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Abstract

The present manuscript focus on a first-principles study regarding the electronic and magnetic properties
of small manganese clusters (Mn,, o = 2,---,7) based on Density Functional Theory (DFT) using
different methodologies. The study primarily aims to determine the magnetic ordering and the optimized
ground-state structures. The calculations are performed employing two different basis sets: plane waves
and localized molecular orbitals implemented in two electronic structure calculation codes, which are
widely known for atomic-scale materials modeling. The advantages and disadvantages of each approach
are discussed. Our work also aims on quantifying the impact of the exchange and electronic correlation
(XC) effects on the magneto-electronic properties of the Mn clusters. In particular, this study focus on
employing hybrid functionals which take a portion of the exact Hartree-Fock (HF) exchange to describe
the non-local XC interactions contributing to the electronic energy. These functionals are advised to
be used when self-interaction error potentially may be meaningful as in the case of the Mn clusters.
The Mn dimer is studied with special care. Local, semi-local, and non-local functionals are used to
treat the XC effects. Our calculations show that only hybrid functionals and beyond can accurately
describe the magnetic ordering and equilibrium bond distance assessed experimentally. Thus, for cluster
containing from 3 up to 7 atoms are studied solely with hybrid functionals. Our calculations respect to
the ground-state structure shows a clear improvement over previous theoretical studies. We determine
the low-lying isomers for all the considered clusters, finding a clear tendency towards antiferromagnetism,
adopting low-spin magnetic configurations which are closely with the experimental measurements. To
hunt the configurations having small magnetic moment non-collinear spin textures are also considered for
Mngs clusters. Our findings indicate that non-collinear arrangements do not stabilized over the collinear
antiferromagnetic configurations. Geometrical effects are explored by considering two different structures
for Mng and Mn7;. We found that compact structures are preferred. Our calculations show that for Mng
the bicapped tetrahedron is the ground-state structure while the square bipyramid is reported as the
most stable structure when using semi-local XC functionals. The electronic properties of the Mn clusters
are further analyzed through the density of states (DOS). We see the hybrid XC functionals favoring
localized states and lower hybridization, especially the s — d type. The 4s bonding is promoted in all the
considered clusters encouraging large bond distances and stabilizing antiferromagnetism. In summary,
our study shows that the usage of hybrid functionals with a substancial portion of the exact HF exchange
improve the direct interactions among manganese atoms, providing a better description of the magnetic
and electronic properties of Mn clusters. We also conclude that the considered implementations to the
DFT (plane waves and molecular localized basis sets) yield to the same qualitative results which are
consistent with the basis of the quantum mechanics and DFT theory.
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Resumen

El presente manuscrito se centra en un estudio de primeros principios sobre las propiedades electrénicas
y magnéticas de pequenos cimulos de manganeso (Mn,, « = 2,---,7) basado en la teoria del funcional
de la densidad (DFT) utilizando diferentes metodologias. El estudio tiene como objetivo principal de-
terminar el ordenamiento magnético y las estructuras optimizadas del estado fundamental. Los cdlculos
se realizan empleando dos conjuntos de bases diferentes: ondas planas y orbitales moleculares localiza-
dos implementados en dos cédigos de calculo de estructura electréonica, que son ampliamente conocidos
para el modelado de materiales a escala atémica. Se discuten las ventajas y desventajas de cada en-
foque. Nuestro trabajo también tiene como objetivo cuantificar el impacto de los efectos de intercambio
y correlacién electrénica (XC) en las propiedades magneto-electrénicas de los ctimulos de Mn. En par-
ticular, este estudio se centra en el empleo de funcionales hibridas que toman una parte del intercambio
exacto de Hartree-Fock (HF) para describir las interacciones XC no locales que contribuyen a la en-
ergia electrénica. Se recomienda utilizar estos funcionales cuando el error de autointeraccién puede ser
potencialmente significativo, como en el caso de los cimulos de Mn. El dimero de Mn se estudia con
especial cuidado. Se utilizan funcionales locales, semilocales y no locales para tratar los efectos XC.
Nuestros calculos muestran que solo los funcionales hibridos y mas allda pueden describir con precisién
el ordenamiento magnético y la distancia de enlace de equilibrio evaluados experimentalmente. Por lo
tanto, para los cimulos que contienen de 3 a 7 4tomos se estudian tdnicamente con funcionales hibridas.
Nuestros calculos con respecto a la estructura del estado fundamental muestran una clara mejora con
respecto a estudios tedricos previos. Determinamos los isomeros de baja altitud para todos los cumulos
considerados, encontrando una clara tendencia hacia el antiferromagnetismo, adoptando configuraciones
magnéticas de bajo espin que se acercan estrechamente a las mediciones experimentales. Para buscar
las configuraciones que tienen un momento magnético pequeno, también se consideran texturas de espin
no colineales para los ciimulos de Mns. Nuestros hallazgos indican que los arreglos no colineales no se
estabilizan sobre las configuraciones antiferromagnéticas colineales. Se exploran los efectos geométricos
considerando dos estructuras diferentes para Mng y Mn7. Descubrimos que se prefieren las estructuras
compactas. Nuestros calculos muestran que para Mng el tetraedro bicapeado es la estructura del estado
fundamental, mientras que la bipiramide cuadrada se reporta como la estructura mas estable cuando
se utilizan funcionales XC semilocales. Las propiedades electrénicas de los ciimulos de Mn se analizan
més a fondo a través de la densidad de estados (DOS). Vemos que las funcionales XC hibridas favorecen
los estados localizados y una menor hibridacién, especialmente el tipo s — d. El enlace 4s se promueve
en todos los ciimulos considerados, lo que fomenta grandes distancias de enlace y estabiliza el antiferro-
magnetismo. En resumen, nuestro estudio muestra que el uso de funcionales hibridas con una porcién
sustancial del intercambio exacto de HF mejora las interacciones directas entre los &tomos de manganeso,
lo que proporciona una mejor descripcién de las propiedades magnéticas y electrénicas de los cimulos de
Mn. También concluimos que las implementaciones consideradas para la DFT (ondas planas y conjuntos
de bases localizadas moleculares) producen los mismos resultados cualitativos que son consistentes con
la base de la mecanica cuantica y la teoria DFT.

iv



Acknowledgments

In this page I want to express my deep gratitude to all people who have supported me during my career.

Foremost, I want to thank my advisor, Ph.D. Pedro Ruiz Diaz, for his patience and sharing with me
his knowledge and time to attend to my doubts. I really appreciate the opportunity that I had to work
with him these months. Thanks a lot.

Thanks a lot, to staff members at Physics Institute of UASLP, faculty members and graduate stu-
dents. Special thanks to Ph.D. Jesus Dorantes Dévila for letting me know about the Master’s Program
in Mexico and for the classes I received with him. The same way, special thanks to Maricela Cano for
her help with the paperwork and attention to solving bureaucratic problems.

I thank the Mexican people and government for the financial support received to complete my mas-
ter’s degree. It is an honor to have received support with CVU number: 1243680, through The Consejo
Nacional de Humanidades, Ciencias y Tecnologias (CONAHCYT). I would also like to thank the team at
The Laboratorio Nacional de Supercémputo (LNS) del Sureste de México for using The Cuetlazcoapan
Supercomputer with user 202101016n.

Immense thanks to my mentor Ph.D. Robert F. Cahalan for his advice and help in revising my writ-
ing. Without a doubt, he has always been a support in my scientific career.

Finally, my infinite gratitude to my parents for their endorsement and unconditional love. In the same
thanks to my two brothers for their valuable support.



Contents

List of Figures viii
List of Tables xi
1 Introduction 1
2 Theoretical Framework 2
2.1 Time-independent Schrodinger’s equation for many-body problems . . . . .. ... .. .. 2
2.1.1 Born-Oppenheimer Approximation.. . . . . . . .. . . ... . ... ... 3

2.1.2 Hartree Product and Slater determinant . . . . . . . . ... ... ... ... ... 3

2.1.3 Hartree-Fock Approximation . . . . . ... .. .. ... ... .. ... .. ..., 5

2.1.3.1  The Coulomb and Exchange Operators . . . ... ... ... ... .... 7

2.2 Electron density . . . . . .. L e 7
2.3 Density functional theory . . . . . . . . .. L 8
2.3.1 Hohenberg-Kohn theorems . . . . . .. .. ... ... ... ... 8

2.3.2 Kohn-Sham equations . . . . . . . . . L 10

2.3.3 Exchange-correlation functionals . . . . . . . ... ... ... ... . 11

2.3.3.1 Jacob’s Ladder . . . . . . . . ... 11

2.3.3.2 Local Spin Density Approximation, LSDA . . ... ... ... ... ... 12

2.3.3.3  Generalized Gradient Approximation, GGA . . . . . ... ... ... ... 13

2.3.3.4 Meta-GGA . . . . . 14

2.3.3.5 Hybrid Functionals . . . . . .. ... . .o o 14

2.3.3.6 Range-Separated Hybrid Functional (RSH) . . . ... ... .. ... ... 16

3 Computational Methods 17
3.1 The Vienna ab initio Simulation Package, VASP . . . . . . ... . ... ... ... .... 17
3.1.1 VASP, basic methodology . . . . . . . . ... .. 17

3.1.1.1 Supercell approximation . . . . . . . . ... oo 17

3.1.1.2  Plane Waves, PWs . . . . . . . . . . . . 18

3.1.1.3  Projector Augmented Waves, PAWs . . . . . ... ... ... . ...... 19

3.1.2 Charge density partition methods. . . . . . . . . . ... ... .. ... ... 20

3.1.2.1  Wigner-Seitz sphere . . . . . . ... Lo 20

3.1.2.2  Bader charge analysis . . . . . .. .. ... L L oL 20

3.1.2.3  Voronoi Deformation Density (VDD) . . . ... ... ... .. ... .. 21

3.1.3 Computational details for VASP implementation . . . . .. ... ... ... .... 22

3.2 ORCA Package . . . . . . . . . . . e e 22
3.2.1 ORCA, basic methodology . . . . . . . . . . .. 22

3.2.1.1 Slater Type Orbitals, STOs . . . . . . . . ... ... ... ... .... 22

3.2.1.2 Triple—C basisset . . . . . . .. . 23

3.2.1.3 Pseudo-potentials . . . . .. ... 23

4 Results 25
4.1 Manganese dimer, Mno . . . . . . oL Lo 25
4.2 Manganese trimer, Mng . . . . . . .. oL 34
4.3 Manganese tetramer, Mnyg . . . . . . Lo 38
4.4 Manganese pentamer, Mns . . . . . . ..o Lo 42
4.4.1 Collinear structure for Mns . . . . . . . . . . . . e 43

vi



4.4.2 Non-collinear structure for Mns . . . . . . . . . . . . . 47

4.5 Manganese hexamer, Mng . . . . . . . .. .. L 48
4.5.1 Square bipyramid geometry . . . . . ... Lo 48

4.5.2  Bicapped tetrahedron geometry . . . . . . ... Lo 51

4.6 Manganese heptamer, Mn; . . . . . . ... Lo 54
4.6.1 Pentagonal bipyramid geometry . . . . . . . ... Lo 54

4.6.2 Capped octahedron geometry . . . . . . . . ..o o7

5 Conclusions 60
Bibliography 62

vii



List of Figures

2.1
2.2
2.3
2.4

3.1
3.2

3.3

3.4

3.5
3.6

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

Atomic interaction in the system of many particles. . . . .. ... ... ... ... ....
Representation of the electron density of the water molecule, HoO . . . . . .. .. .. ..
Schematic illustration of transforming many-electron system to electron density, n(7) [1]

Nlustration of Jacob’s Ladder of DFT [2] . . . . . .. .. .. . ..

a) Supercell b) periodicity of the system with supercell approximation. . . . ... .. ..
Tllustration of how wave function of valence electrons oscillate rapidly near atomic cores.
The effect is owing to the strong interaction with wave function of core electrons. Wave
function in bonding region is smooth. . . . . . ... L oo oL
A portion of a contour map of a charge distribution showing intersection with two parti-
tioning surfaces [3]. . . . . ..
Two-dimensional construction of Voronoi cell [4] . . . . . ... ... ... ... ... ...
Approximating a STOs with several GTOs [5]. . . . . . . ... .. ...
Nlustration of the concept behind the pseudo-potential [6]. . . . . . . ... ... ... ...

Variation of energy of Mny as a function of distance in the plane waves basis set. The

red vertical line presents the experimental bond length (3.41 A) when Mns reaches an
equilibrium structure. For this cluster, AF ordering refers to the net magnetic moment 0
ppand FM for 10 pp. . . . o o 0 oo o
The Density of States (DOS) of Mny for low energy states. The red dotted line presents
the Fermi energy, Ep. States on the right side of Er are unoccupied and on the left are
occupied. . ... e e
The Crystal Orbital Hamilton Populations (COHP) for Mny. The bonding orbitals are
on the right side of each panel, meanwhile the antibonding are on the left side. . . . . . .
The Density of States (DOS) of Mny for low energy states. The red dotted line presents
the Fermi energy, Ep. States on the right side of Ep are unoccupied and on the left are
occupied. . ... e e e e
The Crystal Orbital Hamilton Populations (COHP) for Mns. The bonding orbitals are
on the right side of each panel, meanwhile the antibonding are on the other side. . . . . .
The Density of States (DOS) of Mny for low energy states. The red dotted line presents
the Fermi energy, Er. States on the right side of Ef are unoccupied and on the left are
occupied. . ... e e
The Crystal Orbital Hamilton Populations (COHP) for Mns. The bonding orbitals are
on the right side of each panel, meanwhile the antibonding are on the other side. . . . . .
The Density of States (DOS) of Mny for low energy states. The red dotted line presents
the Fermi energy, Er. States on the right side of Ef are unoccupied and on the left are
occupied. ... . e e e
The Crystal Orbital Hamilton Populations (COHP) for Mns. The bonding orbitals are
on the right side of each panel, meanwhile the antibonding are on the other side. . . . . .
Bond length for Mns in its ground magnetic state with the BLYP functional in the
plane waves basis set. BSLYP belongs to hybrid functionals which consider certain per-
centage of Hartree-Fock exchange energy. . . . . . . . .. ... ... ... .. ... .
The Density of States (DOS) of Mny for low energy states. The red dotted line presents
the Fermi energy, Ep. States on the right side of Ep are unoccupied and on the left are
occupied. . ... oL
The Crystal Orbital Hamilton Populations (COHP) for Mns. The bonding orbitals are
on the right side of each panel, meanwhile the antibonding are on the other side. . . . . .

viii



4.13

4.14

4.15

4.16

4.17

4.18

4.19

4.20

4.21

4.22

4.23

4.24

4.25

4.26

4.27

4.28

4.29

4.30

4.31

The Density of States (DOS) of Mny for low energy states. The red dotted line presents
the Fermi energy, Ep. States on the right side of Ep are unoccupied and on the left are
occupied. . ... oL e e
The Crystal Orbital Hamilton Populations (COHP) for Mns. The bonding orbitals are
on the right side of each panel, meanwhile the antibonding are on the other side. . . . . .
Variation of energy of Mn, as a function of distance in triple—( basis set. The green ver-
tical line presents the experimental bond length (3.41 A) when Mns reaches its an equi-
librium structure. For this cluster, AF ordering refers to the net magnetic moment 0 upg
and Fm for 10 pup. . . .« o o o
Variation of energy of Mnsy as a function of magnetic moment. With the plane waves ba-
sis we have B3LYP functional whereas for the triple—( basis we work with B2PLYP, and
wB97M-V. Low energy states correspond to 0 up (AF) and 10 up (FM). The optimal
structures were obtained with wB97M-V in the triple—( basis. . . .. ... .. ... ...
Variation of energy of Mnjs as a function of magnetic moment. With the plane waves
basis we have BSLYP functional whereas for the triple—( we work with B2PLYP, and
wB97M-V. Low energy states correspond to 5 up (AF) and 15 up (FM). The optimal
structures were obtained with wB97M-V in the triple—( basis. . . . . ... .. ... ...
The Density of States (DOS) of Mns for low energy states. The red dotted line presents
the Fermi energy, Er. States on the right side of Er are unoccupied and on the left are
occupied. . .o oL e
The Crystal Orbital Hamilton Populations (COHP) for Mng. The bonding orbitals are
on the right side of each panel, meanwhile the antibonding are on the other side. . . . . .
The low energy states for Mng and their optimal structures obtained with B3LYP func-
tional in the plane waves basis. AFE is the energy difference with respect to the ground
state (15 [UB).  « v v e
The Density of States (DOS) of Mnj for low energy states. The red dotted line presents
the Fermi energy, Ep. States on the right side of Ep are unoccupied and on the left are
occupied. . ... e e e e
The Crystal Orbital Hamilton Populations (COHP) for Mng. The bonding orbitals are
on the right side of each panel, meanwhile the antibonding are on the other side. . . . . .
Variation of energy of Mny as a function of magnetic moment. With the plane waves
basis we have BSLYP functional whereas for the triple—( we work with B2PLYP, and
wB97M-V. Low energy states correspond to 0 up (AF), 10 pp (AF), and 20 up (FM).
The optimal structures were obtained with wB97M-V in the triple—( basis. . . . . . . ..
The Density of States (DOS) of Mny for low energy states. The most stable state cor-
responds to u = 20 pp which is a FM solution. The red dotted line presents the Fermi
energy, Ep. States on the right side of Er are unoccupied and on the left are occupied.
The Crystal Orbital Hamilton Populations (COHP) for Mny. The bonding orbitals are
on the right side of each panel, meanwhile the antibonding are on the other side. . . . . .
The low energy states for Mny and their optimal structures obtained with B3LYP func-
tional in the plane waves basis. AFE is the energy difference with respect to the ground
state (20 LUB). « « o e
The Density of States (DOS) of Mny for low energy states. The most stable state cor-
responds to u = 0 pup which is an AF solution. The red dotted line presents the Fermi
energy, Ep. States on the right side of Er are unoccupied and on the left are occupied.
The Crystal Orbital Hamilton Populations (COHP) for Mny. The bonding orbitals are
on the right side of each panel, meanwhile the antibonding are on the other side. . . . . .
Variation of energy of Mnjs as a function of magnetic moment. With the plane waves
basis we have B3LYP functional whereas for the triple—( basis we work with B2PLYP,
and wB97M-V. Low energy states correspond to 5 up (AF), 13 pup (AF), 15 up (AF),
and 25 pp (FM). The optimal structures were obtained with wB97M-V in triple—( basis.
The low energy states for Mns and their optimal structures obtained with BSLYP func-
tional in the plane waves basis. AF is the energy difference with respect to the ground
state (25 LUB). -« o o o
The Density of States (DOS) of Mns for low energy states. The most stable state cor-
responds to p = 25 up which is a FM solution. The red dotted line presents the Fermi
energy, Ep. States on the right side of Er are unoccupied and on the left are occupied.

ix

38

39

40

40

41

42

43

44

45



4.32

4.33

4.34

4.35

4.36

4.37

4.38

4.39

4.40

4.41

4.42

4.43

4.44

4.45

The Crystal Orbital Hamilton Populations (COHP) for Mns. The bonding orbitals are

on the right side of each panel, meanwhile the antibonding are on the other side. . . . . . 45
The Density of States (DOS) of Mnjs for low energy states. The most stable state corre-
sponds to 4 = 15 pp which is an AF solution. The red dotted line presents the Fermi

energy, Ep. States on the right side of Er are unoccupied and on the left are occupied. . 46
Ferromagnetic and antiferromagnetic noncollinear configurations for Mns and their op-

timal structures obtained with B3LYP functional in the plane waves basis. AFE is the

energy difference with respect to the ground state with a net magnetic moment 18.63 pupg. 47
The low energy states for Mng and their optimal structures obtained with BSLYP func-

tional in plane waves implementation. AF is the energy difference with respect to the

ground state (8 fip). . .« . .. 48
Variation of energy of Mng as a function of net magnetic moment. With the plane waves

basis we have B3LYP functional whereas in the triple—( we work with B2PLYP, and
wB97M-V. In general, low energy states correspond to 2 up (AF), 8 up (AF), 12 up

(AF), 18 up (AF), 26 up (FM), and 28 up (FM). The optimal structures were obtained

with wB97M-V. Note : the violet triangles mean that the calculations presented saddle
points during the process, which mean that the states are not stable altogether. . . . . . . 49
The Density of States (DOS) of Mng for low energy states. The most stable state corre-
sponds to 4 = 5 up which is an AF solution. The red dotted line represents the Fermi

energy, Ep. States on the right side of Ep are unoccupied and on the left are occupied. . 50
Variation of energy of Mng as a function of net magnetic moment. With the plane waves

basis we have wB97M-V functional whereas for triple—( we work with B2PLYP and
wB97M-V. In general, low energy states correspond to 0 up (AF), 10 up (AF), 18 up

(AF), 20 pup (AF), and 30 up (FM). The optimal structures were obtained with wB97M-

V implemented in triple—( basis. Note : the violet triangles mean that the calculations
presented saddle points during the process, which mean that the states are not stable
altogether. . . . . . . L L e ol
The low energy states for Mng and their optimal structures obtained with wB97M-V
functional in the plane waves basis. AFE is the energy difference with respect to the ground
state (0 LB). « v v v e 52
The Density of States (DOS) of Mng for low energy states. The most stable state corre-
sponds to ¢ = 0 pp which is an AF solution. The red dotted line represents the Fermi

energy, Ep. States on the right side of Ep are unoccupied and on the left are occupied. . 53
Variation of energy of Mny as a function of magnetic moment. With the plane waves

basis we have BSLYP functional whereas for the triple—( we work with B2PLYP, and
wB97M-V. Low energy states correspond to 5 up (AF), 11 pup (AF), 15 up (AF), 25

up (AF), and 35 pp (FM). The optimal structures were obtained with wB97M-V in

triple—( basis. INote : the violet triangles mean that the calculations presented saddle

points during the process, which mean that the states are not stable altogether. . . . . . . 54
The low energy states for Mn; and their optimal structures obtained with B3LYP func-

tional in the plane waves basis. AFE is the energy difference with respect to the ground

state (35 LUB). « « v e 55
The Density of States (DOS) of Mny; for low energy states. The most stable state cor-
responds to p = 35 pup which is a FM solution. The red dotted line presents the Fermi

energy, Ep. States on the right side of Ep are unoccupied and on the left are occupied. . 56
The low energy states for Mn; and their optimal structures obtained with BSLYP func-

tional in the plane waves basis. AF is the energy difference with respect to the ground

state (3 UB). « o 57
The Density of States (DOS) of Mn7 for low energy states. The most stable states. The

most stable state corresponds to p = 3 pup which is an AF solution. The red dotted line
presents the Fermi energy, Er. States on the right side of Ep are unoccupied and on the

left are occupied. . . . . . . . L 58



List of Tables

4.1

4.2

4.3
4.4

4.5

4.6

4.7

4.8

4.9

4.10

Experimental results for ground magnetic moment per atom for Mn, . . . ... ... ..

Mn, characterization parameters, using different functionals in the plane waves basis set.
Hybrid functionals are those that best describe Mno. . . . . . . . . . . .. .. ...
Local magnetic moment p; and total magnetic moment for Mns computed with the
Voronoi Deformation Density method. . . . . . . . .. .. ... ... ... .. .......
Mn, characterization parameters, using hybrid functionals in the triple—( basis set.

Local magnetic moment ; and total magnetic moment for Mns computed with the
Voronoi Deformation Density method using the B3LYP functional. . . . . . ... ... ..
Local magnetic moment p; and total magnetic moment for Mny computed with the
Voronoi Deformation Density method using the B3LYP functional. . . .. ... ... ..
Local magnetic moment (LMM) p; and the total magnetic moment for Mns computed
with the Voronoi Deformation Density method using the BSLYP functional. . . . . . . ..
Local magnetic moment p; (in pup, i = 1,2,---) and the total magnetic moment for Mng
computed with the Voronoi Deformation Density method using B3LYP functional.

Local magnetic moment p; (in pup, i = 1,2,---) and the total magnetic moment for Mng
computed with the Voronoi Deformation Density method using wB97M-V functional.
Local magnetic moment y; (in pup, i = 1,2,---) and the total magnetic moment for Mny
computed with the Voronoi Deformation Density method using B3LYP functional.

Local magnetic moment p; (in pup, i = 1,2,---) and the total magnetic moment for Mny;
compued with the Voronoi Deformation Density method using B3LYP functional. . . . . .

xi

36

41

44

50

92

%)



Objectives

a)

General Objective

In this thesis work a systematic study of the calculation of electronic and magnetic properties in man-
ganese (Mn) clusters is carried out. For the research, we use different implementation based on Density
Functional Theory (DFT). In addition, comparisons are made with other studies based on DFT or im-
provements to the same theory. Emphasis is also placed on the advantages and disadvantages of each code
given the system being studied as well as highlighting the differences and the impact of the functional
ones for the description of the Mn clusters. The scientific codes we use are:

1.

Vienna ab initio Simulation Package (VASP): is a code to perform ab initio quantum chem-
istry calculations employing pseudopotentials, projector-augmented wave method, supercell approx-
imation, and plane waves basis set [7]. The code basically works with DFT, but due to the need
to perform more complex calculations to understand better way the system it includes post-DFT
corrections. Among this corrections are hybrid functionals which are a mix of standard DFT and
Hartree-Fock exchange energy (e.g., PBE0O[8] and B3LYP[9]).

. ORCA: is a quantum chemistry program and for theoretical research in materials science and bio-

chemistry which deals with all modern electronic structure methods (DFT, many-body perturbation
and coupled cluster theories). Its main field of application is larger molecules, open-shell transition
metals (e.g. Mn), spectroscopy, and magnetism [10] [11]. ORCA uses localized molecular orbitals
(e.g. Gaussian basis, triple—() basis set and features all-electron and effective core potential (ECP)
based basis sets [11].

Specific Objectives

. Learn the fundamentals of DFT and its implementation with different methodologies.

. Learn how to use supercomputing equipment to calculate the electronic structure and magnetic

properties of atomic systems.

. Calculating the magneto-electronic properties of small Mn clusters.

Studying the impact of exchange-correlation functionals on structural, electronic and magnetic
properties.

. Quantitatively compare two implementations of DFT.



Background

Materials science is a cross-disciplinary field that focuses on the development, characterization, and appli-
cation of materials for specific purposes [12]. The materials considered in this field of physics encompass
a wide range from metals, ceramics, polymers, composite materials and nanomaterials to biomaterials
and semiconductors [13]. The main objective of materials science is to study the properties, structure,
synthesis methods and potential uses of these materials in several industries such as electronics, energy
and biomedicine [14].

From a theoretical viewpoint, materials modeling also allows us to understand and forecast the proper-
ties of materials. By providing insights about the properties and behavior of materials, modeling enables
us to develop new materials with specific features, optimize existing materials for specific applications,
and understand the fundamental principles that rule the behavior of these materials (materials engineer-

ing).

Materials modeling begins with the creation of mathematical or computational models that describe
the behavior of materials under various conditions. It involves understanding and predicting the physical,
chemical and mechanical properties of materials based on their atomic or molecular structure, as well
as their interactions at different length scales. In general, different approaches are used in materials
modeling, depending on the level of complexity and scale of study. These approaches include:

I) Multiscale modeling: many materials exhibit complex behavior spanning multiple length
and time scales. Multiscale modeling involves the employment of models from the atomic to the
continuum level, to understand the hierarchical nature of material properties.

IT) Atomistic modeling: materials are modeled at the atomic or molecular scale, taking into
account interactions between individual atoms or molecules. To simulate the behavior of materials
at this level, classical mechanics is mainly used.

I1I) Continuous modeling: this approach presents materials as continuous media and describes
their behavior using partial differential equations and classical physics equations. Continuous mod-
els are suitable for macroscopic simulations and can encompass the global behavior of materials
under different conditions.

IV) Quantum-mechanical modeling: in this approach, atoms and molecules are studied and
their interactions from a quantum mechanics point of view. For this thesis work, we use this
approach to study small Mn clusters.

Generally when we deal with a great number of particles, atoms, molecules, etc, computational algorithms
are used to study their properties. Nowadays with the enormous capacity of computers DFT has emerged
as a very good approximation for solving the many-body problem.

DFT is a quantum mechanical modeling approach used widely in materials science, condensed matter
physics, and chemistry to study the electronic structure of atoms, molecules, and solids. It provides a
theoretical framework for understanding and predicting the behavior of electrons in a material. DFT is
the theory to be employed in this work for computational modeling of Manganese (Mn) clusters.



Experimental studies about manganese clusters

In natural sciences experimental studies are crucial to validate (or invalidate) theoretical ideas. Although
the present work is only focused on the computational study of manganese clusters, it is important to
take account of the recent experimental measurements for comparison.

The group of two manganese atoms (Mny is the simpest case to study. Mny has been studied with
rare-gas matrices experiment in combined with electron spin resonance (ESR) technique. Experiments
has shown that the Mny bond length is 3.4 A [15] [16] [17]. The atomic spins couple antiferromagneti-
cally, which means that the ground magnetic moment is 0 pup [15] [18]. These previous results for the
bond length and for the ground magnetic state were confirmed by Cheeseman et al. [16]. Regarding the
dissociation energy has been determined that is 0.13 eV £ 0.10 eV [17] [19].

For clusters Mnj there is no available data about magnetic ordering (ferromagnetic or antiferromag-
netic) or about the ground state. Thus comparison of our results for Mng can presently only be with other
computational results. For Mny, previous theoretical studies indicate that it has ferromagnetic ordering
and its ground magnetic moment is 5 up per atom [20] [21]. Unfortunately there are no experimental
studies to confirm the theoretical result.

In 2004 Mark B. Knickelbein [22] published his experimental results of molecular beam deflection
measurements for Mns - Mngy. The results obtained by Knickelbein for the magnetic moment per atom
for Mns, Mng and Mn; appear in Table 1 combined with magnetic moments of Mns and Mny. It is
important to highlight that for Mnj, a previous Electron Spin Resonance (ESR) experiment gives a FM
solution for the ground state with net magnetic moment 5 pp per atom [15]. As we note, there is dis-
agreement between the results reported by Knickelbein [22] and Baumann et al. [15]. So, it is not unlikely
that future experiments may provide different results (or maybe not) than we use in this work to compare
with our computational results.

«a Magnetic moment (up) Error (ug)
2 0 -

3 _ _

4 _ _

5 0.79 + 0.25

6 0.55 £+ 0.10

7 0.72 + 0.42

Table 1: Experimental results for ground magnetic moment per atom for Mn,,

As we can see, the ground magnetic moment per atom of Mn clusters, in general are less than two,
except for a = 4. For instance, for Mnjy the total magnetic moment is 5 * 0.79 up = 3.95 up and with a
minimum magnetic moment of 5*(0.79 up — 0.25 up) = 2.7 pp and a maximum 5*(0.79 up + 0.25 upg)
= 5.2 up. About each one of the clusters, there are theoretical and computational studies (geometry of
cluster, bond length, bonding energy, magnetic moment, etc.) that we will mention as we proceed, and
compare these with our results.
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Chapter 1

Introduction

Magnetization is a phenomenon well known by human beings for thousands of years. At the beginning
it was associated with magic or something similar. However, eventually new ideas arose to explain the
origin of this effect presented by some materials, and also to find applications. For example, explorers
took advantage of lodestones’ magnetization to construct compasses which use Earth’s magnetic field.
Thus we can say that the compass helped to scout and navigate the Earth [23].

The modern concept of the origin of magnetization is the alignment of spins, which are intrinsic an-
gular moment of elementary particles like electrons [24]. Also, taking advantage of the quantum theory
associated with magnetization, today devices have been developed that can store a large quantity of
information by magnetic recording. This has led to an industry focused on applying the ideas of magne-
tization to develop cutting-edge technologies [23].

To continue improving the performance of different types of devices, it is necessary to study properties
of materials. For instance, for audio recording the magnetic material used is Ferric Oxide (hematite or
maghemite) (FepOg), for video recording Chromium dioxide (CrOs) is often used, and also for higher
grades of audio recording [23]. Transition metals like chromium (Cr) and manganese (Mn) with their
half-filled shells are interesting to develop devices to store data [25]. In case for Mn with an electronic
configuration [Ar]4s%3d° depicts the maximum magnetic moment (5 pp) per atom when the spin of elec-
trons in the d-orbital have the same orientation in accordance with Hund’s Law. Thus, Mn offers good
properties for storage information owing to strong magnetism and low dimension.

In this work the computational study of manganese clusters is the main focus, together with density
functional theory (DFT). The DFT was born roughly in 1964 when Hohenberg and Kohn published a
paper where they introduced theorems which today represent the major theoretical pillars of the DFT
[26]. The theorems are a mathematical formalism for solving the many-body problem, where the set of
differential equations are not linear. At the end of the 20th century, with the help of computers and su-
percomputers, it became possible to begin to test and apply the theory to study materials at atomic scale.

In the first part of this work, in Table 1 in the background section above, we provide experimental
measurements as a result of collecting information from experiments that have been developed for Mn
clusters. The dimer (Mny) is the one that is best studied due to its simplicity. It offers a great chance
to assess the performance of functionals. Regarding the other clusters, our results will show essential
information about them too.

The document is structured as follow: Chapter II provides theoretical details about the many-body
problem, the Born-Oppenheimer approximation, Hartree-Fock approximation, Hohenberg and Kohn the-
orems, exchange-correlation functionals and other generalities of DFT. Chapter III contains information
about VASP and ORCA codes, which are the codes that we use to compute the properties of Mn clusters
(Mn,, o = 2,---,7). Chapter IV presents results in detail about each cluster, comparison between the
results, comparison with other computational studies, and with experimental measurements. Analyzes
are also carried out on bonding energies, most stable structures, bond lengths, density of states, local
magnetic moments and other relevant details. Finally, Chapter V summarizes the results and conclusions,
and suggests future lines of research.



Chapter 2

Theoretical Framework

2.1 Time-independent Schrodinger’s equation for many-body
problems

Quantum mechanics emerged as a revolutionary idea at the beginning of 20th century, to explain the
Planck radiation distribution, the photoelectric effect, and properties of atoms which were considered
to be fundamental ”building blocks” of matter. As scientists began to understand the atom, its own
”building blocks” were understood to be three particles, namely the electron, proton and neutron. The
explanation of the proton and neutron, particles that are part of the nuclei of atoms, were eventually un-
derstood in terms of more ”elementary” ones named ”quarks” that were conjectured later to explain the
proliferation of many more particles that were observed as increasingly powerful accelerators came online.
Today, the most advanced quantum theory is a quantum field theory called ”The Standard Model”. It
employs the symmetries SU(3), SU(2), and U(1). With these it is able to unify the strong, the weak, and
the electromagnetic interactions of all the known elementary particles. That model has been applied in
many situations to explain the properties and behavior of matter at smallest observed scales.

Just like Newton’s Laws which are fundamental in classical physics to understand phenomena in the
macroscopic world, quantum mechanical equations focus on the microscopic world. For example, the non-
relativistic Schrodinger’ equation is a key to understanding atoms, molecules, particles, clusters, etc. [27].

In quantum physics one of the most important problems is to compute the ground state of a system
of many particles. This can be achieved by solving Equation 2.1,

HY, = BV, (2.1)

Where H is the Hamiltonian of the system and ¥y is the wave function of each particle, labelled by
k. If the system contains N electrons of mass m. and L nuclei of mass M4, the Hamiltonian is given as:

H=—
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The terms that appear in Equation 2.2 represents the electron’s kinetic energy, the kinetic energy
of the nuclei, the interaction between electrons, the interaction between the nuclei and the interaction
between the electrons and the nuclei, as it appears schematized in Figure 2.1.

With the previous Hamiltonian, if we are able to solve Equation 2.1 and find the eigenvalue for the
ground state, then we can compute some properties of matter such as elastic and thermal properties, phase
diagrams, etc. [28]. Unfortunately for us, for most problems in quantum mechanics or quantum chemistry
it is not possible to get an exact solution for Equation 2.1. For the problem that we encompass in this
work, the differential equations that are contained in Equation 2.1 are not linear due to the interaction
terms. For solving the equations we need to employ some approximations like the Born-Oppenheimer
approximation.



Figure 2.1: Atomic interaction in the system of many particles.

2.1.1 Born-Oppenheimer Approximation.

Equation 2.2 can be simplified by taking advantage of the huge difference between the masses of nuclei
and electrons. For example the mass of a proton is roughly 1800 times greater than the electron’s mass.
In addition, in the nucleus of atoms there are neutrons with mass similar to the proton mass, so this
give us an idea of the huge difference between nuclei and electrons. Therefore, nuclei move very slowly
compared with electrons, and for that reason we assume that the nuclei are at rest. If the nuclei are at
rest, it means that their kinetic energy is zero and the interaction between nuclei is constant [20].
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To simplify more Equation 2.3 without the fundamental physical constants we use atomic units.
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The Hamiltonian without the last term is called the electronic Hamiltonian, H;., because it just
depends on the electron’s coordinates.

N L

Hee = — fZVQ ZZ——ZZl (2.6)

i=1 j>1i i=1 A=1

Thus, the simplified version of the Hamiltonian in Equation 2.1 is given as:

Helec\pelec = elecqjelec (27)

And the total energy is:

ETot = Eele + Enuc (28)

Equation 2.7 still presents certain obstacles to be solved, which will be presented in the next pages.

2.1.2 Hartree Product and Slater determinant

The electronic Hamiltonian H,j. (Equation 2.6) solely depends on the spatial coordinates of the electron
7 = (x,y, z). However for a complete description of the electron it is necessary to specify the spin a(w),
and f(w) which represent spin up and down [29]. Thus, the electron is completely described by four
coordinates.



X = (7,w) (2.9)

Now we are ready to say that the wave functions for a system of N electrons depend on X7, X5, -+, Xy
In addition, antisymmetry under the exchange of the coordinates of any two electrons is the other re-
quirement for the wave function [24] [29].

\Ij(Xh... 7Xi7"' ;Xj,"‘ ’XN) :_\IJ(X17... ,X].7... 7XZ.’... 7XN) (2]_0)

Before analyzing the system’s wave function where interactions occur, let’s examine the case of a
system with non-interacting electrons. The Hamiltonian in this case is:

H = Z h(i) (2.11)

where h(i) is an operator that describes the kinetic and potential energy (the first and last term of
Equation 2.6) of the electron i. For operator h(i) there are a set of wave functions known as spin-orbital
X(X) =¢(r)a(w) or x(X) = ¢(r)B(w). Equation 2.11, H is a result of sum of terms h(i), where there is
no interaction between electrons. Thus, the system’s wave function is a product of spin-orbital functions
known as Hartree Product (HP).

UHP(X1, Xg, - Xy) = xi(X1)x;(X2) -+ X (X ) (2.12)

HYHP = pytP (2.13)

The eigenvalue E of the system will be the sum of the energy of each electron for a given spin-orbital
function, E =¢; +¢; + - + &g

As we know, the wave function ¥ isn’t an observable, and a physical interpretation can only be
associated with the square of the wave function, which is the probability.

AP (X, XN)[2dXy - - d X, (2.14)

Using Equation 2.12, the probability can be written for each electron. For instance, the probability
of finding electron-one in the volume element dX7, electron-two in dXs and so on, is given as:

X (X1)[Pd X1 |x; (X2) Pd Xy - - - k(X n) Pd Xy (2.15)

The previous expression means that the probability of finding an electron ¢ in the volume element
dX; is independent of the position of the other electrons in a system of many electrons. As we assumed
in Equation 2.11, we neglected the interaction between electrons. In the real world, an ¢ electron senses
the presence of another electron in the space due to Coulomb interaction. So that, the i electron avoids
the regions occupied by the other electrons. Thus, we have that the position of an electron is explicitly
correlated with the positions of the other electrons [29]. Therefore, if we want to describe well our system
we need to consider the electronic correlation.

As we already mentioned, another requirement for the wave function is antisymmetry (Equation 2.10).
The Hartree product (Equation 2.12) doesn’t fulfill the antisymmetry principle by itself. To explain how
to get antisymmetric wave functions, consider two electrons which can occupy the following spin-orbitals
xi and x;. As we know, the wave function can be written as the product of the spin-orbitals.

TP (X1, Xo) = xi(X1)x; (X2) (2.16)

If we change the spin-orbital for each electron, we have:
(X1, X2) = xa(Xa)x; (X1) (2.17)

Employing the previous expressions, we can build a wave function which fulfills the antisymmetry
principle by taking the appropriate linear combination of these Hartree products [29].

U(X,Xo) = %[\II{IQP + U5 = %[Xi(Xl)Xj(XZ) — X (X1)xi(X2)] (2.18)
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As we can see, U (X1, X5) = —U(X2, X1), so the wave function accomplish the antisymmetry princi-
ple. From Equation 2.18 it’s evident that the wave function is zero when both electrons have the same
spin-orbital, ¢ = j. Therefore, from Equation 2.18 we conclude that two electrons cannot occupy the
same spin-orbital [29]. It means that electrons with same spin are correlated.

There is a statement in quantum mechanics, called the spin-statistics theorem, which establishes
that the wave functions of a system of identical particles with half-integer spin (fermions) must be an-
tisymmetric with respect to the interchange of any two particles. The wave functions for particles with
integer spin (bosons) must be symmetric [30].

For an N-electron system, there is a generalization of Equation 2.18.

Xi(X1)  x;(X1) Xk(X1)
1| xi(X2)  x;(X2) Xk (X2)
\Il(Xl,X%"' 7XN):W : . : (2.19)
Xi(Xn) x;(Xn) o xe(Xn)
The Slater determinant in brackets has N electrons occupying N spin-orbitals (xi, X, -+, xk). It's

evident that the interchange of two columns changes the sign of the determinant which is agree with the
antisymmetric nature of the wave functions [27] [29].

2.1.3 Hartree-Fock Approximation

In the previous section we took a look at H.. (Equation 2.6) without considering the interaction
term between electrons. Now, we are in a position to make a step forward for solving the expression
Hepo|¥ere) = €|Were). It’s very important to keep in mind that the nuclei interaction is a parameter and
it means that ¥.;. depends only on the electronic coordinates.

The basic idea behind the Hartree-Fock (HF) method is to approximate the interaction term of
Equation 2.6 by an average potential, v (i), experienced by the i*" electron due to the presence of the
other electrons[29].

L
1 Z
@)= =5V =30 =2+ ") (2.20)
2 Ti A
A=1
f(i) is called the effective one-electron operator or Fock operator and v#¥ (i) is the HF potential .
So, the eigenvalue equation is given as:

FOx(Xi) = ex(Xi) (2.21)

Thus Equation 2.21 is nonlinear and must be solved iteratively and this method is called self-consistent-

field (SCF).

For SCF method, you start with an initial guess for spin-orbitals, x(X;), which is used to compute
the HF potential, v (i) experienced by each electron. Then solve Fock’s equation (Equation 2.21) to
get a new set of spin-orbitals. Using these new spin-orbitals, one can compute new HF potential and
repeat the procedure until self-consistency is achieved (until the v (i) no longer change)[29].

Now let’s see the explicit form of Equation 2.20. We begin splitting in two parts Equation 2.6 for a
better analysis.

al 1 Lz
o . . A
Gy = E h(r)  with  h(F;) = —§V§ - g 7 (2.22)
i A=1

AR |
Gziizzﬁj (2.23)

i=1 j>i
Now we proceed to calculate the expectation value for G; on a given state Uy, where this state is
defined as: |Wo) = |x1,Xx2, "+ Xi» Xj» - » X~ according to Equation 2.19
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For the previous expression, we can only choose identical permutation in the determinant left part,
since the rest of N! — 1 permutations would yield the same result as selected one [27]. The spin-orbitals
are perpendicular to each other, (x;|x;) = d;j, it’s evident that only identical permutation survives in
the determinant on the right part of Equation 2.27 [27] [29].

<lPO|G1|\IIO> = Z<X1)X2;"' s Xiy Xgs™ " 7XN|h|X17X27"' s Xis Xgs™ " aXN> (225)

(Vo|G1]Wg) = Z<Xi|h|Xi> (2.26)

Something similar we have for the expectation value Ga:

1

(Wo|G2|Vy) = ﬁ(det{Xth,"' XN HGaldet{x1, X2, -+ ,XN}) (2.27)
1
(WolGalte) = 5 3 el losh - bl (2.25)
ij
1 1
(W|Ga2|Wo) = §Z<x1x]| Xixs) = 5 Z@axyl ~hxi) (2:29)
i ij

For above expression, the first term is the Coulomb contribution and the second one is the Exchange
contribution, and the terms cancel each other if ¢ = j. To be more explicit for the expression for the
spin-orbitals in the angle brackets, let’s depict both in the integral form.

For the Coulomb contribution we have:

<xi<X1>xj<X2>| (X ) (X2)) / 04X 10X s (X)) |4i X (230)

Simplifying our notation, Xa(Xb) = Xa(b) and dX = d7 but without the spin coordinate.

1 Lo 1
(i (W) (2) =—Ixa(D)x;(2) = /dhdlexi(l)IQﬁli‘@)\Q (2.31)
12 |71 — 72|
For the exchange contribution we have:
1 .
<Xi(1)Xj(2)‘ab(j(l))(i(z)) :/drld"'2Xi( )Xa(l)mx (2)xi(2) (2.32)

As we known for Equation 2.6, the electronic Hamiltonian is the combination of G; and G5. Thus,
the expectation value for the Hamiltonian on a given state ¥ is:

Eo = (Wo|H[Vo) = (Wo|G1 + G2|¥o) (2.33)
1
Eo = Z<Xi|h|Xi> +5 Z {(szjl IXix;) — <xzxj| NPT (2.34)
7 1)

According to the variational principle, the N spin-orbitals x; vary, so that the energy Eg = Eo({x:})
achieves its minimum value [27] [29]. Thus, for the variation of the functional Ey({x;}) we employ the
Lagrange multipliers technique. For instance, the variation of the first term, (x;|h|x:), is (Ox:ilh|x:) +
(xi|h|0x:). As with the first term, something similar we have for the second. In the end, applying the
stationary condition 6FEq({x;}) = 0 we get the following expression.

0="> (xilhlx) +Z|:6XzXJ = xaxs) = (Oxixgl = ngxz} > eildxilxi) (2.35)
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The equation for the best spin-orbitals is the Hartee-Fock integro-differential equation. Note: re-
membering our notation for the spin-orbital X = (r,w) (Equation 2.9) combine the spatial coordinate
and the spin.

Dxi(1 +Z|:/dXX] 7 1ﬂ]xz 3 [/dXXJ MiX) 17 Xi(1) = eixi(1)

J#i
(2.36)
The following is the kinetic energy and potential energy experienced by electron-one owing the at-
traction to the nuclei [29].

h(1) = —2v2 — = Z4 (2.37)
A

2.1.3.1 The Coulomb and Exchange Operators

The Coulomb term originally represented the interaction between two electrons (7i2)~!, but in the
Hartree-Fock approximation, electron-one in y; experiences a one-electron Coulomb potential in x; [29] .

1
) = () [ aX (O = (239)
J#i !
The exchange term, arising due to the antisymmetric nature of the wave function, i:

N 1
0 = S0 [ aXG (X

J#i i rl|

(2.39)

2.2 Electron density

In Equation 2.14, we introduced the idea of simultaneous probability of finding electron-one at spin-orbit
X1, electron-two at X5 and so forth. Note: in this section we will return to our notation 7 instead of
X for convenience. There are situations where we are interested in the total charge density, which is
defined as the probability to find any electron at a particular position [28]. For a system where there are
N electrons and L nuclei (see section 2.1) the probability is:

P(Fl :F) :/|\I/(’F,’F2,"- ,FN;él,-'- ,EL)‘QdF2~-~dFNd§1~'-déL (240)

The probability of finding any electron at position 7 (electron density), is

N
n(i) = P(F =)+ PR = )+ Pli = 7) = 3 [ W) (2.41)

The electrons are indistinguishable particles, which means that each term in Equation 2.41 is given
by Equation 2.40 [20].

n(F’) :N/‘\I/(F, _'2,"~ ,FN;E17~-~ ,ﬁL)|2dFQ--'dFNd§1~-~d§L (242)

The previous equation is very important in this work, because as we will see in the next pages, all
properties of the system can be determined from a unique functional of the ground state density [31].
The electron density is an observable and can be measured experimentally by X-ray diffraction.
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(a) The n(7) projected onto the plane [26] (b) Contour lines for electron density [32]

Figure 2.2: Representation of the electron density of the water molecule, HoO

Figure 2.2 is an example of the representation of electron density. The cusp that appears is a con-
sequence of the singularity in the Hamiltonian (Equation 2.6) when r;4 — 0, so at any position of an
atom the density n(7) exhibits a maximum due to the attractive force exerted by the nuclei [20] [32]. In
the oxygen atom, the maximum is more noticeable because it has more positive charges (protons) than
hydrogen atoms.

2.3 Density functional theory

Density Functional Theory (DFT) is a quantum-mechanical method used in physics and chemistry to
study the electronic structure of atoms and molecules[33]. The method employs a certain type of functions
called functionals that depend on the electron density (Equation 2.42). Today, thanks to computers and
theoretical studies in this area, there are a wide variety of functionals which can be employed to study
different sorts of systems. On the following pages, we will discuss more about the types of functionals.

The main difficulty presented by the many-body problem is non-linearity of differential equations but
the other challenge is the quantity of variable to manage. For instance, for a system with N electrons we
will have a wave function of 3N Cartesian spatial coordinates W(7y,7%s, - ,7n) with 7= (z,y, z). Thus,
the reduction of variables is convenient[28].

E = (V|H|V) = /dF1~-~dFN\I/*(F1,-~- JIN)VHY (P, TN (2.43)

The central idea of the DFT is that the energy F of the system only depends on the electron density
[26], so that.

E = Fn] (2.44)

Although the energy of a quantum state is generally a functional of the entire wave function (7, 75, - - -
which contains 3NV variables, the ground state energy (Equation 2.44) depends on n(7), which is a function
of three variables only [28] .

2.3.1 Hohenberg-Kohn theorems

Theorem 1 The external potential Ve.(r) depends solely on electron density n(r). Owing to the external
potential define the Hamiltonian, H of the system, the ground state of the system is functional only on
electron density n(7) [20] .

To prove the theorem, we are going to use the Hamiltonian (Equation 2.4) that appears in the Born-
Oppenheimer approximation (see subsection 2.1.1) without the term E,,..
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Vi (1) is the Coulomb potential (external potential) of the nuclei experienced by electrons.

AGEESY B2 (2.46)
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For convenience, let’s introduce some symbolic notations for kinetic energy and for the Coulomb
interaction.

.

N =

al 1L 1
) .
» ; W= —_— 2.47
i=1 i#]
Thus, substituting the previous Hamiltonian in Equation 2.43, we have:
E = (U] V()W) + (¥|T + W|¥) (2.48)

Using the relation between electron density (Equation 2.42) and wave function, the first term can be
rewritten.

B /n(F)Vn(F)dF—&— (O[T + 17 |w) (2.49)

Now let’s suppose that the wave function, ¥ is the wave function that corresponds to the ground state
energy, Fy, and of course for the potential V;, and electron density ng. In addition, suppose that there
is another potential, V! £ V,, with the same electron density, n, with wave function ¥’ and ground state
energy E’ [28]. Thus, we have:

B = (W] S V)W) + (VT + W) (2.50)

As we suppose, ¥’ is the wave function that corresponds to the energy E’. Since ¥ is not the wave
function associated with the ground state energy E’, the following is true:

(U1 Vi) + ([T + W) > E (2.51)

/n(F)V,{(F)dFJr (WIT + WW) > E (2.52)
Employing Equation 2.49 and subtracted with the previous, we have:

E-E > / n(F) Vi (F)d7 — / n(F)V,(7)dF (2.53)

We can repeat the entire reasoning by simply starting from V,, instead of V. In this case we would
find that:

F-E> / n(FV! (7)dF — / n(F)Vi (F)dF (2.54)

Adding up Equation 2.53 with 2.54, we found that 0 > 0 which is not true. Due to this incongruity,
the possibility that two different external potential V! and V,,, lead to the same ground state density, n,
is not true [28].

Theorem 2 The functional F[n] that yields energetically the most stable state of the system, gives the
lowest energy if and only if the true electron density ng of the ground state is given. [20]. Let’s define:



Fo < E = Fla] = /ﬁ(F)I_/,;(F)dF+ (T[T + WD) (2.55)

The previous expression means that the trial density 7 is the upper limit of the true ground energy,
Ey, which 7 satisfies 7 > 0 and [ 7(7)di = N, and also it has its corresponding external potential v,
which fixes its own Hamiltonian H and therefore its own wave function W[26]. This wave function can be
considered as a trail wave function for the Hamiltonian H, which is produced by the external potential
V.

(T H|T) = /ﬁ(F)Vn(f)dFJr (B|T + W) (2.56)

As we defined before (Equation 2.42), the density depends on the wave function, therefore 7 depends
on ¥ which is the trial wave function.

(BHIE) = [ 0(Va(dr+ (T + WF) = Fla) = B > Ey = (Vo[ H]0) (2.57)

The equality, £ = E; can be reached in the case when 1 = ng, because Theorem 1 ensures that the
same external potential, V leads to a unique density, n, in this case the density of the ground state, ng.
In the end, we have that the functional F[7i] delivers the ground state energy if it inputs the true ground
state density.

2.3.2 Kohn-Sham equations

In the previous pages, we introduced the concept of electron density n(7). The Hohenberg-Kohn theorems
told us in few words that the ground state energy is a unique functional of this density. In this part of
the work, we will see one of the most popular methods for finding the electron density.

Equation 2.44 means that there is a functional F[n(7)] that depends on the density only, n(7), and
in Equation 2.49 there is an expression for this dependence. Combining both ideas, we have:

Fn(7)] = / n(F)V, (PP + (B (F)| T + W) (2.58)

For the previous expression, the terms T and W are the kinetic energy and the Coulomb interaction
respectively, which depend implicitly on the density n(7). Now, we are going to write this dependence
explicitly using Equations 2.47 and 2.41.

N

Do) = —5 S (W) V() (259)

i

N
=32 [ IVwiopr (2.60)

ZZ//W’ F)|2|q AR T @) £ = @) (26

/ / :_7_” drdr’ (2.62)

Kohn and Sham introduced an extra term in Equation 2.58:

Fln(r)] = /n(?"”)Vn(F)dFﬂL Tln()] + Wn(#)] + Exc[n(7)] (2.63)

Where Exc[n(F)] represents everything that we did not take into account for the system of non-
interacting particles. This extra term is called the exchange-correlation energy [20] [28] [31].

According with the Theorem 2 the energy E of the system is minimum when we have the true
ground state density, n,. In this case the minimum can be computed using the variational derivative.
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oFn(@] _ (2.64)
5n(7)

Applying the ideas of variational derivative, this leads us to an equation of wave functions (Equation
2.65), where the orbitals ¢;(7) must fulfill the following constrain (¢;|¢;) = d;;. The orbitals are called
”Kohn-Sham orbitals” and don’t have a physical meaning but they are only an auxiliary tool for solving
the self-consistent (SC) problem and compute the true density for the ground state [34].

|5Vl Vi) + Viee )| 407 = 019 (2.65)
The terms Vi (7) and Vx ¢ (7) are defined as:
Vu(r) = /dr’|:(_rr),| ;o Vxeol(P) = Mﬁis[n] (2.66)

The first term is the kinetic energy of the electrons in a system of non-interacting particles, V;,(7)
is the external potential (Equation 2.46), Vi (7) is the Hartree potential and Vx¢(7) is the exchange-
correlation potential.

Hw n Veffm} 61(7) = st () (2.67)

Equation 2.65 often is expressed in terms of effective potential and kinetic energy of electron i. There-
fore, electron 7 moves under effective potential V, sy, which contains terms that we have already mentioned.
Equation 2.65 or 2.67 looks similar to the Schrodinger equation, but is called the Kohn-Sham equation.
The equation describes a system of non-interacting particles that give place to a density (Equation 2.68)
equal to the density of system where there are interactions between particles.

N
n(i) = > loi(")* (2.68)

Equation 2.65 is in principle exact and the approximation only enters in the unknown functional for
the exchange-correlation energy, Exc. Thus, the aim of DFT is to find a better approximation for this
quantity [20].

Many-body DFT
problem

electron

Figure 2.3: Schematic illustration of transforming many-electron system to electron density, n(7) [1]

2.3.3 Exchange-correlation functionals
2.3.3.1 Jacob’s Ladder

DFT provides practical estimates for the ground-state energy and electron density of a many-electron
system. In particular, it predicts the sizes and shapes of molecules, the crystal structures of solids and
the work required to stretch or break chemical bonds [35].

11



(meta)GGA+HF , &
GGA &
Vplrort

Generalized Gradient Approx.(GGA)
Vp(r)

Figure 2.4: Illustration of Jacob’s Ladder of DFT [2]

As we mentioned, in Equation 2.65, Vx¢ (which is related with Ex¢) is the only unknown term and
its value is approximated. The real usefulness of density functional theory arises from the possibility of
making simple but accurate approximations for the functional Ex¢[n] [35]. The proliferation of approx-
imate exchange-correlation functionals has led to the functional zoo.

Owing to the wide variety of functionals that have been developed, there is a hierarchy where the
functionals are located according with the parameters and the accuracy that each one has to describe the
system. The hierarchy of the approximation is a kind of ladder lifted up to the goal of ”chemical accu-
racy” or "Heaven” (Figure 2.4). Heaven is the elusive goal of the exact exchange-correlation functional,
and thus the exact solution of the Schrédinger equation [2] [35].

As you climb the ladder (Figure 2.4), the functionals retain the previous step parameters and incor-
porate others. We will give a description of some of the rungs, since the various functionals used in this
work belong to different rungs.

2.3.3.2 Local Spin Density Approximation, LSDA

This is one of the most popular approaches to exchange-correlation (XC) functionals. To begin consid-
ering the LSDA let’s start with the simplest version of it, which is the Local Density Approximation
(LDA). For LDA the exchange-correlation energy depends on the total density n(7) (Equation 2.68):

EEDA ()] = / e (7)) () = / erun(F)dF (2.69)

Where ¢, is the many-body exchange-correlation energy per electron of a uniform gas of interacting
electrons [27]. For the potentials, we will use Equation 2.66.

Let’s define L = L(7, n(7), n' (7)) = ezc(n(7))n(F) and applying the variational derivative we have:

/6E[n]¢(7__,)d7?: / [g_i _ dif%} o(F)dF (2.70)

on

Thus, the exchange-correlation potential is given by:

_ 0BR[] 9L d oL
on on  dron’

We note that % =0, because L doesn’t depend on the derivative of the density, n’, which simplifies
the process to get )%g A

Vxco (2.71)
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ViRt =n@ ) b e n() (2.72)

Now, let’s consider the general version, which is LSDA. For this version, the exchange-correlation
energy depends on the spin-up (n4) and spin-down (n}) densities [31].

BxP g ny) = /Ewc(nmm)n(ﬂdf (2.73)

As we know, n(7) is the total density, n(¥) = n4 + ny. Also we have that, £,.(nq,n)) can be written
in two parts:

Ege = az(nT7n¢) + EC(HT,ni) (274)

EXPAng,ny) = EXSPA + BESPA = /Em(nmm)n(F)dFJr /€c(nmn¢)n(7?)d77 (2.75)

Now, we are in the position to introduce the fractional spin polarization, I' = T'(7)

_nT—n¢ _nT—n¢
_nT—l—n¢_ n

r (2.76)

To compute the exchange-correlation potential (Equation 2.66), we can perform that by parts. As an
example, let’s take just the exchange term from Equation 2.75.

Exngng] = 5 (Bx[209] + Bx[2n,) (2.77)

Equation 2.77 is called the ”spin-scaling relation” and Ex (n) is the exchange energy of an unpolarized
system of density n. Employing the fractional spin polarization, densities are rewritten.

14T 1-T
ny = n% P =n—y (2.78)
Rewriting Equation 2.77 in terms of the fractional spin polarization, we get:
1
Ex[ny,ny) = 5 (Ex[n(l + D)+ Ex[n(1 - I)]) (2.79)
Since I' depends on the densities implicitly, the following is true:
B ) = [ din(PP g (), my () (280)

Where ££P4 is the exchange energy per electron for a uniform gas of interacting electrons. The
correlation energy, F¢ is more difficult to cast in terms of a functional, but its contribution to the total
energy is much smaller than the Ex [31] [36].

2.3.3.3 Generalized Gradient Approximation, GGA

As we already know, Equation 2.73 depends on the quantities of spin-up and spin-down densities. Now
we present the GGA which is an improvement of the LSDA.

ESE ng,ny] Z/dff(nmm,vnmvm) (2.81)

As seen, GGA depends on electron density and on the gradient of the electronic densities. Thus,
functionals belong to this rung of Jacob’s ladder are know as semi-local XC functionals. In comparison
with LSDA, GGA functionals tend to improve total energies, atomization energies, energy barriers and
structural energy differences. Typically, GGA functionals favor density inhomogeneity more than LSDA
does [37].

Employing the same ideas as what we used in LSDA (Equation 2.75), the exchange-correlation energy
can be written in two parts, Exc = Ex + E¢

13



It is important to mention that there are many ways to build the GGA functional. For instance, here
is an expression for the GGA correlation energy:

EE“ M g, ] = /dfn[éc(rs,l“) + H(rs, T, t)] (2.82)

where 7 is the local Seitz radius (n = 3/4nr3 = k3./372), t = |Vn|/2¢ksn is a dimensionless density
gradient, I is the fractional of spin polarization (Equation 2.76), #(T') = [(1 4 T)?/3 + (1 —T")?/3]/2 and
ks = \/4kp/mag is the Thomas-Fermi wave number (ag = h?/me?).

In the same way, there is an expression for the GGA exchange energy:

ES9A[ny,n,] = / dine x (n) F (s) (2.83)

Fx(s) is a dimensionless parameter with the following shape:

k

(2.84)

where k and y are parameters, and s = |Vn|/2kpn = (rs/ag)'/?¢t/c is another gradient density with
c as another parameter adjusted to the system. For more information about how to construct GGA
functionals see the paper of Perdew et al. [37]. As we saw, GGA involves a wide variety of parameters
that are adjusted according to our interest and the properties that we want to preserve for the system.
It is convenient to define the functional (Equation 2.81) as a generalized form [31].

ESGA (g, )] = / dne(n) Fxo(ng,ny, [Vngl, [V, - ) (2.85)

2.3.3.4 Meta-GGA

The meta-GGA approximation consider kinetic energy of density as another parameter. Although GGAs
and meta-GGAs add more physical information into the density-functional approximation, they are con-
structed to maintain the accuracy for the Exc [38].

The functionals for the third rung of Jacob’s ladder (Figure 2.4) are given as:

EXEGA ny,ny] = /anawc(n¢,ni,VnT,Vni,TmTl) (2.86)

where n(7) = nq(7) +ny (7) is the total density, and 7(7) is the kinetic energy density for the occupied
Kohn-Sham orbitals ¢;(7) 2.68)[36] [39].

() = Y 5 IVaiP (287)

In Equation 2.86 we can verify that Meta-GGA contains information of the previous rungs but add
another local variable, the kinetic energy density, 7.

2.3.3.5 Hybrid Functionals

In this rung, we have the combination of the HF Approximation (see subsection 2.1.3) and DFT. HF
theory gives an exact version of exchange energy, which is quantum effect owing to the Pauli exclusion
principle. For paired electrons as the case of electrons in 3d orbital of Mn atom, this effect is relevant.
Although hybrid functionals take account new effects, unfortunately it depicts deficiencies in describing
chemical bonding [40].
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For DFT, we have the Kohn-Sham equations where the unique term to approximate is the exchange-
correlation energy, Exc. Therefore, it makes sense that if we want to combine H-F theory with DFT,
we need to focus our attention on this term.

There exists a rigorous ab initio formula for the exchange-correlation energy Exc of Kohn-Sham
density functional theory known as the ”adiabatic formula” [40] given as:

1
Exc = / Uxcd\ (2.88)
0

where ) is an interelectronic coupling-strength parameter and Uz is the potential energy of exchange
correlation. Equation 2.88 literally connects the non-interacting Kohn-Sham reference system (A = 0) to
the fully-interacting real system (A = 1) [40]. The total energy difference between the fully-interacting
and the non-interacting cases is related to A [41].

The ab initio calculation of Ex¢ employing Equation 2.88 is very difficult. For solving the equation,
a linear approximation is used:

1 1

The term U%, is the exchange and electron correlation potential of non-interacting system, meanwhile
Ui is the exchange and electron correlation potential of the interacting real system. We note that U%C
is just the Kohn-Sham exchange energy Ex meanwhile the second term is defined as:

Uxc = UxeP? = /UXC[”mm]df (2.90)

where uxc[ns,ny] is the exchange-correlation potential-energy density of a spin-polarized electron
gas. The explicit shape of ux¢ for electron gas was given by Perdew and Wang [42].

Another reason why U)O(c is practically the exchange energy Ex, is because this term is by far the
dominant component of the Ex¢c. Rewriting the Equation 2.89, we have:

1 1
Exc = 5Bx + 5U;@%DA (2.91)

Now, we are in position to write an expression for the exchange energy, Ex. It can be computed
exactly, employing the definition of exchange energy (Equation 2.29) in HF theory but using Kohn-Sham
occupied orbitals, ¢; [40] [43].

1 * 1 *
EX:_Q%://dTlde(bi (r1);(ra) f—~8j(r2)i(r2) (2.92)

Ty — 72

Equation 2.91 is very simple and implies many approximations. It may be useful, therefore, to gen-
eralize as follows:

EXC bl CoEX + ClU)I(“gDA (293)

with ¢y and ¢; as parameters to be determined by appropriate fits to experimental data [40]. The
following are some examples of hybrid functionals that we employ in this work:

ERIYP — 020E8F 4 0.72E88CY 4 0.08ELSPA 1 0.81ELY P9 1 0.19EL5PA (2.94)
EREPO = 0.25 BT 4 0.75 85 PPN o pEPEEED (2.95)
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Becke’s three-parameter functional (B3LYP), which is one of the most famous hybrid functionals [13].

ERPLYP — 0530 T 4 0.47ERSCECA) L 0.73ELY PO L o.27pM P2 (2.96)
As we can see, the key idea of hybrid functionals is combining DFT and HF exchange terms, and
correlation terms from different functionals that have been developed.

2.3.3.6 Range-Separated Hybrid Functional (RSH)

This is a subgroup of hybrid functionals, where the Coulomb interaction term 1/75 (712 being the inter-
electronic distance) receives special treatment. Instead of just certain weights for the contribution of
E)I;I*F and ER2FT RSH employs a function (wrsp = WRSF(~,7,)) 10 connect both contributions. In the
long distance limit, exchange potential of hybrid functionals deviates from its correct (1/72) form. For
recovering the behavior in some way, the Coulomb interaction is split into two parts: short-range (SR)
component treated by DFT, and a long range (LR) component treated by Hartree-Fock [14].

1 1-fo+B(1—wrsr) +a+f3(1_wRSF) (2.97)

12 T12 T12

The first term on the left is called Short-Range and the second term is the Long-Range. The function
wrsr could be the complementary error function erfc(vi2), or the Slater function e~7™2. In summary
RSH, is an improvement of the hybrid functionals and most of the cases are treated as a subgroup of it.
In this work wB97M-V is the RSH functional that we are going to implement to study Mn clusters.
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Chapter 3

Computational Methods

Density functional theories (DFTs) are very successful techniques for understanding the electronic, struc-
tural and vibrational properties of large molecules systems [45]. During these years have been developed
many computational packages which implement DFT such as Gaussian 98, ORC A, Q —chem, SIEST A,
VASP, UTEP — NRLMOL and others. In this chapter, we will give some details about each of the
computational packages that we employ for this research project.

3.1 The Vienna ab initio Simulation Package, VASP

The Vienna ab initio Simulation Package (VASP) is an efficient DFT code for studying 3D bulk systems
with periodic boundary condition [15]. VASP was developed with the aim of bringing an efficient solu-
tion for many computational problems that DFT presents, for instance: (a) calculating the electronic
ground-state (b) describing the electron-ion interaction by ultrasoft pseudo-potentials [4(] (¢) estimating
the ground state easily using iterative diagonalization of K-S Hamiltonian [415] [40].

Besides the pseudo-potentials, similar to other packages, VASP employs plane waves (PWs) as one of
its basis sets. At the beginning VASP was based on DFT completely, but the current version of the code
includes the post-DFT corrections, for instance hybrid functionals.

3.1.1 VASP, basic methodology

3.1.1.1 Supercell approximation

One of the highlight features of VASP is the implementation of supercell approximation. The objective
with the supercell is to have a large periodic cell that its local behavior can be repeated many times until
cover well our system [47].

In case of VASP which was designed to study crystals the supercell approximation is useful. For
studying isolated systems it is important to consider some details like the distance between the systems
in each supercell to neglect the interaction between molecules or clusters. For example, if our system
has three atoms or particles as seen in Figure 3.1, due to periodic boundary conditions there are several
iterations of the initial system.

For this project we study isolated manganese clusters, which means that there is no interplay between

each cluster (Figure 3.1 b)) in each supercell. For avoiding the interactions, we try to keep a distance of
12 A between each cluster as a suggestion from other researchers [15].
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Figure 3.1: a) Supercell b) periodicity of the system with supercell approximation.

3.1.1.2 Plane Waves, PWs
For solving the one-electron Kohn-Sham Equations (2.65), VASP employs a Hamiltonian method that

relies on a diagonalization of the Hamiltonian [6]. This method utilizes an expansion of the Kohn-Sham
orbitals ¢;(7) into some kind of basis, given as:

= Z Ciés (3.1)
k
where & are the basis functions and C}, are the expansion coefficients for the electron i.

Since VASP originally deals with crystals employing the supercell approximation, the potential has
the periodicity of the supercell. Let’s define:

V(it+ R) = V(7) (32)

with R as the translational lattice vectors. For the present work, the supercell approximation allows
us to simulate the cluster like a crystal. For solving the Kohn-Sham Equations in VASP code, we have
the plane waves as a basis set. Thus, Kohn-Sham orbitals are expressed as:

6ik(7) = Ugp(Re’™" (3.3)
with & as the wave number and U,;(7) is a function with the periodicity of the crystal. The above

expression is a direct consequence of Bloch’s Theorem. The periodic functions can be expanded using
planes waves in the reciprocal lattice with G as the wave number:

w( = Z Cif.a® (3.4)
As we mentioned, the periodic function has the periodicity of the lattice, U, (7" + é) =U;(7)
U,z ( r+R Zcq _IG(F+R) _ ZCZEG jG.7 (3.5)

eIGR = (3.6)

For the above expression, mean that G- R = 27 xm with m as an integer number. Now we are in
position to rewrite the Kohn-Sham orbitals:
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7 iG.7 k.7 i(G+E).
¢ik(r) = ZCMZ,@@] et = Zci,éﬂée]( T (3.7)
C; G, are the plane wave coefficients for the electron i. There is a truncation of plane wave expansion,
where only the reciprocal lattice vectors whose kinetic energy lower than a defined cut-off energy are took
account.

1 = -
§|G + k‘2 < Ecut (38)

The use of a plane wave basis set has several advantages such as: (i) it is easy to change from a
real-space representation via a Fast Fourier Transform to momentum-space. (i7) The control of basis
set convergence is pretty easy. We can control the number of plane waves whose energy is less than the
cut-off energy. (ii¢) The Hellmann-Feynman forces between atoms in the supercell may be computed in
terms of the expectation value of the Hamiltonian with respect to certain ionic coordinates [7].

Is important to highlight that plane wave basis sets are somewhat unusual for molecular applications,
because of the associations of plane wave basis sets with free electron like systems [45]. As we are going
to see in the following pages, Gaussian functions are the other alternative as a basis set. Gruber et al.
[49] in its work studied the performance of the plane waves and localized basis sets (Gaussian functions)
for small gold clusters. They showed a slightly difference for the binding energy which also is related
with the structure of the group of atoms.

3.1.1.3 Projector Augmented Waves, PAWs

The wave function of electrons have different behavior depending its location. For example, electrons’
wave function in bonding region is smooth, whereas close to the nucleus it oscillates rapidly. The wave
function behavior near nucleus is owing to the large attractive potential of the nucleus [50][51], as is
shown in Figure 3.2. The strategy behind PAWSs method is the concept of an augmentation region, 4.
Therefore in 3D there is a sphere around each atom of our system. Inside the sphere instead of using
wave functions with rapid oscillation we use a smooth wave function called pseudo wave function [6] [7]

[50]-

Atom centered sphere Bonding region

Figure 3.2: Illustration of how wave function of valence electrons oscillate rapidly near atomic cores.
The effect is owing to the strong interaction with wave function of core electrons. Wave function in
bonding region is smooth.

The PAW method accounts for the nodal features of the valence orbitals and ensures orthogonality
between valence and core wave functions [7]. The PAW method utilizes a transformation T, of the
valence wave functions ¢ (Kohn-Sham orbitals) onto fictitious pseudo wave functions ¢~> according with
the following expression.

|6) = T|5) (3.9)

For the above expression, the total energy will be evaluated as fucntion of pseudo-functions.

T*HgsT|¢) = €T*T|9) (3.10)

Where Hgg is the Hamiltonian that appear in the Kohn-Sham equation with eigenvalue e. The
transformation T is given as:
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T=1+) Ta (3.11)
A

where each local contribution T'a acts only within augmentation region 24 enclosing the atom A,
indicated by red circle in Figure 3.2 [6]. With this, we have that the wave functions ¢ and ¢ match
outside or at the surface of the augmentation region, as can be appreciate in the following equation:

|6i) = (1 + Ta)|b:) (3.12)

Regarding the pseudo wave function q~5, it can be expressed in the following way:
6) = |@i)e (3.13)

within the augmentation region 24 and ¢; are the partial wave functions multiplied by the constants
¢;. So that, the constants are computed:

ci = (Bi| ) (3.14)

where (p;| is the projector function. Within the augmentation region 4, the projector function
fulfills the condition |@;)(p;| = d;; with the partial waves ¢. Rewriting Equations 3.11 and 3.9 in terms
of the projector function, the total electron density is given as:

n(r) = (F) + ny(7) 4 a1 (7) (3.15)

The first term refers to the density using the pseudo wave functions (;37 meanwhile the last two terms
are computing within the augmentation region 4. The two last terms depend on the Kohn-Sham
orbitals ¢ (valence wave function) and on the pseudo partial waves ¢ [6] [7] [50].

3.1.2 Charge density partition methods

In the moment when we try to solve the Schrodinger equation for many particles (Equation 2.1), the wave
function describes the total system and not each atom separately. The transfer of charges between atoms,
the presence of ionic charges on atoms or molecules and even the local magnetic moment distribution in
clusters due to the magnetization is very sensitive to changes in the local environment. Studying these
processes are important to understand certain chemical and physical properties [52] [53].

Atomic charges in molecules are not observables, hence not defined by quantum mechanical theory.
Quantum mechanics calculations yield a continuous electronic charge density and the problem is how to
make the partitions between the atoms or molecules of our system [52]. Fortunately for us, there are
some methods that can be used to estimate the electronic charge density and the local magnetic moment
for each atom.

3.1.2.1 Wigner-Seitz sphere

This is the simplest method that VASP uses by default and it refers to the case in which for each atom
there is a sphere with the same radius that cannot overlap each other. This method is useful when we
have certain symmetry in the structure and the same type of atoms. The inaccuracies come around when
the locations of the atoms aren’t regular, where the local magnetic moment and charge can change for
each atom.

3.1.2.2 Bader charge analysis

This approach focuses entirely on the charge density and space is then divided into regions that contain
one nucleus but this requirement isn’t necessary. At a point on a dividing surface, the gradient for the
electron density has no component normal to the surface and it means that gradient of charge density is
zero [3] [52].

Shown in Figure 3.3 are unit vectors normal to the surfaces denoted by 7. If the scalar product Vp-7
vanishes then Vp has no component through the surface. Let’s see the previous condition isn’t satisfied
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by the surface @) in Figure 3.3 but is satisfied by the surface b) [3]. The path indicated by b) is called
the Bader region.

Figure 3.3: A portion of a contour map of a charge distribution showing intersection with two parti-
tioning surfaces [3].

3.1.2.3 Voronoi Deformation Density (VDD)

The VDD method computed the amount of electronic density that flows from or to a certain atom owing
to the bonding formation by spatial integration of the deformation density pges(r) = p(r) — Ppromotecute(T)
over the atomic Voronoi Cell (VC) [51].

The VDD atomic charge Q% PP of the atom A in volume element d7 is given as:

ypD — /V 100 = oot (D)7 (3.16)

The fictitious promolecule is a superposition of atomic ground-state densities[54]:

Ppromolecule ({F) = Z PB (F) (317)
B

With VDD method, for each atom the space splits in many regions called Voronoi cells, which are
defined to be part of space closer to the nucleus of that atom [54]. The following are the steps to
construct the Voronoi cell or polygon (Figure 3.4): (i) connecting the centers of atoms. (ii) Draw the
perpendicular bisectors of these centers. We see an area enclosed by intersection lines with each atom
of the system in the center. All points inside the cell are closer to the center of the ”central” atom [4].
For Voronoi cell in 3D, atoms or ions occupies a volume, and Equation 3.16 is integrated over this volume.

For the analysis of the Local Magnetic Moment (LMM) obtained from our DFT calculations, this
method is used. As we will see later, the structure of the clusters presents a certain asymmetry, so the
distance between manganese atoms won’t be the same. Thus the values of the LMM are expected to be
different and this method will give us a good estimation about it.
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Figure 3.4: Two-dimensional construction of Voronoi cell [4]

3.1.3 Computational details for VASP implementation

All the calculations performed with VASP code for the simulation of Mn clusters comply with certain
computational details. As we have mentioned, the code employs plane waves as a basis set and the cut-off
energy is Equ: = 500 eV (Equation 3.8).

The Mn atoms are located in supercell (Figure 3.1) taking care that the distance between clusters
owing periodicity is roughly 12 A. Regarding the dimension of a supercell, this might be different for
each cluster size. For instance, for the dimer (Mny), each side of the supercell is 14 A. For Mnj the sides
were 14 A, 14 A and 15 A. So, depending in the quantity of atoms, we could increase the size of supercell.

For solving the Kohn-Sham Equations 2.65 in a system of N electrons, the maximum number of
electronic Self-Consistency (SC) step is 200 although it can also change. This means that the maximum
number to compute the charge density n(7) (Equation 2.68) is 200 in each ionic step. After computing the
Kohn-Sham orbital for the N electrons, density is calculated and compared with the previous one. If the
energy difference is less than 1 x 1075 eV we have energetic convergence and the SC-loop is interrupted
to move to the next ionic step. If the density does not converge, we use the ending value as a guess for
the next electronic SC until it converges.

In each ionic step (where the positions of the nuclei change) the structure is relaxed using the conjugate
gradient method. Previous moving to next ionic step, forces on each atom are computed. The maximum
number of ionic steps varies between 100-250, which depend in the cluster size and until achieve energy
minimization. If the total force on atoms (Feynman-Hellman forces) is less than —1 x 10~3 eV/A it means
that the optimal structure has been achieved. With the previous, we have that the initial structure of
the Mn cluster might change owing to the ionic steps.

3.2 ORCA Package

Oreca is one of the most popular quantum chemistry packages that implement DFT. The package is useful
to study the electronic structure of a cluster of atoms. In this subsection we are going to give some
features about this computational package.

3.2.1 ORCA, basic methodology
3.2.1.1 Slater Type Orbitals, STOs

Slater Type Orbitals are considered as natural basis functions in quantum molecular calculations. This
type of orbitals is also called as hydrogen-like because its radial part decays with distance r and its
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angular part is described by spherical harmonics, ¥, (0, ¢).

(r) = Cr" e Y0, o) (3.18)

where C' is a normalization constant, ¢ is a constant depending on the effective charge of the nucleus,
[ is the azimuthal quantum number, n is the principal quantum number, and m is the magnetic quantum
number.

3.2.1.2 Triple—( basis set

The ORCA code handles different basis sets such as Gaussian Type Orbitals (GTOs) and STOs. In
general GTOs and STOs are localized orbitals, which means they model very well the behavior of atomic
orbitals near atomic nuclei. In our case, we work with a linear combination of STOs called triple-zeta or
triple—( basis set.

The expansion of Kohn-Sham orbitals in this basis is given as:

Grenim (F — Ri,) = a1®(r — Ry, 1) 4 ao®(r — Ry, () + as®(r — Ry, G3) (3.19)

Where ﬁk is the position of the nuclei atomic k. This type of basis set is very popular in quantum
chemistry due to its accurate results for computing bond length and bonding energy. A triple—( basis,
besides its localization also offers some computational advantages, including large reduction of CPU time
and high accuracy of calculations. Due to its dependence on the position of the nuclei Ry it gives rise to
an error called Pulay stress, which affects the ground state energy of the system.

The exact solution for the Schrodinger Equation applied to the hydrogen atom is STOs of the e=¢"
shape [5]. In an attempt to solve the problem, it is common to employ Gaussian functions with different
parameters or magnitude, as seen in Figure 3.5. Thus, develop a linear combination of GTOs, known
as linear combination of atomic orbitals (LCAOs) [19]. As we can see, there are many alternatives to
expand the Kohn-Sham orbitals and some are more complex than others.

GTO functions

Figure 3.5: Approximating a STOs with several GTOs [5].

3.2.1.3 Pseudo-potentials

It is important to highlight that pseudo-potentials (V) are not exclusive to the ORCA code, other
codes also use them. These are very important to streamline computation time because they are used to
avoid the need for an explicit treatment of the strongly bound and chemically inert core electrons [15]
[55]. Thus, pseudo-potentials take account of only the valence electrons, which participate in bonding.
Today, with supercomputers and advantage in employing the effective potentials is that these include
other effects in the calculations, including relativistic effects e[55].

Pseud-potentials are an additional approximation that can be made on the electronic Hamiltonian,
H,.. Rearranging a bit the terms of Equation 2.6, we have:
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Considering just the valence electrons of the atoms, the Hamiltonian is given as:

- L ny My
i =35 (v v ) 25 @21
i=1 A=1 i=1 j>i

Where n, are the valence electrons and V} S is the potential or effective potential due to the frozen
core which includes the nucleus and the inner electrons of atom A.

Vs = % -3 Vi(nP, (3.22)
1

In the above equation, P, is the projector operator. Thus V¥ can be projected on any basis including
triple—(.

As it depicted in Figure 3.6, the valence wave functions oscillate rapidly in the region close to the
core. These oscillations are a consequence of Heisenberg Uncertainly Principle for position-momentum,
[Z,p] > R/2. Close to the nucleus the position is better know, so the uncertainty has to be in the mo-
mentum (related to wavelength and with frequency), which imply rapid oscillations. Another standpoint
of view is that the valence wave functions has to be perpendicular to the core wave functions, as a con-
sequence of Pauli exclusion principle [6].
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Figure 3.6: Illustration of the concept behind the pseudo-potential [6].

In Figure 3.6 we appreciate that the pseudo-potentials are smooth, because these are constructed with
the objective to employ a small number of basis functions.
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Chapter 4

Results

In this chapter, we present the main results in the study of manganese clusters (Mn,, a = 2,--- ,7), using
different functionals. The calculations are performed under two implementations of DFT. The first im-
plementation is with plane waves basis in VASP code (see subsection 3.1) and the second is with localized
molecular orbitals (triple—( basis) in ORCA code (see subsection 3.2). On the following pages for each
cluster, we will provide information about: bond lengths, bonding energy, ground magnetic state, degen-
erate states, ferromagnetic (FM) or antiferromagnetic (AF) ordering, local magnetic moment, density of
states, and other properties. In addition, the comparison of results with experimental measurements and
other studies carried out by other researchers is shown.

4.1 Manganese dimer, Mn,

Mns is the simplest case of Mn clusters and for this reason it represents a good test system to prove
several theoretical methods because its properties are well known. Then these methods can be employed
to study more complex systems [17].

For studying Mns, we use different type of functionals like: LSDA, GGA (e.g. PBE), meta-GGA
(e.g., SCAN, rev-SCAN;, rev-TPSS, and SCAN2), hybrid functionals (e.g., B3LYP, wB97M-V, PBEO,
B2PLYP), and DFT+U. Each one of these functionals take account of different features of the system
including variations of electronic density, correlation, correlation-exchange energy, gradient of density,
and others.

We start the discussion about our results with functionals implemented in VASP code, which works
with the plane waves basis. In Figure 4.1, for each functional, we approximate the variation of system’s
energy with distance. In addition, the ground state for each functional appears in the same figure, which
will be ferromagnetic (1 = 10 pp) or antiferromagnetic (u =0 pp) ordering.

According to the experimental measurements (Table 1), the ground magnetic state for Mny is AF
with a net spin 0 g, bonding energy of 0.13 eV 4 0.10 eV and bond length ranges between 3.2 A— 3.4
A [15] [17] [56]. In the following paragraphs we will discuss our results and the reason why one state is
more stable than another.

The LSDA functional is the simplest kind of functional in Jacob’s ladder (see subsection 2.73). Seeing
Figure 4.1 and Table 4.2 we notice that the results completely disagree with experimental values, because
we obtained FM ordering as the most stable. Here we notice that our system needs to be described by
functionals which take account variations in electron density. The electronic configuration of the Mn
atom is [Ar]3d®4s?, where 3d is localized, and 4s is delocalized orbital, so that density is not the same
everywhere. Another important detail, which will be useful for coming Mn clusters is that VASP employs
PAW method (see subsection 3.1.1.3) and electrons in 4s, and 3d orbitals are treated as valence electrons.
As we will see, many properties will be explained based on the behavior of these orbitals.
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Figure 4.1: Variation of energy of Mns as a function of distance in the plane waves basis set. The
red vertical line presents the experimental bond length (3.41 A) when Mny reaches an equilibrium
structure. For this cluster, AF ordering refers to the net magnetic moment 0 pup and FM for 10 up.

Analyzing LSDA’s density of states (DOS), in Figure 4.2 a) we see contributions of 4s and 3d orbitals

to the magnetic moment. Also we see the hybridization of s — d orbitals close to the Fermi energy and
around -2.25 eV. On the other hand, in Figure 4.3 a) we have the Crystal Orbital Hamilton Populations
(COHP) analysis, where the states close to the Fermi energy are antibonding. For AF ordering, Figure
4.2 b) we have much 3d states close to the Fermi energy. Thus, we see a strong hybridization between
d — d orbitals, which means that there is a strong repulsion (atoms are a bit more separated). As well,
COHP analysis in Figure 4.3 b) shows that the states in Fermi energy are bonding, which means that
it promotes the formation of the cluster. In general owing to the high exchange energy for d states, the
system is more stable. Thus, FM is more stable than AF state according with LSDA. Additional thing,
in isomer a) shows more hybridization owing to the short bond length (2.41 A) between atoms compared
with isomer b) for a bit large bond length (2.50 A).
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Figure 4.2: The Deunsity of States (DOS) of Mny for low energy states. The red dotted line presents
the Fermi energy, Ep. States on the right side of Ep are unoccupied and on the left are occupied.
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Figure 4.3: The Crystal Orbital Hamilton Populations (COHP) for Mns. The bonding orbitals are on
the right side of each panel, meanwhile the antibonding are on the left side.

As with LSDA, the PBE functional also provides FM solution for the ground state with 10 up as
total magnetic moment and with 2.60 A for the bond length. Other calculations performed by Bobadova-
Parvanova et al. [57] obtained the same result with PBE but using NRLMOL code. This code works
with all-electron Gaussian basis in contrast with the plane waves basis that VASP uses. Gaussian basis
set is recognized as one of the best ways to describe the atomic orbitals. Thus, it make sense that the
bonding energy (0.49 eV') reported by them is more accurate and closer to the experimental value than
our result computed with Kohn-Sham orbitals expanded in the plane waves basis.

Now let’s see DOS and COHP computed for PBE for low energy states. If we look carefully, Figure
4.4 is pretty similar to Figure 4.2 obtained with LSDA. So, it’s a great opportunity to see the small
differences between both functionals. For Figure 4.4 b) (FM ordering) there are a bit less 3d states close
to the Fermi energy, as well there is a reduction of d — d hybridization. In Table 4.1 we see the bonding
energy is 0.95 eV which is less than obtained with LSDA. In the same way, the reduction of hybridization
implies a weaker bonding and longer bond length (2.58 A) For COHP analysis in Figure 4.5, for FM
solution the states close to the Fermi energy are bonding while for AF solution these are antibonding. In
general bonding orbitals mean more stability than antibonding. For isomer a) which is AF arrangement
we see less spliting of d orbitals, because the distance between atoms is a bit large (2.64 A) compared
with isomer b). Therefore, for AF solution atomic orbitals are less overlapped.
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Figure 4.4: The Deunsity of States (DOS) of Mny for low energy states. The red dotted line presents
the Fermi energy, Ep. States on the right side of Ep are unoccupied and on the left are occupied.
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Figure 4.5: The Crystal Orbital Hamilton Populations (COHP) for Mny. The bonding orbitals are on
the right side of each panel, meanwhile the antibonding are on the other side.

For meta-GGA functionals (see subsection 2.3.3.4), basically all of them yield FM as result for the
ground state. Among this kind of functional, let’s analyze rev-SCAN which is an improvement of SCAN
where make a slight change in SCAN correlation [58]. In Table 4.3 we can see that the difference between
AF and FM states is very small (4.0 x 10~%eV) and therefore they can be classified as degenerate states.
As we see, the bond length 3.23 A, and bonding energy 0.22 ¢V both range between the experimental
values. This result tells us that electronic correlation plays an important role in our study and any change
of this could trigger changes in system’s properties.

As we already commented, Mn is a transition metal with electronic configuration [Ar]4s23d°, and
according to Hund’s Law, electrons in the 3d sub-shell are distributed in different orbitals with the same
orientation of spin. Thus, the exchange energy is greater and the system is more stable. Besides, owing
to the quantity of electrons in the same orbital it is evident that Coulomb repulsion (correlation) has
an important role too. Therefore, the following rung of Jacobs’ ladder will throw more light on the
explanation of Mny which takes account of the previous concepts.

Hybrid functionals (see subsection 2.3.3.5) are more complex functionals and give a special weight for
the exact version of exchange energy from Hartree-Fock Approximation. For Mns, the hybrid functionals
such as: B3LYP, PBEO and wB97M-V, are the ones that best describe the behavior of Mns. For instance,
all these functionals give AF ordering for the ground state with a total magnetic moment 0 pp, which is
in line with the experimental value (Table 1) [15][16][18]. A research carried out by Yamanaka et al. [59]
also found that HF plus DFT describes very well Mn, features.

Before starting with discussion about hybrid functionals in plane waves implementation, let’s see an
intrinsic error in DFT. In Kohn-Sham Equation (Equation 2.65) we have Hartree potential (Vi (7)) or the
Coulomb interaction between an electron and the average charge of the all electrons in the system. The
Vi (7) considers self-interaction of electrons and this error overestimates artificially orbitals energy. For
reducing self-interaction error (SIE) there are some methods like the exchange energy in Hartree-Fock
Approximation. The exchange energy causes the electrons to separate by having the same spin orienta-
tion. Then, if electrons are separated, the interaction of an electron with itself is reduced although not
eliminated.

For PBEO, Table 4.1 shows that the ground state is AF ordering with bond length 3.22 A and
bonding energy 0.18 eV. In Figure 4.6, for DOS analysis we see that for both AF and FM ordering
there are several 4s states contributing to the magnetic moment. The 4s orbital is delocalized and favors
antiferromagnetism because it can hold two electrons with opposite spin. Let’s consider carefully each
case. For AF, in Figure 4.6 a) we see that 4s states (the two peaks) with spin up (or spin down) are
separated roughly 2 eV, meanwhile for FM ordering (Figure 4.6 b)) they are separated roughly 1.5 eV.
Thus, for FM in energy space the states are closer and the electrons with the same spin are much closer
to each other and the system is more unstable (ease to pass from one state to other). If we compare panel
a), and b), we see more s — s hybridization in b), so the repulsion is higher (much unstable) than in a),
which also implies a greater bond length (3.40 A) in b). In Figure 4.7, for both panels we see that states
close to the Fermi energy are antibonding. In general, in antibonding orbital the electrons are not in the
middle of atoms and for that reason it favors larger bond lengths. Another important thing to highlight
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here is that for both panels there aren’t hybridization between s — d orbitals close to the Fermi energy,
which is a highlight difference regarding LSDA and PBE. From what has been discussed, it is clear why
a) is more stable.
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Figure 4.6: The Deunsity of States (DOS) of Mny for low energy states. The red dotted line presents
the Fermi energy, Ep. States on the right side of Ep are unoccupied and on the left are occupied.
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Figure 4.7: The Crystal Orbital Hamilton Populations (COHP) for Mny. The bonding orbitals are on
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Among the hybrid functionals, DFT+U is a bit of a special case. For this functional, the Hubbard
term (U) is included to strengthen electron correlation instead of exchange energy. This type of functional
was studied by Huang et al. [21] too, employing GGA functionals (e.g. PBE, and PW91) performed in
Quantum-ESPRESSO (QE) code. Their result was 3.33 A for bond length and 0 pp for total magnetic
moment for the ground state. As we can see, their results are pretty similar as our results that we are
reporting (Table 4.1) for DFT+U. The Hubbard term reduces hybridization of s — d orbitals, as a result
reduces the expansion of 3d orbital, therefore, resulting in weaker binding and longer bond length [21].
Thus adding U to PBE (DFT+U ), we pass from FM to AF state and the bond length increases, as seen
in Table 4.1.

Now, if we look carefully Figure 4.6 and 4.8, both are quite similar, especially the 4s states, but the
physics behind them is different. PBEO takes account the accurate version of exchange energy, meanwhile
DFT+U strengthens the correlation effect. In Figure 4.9 we see that states close to the Fermi energy are
antibonding, and this also explains the increase of bond length for the ground state compared to what
was obtained with LSDA, GGA and meta-GGA functionals.
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We want to emphasize again that the following functionals: B3LYP, PBEO, and wB97M-V are dis-
tinguished from DFT+U, because these combine Hartree-Fock exchange energy with DFT’s exchange
energy. As we have already shown, Mn is an element with a half-filled shell. Owing to the five electrons

in the d orbital, the exchange energy is strong. Among hybrid functionals, B3LYP best describes Mny.
For bond length we report 3.41 A, and for bonding energy we also obtain an acceptable value 0.07 eV’
(see Table 4.1). Figure 4.10 depicts Mny with its bond length and AF arrangements (0 p5) as the ground

magnetic state. Similar results are reported by Yamanaka et al. |

] using GAMESS code which uses

Gaussian type of orbitals. They find 0.42 A for the bond length and 0.056 €V for bonding energy.

Functional Magnetic Bond Length Bonding Energy Difference,
Ordering (A) (eV) |AF — FM| (eV)
LSDA FM 2.50 1.20 0.39
PBE FM 2.58 0.95 0.43
SCAN FM 2.58 0.45 0.20
B3LYP AF 3.41 0.07 0.35
DFT+U AF 3.33 0.19 0.02
PBEO AF 3.22 0.18 0.02
rev-SCAN FM 3.23 0.22 4.0 x 10~
rev-TPSS FM 2.67 0.68 0.33
SCAN2 FM 3.16 0.26 9.2 x 1073
wB97TM-V AF 3.95 — 7.6 x 1073

Table 4.1: Mns characterization parameters, using different functionals in the plane waves basis set.
Hybrid functionals are those that best describe Mns.
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The last column of Table 4.1, is the difference between AF (0 pp) and FM (10 pp) orderings. We
work with an ab initio method in the DFT framework where calculations are performed at 0 K. For
experimental works, like performed by Knickelbein [22], he works within «~ 5 K or a bit lower than that.
To determine if the states are degenerate or not, let’s use the scale factor for energy AE = kpT where
kp = 8.61 x 107%¢V/K. For most functionals, the difference is big because to pass from one state to
another the temperature need to be high. For example consider wB97M-V, with AE = 7.6 x 10~3¢eV for
which the temperature 1"« 88 K is considerable higher than 5 K. Therefore AF and FM aren’t degener-
ate states, which means that experimentally is not possible to measure both below 5 K. In contrast for
rev-SCAN, AE = 4.0 x 10~%eV and temperature is 7' = 4.6 K which is a pretty low value (less than 5
K). In that case, for rev-SCAN AF and FM arrangements are degenerate states.

The local magnetic moment (LMM) for Mns, employing different functionals is given in Table 4.2, and
these values were computed using the Voronoi Deformation Density (VDD) method (see the subsection
3.1.2.3). LMM depends on the exchange interaction, because when an electron flips its spin with respect
to the other electron, the local magnetism is reduced. As we are going to show for other Mn clusters,
LMM is related to the symmetry of the cluster geometry too.

Figure 4.10: Bond length for Mny in its ground magnetic state with the BSLYP functional in the
plane waves basis set. BSLYP belongs to hybrid functionals which consider certain percentage of
Hartree-Fock exchange energy.

For B3LYP, we have the Density of States (DOS) for the most stable states 0 up and 10 pup. As
shown in Figure 4.11 a) only 4s states are close to the Fermi energy, which means that AF is favored.
Since 4s is a delocalized orbital, the bond length tends to be larger (3.41 A). In addition, Figure 4.12 a)
shows that 4s states are antibonding close to the Fermi energy and bonding roughly around -2 eV. In
Figure 4.11 b) we see that electrons in the 3d orbital are much closer to the Fermi energy than electrons
in the 4s orbital. The 3d orbital is a localized orbital, so electrons are closer to each other. In spite
repulsion is strong, electrons are in a bonding orbital (Figure 4.12 b)) so the bond length tends to be
short (2.60 A) although the system is unstable.

Functional w1 (uB) pe (uB) u Total (up)
B3LYP 5.0263 -5.0263 0
DFT+U 5.1031 -5.1031 0
LSDA 4.9998 5.0002 10
PBE 4.9967 5.0033 10
PBEO 4.9605 -4.9605 0
rev-SCAN 5.0018 4.9982 10
rev-TPSS 4.9996 5.0004 10
SCAN 4.9916 5.0084 10
SCAN2 4.9987 5.0013 10
wB9TM-V -5.0291 5.0291 0

Table 4.2: Local magnetic moment p; and total magnetic moment for Mns computed with the
Voronoi Deformation Density method.
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For another hybrid functional, wB97M-V in the plane waves basis gives an AF solution for the ground
state. For DOS analysis in Figure 4.13 we note that states for 4s orbitals are closer each other compared
with 4s orbitals for BSLYP’ DOS. In both panels we see that, 4s occupied states close to the Fermi energy
are antibonding (Figure 4.14). Although wB97M-V gives an AF solution for the ground state, it yields a
bit longer bond length 3.95 A (Table 4.1). As well for the FM solution, the bond length is large, 4.01 A.
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Figure 4.13: The Density of States (DOS) of Mny for low energy states. The red dotted line presents
the Fermi energy, Er. States on the right side of Eg are unoccupied and on the left are occupied.
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Figure 4.14: The Crystal Orbital Hamilton Populations (COHP) for Mn,. The bonding orbitals are
on the right side of each panel, meanwhile the antibonding are on the other side.

For the triple—( basis set in ORCA code (see subsection 3.2 ), we worked with B2PLYP and wB97M-
V [60][61][62][63] hybrid functionals. Kohn-Sham orbitals are expanded in the triple—¢ which in general
capture in a better way shape and size of atomic orbitals.

On the ground magnetic state, both functionals yield an AF ordering with a net spin of 0 ug. For
B2PLYP the bond length is 3.58 A whereas for wB97M-V it is 3.67 A (Table 4.3). As shown in Figure
4.15, the behavior of the energy of the system described by both functionals is similar. Although the bond
length is a bit out of range of experimental value, both functionals provide the correct spin arrangement
for the ground state. Yamanaka et al. [59] for B2PLYP reported AF solution too with 3.93 A for bond
length and 0.011 eV for bonding energy. In Figure 4.16 there are optimal structures obtained for the low
energy states computed with wB97M-V.
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Figure 4.15: Variation of energy of Mny as a function of distance in triple—( basis set. The green
vertical line presents the experimental bond length (3.41 A) when Mn, reaches its an equilibrium struc-
ture. For this cluster, AF ordering refers to the net magnetic moment 0 pp and Fm for 10 pp.
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Functional Magnetic Bond Length (A) Difference, |AF — F|

Ordering (eV)
B2PLYP AF 3.58 0.83
wB9TM-V AF 3.67 0.93

Table 4.3: Mn, characterization parameters, using hybrid functionals in the triple—( basis set.

Finally in Figure 4.16, we see the behavior of energy as a function of net magnetic moment for three
functionals. The B3LYP functional gives the most accuracy results compared with the experimental mea-
surements in the plane waves basis, whereas with triple—( basis we worked with B2PLYP, and wB97M-V
functionals. As shown in Figure 4.16, the states of minimum energy are p = 0 up and p = 10 pup, and
all functionals yield that same result. Here we see that hybrid functionals even implemented in codes
(VASP, and ORCA) with different basis (plane waves, and triple—( ) describe pretty well Mng. These
results encourage us to implement the same functionals for studying clusters up to seven atoms.
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Figure 4.16: Variation of energy of Mn, as a function of magnetic moment. With the plane waves
basis we have B3LYP functional whereas for the triple—( basis we work with B2PLYP, and wB97M-
V. Low energy states correspond to 0 up (AF) and 10 up (FM). The optimal structures were obtained
with wB97M-V in the triple—( basis.

4.2 Manganese trimer, Mn;j

For the cluster of three atoms, there are a couple of starting structures. For instance, one option could be
to place three atoms in the same line with some distance between them like with the dimer (Figure 4.10).
Another option is has a triangle as starting geometry. For our study we chose an equilateral triangle as
initial locations of the three atoms. We have to keep in mind that by ionic steps and structural relaxation,
the initial geometry can change.

For Mnj, the possible atomic moments are odd numbers like 1 up, 3 up until 15 pup as shown in
Figure 4.17. The highest magnetic moment is 15 pp which is achieved when the electrons in 3d orbitals
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for each atom have the same orientation (spin down or up). The lowest magnetic moment 1 pup occurs
when 7 of the total 15 electrons in d orbitals have opposite orientation. As a guide for the rest of the
chapter, AF is when individual atomic magnetic moments have opposite orientation whereas FM is when
magnetic moments have the same orientation.
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Figure 4.17: Variation of energy of Mnj as a function of magnetic moment. With the plane waves
basis we have B3LYP functional whereas for the triple—( we work with B2PLYP, and wB97M-V. Low
energy states correspond to 5 pup (AF) and 15 pp (FM). The optimal structures were obtained with
wB97M-V in the triple—( basis.

Figure 4.17 shows the energy of the system as a function of magnetic moment for three hybrid func-
tionals. In the triple—( basis we work with B2PLYP, and wB97M-V. In the plane waves basis we work
with B3LYP. In our findings there are two states with minimum energy u = 15 up and u = 5 up. For
B3LYP, Figures 4.20 and 4.17 show that the FM ordering (15 pup) is the most stable state, followed by
the AF ordering (5 pp). AF ordering is AE = 0.15 eV above the ground state. This result is quite
similar to that reported by Bodadova-Parvanova et al. [57] but they used the PBE (GGA) functional in
the NRLMOL code with the Gaussian basis. In addition, Kabir et al. [18] reported a similar result with
the same functional but using VASP code.
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Figure 4.18: The Density of States (DOS) of Mnj3 for low energy states. The red dotted line presents
the Fermi energy, Er. States on the right side of Ef are unoccupied and on the left are occupied.
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Figure 4.19: The Crystal Orbital Hamilton Populations (COHP) for Mns. The bonding orbitals are
on the right side of each panel, meanwhile the antibonding are on the other side.

For the DOS analysis, in Figure 4.18 a) we see a strong hybridization of s — s, and s — d orbitals close
to the Fermi energy. The s — d hybrid orbitals are bonding as shown in Figure 4.19 a), therefore the
bonding among atoms is strong, and the bond length may be short owing to the 3d orbitals. On the other
hand, in Figure 4.18 b) for AF ordering, we see that there aren’t 3d states close to the Fermi energy, and
the 4s states favor antiferromagnetism. In Figure 4.19 b) we see that 4s states are antibonding, which
makes the system less stable. In addition, the long bond lengths of the AF structure (Figure 4.20 b))
is due to the contribution of 4s states as these are delocalized orbitals and also because these states are
more separated energetically from each other and from the Fermi energy. In Figure 4.18 a) there are
more degenerate 3d states in contrast of Figure 4.18 b) where is less. High degeneracy is owing to the
symmetric structure (Figure 4.20) for isomer a).

(a) (AE=0¢V, 15 ug) (b) (AE=0.15¢V, 5 pug)

Figure 4.20: The low energy states for Mng and their optimal structures obtained with B3LYP func-
tional in the plane waves basis. AF is the energy difference with respect to the ground state (15 up).

Isomer m1 (pB) p2 (1B) ms (1) p Total (1)
a) 4.9997 5 5.0003 15
b) 4.9819 -4.9641 4.9822 5

Table 4.4: Local magnetic moment pu; and total magnetic moment for Mns computed with the
Voronoi Deformation Density method using the B3LYP functional.

Figure 4.20 presents the optimal final geometries obtained with B3LYP functional for stable states.
For 15 pup we have an equilateral triangle with sides of 2.93 A whereas for 5 up we have an isosceles
triangle with sides 2.95 A and 3.03 A. For the isosceles triangle, the short distance is between the atoms
with anti-parallel spins, in accordance with the Pauli exclusion principle. In general, the large bond
lengths correspond to AF ordering because the 4s orbitals are antibonding. Meanwhile for FM ordering

36



the 4s are bonding as shown in Figure 4.19. It is clear that for both isomers, 4s orbitals, play a crucial
role to understand the bond length.

Table 4.4 shows LMM for the most stable states, and all values are close to 5 pp or -5 . The homo-
geneity of spatial distribution of the magnetic moment also explains the symmetry of isomers obtained
with B3LYP.

For B2PLYP, the ground state corresponds to FM ordering (15 up) but the other minimum (5 up)
is only AE = 0.013 eV above it. As we see, we have the same local minima and ground state such as
with B3LYP.

With wB97M-V in the triple—( basis we obtained a different result than the previous functionals. As
shown in Figure 4.17, for wB97M-V the most stable state is AF ordering (5 pp) while the FM ordering
(15 pp) is AE = 0.045 eV above. Unfortunately, for this cluster there are no experimental measure-
ments about the ground magnetic state to compare with our computational results. However, based on
the experimental values for the other clusters (Table 1) where net spin isn’t large, we conjecture that 5
up (1.67 up per atom) is the best approximation to the true value.
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Figure 4.21: The Density of States (DOS) of Mnj3 for low energy states. The red dotted line presents
the Fermi energy, Ep. States on the right side of Ep are unoccupied and on the left are occupied.
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Figure 4.22: The Crystal Orbital Hamilton Populations (COHP) for Mns. The bonding orbitals are
on the right side of each panel, meanwhile the antibonding are on the other side.

As shown in Figure 4.17, the type of functional is very important, even with functionals which belong
to the same Jacob’s ladder (see subsection 2.3.3.1). B3LYP and B2PLYP functionals both are hybrid
functionals (see subsection 2.3.3.5) but wB97M-V belongs to a subgroup of hybrid functionals called
Range-Separated Hybrid (RSH) functional (see subsection 2.3.3.6). The main difference between both is
the treatment of exchange energy, and RSH is more accurate for longer inter-electronic distance. As we
have mentioned for Mns, our systems in general are sensitive to exchange energy, so any change on this
may yield different results.
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The wB97M-V functional also was worked with the plane waves basis, and we have an AF solution
for the ground state with a magnetic moment 5 pp. The other stable state corresponds to 15 pp which
is AE = 0.038 eV above the AF solution. In summarize, with the same functional, the Kohn-Sham
equations solved in different basis set gave the same solution for the ground state.

Now let’s analyze the DOS for each stable state obtained with wB97M-V in the plane waves basis.
Figure 4.21 a) is the DOS for AF arrangement, where there are 4s states close to the Fermi energy,
although the hybridization is not strong. Looking at Figure 4.22 the 4s are classified as antibonding
orbitals. On the other hand, for FM ordering in Figure 4.21 we see a strong hybridization between
s — s orbitals close to the Fermi energy. Owing to s — s being as delocalized orbitals these favor a large
bond length. As with the AF ordering, for the FM arrangement we note (Figure 4.22 b)) that the 4s
states close to the Fermi energy are antibonding, but these antibonding orbitals are greater than 4s
antibonding orbitals for the AF ordering. Thus, 5 pp is more stable than 15 up, therefore this is the
ground state according with wB97M-V functional. Seen carefully Figure 4.21 b) shows a bit more de-
generacy of 3d states compared to isomer a), which mean that optimal structure for b) is high symmetric.

4.3 Manganese tetramer, Mny

As we increase the number of atoms, the problem becomes more complex. For the tetramer and for the
following Mn clusters there are multiple degrees of freedom such as: structure, total magnetic moment,
and the arrangement of individual atomic magnetic moments. Regarding to the initial structure we chose
working with a tetrahedron. Is evident that there are more structures for Mny, like the square and
rhombus, but most theoretical and computational studies work with the tetrahedron. Therefore with the
desire to compare our results with previous studies we employ this geometry too.
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Figure 4.23: Variation of energy of Mny as a function of magnetic moment. With the plane waves
basis we have B3LYP functional whereas for the triple—( we work with B2PLYP, and wB97M-V. Low
energy states correspond to 0 up (AF), 10 up (AF), and 20 pp (FM). The optimal structures were
obtained with wB97M-V in the triple—( basis.

With the B3LYP functional, our findings are shown in Figures 4.23 and 4.26. The most stable state is
20 pp (b pp per atom) meanwhile the other local minima are 10 pp and, 0 up which are AE = 0.13 eV
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and, AFE = 0.18 eV above it. According to previous studies [20][21], the ground state that corresponds to
Mny is FM state with a net magnetic moment 20 g which agrees with our result. Unfortunately there are
no experimental measurements available to verify our computational results. Other first principle calcula-
tions also find a ferromagnetic ordering for the ground state. For instance Bobadova-Parvanova et al. [57]
reported 20 up (5 pup per atom) as the ground state and the same result was reported by Kabir et al. [48].
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Figure 4.24: The Density of States (DOS) of Mny for low energy states. The most stable state cor-
responds to u = 20 pp which is a FM solution. The red dotted line presents the Fermi energy, Ep.
States on the right side of Er are unoccupied and on the left are occupied.

Now let’s take a look on DOS analysis for each stable state. For isomers a), b) and ¢) in Figure 4.24
there are occupied electronic states with spin up and down very close to the Fermi energy. For isomer
a) we see a much stronger s — s and s — d hybridization compared with the other isomers. If we see
Figure 4.25 a) COHP analysis, we note that 4s and 3d orbitals in isomer a) are bonding orbitals, so that
these favor short bond lengths. In general, bonding orbitals have lower energy than original orbitals, so
the isomer a) is more stable. For the AF solutions, the isomers b) and ¢) as we mentioned there are
orbital hybridization although for both these new orbitals are antibonding (Figure 4.25 b), and ¢)). The
antibonding nature of the orbitals close to the Fermi energy explains why the bond lengths for isomers
b), and ¢) are a bit larger than for isomer a). The high degeneracy in panel a) is consequence of the
symmetric structure presented by isomer a).
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Figure 4.25: The Crystal Orbital Hamilton Populations (COHP) for Mny. The bonding orbitals are
on the right side of each panel, meanwhile the antibonding are on the other side.

(a) (AE=0¢eV, 20 ug) (b) (AE =0.13¢V, 10 up) (¢) (AE =0.18 ¢V, 0 upg)

Figure 4.26: The low energy states for Mny and their optimal structures obtained with B3LYP func-
tional in the plane waves basis. AF is the energy difference with respect to the ground state (20 up).

For the optimal structures obtained with B3LYP let’s see Figure 4.26. The bond lengths in all of
these isomers varies between 2.80 A and 2.89 A, so the values presented by each one are very similar.
For the FM ordering (20 up) we have a regular tetrahedron with a bond length of 2.85 A, whereas for
other states, we have irregular tetrahedrons owing to the anti-parallel spins. For instance, for 10 up, the
distance between atoms with the same orientation of spin (spin up) is 2.86 A. For the same structure,
the distance between atoms with opposite spin (spin down and up) is 2.81 A which is a little smaller than
2.86 A. Therefore, the variation in the direction of the spin induces a certain asymmetry. The previous
analysis agrees with the Pauli exclusion principle.
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Isomer p1 (1B) p2 (1B) ps (1B) pa (LB) p Total (pp)
a) 5 5.0002 5 4.9999 20
b) 4.9536 4.9536 4.9533 -4.8605 10
c) 4.9064 4.9069 -4.9066 -4.9067 0

Table 4.5: Local magnetic moment u; and total magnetic moment for Mny computed with the
Voronoi Deformation Density method using the B3LYP functional.

Regarding the local magnetic moment (Table 4.5), for isomer a) each atom practically has the same
magnetic moment. Further, for isomers b) and ¢) there are slight differences in the magnetic moment
per atom and this is reflected in the irregular geometries of both isomers.

After discussing for B3LYP functional, now let’s examine our results for B2PLYP and wB97M-V
implemented in ORCA in the triple—( basis. In Figure 4.23 for B2PLYP the ground state corresponds to
20 pp and its difference with 10 up and 0 up is AE = 0.052 eV, and AE = 0.070 eV. Although B3LYP
and B2PLYP gave the same ground state, the energy difference with the other isomers is very different.

The wB97M-V functional provides a different results than the previous ones. The lowest energy state
has a net spin 0 up (AF ordering), followed by 10 pp and 20 pp which are AE = 0.03 eV and, AE = 0.11
eV above. According with this functional, Mny lacks magnetism in its ground state. One thing that we
notice, as shown in Figure 4.23 is that the local minima are the same for the functionals, although the
ground state may be different. Thus, it is very likely that codes that solve the Kohn-Sham equations in
different bases will not have relevance to find local minima. However the basis set may be relevant for
bond lengths, bonding energy and to determine the ground state.
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Figure 4.27: The Density of States (DOS) of Mny for low energy states. The most stable state cor-
responds to 4 = 0 pp which is an AF solution. The red dotted line presents the Fermi energy, Ep.
States on the right side of Er are unoccupied and on the left are occupied.
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Before continuing we want to emphasize that the results obtained with the wB97M-V functional in
the plane waves, and in the triple—( basis are basically the same. Even the energy difference AFE relative
to the ground state is the same for both basis. For this reason there is no problem in saying that the
behavior of the wB97M-V in the plane waves basis is the same as that shown in Figure 4.23 in the triple—¢.

Now let’s see Figure 4.27 the DOS analysis for the most stable states computed with wB97M-V in
the plane waves basis. For isomers a) and b) there are s — s orbital hybridization (3d states close to
the Fermi energy are practically negligible), whereas for ¢) there are s — s and d — d hybridization. In
isomer ¢), there a bit more s — d orbital hybridization. In the same time, we observe much more s states
(promote large bond length) near the Fermi energy, and these states are antibonding (Figure 4.28). For
the previous statement isomer ¢) is not the most stable state. For b) the 4s orbitals hybridization are a
bit greater than for isomer a), so there are more electrons with the same energy for isomer b) and these
electrons belong to antibonding orbitals (Figure 4.28). As we already know, the shape of s orbitals is like
a sphere, so electrons have much place to move but especially for this case the motion is not between the
atoms therefore does not promote bonding. Finally, for the ground state (0 pp) it is evident that there
are the same 4s states with spin up and down. Therefore the electrons are more together and promote
bonding making the cluster more stable.
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Figure 4.28: The Crystal Orbital Hamilton Populations (COHP) for Mny. The bonding orbitals are
on the right side of each panel, meanwhile the antibonding are on the other side.

In Figure 4.23 we see some optimal structures obtained with wB97M-V in the triple—( basis. In
general, the bond lengths for the lower energy states range between 2.86 A— 2.93 A. Also, we note
certain symmetry among the stable states in contrast with higher energy states. Finally, if we compare
the bond lengths of the most stable states obtained with wB97M-V and B3LYP, the bond lengths are
longer for the first one. If we look DOS analysis for both (Figures 4.24, and 4.27), we see more s — d
hybridization in B3LYP than with wB97M-V. The 4s orbitals are delocalized, although the presence of
3d orbitals causes a strong repulsion. However these orbitals are localized, and even bonding orbitals,
which promote short bond lengths.

4.4 Manganese pentamer, Mn;

We have studied Mnj cluster under collinear and non-collinear atomic spin moment schemes. Collinear
arrangement is the first approach, where spins are parallel or antiparallel to each other, whereas for
non-collinear spin arrangements point in various directions. As we are going to discuss, the motivation
behind non-collinear arrangements is to find an explanation for smaller magnetic moments for larger Mn
clusters. So, let’s examine each one of approaches.
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4.4.1 Collinear structure for Mn;

For Mnjs, we consider a triangular bipyramid as an initial geometry for atoms locations. For studying this
cluster we employed the following functionals: B3LYP, B2PLYP, and wB97M-V. As we already discussed
for previous clusters, the basis set doesn’t have a significant impact for the determination of the stable
states, although it could change which one is the most stable. In Figure 4.29 we have the variation of
energy with the magnetic moment, and here it is easy to identify the lower energy states.

For B3LYP the ground magnetic state is FM ordering with a net spin 25 pup (5 pp per atom). This
result agrees with the result obtained in ESR experiment, 5 pp per atom (Table 1 [21]). However, it
disagrees with the result obtained in the molecular beam deflection experiment, 0.79 up £ 0.25 pup per
atom (Table 1 [22]), which is an AF solution. Computational study performed by Huang et al. [21] with
Hubbard method (DFT+U) gives FM solution for the ground state with magnetic moment 5 up per
atom. Hubbard method emphasizes on correlation effect but BBLYP emphasizes on exchange energy,
but both yield the same result. As we can see is hard to reach a consensus between the results and the
physical reason behind them.
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Figure 4.29: Variation of energy of Mnj as a function of magnetic moment. With the plane waves
basis we have B3LYP functional whereas for the triple—( basis we work with B2PLYP, and wB97M-V.
Low energy states correspond to 5 up (AF), 13 up (AF), 15 pp (AF), and 25 up (FM). The optimal
structures were obtained with wB97M-V in triple—( basis.

In Figure 4.30, we have relative energy AE of many of low energy states with respect to the ground
state. As we can see there is no any degenerate states, owing the energy difference is big. The state
closest to the ground state is 13 pup which is an AF solution.

Figure 4.31 are the DOS analysis for stable states. In our findings we see 4s and 3d orbitals are
close to the Fermi energy, which are relevant for giving an explanation of the ground state, molecular
bonding, bond lengths and other properties. For isomers b), and ¢) we note that above -1 eV there are
basically only 3d states, and electrons in these states are localized which means they aren’t free to move
everywhere. In general 3d orbitals favor short bond lengths owing to their shape, and at the same time
strong repulsion among electrons and strong hybridization causes unstable isomers. For isomer a) we
see a greater participation of 3d and 4s states near the Fermi energy, and as shown in Figure 4.32 these
states are bonding orbitals. Electrons in bonding orbitals play an essential role to keep atoms together
and for stabilizing the cluster. In each panel of Figure 4.31 we see the splitting of d orbitals and these is
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abundant in the range of -6 eV — 4 eV. As with other clusters, high degeneracy of 3d states for isomers
a) and c) is owing at the high symmetry of structures. we emphasizes that 3d states close to the Fermi
energy is due to the self-interaction error (SIE), which is not removed completely by B3LYP.

Isomer | p1 (up) w2 (1B) ps (1B) pa (1B) ps (LB) p Total
a) 5.2317 4.8472 4.8455 1.8461 5.2295 25
b) 4.4868 4.6388 4.636 4.6378 -5.3993 13
c) 5.1227 -4.8092 4.7823 4.7811 5.1232 15
d) 4.7663 4.771 477 -4.69 -4.6173 5

Table 4.6: Local magnetic moment (LMM) p; and the total magnetic moment for Mns computed
with the Voronoi Deformation Density method using the BSLYP functional.

(a) (AE=0¢eV, 25 up) (b) (AE =0.07 eV, 13

“B)

(c) (AE=0.11¢€V, 15 up) (d) (AE=0.16 €V, 5 up)

Figure 4.30: The low energy states for Mn; and their optimal structures obtained with B3LYP func-
tional in the plane waves basis. AF is the energy difference with respect to the ground state (25 up).

Regarding optimal structures, in Figure 4.30 we see the results obtained with B3LYP. In isomer a)
we observed a regular bypiramidal structure. The bond lengths range between 2.82 A— 2.90 A which are
greater than bond lengths from other stable states. Besides, in Figure 4.31 we note a strong hybridization
of orbitals 4s and 3d, especially for 4s which causes a larger bond lengths. For isomer b) we have two
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regular pyramids with the same base. The upper pyramid is a bit smaller than lower one. Seeing Table
4.6 in isomer b) the atom 5 has a greater magnetic moment, therefore the charge is greater too, which
implies a strong repulsion. So, if there is a difference of charge (or LMM) between atoms even with
opposite spin orientation the bond length may be larger. Finally, in case of isomer ¢) it is an irregular
bypiramid, because for the upper pyramid the bond lengths are 2.78 A and 2.74 A, whereas for the lower
pyramid the sides are 2.76 A, 2.82 A, and 2.72 A. Seeing Table 4.6 for isomer ¢), most of atoms have
different LMM which means that in some parts there are strong Coulomb interactions yielding large bond
lengths and in other it is not. The short bond lengths for isomers b), and ¢) also can be explained by 3d
states close to the Fermi energy (Figure 4.31) and much less 4s states. 3d orbitals are localized meaning
that electrons are confined in a narrow space promoting short bond length.
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Figure 4.31: The Deunsity of States (DOS) of Mnjs for low energy states. The most stable state cor-
responds to u = 25 pp which is a FM solution. The red dotted line presents the Fermi energy, Ep.
States on the right side of Er are unoccupied and on the left are occupied.
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Figure 4.32: The Crystal Orbital Hamilton Populations (COHP) for Mns. The bonding orbitals are
on the right side of each panel, meanwhile the antibonding are on the other side.
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For B2PLYP functional we also got FM solution (25 up) for the ground state, whereas the states 15
up, 13 pp, and 5 pp are AE = 0.17 eV, AE =0.23 eV and AE =0.32 eV above it. Comparing these
results with B3LYP, is evident that B2PLYP provides a better distinction (AF is greater) between one
state and another.

Regarding wB97M-V, we work with this functional in the plane waves basis, and in the triple—( basis.
First, we discuss our results in the triple—( basis which are depicted in Figure 4.29. This functional as
well gives a FM solution for the ground state with magnetic moment 25 ug. The following are low energy
states too with magnetic moment 15 up, 13 ug, 5 up, and 23 up which are AE = 0.015 eV, AE =
0.033 eV, 0.050 eV, and, 0.12 eV above 25 ug. As we can see, AFE are small values compared with the
differences obtained in previous functionals. For the same functional but in the plane waves basis we
have a bit different results, because we report an AF solution for the ground state with a net spin 15
up (3 pp per atom). Other stable stables have a net spin 5 up and, 25 pp with AE = 0.002 eV and,
AFE = 0.066 eV above the ground state. As we already mentioned, for a same functional its performance
to determine the ground state may change in a different basis set. Finally, although our result 3 up per
atom is a bit far away from the experimental value 0.79 up £ 0.25 pp per atom (Table 1 [22]) is the only
one functional which gives an AF solution for the ground state.

100 a) - 160 b
a0 | || =m 10| 6) Ll
60 ' I 120 ” 1 s Total
T 40 <100 oo
3 20 % o
~ | Y 1] N — 60
o 0 T B L Ty o 40
g 20 ! 8 20 |
-40 0 vl A At | —
-60 , ; 20 . r—";
Functional: wB97M-V | -40 Functional: wB97M-V
-80 =15 ! -60 u=5ug
-100 e ! 50 ‘
7 6 5 -4 3 -2 41 0 1 2 7 6 5 4 -3 -2 A1 0 1 2
130 c) L (EamE)
110 || =
- 90 Y ' N
S 70
2
8 50
a 30 .
10 ) ‘ ' I ‘Y; |
-10 Functional: wBOTMY ™ I ; I
-30 H=254s 3 |
7 6 5 -4 -3 -2 A1 0 1 2
-Er (eV)

Figure 4.33: The Density of States (DOS) of Mnj for low energy states. The most stable state cor-
responds to p = 15 pp which is an AF solution. The red dotted line presents the Fermi energy, Ep.
States on the right side of Er are unoccupied and on the left are occupied.

Now let’s examine the DOS obtained with wB97M-V functional in the plane waves basis. Seeing
Figure 4.33 we note that the states close to the Fermi energy are very similar for isomers a) and b).
As we already mentioned, s orbitals promote large bond lengths. If we look for isomers a) and b) have
less 4s states compared with isomer ¢). Thus, for the same cluster with different net magnetic moment
the population of 4s states is relevant to determine the stability of the system. Keeping out 3d states
(population of them close to the Fermi energy is basically the same) in our analysis, less 4s states favor
the stability.

Referring to other computational studies, for instance Kabir et al. [48] employing PBE functional in
VASP code found that magnetic moment 3 up, 13 up and 5 pp are the most stables. The first one
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with magnetic moment 3 pup (0.6 pup per atom) is the ground state. Likewise, Bobadova-Parvanova et
al. using PBE in NRLMOL code [57] reported 3 up, 13 up and 23 pp as stable isomers with 3 up as
a ground state too. Studies carried out by Jones et al. [64] employing NRLMOL code reported 3 up as
ground magnetic state for Mnjs cluster. As we note, both works coincide with the net spin for the ground
state. Our result is different although it is an AF solutions. Based on experimental measurements about
Mnys it is very likely that the solution it is indeed AF.

Morisato et al. [65] discussed the concepts of collinear (CL) and non-collinear (NCL) arrangements
for spins. For CL arrangement, his group also worked with the bypiramid geometry and according to
their calculations the ground state is AF with a net magnetic moment 3 pp. The information about NCL
will be provided in the next subsection.

4.4.2 Non-collinear structure for Mn;

For the non-collinear (NCL) approach, we also considered triangular bipyramidal geometry for the initial
locations of atoms. According to other studies carried out in DFT framework, the ground state energy
exhibit degeneracy and it is not well defined [65]. Therefore, NCL approach can remove this degeneracy
and yields to a well-define ground state [65].

According to recent experiments, the net magnetic moment is 0.79 up + 0.25 up [22] for the ground
state, which is a small number. The NCL approach emerged as an attempt to explain the small magnetic
moment of clusters, because electron spins have more options of orientations to achieve a small magnetic
moment close to zero.

Let’s briefly review some studies that address the NCL spin. Han et al. [66] studied the material
wurtzite CoO (cobalt oxide) and they showed that NCL spin structures are more stable than CL config-
urations. This means that collinear spin orders have higher energies than NCL configurations. On the
other hand, Morisato et al. and his co-workers found that the ground state is a ferromagnetic collinear
configuration with a net magnetic moment of 3 i, however, almost degenerate with this is a NCL state
[65]. The magnetic moment for the NCL spin arrangement is 5.91 up, which is only AE = 0.01 eV above
the ground state.

(a) (AE=0¢eV, 18.63 up) (b) (AE =0.004 eV, 25 pup)

Figure 4.34: Ferromagnetic and antiferromagnetic noncollinear configurations for Mns and their op-
timal structures obtained with B3LYP functional in the plane waves basis. AF is the energy difference
with respect to the ground state with a net magnetic moment 18.63 up.

In Figure 4.34 we have two NCL isomers with 18.63 pup (3.72 up per atom) and 25 up (5 up per
atom) magnetic moments respectively. The energy difference between both is only AE = 0.004 eV which
is small. As we see, our antiferromagnetic NCL spin arrangement result for the ground state overestimate
the value obtained experimentally by Knickelbein [22], although it is agree that the antiferromagnetic
is more stable than the ferromagnetic configuration. For most of our calculations under NCL approach
we notice that the initial NCL arrangement converge to collinear arrangement. Thus, using XC hybrid
functional (e.g. B3LYP) NCL are not stable compared with CL arrangement. So, we conclude that NCL
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approach is not need to achieve small magnetic moments to explain the experimental values.

4.5 Manganese hexamer, Mng

For studying this cluster we have considered two different geometries like square bipyramid and bicapped
tetrahedron. The first geometry presents a high symmetry in contrast with the second one. Owing to
the difference in locations of atoms, there are distinct spin arrangements. Bicapped tetrahedron offers
more spin arrangements [57]. We are going to study several spin arrangements to find the ground state
for each geometry and also determine which one is the most stable.

4.5.1 Square bipyramid geometry

For Mng, the net magnetic moments are even numbers as 0 ug, 2 ug, 4 pp until 30 g which is the max-
imum value. As with the previous clusters, we employed hybrid functionals such as: B3LYP, B2PLYP,
and wB97M-V. Figure 4.36 depicts the behavior of energy as a function of magnetic moment for Mng,
employing hybrid functionals.

With B3LYP in the plane waves basis, Figure 4.35 shows several of the low energy structures and
their relative energy AE with respect to the ground state with net magnetic moment 8 up (1.33 pp per
atom). Unfortunately, the result that we are reporting is bigger than the experimental value 0.55 pup +
0.10 pp per atom (see Table 1 [22]), but later we will discuss why we got that result. Among the four
low energy arrangements, 26 pup is the only one which presents FM ordering, which agrees with studies
carried out by Bodadova et al. [57], Morisato et al. [65] and Kabir et al.[48].

(c) (AE=0.14¢V, 2 up) (d) (AE=0.16 ¢V, 26 up) (e) (AE=0.17 eV, 12 up)

Figure 4.35: The low energy states for Mng and their optimal structures obtained with B3LYP func-
tional in plane waves implementation. AFE is the energy difference with respect to the ground state (8

KB)-
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Figure 4.36: Variation of energy of Mng as a function of net magnetic moment. With the plane
waves basis we have BSLYP functional whereas in the triple—( we work with B2PLYP, and wB97M-
V. In general, low energy states correspond to 2 up (AF), 8 up (AF), 12 up (AF), 18 up (AF), 26 up
(FM), and 28 pp (FM). The optimal structures were obtained with wB97M-V. Note : the violet trian-
gles mean that the calculations presented saddle points during the process, which mean that the states
are not stable altogether.

Regarding DOS, in Figure 4.37 there are four panels corresponding to the most stable states. One of
the main features of each panel is the presence of 3d states very close to the Fermi energy. As we have
been discussing, 3d states promote short bond lengths and also owing to their shape there is a strong
repulsion between electrons. For the ground state (8 up) at first glance we note more 4s states above -1
eV than 3d states. This promotes antiferromagnetism and longer bond lengths, which makes the cluster
a bit more stable. For isomers b), ¢), and d) we see a reduction of 4s states close to the Fermi energy,
which implies slightly more compact structures as seeing in Figure 4.35. For isomer d) in contrast with
the other isomers, we see much 3d states with higher energy or many states with the same energy (high
degeneracy). This effect is due to a symmetrical structure as we can see in Figure 4.35 d). The structure
ot the other isomers is not symmetric therefore there are less degeneracy. The grade of splitting of the
3d orbitals in each panel is due to the overlapping of atomic orbitals.

If we examine the geometry for BSLYP, the regular bypiramid structure is maintained for the FM
solution (isomer d)) with bond length 2.69 A. For the isomers @), b) and c) we have irregular bipyra-
mids due to spins with opposite orientations and for the non-uniform distribution of the local magnetic
moment (Table 4.7). Besides, from DOS analysis we can obtain information for bond lengths seeing the
3d and 4s states close to the Fermi energy. In Figure 4.37 d) is evident the enormous contribution of 3d
for the bonding, which promote short bond lengths as we can appreciate in Figure 4.35 d). Regarding
4s states, these promote longer bond lengths and their effects can be seen for other isomers in Figure 4.35.

49



NE) - 80+ b) - (caol

DOS (eV)™

H
fohal: | -40
-60 Functional: B3LYP !

| Functional: B3LYP
H=8ps 5 -60 H=18 4 |
6 5 4 3 -2 1 0 1 2 3 6 5 4 3 -2 A 0 1 2
E-E (eV) E-E (eV)

=N
~N o
o ©
o
-

DOS (eV)™
(42}
-2

601 Eincionat: BaLyp

i !
-80f H=2pg - N 1

Functional: B3LYP
n=26us

g T
E12 3

5 5 4 3 2 1 0 1 2 3 5 5 4 3 2 41 0
E - Ef (eV) E - Ef (eV)

Figure 4.37: The Density of States (DOS) of Mng for low energy states. The most stable state cor-
responds to ;4 = 5 pp which is an AF solution. The red dotted line represents the Fermi energy, Ep.
States on the right side of Er are unoccupied and on the left are occupied.

In the triple—( basis with B2PLYP, and wB97M-V functionals we got slightly different results com-
pared to B3LYP in the plane waves basis. Figure 4.36 depicts the results obtained with B2PLYP and
we found that the ground state has a net spin of 28 up (4.67 up per atom). Other stable states with
net spin 8 pp, 12 pup, and 2 up are only AE = 0.08 eV, AE = 0.12 eV, and AE = 0.17 eV above the
ground state. As we notice, B2PLYP gives a FM solution for Mng, but the other stable states are AF
ordering.

Isomer H1 M2 1%} Ha M5 He p Total
a) -4.9776 -4.9796 4.5544 4.5503 4.4245 4.4281 8
b) 4.5346 4.7187 4.5346 4.7184 -4.8948 4.3885 18
c) -4.312 4.8238 -4.3147 -4.5907 5.1965 5.1972 2
d) 4.3272 4.3334 4.3395 4.3334 4.3332 4.3332 26
e) 5.1789 5.1835 5.1789 5.1743 -4.3573 -4.3583 12

Table 4.7: Local magnetic moment p; (in pup, ¢ = 1,2,---) and the total magnetic moment for Mng
computed with the Voronoi Deformation Density method using B3LYP functional.

For wB97M-V in the triple—( basis, the most stable state corresponds to AF solution with a net spin
12 up (2 pp per atom). Some of other stable states like 2 up and 8 up are just AE = 0.07 eV and AF =
0.09 eV above the ground state. In Figure 4.36 we have the optimal geometry for each stable isomer.
The ground state geometry depicts a certain symmetry, where the ring of four atoms has the same bond
length 3.18 A. We want to highlight some interesting things here. If we examine the geometry of 8 up
obtained with BSLYP and wB97M-V both structures have similar values for the bond lengths. Generally,
different structures are obtained for different functionals because each takes into account different pa-
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rameters to study the same system. For instance, for 26 up the optimal structures obtained with B3LYP
and wB97M-V are different, as the first one has symmetric structure whereas the other does not.

4.5.2 Bicapped tetrahedron geometry

As we commented earlier, this geometry depicts certain asymmetry, and it has a more non-symmetric
spin arrangement compared to the square bypiramid [57]. In Figure 4.38 we have the results employing
B2PLYP in the triple—( basis (in ORCA code), and wB97M-V which was implemented in the plane
waves (in VASP code) and in the triple—( basis.

FM
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Figure 4.38: Variation of energy of Mng as a function of net magnetic moment. With the plane waves
basis we have wB97M-V functional whereas for triple—( we work with B2PLYP and wB97M-V. In gen-
eral, low energy states correspond to 0 up (AF), 10 up (AF), 18 up (AF), 20 up (AF), and 30 up
(FM). The optimal structures were obtained with wB97M-V implemented in triple—( basis. Note :
the violet triangles mean that the calculations presented saddle points during the process, which mean
that the states are not stable altogether.

For wB97M-V in the plane waves basis we have the following low energy states 0 ug, 10 up, 20 up,
and 30 up as seen in Figures 4.38 and 4.39. The ground state is AF with a net spin 0 g which is a bit
far away from the experimental value (0.55 pp £ 0.10 pp per atom, Table 1 [22]). Bodadova-Parvanova
et al. [57] also reported an AF solution with this geometry using PBE functional in NRLMOL code
although its net spin is 2 up.

The DOS analysis for each isomer in Figure 4.40 shows that the majority of states close to the Fermi
energy belong to 4s, which is one of the features of wB97M-V as seen for previous Mn clusters. Once
again, 4s orbital favor larger bond lengths. At first glance isomer a) has a bit more 4s states close to
Fermi energy and its effect is seen in larger bond lengths in Figure 4.39 a) compared with other isomers.
In the same way, we see that 3d states are more localized (range between -7 eV and -6 eV') as a conse-
quence of large bond lengths, so atomic orbitals are less overlapped.
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(c) (AE =0.047 eV, 20 pup) (d) (AE =0.095 eV, 30 ng)

Figure 4.39: The low energy states for Mng and their optimal structures obtained with wB97M-V
functional in the plane waves basis. AF is the energy difference with respect to the ground state (0

KB)-

Regarding optimal structures in Figure 4.39, the ground state has more variation of bond lengths
which range between 3.02 A — 3.50 A owing to the different orientation of spins. Isomers b), ¢), and
d) also depict long bond lengths. Isomer d), which is a FM solution conserved a bit more the initial
structure. This behavior is explained by local magnetic moment (Table 4.8), where the individual atomic
moments seem similar. In general, for FM solutions the optimal structure is pretty similar to the initial
structure (before starting with calculations).

Isomer 1 K2 13 Ha Us Ue p Total
a) 5.0023 -5.0024 -4.9938 4.9947 4.8902 -4.8910 0
b) -4.9414 5.0697 -4.9071 5.0188 4.8805 4.8796 10
c) 5.0868 5.0922 5.0146 -4.9396 4.8729 4.8731 20
d) 5.0926 5.0926 5.0334 5.0337 4.8741 4.8737 30

Table 4.8: Local magnetic moment u; (in pup, ¢ = 1,2,---) and the total magnetic moment for Mng
computed with the Voronoi Deformation Density method using wB97M-V functional.

For wB97M-V in the triple—( basis set gives a net magnetic 10 up (1.67 pup per atom) for the ground
state. As shown in Figure 4.38, the other low energy states have a magnetic moment of 8 g, 18 up, 0 up
and 30 ug. The difference in energy for each mentioned isomer with respect to the ground state is AE =
0.07eV, AE=0.11¢eV, AE =0.27 eV, and AE = 0.39 eV respectively. These stable states are basically
the same that we reported for the same functional in the plane waves basis. As we note, difference lies in
AFE, which is direct consequence of the triple—( basis employed by ORCA. As we already highlight for
other clusters, it seems that the basis set employed by different codes don’t have a meaningful impact to
determine the stable states. We mean that the same functional may gives the same local minima in any
basis set. For the same functional the bonding energy, bond lengths, and the ground state may depend
on the basis set, because some basis can be more accurate than others.
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Figure 4.40: The Density of States (DOS) of Mng for low energy states. The most stable state cor-
responds to ¢ = 0 pp which is an AF solution. The red dotted line represents the Fermi energy, Ep.
States on the right side of Er are unoccupied and on the left are occupied.

In Figure 4.38 there are the optimal structures for the low energy states obtained with wB97M-V
functional in the triple—( basis. The bond lengths for the most stable state range between 2.66 A — 3.08
A which are shorter than the results (3.02 A — 3.59 A) obtained the same functional but in the plane
waves basis (Figure 4.39 a)). This is an example how different basis set employed to expand electron’s
wave functions could give the same local minima but may change bond lengths, bonding energy and even
ground state. For instance, the ground state in the plane waves we report a net spin 0 up meanwhile in
the triple—( basis is 10 pp.

With B2PLYP the most stable state has a net magnetic moment 18 pp (3 pup per atom), and isomers
with net spin 10 pp, 30 up, 28 up, 8 up, and 2 up are AE = 0.004 eV, AE = 0.056 eV, AE = 0.062 eV,
AFE = 0.088 eV, and AE = 0.11 eV above it. AE between 18 up and 10 pp is small and to pass from
one state to other the temperature has to be increased to AFE/kp =~ 46 K. For experimental measure-
ments, temperature normally range between O K — 5 K. Thus 18 up and 10 up cannot be considered as
degenerate states. Among our results, 2 up (0.33 up per atom) is the only close to experimental value (
0.55 pp + 0.10 pup per atom, Table 1 [22]), but it is AE = 0.11 €V above the ground state and is evident
that are not degenerate states too.

Among our findings, bicapped tetrahedron is more stable than square bipyramid. If we see carefully,
bicapped tetrahedron arises from a distortion (breaking symmetry) of square bipyramid. In molecular
system there is a theorem called Jahn-Taller Effect (JTE) which explains how geometrical distortion
removes degeneracy states [67]. Distortion changes the energy of molecular orbitals allowing to electrons
occupy lower energy orbitals in the molecule. Therefore, according to JTE breaking symmetry lower
overall energy of the system. Based in our calculations, we saw a reduction of overall energy of each state
for bicapped tetrahedron making it more stable. For example, with B2PLYP the most stable state (28
up) for bipyramid is 0.062 eV above the ground state (18 up) obtained for the bicapped tetrahedron.
For wB97M-V functional in the triple—( basis the energy difference between the most stable (0 pup for
bicapped tetrahedron and 12 pp for bipyramid) is 0.22 eV. Our findings are not agree with Bobadova-
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Parvanova et al. [57] work, where they report that bipyramid structure gives lower energy states than
with the bicapped tetrahedron. It is important to highlight that they use generalized gradient approxi-
mation functional (e.g. PBE) implemented in the NRLMOL code.

4.6 Manganese heptamer, Mn;

For Mn7 cluster we also work with two different initial structures: pentagonal bipyramid and capped oc-
tahedron. As with the hexamer, the heptamer cluster is also an example of how geometry has an impact
on determination of the ground state. According to previous ab initio studies of Bobadova-Parvanova et.
al. [57], these starting geometries emerge as the lowest energy geometries for Mny.

4.6.1 Pentagonal bipyramid geometry

Pentagonal bipyramid has a high symmetry and this feature reduces the number of relative arrangements
of the individual atomic magnetic moments. However, it is still a complex system due to the number of
atoms. For studying this cluster we have employed three hybrid functionals as seen in Figure 4.41.

3.00. AF

Functional

-= B2PLYP
- B3LYP
— wB97M-V

0.0

1 357 911131517192123252729313335
Magnetic Moment (ug)

Figure 4.41: Variation of energy of Mny; as a function of magnetic moment. With the plane waves
basis we have B3LYP functional whereas for the triple—( we work with B2PLYP, and wB97TM-V. Low
energy states correspond to 5 up (AF), 11 pup (AF), 15 up (AF), 25 pup (AF), and 35 pup (FM). The
optimal structures were obtained with wB97M-V in triple—( basis. Note : the violet triangles mean
that the calculations presented saddle points during the process, which mean that the states are not
stable altogether.

We start the discussion with BSLYP in the plane waves basis, where we have found the ground state
with a magnetic moment 35 pup (5 up per atom). As shown in Figure 4.42 the other low energy states
are: 23 up, 5 pup, 25 up, and 11 pp where all are antiferromagnetic solutions. The states closer to the
ground state are 23 up, 5 up, and 25 pp with energy difference of AE = 0.015 eV, AE = 0.021 eV, and
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0.036 eV relative to the ground state.

(a) (AE=0¢eV, 35 up) (b) (AE =0.015 eV, 23 pup)

(d) (AE=0.10 ¢V, 15 up) (e) (AE=0.40¢V, 11 up)

Figure 4.42: The low energy states for Mn7 and their optimal structures obtained with B3LYP func-
tional in the plane waves basis. AF is the energy difference with respect to the ground state (35 up).

For the isomers that appear in Figure 4.42, we note that the regular bipyramidal geometry is only
conserved by 35 pup with bond lengths 2.88 A and 2.99 A. Regarding the local magnetic moment (LMM),
we see that at the ends of the atoms have same LMM 4.63 pup and the atoms in the middle have 5.14
up (Table 4.9). As we can see, the symmetry distribution of LMM also explains the symmetry of the
geometry. Further, the spin of the electrons of each atom has the same orientation which also allows
the symmetry for the structure. For the other isomers, we note certain asymmetry. The asymmetry
presented by the other isomers, also can be verified with the asymmetry distribution of LMM (Table
4.9). If we look carefully Figure 4.42, in general short bond lengths correspond to atoms with opposite
atomic magnetic moment. Likewise, for atomic moments with the same orientation, long bond lengths
are obtained. In spite of some exceptions, behavior of many structures follow the Pauli exclusion principle.

Isomer H1 Ji%s iz Ha s He wr p Total
a) 5.1478 5.1476 5.1472 4.6291 5.148 5.1475 4.6329 35
b) 4.7854 4.4325 4.8023 4.8021 -5.0397 4.4327 4.7847 23
c) -4.7653 | -4.7641 4.9023 4.3971 4.9021 4.7592 -4.4313 5
d) -4.7498 5.0199 5.0196 -4.5047 4.8984 4.8984 4.4183 15
e) -5.3567 -5.361 4.5608 41717 4.562 4.248 4.1752 11

Table 4.9: Local magnetic moment p; (in pp, ¢ = 1,2,---) and the total magnetic moment for Mny
computed with the Voronoi Deformation Density method using B3LYP functional.

Figure 4.43 shows the density of states for stable isomers obtained with BSLYP. For each isomer there
are contributions of 4s and 3d orbitals to the magnetic moment. For isomers a) and d) there are 3d
unoccupied states very close to the Fermi energy, which means that the band-gap is very small, therefore
the cluster is classed as high conductivity. In Figure 4.43 a) we observed a greater degeneracy compared
to that presented by the other isomers. Degeneracy is due to the high symmetry presented by isomer a).
In contrast for isomer ¢), we see less degeneracy because it is asymmetric compared to isomer a). For
each panel in Figure 4.43 we see a high splitting of 3d orbitals between -6 eV and -4 eV for each isomer,
this mean the overlap of atomic orbitals. In each panel, hybridization of s — d orbitals take place close
to the Fermi energy. In Figure 4.43 @) there are a little bit more s — d hybridization which contribute to
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the stability of the cluster.

Employing B2PLYP functional the ground state corresponds to 35 pup (5 g per atom) and the other
stable states are: 25 up, 15 up, 5 up, and 11 pp. For this functional, there is a clear distinction between
the ground state and other stable states. The relative energy of each isomer with respect to the ground
state is AE = 0.16 eV, AE =025 eV, AE = 0.27 eV, and AE = 0.77 eV.

As we have seen for B3LYP, and B2PLYP, both give FM solutions for the ground state. With the
next hybrid functional, wB97M-V in the triple—( basis we report a different result. With wB97M-V the
ground state has a magnetic moment 5 pup (0.71 up per atom). This functional provides an AF solution
for the ground state and the net spin is agree with experimental measurements, 0.72 pp £ 0.42 pp per
atom (see Table 1 [22]). Among the results presented in Figure 4.41, wB97M-V is the one which provides
an AF solution for the ground state and agrees with experiment.

In Figure 4.41 we see the optimal structures for low energy states obtained with wB97M-V. As with
B3LYP, the state with net magnetic moment 35 g presents certain symmetry. If we look carefully Figure
4.41, the structure corresponding to the 5 pup exhibits short bond lengths. According with our experience
the atomic orbitals are overlapped.

Comparing our results with other computational studies, for instance Kabir et. al. [18] employing
the same geometry, reported 5 up as the ground state and the next lowest spin ordering is 7 up with a
relative energy of AE = 0.09 eV. In addition, a similar result was obtained by Bobadova-Parvanova et.
al. where local minima correspond to 5 pp, 11 pp and 29 pg [57].
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Figure 4.43: The Density of States (DOS) of Mn7 for low energy states. The most stable state cor-
responds to u = 35 pp which is a FM solution. The red dotted line presents the Fermi energy, Ep.
States on the right side of Ex are unoccupied and on the left are occupied.

Among the two geometries that we study for Mn7, the pentagonal bipyramidal is the most stable.
The energy difference between the most stables state of bipyramid (35 up) and capped octahedron (3
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wp) with B3LYP is 0.096 V. For wB97M-V in the triple—( basis the energy difference between the most
stable states (5 up for bipyramid and 15 up for capped octahedron) is 0.66 eV. Our results is agree with
the result reported by Bobadova-Parvanova et al [57], where the capped octahedron lies energetically
above (0.27 eV') the bipyramid geometry. For the most stable states, Bobadova-Parvanova et al reported
a magnetic moment 5 pp in bipyramid structure and 3 pp in capped octahedron.

4.6.2 Capped octahedron geometry

As shown in Figure 4.44, capped octahedron is an asymmetry structure compared with the previous
geometry. To study Mny; cluster with this geometry we use the BSLYP hybrid functional in the plane
waves basis. In our findings, these are the low energy states: 3 upg, 23 ug, 35 up and 15 ppg. As shown
in Figure 4.44, 3 up (0.43 pp per atom), is the state with lowest energy. Comparing with experimental
results 0.72 up £ 0.42 pp (Table 1 [22]) our result is in the range of values.

The magnetic ordering and relative energies AFE for the stable states with respect to the ground state
are shown in Figure 4.44. Comparing our result with other computational study we have that Bobadova-
Parvanova et al. [57] reported 3up and 35up as stable isomers.

For B3LYP with the bipyramidal geometry, we found that the most stable states has a net spin 35
g, while for capped octahedron geometry is 3 pp. As with Mn6, here we also conclude that the ground
state depend on geometry. Currently is not possible to determine experimentally the geometry of small
clusters. Hence the importance of our work, to shed some light on how the energy of the states is affected
by the change in geometry.

(c) (AE =047 €V, 35 up) (d) (AE=0.48 ¢V, 15 up)

Figure 4.44: The low energy states for Mn; and their optimal structures obtained with B3LYP func-
tional in the plane waves basis. AF is the energy difference with respect to the ground state (3 up).

For 3 up the bond lengths are 2.69 A and 2.81 A and is the isomer with the shortest bond lengths
among the stable states. For the other isomers, the geometry is the same although distorted as shown in
Figure 4.44. For instance, for isomer d) the bond lengths vary between 2.71 A and 4.90 A. The isomers
b and d) are the ones which present more variations for the bond lengths.
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The bond length with anti-parallel spins are generally shorter, for example in the isomer d)the bond
lentghs are 2.71 A, 2.78 A and 2.94 A. Owing to the complexity of the system, there are exceptions. For
instance, in isomer a) the distances between anti-parallel spins are greater (2.81 A) than the distance
between the parallel spins (2.69 A).

The local magnetic moment (LMM) for each isomer is in Table 4.10. As can be seen in detail, the
isomers b) and d) that have a more distorted geometry, the distribution of LMM is in general different
for each atom. It is possible that this is not a general behavior of Mn clusters, where the symmetric
distribution of the magnetic moment is related with the symmetry of the structure, but for our studies
we are observing that.

Isomer M1 K2 1%} Ha s He M7 w Total
a) 4.3321 4.4468 -4.8159 -4.8158 5.3332 -4.8162 4.3359 3
b) 4.5845 4.9526 4.5518 4.9521 4.3503 4.5853 -4.9767 23
c) 4.9221 5.2368 5.2368 5.2368 4.5233 4.9221 4.922 35
d) 4.8801 4.9961 -4.6567 -4.6568 4.5299 5.0281 4.8793 15

Table 4.10: Local magnetic moment p; (in pp, i = 1,2,---) and the total magnetic moment for Mnz
compued with the Voronoi Deformation Density method using B3LYP functional.
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Figure 4.45: The Density of States (DOS) of Mny for low energy states. The most stable states. The
most stable state corresponds to ¢ = 3 pup which is an AF solution. The red dotted line presents the
Fermi energy, Er. States on the right side of Er are unoccupied and on the left are occupied.

Figure 4.45 presents the DOS for the low energy states. In each panel we see s — d orbital hybridiza-
tion, occupied and unoccupied states with spin up and down. If we see carefully, the d states in panel
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a) are more delocalized or splitted than the other DOS, owing to the short bond lengths. The same
way, the presence of d states close to the Fermi energy mean that the self-interaction (SI) is a big source
of error. B3LYP and other hybrid functionals reduce the SI but not remove it completely. For the
ground state (isomer a)) presents more d states close to the Fermi energy, and these states promote
short bond lengths owing its nature. The previous statement agrees with the optimal structure in Fig-
ure 4.44 a). In addition, the 3d orbitals are more splitted due to the overlapped because atoms are closer.

Finally, with wB97M-V in the triple—( basis we report the following low energy states: 15 ug, 3 up,
23 up, and 33 pp. The ground state is AF ordering with a magnetic moment 15 up (2.14 pp per atom),
which is far from the experimental value (Table 1 [22]). The energy difference of the other stable states
with respect to the ground state is AE = 0.005 eV, AE = 0.044 eV, and AE = 0.152 €V.
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Chapter 5

Conclusions

In this manuscript, we carried out a first-principles study regarding the magnetic-electronic properties
of Mn clusters using primarily hybrid functionals (Hartree-Fock (HF) exact exchange energy plus DFT).
Besides, in DFT framework two different basis sets were used to perform calculations: plane waves and
localized molecular orbitals. We compared our results with previous theoretical studies, and with the
available experiment measurements.

We consider small-sized Mn clusters up to seven atoms. We begin our study with the simplest case
(Mny) employing different kinds of functionals to treat the exchange and electron correlation (XC) ef-
fects. The type of functionals include local, semi-local and non-local functionals such as: LSDA, GGAs,
meta-GGAs, hybrid functionals and doubly hybrid functionals. We have found that hybrid functionals
describe better the structural and magneto-electronic properties of Mns. For instance, the B3LYP hybrid
functional using a plane waves basis gives an antiferromagnetic ordering, with a bond length of 3.41 A
and bonding energy 0.07 eV for the ground-state. These values are in line with the experimental mea-
surements for the magnetic ordering (antiferromagnetic [15]), bond length (3.20 A—3.40 A [15][21]) and
bonding energy (0.13 eV 4 0.10 eV [17]). Employing other hybrid functionals such as B2PLYP, and
wB97M-V using a triple—( basis set we also obtained the antiferromagnetic (AF) configuration for the
ground state. In general, hybrid functionals (e.g., BSLYP, B2PLYP, and wB97M-V) are in agreement
with the experimental evidence in the Mny description, for this reason we solely use this kind of XC fuc-
tionals for Mn, (o = 3,---,7). The main characteristic of hybrid functionals is the combination of HF
exchange with a standard semi-local XC functional to treat the exchange and electron correlation effects.
After careful examination, we determine that the HF configuration stabilize the magnetic ordering which
is favored by the contribution of 4s states close to the Fermi energy. Due to the non localized nature of
s—type orbitals, in general the 4s states promote long bond lengths.

For the case of Mng, with B3LYP and B2PLYP we found a ferromagnetic (FM) solution with 15 pp
as net magnetic moment for the ground state, which agrees with previous computational studies (Kabir
et al. [48], Bobadova-Parvanova et al. [57]) using semi-local functionals (e.g., PBE). The difference that
we found between using semi-local functionals as Kabir et al. [18] and hybrid functionals is observed in
the bond lengths. For instance, with B3LYP we found a long bond length for the ground state (2.93
A) in contrast of more compact structure obtained with the semi-local functional (2.74 A [48]). For
wB97M-V using both plane waves, and in the triple—( basis set one obtained the AF solution as the
most stable state with a net magnetic moment of 5 ppg. As seen in the density of states (DOS) analysis
for wB97TM-V, practically it does not show s — d hybridization close to the Fermi energy, instead appear
solely 4s states. Unfortunately there are no experimental studies yet to compare with our results. Based
on Mny where a low spin arrangement together with long bond length are favored by hybrid functional
owing to the 4s states close to the Fermi energy, we conjecture that antiferromagnetic arrangement (net
magnetic moment 5 pp) is the most plausible physical result.

In the case of the tetramer structure employing B3LYP hybrid functional we found the FM arrange-
ment (20 pup) as the most stable state. This result agrees with previous theoretical studies ( Kabir et al.
[18], Bobadova-Parvanova et al. [57]) using semi-local functionals (e.g., PBE), but unfortunately there
are no experimental studies which to verify this result with. Using the wB97M-V functional and a plane
waves, and with a triple—( basis, we found an AF solution (net magnetic moment 0 pp) for the ground
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state. The DOS analysis for the ground state with the wB97M-V functional shows very little s — d
hybridization. As with Mny and Mngs with the wB97M-V hybrid functional due to the greater presence
of 4s states close to the Fermi energy, the antiferromagnetism is stabilizes. Thus, based on the same line
of behavior depicted by previous stable states of clusters (Mns and Mnj3), we conjecture that AF solution
given by wB97M-V functional gives the correct physical trend.

Mns is a remarkable case. We study this cluster using collinear (CL) and non-collinear (NCL) ap-
proaches. For the first approach, with the wB97M-V hybrid functional and a plane waves basis set we
found an AF solution having magnetic moment 3 pp per atom for the ground state magnetic configu-
ration. According to the experimental measurements 0.79 pp + 0.25 pp [22] is the magnetic moment
per atom for the ground state. Although our result slightly overestimates the magnetic moment for the
ground state, it has a good agreement with the results of previous ab initio works (Kabir et al. [48],
Bobadova-Parvanova et al. [57]) AF solution. In addition, the experimental results encourage that the
only possible solution has to be AF. In the DOS analysis with the wB97M-V XC functional, we see that
the hybridization of the s — d orbitals is becoming more relevant for the bonds due to its proximity to
the Fermi energy. The hybridization means atomic orbitals are overlapped, which in general imply short
bond lengths and therefore more compact structures as seen for Mns compared with previous smaller
clusters. In attempt to have another standpoint of view, we performed calculations considering NCL spin
arrangements. We obtained an antiferromagnetic NCL spin configuration which is slightly more stable
than the ferromagnetic solution, although its magnetic moment (3.72 pp per atom) turns to be quite
significant and overestimate the experimental value for the ground state.

For Mng we considered two geometries. For the square bipyramid, the B3LYP functional using a
plane waves basis and the wB97M-V functional in localized molecular orbitals (triple—() give an AF
solution for the ground state having 1.33 pup and 2 up per atom respectively. For the bicapped tetrahe-
dron structure, using the wB97M-V functional and considering a plane waves basis set we found that the
most stable state has a net magnetic moment of 0 pp. For both structures, we obtain AF solutions for
the ground state although the magnetic moments overestimate or underestimate the experimental value
of 0.55 up + 0.10 pp per atom [22]. Comparing both structures, the bicapped tetrahedron gives lower
energy values than the bipyramid structure, which means that this is most stable geometry. Interestingly,
our results respect to the stable structure using hybrid functionals are different than reported by previous
ab initio studies (Bobadova-Parvanova et al. [57]) using semi-local XC functionals. Thus, we have that
the treatment of exchange and electron correlation effects has a direct implication to determine the most
stable structure. Thus, we conjecture the bicapped tetrahedron as the optimal structure. In this moment
is not possible to determine experimentally the structure of clusters as well the type of bonding promote
compact structures.

Finally for the heptamer (Mn7) we considered the pentagonal bypiramid and the capped octahedron
as the potential low-lying structures. According to our findings using the B3LYP functional and a plane
waves basis set, and the wB97M-V functional in the triple—( basis, pentagonal bypiramid is the most
stable. Our result also agrees with previous ab initio studies (Kabir et al. [18], Bobadova-Parvanova et
al. [57]) about the most stable structure. Although we obtained the same result for the stable structure
with previous studies (using semi-local functionals, e.g., PBE), the bond lengths with hybrid functionals
(e.g., wB9TM-V) are larger than obtained with semi-local functionals. In our findings, the wB97M-V
hybrid functional gives an AF solution for the ground state with a magnetic moment 0.71 pp per atom
in accordance with the experimental measurement (0.72 pp + 0.42 pp per atom [22]).

The following are general conclusions upon employing hybrid functionals to treat the exchange and
electron correlation effects in the study of the electronic and magnetic properties of small Mn clusters
(Mngy, @ =2,---,7): (i) the hybrid functionals (e.g., BSLYP, wB97M-V) tend to give larger bond lengths
compared with the ones obtained using semi-local XC functionals (e.g., PBE) reported in previous ab
initio studies (Kabir et al. [18], Bobadova-Parvanova et al. [57]). (ii) The wB97M-V functional for most
cases gives AF solutions for the ground state. This is a consequence of 4s states close to the Fermi energy
seen in DOS analysis, which promote antiferromagnetism. (iii) The two different methodologies (plane
waves basis and localized molecular orbitals) of the DFT most of the cases give the same local minima
for each cluster. Only the ground state may be different in each methodology.
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