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Abstract

Aluminium monoflouride is a great candidate for ultracold studies owing to its diagonal Frank-
Condon factors and its stability. Our study involves theoretical calculations that pertains to the
cooling processes involving AlF. As molecules are more complex than atoms, new methods of
cooling mechanisms need to be devised for cooling molecules. This research aims to provide
the theoretical background for buffer gas cooling, evaporative cooling and sympathetic cooling
methods. We have employed Coupled Cluster (CC) and Multi Reference Configuration Inter-
action (MRCI) ab initio quantum chemistry methods to calculate the interaction potentials to a
high accuracy. The interaction of AlF molecules with each other (tetra atomic system), helium
atom (triatomic system) and with Rubidium atoms (triatomic system) have been calculated for
ground and excited states of the AlF molecule. High quality potential energy surfaces are re-
ported for all these interactions and the basis set convergence of ab initio methods and effect of
relativistic effects were also studied for each of the system. The accuracy and the limitations of
ab initio quantum chemistry methodology is also demonstrated. Scattering calculations for the
AlF-He collisions were made and provide insight into the experimental prospects of buffer gas
cooling of AlF. Data for future scattering calculations are also made available for the AlF-AlF
and AlF-Rb interactions which would provide an theoretical basis for the corresponding exper-
iments. One other main result of this study is the full four dimensional interaction potential for
AlF-AlF interaction is calculated with significant accuracy.
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1 Introduction

1.1 Quantum behavior in ultracold regime

The temperatures we are familiar with in our lives on earth are between −100◦ to 50◦C, but
how does matter exist outside this range? At room temperature, the air molecules whizzing
by at the speed of sound at around 400 m/s, their de Broglie wavelength is so small that their
wave character becomes inconspicuous. To study them, it would be much more convenient if
the effects of thermal motion were reduced, that is, if the atoms were colder. As we approach
the ultracold regime, quantum behavior takes over and it becomes easier for us to observe,
control and manipulate quantum systems. The collisions between atoms at low energies exhibit
special behavior due to long collision time and distance [1]. The scattering is dominated by
few partial waves and the cross sections can be decomposed into partial wave components from
incoming partial waves with different angular momentum. The threshold behavior of elastic
and inelastic collision cross section is limited by the Wigner threshold laws [2]. It predicts that
the elastic cross section becomes constant as the temperatures approaches zero and the inelastic
cross section increases as 1/

√
T where T is the temperature of the gas. We also begin to observe

scattering resonances which are usually averaged out at room temperature.
At low temperatures, the de Broglie wavelength, λdb = h/mv, of matter increases with de-

creasing velocity v that when the temperature is low enough, the de Broglie wavelength becomes
comparable to the distance between atoms. Also, for heavier atoms the de Broglie wavelength is
smaller than for lighter atoms. At this point, almost all bosonic atoms occupy a single quantum
state. This was predicted by Satyendra Nath Bose and Albert Einstein in 1924 [3, 4, 5] and
the first Bose-Einstein condensate was produced in 1995 in a vapor of rubidium-87 atoms [6,
7] at 170 nanokelvin. Another interesting quantum behavior in the cold regime is the quantiza-
tion of kinetic energy of electrons which allows the formation of Cooper pairs or bosonic pairs
(from electron-phonon interaction) which gives rise to superconductivity discovered by Heike
Kamerlingh Onnes in 1911 [8].

The nature of cold and ultracold collisions bears critically on light-guided manipulation of
reactive and inelastic processes [9, 10, 11], fundamental concepts of quantum chemistry [12,
13, 14], precision measurement [15, 16] and loss channels in formation pathways [17, 18].
More than the fundamental physics aspect of ultracold studies, the very production of ultracold
systems and their exciting applications in quantum simulations and the rise of quantum tech-
nologies [19] also occupy a central part of ultracold research. The advent of laser spectroscopy
and non-linear optics in the 1970s reached its height in 1981 with a Nobel prize awarded to A. L.
Schawlow and N. Bloembergen ”for their contribution to the development of laser spectroscopy”
[20, 21] while in 1989 a Nobel prize was awarded ”for the development of ion-trap technique”
to H. G. Dehmelt and W. Paul. Cooling and trapping techniques for atoms have been available
since 1980s [22, 23]. This led to an unprecedented growth in production, control and manip-
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1 Introduction

ulation of ultracold atoms or ions from trapping atoms using electromagnetic fields [24, 25] to
quantum simulation using ultracold atoms [26]. The advancement of ultracold atom research
paved way for the much more complex field of ultracold molecules. We will dive into a general
introduction to production and application of ultracold molecules.

1.2 Ultracold molecules and their production

Molecules are more complex than atoms owing to their rotational and vibrational degrees of
freedom. Laser cooling, in general, requires a simple electronic structure such that a transition
cycle can be established without off-resonant flourescence. But as the vibrational transitions
are governed by Franck-Condon factors (overlap of vibrational wavefunctions), consequently,
after spontaneous emission molecules tend to disperse across a vast range of vibrational states.
Heteronuclear molecules also have permanent dipole moment. The smaller energy scales of
rotation and vibration makes them much more responsive to electric and magnetic fields than
atoms. These properties makes molecules more interesting but also more difficult to cool. There
are two ways to produce cold molecules, direct and indirect methods. The first method involves
the direct cooling of molecules themselves. The later method involves photo- or magnetoasso-
ciation [27, 28] of pre-cooled atoms at ultralow temperatures.

1.2.1 Direct cooling methods

Ultracold molecules can be directly formed in a few ways such as collisional cooling (like buffer
gas cooling), phase-space conserving deceleration of molecular beams using external electric or
magnetic fields, laser cooling, sisyphus cooling and evaporative cooling.

One of the main challenges faced during direct cooling of molecules is the introduction of the
species of interest into the cooling apparatus. Most common methods of species introduction are
laser ablation, beam injection and capillary filling. The first technique involves laser ablation of
a suitable solid precursor [29, 30]. Beam injection is when high intensity beam sources are
coupled to the buffer cell [31]. In capillary filling a gas from high temperature is guided into the
buffer call using a capillary [32].

Collisional cooling

Buffer gas cooling Buffer gas cooling Buffer gas cooling is a direct cooling method in
which the translational and internal energies are dissipated through collisions with cold, inert gas
atoms, usually helium. Typically serving as one of the initial cooling steps, buffer gas cooling
aids in preparing a sample for ultracold temperatures and is generally effective at temperatures
above a few hundred millikelvin [33]. It is important to understand the process that occurs
inside a buffer gas cell as all experiments begin from this point. In principle, buffer-cell cooling
allows for the thermalization of both translational and internal degrees of freedom; however, the
balance between them is determined by the ratio of elastic to inelastic collisions. One of the
main advantages of buffer gas cooling is that it is very versatile, it can be used to cool almost
any atom or molecule. Helium is one of the most commonly used buffer gases because it has an
appreciable vapor pressure even at few hundred millikelvin.
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1.2 Ultracold molecules and their production

Figure 1.1: Buffer gas cooling scheme.

The Buffer gas cooling efficiency depends on the cell parameters and on the density and
temperature of the buffer gas. If the density of the buffer gas is too low, the molecules may not
thermalize and if the density is too high, molecules will thermalize near the cell entrance and
scatter away, reducing the extraction efficiency. This puts a limit on the density and hence a
limit on the temperature of the buffer gas. For 3He, the temperature can be as low as 180mK
and for 4He, it can be 500 mK for a cell of order 1 cm in diameter [34]. One of the first buffer
gas cooling and subsequent trapping of a molecule (CaH) was demonstrated by J. Doyle’s group
[30].

Sympathetic cooling The physics of sympathetic cooling is the same as buffer gas cooling
but the difference is that the collision partners here are ultracold atoms. This method is usually
used on trapped cold molecules to bring them into the ultracold regime. The efficiency of the
cooling depends on the ratio of elastic to inelastic collisions. There has been recent demonstra-
tions of sympathetic cooling of molecules to micro- and nano kelvin temperatures [35, 36]. In
2020, cooling of NaLi molecule to 220 nanokelvin was demonstrated using sympathetic cooling
with ultracold Na atoms and by employing two stages of evaporation [35].

Evaporative cooling Evaporative cooling, like other collisional methods, is based on elas-
tic collisions leading to energy exchange and re-equilibriation of the translational temperature of
the molecule and on selective removal of the most energetic molecules. Similar to sympathetic
cooling, evaporative cooling is used to bring cold molecules into the ultracold regime after trap-
ping them in a magnetic or optical trap. For a trap with finite depth, the molecules with highest
energy reaches the top and escapes, resulting in a lower average temperature. As the trap depth
is continuously lowered allowing the new high energy molecules to escape, leading to colder
and denser samples, eventually reaching the quantum-degenerate regime.
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1 Introduction

Inelastic collisions generate heat and lead to trap loss. An efficient evaporative cooling re-
quires a high ratio of elastic to inelastic collisions. One other requirement is shorter thermaliza-
tion time than the lifetime of the sample. In 1986, Hess proposes and discusses the evaporative
cooling process [37] which was also used experimentally to create the first Bose-Einstein con-
densation [6, 7]. The first evaporative cooling of ultracold molecule was obtained in 2012, in
experiment, where a hydroxy radical [38] from a Stark decelerated beam was trapped in a high-
gradient magnetic quadrupole trap.

Deceleration of molecular beams

The motion of neutral (polar) molecules can be decelerated using electric or magnetic fields.
In both Stark and Zeeman field decelerators, pulsed inhomogenous electric or magnetic field is
used to slow down molecules with electric or magnetic dipole moments. The method uses the
state specific force that a molecule (with electric or magnetic moment) experiences in an electric
or a magnetic field. A similar method called optical deceleration is when lasers are used to form
optical potentials which pulse. High phase space density molecule source is one of the important
conditions for successful deceleration.

Electromagnetic fields have been used in accelerator physics for many years and Zeeman
decelerators have been used to slow atoms [39]. The first Stark deceleration of neutral polar
molecules was implemented by Meijer et al. where they have experimentally demonstrated effi-
cient deceleration of neutral CO molecules to about 15 K [40, 41]. A number of polar molecules,
like ND3 [41], OH [42], YbF [43], NH [44], H2CO [45], SO2 [46], have been decelerated since
and have been further used for experiments. Few of the recent contributions includes a proposal
for ring-shaped Zeeman decelerator for heavy molecules that might overcome the limitations of
traditional Zeeman decelerators [47] and capture of SrF at 20mK in moving trap Stark deceler-
ator [48].

Laser (Doppler) cooling

Doppler laser cooling is based on the scattering force produced by a photon resonant with an
atomic transition. An atom illuminated with a laser which is slightly detuned below the atomic
transition frequency (red detuned) gets cooled by continuous cycles of absorption and stimulated
emission. Atoms moving towards the laser may absorb a counter-propagating photon which
Doppler shifts closer to the atomic resonance and the momentum of the absorbed photon reduces
the velocity of the atom by h̄k/m (where k is the wave vector of the laser beam, m is the atomic
mass). Laser cooling gained traction about 40 years ago, mostly motivated to improve atomic
clocks and atomic spectroscopy. Since then, there has been remarkable advancement in the field
of atomic laser cooling with a Nobel prize awarded in 1997 for Doppler laser cooling [49, 50,
51, 52].

Because of their less complex energy structure than molecules and sharp atomic resonances,
it is easy to assume a strictly two-level electronic structure for atoms but it is not the case for
molecules. We cannot directly apply the atomic translational cooling methodology on molecules
as they have many non-resonant rovibrational ground states and one would need multiple re-
pumping lasers. Many schemes have been suggested to overcome this problem like using mul-
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1.2 Ultracold molecules and their production

Figure 1.2: The working principle of sisyphus cooling is demonstrated in four steps. (1) The ki-
netic energy of the molecule is removed through motion in an external potential; (2)
the ”sisyphus transfer step” where a dissipative process prevents the reverse motion;
(3) bringing the molecule back in position using the trapping potential; (4) absorb-
ing repumping laser to bring the molecule to its original state. The above image was
taken from [62].

tiple lasers, closed optical cycling schemes (SrF, the first molecule to be laser cooled), local
optimization of the laser pulse shape in the excitation step, choosing molecules with a highly di-
agonal Franck-Condon matrix [53, 54, 55, 56]. Later, transverse laser cooling of a beam of polar
yttrium oxide (YO) molecules was demonstrated, reaching about 15mK [57]. Laser cooling of
YbF molecules to temperatures below 100µK was also demonstrated in 2018 in an experiment
designed to measure the electron’s electric dipole moment [58].

Di Rosa was the first to notice the existence of molecules with almost diagonal (quasi diag-
onal) Franck-Condon matrix [59]. She proposed a class of molecules suitable for laser cool-
ing with Franck-Condon factors for 0′ − 0, 0′ − 1, 0′ − 2 vibronic transitions close to the ra-
tio 0.99:0.009:0.0009. The probability of population of the first three vibrational levels of the
ground electronic state after spontaneous emission from the zero vibrational level of an excited
electronic state is near 0.9999 [60]. She reported that the inclusion of two more vibrational levels
of ground electronic state into the cooling cycle might make laser cooling much more efficient.
This would require one to use lasers at the 1− 0′ and 2− 0′ transitions to pump the population
back to the 0− 0′ transition. AIF,CaH,MgH, SrH are among the molecules that she proposed.
Many of these molecules have been laser cooled [53, 61].

Sisyphus cooling

First proposed in 1989 [63], sisyphus cooling (also called as polarization gradient cooling) is a
type of laser cooling which combines a dissipative process and an absorption-spontaneous emis-
sion process to cool. Such a non-reversible process is repeated by optical pumping the molecule
back to its original state (hence the usage of the term sisyphus). In atoms, the energy transfer is
provided by counter propagating laser beams with orthogonal polarization. The molecules lose
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1 Introduction

their kinetic energy as they move up a potential at which point optical pumping is used to bring
them back to a lower energy state. In the first demonstration of the sisyphus cooling of (poly-
atomic) molecules in 2012 [64, 62], microwave transitions between vibrational states provide
the energy transfer. Zeeman-Sisyphus deceleration of a beam of ytterbium monohydroxide was
reported recently which seems exciting [65].

1.2.2 Indirect cooling methods

Indirect cooling methods are based on associating atoms. The basic requirement for indirect
ultracold molecule production is ultracold atoms. The foundation for these methods are laid by
laser cooling and evaporative cooling of atoms. Indirect cooling methods have been one of the
most successful methods in creating ultracold molecules. The limitation of indirect cooling is
that only atoms which can be laser cooled and trapped can be used to create ultracold molecules.
So, most indirect cooling experiments involve bialkali molecules. Key laser cooling techniques
have been developed in the early 1980s [66, 67].

Figure 1.3: A scheme of a) photoassociation followed by spontaneous emission and b) magne-
toassociation followed by Stimulated Raman Adiabativ Passage (STIRAP) is pre-
sented. The image is taken from Ref.[27]

Photoassociation

Photo-association is the process where colliding atoms absorb light and form a bound excited
state. Laser-induced or spontaneous transitions are then used to bring the dimer to the electronic
ground state. The photoassociation process usually starts at a hot atom source which needs to
be cooled. One of the many methods such as Zeeman cooling or magneto-optical trap is used
for this step. The first ultracold gas of molecules was created using photoassociation. Trans-
lationally cold Cs2 ground-state molecules in the micro-Kelvin range were obtained through
photoassociation of laser-cooled cesium atoms in a magneto-optical trap [68]. There is mas-
sive research and literature on photoassociation of homo-nuclear diatomic ultracold molecules
including Na2, Rb2, Cs2 and K2 [69, 70, 71, 72, 73].
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1.3 Application of ultra cold molecules

Despite the studies on photoassociation of unlike pair of atoms [74], the first ultracold polar
molecule was formed using photoassociation only in 2004. Laser cooled mixture of Rb and
Cs atoms were photo-associated to form ground state RbCs molecule [75, 76]. Other polar
molecules such as KRb [77, 78], NaCs [79], LiCs [80] have since been produced using photoas-
sociation.

magnetoassociation using Feshbach resonances

A Feshbach resonance occurs when the collision energy of two colliding atoms become degen-
erate with a bound excited state of the diatomic molecule. The energy difference between the
scattering state and the bound state can be controlled through magnetic field. This is termed
as magnetically tunable Feshbach resonance [81, 28]. While investigations of Feshbach reso-
nances (coupling of bound state to the continuum) go back to 1930s, Herman Feshbach and Ugo
Fano developed their work independently [82, 83, 84]. Feshbach resonances as useful tools to
control interactions between ultracold atoms was first proposed in 1993 [85]. The interaction
tuning using Feshbach resonances were first demonstrated in 1998 [86, 87] which became a
fully established tool in few years and opened up many new applications [88, 89, 90].

The idea of magnetoassociation is to transfer the atoms from the scattering state to the bound
state to form molecules. The molecules formed through magnetoassociation are also referred to
as Feshbach molecules. Feshbach molecules are highly excited molecules with small binding
energy compared to the vibrational ground state. As in photoassociation, the highly excited
molecules are then transferred to deeply bound states through stimulated emission and STIRAP
processes. Magneto-association of homo- and hetero-nuclear systems have been demonstrated
[91, 92, 93, 94, 95].

1.3 Application of ultra cold molecules

1.3.1 Controlled chemistry

At ultracold temperature the collision energies of atoms and molecules are much smaller than
the intermolecular forces and the chemical reactions and collision dynamics can be controlled by
influencing the long range forces [96, 97]. One more advantage is the preparation of molecules
in specific spin and hyper-fine levels which becomes impossible at ordinary temperatures with
high thermal energy collisions. In an experiment conducted at JILA, optically trapped ultracold
40K87Rb molecules were prepared in different hyper-fine levels to study quantum state con-
trolled chemical reactions. At few hundred nano kelvin temperature, when the molecules are
in the same quantum state , p-wave collisions dominated and the reaction KRb + KRb → K2 +
Rb2 required tunneling through the p-wave centrifugal barrier. But when the molecules are in
two different internal states, the reaction rates are increased due to s-wave scattering [9]. The
dipole-dipole interaction of OH molecules is shown to be influenced by electric and magnetic
fields [98]. Stark decelerated OH radicals were scattered with hexapole-focused NO radicals to
study the quantum-state resolved bimolecular collisions [99].
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1 Introduction

1.3.2 Precision measurements

The rich energy structure of molecular systems provide a set of precise frequency benchmarks in
microwave, infrared and visible spectrum. Narrow transitions in molecules and low collisional
broadening at low temperatures allows for a high spectral resolution which makes ultracold
molecules great for precision measurements. The time variation of proton-electron mass ratio
∆µ/µ (µ = mproton/melectron) is tested using Sr2 dimers in a zero-differential-Stark-shift op-
tical lattice [100]. Highly accurate vibrational spectroscopy of sympathetically cooled HD+ ion
which could also lead to an improved determination of electron-proton mass ratio [101]. The
electric dipole moment has been measured using cold YbF molecules [102]. This molecular
measurement of the electron EDM has exceeded that of the best atomic measurement. The
metastable state a(1)[3Σ+] of PbO molecule has also been proposed to search for electron EDM
[103].Precise measurement of microwave transitions in cold hydroxy radical molecule has been
reported in [45]. Diatomic molecules have been proposed for parity violation studies owing to
the sensitivity of their rovibrational spectra to nuclear effects [104, 105].

1.3.3 Quantum many-body physics

An important application of ultracold molecules is quantum simulation where ultracold molecules
are used to form a model of an unsolvable many-body Hamiltonian [106]. Hetero-nuclear di-
atomic molecules in optical lattices have been studied and a molecular Hubbard Hamiltonian
for this system is presented [107]. The large electric dipole moment of the polar molecules al-
lows for long-range dipole-dipole forces in DC electric field and transitions between rotational
states in an AC microwave field [108]. Spin exchange interactions have been observed in lattice
confined dipolar molecules [109]. Ultra cold molecules in lattices offer oppurtunities to study
many-body phenomenon such as superfluidity, quantum magnetism [110, 111], etc. The emer-
gence of a topological super fluid of identical microwave-dressed fermionic polar molecules in
a 2D lattice has been demonstrated [112]. The many-body physics of molecular Bose-Einstein
condensates was studied [113] and formation of self-bound droplets were observed [114, 115].

1.4 Importance of electronic structure theory

The aim of electronic structure theory is to develop methods that can be applicable to a wide
range of chemical problems. Ab initio quantum chemistry has become an important tool to
study atoms and molecules and to model complex systems. A theoretical framework is essential
to understand the fundamental physics and also to construct efficient methods with predictive
power. The development of efficient computers and development of the electronic structure
methods have made them a significant part of the modern research. Paper [116] collects the
historical development in ab initio electronic structure theory.

The central problem in ab initio electronic structure theory is to solve the electronic Hamilto-
nian for a many body wavefunction. The electronic structure provides information on molecular
properties such as dipole moments, polarizabilities, transition moments, long range coefficients
and equilibrium geometries. For larger, more difficult molecules, electronic structure calcula-
tions become an important starting point for experiments. Ab initio molecular orbital methods
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are based only on the laws of quantum mechanics and on fundamental constants. Hence the
term ab initio, meaning ”from first principles”. Ab initio calculations do not depend on any
experimental data.

Experimental and theoretical studies complement and benchmark each other. One such classic
case of theory vs experiment is the vibrational spectrum of the hydrogen bond. Hydrogen bond
is an interaction that influences the properties of many chemicals and biochemical systems.

An important property associated with the presence of hydrogen bond is a shift in the infrared
(IR) spectrum of the A-H stretching band after formation of the A-H . . . B hydrogen bond. The
A-H covalent bond can remain intact or a proton transfer can occur resulting in A− . . .+H− B
ion pair. The global minimum of a hydrogen-bonded complex is probed through IR spectroscopy
and theoretically using ab initio calculations. The equilibrium structure of a hydrogen bonded
complex also depends on the level of theory used to describe it [117]. So, there is a question
of what level of theory is required to give reliable predictions [118]. If the hydrogen bond re-
sides in a broad and a relatively flat potential well, a harmonic treatment of the proton stretching
vibration cannot describe the anharmonicity of the potential energy surface which created dis-
crepancy with the experimental results. The case was resolved by estimating the anharmonicity
of the proton stretching motion and when the IR spectrum was recomputed using the anhar-
monic stretching force constant, a great agreement between theory and experiment was found
[119, 120]. Another similar case is of CH . . . O hydrogen bonds. The red and blue shift in the
IR spectra due to the presence of this bond is investigated [121]. To give an idea of the applica-
tions of ab initio electronic structure methods, theoretical calculations have been used along side
experiments to predict the geometric structure and other properties of many molecules including
benzene, naphthalene, CO2 [122, 123, 124], used to model photo-chemical applications [125],
a comprehensive understanding of functioning of enzymes has been obtained by theory and ex-
periment together [126, 127, 128]. Accurate ab initio calculations have been used to match high
energy rovibrational levels of water molecule to prove its presence in the Sun and to study the
green house effect in Earth [129, 130].

Ab initio electronic structure methods offer highly accurate calculation of ground state poten-
tial energy surfaces and molecular properties, especially for smaller systems. The peculiarity of
ultracold regime is that the quantum behaviour atomic and molecular interactions are magnified.
The electronic structure results have direct relevance to the interactions in this regime. Even
weak van der Waal type interactions can be probed and controlled [131, 132, 133].

In the context of ultracold studies, ab initio quantum chemistry methods are an important
tool. Theoretical predictions obtained from ab initio calculations can guide experimentalists in
designing ultracold experiments which are challenging and resource-intensive. Let us go through
a few examples that illustrate the importance of ab initio quantum chemistry for ultracold stud-
ies. The spectroscopic properties of Rb2 molecule in the presence of a non-resonant laser field
is studied using the double electron attachment intermediate Hamiltonian Fock space coupled
cluster method. It is seen that the spectrum is significantly altered by the non-resonant field
and this can be a new method to control photoassociation rates [134]. The internally contracted
multiconfiguration reference configuration interaction method is used to identify new tetratomic
molecules, CaCCH and SrCCH molecules, and demonstrate the feasibility of laser cooling
schemes [135]. An ab initio polyatomic complex potential energy surface was used to interpret
the auto-ionization process observed in the He

(
23 S

)
+H2 collision [136]. For the same He+H2
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system, the effect of the anisotropy of the interaction potential on the quantum resonances is
measured. Ab initio theory is used to show that switching between rotational states of the sys-
tem also switches on or off the anisotropy of the interaction [137]. High level electronic structure
calculations have been used to investigate reactions involving pairs of alkali-metal dimers. They
show that trimer formation reactions are energetically forbidden for low-lying singlet states of
the dimers [138]. An MP2 electronic structure calculations was performed to obtain the potential
energy surface for the reaction Li+ + n−C3H7Cl which reflects the complex reaction pathway
followed by the reaction from reactants to products [139]. The electronic structure of RbBa
molecule is extensively investigated at the MRCI+Q level. From the calculated Franck-Condon
factors and transition properties, direct laser cooling of RbBa is infeasible [140]. An ab initio
investigation of Li-alkaline-earth dimers was performed to arrive at a comprehensive analysis
of their interactions in an optical trap [141]. An ab initio complete active space self consistent
field (CASSCF)/(MRCI+ Q) calculations were used to study the electronic structure of CaK
molecules and a laser cooling scheme for CaK is proposed from these results [142]. Multilayer
Multiconfiguration Time-Dependent Hartree Method for Bosons and Fermions (MLMCTDHB)
method, an ab initio method used to study ultracold quantum gases, is employed to study the
ultracold chemistry of bosonic and fermionic mixtures [143]. They also discuss the role of
correlation in transmission and reflection properties of collisions.
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The aim of this research is to theoretically investigate the feasibility of cooling of aluminium
monofluoride molecule. AlF is a great candidate to study ultracold phenomenon. In comparison
to alkali and alkaline earth metal fluorides, AlF is much more stable as seen in the Tab.2.1.

The aluminium fluoride molecule is an ideal candidate to cool down [27, 144, 145]. This is
primarily due to its highly diagonal Frank-Condon factors which is perfect for laser cooling [146,
147]. However, another advantage of AlF is its chemical stability due to relatively high binding
energy (about 7 eV). As binding energy of simple monofluorides grows, the efficiency of the
reaction of the fluorinating reagent with hot ablated metal also increases, as was demonstrated
by theoretical computations for AlF and CaF [148]. A comparison of buffer gas-cooled beams
of four monofluorides shows that the one containing AlF is an order of magnitude brighter than
others, probably due to the low efficiency of the formation of MgF, CaF, and YbF [149]. Once
cooled, its relatively large dipole moment of 1.5 D makes it a promising candidate for studying
numerous types of dipolar physics.

Before AlF became the object of research in ultracold temperatures, the discovery of AlF in a
protoplanetary circumstellar envelope sparked astronomers’ interest in this molecule [150]. For
this reason, Gotoum et al. reported the first potential energy surface of the AlF+He complex
[151]. This potential exhibits only one minimum and depth about 24 cm−1. Newer studies [145]
suggest that the potential is shallower by about 2 cm−1.

Let’s go through the history of research on AlF relevant for this study. The research on AlF
in early 1900s involved production of AlF and study of the thermodynamic and spectroscopic
properties [152, 153, 154]. A boom in both theoretical and experimental study of the spectrum
and electronic structure of AlF can be seen since the 1970s [155, 156, 157, 158, 159, 160]. In
2004, M. D. Di Rosa proposed a class of diatomic molecules optimal for laser cooling in which
AlF was a prominent candidate. These molecules possess highly diagonal band system that
allows for a closed cooling cycle [55]. The study, production and spectroscopic characterisation
of ultracold aluminium monoflouride molecule has emerged in the past two decades and the
experimental research on AlF is led by Dr. Stefan Truppe et. al. The production of AlF buffer
gas beam at cryogenic temperatures and an exploration of optical cycling schemes and losses
are recent progress in the field [146, 144, 145, 148, 149, 161].

My current research involves theoretical study of AlF and its interaction with He, with other
AlF molecules and Rb. My aim is to gain a better understanding of the physical phenomenon
behind buffer gas cooling and evaporative cooling of AlF. We also aim to report highly accurate
potential energy surfaces for AlF-He, AlF-AlF and AlF-Rb interactions. The highly accurate
ab initio studies reflect the anisotropic interaction landscape of these systems and can serve as
a benchmark for future experimental studies. The usage of ab initio calculations also presented
us an oppurtunity to study the convergence behavior and feasibility of different ab initio meth-
ods. The effect of including corrections such as relativistic corrections, usage of mid bonds,
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Figure 2.1: Potential energy curves of three electronic states of AlF proposed for laser cooling.
The transition wavelengths and Franck-Condon factors are also presented. This im-
age is take from this work [146].
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core-valence basis sets, inclusion of higher excitations were also studies. We also report the
optimized global minimum configuration of AlF-He, AlF-AlF and AlF-Rb systems. We also
present accurate results on AlF-He collisions. Our collision results on AlF-He shows that buffer
gas collision of AlF can be highly successful.

Table 2.1: Bond dissociation energy of XF. The energies are in cm−1

AlF 57,152.2
LiF 48,233.161
NaF 40,208.233
KF 41,587.5175
RbF 41,294.942
CsF 42,966.802
BeF 48,233.161
MgF 38,619.966
CaF 44,053.511
SrF 45,307.406
BaF 40,709.791

In the third chapter, we discuss the theoretical methods used in the study. We provide the
basic ideas of ab initio electronic structure calculations and scattering theory. The fourth chapter
consists of our results on aluminium monofluoride and their potential energy curves. The fifth
chapter encapsulates our results on AlF-He interaction to predict the buffer gas cooling prospect
of AlF molecule. The sixth chapter contains results on AlF-AlF interaction which would help
us theoretically predict the evaporative cooling prospect of AlF molecule. The AlF-Rb poten-
tial energy surfaces are reported in chapter seven which forms the basis for future scattering
calculations. I summarise all the results in chapter eight.
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3 Methods

In this chapter, we will briefly go through the introductory concepts of ab initio electronic struc-
ture theory and introduce the ab initio wave function based methods used in our calculations. A
short introduction to long range forces and scattering theory is also included.

3.1 Ab initio electronic structure theory

The requirements for a theoretical model chemistry has been proposed by John Pople who was
rewarded the Nobel prize in 1998 for developing computational methods for the theoretical study
of molecules [162]. These requirements mainly constitute the following:

• Size consistency.

• Size extensivity.

• Accuracy (1 kcal/mol.)

• Agrees with experimental data.

• Should be applicable generally to any chemical species.

Size consistency is when a method gives the total energy as Etot as the sum of monomer ener-
giesEA+EB at infinite separation. Size consistency implies correct dissociation into fragments.
Size extensivity is when a method scales linearly with the size of a system. All these properties
are desirable in a model but until now no method has satisfied all these criteria. There is al-
ways a bargain between cost and accuracy. But availability of high performance computers has
improved the accuracy tremendously [163, 164, 165, 166].

3.1.1 Born-Oppenheimer approximation

At the sub-atomic scale, the behavior of matter is governed by the Schrodinger equation. The
time-independent non-relativistic Schrodinger equation is given as

ĤΨ = EΨ (3.1)

where H is the Hamiltonian of a system composed of K nuclei and N electrons, which can be
written as follows,

Ĥ = −
N∑
i=1

h̄2

2me
∇2

i −
K∑

A=1

h̄2

2mA
∇2

A −
N∑
i=1

K∑
A=1

ZAe
2

riA
+

N∑
i=1

N∑
j>i

e2

rij
+

K∑
A=1

K∑
B>A

ZAZB

rAB
, (3.2)
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where r⃗A and r⃗i are position of nucleus A and electron i respectively and rAB = |r⃗A − r⃗B|,
rij = |r⃗i − r⃗j | ,mA and me are mass of the nucleus A and electron i respectively, ∇2

i and ∇2
A

are Laplacian operators that involve differentiation with respect to the position of i th electron
and Ath nucleus, ZA is the atomic number of nucleus A. The first two terms are the kinetic
energy operators for electrons and nuclei respectively, the third term describes the Coulomb at-
traction between electrons and nuclei, the last two terms describe the repulsion between electrons
and nuclei respectively. The last three interaction terms depends only on the relative distance
between the particles.

The Schrödinger equation is known to be used to obtain the analytical solution of simple
systems like the hydrogen atom. The solution for many electron atoms and molecules require
approximations since the wave function describing the correlated motion of N +K interacting
particles is difficult or impossible to solve analytically. In an attempt to simplify the problem at
hand, the Born-Oppenheimer approximation is implemented. It is a type of adiabatic approxima-
tions within which the motion of nuclei and electrons can be separated. So, the approximation is
that we consider the motion of electrons in the field of fixed nuclei. This is one of the adiabatic
treatments of the problem. In equation 3.2, the second term describing the kinetic energy of the
nuclei can be neglected and the last term describing the Coulombic repulsion between nuclei
can be considered a constant. For the sake of convenience atomic unit will be used further in
the text. In this convention the mass of electron, me and h̄ are set to the value 1. The remaining
terms form the electronic Hamiltonian

Ĥel = −
N∑
i=1

1

2
∇2

i −
N∑
i=1

M∑
A=1

ZA

riA
+

N∑
i=1

N∑
j>i

1

rij
, (3.3)

The electronic Schrodinger equation reads

Ĥelψel = Eelψel, (3.4)

where the electronic wave function, ψel (r⃗i; r⃗A) depends explicitly on the electronic coordinates,
r⃗i and parametrically on the nuclear coordinated, r⃗A. This means that for different set of nuclear
coordinates, there is a different electronic wavefunction. Then, the nuclear motion is directed by
the electronic potential averaged over the motion of electrons. Using ab initio quantum chem-
istry, we attempt to solve the electronic Schrödinger equation on a grid of ”clamped” nuclear
positions.

3.1.2 Electronic wavefunctions

The simplest trial wave function employed in ab initio quantum chemistry is the Slater determi-
nant. The Slater determinant is a representation of the wavefunction of a multi particle fermionic
system and represents an anti-symmetric product of one electron functions (molecular orbitals).
Molecular spinorbitals (one-electron functions) which are used as building blocks for the Slater
determinants are functions of the coordinates of one electron only: three spatial coordinates and
one spin coordinate ( σ = 1

2 or −1
2 ). A general normalized spin orbital looks like this,

Φi (
−→rj , σj) = ϕi1 (

−→rj )α (σj) + ϕi2 (
−→rj )β (σj) , (3.5)
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3.1 Ab initio electronic structure theory

where ϕi1, ϕi2 are the orbital components that depend on the position r⃗ of the electron j and
spin functions α, β depend on the spin coordinate σj . The Slater determinant has this following
form:

Ψ =
1√
N !

∣∣∣∣∣∣∣∣∣
Φ1(1) Φ1(2) · · · Φ1(N)
Φ2(1) Φ2(2) · · · Φ2(N)

...
...

. . .
...

ΦN (1) ΦN (2) · · · ΦN (N)

∣∣∣∣∣∣∣∣∣ , (3.6)

where N electrons occupy N spinorbitals, Φi. The Slater determinant is a convenient starting
point because of a few advantages. The anti-symmetric property of a determinant satisfies one
of the postulates of the quantum mechanics by default. Interchanging the coordinates of two
electrons correspond to interchanging two rows of the Slater determinant during which the de-
terminant acquires a negative charge. One other important property of the determinantal form
of the wave function is the inclusion of Fermi correlation or exchange correlation which means
that the motion of two electrons with parallel spins is correlated. When two electrons occupy
the same spin orbital, it means two columns of the determinant becomes equal which makes it
zero, such a system becomes non-existent. A Fermi hole exists between the electrons. But we
need to note that no correlation between the motion of electrons with opposite spins is included
in this treatment.

3.1.3 Hartree-Fock method

In the Hartree-Fock approximation, the electronic wave function is described using a single
determinant, that is, by a single configuration of spinorbitals. The Hartree-Fock method is a
variational method where the single Slater determinant is used as the variational wave func-
tion. According to the variational principle, the best spinorbitals are those which minimizes the
electronic energy, Eel. Rewriting the electronic Hamiltonian, Ĥel as follows,

Ĥel =

N∑
i=1

h(i) +

N∑
i=1

N∑
j>i

1

rij
(3.7)

where h(i) is the one-electron Hamiltonian for the ith electron is given by

ĥ(i) = −1

2
∇2

i −
M∑

A=1

ZA

riA
, (3.8)

Expanding the ψel and assuming that ⟨ψel | ψel⟩ = 1, the electronic wavefunction over the
spinorbitals, the expectation value of the electronic Hamiltonian is written as

Eel =
〈
ψel

∣∣∣Ĥel

∣∣∣ψel

〉
=

N∑
i=1

〈
Φi|ĥ|Φi

〉
+
1

2

N∑
i,j=1

[〈
ΦiΦj

∣∣∣∣ 1

rij

∣∣∣∣ΦiΦj

〉
−
〈
ΦiΦj

∣∣∣∣ 1

rij

∣∣∣∣ΦjΦi

〉]
(3.9)
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or written in a simple form as

Eel =
∑
i

⟨i|ĥ|i⟩+ 1

2

∑
ij

[⟨ij | ij⟩ − ⟨ij | ji⟩], (3.10)

The Coulomb term is

Jcoul
ij =

〈
Φi(1)Φj(2)

∣∣∣∣ 1

r12

∣∣∣∣Φi(1)Φj(2)

〉
, (3.11)

which represents the Coulomb potential experienced by electron 1 due to electron 2 in a given
position. In the Hartree approximation, the two-electron potential r−1

12 is replaced by an average
of the interaction r−1

12 over all space and spin coordinates of electron 2 weighted by the proba-
bility that electron 2 occupies the volume dx2 at x2. It can also be written in an integral form
like this, When summed over all b ̸= a, we obtain the total averaged potential experienced by
electron in ϕa from the N − 1 electrons in other spinorbitals.

The exchange term arises due to the antisymmetric nature of the Slater determinant. The
integral form of the exchange operator looks like

Kexch
ij =

〈
Φi(1)Φj(2)

∣∣∣∣ 1

r12

∣∣∣∣Φj(1)Φi(2)

〉
, (3.12)

Now, the idea here is to find the molecular spinorbitals that minimize the electronic energy

E =
⟨ψ | Ĥψ⟩
⟨ψ | ψ⟩

, (3.13)

where ψ is the variational wavefunction. The electronic energy needs to be constant for small
variations in the molecular orbitals (δΦ ). The constraint here is that the spinorbitals remain
orthonormal and hence the spinorbitals can only be varied without destroying their orthonormal-
ity. At the minimum, both the electronic energy E and the molecular orbital overlap integrals
Sij ≡ ⟨Φi | Φj⟩ must remain constant. We can write that at minimum of E,

E − 2
∑
i

∑
j

ϵijSij = constant for δΦ (3.14)

for the restricted variation in the spinorbitals. The particular set of coefficients, ϵij , for which the
equation 3.14 is satisfied for small variations δΦ around the minimum are called the Lagrangian
multipliers. We need to determine these Lagrange multipliers [167]. Under variation of the
spinorbitals,

δE − 2δ
∑
i

∑
j

ϵijSij = 0, (3.15)

Expanding E,

2
N∑
i=1

δhii +
N∑
i=1

N∑
j=1

(2δJij − δKij)− 2
N∑
i=1

N∑
j=1

ϵijδSij = 0, (3.16)

26



3.1 Ab initio electronic structure theory

Expanding the terms,

δSij =

∫
δΦ∗

i (1)Φj(1)dτ1 +

∫
Φ∗
i (1)δΦj(1)dτ1, (3.17)

δhii =

∫
δΦ∗

i (1)h1Φi(1)dτ1 +

∫
Φ∗
i (1)h1δΦi(1)dτ1, (3.18)

δJij =

∫
δΦ∗

i (1)Φ
∗
j (2) (1/r12) Φi(1)Φj(2)dτ1dτ2 +

∫
Φ∗
i (1)δΦ

∗
j (2) (1/r12) Φi(1)Φj(2)dτ1dτ2,

(3.19)

+

∫
Φ∗
i (1)Φ

∗
j (2) (1/r12) δΦi(1)Φj(2)dτ1dτ2 +

∫
Φ∗
i (1)Φ

∗
j (2) (1/r12) Φi(1)δΦj(2)dτ1dτ2,

(3.20)

and similarly, for δKij ,

δKij =

∫
δΦ∗

i (1)Φ
∗
j (2) (1/r12) Φj(1)Φi(2)dτ1dτ2 +

∫
Φ∗
i (1)δΦ

∗
j (2) (1/r12) Φj(1)Φi(2)dτ1dτ2,

(3.21)

+

∫
Φ∗
i (1)Φ

∗
j (2) (1/r12) δΦj(1)Φi(2)dτ1dτ2 +

∫
Φ∗
i (1)Φ

∗
j (2) (1/r12) Φj(1)δΦi(2)dτ1dτ2.

(3.22)

As δΦi(1) and δΦ∗
i (1) are independent, the respective terms must go to zero independently.

Thus, h(1) + N∑
j=1

Ĵj(1)− K̂j(1)

Φi(1) =
N∑
j=1

ϵijΦj(1) (3.23)

for i = 1, 2, 3, . . . and for a particular set of ϵij . We see that the Lagrange multipliers turned out
to be the spin orbital energies. The equation for spinorbitals can be simply written as,

f |Φi⟩ =
N∑
j=1

ϵji |Φj⟩ (3.24)

where f is the Fock operator. So, to obtain a single determinant many-electron wave function,
one-electron wave functions which are eigenfunctions of the one-electron Fock operator must be
used. The unique set of orbitals that are solutions to the above equation for which the matrix of
Lagrange multipliers is diagonal is called the set of canonical spinorbitals. An infinite number of
equivalent spinorbitals can be obtained from the canonical set by unitary transformations. The
Fock equation for canonical orbitals with orbital energy ϵi is written as

f |ϕi⟩ = ϵi |ϕi⟩ . (3.25)

What would be the form of the molecular orbitals? We can expand each molecular orbital as a
linear combination of linearly independent basis set
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Φi(1) =
n∑

k=1

ckiχk(1), (3.26)

where χk is the basis function and cki are the expansion coefficients. If we were to use a com-
plete basis set, then this expansion can be used without approximation. But it is not feasible
to use an infinite basis set. Hence, we resort to finite (incomplete) basis sets. Substituting the
above form of the molecular orbitals in equation 3.25 multiplying χl on the left and integrating
over the electronic coordinates,

n∑
k=1

∫
χl(1)f(1)χk(1)ckidτ1 = ϵi

n∑
k=1

∫
χl(1)χk(1)dτ1cki, (3.27)

which can be written in the matrix form as,

Fc = Sce , (3.28)

where the overlap matrix S is

Skl =

∫∫
χk(1)χl(1)dτ1. (3.29)

We can see that, to construct the Fock matrix F, we need to know the molecular orbitals
before hand. So, we solve the Fock equation (equation 3.28) iteratively. One starts with an
initial guess of the molecular orbitals and constructs a Fock matrix. Then the solution of the
Fock equation produces a new set of orbitals which is used to construct a new Fock matrix. This
cycle is repeated until the solutions from two consecutive iterations are the same within a given
numerical precision. At this point, the self-consistency is reached. This is why Hartree-Fock
method is a self consistent field method. We need to emphasize the description of Coulomb
interaction in HF theory, it assumes that an electron interacts with an average charge distribution
of all the other electrons. The single Slater determinant formed from the eigenfunctions χk is
an eigenfunction of the Hartree-Fock Hamiltonian, H0, which is

∑1
k=1 f(k), the sum of one

electron Fock operators.
Hartree-Fock method is always size extensive but not always size consistent [168]. But size

extensivity property does not ensure correct dissociation. Due to its single reference nature,
restricted HF does not correctly describe dissociation and hence is not always size consistent
hence it was not introduced.

3.1.4 Basis sets and the CBS limit

We use the linear combination atomic orbitals (L C A O) method to describe the molecular
orbitals

ϕi(1) =
M∑
a

caiχa(1), (3.30)
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where χa is an atomic orbital. Here, both the atomic and molecular orbitals depend on the
spatial coordinates of only one electron. For this expansion to be complete, we need to use an
infinite number of basis functions or a basis set of infinite size. Such an upper bound is called
the complete basis set limit. But for practical computational reasons, we restrict the basis set to
M basis functions.

Since the basis sets are atomic orbitals, the basis set for a molecule is made of basis sets of
atoms in the molecules. An atomic orbital can written as a product of radial and angular part as
follows

ψn lmA (rA, θA, ϕA) = fn (rA)Y
m
l (θA, ϕA) , (3.31)

where n, l,m are atomic quantum numbers for an atom A and rA, θA, ϕA describe the spatial
position of an electron within atom A. There are two forms of radial basis functions generally
used in computational chemistry. One is the Slater-type orbitals (STOs) inspired from bound
state hydrogen wave functions which has the form

fSTO
n (rA) = rn−1

A exp(−ηrA), (3.32)

where the screening constant η differs for different basis functions. These orbitals are mostly
used for free atoms and are difficult to use for molecules due to increased complexity of the
integrals. The other form of orbitals is Gaussian-type orbitals (GTOs) which have the form

fGTO
l (rA) = rlA exp(−αr2A), (3.33)

where α varies for different basis functions. The Gaussian form of these orbitals made the
evaluation of integrals much simpler.

Wave functions calculated at short intermonomer separation are required to satisfy a math-
ematical condition called the correlation cusp condition. When two singlet-coupled electrons
have the same coordinates i and j, the wave function exhibits the cusp [169],

lim
rij→0

(
∂ψ

∂rij

)
=

1

2
ψ (rij = 0) , (3.34)

Such non-differentiable points in the wave function converges slowly. For gaussian type or-
bitals, the basis set error converges towards the basis set limit as a function of the basis set
cardinal number, X , as

(
X + 1

2

)−3. The basis set limit, E∞, for CCSD(T) method is given as

EX = E∞ +A

(
X +

1

2

)−3

(3.35)

where A is a constant. Correlation consistent and polarization consistent basis set exhibited an
exponential convergence of the form [170, 171, 172] for self consistent field methods as

EX = E∞ +Ae−BX (3.36)

where A and B are constants. The equation 3.33 and equation 3.34 can be used to extrapolate
the basis set limit from two or more calculations [173].
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3.1.5 Basis set superposition error (BSSE)

When we consider systems with interacting subsystems, we have two set of atomic coordinates,
internal and external. Internal coordinates (A,B,C, . . .) describe the internal geometries of the
subsystems while the external coordinates

(
R⃗ex

)
determine the inter monomer distance and

their orientation in a global coordinate system. We can define the interaction energy for a given
internal configuration of the monomers as,

EAB
int = EAB − (EA + EB) (3.37)

where EAB is the electronic energy of the total system, EA and EB are the electronic energies
of the monomers A and B. This is called the supermolecular method. Any method of electronic
energy calculation can be used to evaluate the interaction energy. The advantage of the super-
molecular method is that it can be applied to systems of any size. But a problem arises when
we are not able to solve the Schrödinger equation exactly. So the error of approximations will
manifest in the interaction energy and its precision comes into question. So, the solution to this
problem is to use the same method to calculate all the energies. We have two things to consider
here, the method used and the atomic orbital basis set considered. Let us consider an atomic
basis set centered on A as ΩA and on B as ΩB . The total basis set is Ω = ΩA ∪ ΩB . When we
calculate the energy EAB in the Ω basis, the subsystems have a larger number of basis function
available than in ΩA or ΩB separately, this artificially lowers the energy. This is called the Basis
Set Superposition Error (BSSE). To remove this error, we use the basis set Ω for all EAB, EA,
EB . This procedure is called the counter-poise correction method [174].

3.1.6 Electron correlation

An electronic motion is dependent on the motion of all other electrons in a system. This inter-
action between electrons is refereed to as electron correlation. In reality, electrons are not fixed
dots on labelled orbitals. The wave function of any given state is realistically described only
when the correlation between electrons are included. Electron correlation refers to the interac-
tion between electrons of a quantum system. In general the Hartree Fock method produces about
99% of the non-relativistic electronic energy of a system. But in most physical and chemical pro-
cesses we deal with energy differences in the same magnitude as the correlation energy. To give
an insight, the HF values of excitation energies of atoms are in error by 40% [175, 176], poor
results of polarizabilities and transition probabilities [177, 178], an accurate account of elec-
tronic correlation is required to predict the geometries of molecules and significantly improves
their description [179, 180, 181]. In systems with degenerate energy levels, single determinant
approximation becomes futile, like in the case of carbon atom in the ground state, a single choice
of 2p orbitals will always be inadequate as this state is triple degenerate. This is also referred to
as static correlation. The correlation effect beyond the degenerate or quasi-degenerate levels of
a given electronic state is referred to as dynamic correlation.

The correlation energy is defined as the difference between the Hartree-Fock energy and the
exact (non-relativistic) energy.

Ecorr = εexact − EHF (3.38)
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Figure 3.1: The above plot shows the contribution of correlation energy to the interaction energy
between aluminium and flouride atoms. The level of theory used is CCSD(T)/aug-
cc-pVTZ. The red dot indicates the position of minima of the AlF interaction.

According to the variational theorem, the Hartree-Fock energy is an upper bound to the exact
energy. Hence, the correlation energy, Ecorr , will always be negative. The Fig.3.1 shows the
correlation energy calculated using CCSD(T)/aug-cc-pVTZ method. At the equilibrium bond
length, req, the correlation energy is 12214.2 cm−1 which is 22% of the depth of the potential
at CCSD(T)/aug-cc-pVTZ level of theory. It is to be noted that the correlation energy reported
at 12214.2 cm−1 is positive because it is not the total correlation energy but the contribution of
correlation to the interaction energy between Al and F.

The mean-field approach ignores spatial correlation of electrons. We need to move beyond
the single configuration approximation. Not only to achieve accuracy but also to arrive at a
conceptually correct view of the electronic structure. There are two broad ways in which we
can move forward from the Hartree-Fock method. One way is to improve on the energy or
wave function generated by the HF approximation. The other way is to improve the approxima-
tion by enlarging the variational space. The most significant ab initio methods relevant to this
study which are discussed in the upcoming sections are the Moller-Plesset perturbation meth-
ods (MPn), configuration interaction methods (CI), coupled cluster methods (CC) and multi
reference methods such as multiconfiguration self consistent field method (MCSCF) and Multi
reference configuration interaction method (MRCI).
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Before we discuss few of the relevant post-Hartree-Fock methods, let us discuss how orbital
mixing (configuration mixing) actually improves the description of the electronic correlation.
The most important step is to account for correlation between electron pairs. Pauli’s principle
allows the presence of at most 2 electrons in the same point in space and the Hamiltonian con-
tains only up to two particle operators, hence two-electron correlation becomes most important
[182]. One of the most common way to include correlation is by describing the wave function
as a linear combination of the mean-field configurations.

Configuration Interaction method

In Configuration Interaction (CI) method, the many-electron wave function is expanded as

ΨCI (1, 2, . . . , ne) =

n∑
a=1

caΦa, (3.39)

where Φa are the Slater determinants for n configurations included in the expansion. The Slater
determinants Φa are constructed by replacing the occupied spinorbitals with virtual ones in the
single Slater determinant (ΨHF ). It is important to note that ΨHF is also included in the expan-
sion. When only one spinorbital is replaced, the consequent determinant is called singly excited,
when two spinorbitals are replaced, it is called doubly excited and so on. So, the wave function
is a linear combination of Slater determinants with unknown coefficients. The CI wave functions
for different states are made of the same Slater determinants but with different coefficients.

When all the possible excitations of all the electrons to all the virtual orbitals are included,
the procedure is called ”full CI” or full configuration interaction. The full CI approach solves
the electronic Schrödinger equation exactly within the space spanned by the one-electron basis.
But a full CI is computationally infeasible even for small systems due to long expansion. For
practical reasons, we use the truncated version of the full CI wave function. Configuration
Interaction with Single and Double excitations (CISD) is when we include just the single and
doubly excited Slater determinants, CISDT is when we include single, double and triply excited
Slater determinants and so on. It becomes important to analyse which excitations contributes the
most to the wave function. Truncated CI methods are neither size extensive nor size consistent.

The more excitations we add to the wave function expansion, the lower the energy (variational
principle). The convergence of CI expansion is slow and a large number of determinants is
needed to achieve a good approximation.

Multireference CI In direct CI method, the Hartree-Fock determinant is used to construct
the CI expansion by replacing the orbitals in this determinant. This is called a single reference
method. But in multireference CI, a set of Slater determinants is used to form the model space. A
rational analysis is required to choose these determinants. But after this, as in direct CI method,
we replace the spinorbitals in the whole model space by virtual orbitals and move forward the
same way as in CI method. MRCI is used to calculate the excited state interaction energies and
parameter as it uses multiple reference configurations.

Let me add a bit more intuition to the difference between single reference vs multi reference
methods. When one uses a single reference method like Hartree-Fock (HF), then only the HF
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3.1 Ab initio electronic structure theory

Figure 3.2: The difference between a single and a multi reference wave function is shown.

configuration will contribute the most to the CI wave function. And only the HF orbitals will be
optimised. This only makes sense when the state in question is not degenerate and is energet-
ically well separated from all the nearby states. The multi reference character of a given state
can be accounted for by taking more than one configuration as a reference. Fig. 3.2 displays the
basic difference between single and multi reference methods. In single reference wave function
expansion, the higher excitation configurations are obtained by exciting electrons from the ref-
erence orbitals to the virtual orbitals. But in the multi reference case, for each combination of
the electrons in the active orbitals, a set of excited configurations are obtained. If all the possible
configurations in an active space are included, it is called complete active space (CAS) [183].
It is important to assess the multi reference nature of a system and determine the best ab initio
method to implement [184].

Coupled cluster method

In coupled cluster method, the exact ground state wave function is written as [185, 186]

ΨCC = exp(T̂ )ϕ0, (3.40)
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where T̂ is a cluster operator. It has the form

T̂ = T̂1 + T̂2 + T̂3 + . . . (3.41)

where T̂1 is an operator for single excitations

T̂1 =
∑
a,m

tma m̂
†â (3.42)

and T̂2 is an operator for double excitations

T̂2 =
1

4

∑
ab,mn

tmn
ab n̂

†m̂†âb̂, (3.43)

where tma , t
mn
ab are excitation amplitudes, n̂†, m̂† . . . are creation operators which refer to the vir-

tual spinorbitals and â, b̂ . . . are annihilation operators referring to the occupied spinorbitals in
ϕ0. The wave operator, exp(T̂ ), ensures the size consistency of the coupled cluster method. The
exponential form of the wave operator can be written as exp

(
T̂A + T̂B

)
ϕ0 = exp

(
T̂A

)
exp

(
T̂B

)
ϕ0

unlike the truncated CI expansion
(
T̂A + T̂B

)
ϕ0 which gives the sum rather the product. So,

a truncated CC wave function contains contributions from higher order excitations as compared
to the CI expansion which contains contributions only from the same level of excitation. The
coupled cluster (CC) is an iterative method. The goal of CC method is to determine the excita-
tion amplitudes, t. Using the wave function form in equation 3.40, the Schrödinger equation is
written as

ĤeT̂ϕ0 = EeT̂ϕ0, (3.44)

e−T̂ ĤeT̂ϕ0 = Eϕ0, (3.45)

Multiplying from the left by the Slater determinants |mn...
ab.... ⟩, which represent the excitations built

from ϕ0 into a particular cluster expansion T̂ = T̂1 + T̂2 + . . .,〈
mn...
ab......

∣∣∣e−T̂ ĤeT̂
∣∣∣ϕ0〉 = 0. (3.46)

There is zero on the right side due to orthogonality. CCSD method is when single and dou-
bly excited determinants are included in the wave function expansion. The standardly used
CC method is the Coupled Cluster with Single, Double and perturbative Triple excitation (
CCSD(T) ). The size of the system and the basis set determines the feasibility and accuracy
of the method. The standard CC method is a single reference method predominantly used for
ground states and lowest energy states in a given spin mulltiplicity. In Chapter 5 we demonstrate
basis set convergence and report on the computational time for increasing basis set cardinal num-
ber. The convergence of CC method towards CBS is great but its computational cost increases
in the order of CCSD

(
N6

)
,CCSD(T)

(
N7

)
,CCSDT

(
N8

)
. So, they are feasible only for

smaller systems.
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For a given number of excited configurations, the number of CC equations is equal to the
number of unknown amplitudes. As a compromise between accuracy and applicability, a non-
iterative augmentation to CCSD was proposed [187]. The CCSD(T) method is where a non-
iterative correction to the CCSD energy is added by accounting for the triple excitations in a
perturbative manner. CCSD(T) is widely used for the improved accuracy it offers from CCSD
for a relatively small computational cost [188, 189].

Explicitly correlated methods One of the main source of error in CC calculations is the
basis set truncation error as discussed later in Sec.5.2. The configuration interaction type wave
function with Gaussian basis sets has slow basis set convergence of energies due to the incorrect
description of the correlation cusps of the wave functions [190]. Explicitly correlated meth-
ods improve the wave function description near the cusp and the correlation energy by directly
introducing the inter-electronic coordinate in the wave function expansion.

In 1985 Werner Kutzelnigg proposed a method of dealing with the slow convergence by using
resolution of identity (RI) to factorize the many electron integrals into one- and two-electron
integrals [191]. This idea was then greatly developed into the R12 method. The R12 wave
function is parameterized as

ψCC−R12 = eT̂ϕ0, (3.47)

T̂ = T̂1 + T̂2 + R̂, (3.48)

where T̂1 and T̂2 are the standard single and double excitation cluster operators. The difference
here is the presence of the geminal operator, R̂. A simple gaussian geminal operator is a product
of two s-type gaussians and a correlation factor eAr212 .

Equation of Motion Coupled Cluster Method Equation of Motion CC (EOM-CC) method
is used to compute the excitation energies with respect to the ground state. The CC wave func-
tion is taken as ground state wave function. Using a linear excitation operator, Ûk, ground state
wave functions are transformed into k th excited state wave functions

ψexc = Ûkψ
CC = Ûk exp(T̂ )ϕ0. (3.49)

The Ûk operator changes the coefficients of the CC wave function. The Schrödinger equation is
written as,

ĤÛk exp(T̂ )ϕ0 = EkÛk exp(T̂ )ϕ0, (3.50)

Ûk and T̂ commute with each other because they both contain only excitations. Multiplying
with exp(−T̂ ),

e−T̂ ĤeT̂ Ûkϕ0 = EkÛkϕ0, (3.51)

The CC equation for the ground state is

e−T̂ ĤeT̂ϕ0 = E0ϕ0, (3.52)
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Denoting the transformed Hamiltonian as H = e−T̂ ĤeT̂ , multiplying equation 3.51 from left
by Ûk and subtracting equation 3.51 from equation 3.50 , we arrive at[

H, Ûk

]
ϕ0 = (Ek − E0) Ûkϕ0. (3.53)

The Ûk operator contains the excitation amplitudes we are solving for. We obtain the EOM-CC
equation by making a scalar product of equation 3.52 with the excitations |mn...

ab......⟩ included in
Ûk,

|
〈
amn...
ab...

∣∣∣[H, Ûk

]∣∣∣ϕ0〉 = (Ek − E0)
〈
mn...
ab...

∣∣∣Ûk

∣∣∣ϕ0〉 . (3.54)

We aim to solve equation 3.53 to obtain the amplitudes and excitation energies, Ek − E0.

Douglas-Kroll-Hess (DKH) approach As a next step from the Schrödinger equation, rel-
ativistic effects are included using the Dirac equation. A complete description of a system must
include the relativistic effects. However, keeping in mind the computational feasibility and sig-
nificance, the relativistic effects are prominent for heavier atoms [192]. The one electron Dirac
Hamiltonian in the presence of an external potential V is

HD = cα · p̂+ 4βc2 + V, (3.55)

where c is the speed of light, p̂ is the momentum operator, α and β are the Dirac matrices

αi =

(
0 σi
σi 0

)
, i = (x, y, z),β =

(
I2 0
0 I2

)
, (3.56)

the σi are the 2× 2 Pauli spin matrices and I2 is a 2× 2 identity matrix.
Approximations to the Dirac Hamiltonians are used to reduce the computational efforts that

come with solving equations with four-component spinors. The Douglas-Kroll-Hess method
is such a quasi-relativistic approximated method [193, 194]. In this method, the Dirac spinors
in the presence of an external potential are decoupled by unitary transformations. This two-
component approach is arrived at using block-diagonalization of the Dirac Hamiltonian,

UHDU
† =

(
H+ 0
0 H−

)
, (3.57)

using a sequence of unitary transformations, U = . . .U3U2U1U0. The eigenvalues of H+and
H−form the full Dirac spectrum. Solving the two-component equation

H+Ψ = EΨ (3.58)

gives us the electronic solution of the Dirac equation. The block-diagonalization of the Hamil-
tonian occurs order by order which means this method assumes that the block-diagonal Hamil-
tonian can be expanded in terms of an expansion parameter (formally the external potential, V
) and identify the block-diagonal terms of a given order. We have employed a DKH method of
order 3 to estimate the contribution of relativistic effects in our systems. An important note is
that the DKH and X2C methods modifies mostly orbitals hence the computational cost is also
low for these methods.
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Figure 3.3: Coordinate system around an arbitrary charge distribution.

Exact two-component method (X2C) The exact two-component method (X2C) intro-
duces scalar relativistic effects at a given level of theory [195]. In two-component methods, a
unitary transformation U is used to decouple the four-component Dirac equation resulting in a
block-diagonalized four component Hamiltonian, H ,

UHU † =

(
H+ 0
0 H−

)
, (3.59)

This block diagonalization is necessary to eliminate the negative energy part from the positive
energy part (electronic part) of the Dirac Hamiltonian. In the exact two-component method
(X2C), a finite basis is used to construct just the one-electron part of the Dirac Hamiltonian and
then diagonalized using a unitary transformation U . The H+block in equation 3.57 is the X2C
Hamiltonian. The two-electron part of the Hamiltonian is approximated by just the first element,
Ṽ ++
++ , of the transformed V matrix since accounting for all the elements is more expensive than

the four-component calculation.
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3.1.7 Long range interaction

The dynamics of ultracold matter interactions is controlled by long-range interactions. Long
range interactions can be describes as a power series in r, the position coordinate

V (r) = −
∑
n

Cn

rn
,

where Cn is the expansion coefficient. This definition originates from the multipole expansion.
The first few dominant expansion coefficients can largely help us approximate an interaction in
the long range. They are also called the long range coefficients.

Multipole expansion

The idea of multipole expansion is to substitute the Coulombic interaction by an infinite sum of
interactions between multipoles. It describes the interaction between non-spherically symmetric
charge distributions through the interaction of the deviations from the spherical symmetry. So it
gives us formulae for multipole-multipole interaction. For an arbitrary charge distribution ρ (r′)
Fig. 3.3, the potential at a point P far from the charge distribution (r >> r′) is

V (r) =

∫
1

r ρ
(
r′
)
dτ ′, (3.60)

Here,
r 2 = r2 + r′2 − 2rr′ cos(θ), (3.61)

and
1

r =
1

r

1√
1 +

(
r′

r

)2 − 2 r′ cos(θ)
r

(3.62)

Reminding ourselves of the infinite series (1 + x)s =
∑∞

n=0
s!

n!(s−n)!x
n, expanding 1

r as

1

r =
1

r

[
1− 1

2

r′

r

(
r′

r
2 cos θ

)
+

3

8

(
r′

r

)2(r′
r
− 2 cos θ

)2
)

+ . . .

]
. (3.63)

Collecting terms with same powers of r′

r ,

1

r =
1

r

[
P0(cos θ) +

r′

r
P1(cos θ) +

(
r′

r

)2
)
P2(cos θ) + +

(
r′

r

)3
)
P3(cos θ) + . . .

]

=
1

r

∞∑
n=0

(
r′

r

)n

Pn(cos θ),

(3.64)
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V (r) =
1

r

∞∑
n=0

∫
τ ′
ρ
(
r′
)(r′

r

)n

Pn(cos θ)dτ
′

=
1

r

∫
τ ′
ρ
(
r′
)
dτ ′ +

1

r2

∫
τ ′
ρ
(
r′
)
r′ cos θ +

1

r3

∫
τ ′
ρ
(
r′
)
r′2

(
3

2
cos θ2 − 1

2

)
dτ ′ + . . . .

(3.65)
The first term (for n = 0 ) is the monopole contribution, the second is the dipole term (n = 1),

third the quadrupole term and so on. For a coordinate system of two particles in Fig. 3.4 where
the z axes are colinear and x and y axes are parallel, the Coulomb interaction can be expanded
as following [196],

q1q2
r12

=

nk∑
k=0

nl∑
l=0

m=+s∑
m=−s

Akl|m|R
−(k+l+1)M̂ (k,m)

a (1)M̂
(l,m)
b (2), (3.66)

where the Akl|m| = (−1)l+m (k+l)!
(k+|m|)!(l+|m|)! , nk and nl denote the quantum states of the indi-

vidual particles and s = min(k, l). Here, the m th component of the 2k pole of particle 1 in
coordinate system a is M̂ (k,m)

a (1) given by

M̂ (k,m)
a (1) = q1r

k
a1P

|m|
k (cos θa1) exp (imϕa1) , (3.67)

where P |m|
k are the associated Legendre polynomials with |m| ≤ k. The total multipole moment

of a system would be the sum of the same moment operators of individual particles. To give
an insight, the monopole of a particle is its charge, q, the z-component of the dipole moment
operator is qz and so on. The operator of the 2k pole moment will be a polynomial of k th degree
in x, y and z. As a general rule, the multipole expansion converges as long as the two charge
distributions do not overlap. The useful property of this method is that we can interpret the
interaction energy in terms of the charges, dipoles, quadrupoles, . . . , moments of the particles. In
reality, only a truncated form of the multipole expansion becomes feasible and usually multipole
moments higher than k = 3 is neglected.

Polarizability Polarizability of a neutral molecule is a basic property that characterises the
lowest-order response of the molecule to an external electric field. It is important in collision
phenomena where the polarizabilities determine the interaction of a molecule with other neutral
or charged particles. So, the polarizability relates the induced dipole moment to the external
electric field E.

p = α · E. (3.68)

In matrix notation,  px
py
pz

 =

 αxx αxy αxz

αyx αyy αyz

αzx αzy αzz

 Ex

Ey

Ez

 ,

In the presence of a static electric field, the polarizability tensor is symmetric, (αij = αji).
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Figure 3.4: The coordinate system used for multipole expansion.

Figure 3.5: A representative figure of the spherical charge distribution of of hydrogen atom.
In the presence of an external electric field, the atom acquires an induced dipole
moment because the electron charge distribution is distorted and displaced from the
nucleus.
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Perturbation theory of intermolecular forces

Molecules interact through their electric moments and polarizabilities in long range. Intermolec-
ular interaction energy becomes small at long distances, about 10−3 to 10−8 times total energy,
it is suitable to use perturbation theory to describe it. For two interacting systems A and B, the
individual Schrödinger equations are

H0
Aϕ

0
A = E0

Aϕ
0
A, (3.69)

H0
Bϕ

0
B = E0

Bϕ
0
B. (3.70)

Coulombic interactions between pairs of charged particles is considered as the perturbation.
The general form of the interaction is V =

∑
i

∑
j qiqj/rij where rij is the distance between

the particles i and j. The zeroth order wave function is written as a product of the ground state
wave functions of the molecules.

ψ0
gs = ϕ0Aϕ

0
B. (3.71)

This is referred to as the polarization approximation, a long range approximation to the inter-
action energy. When the interacting subsystems are far enough from each other, their electrons
become distinguishable and the wave function equation ??, which essentially describes a nonin-
teracting system, can be used. The first order correction to energy is

Eint
0 = ⟨ψ0|V |ψ0⟩ . (3.72)

The electrostatic interaction energy represents the classical Coulombic interaction between two
molecular charge distributions. The second order energy represents the induction and dispersion
energies. We split the summation as,

Eind(A→ B) =
′∑

nB

|⟨ψA,0ψB,nB
| V | ψA,0ψB,0⟩|2

(EB,0 − EB,nB
)

, (3.73)

Eind (B → A) =

′∑
nA

|⟨ψA,nA
ψB,0 | V | ψA,0ψB,0⟩|2

(EA,0 − EA,nA
)

, (3.74)

Edisp =
′∑

nA

′∑
nB

|⟨ψA,nA
ψB,nB

| V | ψA,0ψB,0⟩|2

(EA,0 − EA,nA
) + (EB,0 − EB,nB

)
. (3.75)

The prime in the above summation means that nA = nB = 0 is excluded. The induction energy
has two parts, one is the polarization energy when unperturbed molecule A perturbs molecule
B and vice versa. The dispersion term is when both the molecules are temporarily in an excited
state. Dispersion interaction is a correlation effect.

The long range coefficients, Cn, in the equation Eint =
∑

nCnR
−n shape the long range

behavior of the electrostatic, induction and dispersion interactions and they are related to the
property of monomers. The expression of Cn coefficients for basic atom-molecule interaction is
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Figure 3.6: Particles incident through the area dσ scattering into the solid angle dΩ.

discussed here [197, 198]. The isotropic dispersion, Cdis
6,0 coefficient is estimated from the mean

dipole polarizability, ᾱ, of the constituents using the formula [199]

Cdis
6,0 =

3

π

∫ ∞

0
ᾱmol(iω)αatom (iω)dω. (3.76)

The anisotropic dispersion coefficient associated with P2(cos θ) term in the Legendre expansion
is calculated using the anisotropy of the polarizability of the molecule, ∆αmol , as

Cdis
6,2 =

1

π

∫ ∞

0
∆αmol(iω)αatom(iω)dω, (3.77)

The induction contribution to the C6 coefficient can be written as

C ind
6,0 = C ind

6,2 = µ2molα
atom (0), (3.78)

where µmol is the electric dipole moment of the molecule and αatom (0) is the static dipole
polarizability of the atom.

We should note that a product description of the wave function is not antisymmetric under
electron exchange (between the sub systems). This would give us a poor description of the
exchange forces between electrons, especially at shorter ranges.

3.2 Scattering theory

In this section, we will go through a basic overview of scattering theory and the quantities rel-
evant to this study. Understanding of collisions between ultracold atoms and molecules is a es-
sential for many aspects of ultracold experiments. In elastic collisions, the atoms and molecules
remain in the same internal state and the energy of the relative motion remains constant. Inelastic
collisions involve change in the internal state of atoms or molecules and energy is released.

Considering the quantum scattering of two particles, the interaction potential V (r) goes to 0
as r → ∞. The particles at r → ±∞ are essentially free particles and these asymptotic states
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can be matched to arrive at the scattering wave function. For r → ∞, the total scattering wave
functions takes the asymptotic form,

ψ(r, θ) ∼ ψ0(r) + f(k, θ).
eikr

r
.

Here, ψ0(r) is the unscattered wave function, assumed to be a plave wave (free particle). r is
the distance between the particles, k⃗ is the wave vector, f(θ) is the scattering amplitude and
θ is the scattering angle. The scattering amplitude encapsulates the angular distribution of the
scattering. The scattering amplitude is related to the differential cross section as

dσ

dω
= |f(k, θ)|2, (3.79)

where ω is the solid angle. The elastic cross section is obtained by integrating over all solid
angles. We need to solve the Schrödinger equation of the relative motion of particles,[

− h̄
2

2µ
∇2

r + V (r)

]
ψ(r) = Eψ(r), (3.80)

where µ is the reduced mass. For a collision of two spherically symmetric particles, wave
function ψ(r, θ, ϕ) can be expanded as a sum of spherical harmonics and radial functions,

ψ(r, θ, ϕ) =
∑
l,m

Rl(r)

r
Y m
l (θ, ϕ), (3.81)

where l is the relative angular momentum and m its projection onto a space-fixed z-axis. The
spherical harmonics Y m

l (θ, ϕ) are the eigenstates of the angular momentum operator. We should
note that for only two coordinates (r, θ) is required to describe an atom while molecules require
three coordinates (r, θ, ϕ). For an isotropic potential, there is no coupling between different
partial waves. The radial function Rl(r) is an eigenfunction of the equation,[

− h̄
2

2µ

d2

dr2
+
l(l + 1)

2µr2
+ V (r)

]
Rl(r) = ERl(r), (3.82)

where the second term is the centrifugal barrier which is non-existent for the s-wave and is
increasingly repulsive for l > 0. For E < 0, a discrete set of bound states can be obtained.
For E > 0, we arrive at a continuous spectrum of scattering states. At r → ∞, V (r) → 0, the
asymptotic solutions to the equation 3.77 (for V = 0 ) is expressed using spherical Bessel and
Neumann functions jl(kr) and nl(kr) as

Rl(r) = Alrjl(kr) +Blrnl(kr), (3.83)

where Al and Bl are normalization constants. In the asymptotic limit,

lim
r→∞

jl(kr) →
sin

(
kr − lπ

2

)
kr

(3.84)

and

lim
r→∞

nl(kr) → −
cos

(
kr − lπ

2

)
kr

, (3.85)
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The radial wave function is be written as

Rl(r)
r→∞−−−→

√
2µ

πk

[
sin

(
kr − lπ

2

)
− tan δl(k) cos

(
kr − lπ

2

)]
, (3.86)

where δl denotes the phase shift. The incoming and outgoing wave can only differ by a phase
owing to conservation of probability. Calculating the phase shift for a particular potential gives
all the information about the scattering problem. It is defined as,

δl = arctan

(
−Bl

Al

)
, (3.87)

Comparing the equation 3.93 to equation 3.72 , the scattering amplitude can be expressed in
terms of the phase shifts as

f(k, θ) =
1

k

∞∑
l=0

(2l + 1) sin δlPl(cos θ) (3.88)

and the scattering cross section σ(k) is

σ(k) =

∞∑
l=0

σl(k) =
4π

k2

∞∑
l=0

(2l + 1) sin (δl(k))
2 (3.89)

=
4π

k2

∞∑
l=0

(2l + 1) |1− Sl|2 , (3.90)

where Pl(cos θ) denotes the Legendre polynomials, Sl denotes the S-matrix elements. The S-
matrix is an important quantity in scattering problems. It links the initial and final state of a
collision. It is related to the phase shift as follows,

Sl = e2iδl . (3.91)

3.2.1 Coupled channel scattering theory

In the Born-Oppenheimer approximation, introduced in Sec. 3.1.1, we solve the electronic and
nuclear Schrödinger equations separately. The solution of the electronic Schrödinger equation
provides the electronic wavefunction ψel and electronic emergies Eel for a particular nuclear
configuration. Such a calculation will be repeated for a range of nuclear configurations. The
resultant set of electronic energy, which parametrically depends on the nuclear coordinates, is
now used as a potential in the Schrödinger equation of the nuclear motion. The total Schrödinger
equation for a 2-body collision in the centre-of-mass frame is written as,

Ĥ(R, β)ψ(R, β) = Eψ(R, β), (3.92)[
− h̄

2

2µ

1

R

d2

dR2
R+

h̄2L̂2

2µR2
+ Ĥint (β) + V (R, β)

]
ψ(R, β) = Eψ(R, β), (3.93)
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3.2 Scattering theory

where R is the inter-monomer separation and β represents all the other coordinates, µ is the
reduced mass for the collision, E is the collision energy, Ĥint is the internal Hamiltonian of
the colliding monomers at infinite seperation, L̂ is the relative angular momentum operator
of the monomers around each other and V (R, β) is the interaction potential between the two
monomers, the electronic energy in our case.

We solve equation 3.93 to obtain the total energy of the system. The wave function for the
translational, vibrational and rotational motions will be obtained. Unlike a two-particle isotropic
scattering where there is only one channel that connects the initial and final state of the scattering
event, more complex scattering with more degrees of freedom has many channels, i.e, for one
initial state there can be many possible final states that the particles can end up in. Each of these
combinations will constitute a channel. Coupling between these channels can induce inelastic
processes, so the interaction potential becomes a matrix that captures all these couplings.

Figure 3.7: In the collision of AlF (rigid rotor) and He, the rotational states of AlF are coupled
due to the anisotropic interaction. Both elastic and inelastic collisions are possible.

We use coupled channel approach to calculate the wave function and cross sections. Coupled
channel approach is when the radial coordinate, R, is treated by numerical propagation on a grid
and using a basis set for the rest of the coordinates [200, 201, 202, 203, 204]. The wave function
can be expanded as follows,

ψ(R, β) = R−1
∑
j

ϕj(β)ψj(R), (3.94)

Here β refers to the rest of the coordinates. The functions ϕj(β) are basis sets for motion in the
coordinates β. The function ψj(R) are the radial channel functions for each channel j. Such an
expansion of the wave function gives us a coupled differential equation for the channel functions.
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3 Methods

Coupled equations are propagated using the Manolopoulos diabatic modified logderivative [205]
and the Alexander-Manolopoulos Airy propagator [206].
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4 AlF

AlF is a closed shell molecule with a X1Σ+singlet ground state and a dissociation energy of
about 57000 cm−1. Recent experimental research on AlF reports promising results for ultra-
cold AlF [144]. A spectroscopic characterisation of the a3Π state of aluminium monoflouride
molecule was done using a jet-cooled, pulsed molecular beam. AlF is produced from SF6 gas
reacting with aluminium atoms which are ablated from a rotating aluminium rod with a Nd:YAG
laser. Due to supersonic expansion of AlF into the gas chamber, the translational temperature is
≈ 3 K and the rotational temperature is ≈ 5 K. An important conclusion is that the transitions
from a3Π, ν = 0 state to the X1Σ+, ν = 1 and ν = 2 state are more than two and five orders
of magnitude smaller than to the ν = 0 state. The lifetime of the rotational levels of a3Π, ν = 0
state were also experimentally estimated [161].

In this chapter the ab initio calculations for the ground and excited state of AlF molecule are
reported. We also discuss the convergence of interaction energy with basis set cardinal number
and with different levels of theory. I also report dipole moment and dipole polarizability of AlF
in X1Σ+and a3Π states.

4.1 Methods

4.1.1 Ab initio methods

Coupled cluster with single, double excitations and perturbative inclusion of triples is the high-
est level of theory used to calculate the ground state

(
X1Σ+

)
and excited state

(
a3Π

)
potential

energy curves of aluminium monoflouride molecule. We have reported the convergence of in-
teraction energy for increasing basis set cardinal numbers, usage of midbonds, inclusion of core
electron correlation. The interaction energy is calculated using the supermolecular method,

Vint (r) = EAlF (r)− EAl(r)− EF (r), (4.1)

where EAlF is the energy of the molecule AlF and EAl, EF are the energies of the aluminium
and flourine atoms. The interaction energy depends on only one coordinate which is the bond
length, rAlF . The basis set superposition error is countered with the counterpoise correction
[174] meaning both the monomer and dimer energy calculations are carried out using the dimer
basis set.

An important distinction to note is for AlF, an ionic molecule, it is only reasonable to use a
single reference wave function ansatz for a short range of the bond length. As ionic molecules
dissociate at large distances, the perturbatively added triple excitation in CCSD(T) becomes
anomalous and CCSD does not correctly describe the multi reference character of the electronic
wave function. In our case, CCSD(T) stopped converging around 8 bohr for a molecule with a
bond length of 3.136 bohr.
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4 AlF

Figure 4.1: AlF molecule. The bond length, rAlF and centre of mass (c.m) are indicated.

The core-electron correlation energy contribution to the interaction energy reported in Fig.
4.4 and Fig. 4.7 is calculated using the following formula,

Vcore = Vcore-valence − Vvalence (4.2)

where Vcore-valence is the interaction energy of AlF molecule calculated when the core excitations
are included while Vvalence is the interaction energy of AlF molecule without including core
excitations. The level of theory used is CCSD(T) /aug-cc-pCVXZ.

4.1.2 Dipole moment and polarizability

Polarizability describs the tendency of the electron cloud of the molecule to get distorted by an
external electric field. In the presence of an external electric field, the charge distribution of
a particle can be characterised by polarizabilities. The electric multipole moments are used to
write the new charge distribution. The dipole moment p, which is the lowest order multipole
moment of a neutral particle can be written as

p = p0 + α · ε+ 1

2
βε2 + . . . , (4.3)

where p0 is the permanent electric dipole moment, α gives the lowest order induced dipole
moment of a particle and ε is the electric field. For symmetric species, the permanent electric
dipole moment p0 = 0 but in our case, the AlF molecule is a heteronuclear diatomic molecule
which has a permanent electric dipole moment. α and β represent polarizability and hyperpo-
larizability tensors respectively. Finite-field method calculates the energy of the molecule in
different external electric fields and the polarizability is extracted using numerical differentia-
tion.
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4.2 Results

Table 4.1: Convergence of equilibrium parameters of AlF molecule calculated using CCSD(T).
Basis sets req( bohr ) Deq

(
cm−1

)
Beq

(
cm−1

)
ωeq

(
cm−1

)
Valence electron correlated

aug-cc-pVDZ 3.2263 52633.4 0.51874 738.8
aug-cc-pVTZ 3.1772 55016.4 0.53490 771.7
aug-cc-pVQZ 3.1549 56417.1 0.54248 796.8
aug-cc-pV5Z 3.1451 56879.1 0.54589 800.5

aug-cc-pV5Z+MB 3.1446 56922.8 0.54606 800.7
aug-cc-pV5Z+MB+rel 3.1445 56821.8 0.54610 799.4

Core and valence electrons correlated
aug-cc-pCVDZ 3.2213 52740.1 0.52034 738.1
aug-cc-pCVTZ 3.1557 55428.9 0.54220 781.6
aug-cc-pCVQZ 3.1346 56789.4 0.54955 799.6
aug-cc-pCV5Z 3.1296 57112.7 0.55131 801.9

aug-cc-pCV5Z+MB 3.1289 57162.2 0.55155 803.0
aug-cc-pCV5Z+MB+rel 3.1288 57058.5 0.55157 801.6

Experimental results
3.125 [207] 58409 [208] 0.540 [209] 802.26 [210]

4.2 Results

4.2.1 Potential energy curves

Ground state

Table. 4.2.1 reports the equilibrium parameters req (equilibrium distance between Al and F
), Deq (equilibrium depth), Beq (rotational constant at equilibrium position), ωeq (vibrational
constant of the Al-F interaction) for various basis sets, with usage of mid-bonds and relativistic
corrections. The deepest well is observed for CCSD(T) /aug-cc-pCV5Z+midbond for which
the equilibrium bond length is 3.128 bohr, the vibrationally averaged bond length we used for
AlF ground state is 3.136 bohr. The scalar relativistic corrections are incorporated using DKH
Hamiltonian. With both valence and core-valence basis set, the scalar relativistic corrections are
not sensitive to the core electron correlation. When we compare the bond lengths for valence and
core-valence basis sets, we see a consistent trend where we obtain shorter bond lengths for core-
valence basis sets. Core electron correlation reduces the bond length by about 0.67%, 0.64%
and 0.49% for the basis set cardinal numbers, X = T,Q, 5 respectively.

Fig. 4.2 shows the convergence of CCSD(T) interaction energies of AlF molecule with
increasing basis set cardinal numbers for aug-cc-pVXZ basis set. The addition of midbonds
to the basis set lowers the energy negligibly by about 43 cm−1. Even the smallest aug-cc-pVDZ
basis set captures about 92% of the total interaction energy. The change in position of the global
minima between aug-cc-pV5Z+MB and aug-cc-pVDZ is -0.08 bohr. The use of midbonds only
improves the well depth by about 50 cm−1, which is 0.08%.

Fig. 4.3 shows the convergence of the interaction energy with respect to the different levels of
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Figure 4.2: Convergence of ground state potential energy of AlF with respect to increasing ba-
sis set cardinal number of aug-cc-pVXZ basis set. The level of theory used is
CCSD(T). The aug-cc-pV5Z and aug-cc-pV5Z+MB curves overlap in the above
plot.
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Figure 4.3: The ground state potential energy curves of AlF calculated at different levels of the-
ory. The basis set used is aug-cc-pCV5Z. The curves of CCSD(T) and CCSD(T)+
midbonds overlap in the above plot.
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Figure 4.4: The core-electron correlation energy contribution to the ground state interaction en-
ergy for core-valence basis set (aug-cc-pCVXZ) for three basis set cardinal numbers.
CCSD(T) method is used.

theory. The Hartree-Fock curve is 43940 cm−1 deep, the correlation energy contribution to the
interaction energy is 13196 cm−1. The deepest curve observed is from the MP2 calculation.

There are cases when MP2 method overestimates the interaction energy [211, 212]. Here, the
MP2 method has overestimated the interaction energy by about 2500 cm−1 which is 4% of the
well depth. The depth of the potential De is 57152.2 cm−1(CCSD(T)/ aug-cc-pCV5Z+MB).
The position of global minima remains unchanged in all levels of theory reported in Fig. 4.3

Fig. 4.4 reports the core-electron correlation energy contribution to the interaction energy. For
decreasing bond length, the contribution of the core electrons increases. It is lowest around r =
4 bohr and approaches a constant negative value for longer bond lengths which is also indicative
of the multireference nature of the electronic wavefunction. The core-valence basis set is bigger
than the valence electron basis set which improves the overall description of the wavefunction
so the upward shift from the aug-cc-pCVTZ curve cannot be entirely attributed to just increase
in correlation energy contribution. As the atoms approach the repulsive wall, the core electrons
naturally have bigger contributions which is what we observe. For increasing basis set cardinal
number, the accuracy of the interaction energy increase but the core electron contribution as such
reduces.

The scalar relativistic effects are added using the DKH protocol. Fig. 4.5 shows the relativistic
correction. Curves obtained with valence and core-valence basis set almost overlaps with just a
marginal difference at longer bond lengths.
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Figure 4.5: Ground state scalar relativistic correction to the interaction energy obtained with the
DKH Hamiltonian,
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Figure 4.6: Potential energy curve for the a3Π state of AlF for three basis sets obtained with
CCSD(T).
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Figure 4.7: The correlation energy contribution to the interaction to the a3Π state interaction
energy for the core-valence basis set aug-cc-pCV5Z. CCSD(T) method is used.

4.3 Excited state

The a3Π excited state potential energy curves for increasing basis set cardinal numbers are
reported in Fig. 4.6. The global minima of this interaction lies at r ≈ 3.1 bohr with a well
depth of 30385 cm−1. The position of global minima only marginally decreases for the three
basis sets reported in Fig. 4.6. The minima of the excited triplet state a3Π and the ground state
is well separated by about 26731 cm−1 from the ground state, the accuracy of this separation
is about 2% which was estimated in reference to the experimental observation of the electronic
spectrum of aluminium monoflouride, the separation between X1Σ+and a3Π states is reported
as 27241 cm−1 [155].

Fig. 4.7 presents the core electron correlation energy contribution to the interaction energy
at CCSD(T)/aug-cc-pCV5Z level of theory. One immediate distinction to note is the difference
between the Fig. 4.4 and Fig. 4.7. The core electron contribution gets negative only near the
repulsive wall at r less than around 2.8 bohr.
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4.3.1 Dipole moment and polarizability
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Figure 4.8: The dipole polarizability of the AlF molecule with respect to change in the bond
length of AIF. Panel (a) shows results for AIF in ground stateX1Σ+and panel (b) for
AlF in excited state a3Π. The level of theory used is CCSD(T) /aug-cc-pwCV5Z.

Fig. 4.8 shows the dipole polarizability components of AlF molecule with respect to the bond
length. The calculations were carried out using the finite field method. We see that in Fig.
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4.3 Excited state

4.8, (a), for the azimuthally symmetric X1Σ+state, we have the parallel and the perpendicular
components as the αxx and αyy components are equal.

In Fig. 4.8 (b), all the three polarizability components are completely different. At rAlF = 3.5
bohr, there is a crossing between αyy and αzz . The αxx component also seems to cross the lines
of the other components at some later point.

Fig. 4.9 presents the dipole moment of the AlF molecule in X1Σ+and a3Π state for varying
bond lengths. With increasing bond length, the dipole moment of AlF increases. When the
molecule approaches dissociation into neutral atoms, the dipole moment should approach zero
but we are unable to observe that here as the bond lengths we reported in Fig. 4.9 stay within
the dissociation limit.
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Figure 4.9: The dipole moment of the AIF molecule at different bond lengths forX1Σ+and a3Π
states.

Table 4.2: Theoretical and experimental dipole moment values of AlF molecule at re. The dipole
moment is in Debye. The level of theory used is CCSD(T)/aug-cc-pwCV5Z.

State Theoretical Experimental
X1Σ+ 1.50 D 1.53 D [207]
a3Π 1.45 D 1.78 D [146]

Tab. 4.2 reports the theoretical and experimental dipole moment values at equilibrium bond
length. From the numbers, the theoretical dipole moment of the ground state is accurate upto
one significant digit while the dipole moment for the excited state is less accurate than that of
the ground state.
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4.3.2 Conclusion

We have reported the ground and excited state potential energy curves of AlF molecule. The
convergence of interaction energy to the basis set cardinal number and for different levels of
theory for AlF molecules are further compared to that of AlF-He and AlF-AlF interactions. The
dipole moment and dipole polarizability trend with respect to bond length shows how the vibra-
tional motion of the molecule at cold temperatures influence the interaction with static electric
fields. Our report on the potential energy of the molecule using different ab initio methods show
the convergence trend for a deeply bound molecule as AlF. The depth of the X1Σ+state we re-
port, 57152.2 cm−1, is 2.6% higher than the spectroscopic data of the AlF dissociation energy is
55652.2 cm−1 [145]. The separation between X1Σ+and a3Π states is experimentally reported
as 27241 cm−1 [154] while the separation we had calculated, 26731 cm−1, is 2% lower. This
shows the accuracy of our ab initio calculations and demonstrates that the theoretical values are
both qualitatively and quantitatively reliable.
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5 AIF-He

It is important to study the interaction between AlF and He as buffer gas cooling of AlF is a
crucial first step for ultracold AlF production. Helium is most commonly used as a buffer gas
owing to its i ) chemically inert nature, ii ) weak interactions with other molecules, iii ) appre-
ciable vapour pressure at temperatures above 200mK. Many molecules have been successfully
buffer gas cooled to temperatures below 10 K [33].

In this chapter, I will discuss the relevant methodology used and the results regarding the
interaction between aluminium monofluoride molecule and helium atom. I also discuss the
convergence trend of interaction energy with respect to basis set cardinal number and different
levels of theory, contribution of core electron correlation and relativistic effects. The computa-
tional run time for different basis sets are reported to understand the computational feasibility of
ab initio calculations. The final section of this chapter consists of a report and discussion on the
scattering between AlF molecule and He. This chapter is based on the published article ??.

5.1 Methods

5.1.1 Ab initio electronic structure theory

The X1Σ+, a3Π, A1Π states of AlF upon interaction with He correspond to the following
states of the interacting complexX1A′, a3A′′, b3A′, A1A′, B1A′′ under the Cs point group (Tab.
5.1.1). The AIF molecule is considered as a rigid rotor with a fixed bond length rAIF . The
Jacobi coordinates R and θ are used to describe the orientation of the molecule and the atom. R
is the distance between the helium atom and the centre of mass (c.m.) of the molecule; θ is the
angle between the molecular axis and vector from c.m. to He (θ = 0◦ corresponds to the linear
He-AlF and θ = 180◦ to the linear AlF-He). The coordinates are presented in Fig. 5.2.1. We
used the vibrationally averaged value of bond length rAlF for the corresponding electronic states
[213, 214]. The interaction potential, Vint depends on both R, θ. We obtain Vint by using the

Table 5.1: Correlation between the electronic states of AlF molecule and AlF+He.

AlF AlF + He

X1Σ+ X1A′

a3Π b3A′

a3A′′

A1Π A1A′

B1A′′
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5 AIF-He

Figure 5.1: Jacobi coordinates for AlF+He system.

supermolecular method,

Vint (R, θ) = EAIF+He(R, θ)− EAlF(R, θ)− EHe(R, θ) (5.1)

where EAIF+He is the total energy of the complex, EAIF and EHe are the energies of the
monomers. The basis set superposition error is corrected using the counterpoise correction [174]
where the monomer energies are also calculated in the same basis set as that of the whole com-
plex.

The explicitly correlated coupled cluster method [215] restricted to a single, double, and non-
iterative triple excitations (CCSD(T)-F12b) [216], is used to calculate the potential energy sur-
faces for the states X1A′, a3A′′ and b3A′ of the AlF + He complex.

During CCSD(T) − F12 b computations, we use aug-cc-pV6Z [217] as orbital basis set,
augcc-pV6Z-RIFIT as density fitting and resolution of the identity basis, and aug-cc-pV5Z-
JKFIT as density fitting basis for exchange and Fock operators. We obtained aug-cc-pV5Z-
JKFIT by augmenting cc-pV5Z-JKFIT [218]. The cc-pV5Z-JKFIT for He based on the unpub-
lished work [219]. The aug-cc-pV6Z-RIFIT based on unpublised work avaliable in the Basis
Set Exchange repository [220, 221, 222].

We improve the description of electronic correlation of X1A′, a3A′′, b3A′ states by including
full triple correction:

δV CCSDT
int = V CCSDT

int − V
CCSD(T)
int , (5.2)

where Vint is the interaction energy calculated using the respective methods (presented as
superscript). V CCSDT

int and V CCSD(T)
int were obtained with the aug-cc-pVTZ basis set [223, 224,

225] using the MRCC [kallay, 226, 227, 228, 229] code.
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5.1 Methods

We describeA1A′ andB1A′′ states of the complex with the internally contracted multiconfig-
uration reference configuration interaction, MRCI, method with Davidson correction [230, 231,
232] and the aug-cc-[empty citation]pV5Z basis set [225, 223, 224]. We obtain appropriate
orbitals by multistate MCSCF calculations [233]. The active space is composed of 5 orbitals in
the A’ symmetry, 1 orbital in A” symmetry, and 8 electrons.

All electronic structure calculations are performed with the Molpro package of ab initio pro-
grammes [234, 235].

The potential energy surfaces Vint (R, θ) are anisotropic and can be expanded in a basis of
Legendre polynomials, Pλ(θ), as

Vint (R, θ) =

λmax∑
λ=0

Vλ(R)Pλ(cos θ), (5.3)

where Vλ(R) are the expansion coefficients dependent onR. Potential energy surfaces Vint (R, θ)
were calculated on a two-dimensional grid of 50 points inR between 5 and 35Bohr and 15 points
in angle θ between 0◦ and 180◦ chosen to be the roots of the Legendre polynomial of order 15 .

At long range, the atom+molecule potential is dominated by attractive van der Waals inter-
actions of the form V (R) = −C6/R

6. The isotropic C6 coefficients is sum of dispersion and
induction contributions. Dispersion is an intermonomer correlation effect and corresponds to
the interaction of fluctuating instantaneous dipole moments. The isotropic dispersion coefficient
calculated from the Casimir-Polder formula is [199]

Cdis
6,0 =

3

π

∫ ∞

0
ᾱAlF(iω)αHe(iω)dω, (5.4)

where ᾱX is the mean dynamic dipole polarizability ofX . We calculatedCdis
6,0 using the coupled

cluster polarization propagator method [236, 237, 199, 238, 239] within Molpro [234, 235] and
obtained Cdis

6,0 = 18.97Eha
6
0. The anisotropic Cdis

6,2 coefficient is associated with the P2(cos θ)
term in the Legendre expansion [240] and is given by

Cdis
6,2 =

1

π

∫ ∞

0
∆αAlF(iω)αHe(iω)dω, (5.5)

where ∆αX is the anisotropy of the polarizability of molecule X defined as the difference
between parallel and the perpendicular dynamic dipole polarizabilities of X , as follow: ∆αX =
αX
∥ − αX

⊥ .C
dis
6,2 estimated as −0.13Eha

6
0.

The induction effect is due to the polarization of a monomer due to the static field of the other
monomer, in this case, AlF. The induction energy is determined by the permanent multipole
moments and static polarizabilities of the monomers. The induction contribution to the C6

coefficient can be written as

C ind
6,0 = C ind

6,2 = µ2AlFα
He(0), (5.6)

where µAlF is the electric dipole moment of AlF. The static polarizability of He, αHe, was
obtained from [241]. The value of C ind

6 was found to be 0.48Eha
6
0.

59



5 AIF-He

For triplet excited states of AIF, we scale the dispersion coefficients Cdis
6 from the ground

state by the ratio of the corresponding static polarizabilities. Refer to Chapter 4 for discussions
and results on polarizability of AlF. For the a3Π state, static polarizability was obtained through
the finite field method at CCSD(T) level.

5.1.2 Collision theory

The essence of buffer gas cooling is the thermalisation of AlF molecules by colliding with He
atoms. Thus, scattering calculations are necessary to understand the possible outcomes of cool-
ing of AlF by He.

The total Hamiltonian of the atom+rigid-rotor system in the centre-of-mass frame under the
Born-Oppenheimer approximation is

Ĥ = − h̄
2

2µ
∇2

R +
h̄2L̂2

2µR2
+ Vint (R, θ) +B0ĵ

2 (5.7)

The first term is the component of the kinetic energy operator in the scattering coordinate
R. The second term is the centrifugal component, where L̂ is the rotational angular momentum
of He and AlF around each other, with the quantum number L.Vint (R, θ) is the interaction
potential of the colliding systems, as calculated in the previous section, and µ is the collisional
reduced mass. The states of the free molecule are eigenfunctions of the rotational Hamiltonian,
Ĥrot = B0ĵ

2, with rotational quantum number j and energy j(j+1)B0, whereB0 = 0.55 cm−1

[242] is the rotational constant of AlF. We neglect the small differences in rotational constant
for different electronic states.

The expansion coefficients Vλ(R) of the interaction potentials are interpolated and extrapo-
lated using a reciprocal power reproducing kernel Hilbert space method (RP-RKHS) [243]. This
produces potentials with asymptotic forms as a sum of terms with different inverse powers de-
pending on the parameters used. Terms with different values of λ in the expansion have different
leading terms, and we have chosen parameters in the method to give the correct leading powers
up toR−10. For the long-range coefficients calculated in the previous section, we use the method
from [244] to fix the extrapolation to these values.

We perform coupled-channel scattering calculations using the MOLSCAT package [200, 245].
The angular component of the wave function is expanded in the total angular momentum basis
[246], limited by jmax = 12. Coupled equations are propagated using the Manolopoulos di-
abatic modified log-derivative [205] and the Alexander-Manolopoulos Airy propagator [206].
The solutions are matched to asymptotic boundary conditions. S matrices extracted, and cross
sections calculated using usual methods.

Bound states are calculated using the Bound package [245, 247]. This is closely related to
MOLSCAT and uses similar coupled-channels methods, but matches to bound-state boundary
conditions and solves for eigen energies.
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5.2 Results

Table 5.2: Equilibrium Jacobi coordinates Re, θe and equilibrium well depths De of AlF+He
complex in different electronic states. Values for global minima (gm) and local min-
ima ( lm ) are reported.

state minima Re( bohr ) θe (degree) De

(
cm−1

)
reference

X1A′ gm 7.71 180 24.9 this work
7.1 180 22 [144

7.75 180 24.056 [150]
lm 10.06 0 -8 this work

b3A′ gm 7.17 141.4 27.5 this work
lm 8.68 0 21 this work
lm 7.59 180 27.2 this work

a3A′′ gm 6.00 85.4 54.1 this work
lm 7.59 180 27.2 this work

A1A′ gm 7.62 180 24.0 this work
lm 9.05 0 22.1 this work

B1A′′ gm 7.62 180 24.0 this work
lm 9.05 0 22.1 this work

5.2 Results

5.2.1 Potential energy surfaces

The depth of the potential well is in the range between 21 and 28 cm−1 except for a3A′′ (Tab.
5.2.1), only slightly deeper than that of a similar YbF + He complex ( 21.88 cm−1 [248]) and
somewhat on the low end of the scale of the typical interaction strength between He and neutral
molecule [249]. The only exception is the lowest triplet state, a3A′′, for which we predict
roughly two times deeper interaction potential, close to the high end of the scale of the typical
interaction strength between He and neutral molecule [249]. Such a noticeable difference shows
that the interaction strength between AlF and He can be controlled by electronic excitation.

Fig. 5.2 shows one-dimensional cross sections through the potential energy surface of the
X1A′, a3A′′, b3A′, A1A′, B1A′′ states of AlF + He in linear and perpendicular configurations.
For the ground state of AIF, the linear configuration in which He is near fluorine is twice as deep
as for the perpendicular and the other linear configuration. Additionally, the minima for linear
He + AlF orientation exhibit higher intermonomer separation than AlF+He. The electronic
excitation allows helium to come closer to aluminum and reduces the differences in the depths
of the well for two linear configurations. Once again, we see that we can control the shape of
the potential by changing the electronic state of AlF.

The anisotropic nature of the interaction is also seen on Fig. 5.3 and Fig. 5.4, that show two
dimensional contour plots of Vint (R, θ) for the X1A′, a3A′′, b3A′, A1A′, and B1A′′ states. All
surfaces show strong orientation dependence. The global minima for the a3A′′ and b3A′ states
are non-linear in contrast to the singlet states, that are linear. At global minima of the X1A′,
b3A′, A1A′, and B1A′′ states, the He atom is near the fluorine, which is the electronegative side
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of the molecule. A similar situation was reported for YbF + He [248].
For the X1A′, b3A′, A1A′, and B1A′′ states, there is a local minimum in the linear configu-

ration where He reaches the molecule from the side of Al. The depth of this minima is approx-
imately 8 cm−1, 21 cm−1, 22.1 cm−1 and 22.1 cm−1 for X1A′, b3A′, A1A′ and B1A′′ states
respectively. Only a3A′′ does not exhibit the minima for that orientation. The local minimum of
X1A′ was not reported in the previous studies, [151, 145] because it appears only after includ-
ing full triple corrections. This minimum is very shallow; the barrier joining global and local
minima has energy only a fraction of cm−1 higher than local minima. For the a3A′′ and b3A′

states, we see a local minimum with a depth of 27.2 cm−1 in the linear configuration where He
reaches the molecule from the side of fluorine, similar to the global minima of the ground states.

The accuracy of our electronic structure calculation may be affected by (a) an incomplete
orbital basis set, (b) an inadequate description of the correlation energy, and (c) the neglect
of relativistic effects. The correct description of the electron correlation is crucial for AlF +
He, similar to other systems dominated by the van der Wals interaction. The convergence of
interaction energy of X1A′ with the quality of the wavefunction is analysed in Fig. 5.5(a). The
HartreeFock method, which is a mean-field method, produces a repulsive potential. The second-
order perturbation theory, MP2, reproduces about 75% of the correlation energy. The depth of
the potential predicted at the CCSD level is 19.4 cm−1. Further perturbative inclusion of triple
excitation deepens the potential by 3.7 cm−1 while the full triple correction improves it further
by
0.62 cm−1. The perturbative treatment of the triple excitation is responsible for approximately
85% of the total triple contribution.

When calculating the entire potential energy surface, we neglect the excitations higher than
triple in the coupled cluster expansion. We estimated that contribution as a difference between
CCSDT(Q) and CCSDT potential, and it turned out to be relatively small as presented in Fig.
5.6. It altered the interaction energy by 0.5 cm−1 near the classical turning point and steeply
decreased with the inter atomic distance to more than ten times lower value

(
0.045 cm−1

)
at

the global minimum. The reported potential energy surface also neglects the core-electron and
core-valence correlation. Including the core-electron and core-valence correlation changes the
interaction energy by 0.02 cm−1, as we estimate at the CCSD(T) level of theory. The system
under study is relatively light, so the relativistic effects are relatively small, as we see from the
CCSD(T) /augcc-pV5Z calculations with Douglas-Kroll-Hess Hamiltonian included up to the
third order. The correction is in the range of -0.1 to −0.05 cm−1 (Fig. 5.6) around the global
minimum and decreases with increasing distance.

Basis sets with increasing basis set cardinal numbers have been used to study convergence
toward the complete basis limit. As shown in Fig. 5.5(b), the depth of the potential increases
monotonically as the basis set size increases. The difference in depth of the potentials predicted
by CCSD(T)-F12 using aug-cc-pV5Z and aug-cc-pV6Z basis sets is 0.28 cm−1. For sextuple
zeta basis sets, the difference between CCSD(T) and CCSD(T)-F12 is about 0.5 cm−1. The
complete basis set limit estimated using CCSD(T) is deeper by 0.3 cm−1 than the depth of the
well estimated by CCSD(T)-F12.

We test the accuracy of rigid rotor approximation by optimizing the structures of AlF and
AlF + He using CCSD(T)/ aug-cc-pV5Z. The interaction with He decreases the equilibrium
bond length of AlF by 0.008 bohr. This small relaxation of the bond length changes the interac-
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Figure 5.2: one-dimensional cuts through the potential energy surfaces for the states of AlF+He,
(a) X1A′, (b) a3A′′ and b3A′, and (c) A1A′ and B1A′′ in linear and perpendicular
orientations.
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Figure 5.3: The two-dimensional potential energy surfaces for the (a) X1A′, (b) b3A′, (c) a3A′′

states of AlF + He. Panels (d), (e), and (f) show the first 15 Legendre components
of the respective potential energy surfaces.
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Figure 5.4: The two-dimensional cuts through the potential energy surfaces for the (a) A1A′ and
(b) B1A′′ states of the AlF + He complex. Panels (c) and (d) show the first 15
Legendre components of the respective potential energy surfaces.
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tion energies by a negligible 0.02 cm−1.

The accuracy of our calculations is predominantly limited by the basis set incompleteness
in the description of the valence electron correlation. The overall accuracy of our potential at
global minimum is 0.3 cm−1, which is 1.3% of the depth of the ground state potential. Our
ground state interaction potential exhibits depth similar to that in Ref. [150] but it is deeper
by 12% ( 2.9 cm−1 ) than reported in Ref. [145]. This discrepancy isn’t surprising, as the
calculations reported in Ref. [145] do not reach the complete basis set limit. The older results
reported in Ref. [151] use the mid-bounds functions, which improve the convergence of the
interaction energy with the basis set size. The basis set incompleteness hampers the accuracy of
our potential in b3A′ state by 1 cm−1, which is 3.9% of the depth of the b3A′ potential and 2% of
the depth of the a3A′′ potential, the same for the A1A′′ and B1A′ state (MRCI/aug-cc-pV5Z) is
0.4 cm−1 which is 1.6% of the depth of the potential. We expect that the MRCI computations are
affected mainly by the lack of higher excitations in the configuration interactions expansion and
the size consistency of the method. We do not have any reliable estimation of that contributions.
Still, we may expect that it can be even of the order of 20%, similar to the difference between
the CCSD and CCSDT interaction energies at the ground state.

The further increase in the size of the basis set will lead to improved accuracy of the predicted
potential. However, the increase in the size of the basis set will also lead to a dramatic increase
in computational time.

An ab initio report

The average run time for CCSD(T) calculations with different basis sets and extensions is
recorded for X1A′ in Tab. 5.2.1 and for b3A′ in Tab. 5.2.1. The highest difference in run
time is seen between valence and core-valence electron correlation which is about 6 times for
cardinal number X = 5. For other extensions from CCSD(T) such as including relativistic
correction, CCSD(T) − F12 method and use of mid bonds increase the run time at most twice
as much as CCSD(T)/ aug-cc-pV5Z.
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Table 5.3: The equilibrium position, Req and the well depth, Deq calculated using CCSD(T)
method using different basis sets and augmentations, average run time per point (using
MOLPRO). The calculation was performed for X1A′ state.

AlF + He

Basis sets Req Deq (run time) C2v (run time) Cs

aug-cc-pVTZ 7.84121 19.569 0.25 mins
aug-cc-pVQZ 7.77454 22.004 60.4 s 1.2 mins
aug-cc-pV5Z 7.74391 23.025 6 min 7.10mins

aug-cc-pV5Z+rel 7.74393 23.033 5.3mins

aug-cc-pV6Z 7.72809 23.656 45 mins
aug-cc-pV5Z+MB 7.72073 24.208 10.2 mins 13.77 mins
aug-cc-pVQZ+MB 7.72665 24.116 3.2mins

aug-cc-pV6Z+MB 7.71781 24.262 78 mins
aug-cc-pV5Z+F12c 7.72312 23.832 13 mins
aug-cc-pV5Z+F12b 7.72273 23.833 13 mins

aug-cc-pCV5Z 7.74319 23.033 54 mins
FAl+He

aug-cc-pVTZ 10.2567 6.527 13.4 s

aug-cc-pVQZ 10.1794 7.016 62 s 1.09mins

aug-cc-pV5Z 10.1273 7.376 7.8 mins 7.5 mins
aug-cc-pV5Z+rel 10.1198 7.391 5.9mins

aug-cc-pV6Z 10.1089 7.576 50 mins
aug-cc-pV5Z+MB 10.0981 7.706 11mins 14.3mins

aug-cc-pVQZ+MB 10.1064 7.663 2.42 mins
aug-cc-pV6Z+MB 10.0932 7.750 2.28hrs

aug-cc-pV5Z+F12c 10.1088 7.542 14.4 mins
aug-cc-pV5Z+F12b 10.1065 7.552 14.4 mins

aug-cc-pCV5Z 10.1271 7.375 43 mins
⊥ geometry

aug-cc-pVTZ 8.0539 9.671 11sec

aug-cc-pVQZ 7.94657 10.583 1 min

aug-cc-pV5Z 7.90203 11.062 13.5 mins
aug-cc-pV5Z+rel 7.89326 11.114 18.6 mins

aug-cc-pV6Z 7.88718 11.359 1.34hrs

aug-cc-pVQZ+MB 7.87029 11.523 3.34mins

aug-cc-pV5Z+MB 7.86394 11.583 35 mins
aug-cc-pV6Z+MB 7.86107 11.626 2.3hrs

aug-cc-pV5Z+F12b 7.87411 11.385 44 mins
aug-cc-pV5Z+F12c 7.87702 11.350 44 mins
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Table 5.4: The equilibrium position, Req and the well depth, Deq calculated using CCSD(T)
method using different basis sets and augmentations, average run time per point (using
MOLPRO). The calculation was performed for b3A′ state.

b3A′

AlF + He

Basis sets Req Deq average run time ( Cs group)
aug-cc-pVTZ 7.72182 21.795 10 s

aug-cc-pVQZ 7.6655 24.243 1.2 mins
aug-cc-pV5Z 7.6357 25.315 7.6 mins

aug-cc-pV5Z+rel 7.63398 25.347 17 mins
aug-cc-pV6Z 7.6211 25.968 35.5mins

aug-cc-pV5Z+MB 7.6144 26.537 18 mins
aug-cc-pVQZ+MB 7.6192 26.480 2.7 mins
aug-cc-pV6Z+MB 7.6104 26.587 3.2hrs

aug-cc-pV5Z+F12b 7.61577 26.213 14.6 mins
aug-cc-pV5Z+F12a 7.61206 26.336 14.6 mins

FAl + He

aug-cc-pVTZ 8.8832 16.768 10.5 s

aug-cc-pVQZ 8.7617 18.737 1 min

aug-cc-pV5Z 8.7186 19.921 10 mins
aug-cc-pV5Z+rel 8.70737 20.086 11.6mins

aug-cc-pV6Z 8.6983 20.498 58 mins
aug-cc-pV5Z+MB 8.6923 20.887 22 mins
aug-cc-pVQZ+MB 8.7027 20.675 2.7 mins
aug-cc-pV6Z+MB 8.6888 20.998 2.72hrs

aug-cc-pV5Z+F12b 8.69382 20.697 14 mins
aug-cc-pV5Z+F12a 8.68812 20.831 14 mins

⊥ geometry
aug-cc-pVTZ 10.6693 2.531 28sec

aug-cc-pVQZ 10.5418 2.755 2.6 mins
aug-cc-pV5Z 10.4489 2.953 23 mins
aug-cc-pV6Z 10.3861 3.117 1.4hrs

aug-cc-pVQZ+MB 10.3618 3.266 7.7 mins
aug-cc-pV5Z+MB 10.3496 3.289 45 mins
aug-cc-pV5Z+rel 10.4504 2.949 47 mins

aug-cc-pV5Z+F12a 10.381 3.114 40 mins
aug-cc-pV5Z+F12b 10.3867 3.103 40 mins

Fig. 5.7 presents a plot of average run time against the basis set cardinal number. We can
notice that for a lower Cs symmetry, the average computational run time is almost twice as that
for the C2v symmetry. The Tab. 5.2.1 reports the equilibrium position, Req and the well depth,
Deq for the three configurations θ = 180◦, 0◦, 90◦. A general observation that can be made
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Figure 5.7: The average run time of CCSD(T) calculations plotted against the basis set cardinal
number for aug-cc-pVXZ basis. For the linear geometry AlF-He, the symmetry
enforced is C2v, for ⊥ geometry, Cs symmetry is enforced.

is that computational time is longer when the lower Cs symmetry is implemented. For both
symmetries the computational time grows rapidly with the basis set cardinal number.

5.2.1 Collision dynamics

When AlF collides with He, there are two possible outcomes: elastic collision, where there is no
change in AlF’s internal state, and inelastic collision, where there is a change in AlF’s rotational
state. Elastic collisions determine the translational thermalization of AlF, whereas inelastic colli-
sions determine rotational thermalisation. Fig. 5.8 shows the elastic and inelastic cross sections
for the AlF + He collision for the X1A′, a3A′′ and b3A′ states. To better understand these
outcomes, we can examine the cross sections of these events.

Let us focus on the temperatures between 100mK to 10 K, which are the most interesting
from the buffer-cell cooling perspective. A significant value of elastic cross-section is necessary
to provide effective translational thermalisation. In systems where inelastic cross-sections are
about one to two orders of magnitude lower than elastic ones [250, 33] both translational and
rotational degrees of freedom can be thermalized. The thermally-averaged elastic cross sections
for the AlF+He collision (Fig. 5.8 lie in the range between 0.2×103 and 2×103Å2, regardless of
the quantum state of AlF. These calculated values are larger than the 0.1×103Å2 experimentally
estimated for CaH [30], but comparable to the values calculated for that system [251]. On
average, buffer gas cooling can achieve a temperature range of a few hundred mK. For the
X1A′ state of AlF + He, the ratio of elastic to inelastic collision is around 7 for σj=1/σj=1→0

at 1 K gradually decreasing to 0.9 at 0.2 K, around 10 for σj=2/σj=2→0 at 1 K increasing to
15 near 0.5 K to 0.9 at 10mK, around 3 for σj=2/σj=2→1 at 1 K to 0.9 at 90mK. With higher
elastic collision cross sections, translational thermalisation looks more prospective near 1 K.
The trend is similar for other states of the AlF. The values of the ratio of elastic to inelastic
collisions at 1 K are reported in Table 5.2.1.
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(a)  AlF + He  (X1A')
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(b)  AlF + He  (b3A')
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(c)  AlF + He (a3A'')
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(d)  AlF + He  (X1A')
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Figure 5.8: Elastic cross section vs collision energy for AlF +He collision complex in the (a)
X1A′, (b) b3A′, (c) a3A′′ states. The inelastic cross section for the AlF+He collision
are in the (d) X1A′, (e) b3A′, (f) a3A′′ states. The cross sections of the scattering
channels for the rotational states j = 0, 1, 2 of AlF are shown. The corresponding
curves in the same colour are the thermally averaged cross sections.
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Figure 5.9: (a) The sensitivity of the elastic scattering cross section to the scaling of the potential
for theX1A′ state of the AlF+He for the collision energies 5 K, 1 K, 0.01 K, 0.0001
K. (b) Elastic scattering cross-sections in function for the potential scaled by ±1.5%.

Table 5.5: Ratio of elastic to inelastic collision cross sections at 1 K for the AlF+He collisions.

State σj=1/σj=1→0 σj=2/σj=2→0 σj=2/σj=2→1

X1A′ 7.6 10.8 3.1
a3A′′ 18.6 40.3 17.6
b3A′ 36.6 8.9 25.5

Let us focus now on temperatures below 100mK, which are difficult to obtain by pure buffer
cell cooling; however, we see higher sensitivity of the cross-sections on the rotational state. The
elastic cross-sections are relatively constant at these temperatures, as the shape resonances grad-
ually disappear with a decreasing temperature. The inelastic cross section is most significant for
the state X1A′, resulting in fast rotational relaxation from j = 1 to j = 0 of AlF. For the X1A′

state of AlF+He, σj=1→0 is more than an order of magnitude higher than σj=1. This means that
the molecules should be cooled into the rotational ground state efficiently. Lower values of in-
elastic cross-sections for triplet states can be related to lower anisotropy of the potentials, visible
as a smaller difference in the shape of the potential energy curves for θ = 0◦ and θ = 180◦

72



5.2 Results

Table 5.6: Bound states for X1 A′ state of AlF + He. Energy in cm−1.J is the total angular
momentum, p is the parity of the state.

Jp

0+ -7.59 -2.44 -0.63
1+ -4.77 -0.03
1− -7.22 -4.84 -2.01 -0.81
2+ -6.50 -4.13 -1.52 -1.16 -0.43
2− -3.96 -1.45
3+ -2.75 -0.41
3− -5.43 -3.07 -0.71
4+ -4.01 -1.68
4− -1.16
5− -2.27
6+ -0.21

in Fig. 5.8 (b) and (c). Still, the inelastic and elastic cross-sections are usually in comparable
range. Panel (c) of Fig. 5.8 shows that for the a3A′′ state, the elastic cross section for j = 1
is negligibly low in the low-energy limit; this is due to the scattering length being accidentally
close to zero. This will inhibit translational thermalisation in this state, but the inelastic cross
section is much larger, so the molecules will rapidly reach a different state where cooling could
continue.

The bound states of the AlF+He complex in the X1A′ state are reported in Table 5.6. The
lowest bound state supported by this potential is at −7.59 cm−1. There are 26 bound states for
the ground state. For the a3A′′ state with a well depth of 54 cm−1, there are 124 bound states,
which are tabulated in the Appendix A.

We study the sensitivity of our scattering results to interaction energy by scaling potential
to ±10 percent and observe changes in the elastic cross-sections. Fig. 5.9 (a) shows how the
cross section varies with a scaling of the potential for four energies. Here, λ scales the potential
energy as V → (1 + λ) × V . We observe a peak in the 1 K line (Fig. 5.9 (a)), which can
be attributed to the sensitivity of the shape resonances visible around 1 K in Fig. 5.8 (a). The
uncertainty of the potential energy surface is about 2%, so the scattering results are not very far
from the truth for all four energies. In Fig. 5.8 (b) we show the shift in elastic cross sections for a
±1.5% scaling for two rotational states of the AlF. For the j = 0 rotational state of AlF, the first
few shape resonances are more sensitive to the scaling of potential, but their relative sensitivity
decreases for higher energies. For the j = 1 rotational state of AlF, the curves are shifted while
preserving the general shape. The scattering cross sections generally lie in the same range as
predicted recently in Ref. [145], with a shift in the position of shape resonances. Although our
ab initio calculations are more accurate, the scattering results from Ref. [145] are similar, which
suggests that the details of the potential energy surface have a moderate effect on the scattering
outcomes for this system.
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5.2.2 Conclusion

We have constructed accurate potential energy surfaces using the explicitly correlated coupled-
cluster method for the AlF + He interaction. We understand that interaction between He and
AlF is anisotropic and weak. For all states we have found global and local minimum. For most
of the states, the global minima is linear and appear when He approaches F. The only exception
from this rule is a3A′′ state, however it exhibit deep local minima for AlF + He orientation.
AlF +He is a relatively light system uninfluenced by relativistic effects. Coupled channel scat-
tering theory was then used to calculate the scattering cross sections of the AlF+He collision
outcomes. The uncertainty of the potential energy surface were estimated, and the sensitivity
of the scattering results to the scaling of the potential was studied to give us a better idea of the
predictability of the results. It helps determine the optimal conditions for buffer gas cooling.
The high ratio of elastic to inelastic collisions suggests that buffer gas cooling of AlF molecule
can be efficient. We have demonstrated that the shape and depth of the AlF + He interaction
potential can be controlled by changing the electronic state of AlF.
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Interaction between aluminium flouride molecules determine the efficiency of evaporative cool-
ing. Molecular collisions are an integral part of ultracold studies and it is essential to study them
to gain a complete understanding of the ultracold interactions. AlF is a polar molecule with
an electric dipole moment of 1.53D, hence the nature of interaction is dipolar. The interaction
energy between two dipoles with dipole moments along the unit vectors e⃗1 and e⃗2 is given by
the expression,

Udd(r⃗) =
d2

4πϵ0

(e⃗1 · e⃗2) r2 − 3 (e⃗1 · r⃗) (e⃗2 · r⃗)
r5

(6.1)

where d is the permanent electric dipole moment, ϵ0 is the vacuum permittivity. As the
dipoledipole interaction decays as ∼ 1

r3
, it has a long range character compared to the van

der Waals type interaction dominated by dispersion
(
∼ 1

r6

)
.

For dipoles pointing in the same direction, the interaction becomes

Udd(r⃗) =
d2

4πϵ0

1− 3 cos2 θ

r3
(6.2)

where θ is the angle between the dipole and the vector joining the particles. Polar molecules
like AlF possess permanent electric dipole moment which means in the presence of electric field,
they have both highand low-field seeking states. Hence, the interparticle interactions can be con-
trolled and tuned by external fields or by optical traps [252, 107, 253, 254]. Recent progress in
experiments with ultracold polar molecules has created more interest in low temperature dipolar
interactions [252, 253, 254, 255, 256, 77, 40].

Figure 6.1: Dipolar interaction.
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Table 6.1: Jacobi angles for selected spatial configurations of the AlF-AlF system. The definition
of angles are on Fig. 6.2.

Name θ1 θ2 Φ

AlF-AlF 0◦ 180◦ 0◦

AlF-FAl 0◦ 0◦ 0◦

FAl-AlF 180◦ 180◦ 0◦

⊥;FAl-AlF 180◦ 90◦ 0◦

⊥;AlF-AlF 0◦ 90◦ 0◦

parallel dipoles 90◦ 90◦ 0◦

antiparallel dipoles 90◦ 90◦ 180◦

Figure 6.2: The Jacobi coordinates used to describe the AlF-AlF orientation is shown.

In this chapter, we aim to study the interaction between AlF molecules, report an accurate
ground state potential energy surface for AlF-AlF interaction and potential energy curves for
the excited states of the complex. The aluminium monofluoride molecules are treated as rigid
rotors. There are four geometric parameters (θ1, θ2, ϕ, r) to describe the orientation of the two
interacting monomers. These parameters are visualized through Fig. 6.2. The seven distinct
configurations of the AlF-AlF complex for which the interaction energies were calculated are
reported in Tab. 6.

The list of explored electronic states of AlF-AlF complex is presented in Tab. 6.2 along with
the corresponding asymptotic monomer states and the level of theory with which the interaction
energies have been evaluated. As we encountered convergence issues for the excited states,
different levels of theory were used for different states.

6.1 Methods

The interaction potential Vint depends on R, θ1, θ2, ϕ. Using the supermolecular method,

Vint (R, θ1, θ2, ϕ) = EAlF+AlF (R, θ1, θ2, ϕ)− EAlF (R, θ1, θ2, ϕ)− EAlF (R, θ1, θ2, ϕ) ,
(6.3)
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Table 6.2: Ab initio methods used to calculate the interaction energy of the AlF-AlF system in
different spin states for planar configurations.

Molecular states Asymptotic states Methods
X1A′ X1Σ+ +X1Σ+ CCSD(T)
a3A′′ X1Σ+ + a3Π MRCI
b3A′′ a3Π+X1Σ+ MRCI
c3A′ X1Σ+ + a3Π MRCI
d33′ a3Π+X1Σ+ MRCI
A1A′′ X1Σ+ +A1Π EOM-CCSD
e3A′′ a3Π+ a3Π MRCI
f3A′ a3Π+ a3Π MRCI
B1A′ X1Σ+ +A1Π EOM-CCSD
g3A′′ a3Π+ a3Π MRCI
C1A′ A1Π+X1Σ+ EOM-CCSD
D1A′′ A1Π+X1Σ+ EOM-CCSD
E1A′ X1Σ+ +B1Σ+ EOM-CCSD
F 1A′ B1Σ+ +X1Σ+ EOM-CCSD
i5A′′ a3Π+ a3Π CCSD(T); MRCI
j5A′ a3Π+ a3Π CCSD(T); MRCI
k5A′ a3Π+ a3Π CCSD(T); MRCI

where EAlF+AlF is the total energy of the complex and EAlF is the energy of the individual
monomers.

The CCSD(T)-X2C/aug-cc-pVQZ-X2C and CCSD(T)-X2C/aug-cc-pVTZ-X2C method is used
to calculate the ground state potential energy surface of the AlF-AlF interaction. Complete Basis
Set (CBS) limit of the interaction energy was then extrapolated using the formula,

V (X) = VCBS + a ·X−3 (6.4)

where X is the basis set cardinal number, V (X) is the interaction energy of AlF-AlF.
MRCI method is used to calculate the potential energy curves of a3A′′, b3A′′ and few other

excited states. In the Cs symmetry, the active space used for these calculations is composed of
four A′ orbitals and two A′′ orbitals. We used EOM-CCSD method to converge excited singlet
states of the AlF-AlF dimer. One of the main challenges in ab initio calculations is to converge
to the desired states. In the case of excited states of AlF-AlF dimer, the states a3A′′, c3A′, j5A′

and i5A′′ are the lowest states in the given spin multiplicity and symmetry. But CCSD(T)
method, being a single reference method, did not always converge to these states. Our results
also demonstrate the various logjams that one encounters during accurate electronic structure
calculations.
X1A′ is the ground state of the AlF-AlF complex. We have calculated the potential energy

curves for 14 excited states. Tab. 6.2 lists the states that we report on. Alphabetical convention is
used to name the states where X denotes the ground state, A,B,C, . . . denote exited states with
the same spin multiplicity as the ground state, a, b, c, . . . denote excited states with a different
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Table 6.3: Unpaired electron distribution between A′ and A′′ symmetry molecular orbitals.

dimer state A′ A′′

monomer 1 monomer 2 monomer 1 monomer 2
c3A′′ 1 0 0 1
d3A′ 1 1 0 0
e3A′′ 0 1 1 0
f3A′ 0 0 1 1
g5A′′ 3 0 0 1
h5A′ 1 1 1 1
i5A′ 2 2 0 0
j5A′′ 0 3 1 0

spin multiplicity from that of the ground state. A distinction between B1A′ and C1A′ is the
permutation of AlF monomers in each state. A similar case with E1A′ and F 1A′ states. For the
triplet and quintuplet states for which both the AlF monomers are in a3Π state, the difference
in unpaired electron distribution is recorded in Tab. 6.3. The states f3A′ and j5A′′ remain
unreported as our MRCI calculations either did not converge well or the converged points were
not continuous.

The optimisation of AlF-AlF ground state equilibrium geometry is done using analytic gradi-
ent of energy. The level of theory used is CCSD/aug-cc-pVTZ.

6.2 Results

6.2.1 Ground state X1A′

We have calculated the potential energy surface of AlF-AlF interaction. Within the rigid rotor ap-
proximation, we obtain a four dimensional potential energy surface. We used CCSD(T)X2C/aug-
cc-pVQZ-X2C, to calculate the ground state interaction energy surface. We calculated the po-
tential energy surface on a grid of about 8700 points in (θ1, θ2, ϕ, r). It is a closed-shell complex
with a potential depth of 12903 cm−1. The potential energy surface we calculated gives us a
potential depth of only 1846 cm−1 but the CCSD optimization of the dimer led us to a much
deeper minima. This shows that the rigid rotor approximation is highly inaccurate and is inade-
quate for this system. The rigid rotor approximation only led us to a local minima which is much
shallower than the global minima of the complex. To compare with similar other complexes, the
well depth of KRb − KRb interaction is 2888.78 cm−1 [260], of CaF − CaF interaction is
8760 cm−1 [261], of NaK−NaK interaction is 4534 cm−1 [262]. AlF-AlF complex remains a
relatively strongly bound dimer compared to the above complexes.

Fig. 6.3 shows the one-dimensional cuts through the potential energy surface of AlF - AlF(
X1Σ+ −X1Σ+

)
interaction. There are seven curves on the plot for seven different orienta-

tions. We see that the curve for AlF-dipole orientation is the deepest curve with a well depth of
about 916 cm−1 at R = 7 bohr. The curves have varying minima located at different R meaning
that this interaction is anisotropic. We can note that the potential energy curve for linear AlF-FAl
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Figure 6.3: The one-dimensional cuts through the X1Σ+ +X1Σ+ground state potential energy
surface of AlF-AlF is presented for seven selected configurations. The level of theory
used is CCSD(T)−X2C/CBS.
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Figure 6.4: The first 11 Legendre components of a two dimensional cut through the potential
energy surface is presented. The constant parameters here are θ1 = 60◦, ϕ = 180◦.

is the most repulsive owing to the dense lone pair of electrons carried by both the fluorine atoms.
The first 11 Legendre components of two dimensional potential energy surface for θ1 = 60◦,

ϕ = 180◦ is presented in Fig. 6.4. The Legendre components help us visualise the anisotropy of
the interaction. The anisotropic λ = 1, 2, 3, 5 component seem to dominate the interaction, the
isotropic component λ = 0 also has a significant contribution while the rest of the components
are relatively insignificant and also repulsive.

The convergence of the interaction energy for increasing levels of theory is presented in Fig.
6.5 for the linear AlF-AlF configuration using aug-cc-pVQZ basis set. The HF curve is com-
pletely repulsive meaning it is a very poor description of this interaction. The deepest curve
we see here is the explicitly correlated CCSD(T)-F12 energy which is only 5 cm−1 deeper
than CCSD(T) energy. It is interesting to note that the difference in energy for CCSD and
CCSD(T) is about 36 cm−1 which is 45% of the CCSD(T) interaction energy. In the case of
AlF−He, this difference is about 3.2 cm−1 (aug-cc-pVQZ) which is 15% of CCSD(T) energy
and for the AlF molecule it is 1164 cm−1 (aug-cc-pVQZ), 2% of the CCSD(T) interaction en-
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Figure 6.5: The convergence of the interaction energy for different levels of theory for the linear
AlF-AlF configuration in X1A′ state. The basis set used is aug-cc-pVQZ.

ergy. The perturbative triples correction contribution is bigger for systems with greater number
of electrons.

The basis set convergence of the interaction energy is shown in Fig. 6.6. The deepest curve
is for the CCSD(T) − X2C/CBS curve which is what we implemented to calculate the four
dimensional ground state potential energy surface. We should note that CCSD(T) /aug-cc-
pV5Z curve is shallower than CCSD(T) − F12/ aug-cc-pVQZ-F12 curve but the use of the
F12 term improves the CCSD (T ) interaction energy by about 1 cm−1 (aug-cc-pVQZ-F12)
and 2 cm−1 (aug-cc-pV5ZF12). We conclude that the complete basis set limit of non-relativistic
CCSD(T) interaction energy is about 96.06 cm−1. The relativistic CCSD(T)−X2C calculation
exhibits convergence with basis set cardinal number, similar to the non-relativistic calculation.
The difference between CCSD(T)− X2C/ aug-cc-pCVQZ-X2C and CCSD(T) − X2C/CBS
is about 6 cm−1 (the difference between CCSD(T)-F12/aug-cc-pV5Z-F12 and CCSD(T) /aug-
cc-pVQZ is about 5 cm−1 ), which is about half of the 11.8 cm−1 scalar relativistic correction.
We estimate the complete basis set limit of relativistic CCSD(T)-X2C interaction energy as
-113.76 cm−1.

I have generated four two-dimensional cuts through the X1A′ state potential energy surface
of AlF-AlF dimer. The two dimensional curve gives us an idea of the nature of interaction with
respect to specific parameters. Despite the local minima that we see in Fig. ??, the only minima
that this dimer has is the global minima at R = 4.5bohr, θ1 = 71◦, θ2 = 60◦, ϕ1 = 180◦ which
is seen in Fig. 6.10 with a well depth of 1846 cm−1. The other local minima only appear in the
two dimensional cuts where two other parameters are frozen. No local minima were obtained in
CCSD optimization, the dimer always ends up in the global minima configuration.

Fig. 6.7 shows the two-dimensional cuts through the ground state potential energy in which
we can see that the interaction is highly anisotropic to change in θ2. The change in configuration
of the AlF − AlF complex with θ2 is visually represented inside the plot. Despite aluminium
being a bigger atom than flourine, the configuration at θ2 = 180◦ is more attractive than at
θ2 = 0◦. At any given point in R, the θ2 = 71◦ configuration has the lowest energy. An
interesting feature about the AlF-AlF interaction is that there is only one minima in the whole
interaction landscape. Our optimisation of AlF-AlF dimer always led to the same global minima
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Figure 6.6: The convergence of the interaction energy for increasing basis set cardinal number
for the linear AlF-AlF configuration in theX1A′ state. The level of theories used are
CCSD(T),CCSD(T)− F12,CCSD(T)−X2C.

we see in Fig. 6.7 no matter what the starting configuration is. Global minima is also seated
well inside a repulsive wall, accessible only for a short range of the Jacobi distance.

Fig. 6.8 shows the two dimensional cuts through the ground state potential energy surface
for change in the azimuthal angle ϕ for θ1 = 90◦, θ2 = 90◦. The depth is 300 cm−1 and the
minima lies at a skewed geometry with ϕ = 120◦. Change in azimuthal angle seems to influence
a change in energy of at most 300 cm−1.

Fig. 6.9 represents the two dimensional cuts through the ground state potential energy surface
for R = 12.2 bohr, ϕ = 0.1 where θ1 and θ2 are varied. We can observe that the plot is
symmetric around the line θ1 = θ2. There is a local minima at θ1 = 120◦, θ2 = 0◦ at 130 cm−1.
It is interesting to see the change in interaction energy as the dimer configuration changes.

Fig. 6.10 shows the two dimensional cuts through the ground state potential energy surface
when an AlF molecule is rotated around another molecule (ϕ = 0◦). Owing to the symmetry of
the system, Fig 6.10 is representative of a complete rotation of an AlF molecule around another
molecule. So it is enough to present only angles from 0◦ to 90◦. The linear configuration at
(0◦, 180◦) seems to be highly repulsive.
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Figure 6.7: The two dimensional cuts through the X1Σ+ +X1Σ+ground state potential energy
surface of AlF-AlF with respect to R and θ2 for θ1 = 60◦, ϕ = 180◦. The level of
theory used is CCSD(T)−X2C/CBS.

Figure 6.8: The two dimensional cuts through the X1Σ+ +X1Σ+ground state potential energy
surface of AlF-AlF with respect to R and ϕ for θ1 = 90◦, θ2 = 90◦. The level of
theory used is CCSD(T)−X2C/CBS.
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Figure 6.9: The two dimensional cuts through the X1Σ+ +X1Σ+ground state potential energy
surface of AlF-AlF with respect to θ1 and θ2 for R = 12.2bohr, ϕ = 0◦. The level
of theory used is CCSD(T)-X2C/CBS.

Figure 6.10: The two dimensional cuts through theX1Σ++X1Σ+ground state potential energy
surface of AlF-AlF with respect to R and θ1 for θ2 = 180◦ − θ1, ϕ = 0◦. The level
of theory used is CCSD(T)−X2C/CBS.
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6.2.2 Optimization

Figure 6.11: (a) The optimized geometry of the AlF-AlF dimer without rigid rotor approxima-
tion. (b) The global minima AlF-AlF configuration within rigid rotor approxima-
tion.

An optimization of the AlF-AlF dimer geometry was done using CCSD method. The global
minimum geometry was found to be a rhombus as seen in Fig. 6.11 (a). The depth of the
well De for the global minimum is 11546 cm−1 (CCSD/aug-cc-pVTZ). The lowest vibrational
frequency is inA′′ symmetry at 143.3 cm−1 and the second lowest vibrational frequency is inA′

symmetry at 251.9 cm−1. The CCSD(T)−X2C/ aug-cc-pCVQZ-X2C single point calculation
at the global minimum geometry gives a well depth of 12900 cm−1. Fig. 6.11 (b) shows the
global minima configuration within the rigid rotor approximation with a well depth of about
2400 cm−1.

Fig. 6.12 shows the one-dimensional interaction energy curve against the coordinate R. It
probes the interaction through the global minima geometry but within the rigid rotor approxi-
mation. Complete parametric optimization of the dimer results in a much deeper potential of
12900 cm−1. This shows us that rigid rotor approximation does not accurately describe this
interaction at short range.

6.2.3 Potential energy curves for excited states

The one-dimensional potential energy curves for different spin and electronic states of AlF-AlF
dimer has been presented in this Section. The common observation is that the first triplet excited
states with X1Σ++ a3Π asymptotes, c3A′ and d3A′, are well separated from the higher excited
states.

For the linear configuration AlF-AlF in Fig. 6.14 , the ground state has a shallow potential
well of about 87 cm−1 with the position of minima at R = 10 bohr. The ground state well depth
of FAl-AlF linear configuration in Fig. 6.18 is 74 cm−1 deep with the position of minima at 12
bohr. The ground state of AlF-FAl linear configuration presented in Fig. 6.16 has no attractive
well owing to the interaction between two electron dense flourine molecules. Similarly, the AlF-
AlF parallel configuration seen in Fig. 6.17 also has a completely repulsive potential energy
curve for the ground state. The deepest potential well is observed for ⊥; AlF-AlF configuration
which is about 500 cm−1 at 7.4 bohr as seen in Fig. 6.15 while the position of minima lies at
the shortest intermonomer separation for the AlF-AlF antiparallel configuration at 6.8 bohr with
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Figure 6.12: One-dimensional cut through the ground state potential energy surface. The respec-
tive orientation of monomers is characterised by the following angles: θ1 = 67.43◦,
θ2 = 67.43◦, ϕ = 180◦.

a depth of about 393 cm−1 seen in Fig. 6.13. The ground state potential energy curve are in
agreement with the more accurate computation described in previous section.

The four excited triplet states of AlF-AlF with X1Σ+ + a3Π asymptotes are a3A′′, b3A′′,
c3A′ and d3A′. The position of the minima of the b3A′′ state is at the shortest intermonomer
separation for the antiparallel configuration at 4.5 bohr with a depth of 1757 cm−1 Fig. 6.13
and the same for the c3A′ state is at 4 bohr with a depth of about 5200 cm−1 Fig. 6.13. For
the antiparallel configuration, the a3A′′ and d3A′ states seem repulsive. In the linear AlF-FAl
configuration seen in Fig. 6.16, the states a3A′′, b3A′′ and c3A′, d3A′ are repulsive and overlap
each other. The repulsive behaviour of these states and the complete overlap of states with
same asymptotes repeats for higher excited states too. For the linear FAl-AlF configuration, we
observe a crossing between the ground state and c3A′ state at 7.5 bohr and more importantly, a
crossing between the a3A′′ and e3A′′ state at 8 bohr. In the linear FAl-AlF configuration in Fig.
6.18, the depth of the b3A′′ and c3A′ states are about 9800 cm−1 and 9400 cm−1 at 7.6bohr,
respectively. To compare with the AlF-AlF configuration (Fig. 6.14, which has b3A′′ and c3A′

depths as 280 cm−1 and 954 cm−1 respectively, the b3A′′ and c3A′ states are much deeper for
the linear FAl-AlF configuration. For the parallel configuration seen in Fig. 6.17, the depth of
b3A′′ is about 6500 cm−1 at 5 bohr while the depth of c3A′ is about 8000 cm−1 at 5.25bohr.
a3A′ and d3A′ states are repulsive. For the parallel configuration, the minima of the states
A1A′′ and b3A′′ are separated by 6335 cm−1. For the FAl-AlF perpendicular configuration in
Fig. 6.19, the repulsive wall of X1A′ state crosses both the c3A′ and the d3A′ states at around
6 bohr and it crosses B1A′ state at 5.8 bohr. In the AlF-AlF perpendicular configuration in Fig
6.15, the a3A′′ has the deepest well of about 23100 cm−1. Comparing the two perpendicular
configurations (Fig. 6.15 and Fig. 6.19), a very important distinction to note is that AlF-AlF
perpendicular configuration shows no crossing between X1A′ and the higher states which is
not the case with FAl-AlF perpendicular configuration. A general observation is that more the
number of fluorine atoms present at the interaction site, more repulsive the interaction.

The four excited singlet states of AlF-AlF with X1Σ+ + A1Π asymptotes are A1A′′, B1A′,
C1A′, D1A′′. For the AlF-AlF linear configuration, the well depth of B1A′ and C1A′ states
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 a3A''

 D1A''
 A1A''

 

(a) (b) (c)

Figure 6.13: The one-dimensional potential energy curves for different spin states of AlF-AlF
system for the anti parallel configuration (a) is presented. The potential energy
curve for A′ and A′′ states are presented in panel (b) and panel (c) respectively.

 a3A''

 D1A''
 A1A''

 

Figure 6.14: The one-dimensional potential energy curves for different spin states of AlF-AlF
system for the linear AlF-AlF configuration (a) is presented. The potential energy
curve for A′ and A′′ states are presented in panel (b) and panel (c) respectively.
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 a3A''

 D1A''
 A1A''

 

(b) (c)(a)

Figure 6.15: The one-dimensional potential energy curves for different spin states of AlF-AlF
system for the perpendicular configuration (a) is presented. The potential energy
curve for A′ and A′′ states are presented in panel (b) and panel (c) respectively.

seem to be well separated by about 8980 cm−1. The states C1A′ and B1A′ do not cross any of
the higher excited states. The D1A′′ state is repulsive with no attractive potential well. For the
AlF-AlF perpendicular configuration, the states C1A′ and B1A′ do not cross any of the higher
excited states. It is interesting to note that only for AlF-AlF perpendicular configuration, the
state C1A′ is deeper than B1A′ and D1A′′ is deeper than A1A′′. Due to the lower symmetry
of the non-linear configuration, the states with the same asymptotes do not overlap each other.
In contrast, for AlF-AlF linear configuration Fig. 6.14, the curves in panel (c) and (b) with the
same asymptotes look identical.

For the AlF-FAl linear configuration, the C1A′, B1A′ states and the D1A′′, A1A′′ states al-
most overlap each other with a difference of about 600 cm−1 visible in Fig. 6.16. The Π
symmetry of the monomer in A1Π state becomes irrelevent due to the reduced symmetry of
the configuration as both the π molecular orbitals are perpendicular to the molecular axis. The
difference in energy between C1A′ and B1A′ states is the highest for the FAl-AlF perpendicular
configuration. The B1A′ state has the monomer 1 in A1Π state with the π molecular orbitals
parallel to monomer 2 . While in C1A′ state, the monomer 2 is in A1Π state with the π molec-
ular orbitals near the aluminium of monomer 1 , creating more repulsion. The well depth of
15000 cm−1 for A1A′ state is deepest for the FAl-AlF perpendicular configuration. In the Fig.
6.18, the separation of the potential well is highest between the D1A′′ and A1A′′ states by
21144 cm−1.

The higher excited singlet states F 1A′ andE1A′ have the asymptotesX1Σ++B1Σ+and they
both have Σ symmetry. A crossing between F 1A′ and E1A′ states is observed for the AlF-AlF
and the FAl-AlF linear configurations as can be observed in Fig. 6.14 and Fig. 6.18 respectively.
For the AlF-FAl linear configuration, the F 1A′ and E1A′ states completely overlap each other
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Figure 6.16: The one-dimensional potential energy curves for different spin states of AlF-AlF
system for the linear AlF-FAl configuration (a) is presented. The potential energy
curve for A′ and A′′ states are presented in panel (b) and panel (c) respectively.

seen in Fig. 6.16. The E1A′ state is deepest for the FAl-AlF linear configuration with a well
depth of about 19800 cm−1. The F 1A′ and E1A′ minima are the most separated for the parallel
configuration as seen in Fig. 6.17.

The high-spin states i5A′′, j5A′, k5A′ have the asymptotes a3Π + a3Π. For the AlF-AlF
linear configuration in Fig. 6.14, the j5A′ and k5A′ states overlap each other completely. The
π molecular orbitals are perpendicular to the molecular axis hence the electronic occupation in
j5A′ and k5A′ states remain equivalent in a linear configuration. i5A′ state seems to have an
avoided crossing from a higher state at 6 bohr. The i5A′′ state seems to be well separated from
the other states for all the selected configurations except for the FAl-AlF linear configuration,
there is a crossing between i5A′′ and D1A′′ states at about 7.5 bohr. An observation about the
k5A′′ state is that this state remains consistently repulsive for all the configurations except for
the AlF-AlF linear configuration where there is a shallow potential well about 1000 cm−1 deep
seen in Fig. 6.14. All the curves in Fig. 6.15 have an attractive potential well except the k5A′

state.

The second set of excited triplet states are e3A′′, f3A′, g3A′′ with the same asymptotes a3Π+
a3Π. For the antiparallel configuration seen in Fig. 6.13, the g3A′′ and e3A′′ states remain
attractive over a long range but the f3A′ state has the same asymptotes but remains attractive
only for a short range of inter monomer separation. We see a difference in curves between g3A′′

and e3A′′ states only in the short range, after 12 bohr they overlap each other.
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 a3A''

 D1A''
 A1A''

 

(c)

Figure 6.17: The one-dimensional potential energy curves for different spin states of AlF-AlF
system for the parallel configuration (a) is presented. The potential energy curve
for A′ and A′′ states are presented in panel (b) and panel (c) respectively.

  a3A''

(c)(a)

Figure 6.18: The one-dimensional potential energy curves for different spin states of AlF-AlF
system for the linear FAl-AlF configuration (a) is presented. The potential energy
curve for A′ and A′′ states are presented in panel (b) and panel (c) respectively.
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(a) (b) (c)

Figure 6.19: The one-dimensional potential energy curves for different spin states of AlF-AlF
system for the perpendicular configuration (a) is presented. The potential energy
curve for A′ and A′′ states are presented in panel (b) and panel (c) respectively.

6.3 Conclusion

We have calculated an accurate potential energy surface of the X1A′ state of AlF-AlF interac-
tion. The interaction is highly anisotropic but attractive. The potential energy surface has only
one minima (global minima). It is surprising that there is no local minima for the AlF-AlF in-
teraction. The global minima configuration is a rhombus structure with a depth of 12900 cm−1.
The difference in the AlF-AlF ground state well depth with rigid rotor approximation and com-
plete optimization is 10500 cm−1 which is huge. We conclude that rigid rotor approximation
poorly describes the AlF-AlF interaction in the short range. We explored the excited potential
energy surface for seven selected configurations. It is important to note that the first excited
state a3A′ is separated from the ground state and the higher excited states for all the selected
configurations of the AlF-AlF complex.
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7 AlF-Rb

The first realisation of Bose-Einstein condensate was in a dilute gas of rubidium-87 atoms at
170 nanokelvein [6]. Since then the rubidium has become one of the most researched atom in
ultracold physics. Ultracold rubidium atoms have been successfully used to sympathetically cool
atoms like ytterbium [257], lithium [258], rubidium-85 [259] and molecules like OH− [260].
In this chapter, we report the potential energy surfaces for the interaction between aluminium
monoflouride molecule and rubidium atom to study the possibility of sympathetic cooling of
AlF molecules and observing magnetic Feshbach resonances in this system.

The ground state of rubidium atom is a doublet 2S1/2 and that of aluminium monoflouride
molecule is X1Σ+. The ground state of AlF-Rb dimer is X2A′. The electronic structure calcu-
lation of AlF-Rb interaction energy will help us model sympathetic cooling of AlF molecules in
by rubidium.

Table. 7.1 lists the AlF-Rb states I study in his chapter. The potential energy surfaces for the
ground state, first two excited doublet states and two high-spin quartet states are reported. In
this chapter, we discuss the relevant methods used and report the potential energy surfaces of the
AlF-Rb interaction in ground and few excited states. These calculations are a starting point to
understand the nature of AlF-Rb interaction which is essential for sympathetic cooling of AlF
molecule using cold Rb atoms.

7.0.1 Methods

I used the exact two-component coupled cluster single double and perturbative triples method
with relativistic basis set (CCSD(T)-X2C/aug-cc-pwCVQZ-X2C) [261, 262, 263] to calculate
the potential energy surfaces for the AlF- Rb interaction in its ground stateX2A′ and in the high-
spin states 4A′ and 4A′′. A weighted core-valence basis set is used to improve the description
of core-valence electron correlation. For the excited states B2A′ and A2A′′, MRCI/aug-cc-

Figure 7.1: The Jacobi coordinates for the AlF+Rb systems.

91



7 AlF-Rb

Table 7.1: AlF-Rb states we report on.

Molecular states Asymptotic states Methods
X2A′ X1Σ+ + 2S CCSD(T)-X2C
B2A′ X1Σ+ + 2P MRCI
A2A′′ X1Σ+ + 2P MRCI
4A′ a3Π+ 2S CCSD(T)-X2C
4A′′ a3Π+ 2S CCSD(T)-X2C

pwCVQZ-PP method is used. Pseudopotentials are used to prevent the explicit treatment of core
electrons and for AlF-Rb due to large number of electrons. Pseudopotentials reduces the size of
basis sets and number of explicitly treated electrons while also including the relativistic effects
in turn reducing the computational effort [264].

The interaction energy, Vint (R, θ), is calculated using the supermolecular method as follows.

Vint(R, θ) = EAlF+Rb(R, θ)− EAlF (R, θ)− ERb(R, θ) (7.1)

where EAlF+Rb is the total energy of the complex, EAlF and ERb are the energy of the
monomers in the dimer basis set to account for basis set superposition error.

Analytic gradient of energy is used to optimise the AlF-Rb geometry. The optimisation of
AlF-Rb coordinates was done using CCSD method with aug-cc-pVTZ basis set for aluminium
and fluorine and the pseudopotential basis set ECP28MDF basis set for Rubidium.

7.0.2 Results

Fig. 7.2 (a) reports the potential energy surface of the ground state, X2A′. The global minima
of the ground state X2A′ lies at R = 6 bohr, θ = 58◦. The configuration is non-linear with
rubidium near flourine. The depth of the potential is 1600 cm−1. The interaction appears to
be anisotropic with a high repulsive wall near aluminium. Fig. 7.2 (b), shows the Legendre
component of the potential energy surface. We see that the deepest component is the second
Legendre component (λ = 1), followed by the fourth component. The zeroth component which
is the isotropic part dominates the interaction in long range. We observe that the interaction is
anisotropic in short range and remains isotropic in the long range. CCSD optimization of the
AlF-Rb complex arrived at a minima where R = 6.2bohr, θ = 60.3◦, rAlF = 3.32 bohr. The
complete optimization of the AlF-Rb complex still gives a global minima very close to the one
obtained within the rigid-rotor approximation, confirming its validity.

The B2A′ state potential energy surface can be seen in Fig. 7.3 (a). The global minima
of the interaction lies at R = 7.74 bohr, θ = 180◦ with a well depth of around 8800 cm−1.
The global minima configuration is linear with rubidium near aluminium while a local minima
of about 7500 cm−1 depth exists at a non-linear configuration with rubidium near flourine at
r = 6.2bohr, θ = 32◦. The potential energy surface seems to be highly anisotropic at short
range but as we see in Fig. 7.3 (b), the isotropic Legendre component (λ = 0) seems to con-
tribute significantly in long range. The interaction is dominated in the short range by the second
Legendre component which is linear in cos θ. We can also note that in the short range up until
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Figure 7.2: Panel (a) shows the two-dimensional cuts through the ground state potential energy
surface of AlF-Rb interaction. Panel (b) shows the first 11 Legendre components of
the potential energy surface. The level of theory used is CCSD(T) − X2C/ aug-
ccpwCVQZ-X2C.

R = 10bohr, the third and the fourth component (λ = 2 and λ = 3) also contribute significantly
indicating the highly anisotropic nature of the interaction in short range.

Fig. 7.4 presents the potential energy surface of the A2A′′ state. The global minima is about
10300 cm−1 deep at R = 7.5 bohr, θ = 180◦ while there is a local minima at R = 5.5 bohr,
θ = 61◦ of 9900 cm−1 depth. The global minima configuration is linear with rubidium near
aluminium and the local minima configuration in non linear with rubidium near fluorine. De-
spite the differences in the depth, we can note the similarities betweenB2A′ andA2A′′ potential
energy surfaces, they both have almost the same global minima configuration and also a lo-
cal minima near fluorine. From the Legendre decomposition of A2A′′ we can observe that in
long distance the isotropic λ = 0 component dominates the interaction and contributes signif-
icantly even in short range. At short range, the first Legendre component which is anisotropic
contributes most to the interaction.

The quartet 4A′ state potential energy surface of AlF-Rb interaction is presented in Fig. 7.5.
The global minimum lies at R = 7 bohr, θ = 0◦ which is a linear configuration with ruidium
near fluorine. The depth of the potential well is about 1370 cm−1. Compared to the five states
we report for AlF- Rb, it is interesting to note that there is a linear global minima configuration
with rubidium near fluorine only for the 4A′ state. Unlike the other potentials, 4A′ potential
has a high repulsive wall when rubidium approaches aluminium. This wall separates the global
minima from a shallow local minima near the linear configuration at R = 11bohr, θ = 180◦

with a depth of 150 cm−1. Another interesting thing to note is that the interaction landscape of
AlF molecule ( a3Π ) with rubidium atom is very similar in pattern to the interaction of AlF with
He molecule b3A′. The global minima of both the interactions lie near the linear configuration
where the atom approaches the AlF molecule from the side of aluminium. Both the surfaces
have a local minima near flourine which is separated by a huge repulsive region. So, in both
cases, the most attractive part of the potential lies near the linear configurations.

Fig. 7.6 shows the potential energy surface for the 4A′′ state. The global minima of the inter-
action lies near the perpendicular geometry at R = 5.5 bohr, θ = 62◦ with a well depth of about
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Figure 7.3: Panel (a) shows the two-dimensional cuts through the B2A′ state potential energy
surface of AlF-Rb interaction. Panel (b) shows the first 11 Legendre components of
the potential energy surface. The level of theory used is MRCI/aug-cc-pwCVQZPP.
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Figure 7.4: Panel (a) shows the two-dimensional cuts through the A2A′′ state potential energy
surface of AlF-Rb interaction. Panel (b) shows the first 11 Legendre components of
the potential energy surface. The level of theory used is MRCI/aug-cc-pwCVQZPP.
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Figure 7.5: Panel (a) shows the two-dimensional cuts through the 4A′ state potential energy
surface of AlF-Rb interaction. Panel (b) shows the first 11 Legendre components
of the potential energy surface. The level of theory used is CCSD(T)-X2C/aug-
ccpwCVQZ-X2C.
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Figure 7.6: Panel (a) shows the two dimensional cuts through the 4A′′ state potential energy
surface of AlF-Rb interaction. Panel (b) shows the first 11 Legendre components of
the potential energy surface. The level of theory used is CCSD(T) − X2C/ aug-
ccpwCVQZ-X2C.
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6600 cm−1. There is a local minima at R = 7.2bohr, θ = 180◦ with a well depth of 3880 cm−1

which is separated from the global minima by a repulsive barrier of about 200 cm−1. The sur-
face looks fairly isotropic indicated by the dominant isotropic λ = 0 Legendre component. But
at short range, λ = 1, 2, 3 contribute significantly to the interaction. We should note that when
AlF molecule is in the a3Π state, the resultant AlF-Rb states of different symmetries, 4A′ and
4A′′, have completely different potential energy surfaces with a linear and near perpendicular
non linear global minima configuration, respectively. As in the case of the 4A′ state, the 4A′′

potential energy surface is also similar in shape to that of a3A′′ state of the AlF-He dimer. Both
the potential energy surfaces have the global minima near the perpendicular geometry and at
long inter monomer separation, the isotropic Legendre component λ = 0 dominate both the
interactions.

7.0.3 Conclusion

We have reported the potential energy surfaces of AlF-Rb interaction for the states X2A′, B2A′,
A2A′′, 4A′ and 4A′′. The excited states of the AlF-Rb interaction are much deeper than the
ground stateX2A′ which is 1600 cm−1 deep. There are similarities between the potential energy
surfaces of AlF-Rb and AlF-He interactions. The potential energy surfaces we report serve as
an important starting point to understand the nature of this interaction and can be used further
in scattering calculations. As atoms are easier to cool down than molecules due to their simple
electronic structure, sympathetic cooling of molecules using ultracold atoms seems to be a viable
option.

96



8 Summary and Outlook

The main results of this thesis is the detailed ab initio study of aluminium monoflouride molecule
and its interaction with helium atom, with another AlF molecule and rubidium molecule. We
were also able to observe the i ) convergence of various ab initio methods to basis set cardinal
number, , ii) significance of including core electron correlation, iii) significance of the relativistic
correction and iv ) the accuracy of rigid rotor approximation. As we are restricted to use finite
basis sets, it is important to study the basis set cardinal number convergence to understand the
accuracy that is achievable with a certain method. The interesting aspect is that these trends
vary for the systems we studied. It is an important example to demonstrate how to perform an
efficient ab initio electronic structure calculation for a particular system.

Buffer gas cooling is a broad cooling technique which can be used on any species and is a
convenient and robust first step in the cooling technique. The ab initio study of AlF-He interac-
tion and scattering shows great prospects for buffer gas cooling of AlF molecule. The AlF-He
interaction is weak, anisotropic and uninfluenced by relativistic effects. We constructed highly
accurate potential energy surfaces using the explicitly correlated coupled cluster method for the
AlF-He interaction. Coupled channel scattering theory was then used to calculate the scattering
cross sections of the AlF-He collision outcomes. The uncertainty of the potential energy surface
were estimated, and the sensitivity of the scattering results to the scaling of the potential was
studied to give us a better idea of the predictability of the results. The ratio of elastic to inelastic
collisions provides information on how the outcomes change with temperature. This helps us
to determine the optimal temperature for buffer gas cooling, ensuring that we select the most
favourable conditions for subsequent processes.

State of the art potential energy surfaces for the AlF-AlF interaction in its ground state is
reported. The four-dimensional potential energy surface can be used in collision calculation to
predict the outcome of evaporative cooling. Unlike the other interactions we have studies, AlF
is a polar molecule with a dipole moment of 1.53D, hence AlF-AlF is special because of the
dipolar interaction which are long range and anisotropic. The long distance behaviour of the
interaction will be of the form 1

r3
, where r is the intermonomer separation. The AlF-AlF is an

interesting complex which has a global minima deep seated inside a highly repulsive wall within
rigid-rotor approximation. It is important to note the complex, when allowed to relax, arrives
exactly at one minima which is about 13 · 103 cm−1 deep. The excited state potential energy
curves we have reported for the seven selected configurations show the crossings and separation
between the low lying and excited states.

The potential energy surface for 5 states of AlF-Rb dimer is reported. The ground state of the
interaction is around 1600 cm−1 which is deeper compared to other complexes such as NH−Rb
(630 cm−1 ) [268] and OH− − Rb

(
405 cm−1

)
[265]. The excited doublet state of the AlF-Rb

complex are much deeper and less anisotropic than the ground state. It is interesting to see that
AlF molecule in a3Π state has a similar shape of interaction energy surface with helium and
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rubidium but with different energy scales. The potential energy surfaces we report give us an
insight into the interaction between rubidium and metal halides which are great candidates for
ultracold studies. This result can be used for collision calculations to predict the outcome of
sympathetic cooling and magnetic Feshbach resonances.

On the whole we present a comprehensive ab initio study of aluminium monoflouride and
the underlying mechanisms for cooling AIF. Apart from providing a theoretical benchmark for
experimental studies, this a great case study for effectively using ab initio methods.

A. Appendix A

A.1. The bound states for b3A′ and a3A′′ state of AlF + He⋆

Table A.1.: Bound states for b3A′ state of AlF + He. Energy in cm−1. J is the total angular
momentum, p is the parity of the state.

Jp

0+ -8.33 0.36
1− -4.02
1+ -7.97 -4.05 -0.17
2− -3.27
2+ -7.26 -3.35
3− -2.14
3+ -6.20 2.32
4− -0.66
4+ -4.79 -0.96
5+ -3.05
6+ -0.98

A. Appendix A

Table A.2.: Bound states for a3A′′ state of AlF + He. Energy in cm−1.J is the total angular
momentum, p is the parity of the state.
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Jp

0+ -22.15 -11.98 -8.88 -5.29 -1.83 -0.19
1− -21.15 -10.29 -5.77 -0.35
1+ -21.57 -21.30 -11.40 -10.70 -7.82 -6.76 -3.88 -2.29 -0.53
2− -19.86 -19.08 -9.02 -7.70 -4.16 -2.47
2+ -20.48 -20.31 -19.04 -10.35 -9.91 -8.08 -6.36 -5.88 -3.41 -1.94 -1.15
3− -17.98 -17.41 -15.73 -7.22 -6.34 -3.99 -2.02 -0.68
3+ -18.94 -18.86 -17.22 -15.74 -9.09 -8.36 -7.33 -4.51 -4.22 -4.03 -2.39 -2.45
4− -15.59 -15.20 -13.47 -11.29 -5.08 -4.17 -2.73
4+ -17.00 -16.96 -14.75 -13.52 -11.29 -7.44 -6.63 -5.58 -3.88 -1.77 -1.58 -0.58
5− -12.76 -12.50 -10.59 -8.65 -5.72 -2.68 -1.29 -0.80
5+ -14.66 -14.65 -11.71 -10.76 -8.66 -5.73 -5.43 -4.71 -2.95 -2.71
6− -9.55 -9.37 -7.10 -5.48 -2.80
6+ -11.93 -11.92 -8.24 -7.46 -5.48 -3.18 -2.81 -2.15 -1.12
7− -5.98 -5.84 -3.16 -1.74
7+ -8.82 -8.79 -4.48 -3.75 -1.77 -0.53
8− -2.07 -1.93
8+ -5.32 -5.29 -0.58
9+ -1.46 -1.42
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[175] İskender Öksüz and Oktay Sinanoğlu. “Theory of Atomic Structure Including Electron
Correlation. II. All-External Pair Correlations in the Various States and Ions of B, C, N,
O, F, Ne, and Na, and Prediction of Electron Affinities and Atomic Excitation Energies”.
In: Phys. Rev. 181.1 (1969), p. 54.

[176] K Jankowski and M Polasik. “An approximate method for the evaluation of electron
correlation effects on atomic energy differences”. In: J. Phys. B: At. Mol. Opt. Phys.
17.12 (1984), p. 2393.
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