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Abstract

Over the past decades, natural sciences have successfully provided an understanding of
macroscopic phenomena that reflect molecular structures and mechanisms. However,
the desire for a deeper understanding and manipulation of nature and its processes
on an atomistic level has generated an intersection of key concepts from quantum
mechanics and chemistry. In many important cases, the accurate description of pro-
cesses involving electron transfer could give insights for the development of new
nanomaterials, biomaterials, catalysts and for the elucidation of complex metabolic
processes in living organisms. Accurate determination of ionization energies (IEs) and
electron affinities (EAs) is crucial for understanding these processes since they are
associated with the ability of a molecule to gain or lose electrons. The employment of
theoretical methods for the determination of these quantities provides an inexpensive
and advantageous guide for the development of several fundamental and applied
research projects, especially when experimental measurements are difficult to obtain.

From a theoretical point of view, two strategies are often practiced to calculate vertical
electron binding energies, the direct and indirect approaches. The indirect, or AE
approach, requires the calculation of the total energy of an ionized species (with N +
1 electrons) at the geometry of the N-electron parent molecule. The total energies are
commonly computed with coupled—cluster (CC) or density-functional theory (DFT)
methods [1-4]. The direct approach, the simplest strategy for the calculation of binding
energies, is based on the Koopmans—theorem (KT) [5] approximation for the case of
wave function methods and its extension by Janak [6] for the case of density functional
theory (DFT) methods. This direct approach uses energies of the highest occupied
and lowest unoccupied canonical Hartree—Fock or Kohn—-Sham orbitals of N—electron
species. Direct methods for calculations of IEs and EAs can describe multiple elec-
tronic states in a single calculation. Closed-shell, N-electron reference states are less
likely to introduce symmetry problems. Therefore, the direct approach is often free
from spin—contamination and artificial symmetry breaking whereas these qualities
are not always true for the indirect approach. Direct methods are divided into two
main families. The first family includes methods which employ an exponential Ansatz
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for the molecule and then applies a linear combination of ionization operators to the
reference state to obtain final-state wave-functions and energies such as the equation—
of-motion, coupled—cluster (EOM—-CC) [1] method and the symmetry-adapted—cluster,
configuration-interaction (SAC—CI) [7] method. These two methods may only reflect dif-
ferences in the symmetry—adaptation of excitation or ionization operators, algorithms
for the determination of matrix elements between ionization operators, techniques
of diagonalization or numerical criteria for the selection of ionization operators [1, 7,
8]. The second family of methods is based on Many-body Green’s functions [2, 9-11].
The many-body Green'’s functions or propagators were introduced by Linderberg and
Ohrn [12, 13]; subsequent contributions to the propagator theory and methodology
were made by several authors, such as Cederbaum, von Niessen, Schirmer, Yeager,
Ortiz and others [14-16]. Electron-propagator (EP) methods are among the most robust
ab-initio methodologies capable of generating powerful computational tools for the de-
scription of the electronic structure of atoms and molecules. One of the most important
advantages of the electron propagator methods is the direct calculation of observables
without wavefunctions and balanced treatments of initial and final states [2]. Electron
propagator methods not only provide means to directly calculate electron binding
energies, Dyson orbitals, one-electron properties, and total energies of molecules, but
also allow systematic improvements in determining correlation and relaxation effects
[10].

The flexibility of the theory and mathematical concepts on which electron propagator
methods are based produces propagators that have correct qualitative trends with
arithmetic scaling factors as low as O(N?) [10, 17, 18], as well as propagators with
scaling factors of O(N®) capable of produce results of the same acurracy and quality as
the ones produced by more computationally intensive ab-initio correlated methods [18].
The results obtained by ab-initio electron propagator methods may be systematically
improved by increasing the flexibility of self-energy approximations and by enlarge-
ment of basis sets [3, 10, 11, 18, 19]. Electron propagator methods have successfully
predicted electron binding energies of large varieties, sizes, and types of chemical
systems, ranging from diatomic molecules to nucleotides, fullerenes, substituted por-
phyrins, and biologically relevant molecules [3, 19-25]. The predictive capabilities of
electron propagator methods have been examined recently[18]. In this study, EP results
were compared with extrapolated energies calculated with coupled—cluster singles
and doubles plus perturbative triples [26], i.e., CCSD(T), and correlation—consistent
double, triple and quadruple ¢ basis sets [27-30]. EP calculations are proven to be
capable of predicting ionization energies with average errors smaller than 0.15 eV and
iterative arithmetic bottlenecks of O3V? where O and V are respectively the numbers
of occupied and virtual spin-orbitals [10]. In electron propagator methodology, many



approximate forms of the self-energy matrix, 3(E), assumes a canonical, Hartree-Fock
basis of orbitals in which closed-shell reference determinants have been employed.
The extension to unrestricted Hartree—Fock spin orbitals is readily accommodated by
the usual formalism. However, when spin contamination becomes strong in unre-
stricted reference determinants, the assignment of spin quantum numbers to initial
and final states becomes problematic. A restricted Hartree-Fock determinant could be
advantageous in such circumstances. The efforts of this thesis are focused on extend-
ing the capabilities of the current single determinant electron propagator formalism
to a formulation in which multiple determinants can be employed, enabling the for-
mulation of a new electron propagator approximation that allows the calculation of
ionization energies of open—shell molecules in which spin—contamination represents
a challenge in the calculation of correct and accurate ionization energies. This new
electron propagator method overcomes the spin-contamination problem by using
determinants that are more general than those generated in restricted Hartree—Fock
theory. For this new electron propagator formulation, generalized matrix elements of
the superoperator Hamiltonian that accommodate non—integer occupation numbers
associated with general, orthogonal spin orbitals were obtained for the first time. For
the definition of the self-energy matrix of this new propagator, the partitioning scheme
for the primary and secondary blocks of the superoperator Hamiltonian was redefined.
In this new formulation, the ionization—operator spaces will contain sets of operators
that change the quantum number M, by £1/2. These sets include electron removal
plus spin—flip processes. This new method not only has the advantage of conserving
correct spin quantum number ((S?)) values but also takes advantage of point-group
symmetry. It also has an O?V? arithmetic scaling factor, where O and V are, respectively,
the numbers of occupied and virtual spin-orbitals.
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The Green’s Function

Wer ein mathematisches Buch nicht mit Andacht
ergreift, und es wie Gottes-Wort liest, der versteht es
nicht.

— Novalis
(Poet from the German Romanticism)

Green’s function techniques are in several areas of science and engineering one of the
most well known and useful strategies for solving nonhomogeneous linear differential
equations with boundary conditions by describing the input function, the function that
makes the differential equation nonhomogeneous, as a series of impulses. In physics,
Green’s functions are powerful mathematical tools not only for solving differential
equations but also for the elucidation of the effects associated to non-contact force
sources. An illustration of the extraordinary capabilities of the Green’s functions is
given in the Quantum field theory (QFT), where they are used as the n-point correlation
functions [31-34]. Since their introduction by Richard Feynman [35-37], Green’s func-
tions have produced some of the most stunningly precise and accurate descriptions of
quantum phenomena [31-33].

1.1

Consider an nth-order, inhomogeneous, differential equation with the general form
Lu(x) = f(x) with a <z <b, (1.1)

where L is a partial differential operator involving the independent variable x and f(x)
is the input function of the differential equation. Then, the solution u(x) may be found
by the inverse operator L™! such that the function u(z) can be written as

u(z) = L7 f(z). (1.2)



In particular, if the operator L happens to be some Hermitian linear differential operator
with boundary conditions on a Lebesgue space [38] L?, i.e. a square integrable function
space that forms a Hilbert space, and ) is a real constant that is not in the spectrum of
eigenvalues of L, then, for a differential equation with the form

(L = Nu(z) = f(x), (1.3)

the solution is given by the Fredholm integral [39] equation defined as:

u(z) = [ Gty f)dy. (14)

The kernel of this integral transformation is known as the Green’s function [40-42] and
can be obtained by solving the j-source problem given by:

(L = NG(z,y) = d(z —y). (1.5)

The Green’s function describes the response or effect on the value of the nonhomoge-
neous equation at the point x after a perturbation [40, 42] due to a §-source! located at y.
Furthermore, for a distributed source (figure 1.1) the solution to the J-source problem
can be found through the superposition of each of the é-sources [42]. In other words,

0.06 - ®

0.04

f ()

0.02

6 8 10 12 14 16 18 20 22

Ty

Fig. 1.1.: Distribution of sources and point sources

the input function f(z) in equation (1.3) is a superposition of §-sources and can be

expressed as

f(@) = f(z1)d(x—a1)+ f(22)0(x —w2) - - -+ fwn)d (2 —20) ~ Zf(xi)5($_$i)- (1.6)

'The input function f(x) in equation 1.3 is commonly referred as a function source or just as a source.
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In this context, f(z) is a source function that can be thought of as an integral over
d-source points. In the most cases, f(x) is solved by simply knowing the solution of a
point source from the distribution, i.e by finding the Green’s function, g(z, '), (figure
1.2). Subsequently, the overall solution of the source f(z) is obtained by superposing

0.06 0 |
0.04 |- |
0.02 - |

0 |

| | | | | | | |
12 14 16 18 20 22

T

f(xi)d(x — ;)

QA
oo
—_
[an}

Fig. 1.2.: The solution to a point source is also known as the Green’s function

all the solutions of the individual J-source points of the distribution (figure 1.3) and
adding them up. When the fundamental solution f(z) from Equation (1.3) is assumed

0.06 | N .
>( \><\
5 00| / ™ |
= ] T

o T
% 0.02 / / \,

%X\\
o R —
8 10 12 14 16 s 20

T

Fig. 1.3.: Green’s function for the distributed source

to be a distribution, the solution u(z) is obtained by adding up the Green’s function for
each d-source located at z; [39, 42] such that equation 1.4 is rewritten as

u(z) = G(z,x1) f(x1) + -+ Gz, zp) f(Tn) = Z G(z, ;) f(x;). (1.7)

1.1



Therefore, the solution to u(x) is a superposition of the solution of each of the projec-
tions of f(x;) over d(z — x;) (figure 1.3). An exemplification of the main idea of this

w(x) =g, Gla, ) f (i)
0.06

0.04

2, G, mi) f i)

0.02

8 10 12 14 16 18 20
T

Fig. 1.4.: Green’'s function for the distributed source

procedure is given in the context of electrostatic fields and the resulting potential from
point charges where a point charge may be seen as a J-source of charge. The potential
of any distribution of charges is calculated by adding up the distribution of charges
once the solution to a point charge is known.

1.2

Green’s functions are widely used for the description of quantum scattering processes
[40, 43, 44], in which the §-source is now seen as a wave source. The Schrédinger
equation can be written in the form of Equation (1.3). If the operator L is defined as
the kinetic energy operator (V?), the constant ) as the negative of the square of the
wavenumber (—k?) and the source f(z) as 22V the Schrédinger equation may be
expressed as

(V> + k) = %Vw- (1.8)

Chapter 1



Notice that if the input function? was zero, Equation (1.8) would have the same form
as the Helmholtz equation®. Thus, if one could find a function G(r) that solves the
Helmholtz equation such that the Helmholtz equation may be written as

(V2 4+ E)G(r) = 83(r), (1.9)
then, ¢ could be expressed as

b(r) = / G(r, 7o) f(ro)d®rot (1.10)

Therefore, the Schrodinger equation in (1.8) satisfies:

(V2 +E)y(r) = /[(V2 +E)G(r,ro)] f (ro)d’ro = /52(7“ —70) f(ro)d’ro = f(r),
(1.11)
where G(r) is the Green’s function for the Helmholtz equation. Then, the solution to
this last equation can be found by finding the solution G(r); this may be accomplished
by means of the Fourier transform®. If the Green’s function G(r) is defined as

1

W/eis""g(s)d?’s. (1.12)

¢ =G

Then, by applying the Fourier transform to the left and right hand side of the Equation
(1.9) one obtains:

1 8T 1 is-r
(%)3/2/(—32 + k)T g(s)d’s = W/e d*s, (1.13)
where ,
= : 1.14
9(s) (2#)3/2(/@’2 _ 32) ( )
Substituting this expression in Equation (1.12) yields
— 1 1 sr 33
G(r) = o) / TN d’s, (1.15)

which is the solution of equation 1.9 expressed in terms of momentum variables. In
order to obtain the Green’s function in terms of position variables, the inverse Fourier
transform needs to be carried out. The variable r is a fixed variable, therefore, the

2f(z) = %Vw which makes the equation (1.8) inhomogeneous.

*The Helmholtz equation with form (V? + k?)y) = 0 arises from the transform of the wave equation
into the frequency domain and constitutes a time-independent representation of the wave equation.

*d3rg or in general d*x represents a higher order differential using Leibnitz notation [45].

>The Fourier transform turns a differential equation into an algebraic equation.

1.2



integral in equation 1.15 can be divided into its spherical coordinate components[40,

41,43], s, 0 and ¢. Consequently this equation can be rewritten as®

_ 1 1 isr cos(6) in
G(r) = (277)2/(/<:2 )sds/e sin(0)d6. (1.16)

— g2

The integration with respect to the 6 coordinate in this equation yields

2  ssin(sr
G(r)= o) /0 2 —(32)) ds. (1.17)

In this last expression the product of the numerator in the integral is even, therefore,
the limits of this integral can be changed and one may rewrite the integral as

6 =1 | (Sg@) s, (1.18)

Notice that the resulting integral in equation 1.18 blows up at k = =+s, there are two
poles on the real axis. Therefore this is not a trivial integrate to evaluate. The easiest way
to evaluate this integral is by using the contour integration technique and Cauchy’s in-
tegral formulation[41]. When taking Cauchy’s theorem” under consideration, equation
(1.18) becomes

B 1 00 S(eisr _ e—isr)
Gr) = 1=, /_oo omilh = 5)(k £ 5) % (119)

and after the integration of this last equation the Green’s function is found to be

e—ikr
Glr)=—"—. (1.20)

Finally, using this expression for the Green’s function one may write the general
solution of the Schrodinger equation given by Equation 1.8 as

9(r) = or) + 2 [ Gl o)V ro)u(ro)dro,
zk\r rol (121)
= 0olr) ~ g [ gV ro)etro)dr,

This solution, Equation 1.21, is known as the integral form of the Schrodinger equation
and it is entirely equivalent to its more popular differential form.

®This new expression for G/(r) does not have an integral over ¢ since the value of this integral is just 2.

’Cauchy’s theorem demonstrates that when integrating around a closed loop in the complex plane, the
integral can be deformed in any way and the result is the sum of the residues which are due to the
poles that are inside the curve on the complex plane.
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1.2.1

The integral form of the Schrodinger equation provides a valid expression for the v (r)
function for a given potential V. It is important to point out that this solution, given
by equation 1.21, depends on an integral that involves the same solution that one is
trying to find. In principle, this can be a problematic defect of this solution to ¥ (r),
however, there are means to overcome this problem. One way may consist in making
some considerations about the physical attributes of a process one is trying to describe.
For instance, in the case of scattering processes, one may assume that the potential
V(7o) in equation (1.21) is a weak potential that drops to zero outside some delimited
region such that V' (rg) is localized at ro = 0. Therefore, for a much greater region
than the region where the potential is nonzero, » >> r(, the wave—function 1 is not
substantially altered. One may hypothesize that ¢ ~ 1y and rewrite equation (1.21)
as

m ezkr

k2

P(r) = ¢o(r)

/ e MOV (1) 4o (ro)dPro. (1.22)
For the case of plane waves® this equation becomes

kr

. m ei i(k2—k)or
gy = - T C / GUER)TOY (1 0) B, (1.23)
and when rearranging the equation as
e | € m i(ki—k)r 3
h(r) = e 4 — (— 573 /e OV (1o)d r()) , (1.24)

the scattering amplitude may be defined as

m
2mh?

f(0,¢) = / =R moy () dBrg. (1.25)

By using the integral form of the Schrodinger equation given in equation (1.21), the
solution to the wave function can be expressed as

v =y + / gVpd3r. (1.26)
where "
m el '

Swo(,’,) — eikz

1.2



Now, if 1) is the incident wave in the scattering process and V' is the scattering potential,
then, the outgoing wave after a first interaction with the potential V' may be expressed

as

1 = o + / GV ipoddr. (128)

This first correction to the wave function is known as the first Born approximation [40,
41, 43]. The correction to the wave function ) can be extended to more than just this
first correction. If the expression for ; is plugged under the integral sign, the second

order corrected wave function is obtained

ba=tot [gVind'r
— v+ [gViwo+ [gViodn (129)
— o+ [gViot [ [gvaviedr.

In a similar fashion the third order corrected wave function can be obtained

s = o + / GVibodr + / / GV gVibeddr + / / / GV gV gVibod®r (1.30)

This procedure can be repeated multiple times to generate the formal series for 1
known as the Born series

=1+ / gVipod®r + / / gV gVipod®r + / / / gVgVgVipoddr 4+ -+ (1.31)

In each iteration for the Born series the n-solution of ¢ is approximated in terms of high
dimensional integrals where the only dependency is on the incident wave function
o. A pictorial explanation of the Born series is thought as follow: Under zero—order
conditions, the wave function v is unperturbed (untouched) by the potential V, then,
in first order it is “kicked out” for the potential once and then, it starts to propagate
out in some new direction; in the second order correction the propagated wave from is
“kicked” again and propagated to a new direction and then kicked again and propagates
again to a new direction and so on. The Green'’s function describes how the perturbation
propagates between one interaction to the next. This is the reason why the Green’s
function is also called the propagator. Feynman’s formulation of relativistic quantum
mechanics was inspired by the Born series. Feynman’s diagrams [34, 37, 40, 42] are
pictorial means to represent the Born series, expressed entirely in terms of the vertex
factors (V') and the propagators (g) connected together.
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1.3

The scattering process can also be formulated from the perspective of quantum field
theory, in which a quantum system with many identical particles can be described by
the quantum field [34, 39, 42, 46]. In this context, the vector space that represents the
quantum state space of a quantum system of /N identical non-relativistic particles is
generated by the union of each of the NV particle Hilbert spaces, Hy, of the system [47].
The union of all the H v spaces of a given N-particle system is known as the Fock space
(F) [39, 41, 47, 48] and is mathematically expressed as:

o0
F=J My (1:32)
N=0
where the subspace with N equal to zero is formed by a single state known as the
vacuum state. The vacuum state represents the state with no physical particles and
therefore, it is the lowest possible energy state; this so called vacuum state’ is denoted

as
100---0) = |0). (1.33)

The different H y subspaces in F can be connected through a quantum field operator
that creates or annihilates a particle at a specific point in space, such that a ket with a
single particle in a particular K momentum state can be denoted in terms of the creator
operator associated with that momentum acting on the vacuum state,

|k:) = af. |0). (1.34)

Thus, applying the creator operator azi to the vacuum state assigns a particle ¢ to

a particular k state. Following this notation, the ket that represent the case of two
particles within the same state k is, then, expressed as

ki, kj) = a}, af, [0). (1.35)

In general, this notation will be conserved for IV particles and n states. Since these field
operators are spatial functions, a quantum field may be generated by an N particle
quantum system[39, 46].

%Since this so called vacuum state represents an abstract state with no particles, the vacuum state ket is
different from the null ket.
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1.3.1

Imagine a system of N non-relativistic particles in a R* dimensional space, with

coordinates {rq, 72 - - - ,7n}. The Hamiltonian for this system may be expressed as:
1 X
H=-—3"V? 1.
om 2 Vi +V(ry,re, - ,rN), (1.36)

where the V7 is the Laplacian with respect to 7; and V' is a symmetric function. The
set of eigenfunctions V¥,, associated with this Hamiltonian is then found by solving the

Schrodinger equation:
H\IITL(T17 T2, 7TN) = En\I/n(rly T2, 7TN)' (1'37)

These eigenfunctions ¥, are, then, the state vectors of the many particle system. When
this many particle system is assumed to have only identical particles, ¥,, will be
symmetric under an interchange of any two coordinates r; and r; for Bosons, whereas,
in the case of Fermions, ¥,, will be antisymmetric. An analogy to ¥,, can be defined
in the context of the quantum field by defining an operator ¢ that acts on a ket vector
state, [nyngns - - - ), that contains the information about how many particles are in the
various single particle wave function type states. If the operator ¢ (r) is interpreted as
an operator that annihilates a particle at the r position, then, its Hermitian conjugate
¥1(r) can be regarded as the operator that creates a particle at the same position .
When the identical particles in the system are defined as Bosons, these two operators
are defined through the commutation relations,

[w(r), 0t ()] =8 =)
W(T), W(r’)] =0 (1.38)

whereas, for Fermions the operators are defined through anticommutator relations',

{(r), ¢ (r")} = 6*(r —1')
{Wi(r), v} =0 (1.39)
{i(r), (r")} = 0.

%Tn an associative algebra the commutator is defined as [a, b] = ab — ba, whereas the anticommutator is
defined as {a, b} = ab + ba [49].
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When the Hamiltonian that describes the many particle system in the Fock space is
defined in terms of the IV particle subspaces equation (1.36) may be written as

H:Zf(ri)+Zg(ri,rj)+ Z h(ri,rj,re) + - - (1.40)
i i<j i<j<k

where the function f(r;) is interpreted as an one-particle operator, g(r;, r;) as a two-
particle operator and so forth. Therefore, an /N-particle operator is defined as a sum of
functions that only depends on a set of n coordinates, where the operators that act on
more than one particle (g, h, etc.) are symmetric with respect to the coordinates of the
particles. Thereby, an N-particle operator in the Fock space can be constructed in terms
of creation and annihilation operators,

S ) = [ )i

> g(ri,ry) = ;/W(’“l)@fﬁ(rz)g(rl,T2)¢(T1)¢(Tz)d3rld37“2

1<j

i<j<k

(1.41)

Using this formalism, the potential, V' (1,72, - ,rn), of the Hamiltonian in Equation
(1.36) can be reduced to a two-particle operator defined as the sum of the potentials
between particle pairs,

V(ry,re,--- ,rN) = Zv(ri,rj). (1.42)
1<J

Then, the Hamiltonian that represents the many body system in terms of creation and
annihilation operators in the Fock space yields

H= _% /W(T)V2¢(7’)d3r + % /W(Tl)W(Tz)U(TL 7‘2)¢(T2)¢(T1)d37“1d37(“i-43)

1.3

> h(ri, i) = ;/W(Tl)wT(Tz)wT(Ts)h(Tlv7“27T3)¢(T1)¢(T2)¢(T3)d37“1d37"2d37“3

1
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1.3.2

In order to show the relationship between the quantum field and a system with many
identical particles, an operator whose eigenvalue is the number of particles in a given
state vector is first defined,

N = [viwewdr, (1.44)

this operator, known as the number operator, is a Hermitian operator and, therefore,
1.

holds the following commutation relations!
[N, H] =0
[6(r), N] = o(r) (1.45)
[01(r), ] = —vi(r).

These commutation relations indicate that applying the operator /() on an eigenstate
of N will decrease the eigenvalue by 1, whereas ¢ (r) will increase the eigenvalue by 1.
Consequently, the vacuum state is the eigenstate of the operator N whose eigenvalue
is equal to zero. This implies, then, that the vacuum state can be annihilated by

consecutively applying ¢ (r) onto it,
¥(r)|0) =0, (1.46)

analogously, applying 1 (r) repeatedly to the vacuum state will generate non-negative
integers eigenvalues for N. Thus, the function belonging to the complete set of states
|E, N) of a quantum field are eigenstates of i/ and N,

H|E,N) = E|E, N)

) (1.47)
N|E,N) = N|E, N).

Then, the N-particle wave function Vg (r1,72--- ,rn) of a many identical particle
system is equivalent to the complete set of states |E, N),

1
Ug(ry,re---,rv) = —0]Y(r1) - -¥(rn)|E,N). 1.48
B(T1,72 N) = 5 0 (ra) - w(rn)I B, N) (1.48)
In this sense, the probability amplitude that describes the IV particles at the positions
r1,72 -, TN can be formed by evaluating the overlap between the vacuum state and

the state resulting from annihilating the particles at the 71,72 - - - , 7N positions from

""'These commutation relations can be easily demonstrated by using the expressions in equations (1.38)
and (1.39)
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E, N). Therefore, a quantum field may be equivalent to a system with NV identical
q y q y
particles.

1.3.3

The ¢(r) and ' (r) field operators act onto ket vectors states that are characterized for
having particles whose wave function are J-functions. It was shown in section 1.1 that
d-functions, in general, can be expressed as a linear superposition of a complete set of
functions. Thus, ¥(r) and 1 (r) may be expressed as a linear combination of operators
that creates or annihilates particles with a specific wave function type. Furthermore,
if ug(r) is defined as a member of a complete single particle set of orthonormal wave
function such that

/ () ug (7)1 = Sy (1.49)
and

> _u(r)u*(r)d’r = 8(r —1'), (1.50)
k

then, the expansion of the creation and annihilation field operators with respect to such
a basis yields

(1.51)

Due to the orthonormality of the function uy(r) and the commutator relations defined
for 1(r) and 1 (r), the operators a;, and aL satisfy commutation relations for Bosons,

[ak,aH = Ok
lag,ap] =0 (1.52)

{az, QH =0,
whereas for Fermions they satisfy anticommutation relations,

{ag, CLL/} = Ok
{ak, ak/} =0 (153)
{a};, az,} =0.

1.3
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Using these commutation and anticommutation relations, it may be concluded that for
each k state the eigenvalues of az, ay, are integer numbers,

akax|n) = ny|n) 158

(ng|my) = 5nk7mk'

These integers numbers, nj,, correspond to the occupation numbers of the single-particle
state k. The allowed values of n;, for identical particles are:

For Bosons : 0,1,2,---,00.
ng = (1.55)
For Fermions: O0,1.
Then, the general actions of the operators a and a! may be expressed as:
aln) =+v/nln —1
n) n—1) (156)

a'ln) = v1£nn+1)

where the positive sign corresponds to Bosons and the negative sign to Fermions.
These expressions indicate that a particle in the state with wave function u(r) will be
annihilated when the operator a is applied, whereas such a particle will be created if a
is applied. Therefore, if one simultaneously diagonalizes aLa,k for all k, the obtained
eigenstates will be a set of occupation numbers, {ng, n1, - - -, ng}. This set of occupation
numbers will constitute a valid basis for the Fock space. The string of operators altak can
be defined as the occupation-number operator, N, and hence the number operator N
defined in Equation (1.44) can be given in terms of this occupation-number operator

N =3 N, (1.57)

This stresses the fact that the total number of particles present is known by adding up

the elements of a given occupation number vector,

N=> . (1.58)
k

1.3.4

The creation and annihilation fields operators act on a set of states that are a basis of
H. This implies that the representation of these operators is determined by the chosen
state basis. Therefore, an equivalent representation of these field operators could be
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given by using more than one basis. To illustrate this idea, one may imagine a case of
plane waves of Fermion particles propagating through a region of volume €. Starting

from a plane wave basis,

¢) = [n)(n|¢), (1.59)

a given state ¢ can be expressed in the momentum basis by simply performing a change
of basis such that

i) = D i) il 0)- (1.60)

Now, suppose a well-defined x position state that when expressed in terms of the
momentum basis yields:

2) = 3 [ks) (ko). (161)

Since this is a well-defined position state, the amplitude for this state is known and its
inner product of the momentum #; state is expressed as:

(ki|z) ~ e~ kiw, (1.62)

Therefore, equation 1.61 can be rewritten as the ket that corresponds to a particle in a

definite position z in the basis of plane wave momentum eigenstates
) = |ki)e i, (1.63)
i

where, this particle at position « can be created by applying a creation operator to the

vacuum

U(2)]0) = af 0y e, (1.64)
i
Therefore, the operator that creates a particle at a position x may be expressed as

Yi(@) =" af ek (1.65)

1.3.5

The description of the interactions of a particle can be outlined by using the physical
and mathematical tools developed in quantum field theory. Let’s say one wants to
describe a scattering process where a particle comes in with some initial momentum |k;)

and scatters to end up with some final momentum |k¢), see figure 1.5. If the interaction

1.3
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|kf)

ki)

————————

Fig. 1.5.: Scattering at a definite place

Hamiltonian that destroys a particle with momentum £,,, and creates a particle with
momentum k; is expressed as

H; ~ Y Vimal, a,,, (1.66)

Im

then, the incoming particle with momentum £; can be expressed as
ki) = af,0) (1.67)
whereas, the outgoing particle with momentum k; is expressed as
[ks) = af, [0) = (kg| = (0lax,. (1.68)

The amplitude of a particle with momentum £k after an interaction starting with
momentum k; can be, then, described with the matrix element between the incoming
wave, the interaction potential V},,, and outgoing wave,

(gl Hilks) ~ >~ Vim(Olax, af, ax,,af, 0). (1.69)
Im

This matrix is just the sum over the interaction potential and the creation and annihila-
tion operators acting on the vacuum state.

1.3.6

Now, let’s extend the discussion to consider particle decay, a process where a single
particle with one initial incoming state ended up with more than one final state. The
simplest decay process may be represented in figure 1.6, where a particle with an initial
state |k) ends up with two states, |I) and |m). If this decay occurs in a defined place but
an unknown time, this transition may be described by using Fermi’s golden rule[41, 50,
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K1)

[Fom)

Fig. 1.6.: Decay process at a definite place

51]. The probability of the decay is proportional to the integral of the matrix elements
of the perturbation between the initial and final states,

/t (mlTT ok dt. (1.70)

where in the plane wave representation, the 1) operator can be expressed as super-
positions of creation and annihilation operators written as

P~y aelkrrent (1.71)
k
and
Pt~ alemikrtent, (1.72)
k

The substitution of the 1 and ¢ operators in equation (1.70) and a definite position,
x =0, yield
[ttty (1.73)
t

Since the time is unknown, the consideration of all possible times, and, therefore, the
integration over all these times yields

S(wr + wm — wi). (1.74)

This last result in terms of a delta-function ensures one of the most relevant conse-
quences of the invariance under time, the conservation of energy. In other words, when
conservation of energy is ensured, energy at the end of the scattering experiment is
ensured to be the same as it was at the beginning of the experiment!?. Similarly, for the

2Energy can neither be created nor destroyed.

1.3
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case of a definite time but an unknown position x the final expression obtained is in

terms of a d-function

/ (m| ot k) da. (1.75)
Ift=0
N/e—i(kl+km—kk):cdx (1.76)
then,
~ 8Ky + ko — k). (1.77)

Therefore, integration over all the possible positions ensures conservation of momen-
tum. It is important to mention that in quantum mechanics the position and momentum
of a particle cannot be simultaneously measured with precision. Therefore, when the
position was definite, one needed to consider all possible times to obtain equation
(1.74), whereas in the case of a definite time all possible positions were considered to
obtain equation (1.77). This points out the most important idea in quantum mechanics,

the Heisenberg uncertainty principle[43, 52].

1.4

Following the ideas presented in section (1.3) let us consider a single particle Hamilto-

nian h; whose eigenstates and eigenvalues are

In general, a particle located in a given |¢,) would always remain in the same state.
However, let’s imagine one could prepare the system in a generic trial state denoted
by |¢,) and follow its time evolution. When the trial state is created at time ¢ = 0, the
wavefunction at a later time ¢t may be expressed as

ihqt

() = e [t
= Z |pn)e™

ient 1.79
5 litn). 17

Thus, if one knows the eigenstates |¢,,), the time evolution of the trial state can be
obtained by expanding the trial state, |1),), into the |¢,,) basis and letting every compo-
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nent to propagate independently. Then, the probability amplitude that a measurement
would find the particle at position r yields

(1.80)

= [ dr S rld)e H (Gulr) 0]00)
= [ar'Glrati ),

which involves the propagator G. In general, the time evolution of any initial state
can be calculated if G(r,r’;t) is known. In a single glance, it may seem that the
only information contained in the propagator G is related only to time evolution of
a given initial state, but this is not true. The propagator G defined in equation (1.80)
also contains information about the energy and probability associated with placing a
particle at position r, these quantities are given by the braket (¢, |r’) = (¢,|wT(/)[0).
Furthermore, the time evolution is a superposition of waves propagating with different
energies. Therefore, applying the Fourier transform to the propagator G would allow
to obtain the full eigenvalue spectrum related to the evolution over time of a particle
which moves from an initial position r to a final position 7’

1.4.1

Let us express the annihilation and creation field operators in the Heisenberg descrip-

tion as
Yi(r,t) = e wi(r)e*%
e (181)

Yi(r,t) = ew pl(r)en

where H is the full Hamiltonian of the system and the field operator subscripts i
and j indicate possible internal degrees of freedom (spin, isospin, etc). By using the
Heisenberg representation of the field operators, the one-particle Green’s function can
be defined as the expectation value of the time ordered product of an annihilation
and a creation field operator with respect to the exact ground state wave-function
of a N-particle system, |}'). Then, the one-particle Green’s function or one-particle
propagator is mathematically expressed as

GMWurW>=—%OWNTwmr¢waﬁﬂmng (1.82)
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where T is Wick’s time-ordering operator which orders the field operators in chrono-
logical order with times increasing from right to left. If the chronological order is an
odd permutation of the original order, then, a multiplicative factor of —1 needs to be
added. Consequently, if the Hamiltonian does not depend on time, by introducing a
unit step function'3, ¢, the propagator in equation (1.82) becomes

G, w3t = ) = =3 6(t — )0 |[ga () =ED 2 )
(1.83)

= Lo — 1) ([ () B S g ()] ).

St

In general, the propagator definition presented in equations (1.82) and (1.83) may be
valid for any orthonormal basis. Therefore, a more general expression for equation
(1.83) may be written as

Gij(t,1') = —il0(t — )W [ (0] (ENITY) — O — ) (U ([ (1) 3halt)][ %)) (1.84)

where 1;(t) and 1/1;(75) now represent a more general single-particle basis and one lets
h = 1. The terms of the Green’s function in equation (1.84) represent the propagation of
a particle (first right hand side term) and the propagation of a hole (second right hand
side term). When the particles described are electrons, the propagation of a particle
describes the addition of an electron to the system, whereas the propagation of a hole
the removal of an electron from the system. The one-particle Green function can be

considered as a time-dependent generalization of the one-particle density matrix
pPij = <‘I’6VW;1/%\‘I/6V> = —iGij(t, t7), (1.85)

where ¢ is defined by adding an infinitesimal positive shift n™ to the time ¢, t* = t+n™.
Therefore, one may obtain the one-particle density by setting r = 7’ and summing over
the spin coordinate .

p(r) = —i/ dosG(r,s,t;r,s,tT). (1.86)

In the case of electrons, if the many-body system is invariant under time translation!*

the Green’s function would only depend on 7 = ¢t — t’. Then, by introducing the

BHeaviside step function [53]
'*A system is invariant under time translation if there are no time-dependent external potentials.
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completeness relations for the (N —1)- and (/V+1)—electronic states the one-particle

Green’s function yields

G(r,r's7) = —%[0(7) SN ()N +1,a)(N +1,alyl ()| N)e st EnT
‘ . (1.87)
—0(=7) Y (NI ()N = 1) (N = 1, i[¢h(r)|[N)e "N EN-10)7]

(2

where Ey denotes the energy of the N-electron ground state | V), En1,, the energy of
the a-th (N+1)-electron state |[N+1, a), and En_ ; the energy of the i-th (N—1)-electron
state |[N —1,1).

1.5

In the photoelectron (PE) emission experiment [40, 43], the photocurrent is measured
as function of the kinetic energy of the ejected electrons, E.. The photocurrent mea-
surement is proportional to the magnitude of the external field over many orders of
magnitude of E.. The ejection energy E., according to the Einstein’s photoelectric
relation is proportional to the difference between the photon energy (fuwg) and the
binding energy I,

E. = hwy— 1. (1.88)

If one uses the same principles as in the case of the one-photon scattering process, the
photoelectron emission can be calculated by using the Fermi’s golden rule. Thus, the

transition rate at a given energy w is given by

2me? 2
P(w) = 5 S [(FI Y Au- Pl )| 8(w — E)S(Ep — B —hwo)  (1.89)
F n

m

where |F) and |¥})) are the final and initial states of the N—electron atom or molecule
under study, consequently, Er and Ej are the energies for this states. On the other
hand, A,, - P,, is the scalar product of the external field at the nth electron and the
momentum of this electron. In terms of creation and annihilation operators, a; and aL,
for a one particle state |¢;) the transition probability P(w) may be expressed as

2me? 2
P(w) = 552 S [(FI Y muaal )| 6w — ES(Ep — B — hw)
BoooM (1.90)

262 . . _
- _m Z TmnTklIm{Zlemn<_m0 - 71?7)}6(0) — Ee)

k,l,m,n

1.5

21



22

where
Tij = (il A - P|o;) (1.91)

and G (—hwo — in) is the Fourier transform of the particle-hole component of the
two-body Green’s function!®. In this formalism, all the internal properties such as
the spin—orbit coupling, the vibrational, rotational and electronic interactions that are
needed to describe the photoelectron spectrum of atoms and molecules are contained
in the Green’s function. Thus, the complete description of the measured photoelectron
spectrum may be obtained by computing the two-body Green’s function, but this is
not always feasible. On the other hand, the 7;; matrix contains the information that
pertains to the angular distribution of the photoelectrons as well as the information
about the relative intensities of different photoelectron spectrum bands as a function of
the photon energy. When an orthogonal spin—orbital basis, such as the Hartree-Fock
spin—orbitals (pF1T), is used, 7;; may be calculated as the matrix elements of the scalar
product A,, - P,, between the ¢//f" and d)f ¥ Hartree—Fock orbitals. Although Green's
functions provide a natural theoretical approach for the elucidation of a measured
photoelectron spectrum, the accurate evaluation of the exact Green’s function is a
non-trivial and computational costly task. Thereof, reasonable approximations need to
be made in order to compute practical P(w) values.

1.5.1

In equation (1.90), the final state |F') may be approximated by an antisymmetrized
product of a (N — 1)—electron state, | 1), with a one—electron continuum state |e).
The contribution of the continuum state |e) to the initial state |/}’) is close to zero.
Therefore, when E, is large, in order to obtain a nonvanishing value for P(w) the
operator a; must annihilate an electron in |e) in the final state |F). Equation (1.90)
becomes
2¢? * .
P(w) = YT Z To T Im{ Gy, (w — hwy — i) }o(w — Ee) (1.92)

e,n,l

where the Fourier transform of the advanced one-electron Green'’s function yields

(W o [0 (Y a0y
w—EéVil—E(])V—in

Gin(w—in) =3

S

(1.93)

Although the ansatz for the final state, |F) = |e)[:/ ~1), implies that the ejected electron
is not correlated with the other electrons in the ionic system, this does not mean that
the state |e) is in general a plane wave or only describes a free electron. To the contrary,

In this expression 7 is a positive parameter that approaches zero as required for the Fourier transform.
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the ejected electron feels the other electrons, but its influence on these other electrons is
neglected. Furthermore, one could construct the optimum one—-electron state |e) that
best describes the system under study. Conversely, in order to accurately describe the
photoelectron emission process, one may need to consider the different effects that the
remaining electrons in the ionic system exert on the ejected electron. For instance, for
the case hwy > I, the ejected electron is usually considered free and |e) is taken as a
plane wave with the appropriate symmetry, whereas for the case fiwy — I < I, Coulomb-
type waves describing the interaction of the electron with the static charge distribution
of the ion should be considered. Finally, ionizations at the fwy ~ I threshold are
correctly characterized by the two—particle Green’s function. The transition probability
P(w) may be expressed in terms of the eigenvalues Dy (w) of the Green’s function
matrix G(w) as

e? —
Plw) = %Im{z tr [D(ew — o — in)] 6w — E2)}, (1.94)
with
ﬁij == |Tei(w)|2Di(w)5U, (195)
and
Tei(w) = ZTejSij(w), (196)
J

where S;; are the elements of the eigenvector matrix of G(w). After considering the
Fourier transform one finds

Im{Dy(w —in)} =7 Pe(s)d(w+ E) ' - EY) (1.97)

with
0< P, <1. (1.98)

The P (s) quantities are known as pole strengths. Since these quantities can only have
positive values, it follows that for all w values the transition probability P(w) will be
always positive.

The binding energy of the ejected electron may be expressed as Is = EN~! — E}' and
Tej0(w — E.) becomes 7, ;d(w — E.).Therefore a further symplification of equation (1.95)

yields

27e?

Plw) = m2c2h

> Te(fiwo — I6)|* Pe(s)6(w + Is — Fa). (1.99)
s,k

1.5

23



24

If the correlation of the electrons in the atom or molecule is neglected, the Green’s
function becomes the free Green’s function Gg. When the Green’s function matrix Gg
is diagonal, the transition probability reads

D e kl?(w — ex — fiwp), (1.100)

where ¢}, is energy of the kth orbital of the atom of molecule. This last equation
indicates that for the case of a IV electron closed-shell system the number of bands that
one can expect is at most N/2. This assertion, however, is not in agreement with the
photoionization experimental reality. In the photoionization process, simultaneous
excitation or the ionization of a second electron in the same atom or molecule are events
with high probability. These excitations accompanying the ionization event are the so—
called shake—up and shake—off processes. These last processes can only be contemplated
when electron correlation effects are considered in the treatment of the system. For
instance, consider Gj,(w — in) in equations (1.92) and (1.93). If the configuration
interaction is negleted, the final ionic state | Y ~1), whose electron configuration differs
from that of the reference ground state by the occupation of more than one orbital,
would not be observed. However, if the configuration interaction is taken into account
(the full Gy, (w — in) is considered), the final ionic state will borrow intensity from
the other states giving it a suitable electronic configuration and symmetry that would
allow this ionic state to be observed. In general, for atoms and molecules the features
in the photoelectron spectrum that are invariant to the experiment conditions can be
determinated by computing the one— or two-body Green’s function together with
le). Furthermore, the information related to the binding energies and the vibrational
structure of the bands of the system in consideration is contained in the one-body

Green’s function.
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The Electron Propagator

Will you understand what I'm going to tell you? ...
No, you're not going to be able to understand it. ...
That is because I don't understand it. Nobody does.

— Richard Phillips Feynman
(QED: The Strange Theory of Light and Matter)

After Feynman introduced the ideas and foundations of the free electron propagator
into quantum field theory [35, 37], Schwinger extended Feynman'’s discussion to many-
particle systems [54, 55]. Subsequently, Martin and Schwinger [56] introduced what is,
perhaps, the most significant work in the development of what is known today as the
many-particle propagator theory. The first application of the many-particle propagator
to finite systems and the basis of the theory for atoms and molecules were introduced
by Linderberg and Ohrn [12, 13]; subsequent contributions to the propagator theory
and methodology were made by several authors, such as Cederbaum [9], von Niessen
[57], Schirmer [58], Yeager [59], Simons [60], Ortiz [15] and others [14, 16, 61, 62]. The
capabilities and usefulness of the many-particle propagators are of great relevance
for the prediction and study of stationary and transition properties. Many-particle
propagators are direct methods for the determination of theoretical photoelectron
spectra of atoms and molecules. In the framework of electronic structure theory and
ab—initio methods, many-body propagators, in particular the one—electron propagator,
have been stressed as the best direct method to obtain and predict accurate electron
binding energies, due to their solid mathematical foundations[62].

2.1

In electron propagator (EP) theory, binding energies, Dyson orbitals and one—electron
properties are contained in the poles and residues of the one—electron Green’s func-
tion[15, 16]. Poles are energies where singularities of the one—electron Green’s function

lie, whereas residues are the coefficients of the terms responsible for those singularities.
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In the spin—orbital basis, the spectral form for the p—q element of the EP matrix [2, 15,
16] reads

Nlay|N +1,n){N +1,n|af|N) (Nlaf|N = 1,n)(N —1,n|ay|N)

E—EY™ + EY +in Xn: E+EY ' —EY —in
2.1)

where p and ¢ are general spin-orbital indices, and |N) is the exact non—-degenerate

2

n—0

Gpa(B) = lim (3"

ground state of an N—electron system with energy E}’. EV*! and |N + 1,n) denote
energies and states with IV & 1 electrons. 7 is a positive infinitesimal constant that guar-
antees the convergence of the Fourier transform from the time-dependent expression.
For a finite, orthonormal and discrete spin—orbital basis, the G, (£) matrix has only
simple poles in the frequency domain, i.e. poles are only located in the energy plane.
When 7 approaches zero these poles are all on the real energy axis, with values equal
to the difference between the total energy of the N—electron stationary ground state
and the N =+ 1-electron final state. The overlap amplitudes [63] between the N—-and
N =+ 1-electron states are known as the Feynman-Dyson amplitudes (FDAs). These
amplitudes are defined according to the spin—orbital basis and the creation, af], and
annihilation, a,, electron field operators [15, 16, 63],

fn<Q) = <N+ 17”‘QZ|N>

(2.2)
gn(p) = (N — 1,nlap|N).

FDAs are a reflection of the corrections to the one—electron unperturbed state upon the
introduction of a perturbation. This perturbation corresponds to the propagation of
the self interaction of the electron by the means of an effective potential. This results
in the propagator self-energy taking effectively into account many-body effects such
as the interaction of the electron with the vacuum state and with the other electrons
of the system, improving the overall description of the unperturbed wave-function.
FDAs are fundamental for the calculation of intensities in photoelectron spectrometry
for principal and satellite structures [2, 15, 16, 63, 64]. Furthermore, FDAs provide
means to construct the overlap function between the reference-state wave—function
with N—electrons and a final state with NV £ 1 electrons

pRYson (1) = Nl/z/dﬂjgdxg...dl‘]\[‘l’]\[(ﬂ?l,xg,l‘g, e TN)VU Ny (72,23, . TN),

¢£yson<x1) = (N -+ 1)1/2/dm?dmg...de+1\I/N+17n($17‘TQ,$3, ...,JIN+1)\I/*N(:L‘2,Z‘3, ...,(EN+1).

(2.3)

These overlap functions are defined as the Dyson orbitals for the electron detachment
(N — 1 electron final state), and attachment (/V + 1 electron final state), processes.
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Dyson orbitals are mathematical entities that have been proven to be powerful tools for
the phenomenological description and prediction of electron detachment-attachment
processes in atoms and molecules [2, 64]. Moreover, photoionization cross sections and
many kinds of transition probabilities depend on Dyson orbitals. The normalization
factors of the Dyson orbitals are known as the pole strengths:

P, = / |$DV5" ()| dy. (2.4)

Pole strengths are quantities with values between zero and unity. Pole strengths
are used as a criterion of the importance of many—electron processes and electron
correlation in the description of a transition from N to N + 1 electrons.

2.2

The basis of the electron propagator theory (EPT) was first introduced by Linderberg
and Ohrn [12, 13]. The superoperator formalism for EPT was advanced by Goscinski
and Lukman [65]. Although the superoperator formalism is the most mathematically
rigorous form of deriving the equations of EPT, it may be also, in some cases, the most
tedious and challenging approach. An alternative to the superoperator formalism of
EPT may be the diagrammatic approach [16, 66] which represents the diverse terms
and functions of the EPT equations by pictorial symbols. While the diagrammatic
approach may look at first to be a more convenient way to produce EPT equations,
this approach is not ideal for developing propagators in which a precise control over
the intermediate terms which produce the final EPT equations is needed. Also, in the
diagrammatic approach, it can be difficult to guarantee that all the diagrams needed
to take into account all the electronic effects have been considered and not double
counted. Therefore, the diagrammatic approach for the formulation of electron propa-
gator methods may produce wrong propagator equations, see for example reference
[67] where some terms are missing for the expressions of some of the field operator
couplings. In this respect the superoperator formalism is, in several cases, the most
accurate and flexible approach for deriving new electron propagator methods [68].

2.2.1

In electronic structure theory, the foundation for the treatment of atoms and molecules
is based on second—quantization concepts and the definition of operators and vector

2.2
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states[48]. In second quantization the many—electron Hamiltonian can be expressed

as
1
H= thQa}aQ + 1 Z <PQ]|RS>aJIrDaZ2a5aR, (2.5)
PQ PQRS
where
(PQIRS) = [ Wp(D)UH(2)ris (1~ Po)Wr(1)¥s(2)ady 26)

represent the antisymmetric two—electron integrals. This Hamiltonian operates in the
Fock space spanned by all the independent eigenstates of the number operator of the
total number of electrons, which is constructed within a given spin—orbital basis. If the
chosen spin-orbital basis diagonalizes the Fock operator such that

Fpg = hpg + Y _(PR||QS)(akas) = cpdpq, (2.7)
RS
where
(a2a5> = (ground State]akaglground state), (2.8)

then, the Hamiltonian may be partitioned as
where Hj is taken as the unperturbed operator defined as

Hy=Y epabap. (2.10)
P
In electron propagator theory, the electron propagator defined by only using the
uncorrelated electron dynamics characterized by Hj is denoted as Gj. The matrix
elements of Gy in a given spin-orbital basis are expressed in the same fashion as
the full electron propagator, equation (2.1). However, |N) is now interpreted as the
Hartree-Fock ground state

IN) = alal---aly|0) = |HF) (2.11)

where |0) is the nondegenerate eigenstate of the electron number operator correspond-
ing to the eigenvalue zero. The ground state energy may be defined as

Occ
Eo(E) = Z € (2.12)
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and the expression of the energy of the NV — 1 state yields

Ej(N—l) :Eo(N)—Ej, (213)
whereas for the N + 1 state
Eo(N +1) = Ey(N) + 24 (2.14)
with
Occ
IN —1,5) = [T afl0) (2.15)
i#£j
and
Occ
IN+1,a) = H a;rajl|0>, (2.16)

respectively. The normalized determinant states and the anticommutation relations
lar, az]y = [a], ab]y = [a1,ad]4 — 612 =0 (2.17)
yield the following expressions for the overlap amplitudes:
Fo(d) = (N + 1,plal|N) = 6y, (2.18)
and

9p(i) = (N = 1,b|a;|N) = £ (2.19)

2.2.2

The full electron propagator G,, expressed in equation (2.1) depends on the electron
tield operators a, and ag. Therefore an alternative notation for this propagator[15, 16,
63] may be

Gpq = ((ap; al)) 5. (2.20)

By using this notation, the expression for G,,(F) in equation (2.1) may be rearranged
in the following way:

E(E—-E)T' + E)) T =14 (E) T - B )(BE - EY T + E)) 7Y (2.21)
where, for the left hand side of equation 2.1 one may obtain

(Nlap|N + 1, n)(EN T — EY) = (N|[ap, H]|N + 1,n), (2.22)
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a similar expression is obtained for the right hand side of the equation (2.1). After the

manipulations of the propagator equation, the final expression is
E{{ap;al))p = (INlap, af]+|N) + ([ap, H];af)) 5 (2.23)

which is the equation of motion of the electron propagator. Equation (2.23) may be
regarded as the first instance of a chain of equations, since the more complicated
propagator (([a,, H]; ap) £ has an analogous definition to the one of ((a,; ap) B

((ap;al)) e = B~ lap, afl4) + E~*([lap, H], all) +E~*((([ap, H], H], a] ) +... (224)

where the expectation values (.. .) are taken with respect to the ground state | V) (or a
suitable ensemble) and evaluated as the trace of the density operator of the ensemble.
This last equation may be defined in terms of the superoperators acting on a space of
electron field operators f,

f={f,f3f5...,f,} withn={2k+1:keZ}. (2.25)

If X and Y are general elements of this linear space of electron field operators, the
identity superoperator I and the Hamiltonian superoperator a yield the following

relations
IX=Xx
R (2.26)
HX = [X, H|,
and their scalar product reads
(X[Y) = ([Y,XT];). (2.27)
A more succinct notation for the full propagator may be written as
Gpq = ((a}; al)) g = (o} (BT — H) 'a)), (2.28)

where (EI — H)~! is known as the superoperator resolvent. The matrix elements of
the electron propagator are, then, related to the field operator products arising from the
superoperator resolvent evaluated with respect to the | V) reference state. Thus, Dyson
orbitals as well as the electron binding energies calculated using electron propagators
are properties of the reference state that is being for used for the calculation.
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2.2.3

In electron propagator calculations, the elements of the superoperator resolvent matrix
may be calculated by considering the polynomial expansions in H and E. However,
the techniques of inner projection and partitioning[62, 69, 70] may offer a more efficient
approach for the systematic approximate treatment of the electron propagator. Starting
with the expression for the full propagator in equation (2.28) and introducing vector
arrays of electron field operators, the matrix expression for the electron propagator
yields

G(E) = ((a;al))p = (al|(BE — H)"'al). (2.29)

The inner projection of G(E) can be easily defined by following the ideas by Pickup
and Goscinski[62]. For positive definite operators

A = AV20,AY? (2.30)
where O, is a projection operator in the |b) basis defined as
Oy = [b){b[b) =" (b]. (231)
Therefore, it can be proven that Og =0y:

Op = |b)(b|b) " (b|b) (b]b) ~* (b|

. 2.32)
= [b)(6]b) " (b] = O
Since (b|b) is real and ((b|b)~!)t = (b|b) ", the operator Oy, is self-adjoint,
O} = (b (blo) ™) (1B))" 039)

= [b)(b|b) " (b] = O,

If the basis |b) is complete, the operator O, is the identity operator and therefore, the

inner projection is exact:
A= AYVPIAV? = A (2.34)

Then, if A > 0, since 0 < Oy, < 1, the following operator inequality holds

0<A <A (2.35)

Alternate forms of the inner projection may be obtained by the Bazley [70, 71] transfor-

mation

|f) = A'Y?|b) (2.36)

2.2
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and Aronszajn [70, 72] transformation
g) = A2 |b). (2.37)
Using the former one may obtain
A = |E) (A7) LA (2.38)
If the operator A has N negative eigenvalues, the relation
A > [f)(f|Af) (] (2.39)

is valid provided that (f|Af) also has N negative eigenvalues. Even when the operator
A has no unique sign, the inner projection will reach convergence in the limit of
completeness [73, 74]. Thus, the need of a resolvent operator in equation (2.29) may be
eliminated by substituting

A=FE—-H (2.40)

in equation (2.39) or by substituting
Al'=FE—-H (2.41)

in equation (2.38). The superoperator inverse is turned into a matrix inverse and the
expression for the G(E) matrix becomes

G(E) = (a'|h)(h|(EI — H)h)™' (h|a®) (2.42)

where h is a manifold of element from the linear space of electron field operators. The
manifold of operators h may be partitioned into a set of simple field operators, af, and
an orthogonal complementary set f such that the orthogonal conditions between these

sets of operators are:

(atla’) = 14,

(fIf) = Laxs, 2.43)
(fla’) = O¢xa,

(al|f) = 0.
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When h = {a';f}, a’ = f; is denoted as the primary space or sector, whereas f =
{fs;f5;f7;--- ; f,}, where n is a positive odd integer, is denoted as the secondary space
or sector. Then, the partitioned form of the propagator matrix may be expressed as

(al|Ef - Hl|a") (af|EF - HIE)] [(al|al)
G(E) = [(af|a) (auf)}[(ﬂﬂ_man (flEf—FIlf)] [(a”f)], (2.44)
which reduces to
E1— (af|Ha) —(al|HD] 1
s0=[ o | gy e | o) o

Poles of the propagator, therefore, occur at values of E' that are equal to the eigenvalues,
w, of the superoperator Hamiltonian matrix

Uw = HU (2.46)

expressed as

A aq -1
T T t
w, |Uon| = (@' [Hah) (allHE)| i Uan] (2.47)
Ui (f|[Ha®)  (f|HF) Ufn
In the basis of operators one may express the propagator matrix as
1
GE)=[1 o] [UEL-w) U M . (2.48)

The residues corresponding to the n'” electron binding energy, w,,, are defined as

Res(w,,) = lim Gp(E)(E —wy) =Up, Uy, (2.49)

E—wn

The Dyson orbitals corresponding to the same pole may be expressed as
Dyson — N ,U .. (2.50)
P

Due to the orthogonalization of the primary and secondary operator space, only the
diagonal of the primary block of the inverse of (h|(EI — H)h) is needed to determine
the propagator matrix G(E). The inverse of the propagator matrix may be expressed
as[62, 75]

G Y(E) = (a' (B — H)a') — (a¥|H)(f|(ET — H)f)~!(f|a)

) N (2.51)
=Fl1l, — Haa — Haf(E].a — Hﬂ-‘)i Hg,.
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The contributions from the secondary space of the eigenvectors, Ur do not appear
in the residues.Therefore, the search of poles and residues requires only the solution
of equation (2.46). Thus, the usual matrix diagonalization techniques used in config-
uration interactions calculations may be applied to the electron propagator, where
instead of configurations, operators are used to form the basis. In the case of ionization
energies (electron detachments), in addition to the usual Cl-like operator for occupied
orbitals (one-hole, h, and two-hole one—particle, 2hp operators for shakeup processes)
operators corresponding to virtual orbitals (one—particle, p, and two—particle one-hole,
2ph, for the shakeon processes) may contribute to the eigenvector, U, to generate the
N — 1-electron states in the Hilbert space. These operators are also needed in the case
of electron affinities (electron attachments); electron attachment operators also have h,
p, 2hp and 2ph constituents.

2.2.4

In quantum chemistry, the ground state Hartree—Fock spin—orbital basis is the most
commonly used basis for calculations regarding atoms and molecules. According to
the Koopmans’s theorem[5], KT, Hartree-Fock ab—initio orbital energies may be good
measures of the valence electron binding energies of atoms and molecules. Although
Hartree—-Fock orbital energies may give an acceptable qualitative description of the
ionization of valence electrons, these energies are a poor representation of the core
ionization energies. In order to go beyond the qualitative results of Koopmans’s
theorem, the addition of correction terms are necessary. These corrections terms may be
separated into two classes, relaxation terms and correlation terms. The relaxation terms
may be obtained by performing separate Hartree—Fock calculations on the N—electron
ground state and the NV + 1—electron final state corresponding to the ionic state of an
electron detachment or attachment process. The difference between the total energies
calculated for the N—electron ground state and its corresponding ion state yields the
approximate electron binding energy with full account of the relaxation process. This
procedure of approximating the binding energies is known as the AEscr procedure.
On the other hand, correlation terms are more complicated to generate and require a
deeper analysis that can be found in great detail elsewhere [76]. In the calculation of
accurate binding energies, both correlation and relaxation terms need to be balanced
for each system under consideration. Furthermore, this equilibrium between the
correlation and relaxation terms varies a great deal from the core to the valence region.
Finding the delicate stability between the correlation and relaxation terms, which is
unique for each system under consideration, is what makes the problem of calculating

electron binding energies challenging. The qualitative classification of the electron
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detachment and attachment processes may be done in terms of molecular orbital (MO)
configurations. For one-electron detachment processes, a hole may be created in
a formerly doubly occupied MO reference determinantal wave—function. The one-
electron detachment energy can be viewed as a Koopmans’s theorem value adjusted
by the final-state orbital relaxation and electron correlations. In the transition process
that describes the detachment of one electron, in addition to the creation of a hole in
the reference state, the shakeup processes may also be considered by two electrons
leaving occupied MOs with the attachment of an electron to a virtual MO as shown in
figure 2.1. In general, the one-hole, 1k, and one-particle, 1p configurations correspond
to qualitative Koopmans pictures for the description of the electron detachment and
attachment processes. However, in order to obtain quantitative results, configurations
such as 2ph, 2hp, 3ph, 3hp, ..., np(n — 1)h, nh(n — 1)p, where n is an positive odd

integer, need to be considered.

— @
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—_a
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+t+ | | |

=]
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Fig. 2.1.: Electron detachment from a closed-shell reference state.

2.3

The usual approximation procedure to evaluate the EP involves a perturbation expan-
sion. Poles of an unperturbed one—electron propagator, Go(F), where

(Go(E)]pg = Opg(E — 5p)_17 (2.52)

equal canonical Hartree-Fock orbital energies, ,,. The latter are eigenvalues obtained
through self-consistent solution of the Hartree-Fock equations, which in canonical

form read

Follt = e,pll"", (2.53)
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where qﬁ{f F is a canonical Hartree—Fock orbital. In the frozen—orbital, single—determinant
approximation employed in Koopmans’s theorem, ionization energies are related to
occupied orbital energies by

I, = —¢y. (2.54)

Results at the Koopmans'’s theorem level usually are quantitatively inadequate and
often produce erroneous orderings of cationic states because they neglect electron
correlation and orbital relaxation in final states. With the introduction of an energy—
dependent, non-local potential known as the self-energy, X(E), an improved electron
propagator can be obtained from G (F) by employing the Dyson equation, which in
its inverse, matrix form reads

G YE)=Go '(E) - X(E). (2.55)
The propagator poles may be computed from the equivalent expression [2, 15]

[F + S(Ep)]p)v*" = T(Ep) g V™" = Eppp V>, (2.56)

where F' is the Fock operator of equation 2.53 that is generated by the one—electron
density matrix of the reference state,

(a;|(Ef - ﬁ)a;) = Ebpy — hpg — Zrs(pr|gs) (N, 0lalas|N,0) = Epbpy — Fpgy  (2.57)

which may be correlated. £, is a pole of G(E) which satisfies the Dyson equation and
the eigenfunctions are the Dyson orbitals. Hence, the inverse of the Dyson equation
may be written as

G '(E)=F1-F - X(E,). (2.58)

Thus, by demanding that G~'(E) = 0 the poles of the electron propagator may be
obtained. A more succinct expression for equation (2.56) in which the condition of
G~ !(E) having a zero eigenvalue is imposed may be expressed by

[F + 3(E)|C = CE. (2.59)

This expression can be thought as a generalization of the canonical Hartree-Fock
equations, where the exchange and Coulomb terms in the Fock operator are subject to a
correlated one—electron density matrix, and the orbital relaxation as well as correlation
in the final states are described by the self-energy operator. In electron propagator
theory, all the contributions from the correlated motion of the electrons are collected into
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the self-energy matrix. This matrix has energy—dependent and energy—-independent
(also known as constant) components

3(E)=0(F)+ X(0). (2.60)

When E approaches infinity, the energy—-dependent terms vanishes and only the con-

stant terms of the self-energy matrix remain,

Ypg(E) = Zrs(pr|lgs)pis™ (2.61)
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Electron Propagator
Approximations

Although many of the artifices employed in the works
before mentioned are remarkable for their elegance, it
is easy to see they are adapted only to particular
objects, and that some general method, capable of
being employed in every case, is still wanting.

— George Green
(The mathematical theory of electricity)

In electron propagator theory, all relaxation and correlation effects reside in the self-
energy operator. Although the exact form of the self-energy operator is known, it
is seldom feasible to employ. (Full configuration interaction calculation has simi-
lar difficulties.) The energy—dependent, non-local form of the self-energy operator
may be systematically improved by increasing its flexibility with perturbation theory
procedures. Different propagator approximations are attained by choosing different ap-
proximate ground states (i.e. the Hartree-Fock ground state, Kohn-Sham ground state,
multiconfigurational reference states, etc.), and by truncation of the inner projection
superoperator manifold f. Furthermore, the accuracy of the electron propagator ap-
proximations may be systematically increased by enlargement of basis sets. Although
electron propagator theory allows the construction of several convenient ab—initio prop-
agator approximations, the exact one—electron propagator is not one of them. In the
derivation of the one—electron propagator no approximations have been made, and
therefore the one—electron propagator is exact so far. It is not until the introduction of
an approximate wave—function, usually a Hartree-Fock determinant, that an approxi-
mation into the one—electron propagator equations is for the first time included.
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3.1

In electron propagator theory, approximations to F' + 3(FE) are generally needed to
calculate useful data. Propagators with approximate forms of 3 (F) that assume a
canonical, Hartree—Fock basis of orbitals have been introduced for the calculation of
binding energies of atoms and molecules [10, 15]. The formalism of many of these
propagators employ a closed—shell reference determinant that in most cases can be
extended to the unrestricted Hartree—Fock spin orbital basis. When the superoperator
Hamiltonian matrix H is partitioned as

H=H+ (H — Hy), (3.1)

the same techniques as in Raleigh-Schrodinger perturbation theory can be imple-
mented. Thus, one may identify the zeroth-order propagator,

Gy (B) = (a'|(ET — Ho)a). (3.2)
The metric corresponding to the superoperator space is defined by
(X[Y) = (N[[XT, Y] |N) = Trip[X", Y]] (33)
where the reference density operator is defined as:
p=[N)(NI. (34)

To obtain G(E), the inner projection[69, 70] with a complete manifold of operatorsX
allows the replacement of the superoperator resolvent by an inverse matrix, resulting
in

G(E) = (a' X)(X[(E] - H)X)™(X|a). (3.5)
The projection manifold may be partitioned into the set of simple field operators and
an orthonormalized complementary set, f,

(a’|X) = [(a’la') (al[f)] = [1a 0a]. (3.6)

When the reference determinant is defined by the approximate ground state expressed

as
|N) = |HF) + |Correlation), (3.7)
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the inverse of the full electron propagator matrix G(E) may be expressed as
G Y(E)=G,'(E) - %(E). (3.8)
In this manner, G ' (E) is the so—called Hartree-Fock propagator:
(G (B)lpg = (B — &)dpq, (3-9)

where ¢, are the elements of the diagonal Hartree-Fock matrix, i.e. the Hartree—Fock
orbital energies. Therefore, the elements of the inverse form of the Dyson equation for
the full electron propagator may be expressed as:

Gy (E) = (E — £5)0pg — Spg(E). (3.10)

3.2

The elements of the many electron propagator satisfy

G;ql (B) = (B = ep)dpg — Xpg(E), (3.11)
where the determinant of the inverse propagator matrix det(G~!) vanishes at values
of the energy parameter corresponding to electron binding energies. These electron
binding energies correspond to the energy parameter £ and satisfy the relation

det[(E1—¢)—X(E)] =0 (3.12)
or
E=CY(E)[e - Z(E)|C(E) (3.13)

If the inner projection manifold f is neglected and, corrections to the ground state
beyond |HF) are not considered, the self-energy vanishes and the electron binding
energies are given as the negative of the pth orbital energy, ¢,,. Since neither relaxation
nor correlation effects are considered, this approximation to the values of the electron
binding energies is the so—called frozen orbital approximation obtained by the Koop-
mans’s theorem. In electron propagator theory, the values obtained by Koopmans’s
theorem, the Hartree—Fock orbital energies, are the poles of the zeroth—order electron
propagator matrix Go(EF). Koopmans’s theorem results may be improved by means
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of perturbative corrections that account for final-state orbital relaxation and electron
correlation. These corrections to the Koopmans’s theorem results are contained in the
self-energy matrix, 3(E). The partition of the Hamiltonian presented in equation (3.1)
may be rewritten as

H=H,+W, (3.14)

where W is defined as the fluctuation potential. After applying the usual perturbation
theory techniques,the Hamiltonian partition may be expressed as

H=H,+\W, (3.15)

where ) is a dimensionless parameter with continuous values between zero (no pertur-
bation) and unity(full perturbation). If the density operator is expressed as a Maclaurin
power series! in ),

p=po+ A1+ Np2+ -+ Npp, (3.16)

the following commutator relation holds for the density operator and the unperturbed
Hamiltonian operator:
[Ho, po] = 0. (3.17)

Thus, for the full Hamiltonian, one may obtain the following commutator relation-
ship:
[Ho, px] + [W, pr—1] = 0. (3.18)

When the superoperator Hamiltonian matrix is partitioned into primary (P) and sec-

H= [%&] , (3.19)
Q

each of the blocks of the superoperator Hamiltonian matrix H may be evaluated in

ondary (Q) sectors,

various orders of the fluctuation potential. For example, when the superoperator matrix
H is expressed in terms of the field operators a and f,

A l(aﬁa) (aﬁf)]’ (3.20)

H= . .
(f[Hl|a) (f[HIf)

1Taylor series at zero are also called Maclaurin series. This special case of Taylor series was named after
the Scottish mathematician Colin Maclaurin, who made extensive use of them in the 18th century.
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the evaluation of any of the blocks of the superoperator Hamiltonian in a given order n
will be defined as the sum of the n constituents that define that order. In this respect,

for the primary operator block evaluated to the nth order, the expression obtained is
(a|H|a)" = (a|H|a) + (a|H|a): + (a|Hl|a); + - + (a|H|a),. (3.21)

Inclusion of all self-energy terms through a given order is generally accomplished
by improving the reference density operator. The superoperator matrix elements that
are needed to recover all self-energy terms up to fifth order for the usual case with a
Hartree-Fock reference density operator are reported in table 3.1.

n  (a|Hla) (f3|H|a) (f3|H|f3) (fs|H|a) (f5|H|f5) @ (f5|H]f5)
1 1 - - - - -
2 2 1 0 - - -
3 3 2 1 - - -
4 4 3 2 2 1 0
5 5 4 3 3 2 1

Tab. 3.1.: Superoperator Hamiltonian requirements for 3".

3.2.1

Non-Hermitian terms in the superoperator Hamiltonian matrix may be present when

the anti-commutator, [YT, X], in
(YIBX) = (X|AY)" = Tr([H, pl[YT, X]1]), (3.22)

does not vanish [75]. Such terms appear in the superoperator couplings of the type
(fu| Hfy) where n and m € Z with n > m. These Non-Hermitian terms of these
superoperator couplings are absent in the adjoint matrices, and involve elements of
the Fock operator. For instance, in (f; | f5), the non-Hermitian terms involve electron
repulsion integrals that occur in the first-order, Moller-Plesset amplitudes. Linderberg
observed that non—-Hermitian terms may be systematically eliminated via perturbative
improvements to the reference density operator[75]. For instance, after making the
usual assumptions of perturbation theory, for the relationship expressed in equation
(3.18), when the reference density operator p is correct through order k,

(YIHX) — (X|HY)* = Tr(W, o[V, X]4]), (3.23)
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and the non-Hermitian terms are of order k + 1. Inclusion of first-order corrections to
the reference density operator suffices for Hermiticity in the superoperator Hamiltonian
matrix through first order.

3.3

The first correction to the self-energy matrix in the one—electron propagator occurs at
the second order of perturbation. The superoperator Hamiltonian matrix that recovers
the poles of the second order self-energy may be expressed as

g [(@lH|a)" (alH]|f3)"

- X " : 3.24
() (£] 1) (329

where f3 is the vector of 2hp and 2ph operators defined with respect to the reference
determinant. The second-order approximation to the self-energy has the simplest
expressions for the superoperator Hamiltonian matrix blocks. These blocks may be
expressed in terms of creation and annihilation field operators as

alHa) : (a,|Hay) = (ref|la,fa,, H]}¢|ref)

f3|Fifs) : (alasar|Hafapa,) = (refllafala,lafayaq, H]] 4 |ref)
a[Hfs) : (au|Halaya,) = (ref|[al[afayaq, H]) 4 |ref)

f3|Ha) : (afasa;|Ha,) = (ref|lafala,fa,, H]|{|ref)

(3.25)

where |ref) is the reference determinant used for the superoperator coupling expan-
sion. The indices of the creation and annihilation field operators are general indices,
i.e. correspond to either a hole or a particle. The expressions for these field opera-
tor coupling are obtained by applying each set of field operator into the reference
determinant that has been selected to represent the reference—state of the molecular
system. In quantum chemistry, the Hartree—Fock reference-state may be the simplest
determinant that could be used. In most cases, the Hartree-Fock reference determinant
will suffice for the correct description of atoms and molecules. However, no all the
important electronic interaction nor electronic quantum effects can be described by a
single Hartree-Fock wave-function. The Hartree-Fock wave—function corresponds to
the portrait of a particular case of several electronic quantum states that may be impor-
tant for the correct description of the molecular system and its properties. Therefore,
the evaluation of the superoperators coupling using a more general reference—state
brings the advantage of achieving more general expressions that can be adapted to
describe cases in which several particular determinants are needed. In this regard,
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H. H. Corzo and J. V. Ortiz have deduced and introduced more general expressions
for the superoperator coupling of equation (3.25)[11]. The expression reported by H.
H. Corzo and J. V. Ortiz were derived using as the reference-state the true vacuum
state[48], |lvac). These expressions correspond to a more general determinant than the
Hartree-Fock determinant and may be used in the description of more complicated
types of molecular systems and electronic processes.

3.3.1

When a general determinant is employed, the expansion of the operator vectors corre-
sponding to the zeroth order Primary—Primary block of superoperator Hamiltonian
matrix (ﬁg’ll) yields

(a,JHOq,) = F,,. (3.26)

The elements of the I?Ig)ll block in the canonical Hartree-Fock orbital spin-basis read
(a,[Hap)© = 6,e,. (3.27)

These elements are the diagonal elements of the Fock matrix, and therefore, they
represent the one—electron energies, or Hartree—Fock orbital energies, obtained after
solving the Roothaan equations.

3.3.2

The expansion of the terms in first order for the Primary-Secondary block ( ﬁg&)
yields

(au \ﬁalapaq)(” = OupF rq(nn—"q) +0ugFrp (e —np) = (pal|ur) [(1—nw)npng+ne(1-np) (1-ng)]

(3.28)
whereas for the Secondary-Primary block ( ﬁg%,) the expression is
(afasas[Ha )™ = (ur||st)[(1 — n)nsne + n, (1 — ng) (1 — ny)). (3.29)

In ﬁg&, the terms that depend on the Fock operator are non-Hermitian. These terms
may be omitted [11, 75]. Therefore, the expressions for the Primary-Secondary block
may be rewritten as

(auHafapag) = —~(pgllur)[(1 — ng)nyng +n(l —np)(1 —ng)]  (3.30)
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3.3.3

The expansion of the Secondary-Secondary block of superoperator Hamiltonian matrix
(Hqq) reads

(aiasat\fflalapaq) =F 10,:05p[(1 — ng)ngne + 1 (1 — ng) (1 — ny)]
— Fs00.0tp[(1 — ) ngne + ni (1 — ng) (1 — ny)
— Fpdgs0i[(1 — ng)ngng + ng (1 — ng) (1 — ny)
+ Fps0u:0tq[(1 — ng)nsng + nyg (1 — ng) (1 — ny)

L

+ Fue[0tpdsq — Opsitgl[(1 — nu)nsmy + n(1 = ng) (1 — )]
+ (vqll5t)dsp[(1 = n)ngne + ny(1 — ns) (1 —ny))(ng — 1)
+ (epll#t)8sq (1 — n)rsny + nu(1 — ng) (L —m)] (e — 1)
+ (eql[k5)dip[(1 = no)nsng +nu(1 = ns)(1 = ne)](ne — ng)
+ (pellsr)01q[(1 — no)nsny + no(1 = ng) (1 = ne)](np — nx)
+ (pq|[ts)0k.[(1 — ng)nsng + 1 (1 — ng) (1 — ng)(np +ng — 1).
(3.31)

Since the full many-body Hamiltonian was used for the derivation of this superoperator
coupling, this last expression corresponds to the first order superoperator coupling
evaluation. In zeroth order, however, only terms that depend on the Fock operator do
not vanish,

(ajasat]ﬁalapaq)(o) = F10,:0sp[(1 — ng)ngne + nie (1 — ng) (1 — ny)]
— Fs00.0tp[(1 — ) nsne + ni (1 — ng) (1 — ny)]
— F 050k [(1 — ng)ngng + ng(1 — ng) (1 — ny))
+ Fps00:01q[(1 — nyg)nsng + nyg (1 — ng) (1 — ny)]
+ F . [01p0sqg — OpsOtq][(1 — n)ngne + ny (1 — ng ) (1 — ny)].

(3.32)

When a grand—canonical Hartree-Fock spin—orbital basis is used the above expression
reduces to

(ajasat\ﬁalapaq)(o) = 10100 0sp[(1 — 1) nsny + 1 (1 — ) (1 — ny)]
— €50qs0ki0tp (1 — ng)ngne 4+ ny (1 — ng) (1 — ny)]
— €40pt0gs0iu[(1 — g )ngny + (1 — ng) (1 — ny)]
+ €50ps0uk0tq[(1 — ng)gny + nyg (1 — ng) (1 — ny)]
+ €100k [0tpOsqg — IpsOtq][(1 — m)msmy + 1 (1 — ng) (1 — ny)],
(3.33)
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that may be reduced as

(afasas|Halapay)® = (e + €5 — €)[0410sp — OtpOsql[(1 — ) nsis + 1 (1 — 15) (1 — )]0y

(3.34)

The expression in equation (3.34) depends on a difference of products of Dirac deltas
that are related by exchanging their indices. This relationship between the Dirac deltas
resembles the determinant of a two by two matrix. Therefore, further simplification of
equation (3.34) may be obtained by means of matrix algebra notation[11]. However, for
the sake of simplicity, equation (3.34) will be simplified by setting the logical condition
that a single index can not be associated to two different particles, i.e., the operators
are unique operators. A creation or annihilation operator acts on a specific particle at a
given time. Therefore, if s > ¢t and p > ¢ implies that é;, d;, is equal to zero. Therefore
the expression in equation 3.34 reduces to

(ajasat\ﬁa};apaq)(o) = (et + &5 — &) [(1 — ng)nsng + 1 (1 — ng) (1 — ng) [0g0sp0is-
(3.35)

Finally, for a grand—canonical Hartree—Fock basis the expression for ﬁg’é yields

(afasas|Halapag)® = (e; 4 €5 — &,)[(1 — ni)nsng + ni(1 — ng)(1 —ng)]. (3.36)

3.3.4

The Dyson equation that express the second order self-energy yields
SC/(E) = (alHfs)V[E1 — (f5|Hfs) V)] (f5[Ha) ). (3.37)

Taking this definition of the second order self-energy and replacing each of the super-
operator couplings by their general expressions, the elements of the $(?)(E) may be

expressed as

21(32 (E) = Z Nast<[/rH3t> |:NLSt [E]- + Fmdps(stq - th(sm(ssp - Fps(sm(stqﬂ Nﬂpq <PQH’W>7

4,R,D59,S,t

(3.38)

where,
Nipg = [(1 = ng)npng + ne(l —np) (1 — ng)] (3.39)
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and
Nt = [(1 — ng)nsng + ni (1 — ng) (1 — ny)] (3.40)

are the normalization factors of in terms of the occupational numbers. The second-order
self-energy matrix with a grand canonical, Hartree-Fock reference density operator,
whenp =s,¢=tand . = k, yields

@By =% Ny (re|lpa) (pglluc)

Fl4e, —¢ep—gg’ (3:41)

L,p<q
Using the above expression, the 2hp and 2ph terms for the second order propagator
can be easily infer when the correct indices convention and values of the occupation
numbers are adopted. If the indices a, b, c are set for virtual orbitals, 7, j, k for occupied
orbitals and &, ¢, v for either virtual or occupied orbitals, then the 2hp term is obtained
when n, = 0 and n, = ny = 1, whereas, the 2ph term is obtained when n, = 1 and
n, = nq = 0. Therefore, the elements of the second—order self-energy matrix may be
written as

22(E) = Y (callij)(ijlra) s (1| ab) (ab| ki)

" E+e,—¢ei—¢j E+ei—eq—ep (3.42)

a,i<j i,a<b

This last expression of the self-energy matrix contains the largest corrections to Koop-
mans’s theorem. The second-order self-energy may be sufficient for a qualitative
correct ordering of the valance electron final states in the photoelectron spectra, espe-
cially when a good quality basis set is used.

3.3.5

When computing ionization energies, the indices of the second order self-energy matrix,
»@ (E) will correspond to occupied orbitals in the Hartree-Fock reference determinant,
ie. 21%) (E). If one isolates the terms in the second sum of equation (3.42) that results

when the indices a or b are equal to ¢ one obtains

€a —E&j

This last expression is precisely the second—order contribution to the ionization energy
calculated as the self-consistent field (SCF) difference

— IL,(ASCF) = Egp(N) — E% (N — 1) (3.44)
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with

Epp(N) =) eq4— %Z(ab[|ab>. (3.45)
a ab

In equation (3.44), E%, (N — 1) is the total energy obtained from a separate SCF
calculation on the state characterized by the spin-orbital p being removed from the
electron configuration of the Hartree-Fock N—-electron reference state. This ASCF
approximation is defined as the relaxation correction of the ionization energy. Thus,
equation (3.43) displays the second—order relaxation correction terms. Similarly, the
relaxation correction terms of the self-energy matrix in any order of perturbation may
be identified. Furthermore, rules for the separation of the self-energy relaxation (X10)
and correlation (Egp) terms have been given in the literature [77].

3.4

In the basis of Hartree-Fock spin-orbitals, the self-energy includes all relaxation and
correlation corrections. Hartree—Fock orbitals can be a reasonable approximation to
the Dyson orbitals. Under this idea, one may neglect the off-diagonal elements of the
second—-order self-energy matrix,

E(z)(E):%Z (pallij)(ijllqa) +}Z (pil|ab){ab]|qi) (3.46)

Ppq P .
m,jE—&—sa € — &; 2mbE+€l €a — Eb

where i, j, k, ... are occupied (h) spin—orbital indices, a, b, c, ... are virtual (p) spin-orbital
indices and anti-symmetrized electron repulsion integrals are represented in Dirac
notation. This diagonal, or quasiparticle, approximation of the self-energy assumes
that Koopmans'’s theorem provides a qualitatively reasonable description of an ionizing
transition and leads to a simplified form of the Dyson equation that reads

E=¢p+,,(E) (3.47)

where the correlation contributions to the matrix elements of the Fock operator of the
Dyson quasiparticle equation [F + X(E,)]|¢pPv*" = E,¢P¥5°" are absorbed into Z(E).
In this way, corrections to the results of Koopmans’s theorem may be calculated for
each canonical Hartree—Fock orbital. In the diagonal approximation, Dyson orbitals
become proportional to normalized, canonical Hartree—Fock orbitals such that

Dyson = mpdi (3.48)
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where pole strengths are evaluated by the formula

mp = (1~ CEZ”E(E))*- (3.49)
The derivative of X,,(E) with respect to E is evaluated at the pole (i.e. the self-
consistent value of £ in equation (3.47)). These derivatives may also serve to accelerate
the search for poles in equation (3.47) by use of Newton’s numerical method for find-
ing the roots of a function of a single variable. Diagonal self-energy approximations
have been exploited in a wide variety of applications [22, 25, 78-80]. Employment
of equation (3.47) with the second-order self-energy of equation (3.46) defines the
diagonal, second-order, or D2, approximation. The D2 approximation may be the most
efficient electron propagator approximation for the calculation of vertical detachment
energies of atoms and molecules. In the canonical Hartree-Fock basis, the D2 approxi-
mation requires a relatively small set of four—index electron repulsion integrals where
one index corresponds to a canonical orbital of interest for each of the detachment
energy calculation. The other three indices correspond to 2hp or 2ph operators. The D2
lengthiest calculation has an arithmetic scaling factor of OV2.

3.4.1

In the canonical Hartree—fock spin—orbital basis, the diagonal elements of the third-

order self-energy matrix [81, 82] read

G)(E) = 58) (c0)+

Ypaij + 3Upaij (B)](pallij) s [Ypiab + 5Upiab(E)](pil|ab)

[
3.50
% E+e,—¢€ —¢ — E+e —¢€,— ¢ ’ ( )
where
E = ¢, + Spp(E). (3.51)
1 (pal|kl)(Kl|[ij) (pbl|jk) (ak||bi)
Upaij(E) = —= — (1 - Py . 3.52
p]( ) 2%:E+6a—€k—61 ( )%;E—l—eb—ej—ek ( )

oy L (pilled){cd]|ab) B (pjllbe) (ic|lja)
Upian(E) = 5 3 p—— Pu)y o — (3.53)

cd jc
1 .
Ypaij = 3 > (pallbe)tijee + (1= Pij) > (pkl|bj) tikas (3.54)
be kb
1 e .
Ypiab = 5 Z<p2‘|jk>tjkab + (1 - Pab) Z<p0’|jb>tijac (355)
jk jc
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and where P;; and F,;, are spin—orbital permutation operators. The Y matrices are
second-order intermediates that depend on first-order wavefunction amplitudes de-

fined by
(ij]|ab)

lijab = P —— (3.56)
The constant (or energy—independent) self-energy term,
23 (00) = > (ptllpu) e, (3.57)

tu

arises from the Fock operator in the Dyson quasiparticle equation and depends on
the second-order density matrix, p(®. The use of the third-order self-energy Eg’)
for the calculation of binding energies in atoms and molecules defines the so—called
D3 approximation. In the D3 approximation, the arithmetic bottleneck occurs in
the evaluation of the Up;q,(E) intermediate (see equation 3.53), where for every p, a
summation that involves electron repulsion integrals with four virtual indices has
OV* scaling. This step must be repeated for every iteration with respect to E. The
latter integrals may be calculated and stored or may be regenerated as needed in a

semi—direct algorithm [83, 84].

3.4.2

The Outer valence Green function (OVGF) approximations assume a diagonal self-
energy matrix and describe low—energy transitions [81, 85]. All versions of OVGF are
based on the third—order expansion of the self-energy and include estimates of higher—
order contributions. Three frequently applied procedures have been denominated as
versions A, B and C [81, 85, 86]. OVGF version A corrects canonical HF orbital energies
with

By ¢IAE) = BRE) + (14 X,) T SR(E), (358)

where F is the pole obtained with diagonal second—-order and third—order self-energy
terms. The scaling coefficient for the third order-terms in the latter equation depends

on X, which is defined by

(3)
oy (E

, =22 D) (3.59)

Epp (E)

where the numerator has 2hp and 2ph contributions such that
1 <p(l”ij>yai‘ 1 (piHab)Ymb

GI(E) == paty = P 3.60
% (B) Q%E—Fea—ai—sj+2%E+Ei—aa—€b (3.60)
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The B version [9] is similar, but separates the energy—dependent 2ph and 2hp contribu-

tions to 01(0?]’3) through

SOVEF=B () = £ (E)+5(3) (c0)+(1+X2MP) L2 B=20p) (B) 4 (14 X M)~ 1m0 =20 (B),

PP P
(3.61)
where 52hp)
—2hp
2hp _ _o%pp (E)
PP
(3—2ph)
2ph w_ (E)
X =2 St (3.63)
PP
In version C, the self-energy correction reads
OVGF-C 2 Cy\—1%(3
=9 (B) =2@(E) + 1+ x9)'sB)(E), (3.64)

where 2hps3—2h, 2ph3—2ph
XC — Xy S (B + XpPh e P (E) (3.65)
p = 3—2hp 3—2ph . :
pp H(E) 4+ Xpp (B

An algorithm that introduces several numerical criteria for the choosing among these
alternatives has been developed and implemented for the OVGF approximation [81,
85, 86]. The OVGF approximation requires a full integral transformation and has an
iterative, bottleneck step with OV scaling. Although the A, B and C versions of OVGF
introduce no numerical parameters, the OVGF selection procedure does.

3.4.3

The arithmetic bottleneck and efficiency problems for computing binding energies in
the D3 and OVGF approximations may be avoided with the P3 and P3+ approximations.
The P3 approximation, also known as partial third—order quasiparticle theory [82, 87],
is an approach in which several terms in $(3) (E) are omitted from the calculations. The
P3 self-energy for electron detachment energies reads

SP3 (B = %Z (Ki|ab) (abl|ki) n 1 T (kal|ig)[Whraij + Uaiz (E)] (3.66)

a 9
mbE+5l_5a_5b 2aw E+eq—ei—¢j

where
Wkaij = <I{ZCLHZ]> + Ykaij- (3.67)
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This approximation retains all second order terms and has some 2h1p terms in third
order. The arithmetic bottleneck occurs in the evaluation of Y},;; intermediates. Here,
the first term in equation 3.54 requires electron repulsion integrals with three virtual
indices and has an arithmetic scaling factor of O?V3. No transformed electron repulsion
integrals with four virtual indices are required in calculations of vertical ionization
energies. On the other hand, the renormalized partial third order, or P3+, method is
obtained by introducing a renormalization factor such that [88],

(Kil|ab) (ab| |ki) 1l 3 (kal[2j)Whaij + Ukaij (E)]

+ [T+ Ag]

)

1
S B =5

24~ E+e€—ca—6 2aij E+eqs—ei—¢gj
(3.68)
where Ay reads
1 kaHZ] Yiai
Ap = —= J 3.69
k 2 XZE—ksa—aZ—e] (3.69)

aij

This simple procedure avoids exaggeration of final state relaxation effects with virtually
no additional computational effort. The P3+ approximation has a single O?V?3 step
and iterations with O3V? scaling. P3+ has a need for transformed integrals with three
virtual indices only in a single step and independence of integrals with four virtual

indices.

3.5

Electron propagator approximations in which the complete self-energy matrix is con-
sidered for the calculation of the binding energies are sometimes referred to as the
non-diagonal electron propagator approximations. In these electron propagator ap-
proximations, self-energy terms in all orders of the fluctuation potential are procured
by considering the eigenvalues and eigenvectors of the super operator Hamiltonian
matrix, HQ = Qw. The simplest non-diagonal approximations is, perhaps, the so—
called non-diagonal second—order propagator (ND2). For the ND2 approximation all
the elements corresponding to second—order superoperator Hamiltonian matrix and
the occupied and virtual spin—orbitals (i.e. the occupied—occupied, occupied—virtual,
virtual-occupied, and virtual-virtual blocks) are considered. In this respect, in the basis
of Hartree-Fock spin-orbitals, the self-energy matrix for the ND2 method is equal to
=@ (E) of equation (3.42). Similarly, this fashion, several approximations in which the
diagonal self-energy approximation has not been made may be developed.

3.5
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3.5.1

The second—order electron propagator approximation may be applied for the calcula-
tion of outer valence ionization energies which are far from the poles of the self-energy.
Usually, these ionization energies have pole strengths close to unity, thus, one may
expect a single line in the photoelectron spectrum for each molecular orbital. However,
in the inner valence region the one—particle picture of ionization may break down com-
pletely, and satellite lines with small relative intensities may accompany the ionization
main lines. These satellite lines as well as the inner valence ionization energies lie in the
pole region of the self-energy. The two—particle, one-hole, Tamm-Dancoff (2ph—TDA)
approximation, which takes the pole structure of the self-energy into account, was
introduced by Cederbaum and coworkers [85, 89, 90] in order to calculate inner va-
lence ionization energies and their satellite lines. The 2ph—TDA approximation is a
renormalized method that employs a Hartree-Fock reference state and considers all
tirst-order couplings among h, p, 2hp, and 2ph operators. This propagator approxima-
tion may be advantageous over the ND2 approximation for the calculation of ionization
energies of electrons in which the one-electron concepts useful for the description of
the outer valence and core electrons are not longer valid. The 2ph—TDA approximation

is equivalent to the choice

[ (@lHla)®  (a|H|f5)"

= N N 3.70
(51 Frla) ) (| 1) 0 o7

Thus, the 2ph—TDA self-energy may be expressed as
% (erh=TPA)Y(B) = (a|Hfs)V[E1 — (f5|Hfs) "] (f3[Ha) ). (3.71)

The 2ph—TDA self-energy differs from the second—order self-energy in the secondary-
secondary block of the superoperator Hamiltonian [15, 91]. In the 2ph—TDA ap-
proximation, the ﬁQQ is evaluated in first order. When considering the (f3|H|fz)(")
superoperator coupling, and the indexes hierarchy to represent the occupied and vir-

Chapter 3



tual nature of the orbitals, thatis: > s > tand k > p > ¢, the I:IggQ block may be
expressed as

(£3[HE3) Y = (afasai| Halapag)
= F10,:05p[(1 — 1) nsny + 1 (1 — ng) (1 — ny)]
+ Fps0,:0tq[(1 — ) nsng + ni(1 — ng) (1 — ny)]
— F.0p50tq[(1 — n)nsng + n, (1 — ng) (1 — ny)
[

)
(1 - ny)] (3.72)
+ (uq[|[s)0sp[(1 = n)nsne + (1 = ns)(1 = n4)](ng — ns)
+ (pellsr)Oeg[(1 = mu)nsne + nu(1 = ng) (1 = 14)](np — 1)
+ (Pallts)dr[(1 = ne)nsng + ne(l = ns) (1 = ne)|(np +ng — 1)

Therefore, the }AIS(?2 superoperator Hamiltonian block for the 2hp superoperator cou-
pling yields

(a:[asat|ﬁalapaq)2hp = Fgt0.:0sp + Fps0u0tq — Fucpsorg + <LQH"‘4t>58p + <pb||3"’f>5tq + (pql|ts)dn.
(3.73)

whereas for the 2ph case the expression is

(ajasat|ﬁ[alapaq)2ph =F 100:0sp + Fps0,0tqg — Fre0psOeg — (Lq||kt)bsp — (p||sK)Org — (Pql|ts) .-
(3.74)

When the expressions of each of the blocks of the X(??"=TPA) of equation (3.71) are
considered, the final expression for the 2ph—TDA self-energy matrix in the Hartree-
Fock canonical spin—orbital basis reads

SETPAE) = S (allig)[(B1 - H)TH] (k)

wic aij,bkl

,1<7,b,k<1 L (3.75)
X Gillab)[(EL-A)TH] - (edl]sj)

. - iab,jed

i,a<b,j,c<d
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A diagonal variation of the 2ph—TDA self-energy may be obtained if the off-diagonal
elements are neglected. The self-energy matrix elements of this approximation denoted
as the D2ph—TDA reads

S(D2ph=TDA) () _ <La’\lijz><.il_7'ﬂﬂa> . .
B)= 2 Foe ey + il — (il — (o) e
Ly Gillab)(ablsi) 70
= B t+ei —ea — ey, — (abllab) + (iallia) + (ib]|ib)
A more succinct expression for the above equation may be rewritten as
_ Nrpg(erllpa) (pallar)
BT (E) = - : 3.77
%E—i—sr—sp—eq—i—Aqu (3.77)
where
Nipg = [(1 = nr)npng + 1y (1 —np) (1 = ng)] (3.78)
and
1
Arpg = 5{pallpa) (ny + g — 1) = (rqllrg)(ng —ny) = (rplrp)(np —nr).— (3.79)

It is important to point out that for the self-energy matrix of the 2ph—TDA approxi-
mation the Hqq block is no longer diagonal. Since the X(2*"~TPA) retains first order
terms in the (F3|HF3) superoperator coupling, the Hqq block of the superoperator
Hamiltonian contains off-diagonal terms that depends on two electron integrals. There-
fore, the inversion of the ﬁQQ is not longer trivial as in the case of the second-order
self-energy matrix. Although several methods and algorithm have been reported to
obtain the inverse of a matrix [92], the nature of the Hqq block makes the binomial
series expansion the simplest and most ideal method for the determination of the in-
verse matrix in equation (3.71). The terms in the (f3 |Hfs)®) coupling may be separated
in the zeroth—order terms that depend on the unperturbed part of the superoperator
Hamiltonian and the terms that are corrected through first order,

(f3|He3) V) = (£3]Hfs) (o) + (£3[Hf3) (1) = (f3|Hofs)© + (£3|We5) ™D (3.80)

In general, terms that depends on the fluctuation operator W are smaller than the
terms that depends on the Ho, therefore the (f3|Hfs)®) matrix may be assumed to be a
diagonal dominant matrix. The inversion of the IA{}QQ matrix in the Dyson equation
may be approximated through a power series equivalent to

1
A-B) " A '+ A'BA A BAT'BAT 4+ (3.81)
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where the matrix A is equal to the zeroth order diagonal matrix (f3|Hofs)(®) and the
matrix B is equal to the skew—symmetric matrix (f3|\/7\\7f3)(1). Thus, the X (2Ph—TDA)

self-energy matrix may be rewritten as an expansion of the form

X (2Ph=TDA) (F) — (a|Hify) V[E1 — (f5|Hofs) )]~ 1(f3|Ha)(”
+ (alEifs) V[E1 — (£3[Hofs) ©
+(

x [E1 — (f3[Hofs) V) (f3|Ha)V) +

(3.82)

In the Hartree—-Fock basis, where the usual notation for particles (p or virtual orbitals
with indices a, b, c, . . . ) and holes (h or occupied orbitals with indices ¢, j, k, . . . ) have
been adopted. The zeroth order contributions to the primary-secondary couplings van-
ish. The resulting first-order terms for the 2ph—TDA approximation may be expressed
as

(aLaiajlﬁan)(o) = (kalji) (3.83)
(ajaaab]ﬁan)(o) = (ki|ba).

The zeroth order terms that depend only on the unperturbed part of the superoperator
Hamiltonian for the 2hp—-2hp coupling yields

(alaia;|Hoajara) o) = Sabdirdii(ci + €j — €a), (3.84)
whereas the term that is corrected through first order in V' is given by
(alaia;|Vajarar) oy = —dap(kllij) + (1 — Pyj)(1 — Py)du{allbs), (3.85)
for i < jand k < I. The 2ph—2ph couplings through first order in V' are given by
(ajaaab]Hoa;acad)(o) = 5ij6acébd(sa +E&p — Ei) (386)
and
(alaqay|Vatacaq) o) = —0ij(cdlab) + (1 — Pap)(1 — Pea)ac(id|jb) (3.87)

with ¢ < b and ¢ < d. The chief arithmetic bottleneck in 2ph—TDA calculations scales
as OV*4, where O is the number of occupied orbitals and V' the number of virtual
orbitals. This arithmetic bottleneck arises from matrix multiplications that involve
2ph—2ph couplings. The 2ph—TDA approximation has been applied extensively in

3.5

) )71 (3] VEs) M) x [E1 — (f3|Hofs) ]! (fs|Ha)()
a|Hf3) D [E1 — (f3/Hof3) 0] (£3|VEs) D) x [E1 — (f5|Hofs) ]! (f5| Vi)™
( a)
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making quantitative assignments of inner—valence features in photoelectron spectra.
Initially, the 2ph—TDA approximation was developed with the idea that by taking
into consideration the detailed pole structure of the self-energy one may overcome
the wrong ordering of states produced by Koopmans’s approximation for molecules
with strong correlation effects (i.e. N2O4, HoCO, HCOOH, Ny, CO, CS, butatriene,
etc. [93-97]). In the expansion of the »(Ph=TDA) matrix, not all the third order terms
are taken into account fully. Only, higher order terms, the so—called renormalization
terms, which introduce an effective interaction are summed to infinite order. Thus, with
iterations having an arithmetic scaling bottleneck of OV* the 2ph—TDA approximation
is more computationally demanding than the ND2 approximation. In general, the
quality of 2ph—TDA results improve steadily with larger basis sets, but it is not an
efficient approximation for the purpose of estimating basis set effects.

3.5.2

In the same manner as in the diagonal approximations, a non-diagonal approximation
that resembles third order terms can be defined. The superoperator Hamiltonian matrix
that recovers all the third order terms for the self-energy may be expressed as

f_ (@ Ha)®  (a|H|f)?

= “ “ 3.88
() (6] 1)V (3:89)

This superoperator Hamiltonian matrix recovers all the terms in all orders for the
calculation of the poles. When all the high order h, p, 2hp, 2ph couplings that suffice
to include all third—order terms are calculated for the self-energy, the so—called 3+
propagator approximation is produced [81, 85]. Certain types of higher order terms
also are included in 3+. The third-order algebraic diagrammatic construction, or
ADC(3), propagator approximation retains these terms and also adds fourth—order and
some higher order terms in the energy—independent part of the self-energy matrix[81].
The non-diagonal ADC(3) and 3+ approximations require contractions with O?V*
scaling; iterative OV steps and a full integral transformation are needed as well.

3.5.3

The nondiagonal, renormalized, second-order (NR2) approximation [98], is a variation
of the ND2 and 2ph—TDA approximations which retains some third-order and higher
order terms. The NR2 self-energy is complete only in second order, and is defined
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in terms of the first-order, double-substitution operator (Tz(l)). For the attachment
process, the NR2 self-energy is derived by the superoperator metric

(X[Y) g1 = (N|XF, Y], (1+ TEV) ) (3.89)
whereas for the detachment process the superoperator metric reads
(X[Y)n-1 = (N|(1+ TE)[XE, Y] [N). (3.90)

If the operator manifold spans &, p, 2hp and 2ph operators, second—order terms in
the superoperator Hamiltonian appear only if Y is a 2ph operator and X is a 2hp
operator for electron detachments. In the case electron attachments, the roles of p and
h are reversed. Numerical examination of the self-energy terms indicate that only
the second-order terms in the ﬂghp, » block may not be neglected. These results also
indicate that first-order 2ph-2ph terms are unimportant. The NR2 ionization energies

are obtained after Hermitizing and diagonalizing the H superoperator matrix:

(1A 0 A 0 A 1 A
(alfa)))  (alH|a)})  (alAf)},  (alAlf)},,

(alHla))  (alHla)y  (alAlE)y,  (alHIE) Y,

o
I

LY 2 A 1 N 1 N 0
(fs|Ha))) , (fs|H[@)S)  (Fs|H|f3)5) o (Bl HIE)S) 5

(E3|Ha)s)),_,, (fs|H|a)s),_ (fs|H|f3)s o, (Fs|HIEs)S o

(3.91)
In the NR2 approximation, all first-order couplings between simple and triple operators
and zeroth-order couplings between triple operators are present, therefore both second-
order terms in the self-energy are conserved. As in the 2ph—TDA self-energy, 2hp ring
and ladder terms of the 2hp type are present in third and higher orders. NR2 reduces
the formally sixth—power dependence of the second—order couplings between h and
2hp operators thorough matrix-vector multiplications. For the calculation of ionization
energies, the NR2 approximation has a formal arithmetic scaling of the fifth-power, in
which no electron repulsion integrals with four virtual-orbital indices are needed. NR2
has a O?V3 iterative arithmetic bottleneck and a non-iterative arithmetic bottleneck
with O3V3 scaling. These arithmetic scaling make NR2 computationally more efficient
than the ADC(3) and 3+ approximations.

3.5
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3.6

The arithmetic and storage requirements for the most used electron propagator ap-
proximations are shown in table 3.2. In general, diagonal approximations are less
computationally intensive than non—-diagonal ones. Calculations on a representative

Method | Iterative Bottleneck =Non-iterative Bottleneck | Storage
D2 ov? - ov?
OVGF ovt o*v3 v
P3 (P3+) O3Vv2 o*v3 ov3
2p-h TDA ov4 - v
3+ ov+4 o*v4 %6
ADC(3) o*v4 o*vt v
NR2 0%v3 o3v3 ovs3

Tab. 3.2.: Scaling of Arithmetic and Storage Requirements

set of closed—shell molecules [18] indicates that D2 is the most easily executed electron
propagator approximation. When compared with extrapolated coupled—cluster singles
and doubles plus perturbative triples calculations, CCSD(T), D2 produces results that
steadily rise as basis sets are improved. Although D2 values may improve with the
basis set size, its mean errors remain unacceptably large. Among the diagonal approx-
imations, the P3+ approximation is the most accurate of all with values that exhibit
the best trends with respect to basis—set saturation. In the case of the non—diagonal
approximations, the NR2 approximation yields the most accurate values and displays
the best convergence to extrapolated CCSD(T) standards with respect to basis sets.

3.6.1

Finally, one may conclude that P3+ and NR2 are the recommended electron-propagator
approximation for the calculations of vertical ionization energies. Because of its treat-
ment of couplings between 2hp operators that is exact through first order, the NR2
method is more likely than P3+ to give a correct description of higher vertical ionization
energies with lower pole strengths. The advantages of the NR2 and P3+ methods may
be extended by employment of techniques that account for basis—set saturation. A
more extensive and detailed discussion about the best utilization practices, the different
advantages, disadvantages, numerical performance and recommendations about the
different electron propagator approximations may be found elsewhere [14, 18].
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The Electron Propagator
Implementation

Brainless users do not care about what is inside the
box, as long as the box does what they think they need
done.

— Rephrasing Jef Raskin
about Human Computer Interfaces

In several of the computational implementations of the electron propagator methods,
two separate strategies have been employed to obtain the poles of the electron prop-
agator matrix. The first departs from the fact that the electron propagator equations
are eigenvalue equations of the superoperator Hamiltonian H acting on simple field
operators or on products of field operators that change the number of electrons by one.
Therefore, finding a pole may be regarded as solving an eigenvalue problem given by
Hv = Av, where vty = 1. Thus, the well known concepts, computational techniques
and algorithms from linear algebra are key for solving this eigenvalue problem. The
second strategy corresponds to the employment of the Dyson quasiparticle equation
in which poles occur when the determinant of the inverse of the electron propagator
matrix, det[G~'(E)], is equal to zero. In other words, poles are found when E is one
of the eigenvalues of F + 3(FE). Provided that the same superoperator Hamiltonian
matrix elements were used, the two approaches for obtaining the electron propagator
matrix poles are equivalent. Although these two strategies may be equivalent, from
the computational point of view, their algorithms may have different strengths and
limitations. In this chapter, the some of the most important remarks learned from the
implementation of the electron propagator equations will be discussed.

61



62

4.1

The poles of the electron propagator matrix correspond to the eigenvalues of the
superoperator Hamiltonian matrix H:

[H w H ‘ﬂ . (4.1)

ﬁfa ﬁﬂ

Thus, electron binding energies and the corresponding linear combinations of operators
in the primary (a) and secondary (f) spaces may be obtained by diagonalizing H,

E[aa ﬁa a a
[ T f} [C p] - [C P] E,. (4.2)
Hi Hg| |Cg Ce

Insertion of the eigenvalues obtained in the partitioned form of the electron propagator
matrix, G(E), produces the inversion of the matrix with a zero eigenvalue, i.e., this
insertion is sufficient to obtain a pole. When large basis set are used, the superoperator
Hamiltonian matrix may be of a considerable size, which makes, in several cases,
impractical its construction and storage. Therefore, the diagonalization of the full
superoperator Hamiltonian to find the binding energies of large molecular systems
may be challenging and inefficient.

411

The eigenvalues needed for the description of binding energies may be obtained
by solving the Dyson quasiparticle equation self consistently. The Dyson equation
approach to the electron propagator allows the reduction of the memory and disk
needed for the determination of the poles of the electron propagator matrix. In the
Dyson equation formulation of electron propagator, instead of diagonalizing the full
superoperator Hamiltonian matrix, H, the diagonalization of a smaller matrix formed
by the addition of the elements of the primary sector of the superhamiltonian matrix,

A

H,, and the self-energy matrix elements is diagonalized,
(Ao + Hop(Elg — Hg) ' H,)Cop = [F + Z(E)|Cup = Cap B, (4.3)

The eigenvalues obtained from this diagonalization are used to iteratively solve the
equation
det{G Y (E)} ={E1—-F - %(E)} =0 (4.4)
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Thus, finding the self-consistent eigenvalues of the Dyson quasiparticle equation
requires the construction of the F' and ¥ (E) matrices. The elements of these matrices
are blocked into four sectors that take into consideration the occupied (O) and virtual
(V) orbitals of the spin-basis set,

001 o1 -

V,0) (V,V)

When the canonical Hartree-Fock spin—orbital basis set is used, the Fock matrix is
diagonal, therefore, the Hartree-Fock molecular orbital energies may be used to build

up the F' matrix,

F = . (4.6)

The ¥(E) matrix, in general, is not diagonal, and its block elements are determined by
the indices of the product of the superoperator coupling H,s(El; — H¢p) ' Hyg:

Eaa(E): Z(a07a0) E(aOaaV) ' (47)

' E(GV,GO) E(a’V7aV)

41.2

The electron propagator superoperator Hamiltonian is Hermitian and so is the self-
energy matrix. This Hermiticity may be used in order to further reduce the amount of
memory and disk needed for handling and storage of the [ﬁ s+ H g (E1s— H g)_llﬁI fa)
matrix, where only the lower or upper triangular elements of the ¥(E) matrix suffice
for the construction of this matrix. To illustrate this idea, let’s consider a hypothetical
molecule with only two occupied (O) molecular orbitals and one virtual (V) orbital.
For this hypothetical molecule, full description of binding energies may be obtained by
only taking into consideration the lower triangular part of X(E):

‘2(01,01) ¥(01,02)  X(01,V1)

S(E)= | 2(0201) (02,02 I(02W) |. 48)

EW,01)  EMW,02)  E(, W)

4.1
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If N is the total number of occupied and virtual orbitals that need to be considered in
the construction of the self-energy matrix, then N = O 4 V. Taking advantage of the
Hermiticity of ¥(E) considering only the lower triangular elements of the self-energy
matrix reduces the number of elements, operations and storage needed to construct the
3(F) matrix from N? to M This reduction is significant, especially when large
molecules are being considered and modest amounts of computational resources are
available. Most of the electron propagator approximations described in this work were
implemented, or are being implemented, in Fortran. Thus, one should consider that in
Fortran the memory layout for multidimentional arrays is column—-major. Therefore,
when working with the allocation of arrays for the representation of matrices, these

should be allocated as following: This array arrangement for the electron propagator

2-D matrix

5
6|8
71910

B WIN =

Array layout
(1[2[3]4]5]6]7]8]9 [10]

Fig. 4.1.: Memory allocation for array matrices

matrices will guarantee a better performance in the access, allocation and management
of the data generated. If the electron propagator approximations are implemented in C
or C++ one should use row—major layout.

41.3

The efficiency of the electron propagator implementation may be improved when the
molecular symmetry of the molecule is taking into consideration (when the point group
of the molecule is other than C;, of course). The self-energy matrix, as well as the
Fock matrix may be reduced into blocks based on the irreducible representation of the
molecular orbital in which the electron is being removed or added. Since the coupling
between field operators that correspond to orbitals with different symmetry will vanish,
for the construction of the F', or the primary sector of the superoperator Hamiltonian,
and the ¥(F) matrices, one needs only to take into consideration the occupied and
virtual orbitals with the same irreducible representation as the orbital from which
the electron will be removed or added. Take for example the water molecule with
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the Cy, point group. The molecular orbitals of the HoO with the 6-311 basis set may
represented as shown in figure 4.2.

A
B,
A
B
B
A
A
— By
A
B
A
By
By
A

Virtual (V)

4 B
4 4
4+ B2 Closed (C)
4 4
4 A

Fig. 4.2.: Molecular orbital configuration for water and the 6-311G basis set

For the case of the ionization of one of the electrons from the highest occupied molecular
orbital, (HOMO) of water, whose symmetry is B, instead of taking into consideration
the 19 molecular orbitals presented in figure 4.2, one may only considered 3 molecular
orbitals with B; symmetry, see figure 4.3.

— B1| Virtual (V)

4 B
4k Bi| Closed (C)

Fig. 4.3.: Molecular orbital to be considered for the detachment energy of the HOMO
orbital of H,O

Since the molecular orbitals whose contributions to the HOMO self-energy are zero or
close to zero have been removed, the number of molecular orbitals and two electron
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integrals that need to be considered have been reduced as well. Therefore, in this case,
the use of the molecular point group has reduced the amount of memory and operations
needed to compute the pole of the self-energy matrix for the HOMO orbital.

4.2

Pole searches based on Dyson equation usually converge rapidly with respect to E.
Starting with equation (4.4), one may express the unperturbed part of the propagator
in terms of the canonical orbital energies ¢, as

G, (E)=F1-F =F1-—¢, (4.9)
such that the Dyson equation reads
G Y(E) =G, (E) - (E). (4.10)

In the Dyson formulae of the electron propagator, E is a pole when G™'(E) has a
vanishing eigenvalue. In this regard, one searches for £ such that £ is an eigenvalue of
a function I'(E'), where

I['(E) =e+ X(E). (4.11)

The definition of I'(E') indicates that the value of this function is self-consistent. In
other words, I'(E) is a function of the form:

f(z) ==z, (4.12)

where the value of the function depends upon the value of the point z. The x point is
known as the attractive fixed point of the function f. In the case of I'(£), the value E,
the eigenvalue that is being searched, is obtained from the evaluation of the self-energy
function I'(E). In this regard, E is a fixed point of the function I'. In order to find
the solution E the evaluation of the function I'(E) may start at a point E; in the basin
of attraction of E and if E,+1 = I'(E,) for n > 1, then, the sequence {E,, },>1 will
converge to the solution E. Therefore, equation (4.11) may be rewritten as

EFMY =T(E*) =+ X(E"), k>0. (4.13)

Therefore, the self-energy provides a stationary iterative method of solving a linear
system that generates an approximation of the exact value E and a residual. Thus, the
self-energy, ¥(E), approximates to itself, forming a correction equation for which the
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process would be repeated until the residual is minimized to the desired threshold. In
principle, faster convergence of a stationary iterative method may be achieved when
better estimations of the stationary point value are given between consecutive iterations.
Successively better estimations of the stationary point could be made by a root-finding
algorithm such as the bisection, Newton—-Raphson, or secant numerical methods. If a
function f(E,) is defined as the residual, the difference of the numerical value of two
consecutive self-energies that were evaluated at two consecutive points F; and F; 1,
then, this residual function may be expressed as

f(E,) =T(E*Y) —e —%(E¥), ken>o. (4.14)

The root of the f(E;,) function corresponds to the case in which the variation between
two consecutive iterations is zero or close to zero, and therefore the eigenvalue E of
the self-energy I'(E).

4.2.1

In electron propagator implementations, the most used numerical method for deter-
mining the next guess of the I'(£) function is the Newton—-Raphson method [99]. In
the Newton-Raphson method, starting with the initial point x(, the estimation of the

following point, x, is made by finding the tangent line to ¢, as shown in figure 4.4.
Y

f@o) 7 =30~ FG

f(zo) p-1—ofm-r -t .
flwg) |==mmmmmmmm - 4: ——————

Fig. 4.4.: Graphical representation of the Newton-Rapson method

The z—intercept of this tangent line is the point x; which usually is a better approxi-
mation to the function’s root. In the Newton-Raphson method only one point and its
evaluation in the function are needed to start the algorithm. However, the function’s
derivative is also needed, which in some cases is not easy to obtain. By using the

4.2
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Newton-Raphson equations a new guess for the evaluation of the self-energy may be
determined by the following expression:

E" =T(E,_ ) — n >0, (4.15)
where f' stands for derivative of the function with respect of the energy E. If the
canonical Hartree-Fock orbital energies are used to build the self-energy of a given
electron propagator approximation, equation (4.15) may be expanded as follow:

Eyp + Z(En) —Eup E(En—l)
a5 (Ey,)

Bl =c,  +%(E, ) —

dE, 1
S(E,) — S(En

n

Enr + E(EnD)][E (En) = 1]  E(En) = X(En1)

Y(E,) —1 XN(E,) —1
_ EupX (En) + B(En-1)Y(En) — €4p — 3(En-1) _ 5(En) — X(En-1)
N Y (E,) —1 Y (E,) —1
_ Eup> (En) + 3(En-1)Y'(En) — €4p — X(En—1) — X(En) + X(Ep—1) (4.16)
XN(E,) —1
EHFE/(ETL) + E(En—l)E/(En) ~—fur — E(En)

- S(Ey,) —1
_ EHFE/(ETL) + E(En—l)E/(En) “&ur T E(En)
N YN(E,) —1
 T(Ea ) (Ba) ~ T(E)

Y(E,) —1
| T(B) -~ T(Ba (B

1—-X(Ey)

For the general eigenvalue formulae,
E'C(E4) = T(Eoq) C(Eoa), (4.17)

the Newton-Raphson root finding algorithm for determining the new guess (E"")
may be expressed as

E' —E,q4

E" = Eowg — d=(E)
CH(Boa) =5 | E=E0y C(Boig) — 1

(4.18)

When using the Newton—-Raphson algorithm the convergence of eigenvalue E of the
function I'(E) is usually found in three to five iterations. However, some problems with
the convergence of the self consistent procedure may arise when the initial guess is far
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from the pole of interest or when the self-energy is not a well behaved smooth function
whose derivative may present difficulties. This may be the case for the third—order
self-energy and the ND2 as well as the 2ph—TDA approximations in which the number
of iterations needed to find the pole of the self-energy may increase considerably and,
in some cases, not converge.

4.2.2

Convergence problems sometimes associated with finding the poles of self-energy
may be solved by the secant method[100]. This method offers an derivative free
alternative for finding the poles of the electron propagator approximations. The secant
method may be regarded as a finite—difference approximation of Newton’s method.
Therefore, the same ideas used in the Newton’s method for finding better guesses for
the eigenvalue £/ may also be developed in the secant method framework. In the secant
method, at least two points (z; and x;_1) are needed to start the algorithm, however,
only one function evaluation per iteration is needed. Using the secant method, the x;;

root may be approximated as

T — Tj—1

Tit1 = T; — f(fﬁz)f(xz) = fl@i-1)

(4.19)

One of the disadvantages that the secant method has is the order of convergence.
Unlike the Newton-Raphson method in which the order of convergence is quadratic,
the secant method order of convergence is approximately 1.618. If the residual, f(E,),
is expressed as in equation (4.14), a new guess for the evaluation of the self-energy can
be determined by using the following expression:

Ei — Ei

Eiy1=E; — f(Ez) f(El) — f(El',l)’ 1> 0. (420)

Starting with a given Hartree-Fock orbital energy as initial guess, if one consider that
the value of the self-energy depends on the self-energy generated using the previous
guess, the sequential process for the self-energy is

Guess value — Self-energy — Output value

EHF Y(egr) E!
i 5(EY) 2 (4.21)
E? Y(E?) E3

4.2
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Thus, the expansion of equation (4.20) in terms of the self-energy and the eigenvalue £
yields:

[(E,-1) —T(En—2)
(T(En) = T(En-1)) = (D(Ep-1) — T(En-2))
F(Enfl) - F(Ean)
[(E,) —2T(En—1) + I'(EL—2)
egr +X(En—1) —egr — X(En_2)
T(Ey) — 2T(En 1) + T(En_2)
S(Ep-1) — X(En—2)
T(E,) — 2T(En 1) + T(En_2)
E(E‘nfl) - E(Ean)
S(E,) —2%(En—1) + X(En—2)
S(En)S(En1) — S(En)S(En2) — S(En1)? + S(En_1)5(En_s)
S(En) —28(En—1) + 2(En—2)
S(En)S(En1) — S(E)S(Ens) — S(En-1)? + S(En_1)5(En_s)
E(En) - QE(En_l) + Z(En_g)

E™ =T(Ey-1) — (T(En) — T(Ep-1))

=T(En_1) — (T(Ey) — T(En_1))

=I'(Ep1) — ([(ER) —T(Er-1))

=T(En-1) — (X(En) — X(En-1))

=T(Ep_1) — (2(Ey) — 2(En_1))

= F(En—l) -

=cecgr + Z](En—l) -

S(En)S(Ep_a) — 2(Ep_1)?
S(Ep) — 2%(Ep_1) + %(Ep_2)’

=cegr +

(4.22)

where ¥(E, o) = E', %(E,_1) = E? and X(E,_1) = E3. When the secant method is
compared with the Newton-Raphson method, the number of iterations needed for
the convergence of the second—order self-energy increases by two due to the order of
convergence and number of points needed for the secant algorithm. In other words,
while the Newton—-Raphson method may need three iteration to converge to the pole,
the secant method needs five iterations. However, for the second—order non-diagonal
self-energy, there were cases in which the Newton—-Raphson method could not find the
pole whereas the secant method found the pole after 8-15 iterations.

423

The order of convergence and number of points needed for the secant algorithm may
be improved by using the parametric equation of a circle [101]. By introducing the
parametric equation of the circle tangent to the abscissa axis in the point z of a given
function, the diameter of the circle is given by the line segment [z, f(x()] as shown
in figure 4.6. The improvement of the secant method consists in the generation of
this circle tangent to the initial point o whose center is located at [z = z¢,y = @]
The coordinates of this first circle are used to generate a second circle tangent to the
abscissa axis in z;, see figure 4.7. This second circle has its diameter defined by the
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T = xg + Ty COS
Y =Yoo+ rosina

o

A sin o
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o

Fig. 4.5.: Parametric equation of a circle

flaxg) p-------------=

f(=0)

) €T

Fig. 4.6.: Parametric equation of a circle tangent to the first point of a function f(z)
line segment [z, f(z;)] and its center located at (x; = xo + ro,y = @) A line is
constructed through the f(zy) and f(z;) points. The intersection of this line with the
axis generates the next guess point, figure 4.8.

Thus, the secant method may be now expressed as

SR ) ) (G < R R

2 2 f(xn‘FM)_f(xn)

This formulation for the secant method only requires one point to start the algorithm
and two function evaluations for iteration and has a quadratic convergence. Similarly
to the Newton-Raphson and normal secant algorithms, this process is repeated until
convergence is reached. If a function f(E,) is defined as the residual expressed in

4.2
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Fig. 4.8.: Generation of the next guess point z,,

equation (4.14), using this variation of the secant method for a new guess for the
evaluation of the self-energy can be determined by

Eipr =20 (Ei—1) + [I(Ei) — T(Ei1)| = T(Ei), i>0. (4.24)

424

The pole strength of the self-energy is the norm of the primary space’s component of
the eigenvector such that

dX(E) -1

S.

IS = 1= CM(Bpoie) s, C(Epote)] (4.25)
Pole strengths are related to the eigenvectors of superoperator Hamiltonian H via

i
ps___ CuCw 1y, Cprfp] (4.26)
" ClCup+ CL Oy Cl,Clap
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If the derivative of the eigenvalue is defined as

Ch 2B Con

OE, a0 OF |p_p
= , (4.27)
8E CLpCaP
a more succinct notation for the pole strength is
OEp\ 1
pPS. _ (1_ 9%
s =(1-52) (4.28)

4.2.5

For the calculation of the pole strength, the calculation of the derivative of the self-
energy matrix is necessary. This derivative may be calculated analytically for uncompli-
cated self-energy expressions, such as that of the second—order self-energy. However,
analytical expressions are not always possible. In this respect, numerical derivatives
may, in some cases, be the most efficient option for the calculation of the derivative
of the self-energy, and therefore, its pole strength. In order to compute the derivative
of the self-energy, the finite difference method may be used. When the pole of the
self-energy is found, a small perturbation, A, to the £, value in the forward direction
allows the use of the forward difference,

(4.29)

<6F(E)) _ L(Epiag) — T(Ep)
OF /E=E, Ag

whereas, if this perturbation is applied to the backward direction, the backward differ-
ence may be used,

(GF(E)) _ I'(Ep) — F(EP*AE)
OF /E=E, Ag

Since the guess used to the generate the self-energy in which the pole was found may

. (4.30)

correspond to the evaluation of a previous point in the self-energy' the backward
difference may be applied without any extra computational cost. However, both the
backward and forward differences have a truncation error, or accuracy, of O(Ag).
Numerical tests have shown that when compared with the analytical derivative of
the self-energy, neither the backward differentiation nor the forward differentiation is
reliable. On the other hand, the central difference approximation has been shown to
be a reliable option for the calculation of the derivative of the self-energy matrix. The

!This can not be always assumed, therefore in the implementation one always should check the sign of
the difference and direction to determine if the previous point value corresponds to the ¥(E,_1) or
Y(Ent1).
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truncation error of the central difference is of O(Ag)?. For this approximation of the
derivative, after the pole of the self-energy is found, a small perturbation of the same
size of the pole threshold is applied to both the backward and forward direction of
the F, value (see figure 4.9). Thus, the expression for the derivative of the self-energy

T(E)a

IN(E)

9E | pp,

: ] " N
>
En_ap En Eniag T

Fig. 4.9.: Self-energy derivative using the central difference

yields

(aF(E) _ P(Epyag) —T(Ep-ny) (4.31)

OF )EzEp N 2AE

4.2.6

For the case of the non—diagonal approximations, the Dyson self-energy propagator
algorithm generates an array that contains the sum of the Fock and self-energy matrix,
Fu,+3(E),,, such that

Fiy Fip Fiz ... Fig Y11 Y12 Y13 ... Y14
Fy1 Fyo Fyz ... Fyy 2o1 222 223 ... 224

F,, +%,= ] ) ] ) ] + ] ] ] ) . (4.32)
Fu,l Fm? Fu,?: Fu,l/ Eu,l Eu,2 Eu,3 ZH»”

This array is diagonalized to obtain the array that contains the eigenvalues and eigen-
vectors. In the generated eigenvalue vector there will the same number of values as
the number of occupied and virtual orbitals that were considered for the formation
of the F', , matrix, whereas the eigenvector matrix will have as much elements as
the ¥(E), , matrix. In order to identify the eigenvalue that needs to be considered
for determining the E, pole, one must be careful about which eigenvector is taken.
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The vector of eigenvalues E,, most of the time has the same canonical order as the
orbital energies, however this is not always true. After the relaxation and correlation
corrections are considered, the canonical order of the orbitals may changed (this effect
is known as a Koopmans’s defect). Therefore, a selection of the eigenvalue based on
the energy ordering of the canonical orbitals is not always a reliable option. The most
trustworthy way to select the eigenvalue that will be used for the determination of the
pole is by computing the overlap matrix,

S = Xulxw) = Y CuCu = (CCT) . (4.33)
!

The overlap matrix S, is a Gramian matrix used to describe the inter-relationship of a
set of basis vectors. The overlap matrix is always a square matrix of size n x n, where

n is the number of basis functions used,

xalx)  Calxe) Galxs) - Galbaw)
S = <><2!><1> <X2FX2> <X2!X3> <X2fxu> (434)
Oculxa)  xulx2) xelxs) -0 (aalxe)

In the implementation of the electron propagator approximations, the overlap matrix
is computed between the old eigenvector that corresponds to the E, value and the
eigenvectors generated right after the diagonalization of the [F' + 3 (FE)] matrix. For
this process, the initial vector used is a unit vector having the same direction as the
canonical direction of the orbital ¢, such that

V“Guess — 10 (435)

0

Using this initial vector, the position of the employed eigenvalue is determined by the
position of the eigenvector with the largest overlap, which is usually close to unity.

4.3

The primary and secondary components of the eigenvectors obtained after the diago-
nalization of equation (4.3) contain information that may be used to further describe

4.3
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and interpret electron binding energies, one—electron properties, correlation and relax-
ation effects, charge and spin densities and total energies of the molecules under study.
These eigenvectors indicate the contribution of the field operators in the self-energy.
After solving for a pole F, it is possible to obtain its derivatives with respect to changes
in the one—electron part of the many—electron Hamiltonian. Due to the orthogonality
conditions of the primary and secondary spaces, contributions of the secondary sector
of the eigenvectors do not appear in the residues. Using equation (4.2) the secondary
space’s component of the eigenvector may be defined as

A

Cfp = (Eplf - IA{ff)_leaCap (436)

The primary and secondary components of the eigenvectors contain information that
may be used to further describe and interpret electron binding energies, one—electron
properties, correlation and relaxation effects, charge and spin densities and total ener-
gies of the molecules under study.

4.3.1

Dyson orbitals naturally emerge from the inverse form of the Dyson quasiparticle
equation. They are inferred from the Feynman-Dyson amplitudes, which are related
to the residues of the electron propagator. In the quasi-particle form of the Dyson
equation, the pseudo—eigenvalues of the self-energy operator provide eigenfunctions
that are proportional to Dyson orbitals. In terms of the Hartree-Fock wave—function,

the Dyson orbitals may be expressed as
Dyson
DY Z Cloll". (4.37)

Dyson orbitals may be expressed in terms of molecular coefficients and atomic orbitals.
By using this last equation the corresponding change of basis yields

prson:Z ZCMO A.O.
—Z ZCT Cai % )x (4.38)
:ZUijj' '
J
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4.3.2

The derivatives of the electron propagator pole, E,, with respect to changes in the
one-electron part of the many-electron Hamiltonian may correspond to external fields
or to the field produced by the nuclei arranged in a given way. Let the Dyson equation

approach to discovering poles be expressed as
Epole = CT (5 + E(E)‘E:EPDLE)C~ (4.39)

If v denotes differentiation with respect to a perturbation, £, then

E),.=CY(c+2(E)|p=p,,.)C
+CIe 4 2(B)ps 1O (@40
0X(F)
E p
+C (E +3 (E)‘E:Epole * Epole ok ‘E:Epole)

In the last of the three terms, there are three portions that pertain to the derivatives
of the orbital energies, derivatives of the self-energy, where the E parameter is held
constant, and derivatives of the self-energy employing the chain rule. Thus, this

equation may be rearranged to

(1 ct?=E)

E, oF ’E:Epole

pole

C)=C"CE,y. + C'C E .
(4.41)

T+ 2V(E c
+ (e + 37( )]E:EW)

Note that the left side of the previous equation is E ;. divided by the pole strength,

FP'S'

ol - By using the fact that

cic=1 (4.42)
which implies that
dctc
— = 443
= =0, (4.43)
and thus
cicr+ct'c =o, (4.44)
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the first two terms on the right side of equation (4.41) vanish. Therefore, equation (4.41)
reduces to

y
Epole

=T)5CH " + 27(B)|p=5,,.)C. (4.45)

A similar conclusion follows by finding poles using the entire superoperator Hamilto-
nian matrix:
HC = CEpq.. (4.46)

Differentiation leads to

A'C'AC" = C7E} ,,CE],,.. (4.47)
After multiplying both sides by C' this last equation becomes,
El,.=CHC. (4.48)

Using this approach to find the pole, the derivatives of the superoperator Hamiltonian
matrix need to be evaluated in order to calculate £, . Connections between the two
approaches are facilitated by partitioning the eigenvectors C into their primary (a) and
secondary (f) portions:

C = [Cup, Cp) (4.49)

The derivatives of the primary and secondary contributions of superoperator Hamilto-
nian may be connected to the spin density of the ionized system by:

pggm = Dy — ng (4.50)
whereas the charge density of the ionized system may be expressed as:
1 = Df, + D, 51

where D7 and ng denote the derivatives of the primary or secondary sectors of the
superoperator Hamiltonian matrix for the removal of an alpha or beta electron.

Finally, the electron—propagator algorithm may be summarized in the following dia-
gram:
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Fig. 4.10.: Electron propagator self consistent algorithm

4.4

In the Dyson quasiparticle equation, denominators in the expressions for the self-
energy matrix depend on orbital energy differences. For example, for the second-order
self-energy matrix,

@)= 3 (ri]|pg) (pgllue) Nypq

E+4e —ep—eq’ (4.52)

t,p<q
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the difference £ + ¢, — ¢, — ¢, depends on three different orbital energy indices. If for
the 2ph and 2hp terms of the self-energy matrix these differences become small, self-
consistent field calculations cannot be expected to converge, because of pronounced
fluctuations in elements of the virtual-virtual or occupied—occupied blocks of the
superoperator Hamiltonian. Such conditions are encountered usually when the binding
energy computed corresponds to an occupied, inner-valence spin orbital in which the

quasiparticle picture is not longer valid.
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Restricted open—shell electron
propagator

I don’t know what’s the matter with people! They
don’t learn by understanding; they learn by some
other way, by rote or something. Their knowledge is

so fragile!

— Richard Phillips Feynman
(Surely You're Joking, Mr. Feynman!)

A large variety of electronic structure methods can accurately describe only the singlet
ground-state of closed—shell systems. The desire of correctly describing molecular
systems with open-shell electronic configurations brings the necessity to confront
Lowdin’s symmetry dilemma [102-105]. In the Sanibel symposium meeting of 1963
[103], Lowdin pointed out that computational chemists are challenged with a dilemma:
imposing constraints to enforce correct spin-symmetry properties in the resulting
eigenfunctions or increasing the variational parameters to achieve the lowest energy
possible. In the case of open-shell systems, enforcement of the correct spin-symmetry
results in the formulation of the so—called restricted open-shell methods denoted
by an RO prefixed to the method’s acronym (e.g., Restricted open-sheell Hartree—
Fock (ROHF), Restricted Open-shell Moller-Plesset perturbation theories (ROMPn),
Restricted Open—shell Coupledcluster theories (ROCCn), etc.). RO methods preserve
spin—symmetry by reducing variational flexibility. It has been shown that RO methods
do not provide adequate structures, energies, and spin densities [104-110]. In particular,
for the ROHF approximation, whose equations were formulated by Roothaan more
than 50 years ago [111], shows that the eigenvalues for the effective Fock operator of
the model violate the Aufbau principle. Thus, ROHF orbital energies are not physically
meaningful. Therefore, Koopmans’s theorem or any phenomenological conclusion
based on ROHF orbitals are incorrect. In spite of this very well known and documented
ambiguity about the ROHF orbitals, some authors make studies in which wrong or
inconsequential conclusions are based on ROHF determinants [106, 110, 112-116]. In
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this chapter, possible solutions to the ROHF Koopmans’s theorem will be summarized
and discussed.

5.1

In computational chemistry, restricting each occupied orbital in a closed—shell system
to contain only one « and only one 3 electron is the simplest way to enforce spin
symmetry, (52) = 0. This same idea may be extended to open—shell atoms or molecules.
In the so—called restricted open-shell (RO) methodologies, each unpaired electron
resides only in an a spin-orbital with the remaining 3 electrons constrained to doubly
occupied orbitals. In a single-determinant approximation, the constraints imposed by
the RO technique may enforce the generation of eigenstates that are eigenfunctions of
52, however these constraints also reduce the variational flexibility. The variational
flexibility of the RO methods may be increased by allowing different orbitals for
different spins; this generates the so—called unrestricted (U) methods. Furthermore, in a
single-determinant approximation the variational flexibility may be maximized when
each of the electrons of the system is described as a linear combination of o and 3 spin
orbitals. Methods based on this idea are known as generalized (G) methods. Although
the unrestricted and generalized methods increase the variational flexibility of single—
determinant approximations, the resulting states are no longer eigenfunctions of 52.
Choosing between a lower energy solution, and a solution that is an eigenfunction of
the spin operator 52, and the spatial symmetry operators for the relevant nuclear point
group, is exactly what Lowdin’s symmetry dilemma requires.

5.2

The consequences and implications of the Léwdin’s symmetry dilemma may be ex-
plored in the framework of group theory. The following discussion is based on the
published conclusion given by Fukutome, Paldus, Brandas and Goings [104, 105, 108,
117]. Broken symmetry wave—functions may be classified by investigating how they
transform under the action of the invariance operators § constituting the symmetry
group G of the spin-free electronic Hamiltonian H,

A

[9,H]=0 Vgeg, (5.1)

Chapter 5



or

gHG ' = H, (5.2)
such that A is invariant under transformation by any operator §j. In general, when /) is
an eigenstate of H, §|¢) would also be an eigenstate belonging to the same eigenvalue
as |¢). Thus, exact eigenstates of H can be chosen to be simultaneous eigenstates
of the various symmetries in G. In the case of the approximate variational Hartree—
Fock wave—functions, the symmetry requirements represent additional constraints.
Although, certain symmetries may be contained in a lowest energy solution, when
these symmetries are included in the approximation of the variational Hamiltonian
one may only raise the energy, this due to the independent-particle nature of the
approximate Hamiltonian. Thus, the more physical constraints are removed from
the Hamiltonian the closer the solution will be to the exact solution (lowest energy
solution). This dependency between symmetry constraints and energy is reflected in the
various broken symmetry subgroups in which the solutions of the single-determinental
Hartree-Fock approximation may fall.

5.2.1

Let X be an operator that is invariant with respect to similarity transformations by
various subgroups H C G such that

hXh ' =X, (VheHCG). (5.3)

For an independent particle model, if the operator X is an one body operator, such as
the Fock operator, defined in the spinor basis,

1 0
o) = (O> 8)= (J 54)

la){al = [B)(B| = Ia. (5.5)

Any arbitrary spin function may be expressed as

and

o =il +9) = (1), 66)

2

5.2
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Thus, establishing X into a spinor basis yields

5 . . S50 . . . . Xaa Xa
X = lio1)(io1| X |joo)(jo2| = Xioy joo|ioi)(jo2| = ( B) (5.7)
Xpa Xpg
with
(X0'102)ij S C 01,02 € aaﬁ' (58)

In terms of second quantization notation this may be expressed as

X Z Z Xw'l,jo'g wla]a'z Z Z Xw'l,jogEng; (5.9)

ij 01,02 ij 01,02

The transformation properties of X under symmetry operations can be determined
by examining the transformation of the U(2n) generators E;gl, but for the sake of
simplicity only the transformations of a 2 x 2 block matrix X will be considered. In
this case, the problem is reduced to finding the constraints on the X matrix that for

any given symmetry operation make the following relation true:

A Xoo Xog\ ~_ Xaa Xao
h ( 5) hl= ( 5) . (5.10)
Xpa Xpp

The general invariance group of the spin—free electronic Hamiltonian involves the spin
rotation (SU(2)) and the time reversal (7)) groups. The SU(2) group may be given in
terms of spin operators such that!

3
swmz{Ummﬁ=amW§j&mxﬁ=mhmmwﬁeRMm|=Lma—%ﬂﬂ
a=1

(5.11)
Notice that the SU(2) group is a double cover[118], when the spin space is rotated by
27 the sign of the wave—function changes, and if the spin space is rotated again by
another 27 the original state is recovered. This behavior is characteristic of fermions.
On the other hand, the time reversal group is defined as

T ={+1,46}, (5.12)
where in general © is defined in terms of the complex conjugation operator K,

N

O = Ug(é, —m)K = exp(—inSy)K. (5.13)

!The rotations in spin space are quite similar to rotations in 3D space.
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It is important to point out that the time reversal does not really mean effects in
time per se, but rather changes the direction of movement, be it linear momentum or
angular momentum. Ois just an antiunitary operator [119] that consists of the spin—
looking part (unitary part) and then the complex conjugation operator (antiunitary
part). Therefore,

67! = -0 = exp(inSy) K. (5.14)

Now, consider the unitary transformations of the form U = ¢'B, where B is a Hermitian
operator (B = B'), acting on some operator X such that

A A

X =UXU"!=eBXePB, (5.15)

The Baker-Campbell-Hausdorff transformation allows expressing e~BXeibB as

A A N 1.~ A A

e BXeP = X +[X,iB] + i[[X,iBLiB] + - (5.16)

Thus, the constraints on X introduced by symmetry operations are satisfied when
[X,iB] = 0. Therefore, transformation of the 2 x 2 matrix X under the Pauli spin ma-
trices defines the SU(2) spin rotation as well as the time-reversal operations. The spin
rotation and time-reversal groups are known to contain the following subgroups:

e J: There is no symmetry.

©: Symmetric only to time-reversal symmetry.

¢ K: Symmetric only to complex conjugation.

S.: Symmetric only to spin rotations about the z-axis.

S, ©: Symmetric to both spin rotation about z-axis and time-reversal symmetry.

S, K: Symmetric to both spin rotation about z-axis and complex conjugation.

S?: Symmetric to all spin rotations.

52 ©: Symmetric to both all spin rotations and time reversal symmetries.

Concerning the Hartree-Fock approximation, the differences between the RHF, UHF
and GHF may be explored in terms of the different implications and consequences
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related to imposition of different combinations of symmetry constraints. If the complex

Faa FCM
( 5) , (5.17)
Fga Fpp

Fock matrix is defined as

for each symmetry or group of symmetries the similarity transformation is given by

7 Faa Fa 7T — Faa Fa
h ( 5) At = ( 5) (5.18)
Fgo Fpg Fgo  Fpp

where h is the symmetry generator.

5.2.2

The simplest transformation on the Fock matrix is given when there are no symmetry

constraints. In this case, the similarity transformation is given by

i (F‘“ FW) 1= (FW Faﬂ) : (5.19)
F Ba F B8 F Ba F 88
Since no symmetry constraints are imposed the electron spin can mix. The values of

the elements of the Fock matrix may be real or complex. This first result corresponds to
the structure of the complex generalized Hartree-Fock (GHF) Fock matrix.

5.2.3

On the other hand, when the complex conjugation symmetry is imposed, the transfor-
mation on the Fock matrix yields

> FOéOé FOZ > F:za Z
K ( 5) K= < ° f) , (5.20)
which corresponds to the structure of the real GHF Fock matrix where the values of

this Fock matrix have to be identical on complex conjugation. Notice that for this case
K is its own inverse and can only act to either the left or the right.
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5.2.4

For this case, let the o2 matrix be the Pauli matrix expressed as:

0 —i
= 521
o) (l 0 ) (5.21)
If the S, operator yields

0 =i\ »~ (Foaa Fog\ .~ (0 i Fi, —F;
—i ( 2) K( oo “5> ZK< , Z) = ( o8 *ﬁa>, (5.22)
t 0 Fg, Fpgg - 0 —Fip Fq,

then the imposition of time reversal symmetry only introduces two constraints. Thus,
by eliminating F'g, and Fgg the Fock matrix for the paired GHF approximation is

Fps Fap) (5.23)
7FZ¢,B F:uoz

obtained:

5.2.5

Now, if the Pauli matrix o3 is defined as

o3 = ((1) _01> ; (5.24)

one can show that

1 o (Foo Fop\ (1 Fo. -F,
) % p 03 B (5.25)
0 —1 Fg, Fss)\0 —1 —Fg, Fpg
is satisfied only if

Faa
F= 0 (5.26)
0 Fgg

Thus, invariance with respect to S, results in two separate spin blocks. These spin
blocks have no restriction in their dimensions and may take real or complex values.
This case corresponds to the complex version of the UHF approximation.

5.2
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5.2.6

In order to examine the effect of invariance to multiple symmetry operations, one
should remember that when considering multiple symmetry operations the order in
which the symmetry operations is performed matters. In general, symmetry operations
do not commute. However, since each symmetry operation returns the system to its
original state, each symmetry operation can be considered separately. For instance,
consider two symmetry operations on F' parameterized by A and B such that

e~iAe=iB freiBeid — e_iA[ﬁ'+ [, iB]+-- -]eiA = e iAfeid = [E+[F,iA]+---]. (5.27)
This last is true if and only if

[FiA] = [F,iB] =0 (5.28)

Therefore, for our purposes, multiple symmetry operations only give us more con-
straints in which the order of each of the symmetry operation does not matter. Thus, in
the case of the time reversal and z-axial spin symmetry one obtains

1 O A F oo F o 1 F [e70% _F «
K ‘ 0) = P (5.29)
0 —1 —Fys Foo) \0 -1 —Fos o,
where the off-diagonal elements of the Fock matrix must go to zero,
Foo 0
. (5.30)
0 F;,

This result corresponds to the UHF approximation.

5.2.7

The preservation of the rotation about spin z-axis and the complex conjugation symme-

try yields

Foo 0
(o Fﬁﬁ), (F €R) (5.31)

Since symmetry with respect to complex conjugation forces all matrix elements to be
real, this results corresponds to the real version of UHF approximation.
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5.2.8

For this case is important to point out that even when S? does have an operator
representation, it is not a symmetry operation. The S? operator may be regarded as
the identity, therefore invariance with respect to S? can be interpreted as invariance
with respect to the whole spin rotation group, S, S,, S.. However, while S. is already
a part of the total spin rotation group, invariance with respect S, does not imply
invariance with respect to 52, but invariance with respect S? does, in general, imply
invariance with respect to S.. Invariance with respect to the spin group may be shown
by considering any two spin rotations, since each spin operator may be generated by
the commutator of the other two. Therefore, the invariance with respect to all spin axes
may be evaluated by employing the result of S, and applying the generator S, defined
by Pauli matrix o;. If the Pauli matrix o; is expressed as

o= <(1) é) (5.32)

Applying the generator S, on the result of S, yields

0 1\ (Foa O 01 F 0
= (PP (5.33)
10 0 Fgz/\1 0O 0 Faa
which implies that F, = Fgg or

_(Fr 0
F_<0 FR>’ (FreC) (5.34)

Invariance with respect to all spin rotation group results in the complex RHF case,
where the o and 3 spin blocks are equivalent.

5.2.9

Since the time reversal group contains the Sy operator, in order to obtain the expression
for this case, one just needs to take the previous results and make them invariant to
complex conjugation. Thus, the expression obtained yields:

(Fr 0\. (F;i 0
K|°F K=("F . (5.35)
0 Fpg 0 F%
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Invariance with respect to complex conjugation forces all the elements of the Fock
matrix to be real. This last expression corresponds to the real version of the RHF case.

As shown, in the framework of the Hartree-Fock theory, several variations of the
Hartree—-Fock approximation can be derived from simple symmetry considerations.
Furthermore, the RHF and UHF approximations are subgroups of the GHF equations.
If GHF equation are restricted to be invariant with respect to spin rotations along the
z-axis the UHF equations will emerge, whereas if GHF equations are restricted to be
invariant to time-reversal as well as spin rotations along all axes (z, y, 2), the real RHF
equations are obtained.

5.3

In quantum chemistry, most of the ab—initio correlated methods and hybrid density
functional theory (DFT) methods are built upon the Hartree-Fock approximation. In
the Hartree—Fock theory, the N—electron wave—function is denoted by a normalized
Slater determinant, ¥y, which contains IV spin-orbitals 1);,

Vo = [h12Pa ... YN). (5.36)

While maintaining a normalized total wave function, these spin-orbitals are optimized

to minimize the energy, E, by means of the variational principle,
E = (Vo|H|¥y). (5.37)

In this optimization, the full electronic Hamiltonian after the application of the Born-
Openheimer approximation denoted, by H, is employed. The minimization of the
energy with respect to the spin—orbitals under the constraint of orthonormality yields

Fii = et (5.38)

This last equation corresponds to a one—electron eigenvalue equation in which the F;
operator is known as the effective one—electron operator for the ith electron. This Fock

operator is defined as
F;=h;+VHF (5.39)

Chapter 5



where h; is the one-electron Hamiltonian operator describing the motion of the ith
electron in the electric field generated by the N nuclei each with charge Z4, thus, h;
may be expressed as:

Nyuciei
hy = —5A7 - EA: - (5.40)

whereas, VT is the mean field potential experienced by the ith electron due to the
presence of the other electrons. Thus, VZT may be expressed as:

N
VI =3"(J; - K;) (5.41)
J
where J; represent the Coulomb operator, defining the electron—electron repulsion
energy due to each of the two electrons in the jth orbital,

Tili(0) = W), (1), (5.42)

whereas, K ; is the exchange operator, defining the electron exchange energy due to
the antisymmetry of the total N—electron wave—function,

1
K1) = (5 ()] ()15 (1)) (5:43)
Following the Roothaan[120] and Hall[121] equations, the spatial part, ¢;, of each
spin—orbital can be written as a linear combination of M basis functions x,,
Mpasis

i =¢i(r) = Y Cuixu(r). (5.44)

Therefore, by considering this last equation, equation (5.38) yields
Mbasis Mbasis
> FixuCui=c¢ >, xuCui (5:45)
which after the left multiplication by x, and integration becomes
Myasis

Z [FTV_giSTV]CViZO /i:1727“'7N (546)

v

where
FTl/ = <Xtau|F|Xv> (547)

5.3
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and
Sy = <XT|XV>- (5.48)

5.3.1

A more succinct notation for equation (5.46) may be
FC = SCe. (5.49)

where F' is the Fock matrix formulation of the Fock operator, C' the molecular orbital
coefficients matrix, S the overlap matrix between basis functions, and ¢ is the diagonal
matrix containing the molecular orbital energies. Following the formulation of the
Hartree-Fock equations, one may notice that the Fock matrix does not have a linear
dependence on the molecular orbital coefficients. The Fock matrix depends on the
Coulomb and exchange operators which have a dependency upon the molecular orbital
coefficients matrix. Therefore, from a mathematical perspective, spin contamination
is a direct manifestation of the nonlinearity of the Fock operator. In computational
implementations, the Hartree-Fock method is also referred as the self-consistent field
procedure. In the implementation of the self-consistent field algorithm, equation (5.49)

is solved in an iterative manner (figure 5.1).
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Starting with an initial guess for the molecular orbital coefficients, a first Fock matrix F’
is built. This Fock matrix is used to generate a new set of molecular orbital coefficients
from which the a new Fock matrix will be built. This processes of generating C' and F
matrix is repeated until the change in energies converges below a numeric threshold
and self-consistency is achieved. The several physical pictures of the Hartree—Fock
approximation (i.e., UHF, RHF, ROHF and GHEF) reside in the set of the orthonormal
spin—orbital basis used, v;, within the Hartree-Fock equations. In the restricted versions
of Hartree—Fock approximation (RHF and ROHF), both the o and 3 spin—orbitals have
the same spatial functions and therefore identical values for the molecular orbital

coefficients, C;,

Mbasvs Mbaevs

wa( )_ Z CV’LXV a; wﬁ( ) Z CV’LXV . (550)

The wave—functions generated with the restricted and restricted open—shell Hartree—
Fock approximations are eigenfunctions of both the S, and $?2 operator. In the un-
restricted version of the Hartree-Fock approximation (UHF), a spin—orbital basis in
which the a and § spin-orbitals may have different spatial functions is used. Therefore,
in the UHF approximation, the a and 3 molecular orbital coefficients, C¢, and C?;, that

are used to define the spin—orbitals, are different from each other,

Mbaszs
T/’?(’") = (z)w a = Z I/ZXV

Mbam (5:51)
wzﬁ( ) szb = ¢zb Z ZXZ/

The resulting wave-functions from the UHF approximation are eigenfunctions of the S,
operator but not of the $2 operator. Due to the fact that the unrestricted Hartree—Fock
formulation has less symmetry constraints than the restricted Hartree-Fock formula-
tion, the unrestricted Hartree—Fock solutions are variationally more flexible than their
corresponding restricted Hartree-Fock counterparts. The variational flexibility of the
Hartree-Fock solutions is maximized in the generalized Hartree-Fock approximation.
In the generalized Hartree-Fock approximation, each of the spin-orbitals is defined as
a linear combination of both o and 3 spin—orbitals[122],

Mpasis

ilr) = 65+ 0 = dia(r)a+ du(r)B = Y {[Chxw(Mla+[Clo(r)]B}. (652

14

Although the resulting wave—-functions from the GHF approximation have the most
variational flexibility, they are neither eigenfunctions of the S . operator nor of the
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52 operator. Now that the different formulations for the Hartree—Fock method have
been presented, let’s further analyze Lowdin’s symmetry dilemma in a more practical
manner. Table 5.1 summaries the spin symmetry and the energy implications of each of
the Hartree—Fock approximations. It is important to point out that for all the Hartree—
Fock formulations the molecular coefficients can be real or complex. Léwdin pointed

Hartree-Fock methods
Formulation [ (S.) | (5% | wgandy] [ Energy hierarchy

RHF and ROHF || Yes | Yes Identical C,; The least variational flexibility
UHF Yes | No C? and Cfi Eunr < ERHF.ROHF
GHF No | No | ¢i(r) =¢¢ + %ﬂ Ecur < Eygr < ERHF,ROHF

Tab. 5.1.: Hartree-Fock approximations and their constraints—flexibility balancing

out with his symmetry dilemma that every quantum chemist should understand the
implications that the symmetry constraints would have in the energy of the system
under study. Based on these implications, one should balance variational flexibility
versus symmetry constraints. For instant, in the restricted version of the Hartree—
Fock approximation one may guarantee correct quantum numbers for the system
under study, however, this implies imposing certain constraints in the variational
Hamiltonian which would only raise the energy of the system. Therefore, it is not
surprising that for open—shell electronic configurations energies computed by post
Hartree-Fock methods based on the restricted open—shell version of the Hartree-Fock
approximation report larger energies than their counterpart based on the unrestricted

Hartree—Fock approximation.

For open—shell systems, the restricted open—shell wave—function is a single configura-
tion state function (CSF) and therefore a pure spin state. On the other hand, unrestricted
Hartree—Fock energies are lower than restricted open—shell Hartree-Fock energies be-
cause for the restricted wave—function the restriction that the « and g orbitals will be
the same has been established. However, this may not be clear for some authors that
often point out the fact that restricted energies are higher than unrestricted ones and
make inconsequential conclusions as if the energy obtained with a restricted method
were supposed to be lower than the energy of an unrestricted method. Furthermore, for
the cases of open-shell systems, the restricted open—shell solution may not only have
higher energies as compared to their unrestricted counterpart but also one needs to be
careful in deriving conclusions based on the restricted open—shell molecular orbitals
(population analysis, binding energies, etc.) because any conclusion based on ROHF
orbitals may be erroneous [106, 110, 112-116]. Since Roothaan’s [111] introduction of
the Restricted Open-shell Hartree-Fock model, orbital energies do not have physical
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meaning. Therefore, any conclusions based on the ordering, magnitude or properties
of the ROHF molecular orbital without any previous treatment of the orbitals are
erroneous [104, 105, 107, 109, 123-126].

5.4

The restricted open-shell Hartree-Fock (ROHF) method generates wave-functions that
are eigenfunctions of both the S, and $? operator. Therefore, the ROHF approxima-
tion is the preferred tool for studying molecules with unpaired electrons. However,
the physical picture emerging from Roothaan’s open-shell theory have always been
somewhat unclear. In the formulation of the ROHF equations, some arbitrariness may
be found in the construction of the ROHF total Fock matrix. This generates different
coupling schemes for the formation of the ROHF Fock matrix. Although the ROHF
wave-function and total energy obtained from these schemes are the same, the result-
ing orbitals and orbital energies are different and, generally, the post-ROHF results
depend on the ROHF coupling scheme used [109, 125-127]. The energy expression for
the ROHF energy may be expressed as

Eronr =2 fikii + > fifi(2al (ijlij) — vl (ijli)) (5.53)
) 1]

where h;; represent one—electron integrals, (i;j||kl) the two-electron integrals (in Dirac’s
notation), a? and b/ are the coupling coefficients, and f; is the orbital occupation number
(1 for doubly occupied orbitals and 0 for virtual or unoccupied orbitals). In the case
of high-spin open—shell systems, a = 1, b = 2, and f = 1/2 for singly occupied
orbitals.

5.4.1

In ROHF theory Roothaan’s effective Fock operator is defined as

Occupied Open Virtual

Occupied R F? FSS (5.54)
FrouF = Open FS Roo Fg, .
Virtual E5e ES Ry

Chapter 5



where F* and F” are the UHF «a and § Fock matrices and F** = (F® 4+ F%)/2. At
self-consistent field (SCF) convergence, all off-diagonal ROHF Fock matrix elements
become zero. The choice of the diagonal elements in equation (5.54) is completely
arbitrary within a set of A and B coupling coefficients,

Rcc = ACCF?C + BCCF?C
R, = ApoF + By FP . (5.55)
Rm) = AWF% + B'U'UFQB)’U

Different values for these coupling coefficients have been suggested in the literature,
see table 5.2. Although all the different ROHF coefficients schemes may converge to

ROHF Hamiltonian
Acc | Bee | Aoo | Boo | Avw | Bus || Developer
-1/2 | 3/2 | 1/2 | 1/2 | 3/2 | -1/2 || Roothaan [111]
1/3 | 2/3 | 1/3 | 1/3 | 2/3 | 1/3 || McWeeny and Diercksen [128]
1/2 1/2 1 0 1 0 Davison [129]
1/2 | 12 | 1/2 | 1/2 | 1/2 | 1/2 | Guest and Saunders [130]
1/2 | 1/2 1 0 0 1 Binkley, Pople, and Dobosh [131]
1/2 1/2 1 0 1/2 1/2 || Faegri and Manne [132]
1/2 | 12 | 1/2] 0 1/2 | 1/2 || Euler equations [133]
2L Lo 0 1 0 || Canonical ROHF-I[123-125]
0 1 0 | 1 | —5 | 22 || Canonical ROHF-II [123-125]

Tab. 5.2.: Some of the coefficients reported in the literature for equation (5.55) for the
systems having a half-filled open electronic shell with all spins parallel.

the same ROHF energy for a given system, the election of these coefficients may affect
the rate of convergence of the self—consistent field algorithm and the orbital energies
whose physical meaning is lost due to this dependence. Choices guided to determine
“canonical” sets that satisfy Koopmans’s theorem may result in violations to the Aufbau
principle [123-126]. Among all the methods and techniques proposed for fixing these
violations and to obtain a meaningful Koopmans’s theorem picture with the ROHF
approximation, the method proposed by Plakhutin and Davidson [123-125] may be
the most promising one.
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5.5

Koopmans’s theorem is one of the most useful and widely used theorems in quantum
chemistry applications. This theorem was first introduced within the framework
of the Hartree-Fock method for closed—shell atoms and molecules and establishes
that the energy of removing an electron from the ith energy level is equal to the ith
eigenvalue (g;) of the canonical Hartree—Fock equation. For closed-shell systems, the
formulation of the Koopmans’s theorem is based on the approximation of “frozen”
orbitals, therefore, the calculated one-electron energies ¢; are correlated with the
vertical ionization energy. Results derived from Koopmans’s theorem for closed-shell
systems have been extensively discussed in the literature [134-137]. Although the
fundamentals of the Koopmans’s theorem are well established, some specific problems
arise when applying this theorem to open-shell systems. Among these problems,
the most problematic one is related to the validity of Koopmans’s theorem in the
framework of the restricted open—shell Hartree-Fock method. In the application
of Koopmans'’s theorem in the ROHF approach, the main problems arise from the
ambiguity in the one—electron energies derived from ROHF calculations. This problem
related to the ambiguity of the one—electron energy definitions in the ROHF method
was first pointed out by Roothaan[111] and later discussed by Dodds and McWeeny
[138] and other authors [104, 105, 107, 109, 123-127]. In spite of the well known and
documented ambiguity of ROHF orbital energies, it is often assumed in present-day
that Koopmans'’s theorem is valid in the ROHF method or that meaningful conclusions
can be extracted from ROHF orbital energies. (See for example references [106, 110,
112-116] where in some cases, the wrong use of the ROHF orbital energies leads to
contradictory results.) In order to overcome the limitations of Koopmans’s theorem
in the ROHF approach B. N. Plakhutin et al proposed a new scheme for the coupling
coefficients of the ROHF Fock matrix [123-125]. The utilization of these coefficients
allows the generation of meaningful pseudo—canonical orbital energies that can be used
for the calculation of the electron propagator self-energy matrix.

5.5.1

Using the field superoperator formalism from electron propagator theory, deductions
of algebraic expressions for the ROHF Fock matrix may be obtained. Starting with
an open-shell determinant with a singly occupied orbital (e.g., a doublet state), the
elimination of one particle could produce one singlet or two triplet states, where
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the singlet and one of the triplet states correspond to linear combinations (sum or
difference) of two different determinants. (see figure 5.2.)

— M,=18=1

— e

4 == ©

e +1

B

— b a;

__a Ms;=0S8=1
Jrs_‘_ Jrs
—+1 41
M,=08=0
Jrs Jrs
—+1 41

Fig. 5.2.: Generation of singlet and triplet states from a doublet state.

Among the three different states that may be generated with a doublet determinant, the
triplet state with quantum numbers M, = 1 and S = 1 may be the easiest to generate.
This triplet state may be generated through the removal of a 3 electron from a doubly
occupied orbital. This electron removal can be easily described by an annihilation
field operator that acts on a doubly occupied orbital. On the other hand, the singlet
(Ms = 0,S = 0) and the remaining triplet (M, = 0, S = 1) states are generated through
the evaluation of simple field annihilation operator and a string of field operators that
remove the «a electron from the singly occupied orbital s and excites to that orbital a 3
electron from a doubly occupied orbital. The evaluation of these three superoperator
tield couplings may generate expressions that correspond to a correct description of
Koopmans’s theorem in the framework of the ROHF approximation.

5.5.2

The triplet state with quantum numbers M, = 1and S = 1, may be generated by remov-
ing a 3 electron from the doubly occupied orbital. In the context of the superoperaor
theory this removal of an electron corresponds to the application of an annihilation
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operator on a doubly occupied orbital. This removal process may be then described as
the superoperator coupling:
(aig|Hayg). (5.56)

Using an N-electron determinant as a reference determinant,
Ix) = H aj]va@ (5.57)
i=1

The expansion of the superoperator coupling for the triplet state with quantum numbers
M, =1,5 = 1is described by the Fock matrix:

Figip (5.58)

5.5.3

The second triplet that can be obtained from the doublet reference determinant corre-
sponds to the quantum numbers M, = 0 and S = 1. These quantum numbers may
be obtained from a linear combinations of two different determinants. This linear
combination correspond to the sum of the determinant obtained by the annihilation of
an « electron from the reference determinant, and the determinant obtained from the
removal of a 3 electron from a double occupied orbital, and the spin change from a to
{3 of the electron in the singly occupied orbital,

(a16 + % 505013)  ~ (@10 + a5a50018)
B B

( NG |H NG

In order to deduce the terms corresponding to the superoperator coupling in equation

). (5.59)

(5.59), one must consider the superoperator coupling defined by both a simple a field
operator and an f3 field operator acting on the reference state. Since this second
triplet state is generated by the linear combination of two different determinants, the

evaluation of the following superoperator couplings

(1o Harg) (5.60)
and
(agﬁalgagalﬂagﬁawaga) (5.61)
and their cross terms:
(agﬁalgaga\ﬁala), (5.62)
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and
(ala|HaT55algaSa). (5.63)

are necessary for the correct description of this triplet state. Considering the N-electron
determinant (5.57) as a determinant reference, one can easily show that the evaluation
of the annihilation of an « electron (5.60) reads:

F - (5.64)

On the other hand, the evaluation of the string of operators that represent the annihila-
tion of a beta electron in the double occupied orbital [ and the electron spin change in
the orbital s (5.61) yields

(Fsasa — Fspss)ksakis — ksghso + ksp — ksghug) + Fiuy ksakis — kspksa + ksg — ksghis]
+ 9sssskspkisksg — ksgksg — ksaksgksa + ksaksg + ksakigksa — 2ksakigksg + ksgksakss]
+ 91515 kspksakss — kspksp + ksgksaksa — 2ksgksa — ksakigksa + ksgkigkss + ksakip
— ksgkig + ksg)

(5.65)

where g, ., represents the two—electron integral given by (PQ||RS) (Dirac notation)
and k, ;, represent the occupational number of the orbital x with spin s,. Considering
the fact that in the reference determinant the s orbital is a singly occupied orbital with
just one « electron, one may assume that the occupation numbers k53 and kg, are equal
to zero and one respectively. Therefore, the equation obtained for the superoperator
coupling yields

(Fsasa — Fspsp)[kip] + Figs (ki8] + 9ssssFus] (5.66)

In order to further simplify equation (5.66) one must consider some physical aspect
of the system under study. The Fock matrix Fs,s, is the term that describes the
interactions of the electron « in the orbital S with the electrons located in others

orbitals. Thus, one may express Fsgss matrix by

Fsgsg = Fsasa + JsaSas (5.67)

where Jgasq represents a Coulomb repulsion integral®. In the same fashion the Fig5
matrix may be written as

EBZ,B = Eala + KlaSav (568)

In Dirac notation the two electron integral may be represented as (ab||ab) = (ablab) — (ab|ba) =
Jab - Kab-
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where K),s, represents an exchange integral. Therefore, equation (5.66) may be re-
duced to:

Figig- (5.69)
For the cross terms (5.62) and (5.63), the evaluation of the superoperator couplings
read
Gissilksakip + ksp — ksgkip — kspksal, (5.70)
and
Gisis[kspkis — ksp + ksphsa — ksakig)- (5.71)

Finally, after the corresponding algebraic substitutions and taking in account the
normalization factor of % the equation (5.59) reads

Fs (5.72)

5.5.4

The singlet state corresponds to the difference of the two determinants generated by
the evaluation of a simple field annihilation operator and a string of field operators
that remove the a electron from the singly occupied orbital s and excites to that orbital
a 3 electron from a doubly occupied orbital,

~

((ajq — agﬂagaalﬁ)\H(ala — agﬁagaal/g)). (5.73)

Using similar arguments as the ones used for the deduction of the second triplet state,
the coupling that represents the formulation of the singlet state with quantum numbers
Ms; =0and S = 0 yields

(ara—absasaas)| H (an — alzasaas)) =
Eala — Kiasa — Kiasa + -me + FS&S& - FSBS/i — Jiasa T Jsasa + Jsaia — Ksala

2
(5.74)

which reduces to

~

(a0 — aga50a8)| H(aw — azasats)) = Fy, — 2Kiasa (5.75)

These deductions obtained using the superoperator theory for the characterization of
the ionization process with a single ROHF reference determinant have direct resem-
blance to the coupling coefficients of the ROHF Fock matrix obtained by B. N. Plakhutin
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[123-125]. Therefore, using the Plakhutin ROHF Fock matrix scheme, one may use
the ROHF orbital energies to obtain the self-energy matrix of the different electron
propagator approximations for the calculation of binding energies in which the spin
contamination does not allow the used of a UHF reference determinant. Although the
orbital energies obtained by Plakhutin’s scheme recover the physical interpretation of
the orbital energies such that Koopmans’s theorem may be applied in the framework of

the ROHF approximation, this approach may not be applicable to all systems or cases.

In order to correctly describe the correlation and orbital relaxation effects produced in
the electron detachment process a reformulation of the electron propagator self-energy
matrix is needed. Therefore, a more general procedure for the generation of orbital
correlation and relaxation corrections to improve Koopmans’s theorem values for the

binding energies of open-shell systems is still needed.
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Multireference open—shell electron
propagator

Innovation distinguishes between a leader and a

follower.

— Steve Jobs
(CEO Apple Inc.)

For the proper description of open—shell atoms and molecules, an accurate treatment
of non—-dynamic (also known as static) correlation is needed. Static correlation results
from the interaction of degenerate or near-degenerate configurations. Thus, atoms
and molecules that present this type of configurations at certain geometries cannot be
described correctly by a single determinant. In quantum chemistry, approximations
based on methods such as the second—order Moller—Plesset perturbation theory (MP2)
or coupled cluster (CC) theory may capture part of electron correlation that results
from the instantaneous interaction between individual electrons (the so—called dynamic
correlation). However, these methods are single-reference methods and while they
may offer an improvement to the accuracy of the computed result when compared
to the experiment, these methods may work only when the reference determinant
used is a qualitatively correct first description for the molecular system. Static electron
correlation may be accounted for by using multi-determinant methods such as the
multi-configurational self-consistent field (MCSCF) [139] method or the complete
active space SCF (CASSCF) [140] method. Furthermore, non—-dynamic correlation
may recoverable via the multi-reference CI (MRCI) [141] or the MRPT [142] method.
However, the computational demands for these methods increase exponentially lim-
iting their use for large molecules and basis sets. An alternative may be found in the
spin—flip (SF) methods [143-148]. SF methods are multi-reference methods based on
the idea that, in principle, in a high—spin reference state there is not entanglement
between degenerate open-shell orbitals. Therefore, in SP methods, the electron excita-
tions considered in each of their approaches are spin—flipped from a high-spin m + 1
state to give a multi-reference |s, m) state, where s indicates the quantum numbers

associated with the 52 operator, whereas m is the quantum number associated with
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the S, operator. In this chapter, a new formulation for the self-energy matrix of the
electron—propagator will be presented.This new formulation for the electron propagator
is based on the ideas of the spin-flip technique and intended for open-shell molecules
in which spin—contamination represents a challenge in the calculation of correct and
accurate ionization energies.

6.1

The spin—flip (SF) methods are single-reference electronic structure approximations
designed for describing strongly correlated systems. The spin—flip approach allows to
formulate and implement any truncated configuration interaction (CI) scheme such
that the resulting SF-CI energies are both variational and size-consistent. The spin-flip
approach operates under the idea that for many multi-configurational (or strongly
correlated) electronic states, there exists a higher spin state that may be higher in energy
but that is well described with a single electronic configuration. The simplest spin—flip
model employs a self consistent field wave—function for the reference state, and the
resulting equations for target states are therefore identical to configuration interaction
singles. In the spin—flip approach, however, the Hamiltonian is diagonalized only
in the basis of single « — [ excitations from the reference determinant. The most
simple SF methods rely on an open—shell high-spin reference determinant (S = 1) upon
which a series of single spin—flipped excitations that produces a AS = 1 are generated.
Therefore, unlike a CASSCF(2,2) calculation, in which two active electrons in two active
orbitals are needed, the spin—flip approach offers a quasi-two-electron two orbitals
active space in the singly occupied orbitals, and allows for double excitations within
this active space.

6.1.1

Despite the spin—flip approach’s advantages, in general, the resultant states from the
SP approach are not spin eigenfunctions [146], i.e, eigenfunction of the S? operator.
It has been observed that excited states, and in many cases the ground state, are
significantly spin—contaminated, that is, they are a mixtureof s =m,m+1,m+2,....
It is well known that large spin—contamination may easily cause not only inaccurate
excitation energies but also lead to incorrect assignment of spectrum. This problem
prevails even when restricted open-shell Hartree-Fock (ROHF) reference determinants
are used. This problem that the SP methods have with spin—contamination may be
attributed to the neglect of spin—coupled counterparts of the SF-configuration space.
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A spin correct wave function may be obtained by partitioning the orbital space of the
reference restricted open—shell Hartree-Fock determinant into three subspaces: the
doubly occupied, the singly occupied, and the virtual space, see figure 6.1. Thus, a

—c
—b Virtual (V)
— a

Jrv
Jru
4t
Jrs

Open (O)

H1
H k Closed (C)
H-i
Hi

Fig. 6.1.: Partitioned ROHF reference determinant

wave—function that is an eigenfunction of the 52 operator may be obtained by imposing
the constraint that all determinants in the wave—function have an Mg quantum number
equal to zero and allowing the doubly occupied space to lose one electron and the
virtual space to gain one electron.

6.1.2

The spin—flip ideas for the correct treatment of atoms and molecules with a multi-
configurational nature, can be used for the calculation of electron detachment energies.
Take for example an open—shell reference state with a singly occupied orbital (i.e., a
doublet state), the elimination of one particle may change the z—projection of the total
spin moment, AS, , by £1. When AS, = —1 the state produced after the electron
removal is a singlet. The transition from a doublet to a singlet due to a removal of an
electron from a IV electronic state to a IV —1 electronic state may be described by a simple
tield operator a, and the f3 field operator that represent the electron removal and a
spin—flip excitation, as shown in figure 6.4. In the framework of the electron propagator
theory, these two operators may be regarded as a multi-reference Koopmans’s theorem
picture of the ionization energy. However, in order to further consider orbital relaxation
and correlation corrections, a set of field operator that represent higher order excitations
need to be consider. Therefore, a new partition of the superoperator Hamiltonian and

6.1
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Fig. 6.2.: Doublet reference determinant and the resulting determinants produced after
the removal of an electron.

the inclusion of extra spin—flip operators not only of 2hp and 2ph type but also of the
3h2p and 3p2h type need to be included.

6.2

In order to introduce the spin—flip technique to the electron propagator formalism,
a new partitioning of the superoperator Hamiltonian needs to be formulated. The
usual partition of the superoperator Hamiltonian matrix is blocked and divided into a
primary space (P) and a secondary space with three blocks (S),

P|S
S|S

The primary block of the superoperator Hamiltonian is usually formed by simple

A

. (6.1)

field operators a, whereas the secondary block is formed by f3 field operators. For the
introduction of the spin—flip operators, however, the primary space of the superoperator
matrix will now contain in addition to the simple field operators, f3 field operators that
corresponds to the single @ — 3 excitation from the reference determinant formed after
the application of the a operator on the initial reference determinant. Thus, the new
partition of the superoperator Hamiltonian takes the form:

P|S
S

|

H=

s
(6.2)
S S
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6.2.1

For the new superoperator Hamiltonian, which takes into consideration the spin—flip
operator, the primary space is now defined as

(a|Ha) (a|Hfs)

Hp = ~ A
P (alffs)  (f|Tifs)

(6.3)

The application of a simple field operator a to this reference determinant may remove
either an electron from a singly occupied orbital or a doubly occupied orbital, which
may produce two different final states: For the definition of the primary space, f3

—b —b
4 S
4u 4
4ot 4t
45 —
41 1
ETI ETIY
H- Hi
4 ETRE
aj ag

Fig. 6.3.: h field operators for the primary space.

spin—flip field operators that only consider the doubly occupied and singly occupied
orbital spaces of the original reference determinant will be considered. Thus, this f3
spin—flip field operator may produce final reference states in which an « electron has
been removed from one of the doubly occupied orbitals and one of the open—shell
orbitals has changed the spin of its electron from « to 3, see figure 6.4.
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Fig. 6.4.: 2hp spin—flip field operator corresponding to the primary space.

Similarly, the complementary one—particle (p) and two—-particle one-hole (2ph) field
operators that need to be considered for the primary sector of the superoperator
Hamiltonian may be represented as in figure 6.8. In order to have a correct description

—C

. — b — b
+a —a - a
+v +v +v
+ou +ou +u
4t .y 4t
+s s —+ s
1 1 1
ETISN ETISN RTR
Hi Hi Hi
i i i
a}; ag asaga;

Fig. 6.5.: p and 2ph operators for the primary space.

of the important correlation effect for the molecular system, this primary space will be
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considered in first order. Therefore, a general representation for the primary block of
the superoperator Hamiltonian may be expressed as

ay G%aua;; Ay, Qe
a; Fij (uk||j@) F.; F,
gy _ ot | M) (Gl Aabaa) ) GulG) el) | 64
at Fi —(uk||tu) F: F,
ap Fiy, —(uk||bw) Fup Fo

When the Brillouin theorem is considered this matrix may be expressed as

ag aI—Laua,—C Ay Qe
aj Fy; (ukl|ja) Fuj 0
al), — ataa; | (tk|t]) (a}ataglﬁfl;aua,—ﬁ)ﬂ) (llt) (elti) | (65)
ax Fr —(ukltu) F 0
ap 0 —(uk||ba) 0 Fu

6.2.2

In order to achieve a correct description of the final states, determinants corresponding
to 2hp, 2ph, 3h2p and 3p2h processes need to be considered. These determinants can
only be accessed by the application of f3 and f5 field operators to the initial single
reference determinant. Thus, in the case of the f3 field operators, the corresponding
2hp operators may be represented as:
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Fig. 6.6.: 2hp operators for the secondary space.
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On the other hand, for the 3h2p processes, which correspond to the f5 field operators,

the field operators needed may be represented as:
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Fig. 6.7.: 3h2p operators for the secondary space.

Similarly, for the complementary part that corresponds to the two—particle one-hole

F; field operators, the field operators to be considered are:
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Fig. 6.8.: 2ph operators for the secondary space
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For the three—particle two-hole operators, the field operators may be represented as

—_C _C —C —C
4+ b 4+ b —b 4+ b
+a +a +-a +a
+v +v +v +v
4o o 4 o
At Ty Ht +t
4 4 + +s
ETR 41 M1 1
4 K H k Hk Hk
4 4 +i -+
M i Hi Hi
asas ag a:) a; ajas ag aI) al azas a§ a% af ajas ag alt al

Fig. 6.9.: 3p2h operators for the secondary space

6.3

The novelty of the new formulation of the electron propagator for computing the
ionization energies of open—shell molecules consists in the use of a single reference
determinant to access final states with strong multi-configuration character. This single
determinant will be improved using the spin—flip technique. The spin—flip operator
will allow the consideration of different determinants for the correct description of the
final state. As the initial reference determinant, the restricted open-shell Hartree—Fock
determinant will be used in order to reduce spin contamination. Correct quantum
numbers for the final states will be obtained by allowing doubly occupied orbitals to
lose one electron and the virtual space to gain one electron. For obtaining the different
correlation and orbital relaxation corrections for the different configurations that may
be considered, f3 and f5 field operator manifolds will be employed in the superoperator
Hamiltonian. However, not all the possible combinations of f3 and f5 field operator will
be used. Only those operators that generate a AS, = —0.5 with respect to the reference
determinant will be used. Also, these field operator manifolds will be restricted to act
only on certain orbital blocks of the orbital partition presented in figure 6.1. In this
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respect, the poles of the corresponding electron propagator may be recovered by the

superoperator Hamiltonian matrix:

a fP fsd fe?
(alfla)  (aHff) (aflfy) (afif)) a
A | E1Ha) (E]1HED) (5] [HEY) (5 [HEY) | £ 6.6)

(f|Ha) (F2HEY) (F2JHEY)  (f2[HEDY) | £5
(£ Ha) (f2HEP) (£2HE?Y) (£2HEY)) £2

where the superscripts P and () indicate the primary and secondary sectors respectively.
For the definition of the new electron propagator approach for open—shell molecules,
the blocks of the superoperator Hamiltonian matrix will be evaluated using pertur-
bations of different orders. The primary space will be evaluated in its totality in first
order of perturbation and only simple field operators, a, that reduce the number of
electrons from N to N — 1 and spin—flip operators f3 that represent the removal of an
electron from a double occupied orbital and the spin change from « to 3 in a singly
occupied orbital will be considered. On the other hand, for the secondary blocks of the
superoperator Hamiltonian matrix, the couplings between the primary and secondary
blocks will be evaluated in first order, whereas the secondary—secondary block will be
evaluated in zeroth order. For the secondary space, the manifold of field operators that
will be used consists of seven different types of f3 field operator and only four types
of f5 field operators. The different string of field operators that will be used for the
definition of the secondary block are summarized in table 6.1.

| Strings of field operators ‘

No | ID Bra Ket

1 Fg aiala,; agajag

2 F}_-‘I a,aag a:fla,jai

3 Féﬂ aZaual ajlasaj

4 Fév af—Laka[ agaiaj

5 F:Y aZauaU ala Qg

6 F:YI aiaua[ agasaj

7 F;’H A0, af agatai

8 | FL al aj]aualfa,; a:%aj;asaj az

9 F? aba:%aual—ak agagasajai
10 F?I aZaj—}auava,; aZaiasata;
11 | FYT a:r—ta% ayajag, agaf—atajag

Tab. 6.1.: f3 and f5 operators that will be consider for the definition of the
secondary space
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Thus, the superoperator Hamiltonian matrix that recovers the poles of this new propa-

gator approximation may be rewritten as

a P £ £
(alHa)®)  (a[HE)D)  (alEHD  (a[HEHD Y\ a
fi— | (F1Ha)®  (fP[EE)O (P [ELHO (£ [HE?) D | D 6.7)
([ Fa) ) (EYHE) O (EFHG) O (E2HE) O | £
(FR1Ha)®) (G2 (HET)D (GO (55 HEH ) £5F
For this superoperator Hamiltonian matrix, the expression of the different terms re-
sulting from the coupling of the field operators used in defining the primary space are

reported in table 6.2. Using the operators listed in table 6.1 the secondary-secondary

a fP
F 3
a; ag Qg agasa{
ag sz: Fsk Fak‘ _<5€||k'§>
a Ay, Fiu Fou Fou *5USF§E - <35Hu‘§>
ap Fi, Fa Fab —(si||b3)
P | alayag | (@illuk) | (as||luk) | (@alluk) | Fs0050us + Fsudusti; — FasOsudp:
+ (sil|ku)dsa + (uil|5k)dus + (sul|us)dg;

Tab. 6.2.: Primary Space terms

block of the superoperator Hamiltonian may be represented as in equation (6.8). Since
a single ROHF determinant is used as a reference determinant, due to the effects of
the Brillouin theorem, several of the field operator couplings vanish in zeroth order as
shown in table 6.3. The expressions obtained for the couplings of the different set of
tield operators are reported in tables 6.4-6.7. For the coupling between the primary
and the secondary field operator spaces, the expressions for the superoperator Hamil-
tonian matrix terms depend on the Fock matrices and two electron-integrals. The
expressions for these couplings are reported in tables 6.8-6.10. Complete deduction
and details about the notation of the coupling terms between field operators are given

in appendices A, B and C
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(ddlid)  (JaHlad)
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(13 dH| A7)
(ridH 7d)
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(! §a)
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(EREINEY
(rpdH pr7d)
(prpdHlGa)
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(Gl A5
(fdHl 3d)
(nadlia)  (faHlga)
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120

(fQ3| HfQ3) and (fQ3|HfQ3) Terms

Coupling

Terms

(a%alag\fflagajag)

F33:052015 + F 105505 — Fa05105;
+ (jillkl) 645 + (billak)dy; + (jbl|la)d

(a%ala,jﬁa:flajai)

(billak)éij — (bjllak)dy

(a%alaﬂﬁajlasaj)

(bjllak)drs — (bsllak)dy;

(agala,;\ﬁaj;aiaj)

—F;50065; + (bl|5k) 61 + (ib]|15)6;

(a%alaﬂﬁa};asat)

0

(a%alak\ﬁlai—basaj)

F 035075 + (s7[1k1) 045 + (sbl|la)dz;

(a%ala,jﬁal—ata;)

(1h]15)3;

(ajaar|Hataja;)

(billak)d; — (billal) g

(afaax| Halasa;)

Fi1:06001; — Fi10a60k; — F10i100p + F10pa0ki + Fpa[—0;10ki + 9k;01)
+ (jillkl)dap + (billak)dy; — (bjllak)dy — (billal)d; + (bl|la)dr:

(e} | Halasay)

—F 05100 + Fs10000k5 + (sj||kl)bap — (bs||ak)or; + (sb||la)o;

(alazak\ﬁagaialj)

(bjl|5k) 01 — (bjI51) s

(aZa;aklﬁaLagal,) (st]|kl)dap
(aZumMﬁaéaSa'}) 0
((I,Zalaﬂﬁaia/m;) 0
(alauallﬁaz—bajag) —<b€|]au)5lj

(aZaual|ﬁaLajai)

_Fiuéabélj + Fju(sbaéli + <]Z||lu>5ab - <b2||au>5lj + <]b||ua>5lz

(alauallf]alasaj)

Fjlébaéus + Fsu(sba(slj — Fba5su51j + <SjHlu>5ab + <bj”(1l>5u5 + <5bHua>5lj

(aZaualelal—aia;)

—(bj||5u)dy;

(aZaual\ﬁalasat)

F110ba0us — Fsi0tudap + (st||lu)day + (bt||al)bus — (bs||lal)dye

(aZaual]IfIagasaﬁ)

(bjllal)dus

(aZaua”ﬁagatai)

(bg|51)ur
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Tab. 6.4.: Secundary—Secundary for the f3—f3 blocks




(fQ3| HfR3) and (fQ3|HfQ3) Terms

Coupling

Terms

(aJr akaf\f[agajag)

u

~Fuadjrdp + (uil|al)oy; + (jil ka)oy

(aT aka;\ﬁagajai)

U

(willal)or; — (ujllal)oni

.
(agarag| Halasay)

—(usl|al)dy;

(a%aka[]ﬁagaiaﬁ

Fﬁ(Sﬁg(ski + Fikdﬁgdﬁ — Fﬁgéikdﬁ + <'L§Hl_k>(5§ﬂ + <1_4§H§l_>5kz + <Zfb”k§>(55

(aj—takaﬂﬁajlasat)

0

%akaﬂﬁagasaf)

(a ;

Fsk(sﬁ(iéfj + <sﬁ|]kd)5l§

(a%akaﬂHaL—ata;)

Fu,0usop; + (tilllk)dsa + <tﬂ||k§>5z‘j

(agaq, Ay \ﬁaj—laja;)

0

(a};(lu(],,v ‘ﬁa/jlajai>

(gi]|ou)dqp

(aiauav ‘ﬁaiatﬁaj)

F00ba0us — Fjudapdus + (sj|vw)dap + (bjllav)dus — (bjllaw)dys

(a,taua,,,} \flagaia;)

0

(an[auav|ﬁaLa5a,,)

+ (st||vu)dap + (bt]|av)dys —

Ftv5ba5us - Ftuéabévs - Fsvétu5ab + Fsuébafsvt + Fba[_55u5vt + 5v35ut]
(bs|lav)dyr — (bt||au)dys + (sb||ua)dye

(aiauaq; \ﬁaj—lasa' )

J

<b3HC_w>5us - <ij(§u>5U5

(a;')auav\ﬁa;am/;)

(bil|5v)dut — (bl 51) ot

(agaua[]ﬁagajag)

Fju03565 + (jilllu)éz; + (jbllua)dy

(az—tauaﬂﬁaflajai) 0
(a%auaﬂﬁalasaj) (bjllal)dus
(agauaﬂﬁal—ai@j) <i5||u‘§>5l_j
(alayagHa}asar) (bt||al)Sus — (bs||al)bus

(agaua[]ﬁagasaj) F10pa0us + Foubpadp; — Fia0sudpy + (s4lllu)dgs + (bj]|al)dus + (sbllua)dy;
(agauaﬂﬁagata;) —Fp500u05; + (bj|51)8us + <t6HU§>5E

Tab. 6.5.: Secundary-Secundary for the f3—f3 blocks

6.3

121




122

(fQ3|HfQ3) and (fQ3|Hf Q) Terms

Coupling Terms
(agavaﬂﬁagajag) (jullva)og
(agava[\ﬁalajai) 0
(agavaﬂﬁagasaj) (wj||al)6ys

(agavaﬂf]ai—,am})

Fivdusdpy + (i]ll1v)0sa + (it v)dy;

(aj}avaﬂﬁlaiasat)

(@t||al) s — (@s||al) oy

(ai—tavaﬂflagasaj)

~Faabso0; + (ajal)dus + (stllva)og

(agaya;\f[agata;)

F;l_(Sﬁg(Svt + Ftvéﬁg(sl—j - Fﬁgémég + <thl_U>(5§ﬂ + <’L_L§H§l_>(5m + <t'ﬁHU§>5E
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Tab. 6.6.: Secundary—Secundary for the f3—f3 blocks




(fQs|Hf Q) and (FQs|Hf Q) Terms

Coupling

Terms

Tasa as)

(ai Taualak\Ha 705

b U

Fip0510sudq305u — Fii033.0su0qp05a — Fp0i0sudapisn + Fi0i705u05305m
— Fou053,050 3050 + Foud37073055050 — Fya0usOi0570su + Fyz0asdz0;y0su
Fusébaézké Osu + Fﬂgé@a(sﬁéjl}&su

(a%af—iauaia,—C \Ha:flagasajai) 0

(al—tagaua[a,; \Haza}asata;) 0

(afabauazaz|Halalarasay) — Fys00tl 0305100 — 070570tu] + Fipdus|03 (6510tu) — 37(05%.01u)]
(aZa,);aualak\Haaa,,asajal) 0

((LZ(L;;CL“ (Ll-ak\Haiagasaja/,;) Ekéjiésuéabégﬂ — Fbaéagéikéﬂ-&u — Fﬂgdbadik(%l-ésu

(OLZaT a a,ak\Haiatasata ) —F1:07705u0ab075 + Fsk07704u0ab07;

(abaT ayajar|Hag aTafa} 7) 0

(alagauavaﬂHa aTasajaZ) 0

(ajabayavay| Halalasasa;) — Fiub330subabdss + Fiudip0s00abdss

(ajabavasag| Halalasaa;) || Fidtdsudandss — Fipdsudtudandis + Frodidsudabdss — Frudipdsudandi

- Fsv(studzk(sab(s{f; + Fsu(stvdzk(sab(sff; - Fba(sz‘;{é{]}(stvésu + Fbaéz‘;{&{fg(gsvé‘tu

F3i0600:7.0t005u + Fi570pa0770500tu
(aZaTauavak\Ha aTataj 7) 0
(aLava alak|Ha a sas0;50;) || —Fadss05,0510s0 + Faados0310550s0 + Fradas0ip 05050 — Fradasdzdipose
(alal ayajar|Ha alas 50;a;) 0
(atal ayajar|Hal aTa 501 07) 0

u-v

(aﬂajaba,a“Ha al £01050;)

F31.65101005a055 — Fip 05701005508 — Fy0550u005a05s + Fi76570100500
— Fyd500su0s + Fipds0n0sadia + Foidsubuudsudss — Fdidnbsadis
— Fwéﬁ}(%ﬁga(stfﬁ + Ftv(sj];(%ﬁg{)(sga + Ftvdﬁfs{]}égﬁé}j — Fwéﬁég,;ég@&gﬁ
Fus(svtézk‘s 7040 + Fagéﬁgéﬁéﬁéw + Fys0; 5%5 7Oy — Fgg%ﬁﬁéﬁ(&v

+ Fai0v5053,0510t0 — Fp0us0;70;5000 — Fp0usliy0570t0 + Fipdus0;70;30t

Tab. 6.7.:

Secundary-Secundary f5—f5 blocks
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(a| HfQ3) and (fQ3|Ha) Terms

Coupling Terms

(axlHalajaz) || —0,5F s — 6,:Fa; — (jillwa)

(ax|Hafaja;) || —0xFai — 6xiFaj — (jil|ka)

(a|Hafasa;) || —0usFaj — 0njFas — (sj]|ra)

(a,ﬁ\ﬁagai%) —0niF g5 — 0,;Fs — (ij|ws)

(aﬁlﬁagasat) _5nsFat - 5HtFCLS - <$t”"<‘a>

(aﬁ|ﬁa2asa3) —6xsFg5 — 0,5Fas — (sjl|wa)

(ax|Halaa;) | —6uFy; — 0,5Fs — (tj]|x3)

J
(afaag| Ha,) {be]|1k)
(afaay| Ha,) (bl |1k
(afayar|Ha,) (be||ul)
(abarag|Ha,) (e k)
(afaay|Ha,) (be||uv)
(afayag|Ha,) (bef|ul)
(aj—iavaﬂﬁlab) (ut|vl)

Tab. 6.8.: Primary-Secundary and Secundary-Primary for the a—f3-a blocks
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(fP3| HfQ3) and (£Q3|HfP3) Terms

Coupling Terms
(abayag|Halasa;) (jullua)dg;
(a%auak\ﬁlazajai) 0
(a:%aua,jﬁagasaj) (uj|ak)dus
(a};aua,;\ﬁa;aiaj) Fiu5a§5153 + <Z§H];7u>5§ﬂ + <iﬂ||u§>5,;;
(aLayaz|Halasar) (ut]|ak)Bus — (s ak)dus
(atayag| Halasas) —Faadsu0p; + (0] [ak)dus + (st ua)dy;
(ahavag|Halawa;) || Fipdasdur + Frudasog; — Fasoudp; + (]| ku)dsa + (]| 5k)ou + (tt]us)og;
(agagaﬂflaiasaﬁ (sb||15)0
(aialak |ﬁa£asag) 0
(aZ(J,ual \fla,gasag) (bi]|51) G
(alagaz| Halasas) Fo1.0us07; + (si]|lk)0sq + (s||k5)d5
(af aay,|Halasas) (bi]|50)8,s — (bi||51)bys
(alayag|Halagay) —F. 05005 + (0i]|51) 0 + (sb]|us) oy
(abayaj|Halasa;) || FidusOus + Feudusi — Fasewdp + (sil|lv)0sa + (wi|51)00s + (stil|v5)0p

Tab. 6.9.: Primary-Secundary and Secundary-Primary f3—f3 blocks
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(fP3| HER5) and (£Q5|HfP3) Terms

Coupling Terms
(alavag| Halalasasa;) || Osal—0s(Gkllia) — 05 (Gullsa) — o (sullia)]

— (ual|i5)8usbp; + (ua|j5)0us;

(agaua,ﬂﬂalai—,asajai)

Ssu|—0su(jk||ia) — 655 (sul[ia)]
— (ual|i8)dusog; + (ual|ss)duidy;

(ajjaua,;|HaEatiasata;)

Oral —Osu(thllia) — &z (tullsa) + Gu(skl|ia)]

+ (aaHtt)(Susa]}Z — (ﬂaHSt)éut(slfﬁ

(agaua,; |Ha£a:£ataja;)

sl (R [iE) + 035 (ul[47) + &5 (bl [iD)]
+ O7al =00 (K 1i5) — 35z (ul[t5) — d57(tul[i)]
— (3] [it) 0,055 + (03] 1) dutdp;

(a%agaua;a,; ]Hagasa;)

— Sus[(@kl[il)dsu — (al][ik)dsy + (ﬂuHsl_)d;,;]
— (k||b5) 65007 + (1l]|b3)55u 037,

(a;')a,:%aua,*ak ]Ha?;asa;)

— Oas[(k|[il)dsu — (ulllik)dsu + (ull|sk)dz,]
— (uk|[b5)dsudy + (uu|[bs)dsr by

(ala%a/,,,ava]; |Halasa;)

— 51—,5[(1715]\51))557‘ — (ﬁv\ﬁl_f)ésu + (vul|sv)d;z]
+ (0v][08) 050055 — (Vu||b5)dspy,

(atalayajag|Halasa;)

5@5[(17];”%(])55@ - @Z”g%)ésv + @UHSZ)(;ZIE]
— 055 [(0K||il) 65y — (0l]|ik)6s0 + (v0]|81)0z]
— (Uk||u5) 650057 + (01]|15) 050037,

Tab. 6.10.: Primary-Secundary and Secundary-Primary f3—f5—f3 blocks
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6.3.1

For the electron detachment energies, the Dyson electron propagator approximation
that uses a single ROHF determinant as the reference determinant may be expressed
as

e+ X(E) = (h[Hh) + (h|fifq) V[E1 — (flfifq) V] (fqlHn)Y  (69)

where h represents the field operators corresponding to the new partition of the primary
space, whereas fq are the field operators corresponding to the secondary space. Thus,
the repartitioned primary space may be expressed as

(h[Hh) = (a + ¥ |Hla + fF) = (a|Ha) + (a[HEY) + (fF'|Ha) + (f7|HED)  (6.10)

On the other hand, the self-energy matrix for this repartitioned electron propagator
may be expressed as

X(E) = (h|Hfq)V[E1 — (fq|Hfq) V] (fq|Hh)® (6.11)

This new expression for the self-energy matrix would now holds products between
the H3 3, H5 5, H3 5 and Hj 3 matrices. Thus in the implementation of this electron
propagator, both the primary and secondary block would need to be allocated as a
2 x 2 blocked matrix instead of as a simple array. Hence, I'(E') may be expressed as

[(E)ax2 = (h|Hh)oxs + Z(E)axo (6.12)

This is relevant to mention in order to clearly understand that after the diagonalization
of the I'(E) 22 matrix the resulting eigenvectors and values would now have dimension
corresponding to two times the number of orbitals that are being considered, 2 x N
where N = Occupied orbitals 4+ Virtual orbitals. Therefore, the overlap algorithm
that is usually used for the selection of the eigenvalue that will correspond to the next
iteration may need to be adapted. In general, the initial guess overlap vector has only
one element different from zero. (The element that corresponds to the orbital from
which an electron in being removed or added) For the case of the spin—flip propagator,
the initial guess overlap vector may have two of its elements with values different
than zero. The position of these elements is related to the final determinants that are
considered for the description of the final state. For example, if the initial reference

6.3
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determinant is a doublet, then the initial guess vector will be divided into two different

sectors of size N,

i

L »w o .

Guess __
Vu =

~.

L »w I .

N

(6.13)

In this vector, the different sectors may be regarded as the different determinants

needed to form the final state. Thus, the only elements different than zero would be

those corresponding to the orbitals from which an electron need to be removed from

the reference determinant to produce the relevant configurations for the final state,

Q V) &‘»ﬂ . .

Guess
Vi

=) V) &‘,_. oL .

N

(6.14)

In the case of a doublet reference determinant, in which a singlet and a triplet state

may be obtained by a linear combination of two determinants, one may be able to
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distinguish between these two states by inspecting the overlap coefficient values and

their signs,

?

J
1
V2

]

S

(6.15)

Guess
Vi

If the two overlap coefficients with the closest value to unity have the same sign, then
the state obtained is a triplet state otherwise is a singlet state. Advancement of the

implementation and development of the algorithm for this electron propagator are still

in progress.
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Primary block field operator
couplings

The couplings for the primary block are based on the superoperator Hamiltonian
matrix: R R
N H HF
fipp — | B (allFs) (A1)
(a|HF3) (F3|HF3)

The terms of this matrix are evaluated in first order. The indices and coupling for field

operators that are used for building the H pp matrix are as follow:

ag a:%aua,; ay ac

Qaj ij <u/;3”]1_1,> Fuj Fc‘
a0 a;iataj (tk||ts) (a}ataﬂﬁla;aua,;) (tul|tj) (tc||tj) (A.2)

PP — _
Q¢ Fkt —<uk‘||tﬂ> Fut Fct
ap Fp —(uk|[ba) Fup Fep
A1

(aj|Hay) = F; (A3)
(a¢[Hay,) = Fiy (A4)
(ap[Hag) = Fi (A.5)
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(al.apag/Ha,) = (k7|pa) (—npne — neng + nyng + i)

(aj|ﬁau) =F,;

(a¢|Hay) = Fy

(ab|ﬁau) =Fy,

(aj|ﬁac) =F.

(a¢[Hae) = Fyy

(ab|ﬁa6) =Fy

= (xr|lpg)(+1)
= (kr(lpg)

(a;%aua,jﬁaj) = <ﬁj|]ul§:)(—nung — ngnj + nyng + ng)

= (uguk)(+1)
= (aj||uk)

(atavaz[Hag) = (Tk|[t]) (—neng — nn; + nens +ng)

(thl[t)(+1)
(tk]|t5)

(A.6)

(A7)

(A.8)

(A.9)

(A.10)

(A.11)

(A.12)

(A.13)

(A.14)



(a;[ataﬂﬁau) = (tu||tj)(—nyng — ngn; + mn; + ng)
(tullts)(+1) (A.15)
(tullts)

(attatajlﬁac) (te||tg) (—ngng — ngn; +nn; + ng)
(telltg)(+1) (A.16)

(tellts)

(at]ﬁa%auak) = 0w F i (na — ng) + 6, Fau(nag — ny) + (uk||tu) (nyng + nang — NuNg — Na)
= 0nF i (1) + 8,5 Fau(—1) + (ukta)(~1)
= —0uFp — 0 Fau — (ukl|tu)
(A.17)

(adﬁa%auak) = SpuF oz (na — ng) + 6 Fau(ng — ny) + (uk|ta) (nyna + nang — nyng, — ng)
= 00 F i (—1) + 0,3 Fau(—1) + (uk|ta)(—1)
= —0puF g — 0 Fau — (ukl|bu)
(A.18)

(alaaz| Halayag) = Fi5050m — Fry0ui05, — Foi0p,0ur + Fudposg + Fra[—0udsg + 65,0,7]
+ (ukl|jt)0qz + (tk||ag) b — (bullag)d,y, — (tk||at)d;, + (utl|tu)ds;
(A.19)
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Secondary block field operator
couplings

The difference between the 2hp and 2ph terms is reflected in the occupation numbers.
By using the general deductions expressions, the 2hp and 2ph are related through a
sign change and the nature of the indices, the indices that were set for occupied orbitals
now represent virtual orbitals an vice-versa. Therefore, In this expression we only focus
on 2ph terms that can be transform to 2hp by changing multiplying the 2ph by —1. In
some cases,the two electron integrals have been change from the Dirac notation to the
Mulliken notation. The change of notation of the two electron integral was done in
order to further reduce the long expressions that were obtained using matrix notation.
The relations between the two notations is:

(ij||kl) = (ij|kl) — (ij|lk) (B.1)
= (ik|jl) — (il|jk)

B.1

The field operator (F3|H F3) coupling general expression reads

(a:[asat|ﬁalapaq) = thém(ssp - Fqs(snﬂgtp - Fpt(sqs(;m + Fpsém(gtq + Fm[_épsétq + 5tp55q]

+ (pallts)dr. + (eql|kt)dsp — (pl|Kt)0sq — (Lal|Ks)bup + (| sK)deq
(B.2)
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B.1.1

(agaza;;!ﬁf ata;a;) = Fip0501 — F36:30k; — Fr0u0ap + F 1055055 + Fial—05105; + 05,;0;3]
+ (Jill k1) o5 + (billak)dy; — (bjllak)dg — (billal)dr; + (jbl|la)dz;
= F105.017 + F 105075 — Fra0505; + (jill k)65 + (billak)dy; + (jbl|la)dy;
(B.3)

(a},az%lﬁ ala;ja;) = F 65,01 — Fadyy0n; — Fiibadyp + Fii05,05; + Fig (05165, + 05,00
+ (Jill kl)0,p + (billak)or; — (bjllak)or; — (billal)dr,; + (5bl|la)dy,

= (billak)dy; — (bjllak)d
(B.4)

(afaiag| Halasa;) = F 05,01 — Fjid 505, — Fgdudy; + Fads,dp; + Fpo[~dady; + 5,01)
+ (sllkl)0 45 + (billak)dis — (bsl|lak)dy; — (bjllal)dr + (sbl[la)dr;

= (bjl|ak)drs — (bs||ak)d;
(B.5)

(alayag| Halaiaz) = F3p05:01 — Fj,050 — Fipds0 + Fudss0ps + Fi[—0a0p; + 0,0,5)
+ (17| k1) S5 + (bjl|5k) 0 — (bil|5k)dy5 — (bl|51) 7, + (ibl|15)d7;

— —F;5ud; + (b7 5R) 3 + (ib]115)6
(B.6)

(ajmag|Halasar) = Fyb5,0 — Fud,i, — Fiudy; + Fads o, + Fio[-0ady, + 65,6u]
+ (st||kl)d,; + (bt||ak)ds — (bs|lak)dy — (bt||al)dg, + (sb||la)ds,

=0
(B.7)
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(alaag| Halasa;) = F365,00 — F05505, — F 05055 + Fadsadn; + Fyal—0udp; + 07.05]
+ (s ||k1) 045 + (bjllak)ors — (bsllak)sy; — (bjllal)dy, + (sbl|ia)dy;
= FSl(SB(i(SI:?; + <85||];}l>5a5 + <SEHZZL>5]‘€;
(B.8)

(alawag| Halasa) = Fi65.00 — F 005, — Fpdidg + Fudyeds; + Fygl—0udy; + 05,05]

+ (t|1k1) 0 + (bjl|5k) 0 — (bt||5k) o5 — (bi[|51) 07, + (tbl[15)d7;
= (tb]|1)6;
(B.9)

B.1.2

(aZalak]ﬁagaja;) = ngébaélj — Fgléabékj — ijéil(;&b + Fﬂdbaékg + de[_djlékf + 5@'(55]
+ (Gl kL) 3 + (bil|ak)oy; — (bjl|ak)ay; — (billal)or; + (jbl|ia)d
= (billak)or; — (billal)ox,;
(B.10)

(afaar|Halaja;) = Fir0padi; — FirdapOnj — Fjrdudap + Fj10pa0ki + Fal =010k + 0k;0]
+ (Jill kl)dap + (bil|ak)dr; — (bjllak)dr; — (billal)dr; + (5bl|la)dk
= Fit0pad1j — FirdapOrj — Fjridab + Fji0pa0ki + Fa[—0510ki + Ox;01i]
+ (Jillkl)dap + (billak)dy; — (bjllak)or; — (billal)dr; + (jbl|la)ok;
(B.11)

(alalak\ﬁazasa;’) = Fj10pa01s — Fj10ab0rs — For0jidap + F 10600k + Fpa[—0s10k; + drs0y;]

+ (s5|k1)6ap + (b ||ak)Sis — (bs||ak)dy; — (bjllal)Sks + (sbl|la)d;
= —F6;100p + Fa10a0k; + (s5(|k1)0ap — (bs||ak)dy; + (sb]|la)by;
(B.12)
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(aZalak|ﬁla§aia3) = F1.00501i — F 0500k — Fikd5,05 + Fidpsdy; + Fos[—0udy; + 0ridj5]
+ (1] kL) 35 + (bjlI5k) 0 — (billsk)di; — (bjl[51)0ks + (ib]|I5)d;
= (bj||5k) 01 — (bj|5L) ks
(B.13)
(azalak’ﬁalasat) = F 11000015 — F110ap0ks — Fs.040ap + F 10000kt + Fpa|—0510ks + OrsOe]
+ (st||kl)dqp + (bt]|ak)drs — (bs||ak)dy — (bt||al)dks + (sb||la)d:

= (st||kl)0qp
(B.14)
(ajasar|Halasas) = F3.0000 — F0a0ks — Fadzi0a + Faidpady; + Foa[ 06,5 + O3]
+ (sjl[kl)dap + (bjllak)drs — (bsllak)dy; — (bjllal)dys + (sbllla)dy;
=0
(B.15)
(alalak\ﬁagataj) = F1.00501 — F5,0500kt — Fird5,05 + Fudpsoy; + Frs[—0uy; + 0kedj3]
+ (t71|k)0s, + (bjl|5k) 0 — (bt]|5k)oy; — (billsl)dke + (tb]|15)0;
=0

(B.16)

B.1.3

(ajavar| Halajaz) = Fydpadu; — Fi,0au01 — F 03,000 + Fjudpady; + Foal—0jud; + 610,3)
+ (jilllu)dap + (billal)du; — (bjllal)d,; — (billaw)dy; + (jbllua)d;
= —(bil|au)dy;
(B.17)

(af awar| Halaja;) = Firdpabuj — Finbap0t; — Fj10idab + Fjudpadii + Foa[—0;u0ti + 01j6ui]
+ (Jilllu)dap + (bi|al)du; — (bjlal)du; — (billau)di; + (jbllua)dy
= —Fiudap0ij + Fjudpadi + (jil|lu)dqp — (billaw)oy; + (jb||ua)dy
(B.18)
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(azaua”ﬁala«sa]’) = Fjlfsba(sus - Fju(sabéls - Fsl5ju5ab + Fsu(sbaélj + Fba[_ésuélj + 5lséuj]
+ (sjl[lu)dap + (bj|lal)dus — (bs|lal)du; — (bj|law)dis + (sb||ua)dy;

= Fjl(sba(sus + Fsudbaélj - Fba(ssu(slj + <Sj||lu>5ab + <b]||al>6us + <Sb||ua>5lj
(B.19)

(aZaual|fIa£aia;) = F;,0056ui — ¥5, 0501 — Fi165,05 + Fiudps0i5 + Fos[—0iudj; + 01i6,3]
+ (ig]llu)ds + (0j|51)0us — (bil|51)0,5 — (bjlI5u)dis + (ib]|us)d;

=~ (bjll5u)b
(B.20)

(af awar| Hal asar) = Fudpabus — Frubapdis — Fsi0mbap + Faubpads + Fra[—0su0t + 6150ut]
+ (st|[lu)dqp + (bt||al)dys — (bs||al)dys — (bt||auw)dis + (sb||ua)dy

= Fy0p00us — Fs10tu0ap + <stHlu)(5ab + <thal>(5us — <bsHal>6ut
(B.21)

(ajawar| Halasa;) = F56a0us — F3,0a01s — Fd5,0a + Feudbad; + Foa 0505 + 0150,5]
+ (5] lludap + (bjllal)dus — (bsl|al)d,; — (bjllau)dis + (sbllua)dy;
= +(bjlal)dus
(B.22)

(ajawar| H aiata;) = F5,0056ut — F5,0501 — Fr165,05 + Frudpso; + Fs[—0tudj5 + 16,5
+ (g [|lw) a5, + (b7 [51) 8wt — (Dt[|51)0,; — (bjl|5u)du + (tb]|us)d;

= +(bjI50)dut
(B.23)

B.1.4

(agakaﬂflagajag) = Fﬁéﬂaékj - ngéaa(sij - Fjl’(%k(saa + ijéuaéﬁ + Fﬁ@[—éjk(sl‘i + (5&-(5%]
+ (JillTk)an + (l|al)dr; — (ajllal)oy — (aillak) sy, + (jalka)dy
= —Fad iy + (@il|al)dy; + (ji]| ka) o
(B.24)
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(aI—LakaﬂfIa:'lajai) = Fiiéﬂaékj — Fikéaﬁéfj - Fjl’(sz‘kfsa@ + ij(saaéii + F@a[—éjkéii + 6[]5]“]
+ (il 1k an + (illal)d; — (ajal)r; — (il ak)oy; + (il ka)dy;

= (uillal)ér; — (ujllal)or;
(B.25)

(a};akal-]ﬁalasaj) = Fﬂ—dﬂaéks — ijéaﬂdl_s — Fsl_(sjkdaﬁ =+ Fsk5ﬁa5l‘j =+ Fﬂa[_éskdl_j + 51‘55@']
+ (s |1k)0an + (ujllal)ors — (usl|al)or; — (wjllak)dy, + (su|ka)d;;

= —(us||al)dy;
(B.26)
(a;r—takaﬂffagaiaj) = F510a50k; — ¥j,05a0y; — 105,050 + Fikdusop; + Fas[—0idp; + 67,0,5]
+ (ig]|1k)Ssu + (uj]|50)0ps — (wil|s1)6y; — (usl|sk)oy; + (ial|ks)dy;
= Fi0usOki + Firdusoy; — FasOindy; + (ij[|1k)0sa + (ujl|sl)on: + (iul[k5)0;;
(B.27)
(alaraglHalasar) = Fydaadis — Fudaady, — F g0udau + Fardaady + Faal—0skdy, + 07,0k¢]
+ (st[|1k)0au + (utl|al)dps — (us||al)dp; — (utllak)dy, + (suka)dy,
=0
(B.28)

(agakaﬂﬁa(gasa;) = F10aa0ks — Fjp0aady, — Fy05,0aa + Fsrdaadp + Faal—0sk05 + 0750,;]
+ (sjlllk)dan + (@jllal)dps — (aslal)dy; — (ajlak)dy, + (sullka)dy;
= Fo03adp; + (s ka) g
(B.29)
(alara| Halasa) = Fydason — F3.05005 — Fy05.050 + Fuedusop + Fas[—0udp; + 050,5]
+ (tjl|k) s + (]| 51) 0 — (ut||5)dy; — (ajl|sk)dy, + (tullks)dy;
= Furdus0p; + (tj||1k)dsa + (tu|k5)d5;
(B.30)

B.1.5

(aZauaU]ﬁagajag) = F;véb,—lduj — Fguéabévj — Fjvé‘{u(sab + Fjuébadvg + Fba[—fsjudvg + 61}j6uﬂ
(o) + (70N — (bj11a0)8,5 — (Bilandog + Gblluahd;
=0
(B.31)
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(azauav|ﬁalajai) = Fivabaéuj - Fiuéabdvj - Fjvéiu(sab + Fjuéba(svi + Fba[_5ju5vi + 5vj5ui]
+ (illeudan + (billav)d — (billav)us — Gillau)es + (jb]lua)de
= (ji|lvu)dap
(B32)
(azauav’ﬁagasaj) = Fjv(sba(sus - Fjudabdvs - Fsv(sju(sab + Fsu(sba(svj + Fba[_dsuévj + (5vs(5uj]
+ (sjllvu)dap + (bjl|av)dus — (bs||av)du; — (bjlau)dvs + (sbllua)du;
= Fy,0pa0us — Fjulapovs + (sj|lvw)dap + (bj|lav)dus — (bj||law)dys
(B.33)

(ajauas| Halaia;) = F5,0050u — Fj,0500 — Fiud,05 + Fiubps6,; + Fus[—010,5 + 0uid, 3]
+ (i [lou)dsp + (bil|5v)0us — (bill5v)d, 5 — (bj]|5u)du; + (ib]|us)d,;
=0
(B.34)

(ajauay|Hajasar) = Frodpadus — Frubados — Fuubtubas + Foubpador + Foa[—bsubur + usdu]
+ (st]|vu)dap + (bt]|av)dys — (bs||av)dyur — (bt]jaw)dys + (sb||ua)dy
= Ft0pa0us — Frudapdvs — FsvOtudab + Fsudpadvt + Fra[—0sudvt + OpsOut]
+ (stl|vu)dap + (bt||av)dys — (bs|lav)dy — (bt||au)dys + (sb||ua)dy
(B.35)

(azauav|ﬁa:%asaj) = Fﬁvdbadus - Fjudab(svs - Fsvdjudab + Fsu(sb&(svj + Fb&[_ésu(syj + 51}36u5]
+ (8] llvu)dap + (bjllav)dus — (bsl|av)d,; — (bjllau)des + (sblua)d,;
= <b3HC_w>5us - <ijau>5vs
(B.36)

(aZauav|fIagata3) = F;,0050ut — Fj, 0500t — F1005,050 + Fru0p50,5 + Fs[—0tud,; + 00td,,;5]
+ (tillvu)ds, + (bjl|50)0u — (bt[|50)6,5 — (bj[5u)due + (tb]|us)d,;
= (bj[|50)0ut — (bjl|5u)du
(B.37)
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B.1.6

(C%Guaf!ﬁf ataja;) = Fydp0u; — F3,02507; — F 103,055 + Fjudpadi; + Fpa—0u05 + 07;0,7]
+ (Jilllu)dzp + (billal)du; — (bjllal)s,; — (billau)dy; + (jbllua)dy
= Fu63,05 + (jil|lu)d,; + (jbllua)dy
(B.38)

(ajauag| Halaja;) = F65,6u5 — Fiud 507 — F 6065+ Fjudad + oo [=8judy; + 6760
+ (jilllu)8y; + (billal)du; — (bjllal)dui — (billaw)dy; + (jb]ua)dy
—0
(B.39)

(afavag| Halasa;) = F i85, 0us — Fjud 507, — Fi6judyp + Faubs, 0 + Fo[ =05y + 07,005]
+ (57 lu)8y + (bjllal)dus — (bsllal)du; — (bjllau)dy, + (sblua)dy;

= <BjHal_>5us
(B.40)

(afauag| Halaia;) = 50505 — F5,050; — Fii05,05 + Faudpsd + Fogl=0u0p; + 50,5]
+ (i][1u)dg + (b7 [[51)dui — (bil|50)8,5 — (bj[5u)dy; + (ibllus)d;
— (ib|lus)d;
(B.41)

(afawagl Hafasar) = F 185,0us — Frud507, — Foi0u0ep + Faudiudy, + Fo[=Gsudy, + 07,00
+ (stl|lu)d,5 + (bt[|al)dus — (bs|lal)dur — (btl|au)dy, + (sb||ua)dy,
= (bt||al)dus — (bs|lal)du
(B.42)
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(aTauaﬂ flagasaj) =F

b 51%a0us — F5,05307 — F 05,055 + Foudpa iy + Fig[—0sudp; + 07,0

gl Juab"ls sl¥ju ls
+ (sgilllu)dgs + (bjllal)dus — (bsl|al)d,; — (bjllau)dy, + (sbllua)dy

= F10550us + Foudi,07 — Fpa0au0p + (sii[|lu)d5 + (bjl|al)us + (sbl|ua)dy;

(B.43)

(alayag|Halaaz) = F30550u — F;,0507 — F 105,05 + Frudpsdr; + Fyg[—0ndp + 030,5]
+ (17| lw) b + (07 (151)0ue — (bt|[51)6,5 — (bj|5u)by, + (tbl|us) o5
= —F00u07; + (05]|50)dur + (£b]|u5) o
(B.44)

B.1.7

(abayagl Halajaz) = Fiduad; — Fiu0audy; — Fjidi,0aa + Fjoduady + Faal~6ju0 + 6750,
+ (jilllv)daa + (uillal)dv; — (ujllal)d,; — (willav)oy + (julva)dg
= (jullva)dg
(B.45)

(atavas Hala;a;) = Fybaa00; — Fiudaady; — Fibivdan + Fjudaady; + Faa[—05u0p; + 07;00)
+ (jilllv)daa + (willal)du; — (ujllal)dvi — (uillav)dy; + (julva)sy
=0
(B.46)

(agavaﬂﬁlalasaj) = Fj[5aaf5vs — Fjy0au0;; — F j6ju0aa + Fsvéﬂaéij + Fga[—ésv(%j + 67,0051
+ (sj[[lv)daa + (ujllal)dvs — (us|al)dv; — (wjl|av)dy, + (sulva)dj;

= <ﬁj||al>6vs
(B.47)
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(ahavar Halaiaz) = F3p0as0u; — Fj, 05005 — Fy05,050 + Faudasdp; + Fas[—0u5; + 07,0,5]
+ (i4]1v)dsa + (@jl|50) 6 — (@il[51)d,; — (@j||50)6y + (iullvs)d;
= Fiv0usdp; + (ij][v)6sa + (it]v5)op
(B.48)

(agava[’ﬁalasat) = Ft[6ﬂa5vs - Ftvéaﬂ(sfs - Fsl_dtfuéaﬁ + Fsv(sﬂaél_t + Fﬂa[_ésv(sft + 51_351175]
+ (st||lv)daa + (ut||al)dys — (@s|al)dp — (at|av)dy, + (su|va)dy,

= (ut|al)dvs — (us||al)dv
(B.49)

(afzaval-lffagasa;) = F3j0uadvs — F;,0au0;; — F 705,000 + Fevduady; + Faa[—(ssvﬂsrj + 07,0431
+ (sjll1v)dau + (ujllal)dus — (usllal)d,; — (wjllav)dy, + (sullva)oy
= —Faadsvop; + (@jllal)évs + (sullva)dy;
(B.50)

(alavag| Halayaz) = Fyidasou — F;,05u0y, — Fyds, 050 + Frodasd; + Fas[—0u05 + 050,5]
+ (tjlllv)dsa + (aj|s1)due — (atl|s1)o,5 — (ajl|5v)dg + (tullvs)éy
= Fj0us0ut + Frodusdyy — Fasdp; + (t7]|lv)d5a + (@) [51) 00 + (tal|v5)op;
(B.51)
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B.2

(afaa%apaquHaIaiasatau) =

dEt(Fur5tq53p)det(5La57—6)
— Pudet(Fuyb10s,)det(6,06,5)
— Pusdet(Foy0105,)det(d,q0, 5)

(B.52)
— Fi05-det(5,,0,405)
+ Pos Fou 057 det(3uy 01g0sp)
+ PLTFaLéﬁTdet(éuratq(ssp)
- PLTPQBF(M5B7'det(5u7"6tq65p)
where
Fyr Fuq Fup
det(Furétqésp) = 5tr 5tq 5tp = Fur((stqésp - 5sq6tp) - Fuq(étrdsp - 6tp65r) + Fup(étrésq - 6tq65r)
587" 55(1 6sp
5LO¢ 51,
det((sLa(STﬁ) = p = (5La576 - 5L/357a)
Ta 5
6ur 6uq 6up
det((su’r(stq(ssp) = 5ar 5tq 6tp = 5u7’(5tq65p - 6sq5tp) - 5uq(5t7‘55p - 5tp687‘) + 5up(5tr55q - 5tq557‘)
6sr 5sq 5sp
(B.53)
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(aJr agapaqar|Ha a asatau) =
[Fur(01g0sp = 0sq0tp) — Fug(Otr0sp — Stp0sr) + Fup(Strdsq — b1g0sr)] X (810075 — 0,3070)
— Put[Fur(0tq0sp — 0sq0tp) — Fut(8tr0sp — 0tplsr) + Fup(Strdsq — Otq0sr)] X (8,007 — 01507a)
— Pus[Fur(8tq0sp — 0sq0tp) — Fut(Str-0sp — Stp0sr) + Fup(Strdsq — tq0sr)] X (010078 — di07a)
— Fou0p7 [0ur (0tq0sp — 0sq0tp) — Gug(Otrdsp — Stplsr) + Oup(Strdsq — Otqdsr)]
+ PopFoidpr [0ur (6tq0sp — 0sq0tp) — Oug(0trOsp — Stplsr) + Oup(Strdsqg — Otqdsr)]
+ Pir Fou 07 [ur (0tq0sp — O5q0tp) — Ouq(Otrdsp — Otpdsr) + Oup(0trdsqg — Otqdsr)]
PPy Fasd 2 [Bur (g0op — Bsqip) — Bug (Btrop — Opdsn) + Bup(B1rsq — O]
(B.54)

(aLaEapaqar\Hajaiasatau) =

[Fur (0tq0sp — 0sq0tp) — Fuq(01r0sp — Otpdsr) + Fup(0trbsq — tq0sr)] X (81adrp — 61070 )

— [Fir (OugOsp — dsqOup) — Fuu(6urdsp — Supdsr) + Fip(urdsq — dugdsr)] X (61adrp — 018070)
— [For(6tg0up — OuqOtp) — Fs1(0trOup — StpOur) + Fisp(0tr0ug — 0tqOur)] X (0,075 — 0,80rq)
— Fau0pr[0ur (0tq0sp — Gsq0tp) — 6uq(5tr55p — btpOsr) + Oup(Otrdsq — OtqOsr)]

+ F,00r [0ur (0tg0sp — Osq0tp) — Oug(0tr0sp — OtpOsy) + Oup(9tr0sq — Otq0sr)]

+ Faféﬂb [Our (6 55q5tp) uq(5 tr 5tp sr) + up(5 tr 5tq dsr)]
— Frdau]0ur (Otq0sp — GsqOtp) — Ouq(0erd ) + Oup(6trdsq — Otqdsr)]

5tp ST up 5

(B.55)
General indices

(aLa};aWaua,i\Ha:raiagagan) =
[Fyr(00u007 — Soubor) — Fuu(0ondon — 0or0or) + Fir(d0rxdou — d0pd0k)] X (0adrg — 0,807a)
— [For(Onudon — Oopdnr) — Fou(Onudor — Onndor) + For(Onedop — Onpdow)] X (0,a0-8 — d,807a)
— [For(0u0nr — Snudor) — Fop(Ooxdyr — 0or0nk) + For(00xdnu — 00u0nk)] X (81007 — 0u07a)

- FabéﬂT [577%(50#5” - 50u59w) 77#(595 on = Oonox) + 5777r (56’%50# - 59u5m)]

+ Fg, aT[(snn(é@u on 50#‘5%) 577#(5(% on = O0nox) + 57777(50% op 5@(50&)]

+ Far05.[0nk (09007 — 05u06m) — Onu(06x0or — 6x0or) + Onr(09r0ou — 0gudon)]

— F3:00 [0k (60007 — d5100x) — Oy (80k00m — 09r0ok) + Onr(00k0p — 06ud0r)]
(B.56)
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B.2.1

(a%a%aual-al-c |Halal a5asa;50;) =

[k (651050 — 04105,,) — Fg(0550su — 05,045) + Fi (65567 — 651045)] X (853053 — daadsp)
F5, (05047 — 03704)] x (d505a
570 — 9510i7)] % (0595

— [F(0570su — 64707,) — F7(G3705u — 07,0,) +
— [Fae (65105, — 0715 ) - sz(5gk5zu 05 07%) + Fsu(0
= Fq0us[077(0505u — 0,197,,) — 07(05705u — 5ju55k) + 03 (05897 — 0510.%)]
+ Fuadss 6585650 — 6, 5— ) - 5Jk58u 830,) + 03 (53587 — 0:0.7)
+ Fyg0aalds; (5 [0su — u)
( ) —
]

Fy ) + i ]
(5jk ju sk) u(éjk (%Z(ssfg”
— Fus0p5 (075 (657050 037055 Og) 1 07 )]

j19su — 04107y 035057 — 0379k
= [ ZE(53Z5su) - u(‘sjkésu)
— [F(5505u) — Fji(0505u)] % (5a55§ﬁ)
Fou(03507 — 05037) * (Og50%a)
— Fya0us|03.0510su — 637057050
— Fuspa 077051950 — 0703705u]
= P30 auz5050 — Fdsp0sud 5050 — Fipddsudszdsa + Fididsudzpdsa
— Fuulsi 0053050 + Foud303055050 — Fia0as0iz03i0su + Fia0usipdspdsu
— FusO0i0510su + Fas0ya 0705505

'LL

(a%a;aualﬂ]} |Hal ataSCL;ai) =

[F (057050 — 64105,,) — Fii(6550su — 05,0) + Fiu(85505 — 057055)] X (8,305 — daudsp)

sl¥ju

— [F5(8:70su — O410iu) — F7(0;50su — Gindgr) + F5,, (0,505 — 6;10)] X (6,505a
)] x (6,495

— [Fy (65000 — 0;76,, ) — Fo(6550iu — 65,6;) + Fou(0550,7 — 05165

)

— F3o0us[0;5(05705u — 04193,) = 0,1(05305u — 03, 04) + Oina (65707 53153k)]
+ FiaaGps[05 (657050 — u) 6;1(0550su — 65,047) + 0iu (055057 — 0570,7)]
+ Fis0aa 07 (957050 — 03707,) — 0;7(5%0su — ju5sk) Ou (037057 — 03794%)]

— Fus0pa[0ir (5 Osu = 04705,) — ;7 (5]1#5 Gu0si) + Oiu( 057057 — 5sk)]
= [Fg05105u — leéjk(ssu] X (04505u) =

B.2

~ dand)
~ dand)

(B.57)

- 5aﬂ5§1§)
— daudgp)

(B.58)
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(al—ta;aualfa,jﬂalattasatag) =
[F57 (047050 — Og70tu) — Fig(0yz0su — Otudr) + Fiy (0405 — 0410 47)] X (0507 — daadip)
— [F (657050 — 0767,) — Fy(0370su — 03,0 45) + Fru(0350,5 — 0570 5)] X (0,307 — Saudsp)

— [Fy5 (64107, — 0570tu) — F (04597, — Studig) + Fsu (65057 — 047077)] X (0,397 — audsp)

- F5a5a£[5215(5u5su = 0301u) = O57(0y0su — Studyf) + 03 (0707 — 00 ,7)]
+ FiuaOp;[057 (0,7 5tu) G7(04k0su — Otudgx) + 07, (045057 — 64707
+ Fygbual03; (5t155u 1Otu) = 0704 0su — rudyp) + %(%5 = 04i0,7)]

Fiiq 1037 (6,70 5tu) (%5 = Otud,j;) + 07, (8407 — 0,70,%)]
=0

(B.59)

(a Z Laualak|Ha aTatajal)
[Fir(05000u — 047050) — Fig(85500u — 05,0,5) + Fiu (05507 — 0570,)] X (5307 — dsady)
— [F57 0500 — 6,707,) — F(03500 — 67,0,7) + F5u (5500 — 6370,5)] X (95307 — dsady)
— [F (051650 — 0565.,) — Fy(05507, — 65,03%) + Fru(65567 — 6567;)] X (05307 — 05adg)
- FE§512£[5212 (5"’5tu - 5t15;u) - 5%[(53125tu - 5 5tk:) + 57,u(6j/€6tl 5gl5tk)]
+ FasOpil07% (657000 — 6,105,,) — 070550t — 65,041) + 67, (0550, — 657047
+ Fypbas( 035 (05700 — 6,705,) — 37(05500u — 054,045,) + 67, (0550, — )]
Filps [0 12( Ot — 5tl5 ) — zz<5]k5tu o) + (6 ik Oy )]
—Fy5055(0305100u — 0570550tu] + Fydus(0 zk( i0tu) = 077(0550u)]

03 l(stk:
U — 05 ldtk

S ’L’LL

(B.60)
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B.2.2

(aZaj—Laual-ak |Halalasasa;

7%

[F3k (651050 — 04105,,) — Fg(0560su — 05,0sk) + Fy, (65,657 — 650sk)] X (Sabdsa — daadsp)
= [F5(050su — 04105,) — F51(03005u — 67,0k) + Fj, (030,57 — 050sk)] X (abdsa — daudsn)
- [Fsk(53Z5 5115 ) - sz(5gk5zu 5" wOik) + Fsu@jk‘sﬁ_ 05707)] * (0abdsa — daudsp)

— Fiaduas[034 (57000 — 6,105,,) — G57(5p0su — 05, 0sk) + 63, (051,057 — O5705k)]
+ Fiaavs[ 031, (6570su — u) 077(05105u — 05 55k)+5zu< 51,051 — 570sk)]
+ Fys0aa 031, (651050 — 04105,,) — G37(5805u — 05,,05k) + 03, (056057 — 05705k
— Fasbpa[d; k(5ji5su_ sl ]u) 037(05805u — 05,0sk) + 03, (550,57 — O570sk)]
=0

(B.61)
(alagaual-ak\HaTatasaiai) =

[Fl-k(dﬂ—ésu -0, 5 w) — ’Ll((sjkésu — 5"u55k) + Fw(éjkésl— — 5}[‘58k)] X (8ap0sa — daudsp)
— [F55 (6,050 — 410iu) — F51(0ik0su — Oiudsk) + F,, (0ik0gy — 0;70sk)] X (Sabdsa — daudsn)
— [Far(570iu — 6;765,,) — sl(5jk5zu 05,0ik) + Fsu(051,0,7 — 0570i1)] X (dabdsu — daudsb)
— Fya0us[0ik (05705u — 0405,) — 0;7(050su — 05, 0sk) + 0ius (055,057 — 57551@)]
+ Fuabbs[0ik (557050 — 0,797,) — 0;7(6505u — 05 5sk) + 0iu (05305 — )]
+ Fys0aal0in (651050 — 04765,,) — 6;1(05105u — 65,0sk) + Gin (551,05 — 3Z5sk)]

— Fasbal0ir(5570su — 05765,,) — 8;7(6510u 5 5sk) + Giu (854057 — 55705 )]
= Fir05105u0ab0su — Fba5a§5ik5;z5su — Fus0ba0ik05705u

(B.62)
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(al]:a;aualfaﬂﬂalattasatag) =
[Fir (07050 — 0570tu) — Fig(0pdsu — Oeudsi) + £y (0er07 — 0,705k)] X (0abdza — daudp)
= [Fu (057050 — 04703,) — Fyj(30su — 63,0k) + Fru(030,7 — G570sk)] X (abdfy — Saudpp)
= [Fa (0,103, — 056tu) — Fii(unG3, — Otudi) + Fisu(OukGz7 — 0,7651,)] X (Sabdsu — Gaudpp)

- Fba5a£[5gk(5ti5su 5tu) 057(0tksu — Otudsk) + 67, (Oekdsj — 6405k
+ Fua‘;bt[‘; k( u) zl(5tk53u — Oudsk) + 5zu(5tk5sf - 5tf58k)]
+ Fyp ua[‘S k( u) zl(5tk58u — Opulsk) + 5{u(5tk‘ssf - 5ti58k)]

Fyi0pa0; k((stl(ssu 5m) 657 (Oek0su — Otudsk) + 0z, Ok 057 — 6,705k )]

- _Ftk(sﬁ(ssu(sabdt_ﬂ + Fsk(sﬁ(stuéabdfﬁ
(B.63)

(aZaJr ayajar|Hag aJrataJ ;) =

[F5k (657000 — 04705,) — Fig(05500u — 05,0u) + F5,, (85,0, — 05761k)] X (056055 — 0sadp)

= [F(050tu — 04707,) — Fy7(0560tu — 67, 0tk) + 5, (051,047 — 0576e)] x (05607 — Isadp)

— [Fin (65105, — 05765,) — Fyi(6567, — 65u03) + Fru (65,05 — 051631,)] X (56075 — 5udp)

—%&wm%—wq—m%% 570th) + 03 (03,0, — 03018

+ Fas0p 034 (0570tu — 5tz5 w) = 057(0510tu — 05, 0tk) + 05, (03,0,7 — 5tk)]

+ Fyidas(074 (65700 — 64165,,) — 0705600 — 65,0tk) + 67, (0550, — 65701
Fai0u5(071,(5700u — 5t15 w) = 0570580t — 05,0tk) + 07, (051,6,7 — 5tk)]

=0
(B.64)
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B.2.3

(ala%auaya,;]Hagagasa]al)
[FEI}((%U(SSU - 6SU6§U) - U(5Jk5 5]u53k) F; (5312651) 5]v55k)} (55b5§17 - 5677555)

— [F(050su — 0s007,) — Fio (G70su — 07,0,5) + F5, (035050 — 07,0,%)] X (0abdsw — davds)
— [Fs (%5005 — 07070) — Foo (05707 — 05u037) + Fou (05555, — 05,03%)] % (Jabdso — davdsp)
= Foadus (077 (05,050 — F50050,) — 03 (953050 — 5Ju55k>+5zu(6;;;5sv %6%)]

+ Fiadus[077.(9; 5su—6su53u) 070 (057950 — Oy sk)+6w(5jk5w 0500,7)]

+ Fos0val 077, (070 0su — Osu070) = 070 (05705u — 07usk) + 070 (375050 — 050 0,7)]

— Fos0a 077, (050050 — 050050) — 03 (05705u — G7u05) + 07 (075050 — 07,0,7)]

-0
(B.65)

(aZaf—)auava,;]Halagasaiai) =
[P;l}(‘sjuésu - 531;5" ) - v(5]k5su 6yu53k) + Fiuwﬁ‘ssv 5]1;55/&)} (5ab5§1’) - 5a175§b)
— [F5(0i0su — Osv0in) — F, (0;505u — Siudgr) + F5, (035050 — Gindgf)] X (8abd55 — dazdsp)
- [Fsl_c(‘sjv‘siu - 5w5 ) Fsv(éjk w 5]u5zk) + Fsu(‘sjl_c‘siv - 5_71)51145)] (5ab5§17 - 5m_)5§b)
— Fa655[0,7,(05,05u — 0500 Oiv (0550su — 05,05%) + 0iu (655050 — 05,043)]
)
)

[ ju) — Gu0sk
+ Fvaébs{éz (5jv55u sv(s]u) 5zv(5gk58u ]u5sk) + 5zu(5]k58v j'u sk)]
+ Fpz0 a[éz (5jv5su Svéju) 5zv(5jk58u 5 ) zu(5] Osp — jv sk)]
_Fvséba[éz (551;5% - ) Gin( ]késu 5 ) zu(5]k5 jU sk)]

- _Fivéj]_qésudab(%@ + Fiuéj]}(ssvéabés_,f}
(B.66)
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(aZa;r—,auava;c\Hala}asatag) =

[Fi (0050 — Osv0tu) — Fy (5050 — Orudg) + Fiy (07050 — 0100,7)] X (8abdps — Sandip)

— [Fi (03050 = 0s007,) — Fro(0770su — 3 05) + Fru(037050 — 03,0,%)] X (8abdiz — OavO)

— [Fop(61007, — 07,00u) — Fsv(5t;;5‘- = Otu0i) + Foul045:07, — 0ro035)] X (Gabdiy — dandpp)
— Fra0iz[ 037 (0t00su — sv0tu) — G5 (04 0su — Otudyf) + 67, (0,7050 — Orodf)]

+ Fa0y703 (600050 — Osv0tu) — 03 (645050 — Otudg) + 67, (07050 — Ot007)]

+ Fyi05a[057 (0005w — Osv0tu) — 07 (047:0su — Opudgf) + 07, (05050 — O400,f;)]

Fi06a[057, (000050 — 0sv0tu) — 03 (047050 — O4udf) + 07, (0,050 — Ot00,7;)]

= Fip0t00sudab0pp — Fip0sv0tudabOip + Frv03505u0ab075 — Frudzpdsv0abpy

— Fsp01u0530ab075 + Fsu0tv0530a6075 — Foa0580550tw0su + Foa05707%0500tu
F5#000053:0t00su + F5p0ba0770s00tu

’U

7 (
7 (
97 (
(

Z’U

(B.67)

(aZaTauavak\Ha aTataJ ;) =
[F57 (05,000 — 6t003,) — F3 (655000 — 65,0,1) + £, (055000 — 65,0,5)] X (056055 — d5003)
— [F53(630tu — 0t067,) — Fjy (07500u — 03,6,5) + o (3000 — 03,041,)] X (I56075 — I550)
= [Fyii(65005, — 63005,) — Ftv(53E5 — 05, 07) + Ftu((sjl_c(s — 05,6:%)] % (656055 — 5005)

juYiu wYju Juik Jvik

— Fys05¢1073 (05, 0tu — 0t005,,) — 03, (57000 — %%) + 07 (057000 — 05,0,7,)]
+ Fos0uz[ 037 (05,00 — 01005,) — 6, (05300 — 05, tk) + 6705010 — 05,047)]
+ Fyi05( 05 (5311615114 - 5tv53u) v( iOtu — 05,047,) + 63, jk’étv 57’ vOtR)]

Fist05 (037, (5, 0tu — Ot005,) — 63, (65700 — 05,0,5) + 054, (555000 — 05,0,
=0

(B.68)
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B.2.4

T

(a%aﬁaval-a,; ’Ha:%

CLSGJGZ

[F5k (51050 — 8505,) — Fir(O5%050 — 95,04%) +
_ [F;l;((%l*(ssv — 6 *(ST ) — Ff(éﬁcésv 5zv65k
- [ (5 16 6zl5 ) - sl(éjkéw 57’ 6;1;
- Fﬁ&(svs[ {]}(5 581} ) zl(‘s]késv

+ Fyadus|07; (057050 — v) 07057050 —

+ Fﬂé(sva[(s (53 551} v) zl((s] 58’0
_F17§6ua[5 (5 551} - 5[ ]v) zl(5 681}

— Fuabss030310s0 + Faadus0s0370s0 + Fradusogdidsy

(akal

[Fi (651050 —

— [F55(8;0s0

— [Fojp (657050 —

— Faabus[0;5(

+ Fiabus[0,5( ;

+ Fius0pa[0,7 (057050 —
[0;5(

ik\Y;
- Fﬁg(sﬂa 0 55[&91)
=0

0,707

ik

il jv
81650 —
§-i0en —

ayal—a,;]HaLagasaiai) =
05705,) — Fi(055050 —
— 5.185) —
) _

0,0

Fi7(9:59s0 — Oindf
F*(&;,;éw 05,0,k
030) = 07055050 —
U) J; (5]k581)
1070) = 0;1(J5%050

07) = 6i1(07%0s0 —
B.2

ju sk) + FZU((SjI_cd

F, (65507 — 05104)] % (daudso — davdsa)
) + F5, (55505 — 030,7)] X (daudss — davdsa)
)+ Fsv((%,;(sﬁ — 5%*5;,5)] X (0audss — davdsa)
6]U65k) + 63, (0570, 5]l53k)]
65u05%) + 030 (053051 — 6570,5.)]
05,0) + 07 (05801 5gz5sk)]
5u05) + 03 (055057 — 0510,5)]
— Fyadus0;70570s0
(B.69)
s — 05105)] X (8aadss — dandsa)
)+ Fy (65050 — 0;10)] X (daudsw — davdsu)
) + Fou(6530, — 5;[@;;)] X (642055 — Javdsa)
) )
85,0%) + 52@(5]1#5 0s7)]
85,04%) + 0iv (05 i)
05,05%) + w(% 6jl(ssk)]
(B.70)
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T

avalak]Ha aTasata ) =

[Fi (07050 — 057010) — Fig(0g0sv — 0r005) + Fiyy (4057 — 04704)] X (Gaudip — bandia)

— [Fy (857050 — 0,303,) — Fyi(03p0s0 — 03,0,7) + Fro(8550,7 — 0570)] X (daudiy — davd7a)
= [Fax (8,107, — 050t0) — Fi(6,:07, — tu037) + Fou (84057 — 047037)] X (Saudiy — davdra)

(akal

= Fuadsi z:;(5tz5 5tv) S7(0470s0 = Orudf) + 07, (7057 — 00 5]
+ Foa0uz| 077 (0 Ot) = 03703050 — Oru0gt) + 07 (4057 — 0470 ,7)]
+ Fag0val 035 (07 i0tw) — 057(84j;050 — Otwlg,) + 0y ( tk5 = 0,1047)]
— Fydualdz; (6tl(53U 5tv) (5tk5 = Otw05) + 03 (0,507 — 0,70,5)]
=0
(B.71)
(aga:r;avala“Ha aTata]aZ)

[F55 (0570t — 6,165,) — Fip(655000 — 65,0,1) + F3, (8550, — 651041)] X (65055 — 0500%)

[F55 (056t0 — 0467,) — F1(67:6t0 — 03,05) + F, (3,6, — 67045,)] X (65655 — Os007a)

— [Fy (65105, — 65165,) — Fiy(05503, — 65,03) + Fio (85507 — 05103)] X (50055 — I5607a)
— Fas0z[035, (057080 — 04703,) — 5;5(55,;5,:1; 0 %) + 07, (057.0,7 — 55i5tz;)]
+ Fos0uil 037 (057000 — 04705,) — 057(053.0t0 — 05,041) + 07, (8530, — 5tk)]
655(075 (657000 — 64165,,) — 057 (05 01w — 05,0,5) + 05, (56,7 — 051047,)]
ut5us[ 7 (05000 — 04765,,) — 057(0550t0 — 05,0,) + 67, (6556, — 5gl5tk)]

— Fpdiioudsads — Fipdioudssds — Fﬁaﬁ(swagaaﬁ + Fb 00500
— Fdudndsads + Fipdidudssdn + Fididudsadss — Fipdpdndssor
— Ftv(Sf,}égl’(Sgﬁ(;t*@ + Ftv(Sf];(;gl’(Sg{,(S{a + Ftvéf‘féﬁgégﬁétv Fi,6- l5 késvétu
Fusévtézké Oto + Fas05050570t0 + F505:033,057010 — Fos051050570t
FgbusOigdiztn — Fugdus0adizdn — Fudasoipdipdus + Fudasodizon
(B.72)
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Primary-Secondary block field
operator couplings

The difference between the 2hp and 2ph terms is reflected in the occupation numbers.

By using the general deductions expressions, the 2hp and 2ph are related through a
sign change and the nature of the indices, the indices that were set for occupied orbitals
now represent virtual orbitals an vice-versa. Therefore, In this expression we only focus
on 2ph terms that can be transform to 2hp by changing multiplying the 2ph by —1. In
some cases,the two electron integrals have been change from the Dirac notation to the
Mulliken notation. The change of notation of the two electron integral was done in

order to further reduce the long expressions that were obtained using matrix notation.

The relations between the two notations is:

(ig]|kt) = (iglkl) — (ij|tk)

. - (C1)
= (ik[j1) = (ill k)
C.1
General term for (Fy|HF3) and (F3|HF}) for the 2ph terms
(ap[Halayaz) = —0pF oz — 0, Fau — (ukl|ba) (C2)
(alasa;|Hae) = (fc||t7) (C3)

General term for (Fs|H F3) for the 2ph terms
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(atasaz| Habayaz) = Frjom0u — Frduds, — Fujdpdar + Fudidip + Faa 0w + 67,0,]
+ (ukl|jt) 0z + (tkl|ug) St — (Fullag)d,; — (tkllat)oz, + (ut||ta)ds;
(C.4)

(alasa;| Halauag) = Fi;0500 — Fr0u:05, — Foi0p,00 + Fudpdsg + Frg[—0udsp + 05,0,7]
+ (ukl|jt)d5z + (Ek||@g) 0 — (full@g)o,y, — (Ekllut)d;, + (utl[tu)dy;
(C.5)

General term for (F3|HFy) and (Fs|H Fs) for the 2ph terms

(afasay| Hafalapaqa,) = [1 = Paol[1 = Prg — Prp] % Fr 500, Nastdet@aydig)(ng — n)
+ [1 - Paﬁ][l - P qp][l - st] pS(thTﬂ)(saLNLstNﬁqr
+ NistNyag X [1 — Prg — Prp)(ca|r3)det(ds404p)
(C.6)

(agagapaqar\HaIasat)

=[1 = Pagl X 6acNappgr X [1 = Prqg = Frpl[1 — Pat] (Br|tq)dsp
+ Nappgr X [1 — Prg — Prp|(Br||ar)det(3546:,)

(C.7)
where
Nost = (1 —ng)nsng + ng (1 —ng)(1 — ny)
Nagpgr = (1 = na)(1 = ng)npngn, + nang(l —np)(1 —ng)(1 —ny)
Osp Os
det(Bsp0i) = | 7 Y = (0spOig — sg0tp) (C.8)
dip  Otq
dsq Osp
det(d5401) = 5 = (0s¢0tp — Ispltq)
tq tp
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Therefore for 2ph and 3p2h n, =ng =n, =1

(af asar| Halalapaqa,) = [1 = Pga][1 = Prg — Prp] X Frp0a,Nast(Ospdtg — sq0tp) (g — 1)
+[1 - Paﬂ][l — Py — Pqp][l - Pst]5p8(qt‘|7"ﬂ)5mNLstN,8qr
+ NistNrag X [1— Prg— PTp](LaHrﬁ)((ssthp — OspOtq)
= +0ps (qt]|rB)00uNust Nogr — pt(qs||rB8)0auNuts Nagr
— 0r5(qt|[PB)0au Nust Nagp + 01t (45][PB) 00w Nits Nagp
— Oqs(Pt|[7B8) 00w Nust Nppr + 04t (ps||r3)auNits Napr
— Ops(qt||r) 08, Nust Nagr + Opt(qs||7)08,Nits Nagr
+ 0rs(qt|[pa)dg, Noist Nagp — 0rt(qs]|pa) 08, Nits Nagp
+ 0gs (ptl[ra) 5, Nust Napr — 0qt(pslra)ds, Nits Napr]
+ NustNrap(ea|[rB) (0sq0tp — Ospbtq) — NustNrap(ar||qB)(0srdtp — Ospir)
— Nust Nrag (10| [pB) (0540t — dsr0tq)
= +0ps(qt|[r3)0au — Opt (q5||78)0au — Grs(qt||pB)das + Ore(as||pB)da
— Oqs(Pt||rB)0au + 0qt (pS||rB)dau — Ops(at||ra)dp, + dpe(gs||ra)dps,
+ 0rs(qt|lpa)dp, — dri(gsllpa)dp, + 0gs(ptllra)ds, — dgr(ps||ra)dp,

+ (WHTB)(‘;sq‘Stp - 55p5tq) - (LQHQﬁ)((Ssr‘Stp - 581?5757“) - (LaHpﬁ)(‘;sqét?" -

= [0ps(qt||rB) — dpt(gs|[rB) — ors(at||pB)

+ 0ri(qs||pB) — dqs(pt||7B) + Sqt(ps|rB)]0a
+ [=0ps(qt|[ra) + dpt(gs|lra) + 6rs(qt||pe)
— 0re(gs|[pa) + 0qs(pt||rer) — dqe(ps||ra)]os,

+ (WHTB)(‘;sq‘Stp - 55p5tq) - (LQHQﬁ)((Ssr‘Stp - 581?5757“) - (LaHpﬁ)(‘;sqét?" -

(C9)

with general indeces

(aagar|Hakalarana,) = (6o (57][pB) = Sxr(50]|05) = 8po (7|7 f)
+ bpr (k0[|TB) = Oro (7T||pB) + Orr (0| pB)]0cu
+ [—0ro (KT||pa) + Orr (KO||pat) + 6o (KT||TX)
— Opr(Ko|[wQr) + bpo (77 || per) — dir (o || pr) )05,
+ (cal|pB)(Oardrr — dndri) — (tat||KB)(0opdrn — dondrp)

— (1| |7 B) (85k0rp — OopOrs)
(C.10)
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T

(alaﬁapaqar\HaIasat)
{1~ Pag) % bauNapr X [1 = Prg — PogllL = Pul(Brllt0)60y

+ Nagpgr X [1 — Prg — Prp](Br|[at) (85q0tp — G5pdtq)
(C.11)

(aLa:gapaquHajasat)

=+ 0a[(Br[[tq)dsp — (Brllsq)dep — (Balltr)dsp
+ (Bql[sr)0tp — (Bpl[ta)dsr + (Bpl|5q)der]
= da.[(Brl[tq)dsp — (Brl|sq)dey — (Balltr)dsp
+ (Ballsr)dwp — (Bpl[tq)ds: + (Bpl|sq)ds]
+ 8sq0tp(Br|aw) — 8spdtq(Brllaw) — dsrdip(Ballew) + Sspder (Bglet)
— 0sq0tr (Bpl[ ) + d57-0t4(Bpllat)

(C.12)
with general indeces
(aLaLaﬂaVap|HaIaga,{)
=+ 6ab[(510‘ |"€Q)5a7r - (5,0‘ |UV)5n7r - (/BV| ‘/‘GP)%W
+ (Bv||op)drn — (/BWHKV)(st + (/Bﬂ'HUV)(SHp]
- 56L[(5P||"€V)507r — (Bpllov)ékn — (BY[|kp)don (C.13)
+ (Bvllop)dnx — (Br||5v)d0p + (BT||ov)dr,]
+ (/Bp| ’O‘L) [601/5/4# - 6077651/]
+ (/BVHC“) [50'7T5HZ,0 - 5op5n7r]
+ (/677| ’O[L) [5017551/ - 601/6&/)]
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C.2

(ablﬁagaua,;) = —0p Fyr —

(ax|Halaja;) = —0,;F 5 —

(an\ﬁalajai) = —0,jFai —

(a,{|ﬁalasaj) = —0psFoj —

(a,{\ﬁagam;) = —0riFg; —

(aﬁ,ﬁa:rzasat) = _5K5Fat -

(a@ﬁa}%asaj) = —0nsFa; —

Sy Fau — (uk||b)

0 iFa; — (jillwa)

0xiFaj — (71| Ka)

b.jFas — (sillxa)

0, Fsi — (ij|%s)

0kt Fas — (st]|ka)

5

wjFas — (sjl|na)

C.2

(C.14)

(C.15)

(C.16)

(C.17)

(C.18)

(C.19)

(C.20)
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(a,ﬁlﬁagataj) = —6uF5; — 0,;F5 — (tj]|x5) (C.21)

C.3

(atara;|Ha) = (te||t7) (C.22)
(alajag|Ha,) = (bu|lk) (C.23)
(ajarar|Ha,) = (bul|ik) (C24)
(ajaway|Ha,) = (bulul) (C.25)
(abaraz|Ha,) = (a]|kl) (C.26)
(ajauay|Ha,) = (bufluv) (C27)
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(agauaﬂﬁab) = (be|ul) (C.28)

(aLayaz|Ha,) = (@e|vl) (C.29)

C.4

(alaaz| Halayag) = Fi50500 — Fry0ui07, — Foi0p,0ur + Fudposg + Fra[—0udsg + 65,0,
+ (ukl|jt)0qz + (tk||@g) 6 — (Fullag)d,y, — (tk||at)d;, + (utl|tu)ds;
= Fi50500 + Furdip 055 — Fiabut0iy, + (uk||jt)0az + (k| aj)dn + (ut]|tu)ds;
(C.30)

(alayas\ Halaja;) = Fydaadu; — Fy, 0507 — F 105,053 + Fjudaady; + Faal—0ju05 + 050,
+ (Jilllu)dan + (wil|al)du; — (ugllal)é,; — (willaw)dy; + (jullua)dy
= (jullua)dy
(C31)

(atauag| Halaja;) = Fdaaduj — Fiudaady; — Fi0iuban + Fjudaady; + Faal—05u0p; + 07;0u]
+ (jilllu)daa + (uillal)du; — (ujllal)dui — (uillaw)dy; + (jullua)dy;
=0
(C.32)
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(alauas Hafasa;) = F6ua0us — Fjubaudy, — F0julaq + Feubaady; + Faal—0sudy; + 0,0u;]
+ (8[l1u)daz + (ujllal)dus — (uslal)du; — (ujllau)dy, + (stllua)dy;
= <ﬁj||ai>5us
(C.33)

(alauas Halaia;) = Fydasou — F, 0500 — Fyy03,050 + Fiudaso; + Fas[—0i0p; + 070,5)
+ (iglltu)dsa + (w5]150)0ui — (il 51),; — {ujl|sw)dy; + (iullus)dy;
= +Fudas0p; + (i u)dsa + (it]us)op
(C.34)

(a;rjauaﬂﬁa};asat) = Ftl_(sﬁa(sus - Ftu(saﬂ(sl_s - Fsl_(stu(saﬂ + Fsu(sﬁaél_t + Fﬂa[_(ssu(sl_t + 51_55ut]
+ (st||lu)daz + (ut]|al)dys — (us||al)dyu: — (ut||law)dy, + (sii||ua)dy,

= (utl|al)dus — (us|lal)dur
(C.35)

(alauas Halasa;) = F56aa0us — F5,0aa07, — F 03,003 + Feubaadp; + Faal—0sudfs + 0,0,3]
+ (sjlliw)0aa + (@jllal)dus — (asllal)d,; — (ajllau)dy, + (sullua)dy;
= —Fuadsuj; + (Ujllal)dus + (sulua)dy
(C.36)

(aI—Lauaﬂflai—,ataj) = Fjl-&]géut — Fju(sgﬁ(sl‘t — Ftl-53u(5§ﬁ =+ Ftuéﬁg(sfj + Fﬁg[—étu(sﬁ + 5l_t(5’uj]
+ (tjlllu)dsa + (aj||s1)dur — (utl|sl)d,; — (ujl|su)dy, + (tul|us)dy;
= F;l*(sag(sut + Ftuéagéﬁ — Fagéwél? + <t§||iu>5§a + <ﬂ§||§[>6ut + (tﬂHu§>6E
(C.37)
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C.5

(alajag| Halaraz) = B850 — Fy0505, — Fpdsdn + Fudybg + Fyl—0udy; + 0g,0,5)
+ (tg kD) oz + (billtk) o — (btl|tk)d;5 — (bjl|t) g, + (tbl|it)dr;
= (tb[|t)67;
(C.38)

(a};alaﬂflaz—ata;) = ij(sbg(Slt — Fjl(sfb(skzt — Ftkfsjl(sfb + Ftlébfékj + Fb;[—dﬂék; + 5]“5@]
+ (1R 5, + (bl Ek) o — (bt[|th) o5 — (bsllE)One + (D]|UE)0 5
=0

(C.39)

(apauar| Halara;) = F58,0u — F,000 — Fudj,0p + Frudydyj + Fyi—0mdy; + 01,5]
+ (t4]11u) g, + (D7 |[E) dur — (BE[|E)0, 5 — (bj|[tu)dre + (tb]|ut)éz
= (bj[[£0)due
(C.40)

(akarag Halasa;) = Fyusr — Fi0m0y — F 05,05 + Fuedgrdp; + Farl—0udy; + 050,
+ (tg k) o7 + (g ||t)ope — (at||t1)0y5 — (uj|th)op, + (tullkt)ds;

at07; + (ti||k) oz + (tul|kt)op;

= +Ftk5 5

(C.41)

(afawavlHalaras) = F3, 0500t — F3,000u — Feu03,05 + Frudyd,; + Fyl 00,5 + 6566,5]
+ (tllvu)dp, + (bjl[tv)dur — (bt[[tv)d,;5 — (bjl[tu)due + (tb]lut)d,;
= +<bj”£v>5ut - <ij£u>5vt
(C.42)
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(alayag|Halaas) = F3050u — F;3,050% — Fds,0p + Fudyop + Fil—0udps + 030,5]
+ (|} o + (D 1IE)6ur — (bE|[E1)5,5 — (bjlltu)dy, + (tbllut)dy;
= —Fy01u07; + (bj]|E1)0ur + (tbl|ut)oy;
(C.43)

(ahavar Halaya3) = Fipdyzou — 53,0507 — F05,07 + Fuudurdpy + Forl~0udy + 07,0,5]

+ (t510) 0 + (agll#)due — (utl|t)o,; — (wjlltv)dy, + (tallvt)og

ut

= Fﬁéﬂ{&vt + Ftvéafél‘j - Fﬂfétv5l‘j + <tj||iv>6fﬂ + <a§‘|t_[>5vt + <tﬂ||vt_>6l7
(C.44)
C.6
C.6.1
(agagaualfa,;]Hagasag)
=+ 555[@@&1)5% - (a%HSDdEu — (al||ik)ds,
+ (all|sF), — (aul[)6, -+ (aul sT)0)
— Ogs[(uk|[il)dgy — (uk||sl)dz, — (ul|[ik)dsu
+ (ul||sk)ds, — (aul|il)d, g + (aul|sl)ds;
(al 555, — (e[ )6+ (@ 1)3] s

+ (@kl[b5)[0797, — dsud7]

+ (al]|b3) [0sudif, — 8,707,]

+ (@ul[b3)[0 657 — 6,107

= —0gs[(ukl[il)0sy — (ulllik)dsy + (uul|sl)oz]
— (aRI[B3) 86y + (@ll[53)50utg
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C.6.2

(aZa%auaiak]Hagasag)

C.6.3

(a,

— + Sys[ (k] [ig)Sus — (k] |sD)35, — (all[k)S0
+ (allsk) 5, — (@l [i1)d, + (@] [sT)5y)
— Gas (k] [i1)5, — (ak]|s0)s, — (ill[ik)3%
+ (all k)5, — (@l [i1)8, + (@] [s1)53]

a%auava,ﬂHa;asag)

(C.46)
+ (uk|[b5)[0,;65, — dsud]
+ (ﬁl_|]b§) [5su5€k - 5sk5€u]
+ (wul|bs) [0k 05 — 6,5767]
= —Ous|(Wk||il)6su — (ull|ik)dsu + (ull|sk)d7,]
— (k| [b5)65udzg + (] |b5)0 5105
= + Ous[(0k|liq)dsu — (0K||50) 37, — (v][ik)dsu
+ (0| sk)d;, — (Vul[iv)d,z, + (ul|sv)dzz)
— 6u5[(0k|[iv) 05y — (OK|[50) 8, — (00][ik)dsu
+ (0v]|sk) 8y, — (vul[iv)d;, + (Dul|sv)d) (C47)

+ (0k][65)[05007, — O5u07,]

+ (v0][b5)[0su iy, — 0,407

+ (vul[b5) (0,67, — dsv0yz]

= —05s[(Vk||iv)dsy — (00][ik)dsy + (vul|sv)dzz]
+ (0v||b5)05u05; — (Vu||b5)dsydsz

C.6
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C.6.4

(akalavaar|Halasa;)

=+ 5a§[(17];:||5q)651, — (1712:”31‘)5;,} — (ﬁl_\ﬁl::)ésv
+ (0l |sk) &, — (0v]]il)d,z, + (Tv][sl) 7]
— 8os[(Ok||il) 85, — (Ok||s1)d7, — (0l]ik)dsy
+ (0l]|sk);, — (vv]]il)d,z, + (Dv][s1) 7]
+ (k] |@5)[6,77, — 0s007]
+ (1] |u45) [65067; — 65707]
+ (ov]|us)[6,5657 — 0,707
= bas|(Uk|]iq)dsy — (V1[ik)0sr + (T0]]51)d77]
— os[(Uk||il) 85, — (0l]|ik)dsy + (D0||sD)d7]
— (0k||5)d50077 + (01][45) 85007,

C.7

C.7.1

(abauag| Halalasaza;) = (6., (k| [i5) — 0,5 (jul[is) — 67, (jk||s5)
+ 5;,;(}u|\s.§) - 53u(sl%|\€§) + 53,;(su| i5)]6aa
+ [~0eu(GKIiG) + 05 (Gulia) + &, (jk||sa)
— 0 (jullsa) + 8, (sk|lia) — 637, (sullia))0sa
+ (ual[i5)(8,507%5 — Ousdy;)
— (a|15) (0,765, — SusOf)
— (ual[ss)(0,;05; — 6,i0%;)

= +[~dsu(ykllia) — &5 (jullsa) — o5 (sullia)]dsa

— (a[i5)6us05; + (wal|j5)dusdp;
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C.7.2

(a%aua,;\Halagasa

5ai) = [0su(kl[i5) — 8,7, (julli5) — Siu (Kl |55)
+ 6,5 (Jul[s5) — 5, (sk][i5) + 055 (sul[i5)]0az
+ [~ 0su(jkllia) + 8,5, (jullia) + G (jk]|sa)
— 0,5 (jul|sa) + 53u(sl;||ia) — 055 (sullia)] 05z
+ (uali8) (6,505 — Ousdy;)
— (ual|75)(0uidfy — Ousdr;)
— (ual[s8) (6,505 — Ouidx;)
= +[~su(jkllia) — 33 (sullia)]6sq
— (uallis)dusdg; + (ual|ss)duidg;

C.7.3

(abayag| Hafalasava;) = [0eu (th|[i8) — 0, (tul|it) — 6, (tk||st)
+ 67 (tu| |st) — 6tu(sl%| |it) + d,7.(sul |it)] 60z
+ [~ 6su(tk|lia) + 0 5 (tulia) + &, (tk||sa)
— O3 (tul s0) + Oy (skl[ia) — 0y (sullia)) bz
+ (110 [i) (Sut Sy — GusOs)
— (@al|t£)(3,307, — dusr7)

— (ual[st)(0utdg; — 0,795,

= +[—5su(tl;:\|ia) — 053 (tul|sa) + 5tu(sl;:||ga)]5gﬂ

+ (aal[tE) 50y — (tia|st)3uidsz

Cc7

(C.50)

(C.51)
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C.7.4

(abayag|Halalaasaz) = (6 (GRI[iE) — 6,5 (Gullit) — 67, (ik][¢F)
+ &g, (Jul[tt) — &5, (thl]it) + 65 (tul|i£)]0s
+ [0 (jkl1i5) + 0, (Gullis) + &, (jK]|t5)
— 0z (jul|ts) + 63u(t15\|i§) - 55,5(tu||5§)]65ﬁ

+ (@5][i) (3,307, — utdi;) .
— (@]]j8) (0,305, — Outp;)
(USHtt)( 5u16kj)
= [0t (Jk||1t)+5zk(JU||tt) 05 (tul[it)]0sa

+ [0 (GK[i5) — &7 (jullts) — 657 (tul |i5)]6z
— (ub|[it)durdr; + (us|]5t)0utdz;
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During the author’s academic studies, several papers in diverse topics have published
as a result of his research in electron—propagator methods and computational chemistry.

A brief summary of his most significant publications is presented below.
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D.1 MgH Rydberg Series: Transition Energies from
Electron Propagator Theory and Oscillator
Strengths from the Molecular Quantum Defect
Orbital Method

In this publication vertical excitation energies belonging to several Rydberg series of
MgH were inferred from 3+ electron—propagator calculations of the electron affinities
of MgH+. Many electronically excited states with n > 3 are reported for the first time
and new insight is given on the assignment of several Rydberg series. The results
obtained in this study are in close agreement with experiment.

Jousmal of Csntiatve Specironcogy & Radiative Transfer 206 (2018) 32332

Contents lists available at ScianceDirect

Journal of Quantitative Spectroscopy & Radiative Transfer |z

ELSEVIER Journal homepage: ww elsevier com/iscategsit

MgH Rydberg series: Transition energies from electron propagator
theory and oscillator strengths from the molecular quantum defect o
orbital method

HH. Corzo*, AM. Velasco®, C. Lavin®, JV. Ortiz**
usa

R and cchemisiy, Ausurn At 212,
* Departamento de Quimcn Fica, Uriersidod de Voladoid, 2005 Volladolil. Spain

ARTICLE INFO ABsTRACT
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Receired 16 Novernber 3017 electron-propagator calculations of the electron afinities of MgH* and are In clase agreement with ex-
feviea 3 Docember 017 periment. Many electrrically excited Sttes with 13 ate reported fo the Ars time and new insight

e s given an. the assignment of several Rydberg series. Valence and Rydbers excited states of Mg are
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TaChIMENt 10 the CAtion. By applying the Malecular QUANTuT DEfect DB method, oscilitor StiengEhs
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© 2017 Elsevier Lid All rghts reserved.

1. Introduction spectra of MgH, including several bands of the A°T1— X*E+ and

MgH is a molecule of great astrophysical importance. Elec-
tronic transitions of MgH have been observed in the atmosphere
of the Sun, in F-K giants in the Milky Way halo and halos of
other Local Group galaxies and in bright L dwarfs [1-4]. In par-
ticular, the APT1 XX green system. one of the abjects of the
present study, has been detected in absorption in solar disk and
Sunspot spectra. in the spectra of M-type stars, in nearhy galaxies
and in four nearby L dwaris and sub-dwarfs |5-11]. MzH is also
mast likely to be present in the atmospheres of exsplanets (12
Thus, MgH becomes relevant for stellar atmospheric models, for
example PHOENIX [13] Furthermore, as MgH is a trace molecule,
the knowledge of its spectroscopic properties is important for
spectral classification and to estimate magnesium isotope abun-
dances in stellar atmospheres [1.14] and surface gravity in late-type
stars [15],

Since the visible spectrum of MgH was photographed in 1907
[16]. it has been extensively studied by experimentalists and the-
oreticians. A list of early spectroscopic studies has been given by
Huberg and Herzberg, [17]. Balfour and coworkers [18-20] ha
studied the low-lying ZI1 and 25 excited states of MgH up to
about GeV. In 2007, Shayesteh et al. [21] have reported a sum-
mary of studies of the visible and ultraviolet spectra of MgH. More-
over, these authors provided new, high-resolution, visible-emission

BEE T+ systems. Parallel to the experimental work, accu-
rate ab initin caleulations of potential enerzy functions have also
been made, from which experimental assignments of the low-lying
excited states have been confirmed. Bruna and Grein 27| have
calculated excitation energies and oscillator strengths for MgH
with multi-reference configuration-interaction (MRCT) wave func-
tions. These authors have reporied excitation. energies for lou-
lying states of *E¢, 211, ?A, *E+and *11 symmetries. Metsdagh
et al. [23] have analyzed the electronic structure of MgH using
a pseudopotential description of the Mg?* core, complemented
by a core polarization operator and an internally contracted (IC)
MRCI method. Later, Guitou et al. [24] have reported a consis-
tent set of molecular data for the lowest states of 5%, 2I1, A,
45+ and *I1 symmetries by using the MRCI method. More re-
cently, this methodology has also been employed by Mostafane-
jad and Sayesteh [25] to report potential curves for the X°E*,
AT and BZE* states of MgH and corresponding transition dipole
‘moments.

In spite of the considerable bady of experimental and theoret-
ical studies of the MgH spectrum, important melecular data, such
as enerey levels. are known only for some low-lying states. To the
best of our knowledge. no further attempt has been made to an-
alyze the Rydberg manifold of MgH. [n view of this lack of spec-
trascopic data, we feel mosivated to perform highly accurate cal-
culations with the aim of reexamining the electronic spectrum of
MsH and to supply new vertical excitation enersies for electronic
states, including higher Rydberg states than previously reported in

J. Quant Spectrosc Radiat Transf, 206, 161-166, (2017)
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D.2 Numerical test of SAC-CI| methods for calculating
vertical ionization energies

Valence, vertical ionization energies of closed—shell molecules were calculated with
the symmetry—adapted—cluster, configuration—interaction (SAC—CI) method using ten
basis sets for its level 1 and level 2 operator inclusion criteria, whereas for its more
stringent level 3 scheme, 15 basis sets were used. For SAC-CI level 3, fortuitously
better results may be obtained when smaller basis sets are used. Anomalous behavior
with respect to the basis set size may occur when the level 1 and level 2 options are
employed.

Theor Chem Ace (2016) 135:236
DOI 10 1067/500214-016- 19884

@ CrossMark

REGULAR ARTICLE

Numerical test of SAC-CI methods for calculating vertical

ionization energies

H. H. Corzo' - Jared M. Krosser' - Annia Galano® - J. V. Ortiz!

Received:

@ Springer-Verlag Berlin Heidelhers 2016

Abstract Valence, vertical fonization energies of a rep-
resentative set of closed-shell molecules were caleulated
with the sy -addapied-clusier, .
tion (SAC-CI) method using ten basis sets for s level |
and level 2 operator inclusion criteria, whereas for its more
stringent level 3 scheme. 15 basis sets were used. SAC-CI
level 3 is capable of producing mean unsigned errors of
approximately 0.2 eV with quadruple { correlation-consist-
ent basis sets. Fortuitously better results may be oblained
when smaller basis sets are used. Anomalous behavior with
respeet to the basis set size may oceur when the level | and
level 2 options are employed.
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1 Introduction

Electron binding energies of molecules are among their
most impartant proy Molecular ionization energies
(IEs) provide qus nsight into the decay of elec-
tron densities at large distance from nuclei [1, 2]. IEs arc
benchmarks that establish limits on spectra and reactivity
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associated with electronegativity and charge transfer [3, 4]
and provide guidance in the optimization of nanostructures
and detection technigues [5-7]. Indices of reactivity, such
as hardness and softness, that emerge from qualitative den-
sity functional theory depend on B [2, §-11].

1Es are pertinent (o the many familiar and emerging vari-
eties of electron spectroscopy [12-14]. Among these tech-
nigues for accurately measuring IEs are X-ray spectroscopy
[12, 14, 15], photoelectron spectroscopy [13-21], zero-

lectron-kinetic-energy 122], i
photoionization mass spectrometry [23, 24] and photoion—
photoelectron coincidence spectroscopy [25].

Vertical IEs (VIEs) are defined as the energy change that
corresponds to removal of an electron from a molecule at
its equilibrium geometry. (Geometrical relaxation in the
cation and differences in zero-point energies are not per-
tinent 1o the evaluation of VIEs.) These transition energies
therefore are indices of molecular structure that chiefly
characterize electronic degrees of freedom and therefore
provide u standard of comparison with onc-electron con-
cepts that typically focus on orbitals and their energies. To
provide o comprehensive understanding of 4 malecule’s
eleetronic structure, the caleulation of several VIEs is desir-
able. Because photoelectron experiments with ultraviolet or
X-ray radiation often exhibit peaks that correspond to more
than one electronic state of the cation [15, 20, 25, 261, cal-
culations of VIEs can be an aid to spectral -

1<l i

me:

i
[27-32] (SACCI) i an ab-inific method that employs an
exponential Ansatz for a molecule and then applies a lin-
ear combination of ionization operators o this reference
state to obtain cationic wavefunctions and ene: .

tical implementations of the equation-of-motio
cluster (EOM-CC) method [33-36] and SAC-CI [27-32,
37 may reflect differences in the symmetry adaptation of

&) Springer

Theor. Chem. Acc. 135, 236-1-236-8, (2016)
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D.3 Electron propagators based on generalised
density operators

Generalized matrix elements of the superoperator Hamiltonian that accommodate
non-integer occupation numbers associated with general, orthogonal spin orbitals are
presented for the first time. Non-Hermitian terms may be systematically eliminated
with perturbative corrections to generalized reference density operators. The structure
of self-energy approximations that are complete through second, third, fourth or fifth
order is presented in terms of superoperator Hamiltonian matrix elements. The present
extensions pertain when generalized, zeroth-order density operators expressed in

terms of orthonormal spin orbitals are employed.
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1. Introduction

Electron binding energies (e.g. lonisation energies and

for electron detachment energies and

electron affinities) of molecules may be calculated by
finding the poles of the electron propagator, also known
as the one-electron Green’s function [1-7]. Associated
residues suffice to produce the Dyson orbitals which
Tk initial (N-electeon) and final (N+1-electeon) states
according to

(1) =.\f?j\l'x-ll.....-\']\l'_i- L

=2 . N2 dN (1

SO = (N4 1) ; Wy o (1, n N 1)
)2 L N+ a2 d(N+ 1) 2

for electron attachment energies from the N-electron
reference state. Transition probabilities associated with
electron detachment or attachment in the sudden
approximation depend on matrix elements that involve
Dyson orbitals and continuum functions, such as a
plane wave. When their norms, or pole strengths,

CONTACT 1. v Ot () ortizgaubum. ey
2600 e UK Limitiod, eadhing a Taphas & Frings Geusp

Mol. Phys. 74,

267-298, (2016)
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D.4 Electron Propagator Theory: Foundations and
Predictions

After a brief discussion of the physical meaning of the poles and residues of the electron
propagator, the Dyson quasiparticle equation is derived. Practical approximations of
the self-energy operator in common use are defined in terms of the elements of the
Hermitian superoperator Hamiltonian matrix.

CHAPTER THIRTEEN

Electron Propagator Theory:
Foundations and Predictions

Héctor H. Corzo, J. Vince Ortiz'

Aubum Unsversity, Aubum, AL, United States
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Contents

1. Introduction 268
2. Poles and Residues of the Electron Propagator 269
3. Deriwaticn of the Dyson Quasiparticle Equation N
4. Approximations in the Dyson Cuasiparticle Equation 275
5. Test Calculations il
6. Recent Applications and Extensicns 203
7. Conclusions and Prospects 204
References 255
Abstract

Electron propagator theary is an efficient means to accurately cakculating electron bind-
ng energies and associated Dyson orbitals that is systernatically improvabde and easily
nterpreted in terms of familiar concepts of valence theory. After a brief discussion of the
physical meaning of the poles and residues of the electron propagator, the Dyson qua-
siparticle equation is derived. Practical approxirmations of the self-energy operator in
common use are defined in terms of the elements of the Hermitian supercperator
Hamiltonian matrix. Methods that retain select self-energy terms in all orders of the fluc-
tuation potential include the two-partide-one-hale Tamm-Dancoft approximation, the
renomnalized third-order methed, the third-order algebraic diagrammatic construction,
and the renormalized, nondiagonal second-order approximation. Methods based on
diagonal second-order and third-order elements of the self-energy matrix, such as
the diagonal second-arder, diagonal third-order, outer valence Green's function, partial
third-arder, and renarmalized partial third-order appraximations, provide efficient alter-
natives. Recent nurmerical tests on valence, vertical ionization energies of representative,
small malecules, and a cormnparison of athmetic and memeory requirements provide
guidance to users of electron propagator software, A survey of recent applications
and extensions illustrates the versatility and interpretive power of electron propagator
methodology.
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D.5 NR2 And P3+: Accurate, Efficient
Electron—Propagator Methods For Calculating
Valence, Vertical lonization Energies Of
Closed-Shell Molecules

The renormalized partial third—order method (P3+) and the nondiagonal second—order
renormalized (NR2) methods have been identified as accurate and computationally
efficient electron—propagator methods for calculating the valence, vertical ionization
energies (VIEs) of closed-shell molecules through comparisons with related approxi-

mations.

pubs ses orglPCA
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ABSTRACT: Two accurate and computationally efficient electron-propa-
gator (EP) methods for calculating the valence, vertical fonization energies :
(VIEs) of dosed—shell molecules have been identified through comparisons
with related approximations. VIEs of 3 representative set of closed-shell
molecules were caleulated with EP methods using 10 basis sets. The most .
casily executed method, the diagonal, second-order (D2) EP approximation,
produces results that steadily sise as basis sets are improved toward values
based on extrapolated coupled-cluster singles and doubles plus perturbative
triples calculations, but its mean errors remain unacceptably large. The outer
valence Green function, partial third-order and renormalized partial third-
order methods (P3+), which employ the diagonal self-energy approximation,
produce markedly better results but have 1 greater tendency to overestimate
VIE with lrger basis sets. The best combination of accuracy and efficiency
disgonal self-energy matrix s the P3+ i which exhibits the

-

O
_“‘.i‘%j 2 A

best trends with respect to basis-set saturation. Several renaemalized methods with more flexible nondiagonal self-energies slso
have been examined: the two-particle, one-hole Tamm-—Dancoli approximation (2ph-TDA), the third-order algebraic
d i ion or ADC(3), the lized third-order (3+) method, and the nondiagonal second-order

renormalized (NR2) approximation. Like D2, 2plvTDA produces steady improvements with basis set angmentation, bat its
average errors are too large. Eerors obtained with 3+ and ADC(3) are smaller on average than those of 2ph-TDA. These methods
also have 4 greater tendency to oversstimate VIES with larger basis sets. The smmallest average ervors oceur for the NR2

these erors d dily with basis As basis et I saturation, NR2 becames the most
accurate and effcient method with a nondiaganal self-energy.
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| INTRODUCTION

lonization energies (IEs) are fundamental properties of
molecules, Because they are closely related to electron-density
distributions,"” spectea and reactivity that involve teansfer of
electonic charge, " qualitative notions of chemical bonding
such as electronegativity and hardness, " and many other
problems of molecular design, synthesis, and character-
fzation,” 1" IEs are often the focus of highly developed
methods of measurement.”'* Several experimental techniques
including X-tay spectrascopy, ™ *'* photoelectron spectrosco-
By, time-

Py zero-eloctron kinetic energy spect
resalved photoienization mass spectrometry,
ion—photoclectron coincidence  spectrascopy™
accurate measurements of 1Es.

Comparisons with experiments or a need for data that are
difficult to abtain experimentally tmay tequire the evaluation of
adiabatic or vertical [Es. Adiabatic IEs correspond to transitions
from the lowest rovibronic level of 3 molecule to its counterpart
for the molecular cation. Vertical TEs (VIEs) may be defined s

L4 ACS Publications 205 amecan Chemical sacuty.

electronic energy differences between 2 molecule and 3 cation
at the equilibrium geometry of the molecule. In this definition,
Zero-point energies of the molecule and vibrational spacings
comespanding to the cation’s potential-energy susface are
ignored. After ignoring relational terms, the VIE (1,) and the
adiabatic [E (L} may be telated to each other by

L= Lo (U - U + (2 - Z) m
where Ug and U are the total energies of the cation at its
equilbrium geometry and at the equilbeium geometry of the
molecule, respectively, and Zy and Z. are the zero-poist
vibeational energies of the molecule and cation, respectively.
The second term on the right side of the previous equation
(ie, the geometrical reluxation emergy) is always positive.
Neglect of the third term (the difference of zera-point energies)

Received: Febnuary 2, 2015
Revieed:  July 20, 2015
Published: July 30, 2015
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D.6 Valence-Bound and Diffuse-Bound Anions of
5-Azauracil
Structures (including those produced by proton transfer), isomerization energies, and

electron binding energies of 5-azauracil and its anions have been calculated ab initio

with perturbative, coupled-cluster, and electron-propagator methods.

PHYSICAL CHEMISTRY p—

Valence-Bound and Diffuse-Bound Anions of 5-Azauracil
H. H. Corzo, O. Dolgounitcheva, V. G. Zakrzewski, and J. V. Ortiz*

Dep of Chemistry and Biochemistry, Auburn University, Auburn, Alabama 36849-3312, United States
ABSTHACT: Structures, isomerization energies, and electron binding energies of L 1 % r
S il R e R G m..m?u. cogled- L BA KL B
cluster, and electran-prepagator methods. Tautomeric structures, including those o
preduced by praton transfer to 3 CH group, have been considered. Dyson orbitals 77 o
and pole strengths from electron-propagator caloulations validated a simple, i
molecular-orbital picture of anion formation. In one case, an electron may enter a1 J
delocalized # orbital, yielding a valence-bound (VE) anion with a puckered ring 1 X
structure. The corresponding electron affinity is 0.27 eV; the vertical electron g
detachment energy (VEDE) of this anion 105 V. An clectron also may enter 2 Tls | a8

molecular arbital that lies cutside the nuclear framework, resulting i a difhase-

baund (DB) anion. In the latter case, the dlectron affinity is 0.06 € and the VEDE
of the DE anian is 009 eV. Another VB isomer that is oaly 0.02 eV more stable

than the neutral molecule has a VEDE of 2.0 eV

B INTRODUCTION Eoth molecules have been studied extensively in their neutral
form. """ Exposure of nucleobases to radiation, such s

Since the discovery of their therapeutic, bactesiostatic,
ultraviclet light, leads to formation of anons and cations that

fungicidal properties = well as their uses as antinecplastic
agents and enzyme imbhibitors, modied purines and pyridines  could have mmportant pharmacalogical as well as biolagical
have been of reat imterest in the biological and medicll  properties.” " Uracil itself does nmluplmhmme biological
fields."* In particular, m the aza analogues of uracil, a miner Aty & its dedvatives, such a5 thicuradk, Buorourscls, oo
structural modification in the pyrimidinic ring such as the  asumels Neiher does & form long lwmq, mbl: mionz. O the
replacement of a carbon atom at position 3 or 6 for a nitrogen ther hand, g 24-dithi

leads to marked alterations in the physico-chemical and and fazauracil™ are known to be capal:le of capturing an !|!nn:m

biclogical properties of the resultant bases M40 gy with formatian of stable, cincnical anions. There are ao data
stitution of 2 CH group by a nitragen atom at position 6 in the pertaining to the Saznracl anion or its posshle forms. The stady
uracil ring results in the f-azsuracil melecule, 3 pharmacelog: af the electronic structure of 5-azauracil with an excess dectron

ically active compound' which inhibits grawth of solid animal  could being new perspectives about possible applications of this
tumers and has been wsed in s nucleoside form for the malecule.

treatment of leukemia® On the other hand, substitution of a Two types of anions of the nudeic-add bases are known:
CH graup by a nitrogen atom at position § results in 5-azauracl  valence bound (VB) anions in which an electron is captured by
(see Figure 1 for the canonical form ), a molecale that has b:m a walence, m-type viral malecular ocbital {MO) of a neutral
shown to exhibit fungistatic and bacteriostatic properties.™ molecule and  difusebound [DB) anions, where an extra
clectron resides in 3 very diffuse, atype MO. The lutter
structures also are known i the literature as dipolebound
anions. This cancept was introduced by Fermi and Teller in
their discussion of an electran imteracting with 2 mesen—proten
pair** Later it was shown that at a certain, critical value of the
dipale moment in a system of two separated charges, an
electron may become bound ™" This simple model
stimulated the observation of many anionic states of molecules
with large dipele moments, especally by means of photo.
electron spectroscopy.™ Interpretations of these spectra with
ab initio theory are usually based on selfconsistent field
caloulations that are followed by an approsimate treatment

of electron correlation. The former step accounts for the

Received:  May 29, 2014
Bevised:  Aagust 4, 2014
Figure 1. Enumesatson of atows in the ring of S-esaracil Pablished: Aagust 7, 2014
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D.7 A Macrocyclic 1,4-Diketone Enables the
Synthesis of a p-Phenylene Ring That Is More
Strained than a Monomer Unit of
[4]Cycloparaphenylene

The synthesis of a p-terphenyl-based macrocycle, containing a p-phenylene unit with

42.6 kcal/mol of strain energy (SE), is reported. The conversion of a macrocyclic

1,4-diketone to a highly strained arene system takes place over five synthetic steps,
featuring iterative dehydrative reactions in the aromatization protocol.

CIETTTE]

pubs acs.org/Orglett

A Macrocyclic 1,4-Diketone Enables the Synthesis of a p-Phenylene
Ring That Is More Strained than a Monomer Unit of

[4]Cycloparaphenylene

Nirmal K. Mitra, Hector H. Corzo, and Bradley L. Merner*

Department of Chemistry and Biochemistry, Auburn University, Aubum, Alabama 36849, United States
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ABSTRACT: The synthesis of a p-terphenyl-based macrocycle, containing ~ [4ICPP:
a p-phenylene unit with 42.6 keal/mol of strain energy (SE), is reported. ? i = 30 kol
The conversion of a macrocyclic 14-diketone to a highly strained arene .+ tenzerod ar qunad?
systern takes place over five synthetic steps, featuring itecative dehydrative

ic data of the def 1 .WWM

reactions in the

* bent rings (i = 19.4°)

ion protocol. Sp p

. SEppara
benzenold macrocycle are in excellent agreement with other homologues = bond fu = 18.1
that have been reported, indicating that the central p-phenylene ring of 9 js * BENZENOID ing!

aromatic.

= 42.6 healimol

he synthesis of increasingly strained aromatic systems has

required increasingly high levels of synthetic innovation
throughout the rich history of nonplanar arene synthesis. For
exanmple, the synthesis of the most strained [#]paracyclophanes
fearured the o jon of [1.22]) ladiene-based (Dewar
benzene) precursors to benzencid systems. In the case of the
mast strained [n]paracyclophane, [4]paracyclophane, g[rategl—
cally placed tetrasubstituted allenyl groups were inc

workers demonstrated that [3]CPP was In fact benzenoid.” The
next smallest member of this class of carbon nanohoops is
predicted to have 144 kaal/mol of SE {36 keal/mol per
benzene ring) contained within the macracyclic structure " This
high degree of SE has led many to believe that [4]CPP (1) may
not be composed of benzen(oid)e rngs and may possibly
prefer a quinoidal-type structure (2, Figure 1), which is in part

in the bridging unit to prevent ipsa- pmtuualw;:, and
subsequent strain rellef, from occusring at the para-carbon
atoms.’ An equally dever molecular design was employed by
Tsuji and co-workers in their synthesis of a [L1]-
paracyclophane derivative, which still stands as the most
distorted para-phenylene ring to be characterized by Xeray
crystallography” Fer nosbenzenold systems, such as the
fullerene allotrope of carbon C,,' and a short [5,5] armehair
carbon manotube {CNT) end-cap fragment,’ strategically
placed pentagons within polycyclic aromatic hydrocarbon
(PAH) frameworks and chlosine atoms at specific arene
vertices enabled Scott and co-workers to synthesize both of
these molecules. The recent B of the [«]cyclopara-
phenylenes ([a]CPPs) and their potential application in the
controlled bottome-up chemical synthesis of {wn) armclair
CNTs has renewed interest in the development of synthetic
strategies for accessing highly swained benzencid systems”
While sevetal groups have entered thic field over the past &
years, only two have reported on the synthesis of the most
strained CPP molecules.

In 2014, Yamago” and Jasti individually reported the
s}nd:em of the sma]le-ct CPP, [5]CPP. This mauoc)-'n.l.lc

linked benzene rings,

p:edmed to have a strain ener}} (SE) of 119 keal/mel P%.s
keal/mol per benzene ring)” Prior to its synthesis and
subsequent characterization by X-ray il ly, the

CHALLENGE!
n;\

=

1 :
Hicer [qcr'r' 1= mean plne “picotube
benzanaic form  quinoici o devialkn @B 4 a quinadial [495FF

Figure 1. [4]CPP: Benzenoid or quinoid?.

due to the known [4]CPT derivative “picotube” having been
shown to be quinoidal. Herges and co-workers reported the
synthesis of picotube (3) in 1996,"" which proceeded through a
photochemically induced ring expanding metathesis-based
smtegy Thg precussor hydrocatbon of piuolnbe contalned
. m-bonds bonds between adjacent “pre-arene”
e and, therefore, may not represent the best model for
1. A potentially better suited macrocyclic precarsor to [4]CPP
is one that contains the requisite C,°~C,° rbonds between
adjacent arene and prearene units. However, the synthesis of
such a macrocyclic precursor s not trivial {Figure 2).

The systhetic approaches used to construct the macrocyclic
precursors of [5] and [6]CPP involved a common intermediate

benzenold natuee of its structure was called to question.”
Indeed, the solid state structure obtained by Jasti and co-

o ACS Publications @ 2016 awaican heical Society
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D.8 Overcoming Strain-Induced Rearrangement
Reactions: A Mild Dehydrative Aromatization
Protocol for the Synthesis of Highly Distorted
para -Phenylenes

A series of p—terphenyl-based macrocycles, containing highly distorted p—phenylene
units, have been synthesized. A streamlined synthetic protocol for the synthesis of 1,4-
diketo macrocycles has been developed, using only 2.5 mol % of the Hoveyda—Grubbs
second-generation catalyst in both metathesis and transfer hydrogenation reactions.

JJAIC'S =
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Overcoming Strain-Induced Rearrangement Reactions: A Mild
Dehydrative Aromatization Protocol for Synthesis of Highly
Distorted p-Phenylenes
Nirmal K. Mitra, Ralande Meudom, Hector H. Corzo, John D. Gorden, and Bradley L. Merner®
Department of Chemisry and Biochemistry, Auburn University, Aubum, Alabama 36549, United States

D Supparting Information

ABSTRACT: A series of poterphenylbased macrocycles,
containing highly distorted p-phenylene units, have been = Dehydrative amma.rnzauml

N o ; trained arenes
synthesized. Biaryl bonds of the nanplanar pterphenyl muclei * Highty =
| o Ve M 1 S . S i * No rearranged products
cross-coupling reactions, wsing 14-diketones as surrogates to
strained arene units, A streamined synthetic protacal for the (_'—-___‘_H) C_'_-___'\>

synthesis of 14-dikete macrocycles has been developed, using Ar. Ar A Ar
only 2.5 mol % of the Horepda—Grubbs second-generation HI?@(OH ~—F
catalyst in both metathesis and transfer hyd-mmnan | i 4

reactions, Under protic acidmediated debydrative aromatiza
ticn. conditions, the central and miost strained benzene ring of paraphenylane
the pk:rpb:uv{ systems was ible to

reactions. To overcome this, a dehydrative aromatization

protacol wsing the Burgess reagent was developed. Under these conditions, no strainvinduced reamangement reactions accur,
delivering pphenylene units with up to 28.4 keal/mol strain energy and deformation angles that sum up to 407

No cross-couphing
for biaryl C-C bond formation

B INTRODUCTION

Formation of biaryl bands via transition metal-catalyzed, or
mediated, cross-coupling reaction is a venerable transformation
in organic synthesis.! A plethora of conditions, madifications,
and optimiztions have been reported over the past 30 years,"
and the presence of binl systems in naturdl produces”
impartant pharmacenticals,’ asially chiral molecules, and
designed molecubes relevant to materials science’ has instigated
a tireless interest in this area of synthetic method develop.
meat.” Thus, it is surprising to find that such methods have not
enjoyed widespread applicability in the synthesis of macrocyclic
systems that centain arene bridged units, as they have in the
synthesis of acychic (lmear) arene—arene ar polyaryl systeme. In
fact, biaryl bond formation that results in constroction of
strained macrocyelic compounds has proven to be 2 significant
challenge for chemical synthesis” One of the main problems
posed by the synthesis of macracyclic arene bridged systeme i
the buildup of strain in cirbon—carbon (€~} band forming
reactions that furnich the intended targets. In particular, if the
desired cruss-coupling reaction requizes bending the arcne unit
or multiple arene units, then law-yiclding reactions result
(mode 1, Figare la) Furthermore, if arene—arene band
formation requires stretching or elongating C—C bonds within
an alkyl chain upon macrocyele farmation, the coresponding
macrocyclization can be cnergetically prohibitive (mode 2,
Figure la). Recently, arylation reactions that avoid cross-
coupling reaction partners hive emerged as powerful teals for
assembling strained macrecpclic systems.”

R ACS Publications e nemes chamea by

The synthesis of distorted benzene rings has been ongoing
for over & years, and the guest tw synthesize the most
perturhed opclic 62 system culminated with kinetically
stabilized (4 |paracyclophane decivatives in 2003, However,
this field of chemical synthesis has remained quite vigorous
aver the past decade. The discovery af natural products
contaising highly strsined p-phenylene subunits, particularly
the hacuamine alkaloids, and the notion that macracyclic
benzencid hydrocarhons may serve as templates in the bottom.
up chemical synthesis of carbon nanetubes {CNTs)' has kept
the level of interest in new synthetic methed development high.
It is noteworthy that, in both of the aforementioned examples,
the bent pphenylene units are pan of bianl macrocydic
systems. The most distorted benzene rings to be :Iunnemed
by Xy crpstallography belong to the p 1 In the
case of (6]paracylophane desnvative 1 of Tobe et 2l and
[1.Ujparacyclophane 2 of Tsufi and co-workers, " the highly
distorted 7 systems were obtained upon valence somerization
of Dewar benaene precursors [Figure 1), For a long time,
valence isomerization reactions were viewed s the ultimate
method for synthesizing severely distorted aromatic systems. In
the case of Dewar benzenes, rupture of the central C—C bond
in the hicyclo[22.0]hexa.2 5.diene system brought about 2
release of strain energy (SE} apen destruction of the bicplic
intermediate, and a gam in aromatic stabilization energy [ASE]
upon farmation of the arene system. Untl 2014, no bent p
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D.9 Publications related to Numerical methods

A new numerical method for the calculation of Bessel function integrals is proposed.
This method utilizes the integral representation of the Bessel function to recast the
problem as a double integral; one of which is calculated with Gauss-Chebyshev quadra-
ture while the other uses a parameter-dependent Gauss-Laguerre quadrature in the

complex plane.
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Numerical evaluation of Bessel function integrals for functions
with exponential dependence
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behavior and

A numerical method for the caleulation of Bessel function integrals is prof d for trial i with
evaluated for functions with and without explicit exponential dependence. This method utilizes the integral representation of the Bessel
function 1o recast the problem as a dowble integral; one of which is caleulated with Gauss-Chebyshev quadrature while the other uses a
parameter-dependent Gauss-Laguerre quadrature in the complex plane. Accurate resulis can be obtained with relatively small orders of

quadratures for the studied classes of functions.

Kevwores: Bessel function integrals: Gaussian quadrature; Hankel transform: Gauss-Laguerre; Gauss-Chebyshey

PACS: 02.30.Uu; 02.60.Th

1. Introduction

Bessel lunction integrals involving a functiion fix).

=
Hp, v = ff(.?.').f.,[,ru']d.?:. (1

oceur in many areas of science and engineering. Their nu-
me evaluation continues W be of interest especially for
functions which decay slowly since care must be taken for
larger values of the argument. p. as the imegrand begins 10
oscillate rapidly [1-13]. The particular case when flx) pos-
sesses exponential behavior arises in many contexts.

One avenue of numerical approximation lies in recasting
this integral as o double integral using the integral represen-
tation of the v-order Bessel Tunction of the first kind, [9]

1

¥ 9 p

JulT) = ——— —— /‘l—fz'I 12
vlr] Tlw + g2t [ !

- o

1
wocos(rtjdt,  few = -, (2)

2
Substinuting this integral representation into Eg. (1) and
changing the order of integration yields

1
& g1 3
Iipu) = i T TV ;I/U ) Fli)ydt (3)

where -
Fit) = /J"'fh']rm[m'f]:i.r. (4]
il
We take a fresh approach for the caleulation of the second
integral or cosine transform. It is based on the introduction

of a parameter, o, and transformation into the complex plane
and has heen previously employed o caleolate sine trans-
forms of functions with explicit exponential dependence [14].
The mtroduction of the parameter is used o model the expo-
nential behavior of the function. We emphasize that the appli-
cability of this method for the transform of functions without
explicit exponential dependence has not been explored (s we
will do here).
Using Euler's identity, F'(£] may be re-wnillen as
2
Fit) = Rr'[[f"r"“f[l]f (o "’”"[I.rJ. 1]
o
Transforming  ino  the  complex  plane by setting
z = (= 1pf)x in Eq. (5). vields
Fi) = !
) = e | ———
¢ oo —apt)tl

o
e : 2z
x.[_( f(”_wf)r d_]. 6]

Qo

The factor « © is the weight function for Gauss-Laguerre

guadrature. Thus Eq. (6) can be approximated by

£t} = Re [W

(7
e o —ap

where z; and w, are the abscissae and weights of the N-
order Gauss-Laguerre quadrature. This methodology is ex-
pected to perform well when the function f(x) possesses an
exponential-type behavior [ 14].

Rev. Mex. Fs. E. 59, 115-121, (2013)

Chapter D List of Publications as graduate student



D.10 Measuring localization-delocalization
phenomena in a quantum corral

The standard deviations and Shannon information entropies of the probability densities
for a particle in a quantum corral are compared and contrasted. Illustrating how these
two measures emphasize different aspects of the underlying distributions which can
lead to inconsistent interpretations.
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Abstract  The standard deviations and Shannon information entropies of the prob-
ability densities for a particle in a guantum corral are compared and contrasted to
determine their effectiveness in measuning particle (de)localization. We illustrate how
the two measures emphasize different aspects of the underlying distributions which can

lead to inconsistent interpretations. Among these, we show that the Shannon entropy is
able to distinguish between the presence of an attractive or repulsive effective potential
in the radial Schridinger equation while the standard deviation does not. The analy-
sis of this radial model is then extended to momentum space where the dependence
of the measures, entropic sum and uncertainty product on the effective potential, is
examined.
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