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Abstract

Many theoretical and computational methods are based upon the Born-Oppenheimer
approximation. This approximation greatly simplifies the search for a wave function
that describes all electrons and nuclei in a chemical system. This is accomplished
by assuming that the motion of nuclei and electrons are vastly different; the motion
of the two particle types is decoupled. While the BO approximation is ubiquitous
in computational and theoretical studies, it is not always justifiable. There are two
main cases where this approximation is not valid. The first is when nuclear and
electronic motion cannot be decoupled. Decoupling the motion leads to incorrect
observations and conclusions drawn. The second case is when a chemical system
has more than one type of particle to be treated without the Born-Oppenheimer
approximation. For these types of systems, a different and more general interpreta-
tion of the Born-Oppenheimer approximation must be made where multiple particle
types can be investigated whose motion is not decoupled from one another. In order
to investigate systems that are classified in this more inclusive interpretation, new
computational theories and methods are needed. To accomplish this task, the mul-
ticomponent coupled-cluster method has been developed. In its present form, this
new computational method is capable of treating two types of particles without de-
coupling their motion. The fundamental theories and methods for multicomponent
coupled-cluster theory are discussed before the derivation and resulting multicompo-
nent coupled-cluster equations are discussed. This method was then used to study
excited electronic states in molecular systems and semiconductor quantum dots via
the electron-hole representation. It was also used to calculated ground state energy of
the positronium hydride system. These projects sparked further interest in the con-
sequences of the Born-Oppenheimer approximation’s application to chemical systems

and how it compares to a non Born-Oppenheimer treatment.
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Chapter 1

Multicomponent systems in

chemistry

1.1 Introduction

The overarching goal of theoretical chemistry is to mathematically describe chemical
and physical properties of chemical systems. Theoretical investigations into chemical
systems have been used to explain thermodynamic and electronic properties, as well as
study the spatial arrangment of atoms in a system. The field is continually growing
by refining methodology, providing more and more accurate results, and by being
applied to larger and more complex chemical systems.

Theoretical chemistry has many tools as its disposal to study chemical systems.
The work discussed in this thesis will focus on methods that employ a wave function
to describe chemical systems. A wave function is a mathematical object that describes
the state of a chemical system, with dependence on the coordinates of every particle
within that system. The wave function is then solved for using the Schrodinger
equation. This equation has a Hamiltonian operator, which calculates the kinetic

and potential energy terms of every particle in the system, operating on the wave



function and yielding energy times that wave function back,
H\I/exact — E\I/exact. (11)

Solving this eigenvalue problem for a molecular system is a very difficult task. The
nuclear and electronic particles are in constant motion. On top of that, the positions
of electrons and nuclei are correlated; the electrons repel one another, while simulta-
neously being attracted to the nuclei. The same is true for the nuclei - these particles
repel one another but are attracted to the negatively charged electrons.

Solving the Schrodinger equation in the current form proves to be an incredibly
difficult task. For molecular systems, alleviating the complexity of the problem comes
in the form of the Born-Oppenheimer approximation. This approximation is one of
the most important approximations in the field and has been the foundation of many
quantum chemical methodologies and investigations since its institution in 1927[1].
The next section, section 1.2, will qualitatively describe the BO approximation and
how it relates to quantum chemistry and the molecular Schrodinger equation. While
this section will highlight the utility of the BO approximation, it is not universally
applicable. There are systems where the BO approximation is invalid, and these will

be introduced in section 1.3.

1.2 Single component description

The exact wave function for a chemical system with two particle types (electrons and

nuclei) is defined as,

et (p R) Z wa TY(R). (1.2)



In the above equation, r are the electronic coordinates while R are the nuclear co-
ordinates. Substituting this form of the wave function into the Schrodinger equation
produces a prohibitively complex problem to solve. The BO approximation simplifies
the description of a chemical system by treating the motion of nuclei and electrons
independently. Using this approach allows the exact wave function be approximated

as

gty R) ~ U°(r; R)UN(R). (1.3)

We can see that the electronic wave function is now only parametrically dependent
on the nuclear coordinates, whereas in the exact wave function it was explicitly de-
pendent. The electronic wave function is said to be single component now due to the
fact that there is explicit dependence on a single particle type (the electrons). This
approximation is justified later in subsection 7.2.1.

The BO approximation has been used to great effect for studying both elec-
tronic and nuclear properties of chemical systems. Solution to the single compo-
nent Schrédinger equation provides details about spectroscopic data [2, 3, 4, 5, 6, 7],
molecular structure [$, 9, 10, 11, 12, 13], electron affinities and ionization poten-
tials [14, 15, 16, 17, 18], excitation energies [19, 20, 21, 22], and so on.

Unfortunately, while the BO approximation has proven itself to be very useful, it
is not without flaws. The most common interpretation identifies the particles as either
electrons or nuclei (or in other language BO separated and non BO separated). While
a vast majority of chemical systems fit this classification nicely, or can be abstracted
to be described as such, it is not all-encompassing. Systems that cannot fit this
description require that the wave function be augmented to encompass more particle

types or or for systems where the nuclear and electronic motion is not decoupled.



1.3 Multicomponent description

The exact wave function for a chemical system with three types of disctinct particles

is defined as,
pexact(pl pll RN) = Z Z wi,jqj?ll(rla r'!, RN)‘D;\I(RN)- (1.4)
v

This exact wave function is written to be more general in there are type I, type II
and nuclei. An appropriate Hamiltonian will be defined that accounts for the extra
potential and kinetic energies due to the addition of the type II particles. The form
of this Hamiltonian is discussed in a later chapter. Solving for this wave function is
an even more complicated process given the addition of extra particle types.

The BO approximation can be extended to this wave function by assuming that
the motion of the nuclear particles is decoupled from that of type I and type II bodies.

This interpretation of the BO approximation is defined below,
grexact (pl pIl RBOSY o hiL(pl pll, RBOS)yBOS (RBOS), (1.5)

Note that the particle types need not be nuclei or electrons but instead are generally
defined as type I, type II, and BOS as this wave function can be applied to many
types of multicomponent systems.

Using the multicomponent wave function is a very useful computational tool for
investigating many interesting chemical systems. It can be used to investigate sub-
atomic particles (such as positron or muon) bound to molecules, study excited elec-

tronic states, and include nuclear motions in the electronic wave function.



1.3.1 Subatomic particles bound to molecular systems

While it is not thought of as a typical chemical system, subatomic particles like
positron and muon can bind to molecular systems. Positrons have the identical mass
and spin of an electron (1 atomic unit and %) but have a 41 atomic unit charge.
When electrons and positrons collide, they annihilate one another, emitting high
energy electromagnetic radiation.

Understanding how these particles interact with molecular systems will help to
explain the fundamental properties of matter and physical laws in the universe.
Positrons and their interactions with electrons are used in spectroscopic applications.
Positron emission tomography is a biological imaging technique that can be used to
study and identify abnormalities and processes in living subjects [23, 24, 25, 26, 27].
Positron-based spectroscopic techniques are also used by material scientists to study
defects of solids [28, 29, 30, 31].

In chapter 4, a multicomponent study on positronium hydride (a positron bound

to hydride) is presented.

1.3.2 Quasiparticle representation

Multicomponent wave functions can also be used to investigate electronically excited
states. This fits into the multicomponent point of view by using the electron-hole
representation of excitations. The electron-hole representation is an exact mathe-
matical transformation that great simplifies an all-electron picture to the number of
excited electrons and positively charged holes they leave behind. This quasiparti-
cle transformation is well known and widely used in quantum chemistry and physics
32, 33,

In Figure 1.1, the single component (all electron) and multicomponent represen-
tation are shown in a diagram. We see that on the left, all electrons in a system

are considered when the excitation is investigated. In contrast, on the right, the



only electron considered is the one excited into the virtual states (states above the
occupation level). We see that a hole quasiparticle is left behind, which must be con-
sidered in any theoretical treatment. This representation removes the complexity of
considering all electrons, but inherits a different complexity in that multiple particle
types, as well as the interactions between same type particles and different particle
types, must now be accounted for. Higher order excitations can also be treated with

the electron-hole representation.

‘o — — O

-@- -@- - -

-@- -@- - -

_._ _._ - -

_._ _._ - -
All electron Electron-hole

Figure 1.1: The all electron representation (left) versus the electron-hole representa-
tion (right) of an excited electronic state.

The electron-hole representation is often used to study excited states of systems
with vast numbers of electrons such include bulk metals and semiconductor nanocrys-
tals [34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 16]. The research presented in this
thesis was heavily influenced and inspired by the ability to study multiple excitations
in semiconductor nanocrystals as they exhibit very interesting and highly tunable
electronic and optical properties. In chapter 4 and chapter 5, investigations into

these types of systems are presented.



1.3.3 Non Born-Oppenheimer affects

The multicomponent wave function can also be used to investigate non Born-
Oppenheimer affects. In the single component representation, all nuclei are treated
as fixed in space. There are several examples where nuclear motion is an important
feature of chemical processes and properties of a system. Proton-coupled electron-
transfer reactions are a great example where an electron and proton are transferred
in a reaction nearly simultaneously [17, 18, 19, 50, 51, 52]. This process would be
misrepresented with the BO approximation since the proton motion happens on a
similar timescale to that of the electron. Proton tunneling is another example where
the motion of a nuclear body cannot be ignored [53, 51, 55, 56, 57].

Motion of nuclear bodies can be treated in the multicomponent framework and
presents a large amount of potential application projects for multicomponent meth-
ods. While the work in this thesis was mainly motivated by investigating electron-hole
systems, some preliminary work on nuclear-electron studies was also done and is pre-

sented in chapter 7.

1.4 This work

The work presented here involved using existing computational methods, and more
specifically developing new ones, to study chemical systems where the BO approxima-
tion is inadequate. Before the studies are specifically discussed, the computational
tools will be presented. Since approximate methods to solve the multicomponent
Schrodinger equation is closely tied to the those that solve the single component
Schrodinger equation, the single component methods will be briefly surveyed. These
methods are the Hartree-Fock method, configuration interaction, and coupled-cluster.
These single component theories are briefly surveyed in chapter 2. Next, the mul-

ticomponent extensions of Hartree-Fock and configuration interaction will then be



discussed in chapter 3. In the following chapter, the multicomponent coupled-cluster
method will be derived and detailed in depth. This method was specifically devel-
oped over the past four years to study complex, multicomponent systems. As stated
earlier, this method was then used to study positron-bound systems (chapter 4) and
excited electronic states in both molecular systems and semiconductor quantum dots
(chapter 4 and chapter 5). This project also sparked curiosities about implications
of the BO approximation and binding behavior of chemical systems treated without

the BO approximation which is discussed in chapter 7.



Chapter 2

Single component quantum

chemistry

Single component, or electronic structure, theory is focused on finding solutions to
the electronic wave function. We use the term single component here as a way of
highlighting the fact that the electronic wave function only has explicit dependence
on one particle type (the electrons). The wave function maintains parametric depen-
dence on nuclei in the system. This is a result of invoking the Born-Oppenheimer
approximation, which is detailed in subsection 7.2.1. The Schrodinger equation for a

single component system is defined as,
HU¢(r;R) = E°V°(r;R) (2.1)
with the Hamiltonian being,
H® =T¢(r) + VN(r;R) + V*°(r). (2.2)

The operators in the Hamiltonian calculate the kinetic, electron-nuclear, and electron-

electron energies in the system.
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Solutions for the electronic wave function give important information about chem-
ical reactivity and properties. This chapter will introduce and discuss a select few
explicit forms of the electronic wave function. These are the Hartree-Fock, configura-
tion interaction, and coupled-cluster ansatz. The Hartee-Fock will be introduced first
in section 2.1 as it the basis of many other approximate wave functions, including
configuration interaction and coupled-cluster. The forms of the configuration interac-
tion (section 2.3) and coupled-cluster (section 2.4) wave functions will be detailed as
well. They are significantly more complicated than that of the Hartee-Fock method.
In general, these method are much more accurate, but are more computationally

expensive and have other trade-offs which will be discussed.

2.1 The Hartree-Fock method

Electronic structure theory attempts to solve the electronic Schrodinger equation,
Equation 2.1. The research discussed in this dissertation expands the scope of elec-
tronic structure theory to encompass other particle types. Before that work is dis-
cussed, electronic structure theory will be presented so we have a foundation to build
upon.

The terms of electronic Hamiltonian (which is now simply written as H instead

of H®) from Equation 2.2 will be shortened to

H=H""+V (2.3)

where H'® is the one body operator,

A N N M ZA
HE™ = = Z % Z ZA: — (2.4)

TiA
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and V is the two body operator,

V- ZZ%. (2.5)

i<j J

The electronic wave function depends explicitly on the coordinates of electrons. The

coordinates of electrons are both their three-dimensional orientation and spin.
x = {r,w} (2.6)

The electronic wave function, ¢, depends on the spatial-spin coordinates of all elec-
trons in the system, ®°(xy,Xs,...,Xy). Including the spin in the coordinates is
important because it will let us enforce the antisymmetry principle which states that
interchange of any two electronic spatial-spin coordinates corresponds to a change in

sign of the wave function.
j,...):—(I)e(...,Xj,...,Xi,...) (27)

Requiring the wave function to be antisymmetric increases the complexity of the
Schrodinger equation. We now must satisfy the eigenvalue problem with an eigen-
function that is antisymmetric.

Constructing an antisymmetric wave function will be approached from the bottom
up. Ultimately, all of the wave functions discussed in this work will consist of at least
one Slater determinant. Slater determinants are constructed from orbitals, which are

single particle wave functions. A molecular orbital is a function of the spatial-spin
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coordinates of a single electron and is shown in Equation 2.8.

X(X) = or (28)

Molecular orbitals have dependence on spatial and spin functions which are ¢ and
a/ 3, respectively. The a and f functions are the two distinct S, spin contributions
an electron can have. The spatial and spin components of the molecular orbitals are

orthonormal, thus molecular orbitals are orthonormal.

[ vyt = (2.9
[ o’ @iatw) = [ dop@)5) =1 (2.10)
[ e’ @)50) = [ dos@lalw) =0 (2.11)
[ i) = (2.12)

It is more convenient to use Dirac notation, so the orthonormal relationships can be

expressed as

(Wilis) = b (2.13)
(ala) = (818) = 1 (2.14)
(alB) = (Bla) = 0 (2.15)

(Xilx;) = 6ij. (2.16)

Dirac notation used for the overlap integrals will also be used to when evaluating the

one and two body molecular integrals from the Hamiltonian. They have the general
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form,

(e la) = [ g o) ) .17

(palvrs) = / drcy e (260 ) X (k2 e (361 e (32) (2.18)

The form of these functions is general though and can be extended to other one or
two body integrals. From this point on, Dirac notation will be the preferred notation.

Slater determinants are then constructed from these molecular orbitals. A Slater
determinant will enforce the antisymmetry principle for electronic wave functions due
to the properties of determinants. Interchanging any two columns would flip the sign

of the determinant. It is shown below, with a normalization factor of \/LNf',

xi(x1)  xe(x1) ... xw(x1)
Dep (X1, X, . Xy) = \/% Xl(:X2) X2(:X2) XN(:XQ) . (2.19)
X1 (XN) Xz(XN) . XN(XN)

Dirac notation also provides a shorthand notation for writing Slater determinants

with the normalization factor included,

Psp (%1, X2, ..., XN) = |xi(x1)x;(X2) - - - xu(xN)) (2.20)

= lij... k). (2.21)

This simplified notation for Slater determinants will be used extensively.

Next, we must introduce how to compute elements of the Hamiltonian with respect
to a given Slater determinant. These rules are outlined in Table 2.1. These rules are
for evaluating elements between determinants that have all the same orbitals occupied,

have one noncoincidence, or two noncoincidences. All other terms are rigorously
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zero. Note that the subscript A is for the antiymmetrized two body integral, which

is required by the wave function [58]. It is defined as,

(pq|vlpq) 4 = (pq|v|pq) — (pq|v|qp) - (2.22)

Table 2.1: Slater-Condon Rules [58]

Case 1: |K) =]...ij...)

(K| H |K) = 3230 (i ke i) (K| V|K) =320 (il vlid) 4

Case 2: |K) =|...ij...)
IL)=1...aj...)

(K|H|L) = (i i fa)  (K|V|L) = 3] (ijlvlaj) ,

Case 3: |K) =|...4j...)
L) =1]...ab...)
(K|H|L) =0 (K|V|L) = (ij|v]ab) 4

The Hartree-Fock (HF) method is one of the most widely used computational
methods for solving the Schrodinger equation. In this section, the major points of
the method will be surveyed. The HF method finds a solution for the wave function

by minimizing energy with respect to a single Slater determinant,

EYF = (|H|D) (2.23)
N N
=D {ilhely + Y i ol i) (2.24)
i 1<j
aEHF
o 0. (2.25)

In the expectation value calculation of energy, the h°™ term is the one-body contribu-

tions from H and the V' term is the antisymmetrized two-electron integral. Minimiz-
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ing energy with respect to the mocular orbitals is done by minimizing the coefficients
of individual basis functions in the (unique) spatial portions of each molecular or-
bital. Each spatial wave function can be expanded into a linear combination of K

(theoretically this would be infinite, but a finite expansion is used) basis functions.

K

vi(r) =Y Cury(r) (2.26)

I

The coefficients are minimized via the HF equation,

fIxi) = eilxa) (2.27)

where the Fock operator, f, has the following form,

f = hr¢ + VR (228)

=h Y T - K. (2.29)
J
The J and K terms are the Coulomb and exchange operators, respectively,

Iat) = | [ s ) ) i) (2.30)

Kpvxn) = | [ o) i) ). (231)

Now, by combining unique spatial contributions to each molecular orbital, we can
rewrite the Hartree-Fock equation in terms of the basis via Equation 2.26 for each

unique spatial orbital 1;,

f Z Cl/if}/l/ =€ Z Cui’}/u- (232)
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Left multiplying this equation by v, and integrating over all space yields

ZCW-/’VSJ‘% = eiZCm/’VZ% (2.33)

—— —
F[Ll/ S.U'V
FC = SCe. (2.34)

With this final step, the Fock equation has been transformed into a matrix eigenvalue
problem which can be solved using linear algebra techniques. The equation is then
be solved self-consistently to optimize the Hartree-Fock wave function[58, 59].

The HF method is a tremendously useful computational tool. The problem is that
the HF wave function can be inadequate to describe chemical systems. Remembering
that the exact wave function is an infinite expansion of all possible states, it becomes
apparent that using a single Slater determinant (even a highly optimized one), is a
significant abstraction from the exact wave function because correlation affects are
not accounted for. Other theories, such as configuration interaction and coupled-
cluster, use many Slater determinants to describe the wave function. These theories

will be discussed after second quantization is introduced.

2.2 Second quantization

Second quantization is a widely used mathematical formulation for many-body prob-
lems in quantum chemistry and quantum physics [60, 32, 59]. This representation
is particularly useful when the number of particles in a system is unknown or am-
biguous; however, the this work focuses on systems with fixed numbers of particles.
In this work, second quantization will be heavily used because it enables operators
in the Hamiltonian and the wave function to be manipulated efficiently and expres-

sively. It is important to note that the formulations presented will apply to fermions.
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That is, the wave function is taken to be antisymmetric. It is constructed from Slater

determinants which consist of single particle basis functions as described earlier.

2.2.1 Creation and annihilation operators

To begin, we will discuss how second quantized creation and annihilation operators
affect the Slater determinants from which the wave function is constructed. A cre-
ation operator, which will be denoted with a dagger, places a particle into the Slater
determinant into a given spin orbital while an annihilation operator will remove a

particle from a given spin orbital

it gk, .. 2) = lijk...2), (2.35)

ilijk...2) = |jk...2). (2.36)

It’s also important to note that a particle cannot be created in a spin orbital where
one already exists and annihilation cannot occur on and orbital that is unoccupied

(absent) from the determinant,

il igk...2) =i|jk...2z) = 0. (2.37)

Second quantization also enforces the antisymmetry principle of the wave function.
Creation and annihilation operations occur at the beginning of the Slater determinant.
After the operation occurs, the determinant is lexically ordered and is accompanied

with an appropriate sign based on the parity of the permutation (np),

pligk...2) = (=)™ |ijk...p...z2), (2.38)

plijk...p...2) = (=1)"|ijk...2). (2.39)
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Slater determinants can also be written as a series of creation operations on the

physical vacuum state (denoted by |)),

iR 2T)) = ik 2) (2.40)

2.2.2 Anticommutation relationships

Second quantized operators obey a set of anticommutation relationships. These rules
govern how groups of SQ operators behave. First we will look at how two creation

operators behave. The operations give two possibilities,

pltlijk...) = |pqgijk...) (2.41)

q'pllijk...) = |qpijk...) = —|pgijk...). (2.42)

We see that the two Slater determinants differ in sign, thus

p'qt =—plgt (2.43)

', ¢ ="+ ¢'p" = 0. (2.44)

In the above expression, the [A, B], notation is the anticommutator relationship

[A,B], = AB + BA (2.45)

(A, B]. = [B, Al,. (2.46)

It is important to note that the above relationship is also zero if either orbitals p or

q are already occupied in the Slater determinant, or if p = q.
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The next case to consider is two annihilation operators,

pqlapijk ...) = plpijk...) = |ijk...) (2.47)

qplapijk . ..) = —qplpqijk...) = —|qijk...) = —|ijk...). (2.48)

Once again, it is shown that the same determinant is generated, with a different sign,

thus

pg = —qp (2.49)

[p,ql+ = 0. (2.50)

Additionally, if the orbitals p or ¢ do not exist in the determinant, or p = ¢, the
relationship also resolves to zero.
The third case to consider is one creation and one annihilation operators. In these

cases, one orbital is replaced by another according to the operators,

plqlijk...q...) =l|ijk...p...) (2.51)

ap'lgijk...) = alpgijk...) = —qlapijk...) = =|pijk...) (p#4q). (2.52)

Once again, the same Slater determinant has been generated differing in sign, giving

P!, gl =0 (2.53)

for the case when p # q. When p = ¢, the relationship becomes (with p in the Slater

determinant)

piplpijk...) = |pijk...) (2.54)

pptlpijk...) =0 (2.55)
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and (with p not in the Slater determinant)

p'plijk...) =0 (2.56)

pp'ligk...) = |ijk...). (2.57)
The anticommutator relationship for these cases is then

Pl =g, 0" = 1. (2.58)

This relationship is broadly defined as

b, al+ = la, 0"+ = (2.59)

to encompass both cases for p = ¢ and p # q.

2.2.3 Fermi vacuum and normal ordering

Manipulating strings of SQ operators will be introduced as it applies to the Fermi
vacuum. The Fermi vacuum is a more convenient formalism to use for many particle
systems as all other Slater determinants will be described relative to to it. It may
also be referred to as the reference state and is denoted by |0). This is usually taken
to be the Hartree-Fock Slater determinant. Using the Fermi vacuum also introduces
the particle-hole formalism. Hole states will be described by indices ¢, 7, k, ... while
particle states will be described by a,b,c,.... Letters p,q,r,s,... can be used to
describe either particle or hole states, depending on the context. Hole states are
used to describe an orbital in the reference state from which an excitation occurs and

particle states are the orbital where the electron is excited to. Examples of single and
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double excitations are shown below (with |0) = |ijk...)),

%) = aTi|0) = |ajk...) (2.60)

i
@) = a'b'jil0) = |abk . ..). (2.61)
We see that any determinant can be described by some set of operators and the Fermi
vacuum state.

SQ operators can be easily manipulated if they are normal ordered. When normal
ordering operators with respect to the Fermi vacuum state, one must consider what
state is being created and what state is being destroyed. In general, normal ordering
moves creation and annihilation operators to the left or the right, depending on
whether the operators are particle or hole operators. This is accomplished using the
anticommutation relationships which were derived above. Normal ordering of hole
states requires that all creation operators are moved to the left of all annihilation
operators. For particle states, all annihilation operators must the to the left of creation
operators. Normal ordering plays an important part when evaluating matrix elements
in SQ notation. Operators that are in normal order will be in curly braces {AB ... }.
An important property of normal ordering is that the expectation values of normal

ordered operators with respect to the Fermi vacuum state is zero,

(0[{ABC'...}|0) = 0. (2.62)

This property will be used extensively used in derivations presented here.

2.2.4 Wick’s theorem

Computing elements of the Hamiltonian represented using SQ notation can be a very

difficult task. Wick’s theorem outlines how to handle this this task succinctly and
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expediently. This is accomplished using what are called Wick’s contractions. These
contractions rely on the anticommutation relationships (which were previously derived

and are summarized below) and normal ordering of SQ operators,

pq+gqp =0, (2.63)
plq' +q'pt =0, (2.64)
plg+ qp’ = 6y (2.65)

These rules will now be used to define normal products of SQ operators when comput-
ing expectation values of vacuum states. Creating normal products of SQ operators
uses the anticommutation relationships to move all creation operators to the left of

annihilation operators. The following example highlights how this is done,

pq" = [p.q"+ — q¢'p = 6,y — ¢'p. (2.66)

This process used the anticommutation definition which resulted in the appearance
of the delta function and the normal ordered product of pg' which is —¢p. Putting
SQ operators in normal product form is useful as the expectation value with respect
to the vacuum state will be zero.

With the vacuum state to which we relate to, we can now begin to discuss Wick’s

theorem by introducing a contraction. We define a contraction to be
—
AB = AB — {AB} (2.67)

where the operators in the curly braces are normal ordered. Given this relationship,
the only contractions to be considered are Using the contractions defined above, it

is possible normal order any set of SQ operators in a quick, succinct manner. When
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contractions happen relative to the vacuum state, the only nonzero terms are

M
iTj =ity — {ifj} =ity + jit =&, (2.68)
ab' = ab’ — {ab'} = ab + b'a = 6, (2.69)

For particle and hole operators. When the general indices (p, ¢, 1, s, . . . ) are considered

the above relationship is obeyed,

M
itqg = 0y, (2.70)
1
plj =0, (2.71)
ap' = g (2.72)
b = 6. (2.73)

These relationships are important when using operators in SQ notation, which is
discussed in the next section.

Wick’s theorem then enables us to write the linear combinations of Kronecker
delta functions and normal ordered SQ operators using contractions. This is generally

expressed as follows,

ABC...XYZ...={ABC...XYZ...}

+Z{/,E|C...XYZ...}

singles

]
+ Y {ABC...XYZ... p+... (2.74)
doubles

where summation of contractions continues until all operators are contracted.
This theorem also holds true for products of normal ordered operators since
{ABC ... }{XYZ...} = {ABC...XYZ...}. Wick’s theorem is so powerful

because it allows us to immediately identify which terms will equate to zero when
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calculating expectation values with respect to the Fermi vacuum. An operator
expectation value with respect to the Fermi vacuum will be zero unless all SQ

operators are fully contracted,

—Ff— ]
(OJA...B...C...D...[0)=> (0]A...B...C...D...|0). (2.75)

2.2.5 Normal ordered Hamiltonian

Now that properties of SQ) operators and their relationship to the Fermi vacuum have

been defined, we will define the Hamiltonian in SQ notation as

1
H = Z (plh|g) p'q + 1 Z (pq|v|rs) ,p'q sr. (2.76)

Pq pqrs

Using Wick’s theorem, the Hamiltonian can be normal ordered to give

H=3"(plnla) {p'a} + X il vlri)a {p'r} + 3 3 tpalvlrs) s {p'a'sr)

pri pqrs

£ IRl + 53 il v i) 2.17)

ij

=0l Fla) {p'a} + 1 3 walvlrs) s {pla'sr} + (O H [0). (279)

pgrs

We can see that normal ordering reproduces the Hartree-Fock energy expression from
the previous expression, (®| H |®), with the addition of other terms that did not
contribute to that expression, but will in others. Also note that the Fock operator has
been defined in SQ notation during the process of normal ordering of the Hamiltonian

and that the asymmetric two body integrals evolved naturally. The normal ordered
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Hamiltonian is often written as

H = Fx+ W+ (0| H|0) (2.79)

H = Hy + (0| H|0), (2.80)

for convenience.
Normal ordering the Hamiltonian is a very useful mathematical tool because the
expectation value of a normal ordered operator, with respect to the vacuum state,

will always resolve to zero [60, (1],

(0] Hy0) = 0. (2.81)

This relationship will come up again when deriving the coupled-cluster equations later

this chapter in section 2.4 and again in chapter 4.

2.2.6 Slater-Condon rules

Using SQ notation, it is also possible to derive expressions for the matrix elements
between Slater determinants. The derivation of these expressions is somewhat labori-
ous as strings of SQ operators are written out, all possible full contractions are made,
and resulting expressions are summed to give a final expression. Many times, the
number of contractions is quite large (especially with two body operators), so these

contractions are often done by computer. The resulting expressions were summarized

in Table 2.1.
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An illustrative derivation of a one-body matrix element is shown,

(O[] =" (pl hlg) (0 {p'q} {ali} |0) (2.82)

pq

=3 Gl 0] {pla} {a'5} 0 259

= (ol 1) 0 65040 10) (2.84)
= (il |a). (2.85)

Notice that the contraction

(o) {alih (2.5

is zero. The generalized Wick’s theorem lets us skip these internal contractions since
they resolve to zero due to the fact that the operators are already normally ordered.
Only contractions across normally ordered strings need to be resolved. A one-body
term has been chosen simply because the number of possible contractions as the size
of the SQ strings grow becomes unmanageable. As more SQ operators are included,
the complexity arises from all possible permutations of contractions. Resolving all
of these possibilities is time consuming and somewhat tedious, which is why such a
simple example has been chosen. We see though, that this is the expression from

Case 2 in Table 2.1.

2.3 Configuration interaction theory

Configuration interaction is a theory that builds upon the Hartree-Fock model. The
wave function is defined as a linear combination of Slater determinants. These Slater

determinants include the reference (HF) state, and a collection of excited determi-
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nants. Configuration interaction, or CI, is a rich field with many ways to approach

the CI Schrodinger equation [58, 59].

2.3.1 Full configuration interaction

One such approach is to use the full configuration interaction (FCI) wave function.
This wave function includes all excitations up to N — tuply excited determinants
(where N is the number of electrons and M is the number of virtual orbitals). It has

the following form,

\IJFCI — ahgell ) ts
[T Co|0>+ZZC<z,a)aZ\0>

N M
+ Z Z c(ij,ab)aTijz' ’0>

1<j a<b

N M
+ 30 cijragalbiclki|0) + . (2.87)

1<j<k a<b<c

= ca|®a) (2.88)

The summation would continue until all possible electrons from the reference HF
state (]0)) were excited to virtual spin orbitals, which are spin orbitals above the
Fermi level. Each excitation in the wave function also has an associated weight, c,
that it contributes to the overall wave function. The shorthand from Equation 2.88
is adopted to easily discuss give determinants and their weights without concern for
the actual form of the determinants.

The CI methodology is concerned with solving for these weights to understand
what determinants are important in the overall wave function. This is done by sub-

stituting the CI wave function into the Schrodinger equation which gives,

H ‘\IIFCI> — Etot {\I/FCI> ] (289)
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The Schrodinger equation is then left multiplied by the FCI wave function to give
<\IJFCI| H ‘@FCI> — Etot <\IJFCI|\IJFCI> ) (290>

The energy is then minimized with respect to the ¢ coefficients,

<\IJFCI ’ H |\IIFCI>

tot __ .
E* = min (GO (2.91)
Elements of the Hamiltonian matrix and overlap matrix are as follows,
H, 3= (9| H|Pp) (2.92)
Sap = (Pal|Ps) - (2.93)

The ¢ coefficients represent the weights on each determinant in the wave function and
are used to minimize total energy of the system.

The total energy can be written as reference (HF) energy plus correlation energy,

Etot — Eref + eorr (294)

Correlation energy is the energy contribution from all Slater determinants aside from
the HF determinant. Usually it is orders of magnitude smaller than the reference
energy, but is immensely important in accurately describing physical properties.

In CI theory, FCI is particularly important because it represents an exact solution
for a system with a finite basis. This property makes FCI one of the most useful
methods, especially when highly accurate calculations are needed. Unfortunately, this
also limits its applicability. If all possible excitations are included in the expansion of

the CI wave function (as is the case with FCI), we quickly run into a scaling problem.
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The FCI method scales factorially as

2K 2K
(N ) ~ 2K — N)IN! (2.95)

where 2K is the number of spin orbitals (K being number of spatial orbitals) and N
is the occupation number. With this scaling, FCI is limited to calculations on smaller

systems that have small numbers of electrons and/or small basis sets.

2.3.2 Configuration interaction singles and doubles

While FCI is prohibitively expensive in many cases, there are truncations to the FCI
wave function that are more computationally feasible. One of the most widely used
used truncations is configuration interaction singles and doubles, or CISD for short.
The ansatz includes the reference HF state and all single and double excitations; it

has the following form,

N M
[TOPY = ¢ |0) + 303 cpali 0)

N M
+) 0 cijanaldiji]o) . (2.96)
i<j a<b

As was the case with FCI, this wave function can be substituted into the Schrodinger
equation and then the eigenvalue problem can be solved with standard linear algebra

methods.
Using a truncation to the FCI wave function like CISD can be very useful. FCI
scales very poorly as seen from Equation 2.95 where the expression for the total

number of determinants was given. CISD will only include the single and double
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excitations, so the number of excited determinants is given by,

OE-EES) e

The number of determinants of a given excitation level is given by

() a9

where NN is the number of electrons, K is the number of spin orbitals, and n is the
excitation level. The size of the FCI versus the CISD space is illustrated below in
Table 2.2. It becomes immediately apparent how useful the CISD truncation truly is.
In the larger systems, it eliminates orders of magnitudes of determinants. By elim-
inating vast numbers of determinants, it’s possible to extend the method to larger
systems, in terms of both electrons and basis functions, without incurring insurmount-
able computational cost. It is also worth noting that the table only shows the number
of determinants in the expansion of the wave function, but the Hamiltonian matrix
would be Ny X Nget, which further illustrates the savings that the truncated wave

function has.

2.3.3 Consequences of truncating the CI wave function

Unfortunately, truncating the CI wave function is not a perfect solution. The trun-
cated CI wave functions do save on computational storage costs and CPU times, but
lose some properties of the FCI wave function that were desirable.

Firstly, by truncating the FCI wave function, we no longer have an exact solution
for a given basis due to the loss of higher order excitations. By extension then,
CISD calculations will capture less correlation energy than their FCI counterparts.
Sometimes this can mean inaccurate or incorrect insight into the physical properties

of a chemical system. Secondly, truncating the CI wave function breaks a property
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Table 2.2: Number of determinants in the CISD and FCI wave functions.

N K Ng® Nict'
2 10 190 190
2 15 435 435
2 20 780 780
2 25 1225 1225
4 10 785 4845
4 15 2055 27405
4 20 3925 91390
4 25 6395 230300
10 10 2126 184756

10 15 8751 30045015
10 20 19876 847660528
10 25 35501 10272278170

called size consistency. Size consistency is a preferred, but not required, feature of
any quantum chemical method. It states that the energy of some system XY, where
X and Y are infinitely separates chemical systems, should be equal to the summed
individual energies of X and Y. Mathematically, this is defined as [60],

lim E(X +Y)=E(X)+ EY). (2.99)

ny—>oo

At an infinite distance, two chemical systems should behave as independent particles,
so intuitively size consistency should always be obeyed. If a method is size consis-
tent, it will (more likely) predict dissociation curves and produce a more trustworthy

potential energy surface.

2.3.4 Recent developments in configuration interaction

In the past few years, CI theory has seen great strides towards applying the method-
ology to larger chemical systems. This new method, full configuration interaction
quantum Monte Carlo (FCIQMC)[62, 63, (4], and its relative, semistochastic quan-

tum Monte Carlo (SQMC) [65], in principle, solves for the FCI wave function using
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Monte Carlo techniques by generating excited determinants on-the-fly and computing
the weighted contribution to the overall wave function. Based upon the coefficient
¢ that is calculated, the determinant is either accepted or rejected. Determinants
are continually generated until satisfactory convergence is achieved. In addition to
reducing storage and computational costs, this new methodology will also retain size
consistency.

FCIQMC represents a significant advancement for CI theory, which is worth not-
ing. The theory won’t be detailed further, though it remains an area of great interest

for future work.

2.4 Coupled-cluster theory

Similar to CI, coupled-cluster (CC) theory uses a collection of determinants to define
the wave function [60, 60, 61]. CC theory, uses an exponential ansatz for the wave

function,
|TC) =€ |0) (2.100)

with T" being some excitation operator. In practice, the exponential operator is ex-

paneded into a Taylor series to give,

1 1 1
eT:1+T+§T2+§T3+@T4+... (2.101)

This expression can then be substituted back into the Schrédinger equation which
will be the functional form for deriving the CC equations. Before that, though, we

will discuss the choice of the T" operator.
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2.4.1 Choosing an excitation operator

The choice of the T operator is critical, as it defines how complex the wave function

will be. The general form of a T" excitation operator is

1 N M
T.=—3 > e {aliviy.. (2.102)

%j... ab...

where 7, 7 are summed over occupied states and a,b are summed over virtual states
and the ¢ is an amplitude for the excitation. The two most common choices for the

T operator are

T=T, (CCD) (2.103)

T=T+T, (CCSD). (2.104)

The CCD operator was the original choice in CC theory, and includes only double
excitations with respect to some reference state. The CCSD operator soon followed
and has seen extensive use in quantum chemical investigations. It is more thorough
than the CCD operator as it also includes all single excitations on the reference
wave function and now resembles the CISD ansatz. In principle, the CC operator
can be defined to include further excitations, though computational cost, once again,
becomes a reason to exclude such contributions. The form of the 77 and 75 operators

are as follows,

N M
=Y > t{dli} (2.105)

%

N M
Ty =Y > t#{ablji}. (2.106)

1<j a<b
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The CCSD T operator will be used when deriving the CC equations. It is accompa-
nied by much more complexity than the CCD operator, but it is ultimately a more
interesting wave function and will be built upon in later chapters.

The T amplitudes obey the antisymmetric nature of the wave function as well.
That is, permuting indices in the excitation operator (which is accompanied by a
permutation of the ¢t amplitude indices), results in a change of sign which is illustrated

using the T, amplitude,
e = —t97 =100 = —t2%. (2.107)

Symmetry must also be taken into account when products of t amplitudes are present.
Once the T operator is defined, the wave function can be substituted back into

the Schrodinger equation yielding

H |Weosp) = E* [Peesp) (2.108)
HeT ’0> — EtoteT ‘O) (2109)
Hye® |0) = E«eT |0) . (2.110)

Moving from Equation 2.109 to Equation 2.110 was done by subtracting E™f from
both sides. The cluster operator is then expanded into a Taylor series which gives

the following expression

el10) = [ (1) + (T} + 1) + %(T1 + T5)? + ! T+ Ty)*+...]10) (2.111)

3'<
1 2 1 2

1
—T¥T, |0) + (2.112)

1
T3 |0) + 5

T30
+ y>+2
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Though the summation is infinite, many terms in the expansion can be ignored. This

will be addressed shortly.

2.4.2 Similarity transformation and the Baker-Campbell-

Hausdorff expansion

The Hamiltonian will then be similarity transformed by multiplying the Schrodinger

T

equation on the left by e™, which gives,

e THye® |0) = E“"e Tl |0). (2.113)

Using the similarity transformed Hamiltonian enables a much more compact form
the CC equations to be written by using the Baker-Campbell-Hausdorff expansion
(60, 61]. This expansion lets e~? Hyel to be rewritten using the anticommutator

relationship of second-quantized operators as follows,

1 1 1 1
e THyel = (1—T+§T2—§T3+...>HN (1+T+§T2+§T3+...>

(2.114)
= Hy + [Hy, T + 5 1, ) ) 5 ([, 71,70, 7]+ 5 (1, 70,771, 7)
(2.115)

Using Wick’s theorem and the anticommutator relationship, the expression can be

simplified via,

[HNJq:fﬁﬂt-THN:{HNT}+{H§}}—{THN}—{fEN} (2.116)

mmﬂ:{ﬁﬁ}—{ﬁﬂ} (2.117)
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where the curly braces indicate a normal product and the contraction brace repre-
sents the sum of all normal products. Notice that all the terms that do not fully
contract cancel as they contribute zero to the overall expression. Terms that do not
full contract are called disconnected terms, while ones that fully contract are called
connected. The CC expressions become very complex, so we only consider connected
terms. If a subscript ¢ is ever present in and equation, it assumes that only connected

terms are including.

2.4.3 The CCSD equations

Using the similarity transformed Hamiltonian we then derive the CC equations using
a series of projections. To arrive at the energy expression, the Schrodinger equation is
left multiplied by the reference state, while the singles and doubles amplitudes equa-
tions are derived by left multiplying by singly and doubly excited Slater determinants

which gives

(0l e""Hye™ |0), = B (2.118)
(Sle""Hpye" 0), =0 (2.119)
(D|e " Hye™ |0), = 0. (2.120)

The singles and doubles projections are a set of all possible excitations on the reference

state. Expanding the cluster operator gives the following equations,

1
(0| Hy [Tl + an + TQ} 0), = B (2.121)
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1 1
(S|Hx [T1 +1VT5 + ETE + ngg + T2}

1
+PJHHNP$+§ﬁ+J4m%:O (2.122)

1 1 1 1 1
(mm{ﬂ+ﬂﬂ+—ﬁ+—ﬁﬂ+—ﬁ+—ﬁ+ﬂ+—ﬁ}

2! 2! 3! 4] 2172
1 1
+Lﬁﬂm{ﬂ+ﬂﬂ+§ﬁ+§ﬁ+ﬂ}
1
+ [_TQI] Hy [T1 + §T12 + T2:|
1 2 1 2

The expanded CC equations are very complex quantities, especially considering that
each T operator is actually a summation over occupied and virtual indices. In the
expansion, we also see that the singles and doubles equations are coupled as t; and
ty amplitudes show up in both amplitude equations. Additionally, the non-linearity
of the CC equations is now obvious as the quadratic, cubic, and quartic terms are
present shown.

In each CC equation, the excitation level (after operation by excitation operators)
is, at most, two above the bra state. This is understood by contracting SQ operators
using Wicks’ theorem. This explains why the expansion of the e’ operator only
went up the fourth order terms in Equation 2.115. It also becomes apparent as
to why further excitations are excluded from the T' operator. Including triples or
quadruples (CCSDT, CCSDTQ) would lead to enormous expressions. While solving
the CC equations would become computationally prohibitive, equations that include
the triples and quadruples amplitudes have been derived [60, 66, (7], though the

amplitudes are calculated using different methodology, which we won’t discuss.
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2.4.4 Size consistency and the CC wave function

One concept that must be further addressed is the truncation of the T operator. In
subsection 2.3.3, the consequences of truncating the FCI wave function was explored.
We established that a truncated CI wave function will not capture as much correlation
energy as the FCI wave function. In fact, the FCI method will exactly solve a given
basis. Furthermore, a truncated CI wave function breaks size consistency (defined in
Equation 2.99). It is important to then discuss how the CC wave function behaves
when the T operator is truncated.

In principle, one could define a full CC wave function that includes all possible
excitations by using Equation 2.102. As with the FCI wave function, this would
yield an exact solution to a given basis. Once again, the exorbitant computational
cost prohibits using an FCC wave function. We also saw that CC equations become
complex much more quickly when compared to the CI equation which further stresses
the need to truncate the wave function. As for size consistency, a truncated CC wave
function (such as CCD or CCSD), will retain size consistency. This makes the CC
method attractive as it can be used for calculating reaction coordinate diagrams and

dissociation curves more reliably.

2.4.5 Relating CC to CI

A few final comparison must be made between the CC and CI methods. This discus-
sion will use CCSD and CISD as examples, but it can be applied to any truncation of
either wave function. The wave functions of of note are Equation 2.96 for the CISD
wave function and Equation 2.111 for the CCSD wave function.

First, we will compare the CCSD amplitudes to the CISD coefficients. In the CISD
method, each determinant gets a unique coefficient. In CCSD, that is not necessarily
the case. CCSD assigns amplitudes, or products of amplitudes, to given excitations.

Expanding the e? operator causes cross terms to be present. Consequently, the
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amplitudes and coefficients cannot necessarily be compared one-to-one. One has

to use the non-linear terms in CC to equate the two,

Cg =~ ts (2124)

1
Cp ~ tD + §tgtg (2125)

where the S and D subscripts are for single or double excitations. This relationship
grows in complexity quickly, as the triple and quadruple (7" and @) excitation terms

would be

1
Cr = tT + tDts + gtststs (2126)
1 1 1
Co ~ tQ + §tDtD + §tptst5 + Itstststs. (2.127)

These terms are not present in the CCSD or CISD equations shown earlier, but
illustrate the difficulty of directly comparing the two wave functions. This complexity
is further exacerbated by the fact that ¢ amplitude symmetry has to be taken into
account when products of lower order terms are present. Using the double excitation

as and example we would have

Clijab) & T3 + \(ﬁt? — t91h 4 tht7 — tft;)} (2.128)

1
2

-~

tsts

with the further excitations having even more permutation complexity.

Secondly, in the CI section we discussed the number of determinants encompassed
by CISD and FCI calculation (summarized in Table 2.2). The number of determinants
in FCI was computationally prohibitive, but CISD proved to be a useful method
to reduce this constraint. With CCSD, determinants have not yet been discussed.
CC theory can avoid the complexity of Slater determinants by using SQ operator

relationships and Wick’s theorem. Wick’s theorem still eliminates a vast number of
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states in the CC equations just as the Slater-Condon rules did in CI theory. This is
why the energy equation (Equation 2.121) couples only up to double excitations, why
the singles amplitude equation (Equation 2.122) only couples up to triple excitations,
the doubles amplitude equation (Equation 2.123) couples to quadruple excitations at
most.

An important similarity that CCSD and CISD share is the number of optimizable
parameters. The CISD method searches for coefficients for the ground state, singly
excited states, and double excited states in the wave function. Similarly, the CCSD
method searches for all single and double ¢t amplitudes. The difference is in how
these coefficients and amplitudes relate to the wave function. Since the CISD wave
function is a linear combination, each state has a single coefficient value. In CCSD,
the (expanded) cluster operator allows for combinations of ¢ amplitudes to describe
a given state. Additionally, exponential cluster operator in CCSD theory can use
the higher order, non-linear terms to explain higher order excitations (such as triple
and quadruple excitations) in a wave function, which is not possible in CISD without

redefining the wave function.



41

Chapter 3

Multicomponent methods in

quantum chemistry

The previous chapter briefly surveyed the basics of single component (electronic struc-
ture) theories. It focused on solutions to the electronic Schrodinger equation using
the Hartree-Fock, configuration interaction, and coupled-cluster forms of the wave
function.

This chapter will introduce multicomponent quantum chemical theories. These
theories are used to investigate quantum chemical systems where the BO approxima-
tion is inadequate. Some of these types of systems were discussed earlier in chapter 1.
To begin, this chapter will assume that we are solving for the multicomponent wave

function using the multicomponent Schrodinger equation,
HLH(I_I I‘H' RBOS)\I/I’H(I‘I I_H,]_:{BOS) — EI’II(RBOS>\PI’II(I‘I I_II,]_:{BOS). (31)

The obvious difference from the single component case being that our wave function
is now directly dependent on the coordinates of two particle types. BO separated

bodies still have parametric dependence in this wave function. The Hamiltonian for
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a multicomponent system is defined as

HI,H — TI(I' ) ‘/eIxt (I‘I, RBOS) + VI,I (I‘I) } HI
+ TH( ) ‘/;Et( II7 RBOS) + VII,H (I‘H) } HII (32)
+ VI’H<I‘I I‘H) } VI,II

The Hamiltonian for a multicomponent system includes all terms in the single com-
ponent Hamiltonian for each particle type. These are the kinetic energy, repulsive
potential between particles of the same type, and external potential from BO sepa-
rated bodies (see Equation 2.4 and Equation 2.5). Adapting the single component
operators to the multicomponent form also requires the addition of ¢' and ¢" to the

external potential and two body operators to give

oo = Wz ZZZAQ (33)

TiA

= q*¢" Z Z — (3.4)

r
1<j i

where « is either I or II. There as also the addition of a type I-II coupling term. The
explicit forms of these terms can be taken from earlier definitions, with the exception

of the VI coupling term which as the following form,

NI NII

Vi (el !t —quZZr : (3.5)

The goal of the remainder of this chapter is to draw parallels between single and
multicomponent schools of thought. Extension and expansion of Hartree-Fock theory
(section 3.1) and the configuration interaction method (section 3.3) will presented in

a way that builds upon the familiar single component theories. The key additions
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and differences between the single component and multicomponent theories will be

highlighted, while the underlying principles remains consistent.

3.1 Multicomponent Hartree-Fock

The multicomponent Schrodinger equation is a complex problem to solve. Like the
single component counterpart, it is not exactly solvable, so we must approximate
solutions. This approximation is the extension of Hartree-Fock theory to multicom-
ponent chemical systems [68, 69, 70]. Similar to the single component formulation,
multicomponent HF theory will use a single Slater determinant as an ansatz. The
multicomponent theories presented in this and the following sections and chapter are
for fermionic particles only. The ommission of a formulation for bosonic particles is
not because it is impossible to extend the theory; this choice was made due to the
systems of interest.

We begin by defining the multicomponent wave function as a product of type I

and type II functions,
\IJI’H(I‘I I'H‘ RBOS) — (I)I<XI' RBOS)CI)H (XH‘ RBOS). (36)

In this equation, the spatial spin coordinate has been reintroduced from Equation 2.6
Both the type I and type II wave functions must obey the antisymmetry principle
defined in Equation 2.7. This antisymmetric property is enforced by defining each

wave function to be a Slater determinant (Equation 2.19).
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Each Slater determinant has its own, unique set of molecular orbitals. Particles

from type I cannot occupy orbitals in the type II space and vice versa,

9 (kb)) = [ () () -k (L) 3.7)
= |ij... k) (3.8)

1 ol )y = [ o) a0 (o) .l () 3:9)
=i .. k). (3.10)

As with the Hamiltonian, type II indicies are accompanied by primes to easily distin-
guish them.

Elements of the multicomponent Hamiltonian are evaluated as such,

<(I)I,II‘ HLI |<I>I’H> _ <<I>I-<I>I-,I

(H'+ H" + Vi) |0ja)

= (®}| H" |®}) (@} |2N) + (D}

HY |5) (1] @)

+ (D}

LI | 51 & 10
VE il (3.11)

The Hamiltonian is partitioned in such a way that the single component Slater-
Condon rules can be applied from Table 2.1 to the H' and H™ terms. The result is
the multiplied by the delta of the off type determinant. Note that these two terms do
not include any type I-II interaction, as that is done in the V! term. The coupling
term between type I and type II is resolved using its own set of rules since it has
dependence on the coordinates of both type I and type II particles. The Slater-
Condon rules for evaluation is shown in Table 3.1. The integral form the the V1

expression between spin orbitals is defined as,

(pp'[ v qq')y = / dxydxy G (%)X (31 g (%)) xg (x11) (3.12)
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Table 3.1: Type I-II coupling term Slater-Condon Rules

Case 1: |[KY) =|...ij...)
KMy =)

<KIKII‘ yL |KIKII> _ Zf\ﬂ ZZ{/V“ (id'| A i)

Case 2A: K =|...45...) Case 2B: |[K") =|...ij...)
LY =1...aj...) K™y = .45 ...)
KMy = ... ...) I =|...dj...)

<KIKH‘ LI |LIKH> _ ZZJ'YH (ai'| VM |ai’) <KIKH| pL ‘KILII> _ Zé\f” (ia'| V™ |ia’)

Case 3: |[K') =|...ij...)
1LY =|...aj...)
|IKMy = |...d5...)
Iy =|...dj...)

<KIKII| vI,II ‘LILII> — <ZZ/| UI,II |CLCL/>

We now write the energy expression for a multicomponent system, below. The
energy is a sum of single component energies for type I and type II particles as well

as the the coupling term.

EmeiE = <<1>I<1>H{ H|o'o™) (3.13)
NT N
—Z (il B [i) +ZZ (i) v i) o

i<j J

NII NII NII

Z hH|Z +ZZ Z/j|UIIII|Z

ir<g’ g
NI NII

+Y N G| i) (3.14)
The energy is minimized with respect to the the molecular orbitals,

aEmcHF 8EmCHF
E = oyl =0 foriZI,...,NIJ":1’.”7NH (3.15)
Xi X
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Each set of molecular orbitals, for type I and type II particles, has a set of spatial
orbitals. These spatial orbitals can be expanded into a set of the basis functions from
Equation 2.26. These coefficients can be optimized via the Fock equation. There are

now two Fock equations, one for each type, with the following form,

FHxi) =eilxi) (3.16)

ST =6 i - (3.17)

An important step in mcHF theory is choosing the form of the Fock operator.

3.1.1 Choice of the multicomponent Fock operator

There are two obvious choices for the Fock operator that will be discussed. Both
choices are valid, though one will be preferred over the other as it should provide a
better approximation to the wave function and provide a lower energy.

The first form of the operators be the familiar single component Fock operator
from Equation 2.28. This choice neglects any coupling term that was present in the

Hamiltonian and has the form,

ff=nl+ ok (3.18)
U= pt 4ol (3.19)

The Fock equation can then be solved self consistently and energy will be minimized

independently for type I and type II particles. The scheme is shown below,

(0| 1'[0) = min (o' ' |o1) (3.20)
<6H‘ U ‘()H> _ rghn <(iII HU i)11> . (3.21)
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The |0') and |0") are the optimized Slater determinants that are the Hartree-Fock
wave function. Using the same scheme discussed in single component Hartree-Fock,
we will arrive at the following matrix eigenvalue equation (originally described in

Equation 2.33),

F!C' =S'C'¢ (3.22)

FIC! = stCle. (3.23)

Once these decoupled equations are solved, the overall mcHF wave function is a

product of the two Slater determinants,
Pl ) = [0°)0) = [0'0"). (3.24)

In summary, this choice of the Fock operator solves the Fock equations in a decoupled
manner and takes the product of results to be the mcHF wave function.
The second way to construct the Fock operator is to include a coupling term from

the Hamiltonian. For the two particle types, the Fock operator is defined as

NII
fr=h 4 ufe + Z ([ VM) (3.25)
= n" 4ol + Z o |7 (3.26)

We can see that the v" coupling term has been added to the f operators just dis-
cussed. With this procedure, the minimization of energy will occur over the type I
and type II Slater determinants simultaneously,

(0'0"| H]0'0") = min (¢'"| H [0'®") . (3.27)

ol q)H
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This choice of the Fock operator will give rise to the following matrix equations,

F'[Cc"]C'=s'Cl¢ (3.28)

Fil [C] ¢ = s, (3.29)

We see the manifestation of the coupling term in the matrix equations as well. The
type I Fock matrix is dependent on the type II coefficients, and vice-versa. This
coupled behavior is absent in the previous formulation of the Fock equations. Upon
convergence, the multicomponent Hartree-Fock wave function will be determined and
the energy will have been minimized over type I and II determinants simultaneously.

The mcHF wave function generated from the coupled type I-II Fock operators is
preferred. Qualitatively, the particles of different types should experience a Coulombic
potential from the other particles present in the system. Quantitatively, this method
of constructing the wave function is preferred because it will provide a lower energy
than that of the uncoupled construction of the wave function. This is a manifestation

of the variational principle,
[exact <010H| H ‘OIOII> < <616H‘ H|616H>‘ (3.30)

As the coupled Fock equations provide a lower energy approximation (that is still
above the exact energy), the wave function constructed with this method is a better
approximation to the exact wave function.

With the choice of Fock operator decided, the eigenvalue equation can be self-
consistently satisfied until convergence is met, and the mcHF wave function will be
found. As was the case in single component theory, sometimes a single Slater determi-
nant will not yield enough information about a chemical system or energy will not be
accurate enough. For these cases, we will look extend configuration interaction and

coupled-cluster theory to multicomponent chemical systems. Before these theories are
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discussed, we must first address second quantization as it relates to multicomponent

systems.

3.2 Multicomponent second quantization

Multicomponent wave functions and the Hamiltonian are quite a bit more complicated
than their single component counterparts. This section is meant to clarify and explain
how second quantized operators and their rules should be applied to multicomponent
systems. The rules and restrictions discussed here are all in addition to what is
discussed in section 2.2.

Creation and annihilation operators work the same as they did in single component
theories. The only caveat being that there are now type I and type II operators.
The type II operators will carry a prime. These type I and type II operators only
operate in their space. A type I creation operator cannot put a particle of type I
into a molecular orbital of type I within type II space, and vice versa. Creation and
annihilation operations are contained to type space. A couple illustrative examples

are as follows,

AT QM) =T [jk . 2) iKY (3.31)
= |ijk...2)|i'jK ...2) (3.32)

i | M) = ilijk.. . 2) i [i'fK .. ) (3.33)
= |jk...2) |’k ... 7). (3.34)

These creation and annihilation operators for type I and type II particles then in-
herit all properties and rules previously discussed. Most notably, is that type I and

type II particles are subject to Wick’s theorem. Consequently, connected (non-zero)
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expressions involving SQ operators must fully contract in type I and type II space
simultaneously.

The multicomponent Hamiltonian will have the following form in SQ notation,

HY = "(p|h'|g)pTq + D (palv™|rs)piq’sr } H'

rq pqrs
+Z WM+ D W™ ) s }H“ (3.35)
p'q'r's!
+ > ([ aq)p'p ad! } vHL
pap'q’

We see that it has two single component terms (H! and HY) and the coupled V1!
term. Since the multicomponent creation and annihilation operators obey all of the
single component SQ laws, the multicomponent Hamiltonian can also be normal or-
dered. This will be presented in the following chapter though, as it won’t be used
when discussing multicomponent confiugration interaction. Since all operators occur
in their own type space, Wick’s theorem can be applied independently to strings, and
products of strings, of SQ operators. Wick’s contractions will only happen between
operators of the same type. Each contraction for a given type must be complete, as
was the case with single component theory, in order to be considered a connected
(non-zero) expression. This is the SQ extension of what was first presented in Equa-
tion 3.11.

The addition of the type two particles does not greatly complicate the SQ rules and
operations. It simply adds a greater level of computational complexity as products
of contractions of type I and type II must now be considered. Since the resolution

of SQ operations involving H' and H' were covered in the previous chapter, we will



o1

focus solely on an example of a Hamiltonian element with the V]{,’H coupling term.

OOMIVRTEE) = D2 3 oo™ ad') (0| {pa} {ati} [0) (O] {p1d’} {aMi"} [O")

pqg p'qd

(3.36)

[
= ST (o M ') 0 {oha) {0} [0) (07| {1’} {ati [

rq p'q
(3.37)
=3 w10 qq') 0] 864 |07 (O™ 8ypirBrar |0 (3.38)
rq p'q
= (ii'| V" |ad') . (3.39)

We can see that the expression is the v

element times the product of contractions for
type I particles times contractios for type II particles. This result is seen in Table 3.1

as Case 3.

3.3 Multicomponent configuration interaction

The multicomponent Hartree-Fock method finds a single Slater determinant wave
function for reach particle type that minimizes the total energy of a given multicom-
ponent system. There are times when a single determinant simply is not enough
to adequately describe a system, however. Multicomponent configuration interaction
(mcCl) approximates the wave function to be a linear combination of determinants for
type I and type II particles. This section will extend single component configuration

interaction theory to multicomponent systems [08, 69, 70].
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3.3.1 Multicomponent full configuration interaction wave

function

As stated, the wave function is a linear combination of Slater determinants for type
I and type II particles. This is a greatly more complex wave function than the single
component form. If we recall from section 2.3, the CI wave function is a combination
of all possible excitations on the reference state, |0). For multicomponent theory, we
must include all possible excitations on reference states, [0'0"). The mcFCI wave

function can be written as,

1
|\IijFCI> == (0 0) 0/ U/ |OIOII>
N MT
22 Gl i00")

NI NI MY MY

+ Z Z Z Z {szIab (4 O’)aTijil()IOII) +
i<j j a<b b
NII MII

+ Z Z CIOHO) @) /TZ'/‘OIOH>

NII NH MH MII

+ Z Z Z Z IOHO (1] a’b/ /Tb/TinI|OIOH> +

<3l g oa'<b b
NI MI NII MII

+ Z Z Z Z 111(11) (.0 @ fia'ti'|0'0™)

NI NI MI MI NII NID O pfIT ppId

+ Z SOS TN S S TS d  emahdia e ol0)

i<j J a<b b i<y j oa'<b Y

+ ... (3.40)

The mcFCI wave function is such a complex quantity because the determinant space
is a direct product of the type I FCI space and the type II FCI space. The mcFCI
coefficients are not products of the single component counterparts, however. The

coefficients of the mcFCI wave function are unique to each product of type I and type
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IT determinants. For ease, the mcFCI wave function can be written as,

I,II
mcFCI

[erer) = Y ca 12", (3.41)

«

The mcFCI wave function can be then solved by substituting the mcFCI wave function
into the Schrodinger equation and left multiplying by the mcFCI wave function, then

solving the resulting matrix eigenvalue equation,

AU = B o[ WH) (3.42)
(WO = B e (W01 (343)

N NE Nyerct Naerer
Yo M@ = Furer 3. 3 aldanliant) (40
Hc = eSc. (3.45)

The mcFCI matrix equations are then solvable using standard techniques. The energy
acquired by the mFCI method is exact for a given basis and is size consistent. These
features make mcFCI an extremely power computational tool for studying chemical
systems. Unfortunately, like its single component relative, mcFCI does not scale well
as system and basis size increase. The mcFCI space is a product of the type I and

type II single component FCI spaces.

3.3.2 Truncating the multicomponent configuration interac-

tion wave function

In order to alleviate some of the computational cost inherent in the mcFCI method,
the wave function can be truncated. Reducing the number of excited determinants
accomplishes this task. Commonly, this will mean only including single and double

excitations, though other truncations are also possible.
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Truncating the mcCI wave function is very similar to what was done in the single
component case first discussed in subsection 2.3.2. In mcCI, truncating the wave
function is more flexible than in the single component space since the wave function
is a product of both single component (type I and type II) CI spaces. This allows more
freedom when in comes to considering computational cost and enables the correlation
effects to be scaled via the wave function.

Due to the sheer size of the mcCI space, a highly truncated wave function is usually
the only option for multiparticle systems. In Table 2.2, the number of determinants
in a truncated wave function was shown for a single particle type. The mcCI wave
function, which is a product of these spaces, scales very poorly which restricts the
choice of truncation.

Unfortunately, any truncation of the mcFCI wave function has two negative ef-
fects. First, size consistency is broken. This concept was covered in subsection 2.3.3.
Additionally, a truncated mcFCI wave function will not produce an exact solution for
a give basis. Outside of modestly sized systems, one must accept these consequences

if the mecCI method is to be used.
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Chapter 4

Multicomponent coupled-cluster

theory

The theory and implementation details of the multicomponent coupled-cluster
method will discussed at length in this chapter. The theory is built upon the prin-
ciples of single component coupled-cluster theory that was discussed in section 2.4.
The implementation details focus on reducing the memory footprint and reducing
the CPU time (specifically in reference to Wick’s contractions). The mcCC method
was then used to study a few benchmark systems. The results gathered from mcCC
will be compared against results from other researchers as well as configuration
interaction results to verify validity. For the sake of completeness, this chapter briefly

summarizes concepts covered in previous chapters.

4.1 Introduction

Systems that are made up of more than one type of quantum mechanical particle
are defined as multicomponent systems. Multicomponent systems are ubiquitous in
chemistry. Atoms and molecules, which are the building blocks of complex chemical

systems, contain both electrons and nuclei and are intrinsically multicomponent in
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nature. Similarly, molecules bound to other sub-atomic particles, such as positrons
bound to molecular substrates [71] and muon-substituted compounds [72] also form
multicomponent systems. Multicomponent terminology can also be extended to sys-
tems containing quasiparticles, [73] such as multiexcitons which are useful for describ-
ing electronic excitations in many-electron systems.

A multicomponent system is intrinsically a collection of interacting single com-
ponent systems. Consequently, it inherits all of the complexity associated with the
treatment of correlation in single component systems. The central challenge in the-
oretical investigations of multicomponent systems is the accurate description of the
particle-particle correlation that exists not only between identical particles but also
between particles of different types. The multicomponent wave function is a math-
ematically complex quantity and it is desirable to introduce simplifications to the
exact form of the wave function for practical applications. For molecules, the Born-
Oppenheimer (BO) approximation is a well-known approximation that introduces
parametric dependence of the nuclear coordinates in the electronic wave function.
As a consequence of the BO approximation, the exact multicomponent Schrodinger
equation can be expressed as a set of two coupled single component equations for
electrons and nuclei, respectively. Although the BO is a very useful approxima-
tion, it important to recognize that it is still an approximation and there is an ever-
increasing collection of experimental and theoretical findings that demonstrate its lim-
itations. [74, 75, 76, 77, 78,79, 68, 80, 81, 82, 83, 84, 85, 86] There are also other multi-
component quantum mechanical systems where the BO approximation is not a useful
approximation. For example, electron-positron [87, 8%, 89, 90] and multiexitonic
(electron-hole) systems [91, 36, 92, 37, 35, 34, A4, A1, 42939495, 39, 40, 69, 70, 38]
are systems where introducing BO separation leads to an unacceptable deviation from

qualitative results.
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In this work, we focus on multicomponent treatment of only two different types
of particles, which are denoted as type I and II for the remainder of this article.
The approach assumes that the coordinates of the heavy nuclei are BO separated
(BOS) from the coordinates of the type I and II particles. Consequently, the exact

multicomponent wave function is approximately factored as

\I[exact(rlg I'H, RBOS) ~ \IJ(I'I, I'H; RBOS)X(RBOS). (41)

In the above expression, BO separated coordinates are collectively represented as
RBOS. The exact multicomponent Hamiltonian can be written as the sum of two

operators

Heseaer (vh, 1, RBOS) = { (¢! ¢ RBOS) 4 Typos (4.2)

where, Trsos is the kinetic energy operators associated with the BO separated co-

ordinates. The general form of the Hamiltonian for the multicomponent system is

defined as

H(r', v, RBOS) = f1(r]; RBOS) 4 gyl RBOS) 4 yLiI(p! pll) (4.3)

where H' and H" are single component Hamiltonians for particle type I and II, re-
spectively. The interaction between the two types of particles is described by the
potential energy term, V! The total multicomponent Hamiltonian also admits
parametric dependence on coordinates of particles (denoted by RB9%) that have been
assumed to be BO-separated (BOS) from type I and II particles in the multicompo-
nent wave function. Consequently, the multicomponent Hamiltonian presented above
does not contain any kinetic energy operators associated with the BOS coordinates.

The BOS coordinates in H are the generators of the external potentials v, (r'; REOS)

ext
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and oL (r'1; RBOS) experienced by the type I and II particles, respectively. For ex-

ext
ample, in the case of multicomponent molecular systems, type I and II particles can
be represented by electrons and protons and the remaining nuclei in the molecules
will be treated by the BOS coordinates. In the case of quasiparticle systems, the
(quasi) electrons and holes are treated as type I and II particles while all the nuclei
in the system are treated using BOS coordinates. In both cases, the BOS coordi-
nates will be responsible for the generation of the external potential experienced by
the type I and II particles. This form of the multicomponent Hamiltonian has been
used to describe various multicomponent interactions such as electron-proton inter-
action, [90, 97, 98, 71, 99, , , 76, ] electron-positron interaction,[27, 89, 90]
and electron-hole quasiparticle interaction. [30, 92, 37, 35, 34, 70, 69, 38] It is impor-
tant to note that this approach is different from other multicomponent approaches
such as the exact factorization method [103, , , , , , , , ]
and multicomponent (N-particle) density functional theory [75] that involve non-BO
treatment of all particle types in a chemical system.

The overarching goal of this work is to present an approximate solution of the

following multicomponent Schrodinger equation

H\II(I'I, I‘H; RBOS) _ E(RBOS)\D(I'I, I‘H; RBOS) (4.4)

using a multicomponent coupled-cluster (mcCC) ansatz for the many-particle wave
function. Coupled-cluster (CC) theory has been used successfully for studying
electron-electron correlation in many-electron systems. [112, , , , , ,

, , , , 7, , , , , | In the context of multicomponent
systems, the CC ansatz provides a balanced framework for a size-consistent and size-

extensive treatment of many-particle correlation. The general theory of multicompo-

nent CC for molecular Hamiltonian has been described earlier by Monkhorst. [127]
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Application of CC to excitons has also been demonstrated by Sundholm et al. [69]
and Vanskd et al. [70] for a two-band effective mass approximation Hamiltonian
model. In this work we present a systematic derivation of the mcCC equation that
is based on a multicomponent Hartree-Fock vacuum state. Coupled-cluster theory is
a well known method with a large body of literature that describes its theory and
implementation in electronic structure theory. [58, 60, , 61, , , , ]
The focus of this article is not to repeat the well-known derivations, but to high-
light the key differences between the single component (electronic structure) and
multicomponent coupled-cluster equations. In this work, we used the mcCC method
to calculate ground state energies of multicomponent Hooke’s atom, positronium
hydride, and to calculate exciton and biexciton binding energies in multiexcitonic
systems. Multiexcitonic systems are of particular interest due to the tremendous
potential they have in photovoltaic and light harvesting applications. Theoretical

investigations have been performed using an array of methods including configuration

interaction,[39, 91, 70, 93, ] quantum Monte Carlo,[39, 10] path integral Monte
Carlo,[11, 38] Green’s functions,|[134] pseudopotentials,[95, | and coupled-cluster
theory. [136, 69, 70] For each case, the mcCC results were benchmarked against

full configuration interaction (FCI) calculations. The derivation of the mcCC equa-
tions, computer implementation of the t-amplitude equations, and details of the

multiexcitonic systems are presented in the following sections.
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4.2 Theory

4.2.1 Construction of the vacuum states

The multicomponent Hamiltonian in second quantized notation is defined as

H=> (plh|g)p'q (4.5)
pq
+ ) (pglo|rs)piqtsr
pgrs
+) (@ hg e
r'q
+ Z <p’q’\vH7H|7"'s’>p'Tq'T8/7"'
p/q/T./s/
+ > (' W"gd )i ad
pap’'q

where, the unprimed and primed operators represent type I and II particles, respec-
tively. The form of the 1-particle and 2-particle operators are given (in atomic units)

as

—h
W (%, RPO%) = o=V 00, (e, RP) - a =TI, (4.6)
v () = ¢%q%e gy, (4.7)
UI’H(I‘I, I'H) — quIIE_ITITIlI' (48)

For electron-nuclear and electron-positron systems, the dielectric function is a con-
stant (¢ = 1). For multiexcitonic systems, the electron-hole interaction is screened,
and the screening can be described either by a constant dielectric value[92, 30, ]

or by a position dependent dielectric function. [94, 95]
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We define the mcCC wave function by the following exponential ansatz,
Ve (!, 1 RPO%) = gt (el 1 RPOS), (4.9)

where the BOS coordinates are shown explicitly using the standard semicolon conven-
tion. Traditionally in single-reference electronic structure coupled-cluster theory, the
vacuum state ®q is obtained from a Hartree-Fock (HF) calculation. For multicompo-
nent systems, there are two different ways to construct the single component vacuum
state. The first method involves the Hartree-Fock solution of the single component
Hamiltonian as shown below with the states labeled as [0') and |0™) for type I and II

particles

(01| H'[0") = min (k| H'| 2k, (4.10)
SD
(0" 0" = min (@, |H"|0L,). (4.11)
(0]

SD

The minimization in the above equations is performed over a set of single Slater

determinants (®sp). The total vacuum energy the above determinants is given as
<616H’H|616H> — <(~]I|HI|61> + <6H|HII|(~)II> + <616H|V1’H|616H>. (412)

The second method for construction of the single component vacuum states is by
solution of the multicomponent HF equation. We label these determinants by as |0')
and |0") for type I and II particles, respectively and they are determined using the

following energy minimization procedure

(O HID'0") = min (@l L[ H |0, 0l). (113

SD’*SD
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The vacuum state [0'0") constructed from the multicomponent HF should be lower in
energy than the vacuum state |0'0") obtained using the single component HF method

due to the variational principle,

(0'o™| H|0'0™) < (0'0"|H|0'0™). (4.14)

Because of this property, we have used multicomponent HF for construction of the
single component vacuum states in all the calculations presented in section 4.5. Mul-
ticomponent HF method has been used in earlier work for treating electron-proton

correlation and the details of the method are not presented here to avoid repetition.

[ ) ) ) ]

4.2.2 Effective normal-ordered Hamiltonian

The use of multicomponent HF instead of single component HF as the vacuum state
has important implications on the general form of the CC equations, the vacuum
energy, and the normal-ordering of the operators. The minimization procedure for
multicomponent HF (shown in Eq. (4.13)) results in Fock operators for type I and II

particles and is given as,

NII

Fr= e ofe + )G (4.15)
i'=1
NI

FU= 0" ol ) (). (4.16)
j=1

However, the Fock operators for the two types of particles are not independent of

each other and are coupled because of the presence of the I-II coupling term. The
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mcHF calculation is performed by iterative solution of the coupled SCF equation

G = €ix; (4.17)

I = elxi. (4.18)

The eigenfunction of the multicomponent Fock operators from Eq. (4.15) and Eq.
(4.16) are used as the single-particle states in representing the creation and annihila-
tion operators. The total vacuum energy obtained from the SCF step is additive and

is made up of three components
<OIOH|H‘OIOH> — <010H’HI|OIOH> + <OIOH|HH|OIOH> + <010H|‘/"I,H|010H>‘ (419>

This relationship will be used in the definition of the normal-ordered Hamiltonian.

Using Eq. (5.1), the single component normal ordered Hamiltonian is defined as
H' = Hy + (0'|H'|0" (4.20)
where

Hy =Y (plh'la){p'a} + > (pilv"gi)a{p'a} + i S (palo"frs)a{ptatsry  (4.21)

pq pqt pqrs

The subscript ”A” implies that both symmetric and antisymmetric combination of

the integral are in cluded in the expression shown below

(pglv"rs)a = (pa|v™'|rs) — (pglv"™|sr). (4.22)
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The type I-1I coupling operator in Eq. (7.32) can be expressed as the sum of three

normal-ordered operators as shown below
VI = VI W+ W + (00" [V 100") (4.23)
where

=0 0" e ) ' p e} (4.24)

pg p'q

W =Y i " gi' ) {pq} (4.25)

Z‘/

WA =) (i [ ig ) {p'Tq'} (4.26)

v p'q

The total multicomponent Hamiltonian can then be written as sum of following

normal-ordered operators,
H = Hy + HY + V3" + W + WY+ (0'0"|H 0"0™) (4.27)

It is useful to define the following effective single component Hamiltonians ]51'11\I and

HY by incorporating Wy terms in expressions

HL = HL + Wi (4.28)
HY = HY + Wi, (4.29)

Using the above relationship, the total normal-ordered Hamiltonian is defined as

Hy = H — (0"0"|H|0'0™) (4.30)

= O} + HY + Vg™ (4.31)
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4.2.3 The mcCC Equations

Using the normal-ordered Hamiltonian, the CC equation can be written in terms of

the total correlation energy AFE,,.cc
Hyel 00" = AE.cce’ |00 (4.32)

where AEyuccc = Emece — (010 H|010M) and T is the cluster operator. In this
work, we restrict the form of the cluster operator to include only single and double

excitations as shown below

2
7= T+ (1 T, (4.33)
]

=TI+ T+ T8+ T3 + T+ Ty + Ty + Ty (4.34)

The T} and T3} operators are identical to the single component CCSD operators and
operate only on the type I space. The same holds true for the corresponding type
IT operators. The indices i,j are summed over the occupied space denoted by N
while a, b indicies are summed over the virtual space, M. The type II operators have

primed indices to distinguish them from their type I counterparts.

N M
Ti=> ") t{ali} (4.35)

i

N M
1 g
Ty = 2 E E t?f{aTbTﬂ} (4.36)

i ab

N M

T =) > ta{dt} (4.37)
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T = Z Z tot {a/To'T ' (4.38)
i3 a’t

The type LII operators produce connected excitations in both the type I and II spaces.

These operators are expanded below,

N M N M

T Z Z Z Zt ati}{aTi} (4.39)

N M N M
T = Z > Z Z teat {atit a0/} (4.40)
a i3 a't
111 1 N M N M )
ni' =7 N Z tye¥ {abl jiy{aMi'} (4.41)
ij  ab @
N M N M

' =1 Z 3 Z 3t albl i a1} (4.42)

i  ab ¢'j o'V

The cluster operator, as presented above, defines a multicomponent CCSD space.
The energy and the ¢t amplitude expressions can be obtained by performing similarity-

transformation on the normal-ordered Hamiltonian from Eq. (4.30),

e T HyeT|0'0") = AE.cc|0'0™) (4.43)
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which can be evaluated using the standard Baker-Campbell-Hausdorff (BCH)

expansion[61, 60] shown below,

e~ e = i+ (A, T) + [, T),T) 4 5 [, 71,7, 7] + ([, 70, 71,7, 7

(4.44)

However, because of the multicomponent nature of the system, the number of terms in
the BCH expansion is much larger than the single component expression. Substituting
the expression with the Hamiltonian in Eq. (4.30) and the ¢ amplitudes from Eq.

(4.34), we arrive at the following set of equations,

3 8
[y, T) = > A ZTLl :ZZ[JQ&K”,TW] (4.45)
K Ly Ky Ly
3 8
[Hx,T).T] =) Z A ) 7)) (4.46)
K1 Li,L2
3 8
[[F, 7] =Z Z A, ), 7)), k)] (4.47)
Ky Li,La,
2 8
[[[[Hx, T),T) => Z 0, 0] ) g D) (4.48)
Ky Li,La,Ls3,

where Izll(\IK) and T™) are compact notations for the Hamiltonian and cluster operator

and are defined as
A = HL + B + vt (4.49)
e N By o (4.50)

o3
ey

For the present ansatz of the mCC wave function, the number of commutators in the

above expression is 9940 terms. However, not all of these terms contribute in all the
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equations mentioned above, and the list of contributing terms in Eqgs. (5.10)-(4.60)
are presented in the supporting information.

The solution of the BCH expansion for the total multicomponent correlation en-
ergy results in the following expression,

~ 1
ABmece = (000 HY[T + 517 + T3)]0'0") (4.51)

N 1
+ (00" AYT! + ETIHQ + T |0'0™)

OO VET T+ TITE - 7o),

As expected, the total correlation energy can be written as the sum of correlation
energies from the two components and the interaction between the two components.
Analogous to the electronic CCSD expression, the correlation energies for type I and
type II particles depend only on ¢; and f; amplitudes. In contrast, the contribution
from I-IT interaction depends only on ¢; and ¢;; amplitudes. It is important to note
that although the expression for the type I correlation energy is identical to electronic
CCSD, the t amplitudes in the expressions are not independent of type II ¢ amplitudes
but depend on type II amplitudes via Eq. (5.11) and Eq. (5.12). The determination
of the total correlation energy depends on the converged ¢ amplitude equations which
require the simultaneous solution of a set of non-linear, coupled equations. Obtaining
the ¢ amplitude equations require projecting the similarity-transformed Hamiltonian
onto a series of excited states denoted by (K'KY|. The following set of equations is
the result of choosing (KTK!| to be all combinations of vacuum, singly, and doubly

excited states (represented as 0,5, and D, respectively) in both type I and type II
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space.

(0'0"e~T Hyxe®10'0"). = AEecco correlation energy equation (4.52)
(S'0"e~T Hye'|0'0™M), = 0 ¢} amplitude equation (4.53)
(D'0"|e~T Hyel |0ty = 0 ¢, amplitude equation (4.54)
(0'sYe~T Hyel'|0'0™h), = 0 1 amplitude equation (4.55)
(0'D%e~T HyeT |0ty = 0 t8 amplitude equation (4.56)
(S'S"e=T HyeT' 0%, = 0 ty' amplitude equation (4.57)
(S'DYe~T Hye'[0'0"), = 0 thy'  amplitude equation (4.58)
(D'SYe~T Hye'[0'0™), = 0 t5;' amplitude equation (4.59)
(D'DYe~T HyeT |0l = 0 tsy'  amplitude equation (4.60)

The expanded forms of these equations are shown below.

Energy expression ((0'0"|e~" Hyxe?|0'0") = AFEccc0)

OOV L+ T+ T T T 4 B A TR AT T - HE LT+

LT + TH0'0") = AEcco

Type I single amplitude ((S'0"|e=T Hye®|0'0") = 0)

STV L+ T+ T T+ T LTE 4 TR T T T+ T 4+ T T
F IOV L+ T+ T+ T + T + AR + T + 11+ T+ T T
+ T TR+ [(~THERL + T+ 270 4+ T+ AL+ 10 4+ 11T + 217 +

g1 + T3] + [(=THHNL + T1 + 511 + T3]j00") = 0

Type I double amplitude ((D'0"|e~T Hyel'|0'0Y) = 0)

(DO VT + T+ TIT + TIT + Ty + TITE + TITITE + Y78 + LT

2 3 3 IIT IIT LIT IIT
+ 5T T+ 3T + 5T TV + Ty + T+ 1Ty + LIV + [(-T)IVy L+ Ty + T4
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+ T+ T + [(=THIVR" L + T + T+ T + Tt + 278 + 2Pt 4+ it
+ Ty + T+ BT + [T N L+ Ty + T+ T+ TV + AYTIT + 1Ty
+ T+ 2T 4+ TP T P LT TP TR 4+ T+ Ty + T+
LT+ Ty T + B0 + (T AR + T + 5T + T + (T YT + Ty

F T+ T+ T T+ Tt TR + BT HEYL A+ T+ LT T+ HE L
+ T+ Ty 4+ 310 + LTP T+ D78 + 218 + T+ LT8 ) + (- THHY 1+ T + L TF
+ T8+ [(-THHLL + T+ TITS + 278 + L78 + 1) + [LT8HL L + T + 378 +

T3]j0"0™) = 0

Type II single amplitude ((0'S"|e~7 Hye® |0'0Y) = 0)

OSURML+ T+ T+ T+ T + T T + T+ T 4+ T + 5T +
T+ (TR L+ T+ 10+ T+ T + AR+ T8+ 7078 + L7 4 L7
+ T + [(THYL + T + 3T + T + BT+ T+ T + e T+
T+ T + T + (T AL+ T+ 5T + T3)j0'0%) = 0

Type II double amplitude ((0'DY|e~T Hye®|0'0") = 0)

DUV T + Ty + T+ T T + T T + T T + T T+ T+ Ty
+ T+ T+ T + T TH + 5T + T3+ TR+ (T L+ T
+ T+ T+ T + (TR L+ T+ Ty + T+ T 4+ T T + Tt +
T+ T + LT+ 78 + AP ML+ T+ T+ TR 4+ T + HEL + T
+ T 4+ AT 4 LT 4 L g I T LTI 4 (T AR + T+
L%+ T 4 (T HYL + T8 + T+ A1 4+ L1 + 1Y + (ST Y +
T8+ 211 + T + AL (T + 1Ty + Ty + TE T + il + L1 L7 +
oL TITH + TP + 5T + Ty + Ty T + T+ T+ (T3 (L +

T+ 18 + T3] + (T HL T + T + TP + L1818 + 1+ 1o + T

+ TPV HLL + T+ 517 + 13)[0'0™) = 0
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Type I, II single, single amplitude ({S'S™|e~T HyeT|0'0") = 0)

(SUSUVETL AT+ Ty + T+ T+ Ty + T+ T+ Tig T +

T+ 210 + AP 2P AT 4 TP T T T TR 4 LT
T+ T + T3+ T3 + T T + Ty + T3 + (T L+ T+ T+ T T
T+ (TR + T+ T+ T + T+ 318 + LT T 4+ T+ Ty + T
+ T + [(THIVR "L+ T+ Ty + TF+ 1T+ T T + T+ 18+ 10!
+ 3T + T+ [(TH (TR + TR+ T+ T+ T + HYT + Ty +
T+ T + TP + T T + 11T + 1T+ TP + TPyt + LTt +
T + (T HY L + T+ 5T + T3 + (T AY T + Ty + T) + T
+ TIAT 4+ TS 4+ T + (D) AR+ T+ TP+ 270 4+ 27 1)+
(TH(—TIHY 1+ T + 5T + T+ BT + T + T + T + TR T
+ T+ T T+ TP + T+ T + T + T3 + (=T HG L+ T
+ 5 T8 + T+ [(FTIHNL + T+ TS + 510 + 311 + T3] + [(-THIANT +
T + T + T T + T+ T + T + [(TH (=T HY L + T + 3T +

T3j0"0™) = 0

Type I, II single, double amplitude ({(S'DY|e~T Hye®|0T0") = 0)

(SO VM + T+ T+ T - Ty T 4 T TR 4
T T+ T T + T T T + T T + T + T T + T T+ 5T T T

12!
+ AP P I AP T T TR 4 T+ TR, +
T + 5T + STICT + 3TV + 3T + T + Toy' + ToTH + ToT{ TS +
LT + DT + DT+ T+ T+ T + (=T )W L+ T+ T+
T+ T + (TR L+ T + Ty + T+ TITE 4+ TIA T + 1T + 11 +
T+ 3T + T + (TR U+ TR + T+ T + 1T + 5718 + 31T
+ T+ T 4+ T8+ T 4 (=T + T 4+ T + T + T + Ty +
TIT! + TITIT + T T + T + 418 + JTE T + T 3T + 31T T + T8

+ T+ T+ 3T+ T+ Toyt 4+ T3+ T+ TRATC + 1T+ T +
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(T (TR + T+ T+ T+ T + TR+ T+ T+ T
+ T+ AT + LTP T 4+ T+ T 4+ T+ TR + (TR T + Ty + T T
+ TR + TIA T + I T + Tt + T+ T + TRy + TR + LT +
AT+ T + T+ T + [(STH (TR U+ T+ T+ T+ T +
(=TH(=TIWR L+ T + Ty + T+ T + T T + T+ T+ T +
T+ T+ (T TR+ T + T+ T+ T + HY (T + Ty + T +
TITY 4 TITRTY 4 TIATI 4 pIL Il g L | gLl Iyl IR
T+ Ty + TR T + T T + 5 T Ty + 3 T T + T T + T3 Ty |+
(T A+ + 5T + T+ (T AN+ T+ T T + T + T + T3
+[(=THNTY + Tl + T+ T + T T + TV + T + (T AR T
+ T+ T+ T+ TP T T AT 4+ TR - Tt Tt 4 TR+
AT T + T + (T (T AL + T + 3T + T + (5T AN T +
T+ T+ T+ T T + TP+ TR + [(~THIER L+ T8+ T8+ 217+
FTET 4 ST + JT + T+ T30 + [(-TH (T AN + T + 3717 + T3 +
(=TH (=T HYL+ T+ TPTY + 3T + 271 + T + (T 5 TV TH [+ T +
AT+ T+ BT T + Ty + Ty + T T + T T + T g T + T Ty
+ NI + TITT + TIT) + 5 TE Ty + ST T + 470 4T + 310 T3 +
TP LT 4 TP T T T+ AT+ T+ Ty + TR T + TR A T
+ T3 + Ty + (=T AN+ T+ 318 + T3]+ [(TH AT + T + T
+ 5 TE T+ T+ Ty + T + (DO HN [+ T+ TV + 3T + 518 + T3] +
(T EN T + T + T + T + T + 31T T + 410 T+ 5T T
+ T+ T + T + T + (T (T ER L+ T+ 3T + T3 + (3T Hy 1
F T+ TITy + 210 + LT + T3 + [(=THHY [T + TiTy + T Ty + T AT +
T+ P LT+ LTl T TP TRt LT 4 Tyt T AT+ T

T+ [(-TH (=T HL L+ TF+ LT + T4 + (-1 (T a1 + i + T
+ ITET + T+ T+ T + [(—TH STV HL [ + T+ 377 + 13])0"0M) = 0
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Type I, IT double, single amplitude ({(D'SY|e~T Hye |010") = 0)

LI L 1T LI 41,11 111 1,11 I LI 1,11
(D'S"VUITy + T Ty +Thy +THHTT + T Ty T T+ T Ty + T T Ty
F AT 4+ T 4+ TIT + TS+ TI T 4+ T T+ T T + TITd + LTF

12!

1 12 pLIT 1 12 pLIT 1 12 Il 1 12 Il IT 112 1 Il2 1 12 Il 113
+ o h Ty + T Ty + 5TV T+ 5 TV 5Ty T 5T T+ 5T+

LTPTI 4 P LT 4 ITPTE 4+ T+ TR+ T+ Ty T+ TOT +
LTy + LT+ T + Ty T + LT + (T Ve L+ T+ T4 + T
+ T + (TR + T+ T+ Tt + T + AT+ LTP T 1+ 1t
+ T+ T + (=T Ve T + T8 + T+ T 4 T T T T
110+ AP+ P 4+ TP 4 TP T T+ T+ T T+ TR 4+ (T3]
Vel L+ T 4+ Tt + T+ T+ AT + 0t + 10+ T+ A1+ 78 +
(T TIR T+ T+ T+ T+ T + [(THIR L+ T + Ty + T+
i+ 1Ty + T TPt T LT Ty LT LTl L L
+ 2TPT T TR T+ AT T Ty T4 T T 4+ T AT +
LT+ T+ (T ) (THIVR L+ T + T+ T+ T + (1) (TR
+ T+ T4+ T+ T+ T8 4+ TR T 4+ T T+ T+ T + (ST
VL + T T T T AT Tt 4 T 4 TR 4+ LT 4 T
+ (T TEIRT L+ T + T+ T+ T + HY(TE T + T + Ty +
W e B B s R i R B 0y S S B SLI N i L
TP LT 4+ ITP LT 4 ITETH 4 TR 4+ TRTy 4+ ST Ty + T + Ty + T
+ T+ TP + TR T + AT + TIT3 + T3] + [(— Ty HR L + 11 +
ST+ T+ (T ERT + T + T+ T+ T T + T+ T +
(-TMIEJTITE + Ty + T + 317 + 3T0 T + T8 5T + TP T +
T+ T + Ty + Ty + T T + Th g T + T3 + (T AN 1+ T + TPT3 +
S+ 3T + T+ (T (TR [+ T+ 3T + T+ (= THI AN [T + T
N R Ll U i M R U L S M S
+TITH + (T (THIHRL + T+ 5T + T3 + (T (- T EN T + T

2 LI 29 7 2 3
+T{+ T+ T 5T + T+ Ty |+ [T JHY 1+ TH + TP+ 5 T + 5T
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+ T3]+ (T TE N + T+ 3T + T + BN + T+ T+ T T
+ Ty + Tt + ot + e+ Lyt 4 LTt + Pt +
U T+ 3T+ T+ T + T+ T T + T3 + 51 T + (=T D HR [T+
T+ 3T + T+ (T AN+ T+ T + 5T + 5T + T3]+ (T HY 1+ T +
T+ 2TF + 2T T3+ 2T + 1T + T3+ LT85+ (T HY [T + TIT + 1T+
T T+ T+ T + T T + (=T (—TH)IHY 1+ T+ 5T + T3]+ [(~THI AT
+ T+ T+ T+ T 4+ LT+ LrP T 2P T T+
LT+ T + (TR (=THIHYL + T+ 5T + T3] + [(=TH (=T HA[1 + T} +
TIT + 578 + 7P + T + (10 8L (0 + Ty + Tt + LTP T+ T+ T o+

LIV + (T 5T JH[L + T + 5T + T][0'0%) = 0

Type I, IT double, double amplitude ((D'D!|e=T HyeT|0'0") = 0)

(DD T T T T T T ST T T T
T Ty + T + T+ T T + T Ty + T T + T T Ty + T T
+ TIGT" + T T T + T T + T T + TITy + TiTy' + TITST! +
T T + kT + T LT + T + Tt + T+ TR T+
D Ry R N S SLE oy L R i Ly S Ll B S
+ P iyt ¢ P Lt Pt + APt 4+ AP T +
L HTE + 3 TE 2T + TP T + T + T T + T + T + T Ty
+ T T + 3T T + T + Ty + T + T T + T T + T T T + To T T
+ O T T+ T AT T+ T AT+ T+ T 4 T T T T
+ (=T + T+ T+ DT+ T + (ST WL+ T+ Ty + T+
T+ T T + T+ T+ T+ 5T + T + (T WL+ T+ T4
T+ T+ LT 4 LTE T T 4 T T T 4 [ LTV
+ T 4+ T+ T + (=T L+ T + T+ T+ T + Ty + T+
TR+ AT 4 T LT 4 LT L el Ll i i

LI 2 111 11T 2 LI
+ Ty + 511" + Ty + Ty + T+ LT + T T + T + T + (15| Vi
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T+ T+ T + T + T + T + TITA T + 278 + LrPryt + LTP T+
3T+ 3T TR+ T + T4+ DT + LT + (TR T + T Tt + Ty + T4
+ T+ Ty + T+ T TR + T T + T T + T+ T Ty + T TS
+ T+ T T + TV T + T + T + 5T+ T Ty + 5T T +
TP+ LT AT 4+ P LT+ 2P L TP AT 4 P it T
T+ T T+ T+ T+ Ty + T+ TR T+ TR T + 13T
+ (TR L+ T + T+ T + T + (=T ) (TR L+ Ty +
TP+ T + T+ 310 + 20T+ T+ T + T3 + 1070 + (LT vt [T +
T+ T+ T+ T + TS + TIr + 17 + AP + Lo+ 117
+ 3TV + T + T+ T + T + () T+ Ty + TV + T
+ T + T + T+ T+ 10 + Ty + T+ AT + Lrie Tt +
T + T+ TR + [(TH (TR L+ T + T+ T+ T + (=T (- TD)
Ve L+ T+ Tt + T+ T+ TR T + 10t + T+ 1+ AT+ T +
(T HTIEPVRM L+ TR + T+ TV + T + [(-TOIVR [T + T Ty + Ty +
Tyt + Tyt + Tt T+ iyt T AT+ T T T
+ TIATIY + T+ TITi Ty + TP T + TP TR + P ATt + 2P T +
dTE T+ T+ TP + TR + T + TPy + TR + 4T + 4T T +
L I e o T+ T T T+ TR AT+ TIA T + TR T+ T+
T + T3 + (T ) (THIR L+ T + T+ T + T + (=T (=)
Vel + T 4+ T+ T+ T+ LT + 0t + 10+ T+ A1+ 73 +
(=TH(=TVR L+ T+ T+ T + T+ 210 + TP T+ T+ T+ 13+
LT+ [(TH (=T L+ T + Ty + T+ TN + T + T+ T T
FTIAT T AT AT T AT AT 4 TP T T - T
+ 3T+ T + T + T3+ BT + Tog T + T + T3 + (T ) (=T (=T
Vel L+ T+ TP+ T+ T + [(TH STV L+ 1t + T8+ Tiy + T+
1T+ LTl T+ T+ T+ T+ T + (LT VRN T+ T T+ T T

2 3 1,11 LI 2 2L I
+ T 5T + T T + TV + T+ TV + T Ty + TV + 5T + 5T Ty +
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T+ T+ T + (T3 TV IR U+ T + T+ T+ T + (T 5T
Vel + T+ Tt + T+ T+ TR T + 0t + T+ T + 21 + 78 +
LTP LTIV L+ T+ T+ T T+ HY T+ AT + T+ T
+TITITH + T T + T T T + T T T + T T T + T T T +
Tt + Ty LT Lrr T ey 4 L LT LTl I e
lrp i P et Pyl g L i ettt 4 Tt 4 Tyt +
TP + 3TV T + 3T Ty + 3T T + Ty + Ty + T3 + Ty T + Ty T T
+ T3 %TIHQ + T3 %TIHQTQII + T3 %T}Ig’ + T%%Tlﬂ“ + 7T + TQI%TZHQ + Tt i
+ (=T HYL + T+ 3T + T3 + (T ) HY L+ T+ TP + T + 3T
+ T3+ (T AT + Tl + T+ T+ TR AT+ T T+ [T
AU 4T+ 3T + T + (TR HY T + Ty + T+ T + T T T + T T
+ T T + T+ T + T + 10T + T + (- TY HY [T +
Tyt + TP+ AT AP - TP AT 4 AP T T Ty
+ T3+ T + T T + T3 + (=TI HY (T T + T + TiTy + T T
+ iy + T T it + LT+ Lrr Tt - ety 4 L1 i
+ TP ITE + 2TP T+ T + TR + AT T + Ty + Ty + 15 + TRTT +
DT+ T3 T + T3 T + T + T + (T (T D HY L+ TP+ 3T +
T+ (=T (T HS T + Ty + T+ T+ T T + T+ T + [T
gt + Ty iyt LTE o+ St P i 4 TP T it
F T+ Ty + Th+ TT + Ty LTI + T3 + (T HR [+ T8+ TR + LTI +
LTI I 4 L T AT 4 (T (TN HR(L + T+ AT 4+ T3 +
(T (=TDIHN[L+ T+ TPTY + 5T + 3T + T3 + (T3 5 TV HY [+ T +
LT T+ (T HJT + Ty + TF+ T + TP T0y + 11T + T T Ty
+ T T + T + TIT + T + T + T + T T + 3T T
+ 3T + 3T TH + T + T + (=T ) (=THIEN L+ T + 5T +
TN + (T (TOIHY L + T+ TITY + 5T + 3717 + T3 + (T (T3 Y

1,11 1,11 2 1,11 % I,II 1,11
[Ty + T + T+ T + T T + T+ T+ (T (=T HY [T + T



7

N R Ll U e S R L L S S S
+ T + (T (TH (T AL + T+ 3T + T3 + [(—TH 3T B T
+ T+ TH 4+ T+ TEA T + T+ TP + (ST AR+ T+ TP T3 + AT
+ 3 TIETE + 3T + 3T + T3 + T30 + (T TV AR L + T+ 5T + T
+ (T ETP HYL + T+ TR+ AT + 210 + T + (ST A TC HY L+ T
+ 3T + T + BT T + Ty + T T + Ti Ty + TV + TP T +
THLTI Ty + TI Ty + I i + Ty ST + YT + 1118 + 1T Ty
+ g TE TN + g TETIT + T T + 3T Ty + 3TV Ty T + TV T Ty +
Loty Lyt et ¢ P Lt Pty Lt Lt Lt
T+ T + AT+ AT + 1+ Ty + T + Ty + Ty AT
F Ty + T+ LT LT 4+ LTP T + T3 + (T )] HE[L + T + 17 + T3]
+ (T OENT + TIT + T+ T T + T+ Ty + DT + (T ) HY
[+ L+ T+ 5TF + 278 4+ T + (AT AL+ T 4 LT + T8 + [(—TH) Y
Ty + T+ T+ Tt + Tt 4 L+ 2Pt 4 LT T
T+ ToTy + 3T + [(TH HL (L + T + TiT3 + 478 + 37878 + 218 + 418
+ T3+ 513 ) + [(THN G + T+ T+ T + TN + T T +
T T 4+ 5T T+ TP + TP DT + T T + 10T+ FTE T+ T +
L'+ T + BT + Ty + T3 T + (T (=T HS [+ T+ T + T3] +
(TR (TIAN + T+ TG + 3T + 5T + 1) + [T THY L + T+ TIT5 +
Tl + 3 TE T+ 5T + T8 + T+ T3 + (T AN + TiT + TITI T +
TG + T+ 3T T + T T+ T + T + T + Ty + T T +
LT+ T3 + (T (=T HK L+ T + 5 T8 + T3] + (=TI (=THIANTY + T T
+ T T+ 3T T+ T+ T + T + (=13 g T THY U+ T+ T + T3]+ [(—T1)]
HUTH' T + Ty + TITy + T + TP T + T T + Ty + T 5T
+ TITTY + T + STV T + 3T TIT + 410 4T + 3T T + TP 5T +
LTPTH + T + TR + ST + Ty + ToTyy + TPy + I T + 1373 +

1,11 F 2 1,11 F I,II 1,11
T+ [(—=Ty J(=THIHN1+T{ + 5T + T3]+ [(=Ty ) (=TH]HNTy + 11Ty + 1T
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F AT T T+ T+ TR + (T (T AL [+ T+ TIT3 + 277 + 277 + 17)
+ [(=TH(=TMHYTE + T + T + TV + TIT T + TP T+ 4T T
+ TP+ T+ T + T + T + (=T (IO (=TI AN+ T+ 578 +
T3] + [(=TH TP HR L + T + TIT3 + 3T + 3T + T3] + [T 1 HN T + TiT!
+ T+ T T it LT AT 4 TP T Pt 4+ T+ ST+
Tyy' + Thg 11" + TIT3 + T3] + (T3 3 TTHA L+ T + 377 + T3] + (=T 417 ]
AT + TIT + DT + 3TT T + T + Ty + ToTH) + [ T7 4TI HA 1+ T +

LTF + 70" =0

4.3 Implementation details

The implementation of the ¢ amplitude equations was performed sequentially by first
performing the contraction over one particle type followed by contraction over the
other particle type. For a general ¢ amplitude equation, this procedure is shown by

the following equation

(K'Y e T HyeT|0'0M), = (KK e T HLeT 0N o), (4.61)
+ <KI|<KH|6_TI{II{II€T|0H>C|OI>C

+ (KK e T Ve 0™ |0,

Contraction over indices of one particle type resulted in a set of single component
operators. These operators (labeled as A!, A and B) are analogous to the effective

operators in electronic structure CC theory (pg. 328 of Ref. [00]) and are defined in
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Eqgs. Equation 4.62-Equation 4.64

(K"|e"T BT |0y, = Al (4.62)
+ Y Al {ali}
+ Al {aldlji}
ijab

+ ... (n-body terms).

In general, the number of operators in the above expression is infinite because of
the presence of the exponential operators. However, because the operator expression
was projected onto a space that contains only at most doubly excited spaces (D], all
three-body and higher operators had zero contribution to the ¢t amplitude equations.
Analogous to the type I particles, the operators for the type II particles are defined

as
(K'e T HLeT|0h, = Al (4.63)
+> AL {a
+ > ALY

ilj/a/b/

+ ... (n-body terms)

The contraction over the Vl\II’H operators is defined as

<KII|67TV1\II,H€T’0H>C _ Z le)q{qu}
pq

+Y B} {plaliq}

pqia

+ ... (n-body terms)
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The main advantage of defining the single component effective operators A!, A, and
B is that the form of the operators are similar (but not identical) to the electronic
structure CCSD equations. As a consequence, the evaluation and implementation of
these operators benefited from the development of computer-assisted source code gen-
eration of electronic structure CC methods.[139, , , | In this work we devel-
oped a program to perform algebraic manipulation of the strings of second-quantized
(SQ) operators. This program was largely inspired by the tensor contraction engine
(TCE) [140, 143, 144, 145, 146, 147, 148, 149, 150] which has been used extensively for
implementation of electronic structure CC methods. A subset of techniques used in
the TCE method [151] was used for source-code generation and implementation of the
t amplitude equations. The program uses the well-known results of the Wick’s expan-
sion theorem, in which only fully contracted terms have non-zero contribution for a

vacuum expectation value of the a string of SQ operators (Figure 4.1).[60] In the first

1]
O{XX,.. 31 {..7, Y, } 0 =(0]| X, X,...Y, Y, |0) (fully contracted)

Figure 4.1: Wick’s theorem

step, for a given string of SQ operators, the program generated a list of all valid fully-
contracted terms. In the second step, reduction operations were performed to reduce
the number of terms. The final step involved generation of the mcCC source code.
The reduction operation is the key step for increasing the efficiency of the implemen-
tation. The SQ program performed index permutation operations and consolidated
equivalent expressions to minimize the number of terms in the fully contracted list.
In addition to performing index manipulations, the SQ program performed addi-
tional reduction operations by using the numerical value of the molecular integrals
(hpg and hpgs). This was performed by eliminating all numerically zero terms from
the set of molecular integrals and mapping the non-unique terms to a set of unique

terms. This mapping of terms is illustrated in Figure 4.2, where set A is the set
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of original integrals and set B is a subset of set A containing only unique, non-zero

terms. In the reduction step, terms with h,, = 0 and h,qs = 0 were eliminated at a

=

— h
/ Huyvywy

Prdisy \

P24r1252

=

1yl VW)
P3q3353

PaqaTySy

Set A SetB

Figure 4.2: Many-to-one mapping of the molecular integrals. Set A contains the list
of input integrals. Set B is a subset of A that contains the list of non-zero unique
integrals. The terms hp,gorps, A0d Apggeryss are assumed to have identical numerical
values and are mapped to a single term in set B. The term hy,q,,,s, is assumed to be
zero and is not included in set B.

very early stage of the calculation. The reduction process also performed additional
consolidation for expressions with identical numerical values (for example fgyuyvyw, i
Figure 4.2).

There are both advantages and disadvantages of using information from the molec-
ular integrals for the reduction step. The main limitation is that the source code
generation becomes system dependent and therefore the CC source code needs to be
generated for each unique system. However, the advantage of a system dependent
source code is that the generated code is highly optimized for the specific system
under investigation and uses the intrinsic symmetries associated with the given sys-
tem. The mapping of the integrals to the set of unique non-zero terms also helps in
reducing the memory footprint.

The present version of the SQ program is still in the first iteration of its devel-

opment cycle and is neither as general nor as efficient as the TCE. In future work
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we envision interfacing the SQ program with the open-source version of the TCE for

extending the implementation of mcCC theory.

4.4 Computational details

4.5 Results

The mcCC method was applied to a series of model systems to validate the theory
and implementation. These systems are described in greater detail in the following
subsections and their key properties are listed in Table 4.1. Calculations were done
on these systems using three different ansatz for the T operators as shown in the
following equation

LIL | LI LI oL, 1T
’\I’mcCCSDst> — €T11+T21+T1H+T2H+T11 +T75 +T57 +T5; |OIOH> (464)

|\DmcCCSDfS> _ €T11+T21+T1H+T2H+T11’1H‘OIOH> (4.65)
’\DmcCCSD> _ €T11+T21+T1H+T2H’010H>_ (4.66)
The suffix ”-S” and ”-SD” in the above expression are used to denote inclusion of
connect I-II singles, and connect I-II singles and doubles operators, respectively. The
three mcCC wave functions represent three different levels of approximations for
treating correlation between type I and type II particles. We have compared the

quality of these approximations with full configuration interaction calculations and

results from these calculations are presented below.

4.5.1 Model-A single component Hooke’s atom

The Hooke’s atom is one of the few two-electron systems which can be solved exactly,

making it an obvious choice for benchmarking the mcCC method. We label this
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Table 4.1: Important properties for systems studied.

Hooke’s  Hooke’s Excitonic Biexcitonic
Property Model A Model B PsH system system
Number of type I particles 2 1 2 1 2
Charge of type I particles -1 -1 -1 -1 -1
Mass of type I particles 1 1 1 1 1
S, for type I subsystem 0 —i—% 0 +% 0
Number of type II particles 0 1 1 1 2
Charge of type II particles - -1 +1 +1 +1
Mass of type II particles - 1 1 1 1
S, for type II subsystem - —% —i—% —% 0
Total spin(S) 0 0 i 0 0
Dielectric constant 1 1 1 1 1

system as ”"Model-A” and the Hamiltonian for this Hooke’s atom is given by the
following equation.
2 [-n? 1 1

Hplodel=A — Z {ﬁw + 5/<:I(r§)2 + 7 (4.67)
Notice that this Hamiltonian only includes type I particles - we do not include any type
IT particles and thus any type I-II coupling is absent. This calculation was done to
ensure that the automated generation and solution of the single component CC ansatz
(|¥cc) = e™2|0)) would be correct. We have performed mcCC calculations on this
Hamiltonian using [4s4p4d] GTO basis functions to allow for direct comparison to
previous work.[152 , 154] The details of the GTO basis can be found in Table 4.9
located in section 4.A and the results from the calculations are presented in Table 4.2.
The mcCC energy was found to be in very good agreement with the analytical ground
state energy and was found to be higher than the analytical result by 0.76 mHartree.
This result successfully demonstrates the single-component limit of the mcCC wave

function.
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Table 4.2: Total energy of Model-A Hooke’s atom in Hartrees.

Method Total Energy Ref.
Analytical 2.00000 [152, , 154]

mcHF 2.03844 This work
mcCC 2.00076 This work
mcFCI 2.00076 This work
FCI 2.00076 [152]

4.5.2 Model-B multicomponent Hooke’s atom

The Model-B Hooke’s atom is a hypothetical system that consist of treating two
electrons in the Hooke’s atom as distinguishable particles. Specifically, the electron
with alpha spin is labeled as type I particle, and electron with beta is labeled as type
IT particle. Using this labeling, the multicomponent Hamiltonian for this system is

defined as

—h? 1
Model-B __ 2 | LI/ T\2
Hyoe = = [2mIV + 2/<: (r) } (4.68)
_h2 2 1 I/ 11N\2
* {2mHV +§k )
1

LI
T12

Because there is only one type I and one type II particle is present in the system, only
the Ti; term contributes to the correlation energy. Note that the mcCC calculation
done for this system will only include 77, TI' and T}}" operators in the ansatz due
to only a single type I and single type II particle in the system. This Hamiltonian
was used to perform mcCC calculations and the results are summarized in Table 4.3.
The results from the mcCC calculations were found to be in very good agreement
with previously published FCI results. The results from both Model-A and Model-
B Hooke’s system demonstrates accurate implementation of the (71 + T3) and 733"

components of the mcCC ansatz.
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Table 4.3: Total energy of the Model-B Hooke’s atom in Hartrees.

Method Total Energy Ref.
Analytical 2.00000 [152, , 154]

mcHF 2.03844 This work
mcCC 2.00076 This work
mcFCI 2.00076 This work
FCI 2.00076 [152]

Table 4.4: Total energy of positronium hydride (PsH) given in Hartrees.

Method Ground state energy (Hartree) Ref.

Exeo-nr —0.666872 [155, ]
Ecar —0.666872 This work
EmCCCSD—S —0.754000 This work
EmCCCSD—SD —0.758956 This work
ENEO-_FCT —0.758965 [155, ]

4.5.3 Positronium hydride system

The positronium hydride (PsH) molecule is a multicomponent system which can be
viewed as a positron (e™) bound to the H™ anion. The PsH system is a proto-
type for studying electron-positron correlation and has been studies using various
theoretical methods including perturbation theory,[155] full configuration interaction
(FCI),[155, | explicitly correlated methods.[157] In this work, we have performed
mcCC calculation on the PsH system, where the two electrons were treated as type
I particles, the single positron was treated at type II particle, and the the proton
was BO separation from the electron-positron subsystem. The mcCC calculations
were performed using a set of [6s3pld] GTO basis functions (shown in Table 4.10 in
section 4.A) which was used earlier for FCI calculations[155, 156] and comparison of
results between the two methods are presented in Table 4.4. The use of identical set of
basis functions ensured a consistent comparison between the mcCC and FCI calcula-

tions. Comparison between mcCCSD-SD and FCI energies show very good agreement

between the the two methods demonstrating the effectiveness of mcCCSD-SD method
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for treatment many-particle correlation. We note that the results are invariant to the
definition of type I and type II particles and labeling the hole as type I and electrons as
type II generate identical results. These results demonstrate accurate implementation

of the (15" + T13") components of the mcCC ansatz.

4.5.4 Excitonic systems

The mcCC method was also used for computation of exciton binding energies. The
external potential was approximated using the 3D parabolic potential defined below

1
V2 —§ka|r°‘|2 a=1I1L (4.69)

ext T

A parabolic potential was chosen because they have been used extensively [158, ,

, , , , , , , , 37, 35, 30] to represent the confinement po-
tential experienced by excitons in nanoparticles. The values of the force constant
parameter, k, were selected such that the confining potential spanned from weakly
confining region (k = 1.0 x 107* a.u.) to strongly confining region (k = 5.0 a.u.) The
details of the excitonic systems are summarized in Table 4.1. The overall spin for the
exciton was set at Sexciton = 0 and electron-hole pair in the exciton was assumed to
have opposite spins. A set of [spd] GTO functions were used for electron and hole
basis functions and the values for the exponents for each value of k is provided in
section 4.A.

For all the excitonic and biexcitonic systems, the masses for the electron and
holes were selected to be identical to each other. Although this choice of having
identical electron and hole mases is not representative of realistic chemical systems,
however this selection was made to impose stringent condition for testing the mcCC
implementation. Specifically, one of the cornerstones of the BO approximation is the

use of mass ratio (labeled x = (me/mx)'/*) by Born and Oppenheimer to perform
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pertubative expansion of the multicomponent wave function. |1, ] By setting the
electron and hole masses to be identical, we simulate the worst case scenario limit
where the BO-approximation is not valid. In the same spirit, we also set the dielectric
constant to one, which is a more stringent condition that found in chemical systems
where the dielectric constant is greater than 1 because of dielectric screening.

In addition to mcCC calculations, we also performed multicomponent full con-
figuration interaction (mcFCI) calculations on the eight excitonic systems in order
to verify validity of the mcCC method. The mcFCI energy was obtained from the

solution of the following equations

I 1T
NFCI NFCI

Vonerer = Z Z cﬁf@ﬁ@? (4~70)

i

Emncrcr = chin<‘11mcFCI|H| U nercr) (4.71)

and the mcFCI correlation energy (AEcrc1 = Fmerct — FPuenr) was compared with
the mcCC results. As shown in Table 4.5, the mcCC energies were found to be in

excellent agreement with the mcFCI results. For the excitonic system, both mcCCSD

Table 4.5: Total exciton energy calculated from mcHF and correlation
energy from mcCCSD, mcCCSD-SD, and mcFCI methods reported in
Hartrees as function of k.

k(aw.)  Emear  AEmecosp AFEmeccsp-sp  AFmercr

0.0001 -0.06611  0.00000 -0.01008 -0.01008
0.0010 -0.06844  0.00000 -0.01526 -0.01526
0.0100  0.02282 0.00000 -0.02101 -0.02101
0.1000 0.47374  0.00000 -0.02554 -0.02554
0.2500  0.90931 0.00000 -0.02686 -0.02686
0.5000  1.42379 0.00000 -0.02763 -0.02763
1.0000 2.17547  0.00000 -0.02828 -0.02828
5.0000  5.48836 0.00000 -0.02942 -0.02942

and mcCCSD-S form of the CC wave functions are equivalent to the mcHF and
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mcCCSD-SD wave functions, respectively and are not shown in Table 4.5 to avoid
repetition.

The results for the exciton binding energies are presented in Table 4.6. Exci-
ton binding energy (Egpg) is defined as the difference in energies between the non-

interacting and interaction electron-hole pair and is given by the following expression

EEBE - <\I]O|H|\DO> - <\Ijeh|Heh|\Ileh> (472)

Hen = Ho + Ven (4.73)

where Uy, and ¥, are wave functions that minimizes the energy of the interacting
(Hen) and non-interacting (Hp) systems, respectively. The exciton binding energies
calculated using the mcCC method were found to be in very good agreement with
the mcFCI results. The exciton binding energy was found to increase with increasing

Table 4.6: Exciton binding energy calculated using mcHF, mcCCSD,
mcCCSD-SD, and mcFCI methods reported in eV as function of k.

k(a.u.) mcHF mcCCSD mcCCSD-SD  mcFCI

0.0001  2.615 2.615 2.889 2.889
0.0010 4.444 4.444 4.859 4.859
0.0100  7.542 7.542 8.114 8.114
0.1000 12.924  12.924 13.619 13.619
0.2500 16.073  16.073 16.804 16.804
0.5000 18.981  18.981 19.733 19.733
1.0000 22.437  22.437 23.206 23.206
5.0000 33.194  33.194 33.994 33.994

strength of the confinement potential and its dependence on the force constant of the

external potential is shown in Figure 5.5.

4.5.5 Biexcitonic system

Biexcitons are bound two-electron, two-hole quasiparticles that are formed from two

weakly interacting excitons. Using the mcCC method, we calculated total correlation
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Figure 4.3: Dependence of exciton binding energy calculated using mcCCSD,
mcCCSD-SD, and mcFCI on the strength of the confinement potential.

energy and biexciton binding energy for a set of eight model systems. Total correlation
energy of the biexciton systems was calculated by subtracting the vacuum energy from

total energy,

AEnccc = Emecce — Eret (4.74)

and biexciton binding energy Epgg was defined as the difference between the energies

of the free excitons (Fx) and the total biexciton energy Ex,.[39, 93]

Egpr = Ex, — 2Ex (4.75)

The biexciton binding energy calculations were performed in three steps. In the first
step, mcCC calculation on the fully interacting biexciton (2e,2h) was performed and
the total biexcitonic energy was obtained. In the second step, mcCC calculation
on the fully interacting exciton (le,1h) was performed and the total exciton energy
was obtained. In the final step, the biexciton binding energy was calculation using
Eq.(4.75). The details of the biexcitonic systems are summarized in Table 4.1. Each

of the eight biexcitonic systems consisted of electron-hole pairs with unit charges and
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masses (m! = m!! = la.u.). The dielectric function in Eq. (7.33) was assumed to
be constant and was set to € = 1. The overall spin for the biexciton was set at
Shiexciton = 0 and both electrons and holes separately were assumed to be spin-paired.

The correlation energies calculated using mcCCSD, mcCCSD-SD and mcFCI for
the excitonic and biexcitonic systems are presented in Table 4.7. The comparison
between mcCCSD-SD and mcFCI results shows very good agreement between the
two methods for all values of k. The maximum difference between mcCCSD-SD and
mcFCI correlation energy was found to be in the order of 10~°Hartrees. In con-
trast, the mcCCSD calculations were found to underestimate the correlation energy
and recovered only 19 — 34% of the mcFCI correlation energy for all values of the
confinement potential. In contrast, the mcCCSD-S calculations were able to recover
85 —99% of the mcFCI correlation energy. These results highlight the importance of
including connected excitation operator in the mcCC wave function. The results also
show that connected operators are important in both weak and strong confinement

regions. The exciton and biexciton binding energies calculated using the methods

Table 4.7: Total biexciton energy calculated from mcHF and correlation
energy from mcCCSD, mcCCSD-S, mcCCSD-SD, and mcFCI methods
reported in Hartrees as function of k.

k(aw.)  Emenr AFmeccesp AFmccosp—s AFumeccsp-sp AEmcercr

0.0001 -0.13221  -0.00501 -0.02291 -0.02666 -0.02666
0.0010 -0.13688  -0.01025 -0.03997 -0.04466 -0.04466
0.0100 0.04564  -0.01965 -0.06562 -0.07044 -0.07044
0.1000  0.94748  -0.03166 -0.09640 -0.10021 -0.10021
0.2500 1.81862  -0.03633 -0.10874 -0.11197 -0.11197
0.5000 2.84759  -0.03956 -0.11753 -0.12028 -0.12028
1.0000  4.35094  -0.04253 -0.12582 -0.12813 -0.12813
5.0000 10.97673  -0.04843 -0.14296 -0.14436 -0.14436

described above are presented in Table 4.8. The mcCCSD-SD binding energies were
found to be in very good agreement with the mcFCI results. The mcCCSD results

deviated from the mcFCI results and recovered 57 — 77% of the mcFCI binding en-
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ergies. The mcCCSD-S calculations were found to recover 42 — 98% of the mcFCI
binding energies. The results from Table 4.7 and Table 4.8 also show the role of
cancellation of errors in biexciton binding energy calculations. For example, the cor-
relation energy data from Table 4.7 clearly show the advantage of the mcCCSD-S over
the mcCCSD method. However, in biexciton binding energy calculations (Table 4.8)
for some systems, the mcCCSD method outperformed the mcCCSD-S method due
to coincidental favorable cancellation of errors. These results underscore the pitfall
of using only biexciton binding energy data to assess quality of theoretical methods.

The results in Table 4.8 also highlight the importance of particle-particle correlation

Table 4.8: Biexciton binding energy calculated using mcHF, mcCCSD,
mcCCSD-S, mcCCSD-SD, and mcFCI methods reported in meV as func-
tion of k.

k(a.u.) mcHF mcCCSD mcCCSD-S mcCCSD-SD  mcFCI

0.0001 0 136 75 177 177
0.0010 0 279 257 385 385
0.0100 0 935 642 773 773
0.1000 0 861 1233 1337 1337
0.2500 0 989 1497 1585 1585
0.5000 0 1076 1694 1769 1769
1.0000 0 1157 1885 1948 1948
5.0000 0 1318 2289 2327 2327

in calculations of biexciton binding energy. Specifically, comparison of the mcHF and
mcCCSD-SD results shows that the Hartree-Fock approximation is qualitatively inad-
equate capturing biexcitonic interactions. Comparing with mcCCSD results, we find
that inclusion of e-e and h-h correlation can significantly improve the Hartree-Fock
results. However, the quality of the improvement is a function of confinement poten-
tial. The dependence of the biexciton binding energy on the strength of the potential
is shown in Figure 5.6. As expected, we find that the biexciton is bound strongly
in high confinement regions. This trend is consistent with the quantum confinement

effect observed in optical properties of semiconductor nanoparticles. Figure 5.6 also
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Figure 4.4: Dependence of biexciton binding energy calculated using mcCCSD,
mcCCSD-S, mcCCSD-SD, and mcFCI on the strength of the confinement potential.

shows that the mcCCSD-S method outperforms the mcCCSD method in the high
confinement region and is a computationally cost effective alternative to the much
more expensive mcCCSD-SD method.

The mcCCSD-S calculations ran over ten times faster than the mcCCSD-SD cal-
culations. Amplitude equations were set to converge to 1 x 10~® which took roughly
48 hour fore the mcCCSD-SD calculations and about 4 hours for the mcCCSD-S
calculations. Fach calculation was done on TACC Stampede and used a single node

(two Intel Xeon E5-2680 2.7GHz processors) running 16 threads.

4.6 Conclusion

In this work, we present the theoretical development and implementation details of
the multicomponent coupled-cluster theory. This method was developed to investi-
gate particle-particle correlation in many-particle multicomponent systems such as
electron-proton, electron-positron, and electron-hole systems. Specifically, the con-
struction of the multicomponent vacuum state, form of the cluster operator, and the

expressions for the cluster amplitudes were discussed. The coupled-cluster equations
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were implemented using a computer-assisted source code generation strategy em-
ploying an integral-driven approach. The developed method was used to investigate
electron-hole quasiparticle interactions in biexcitonic systems by calculating total cor-
relation energy and biexciton binding energies. These quantities were found to be in
very good agreement with full configuration interaction results. Based on these calcu-
lations we conclude that (1) the mean-field approximation severely underestimates the
biexciton binding energies and is not a suitable approximation for treating biexcitonic
systems and (2) the inclusion of connected excitation operators in the multicompo-
nent coupled-cluster wave function is crucial for accurate calculation of electron-hole
correlation energy. The method presented here provides a foundation for extend-
ing multicomponent coupled-cluster theory and future work will explore perturbative

approaches to connected excitation and linearized version of this method.

4.A Calculation parameters

Table 4.9: Values of the exponents for the [4s4p4d] GTO basis functions (in
atomic units) for the Hooke’s atom calculations.[!5?]

«
1s 0.231598
25 0.407633
3s  0.717471
4s  1.262815
1p 0.234844
2p  0.389490
3p  0.645973
4p  1.071350
1d  0.234204
24 0.400061
3d  0.683376

4d  1.167326
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Table 4.10: Values of the exponents for the [6s3pld] GTO basis functions
(in atomic units) for the positronium hydride (PsH) system.|l5(]

Ole— et
s 66.011 8.9346
2s  10.002 1.5904
35 2.3585 0.51619
4s  0.73659  0.11092
bs  0.26847  0.052472
6s 0.049378 0.024562

Ip 0.67771  0.47831
2p 0.19922  0.18726
3p 0.075304 0.069729

1d  0.17232  0.15439

Table 4.11: Values of the exponents for the [spd] GTO basis functions (in
atomic units) used for calculating exciton and biexciton binding energies.

k(a.u.) a
0.0001 5.00x10~3
0.0010 1.58x1072
0.0100 5.00x1072
0.1000 1.58x10°*
0.2500 2.50x107*
0.5000 3.54x107!
1.0000 5.00x107!
5.0000 1.12
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Chapter 5

Investigating biexcitons in

seminconductor quantum dots

In this chapter, a study carried out with the multicomponent coupled-cluster method
is presented. Previous calculations using the mcCC method were done on benchmark
systems that all had known results. This work investigated how quantum dot material
and size affects exciton, and more importantly biexciton binding energy. This scaling
behavior has been heavily studied for excitons, though little work has been done for

biexcitons.

5.1 Introduction

The electron-hole quasiparticle representation provides an intuitive description of elec-
tronic excitations in semiconductor nanoparticles. The generation of bound electron-
hole pairs, also called excitons, is a central concept for investigating optical properties
of quantum dots (QDs) and has been subject of intense research for a wide variety of
applications in the fields of light-harvesting devices, [169, 170, 171, 172] light emitting

devices, [173, 174, 175, 176] and biological imaging. [177, , , , , , ,

]
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In addition to excitonic states, semiconductor materials have also been shown
to exhibit multiexcitonic states, such as biexcitons, trions, and electron-hole liquid
and droplets. The generation and dissociation of multiexcitons also have been the
focus of intense research because of their application in light-harvesting systems.
[171, , , , , , , | Multiexcitonic systems, such as biexcitons and
electron-hole liquid and droplets, are characterized as bound states that consist of
at least two quasiparticles. These systems are intrinsically different than a collection
of non-interacting excitons because their photophysical properties depend strongly
on the strength of the exciton-exciton interaction. In the case of a biexciton, the
strength of this interaction is known as the biexciton binding energy, which is defined
as the energy needed to dissociate a biexciton into a pair of non-interacting excitons
(Epp = 2Ex — Exx). Typically, the exciton-exciton interaction is much weaker than
an electron-hole interaction and consequently, biexciton binding energies are generally
an order of magnitude lower than the exciton binding energies. Like excitons, the
optical and electronic properties of biexcitons are also influenced by the quantum
confinement effect. The biexcitonic interactions in QDs are influenced by the size
and composition of the QD. In this work, we present a systematic investigation of the
effect of QD size and composition on electron-hole interactions in biexcitonic systems.
The binding energy can be separated into contributions from mean-field (Hartree-
Fock) and electron-hole correlation. It is well-known from earlier studies[39, 192]
that, unlike exciton binding energies, biexciton binding energies are dominated by
the electron-hole correlation contribution. Because of this, it is imperative to have
a highly accurate quantum chemical method for treating electron-hole correlation
in biexcitonic systems. The dominance of the electron-hole correlation contribution
also suggests that, when compared to excitonic systems, biexciton binding will be

impacted differently by changes in the confinement potential of the QDs.
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In this work, we present a systematic study of the effect of QD size on biexciton
binding energy. Specifically, the work answers three critical questions in the field
of biexcitonic systems: (1) what effect does QD dot size have on biexciton binding
energies, (2) how does material of the QD affect the biexciton binding energies, and
(3) how are the stabilities of biexcitons related to the stabilities of excitons. How-
ever, the theoretical investigation of biexciton binding is challenging for three reasons.
First, the biexciton binding energy is typically in the range of 1-50 meV and requires
high-precision quantum mechanical methods to calculate these quantities. Second,
as previously mentioned, earlier studies have demonstrated that the biexciton bind-
ing energy is dominated by electron-hole correlation energy. Consequently, accurate
descriptions of biexcitonic interaction demand accurate treatment of electron-hole
correlation. Third, an accurate biexciton binding energy calculation requires a size-
consistent treatment of electron-hole correlation. Using a size-consistent quantum
mechanical method like the electron-hole multicomponent coupled-cluster (eh-mcCC)
ansatz [192] will provide a balanced treatment of many-particle correlation (electron-

electron, hole-hole, and electron-hole) for both the biexcitonic and excitonic systems.

5.2 Theory

The excitons and biexcitons are described using the electron-hole (eh) quasiparticle
Hamiltonian, and the quasiparticle interactions are defined using screened-Coulomb
interaction. This well-known Hamiltonian has been used in earlier studies[193, ,

, , | on excitonic and multiexcitonic systems. The electron-hole Hamiltonian
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in second quantized notation is defined as

H® = “(plhelg)p'q + ) (palve<|rs)p'qlsr (5.1)

pqgrs

Prq
+ Z(p/|hh|q’>p/Tq' + Z <p/q/|vh’h|T/S/>p/Tq/TS/T’/
paq

plql,r,lsl

+ > (P[0 ad )P ad’

pap'q’

where, the unprimed and primed operators represent electron and hole quasiparticles,
respectively. The material parameters for the Hamiltonian relevant for the systems
investigated in this work are provided in Supporting Information. The multicom-
ponent vacuum state, |0°0"), is obtained via multicomponent Hartree-Fock (mcHF)

using the following scheme,

(0°0" H0°0") = min (Psp Psp | H|P5p Pep) (5.2)

SD *sD

and the normal-ordered Hamiltonian is written as,
Hyx = H — (0°0" H|0°0"). (5.3)
The form of the mcCC wave function in this work is defined as

Wb ) = TSI T | geqhy (5.4)

= el'|0°0"). (5.5)

where the cluster operators, the T¢, Ts, TF, and T2 are equivalent to single-component

coupled-cluster excitation operators («a being either e or h),

N

INESY 3 t¢{ati} (5.6)

i
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N
« ab -
Ty = ZZZ% {a'd'ji} (5.7)
i  ab
The electronic T" operators excite only in electronic space and hole T" operators excite

only in hole space. The 77’ ih operator, which is defined below, is a connected excitation

operator that simultaneously performs single excitations in electronic and hole spaces.
N M N M

TS = Z > Z > i {ati}{a"i'} (5.8)

The summation limits to N and M are to occupied and virtual states, respec-
tively, and that hole indices are primed while electronic indices are not. The mcCC

Schrodinger equation,
Hye™|0°0") = ABpecce’ |0°07) (5.9)

will yield the six mcCC equations we need to solve after performing the similarity

transformation and projecting into the appropriate states,

(0°0" e~ Hye™|0°0™) . = AFEpecc (5.10)
(S°0™ e~ Hye [0°0™). = 0 (5.11)
(D0 e~T Hye™|0°0") = 0 (5.12)
(0°S™ e~ Hye [0°0™). = 0 (5.13)
(0°D"|e~ T Hye™|0°0™), = 0 (5.14)

(S°S"e~" Hye™|0°0"), = 0. (5.15)
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Expanding the energy expression gives,

AEmcce = (0°0YVEM 1 + T3 + T8 + TeT™ 4+ Th)+
1 .
HR[1 4T + ngh + T+

1
HE[1 4 T¢ + ETfQ + T%]]0°0™). (5.16)

The resulting singles equations are of the following form,

(S} e e erje e 1 (S 1 e e e
(SO T + T3 + TT + TPTY o+ 17+ T3 10+ 10+ 15+ T3TY+
(TR + T + T7 + TTTY + T+

e 1 2 e
HATSY + T 4+ TeTP + Te =T + TTh + Th TS+

2l
1
(“TOHRL+T7 + 1 + 1)+
1 1
HE[1 4 T + TCTS + §T52 + ngg + TS]+
1
[(—TOJHG[L + T + =T¢ + T5)|0°0") = 0. (5.17)

2!
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The expanded doubles equation is,

1
51t “Thy

1 e2 e,h
TETH + 5

1 e
o

(DO VST 4+ T8 + TT + TSP + TSTS + TETSTY + o
1 1
5Te + o1 T TS+ TSTS + TS T+

(=TI L + T3 + T + TeTE + T+
1

(=TS + TH 4+ T + TeT + TeTE + o

1
2'Te + 515 TR TR TS+ TSTM+
1
5 1% VL + TN + T8 + T + TP+
1 1 1 21 0 1
erpe,h e e,h e2 e
HYTT + TP Ty +5 10+ g o 2'Th o

1
TS + TSTP + T;ETPQ +TTH+

T T4 5T Thy

1 h? h
2lT + T3+

(=) HY[T5" + T¢ + T{TP + T
[ 1 1
21 2!
HY[1+TY + T7Ts +

(=T5) Hx[1+ 77 +

1w e oh
2'Th + TETy + T+

‘TC JHR[1+ T} + 'Th + T+

1 e
T+

1 1 1 1
'Te—{— |TeTe+ ‘Te —|—Te+2

2! 2! 3! 4!
e e e 1 e? e e e e erpe
(IR +T7 + 510 + T+ (TR + T+ TS +

'Te +
1 C 1 O e
gl g T+ T3l

1 1
[Q‘Te JER[L+ T + 5 T + T5]]0°0") = 0. (5.18)
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The complementary singles and doubles equation for the hole particles are not re-

peated here for conciseness. The singles-singles amplitude equation is

1
(SO VR L+ T + 75 + TITH + YT + T T + T g T+

1 1 1 -1 .o 1 12

erh e e?h e h e?h h hrne,h h

TT+wT+wTT+wﬂmT+wTT+T TP + 5T+
1

ﬁ+ﬁﬁ+ﬁjﬁ+ﬂﬁ+ﬁ]

[(=TEMVRM L + TS + T¢ + TET + TP+
1 1
2‘Te + 51 TR TR TS+ TSTR+
1
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Figure 5.1: Hugenholtz skeleton diagrams for one-body operators. The square and
the dot symbols represent the Hamiltonian and the excitation operators, respectively.

The equations for the t-amplitudes can be conveniently derived using the diagram-
matic representation and in this work we have used the Hugenholtz diagrammatic
representation. The Hugenholtz skeleton diagrams representing connected terms for
the all one-body and two-body operators are presented in Figure 5.1 and Figure 5.2,
respectively. Computer implementation of the t-amplitude equations were achieved
using the computer-assisted source code generation procedure where the general-
ize Wick’s contraction of strings of second-quantized operators was performed using
symbolic algebraic manipulation.[118] After successful calculation of the correlation
energy, the exciton binding energies were calculated by subtracting the total exciton

energy (Ey) from the non-interacting energy of the electron and hole (E, and E},)
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Figure 5.2: Hugenholtz skeleton diagrams for two-body operators. The square and
the dot symbols represent the Hamiltonian and the excitation operators, respectively.

respectively,
Exg = E. + B, — Ex. (5.20)

Similarly, the biexciton binding energy was obtained by subtracting the total biexciton

energy from a pair of non-interacting excitons.

EBB = 2EX — EXX (521)
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5.3 Results

The effect of shape was investigated by performing calculations on QDs with diameters
in the range of 1-20 nm. The effect of material type was investigated by selecting four
semiconductor materials (CdSe, CdS, CdTe, and PbS). Exciton and biexciton binding
energies as well as an estimated crystal formula for the entire set of dots are presented
in Table 5.1. Of the material types investigated here, CdSe QDs have been studied
most extensively and is, therefore, an excellent system for comparison. In Figure 5.3,
we compare exciton binding energies obtained in this work using eh-mcCC to several

other studies.
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Figure 5.3: Exciton binding energies (Egg) for CdSe QDs, calculated using eh-mcCC,
are compared with other studies by Inamdar et al.,[198] Franceschetti et al.,[13] Wang
et al.,[199] Querner et al.,[200] Jasieniak et al.,[201] Kucur et al.,[202] Muelenberg et
al.,[203] and Elward et al.[30].
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Figure 5.4: Biexciton binding energies (Egg) for CdSe QDs, calculated using eh-
mcCC, are compared to other studies by Sewall et al.,[201, 205] Acherman et al.,[200]
Bonati et al.,[207] and Dworak et al.[205].

We find that eh-mcCC agrees very well with previous theoretical and experimen-
tal studies. [203, , 36, 43, | The log-log plot in Figure 5.3 also shows that
the exciton binding energies in CdSe quantum dots scale as D™. This well-known
scaling behavior has been reported in both experimental and theoretical investiga-
tions. [203, , 36, 43, | The scaling of biexciton binding energies with respect
to the diameter of CdSe QDs is presented in Figure 5.4. In general, we find that
the biexciton binding energies are much smaller in magnitude than the corresponding
exciton binding energies. The comparison with previously reported experimental re-

sults indicates that the biexciton binding energies are much more sensitive to factors

influencing the confinement potential. This makes determination of biexciton binding



108

energies using both experimental and computational techniques challenging. Com-
paring theoretical and experimental results shows that calculated biexciton binding
energies are underestimated for smaller dots, however, this difference decreases with
increasing dot size.

The dependence of exciton and biexciton binding energies on dot size for other
materials studied (CdS, CdTe, and PbS) is shown in Figure 5.5 and Figure 5.6, re-

spectively. In all cases, we find that the trend observed in CdSe QDs is also seen
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Figure 5.5: Exciton binding energy (Fgg) vs dot size.

in other material types. The analytical expression of the relationship between exci-
ton binding energy to dot diameter can be obtained by performing linear regression
analysis and the expressions for best-fit lines are presented in Table 5.2.  We find
that the exponent of QD diameter (Dgyy) is close to one and is relatively insensitive

to material type. Comparing the scaling equations of exciton and biexciton binding
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Figure 5.6: Biexciton binding energy (Egg) vs dot size.

Table 5.2: Scaling law for exciton binding energies (Erp) for CdSe, CdS,

CdTe, and PbS quantum dots

Material Scaling Law Root Mean Square Error
CdSe  In[Egg/meV] = -0.956 In[Dget/nm] + 6.944 1.015 x 1072
CdS  In[Egg/meV]| = -0.952 In[Dyot/nm| + 7.079 1.122 x 1072
CdTe  In[Egg/meV] = -0.974 In[Dgo/nm| + 6.814 6.533 x 1073
PbS  In[Epg/meV] = -0.992 In[Dgot/nm| + 5.938 1.639 x 1073

energies (Table 5.2 and Table 5.3) shows that although both quantities decrease with

increasing dot size, the scaling properties are completely different. Specifically, we

find that the biexciton binding energies scale as e™®

P with respect to dot diameter.

We also find that the scaling law for exciton binding energy is D~¢, while that of

biexciton binding energy is e=*? (Figure 5.7). However, comparison of the slope of

the two binding energies reveals that with increasing dot diameter the biexciton bind-
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Table 5.3: Scaling law for biexciton binding energies (Egg) for CdSe, CdS,
CdTe, and PbS quantum dots

Material Scaling Law Root Mean Square Error
CdSe  In[Fpp/meV] = -0.067[Dgot/nm| + 2.936 2.062 x 1072
CdS  In[Egg/meV] = -0.070[Dyoy /nm] + 3.150 1.180 x 1072
CdTe In[Epg/meV] = -0.034[Dget/nm] + 2.124 1.077 x 1073
PbS In[Egg/meV] = -0.009[Dgot/nm] - 0.123 1.555 x 1073

ing energies decrease at a slower rate than do exciton binding energies (Figure 5.7).

The results in Table 5.2 and Table 5.3 also show that biexciton binding energies
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Figure 5.7: Relative binding energies for CdSe, CdTe, CdS, and PbS quantum dots.
The binding energies are normalized with respect to the exciton and biexciton binding
energies of the smallest dot, respectively.

are much more sensitive to changes in material type than are exciton binding ener-

gies. The parametric dependence of the two binding energies (Figure 5.8) reveals that
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Figure 5.8: Parametric dependence of exciton binding energies ( Fgg) on biexciton
binding energies ( Epg) for the set of QDs investigated in this work.

both exciton and biexciton binding energies are positively correlated, however, this

dependence is highly nonlinear.

5.4 Conclusion

In summary, this work presents a theoretical investigation of the effect of dot size
on exciton and biexciton binding energies in semiconductor QDs. The electron-hole
interactions in these systems were studied using the electron-hole multicomponent
coupled-cluster method, and calculations were performed on four different material
types. The results from these calculations revealed that biexciton binding energies

follow different scaling laws than do excitonic binding energies. The results also
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show that biexcitonic properties are, in general, more sensitive to material type. The
dramatic difference in the scaling equations for biexciton binding energies compared
to excitonic systems shows that the response of the biexcitonic system with respect to
change in the confinement potential is fundamentally very different from the response
shown by excitonic systems. We postulate that this effect is a consequence of many-

body effects present in biexcitonic systems.

5.A Material and basis parameters

The electron-hole Hamiltonian used in this work is defined as follows,
H=H+V*+H"+ Vvt yeh (5.22)

where the exact forms of the operators (in atomic units) are given as,

ND(
—h
H* =)  o=Vi i RPP) a=ch (5.23)
— 2My 7
Ne o O
Vo — q ga7 (524)
i<j 4
Ne NB oo
Ve,h(re’ rh) = Z EqTZh' (525)
i g ij

The € is the dielectric function. We used a single-particle basis for the electrons and

holes of [spd] Gaussian-type functions. The particles were confined in a parabolic

potential [30, 37, 34, 192] that had the following form,
« 1 al.o|2
Voy = §k r*|* a=eh. (5.26)

The scheme for determining parameters for the Gaussian functions and force con-

stants per dot size is presented in previous work and will not be discussed here.[30]
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Each composition also had corresponding effective masses for electrons and holes and
dielectric constants.[209] For the systems in this work, the effective masses, dielectric
constants, parameters for the Gaussian functions and force constants are given in

Table 5.4 and Table 5.5, respectively.

Table 5.4: Masses (atomic units) for electron and hole and dielectric con-
stant (¢) by QD composition[209]

me mP €

CdSe 0.13 0.38 6.2
CdS 0.19 022 54
CdTe 0.12 0.13 7.1
PbS 0.08 0.075 17.2
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Chapter 6

Applying multicomponent
coupled-cluster method to

molecular systems

The electron-hole representation for investigating electronic excitations is often re-
served for systems with large number of electrons. This chapter will discuss theory
and preliminary results for smaller systems. To begin, traditional methods used to
study excited electronic states will be introduced in section 6.1. We will specifically
focus on configuration interaction singles, equation-of-motion coupled-cluster theory,
and time dependent Hartree-Fock theory as they are some of the most widely adopted
methods. Next, (section 6.3) will introduce and explain the theoretical challenges of
applying the electron-hole representation to molecular systems, and how they were
resolved. The final section of this chapter, section 6.4, will show representative results

for using electron-hole methods to calculate electronic excitation energies.
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6.1 Traditional methods for studying excited elec-
tronic states

Investigating electronically excited states is an important field in chemistry. Often
times, the excited state of a molecular system posesses intersting properties that
govern chemical processes. Information on excited electronic states is particularly
important in fields like spectroscopy. Interpreting spectra relies on understanding
the electronic and molecular structure of a given chemical species. Computationally
studying the excited states is a very useful tool in predicting, justifying, and explaining
features of spectroscopic data. There are also excited states which are optically
inactive and unable to be studied spectroscopically.

Theoretical treatment of excited states is a rich field of study. There is a wide
spectrum of methods designed to study excited state properties of chemical systems.
In many cases, these methods can be derived from their ground state counterparts,
as is the case with configuration interaction and coupled-cluster methodologies which
were detailed earlier in chapter 2. Calculation energy of excited electronic states
permits the computation of the excitation energy. Excitation energy is the difference
in energy between an excited state and the ground state. This is the energy required
to transition from the ground state to the excited state.

This work will introduce a few of the most widely adopted excited state meth-
ods. These methods are the configuration interaction singles (CIS), equation-of-
motion coupled-cluster (EOM-CC), and time-dependent Hartree-Fock (TDHF). CIS
and EOM-CC methods will closely rememble the ground state discussions presented
earlier. The TDHF method will introduce how time depedent methods can be used
to investigate excited states. The key difference these methds have from earlier dis-
cussions will be in the form of the wave function and how it is used to the calculate

excitation energy. The problem with the more highly accurate excited state methods
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is that they are computationally demanding. As was displayed earlier, transform-
ing to the electron-hole represenation can reduce computational cost. Using the
electron-hole representation is accompanied with some issues, but overall should pro-
vide accurate results that are competitive with all electron methods, but at a lower
cost.

One of the main issues with using the electron-hole representation is the presence
of screening. In the all-electron representation, the electron-electron potential terms
are obviously present. In electron-hole representation, all electrons, execept those
excited, have been abstracted away. All of the electron-electron interactions still
must be accounted for in some way, and that is through screening. In electron-hole
representation there is screening between electron-electron, hole-hole, and electron-
hole interactions. The goal of this research is to develop a function that describes
this screening.

Deriving an accurate screening function will be introduced using linear density
response theory. Linear response theory is used in time-dependent density functional
theory to calculate excitation energies. This work will use aspects of the theory to

arrive at a screening function which can be used in electron-hole methodology.

6.1.1 Configuration interaction singles

Configuration interaction singles method, or CIS for short, expands configuration in-
teraction theory (which was introduced in section 2.3) to calculate excitation energies
[210]. In ground state CI calculations, ground state energy was reached by projecting

the Schrodinger equation onto the CI wave function,

(W H |9 = ES (| o) (6.1)
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For excited electronic states, a similar approach can be used. The CIS wave function
includes only single excitations on the reference state (which is obtained using the

Hartee-Fock method),

N M
|wOIsy = ch(m)au D) . (6.2)

The sum ¢ is over the N occupied orbitals while a is over M virtual orbitals. The CIS

energy is then obtained by substituting the CIS wave function into Equation 6.1,

N M N M
DD cinHIE =B YD cunld) (6.3)

and then projected into elements of the CIS wave function giving

N M N M
Z Z (i) <§’|H|§‘> = P Z Z C(i,a) 03Oab- (6.4)
The excitation energy with which we are interested is defined as
W = EISIS _ Eref (65)

where k is the desired excitation. To compute this quantity, the reference energy is

subtracted from both sides of Equation 6.4 to give

N M N M
Z Z {(eq — €)8i50a + (ij|v]ab) a} c(ia) = Wi Z Z C(i,a)0i0ab- (6.6)

The e values are orbital energies of the single particle orbitals ¢ and a and the V' term
is the antisymmetrized two electron integral. This equation can then be solved using

standard linear algebra techniques, which is apparent upon rewriting it in matrix
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form,

AC = wC. (6.7)

The A matrix is the Hamiltonian elements from the left side of Equation 6.6.
The CIS method is very popular due to its relatively low computational cost. This

low computational cost is associated with reduced accuracy, which other methods,

such as EOM-CC and TDHF address.

6.1.2 Equation-of-motion coupled-cluster

Equation-of-motion coupled-cluster (EOM-CC) is another widely used method for
calculating excited states of chemical systems [60]. It is based upon the CC work first
introduced in section 2.4. In EOM-CC we consider the ground state and an excited

state CC Sherodinger equation,

Hy |Wo) = AE, | W) Hy |Uy) = AE, |T) . (6.8)

The goal, is then to calculate the difference in energy between the k' state and the

ground state,

The ground state wave function is the familiar,

W) = e |0) (6.10)
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while the k" wave function is given by

It is worth noting that one need not use the coupled-cluster ansatz from above.
Other EOM methods exist, but CC theory is a focus of this work and is widely used
in applications. The Ry operator excites the ground state wave function into the
desired state. Generally, the similarity transformed Hamiltonian is used which gives

the following equations

H Vo) = AEy W) (6.12)

HRy, Vo) = AELRy | o) . (6.13)

Left multiplying the top equation by Rj and subtracting it from the second gives

[HR,] W) = (AE, — AEy) Ry | ) (6.14)

Satisfaction of this eigenvalue equation yields the excitation energy of the k'™ state.
It’s important to note that the EOM-CC equations directly eliminate shared terms
in the ground and excited state expressions, making it more favorable than solving

the ground state and excited state CC equations independently.

6.1.3 Time dependent Hartree-Fock

Another way excited states are theoretically investigated is by using time dependent
methods. Here, we will discuss time dependent Hartree-Fock (TDHF) theory [210].
TDHF, and time depdent density functional theory (TDDFT) rely on using electronic

density to compute excited electronic states. This is done by using the time dependent



121

Kohn-Sham equation shown below (with its adjoint),

i%C:FC (6.16)
4%C“ﬂﬁE (6.17)

These equations yield the KS equation in density matrix form,

)
FP - PF=i_P 6.18
i (6.18)

where P = CC' is the electronic density and F is the Fock matrix.
We assume that the system is in the ground state (and is unperturbed) which is

denoted by the superscript (0),
FOPO _ pOFO — (6.19)

Since we are interested in perturbing the system, the density and Fock matrices will

be expanded,

P=P"Y +PW 4 (6.20)

F=FO+F0 4 (6.21)

These expressions can then be substituted into Equation 6.18 to give

FOpL _ pORO L pOpO _ pOR®) — iﬁp(l)

= (6.22)

where the time dependent perturbation is give by a Fourier component,

1 —iw * _lw
gpq = § (que ! + fqpe t) (623)



122

which is a one-electron operator. This perturbation results in a first order Fock matrix

response, that is written in terms of the zeroth order Fock matrix,

FY =gy + AFY (6.24)
oF\Y
0 pq
AFY = 3. 2 p. (6.25)

Likewise, the first order density matrix is defined as

P = = (dpge ™" + d; ") (6.26)

N —

where d,, elements represent perturbation densities.
Substituting the expressions for F®) and PM into Equation 6.22, and gathering

e~ terms gives,

OFY OFY
Z qu dgr dpq (qu + a;qt dst) (fqr + Z a;t ) Wy .
st § s

q

(6.27)

The terms with e™? yield the complex conjugate of this expression. Given that density

matrices must be idempotent, we show that

> (POPY + PYPYY = PY. (6.28)

pr
q

This restricts the form of the d matrices such that only d;, and d,; elements will be

non-zero (where ¢ are occupied and a are virtual orbitals).
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This results in the following equations,

OF,; 0F,;
F(O) ai — aiF‘(‘O) as —— Ty, — P(O) = ai 6.29
aa’ L Z i + f + %: apbja:bj + anbybj i wx ( )
OFi, OF;
FYai = yai FS) + P (f +y { SFT T g P,bybj}) — Wy (6.30)
bj J J

where x,; = d,; and y,; = d;,. This yields the following eigenvalue equation,

A Bl |X 1 0 X
=w (6.31)
B* A" |Y 0 -1{|Y

where A was seen previously in the CIS equations. It has the following form,

Aia,jb = 62‘]'5&{,(6@ — Ei) —+ <Zj‘U|CLb>A (632)

The B matrix elements are given to be

Bz’a,,jb = <lb|U|ja>A (633)

We see that a benefit the TDHF method has over the CIS method and EOM
methods is that only the ground state wave function was needed to calculate the
excitation energy. This can greatly reduce computational complexity while still de-
livering accurate results. It’s worth mentioning that TDDFT extends the TDHF
methodology, with the two body contributions in the A and B matrices includes an

exchange-correlation functional f,..
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6.2 Electron-hole representation

While methods like CIS and EOM-CC provide accurate calculations, they can be
quite expensive. The wave function depends on N x D coordinates (N is the number
of electrons and D is the number of dimensions). As system size increases, the wave
function becomes a large quantity. This is especially true given that the CIS and
EOM-CC wave functions must track large sets of excited determinants.

The electron-hole representation of excitations can simply some of the computa-
tional complexity associated with these traditional methods. This concept was first
introduced in section 1.3 and has been used extensively in quantum chemical studies.
These studies and related work were discussed in chapter 4 and chapter 5. Invok-
ing the electron-hole representation is especially useful with large chemical systems,
though it can be used for modestly sized systems as well.

One of the central challenges of using the electron-hole representation is accurately
treating electron-hole screening. In electron-hole representation, an electron exists in
a virtual orbital and a hole exists in an orbital from the Fermi vacuum. The issue
is that, even though they are "hidden” in the electron-hole representation, other
electrons in the system screen the electron-hole interaction (and electron-electron
and hole-hole in the case where more than one electron and one hole are present).
This screening was present in the work presented earlier via the dielectric constant in
the electron-electron, hole-hole, and electron-hole operators.

This work looks to formulate a screening function that can accurately and quickly
calculate screening to improve the accuracy of electron-hole excited state calcula-
tions. This will be accomplished by using linear response theory, which is heavily
used in time-dependent density functional methodology. A major reason why linear
response theory is attractive is because it only requires information about the ground
state wave function to calculate excited state properties. Furthermore, (TD)DFT

methodology does not require all information of the wave function, only the density,
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to accomplish this which makes the screening function extendible to large, complex

chemical systems.

6.3 Linear response theory

6.3.1 Time dependent many body systems

Thus far, only time independent formalism has been used to describe chemical sys-
tems. In this chapter, use time dependent techniques to investigate properties of
interest.

The Hamiltonian for a system in a time dependent potential v(r,t) is defined as
Ht)y=F+V(@t)+W (6.34)

where F' and is the Fock operator and W is the electron-electron potential operator.

The explicit form of V' (¢) is

V()= v(r,t). (6.35)

The corresponding Schrodinger equation for a time dependent system is

i%\li(xl,...,xjv,t) = H(t)V(xq,...,xn,t) (6.36)

which propagates over some time. Usually the system is initially in the ground state
and the time dependent potential is enabled at t,. Taking this is always true the

present discussion, the potential can be split into two terms,

v(r,t) = vo(r) + vi(r, t)0(t — to). (6.37)
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For convenience, the Hamiltonian assume the following form,
H(t) = Hy+ Hy(t) (6.38)

where F' and W operators are in Hy and V (t) is Hy(t).
The solution to the time dependent Schrodinger equation can be written in terms

of a time evolution operator operating on the ground state wave function,
U(t) = Ul(t, tg)Wy (6.39)
where ty < t. The form of the time evolution operator is given as
Ult,tg) = e~ Holt=to) (6.40)

where Hj is made up of the time independent contributions to the total Hamiltonian
H(t). These techniques are the foundation of linear response theory, which will be

introduced shortly. The time evolution operator must also be expanded to give
Ult,ty) = e Hol=0)py (¢ ¢,). (6.41)
Using the time dependent Schrodinger equation,

0 , .
ZEUl (t, to) = eizHO(titO)Hl(t)eilHO(titO)Ul (t, to) (642)

The firsts order correction to the time evolution operator can then be approximated

as

t
Up(t,to) = 1 —i / dt' e~ HHo(t'=to) 1 (") e~ Ho(t'—t0) (6.43)

to
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If we assume that
Hi(t)=F(t)p (6.44)

where [ is some observable coupled to external force F'(t), the observable is written

as
ﬂ(t) — e—iHo(t—to)Be—iHo(t—to). (645)
The first order approximation to the time evolution operator is then taken to be

Ult, ty) ~ e tHolt=to) {1 — / t d'F(t)B(t — to)} : (6.46)

to

This expression will be useful in the discussion of linear response theory in the fol-

lowing section.

6.3.2 General linear response theory

The goal of linear response theory is to understand how, in this case time dependent,
perturbations affect some observable of a quantum mechanical system as it relates
to the unperturbed ground state [211, ]. A observable « is found by taking the

expectation value with respect to the wave function,

In this discussion we are principally concerned with perturbations to the ground
state, so i = 0 unless otherwise noted. In the above equation, ¥, is a many-body
wave function with some accompanying Hamiltonian Hy. Note that the subscript 0

indicates that this is the static or ¢y = 0 state (introduced in Equation 6.38). The
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perturbation affects the wave function and the expectation value of « is now time

dependent,

a(t) = (¥(0)] o [U(1)). (6.48)

The difference between this time dependent observation and the static observation
from Equation 6.47, a(t) — «p is defined as the response of « to the perturbation.
Another notation that can be used with time dependence is the Heisenberg repre-
sentation. In this notation, the time propagator is removed from that of the wave

function and placed on the operator,

a(t) = (V)| a V() (6.49)
= (U(t = 0)| eHlae™™ |W(t = 0)) (6.50)
= (U] a(t) |0). (6.51)

This notation will be used when the density linear response function is discussed in
the next section.

This response can be expanded into powers of the external force F(t) to give
CY(t) — Qg = Oél(t) + Oég(t) + Ckg(t) + ... (652)

with the subscripts being the order of the response (linear, quadratic, cubic, and so

on). The linear response, with which we are concerned, can then be defined as

ar(t) = —i / AU F(t') (To| [a(t), B(E)] | L) (6.53)

to
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Given that the static Hamiltonian Hj is time independent, the commutator above

can be rewritten inside a response function as,
Xap(t —t) = —if(t —t') (Vo [a(t — ), 5] | Vo) . (6.54)

The 0 function ensures causality, or that the perturbation happens at time ¢’ < ¢.

The linear response function can then be written as,

ap(t) = /Oo dt'xap(t — ) F(t) (6.55)

[e.o]

The response function is general for any quantum mechanical observable, but in this
case we are specifically interested in how some external potential v affects the density

response of a system.

6.3.3 Density linear response

Density linear response theory applies the general linear response concept to under-
stand how perturbations to the external potential affect the density of a chemical
system [211, , , |. This shift in density can give information about excited
state properties without using an excited state wave function to do so. The time

independent and time dependent electronic density is defined as

n(r) =Y dé(r—r) (6.56)

and

n(r,t) = (V)| n(r) [¥(t)) (6.57)
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respectively. In ground state DFT, the Hohenberg-Kohn theorem stated that a unique
one-to-one map existed between an external potential and a ground state density exist.
The Runge-Gross theorem extended this unique mapping between a time-dependent
potential (v(r,t), introduced in Equation 6.37) and a time-dependent density (n(r,t)).
The time-dependent density can then be written as a functional of the time-dependent

potential,
n(r,t) = nlvl(r,t). (6.58)

In this section, we are interested in how the perturbation v, affects the density. The
density response to this potential can be expanded in terms of this v; perturbation

n(r,t) —no(r,t) = ny(r,t) +no(r,t) + ... (6.59)

where n4(r, ) is the linear term of interest. This linear density response function is

defined as

ny(r,t) = /dt’/dr/X(r,t,r’,t’)vl(r',t’) (6.60)

where Y is the density-density response function of interest. The explicit form is given

to be
X(r, 6,0 ) =0t — ') (Wo| [n(r, t — '), n(r')] |[¥o) (6.61)

with W, being the exact, ground-state wave function.
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This density-density response function can then be Fourier transformed to fre-

quency space (the Lehmann representation) [213, ], giving

A w) = { (Woln(r)|Wn) (Wn|n(r)[To) — (Woln(r)[Wn) (Vn|n(r)|[¥o) }

w—Q, +1in w+Q, + 1
(6.62)

Using this form of the function, it is easier to see that frequencies where excitations
occur. Using different forms of the wave function will shift the excitation energies via

the Q,, term (which is E,, — Ep).

6.3.4 Perturbation theory approach

In this work, the exact wave function will be expanded into a perturbative series,
W) = (wg°>> + ’\115”> +o (6.63)

The perturbative expansion is an infinite series, but this work is only concerned with
the first order wave function, thus other terms are ignored. This truncation will
be explicitly introduced shortly. Substituting the expanded wave function into the

response function gives,

X, t,x',t) = i0(t —t') <\If§°) + ol ‘ [n(r,t —¢),n(r)] )\I/éo) +ol) 4 >

(6.64)
:ie(t—t’)(<\lféo) (n(r,t —t),n(r')] qu°>>+
(0| et =), n(0)] [0 +

<qu°> (e, t — '), n(r)] \ygl>>+...) (6.65)

Note that these terms are all of the zeroth and first order terms in the expansion.
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The zeroth order term can be pulled out and used to define g, which is a reference
contribution to the density response function using the zeroth order (usually Hartree-

Fock) wave function.
o . oy (0) oy / (0)
Xo(rv t? r 7t ) - Z@(t t ) \IIO [’I’L(I‘,t t )7 n(r )} \IIO (666)
Excluding all terms beyond first order gives,

x(r, 6,1, ) & yo(r, t,v',t') + i6(t — t') <\If§f)

n(r,t = t).n(e)] 5"

bt —t') <\ng> n(r,t — 1), n(r")] ‘\yg”> . (6.67)

The first order wave function can be written as some operator with the zeroth order

wave function,

v = Qul® (6.68)

)

Substituting this back into the linear response function gives,

x(r,t,r' ) & xo(r,t, v’ ') +i0(t — ') <\Iféo)‘ Qn(r,t —t"),n(x)] ‘\Iféo)>

a0t —t) @g@\ n(r,t — '), n(t')] Q ‘\Ifﬁo)> (6.69)
which can be simplified using the anticommunator relationship,

X(r, 6,0 ) & xo(r, t, 0!, ¢') +i0(t — 1) <\IJ[()O)

[n(r, t — '), n(r))], Q)] ]qu°>> . (6.70)

This expression can use any number of forms for the first order wave function. As
one of the main concerns of this project is low computational cost, the CIS and MP2

wave functions will be considered first.
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6.4 Preliminary results

Calculating the excitation energies of ten electron systems has already been done
using the multicomponent coupled-cluster method. To accomplish this, the CIS wave
function was transformed to the electron-hole representation. This will be briefly
surveyed before results are discussed.

As was stated previously, the CIS wave function consists of all singly excited

determinants with respect to the Hartee-Fock reference state,

WISy = Z Z (i) | DE). (6.71)

The ¢ and a indicies are in the occupied and virtual states, respectively. Excitation

energy, w, is calculated via

IS _ ECIS _ Eref (672)
— <‘I]CIS|H|\I,CIS> . Eref (673)
N M
=D 0D (@ H|®) — B (6.74)
ij ab

- ch Cia (DO H|D?)
+ ZZcfacjb<<I>?|H\<I>§’->

i#j atb

N M
D> G (®fH|P})

i a#b

N M
+ N i (®FH|DG) — B (6.75)

1#j a

In order to transform this to the electron-hole representation, we will need the form

of the Hamiltonian and wave function.
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The electron-hole Hamiltonian is defined as
H™ = p® + A" 4 o, (6.76)

Note that the two body terms are missing as a single excitation in the electron-hole

representation will not have those. The electron-hole wave function is defined as
[T = e pDh), (6.77)

Remember that in the electron-hole representation, virtual states are occupied by
electrons (in an excited state), while holes inhabit the occupied space (from the all

electron representation). This lets us break up the above expression as,

N M
W = 575" et i ((alla) + GIAY3) + (ialuia))

N
YD e ljalv™|ib)

i#j a#b

+ 3> caen ({alhe|b) + (ailv™[bi))

i a#b

+ 3D cucsa ((Q°15) + (il [ja)) (6.78)

i#j a

N M
= Z Z cciplialh® + A" + vt 5b). (6.79)

1 ab
This formulation allows multicomponent methods to calculate excitation energies
that are as accurate as their single component counterparts. Results for ten electron
systems are summarized in Table 6.1. We are pleased to see that transforming to
the electron-hole space and using the CIS ansatz reproduces those excitation energies
using mcCC. This is to be expected though, as it is an exact transformation of CIS

to multicomponent space.
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Table 6.1: Multicomponent coupled-cluster excitations energies versus CIS,

TDHF, and EOM-CCSD in eV.

mcCC CIS

TDHF wEOM—CCSD

System w w w
CHy 11.654 11.654 13.933 13.456
NH; 8.141 8.141 9.051 8.211
H,O 8477  8.477  9.381 8.497
HF 11.000 11.000 11.823 10.836
Ne 44.604 44.604 50.241 51.215

All systems used standard 6-31G* basis set.

tions were done using GAMESS.

CIS, TDHF, and EOM-CCSD calcula-

While this is an exciting and important first step, there remains a lot of work to

catch the mcCC results up to EOM-CCSD, which is one of the gold standard methods

for calculating excitation energies. TDHF and EOM-CCSD excitation energies differ

with CIS excitation energies by up to 20%. By augmenting the mcCC formulation,

we should be able to calculate excitaiton energies that more closely agree with these

highly accurate methods. We expect that a screening function will improve accuracy

and include correlation effects that is lacking in the current formulation.
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Chapter 7

Investigating mass and confinement

effects in multicomponent systems

The work in this chapter further investigates effects of invoking the Born-
Oppenheimer (BO) approximation. The BO approximation is very useful, but
its use is not always sufficient. This purpose of this study was to compare how prop-
erties and insight from calculations that avoided the BO approximation compared to

conventional wisdom from application of the BO approximation.

7.1 Introduction

Many theoretical chemistry models are built upon the well known Born-Oppenheimer
(BO) approximation. The BO approximation assumes that the nuclei and electrons
in a chemical system move on different timesclaes. Decoupling the motion of electrons

and nuclei allows the wave function to be written as

Weract (1, R) =~ U°(r; R)UN(R). (7.1)
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The nuclei are fixed in space, hence the parametric dependence in the electronic
contribution. This approximation is justified earlier in subsection 7.2.1.

The BO approximation has been used to great affect. It has been used to study
chemical reactions [211, , |, bond dissociations [217, , , ], and spec-
troscopic signatures [221, ], among many other applications. While the BO ap-
proximation is certainly a useful and powerful tool, it is not always an appropriate
approximation to make. These failures are well documented, and have been met with
new methodologies that can compensate for, or reapproximate contributions from
nuclear motions [223, , , , , , , (1, 68, 99, ; , 78].

This study is particulary interested in investagting an artifact of solving for the BO
separated wave function via the Schrodinger equation - the potential energy surface.
The potential energy surface is the functional relationship between the total potential
energy of a system versus nuclear geometry. The potential energy surface is a very
useful quantity and has been used to properties for molecular systems such as bond
distance and geometries. The bond distance of the nuclear coordinates is of particular
interest to this study. Using the BO approximation, we understand that there will be
an energy minima at the equilibrium bond distance. If the atoms are spread further
apart, energy will increase until the atoms are noninteracting and total energy is just
a sum of individual energies. If the atoms are pinched together, we expect to see
an increase in potential energy. The internuclear distance decreases, the Coulombic
repulsions would greatly increasing, forcing the molecule back towards a favorable
geometry.

Other studies have avoided using the BO approximation to understand the influ-
ence of this approximation on system properties. Recent work by Ceperley, Hammes-
Schiffer, and others has utilized quantum Monte Carlo techniques such as path inte-
gral Monte Carlo [79] and diffusion Monte Carlo [99, 230] to study small molecular

systems without the BO approximation. Earlier work led by Hammes-Schiffer also
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used the Nuclear-electron orbital approach to look at non-BO affects [68, 71, 96, 77].
Adamowicz and coworkers investigated similar systems using explicitly correlated
methods [74, , , 233]. Other work by Abedi, Maitra, and Gross solves the time
dependent Schrédinger equation using the exact factorization method [103, ].
The goal of this study is to investigate how nuclei behave when treated without
the BO approximation. We are specifically interested in looking at how the potential
energy changes as a function of internuclear distance in the Hy molecule. Since the BO
approximation is not made, the internuclear distance will not be governed by setting
stationary points for the hydrogen atoms, but rather, a fully non BO system of two
electrons and two protons will be placed in a parabolic well. This parabolic well will
span weakly confining to strongly confining potentials as a means of influencing this
distance. This study will also be carried out on a two-electron, two-positron system

to see how mass influences the results.

7.2 Theory

The central focus of quantum chemistry is to predict and describe chemical properties
and behavior at the the atomic and subatomic level. A common way to gain insights
about a molecular system is to solve the time-independent Schrodinger equation. The

Schrodinger equation is an eigevalue, partial differential equation. The equation is

defined below,
HY(r,R)=EY¥(r,R). (7.2)

The Hamiltonian is the operator that corresponds to the energy of a chemical system.
The wave function has dependence on all of the coordinates in every particle in the
system. The electronic coordinates are in the set r and all nuclear coordinates are in

the set R. The exact form of the wave function is an infinite expansion of all possible
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states that the system may exist in,

geact(y R) = Z Z w;; U (r, R)UN(R). (7.3)

? J

Solving the Schrodinger equation as an infinite expansion is unpractical, so it is com-
monly approximated to have a different form. A select few of these approximations
will be discussed later in section 2.1, section 2.3, and section 2.4. The Hamiltonian

has the following form for an N electron and M nuclei system,

Noog Moy N Mo, NN M M oo
Hmol _ g2 2 “A L A4B
, 2miVZ ZQMAVA ZZTiA+ ; .Z%’+ZZ Rap
) A i A <j J A<B B
(7.4)
=T°(r) + TYR) + VN(r,R) + V*(r) + VIV(R). (7.5)

The first two terms are differential operators and compute the kinetic energy of the
i'" electron and the A" nuclei in the sytstem. The third term is the nuclear-electron
attraction term, with Z4 being the charge of nucleus A and r;4 being the interparticle
distance between elecron i and nucleus A. The fourth term is the electron-electron re-
pulsion term (where r;; is the electron-electron distance) while the last is the nuclear-
nuclear repulsion term (with R4p being the internuclear distance). This form of the
Hamiltonian is called the molecular Hamiltonian since it operates on an both the
nuclei and electrons in a molecule.

Solving the molecular Schrédinger equation with the molecular Hamiltonian is a
difficult task. Chemical systems are collections of dynamic particles that are con-
stantly moving. The electrons repel other electrons, nuclei repel other nuclei, and
the two are also attracting one another. This is known as the correlation problem
in quantum mechanics. It is impossible to exactly solve the Schrodinger equation

because the positions of the particles are correlated. That is to say, an electron in
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space will affect where other electrons may be. The same is true for nuclei. While
the correlation problem will not disappear, we first simplify the Schrodinger equation
to be more manageable since all of the information in a quantum system is difficult

to quantify simulatenously.

7.2.1 The Born-Oppenheimer Approximation for single com-

ponent systems

The Born-Oppenheimer (BO) approximation simplifies the wave function by decou-
pling the motion of nuclei and electrons, which allows us to rewrite the wave function

as

gt (p R) ~ ¥° (r; R) UV (R) . (7.6)

The wave function is written as a product of electronic and nuclear functions. Note
though, that the electronic wave function, W¢, is explicitly dependent on electronic
coordintes and parametrically dependent on nuclear coordinates. In order to justify
this approximation, we begin by defining an electronic Hamiltonian, H®, which ig-
nores the kinetic energy of nuclei (T%) and the nuclear repulsion term (VNN) will be

considered a constant since the nuclear positions are fixed in space.

H® =T°(r) + VN(r; R) + Vo (r) + VEN(R) (7.7)

The electronic Hamiltonian can then be used in the electronic structure Schrodinger

equation to solve for electronic energy,

H°U°(r; R) = E°U°(r; R) (7.8)
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[T°(r) + VN(r; R) + Vo°(r) + VIN(R)] ¥°(r; R) = E°U°(r; R) (7.9)

Now, substituting the BO wave function (Equation 7.6) into the Schrédinger equation

(Equation 7.2) yields,
H™MWe(r; R)UN(R) = E°'W(r; R)UN(R). (7.10)
Expanding this to include the full H™°! is then

[T°(r) + TN(R) + Vo (r,R) + V°(r) + VINR)] U°(r; R)UN(R) = E*'0°(r; R)UN(R).
(7.11)

If the nuclear motion is to be decoupled from the electronic motion, it is necessary to
inspect how the TN operator will effect the electronic portion of the wave function,

Ve since it has dependence on nuclear terms,

1

T™(R)V(r; R) TV (R) = oL V4P¢(r; R)UN(R) (7.12)
= 5, [T°(r; R)VAUN(R) + UN(R)VAT(r; R)  (7.13)
+2(VAP%(r;R)) o (VAUN(R))]. (7.14)

Then, substituting Equation 7.8 and Equation 7.12 into Equation 7.11 we get

U (r; R)TY (R) TN (R) + (B°) UF(R) P (r; R) -

> i VAT ER)VAP(R) + N R)VAV (5 R) | = B0 R)IN(R).

(7.15)

The terms in square brackets are said to be the derivative coupling terms as the couple

the motion of the nuclear coordinates with the electronic wave function. To decouple
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the motions, the term in the square brackets must be dropped to give
e (r; R)TN(R)UN(R) + UN(R)E°V°(r; R) = B0 (r; R)UN(R) (7.16)

can then solve the electronic problem and the nuclear problem separately as the

remaining terms can be factored as
[TN(R) + E°(R)] YN(R) = E*'(R)VN (R). (7.17)

This is the nuclear Schrodinger equation. Solutions to the nuclear Schrodinger equa-
tion are not the focuses of the research in this work, so it will not be examined further;

however, there are many great resources that detail it further.

Potential energy surface

Invoking the BO approximation leads to an electronic energy that is dependent on
the nuclear positions. This is called the potential energy surface and it describes the
energy of a chemical system as the nuclear geometry changes.

Qualitatively, this can be understood as using the Hs molecule as an example.
Assume that two individual H atoms exist infinitely far apart. The energy of this
system would simply be the energy of twice a Hydrogen atom. As these two atoms
were brought closer together, they would share electron density, forming a bond,
which would reduce the energy of the system. If the two H atoms were continued to
be pinched together, we would see E° climb higher due to the fact that the nuclear
repulsion term grows rapidly. This simple example illustrates how nuclear geometries
dictate bonding behavior of molecular systems.

The H, example is quite simple, but it can be extended to more complex molecules,
though it becomes harder to conceptualize. This is generally how molecular bonding

is taught and understood with regards to the nuclear coordinates. While this is a
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valuable tool for investigators to use, this work will discuss models where the BO
approximation and potential energy surfaces produce erroneous results. When this
happens, one must adopt a new model for investigating such systems that does not
require that the nuclear and electronic motions to be decoupled. Furthermore, we will
look at systems where the BO approximation cannot be used because electrons are

bound to other (non-massive) subatomic particles, such as a positron or a quasi-hole.

7.2.2 The Born-Oppenheimer Approximation for multi-

comonent systems

A multicomponent interpretation of the BO approximation allows for particles to be
classified to as many types as necessary. With this logic, the wave function can be

approximated as,
yexact (rI i rN) o PLIL- (I.I NI .RBOS) JBOS (RBOS) ) (7.18)

We see that the wave function still includes BO separated bodies (RE®S), but also on
particles that are not BO separated (rX). As was the case with the BO approximation,

UBOS and a non-BOS Schrodinger

this will lead to a BOS Schrodinger equation for
equation for Wn=BOS  This formulation allows for as many unique particle types
as necessary to be defined. While this is a powerful ability, it need not be liberally
applied to any system. It should be applied to systems where the motion of two types
of particles is coupled.

Unfortunately, approximating the wave function to include an ambigious number
of unique particle types is as powerful as it is impractical. Such a wave function

would be accompanied by a complex Hamiltonian, which would make enumerating

and indexing the states and interactions enourmously challenging. So, we begin by
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using two types of non BO separated particles,
\Ilexact (I‘I I'H o RBOS) ~ \IJI’H (I'I I'H' RBOS) \I,BOS (RBOS) ] (719)

with dependence on coordinates r! and r''. Note that this is nearly identical to the
BO approximated single component wave function seen previously (Equation 7.6).
As was the case with the single component wave function, separating the exact wave
function into a product of two wave functions (one for non BO separated bodies
and one for BO separated bodies) must be justified. This justification will be built
upon the assumption that the motion of BO separated particles affects the non BO
separated bodies to a negligible degree.

The Hamiltonian for this system will be of the form,

NI NI NI NI NBOS

HmC:_Z%VIQ quq Z ) q:aiA
1 1<J
NI » NII NH quH NI NBOS qHZA
mHZV Vv 3D
i<g’ g

NBOS NBOS NBOS Z
_ V2 + 2428 7.20
BE A IO v (720

The first and second lines are the kinetic energy, interparticle potential, and external
potential for the type I and type II particles, respectively. The third line is the type I-
IT potential term. The final line is the kinetic energy and interparticle potential of the
particles that fall under the BO separated definition. Note that the type II particle

indices are primed so they are more easily distinguished from the type I counterparts.
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This can condensed to

H™ = Tr") + V(! 4 V!

ext

(I‘I, RBOS)

i TH(I'H> + VH’H(I'H) + VH

ext

(r"!, RBOS)

Rl

 TBOS(RBOS) 4 1/BOSBOS (RBOS) (7.21)
— ML pll) 4 LILBOS (p1 LI RBOS)

+ TBOS(RBOS). (7.22)

The form of H! and VEILBOS 4re

HI’H<I‘I, I‘H) — TI (I‘I) + VI’I(I'I> + TH(I‘H) + VH’H(I'H) + VBOS,BOS(RBOS) (723)

VI,H,BOS(I,I’ rH’ RBOS) _ 1

ext

(I_I RBOS) +VH

ext

(r'! RBO9), (7.24)

This form of the Hamiltonian closely resembles the single component form from Equa-
tion 7.4.
The Hamiltonian and exact wave function are then substituted into the

Schrodinger equation,

e (I‘I, I'H, RBOS)\I]exact (I‘I, I‘H, RBOS) — Eltot\I]exact(rI7 I'H, RBOS) (725)
Hmc(rI I'H RBOS)\I]I’H(PI I'H' RBOS)\DBOS(RBOS) — EtOt\I/I’H(I'I I'H' RBOS)\I]BOS (RBOS).

(7.26)

If the Hamiltonian in the Schrodinger equation were then expanded as perscribed
by Equation 7.22, it would be analogous to the single component counterpart, Equa-
tion 7.11. The BO extension to multicomponent systems then follows the same logical
flow as the single component derivation, where the coupling terms for BO separated

particle motion is decoupled from particles that are not BO separated. The steps are
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not repeated here, but the following Schrodinger equations are produced,

HI,H (I‘I I'H' RBOS)\I/I’H(I'I I‘H’ RBOS) — EI,II (RBOS)‘I;LH<I,I I‘H’ RBOS) (727>

[TBOS(RBOS) + EI’H(RBOS)] \I}BOS(RBOS) — Etot(RBOS)\PBOS(RBOS). (728)

As was the case with the single component BO approximation, decoupling the motion
of BO separated particles from the others results in two equations that can be solved
separately.

Multicomponent methods focus on solving the first equation above by approximat-
ing and optimizing a multicomponent wave function (U™1). Some of these methods
will be detailed in following sections and the next chapter. Solving the Schrodinger
equation for BO separated particles can be done using existing techniques and is not

the focus of the work presented.

Multicomponent potential energy surfaces

Applying the BO approximation to single component systems resulted in a potential
energy surface. This quantity relates the nuclear geometries to a specific electronic
potential energy.

The multicomponent BO approximation also produces a potential energy surface,
provided that BO separated particles exist. Relating the multicomponent energy
plus the BO separated potential would give similar insights about the effects the BO
separated geometries have on the energy of the system.

Should no BO separated bodies exist, there would be no potential energy sur-
face to speak of. It is important to remember this fact. Potential energy surfaces
are very useful tools for investigating chemical processes, but are the result of an

approximation. Ideally, quantum chemical investigations would avoid using the ap-
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proximation all together since it is an abstraction from reality. This task, however, is
very complex and can be an unnecessary burden. Consequences and analysis of the
BO approximation as it relates to multicomponent systems is further explored later

in chapter 7.

7.3 Method

The two electron-two positron (2e7,2e™) and Hy systems were investigated using the
multicomponent configuration interaction method. This method is built on top of
the multicomponent Hartree-Fock method, which were both detailed previously in
chapter 3, so only a quick survey will be provided here. We will then discuss the
properties of interest for these systems and how those will be computed.

The mcFCI method was chosen in this study for two reason. First is that the
multicomponent Hartree-Fock method is not descriptive enough for multicomponent
systems. This was highlighted previously in chapter 4 ([192]) and [39]. Correlation
effects are extremely important when investigating multicomponent systems, so a
method beyond mcHF was needed. The mcHF method was still used to construct
the multicomponent molecular orbitals. For treating correlation beyond the mcHF
level, there were two obvious choices of mcFCI and multicomponent coupled-cluster
theory. The second reason that mcFCI was chosen was due to computational cost
considerations. The properties of interest (which are discussed later) were calculated
as an expectation value with respect to the multicomponent wave function. Calculat-
ing expectation values with respect to the mcCC wave function is a very complicated

task. For the mcFCI wave function, it is much more straighforward.
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Both the mcHF and mcFCI methods approximate a solution to the multicompo-

nent Schrodinger equation,
H\DI’H(I'I, I'H; RBOS) — E\I’I’H(I'I, I'H; RBOS)‘ (729)

The Hamiltonian used for solving the multicomponent Schrodinger equation, which

was first introduced explicitly in section 4.2, is defined as

H =" (plhlg)p'q (7.30)

+ > (palv™|rs)plq’sr
pars

+) R ) q
pq

+ Z <p/q/|vII,II|T/S/>p/Tq/TSIT/

p/q/r/sl

+ > (op'[0"ad ' qd

pap'q’

with explicit form of the one and two body operators being

—h
h*(r®, RBOS) = %Vi + 02 (r, REOS) 0 =111, (7.31)
v (rY) = qaqae_lr;al, (7.32)
UI’H(rI, r'h) = qlqlle_lrillI. (7.33)

This Hamiltonain is used for both the mcHF and mcFCI solution. Each particle was

confined with a 3D parabolic potential defined as

1
v = k%] a=e e H. (7.34)

ext 2

The k values are given in Table 7.5.
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The mcHF method approximates the multicomponent wave function as a single
Slater determinant. This determinant is a product of a type I and type II Slater

determinant,
qu,II(rI iy RBOS) _ q)I(XI, RBos)q)H(XH, RBOS)' (7.35)

The energy of the system is then minimized with respect to the orbitals with which

the Slater determinant is constructed,

(0'0"| H [0'0") = min (@'0"| H |2'®"). (7.36)

Bl Pl

This procedure is done by self consistently solving the coupled Fock equations,

i) = ei|xi) (7.37)
M har) =€) (7.38)
where the Fock operators are,
NII
fr=htoje + (@) (7.39)
NI
FU=hT ol ) (i o i) (7.40)

In mcFCI theory, the wave function is approximated as a linear combination of
Slater determinants in type I and type II space. The orbitals used to construct these

determinants are the result of the mcHF SCF procedure. The wave function is defined
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as

1,11
“I]mCFCI> == C(070)7(0/’0/) IOIOH>
Nt MT
202 Gl w00

NI NI MY M

+2 2.2 D a0

i<j j a<b
NII MII

‘I‘ZZ IDIIO) @) a/Ti/|OIOII>

NII NH MH MII

+ Z Z Z Z CI()HO i) /Tb/Tj/Z-/|OIOH> +

<3’ § oa'<t v
NI MI NII MII

+ Z Z Z Z cin o.analia’ti|010M)

NI NI MI MI NII NH MH MII

FI NS SIS IS S el amalbia v 0ot

<j J a<b b i<y j o oa'<b VW

+o. (7.41)

The energy for the mcFCI method is then minimized via

<\IijFCI| H |\IjmcFCI> = EmCFCI <\DmCFCI|WmCFCI> . (742)

The mcFCI method will provide exact solutions to the chosen basis for the systems

of interest.

7.4 Computational details

This study is chiefly concerned with four properties for each system. For the two
electron-two positron system, the relationship between average electron-electron and

positron-positron repulsion energies, as well as the average electron-positron attrac-
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tion energy versus the average positron-positron separation distance will be investi-
gated. For the Hy system, the analogous relationship will be investigated. For this
study, we are curious to see how a non BO treatment of Hy behaves compared to the
two electron-two positron system which has greatly reduced mass for the positively
charged particles.

These properties will be calculated by taking a given operator’s expectation value

with respect to the mcFCI wave function,

() = (Werct| Q |Vmercr) - (7.43)

The electron-electron, positron-positron, hydrogen-hydrogen, electron-positron, and
electron-hydrogen operators have been defined above in the Hamiltonian. Note that
the dielectric function (€) is set to 1. The positron-positron, hydrogen-hydrogen, and

electron-electron interparticle distance operator is defined as,
7"(1)‘22 = |r —r§? a=c¢e¢ e H (7.44)

The masses for the electron and positron were 1 atomic unit, with charges of -1
and +1 atomic unit, respectively. The protons had a mass of 1836 atomic units. The
confining potentials, k, as well as exponents for the [spd] Gaussian basis functions

are given in Table 7.5.

7.5 Results

The data in this study shows a very interesting deviation when compared to intuition
from the BO approximation. The relationship between average positron distance and
the average electron-electron, electron-positron, positron-positron potential energies,

as well as the total average potential energy, is plotted in Figure 7.1. The correspond-
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ing plot for Hs, showing the electron-electron, electron-hydrogen, hydrogen-hydrogen,
and total potential energies versus the average hydrogen-hydrogen distance is given in
Figure 7.2. The inverse relationship between these quantities is plotted in Figure 7.3
and Figure 7.4 to understand the linear relationship. The inverse linear relationships
are summarized in Table 7.1 and Table 7.2.

The results in Figure 7.1 and Figure 7.2 are very striking. As we would expect
the positron-positron and hydrogen-hydrogen potential increases as the particles are
drawn closer together. This agrees with intuition we already have about the bonding
behavior of molecules from the BO approximation. What is unexpected is that the
total potential always outpaces the positron-positron and hydrogen-hydrogen poten-
tial. Typically, the potential energy surface will have greatly increased when nuclear
centers are close together which causes the system to be unbound. In this treatment
of Hy, the system is always bound.

While this finding is counter-intuitive from the BO point of view, it does not seems
totally unreasonable. In each system, there are more attractive terms than repulsive.
There are two repulsive terms for the 2e™,2e™ and H, systems. The two electrons
in each system and then the positron-positron or hydrogen-hydrogen terms. Each
system then has four attractive terms. Each electron has a negative potential with
each of the two postively charged particles (positrons or hydrogens).

Additionally, there are also artifacts of screening in Figure 7.1 and Figure 7.2. For
both the two electron-two positron system and the hydrogen system, the bare Coulom-
bic potential is plotted alongside the positron-positron and hydrogen-hydrogen po-
tential as the orange line (<r§+’e+>é and <7“I2{7H>7%). We see that this line is slightly
lower than the repulsive potentials. The presence of electrons in the system appears
to be drawing the two positively charged bodies closely together. This finding is also
non-intuitive from the BO perspective since nuclear-nuclear repulsion is treated as a

pure Coulombic potential.
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positron-postiron potential energies versus the average positron-positron distance.
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Figure 7.2: Relationship of potential electron-electron, electron-hydrogen, and
hydrogen-hydrogen potential energies versus the average hydrogen-hydrogen distance.

7.6 Conclusion

This study investigated the non BO behavior of a two electron-two positron system
and the hydrogen molecule. The systems where investigated by solving the multi-

component full configuration interaction Schrodinger equation. Each particle was
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'
®o0
1

po©
s
A
6 o oo
e
'

Ey
i

0o 05 0 15 20 25 30 35
_L_ /au!
v ()

Figure 7.4: Inverse relationship of potential electron-electron, electron-hydrogen, and
hydrogen-hydrogen potential energies versus the average hydrogen-hydrogen distance.

confined by a parabolic potential. The expectation value of the electron-electron,
electron-positron, and positron-positron potentials were plotted versus the expeca-
tion value of positron-positron distance for a set of confining potentials. The same

study was carried out for a hydrogenic system. The findings of this work constrasts
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Figure 7.6: Average electron-electron potential energy versus the average electron-
electron separation distance in the 2e™,2e~ and Hy systems.

with expected behavior from invokation of the BO approximation. It was shown
that, using a parabolic potential, Hy will always be bound, regardless of how closely

the two protons are confined. Additonally, it was seen that the bare Coulombic
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Table 7.1: Linear fits and RMSE of (V.- .-), (Ve+ e+ ), (Ve e+), and (Vieta) (Ep)

versus ——= (au') as calculated by mcFCI for the 2¢,2e" system.

w7 )
Slope Intercept RMSE

Voo ) | 1381 —7.199x 10°% 9.054 x 10~ *

(Vir ot) | 1381 —7.199 x 107*  9.054 x 10~*

(Vi or) | =5.524  2.880 x 1073 3.622 x 1073

(Viotal) | —2.762  1.440 x 1073 1.811 x 1073

Table 7.2: Linear fits and RMSE of (V.- .-), (Vin), (Ve- 1), and (Vieta) (En)

versus (12 (au™!) as calculated by mcFCI for the H, system.
TH,H

~

Slope Intercept RMSE

(V- e=) | 0.398  3.795 x 107% 1.753 x 1072
(Vi) 1.325  4.412x107° 1.749 x 107°
(
(

Ve-m) | —2.149 —0.188 8.061 x 1072
Viotal) | —0.426 —0.150 6.308 x 1072

hydrogen-hydrogen potential was lower than the calculated value without the BO
approximation.

Further investigations into parabolic confinement on this system and similar sys-
tems will help elucidate the underlying properties of these strongly confined systems.
It is certainly possible that parabolic confinement is only useful for certain systems

and in certain ranges.

7.A System parameters
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Table 7.3: Linear fit and RMSE of ,/(r2. ) (au) versus ,/(r, .) (au) as
calculated with mcFCI.

Slope Intercept RMSE
2¢~,2e™ | 1.000 0.000 0.000
Hy 0.325 0.010  2.678 x 1072

Table 7.4: Linear fit and RMSE of (V.- .-) (E,) versus <r1 (au™') as
calculated with mcFCI.

Slope  Intercept RMSE
2¢,2¢T | 1.372 2.276 x 10°  6.358 x 10 °
H, 1.361 1.041 x 1073 1.977 x 1073

Table 7.5: External potential (k£ in atomic units) and Gaussian exponent
parameters («, in atomic units) for each 2¢,2¢™ and H; calculation.

2¢~, 2et H,

k Qo Qo+t Q- ag
0.0001 | 0.0050 0.0050 | 0.0050  0.2143
0.0010 | 0.0158 0.0158 | 0.0158  0.6775
0.0100 | 0.0500 0.0500 | 0.0500  2.1425
0.1000 | 0.1580 0.1580 | 0.1580  6.7752
0.2500 | 0.2500 0.2500 | 0.2500 10.7126
0.5000 | 0.3535 0.3535 | 0.3535 15.1499
1.0000 | 0.5000 0.5000 | 0.5000 21.4252
5.0000 | 1.1200 1.1200 | 1.1200 47.9082
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Chapter 8

Conclusion

Every chemical system is a multicomponent system. Often times, it is convenient to
theoretically investigate chemical systems using a single component perspective by
invoking the Born-Oppenheimer approximation. The BO approximation has been,
and will continue to be, one of the most important tools quantum chemistry. It’s
important to remember that it cannot adequately describe every system. For these
cases, multicomponent methods should be used.

Accurate, efficient, and scalable treatment of multicomponent systems is of the
utmost importance for multicomponent methods. While many methods already exist
to theoretically study multicomponent systems, one glaring omission was a coupled-
cluster approach. This thesis detailed how the foundations of single component
coupled-cluster theory could be extended to treat multicomponent systems by using
a multicomponent reference state and a multicomponent excitation operator. We saw
that the multicomponet coupled-cluster equations were enourmous in size, which high-
lights the need for efficient formulations and implementations of numerical solvers.
The accuracy of the mcCC method was also shown using systems with exact an-

alytical results (Hooke’s atom), and by comparing results to other highly accurate
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methods (multicomponent full configuration interaction and Nuclear-electron obrtial
configuration interaction).

The mcCC method was also used to investigate the electronic and optical proper-
ties of semiconductor quantum dots. The study spanned four dot compositions whose
diameters ranged from 2nm to 20nm. Results from mcCC accurately reproduced exci-
ton binding energies and scaling behavior which closely agrees with previous theoret-
ical and experimental findings. Additionally, the mcCC method produced biexciton
binding energies that closely agree with experiment and established a scaling trend
for biexcitons that has not been previously reported.

Work has also been done to apply the mcCC method to smaller molecular systems.
While preliminary results are promising, we realize that electron-hole screening is cur-
rently treated too approximately under the quasiparticle representation. Future work
will build off of the early theoretical efforts reported here. Ideally, accurate treat-
ment of electron-hole screening used with the mcCC method will produce excitation
energies with accuracy competitive with established methods like equation-of-motion
coupled-cluster and time dependent density functional theory.

This work also inspired curiosity about the impliciations of using the Born-
Oppenheimer approximation. The final study investigated how a multicomponent
treatment of the Hy contrasted with the traditional BO treatment. We found that
parabolic confinement of the protons and electrons produced very intersting behavior
- most notably that the system will always be bound. This study was repeated for a
two postiron-two electron system in which we saw the same behavior. This leads to
serious questions about whether parabolic confinement of multicomponent systems is
appropriate for multicomponent systems, particularly those that are highly confined.

The future of applications for the mcCC method looks very bright. There is
an array of potential application projects that would greatly further understanding

of biexcitonic behavior in semiconductor quantum dots. Two immediate projects
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that come to mind are investigating bexcitons in core-shell quantum dots, which has
already been done for excitons by former group member Jen Elward [92]. Additionally,
current group member Jeremy Scher has done work to investigate how quantum
dot shape affects excitonic behavior. This study could be replicated for biexcitons.
These are two of many possible applications for the mcCC method to quantum dot
systems. Continued work on the screening for molecular systems will need further
contributions. One area that the mcCC method has yet to be applied is also to

investigate systems were decoupling electronic and nuclear motion is inadequate.
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