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Abstract

Fermi-Orbital Self-Interaction Correction of Density Functional Theory
on Spin-Containing Systems

Self-interaction correction (SIC) is employed to remove the Coulomb interaction be-

tween an electron and itself from the approximations of density functional theory

(DFT). Without self-interaction corrections or the use of hybrid functionals, approx-

imations to the density-functional theory often favor intermediate spin systems over

high-spin systems. Approaches involving empirical parameters, such as Hubbard

U, are popular, but the methods preserve the beauty of ab-initio are more prefer-

able. In this dissertation, we investigate the effect of self-interaction corrections to

the density functional theory by studying Fe(II)-Porphyrins, which are the molecules

responsible for transport oxygen in human body. The inclusion of self-interaction cor-

rections significantly alters the energetic ordering. The recently developed unitarily

invariant Fermi-Löwdin self-interaction corrected method is implemented here. Be-

cause the energetics, due to changes in total spin, are small, we have also calculated

the second-order spin-orbit energies and the zero-point vibrational energies to deter-

mine whether such corrections could be important in the molecular systems, used

by nature, for transporting or converting atmospheric chemical constituents. Our

results find that the size of the spin-orbit and vibrational corrections to the energy

orderings are small compared to the changes due to the self-interaction correction.

Inclusion of the self-interaction correction, within the Fermi-Orbital formulation in-

troduced by Pederson, Ruzsinszky and Perdew, changes the energetic orderings of the

intermediate spin (S=1, two unpaired electrons) and high spin (S=2, four unpaired

electrons) states relative to PBE-GGA, and PW92-LDA. Spin dependencies in the

infrared/Raman spectra and the zero-field splittings are also provided as a possible

means for identifying the spin of Fe(II)-Porphyrins.
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Chapter 1-Introduction

Iron porphyrins are a very important type of molecules in biology. However,

there is no general agreement on the ground states between experimentalists and/or

theorists, because the systems involve many spin-states and geometries. A review

of the molecules and the development of theoretical approaches are provided in this

chapter.

1.1 Motivation

Because transition-metal atoms can exist in multiple spin and charge states and their

large naturally occurring terrestrial abundance, nature has chosen such systems to

form the basis of many sustaining molecular systems. Porphyrins, four pyrrole groups

linked by methene bridges with a transition-metal center, have been selected by nature

as the functional pigment of biology. They are responsible for breathing (heme) in

Kingdom Animalia and photosynthesis (chlorophyll) in Kingdom Plantae. The redox

properties of irons centered in porphyrins in heme induces electron transportation,

and hence the Fe-Porphyrin, Fig.(1), is able to carry oxygen [1, 2, 3, 4, 5, 6, 7, 8]. In

deoxygenated heme-containing protein (hemoglobin), Fe2+ is about 0.6Å above the

center of the porphyrin ring. The ligand field affects the geometries of porphyrins. O2

binding changes the heme’s electronic structure, which shortens the Fe − Np bonds

by ∼ 0.1 Å and Fe2+ moves into the heme plane. Chlorophyll, a Mg2+ centered

porphyrin, is the principle photoreceptor in photosynthesis, and its two absorption

bands are red and blue light. Excited chlorophyll molecules do not participate directly

in photochemical reactions, but provide services as electron donors. In Photosystem

II [9] and recently proposed thin-film mimics [10], under-coordinated spin-carrying

Mn+4 centers are the chosen transition metal centers for creating oxygen and protons

from water. A seemingly important characteristic of molecules which perform biolog-

ically important functions is that the multiple spin- and charge- states have similar
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Figure 1: A bent Fe(II)-Porphyrin: Hydrogens are white, carbons are gray, nitrogens
are blue, and iron is orange. The upper panel is the top view of Fe(II)-Porphyrin and
the lower panel is the side view. From the side view, the iron is on top of the ring
plane and we call it bent.

degrees of stability/instability at room temperature leading to flexible transitions

between different states. While the solvent environment is especially important for

transitions involving changes in metal-center charge states, the on-molecule attributes

allowing for low-energy spin-dependent reactions from the near energetic degeneracies

of the transition-metal ions as a function of local moment for a specific charge state.

Some evidence of the local reactivity of such metal centers can be deduced by noting

the similarities and minor deviations in structure associated with the Mn centers that

are predominantly under-coordinated in photosystem II. However, the Mn center is

predominantly six-fold coordinated in the Mn12-Acetate molecular magnet [11, 12].

Synthesis of molecular magnets with six-fold coordination, accomplished by Lis [13]

and Vincent et al [14], demonstrates their energetic preference associated with six-

fold coordinated centers and provides insight into the challenges associated with the

evolutionary preference for synthesizing natural molecular components composed of
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under-coordinated metal centers. More recent work by Vincent et al [14] reinforces

the suggestions that the six-fold coordination of transition metal centers [15, 16] is

favored over the lower-coordination systems.

Several of porphyrin complexes exhibit novel magnetic, electronic, optical, and

photoelectrical properties. For instance, the study of polypyrrole, containing por-

phyrin moieties, experiences an immediate increase in electric resistance when carbon

monoxide gas binding on the centering iron of porphyrin [17]. In addition, a self-

assembled oligomeric porphyrin ladder is able to be applied on light harvesting [18].

A network of Fe(II) meso-tetra(4-pyridyl)porphyrin is reported with high thermal sta-

bility at room temperature and its effective moment of Fe(II) is 5.52 µB [19]. From the

experimental preliminary investigation, its spin-glass-like behavior could be caused by

local lattice distortions or the existence of vacancies at the Fe(II) sites. Both effects

modify the local exchange coupling. An actively addressed issue lately is the energy

consumption for the storage of information by the facilities of large technology com-

panies, such as Google’s server farm. Worldwide, the digital warehouses use about

30 billion watts of electricity, roughly equivalent to the output of 30 nuclear power

plants, according to a 2012 article on The New York Times [20]. A new generation

of low-heat-output electronic devices are needed, and this small molecule assembled

circuits are providing a possibility on saving our environment.

1.2 Density functional theory

Quantum chemistry (QC) provides insights into electronic structures and properties

of complexes, which are desirable to understand how these fascinating systems operate

at microscopic level. Unlike experiment, QC offers a direct access to the electronic

structure of atomic sites. Moreover, theoretical calculations can be applied not only

to stable species, but also to elusive and short-lived forms and even to transition

states of chemical reactions. For these reasons, QC has become a useful tool. Most

3



massive quantum chemical calculations are carried out with density functional theory

(DFT) methods, for their reasonable compromise between the accuracy of the results

obtained and the computational resources needed.

1.2.1 Kohn-Sham equations

Practical applications of DFT are typically formulated by Kohn and Sham [21] that

reduces the many-electron ground-state problem to a tractable self-consistent one-

electron form. Following the Born-Oppenheimer or adiabatic approximation, density

functional theory is built upon Hohenberg-Kohn theorems [22], which are:

1. There is a unique one-to-one mapping or functional relates each external po-

tential, vext(r), with a non-degenerate ground-state density ρ(r);

2. For a particular vext(r), the exact ground state energy of the system is the global

minimum value of E[ρ(r)], and the density ρ(r) minimizing the functional is the

exact ground state density ρ0(r).

In order to be consistent on the symbols, the equations are represented with two spin

states, ↑ and ↓, so ρ(r) = ρ↑(r) + ρ↓(r). A universal functional, F [ρ↑, ρ↓], is defined

so that the energy functional,

E[ρ↑, ρ↓] ≡
∑
σ=↑,↓

∫
vext(r)ρσ(r)dr + F [ρ↑, ρ↓], (1)

is entirely in terms of the density distribution. The ground-state densities and energies

are able to be determined by minimizing Eq.(1) over ρ↑(r) and ρ↓(r).

F [ρ↑, ρ↓] represents the sum of the non-interacting kinetic energy and the exchange-

correlation energy. The exchange-correlation energy describes all many-electron ef-

fects that arise from the Coulomb interaction and higher order kinetic energy inter-

actions.
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In addition, it is valid for any number of particles and any external potential. For a

system with interacting electrons, Kohn-Sham formulated the universal functional [21]

F [ρ↑, ρ↓] ≡
∑
σ=↑,↓

{T [ρσ(r)] +
∑
σ′=↑,↓

∫
ρσ(r)ρσ′(r′)

|r− r′|
drdr′}+ Exc[ρ↑, ρ↓]. (2)

The energy functional for interacting electrons is

E[ρ↑, ρ↓] ≡
∑
σ=↑,↓

{
∫
vext(r)ρσ(r)dr+T [ρσ(r)]+

∑
σ′=↑,↓

∫
ρσ(r)ρσ′(r′)

|r− r′|
drdr′}+Exc[ρ↑, ρ↓].

(3)

The Euler-Lagrange equations, with fixed total number of electrons, is stationary

with respect to variations of ρ↑(r) and ρ↓(r), i.e.

δE[ρ↑, ρ↓] =
∑
σ=↑,↓

∫
δρσ(r){vσeff (r) +

δ

δρσ(r)
T [ρσ(r)]|ρσ=ρσ0 − εσ}dr = 0 (4)

where

vσeff (r) ≡ vext(r) +
∑
σ′=↑,↓

∫
ρσ′(r′)

|r− r′|
dr′ + vσxc(r) (5)

and

vσxc(r) ≡ δ

δρσ(r)
Exc[ρ↑, ρ↓]|ρσ=ρσ0 . (6)

The ground-state densities, ρ↑0(r) and ρ↓0(r), are able to be solved from

[−1

2
∇2 + vσeff (r)− εiσ]ψiσ(r) = 0. (7)

The density is represented as

ρσ(r) =
N∑
i=1

qiσ|ψiσ(r)|2, (8)
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where qiσ is the occupation number of orbital ψiσ(r). Eq.(5), Eq.(7), and Eq.(8) are

the Kohn-Sham self-consistent equations. The ground-state energy is

EKS =
∑
σ=↑,↓

{
∑
i

εiσ−
∫
vσxc(r)ρσ(r)dv−

∑
σ′=↑,↓

∫
ρσ(r)ρσ′(r′)

|r− r′|
drdr′}+Exc[ρ↑, ρ↓], (9)

the third term is the mean-field Coulomb interaction of an electron density with itself,

also known as Hartree self-repulsion. The fourth term is the only part requiring an

approximation. Through Eq.(4), Kohn and Sham mapped an interacting electronic

system into a fictitious noninteracting system, which is in the effective potential,

vσeff (r). The wave functions ψiσ and energies εiσ have no direct physical meaning

except ρ↑0(r) and ρ↓0(r) are constructed by ψiσ and the highest εiσ equals to the

ionization energy. DFT allows the calculation of the ground-state density and energy

of many electrons in the presence of the static external scalar potential. It predicts

the structure of atoms, molecules, and solids, using fictitious Kohn-Sham orbitals and

bypasses the need for direct knowledge of the many-electron wave function.

From Eq.(3), exchange-correlation energy, Exc[ρ↑, ρ↓], is separated from the independent-

particle kinetic energy and the long-range Hartree term. Therefore, Exc[ρ↑, ρ↓] can

be reasonably approixmated as a local or nearly local functional of the density [23].

The exchange-correlation energy is the kinetic energy difference of interacting and

non-interacting system, and Coulomb interelectronic repulsions [24]. Hence, it is

important to connect interacting and non-interacting systems with the coupling con-

stant λ, which varies from 0 (non-interacting system) to 1 (physics system) [25].

With the presence of an external potential Vλ [26], the ground state Hamiltonian,

Hλ = −1
2
∇2 + veff (r) + Vλ + λVee, has density ρ(r) for all λ. Vee is the electron-

electron interaction operator. The exchange-correlation hole, ρxc(r, r
′), is defined in

terms of a coupling constant integration of the pair correlation function of the system

6



g(r, r′, λ) and density

ρxc(r, r
′) ≡ ρ(r′)

∫ 1

0

dλ[g(r, r′, λ)− 1]. (10)

Then, the exchange-correlation energy of the interacting system can be expressed as,

Exc =
1

2

∫
drρ(r)

∫
dr′

ρxc(r, r
′)

|r− r′|
. (11)

From Eq.(11), the physics of Exc is that an electron dig around itself and interacts

electrostatically with an exchange-correlation hole when the electron travels through

the system [27]. In fact, the effect is an electron at r reduces the probability of finding

one at r′. To make contact with the work on self-interaction corrections that will be

discussed in the forthcoming chapters, it is worthwhile to make a few comments

about Eq.(11). As initially demonstrated by Fermi and others, in the Hartree-Fock

approximation it is possible to rewrite the exchange energy in such a form if ρxc

is approximated by the so-called Fermi exchange hole. The Fermi exchange hole is

defined as the square of a Fermi orbital which is the ratio of the spin density matrix

to the square root of the density.

1.2.2 Approximate exchange-correlation functionals

The simplest approximations of exchange-correlation functional are the local density

approximation (LDA) for spin-unpolarized uniform electron gas and local spin den-

sity approximation (LSDA) for spin-polarized uniform electron gas. However, these

approximations fail in regions where there are strong spatial changes of the electron

density. A better approximation, referred to as generalized gradient approximations

(GGA), includes density gradients and improves results significantly. Unless stated

otherwise, the GGA functionals used in this work are constructed with the Perdew-

Burke-Ernzerhof (PBE) [28] functional.
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The GGA exchange-correlation energy is approximated by the form

EGGA
xc [ρ↑, ρ↓] =

∫
f(ρ↑(r), ρ↓(r),∇ρ↑,∇ρ↓)dr

= EGGA
x (ρ) + EGGA

C (ρ↑, ρ↓), (12)

The corresponding spin density functional for the exchange energy is found from the

exact spin scaling relation [29]

EGGA
X [ρ↑, ρ↓] =

1

2
EX [2ρ↑] +

1

2
EX [2ρ↓]. (13)

PBE formulated

f(ρ↑(r), ρ↓(r),∇ρ↑,∇ρ↓) = ρ(r){εunifX (ρ)FX(s) + [εunifC (rs, ζ) +H(rs, ζ, t)]}, (14)

where rs = [ 3
4π

(ρ↑ + ρ↓)]
1/3, s = |∇ρ|/2kFρ, and t = |∇ρ|/2φksρ. s and t are

two dimensionless density gradients. kF = [3π2(ρ↑ + ρ↓)]
1/3 is the magnitude of

the wavevectoers at the Fermi surface and ks = [4kF/(πa0)]
1/2 is the Thomas-Fermi

screening wave number (a0 is the Bohr radius). The first term in the right-hand side

of Eq.(14) is corresponding to exchange functional,

εunifX = −3e2

4π
(3π2ρ)1/3, (15)

FX(s) = 1 + κ− κ

1 + µs2/κ
, (16)

where µ ' 0.21951 and κ ' 0.804. The second term is related to correlation func-
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tional,

εunifC (rs, ζ) = εunifc (rs, 0) + αC(rs)
f(ζ)
f ′′(0)

(1− ζ4)

+[εunifC (rs, 1)− εunifC (rs, 0)]f(ζ)ζ4, (17)

H = e2

a0
γφ3ln{1 + β

γ
t2[ 1+At2

1+At2+A2t4
]}. (18)

Eq.(17) is proposed by Perdew and Wang [30], where f(ζ) = (1+ζ)4/3+(1−ζ)4/3−2
24/3−2 , ζ =

ρ↑−ρ↓
ρ↑+ρ↓

, and αc(rs), εc(rs, 0), and εc(rs, 1) are fitted with the Green’s-function Monte

Carlo data of Ceperley and Alder [30].

In Eq.(18), A = β
γ
{exp[−εunifC /(γφ3e2/a0)]}−1, where φ(ζ) = (1+ζ)2/3+(1−ζ)2/3

2
, β '

0.066725, and γ ' 0.031091. H(rs, ζ, i) is the ansatz concluded by PBE based on

(a) the requested properties of a correlation functional on the limits of slowly varying

(t→ 0) and rapidly varying (t→∞), (b) the correlation energy scaling to a constant

under the uniform scaling (ρ(r) → λ3ρ(λr)) to high-density limitation (λ → ∞)

[27]. PBE-GGA also preserves sum rules of the exchange-correlation hole, correctly

recovers LDA/LSDA around uniform density, and satisfies the Lieb-Oxford bound.

1.3 Review of self-interaction correction (SIC)

Although DFT approximations are designed to fit many fundamental properties, it

is nevertheless challenged to predict transition metals (including relevant complexes,

such as Fe(II)-Porphyrins, which is the systems characterized by multiple spin states

that are relatively close in energy). Low-spin states are known to be favored by GGA

exchange-correlation functionls, while hybrid functionals that include a fraction of

Hartree-Fock exchange often prefer high-spin states, and different energy gaps be-

tween spin states are obtained with different exchange-correlation functionals [31].

One suggested reason for the failure of practical DFT in describing transition metals

is that relatively localized 3d valence electrons suffer strongly from self-interaction er-
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ror presenting in pure density functionals. Self-interaction error is only approximately

corrected in hybrid functionals, which are popular and straightforward approaches to

correct for energetic errors. While the work discussed here is entirely on transition-

metal systems, it should be noted that such problems are even more severe in the

heavier atoms where even stronger errors in the Coulomb interaction cause qualita-

tively incorrect fillings in the f -electron series. A discussion of this problem can be

found in Ref. [32].

It was noticed already in the early days of quantum mechanics that the Hartree

energy J ,

J [ρ↑, ρ↓] ≡
∑
σ=↑,↓

∑
σ′=↑,↓

∫ ∫
ρσ(r)ρσ′(r′)

|r− r′|
drdr′, (19)

does not vanish even for a one-electron system due to the spurious self-interaction

inherent in it. In Hartree-Fock theory, this does not lead to any problem since all

Coulomb self-interaction terms are exactly canceled by the corresponding exchange

terms.

The original Koopmans’ theorem is that the Hartree Fock eigenvalue (ionization

energy) is equal to the difference between an N -electron system and an (N − 1)-

electron system. The removed electron can be at any energy level. From Koopmans’

theorem, the second order derivative of total energy with respect to occupation num-

ber is zero. Janak’s theorem [33] states that the first order derivative of the total

energy with respect to the occupation number of a self-consistent Kohn-Sham orbital

is a constant, which is the eigenvalue of that orbital, and this relation is indepen-

dent of the detailed form of exchange-correlation functional. The minimum energy

happens when the occupation number follow Fermi-Dirac distribution and no holes

are below the highest occupied level. At the Fermi level, the occupation number

is between zero and one. However, Janak demonstrated that for isolated iron and

cobalt atoms, there is no charge density minimizing Kohn-Shan total energy in the

system with degeneracies at Fermi level. If one imposes the constraint of integer oc-
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cupation further for the systems that Janak was interested in, the correct electronic

structure was expected to have integer occupations of the d- and f - valence states.

According to Koopmans’ theorem, the expectation value of energy is a linear func-

tion of electron occupation number (This is proved by Perdew et al. [34] and called

many-electron self-interaction freedom). The quadratic behavior of semilocal approx-

imations fail for many binding energy curves of diatomic molecules for this reason.

When the bond length is stretched, the total energy of the two well separated atoms

are lower than what it is supposed to be. The Koopmans’ theorem for SIC is that

the total derivative of the energy with respect to occupation number is equal to the

partial derivative of the energy with respect to occupation number if the energy is

minimized with respect to every other possible variational parameter in the problem.

Even the original Koopmans’ theorem is mathematically stronger as it does not rely

on derivatives of the N -electron state to estimate the energy of the (N − 1)-electron

state, the Koopman’s theorem for SIC includes correlation, so it may be physically

and chemically stronger [35]. A notorious example is the dissociation curve of H+
2 , for

which conventional local, semilocal, and hybrid functionals are not satisfactory [36].

This is one of the manifestations of a serious flaw in approximate exchange-correlation

functionals, known as self-interaction error, which is believed to be a serious accuracy

limiting problem in many of approximate density functionals. In addition, semilocal

approximations work reasonably well for neutral atoms, but they typically do not

bind anions and underestimate the barrier height of transition state.

The need for the use of self-interaction-corrections for systems containing transition-

metal ions was first suggested by Lindgren [37], in applications to the Cu atoms, in

1971. The formulation proposed by Lindgren introduced the self-interaction at the

the level of the single-electron Hamiltonian and proposed correcting the error in the

interelectronic exchange functional, derived from the free-electron-gas model, in a

local-density approximation. While the correction was originally motivated by func-
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tionals derived from the free-electron gas, it was shown to achieve good results on

both relativistic and non-relativistic systems. In 1981, Perdew and Zunger formalized

the expression for the the self-interaction correction, at the level of the total-energy

expression, so that it could be applied to functionals designed to include correlation

and exchange effects [38]. The PZ-SIC to any density functional approximation is

EPZ−SIC
xc = Eapprox

xc [ρ↑, ρ↓] + USIC (20)

USIC = −
∑
iσ

{J [ρiσ] + Eapprox
xc [ρiσ, 0]} (21)

where σ is the spin index (↑ or ↓), ρ is the total electron density, ρσ is the total spin

density, and ρiσ is an orbital density. PZ-SIC for energy is exact by construction for

any one-electron density, and satisfies many correct constraints even it is a rather

ad hoc approach. PZ-SIC captures the correct Hartree SIC, −
∑

iσ J [ρiσ], which is

the only nonlocal term in Eq.(20) when Eapprox
xc is local (LSDA) or semilocal (GGA)

approximations. An ab initio alternative to the LSDA+U method for the description

of strongly correlated systems such as transition-metal oxides, lanthanides, actinides,

and materials with open shells of localized d- and f - electrons. In addition, PZ-SIC

improves binding of anions, stretched bonds occur in the approach to the dissociation

limit, and also at the transition states that determine the barrier heights for chemical

reactions.

However, PZ-SIC has its own limitations. For the prediction of atomization en-

ergy, SIC-LSDA performs better than LSDA but worse than the results of semilocal

approximations. Vydrov and Scuseria [39] did a series of studies of SIC applied on

different approximate density functionals, and SIC only improves the results of LSDA,

but not the results of GGA, meta-GGA, and hybrid functionals. The performance of

SIC-DFT in comparison with the regular KS-DFT is ambivalent. SIC-DFT properly

describes odd-electron systems, improves activation barriers for chemical reactions
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and improves nuclear magnetic resonance chemical shifts. On the other hand, SIC-

DFT improves a little for reaction energies and results in too-short bond lengths in

molecules. Another drawback of SIC is computationally more demanding.

The constraint on the electronic density of semilocal functionals is uniform or

slowly varying, but it may not maintain after PZ-SIC applied. In addition, one-

electron densities ρiσ are often noded and vary rapidly near the nodes, and hence both

gradient and Laplacian of densities are diverge at nodes. The orbitals that locally

minimize the SIC total energy, subject only to the constraint of orbital normalization,

are self-consistent solutions of the equations

{−1

2
∇2 + vext(r) + j[ρ] + vapprox,σxc [ρ↑, ρ↓] + ∆vSICxc,iσ(r)− εiσ}ψiσ(r) = 0, (22)

∆vSICxc,iσ(r) = −{j[ρ(r)] + vapprox,↑xc [ρiσ(r), 0]}, (23)

and

j[ρ(r)] ≡
∑
σ′=↑,↓

∫
ρσ′(r′)

|r− r′|
dr′. (24)

The original Eq.(20) is solved for atoms, where the SIC orbitals are localized and

nearly orthogonal. These results suggested that PZ-SIC-LSDA is a nearly ideal ap-

proximation, with greatly improved total and ionization energies, more physical or-

bital energies approximating minus the electron removal energies, proper stability for

negative ions, correct long-range behavior (-1
r
) of the exchange-correlation potential,

etc.

Shortly thereafter, the Wisconsin SIC group [40, 41, 42] suggested the use of

localization-equations as a variational means for addressing the unitary non-invariance

that existed in the original formulation. This approach has been the primary means

for variational self-interaction corrections as discussed in recent reviews [43, 44, 45,

46, 47, 48, 49, 50]. While the original version of SIC [40, 41, 42] only considered
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real orbitals, several researchers [47, 51, 52] have noted that there is no a priori

reason to expect that complex orbitals could not lead to lower SIC energies and have

derived additional formula for their minimization. Pederson and Perdew noted in

Ref. [35] that real localized orbitals which minimize the SIC energy are stationary

with respect to complex unitary transformations but again did not guarantee that the

the real solutions could not be a saddle point or local maximum. It has been further

pointed out that if the SIC energy for localized orbitals is positive, that delocalized

orbitals, with vanishing SIC, would minimize the energy and it has been further noted

that such behavior leads to a dilemma in the separated atom limit.

Perdew and Zunger realized that the ρ(r) =
∑

iσ qiσ|ψiσ(r)|2 should be construct

from a set of localized orbitals that are equivalent under unitary transformation to

the set of occupied Kohn-Sham orbitals, in order to achieve size-consistency, and this

is improved by the Fermi-Orbital self-interaction correction. In Chapter2, Fermi-

Orbital self-interaction correction and the simulation package, NRLMOL, in which

Fermi-Orbital self-interaction correction is implemented, are introduced. The results

and discussions of the study of Porphyrins are reported in Chapter 3. Then, the

remarks of this research is in Chapter 4. More detailed results are included in the

Appendices that makes reproduction of this work possible in the future.
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Chapter 2: Fermi-Löwdin-Orbital self-interaction correction

The beauty of Fermi-Löwdin localized orbital [53] preserves many necessary prop-

erties: Localization, unitary invariant, size extensive, and computationally less ex-

pensive (N3 in comparison with N6 of the complex local orbital [51], where N is the

number of electrons).

2.1 Fermi-Löwdin orbitals

In this section, a description of the self-interaction correction (SIC) to density func-

tional theory (DFT) is reviewed. In addition to providing a reasonably concise review

of all the formal work that has been accomplished since 1981, several different inter-

pretations of the formalism are included that provide additional insight and possibly

make the use of the equations more acceptable to a larger percentage of the compu-

tational populations. Before beginning, it is emphasized that the method is relatively

straightforward to implement into any electronic structure program.

The Perdew-Zunger (PZ) self-interaction corrected expression for a spin-polarized

system in the form of Eq.(20). The localized orbital density can be represented with

both localized (φi,σ(r)) and canonical (ψi,σ(r)) orbitals (introduced by Lin’s Wisconsin

SIC group to self-interaction corrected theories [40, 41, 42]):

ρσ(r) =
∑
i

|φi,σ(r)|2 =
∑
i

|ψi,σ(r)|2. (25)

The localized orbitals are constructed from an Nσ×Nσ dimensional unitary transfor-

mation on the so-called canonical-orbital set, which coincides exactly with the Kohn-

Sham orbitals in the limit that the SIC vanishes. The orbitals used for constructing

the SIC energy must satisfy O(N2) localization equations given by

{Hoσ + V SIC
iσ }|φiσ〉 =

∑
j

λσij|φjσ〉 (26)

〈φiσ |V SIC
iσ − V SIC

jσ |φjσ〉 = 0. (27)
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where V SIC
iσ is the partial functional derivative of Eq.(21) with respect to the orbital

density ρiσ [40]. The localized orbitals obtained from these equations are found to be

topologically similar to sp3 hybrids in atoms, alternative energy-localized orbitals in

molecules, and Wannier functions in solids.

Recently Pederson, Ruzsinszky and Perdew [54] reformulated the self-interaction

corrected density-functional expression, so that it bypasses the requirement for solving

the localization equation, Eq.(27). In addition, the expression is explicitly unitarily

invariant and size extensive [54]. Instead of choosing the SIC localized orbitals to be

any unitary transformation within the occupied orbital space, a constraint can be in-

troduced that the orbitals used for constructing Eq.(21) must be explicitly dependent

on a quantity that is itself unitarily invariant. The Fermi orbital (FO) [55, 56] is a

specific example of such a quantity. Given a trial set of Kohn-Sham orbitals, the FO

is defined at any point in space. aiσ is a variational parameter in space, according to

Fiσ(r) =

∑
µ ψ
∗
µσ(aiσ)ψµσ(r)√∑
µ |ψ(aiσ)|2

=
ρσ(aiσ, r)√
ρσ(aiσ))

≡
∑
µ

F σ
iµφµσ(r). (28)

The FO is simply the ratio of the one-particle spin-density matrix to the square

root of the spin density and is essentially a simple transformation of the Kohn-Sham

orbitals. The positions of Fermi-orbitals descriptors (aiσ) usually semiclassically look

like electronic positions [53, 54]. For plane waves enclosed in a cubic Brillouin zone,

ψkσ = 1√
V
eik·r, Eq.(28) reduces to Wannier function, 1√

V

∑
k e
−ik·aiσeik·r. Wannier

functions are a sub-class of FOs. The FO accounts for all the spin density at a given

point in space. Therefore it is reasonable to expect that it should be a very localized

function. The work described in this dissertation tests this hypothesis. We can see

when the summation in Eq.(28) runs over a full set of orbitals, the numerator of
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Eq.(28) is a delta function,

∞∑
µ=1

ψ∗µσ(aiσ)ψµσ(r) = δ(r− aiσ). (29)

This feature suggests the intrinsic localization of FO. According to Eq.(28), at r = aiσ,

the value of the absolute square of the FO is exactly equal to the total spin density

at aiσ

|Fiσ(aiσ)|2 = ρσ(aiσ). (30)

That implies the FO with its descriptor at aiσ catches the entire density at the point.

For special sets of points, the FOs can be immediately orthogonal (e.g. Wannier

functions), but in general, they are not orthogonal.

Furthermore, the absolute square of the FO is minus of the exchange-hole den-

sity at r around an electron at aiσ. The exact exchange energy of a single Slater

determinant is expressed according to:

Ex = −1

2

∑
σ

∫
d3r

∫
d3a
|
∑

µ ψ
∗
µσ(r)ψµσ(a)|2

|r− a|

=
∑
σ

{
− 1

2

∫
d3rρσ(r)

∫
d3a

1

|r− a|

[ρσ(r− a)ρσ(a− r)√
ρσ(r)

√
ρσ(r)

]}
. (31)

In Eq.(31), the expression in the brackets is the exchange-hole, which has properties

of a single-orbital density and the FO yields that single-orbital density. The following

procedures are the steps of formulating Fermi-Löwdin-Orbital (FLO) SIC [53].

First of all, a trial set of Kohn-Sham orbitals and Nσ (total number of electrons

including both spin-up and spin-down) initial Fermi-Orbital descriptors are employed

to construct a set of Nσ normalized linearly independent but nonorthogonal Fermi

orbitals, Eq.(28). These Fermi orbitals always span the same space as the KS orbitals

as long as the set of Fermi-Orbital descriptors are far enough from one another and

topologically distinct. This is a necessary condition for the following application of
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Löwdin’s method of symmetric orthonormalization [57].

Second, Löwdin’s method of symmetric orthonormalization is applied to trans-

form the set of Fermi orbitals from first step to a set of orthogonal orbitals (FLO),

which is also a unitary transformation of the set of Kohn-Sham orbitals. Unitary

transformations preserve all inner products of orbitals and traces that means all the

expectation quantities do not change due to transformation, including the correct

orbital density. The Löwdin symmetric reorthonormalization procedure guarantees

that each localized orbital {φiσ} is spatially similar to its parent Fermi Orbital in

a least-squares sense [58] but each localized orbital now depends parametrically on

all the Fermi-Orbital descriptors and on the spin-density matrix, or equivalently, on

the Kohn-Sham orbitials, Eq.(28). According to Löwdin’s method of symmetric or-

thonormalization, an overlap matrix is constructed with Fermi orbitals

Sij = 〈Fi|Fj 〉, (32)

which is Hermitian and positive definite (eigenvalues are positive) since Fermi orbitals

are linear independent. Therefore, the overlap matrix can be diagonalized by a unitary

matrix, Tjα: ∑
ij

T ∗αiSijTjα = Qα. (33)

The intermediate Löwdin orbitals (ILO) are defined as the unitary transformation of

Fermi orbitals:

|Tα 〉 =
∑
j

Tαj|Fj 〉 (34)

The eigenvalues of the FO-overlap matrix, Qα, mean how much charge each ILO

captures. From Eqs.(32, 33, 34), the FLOs, designated by φk, are constructed with
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the transformation matrix of ILO and associated eigenvalues according to:

|φk 〉 =
∑
αj

1√
Qα

TkαTαj|Fj 〉 ≡
∑
j

φFkj|Fj 〉. (35)

Because the overlap matrix is real and symmetric, the inverse transformation between

FLOs and FOs is

|Fl 〉 =
∑
βn

√
QβTlβTβn|φn 〉. (36)

The set of FLOs is guaranteed to be a symmetrical orthonormal set and a unitary

transformation of Kohn-Sham orbitals. The other systematic method to orthonor-

malize a set of orbitals is the Gram-Schmidt orthonormalization. However, Gram-

Schmidt orthonormalization does not construct the new set of orbitals with a symmet-

ric process. Considering only two dimension, the new set of orbitals constructed with

Gram-Schmidt and Löwdin methods are listed in table 1. Löwdin’s method treats

every orbital equally. Therefore, the localization and size extensitivity are preserved

by Löwdin’s method but not by Gram-Schmidt’s method.

Gram-Schmidt Löwdin
φ1 F1 F1 − 1

2
〈F1|F2 〉F2

φ2 F2 − 〈F1|F2 〉F1 F2 − 1
2
〈F1|F2 〉F1

Table 1: The first two terms of Gram-Schmidt and Löwdin methods.

Third, the energy is minimized as a function of the Kohn-Sham orbitals and the

positions of the semiclassical descriptors of the FOs. To know the expansion is impor-

tant for saving time on computation. A set of Kohn-Sham orbitals is obtained through

standard DFT self-consistent field procedure and the positions of descriptors can be

determined with the methods for optimizing molecular geometries. Minimization of

the energy in molecules by brute force adjustment of the Fermi-Orbital descriptors

lead to improved atomization energies [50, 53, 54, 59, 60]. However, it was noted that

with derivatives it would be possible to use methods such as conjugate gradients to
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variationally determine the positions of Fermi-Orbital descriptors. In order to do this,

the derivatives of SIC energy with respect to the position of Fermi-Orbital descriptors

is needed:

dESIC

dam
=

∑
k

{〈 dφk
dam
|V SIC
k |φk 〉+ 〈φk|V SIC

k | dφk
dam
〉}

=
∑
kl

{〈 dφk
dam
|φl 〉〈φl|V SIC

k |φk 〉+ 〈φk|V SIC
k |φl 〉〈φl|

dφk
dam
〉}

=
∑
kl

εkkl{〈
dφk
dam
|φl 〉+ 〈φl|

dφk
dam
〉}

=
∑
kl

εkkl{〈
dφk
dam
|φl 〉+ 〈φl|

dφk
dam
〉+ 〈 dφl

dam
|φk 〉 − 〈

dφl
dam
|φk 〉}

=
∑
kl

′
εkkl{〈

dφk
dam
|φl 〉 − 〈

dφl
dam
|φk 〉} ≡

∑
kl

′
εkkl∆lk,m, (37)

with εkkl = 〈φl|V SIC
k |φk 〉, and

∑
kl
′ means the summation does not operate when k = l.

Due to the fact that the localized orbitals are constrained to lie in the space of the

Kohn-Sham orbitals, this is a generally correct formula and there is no requirement

that Kohn-Sham orbitals need to be self-consistent solutions of a Hamiltonian. From

Eq.(35), the derivative of FLOs with respect to the positions of FO descriptors is

| dφk
dam
〉 = |D1,km 〉+ |D2,km 〉+ |D3,km 〉 ≡

∑
l

∆kl,m|φl 〉, (38)

|D1,km 〉 =
∑
αj

1√
Qα

TkαTαj|
dFj
dam
〉

=
∑
α

1√
Qα

TkαTαm|
dFm
dam

〉, (39)

|D2,km 〉 = −1

2

∑
αj

1

Q
3/2
α

TkαTαj
dQα

dam
|Fj 〉, (40)

|D3,km 〉 =
∑
αj

1

Q
1/2
α

{dTkα
dam

Tαj + Tkα
dTαj
dam
}|Fj 〉. (41)

In order to determine Eq.(37), the quantities 〈φl|Dn,km 〉 − 〈φk|Dn,lm 〉 ≡ ∆n
lk,m must
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be evaluated. When n = 1,

〈φl|D1,km 〉 =
∑
α

1√
Qα

TkαTαm〈φl|
dFm
dam

〉 (42)

Eq.(35) is substituted in Eq.(42),

〈φl|D1,km 〉 =
∑
αβn

1√
Qα

TkαTαm
1√
Qβ

TlβTβn〈Fn|
dFm
dam

〉. (43)

Then,

∆1
lk,m =

∑
αβn

TkαTαmTlβTβn − TlαTαmTkβTβn√
QαQβ

〈Fn|
dFm
dam

〉,

=
∑
αβn

(TkαTlβ − TlαTkβ)TαmTβn√
QαQβ

〈Fn|
dFm
dam

〉,

=
∑
αβn

(TkαTlβ − TlαTkβ)TαmTβn√
QαQβ

dSnm
dam

, (44)

where dSnm
dam

= 〈Fn|dFmdam
〉δnm. In order to calculate ∆2

lk,m, first Eq.36 is substituted in

Eq.(40),

|D2,km 〉 = −1

2

∑
αj

1

Q
3/2
α

TkαTαj
dQα

dam
|Fj 〉, (45)

= −1

2

∑
αjβn

1

Q
3/2
α

TkαTαj
dQα

dam
Tjβ
√
QβTβn|φn 〉, (46)

= −1

2

∑
αn

1

Qα

Tkα
dQα

dam
Tαn|φn 〉, (47)
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since
∑

j TαjTjβ = δαβ. Because FLOs is a orthonormal set, 〈φl|φn 〉 = δln,

∆2
lk,m = 〈φl|D2,km 〉 − 〈φk|D2,lm 〉,

= −1

2

∑
αn

1

Qα

Tkα
dQα

dam
Tαn〈φl|φn 〉+

1

2

∑
αn

1

Qα

Tlα
dQα

dam
Tαn〈φk|φn 〉,

= −1

2

∑
α

1

Qα

dQα

dam
(TkαTαl − TlαTαk),

= 0. (48)

The first-order perturbation analysis of Eq.(33) is employed to determine |D3,km 〉.

dTkα
dam

=
∑
β 6=α

Tkβ
∑

i(Tβi
dSim
dam

Tmα + Tβm
dSmi
dam

Tiα)

Qα −Qβ

(49)

Therefore, we can evaluate

∆3
lk,m = −1

2

∑
αβn

dSnm
dam

{TβnTαm + TβmTαn}{TαkTβl − TαlTβk}
Q

1/2
β −Q

1/2
α

(Q
1/2
α +Q

1/2
β )(QαQβ)1/2

(50)

with dSnm
dam

= 〈Fn|dFmdam
〉 = δnm. The Kronecker delta arises because the Fermi Orbital

is always normalized [54, 61, 62]. Therefore only overlap integrals between different

Fermi Orbitals change when the Fermi-Orbital descriptor of one of the Fermi orbitals

changes. The gradient of a Fermi orbital is in fact a linear combination of the original

Fermi orbitals since the Fermi-Orbital construction always leads to Fermi orbitals that

span the space of the Kohn-Sham orbitals. However it is also a linear combination

of the Kohn-Sham orbitals and since these are orthonormal, the derivatives of the

overlap integrals are most easily calculated by expanding the Fermi orbital derivatives

in terms of the Kohn-Sham orbitals. To determine the derivatives of the Fermi-Orbital
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overlaps in the above expressions it is useful to use the following:

∇aiσFiσ(r) =
Σα{∇aiσψασ(aiσ)}ψασ(r)√

ρ(aiσ)
− Fiσ(r)∇aiσρ(aiσ)

2ρ(aiσ)

≡ Σα{∇aiσF
σ
iα}, (51)

∇aiσF
σ
iα = F σ

iα{
∇aiσψασ(aiσ)

ψασ(aiσ)
− ∇aiσρ(aiσ)

2ρ(aiσ)
}. (52)

The above expression shows that the gradients of the Kohn-Sham orbitals and spin

densities essentially control the overlap integrals. As such, even a local expression

for the density-functional approximation, such as the one used here, is ”educated”

by gradients of the density when the FO-SIC is used. With the above equations, the

final expression for the derivative of the SIC energy with respect to a Fermi-Orbital

descriptors is given by Eq.(37) with ∆lk,m = ∆1
lk,m + ∆3

lk,m.

2.2 Methodology: NRLMOL

The calculations presented here have been performed with a modified version of the

massively parallel NRLMOL, the Naval Research Laboratory Molecular Orbital Li-

brary, density-functional suite of codes [63], which is based on Kohn-Sham formulation

of density functional theory and solves Kohn-Sham equations by expressing the Kohn-

Sham orbitals as a linear combination of Gaussian basis. The default basis sets [64]

(much larger than the default basis sets used in other codes) and a variational inte-

gration mesh [65] are used to perform numerically precise calculations on molecules

composed of non-relativistic atoms with energies that are converged with respect to

basis sets. Unless otherwise stated in the discussion, the molecular geometries are

generally optimized until the Hellman-Feynman-Pulay forces [66] are smaller than

0.001 Hartree/bohr, and electronic wave functions used in these calculations have

been fully optimized within the PBE-GGA functional. The latest Fermi-Orbital self-

interaction correction has been implemented in NRLMOL code. NRLMOL enables
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full or partial structure optimization, calculations of harmonic vibrational frequencies,

infra-red spectra, Raman spectra [67], polarizability, density of states, joint density of

states, vibrational polarizability etc. In the next chapter, several of these capabilities

will be used to develop as much information as possible about the properties of iron

porphyrin molecules.

All geometries discussed in this work are found to have positive-definite Hessian

matrices. The corrections due to the spin-orbit interaction have been determined

using the second-order post-SCF approaches that have been discussed in Refs. [11, 12]

to determine magnetic anisotropy energies. The one difference between the results

reported there, which concentrated on the dependence of the spin-orbit energy as

a function of spin orientation, is that one needs to include all occupied orbitals to

determine the total spin-orbit energy that is needed here.

2.2.1 Vibration mode

In the vibration mode calculation, the interaction of phonon-photon and phonon-

electron are considered. Infarad (IR) spectrum is the measurement of the change of

dipole moment, where the phonons are absorbed and transfer the energy to the kinetic

energy of atoms. Raman spectrum is the measurement of the change of polarizability,

where the electrons are excited to higher energy levels. The intensities of both spectra

are derived in Ref. [67]. The intensity of IR spectrum is

IIRi =
Nπ
3c

∣∣∣∣ dµdQi

∣∣∣∣2 , (53)

where N is the particle density, c is the velocity of light, µ is the electric dipole

moment of the system, and Qi is referred to a normal-mode coordinate.

The first-order differential Raman cross section [67] for the Stokes component of
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the ith eigenmode far from resonance is given by

dσi
dΩ

=
(2πνS)4

c4

∣∣∣∣êS ∂α̃∂Qi

êL

∣∣∣∣2 h(nbi + 1)

8π2νi

nbi =
[
exp
(hνi
kT

)
− 1
]−1

(54)

where νS is the frequency of the scattered light, êS and êL are the unit vectors of the

electric-field direction (polarization) for the scattered and the incident light, α̃ is the

polarizability tensor, nbi the Bose-Einstein statistical factor, and νi is the frequency

of the ith mode. Under the most experiment conditions, a plane-polarized incident

laser beam is used. In addition, the direction of the incident beam, the polarization

direction of this beam, and the direction of observation are perpendicular to each

other. Therefore, the Raman cross section can be represented as

dσi
dΩ

=
(2πνS)4

c4
h(nbi + 1)

8π2νi

IRam

45
. (55)

2.2.2 Magnetic anisotropy

In Refs. [11, 12] equations are derived for calculating the magnetic anisotropy (zero-

point splittings). For this calculation of the spin-orbit contributions to the total

energies and the zero-point splittings the procedure developed in Ref. [11] is followed.

The second-order energy shift ∆ due to the spin-orbit interaction is determined from

second-order perturbation theory,

∆ = −
∑
iσjσ′

∑
xy

〈iσ|Vx|jσ′〉〈jσ′|Vy|iσ〉
εiσ − εjσ′

Sσσ
′

x Sσ
′σ

y . (56)

For a collection of Kohn-Sham orbitals expressed as a product of a spatial orbital

moment,

〈iσ|Vx|jσ′〉 ≡
∫
d3r

Φ(~r)

2c2

(
∂ψ∗iσ
∂z

∂ψjσ′

∂y
− ∂ψ∗iσ

∂y

∂ψjσ′

∂z

)
(57)
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where Φ is the Coulomb potential

Φ(~r) =
∑
ν

−Zν
|~r − ~Rν |

+

∫
d3r′

%(~r′)

|~r − ~r′|
. (58)

The spin angular moment is

Sσσ
′

µ ≡ 〈χσ|Sµ|χσ′〉, (59)

where ψiσ(~r)χσ is spinor, σ and σ′ are spinor indices, and εiσ (εjσ′) are the eigenvalues

of the occupied and unoccupied states. While the second-order expression derived in

Ref. [11] is fine for the lowest-energy configurations here, for systems with perma-

nent orbital moments, or partially occupied states at the Fermi level, the spin-orbit

interaction needs to be determined from exact diagonalization methods.

2.2.3 Variational mesh

An arbitrary space with a collection of atoms is broken into atomic spheres, excluded

cubic regions, and interstitial parallelepipeds [65]. A general strategy for obtaining

a set of mesh points and volume elements for numerical integrations is introduced

and it is able to applied in all three regions associating with different objective func-

tions. The numerical integral here is calculated on a transformed Gaussian-quadrature

mesh, which depends continuously on a variable parameter, γ. In contrast to the γ-

dependent quadrature meshes used here, generalized quadrature meshes require one

to find polynomials that are orthogonal over a weight function and then find the N+1

zero’s of the polynomial of degree 2N+1. This is expensive. The γ-dependent quadra-

ture mesh allowed one to bypass the calculation of special orthogonal polynomials and

the zeros. That is a very big computer saving which is probably still necessary today.

The integration in the excluded cubic required an unusual integration over r first,

then θ, and then φ and only in 1/48th of the volume. It had not been noticed before.
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This variational mesh algorithm leads to numerical integrals converging rapidly with

total number of mesh points and is substantially more efficient than other numerical

integration schemes. In addition, it is not limited to any particular type of basis set

and allows systematic refinements.

2.2.4 Gaussian basis sets

Most of electronic-structure methods expand the electronic wave functions in terms of

basis functions. Plane waves and localized atomic-like orbitals are two main groups

of functions applied. Except the intrinsic localized property, localized atomic-like

orbitals are easily to be incorporated in self-consistent full-potential methods, which

scale linearly with system size. Among the localized atomiclike orbitals, Slater-type

orbitals describe the properties of the atomic wave-functions more accurately and

Gaussian-type orbitals are mathematically easier to work with. For example, the ex-

act ground state energy for the 1s state of hydrogen is a single Slater exactly. There-

fore, Gaussian-type orbitals are used to construct the shape of Slater-type orbitals and

these basis functions are called contracted Gaussian-type orbitals (CGTOs), which

is adopted in NRLMOL [64]. The method is based on a total-energy minimization

procedure for free atoms and makes efficient use of the total energy gradient with

respect to the Gaussian exponents. The number of exponents, a set of exponents,

and ground-state energy are found during the procedure. The largest exponent must

be proportional to Z10/3, where Z is the nuclear charge. Then, the set of CGTOs is

defined by building a minimal basis set for the free atom and is rotated in the abstract

space till the wiggles close to the nucleus are gone.

2.2.5 Parallelization strategies used in NRLMOL

Given that there is ample discussion today on how to port computational method-

ologies to next-generation computer architectures it is worthwhile reviewing certain
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aspects of the massively parallel version of NRLMOL since it has been used, without

modification, on practically every parallel platform that has been deployed by the

departments of defense or energy during the last twenty five years. Through analysis

of the parallelization paradigm used in that work, the author hopes to aid future

scientists in understanding how very general strategies could be useful paradigms for

future computer architectures. Moreover, through the discussion in the following sec-

tion, it may also help readers to understand why certain mathematically important

computational methods have resisted efficient parallelization to this day.

Most of the source code for NRLMOL was written between 1984 and 1996 at

the University of Wisconsin and the Naval Research Laboratory. It appears that the

memory limitations that existed at that time were useful in the sense that NRLMOL,

parallelized during the early 1990s, seems to run on all agency platforms, with no

modifications, to this day. In this section a discussion of the general strategies that

have proved to lead to a dynamically load-balanced massively parallel methodology

are discussed. According to Ref. [63], the standard master-slave paradigm that was

discussed in the early 1990s was further modified so that dynamic load balancing could

be achieved. In this work the salient ideas are discussed beginning with observations

on how work is performed in bee hives and ant colonies. Several examples of how

these so-called honey-bee algorithms are discussed within the context of this work.

In nature the concept of dynamical load balancing may be understood by analyzing

how honey bees making honey or how ants collect food. Since there seems to be very

similar strategies employed by ants and bees, the discussion here will focus primarily

on the honey bees. For the problem of honey production, there are generally several

different fields of flowers composed of many different types of flowers with variable

amounts of nectar depending on the flower and field. The total number of flowers

greatly outnumber the number of worker bees in a beehive. In the beehive is a

single Queen (or master) that has only one interest honey production at maximal
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efficiency. As such, the queen/master has no interest in requiring each worker in the

hive to supply the hive with the same amount of nectar. To maximize the rate of

honey production the master directs each worker to fly to a flower in the field, extract

nectar from the flower and return to the beehive with the nectar. Every time a worker

returns to the beehive they drop off their nectar and are then told to return to the

field and obtain some more pollen. The amount of time required to direct a worker

to leave the hive is small compared to the amount of time required for the worker to

find a flower and extract nectar.

Further, the workers that flies to the closer fields, flies fastest, or is more adept at

finding the flowers with bountiful supplies of nectar end up supplying the hive with

a disproportionate fraction of the nectar. As long as the number of flowers greatly

surpasses the number of workers, this is the best way for the Queen bee to strengthen

the production of the entire beehive. NRLMOL follows this simple paradigm because

it guarantees that simple dynamical load balancing can be achieved.

The points are as follows:

1. The communication time per subtask between the master and worker processors

must be small compared to the computation time. This condition is rather

obvious since it is clear that if communication is the bottleneck, it does not

matter how long the computations take.

2. It must be possible to break the total task into a number of subtasks that is

at least an order of magnitude larger than the total number of processors that

one plans to use during the calculation. If this second condition holds, one sim-

ply has a master processor which sends new subtasks to the worker processors

whenever a worker completes a subtask. Since there are many subtasks, a fast

worker is automatically sent more subtasks then a slow worker. However, since

the amount of time for each subtask is still small compared to the total amount

of time for all of the subtasks, we remove the possibility of having many workers

29



sitting idle for a long period of time while a slow processor completes its work.

So, schematically, a time-intensive serial task is divided into a number of subtasks

that is large compared to the total number of processors. By requiring that the

number of subtasks is large compared to the total number of processors it becomes

unnecessary for the intrinsic computational complexity be exactly the same for each

subtask. It is only necessary to require that the intrinsic complexity of any given

subtask is significantly smaller than the intrinsic complexity of the original serial

task. In such cases, the subtasks are sequentially sent to each worker processor until

all the subtasks have been completed.

Finally, it is worth pointing out that the general structure of parallel programming

discussed in the original work is general enough to be used with the next generation of

parallel programming platforms that are expected to have very little memory. Prior

to talking about how this works within self-interaction corrected density functional a

review of how it is used in other parts of NRLMOL is discussed. For the calculations

discussed here, it is possible to break the problem up into the calculation of an SIC

potential for each electron in the problem. Therefore the methodology proposed ear-

lier works well for parallelization of the self-interaction-corrected electronic structure

problem.
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Chapter 3: Results and discussion

In vivo, the Fe(II) center in the Porphyrin molecule is five-fold coordinated with

the nitrogen on the apex of an imidazole acting as the fifth coordinating ligand. In

the de-oxygenated state, the ground state of the complex is S=2 [68]. The weak

bonding between the imadazole underscores the need to be able to computationally

predict the spin states of the de-imidazolated Porphyrin molecule. If, as predicted by

many density functionals, the de-imidazolated (four-coordinate) porphyrin is an S=1

ground-state [68], the effective bonding between the Porphrin and the imidazole can

be viewed as stronger since removal of the imidazole would then be spin forbidden.

For this reason, and because initial benchmarks of self-interaction corrected DFT on

the simplest possible systems are desirable, we concentrate on the spin states of the

structures of Fe(II)-Porphyrins in this work.

The occupation of dx2−y2 by the electron belonging to the majority spin state is

the fundamental difference between S=1 and S=2 Fe(II)-Porphyrins, and spin trans-

fer involves the information of electronic configuration [69, 70, 71]. These properties

can be observed with Raman spectrum, infrared spectrum, Mössbauer spectrum, and

nuclear magnetic resonance spectrum. Therefore, the data, except Mössbauer spec-

trum, are reported here in order to compare with the experimental measurements.

However, due to the critical experimental conditions and poor accuracy of the avail-

able DFT approaches, the ground state and electron configurations of four-coordinate

Fe(II)-Porphyrins do not have a general agreement yet.

The geometries of Fe(II)-Porphyrins can be flat (iron atom is in the center of

porphyrin plane) or bent (iron atom is out of the porphyrin plane). According to our

results, the Fermi-Löwdin-Orbital self-interaction correction (FLO SIC) calculation

is able to tell the energetic difference. That means further analysis is possible for any

physical quantities which are available by experimental measurements.
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3.1 The results of density functional theory (DFT) approximations

A characteristic for the function of the Fe(II)-Porphyrin is that there are several low

lying spin states and in some cases there are multiple states of a given spin with differ-

ent fillings of the d states. The possibility of multiple d-fillings was determined from

the lower-symmetry calculations, that we have used for the SIC calculations. Based

on that observation we decided that performing calculations on the high-symmetry

perfectly flat structures was necessary to first provide good reference calculations.

This means those multiple d-fillings are actual distinct observable states after the

high-symmetry constraint is removed. Unless stated otherwise, all calculations dis-

cussed here, are based upon the PBE-GGA energy functional. The full symmetry of

the flat porphyrin can be generated by (x, y, z)→ (y, x, z), (x, y, z)→ (x, y,−z), and

(x, y, z) → (x,−y, z). The equilibrium quantity is provided for two S=2 geometries,

two S=1 geometries and one S=0 geometry in Appendix A.

The relaxation of geometries are done with different approximate functionals

(PW92-LDA or PBE-GGA), and the results are presented in Table 2. The PW92-

LDA calculations are confused with the degeneracies at Fermi level, so the fractional

occupation numbers are gotten. There are empty states under the Fermi level some-

times in the PW92-LDA results. The results of PBE-GGA are fully free from the

empty states under Fermi level, but the fractional occupation number is observed in

the S=0 calculation. From the calculation of PW92-LDA and PBE-GGA approxima-

tions, those typical issues of DFT are observed in the studies of Fe(II)-Porphyrins.

The orbital densities along with the energetic level are reported. These are the

PBE-GGA spin-unpolarized results of S=0 Fe(II)-Porphyrin and spin-polarized re-

sults of S=1 and S=2. The numbers on the top-left corners of the red boxes are the

occupation numbers of the orbitals. In Fig.(2), the d-orbital with the lowest energy is

dxy, where the electron lobes of the iron avoid the lobes of the nitrogens. dxz, dyz and

dz2 are degenerate and the occupation numbers of dxz and dyz are fractional numbers.
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XC Energy Total Energy Symmetry Spin HOMO LUMO Degeneracy
PW92-LDA -2241.50486 Planar S=0 -0.167 -0.111 3
PW92-LDA -2241.49494 Planar S=2 -0.137 -0.116 2
PBE-GGA -2251.17223 Out-of-plane S=2 -0.148 -0.141 0
PBE-GGA -2251.20131 Planar S=1 -0.147 -0.135 0
PBE-GGA -2251.20351 Planar S=-1 -0.136 -0.122 0
PBE-GGA -2251.16231 Planar S=0 -0.158 -0.105 3

Table 2: The results are calculated with PW92-LDA and PBE-GGA. The ground
state energies, HOMOs, and LUMOs of different geometries and spin states.

The fractional numbers are the wrong prediction by PBE-GGA spin-unpolarized cal-

culation. Since the fractional occupation numbers did not observed in the FLO SIC

spin-unpolarized calculation, SIC is able to stabilize the energetic ordering and oc-

cupation of each orbital of the system. The two S=1 results, shown in Fig.(3) and

Fig.(4), are given different initial fictitious potentials, and they relax to different

states, which are energetically very close. That shows Fe(II)-Porphyrins need to be

handled very carefully. From Fig.(5), all the d-orbitals of majority channel are occu-

pied and the energetic ordering of the orbitals has a better agreement with the general

intuition. The dx2−y2 orbital is brought down along the energetic ladder in order to be

occupied. However, in the minority channel, dxz is the only occupied orbital, which

is not expected to be with the lowest energy of d-orbitals since the electron lobes of

iron run directly into nitrogens’.

3.2 Transferability of Fermi-Orbital descriptors

In order to apply the FLO SIC calculations, the initial positions of Fermi-Orbital

descriptors need to be assigned. From the previous works done by Pederson and

Baruah [50], the positions of atoms can be migrated to a molecule composited with

similar bonding and geometric structure. That means there is a certain level of

transferability of positions of Fermi-Orbital descriptors. For Fe(II)-Porphyrins’ cal-

culation, the initial positions are adopted from Mg(II)-Porphyrins, which are studied
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Figure 2: Kohn-Sham orbital density of iron d-orbitals and occupation numbers of
S=0 calculated with PBE-GGA.

by Pederson et al. [60]. However, there are fourteen more electrons surrounding the

iron nucleus than the number of electrons surrounding the magnesium nucleus. The

geometric mean of the intermediate Löwdin orbitals, the natural log of the norm

of Fermi-Orbital derivatives, and the difference of the SIC energy relative to the

minimum are introduced to determine the stages of the evolution of the positions

of Fermi-Orbital descriptors [53]. Since those quantities are for monitoring conver-

gence, we are looking for indicators to quickly determine the best starting positions.

The lowest eigenvalue of the intermediate Löwdin orbitals, the summation of the

magnitude of the square of force, and the difference of the SIC energy relative to the

minimum are the indicators applied in this study. In between zero and one, the larger

the Löwdin eigenvalue, the better the orthogonality of orbitals. On the other hand,

both SIC energy and total magnitude of square of force are expected to be as small
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Figure 3: Kohn-Sham orbital density of iron d-orbitals and occupation numbers for
S=1 calculated with PBE-GGA and the initial fictitious potential prefers spin up.

as possible. Following the protocol, in Fig. 6, the best initial positions for the routine

of SIC energy convergence are chosen. Once we have the initial configurations of all

the spin states of Fe(II)-Porphyrins, next step is to minimize the SIC energies with

respect to each of them. It turned out the configurations of the Fe(II)-Porphyrins are

not as symmetric as Mg(II)-Porphyrin. Then, we modify the configuration of Mg(II)-

Porphyrin according to the position of Fermi-Orbital descriptors of Fe(II)-Porphyrin.

Surprisingly, the SIC energy of Mg(II)-Porphyrin is further lowered with the new con-

figuration. This example, once again, manifests the transferability of the positions of

Fermi-Orbital descriptors.
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Figure 4: Kohn-Sham orbital density of iron d-orbitals and occupation numbers for
S=1 calculated with PBE-GGA and the initial fictitious potential prefers spin down.

3.3 The S=2 Porphyrin Structures

In this work we consider a perfectly flat Porphyrin S=2 geometry and a bent geometry

which is more similar to the configuration that the de-oxygenated geometry is found

in literature. We have optimized the geometry of the Fe(II)-Porphyrin molecule,

constrained to be in the high-spin (S=2) state, using both PW92-LDA and PBE-

GGA generalized gradient approximation with the group of order 4 that is generated

with the symmetry operations (x→ −x) and (y → −y).

Generally speaking, the geometry of S=2 for the Fe(II)-Porphyrin is accepted to

be bent rather than planar. Collman et al [1] state further that the high-spin iron(II)

atom should lie substantially out of plane from the nitrogen atoms (probably by

≥ 0.45 Å ) and be with an Fe-N bond length 2.086 Å . The PBE-GGA functional
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Figure 5: Kohn-Sham orbital density of iron d-orbitals and occupation numbers for
S=2 calculated with PBE-GGA. The red number on the top-left of each red box
represents the occupation number of the orbital.

predicts that there is no Jahn-Teller distortion or bending of the S=2 geometry.

Olafson and Goddard [69] conclude from their ab initio calculation that the ground

state of four-coordinate Fe(II)-Porphyrin is dependent on the radius of the hole in the

center of a free base porphyrin. The plane geometry is energetically favored for both

high-spin (with quintet Fe(II) at the center, S=2) and intermediate-spin (with triplet

Fe(II) at the center, S=1) states. That interpret that high-spin d6 Fe+2 was not too

big to fit into the porphyrin plane. However, we still performed calculations on a bent

S=2 geometry to address the possibility that the self-interaction corrected functional

will yield geometries that conform to most of the experimental observations.

Constrained to S=2 flat geometry, PW92-LDA predicts the length of Fe-N bond

is 2.02 Å . The highest occupied molecular orbital (HOMO) is at −3.74 eV, and
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Figure 6: Two panels show different indicators, which are applied to determine the
initial positions of Fermi-Orbital descriptors. The blue circles are the two initial
configurations chosen for S=0 Fe(II)-Porphyrin.

the lowest unoccupied molecular orbital (LUMO) is at −3.14 eV (i.e. there is a 0.6

eV gap). However, both fractional occupation numbers and holes below Fermi level

are observed at the degenerate states which are close to Fermi level. We have not

found an out-of-plane S=2 structure that has a lower energy within the PBE-GGA

or PW92-LDA functionals, and we have verified that PBE-GGA leads to a perfectly

flat vibrationally stable structure. By analyzing the experimental geometries and the

calculated vibrational modes, we have constructed an S=2 out-of-plane porphyrin

structure that is similar to experimental reports. The total energies are only 0.03 eV

higher within PW92-LDA and 0.17 eV higher within PBE-GGA than the energyies
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of perfectly flat D4d structures.

The energy difference between the out-of-plane and perfectly-flat S=2 geometries

is smaller within the PW92-LDA functional. In PBE-GGA calculation, this out-of-

plane geometry has an Fe ion that is 0.2 Å above the planar average. The length

of Fe-N bond is 2.08 Å . The fractional occupation numbers and holes below the

Fermi level are both gone in the S=2 PBE-GGA calculation. The HOMO is at −4.03

eV and LUMO is at −3.83 eV (i.e. there is a very small but non-zero gap 0.19

eV) indicating that this is an electronically stable configuration. A picture of the

equilibrium structure, including the Fermi-orbital descriptors is shown in Fig. 7.

With the PBE-GGA energy functional we find that both S=2 geometries are

higher than two electronically distinct, but nearly degenerate, S=1 structures by 0.68

and 0.85 eV respectively. Within PW92-LDA, the energy of the S=2 structures are

significantly higher than the the ground-state S=1 structure. The flat geometry is

1.06 eV higher and the bent geometry is 1.09 eV higher. When the self-interaction

correction is added we find that the bent S=2 geometry is lower in energy than either

of the S=1 geometries, while the flat S=2 is much higher (0.52 eV) in energy than

the bent S=2 geometry. Furthermore, the tentative conclusion is that the bent S=2

geometry is the lowest configuration of all. The iron atom is out-of-plan. However,

the arrangement of π bonds does not fully agree with conventional configuration. If

all the bondings are located in the same arrangement as experimental result, the

energy is 0.55 eV higher. The flat geometry is presumably the preferred geometry

due to the symmetry, but its energy is 0.84 eV higher. The energy of S=1 state is

0.44 eV higher and S=0 is 0.82 eV higher as comparing with the ground state.

While our vibrational analyses clearly show that the bent S=2 configuration re-

laxes harmonically into the perfectly flat geometry for the uncorrected energy func-

tionals, we believe that the larger SIC correction for the S=2 geometry arises due to

the fact that the Kohn-Sham orbitals associated with the out-of-plane structures will
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already have a more natural mixing of gerade and ungerade orbitals. This is expect

to lead to a higher degree of localization in the character of the out-of-plane density

matrix which may explain why the self-interaction corrected results favor the out of

plane geometry.

Figure 7: Geometry of FLO descriptors for the minority and majority S=2 Fe(II)-
Porphyrin

3.4 The S=1 Porphyrin Structures

Collman et al. [1] suggested that the intermediate-state iron(II) atom should be pre-

cisely centered among the four complexed nitrogen atoms with an Fe-N bond distance
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1.972 Å which is coincide with the geometries founds here that have a Fe-N bond is

1.991 Å . For S=1 spin state with a flat geometry, PW92-LDA predicts the length of

Fe-N bond is 1.95 Å . Two fractional occupation numbers are found at the degenerate

states which are close to Fermi level. The HOMO is at −4.11 eV and the LUMO

is at −4.00 eV, so there is a 0.11 eV gap. Interestingly, within PBE-GGA, we find

that there are in fact two different S=1 states, with different electronic structures,

shown in Fig. 8, but there is only one electronic structure found within PW92-LDA.

Both of these electronically distinct and electronically stable configurations are lower

than the S=2 geometries. These structures relax to nearly, but not perfectly, planar

structures. One of the electronically distinct configuration has been found by start-

ing the calculations with four unpaired electrons but with a fictitious potential that

favors ferromagnetic ordering between the Fe and N atoms. The length of Fe-N bond

is 1.99 Å . The HOMO is at −4.01 eV and the LUMO is at −3.66 eV. The gap is

0.35 eV. The other configurations has been found by starting the calculations with

two unpaired electrons but with a fictitious potential that favors an initial antiferro-

magnetic instability between the Fe and N atoms. The length of Fe-N bond is 1.99

Å as well. The HOMO is at −3.70 eV and the LUMO is at −3.32 eV. The energy

levels are shifted upward and the gap, 0.38 eV, is a little bit larger than the one in

fictitious ferromagnetic potential. In Fig. 8, we can see the electronic configuration

on the upper right, which is respect to the HOMO of the molecule in a fictitious

potential favoring antiferromagnetic ordering, is competing with the electrons of ni-

trogens. This can be the reason this system is 1.56 eV higher in energy. Once again,

the fractional occupation numbers observed in PW92-LDA calculation are gone when

PBE-GGA is applied. We have relaxed both of these geometries completely and de-

termined that one of these configurations is very similar to the S=1 structure while

the other structure appears to be a Jahn-Teller relaxation of the structure that has

an orbital moment.
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Figure 8: Orbital density plots for the S=1 HOMO levels that are found to be nearly
degenerate within the generalized-gradient approximation. The PW91-LDA approx-
imation only finds one of these structures to be electronically stable.

3.5 The S=0 Porphyrin Structure

The S=0 spin state is actually a spin-unpolarized system. Within the PW92-LDA

approximation, the length of Fe-N bond is 1.94 Å . The HOMO is at −4.53 eV and

the LUMO is at −3.02 eV (i.e. the gap is 1.51 eV). Two electrons are distributed into

three degenerate states immediately below Fermi level. The energy of this configura-

tion is 0.82 eV higher than the ground state within PW92-LDA calculation S=1. The

length of Fe-N bond is 1.98 Å gotten with PBE-GGA approximation. The HOMO

is −4.29 eV and the LUMO is −2.86 eV. The gap is 1.35 eV. This is the first time we

observe fractional occupation numbers happened at those degenerate states closing
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Figure 9: Geometry of FLO descriptors for the minority and majority S=1 Fe(II)-
Porphyrin

to Fermi level within PBE-GGA approximation. It indicates that both PW92-LDA

and PBE-GGA may not be well constructed for the application on this sophisticated

multi-spin-state molecule. Fermi-Orbital SIC is indeed restores the integer occupation

number for S=0 state and further lowers the total energy.

3.6 Fermi-Orbital Descriptors

In Fig. 7, 9, and 10, we can see that the positions of Fermi-Orbital descriptors intimate

the classical chemical bonds, and the symmetry of the electronic configuration is no

43



Figure 10: Geometry of FLO descriptors for the S=0 Fe(II)-Porphyrin

longer exist [59, 50]. The carbon-carbon and carbon-hydrogen σ bonds and the π

bonds in between the two carbon atoms on the periphery of Fe(II)-Porphyrin are

reproduced by Fermi-Orbital descriptors.

There are nine Fermi-Orbital descriptors hovering on top of the porphyrin plane

for all the spin states, and they are suggested to be responsible for the aromatic-

ity [50, 60]. The resonance structures are involved nine delocalized π bonds (five

carbon-carbon, two carbon-nitrogen, and two nitrogen-iron bonds) shown in Fig. 11.

The arrows indicate coordinate bonds, where the electrons forming the bonds are

contributed by nitrogen only. In Fig. 7, four of the nine belong to the vertices of the

tetrahedral coordination of nitrogens. They are similar to the ammonium ion (NH+
4 )

tetrahedral configuration. This observation may imply that the Fermi-Orbital de-

scriptors somehow catch the averaged behavior. In addition, there are always 24

Fermi-Orbital descriptors stacking on the iron atom and the other 2 are relocated

somewhere on the ring. This implies that the centered iron atom is +2 charged.

The S=2 configuration shown in Fig. 7 is the one with lowest energy i.e. the ground

state, and its lowest intermediate Löwdin orbital eigenvalue is 0.09. The Fermi-Orbital

descriptors Fig. 12 imitate the conventional bonds in Fig. 11. This configuration
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presumably has the lowest energy, but the energy is actually 0.25 eV higher than

the ground state. However, this set of Fermi Orbitals has better orthogonality (the

lowest intermediate Löwdin orbital eigenvalue is 0.18). The last S=2 configuration

is with all the atoms on a plane, shown in Fig. 13. There is only one Fermi-Orbital

descriptor hovering on top of the ring. The energy is 0.9 eV higher than the ground

state and the lowest intermediate Löwdin orbital eigenvalue is 0.33, surprisingly the

largest one among the three S=2 geometries.

3.7 Electronic Structures

The density of states of Fe(II)-Porphyrin are reported in Fig. 14 and they are indeed

dependent on the spin states. Both S=0 and S=1 Fe(II)-Porphyrin are metallic. Fur-

thermore, the d-electrons of iron atoms are responsible for the electrical conductivity

of S=0 Fe(II)-Porphyrin. Since S=0 is spin unpolarized state, the majority and mi-

nority electrons have very similar behavior. For S=1, the minority of the electrons

are responsible for the conductivity. S=2 Fe(II)-Porphyrin is not conductive, but

the two peaks below Fermi level can make it a good candidate for a thermoelectric

application. For S=2 Fe(II)-Porphyrin, the HOMO is hybridized by the p-orbital of

nitrogen and the d-orbital of iron. The LUMO is hybridized by the p-orbital of carbon

and nitrogen.

3.8 Zero-Point Vibrational Contributions and Vibrational Signatures

One possible way of distinguishing the low-spin and high-spin moments are to look for

spin-dependent changes in the vibrational spectra that are strongly correlated with

either Fe or N displacements. The softening the the high-spin zero-point energies can

be observed in the infra-red and Raman modes. For example near 190 cm−1, the S=2

configuration has two strong Raman modes, 10 cm−1, and a pair of weak/moderate

degenerate Raman modes that with vibrational energy that coincides with the strong
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lower-energy strong mode (See lower panel of Fig. 15. As shown in the upper panel

of this figure, the splittings and shifts, of the strong modes, change significantly with

the spin of the Fe(II). The weak/moderate modes shift upward by 15 cm−1. The

strong modes shift upward by 30 and 40 and 60 cm−1 respectively. Analysis of the

vibrational modes shows that these modes have major contributions from the Fe and

N atoms. The weak modes correspond to a pair of vibrational states is associated

with the nitrogen atoms vibrating out of plane. The lower-energy strong Raman

mode is due to in-plane breathing of the N atoms with N atoms aligned along the y

axis breathing out of phase with the N atoms aligned along the x axis. The slightly

higher-energy mode also due to the in-plan nitrogen atoms beating against the Fe

but with a different phase. Calculation of the S=1 Raman spectra, within PBE-GGA

or PW92-LDA was complicated by the fact that there are two energetically similar

S=1 states. Application of electric fields seemed to, at least numerically, mix these

states which made it difficult to reliably determine the derivatives of the polarizability

tensors [67] that are needed to calculate the Raman spectra. Since the inclusion of the

self-interaction correction significantly opens the HOMO/LUMO gap, it is reasonable

to expect that this instability will not be present in a fully self-consistent SIC method.

As shown in Fig. 16 the S=2 geometry also has a pair of much weaker ungerade

IR-active modes at 243 cm−1. This pair of vibrational modes also harden to 303 cm−1

in the S=0 configuration. We have determined that these IR-active modes that are

respectively at 243 cm−1 and 303 cm−1 correspond to vibrations of the Fe ion vibration

along the (110) directions, to avoid the N atoms, in the plane of the porphyrin. As in

the case of the gerade modes associated with N displacements, it is very reasonable to

expect that this type of IR active mode could be signficantly softened by a change in

spin of the porphyrin. While these states are significantly changed by a change in the

spin of the Fe ion, they are also very insensitive to changes in the density-functional

or bending of the porphyrin. For example the the PW92-vibrational energies of the
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S ∆EPBE−GGA ∆EPW92 ∆EPW92−SIC ∆EZP+LS
PW92−SIC LS Zero

0 1.121 0.816 0.999 0.930 0.000 7.241 FLAT
1 0.542 2.326 0.525 0.462 -0.013 7.249 UUBT
1 0.060 0.000 0.547 -0.013 7.249 FLAT
1 0.000 1.571 0.192 0.126 -0.011 7.249 UDFT
2 0.851 1.086 0.000 0.000 -0.014 7.187 BENT
2 0.679 1.060 0.520 0.519 -0.014 7.187 FLAT

Table 3: Energetics of the Spin states as a function of functional

bent geometry agree with the PBE-GGA vibrational energies of the flat porphyrin to

within 4 cm−1. For the lowest energy S=1, within PW92-SIC, we find that the pair

of IR-active modes to be at 284 cm−1.

3.9 Magnetic Anisotropy

The methods discussed here have proven to provide very accurate means for determine

the magnetic-anisotropy energies, also referred to as zero-field splittings, in molecular

magnets. As discussed in the introduction a primary reason for success is that the

spin-carrying metal centers in such molecules are six-fold coordinated by ligands which

strongly influence the d-shell filling in such systems. For specific applications to

Fe(II) centers, the methods have been very successful in predicting the zero-field

splitting of the Fe4 molecular magnet but less successful in obtaining quantitatively

accurate zero-field splittings in the larger Fe8-TACN molecule. [72]. In this work

we have included the effects of spin-orbit interactions for several reasons. First,

the spin-orbit interaction contributes to the total energy of the system. While such

effects are generally second order, some of the systems discussed here have vanishing

HOMO/LUMO gaps or nearly vanishings HOMO/LUMO gaps. In such systems,

a permanent orbital moment arises and this leads to a much stronger first-order

contribution to the spin-orbit energy. Our results indicate that the permanent orbital

moment does not lead to a strong enough spin-orbit energy to prevent a Jahn-Teller

distortions. Second, the resulting magnetic anisotropy can be directly compared to
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experiment and uses as an additional means for determining whether the spin state

of the iron complex is S=0, S=1, or S=2.
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Figure 11: The conventional bonds of Fe(II)-Porphyrin
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Figure 12: Geometry of majority Fermi-Orbital descriptors for the bent S=2 Fe(II)-
Porphyrin, which imitates the conventional bonds

Figure 13: Geometry of majority Fermi-Orbital descriptors for the flat S=2 Fe(II)-
Porphyrin
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Figure 14: The density of states of Fe(II)-Porphyrin are spin dependent. From the
top to bottom, they are the DOS of S=0, S=1, and S=2.
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Figure 15: Raman Spectra as a function for the high spin (S=2) and low-spin Fe(II)-
Porphyrin molecule.
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Figure 16: Infrared Spectra as a function of spin state for the Fe(II)-Porphyrin
molecule. The appearance of two IR active modes in the region around 1575 cm−1

and a lone peak at 1250 cm−1 would be a clear indicator of the bent S=2 configu-
ration of the FePy. Qualitative differences in the IR spectra at lower frequencies are
not discernible. However a softening of the IR frequency from about 430 to 400 cm−1

would be indicative of a transition from one of the low-spin configurations to the S=2
configuration
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Chapter 4: Conclusion

The calculations of electronic structures within the framework of density functional

theory (DFT) have become an invaluable tool for physicists, chemists, and material

scientists because it is the most economic approach (low computational cost but high

accuracy). However, the mapping from a many-body Schrödinger equation to many

one-body Kohn-Sham equations, the researchers confront a necessary approximation

of exchange-correlation term. Therefore, many local, semi-local, and hybrid function-

als are introduced into density-functional calculations, but some failures, such as the

dissociation energies, are considered to be the intrinsic problem of density functional

theory. One of the major problems of DFT is self-interaction error, the spurious in-

teraction of an electron with itself. The very first self-interaction correction (SIC) was

proposed by Lindgren in 1971, Perdrw and Zunger had a more detailed discussion

in 1981, and then many following studies kept searching for better approaches. A

recent SIC formulation introduced by Pederson, Ruzsinszky and Perdew [54] based

on Fermi-Löwdin orbitals (FLO), which are localized, unitarily invariant, and size-

extensive. The FLO-SIC has been applied on single atoms, transition-metal atoms,

inorganic and organic molecules [50, 53, 54, 59], and the energetics of these molecules

agree with the experimental measurements well.

FLO SIC is further employed to study tetra-coordinated Fe(II)-Porphyrins, the

concentration of this dissertation. Fe(II)-Porphyrins have caught a lot of attention

on researches due to their important roles in nature. However, even there are many

experimental and simulation reports, no general agreement on the electron structure

of ground state of Fe(II)-Porphyrins is reached. From our FLO-SIC calculation, the

ground state of Fe(II)-Porphyrins is predicted to be S=2 (four unpaired electrons).

The inclusion of self-interaction corrections to the density functional significantly

affects the energetic ordering. The predictions of geometries are well agreed with

experimental measurements. The energetic orderings of the S=1 and S=2 states
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relative to PBE-GGA and PW92-LDA. Spin dependencies in the IR/Raman spectra

and the zero-field splittings are also provided as a possible means for identifying the

spin of Fe(II)-Porphyrins. Because the energetics, due to changes in total spin, are

small, we have also calculated the second-order spin-orbit energies and the zero-point

vibrational energies to determine whether such corrections could be important. Our

results find that the size of the spin-orbit and vibrational corrections to the energy

orderings are small compared to the changes due to the self-interaction correction.

The difficulties to compare the conditions of simulation and experiment are needed

to overcome. For example, the calculation of FLO-SIC is done in the vacuum but the

experimental sample can only be prepared in aquatic environment. Nevertheless, to

simulate the porphyrins correct is the premier goal.

Porphyrins can have a different metal in the center which changes the properties

of the molecules. Magnesium centered porphyrin is studied by Pederson et al. [60]

and iron centered porphyrins are reported here. Once a better understanding of

porphyrins are achieved, the ligands and functional groups could be attached on to

the porphyrins in order to study more complicated systems which may be applied on

solar cell, metal-organic material, and etc.

A further discussion is how to adapt the concept of temperature into DFT, which

is a ground-state theory, since biological systems are not at 0K. The approach is to

introduce Boltzmann distribution as partition function,

D(ω, T ) =

∑
σD(ω, s)eE(σ)/kBT∑

σ e
E(σ)/kBT

, (60)

where D is the density of states, ω is frequency, T is temperature, and kB is Boltzmann

constant. Therefore, the density of states is temperature dependent.

The porphyrins applied in solar cells are primarily with zinc or nickel center. In the

photosynthetic cores of bacteria and plants, solar energy is collected at chromophores,
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dyes based on porphyrin; the captured radiant energy is converted efficiently to chem-

ical energy. The intrinsic advantages of porphyrin-based dyes are their rigid molecular

structures with large absorption coefficients in the visible region and their many re-

action sites, twelve positions on porphyrin rings available for functionalization: fine

tuning of the optical, physical, electrochemical and photovoltaic properties of por-

phyrins thus becomes feasible. Since the fine tuning involves multiple sites and small

energetic difference, a high accuracy of computational approach is necessary to reduce

the cost and effort on experiments that is one of the stong driven force behind FLO

SIC.

Metalorganic frameworks (MOFs) are a class of porous materials that consist

of highly ordered organic building blocks and metal clusters. Functionalized Fe-

Porphyrins are used as catalytically competent and redox-conductive linkers for elec-

trocatalytic CO2 reduction. The simulation of MOFs is a harder challenge for FLO

SIC due to the large size of the molecular cluster. Therefore, NRLMOL needs to be

revised and modified in order to calculate more efficient.

There are many other potential applications related to porphyrins and the energet-

ics of porphyrins are very sensitive to the metal center and ligand field. Hence more

accurate methods, such as FLO SIC, are necessarily adopted to calculate electronic

structure for the future studies.
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Appendix A-Relaxed Data

Atom X Y Z Atom X Y Z
Fe 0.0000 0.0000 0.3796 H 1.3508 5.1087 -0.1448
N 0.0000 2.0699 0.1919 H -1.3508 5.1087 -0.1448
N 0.0000 -2.0699 0.1919 H 1.3508 -5.1087 -0.1448
N 2.0737 0.0000 0.1904 H -1.3508 -5.1087 -0.1448
N -2.0737 0.0000 0.1904 H 5.1140 1.3513 -0.1444
C 2.4364 2.4346 0.0553 H -5.1140 1.3513 -0.1444
C -2.4364 2.4346 0.0553 H 5.1140 -1.3513 -0.1444
C 2.4364 -2.4346 0.0553 H -5.1140 -1.3513 -0.1444
C -2.4364 -2.4346 0.0553 H 3.1977 3.1986 -0.1144
C 0.6840 4.2550 -0.0554 H -3.1977 3.1986 -0.1144
C -0.6840 4.2550 -0.0554 H 3.1977 -3.1986 -0.1144
C 0.6840 -4.2550 -0.0554 H -3.1977 -3.1986 -0.1144
C -0.6840 -4.2550 -0.0554
C 4.2605 0.6845 -0.0556
C -4.2605 0.6845 -0.0556
C 4.2605 -0.6845 -0.0556
C -4.2605 -0.6845 -0.0556
C 1.1079 2.8818 0.0869
C -1.1079 2.8818 0.0869
C 1.1079 -2.8818 0.0869
C -1.1079 -2.8818 0.0869
C 2.8858 1.1080 0.0863
C -2.8858 1.1080 0.0863
C 2.8858 -1.1080 0.0863
C -2.8858 -1.1080 0.0863

Table 4: This result may be reproduced by using the PBE-GGA wavefunctions with
Nup=95 and Ndn=91 EPW92= -2241.43 EPW92−FOSIC = -2257.686639 Positions are
given in Angstroms.
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X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3
-0.4424 0.2173 0.1575 0.4098 0.1797 0.7118 -0.1480 -0.3923 0.1875
-0.4038 -0.1876 0.7308 0.4482 -0.2147 0.1517 0.0943 -0.2409 0.6281
-0.0924 0.2312 0.6336 0.1537 0.4068 0.1912 -0.0010 0.0138 -0.0626
-0.0662 -0.0616 0.3159 -0.0566 0.0806 0.4511 0.0586 -0.0794 0.4483
0.0639 0.0619 0.3135 -1.5534 2.6702 2.0700 0.0229 1.5103 0.1845
1.4596 0.0054 0.1410 -0.0121 -1.5137 0.1002 -1.4585 -0.0049 0.2268
2.8649 2.0259 1.7793 2.3729 -2.5799 1.8709 -2.1661 -2.7951 1.8481

-2.4144 1.9476 1.9308 2.6458 1.7865 0.3570 1.8087 -2.6162 0.2281
-2.6251 -1.7631 0.1276 -1.7591 2.6573 0.3240 1.7643 2.6217 0.0934
2.6203 -1.7888 0.1588 -1.8089 -2.6350 0.3285 -2.6568 1.7481 0.3449
0.9681 3.6115 0.0490 3.5970 -0.9590 0.0240 -0.9648 -3.6048 0.0260

-3.6098 0.9770 0.0129 -0.9737 3.6036 0.0833 3.6085 0.9649 0.0463
0.9669 -3.5953 0.0184 -3.5926 -0.9469 0.0139 0.5404 2.3906 0.0247
2.3511 -0.2295 1.5221 -0.5424 -2.4218 0.0981 -2.3972 -0.3430 1.4890
0.2333 2.5142 1.4571 2.4310 -0.5190 0.0371 0.1014 -2.3659 1.4834

-2.4305 0.5401 0.1204 -0.5651 2.4481 0.2474 2.4313 0.5378 0.0903
0.5359 -2.4306 0.0831 -2.4256 -0.5208 -0.0082 0.0257 4.2561 -0.6068
4.3201 -0.0187 0.4019 0.0119 -4.2147 -0.5868 -4.3408 -0.0639 0.4193
0.0127 4.2877 0.4134 4.2348 -0.0320 -0.6017 0.0070 -4.3245 0.4008

-4.2095 -0.0661 -0.6303 -0.0000 -0.0003 0.3767 -0.0075 2.0402 0.1607
-0.0023 -2.0423 0.1611 2.0554 0.0057 0.1654 -2.0528 0.0110 0.1657
2.4175 2.4255 -0.0032 -2.4281 2.4307 -0.0168 2.4180 -2.4168 -0.0104

-2.4229 -2.4172 -0.0089 0.7167 4.2357 -0.0475 -0.7176 4.2380 -0.0506
0.7164 -4.2389 -0.0469 -0.7180 -4.2365 -0.0494 4.2423 0.7179 -0.0486

-4.2417 0.7189 -0.0490 4.2441 -0.7156 -0.0460 -4.2450 -0.7131 -0.0425
1.1285 2.8914 0.0696 -1.1080 2.8695 0.0255 1.0970 -2.8870 0.0488

-1.0964 -2.8789 0.0381 2.8804 1.0994 0.0341 -2.8815 1.1020 0.0364
2.9015 -1.1145 0.0626 -2.8990 -1.1335 0.0780 1.2257 4.9002 -0.2090

-1.2310 4.8918 -0.1930 1.2325 -4.9077 -0.1304 -1.2257 -4.9117 -0.1290
4.9047 1.2434 -0.1573 -4.9032 1.2401 -0.1255 4.9242 -1.2120 -0.1676

-4.9350 -1.1877 -0.1219 3.0275 3.0271 0.0516 -2.9946 3.0359 -0.0395
3.0222 -3.0403 0.1299 -3.0330 -3.0485 0.1433

Table 5: Fermi orbital descriptor positions using the PBE-GGA wavefunctions with
Nup=95 and Ndn=91 EPW92= -2241.43 EPW92−FOSIC = -2257.686639 Positions are
given in Angstroms.
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X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3
0.1313 -0.2721 0.1159 0.1276 0.2642 0.1026 0.1600 -0.2645 0.6458
0.1175 0.2423 0.6496 -0.3998 0.0435 0.3696 -0.0856 -0.0905 0.4081

-0.0842 0.0903 0.3499 0.0860 -0.0897 0.3501 0.0898 0.0918 0.4119
-1.5595 2.6044 2.2447 0.0040 1.3663 0.3249 1.4197 -0.0134 0.1620
-0.0046 -1.3657 0.2570 -1.1904 -0.0134 0.2389 2.8625 1.9659 1.8065
2.3621 -2.4575 1.9593 -2.1703 -2.7497 1.8952 -2.5270 1.7497 2.0455
2.6534 1.7716 0.3714 1.7902 -2.6151 0.1853 -2.6256 -1.7626 0.1349

-1.7524 2.6592 0.2245 1.7657 2.6110 0.1144 2.6116 -1.7912 0.1777
-1.8013 -2.6285 0.2849 -2.6672 1.7365 0.3574 0.9419 3.6097 0.0656
3.5920 -0.9468 0.0240 -0.9551 -3.6029 0.0246 -3.6064 0.9656 0.0276

-0.9655 3.6039 0.0644 3.6007 0.9527 0.0444 0.9622 -3.5902 0.0208
-3.5923 -0.9392 0.0054 0.5609 2.4285 0.1505 2.1962 -0.1925 1.9548
-0.5416 -2.4168 0.1082 -2.3197 -0.2803 1.9590 0.4977 2.6118 1.5487
2.4326 -0.5282 0.0150 0.1505 -2.4670 1.4754 -2.4453 0.5490 0.1447

-0.5577 2.4350 0.2166 2.4367 0.5416 0.0804 0.5319 -2.4247 0.1064
-2.4318 -0.5222 0.0060 0.0368 4.2567 -0.6144 4.3341 -0.0129 0.3740
0.0166 -4.2040 -0.5887 -4.3462 -0.0490 0.3797 0.0335 4.2793 0.4651
4.1903 -0.0336 -0.7641 0.0165 -4.3220 0.4075 -4.1760 -0.0939 -0.8082

-0.0003 -0.0000 0.3791 -0.0057 2.0630 0.1585 -0.0032 -2.0640 0.1567
2.0677 0.0035 0.1672 -2.0770 0.0024 0.1647 2.4164 2.4297 -0.0031

-2.4266 2.4295 -0.0103 2.4217 -2.4165 -0.0090 -2.4216 -2.4194 -0.0080
0.7151 4.2339 -0.0503 -0.7154 4.2364 -0.0530 0.7147 -4.2386 -0.0479

-0.7168 -4.2353 -0.0478 4.2442 0.7146 -0.0393 -4.2420 0.7129 -0.0404
4.2463 -0.7116 -0.0323 -4.2454 -0.7110 -0.0277 1.1196 2.8789 0.0402

-1.1050 2.8702 0.0389 1.1056 -2.8911 0.0489 -1.0987 -2.8821 0.0414
2.8805 1.1036 0.0307 -2.8790 1.1032 0.0277 2.9007 -1.1009 0.0665

-2.9008 -1.1410 0.0836 1.1970 4.9282 -0.2209 -1.2459 4.8985 -0.1967
1.2410 -4.9245 -0.1326 -1.2288 -4.9339 -0.1312 4.9271 1.1977 -0.1601

-4.9310 1.1981 -0.1374 4.9364 -1.1902 -0.1726 -4.9497 -1.1454 -0.1497
3.0345 3.0318 0.0409 -3.0224 3.0221 -0.0638 3.0302 -3.0393 0.1024

-3.0387 -3.0413 0.1473

Table 6: Fermi orbital descriptor positions using the PBE-GGA wavefunctions with
Nup=95 and Ndn=91 EPW92= -2241.43 EPW92−FOSIC = -2257.686639 Positions are
given in Angstroms.
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Atom X Y Z
Fe 0.0000 0.0000 0.0000
N 0.0000 2.0589 0.0000
N 2.0589 0.0000 0.0000
N 0.0000 -2.0589 0.0000
N -2.0589 0.0000 0.0000
C 2.4341 2.4341 0.0000
C -2.4341 2.4341 0.0000
C 2.4341 -2.4341 0.0000
C -2.4341 -2.4341 0.0000
C 0.6847 4.2600 0.0000
C 4.2600 0.6847 0.0000
C -0.6847 4.2600 0.0000
C 0.6847 -4.2600 0.0000
C -0.6847 -4.2600 0.0000
C 4.2600 -0.6847 0.0000
C -4.2600 0.6847 0.0000
C -4.2600 -0.6847 0.0000
C 1.1065 2.8788 0.0000
C 2.8788 1.1065 0.0000
C -1.1065 2.8788 0.0000
C 1.1065 -2.8788 0.0000
C -1.1065 -2.8788 0.0000
C 2.8788 -1.1065 0.0000
C -2.8788 1.1065 0.0000
C -2.8788 -1.1065 0.0000
H 1.3534 5.1171 0.0000
H 5.1171 1.3534 0.0000
H -1.3534 5.1171 0.0000
H 1.3534 -5.1171 0.0000
H -1.3534 -5.1171 0.0000
H 5.1171 -1.3534 0.0000
H -5.1171 1.3534 0.0000
H -5.1171 -1.3534 0.0000
H 3.2050 3.2050 0.0000
H -3.2050 3.2050 0.0000
H 3.2050 -3.2050 0.0000
H -3.2050 -3.2050 0.0000

Table 7: This result may be reproduced by using the PBE-GGA wavefunctions with
Nup=95 and Ndn=91 EPW92= -2241.44 EPW92−FOSIC = -2257.682990 Positions are
given in Angstroms.
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X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3
-2.4042 2.4032 2.2080 -0.1213 -0.0056 -0.6202 0.0640 0.0664 0.0647
0.0765 -0.0597 -0.0714 -0.0676 0.0598 -0.0646 -0.0612 -0.0663 0.0645
0.3461 0.1362 0.2472 -0.1520 0.4069 0.3961 -0.2413 -0.1625 0.3975
0.2807 -0.4047 0.2793 0.1510 0.4296 -0.2431 0.2813 -0.0882 -0.2160

-0.2118 -0.4820 -0.2336 -0.5007 0.1476 -0.1416 -0.0021 0.0003 0.0012
0.0027 2.0490 0.0257 2.0137 -0.0040 -0.0277 0.0042 -2.0385 -0.0258

-2.0420 -0.0023 0.0270 2.4251 2.4185 -0.0575 2.4285 -2.4285 0.0691
-2.4204 2.4204 -0.0644 -2.4185 -2.4251 -0.0575 0.7174 4.2390 0.0001
4.2380 0.7162 -0.0004 4.2401 -0.7150 0.0039 -0.7179 4.2391 0.0047
0.7151 -4.2402 0.0039 -0.7162 -4.2382 -0.0004 -4.2391 0.7178 0.0047

-4.2389 -0.7174 0.0002 1.1059 2.8858 -0.0492 2.8883 1.1277 -0.0232
2.8743 -1.1041 0.0622 -1.1124 2.8861 -0.0218 1.1043 -2.8746 0.0621

-1.1276 -2.8890 -0.0226 -2.8861 1.1120 -0.0222 -2.8853 -1.1056 -0.0493
1.2918 4.9654 -0.0045 4.9695 1.2858 -0.0022 4.9670 -1.2852 0.0143

-1.2886 4.9695 0.0027 1.2852 -4.9668 0.0144 -1.2857 -4.9688 -0.0023
-4.9695 1.2886 0.0026 -4.9659 -1.2919 -0.0043 3.0511 3.0597 0.0481
3.0537 -3.0537 0.0486 -3.0184 3.0184 0.2734 -3.0597 -3.0510 0.0481

-0.0131 4.2568 -0.4674 4.2395 0.0043 -0.5015 4.2652 0.0240 0.5046
-0.0195 4.2577 0.4590 -0.0245 -4.2648 0.5039 -0.0044 -4.2394 -0.5012
-4.2576 0.0199 0.4592 -4.2570 0.0133 -0.4678 0.9638 3.6060 0.0010
3.6061 0.9553 0.0044 3.6011 -0.9630 -0.0518 -0.9617 3.6017 -0.0253
0.9633 -3.6012 -0.0520 -0.9552 -3.6057 0.0055 -3.6018 0.9619 -0.0244

-3.6064 -0.9639 0.0007 1.7756 2.6075 0.2379 2.6088 1.7660 0.0457
2.6415 -1.7186 -0.2810 -1.7737 2.6132 0.0753 1.7185 -2.6414 -0.2807

-1.7659 -2.6087 0.0448 -2.6133 1.7737 0.0751 -2.6072 -1.7758 0.2383
0.5470 2.3972 0.0768 2.4330 0.5275 -0.1422 2.4251 -0.5564 -0.0758

-0.5376 2.4151 0.1798 0.5554 -2.4234 -0.0757 -0.5267 -2.4284 -0.1463
-2.4121 0.5375 0.1784 -2.3999 -0.5480 0.0757 0.0055 1.4740 0.2088
1.5205 -0.0036 -0.0103 0.0006 -1.4471 -0.0132 -1.5015 -0.0032 0.2074
1.9104 2.5476 2.1074 2.3001 0.3134 1.4477 2.6707 -1.6600 -2.0297

-0.1355 2.2755 -1.4518 1.6623 -2.6712 -2.0288 -0.3121 -2.3000 1.4459
-2.2659 0.1308 -1.4572 -2.5458 -1.9088 2.1094

Table 8: Fermi orbital descriptor positions using the PBE-GGA wavefunctions with
Nup=95 and Ndn=91 EPW92= -2241.44 EPW92−FOSIC = -2257.682990 Positions are
given in Angstroms.
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X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3
-2.3837 2.3837 2.2116 -0.1173 0.1169 -1.3452 0.0713 0.0714 0.0826
0.0735 -0.0727 -0.0800 -0.0737 0.0727 -0.0848 -0.0727 -0.0706 0.0829
0.3612 0.1635 0.0386 -0.0374 0.0368 -1.1365 -0.1641 -0.3588 0.0420

-0.2611 0.2614 0.0412 -0.0000 0.0004 -0.0004 -0.0029 2.0702 -0.0128
2.0447 -0.0070 -0.0290 0.0070 -2.0447 -0.0291 -2.0701 0.0028 -0.0128
2.4247 2.4176 -0.0582 2.4289 -2.4289 0.0716 -2.4208 2.4208 -0.0629

-2.4177 -2.4247 -0.0582 0.7163 4.2369 -0.0010 4.2360 0.7166 -0.0019
4.2396 -0.7143 0.0035 -0.7174 4.2375 0.0041 0.7143 -4.2396 0.0035

-0.7166 -4.2361 -0.0019 -4.2375 0.7174 0.0041 -4.2369 -0.7163 -0.0010
1.1068 2.8861 -0.0505 2.8904 1.1316 -0.0211 2.8757 -1.1052 0.0658

-1.1051 2.8861 -0.0245 1.1052 -2.8757 0.0658 -1.1316 -2.8905 -0.0210
-2.8861 1.1051 -0.0245 -2.8861 -1.1068 -0.0505 1.2553 4.9913 -0.0099
4.9957 1.2571 -0.0003 4.9932 -1.2531 0.0142 -1.2546 4.9939 -0.0046
1.2531 -4.9932 0.0142 -1.2571 -4.9957 -0.0004 -4.9939 1.2546 -0.0046

-4.9913 -1.2553 -0.0099 3.0548 3.0651 0.0604 3.0571 -3.0571 0.0480
-3.0267 3.0267 0.2529 -3.0651 -3.0548 0.0604 -0.0083 4.2732 -0.5378
4.2309 0.0052 -0.5393 4.2691 0.0190 0.5669 -0.0197 4.2526 0.5377

-0.0190 -4.2691 0.5671 -0.0052 -4.2309 -0.5393 -4.2526 0.0197 0.5377
-4.2732 0.0083 -0.5378 0.9513 3.5999 0.0070 3.6077 0.9475 -0.0101
3.5967 -0.9577 -0.0548 -0.9567 3.5981 -0.0130 0.9577 -3.5967 -0.0548

-0.9475 -3.6077 -0.0101 -3.5981 0.9567 -0.0130 -3.5999 -0.9513 0.0070
1.7795 2.6027 0.2421 2.6065 1.7658 0.0355 2.6459 -1.7033 -0.3212

-1.7746 2.6139 0.0814 1.7033 -2.6459 -0.3212 -1.7657 -2.6065 0.0355
-2.6139 1.7746 0.0814 -2.6027 -1.7795 0.2421 0.5418 2.4029 0.0714
2.4086 0.5337 -0.0910 2.3891 -0.5728 -0.0569 -0.5238 2.4075 0.1157
0.5728 -2.3891 -0.0568 -0.5337 -2.4086 -0.0910 -2.4073 0.5239 0.1157

-2.4027 -0.5418 0.0713 0.0019 1.4041 0.5890 1.4639 -0.0337 -0.1822
0.0338 -1.4641 -0.1823 -1.4043 -0.0017 0.5896 1.9536 2.5750 2.0340
2.2180 0.2535 1.0825 2.7057 -1.7177 -1.8666 -0.1176 1.8292 -1.6231
1.7176 -2.7057 -1.8667 -0.2534 -2.2179 1.0826 -1.8293 0.1175 -1.6233

-2.5750 -1.9536 2.0340

Table 9: Fermi orbital descriptor positions using the PBE-GGA wavefunctions with
Nup=95 and Ndn=91 EPW92= -2241.44 EPW92−FOSIC = -2257.682990 Positions are
given in Angstroms.
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Atom X Y Z
Fe 0.0000 0.0000 0.4135
N 0.0000 2.0699 0.2259
N 0.0000 -2.0699 0.2259
N 2.0737 0.0000 0.2244
N -2.0737 0.0000 0.2244
C 2.4364 2.4346 0.0893
C -2.4364 2.4346 0.0893
C 2.4364 -2.4346 0.0893
C -2.4364 -2.4346 0.0893
C 0.6840 4.2550 -0.0214
C -0.6840 4.2550 -0.0214
C 0.6840 -4.2550 -0.0214
C -0.6840 -4.2550 -0.0214
C 4.2605 0.6845 -0.0216
C -4.2605 0.6845 -0.0216
C 4.2605 -0.6845 -0.0216
C -4.2605 -0.6845 -0.0216
C 1.1079 2.8818 0.1209
C -1.1079 2.8818 0.1209
C 1.1079 -2.8818 0.1209
C -1.1079 -2.8818 0.1209
C 2.8857 1.1080 0.1202
C -2.8857 1.1080 0.1202
C 2.8857 -1.1080 0.1202
C -2.8857 -1.1080 0.1202
H 1.3508 5.1087 -0.1109
H -1.3508 5.1087 -0.1109
H 1.3508 -5.1087 -0.1109
H -1.3508 -5.1087 -0.1109
H 5.1139 1.3513 -0.1104
H -5.1139 1.3513 -0.1104
H 5.1139 -1.3513 -0.1104
H -5.1139 -1.3513 -0.1104
H 3.1977 3.1986 -0.0804
H -3.1977 3.1986 -0.0804
H 3.1977 -3.1986 -0.0804
H -3.1977 -3.1986 -0.0804

Table 10: This result may be reproduced by using the PBE-GGA wavefunctions with
Nup=94 and Ndn=92 EPW92= -2241.45 EPW92−FOSIC = -2257.666476 Positions are
given in Angstroms.
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X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3
0.3336 0.3538 0.5853 -0.3408 -0.3343 0.5806 -0.1546 0.1440 0.7332
0.3408 -0.3449 0.2368 0.1531 -0.1378 0.7331 -0.3421 0.3468 0.2326
0.1637 0.1432 0.0988 -0.1508 -0.1321 0.1004 -0.0650 -0.0635 0.3385

-0.0653 0.0627 0.4857 0.0645 -0.0645 0.4858 0.0656 0.0638 0.3420
-2.7453 1.4707 2.1332 0.0131 1.4382 0.2999 1.4060 -0.0124 0.2643
0.0038 -1.4506 0.1424 -1.4085 -0.0082 0.2863 2.7577 1.9893 1.7841
2.3854 -2.5271 1.8729 -2.0541 -2.8920 1.8416 -1.6874 2.6679 1.8926
2.6359 1.7835 0.4100 1.8246 -2.6066 0.3118 -2.6174 -1.7655 0.1203

-1.6991 2.6768 0.4830 1.7599 2.6084 0.1568 2.6122 -1.7890 0.2314
-1.7834 -2.6305 0.3579 -2.6644 1.7239 0.3834 0.9277 3.5806 0.0620
3.5923 -0.9458 0.0561 -0.9511 -3.5955 0.0731 -3.5925 0.9773 0.1314

-0.9852 3.5954 0.0855 3.6075 0.9594 0.0699 0.9513 -3.5973 0.0495
-3.6110 -0.9494 0.0790 0.5325 2.3932 -0.0758 2.4178 -0.2218 1.5234
-0.5508 -2.4071 0.1332 -2.5174 -0.1888 1.5473 0.4136 2.4704 1.5509
2.4131 -0.5313 0.0395 0.1663 -2.3852 1.5517 -2.4227 0.5532 0.2397

-0.5617 2.4114 0.1851 2.4195 0.5474 0.1295 0.5428 -2.4028 0.0569
-2.3956 -0.5438 0.0719 0.0665 4.2016 -0.6264 4.3141 -0.0191 0.4391
0.0147 -4.1892 -0.6029 -4.2810 -0.0148 0.4532 0.0452 4.3099 0.4375
4.2071 -0.0320 -0.6017 0.0042 -4.3196 0.4467 -4.2407 -0.0498 -0.6231
0.0003 0.0003 0.4136 -0.0105 2.0539 0.2052 -0.0056 -2.0537 0.2003
2.0636 0.0074 0.1957 -2.0632 0.0043 0.1898 2.4190 2.4269 0.0282

-2.4300 2.4289 0.0202 2.4148 -2.4180 0.0219 -2.4256 -2.4130 0.0306
0.7141 4.2395 -0.0053 -0.7145 4.2393 -0.0124 0.7161 -4.2366 -0.0094

-0.7174 -4.2375 -0.0118 4.2418 0.7172 -0.0116 -4.2476 0.7151 -0.0163
4.2441 -0.7164 -0.0081 -4.2403 -0.7154 -0.0092 1.1336 2.8992 0.1083

-1.1084 2.8771 0.0551 1.1008 -2.8883 0.0818 -1.1034 -2.8812 0.0677
2.8824 1.1020 0.0655 -2.8813 1.1079 0.0515 2.8995 -1.1145 0.0917

-2.9016 -1.1303 0.1074 1.1837 4.9546 -0.1258 -1.2601 4.9112 -0.1191
1.2374 -4.9296 -0.1102 -1.2176 -4.9384 -0.1091 4.9235 1.2591 -0.1168

-4.9330 1.2162 -0.1621 4.9520 -1.2067 -0.1252 -4.9241 -1.2511 -0.1704
3.0543 3.0603 0.0595 -3.0165 3.0359 -0.0555 3.0506 -3.0589 0.1157

-3.0625 -3.0577 0.1225

Table 11: Fermi orbital descriptor positions using the PBE-GGA wavefunctions with
Nup=94 and Ndn=92 EPW92= -2241.45 EPW92−FOSIC = -2257.666476 Positions are
given in Angstroms.
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X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3
-0.2421 0.1612 0.1769 0.2727 -0.1160 0.1045 0.2628 0.3267 0.4253
0.3293 -0.2726 0.7884 -0.3301 0.2041 0.7859 -0.2752 -0.3470 0.3613

-0.0396 -0.0720 0.4964 -0.0491 0.0752 0.3212 0.0439 -0.0702 0.3265
0.0424 0.0751 0.4963 -2.6825 1.3353 2.2324 0.0720 1.3601 0.2002
1.3530 -0.0344 0.3290 -0.0592 -1.3406 0.1163 -1.3699 0.0113 0.3611
2.6979 2.0256 1.8336 2.3764 -2.4908 1.9063 -2.0115 -2.9390 1.8772

-1.6525 2.6852 1.9453 2.6262 1.7913 0.3673 1.8195 -2.6097 0.2955
-2.6211 -1.7625 0.1208 -1.7068 2.6774 0.4722 1.7674 2.6136 0.1564
2.6160 -1.7898 0.2251 -1.7678 -2.6380 0.3637 -2.6567 1.7242 0.3312
0.9327 3.5890 0.0557 3.5979 -0.9460 0.0538 -0.9352 -3.5938 0.0837

-3.5978 0.9768 0.1267 -0.9783 3.5928 0.0897 3.6133 0.9556 0.0609
0.9496 -3.5958 0.0520 -3.6197 -0.9412 0.0882 0.5186 2.4096 -0.0274
2.4657 -0.2182 1.6016 -0.5238 -2.4223 0.0818 -2.6317 -0.2332 1.6286
0.2656 2.3519 2.0645 2.4257 -0.5239 0.0932 0.2094 -2.2156 2.1049

-2.4351 0.5560 0.2897 -0.5443 2.4359 0.1799 2.4342 0.5403 0.1399
0.5182 -2.4486 0.0375 -2.4293 -0.5481 0.1990 0.1016 4.1678 -0.8052
4.3180 -0.0217 0.4476 -0.0029 -4.1766 -0.7453 -4.2747 -0.0311 0.4643
0.0327 4.3274 0.3743 4.1976 -0.0277 -0.6099 -0.0204 -4.3261 0.4408

-4.2369 -0.0665 -0.6246 0.0003 -0.0011 0.4147 -0.0102 2.0700 0.2092
-0.0014 -2.0745 0.2151 2.0689 0.0068 0.1916 -2.0684 0.0020 0.1838
2.4189 2.4246 0.0282 -2.4306 2.4285 0.0242 2.4153 -2.4182 0.0228

-2.4283 -2.4128 0.0351 0.7091 4.2411 0.0107 -0.7093 4.2395 -0.0049
0.7141 -4.2373 -0.0034 -0.7146 -4.2377 -0.0038 4.2399 0.7177 -0.0113

-4.2469 0.7161 -0.0182 4.2429 -0.7167 -0.0081 -4.2382 -0.7152 -0.0102
1.1307 2.8928 0.1289 -1.1092 2.8766 0.0545 1.0974 -2.8833 0.0874

-1.1079 -2.8775 0.0686 2.8814 1.1018 0.0692 -2.8800 1.1096 0.0526
2.8947 -1.1131 0.0868 -2.8846 -1.1294 0.0871 1.1441 4.9472 -0.1417

-1.2254 4.9182 -0.1210 1.2145 -4.9274 -0.1175 -1.1621 -4.9467 -0.1213
4.9287 1.2528 -0.1111 -4.9371 1.2127 -0.1544 4.9559 -1.2004 -0.1148

-4.9283 -1.2436 -0.1666 3.0456 3.0597 0.0662 -3.0110 3.0402 -0.0514
3.0450 -3.0538 0.1165 -3.0593 -3.0547 0.1074

Table 12: Fermi orbital descriptor positions using the PBE-GGA wavefunctions with
Nup=94 and Ndn=92 EPW92= -2241.45 EPW92−FOSIC = -2257.666476 Positions are
given in Angstroms.
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Atom X Y Z
Fe 0.0000 0.0000 0.0876
N 0.0000 1.9913 0.0751
N 0.0000 -1.9913 0.0751
N 1.9910 0.0000 0.0744
N -1.9910 0.0000 0.0744
C 2.4233 2.4234 0.0521
C -2.4233 2.4234 0.0521
C 2.4233 -2.4234 0.0521
C -2.4233 -2.4234 0.0521
C 0.6828 4.2116 0.0308
C -0.6828 4.2116 0.0308
C 0.6828 -4.2116 0.0308
C -0.6828 -4.2116 0.0308
C 4.2111 0.6827 0.0315
C -4.2111 0.6827 0.0315
C 4.2111 -0.6827 0.0315
C -4.2111 -0.6827 0.0315
C 1.0975 2.8344 0.0579
C -1.0975 2.8344 0.0579
C 1.0975 -2.8344 0.0579
C -1.0975 -2.8344 0.0579
C 2.8340 1.0975 0.0581
C -2.8340 1.0975 0.0581
C 2.8340 -1.0975 0.0581
C -2.8340 -1.0975 0.0581
H 1.3604 5.0605 0.0134
H -1.3604 5.0605 0.0134
H 1.3604 -5.0605 0.0134
H -1.3604 -5.0605 0.0134
H 5.0601 1.3604 0.0140
H -5.0601 1.3604 0.0140
H 5.0601 -1.3604 0.0140
H -5.0601 -1.3604 0.0140
H 3.1940 3.1940 0.0267
H -3.1940 3.1940 0.0267
H 3.1940 -3.1940 0.0267
H -3.1940 -3.1940 0.0267

Table 13: This result may be reproduced by using the PBE-GGA wavefunctions with
Nup=92 and Ndn=94 EPW92= -2241.48 EPW92−FOSIC = -2257.658430 Positions are
given in Angstroms.
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X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3
-0.1729 0.2957 -0.2498 0.1666 -0.2996 -0.2646 0.3453 0.2751 0.0554
0.2479 -0.3391 0.5193 -0.2394 0.3431 0.5128 -0.3438 -0.2756 0.0618

-0.0663 -0.0426 0.1761 -0.0625 0.0441 -0.0019 0.0657 -0.0429 -0.0007
0.0650 0.0424 0.1766 -1.2469 2.5657 2.8328 -0.0178 1.2586 0.0995
1.2793 0.0560 0.1007 0.0254 -1.2568 0.0723 -1.2814 -0.0640 0.0818
2.7131 1.8327 1.7570 2.0861 -2.4478 1.7890 -2.4073 -2.3082 1.7551

-2.1949 2.3179 1.9755 2.5943 1.7363 0.3000 1.7588 -2.5831 0.1266
-2.5678 -1.8032 0.2530 -1.8004 2.5797 0.2542 1.7469 2.5812 0.0671
2.5869 -1.7542 0.0826 -1.7537 -2.5838 0.1048 -2.5767 1.7534 0.1456
0.9123 3.5458 0.0496 3.5430 -0.9073 0.0436 -0.8987 -3.5481 0.0475

-3.5423 0.9138 0.0406 -0.8942 3.5438 0.1407 3.5418 0.9170 0.0770
0.9201 -3.5484 0.0499 -3.5458 -0.9134 0.0340 0.5216 2.3637 -0.0912
1.8170 -0.2607 2.0935 -0.5155 -2.3777 -0.0734 -1.7061 0.0303 2.1109
0.2205 2.4038 2.0615 2.3927 -0.5031 -0.0491 -0.1044 -2.2371 2.0319

-2.3898 0.5055 -0.0334 -0.5219 2.3624 0.0653 2.3633 0.5082 -0.0432
0.5159 -2.3586 -0.0220 -2.3741 -0.5078 -0.0813 -0.0070 4.1742 -0.6619
4.2340 -0.0159 0.5493 -0.0057 -4.1710 -0.5943 -4.2439 -0.0532 0.5722

-0.0620 4.1901 0.6042 4.1868 -0.0393 -0.6815 -0.0062 -4.2165 0.5510
-4.1854 -0.0706 -0.6962 -0.0009 0.0001 0.0876 -0.0095 1.9906 0.0565
0.0050 -1.9928 0.0530 1.9972 0.0012 0.0478 -1.9983 0.0041 0.0495
2.4051 2.4139 -0.0059 -2.4089 2.4138 -0.0182 2.4145 -2.4096 -0.0074

-2.4138 -2.4022 -0.0172 0.7127 4.1901 0.0349 -0.7077 4.1930 0.0261
0.7132 -4.1919 0.0385 -0.7157 -4.1888 0.0358 4.1885 0.7102 0.0367

-4.1870 0.7118 0.0365 4.1885 -0.7110 0.0442 -4.1889 -0.7056 0.0483
1.1221 2.8392 0.0537 -1.0969 2.8361 0.0063 1.1118 -2.8467 0.0278

-1.1223 -2.8364 0.0541 2.8328 1.0976 0.0041 -2.8395 1.1236 0.0529
2.8390 -1.1249 0.0610 -2.8388 -1.0956 0.0347 1.2465 4.9974 0.0086

-1.2864 4.9746 0.0256 1.3013 -4.9696 0.0170 -1.2411 -4.9997 0.0113
4.9717 1.2736 0.0047 -4.9899 1.2325 0.0082 4.9912 -1.2279 0.0068

-4.9726 -1.2672 0.0051 3.0992 3.1143 0.0951 -3.0713 3.1124 0.1126
3.0860 -3.1112 0.0831 -3.0976 -3.1152 0.1095

Table 14: Fermi orbital descriptor positions using the PBE-GGA wavefunctions with
Nup=92 and Ndn=94 EPW92= -2241.48 EPW92−FOSIC = -2257.658430 Positions are
given in Angstroms.
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X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3
0.3353 0.3453 0.2229 -0.3388 -0.3315 0.2430 -0.1399 0.1628 0.3788
0.3266 -0.3348 -0.0446 0.1994 -0.1977 0.5427 -0.3195 0.3108 -0.0959
0.1653 0.1631 -0.3569 -0.1603 -0.1807 -0.3606 -0.0671 -0.0571 0.0242

-0.0667 0.0626 0.1674 0.0672 -0.0645 0.1487 0.0648 0.0668 0.0271
-1.3467 2.7322 3.1369 0.0098 1.3402 -0.0009 1.4015 -0.0044 -0.1089
-0.0006 -1.3474 -0.0602 -1.4032 0.0089 -0.1580 2.6710 1.8172 1.7326
2.0673 -2.4694 1.7899 -2.3583 -2.3161 1.7322 -2.1799 2.3383 2.0073
2.5883 1.7458 0.2894 1.7609 -2.5798 0.1523 -2.5617 -1.8039 0.2429

-1.8125 2.5728 0.2491 1.7470 2.5762 0.0729 2.5795 -1.7495 0.0875
-1.7551 -2.5794 0.1095 -2.5654 1.7483 0.1593 0.9227 3.5434 0.0506
3.5460 -0.8966 0.0520 -0.9023 -3.5474 0.0497 -3.5473 0.9113 0.0452

-0.8848 3.5496 0.1267 3.5430 0.9279 0.0748 0.9185 -3.5470 0.0515
-3.5443 -0.9224 0.0386 0.5323 2.3445 -0.1482 2.2547 -0.2658 1.8274
-0.5222 -2.3522 -0.1043 -2.2305 -0.1316 1.8176 0.1424 2.3620 1.8833
2.3567 -0.5304 -0.1237 -0.0812 -2.2515 1.8308 -2.3473 0.5333 -0.0582

-0.5333 2.3617 0.0632 2.3409 0.5427 0.0109 0.5272 -2.3599 -0.0207
-2.3504 -0.5368 -0.0763 -0.0298 4.1680 -0.6706 4.2165 -0.0445 0.5407
-0.0106 -4.1715 -0.5910 -4.2271 -0.0413 0.5463 -0.0857 4.1943 0.6045
4.1828 -0.0534 -0.5807 -0.0104 -4.2187 0.5445 -4.1798 -0.0511 -0.5850
0.0011 -0.0021 0.0839 -0.0065 1.9766 0.0674 0.0026 -1.9773 0.0663
1.9728 0.0073 0.0692 -1.9721 0.0029 0.0710 2.4061 2.4129 -0.0070

-2.4061 2.4155 -0.0193 2.4151 -2.4102 -0.0081 -2.4143 -2.4016 -0.0178
0.7116 4.1906 0.0345 -0.7071 4.1906 0.0286 0.7135 -4.1916 0.0387

-0.7152 -4.1891 0.0368 4.1906 0.7130 0.0341 -4.1880 0.7162 0.0349
4.1881 -0.7127 0.0402 -4.1914 -0.7086 0.0425 1.1222 2.8437 0.0606

-1.0951 2.8355 0.0081 1.1047 -2.8423 0.0214 -1.1249 -2.8417 0.0557
2.8362 1.0957 0.0007 -2.8417 1.1210 0.0513 2.8406 -1.1239 0.0540

-2.8429 -1.0929 0.0263 1.2534 4.9935 0.0034 -1.2815 4.9770 0.0255
1.3003 -4.9718 0.0138 -1.2454 -4.9968 0.0045 4.9680 1.3021 0.0079

-4.9947 1.2462 -0.0004 4.9967 -1.2392 -0.0038 -4.9696 -1.2969 0.0070
3.1007 3.1141 0.0977 -3.0713 3.1154 0.1111 3.0879 -3.1123 0.0824

-3.0994 -3.1149 0.1122

Table 15: Fermi orbital descriptor positions using the PBE-GGA wavefunctions with
Nup=92 and Ndn=94 EPW92= -2241.48 EPW92−FOSIC = -2257.658430 Positions are
given in Angstroms.
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Atom X Y Z
Fe 0.0000 0.0000 0.3796
N 0.0000 2.0699 0.1919
N 0.0000 -2.0699 0.1919
N 2.0737 0.0000 0.1904
N -2.0737 0.0000 0.1904
C 2.4364 2.4346 0.0553
C -2.4364 2.4346 0.0553
C 2.4364 -2.4346 0.0553
C -2.4364 -2.4346 0.0553
C 0.6840 4.2550 -0.0554
C -0.6840 4.2550 -0.0554
C 0.6840 -4.2550 -0.0554
C -0.6840 -4.2550 -0.0554
C 4.2605 0.6845 -0.0556
C -4.2605 0.6845 -0.0556
C 4.2605 -0.6845 -0.0556
C -4.2605 -0.6845 -0.0556
C 1.1079 2.8818 0.0869
C -1.1079 2.8818 0.0869
C 1.1079 -2.8818 0.0869
C -1.1079 -2.8818 0.0869
C 2.8858 1.1080 0.0863
C -2.8858 1.1080 0.0863
C 2.8858 -1.1080 0.0863
C -2.8858 -1.1080 0.0863
H 1.3508 5.1087 -0.1448
H -1.3508 5.1087 -0.1448
H 1.3508 -5.1087 -0.1448
H -1.3508 -5.1087 -0.1448
H 5.1140 1.3513 -0.1444
H -5.1140 1.3513 -0.1444
H 5.1140 -1.3513 -0.1444
H -5.1140 -1.3513 -0.1444
H 3.1977 3.1986 -0.1144
H -3.1977 3.1986 -0.1144
H 3.1977 -3.1986 -0.1144
H -3.1977 -3.1986 -0.1144

Table 16: This result may be reproduced by using the PBE-GGA wavefunctions with
Nup=95 and Ndn=91 EPW92= -2241.43 EPW92−FOSIC = -2257.670205 Positions are
given in Angstroms.
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X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3
-0.4431 0.2279 0.1411 0.3988 0.2112 0.6888 -0.1306 -0.3591 0.2221
-0.4175 -0.1689 0.6817 0.4599 -0.2279 0.1596 0.1105 -0.2922 0.7476
-0.1004 0.2286 0.6428 0.1348 0.3231 0.2227 0.0130 -0.0234 -0.0360
-0.0659 -0.0699 0.3169 -0.0632 0.0747 0.4504 0.0648 -0.0648 0.4409
0.0615 0.0723 0.3095 -1.0775 3.5747 2.0911 0.0138 1.5238 0.1460
1.4493 -0.0247 0.1969 0.0028 -1.5190 0.0555 -1.4493 -0.0045 0.1409
2.7789 1.7057 1.7399 2.0578 -2.5562 1.8093 -2.0698 -2.5262 1.7662

-2.6960 1.7670 1.9072 2.6453 1.7275 0.3753 1.7996 -2.6085 0.3329
-2.6081 -1.7739 0.1257 -1.7633 2.6077 0.1084 1.7539 2.5915 0.1229
2.6103 -1.7636 0.1324 -1.7906 -2.6037 0.3056 -2.6413 1.7472 0.3388
0.9288 3.6123 0.1406 3.5976 -0.9292 0.0333 -0.9486 -3.5963 0.0236

-3.6012 0.9561 0.0332 -0.9557 3.5906 0.2046 3.6034 0.9552 0.0513
0.9515 -3.6008 0.0211 -3.6016 -0.9328 0.0260 0.5638 2.4285 0.0856
2.4492 -0.3076 1.7449 -0.5460 -2.4236 0.0888 -2.4425 -0.2765 1.7299

-0.0976 2.6616 1.7173 2.4189 -0.5275 -0.0425 -0.0385 -2.4145 1.7255
-2.4311 0.5459 0.1387 -0.5488 2.4443 0.1582 2.4422 0.5481 0.1417
0.5470 -2.4228 0.0962 -2.4259 -0.5337 -0.0214 0.0008 4.3350 0.0109
4.2996 -0.0438 0.4121 -0.0010 -4.1827 -0.6311 -4.3225 -0.0436 0.4206
0.8766 3.7994 0.9190 4.2073 -0.0612 -0.6340 -0.0013 -4.3103 0.4213

-4.1822 -0.0558 -0.6382 0.0007 -0.0037 0.3796 0.0006 2.0426 0.1715
0.0011 -2.0414 0.1667 2.0582 0.0083 0.1684 -2.0569 0.0085 0.1672
2.4174 2.4333 0.0019 -2.4137 2.4336 -0.0021 2.4281 -2.4187 -0.0086

-2.4259 -2.4211 -0.0113 0.6840 4.2500 -0.1087 -0.6656 4.2437 -0.0935
0.7157 -4.2354 -0.0454 -0.7156 -4.2367 -0.0446 4.2415 0.7169 -0.0493

-4.2418 0.7168 -0.0477 4.2418 -0.7132 -0.0420 -4.2405 -0.7137 -0.0437
1.1178 2.8457 0.0360 -1.1138 2.8682 0.0283 1.1041 -2.8804 0.0332

-1.1042 -2.8802 0.0347 2.8788 1.1084 0.0227 -2.8800 1.1088 0.0224
2.8968 -1.1311 0.0748 -2.9000 -1.1136 0.0775 1.1931 5.0088 -0.0829

-1.1974 4.9839 -0.1018 1.2664 -4.9761 -0.1466 -1.2368 -4.9868 -0.1521
4.9742 1.2747 -0.1602 -4.9856 1.2498 -0.1443 4.9955 -1.2232 -0.1678

-4.9885 -1.2434 -0.1415 3.0757 3.0808 -0.0393 -3.0514 3.0857 -0.0336
3.0691 -3.0808 -0.0189 -3.0786 -3.0909 0.0049

Table 17: Fermi orbital descriptor positions using the PBE-GGA wavefunctions with
Nup=95 and Ndn=91 EPW92= -2241.43 EPW92−FOSIC = -2257.670205 Positions are
given in Angstroms.
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X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3
0.1511 -0.2730 0.1337 0.1093 0.2566 0.1002 0.1639 -0.2712 0.6263
0.1052 0.2372 0.6486 -0.3887 0.0793 0.3720 -0.0886 -0.0911 0.3978

-0.0886 0.0921 0.3565 0.0887 -0.0926 0.3611 0.0910 0.0956 0.4006
-1.0854 3.4583 2.1972 0.0317 1.3814 0.3003 1.4270 -0.0261 0.1847
-0.0015 -1.3847 0.2636 -1.2009 -0.0327 0.2727 2.7489 1.7670 1.7645
2.0639 -2.4945 1.8485 -2.0571 -2.4880 1.7946 -2.7031 1.7521 1.9731
2.6397 1.7320 0.3674 1.7950 -2.6056 0.2965 -2.6119 -1.7813 0.1228

-1.7595 2.6080 0.1019 1.7554 2.6000 0.1225 2.6149 -1.7652 0.1289
-1.7865 -2.6029 0.2826 -2.6378 1.7485 0.3213 0.9054 3.6449 0.2158
3.5947 -0.9279 0.0237 -0.9389 -3.5926 0.0239 -3.5973 0.9410 0.0352

-0.9476 3.5895 0.1927 3.5982 0.9452 0.0436 0.9419 -3.6006 0.0220
-3.6002 -0.9267 0.0188 0.5567 2.4209 0.1392 2.2380 -0.2776 2.0844
-0.5433 -2.4225 0.1159 -2.1555 -0.1717 2.1168 0.1577 2.7164 1.7549
2.4276 -0.5187 -0.0036 -0.0258 -2.5292 1.7453 -2.4525 0.5205 0.1051

-0.5567 2.4402 0.1524 2.4368 0.5422 0.1227 0.5458 -2.4245 0.1151
-2.4489 -0.5091 0.0075 0.0077 4.3347 0.0007 4.3196 -0.0243 0.4052
0.0009 -4.1741 -0.6397 -4.3360 -0.0336 0.4217 0.7475 3.8946 1.0424
4.1824 -0.0586 -0.7632 -0.0011 -4.3026 0.4289 -4.1628 -0.0722 -0.7750
0.0002 -0.0010 0.3794 -0.0040 2.0603 0.1570 0.0004 -2.0634 0.1583
2.0677 0.0062 0.1680 -2.0808 0.0039 0.1647 2.4176 2.4308 0.0023

-2.4155 2.4331 -0.0001 2.4284 -2.4211 -0.0060 -2.4249 -2.4237 -0.0104
0.6845 4.2372 -0.1233 -0.6563 4.2337 -0.0931 0.7154 -4.2354 -0.0445

-0.7155 -4.2369 -0.0461 4.2405 0.7132 -0.0433 -4.2396 0.7134 -0.0465
4.2419 -0.7118 -0.0347 -4.2410 -0.7093 -0.0322 1.1221 2.8627 0.0295

-1.1110 2.8779 0.0420 1.1063 -2.8807 0.0360 -1.1090 -2.8824 0.0350
2.8804 1.1063 0.0249 -2.8798 1.1068 0.0262 2.8961 -1.1343 0.0881

-2.8963 -1.1068 0.1022 1.1771 5.0299 -0.0758 -1.2057 4.9947 -0.0967
1.2715 -4.9901 -0.1467 -1.2340 -5.0097 -0.1489 4.9907 1.2411 -0.1576

-5.0055 1.2100 -0.1455 5.0074 -1.1900 -0.1649 -5.0020 -1.2057 -0.1514
3.0781 3.0854 -0.0363 -3.0527 3.0863 -0.0295 3.0721 -3.0810 -0.0255

-3.0766 -3.0900 -0.0021

Table 18: Fermi orbital descriptor positions using the PBE-GGA wavefunctions with
Nup=95 and Ndn=91 EPW92= -2241.43 EPW92−FOSIC = -2257.670205 Positions are
given in Angstroms.
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