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ABSTRACT

With recent advancements in experimental techniques, the study of diatomic molecules
at cold and ultracold temperatures has attracted considerable recognition in various
areas of research such as controlled chemical reactions, quantum computing, quantum
phase transitions, fundamental interactions, fundamental physical constants, etc. In
this context, the theoretical knowledge of numerous electronic and vibrational prop-
erties of diatomic molecules plays an important role in the design and development

of various such experiments.

In this thesis, we have investigated singly charged alkaline-earth lithides (AELiT):
BeLi", MgLi* and CaLi™, which have recently been considered for the examination of
elastic- and inelastic processes occurring during the ion-atom collisions and for pre-
dicting the feasibility of formation of these ions via photoassociation processes [1-4].
We have performed all electron calculations for the potential energy curves (PECs),
spectroscopic constants: equilibrium bond lengths (R.), dissociation energies (D),
harmonic frequencies (we), anharmonic frequencies (w.z.) and rotational constants
(B, and «.), and the molecular properties: dipole moments (pg), quadrupole mo-
ments (O..), components of dipole polarizabilities (o, a1, @, ) and dipole polariz-

abilities at the asymptotic limit () for the ground state of these molecular ions
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using higher - order correlation methods and large optimized basis sets. The results
of quadrupole moments and dipole polarizabilities are reported for the first time in
our work, to the best of our knowledge. The errors due to the size of basis sets and
correlation methods are also estimated for all diatomic constants and molecular prop-
erties of ground electronic states. Further, the effect of diffuse functions on molecular
properties has also been investigated. It has been found that the inclusion of rel-
ativistic effects alters the electronic energies for the ground states of the molecular
ions considered in this work noticeably. However, the difference between the results of
diatomic constants calculated with the relativistic and the non - relativistic methods

is small and lies within the estimated error bars at the non - relativistic level of theory.

In addition, by using the PECs and permanent dipole moment (PDM) curves of
ground electronic states, we have calculated the vibrational parameters: energies,
wavefunctions, rotational constants and transition dipole moments (TDMs) between
the vibrational levels. The lifetimes of vibrational states are then computed using
relative vibrational energy spacings and vibrational TDMs. The lifetimes of ro-
vibrational ground states are found to be 4.67s for BeLi™, 2.81s for MgLi*, and
3.19s for CaLit. The lifetime of highest vibrational level of the ground electronic
state of MgLi™ (CaLi™) is calculated to be 19.35(2.38s) which is much larger than

(comparable to) the lowest vibrational level.

We have also investigated the low-lying excited states of these ions for their PECs,
diatomic constants and PDM curves. Further, the transition energies (7,) and the
TDMs for the transitions from the ground to the excited electronic states are reported.
We have made detailed comparison of our calculations for electronic and vibrational
properties of AELi™ with the results available in the literature and emphasized on the
high accuracy attained in our work. Since very few calculations, particularly, for the
excited states are reported in the literature, our all-electron calculations computed

with large active space could stand as benchmarks for the theoretical studies on these
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molecular ions in future.

Another sub-species of diatomic molecules, viz., the heavier members of alkaline-
earth monofluorides (AEMFs), BaF and RaF, are the potential candidates for probing
the nuclear anapole moment that is of immense interest in contemporary physics [5-7].
In this connection, we have studied the molecular properties such as PDMs, compo-
nents of dipole polarizability (DP), parity (P) and time-reversal (7) - odd interaction
constants: W, and W, and hyperfine structure (HFS) constants for the ground state
of AEMFs, and also the static DPs of alkaline - earth and fluorine atoms. The PDM
of RaF, molecular polarizabilities for CaF and RaF, HFS constants of BeF and W,
for BeF, MgF, CaF and SrF molecules are computed and reported for the first time.
Further, the effect of augmentation of the basis sets on the valence properties; and the
contribution of triple excitations and also the contributions of inner- core electrons
on the HF'S constants of lower members of this series are investigated. The calculated
results using frozen core approximation show good agreement with the existing data,
wherever available. We have observed, however, that the accurate calculations of the
HF'S constants require the inclusion of core electrons as well as triple excitations at

the correlation level.

We believe that the results presented as part of this thesis using sophisticated many -
body theories and sufficiently large optimized basis sets would serve as benchmarks
for similar calculations in the future. They would also be beneficial for the exper-
imental spectroscopists who might consider working on these molecular systems in

future.
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CONVERSION FACTORS FROM
ATOMIC UNITS TO S.I. UNITS

Physical quantity Symbol a.u. S.I. unit

Electron mass Me 1 9.110 x 1073 Kg
Electron charge e 1 1.602 x 107°C
Distance ao 1 5.292 x 10~"'m

Energy B, 1 4.360 x 1071%]J
Angular momentum unit (h/27) h 1 1.055 x 10731 Js

Speed of light (1/ay) c 137.036 2.998 x 10®m/s
Electric field (Ey /e ag) € 1 5.1422 x 1011V /m
Dipole moment (e ag) Lo 1 8.4784 x 1073 Cm
Quadrupole moment (e a3) e 1 4.4866 x 1071 Cm?
Dipole polarizability (e? a2 E;, ')« 1 0.16488 x 10710 C?m?J~!
Fermi constant (E}, a) Gr 2.22249 x 107 1.1663787 x 107> Gev 2

X
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CHAPTER 1

INTRODUCTION

“Bverything that is living can be understood in terms of the jiggling and

wiggling of atoms” — Richard Phillips Feynman

Atoms are the basic building blocks of matter. It is, therefore, natural that their
meticulous study is required to comprehend various phenomena occurring in nature.
Indeed, the advancement in laser cooling and trapping techniques has opened up
newer perspectives in research with cold and ultracold atoms'. The developments in
experiments have also led to headways in theory and vice-versa. In fact, the the-
oretical knowledge of various structural parameters of atoms form the backbone of

several such experiments.

Over the course of time, various combinations of atoms forming a variety of molecules

have also undergone such theoretical and experimental scrutiny which provides a

'The Nobel Prize in 2005, awarded to J. L. Hall and T. W. Hansch for their contribution to
the development of laser - based precision spectroscopy including the optical frequency comb tech-
nique [8], and in 2012 to S. Haroche and D. J. Wineland for providing the experimental methods
that facilitate measuring and manipulation of individual quantum systems [9] also bear a testimony
to the rigorous progress in this field.
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brand new and an exciting array of scientific opportunities for fundamental research
and technological development. In particular, diatomic molecules have garnered spe-
cial attention as they have the simplest electronic structure beyond an atom. A
special class of these diatomic molecules containing alkaline-earth atoms form the
crux of this thesis, in which we have performed several ab initio structure and prop-
erty calculations for their ground - and excited states. Nevertheless, before we delve
deeper into the realm of these diatomic molecules, we consider recollecting some of
the basic concepts that are pre-requisites for a better understanding of the physical
and chemical properties of diatomics. Although, there exists numerous authoritative
textbooks [10-18] on this subject, the spectroscopic terms that are calculated and

discussed in the later chapters are introduced in the following sections.

1.1 Basics of Diatomic Molecules

1.1.1 The Rotations of a Diatomic Molecule

Consider a diatomic system containing two atoms of masses m; and ms, separated by
a fixed internuclear distance, R., and center-of-mass, C', as shown in Figure (1.1),
so that,

R. = R, + R,. (1.1)

In a center - of - mass frame, the radii of rotation and masses of atoms are related as,
my Rl = Mo RQ. (12)
The moment of inertia (I) of the system about C'is given by [10],

I =mR2 + moR3,
(1.3)
= Ri1Ry (my + my), using Eq. (1.2).
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Figure 1.1: A diatomic molecule with a fixed internuclear distance between its constituent
atoms, R,., and center - of - mass, C.

Plugging the values of Ry and R; from Eq. (1.1) into Eq. (1.2), we obtain,

me R, my Re
Ry = Mefte g, Ml (1.4)
mi -+ Me mi + Mo

On substituting these values of Ry and Ry into Eq. (1.3), we get,

myma 2

e’

mi + My (1.5)
= uR2,

where p is the reduced mass of the system.

In rigid rotator approximation, the energies of rotational levels, E;, can be calcu-

lated as,

2
E;

= J(J + 1),
2p B (1.6)

= B J(J + 1),
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h

where h <: 2—) is the modified Planck’s constant, J (= 0,1, 2, ...) is the rota-

7
2

tional quantum number and B, (z 5 Rz) is the rotational constant of a diatomic
M Ite

molecule at equilibrium bond distance. The energy required to raise a molecule from

a state J to a state (J + 1) is given by [10],
AE; = Ejpy — Ey = 2B, (J + 1). (1.7)

Thus, the absorption spectrum in the rigid rotator approximation consists of equally

spaced lines at 2B,, 4B,, 6B, ..., in terms of energy units.

For a real molecule, on the other hand, the internuclear position changes from R, to
R, in the rotating molecular reference frame, under the action of a centrifugal force,

| F%|, which is given by [13,18],

|F_;C| = MWQRa

2 (1.8)
= ] as |J| = pR*w,

with w being the angular velocity and J ( = VJ(J+1) h) being the rotational
angular momentum of a molecule. The centrifugal force given by Eq. (1.8) is balanced

by the restoring force, |Fi|, around the equilibrium point and therefore,
— = k(R — R.), (1.9)

where k is the force constant. Thus, the rotational energy gets modified as [18],

_ 1
C2uR?

1
E; + 5k:(R — R (1.10)
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For (R — R.) << R., Eq. (1.9) becomes,

2

R - R, = = .
( ) uwR3k w RSk

(1.11)

On substituting the value of (R — R.) from Eq. (1.11) into Eq. (1.10), we obtain,

|J7]
2 1 R?

7%
w? RSk

1
E; = + 5 (1.12)

R can be expressed in terms of R,, from Eq. (1.11), as,
|J?]

wk R

e

R:Re<1+ ):Re(l—i—x), with = << 1,

and therefore, one can write,

11
R R?

e

2| Y
-+ 3 — .| 1.13
kRl (M k R 1)
Hence, the energy of a non-rigid rotator given by Eq. (1.12) becomes,

132 |7 3139
EJ — 5 — + ...,
2uR? 2kp? RS 2Kk 3 RO (1.14)

= B.J(J +1) =D J*(J + 1) + HJ3(J + 1) + ...,

where D, and H,. are called centrifugal distortion constants and these are defined

via [18],
p,— I (1.152)
© T kRS o
and
3 At
H, = 212 18 R (1.15Db)

respectively. The centrifugal distortion constant, D,, can be shown to be equal to [18],

4B

7
We

D. (1.16)
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Rigid rotator Non-rigid rotator

00

[enll NS JLON TR SN

Figure 1.2: Comparison of the rotational energy levels of a rigid and a non - rigid diatomic
molecule.

where w, is the harmonic frequency of oscillation around the equilibrium point. The
change in the energies of rotational levels after evolving from a rigid to a non-rigid

diatomic molecule is as shown in Figure (1.2).

1.1.2 The Vibrations of a Diatomic Molecule

In the simple harmonic approximation, it is assumed that the compression and exten-
sion of the bond which holds the nuclei together, is equivalent to a vibrating spring
with a spring constant, k, as shown in Figure (1.3). It obeys Hooke’s law force and

the corresponding potential energy, V', of the system is given by,

V = %k(R - R.)% (1.17)
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Stretching

|

Figure 1.3: Vibrations of a diatomic molecule.

The energy of vibrational levels of a molecular system in the quantum harmonic

oscillator approximation is given by,

1
E, = (v + 5) hwe, (1.18)

1 |k
where v (= 0,1, 2, ...) is the vibrational quantum number and w, (z o —)
T\ K
represents the harmonic frequency of oscillation. The energy corresponding to v = 0,
1
viz., By = 3 hw, is called zero point energy of a molecule in the harmonic approxi-

mation. It never being zero indicates that the atoms bound in a molecule are always

in motion with respect to each other.

For a realistic molecule, on the other hand, if a bond between the two atoms is
stretched too far, the molecule will dissociate into constituent atoms at a particular
distance known as the dissociation limit. At this point, the force constant is zero and

any further increase in R does not change the potential energy of a system. Hence,
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5) limit
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Y 5
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Figure 1.4: Potential energy curve and energy levels of a diatomic molecule behaving
as an anharmonic oscillator, together with the ideal simple harmonic parabola (shown by
dashed curve).

the potential energy curve (PEC) flattens out at V' = D,, where D, is the equilib-
rium dissociation energy? measured with respect to the potential energy at R = R,,
as shown in Figure (1.4). The comparison of PEC for a real molecule (solid blue)
with the parabolic (dashed black) curve due to harmonic oscillator approximation
is also shown in Figure (1.4). The deviations in the PEC for a real molecule from
the one resulting from the harmonic oscillator approximation are due to anharmonic

effects. The empirical expression to define the anharmonic motion was given by P.

2However, the true dissociation energy of any molecule is equal to
Dy = D, — ZPE, (1.19)

where ZPFE is zero point energy, the vibrational energy, E,, as in Eq. (1.21), in the limit v = 0.
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M. Morse and is called the Morse potential [13],

V = D, (1 —exp|—a(R - Reﬂ)27 (1.20)

where ‘a’ is a positive constant for a given molecule having dimensions of inverse
distance. The energies of the vibrational levels corresponding to the Morse potential

are given by,

1 1\?
E,=(v+ 5 hw. — [ v + 5 hw, ., (1.21)

where z, is the anharmonicity constant corresponding to quadratic term of vibrational

energy, which is positive and small. Tt is related to D, and w, as [11,17],

hw?
4D,

(1.22)

We Le =

The more general expression for the vibrational energy, however, is written as a power

1
series in (v + 5) as [18],

1 1\’ 1\° 1\’
E, = v+§ hw, — v+§ hw, x. + v+§ hweye — v+§ Aweze+...

(1.23)
where y. and z. represent the anharmonicity constants corresponding to cubic and
quartic terms of vibrational energy with a rapidly decreasing magnitude. Hence,
these higher - order terms are dropped in the current work. The analytic expression
for the potential corresponding to this general expression for energy, however, is not

available.

The energy difference between the two neighbouring vibrational levels when only

the leading order anharmonic term is considered, is given by,

AEU = L1 — Eva
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= hwe[l — 2z (v + 1)]. (1.24)

As one moves towards the higher vibrational levels, the relative spacing between
the adjacent levels decreases due to the anharmonic effects and AE, — 0 at the
dissociation limit. Therefore, the maximum number of vibrational levels, v, can

be calculated using [10],
. (1.25)
On substituting the value of z. from Eq. (1.22) into Eq. (1.25), we obtain,

2D,

Umaz = B
e

— 1. (1.26)
1.1.3 Diatomic Molecule as a Vibrating Rotator

The diatomic molecule must be considered as a vibrating rotator as it completes
several vibrational periods (typically 10-100) during a full single rotation, as shown
in Figure (1.5) [18]. The energy of a vibrating rotator molecule can be calculated
as the sum of the energies of anharmonic oscillator and non - rigid rotator when the
coupling between the vibrational and rotational motion is ignored. It is defined upto

leading order terms in anharmonicity and centrifugal distortion, as below:

E, + E; = huw, (v + %) — AW, Te (v + %)2 + B, J(J 4+ 1) — D J*(J + 1)~

(1.27)
It has, however, been observed that as one move towards higher ‘v’, the rotational
constant of a system decreases due to the coupling between vibrational and rotational
motion. Therefore, the vibrationally coupled rotational constant associated with a

particular ‘v’ is denoted as B, and it is related to the equilibrium rotational constant,
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Figure 1.5: Vibrating rotator.

B, (for a diatomic molecule) as [13,17],

1
BU:Be—ae(v+§)—|—.... (1.28)
Similarly,
1
DU:D(&_BG (U+§)+, (129)

where «, and [, are small positive constants that depend on the shape of the PEC.

Within a given electronic state, as one moves from the lowest bound vibrational
state that lies near the minima of a PEC to the highest vibrational state at the dis-
sociative limit, the relative energy spacing between the vibrational states decreases
from few 1000 cm™! to ~ 1 cm™!. Further, a single vibrational state contains several
rotational states with energy spacing typically increases from 1 cm™! to ~ 100 cm ™!

as one moves from the lowest to the highest rotational state. A vibrational transition,

therefore, is accompained by a change in rotational levels. The selection rules for the
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ro-vibrational transitions, in general, are [10,11],

Av = +1,4£2,+3, ...,
(1.30)

AJ = £1.

The rotational transitions corresponding to AJ = +1 and AJ = —1 give the set of
lines called R-branch and P -branch, respectively. The energies of these lines can be
obtained by applying the selection rules AJ = £ 1 to the energy expression given by
Eq. (1.27) for B, = B, and D, = D,. By considering the transition from (v”, J"”)

to (v',J"), we have,

Ef = hw, (v —v")[1 — 2, (v + 0" + 1)] + 2By — 4Dy + J"* (Dyr — Dy)
+ 2.J" (DU// — 3Dv/) + J"? (Bv/ — By + Dyr — 13 Dv/)
+ J"(3By — By — 12D,),

for AJ = J — J' = +1,
(1.31)

and

EY = hw, (v = V") [1 — 2. (v + 0" + )] + J*"(Dy — Dy)+ 2" (Dyr + D)
+J"(By — By + Dy — D) — J" (By + By,

for AJ =J — J" = —1,

(1.32)

where (v”, J"”) and (v', J') represent the quantum numbers of lower and upper state,
respectively, and w, is the energy of the harmonic vibrational transition with J' =
J” = 0. The rotational transition lines corresponding to R-branch and P -branch
are labelled according to the J values of lower state as R(J") and P(.J"), respectively.
The pictorial representation of the vibrational - rotational transitions is depicted in

Figure (1.6).

If the component of the orbital angular momentum quantum number along the in-
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A A J_
' T 7
v!
>
20 x T 6
Q
= -
o ‘ , 5
r' s r 3 4
; 2
3 01
R(O)R(D) JR)[RGR(|R(S) |R(6) P(HIPQ|POIPHIPG|P©)| P(T)
JL
7
vll
6
5 o
4
5
0 - o]l

Figure 1.6: The vibrational - rotational absorption spectrum arising due to the transitions
from (v”, J") to (v/, J').

ternuclear axis is non-zero, (i.e., A # 0, non-¥ states), there exists an additional

branch in the vibrational - rotational spectrum. This branch, called @) - branch, arises

due to the rotational transitions with the selection rule AJ = 0. The energies of

transition lines corresponding to the @) -branch are given by,

EY = hw, (v — V") [1 — 2, (v + 0" + 1] + (J™* + 2J") (Dyr — Dy)

+ Jl/2 (Bv/ _ B’UN + D’UN — DU/) + J’/(BU/ — Bv//)’

(1.33)

for J = J".
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1.1.4 Electric Properties of Molecules

The electrostatic potential, cp”(?3 ), at a point 7 due to a continuous charge distribu-

tion with charge density p(7) is given by [14],

—

5 1 p(r) ..
P(r) = = dr, 1.34
O = o | T (134

where p(7) is the charge density and dr = dxdydz is the volume element. An

alternative expression for the electrostatic potential (which is often used in the cal-

The subscripts « and 3 represent Cartesian components. On substituting the above

Taylor series expansion into Eq. (1.34), we get,

1 1
. -
P = o | Lo
d 1 . .
2 (o), LA e

] 52 . (1.36)
" 5; <37“a67“/3 |7 — *|)H /FP(F) o = Toa) (g = Top) 47
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41 > > ! Qus + (1.37)
2045 87“0487“B|7:;—7?| F=7, o0 B .
where,
q = /p(F) dr’ is the total charge, (1.38a)
pa (7)) = /p(F) (ra — To,a) dris the electric dipole moment, (1.38b)
and

Qap(T,) = /p('F) (ra — To,a) (T3 — 70,3) di" is the quadrupole (1.38¢)

T

moment (QM, wiz., second - order electric moment) tensor.
Further, the traceless® QM tensor, ©,4, can be defined as,

Ouali7) = 5 [ 300 = o) (4= o) = 6o = | s (139)

The electric field in molecules is generated due to the charges of the electrons as
well as the nuclei. In the Born-Oppenheimer approximation (BOA)?%, the charge
distribution due to the electrons, pe (7), is continuous, whereas the nuclei form a
discrete charge distribution, py (ﬁ 4). Therefore, the ar- component of the permanent

dipole moment for the molecules is gives as [14],
) = / (Fe = Toa) pa(F)dF + 3 Zae(Ra — 100),  (1.40)
v A

where Z4 e is the charge on the nucleus located at Ra.

3The sum of diagonal components is zero, i.e., Z Oua = 0.

«@
4This approximation is discussed in Chapter 2.
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In quantum mechanics, the charge density due to n-electrons is defined as,

pa(7) = —e<\If0 ié(ﬁ- — ) \p0>. (1.41)

Hence,

o) = [ o = 700} (=0 <q,

_ <\1/0

- ez (Ti,a - To,a)
= (Mel)oz + (Nnucl)om

i 5<Ti,a - To,a)

‘I’0> + Z Zpae(Rao — Toa),
A

\I[0> d'ra + Z ZAe(RA,a - To,a);
A

7

(1.42)
where (pter)a and (fnuer)a represent the electronic and nuclear contributions to the

total dipole moment, respectively.

Similarly, the quantum mechanical expressions for Q.5 and 6,5 are [14],
- GZ (Ti,oz - To,oz) (Ti,ﬁ - TO,B)

| ")

i (1.43)
+ > Zae(Rao — Toa) (Rap — Top),
A

Qus(7) = <\Ifo

and

n

_ez 3(Ti,a - To,a) (ri,ﬂ - TO,B) - 5aﬂ (7:; - 7/_‘)0)2

7

. 1
@aﬁ(ro) - 5 <\IIO
1 -
+ 5; ZA€|:3 (RA,a - To,oz) (RA,ﬁ - To,ﬁ) - 5aﬁ (RA - Fo)2:|a
respectively.

It has been suggested by Diercksen et al. [19] that the finite- field approach should

be taken as the “legitimate” method to perform the electric property calculations
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that are directly related to experimentally measurable quantities. Therefore, we have

described this method briefly below.

Finite - Field Method

In the presence of an external electric field, £, and the field gradients, £, the energy

E(g, €) of a system can be written as a Taylor expansion [20],

—  ~ Y d — — 1 — —
E<57 5) =qy (To) - Z Ma(ro) 5a<ro) - g Z @Ofﬁ(TO) 80&5<TO> + LRI (145)
o ap
where,
or
@ _»0 = - = s 1.46
1o (75) A (1.46)
and
oE
Oup(1,) = =3 —— 1.47
5(7%) Feasl) |, (1.47)

If z- axis is considered as the internuclear axis of a molecule, then the z-component
of the QM (©,.) can be expressed as the negative sum of other diagonal components
as,

0., = — (O + 0,,). (1.48)

Further, ©,, = ©,, for a linear molecule which has a cylindrical symmetry about

the internuclear axis, and therefore,

0. = —20,,. (1.49)

Further, dipole polarizability (DP, a,g), which is a second - rank tensor can be cal-

culated as,

(1.50)
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By calculating parallel (] = a..) and perpendicular components (o) = 0p = ),
one can calculate the average (@) and the anisotropic () polarizabilities, respectively,
through the equations,

(Oz” + 2« J_)

N = ————" 1.51
o =, (151)

and

v = (g —ay) (1.52)

The finite - field method discussed above comes with some disadvantages though, such

as [21],

(i) As the electric properties in this method are calculated using the numerical
differentiation of the energy with respect to the external perturbation, the ac-
curacy of energy calculations should be much higher than usual. This then

becomes computationally expensive.

(ii) To calculate each property, one has to perform at least two (or more) separate
energy calculations with different electric field strengths at the SCF and also,
at the correlation level. In contrast, computations of the property using the
expectation value method requires only single calculation using the unperturbed
Hamiltonian. Hence, the finite-field method increases the computational cost

several fold.

1.1.5 Electronic Quantum Numbers

The most suitable coupling scheme to designate the electronic states for diatomic
molecules is that which is equivalent to the Russell - Saunders scheme for atoms [12].
If there is no heavy nucleus available in the molecule or in other words, when the
spin - orbit interaction is weak, the orbital angular momentum, L, gets strongly cou-

pled to the internuclear axis by the electrostatic field created by the nuclei®. Hence,

°This situation is referred to Hund’s coupling case (a), as shown in Figure (1.7) [11,12,15].
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L is no longer a good quantum number, while the component of L along the in-

> my(i)

i=1
The symbol m; represents the projection of orbital angular momentum of an elec-

ternuclear axis, i.e., A = = |M,|, is a good quantum number [11,12].

tron and M, represents the projection of total electronic orbital angular momentum
of an n-electron diatomic molecule on the molecular/symmetry axis. In this sce-
nario, the molecular orbitals are labeled as o, 7, §, ..., corresponding to the values of
|my| = 0,1, 2, ..., while the molecular electronic states are designated by the sym-

bols 3, II, A, ®, ... corresponding to the positive integer values of A = 0, 1, 2, 3,.. ..

The spin angular momentum, S, on the other hand, is not coupled with the elec-

trostatic field but with the magnetic field component along the internuclear axis due

< Oh

Figure 1.7: Hund’s coupling case (a).

to the orbital motion of the electrons. The projection of S along the internuclear
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axis, i.e., X%, can take the values,

N =255-1,.., -5

The multiplicity of any molecular state is specified by (2S5 + 1) and is represented by
an upper left prefix to the electronic state symbol. As an example, consider electrons
in the 7 (m; = £1) and § (m; = +£2) orbitals, such that the total orbital angular
momentum projection, A = lor 3. For such a scenario, the molecular state symbol
would be either IT or ®. Further, if the spins of the two electrons are parallel (anti-

parallel), the state is designated as *II or 3® (I or '®).

For the same set of quantum numbers: S and A, the molecular states can be distin-

guished by the prefixes X7, 2, 3, ..., in the order of increasing energies.

The projection of total angular momentum along the symmetry axis is equal to the

sum of the projections of L and S in Hund’s coupling case (a) and it is given as,

Q=IA+3)

Thus, the term symbol for molecules is 25+ Ag.

On the other hand, if there is at least one heavy nucleus present in the molecule,
the spin - orbit interaction is sufficiently large. Due to this large spin - orbit coupling,
L and S can not be decoupled by the electrostatic field of the nuclei and hence, the
total angular momentum T (= L + S) couples directly to the molecular axis. This
coupling scheme is referred to as Hund’s coupling case (c)® as shown in Figure (1.8),

where A and ¥ are not good quantum numbers, while (2 is.

6This ¥ is different from the electronic state symbol corresponding to A = 0.

"By convention, the electronic ground state is labeled with the prefix X.

8Here, we have not discussed the Hund’s coupling cases (b) and (d), as they are not common in
practice. However, one can find the details of these cases in Refs. [11,15].
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(Oh

Figure 1.8: Hund’s coupling case (c).

Apart from the electronic angular momentum quantum numbers, one may need one
(for heteronuclear) or two (for homonuclear) additional symmetries: reflection (+/—)
and inversion (g/u: gerade/ungerade), to define the wavefunction of a diatomic
molecule. All linear diatomic molecules have a plane containing the molecular axis
and the nuclei, which is known as the plane of symmetry. The electronic wavefunction
may either be symmetric (+) or anti-symmetric (—) with respect to such reflection.
Hence, this reflection symmetry is applicable to all linear diatomic molecules. In con-
trast, the inversion symmetry is relevant only for homonuclear diatomic molecules
such as Bes, Liy etc. This symmetry is associated with the inversion of coordinates
of all electrons through the origin located at the center-of-mass. Therefore, this

symmetry is known as the center of inversion symmetry.

This thesis comprises of the structural studies of heteronuclear diatomic molecules

and they possess cylindrical symmetry about the internuclear axis. There are infinite
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rotations about C,, axis® and reflections in the vertical planes'® (o,). Hence, these
molecules belong to the Cy, point group. However, we have made use of Cy and
Cs, symmetry to carry out the ab initio calculations reported in this thesis. The

character tables of Cy and Cy, groups are given by Table (1.1) and Table (1.2),

Table 1.1: Character table of C5 point group symmetry.

Csy | E C5 | linear functions, rotations | quadratic functions
A1 1 z, R, 2?2,y 22,y
B|l1 -1 z,y, Ry, Ry Tz, Yz

Table 1.2: Character table of Cs, point group symmetry.

Cyw | E Cy o,(x2) o,(yz) | linear functions, | quadratic
rotations functions

A |1 1 1 1 z 22, y?, 22

A |1 1 -1 -1 R, xy

By |1 -1 1 -1 z, Ry Tz

By |1 -1 -1 1 Yy, R, Yz

respectively [22,23]. The symmetry element E is the identity operation that leaves
the molecule unchanged; Cs is a twofold symmetry axis; o,(2z) and o, (yz) represent
the reflection symmetry with respect to zz and yz planes. The symmetry labels A
(B) in the first column of Table (1.1) and Table (1.2) indicate symmetry (antisym-
metry) with respect to the Cy operation, and the subscripts 1 (2) to the symmetry
labels A and B in Table (1.2) indicate symmetry (antisymmetry) with respect to the
reflection operation about zz plane, o,(xz). Some additional details on the molecular

symmetries and symmetry groups are discussed in Appendix A.

9Rotation by any angle about this axis produces an identical configuration.
10A plane containing principal axis is known as vertical plane.
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1.1.6 Selection Rules for Electronic Transitions

In BOA, consider two electronic states of a diatomic molecule which are given by [17],
V(7 R)) = |V,(FR)) U (R)Up(R)), (1.53a)

and

[U"(7, R)) = [V R)) [V (R) U n(R)), (1.53b)

where W, is the electronic wavefunction, ¥, is the vibrational wavefunction and W
is the rotational wavefunction. The wavefunctions with single prime (") correspond
to the upper state, while the wavefunctions with double prime (") correspond to the

lower state.

The dipole matrix element corresponding to the E1 transitions, if the molecular

rotation is ignored, can be written as'!,

—

}u}\If”FR),

—

(M R)W U (R)),
= (V,(7, é)qfv/ R) | fier + fipuer | V(7 B) Uy (R)), from Eq. (1.42)
(7 B) | (7 B)) (W (R | finuer |V (R))
(7 R) W (R) | fia [ W07 R )W (R)).
(1.54)

As the electronic states are orthogonal to each other, the first term in the above

equation is equal to zero and the matrix element in second term becomes,

—

[ AR v R) [ v ) v ) = [ AR 0 () MR
(1.55)
where M,(R) represents the electronic transition moment function. It is assumed

that the variation of Me(ﬁ) with the bond distance, R, is slow and therefore, Me(ﬁ)

UThe details of selection rules presented in the subsection (1.1.6) are taken mostly from Ref. [17].
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can be approximated by its average value. Hence, Eq. (1.54) becomes,

(W ) [ 0 ) = M) [ dR () 0 (),
(1.56)

= M(R) (o' |v"),

—

where M,(R) is the average of electronic transition moment function. The electronic

transition probability is then given by,

2

(W7 R) | | 9" (7 R))|* = |M(B)|* (v ")

, (1.57)

where |(v'[v") ‘2 is called the Franck- Condon Factor (FCF).

For the electronic transition matrix element, M,(R) = (v, } Hel } ¥, to be non-

zero, it is necessary for the direct product of irreducible representations (IRs)
P(We) @ Tiia) @ T'(¥e) (1.58)

to contain totally symmetric IR, i.e., ¥ in O, and X7 in Dyop,. Because the parallel
component of the dipole moment [ ( fi), ] transforms as X7, while the perpendicular

component [ ( fle)zy] as I, in Do, therefore, the direct products

IL,
v, ® - ® (V") (1.59)

must contain the Z;r representation for E1 transitions in homonuclear diatomic
molecules. If the ground electronic state (7)) of a homonuclear diatomic molecule
is, say X 12; which is often the case, then the transition from this state to the
excited electronic state (|V’,;)) is E1-allowed if and only if I'(V’,) is II,, for the oper-

ator (fier)zy and XF for (fie).. Thus, the selection rules for E1-allowed electronic
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transitions can be written as,

AA =0, £1, (1.602)
+ &+, — & —, 4+ & —, in Y — X transitions, (1.60b)
g & U, g g, u s U (1.60c¢)

Note that the transitions X7 < IT and X~ < II are also allowed transitions.

As the dipole moment operator does not depend on the spin-coordinates, the spin
selection rules for small spin-orbit coupling, i.e., for Hund’s coupling case (a), must
be,

AS = 0. (1.61a)

AY = 0. (1.61b)

For Heteronuclear diatomic molecules, on the other hand, the selection rule given by

Eq. (1.60c) is not applicable as they do not possess centre of symmetry.

For Hund’s coupling case (c¢), when spin-orbit coupling is sufficiently large so that
A and ¥ are no longer good quantum numbers, then the selection rules given by

Eq. (1.60a), Eq. (1.61a) and Eq. (1.61b) are not applicable.

1.2 Literature Survey

Atoms and molecules have been extensively surveyed to better understand the funda-
mental theories, fundamental constants and the properties of fundamental quantities.
The recent advancements in both theoretical and experimental methods make the field
of atomic and molecular spectroscopy even more fascinating and fruitful that brings
together the researchers from various areas such as nuclear physics, condensed matter
physics, astrophysics, atomic, molecular and optical physics, and chemistry for new

scientific explorations [24-26]. Ultracold atoms in optical lattices have opened up the
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door for the exploration of various interrelated areas of physics ranging from non-
linear dynamics to quantum computation. Trapped atoms in their Rydberg states
can be used in the field of quantum information processing [27, 28], while atoms
trapped in the optical lattices at ultracold temperatures have been used to illustrate
the quantum phase transitions [29-31]. Several neutral and singly charged atoms
have been studied theoretically as well as experimentally to improve the accuracy
of current time standard [32-38], which can be further used to improve the global

positioning system (GPS) measurements [39].

On the other hand, the presence of additional vibrational and rotational degrees of
freedom in the molecules makes the comprehension of their structure more complex,
challenging and non - trivial. Nevertheless, careful investigations on such systems can
provide a wealth of information which can be utilized for the exploration of various
interrelated areas of research [26,40]. To mention, cold and ultracold molecules can
be used in the study of the controlled chemical reactions [41,42], quantum compu-
tation [40,43-45], anisotropic- and long-range dipole-dipole interactions [46,47],
the variation of fundamental physical constants such as the proton - to - electron mass
ratio (m,/m.) [48-51], the fine structure constant (o) [50], etc. The heavy polar
molecules such as ThO, PbO, BaF, RaF, YbF, HfH", PtH*, etc., have been inves-
tigated for the search of the electric dipole moment (EDM): a symmetry violating
exotic property of an electron which hitherto has evaded detection [5-7,52-56] and
that plays a key role in understanding the physics beyond the standard model of
particle physics.

The small natural linewidths and systematic shifts (black - body radiation, quadru-
pole, Stark and Zeeman) in the ro- vibrational transitions of isotopomers: Hj and
HD" make them suitable candidates for a molecular ion clock which would be in-
sightful for the study of variation in the mass ratios (m,/m., proton- to-deutron:

m,/mg) [57-59]. Recently, a hybrid system of ultracold atom and ion, Li- Yb*, has
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been studied by Bissbort et al. [60] to imitate the properties of solid - state physics.
More recently, Kondov et al. have demonstrated the molecular lattice clock which
is based on vibrations in diatomic molecules [61]. The other emerging fields in-
cluding the study of two - species Bose- Einstein condensates [62-65], ultracold plas-
mas [66, 67|, atom-molecule collisions at low temperatures [68-70], and different
quantum phases such as checkerboard (CB), supersolid (SS), superfluid, etc., [47,71],

use ultracold gases of atoms and diatomic molecules.

A number of experimental techniques have been developed to unravel the complex
structure and properties of molecules. For such purposes, neutral molecules have been
formed using magnetic trapping via buffer gas cooling [72] and electrostatic trapping
of Stark decelerated molecules [73,74]. Photoassociation [75-80] and Feshbach reso-
nance [81,82] methods have been employed for the formation of ultracold molecules.
The formation of molecular ions by radiative association of cold atoms and ions has
been discussed in Ref. [83]. The cold molecular ions can also be formed by sympa-
thetic cooling using laser- cooled atomic ions [84-86]. An excellent review of such
and several other experiments related to high - precision measurements is presented

in Ref. [87].

Such advancements in the experimental techniques for precision measurements obvi-
ously need sound theoretical inputs to better understand various experimental aspects
and sometimes to complement the experimental results. For example, the accurate
determination of the PECs for the ground- and suitable excited electronic states is
required to analyze the transition lines in the molecular spectra [88-90], and to elu-
cidate various complicated processes occurring in the molecular systems [91-93]. In
addition to the spectroscopic constants that can be extracted from the PECs [equi-
librium bond lengths (R,), harmonic frequencies (w,), anharmonic constants (we.),
dissociation energies (D), electronic excitation energies (7,) and rotational constants

(B, and «)] [94], the molecular formation rates [95,96], the molecular properties [per-
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manent dipole moments (PDMs, p), QMs (©), DPs («), transition dipole moments
(TDMs) between the electronic states, hyperfine structure (HFS) constants, effective
electric field (e.rs), and parity (P) and time- reversal (7)) symmetry violating inter-
action constants] [52,55,97-102], and also the vibrational parameters [energies (F,),
vibrationally coupled rotational constants (B,), FCFs, lifetimes (7), TDMs, spon-
taneous- and black-body radiation (BBR-) induced transition rates between the
vibrational levels], are of interest to the experimentalists [59,103-107]. The accurate
theoretical predictions of these properties could shed light on different experimental
aspects. Therefore, meticulous calculations of the aforementioned properties require
the use of sophisticated many - body theories, some of which particularly the ones we

have used in this thesis work will be discussed briefly in the forthcoming chapter.

Having been motivated by the numerous applications of diatomic molecules in various
fields of fundamental importance, we set modest goals for this thesis as: (i) to pro-
vide electronic and vibrational properties of ground - and low - lying excited states of
singly charged alkaline - earth lithides (AELi* : AE =Be, Mg, Ca), (ii) to calculate the
atomic polarizabilities of alkaline - earth atoms, and molecular properties viz. PDMs,
components of molecular polarizabilities (o) and « ), HFS constants and P & T -
odd interaction constants of alkaline - earth monofluorides (AEMFs: AE =Be, Mg,
Ca, Sr, Ba, Ra). We aim to perform systematic calculations taking large optimized
basis sets together with large active space for correlation calculations using accurate

many - body theories.

1.3 Overview of the Thesis

A brief overview of the preceding chapters of the thesis is presented below:

Chapter 2: This chapter presents the basics of many-body methods that can be

used for the structural studies of atoms and molecules. First, we have given a brief
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description of the Born - Oppenheimer approximation. Then, the self consistent field
(SCF) method that provides the zeroth-order wavefunction for the post-SCF cal-
culations is presented. Further, a few of the most widely used post-SCF methods
such as configuration interaction (CI), many - body perturbation theory (MBPT) and
coupled - cluster (CC) theory including equation - of - motion CC (EOM - CC) method
are discussed. These methods are used for calculating spectroscopic parameters and
molecular properties reported in this thesis. Furthermore, the elementary concepts of
basis sets and diagonal Born - Oppenheimer corrections (DBOC) are also discussed. In
addition, a brief introduction to the quantum chemistry program packages: DIRAC,
CFOUR, MOLCAS, and LEVEL that are used for the calculation of electronic and
vibrational properties studied in Chapter 3- Chapter 5 is provided.

Chapter 3: This chapter includes the calculations of spectroscopic constants (R, D,
We, Wee, Be and ), and the molecular properties (19, ©., |, ar, @,y and o) for
the ground state (X1XT) of BeLi™ at different levels of correlation: second - order
many - body perturbation theory (MP2), coupled cluster method with single and
double excitations (CCSD) and CCSD with perturbative triples (CCSD(T)). The
correlation - consistent polarized valence Double/Triple/Quadruple Zeta (cc-pVXZ:
X =D, T, Q) basis sets and also their augmented counterparts are used together with
the non - relativistic and relativistic Hamiltonians. Further, by solving the vibrational
Schrédinger equation using the PEC obtained via the CCSD(T)/QZ method, we have
calculated the vibrational parameters such as energies, rotational constants, PDMs,
lifetimes, TDMs, spontaneous- and BBR - induced transition rates between different
vibrational levels of the electronic ground state. In addition, electronic and vibra-
tional parameters of a few low - lying electronic excited states are calculated using the
EOM-CCSD/QZ method. The electric dipole moments for the transitions from the
electronic ground- to the excited singlet states are also studied. In short, the work

published in Ref. [108] is the major content of this chapter.
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Chapter 4: In this chapter, we have reported the theoretical calculations of elec-
tronic and vibrational parameters of MgLi™ and CalLit molecular ions. These ions
have an electronic structure similar to that of BeLit. The X% electronic ground
states of MgLit and CaLi™ molecular ions have been investigated for their diatomic
constants and electric properties using sophisticated correlation methods as employed
in Chapter 3. The non-relativistic and relativistic Hamiltonians are used in con-
junction with TZ and QZ basis sets to carry out the calculations of ground state
parameters. The vibrational energies, the wavefunctions and the relevant vibrational
parameters are obtained by solving the vibrational Schrodinger equation using the
PEC and the PDM curve of the molecular electronic ground state. Thereafter, spon-
taneous- and BBR - induced transition rates are calculated to obtain the lifetimes of
the vibrational states. Further, a few low-lying electronic excited states of ¥ and
IT symmetries have been investigated for their electronic and vibrational properties

using EOM - CCSD/QZ method. This work has been published by us in Ref. [109].

Chapter 5: This chapter reports the atomic polarizabilities of fluorine - and alkaline -
earth atoms, and also molecular properties such as: PDMs, components of molecular
polarizabilities, HF'S constants and P & T -odd interaction constants (Wy, and W)
of AEMFs. A generalized active space (GAS) technique is applied to carry out the
atomic and molecular property calculations using the Kramers - restricted CI method
limited to single and double excitations (KRCISD). These calculations are performed
using frozen- core approximation together with the QZ basis sets for lighter atoms
(Be, Mg, F) and relativistic Dyall basis sets of similar standard for heavy atoms (Ca,
Sr, Ba, Ra), in uncontracted form. The calculated atomic and molecular properties
are compared with the existing experimental and theoretical results, wherever avail-
able. A part of this work has been published by us in Ref. [110]. some of the results

are being reported here in this thesis for the first time.

Chapter 6: This chapter presents the concluding remarks along with the future out-
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look of the work reported in this thesis.

At the end, we have given a couple of appendices that contain the illustrative
input files which may be necessary for running the softwares used to carry out the

work reported in this thesis.






CHAPTER 2

BASICS OF MANY - BODY
METHODS

“The quantum is that embarrassing little piece of thread that always hangs

from the sweater of space-time. Pull it and the whole thing unravels” —

Fred Alan Wolfe

The theoretical study of any quantum system involves finding a solution to the
Schrodinger equation,

HU = EV. (2.1)

In most of the cases, however, it is either impossible or extremely non - trivial to solve
the Schrodinger equation exactly. Hence, different approximations are employed in
order to simplify the task. A crucial first step in this regard is to invoke the Born-
Oppenheimer approximation in which the coupled motion between the electrons and

the nuclei is ignored.

33
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2.1 Born-Oppenheimer Approximation

The Hamiltonian for a molecular system containing n - electrons in the presence of N

nuclei is given as [12,111],

H:T6+TN+‘/6N+‘/66+VNN7

P, s 1 _, 1 "X Zye?
__2me;vi_? EVAJULWEO o 2. (2.2)

Figure 2.1: A molecular coordinate system showing all interactions between electrons (i, j)
and nuclei (A, B). The origin ‘O’ of the coordinate system is chosen at the center - of - mass
of two nuclei.
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nates; M4 is the mass of nucleus; r;x = |7 — ]%A\ is the distance between the "
electron and A™ nucleus; r;; = |7 — 7;| is the distance between the i"* and ;"
electron; Rap = |§A — §B| is the distance between the two nuclei A and B, as

shown in Figure (2.1). The first- and second terms in Eq. (2.2) represent the kinetic
energy operators for electrons and nuclei, respectively. The third term corresponds
to the attractive Coulomb interaction between the electrons and nuclei. The fourth-
and fifth terms correspond to interelectronic and internuclear Coulomb repulsions,

respectively.

Since the mass of even the lightest nucleus is much larger than the mass of an elec-
tron (~ 1800 times), one can assume that the relative motion of the nuclei within a
molecule is small and negligible in comparison to the motion of the electrons. In other
words, it is safe to consider that the positions of the nuclei are fixed with respect to
the electronic motion. This approximation is known as the Born- Oppenheimer

approximation.

For fixed nuclei, the second term of Eq. (2.2) can be ignored and the last term
of Eq. (2.2) can be treated as a constant quantity. The remaining terms in Eq. (2.2)

constitute what is known as the electronic Hamiltonian, H,;, viz.,

r
i=1 iA =1 j5>1

h2 - ZA 6
H, = — 2 2.3
= Vit oo ZZ ZZTU (2:3)
and the corresponding electronic Schrédinger equation is,
HyV, = E,¥,,. (2.4)

The H,; defined by Eq. (2.3) depends on the electronic coordinates explicitly, while

it has a parametric dependence on the nuclear coordinates. Therefore, the eigenfunc-
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<<?

Ry}

rotational levels

vibrational levels

Figure 2.2: Potential energy curve of a diatomic molecule.

tions of H,; depend on both electronic as well as the nuclear coordinates.
U, = Uy ({7} {Ra}). (2.5)

The sum of the eigenvalues of H, and the constant nuclear repulsion energies at
different internuclear distances form a potential energy curve for the nuclear motion

as shown in Figure (2.2).

~ 1 ZAZ362
V = E. —_ 2.6
Lt 41 e g Z Rup (2:6)

Hnucl = T 5 Z —VA + Va (27)

and the corresponding Schrodinger equation for the nuclear motion is given by,
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Hnucl \Ilnucl = E\I[nucla (28)

where F represents the total energy of a given system that includes the electronic
(Ee;), vibrational (E,) and rotational (F;) energies, and W, represents the nuclear
wavefunction. It follows from the BOA that the total wavefunction, ¥, of a molecular

system can be written as,
U = Ua({7i}; {Ra}) Yaua({Ba}). (2.9)

Further, the ¥,,,; can be factorized into vibrational and rotational terms so that one

can write U as,

U=, 0,0, (2.10)

where v and J represent the vibrational and rotational quantum number, respectively.

2.2 Hartree-Fock Theory

The electronic Schrodinger equation for a molecular system given by Eq. (2.4) in
the previous section cannot be solved exactly due to the presence of two-body in-
teraction term, i.e., the Coulomb repulsion between the electrons. To overcome this
problem, D. R. Hartree [112] proposed an approximation based on independent parti-
cle model (IPM) in which each electron moves independently in an average potential
created by nuclei and by all other electrons in a given system. However, the total
wavefunction for a system is not antisymmetric in this approximation. The gener-
alization of the Hartree approach which incorporates the antisymmetry requirement
was carried out by V. A. Fock and the method is now known as the Hartree- Fock
(HF) approximation. The relativistic equivalent of this is called Dirac-Fock (DF) or
Dirac- Hartree- Fock (DHF') approximation, which uses Dirac Hamiltonian in place

of Eq. (2.3). Thus, the electronic Hamiltonian given by Eq. (2.3) can be written
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as [111,113,114],
Hy = Hy + Vies. (2.11)

The first term, Hy, in the above equation represents the Hamiltonian in the HF /DF

approximation. For the non - relativistic case,

H

where ¥ represents the average one-body potential in the HF approximation.

On the other hand, for the relativistic case,

n 1 n N 7 62 n
Hy = HPY = ; [cai.pi + (6i—1)m602} “Ina Z Z ;:A + ZUDF(Ti)a
(2.12b)

i=1 A=1 i=1
where ¢ is the speed of light, p; is the momentum operator of the i** electron, u”*

is the average one-body potential in the DF approximation, while o and 3 are the

Dirac matrices. The standard representation of v and [ is given by,
o; = , where 1 = 1, 2, 3; b= . (2.13)

where o; are the Pauli spin matrices and [ is a 2 x 2 unit matrix. These matrices

are shown below [115]:

01 0 —1
o1 = y 02 = )
10 t 0
1 0 10
o3 = , and I = . (2.14)
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The second term, V.5, in Eq. (2.11) is the residual potential, defined as the difference
between the exact two-body Coulomb potential between electrons and the average

one-body potential in the HF approximation!,

res 47T€0 Z Z - = Z UHF Tz (215)

=1 j5>14 Z i=1

The eigenfunctions of HF Hamiltonian given by Eq. (2.12a) can be written as a single

Slater determinant of orthonormal basis as,

¢1(T1) <Z52(7’1) <Z53(7“1) <Z5n(7“1)

G1(ra)  Pa(ra) B3(r2) -+ Gulra)

@(7’1,7’2,... (216)

) 1
yTn) = —F—
Vn!

G1(rn)  G2(rn) @3(mn) - On(rn)

The columns in a Slater determinant represent single - electron orbitals, whereas the

electron coordinates are shown along the rows.

For a closed shell system, there is a restriction that each spatial orbital in a Slater
determinant should occupy two electrons with opposite spin. The electronic wave-
functions formed from such Slater determinants are known as the restricted HF (RHF)
wavefunctions [116,117]. On the other hand, if there are no restrictions on the total
spin of the system, i.e., the alpha and beta spin orbitals have different spatial or-
bitals, the wavefunction is known as the unrestricted HF (UHF) [116,117]. The UHF
method is also known as different orbitals for different spins (DODS) method.

The average one-body potential, known as the HF potential, is defined as,

2

Ly S [@iSione-wiSioie) e

i=1 j>1 ‘

47re ij

'From here onwards, all equations of this section are written in terms of the HF potential.
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The first term in the above equation is called the direct term which represents the
electrostatic Coulomb interaction of the i*" electron with the charge density of all
other electrons. The second term is called the exchange term of the HF potential
which has no classical analog and it appears solely due to the antisymmetric nature

of the determinantal wavefunction. Thus, the HF equation can be written as,

n

n h2 N ZAG HF
> e Vi WOZ G| 16 =3 alosd.  (218)

i=1 i=1

Since the HF potential given by Eq. (2.17) has a functional dependence on the spin
orbitals |¢;), the set of equations given by Eq. (2.18) need to be solved iteratively in
a self consistent manner. Hence, this method is also known as the self consistent field

(SCF) method.

The single particle wavefunctions and energies are obtained by minimizing the func-
tional, (®q | HI'" | ®y) — E[®y] = 0, using the variational principle. The integro-
differential equations given in Eq. (2.18) can be defined in terms of matrix eigenvalue

equations known as the Roothaan equations [111,118],
FC =¢€¢S5C, (2.19)

where I, C, ¢, and S represent the Fock matrix, eigenvector matrix, eigenvalue
matrix, and overlap matrix, respectively. For the orthogonal and normalized basis set,
S = I (the identity matrix); the eigenvalues (orbital energies) and the eigenvectors
(expansion coefficients) can be found by diagonalizing the Fock matrix similar to the
general eigenvalue problem. However, in case when the basis sets that are used for

the molecular structure calculations are not orthogonal to each other, ie., S # I,
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one has to find a transformation matrix? (X) so that,
Xtsx =1, (2.20)

and

C=X1'"C = C=XC, (2.21)

where C' is the transformed coefficient matrix. On substituting C = XC' in Eq. (2.19),
one obtains,

FXC = eSXC. (2.22)

Multiplying on the left by XT gives,
(XTFX)C = ¢(XTSX)C. (2.23)
By defining a transformed Fock matrix as F = X'FX and using Eq. (2.20), we get,
FC = ¢C. (2.24)

These equations are known as the transformed Roothan equations that can be solved

for C' by diagonalizing F.

The difference between the exact energy (Ferqer) and the SCFE energy (Escr) is
known as the correlation energy (E.q-.). To calculate E.,.., one has to consider the

post - SCF methods, which are discussed briefly in the next section.

2.3 Post-Mean- Field Methods

The accurate calculations involving interacting many - electron systems are non-

trivial and go beyond the simple mean - field methods such as the HF method. Unlike

2This matrix should be non - singular, i.e, inverse of a matrix should exist.
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the mean - field method, where each electron is assumed to interact with the effective
potential created combinedly by the nucleus and all other electrons, the post - mean -
field methods treat the instantaneous Coulomb repulsion between the electrons. Re-
sorting to the post-mean - field methods for many - electron systems is inevitable for
any accurate calculation of electron correlation effects. The most commonly and
widely used many - body methods are: configuration interaction (CI) method, many -
body perturbation theory (MBPT), and coupled - cluster (CC) method. All of these
methods are built over the HF wavefunction, which serves as their zeroth - order ap-
proximation. These methods are briefly discussed here. Further details of these

methods can be found elsewhere, for example in Refs. [111,119-121].

2.3.1 Configuration Interaction Method

The simplest approach for treating electron correlation is the configuration interaction
(CI) method. The CI method is more appropriately referred to as the method of
superposition of configurations as it involves the expansion of the many - electron

wavefunction as a linear combination of determinantal functions [111],

1\’ 1\?
0) = Cy| ®o) + (F) docren) + (5) docrery + ..., (2.25)
a,p ab, pq
here |®g) is the reference HF determinant, |®?) represents the singly excited deter-
minant in which one of the occupied spin orbital x, is replaced by one of the virtual

spin orbital x,, |®2]) represents the doubly excited determinant in which two spin

orbitals x, and x, are replaced by x, and x,, and so on, and C?, C¥? ... are the
corresponding amplitudes of excitations. The summation index a, b,... represent

1\ 2
the filled orbitals, while p, g, ... represent the virtual orbitals. A factor of (—') is
n!
added in front of each term to avoid multiple counting. The optimized coefficients
of various determinants can be calculated by the application of the variational prin-

ciple. The exact solution, for the given basis set, is obtained by using all the terms
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of CI expansion upto n-tuple excitations. This method is known as full CI. In the

symbolic form, the CI wavefunction can be rewritten as,

|U) = Cy|Py) + Cs|S) + Cp|D) + ..., (2.26)

where |S) includes all those determinants that arise due to single excitation. Similarly,
| D) includes all determinants involving double excitations, and so on. The coefficients
Cs and Cp are the amplitudes for single- and double excitations, respectively. The
matrix representation of the Hamiltonian operator in the basis |®;) is a n X n matrix
with elements,

(H)ij = (®;[ H | ®;). (2.27)

Using the symbolic notation, the full CI matrix can be written as,

%) |Pas) [Pabe) | Papea)
| Do) |15) D) ) Q)
(Pol (ol H|Po) 0 (®o| H| D) 0 0
(S (S|H[S)  (S|H|D) (S|H|T) 0
(D] (DIH|D) (DIH|T) (D|H|Q)
(T (TH|T) (T|H|Q)
(@ (QIH]Q)

As the CI matrix is Hermitian®, only the upper triangle elements are shown here.
The eigenvalues and the corresponding eigenvectors can be obtained by diagonalizing

the CI matrix. Further, it has to be noted that:

(i) (Po|H|S) = (Po| H|P?) = 0, i.e., the singly - excited determinants, |), do
not mix with the HF reference state, |®y). However, they can mix with |®g)

indirectly through the doubly excited determinants. This is a consequence of

3 A matrix is said to be Hermitian if it is equal to its own conjugate transpose, i.e., H;; = H]*Z
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Brillouin’s theorem [111].

(ii) The reference state can not be coupled with those determinants involving triple -

or quadruple excitations, viz., [(®o|H|PLL) = (| H |05 = 0]. Simi-

abc

larly, singles do not mix with quadruples [(®%|H|®Y5) = 0]. This is a

consequence of the fact that all those matrix elements in which two Slater de-
terminants differ by more than two spin orbitals are zero [111]. It indicates that
the blocks which are not zero in the CI matrix are scarce. For instance, consider

the matrix element,
(DIH|Q) < (g | H | Ppach). (2.28)

This matrix element is non-zero only if the indices a and b are the subset of

{c,d, e, f} and the indices p and ¢ are the subset of {r,s,t, u}.

For actual calculations, it is nearly impossible to consider all n - tuple excitations for
reasonably large basis sets because of practical limitations, such as the availability
of computer resources. Therefore, most often one uses the truncated CI expansion.
Usually, the truncation is done after the double excitation level, which is termed as

CISD (configuration interaction with single- and double excitations) method.

The main disadvantage of this method is that it is not size - consistent in its trun-
cated form, which is one of the desired properties for any many-body theory. A
method is said to be size - consistent if the energies of two systems say, A and B, and
of the combined system AB with A and B separated by sufficiently large distance,

calculated in similar ways, satisfy [119],
E(AB) = E(A) + E(B). (2.29)

In a more general way, the size- consistency can also be defined for the interacting

particles, when the energy of a many - particle system becomes proportional to the
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number of particles (n) in the limit n — oo [111].

2.3.2 Many- Body Perturbation Theory

In the perturbation method, the Hamiltonian of the system is divided into two parts:
a model Hamiltonian or a zeroth-order Hamiltonian (Hy) and a perturbation (H')
so that [120,122],

H=Hy+ H. (2.30)

The Hamiltonian Hy has known eigenvalues and eigenfunctions given by their solvable

Schrodinger equation,

Ho\q)(j)> — E(j)@(j)>. (2.31)

If the set {®(7)} is complete and |®(®)) is a good approximation to exact wavefunction,

|W), then one can write,

T) = [2©) + > KU |90), (2.32)

j=1
where K(7) is the j* - order perturbation coefficient. The coefficient for the zeroth-
order wavefunction is often chosen to be K(® = 1, which can be achieved by proper
renormalization of |¥). Similar to the wavefunction, the exact energy E can be

expanded in a perturbation series as,
E=F9 + EO + @ ¢ | (2.33)

The goal of perturbation theory is to obtain the perturbation coefficients K(/) and
matrix elements of the perturbing part of the Hamiltonian between the eigenfunctions
of Hy. Terms that involve products of n such matrix elements are grouped together

to comprise the n' - order perturbation theory.

In modern perturbation theory, the functional space for the wavefunction is divided
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into model space (P) and complementary space (Q) such that [120],
P+O=1 (2.34)

The basic idea is to find effective operators which act only on limited space known
as model space, but generate the same result as the original operators acting on the
whole functional space. Thus, the proper choice of model space plays an important

role in the success of perturbation calculations.

Note that MBPT is a fully size- consistent theory at any given order of perturba-
tion. This can be proved by using the linked - cluster theorem, which states that the
perturbation expansion of the energy of a many - electron system can be represented
only by linked diagrams, while the unlinked diagrams representing the disjoint exci-
tations completely cancel out [120]. Some of the disadvantages of MBPT approach
are given below [119,120]:

(i) This method, in general, is non - variational so that there is no upper bound on

the energy.

(ii) The number of terms beyond the second-order become too large to handle,
and it is impractical to consider MBPT to all orders of perturbation in any

computational calculation.

2.3.3 Coupled - Cluster Method

In a single reference approximation, the CC wavefunction is obtained by operating
the exponential operator on the reference wavefunction, |®g). It can be written

as [119,123],

W) = e |Dp),
1 1 (2.35)
= 1+T + in + T, + §T13+T1T2 + Ty + ...| | Do),
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where T (= T1 + Ty + T3 ...) is the cluster operator; Ty, Ty, T3, ..., T, represent
the excitation operators corresponding to single excitation, double excitation, triple

excitation, ..., n-tuple excitation. In second quantized notation, these operators can

be defined as,

Ty = ) thala, (2.36a)
a7p
1
T, = 1 Z ! a; ag aya,, (2.36b)
ab, pq

and so on, where a and a' refer to the annihilation and creation operator, respec-
tively. The subscripts a, b, ¢, ... denote the filled orbitals, and p, q, r, ... denote
the virtual orbitals. Therefore, Eq. (2.36a) represents the annihilation of an electron
from the filled orbital a, with the simultaneous creation of a virtual electron in orbital
p, and the amplitude of this single excitation is ¢#. Similarly, in Eq. (2.36b), a pair
of electrons is annihilated simultaneously from the filled orbitals (a, b) and created
in virtual orbitals (p, ¢) with an amplitude ¢’}. The diagrammatic representation of

these excitation operators are shown in Figure (2.3), where the horizontal line refers

Figure 2.3: The coupled - cluster amplitude diagrams for single- and double - excitations.

to the HF reference state.
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If one considers only first two terms in the definition of cluster operator, viz., T' =
Ty + T, one obtains CCSD (CC with singles and doubles) method; if one considers
first three terms, viz., T = T; + Ty + T3, one obtains CCSDT (CCSD with full

triples) method, and so on.

As the CC wavefunction is of exponential form, it includes linear as well as nonlinear
terms and hence, it takes into account a large class of correlation effects compared
to other methods at similar truncation levels. It has to be noted that the CC theory
is neither perturbative nor variational. The key features of this method are that it is
equivalent to all-order MBPT and fully size- consistent at any given level of trunca-
tion. Due to these advantages, CC theory has proved extremely useful for the study
of wide range of many-body systems such as atoms, molecules, nuclei, etc. Thus,

CC theory has been referred to as the universal many - body theory [124,125].

Equation - of - Motion CC Method

The conventional CC method, in general, is very successful for predicting an accurate
description of most molecular ground states, particularly when they are dominated by
a single - determinant. However, most of the excited, ionized and electron - attached
states are open-shell states with contributions from more than one-determinant,
which renders the CC method inadequate to provide reliable results. The EOM-CC
method is one of those methods that can be used to describe such states accurately.

The Schrodinger equation for the final target state is given by,

HU; = EVy. (2.37)

In this method, the energies and properties of desired excited electronic states are

obtained by applying the linear operator like CI on the ground- or initial state CC
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wavefunction (|¥)). The wavefunction for the final excited state is given by [119,126],
W) = R[Wy), (2.38)

where the subscripts 0 and f correspond to the ground- and excited electronic state
wavefunctions, respectively, and R is the linear excitation operator that can be written

as the sum of all relevant excitations as,
R=Ry+ R + Ry + Rs+ .... (2.39)

If the initial and final states are of different symmetry then R, = 0. The n'* order

excitation operator is given by,

1\2
R, = ( ) Z P ptagtbric .. (2.40)

n!

abc ...,
pqr...
where a, b, ¢, ... are the filled orbitals, and p, ¢, r, ... are the virtual orbitals. On

substituting the Egs. (2.35) and (2.38) into the Schrédinger equation given by Eq. (2.37),
we obtain,

HRel'|®y) = ERe” D). (2.41)

On multiplying Eq. (2.41) by e~T on the left side and using commutation between R

and T operator, we obtain,
[e"He" — E] R|®) = 0. (2.42)

The term (e=7 H e®') in the above eigenvalue equation is called effective Hamiltonian
(H). As H is non- Hermitian due to the non- unitary nature of CC operator e”, H
has left eigenfunction with the same energy eigenvalue, F, in addition to the right

eigenfunction,

(U] = (| Le T, (2.43)
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U) = e R|®y). (2.44)

Here L, being the de- excitation operator, is defined as,
L=DLy+ L+ Ly + L3+ ..., (2.45)

with

1 2
L, = (E) >l alpbigelr (2.46)
: par ...,
abc ...

It is important to mention here that the T', R, and L operators should be truncated
to some level of excitation so that the computations can be made manageable. In

general, the truncation is made after single- and double excitations. With this con-

straint, the EOM - CC method is known as the EOM - CCSD method.

Two sets of eigenfunctions satisfy the property of biorthogonality and therefore,
(U|0) = 1. (2.47)

The energies and properties (f) can be calculated, respectively, as,

E = (V|H|D),
. (2.48)
= (®o|LHR| Do),
and
0 = (\if|@|\11>, (2.49)

where O is a linear property operator.

The dipole strength for an electronic transition between the states ¥, and ¥ can be

calculated as,

Doy = (Vo || Ug) (T || To), (2.50)
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here p is the dipole moment operator defined by Eq. (1.38b). Further, Dy is related

to the oscillator strength, f7, as,

2m
= -——(AE)D 2.51
fr 3h2€2( ) Doy, (2.51)
where AE = (E; — Ep) is the electronic transition energy between the states W,

and Wy,

2.4 Basis Sets in Brief

The ab initio study of any atomic/molecular system essentially involves the intro-
duction of a basis set. A basis set is a set of known functions, {x;}, which is used to

construct a wavefunction?, @, as [12,116],

M
®=> Cixi, (2.52)

where C; are the expansion coefficients and M is the total number of basis functions.
A wavefunction formed from the known basis functions is not an approximation if
the basis set is complete. Nevertheless, an exact wavefunction is extremely difficult
to realize in actual calculations as a complete basis set requires a very large number
of basis functions and hence, large computational resources. Thus, one has to choose
a set of functions which has optimal qualities from the computational point of view

while producing the desired accuracy of the wavefunction for a particular problem.

In principle, the basis functions can be of several types: exponential, Gaussian, plane
wave, polynomial, etc. However, two types of basis functions: Slater type orbitals

(STOs) and Gaussian type orbitals (GTOs), are commonly used for atomic/molecular

4This wavefunction is the electronic wavefunction for atomic/molecular structure calculations.
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structure calculations. Mathematically, STOs can be defined as [116,121],

Xe.nt,m(s 0, 0) = NYiu(6, 0)r"~te™®", (2.53)

where N is the normalization constant, n is the principle quantum number, r is the
radial distance, and Y} ,,(6, ¢) are the spherical harmonic functions. The parameter
¢ is called Slater orbital exponent. The GTOs, on the other hand, can be described
as [116,121],

Xent,m(T, 0, 0) = NY, (6, 0) 22l o= (2.54)

with ¢ being the exponent of the Gaussian function.

The major difference between STO and GTO is the dependence on the radial variable
in the exponent. The presence of the r? term in the exponent of GTOs forces them
to have zero slope at the nucleus and also, GTOs fall off more rapidly away from the
nucleus than STOs. These features indicate that more GTOs are required (roughly
three times) than STOs to achieve the same level of accuracy [116]. Nevertheless,
the electron integral calculations are easier and faster with the GTOs than STOs.
Therefore, GTOs are considered to form the most successful expansion set to perform

electronic structure calculations [117,127].

The smallest basis set that includes only one basis function for each filled atomic
orbital is called minimal basis set. For example, minimal basis set for H and He
atom is single s-function (1s); for second - row elements, it includes two s- functions
(1s, and 2s) and one p- function (ps, py, pz). On the other hand, the commonly used
double-zeta (DZ) basis sets incorporate two functions for each atomic orbital, while
triple-zeta (TZ) uses three, and so on. Depending upon the nature of the molecular
property to be calculated, the accuracy of the results can be improved either by the
inclusion of core functions or by the inclusion of diffuse functions to the basis sets. To

mention, the valence properties such as electric moments and polarizabilities largely
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depend on tail part of the wavefunction and therefore, additional diffuse functions are
required for the accurate description of the outer part of the wavefunction [116]; the
properties such as HFS, P & T -odd interaction constants depend on the wavefunc-
tion near the nuclear region and hence, extra core functions are required for accurate

calculations.

If one diffuse function at each angular momentum (L) level is added to the basis
set, the basis set is known as singly augmented (s- aug-) basis set, if two diffuse func-
tions are added, the basis set is known as doubly augmented (d-aug-) basis set, and
so on. On the other hand, if tight functions are added to the basis set to determine

the core-core and core-valence correlations, the basis set is known as core- valence

(CV-) basis set.

In this thesis, we have used cc-pVXZ® (X=D, T, Q) basis sets of Dunning et al.
and Koput et al. [128,129] for the lighter elements, and Dyall basis sets® [130] of a

similar standard for the heavier elements.

2.5 Diagonal Born- Oppenheimer Correction

For the majority of the molecular calculations, the BOA discussed in Section (2.1), is a
very good approximation. However, demand in the high accuracy calculations for ro-
vibrational spectroscopy, quantum nuclear dynamics, molecular properties involving
different isotopes, etc., require the inclusion of finite nuclear mass effects [131-134].
These effects can be included in the PEC via first-order adiabatic correction to

the electronic energy calculated using BOA. This adiabatic correction is known as

5The exponents for s- and p basis functions are optimized using the HF method, whereas the
exponents for the polarized functions: d, f, g, ..., are obtained using the CISD method.
g
6These basis sets are optimized using the DF Hamiltonian with Gaussian nuclear charge distri-
bution.
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diagonal Born- Oppenheimer correction (DBOC) that can be evaluated using [135],

AEppoc = — — Z MA i xzy Z Uu| Vi, [Va), (2.55)
. 0
where M, is the mass of the nucleus A and Vg, = R R,; are the nuclear
A;

coordinates. The details of this correction term at different levels of correlation

methods can be found in Refs. [136-138].

2.6 Softwares for Structure Calculations

Several software packages such as CFOUR [139], GAUSSIAN [140], GAMESS [141],
MOLPRO [142], DIRAC [143], MOLCAS [144], LEVEL [145], etc., have been devel-
oped for performing the structure calculations of atomic and molecular systems at
various levels of correlation. Most of these softwares can be run on UNIX operating
systems. In the current section, we briefly discuss the capabilities of the softwares
that are used to calculate the spectroscopic constants and molecular properties of

diatomic molecules, reported in this thesis.

2.6.1 CFOUR

Coupled - Cluster techniques for Computational Chemistry (CFOUR) is a software
suite developed by Stanton et al. [139] for performing atomic and molecular properties
based on Mgller - Plesset perturbation theory and CC theory at the non - relativistic
level. Further, the DBOC, thermodynamic and several relativistic corrections can be

calculated with this software.

The ground state calculations for various spectroscopic constants and molecular prop-
erties can be performed with various approximations such as HF, CCSD, CCSD

with partial triples [CCSD(T)], CCSDT, linearized CCSD (LCCSD), LCCSD(T),
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LCCSDT, CISD, CISD including triples (CISDT), etc. The calculations of excited
electronic states of molecules for their PECs, equilibrium geometries, harmonic fre-
quencies, rotational constants, anharmonic constants, PDMs, static DP components,
QMs, oscillator strengths, TDMs between the electronic levels can be performed using
different theoretical approaches such as CI, EOM - CC method, etc. The correlation
calculations beyond the quadrupole excitation can be performed with the MRCC pro-
gram [146] interfaced to CFOUR. CFOUR program reads the ZMAT input file that
includes the information about atoms, basis sets, correlation method for the calcu-
lation of molecular properties (SCF and correlation energies, molecular geometries,
first- and second - order properties, etc.). A sample input to calculate energy and
first - order properties of singly charged BeLi molecule at SCF and CCSD(T) level of
theory for the cc- pVQZ basis set is shown in Appendix (B.1).

2.6.2 DIRAC

Direct Iterative Relativistic Atomic and Molecular Code (DIRAC) developed by Bast
et al. [143] is a program package for performing the relativistic calculations on atoms
and molecules. A number of theoretical methods such as DF-SCF, CI, CCSD,
CCSD(T), second - order MBPT (MBTP2), KRCI, and KRMCSCF (Kramers - restricted
multiconfiguration SCF), etc., have been implemented in this package together with
the 2-component, and 4-component Hamiltonians. These theoretical methods can
be used for performing various calculations for the ground electronic state, viz., the
energies, Mulliken population analysis, DPs, dipole moments, hyperpolarizabilities,
QMs, and magnetic properties, etc. In addition, the EOM-CC and KRCI meth-
ods are available for calculating excited state properties: energies, dipole moments,

TDMs between the electronic states, etc.

DIRAC software requires two input files, (1) *.mol file that includes the informa-

tion about molecular geometry, symmetry group and the basis set used for the cal-
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culation, and (2) *.inp file that seeks the required theoretical method, Hamiltonian,
energy threshold, nuclear charge distribution, active space, etc., for calculating any
particular property specified in the same file. A few sample input files for the DIRAC
program are given in Appendix (B.2).

2.6.3 MOLCAS

Molecular Complete Active Space (MOLCAS) is a quantum chemistry package de-
veloped by Karlstrom et al. [144] is useful for calculating the spectroscopic constants
and properties of molecules using multi- configurational approach where the single -
reference determinant is not enough to define the actual state of the system. Vari-
ous methods, such as complete active space SCF (CASSCF), restricted - active space
SCF (RASSCF), generalized active space SCF (GASSCF), complete-active space
second - order perturbation theory (CASPT2), multi-reference configuration inter-
action (MRCI) and multiconfiguration Pair- Density Functional Theory (MCPDFT)

etc., based on multi- configuration approach are available in MOLCAS.

The VIBROT (A Program to determine vibration-rotation spectrum of Diatomic
Molecules) module of the MOLCAS package is available for performing the vibra-
tion - rotation spectroscopic calculations of diatomic molecules. This program can be
used independently by feeding the numerical data of the PEC and PDM curve as
input. The cubic-spline fitting is available to interpolate the given potential. The
ro-vibrational parameters such as vibrational energies, rotational constants, vibra-
tional wavefunctions and TDMs between the vibrational levels can be computed by
solving the vibrational Schrodinger equation numerically using Numerov’s method.
The sample input file for the VIBROT program to calculate vibrational parameters
is provided in Appendix (B.3).
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2.6.4 LEVEL

LEVEL is a FORTRAN program written by Le Roy [145] that can be used for solving
the nuclear Schrodinger equation for bound and quasi-bound levels. A number of
analytical functions are available to generate potential energy functions. Further, the
potential energy functions can be corrected with the atomic - mass-dependent Born -
Oppenheimer breakdown correction. Depending upon the number of data points,
point piecewise polynomials/ cubic spline interpolation/ low - order piecewise polyno-
mials can be used for the interpolation. On the other hand, the inward extrapolation
can be performed using an exponential function fitted to three turning points and
outward extrapolation can be performed either as an exponential - type function or
as a sum of inverse- power terms. This program can be used for the calculation of (i)
vibrational - rotational energies, rotational constants, centrifugal distortion constants,
etc., for the vibrational levels of a single PEC (ii) TDMs, FCFs and radiative life-
times for all allowed transitions between the vibrational - rotational levels of a single
molecular state or of two different electronic states of a molecule. The sample input

file for the LEVEL program is given in Appendix (B.4).






CHAPTER 3

SPECTROSCOPIC CONSTANTS
AND MOLECULAR PROPERTIES
OF BelLi™

“The shortest interval between two points is the awareness that they are

not two” — Eric Micha’el Leventhal

3.1 Introduction

The diatomic molecules containing alkaline-earth elements have been studied ex-
tensively for over decades and yet, they continue to attract the attention of both
experimentalists and theorists alike even today. Some of the AEMFs have been
laser cooled and trapped [147-153] for the study of fundamental symmetry vi-
olating effects [5-7,154,155]. The alkaline- earth-monohydrides (both AEH and
AEH™) have been observed in several astrophysical atmospheres such as solar, stel-

lar, cometary and interstellar medium [156-160]. They have been studied both the-

99
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oretically [161-169] and experimentally [72,170,171]. The BeH molecules have been
considered for the molecular diagnostics of the fusion plasmas such as the one used in
International Thermonuclear Experimental Reactor (ITER) [162,172,173]. Further,
MgH™*, CaH* and SrH™ have been proposed for the tests of temporal variation in

the fundamental physical constants such as m,/m, ratio [174].

The diatomic molecules containing alkali- and alkaline-earth metals have strong
long-range interactions owing to their large dipole moments [99, 100, 175]. Their
spectroscopic constants and molecular properties have been investigated by several
research groups [1,2,99,100,176]. Both CaLi and SrLi molecules have also been
proposed for the study of possible variation in m,/m, [49]. To observe the ultracold
atom -ion interactions, the elastic collisions between laser - cooled fermionic lithium
atoms and calcium ions have been studied by Haze et al. [3]. The long lifetimes of the
highly excited vibrational states in LiBe™, LiMg", NaBe™ and NaMg" enable these

molecules to be used in ultracold experiments [177].

The BeLit ion is the simplest ionic system among alkali- alkaline- earth molecular
ions. Although, there is no experimental data available for this system yet, to the best
of our knowledge, it is being considered by Rakshit et al. [1] and Ghanmi et al. [2].
There exist, however, several calculations in the literature, such as, the calculation
of spectroscopic constants of 1-213% and 13X+ using SCF method by Safonov et
al. [178], theromodynamical stability and physicochemical reaction of several molec-
ular ions including BeLi™ by Nicolaides et al. [179], the calculation of ground state
spectroscopic constants at MP2 (full) level by Boldyrev et al. [180] using the Gaus-
sian 92 program, calculations of the ground state and low - lying 'XT electronic states
of BeLi™ by Farjallah et al. [181] using full valence CI, the studies of ground- and
first excited state PECs for predicting the feasibility of the formation of cold molec-
ular ion via photoassociation process by Rakshit et al. [1], studies of the ground-

and several low - lying excited states by Sun et al. [182] using MRCI + Q method and
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multi- reference averaged quadratic coupled - cluster (MRAQCC) methods including
Davidson correction. An ab initio study of ground- and low-lying excited states
has been done by You et al. [183] using MRCI method. Recently, Ghanmi et al. [2]
have reported their theoretical investigations for a large number of excited electronic
states of BeLi™ molecular ion. Those authors have reported the PECs, spectroscopic
constants, PDM curves, and also the TDM curves for several of these excited states
for the first time, and use those results for the photoassociation prediction of BeLi™
molecular ion. Their calculations are based on the full CI method, however, consid-
ering only two active valence electrons that are moving in the field of Be?* and Li*
cores using the pseudo- potential approach. More recently, spectroscopic constants
and vibrational state lifetimes of diatomic alkali-alkaline-earth cations have been
studied by Fedorov et al. [177]. An accurate knowledge of spectroscopic constants
would always be advantageous both theoretically and experimentally. However, the
non - inclusion of all electrons and lack of higher basis sets in the calculations may

not lead to the level of accuracy desirable for experimental purposes.

In the present work, in order to achieve reliable accuracy, we have employed the
higher levels of correlation methods and also used a successive hierarchy of three op-
timized basis sets, which enable us to extrapolate the results easily to the CBS limit.
This is required to achieve saturation of the results with respect to the basis set size
effects. The configuration space considered for electron correlation calculations in our
work is also quite large compared to many of the previous works. Thus, the spectro-
scopic constants, PECs and PDM curves for the ground state (X!3T) of BeLi™ are
calculated systematically and more accurately in our work when compared to many
of those available in the literature. In addition, we have calculated the components
of DP and the QM for the ground state of BeLi™ ion, which are being reported for
the first time known to our knowledge. Using PEC calculated at the CCSD(T) level
of correlation for the QZ basis set, vibrational Schrodinger equation is solved to ob-

tain the spectroscopic parameters of vibrational energy levels. Thereafter, we have



Chapter 3. Spectroscopic Constants and Molecular Properties of
62 BeLi®

studied low - lying excited electronic states and their vibrational spectroscopy at the
EOM-CCSD level of correlation. We hope that our results would be useful for the

experimentalists who are seeking accurate theoretical data for BeLi™ molecular ion.

3.2 Methodology

CFOUR [139] and DIRAC15 [143] software suites are used to carry out the non-
relativistic and relativistic ground state calculations, respectively, of the spectroscopic
constants such as: R., D., we, wexe, Be, and a, together with the molecular prop-
erties such as: o, ©.., and components of static DP («, o) at MP2, CCSD, and
CCSD(T) level of correlation. The uncontracted cc-pVXZ and aug- cc- pVXZ basis
sets of Dunning et al. [128] with X = [D, T, Q], available in the DIRAC15 package, are
used in the present calculations. The details of the basis sets used in this work are
shown in Table (3.1). The nuclear mass of 9.0121822 amu for Be and of 7.0160030 amu

for Li has been used. Further, only for calculational purpose, 5, molecular point

Table 3.1: Details of the basis sets for Be and Li in uncontracted form.

Atom Basis

Be cc-pVDZ: 9s,4p, 1d
cc-pVTZ: 11s,5p, 2d, 1f
cc-pVQZ: 12s,6p,3d, 2f, 1g

Li cc-pVDZ: 9s,4p, 1d
cc-pVTZ: 11s,5p, 2d, 1f
cc-pVQZ: 12s,6p,3d, 2f, 1g

group symmetry has been used in our calculations. Furthermore, the origin of the
coordinate system is chosen at the center-of-mass of the molecule. All the elec-
trons are kept active both for diatomic constants and also for property calculations.
Furthermore, the energies and PDMs are calculated for the range 0.4-30 A with a
step size of 1 A and around the known equilibrium point a finer step size of 0.001

A is adopted. The maximum distance of 30 A is chosen based on the saturation of
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energies limited to the threshold set. The dissociation energies (D,) are evaluated by
taking the difference between the energies at equilibrium bond length and those at a

distance of 30 A.

For non-relativistic calculations, the basis sets have been taken from the EMSL
library [184]. The harmonic frequencies and anharmonic constants are calculated
using the second-order vibrational perturbation theory, i.e., with VPT2 keyword
in the CFOUR package. By convention, the internuclear axis is taken to be along
the z-direction, (i.e., along internuclear axis) and hence, a,. = «|. Similarly, on
calculating the other two perpendicular components (o ) of DP (i.e., ay, and ay,),
we have obtained the average (@) and the anisotropic () polarizability components

according to the Eq. (1.51) and Eq. (1.52), respectively.

Further, we have performed vibrational spectroscopic calculations for the ground
electronic state using VIBROT program available in MOLCAS package [144]. PEC
and dipole moment data for bond distance varying from 0.4 to 30 A at CCSD(T) level
of correlation are used to obtain vibrational wavefunctions, vibrational parameters:

E,, B, and TDMs between the vibrational levels.

The spontaneous- (I';’7") and black-body radiation- (BBR-) induced transition

FBBR)

rates (I, ;%) at the surrounding temperature, viz. T = 300K, are calculated us-

ing TDM and relative energy differences between the vibrational levels as [185],

Fz{)?]n — Z Femis<,U’ J — ’U”7 JH)7 (31)
’U”,J”
PEER = N q(w) T (v, J — 0", J") + Z W) T (v, J — ', J), (3.2)

'U//7 J//
where the indices (v, J") and (v', J') denote the ro- vibrational levels with energies

lesser and higher than that of (v, J) level, respectively. The average number of
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photons n(w) at frequency w is given by the relation,

_ 1
W) = G 1 (3-3)
where fiw = |E, ; — E; j| is the energy difference between the two ro- vibrational

levels involved, with (2, .J) is (v”,.J") for emission and (v',.J') for absorption, and kg
is the Boltzmann constant. In dipole approximation, the emission and absorption

rates are calculated using the equation,

L= 8m 1
L(v,J = 0, J) = P Ww?’ (TDM, ;5 7). (3.4)

Finally, the lifetimes (7) of the ro- vibrational states are obtained as,

1

T = Ftotal’

(3.5)

where Ttal(= [spon 4 T'BBR) jg the of sum of spontaneous- and BBR- induced

transition rates.

Further, we have also studied a few low - lying electronic excited states using EOM -
CCSD/QZ method. The details of EOM - CCSD method are discussed in Section (2.3.3).
Similar to the ground state, all electrons are kept active for the excited state calcu-

lations.

For the relativistic case, on the other hand, the Dirac- Fock - Coulomb Hamiltonian is
used with the DIRAC15 package. The contribution from the (SS|SS) integrals is taken
in an approximate manner, as suggested in Ref. [186], by including an interatomic
(SS|SS) correction. The energy calculations at MP2, CCSD and CCSD(T) levels are
carried out with the RELCCSD module [187]. The VIBROT program of MOLCAS is
used for calculating the spectroscopic constants. The results calculated systematically

using the three progressively large basis sets, both for relativistic and non - relativistic
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cases, are extrapolated to CBS limit using a function of the form [188,189],
f(x) = feps + Be @™V 4 Cem @V (3.6)

where B and C' are constant parameters, x (= 2, 3, 4) is the cardinal number for
basis sets DZ, TZ and QZ, respectively. Here, f(z) is the property that is calculated
with the basis set characterized by cardinal number x and fopg is the complete basis

set limit for the property of interest.

The estimation of uncertainty on the results of the calculated quantities, in gen-
eral, is little involved; there can be two possible error sources: one arising due to the
choice of the basis set (viz. the size) and the other arising from the negligence of
higher order correlation effects beyond what is considered in the present work. As
we have done a series of calculations with a successive hierarchy of optimized basis
sets, and extrapolated the results systematically to the CBS limit, we least expect
the error to come from the former source. As the contributions from the higher order
correlation effects are not expected to be larger than that of the leading order triples
considered perturbatively in our work, we have quoted the entire contribution from
the latter, i.e. CCSD(T) - CCSD at CBS level, as the maximum possible error bar
(A) on our results. Thus, we recommend the final result, ffinq, of the calculated
property to be,

frina = fecespayacns £ (|A]), (3.7)

where fcosp(ryacss is the CBS value of the property of interest at CCSD(T) level.
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Figure 3.1: Potential energy curves for the ground state of BeLi™ using CCSD(T) method,
in the non - relativistic case.

3.3 Results and Discussion

3.3.1 Ground State Parameters

Figures (3.1)-(3.2) show the PECs for the ground state of BeLi™, obtained at the
CCSD(T) level of correlation with DZ, TZ and QZ basis sets, using the non-relativistic
and relativistic Hamiltonian, respectively. The spectroscopic constants computed, us-
ing the non - relativistic Hamiltonian, at various levels of correlation, considered in
this work, are shown in Table (3.2). In addition, the results extrapolated to CBS limit
at each level of correlation are also shown. Our results of the spectroscopic constants
show a good agreement with those available in the literature [2,177-183,190]. The
difference between our CBS values at the SCF level and those quoted in Ref. [178] is
not more than 7% in all the spectroscopic constants barring the anharmonic constant.
The latter which depends on other diatomic constants shows a larger deviation. The
MP2 results of Ref. [180] also compare quite well with our results at the similar level

of approximation. The results reported in Ref. [181], calculated at full valence CI
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Figure 3.2: Potential energy curves for the ground state of BeLi™ using CCSD(T) method,
in the relativistic case.

level and our recommended CCSD(T) values, highlighted in bold fonts, agree ex-
tremely well. Leaving aside the anharmonic constant, the difference between our
CBS results at CCSD(T) level and those reported in Ref. [183] and Ref. [2] at MRCI
and valence FCI level of correlation, respectively, is less than 3% for all diatomic
constants. The values for R., D, and w, obtained in the current work at CCSD(T)
level with cc-pVQZ basis set are very close to those reported in Ref. [177] at MRCI
level of correlation with cc- pCVQZ basis set. The difference between present results
for R., D, and w, using cc-pVQZ basis set and CCSD(T) method is not more than
1.2% from those reported in Ref. [177] at CCSDT level with cc-pCVQZ basis set.
The fundamental vibrational frequency (wp) of BeLit ion calculated via equation,
wp = we(l — 2x,), using the CBS results of w, and wez, at the CCSD(T) level of
theory is 314.26 cm™1.

In order to understand the dissociative nature of the ground state of BeLi™, we

have calculated the ionization energy using the electronic state energy of neutral
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BeLi and singly charged ion, BeLi*. We have found that the first ionization energy
of BeLi is 43437 cm ™!, which agrees with the ionization energy (= 43487.1cm™!) of
Li atom but not with the ionization energy (= 75192.6cm™!) of Be atom, reported
in NIST database [191]. Therefore, we can say that the ground state of BeLit will
dissociate as Be+LiT. In addition, D, calculated by taking the difference between
the sum of Be and Li" energies, and the energy at the equilibrium point of BeLi*t
molecule in the PEC reassures the dissociative atomic states of BeLi' is atomic Be

and ionic Li.

The results of spectroscopic constants derived from the PECs computed using the
relativistic Hamiltonian are given in Table (3.3). Except for w.z. and a., we did
not observe an appreciable difference between the relativistic and non-relativistic re-
sults of other spectroscopic constants. Thus, we continue to use the non - relativistic

Hamiltonian for the calculation of molecular properties such as dipole moments, QMs,

J————r——————T7—— 17—
[ — . CCSD(T) _
30F = Farjallah etal. [181] ~»
L e ‘/‘ *
25F //‘ . ° .
- L //’ .
320 o i
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Figure 3.3: Permanent dipole moment curve for the ground state of BeLi™ using

CCSD(T)/QZ method.
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Figure 3.4: Quadrupole moment curve for the ground state of BeLi™ using CCSD(T)/QZ
method.

components of static DP and parallel - component of the DP at super molecular limit
(100 a.u.) symbolized as ajqg, and these results are tabulated in Table (3.4). Fig-
ure (3.3) shows the absolute value of PDM as a function of internuclear distance R
at CCSD(T) level of correlation using QZ basis set. This dipole moment curve shows
an almost linear behaviour from 6 A to 30 A exactly in agreement with that reported
by Farjallah et al. [181]. The value of PDM at equilibrium point reported in the
current work using CCSD(T) method is 0.005 a.u. larger and 0.018 a.u. smaller than
those reported in Ref. [177] at CCSDT and MRCI levels of theory, respectively, at
the similar standard of basis set. We have observed that, as we go towards the higher
basis set, the results for spectroscopic constants and molecular properties converge.
Further, the R-variation of QM and components of DP at CCSD(T) level of corre-
lation using QZ basis set is shown in Figure (3.4) and Figure (3.5), respectively. The
complete list of the computed values of potential energies, PDMs, QMs and DPs are
collected together and are reported in the Supplementary Table S1 of Ref. [108].
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Figure 3.5: Components of dipole polarizability of BeLi", as a function of R, using
CCSD(T)/QZ method.

The augmentation of the basis sets with diffuse functions does not appreciably alter
the results of the spectroscopic constants and the molecular properties. The dif-
ference in our final results between the augmented and un-augmented basis sets is
about 0.001a.u. in R,, 1 em~! in both D, and w,, 0.2 cm™! in w.z., 0.0003 cm™! in
B., 0.0001 cm™! in a,, 0.0004 a.u. in both py and O,., 0.066 a.u. in &, and 0.051 a.u.
in v, at the CCSD(T) level. All of these, except wez. and 7y, are well within the
error bars that we have reported in Table (3.2) and in Table (3.4). The polarizability
results, with and without augmentation, in the super- molecular limit seem to have
a noticeable difference. At the CCSD(T) level, the CBS value of ajg9 = (37.944 +
0.167) a.u. with augmented basis set, while ajpp = (37.085 4+ 0.189)a.u. without
augmentation. The former is significantly close to the sum of atomic polarizabilities
(aa) of the Be [127] and Lit [192], viz., ape + ap+ = 37.71 + 0.191 = 37.901 a.u.
Due to the unavailability of experimental value of polarizability for Li* in the liter-
ature, we have taken its calculated value at the CCSD(T) level from the Ref. [192],

and combined it with the experimental value for Be. The recent work in Ref. [2] also
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reports ag. = 37.4932a.u., which lies almost in the middle of our two estimates for

g0 discussed above.

In order to understand the effects of higher-order electron correlation, beyond the
CCSD(T) level considered here for most of the calculations, we have performed po-
tential energy calculations at the CCSDT level using QZ basis set. The difference in
the potential energies calculated using CCSD(T) and CCSDT method, in the vicinity
of equilibrium point is about 9 cm™!, while at the dissociative limit, it is about 6
cm~t. We have found that the values of R, and B, remain unaffected by the inclusion
of missing non-leading order triples to CCSD(T) at least for up to the accuracies
reported in this work. On the other hand, the value of D, increases by 3 cm™!. These
contributions are well within the error bars that we have quoted in Table (3.2). Fur-
ther, the adiabatic effects are also estimated by including the DBOC at the CCSD
level of theory using QZ basis set. The calculated DBOC energy correction is signifi-
cantly large, about 332 cm™!, similar to that reported for BeH molecule in Ref. [132].
However, the consideration of DBOC for the energy in our calculation does not seem
to alter the R, as well as the D, results since it has been observed to be more or less
uniform throughout the region of PEC of BeLi*. The computed values of DBOC are

given in the Supplementary Table S2 of Ref. [108].

Using PEC and PDM curve obtained at CCSD(T) level of correlation with QZ basis
sets, we have solved the vibrational Schrodinger equation taking the rotational quan-

tum number, J = 0, and obtained the vibrational parameters. The vibrational pa-

Pspon

BBR
v,0 r

and I')75",

rameters: E,, By, [, are tabulated for some low - lying vibrational
states in Table (3.5). The relative energy spacings between the adjacent vibrational
states observed in this work compare well with those reported by Fedorov et al. [177].
However, the actual energies are different in both works because of the different ref-
erence points. In our case, we have reported the energies of vibrational states by

taking minima of a potential as zero, whereas in Ref. [177], the authors have reported



3.3. Results and Discussion 75

Table 3.5: Energies, rotational constants, permanent dipole moments, spontaneous- and
BBR - induced transition rates for vibrational levels of the ground electronic state of BeLi™.

v Ey(em™) By(em™) || (eao) TG (s7') TG (s™)
0 159.72 0.623 1.435 — 0.214
1 471.78 0.609 1.509 0.731 0.649
2 773.92 0.596 1.588 1.426 1.102
3 1066.1 0.582 1.671 2.078 1.571
4 1348.19 0.568 1.759 2.682 2.048
3 1620.14 0.554 1.852 3.239 2.541
6 1881.78 0.539 1.951 3.726 3.018
7 2132.99 0.524 2.057 4.168 3.504
8 2373.58 0.509 2.169 4.516 3.946
9 2603.42 0.494 2.290 4.811 4.462
10 2822.31 0.478 2.418 4.978 4.932
11 3030.08 0.462 2.556 5.105 5.253
12 3226.55 0.445 2.705 5.140 5.564
13 3411.53 0.428 2.865 2.077 5.747
14 3584.84 0.410 3.039 4.913 5.945
15 3746.34 0.391 3.227 4.705 6.021
16 3895.91 0.372 3.430 4.411 2.577
17 4033.44 0.353 3.653 4.081 3.700
18  4158.92 0.332 4.151 3.013 0.930

actual energies. As expected, the value of dipole moment for v =0 is close to the
dipole moment calculated at the equilibrium point of the PEC. We have observed
that the PDM increases as the vibrational quantum number increases because the
average R ((R)) increases, whereas the rotational constant decreases as it is inversely
proportional to (R). It has been reported in the literature [193] that the TDMs be-
tween the vibrational states and hence, the lifetimes of vibrational states depend on
the numerical grid size used for the integration for solving vibrational Schrodinger
equation. In order to verify this, we have used four different grid sizes ranging from
1000 to 2200. The grid dependent TDM values used to calculate transition rates can
be found in the Supplementary Table S3 of Ref. [108]. From the reciprocal of total

transition rates, the lifetimes of the vibrational states are evaluated and plotted in
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Figure 3.6: Lifetimes of the pure vibrational states of the electronic ground state of BeLi™,
at T' = 300K, calculated with different grid size.

Figure (3.6) for different grid sizes. It can be seen explicitly that the lifetime curves
with 2000 and 2200 grid sizes almost overlap each other upto v = 16 and hence, we
report the lifetime for the ro- vibronic ground state to be 4.67 s calculated with 2200
grid size. This result is 1.89s larger than the value reported in Ref. [177]. The reason
for this discrepancy could be from the difference in the PDM values between the two
calculations and the numerical convergence issues related to grid size considered in
Ref. [177]. The lower vibrational states have longer lifetimes than that of the higher
vibrational states and also, the difference between the lifetimes of consecutive states

for higher ‘v’ is much smaller than the lower states.

3.3.2 Excited State Parameters

The PECs for the excited states: 13X+, 1311, 2-4'¥" and 1-2'11, as a function of
internuclear distance, R, at EOM- CCSD level of theory using QZ basis set are shown
in Figure (3.7). The corresponding data for the PECs is provided in the Supplemen-
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Figure 3.7: Potential energy curves for the excited states of BeLi™ using EOM - CCSD/QZ
method.

tary Table S4 of Ref. [108]. These calculations are performed using the EOM - CCSD
method alone due to the current unavailability of higher-order EOM - CC methods.
By extracting the spectroscopic constants from the PECs of the excited states, and
on comparing them with the available results, we have confirmed the accuracy of
our results. The calculated spectroscopic constants for the excited states are shown
in Table (3.6). The dissociative product states of these electronic excited states are
shown in Table (3.7). In order to identify the molecular states to which these excited
states dissociate, we have compared their energies at dissociation limit (100 a.u.) with
the sum of atomic/ionic energies taken from the NIST database [191]. The maximum
percentage error between our values and those from Ref. [191] is 1.97% as shown in

the last column of Table (3.7).

Both of the triplet excited states considered here: 13X and 1°3II dissociate into

the same final states: Be (2s2p)®P + Li™. There is a small energy separation of
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Table 3.7: Energies of a few low - lying electronic states of BeLi™ at the dissociative limit.

E (cm™)

Molecular state Asymptotic molecular state This work NIST [191] % difference
Q% Be (257) 1 Li" 0.0 0.0 -

iyt Bet (2s) + Li(2s) 31734 31706 0.09

135+ Be (252p) *P + Li* 22000  21979.49  0.13

1311 Be (252p) °P + Li* 22011 21979.49  0.14

31T Be(2s2p) P + Lit 43403 42565.35 1.97

11 Be(2s2p) 'P + LiT 43405 42565.35 1.97

gyt Bet (25) + Li(2p) 46644 46609.83  0.07

2111 Be™ (2s) + Li(2p) 46647 46609.83  0.08

~ 2cm~! between these triplet states at the dissociation limit in our calculation,
however, they are shown to be degenerate in NIST database [191]. The spectroscopic
constants that we have obtained for these states are reasonably in good agreement
with other published calculations [2,182,183]. The disagreement ranges between
0.01-0.06 a.u. for R,, 12-626cm™" for D,, 0.4-8.6cm™" for w,, 0.62-2.4cm™" for
WeZe, 0.001-0.002cm™! for B, and 0.002-0.003 cm™" for .

We have evaluated the contribution of relativistic effects for the ®II state using KR-
CISD method available in the KRCI module of DIRAC15 [143]. The ®II; and 3II,
states are found to lie 1.96 cm™! and 3.92 ecm ™!, respectively, above the 3II; state at
the equilibrium point. Hence, the transition energy, 7., reported in Table (3.6) may
have an error of about 4 cm™!, while the error in the reported dissociation energy,
harmonic frequency and anharmonic constant for 3II state is estimated to be 0.8
em™ !, 0.01 em™! and 0.001 cm™!, respectively, due to the negligence of relativistic

effects.

There is an apparent disagreement between the results of Sun et al. [182] and Ghanmi et
al. [2] for the case of 2-3'3" states. The former reports these PECs as repulsive,
while the latter reports them to be attractive with a potential depth of 1976 cm™*

for 21X+ and 737 cm™! for 3'XT. In the present work, we have found both of these
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states to be attractive similar to that of Ref. [2], and calculated the potential depths
to be 1937cm~! and 1803 cm ™!, respectively. The relative difference between our
results and those reported in Ref. [2] is; A(R.) < 0.32%, A(w.) < 2.32%, A(wez.)
< 54%, and A(B,) < 0.8% for 2'3* state. However, for 31+ state, some of our
results show a noticeable disagreement. Our dissociation energy (D, =1803cm™) is
1066 cm ™! larger and the anharmonic constant (weze =0.81 cm_l) is 8.43 cm~! smaller
than that of [2]. The difference in the values of potential depths may arise due to
the method of calculation employed and the choice of basis set. On the other hand,
our findings for 4% state compare well with those given in Ref. [2]. Our results
of all spectroscopic constants, except D., of 1I state are in good agreement with
the results available in literature [2,182,183]. On the other hand, the 2 'TT molecular

state is found to be repulsive in our work and as well as in Ref. [2].

The molecular states [2'37], [31E+, 1111] and [4'X7F, 2 1] dissociate, respectively,
into [Be™(2s) 4+ Li(2s)], [Be(2s2p) P+ Li*] and [Be™ (2s) + Li(2p)]. The nature of
the asymptotic molecular states for XX, 213* and 13%* reported in this work
agree well with those reported in Ref. [2]. However, the dissociative nature of 1311

electronic states reported in Ref. [2] seems to be ambiguous to compare with.

The variation of PDMs against the internuclear distance, R, for the excited elec-
tronic states is shown in Figure (3.8), and the corresponding data is provided in the
Supplementary Table S5 of Ref. [108]. As the structure of the molecule changes from
BeLit to Be'Li, the polarity of the dipole moment changes from negative to posi-
tive at large distance in the present work, viz., the following electronic states: 213+,
413% and 21, which dissociate into BeTLi, as can be seen from Table (3.7), show a
common trend together, while the remaining electronic states, shown in Table (3.7),
which dissociate into BeLi™ show an opposite trend at large distances in Figure (3.8).
The phase convention adopted in Ref. [2], however, seems to be the opposite. The

electronic TDMs from ground state to singlet excited states as a function of R are
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Figure 3.8: Permanent dipole moment curves for the excited states of BeLi™ using EOM -
CCSD/QZ method.

shown in Figure (3.9), and the corresponding TDM values are provided in the Supple-
mentary Table S6 of Ref. [108]. The behaviour of TDM curves for X '3 — 213+ and
X 1%+ — 315F electronic transitions compares well with those reported in Ref. [181].
The TDM value, for the electronic transitions: XY+ — 2%+ X1¥+ 5 41%+ and
XY+t 211, goes to zero at large internuclear separation. The molecular excited
states involved in these transitions are dissociating into Be™ (2s) + Li (2s or 2p). On
the other hand, the remaining transitions: XX+ — 31X+ and XX+ — 1 I whose
TDM attains a constant non- zero value after 13 A bond distance, are dissociating
into Be (2s2p) + Li* (2s?). The value of TDM (= 1.889a.u.) at the dissociative limit
for XX+ =312+ and X '3+ — 1 I molecular transitions agrees extremely well with
the value of 1.887a.u., reported in Ref. [181]. This is also comparable to the theo-
retical (= 1.801a.u.) [194] and as well as experimental (= 1.645 £ 0.278a.u.) [195]
value of TDM available in the literature for the pure allowed atomic transition be-

tween Be (2s?) to Be (2s2p). The maximum TDM value of X '3+ — 2%+ transition
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Figure 3.9: Transition dipole moment, as a function of R, from the ground state to the
excited singlet electronic states of BeLi' calculated using EOM - CCSD/QZ method.

is found to be 1.975a.u. at 3 A bond distance.

The electronic excitation energies (7,) as reported in Ref. [2] and our results shown in
Table (3.6) are in very good agreement. The maximum difference between the two is
about 2.3% for all states, except for the 3% state for which the difference is about
29%. On solving the Schrodinger equation using the electronic energies calculated
at different bond lengths varying from 0.4 to 30 A, we have obtained the maximum
vibrational levels to be: 45 for 13X+, 11 for 131, 31 for 2'3*, 41 for 3'%+, 32
for 4137 and 25 for 1'II. The Table (3.8) provides the relative energies of vibra-
tional states and the vibrationally coupled rotational constants for all the excited
electronic states considered. We have shown variation of the energy spacing between
the adjacent vibrational states, (AFE, = FE, — E,_1), for the ground- and for the
low - lying excited electronic states as a function of vibrational quantum number in

Figure (3.10). This separation which is not a constant is a hallmark of anharmonic
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Figure 3.10: Energy spacing between the adjacent vibrational levels of the electronic
ground state (using CCSD(T)/QZ method) and of the excited states (using EOM-

CCSD/QZ method) of BeLi*.

effects.

3.4 Summary

To summarize, we have carried out the ab initio calculations of the spectroscopic con-

stants and the molecular properties of the ground state (X 'XT) of BeLi™ molecular

ion that dissociates into Be + Li™. We have investigated the effect of including DBOC,

and the contribution of non-leading order triples which were missing in CCSD(T)

on the spectroscopic parameters. Although, the DBOC in itself is significant, it does

not affect the spectroscopic constants. As anticipated, the contributions of CCSDT -

CCSD(T) are well within the error bars that we have quoted. Our findings of diatomic

constants and equilibrium dipole moment are reasonably in good agreement with the

available results. Furthermore, the results of the DP and the QM for this ion are
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being reported here for the first time, to the best of our knowledge. On solving vi-
brational Schrodinger equation, we have obtained vibrational wavefunctions, spectro-
scopic constants and TDMs for all vibrational states. Further, we have also calculated
the spontaneous- and the BBR -induced transition rates, and hence the lifetimes of
vibrational states. The lifetime of the ro- vibronic ground state ( X '3 with v = 0

and J = 0) of BeLi', at room temperature, is found to be 4.67s.

In addition, we have calculated the spectroscopic parameters, and studied the PDM
curves of a few low-lying electronic excited states using the EOM-CCSD method
and compared them with the available results in the literature. The nature of elec-
tronic TDM curves for the transitions from the ground to the excited singlet states

is also presented and analyzed.

We have considered all electrons as well as virtual orbitals active for correlation
calculations even in the largest basis sets considered, and also we have used accu-
rate correlation methods available. We have taken extreme care in estimating the
error bars, limited to the theoretical approximations considered, on the ground state
spectroscopic parameters by extrapolating our results to complete basis set limit.
Further, the complete convergence of the results, with respect to numerical grid size,
of the vibrational lifetimes of the electronic ground state are obtained. Thus, the
results reported in this work for the ground state should be considered more reliable
than many of the existing calculations for this molecular ion. Our results on the ex-
cited state PECs, and the derived spectroscopic parameters settle the discrepancies

in some of the existing theoretical calculations.



CHAPTER 4

ELECTRONIC STRUCTURE AND
VIBRATIONAL PARAMETERS OF
MgLi™ AND CalLi™

“Nothing in life is to be feared, it is only to be understood. Now 1is the

time to understand more, so that we may fear less” — Marie Curie

4.1 Introduction

This work is a continuation of our previous study on BeLi™ reported in Chapter
3. Here, we have performed the calculations of PECs, the spectroscopic constants:
Re, De, we, wee, B, and ae, and the molecular properties: po, ©.., o), ar, &, v
at molecular equilibrium point and ayqg, for the ground state of MgLi™ and Cal.i*
ionic systems at different levels of correlation with fully optimized basis sets. Fur-
ther, vibrational spectroscopic calculations are performed by solving the vibrational

Schrodinger equation taking PECs and PDM curves as inputs. Furthermore, we have

87
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extended this work to the low - lying excited states for both the molecular ions using

EOM - CCSD method.

There is no experimental data available in the literature yet, although there ex-
ists a few theoretical studies of MgLi™ and CaLi™. The spectroscopic constants such
as R, D, and w, are calculated for MgLi*™ using the primitive 6-31G* basis set
together with HF and MP2 by Pyykko et al. [196]. For the same ion, Boldyrev et
al. [180] have calculated R., w, at MP2 (full) level, and D, at many - body perturba-
tion theory of fourth-order (MP4), and quadratic configuration interaction with sin-
gles and doubles including perturbative triples (QCISD(T)) level, using 6-311 4 G*
basis set for the ground state. An ab initio study of ground- and low - lying excited
states of MgLi and MgLi* have been reported by Gao and Gao [197] using valence
FCI and MRCI method. Calculations of adiabatic PECs have been presented for
these molecular species using MRCI + Q method, and also the scalar relativistic ef-
fects are included using third - order Douglas- Kroll - Hess Hamiltonian (DKH3). The
study of spectroscopic constants, PECs, PDM curves, and TDM curves of ground -
and several excited electronic states of MgLit have been reported by ElOualhazi
and Berriche [4] using CIPSI package (configuration interaction by perturbation of a
multiconfiguration wavefunction selected iteratively). They have used nonempirical
pseudo - potential approach that considers the MgLi™ molecular ion as an effective
two electron system moving in the effective potential created by Mg?* and Li* core.
Ab initio calculations for ground state spectroscopic constants, PDMs and lifetimes

of alkali- alkaline - earth cations have been reported by Fedorov et al. [177].

The perturbed - stationary - state method has been employed by Kimura et al. [198]
to charge transfer in Li™ + Ca collisions and have calculated the diatomic constants
for the ground state using pseudo- potential technique and STO basis sets. Rus-
son et al. [89] have reported ab initio all-electron calculations for R., w. and ion-

ization energy of X X" state using QCISD(T), and also using complete active space
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self consistent field MRCI with single- and double- excitation (CASSCF - MRCISD)
method. To determine the effect of the core- valence correlation on dissociation en-
ergy of the ground state, they have presented QCISD(T, full) results including all
electrons with the geometry optimized at QCISD(T) level. Habli et al. [175] also
have performed FCI calculations for electronic and vibrational properties of ground -
and excited states of CaLi™ by treating two valence electrons explicitly with core

polarization potentials (CPP) approach.

4.2 Methodology

The electronic structure calculations reported in this work are carried out system-
atically at different levels of correlation: SCF, MP2, CCSD and CCSD(T) using
CFOUR [139] and DIRACI15 [143] software packages, for non - relativistic and rela-
tivistic cases, respectively. The nuclear masses used for Li, Mg and Ca are 7.01600
amu 23.98504 amu and 39.96259 amu, respectively. The uncontracted TZ and QZ ba-
sis sets are used [128,129] together with the Cy, point group symmetry. The number

of functions in each basis set is given in Table (4.1). Despite using such large basis

Table 4.1: Details of the basis sets for Mg, Ca and Li in uncontracted form.

Atom Basis

Mg cc-pVTZ: 15s,10p, 2d, 1f
cc-pVQZ: 16s,12p, 3d, 2f, 1g

Ca cc-pVTZ: 20s, 14p, 6d, 1f
cc-pVQZ: 22s,16p, 7d, 2f, 1g

Li cc-pVTZ: 11s,5p, 2d, 1f
cc-pVQZ: 12s,6p,3d, 2f, 1g

sets, neither the valence orbitals are truncated nor the core electrons are frozen. All
the electrons, wviz., core, valence and virtual orbitals are kept active for the calcula-

tions of diatomic constants, and molecular properties that are reported in this work.



Chapter 4. Electronic Structure and Vibrational Parameters of MgLi™
90 and CaLi"

The center - of - mass of the molecular system is taken as the origin of the coordinate
system. Further, the electronic energies are computed at different internuclear dis-
tances (R) ranging from 0.4 A t0 30 A with a step size of 1 A. Also, around the vicinity
of the potential minimum, a small refined step size of 0.001 A is considered. From
the PECs that are plotted, the dissociation energies are calculated as a difference be-
tween the energies at equilibrium point and those at a distance of 30 A. Note that the
energy difference between this ceiling distance and that of conventional asymptotic
limit of 52 A or 100 a.u. distance is less than 0.7 ecm™"! for MgLit, and 1.5 cm™! for
Cali*.

The harmonic frequencies, and anharmonic constants are calculated using second -
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Figure 4.1: Potential energy curves obtained using CCSD(T)/QZ method for the ground
state of (a) MgLi™, a non-relativistic case, (b) MgLi't, a relativistic case, (¢) CaLit, a
non - relativistic case, and (d) CaLit, a relativistic case.

order vibrational perturbation theory adopted in the CFOUR package. Similar to
the case of BeLi™, the & and v of these molecules are obtained using Eq. (1.51) and
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Figure 4.2: Permanent dipole moment curves for the ground state of MgLi™ and of CaLi™
using CCSD(T)/QZ method.

Eq. (1.52), respectively.

Using the PECs shown in Figure (4.1) and PDM curves shown in Figure (4.2), we have
solved the vibrational Schrodinger equation using Le Roy’s LEVEL16 program [145]
and obtained the vibrational parameters, viz., wavefunctions, F,, B,, and TDMs
between different vibrational states. An appropriate step size required for numerical
calculations of these parameters is estimated using equation (3) of Ref. [145], and

cubic spline fitting is used for interpolation.

Further, the vibrational energy differences and TDM values between the vibrational
states are used to calculate the spontaneous- and BBR -induced transition rates at
the surrounding temperature, viz., T = 300K, according to the Eq. (3.1)-Eq. (3.4)
[185]. Further, electronic energies of the low-lying excited states are calculated, by

keeping all occupied - and virtual orbitals as active, using EOM - CCSD method im-
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plemented in CFOUR program taking the QZ basis set. The spectroscopic constants
are obtained using VIBROT program available in MOLCAS package [144]. Further-
more, the vibrational parameters for the excited states are computed using LEVEL16

program [145].

The relativistic calculations for the ground state molecular constants are carried out
using DIRAC15 software package. After generating the reference state using SCF
method, the energy calculations at MP2, CCSD and CCSD(T) level are carried out
using RELCCSD module. The Dirac- Coulomb Hamiltonian is used with the approx-
imation proposed by Visscher [186] in which contribution from the (SS|SS) integrals
is replaced by an interatomic (SS|SS) correction. The diatomic constants are calcu-

lated using VIBROT program.

Errors in our calculation may come from two sources: one, from the choice of the
basis set - particularly its size, and the other, from the higher-order terms in the
CC expansion that are neglected in the present work. The error due to the former
source (A7) is not expected to be larger than the difference between the TZ and the
QZ results, and yet, we have taken this entire difference as the maximum possible
error. Since the contribution from the correlation effects converges with the higher
hierarchy of correlation levels, the error (As) due to this source is not expected to be
larger than the difference, viz., CCSD(T) - CCSD. With this, the final value of the
calculated property (P) can be quoted as,

Prinat = Poospmegz £ (JA1] + |As)), (4.1)

where Pocsp(ryagz is the result of the property of interest calculated using QZ basis

set at the CCSD(T) level of approximation.
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4.3 Results and Discussion

4.3.1 Structure Constants & Properties of Ground states

The ground state PECs of MgLi™ and CaLi™ molecular ions are shown in Figure (4.1).
The sub-figures (a) & (c) correspond to non-relativistic case and (b) & (d) refer to
relativistic case. These PECs reflect the well known fact that the relativistic energy
levels are lower than their non-relativistic counterparts. The computed results of
the spectroscopic constants at the non - relativistic level are compared with the avail-
able results in the literature in Table (4.2) and their relativistic variants are shown
in Table (4.3). The relativistic contributions to the spectroscopic constants: R., D,

and w, are smaller than the error bars quoted in Table (4.3).

In order to understand whether or not our results of the spectroscopic constants
are saturated with respect to basis set size, we have performed CCSD(T) calcula-
tions using 57 basis set for both the ions considered in this work. The calculated
results are: R, = 5.452 a.u., D, = 6748.39 cm™!, w, = 268.8 cm™ !, wez. = 2.25
em™t, B, = 0.3731 cm™!, and a. = 0.0052 cm~! for MgLit; while for CaLi®:
R, = 6.142 au., D, = 1013428 cm™!, w, = 246.96 cm™!, w.r, = 1.48 cm™!,
B, = 0.2674 cm~!, and o, = 0.0025 cm~!. Except R., B. and «., other diatomic

constants for both the molecular ions lie within the error bars reported in Table (4.2).

Further, to estimate the higher-order correlation effects beyond CCSD(T)/QZ, we
have calculated the diatomic constants using the CCSD with full triples, viz., CCSDT/
QZ method. From the comparison of these two sets of results, we infer that the con-
tribution of the missing triples in CCSD(T) method is negligible, at least up to the
accuracies that we have reported here, for the diatomic constants R., B, and «, for
both the molecular ions. However, D, increases by 4.91 cm™! (27.61 cm™!), while
w, decreases by 0.02 cm™! (0.24 cm™!) for MgLit (CaLi™). In addition, the value of

anharmonic constant changes by -0.22 cm™! for MgLi™ and 0.17 em™*! for CaLi*.



and CaLi™

Chapter 4. Electronic Structure and Vibrational Parameters of MgLi™

94

— - — - — €e9°c [661] D9-0LS/ADS
- QETTLE 0 €97 zTHIT GLGY LyG [7] werssnen) /10
- 809¢°0 9¢°C 6292 9°9L%9 vree  [L61] A+ O+ ZOAV/IDUIN
- €09¢°0 cee 629 LFST9 8FG°G [L6T] O+ ZOAV/IDUIN
— €29¢°0 87T 7992 €669  €ee'e  [L61] A+ O +ZSAV/IDUIN
— 909¢°0 L€T G€9g 6'8069  9FG¢C [L61] O+ ZSAV/TOUIN
- - - 192 G0LF9  9Fs'e  [08T) O+ T18-9/(IMY)zdIN
— - - 292 7°9679 695G [96T] «O 1£-9/2dIN
- - - GGT ¢¥929 629G [961] .5 1€-9/4H
— — 0% 7¢Oz Z6799 IS8T [LLT] ZOADA-22/TDUIN
— — 0% 6'G9¢ 8699  9LF¢C [LL1] ZOADD-92/1.ASDD
2000°0F SZ00'0F 90°0F 6 TF L'08F  ZTO'0F Ieq Ioa1y
9%00°'0  SL9€°0 0€'C €°L92 7'CIL9  €6F°C 7z0/(1)dsod
L7000 0L9€°0 zeT 0°L9%2 z’e0L9  L6¥G 70/dsND
87000 G99¢°0 67T 8¢9z L6599 10G°G 70/tdIN
6700°0 LEGE0 67'C 9967 6079 666G 70/ A0S
L¥00°0 GG9¢ 0 92T L'G9T 61599 605G Z1/(1)asno
L7000 z69€°0 67T 869z 9%€99  01G°¢C 7L/dsoD
670070 GF9¢°0 9T G19C 6'G6G9  91¢¢C 7ZL/TdIN
87000 LEGE0 ¥z 8967 19689 665G 7ZL/d0S LTSIV
(fLuo)?0  (juo)’g  (;_uw)’2’m  (_uw)’m  (_uw)’q (D)%Y stse(| / poyIeN 9TNO[OIN

‘symsox poysiqnd oy ym paredurod pue ‘@sed JISIAIJR[DI - UOU 93} 10] paindurod
‘UOTJR[OII0D JO S[OAJ] SNOLIBA Je ,ITe) puR LIS\ JO 93RS PUNOIS OIUOIPRD 93} I0J sjuejsuod d1doosoryoads oy, :g'F O[qelL



95

1SCussion

4.3. Results and D

- - — - L8296 - [68] (¥ L)ASIOD
- - - 6 - eLe9  [68] ASIDUIN-IDSSVD
— — — 6T L'ZI00T  ¥LT9 [68] (L)AsIod
— €9z°0 — GeeT 7668 029 [861] S.0LS/1Dd
— — — e LT°€L66 0219 [cL1] wessnen /1D
1000°0F ZZ00'0F €3 0F V' oF V6T GZ0'0F Ieq I011]
€200°'0  099%°0 11 I°'S¥C  6°C600T  0LT'9 70/(1)asnd
€200°0 8792°0 Le'T Q9 7'€800T  TLT'9 70/dsND
G200°0 7992°0 89'T e 0'82V6 €619 70/tdIN
¥200°0 02520 19T ¢ 0¥ LYhL6 LT€°9 z0/ A0S
¥200°0 0€9Z°0 09T QCHT ¢'8000T €619 Z1/(1)asnn
¥200°0 €€92°0 eF T 9°L¥C 9°.866 681°9 7Z1/asnn
9200°0 €¥92°0 z8'T 9°9%¢ 0°82€6 8LT°9 7Z1L/TdIN
72000 81ST 0 6LT i 7YeL6 62£°9 7ZL/d08 LITeD
(;Luo)?0  (jLuw)’g  (;_uw)’2’m  (j_uw)’m (puw)’q (D)%Y stseq /poyIeN 9TNO[OIN

T penunuo)) :g°§ O[qeL



and CaLi™

Chapter 4. Electronic Structure and Vibrational Parameters of MgLi™

96

¥000°0+ <200°0+F T°0+ 1'¢+ T°L8F c0'0+F Teq I01xy

¢100°0 T9G¢C°0 IT°T CEve 7'0T00T 9919 ZO/(L)dsod

710070 GLGT0 ST'T ¢'ave 66666 9919 70/dsdd

0200°0 ¢e9T 0 ¢4l 79v¢e 7°GGe6 V19 70/2dIN

0¢00°0 88¥¢°0 04T L0Ve 11996 1¢€9 70/408

710070 €942°0 80°T €Eve 8'€E66 @19  ZIL/(L)dsoo

€100°0 764c0 LT'T G'ave G’ 1166 819 7.1./dson

8T00°0 98420 16T €9re 6'€CE6 69179 ZL/edIN

8100°0 GLvC0 vt ¢ 0ve 0°6796 1¢€9 71/dD8 +1'T8D
€000°0+ ¥00°0+ T°0F 9'c+ 9'08+ c0'0+F Ieq J0.LIy

¥€00°0 8C9¢°0 (4 ré L°99¢ 1°9699 067'¢ ZO/(L)AsOD

7€00°0 729€0 V1i'e 99¢ L6899 €67 70/dsdd

€€000 L6G€°0 9¢'¢ 6°€9¢ avr99 L6V 70/2dIN

8€00°0 G67¢€0 6¢°¢ 4'v4e €' 16¢€9 464°¢ 70/408

1€00°0 €69¢°0 €0'¢ 7°€9¢ 6°G299 c0g'¢  ZIL/(L)dsoo

6¢00°0 08G€°0 11°¢ 1'79¢ L8199 806°¢ 7.1./dson

1€00°0 694€°0 LT°C LT9¢ ¢'6L99 €rgg ZL/edIN

9€00°0 v8¥€0 Gg'e 74¢ 9°LLE9 L6G°G Z1/dD8 TSIV
(jLuo)?0  (ju)’g  (;_uw)’r’m  (uw)’m  (uw)?q ()% SISeq/poyjelN OISO\

"9SBD OTJSIAIJR[I O] Ul ‘UOI}R[DII0N

JO S[PA9[ JUAIOPIP Je | ITe) puR LIS\ JO 9Jv}S PUNOIS OIUOIJ[ oY) 10f spueisuod o1doosoripads pojnduwoo ovf, :¢'F S[qe],



4.3. Results and Discussion 97

Except w,x, for MgLi™, the contributions of the non - leading order triples to CCSD(T)
are well within the error bars that are reported in Table (4.2). From these two ad-
ditional calculations: one, using CCSD(T)/5Z and the other, using CCSDT/QZ; we
infer that our results reported in Table (4.2) are more saturated with respect to cor-
relation effects than with respect to the basis set size effects. For achieving better
accuracies, as a trade- off to higher-order correlation effects, one may need to con-
sider either the basis sets larger than 5Z or one may extrapolate the results to CBS

limit.

The DBOC is calculated for both the ions at the CCSD level of theory in conjunc-
tion with the QZ basis sets. In the vicinity of the equilibrium geometry, the DBOC
is found to be 1001.32 cm™! and 1823.36 cm™! for MgLi™ and CaLi™, respectively.
Although the magnitude of DBOC is significant, its inclusion to PEC does not seem
to affect R,. However, it lowers the D, of MgLi* by 0.65 cm™! and D, of CalLi® by
1.35 cm™!. Thus, it is very small when compared to the error bars quoted on D, in

Table (4.2) and Table (4.3).

We have calculated several molecular properties such as the electric dipole moments,
QMs and static DPs, however, all at non - relativistic level as they are not available
at the relativistic level in the software package used. These results are tabulated in
Table (4.4). The parallel - component of the dipole polarizability at super - molecular
limit, i.e. at a bond distance of 100 a.u., denoted as a1, is also reported in the last
column of Table (4.4). With the convention that the direction of interatomic axis is
considered from the heavier element to the lighter one, we have obtained negative
values of PDM throughout the curve. However, we have reported the absolute values
to compare them with the other calculations. The behaviour of PDM as a function of
bond distance R, observed with CCSD(T)/QZ method, for both the molecular ions is
shown in Figure (4.2). Our results calculated at the equilibrium point are compared

directly with those available in the literature and with those extracted from the
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dipole moment curves in the case of non-availability of these values. As the cal-
culated values of PDM are fairly large, these ions might be useful for the study of
long - range dipole-dipole interactions. The R -variation of QM and components of
DP for both the molecular cations is shown in Figure (4.3) and Figure (4.4), respec-
tively. The behaviour of QM and DP curve is similar to that observed for BeLit ion
in Chapter 3. Our recommended values of the results obtained at the highest level of
correlation, i.e., CCSD(T) and with the largest basis sets, i.e., QZ, are highlighted,
together with the error bars, in bold fonts at the bottom of Table (4.4). The results
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Figure 4.3: Quadrupole moment curves for the ground state of MgLi™ and CaLi™ using
CCSD(T)/QZ method.

of QMs and electric DPs for these molecular ions are not available in the literature,
to the best of our knowledge. These results could serve as benchmarks for other
calculations in future and also they may be useful for experimentalists who would

consider working on these molecular systems in future.

We have also investigated the effect of adding diffuse functions on the results of



Chapter 4. Electronic Structure and Vibrational Parameters of MgLi™

100 and CaLi™
140F ' T ' T + T " T —
MgLi
S5 105 -
8
2 20 ‘..
= _.. - B i B e Bt i Bl e B e B B e Bt it e 2
ﬁ ’;-/ 1 1 1 1 ]
= 5 10 15 20 25 30
Ie) o T T T T T T
o | + |
2 600 Call
8 450 1
D L
300F . J
150-:;’/— e T AT, e - —
5 10 15 20 25 30

Internuclear distance, R (A)

Figure 4.4: Parallel - (red dotted line) and perpendicular (blue dashed line) components
of dipole polarizability, as a function of R, using CCSD(T)/QZ method.

molecular properties by considering singly augmented QZ basis sets together with
the CCSD(T) method. The corresponding results for MgLit (Cali®) are: py =
2.135(1.749) a.u., ©,, = 19.015(23.134) a.u., & = 63.795 (124.404) a.u., v = 20.581

(52.550) a.u., and ajgp = 73.099 (160.882) a.u. It is thus observed that the contribu-
tion of diffuse functions to the dipole-, quadrupole- moments and polarizabilities is

well within the error bars quoted on these properties in Table (4.4).

In order to determine the molecular products to which the ground state of MgLi*
and CaLit dissociate into, at asymptotic limits, we have calculated the first ion-
ization energies by taking the difference between the energies of neutral and singly
charged molecules at 100a.u. bond distance. The first ionization energy of both

I and it matches remark-

MgLi and Cali molecules is the same, viz., 43437.6 cm™
ably well with the value of ionization energy of Li atom (43487.1cm™!), reported

in NIST database [191] to within 0.11%. Hence, we realize that the ground state
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Figure 4.5: Lifetimes of the pure vibrational states for the electronic ground state of
MgLit and CaLi™ at T = 300K.

of these ions will dissociate to X (ns®) + Li* with n = 3 for Mg and 4 for Ca. On
solving the vibrational Schrédinger equation using PEC and PDM curve obtained at
CCSD(T)/QZ level, we have obtained 59 and 89 vibrational states for the electronic
ground state of MgLi™, and CaLi", respectively. The energy separation between the
last two vibrational levels in both cases is less than 0.3 cm~!. The AE, and B, for
the electronic ground states of MgLit and CaLit are reported in Table (4.5) and
Table (4.6), respectively. The TDMs between different vibrational states of ground
electronic state for MgLi*, and CaLi™ can be found in the supplementary Tables S1
and S2, respectively [109]. The calculated lifetime for the electronic ground state
with v = 0 and J = 01is 2.81s for MgLi" and 3.19s for CaLi™. The variation of the

Y

lifetimes of vibrational states against vibrational quantum number, ‘v’, is shown in

Figure (4.5).

In the following subsections, we will discuss the spectroscopic constants, and molec-
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Table 4.5: Relative energies and rotational constants for vibrational levels of the ground

electronic state of MgLit. The results are quoted in cm™!.

Xyt
v AE, B, v AFE, B,
0 — 0.3651 36 63.84 0.1368
1 262.65 0.3604 37 57.27 0.1278
2 257.52 0.3554 38 50.87 0.1188
3 252.16 0.3505 39 44.76 0.1097
4  247.54 0.3458 40 38.98 0.1008
5 243.56 0.3408 41 33.67 0.0922
6 240.09 0.3354 42 28.88 0.0839
7 236.71 0.3298 43 24.61 0.0760
8 23291 0.3241 44 20.84 0.0686
9 228.56 0.3184 45 17.52 0.0615
10 223.69 0.3127 46  14.57 0.0548
11 218.49 0.3070 47 12.02 0.0485
12 213.21 0.3014 48 9.80 0.0425
13 207.90 0.2958 49 7.89 0.0370
14 202.53 0.2902 50 6.25 0.0318
15 197.10 0.2846 51  4.86 0.0269
16 191.58 0.2788 52 3.71 0.0225
17 185.96 0.2731 53 2.76 0.0184
18 180.26 0.2672 54 1.99 0.0148
19 174.51 0.2613 55 1.38 0.0115
20 168.70 0.2554 56 0.91 0.0086
21 162.80 0.2493 57 0.56 0.0061
22 156.80 0.2431 58 0.30 0.0037
23 150.67 0.2367 — — —
24 144.40 0.2301 — — —
25 138.03 0.2234 — — —
26 131.59 0.2165 — — —
27 125.05 0.2095 — — —
28 118.44 0.2023 — — —
29 111.74 0.1948 — — —
30 104.96 0.1871 — — —
31 98.08 0.1792 — — —
32 91.17 0.1711 — — —
33 84.27 0.1628 — — —
34  77.42 0.1543 — — —
35 70.58 0.1456 — — —
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Table 4.6: Relative energies and rotational constants for vibrational levels of the ground

electronic state of CaLi™. The results are quoted in cm™1.

1

Xyt
v AE, B, v AE, B, v AFE, B,
0 — 0.2637 36 14822 0.1792 72 13.78 0.0387
1 242.17 0.2614 37 145.30 0.1766 73 11.94 0.0354
2 239.46 0.2591 38 142.33 0.1739 74 10.28 0.0321
3 236.70 0.2567 39 139.31 0.1712 75 876 0.0290
4 233.92 0.2544 40 136.24 0.1685 76 7.43 0.0261
5 231.25 0.2520 41 133.11 0.1657 77 6.29  0.0234
6 22855 0.2497 42 12991 0.1629 78 5.25 0.0208
7 22587 0.2473 43 126.64 0.1599 79 434 0.0184
8 223.19 0.2450 44 123.30 0.1569 80 3.54 0.0161
9 22049 0.2427 45 119.87 0.1539 81 2.86 0.0140
10 217.81 0.2404 46 116.35 0.1507 82 2.26 0.0120
11 215.15 0.2380 47 112,74 0.1474 83 1.76 0.0101
12 21250 0.2357 48 109.02 0.1441 84 1.34 0.0084
13 209.85 0.2334 49 105.19 0.1406 85 1.00 0.0069
14 207.21 0.2311 50 101.26 0.1370 86 0.72 0.0055
15 204.58 0.2288 51 97.19 0.1332 87 0.49 0.0042
16 201.95 0.2266 52 93.01 0.1293 88 0.29 0.0026
17 199.32 0.2243 53  88.70 0.1253 — — —
18 196.70 0.2220 54 84.27 0.1211 — — —
19 194.08 0.2197 55 79.72 0.1167 — — —
20 191.46 0.2174 56 75.06 0.1122 — — —
21 188.85 0.2151 57 70.32 0.1075 — — —
22 186.23 0.2128 58  65.50 0.1027 — — —
23 183.61 0.2105 59  60.65 0.0977 — — —
24 180.98 0.2082 60 55.81 0.0927 — — —
25 178.35 0.2059 61 51.03 0.0876 — — —
26 175.71 0.2035 62 46.37 0.0824 — — —
27 173.06 0.2012 63 41.88 0.0774 — — —
28 170.39 0.1988 64 37.62 0.0724 — — —
29 167.71 0.1965 65 33.63 0.0675 — — —
30 165.00 0.1941 66 29.93 0.0628 — — —
31 162.28 0.1916 67 26.53 0.0583 — — —
32 159.53 0.1892 68 23.44 0.0540 — — —
33 156.75 0.1867 69 20.65 0.0499 — — —
34 153.95 0.1842 70 18.12 0.0460 — — —
35 151.10 0.1817 71 15.83 0.0423 — — —
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ular properties for the electronic state of individual ionic systems considered in this

work in detail, and compare them with the available calculations.

4.3.1.1 MgLi"

The results reported in Refs. [180,196,199] for R., D, and w, at SCF and MP2 levels
differ from ours, at the similar level of approximation, by a maximum of about 1.2%,
3% and 1.8%, respectively, despite the fact that they all have used minimal basis sets
as against our QZ basis sets which are quite large in comparison. Our recommended
value of R., viz., (5.493 &+ 0.02) a.u., as shown in Table (4.2), and the MRCI result
quoted in Ref. [197] and also the FCI result of Ref. [4], agree extremely well to within
1%. Similar is the situation for all other diatomic constants which have a maximum
difference of 4% to ours, except the anharmonic frequency for which the FCI result is
larger than ours by about 14%. Our other results at CCSD(T)/QZ level differ from
those reported in Ref. [177] at CCSDT and MRCI level with cc- pCVQZ basis set by
less than 1%.

Further, in order to make quantitative comparison of our results, we choose the
work of Ref. [177] since in both works, all-electron calculations are performed at
CCSDT level with the similar quality of basis sets. Our value of D, at CCSDT/cc-
pVQZ for MgLi™ is 6717.3cm™! which is comparable to the value of 6658.8cm ™" at
CCSDT/cc-pCVQZ as reported in Ref. [177]. The difference of about 58.5 cm™! in
the two results can be explained as below: (a) The value of Ry, = 20 A in Ref. [177],
whereas we have used Rpe: = 30 A in our work. It has been observed, from our re-
sults, that there is a potential energy difference of about 3.15 cm™! between R = 20 A
and R = 30 A at CCSDT/QZ level. Although, this difference of 3.15cm™" does not
account for explaining the difference in the values of D, between the two works, it
is very important in giving rise to more vibrational levels, which is discussed later.
(b) The extra core- functions, that are present in cc- pCVQZ in Ref. [177], are not

considered in our work. It appears that the omission of core functions overestimates
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D, by about 55.4 cm™!. However, this difference lies within the reported error bars
in our work. Only the experiments, when performed, can validate these different

approximations.

From the non- relativistic and relativistic calculations shown in Table (4.2) and Ta-
ble (4.3), respectively, we observe that the relativistic terms seem to have the effect
of lowering the values of the spectroscopic constants that are reported. The value of
R, reduces by about 0.05%, D, reduces by about 0.24%, w, decreases by 0.6%, and
wex, decreases by 8%. Using CCSD(T)/QZ results of D, and w, in Eq. (1.19), we
have calculated the value of Dy to be 6578.8 cm™! at the non - relativistic level, while

6563.3cm™! at the relativistic level.

Our value of the dipole moment, given in Table (4.4), of MgLi*™ at the equilibrium
point in its ground state is (2.135 £ 0.017) a.u., at the CCSD(T)/QZ level, and this
compares well, to within 0.4% and 0.2%, with that of [197] and [177], respectively.
However, these results, ours included, differ significantly, by about 44%, from that
given in Ref. [4]. The results of QM and the static DPs for this ion are also reported
in this work, most likely for the first time. The convergence trend in the correlation
contributions may be seen in several molecular properties reported in Table (4.4).
With reference to the SCF result, the contribution of the total electron correlations
computed at the CCSD(T) level for ©,,, & and v is 5.1%, 7.7% and 10.7%, respec-
tively. Further, we observe that the contribution of leading order triples to the CCSD
values of ©,, and ~ is ~ 0.3%, while for @ it is ~ 0.5%. The value of polarizability
at the super molecular limit in our calculation is equal to 72.462 a.u., with an error
bar of £1.115a.u., and it compares well with the sum of the atomic polarizabilities,
amg + opi+ = 71.37 + 0.191 = 71.561a.u. [192], at the similar level of approxima-

tion.

In this work, we have obtained the maximum number of vibrational states to be
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59 (using CCSD(T)/QZ method), whereas, Fedorov et al. [177] have reported 54 vi-
brational states (at CCSDT/pCVQZ method). It has to be noted that the potential
depths are different in both cases, the latter being ~ 54 cm™! smaller. However, the
relative energy difference between the adjacent vibrational levels in our case are sim-
ilar to those reported in Ref. [177] upto v = 53 and the last difference being larger
than 2 cm ™! in both cases. This, however, is still far away from the continuum limit
and hence, we have extrapolated our PEC up to R = 52 A, and obtained additional

five vibrational states, from v = 53 to v = 58.

The lifetime of the ro-vibronic ground state (wviz. 2.81s), reported in this work
agrees well with the result, (viz., 2.76s) reported in Ref. [177]. The lifetimes of the
higher vibrational levels close to dissociation limit are observed to be longer than that
of the ro-vibronic ground state. To analyze this further, we have shown the varia-
tion of spontaneous- and BBR - transition rates separately for the vibrational states

of MgLi™ against the vibrational quantum number in Figure (4.6). The spontaneous -

1 v 1 v 1 v 1 v 1
— . Spontaneous
15+ R = BBR i
)
2 .
g
S 10F PSRN .
c 7 N
@) </ \
= X4 \
n J/ \
c t4 \
© K4 N
=5 . .
/ \\ .
/ NI
/ N
J SS.
O M 1 M 1 M 1 M 1 M Lo~y o
0 10 20 30 40 50 60

Vibrational quantum number, v

Figure 4.6: Spontaneous- and BBR -induced transition rates for the vibrational levels of
electronic ground state of MgLit.
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and the BBR -induced transition rates increase initially and they reach the peak at
v = 21 and at v = 27, respectively. Thereafter, both the transition rates begin to
decline. As the lifetime is the reciprocal of total transition rate, the lifetimes of the
vibrational levels decrease upto v = 25, and then they begin to increase. For v = 58,
the lifetime reaches the highest value of 19.3 s, which is about seven times larger than
the lifetime of v = 0 state. For both spontaneous- and BBR-induced transition
rates, we have observed that the transitions with Av = |1| are dominant for the
lower vibrational levels. However, for intermediate and higher vibrational levels, the
fundamental as well as the first few overtones contribute appreciably. The long life-
times for highly excited vibrational states have also been predicted by Fedorov et
al. [177] for alkali- alkaline- earth cations and by Zemke et al. [200] for neutral KRb

molecule.

4.3.1.2 CalLi"

The results of R,, D, and w, for the ground state of CaLi™ molecular ion, computed at
the equilibrium bond length using QCISD(T) method, reported by Russon et al. [89]
differ from our CCSD(T) results, shown in Table (4.2), by about -1.7%, 0.8% and
2.5%, respectively. However, their QCISD(T, full) result of D, differs from our result
by 4.1%. On the other hand, our results for R., D, and w,. agree very well with
those of Habli et al. [175] with a maximum disagreement being 1.26%. The value
of D, = 8952.8 cm™! reported in [198] is quite small compared to all other pub-
lished results, and it is about 11.3% smaller than our result. However, our value of
the rotational constant, B, = (0.265 + 0.002) cm™! agrees nicely with that of [198]
where it is quoted as 0.263 cm~!. The anharmonic frequencies are not available in the
literature for comparison. From Table (4.3), we observe that the relativistic effects,
at the CCSD(T)/QZ level, on R, is a mere -0.08%, on D, and on w, it is about
-0.8%, and on wex, it is about -15%. The calculated results of Dy, using Eq. (1.19),
at the non - relativistic (relativistic) level is 9970.4cm™! (9888.8 cm™!) with values of

D, and w, calculated using the CCSD(T)/QZ method.
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The only available result of the dipole moment for CaLit in the literature is by
Habli et al. [175] which reports its value to be ~ 2.713 a.u. at the equilibrium bond
length. This is much larger than our CCSD(T) result (1.748 £ 0.066) a.u. There
is no calculation available in the literature, known to our knowledge, which reports
the results of QM and static DPs for this ion and hence, our results reported in
this work are most likely the first. The sum of individual atomic polarizabilities,
ace + ap+ = 155.9 + 0.191 = 156.091a.u. reported in Ref. [192] is very close
to our result of molecular polarizability (160.812 £+ 3.624 a.u.) calculated at the su-
per-molecular limit. The correlation contributions due to CCSD and CCSD(T) to
SCF are positive for ug, while they are negative for the other calculated molecular

properties, similar to the trends observed in the case of MgLit.

The computed lifetime of the ro-vibronic ground state of CaLi™, at room temper-

ature, is found to be 3.19s. There is no other data available in the literature for
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Figure 4.7: Spontaneous- and BBR -induced transition rates for the vibrational levels of
electronic ground state of CaLi™.
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comparison. From Figure (4.5), we observe that the overall nature of the curve show-
ing the lifetime of vibrational states of CaLit against ‘v’ is similar to the case of
MgLit. The lifetime for the highest vibrationally excited state is found to be 2.38s,
which is close to the value of the lifetime of the vibrational ground state. The be-
haviour of the BBR-induced transition rate with ‘v’ is analogous to that observed
for MgLi™, however, the spontaneous transition rate curve shows several minor oscil-
lations between v = 9 and v = 70 (see Figure 4.7) and the same gets reflected in the

lifetime curve as well.

4.3.2 Structure Constants & Properties of Excited states
4.3.2.1 MgLi*

The PECs and PDM curves for the excited states of MgLit: 2-31%+, 135+ and 1311,
at EOM-CCSD/QZ level of the theory are shown in Figure (4.8) and Figure (4.9),

D06 7FFT — r — T T T T T ]
g -206.78 a— 2’5" [Mg'(3s) + Li(25)] 7
; —e 15" [Mg'(3s) + Li(2s)]
<) i 1°n [Mg(3s3pjP + Li' |
GC) -206.85 — 3’5" [Mg'(3s) + Li(2p)]

)
® 1
= -206.92
g
g
-206.99%
-20706'. 1 1 . 1 1 1

2 4 6 8 10 12 14
Internuclear distance, R (A)

Figure 4.8: Potential energy curves for the electronic excited states of MgLi™ using EOM -
CCSD/QZ method.
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Figure 4.9: Permanent dipole moment curves for the electronic excited states of MgLi™

using EOM - CCSD/QZ method.

respectively. The spectroscopic constants extracted from these PECs are tabulated
in Table (4.7) and compared with the published results available in the literature.
The spectroscopic constants: R., w. and B., for the triplet excited states reported
in this work are in reasonable agreement with the other calculations performed at
MRCI and FCI level of correlation [4,197]. The value of wex., on the other hand,
shows a noticeable difference in comparison to the published results. The spectro-
scopic constants for the n !X+ excited states show large disagreement with those of
Ref. [4] mainly because our value of R, is largely different from that considered in
their work which renders the direct comparison of the two results meaningless. The
dissociation energy D., and the electronic transition energy T, for the triplet excited
states reported in our work differ from those of published results for the following
reasons: (i) the magnitude of these energies are sensitive to the size of the basis
set, and also to the relativistic effects as seen from the results of Ref. [197] cited in

Table (4.2) and Table (4.7) (ii) further, they have performed frozen core calculations
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in Refs. [4,197] as against our all-electron correlation calculations (iii) The other
reason could be the choice of the many-body method used in our work which is

different from the other two.

We have observed that the two of the excited molecular states: 23X+ and 13X+ dis-
sociate into [Mg™ (3s) + Li (2s)] states, 13T into [Mg(3s3p) + LiT (1s?)] states, and
31X into [Mg* (3s) + Li(2p)] states. The Refs. [4,197] also report the same ob-
servations on the dissociative nature of these molecular states. These asymptotic
molecular states, and the corresponding electronic excitation energies with respect
to the molecular ground state is given in Table (4.8) and compared with the sum of

atomic/ionic energies taken from the NIST database [191]. The maximum difference

2.5 T T T T T T T T T

TDM (a.u.)

1 1 1 1 1 1
5 10 15 20 25 30
Internuclear distance, R (A)

Figure 4.10: Transition dipole moment, as a function of R, from the ground state to the
excited singlet electronic states of MgLi™ using EOM - CCSD/QZ method.

between our results and those of [191] is 3.8%, which occurs for 13TI. On correlating
Figure (4.8) and Figure (4.9), we observe that the molecular states having positive
values of dipole moment at large distances dissociate into Mg* (3s) + Li (2sor 2p),

whereas the states with negative value of dipole moment at large distances dissociate
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Table 4.8: Energies of a few low - lying electronic states of MgLi™ at the dissociative limit.

E(cm™1)
Molecular state Asymptotic molecular state This work NIST [191] % difference
XIo+ Mg (35%) + Li" 0.0 0.0 -
213+ Mg* (3s) + Li(2s) 18108.24  18183.94  0.08
1350+ Mg* (3s) + Li(2s) 18108.25  18183.94  0.08
1311 Mg (3s3p) 3P + Li* 22698.04  21877.23 3.75
315+ Mg (3s) + Li(2p) 32026.93  33087.77  0.49

into Mg (3s®or 3s3p) + Li™.

The TDM curves for the electronic transitions from the ground- to singlet excited
states, are shown in Figure (4.10). The transitions, X !XT — 23T and X 'X+ — 315F

have a maximum value of TDM at a distance of 3.6 A and 4 A, respectively. Further,

30 v 1 v 1 v T T T T T T T
250F -
xis*
2ls* -
3's*
15"
1°n -
_’o,..’. u *ae%*
0 . MI . i 5 3 > 1 2
0 10 2 30 40 50 60 7C

Vibrational quantum number, v

Figure 4.11: Energy spacing between the adjacent vibrational levels of the electronic
ground state (using CCSD(T)/QZ method) and of the excited states (using EOM-
CCSD/QZ method) of MgLi*.

the number of vibrational states obtained within 21X, 13X*, 1311 and 3!+ elec-
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Table 4.9: Relative energies and rotational constants for vibrational levels of excited

electronic states of MgLit. The results are quoted in cm™".

IR 219+ R 1311
v AFE, B, AFE, B, AEFE, B, AFE, B,
0 — 0.2421 — 0.0571 — 0.0562 — 0.3519
1 182,57 0.2399 35.95 0.0547 53.59  0.0554 205.53 0.3442
2 180.74 0.2377 32.54 0.0522 52.25 0.0546 197.75 0.3362
3 178.93 0.2355 29.25 0.0495 50.88  0.0537 189.83  0.3280
4 17712 0.2334 26.07 0.0467 49.65 0.0527 181.57 0.3194
5 17528 0.2312 23.02  0.0438 48.64 0.0514 173.27 0.3105
6 173.46 0.2291 20.11 0.0408 47.68 0.0500 164.63 0.3012
7 171.66 0.2269 17.39 0.0379 46.54 0.0485 156.07 0.2917
8 169.86 0.2248 14.90 0.0350 45.10 0.0469 147.22  0.2819
9 168.03 0.2227 12.65 0.0321 43.37 0.0454 138.56 0.2717
10 166.17 0.2205 10.65 0.0293 41.37 0.0438 129.76 0.2614
11 164.33 0.2184 8.89  0.0266 39.16 0.0422 121.23  0.2509
12 162.51 0.2163 7.34 0.0239 36.76  0.0406 112.82  0.2403
13 160.73 0.2142 6.00 0.0213 34.23 0.0390 104.75 0.2297
14 158.91 0.2121 4.85 0.0189 31.60 0.0374 96.95 0.2191
15 157.02 0.2100 3.86  0.0165 28.93 0.0358 89.43 0.2084
16 155.11 0.2078 3.02  0.0143 26.26  0.0344 82.14 0.1976
17 153.23 0.2057 232  0.0121 23.61 0.0333 74.89 0.1864
18 151.34 0.2036 1.74  0.0102 20.74 0.0347 67.50 0.1745
19 149.40 0.2014 1.27  0.0083 15.22  0.0539 29.67 0.1613
20 147.46 0.1992 — — 9.48 0.0451 50.89  0.1454
21 145.49 0.1970 — — 14.75 0.0301 40.05  0.1229
22 14349 0.1948 — — 15.03 0.0268 - -
23 141.48 0.1926 — — 13.80 0.0250 — —
24 139.42 0.1904 — — 12,51 0.0234 — —
25 137.34 0.1881 — — 11.33 0.0221 — —
26 135.22 0.1858 — — 10.25 0.0208 — —
27 133.06 0.1835 — — 9.29 0.0196 — —
28 130.84 0.1811 — — 8.41 0.0185 — —
29 128.58 0.1786 — — 7.63 0.0174 — —
30 126.26 0.1762 — — 6.91 0.0164 — —
31 123.88 0.1736 — — 6.26 0.0154 — —
32 12143 0.1710 — — 5.66  0.0145 — —
33 11890 0.1684 — — 5.12  0.0136 — —
34 116.28 0.1656 — — 4.63 0.0127 — —
35 113.56 0.1627 — — 4.18 0.0119 — —
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Table 4.9: Continued. ..

v

13%F

31T

AFE,

B,

AFE,

B,

36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
o1
52
93
o4
95
56
o7
o8
99
60
61
62
63
64
65
66
67
68
69

110.74
107.79
104.71
101.47
98.06
94.47
90.67
86.64
82.37
77.83
73.02
67.94
62.60
07.04
51.33
45.57
39.90
34.50
29.50
25.03
21.12
17.77
14.92
12.48
10.40
8.62
7.08
D.77
4.64
3.68
2.88
2.18
1.62
1.16

0.1598
0.1567
0.1535
0.1501
0.1465
0.1427
0.1387
0.1345
0.1299
0.1250
0.1198
0.1142
0.1083
0.1019
0.0953
0.0884
0.0814
0.0745
0.0678
0.0615
0.0556
0.0501
0.0451
0.0405
0.0362
0.0321
0.0284
0.0249
0.0216
0.0186
0.0158
0.0131
0.0108
0.0085

3.77
3.39
3.05
2.74
2.45
2.19
1.96
1.74
1.54
1.36
1.19

0.0112
0.0104
0.0097
0.0090
0.0084
0.0078
0.0072
0.0066
0.0061
0.0056
0.0051
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tronic states are 20, 70, 22 and 47, respectively. The relative energy separation
between the last two vibrational states for 21X+, 3%+ and 13X+ is less than 1.2
cm ™!, whereas, it is about 40 cm™! for 13II. We have plotted the energy spacing
between adjacent vibrational states against ‘v’ for the ground- as well as for the
excited electronic states in Figure (4.11). These results together with the vibrationally
coupled rotational constants (B,) for the excited electronic states are provided in the

Table (4.9).

4.3.2.2 CalLi"

The PECs and PDM curves for the low-lying electronic excited states of CaLi™:
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7684440 a2 caus) + Lisy ©84619F
] o—e 1’5" [Ca'(4s) + Li(2s)]

1N [Ca'(3d) + Li(2)] -684.6198
-684.44 \ — 1’0 [Ca(@s4pP + Li"]

_ 1 -
684.619 10 15 20 25

-684.54

Potential energy (a

-684.4

3 6 9 12 15
Internuclear distance, R (A)

-684.6

Figure 4.12: Potential energy curves for the electronic excited states of Calit using
EOM - CCSD/QZ method.

213+ 135, 1T and 13T are plotted in Figure (4.12) and Figure (4.13), respec-
tively. The extracted spectroscopic constants together with the available results in
the literature are reported in Table (4.10). The values of equilibrium bond length and

harmonic frequency reported in the present work for triplet states are in reasonable
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Figure 4.13: Permanent dipole moment curves for the electronic excited states of CaLi™
using EOM - CCSD/QZ method.

agreement with the available results reported in Ref. [175]. However, their results
for D, are different from ours by 2195.52 cm ™! for 13X ", and 1361.06 cm™~! for 1311
state. The reasons for this large discrepancy are not different from those discussed
earlier for the case of MgLiT. Further, though the nature of our PEC for the 21X
state is very similar to that of Ref. [175], it is weakly bound in our case and the po-
tential minimum is situated at a distance almost twice of that of Ref. [175]. On the
other hand, we have observed one bound minimum situated at a distance of 3.425 A
for the 1'IT state and it becomes repulsive after a bond distance of 4.5 A. In striking
contrast, this PEC is reported to be attractive and the state is strongly bound with a
potential depth of 6643.47 cm™! in Ref. [175]. Therefore, our results of the diatomic
constants which are extracted from the PECs of these singlet states should not be
compared directly with that of Ref. [175]. Further theoretical or experimental works
are necessary to verify these observations, and settle the discrepancies between these

two works.
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The atomic states to which these molecular states dissociate into, at the asymptotic
distances, are calculated and the compilation is shown in Table (4.11). As it can
be seen from this table that both the molecular states 2'X+ and 13X" dissociate
into the same set of atomic states, viz., Ca't (4s) +Li(2s). The excitation energy
for these states with respect to the electronic ground state of neutral Cali, at the

! and that matches well with the first ionization

asymptotic limit, is 49875.80 cm™
energy of Ca, which is 49305.95 cm™!. The other states 1 'II and 13II dissociate into

Ca™(3d) + Li(2s) and Ca (4s4p) 3P + LiT™ (1s?), respectively.

The dissociative nature of the molecular states reported in our work agrees with

that reported in Ref. [175]. From Figure (4.13) and Table (4.11), it is clear that

5 10 15 20 25 30
Internuclear distance, R (A)

Figure 4.14: Transition dipole moment, as a function of R, from the ground state to the
excited singlet electronic states of CaLit using EOM-CCSD/QZ method.

those states which possess positive value of dipole moment at large distances dissoci-

ate into Ca™ (4sor 3d) 4 Li (2s), whereas, those states with negative value of dipole
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moment dissociate into Ca (4s? or 4s4p) + Li* (1s?). This trend is exactly in line with

that observed in the case of MgLi™.

In order to estimate the effect of diffuse functions on the transition energies, we
have used singly - augmented QZ basis sets. The contribution of these additional
functions is observed to be less than 0.42% at the equilibrium point, and 0.063% at
the asymptotic limit for both the molecular ions. The TDM curves for the transitions
from the electronic ground state to the singlet excited states of CaLit are shown in
Figure (4.14). The maximum value of TDM for X!'¥T —2!3% and XX+ — 11,
transition is found to be 3.210 a.u. at 5.3 A and 2.725 a.u. at 3.8 A, respectively. At

30 T T T T . ' . T
* x'st ]
o %
1’5" i
A 1°n
1'n
Oh A 1 A 1 A 1 A
0 20 40 60 80

Vibrational quantum number, v

Figure 4.15: Energy spacing between the adjacent vibrational levels of the electronic
ground state (using CCSD(T)/QZ level) and of the excited states (using EOM-CCSD/QZ
method) of CaLit.

large distance the TDMs drop to zero.

We have obtained the maximum vibrational levels to be 7 for 213+, 47 for 13%F, 55
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for 1311 and 11 for 1'II state. The corresponding energy spacing between the last
two vibrational levels in these states are 1.13, 1.05, 8.6 and 18.8 cm ™!, respectively.
The relative vibrational energy spacing as a function of ‘v’ is plotted in Figure (4.15),
and the trends are not uniform because of anharmonic effects. The details of the data
related to the vibrational spacings and the rotational constants for the vibrational

states are provided in the Table (4.12).

4.4 Summary

In conclusion, we have performed several ab initio calculations for the ground state
and a few low-lying excited electronic states of MgLi* and CaLi®. To obtain reli-
able results for the spectroscopic constants and molecular properties we have used
higher - order correlation method such as CCSD(T) and also we have considered all-
electron correlations even in large basis sets. Our results of diatomic constants and
PDMs are compared with the published results, wherever available. The results of
the QMs and various components of DPs of MgLit and CaLi" are being reported for
the first time. The errors arising both from the truncation of correlation effects and
finite basis set size effects have also been estimated, and the recommended values
are highlighted in bold fonts in the tables. Further, the adiabatic effects such as
DBOC are estimated for both the ions at the CCSD level. The effect of augmenting
the basis sets with diffuse functions on the molecular properties of the ground state
and the transition energies for the excited states is also studied. Using PECs and
PDM curves, the vibrational wavefunctions, constants of vibrational spectroscopy,
TDMs between different vibrational states, spontaneous- and BBR -induced transi-
tion rates, and hence, the lifetimes of vibrational states are calculated. The lifetime
of the X 1XT state in its ro- vibrational ground state is found to be 2.81s for MgLi™,
and 3.19s for CaLi't, at room temperature. The lifetime of vibrational states as a
function of the vibrational quantum number is studied, and it has been found that

the higher vibrational states close to dissociation limit can have lifetimes larger than
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Table 4.12: Relative energies and rotational constants for vibrational levels of excited

electronic states of CaLit. The results are quoted in cm™!.

213+ IE 1311 111
v AE, B, AE, B, AE, B, AFE, B,
0 — 0.0189 — 0.1733 — 0.2906 — 0.2392
1 5.27 0.0172 145.06 0.1715 252.47 0.2880 209.98 0.2358
2 434 0.0152 143.20 0.1697 249.26  0.2853 202.61 0.2320
3 320 0.0131 141.30 0.1679 245.89 0.2826 193.70 0.2273
4 233 0.0111 139.38 0.1661 242.49 0.2799 182.36  0.2213
5 1.65 0.0092 137.44 0.1643 239.02 0.2771 166.66 0.2124
6 1.13 0.0074 135.45 0.1625 235.46 0.2743 138.76 0.1917
7 — — 133.44 0.1607 231.89 0.2714 07.23  0.1284
8 — — 131.39 0.1588 228.24 0.2685 22.23  0.1031
9 — — 129.30 0.1569 224.52 0.2655 13.44  0.0825
10 - — 127.16  0.1550 220.76  0.2625 8.66  0.0647
11 - — 124.96 0.1531 216.95 0.2594 — —
12 - — 122,71 0.1511 213.07 0.2563 — —
13 - — 120.39 0.1490 209.15 0.2531 — —
14 - — 118.00 0.1470 205.18 0.2499 — —
15 - — 115.53 0.1448 201.13 0.2466 — —
16— — 112.97 0.1426 197.02  0.2432 — —
17 - — 110.31 0.1403 192.85 0.2397 — —
18— — 107.53 0.1379 188.60 0.2362 — —
19 - — 104.61 0.1354 184.26 0.2326 — —
20 — — 101.55 0.1328 179.83  0.2290 — —
21 — — 98.32 0.1301 175.30 0.2253 — —
22 - — 94.90 0.1272 170.67 0.2215 — —
23 - — 91.25 0.1241 165.93 0.2177 - —
24 - — 87.37 0.1208 161.09 0.2137 - —
25— — 83.19 0.1171 156.14 0.2097 — —
26 — — 78.67 0.1132 151.09 0.2055 — —
2T — — 73.78 0.1089 14594 0.2013 — —
28 - — 68.44 0.1041 140.68 0.1968 - —
29 - - 62.58  0.0987 135.33  0.1923 - —
30 - - 56.14  0.0926 129.89 0.1875 - —
31 — — 49.06  0.0856 124.35 0.1826 — —
32— — 41.33  0.0776 118.74 0.1775 — —
3 - - 33.15  0.0686 113.06 0.1722 — —
34 - — 25.11  0.0592 107.34 0.1667 — —
35 - — 18.31  0.0507 101.61 0.1611 — —

W
SN
|
|

13.56  0.0440 95.93 0.1555 — —
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Table 4.12: Continued. ..

13%F 1°T1

v AF, B, AE, B,

37 10.51 0.0386 90.40 0.1499
38 841 0.0340 85.08 0.1443
39  6.80 0.0299 79.87 0.1387
40 548 0.0261 75.03 0.1334
41 436 0.0226 70.50 0.1282
42 341 0.0192 66.27 0.1233
43 2.61 0.0161 62.33 0.1184
44 194 0.0133 58.61 0.1137
45 143 0.0109 55.04 0.1091
46 1.05 0.0087 51.58 0.1044
47 - — 48.14 0.0996
48 — — 44.66 0.0947
49 — — 41.10 0.0895
50 — — 37.37 0.0839
51 — — 33.41 0.0778
52 — — 29.12  0.0709
93 — — 24.36  0.0628
54— — 18.83 0.0525
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the lifetime of the ro- vibrational ground state. It is important to note that the long
lifetimes of the highly excited vibrational states are desired for several ultracold ex-

periments [177].

In addition, the behaviour of electronic TDM as a function of internuclear distance
is also studied for the transitions from ground - to the singlet excited states for both
MgLit and Calit. We believe that the all-electron ab initio results of various spec-
troscopic constants and properties that are presented here may serve as benchmarks
for similar calculations in the future, and also they may be of interest to the exper-
imental spectroscopists who would consider working on these molecular systems in

the future.



CHAPTER 5

PROPERTIES OF ALKALINE -
EARTH MONOFLUORIDES

“Mathematics began to seem too much like puzzle solving. Physics is
puzzle solving, too, but of puzzles created by nature, not by the mind of

man” — Maria Goeppert Mayer

5.1 Introduction

The alkaline - earth monofluorides (AEMFs) are currently in the forefront of several
important theoretical as well as experimental research works not only in physics
but also in chemistry. The AEMFs have attracted theorists because of their simple
electronic structure: open-shell with their ground state being 23, and the experi-
mentalists because of the ease with which they could be laser-cooled. The latter
is evident from the multitude of experiments that have been carried out to real-

ize cooling and trapping of MgF [147], CaF [148,149], SrF [150, 153,201, 202] and

A part of the results presented in this chapter has been reported in a research publication [110].

125
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BaF [152,203] molecules. Some of the heavier members of AEMFs such as BaF [5]
and RaF [6,7] have been studied chiefly for fundamental symmetry violating effects
which give rise to the nuclear anapole moment. Such effects bear vital implications
for the physics beyond the standard model of particle physics. The chemical reac-
tion between the SrF molecules at ultracold temperatures has been investigated by

Meyer et al. [204] that can be used for the study of dipolar degenerate quantum gases.

The accurate theoretical predictions of various molecular properties are crucial in
guiding the ongoing and forthcoming experiments with cold and ultracold diatomic
molecules. To quote a few: the knowledge of PDMs of molecules is helpful for
the study of long-range dipole-dipole interactions, EDM of an electron (eEDM),
for qubits in quantum computations, and for several quantum phases in ultracold
gases [43,46,47,52,71]. Similarly, the knowledge of electric DPs is one of the req-
uisites for manipulating and for controlling the dynamics of molecules in laser fields
[205-209]. Further, the knowledge of P & T -odd interaction constants such as Wy
and Wy are crucial for resolving mysteries surrounding matter - antimatter asymme-

try in the universe [210,211].

A few theoretical studies of AEMF molecules that are being investigated in this
work have already been reported in the literature. To mention: a detailed structural
study of BaF molecule has been performed by Tohme and Korek [212]; the spec-
troscopy and evaluation of properties such as dipole moments of SrF molecules for
the ground - and low - lying excited states has been performed by Jardali et al. [213];
the electronic structure calculations for the ground- and several excited states of
AEMF (AE =Be, Mg, Ca) molecules have been performed by Kork et al. [214]. Fur-
ther, the AEMF (AE = Be, Mg, Ca, Sr, Ba) molecules together with mercury halides
and PbF have been studied by Abe et al. recently for the PDMs and for effective elec-
tric fields (ecff) using relativistic finite-field CCSD (FFCCSD) method [215]. The

theoretical results for the isotropic and anisotropic components of molecular polariz-
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ability (@ and 7) of BeF and MgF at the CASSCF level, and model - based predictions
for AEMFs are available in Refs. [216,217]. The polarizability components of SrF
calculated using CCSD(T) method has been reported in Refs. [42,204], while only the
z-component of polarizability for BaF has been calculated using MRCI method in
Ref. [212]. Nevertheless, there are no experimental results available in the literature,

known to our knowledge, for the DPs of these molecules.

The calculations of HFS constants of MgF and CaF have been performed by Sas-
mal et al. using Z-vector method in the relativistic CC approximation [218]. The
experimental results for HFS constants of SrF and BaF with 7St and 3"Ba, and also
HF'S constant of F atom in MgF and CaF molecule have been reported by Knight et
al. [219]. The semi-empirical and ab initio calculations at SCF and RASSCEF level
for Wy, W, and HFS constants of BaF have been estimated by Kozlov et al. in
Ref. [220]. The RaF molecule with #**Ra isotope has been studied by Kudashov et

al. for their HFS and symmetry violating parameters [6].

In this chapter, we have studied the whole series of group - II monofluorides systemati-
cally and uniformly using the same quality of basis sets, and employing the same level
of correlation method. In addition to the molecular properties: PDMs, components
of molecular DPs, HFS and P & 7T -odd interaction constants of AEMFs, we have
also calculated the atomic polarizabilities of alkaline - earth and fluorine atoms using
GAS technique at the KRCISD level of theory. The theory and details of calculations

along with the results are discussed below.
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5.2 Theory

5.2.1 Permanent Dipole Moment and Dipole Polarizability

The valence electric properties: molecular PDMs and components of molecular po-
larizabilities for the ground state of open-shell AEMFs, and atomic polarizabilities
of alkaline - earth and fluorine atoms are computed using the finite- field approach as
discussed in Subsection (1.1.4). The relativistic energies of the systems (both atoms
and molecules) considered in this work are calculated using weak perturbative elec-
tric field with varying strengths in the range; (2 — 5) x 107* E} /eaq along different
coordinate axes. Further, by using the first- and the second-order polynomial fits

to the data of F(e) against €, we obtain PDMs and DPs, respectively.

5.2.2 Magnetic Dipole Hyperfine Interaction

The interaction of electric/magnetic moment of the nucleus with the electromag-
netic field of the electron leads to the hyperfine structure splitting in atoms and
molecules [120]. The magnetic vector potential A(7) at a distance 7 from the center
of nucleus of an atom is given by [115],

Ty Mo AN XT
Ay = B0 BT (5.1)

where iy is the nuclear magnetic moment (NMM) and p is the vaccum permeability.

The magnetic moment of a nucleus can be defined in terms of nuclear spin Z as [221],

fiv = 92T pn, (5.2)
. . . le| A . .
where g7 is the gyromagnetic ratio and uy = T the unit of NMM, known as
p

nuclear magneton.

The HFS Hamiltonian of an atom due to the magnetic vector potential, ./T(F), in
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the Dirac theory is given by [218,221,222],

HHFS = —€cC Z OZ;/T](T_‘)), (53)

j=1

where «; are the Dirac matrices for j electron; e is the electronic charge; and c is

the speed of light.

By considering z-axis as the internuclear axis of a molecule, the z and z (or y)
projections of the expectation values of the HF'S Hamiltonian, we obtain the parallel

(A)) and perpendicular (A;) components of HFS constants as [6,222],

1
A= Z—Q<‘I’Q\HHFS\‘I’Q>,
KN “~ [d) X 7
[ " (d X T
= I—g . <\I/221/2‘Z< JT? J)Z‘\I/2zl/2>, (5.4)

j=1

and

1
Ay = 70 (Vo | Hups | V_q),

i "X T
“T0 <%}Z( 3 ])(x/y)}‘l’_g>,

j=1 J

= v <‘I’221/2\Z (O‘JTXB’U)( . \%2_1/2>7 (5.5)
J x/y

j=1

respectively. Here n is the total number of electrons; €2 is the z-component of the
total angular momentum of the diatomic molecule; and W, is the wavefunction for
the ground state of AEMFs, viz., 2% state with 2 =1/2. The 2% molecular electronic
states with 2 = +1/2 and 2 = —1/2 are degenerate. However, their determinants

differ by only spin of an electron. Further, the average and anisotropic parameters:
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A and Ay, can be obtained, respectively, using [220]:

_ A 2A

A :
3

and
_ A” — A

Aq 3

5.2.3 Intrinsic Electron Electric Dipole Moment

Classically, a free elementary particle cannot have an electric dipole moment. Never-
theless, in quantum field theory, each particle is surrounded by a virtual charge cloud
of particles and anti- particles. A small deviation in the virtual charge cloud from the
spherical symmetry can give a tiny eEDM [223]. Further, it has been predicted by
several models of particle physics that the electron has a non - zero EDM, which arises
due to the simultaneous violation of the P & T symmetries [224]. The expectation
value of the operator describing the interaction of eEDM of a molecular system is

given by [53,225-228],
<ZHedm(j)> = _de<z 7?2j5j> ,
v v

j=1
2icd, | <
~ <Z’V?’V§’p§>, (5.8)
; v

where d, is the intrinsic electric dipole moment of an electron; 4% and v° (= i v%y!v%43)

are the 4 - component Dirac matrices; ¢; is the electric field at the position of j elec-
tron; p; is the momentum operator; and ¥ is the molecular wavefunction determined
from the many-body theory. Finally, the e.;; experienced by the unpaired electron

in a molecular system is defined as [6],

Eeff = Wd Q, (59)
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where Wy = (2i¢/Qeh)(7"+°p*)y is the P & T -odd interaction constant. A
measurement of the shift in energy (AFE) of a molecule in an electronic state (Vq)
due to eEDM (d.), in conjunction with a theoretically estimated e.¢¢ (related by the
equation AE = —d.e.sf), provides a value of intrinsic eEDM [229].

5.2.4 Scalar - Pseudoscalar Interaction

The nucleon - electron interaction that arises due to the coupling between scalar-
hadronic current and the pseudoscalar electronic current is known as scalar - pseudoscalar
(S-PS) interaction. The S- PS interaction Hamiltonian for a molecular system is
given by [6,227],

. n N

1 G 3

Hs ps = - 7 ko a Za" Y pa(ray), (5.10)

€V2 i
where G (= 2.22249 x 107" Ej,a)) is the Fermi coupling constant [6,230]; p4 is the
nuclear charge density; the summation running over j and A represent the number
of electrons and nuclei, respectively. The k, 4 is a dimensionless nucleus- electron

S - PS coupling constant of an atom and it is defined as [230],

ko = kop + = ko, (5.11)

where Z 4 and N4 represent the number of protons and neutrons in a particular atom
A, respectively. ks, (ks ) is the S-PS constant of an electron and a proton (a
neutron). Further, the P & T -odd interaction constant (W;) that measures the shift

in energy arising due to the nucleon - electron S - PS interaction, can be evaluated as,

WS == ]{;S7AQ <HSfPS>\I/- (512)

It is clear from Eq. (5.10) that the matrix element of Hg _ pg varies roughly as A Z* ~

73 [227] and hence, heavy polar molecules are preferred for the study of symmetry
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violating effects. The contributions of the lighter atom in a diatomic molecule to the

shift in energy due to S- PS interaction is negligibly small [230,231].

5.3 Methodology

In order to compute the molecular properties discussed in Section (5.2), we have used
the KRCI module of the DIRAC software suite [143]. After generating the reference
state using the DF Hamiltonian, the KRCISD calculations are performed by em-
ploying the GAS technique. The Gaussian charge distribution for the nuclei is used
in these calculations. All atomic and molecular properties are calculated using Cs,
point group, while the C'y subgroup is used to compute the perpendicular component
of molecular polarizability. Further, we have used the uncontracted cc-pVQZ basis
sets for Be, F, and Mg [128], and Dyall basis sets of similar quality (dyall.v4z) for
Ca, Sr, Ba, and Ra [130]. These basis sets are quite large, when used in uncontracted
form, as it can be seen from the explicit functions shown in Table (5.1). Such com-

putationally expensive large basis sets are considered for obtaining reliable results.

We have adopted a frozen core (FC) approximation for atoms as well as for molecules

Table 5.1: Details of the basis sets for alkaline - earth and fluorine atoms in uncontracted
form.

Atom Basis

Be cc-pVQZ: 12s,6p,3d, 2f, 1g

F cc-pVQZ: 12s,6p,3d, 2f, 1g
Mg cc-pVQZ: 16s,12p, 3d, 2f, 1g
Ca dyall.v4z: 30s,20p, 6d, 5f, 3g
Sr dyall.v4z: 33s,25p, 15d, 4f, 3g
Ba dyall.v4z: 35s,30p, 19d, 4f, 3g
Ra dyall.v4z: 37s, 34p, 23d, 15f, 3g

to make the correlation calculations manageable, particularly, for the heavy molecu-

lar systems. The atomic polarizability calculations are carried out with 10 outermost
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electrons, viz., ns,np and (n + 1)s orbitals, where n being 2 for Mg, 3 for Ca, 4 for
Sr, 5 for Ba, and 6 for Ra atom. However, for Be and F atoms, all electrons are kept
active in the post-DF calculations. Further, a virtual cutoff energy of 10 £}, is set
uniformly for all atoms and molecules in order to truncate the orbitals having higher

energies so that the computations can be made manageable.

The atomic orbitals are partitioned into four subspaces: frozen core, GAS1, GAS2

and GAS3, as shown in Table (5.2). The first subspace is the FC and it is excluded in

Table 5.2: Generalized active space model for the CI wavefunctions of atoms with 10£),
virtual cutoff energy.

Atom Number of orbitals Number of Number of

Frozen core GAS1 GAS2 GAS3 GAS3* Slater Slater
determinants determinants*

Be 0 1 1 56 81 18929 39529

Mg 1 4 1 59 84 156056 316681

Ca 5 4 1 114 139 583681 868056

Sr 14 4 1 107 132 514136 782761

Ba 23 4 1 110 135 543401 818776

Ra 39 4 1 108 133 523801 794676

F 0 1 4 25 50 74630 299255

*Column with “x’ for the augmented case replaces its preceding un - augmented
column.

correlation calculations. For Be atom, filled 1s and 2s orbitals form GAS1 and GAS2
subspace, respectively. However, for other alkaline - earth atoms, GAS1 contain filled
active [ns, np] and GAS2 contain filled active [(n + 1)s] orbitals. On the other hand,
for the open shell F atom, 1s orbital form GASI, and [2s,2p| orbitals form GAS2
subspace. All electrons available in GAS1 and GAS2 subspaces are allowed to excite
to the virtual orbitals contained in GAS3 subspace. In case of augmented basis sets,
GAS3* replaces GAS3. The number of resulting Slater determinants, for each atom,

corresponding to QZ and aug- QZ basis sets are shown in the last two columns of
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Table (5.2). For molecular property calculations, the DF orbitals having energy less
than -2 E), are considered as frozen core. The center of alkaline - earth atom is chosen
as the coordinate origin of the corresponding diatomic molecule. In the GAS tech-
nique, active DF orbitals are divided into three subspaces: paired (GAS1), unpaired
(GAS2), and virtual orbitals (GAS3). Similar to the atoms, the GAS3 is replaced
by GAS3* for the augmentation calculations of AEMFs. The number of Slater de-
terminants along with the number of orbitals in different subspaces for all molecules

corresponding to QZ and aug- QZ basis sets are shown in Table (5.3).

The values of equilibrium bond lengths used in this work are: 1.359 A for BeF [214],
1.778 A for MgF [214], 2.015 A for CaF [214], 2.124 A for SrF [213], 2.162 A for
BaF [212] and 2.244 A for RaF [7].

Table 5.3: Generalized active space model for the CI wavefunctions of alkaline - earth
monofluorides with 10FE}, virtual cutoff energy.

Molecule Number of orbitals Number of Number of
Frozen core GAS1 GAS2 GAS3 GAS3* Slater Slater
determinants determinants*
BeF 2 4 1 80 128 410645 1050245
MgF 6 4 1 84 132 452681 1116857
CaF 7 7 1 139 188 3789982 6931568
SrF 15 8 1 132 180 4463853 8298909
BaF 24 8 1 134 183 4600095 8577768
RaF 40 8 1 133 183 4531718 8577768

*Column with ‘%’ for the augmented case replaces its preceding un-augmented
column.
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5.4 Results and Discussion

5.4.1 Atomic Dipole Polarizabilities

Our results for atomic polarizabilities (a4) for the alkaline-earth and fluorine atoms
together with the available results in the literature are presented in Table (5.4). The
correlation contributions to the a4 of alkaline-earth atoms at the level of KRCISD
with reference to the DF results are negative. The magnitude of a4 increases as
we go from Be to Ba. However, a4 decreases suddenly for Ra by about 8.2% when
compared to Ba. It has been observed that the expectation value of (r) for 7s orbital
of Ra is smaller than the 6s orbital of Ba and this is attributed as the reason for
the decrease in ay of Ra [232]. Our findings at the KRCISD/QZ level of correla-
tion are in good agreement with the experimental data, well within their reported
uncertainty limits [127,233-235]. For Be and Ra, however, there are no experimental
results available. Our results also compare quite well with the available theoretical

calculations [232,236-240].

In addition, we have investigated the effect of diffuse functions on the results by
repeating the calculations with singly augmented QZ basis sets. The number of
Slater determinants is considerably large with the augmented basis, as can be seen
from Table (5.2), even while the number of active electrons and the virtual cutoff
energy are the same as that of the un-augmented basis sets. The resulting compu-
tational costs get dearer especially while performing correlation calculations. These
additional functions do not seem to alter the value of a4 much, particularly at the
DF level. The maximum change is only about 0.6% for Mg. However, at the KRCISD

level, the maximum change obtained in the result of a4 is about 4.1% for Be.

The relativistic CCSD calculations have been reported in Ref. [236], for alkaline-
earth atoms along with He and Yb, and the contribution from the leading- order

triples are quoted as error bars. Our KRCISD results compare quite well with those
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reported in Ref. [236]; the difference in the two being: 2.1% for Be, 0.6% for Mg,
1.6% for Ca, 2.9% for Sr and 0.5% for Ba. Our results at KRCISD level also agree
well, to within 3.2%, with the results reported in Ref. [232], wherein they have used
perturbed relativistic CC (PRCC) method.

The polarizability calculations with the inclusion of core- core and core - valence cor-
relations using MBPT2 and valence - valence correlations using the CI method has
been reported in Ref. [237]. Further, those authors have improved their results by
obtaining the matrix elements using experimental lifetimes of the electronic states.
In contrast, our ab initio results reported in this work are in good agreement with

their recommended values, with the maximum deviation being 2.4%

The DF results of a4 for Ca through Ra, reported in our work, show excellent agree-
ment with those given in Ref. [238] at the similar level. However, our fully relativistic
KRCISD results vary from their recommended scalar relativistic results computed
using the CCSD(T) method by 0.6% for Ca, 2.5% for Sr, 1.5% for Ba and 0.5% for
Ra.

The calculated value of polarizability for F with and without augmentation comes
out to be 3.5a.u. and 3a.u., respectively, at the KRCISD level. The former value is
in good agreement with the other reported calculations [241-243].

5.4.2 Permanent Dipole Moments

The PDM values calculated using QZ basis sets in this work together with the avail-
able experimental, theoretical and semi- empirical model - based results are shown in
Table (5.5), and our PDM results with aug- QZ basis sets are reported in Table (5.6).

Leaving aside BaF, our values of PDMs of all other AEMFs calculated at the KR-

CISD level show excellent agreement with the available results in the literature. To
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Table 5.5: Results of permanent dipole moments (in Debye) for the ground state of alka-
line - earth monofluorides at equilibrium bond length compared with the available results
in the literature.

Molecule Method | o] Ref.

BeF SCF/QZ 1.246  This work
KRCISD/QZ 1.116  This work
FFCCSD 1.15 [215]
SCF 1.30 [244]
LCCSDe 1.10 [244]
FD-HF 1.2727  [245]
CISD 1131 [246]
CPF 1.086  [246]
MP?2 1197 [247]

MgF SCF/QZ 3.207  This work

KRCISD/QZ 3.124  This work

FFCCSD 3.13 [215]
SCF 316 [244]
LCCSDe 3.07  [244]
FD-HF 3.1005  [245]
CISD 3.048  [246]
CPF 3.077  [246]
MP2 3186 [247]
IM 3.64  [248]
EPM° 3.5 [249]
CaF SCF/QZ 2.8904  This work
KRCISD/QZ 3.181  This work
FFCCSD 3.19 [215]
SCF 077 [244]
LCCSDe 316 [244]
FD- HF 2.6450  [245]
CISD 2500  [246]
CPF 3.060  [246]
MP?2 3190 [247]
MY 334 [248]
LFA‘ 3.00  [250]
EPM¢ 3.2 [249]
MRD-CI® 3.0l [251]
LEA4 336 [252]
Exp. 3.07(7)  [253]
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®Linearized coupled - cluster method with single- and double excitations

"Tonic model

Table 5.5: Continued. ..

Molecule Method | ol Ref.

SrF SCF/QZ 2.930 This work
KRCISD/QZ 3.395 This work
CCSD(T)  3.4564 [42]
FFCCSD 3.62 215]
SCF 3.01 [244]
LCCSD® 3.60 [244]
Z-vector 3.4504 [254]
FD-HF 2.5759 [245]
CISD 2.523 [246]
CPF 3.199 [246]
IV 3.67 [248]
EPM¢ 3.6 [249]
LEA4 3.79 252]
Exp. 3.4676(10)  [255]

BaF SCF/QZ 2.122 This work
KRCISD/QZ 2.706 This work
MRCISD 2.958 212]
FFCCSD 3.41 215]
SCF 2.65 [244]
LCCSD* 3.40 [244]
MY 3.44 [248]
EPM¢ 3.4 [249]
LFA4 3.91 [252]
Exp. 3.170(3)  [256]

RaF SCF/QZ 3.045 This work
KRCISD/QZ 3.621 This work

“Electrostatic polarization model
ILigand - field approach

“Multi - reference single- and double excitation configuration - interaction

the best of our knowledge, the PDM of RaF molecule is being reported, in this work,

for the first time in the literature.

It has been observed that the correlation contributions to the PDMs of lighter
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Table 5.6: Results of permanent dipole moments (in Debye) for the ground state of alka-
line - earth monofluorides at equilibrium bond length calculated with aug- QZ basis sets.

Molecule Method |0

BeF SCF 1.246
KRCISD 1.143
MgF SCF 3.235
KRCISD 3.177
CaF SCF 2.893
KRCISD 3.221
SrF SCF 2.963
KRCISD  3.465
BaF SCF 2.122
RaF SCF 3.050

molecules in this series are negative (-0.13D for BeF and -0.083 D for MgF'), while
for the heavier molecules, these contributions are comparatively large and positive
(0.287D for CaF, 0.465D for SrF, 0.584D for BaF and 0.576D for RaF). At the
level of KRCISD, the magnitude of PDM increases gradually from BeF to RaF, with
BaF as an exception. Further, the effect of adding diffuse functions to QZ basis sets
on PDMs of these molecules is not more than 1.2% at the DF level. However, at
the KRCISD level there is a maximum of 2.4% increase in the value of PDM among
the four lower members of this series. Due to the lack of sufficient computational
resources, we are unable to perform the calculations with the augmented basis sets
for BaF and RaF. In the discussion that follows, we have compared our results with

the experimental values and ab initio calculations that are available in the literature.

Our calculated PDM results differ from the corresponding experimental results by
~ 3.6% for CaF [253], 2.1% for SrF [255] and 14.6% for BaF [256]. Further, it has
to be noted that all available calculations, including ours, for BaF show a large de-
viation, ranging between 6.7% to 14.6%, from the experimental result reported in

Ref. [256].



5.4. Results and Discussion 141

Recently, Prasannaa et al. [244] have performed CCSD calculations of PDMs by
using only the linear terms in the CC wavefunction together with the cc-pVXZ
(X=D, T, Q) basis sets for lighter elements (Be, Mg, Ca and F) and the combination
of Dyall- and Sapporo basis sets for Sr and Ba atom. In Table (5.5), we have quoted
their results only at the QZ basis level for a fair comparison with our results. Their
results differ from ours by 0.016 D, 0.054 D, 0.021 D and -0.205D for the first four
members of the AEMF series. These differences lie within the error bars that they
have reported (£0.1D for BeF, MgF and CaF, while £0.2D for SrF). The PDM
for BaF in our work deviates from their result by 0.694 D, which falls outside their
estimated error bar of 0.2 D. However, they claim that their error estimate on this is

completely uncertain due to numerical convergence issues and incompleteness of basis.

The FFCCSD results for PDMs by keeping all filled- and virtual orbitals as ac-
tive have been reported in Ref. [215]. The basis sets used in this work are the same
as that of Ref. [244] discussed in the preceding paragraph. The difference between
the two results is only 0.034 D for BeF, 0.006 D for MgF', 0.009 D for CaF and 0.225D
for SrF. Furthermore, other recent calculations of PDM of SrF using the Z-vector
method within CCSD approximation [254], and CCSD(T) method [42] differ from
our KRCISD result by about 1.6% and 1.8%, respectively.

The absolute difference between our values of PDM at the DF level and those re-
ported by Kobus et al. [245] at the finite difference HF (FD - HF) level increases from
BeF to SrF. Similar is the situation between our relativistic findings at KRCISD/QZ
level and the results reported by Langhoff et al. [246] using CISD and coupled pair
functional (CPF) method together with the extended Slater type basis sets. The
CPF results of Ref. [246] seem to be more closer to our KRCISD results as compared
to their CISD results. It has to be noted that in both works, [245] and [246] the
calculations have been performed in the non-relativistic framework. Therefore, the

increase in difference between our results and those reported in the Refs. [245, 246]
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could be due to the increase in relativistic effects as one go from BeF to SrF.

5.4.3 Molecular Dipole Polarizabilities

The results for polarizability components of AEMFs calculated in this work using
QZ basis sets are tabulated along with those of other calculations in Table (5.7).
The magnitudes of both polarizability components (oy and ) ) increase as one goes
from BeF to BaF. However, it has been observed that the magnitudes of o) and o
for RaF are smaller than those of BaF. The contribution of fluorine to the DP of
these molecules is small when compared to the contribution of alkaline - earth atom.
The decrease in DP of RaF when compared to BaF can be explained in terms of the

structure of radium atom itself, as discussed in the case of atomic polarizability.

All molecules of group-II monofluorides exhibit negative polarizability anisotropy
(7), which is supported by ab initio calculations in Ref. [216] and by several model-
based predictions in Ref. [217]. All available calculations including ours for polar-
izability components are higher than those predicted by Davis in Ref. [217] using

different electrostatic models.

The absolute value of correlation contribution to the average component of polariz-
ability increases drastically as one traverses to higher members of AEMFs. Further,
the correlation contributions for both & and +, as it can be seen from Table (5.7), are
quite significant for the heavier molecules, viz., CaF through RaF. The values of cor-
relation contributions to the & are: 13.63 a.u. for CaF, 31.16a.u. for SrF, 68.67 a.u.
for BaF, and 79.50 a.u. for RaF. These values of correlation contributions are one or-
der of magnitude larger than that observed for the case of MgF (=-1.33a.u.) and by
two orders of magnitude larger than that observed for the case of BeF (=-0.67a.u.).
Similarly, for 7, these contributions are 22.1a.u. for CaF, 34a.u. for SrF, 110.5a.u.
for BaF and 70.5a.u. for RaF, which are much larger than the value of 0.5a.u.
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Table 5.7: Results of dipole polarizabilities (in units of €2 a2 E; 1) for the ground state
of alkaline - earth monofluorides at equilibrium bond length compared with the available
results in the literature.

Molecule Method Q| o Q 7y Ref.

BeF SCF/QZ 18.0 29.0 25.33 -11.0  This work
KRCISD/QZ  19.0 29.5 26.0 -10.5  This work

CASSCF — - 27.30 -10.45  [216]

T - Rittner — — 1.69 — [217]

TEK“ — — 1.79 -0.19 [217]

D - shell (-1) — - 1.92 0.19 [217]

D - shell (q)° — - 2.04 1.34 217
MgF SCF/QZ 34.5 57.5 49.83 -23.0  This work
KRCISD/QZ  37.5 58.0 51.16 -20.5  This work

CASSCF — - 53.34 222,79 [216]

T- Rittner — — 3.69 — [217]

TEK“ — — 4.10 -1.64 [217]

D -shell (-1) — - 4.27 -1.21 [217]

D - shell (q)° — - 4.19 -0.02 217
CaF SCF/QZ 91.4 172.0 14513  -80.6  This work
KRCISD/QZ 92,5 151.0  131.50  -58.5  This work

T - Rittner — - 7.69 — [217]

TEK“ — — 9.17 -5.77 [217]

D - shell (-1) — — 9.31 -5.20 [217]

D - shell (q)¢ — - 9.03 -4.03 [217]
SrF SCF/QZ 137.0 2485  211.33  -111.5  This work
KRCISD/QZ 1285 206.0  180.17  -77.5  This work

CCSD(T) 126 - — — [204]

CCSD(T) 125 - 170.05  -66.35*  [42)]

T- Rittner — — 9.69 — [217]

TEK“ — — 11.69 -7.83 [217]

D -shell (-1) — — 11.82 -7.21 [217]

D - shell (q)° — - 11.57 -6.35 217
BaF SCF/QZ 214.5 413.5  339.33  -222.5  This work
KRCISD/QZ  196.0 308.0  270.66  -112.0 This work

MRCISD 182.590  — — — [212]

T- Rittner — — 12.69 — [217]

TEK“ — — 15.71 -11.41  [217)

shell( 1)b — - 15.81 -10.72 [217]

‘ [217]

- shell (q) - — 15.41 -9.50
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Table 5.7: Continued. ..

Molecule Method Q| o Q y Ref.
RaF SCF/QZ 195.0 351.0 299.0 -156.0 This work
KRCISD/QZ 162.5 248.0 219.5 -85.5 This work

*Torring - Ernst - Kindt

Displaced shell model in which ¢, shell charges corresponding to valence shell
electron, were set to -e.

“Displaced shell model where ¢, shell charges were treated as parameters.

*In Ref. [42], the authors have reported positive value of v (or Aa), however it
comes out to be negative according to the definition given in Eq. (1.52).

(2.5a.u.) for BeF (MgF) molecule.

The results of molecular polarizabilities using aug- QZ basis sets are tabulated in
Table (5.8). We have observed that the augmentation of basis sets gives a positive
contribution to the values of both «| and a; components and is more effective for
lower members of AEMF's rather than their heavier cousins at the DF level. Further,
at the KRCI level, the augmented basis sets alter the value of oy by 7.9% (5.3%) and
ay by 51% (5.2%) for BeF (MgF) molecule. For other molecules, KRCISD calcula-
tions with the augmented basis sets are not performed due to the lack of sufficient
computational resources. Nevertheless, we have estimated the effect of diffuse func-
tions by adding the difference between the SCF energies calculated using the basis
sets with and without augmentation, to the energies calculated at KRCISD level.
With this energy correction, the estimated values of o) and o, components increase,
respectively, by 8.1% and 3.6% for CaF, 1.9% and 0.5% for SrF, 4% and 2.8% for
BaF, and 4.3% and 3% for RaF.

Fowler and Sadlej [216] have employed the CASSCF method together with the con-
tracted basis sets (10s6p4d) — [5s3p2d] for Be and F atom, and (13s10p4d) —
[7s 5p 2d] for Mg, to compute the dipole polarizability components of BeF and MgF

molecules. A total of 9 electrons are kept active in 40 and 27 orbitals. We have also
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Table 5.8: Results of dipole polarizabilities (in units of €2 a2 E; 1) for the ground state
of alkaline - earth monofluorides at equilibrium bond length calculated with aug- QZ basis
sets.

Molecule Method Q) o Q v
BeF SCF 19.0 31.0 27.0 -12.0
KRCISD 20.5 31.0 27.5 -10.5
MgF SCF 37.5 60.5 52.83 -23.0
KRCISD 39.5 61.0 53.83 -21.5
CaF SCF 99.0 177.5 151.33 -78.5
KRCISD! 100.0 156.5 137.67 -56.5
SrF SCF 139.5 249.5 212.83 -110.0
KRCISD! 130.9 207.0 181.63 -76.1
BaF SCF 221.0 422.0 355.0 -201.0
KRCISD! 203.9 316.5 278.97 -112.6
RaF SCF 202.0 358.5 306.33 -156.5

KRCISDT 169.5 259.5 226.83 -86.0

T These values are calculated by adding the difference between the SCF energies
calculated using the basis sets with and without augmentation, to the energies
calculated at KRCISD level.

included the same number of electrons (9) in our correlation calculation of BeF and
MgF. However, our virtual space (80 and 84 molecular orbitals for BeF and MgF,
respectively) is very large compared to that considered in Ref. [216]. For BeF, our
values of @ and v at KRCISD level differ from those reported in Ref. [216] by 4.8%
and -0.5%, respectively, while for MgF, the difference between the results of two
works is 4.1% for & and 10% for ~.

Meyer and Bohn [204] have reported only the parallel component of polarizability
for SrF using CCSD(T) method available in MOLPRO quantum chemistry package.
They have used effective core potential (ECP28MDF) basis set for Sr and augmented
correlation - consistent valence quadruple zeta basis set for F atom. Our value of
a) = 128.5a.u. at KRCISD level agrees well with the value of 126 a.u. reported in
Ref. [204] to within 2%. Quite recently, Kosicki et al. [42] have applied the CCSD(T)

method in conjunction with the core-valence aug-cc-pCVQZ basis set for F and
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ECP28MDF basis set for Sr atom to calculate the electric properties of SrF. The
values of @ and v reported in Ref. [42] differ from ours by 5.6% and 14.4%, respec-
tively. It must be mentioned here that we have included 17 electrons to perform the
correlation calculations in a virtual space of 132 orbitals. The similar information on
number of correlated electrons and the size of virtual space is not clear from Ref. [42]

for the comparison.

Tohme and Korek [212] have computed the z-component of polarizability for BaF
molecule using MRCISD method. They have used ECP basis set (5s5p4d) for the
Ba atom and valence double-zeta basis set (6s3p) — [3s2p| for F atom. Further,
only five electrons are included in their correlation calculations. On the other hand,
we have considered 17 electrons as active in a virtual space of 134 orbitals. The value
of o reported in Ref. [212] is smaller by 6.8% from our result at the similar level of

approximation.

The computed values of oy and v for CaF (RaF) are 92.5 (162.5) a.u. and 151.0 (248.0)
a.u., respectively, by considering 15 (17) electrons in the correlation calculation with
139 (133) virtual orbitals. There is no calculation available in the literature, known

to our knowledge, to compare our results of polarizability components of CaF and

RaF.

5.4.4 Magnetic Dipole Hyperfine Structure Constants

The reported results for the HF'S constants are calculated using the locally modified
DIRACI11 program package. The absolute values of the computed components of
HFS constants at the DF and KRCISD level together with the existing results are
given in Table (5.9). The values of nuclear spin and NMM for alkaline-earth and
fluorine atoms and their different isotopes used to calculate the HFS constants are

tabulated in Table (5.10) [258].
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Table 5.9: Results of parallel (4)) and perpendicular (4, ) components of magnetic dipole
HF'S constants (in MHz) of alkaline - earth monofluorides using QZ basis sets, compared
with the available results in the literature.

Molecule Atom Method A Al Ref.
BeF Be SCF 237.28 227.62 This work
KRCISD 236.37 227.16 This work
YR SCF 190.20  137.75  This work
KRCISD 253.50 128.95 This work
MgF BMg SCF 253.59 243.94 This work
KRCISD 250.48 241.38 This work
SCF 2402 2394 [222]
RAS-CI 2724 260.3 [222]
ECC 282.6 2704 [222]
Z - vector 281.8 269.6 [218]
R SCF 162.63 92.45 This work
KRCISD 271.09 136.47 This work
SCF 168.0 99.8 [222]
RAS-CI 2554 1394 222]
ECC 3209  153.3 [222]
Z - vector 322.6 148.7 [218]
Exp. 331(3)  143(3)  [219]
CaF $3Ca SCF 316.69  305.68  This work
KRCISD 342.27 326.83 This work
Z - vector 426.4 408.9 218]
DR SCF 72.15 54.30 This work
KRCISD 105.43 72.91 This work
Z - vector 131.7 83.8 [218]
Exp. 149 106 [219]
SrF 87Sr SCF 400.80 387.59 This work
KRCISD 453.47 434.32 This work
Exp. 591 570 [219]
R SCF 60.66 48.37 This work
KRCISD 86.10 63.33 This work
Exp. 126 95 [219]

In Ref. [219], the authors have reported the experimental results for the HEFS con-
stants of F in the case of MgF, CaF, SrF and BaF molecules. They have observed
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Table 5.9: Continued. ..

Molecule Atom Method A Al Ref.
BaF 135Ba SCF 1430.49 1390.80 This work
KRCISD 1611.87 1551.13 This work
137Ba SCF 1600.22 1555.82 This work
KRCISD 1803.12 1735.17 This work
SCF* 1479 1446 [220]
RASSCF* 1488 1455 [220]
SCF - EO*t 2264 2186 [220]
RASSCF-EO*T 2272 2200 [220]
Exp. 2453(9) 2401(6) [219]
Exp. 2376 2301(9) [257]
R SCF 38.77 35.68 This work
KRCISD 47.82 41.27 This work
Exp. 67 59 [219]
RaF 223Ra SCF 1573.11 1519.25 This work
KRCISD 1737.15 1661.89 This work
GHF - ZORA? 1900 1860 [7]
SODCI® 1790 1720 6]
FS-RCCS* 1700 1630 6]
FS-RCCSD* 2100 2020 6]
CCSD 2090 — 6]
CCSD(T) 2110 — 6]
CCSD?nlarged 2080 — 6]
ch?inal 2110 2020 6]
225Ra SCF 4260.76 4114.88 This work
KRCISD 4705.07 4501.22 This work
22TRa SCF 2345.16  2264.86  This work
KRCISD 2589.71 2477.51 This work
BE SCF 55.40 48.11 This work
KRCISD 74.09 60.02 This work

*These components are calculated from the results of A and A, reported in
Ref. [220] using Eqgs. (5.6-5.7).

fSCF and RASSCF calculations with effective operator technique.
tGeneralized HF - zeroth - order regular approximation.

®Spin - orbit direct CI.

*Relativistic 2-component Fock-space CC approach.

PCCSD with larger basis sets.

©CCSD results are corrected with triple excitations and basis set enlargement.
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Table 5.10: Compilation of the values of nuclear spin quantum number (Z) and NMM
(1) of alkaline - earth and fluorine atoms used in this work.

Atom 7 NMM
9Be 3/2 -1.1779
R 1/2 2.628867

BMg  5/2  -0.85546
BCa  7/2  -1.31727
87Qr 9/2  -1.09283
13Ba  3/2  0.837943
137Ba 3/2  0.37365
28Ra 3/2  0.271
25Ra 3/2  -0.734
27Ra 3/2  -0.404

that the spin density on the F atom is much smaller than on the alkaline - earth atom,
which thereby supports the ionic character of the AEMFs. Based on the orbital mix-
ing theory, they have analyzed that the anisotropic values of the HF'S constants (that
can be calculated using Eq. (5.7)) of °F reveal the covalent character in the lighter
molecules. It can be seen from Table (5.9) that as we go from MgF to BaF at the
KRCISD level, the magnitude of HFS constants for F atom decreases similar to that
reported in Ref. [219]. Therefore, one can conclude that the ionicity of the bond in
BaF is greater than that for the case of MgF. The minimum and maximum difference
between our computed values of F atom in molecular environment at the KRCISD
level and experimental values reported in Ref. [219] for Aj is 19.18 MHz and 59.91
MHz, and for A, it is 6.53 MHz and 33.09 MHz, respectively.

Our findings for HFS constants at KRCISD level, are reasonably in good agreement
with the available results in the literature. However, the recent calculations show
that the CC together with the Z-vector method can construct accurate wavefunc-
tion near the nuclear region than that with the KRCISD method [218,222]. For BeF,
we have reported the results of HF'S constants for the first time in our work, to the

best of our knowledge. Except for Be and Mg, the correlation contribution to the
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other alkaline- earth atoms is positive. Further, the absolute correlation contribution
increases from Be to Ba and then decreases for Ra atom in monofluorides for both

parallel and perpendicular components.

In order to understand the effect of the inclusion of core electrons and triple ex-
citations, we have performed two additional calculations (i) by considering triple ex-
citations at KRCI level in the FC approximation and (ii) by considering all electrons
at the KRCISD level, for two lower members of the series, as shown in Table (5.11).

From these additional calculations, we infer that the results for the HFS constant of

Table 5.11: Comparison of parallel (4)) and perpendicular (A, ) components of magnetic
HFS constants (in MHz) of BeF and MgF at different level of approximations.

Molecule Atom Method A Al
BeF ‘Be KRCISD + FC 236.37 227.16
KRCISDT + FC 236.27 227.49
KRCISD + All e~ 257.08 247.42
g KRCISD + FC 253.50 128.95
KRCISDT + FC 267.92 112.19
KRCISD + All e~ 253.25 133.25
MgF BMg KRCISD + FC 250.48 241.38
KRCISDT + FC 250.29 241.61
KRCISD + All e~ 276.70 264.74
g KRCISD + FC 271.09 136.47
KRCISDT + FC 306.05 140.26
KRCISD + All e~ 255.92 129.43

alkaline - earth atom is improved by keeping all electrons as active at the KRCISD
level, while the results of F atom is improved with the inclusion of triple excitation
within the FC approximation. Therefore, the simultaneous addition of triple excita-
tion and all electrons are necessary to further improve the accuracy of HF'S constants.
Nevertheless, we have not reported these calculations in this work and we may con-

sider it in our future work.
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Further, for the quantitative comparison, we have considered the case of MgF sys-
tem for which the HFS constants are available in the literature using both Z- vector
method [222] and extended CC (ECC) theory [218]. We have observed that the
inclusion of all electrons increases the results calculated with FC approximation at
the KRCISD level for Mg atom by 10.5% for A and 9.7% for A, component. The
computed values for HFS constants of Mg by considering all electrons as active at
KRCISD level (KRCISD + All e7) in the present work vary from the results reported
in Refs. [218,222] using ECC and Z - vector method by only 2.1% and 1.8%, respec-
tively. The addition of triple excitations to KRCISD (KRCISDT + FC) increases the
values of A and A, components of F' atom by 13.3% and 2.8%, respectively. Our
results at the KRCISDT + FC level of correlation differ from the experimental values
of F atom by 7.2% for A and by 1.9% for the A, component [219], while our results
for Ay and A, components deviate by 5.1% (4.6%) and 5.7% (8.5%), respectively,

from ab initio calculations reported in Refs. [218,222].

5.4.5 P & T -0dd Interaction Constants

The values of P & T -odd interaction constants (Wy) calculated using Eq. (5.9) at
the KRCISD method in the present work together with the available results in the
literature are collected in Table (5.12). Our results calculated at the KRCISD level
using DIRAC17 program compare well with the existing semi-empirical and ab ini-
tio results reported in Refs. [5,6,155,215,220,259]. The minimum and maximum
difference between our results and those reported in Ref. [215] at FFCCSD level is
0.0003 (x 10% Hz/e-cm) for BeF and 0.03814 (x 10?° Hz/e-cm) for BaF, respectively,

at the similar level of basis set.

Nayak and Chaudhuri [5] have utilized the RASCI method together with the un-
contracted Gaussian basis sets (27s27p 12d 8f) for Ba and (15s 10p) for F to compute

the Wy constant of BaF. Further, they have considered 17 electrons in 76 active or-
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Table 5.12: Results of P & T -odd interaction constants, Wy (in Hz/e-cm) for the ground
state of alkaline - earth monofluorides calculated using KRCISD/QZ method.

Molecule [Wa| (x 10%°) Ref.
BeF 0.00021 This work
0.00024** [215]
MgF 0.00269 This work
0.00339%* [215]
CaF 0.01161 This work
0.01354* [215]
SrF 0.08979 This work
0.10446* [215]
BaF 0.27426 This work
0.293°, 0.352¢ [5]
0.31240%* [215]
0.26¢ [259]
0.230°, 0.224f, 0.3759, 0.364" [220]
0.35° 0.41° [155]
RaF 2.34303 This work
2.407, 2.25% 2.65!, 2.36™, 2.33", 2.30°, 2.56" 6]
2.20¢ [259]

“FFCCSD, *DF, “RAS- CI, “Using numerically calculated value of Wy parameter,
¢SCF, 'RASSCF, 9SCF - EO, "RASSCF - EO, ‘semiempirical calculations,
ISODCI, ¥FS-RCCS, 'FS-RCCSD, ™CCSD, "CCSD(T), °CCSDeniargeds PCC finai
*These results are obtained using Eq. (5.9) with the values of .7 taken from
Ref. [215].

bitals. We have, on the other hand, considered the same number of electrons in 143

Our
computed result differs from the value given in Ref. [5] by 0.07774 (x 10%° Hz/e-cm)

active orbitals, which is very large in comparison to that included in Ref. [5].

at the similar level of theory.
Isaev and Berger [259] have obtained the e.;; for BaF and RaF numerically. Our
value of Wy parameter is larger by 5.4% (6.5%) for BaF (RaF') from that computed

using e. sy reported in their work via Eq. (5.9).

Kudashov et al. [6] have performed spin-orbit direct CI (SODCI) calculations by
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considering 19 electrons explicitly to report the Wy constant for RaF and our re-
sult varies by 2.4% from that estimated in their work. In the same Ref., the au-
thors have also reported the W; constant using relativistic 2 - component Fock - Space
CCSD method. Further, the CCSD result is corrected by including the contribu-
tions due to triple excitations as well as basis set enlargement. Their final value
(=2.56 (x 10 Hz/e-cm)) of W, including these corrections is larger by 8.5% from
our result (=2.34303 (x 10 Hz/e-cm)) at the KRCISD level.

The calculated S-PS P & T -odd interaction parameter (W) at the KRCISD level
using QZ basis sets, along with the available results in the literature are given in Ta-
ble (5.13). There is no calculation available in the literature to compare our results
for the first four members of the series. For BaF, our value lies in between the results
based on semi- empirical and ab initio calculations reported in Refs. [155,220]. Our
result of Wy at the KRCISD level for RaF shows excellent agreement with that re-
ported in Ref. [6] at the SODCI level. The CC value that includes triple contributions

as well as large basis set effects estimated in Ref. [6] is 6.1% larger than our result.

Table 5.13: Results of S- PSS constants, W, (in KHz) for the ground state of alkaline - earth
monofluorides calculated using KRCISD/QZ method.

Molecule Atom W, Ref.
BeF Be 0.0013 This work
MgF Mg 0.0414 This work
CaF Ca 0.1775 This work
SrF Sr 1.7033 This work
BaF Ba 7.286 This work

11, 13* [155]
6.17, 5.9 [220]
RaF Ra 130.52 This work
131, 122%, 144¢, 128¢, 127¢, 1257, 1399 6]

*Semi - empirical calculations, 'SCF, fRASSCF.
“SODCI, *FS-RCCS, “FS-RCCSD, ¢CCSD, “CCSD(T), Y CCSDentargeas ?CC final
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5.5 Summary

In summary, we have carried out the calculations for PDMs, molecular DPs, HF'S and
P & T -odd interaction constants of AEMFs and also, the polarizability calculations
for atoms that form the diatomic molecules studied in this work using KRCISD
method. These ab initio calculations are performed using GAS technique with the
uncontracted quadruple - zeta quality basis sets. Some of the results, particularly, the
PDM of RaF; components of molecular polarizability for CaF and RaF; W, for BeF,
MgF, CaF and SrF; and HFS constants of BeF, are computed and reported in this
work for the first time, to the best of our knowledge. It has been found that the
accurate calculations of the HF'S constants require the inclusion of triple excitations
as well as core electrons. Further, the effect of adding diffuse functions on the values
of valence electric properties (PDMs and polarizabilities) are examined by considering
the singly augmented QZ basis sets. Except F for which the effect of diffuse functions
to the a4 is 16.7%, the change in the values of a4 for other atoms is not more than
4.1% at the KRCI level. The use of aug- QZ basis sets alters the results of molecular
PDMs by a maximum of 2.4% among first four members of the series. In contrast, the
contribution of diffuse functions are quite significant for the components of molecular
polarizability ranging between 1.9% to 7.9% for oy and 0.5% to 5.2% for a;. We
believe that our relativistic calculations performed with large optimized basis sets
and with large active space would be considered more reliable and would serve as
benchmarks for the future theoretical and experimental studies relevant to eEDM

searches, laser spectroscopy and the collision physics.



CHAPTER 6

CONCLUSIONS AND FUTURE
OUTLOOK

“I think nature’s imagination is so much greater than man’s, she’s never

going to let us relax” — Richard Phillips Feynman

6.1 Conclusions

This thesis work involves the structural study of diatomic molecules containing al-
kaline - earth atoms, particularly, singly charged alkaline - earth lithides (AELi™) and
neutral alkaline - earth monofluorides (AEMFs). After discussing the necessary ba-
sics of diatomic molecules and many-body theories briefly, we have chosen to in-
vestigate the simplest molecule amongst the AELi", i.e., BeLi", in Chapter 3 [108§]
because the feasibility of formation of this ion via photoassociation processes has
been predicted recently [1]. We have calculated spectroscopic constants: equilib-
rium bond length (R.), dissociation energy (D.), harmonic frequency (w,), anhar-

monic frequency (w, z.) and rotational constants (B, and «.), and also the molecular
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properties: permanent dipole moment (i), quadrupole moment (©,,), average and
anisotropic components of dipole polarizability (@ and 7) and dipole polarizability at
the asymptotic limit (aqg9) for the ground state of BeLi™ using SCF, MP2, CCSD,
and CCSD(T) methods by including all the filled - as well as virtual orbitals explicitly
in correlation calculations. These calculations are performed with successive hierar-
chy of basis sets, cc-pVXZ (X=D, T,Q) and the results are extrapolated to the CBS
limit using exponential - Gaussian functions [188,189]. Further, by taking the differ-
ence between CCSD(T) and CCSD results at the CBS level we have estimated the

error bars, so as to report accurate and reliable results for BeLi™.

We have examined the effects of adding diffuse functions on the ground state di-
atomic constants as well as on the molecular properties of BeLit by considering the
single augmentation of the basis sets. Except for wex., v and aqqg, the difference in
our final results between the augmented and un-augmented basis sets for all param-
eters lie within the reported error bars. Further, the addition of DBOC at the CCSD

level modifies energy by 332 cm™!

uniformly throughout the region of PEC. There-
fore, the values of R, and D, will not get affected. Furthermore, the higher - order
electron correlation effects beyond the CCSD(T) level of approximation are estimated
by performing the PEC calculations using CCSDT/QZ method. It has been found

that the values of R, and B, do not change with the inclusion of non-leading order

triples to CCSD(T), at least for up to the accuracies reported in this work, whereas

1 1

the value of D, increases by 3 cm™ and w, decreases by 0.06 cm™".
By using the PECs and PDM curves of ground electronic state at CCSD(T)/QZ
level, we have obtained the vibrational properties: energies, wavefunctions, rota-
tional constants, and TDMs between the vibrational levels. Further, lifetimes of the
vibrational states have been computed using relative energy spacings and vibrational
TDMs. The lifetime of ro- vibrational ground state has been found to be 4.67s for

BeLit, when BBR-induced transition rates are considered.
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We have also studied a few low - lying excited states of BeLit using EOM-CCSD/QZ
method at the non - relativistic level. Further, the relativistic effects for the 13II state
have been evaluated using the DF Hamiltonian and the correlation calculation at the
KRCISD level. We have observed that the 3II; and 3II, states lie 1.96cm™! and

3.92cm™!, respectively, above the 311, state.

We have extended our work to higher members of AELi*: MgLit and CaLi™, in Chap-
ter 4 [109]. These ions have been considered for exploring the elastic- and inelastic
processes occurring during the ion - atom collisions [3]. The feasibility of formation of
these ions via photoassociation processes has also been studied recently [3,4]. Similar
to BeLi™, we have performed all - electron calculations for the structural parameters
of ground states of these ions using TZ and QZ basis sets at various levels of cor-
relations using relativistic and non - relativistic Hamiltonians. The derived diatomic
constants and dipole moments have been compared with the available results in the
literature. The results of quadrupole moments and dipole polarizabilities of AELi™
have been reported in our work, for the first time. The maximum possible error
bars arising due to the finite basis set and the exclusion of higher correlation effects
beyond partial triples have been quoted for reliability. It has been found that the
relativistic electronic energies for the ground states of these ions are lower than their
non - relativistic counterparts. However, the difference between the results of spec-
troscopic constants calculated with the relativistic and the non - relativistic methods

is small and lies within the estimated error bars.

Further, the adiabatic DBOC corrections and the correlation contributions due to
the non-leading order triples which are absent in CCSD(T) have been calculated for
these molecules. The addition of DBOC to the PEC does not change the value of
R., while the D, lowers by a negligibly small value for both ions. Performing the
CCSD(T)/5Z and CCSDT/QZ calculations, we have concluded that our results are

more saturated with respect to the correlation effects than the basis set size effects.
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Thereafter, we have computed the vibrational properties and lifetimes of the vibra-
tional states. The calculated value of the lifetime for ro- vibrational ground state of
MgLit is 2.81s, while for CaLi™ it is 3.19s. The lifetime of ro- vibrational ground
state for MgLit agrees well with that reported in Ref. [177], while for CaLit, per-
haps ours is the first result in the literature. It has further been observed that the
lifetime of the highest vibrational state is several times larger than (comparable to)
that of the vibrational ground state of MgLi*™ (CaLi™). A knowledge of such states

is desirable for several ultracold experiments.

In addition to the electronic ground state, the low-lying excited states of ¥ and
IT symmetries of these two ions have also been examined for their PECs, PDM curves
and spectroscopic constants using EOM-CCSD/QZ method with non - relativistic
Hamiltonian. The transition energies and the TDMs for the transitions arising from
the ground state to the excited electronic states have been reported as well. Since a
very few calculations, particularly for the excited states are available in the literature,
our all - electron results computed with large active space should be helpful for future

experimental and theoretical studies on these molecular ions.

The next chapter includes ab initio calculations for the molecular properties of ground
electronic state of AEMFs. The heavier members of this series, especially BaF and
RaF, have been identified as favourable candidates for the study of symmetry vio-
lating effects [5-7]. In this context, the molecular property calculations have been
performed at the KRCISD level of theory by employing the GAS technique. Further,
the frozen core approximation has been used together with the QZ quality basis sets.
The valence properties: permanent dipole moments and molecular dipole polarizabil-
ities of open-shell AEMFs, and atomic dipole polarizabilities of alkaline-earth and
fluorine atoms have been reported using the finite- field method. In addition, the ef-
fect of augmentation of the basis sets on these properties has also been studied [110].

The augmentation of the basis sets alter the values for a4s of alkaline-earth atoms
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by a maximum of 4.1%, while for F it is as high as 16.7% at the KRCISD level. On
the other hand, the results for the components of molecular polarizability of AEMFs
change significantly upto 7.9% for oy and upto 5.2% for a;. The maximum change
in the values of molecular permanent dipole moments among first four members of
the series is only 2.4% with the addition of diffuse functions to the basis sets. To
the best of our knowledge, we are contributing to the literature for the first time the

value of PDM of RaF, and the molecular polarizabilities for CaF and RaF.

Besides the valence properties, we have also studied the P & 7T -odd interaction
constants: Wy and W, and HFS constants for the ground state of AEMFs using
KRCISD/QZ method. The HFS constants of BeF, and W, for BeF, MgF, CaF and
SrF molecules have been computed and reported in this work for the first time. The
calculated results of W; and Wy have shown a good agreement with the existing
results, wherever available. However, the results of HFS constants show noticeable
deviation from the recent results calculated using ECC and Z- vector methods, and
experiments. Therefore, to further improve the accuracy of our results, we have also
performed the calculations of HF'S constants for the lower members of the series for
which computations were feasible. (i) by including triple excitations at KRCI level
in the frozen core approximation and (ii) by including all core electrons for the corre-
lation calculations at the KRCISD level. From these additional calculations, we have
observed that the accurate calculations of the HFS constants require the inclusion
of all-core electrons as well as the triple excitations at the KRCI level. We expect
that our results of molecular properties will be useful for the future theoretical and
experimental studies on the molecules, particularly, those which have been proposed

for the search of eEDMs.
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6.2 Future Outlook

We have reported several results related to structure and properties of the AELi™ in
this work. We have made all efforts to calculate these results as accurately as possible
by employing large optimized basis sets, using large active space in correlation calcu-
lations and also, using higher-order correlation methods. Although, many of these
results are more accurate than most of the available calculations, particularly, for the
excited states, they can be improved further by using (a) full triple and quadruple
excitations at the CC level of theory (b) basis sets larger than the QZ quality (c)
several additional diffuse or core functions to the basis sets depending on the property

to be calculated.

Further, only a few of the low - lying excited states of ¥ and IT symmetries for AELi*
have been studied in this thesis. This work may be extended to the study of higher

excited states including A and ® symmetry in the near future.

The molecular property calculations of AEMFs have been performed using frozen
core approximation at the KRCISD level of correlation. However, those properties
such as HF'S that depend on the accuracy of the wavefunction near the nuclear region
demand core- valence basis sets together with all- electron calculations and higher -
order correlation methods to bring down the differences with the experimental results.
It is, however, worth noting that all such improvements obviously demand high com-

putational resources.

We have mostly used the non - relativistic theory for the calculations of excited state
results. However, some of the systems that we have considered in this thesis have
been proposed for the measurement of subtle effects involving the new physics be-
yond the standard model, which if measured successfully will demand sophisticated

calculations including the full relativistic effects with Breit interactions and quantum
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electrodynamic effects. Therefore, we wish to carry out the full relativistic calcula-

tions of not just the energies but also all the properties in the future.

The AEMFs that we have studied here for their properties such as permanent dipole
moments, dipole polarizabilities, P & T -odd interaction constants and HFS con-
stants are pursued in several ultracold experiments related to collision physics, eEDM
studies, etc. New candidates are being proposed constantly for such sensitive exper-
iments. Thus, theoretical investigations requiring accurate electronic structure and
properties for such potential candidates are in great demand. Here, we mention a
few such examples: (i) HfH" and PtH*, have been proposed as favourable candidates
for eEDM experiments [52]. For these molecular ions, the spectroscopic parameters
are not yet reported. Even among the available calculations [260-263], there appears
to be a contradiction in identifying the true electronic ground state and also in the
energetic ordering of low - lying excited states of these systems. In this context, we
have performed the spectroscopic study of 'XT states of these molecular ions, in a
relativistic framework [264]. More accurate PEC calculations of 3A states are re-
quired in order to resolve the issue of the true ground state of these ionic systems
and such calculations are being pursued by us currently. (ii) mercury — alkali- metal
molecules: HglLi, HgNa and HgK are also proposed as the potential candidates for
the study of eEDM quite recently [231]. The results of PDMs, e.r; and W, constants
for the ground electronic states of these molecules are reported in [231] where these
properties are calculated as expectation values in a linearized CCSD approximation
in conjunction with the TZ quality basis sets. Thus, there is a scope to improve
these calculations further. (iii) polyatomic molecules having at least three atoms are
being looked at in the recent times for probing new physics in PeV regime, for cold
chemistry and photochemistry, for quantum informatics, etc. [265,266]. We wish to

take up the work on such interesting polyatomic molecules in the future.

Several molecular systems have been found in some astrophysical environments and
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one can avail a wealth of information about their abundances, the ambient tempera-
tures of the host astrophysical objects, etc. from the study of such systems. We wish
to identify such molecular candidates which are of interest in astrophysics and carry
out the calculations using many - body methods that we have employed in this work.
We may consider exploring other methods based on effective core potentials [267]
to carry out the molecular calculations, particularly that of polyatomic molecules,

where all - electron calculations are challenging computationally.



APPENDIX A

MOLECULAR SYMMETRY AND
SYMMETRY GROUPS

In this appendix, we have discussed the basic concepts of molecular symmetry that
provides a formal and satisfying method for the illustration of the geometry of

molecules by describing the various symmetry operations and symmetry elements.

Symmetry Operation

A symmetry operation is the transformation of atoms in a molecule such that the

transformed state of a molecule is indistinguishable from its original state.

Symmetry Element

A symmetry element is a geometrical entity about which one or more symmetry
operations can take place. The symmetry element can be a line, a plane, or a point.

Corresponding to every symmetry element, there is a symmetry operation which is
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given by the same symbol as the element. A molecule can have different symmetry

elements that are given below [12,13,15,22,23]:

1. Identity Element: All molecules possess the identity element of symmetry,
for which the symbol is F (or I). The symmetry operation E consists of doing
nothing to the molecule, so that it may seem too trivial to be of importance

but it is a necessary element required by the rules of group theory.

2. n-Fold Axis of Symmetry: If a molecule is brought into an equivalent
2T

configuration upon rotating it about an axis by — radians, the molecule has
n

an n - fold axis of symmetry, wheren (= 1, 2, 3, ..., co) represents the order of

Figure A.1: An illustration of the three-fold symmetry axis operation.

the axis, i.e., the largest value of n that gives the equivalent configuration. This

symmetry element is represented by Schonflies symbol C),. Consider an example
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of equilateral triangle as shown in Figure (A.1). A line drawn perpendicular to
the plane of an equilateral triangle and intersecting it at its geometric center
is called the axis of symmetry. It can be seen from Figure (A.1) that the II
(obtained on rotating by 2%) and III (obtained on rotating by 2 x 2%)

configurations are equivalent to I. However, the configuration IV ( obtained on

2
rotating by 3 x %) is exactly same as that of I. Therefore, the axis is known
as three- fold symmetry axis and is given by symbol C5. Similarly, for the case

of a square, the symmetry axis is four - fold and is denoted by Cj.

3. Plane of Symmetry: If the reflection of all the nuclei through the plane to an

equal distance on the opposite side produces a configuration equivalent to the

Figure A.2: An illustration of the reflection operation (a) about a vertical plane, o, (b)
about a horizontal plane, oy,.
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initial one, the molecule is said to have a plane of symmetry. This symmetry
element is given by the symbol . Any plane containing the principal rotation
axis is known as vertical plane and it is represented by o,. On the other
hand, the plane of a molecule that does not contain principal axis is known
as horizontal plane and it is represented by oj,. An example of a ¢, and a oy,
is shown in Figure (A.2a) and Figure (A.2b), respectively. In addition to o,
and oy, there is one other plane called a dihedral plane that bisects the angles
between dihedral axes. When we apply the same reflection operation twice, all

atoms come back to their original positions, i.e., 0> = E or

o" = o ; when n is odd,

= FE ; when n is even.

If a molecules is linear, it has infinite number of symmetry planes, i.e., any
plane containing the molecular axis is a symmetry plane. If a molecule has odd

number of all atoms, it does not have any planar symmetry.

4. Center of Inversion: If a molecule can be brought into an equivalent configuration
by changing the coordinates (x, y, z) of every atom into (—x, —y, —z) and the
origin of coordinates lies at a point within a molecule, then the point at which
the origin lies is said to be a center of symmetry or center of inversion. The
molecules that contain an odd number of more than one species of atom do not
show any inversion center. Similar to a symmetry plane, the inversion center
also generates only one operation. This symmetry element is represented by a
symbol 7. The inversion operation is illustrated in Figure (A.3) with two pairs
of points, A, A" and B, B’, that each pair contain identical atoms in a molecule.
Under the inversion operation, each atom in a molecule is moved through the
inversion centre, i, to a position on the opposite side of the centre and at the

same distance from the centre as the original point.
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Figure A.3: An illustration of the inversion center operation.

5. n-Fold Rotation - Reflection Axis of Symmetry: This symmetry element
is denoted by S,. It maybe thought of as taking place in two steps: rotation

2
by (—W) radians about the axis (C,,), followed by reflection through a plane

n

perpendicular to the rotation axis (oy,):
op X Cp = Sy (A.1)

The axis about which this occurs is called n -fold rotation - reflection axis of
symmetry or an axis of improper rotation or an improper axis. It follows from
the definition given by Eq. (A.1) that S; = o and Sy = 4. In general, the
existence of the S, axis of even order always requires the existence of C,, j; axis.
On the other hand, the S,, axis with an odd-order requires that the C),, and a

o perpendicular to it must exist independently.
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Point Group

A molecule can have a set of symmetry elements in which atleast one point is fixed
in space that lies within all symmetry elements. Such set of symmetry elements
are known as point groups. The total number of symmetry elements present in a
particular point group represents the order of that group and is denoted by h. All
point groups always contain an identity element. The commonly used point groups

are given below [12,22 23]

1. C, point groups: A C, point group contains C, axis of symmetry. The

symmetry elements of this point group are: C?, C3, ..., C*~L.

2. S, point groups: An S, point group contains an S,, axis of symmetry. The

group must contain S2, 52 ... S"! elements.

3. C,, point groups: A C,, point group contains a C), axis of symmetry and n

0, planes of symmetry, all of which contain the C,, axis.

4. D, point groups: A D, point group contains a C,, axis and n Cy axes. The

(5 axes are perpendicular to C), and at equal angles to each other.

5. C,, point groups: A C,; point group contains a C), axis and a oj plane,
perpendicular to C,. For even n, the point group contains a centre of inversion

i.

6. D,4 point groups: A D, point group contains a C,, axis, an Sy, axis, n Cs
axes perpendicular to C,, and at equal angles to each other and n o4 planes
bisecting the angles between the Cy axes. For odd n, the point group contains

a centre of inversion 1.

7. D, point groups: A D,, point group contains a C, axis, n Cy axes per-
pendicular to C,, and at equal angles to each other, a o;, plane and n other o

planes. For even n, the point group contains a centre of inversion 1.
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The groups: Chy, Dy, Cuny Dypg, and Dy, also contain other elements which may be
generated from the symmetry elements of a corresponding group. All point groups
show the closure property, i.e., if we successively apply two operations, the combined
operation must be the result of a single operation corresponding to a symmetry
element of the same group. For instance, consider the point group (Cy,) associated
with the HoO molecule of AB; type that has four symmetry elements: E, Cy, 0,(z2)
and o/ (yz) as shown in Figure (A.4). The four symmetry elements can be combined
and the results of all possible products are summarized in the group multiplication

table (Table A.1). It can be seen from Table (A.1) that all the product elements are

symmetry elements of the same group.

-m—=> )

N

O\
HI

Figure A.4: An illustration of all symmetry operations in a HoO molecule.
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Table A.1: Group multiplication table for the symmetry operations associated with HoO
molecule.

Cay E Cy  ou(z2) o,(yz2)
E E Cy  ou(z2) o,(yz)
Cy Cy E o (yz) o,(z2)

ou(x2) | oy(x2) 0, (y2) E Cy
0,(y2) | oyyz) ouzz) O E

Character Table

It is a two - dimensional table whose rows correspond to the irreducible representations

(IRs), xi, and columns correspond to the conjugate classes, I';, of group elements.

Rules About the Irreducible Representations

The elements of a character table can be found using certain rules which are given

below [15,23]:

1. The sum of the squares of the dimensions of the IRs of a group is equal to h,

ie.,

B=B+B+5+...=h (A.2)

2. According to the great orthogonality theorem (GOT),
DO(R) DINR) = 2 646,06 A3
> DY)(R) D;)(R) = 7w i 0 (A.3)
R

where DU (R) is the representative of the operation R in d; - dimensional IR of

symmetry species I'® of the group.

3. According to the little orthogonality theorem (LOT),

ST XO®RY X(R) = haw. (A1)
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4. In a given representation, the characters of all matrices belonging to operations

in the same class are identical.

5. The number of IRs of a group is equal to the number of classes in the group.

Consider, an abelian C5, point group that has four symmetry elements as shown in
Figure (A.4). As all symmetry elements of an abelian group form a separate class,
there are four IRs (Rule [5]): T'y, 'y, I's and Ty, for this group. Therefore, the char-

acter table can be given as in Table (A.2).

The components of first IR are always 1 corresponding to E. The elements of first
column in Table (A.2) represent the dimension of corresponding IR. Therefore, ac-

cording to Rule [1],
P+ B+05+10 =4 (A.5)

Since dimensions can not be zero or negative, Eq. (A.5) implies,
ll - l2 - 13 == l4 - 1 (A6)

Using Rules [2]-[4], there must be two ‘4+1’s and two ‘—1’s in each class. Now,

Table A.2: Character table for Cs, point group with abstract elements.

Coy E Cs ou(22) a;(yz)
Iy | bh=1 pp=1 q=1 ri=1

Iy ly D2 q2 )
I3 l3 b3 q3 3
ry ly D4 qa T4

one has to find the Mulliken Symbol for each IR with respect to the dimension as
shown in Table (A.3). Each Mulliken symbol given in Table (A.3) is featured with
subscripts/superscripts to represent the different aspects of symmetry as given in

Table (A.4).
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Table A.3: Mulliken symbols for IRs.

Dimension of an IR | Mulliken symbol
1 Aor B
2 E
3 T
4 G
5 H

As all IRs in Cy, point group are one-dimensional (A.6), the label (A or B) for

Table A.4: Subscripts/superscripts to Mulliken symbols representing different aspects of
symmetry.

Subscript/ | Symmetry with respect to symmetry operation
superscript

1 symmetric with respect to a vertical plane (o)

2 anti-symmetric with respect to a vertical plane (o,)

g symmetric with respect to inversion ()

u anti-symmetric with respect to inversion ()

! symmetric with respect to a horizontal plane (o)

" anti- symmetric with respect to a horizontal plane (oy,)

each IR can be decided from the second column, i.e., symmetry with respect to Cs

Table A.5: Character table for Cs, point group with actual elements.

Co | E Cy o,(x2) o,(y2)
A, |1 1 1 1
A, 11 1 4 1
By |1 -1 1 -1
By, |1 -1 -1 1

rotation axis: label A is for ‘41’ and label B for ‘—1’. In (5, case, there are two +1’s
and two —1’s in second column, therefore, we will look for the third coloumn and
add subscripts 1 or 2 to Mulliken labels according to symmetry and antisymmetry
with respect to reflection o,(zz). Consequently, the symmetry labels for IRs of Cs,

are Ay, As, B, and B as shown in Table (A.5).
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Similar to Cy,, one can form the character table of any point group. Further details

of point groups and their character tables can be found elsewhere [15,22,23].






APPENDIX B

SAMPLE INPUT FOR THE
QUANTUM MANY - BODY
SOFTWARES

B.1 ZMAT: Input File for the CFOUR Program

Beryllium lithium ion, CCSD(T)/cc-PVQZ PES
BE
LITR

R=5

«CFOUR(CALC=CCSD(T),SCF_.CONV=8,CC_CONV=8
BASIS=SPECIAL,CHARGE=1,MEM_UNIT=GB
MEMORY=10,ABCDTYPE=AOBASIS,PROPS=FIRST_ORDER)

BE:PVQZ
LI.PVQZ

175
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B.2 Input Files for the DIRAC Program

B.2.1 BeLi+.mol

Following is the .mol file for BeLi* ion that uses cc- pVQZ basis sets for both Be and

Li atom separated at a distance of 2 A together with the Cb, point group.

DIRAC

Bel.i+ molecule

C 2 2Y X A

4. 1

Be 0.0 0.0 0.0
LARGE BASIS cc-pVQZ
3. 1

Li 0.0 0.0 2.0
LARGE BASIS cc-pVQZ
FINISH

B.2.2 CCenergy.inp

The sample input file that is required to be used combinedly with the .mol file given
above to calculate the energies of BeLi™ at the different levels of correlation. A

threshold for convergence for energy is given as 1075.

*xxDIRAC
TITLE
BeLi+
.WAVE F
AINDEX
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Continued . ..

+xINTEGRALS
NUCMOD

2

*READIN
.UNCONTRACT
«xHAMILTONIAN
.LVCORR
xxWAVE FUNCTIONS
.SCF

.RELCCSD

*SCF

.ERGCNV

1.0E-8

.CLOSED SHELL
6

MAXITR

70

+xxMOLTRA
ACTIVE

all

*END OF

&RELCCSD DOENER=T, TIMING=T &END
&CCENER DOMP2=T, DOCCSD=T DOCCSDT=T &END
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B.2.3 KRClenergy.inp

A sample input file for performing the field - dependent energy calculation for BeF using

KRCISD method.

*xxDIRAC

.TITLE

BeF

.WAVE FUNCTION
x+HAMILTONIAN
.LVCORR
.OPERATOR
ZDIPLEN
COMFACTOR
0.0002
xxINTEGRALS
NUCMOD

2

*READINP
.UNCONTRACT
xx*WAVE FUNCTION
SCF

KR CI

*SCF

ERGCNV

1.0E-8

MAXITR

250

*KRCICALC

.CI PROGRAM
LUCIAREL
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Continued . ..

INACTIVE
2

.GASSH

3

4

1

128
.GASSPC
68

79

99
.CIROOTS
31

MAX CI
500
.MXCIVE
3
.THRECI
1.0d-08
«*END OF
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B.3 Input File for the VIBROT Program

This is a sample input file for the VIBROT program of MOLCAS, for the calculation of

vibrational and rotational levels in an electronic state of BeLit ion.

&VIBROT

RoVibrational spectrum
Title

Vib - Rot spectrum for BeLi+

Atoms

0 Be 0 Li

Potential

0.7558904511 -17.9807217737
0.9448630639 -19.7277485059
1.1338356767 -20.5450085857
1.3228082895 -20.9930522385
51.022605452 -21.9391488459
52.9123315798 -21.939148486
54.8020577077 -21.9391481761
56.6917838355 -21.9391479163
Range

0.7558904511 56.69178384
SCALe

Grid

2000

Vibrations

24

Rotations

03
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Continued. ..

Orbital
0
OBSERVABLE

Dipole Moment

0.7558904511 0.1615558675
0.9448630639 -0.7565821882
1.1338356767 -0.8203353659
1.3228082895 -0.9243369832
51.022605452 -28.6743760369
52.9123315798 -29.7379077353
54.8020577077 -30.8013383912

56.6917838355 -31.8646812596
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B.4 Input File for the LEVEL Program

Following is the sample input file for the calculation of vibrational parameters of MgLi™

using LEVEL Program.

12 24 3701 % IAN1 IMN1 TAN2 IMN2 CHARGE NUMPOT
‘Case l.a: MgLi+ get all vib. levels and their TDMs’

0.001 1.51178 56.69178 1.d-5 % RH RMIN RMAX EPS

47 0 0 6712.39892 % NTP LPPOT IOMEG VLIM
0 0 2 1 0 % NUSE IR2 ILR NCN CNN
0.52917721  1.0D+0  0.dO % RFACT EFACT VSHIFT
1.51178 291028.21196

1.70075 199501.83950

1.88973 144172.69789

2.07870 108985.42564

51.02261 6711.99508

52.91233 6712.15530

54.80206 6712.28698

56.69178 6712.39892

5911401-10 % NLEV1 AUTO1 LCDC LXPCT NJM JDJR IWR LPRWF

001020 30405060 708090 100 110 120 130 140 150 160 170
180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330
340 350 360 370 380 390 400 410 420 430 440 450 460 470 480 490
500 510 520 530 540 550 560 570 580

1 10 0.DO % MORDR IRFN RREF
47 43.83909 % NRFN RFLIM
0210 % NUSEF ILRF NCNF CNNF

0.52917721 2.54174691 % RFACT MFACT
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Continued . ..

1.51178 0.15218

1.70075 0.31946

1.88973 0.48674

2.07870 0.64473

51.02261 39.44765

52.91233 40.91166

54.80206 42.37546

56.69178 43.83909

59 1 000 % NLEV2 AUTO2 J2DL J2DU J2DD

01234567389 1011 12 13 14 15 16 17 18
25 26 27 28 29 30 31 32
48 49 50 51 52 53 54 55 56 57 58

33 34 35 36 37 38 39 40 41 42

19 20 21 22 23 24 24

43 44 45 46 47
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