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Abstract

Atomic and molecular clusters have been a topic of great interest for last few decades,

mainly because of their unusual properties, tunability and vast technological appli-

cations. In this thesis, we have explored the optical properties of few clusters using

first principles calculations.

We have performed systematic large-scale all-electron correlated calculations on

boron Bn, aluminum Aln and magnesium Mgn clusters (n=2–5), to study their linear

optical absorption spectra. Several possible isomers of each cluster were considered,

and their geometries were optimized at the coupled-cluster singles doubles (CCSD)

level of theory. Using the optimized ground-state geometries, excited states of differ-

ent clusters were computed using the multi-reference singles-doubles configuration-

interaction (MRSDCI) approach, which includes electron correlation effects at a so-

phisticated level. These CI wavefunctions were used to compute the transition dipole

matrix elements connecting the ground and various excited states of different clus-

ters, eventually leading to their linear absorption spectra. The convergence of our

results with respect to the basis sets, and the size of the CI expansion was carefully

examined.

Isomers of a given cluster show a distinct signature spectrum, indicating a strong-

structure property relationship. This fact can be used in experiments to distinguish

between different isomers of a cluster. Owing to the sophistication of our calculations,

our results can be used for benchmarking of the absorption spectra and be used to

design superior time-dependent density functional theoretical (TDDFT) approaches.

The contribution of configurations to many-body wavefunction of various excited

states suggests that in most cases optical excitations involved are collective, and

plasmonic in nature.

In addition, we have calculated the optical absorption in various isomers of neutral

boron B6 and cationic boron B+
6 clusters using computationally less expensive configu-

ration interaction singles (CIS) approach, and benchmarked these results against more



sophisticated equation-of-motion (EOM) CCSD based approach. In all closed shell

systems, a complete agreement on the nature of configurations involved is observed in

both methods. On the other hand, for open-shell systems, minor contribution from

double excitations are observed, which are not captured in the CIS method.

Optical absorption in planar boron clusters in wheel shape, B7, B8 and B9 com-

puted using EOM-CCSD approach, have been compared to the results obtained from

TDDFT approach with a number of functionals. This benchmarking reveals that

range-separated functionals such as ωB97xD and CAM-B3LYP give qualitatively as

well as quantitatively the same results as that of EOM-CCSD.
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Chapter 1. Introduction Ravindra Shinde

10B. Instead of administering boron to the tumor via conventional boron compounds,

boron clusters are used, as they offer higher cell selectivity.11 Some clusters mimic

the properties of elements in the periodic table. Hence, in the future they can be

used instead of real elements, whose supply is ending.12 But what makes the clusters

different from very well-known molecules? In principle, all molecules are clusters, but

the reverse is not always true. In spite both being a collection of atoms, clusters

are generally metastable as compared to molecules at ambient conditions. Molecules

have a well-defined stoichiometry, whereas clusters’ composition depends on produc-

tion conditions. Clusters tend to coalesce when brought in close vicinity of each other,

and they often react with ambient gases.

1.1 Atomic and Molecular Clusters

Since clusters are constituted of atoms, a natural question arises: when will a cluster

behave as bulk material of parent atoms? Owing to large number of electrons, bulk

systems form bands of energy, whereas in atoms, energy levels are discrete. In case of

clusters, these energy levels are neither too discrete nor do they form bands. The size

at which the properties of clusters will approach their bulk counterparts, may depend

upon which property is being investigated. The unusual electronic structure of clus-

ters is due to the quantum confinement of electrons belonging to molecular orbitals.

The energy gap between Highest Occupied Molecular Orbital (HOMO) and Lowest

Unoccupied Molecular Orbital (LUMO) determines the various properties of clusters

and their stability. The magnitude of this gap varies with size and composition of the

cluster, and how the molecular orbitals are occupied by electrons.

1.1.1 Physical Properties

The evolution of electronic structure of various clusters was studied rigorously.13–21

For example, how metallic are the small sodium clusters or, at which size does non-
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jellium to jellium transition occur in aluminum clusters, are few topics to mention.

However, there is no single answer to these questions in general because different ma-

terials display different evolution pattern. Also, the evolution trend too is different

for different properties under consideration. Most of the covalently bonded carbon or

silicon clusters form icosahedral structures. This five-fold symmetric nature is never

seen in the bulk systems. Fullerene, for example, has buckyball structure, but its bulk

system graphite or diamond have completely different structures. On the other hand,

in many ionically bonded systems such as alkali halides and metal carbides, nitrides

and oxides show symmetry similar to that of their bulk crystalline structures.13,14

Evolution of electronic structure is relatively easier to define in metal clusters. Sev-

eral groups have proposed different criteria to address this issue. For example, von

Issendorff and Cheshnovsky suggested that the clusters can be considered metallic

when the gap between occupied and unoccupied states at Fermi energy is consis-

tently smaller than or equal to the Kubo band gap.15 On the other hand, Walt de

Heer studied the ability of sodium clusters to screen electric fields as a criterion for

evolution of metallicity.16 Rao and Jena studied evolution of various properties such

as binding energy, relative stability, fragmentation channels, ionization potential and

vertical and adiabatic electron affinities of neutral and cationic clusters of aluminum

as a function of size.17 The s–p band gaps were observed in anionic magnesium cluster

at size n = 18, which suggests metallic behavior.18,19 In case of nickel clusters, binding

energy per atom increases monotonically, but the clusters does not mimic the bulk

structure.20 The onset of bulk behavior is observed at different sizes of beryllium

clusters. The interatomic distance rapidly approaches the bulk value, but binding

energies and ionization potential show a slow evolution towards cohesive energy and

work function respectively.21

An experimental mass spectra of Na clusters revealed that there are pronounced

peaks for particular number of sodium atoms in a cluster.22 The numbers for which

the cluster was relatively stable resembled to that of nuclear shell fillings of 2, 8, 20,

40, etc. On similar lines, a jellium model was proposed in which electronic charges
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are taken as a uniform quantity spread evenly in space as do the positive background

of atomic nuclei. The same model was applied to sodium clusters by considering a

sphere of uniform positive background charge density and valence electrons fill the

energy levels. It successfully showed that clusters containing 2, 8, 20, 40 electrons are

very stable as they complete the shell. As Na atom has one valence electron, it was

predicted that cationic clusters with 1, 3, 9, 21, etc. will have pronounced stability.

This fact was later confirmed and also established that the stability of clusters can be

altered by changing the number of valence electrons.23 Also, a bigger stable or magic

cluster will fragment in such a way that the fragments will again be smaller magic

clusters.24,25

Even though many elements in the periodic table have partially filled valence

orbitals, not all of them show magnetism. It can be well understood by knowing how

net spin magnetic moments couple each other. Clusters offer a great flexibility of

studying this phenomenon as it allows to change the its size as well as geometry. Rao

and Jena predicted that geometry will play a role in determining the magnetism in

lithium clusters.26,27 For up to five atom cluster of lithium, planar geometry is the

most stable one. However, they are relatively less magnetic as compared to three-

dimensional clusters as governed by Hund’s rule. Clusters of another set of non-

magnetic transition elements such as V, Rh and Pd can also show magnetism.28–31

A highly symmetric rhodium cluster showed giant magnetic moments mainly due to

enhanced electronic degeneracy caused by symmetry.30 The antiferromagnetic bulk

manganese shows ferromagnetism in small clusters.32 Clusters of magnetic elements

not only exhibit superparamagnetism, but their magnetic moments are also larger

than that of bulk values.33–36

Since clusters usually have high surface-to-volume ratio, their melting points

should be lower as compared to bulk. This can be understood from the fact that

surface atoms will have less coordination number, which melts much earlier than the

core part. This phenomenon was widely studied and was confirmed in many cases.37,38

However, small clusters of gallium behave differently. These small Ga clusters have
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melting points much higher than their bulk counterparts.39–41 The purely covalent na-

ture of bonding between gallium atoms in the cluster as compared to covalent-metallic

bonding in bulk, is responsible for such an anomaly.

A phenomenon analogous to thermionic emission in bulk systems can also be

seen in clusters. Under certain circumstances, the ionization of clusters is delayed.

This study also can help in understanding the evolution of cluster properties towards

bulk. Two conditions must be met in order to observe the delayed ionization; first,

the ionization potential of the cluster must be less than its dissociation energy, and

cluster should be able to access vibrational and rotational states to store the energy

in excess of the cluster’s ionization potential. The former condition favors ionization

over dissociation, and is met in many systems such as, C60 fullerene and transition

metal carbides and oxides.42–44

1.1.2 Chemical Properties

One of the many interesting properties of clusters is, organic molecules can also bind

to various sites of inorganic or metal clusters. It can have metal atoms, metal clus-

ters and metal surfaces binding to various organic molecules. A wealth of information

is now available in the field of organometallics.45–52 In most of the cases, transition

metal clusters are passivated by such organic molecules to achieve exceptional stabil-

ity. Favorite docking positions of metal atoms on a given organic molecule, or changes

in the structure of clusters as multiple organic molecules attach to metal clusters are

few examples that have been studied rigorously. For example, structures of various

3d transition metal atoms such as Sc, Ti, V, Cr, Mn, Fe, Co and Ni attached to

benzene ring or coronene (a benzene ring surrounded by another six benzenes) were

studied.45,53 The mass spectra of Mn(Bz)
+
m revealed that only those structures are

favored with m= n + 1 for M = Sc, Ti, V. For Cr and Mn, a single largest peak

corresponding to (n=1, m=2) is observed. This indicates that transition metal is

sandwiched between stacking of benzene rings. Also, the number of metal atoms can
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exceed the number of benzene rings, but the maximum number of benzene rings in a

stable cluster seldom exceed four. Because of such intercalation, the reactivity of tran-

sition metal decreases. Magnetism in such organometallic complexes have also been

found out to be unusual. Magnetic dipole moments of free atoms of Sc, V, Ti, Cr, Mn,

Fe, Co and Ni are 1µb, 2µb, 3µb, 6µb, 5µb, 4µb, 3µb and 2µb respectively. When these

atoms are supported on benzenes, the magnetic moments change dramatically.49,50,54

Magnetic elements (Fe, Co and Ni) exhibit reduced magnetic moments whereas Sc,

V, Ti show enhanced moments. Magnetism in Cr stays unchanged. This peculiar

behavior suggests that magnesium in organometallic systems is greatly influenced by

supporting molecules.

Certain clusters have such an electronic structure that they can be considered an

artificial element, which mimics the physics and chemistry of a particular element

in the periodic table. This is possible because many properties of cluster depend

upon their size, shape, composition and charge. There have been a lot of theoretical

predictions backed by experimental evidence that, clusters behave as atoms. Such

clusters are called superatoms which serve as building blocks of new three-dimensional

periodic table.12 Castleman and co-workers observed that Al−13 has very less reactivity

than its neighboring clusters.55 Since Al atom has three valence electrons, Al13 will

have 39 electrons, which is one short of magic abundance number 40, making electron

affinity of Al13 very large. It was proposed that this cluster can form salt by combining

it with alkali metal, just as a normal salt.56 This was experimentally confirmed by

Wang57 and Bowen58 and their co-workers. Hence, Al13 became the first superatom,

or rather superhalogen to mimic an element in the Mendeleev’s periodic table. This

led to an enormous exploration of possibilities of various giant atoms. Li3O cluster has

ionization potential (3.54 eV), lower than that of any alkali metal, and H12F13 recorded

highest electron affinity (13.87 eV), higher than any halogen.59,60 Some boron clusters

mimic the properties hydrocarbons11 while thiol protected gold cluster [Au25(SR)18]−

behaves as noble gas.61 Clusters consisting of all-inorganic elements can be used as

ligands.62,63
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Although jellium model is successful in describing the magical stability of alkali

metal clusters, it cannot be applied to study the stability of covalently bonded sys-

tems, such as fullerene or planar boron clusters. However, for these systems a simple

electron counting rule can give a great insight into the stability. The Hückel rule

says that, if the system has delocalized π electrons, and if they are equal to 4n + 2

( n = 0, 1, 2 ... ), then the system is said to be aromatic and will be extra stable.

If it is equal to 4n, then it is called antiaromatic and will destabilize the system.

A famous example of this is benzene, which has 6 π electrons, and is aromatic. A

planarity is also implied by the Hückel rule for aromaticity. This rule is successful

applied to a large number of carbon- and boron-based clusters, and are found to be

aromatic.11,64–69,62 Boron clusters Bn (n ≤ 20) prefer to be planar, and are governed

by aromatic nature. A three-dimensional structure of B12 also shows enhanced stabil-

ity mainly because of largest HOMO–LUMO gap, and the most stable isomer of B12

-a planar structure- having 6 π electrons resembles to that of benzene. Based on the

Hückel rule, several metallic clusters are also found to exhibit aromaticity. Al2−4 , for

instance, is aromatic and square-planar owing to two π electrons, whereas Al4−4 with

four π electrons is antiaromatic.70,71 An aromatic, planar boron cluster having wheel

shape rotates when shined by a circularly polarized light.72,73 This can be termed as

the smallest aromatic nano-motor.

1.1.3 Optical Properties

Optical response of clusters can provide an insight into their electronic structure. An

analogy is seen between photonuclear processes and optical responses of metal clus-

ters. With valence electrons moving collectively against the jellium background, the

photoabsorption in metal clusters exhibits excitation in dipole plasma mode. This is

analogous to giant dipole resonance occurring in nuclei.74–76 Mie theory of charge oscil-

lations of classical metal spheres suggests that the photoabsorption spectra of alkali

metal clusters will have single dominant peak. However, quantum chemical meth-
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ods and other many-body techniques have shown that optical absorption in clusters

like neutral Na20 and Na40 exhibit multi-peaks.77 Hence model calculations are not

enough to study the photoabsorption spectra of all metal clusters and, of course, of

that covalently bonded clusters. In past, there have been various experimental as well

theoretical studies of photoabsorption in atomic and molecular clusters.16,77–81

Conventional mass spectrometry can distinguish between different clusters only

according to their mass, but not according to their geometry. One has to rely on

other theoretical or experimental data to be able to differentiate one isomer from

another. For example, using first principles calculations of vibrionic fine structure in

C−
20, and comparing it with experimentally available data, Saito and Y. Miyamoto82

identified the cage and bowl structures. Optical absorption spectroscopy, coupled

with extensive theoretical calculations of the optical absorption spectra, can be used

to distinguish between distinct isomers of clusters produced experimentally because

normally optical absorption spectra are sensitive to the geometries of the clusters.

An accurate description of both ground and excited states can lead to better

understanding of photoabsorption processes. Accounting for electron correlation in

the calculation of ground and excited states energies is of paramount importance.

Also, the method of calculation should be independent of the nature of the system.

Such criteria lead to adopting computationally extensive methods –to be presented

here– for precise and accurate results. The results can then be used to benchmark

other less accurate methods in order to study other larger systems.

To understand the nature of excitation in various photoabsorption spectra of metal

as well as covalent clusters, we present a set of studies of optical absorption in clusters

using state-of-the-art computational techniques. We have mainly used Configuration

Interaction (CI), and its multi-reference version Multi-Reference Singles Doubles Con-

figuration Interaction (MRSDCI) to compute ground and excited state energies. Un-

like Density Functional Theory (DFT), this method gives us access to the many-body

wavefunction of the system, thereby allowing us to compute transition probabilities,

and various other expectation values. A large number of reference states were em-
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ployed to incorporate electron correlation effects. Photoabsorption spectra of small

boron, aluminum and magnesium clusters computed using this sophisticated method

not only revealed the nature of excitations, also it can be used to guide future ex-

periments and theoretical methods. We have also computed photoabsorption spectra

using a popular Time-Dependent Density Functional Theory (TDDFT) approach and

compared it with a single-reference wavefunction-based Equation-of-Motion Coupled

Cluster Singles Doubles (EOM-CCSD) method. A benchmarking of various DFT

functionals against EOM-CCSD is also carried out.

1.2 Summary

We carried out a relatively underexplored yet interesting and useful photoabsorption

study of various types of clusters. A first principles calculations of optical absorption

spectra can help in identifying different isomers of a cluster. The peculiar behavior

of clusters –properties anomalous to that of bulk– is also observed in context of

photoabsorption. Owing to a better description of electron-correlation effects, these

calculations could be treated as benchmarks, and be used to design better TDDFT

approaches.

We briefly summarize our main results presented in this thesis.

• Large-scale all-electron correlated calculations of photoabsorption spectra of

small boron clusters indicate a strong structure-property relationship. The anal-

ysis of wavefunctions involved in photoabsorption spectra suggests plasmonic

nature of photoexcited states. [Ravindra Shinde and Alok Shukla, Nano LIFE,

02, 1240004 (2012)]

• Several new isomers of neutral and cationic B6 clusters were found using coalesce

and kick geometry optimization technique. Natural Transition Orbitals (NTO)

as well as wavefunction analysis of photoabsorption spectra computed using

Configuration Interaction Singles (CIS) revealed that collective excitation take
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place in open-shell clusters. [Ravindra Shinde and Alok Shukla, Eur. Phys. J.

D, 67, 98 (2013)]

• Photoabsorption spectra of planar boron clusters in wheel shape are computed.

Most of the absorption takes place in high-energy range, thereby opening a

possibility of using these clusters as ultra-violet absorbers. [Ravindra Shinde,

Sridhar Sahu and Alok Shukla, to be submitted ]

• A benchmarking of various DFT functionals against EOM-CCSD for calculating

photoabsorption spectra of molecular boron wheel clusters is presented. Some

functionals exhibit surprisingly similar spectra as that of EOM-CCSD with

remarkably less computation. [Ravindra Shinde, to be submitted ]

• Large-scale configuration interaction calculations of photoabsorption spectra

of small aluminum clusters indicate collective excitation in some isomers of

the clusters. These results could serve as theoretical tool to identify various

isomers experimentally produced in the mass spectra. [Ravindra Shinde and

Alok Shukla, submitted (arxiv: 1303.2511)]

• Large-scale configuration interaction calculations of photoabsorption spectra of

magnesium clusters exhibit collective excitation in some isomers of the clusters.

These results also could serve as theoretical tool to identify various isomers ex-

perimentally produced in the mass spectra. [Ravindra Shinde and Alok Shukla,

to be submitted ]

1.3 Outline

The rest of the thesis is organized as follows. In chapter 2 , we present theoretical

approaches relevant to the calculations of ground and excited state energies as well as

computation of photoabsorption spectra. We particularly focus on CI methods and
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its variants, as they do provide us with the main methodology for first principles pho-

toabsorption calculations. Chapter 3 discusses the results of large-scale all electron

correlated calculations of photoabsorption spectra of small boron clusters. Conver-

gence of calculations with respect to basis sets, number of active orbitals and frozen-

core approximation is also presented. In chapter 4 , CIS photoabsorption spectra of

various isomers of neutral and cationic B6 clusters are presented. Method of geometry

optimization, NTO analysis, spin contamination is also discussed. The CIS optical ab-

sorption spectra of few isomers is compared with that of obtained from EOM-CCSD.

Chapter 5 also presents an ab initio all-electron account of photoabsorption spectra

of various isomers of aluminum clusters obtained using MRSDCI method. In chap-

ter 6 , we discuss the benchmarking of various DFT exchange-correlation functionals

against EOM-CCSD in light of photoabsorption spectra of planar boron clusters B7,

B8 and B9 in wheel shape. In chapter 7, we present effect of basis sets and number

of active orbitals on photoabsorption spectra of magnesium dimer, computed using

computationally demanding Full Configuration Interaction (FCI) method. Optical

absorption spectra of various isomers of bigger magnesium clusters calculated using

MRSDCI method, are also presented. Finally, in Chapter 8, we summarize our con-

clusions and discuss future directions. A detailed information about wavefunctions

of excited states contributing to various photoabsorption peaks of the cluster, are

presented in Appendix.
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2
Theory and Computational Methods

In this chapter, a brief introduction to the underlying theory and various computa-

tional methods is given. We discuss general electronic structure methods employed

here, followed by, various methods used to compute optical properties.

2.1 Methods of Electronic Structure Calculations

A wealth of information about various properties of atomic and molecular systems

can be obtained by solving the Schrödinger equation for that system. However, this

is a daunting task for many of the real systems, as they involve many electrons. First

principles electronic structure calculations deal with solving such equations without

depending on external parameters and using very basic information. Here in this

section, we briefly describe the methods of electronic structure calculations used for

studying atomic clusters.

2.1.1 Hartree-Fock Approach

Atomic clusters are classic examples of a many electron systems, where we can bench-

mark the results of the available theoretical methods. Since our ultimate aim is to

13
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find the approximate solutions of the non-relativistic Schrödinger’s equation,

H |Φ〉 = E |Φ〉 (2.1)

where H is Hamiltonian operator for the system of electrons and nuclei and Φ is the

combined many-body wavefunction of the system. The Born – Oppenheimer approx-

imation makes this Hamiltonian separable into two parts - nucleus and electronic.

This approximation rests on the fact that kinetic energy of nuclei is much smaller

than that of the electrons. Hence, effectively, we will be dealing with following kind

of Hamiltonian (in atomic units),

H elec = −1

2

N
∑

i=1

∇2
i −

N
∑

i=1

M
∑

A=1

ZA

riA
+

N
∑

i=1

N
∑

j>i

1

rij
(2.2)

The electronic wavefunction now explicitly depends on electron coordinates and de-

pends parametrically on nuclear coordinates.

Let ψ(r) be spatial one-electron wavefunction and α(ω) or β(ω) be the spin part

of electron wavefunction. The combined spatial and spin wavefunction is called spin

orbital and is given by χ(x).

χ(x) = ψ(r)α(ω) (2.3)

The ground state of N-electron system can be approximated as a single antisym-

metrized product known as Slater determinant. In general, the solution will be a

linear combination of Slater determinants. It uses single electron wavefunctions (spin

orbitals) i.e. χi(x1).

Φ0(x1,x2, ...,xN) =
1√
N !

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

χi(x1) χj(x1) . . . χk(x1)

χi(x2) χj(x2) . . . χk(x2)
...

...
...

χi(xN) χj(xN) . . . χk(xN)

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

(2.4)
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The rows of the determinant are labeled by electrons, and columns by spin orbitals.

Interchanging the coordinates of two electrons corresponds to interchanging two rows

of the determinant, which changes sign of the determinant. Hence the wavefunction is

antisymmetric. Since, a determinant with two identical columns is zero, it naturally

obeys Pauli exclusion principle. The variational method is used to choose best set of

spin orbitals so as to minimize the ground state energy of many-body system.83

The energy functional is given by,

E[χ] =
N
∑

i

〈i|h|i〉+ 1

2

∑

i

∑

j

(〈ij|ij〉 − 〈ij|ji〉) (2.5)

The 〈i|h|i〉 denotes the matrix element of one-electron operator between the spin

orbitals and so on. This functional is varied till we get lowest energy subjected to

the constraint that the spin orbitals remain orthogonal.
∫

χ∗
i (1)χi(1) dx1 = 1 Then

we get the Hartree Fock equations,83

h(1)χi(1) +

[

N
∑

i 6=j

∫

dx2χ
∗
j(2)

1

r12
χj(2)

]

χi(1)

−
[

N
∑

i 6=j

∫

dx2χ
∗
j(2)

1

r12
χi(2)

]

χj(1) =
N
∑

j=1

εjiχj(1) (2.6)

f |χi〉 =
N
∑

j=1

εji|χj〉 (2.7)

The energy functional of a single determinant gives equation in a non standard (non-

canonical) form, which can be transformed into a canonical one by unitary transfor-

mations on spin orbitals. These unitary transformations do not alter the total energy

Fock operator f . The sum of Coulomb integrals and sum of exchange integrals also

remain invariant. So, after unitary transformation, the Hartree-Fock equation takes

the following form.

f |χ′

i〉 = ε
′

i|χ
′

i〉 (2.8)
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The description of electronic wavefunction in terms of a single Slater determinant is

equivalent to saying that the electrons move independently of each other except the

Coulomb repulsion due to average effect of all the electrons (also exchange interaction

due to antisymmetrization). Exchange interaction prevents the electrons with same

spin from occupying the same point in space. The Density functional theory also has

a similar formulation. So we can say that electrons are correlated to each other in

some way. But are we computing all possible correlation effects?

The correlation energy is defined as,

Ecorr = E0 − EHF (2.9)

where, EHF is energy in the Hartree-Fock limit and E0 is exact non-relativistic energy

of the system. Since EHF is always an upper bound to E0, the correlation energy

is always negative. Since Hartree-Fock treats inter-electron repulsion in an averaged

manner, one would expect the magnitude of correlation energy going down, when

atoms in a molecule are pulled apart. However, this is not always true. In the case

of water molecule, the electron correlation energies (for DZ basis set) increases when

H – O bonds are stretched.84 So, the nature of correlation energy not only lies in

the electrons “avoiding” each other, but also has some intrinsic nature. The former

case accounts for the so-called dynamical electron correlation, and latter is termed

as “static” or non-dynamical one. Hartree-Fock formulation takes just one Slater

determinant in account, it implicitly assumes that this single reference configuration

is the only dominant term in the expansion of the wavefunction, and it fails when

it is not. For example, restricted Hartree Fock (closed shell) cannot describe the

dissociation of a molecule in two open shell fragments. An open shell HF does it,

incorrectly. Methods which are based on single reference description, such as single-

reference perturbation theory, DFT, coupled cluster may fail at such points. It cannot

also describe rearrangements of electrons in partially filled shells. The failure to

account for the static electron correlation effects by these single reference electronic
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structure methods demands multi-reference description of the molecular state.

2.1.2 Configuration Interaction Approach

In general, instead of representing the N-electron wavefunction by a single deter-

minant, we can expand the wavefunction in all possible determinants formed from

complete set of spin orbitals. And if the set of spin orbitals is complete then we can

get the exact ground state of the system. Each such Slater determinant is called a

configuration. Since a combination of such determinants are taken, the method is

called Configuration Interaction.

Let N-electron basis functions be denoted by |Φi〉, the eigenvectors of H can be

expressed as,

|Ψj〉 =
L
∑

i

cij|Φi〉 (2.10)

But in practice, the number of N-electron basis functions are finite. A Hamil-

tonian matrix is constructed as Hij = 〈Φi|H|Φj〉, and is diagonalized for obtaining

eigenstates and eigenvalues. The above wavefunction can also be written in terms

of the N-electron basis functions expressed as excitations or substitutions from the

reference Hartree-Fock Determinant, i.e.

|Ψ〉 = c0|Φ0〉+
∑

ra

cra|Φr
a〉+

∑

r<s,a<b

crsab|Φrs
ab〉+

∑

r<s<t,a<b<c,

crstabc|Φrst
abc〉+ · · · (2.11)

In |Φr
a〉, a spin orbital a is replaced by spin orbital r in reference configuration

|Φ0〉.83 So all such configurations made up of substitutions from reference Slater

determinant constitutes “Configuration Interaction”. Since we are making the basis

set bigger by considering all possible configurations, the system can now be accurately

described. It should give exact results if we take into account all the terms in the above

expansion. This formalism is also applicable to excited states, open shell systems and

systems far from equilibrium geometries, in contrast to the other non-variational

single reference approaches.
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2.1.2.1 Full Configuration Interaction

If we take into account all possible N-electron basis functions {Φi} with given set

of one-particle functions {χi(x)}, then the procedure is called Full Configuration

Interaction (FCI). It will be an exact solution to the Schrodinger’s equation within

the space spanned by the specified one-electron basis. And if that one electron basis

forms a complete set (not possible practically), then the method is called Complete-

CI. Even after restricting the one particle basis set to a small number, the number of

possible determinants in FCI are astronomically large. The number of determinants

(considering the spin symmetry and ignoring the spatial symmetry) to be included

are given by,

DmNαNβ
= mCNα

× mCNβ
(2.12)

So for Boron dimer (10 electrons) with single electron wavefunction expanded in

AUG-CC-PVDZ basis set, this number comes out to be of the order 1012. Hence

the Hamiltonian matrix to be diagonalized is of the order 1012 × 1012. The situation

worsens for bigger systems. Hence, the applicability of this method is very limited.

2.1.2.2 Configuration Interaction Singles and Doubles

One can terminate the Eqn. 2.11 according to the excitation level. Suppose we

only allow only single or double virtual excitations or substitutions from reference

determinant, then the corresponding Configuration Interaction (CI) is called Config-

uration Interaction Singles (CIS) or Configuration Interaction Singles Doubles (CISD)

respectively. Owing to Brillouin’s theorem, 〈Φa
a|H |Φ0〉 = 0, the inclusion of singly-

substituted Slater determinants cannot improve the ground state energy of the system.

However, this approach can be used to describe excited states.85

The only type of excited state Slater determinant that interacts with Hartree-Fock

(HF) ground state is doubly-substituted one. When, Eqn. 2.11 is terminated at 2nd

place (from Slater reference determinant), we get what is known as CISD. Since, the

many-body Hamiltonian contains only one- and two-electron operators, terminating
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the CI expansion series at 2nd place may be a very good first approximation for the

ground state calculations. Indeed, in most of the cases CISD accounts for the 95% of

electron correlation for the ground state.84

2.1.2.3 Multi-Reference Singles Doubles Configuration Interaction

Including singly- and doubly-substituted determinants to describe the molecular ground

state may not be enough if the ground state itself is near degenerate. So choosing only

one “reference” Slater determinant would describe system inadequately. The same is

true for excited states calculations. To overcome this issue, many such “references”

can be included in the CI reference space, and subsequently singly- and doubly- sub-

stituted determinants can be formed. Such an inclusion of many references is called

as “Multi-Reference Singles Doubles Configuration Interaction (MRSDCI)”.

Once the method to shortlist configurations in the reference space is known,

MRSDCI is the most accurate and efficient method for electronic structure calcu-

lations. Choosing right configurations for reference space for MRSDCI calculations

is a difficult task. Picking configurations before doing any calculations requires deep

intuition about the system.

Having more than one configurations as reference for CI calculations, would nat-

urally address the issue of static electron correlation. In the case of systems with

nearly degenerate ground states, including more references would allow in describing

electrons arranged in molecular states. We have mainly used this approach to get

ground as well as excited state energies of various clusters.

To calculate ab initio photoabsorption using this method, a number of singly- and

doubly-excited configurations from a set of reference configurations are considered

in obtaining both ground as well as excited state energies of various geometries of

clusters, as implemented in the computer program MELD.86

Using the ground- and excited-state wavefunctions obtained from these MRSDCI

calculations, electric dipole matrix elements are computed. For finite systems, such
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as clusters or quantum dots, the ratio a
λ
≪ 1, where a is system size and λ is incident

wavelength of light. In this case, the optical absorption cross section of the system is

given by,

σn(ω) = 4πα
∑

i

ωin |〈i|ê.r|n〉|2 γ
(ωin − ω)2 + γ2

(2.13)

where, ωin = ǫi−ǫn
~

, α is fine structure constant, ω is frequency of incident radiation,

|i〉 is final state, |n〉 is initial state and γ is the assumed linewidth of absorption.

In our calculations, we have fixed initial state as ground state of the system, and

assumed that no multi-photon absorption takes place.

By analyzing the wavefunctions of the excited states contributing to the peaks of

the computed spectrum obtained from a given calculation, bigger MRSDCI calcula-

tions were performed by including a larger number of reference states. The choice of

the reference states to be included in a given calculation was based upon the magni-

tude of the corresponding coefficients in the CI wavefunction of the excited state (or

states) contributing to a peak in the spectrum. This procedure was repeated until the

computed spectrum converged within an acceptable tolerance, and all the configura-

tions contributing significantly to various excited states were included in the list of

the reference states. We used this approach for calculating linear optical absorption

spectra of various isomers of Bn, Aln and Mgn (n = 2 – 5) clusters. Such an iterative

MRSDCI approach has been used to perform large-scale correlated calculations of

linear and nonlinear optical properties of a number of conjugated polymers.87–90

The number of molecular orbitals, and thus the size of the CI expansion, increases

rapidly with the increasing number of atoms in the clusters. Such a proliferation

in the size of calculations can essentially make high-quality MRSDCI calculations

impossible even for clusters of the sizes discussed in this work. Therefore, wherever

possible, we have used the point-group symmetries corresponding to D2h, and its

subgroups, at all levels of calculations to reduce the size of the CI expansions. During

the MRSDCI calculations, the frozen-core approximation was employed, i.e., while

constructing the CI expansion, no virtual excitations from the chemical core (1s2
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for boron and 1s22s22p6 for aluminum and magnesium) of the atoms of the cluster

were considered. Similarly, excitations into very high energy virtual orbitals were not

considered with the purpose of keeping the calculations manageable. The impact of

both the frozen-core approximation, and the deletion of high-energy virtual orbitals,

along with the influence of the choice of the basis sets on our calculations is examined

carefully.

2.1.3 Coupled Cluster Method

Coupled cluster method is another popular and one of the most successful methods in

quantum chemistry for electronic structure calculations.91 Unlike truncated CI, this

method is size-extensive, which means that the correlation energy scales with number

of electrons in the system. The coupled-cluster wavefunction is written as,91

|Ψcc〉 = eT̂ |Φ0〉 (2.14)

|Ψcc〉 =
(

1 + T̂ +
T̂ 2

2!
+
T̂ 3

3!
+ ...

)

|Φ0〉 (2.15)

where, the operator T̂ is a series of connected operators, and Φ0 is a reference state.

T̂ = T̂1 + T̂2 + T̂3 + ...T̂n (2.16)

The constituent operators in the above summation are given by,

T̂1|Φ0〉 =
∑

i,a

tai |Φa
i 〉 (2.17)

T̂2|Φ0〉 =
∑

i>j,a>b

tabij |Φab
ij 〉 (2.18)

T̂3|Φ0〉 =
∑

i>j>k,a>b>c

tabcijk |Φabc
ijk〉 (2.19)
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The terms tabc...ij... are called as cluster amplitudes. The operators are connected to each

other, evident from the following relations.

1

2
T̂ 2
1 |Φ0〉 =

∑

ia,jb

tai t
b
j|Φab

ij 〉 (2.20)

T̂1T̂2|Φ0〉 =
∑

ia,k>l,c>d

tai t
cd
kl |Φabc

ijk〉 (2.21)

In the Eqn. 2.20, the operator introduces quadruple excitations into the reference

state, still they can be greatly simplified as their coefficients are composed of products

of just double excitation coefficients. In a shorthand notation, the wavefunctions of

couple-cluster and configuration interaction can be written as,

|CC〉 =
[

∏

i

(1 + tiT̂i)

]

|Φ0〉 (2.22)

|CI〉 =
[

∑

i

(1 + ciT̂i)

]

|Φ0〉 (2.23)

Consider the non-relativistic time-independent Schrödinger equation.

Ĥ|Ψcc〉 = E|Ψcc〉 (2.24)

Since |Ψcc〉 = eT̂ |Φ0〉, substituting it in the above equation gives,

ĤeT̂ |Φ0〉 = EeT̂ |Φ0〉 (2.25)

e−T̂ ĤeT̂ |Φ0〉 = Ee−T̂ eT̂ |Φ0〉 (2.26)

e−T̂ ĤeT̂ |Φ0〉 = E|Φ0〉 (2.27)

The energy and cluster amplitude equations can be obtained from Eqn. 2.27 by left

multiplying by the reference and any excited state determinant, respectively, and
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integrating over all space.

〈Φ0|e−T̂ ĤeT̂ |Φ0〉 = E (2.28)

〈Φab..
ij.. |e−T̂ ĤeT̂ |Φ0〉 = 0 (2.29)

These equations are true only if the cluster expansion includes all possible excitations

in the summation. The Eqn. 2.27 can further be written in a simplified expression

after Hausdorff expansion,91

E = E0 + 〈Φ0|[Ĥ, T̂2]|Φ0〉+
1

2
〈Φ0|[[Ĥ, T̂1], T̂1|Φ0〉 (2.30)

where, Φ0 is reference state and E0 is corresponding energy. Clearly, only singles and

doubles amplitude contribute directly to the energy, but the singles and doubles are

indirectly connected to all other remaining amplitudes. To a first approximation, we

can terminate the series of coupled cluster expansion after doubles. The resultant

method is known as Coupled Cluster Singles Doubles (CCSD).

2.1.3.1 Equation-of-Motion Coupled Cluster Singles Doubles

Equation-of-Motion Coupled Cluster Singles Doubles (EOM-CCSD) is one of the most

accurate and compact single-reference electronic structure calculation methods.92,93

It is conceptually very similar to the method CI. Not just excitation energies, but also

ionization potential, electron affinities, charge-transfer effects can be obtained using

this approach. In equation-of-motion theory, one attempts to find excitation oper-

ators REE, which acting upon molecular ground state give wavefunctions of excited

electronic states of the molecules or clusters.94

|Φex〉 = REE|Φg〉 (2.31)
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Since, both Φg and Φex are eigenfunctions of the Born-Oppenheimer Hamiltonian H,

H|Φg〉 = Eg|Φg〉 (2.32)

H|Φex〉 = Eex|Φex〉 (2.33)

we can write equations of motion in the following form.

[H,REE]|Φg〉 = (Eex − Eg)|Φg〉 (2.34)

So, the application of commutator on ground state of the system gives the excitation

energy. Thus, to apply this method one seeks a set of operators REE whose com-

mutator with electronic Hamiltonian operating on ground state of the system gives a

constant times REE |Φg〉. Such resulting operators are called as excitation operators

and the constant multipliers are the excitation energies.

It is difficult to solve Eqn. 2.34 exactly for multi-electron systems, hence approx-

imate solutions are used in practice. It involves calculations of ground state and

excitation operators by self-consistent method.

The computational scaling of EOM-CCSD (i.e. equation-of-motion approach ap-

plied for only singles and doubles excitation in coupled cluster) is N6. If the wavefunc-

tion |Φg〉 corresponds to ground state and operator R conserves the number and total

spin of electrons, then EOM-CCSD gives excited state description of the system.92

REE|Φg〉 =
∑

i,a

tai |Φa
i 〉+

1

(2!)2

∑

ij,ab

tabij |Φab
ij 〉+

1

(3!)2

∑

ijk,abc

tabcijk |Φabc
ijk〉+ ... (2.35)

The operator can be made to yield only α → α and β → β transitions, thereby

conserving the total spin. The error in excitation energy obtained using EOM-CCSD

is generally in the range of 0.1 – 0.3 eV with accurate reproduction of relative spacing

between excited states .92,95
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2.1.4 Density Functional Theory

All methods discussed above require wavefunction of electron. Sometimes working

with wavefunction based methods becomes clumsy for large systems. Ignoring spin de-

gree of freedom, for system of N electrons, the many-body wavefunction is a complex

function with 3N coordinates. For a simple carbon atom, this amounts to 18 coor-

dinates. In a self-consistent method, evaluating and storing such a complex function

is computationally extensive and time consuming. An altogether different approach

was proposed by Hohenberg and Kohn, which does not use many-body wavefunction

for description of system.96 Rather it uses electronic density n(r) as primary variable.

The theorem says, (a) The electronic density of an interacting system of electrons

completely and uniquely determines the external potential v(r), that these electrons

experience. Hence it also determines the Hamiltonian, the many-body wavefunction,

and all the observables of the system. (b) The ground state energy of the system can

be obtained by variationally minimizing the total energy with respect to density, and

(c) There exists an universal functional F [n] such that the total energy, E[n] can be

written in the form

E[n] = F [n] +

∫

n(r)v(r)d3r (2.36)

The same formalism is also applicable to spin-dependent version of Density Func-

tional Theory (DFT), in which total energy E and universal functional F are explicit

functionals of the spin-up or spin-down electron densities.

The Hohenberg-Kohn theorem is exact, but it does not talk about the prescription

to obtain energy from the density alone. Kohn and Sham proposed a method by

constructing an auxiliary system of non-interacting electrons with same density as

that of an interacting electron system.97 This way, a non-interacting electrons problem

can be solved by one-particle Schrödinger equation.

(

−∇2

2
+ vKS[n(r)]

)

φi(r) = ǫiφi(r) (2.37)
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This self-consistent equation can be solved for φi(r), which in turn gives ground state

electronic density of N electrons as,

n(r) =
N
∑

i

|φi(r)|2 (2.38)

The Kohn-Sham potential term in the Eqn. 2.37 is conventionally split into three

parts.

vKS[n(r)] = vext(r) +

∫

n(r
′

)

|r− r
′ |d

3
r
′

+ vxc[n(r)] (2.39)

The term vext(r) is an external potential usually caused by nuclei in the system. Sec-

ond term is electron-electron Coulomb interaction. The final term, vxc[n(r)] accounts

for all other non-trivial many-body electron interactions, which are historically known

as exchange-correlations. This is also written in the form of a functional derivative

of so-called exchange-energy Exc as,

vxc[n(r)] =
δExc[n]

δn(r)
(2.40)

If the exchange-correlation energy functional Exc is exactly known, the Kohn-Sham

equation would provide the exact density of the interacting many-body system. How-

ever, in practice, it is not known, and must be approximated to solve Kohn-Sham

equations. Following are the two most popular approximations.

Local Density Approximation (LDA) This approximation was proposed by

Kohn and Sham.97 The exchange- correlation energy is approximated by using ǫuniformxc ,

which is energy per particle of the homogeneous (uniform) electron gas with constant

density. So Exc is given by,

ELDA
xc =

∫

n(r)ǫuniformxc (n(r))d3r (2.41)

Since the energy density at point r depends on the electron density at the same point

r, this approach is called as local. Owing to a crude approximation of uniform den-
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sity, this approach fails to describe highly inhomogeneous systems such as atoms or

molecules. However, for calculations of some properties, it is well suited for inho-

mogeneous systems as well as systems with slowly varying densities for which it was

originally proposed.

Generalized Gradient Approximation (GGA) The functional in this ap-

proximation is defined as,

EGGA
xc =

∫

f (n(r),∇n(r)) d3r (2.42)

The function f now depends on both local density as well as gradient of the density.

Hence this approach is also called as semi-local. Contrary to the exact form of ǫuniformxc

in LDA, the function f must be parametrized to obtain the exchange-correlation en-

ergy, except in the limiting case of weakly inhomogeneous system, in which it is

uniquely defined.96 The parametrization is achieved by studying well known systems

such as, uniform electron gas, or using sum rules or other features of the exact ex-

change functional, or fitting properties of well known smaller systems.

2.1.4.1 Time-Dependent Density Functional Theory

Time-Dependent Density Functional Theory (TDDFT) is an extension of Hohenberg-

Kohn density functional theory. It was formally derived by Gross and Runge.98

Suppose a system is subjected to a time-dependent perturbation (a laser pulse) to

the external potential vext(r, t)

vext(r, t) = Ef(t)sin(ωt)r.α−
N
∑

n=1

Zn

|r−Rn|
(2.43)

where α, ω and E are polarization, frequency and amplitude of the laser pulse. The

function f(t) defines the envelope of the laser pulse. The Runge-Gross theorem in the

TDDFT states that there is one-to-one correspondence between the external time-

dependent potential, vext(r, t), and time-dependent electron density, n(r, t).98 This
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implies, if we know only the time-dependent density of the system, evolving from a

given initial state, then the external potential that caused this density can be known

up to a time-dependent constant.99 The external potential, in turn, can identify the

Hamiltonian of the system and all the operators of the observable quantities. The

time-dependent constant does not alter the physics, as it only introduces a purely

time-dependent phase factor to the wavefunction, and that gets nullified in the ex-

pectation values of Hermitian operators. This treatment is very much analogous to

the Hohenberg-Kohn ground state DFT. However, the variational principle does not

hold good for time-dependent case, as the total energy is not a conserved quantity.

An analogous quantity to total energy called as quantum mechanical action is varied

instead.99

A [Φ] =

∫ t2

t1

dt〈Φ(t)|i ∂
∂t

− Ĥ(t)|Φ(t)〉 (2.44)

where, Φ is some N -body function. The action A is varied and equated to zero to

get stationary point of the functional A . The function, say Ψ(t) which makes the

functional stationary will be the solution of the time-dependent Schrödinger equation.

Like in the ground-state theory, the problem of finding correct energy functional

also arises here. To approximate the ground state electron density, Kohn – Sham

proposed an equivalent density due to non-interacting electrons. Owing to one-to-

one correspondence between external potential and electron density, the formalism of

using non-interacting electron density can also be applied to time-dependent systems.

In this auxiliary system, the Kohn-Sham electrons obey time-dependent Schrödinger

equation, very similar to Eqn. 2.37,

(

−∇2

2
+ vKS[n(r, t)]

)

φi(r, t) = i
∂

∂t
φi(r, t) (2.45)

Along with the density of the interacting system can now be written in terms of
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time-dependent Kohn-Sham orbitals, given by,

n(r, t) =
N
∑

i

|φi(r, t)|2 (2.46)

The Kohn-Sham potential for the time-dependent case takes the following form,

vKS[n(r, t)] = vext(r, t) +

∫

n(r
′

, t)

|r− r
′ |d

3
r
′

+ vxc[n(r, t)] (2.47)

where, exchange-correlation potential can conventionally be written as,100

vxc[n(r, t)] =
δA ′

xc[n]

δn(r, τ)

∣

∣

∣

∣

n(r,t)

(2.48)

with modified action to avoid problems of causality. τ stands for Keldish pseudo-

time.100

Since the exact form of vxc is not known, it is approximated on the similar lines

of ground state DFT. However, for ground state DFT, there exists a vast number

of energy functionals, as compared to a very few for the TDDFT. This is the only

approximation made in the formalism of TDDFT. Adiabatic Local Density Approx-

imation (ALDA), time-dependent exact exchange (EXX) functionals are the very

few approximate methods developed for TDDFT functionals. In the ALDA, existing

ground-state xc-functionals are used in adiabatic limit, i.e., the same functional form

is used to evaluate vxc at each time with density n(r, t). This local approximation

in time appears to work exceedingly well for low-lying excited states of valence types

when used with conventional DFT functionals.101,102

The optical absorption in the clusters and other nanostructures is characterized

by an weak external potential vext(r, ω) of time-dependent electric field. This per-

turbation causes instantaneous change in the electron density δn(r, ω). In the linear

response regime, we can safely ignore contribution from magnetic field, giving a rela-
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tion between change in the electron density to the external potential.

δn(r, ω) =

∫

χ(r, r′, ω)vext(r
′, ω)d3r′ (2.49)

The term χ(r, r′, ω) is called dynamic susceptibility. From the change in electron

density δn(r, ω), the dynamic polarizability can be obtained by taking ratio between

induced dipole moment and magnitude of the applied electric field E0. It is given by,

α(ω) =
e

E0

∫

vext(r, ω)δn(r, ω)d
3r (2.50)

By applying Fermi’s golden rule, one can obtain the photoabsorption cross section as,

σ(ω) =
4πω

c
Im(α(ω)) (2.51)

where Im(α(ω)) denotes the imaginary part of dynamical polarizability. The cross-

section integrated over entire space should be equal to the number of electrons mul-

tiplied by a constant.

Page 30 of 195



3
Theory of Linear Optical Absorption in Various

Isomers of Boron Clusters Bn (n=2 – 5)

This chapter is based on a published paper, Nano LIFE, 2, 1240004 (2012)

by Ravindra Shinde and Alok Shukla.

Boron clusters are attracting great attention because of their novel properties,

and potential applications in nanotechnology and hydrogen storage related capabili-

ties.103–106 Boron atom, having s2p1 valence electronic configuration, has short cova-

lent radius and tends to form strong directional bonds producing clusters of covalent

nature. Because of this strong covalent bonding, it has hardness close to that of

diamond. The ability of boron to form structures of any size due to catenation is

only comparable to its neighbor carbon.103 Planar boron clusters exhibit aromatic-

ity69 due to the presence of itinerant π electrons, and some of them are analogous

to aromatic hydrocarbons.11 Boron fullerenes, boron sheets and single-sheet boron

nitride—a graphene analogue—are the other examples of boron-based clusters.

As far as the studies of boron-based clusters are concerned, small ionic boron

clusters B+
n (n 6 20) were experimentally studied by Hanley, Whitten and Ander-

son.107 Wang and coworkers have reported joint theoretical and experimental studies

of the electronic structure of bare boron wheels, rings, tubes and large quasi-planar

clusters.11,64–66 Using the photoelectron spectroscopy, they predicted that tubular

B20 can act as the smallest boron single walled nanotube. Transition metal-centered
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boron ionic ring clusters were studied by Constantin et. al.,65 in a photo-electron

spectroscopy experiment, supported by first-principles calculations. The abundance

spectrum of boron clusters generated by laser ablation of hexagonal boron nitride was

studied by time of flight measurements performed by La Placa, Roland and Wynne.108

They also postulated the existence of B36N24 cluster having a structure similar to that

of C60 fullerene. Lauret et al.109 probed the optical transitions in single walled boron

nitride nanotubes by means of optical absorption spectroscopy.

Larger pure boron clusters have also been investigated extensively. Cage-like struc-

ture of B80—similar to C60 fullerene—has been proposed theoretically.110 A density

functional theory (DFT) study of pure boron sheets and nanotubes was carried out

by Cabria, Lopez and Alonso to explore their potential hydrogen storage materi-

als.105 Chacko, Kanhere and Boustani investigated different equilibrium geometries

of B24 cluster using Born-Oppenheimer molecular dynamics within the framework of

DFT.111 Abdurahman et al.112 studied the ladder-like planar boron chains Bn (n=4-

14), and computed their static dipole polarizabilities using the ab initio CI method.

Johansson discussed strong toroidal ring currents in B20 and other toroidal boron clus-

ters.113 Double aromaticity was proposed in toroidal boron clusters B2n (n = 6,14)

by Bean and Fowler.67

Regarding the smaller sized boron clusters, an early theoretical study of boron

dimer was carried out by Langhoff and Bauschlicher,114 who performed an extensive

calculations using the complete-active-space self-consistent-field (CASSCF) multiref-

erence configuration interaction (MRCI) with a large basis set. A similar study was

carried out by Bruna and Wright115 for the excited states of B2, and by Howard and

Ray116 using the many-body perturbation theory. A systematic geometry and elec-

tronic structure calculations of bare boron clusters was reported by Boustani.117 He

performed all-electron calculations at the SDCI level, but the contracted Gaussian

basis sets used were small. Niu, Rao and Jena,118 using DFT and quantum chemical

methods, presented an account of electronic structures of neutral and charged boron

clusters. In their study on small clusters, Möller-Plesset perturbation theory of fourth
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order (MP4) was used to account for the electron correlation effects. More recently,

Atiş, Özdogan, and Güvenç investigated structure and energetics of boron clusters

using the DFT.119 Aromaticity in planar boron clusters was addressed by Aihara,

Kanno and Ishida.68

In spite of many theoretical studies of boron clusters of various shapes and sizes,

very little experimental information about their ground and excited states is avail-

able. Conventional mass spectrometry can distinguish between different clusters only

according to their mass, but not according to their geometry. One has to rely on

other theoretical or experimental data to be able to differentiate one isomer from

another. For example, using first principles calculations of vibrionic fine structure in

C−
20, and comparing it with experimentally available data, Saito and Y. Miyamoto82

identified the cage and bowl structures. Optical absorption spectroscopy, coupled

with extensive theoretical calculations of the optical absorption spectra, can be used

to distinguish between distinct isomers of clusters produced experimentally, because

normally optical absorption spectra are sensitive to the geometries of the clusters.

The optical absorption of alkali metal clusters has been extensively studied both ex-

perimentally and theoretically.16,78–81 However, a very few such studies exist for the

case of boron clusters. Marques and Botti120 calculated optical absorption on differ-

ent B20 isomers using time-dependent (TD) DFT. Boron fullerenes such as B38, B44,

B80 and B92 were also studied by Botti and coworkers121 using the same technique.

However, to the best of out knowledge, there are no experimental and theoretical

study of optical absorption on other bare boron clusters, particularly the smaller

ones. It is with the aim of filling this void that we undertake a systematic study of

the optical absorption in small boron clusters Bn(n=2–5), employing the MRSDCI

method, and high-quality Gaussian basis functions. We perform careful geometry

optimization for each possible isomer, and compute the optical absorption spectra of

various structures. We also analyze the many-body wavefunctions of various excited

states contributing to the peaks in the computed spectra, and conclude that most of

the excitations are collective in nature, signaling the presence of plasmons.
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The remainder of this chapter is organized as follows. Next section describes the

theoretical and computational details of the work, followed by section 3.2 in which

our results are presented and discussed. In section 3.3 we present our conclusions

and discuss possibilities for future work. Detailed information about various excited

states contributing to optical absorption is presented in the Appendix A.

3.1 Theoretical and Computational Details

The geometry optimization of various isomers was done using the size-consistent

coupled-cluster singles doubles (CCSD) based analytical gradient approach, as im-

plemented in the package gamess-us.122 For the purpose, we used the 6-311G(d,p)

basis set included in the program library,122 which is known to be well-suited for this

task. The process of optimization was initiated by using the geometries reported by

Atiş et al.,119 based upon first principles DFT based calculations. For some simple

geometries such as B2, B3 (D3h symmetry), the optimization was carried out man-

ually, by performing the MRSDCI calculations at different geometries, and locating

the energy minima. Figure 3.1 shows the final optimized geometries of the isomers

studied in this chapter.

The linear photoabsorption spectra of various isomers of the boron clusters were

computed using MRSDCI method, as described in subsection 2.1.2.3.

3.2 Results and Discussion

In this section, first we discuss the convergence of our calculations with respect to

various approximations and truncation schemes. Thereafter, we present and discuss

the results of our calculations for various clusters.
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(a) B2, D∞h, 3Σ−

g (b) B3, D3h, 2A
′

1
(c) B3, D∞h, 2Σ−

g (d) B4, D2h, 1Ag (e) B4, D4h, 1A1g

(f) B4, D∞h, 1Σ−

g (g) B4, C2v , 1A1 (h) B5, C2v , 2B2 (i) B5, Cs, 2A

Figure 3.1: Geometry optimized structures of boron clusters with point group sym-
metry and the electronic ground state at the configuration interaction level.

3.2.1 Convergence of Calculations

Here, we carefully examine the convergence of the calculated absorption spectra with

respect to the size and quality of the basis set, along with various truncation schemes

in the Configuration Interaction (CI) calculations.

3.2.1.1 Choice of the basis set

In general, the results of electronic structure calculations depend upon the quality and

the size of the basis set employed. While several contracted Gaussian basis functions

have been devised which can deliver high-quality results on various quantities such

as the total energy, correlation energy, and the static polarizabilities of molecules, to

the best of our knowledge the basis set dependence of linear optical absorption has

not been explored. Since boron shows strong covalent bondings, the basis set used for

calculations should have diffuse Gaussian contractions. Therefore, to explore the basis

set dependence of computed spectra, we used several basis sets123,124 to compute the
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Figure 3.2: Optical absorption in B2 calculated using various Gaussian contracted
basis sets. Increasing more and more diffuse d type Gaussians shows negligible effect
on optical spectra.

optical absorption spectrum of the smallest cluster, i.e., B2. For the purpose, we used

correlation-consistent basis sets named AUG-CC-PVTZ, DAUG-CC-PVDZ, AUG-

CC-PVDZ, CC-PVDZ, and DZP, which consist of polarization functions along with

diffuse exponents, and were designed specifically for post Hartree-Fock correlation

calculations.123,124 From the calculated spectra presented in Fig. 3.2 the following

trends emerge: the spectra computed by various augmented basis sets (AUG-CC-

PVTZ, DAUG-CC-PVDZ, AUG-CC-PVDZ) are in good agreement with each other

in the energy range up to 8 eV, while those obtained using the nonaugmented sets

(CC-PVDZ and DZP) disagree with them substantially, particularly in the higher

energy range. Given the fact that augmented basis sets are considered superior for

molecular calculations, we decided to perform calculations on the all the clusters

using the AUG-CC-PVDZ basis set. This is the smallest of the augmented basis sets

considered by us, and, therefore, does not cause excessive computational burden when

used for larger clusters.

3.2.1.2 Orbital Truncation Schemes

If the total number of orbitals used in a CI expansion is N , the number of configura-

tions in the calculation proliferates as ≈ N6, which can become intractable for large
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Figure 3.3: The effect of freezing the core orbitals (1s) of boron atoms on optical
absorption spectrum of B2. It renders almost no effect on optical absorption spectrum.

values of N . Therefore, it is very important to reduce the number of orbitals used

in the CI calculations. The occupied orbitals are reduced by employing the so-called

“frozen-core approximation” described earlier, while the unoccupied (virtual) set is

reduced by removing very high-energy orbitals.

The influence of freezing the 1s core orbitals on the optical absorption spectrum

of B2 cluster is displayed in Fig. 3.3, from which it is obvious that it makes virtually

no difference to the results whether or not the core orbitals are frozen. The effect

of removing the high-energy virtual orbitals on the absorption spectrum of B2 is

examined in Fig. 3.4. From the figure it is obvious that if all the orbitals above the

energy of 1 Hartree are removed, the absorption spectrum stays unaffected. Therefore,

in rest of the calculations, wherever needed, orbitals above this energy cutoff were

removed from the list of active orbitals. Theoretically speaking this cutoff is sound,

because we are looking for absorption features in the energy range much smaller than

1 Hartree.

3.2.1.3 Size of the CI expansion

As mentioned earlier that the electron correlation effects in both the ground and the

excited states were accounted in our calculations by including the relevant config-
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Figure 3.4: The effect of the number of active orbitals (Nact) on the optical absorption
spectrum of B2. Until Nact=42, the optical spectrum does not exhibit any significant
change. It corresponds to 1.0 Hartree (≈ 27.2 eV) virtual orbital energy.

urations in the reference list of the Multi-Reference Singles Doubles Configuration

Interaction (MRSDCI) expansion. The greater numerical accuracy demands the in-

clusion of a large number of configurations in the reference list, but that leads to a

rapid growth in the size of the CI expansion, making the calculations numerically pro-

hibitive. However, here we are interested in computing the energy differences rather

than the absolute energies of various states, for which good accuracy can be achieved

even with moderately large CI expansions. In Table 3.1 we present the average num-

ber of reference states (Nref ) included in the MRSDCI expansion and average number

of configurations (Ntotal) for different isomers. For a given isomer, the average has

been calculated across different irreducible representations which were needed in these

symmetry adapted calculations in order to compute the ground and various excited

states. The extensiveness of our calculations can be seen from the number Ntotal,

which is ≈ 77000 for the simplest cluster, and around four million for each symmetry

subspace of B5. This makes us believe that our results are fairly accurate.

Before we discuss the absorption spectrum for each isomer, we present the ground

state energies along with the relative energies of each isomer are given in Table 3.1.

The MRSDCI energy convergence threshold was 10−5 for all the isomers, with 10−4

as convergence threshold for configuration coefficients. From the results it is obvious
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Table 3.1: The average number of reference configurations (Nref ), and aver-
age number of total configurations (Ntotal) involved in MRSDCI calculations,
ground state (GS) energies (in Hartree) at the MRSDCI level, relative ener-
gies and correlation energies (in eV) of various isomers of boron clusters.

Cluster Isomer Nref Ntotal GS energy Relative
(Ha) energy (eV)

B2 Linear 24 77245 -49.27844 0.0

B3 Triangular 36 596798 -73.98998 0.00
Linear 41 671334 -73.92906 1.66

B4 Rhombus 37 1127918 -98.74004 0.00
Square 40 1070380 -98.73785 0.06
Linear 34 1232803 -98.66575 2.02

Distorted Tetrahedron 28 1253346 -98.63213 2.94

B5 Pentagon 22 3936612 -123.42652 0.00
Distorted Tri. bipyramid1 7 3927508 -123.31485 3.04

1 Cs symmetry of isomer converted to C1 in calculations.

that as far as the energetics are concerned, for the B3 the triangular structure is most

stable, while for B4 and B5 the rhombus and pentagonal structures, respectively, are

favorable.

3.2.2 MRSDCI Photoabsorption Spectra of Boron Clusters

Next we present and discuss the results of our photoabsorption calculations for each

isomer.

3.2.2.1 B2

The simplest and most widely studied cluster of boron is B2 with D∞h point group

symmetry. Using the Configuration Interaction Singles Doubles (CISD) method, we

obtained its optimized bond length to be 1.59 Å (cf. Fig. 3.1(a)), which is in excellent

agreement with the experimental value 1.589 Å..125 Using a DFT based methodology,

Atiş et al.,119 obtained a bond length of 1.571 Å, while Howard and Ray calculated

it to be 1.61 Å, using the fourth-order perturbation theory (MP4).116
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Figure 3.5: The linear optical absorption spectrum of B2, calculated using the
MRSDCI approach. The peaks corresponding to the light polarized along the molec-
ular axis are labeled with the subscript ‖, while those polarized perpendicular to it
are denoted by the subscript ⊥. For plotting the spectrum, a uniform linewidth of
0.1 eV was used.

Because the ground state of B2 is a spin triplet, its many-particle wavefunction pre-

dominantly consists of a configuration with two degenerate Singly Occupied Molecular

Orbital (SOMO) referred to as H1 and H2 in rest of the discussion. The excited state

wavefunctions will naturally consist of configurations involving electronic excitations

from the occupied MOs to the unoccupied MOs starting from Lowest Unoccupied

Molecular Orbital (LUMO) (L for short). Our calculated photoabsorption spectrum

shown in Fig. 3.5 is characterized by weaker absorptions at low energies, and a very

intense one at high energy. The many-particle wavefunctions of excited states con-

tributing to various peaks are presented in Table A.1. A feeble peak appears near

0.85 eV, dominated by H2 → L and H2 → L+4 excitations compared to the Hartree-

Fock (HF) reference configuration. It is followed by a couple of smaller peaks at 4.20

and 4.91 eV. The most intense peak is found at 7.05 eV, to which two closely spaced

states contribute. Transition to the state near 6.97 eV is polarized transverse to the

bond length, while the one close to 7.05 eV carries the bulk of oscillator strength,

and is reached by longitudinally polarized photons. All these states exhibit strong

mixing of singly-excited configurations. Near 8 eV, a smaller peak appears which has
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strong contributions from doubly-excited configurations H − 1 → L; H1 → L+2 and

H − 1 → L; H2 → L+ 2. The wavefunctions of the excited states contributing to all

the peaks exhibit strong configuration mixing, instead of being dominated by single

configurations, pointing to the plasmonic nature of the optical excitations.126

3.2.2.2 B3

Boron trimer has two possible isomers, triangular and the linear one shown in Figs.

3.1(b) and 3.1(c). We found equilateral triangle with D3h symmetry to be the most

stable isomer. The optimized bond length for triangular isomer is 1.55 Å, with the

ground state (2A
′

1) energy 1.66 eV lower than that of its linear counterpart. We also

explored the possibility of isosceles triangular structure as a favorable one, because

B3 is an open-shell system, making it a possible candidate for Jann-Teller distortion.

However, the Coupled Cluster Singles Doubles (CCSD) optimized geometry corre-

sponding to the isosceles structure is so slightly different compared to the equilateral

one, that it is unlikely to affect the optical absorption spectrum in a significant man-

ner. Our calculated bond length is in good agreement with experimental value 1.57

Å,107 as well as with other reported theoretical values of 1.553 Å,117 1.56 Å116 and

1.548 Å.119

The linear B3 isomer with the D∞h symmetry, and the 2Σ−
g as ground state, was

found to have equal bond lengths. Our CISD optimized bond length of 1.51 Å agrees

well with the value 1.518 Å reported by Atiş et al.119

The photoabsorption spectra of two isomers of B3 are presented in Figs. 3.6 and

3.7. The corresponding many-particle wavefunctions of excited states contributing to

various peaks are presented in Table A.2 and A.3. It is obvious that in the linear

structure, absorption begins at a lower energy as compared to the triangular one,

although the intensity of its low-energy peaks is very small. In the triangular isomer

on the other hand, most of the intensity is concentrated at rather high energies, except

for a weaker peak close to 3 eV. The optical spectra of linear isomer begins with very
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Figure 3.6: The linear optical absorption spectrum of triangular B3 calculated using
the MRSDCI approach. Peaks corresponding to light polarized in the plane of the
molecule are labeled with subscript ‖, while those polarized perpendicular to the plane
are denoted by the subscript ⊥. For plotting the spectrum, a uniform linewidth of
0.1 eV was used.

weak peaks at 0.7 eV (longitudinal polarization) and 2.7 eV (transverse polarization),

with their many-particle wavefunctions dominated by singly-excited configurations.

The relatively intense peak at 4.3 eV corresponding to a longitudinally polarized

transition, is dominated by doubly-excited configurations. It is followed by a small

peak mainly due to single excitation H − 2 → L, near 5.9 eV. The most intense

peak of the spectrum occurs at 7.4 eV, followed by another strong peak close to 7.7

eV. Both the features correspond to longitudinally polarized transitions, with the

many particle wavefunctions of the concerned states being strong mixtures of single

and double excitations with respect to the HF reference state. We note that in the

absorption spectrum of the linear cluster, quite expectedly, the bulk of the oscillator

strength is carried by longitudinally polarized transitions.

Because the triangular cluster is a planar cluster, its orbitals can be classified

as in-plane σ orbitals, and the out-of-plane π orbitals. Both the Highest Occupied

Molecular Orbital (HOMO) (a singly occupied orbital, in this case) and the LUMO

for this isomer are σ-type orbitals. For this system, two types of optical absorptions

are possible: (a) those polarized in the plane of the cluster, and (b) the ones polarized
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Figure 3.7: The linear optical absorption spectrum of linear B3, calculated using
the MRSDCI approach. The peaks corresponding to the light polarized along the
molecular axis are labeled with subscript ‖, while those polarized perpendicular to it
are denoted by the subscript ⊥. For plotting the spectrum, a uniform linewidth of
0.1 eV was used.

perpendicular to that plane. Our calculations reveal that the transitions correspond-

ing to perpendicular polarization (z direction), except for a couple of peaks, have

negligible intensities. From Fig. 3.6 it is obvious that the optical absorption in the

triangular isomer starts with a very weak z−polarized feature near 0.8 eV (peak

I), corresponding to a state with the wavefunction dominated by single excitations

(π → σ∗). This is followed by a series of peaks ranging from II to VI which correspond

to the photons polarized in the plane of the cluster. All these peaks are dominated by

states consisting primarily of singly-excited configurations of the σ → σ∗ type. The

most intense peak VI is followed by a shoulder-like feature (VII) corresponding to a

z-polarized absorption.

If we compare the absorption spectra of the linear and the triangular B3, the peak

at 4.34 eV in the spectrum of the linear cluster is the distinguishing feature, and can

be used to differentiate between the two isomers.
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3.2.2.3 B4

For the B4 cluster, we investigated the rhombus, square, linear and tetrahedral struc-

tures. While the rhombus shaped isomer was found to have the lowest energy, but

the square isomer is higher in energy only by a small amount. As a matter of fact, at

the HF level the energies of the two isomers were found to be almost degenerate. It

was only after the electron correlation effects were included at the CI level that the

rhombus stabilized by ≈ 0.06 eV (cf. Table 3.1)with respect to the square. For the

rhombus, the ground state was 1Ag, with the optimized bond length 1.529 Å, and

the short diagonal length 1.909 Å. These results are in good agreement with with the

corresponding lengths of 1.528 Å and 1.885 Å reported by Boustani,,117 and 1.523 Å

and 1.884 Å computed by Atiş et al.119 Both HOMO and LUMO of rhombus isomer

are σ orbitals.

For the square isomer, with D4h symmetry, the electronic ground state is expect-

edly 1A1g. As shown in Fig. 3.1(e), our optimized bound length is 1.53 Å, which

agrees well with the values 1.527 Å and 1.518 Å as reported in Refs.117 and119. In

this isomer, HOMO is a σ orbital while LUMO is a π orbital.

Linear B4, with the D∞h symmetry, has the electronic ground state of 1Σ−
g . How-

ever, energetically linear structure is 2.02 eV higher than the rhombus one (cf. Table

3.1) which rules out its existence at the room temperatures. As per Fig. 3.1(f) , the

central bond length was found to be 1.49 Å, with the two outer bonds being 1.55 Å

in length. For the same bonds, Atiş et al. reported these lengths to be 1.487 Å and

1.568 Å, respectively.119

The distorted tetrahedral structure having C3v symmetry, made up of four isosceles

triangular faces with lengths 1.785 Å, 1.785 Å and 1.512 Å. This isomer also lies much

higher in energy as compared to the most stable rhombus structure.

The absorption spectra of rhombus, square, linear, and tetrahedral isomers are

presented in Figs. 3.8, 3.9, 3.10, and 3.11 respectively. From the figures it is obvious

that the general features of the absorption spectra of rhombus and square isomers are
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Figure 3.8: The linear optical absorption spectrum of B4 rhombus geometry using the
MRSDCI approach. Isomer is aligned in x−y plane with short diagonal along x-axis.
Peaks corresponding to light polarized along x and y-axis are labeled with subscript
x and y. For plotting the spectrum, a uniform linewidth of 0.1 eV was used.

similar, except that the rhombus spectrum, with the onset of the absorption near 4

eV, is red-shifted by about 1 eV as compared to the square. The absorption spectrum

of the linear structure is blue-shifted as compared to the rhombus and square shaped

isomers, with the majority of absorption occurring in the energy range 5–8 eV. This

aspect of the photoabsorption in B4 is similar to the case of B3 for which also the

linear structure exhibited a red-shifted absorption compared to the triangular one.

Since B4 rhombus isomer has D2h symmetry, we can represent the absorption

due to light polarized in different directions in terms of irreducible representations of

D2h. So absorption due to in-plane polarized light corresponds to B1u and B2u, while

B3u corresponds to light polarized in the direction perpendicular to the plane of the

isomer.

The polarization resolved absorption spectrum of rhombus B4, as shown in Fig.

3.8, exhibits a rather red-shifted nature as compared to the linear isomer. The many-

particle wavefunctions of excited states contributing to various peaks are presented in

Table A.4. The onset of spectrum is seen at 4.15 eV followed by a peak at around 6.12

eV. Both of them are due to y−polarized component, i.e. along the larger diagonal.

The dominant contribution to these peaks come from σ → π∗ for former, and π → π∗

Page 45 of 195



Chapter 3. Boron Clusters Bn (n=2 – 5) Ravindra Shinde

Figure 3.9: The linear optical absorption spectrum of B4 square geometry using
MRSDCI approach. Isomer is aligned in x− y plane. Spectrum represents the equal
contribution from light polarized in x and y direction. Peaks corresponding to light
polarized in the plane of the molecule are labeled with subscript ‖. For plotting the
spectrum, a uniform linewidth of 0.1 eV was used.

for latter. The x-component does not contribute much in the whole spectrum, except

for minor peaks at 4.2 eV and 6.6 eV. It is characterized by mainly π → π∗ type

transitions. It is followed by a relatively low intensity peak at 7.3 eV due to y-

polarized component with leading contribution from σ → π∗ transitions. The most

intense peak, at 7.84 eV, having y-polarization component, is characterized by σ → π∗

type of transitions. There are no direct H → L transitions for this isomer, because

they are dipole forbidden. The absorption due to light polarized in the direction

perpendicular to the plane of isomer is negligible.

The square B4 isomer, because of its symmetry, gets equal contribution to ab-

sorption spectrum from both x− and y−component. It corresponds to in-plane po-

larization due to B1u and B2u irreducible representation, while B3u corresponds to

light polarized in the direction perpendicular to the plane of the isomer. However,

in this isomer also, the contribution due to latter is quite negligible. The many-

particle wavefunctions of excited states contributing to various peaks are presented

in Table A.5. It shows just one major peak at 4.88 eV below 7 eV, characterized by

σ → π∗;σ → π∗ double excitation. Two smaller peaks appear in this range at 5.5 eV
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Figure 3.10: The optical absorption spectrum of linear B4, calculated using the
MRSDCI approach. The peaks corresponding to the light polarized along the molec-
ular axis are labeled with subscript ‖, while those polarized perpendicular to it are
denoted by the subscript ⊥. For plotting the spectrum, a uniform linewidth of 0.1
eV was used.

and 6.4 eV, with leading contributions from σ → π∗;σ → π∗ and σ → π∗;π → π∗ exci-

tations respectively. Beyond 7 eV, there are many closely spaced peaks including the

most intense one at 7.89 eV. It is characterized by double excitation σ → π∗;π → π∗.

In this isomer also, a direct H → L transition is forbidden. Though, there is very

little difference in total energies of rhombus and square isomers of B4, their optical

absorption spectra are completely different. They can be easily identified from each

other by looking at number of peaks below 7 eV energy. Rhombus exhibits two major

peaks, while square has just one.

Linear B4 isomer exhibits absorption with few, but sharp peaks. The many-

particle wavefunctions of excited states contributing to various peaks are presented

in Table A.6. The onset of optical absorption occurs near 4.5 eV, due to absorption

of long-axis polarized light, followed by two major peaks at 5.95 eV, and 7.36 eV. The

first of these two intense peaks, peak II is dominated by singly-excited configurations,

while the second one (peak III) is a strong mixture of both singly- and doubly-excited

configurations with respect to the HF reference configuration.

The 3D structure, a distorted tetrahedral isomer, exhibits an absorption spectrum
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Figure 3.11: The linear optical absorption spectrum of B4 distorted tetrahedral ge-
ometry using the MRSDCI approach. Peaks corresponding to light polarized along
x, y and z-axis are labeled with subscript x, y and z respectively. For plotting the
spectrum, a uniform linewidth of 0.1 eV was used.

very different from other isomers, as displayed in Fig. 3.11. The many-particle

wavefunctions of excited states contributing to various peaks are presented in Table

A.7. It is the only B4 isomer to exhibit peaks below 4 eV. The absorption spectrum

is spread over a much larger energy range, and is almost continuous. The oscillator

strengths associated with various peaks are much smaller than in other isomers, and

most of the peaks appear pairwise. The onset of absorption spectrum is seen at around

1.1 eV, characterized mainly by an excited dominated by single-excitation H → L (cf.

Table A.7). In this isomer, in contrast to other B4 isomers, direct H → L transitions

are allowed. Higher energy peaks in this isomer are dominated by doubly-excited

configurations, and, are, therefore, sensitive to the electron-correlation effects.

3.2.2.4 B5

We investigated two isomers of B5: a Jahn-Teller distorted pentagon with the C2v

symmetry, and (b) a triangular bipyramid with the Cs point group symmetry. The

latter one is the second 3-D structure of the boron clusters probed in this work. The

lowest lying pentagon isomer, has 2B2 electronic ground state, and is 3.04 eV lower in

energy as compared to the bipyramid structure. For the pentagon, the symmetry of
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Figure 3.12: The linear photo-absorption spectrum of pentagon B5, calculated using
the MRSDCI approach. The peaks corresponding to the light polarized in the plane
of the molecule are labeled with subscript ‖, while those polarized perpendicular to
it are denoted by the subscript ⊥. For plotting the spectrum, a uniform linewidth of
0.1 eV was used.

ground state at the Self-Consistent Field (SCF) level was A1, however, at the MRSDCI

level the B2 state became lower in energy, in agreement with the previous calculations

of Boustani.117 Our optimized geometry for the pentagon (Fig. 3.1(h)) corresponds

to an average bond length of 1.56 Å, as against 1.57 Å reported by Boustani,117 and

1.644 Å reported by Atiş et al.119 The singly occupied molecular orbital (denoted

by H) and LUMO of pentagon isomers are of π and σ type, respectively. The bond

lengths for the bipyramid structure are shown in Fig. 3.1(i), with an average bond

length of 1.704 Å. The triangular base was found to be isosceles with 1.97 Å as equal

sides, and 1.75 Å as the other side.

The absorption spectra of the two isomers are presented in Figs. 3.12 and 3.13.

The many-particle wavefunctions of excited states contributing to various peaks are

presented in Table A.8 and A.9 respectively. From the figures it is obvious that

the intense absorption in the bipyramid starts at much lower energies as compared

to the pentagonal isomer. Intense absorption peaks in pentagon B5 are located at

energies higher than 5 eV, with three equally intense peaks at 5.58 eV, 6.30 eV and

7.16 eV, with the photons polarized along the plane of the molecule direction. It has
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Figure 3.13: The linear photo-absorption spectrum of distorted triangular bipyramid
B5, calculated using the MRSDCI approach. Peaks corresponding to light polarized
along x, y and z-axis are labeled with subscript x, y and z respectively. For plotting
the spectrum, a uniform linewidth of 0.1 eV was used.

an underlying low intensity absorption contribution from photons polarized along z−
direction, which is perpendicular to the molecular plane. The major contribution to

the peak at 5.58 eV comes from π → σ∗ and σ → σ∗, single excitations. The latter

configuration also contributes to the most intense peak at 6.30 eV. The peak at 7.16

eV is mainly due to σ → σ∗ type transitions.

Since the B5 triagonal bipyramid isomer is not a symmetric one, the calculations

were done using C1 symmetry, thereby increasing the difficulty in diagonalizing the

Hamiltonian. Hence, in order to reduce the matrix size, we have used a smaller

number of reference configurations, and also relaxed the energy convergence threshold

criterion a little.

The optical absorption spectrum of B5 triangular bipyramid isomer is exhibited

by almost equally spaced peaks at relatively lower energies. The optical absorption

starts at 1.74 eV characterized by H − 1 → L+4 configuration. It is followed by two

equal intensity peaks at 3.16 eV and 4.27 eV with contributions from single excitations

H − 2 → H and H − 1 → L+2, respectively. The most intense peak is found at 7.52

eV dominated by the doubly excited configuration H−2 → H ; H−1 → L+2. There

are two distinguishing features as far as the optical absorption in the two isomers is
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concerned: (a) presence of three intense peaks in the higher energy region of the

absorption spectrum of the pentagonal isomer, and (b) occurrence of equally spaced

absorption peaks at lower energies in the spectrum of bipyramidal isomer.

3.3 Summary

We presented systematic large-scale all-electron correlated calculations of photoab-

sorption spectra of boron clusters Bn, (n =2–5) with several possible isomers of each

cluster. The calculations were performed using the MRSDCI method which takes

electron correlations into account at a sophisticated level, both for the ground and

the excited states. For a cluster consisting of a given number of atoms, significant

changes were observed in absorption spectra for different isomers, indicating a strong

structure-property relationship. Therefore, our computed spectra can be used in the

future photoabsorption experiments to distinguish between different isomers of a clus-

ter, something which is not possible with the conventional mass spectrometry. We

also analyzed the many-particle wavefunctions of various excited states and found

them to be a mixture of a large number of configurations, indicating the nature of

photoexcited states in these clusters to be plasmonic.126 A noteworthy aspect of the

ground state photoabsorption of various clusters was the absence of high-intensity

peaks in the low-energy region of the spectrum. The most intense peaks occurred at

higher energies involving orbitals away from the Fermi level, consistent with the fact

that the bulk boron is an indirect bandgap semiconductor, with no optical absorption

at the gap. In other words, optical absorption features of bulk boron were already

evident in smaller clusters.
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4
Theory of Linear Optical Absorption in Various

Isomers of Boron Clusters B6 and B+
6

This chapter is based on a published paper, Eur. Phys. J. D, 67, 98 (2013)

by Ravindra Shinde and Alok Shukla.

Boron clusters exhibit a number of interesting properties, comparable only to its

neighbor, carbon. The study of smaller boron clusters has unraveled a great poten-

tial for applications in nanotechnology. For example, some planar boron structures

are also found to be analogous to hydrocarbons.11 The all-boron clusters are found

promising candidates as inorganic ligands.62,63 A circular B−
19 cluster, with a unit of

B6 wheel in the center behaves as a Wankel motor, i.e. the inner B6 wheel rotating

opposite to the outer B13 ring.127,128 As far as optical properties of boron clusters

are concerned, only a small number of reports available. Marques and Botti studied

the optical absorption spectra of B20, B38, B44, B80 and B92 using time-dependent

DFT.121 To the best of our knowledge, no other experimental results are available on

the optical absorption of boron clusters.

In the previous chapter, we studied the optical absorption in boron clusters Bn

(n=2 – 5) using a large-scale multi-reference configuration interaction method.129

This method is quite expensive and scales as N6, where N is the number of orbitals

used in the calculations, it becomes more and more computationally demanding for

large clusters, or clusters with no symmetry. However good insights can be achieved
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with much less expensive method known as Configuration Interaction Singles (CIS),

containing only one electron excitations from the Hartree-Fock ground state.85 This

method has been extensively used for the study of the excited states and optical

absorption in various other systems.130–135 Since optical absorption spectra is very

sensitive to the structural geometry, the optical absorption spectroscopy along with

the extensive calculations of optical absorption spectra, can be used to distinguish

between distinct isomers of a cluster. In this report, we present extensive calculations

of the linear optical absorption spectrum of low-lying isomers of B6 and B+
6 clusters

with different structures. This study, along with the experimental absorption spectra,

can lead to identification of these distinct isomers. Also, in the interpretation of the

measured spectra, the theoretical understanding of the excited states of clusters plays

an important role.136

The remainder of this chapter is organized as follows. Next section describes

the theoretical and computational details of the work, followed by section 4.2, in

which results are presented and discussed. In the last section we summarize our

findings. A Detailed information regarding the excited states contributing to the

optical absorption is presented in the Appendix B.

4.1 Theoretical and Computational Details

Different possible arrangements and orientations of atoms of the B6 cluster (both

neutral and cationic) were randomly selected for the initial configurational search

of geometries of isomers. For a given spin multiplicity, the geometry optimization

was done at a correlated level, i.e., at the Coupled Cluster Singles Doubles (CCSD)

level137 with 6-311G(d,p) basis set as implemented in gaussian09.138 Since neutral

cluster can have singlet or higher spin multiplicity, the optimization was repeated for

different spin configurations to get the lowest energy isomer. Similarly for cationic

clusters with odd number of electrons, spin multiplicities of 2 and 4 were considered

in the optimization. In total, we have obtained 11 neutral B6 and 8 cationic B+
6 low-
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lying isomers. These optimized geometries of neutral B6 cluster, as shown in Fig. 4.1,

are found to be in good agreement with other available reports. Figure 4.15 shows

the corresponding geometries of cationic B+
6 cluster. The unique bond lengths, point

group symmetry and the electronic ground states are given in respective sub-figures.

The excited state energies of isomers are obtained using the ab initio CIS ap-

proach. In this method, different configurations are constructed by promoting an

electron from an occupied orbital to a virtual orbital. For open-shell systems, we

have used unrestricted Hartree-Fock formalism for constructing CIS configurations.

Excited states of the system will have a linear combination of all such substituted

configurations, with corresponding variational coefficients. The energies of the excited

states will then be obtained by diagonalizing the Hamiltonian in this configurational

space.86 The dipole matrix elements are calculated using the ground state and the

excited state wavefunctions. This is subsequently used for calculating the optical

absorption cross section assuming Lorentzian lineshape, with some artificial finite

linewidth.

Equation-of-Motion Coupled Cluster Singles Doubles (EOM-CCSD) calculations

were done on few representative clusters in order to justify the use of CIS method for

optical absorption calculations.92,139 Details are discussed in the next section. The

contribution of wavefunction of the excited states to the absorption peaks as well as

an analysis based on natural transition orbitals gives an insight into the nature of

optical excitation.

As discussed in the chapter 3, we have extensively studied the dependence of basis

sets, freezing of 1s2 chemical core on the computed photoabsorption spectra of neutral

boron clusters.129 We have shown that the optical absorption spectra of small boron

clusters do not change even if we freeze the chemical core of boron atoms. Therefore,

in all these calculations 1s2 chemical core of each boron atom has been frozen.
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Table 4.1: Point group, electronic state, total energies and values of 〈S2〉 before and
after (〈S2

a〉) spin annihilation operation for different isomers of of B6 cluster.

Sr. Isomer Point Elect. Total 〈S2〉 〈S2
a〉

no. group State Energy (Ha)

1 Planar ring (triplet) C2h
3Au -147.795051 2.720 2.180

2 Incomplete wheel C2v
3B1 -147.774166 2.750 2.217

3 Bulged wheel C5v
1A1 -147.764477 0.000 0.000

4 Planar ring (singlet) Cs
1A

′

-147.720277 0.000 0.000
5 Octahedron Oh

3A1g -147.678302 2.082 2.003
6 Threaded tetramer C1

3A -147.676776 2.019 2.000
7 Threaded trimer C2v

3B1 -147.667709 2.087 2.001
8 Twisted trimers C1

1A -147.645847 0.000 0.000
9 Planar trimers D2h

1Ag -147.645522 0.000 0.000
10 Convex bowl C1

1A -147.612607 0.000 0.000
11 Linear D∞h

1Σg -147.449013 0.000 0.000

4.2 Results and Discussion

In this section, we discuss the structure and energetics of various isomers of neutral

and cationic B6 cluster, followed by discussion of results of computed absorption

spectra and nature of photo-excitations.

In the many-particle wavefunction analysis of excited states contributing to the

various peaks , we have used following convention. For doublet systems H1α denotes

the singly occupied molecular orbital. For triplet systems, two Singly Occupied Molec-

ular Orbital (SOMO)s are denoted by H1α and H2α, while H and L stands for highest

occupied molecular orbital and lowest unoccupied molecular orbital respectively. For

quartets, the third singly occupied molecular orbital is denoted by H3α.

4.2.1 B6

We have found a total of 11 isomers of neutral B6 cluster with stable geometries as

shown in the Fig. 4.1.140 The relative standings in energy are presented in the Table

4.1, along with point group symmetries and electronic states.
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(a) C2h, 3Au

Planar ring (Tp)
(b) C2v , 3B1

Incomplete Wheel
(c) C5v , 1A1

Bulged wheel
(d) Cs, 1A

′

Planar ring (Sg)

(e) Oh, 3A1g

Octahedron
(f) C1, 3A

Threaded
tetramer

(g) C2v , 3B1 Threaded trimer (h) C1, 1A

Twisted trimers

(i) D2h, 1Ag Planar trimers (j) C1, 1A Convex bowl (k) D∞h, 1Σg Linear

Figure 4.1: Geometry optimized ground state structures of different isomers of neutral
B6 clusters, along with the point group symmetries obtained at the CCSD level.

The most stable isomer of B6 cluster has ring-like planar structure, with C2h

point group symmetry. Although B6 has an even number of electrons, the electronic

ground state of this isomer is a triplet – an open shell system. The equilibrium

geometry obtained in our calculation is in good agreement with the recently reported

values.119,141–143 The optical absorption spectrum calculated using the CIS approach

is as shown in the Fig. 4.2. It is mainly characterized by feeble absorption in the

visible range, but much stronger absorption at higher energies. The many particle

wave-functions of excited states contributing to various peaks are presented in Table

B.1. The first absorption peak at 2.85 eV with very low intensity is characterized by

Hα−2 → Lα and H1α → Lα transitions. The natural transition orbital analysis of the

peak at 3.42 eV shows that this is dominated by a π → π∗ transition. Due to planar
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nature of the isomer, we can classify the absorption into two categories: (a) those

with polarization along the direction of the plane and (b) polarization perpendicular

to the plane. In this case, it is seen that, in most of the cases, the absorption is due

to polarizations along the plane of the isomer. Also, instead of being dominated by

single configurations, the wavefunctions of the excited states contributing to all the

peaks exhibit strong configuration mixing. This is an indicator of plasmonic nature

of the optical excitations.126

The optical absorption spectrum for the same isomer is calculated using a sophis-

ticated EOM-CCSD method, as shown in Fig. 4.3. A complete one-to-one mapping

of configurations involved in excited states of CIS and EOM-CCSD calculations is

observed, along with some double excitations with minor contribution. The spec-

trum of EOM-CCSD is red-shifted, as expected, because this method takes electron

correlations into account at a high level.
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Figure 4.2: The linear optical absorption spectrum of planar ring (triplet) B6 isomer,
calculated using the CIS approach, along with the natural transition orbitals involved
in the excited states corresponding to the peak II (3.42 eV). Parameter λ refers to a
fraction of the NTO pair contribution to a given electronic excitation.

The second low lying isomer of B6 is another planar structure resembling an

incomplete wheel, i.e. one outer atom removed from B7 wheel cluster. This isomer

is also a triplet system with C2v symmetry, lying 0.56 eV above the global minimum

structure. The optimized geometry is in good agreement with the other previously
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Figure 4.3: The linear optical absorption spectrum of planar ring (triplet) B6 isomer,
calculated using the EOM-CCSD approach.

available reports.142,144 This is one of the isomers showing feeble optical absorption

at lower energies (cf. Fig. 4.4). The many particle wave-functions of excited states

contributing to various peaks are presented in Table B.3. Degenerate π orbitals are

involved in the excitations at peak I and II as evident from the NTOs shown in Fig.

4.4.
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Figure 4.4: The linear optical absorption spectrum of incomplete-wheel B6 isomer,
calculated using the CIS approach, along with the natural transition orbitals involved
in the excited states corresponding to the peaks I (3.09 eV) and II (3.55 eV) respec-
tively. Parameter λ refers to a fraction of the NTO pair contribution to a given
electronic excitation.

A wheel kind of structure, with its center slightly bulged out, is found to be the
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next stable isomer of B6. A singlet system with C5v point group symmetry, lies just

0.83 eV above in energy as compared to the most stable isomer. The pentagonal base

has bond length of 1.625 Å and the vertex atom is 1.678 Å away from the corners of the

pentagon. Other reported values for those bond lengths are 1.61 Å, 1.66 Å119,144 and

1.61 Å, 1.659 Å141,142 respectively. The optical absorption spectrum calculated using

CIS approach is presented in Fig. 4.5. The many-particle wavefunctions of excited

states contributing to various peaks are presented in Table B.4. The onset of the

spectrum occurs near 3.76 eV, with polarization in the plane of the pentagonal base,

characterized by excitations H − 1 → L+ 6 and H → L+ 6 with equal contribution.
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Figure 4.5: The linear optical absorption spectrum of bulged-wheel B6 isomer, cal-
culated using the CIS approach, along with the natural transition orbitals involved
in the excited states corresponding to the peak I (3.76 eV). Parameter λ refers to a
fraction of the NTO pair contribution to a given electronic excitation.

The spectrum of this singlet isomer is calculated again using EOM-CCSD ap-

proach to investigate any involvement of double excitation. The spectrum appears to

be red-shifted but the configurations contributing to the excited states corresponding

to the peaks of the spectrum are the same as observed in the case of CIS. This makes

us confident to use CIS method only to investigate optical absorption spectrum of

other isomers.

A planar ring like structure, resembling the global minimum one; however, with

singlet state and Cs symmetry, is the next low lying isomer of B6 cluster. The
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Figure 4.6: The linear optical absorption spectrum of bulged-wheel B6 isomer, cal-
culated using the EOM-CCSD approach.

optimized geometry is in good agreement with Ref. [144]. The absorption spectrum

is presented in Fig. 4.7 and corresponding many-particle wavefunctions of various

excited states are presented in Table B.6. The absorption onset occurs at 3.1 eV,

characterized by delocalized orbitals with H−1 → L and H → L+23 configurations.
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Figure 4.7: The linear optical absorption spectrum of planar-ring B6 isomer, cal-
culated using the CIS approach, along with the natural transition orbitals involved
in the excited states corresponding to the peak I (3.13 eV). Parameter λ refers to a
fraction of the NTO pair contribution to a given electronic excitation.

An octahedron structure with Oh point group symmetry is the next stable isomer

of neutral B6. Each side of the octahedron is found to be 1.7 Å as compared to the
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1.68 Å reported by Atiş et al.119 and Jun et al.144 The many-particle wavefunctions of

the excited states corresponding to various peaks (cf. Fig. 4.8) are presented in Table

B.7. A very feeble absorption at 0.92 eV opens the spectrum, mainly characterized

by excitations H1α → Lα and H2α → Lα + 1 with equal contribution. The transition

orbitals corresponding to peaks at 0.92 eV and 2.50 eV are as shown in Fig. 4.8.
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Figure 4.8: The linear optical absorption spectrum of octahedron B6 isomer, calcu-
lated using the CIS approach, along with the natural transition orbitals involved in
the excited states corresponding to the peaks I (0.92 eV) and IV (4.68 eV) respectively.
Parameter λ refers to a fraction of the NTO pair contribution to a given electronic
excitation.

Next isomer is previously unreported, with structure of a saddle threaded with

dimer from top. It lies just 0.04 eV above the previous octahedron isomer. However

the optical absorption spectrum (cf. Fig. 4.9) is completely different. A narrow

energy range hosts all the peaks. The onset of intense absorption occurs near 3.06

eV, with major contribution from H2α → Lα + 2 (cf. Table B.8). The NTO analysis

shows that excitation occurs from the tail end to the saddle section of the isomer.

An isosceles triangle connected to a linear chain of boron atoms forms the next

isomer. This structure with C2v symmetry and a triplet electronic state has been

reported in Ref. [144], which is in close agreement with our results. The optical

absorption spectrum (cf. Fig. 4.10) has distinctive closely lying peaks at 4.03 eV and

4.73 eV. The many-particle wavefunctions of excited states corresponding to various
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Figure 4.9: The linear optical absorption spectrum of threaded-tetramer B6 isomer,
calculated using the CIS approach, along with the natural transition orbitals involved
in the excited states corresponding to the peak I (3.06 eV). Parameter λ refers to a
fraction of the NTO pair contribution to a given electronic excitation.

peaks are presented in Table B.9. As evident from the NTOs involved in transitions

at peak I, the electrons tend to be localized at the triangular end of the isomer.
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Figure 4.10: The linear optical absorption spectrum of threaded-trimer B6 isomer,
calculated using the CIS approach, along with the natural transition orbitals involved
in the excited states corresponding to the peak II (2.28 eV). Parameter λ refers to a
fraction of the NTO pair contribution to a given electronic excitation.

A structure with two out of plane isosceles triangles joined together is found to

be one of the isomers. The geometry has isosceles triangle with lengths 1.62 Å, 1.62

Å and 1.53 Å, while two such triangles are joined by a bond of length 1.66 Å. The

respective numbers reported by Ref. [144] are 1.60 Å, 1.60 Å, 1.50 Å and 1.647
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Å respectively. The optical absorption spectrum contains many low intensity peaks

except for strongest one at 5.87 eV, as presented in Fig. 4.11. A π → π∗ transition is

observed at 2.22 eV. (cf. Table B.10).
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Figure 4.11: The linear optical absorption spectrum of twisted trimers B6 isomer,
calculated using the CIS approach, along with the natural transition orbitals involved
in the excited states corresponding to the peak I (2.22 eV). Parameter λ refers to a
fraction of the NTO pair contribution to a given electronic excitation.

An almost degenerate structure forms the next isomer, lying just 0.009 eV above

the previous isomer. Contrary to the previous one, this geometry is completely planar

and is a triplet system, with C2v point group symmetry. Probably because of such

a strong near-degeneracy, this isomer has not been reported in the literature before.

The many-particle wavefunctions of the excited states corresponding to various peaks

(cf. Fig. 4.12) are presented in Table B.11. The spectrum opens with feeble peak.

First major peak at 4.69 eV is characterized by π → π∗ transition, as is evident from

the natural transition orbital analysis. First four peaks in the absorption spectra of

this isomer are identical to that of twisted trimers isomer. The effect of twisting has

effect only on the high energy excitations.

Convex bowl shaped isomer and a perfect linear chain are found very high in

energy, ruling out their existence at room temperature. The optical spectra are

presented in Figs. 4.13 and 4.14 respectively. The corresponding many-particle wave-

functions of excited states of various peaks are presented in Table B.12 and B.13.
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Figure 4.12: The linear optical absorption spectrum of planar trimers B6 isomer,
calculated using the CIS approach, along with the natural transition orbitals involved
in the excited states corresponding to the peak IV (4.69 eV). Parameter λ refers to a
fraction of the NTO pair contribution to a given electronic excitation.

Peak at 2.43 eV in the absorption spectrum of convex bowl isomer shows partially de-

localized to fully delocalized nature of transition. The bulk of the oscillator strength

of the spectrum of linear isomer is carried by H − 1 → L + 3 and H → L + 2 hav-

ing equal contributions. The NTOs corresponding to the excitations involved in the

spectrum are shown in Fig. 4.14.
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Figure 4.13: The linear optical absorption spectrum of convex-bowl B6 isomer, cal-
culated using the CIS approach, along with the natural transition orbitals involved
in the excited states corresponding to the peaks III (2.43 eV) and IV (2.88 eV) re-
spectively. Parameter λ refers to a fraction of the NTO pair contribution to a given
electronic excitation.

Page 65 of 195



Chapter 4. Boron Clusters B6 and B+
6 Ravindra Shinde

✥

�✥✥

✁✥✥

✂✥✥

✄✥✥

☎✥✥✥

☎�✥✥

☎✁✥✥

☎✂✥✥

✥ � ✁ ✂ ✄

■✆
✝✞
✆
✟
✠✝
✡
☛☞
✌
✍
✎
✏
✆
✠✝
✟
✑

❊✒✓✔✕✖ ✗✓✘✙

✚

✚✚

❧ ✛ ✜✢✣✤ ✦✧★✩✪ ✫✬ ❧ ✛ ✜✢✭✭ ✦✧★✩✪ ✫✬

❧ ✛ ✜✢✣✤ ✦✧★✩✪ ✫✫✬

Figure 4.14: The linear optical absorption spectrum of linear B6 isomer, calculated
using the CIS approach, along with the natural transition orbitals involved in the
excited states corresponding to the peaks I (5.51 eV) and II (6.51 eV) respectively.
Parameter λ refers to a fraction of the NTO pair contribution to a given electronic
excitation.

4.2.2 B+
6

We have found a total of 8 isomers of cationic (B+
6 ) cluster with stable geometries as

shown in the Fig. 4.15. The relative standings in energy are presented in the Table

4.2, along with point group symmetries, electronic states and expectation value of S2

operator. Since this is a case of an open-shell system, the spin contamination may

induce large errors in he computed absorption spectra. We have reported 〈S2〉 values

for excited states corresponding to each peak in the spectra. In most of the cases

the geometry of the neutral isomer is retained, reflected in the fact that some peaks

show up in the optical absorption spectra at the same energies as those in the neutral

cluster.

The most stable isomer of B+
6 cluster is a planar ring-type of structure, with Cs

point group symmetry. This is in contrast to the other reported geometries which

have D2h symmetry.142–144 A slight difference in the orientation makes it less symmet-

ric. However, the bonds lengths obtained are in good agreement with those with D2h

symmetric geometry cited above. The optical absorption spectrum calculated using

CIS approach is as shown in the Fig. 4.16 and corresponding many-particle wavefunc-
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Table 4.2: Point group, electronic state, total energies and values of 〈 S2 〉 before and
after spin annihilation operation for different isomers of B+

6 cluster.

Sr. Isomer Point Elect. Total 〈 S2 〉 〈 S2
a 〉

no. group State Energy (Ha)

1 Planar ring (I) Cs
2A

′′

-147.492831 0.8410 0.7524
2 Bulged wheel C1

2A -147.491994 1.0450 0.7909
3 Planar ring (II) D2h

2Ag -147.480796 0.8503 0.7531
4 Incomplete wheel C2v

4A2 -147.454234 4.6090 3.9490
5 Threaded trimer C2v

4A2 -147.429627 3.7671 3.7501
6 Tetra. bipyramid D4h

2B1g -147.413145 1.2565 0.8742
7 Linear D∞h

4Σu -147.392263 4.8354 4.0712
8 Planar trimers D2h

2B2g -147.358494 1.0000 0.7808

tions of excited states contributing to the various peaks are presented in Table B.14.

Similar to the neutral counterpart, this isomer also has very feeble absorption in the

visible range, with polarization perpendicular to the plane of the isomer. Transitions

involved corresponding to peak 4.44 eV are from completely delocalized orbitals to

the localized ones on each corner of the isomer.

Bulged wheel structure is the next low lying isomer of B+
6 with just 0.023 eV above

the global minimum. However, as compared to the neutral one, this geometry has C1

symmetry due to the significant bond length reordering. Our computed geometries

are consistent with the results of Refs. [142, 144]. The optical absorption spectrum is

presented in Fig. 4.17. The many-particle wavefunctions of excited states contributing

to various peaks are presented in Table B.15. The spectrum is distinctly different with

a large number of smaller peaks and a stronger peak at 6.24 eV. The onset of spectrum

occurs at 1.76 eV dominated by Hβ → Lβ and Hβ − 1 → Lβ configurations.

Another ring-like structure with D2h symmetry and doublet multiplicity lies next

in the energy order. The hexagonal benzene type structure has 1.66 Å and 1.53

Å as unique bond lengths, which are somewhat larger than those reported in the

literature.142,144 The optical absorption spectrum presented in Fig. 4.18, is fairly

simple and has well resolved peaks. The many-particle wavefunctions of excited states

contributing to various peaks are presented in Table B.16. All absorption peaks are
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Figure 4.17: The linear optical absorption spectrum of bulged wheel B+
6 isomer,

calculated using the CIS approach, along with the natural transition orbitals involved
in the excited states corresponding to the peak IV (3.58 eV). Parameter λ refers to a
fraction of the NTO pair contribution to a given electronic excitation.

due to the polarization along the plane of the isomer. The strongest absorption is

seen at 3.52 eV with fully delocalized to partially localized nature of transition.
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Figure 4.18: The linear optical absorption spectrum of planar ring B+
6 isomer II,

calculated using the CIS approach, along with the natural transition orbitals involved
in the excited states corresponding to the peak II (3.52 eV). Parameter λ refers to a
fraction of the NTO pair contribution to a given electronic excitation.

Next low lying isomer is a planar incomplete wheel structure with C2v point group

symmetry and quartet multiplicity. This multiplicity and computed geometry is con-

sistent with results of Ref. [144]. The optical absorption (cf. Fig. 4.19) starts at

1.69 eV, with polarization transverse to the plane of the isomer. The many particle
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wave-functions of excited states contributing to various peaks are presented in Table

B.17. The configurations contributing to the first peak are Hβ − 2 → Lβ.
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Figure 4.19: The linear optical absorption spectrum of incomplete wheel B+
6 isomer,

calculated using the CIS approach, along with the natural transition orbitals involved
in the excited states corresponding to the peak I (1.69 eV). Parameter λ refers to a
fraction of the NTO pair contribution to a given electronic excitation.

Another isomer with the same point group symmetry and multiplicity as that of

the previous one, but having a geometry of linear chain with an isosceles triangle at

the end, is the next low lying isomer of cationic B+
6 . Our results about geometry

are in good agreement with the Ref. [144]. The optical absorption spectrum (cf.

Fig. 4.20) has three major peaks, coupled with a number of minor peaks. The first

major peak occurs at 3.90 eV, with polarization along the plane of the isomer, and

has dominant contribution from H3α → Lα + 1 (cf. Table B.18).

Tetragonal bipyramid forms the next stable isomer of cationic B+
6 , with D4h point

group symmetry and doublet multiplicity. This is in good agreement with the ge-

ometries reported in Refs. [142] and [144]. The optical absorption spectrum (cf. Fig.

4.21) has well defined small number of peaks. H1α → Lα and Hα − 4 → Lα con-

tributes dominantly to peaks in the visible range at 1.23 eV and 2.55 eV, respectively

(cf. Table B.19).

Two more structures were found stable i.e. (a) a planar structure with two trimers

joined together and, (b) a linear one. These isomers are much above the global
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Figure 4.20: The linear optical absorption spectrum of threaded trimer B+
6 isomer,

calculated using the CIS approach, along with the natural transition orbitals involved
in the excited states corresponding to the peak II (3.90 eV). Parameter λ refers to a
fraction of the NTO pair contribution to a given electronic excitation.
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Figure 4.21: The linear optical absorption spectrum of triangular bipyramid B+
6

isomer , calculated using the CIS approach, along with the natural transition orbitals
involved in the excited states corresponding to the peak I (1.23 eV). Parameter λ
refers to a fraction of the NTO pair contribution to a given electronic excitation.

minimum energy, it rules out their room temperature existence. In the linear isomer

the absorption spectrum (cf. Fig. 4.22) is red-shifted as compared to the neutral one,

with major peak at 4.25 eV with dominant contribution from Hβ − 1 → Lβ + 1 and

Hβ → Lβ configurations. In case of planar trimers structure, the spectrum (cf. Fig.

4.23) also seems to be red shifted as compared to the neutral one. The first peak is

found at 1.40 eV with Hβ → Lβ and Hβ − 2 → Lβ + 1, characterized by π → π∗
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transition, as dominant contribution to the wavefunction of the excited state.
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Figure 4.22: The linear optical absorption spectrum of linear B+
6 isomer , calculated

using the CIS approach, along with the natural transition orbitals involved in the
excited states corresponding to the peak I (4.25 eV). Parameter λ refers to a fraction
of the NTO pair contribution to a given electronic excitation.
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Figure 4.23: The linear optical absorption spectrum of planar trimers B+
6 isomer ,

calculated using the CIS approach, along with the natural transition orbitals involved
in the excited states corresponding to the peak I (1.40 eV). Parameter λ refers to a
fraction of the NTO pair contribution to a given electronic excitation.

4.3 Summary

A large number of randomly selected initial structures of neutral B6 and cationic B+
6

clusters are taken into consideration for locating the global and local minimas on
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the potential energy curves. A careful geometry optimization is done for all those

structures at a correlated level. The optical absorption spectra of different low-lying

isomers of both neutral and cationic isomers are reported here. A singles configuration

interaction approach was used to compute excited state energies and the absorption

spectra of various clusters. Spectra of cationic clusters appear slightly red-shifted

with respect to the neutral one. A comparison of spectra with CIS as well as more

sophisticated EOM-CCSD method is presented in light of nature of excitations in-

volved in the spectra. In all closed shell systems, a complete agreement on the nature

of configurations involved is observed in both methods. On the other hand, for open-

shell systems, minor contribution from double excitations are observed. Also, the

spectra computed using EOM-CCSD approach is generally red-shifted as compared

to the CIS ones. Such comparisons can be used to benchmark the CIS results.

Different isomers exhibit distinct optical response, even though they are isoelec-

tronic and many of them are almost degenerate. This signals a strong-structure

property relationship, which can be exploited for experimental identification of these

isomers; something which is not possible with the conventional mass spectrometry. A

strong mixture of configurations in the many-body wavefunctions of various excited

states are observed, indicating the plasmonic nature of the photoexcited states.126
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5
Theory of Linear Optical Absorption in Various

Isomers of Aluminum Clusters Aln (n=2 – 5)

This chapter is based on a submitted manuscript, available on arxiv.org:1303.2511

by Ravindra Shinde and Alok Shukla.

Metal clusters are promising candidates in the era of nanotechnology. The reason

behind growing interest in clusters lies in their interesting properties, applicability of

simple theoretical models to describe their properties, and a vast variety of potential

technological applications.1–3,6,16

Various jellium models have successfully described electronic structures of alkali

metal clusters, because alkali metals have free valence electrons.6 This beautifully

explains the higher abundance of certain clusters. However, in case of aluminum

clusters, the experimental results often provide conflicting evidence about the size at

which the jellium model would work.57,145 The theoretical explanation also depends

on the valency of aluminum atoms considered. Since s - p orbital energy separation

in aluminum atom is 4.99 eV, and it decreases with the cluster size, the valency

should be changed from one to three.17 Perturbed jellium model, which takes orbital

anisotropy into account, has successfully explained the mass abundance of aluminum

clusters.146,147

Shell structure and s - p hybridization in anionic aluminum clusters were probed

using photoelectron spectroscopy by Ganteför and Eberhardt,148 and Li et al.57 Evolu-
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tion of electronic structure and other properties of aluminum clusters has been studied

in many reports.17,57,146,149–158 Structural properties of aluminum clusters were studied

using density functional theory by Rao and Jena.17 An all electron and model core

potential study of various Al clusters was carried out by Martinez et al.157 Upton

performed chemisorption calculations on aluminum clusters and reported that Al6 is

the smallest cluster that will absorb H2. Density Functional Theory (DFT) along-

with molecular dynamics were used to study electronic and structural properties of

aluminum clusters.154

Although the photoabsorption in alkali metal clusters has been studied by many

authors at various levels of theory,77–79,81,159–162 very few similar studies exist for alu-

minum clusters.163,164 Optical absorption in several aluminum clusters corresponding

to the minimum energy configurations has been studied by Deshpande et al. us-

ing Time-Dependent Density Functional Theory (TDDFT).163 Xie et al. presented

TDDFT optical absorption spectra of various caged icosahedral aluminum clusters.164

However, no theoretical or experimental study has been done on optical absorption in

various low lying isomers of aluminum clusters. The distinction of different isomers

of a cluster has to be made using an experimental or theoretical technique in which

the properties are size, as well as shape, dependent. Conventional mass spectrometry

only distinguishes clusters according to the masses. Hence, our theoretical results

can be coupled with the experimental measurements of optical absorption, to distin-

guish between different isomers of a cluster. We have recently reported results of such

calculation on small boron clusters.165

In this chapter, we present results of systematic calculations of optical absorption

in various low lying isomers of small aluminum clusters using ab initio large-scale

Multi-Reference Singles Doubles Configuration Interaction (MRSDCI) method. The

nature of optical excitations involved in absorption has also been investigated by

analyzing the wavefunctions of the excited states.

Remainder of the chapter is organized as follows. Next section discusses theoretical

and computational details of the calculations, followed by section 5.2, in which results

Page 76 of 195



Chapter 5. Aluminum Clusters Aln (n=2 – 5) Ravindra Shinde

are presented and discussed. Conclusions and future directions are presented in sec-

tion 5.3. A detailed information about wavefunctions of excited states contributing

to various photoabsorption peaks is presented in the Appendix D.

5.1 Theoretical and Computational Details

The geometry of various isomers were optimized using the size-consistent coupled-

cluster singles-doubles (CCSD) method, as implemented in the gaussian09 pack-

age.138 A basis set of 6-311++G(2d,2p) was used which was included in the gaussian

09 package itself. This basis set is optimized for the ground state calculations. Since

an even numbered electron system can have singlet, triplet, or higher spin multiplic-

ity, we repeated the optimization for singlet and triplet systems to look for the true

ground state geometry. Similarly, for odd numbered electron systems, doublet and

quartet multiplicities were considered in the geometry optimization. To initiate the

optimization, raw geometries, reported by Rao and Jena, based on density functional

method were used.17 Figure 5.1 shows the final optimized geometries of the isomers

studied in this chapter.

The linear photoabsorption spectra of various isomers of the boron clusters were

computed using MRSDCI method, as described in subsection 2.1.2.3.

Our group has extensively used such approach in performing large-scale corre-

lated calculations of linear optical absorption spectra of conjugated polymers,87–90

and atomic clusters.165,166 We have also frozen the chemical core of aluminum atom

from virtual excitations and have put a cap on total number of virtual orbitals taking

part in optical absorption based on the energy of the orbital, as done previously with

boron clusters.165
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(a) Al2, D
∞h, 3

Πu (b) Al3, D3h, 2A
′

1
(c) Al3, C2v , 4A2 (d) Al3, D

∞h, 4
Σu

(e) Al4, D2h, 3B2g (f) Al4, D4h, 3B3u (g) Al5, C2v, 2A1 (h) Al5, C4v, 2A1

Figure 5.1: Geometry optimized structures of aluminum clusters with point group
symmetry and the electronic ground state at the CCSD level. All numbers are in Å
unit.

5.2 Results and Discussion

In this section, first we present a systematic study of the convergence of our results

and various approximations used. In the latter part, we discuss the results of our

calculations on various clusters.

5.2.1 Convergence of calculations

In this section we discuss the convergence of photoabsorption calculations with respect

to the choice of the basis set, and the size of the active orbital space.

5.2.1.1 Choice of basis set

In the literature several optimized basis sets are available for specific purposes, such

as ground state optimization, excited state calculations etc. In an earlier work (see

chapter 3), we have reported a systematic basis set dependence of photoabsorption of

boron cluster.165 Similarly, here we have checked the dependence of photoabsorption

spectrum of aluminum dimer on basis sets used123,124 as shown in Fig. 5.2. The
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Figure 5.2: Optical absorption in Al2 calculated using various Gaussian contracted
basis sets.

6-311 type Gaussian contracted basis sets are known to be good for ground state

calculations. The correlation consistent (CC) basis sets, namely, CC-polarized valence

double-zeta and CC-polarized valence triple zeta (cc-pVTZ) give a good description

of excited states of various systems. The latter is found to be more sophisticated

in describing the high energy excitations, which were also confirmed using results of

an independent TDDFT calculation.167 Therefore, in this work, we have used the

cc-pVTZ basis set for the optical absorption calculations.

5.2.1.2 Orbital truncation scheme

With respect to the total number of orbitals N in the system, the computational time

in configuration interaction calculations scales as ≈ N6. Therefore, such calculations

become intractable for moderately sized systems, such as those considered here. So,

in order to ease those calculations, the lowest lying molecular orbitals are constrained

to be doubly occupied in all the configurations, implying that no optical excitation

can occur from those orbitals. It reduces the size of the CI Hamiltonian matrix

drastically. In fact, this approach is recommended in quantum chemical calculations,

because the basis sets used are not optimized to incorporate the correlations in core

electrons.83 The effect of this approximation on the spectrum is as shown in Fig.
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Figure 5.3: The effect of freezing the core orbitals of aluminum atoms on optical
absorption spectrum of Al2. It renders little effect on optical absorption spectrum,
with significant reduction in the computational cost.

5.3. Since, calculations with all electrons in active orbitals were unfeasible, we have

frozen occupied orbitals upto -4 Hartree of energy for the purpose of demonstration.

The effect of freezing the core is negligibly small in the low energy regime, but shows

disagreement in the higher energy range. However, for very high energy excitations,

photodissociation may occur, hence absorption spectra at those energies will cease to

have meaning. Thus, the advantage of freezing the core subdues this issue. Therefore,

in all the calculations, we have frozen the chemical core from optical excitations.

Not only occupied, but high energy virtual (unoccupied) orbitals can also be

removed from the calculations to make them tractable. In this case the high lying

orbitals are constrained to be unoccupied in all the configurations. This move is

justifiable, because it is unlikely that electrons would prefer partial filling of high

energy orbitals in an attempt to avoid other electrons. However, this will only be

applicable if the orbitals are sufficiently high in energy. Fig. 5.4 shows the effect of

removing orbitals having more than the specified energy. From the figure it is clear

that photoabsorption spectra exhibits no difference at all upto 1 Hartree cutoff on

virtual orbitals. Below 0.8 Ha cutoff, the spectra start deviating from each other.

Hence, we have ignored the virtual orbitals having energy more than 1 Ha.
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Figure 5.4: The effect of the number of active orbitals (Nact) on the optical absorption
spectrum of Al2. Until Nact=46, the optical spectrum does not exhibit any significant
change. It corresponds to 1.0 Hartree (≈ 27.2 eV) virtual orbital energy.

5.2.1.3 Size of the CI expansion

In the multi-reference CI method, the size of the Hamiltonian matrix increases expo-

nentially with the number of molecular orbitals in the system. Also, accurate corre-

lated results can only be obtained if sufficient number of reference configurations are

included in the calculations. In our calculations, we have included those configura-

tions which are dominant in the wavefunctions of excited states for a given absorption

peak. Also, for ground state calculations, we included configurations until the total

energy converges within a pre-defined tolerance. Table 5.1 shows the average number

of reference configurations and average number of total configurations involved in

the CI calculations of various isomers. For a given isomer, the average is calculated

across different irreducible representations needed in these symmetry adapted calcu-

lations of the ground and various excited states. For the simplest cluster, the total

configurations are about half a million and for the biggest cluster considered here,

it is around four million for each symmetry subspace of Al5. The superiority of our

calculations can also be judged from the correlation energy defined here (cf. Table

5.1), which is the difference in the total energy of a system at the MRSDCI level and

the Hartree-Fock level. The correlation energy per atom seems to be quite high for
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Table 5.1: The average number of reference configurations (Nref ), and average number
of total configurations (Ntotal) involved in MRSDCI calculations, ground state (GS)
energies (in Hartree) at the MRSDCI level, relative energies and correlation energies (in
eV) of various isomers of aluminum clusters.

Cluster Isomer Nref Ntotal GS energy Relative Correlation energy2

(Ha) energy (eV) per atom(eV)

Al2 Linear 40 445716 -483.9063281 0.00 1.69

Al3
Equilateral
triangular

40 1917948 -725.9053663 0.00 2.38

Isosceles
triangular

22 1786700 -725.8748996 0.83 2.36

Linear 18 1627016 -725.8370397 1.85 2.16

Al4 Rhombus 13 3460368 -967.8665897 0.00 1.82
Square 21 1940116 -967.8258673 1.11 1.80

Al5 Pentagonal 7 3569914 -1209.8114803 0.00 1.73
Pyramidal 8 3825182 -1209.7836568 0.76 1.77

2 The difference in Hartree-Fock energy and MRSDCI correlated energy of the ground state.

all the clusters, making our calculations stand out among other electronic structure

calculations, especially single reference DFT based calculations.

5.2.2 MRSDCI photoabsorption spectra of various clusters

In this section, we describe the photoabsorption spectra of various isomers of the

aluminum clusters studied. Graphical presentation of molecular orbitals involved are

also given in each subsection below.

5.2.2.1 Al2

Aluminum dimer is the most widely studied cluster of aluminum. It has now been

confirmed that the Al2 (cf. Fig. 5.1(a)) has 3Πu ground state. The bond length

obtained using geometry optimization at CCSD level was 2.72 Å with D∞h point

group symmetry. This is in very good agreement with available data, such as Martinez

et al. obtained 2.73 Å as dimer length using all electron calculations,157 2.71 Å155 and
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(a) (b)

Figure 5.5: (a) The linear optical absorption spectrum of Al2, calculated using
the MRSDCI approach. The peaks corresponding to the light polarized along the
molecular axis are labeled with the subscript ‖, while those polarized perpendicular
to it are denoted by the subscript ⊥. For plotting the spectrum, a uniform linewidth
of 0.1 eV was used. (b) Molecular orbitals of aluminum dimer. H and L stands
for HOMO and LUMO respectively, and H1 and H2 are singly occupied degenerate
molecular orbitals.

2.75 Å168 as bond lengths using DFT and configuration interaction methods, and 2.86

Å obtained using DFT with generalized gradient approximation.17 The experimental

bond length of aluminum dimer is 2.70 Å.169 Another metastable state of the dimer

exists with 3Σ−
g electronic state, and 2.48 Å in bond length.

The many-particle wavefunction of Al2 consists of two degenerate singly occu-

pied molecular orbitals (to be denoted by H1 and H2, henceforth), because it is a

spin triplet system. Similarly, the configurations involving excitations from occupied

molecular orbitals to the unoccupied orbitals, form excited state wavefunctions. The

computed photoabsorption spectrum of Al2, as shown in Fig. 5.5(a), is characterized

by weaker absorption at lower energies and couple of intense peaks at higher ener-

gies. The many-particle wavefunctions of excited states contributing to the peaks are

presented in Table D.1.

The spectrum starts with a small absorption peak at around 2 eV, characterized

by H2 → L + 1 and light polarized along the direction of axis of the dimer. It is

followed by a couple of small intensity peaks, until a dominant absorption is seen at 5
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eV. This is characterized by H1 → L+3. Another dominant peak is observed at 8 eV

having H − 2 → L as dominant configuration, with absorption due to light polarized

perpendicular to the axis of the dimer.

Our spectrum differs from the one obtained with the time-dependent local density

approximation (TDLDA) method163 in both the intensity and the number of peaks.

However, we agree with TDLDA163 in predicting two major peaks at 5 eV and 8 eV.

Unlike our calculations, the number of peaks is much more in TDLDA results and the

spectrum is almost continuous. Minor peaks at 3.2 eV and 6.3 eV are also observed

in the TDLDA spectrum of dimer. The latter one is, contrary to TDLDA spectrum,

found to be a small peak in our calculations.

5.2.2.2 Al3

Among the possible isomers of aluminum cluster Al3, the equilateral triangular isomer

is found to be the most stable. We have considered three isomers of Al3, namely,

equilateral triangle, isosceles triangle, and a linear chain. The most stable isomer has

D3h point group symmetry, and 2A
′

1 electronic state. The optimized bond length 2.57

Å, is in good agreement with reported theoretical values 2.61 Å,17 2.62 Å,146 2.56

Å,157 and 2.52 Å.150,151 The doublet ground state is also confirmed with the results

of magnetic deflection experiments.153

The next isomer, which lies 0.83 eV higher in energy, is the isosceles triangular

isomer. The optimized geometry has 2.59 Å, 2.59 Å and 2.99 Å as sides of triangle,

with a quartet ground state (4A2). Our results are in agreement with other theoretical

results.146,157,154

Linear Al3 isomer again with quartet multiplicity is the next low-lying isomer.

The optimized bond length is 2.62 Å. This is in good agreement with few available

reports.157,154,150

The photoabsorption spectra of these isomers are presented in Figs. 5.6(a), 5.7(a)

and 5.8(a). The corresponding many-body wavefunctions of excited states corre-
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(a) (b)

Figure 5.6: (a) The linear optical absorption spectrum of Al3 equilateral triangle
isomer, calculated using the MRSDCI approach. The peaks corresponding to the
light polarized along the molecular plane are labeled with the subscript ‖, while
those polarized perpendicular to it are denoted by the subscript ⊥. For plotting the
spectrum, a uniform linewidth of 0.1 eV was used. (b) Molecular orbitals of equilateral
triangular aluminum trimer. H and L stands for HOMO and LUMO respectively.
(H − 2, H − 3), (L, L+ 1) and (L+ 2, L+ 3) are degenerate pairs.

sponding to various peaks are presented in Table D.2, D.3 and D.4 respectively. In

the equilateral triangular isomer, most of the intensity is concentrated at higher en-

ergies. The same is true for the isosceles triangular isomer. However, the spectrum of

isosceles triangular isomer appears slightly red shifted with respect to the equilateral

counterpart. Along with this shift, there appears a split pair of peaks at 5.8 eV. This

splitting of oscillator strengths might be due to distortion accompanied by symmetry

breaking. The absorption spectrum of linear isomer is altogether different with bulk

of the oscillator strength carried by peaks in the range 4 – 5 eV, and, due to the

polarization of light absorbed parallel to the axis of the trimer.

The optical absorption spectrum of equilateral triangular isomer consists of very

feeble low energy peaks at 3.5 eV, 5.6 eV and 5.8 eV characterized by H − 3 → L+5,

a double excitation H − 2 → L+ 5;H − 1 → L+ 5, and H − 3 → L+ 2 respectively.

The latter peak is due to the light polarized perpendicular to the plane of the isomer.

It is followed by an intense peak at around 6.5 eV with dominant contribution from
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(a) (b)

Figure 5.7: (a) The linear optical absorption spectrum of Al3 isosceles triangle isomer,
calculated using the MRSDCI approach. All peaks labeled above correspond to the
light polarized along the molecular plane. For plotting the spectrum, a uniform
linewidth of 0.1 eV was used. (b) Molecular orbitals of isosceles triangular aluminum
trimer. H and L stands for HOMO and LUMO respectively, and H1, H2, and H3 are
singly occupied molecular orbitals.

H → L+ 6 and H → L+ 4 configurations. A semi-major peak is observed at 7.5 eV

characterized mainly due to double excitations.

Two major peaks at 6.5 eV and 7.5 eV in the spectrum of Al3 equilateral isomer,

obtained in our calculations are also found in the spectrum of TDLDA calculations,

with the difference that the latter does not have a smaller intensity in TDLDA.163

Other major peaks obtained by Deshpande et al.163 in the spectrum of aluminum

trimer are not observed, or have very small intensity in our results.

As compared to the equilateral triangle spectra, the isosceles triangular isomer

exhibit several small intensity peaks (cf. Fig. 5.7) in the low energy regime. The

majority of contribution to peaks of this spectrum comes from in-plane polarized tran-

sitions, with negligible contribution from transverse polarized light. The spectrum

starts with a feeble peak at 2.4 eV with contribution from doubly-excited configura-

tion H → L+ 1;H − 2 → L+ 2. One of the dominant contribution to the oscillator

strength comes from two closely-lying peaks at 5.8 eV. The wavefunctions of excited

states corresponding to this peak show a strong mixing of doubly-excited configura-
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(a) (b)

Figure 5.8: (a) The linear optical absorption spectrum of Al3 linear isomer, calcu-
lated using the MRSDCI approach. The peaks corresponding to the light polarized
along the molecular axis are labeled with the subscript ‖, while those polarized per-
pendicular to it are denoted by the subscript ⊥. For plotting the spectrum, a uniform
linewidth of 0.1 eV was used. (b) Molecular orbitals of linear aluminum trimer. H
and L stands for HOMO and LUMO respectively, and H1, H2, and H3 are singly
occupied molecular orbitals.

tions, such as H − 3 → L+ 1;H − 2 → L and H − 2 → L+ 1;H − 4 → L. The peak

at 6.7 eV shows absorption mainly due to H → L+ 10.

Linear trimer of aluminum cluster also shows low activity in the low energy range.

Very feeble peaks are observed at 1.2 eV and 2.3 eV, both characterized by H − 3 →
H−2. This configuration also contributes to the semi-major peak at 4 eV along with

H − 4 → H. Two closely lying peaks at 4.3 eV and 4.6 eV carry the bulk of the

oscillator strength. Major contribution to the former comes from H − 1 → L + 2

along with H − 3 → H − 2 being dominant in both the peaks. Again, as expected,

the absorption due to light polarized along the trimer contributes substantially to the

spectrum.

It is obvious from the spectra presented above that the location of the most intense

absorption is quite sensitive to the structure, and thus can be used to distinguish

between the three isomers.
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(a) (b)

Figure 5.9: (a) The linear optical absorption spectrum of rhombus Al4, calculated us-
ing the MRSDCI approach. The peaks corresponding to the light polarized along the
molecular axis are labeled with the subscript ‖, while those polarized perpendicular
to it are denoted by the subscript ⊥. For plotting the spectrum, a uniform linewidth
of 0.1 eV was used.(b) Molecular orbitals of rhombus-shaped aluminum tetramer. H
and L stands for HOMO and LUMO respectively, and H1 and H2 are singly occupied
molecular orbitals.

5.2.2.3 Al4

Tetramer of aluminum cluster has many low lying isomers due to its flat potential

energy curves. Among them, rhombus structure is the most stable with 3B2g electronic

ground state. Our optimized bond length for rhombus structure is 2.50 Å and 63.8◦

as the acute angle. This is to be compared with corresponding reported values of 2.56

Å and 69.3◦ reported by Martinez et al.,157 2.51 Å and 56.5◦ computed by Jones,155

2.55 Å and 67.6◦ obtained by Schultz et al .151 We note that bond lengths are in good

agreement but bond angles appear to vary a bit.

The other isomer studied here is an almost square shaped tetramer with optimized

bond length of 2.69 Å. The electronic ground state of this D4h symmetric cluster is
3B3u. This optimized geometry is in accord with 2.69 Å reported by Martinez et

al.,157 however, it is somewhat bigger than 2.57 Å calculated by Yang et al.150 and

2.61 Å obtained by Jones.154

For planar clusters, like rhombus and square shaped Al4, two types of optical
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(a) (b)

Figure 5.10: (a) The linear optical absorption spectrum of square Al4, calculated us-
ing the MRSDCI approach. The peaks corresponding to the light polarized along the
molecular plane are labeled with the subscript ‖, while those polarized perpendicular
to it are denoted by the subscript ⊥. For plotting the spectrum, a uniform linewidth
of 0.1 eV was used. (b) Molecular orbitals of square-shaped aluminum tetramer. H
and L stands for HOMO and LUMO respectively, and H1 and H2 are singly occupied
molecular orbitals.

absorptions are possible: (a) planar – those polarized in the plane of the cluster, and

(b) transverse – the ones polarized perpendicular to that plane. The many-particle

wavefunctions of excited states contributing to the peaks are presented in Table D.5

and D.6. The onset of optical absorption in rhombus isomer occurs at around 1 eV

with transversely polarized absorption characterized by H1 → L + 1. It is followed

by an in-plane polarized absorption peak at 2.3 eV with dominant contribution from

H − 2 → H1. Several closely lying peaks are observed in a small energy range of 4.5

– 8 eV. Peaks split from each other are seen in this range confirming that after shell

closure, in perturbed droplet model, Jahn Teller distortion causes symmetry breaking

usually associated with split absorption peaks. The most intense peak is observed at

5.5 eV characterized by H − 3 → L+ 4.

The absorption spectrum of square shaped isomer begins with a couple of low

in-plane polarized absorption peaks at 2.1 eV and 2.7 eV characterized by H−1 → L

and H2 → L + 1 respectively. The peak at 4.2 and 4.9 eV have H − 2 → L and
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H1 → L + 2 as respective dominant configurations. A major peak at 5.85 eV is

observed with absorption due to in-plane polarization having H − 2 → L + 2 and a

double excitation H1 → L + 2;H − 2 → L + 2 as dominant configurations. These

configurations also make dominant contribution to the peak at 6.5 eV. This peak

along with the one at 6.9 eV are two equally and most intense peaks of the spectrum.

The latter has additional contribution from H1 → L + 1;H − 2 → L. A shoulder

peak is observed at 7.2 eV.

The TDLDA spectrum163 of aluminum rhombus tetramer differs from the one

presented here. Peaks labeled III to XII in our calculated spectrum are also observed

in the TDLDA results,163 however, the relative intensities tend to disagree. For

example, the strongest absorption peak of TDLDA calculations is located around 7.9

eV, while in our spectrum we obtain the second most intense peak at that location.

The highest absorption peak in our calculations is at 5.5 eV, while TDLDA does

report a strong peak at the same energy,163 it is not the highest of the spectrum.

Our calculations also reveal a strong structure-property relationship as far as the

location of the most intense peak in the absorption spectra of the two isomers is

considered, a feature which can be utilized in their optical detection.

5.2.2.4 Al5

The lowest lying pentagonal isomer of aluminum has C2v symmetry and has an elec-

tronic ground state of 2A1. The bond lengths are as shown in Fig. 5.1(g). These are

slightly bigger than those obtained by Rao and Jena17 and Yang et al.150 using the

DFT approach. Many other reports have confirmed that the planar pentagon is the

most stable isomer of Al
5
.

The other optimized structure of pentamer is perfect pyramid with C4v symme-

try and 2A1 electronic ground state. This lies 0.76 eV above the global minimum

structure. This is the only three dimensional structure of Al cluster studied for opti-

cal absorption. The optimized geometry is consistent with those reported earlier by
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(a) (b)

Figure 5.11: (a) The linear optical absorption spectrum of pentagonal Al5, calculated
using the MRSDCI approach. The peaks corresponding to the light polarized along
the molecular axis are labeled with the subscript ‖, while those polarized perpen-
dicular to it are denoted by the subscript ⊥. For plotting the spectrum, a uniform
linewidth of 0.1 eV was used. (b) Molecular orbitals of pentagonal aluminum pen-
tamer. H and L stands for HOMO and LUMO respectively.

Jones.154 However, it should be noted that there exists many more similar or slightly

distorted structure lying equally close the the global minimum.

The many-particle wavefunctions of excited states contributing to the peaks are

presented in Table D.7 and D.8. The optical absorption spectrum of pentagonal Al5

has few low energy peaks followed by major absorption at 4.4 eV. It has dominant

contribution from H−1 → L+5 configuration. Pentagonal isomer shows more optical

absorption in the high energy range, with peaks within regular intervals of energy.

Few feeble peaks occur in the low energy range in the optical absorption of pyra-

midal isomer. The major absorption peak at 4.2 eV is slightly red-shifted as compared

to the pentagonal counterpart. It is characterized by H − 3 → L+2. A peak at 6 eV

is seen in this absorption spectrum having dominant contribution from H → L+ 13,

which is missing in the spectrum of pentagon. These differences can lead to identifi-

cation of isomers produced experimentally.

In the range of spectrum studied in our calculations, the TDLDA calculated spec-

trum163 of pentagonal isomer is found to be similar to the one presented here as far as
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(a) (b)

Figure 5.12: (a) The linear optical absorption spectrum of pyramidal Al5, calculated
using the MRSDCI approach. The peaks corresponding to the light polarized along
the Cartesian axes are labeled accordingly. For plotting the spectrum, a uniform
linewidth of 0.1 eV was used. (a) Molecular orbitals of pyramidal aluminum pentamer.
H and L stands for HOMO and LUMO respectively.

the peak locations are concerned, albeit the intensity profile differs at places. A small

peak at 2.4 eV is observed in both the spectra, followed by peaks at 3.9 eV, 4.2 eV

and 4.4 eV. These three peaks are also observed in TDLDA results with a little bit of

broadening. Again, the peak at 5.4 eV matches with each other calculated from both

the approaches. Peak found at 6.7 eV is also observed in the TDLDA calculation.163

Within the energy range studied here, the strongest peak position and intensity of

this work is in good agreement with that of its TDLDA counterpart.163

5.2.3 Nature of Optical Excitations

If an absorption peak is caused by an interaction among many particle-hole excitations

(i.e. configurations) with comparable weights, it suggests a plasmon-like collective

excitation as compared to molecular excitation dominated by a single configuration.126

The wavefunctions of the excited states contributing to most of the peaks in the

optical absorption spectra of clusters studied here exhibit strong configuration mixing,

instead of being dominated by single configurations, pointing to the plasmonic nature
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Figure 5.13: The linear optical absorption spectrum of Al2H2, calculated using the
MRSDCI approach. For plotting the spectrum, a uniform linewidth of 0.1 eV was
used.

of the optical excitations.126

In order to draw a distinction between two cases, we provide the results of calcu-

lations of Al2H2 cluster. The MRSDCI calculated optical absorption spectrum is as

shown Fig. 5.13.

The many-particle wavefunctions of the excited states contributing to the peaks

of Al2H2 (cf. Table 5.2) do not show a strong configuration mixing, rather, one single

hole-particle excitation is seen to be dominant till 6.2 eV. Therefore, the nature of

excitation in Al2H2 is of molecular type. Comparing the excited state wave functions

of Al2H2 with those of the Al2 cluster, we see a clear indication of strong configu-

ration mixing in the latter, suggesting plasmonic nature of optical excitations. In

other words, the closed-shell hydrogenated Al dimer has molecular type of optical

excitations, while the open-shell bare Al dimer exhibits plasmonic type excitations.

5.3 Summary

In this study, we have presented large-scale all-electron correlated calculations of opti-

cal absorption spectra of several low-lying isomers of aluminum clusters Aln, (n=2–5).

Both ground and excited state calculations were performed at MRSDCI level, which
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Table 5.2: Excitation energies (E) and many-particle wavefunctions of excited states
corresponding to the peaks in the linear absorption spectrum of Al2H2, along with
the oscillator strength (f12) of the transitions. In the wavefunction, the bracketed
numbers are the CI coefficients of a given electronic configuration. Symbols H, and
L, denote HOMO and LUMO orbitals respectively. HF denotes the Hartree-Fock
configuration.

Peak E (eV) f12 Wave Function

GS |HF 〉 (0.8961)
|H → L+ 6〉(0.1234)

I 1.73 0.1455 |H → L〉(0.8874)
|H → L+ 8〉(0.1654)

II 5.57 0.3465 |H → L+ 3〉(0.8000)
|H − 1 → L+ 1〉(0.2991)

III 5.74 3.5591 |H → L+ 4〉(0.8041)
|H → L;H → L+ 2〉(0.2745)

IV 6.23 0.5937 |H − 1 → L+ 2〉(0.7316)
|H → L+ 4;H → L+ 2〉(0.3112)

take electron correlations into account at a sophisticated level. We have analyzed the

nature of low-lying excited states. Isomers of a given cluster show a distinct signature

spectrum, indicating a strong-structure property relationship. This fact can be used

in experiments to distinguish between different isomers of a cluster. Owing to the

sophistication of our calculations, our results can be used for benchmarking of the

absorption spectra. The optical excitations involved are found to be collective type,

and plasmonic in nature.

Our results were found to be significantly different as compared to the TDLDA

results,163 for the clusters studied here. Given the fact that the MRSDCI calculations

incorporate electron-correlation effect quite well both for the ground and the excited

states, they could be treated as benchmarks, and be used to design superior TDDFT

approaches.
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6
Linear Optical Absorption in Boron Wheel-Like

Clusters B7, B8 and B9: Benchmarking TDDFT

against EOM-CCSD

Planar boron clusters, in particular, have proven to be interesting because of the mul-

tiple aromaticities and extreme coordination environments.11,62–64,128 Atoms of boron

can adopt such an arrangement that they form a miniature wheel, with one atom

at the center. B+
13 and B−

19 perform Wankel motor action when shined by circularly

polarized light.72,73,127 Such clusters have been synthesized and their electronic struc-

ture is now well known.64 Boron with seven, eight and nine atoms form such truly

planar wheel structures with radii of 1.65 Å, 1.80 Å and 2.0 Å respectively. Although

a lot of information about planarity, electronic structure and chemical bonding is now

available, optical absorption of these clusters remains unexplored.

In order to describe the ground state of a system, normally, a reference state

is used, which is a good approximation to the exact ground state of the system.

Typically, one prefers variational approaches, although that is not the only possible

way. This single reference state may not be the natural choice when it comes to

the computation of excited states. Coupled cluster methods offer insensitivity to

such single reference state for excited state calculations owing to the exponential

treatment of single excitation effects.170
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Equation-of-motion coupled cluster (EOM-CC) is one of the approaches which can

effectively and unambiguously describe excited states of molecules, polyradicals where

ground or excited state is often degenerate. Since it does not make any assumptions

about nature of the states, it is easy to use single reference method. It is most accurate

in calculating one electron vertical transition states. Often, the cluster expansion is

terminated at doubles, for computational feasibility without serious compromise on

quality of results. The results can always be systematically improved by including

more excitation levels. However, the method scales as N6, N being the number of

basis functions, thereby making it intractable for large molecules.

We give here an account of other less expensive excited state calculation methods

that can approximate the accurate EOM-CCSD results. In particular, the time-

dependent density functional theory with adiabatic approximation continues to re-

main favorite for study of large variety of systems. The exact exchange and correlation

functional required in this approach is not known, several approximations are made

in that respect. This adds to the puzzle to choose the right functional for a given

type of calculation. This work will provide qualitative as well as quantitative analy-

sis of benchmarking results of single reference quantum chemical methods – TDDFT

with different functionals against Equation-of-Motion Coupled Cluster Singles Dou-

bles (EOM-CCSD) method. This study will help in identifying computationally the

least expensive functional which mimic more accurate EOM-CCSD results of optical

absorption.

The rest of the chapter is organized as follows. Next section discusses theoretical

and computational details of the calculations, followed by section 6.2, in which re-

sults are presented and discussed. Conclusions and future directions are presented in

section 6.3.
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(a) B7, D2h, 2B2g (b) B8, D7h, 3Ag (c) B9, D2h, 2B1g

Figure 6.1: Geometry optimized structures of boron wheels with point group symme-
try and the electronic ground state. All numbers are in Angstrom unit.

6.1 Theoretical and Computational Details

6.1.1 Geometry Optimization

The geometries of the boron wheel clusters, B7, B8 and B9 were optimized using the

computer code gaussian 09138 employing a 6-311++G(2d,2p) basis set, and using

the size-consistent Coupled Cluster Singles Doubles (CCSD) method. To initiate the

optimization, raw geometries, reported by Wang et al, based on density functional

method were used.64 The results of optimization are in accordance with the available

report.64 These optimized geometries were further used in the calculations of optical

absorption spectra. Figure 6.1 shows the final optimized geometries of the clusters

studied in this paper.

The optical absorption spectra of these optimized geometries of the clusters are

then calculated using EOM-CCSD and Time-Dependent Density Functional The-

ory (TDDFT). Various exchange and correlation functionals were used to compute

the optical absorption spectra using TDDFT approach. An augmented correlation

consistent polarized valence double zeta (aug-cc-pVDZ) basis set was used for all

methods mentioned above.
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6.1.2 Excited State Calculation Methods

Coupled cluster method is known to include electron correlation in a systematic man-

ner. Coupled cluster is an exact formalism if all possible excitation are taken into

account. Often, the excitation level is terminated at doubles, which gives rise to

CCSD method. This method is extended to excited state calculations through what

is known as Equation-of-Motion CCSD (EOM-CCSD).139,92 The EOM-CC approach

amounts to diagonalizing the effective Hamiltonian e−THe−T . The computational

time for this approach scales as N6, where N is the number of basis functions, thereby

limiting its use to smaller molecules.

Development of Density functional theory has led to enormous progress in the

understanding of properties of various systems. However, the main drawback is,

results depend upon the choice of energy functional used to perform the calcula-

tion. Many different functionals are proposed for various kinds of calculations and

the number is still increasing. In the adiabatic approximation, the time-dependent

counterpart of DFT, also uses the same functionals to investigate excited state prop-

erties. Here, we have considered various DFT functionals of various types to study the

excited state properties and optical absorption in boron clusters. The set of function-

als includes (a) Hybrid Generalized-Gradient Approximation (H-GGA) – PBE0,171

B3LYP,172 B3PW91173 (b) Global Hybrid-Meta GGA (HM-GGA) – M06,174 M06-

2X174 (c) Long-range corrected – ωB97xD,175 CAM-B3LYP,176 LC-ωPBE.177

6.2 Benchmarking: Photoabsorption Spectra of Wheel

Clusters

In this section, we present the photoabsorption spectra of boron wheel clusters stud-

ied. Graphical presentation of natural transition orbitals involved in the case of

TDDFT calculations are also given below. The many-particle wavefunctions of ex-

cited states contributing to the peaks of EOM-CCSD spectra are presented in Table
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Figure 6.4: The linear optical absorption spectrum of boron wheel B8 cluster, calcu-
lated using the EOM-CCSD approach.

6.2.1 B7

An excellent agreement is observed between EOM-CCSD and TDDFT results (cf.

Fig. 6.3(a)) with ωB97xD and CAM-B3LYP functionals. This agreement holds good

both for excitation energies and oscillator strengths. However, ωB97xD deviates from

CAM-B3LYP spectra after 7 eV. M06 and M06-2X functionals show consistently red-

shifted absorption throughout the spectrum. Other functionals, such as, PBE0 and

B3PW91 almost overlap to each other in the low energy regime. However, former

blue-shifts from B3PW91 at higher energies. NTO analysis of PBE0 spectrum (cf.

Fig. 6.3(b), 6.3(c)) reveals that the nature of excitation for the peak at 1.63 eV is

π → π∗, and at 5.72 eV, σ → σ∗ dominates the excitation.

6.2.2 B8

The optical absorption spectrum of B8, Figs. 6.4 and 6.5, shows a small number

of well-separated peaks. CAM-B3LYP and ωB97xD gives an excellent agreement

on absorption spectrum when compared to EOM-CCSD results. At the strongest

absorption peak, both energies and intensity of spectrum of these functionals match

very well with each other in this case. M06 provide poor performance in this case,

with bands are shifted to lower energies. Also, there are extra peaks observed at
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position (cf. Fig. 6.7(a)). The spectrum of B9 is extremely overestimated by LC-

ωPBE both in position and in the oscillator strengths. CAM-B3LYP and ωB97xD

again provides an excellent agreement with EOM-CCSD results on intensities as well

as position of energy bands. Peak at 1.71 eV is dominated by σ → π∗ and at 6.15 eV,

σ → σ∗ transitions take place, as evident from the NTO analysis shown in Fig. 6.7.

6.3 Summary

The goal of the present study is to benchmark various exchange-correlation functionals

used in TDDFT for calculating optical absorption spectra of planar boron wheel

clusters. We compared results of TDDFT with eight different functionals to the

results of a wavefunction based EOM-CCSD approach.

Hybrid GGA functionals – PBE0, B3LYP and B3PW91 – are poor performers

as they tend to underestimate the excitations energies. Meta-GGA functionals M06

and M06-2X –which includes terms that depend on kinetic energy density – also

underestimate the excitation energies. Among the long-range corrected functionals

CAM-B3LYP provides the best agreement with EOM results on the basis of excitation

energies as well as spectrum profile. This fact has also been confirmed in other

benchmarking studies done previously.178,179

The contribution of configurations to the many-body wavefunctions of various

excited states suggest that the excitations involved are of molecular type.126,136 Since

most of the absorption takes place at higher energies, these clusters could potentially

be used as ultraviolet absorbers.

Although this study neither includes all the functionals available nor does the test

cases are comprehensive, it helps in providing reasonable comparison between the

current gold standard single reference method, namely, EOM-CCSD and TDDFT,

by identifying the functionals which provide results as good as EOM-CCSD in light

of optical absorption calculations. These findings can be tested against more so-

phisticated multi-reference calculations. Such high-level calculations are necessary to
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design superior yet less time-consuming TDDFT approaches.
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7
Theory of Linear Optical Absorption in Various

Isomers of Magnesium Clusters Mgn (n=2 – 5)

Clusters of group II elements, such as magnesium, are of special interest because they

have two valence electrons, quasi-filled closed shells, and in bulk they are metals. In

the case of small clusters, the bonding between atoms is expected to be of van der

Walls type. This is evident in the case of extensively studied magnesium dimer. It

exhibits large bond length of 3.92 Å and 0.034 eV/atom binding energy. However it is

seen that, for larger clusters this bonding becomes stronger. Thus, study of divalent

metals is appropriate for evolution of various cluster properties and to test various

theoretical methods. Involvement of metal atoms in the clusters makes theoretical

treatment a demanding task, mainly because of several nearly degenerate electronic

states. In such situations, only multi-reference configuration interaction methods

or coupled cluster singles doubles with perturbative triples (CCSD(T)) is known to

provide best qualitative results.180 Since in this chapter, we are dealing with small

sized clusters of magnesium, treated at a large-scale multi-reference configuration

interaction singles doubles level of theory, the results will be superior to other ab

initio quantum chemical methods.

There has been an enormous study of equilibrium geometry and electronic struc-

ture of small magnesium clusters.180? –187 Andrey et al.181 studied evolution of elec-

tronic structure of magnesium clusters with cluster size using all-electron density
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functional theoretical method. An evolution from non-metal to metal was explained

using a gradient-corrected Density Functional Theory (DFT) calculations by Jellinek

and Acioli185 and by Akola et al.186 Larger clusters were studied at DFT level by

Köhn et al.180 Kumar and Car performed ab initio density functional molecular dy-

namics study of smaller magnesium clusters within local density approximation.182

Stevens and Krauss calculated electronic structure of ground and excited states of Mg

dimer using multi-configurational self consistent field method.184 Kaplan, Roszak and

Leszczynski investigated the nature of binding in the magnesium trimer at Møller -

Plesset Perturbation Theory 4th order (MP4) level.187

The optical absorption in dimer was studied experimentally by McCaffrey and

Ozin in Ar, Kr and Xe matrices183 and by Balfour and Douglas.188 Solov’yov et al.

calculated optical absorption spectra of global minimum structures of magnesium

clusters using Time-Dependent Density Functional Theory (TDDFT) and compared

the spectra with results of classical Mie theory.189 However, to best of our knowl-

edge, no other experimental or theoretical study exists for optical absorption and

excited states calculations of various low-lying isomers of magnesium clusters. The

distinction of different isomers of a cluster has to be made using an experimental or

theoretical technique in which the properties are size, as well as shape, dependent.

Conventional mass spectrometry only distinguishes clusters according to the masses.

We have addressed this issue by performing large-scale correlated calculations of op-

tical absorption spectra of various isomers of magnesium clusters Mgn (n=2–5), at

Multi-Reference Singles Doubles Configuration Interaction (MRSDCI) level of theory.

Hence, our theoretical results can be coupled with the experimental measurements of

optical absorption, to distinguish between different isomers of a cluster. Using this

approach, we have reported results of such calculation on small boron and aluminum

clusters.165,190

In this chapter, we present results of systematic calculations of optical absorption

in various low-lying isomers of magnesium clusters using ab initio large-scale MRSDCI

method. The nature of optical excitations involved in absorption has also been inves-
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tigated by analyzing the wavefunctions of the excited states. Also, wherever possible,

the results are compared with available literature.

Remainder of the chapter is organized as follows. Next section discusses theoret-

ical and computational details of the calculations, followed by section 7.2, in which

results are presented and discussed. Conclusions and future directions are presented

in section 7.3. A detailed information about wavefunctions of excited states con-

tributing to various photoabsorption peaks is presented in the Appendix Table E.1 –

E.10.

7.1 Theoretical and Computational Details

The geometry of various isomers were optimized using the size-consistent coupled-

cluster singles-doubles (CCSD) method, as implemented in the gaussian09 pack-

age.138 A basis set of 6-311+G(d) was used which was included in the gaussian 09

package itself. This basis set is optimized for the ground state calculations. Differ-

ent spin multiplicities of the isomers were taken into account for the optimization to

determine the true ground state geometry. The process of optimization was initiated

by using the geometries reported by Lyalin et al.,181 based upon first principles DFT

based calculations. Figure 7.1 shows the final optimized geometries of the isomers

studied in this chapter.

If the total number of orbitals used in a Configuration Interaction (CI) expansion

is N , the number of configurations in the calculation proliferates as ≈ N6, which can

become intractable for large values of N . To reduce the computation, we employed

the so-called “frozen-core approximation”, in which no virtual transitions are allowed

from the chemical core orbitals of magnesium.

The linear photoabsorption spectrum of magnesium dimer was computed using

full configuration interaction method. The spectra of various isomers of the remaining

magnesium clusters were computed using MRSDCI method, as described in subsec-

tion 2.1.2.3.
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Figure 7.2: Optical absorption in Mg2 calculated using various Gaussian contracted
basis sets.

basis sets (6-311++G(2d,2p), 6-311++G(d,p) and 6-311G(d,p)) disagree with them

substantially, particularly in the higher energy range. Peaks at 5.6 eV and 6.5 eV

are seen only in the spectrum calculated using augmented basis set. Because of the

fact that augmented basis sets are considered superior for molecular calculations, we

decided to perform calculations on the all the clusters using the aug-cc-pVDZ basis

set.

7.1.2 Size of the CI Expansion

The electron correlation effects, both in ground state as well as excited states, were

taken into account in our calculations by inclusion of relevant configurations in the ref-

erence space of MRSDCI expansion. Larger the reference configuration space, larger

will be the CI expansion, which is prohibitive for bigger systems. A good chemical

accuracy is obtained by moderately sized CI expansion. In Table 7.1 we present the

average number of reference states (Nref ) included in the MRSDCI expansion and

average number of configurations (Ntotal) for different isomers. For a given isomer,

the average has been calculated across different irreducible representations needed in

the calculations in order to compute the ground and various excited states. The ex-

tensiveness of our calculations can be seen from the number Ntotal, which is ≈ 45000
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Table 7.1: The average number of reference configurations (Nref ), and aver-
age number of total configurations (Ntotal) involved in MRSDCI calculations,
ground state (GS) energies (in Hartree) at the MRSDCI level, relative ener-
gies and correlation energies (in eV) of various isomers of magnesium clusters.

Cluster Isomer Nref Ntotal GS energy Relative
(Ha) energy (eV)

Mg2 Linear 11 44796 -399.2847413 0.00

Mg3 Equilateral Triangular 30 239465 -598.9270344 0.00
Linear 55 460187 -598.8759291 1.39

Isosceles Triangular-1 34 516337 -598.8569875 1.91
Isosceles Triangular-2 32 359780 -598.8093768 3.20

Mg4 Pyramidal 32 2962035 -798.5781385 0.00
Rhombus 29 1278632 -798.5405148 1.02
Square 35 1319301 -798.5278160 1.37

Mg5 Bipyramidal 11 3242198 -998.2044402 0.00
Pyramidal 28 2215749 -998.1980062 0.18

1 Full Configuration Interaction calculation performed for Mg dimer.

for the simplest cluster, and around three million for each symmetry subspace of Mg5.

Before we discuss the absorption spectrum for each isomer, we present the ground

state energies along with the relative energies of each isomer are given in Table 7.1.

7.2 MRSDCI Photoabsorption Spectra of Magnesium

Clusters

Next we present and discuss the results of our photoabsorption calculations for each

isomer.

7.2.1 Mg2

The simplest cluster of magnesium is Mg2 with D∞h point group symmetry. We ob-

tained its Coupled Cluster Singles Doubles (CCSD) optimized bond length to be 3.93

Å (cf. Fig. 7.1(a)), which is in excellent agreement with the experimental value 3.89
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Å.180,183 Using a DFT based methodology, several other theoretical values reported

are in excellent agreement with our optimized bond length of magnesium dimer, i.e.,

Kumar and Car reported dimer bond length to be 3.88 Å182 using density functional

molecular dynamics with simulated annealing, Janecek et al. computed bond length

to be 3.70 Å191 using DFT with Local Density Approximation (LDA) approximation,

3.8 Å bond length was reported by Stevens and Krauss using multi-configuration self-

consistent field approach,184 3.91 Å bond length of dimer was computed by Jellinek

and Acioli using DFT with BP86 exchange-correlation functional185 and Lyalin et

al. reported 3.926 Å bond length using DFT with B3LYP exchange-correlation func-

tional.181

The computed photoabsorption spectra of Mg2, as shown in Fig. 7.3, is charac-

terized couple of intense peaks in the 3 – 5 eV range and by weaker absorption at

higher energies. The many-particle wavefunctions of excited states contributing to

the peaks are presented in Table E.1. The first peak at 3.46 eV with absorption due

to longitudinally polarized absorption is characterized by H → L + 1 followed by a

weaker absorption at 4 eV characterized by a transverse polarized H → L + 8. The

most intense peak occurs at 4.6 eV with dominant contribution from H − 1 → L and

H → L+3. This peak is also observed in the experimental photoabsorption spectrum

at 4.62 eV.183 All these states exhibit strong mixing of singly-excited configurations.

The wavefunctions of the excited states contributing to all the peaks exhibit strong

configuration mixing, instead of being dominated by single configurations, pointing

to the plasmonic nature of the optical excitations.126

The spectrum calculated using TDDFT by Solov’yov et al.189 is in excellent agree-

ment with our results. In their calculations, first peak is seen at 3.3 eV followed by the

most intense peak at 4.6 eV. The overall photoabsorption profile is also in accordance

with our results.
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Figure 7.3: The linear optical absorption spectrum of Mg2, calculated using the
MRSDCI approach. For plotting the spectrum, a uniform linewidth of 0.1 eV was
used.

7.2.2 Mg3

We have optimized four low-lying geometries of magnesium trimer. The lowest energy

structure at CCSD optimized level has equilateral triangular shape with D3h symme-

try and bond lengths of 3.48 Å. This is in good agreement with other theoretical

results reported, 3.51 Å,191 3.48 Å,185 and 3.475 Å.181 The next low-lying isomer of

magnesium trimer is linear with D∞h symmetry. The optimized bond length is found

to be 2.92 Å. The remaining two low-lying isomers have isosceles triangular shape,

with C2v point group symmetry. Not much has yet been reported on the bond lengths

and electronic structure of these isomers.

The photoabsorption spectra of these isomers are presented in Figs. 7.4, 7.5, 7.6

and 7.7. The corresponding many-body wavefunctions of excited states corresponding

to various peaks are presented in Table E.2, E.3, E.4 and E.5 respectively. In the

equilateral triangular isomer, bulk of the oscillator strength carried by peak at 3.7

eV. The absorption spectrum of linear isomer is altogether different with a number of

peaks spread out in wide energy range, and, due to the polarization of light absorbed

both parallel and perpendicular the axis of the trimer. On contrary, most of the

oscillator strength in the absorption spectrum of isosceles triangular isomer-I is carried

Page 112 of 195



Chapter 7. Magnesium Clusters Mgn (n=2 – 5) Ravindra Shinde

✥

�✥✥

✁✥✥

✂✥✥

✄✥✥

☎✥✥✥

☎�✥✥

✥ � ✁ ✂ ✄

■✆
✝✞
✆
✟
✠✝
✡
☛☞
✌
✍
✎
✏
✆
✠✝
✟
✑

❊✒✓✔✕✖ ✗✓✘✙

✚

✚✚

✚✚✚

✚✘

✘

✘✚
✘✚✚

Figure 7.4: The linear optical absorption spectrum of Mg3 equilateral triangle iso-
mer, calculated using the MRSDCI approach. For plotting the spectrum, a uniform
linewidth of 0.1 eV was used.

in the range of 3 – 5 eV. The spectrum of isosceles triangular isomer-II shows a slightly

red shifted with respect to the isosceles isomer-I, while peaks are observed in the entire

ultraviolet range.

The optical absorption spectrum of equilateral triangular isomer consists of a

weaker absorption peak at 2.6 eV characterized by H → L and H → L + 4. This is

followed by the most intense peak at 3.7 eV due to the light polarized both parallel

and perpendicular to the plane of the isomer, and with dominant contribution from

H → L, H → L + 2 and H − 1 → L. This is confirmed by an experimental

result of photoabsorption of Mg trimer in argon matrix, which shows a peak at 3.64

eV.183 Semi-major peaks at around 4.7 eV and 5.8 eV get dominant contribution from

H → L+7, H → L+5 and H → L+9 configurations. The latter being characterized

by light polarized perpendicular to the plane of isomer.

Comparing our results with the spectrum obtained by TDDFT calculations,189 we

see a good agreement on overall profile of spectrum and excitation energies. First peak

is observed at 2.5 eV followed by most intense one at 3.7 eV in the TDDFT spectrum.

Excitation energies and relative oscillator strengths are also in good agreement with

our results.

Because the ground state of Mg3 linear isomer is a spin triplet, its many-particle
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Figure 7.5: The linear optical absorption spectrum of Mg3 linear isomer, calculated
using the MRSDCI approach. For plotting the spectrum, a uniform linewidth of 0.1
eV was used.

wavefunction predominantly consists of a configuration with two degenerate singly oc-

cupied molecular orbitals referred to as H1 and H2 in rest of the discussion. Naturally,

the excited state wavefunctions will consist of configurations involving electronic ex-

citations from the occupied MOs (including singly occupied) to the unoccupied MOs

starting from Lowest Unoccupied Molecular Orbital (LUMO). Linear trimer of mag-

nesium cluster records absorption in the entire energy range. Very feeble peaks are

observed at 0.9 eV and 2.3 eV, characterized by H1 → L+ 8 and H1 → L+ 4 respec-

tively. The semi-major peak at 2.9 eV get dominant contribution from H1 → L + 3.

The most intense peak at 5.4 eV has almost equal contribution from H − 2 → L and

H − 1 → L + 2. The absorption due to light polarized along the trimer contributes

to the lower energy part of the spectrum, while light polarized perpendicular to the

trimer contributes to the remaining higher energy part of the spectrum.

Both isosceles triangular isomers have a spin triplet ground state, hence their

excited state wavefunctions will consist of configurations involving electronic excita-

tions from singly occupied H1 and H2 molecular orbitals, in addition to other doubly

occupied orbitals. In the case of isosceles triangular isomer - I, the spectrum starts

with a very feeble peak at 1.1 eV with contribution from H1 → L + 1 configuration.

However, most of the absorption takes place in the energy range of 3 – 5 eV, with two
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Figure 7.6: The linear optical absorption spectrum of Mg3 isosceles triangle isomer-
I, calculated using the MRSDCI approach. For plotting the spectrum, a uniform
linewidth of 0.1 eV was used.

equally intense peaks at 3.4 eV and 4.2 eV. The former is characterized by H−2 → L,

H1 → L+ 3 and H − 1 → L+ 1. The wavefunctions of excited states corresponding

to most of the peaks show a strong mixing of doubly-excited configurations, as is the

case with the strongest peak at 4.2 eV.

The isosceles triangular isomer -II shows a red-shifted spectrum in comparison to

the former isomer, with a distinction of well separated peaks. The most intense peak

at 2.6 eV gets dominant contribution fromH2 → L and a doubly-excited configuration

H2 → L;H1 → L+10. Two almost equally intense peaks of absorption due to in-plane

polarization at 3.5 eV and 3.9 eV are characterized by H − 2 → H1 configurations,

along with H1 → L + 7 and H1 → L + 17 respectively. This isomer also exhibits a

strong mixing of doubly-excited configurations in the excited states.

7.2.3 Mg4

The most stable isomer of Mg4 cluster is a pyramidal / tetrahedron type isomer, with

Td point group symmetry and 3.22 Å optimized bond length. Previously reported

bond lengths 3.09 Å,180 3.33 Å,191 3.18 Å,185 3.31 Å186 and 3.32 Å187 are in very good

agreement with our results. The rhombus isomer with D2h point group symmetry lies
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Figure 7.7: The linear optical absorption spectrum of Mg3 isosceles triangle isomer-
II, calculated using the MRSDCI approach. For plotting the spectrum, a uniform
linewidth of 0.1 eV was used.

1.02 eV above the global minimum structure. The optimized bond length is 3.0 Å

with acute angle of 63.5. Square isomer with D4h point group symmetry and 3B2u

electronic ground state lies 1.37 eV from the most stable structure.

The absorption spectra of pyramidal, rhombus and square isomers are presented in

Figs. 7.8, 7.9, and 7.10 respectively and many-particle wavefunctions of excited states

contributing to various peaks are presented in Table E.6, E.7 and E.8 respectively.

The onset of absorption spectrum of pyramidal isomer is seen at 2.6 eV with dominant

contribution coming from H − 1 → L, H → L and H − 2 → L configurations. The

absorption spectrum of pyramidal isomer shows a very strong absorption at 4.5 eV due

to light polarized in all three directions. It is exhibited by H → L+2, H−1 → L+1

etc. electronic excitations.

The TDDFT absorption spectrum reported by Solov’yov et al.,189 is slightly red-

shifted, however its absorption pattern is similar compared to our calculated spec-

trum. A single most intense peak is seen at 4.2 eV followed by several less intense

peaks.

In case of rhombus isomer, the bulk of the oscillator strength is distributed in the

energy range 4 – 6 eV. Several equally intense and closely-lying peaks are observed

in this range. The most intense peak, at 4.7 eV, is characterized by H − 1 → L + 1
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Figure 7.8: The linear optical absorption spectrum of pyramidal Mg4 isomer, calcu-
lated using the MRSDCI approach. For plotting the spectrum, a uniform linewidth
of 0.1 eV was used.

along with its shoulder at 4.6 eV, which gets dominant contribution from H2 → L+8.

Both are due to light polarized in the plane of the isomer.

The absorption spectrum of the square structure is slightly blue-shifted as com-

pared to the rhombus and red-shifted as compared to pyramidal isomer, with the

majority of absorption occurring in the energy range 3–6 eV. The onset of absorption

spectrum occurs at 1.5 eV with peak due to light polarized in the plane of isomer,

and characterized by H1 → L+15 and H1 → L+10. Square isomer also exhibits two

very closely spaced most intense peaks, as is observed in rhombus counterpart. These

peaks at 4.5 eV and 4.7 eV have contribution from singly-excited configurations such

as H− 1 → L and H1 → L+24 respectively as well as doubly-excited configurations.

7.2.4 Mg5

We optimized geometries of two isomers of Mg5: (a) bipyramid with the D3h sym-

metry, and (b) a pyramidal with the C4v point group symmetry. The lowest lying

pentagon isomer, has 1A
′

1 electronic ground state, and is just 0.18 eV lower in energy

as compared to the pyramid structure. Our optimized geometry for the bipyramid

corresponds to unique bond lengths of 3.15 Å and 3.52 Å, as against 3.00 Å, 3.33 Å
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Figure 7.9: The linear optical absorption spectrum of rhombus Mg4, calculated using
the MRSDCI approach. For plotting the spectrum, a uniform linewidth of 0.1 eV was
used.

reported by J. Jellinek and Acioli;185 and 3.09 Å, 3.44 Å reported by Andrey et al.181

The bipyramidal isomer of Mg5 cluster, exhibits an absorption spectrum very dif-

ferent from other isomers, as displayed in Fig. 7.11. The many-particle wavefunctions

of excited states contributing to the peaks are presented in Table E.9. The optical

absorption spectrum of bipyramidal Mg5 has no absorption until 3.5 eV, while most of

the absorption takes place in a narrow energy range 5.3 – 6.3 eV. The absorption spec-

trum begins at 3.6 eV, with a very feeble peak with contribution from H− 1 → L+4

configuration. This is followed by several such smaller peaks. The most intense peak

at 5.4 eV has dominant contribution from H → L + 1 and H − 1 → L + 3 with

absorption polarized along y−direction, which is in the plane of the triangle of the

pyramid. A shoulder peak at 5.6 eV however has absorption due to light polarized

along z− direction, which is along the larger dimension of the isomer.

The TDDFT spectrum computed by Solov’yov et al.189 shows optical activity

in the energy range of 2 –4 eV, which is not observed in our calculated spectrum.

However, a quasi-continuous spectrum is seen at higher energies in both calculations.

The entire absorption spectrum of pyramidal isomer is highly red-shifted as com-

pared to the bipyramidal isomer. A few feeble peaks occur in the low energy range

in the optical absorption of pyramidal isomer. The many-particle wavefunctions of

Page 118 of 195



Chapter 7. Magnesium Clusters Mgn (n=2 – 5) Ravindra Shinde

✥

�✥✥

✁✥✥

✂✥✥

✄✥✥

☎✥✥

✆✥✥

✝✥✥

✞✥✥

✟✥✥

✥ ✁ ✄ ✆ ✞

■✠
✡☛
✠
☞
✌✡
✍
✎✏
✑
✒
✓
✔
✠
✌✡
☞
✕

❊✖✗✘✙✚ ✛✗✜✢

✣ ✣✣

✣✣✣

✣✜

✜

✜✣

✜✣✣

Figure 7.10: The linear optical absorption spectrum of square Mg4, calculated using
the MRSDCI approach. For plotting the spectrum, a uniform linewidth of 0.1 eV was
used.

excited states contributing to the peaks are presented in Table E.10. The onset of

spectrum occurs at 2.2 eV with absorption due to polarization both perpendicular

as well as in the plane of base of pyramid. It is characterized by H − 1 → L and

H → L + 2. An intense peak at 3.5 eV separates itself from the most intense one at

4.2 eV. The former gets dominant contribution from H − 1 → L+ 3 and H − 2 → L

configurations. While the most intense peak is due to light polarized perpendicular to

the basal plane of pyramid, and contributed from H− 2 → L+1 and H− 2 → L+3.

Pyramidal isomer shows more optical absorption in the high energy range, with peaks

within regular intervals of energy with declining intensities, in contrast to single ma-

jor peak observed in the spectrum of bipyramidal isomer. These differences can lead

to identification of isomers produced experimentally.
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Figure 7.11: The linear optical absorption spectrum of bipyramidal Mg5 isomer, cal-
culated using the MRSDCI approach. For plotting the spectrum, a uniform linewidth
of 0.1 eV was used.
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Figure 7.12: The linear optical absorption spectrum of pyramidal Mg5, calculated
using the MRSDCI approach. For plotting the spectrum, a uniform linewidth of 0.1
eV was used.
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7.3 Summary

we have presented large-scale all-electron correlated calculations of optical absorp-

tion spectra of several low-lying isomers of magnesium clusters Mgn, (n=2–5). We

computed the ground state and excited states of magnesium dimer using one of the

best possible electronic structure methods, namely full configuration interaction with

frozen-core approximation. In case of remaining clusters, both ground and excited

state calculations were performed at MRSDCI level, which take electron correlations

into account at a sophisticated level. We have analyzed the nature of low-lying ex-

cited states. Isomers of a given cluster show a distinct signature spectrum, indicating

a strong-structure property relationship. This fact can be used in experiments to

distinguish between different isomers of a cluster. Our calculations suggests that the

optical excitations involved are found to be collective type because of a strong mixing

of configurations, and hence are plasmonic in nature. Owing to the sophistication of

our calculations, our results can be used for benchmarking of the absorption spectra

as well as for designing functionals for superior TDDFT results.
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8
Conclusions and Outlook

We performed systematic large-scale all-electron correlated calculations on boron Bn,

aluminum Aln and magnesium Mgn clusters (n=2–5), to study their linear optical ab-

sorption spectra. Several possible isomers of each cluster were considered, and their

geometries were optimized at the coupled-cluster singles doubles (CCSD) level of

theory. Using the optimized ground-state geometries, excited states of different clus-

ters were computed using the multi-reference singles-doubles configuration-interaction

(MRSDCI) approach, which includes electron correlation effects at a sophisticated

level. These CI wavefunctions were used to compute the transition dipole matrix

elements connecting the ground and various excited states of different clusters, even-

tually leading to their linear absorption spectra. The convergence of our results with

respect to the basis sets, and the size of the CI expansion was carefully examined.

Isomers of a given cluster show a distinct signature spectrum, indicating a strong-

structure property relationship. This fact can be used in experiments to distinguish

between different isomers of a cluster. Owing to the sophistication of our calcula-

tions, our results can be used for benchmarking of the absorption spectra and be

used to design superior time-dependent density functional theoretical (TDDFT) ap-

proaches. The contribution of configurations to many-body wavefunction of various

excited states suggests that in most cases optical excitations involved are collective,

and plasmonic in nature.

In addition, we calculated the optical absorption in various isomers of neutral
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boron B6 and cationic boron B+
6 clusters using computationally less expensive con-

figuration interaction singles (CIS) approach, and benchmarked these results against

more sophisticated equation-of-motion (EOM) CCSD based approach. In all closed

shell systems, a complete agreement on the nature of configurations involved is ob-

served in both methods. On the other hand, for open-shell systems, minor contribu-

tion from double excitations are observed, which are not captured in the CIS method.

Optical absorption in planar boron clusters in wheel shape, B7, B8 and B9 com-

puted using EOM-CCSD approach, have been compared to the results obtained from

TDDFT approach with a number of functionals. Hybrid GGA functionals – PBE0,

B3LYP and B3PW91 – are also poor performers as they tend to underestimate the

excitations energies. Meta-GGA functionals M06 and M06-2X –which includes terms

that depend on kinetic energy density – also underestimate the excitation energies.

Among the long-range corrected functionals CAM-B3LYP provides the best agree-

ment with EOM results on the basis of excitation energies as well as spectrum profile.

The contribution of configurations to the many-body wavefunctions of various ex-

cited states suggest that the excitations involved are of molecular type. Since most

of the absorption takes place at higher energies, these clusters could potentially be

used as ultraviolet absorbers. Although this study neither includes all the functionals

available nor does the test cases are comprehensive, it helps in providing reasonable

comparison between the current gold standard single reference method, namely, EOM-

CCSD and TDDFT, by identifying the functionals which provide results as good as

EOM-CCSD in light of optical absorption calculations. These findings can be tested

against more sophisticated multi-reference calculations. Such high-level calculations

are necessary to design superior yet less time-consuming TDDFT approaches.

The large-scale configuration interaction based approach can be extended to study

non-linear optical phenomenon in clusters, such as excited state absorption, multi-

photon absorption, higher-harmonic generation etc. We also look forward to use such

a sophisticated approach to study ab initio photo-emission spectra of atomic and

molecular clusters.
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For large and extended systems, such as, clusters of ceramic materials (BeO)n,

(Li2O)n and (B2O3)n (n = 2 – 20) calculations of linear optical absorption using

TDDFT approach are currently under consideration. Results for these systems will be

communicated soon. Some of these clusters also show reversible hydrogen adsorption

properties. For instance, (BeO)n shows remarkable hydrogen adsorption, meeting US

Department of Energy ultimate goal of 7.5 wt/% hydrogen adsorption. This study

was performed in collaboration, whose results are now under revision.

An ab initio description of Angle-Resolved Photo-Emission Spectra (ARPES) of

2-D surfaces and 3-D bulk, using TDDFT, is also under consideration. This will

help enormously in explaining the experimental ARPES spectra, which are usually

obtained for bulk or 2-D samples.
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A
Boron Clusters Bn (n = 2 – 5)

In the following tables, we have given the excitation energies (with respect to the ground state),
and the many-body wavefunctions of the excited states, corresponding to the peaks in the MRSDCI
photoabsorption spectra of various boron cluster isomers listed in Fig. 3.1, and discussed in Chapter
3. along with the oscillator strength f12 of the transitions,

f12 =
2

3

me

~2
(E2 − E1)

∑

i

|〈m|di|G〉|2 (A.1)

where, |m〉 denotes the excited state in question, |G〉, the ground state, and di is the i-th Cartesian
component of the electric dipole operator. The single excitations are with respect to the reference
state as given in respective tables.

Excited State CI Wavefunctions, Energies and Oscil-

lator Strengths

Table A.1: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the linear absorption spectrum of B2 (cf. Fig. 3.5), along with the oscillator strength
of the transitions. Longitudinal and transverse polarization corresponds to the absorption due to
light polarized along and perpendicular to the molecular axis respectively. In the wavefunction,
the bracketed numbers are the CI coefficients of a given electronic configuration. Symbols H1,H2

denote SOMOs discussed earlier, and H, and L, denote HOMO and LUMO orbitals respectively.
HF denotes the Hartree-Fock configuration.

Peak E (eV) f12 Pol. Wave Function
GSa |HF 〉 (0.8673)

|H − 1 → L;H − 1 → L〉(0.2706)
|H − 1 → L;H − 1 → L+ 4〉(0.1283)

I 0.845 0.0156 transverse |H2 → L〉(0.8742)
|H2 → L+ 4〉(0.2194)

II 4.207 0.1463 longitudinal |H − 1 → L〉(0.7599)
Continued on next page
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Table A.1 – continued from previous page

Peak E (eV) f12 Pol. Wave Function
|H1 → L+ 7〉(0.2873)
|H2 → L+ 7〉(0.2873)

III 4.914 0.0558 transverse |H − 1 → L;H − 1 → L+ 2〉(0.7553)
|H − 2 → L+ 2〉(0.3186)
|H − 1 → L+ 7〉(0.266)

IV 6.97 0.5651 transverse |H2 → L+ 4〉(0.5600)
|H2 → L+ 5〉(0.5150)

7.05 2.3743 longitudinal |H − 1 → L〉(0.4462)
|H2 → L+ 3〉(0.3346)
|H1 → L+ 3〉(0.3346)
|H − 1 → L+ 4〉(0.2921)

V 7.973 0.0906 longitudinal |H − 1 → L;H2 → L+ 2〉(0.5613)
|H − 1 → L;H1 → L+ 2〉(0.5613)
|H − 1 → L+ 4〉(0.2303)

Table A.2: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the linear absorption spectrum of triangular B3 (cf. Fig. 3.6), along with oscillator
strength of transition. The polarization ‖ corresponds to the absorption due to light polarized
in the plane of isomer, while ⊥ corresponds to the polarization perpendicular to that plane. In
the wavefunction, the bracketed numbers are the CI coefficients of a given electronic configuration.
Symbol L and H denote LUMO and SOMO orbitals discussed earlier. HF denotes the Hartree-Fock
configuration.

Peak E (eV) f12 Pol. Wave Function
GSa |HF 〉 (0.8229)

|H − 3 → L〉(0.2162)
|H → L〉(0.2072)
|H − 3 → H〉(0.1544)

I 0.797 0.0119 ⊥ |H − 1 → H〉(0.7357)
|H − 1 → L〉(0.4693)
|H − 1 → L+ 8〉(0.1142)

II 1.710 0.0035 ‖ |H → L+ 1〉(0.4816)
|H − 2 → H〉(0.4315)
|H − 2 → L〉(0.3757)
|H − 3 → L+ 1〉(0.3709)

0.0037 ‖ |H → L〉(0.5041)
|H − 3 → H〉(0.4703)

III 2.840 0.0679 ‖ |H − 2 → H〉(0.5374)
|H → L+ 1〉(0.5199)
|H − 2 → L〉(0.3306)
|H − 3 → L+ 1〉(0.2216)

2.872 0.0622 ‖ |H → L〉(0.4906)
|H − 3 → L〉(0.4499)

Continued on next page
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Table A.2 – continued from previous page

Peak E (eV) f12 Pol. Wave Function

IV 5.710 0.0428 ‖ |H − 2 → L〉(0.4114)
|H − 2 → H〉(0.3474)

5.730 0.0269 ‖ |H − 3 → L〉(0.4202)
|H − 2 → H;H − 3 → L〉(0.2050)

V 5.988 0.0663 ‖ |H − 3 → L+ 1〉(0.3968)
|H − 2 → L〉(0.3057)
|H − 2 → H〉(0.1578)

6.02 0.1270 ‖ |H − 3 → L〉(0.2578)
|H → L〉(0.1908)

VI 7.657 0.2151 ‖ |H → L+ 2〉(0.5863)
|H − 3 → L+ 2〉(0.2497)
|H → L+ 14〉(0.2431)
|H → L+ 4〉(0.2093)

7.697 0.1409 ‖ |H → L+ 3〉(0.2991)
|H − 3 → L+ 1〉(0.2648)
|H − 2 → H〉(0.1794)
|H − 2 → L〉(0.1521)

VII 7.893 0.2797 ⊥ |H → L+ 5〉(0.7611)
|H − 3 → L+ 4〉(0.3477)

Table A.3: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the linear absorption spectrum of linear B3 (cf. Fig. 3.7), along with oscillator
strength of transition. Longitudinal and transverse polarization corresponds to the absorption due
to light polarized along and perpendicular to the molecular axis respectively. In the wavefunction,
the bracketed numbers are the CI coefficients of a given electronic configuration. Symbols H and
L denote HOMO and LUMO orbitals respectively, and H1 denotes SOMOs discussed earlier. HF

denotes the Hartree-Fock configuration.

Peak E (eV) f12 Pol. Wave Function
GSa |HF 〉 (0.6650)

|H − 1 → L;H − 1 → L〉(0.3286)
|H − 1 → L;H − 1 → L〉(0.3277)
|H → L;H − 1 → L+ 1〉(0.2158)
|H → L;H − 1 → L+ 1〉(0.2157)

I 0.723 0.0199 longitudinal |H → L〉(0.8222)

II 2.707 0.0175 transverse |H − 1 → L〉(0.5360)

III 4.338 0.5930 longitudinal |H − 1 → L;H − 1 → H〉(0.5826)
|H − 1 → L;H − 1 → H〉(0.5826)

IV 5.937 0.0301 longitudinal |H − 2 → L〉(0.2497)

V 7.359 1.1053 longitudinal |H − 1 → L+ 1〉(0.3683)
Continued on next page
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Table A.3 – continued from previous page

Peak E (eV) f12 Pol. Wave Function
|H − 1 → L+ 1〉(0.3683)
|H − 3 → L;H → L〉(0.3301)
|H − 3 → H〉(0.2364)

VI 7.731 0.3921 longitudinal |H − 2 → L〉(0.3858)
|H → L;H − 1 → L+ 4〉(0.2851)
|H → L;H − 1 → L+ 4〉(0.2851)

7.786 0.3062 transverse |H − 1 → L;H − 1 → L+ 4〉(0.6438)
|H − 1 → L;H − 1 → L+ 4〉(0.3905)

Table A.4: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the linear absorption spectrum of rhombus B4 (cf. Fig. 3.8), along with oscillator
strength of transition. The polarization in-plane corresponds to the absorption due to light polarized
in the plane of isomer. In the wavefunction, the bracketed numbers are the CI coefficients of a given
electronic configuration. Symbols H/L denote HOMO/LUMO orbitals. HF denotes the Hartree-
Fock configuration.

Peak E (eV) f12 Pol. Wave Function
GSa |HF 〉 (0.8787)

|H → L;H → L〉(0.1147)

I 4.159 0.4684 in-plane |H → L+ 2〉(0.6566)
|H → L+ 10〉(0.3210)
|H − 1 → L+ 6〉(0.2773)
|H − 1 → L+ 17〉(0.1850)

II 6.118 0.3925 in-plane |H − 1 → L+ 6〉(0.5786)
|H − 1 → L+ 17〉(0.3285)
|H − 3 → L〉(0.2656)
|H − 2 → L+ 11〉(0.2544)
|H − 2 → L+ 18〉(0.2492)

III 6.639 0.0490 in-plane |H − 1 → L+ 3〉(0.4496)
|H − 1 → L+ 13〉(0.4485)
|H − 4 → L〉(0.4052)
|H → L+ 11〉(0.2766)
|H → L+ 1〉(0.2329)
|H → L+ 18〉(0.1905)

IV 7.311 0.2528 in-plane |H → L+ 2〉(0.3055)
|H − 2 → L+ 11〉(0.2892)
|H − 3 → L〉(0.2834)
|H − 2 → L+ 18〉(0.2487)
|H − 2 → L+ 1〉(0.2029)
|H − 2 → L+ 5〉(0.1509)

V 7.842 0.3951 in-plane |H → L+ 2〉(0.4233)
|H → L+ 10〉(0.3270)
|H − 2 → L+ 11〉(0.2049)

Continued on next page
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Table A.4 – continued from previous page

Peak E (eV) f12 Pol. Wave Function
|H → L+ 20〉(0.1946)
|H − 2 → L+ 1〉(0.1594)
|H − 2 → L+ 18〉(0.1582)

Table A.5: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the linear absorption spectrum of square B4 (cf. Fig. 3.9), along with oscillator
strength of transition. The polarization in-plane corresponds to the absorption due to light polarized
in the plane of isomer. In the wavefunction, the bracketed numbers are the CI coefficients of a given
electronic configuration. Symbols H/L denote HOMO/LUMO orbitals. HF denotes the Hartree-
Fock configuration.

Peak E (eV) f12 Pol. Wave Function
GSa |HF 〉 (0.8682)

|H → L;H → L〉(0.1765)
|H − 2 → L;H − 2 → L〉(0.0920)

I 4.879 0.5678 in-plane |H → L;H → L+ 1〉(0.2946)
|H → L;H − 3 → L〉(0.1909)
|H − 2 → L;H − 3 → L〉(0.1651)

II 5.462 0.0235 in-plane |H → L;H → L+ 1〉(0.5893)
|H → L;H → L+ 6〉(0.2477)

III 6.418 0.2842 in-plane |H → L;H − 3 → L〉(0.5379)
|H → L;H → L+ 1〉(0.2922)
|H − 2 → L;H − 3 → L〉(0.1744)

IV 7.890 1.3888 in-plane |H → L+ 1;H − 1 → L〉(0.2351)

Table A.6: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the linear absorption spectrum of linear B4 (cf. Fig. 3.10), along with oscillator
strength of transition. Longitudinal and transverse polarization corresponds to the absorption due
to light polarized along and perpendicular to the molecular axis respectively. In the wavefunction,
the bracketed numbers are the CI coefficients of a given electronic configuration. Symbols H/L
denote HOMO/LUMO orbitals. HF denotes the Hartree-Fock configuration.

Peak E (eV) f12 Pol. Wave Function
GSa |HF 〉 (0.5636)

|H → L〉(0.4737)
|H − 1 → L;H → L+ 1〉(0.2291)
|H − 1 → L;H → L+ 1〉(0.2289)

I 5.363 0.0976 longitudinal |H → L;H − 1 → L+ 9〉(0.3005)
|H → L;H − 1 → L+ 9〉(0.3005)
|H → L;H − 1 → L+ 8〉(0.2702)
|H → L;H − 1 → L+ 8〉(0.2702)
|H → L;H − 1 → L+ 4〉(0.2439)
|H → L;H − 1 → L+ 4〉(0.2439)

Continued on next page
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Table A.6 – continued from previous page

Peak E (eV) f12 Pol. Wave Function

II 5.947 4.1752 longitudinal |H − 1 → L+ 1〉(0.2957)
|H − 1 → L+ 1〉(0.2957)

III 7.352 1.8444 longitudinal |H → L;H − 2 → L〉(0.6477)
|H − 3 → L〉(0.2966)
|H − 1 → L+ 1〉(0.2091)
|H − 1 → L+ 1〉(0.2091)

7.380 1.0202 transverse |H − 1 → L+ 13〉(0.5253)

Table A.7: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the linear absorption spectrum of distorted tetrahedron B4 (cf. Fig. 3.11), along with
oscillator strength of transition. The polarization x,y and z corresponds to the absorption due to
light polarized along x−,y− and z− axis respectively. In the wavefunction, the bracketed numbers
are the CI coefficients of a given electronic configuration. Symbols H/L denote HOMO/LUMO
orbitals. HF denotes the Hartree-Fock configuration.

Peak E (eV) f12 Pol. Wave Function
GSa |HF 〉 (0.6493)

|H → L;H → L+ 2〉(0.4695)
|H → L;H − 3 → L+ 2〉(0.1547)

I 1.000 0.0068 x |H → L〉(0.8127)
|H → L;H − 1 → L+ 2〉(0.2364)

1.111 0.0094 y |H → L+ 2;H → L+ 1〉(0.5944)
|H → L;H → L+ 1〉(0.5121)

II 3.609 0.0364 x |H → L;H − 1 → L+ 2〉(0.5094)
|H → L;H − 1 → L〉(0.4535)
|H → L+ 2〉(0.3480)

3.754 0.0519 y |H → L+ 1;H → L+ 2〉(0.2391)

III 4.48 0.0632 z |H − 1 → L〉(0.4418)

IV 4.96 0.0767 z |H − 1 → L〉(0.2678)
|H → L;H − 3 → L〉(0.2227)

V 5.92 0.0913 x |H − 3 → L〉(0.2191)
|H → L+ 2;H − 4 → L〉(0.2191)

VI 6.15 0.0895 y |H → L;H − 3 → L+ 1〉(0.2526)

VII 6.508 0.0159 z |H − 1 → L+ 2〉(0.7131)
|H − 1 → L〉(0.2104)
|H → L+ 2;H → L+ 2〉(0.2030)

VIII 6.858 0.1881 x |H → L;H → L+ 10〉(0.6912)
|H → L+ 2;H → L+ 10〉(0.3415)
|H → L+ 18;H → L〉(0.2759)

Continued on next page
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Table A.7 – continued from previous page

Peak E (eV) f12 Pol. Wave Function
6.99 0.1488 y |H → L;H → L+ 5〉(0.4169)

|H → L+ 2;H → L+ 5〉(0.3770)
|H → L+ 3;H − 1 → L〉(0.2403)
|H − 1 → L+ 1〉(0.2156)

IX 7.80 0.0686 z |H − 1 → L;H − 1 → L+ 2〉(0.3386)
|H → L;H − 4 → L+ 2〉(0.3164)
|H → L;H − 4 → L+ 2〉(0.2987)
|H − 1 → L;H − 1 → L〉(0.2722)
|H → L+ 1;H − 1 → L+ 3〉(0.2174)

Table A.8: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the linear absorption spectrum of pentagon B5 (cf. Fig. 3.12), along with oscillator
strength of transition. The polarization in-plane corresponds to the absorption due to light polarized
in the plane of isomer. In the wavefunction, the bracketed numbers are the CI coefficients of a given
electronic configuration. Symbols H and L denote HOMO and LUMO orbitals respectively. HF

denotes the Hartree-Fock configuration.

Peak E (eV) f12 Pol. Wave Function
GSa |HF 〉 (0.8541)

|H − 1 → L〉(0.1906)

I 1.394 0.0237 ⊥ to the plane |H → L+ 1〉(0.8536)
|H → L+ 11〉(0.1779)

II 1.818 0.0096 in-plane |H → L〉(0.6524)
|H − 1 → H〉(0.4900)
|H → L+ 3〉(0.2218)

III 3.504 0.0848 in-plane |H − 2 → L+ 1〉(0.5804)
|H − 1 → H〉(0.5131)
|H → L〉(0.3441)

IV 3.868 0.0372 in-plane |H − 2 → L+ 1〉(0.7968)
|H − 1 → H〉(0.3416)

V 4.379 0.0247 in-plane |H − 3 → H〉(0.8185)
|H − 4 → L〉(0.1900)

VI 5.378 0.1642 in-plane |H − 1 → L〉(0.7309)
|H − 4 → L〉(0.3583)
|H − 1 → L+ 3〉(0.1994)
|H − 3 → H〉(0.1808)

5.576 0.6640 in-plane |H − 2 → L+ 1〉(0.4415)
|H − 3 → L〉(0.4045)
|H − 4 → H〉(0.4000)
|H → L〉(0.2399)
|H − 1 → L+ 4〉(0.2039)
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Table A.8 – continued from previous page

Peak E (eV) f12 Pol. Wave Function
VII 6.305 0.6453 in-plane |H − 3 → L〉(0.4073)

|H − 1 → L+ 4〉(0.3328)
|H − 1 → L+ 9〉(0.2952)
|H − 2 → L+ 1〉(0.2870)
|H − 4 → L+ 4〉(0.2772)
|H − 4 → L+ 9〉(0.2531)

6.528 0.1049 in-plane |H − 1 → L〉(0.5596)
|H − 4 → L〉(0.3400)
|H − 2 → L+ 2〉(0.2761)
|H − 3 → L+ 4〉(0.2667)
|H − 3 → L+ 9〉(0.2598)

VIII 7.161 0.2561 in-plane |H − 4 → L+ 4〉(0.4305)
|H − 4 → L+ 9〉(0.3859)
|H − 3 → L〉(0.3776)
|H − 1 → L+ 4〉(0.2487)

7.283 0.0781 in-plane |H → L+ 6〉(0.7102)
|H → L+ 9〉(0.3359)
|H − 3 → L+ 4〉(0.2091)
|H − 3 → L+ 9〉(0.1854)

IX 7.702 0.1345 ⊥ to the plane |H → L+ 11〉(0.7980)
|H → L+ 14〉(0.2692)

7.750 0.1150 in-plane |H − 1 → L+ 3〉(0.8332)
|H − 1 → L+ 19〉(0.1555)

Table A.9: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the linear absorption spectrum of distorted triangular-bipyramid B5 (cf. Fig. 3.13),
along with oscillator strength of transition. The polarization x,y and z corresponds to the absorption
due to light polarized along x−,y− and z− axis respectively. In the wavefunction, the bracketed
numbers are the CI coefficients of a given electronic configuration. Symbols H and L denote HOMO
and LUMO orbitals respectively. HF denotes the Hartree-Fock configuration.

Peak E (eV) f12 Pol. Wave Function
GSa |HF 〉 (0.8615)

|H − 1 → H〉(0.2165)
|H − 1 → H;H − 1 → L〉(0.1371)
|H − 2 → H;H − 1 → L〉(0.1143)

I 1.774 0.0548 z |H − 1 → L+ 4〉(0.8689)

II 3.161 0.0763 y |H − 2 → H〉(0.8734)
|H − 1 → H;H − 1 → L〉(0.2303)

III 4.274 0.0509 z |H − 1 → L+ 2〉(0.8666)
|H − 1 → L+ 6〉(0.1775)

IV 5.487 0.1949 y |H − 1 → H;H − 1 → L〉(0.7812)
|H − 2 → H〉(0.2336)
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Table A.9 – continued from previous page

Peak E (eV) f12 Pol. Wave Function
|H − 2 → H;H − 1 → L〉(0.2332)

V 6.408 0.1170 z |H − 4 → H〉(0.7837)
|H − 2 → L+ 2〉(0.3357)
|H − 2 → H;H − 1 → L+ 1〉(0.2274)

VI 7.519 0.4523 x |H − 2 → H;H − 1 → L+ 2〉(0.8133)
|H − 2 → H;H − 1 → L+ 6〉(0.2669)

VII 7.744 0.0177 x |H − 1 → L;H − 1 → L+ 1〉(0.6105)
|H − 1 → L+ 4〉(0.4305)
|H − 2 → L+ 1〉(0.2271)
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B
Boron Clusters B6 and B+

6

In the following tables, we have given the excitation energies (with respect to the ground state),
and the many-body wavefunctions of the excited states, corresponding to the peaks in the CIS
photoabsorption spectra of various isomers listed in Fig. 4.1 and Fig. 4.15 , along with the oscillator
strength f12 of the transitions,

f12 =
2

3

me

~2
(E2 − E1)

∑

i

|〈m|di|G〉|2 (B.1)

where, |m〉 denotes the excited state in question, |G〉, the ground state, and di is the i-th Cartesian
component of the electric dipole operator. The single excitations are with respect to the reference
state as given in respective tables.

Similar tables corresponding to the results of select EOM-CCSD calculations are also given
below.

Excited State CIS Wavefunctions, Energies and Os-

cillator Strengths

Table B.1: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the CIS linear absorption spectrum of B6 – planar ring (triplet) isomer (cf. Fig.
4.2). The subscript ‖ in the peak number denotes the absorption due to light polarized in the plane
of isomer. In the wavefunction, the bracketed numbers are the CI coefficients of a given electronic
configuration. Symbols H1α,H2α denote SOMOs discussed earlier, and H, and L, denote HOMO
and LUMO orbitals respectively. Note that, the reference state does not correspond to any peak,
instead it represents the reference state from which singles excitations are occurring.

Peak E (eV) f12 〈S2〉 Wave Function

Reference |H1
1α;H

1
2α〉

I‖ 2.85 0.0099 3.01 |Hα − 2 → Lα〉(0.6589)
|H1α → Lα〉(0.6102)

Continued on next page
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Table B.1 – continued from previous page

Peak E (eV) f12 〈S2〉 Wave Function
II‖ 3.42 0.0634 2.90 |H1α → Lα〉(0.5415)

|Hβ → Lβ〉(0.4719)

III‖ 4.31 0.0306 2.78 |Hβ − 1 → Lβ + 1〉(0.7253)
|Hβ − 2 → Lβ + 12〉(0.3011)

IV‖ 4.62 0.1830 3.30 |Hβ − 3 → Lβ + 1〉(0.6176)
|H2α → Lα + 10〉(0.3007)

V‖ 4.98 0.1673 2.94 |Hβ − 3 → Lβ + 1〉(0.4591)
|Hβ − 2 → Lβ + 16〉(0.3334)

VI‖ 5.89 0.3505 2.99 |Hα − 3 → Lα + 1〉(0.4911)
|H2α → Lα + 5〉(0.3587)

VII‖ 6.45 0.2201 3.31 |Hα − 5 → Lα〉(0.3976)
|Hα − 3 → Lα + 1〉(0.3848)

VIII‖ 6.81 0.1848 2.88 |H2α → Lα + 10〉(0.4423)
|Hβ − 1 → Lβ + 3〉(0.3970)

Table B.2: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the EOM-CCSD linear absorption spectrum of B6 – planar ring (triplet) isomer (cf.
Fig. 4.3). The subscript ‖ in the peak number denotes the absorption due to light polarized in the
plane of isomer. In the wavefunction, the bracketed numbers are the coupled-cluster amplitudes of
a given electronic configuration. Symbols H1α,H2α denote SOMOs discussed earlier, and H, and L,
denote HOMO and LUMO orbitals respectively. Note that, the reference state does not correspond
to any peak, instead it represents the reference state from which singles excitations are occurring.

Peak E (eV) f12 Wave Function

Reference |H1
1α;H

1
2α〉

I‖ 1.74 0.0179 |H1α → Lα〉(0.7968)
|Hα − 2 → Lα〉(0.2623)
|Hα − 1 → Lα;Hβ − 1 → Lβ + 1〉(0.1149)

II‖ 2.71 0.0082 |Hβ → Lβ〉(0.6442)
|H1α → Lα〉(0.2320)

III‖ 3.20 0.0603 |Hβ − 1 → Lβ + 1〉(0.3111)
|Hβ − 2 → Lβ〉(0.4768)

IV‖ 3.50 0.0371 |Hβ − 3 → Lβ + 1〉(0.5933)
|H2α → Lα + 10〉(0.1421)

V‖ 4.03 0.0046 |Hβ − 3 → Lβ + 1〉(0.2861)
|Hβ − 2 → Lβ + 16〉(0.1968)

Continued on next page
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Table B.2 – continued from previous page

Peak E (eV) f12 Wave Function
|H1α → Lα;Hβ − 2 → Lβ + 1〉(0.1102)

VI‖ 5.05 0.4106 |H2α → Lα + 5〉(0.3573)
|Hα − 3 → Lα + 1〉(0.1820)
|H1α → Lα;Hβ − 2 → Lβ + 1〉(0.1612)

VII‖ 5.50 0.0801 |Hα − 5 → Lα〉(0.2023)
|Hα − 4 → Lα + 7〉(0.1358)
|Hα − 1 → Lα;Hβ − 3 → Lβ + 1〉(0.1157)
|H1α → Lα;Hβ − 3 → Lβ + 16〉(0.1025)

Table B.3: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the CIS linear absorption spectrum of B6 – incomplete wheel isomer (cf. Fig. 4.4).
The subscripts ‖ and ⊥, in the peak number denote the absorption due to light polarized in, and
perpendicular to the plane of wheel base, respectively. The rest of the information is the same as
given in the caption for Table B.1.

Peak E (eV) f12 〈S2〉 Wave Function

Reference |H1
1α;H

1
2α〉

I‖ 3.09 0.0447 2.68 |H1α → Lα〉(0.6251)
|H2α → Lα + 1〉(0.5904)

II‖ 3.55 0.0346 2.83 |Hα − 2 → Lα〉(0.8721)

III⊥ 3.85 0.0623 2.69 |Hβ → Lβ〉(0.9095)
|Hβ → Lβ + 11〉(0.2045)

IV‖ 4.96 0.0651 3.00 |Hβ → Lβ + 2〉(0.3971)
|Hα − 3 → Lα + 1〉(0.3695)

V‖ 5.77 0.0320 2.817 |H2α → Lα + 25〉(0.5802)
|H2α → Lα + 7〉(0.3785)

VI‖ 6.35 0.2942 3.10 |H2α → Lα + 7〉(0.5776)
|Hα − 5 → Lα〉(0.3245)

VII‖ 6.69 0.0321 2.82 |H2α → Lα + 2〉(0.7301)
|H2α → Lα + 5〉(0.4955)
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Table B.4: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the CIS linear absorption spectrum of B6 – bulged wheel isomer (cf. Fig. 4.5).
The subscripts ‖ and ⊥, in the peak number denote the absorption due to light polarized in, and
perpendicular to the plane of wheel base, respectively. In the wavefunction, the bracketed numbers
are the CI coefficients of a given electronic configuration. Symbols H and L denote HOMO and
LUMO orbitals respectively. Excitations are with respect to the closed-shell Hartree Fock reference
state.

Peak E (eV) f12 Wave Function

I‖ 3.76 0.2625 |H − 1 → L+ 6〉(0.5622)
|H → L+ 6〉(0.5622)
|H − 1 → L+ 2〉(0.4459)
|H → L+ 2〉(0.4459)

II‖ 4.38 0.0657 |H − 1 → L+ 3〉(0.4998)
|H → L+ 3〉(0.4998)
|H − 1 → L+ 4〉(0.4981)
|H → L+ 4〉(0.4981)

III‖ 5.07 2.1039 |H − 2 → L+ 1〉(0.7653)
|H − 2 → L〉(0.7653)
|H − 2 → L+ 8〉(0.2857)
|H − 2 → L+ 7〉(0.2857)

IV⊥ 5.71 0.0810 |H − 2 → L+ 6〉(0.6266)
|H − 2 → L+ 2〉(0.5564)

V‖ 7.05 1.0550 |H → L+ 5〉(0.7645)
|H − 1 → L+ 5〉(0.7645)
|H → L+ 6〉(0.4763)
|H − 1 → L+ 6〉(0.4763)

Table B.5: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the EOM-CCSD linear absorption spectrum of B6 – bulged wheel isomer (cf. Fig.
4.6) calculated using EOM-CCSD approach. The subscripts ‖ and ⊥, in the peak number denote
the absorption due to light polarized in, and perpendicular to the plane of wheel base, respectively.
In the wavefunction, the bracketed numbers are the coupled-cluster amplitudes of a given electronic
configuration. Symbols H and L denote HOMO and LUMO orbitals respectively. Excitations are
with respect to the closed-shell Hartree Fock reference state.

Peak E (eV) f12 Wave Function

I‖ 3.21 0.0088 |H − 1 → L+ 6〉(0.3898)
|H → L+ 6〉(0.3898)
|H − 1 → L+ 2〉(0.3519)
|H → L+ 2〉(0.3519)

II‖ 3.43 0.0256 |H − 1 → L+ 3〉(0.3604)
|H → L+ 3〉(0.3604)
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Table B.5 – continued from previous page

Peak E (eV) f12 Wave Function
|H − 1 → L+ 4〉(0.3604)
|H → L+ 4〉(0.3604)

III‖ 4.61 0.2658 |H − 2 → L+ 1〉(0.5074)
|H − 2 → L〉(0.5074)
|H − 2 → L+ 8〉(0.2183)
|H − 2 → L+ 7〉(0.2183)

IV⊥ 5.25 0.0004 |H − 2 → L+ 6〉(0.3675)
|H − 2 → L+ 2〉(0.3473)

V‖ 6.77 0.224 |H → L+ 5〉(0.5106)
|H − 1 → L+ 5〉(0.5106)
|H → L+ 6〉(0.3575)
|H − 1 → L+ 6〉(0.3575)

Table B.6: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the CIS linear absorption spectrum of B6 – planar ring (singlet) isomer (cf. Fig.
4.7). The subscripts ‖ and ⊥, in the peak number denote the absorption due to light polarized in,
and perpendicular to the plane of the isomer, respectively. The rest of the information is the same
as given in the caption for Table B.4.

Peak E (eV) f12 Wave Function

I‖ 3.12 0.5397 |H − 1 → L〉(0.9174)
|H → L+ 23〉(0.2504)

II‖ 5.28 1.0153 |H → L+ 7〉(0.4991)
|H → L+ 23〉(0.4093)

III‖ 5.61 0.1380 |H − 1 → L+ 2〉(0.5479)
|H − 1 → L+ 8〉(0.5181)

IV‖,⊥ 5.88 0.8199 |H → L+ 7〉(0.7472)
|H → L+ 12〉(0.3140)

V‖ 6.77 2.2212 |H → L+ 16〉(0.4623)
|H → L+ 12〉(0.4600)

VI‖ 7.15 0.6003 |H → L+ 16〉(0.6363)
|H → L+ 12〉(0.5687)
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Table B.7: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the CIS linear absorption spectrum of B6 – octahedron isomer (cf. Fig. 4.8).
The subscripts ‖ and ⊥, in the peak number denote the absorption due to light polarized in, and
perpendicular to the plane of pyramidal base, respectively. The rest of the information is the same
as given in the caption for Table B.1.

Peak E (eV) f12 〈S2〉 Wave Function

Reference |H1
1α;H

1
2α〉

I‖,⊥ 0.92 0.1110 2.25 |H1α → Lα〉(0.8790)
|H2α → Lα + 2〉(0.8612)
|H2α → Lα + 1〉(0.6610)
|H1α → Lα + 1〉(0.6128)

II‖,⊥ 2.50 0.0111 3.37 |Hα − 2 → Lα + 1〉 (0.6637)
|Hα − 2 → Lα + 2〉 (0.6637)
|Hα − 1 → Lα〉 (0.6637)
|Hα − 1 → Lα + 1〉 (0.6637)

III‖,⊥ 3.69 0.0111 3.65 |Hα − 4 → Lα〉 (0.8186)
|Hα − 4 → Lα + 1〉 (0.8032)
|Hα − 4 → Lα + 2〉 (0.8032)
|Hβ → Lβ + 2〉 (0.3117)

IV‖,⊥ 4.69 0.5265 2.55 |Hβ → Lβ + 2〉 (0.5448)
|Hβ → Lβ + 3〉 (0.5448)
|Hβ → Lβ + 4〉 (0.5448)
|Hβ → Lβ + 10〉 (0.3673)

Table B.8: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the CIS linear absorption spectrum of B6 – threaded tetramer isomer (cf. Fig. 4.9).
The subscript x in the peak number denote the absorption due to light polarized along the long axis,
and, y, z denotes polarization perpendicular to it. The rest of the information is the same as given
in the caption for Table B.1.

Peak E (eV) f12 〈S2〉 Wave Function

Reference |H1
1α;H

1
2α〉

Ix 3.06 0.0297 2.61 |H2α → Lα + 2〉(0.7532)
|Hβ → Lβ + 1〉(0.2966)

IIx 4.03 0.0687 2.07 |H1α → Lα + 2〉(0.5156)
|Hβ → Lβ〉(0.3829)
|Hβ − 1 → Lβ + 2〉(0.3347)

IIIz 4.48 0.3363 2.05 |Hβ → Lβ + 2〉(0.6089)
|H2α → Lα + 1〉(0.5316)
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Table B.8 – continued from previous page

Peak E (eV) f12 〈S2〉 Wave Function
IVz 5.67 0.0283 3.13 |Hβ → Lβ + 5〉(0.5808)

|Hβ → Lβ + 20〉(0.4305)

Vy 6.16 0.0384 2.05 |H1α → Lα + 3〉(0.5497)
|H1α → Lα + 5〉(0.5357)

VIy 6.36 0.2072 2.32 |Hβ − 3 → Lβ〉(0.5076)
|Hβ − 1 → Lβ + 2〉(0.2922)

Table B.9: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the CIS linear absorption spectrum of B6 – threaded trimer isomer (cf. Fig. 4.10).
The subscript ‖ , in the peak number denotes the absorption due to light polarized along the long
axis of the isomer. The rest of the information is the same as given in the caption for Table B.1.

Peak E (eV) f12 〈S2〉 Wave Function

Reference |H1
1α;H

1
2α〉

I‖ 1.16 0.0063 2.08 |Hβ − 1 → Lβ〉(0.6839)
|Hα − 1 → Lα〉(0.6061)

II‖ 2.28 0.0313 2.083 |Hα − 2 → Lα〉(0.6226)
|Hβ − 2 → Lβ〉(0.6329)

III‖ 3.06 0.0214 2.12 |H2α → Lα〉(0.6536)
|Hβ → Lβ〉(0.5487)

IV‖ 4.03 0.6573 2.08 |Hβ → Lβ + 1〉(0.5280)
|H2α → Lα + 1〉(0.4969)

V‖ 4.73 0.596 2.99 |Hβ → Lβ + 7〉(0.3826)
|Hα − 3 → Lα + 1〉(0.3516)

VI‖ 5.37 0.1391 2.07 |H2α → Lα + 7〉(0.5799)
|Hβ → Lβ + 8〉(0.4231)

VII‖ 5.69 0.2293 2.19 |Hβ → Lβ + 4〉(0.5125)
|H2α → Lα + 3〉(0.4084)
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Table B.10: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the CIS linear absorption spectrum of B6 – twisted trimers isomer (cf. Fig. 4.11).
The subscripts ‖ and ⊥, in the peak number denote the absorption due to light polarized along, and
perpendicular to the long axis of the isomer, respectively. The rest of the information is the same
as given in the caption for Table B.4.

Peak E (eV) f12 Wave Function

I‖ 1.02 0.0422 |H → L〉(0.6550)
|H − 1 → L〉(0.6550)
|H → L+ 1〉(0.5612)
|H − 1 → L+ 1〉(0.5612)

II⊥ 2.22 0.1279 |H − 2 → L〉(0.7650)
|H − 3 → L+ 1〉(0.5316)

III‖ 3.58 0.1870 |H − 2 → L+ 2〉(0.4374)
|H − 5 → L〉(0.4374)
|H − 4 → L〉(0.4371)
|H − 2 → L+ 3〉(0.4371)

IV‖ 4.72 0.4337 |H − 2 → L+ 2〉(0.4874)
|H − 2 → L+ 3〉(0.4874)
|H → L+ 26〉(0.3268)
|H − 1 → L+ 26〉(0.3268)

V⊥ 5.26 0.3570 |H − 5 → L+ 3〉(0.5117)
|H − 4 → L+ 2〉(0.5010)

VI⊥ 5.87 3.4368 |H → L+ 3〉(0.5962)
|H − 1 → L+ 2〉(0.5962)

VII‖ 6.39 0.2265 |H − 3 → L+ 2〉(0.4908)
|H − 3 → L+ 3〉 (0.4908)
|H − 2 → L+ 3〉(0.4561)
|H − 2 → L+ 2〉 (0.4561)

VIII⊥ 6.98 0.6645 |H − 3 → L+ 1〉(0.6479)
|H − 2 → L〉(0.5508)

IX‖ 7.25 0.3140 |H → L+ 4〉 (0.5209)
|H − 1 → L+ 4〉 (0.5209)
|H → L+ 7〉 (0.4072)
|H − 1 → L+ 7〉 (0.4072)
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Table B.11: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the CIS linear absorption spectrum of B6 – planar trimers isomer (cf. Fig. 4.12).
The subscripts ‖ and ⊥, in the peak number denote the absorption due to light polarized in, and
perpendicular to the plane of the isomer, respectively. The rest of the information is the same as
given in the caption for Table B.4.

Peak E (eV) f12 Wave Function

I⊥ 0.97 0.0393 |H → L〉 (0.7804)
|H − 1 → L+ 1〉(0.5529)

II‖ 2.22 0.1261 |H − 2 → L〉(0.7603)
|H − 4 → L+ 1〉(0.5634)

III‖ 3.57 0.1293 |H − 2 → L+ 2〉 (0.6070)
|H − 3 → L〉(0.5440)

IV‖ 4.67 0.7257 |H − 3 → L+ 2〉 (0.7242)
|H → L+ 12〉 (0.3824)
|H − 2 → L+ 2〉 (0.5131)
|H − 3 → L〉 (0.4653)

V‖ 6.43 4.5721 |H → L+ 12〉(0.5256)
|H − 3 → L+ 2〉(0.4859)

VI‖ 6.99 1.8466 |H − 4 → L+ 1〉(0.5794)
|H → L+ 7〉(0.5156)

VII‖ 7.34 0.6386 |H → L+ 12〉(0.6754)
|H → L+ 7〉(0.4922)

Table B.12: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the CIS linear absorption spectrum of B6 – convex bowl isomer (cf. Fig. 4.13).
The subscripts ‖ and ⊥, in the peak number denote the absorption due to light polarized in, and
perpendicular to the plane of the isomer, respectively. The rest of the information is the same as
given in the caption for Table B.4.

Peak E (eV) f12 Wave Function

I‖ 1.58 0.0486 |H − 1 → L+ 1〉 (0.9774)

II‖,⊥ 1.80 0.0679 |H → L+ 2〉(0.9079)
|H − 1 → L+ 3〉(0.2748)

III‖ 2.43 0.6023 |H → L〉 (0.8644)
|H − 4 → L+ 1〉(0.4364)

IV‖ 2.89 0.1811 |H − 1 → L〉 (0.8058)
|H − 3 → L+ 1〉 (0.5421)
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Table B.12 – continued from previous page

Peak E (eV) f12 Wave Function
V‖ 4.09 0.1602 |H − 4 → L〉(0.5608)

|H − 3 → L+ 1〉(0.5347)

VI‖,⊥ 5.13 0.0649 |H − 4 → L+ 3〉(0.9070)
|H − 3 → L+ 2〉(0.1753)

VII‖ 6.21 1.4363 |H → L+ 7〉(0.4118)
|H → L+ 4〉(0.3622)

VIII⊥ 6.39 2.2019 |H → L+ 6〉(0.4335)
|H − 2 → L+ 3〉(0.4081)

IX‖ 6.90 0.1476 |H → L+ 8〉(0.4435)
|H → L+ 13〉(0.3534)

Table B.13: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the CIS linear absorption spectrum of B6 – linear isomer (cf. Fig. 4.14). The
subscripts ‖ and ⊥, in the peak number denote the absorption due to light polarized along, and
perpendicular to the axis of the isomer, respectively. The rest of the information is the same as
given in the caption for Table B.4.

Peak E (eV) f12 Wave Function

I‖ 5.51 12.8358 |H − 1 → L+ 3〉(0.6510)
|H → L+ 2〉(0.6489)

II⊥ 6.51 1.6532 |H → L+ 4〉(0.7148)
|H − 1 → L+ 4〉(0.7148)
|H − 3 → L+ 8〉(0.3847)
|H − 2 → L+ 8〉(0.3847)

Table B.14: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the CIS linear absorption spectrum of B+

6 – planar ring isomer (cf. Fig. 4.16).
The subscripts ‖ and ⊥, in the peak number denote the absorption due to light polarized in, and
perpendicular to the plane of the isomer, respectively. In the wavefunction, the bracketed numbers
are the CI coefficients of a given electronic configuration. Symbols H, H1 and L denote HOMO,
SOMO and LUMO orbitals respectively.

Peak E (eV) f12 〈S2〉 Wave Function

Reference |H1
1α〉

I⊥ 4.44 0.4236 0.84 |Hβ − 1 → Lβ〉(0.5530)
|Hα − 1 → Lα〉(0.5077)

II‖ 5.32 0.1504 1.02 |Hβ − 1 → Lβ + 3〉(0.4780)
Continued on next page
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Table B.14 – continued from previous page

Peak E (eV) f12 〈S2〉 Wave Function
|Hα − 3 → Lα + 3〉(0.4433)

III‖ 6.09 0.0987 0.88 |Hα − 5 → Lα〉(0.5713)
|Hβ − 4 → Lβ〉(0.5595)

IV‖ 6.85 0.8066 0.87 |H1α → Lα + 6〉(0.6347)
|Hα → Lα + 9〉(0.3584)

Table B.15: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the CIS linear absorption spectrum of B+

6 – bulged wheel isomer (cf. Fig. 4.17).
The subscripts ‖ and ⊥, in the peak number denote the absorption due to light polarized in, and
perpendicular to the plane of the wheel, respectively. The rest of the information is the same as
given in the caption for Table B.14.

Peak E (eV) f12 〈S2〉 Wave Function

Reference |H1
1α〉

I‖ 1.76 0.0018 1.53 |Hβ → Lβ〉(0.7618)
|Hβ − 1 → Lβ〉(0.5218)

II‖ 2.19 0.0049 1.02 |Hβ − 1 → Lβ〉(0.8082)
|Hβ → Lβ〉(0.5406)

III‖ 2.84 0.0074 2.43 |H1α → Lα〉(0.5381)
|Hβ → Lβ + 1〉(0.4385)

IV‖ 3.58 0.0183 1.80 |Hα − 2 → Lα + 7〉(0.4521)
|H1α → Lα〉(0.4594)

V‖ 3.90 0.0114 1.74 |H1α → Lα + 1〉(0.6233)
|Hα − 2 → Lα + 2〉(0.5090)

VI‖ 4.97 0.1173 1.98 |Hα − 1 → Lα〉(0.5925)
|Hα − 3 → Lα〉(0.3915)

VII‖ 5.74 0.0364 2.04 |Hα − 4 → Lα + 1〉(0.3974)
|Hα − 2 → Lα + 3〉(0.3930)

VIII‖ 6.05 0.0054 2.19 |Hα − 4 → Lα + 1〉(0.4416)
|Hα − 3 → Lα〉(0.3428)

IX‖,⊥ 6.24 0.1731 1.53 |Hβ − 2 → Lβ + 2〉(0.4368)
|Hα − 1 → Lα + 3〉(0.3700)
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Table B.16: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the CIS linear absorption spectrum of B+

6 – planar ring (II) isomer (cf. Fig. 4.18).
The subscript ‖ in the peak number denote the absorption due to light polarized in the plane of the
isomer. The rest of the information is the same as given in the caption for Table B.14.

Peak E (eV) f12 〈S2〉 Wave Function

Reference |H1
1α〉

I‖ 2.62 0.0100 2.30 |Hβ → Lβ + 2〉(0.8930)
|Hα − 2 → Lα + 1〉(0.3196)

II‖ 3.52 0.4311 0.86 |Hβ − 1 → Lβ〉(0.5075)
|Hβ → Lβ + 1〉(0.5047)

III‖ 4.59 0.0377 0.96 |Hβ − 3 → Lβ〉(0.6407)
|Hα − 4 → Lα〉(0.4707)

Table B.17: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the CIS linear absorption spectrum of B+

6 – incomplete wheel (quartet) isomer (cf.
Fig. 4.19). The subscripts ‖ and ⊥, in the peak number denote the absorption due to light polarized
in, and perpendicular to the plane of the isomer, respectively. In the wavefunction, the bracketed
numbers are the CI coefficients of a given electronic configuration. Symbols H, H1α, H2α, H3α and
L denote HOMO, SOMOs and LUMO orbitals respectively.

Peak E (eV) f12 〈S2〉 Wave Function

Reference |H1
1α;H

1
2α;H

1
3α〉

I⊥ 1.69 0.0228 4.38 |Hβ − 2 → Lβ〉(0.7070)
|Hβ − 1 → Lβ〉(0.5707)

II‖ 2.31 0.0263 4.27 |Hβ − 2 → Lβ〉(0.6484)
|Hβ − 1 → Lβ〉(0.5313)

III⊥ 3.00 0.0438 4.35 |Hα − 1 → Lα〉(0.6704)
|H2α → Lα〉(0.3992)

IV‖ 3.39 0.0227 4.64 |H1α → Lα〉(0.8546)
|H2α → Lα + 2〉(0.2748)

V‖ 3.71 0.0365 4.32 |H3α → Lα + 1〉(0.5299)
|Hα − 1 → Lα〉(0.5106)

VI‖ 4.21 0.0987 4.56 |Hβ → Lβ + 1〉(0.8754)
|H3α → Lα + 9〉(0.2200)

VII⊥ 5.99 0.2462 5.33 |Hβ − 1 → Lβ + 5〉(0.5679)
|H3α → Lα + 4〉(0.4243)
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Table B.18: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the CIS linear absorption spectrum of B+

6 – threaded trimer (quartet) isomer (cf.
Fig. 4.20). The subscripts ‖ and ⊥, in the peak number denote the absorption due to light polarized
along, and perpendicular to the long axis of the isomer, respectively. The rest of the information is
the same as given in the caption for Table B.17.

Peak E (eV) f12 〈S2〉 Wave Function

Reference |H1
1α;H

1
2α;H

1
3α〉

I‖ 2.36 0.6487 3.98 |Hα − 1 → Lα + 2〉(0.6487)
|Hβ − 1 → Lβ + 2〉(0.5646)

II‖,⊥ 3.90 0.3729 4.00 |H3α → Lα + 1〉(0.6329)
|Hβ → Lβ + 1〉(0.4181)

III‖ 4.34 0.7430 3.79 |H2α → Lα〉(0.6197)
|H1α → Lα + 1〉(0.6053)

III‖ 5.92 0.1573 3.91 |Hβ − 2 → Lβ〉(0.3742)
|Hα − 2 → Lα〉(0.3477)

Table B.19: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the CIS linear absorption spectrum of B+

6 – tetragonal bipyramid isomer (cf. Fig.
4.21). The subscripts ‖ and ⊥, in the peak number denote the absorption due to light polarized in,
and perpendicular to the square plane of bipyramid, respectively. The rest of the information is the
same as given in the caption for Table B.14.

Peak E (eV) f12 〈S2〉 Wave Function

Reference |H1
1α〉

I⊥ 1.23 0.1144 1.29 |H1α → Lα〉(0.9530)
|H1α → Lα + 1〉(0.9530)
|Hβ → Lβ + 3〉(0.1202)

II‖ 2.55 0.0191 2.40 |Hα − 4 → Lα〉(0.6498)
|Hα − 3 → Lα + 1〉(0.6498)
|Hβ → Lβ + 1〉(0.2971)

III‖,⊥ 3.61 0.1002 2.10 |Hβ → Lβ + 1〉(0.8844)
|Hα − 4 → Lα〉(0.2133)
|Hα − 3 → Lα + 1〉(0.2133)

IV‖ 5.54 0.0223 1.36 |H1α → Lα + 5〉(0.8524)
|Hβ − 3 → Lβ + 3〉(0.2325)
|Hβ − 2 → Lβ + 4〉(0.2325)
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Table B.20: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the CIS linear absorption spectrum of B+

6 – linear (quartet) isomer (cf. Fig. 4.22).
The subscripts ‖ and ⊥, in the peak number denote the absorption due to light polarized along, and
perpendicular to the long axis of the isomer, respectively. The rest of the information is the same
as given in the caption for Table B.17.

Peak E (eV) f12 〈S2〉 Wave Function

Reference |H1
1α;H

1
2α;H

1
3α〉

I‖ 4.25 2.9960 5.43 |Hβ − 1 → Lβ + 1〉(0.5588)
|Hβ → Lβ〉(0.5588)
|Hα − 4 → Lα〉(0.3565)

II⊥ 4.66 1.1384 5.62 |Hα − 4 → Lα〉(0.5669)
|H1α → Lα + 2〉(0.4295)
|H2α → Lα + 1〉(0.4295)

Table B.21: Excitation energies, E, and many-particle wavefunctions of excited states corresponding
to the peaks in the CIS linear absorption spectrum of B+

6 – planar trimers isomer (cf. Fig. 4.23).
The subscripts ‖ and ⊥, in the peak number denote the absorption due to light polarized in, and
perpendicular to the plane of the isomer, respectively. The rest of the information is the same as
given in the caption for Table B.14.

Peak E (eV) f12 〈S2〉 Wave Function

Reference |H1
1α〉

I‖ 1.40 0.1363 1.17 |Hβ → Lβ〉(0.8954)
|Hβ − 2 → Lβ + 1〉(0.2557)

II⊥ 2.36 0.0293 1.03 |Hα − 2 → Lα〉(0.6214)
|Hα − 4 → Lα + 1〉(0.4845)

III⊥ 3.66 0.0507 1.03 |Hα − 2 → Lα + 2〉(0.5121)
|Hβ − 1 → Lβ + 1〉(0.3618)

IV⊥ 4.74 0.0891 1.26 |H1α → Lα + 6〉(0.4977)
|Hα − 1 → Lα + 5〉(0.4270)

V‖ 5.19 0.1498 1.09 |Hα − 3 → Lα + 2〉(0.6496)
|H1α → Lα + 4〉(0.4993)
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C
Boron Clusters B7, B8 and B9

Excited State Wavefunctions, Energies and Oscillator

Strengths

Table C.1: Excitation energies, E, and many-particle wavefunctions of excited states
corresponding to the peaks in the EOM-CCSD linear absorption spectrum of B7 boron
wheel cluster (cf. Fig. 6.1(a)). The subscripts ‖ and ⊥, in the peak number denote
the absorption due to light polarized in, and perpendicular to the plane of wheel base,
respectively. In the wavefunction, the bracketed numbers are the CI coefficients of
a given electronic configuration. Symbols H1α denotes SOMO discussed earlier, and
H, and L, denote HOMO and LUMO orbitals respectively. Note that, the reference
state does not correspond to any peak, instead it represents the reference state from
which singles excitations are occurring.

Peak E (eV) f12 Wave Function
Reference |H1

1α〉

I⊥ 1.80 0.0219 |Hα − 1 → Lα〉(0.4824)
|Hβ − 2 → H1β〉(0.6132)
|Hβ − 1 → Lβ〉(0.5092)

II‖ 4.72 0.0054 |Hα − 2 → Lα + 3〉(0.3384)
|Hα − 1 → Lα + 2〉(0.3169)
|H1α → Lα + 26〉(0.3076)
|Hβ − 2 → Lβ + 14〉(0.3325)
|Hβ − 2 → Lβ + 6〉(0.2516)

III‖ 5.18 0.0142 |Hα − 1 → Lα + 2〉(0.3310)
|Hα − 2 → Lα + 3〉(0.2395)
|Hβ − 2 → Lβ + 14〉(0.4377)
|Hβ − 2 → Lβ + 6〉(0.3537)

Continued on next page
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Table C.1 – continued from previous page

Peak E (eV) f12 Wave Function
IV‖ 5.72 0.2362 |Hα − 1 → Lα + 3〉(0.4398)

|H1α → Lα + 7〉(0.3412)
|Hβ − 2 → Lβ + 1〉(0.3830)

V‖ 5.90 0.0573 |Hα − 3 → Lα + 2〉(0.4912)
|Hα − 3 → Lα + 9〉(0.3730)
|Hβ − 4 → Lβ + 14〉(0.2564)

VI‖ 5.98 0.0415 |Hα − 3 → Lα + 3〉(0.3226)
|Hα − 2 → Lα + 2〉(0.3100)
|Hβ − 1 → Lβ + 14〉(0.3539)
|Hβ − 1 → Lβ + 6〉(0.3390)

VII‖ 6.02 0.3001 |Hβ − 4 → Lβ + 14〉(0.4346)
|Hβ − 2 → Lβ + 14〉(0.3512)

VIII‖ 6.49 0.2356 |H1α → Lα + 7〉(0.3764)
|H1α → Lα + 3〉(0.3727)
|Hβ − 4 → Lβ + 1〉(0.2666)

IX‖ 6.66 0.0443 |Hα − 1 → Lα + 8〉(0.5698)
|Hα − 1 → Lα + 9〉(0.4799)

X‖ 6.84 0.1057 |Hβ − 2 → Lβ + 9〉(0.7094)
|Hβ − 2 → Lβ + 3〉(0.5419)

XI‖ 6.91 0.0227 |Hα − 2 → Lα + 8〉(0.5593)
|Hα − 2 → Lα + 9〉(0.4252)

XII‖ 7.09 0.2532 |H1α → Lα + 14〉(0.2937)
|H1α → Lα + 31〉(0.2827)
|Hβ − 6 → Lβ + 2〉(0.2682)
|Hβ − 4 → Lβ + 1〉(0.2429)

XIII‖ 7.23 0.4993 |Hα − 3 → Lα + 2〉(0.3017)
|H1α → Lα + 15〉(0.2026)
|Hβ − 4 → Lβ + 14〉(0.3452)
|Hβ − 4 → Lβ + 6〉(0.3046)
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Table C.2: Excitation energies, E, and many-particle wavefunctions of excited states
corresponding to the peaks in the EOM-CCSD linear absorption spectrum of B8 boron
wheel cluster (cf. Fig. 6.1(b)). The subscripts ‖ and ⊥, in the peak number denote
the absorption due to light polarized in, and perpendicular to the plane of wheel
base, respectively. In the wavefunction, the bracketed numbers are the CI coefficients
of a given electronic configuration. Symbols H1α and H2α denotes SOMOs discussed
earlier, and H, and L, denote HOMO and LUMO orbitals respectively. Note that, the
reference state does not correspond to any peak, instead it represents the reference
state from which singles excitations are occurring.

Peak E (eV) f12 Wave Function
Reference |H1

1α;H
1
2α〉

I⊥ 1.80 0.0123 |Hβ − 2 → H1β〉(0.6609)
|Hβ − 1 → H2β〉(0.6609)

II‖ 4.45 0.0264 |H2α → Lα + 5〉(0.5112)
|H1α → Lα + 6〉(0.5112)
|Hβ − 3 → H2β〉(0.3395)

III‖ 4.45 0.0264 |H1α → Lα + 5〉(0.5112)
|H2α → Lα + 6〉(0.5112)
|Hβ − 3 → H1β〉(0.3395)

IV‖ 6.27 0.0131 |Hα − 5 → Lα + 1〉(0.2415)
|Hα − 6 → Lα〉(0.2415)
|Hβ − 5 → Lβ + 2〉(0.3207)
|Hβ − 6 → Lβ + 1〉(0.3207)

V‖ 6.27 0.0131 |Hα − 5 → Lα〉(0.2415)
|Hα − 6 → Lα + 1〉(0.2415)
|Hβ − 5 → Lβ + 1〉(0.3207)
|Hβ − 6 → Lβ + 2〉(0.3207)

VI‖ 6.47 0.7062 |H2α → Lα + 7〉(0.3368)
|Hα − 1 → Lα + 1〉(0.2666)
|Hα − 2 → Lα〉(0.2666)
|Hβ − 2 → Lβ + 2〉(0.2435)
|Hβ − 1 → Lβ + 1〉(0.2435)

VII‖ 6.47 0.7032 |H1α → Lα + 7〉(0.3368)
|Hα − 1 → Lα〉(0.2666)
|Hα − 2 → Lα + 1〉(0.2666)
|Hβ − 2 → Lβ + 1〉(0.2435)
|Hβ − 1 → Lβ + 2〉(0.2435)

VIII⊥ 6.65 0.0586 |H2α → Lα + 4〉(0.6256)
|H1α → Lα + 3〉(0.6256)

Continued on next page
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Table C.2 – continued from previous page

Peak E (eV) f12 Wave Function
IX‖ 6.95 0.0423 |Hβ − 2 → Lβ + 8〉(0.6389)

|Hβ − 2 → Lβ〉(0.6067)

X‖ 6.95 0.0423 |Hβ − 1 → Lβ + 8〉(0.6389)
|Hβ − 1 → Lβ〉(0.6067)

XI‖ 7.08 0.0186 |Hα − 2 → Lα + 10〉(0.6548)
|Hα − 2 → Lα + 2〉(0.5472)

XII‖ 7.08 0.0186 |Hα − 1 → Lα + 10〉(0.6548)
|Hα − 1 → Lα + 2〉(0.5472)

XIII‖ 7.18 0.2174 |Hα − 5 → Lα + 1〉(0.2584)
|Hα − 6 → Lα〉(0.2584)
|H2α → Lβ + 7〉(0.2437)
|Hβ − 5 → Lβ + 2〉(0.2437)
|Hβ − 6 → Lβ + 1〉(0.2521)

XIV‖ 7.18 0.2174 |Hα − 5 → Lα〉(0.2584)
|Hα − 6 → Lα + 1〉(0.2584)
|H1α → Lβ + 7〉(0.2437)
|Hβ − 5 → Lβ + 1〉(0.2437)
|Hβ − 6 → Lβ + 2〉(0.2521)

Table C.3: Excitation energies, E, and many-particle wavefunctions of excited states
corresponding to the peaks in the EOM-CCSD linear absorption spectrum of B9 boron
wheel cluster (cf. Fig. 6.1(c)). Rest of the information is same as given in the caption
for Table C.1

.

Peak E (eV) f12 Wave Function
Reference |H1

1α〉

I‖ 3.90 0.0247 |Hα − 1 → Lα〉(0.3911)
|H1α → Lα + 1〉(0.4562)
|Hα − 2 → Lα + 2〉(0.3107)
|Hβ − 1 → Lβ + 5〉(0.4079)
|Hβ − 1 → Lβ + 6〉(0.2668)

II‖ 4.00 0.0243 |H1α → Lα〉(0.4492)
|Hα − 1 → Lα + 1〉(0.3673)
|Hβ − 1 → Lβ + 7〉(0.4330)

III‖ 5.02 0.0148 |Hα − 3 → Lα + 3〉(0.4830)
|Hα − 2 → Lα + 2〉(0.3530)
|Hβ − 2 → Lβ〉(0.3695)
|Hβ − 2 → Lβ + 1〉(0.3441)

Continued on next page
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Table C.3 – continued from previous page

Peak E (eV) f12 Wave Function
IV‖ 6.17 0.0231 |Hα − 2 → Lα + 26〉(0.4842)

|Hβ − 2 → Lβ + 26〉(0.4492)

V⊥ 6.20 0.0113 |H1α → Lα + 6〉(0.2252)
|Hβ − 1 → Lβ + 4〉(0.8200)

‖ 6.20 0.2518 |Hα − 2 → Lα + 3〉(0.2805)
|Hα − 3 → Lα + 26〉(0.2702)
|Hβ − 3 → Lβ + 26〉(0.3121)
|Hβ − 3 → Lβ〉(0.2965)

VI‖ 6.29 0.2542 |Hα − 3 → Lα + 2〉(0.2638)
|Hα − 3 → Lα + 26〉(0.2496)
|Hβ − 7 → Lβ〉(0.3701)
|Hβ − 2 → Lβ + 1〉(0.2570)

6.29 0.6647 |H1α → Lα + 7〉(0.2724)
|Hα − 3 → Lα + 3〉(0.2535)
|Hβ − 1 → Lβ + 5〉(0.4263)
|Hβ − 1 → Lβ + 6〉(0.3587)

VII⊥ 6.33 0.0504 |H1α → Lα + 6〉(0.8079)
|Hβ − 1 → Lβ + 4〉(0.2667)

VIII‖ 6.37 0.0500 |H1α → Lα + 7〉(0.3945)
|Hα − 2 → Lα + 4〉(0.3056)
|Hβ − 2 → Lβ + 2〉(0.3094)

IX‖ 6.46 0.0152 |H1α → Lα + 7〉(0.4715)
|Hα − 2 → Lα + 4〉(0.3076)
|Hβ − 1 → Lβ + 6〉(0.3902)

X‖ 6.51 0.0877 |Hα − 3 → Lα + 4〉(0.3536)
|Hα − 3 → Lα + 12〉(0.2843)
|Hβ − 3 → Lβ + 2〉(0.3392)
|Hβ − 3 → Lβ + 12〉(0.2590)

XI⊥ 6.63 0.0222 |Hα − 1 → Lα + 5〉(0.8459)
|Hα − 1 → Lα + 30〉(0.2594)

XII‖ 6.77 0.8520 |H1α → Lα + 7〉(0.2633)
|H1α → Lα + 20〉(0.2568)
|Hβ − 1 → Lβ + 6〉(0.2881)
|Hβ − 2 → Lβ〉(0.2459)

XIII‖ 6.79 0.2611 |Hα − 1 → Lα + 7〉(0.6406)
|Hα − 1 → Lα + 20〉(0.4094)
|Hβ − 3 → Lβ + 2〉(0.2385)
|Hβ − 3 → Lβ + 12〉(0.2018)
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D
Aluminum Clusters Aln (n = 2 – 5)

Excited State CI Wavefunctions, Energies and Oscil-

lator Strengths

Table D.1: Excitation energies (E) and many-particle wavefunctions of excited states corresponding
to the peaks in the linear absorption spectrum of Al2 (cf. Fig. 5.5(a)) , along with the oscilla-
tor strength (f12) of the transitions. Longitudinal and transverse polarization corresponds to the
absorption due to light polarized along and perpendicular to the molecular axis respectively. In
the wavefunction, the bracketed numbers are the CI coefficients of a given electronic configuration.
Symbols H1,H2 denote SOMOs discussed earlier, and H, and L, denote HOMO and LUMO orbitals
respectively. HF denotes the Hartree-Fock configuration.

Peak E (eV) f12 Pol. Wave Function
GS1 |H1

1 , H
1
2 〉 (0.9096)

|H − 1 → H1;H2 → L〉(0.1139)
|H − 2 → L;H − 1 → L+ 2〉(0.0889)

I 1.96 0.1027 longitudinal |H2 → L+ 1〉(0.8120)
|H − 1 → H1〉(0.3685)

II 3.17 0.1249 longitudinal |H − 1 → H1〉(0.6172)
|H1 → L+ 3〉(0.4068)
|H1 → L;H − 1 → L〉(0.3190)

III 4.47 0.5149 transverse |H2 → L+ 4〉(0.8313)
|H2 → L+ 6〉(0.2024)

IV 4.99 5.4531 longitudinal |H1 → L+ 3〉(0.7353)
|H − 1 → H1〉(0.4104)

V 6.31 0.2554 transverse |H2 → L+ 6〉(0.4683)
|H − 1 → L+ 1〉(0.3894)
|H − 1 → L;H2 → L+ 2〉(0.3886)

Continued on next page
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Table D.1 – continued from previous page

Peak E (eV) f12 Pol. Wave Function
VI 7.17 0.1549 transverse |H2 → L+ 2;H − 1 → L〉(0.4782)

|H − 1 → L+ 1〉(0.4327)
|H1 → L;H2 → L+ 8〉(0.3867)

VII 7.79 1.2530 transverse |H − 1 → H1;H2 → L+ 3〉(0.4833)
|H1 → L+ 7〉(0.3917)
|H1 → L;H2 → L+ 8〉(0.3791)

VIII 8.05 3.5391 transverse |H − 2 → L〉(0.5316)
|H − 1 → L+ 2〉(0.3756)
|H1 → L+ 8〉(0.3531)

8.10 1.1418 transverse |H − 1 → H1;H2 → L+ 3〉(0.4788)
|H2 → L+ 6〉(0.4095)

IX 8.87 0.7044 transverse |H1 → L+ 11〉(0.5061)
|H1 → L;H2 → L+ 7〉(0.4162)

8.95 0.6872 transverse |H1 → L+ 7〉(0.4932)
|H2 → L;H1 → L+ 8〉(0.4414)
|H1 → L+ 4;H − 1 → L+ 1〉(0.3262)

Table D.2: Excitation energies (E) and many-particle wavefunctions of excited states corresponding
to the peaks in the linear absorption spectrum of Al3 equilateral triangle isomer (cf. Fig. 5.6(a))
, along with the oscillator strength (f12) of the transitions. In-plane and transverse polarization
corresponds to the absorption due to light polarized in and perpendicular to the plane of the trian-
gular isomer respectively. In the wavefunction, the bracketed numbers are the CI coefficients of a
given electronic configuration. Symbols H and L, denote HOMO (singly occupied, in this case) and
LUMO orbitals respectively. HF denotes the Hartree-Fock configuration.

Peak E (eV) f12 Pol. Wave Function
GS2 |HF 〉 (0.8373)

|H − 2 → L+ 5〉(0.1329)

I 3.42 0.0376 in-plane |H − 3 → L+ 5〉(0.2908)
|H − 2 → L+ 1〉(0.2439)

3.54 0.1080 in-plane |H − 2 → L+ 5〉(0.3686)
|H − 2 → H〉(0.3403)

II 5.61 0.2565 in-plane |H − 2 → L+ 5;H − 1 → L+ 5〉(0.4854)
|H → L+ 1;H − 1 → L+ 1〉(0.4476)

III 5.87 0.3413 transverse |H − 3 → L+ 2〉(0.2915)
|H − 2 → L〉(0.2842)

IV 6.53 6.3289 in-plane |H → L+ 6〉(0.4044)
|H − 3 → L+ 1〉(0.3965)

Continued on next page

1GS does not correspond to any peak, rather it corresponds to the ground state wavefunction of
Al2 isomer.
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Table D.2 – continued from previous page

Peak E (eV) f12 Pol. Wave Function
|H − 2 → L+ 5〉(0.3158)

6.53 5.7925 in-plane |H → L+ 4〉(0.3842)
|H − 3 → L+ 5〉(0.2834)
|H − 4 → L+ 1〉(0.2256)

V 6.96 0.4145 transverse |H − 2 → L〉(0.3140)
|H − 3 → L+ 2〉(0.2626)

VI 7.50 0.9430 in-plane |H − 2 → L+ 1;H → L+ 5〉(0.3136)
|H − 3 → L+ 5〉(0.2864)

7.57 0.8630 in-plane |H → L+ 5;H − 3 → L+ 1〉(0.3838)
|H − 3 → L+ 1〉(0.2651)
|H − 2 → L+ 5〉(0.2590)

Table D.3: Excitation energies (E) and many-particle wavefunctions of excited states corresponding
to the peaks in the linear absorption spectrum of Al3 isosceles triangle isomer (cf. Fig. 5.7(a)), along
with the oscillator strength (f12) of the transitions. In-plane and transverse polarization corresponds
to the absorption due to light polarized in and perpendicular to the plane of the triangular isomer
respectively. In the wavefunction, the bracketed numbers are the CI coefficients of a given electronic
configuration. Symbols H1, H2 and H3 denote SOMOs discussed earlier, H and L, denote HOMO
and LUMO orbitals respectively.

Peak E (eV) f12 Pol. Wave Function
GS3 |H1

1 , H
1
2 , H

1
3 〉 (0.8670)

|H − 1 → L+ 10〉(0.1213)

I 2.37 0.0358 in-plane |H1 → L+ 1;H3 → L+ 2〉(0.7066)
|H − 1 → L+ 1;H1 → L〉(0.4052)

II 3.06 0.0992 in-plane |H3 → H2;H − 2 → L〉(0.4691)
|H − 1 → L+ 1;H3 → H2〉(0.4070)

III 3.45 0.0967 in-plane |H1 → L+ 3〉(0.5566)
|H − 1 → L+ 1;H1 → L〉(0.5209)

IV 4.11 0.3208 in-plane |H1 → L+ 4〉(0.6038)
|H3 → L+ 1;H − 2 → L〉(0.5272)

V 4.83 0.2242 in-plane |H1 → L+ 1;H − 2 → L+ 1〉(0.5321)
|H1 → L+ 5〉(0.2611)

VI 5.76 5.0792 in-plane |H − 1 → L+ 1;H3 → L〉(0.3479)
|H − 3 → L+ 1;H1 → L〉(0.2875)
|H2 → L+ 1;H1 → L+ 3〉(0.2800)

5.85 0.8553 in-plane |H3 → L+ 1;H − 2 → L〉(0.4081)
Continued on next page

2GS does not correspond to any peak, rather it corresponds to the ground state wavefunction of
Al3 equilateral triangle isomer.
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Table D.3 – continued from previous page

Peak E (eV) f12 Pol. Wave Function
|H − 1 → L;H3 → L〉(0.2400)

VII 5.95 1.7094 in-plane |H − 1 → L+ 2〉(0.3296)
|H − 1 → L+ 1;H3 → L〉(0.3138)

6.15 0.7827 in-plane |H1 → L+ 7〉(0.7827)

VIII 6.68 1.7774 in-plane |H1 → L+ 10〉(0.4548)
|H2 → L+ 1;H1 → L+ 6〉(0.2705)
|H1 → L+ 6〉(0.2447)

Table D.4: Excitation energies (E) and many-particle wavefunctions of excited states corresponding
to the peaks in the linear absorption spectrum of Al3 linear isomer, (cf. Fig. 5.8(a)), along with
the oscillator strength (f12) of the transitions. Longitudinal and transverse polarization corresponds
to the absorption due to light polarized along and perpendicular to the axis of the linear isomer
respectively. In the wavefunction, the bracketed numbers are the CI coefficients of a given electronic
configuration. Symbols H1, H2 and H3 denote SOMOs discussed earlier, H and L, denote HOMO
and LUMO orbitals respectively. HF denotes the Hartree-Fock configuration.

Peak E (eV) f12 Pol. Wave Function
GS4 |H1

1 , H
1
2 , H

1
3 〉 (0.8010)

|H − 3 → H − 1;H − 2 → L〉(0.1913)

I 1.24 0.0317 longitudinal |H2 → L+ 1〉(0.6602)
|H − 1 → H3〉(0.3636)

II 2.25 0.0489 longitudinal |H − 1 → H3〉(0.6856)
|H − 2 → H1〉(0.3230)

III 4.01 0.9019 longitudinal |H − 2 → H1〉(0.5249)
|H − 1 → H3〉(0.3471)

IV 4.43 2.8593 longitudinal |H − 1 → H3〉(0.4070)
|H − 1 → L+ 4;H2 → L+ 6〉(0.2409)

4.47 0.0960 transverse |H2 → L+ 2〉(0.5402)
|H − 1 → H3;H2 → L+ 6〉(0.3068)

V 4.62 5.1747 longitudinal |H − 1 → H3〉(0.4600)
|H − 1 → L+ 4;H2 → L+ 6〉(0.2862)

VI 5.29 0.1070 transverse |H2 → L+ 5〉(0.4951)
|H − 1 → H3;H − 1 → L+ 1〉(0.3284)
|H − 1 → L+ 3〉(0.3091)

VII 5.83 0.1412 longitudinal |H − 1 → L+ 2;H1 → L〉(0.6637)
|H − 2 → H1〉(0.2225)

Continued on next page

3GS does not correspond to any peak, rather it corresponds to the ground state wavefunction of
Al3 isosceles triangle isomer.
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Table D.4 – continued from previous page

Peak E (eV) f12 Pol. Wave Function
|H − 1 → H3〉(0.2073)

VIII 6.31 0.0459 longitudinal |H1 → L+ 6;H3 → L〉(0.5099)
|H1 → L;H3 → L+ 6〉(0.2706)

6.37 0.0740 transverse |H − 1 → L+ 3〉(0.3989)
|H − 1 → H2;H3 → L+ 6〉(0.2266)

IX 6.89 0.1311 longitudinal |H − 5 → L+ 6〉(0.3920)
|H1 → L+ 4;H3 → L+ 6〉(0.3086)

Table D.5: Excitation energies (E) and many-particle wavefunctions of excited states corresponding
to the peaks in the linear absorption spectrum of Al4 rhombus isomer, (cf. Fig. 5.9(a)), along with
the oscillator strength (f12) of the transitions. In-plane and transverse polarization corresponds
to the absorption due to light polarized in and perpendicular to the plane of the rhombus isomer
respectively. In the wavefunction, the bracketed numbers are the CI coefficients of a given electronic
configuration. Symbols H1,H2 denote SOMOs discussed earlier, and H, and L, denote HOMO and
LUMO orbitals respectively.

Peak E (eV) f12 Pol. Wave Function
GS5 |H1

1 , H
1
2 〉 (0.8724)

|H − 3 → L;H − 3 → L〉(0.1050)

I 1.07 0.0247 transverse |H1 → L+ 1〉(0.8489)
|H − 2 → L+ 5〉(0.1601)

II 2.31 0.3087 in-plane |H − 2 → H1〉(0.7645)
|H2 → L+ 1〉(0.3113)

III 4.67 0.5709 in-plane |H − 2 → L;H − 1 → L+ 3〉(0.6036)
|H − 1 → L+ 3〉(0.4213)
|H1 → L+ 7〉(0.3113)

IV 4.88 0.9622 in-plane |H − 1 → L;H − 1 → L+ 3〉(0.6036)
|H − 3 → L〉(0.4699)

V 5.51 3.8316 in-plane |H − 3 → L+ 4〉(0.7378)
|H − 2 → H1〉(0.2161)

VI 5.84 0.4900 in-plane |H − 2 → L+ 3〉(0.3889)
|H − 2 → L;H − 3 → L〉(0.3758)
|H − 3 → L〉(0.3594)
|H − 1 → L;H − 1 → L+ 3〉(0.3591)

VII 6.01 0.5332 transverse |H2 → L+ 7〉(0.7268)
|H − 3 → L+ 2〉(0.3050)

Continued on next page

4GS does not correspond to any peak, rather it corresponds to the ground state wavefunction of
Al3 linear triangle isomer.
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Table D.5 – continued from previous page

Peak E (eV) f12 Pol. Wave Function
VIII 6.20 0.7477 in-plane |H − 2 → L+ 3〉(0.5195)

|H − 2 → L;H − 3 → L〉(0.4189)

IX 6.51 0.2928 transverse |H − 3 → L+ 2〉(0.7001)
|H − 2 → H1;H − 1 → L+ 2〉(0.2232)
|H − 2 → L;H − 3 → L+ 2〉(0.2070)

X 6.92 0.6053 transverse |H − 3 → L+ 2〉(0.5144)
|H − 2 → L;H − 3 → L+ 2〉(0.3549)
|H − 2 → L+ 5〉(0.2676)

XI 7.31 0.4328 transverse |H − 2 → L+ 5〉(0.4033)
|H − 3 → L;H − 1 → L+ 1〉(0.3787)

XII 7.76 2.7450 in-plane |H1 → L+ 8〉(0.4387)
|H1 → L+ 1;H − 1 → L+ 2〉(0.3435)

Table D.6: Excitation energies (E) and many-particle wavefunctions of excited states corresponding
to the peaks in the linear absorption spectrum of Al4 square isomer, (cf. Fig. 5.10(a)), along with
the oscillator strength (f12) of the transitions. In-plane and transverse polarization corresponds
to the absorption due to light polarized in and perpendicular to the plane of the rhombus isomer
respectively. In the wavefunction, the bracketed numbers are the CI coefficients of a given electronic
configuration. Symbols H1,H2 denote SOMOs discussed earlier, and H, and L, denote HOMO and
LUMO orbitals respectively.

Peak E (eV) f12 Pol. Wave Function
GS6 |H1

1 , H
1
2 〉(0.8525)

|H1 → L;H − 2 → L〉(0.0972)

I 2.08 0.0278 in-plane |H − 1 → L〉(0.7191)
|H − 1 → H1;H2 → L+ 1〉(0.2645)
|H2 → L+ 1〉(0.2536)
|H1 → L〉(0.2443)

II 2.68 0.0301 in-plane |H2 → L+ 1〉(0.4757)
|H − 1 → L〉(0.4358)
|H − 1 → H1;H2 → L+ 1〉(0.3608)

III 4.19 0.3420 in-plane |H − 2 → L〉(0.5889)
|H − 1 → L+ 2〉(0.4283)
|H1 → L〉(0.2329)

IV 4.92 0.1131 in-plane |H1 → L+ 2〉(0.5780)
|H − 1 → L+ 2〉(0.4083)
|H − 2 → L〉(0.3198)

Continued on next page

5GS does not correspond to any peak, rather it corresponds to the ground state wavefunction of
Al4 rhombus isomer.
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Table D.6 – continued from previous page

Peak E (eV) f12 Pol. Wave Function

V 5.17 0.1238 transverse |H − 2 → L;H1 → L+ 1〉(0.3693)
|H − 2 → L;H1 → L+ 1〉(0.3692)

5.33 0.2470 in-plane |H − 2 → H1;H − 2 → L〉(0.5193)
|H − 1 → L+ 2〉(0.3915)
|H − 2 → L+ 2〉(0.3335)

VI 5.85 1.2446 in-plane |H − 2 → L+ 2〉(0.7184)
|H − 1 → H1;H − 2 → L+ 2〉(0.2587)
|H − 1 → L+ 2〉(0.2579)

VII 6.55 3.7894 in-plane |H − 2 → L+ 2〉(0.5706)
|H − 1 → H1;H − 2 → L+ 2〉(0.4089)
|H − 1 → L+ 2〉(0.3325)

6.58 0.2634 transverse |H1 → L+ 1;H − 2 → L〉(0.4375)
|H1 → L+ 1;H − 2 → L〉(0.4375)
|H − 2 → L+ 3〉(0.4183)

VIII 6.87 2.9702 in-plane |H − 2 → L+ 2〉(0.5100)
|H − 1 → L+ 2〉(0.3495)

6.93 0.2483 transverse |H1 → L+ 1;H − 2 → L〉(0.3558)
|H1 → L+ 1;H − 2 → L〉(0.3558)
|H − 2 → L+ 3〉(0.2929)

IX 7.22 1.4267 in-plane |H − 1 → H1;H − 2 → L+ 2〉(0.4039)
|H − 3 → H1〉(0.2900)
|H − 1 → H1;H − 1 → L+ 2〉(0.2848)

Table D.7: Excitation energies (E) and many-particle wavefunctions of excited states corresponding
to the peaks in the linear absorption spectrum of Al5 pentagonal isomer, (cf. Fig. 5.11(a)), along
with the oscillator strength (f12) of the transitions. In-plane and transverse polarization corresponds
to the absorption due to light polarized in and perpendicular to the plane of the pentagonal isomer
respectively. In the wavefunction, the bracketed numbers are the CI coefficients of a given electronic
configuration. Symbols H and L, denote HOMO and LUMO orbitals respectively.

Peak E (eV) f12 Pol. Wave Function
GS7 |(H − 2)1〉 (0.8679)

|H − 2 → L+ 1;H → L+ 2〉(0.1045)

I 1.03 0.0195 in-plane |H − 1 → L〉(0.8635)
|H − 1 → L;H → L+ 3〉(0.0880)

II 2.38 0.0219 in-plane |H − 3 → H − 2〉(0.8560)
|H − 1 → L+ 4〉(0.1387)

Continued on next page

6GS does not correspond to any peak, rather it corresponds to the ground state wavefunction of
Al4 square isomer.
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Table D.7 – continued from previous page

Peak E (eV) f12 Pol. Wave Function
III 3.90 0.1042 transverse |H → L+ 4〉(0.8387)

|H → L;H − 1 → L+ 2〉(0.1944)
0.3362 in-plane |H − 4 → L〉(0.8140)

|H − 2 → L+ 9〉(0.1841)

IV 4.16 1.3144 in-plane |H − 1 → L+ 4〉(0.7276)
|H − 1 → L+ 5〉(0.4478)

V 4.42 3.3339 in-plane |H − 1 → L+ 5〉(0.7096)
|H − 1 → L+ 4〉(0.4490)
|H − 1 → L+ 9〉(0.1535)

VI 4.78 1.0471 in-plane |H − 2 → L+ 9〉(0.7992)
|H − 2 → L;H → L+ 6〉(0.2058)

VII 5.46 1.1014 transverse |H → L+ 13〉(0.8156)
|H → L;H − 2 → L〉(0.1708)

VIII 6.37 0.1270 in-plane |H − 3 → L〉(0.7632)

IX 6.73 0.7104 in-plane |H − 3 → L〉(0.7370)
|H → L+ 1〉(0.3698)
|H − 1 → L;H → L+ 3〉(0.1225)

X 7.49 0.3989 in-plane |H → L+ 3〉(0.5087)
|H − 2 → L+ 16〉(0.3508)
|H → L;H − 1 → L+ 1〉(0.2937)

Table D.8: Excitation energies (E) and many-particle wavefunctions of excited states corresponding
to the peaks in the linear absorption spectrum of Al5 pyramid isomer, (cf. Fig. 5.12(a)), along with
the oscillator strength (f12) of the transitions. In the wavefunction, the bracketed numbers are the
CI coefficients of a given electronic configuration. Symbols H and L, denote HOMO and LUMO
orbitals respectively.

Peak E (eV) f12 Pol. Wave Function
GS8 |(H − 2)1〉 (0.8591)

|H − 3 → L+ 1;H − 3 → L+ 1〉(0.1138)

I 1.72 0.0046 y |H − 3 → L+ 1〉(0.6849)
|H − 2 → L+ 1〉(0.2887)

1.75 0.0521 z |H → L+ 3〉(0.2887)

II 2.21 0.0296 y |H − 3 → L+ 1〉(0.7170)
|H − 2 → L+ 2〉(0.3402)
|H − 3 → L+ 2〉(0.2290)

Continued on next page

7GS does not correspond to any peak, rather it corresponds to the ground state wavefunction of
Al5 pentagonal isomer.
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Table D.8 – continued from previous page

Peak E (eV) f12 Pol. Wave Function

III 2.55 0.0477 z |H → L+ 3〉(0.5390)
|H − 4 → H − 2〉(0.1296)

IV 3.46 0.0399 y |H − 3 → L;H − 2 → L+ 1〉(0.6131)
|H − 3 → L+ 2〉(0.4975)

3.48 0.0769 z |H − 4 → H − 2〉(0.7340)
|H − 4 → L〉(0.3735)

V 4.04 0.6432 x |H → L+ 7〉(0.5929)
|H → L+ 4〉(0.4432)

4.22 3.0735 y |H − 3 → L+ 2〉(0.8272)
|H − 3 → L+ 1〉(0.1580)

VI 4.74 0.3474 x |H → L〉(0.7617)
|H → L+ 7〉(0.2542)

VII 5.08 0.5494 z |H − 2 → L;H → L+ 2〉(0.5540)
|H − 4 → L〉(0.4833)

VIII 5.26 0.3175 z |H − 2 → L;H → L+ 5〉(0.6251)
|H − 4 → L〉(0.3902)

5.27 0.1267 x |H − 6 → H − 2;H → L+ 1〉(0.6056)
|H → L〉(0.3242)

IX 5.56 0.1384 x |H → L+ 11〉(0.7819)
|H → L+ 13〉(0.3051)

X 6.00 1.0052 x |H → L+ 13〉(0.8132)
|H → L+ 11〉(0.1852)

8GS does not correspond to any peak, rather it corresponds to the ground state wavefunction of
Al5 pyramid isomer.

Page 165 of 195



Appendix D. Aluminum Clusters Aln (n = 2 – 5) Ravindra Shinde

Page 166 of 195



E
Magnesium Clusters Mgn (n = 2 – 5)

Excited State CI Wavefunctions, Energies and Oscil-

lator Strengths

Table E.1: Excitation energies (E) and many-particle wavefunctions of excited states corresponding
to the peaks in the linear absorption spectrum of Mg2 (cf. Fig. 7.3) , along with the oscilla-
tor strength (f12) of the transitions. Longitudinal and transverse polarization corresponds to the
absorption due to light polarized along and perpendicular to the molecular axis respectively. In
the wavefunction, the bracketed numbers are the CI coefficients of a given electronic configuration.
Symbols H, and L, denote HOMO and LUMO orbitals respectively. HF denotes the Hartree-Fock
configuration. GS does not correspond to any peak, rather it corresponds to the ground state
wavefunction of the isomer.

Peak E (eV) f12 Polarization Wave Function
GS |HF 〉 (0.9272)

|H − 1 → L+ 6;H → L+ 8〉(0.0821)

I 3.46 4.1237 longitudinal |H → L+ 1〉(0.7556)
|H → L+ 11〉(0.4578)

II 4.02 0.1395 transverse |H → L+ 8〉(0.4705)
|H → L+ 3〉(0.3968)
|H − 1 → L〉(0.2963)

III 4.59 3.6556 transverse |H − 1 → L〉(0.5891)
|H → L+ 3〉(0.4821)
|H → L+ 8〉(0.3344)

IV 5.64 0.4934 transverse |H → L+ 3〉(0.6531)
|H → L+ 8〉(0.4114)

V 6.46 0.1223 transverse |H − 1 → L+ 11〉(0.4476)
|H − 1 → L+ 6〉(0.2648)
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Table E.2: Excitation energies (E) and many-particle wavefunctions of excited states corresponding
to the peaks in the linear absorption spectrum of Mg3 equilateral triangle isomer (cf. Fig. 7.4) , along
with the oscillator strength (f12) of the transitions. In-plane and transverse polarization corresponds
to the absorption due to light polarized in and perpendicular to the plane of the triangular isomer
respectively. The rest of the information is the same as given in the caption for Table E.1.

Peak E (eV) f12 Polarization Wave Function
GS |HF 〉 (0.8963)

|H − 1 → L;H → L+ 9〉(0.0573)

I 2.65 0.2867 in-plane |H → L〉(0.6687)
|H → L+ 4〉(0.2850)

2.67 0.3023 in-plane |H → L〉(0.6765)
|H → L+ 4〉(0.2840)

II 3.76 4.7767 in-plane |H → L〉(0.4324)
|H → L+ 2〉(0.3967)

3.78 4.7859 in-plane |H → L〉(0.4297)
|H → L+ 2〉(0.4051)

3.78 0.2401 transverse |H − 1 → L〉(0.3863)
|H → L+ 9〉(0.3334)

III 4.73 0.8483 in-plane |H → L+ 7〉(0.7134)
|H → L+ 4〉(0.2517)

4.78 0.8654 in-plane |H → L+ 7〉(0.7140)
|H → L+ 4〉(0.2327)

4.89 1.6579 transverse |H → L+ 5〉(0.4874)
|H → L+ 3〉(0.3940)

IV 5.39 0.3035 in-plane |H → L+ 6〉(0.5376)
|H → L+ 2〉(0.3842)

5.40 0.3192 in-plane |H → L+ 6〉(0.5362)
|H → L+ 2〉(0.3223)

V 5.77 2.5002 transverse |H → L+ 9〉(0.5042)
|H → L+ 9〉(0.4931)

VI 6.92 0.2915 transverse |H − 1 → L+ 5〉(0.4447)
|H → L;H → L+ 1〉(0.2492)

Table E.3: Excitation energies (E) and many-particle wavefunctions of excited states corresponding
to the peaks in the linear absorption spectrum of Mg3 linear isomer (cf. Fig. 7.5), along with the
oscillator strength (f12) of the transitions. Symbols H1 and H2 denote SOMOs discussed earlier.
The rest of the information is the same as given in the caption for Table E.1.

Peak E (eV) f12 Polarization Wave Function
GS |H1

1 , H
1
2 〉 (0.9143)

|H − 1 → H1〉(0.0776)

I 0.91 0.0662 transverse |H1 → L+ 8〉(0.5898)
|H1 → L+ 2〉(0.5022)
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Table E.3 – continued from previous page

Peak E (eV) f12 Polarization Wave Function

II 2.27 0.4539 longitudinal |H1 → L+ 4〉(0.7559)
|H − 1 → L+ 4〉(0.2878)

III 2.89 3.3232 longitudinal |H1 → L+ 3〉(0.6158)
|H1 → L+ 9〉(0.3922)

IV 3.80 1.8806 longitudinal |H1 → L+ 12〉(0.5049)
|H1 → L+ 3〉(0.3629)

V 4.13 0.1273 longitudinal |H1 → L+ 9〉(0.5919)
|H1 → L+ 12〉(0.3121)

VI 4.74 0.3048 transverse |H2 → L+ 4;H1 → L+ 8〉(0.4072)
|H2 → L+ 4;H1 → L+ 2〉(0.3208)

0.5016 transverse |H − 2 → L〉(0.3005)
|H − 1 → L+ 8〉(0.2711)

VII 5.43 4.2854 transverse |H − 2 → L〉(0.4131)
|H − 1 → L+ 2〉(0.4130)

VIII 5.83 0.1316 transverse |H1 → L+ 7;H − 1 → H2〉(0.2611)
|H2 → L〉(0.2524)

IX 6.05 0.9742 transverse |H − 1 → L+ 8〉(0.4630)
|H − 1 → L+ 2〉(0.4365)

X 6.82 0.2656 transverse |H − 2 → L+ 11〉(0.3064)
|H − 2 → L+ 5〉(0.2136)

Table E.4: Excitation energies (E) and many-particle wavefunctions of excited states corresponding
to the peaks in the linear absorption spectrum of Mg3 isosceles triangle isomer – I (cf. Fig. 7.6),
along with the oscillator strength (f12) of the transitions. Symbols H1 and H2 denote SOMOs
discussed earlier. The rest of the information is the same as given in the caption for Table E.2.

Peak E (eV) f12 Polarization Wave Function
GS |H1

1 , H
1
2 〉 (0.8533)

|H − 1 → H2;H − 1 → L+ 4〉(0.1728)
|H − 1 → H2;H − 1 → L+ 11〉(0.1539)

I 1.13 0.0243 in-plane |H1 → L+ 1〉(0.6636)
|H1 → L+ 12〉(0.3636)

II 1.94 0.0415 in-plane |H − 1 → L+ 1〉(0.5335)
|H − 1 → H1〉(0.4266)

1.96 0.0178 in-plane |H − 2 → H2〉(0.5213)
|H − 1 → L+ 2〉(0.3225)

1.99 0.0132 transverse |H − 1 → L;H − 1 → H2〉(0.5661)
|H2 → L〉(0.3167)
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Table E.4 – continued from previous page

Peak E (eV) f12 Polarization Wave Function

III 2.59 0.0455 in-plane |H − 1 → H1〉(0.3585)
|H − 1 → H2;H1 → L+ 3〉(0.3553)

IV 2.78 0.3038 in-plane |H1 → L+ 3〉(0.4121)
|H1 → L+ 13〉(0.3549)

2.95 0.0913 in-plane |H − 1 → H2;H1 → L+ 6〉(0.6290)
|H − 1 → H2;H1 → L+ 16〉(0.3040)

V 3.36 0.1739 transverse |H − 2 → L〉(0.3532)
|H − 1 → L+ 1;H − 1 → L〉(0.3185)

3.40 1.5229 in-plane |H1 → L+ 3〉(0.4774)
|H − 1 → L+ 4〉(0.3656)

3.49 0.9137 in-plane |H − 1 → L+ 1〉(0.4090)
|H1 → L+ 2〉(0.3670)

VI 3.83 1.3497 in-plane |H − 1 → L+ 1〉(0.3930)
|H − 1 → H2;H1 → L+ 13〉(0.2977)

3.85 0.0181 transverse |H1 → L;H − 1 → L+ 4〉(0.3416)
|H1 → L+ 5〉(0.3208)

VII 4.19 0.2361 in-plane |H − 1 → L+ 12〉(0.3806)
|H − 1 → H2;H1 → L+ 18〉(0.3183)

4.28 0.8469 in-plane |H1 → L;H − 1 → L+ 16〉(0.2572)
|H − 1 → L+ 4〉(0.2451)

VIII 4.47 0.0581 transverse |H1 → L;H − 1 → L+ 2〉(0.3326)
|H1 → L;H − 1 → L+ 4〉(0.2381)

4.48 0.4692 in-plane |H − 1 → L+ 10〉(0.2582)
|H − 1 → L+ 3〉(0.2328)

IX 4.83 0.0606 transverse |H1 → L+ 12;H − 1 → H2〉(0.3662)
|H − 1 → L+ 6〉(0.2672)

4.86 0.4879 in-plane |H − 1 → L+ 7〉(0.3323)
|H1 → L+ 21;H − 1 → H2〉(0.2667)

Table E.5: Excitation energies (E) and many-particle wavefunctions of excited states corresponding
to the peaks in the linear absorption spectrum of Mg3 isosceles triangle isomer – II (cf. Fig. 7.7),
along with the oscillator strength (f12) of the transitions. The rest of the information is the same
as given in the caption for Table E.4.

Peak E (eV) f12 Polarization Wave Function
GS |H1

1 , H
1
2 〉 (0.8442)

|H − 1 → L+ 10〉(0.4155)

I 0.30 0.0113 transverse |H1 → L+ 2〉(0.8197)
|H1 → L+ 8〉(0.3015)

II 0.94 0.0098 transverse |H1 → L+ 5〉(0.6053)
Continued on next page
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Table E.5 – continued from previous page

Peak E (eV) f12 Polarization Wave Function
|H1 → L+ 13〉(0.5629)

III 1.80 0.2202 in-plane |H1 → L+ 15〉(0.6807)
|H1 → L+ 6〉(0.5032)

IV 2.11 0.5248 in-plane |H2 → L+ 2〉(0.5894)
|H1 → L+ 17〉(0.3347)

V 2.61 1.9694 in-plane |H2 → L〉(0.7286)
|H2 → L;H1 → L+ 10〉(0.3752)

VI 2.82 0.4311 transverse |H1 → L+ 12〉(0.5004)
|H1 → L+ 4〉(0.4888)

VII 3.51 1.2606 in-plane |H1 → L+ 7〉(0.7050)
|H − 2 → H1〉(0.3603)

VIII 3.86 1.5312 in-plane |H1 → L+ 17〉(0.4732)
|H − 2 → H1〉(0.4363)

IX 4.33 0.1162 in-plane |H − 2 → L〉(0.4200)
|H − 2 → L;H1 → L+ 17〉(0.3966)

X 4.67 0.2938 transverse |H1 → L+ 21〉(0.4191)
|H − 2 → H1〉(0.3579)

4.68 0.2347 in-plane |H2 → L+ 12〉(0.4609)
|H2 → L+ 13〉(0.3898)

XI 4.93 0.1943 transverse |H1 → L+ 21〉(0.3097)
|H − 2 → L+ 2;H1 → L+ 2〉(0.2765)

4.91 0.1534 in-plane |H2 → L;H1 → L+ 15〉(0.3197)
|H2 → L;H1 → L+ 6〉(0.2914)

XII 5.28 0.6223 transverse |H1 → L+ 21〉(0.5283)
|H2 → L+ 7〉(0.5151)

5.35 0.7963 in-plane |H2 → L+ 13〉(0.3638)
|H − 2 → L+ 2〉(0.3360)

XIII 5.49 1.0220 transverse |H2 → L+ 17〉(0.3675)
|H2 → L+ 7〉(0.3610)

Table E.6: Excitation energies (E) and many-particle wavefunctions of excited states corresponding
to the peaks in the linear absorption spectrum of Mg4 pyramid isomer (cf. Fig. 7.8) , along with the
oscillator strength (f12) of the transitions. Absorption of x-,y- and z-polarized light is represented
by x,y and z polarization respectively. The rest of the information is the same as given in the caption
for Table E.1.

Peak E (eV) f12 Polarization Wave Function
GS |HF 〉 (0.8812)
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Table E.6 – continued from previous page

Peak E (eV) f12 Polarization Wave Function
|H − 1 → L+ 8;H − 1 → L+ 17〉(0.0464)
|H − 1 → L+ 17;H − 1 → L+ 17〉(0.0457)

I 2.59 0.3403 x,y,z |H − 1 → L〉(0.7570)
|H − 1 → L+ 9〉(0.3405)
|H → L〉(0.7228)
|H → L+ 9〉(0.3247)
|H − 2 → L〉(0.7228)
|H − 2 → L+ 9〉(0.3247)

II 3.42 0.0024 x,y,z |H − 2 → L+ 1〉(0.4094)
|H − 1 → L+ 2〉(0.3429)
|H → L+ 1〉(0.3327)

III 4.54 5.6906 x,y,z |H − 1 → L+ 8〉(0.3496)
|H − 2 → L+ 3〉(0.3390)
|H − 1 → L+ 3〉(0.3619)
|H − 2 → L+ 2〉(0.3331)
|H → L+ 2〉(0.3875)
|H − 1 → L+ 1〉(0.3777)

IV 4.94 0.2391 x,y,z |H − 1 → L+ 6〉(0.7194)
|H − 1 → L+ 20〉(0.2179)
|H → L+ 5〉(0.1923)

V 5.25 0.4525 x,y,z |H − 1 → L+ 9〉(0.7656)
|H − 1 → L〉(0.3305)

VI 5.56 0.1642 x,y,z |H − 2 → L+ 16〉(0.5953)
|H − 2 → L+ 7〉(0.4216)

Table E.7: Excitation energies (E) and many-particle wavefunctions of excited states corresponding
to the peaks in the linear absorption spectrum of Mg4 rhombus isomer (cf. Fig. 7.9), along with the
oscillator strength (f12) of the transitions. The rest of the information is the same as given in the
caption for Table E.4.

Peak E (eV) f12 Polarization Wave Function
GS |H1

1 , H
1
2 〉 (0.8613)

|H − 2 → L+ 8〉(0.1004)
|H − 2 → L+ 2〉(0.0877)

I 0.98 0.0276 transverse |H1 → L+ 1〉(0.7603)
|H1 → L+ 10〉(0.3529)
|H1 → L+ 15〉(0.2317)

II 1.71 0.0916 in-plane |H1 → L+ 16〉(0.5460)
|H1 → L+ 4〉(0.5411)

III 2.71 0.2111 in-plane |H − 1 → L〉(0.6531)
Continued on next page
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Table E.7 – continued from previous page

Peak E (eV) f12 Polarization Wave Function
|H − 2 → H2〉(0.4453)

IV 3.22 0.6283 transverse |H1 → L+ 15〉(0.7115)
|H1 → L+ 27〉(0.2382)

V 4.00 2.5521 in-plane |H2 → L+ 1;H − 1 → L〉(0.3614)
|H − 2 → L+ 1〉(0.3432)
|H1 → L+ 2〉(0.3227)

VI 4.32 0.8095 in-plane |H1 → L+ 16〉(0.4767)
|H1 → L+ 4〉(0.3712)

4.27 0.6899 in-plane |H1 → L+ 6〉(0.7104)
|H1 → L+ 16〉(0.4365)

VII 4.58 2.8937 in-plane |H2 → L+ 8〉(0.4339)
|H − 1 → L〉(0.3119)

4.71 3.2991 in-plane |H − 1 → L+ 1〉(0.4522)
|H − 2 → L〉(0.3518)

VIII 5.22 0.9862 transverse |H2 → L+ 13〉(0.4954)
|H1 → L+ 19〉(0.2824)
|H − 2 → L+ 4〉(0.2503)

IX 5.37 0.7381 in-plane |H2 → L+ 1;H − 2 → L〉(0.4501)
|H − 1 → L+ 15〉(0.3246)
|H − 1 → L+ 5〉(0.2839)

X 5.71 0.7749 in-plane |H − 2 → L+ 1;H − 2 → L〉(0.3911)
|H − 1 → L+ 15〉(0.3156)

XI 6.22 0.7608 transverse |H2 → L;H − 1 → L+ 4〉(0.3898)
|H2 → L;H − 1 → L+ 16〉(0.3857)

Table E.8: Excitation energies (E) and many-particle wavefunctions of excited states corresponding
to the peaks in the linear absorption spectrum of Mg4 square isomer (cf. Fig. 7.10), along with the
oscillator strength (f12) of the transitions. The rest of the information is the same as given in the
caption for Table E.4.

Peak E (eV) f12 Polarization Wave Function
GS |H1

1 , H
1
2 〉 (0.8049)

|H1 → L+ 13〉(0.2283)
|H1 → L+ 7〉(0.1969)

I 1.55 0.1823 in-plane |H1 → L+ 15〉(0.4554)
|H1 → L+ 10〉(0.3800)
|H1 → L+ 2〉(0.3319)

II 2.56 0.1914 in-plane |H − 1 → L〉(0.6101)
|H − 2 → H2〉(0.3295)
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Table E.8 – continued from previous page

Peak E (eV) f12 Polarization Wave Function
|H1 → L+ 2〉(0.2585)

III 3.30 0.1744 transverse |H1 → L+ 8〉(0.7723)
|H1 → L+ 1〉(0.2820)

3.34 0.6490 in-plane |H2 → L+ 3;H1 → L+ 1〉(0.4620)
|H2 → L+ 21〉(0.3048)

IV 3.62 0.5760 in-plane |H1 → L+ 2〉(0.3813)
|H − 1 → L〉(0.3564)
|H2 → L+ 21〉(0.3177)

V 4.50 20.3052 in-plane |H − 1 → L〉(0.3918)
|H1 → L+ 15〉(0.3026)
|H1 → L+ 2〉(0.3227)
|H2 → L+ 1;H − 2 → L+ 1〉(0.2939)

VI 4.73 2.6321 in-plane |H1 → L+ 24〉(0.5763)
|H1 → L+ 20〉(0.3061)

4.95 0.0082 transverse |H − 2 → L;H − 1 → L+ 1〉(0.3240)
|H1 → L+ 1;H − 1 → L+ 3〉(0.2747)

Table E.9: Excitation energies (E) and many-particle wavefunctions of excited states corresponding
to the peaks in the linear absorption spectrum of Mg5 bi-pyramid isomer (cf. Fig. 7.11) , along
with the oscillator strength (f12) of the transitions. Absorption of x-,y- and z-polarized light is
represented by x,y and z polarization respectively. The rest of the information is the same as given
in the caption for Table E.1.

Peak E (eV) f12 Polarization Wave Function
GS |HF 〉 (0.8806)

|H → L+ 1;H → L+ 1〉(0.0981)
|H → L+ 1;H → L+ 9〉(0.0852)

I 3.59 0.1291 x |H − 1 → L+ 4〉(0.7779)
|H − 1 → L+ 18〉(0.2218)
|H − 1 → L〉(0.2131)

II 4.06 0.2547 z |H − 2 → L〉(0.6090)
|H − 3 → L+ 2〉(0.3980)
|H − 2 → L+ 4〉(0.2984)

III 4.30 0.2060 x |H − 3 → L+ 3〉(0.6406)
|H − 2 → L+ 5〉(0.4396)
|H − 2 → L+ 17〉(0.2348)

IV 4.50 0.5632 z |H → L+ 24〉(0.5166)
|H − 1 → L+ 5〉(0.4826)
|H − 3 → L+ 2〉(0.2873)

V 5.37 13.1325 y |H → L+ 1〉(0.6687)
Continued on next page
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Table E.9 – continued from previous page

Peak E (eV) f12 Polarization Wave Function
|H − 1 → L+ 3〉(0.3411)
|H − 2 → L+ 2〉(0.3332)

VI 5.56 7.5501 z |H − 1 → L+ 5〉(0.4801)
|H − 2 → L〉(0.3236)
|H − 2 → L+ 4〉(0.3233)

VII 6.03 2.9109 x |H − 1 → L+ 6〉(0.4562)
|H → L+ 27〉(0.4149)
|H → L+ 12〉(0.2982)

Table E.10: Excitation energies (E) and many-particle wavefunctions of excited states corresponding
to the peaks in the linear absorption spectrum of Mg5 pyramid isomer (cf. Fig. 7.12) , along with
the oscillator strength (f12) of the transitions. In-plane and transverse polarization corresponds to
the absorption due to light polarized in and perpendicular to the base plane of the pyramidal isomer
respectively. The rest of the information is the same as given in the caption for Table E.1.

Peak E (eV) f12 Polarization Wave Function
GS |HF 〉 (0.8754)

|H → L;H → L〉(0.0436)
|H → L+ 1;H − 2 → L+ 17〉(0.0424)

I 2.24 0.1278 transverse |H − 1 → L〉(0.7746)
|H − 1 → L+ 7〉(0.2334)
|H − 1 → L+ 3〉(0.1663)

2.40 0.1665 in-plane |H → L+ 2〉(0.7422)
|H → L+ 12〉(0.2494)
|H → L+ 4〉(0.2412)

II 2.72 0.0954 in-plane |H − 1 → L+ 2〉(0.6894)
|H − 1 → L+ 12〉(0.2402)
|H → L+ 8〉(0.1888)

III 3.47 1.0415 transverse |H − 1 → L+ 3〉(0.5892)
|H − 1 → L+ 14〉(0.3746)
|H − 1 → L+ 5〉(0.2819)

3.50 2.1720 in-plane |H − 2 → L〉(0.5507)
|H → L+ 4〉(0.3754)
|H → L+ 15〉(0.3084)

IV 4.22 3.6965 in-plane |H − 2 → L+ 1〉(0.4224)
|H − 2 → L+ 3〉(0.3548)
|H → L+ 8〉(0.2683)

V 4.43 1.1481 transverse |H − 1 → L+ 5〉(0.5337)
|H − 1 → L+ 19〉(0.2652)
|H − 2 → L+ 2〉(0.2031)

VI 4.58 1.7660 in-plane |H → L;H → L+ 2〉(0.3512)
Continued on next page
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Table E.10 – continued from previous page

Peak E (eV) f12 Polarization Wave Function
|H − 1 → L;H → L+ 2〉(0.3056)
|H − 2 → L+ 3〉(0.2872)

VII 4.80 1.3936 transverse |H − 1 → L+ 5〉(0.3849)
|H − 1 → L+ 3〉(0.3234)
|H − 1 → L+ 7〉(0.2948)

4.87 0.5048 in-plane |H − 1 → L+ 10〉(0.4101)
|H − 1 → L+ 21〉(0.4013)
|H → L+ 12〉(0.3200)

VIII 5.25 0.6565 in-plane |H → L+ 10〉(0.4249)
|H → L+ 17〉(0.4106)
|H − 1 → L;H → L+ 2〉(0.3123)

IX 5.46 1.1843 transverse |H → L+ 20〉(0.4637)
|H − 1 → L+ 14〉(0.3195)
|H → L+ 9〉(0.3166)

X 5.88 0.8339 in-plane |H − 1 → L+ 21〉(0.4148)
|H − 3 → L+ 2〉(0.3584)
|H − 1 → L+ 10〉(0.3497)

XI 6.27 0.7081 transverse |H → L+ 1;H → L+ 1〉(0.3266)
|H − 2 → L+ 8〉(0.2525)
|H − 2 → L+ 8〉(0.2525)
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