc fields is β = 57.1 ◦.
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Figure 3.8.: The energies of the 20 lowest lying adiabatic pendular states with even parity
under reflection on the plane containing the ac and dc fields, at the peak intensity for (a) linearly
polarized ac field and Estat = 571 V/cm, (b) elliptically polarized ac field and Estat = 571 V/cm,
(c) linearly polarized ac field and Estat = 20 kV/cm, (d) elliptically polarized ac field and
Estat = 20 kV/cm.

I(t), the energy splitting and the directional properties of the two pendular states change
in a way that depends strongly on the external field parameters, in particular the dc field
strength and the angle β. Thus, the influence of the doublet formation on the rotational
dynamics and the mixed-field orientation at the peak intensity varies significantly if the
field configuration is modified.

For Estat = 571 V/cm, the pendular doublets can be clearly observed for all values of
β, see Figure 3.8 (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 field is rotated
towards the perpendicular field configuration. 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 Figure 3.9 (a), where the two adiabatic
pendular states in several doublets have similar weights. This can also be observed in the
field-dressed-dynamics movies in the supplementary material (see section 3.6). 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 β approaches 90 ◦, see Figure 3.6 (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 Figure 3.3 (a) decreases as β approaches
90 ◦.
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Figure 3.9.: 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 field 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 field, respectively.
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As β decreases, the increasing Z-component of the dc field leads to larger energy
splitting between the two adiabatic pendular states in the doublets. As a result, for small
β we find 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 differ strongly at the peak intensity for β . 70 ◦, cf. Figure 3.9 (a). In the final
population distribution in Figure 3.9 (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 3.6). Due to this mainly diabatic
rotational dynamics at high intensities only a few adiabatic pendular states, distributed
over a wide range of energies, significantly contribute to the final wave function. These
pendular states mainly determine the orientation at different β. Depending on the angle
between the ac and dc fields, the contributions of either oriented or antioriented adiabatic
states are dominant in the final wave function. This leads to the oscillating behavior of
〈cos θZz〉 versus β in Figure 3.6 (a).

For a strong dc field 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 field, see Figure 3.8 (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 significant
population transfer between the two pendular states as for a weak dc field and the same
angle. Thus, the field-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 Figure 3.9 (b). As a result, we find 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 find other time-dependent excited
states that are strongly oriented or antioriented at the peak intensity, depending on the
weights of the adiabatic states in their final 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
field, implies a significant 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 field becomes dominant over the interaction with the dc field and the MPA
becomes aligned along the Z-axis. Due to this strong confinement of the MPA, the
orientation of many adiabatic pendular states along the Z-axis increases while some
pendular states gradually 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 3.6). The pendular states initially becoming antioriented in this intermediate
intensity regime are mostly highly excited states that are not populated so that mainly
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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 adiabatic pendular states interchange their directional properties,
i. e., the previously oriented (antioriented) state becomes antioriented (oriented). Since
these avoided crossings are traversed diabatically, the time-dependent wave function does
not acquire population on the antioriented adiabatic pendular states. As a result, the
distribution in Figure 3.9 (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 Figure 3.6 (a). The dynamics
of other excited states shows a similar behavior, thus enhancing the orientation of the
thermal ensemble as seen in Figure 3.3 (a).

For β close to 90 ◦, i. e., small angles between the dc field 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 find other pendular
states being weakly antioriented or not oriented (see section 3.6). 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 Figure 3.6 (b) and Figure 3.3 (b). If
β is small, the dc electric field does not induce an initial orientation of the MFF y-axis
along the LFF Y -axis. In the presence of the laser field, different 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.

3.4.2. Elliptically polarized laser

We now consider the rotational dynamics in elliptically polarized laser fields. In the
absence of the dc field, the elliptically polarized ac field 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 effective intensities
of the elliptically polarized laser field along these two axes are weaker. This implies a
smaller alignment along the Y -axis, as is illustrated in Figure 3.4. In this section, we
analyze how this change in the ac field polarization affects the rotational dynamics and
mixed-field 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 Figure 3.10 (a)
and (b) for β = 57.1 ◦ and Estat = 571 V/cm and Estat = 20 kV/cm, respectively. In this
intensity regime, we find a similarly complex dynamics as for a linearly polarized laser field
presented in Figure 3.7. 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 field with Estat = 20 kV/cm, this effect is not significant and the
population of the state |2121〉p, is still approximately 1.0 at 1.0× 109 W/cm2. The large
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Figure 3.10.: 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 field through
the field-strength regime 1.0× 109 W/cm2 ≤ I(t) ≤ 1.0× 1010 W/cm2 and dc field strengths of
(a) Estat = 571 V/cm and (b) Estat = 20 kV/cm. Energy level structure for the same intensities
and dc field strengths (c) Estat = 571 V/cm and (d) Estat = 20 kV/cm. The angle between the
ac and dc fields is β = 57.1 ◦.

number of avoided crossings in Figure 3.10 (c) and (d) dominate the rotational dynamics,
which involves several adiabatic pendular states even for low intensities. Differences
between the dynamics for linearly and elliptically polarized ac fields gain importance
at higher intensities where the elliptically polarized ac field significantly influences the
energy level structure and the directional features of the adiabatic pendular states.

Analogously to the linearly polarized ac field, 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
energies of the adiabatic pendular states at the peak intensity, shown in Figure 3.8 (b). The
energy separations between consecutive quadruplets are larger than between consecutive
doublets in the case of a linearly polarized ac field. Due to the quadruplet formation for
the elliptically polarized laser field, we find a smaller number of avoided crossings between
near-degenerate groups of pendular states than for linear polarization. These features
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3. Time-dependent analysis of the mixed-field orientation of molecules without
rotational symmetry

Figure 3.11.: 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 field 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 field, respectively.
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3.4. Field-dressed dynamics

of the energy level structure limit the population transfer to highly excited states and
the population at the peak intensity is confined to a small region of relatively low-lying
adiabatic pendular states for all values of β, cf. Figure 3.11 (a) and section 3.6.

For the weak dc field 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 field (see section 3.6). This is reflected in the weights of the adiabatic
pendular states contributing to the time-dependent wave function at the peak intensity,
cf. Figure 3.11 (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 Figure 3.6 (a) and the thermal ensemble in Figure 3.3 (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 3.6). Thus, the state
|2121〉t shows a moderate orientation along the Y -axis at this angle see Figure 3.6 (b).
We find other time-dependent excited states that are antioriented at the peak intensity
due to different 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 Figure 3.3 (b).

For a strong dc electric field, 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 Figure 3.8 (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 field, but with different adiabatic states
contributing to the time-dependent wave functions (see section 3.6). 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 Figure 3.11 (b) and Figure 3.9 (b). The state |2121〉t also shows
a significant orientation of the MFF z-axis along the LFF Z-axis at the peak intensity
of the elliptically polarized ac field, see Figure 3.6 (a). However, since the weights of
the adiabatic pendular states vary when the ac field polarization is changed, 〈cos θZz〉 at
β = 10 ◦ differs for the linearly and elliptically polarized laser pulses.

Regarding the orientation along the LFF Y -axis for the strong dc field and the
elliptically polarized ac field, 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 field component
along the LFF Y -axis is sufficiently 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 3.6). As this occurs, several
pendular states becoming antioriented along the Y -axis have significant 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, cf. Figure 3.6 (b).
Other excited states may even be weakly antioriented. Thus, for the thermal ensemble,
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3. Time-dependent analysis of the mixed-field orientation of molecules without
rotational symmetry

〈cos θY y〉T in Figure 3.3 (b) is only moderately enhanced by the strong dc field.
To summarize, even if the field-dressed dynamics is highly non-adiabatic, the direc-

tional features of individual excited rotational states and, consequently, of the ensemble
average, can be controlled to some extend. A significant orientation of the MFF z-axis
along the LFF Z-axis can be achieved by applying a strong dc field for small values of β
and both a linearly and elliptically polarized laser field. An analogous enhancement of
the orientation of the MFF y-axis along the LFF Y -axis is obtained for an elliptically
polarized ac field and β close to 90 ◦.

3.5. Conclusion
We present a time-dependent analysis of the rotational dynamics of a non-symmetric
molecule in combined ac and dc electric fields. We investigate the influence of the dc field
strength and the angle between the ac and dc fields 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-field-orientation experiments of state-selected CPC molecules [54], including
the 1D orientation 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 field.

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
dynamics are highly dependent on the field parameters, e. g., the laser pulse, the dc field
strength, and the angle between the two fields. 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 field-dressed dynamics.
However, for strong dc electric fields, 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-
specific guiding [126], adiabatic 3D orientation can be achieved by combining a long
laser pulse with a moderately strong dc electric field. For excited states, although the
dynamics is non-adiabatic, their directional features can be controlled to some degree
by applying strong dc fields. Furthermore, we show that 3D orientation of a thermal
ensemble can be achieved in two ways: Firstly, by combining a linearly polarized laser
field with a strong dc electric field, effectively locking the MPA to the laser polarization
axis and the EDM to the dc electric field direction. Secondly, by combining an elliptically
polarized laser field with a strong dc electric field to induce mixed-field orientation of the
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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-field orientation is expected.
Since the non-adiabatic effects strongly depend on the molecular properties, accurate
predictions of the results of mixed-field 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-field 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
difficult and corresponding simulations of the angular control are necessary to analyze
the experimental data [14, 70].

3.6. Supplementary Material

See supplementary material of Ref. [127] for movies of the field-dressed rotational dynamics
of the state |2121〉t and the orientation cosines of the adiabatic pendular states.
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4 Laser-induced alignment of
weakly-bound molecular aggregates4

4.1. Introduction

Biological function is strongly shaped by the intricate interaction of the molecules with
their aqueous environment. Unraveling the underlying (bio)molecule-water solvation inter-
actions as well as their relevance for chemical dynamics promises a detailed understanding
of their contributions to function. Approaching this through studies of the elementary
chemical processes as intrinsic properties in well-defined molecular aggregates enables the
definition of fundamental building blocks as a dynamical basis of intermolecular solute-
solvent interactions and their chemical dynamics. This rationalizes the longstanding
history of detailed studies of molecule-solvent clusters in the gas phase [128, 129].

Novel imaging techniques with highest spatiotemporal resolution, such as ultrafast
x-ray [17, 130] or electron diffraction [11, 131], photoelectron imaging [2–4], and laser-
induced electron diffraction [12] will provide a new level of detail to these investigations
and promise to allow for the recording of molecular movies of the dynamical interactions.
The applicability of these imaging methods to complex molecular systems relies on the
preparation of pure samples [70, 71] and benefits tremendously from fixing the molecules
in space [14, 20, 70, 132], i. e., to align or orient them [48, 61, 72, 121]. Recently, some
of us have demonstrated the preparation of pure beams of the prototypical indole-water
dimer cluster as well as its laser alignment [102, 103, 133].

However, it is not clear in how far the very floppy structure of weakly bound molecular
clusters modifies or hinders the control techniques, especially regarding alignment with
strong laser fields. It is well understood that internal rotation, or torsions, and overall
rotation are coupled [106] and that internal rotations can also be controlled with the
same strong laser fields [82]. So far, experimental and theoretical studies have been
limited to highly symmetric molecular systems [81–85], e. g., with G16 symmetry, such as
biphenyls. It is a priori not clear how these effects will transfer to complex “real world”
(bio)molecules and their complexes.

Here, we set out to analyze the laser alignment and the corresponding influence of
internal rotations to the overall rotational dynamics of molecule-solvent systems, which,
generally, have lower symmetries and asymmetric shapes of the constituents. Specifically,

4This chapter is based on the publication: Laser-induced alignment of weakly-bound molecular aggregates,
Linda V. Thesing, Andrey Yachmenev, Rosario González-Férez and Jochen Küpper, Phys. Rev. A
98, 053412 (2018), arXiv:1808.01206 [physics]. I contributed to the development of the computational
code for the energy levels and rotation-torsional dynamics. Furthermore, I contributed to the ab
initio calculations and performed the calculations of the molecular energy levels, matrix elements as
well as alignment/orientation, analyzed the data and contributed to writing the manuscript.
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4. Laser-induced alignment of weakly-bound molecular aggregates

μ

z

y

Figure 4.1.: Sketch of the indole(H2O) dimer cluster. The most polarizable axis defines the
z-axis of the molecular frame. The torsional angle is defined as the dihedral angle between the
indole and water planes. For the experimentally determined structure, see Ref. 77.

we start these investigations with a theoretical analysis of the laser alignment of the
prototypical indole-water dimer systems [76, 77, 134, 135], which we treat as a semirigid-
rotor with an additional one-dimensional internal rotation coordinate corresponding to the
rotation of the water moiety about its b-axis; see Figure 4.1. We utilize a reduced-mode
variational approach based on the general-molecule variational approach [114, 136, 137]
combined with a general treatment of electric fields [115].

4.2. Theory and computational setup

The model structure of indole(H2O) that is employed in this work is schematically shown
in Figure 4.1. The water molecule is attached to the planar indole frame via a hydrogen
bond where the oxygen atom of the water molecule lies in the indole plane. We treat
the indole(H2O) cluster as a floppy molecule with the water molecule undergoing an
internal rotation. The angle of internal rotation τ is defined as the dihedral angle
between the indole and the water planes (see Figure 4.1), with τ = 90 ◦ in the equilibrium
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4.2. Theory and computational setup

configuration [77]. We keep all other vibrational coordinates fixed at their equilibrium
values along the minimum-energy path (MEP) of the internal rotation. The MEP is
determined by optimizing the structural parameters of the indole(H2O) complex at
different values of the τ coordinate between 0 ◦ and 360 ◦.

We assume the Born-Oppenheimer approximation and consider four degrees of freedom,
three Euler angles (φ, θ, χ) describing the overall rotation of the system, and the angle τ
associated with the internal rotation of the water molecule. The field-free Hamiltonian of
the system is

H0 = + 1
2

∑
α,β=x,y,z

ĴαG
rot
αβ(τ)Ĵβ + 1

2pτG
tor
τ (τ)pτ (4.1)

+1
2
∑

α=x,y,z

[
pτG

cor
τα (τ)Ĵα + ĴαG

cor
ατ (τ)pτ

]
+ V (τ),

where Ĵα are components of the rotational angular momentum operator in the molecule-
fixed frame (MFF) and pτ = −i~∂/∂τ . The kinetic-energy matrices Gtor

τ (τ) and Grot
αβ(τ)

are associated with the internal torsional and overall rotational motions, Gcor
τα (τ) describes

coupling between the two motions, and V (τ) is the potential-energy function. The
elements of the kinetic-energy matrices are calculated as functions of the torsional
coordinate τ following the generalized procedure from TROVE [110, 114]. The kinetic-
energy matrices and potential energy function in (4.1) were built along the MEP. The
geometry optimizations were carried out using the density-fitted second-order Møller-
Plesset perturbation theory DF-MP2 in the frozen-core approximation, in conjunction
with the augmented correlation-consistent basis set aug-cc-pVTZ [138, 139]. For the
density-fitting approximation, we utilized the JKFIT [140] and MP2FIT [141] auxiliary
basis sets specifically matched to aug-cc-pVTZ. All electronic-structure calculations were
carried out using Psi4 [142]. The ab initio potential-energy surface (PES) is represented
by an analytical function by fitting the expression

V (τ) =
2∑

n=0

V2n cos(2nτ) . (4.2)

The PES is depicted in Figure 4.2 (a) and the coefficients are V0 = −101.950 cm−1,
V2 = 106.006 cm−1 and V4 = −3.58143 cm−1, in good agreement with the experimental
value for this motion of V2 = 99 cm−1 [77]. The structural parameters are represented by
similar analytical functions; see section 4.5.

Our analysis is restricted to a nonresonant linearly polarized laser ac electric field
combined with a parallel weak dc electric field. The interaction of the polarizability with
the weak dc field is neglected. In addition, we can average over the rapid oscillations of
the nonresonant ac field and the interaction of the electric-dipole moment with the laser
field vanishes. The interaction of the molecule with the external electric fields then reads

Hint(t) = −µ(τ) · Estat −
1
4Elaser(t)α(τ)Elaser(t) , (4.3)
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Figure 4.2.: (a) The ab initio 1D potential-energy surface (blue circles) and corresponding
fit (blue line) and the lowest two field-free torsional energy levels of indole(H2O), obtained
from the pure torsional part of the Hamiltonian (4.1). Each torsional level, denoted by the
vibrational quantum number v, is split into two sublevels σ = 0, 1 of opposite parity. (b)
Field-free rotation-torsional energy levels for J = 0, . . . , 3 corresponding to the torsional ground
state, obtained from the Hamiltonian (4.1). Due to the small coupling between the internal
and overall rotation, the energy levels are approximately given by the sum of the pure torsional
and pure rotational energies. Thus, for each J , there are 2J + 1 rotational energy levels in a
given torsional sublevel; see text for more details.
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4.3. Results and Discussion

where Estat is the static electric field and Elaser(t) is the envelope of the laser electric
field. The electric-dipole moment (EDM) µ(τ) and the polarizability tensor α(τ) of
indole(H2O) are calculated along the minimum-energy path created by varying the τ
coordinate; see section 4.5. They are represented by analytical functions similar to the
ones used for the PES; see section 4.5. The polarization axis of the laser is chosen as
the Z-axis of the laboratory fixed frame (LFF). The molecule-fixed frame (x, y, z) is
defined by the principle axes of polarizability at the equilibrium configuration so that the
diagonal elements fulfill αxx < αyy < αzz.

To study the rotational dynamics of indole(H2O), we solve the time-dependent Schrö-
dinger equation (TDSE) for the full Hamiltonian

H(t) = H0 +Hint(t) , (4.4)

using the short iterative Lanczos method [118, 119] for the time propagation and a
basis-set expansion for the spatial coordinates using the eigenstates of the field-free
Hamiltonian (4.1). The field-free eigenbasis is calculated variationally in several steps.
First, the pure rotational and torsional basis functions, Ψrot

l (φ, θ, χ) and Ψtor
l (τ), are

constructed by diagonalizing the respective parts of the field-free Hamiltonian (4.1). In this
step, we use Wang states [109], i. e., symmetrized combinations of symmetric-top functions,
as a basis set for the rotational coordinates. For the torsional coordinates, we use sine and
cosine functions φevenn (τ) = cos(nτ)/

√
π and φoddn (τ) = sin(nτ)/

√
π, n > 0, and φeven0 (τ) =

1/
√

2π to preserve the even and odd symmetry of the states. The matrix elements of
the full Hamiltonian (4.4) are then set up in the product basis Ψrot

l (φ, θ, χ)Ψtor
m (τ) and

transformed to the eigenbasis of the complete field-free Hamiltonian (4.1) following the
generalized approach developed in RichMol [115].

To analyze the importance of the internal motion of the water molecule, we compare
our results to calculations using the rigid-rotor approximation [124], i. e., considering
only the three degrees of freedom of the overall rotation in (4.1). For the rigid-rotor
calculations, we use the structural parameters, EDM, and polarizability tensor at the
equilibrium configuration, i. e., τ = 90 ◦.

4.3. Results and Discussion

In this section, we analyze the overall rotational and torsional dynamics of indole(H2O).
We solve the TDSE using the field-free ground state as the initial state of the time-
propagation, i. e., T = 0 K. For the laser pulse, we consider a Gaussian envelope
Elaser(t) = êZE0 exp

(
−4 ln 2t2/τ 2

FWHM
)
with E0 = 2.74 × 107 V/cm and τFWHM = 1 ns.

The parallel static electric field is increased to a field strength of Estat = 600 V/cm
slowly enough to ensure adiabatic behavior before the laser field is applied. We analyze
the alignment and mixed-field-orientation dynamics of indole(H2O), quantified by the
expectation values

〈
cos2θ

〉
and 〈cosθ〉, respectively, as well as the torsional alignment〈

cos2τ
〉
.

Figure 4.3 (a) and (b) show the time evolution of the alignment and orientation of the
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Figure 4.3.: For the ground state of indole(H2O) (T = 0 K), the time evolution of the
expectation values (a)

〈
cos2θ

〉
, (b) 〈cosθ〉 and (c)

〈
cos2τ

〉
using α(τ) from ab initio calculations

[thick blue (dark gray) lines] and the modified α̃(τ) (thick black lines). For comparison, results
using the rigid-rotor approximation for the two polarizabilities are shown [thin red (light gray)
lines and thin green (gray) lines, respectively]. The results for the ab initio polarizability α(τ)
and the rigid-rotor approximation in (a) and (b) are practically indistinguishable. The smallest
values of

〈
cos2θ

〉
and 〈cosθ〉 and the largest value of

〈
cos2τ

〉
at the peak intensity are obtained

for the modified polarizability α̃(τ). The result for the modified polarizability differs from the
corresponding rigid-rotor result at the peak intensity. The insets in (a) and (b) show a zoom
of
〈
cos2θ

〉
and 〈cosθ〉 close to the peak intensity. The gray area illustrates the envelope of the

laser field with E0 = 2.74× 107 V/cm. The static field strength is Estat = 600 V/cm.
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ground state of indole(H2O) obtained using the nonrigid rotation-torsional Hamiltonian
[thick blue (dark gray) lines] as well as the results using the rigid-rotor approximation
[thin red (light gray) lines]. As the laser-field strength rises, the most polarizable
axis (MPA) becomes strongly aligned along the polarization axis of the laser, reaching〈
cos2θ

〉
= 0.98 at the peak intensity. For both the rigid and the nonrigid models, we

observe a typical mixed-field-orientation dynamics that has previously been described
for other linear and asymmetric top molecules [55, 57, 122, 123]. Due to the presence
of the static electric field, the orientation increases as laser-aligned pendular states are
formed and increasingly coupled with increasing laser-field strength. The orientation
at the peak intensity, 〈cosθ〉 = 0.82, is lower than the value obtained in the adiabatic
description, 〈cosθ〉 = 0.99, indicating a nonadiabatic dynamics, i. e., several field-dressed
eigenstates of the instantaneous Hamiltonian (4.4) contribute to the time-dependent wave
function [56, 124, 127].

We point out that the results obtained for the rigid and non-rigid descriptions are
practically identical, which shows that the indole(H2O) cluster can be treated as a rigid
molecule for moderate electric-field strengths that are typically employed in molecular
alignment and mixed-field-orientation experiments. To understand why the internal
rotation of the water molecule does not influence the overall rotational dynamics, we
look at the coupling between the internal and overall rotations and the resulting rotation-
torsional energy levels. In the field-free case, the coupling of the two motions is described
by the off-diagonal blocks Gcor

τα (τ) of the kinetic-energy matrix and the dependence of
Grot
αβ(τ) on the torsional angle τ in (4.1). Since this field-free coupling is very small [77],

the eigenstates of the Hamiltonian (4.1) are approximately described by the product
states Ψrot

l (φ, θ, χ)Ψtor
m (τ), and the energy levels are given approximately by the sum of

the pure rotational and torsional energies, Figure 4.2, even for large values of the quantum
number J . Due to tunneling, each torsional level splits into two sublevels, denoted by
σ = 0, 1 in Figure 4.2 (a). The energy difference between two consecutive torsional states
is three orders of magnitude larger than the energy gaps between pure rotational states.
As a result, the rotation-torsional energy levels are distributed as bands of rotational
states for each torsional sublevel, see Figure 4.2 (b).

In the presence of external electric fields, the internal and overall rotations are
additionally coupled due to the dependence of the EDM and the polarizability on the
torsional angle [see (4.3)], which is weak for indole(H2O). Thus, for the ac and dc
field strengths considered here, the field-induced coupling between the torsional ground
and first-excited state

〈
Ψrot−tor
i,v=0 |Hint|Ψrot−tor

j,v=1

〉
, where v = 0, 1 indicates the torsional

ground and excited state, respectively, is small (< 1 cm−1) compared to the energy
gap ∆E ≈ 98 cm−1 between these torsional levels. Due to the symmetry of the EDM
and the polarizability, the two sublevels σ = 0, 1 of a torsional state are not coupled
by the external electric fields; see section 4.5. As a consequence, the field-dressed
rotation-torsional wavepacket is dominated by the torsional ground state. The torsional
alignment shown in Figure 4.3 (c) [thick blue (dark gray) lines] thus remains constant
with

〈
cos2τ

〉
= 0.126. To achieve a field-induced coupling that is strong enough to

overcome the energy gap between the torsional ground and first-excited state, laser-field

45



4. Laser-induced alignment of weakly-bound molecular aggregates

n α̃
(11)
n (a. u.) α̃

(13)
n (a. u.) α̃

(22)
n (a. u.) α̃

(33)
n (a. u.)

0 98.8163 56.5324 -9.156292 193.5136
1 -23.5024 49.02866 -77.91074 47.57616

Table 4.1.: Coefficients of the analytical functions (4.7) used to fit the modified polarizability.
The components α12 and α23 are zero.

strengths larger than E0 ≈ 108 V/cm, i. e., intensities Icontrol > 1013 W/cm2, would be
necessary. Such fields would, however, affect the electronic structure and induce ionization
of indole(H2O) and are generally not used to control the rotational dynamics of these
clusters [103].

In the following, we investigate for which regimes of field-free and field-induced
couplings the rigid-rotor approximation can still be applied to describe the rotational
dynamics. To obtain a large field-induced coupling, stronger external ac and dc electric
fields could be applied or the dependence of the EDM and the polarizability on the
torsional angle τ could be, artificially, increased. We begin by studying a molecular
cluster that has a modified polarizability α̃(τ) and is otherwise identical to indole(H2O).
Since the interaction with the weak static electric field is much weaker than the one with
the laser field, we do not modify the EDM. We set α̃pq(τ) including only terms with
n ≤ 1 (see section 4.5) and with the coefficients listed in Table 4.1. The coefficients
α̃

(pq)
2 are chosen to be 200 times larger than the largest ones obtained from fits to the

ab inito results. The chosen α̃(pq)
0 satisfy α̃(τ = 90 ◦) = α(τ = 90 ◦). This polarizability

increases the field-induced coupling by a similar magnitude as increasing the laser-
field strength by a factor of

√
200. We carry out an additional rigid-rotor calculation

using the structural parameters and EDM at the equilibrium configuration, but the
expectation values

〈
α̃pq
〉

=
〈

Ψtor
0
∣∣α̃pq(τ)

∣∣Ψtor
0

〉
in the torsional ground state as these

values differ significantly from α̃pq(τ = 90 ◦). We point out that the expectation value
of the modified polarizability is not diagonal in the chosen MFF, i. e., the MPA of the
modified polarizability is not parallel to the MFF z-axis.

The results for this enhanced-response molecular system are depicted in Figure 4.3 for
the nonrigid-rotor (black lines) and rigid-rotor [thin green (gray) lines] cases. At lower
laser-field strengths, the alignment does not differ from the results obtained using the
rigid-rotor approximation. Close to the peak intensity, the alignment starts to decrease
and reaches a value of

〈
cos2θ

〉
=0.965, slightly smaller than the rigid-rotor result

〈
cos2θ

〉
=0.972. Simultaneously, the orientation starts to differ slightly from the rigid-rotor result
reaching a smaller value at the peak intensity. Regarding the torsional alignment, we
observe an increase of

〈
cos2τ

〉
with increasing laser-field strength, due to the contribution

of excited torsional states, in particular the second-excited state v = 2, σ = 0. The
reason for this is that due to the symmetry of the polarizability, the coupling between
the field-free rotation-torsional states with different torsional symmetry is small [74, 102];
see section 4.5. The difference between the nonrigid and the rigid-rotor descriptions can
be understood in terms of the effective polarizability

〈
Ψtor
m

∣∣∣α̃(τ)
∣∣∣Ψtor

m

〉
of the torsional

states. For weak laser fields, excited torsional states are not involved in the dynamics.
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4.3. Results and Discussion

As a consequence, the alignment and orientation evolve in a similar way as for the rigid
indole(H2O). The torsional ground-state wave function is localized around τ = 90 ◦,
yielding a polarizability with small off-diagonal elements 〈α̃13〉 = 〈α̃31〉 = 5.2 a. u.;
α̃13(τ = 90 ◦) = 0. At stronger laser fields, the contributions of excited torsional states
modify the polarizability, with 〈α̃13〉 = 23.5 a. u. at the peak intensity. As a result, a
different molecular axis is aligned compared to the rigid-rotor case and

〈
cos2θ

〉
decreases.

In addition to the change in the MPA, the anisotropy of the polarizability increases with
increasing laser field strength. The alignment of the MPA

〈
cos2 θMPA

〉
, where θMPA is

the angle between the MPA and the LFF Z-axis, is thus larger at the peak intensity
than for the rigid-rotor case. As a result of the change in the MPA, the orientation
〈cosθ〉 in Figure 4.3 (b) also decreases, but a larger orientation of the MPA 〈cos θMPA〉 is
obtained for the non-rigid than for the rigid case.

Additionally modifying the EDM in an analogous way results in different effective
dipole moments 〈µ〉 and a correspondingly changed degree of orientation compared to
the rigid-rotor result. However, since the interaction of the dc electric field with the
dipole moment is comparably weak, no additional excitation of torsional states occurs.
Increasing the laser field strength by the corresponding factor of

√
200 does not have the

same impact on the rotational dynamics as the modified polarizability. While a stronger
laser field leads to contributions of excited torsional states, the expectation value of the
polarizability in these excited states does not differ much from the one in the torsional
ground state. Thus, no significant change of the MPA or polarizability anisotropy occurs.
Calculations performed for a laser-field strength of E0 = 3 × 108 V/cm and Estat = 0
show a small increase in

〈
cos2τ

〉
during the laser pulse, but no difference in the overall

alignment
〈
cos2θ

〉
between the rigid and non-rigid descriptions. Increasing the laser-field

strength further was computationally too expensive.
In addition to analyzing the impact of a strong field-induced coupling, we investigate

the influence of the barrier height. This affects the torsional energy-level structure [106]
and may thus alter the field-dressed coupling necessary to achieve an excitation of the
torsion in the presence of external fields. To this end, we use a modified torsional
potential Ṽ (τ) = Ṽ0(cos(2τ)− 1) with a very small barrier height Ṽ0 = 1.0 cm−1. Using
the same field parameters as in Figure 4.3 and the ab initio polarizability, we observe an
overall rotational dynamics that is very similar to the dynamics obtained using the ab
initio torsional potential. The reason for this is that by lowering the barrier height the
energy gap between the torsional ground and second-excited level is only decreased to
∆E ≈ 55 cm−1, which is still large compared to the coupling induced by the external
electric fields. Finally, we consider molecules with an internal rotor that has a smaller
rotational constant. For a modified molecular system increasing the mass of the protons
in the water molecule of indole(H2O) to 14 u and keeping the ab initio polarizability, the
rotational dynamics for the rigid and nonrigid descriptions are almost indistinguishable
when applying the field configuration as in Figure 4.3. If we additionally consider a low
torsional barrier with Ṽ0 = 1.0 cm−1 (see above), the energy gap between the torsional
ground state and second-excited state is lowered to ∆E ≈ 4.5 cm−1 and we observe
contributions of excited torsional states. Here, the field-free rotation-torsional states
belonging to the excited torsional levels cannot be approximated well as product states
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4. Laser-induced alignment of weakly-bound molecular aggregates

of pure rotational and torsional states. As a consequence, the orientation slightly differs
from the rigid-rotor result with ∆ 〈cosθ〉 = 0.01.

4.4. Summary and Conclusions

We investigate the rotational dynamics of a floppy molecule in combined laser and
static electric fields. Our work is focused on the prototypical indole(H2O) cluster where
the attached water molecule undergoes an internal rotation. The molecular structure,
electric-dipole moment, and polarizability are calculated with ab initio methods. We
solve the time-dependent Schrödinger equation for a moderate laser-field strength and a
weak dc electric field taking into account four degrees of freedom for the internal and
overall rotation. We compare the obtained alignment and orientation dynamics to results
computed within the rigid-rotor approximation. We demonstrate that indole(H2O) can be
treated as a rigid molecule in typical alignment and mixed-field-orientation experiments.
This conclusion is rationalized by the weak field-free and field-induced couplings of the
internal and overall motions compared to the respective energy spacings. We explore
regimes of laser-field strengths for which the internal rotation of the water moiety can no
longer be neglected. However, such strong laser pulses, Icontrol > 1013 W/cm2, are not
likely to be used in alignment experiments as they would result in electronic excitation
and ionization. Let us remark that even at a rotational temperature of T = 0 K, both
torsional sublevels σ = 0, 1 of the rotational ground state would be populated in a
molecular beam according to their nuclear spin statistical weights. However, as the
rotational and torsional dynamics of these two sublevels in the presence of the ac and
dc fields do not differ significantly, our analysis of the σ = 0 sublevel provides a good
description of the overall rotational dynamics in the external fields.

We analyze the influence of a larger field-induced coupling on the overall and internal
rotational dynamics by using artificially modified electric-dipole moment and polarizability
with a two-orders-of-magnitude-stronger dependence on the torsional angle. We find
a decrease of the overall alignment and orientation close to the peak intensity due to
an effective change in the MPA in the excited torsional state. In addition, we observe
an increase of the torsional alignment with increasing laser-field strength caused by the
contributions of excited torsional states. In contrast, for unmodified indole(H2O), a
constant torsional alignment is found.

Based on these results for indole(H2O), we conclude that similar molecular clusters can
also be treated as rigid molecules. This conclusion can also be extended to other floppy
molecular systems provided their dipole moment and polarizability depend only weakly
on the internal motion and their rotational and torsional energy levels are approximately
given by the sum of pure rotational and torsional energies with large gaps between
consecutive torsional levels. For molecules with a small torsional barrier or a smaller
internal rotational constant, e. g., for previously studied biphenyl-type molecules, a weaker
field-induced coupling may already lead to contributions of excited torsional states to the
field-dressed dynamics. However, the rigid-rotor approximation can still be employed for
moderate laser-field strengths. This is different than for previously studied biphenyl-type
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molecules, which have their axis of internal rotation parallel to a principle axis of inertia
and their MPA not modified by the torsion, which results in a qualitatively different
coupled rotational and torsional dynamics than for generic low-symmetry molecular
clusters, such as indole(H2O). To achieve an accurate description of the rotational
dynamics for molecules with small energy gaps between the torsional ground and excited
states, the coupling of the internal and overall rotations cannot be neglected. Furthermore,
for impulsive alignment, even the small coupling between the internal and overall rotation
in indole(H2O) becomes important on longer, e. g., nanosecond, timescales, since the
revivals of the alignment are sensitive even to small energy shifts of the field-free rotational
states in the wave packet.

The variational approach applied in this work allows one to extend our study to
include multiple internal modes in a multidimensional PES and to study their effect on
the field-dressed rotational dynamics, which will be investigated in the future.

4.5. Supplementary Material

Ab initio results

The ab initio results for the components of the EDM µ(τ) and polarizability α(τ) are
depicted in Figure 4.4 together with the analytical functions fitted to the ab initio results;
see below. For each geometry obtained for a fixed value of the torsional angle, the EDM
and polarizability are calculated as first and second derivatives of the electronic energy
with respect to external electric fields along the corresponding axis. We use electric-field
strengths of +0.005 a. u.. and −0.005 a. u., where 1 a. u.. = 5.14× 109 V/cm. As for the
geometry optimization, the DF-MP2 method and aug-cc-pVTZ basis set is used.

Analytical expressions for the structural parameters

The bond lengths ri, angles ai, and dihedral angles di of indole(H2O) are defined in
Z-matrix form according to Table 4.2, where d18 = τ , di = 0 for i ∈ {4, 5, 7, 8, 9} and
di = π for i ∈ {6, 10, 11, 12, 13, 14, 15, 16, 17, 19}. The coordinates ri, i 6= 18, 19, and
ai, i 6= 18, are represented as analytical functions of the torsional angle similar to the
potential-energy surface,

xi =
3∑

n=0

x
(i)
2n cos(2nτ) (4.5)

to preserve their symmetry. To obtain expressions for r18 = rOH1 , r19 = rOH2 , and a18 =
aNOH1 , we fit symmetrized coordinates defined as r+ = (r18 + r19)/2, r− = (r18 − r19)/2,
and a− = a18 + a19/2− π, where a19 = aHOH. For r+, the expression (4.5) is used and for
r− and a−, we fit

xi =
2∑

n=0

x
(i)
2n+1 cos((2n+ 1)τ) . (4.6)

Analytical expressions for the coordinates r18, r19, and a18 are then obtained from those
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4. Laser-induced alignment of weakly-bound molecular aggregates

−0.03

−0.02

−0.01

0.00

0.01

0.02

µ
p

(a
.u
.)

(a)

µ1

µ2

µ3

µ1 − 1.9187 a.u. µ2 + 0.0114 a.u. µ3 − 0.4742 a.u.

0 60 120 180 240 300 360

τ (deg)

−0.6

−0.4

−0.2

0.0

0.2

0.4

α
pq

(a
.u
.)

(b)

α11 α12,
α23

α13

α22 α33

α11 − 122.41 a.u.

α12

α13 − 7.86 a.u.

α22 − 68.36 a.u.

α23

α33 − 146.06 a.u.

Figure 4.4.: The ab initio results for the components of (a) the EDM µ(τ) and (b) the
polarizability α(τ) (symbols). The solid lines are the analytical functions fitted to the ab initio
results; see below.
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C
C 1 r2
C 2 r3 1 a3
C 3 r4 2 a4 1 d4
N 1 r5 2 a5 3 d5
C 2 r6 1 a6 3 d6
C 6 r7 2 a7 1 d7
C 7 r8 6 a8 2 d8
C 8 r9 7 a9 6 d9
H 3 r10 2 a10 1 d10
H 4 r11 3 a11 2 d11
H 6 r12 2 a12 1 d12
H 7 r13 6 a13 2 d13
H 8 r14 7 a14 6 d14
H 9 r15 8 a15 7 d15
O 5 r16 1 a16 2 d16
H 5 r17 1 a17 2 d17
H 16 r18 5 a18 1 d18
H 16 r19 18 a19 5 d19

Table 4.2.: Z-matrix for internal coordinates of indole(H2O) as used in the input of the ab
initio calculations.

51



4.
Laser-induced

alignm
ent

ofweakly-bound
m
olecular

aggregates

xi x
(i)
0 x

(i)
1 x

(i)
2 x

(i)
3 x

(i)
4 x

(i)
5 x

(i)
6

r2 1.4165 0.0000 1.1241× 10−4 0.0000 −2.4354× 10−5 0.0000 7.9153× 10−7

r3 1.4190 0.0000 −1.5673× 10−4 0.0000 −6.2654× 10−6 0.0000 −2.3140× 10−6

r4 1.3723 0.0000 −5.2534× 10−6 0.0000 1.1913× 10−5 0.0000 −2.0983× 10−6

r5 1.3653 0.0000 −1.9057× 10−4 0.0000 −1.8848× 10−5 0.0000 −4.9656× 10−6

r6 1.3996 0.0000 −1.9349× 10−5 0.0000 1.2147× 10−6 0.0000 −2.3413× 10−6

r7 1.3798 0.0000 −3.3917× 10−5 0.0000 3.2087× 10−6 0.0000 −7.9436× 10−7

r8 1.4048 0.0000 −5.2823× 10−5 0.0000 −1.4796× 10−6 0.0000 −4.7037× 10−6

r9 1.3811 0.0000 −4.8092× 10−5 0.0000 1.2176× 10−5 0.0000 3.4123× 10−6

r10 1.0751 0.0000 −1.4861× 10−5 0.0000 −1.0067× 10−6 0.0000 −4.9208× 10−7

r11 1.0752 0.0000 −5.7300× 10−6 0.0000 −4.9008× 10−6 0.0000 −2.9040× 10−6

r12 1.0798 0.0000 −2.7355× 10−6 0.0000 3.3204× 10−6 0.0000 2.1854× 10−6

r13 1.0797 0.0000 −1.7141× 10−5 0.0000 8.4508× 10−6 0.0000 1.3853× 10−6

r14 1.0795 0.0000 6.4960× 10−7 0.0000 −2.0485× 10−5 0.0000 −1.7834× 10−6

r15 1.0800 0.0000 1.9670× 10−5 0.0000 8.2218× 10−6 0.0000 6.9811× 10−7

r16 2.9378 0.0000 1.4169× 10−2 0.0000 −1.2038× 10−4 0.0000 −4.9276× 10−5

r17 1.0090 0.0000 4.6907× 10−5 0.0000 4.8672× 10−7 0.0000 3.1249× 10−6

r18 9.5964× 10−1 1.6137× 10−5 −3.7570× 10−5 −2.3695× 10−6 −1.7981× 10−5 7.0582× 10−7 −2.5055× 10−6

r19 9.5964× 10−1 −1.6137× 10−5 −3.7570× 10−5 2.3695× 10−6 −1.7981× 10−5 −7.0582× 10−7 −2.5055× 10−6

a3 1.8649 0.0000 3.7557× 10−5 0.0000 −5.1228× 10−5 0.0000 −1.1234× 10−6

a4 1.8647 0.0000 −1.7675× 10−4 0.0000 4.1198× 10−5 0.0000 1.2049× 10−6

a5 1.8773 0.0000 1.8366× 10−6 0.0000 6.5937× 10−5 0.0000 1.5983× 10−6

a6 2.0751 0.0000 2.8057× 10−4 0.0000 −3.9346× 10−5 0.0000 1.3686× 10−5

a7 2.0749 0.0000 2.0874× 10−4 0.0000 2.1963× 10−6 0.0000 2.3899× 10−6

a8 2.1167 0.0000 −1.8787× 10−4 0.0000 2.3553× 10−5 0.0000 −3.4979× 10−6

a9 2.1152 0.0000 −2.1611× 10−4 0.0000 −2.4107× 10−5 0.0000 −6.0503× 10−6

a10 2.2269 0.0000 −1.1047× 10−4 0.0000 4.6785× 10−5 0.0000 −1.6861× 10−5

Table 4.3.: Coefficients of the analytical functions (4.5) and (4.6) used to fit the internal coordinates computed with ab initio methods.
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a11 2.2678 0.0000 −7.3596× 10−4 0.0000 −3.7692× 10−5 0.0000 1.2068× 10−5

a12 2.1047 0.0000 −1.6749× 10−4 0.0000 2.1358× 10−5 0.0000 1.1809× 10−6

a13 2.0896 0.0000 1.6504× 10−4 0.0000 −7.4212× 10−6 0.0000 −2.8143× 10−7

a14 2.0825 0.0000 1.8096× 10−4 0.0000 6.1563× 10−5 0.0000 8.5536× 10−6

a15 2.1148 0.0000 −1.8007× 10−3 0.0000 2.2403× 10−4 0.0000 −4.2819× 10−5

a16 2.1705 0.0000 −2.6675× 10−4 0.0000 −8.9622× 10−3 0.0000 −1.2984× 10−3

a17 2.1885 0.0000 8.9775× 10−4 0.0000 −9.4758× 10−4 0.0000 1.1903× 10−5

a18 2.2242 −4.7488× 10−2 9.8120× 10−4 −1.5970× 10−3 −4.1175× 10−5 −4.0832× 10−3 1.0285× 10−5

a19 1.8347 0.0000 −1.9624× 10−3 0.0000 8.2349× 10−5 0.0000 −2.0570× 10−5

Table 4.3.: continued

n µ
(1)
2n (a. u.) µ

(2)
2n (a. u.) µ

(3)
2n (a. u.) α

(11)
2n (a. u.) α

(13)
2n (a. u.) α

(22)
2n (a. u.) α

(33)
2n (a. u.)

0 1.91872 1.146652× 10−2 4.742808× 10−1 122.4133 7.866651 68.36602 146.069
1 1.897090× 10−2 1.110871× 10−3 1.161703× 10−2 3.613539× 10−2 8.455194× 10−2 3.895537× 10−1 2.378808× 10−1

2 4.952774× 10−3 1.531671× 10−3 6.384580× 10−3 1.17512× 10−1 2.451433× 10−1 −1.195350× 10−3 9.374843× 10−2

3 1.113748× 10−3 6.033855× 10−4 8.993579× 10−4 1.584098× 10−2 3.293678× 10−2 1.155859× 10−3 1.251454× 10−2

4 1.443935× 10−3 5.059124× 10−4 1.0173× 10−3 2.897917× 10−2 6.613491× 10−2 −1.084440× 10−3 2.512222× 10−2

Table 4.4.: Coefficients of the analytical functions (4.7) and (4.8) used to fit the EDM and polarizability computed with ab initio methods. The
components α12 and α23 are zero.
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J Kc Γtor Γrot ⊗ Γtor symmetry species
e e A1 A1 +
o e A1 A1 −
e o A1 A2 −
o o A1 A2 +
e e A2 A2 −
o e A2 A2 +
e o A2 A1 +
o o A2 A1 −

Table 4.5.: Symmetry species + and − for M = 0 and σ = 0 in the presence of parallel ac and
dc electric fields. The torsional symmetry Γtor and Kc quantum number refer to the product
state Ψrot

l (φ, θ, χ)Ψtor
m (τ) that approximately describes a given field-free rotation-torsional state.

To obtain the M = 0 symmetry species for the σ = 1 sublevels, A1,2 has to be replaced with
B1,2.

for the symmetrized coordinates. The coefficients x(i)
2n and x(i)

2n+1 are listed in Table 4.3.

Analytical expressions for the electric dipole moment and
polarizability

To represent µ(τ) and α(τ) by analytical functions of τ , we transform their components
to a coordinate system fixed to the molecular bond structure. The first unit vector ê1 is
chosen along the N-O bond axis, the second one ê2 is perpendicular to the indole plane,
and the third one is given by ê3 = ê1 × ê2. Similar to the fit of the PES, we fit the
following expressions to the ab initio results of µ(τ) and α(τ):

µp =
4∑

n=0

µ
(p)
2n cos(2nτ) , αpq =

4∑
n=0

α
(pq)
2n cos(2nτ) (4.7)

with p ∈ {1, 3} and pq ∈ {11, 22, 33, 13} as well as

µ2 = sin(2τ)
4∑

n=0

µ
(p)
2n cos(2nτ) . (4.8)

The coefficients µ(p)
2n and α(pq)

2n are listed in Table 4.4.

Symmetry properties and coupling due to external electric fields

We summarize the symmetry properties of indole(H2O) and the coupling of different
rotation-torsional states in the presence of parallel nonresonant laser and weak static
electric fields. In the field-free case, indole(H2O) belongs to the molecular symmetry
group G4 = {E, (12), E∗, (12)∗} [74, 77, 102]. The static electric field mixes field-free
states of different parity and the molecular symmetry group of indole(H2O) in the field
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reduces to G2 = {E, (12)} [102]. In terms of the product states Ψrot
l (φ, θ, χ)Ψtor

m (τ),
the matrix elements of the two parts of the interaction Hamiltonian (4.3) depend on〈

Ψtor
m

∣∣µi(τ)
∣∣Ψtor

n

〉
and

〈
Ψtor
m

∣∣αij(τ)
∣∣Ψtor

n

〉
with i, j ∈ x, y, z, respectively. Since the

dipole moment and polarizability do not change sign under the operation (12), rotation-
torsional states with different σ are not coupled by the external ac and dc electric
fields. The nonzero components of the polarizability are of A1 symmetry in G4 and thus
only couple field-free torsional states that have the same symmetry. Since the field-free
rotation-torsional states are linear combinations of states with the same rotation-torsional
symmetry and only approximately described by product states, the coupling due to the
laser field (which is the dominant interaction) between field-free states with different
torsional symmetry is nonzero, but smaller than the coupling between states with the
same torsional symmetry. Here, the torsional symmetry of a field-free rotation-torsional
state refers to the product state Ψrot

l (φ, θ, χ)Ψtor
m (τ) with the largest contribution. For

parallel laser and static electric fields, M is a good quantum number and we have to
distinguish the cases M = 0 and M 6= 0.

If M 6= 0, we find two different symmetry species corresponding to states with A and
B symmetry in G2.

For M = 0, the interaction of the laser field with the polarizability as well as the
interaction of the static electric field with the y and z components of the dipole moment
couple field-free rotational states with the same J +Kc parity. The y and z components
of the dipole moment are of A1 symmetry in G4 and thus only couple field-free torsional
states with the same symmetry. The x component of the dipole moment is of A2 symmetry
and couples field-free torsional states with different parity, i. e., A1 and A2 torsional states
as well as B1 and B2 states. For M = 0, the interaction with the x-component of the
dipole moment couples field-free rotational states with different J + Kc parity. As a
consequence, we find two different symmetry species for each value of σ. The two cases
for σ = 0 are listed in Table 4.5.
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5 Laser-induced dynamics of molecules
with strong nuclear quadrupole
coupling5

5.1. Introduction

Laser-controlled rovibrational molecular dynamics is a subject of active research in
physics and chemistry [62, 85, 143, 144]. In particular, the control of molecular spatial
alignment and orientation [48, 61, 72] is highly leveraged in many ultrafast imaging
experiments [4, 8, 11, 17, 62, 70, 145, 146] and stereochemistry studies [27, 147, 148] to
increase the experimental resolution. The mechanism of the alignment and orientation is
tied to the driven rotational dynamics of molecules in the ground vibrational state and
described by two-photon [59, 149] or three-photon [150, 151] Raman excitation processes.
The adiabatic alignment is induced by slowly increasing laser electric field, which creates a
directional potential trapping molecules in pendular states. Adiabatic alignment combined
with a dc electric field, produces the mixed-field orientation of molecules [55, 57, 72]. In
the impulsive alignment regime using short laser pulses, the created rotational wavepacket
evolves with repeated alignment/orientation and antialignment revivals. In all of these
schemes, the temporal evolution of the rotational wavepacket and the resulting revival
structure is characteristic to the rotational-energy-level structure of the molecule [55, 58,
152]. Typically, this temporal wavepacket evolution is accurately predicted using the
rigid-rotor or semirigid rotor Hamiltonian models [48, 127, 153, 154].

Many heavy atoms, such as, for example, bromine, iodine, or platinum, have large
nuclear quadrupoles. In molecules, these create large hyperfine splittings, comparable
or even larger than the rotational-energy spacings. These strong hyperfine interactions
arise from the coupling between the quadrupole moments of nuclei and the electric field
gradients produced by the distribution of nuclei and electrons through the molecule. In
such heavy-atom containing molecules the presence of the manifold of hyperfine-split
nuclear-spin states makes the temporal evolution of the laser-excited rotational wavepacket,
and thus the alignment revival structure, more complicated [95]. Therefore, a detailed
understanding of the effect of these nuclear-quadrupole interactions is an important
ingredient for the control over the alignment of heavy-atom-containing molecules, with

5This chapter is based on the publication: Laser-induced dynamics of molecules with strong nuclear
quadrupole coupling, Andrey Yachmenev, Linda V. Thesing and Jochen Küpper, J. Chem. Phys. 151,
244118 (2019), arXiv:1910.13275 [physics]. I contributed to the development of the computational
code for the hyperfine energy levels and rotational dynamics, performed the calculations of the
molecular energy levels, matrix elements as well as alignment, analyzed the data and contributed to
writing the manuscript.
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corresponding implications for molecular-frame imaging experiments. Heavy atoms
are commonly utilized as strong scattering and absorption centers in x-ray imaging
experiments [17, 155, 156]. They are also exploited as good leaving groups in Coulomb-
explosion velocity-map imaging of molecular dynamics [157, 158].

Here, we present a general variational approach for computing the field-driven rovi-
brational dynamics of molecules including nuclear-quadrupole interactions. The present
approach extends our previously reported variational method for computing the nuclear-
quadrupole hyperfine spectra of small molecules [112]. We developed a generalized
methodology for computing the matrix representations of various electric-multipole-
moment tensor operators in the basis of hyperfine wave functions. These tensor operators
are used as building blocks of the molecule-field interaction potential in simulations of
the field-driven rovibrational dynamics, as implemented in the computational approach
RichMol [115]. To our knowledge, this is the first attempt to generalized simulations
of this kind. We demonstrate the effect by calculating the one-dimensional alignment
dynamics of the asymmetric CF35Cl79Br127I molecule by a short laser pulse.

5.2. Theoretical description

In brief, in RichMol the time-dependent wavepacket Ψ(t) is built from a superposition of
the field-free rovibrational wave functions |J,mJ , l〉

Ψ(t) =
∑
J,mJ ,l

cJ,mJ ,l(t) |J,mJ , l〉 , (5.1)

where J and mJ denote the quantum numbers of the total rotational angular momentum
operator J and its projection onto the laboratory-fixed Z axis, respectively. l represents
a set of additional rotational and vibrational quantum numbers. The time-dependent
coefficients cJ,mJ ,l(t) are determined by a numerical solution of the time-dependent
Schrödinger equation using the time-evolution operator method. The total Hamiltonian
consists of the sum of the molecular rovibrational HamiltonianHrv, with the eigenfunctions
|J,mJ , l〉, and the molecule-field interaction potential V (t), expanded in terms of molecular
electric multipole moment operators:

H(t) = Hrv − µAEA(t)− 1
2αABEA(t)EB(t) + . . . (5.2)

A and B are Cartesian indices denoting the X, Y , and Z axes in the laboratory frame
and the summation over all Cartesian indices is implicitly assumed. EA(t) is the A
Cartesian component of the electric field vector, and µA and αAB are the electronic
contributions to the molecular-frame electric-dipole-moment vector and polarizability
tensor, respectively. The interaction terms of higher expansion order, such as the first
and second hyperpolarizability tensors, can also in principle be included into the sum in
(5.2) [115].

The time-evolution operator for the time step ∆t = t − t′ is computed using the
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split-operator method as

U(t, t′) = e−i
∆t
2~Hrv

(
ei

∆t
~ µAEA( t+t

′
2 )

·ei
∆t
2~ αABEA( t+t

′
2 )EB( t+t

′
2 ) · . . .

)
e−i

∆t
2~Hrv . (5.3)

Hrv is diagonal in the basis of its eigenfunctions |J,mJ , l〉 and the diagonal elements are
the molecular rovibrational energies. The exponentials of the Cartesian tensor operators
µA, αAB, . . . are evaluated using an iterative approximation based on the Krylov-subspace
methods. The computational performance of the iterative methods depends crucially
on how efficient the matrix-vector products can be computed between the operator
exponential and the subspace vectors. In the following, we will use T (Ω)

A to denote any
index-symmetric Cartesian tensor operator of rank Ω with A being a multi-index labeling
Cartesian components in the upper simplex of the tensor in the laboratory frame. For
example, for the dipole moment, Ω = 1 and A = X, Y , or Z, and for the polarizability
tensor, Ω = 2 and A = XX, XY , XZ, Y Y , Y Z, or ZZ.

The computations of the matrix-vector products can be significantly sped up by
expressing the matrix representation of Cartesian tensor operators T (Ω)

A in a contracted
tensor form:

〈J ′,m′J , l′|T
(Ω)
A |J,mJ , l〉 =

Ω∑
ω=0

M(J ′,m′
J ,J,mJ )

A,ω K(J ′,l′,J,l)
ω . (5.4)

The sum runs over all irreducible representations ω of the tensor and the matrices
M(J ′,m′

J ,J,mJ )
A,ω and K(J ′,l′,J,l)

ω decouple the laboratory-frame projections A and quantum
numbers mJ and m′J from the molecular-frame rovibrational quantum numbers l and l′.

The explicit expressions for theMA,ω and Kω matrices depend on the form of the
field-free wave functions |J,mJ , l〉. We use the general-molecule variational approach
TROVE [110, 113, 114, 159] to compute the field-free energies and wave functions
|J,mJ , l〉, which are represented by linear combinations of products of vibrational wave
functions |v〉 and symmetric-top rotational functions |J,mJ , k〉

|J,mJ , l〉 =
∑
v,k

c
(J,l)
v,k |v〉 |J,mJ , k〉 . (5.5)

v denotes the composite vibrational quantum number and k denotes the quantum number
of the molecular-frame z-projection of the rotational angular momentum operator. Using
the wave functions from (5.5), the expressions forMA,ω and Kω can be derived as

M(J ′,m′
J ,J,mJ )

A,ω = (−1)m′
J

√
(2J ′ + 1)(2J + 1)

×
ω∑

σ=−ω

[U (Ω)]−1
A,ω,σ

(
J ω J ′

mJ σ −m′J

)
(5.6)
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and

K(J ′,l′,J,l)
ω =

∑
k′,v′

∑
k,v

[
c

(J ′,l′)
v′,k′

]∗
c

(J,l)
v,k (−1)k′

×
ω∑

σ=−ω

∑
a

(
J ω J ′

k σ −k′

)
U (Ω)
ω,σ,a

〈
v′
∣∣∣T (Ω)
a

∣∣∣ v〉. (5.7)

T
(Ω)
a denotes Cartesian tensor operator in the molecular frame, with a being a Cartesian

multi-index (similar to A), and the matrix U (Ω) defines the transformation of tensor from
Cartesian to spherical-tensor form [115].

This approach is general and can be interfaced with any rovibrational computer
code that provides the tensor-matrix elements in the form of (5.4). The approach also
permits the use of more complex field-free wave functions than those defined in (5.5).
As multipole-moment operators commute with the nuclear-spin angular momenta, the
operators’ matrix elements in the basis of hyperfine states can also be cast into the form
of (5.4). In the following, we derive the explicit expressions for theMA,ω and Kω matrix
elements in the basis of the nuclear-spin hyperfine-structure wave functions.

The general variational implementation of the nuclear-spin hyperfine effects at the
level of the nuclear-quadrupole interaction was recently implemented [112] and used for
the generation of a quadrupole-resolved line list of the ammonia molecule [160]. The
nuclear-quadrupole interaction in a molecule containing n = 1 . . . N quadrupolar nuclei is
described by the coupling of the electric field gradient tensor (EFG) at each n-th nucleus
V(n) with its quadrupole moment tensor Q(n). The total spin-rovibrational Hamiltonian
takes the form

Hsrv = Hrv +
∑
n

V(n) ·Q(n). (5.8)

The overall rotational, J, and the nuclear spin, In, and total, F, angular momentum
operators for n = 1 . . . N quadrupolar nuclei are coupled as I1,2 = I1 + I2, I1,3 = I1,2 + I3,
. . . , I1,N−1 = I1,N−2 + IN−1, I ≡ I1,N = I1,N−1 + IN , and F = J + I. The nuclear-
spin functions |I,mI , I〉 depend on the quantum numbers I and mI of the collective
nuclear spin angular momentum operator I and its projection onto the laboratory Z axis,
respectively. The set of auxiliary spin quantum numbers I = {I1, I1,2, . . . , I1,N−1} of the
intermediate spin angular momentum operators provide a unique assignment of each
nuclear-spin state. The total spin-rovibrational wave functions |F,mF , u〉 are built as
symmetry-adapted linear combinations of the products of the rovibrational wave functions
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|J,mJ , l〉 in (5.5) and the nuclear-spin functions |I,mI , I〉:

|F,mF , u〉 =
∑
I,I,J,l

c
(F,u)
I,I,J,l

 ∑
mJ ,mI

(−1)F+mF

×
√

2F + 1
(

F I J

−mF mI mJ

)
|I,mI , I〉 |J,mJ , l〉

 . (5.9)

c
(F,u)
I,I,J,l are the eigenvector coefficients of the spin-rovibrational Hamiltonian (5.8), F and
mF are the quantum numbers of F and its projection onto the laboratory-fixed Z-axis,
and u denotes the hyperfine-state running index.

The explicit expressions for the matrix elements of the spin-rovibrational Hamil-
tonian (5.8) for an arbitrary number of quadrupolar nuclei and details of the varia-
tional solution can be found in reference [112]. Here, we derived explicit expressions
for the matrix elements of the general electric multipole Cartesian tensor operator〈
F ′,m′F , u

′
∣∣∣T (Ω)
A

∣∣∣F,mF , u

〉
, which in the contracted-tensor form of (5.4) are

M(F ′,m′
F ,F,mF )

A,ω = (−1)m′
F

√
(2F ′ + 1)(2F + 1)

×
ω∑

σ=−ω

[U (Ω)]−1
A,ω,σ

(
F ′ ω F

−m′F σ mF

)
(5.10)

and

K(F ′,u′,F,u)
ω =

∑
I′,I′,J ′,l′

∑
I,I,J,l

[
c

(F ′,u′)
I′,I′,J ′,l′

]∗
c

(F,u)
I,I,J,l(−1)I

×
√

(2J ′ + 1)(2J + 1)
{
J ′ F ′ I

F J ω

}
K(J ′,l′,J,l)
ω δI′,IδI′,I . (5.11)

K(J ′,l′,J,l)
ω , defined in (5.7), contains the rovibrational matrix elements of T (Ω)

A in the
basis |J,mJ , l〉. Using the expressions (5.10) and (5.11) in (5.4), RichMol could directly
be employed to simulate the coupled nuclear-spin-rovibrational molecular dynamics in
external fields. In (5.3), the diagonal representation of Hrv in the rovibrational energies
was replaced by the diagonal representation of Hsrv in the hyperfine energies (5.8).

5.3. Results and discussion

This new approach was used to investigate the effect of nuclear-quadrupole coupling on
the impulsive alignment of bromochlorofluoroiodomethane CF35Cl79Br127I. This molecule
has a quasi-rigid structure and contains three different heavy nuclei with large quadrupole
coupling constants and with correspondingly nontrivial laser-induced rotational and
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nuclear spin spectra and dynamics. A short non-resonant laser pulse is linearly polarized
along the laboratory Z axis. Its intensity is given by the Gaussian function I(t) =
I0 exp

(
−4 ln 2t2/σ2) with σ = 1 ps and I0 = 6× 1011 W/cm2 or 1× 1012 W/cm2. The

excitation by a non-resonant laser field is described by the electric polarizability term in
the interaction potential (5.2). The explicit expressions for the elements of the matrix U (2)

for the polarizability are listed in the Table I of reference [115]. The degree of molecular
alignment is characterized by the expectation value

〈
cos2θ

〉
=
〈

Ψ(t)
∣∣cos2 θ

∣∣Ψ(t)
〉
, with

the angle θ between the molecular-frame z and the laboratory-frame Z axes. The matrix
elements of the cos2 θ operator can be easily computed using the general expressions
(5.10), (5.11), and (5.7) by noting the relationship cos2 θ = (2d2

00 + 1)/3, where d is the
Wigner d matrix. The vibrational matrix elements of d2

00 in (5.7) are 〈v′|d2
00|v〉 = δv′v

and U (0)
ω,σ = δω,2δσ,0; here the index a in (5.7) is redundant.

For simplicity we neglected the vibrational motion of the molecule and approximated
the full rovibrational wave functions in (5.5) by rigid-rotor solutions. The rigid-rotor
approximation in simulations of the laser-induced alignment of quasi-rigid and even non-
rigid molecules in ultracold molecular beams has been validated in numerous studies [45,
55, 60, 64, 154, 161]. The zero-point vibrational corrections to various electromagnetic
tensors are known to be quite small, on the order of 1–3%, even for non-rigid molecules
like H2O2 [162] and have been neglected in this study. The equilibrium geometry and
polarizability of CFClBrI were calculated using density functional theory (DFT) with
the B3LYP functional and the def2-TZVPP basis set [163, 164] in conjunction with the
relativistic effective core potential def2-ECP on the iodine atom [165]. The accuracy of
hybrid functionals for the prediction of molecular polarizabilities was assessed on a dataset
of 132 molecules, yielding a root-mean-square error of 3–5 % relative to CCSD(T) [166].
Calculations of the electric field gradient tensors, needed for the nuclear-quadrupole
coupling Hamiltonian in (5.8), were carried out at the DFT/B3LYP level of theory using
the all-electron scalar relativistic Douglas-Kroll-Hess Hamiltonian [167] with the DKH-
def2-TZVP basis set [168, 169]. Systematic studies of the accuracy of DFT functionals
for predictions of the electric field gradient tensors of transition metal complexes provided
a mean error estimate of about 0.071 a.u. for the B3LYP functional [170]. All electronic
structure calculations employed the quantum chemistry package ORCA [171, 172]. The
quadrupole moments for the 35Cl, 79Br, and 127I nuclei are Q = −81.65 mb, 313 mb, and
−696 mb, respectively [173].

The calculations of the molecule-field dynamics in the basis of the nuclear-spin
hyperfine states were performed in a three-step procedure: First we solved the field-free
problem using the rigid-rotor Hamiltonian and obtained the rotational energies and
the rotational matrix elements of the EFG and the polarizability tensors, as well as
of the cos2 θ operator, (5.6) and (5.7). Then we used the rotational energies and the
matrix elements of the EFG tensors together with the nuclear-quadrupole constants
to build and diagonalize the nuclear-spin quadrupole-coupling Hamiltonian [112], (5.8).
We obtained the spin-rotational eigenfunctions in (5.9) and transformed the rotational
matrix elements of the polarizability tensor and cos2 θ operator into the spin-rotational
eigen-basis using (5.10) and (5.11). Finally, we used the spin-rotational energies and the
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QC noQC

Figure 5.1.: Laser-alignment dynamics of CFClBrI, with and without nuclear-quadrupole
coupling (QC and noQC) following excitation by a Gaussian laser pulse with τFWHM = 1 ps
and a maximum laser intensity of (a) I0 = 6× 1011 W/cm2 and (b) I0 = 1× 1012 W/cm2.

matrix elements of the polarizability to build the molecule-field interaction Hamiltonian
and solve the time-dependent problem. The wavepacket Ψ(t) in (5.1) was built from a
linear combination of spin-rotational wave functions with time-dependent coefficients.
The expectation value

〈
cos2θ

〉
is calculated from the spin-rotational matrix elements of

cos2 θ computed at the previous step.
Here, we used a rotational basis that included all spin-rotational states of CFClBrI

with F ≤ 41/2, corresponding to J ≤ 26. We assumed that CFClBrI is initially in the
ground rotational state J = 0, which has 96 different nuclear-spin state components,
including the mF degeneracy. Therefore, we performed a series of simulations starting
from the different nuclear-spin components and averaged the results assuming equal
normalized populations of different spin components. For comparison, we also performed
calculations neglecting the hyperfine effects, i. e., using rigid-rotor wavefunctions as the
field-free basis. It should be noted that samples of heavy molecules populating a few
of the lowest rotational states, with Trot ≈ 0.4 K, can be produced from cold molecular
beams using the electrostatic deflector [71, 121, 133].

The temporal evolution of the alignment calculated for two different laser intensities is
shown in Figure 5.1. For both laser intensities, the alignment without nuclear-quadrupole
interaction shows complex revival patterns originating from the dephasing and rephasing
of the rotational wavepacket. Since CFClBrI is an asymmetric-top molecule (asymmetry
parameter κ = −0.75), the revival patterns lack the typical periodicity of the J-type
or C-type revivals observed for near-symmetric-top molecules [64, 65, 174]. Noticeably,
the broader wave packet, produced by the higher-intensity pulse, shows higher-frequency
oscillations and generally reduced peak alignment. This is ascribed to mismatches of
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the phases of the populated rotational states after the laser pulse [69] and successive
dephasing due to the molecule’s asymmetry [64], preventing the simultaneous rephasing
of more than a few rotational states with significant populations.

The nuclear-quadrupole interaction increases complexity of the revival dynamics and
depletion of the peak alignment compared to the rigid-rotor results. Nevertheless, during
the first 300 ps after the laser pulse the degree of alignment is almost identical to the
rigid-rotor result. We also observed a dependence of the nuclear-quadrupole effect on
the laser-field intensity. For the lower intensity, Figure 5.1 (a), the impact is seen about
200 ps earlier than for the higher intensity, Figure 5.1 (b).

The non-periodic recurrences in the alignment dynamics of the asymmetric-top
molecules originate from large asymmetry splittings of the rotational energy levels. The
influence of the nuclear-quadrupole interaction can be understood in a similar manner,
as dephasing effect resulting from the incommensurate hyperfine splittings for different
rotational states. The dephasing is stronger for the wavepacket dominated by the low-
energy rotational states, where the hyperfine splittings are most irregular. For large J ,
the hyperfine splittings become increasingly uniform [106] and the contribution to the
dephasing is minimized. This explains why the effect of the nuclear-quadrupole interaction
is less striking for the higher-intensity laser field, which populates higher-energy rotational
states. For both intensities, however, the small-J states have relatively large populations
and the nuclear-quadrupole interaction has a strong influence on the field-free alignment.

5.4. Conclusions
In conclusion, we have presented the first general implementation of nuclear-quadrupole
hyperfine effects in the rovibrational dynamics of molecules driven by external electric
fields. Our approach combines TROVE, which provides hyperfine energies and wave
functions for arbitrary molecule, with RichMol, designed for generalized simulations of
external-field effects. In principle, the presented approach can be applied to simulate the
fully-coupled spin-rovibrational dynamics of any molecule with no inherent limitations
on the number of quadrupolar nuclei. The external field effects are not limited by the
polarizability interaction: other multipole moment operators, including the permanent
dipole moment or the first and second hyperpolarizabilities, can be considered without
additional implementation efforts.

We studied the influence of the nuclear-quadrupole coupling on the laser impulsive
alignment of a prototypical heavy-atom molecule CFClBrI. While the effect is small
for the first few revivals, it turns out to be entirely detrimental for the revivals at
later times. The laser field plays an important role, with lower intensities prompting
larger effect of the nuclear-quadrupole coupling. This can be explained by dephasing of
the rotational wavepacket due to the incommensurate structure of the hyperfine-split
levels for different rotational states. This effect is stronger for small-J rotational states
and practically disappears for states with high angular momenta. Given that small-J
states in the wavepacket will be the source of the largest dephasing effects, we expect
that stronger laser intensities and higher initial rotational temperatures should further
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diminish the effect of the nuclear-quadrupole coupling. More rigorous studies of these
effects for different alignment scenarios and molecular systems are ongoing. We envisage
future applications of the presented approach to inform and interpret diverse laser-field
experiments on molecules containing nuclei with large quadrupole constant.
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6 The effect of nuclear-quadrupole
coupling in the laser induced
alignment of molecules6

6.1. Introduction

Controlling the rotational motion of molecules with external electric fields is among the
most interesting goals in physical chemistry. The simplest approach to theoretically
describe this field-induced control relies on applying the rigid rotor approximation. For
many molecular species, this approach has been shown to be sufficient [45, 55, 60, 64, 161],
even for some floppy molecules [154]. However, the coupling of the overall angular
momentum to additional angular momenta or internal rotations cannot be neglected
under certain circumstances. For instance, it has been shown that coupling of nuclear
spins and the overall angular momentum can have a significant impact on the rotational
dynamics on experimentally relevant timescales [86–94].

Fixing molecules in space, i. e., aligning and orienting them [31, 48, 49], is of particular
interest among rotational control schemes as it reduces the blurring of experimental
observables caused by averaging over the random orientations and allows to obtain
information in the molecular frame [20, 70, 132]. Molecules can be aligned by subjecting
them to nonresonant laser fields. If the laser pulse is switched on slowly compared to
the molecular rotational period, adiabatic alignment is achieved. On the other hand,
by using short laser pulses, coherent superpositions of field-free rotational states are
created. The wavepackets rephase periodically and show revivals of the alignment in
field-free space [58, 60, 62, 152]. Such coherent superpositions can also be obtained by
shaped laser pulses which are turned off rapidly compared to the rotational period of the
molecule [42, 66–69].

Recently, it has been shown that the impulsive alignment of I2 molecules can only be
described accurately if the nuclear-quadrupole coupling is taken into account [95]. Here,
we systematically analyze the impact of this coupling for different laser intensities and
pulse shapes for both linear and asymmetric top molecules using I2 and 1,4-diiodobenzene
as examples. Our results thereby serve as a guideline to understand under which
circumstances the quadrupole coupling has a significant influence on the rational dynamics.

6This chapter is based on the publication: The effect of nuclear-quadrupole coupling in the laser induced
alignment of molecules, Linda V. Thesing, Andrey Yachmenev, Rosario González-Férez and Jochen
Küpper, J. Phys. Chem. A, accepted (2020), arXiv:1911.12270 [physics]. I contributed to the
development of the computational code for the hyperfine energy levels and rotational dynamics,
performed the calculations of the molecular energy levels, matrix elements as well as alignment,
analyzed the data and contributed to writing the manuscript.
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6.2. Theoretical description

In I2 and 1,4-diiodobenzene (DIB), the interaction between the nuclear quadruple moments
of two equivalent iodine 127I nuclei and the electric field gradients, arising from the charge
distributions of the surrounding nuclei and electrons, lead to the well known hyperfine
splittings of the rotational energy levels. Each rotational level of the molecule is thus
split into a maximum of 36 sub-levels, labeled by the quantum number F of the total
angular momentum operator F = J + I, where J is the rotational angular momentum
neglecting the spin, which for the molecules considered here is the angular momentum
of overall rotation. Here, I = I1 + I2 is the collective nuclear spin angular momentum
operator with I1 = I2 = 5/2 and thus 0 ≤ I ≤ 5.

The theoretical model to describe the nuclear-quadrupole interactions has been
described before [175]. Briefly, within the Born-Oppenheimer and semirigid-rotor approx-
imations, the field-free Hamiltonian can be written as

Hmol = Hrot +
∑
l=1,2

V (l) ·Q(l), (6.1)

where Hrot is the semirigid-rotor Hamiltonian. The molecule-fixed frame (MFF), x, y, z, is
defined by the principal axes of inertia. In the second term, Q(l) is the nuclear-quadrupole
tensor of the l-th iodine nucleus and V (l) is the electric-field-gradient tensor at the
instantaneous position of the corresponding nucleus. The elements Vij(l) (i, j = x, y, z)
and all relevant molecular parameters are provided in section 6.5.

The interaction of a molecule with a nonresonant laser field, linearly polarized along
the laboratory-fixed Z axis, is given by

Hlas(t) = − I(t)
2ε0c

αZZ (6.2)

where αZZ is the element of the polarizability tensor of the molecule along the laser
polarization axis. The polarizabilities defined in the laboratory frame are directly
transformed to the molecular frame αij (i, j = x, y, z) [115], see section 6.5.

To study the rotational dynamics of I2 and DIB, we solve the time-dependent Schrö-
dinger equation (TDSE) for the full Hamiltonian

H(t) = Hmol +Hlas(t). (6.3)

The time-dependent wave function is built from a superposition of the field-free spin-
rotational eigenfunctions of Hmol; see section 6.5. The time-dependent coefficients are
determined by numerical solution of the TDSE using the split-operator method using
RichMol [115]. The alignment is quantified by

〈
cos2θ

〉
, with the Euler angle θ between

the molecule-fixed z and the laboratory-fixed Z axes.
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Figure 6.1.: Impulsive alignment induced by laser pulses with τFWHM = 1 ps for (a–d) I2
and (e–h) DIB including (QC) and neglecting the nuclear-quadrupole coupling (noQC). The
expectation value

〈
cos2θ

〉
is shown as a function of t/τrot, where τrot is the rotation period of

the molecules. For each row, the laser intensities were chosen to create rotational wave packets
involving similar distributions of J values for both molecules when the quadrupole coupling is
neglected.

6.3. Results and discussion
Adiabatic alignment We considered a linearly polarized laser pulse with a Gaussian
envelope I(t) = I0 exp

(
−4 ln 2t2/τ 2

FWHM
)
, where τFWHM = 8 ns and I0 = 2×1011 W/cm2.

For the rotational temperature Trot = 0 K, we assumed that all hyperfine states cor-
responding to the rotational ground state J = 0 were populated according to their
statistical weights. For I2, the spin-rotational states with even I have equal weights
while the ones with odd I have zero weights [176]. For DIB, the Hydrogen nuclear-spin
functions result in weights of 7 (3) for even (odd) I; see section 6.5. The adiabatic
alignment with nuclear-quadrupole coupling was computed by averaging over individually
obtained alignment results for the 15 (36) initial nuclear-spin states of I2 (DIB).

As the interaction of the external electric field with the polarizability of the molecules
is much stronger than the quadrupole interaction, the influence of the nuclear-quadrupole
coupling is negligible for both molecules. At the peak intensity, we thus obtained〈
cos2θ

〉
= 0.946 and

〈
cos2θ

〉
= 0.988 for I2 and DIB, respectively, both, including and

neglecting the quadrupole coupling.

Impulsive alignment We analyzed the impulsive alignment induced by short (τFWHM =
1 ps) nonresonant linearly polarized laser pulses with Gaussian envelopes. We compared
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6. The effect of nuclear-quadrupole coupling in the laser induced alignment of molecules

the post-pulse dynamics including and neglecting the nuclear-quadrupole coupling for the
rotational gound states, i. e., Trot = 0 K. To allow for a better comparison of the alignment
with and without the coupling, we used initial states with well defined rotational quantum
numbers, i. e., uncoupled states |IMI〉 |00〉 (|IMI〉 |0000〉) for I2 (DIB), and averaged over
the results for the different spin isomers, see above. We point out that the corresponding
field-free eigenstates have contributions of J > 0 rotational states, which might lead to
additional differences in the dynamics. To solve the TDSE, we projected each initial
state onto the field-free eigenbasis.

Figure 6.1 shows the post-pulse alignment for (a–d) I2 for intensities 3×1011 W/cm2 <

I0 < 3× 1012 W/cm2 and (e–h) DIB for intensities 1011 W/cm2 < I0 < 1012 W/cm2 as a
function of time in units of the rotational periods, τrot = 446.98 ps and τrot = 3187.48 ps
for I2 and DIB, respectively. The post-pulse alignment simulated without the quadrupole
interaction shows typical revival structures for rotational wave packets induced by short
laser pulses. For the smallest intensities, Figure 6.1 a, e, the field-dressed dynamics is
dominated by a few low-energy rotational states and

〈
cos2θ

〉
oscillates with the period

τrot. For DIB and I0 = 1011 W/cm2, contributions of rotational states with Ka > 0 are
negligible and the post-pulse dynamics is similar to the one of the linear molecule I2.
With increasing intensity I0, more highly excited rotational states are involved in the
dynamics. The rotational dynamics of DIB in Figure 6.1 h shows a decrease of the peak
alignment over time resulting from the asymmetry splitting of rotational states with
Ka > 0 [64, 65].

The effect of the nuclear-quadrupole coupling on the alignment depends strongly
on the laser intensity. For the low intensities in Figure 6.1 a, e it is strongest and the
field-free alignment decreases over time for both I2 and DIB. However, during the short
pulse the quadrupole interaction plays a negligible role for both molecules and the laser
field only affects the rotational part of the wave packet, leaving the nuclear spin quanta
unchanged. As a consequence, the alignment traces with and without the quadrupole
coupling are very similar to each other directly after the laser pulse. This also holds for
higher laser intensities.

For DIB, the alignment then decreases quickly after the pulse, while for I2 the
rotational dynamics starts to differ at t ≈ τrot/2. This decrease in the field-free alignment
for small intensities can be rationalized in terms of the hyperfine energy levels of the
Hamiltonian (6.1). For the low-energy rotational states, which contribute most to the
dynamics in Figure 6.1 a, e, the hyperfine-splitting patterns depend strongly on J . These
irregular patterns introduce incommensurate frequencies that lead to a dephasing of the
wave packet, thus preventing strong revivals of the alignment. In contrast to I2, for DIB
the energy differences of hyperfine components within the low-energy rotational states
are similar to the energy differences between the rotational levels themselves and strong
inter-J coupling is observed in the spin-rotational states. As a consequence, the alignment
of DIB is affected much more strongly and faster, with respect to the rotational timescale,
than it is for I2.

The influence of the quadrupole coupling can also be interpreted using a classical
picture. The precession of I and J around F results in a variation of their projections
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MJ and MI , leading to a decrease of the alignment. In addition, the magnitudes |I| and
|J | are changed over time by the quadrupole coupling, further affecting the rotational
dynamics. Note that for I2, the changes in |J | are very small but a change in |I| stills
affects the spatial orientation of J , since the total angular momentum F is preserved.

As the laser intensity was risen, Figure 6.1 b–d, f–h, the influence of the quadrupole
interaction diminished for both molecules. In Figure 6.1 d, h, minor differences can only
be observed after the first rotational period. For these strong fields, highly excited states
with up to J ≈ 44 (and Ka ≈ 10 for DIB) dominate the post-pulse dynamics, for which
the hyperfine patterns become increasingly uniform [106, 108]. For these large J , the
matrix elements of cos2 θ that contribute significantly to the alignment are those between
field-free eigenstates with ∆F = ∆J and the same nuclear-spin contributions. Since the
hyperfine energy shifts are approximately the same for these states, their energy gaps are
very similar to those between the corresponding rotational levels. As a result, we observe
only a very weak dephasing in Figure 6.1 d, h.

If field-free eigenstates are used as initial states the averaged alignment results for I2
do not differ significantly from the result in Figure 6.1. For DIB on the other hand, we
observe small deviations originating from a considerable mixing of different J-states in
the hyperfine eigenstates, modifying the initial rotational wave function. The impact of
the quadrupole interaction is, however, qualitatively the same. The different sets of initial
states can only be considered equivalent when the result is averaged over all different spin
isomers and M -states for a given rotational level. Individual eigenstates are in general
linear combinations of uncoupled states with different values of I, MI and MJ , even if
the coupling of different J-states by the quadrupole interactions is neglected.

Truncated pulse alignment For asymmetric top molecules, truncated laser pulses
typically allow to obtain larger degrees of field-free alignment than short laser pulses,
taking advantage of the initial adiabatic alignment [66, 69]. Here, we consider a laser pulse
with a rising and falling edge, both with a Gaussian shape corresponding to τFWHM =
600 ps and τFWHM = 2 ps, respectively, and a peak intensity of I0 = 5× 1011W/cm2.

The alignment results for I2 and DIB as a function of t/τrot are shown in Figure 6.2 a, b,
respectively. For both molecules, strong alignment was reached before the cut-off of
the laser field with

〈
cos2θ

〉
close to 1. As in the adiabatic regime, the effect of the

quadrupole coupling on the degree of alignment is very weak in the presence of the field.
After the laser field is switched off, the quadrupole-free alignment shows a typical revival
structure. For the linear I2 molecules,

〈
cos2θ

〉
at the full revival t = τrot reaches the

same value as during the pulse,
〈
cos2θ

〉
= 0.96. Analogous behavior was observed for

DIB with
〈
cos2θ

〉
= 0.98. Note that such high degrees of the post-pulse alignment for

DIB are generally possible because the molecule is a near symmetric-top with only small
populations of states with Ka > 0, effectively reducing the dynamcis to that of a linear
rotor. Generally, the peak alignment of asymmetric top molecules at the full revival does
not reach the same value as at the peak intensity of the truncated pulse [42, 69].

For both molecules, the dephasing due to the nuclear-quadrupole coupling is compa-
rable to the impulsive alignment case with intermediate intensities, see Figure 6.1 b, f.
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Figure 6.2.: Truncated pulse alignment with and without quadrupole coupling (QC and noQC)
as a function of t/τrot for (a) I2 and (b) DIB following a truncated laser pulse with a maximum
laser intensity of I0 = 5× 1011W/cm2. The rising and falling edges of the pulse had Gaussian
shapes with τFWHM = 600 ps and 2 ps, respectively.
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Figure 6.3.: Impulsive alignment for the initial states |3132〉 and |4400〉 of DIB including the
quadrupole coupling (QC) and neglecting it (noQC) as a function of t/τrot. The duration of the
laser pulse is τFWHM = 1 ps and (a) I0 = 1× 1011W/cm2 and (b) I0 = 1× 1012W/cm2.

For DIB, the inter-J coupling due to quadrupole interaction noticeably influences the
populations of rotational states during the pulse, where the dynamics shows nonadiabatic
behavior. The alignment then starts to slightly deviate from the quadrupole-free results
directly after the truncation of the laser field. By including the coupling, the strongest
peak alignment was observed at the full revival t = τrot with

〈
cos2θ

〉
= 0.85 (0.84) for

I2 (DIB), which is larger than the peak alignment obtained in the impulsive regime,
see Figure 6.1 d, h. However, the enhancement of the post-pulse alignment by using
truncated laser pulses instead of impulsive-kick pulses was much smaller than without
the quadrupole interaction.

Post-pulse dynamics of excited rotational states While state-selected molecular
beams [62, 70, 71, 177–180] or ultracold-molecules techniques [181, 182] can produce
near-0 K samples, this is not generally feasible, especially not for the heavy organic
molecules discussed here. Therefore, we investigated the impulsive-alignment dynamics
for several initially excited states of I2 and DIB. Since comparable results were ob-
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6. The effect of nuclear-quadrupole coupling in the laser induced alignment of molecules

tained for both molecules, we focus our analysis on DIB, namely the rotational states
|JKaKc ,MJ〉 = |313, 2〉 and |440, 0〉. For both excited states, we observe a qualitatively
similar influence of the quadrupole coupling as for the rotational ground state. For
I0 = 1 × 1011W/cm2,

〈
cos2θ

〉
in Figure 6.3 a approaches 1/3 on timescales similar to

the one in Figure 6.1 e. For the higher intensity I0 = 1 × 1012W/cm2, we find a more
significant decrease of the post-pulse alignment for the initial state with J = 4,MJ = 0,
Figure 6.3 b than for the rotational ground state, Figure 6.1 h. This can be attributed
to the populations of field-free eigenstates, which are shifted toward smaller values of
J for |440, 0〉. However, for other excited states the impact of the quadrupole coupling
for higher laser intensities can be smaller, as is the case for |3132〉. Thus, for a thermal
ensemble of molecules, we expect a small influence of nuclear-quadrupole interactions on
the post-pulse alignment induced by strong laser fields. However, to accurately describe
the alignment the coupling cannot be fully neglected even in this regime. Furthermore,
on longer timescales even small frequency shifts will lead to a significant decrease of the
alignment [95].

6.4. Conclusions

In conclusion, a significant dephasing of rotational wave packets was observed in the
post-pulse dynamics for different laser-field shapes and intensities. The influence on
the degree of alignment is the largest if low-energy, small-J rotational states dominate
the dynamics and diminishes for highly excited states. For initially excited rotational
states, the quadrupole coupling has a similar effect on the post-pulse dynamics as for the
rotational ground state, which we expect to hold for thermal ensembles as well. Adiabatic
alignment is essentially not affected by the nuclear-quadrupole interactions.

Our results emphasize the need to take into account the nuclear-quadrupole interac-
tions in the description of field-free alignment for molecules with heavy nuclei with large
nuclear quadrupoles. Since many biomolecules include such heavy elements, we plan to
investigate other molecular species and their properties including rotational constants
and molecular symmetry in the context of nuclear-quadrupole interactions.

6.5. Supplementary Material

Molecular parameters

The rotational constant of I2 was experimentally determined to B0 = 1118.63 MHz [95].
For DIB, the rotational constants Bz = A = 5712.768 MHz, By = B = 159.017 MHz,
and Bx = C = 154.710 MHz were obtained from a geometry optimization using density
functional theory (DFT) with the B3LYP functional and the def2-QZVPP basis set [163,
164]; for the iodine atoms the effective core potential def2-ECP was used [165]. Due to
the symmetry of DIB, the electric field gradient (EFG) tensors on the two iodine centers
are equal to each other with nonzero elements only on the diagonal Vxx = −5.5879 a. u.,
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Vyy = −6.2295 a. u. and Vzz = 11.8174 a. u.. The nuclear quadrupole moment for 127I
is Q = −696 mb [173]. For I2, instead of computing the EFG tensors we used the
experimental nuclear-quadrupole coupling constant χzz = eQVzz = −2.45258 GHz [183],
with the elementary charge e. For both, I2 and DIB, the polarizability tensor αij is
diagonal in the inertial frame. For I2, we used the values αxx = αyy = 7.94 Å3 and
αzz = 13.96 Å3 [184]. For DIB, calculated values of αxx = 11.307 Å3, αyy = 16.676 Å3,
and αzz = 32.667 Å3 were used 7. Calculations of the EFG and polarizability tensors for
the DIB molecule were carried out at the DFT/B3LYP level of theory using the all-electron
scalar relativistic Douglas-Kroll-Hess Hamiltonian [167] with the DKH-def2-TZVP basis
set [168, 169]. All electronic structure calculations employed the quantum-chemistry
package ORCA [171, 172].

Matrix representation of the Hamiltonian

To obtain the field-free spin-rotational wave functions, we solved the time-independent
Schrödinger equation for the Hamiltonian Hmol. The matrix representation of Hmol
was constructed in a symmetry-adapted coupled basis |F, J, I, w〉 of the rotational wave
functions |J, w〉 and the nuclear-spin functions |I〉. Here, w represents additional rotational
(pseudo) quantum numbers, such as Ka and Kc for DIB. For I2, we take into account the
symmetry requirement that J and I have to be either both even or both odd [176], while
for DIB all combinations of basis states are allowed. The rotational states |J, w〉 were
obtained as linear combinations of symmetric top functions by diagonalizing Hrot. The
explicit expressions for the matrix elements of the quadrupole coupling Hamiltonian and
various multipole Cartesian tensor operators can be found elsewhere [111, 112, 175]. To
obtain the matrix representation of the interaction Hamiltonian, the matrix elements were
first set up in the coupled basis [111] and then transformed to the field-free eigenbasis [175].

Spin-statistical weights of hyperfine states

To derive the weights of the iodine-spin-rotational wavefunctions of DIB, we made
use of its molecular symmetry group D2h, the corresponding character table can be
found elsewhere [107]. Pure rotational states obey either Ag, B1g, B2g or B3g symmetry,
while the iodine nuclear-spin functions |I〉 obey Ag or B1u symmetry for I odd or even,
respectively. This follows from the effect of symmetry operations P̂ that involve a
permutation of the iodine nuclei, P̂ |I〉 = (−1)I1+I2+I |I〉, yielding a sign change for even
values of I. The representation generated by the hydrogen nuclear-spin functions was
derived [107] as 7Ag⊕ 3B1g⊕ 3B2g⊕ 3B3g. We considered rotational states having either
Ag (|JKaKc〉 = |000〉 and |440〉) or B2g (|313〉) symmetry. With the requirement that the
total internal wavefunction has to be of B1g or B1u symmetry, we obtained weights of
7 (3) for even (odd) I for the former case, while for the latter all spin-rotational states
have equal weights.

7For convenience and tradition, we specify polarizabilities in Å3, which can easily be converted to SI
units as 1Å3 = 106 pm3.
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6. The effect of nuclear-quadrupole coupling in the laser induced alignment of molecules

In the case of the diatomic I2 molecule, there are no additional nuclear spins leading
to degeneracies of the hyperfine levels. However, in the electronic and vibrational ground
state considered here, states with J and I having opposite parities are forbidden due to
the generalized symmetrization postulate [176].
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7 Nuclear-quadrupole coupling effects
in the laser induced alignment of
different molecular species8

7.1. Introduction

The coupling of nuclear spins to overall angular momenta can have a significant influ-
ence on the rotational dynamics of molecules [86–94]. These effects are prominent in
molecules containing heavy atoms such as Se, Br, I, Fe, Au, or Pt which show strong
nuclear-quadrupole interactions. Such atoms are found in many biologically relevant
molecules. Due to their large scattering cross sections, x-ray or electron diffractive
imaging techniques [11, 17, 130, 131] are often used to determine the stuctures of such
molecules. Here the prime goal is to measure intermediate configurations of the molecules
during dynamical processes [14, 19, 20]. A key ingredient of these experiments is the laser
alignment of molecules to increase the contrast and to obtain information directly in the
molecular frame. To avoid perturbations due to the external fields, aligning molecules in
field-free space is of high interest.

Field-free alignment relies on the preparation of rotational wave packets by means of
nonresonant laser pulses [48]. These wave packets dephase and rephase periodically after
the external fields are switched off and show revivals of the alignment. Typical pulse
shapes range from short kick pulses [58, 60, 152] to truncated laser fields [42, 66–68] with
long rising and short falling edges. The resulting revival structures are highly sensitive to
the molecule’s energy level structure. A detailed understanding of all degrees of freedom
that couple significantly to the rotations is thus needed to accurately predict degrees of
alignment.

A substantial impact of nuclear-quadrupole interactions on the field-free alignment
of molecules was recently demonstrated experimentally [95]. The influence of these
interactions on the alignment depends strongly on the laser field configuration and
diminishes for strong laser field strengths populating highly excited spin-rotational
states [175, 185]. Here, we investigate the nuclear-quadrupole coupling effects in the
impulsive alignment of a variety of molecular species that differ strongly in their hyperfine
and rotational energy level structures.

8This chapter is based on a draft of the manuscript: Nuclear-quadrupole coupling effects in the laser
induced alignment of different molecular species, Linda V. Thesing, Andrey Yachmenev, Rosario
González-Férez and Jochen Küpper, in preparation (2020). I contributed to the development of
the computational code for the hyperfine energy levels and rotational dynamics, performed the
calculations of the molecular energy levels, matrix elements as well as alignment, analyzed the data
and contributed to writing the manuscript.
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molecular species

Figure 7.1.: Sketches of the molecules IB, DIBN, 1,3-DIB and 1,2-DIB. For IB and 1,3-DIBN
the most polarizable axis (MPA) is parallel to the a axis, for DIBN it forms an angle of 5 ◦
with the a axis and for 1,2-DIB the MPA is parallel to the b axis. The molecule-fixed z axis is
indicated in the respective sketches.

7.2. Theoretical Description

We analyzed the rotational dynamics, induced by nonresonant laser fields, of asymmetric
top molecules taking into account nuclear-quadrupole interactions. The theoretical
description we employed has been presented before [175]. Briefly, the field-free Hamiltonian
of the system is given by

Hmol = Hrot +
∑
l

V(l) ·Q(l), (7.1)

where Hrot = AĴ2
a + BĴ2

b + CĴ2
c is the rigid-rotor Hamiltonian with the rotational

constants A, B and C and the components Ĵi, i = a, b, c, of the rotational angular
momentum operator Ĵ. The second term in Equation 7.1 describes the coupling of the
nuclear-quadrupole moment tensor Q(l) of the l-th nucleus with its electric field gradient
(EFG) tensor V(l).
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7.3. Weak Intensity Impulsive Alignment

The interaction with the nonresonant, linearly-polarized laser field can be written as

Hlas(t) = − I(t)
2ε0c

αZZ (7.2)

where I(t) is the laser intensity and αZZ is the element of the polarizability tensor of the
molecule along the laboratory-fixed Z axis which was chosen parallel to the polarization
axis of the laser field.

We considered the molecules iodobenzene (IB), diiodobenzonitrile (DIBN), 1,3-
diiodobenzene (1,3-DIB) and 1,2-diiodobenzene (1,2-DIB); see Figure 7.1. All four
molecules possess 127I nuclei which produce considerable hyperfine energy splittings due
to their large quadrupole moments with Q = −696 mb [173]. IB has only one iodine nu-
cleus and the total spin angular momentum is Î = Î1, where I1 = 5/2, while for the other
molecules Î = Î1 + Î2 and the associated quantum number can have values I = 0, ..., 5.
The total angular momentum is given by F̂ = Ĵ + Î. The nitrogen nucleus in DIBN has
an additional nonzero quadrupole moment, which is however small in comparison to the
iodine quadrupole moment [173]. We thus neglected its contribution to the hyperfine
interactions. The relevant molecular parameters are listed in section 7.7.

To study the field-dressed dynamics, we used the same computational setup as in
our previous work [115, 175]. The time-dependent Schrödinger equation (TDSE) was
solved for the full Hamiltonian H(t) = Hmol +Hlas(t) using the program RichMol [115].
We expanded the time-dependent wave function in a basis set consisting of the field-free
eigenstates

∣∣∣F, J̃K̃aK̃c , n,M〉 of Hmol, see section 7.7. The alignment is quantified by the
expectation value

〈
cos2θ

〉
, where θ is the Euler angle between the laboratory-fixed Z

axis and molecule-fixed z axis. The molecule-fixed frame is defined by the principle axes
of inertia, see Figure 7.1 and section 7.7. We compare the post-pulse alignment with
and without the nuclear-quadrupole interactions for a rotational temperature Trot = 0 K
and in the case of IB up to Trot = 0.3 K. As initial states of the time-propagation we
used field-free eigenstates of Hrot and Hmol for calculations with and without quadrupole
coupling, respectively. When the coupling was taken into account, we assumed equal
populations of different hyperfine levels corresponding to a given rotational state and
averaged over the individual alignment results.

7.3. Weak Intensity Impulsive Alignment

Since the influence of the nuclear-quadrupole coupling is the strongest for wave packets
consisting of low-energy rotational states [185], we begin by investigating how this coupling
affects the impulsive alignment in the weak-intensity regime for the different molecules.
We considered a laser pulse with a Gaussian envelope I(t) = I0 exp

(
−4 ln 2t2/τ 2

FWHM
)
,

where τFWHM = 1 ps and the peak intensity is I0 = 1011 W/cm2. Figure 7.2 shows the
temporal evolution of the post-pulse alignment dynamics induced by this laser pulse. For
each molecule,

〈
cos2θ

〉
is plotted both including (thick lines) and neglecting (thin lines)

the nuclear-quadrupole interactions.
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Figure 7.2.: Impulsive alignment induced by a Gaussian laser pulse with 1 ps and I0 =
1011 W/cm2 for (a) IB, (b) DIBN, (c) 1,3-DIB and (d) 1,2-DIB including (QC) and neglecting
the nuclear-quadrupole coupling (noQC).
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7.3. Weak Intensity Impulsive Alignment

Without this coupling, we observe revival patterns resulting from the dephasing and
rephasing of the narrow rotational wave packets created by the laser field. These revival
structures show strong variations among the different molecules, which are characteristic
of their rotational energy level structures. The weak intensity post-pulse dynamics of
IB, DIBN and 1,3-DIB is dominated by low-energy J-states with Ka = 0. Since the
energies of these states can be approximated by symmetric top energy levels, the revival
patterns in Figure 7.2 (a), (b) and (c) repeat themselves after multiples of the respective
rotational periods τ IBrot = 707.69 ps, τDIBN

rot = 3365.7 ps and τ 1,3-DIB
rot = 2499.4 ps, where

τrot = 1/(B + C). In the case of 1,2-DIB, the post-pulse dynamics [Figure 7.2 (d)] does
not show such a periodicity which can be attributed to the molecule’s larger asymmetry
leading to more irregular rotational energy splittings.

If the quadrupole coupling is included, the complexity of the post-pulse alignment
dynamics increases. Initially after the pulse,

〈
cos2θ

〉
with and without coupling behaves

similarly for all molecules since this interaction is much weaker than the one with the
laser field. Over time, however, we observe strong deviations of the alignment caused
by a dephasing of the wave packets [185]. The discrepancy of the alignment with and
without coupling is characteristic of the hyperfine structure of the low-energy rotational
states dominating the respective dynamics. For IB, each rotational state splits into a
maximum of 6 hyperfine levels (neglecting the M degeneracy) while we find up to 36
hyperfine components for the rotational states of the other molecules, which have two
127I nuclei. For the molecules DIBN and 1,3-DIB, which have small B and C constants,
small rotational energy level splittings enable a strong mixing of neighboring levels in the
spin-rotational eigenstates. Here, the hyperfine eigenstates belonging to one rotational
level have significant contributions of other J-states. This inter-J mixing also affects
the rotational parts of the initial hyperfine states and thus adds to the differences of〈
cos2θ

〉
in Figure 7.2. As a consequence for DIBN and 1,3-DIB, the influence of the

quadrupole interactions is detrimental already shortly after the laser pulse and practically
no rephasing of the wave packet is observed in Figure 7.2 (b) and (d). For IB and 1,2-DIB
on the other hand,

〈
cos2θ

〉
oscillates in a similar manner with and without quadrupole

coupling, but the amplitude in Figure 7.2 (a), (g) varies with time when the coupling is
taken into account.

The time-dependent expectation value
〈
cos2θ

〉
(t) is given by a sum of sinusoidal terms

with frequencies that result from the energy differences between populated states with
nonzero matrix elements of cos2 θ. To illustrate the interplay of the hyperfine levels and
rotational energy gaps, we computed the fast fourier transforms (FFTs) of the post-pulse
alignment of IB and 1,3-DIB for one initial eigenstate of each molecule, i. e., the state∣∣∣F, J̃K̃aK̃c , n,M〉 =

∣∣5/2, 000, 1, 1/2
〉
of IB and |0, 000, 1, 0〉 of 1,3-DIB. The FFTs are

depicted in Figure 7.3 (c) and (d), respectively. The alignment dynamics of these states
is additionally plotted in Figure 7.3 (a) and (b), together with

〈
cos2θ

〉
neglecting the

quadrupole coupling from Figure 7.2.
The fourier transforms without quadrupole coupling show a small number of peaks with

regularly spacings which leads to the periodic behavior of
〈
cos2θ

〉
. For both molecules,

the most significant frequency contribution originates from the energy gaps between the
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Figure 7.3.: Impulsive alignment for I0 = 1011 W/cm2 with nuclear-quadrupole coupling (QC)
for the initial states (a)

∣∣5/2, 000, 1/2
〉
of IB and (b) |0, 000, 0〉 of 1,3-DIB and without coupling

(noQC). (c),(d) Fast Fourier transform of
〈
cos2θ

〉
with and without quadrupole coupling.

rigid-rotor states |000, 0〉 and |202, 0〉. With quadrupole coupling, these peaks are split into
several frequencies corresponding to the energy gaps between different hyperfine levels.
For IB [Figure 7.3 (c)], the the component at f ≈ 4.2 GHz is shifted towards a higher
frequency causing the faster oscillation of the alignment in Figure 7.3 (a) compared to
the result without quadrupole coupling. In addition, the splitting of this peak results in a
varying amplitude of

〈
cos2θ

〉
. For 1,3-DIB, the frequency shifts in Figure 7.3 (d) are of a

similar magnitude as those for IB in Figure 7.3 (c). However, they are larger in relation to
the frequencies without quadrupole interaction. The deviation of the post-pulse alignment
thus occurs on the same timescale as the rotational revivals while the effect is slower for
IB with respect to its rotational period. Furthermore, the larger number of hyperfine
states increases the amount of significant frequency contributions. The irregular spacings
of these components give rise to the non-periodic revival pattern in Figure 7.3 (b). Since
other initial spin-rotational eigenstates behave analogously, revivals of

〈
cos2θ

〉
are on

average almost entirely suppressed, see Figure 7.2 (c). For both molecules, the frequency
components below f ≈ 1 GHz originate from the energy gaps between different hyperfine
states belonging to the same rotational level. For other initial states as well as for the
other two molecules, an analogous analysis can be made.

To gain more insight into the influence of the number of nuclear spins, we addition-
ally computed

〈
cos2θ

〉
for a modified 1,3-DIB molecule, where we only considered the

quadrupole coupling of one iodine nucleus leaving all other properties of the molecule
unchanged. This allows us to compare two molecular systems which differ only in the
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Figure 7.4.: Impulsive alignment induced by 1 ps laser pulses with I0 = 1011 W/cm2 for
(a) 1,3-DIB neglecting the quadrupole coupling of the second iodine nucleus and (b) 1,3-
bromoiodobenzene including (QC) and neglecting the nuclear quadrupole coupling (noQC).

number of nuclei producing hyperfine splittings. The alignment of this modified 1,3-DIB
[Figure 7.4 (a)] including the quadrupole coupling shows stronger revivals than for 1,3-
DIB. However, the impact of the hyperfine interactions is still more pronounced than
for IB even though the energy shifts due to nuclear spin interactions are similar. As the
pure rotational energy gaps of IB are much larger than for 1,3-DIB, this implies that the
relative difference of the hyperfine and rotational energy gaps plays a crucial role in the
effect of the quadrupole coupling on the alignment dynamics. The rotational dynamics
of 1,2-DIB further supports this conclusion, as this molecule has two iodine nuclei but〈
cos2θ

〉
is affected by the quadrupole interactions in a manner that qualitatively resembles

the behavior of IB rather than 1,3-DIB, i. e., the peak alignment with quadrupole increases
after several nanoseconds.

We further investigated the influence of the nuclear spins using the molecule 1,3-
bromoiodobenzene, see section 7.7, which, like 1,3-DIB, has two nuclei with strong
quadrupole coupling but fewer (up to 24) hyperfine levels for a given rotational level,
due to the spin I = 3/2 of the bromine nucleus. The post-pulse alignment for this
molecule with and without quadrupole interactions is depicted in Figure 7.4 (b). The
rotational dynamics without quadrupole interactions is comparable to the one of 1,3-DIB
due to their similar rotational constants. Here, the alignment is strongly influenced by
the coupling as in the case of 1,3-DIB in Figure 7.2 (c). However, some low amplitude
oscillations of

〈
cos2θ

〉
can be observed. On the one hand this can be attributed to
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the smaller number of hyperfine states over which the alignment is averaged. On the
other hand, the rotational energy gaps of 1,3-bromoiodobenzene are larger than the ones
of 1,3-DIB while the hyperfine energy shifts are slightly smaller. This molecule thus
represents and intermediate case between 1,3-DIB and the modified 1,3-DIB with one
spin.

Apart from their rotational constants and the number of hyperfine levels, an important
distinction of the molecules considered here lies in the symmetry of their EFG and
polarizability tensors. In IB, both tensors are diagonal in the coordinate system defined
by the principle axes of inertia while the EFG tensors of the other molecules and the
polarizability tensor of DIBN have nonzero off-diagonal elements. The diagonal elements
of these tensors couple rotational states having the same symmetry in the D2 rotation
group [106]. The off-diagonal elements αab and Vab couple rotational states with A and
Bc symmetry as well as Ba and Bb. For DIBN and the two diiodobenzene molecules,
however, a given spin-rotational eigenstate of these molecules is a linear combination
of basis states |F, JKaKc , I,M〉 with A and Bc or Ba and Bb rotational symmetries. For
a given eigenstate

∣∣∣F, J̃K̃aK̃c , n,M〉, only an approximate rotational symmetry of an
eigenstate can be assigned according to K̃a and K̃c being even or odd [106]. Consequently,
a weak interaction due to the polarizability can be observed between the hyperfine states
corresponding to rotational states of different symmetries even if the laser field does not
couple the pure rotational levels neglecting quadrupole interactions.

Without quadrupole interactions, the wave packets of IB, 1,3-DIB and 1,2-DIB consist
exclusively of rotational states having the same symmetry in the D2 group as the initial
state, i. e., A symmetry for Trot = 0 K. For DIBN, states with Bc symmetry also
contribute due to the polarizability tensor having nonzero off-diagonal elements. With
quadrupole coupling, nonzero populations of Bc rotational states are observed for 1,3-DIB
and 1,2-DIB as well. While these contributions are small here (. 5 %) and thus do
not influence the alignment significantly, we point out that this aspect of the rotational
dynamics is not captured if the nuclear-quadrupole interactions are neglected. In addition,
for rotational levels which are strongly mixed by these interactions, a much larger impact
on the population distribution is possible. This is, for instance, the case for the excited
states |212,MJ〉 and |202,MJ〉 of 1,2-DIB, see section 7.5.

7.4. Strong Intensity Impulsive Alignment

Impulsive alignment experiments typically use laser pulses which populate a large number
of highly-excited rotational states requiring larger intensities than the one in the previous
section [62, 65, 161]. We thus increased the laser intensity in our calculations to I0 =
1012 W/cm2. Here, the temporal behavior of

〈
cos2θ

〉
, see Figure 7.5, for all molecules

except 1,2-DIB is characterized by J-type revivals [65, 174] which appear at multiples of
the rotational periods and fractions thereof. These beatings originate from interferences
of highly excited rotational states with ∆Ka = 0. The asymmetry splittings of these
states prevent a complete rephasing of the wave packet and the peak alignment at
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Figure 7.5.: Impulsive alignment induced by a Gaussian laser pulse with 1 ps and I0 =
1012 W/cm2 for (a) IB, (b) DIBN, (c) 1,3-DIB and (d) 1,2-DIB including (QC) and neglecting
the nuclear-quadrupole coupling (noQC).
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Figure 7.6.: Impulsive alignment for I0 = 1012 W/cm2 with nuclear-quadrupole coupling (QC)
for the initial states (a)

∣∣5/2, 000, 1/2
〉
of IB and (b) |0, 000, 0〉 of 1,3-DIB and without coupling

(noQC). (c),(d) Fast Fourier transform of
〈
cos2θ

〉
with and without quadrupole coupling.

the revivals decreases over time [64]. For 1,2-DIB, we observe clear revival features
of a different type spaced by 304 ps in Figure 7.5 (d). The post-pulse dynamics of
this molecule is dominated by the dephasing and rephasing of rotational states with
∆J = ∆Ka = 2 and J ≈ Ka. For large J , the energies of these states can be approximated
by E(J,Ka) ≈ BJ(J + 1) + (A−B)K2

a with B = 1
2(B + C). The relevant energy gaps

are thus multiples of 4A yielding the period of 1/4A ≈ 304 ps in
〈
cos2θ

〉
.

For this stronger laser pulse, the nuclear-quadrupole interactions have a much weaker
impact on the post-pulse alignment and generally lead to a loss of peak alignment over
time instead of qualitatively altering the rotational dynamics [185]; see Figure 7.5. An
exception of this destructive effect of the quadrupole coupling is found at certain alignment
peaks of 1,2-DIB, e. g., t = 5.17 ns, where

〈
cos2θ

〉
with coupling is slightly larger than

without it. We attribute this "positive effect" of the quadrupole coupling to a modulation
of the amplitude of

〈
cos2θ

〉
due to some low-energy rotational states, similar to the

change in the amplitude of
〈
cos2θ

〉
for the smaller laser intensity [Figure 7.2 (c)]. The

smaller impact of the quadrupole interactions for highly-excited rotational states is a
result of increasingly uniform hyperfine splitting patterns [185]. The energy gaps between
the levels with a significant coupling then resemble the pure rotational energy spacings.

As for I0 = 1011 W/cm2, we computed the FFTs of the post-pulse alignment for IB and
1,3-DIB, shown in Figure 7.6 (c) and (d). Here, the broad wave packets of the molecules
are reflected in the large number of frequency components in the respective FFTs. For
both molecules, the fourier transforms with and without quadrupole interactions show
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Figure 7.7.: Impulsive alignment of a thermal ensemble of IB molecules induced by laser pulses
with τFWHM = 1 ps including and neglectin the quadrupole coupling (QC and noQC) for (a),(b)
Trot = 0.1 K and (c),(d) Trot = 0.3 K The left panels show the results for I0 = 1011 W/cm2

and the right panels for I0 = 1012 W/cm2.

strong similarities, especially for large f corresponding to the energy gaps between
highly-excited rotational states. Deviations occur mainly in the lower frequency regime
and provoke the dephasing and thus the decrease of

〈
cos2θ

〉
in Figure 7.6 (a) and (b)

with respect to the result neglecting the coupling. As for the smaller laser intensity, this
dephasing is more pronounced for 1,3-DIB due to the stronger mixing of neighboring
rotational states and larger number of hyperfine states.

7.5. Influence of the temperature

In molecular beams of asymmetric top molecules, rotational temperatures of zero Kelvin
are often not feasible. The effect of quadrupole interactions on thermal ensembles of
molecules is thus of high interest. Here, we computed the thermal average of the post-
pulse impulsive alignment of IB molecules for the two laser intensities used above and
the rotational temperatures Trot = 0.1 K and Trot = 0.3 K. Such thermal ensembles are
comparable [127] to state selected molecular ensembles [62, 70, 71, 177–180] and thus
represent conditions that are experimentally within reach.

The thermal average of the post-pulse alignment is shown in Figure 7.7. Without
quadrupole interactions,

〈
cos2θ

〉
shows revival features with a decreased alignment

compared to Trot = 0 K due to the influence of excited rotational states. As for
Trot = 0 K, the influence of the quadrupole coupling is stronger for the low-energy
rotational states in the weak field spin-rotational wave packets; see Figure 7.7 (a) and (c).
For this laser intensity, an increase in the amplitude of

〈
cos2θ

〉
as in Figure 7.2 (a) is,
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Figure 7.8.: Impulsive alignment averaged over the initial states |212,MJ〉 of 12-DIB induced
by 1 ps laser pulses with (a) I0 = 1011 W/cm2, (b) I0 = 1012 W/cm2. The alignment is shown
including (QC) and neglecting the nuclear quadrupole coupling (noQC).

however, not observed at higher temperature thermal ensembles. For I0 = 1012 W/cm2,
the quadrupole coupling essentially does not alter the alignment of the thermal ensembles
during the first rotational period after the laser pulse [Figure 7.7 (b) and (d)], similar to
Trot = 0 K while for longer times, it cannot be neglected.

To account for the different molecular species, we additionally computed the alignment
dynamics of the excited states |212,MJ〉 of 1,2-DIB; see Figure 7.8. To compare the
results with and without quadrupole coupling, we computed the average rigid-rotor
alignment over all possible MJ values of the initial state and the average result obtained
from all hyperfine states belonging to |212,MJ〉. As for the rotational ground state, the
alignment taking into account the quadrupole coupling deviates more strongly from the
quadrupole coupling-free alignment when the weaker laser field is used. The influence of
the coupling for the strong laser field [Figure 7.8 (b)] is, however, more pronounced than in
Figure 7.2 (h). This is attributed to the strong mixing of the rotational levels |212,MJ〉 and
|202,MJ〉 by the nuclear-quadrupole interactions. This mixing led to different rotational
parts of the initial wave functions when the coupling is included than when it is neglected.
As a result, we find significant populations of hyperfine states belonging to rotational
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levels that do not contribute to the rotational dynamics without quadrupole coupling. We
thus conclude that the influence of nuclear-quadrupole interactions generally decreases
with increasing laser intensity. These interactions cannot, however, be fully neglected
even on a time scale where they do not affect the alignment for Trot = 0 K.

7.6. Summary and Conclusions

We presented a theoretical analysis of the post-pulse alignment of asymmetric top
molecules showing strong nuclear-quadrupole interactions. Our work was focused on
differences in the hyperfine energy level structures of the molecular species. We showed
that the interplay of hyperfine energy shifts and rotational energy level spacings is a
deciding factor for the extent to which the coupling affects the post-pulse alignment.
For all molecules analyzed in the present work as well as previous studies [175, 185], we
observed that the influence of the quadrupole coupling diminishes when the field-dressed
dynamics is dominated by excited rotational states. Due to the variety of molecules
considered, we conclude that this observation is a general one and creating wave packets
of highly-excited rotational states is advantageous to minimize the dephasing due to
nuclear-quadrupole coupling.

While nuclear-quadrupole interactions pose difficulties in achieving strong field-free
alignment, their effect on the rotational dynamics might be exploited to probe nuclear
or electronic excitations which alter the nuclear spins and quadrupole momenta as well
as electric field gradients. The sensitivity of the alignment to the hyperfine energy level
structures of low-energy rotational states may thus be viewed as an opportunity rather
than a disadvantage.

7.7. Supplementary material

Molecular parameters

The rotational constants, asymmetry parameters κ = (2B−A−C)/(A−C) and elements
of the polarizability and EFG tensors of the iodine nuclei in the principle axes of inertia
frame are listed in Table 7.1. Except for IB, the rotational constants were computed
from the equilibrium geometry obtained using density functional theory (DFT) with the
B3LYP functional and the def2-QZVPP basis set [163, 164]. The effective core potential
def2-ECP [165] was uesd for the iodine atoms. The electric field gradient and polarizability
tensors of DIBN, 1,3-DIB and 1,2-DIB were calculated at the DFT/B3LYP level of theory
using the all-electron scalar relativistic Douglas-Kroll-Hess Hamiltonian [167] with the
DKH-def2-TZVP basis set [168, 169]. All electronic structure calculations were carried out
with the quantum-chemistry package ORCA [171, 172]. For IB, we used the experimental
nuclear-quadrupole coupling constants [186] χaa = −1892.039 MHz, χbb = 978.816 MHz,
χcc = 913.222 MHz instead of a calculated electric field gradient and quadrupole moment.
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IB DIBN 1,3-DIB 1,2-DIB
A (MHz) 5669.131 [186] 1608.324 1859.912 822.0850
B (MHz) 750.414293 [186] 155.402 210.776 522.1492
C (MHz) 662.636146 [186] 141.709 189.321 319.3276
κ -0.965 -0.981 -0.974 -0.193
αaa (Å3) 21.5 [174] 34.506 28.847 22.072
αbb (Å3) 15.3 [174] 21.662 19.789 24.830
αcc (Å3) 10.2 [174] 12.123 11.292 11.103
αab (Å3) 0 -1.209 0 0
Vaa(1) (a.u.) see text 12.327 7.34 -0.30
Vbb(1) (a.u.) see text -6.6802 -1.73 5.88
Vcc(1) (a.u.) see text -5.6472 -5.61 -5.57
Vab(1) (a.u.) 0 1.5092 -7.85 8.84
Vaa(2) (a.u.) - 12.155 7.34 -0.30
Vbb(2) (a.u.) - -6.4317 -1.73 5.88
Vcc(2) (a.u.) - -5.7230 -5.61 -5.57
Vab(2) (a.u.) - 0.57071 7.85 -8.84

Table 7.1.: Rotational constants A, B, C, asymmetry parameter κ, elements of the polarizability
tensors αij and electric field gradient tensors Vij(l) of the lth iodine nucleus in the coordinate
system defined by the principle axes of inertia.

For 1,3-bromoiodobenzene, we computed the rotational constants A = 2040.244 MHz,
B = 281.807 MHz and C = 247.607 MHz, EFG and polarizability tensors using the ab
initio methods described above. The nonzero elements of the EFG tensor are V I

aa =
8.3735 a. u., V I

ab = −7.1745 a. u., V I
bb = −2.7590 a. u. and V I

cc = −5.6146 a. u. for the
iodine nucleus and V Br

aa = 4.1656 a. u., V Br
ab = 5.6800 a. u., V Br

bb = −0.4784 a. u. and
V Br
cc = −3.6872 a. u. for the bromine nucleus. For the polarizability tensor we obtained
αaa = 25.774 Å3, αab = −0.419 Å3, αbb = 18.234 Å3 and αcc = 10.192 Å3. The quadrupole
moment of 79Br is [173] Q = 313 mb. The molecule-fixed frame (x, y, z) is defined by the
principle axes of inertia so that the z axis is parallel to the most polarizable axis or, in
the case of DIBN, forms the smallest possible angle (≈ 5◦) with it. The z axis is thus
chosen parallel to the a axis for IB, DIBN, 1,3-DIB and 1,3-bromoiodobenzene and to
the b axis for 1,2-DIB.

Matrix representation of the Hamiltonian

To obtain the eigenstates of Hmol, we first solved the time-independent Schrödinger
equation for Hrot yielding the rigid-rotor energy levels and eigenstates |JKaKc ,MJ〉. Here,
MJ is the eigenvalue of ĴZ and Ka,c are associated with the projections Ĵa,c and are
good quantum numbers in the prolate and oblate symmetric top cases, respectively.
The matrix representation of Hmol was then constructed in the coupled basis [111, 112]
|F, JKaKc , I,M〉, M being the eigenvalue of F̂Z . The field-free energies and eigenstates∣∣∣F, J̃K̃aK̃c , n,M〉 were computed by numerically solving the associated time-independent
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Schrödinger equation. Here, n = 1, 2, ... is an index labeling states with the same F and
the approximate quantum numbers J̃ , K̃a and K̃c were assigned according to the coupled
basis state |F, JKaKc , I,M〉 with the largest contribution to the given eigenstate. For
IB, the nuclear spin quantum number I = I1 remains a good quantum number. The
matrix elements of the polarizability element αZZ are known analytically [111] in the
basis |F, JKaKc , I,M〉 and can be transformed easily into the field-free eigenbasis [175].
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8 Conclusions and Outlook

8.1. Summary and Conclusions

The main objective of this thesis was to investigate the alignment and orientation of
complex molecules in external electric fields. It extends previous work, which largely
relied on the the rigid-rotor approximation or was limited to highly symmetric systems.
In this work, the rotational dynamics of molecules having low rotational symmetry was
analyzed and the influence of additional angular momenta, which are coupled to the
rotations, was investigated.

In chapter 3, a time-dependent analysis of the rotational dynamics of a molecule
without rotational symmetry, 6-chloropyridazine-3-carbonitrile, in tilted ac and dc electric
fields was presented. The mixed-field orientation of this molecule had previously been
measured and analyzed within the adiabatic picture [54], however, the experimentally
observed behavior could not be reproduced. Using a time-dependent description, the
orientation results in chapter 3 agree quantitatively with the experiment. It was shown
that the high degree of nonadiabaticity in the field-dressed rotational dynamics causes
the discrepancy between the experiment and adiabatic calculations. Furthermore an
enhanced directional control of excited rotational states by applying strong dc fields was
demonstrated.

Next, the influence of internal rotations on the mixed-field orientation of weakly-
bound molecular aggregates was studied using the prototypical indole(H2O) cluster
as an example; see chapter 4. It was demonstrated that the torsion of the attached
water molecule essentially leaves the overall rotational dynamics unaffected under typical
experimental conditions. By exploring regimes of field-induced coupling, determined by
the laser-field strength and the dependence of the polarizability on the torsional angle, it
was shown that the rigid-rotor approximation can be applied for a wide range of field
configurations, provided the energy spacings between ground and excited torsional states
are considerably larger than the rotational energy gaps.

Chapters 5–7 focused on the effect of nuclear-quadrupole interactions on the laser
alignment of linear and asymmetric top molecules. In chapter 5, the theoretical model to
describe these interactions was presented and a strong influence of the quadrupole coupling
on the impulsive alignment of the asymmetric top molecule CFClBrI was demonstrated.
Next, the impact of this coupling for different laser-field strengths and pulse shapes
(chapter 6) was systematically analyzed and it was analyzed how different properties of
the molecules play a role in the field-dressed dynamics including hyperfine interactions
(chapter 7). Alignment in the presence of laser fields, e. g., adiabatic alignment, is not
affected by the quadrupole interactions, which are much weaker than the molecule’s
interaction with these fields. However, in the post-pulse rotational dynamics induced by
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short laser pulses or truncated ones, a dephasing of the wave packets was observed. Over
time, this dephasing leads to a decrease of the alignment at the revivals. The magnitude of
the hyperfine shifts in relation to rotational energy gaps was shown to be a deciding factor
for the degree to which the alignment is modified by the quadrupole coupling. In all the
systems considered here, the influence of the nuclear-quadrupole interactions is minimized
when the rotational wave packets are dominated by highly-excited states. The analysis
of the alignment dynamics for excited initial rotational states as well as for thermal
ensembles of iodobenzene molecules showed that these observations can be extended
to nonzero rotational temperatures. To avoid the detrimental effect of the quadrupole
coupling, it is thus generally desirable to excite high-lying J-states in molecules with
nuclei that have large quadrupole moments. In asymmetric top molecules, which show
an additional dephasing of field-free rotational wave packets due to their complex energy
level structures, a promising strategy to achieve strong field-free alignment is given
by truncated laser pulses. If the alignment decreases more slowly than the laser field
strength, this initial field-free alignment may be useful as it is not affected by quadrupole
interactions during several picoseconds.

During my thesis work, I optimized a previously developed computer program to
describe the rotational dynamics of rigid molecules for certain field configurations. Fur-
thermore, I contributed to the development of the software package CMI-richmol which
can be used to carry out a wide range of calculations such as the ones performed in
this work. In section 2.6, the numerical methods are summarized and several example
calculations are illustrated in Appendix A. More detailed descriptions of individual
parts of CMI-richmol can be found in [115] as well as chapter 4 and chapter 5. Our
computational approach is in principle capable of treating a wide variety of scenarios
beyond the ones considered in this work. However, the increasing computational cost
for large basis sets may require optimization of the computational code including careful
symmetry considerations.

8.2. Outlook

In many biological systems, the molecules of interest display one or several of the
effects considered in this thesis, i. e., they are generally floppy and may show significant
nuclear-spin interactions. Studying molecules with both internal rotors and strong nuclear-
quadrupole interactions would thus be a natural extension of the work presented here.
Regarding internal motions in molecules, extending our approach to systems showing
several large amplitude motions is of strong interest. Examples of such systems include
larger molecule-solvent clusters or even indole(H2O) if all internal motions of the water
moiety are taken into account. In the limit of only one internal mode, it remains to be
studied how field-free alignment is influenced, e. g., by the torsion of the water molecule
in indole(H2O), since the revival structures are sensitive even to small energy shifts.

In this thesis, only the effect of the nuclear-quadrupole coupling on the alignment of
molecules has been considered. Thus, it remains to be studied how molecular orientation
is influenced by this coupling. While nuclear-quadrupole interactions generally hinder
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field-free alignment techniques, the sensitivity of the revival structures to the hyperfine
energy shifts of the molecules may be exploited in other ways. Since electronic or nuclear
excitations affect the electric-field gradients and nuclear-quadrupole moments and spins,
such excitations could in principle be probed by changes in the rotational dynamics of
the molecules.

In recent years, novel techniques for the rotational control of molecules have gained
interest, among them optical centrifuges [187, 188]. These tailored electric fields are
strong nonresonant linearly polarized laser pulses where the polarization axis shows an
accelerated rotation about the propagation axis. Subjecting molecules to these laser
pulses allows one to align them along the polarization axes and force them to follow the
accelerating rotation of the electric field. This way molecules can be prepared in highly
excited rotational states, so-called super-rotor states [189, 190]. Using this technique, field-
free three-dimensional alignment was recently achieved for the asymmetric top molecule
SO2 [191, 192]. Here, the rotational dynamics was constrained to the polarization plane
of the optical centrifuge even after the field is switched off, effectively reducing it to the
dynamics of a linear rotor. The molecules then exhibited periodic alignment revivals in
field-free space. In another study, it was shown that the axis about which the molecule
rotates can be controlled by modifying the envelope of the optical centrifuge [193].
Optimal application of optical centrifuges requires an accurate theoretical understanding
to guide the choice of experimental parameters.
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A CMI-richmol calculation examples

Here, a short description of each part of the CMI-richmol package and the input scripts
for several example calculations are presented. For more details, the reader is referred to
the user-guide and documentation of the code.

A.1. Watie
The subpackage Watie is used to numerically solve the TISE for the rigid-rotor Hamilto-
nian (2.2) and to compute matrix elements of tensor operators in the field-free rigid-rotor
basis. The parameters of the molecule, including rotational constants, elements of, e. g.,
electric-dipole moment or polarizability tensors, the molecular symmetry group and the
molecular frame, are defined in the Python class Molecule. After setting the parameters
of the molecule, the Python function solve (provided in the solve module) is used to
construct the matrix representation of the Hamiltonian and to numerically solve the TISE
by diagonalizing the resulting matrix. The energy levels are stored in a file <molelcule
name>_energies_j<jmin>_j<jmax>.rchm which can be read by RichMol and HyPy, see
section A.3 and section A.4. If properties like electric-dipole moment or polarizability are
defined, the matrix elements of these tensors are computed in the basis of rotational eigen-
states (see Equation 2.12 and Equation 2.14) obtained in the previous step. The results
are saved in files <molelcule name>_matelem_<tensor name>_j1<j1>_j2<j2>.rchm,
in the format used by RichMol, see section A.4. Calculations are carried out using the
script watie:

wat ie <input f i l e name>

A.1.1. Iodobenzene

In this example, the rigid-rotor energy levels of the molecule iodobenzene are calculated
up to a maximum angular momentum quantum number J = 25. The matrix elements of
the electric-dipole moment, polarizability and quadrupole coupling tensor as well as the
operator P 0

2 (cos θ) = 1
2(3 cos2 θ − 1) are also computed.

Input

# i n i t i a l i z e molecu le
IB = Molecule ( )

# se t r o t a t i o n a l cons tan t s
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IB .ABC = (5669 .131∗MHz, 750.414293∗MHz, 662.636146∗MHz)

# se t d i p o l e moment
mu_a=1.625∗DEBYE_TO_AU
IB . d ipo l e = [ " x " , mu_a, " y " , 0 . 000 , " z " , 0 . 0 0 ]

# se t p o l a r i z a b i l i t y
a_bb=15.3/BOHR_TO_ANGSTROM∗∗3 .0
a_cc=10.2/BOHR_TO_ANGSTROM∗∗3 .0
a_aa=21.5/BOHR_TO_ANGSTROM∗∗3 .0
IB . p o l a r i z = [ " xx " , a_aa , " yy " , a_bb , " zz " , a_cc ]

# se t quadrupo le coup l ing t ensor
# (= e l e c t r i c f i e l d g rad i en t ∗ quadrupo le moment)
Chi_aa=−1892.039∗MHz
Chi_bb=978.816∗MHz
Chi_cc=913.222∗MHz
IB . e l f i e l d g r a d = [ " xx " , Chi_aa , " yy " , Chi_bb , " zz " , Chi_cc ]

#se t a l ignment o b s e r v a b l e
IB . obse rvab l e = "P20 "

# se t molecu lar frame axes ; here : z corresponds to the a−axis ,
# x to the b−axis , and y to the c−ax i s
IB . frame = " xyz=bca , pas "

# se t symmetry group ( d e f a u l t i s "D2" )
#IB . sym = "C2v"

# c a l c u l a t e energy and matrix e lements
s o l v e ( IB , jmax=25)

A.1.2. OCS

Here, the rigid-rotor energies and matrix elements of the electric-dipole moment, polariz-
ability and the operators P 0

2 (cos θ) = 1
2(3 cos2 θ − 1) and cos θ are computed for the OCS

molecule.

Input

OCS = Molecule ( )

#se t r o t a t i o n a l cons tant
B0 = 6081.0∗MHz
OCS.ABC = (B0 , B0 , 0 . 0 )
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#se t d i p o l e moment
OCS. d ipo l e = [ " x " , 0 . 00 , " y " , 0 . 000 , " z " , 0 .71∗DEBYE_TO_AU]

#se t p o l a r i z a b i l i t y
a_xx=0.0
a_yy=0.0
a_zz=4.04/BOHR_TO_ANGSTROM∗∗3 .0 #=p o l a r i z a b i l i t y an i so t ropy

OCS. p o l a r i z = [ " xx " , a_xx , " yy " , a_yy , " zz " , a_zz ]

OCS. frame = " xyz=abc , pas "

OCS. obse rvab l e = "P20 "

OCS. obse rvab l e = " co s the ta "

s o l v e (OCS, jmax=25)

A.2. libtrove
The Fortran program libtrove is used to calculate rovibrational energy levels and matrix
elements taking into account one internal mode, e. g., internal rotation. A Python
interface is provided to allow for a user-friendly usage. In the input file, the basis sets
for the rotational and vibrational degrees of freedom are defined as well the expansion
coefficients for the internal coordinates and one-dimensional electric-dipole moment and
polarizability surfaces. These parameters are define in the Python class Calculation.
After setting them, the function run, included in the Calculation class, is used to start
the Fortran program which carries out the calculation of the energy levels and matrix
elements. As for Watie, the results are stored in files which can directly be used by
RichMol, see section A.4. The script libtrove is used to perform a calculation:

l i b t r o v e <input f i l e name>

The following two examples are calculations of the rotation-torsional energy levels of
indole(H2O) as well as matrix elements to reproduce the mixed-field orientation results
in chapter 4.

A.2.1. Indole-water

The parameters for indole(H2O), which were used in chapter 4, are provided in libtrove.
These include the expansion coefficients for the structural parameters, dipole moment
and polarizability tensor. By default, a vibrational basis set consisting of sine and cosine
functions is used; see chapter 4. The matrix elements of the dipole moment, polarizability
and the operators cos θ, cos2 θ, cos2 τ are automatically calculated. The maximum value
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of J is set to 25. Since the parameters for this molecule are provided in libtrove, only a
simple input file is required.

Input

# i n i t i a l i z e c a l c u l a t i o n
c a l c=Ca l cu l a t i on (mol=" indole_water " )

# se t maximum and minimum va lue o f J
c a l c . jmax = 25
ca l c . jmin = 0

# run c a l c u l a t i o n o f ene r g i e s and matrix e lements
c a l c . run ( )

A.2.2. Indole-water with modified polarizability

Here, the expansion coefficient for the polarizability are set manually. The torsional basis
is also set manually (here using default parameters) and Jmax = 40.

Input

# i n i t i a l i z e c a l c u l a t i o n
c a l c=Ca l cu l a t i on (name=" indole_water_modif ied_pol " ,

mol=" indole_water " )

# se t v i b r a t i o n a l b a s i s as w e l l as maximum
# and minimum va lue o f J
c a l c . v ibbas = { "vmax" : 8 0 , " emax" : 400 , " npo ints " : 151 , " type " : " exp "

, " bounds " : [ 0 , 2 . 0 ∗ np . p i ] }

c a l c . jmax = 40
ca l c . jmin = 0

# se t p o l a r i z a b i l i t y c o e f f i c i e n t s
alpha = [ [9 . 88163856156046E+01, 0 . 00 , 5 .653242E+01,

−9.156292 , 0 . 00 , 1 .935136E+02] ,
[ 0 , 0 , 0 , 0 , 0 , 0 ] ,
[−2.35024E+01, 0 . 0 , 4 .902866E+01,
−7.791074E+01, 0 . 0 , 4 .757616E+01] ]

c a l c . p o l a r i z = alpha

# run c a l c u l a t i o n o f ene r g i e s and matrix e lements
c a l c . run ( )
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A.3. HyPy
With the subpackage HyPy, the hyperfine energy levels of molecules are computed taking
into account nuclear quadrupole interactions. Matrix elements in the spin-rotational
eigenbasis can be calculated as well. HyPy requires rigid-rotor or rovibrational energy
levels produced, e. g., by Watie or TROVE [114]. Addtionally, if matrix elements of
electric-dipole moment, polarizability or operators like P 0

2 (cos θ) = 1
2(3 cos2 θ − 1) are to

be computed, the rigid-rotor matrix elements of these tensor need to be provided. There
are separate Python classes for each of these operators based on a general Cartesian
tensor class. Tensors are initialized with functions like, for instance, init_polariz for
the polarizability. To perform a calculation, the function solve, provided in the Python
module of the same name, is used. The output produced by HyPy consists of files in the
same format as used in the ouput of Watie. Calculations are carried out with the script
hypy:

hypy <input f i l e name>

A.3.1. Iodobenzene

In this example, the energy levels and matrix elements of the polarizability tensor and
P 0

2 (cos θ) are computed for the molecule iodobenzene. It requires the results from subsec-
tion A.1.1.

Input

# se t input f i l e names f o r r i g i d ro to r energy
enr_fname = ’ IB_energies_j0_j25 . rchm ’

# se t input f i l e t emp la te f o r e l e c t r i c f i e l d g rad i en t
# matrix e lements
tensor_ftempl_efg = ’ IB_matelem_efg∗ ’

# se t input f i l e t emp la te f o r p o l a r i z a b i l i t y matrix e lements
tensor_ftempl_alpha = ’ IB_matelem_alpha∗ ’

# se t input f i l e t emp la te f o r cos^2 t h e t a matrix e lements
tensor_ftempl_p20 = ’ IB_matelem_p20∗ ’

# se t output f i l ename fo r hype r f i n e ene r g i e s
en r_ou t f i l e = ’ IB_energies_f0 . 5 _f20 . 5 . rchm ’

# se t output f i l e t emp la te f o r p o l a r i z a b i l i t y matrix e lements
tensor_out_ftempl_alpha = ’ IB_matelem_alpha_f#_f#.rchm ’
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# se t output f i l e t emp la te f o r p o l a r i z a b i l i t y matrix e lements
tensor_out_ftempl_p20 = ’ IB_matelem_p20_f#_f#.rchm ’

# l i s t o f sp in s o f r e l e v an t nuc l e i
I l i s t = [ 2 . 5 ]

# quadrupo le moment l i s t ; here s e t to 1 .0 s ince
# the quadrupo le coup l ing t ensor matrix e lements are used
# ins t ead o f e l e c t r i c f i e l d g rad i en t
eQ_list = [ 1 . 0 ]

# i n i t i a l i z e p o l a r i z a b i l i t y t ensor
alpha = i n i t_po l a r i z ( fmin=0.5 , fmax=15.5 , i l i s t=I l i s t ,

tensor_ftempl=tensor_ftempl_alpha )

# i n i t i a l i z e a l ignment o b s e r v a b l e
p20 = init_LegP20 ( fmin=0.5 , fmax=20.5 , i l i s t=I l i s t ,

tensor_ftempl=tensor_ftempl_p20 )

t e n s o r_ l i s t =[{ " tens " : alpha , " f templ " : tensor_out_ftempl_alpha } ,
{ " tens " : p20 , " f templ " : tensor_out_ftempl_p20 } ]

# ca l c u l a t e ene r g i e s and matrix e lements
s o l v e ( fmin=0.5 , fmax=20.5 , i l i s t=I l i s t , eQ_list=eQ_list ,

enr_fname=enr_fname , ftempl_efg=tensor_ftempl_efg ,
en r_ou t f i l e=enr_out f i l e , t e n s o r_ l i s t=t e n s o r_ l i s t )

A.4. RichMol

RichMol is used to solve the TDSE for molecules in user-defined external electric field.
It is writting in Fortran with a Python interface. The Fortran routines are used to
numerically solve the TDSE. The Python modules include functions and classes that
are utilized to set the parameters for a calculation. For instance, the basis set for the
expansion of the wave function is defined using the class States and external electric
fields are defined using the class Fields. The functions tdse_run and tdse_analyse
are used start solving the TDSE and calculate of expectation values of tensor operators,
respectively. The output produced by tdse_run consists of an HDF5 file, where the
time-dependent coefficients of the wave function are stored. The script richmol0 is used
to start a calculation:

r ichmol0 <input f i l e name>
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A.4.1. Adiabatic alignment of OCS

In this example, the alignment of OCS is computed for a nonresonant linearly polarized
laser pulse with a Gaussian envelop I(t) = I0 exp

(
−4 ln 2t2/τ 2

FWHM
)
where τFWHM = 10 ns

and I0 = 2× 1011 W/cm2. The time-dependent intensity is converted to the electric field
strength according to

E(t) = 1√
2

√
2I(t)
cε0

. (A.1)

Here, the factor 1/
√

2 originates from the averaging over the oscillations of the laser field;
see section 2.5. The input electric field thus has a Gaussian shape with a duration of√

2τFWHM and maximum field strength E0 =
√
I0/cε0. The rotational ground state is

used as the initial state. The expectation value of the operator P 0
2 (cos θ) is computed

after solving the TDSE. This example requires the results for the energy levels and
matrix elements from the example in subsection A.1.2.

Input

# i n i t i a l i s e c a l c u l a t i o n
td s e_ in i t ( t_star t =−25000.0 , t_end=0.0 , dt =0.08 , un i t s=" ps " ,

s o l v e r=" spl i t_zhexpv " , accur=1.0e−10, no_krylov=10)

fo r t ran_tdse ( f l o g=" f o r t r an . l og " )

# se t f i e l d−f r e e b a s i s
ham0 = State s ( " OCS_energies_j0_j25 . rchm" ,

{ ’ emax ’ :60000 , ’ fmax ’ : 2 5 , ’ fmin ’ : 0 , ’mmin ’ : 0 , ’mmax ’ : 0 } )

# add t en so r s
alpha = Tensor ( "OCS_matelem_alpha_j<j1>_j<j2 >.rchm" ,

rank=2, ind_sym=" f u l l " , un i t s=" au " , me_thresh=1.0e−12)

cos2 = Tensor ( "OCS_matelem_p20_j<j1>_j<j2 >.rchm" ,
rank=0, ind_sym=" f u l l " , un i t s=" au " , me_thresh=1.0e−12)

# se t l a s e r f i e l d
e_las = Fie ld ( form=[ " 0 " , " 0 " , " e0∗np . exp (−4.0∗np . l og ( 2 . 0 ) ∗( t−t0 )\

∗∗2/fwhm∗∗2) ∗np . cos ( omega∗ t ) " ] ,
params={" e0 " : 8 . 6802110E+06, " omega " : 1 . 0 e−40, " fwhm" : 1 4142 . 1 , "\

t0 " : 0 . 0 } ,
un i t s="V/cm" )

# se t i n t e r a c t i o n Hamiltonian
ham = −0.5 ∗ alpha ∗ e_las
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Figure A.1.: Adiabatic alignment for OCS, induced by a Gaussian laser pulse with τFWHM =
10 ns and I0 = 2× 1011 W/cm2.

# se t i n i t i a l s t a t e
p s i = Psi (ham0 , i n i_co e f s = [ [ 0 , 0 , 1 , 1 , 1 . 0+0 .0 j ] ] )

# so l v e TDSE
tdse_run (ham0 , ham, ps i , p r int_coe f=" co e f " ,

pr int_coef_thr=1.0e−10, pr int_rate=200)

#ca l c u l a t e e xp e c t a t i on va lue
expval1=[ cos2 , 1 , { " pr int_thr " : 0 . 0 , " pr int_rate " : 200 , " f i l e " : "\

expval_ " } ]

tdse_analyse (ham0 , ps i , p r in t_coe f=" co e f " ,
pr int_expval=[ expval1 ] , pr int_rate=200)

Results

The results for
〈
cos2θ

〉
are shown in Figure A.1. This expectation value was obtained

from the result for
〈
P 0

2 (cos θ)
〉
according to

〈
cos2θ

〉
= 2

3
〈
P 0

2 (cos θ)
〉

+ 1
3 . (A.2)

A.4.2. Impulsive alignment of iodobenzene

Here, the impulsive alignment of iodobenzene is computed for a Gaussian laser pulse
with τFWHM = 1 ps and I0 = 1011 W/cm2. The calculation consists of two steps. First,
the TDSE is solved for time interval during which the field is present. Then, a field-
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free propagation of the resulting wave packet is carried out and the expectation value〈
P 0

2 (cos θ)
〉
is computed. The initial state of the first calculation is the rotational ground

state. In the second step, the final wave function of the first step, obtained after switching
off the laser field, is read and used as the initial state of the post-pulse propagation. This
example requires the results from subsection A.1.1.

Input for laser field

# i n i t i a l i s e c a l c u l a t i o n
td s e_ in i t ( t_star t=−3.0, t_end=3.0 , dt =0.002 , un i t s=" ps " ,

s o l v e r=" spl i t_zhexpv " , accur=1.0e−10, no_krylov=10)

fo r t ran_tdse ( f l o g=" f o r t r an . l og " )

# se t f i e l d−f r e e b a s i s
ham0 = State s ( " IB_energies_j0_j25 . rchm" ,

{ ’ emax ’ :60000 , ’ fmax ’ : 2 0 , ’ fmin ’ : 0 , ’mmin ’ : 0 , ’mmax ’ : 0 } )

# add t en so r s
alpha = Tensor ( " IB_matelem_alpha_j<j1>_j<j2 >.rchm"

rank=2, ind_sym=" f u l l " , un i t s=" au " , me_thresh=1.0e−12)

cos2 = Tensor ( " IB_matelem_p20_j<j1>_j<j2 >.rchm" ,
rank=0, ind_sym=" f u l l " , un i t s=" au " , me_thresh=1.0e−10)

# Gaussian pu lse , l i n e a r l y p o l a r i z e d a long Z−ax i s
# with maximum i n t e n s i t y 1e11 W/cm^2
# and FWHM=1ps ( in i n t e n s i t y p r o f i l e )
e_las = Fie ld ( form=[ " 0 " , " 0 " , " e0∗np . exp (−4.0∗np . l og ( 2 . 0 ) ∗( t−t0 )\

∗∗2/fwhm∗∗2) ∗np . cos ( omega∗ t ) " ] ,
params={" e0 " : 6 . 1378360E+06, " omega " : 1 . 0 e−40,
" fwhm" : 1 . 4 1 42 , " t0 " : 0 . 0 } , un i t s="V/cm" )

# se t i n t e r a c t i o n Hamiltonian
ham = −0.5 ∗ alpha ∗ e_las

# se t i n i t i a l s t a t e
p s i = Psi (ham0 , i n i_co e f s = [ [ 0 , 0 , 1 , 1 , 1 . 0+0 .0 j ] ] )

# so l v e TDSE
tdse_run (ham0 , ham, ps i , p r int_coe f=" co e f " ,

pr int_coef_thr=1.0e−10, pr int_rate=20)

# Ca l cu l a t e e xpe c t a t i on va lue
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expval1=[ cos2 , 1 , { " pr int_thr " : 0 . 0 , " pr int_rate " : 2 0 , " f i l e " : "\
expval_ " } ]

tdse_analyse (ham0 , ps i , p r in t_coe f=" co e f " ,
pr int_expval=[ expval1 ] , pr int_rate=20)

Input for post-pulse propagation

# i n i t i a l i s e c a l c u l a t i o n
td s e_ in i t ( t_star t=−3.0, t_end=3.0 , dt =0.002 , un i t s=" ps " ,

s o l v e r=" spl i t_zhexpv " , accur=1.0e−10, no_krylov=10)

fo r t ran_tdse ( f l o g=" f o r t r an . l og " )

# se t f i e l d−f r e e b a s i s
ham0 = State s ( " IB_energies_j0_j20 . rchm" ,

{ ’ emax ’ :60000 , ’ fmax ’ : 2 0 , ’ fmin ’ : 0 , ’mmin ’ : 0 , ’mmax ’ : 0 } )

# add tensor
cos2 = Tensor ( " IB_matelem_p20_j<j1>_j<j2 >.rchm" ,

rank=0, ind_sym=" f u l l " , un i t s=" au " , me_thresh=1.0e−10)

# i n i t i a l i s e wave func t i on
p s i = Psi (ham0 , i n i_co e f s = [ [ 0 , 0 , 1 , 1 , 1 . 0+0 .0 j ] ] )

# read wave func t i on from l a s t s t ep o f pu l s e propagat ion
fname_result=" co e f "

r e a d_co e f f i c i e n t s ( 3 . 0 , ham0 , ps i , f out=fname_result )

# so l v e TDSE fo r f i e l d−f r e e case
tdse_run_f ie ld_free (ham0 , ps i , p r in t_coe f=" c o e f_ f f " ,

pr int_coef_thr=1.0e−10, pr int_rate=100)

# Ca l cu l a t e e xpe c t a t i on va lue
expval1=[ cos2 , 1 , { " pr int_thr " : 0 . 0 , " pr int_rate " : 100 , " f i l e " : "\

expval_ " } ]

tdse_analyse (ham0 , ps i , p r in t_coe f=" co e f_ f f " ,
pr int_expval=[ expval1 ] , pr int_rate=100)

Results

The result for the expectation value
〈
cos2θ

〉
is shown in Figure 7.2 (a).
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A.4.3. Impulsive alignment of iodobenzene with nuclear-quadrupole
interactions

This example is analogous to subsection A.4.2 but takes into account the nuclear
quadrupole coupling. It thus requires the results of subsection A.3.1. The lowest-lying
spin-rotational state with F = 5/2 and M = 1/2 is used as the initial state.

Input for laser field

# i n i t i a l i s e c a l c u l a t i o n
td s e_ in i t ( t_star t=−3.0, t_end=3.0 , dt =0.002 , un i t s=" ps " ,

s o l v e r=" spl i t_zhexpv " , accur=1.0e−10, no_krylov=10)

fo r t ran_tdse ( f l o g=" f o r t r an . l og " )

# se t f i e l d−f r e e b a s i s
ham0 = State s ( " IB_energies_f0 . 5 _f20 . 5 . rchm" ,

{ ’ emax ’ :60000 , ’ fmax ’ : 2 0 . 5 , ’ fmin ’ : 0 . 0 , ’mmin ’ : 0 . 5 , ’mmax ’\
: 0 . 5 } )

# add t en so r s
alpha = Tensor ( " IB_matelem_alpha_f<f1>_f<f2 >.rchm" ,

rank=2, ind_sym=" f u l l " , un i t s=" au " , me_thresh=1.0e−12)

cos2 = Tensor ( " IB_matelem_p20_f<f1>_f<f2 >.rchm" ,
rank=0, ind_sym=" f u l l " , un i t s=" au " , me_thresh=1.0e−10)

# Gaussian pu lse , l i n e a r l y p o l a r i z e d a long Z−ax i s
# with maximum i n t e n s i t y 1e11 W/cm^2 and FWHM=1ps ( in i n t e n s i t y \

p r o f i l e )
e_las = Fie ld ( form=[ " 0 " , " 0 " , " e0∗np . exp (−4.0∗np . l og ( 2 . 0 ) ∗( t−t0 )\

∗∗2/fwhm∗∗2) ∗np . cos ( omega∗ t ) " ] ,
params={" e0 " : 6 . 1378360E+06, " omega " : 1 . 0 e−40,
" fwhm" : 1 . 4 1 42 , " t0 " : 0 . 0 } , un i t s="V/cm" )

# se t i n t e r a c t i o n Hamiltonian
ham = −0.5 ∗ alpha ∗ e_las

# se t i n i t i a l s t a t e
p s i = Psi (ham0 , i n i_co e f s = [ [ 0 . 5 , 2 . 5 , 1 , 1 , 1 . 0+0 . 0 j ] ] )

# so l v e TDSE
tdse_run (ham0 , ham, ps i , p r int_coe f=" coef_qc " ,

pr int_coef_thr=1.0e−10, pr int_rate=20)
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# Ca l cu l a t e e xpe c t a t i on va lue
expval1=[ cos2 , 1 , { " pr int_thr " : 0 . 0 , " pr int_rate " : 2 0 , " f i l e " : "\

expval_qc_ " } ]

tdse_analyse (ham0 , ps i , p r in t_coe f=" coef_qc " ,
pr int_expval=[ expval1 ] , pr int_rate=20)

Input for post-pulse propagation

# i n i t i a l i s e c a l c u l a t i o n
td s e_ in i t ( t_star t=−3.0, t_end=3.0 , dt =0.002 , un i t s=" ps " ,

s o l v e r=" spl i t_zhexpv " , accur=1.0e−10, no_krylov=10)

fo r t ran_tdse ( f l o g=" f o r t r an . l og " )

# se t f i e l d−f r e e b a s i s
ham0 = State s ( " IB_energies_f0 . 5 _f20 . 5 . rchm" ,

{ ’ emax ’ :60000 , ’ fmax ’ : 2 0 . 5 , ’ fmin ’ : 0 . 0 , ’mmin ’ : 0 . 5 , ’mmax ’\
: 0 . 5 } )

# add tensor
cos2 = Tensor ( " IB_matelem_p20_f<f1>_f<f2 >.rchm" ,

rank=0, ind_sym=" f u l l " , un i t s=" au " , me_thresh=1.0e−10)

# i n i t i a l i s e wave func t i on
p s i = Psi (ham0 , i n i_co e f s = [ [ 0 . 5 , 2 . 5 , 1 , 1 , 1 . 0+0 . 0 j ] ] )

# read wave func t i on from l a s t s t ep o f pu l s e propagat ion
fname_result=" coef_qc "

r e a d_co e f f i c i e n t s ( 3 . 0 , ham0 , ps i , f out=fname_result )

# so l v e TDSE fo r f i e l d−f r e e case
tdse_run_f ie ld_free (ham0 , ps i , p r in t_coe f=" coef_qc_ff " ,

pr int_coef_thr=1.0e−10, pr int_rate=100)

# Ca l cu l a t e e xpe c t a t i on va lue
expval1=[ cos2 , 1 , { " pr int_thr " : 0 . 0 , " pr int_rate " : 100 , " f i l e " : "\

expval_qc_ " } ]

tdse_analyse (ham0 , ps i , p r in t_coe f=" coef_qc_ff " ,
pr int_expval=[ expval1 ] , pr int_rate=100)
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Results

The result for
〈
cos2θ

〉
from this calculation is shown in Figure 7.3 (a).

A.4.4. Mixed-field orientation of Indole(H2O)

In this example, the mixed-field orientation of indole(H2O) is computed. In the first
step, the dc field is adiabatically switched on and in the second step, the laser field is
applied together with the constant dc field. Here, the files produced by in the example
in subsection A.2.1 are used. The same RichMol input can be used to compute the
mixed-field orientation of indole(H2O) with the modified polarizability if the maximum
value of J is increased to 40 in the second step and the energy levels and matrix elements
from subsection A.2.2 are used.

Input for adiabatic turn on of the dc field

# i n i t i a l i s e c a l c u l a t i o n
td s e_ in i t ( t_star t =0.0 , t_end=20000.0 , dt =0.02 , un i t s=" ps " ,

s o l v e r=" spl i t_zhexpv " , accur=1.0e−10, no_krylov=10)

fo r t ran_tdse ( f l o g=" f o r t r an . l og " )

# se t f i e l d−f r e e b a s i s
ham0 = State s ( " energ ie s_j0_j25 . rchm" ,

{ ’ emax ’ :60000 , ’ fmax ’ : 1 5 , ’ fmin ’ : 0 , ’mmin ’ : 0 , ’mmax ’ : 0 } )

# add t en so r s
alpha = Tensor ( "matelem_alpha_j<j1>_j<j2 >.rchm" ,

rank=2, ind_sym=" f u l l " , un i t s=" au " , me_thresh=1.0e−12)

mu = Tensor ( "matelem_mu_j<j1>_j<j2 >.rchm" ,
rank=1, ind_sym=" f u l l " , un i t s=" au " , me_thresh=1.0e−12)

cos2 = Tensor ( "matelem_3cos2_1_j<j1>_j<j2 >.rchm" ,
rank=0, ind_sym=" f u l l " , un i t s=" au " , me_thresh=1.0e−12)

cos = Tensor ( "matelem_cos_j<j1>_j<j2 >.rchm" ,
rank=0, ind_sym=" f u l l " , un i t s=" au " , me_thresh=1.0e−12)

cos2tau = Tensor ( " matelem_cos2tau_j<j1>_j<j2 >.rchm" ,
rank=0, ind_sym=" f u l l " , un i t s=" au " , me_thresh=1.0e−12)

# se t s t a t i c f i e l d
e_stat = Fie ld ( form=[ " 0 " , " 0 " , " e0∗np . s i n ( omega∗ t ) " ] ,
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params={" e0 " : 6 0 0 . 0 , " omega " :0 .0000785398163397448} ,
un i t s="V/cm" )

# se t i n t e r a c t i o n Hamiltonian
ham = − 1 .0 ∗ mu ∗ e_stat

# se t i n i t i a l s t a t e
p s i = Psi (ham0 , i n i_co e f s = [ [ 0 , 0 , 1 , 1 , 1 . 0+0 .0 j ] ] )

# so l v e TDSE
tdse_run (ham0 , ham, ps i , p r int_coe f=" coef_dc " ,

pr int_coef_thr=1.0e−10, pr int_rate=200)

#ca l c u l a t e e xp e c t a t i on va l u e s
expval1=[ cos2 , 1 , { " pr int_thr " : 0 . 0 , " pr int_rate " : 200 ,

" f i l e " : " expval_ " } ]

expval2=[ cos , 1 , { " pr int_thr " : 0 . 0 , " pr int_rate " : 200 ,
" f i l e " : " expval_ " } ]

expval3=[ cos2tau , 1 , { " pr int_thr " : 0 . 0 , " pr int_rate " : 200 ,
" f i l e " : " expval_ " } ]

tdse_analyse (ham0 , ps i , p r in t_coe f=" coef_dc " ,
pr int_expval=[ expval1 , expval2 , expval3 ] , pr int_rate=200)

Input for ac and dc field

# i n i t i a l i s e c a l c u l a t i o n
td s e_ in i t ( t_star t =20000.0 , t_end=21750.0 , dt =0.02 , un i t s=" ps " ,

s o l v e r=" spl i t_zhexpv " , accur=1.0e−10, no_krylov=10)

fo r t ran_tdse ( f l o g=" f o r t r an . l og " )

# se t f i e l d−f r e e b a s i s
ham0 = State s ( " energ ie s_j0_j25 . rchm" ,{ ’ emax ’ :60000 ,

’ fmax ’ : 2 5 , ’ fmin ’ : 0 , ’mmin ’ : 0 , ’mmax ’ : 0 } )

# add t en so r s
alpha = Tensor ( "matelem_alpha_j<j1>_j<j2 >.rchm" ,

rank=2, ind_sym=" f u l l " , un i t s=" au " , me_thresh=1.0e−12)

mu = Tensor ( "matelem_mu_j<j1>_j<j2 >.rchm" ,
rank=1, ind_sym=" f u l l " , un i t s=" au " , me_thresh=1.0e−12)
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cos2 = Tensor ( "matelem_3cos2_1_j<j1>_j<j2 >.rchm" ,
rank=0, ind_sym=" f u l l " , un i t s=" au " , me_thresh=1.0e−12)

cos = Tensor ( "matelem_cos_j<j1>_j<j2 >.rchm" ,
rank=0, ind_sym=" f u l l " , un i t s=" au " , me_thresh=1.0e−12)

cos2tau = Tensor ( " matelem_cos2tau_j<j1>_j<j2 >.rchm" ,
rank=0, ind_sym=" f u l l " , un i t s=" au " , me_thresh=1.0e−12)

# se t l a s e r f i e l d
e_las = Fie ld ( form=[ " 0 " , " 0 " , " e0∗np . exp (−4.0∗np . l og ( 2 . 0 ) ∗( t−t0 )\

∗∗2/fwhm∗∗2) ∗np . cos ( omega∗ t ) " ] ,
params={" e0 " : 1 . 9 410E+07, " omega " : 1 . 0 e−40,
" fwhm" : 1 000 . 0 , " t0 " : 21750 . 0} , un i t s="V/cm" )

#se t s t a t i c f i e l d
e_stat = Fie ld ( form=[ " 0 " , " 0 " , " e0 " ] , params={" e0 " : 600} ,

un i t s="V/cm" )

# se t i n t e r a c t i o n Hamiltonian
ham = −0.5 ∗ alpha ∗ e_las − 1 .0 ∗ mu ∗ e_stat

# se t i n i t i a l s t a t e ( read r e s u l t from
# ad i a b a t i c turn on o f dc f i e l d )
p s i = Psi (ham0 , i n i_co e f s = [ [ 0 , 0 , 1 , 1 , 1 . 0+0 .0 j ] ] )

r e a d_co e f f i c i e n t s (1 . 9996 e+04, ham0 , ps i , f ou t=" coef_dc " )

# so l v e TDSE
tdse_run (ham0 , ham, ps i , p r int_coe f=" co e f " ,

pr int_coef_thr=1.0e−10, pr int_rate=100)

#ca l c u l a t e e xp e c t a t i on va l u e s
expval1=[ cos2 , 1 , { " pr int_thr " : 0 . 0 , " pr int_rate " : 100 ,

" f i l e " : " expval_ " } ]

expval2=[ cos , 1 , { " pr int_thr " : 0 . 0 , " pr int_rate " : 100 ,
" f i l e " : " expval_ " } ]

expval3=[ cos2tau , 1 , { " pr int_thr " : 0 . 0 , " pr int_rate " : 100 ,
" f i l e " : " expval_ " } ]

tdse_analyse (ham0 , ps i , p r in t_coe f=" co e f " ,
pr int_expval=[ expval1 , expval2 , expval3 ] , pr int_rate=100)
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Results

The results for 〈cosθ〉,
〈
cos2θ

〉
and

〈
cos2 τ

〉
are depicted in Figure 4.3.
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