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Abstract

Transition Metal Oxides (TMOs) show a wealth of intriguing properties
which are governed by the interplay of charge, spin, and orbital degrees of
freedom. Moreover, the comprehension of the features of strongly correlated
TMOs with significant Spin Orbit Coupling (SOC) represents a challenging
work and the interplay between large SOC and lattice geometry is undoubt-
edly a relevant ingredient in the exploration of such features. The most
dramatic example of that occurs in iridates, where SOC deeply impacts the
magnetic state, changing the character of the multiplet state within the ty,
manifold in the case of an octahedral arrangement of the ions. Corresponding
effects in e, manifold have rarely been considered, due to the conventional
wisdom that e, subshells ensure a perfectly quenched orbital momentum.

In the first part of the thesis, we study the influence of SOC on the magnetic
state of a d* TM ion located in a tetrahedral environment, proving that its
effect can be strongly enhanced in the case of distorted geometry. Under this
condition, our theoretical research reveals that SOC can induce a substantial
anisotropic unquenched orbital angular momentum and can affect the hier-
archy of the lowest energy levels involved in the magnetic superexchange.

Since particular geometries can give rise to novel SOC effects, the structure
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of the insulating compound KOsQy, whose Os™" ions are characterized by
an el configuration, seems to be particularly relevant for our study. KOsO,
crystallizes in a scheelite-like structure, consisting in isolated and quite dis-
torted tetrahedra; the isolated tetrahedra imply a reduction of the hopping
connectivity and, as a consequence, the effects of the local energy scales are
emphasized. Furthermore, the Os ions are covalently bonded to the oxygens
in a tetrahedral configuration, which is distorted. The competition between
strong electronic correlations, SOC and tetrahedral deformations has been
analyzed through a study based on an exact diagonalization approach, which
allows to completely characterize the local magnetic moment and the nature
of the static spin/orbital correlations over finite clusters. Our study reveals
that an entangled spin-orbital state emerges, marked by a strong anisotropy.
Moreover, results show a link between the bond direction and the sign of the
superexchange coupling per spin component, which reminds a Kitaev-like
coupling.

The choice of a specific geometry may enhance the influence of SOC on the
magnetic state of a system. However, there are also other strategies in order
to emphasize the effects of the SOC; one of them is to lower the connectivity,
thus enhancing the interplay between the local energy scales, which include
SOC. In the second part of the thesis, we consider a trilayered structure com-
posed by TM ions stacked in the z direction, where the hopping connectivity
is highly damped. The tight-binding Hamiltonian model which describes the
trilayer shows both time-reversal and inversion symmetries, which ensure the
Kramer’s degeneracy of its eigenstates, and a layer-interchange symmetry,

related to the particular structure of the system. We analyze the evolution



and eventually the closing of the energy gaps of the trilayer, opening the
possibility to find novel topological nodal semimetals, which are protected
by the layer-interchange symmetry. We simulate different local environment
by modifying the value of the parameters of the model, verifying that transi-
tions between different topological configurations occur in the limit of weak

and strong SOC regime.
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Chapter 1

Introduction

1.1 Electronic correlations and spin-orbit cou-
pling in transition metal oxides

In the last years, Transition Metal Oxides (TMOs) have been one of the main
topics of the solid state research since they represent a paradigmatic example
of complex materials: the subtle interplay between charge, spin and orbital
lattice degrees of freedom which characterizes these compounds is the rea-
son why many of the usual theoretical simplifications are not applicable [1].
Most of TMOs are characterized by partially filled d orbitals and by multiple
valence states; furthermore, they manifest a rich variety of phase transitions
and an extreme sensitivity to intrinsic or external perturbations, all linked to
an amazing "tunability" of ground state properties. TMOs show also unusual
features related to the details of the structure of the atoms or ions and many

different structures can be realized with them, such as layered ones. Last,
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but not least, TMOs are at the center of an intense investigation because
of their possible applications in electronic and sensing devices|2|: the rich
variety of highly diversified ground states and the complex interplay between
the different degrees of freedom open the way to the possibility of tuning the
device response as function of the external perturbation in unexpected ways.
TMOs possess puzzling properties which are still matter of study to the
present day: unconventional superconductivity with high critical tempera-
ture (high-T.) [3] is one of them and it still remains to be understood; other
remarkable phenomena include colossal magnetoresistance [4], the occurrence
of exciting magnetic and non-magnetic phases such as the spin-orbital liquids,
which are strongly correlated states of matter that emerge from quantum
frustration between spin and orbital degrees of freedom [5], and also phase
transitions which include, for example, the metal insulator transition [6]. All
the above mentioned phenomena are a direct consequence of strong electronic
correlations which characterize the TMOs; these are due to the large on-site
Coulomb and exchange interactions among the TM valence electrons. The
hallmark of the strong correlation is the presence of unusual insulating prop-
erties (referred as "Mott physics") which cannot be understood in terms of
the standard band-theory of solids. Many 3d TMOs show in fact an insulat-
ing behavior even though the valence shells are partially filled. The large U
leads to the formation of magnetic moments at each of the TM lattice sites
and the interactions between these moments, which can be ferromagnetic
(FM) or antiferromagnetic (AFM), give rise to fascinating magnetic orbital
phases either with or without long-range order [7].

Beside 3d TMOs, relevant attention has been focused on the 4d and 5d com-
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pounds, which are characterized by more extended orbitals than 3d’s and, as
a consequence, a reduced on-site Coulomb interaction strength. The most
relevant feature of these elements is that they are characterized by a stronger
intrinsic spin-orbit coupling than 3d’s. Spin-orbit coupling (SOC) is a rela-
tivistic effect which couples the spin and the orbital momentum of electrons
and it has been shown that it stabilizes new exotic states of matter. The
most striking example of this new physics is constituted by the topological
insulators: these systems are insulating in the bulk, but have interesting
metallic "edge states" on their surface [8] originating from the combined ef-
fect of strong spin-orbit interaction and the electronic band structure. SOC
is usually considered as a small perturbation in the discussion of electrons
in solids, however in heavy elements it needs not to be weak, since it in-
creases proportionally to Z4, where Z is the atomic number. In Fig. 1.1,
there is a schematic representation of the energy scales of the major inter-
actions of TMOs. In 3d TMOs, which have been the traditional playground
for the study of correlated electron physics, SOC is much smaller than the
Coulomb interaction U and can be considered as a perturbation; on the right
part of the Figure 1.1 it is evident that, considering 5d TMOs, the energy
scales of U, SOC and crystal field D are comparable. Upon descending the
periodic table from 3d to 4d to the 5d series, there are several competing
trends since U and SOC meets on the same energy scale and several intrigu-
ing phenomena arises. The research is currently open and the experimental
evidences and theoretical perspectives allow to describe a picture which is
summed up in terms of correlation strength U and SOC A, scaled to the

typical kinetic energy scale t, in the phase diagram of Fig. 1.2 [9]. Con-
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Figure 1.1: Schematic representation of the competing energy scales in
TMOs; in 3d TMOs (left), the Coulomb interaction U is dominating on the
other microscopic mechanisms, while in 5d compounds (right) these energy
scales are comparable.

ventional oxide materials composed by 3d TM reside on the left-hand side
of the diagram, where SOC is weak and a metal-insulator transition associ-
ated with the paradigmatic Mott physics may occur when U is comparable
to the bandwidth. Upon increasing A, a metallic or semiconducting state at
small U may be converted to a semimetal or a topological insulator. When
both U and A are present, several arguments [10, 11| suggest that they tend
to cooperate rather than compete in generating insulating states. Further-
more, U opens up possibilities for new types of topological phases For sizable
SOC, topological Mott insulating phases emerge whose full characterization
is still matter of investigation and debate [12, 13]. In general,in the limit of
strong A we can distinguish two specific regimes; the first is characterized by

weak or intermediate correlations, where electrons remain delocalized enough
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Figure 1.2: Generic phase diagram for TMOs; the x axis represents the SOC
parameter A while the y axis is constituted by electronic correlations U, both
expressed in unit of kinetic energy t. The figure has been taken from Ref. [9]
and band topology continues to play an important role. In this region, new
types of topological phases emerge: they include Weyl semimetals or axion
insulators, which can arise in the presence of spontaneous magnetic order.
The pyroclore iridates, for example, belong to this regime: these compounds
comprise a large family for which experiments have revealed thermal phase
transitions and evolution from metallic to insulating states and many key
theoretical ideas have been introduced, including topological Mott insulators
|8, 14], Weyl semimetals [15] and axion insulators [16].
U

The second regime is constituted by the strong Mott limit, where 7 is

large and electron band topology no longer plays a role, because the electronic



1.1 Electronic correlations and spin-orbit coupling in transition metal oxides6

states are not extended. Omne can observe that insulating states may be
obtained in the intermediate regime from the combined influence of SOC
and correlations: these may be considered spin-orbit assisted Mott insulators
[17], where the term "Mott" denotes any state which is insulating by virtue
of electronic correlations. In this context, SOC still offers new physics by
fully or partially lifting the orbital degeneracy of partially filled d shells by
entangling the orbital and spin degrees of freedom. This provides a distinct
mechanism to avoid the Jahn Teller effect and classical orbital ordering. The
orbital degeneracy may be fully lifted by SOC, as it happens in iridates in
the strong Mott and strong SOC limit, or partially lifted, which is the case of
many d' or d? ions. An example of the former is constituted by honeycomb
iridates [18, 19|, while double perovskites [20, 21] is an example of the latter;
in either cases, strong SOC results in strong anisotropic exchange interactions
and, for the case of partial degeneracy lifting, these have an highly non-trivial
multipolar nature. These unusual interactions can promote large quantum
fluctuations and lead to novel quantum ground states which are not possible
without SOC: quantum spin liquid and quadrupolar (spin orbital coupled)
ordered phases have been suggested to occur in this regime |22, 23|. 4d
and 5d TM belong to this region, which is not only difficult to access from
a theoretical and computational point of view but also for materials science
perspectives to synthetize compounds exhibiting microscopic conditions with

both large U and A.
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1.2 Motivation of the Thesis

It is clear that heavy TMOs, which are characterized by significant SOC, are
a challenging problem, since the correlations effects are often of intermediate
or large strength, making them competitive with those of SOC. Particular
attention has been focused on 5d TMOs, since the overlapping energy scales
and competing interactions offer wide-ranging opportunities for the discovery
of new physics and also new device paradigms.

At single ion level, SOC may greatly simplify the multiplet description by
fully lifting the orbital degeneracy. The most dramatic example of the rele-
vance of such SOC effect in 5d TMOs occurs in iridates: considering a TMOg
octahedron, for example, the 5d states are split into to, and e, orbital states
by the crystal field energy and, in general, this energy is sufficiently large
to yield a to, ground state. SOC is responsible to change the character of
the multiplet state within the ty, manifold as it has been intensively stud-
ied for TMOs containing Ir** : in these compounds, strong SOC split the
to, band into an effective total angular momentum J.5; = % doublet and

Jerr = % quartet, as it is shown in Fig.1.3 [17]. Since Ir** ions provide five

eE__ ________ —_
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Figure 1.3: Splitting of the 5d levels due to CF and SOC

5d electrons to bonding states, four of them fill J.;f = % band and one re-
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maining electron fills the J.sp = % band,reducing the system to an effective
Kramers doublet with J.rr = % In addition, a relevant consideration is that
even a small U opens a Mott gap: this explains why these compounds can
be insulating [8]. When an ion having this configuration is embedded in a
lattice, SOC can give rise to different kind of magnetic interactions which
depend on the geometry; indeed, the local angular momentum L is very
sensitive to the lattice degree of freedom, then complex magnetic behaviors
can arise when the combined effect of strong SOC, electronic correlations
and hopping connectivity is considered. A relevant example is definitively
given by the hexagonal iridates such as NayIrO3 and LisIrOj3, characterized
by a layered structure consisting of an honeycomb lattice of Ir** ions. In
the ideal limit, the edge sharing of neighboring IrO4 octahedra, and also the
structure of the entangled J.;p = % orbitals, lead to a cancellation of the
usually dominant antiferromagnetic oxygen-mediated exchange interactions
|24]. A sub-dominant term is generated by the Hund’s coupling, which takes
the form of highly anisotropic exchange and is described by the following

Hamiltonian:

H=-K ) Y 5% (1.1)

a=z,y,z <ij>€Ea
where S; are the effective spin—% operators and « labels both spin components
and the three orientations of links on the honeycomb lattice. Hamiltonian
(1.1) is known as Kitaev model. In such model, effective spin—% operators are
coupled to their three nearest neighbours by ferromagnetic Ising interaction,
with bond-dependent easy axes parallel to the x,y and z axes. The orthogonal

anisotropy of the three nearest neighbour bonds creates a conflict between
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these bonds, giving rise to strong magnetic frustration of competing exchange
interactions that cannot be simultaneously satisfied, generating a large de-
generacy of the system ground state. The model has raised a considerable
interest since it can be exactly solved by mapping the spins into Majorana
fermions [25|. The ground state associated to (1.1) is a quantum spin liquid,
in which interacting spins remain quantum disordered without spontaneous
symmetry breaking. Then, the model describes a state with no magnetic
order and elementary excitations which are charge-neutral "spin" carrying
Majorana fermions that are their own antiparticles. It is amazing that the
Kitaev exchange form of (1.1), which is very unnatural for conventional mag-
netic systems, arises organically from the geometry and entanglement in the
strong SOC limit.

The above considerations tell us that the interplay between large SOC and
the lattice geometry is a crucial ingredient in determining the magnetic state
of heavy TMOs. Then, we can explore the SOC effects by considering sev-
eral orbital configurations which support this idea. The most common orbital
configuration is depicted in Fig. 1.3 and it is relative to an octahedral struc-
ture, where the crystal field separates the d orbitals into two sets of manifolds
with an energy difference Ap; here, the ty, orbitals are lower in energy and
SOC acts on them at the first order,leading to a splitting of these levels.
Corresponding effects in an e, manifold have rarely been considered due to
the conventional wisdom that the orbital angular momentum is quenched
in these states. This means that, at the first order, SOC does not act on
e, states and that some influence of it may appear only at higher orders.

In particular, SOC modifies the ground state only via virtual processes in-
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volving the ty, subspace and acting across the crystal field splitting Ao, thus
determining magnetic anistropy [26]. However, particular cases which lead to
conclusions in contrast to this conventional scenario can be treated. In tetra-
hedral complexes, the d orbitals again split into two orbital subspaces with
an energy difference A;, where the hierarchy of e, and ty, orbitals is reversed
with respect to the octahedral case. Considering 5d TM encaged in TMO,
tetrahedra, the crystal field splitting then naturally favors the occupancy of
the lower e manifold, with a crystal field energy which is relatively small in
size and lower than the octahedral case; this evidence is expected since the
ligand ions in tetrahedral symmetry are not oriented directly towards the
d orbitals. Under these conditions, SOC corrections can be amplified and
can lead to interesting effects. To support this idea, in the first part of the
thesis we analyze the effects of a large SOC on the magnetic state of a d! TM
ion located in a tetrahedral environment. We verify that, while in the ideal
tetrahedral geometry SOC acts only as a perturbation on the atomic energy
levels set by the crystal field splitting, its effect can be strongly enhanced
in the case of a distorted geometry. We consider the specific case where the
tetrahedron is compressed along the z direction and the results of our study
show that large SOC not only induces a substantial anisotropic unquenched
orbital angular momentum, but its interplay with crystal field parameters
significantly affects also the hierarchy of the lowest energy levels which are
involved in the magnetic superexchange.

In order to analyze the emergence of this unquenched orbital angular momen-
tum component in the e, subspace and to examine what kind of interactions

are generated when particular geometries are considered, our analysis natu-
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rally focused on the KOsO,, which represents an ideal candidate in many re-
spects. KOsQy is a Mott insulator which crystallizes in a tetragonal scheelite-
like structure consisting in isolated and quite compressed OsQy4 tetrahedra.
The geometric structure of the compound seems to be particularly relevant
for our purpose. On one side, the isolated tetrahedra imply a reduction of
the connectivity and, as a consequence, the effects of the local energy scales
(Coulomb correlations, SOC and crystal field energy) are emphasized. Fur-
thermore, in the scheelite structure the Os ions reside on lattice sites which
constitute a substantially elongated diamond sublattice, where each Os atom
is covalently bonded to the oxygens in a tetrahedral configuration. The par-
ticular 3D arrangement perfectly allows for dominant hopping connectivity
between the lowest e and the highest ty sector; this provides another im-
portant route to magnify the SOC correction that now come into play at
leading order in the superexchange processes involving to orbitals. There-
fore, the prospect of an anisotropic exchange in the KOsQy is concrete, due
to its peculiar lattice geometry. In our study, we analyze the competition be-
tween strong electron correlations, SOC and tetrahedral deformations in the
e! configuration of the Os™ ions and prove that, due to the peculiar hopping
connectivity and the character of the structural deformation, an entangled
spin/orbital state emerges, marked by magnetic anisotropy. Moreover, we
demonstrate that SOC plays an active role in setting the boundary between
nearest neighbour antiferromagnetic and anisotropic ferromagnetic exchange,
which have a specific Ising-like character that depends on the orientation of
each given bond. This result prefigures a link between the bond direction and

the sign (FM-AFM) of the superexchange coupling per spin component, that
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reminds a Kitaev-type coupling, where competing components are active at

the same time.

Another strategy in order to magnify the effect of SOC is to achieve
microscopic conditions which can lower the kinetic energy, thus enhancing
the % ratio. This can be reached, for example, considering disconnected
structures, which can be conveniently realized in systems where the TMO,
units are rather isolated, allowing for extremely low kinetic connection be-
tween the heavy TM. The second part of the thesis deals with this idea:
we consider a trilayered structure that reminds compounds associated to
the Ruddlesden-Popper series A,,11B,X3,.1 (A=rare earth element, B=TM,
X=oxygen), where the building block is made of TM ions, which form a
three-site chain along the z direction. The term "disconnected" has to be
intended in this context to indicate that the in-plane itineracy is supposed to
be highly damped, promoting the interplay between the local energy scales,
which are dominant. In the considered structure, we neglect the Coulomb
interaction at the first order and limit ourselves to explore the competition
between SOC, intra-cell delocalization and lattice deformations, in determin-
ing the electronic structure. Such study is very timely and relevant in many
respects. First of all, it is connected with the concept of topological band
theory and the existence of symmetry-protected topological phases. In the
past few years, it has been realized that not only internal symmetries such
as time reversal, but also crystal symmetries, for example crystal reflection
or rotation, can lead to the protection of topological states [27, 28, 29]. Ad-

ditional symmetries can generate richer topological structures, as it has been
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recently shown for semimetals [30]. The trilayer- model Hamiltonian upon
examination is indeed a manifestation of combined internal (time-reversal)
as well as crystal lattice symmetries. Specifically, the combination of time-
reversal and spatial inversion symmetries is known to be the prerequisite
ensuring the Kramer’s degeneracy for every eigenstate at any wavevector k.
In addition, our trilayer problem has an additional characteristic symmetry,
namely the "layer-interchange" symmetry, which leaves the Hamiltonian un-
changed upon interchanging the outer layer flavours. As we will demonstrate,
this allows to label the eigenstates with a layer-parity index % = +1.

In the second instance, the limit of an almost isolated trilayer allows to in-
vestigate in a well controlled manner the evolution and eventually the closing
of the energy gaps in a weakly dispersing electronic structure, by using the
SOC as the driving tuning parameter which is able to lift the degeneracy of
the spin/orbital entangled states.This kind of analysis opens the way to the
search for novel topological nodal semimetals, which are realized in presence
of large SOC and protected by layer interchange symmetry. In our search, we
make a systematic analysis in weak and strong SOC regime in order to ana-
lyze the evolution of the nodal lines, simulating different local environments
spanning from the ideal undistorted octahedra to the compressed/elongated
octahedra, by modifying the on-site CF parameters, and we characterize the

transitions between different topological electronic configurations.
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1.3 Overview of the Thesis

The principal aim of this thesis is to bring out the effect of SOC by facing two
specific problems which offer novel and unconventional perspectives towards
possible emerging phases driven by large SOC in TMOs. The first part of the
thesis is focused upon the influence of SOC on the magnetic states of corre-
lated TMs in tetrahedral compounds, and aims at demonstrating that SOC
may play a non trivial role in correlated TMOs with nominal e; configuration,
contrary to the conventional wisdom that the orbital angular momentum is
quenched in the e, subspace. One of the most important findings relates to
the possibility to achieve frustrated ferromagnetic nearest neighbor exchange
when the interplay between SOC, structural deformations and peculiar lat-
tice geometry occur, as in KOsQy,.

In the second part, we explore the possibility to emphasize SOC effects in
uncorrelated systems which consists of a trilayer building block, made by
three to, ions oriented along the z direction, which is assumed to be almost
disconnected within the xy plane. One of the major result concerns the char-
acterization of the symmetry protected nodal lines which arise from the band
crossing between energy states which belongs to different layer interchange
symmetry sectors. Those transitions are explored as a function of the driving
microscopic parameters represented by SOC and crystal field amplitudes.
In Chapter 2, after a brief review of the crystal field theory and the deriva-
tion of the SOC relative to d orbitals, we analyze a model Hamiltonian which
is suitable to describe 5d TMOs containing TMO, tetrahedra, where the crys-

tal field splitting leads to partially filled e, orbitals. The first stage of this
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analysis is based on single ion calculations for the ideal tetrahedral symme-
try, and subsequently for the distorted tetrahedron, which is a fundamental
prerequisite to unveil the effects of SOC and the formation of anisotropic
local orbital momentum.

The case of KOsQy is analyzed in Chapter 3, carrying out a study where
we use ab-initio calculations derived microscopic parameters as an input for
our exact diagonalization study on a two-site cluster of a model Hamiltonian
which contains on-site intra-orbital and inter-orbital Coulomb repulsion, the
Hund’s coupling, the on-site energy, the nearest neighbor intra- and inter-
orbital hopping and the SOC.

In Chapter 4, we consider a pioneering exploration of a representative ma-
terial platform allowing for low-connectivity between orbitals of the heavy
TM; this purpose is reached by considering a trilayered structure consisting
of a building block made by three TM ions connected along the z direction.
We present a tight-binding Hamiltonian, which includes the in-plane hop-
ping, the intra-cell hopping,the on-site energy and the SOC, while electronic
correlations are neglected at the first order. We evaluate the evolution of the
transitions which characterize band crossings between different layer- parity

sectors as function of SOC, crystal field and intra-cell hopping parameters.



Chapter 2

Effects of Spin Orbit Coupling in
a TM oxides with tetrahedral

arrangement

The first part of the chapter provides the theoretical background about SOC
and crystal field theory. SOC is introduced as a relativistic effect in a semi-
classical framework in order to justify the Z* dependence upon the atomic
number. Next,we discuss crystal field effects using group theory arguments.
Both the derwations privilege qualitative topics, while for a more complete
and rigorous discussion we refer to Appendiz A and to the references indi-
cated in the text. In the second part of the chapter, general remarks about
SOC in TM ions are given. In TMOs, especially those composed by 4d and
bd TM ions, the interplay between these two energy scales may be relevant.
In particular, we analyze the effects of a large SOC on the magnetic state of

a d* TM ion located in a tetrahedral environment and we demonstrate that,

16
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while in the ideal tetrahedral symmetry SOC acts only as a perturbation on
the atomic enerqy levels set by crystal field splitting, its effects are strongly
enhanced in the case of distorted geometries. We consider the specific case
in which the tetrahedron is compressed along the z direction and show that,
increasing the degree of flattening, a large SOC can induce an anisotropic un-
quenched orbital momentum and can affect the hierarchy of the lowest energy

levels involved in the magnetic superexchange.

2.1 Semiclassical derivation of Spin Orbit Cou-

pling

Spin orbit coupling (SOC) is a relativistic interaction of a particle’s spin with
its orbital angular momentum. It manifests itself in lifting the degeneracy
of one-electron energy levels in atoms, molecules, and solids. In addition to
the rigorous analytical derivation proposed in Appendix A, we present here
a quantitative description of SOC for an electron bound to an hydrogen-like
atom, in a framework of classical electrodynamics. The magnetic moment of

an electron with spin s is given by:

g
=—= 2.1
7 huBs ( )
where g ~ 2 is the g factor of the electron and pup = 2;’16 (m the mass

of the electron and e its charge) is the Bohr magneton. In the electron’s rest
frame, the nucleus with charge Ze moves around the electron. According to

Lorentz transformation of the electric field E, which is due to the nucleus
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and through which the electron travels, the latter "sees" a magnetic field B.
Indicating with v the velocity of the electron around the nucleus, one has
that:
1 1
B=—-—vAE=—(EAp) (2.2)
c

moc
Where p = myv is the electron momentum and the anticommutativity of the
cross product is used. The electric field E can be expressed in terms of the
electrostatic potential V:

g__rdV (2.3)

r dr

In Eq. (2.3), we have used the central field approximation, assuming that the
potential is spherically symmetric. This approximation is exact for hydrogen
like systems as the one we are considering. The energy of the electron in the

the magnetic field B due to its magnetic moment then can be written as:

e rdV

——58 (=== A\p) (2.4)

h =—u-B=
s0C a m3c? rdr

Considering a Coulomb potential, V = %, and remembering from clas-

sical mechanics that r A p = 1, where 1 is the electron angular momentum,
spin orbit energy is definitively given by:
Zer 1

hSOC:Wﬁl.SZCl'S (25)

The result (2.5) is coherent with the one of the analytical derivation
proposed in the Appendix A, except for the fact that it is twice larger than
(A.47). A factor 2 at the denominator of (2.5) has to be added in order to

make consistent the two derivations. This correction,called Thomas factor,
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is due to the fact that, two years before the advent of Dirac theory, L.H.
Thomas argued that a more careful treatment of SOC in the framework of
classical electrodynamics would take into account the energy associated with
the precession of the electron spin; this would result in reduction of the energy

(2.5) by a factor of two, in agreement with (A.47) [31].

2.1.1 Atomic energy correction of SOC

In order to calculate explicitly the value of the energy associated to the SOC,
it is useful to remind that for an electronic state with quantum numbers n

and [ one has|32|:
1 VA
<= >= T (2.6)
r3 agndl(l+3)(1+1)

Where aq is the Bohr radius. In addition, in presence of SOC, it can be shown

that s and 1 are no longer separately conserved, but their coupling produces

the total angular momentum j =1+ s. It follows that 1-s = (j> — I* — s?).
Hence, the value of 1-s is given by:
1.,
<l-s>= 5[](]+1)—l(l+1)—3(8+1)] (2.7)

Using Eq. (2.6) and Eq. (2.7), from Eq. (2.5) we calculate the value of the
energy of the SOC, which results:

Z j(74+1)—=11+1)—s(s+1)

2.8
4m2c? WL+ D)1+ Dadn? (2:8)

Esoc =

Eq. (2.8) show that spin orbit correction scales as Z*, where Z is the atomic

number of the involved nucleus.
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For a many-electron atom, the contribution to the Hamiltonian of the SOC

can be obtained by summing (2.5) over all electrons in this way:

Hsoc = ZQ‘L’ 7] (2-9)

There are two schemes which can be taken in consideration to describe
many-electron states. The first of them is called jj coupling scheme and it
is used especially for 4f and 5f elements; in this scheme, the total angular
momentum j; = l; + s; associated to a single electron is calculated, then
the total angular momentum J = ) .j; is given by the sum over all the
total angular momentum of any single electron. The other scheme, called
LS or Russel Saunders scheme and used for TM ions, is based firstly on the
individuation of S = > .s; and L = ) 1;, which are respectively the spin
and orbital angular momentum of the system. After determining S and L,

SOC is included. According to LS scheme, the full SOC is written as:

Hsoc = AL - S (2.10)

The constant A is composed by all the partial SOC constant (;; for one shell,
all the (; are equal each other, then the coupling constant can be written as
[33]:

¢

A=og (2.11)

the sign + is used for less than half filled shells, the sign - for more than

half filled shells. Since from the relativistic derivation we know that ( is a
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positive quantity, we have that A > 0 for less than half filled shells, A < 0 for
more than half filled shells.

The interaction (2.10) gives us different energies for terms with different
J =L+ S, which is the total angular momentum obtained by the sum of the
spin and orbital angular momentum of the system. According to (2.10) and
to the rules of quantum mechanics, in a state with given J the contribution

to the energy due to SOC is:

J(J+1) = L(L+1) — S(S + 1)
2

(L-S) = (2.12)

The SOC has hence the effect to split the atomic energy levels into multi-
plets, each of which is associated to a well-defined value of the total angular
momentum J. As a result, a level with given values of L and S is split into
a number of levels with different values of J. This splitting is called fine
structure of the level.

The ground state of this structure can be determined according to the Hund’s

rules, whose statements are the following:

e clectrons fill levels so as to make the largest possible total spin S,

according to the Pauli principle;

e among all the possible configuration in which the spin is maximized,
the ground state is the state which has the maximum possible value of

the orbital angular momentum L;

e in light of the previous results, for less than half filled shells A > 0 and

the ground state is the one with the smallest possible value of J, while
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for more than half filled shells A < 0 and the lowest level is the one

with the maximum value of J.

2.2 Crystal field theory

In this section, a brief description of the crystal field theory is given, without
the claim to be rigorous. For a more detailed description of the representa-
tion theory of point groups, refer to [34, 35].

Transition Metals (TMs) are defined as elements whose atoms have partially
filled d shells. When a TM is isolated, the corresponding d orbitals are five-
fold degenerate. Conversely, when a TM is placed in a solid, its spherical
symmetry Os is replaced by the symmetry defined by the crystal structure.
A typical structure found in many compounds with TMs is the perovskite
ABOg reported in Fig. 2.1, where a transition metal ion B is centered inside
a regular oxygen O octahedron hosted by a cubic lattice of A which are con-
stituted, for example, by rare-earth ions. The symmetries associated to this
kind of structure can be described by the O, point group |34, 35]. Symmetry
operators are reduced to a finite number h = 48, including the identity E
and the following rotation operators, whose relative rotation axes are indi-
cated in Fig. 2.1: 8x (5, which represent the rotation by 120° about a 3-fold
axis,3xé'2, which are rotation by 180° about a 4-fold axis,6xé’4, which are
rotation by 180° about a 2-fold axis and GXC’é, which represent a rotation by
90° about a 4-fold axis. Each of them can be further coupled to an inversion
operator 7. These symmetry operators can be represented by matrices of dif-

ferent dimensions. A matrix representation is called reducible if every matrix
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Figure 2.1: A cubic perovskite cell ABOj3 and its rotational symmetry axes

in the representation can be written in the same block form through the same
similarity transformation; if this cannot be done, the representation is said
to be irreducible. There is an infinite number of equivalent representations
of a group, and thus a large arbitrariness in the form of the representation.
However, the trace of a matrix, called character, is invariant under a simi-
larity transformation; it is therefore useful to classify matrix representations
through their characters. Furthermore, a reducible representation can be de-
composed in irreducible ones using the orthogonality relations of characters.
One can show that, if x(g;) are the characters of the reducible representation,
they must be given by a linear combination of the characters of irreducible

representation:

x(g:) = Zanj(gi) (2.13)
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where the a; coefficients are determined from orthogonality relations [36].

Hence, the reducible representation I' can be written as:
I'= alrl D GQFQ D...= @CL]F] (214)
J

The characters of all possible irreducible representations for the Oy, point
group are tabulated in Table 2.1 [34], where A, E, and T denote one-, two-,
and three-dimensional representations. For operators coupled with inversion
i , the values can remain unaltered or change sign for even (denoted by sub-
script g, which stands for the German word gerade) or odd (u, ungerade)

representations, respectively. Regarding the perovskite structure of Fig. 2.1,

Table 2.1: Characters for the Oy, point group

O, | E 8C; 3C, 6C, 6C,
Ayl 1T 1 11
A1 1 1 a1 A
E|2 -1 2 0 0
(3 0 -1 1 -1
T, /3 0 -1 -1 1

for an electron of the TM ion B, the symmetry of the Hamiltonian are de-
termined by the potential relative to the site B and the neighboring ligands
O, which can be assumed to be point charges. Considering a d electron, its
wave function is ¥ oc ¢™¥, where m is the magnetic quantum number |m/| <
and [=2 is the angular momentum. A rotation of an angle ® of this wave

function around an arbitrary axis can be represented by a diagonal matrix
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[y(®)— diag(e?®,e’!=D® =% whose character can be easily calculated:

X(®) =TrTy(@) = Y e = sin[(l + 3)®]

2.15
2 sin(®) (2.15)

This result is valid for any direction of the rotation axis and for any d-
dimensional basis set obtained by making linear combination of the spherical
harmonics Y! (6, ¢) functions, because the trace of a matrix is invariant under
basis transformation. The character for each symmetry operation in O, is
then given by:

E 8C; 3C, 6C, 6C,
xr, = o -1 1 -1 1

The number n of its irreducible components can be calculated by n;=> _ , x;-
XT,, Where x; is the character of the irreducible representations given in Ta-
ble 2.1.

Recalling Eq. (2.14), the symmetry representation for a d electron with oc-

tahedral coordination (Oj symmetry) is then :
Dy=E®T, (2.16)

Eq. (2.16) implies that the original five-fold degeneracy is removed in the Oy,
point group and the d orbitals are split into two levels e, and tq,, with two-
and three-fold degeneracy respectively. The subscript g is added because d
orbital are even under inversion.

A conventionally used set of real basis functions for d electrons is shown in

Fig. 2.2. Their expressions in terms of spherical harmonics are given in Eq.
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(2.17), using the notation |l,m), with [ = 2 is the angular momentum and

m, which is the projection of [ along the z axis, assumes values from -/ to [:

—_

oy = m(l2,2> —12,-2))
1
Ay, = —E(IZ 1) —12,-1))
dy. = —%qz?n +12,-1)) (2.17)
d.2 = [2,0)

1
diryr = —=(12,2) +12,-2)

V2

The first three wavefunctions belong to the ty, subspace, while the last two

are part of the e, subspace.

3dxz_y2

Figure 2.2: Angular distribution of the d orbitals
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The lifting of degeneracy is evident looking at the shape of the orbitals:
the e, orbitals point directly to the neighboring negatively-charged ligand
oxygens, therefore experience stronger Coulomb repulsion compared to the
tog ones and are thus energetically less stable. The resulting energy difference
is called Crystal Field (CF) splitting Acp. The hierarchy of the two orbital
subspaces is inverted when TM ion is placed, for example, in a tetrahedral
arrangement. An octahedron and a tetrahedron are related geometrically:
octahedral coordination results when ligands are placed in the centers of
cube faces, while tetrahedral coordination results when ligands are placed on
alternate corners of a cube. The regular tetrahedron belongs to the point
group Ty and symmetry operations are reduced to a finite number h=24;
these include the identity E, 8xég,3xég as in the case of the octahedron,
6x5,=6x 46}, where oy, is a symmetry operator that indicates a reflection
in a plane of symmetry perpendicular to the main symmetry axis, and finally
6x a4, where o4 is a reflection in a plane which contains the symmetry axis.
The symmetry operations for a Ty point group are thus very closely related to
those of the Oy one, the most important difference is that the T, point group
does not possess a symmetry center and thus has no inversion operation [34].
In the case of a tetrahedral coordination then, the d orbitals are split into two
levels as in an octahedral configuration, but the e doublet lies lower than the
to triplet, which can qualitatively be understood by observing that now the
to electrons experience a stronger Coulomb repulsion than e electrons and
are higher in energy. Note that the subscript g is removed since there is not
inversion in T;. Concerning these two particular configurations, the splitting

which separates the two orbital subspaces in a tetrahedral arrangement A, is
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smaller than the splitting A, which characterizes an octahedral coordination

with the same ligands. In the simplest cases, the relation between the two

CF splittings is given by [33] :

A, = gAO (2.18)

The two arrangements are schematically shown in Fig.2.3:

®
] do_ o d
R 2 yz P .,
\: |3 \ dy de dy
----- 5 - [y tyg
2
. J . N N T
28 ) 3 t
e &N y ~ A
b d
‘ dxy dXz dJ/z N e dzz
) Octahedral Tetrahedral
(b)

(a)

Figure 2.3: (a) Schematical representation of a TM ion in an octahedral
(white) and tetrahedral (grey) environment and (b) the relative crystal field

splittings
Distortions of the structure can further reduce the symmetry and this

can lead to additional CF splitting. The most common distortion of the

octahedral cristalline field is the tetragonal distortion, which causes further

splitting in the orbital subspaces schematically shown in Fig. 2.4.
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Figure 2.4: Tetragonal (a) elongation and (¢) compression of a TMOg octa-
hedral structure and corresponding (b) (d) splitting of d levels

2.3 Spin orbit coupling in TM oxides

2.3.1 T-P equivalence

The matrix elements of orbital angular momentum [ = 2 for a single electron

in the five fold degenerate d-orbitals respect to the basis { dy., dy., dpy, d.2, dy2_ 2 }
are [37]:

0 0 0 —V3i —i
0O 0 =1 0 0

=l o —i0 0 0 (2.19)
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=i o 0o o0 o0 (2.20)

0 i 0 0 0
0 0 0 0

=10 0 0 0 2 (2.21)
00 0 0 0
0 0 -2 0 0

As we can see in the (2.19),(2.20) and (2.21), the orbital momentum is

quenched in the e, subspace

(egl1]e,) =0 (2:22)

This implies that SOC has no effect at first order on e, orbitals. Looking at

the analogous matrices in the basis of the p orbitals:

00 0

=100 —i (2.23)
0 i 0
0 0 i

[i;’: 0 0 0 (2.24)

- 0 0
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0 —i 0
P=1|i 0 o0 (2.25)
0 0 0

and comparing them with the matrix elements of [ in the ty; subspace
(2.19),(2.20) and (2.21), it is evident that we can map these states with

[ = 2 onto the p-states with [ = 1 in this way:

1(t2,) = 1(p) (2.26)

This relation is called T'— P equivalence. According to it, the orbital angular
momentum in ty, states is partially quenched from [ = 2 to [ = 1. This
equivalence can be conveniently used when there is a large splitting within
the d orbitals due to the crystal field, neglecting the off-diagonal terms of
(2.19),(2.20) and (2.21) [38]. Using (2.26), we can express the spin orbit
interaction on ty, levels mapping the ty, orbital states through an effective

orbital angular momentum =1
Hsoc =N -S (2.27)

where X = —\ [39]. According to this equality, the second Hund’s rule for
the to, subshell in this mapping is reversed: the ground state for less-than-
half filled shells is the state with maximum total angular momentum J, , while
for more-than-half filled shells the ground state is the state with smaller J.
The effect of the spin orbit coupling on these levels at the first order is to

produce a splitting of them.For example, considering the configuration tég,
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where | = 1 and S = 1, the total degeneracy is (20+1)(25 +1) = 6. This six
levels are split by spin orbit coupling in a quartet with J=1+8= %, which
is the ground state according to Hund’s rule, and a doublet J=1-8= %

5

54> With one hole in

If we considered the "complementary" configuration ¢
the subspace, the situation would not change but the doublet would be the
ground state. This is what seems to occur in 5d° iridates, that are the most
dramatic example in which a quite strong SOC changes the character of
the multiplet state, thus reducing the magnetic state of Ir** to an effective

Kramers doublet with effective total angular momentum j = 1/2, as we have

mentioned in the Introduction.

2.4 SOC matrix in d orbitals

1

In order to calculate SOC matrix elements for a S=3 electron in the 5,

|

subspace,we rewrite Hgoc in terms of x, y and z components of the spin and

the angular momentum:
Hsoc = AL - S = AN(LyS; + LS, + L.S.) (2.28)

Indeed, we can construct the matrix element using the following relations for

spin and angular momentum operators:

Le= gL+ L) Ly= (L~ L) (2.29)

S, = %(5; 48 S, = (5, —5) (2.30)
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L, and L_ are raising and lowering operators for the angular momentum
respectively and their action on a generic state with quantum numbers £, [, m

18:

Lithpim(r) = /11 + 1) —m(m + 1) me (r) (2.31)

The S, and S_ operators act on the spin in the following way:

S. 1) =0 (2.32)
Sell) =11 (2.33)
S_It) =11 (2.34)
S =0 (2.35)

Adding to these relations the others that are related to the z component of

angular momentum and spin:

szk,l,m(r> = mwk,l,m(r) (236)

Siy=3i Sl =—51 (2.37)

we can calculate element by element the SOC matrix.We assume h = 1 for
all the dissertation. Taking in consideration Eq. (2.29), we can rewrite the

Hamiltonian in this way:
1
Hsoc = /\[§(L+S_ +L_S;)+ L.S,] (2.38)

If we apply this operator to the representation of the d orbitals (2.17), the

Hgoc matrix which we obtain in the ¢y, subspace and in the
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{dyz TJ dyz \1/7 dmz T; dzz \l/; dwy T, dzy \l/} baSiS iS:

0O 0 2 0 0 -1

0 00 —2 1 0

. Al—=i 0 0 0 0 i
H = 5 (2.39)

0O 2 0 0 2 O

01 0 -2 0 O

-1 0 — 0 0 O

We can construct with the same procedure also the matrix which couples the

toy and the e, states:

0 =3 0 —i
V3 0 =i 0
o by 0 V3 0 -1
H%§g=§ (2.40)
-3 0 1 0
0 0 2 0
0 0 0 —2i

Here , columns of the matrix are written in the order { d.2 T,d,2 |, dy2_ 2 T,dy2_2 | }

basis, while the order of the basis of the ty, orbitals remains unchanged.

2.4.1 General remarks about the effect of spin orbit cou-

pling on d orbitals

SOC turns out to be a fundamental ingredient in determining the multiplet

structure of to; TM compounds. The study of the effects of SOC on these
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kind of compound has been carried on for a long time, as we have mentioned
in the Introduction, and currently we know that it is very different, depend-
ing on the class of TM that we consider.

In 3d TMOs, the Coulomb interaction is about U ~ 5 eV, the SOC energy
A ~ 20 meV [40]. The 3d states are not five-fold degenerate in a crystal and,
very often, TM ions are surrounded by six oxygen ions, making an octahedral
structure; here, the energy splitting within the to, and e, subspaces assumes
typically an intermediate value of the previous energetic scales. Since SOC
is smaller that the other energy scales, the electronic state is fully described
by a spin-only Hamiltonian and the Hund’s rule determines the ground state
value of L and S. In this picture, SOC is treated as a small perturbation,
which primarily can give rise to magnetic anisotropy [41]. Since the SOC
magnitude grows as Z* (see Eq. (2.8)), for 4d and 5d TM oxides it can play a
major role. 4d TMs are systems with less correlated wide bands, because of
the weaker electronic correlations compared to the 3d case. For the 4d TMOs
like ruthenates, where A ~ 0.1-0.2 eV, the situation is controversial:on one
hand, in band-structure calculations [42, 43| and in spin-sensitive photoemis-
sion [44] the effect of SOC is clearly observed; on the other hand, Dynamical
Mean Field Theory approach [45, 46] reveal that ruthenates are Hund’s met-
als and their magnetic behavior can be successfully described without taking
in consideration SOC. 4d TM ions naturally bridge two different regimes of
the strongly correlated 3d compounds and 5d compounds.

In 5d TM compounds, the situation is well-defined:5d orbitals are expected
to be more extended and the Coulomb interaction value is further reduced

compared to the 3d and 4d cases.Moreover, the typical value of SOC is A ~
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0.5 eV [47], so its effect cannot be neglected at all. 5d TMOs may possess
an unquenched orbital momentum which is rigidly tied to the spin direction
by the large intra-atomic SOC. In particular, in the case of a metal ion in an
octahedral environment (TMOg), an increasing experimental evidence indi-
cates that it is necessary to take into account a quite large SOC to achieve
the correct magnetic state within the ¢, manifold. As we have already dis-
cussed previously, the most dramatic example occurs in 5d iridates, where a
quite strong SOC changes the character of the multiplet:after splitting of the
energy levels due to CF, SOC further splits the to, orbitals with spin degener-
acy, thus reducing the magnetic state of Ir** to an effective Kramers doublet
with effective total angular momentum J.sr = % Conversely, the SOC in 543
osmium-based compounds can be treated perturbatively, although it is any-
how necessary to account for the SOC-induced anisotropy, which is essential
in the selection of the the magnetic ground state [48, 49, 50, 51].

Systems with active e, degrees of freedom offer a completely different play-
ground. As we have seen in the previous section,the orbital momentum is
fully quenched within these orbitals , hence SOC modifies the ground state
only via virtual processes involving the ty, orbitals and, therefore, acting
across the CF splitting. However, this effect may be considerably enhanced
in bd metal oxides containing TMO, tetrahedra, since the CF splitting nat-
urally favors the occupancy of the lower e, manifold. In addition, the CF
energy, although being the largest energy scale, is relatively small in size, as

stated by (2.18).
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2.5 Interplay between SOC and distortions in

a tetrahedral environment

2.5.1 Ideal tetrahedral symmetry

In order to understand the role that SOC plays on magnetism in TMO, tetra-
hedra, it is a good starting point to consider an ionic d! configuration having
spin S = %, where both the Coulomb interaction and the Hund’s coupling

within the d subspace are neglected. A schematic representation of the ideal

7 A

0=109.5°

Figure 2.5: Tetrahedral arrangement, where the TM ion is located at the
origin of the coordinate system and the angle formed by the edges of the
ideal tetrahedron is 109.5°

tetrahedral geometry is reported in Fig. 2.5, with a TM ion surrounded by
a cage of four O ligands. We firstly consider the equilibrium position of the
tetrahedron, which means that the angle between the edges of it is equal

to 109.5°. The energies of the d orbitals are affected by the arrangement of

the four negative charges leading to the CF splitting of the d levels into two
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different subspaces. The top three are the d.,,d,. and d,. orbitals, which

constitute the ty sector, while the bottom two are the d,2_,» and d,» which

)
span the e manifold (Fig. 2.6(a)).
The Hamiltonian is composed only by the two interaction terms which char-

acterizes our simplified scheme, which are the CF and SOC:

H = Hep + Hsoc = ) €ana + AL - S (2.41)

«

where « labels the d orbitals, €,, = €;. = €4y = €, and €22 = €,2 = €,

~y
stand for the on-site energies of the to and the e in the ideal tetrahedron,
respectively, and A is the positive SOC parameter. Furthermore, S is the spin
one-half operator while L is the angular momentum operator for a single elec-
tron in one of the five-fold degenerate d-orbitals, whose component are given
in (2.19),(2.20) and (2.21) in matrix representation. We have calculated in
(2.39) and (2.40) the contribution of SOC to the Hamiltonian, then we have

all the ingredients to construct the matrix representation of the Hamiltonian

(2.41) in the basis (dy. 1, dyz.|, ez 1y daz,y ey 1o Aoy gy Aoz gy Aoz s doz g2 gy da2 g2 )
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Ay 0 B2 0 0 -2 0 ¥ R
0 A 0 2 A g g B
—2 0 A 0 0 B oo ¥ o 2
T O N (R
0o 5 0 =2 A 0 0 0 ix 0

(2.42)
-2 0 =2 0 0 A 0 0 0 —iX
0 ¥R g ¥ g g 0 0 0 0
N (N (N (N 0 0 0
o 2 0 3 -—-ix 0 0 0 0 0
20 -4 0 0 ix 0 0 0 0

where A; = €, — €. is a positive constant measuring the energy gap between
the e and the ty orbitals. As it is evident from (2.42), the effect of SOC is
to produce an entanglement between spin and orbital degrees of freedom in
the electronic wavefunction;showever, in the case of a tetrahedral d! configu-
ration, the e manifold is constituted only by vanishing matrix elements. This
implies that SOC can have an effect on the e orbitals only at second order in
a perturbative expansion in Ait. The conditions of the specific case which we
are considering (strong SOC and modest CF) allow us to imagine that these
second order corrections may be relevant.

In order to bring out an effect of SOC on e orbitals, one can treat the SOC
term perturbatively, adding it as a perturbation to the Hamiltonian com-

posed by the CF energy terms. Considering the e subspace as the ground

state of the system, then e.=0 and ¢, = A;, we divide each terms of Eq.
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(2.41) by A, :
1 ~ A
~H=0= 2. 2.4
A d Ne + A, S (2.43)

note that here a = zy, xz and yz in light of the previous assumption. Now,
defining:
A

we perform a perturbative calculation on H in the parameter d, projecting
H in the e subspace through the Lowdin procedure (see Appendix B). The
result of the projection is that SOC produces an energy gain that grows

increasing 9:

AFEsoc = gAtéz + [53] (245)

This means that the e-to SOC matrix elements in (2.42) contribute with
an energy correction to the dominant energy scale that is proportional to
the ratio g—i and that is the same for each of the e orbitals. As a result, the
energies of the e levels have been modified by SOC correction, but they are
still degenerate. It is evident that there is an internal symmetry that SOC
is not able to remove. Conversely, the same procedure carried out in the to
subspace confirms that SOC splits the t, orbitals,which are characterized by
an unquenched projection of L. The evolution of the energy levels obtained
by diagonalizing the matrix of Eq.(2.42) is schematically shown in Fig. 2.6(b):
as one can see, the SOC affects neither the degree of degeneracy nor the
hierarchy of the lower four-fold degenerate levels. We point out that, as a

consequence of the spin-orbital mixing provided by the SOC, a non-vanishing
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orbital angular momentum arises, which is fully isotropic. Therefore, the

(a) (b)
CF SOC J=5/2
—_— —_— _ - — — —
tz - e
— . é 52
= A\
e \"‘
T -
J=3/2

Figure 2.6: (a) Shift of the e, orbitals with respect to the ty ones by A;. (b)
Evolution of the energy levels in presence of SOC

effect of SOC on e orbital in the ideal tetrahedron symmetry is simply an

alteration of their energy, because they remain fully degenerate.

2.5.2 Tetrahedral distortions

Distortions of the tetrahedral structure may have a role, because they can
lead to a symmetry lowering and also magnetocristalline anisotropy. Al-
though these are second-order effect, they are not completely negligible. It is
a good starting point to consider the interplay between SOC and the tetra-
hedral distortions and how they affect the spin-entangled ground state. In
doing that, we will assume that the tetrahedron is firstly deformed as to
remove the orbital degeneracy and then achieves a new lower energy ground
state. Then, we proceed starting from the limit of zero spin orbit coupling
to investigate how the energy levels are affected when we turn on the spin

orbit interaction.
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As reported in detail in Appendix C, a generic tetrahedron has nine normal
modes, classified according to the symmetry of the tetrahedron.We consider
a local deformation related to a specific static normal mode, that can be
obtained by varying the O-TM-O angle without affecting the TM-O length,
which is left as a free parameter. It is possible to visualize these deformations
as a squashed or a squeezed tetrahedron along the z direction, depending on
the variation of the angle 6 between the edges of the tetrahedron respect to
the ideal angle (see Fig. 2.7). These distortions, which are attributable to
the static Jahn Teller effect, induce a partial lifting of the orbital degeneracy
even in the absence of SOC. In particular, we expect that the configuration
in which the tetrahedron is squashed, which means that the variation of the
angle is 00 > 0, supports energetically the orbitals which have an apical
component instead of planar one, while for a squeezed tetrahedron, in which
00 < 0, it is the contrary. To get an estimate of the modified on-site ener-
gies E,, we calculate the potential energy that the d' electron, treated as a
point charge located at the origin, experiences because of four negative point
charges located at the O sites. It is well-know that the potential acting on a

TM ion from the surrounding ligand ions is given by:

Vi)=Y Za (2.46)
r) = _ .

: ’I‘ — R1’
where r is the position vector of the TM ion, R; and Z;e are respectively the
position vector of the i-th ligand ion and its charge. This potential is called
CF potential. We calculate its value for a distorted tetrahedral structure,

using then the position vectors assumed by ligands after the distortion. For
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this reason, we have written the potential and the position vectors in spherical
coordinates and we have used the expression of the Laplace expansion for the

inverse distance between vectors r and R; [36]:

! !

1 > 47T m r o o .
RS gyt o R ) (24D
! >

=0 m=—

where r has coordinates (r, 0, ¢) and R; has (1,6, ¢'), with homogeneous
polynomials of degree [ in (x,y, 2); r< and r~ are respectively the smaller and
larger of r and R; and the function Y;” represents a normalized spherical
harmonic function. In this way, we obtain an expression for the potential
in the distorted structure we are dealing with. In order to calculate the CF
energy levels arising from our distorted tetrahedral structure, we have to

evaluate the following integral for each orbitals:

E, = /\I/*(r,ﬁ,go)V‘I/(r,Q,cp)rQ sin Odrdfdy (2.48)

where U(r, 6, ) are the wavefunctions of the d orbitals (2.17) written
here in spherical coordinates. By evaluating the averages of the potential
over the d orbitals, we obtain the dependence on the deviation angle of the
on-site energies, which are reported in Fig.2.7; note that the energies of the
levels are rescaled at the ground state energy and renormalized to the value
of A;.

From Fig. 2.7, it is evident that tetrahedral distortions have opened a gap

in the e and ty subspace. For positive deformations, reported on the right
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Figure 2.7: Energy levels arising for squeezed (left) and squashed (right)
tetrahedra along the z direction as a function of the deviation dy from the
ideal position constituted by an angle of § = 109.5°. E¢ is the ground state
energy.

of Fig. 2.7, the ground state of the system is constituted by the d.2 orbital,
while for negative deformations which are on the left of Fig. 2.7, the lower
energy level is the d,2_,» orbital, as we expected. The gap which emerges in

the e and t, subspaces is not of the same amount in the two regions and it

is not symmetrical, as one can see evidently in Fig. 2.8.
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Figure 2.8: Evolution of the energy gap in the e and t, subspaces as a function
of deviation dy from the ideal position.

We have then demonstrated that, in the case of both squashed and
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squeezed tetrahedra, the degeneracy in the e subspace is lifted. When the
tetrahedron is squashed, the d,2 orbital is shifted lower with respect to the
d,2_,2 one by an amount A., while when the tetrahedron is squeezed the op-
posite ordering occours. In the ty sector, an energy gap A,, separates the d,,
orbital from the manifold of degenerate d,, and d,. ones. The relative ratio
Ay, /A, is always greater than 1 in both regions and raises up to several units
when the deformation angle increases. Hereafter, we use the ratio Ay, /A, to
parametrize the degree of distortion instead of the angular deviation §6.
The competition between the SOC and the tetrahedral distortions is ana-
lyzed in the following, for the particular case of squashed tetrahedra. We use
a typical value of A./A; = 0.2 and follow the evolution of the lowest energy
eigenvalues as functions of A\/A; and A, /A.. This evolution is reported in

Fig. 2.9.

A/A; =0 A/A =0.1 A/A.=0.2

04 \ 04 T4 +50

~—
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E0.0 00 0.0 =1.3Ae ¢ \ p
-02 02 02
’ - 4 5 6 7
2 Ay
A,

Figure 2.9: Lower energy levels emerging by the interplay between SOC and
CF splitting as a function of the ratio between the gaps opened by distortions
in the e and t, subspaces.



2.5 Interplay between SOC and distortions in a tetrahedral environment 46

We observe that the original gap A, due to distortions is amplified by the
SOC and grows both with the ratio A;, /A, and with A\/A; and it increases by
an amount ~ 1.3A, for a squashed tetrahedron and by ~ 1.4A, for a squeezed
one, as is more evident in Fig. 2.10, where the energy difference among the
e orbitals in presence of distortions as a function of the ratio between the

"intra" CF splittings for different value of the ratio A% is reported.

0.30
0.28

A/A =0.05

Figure 2.10: Evaluation of the energy difference AE among the two lowest

eigenvalues of Fig.2.9 for various values of the ratio A%

We deduce that, in the presence of tetrahedral distortions, SOC can play
a relevant role in setting the energy gap among the lowest energy levels that
are involved in the exchange processes. The hierarchy of the lowest energy
levels that are involved in the magnetic exchange is strongly affected by
SOC and, due to the symmetry breaking in the orbital space, the emerging
angular momentum is highly anisotropic due to the preferential action of the
L, and L, components over the CF-selected d.» ground state, as reported in

Fig. 2.11.
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Figure 2.11: Evolution of the local angular momentum components in pres-
ence of SOC and deformation

2.6 Summary and conclusion

In this chapter, a brief overview of the CF theory in d orbitals and general
remarks about the effect of SOC in TM oxides was provided. In particular,
we have analyzed the effects of a large SOC on the magnetic state of a d!
TM ion located in a tetrahedral environment. Our results show that in the
ideal tetrahedral symmetry SOC acts only as a perturbation on the atomic
energy levels, set by the CF splitting. Instead, its effects are strongly en-
hanced in the case of distorted geometries. We have considered the specific
case in which the tetrahedron is compressed along the z direction and we
have shown that moderate values of the ratio A% can be considered as source
of unquenched angular momentum in d! systems with tetrahedral coordina-
tion. The interplay between SOC and CF parameters may enhance the gap
within the set of lowest energy levels in the presence of tetrahedral distor-

tions and leads to magnetic anisotropy.This mechanism is expected to play a

relevant role in the magnetic exchange processes of heavy TM oxides in the
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d! configuration.
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Chapter 3

KOsO, as a case of study

In Chapter 2, we have seen that there is the possibility to strongly enhance at
the tonic level the quantum effects of SOC on the e manifold in 5d TMOs oz-
ides containing TMO, tetrahedra. We have shown that in a d* configuration
SOC produces an additional symmetry lowering in presence of a distorted
tetrahedral structure. This can lead to an unquenched orbital angular mo-
mentum and can affect the hierarchy of the lowest energy levels.

In this chapter, we consider the specific case of the KOsO, compound to in-
vestigate the competition between strong electron correlations, SOC and tetra-
hedral deformations in the nominally e' configuration of the Os™" ions. In
this study, we refer to ab-initio calculations based on first-principles Density
Functional Theory (DFT) which are reported in Ref. [52]. We characterize
the nature of the spin/orbital exchange by performing exact diagonalization
(ED) calculations on a two-site cluster and using DF'T results as input mi-
croscopic parameters of the Hamiltonian. The results show that the SOC

is assisting the formation of an AFM ground state but, at the same time,

49



3.1 Ab initio study of KOsOy 50

s responsible for the appearance of a non-vanishing orbital momentum and
of a magnetic in-plane and out-of-plane anisotropy. Hence, an entangled
spin/orbital state, marked by anisotropic exchange, emerges in a suitable
realistic region of interaction parameters. We also show that, due to the pe-
culiar interplay between SOC, Hund’s coupling and hopping connectivity, the
system s on the verge of developing short range ferromagnetic correlations

(FM) marked by strong directionality.

3.1 Ab initio study of KOsO,

In this section, we summarize some results, which have been obtained via ab
initio downfolding approach, concerning the on-site energy levels and hop-
ping parameters of KOsQOy. These first-principles density functional theory
(DFT) calculations have been performed by using the VASP [53] package. As
explained in Ref. [52], the core and the valence electrons were treated with
the Projector Augmented Wave (PAW) method [54] and a cutoff of 400 eV
for the plane wave basis. All the calculation are performed using a 12x12x6
k-point Monkhorst-Pack grid [55]. For the treatment of exchange-correlation,
the Local Spin Density Approximation (LSDA) and the Perdew-Zunger|56|
parametrization of the Ceperly-Alder[57] data has been considered. In all
cases, the tetrahedron method with Blochl corrections|58] was used for the
Brillouin zone integrations. The internal degrees of freedom are optimized
by minimizing the total energy to be less than 107 eV. After obtaining the
Bloch wave functions in density functional theory, the maximally localized

Wannier functions (MLWF) [59, 60| are constructed using the WANNIER90
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code[61]. To extract the character of the electronic bands at low energies, the
Slater-Koster interpolation scheme was used. Such an approach is applied
to determine the real space Hamiltonian matrix elements in the maximally
localized Wannier function basis.

As a second step, to catch the insulating phase, the Hubbard U effects on the
Os sites were included within the GGA+U [62] approach using the rotational

invariant scheme proposed in [63].

3.1.1 Crystal structure

Both susceptibility and specific heat measurements indicate that KOsO,
compound is a Mott insulator |64]. It has been often synthesized from a
mixture of KOy and Os metal as a precursor for preparation of the supercon-
ductor KOsyOg [65], but further investigations of its physical properties are
lacking to date. KOsO, crystallizes in a tetragonal scheelite-like structure
(space group: I4;/a, No. 88) [66] schematically reported in Fig. 3.1, with
lattice parameters a = 5.562A and ¢ = 12.664A. The scheelite structure
consists of isolated tetrahedra OsOy4, which are quite well separated. In this
compound, the Os atoms sit at the 4a sites (0, iv %), while the O atoms lie
on the 16f sites (0.1320,0.0160,0.2028). Moreover, the tetrahedra are quite
distorted, namely the O-Os-O bond angles are 114° or 107° while the ideal
angle for a regular tetrahedron is 109.5° [64]. The S = 1/2 spins reside on

the sites of an elongated diamond sublattice.
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Figure 3.1: Schematical structure of KOso,, consisting in isolated tetrahedra
which are quite distorted

3.1.2 Electronic parameters for the paramagnetic phase

We report here the calculation in the paramagnetic (PM) phase at U=0 to
have the bare electronic structure. We specify that the (z,y) plane is rotated
by an angle § = 73.3° with respect to the (a,b) plane of the crystal unit cell
and that the on-site energy of the d.» orbital is assumed as zero. Ab-initio
calculations show that the energy of the d,2_,2 orbital with respect to the
ground state z? is 99 meV, the energies of d,, and d,. orbitals are equal
to 1446 meV, while the energy of the d,, orbital is 1837 meV, as reported
in Table 3.1. It is evident that the d.2 sector is separated in energy from

the d,2_,2 orbital by and energy gap of ~ 100 meV; the degeneracy in the

—y
e manifold is lifted by the deformation of the OsO, tetrahedra, namely the

compression along the z axis. This distortion is related to the Jahn Teller
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Table 3.1: On-site energy of the Os atoms in the PM case. The on-site energy
of the 3z%-r*-like WF is set to zero. €5 is the energy on site for the orbital a.
The unit is meV.

xy |x%y?| xz vz | 3z°-1°
Xy 1837 0 0 0 0
x2-y? 0 99 0 0 0
X7 0 0 1446 0 0
yz 0 0 0 1446 0
3721 0 0 0 0 0

effect.

Hopping parameters along the xz direction are reported in Table 3.2, while
the hopping parameters along the yz direction are reported in Table 3.3 . We
indicate them with ¢, which stands for the hopping integral between the
orbital p at the site 1 and the orbital v at the neighboring site 2. Hopping
amplitudes along different bonds are all equal in magnitude, but can have
opposite sign, that changes according to the symmetries and the rotation by
90° degrees that exchanges x and y (see Table 3.2 and 3.3). We also remark
that ab-initio calculations in [52| show that the hopping is mostly between
nearest neighbors, the largest second neighbour being the d,2_,2/d,2_,2 along
x or y, which is estimated around 30 meV. The distance Os-Os for the second-
neighbour is 5.562%01, enough to neglect all other hopping terms.

Ab-initio calculation in the magnetic phase, where the FM and the AFM
behavior is simulated, have been done [52| and the energy difference AE =
Ery — Eappy between these two magnetic phases per Os atom is also re-
ported. Results are shown in Fig. 3.4. The energy difference turns out to

increase as a function of the Coulomb repulsion U and to decrease as we
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Table 3.2: Hopping integrals between the nearest-neighbor Os atoms in the
PM case. Hopping integrals t‘fzﬁ from the site 1 with orbital a to neighboring
site 2 with orbital 8 along the zz direction. The center Os site has coordinates

(0.500, 0.250, 0.375). The Os site NN1 has coordinates (0.000, 0.250, 0.125).
The energy unit is meV.

xy |x%-y?| xz | yz | 3z%r?
Xy 65 83 -40 | 55 | -138

x2y? | 83 35 | -123 | 27 3
X7 -40 | -123 4 | -28 29
vz 25 27 -28 | 50 =37

3z°-r? | -138 3 29 | -37 95

Os (0.5,0.25,0.375)
Os (0.0.25,0.125) o

%

z

Figure 3.2: Representation of the nearest-neighbor Os atoms of Table 3.2

Table 3.3: Hopping integrals between the Os atoms for the nearest-neighbor
in the PM case. Hopping integrals t?z’ﬁ from the site 1 with orbital o to
neighboring site 2 with orbital g along the yz direction. The center Os
site has coordinates (0.500, 0.250, 0.375). The Os site NN4 has coordinates
(0.500,-0.250,0.625). The unit is meV.

xy | x>y | xz | yz | 3z°r?
Xy 65 83 | -55 | -40 138

x%-y? | 83 35 | -27 | -123 -3
XZ -5 | <27 | 50 | 28 -37
vZ -40 | -123 | 28 4 -29

3z%r? | 138 | -3 | -37| -29 55
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Figure 3.3: Representation of the nearest-neighbor Os atoms of Table 3.3

increase the Hund’s parameter Jy. In the range of suitable Jy for the Os
atoms, and for the characteristic value of U=2 eV implemented in this calcu-
lation, the system is always an antiferromagnet with low Néel temperature
but, according to these calculations, AFE varies from 12-13 to 8-10 meV, for
Jg varying from 0 to 500 meV: this reduction of AFE suggests that the system

the system may evolve towards a FM state.
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Figure 3.4: Energy difference per formula unit as function of Jy with SOC
(green line) and without SOC (red line). The magnetic energy scale is com-
parable with the spin orbit energy scale in a wide range of the parameters U
and Jpg.
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3.2 Hamiltonian model and Exact Diagonaliza-
tion

DF'T calculations presented in the previous section revealed that KOsOy4 has
two lower e bands that are split by the tetrahedral deformation and con-
nected via effective hopping amplitudes, which are weak among homologous
channels. In such limit, the emergence of an AFM ground state is understood
in terms of a superexchange picture favoring AFM correlations among the 22
bands on the bipartite lattice of the Os ions. As we have seen in the previous
chapter [67], the atomic SOC, in presence of a squashed tetrahedral deforma-
tion, acts as a source of additional symmetry lowering for SOC-induced lower
bands. This interplay is expected to assist the formation of a stronger AFM
phase, due to the amplified energy gap among the lowest energy effective 22
and 22 — y? bands.

However, this tendency can be counteracted by the non-trivial interplay be-
tween SOC, CF energy and non-vanishing hopping amplitudes, which are
dominated by the off-diagonal sector connecting the e and t, sectors.

The Hamiltonian model we have chosen in order to investigate this interplay

is a multi-band Hubbard model with the addition of a SOC term



3.2 Hamiltonian model and Exact Diagonalization o7

H=U Z Nyt Mg, + Z ,tw - MV)anW + Z Eulip

1,u<v i
=23 JuwSiu - S+ Y Juldlydl, diydiy + dfydl, iy diyg)
1,u<v US>V
Y tuddj+he) = > tuldldy, +he)+AL- S
(EaVT 1), uFv

(3.1)

where ¢ and j stand for the site indices, p and v denote the orbitals and
d;;, is the annihilation operator for an electron located at the site i in the
orbital p. U parametrizes the on-site intra-orbital Coulomb repulsion, U;/u/
the on-site inter-orbital Coulomb repulsion between orbitals p and v, J,,, the
Hund’s coupling between electrons located in different orbitals at the same
site, €, the on-site energy for an electron occupying the orbital p. Finally, ¢,
is the nearest-neighbor orbital-conserving hopping integral for the orbital p,
ftvlw is the nearest-neighbor hopping integral between orbitals y and v. The
last term in (3.1) represents the spin-orbit interaction with coupling constant
A, L and S being the total orbital angular momentum and spin operators,
respectively. The exact relation, dictated by the full symmetry in the d
orbital space:

U=U,+2J., (3.2)

has been considered. Furthermore, the cartesian components of the or-

bital angular momentum L of a d-electron, already written in matrix form
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in Chapter 2, are expressed by:

L, = V3id).d.» +i(d}.dy2_2 — di.dy,) + hec. (3.3)
L, = —V3idl.d.2+i(dl.coy + dl.dy2_2) + hoc. (3.4)
L. = —i(dl dy, +2d},dy_2) + h.c. . (3.5)

We perform an exact diagonalization (ED) study of the following Hamilto-
nian on two sites (7, j = 1, 2) for a Os d' configuration on each site, analyzing
the evolution of the relevant correlation functions and the magnetic (spin and
orbital) order parameters as functions of SOC A to characterize the magnetic
exchange regimes and the occurrence of magnetic anisotropy.

We use the DFT results of previous section as microscopic parameters of the
Hamiltonian: hopping integrals along the zz direction of Table 3.2 are t,, and
t,., and on-site energies of Table 3.1 are £,,. Concerning the others, according
to Ref. |68], we can express U, U,, and J,, in terms of Racah parameters

A, B and C. The value of the intra-orbital Coulomb repulsion U is identical

for all the orbitals and it is given by:

U=A+4B+3C (3.6)

We have chosen U = 2 eV, which is a reasonable value for 5d transition
metal oxides [69, 70]. On the other hand, the inter-orbital Coulomb repulsion

U, and the Hund’s coupling J,,, are anisotropic, so their value depends on
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the involved orbitals. The value of the Hund’s coupling for each pair of
orbitals is given in Table 3.4 in terms of the Racah parameters, while we
have used Eq. (3.2) for the inter-orbital Coulomb repulsion.

Table 3.4: Interorbital exchange parameters J,, as functions of Racah pa-
rameters B and C

Xy V7 X7 x?-y? | 3z%-1?
Xy 0 3B+C | 3B+C C 4B+C
V7 3B+C 0 3B+C | 3B+C | B+C
X7 3B+C | 3B+C 0 3B+C | 3B+C

x2-y? C 3B+C | 3B+C 0 1B+C

3z*r* | AB+C | B+C | B+C | 4B+C 0

We choose to parametrize the orbital dependent J,, in terms of the pa-
rameter Jy, which is referred to the Hund’s coupling among ¢, orbitals. For
our ED calculations, both theoretical [71] and experimental results [72] in-
dicate that Jy = 0.3 €V is a realistic value for 5d TM ions. In addition, we
have considered a typical value of the ratio C/B relative to transition metal
ions [73]; these two elements allow us to determine the Hund’s coupling
(Table 3.4) and the inter-orbital Coulomb repulsion (Eq. (3.2)) for each pair
of orbitals[68], then we can evaluate the following quantities (local electronic
density and charge correlations, spin and orbital moment, spin and orbital

correlations) as functions of SOC diagonalizing the Hamiltonian of Eq. (3.1).
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Figure 3.5: Local density charge (left) and charge correlations (right) as
function of SOC

3.3 ED results

3.3.1 ED results for local electronic density and charge

correlations

In Fig. 3.5, we report the local electronic density (n,) (left panel) and
charge correlations (n,2n,) (right panel) as function of SOC. Charge is pre-
dominantly in the z? orbital, this is the reason why we choose to reproduce
the correlations of this orbitals with the others. Local density is smoothly
reduced from the integer value < n,» >=1, in the absence of SOC, to a not-
integer value, which is around 0.9 at A = 300 meV, by the small unquenched
local angular momentum. Weak correlations with 2z and yz orbitals emerge

at A ~ 150 meV and these become a little stronger increasing .

3.3.2 ED results for spin and orbital moment

In Fig. 3.6, we report the squared spin components per site <S§> (left panel)

and squared orbital components per site <L3Y> (right panel) as functions of
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Figure 3.6: Squared spin components per site <S§> (left) and squared orbital
components per site <L3> (right) as functions of the SOC A, with Jg = 0.3
eV

A for Jg = 0.3 eV. The system has a fully isotropic spin without SOC:
all components are equal and their value is slightly smaller than 0.25 due to
quantum fluctuations. This outcome is expected due to the unlifted Kramers
degeneracy at each Os site. As regards instead the angular momentum, the
quantum number L = 2 imposes a sum rule to the squares of its components
(they sum up to 6), the z and y components assume very close values (they
just feel the differences between the homologous hopping integrals) and the
z component is completely quenched, due to the favorable occupation of the

d,2 orbitals.

3.3.3 ED results for spin and orbital correlations

In Fig. 3.7, we report the spin correlations (Si,S2,) (left panel) and the
orbital correlations (L~ Lo,) (right panel) between homologous components
at the two sites as functions of A for Jy=0.3 eV. The spin correlations are

isotropic and antiferromagnetic for A = 0: in these conditions, the system
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Figure 3.7: Spin correlations (S;,52,) (left) and orbital correlations (L, Lo, )
(right) between homologous components at the two sites as functions of the
SOC X with Jg = 0.3 eV

reproduces the conventional S = % Heisenberg antiferromagnet. On increas-
ing A\, a strong anisotropy is induced. In the physical realistic regime of
200 meV< A<300 meV, spin correlations are slightly canted along the z di-
rection. This feature is indicative of the SOC-induced anisotropic behavior
of the AFM in-plane/out-of-plane spin-correlations, which develops together
with weak AF orbital correlations among the modest activated orbital angu-
lar momentum.

It is also important to point out that, increasing A, ferromagnetic (FM) spin
correlations appear in the y and z components and the in-plane symmetry
is completely broken with the x component of the spin correlations staying

antiferromagnetic.
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Figure 3.8: Spin correlations (S;,52,) (left) and orbital correlations (L1, Lo, )
(right) between homologous components at the two sites as functions of the
SOC X with Jy = 0.3 eV and with £,, .» = 0 eV

3.4 The role of the hopping parameters and the
Hund’s exchange

In order to analyze the microscopic mechanism that triggers the proximity to
F'M correlations, we perform an analysis in the space of the hopping param-
eters and singled out the dominant role played by the biggest among the e-t,
parameters in Table 3.2, namely t,, .- = —138 meV, in setting M correla-
tions. If the ¢,, .- is assumed to be vanishing, the quantum phase transition
is suppressed and one gets canted AFM correlations, as we can see in Fig.
3.8, where we report spin (left) and orbital (right) correlations as a function
of SOC assuming t,, .> = 0 meV.

On the contrary, in the presence of substantial SOC and Hund’s coupling,
this parameter greatly enhances the FM exchange gain associated with the
virtual transitions djd; — djd; — d}d} from and towards the majority
orbital d,2 through the ty orbital intermediate state, where the orbital an-

gular momentum is unquenched and the SOC and Hund’s energy gain are
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Figure 3.9: Spin correlations (S;,52,) (left) and orbital correlations (L, Lo, )
(right) between homologous components at the two sites as functions of the
SOC X\ with Jy = 0.3 eV along the yz direction
maximized. The bonding direction also contributes to the final result: if we
change the hopping direction, which means that we use the hopping parame-
ters along the yz direction reported in Table 3.3 instead of those of Table 3.2,
the x and y components of all the physical quantities get reversed. In order
to give an evidence of that, we report in Fig. 3.9 the ED results for spin and
orbital correlations as function of SOC substituting in the Hamiltonian the
hopping parameters along the yz direction; if we compare this figure with
Fig. 3.7, it is evident that this change does not alter neither the qualitative
picture nor the quantitative behavior of the physical quantities, if not for the
fact that = and y components have exchanged their trend. Such spin cor-
relations are very peculiar and prefigure a link between the bond direction
and the sign (FM-AFM) of the exchange coupling per spin component that
reminds a Kitaev-type of coupling where all components are active at the
same time.

We have also analyzed the evolution of the characteristic value of A setting

the quantum transition from the AFM to the anisotropic FM phase, which
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Figure 3.10: Spin correlations (S1,52,) (left) and orbital correlations
(L1yLay) (right) between homologous components at the two sites as func-
tions of the SOC \ with Jz=0.4 eV

turns out to be rescaled to lower values by increasing the Hund’s coupling, as
shown in Fig. 3.10: here, we choose the value Jy = 0.4 eV and the transition
occurs at smaller value of SOC (A ~ 180 meV) than the previous case.

This means that the Hund’s exchange endorses the effect of the SOC: on
increasing the value of Jy, the anisotropy occurs at smaller value of X\ and it
is definitely more pronounced.

Such feature reveals an interesting competition among the different quan-
tum configurations contributing to the ground state in systems where those

energy scales are actually comparable.

3.5 Summary and conclusions

We have analyzed the consequences of a substantial SOC with respect to the
appearance of a non-vanishing orbital momentum and a magnetic anisotropy
in the KOsOy4. Ab-initio calculations confirm that this compound is an inter-

esting case of study, since the CF splitting is modest respect to the typical
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value of the SOC fo 5d TM ions. Distortions are an essential ingredient, be-
cause SOC has a relevant effect on the lowest e energy levels only if they are
not degenerate [67]. We have used the DFT results as microscopic parame-
ters for the Hubbard Hamiltonian which describes the system. Then, we have
performed an exact diagonalization of this Hamiltonian, analyzing the evo-
lution of relevant static correlators and magnetic order parameters in order
to characterize the magnetic exchange regimes and the occurence of mag-
netocrystalline anisotropy. It turns up that an entangled spin/orbital state
emerges, characterized by an AFM phase with a non-vanishing orbital an-
gular momentum and anisotropy among the in-plane and out-of-plane AFM
correlations. In addition, we have demonstrated that SOC plays an active role
in setting the boundary between AFM and anisotropic partially-FM corre-
lations, which emerges bond-direction dependent. We demonstrate that this
proximity, in a system like KOsQy, is driven by the interplay between sub-
stantial SOC and Hund’s exchange, and by the hopping connectivity across
e-to orbitals. To this end, the actual values of the Hamiltonian parameters
are crucial. In particular, the Hund’s exchange amplifies the effect of the

SOC: on increasing the value of Jy, anisotropy occurs at smaller value of .



Chapter 4

Symmetry-protected nodal

semimetal in layered systems

In this chapter, we consider an ideal trilayer structure that reminds Ruddlesden-
Popper-type compounds, consisting of an almost isolated building block of
three heavy TM ions stacked along the z direction. The unit cell is char-
acterized by a low connectivity, which allows to emphasize the local energy
scales and particularly the effect of the intrinsic SOC. The study is inspired
by the possibility to realize structures which are almost disconnected. This
requirement can be realized by considering, for example, systems in which the
TM-anionic blocks have not a direct corner or edge sharing configuration.
SrpLaq1-2)Ir1 024 (SLIO) compounds are good candidate for this purpose:
the structure and the magnetic properties of such new iridate compounds
have been very recently reported [7}], where the d-electrons count of Ir can
be tuned continuously from 5d&° (Ir**) to 5d* (Ir""). The IrOg octahedra

in SLIO are rather isolated from each other and from other TM elements,
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thus minimizing itinerancy. Another path to low kinetic energy is provided by
double-perovskite platforms. In general, a double-perovskite material presents
two different atoms alternating at the center of the octahedra. Therefore, in
the case of a 5d" atom and one with d° electronic configuration, the con-
nectivity is reduced, enhancing the electronic correlation. The Hamiltonian
model we address possesses several symmetries: besides the time-reversal and
the spatial inversion symmetries, which determine the Kramer’s degeneracy
of the energy levels, the peculiar structure of the trilayer allows an additional
symmetry, namely a layer-interchange symmetry. As a consequence, non-
trivial topological aspects emerge. By analyzing the evolution of the energy
bands, as a function of the microscopic parameters of the model, we verify
that symmetry-protected nodal lines arise from the crossing between bands
belonging to different layer-interchange symmetry sectors. This analysis may
be considered as the starting point for the search of novel topological nodal
semimetals, protected by layer-interchange symmetry. We also investigate
how the topology of these nodal line changes in the momentum space, by sim-
ulating different crystal field local environments and in the limit of weak and
strong SOC regime. We identify several kinds of transitions between different
topological configurations,characterized by a modification of the shape of the

nodal lines .

4.1 Symmetry in topological semimetals

The understanding of topological states of matter has grown enormously in

recent years |75]. Topological phases represent new kinds of orders which are
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beyond the Landau-Ginzburg paradigm which characterizes different states
of matter by the symmetry that they break. There is no local order pa-
rameter for topological states of matter, and they distinguish from other
phases by the nontrivial topology in their quantum wave functions, which is
usually measured in terms of a quantized topological invariant |[76]. One of
the most striking consequences is the existence of protected gapless surface
states, which are insensitive to small perturbations unless passing through a
quantum phase transition which destroys the nontrivial topology.
Symmetry also plays an important role for the topology of a quantum state,
but not in the way it is intended in symmetry breaking theory. Namely, there
exist symmetry protected topological (SPT) phases whose nontrivial topol-
ogy relies on the presence of symmetries |77, 78, 79]. The most well-known
case is represented by topological insulators induced by strong spin-orbit
coupling, which represent a classic example of topological band insulators
|8]. In these systems strong spin-orbit interactions open up a bulk band gap
and give rise to an odd number of band inversions, thereby altering the wave
function topology. The nontrivial wave function topology manifests itself at
the boundary as an odd number of helical edge states or Dirac cone surface
states, which are protected by time-reversal symmetry [80] .

In making a distinction between spin-orbit-induced topological insulators and
ordinary insulators, time-reversal symmetry is crucial. However, SPT quan-
tum states can also arise from spatial symmetries, i.e., symmetries that act
non locally in position space, such as rotation, reflection, or other space-group
symmetries [81].This aspect is particularly relevant when one wants to inves-

tigate the topology of non fully gapped nodal systems, such as semimetals
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and nodal super-conductors, where the bulk gap closes at certain points in
the Brillouin zone (BZ). Nodal systems can exhibit nontrivial band topology.
For example, topological semimetals are defined as systems where the con-
duction and the valence bands cross each other in the Brillouin zone, and the
crossing is non-accidental, i.e., cannot be removed by perturbations on the
Hamiltonian without breaking any of its symmetries. In those systems, sym-
metry enforces multiple bands to come together and to become degenerate
at a point or along a line in momentum space. In the former case, they are
classified as Weyl semimetals [82, 83] and Dirac semimetals [84], that have
been intensively studied in theory as well as in experiment. In the latter case,
the curve where the bands cross is called a nodal line [85], which may either
take the form of an extended line running across the BZ, whose ends meet at
the BZ boundary [86], or wind into a closed loop inside the BZ [87], or even
form a chain consisting of several connected loops (nodal chain) [88]. Topo-
logical semimetals with such line band crossings are called topological nodal
line semimetals (TNLSM). The stability of these lines is preserved by the
symmetries, especially in systems which present SOC [89]; indeed, TNLSM
can be protected by non-spatial symmetries (i.e., time-reversal or particle-
hole symmetry) as well as spatial lattice symmetries, or a combination of the
two [86]. A schematic illustration of different topological semimetals is given
in Fig. 4.1, taken from Ref. [90]. We specify that the previous description
is not exhaustive. Several proposal of topological semimetals have shown
other possibilities for band degeneracies, stemming from topology. In these
cases, a band gap closes at generic k points and this closing originates not

from symmetry, but from topological reason [91]. However, in our case of
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(a) Dirac semimetal (b) Weyl semimetal

X

(c) Nodal line semimetals

Figure 4.1: Schematic illustration of Dirac node, Weyl node and Nodal line/
ring in momentum space. (a) Schematic of a Dirac semimetal where the
bands are linearly dispersed around the Dirac point.(b) Weyl semimetal, in
which the Weyl points with opposite chirality are connected by the charac-
teristic Fermi arc. (c) Nodal line semimetals where valence and conduction
bands cross along special lines in momentum space forming either a ring-
shaped line or 1D line, shown by the green circle/line. [90]

interest symmetries represent a crucial element in order to identify the band
crossings. TNLMS may be classified by the behavior of the nodal lines on a
symmetry-related plane in the BZ. More generally, different configurations of
nodal lines are associated with the topology of Fermi surface, and the tran-
sitions between them can be understood as Lifshitz transitions. Originally
[.M. Lifshitz [92] introduced the topological transitions in metals, at which
the connectedness of the Fermi surface changes. Very recently, they have
been applied to TNLSM where a plethora of transitions may be found [93],

describing the sudden change of the topology of the Fermi surface between

a variety of topologically non equivalent configurations. A schematic illus-
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tration of a Lifshitz transition is given in Fig. 4.2, taken from Ref. [93].
8 b

d

Figure 4.2: An example of a series of Lifshitz transitions with formation and
evolution of the flat bands near the saddle point of a 2D spectrum [93]

In this thesis work, we consider a specific problem based on a noninter-
acting Hamiltonian in presence of intrinsic spin-orbit coupling, describing a
trilayer structure, that reminds Ruddlesden-Popper-type compounds, which
consists of an almost isolated building block of three heavy TM ions stacked
along the z direction. The unit cell is characterized by a low connectivity,
which allows to emphasize the local energy scales and particularly the ef-
fect of the intrinsic SOC and CF splitting, which cooperate in lifting the
orbital degeneracy. Besides the time-reversal and the inversion symmetries,
which determine the Kramer’s degeneracy of the energy levels, the pecu-
liar structure of the trilayer is responsible for another symmetry, defined as
layer-interchange symmetry, which allows to attribute an additional quan-

tum number to the energy levels. In the presence of such symmetries, it is
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expected that crossing between bands that have different quantum numbers
may occur, which are symmetry protected. On the contrary, in case of no
additional symmetry is present, bands with the same quantum numbers hy-
bridize with each other and maintain a gap in-between, through a mechanism
known as the band repulsion . In our study, we analyze the quantum phase
transitions at which the topology of the energy spectrum changes as a func-
tion of the microscopic parameters. In our case, this is easily realized through
the tuning of the microscopic tight-binding parameters and the dominating
local energy scales set by the CF and SOC. In the specific, we explore the
locus of band-crossing momenta over the BZ, without fixing the filling. We
show that symmetry preserving topological transitions are possible, through
which independent nodal lines can be connected, disconnected, or linked.
Here, the term "topological" is referred to the emerging nodal structure of
the analyzed system, as we will explain in detail. Our work constitutes
an heuristic approach for the search of novel topological nodal semimetals,
protected by layer-interchange symmetry. In addition, the exploration from
weak up to strong SOC regime may help to scan different topological phases,
where nodal lines are either fully gapped or gapped into several nodal points.
We specify that the following study constitutes a preliminar analysis of the

model, in which ideas for further investigations can be found.

4.2 Trilayered structure and Hamiltonian model

The Ruddlesden-Popper series is a class of layered perovskite structure con-

sisting of two-dimensional perovskite slabs interleaved with cations. The
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general formula of the series is A,,11B,X3,.11, where A and B are cations and
A is generally constituted by a rare earth element while B is a transition
metal, X is the anion, usually the oxygen; n is the number of the layers of
octahedra in the perovskite-like stack. In Fig. 4.3, we report an example of
this kind of structure: the first image on the left shows a single layer, where
n=1; in the center, there in an example of bilayer, where n=2, and the last

image on the right represents the trilayer, where n=3.

‘%? n=1 ‘
‘ KA rare earth o
O

AO layer[

ABO,

—

00—
B: transition metal
: a
-

0-'0"

Figure 4.3: Tllustration of the Ruddlesden-Popper series, with n equal to 1
(single layer,left), 2 (bilayer,center) and 3 (trilayer,right).

The trilayered system we consider for our study recalls this typical struc-
ture: it is constituted by a building block made by TM ions, which are stacked
in the z direction and, along this direction, they have a bulk structure in or-
der to avoid boundary effects between the vacuum and the substrate.

Since the trilayered structure is repeated periodically along the z direction,
we focus our attention on the unit cell, constituted by three layers. Here-

after, we label the outer layers by indices 2 and 3, the inner layer by index
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1. In the ideal cubic structure, the perovskite is characterized by a cation,
which is the TM ion, surrounded by an octahedron of anions. We know from
Chapter 2 that the five-fold degenerate d levels of a TM ion are split by
the CF energy into an upper doublet e, and a lower triplet to,. When the
system is less than half-filled, one can consider only the ty, orbitals in the
study of the energy levels, because their occupation is naturally preferred:
this is the reason why the e, orbitals are "out of picture" of our model. If the
cubic symmetry is preserved, this corresponds to three degenerate t,, orbital
states for each layer of the unit cell, resulting in 2x9 states, once the spin
up and down degeneracy is taken into account. The model we address has
the typical structure of a single particle tight binding Hamiltonian and it is

constituted by the following contributions:
Hy=H,, + Hy, + Hx, + Ha, + Hsoc (4.1)

The first term in (4.1) represents the hopping in the (x,y) plane; assuming

that it is limited to nearest-neighbors only, it is equal to:

H, = Z[—éltxy(cos ko 4 cos k) — 4t,, cos k, — 4t,, cos k,|clcic (4.2)
k

The next term of (4.1) is constituted by the intra-cell hopping, which

only involves hopping between the vz orbitals (xz,yz) of different layers. It
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can be written as follows:

Hy, =1, Z ! Coo + h.c. (4.3)

a=vyz,0

The other contributions are related to the on-site energies, which are
tuned to simulate CF splitting in the trilayered structure and can be ex-

pressed as:

Ha, =) alae  Hap = allase + 3 Callayo (4.4)

where « labels the xy and vz orbitals, ¢ is the spin index and the indices

1,2,3 are related to the inner and the outer layers respectively.

Recalling the T-P equivalence explained in Chapter 2, The SOC Hamil-
tonian can be written as:

Hsoc = M-8 (4.5)

where S:% and [=1 is the effective orbital angular momentum.

By assuming that the eighteen basis state are ordered in the following
way: \:cym, TZ11, YZ115 TY21s TR, YZ21, Y31, LZ34, Y234, TY1y, TR1), Y21, Y2,
T2o|, Y22y, TY3|, T3], Y23, >, We can write separately the contributions to the
matrix representation of the terms constituting the Hamiltonian (4.1) . The

in-plane hopping matrix can be written in blocks:
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P 0 0 0 . 0

0O P 0 0 . 0
H, - 0o 0 P O . 0 (4.6)

0O ... 0P 0 O

0 0O 0 P O

0 0 0 P

Where P is a 3x3 matrix equal to:
—A4t,,(cos ky + cos ky) 0 0
P = 0 —4t,, cos k, 0 (4.7)
0 0 —4t,. cos k,

Hereafter, we assume tg,=t,.=t,.=t,.
The intra-cell hopping cannot be written in blocks, because it connects states

belonging to different layers. The typical structure of its matrix representa-
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tion in a fixed spin sector is:
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(4.8)

where H;;; # 0 if i and j correspond to two analogous ~z orbitals of different

layers.

The CF contribution(4.4) assumes the form:

Ha, + Ha,

0
0
0
0 0
D2 0
0 D3

(4.9)
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Where
A; 00 Aoy 0 0 Aps 0 0
Di=|0o oo| D2=| 0 oo0o| D3=]| 0 o ol (410
0 00 0 00 0 00

In this expressions, Aps and Aps are two positive constants measuring the
energy gap between the xy and vz orbitals of the outer layers, A; is the
corresponding quantity relative to the inner layer. We are then assuming
that there is a compression/elongation of the octahedra along the z axis and
that it is different in principle for the outer and the inner layer. Moreover,
in writing (4.9), we assumed that the energy of the ty, orbitals is measured
with respect to the ~z orbitals, then A; is identified with the energy of the
xy orbital of the inner layer, while Aps and Aps represent the xy orbital
energies of the outer layers.

The SOC term (4.5) mixes the spin and orbital angular momenta and its

matrix form was already given for a single ion in Eq. (2.39) of Chapter 2.

4.2.1 Symmetry properties of the model

The peculiar structure of the trilayer and the adopted model Hamiltonian
may have an influence on the energy spectrum through the symmetry prop-
erties which characterize it. Time reversal and inversion symmetry hold in
the chosen model.

Time reversal operator is given by the antiunitary operator

T =¢e%0, (4.11)
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where o, is the Pauli matrix and ® is an arbitrary phase which depends on
the chosen basis. The choice of ® has no physical consequence and does not
change the value of any physical observables. For spin % electrons, 7 has the
property 72=-1.

The inversion & is a unitary operator which flips the sign of the spatial
coordinates:

i 2
2

PU(r)=e2V(-r) (4.12)

The operator & maps k — —k and satisfies 222—1. Since the Hamiltonian
(4.1) has both inversion symmetry & and time-reversal 7, we get a global
antiunitary symmetry 7 ® &, which leads to an important constraint, known
as Kramer’s theorem, which asserts that all eigenstates of the Hamiltonian
are at least twofold degenerate for every value of k.

In the case of equivalent outer layers Aps = Aps, the Hamiltonian shows
an additional symmetry, which we call layer-interchange symmetry .%.Such
symmetry is associated to a transformation which consists in the "exchange"
of the homologous orbital states belonging to the outer layers, by conserving
the spin. Since .#2—1, the eigenstates of the Hamiltonian may be classified

in two subspaces satisfying:

F|0) ==-v),  F)=[T) (4.13)

respectively. The states for which .# =-1 are called non- bonding states, while
the states for which #=1 are the bonding and antibonding states. This
observation implies that we can classify each state with an extra quantum

number, defined as the layer parity fof such state, which assumes values +1.
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In summary, by diagonalizing the Hamiltonian (4.1) we obtain nine energy
bands which are doubly degenerate as stated by the Kramer’s theorem. If
the outer layers are equivalent, according to the layer- interchange symmetry,
we can classify these nine bands by layer parity f, associating to each of them

f= =£1 depending on the eigenvalue of the layer-interchange operator.

4.3 Preliminary analysis in the unit cell

Hereafter, we assume Apy=Ap3, then the layer-interchange symmetry is
valid. Therefore, the classification of the states by parity (bonding, anti-
bonding, non-bonding) is used. In the following, we explore the transition
across different topological phases that may arise by changing the microscopic

parameters and which are protected by the layer-interchange symmetry.

4.3.1 Lifting of the orbital degeneracy driven by inner

and outer CF

In this section, we perform a preliminary characterization of the local energy
levels of a single unit cell in terms of the layer- interchange symmetry. We
point out that, in the ideal cubic structure, the bonding, non bonding and
antibonding sectors are still degenerate, due to the threefold ty, subspace.
The introduction of the CF splitting and SOC terms may reduce the orbital
degeneracy, by opening a gap among states belonging to the same layer- in-
terchange symmetry sectors. In the next sections, we will demonstrate how

those gap openings may manifest in the band structure across the BZ, once
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the in-plane itinerancy is restored in a perturbative way.

We start the analysis by considering an ideal undistorted geometry in ab-
sence of SOC. The diagonalization of the Hamiltonian (4.1) for t,=0 gives
as output only three different eigenvalues, which build up three degenerate

blocks schematically shown on the left side of Fig. 4.4 .

X4
.. =1
X6 Jefr = /2
X12 Jefr = 3/2
yz*
m| "
B outer xy
AL t, A>t, W iverxy

Figure 4.4: Schematic evolution of the energy levels of the unit cell Hamilto-
nian as functions of orthogonal hopping t, and SOC X without CF distortions.
When \«t,, three degenerate energy levels emerge, while in the limit of A»t,,
the system evolves into two blocks, constituted by two multiplets consisting
of six and twelve levels respectively. The values of the effective total angular
momentum jef 7, which are referred to each layer, are also indicated.

The lower block is constituted by the bonding vz states vz”, while the
upper block is composed by the antibonding vz states yz* (each of them with
spin up and down); in the central block, there are non-bonding ~z states vz
and the six xy local energy states.

Adding the crystal field contributions Ap and Aj, we may simulate different
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local environments and partially lift the orbital degeneracy. In particular, we
can obtain different distorted geometries, where the octahedra are elongated
or compressed along the z axis, depending on the sign attributed to Ap and
Aj. Since we choose to measure the one-site orbital energy with respect to
the vz orbitals, positive (negative) values of Ap and Ay will raise (lower) the
energy of the outer and inner xy orbitals with respect to the yzV?. In Figure
4.5 and 4.6, we report the schematics of all the possible configurations that

can be obtained by considering different choices of the CF terms Ay and Aj.

(a)

I ——— [ | yzB
[ ] — I —
yz*
m
I outer xy
|
B inner xy

(b)

[ ] — I —

Figure 4.5: Schematic representation of the orbital configurations obtained
by diagonalizing the Hamiltonian (4.1) at ¢,=0 with Ay and A; concordant
and positive (a) or negative (b).
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o y2°
yz#

|

B outer xy

W inner xy

(a) (b)

Figure 4.6: Schematic representation of the orbital configurations obtained
by diagonalizing the Hamiltonian (4.1) at ¢,=0 with Ap<0 and A;>0 (a) or
Ao>0 and A[<0 (b)

4.3.2 Lifting of the orbital degeneracy driven by Spin
Orbit Coupling

In the next step of our analysis, we consider the effect of the SOC on the
evolution of the energy levels of the Hamiltonian describing the unit cell. In
particular, we discuss two representative cases, where A; and Ap are assumed
to be unequal and discordant as depicted in Fig. 4.6 (a) and (b). We choose
to express all the parameters of the model in units of t,. Fig. 4.7 and 4.8
show the evolution of the energy levels as function of A for the specific cases
of %:—0.2, At—oO:O.5 and %:0.2, At—oO:—O.B. Each level is marked with a color
which is representative of its layer parity value f. As one can see, by adding

the SOC, the orbital degeneracy which characterizes the local energy states at
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A=0 is fully removed. However, the splitting and the hierarchy of the energy
levels are very specific for a given choice of the inner and outer CF, meaning

that the interplay between those two parameters is highly nontrivial.
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Figure 4.7: Evolution of the energy levels as function of A. Blue energy levels

are characterized by f=1, while orange ones have f=-1. All the parameters

are expressed in unit of t,. Here, %:—0.2 and %:0.5

We also observe that for such choice of the CF parameters, levels from
the 3™ to the 8 in ascending order meet at degeneracy points, when )\ is
increased. Levels with opposite parity become degenerate at some value of A,
thus determining the subsequent exchange of fin the sequence of the parity
of levels. We distinguish two regions: for small values of A\, Fig. 4.7 shows
a crossing between levels 3 and 4, while in Fig. 4.8 crossing between levels
6 and 7 arises; for moderate/large value of SOC, crossing is obtained for 4,5
and 7,8 levels in both cases. The detected crossings between energy levels in
this analysis will be the starting point of the next exploration, which includes

the introduction of the in-plane hopping.
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Figure 4.8: Evolution of the energy levels as function of A\. Blue energy levels

are characterized by f=1, while orange ones have f—1. All the parameters

are expressed in unit of t,. Here, %:0.2 and %:—0.5.

4.4 Nodal lines of the trilayer structure

4.4.1 Topology of the band structure

When t,, #0, electrons can move in the xy plane and this give us the possibil-
ity to explore the electronic band structure of the trilayer, searching for cross-
ing points between two bands with opposite layer parity. Crossing points be-
tween bands which belong to different layer-interchange symmetry sectors are
relevant, because they may be symptomatic of a symmetry-protected topo-
logical phase of the system. We perform preliminary calculations obtaining
band structure plots, which show the eigenvalues E,, (k) of the Hamiltonian
(4.1) for different values of k=(k,,k,) along straight lines connecting high
symmetry points. For the trilayered structure, the high symmetry points of

the Brioullin zone associated to the lattice are represented by the I' point,
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which has coordinates (0,0), the X point, which has coordinates (7,0), and
the M point, which has coordinates (m,7). They are schematically reported

in Fig. 4.9. The appearance of a crossing point between two bands with

M

I X

Figure 4.9: Part of the Brioullin zone of the square lattice which characterizes
the trilayer. I' point has coordinate (0,0), the X point has coordinate (m,0),
the M point has coordinate (7).

opposite f means that, along the chosen direction, an inversion of the layer
parity associated to the mentioned bands has happened.

Hereafter, we fix the value of the in-plane hopping t, in unit of t, to %:0.1.
The relative small value of t, makes the trilayered structure almost "dis-
connected", in the sense that the connectivity of the system is highly low-
ered. However, the kinetic energy gain is such that gap closings, which are
symmetry-protected, may occur at some k.

We have performed a careful exploration of all the band crossings that may
occur in various regimes of the microscopic parameters. By way of exam-

ple, we reproduce band structure plots along the I'X XM and I'M direc-
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tions,respectively, in Fig. 4.10 and 4.11 for a representative case in which

Ar Ao A
t_oI*'O‘Q , t—oof().5 and 5—0.2.

il
|

0.5 1.0 15 2.0 25 3.0 6.0 0.5 1.0 15 2.0 25 3.0

K, ’ X X K,

Figure 4.10: Band structure plot along I'X (left) and XM (right) direction
with t” =0.1, AI =-0.2 , =2=0.5 and ’\ <—=().2. Blue energy bands are charac-
terlzed by f= 1 " while orange ones have =1
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Figure 4.11: Band structure plot along I'M direction with %:0'17 %:—0.2

AO =0.5 and =0.2. Blue energy bands are characterized by f=1, while
orange ones have =1

4.4.2 Phase diagrams

For each pair of bands which manifest crossing points in the band structure

plots that were explored as explained in the previous section, we have ex-
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amined the corresponding evolution by varying A; and A and by keeping
fixed the value of Ap and t,. We attribute to each band crossing an inte-
ger, namely an invariant ., which is defined as the total number of band
inversions of the pair of bands we are interested in. This invariant is equal
to zero when two bands have no crossings or cross an even number of times,
while it is equal to 1 if there is an odd number of crossings.In topological
semimetals, one can associate with each band crossing a topological invari-
ant, whose form depends on the symmetry group that protects the nodal
structure [94]. This invariant gives a quantitative description of the topology
of the system. In this context, we do not refer to this specific kind of topo-
logical invariant, namely it is not constituted by .#, but our analysis may
be considered as a preliminary study in order to calculate it. We report in
specific phase diagrams the contour maps describing the regions of the pa-
rameter space, characterized in terms of the invariant .# for each of the high
symmetry paths: we denote by “rx the invariant evaluated along the I'X
direction,.#x ), the invariant evaluated along the XM direction and 1), its
value along the I'M direction.

Fig. 4.12, 4.13 and 4.14 represent the phase diagrams relative to band 4
and band 5 along I'X, XM and I'M directions, respectively, for the specific
case of At—OO:O.5 and E—Z:O.l. Looking at the phase diagrams, we can recognize
the alternation of two sections: in one of them, the invariant is equal to zero,
in the other the invariant is equal to 1.

The value of the fixed parameters has a crucial role: if we change the value
of At—f:—O.E), the phase diagrams which we obtain for the same pair of bands

(band 4 and 5) look very different. They are reported in Fig. 4.15 and 4.16.
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| @7=0

Figure 4.12: Phase diagram of band 4 and 5 along I'X direction, as indicated

by the red line in the figure on the right, for %*O 5 and t” =0.1. The blue

zone corresponds to the value 0 of the invariant, while the hght blue zone is
relative to the value 1 of the invariant.

4.4.3 Analysis of the transitions

By varying the A and A; parameters in the previous phase diagrams, one
describes the quantum phase transitions between phases characterized by a
different topology of the energy spectrum. The local topology of each nodal
structure involving a particular pair of crossing bands has been character-
ized by means of the invariant .# evaluated along every high- symmetry path
(SFrx,Ixm,Pra)- In this section, we will look at several kinds of symme-
try preserving transitions through which the nodal lines may evolve, when
moving across different regions of the phase diagrams. We will consider both
weak and strong SOC limit.

We start by considering the phase diagrams of Fig.4.12,4.13 and 4.14. For

{\:0.2, we vary A; in the interval 0.34< % <0.35. Along this evolution,
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Figure 4.13: Phase diagram of band 4 and 5 along XM direction, as indicated

by the red line in the figure on the right, for %*0 5 and t” =0.1. The blue

zone corresponds to the value 0 of the invariant, while the hght blue zone is
relative to the value 1 of the invariant.

we can distinguish three distinct kinds of transition: #ry goes from 0 to
1, Ixn goes from 1 to 0 while #r), remains equal to 1. We encode such
transition as 011 — 101, where each of the three numbers represent the value
of the invariant along the I'X, XM and I'M direction, respectively. One can
follow the evolution of the nodal points associated to each band crossing in
the chosen region of parameters. Results of this analysis are shown in Fig.
4.17.

In the first panel on the left, %:0.34 and the nodal line intercepts the
XM and the I'M direction, which means that band 4 and 5 have a crossing
point and thus an inversion along those directions. This is coherent with the
mapping 011 which we extract from the phase diagrams of Fig. 4.12,4.13
and 4.14. In the second panel, %:0.343 and the topology of the line has

changed: the nodal line collapses in the I'X direction. This means that, along
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o

Figure 4.14: Phase diagram of band 4 and 5 along I'M direction, as indicated

by the red line in the figure on the right, for %*0 5 and t” =0.1. The blue

zone corresponds to the value 0 of the invariant, while the hght blue zone is
relative to the value 1 of the invariant.

I' X, band 4 and 5 have two subsequent intersections, that is the reason why
the total number of inversion, namely %1y, is equal to 0. The pocket around
the X point, which is appearing in this range of parameters, disappears when
the value of L is increased. In the last panel on the rlght =0.35 and there
is only one pocket around the I' point. This reproduces correctly the final
values of the invariant 101, where the bands have no more intersections along
XM direction. In summary, when moving across such kind of transition, a
nodal line ( first panel on the left of Fig. 4.17) separates in two distinct
(central panels of Fig. 4.17) nodal lines by collapsing on the k, axis. During
that transition, the invariant #rx is initially conserved, until one nodal line
disappears and #rx —1. The transition is defined as topological because it
is characterized by a modification of the shape of the nodal line.

A similar transition can be obtained in the limit of strong SOC for the same
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Figure 4.15: Phase diagrams of band 4 and 5 along the I'X (left) and XM
(right) direction for %* 0.5 and t” —=0.1.The blue zone corresponds to the
value 0 of the invariant, while the hght blue zone is relative to the value 1 of
the invariant.

pair of bands. We consider the phase diagrams of Fig. 4.12,4.13 and 4.14
and, by fixing the value of A to %:0.8, we find a modification of the shape
of the nodal lines for 0.05< f—o’ <0.1 which is mapped as 011—110. In that
transition, shown in Fig. 4.18, a starting pocket around the M point collapses
along the I'X direction and subsequently disappears by closing itself around
the I' point, while another pocket around the X point is formed.

However, the evolution of the nodal lines is not always the same: if we
refer to the phase diagrams 4.15 and 4.16, for example, we can fix the value
of %:0.1 and draw a "vertical" line in the phase diagrams; by increasing \,
it is evident that the value of the invariant #rx goes from 0 to 1, while 71y,
goes from 1 to 0 on the I'M phase diagram for 0. 7< ~ <0.95 and the value
of the invariant .#x,; remains equal to 1. This corresponds to a transition of

the kind 011 — 101. In this case, the evolution of nodal lines is obtained by

increasing the value of A and it is shown in Fig. 4.19. In the first panel on
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Figure 4.16: Phase diagram of band 4 and 5 along the I'M direction for AO =
0.5 and tp =0.1.The blue zone corresponds to the value 0 of the 1nvar1ant

while the hght blue zone is relative to the value 1 of the invariant.

the left, %:0.7 and the nodal line is initially constituted by a pocket around
the M point, recovering the invariant sequence 011. Increasing the value of
A, this pocket moves along the diagonal direction, changing its concavity. In
the second panel, %:0.8, in the third panel %:0.86 and the topology of the
nodal line has changed; in the last panel on the right, %:0.95 and the pocket
has formed around the I' point. There is not a zero along the XM direction,
while a zero along the I'X direction appears, so that we find the final invariant
mapping 101. In summary, in this second kind of transition the nodal line is

not separated along a specific direction but it moves continuously in the BZ

In light of all the results which we have obtained, we individuate several
distinctive evolutions of the nodal lines which we briefly describes in the

following list:
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3.0 3.0 3.0 3.0
25 25 2.5’ 25
2.0 2.0 2.0 2.0
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1.0 1.0 1.0
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Figure 4.17: Topological transition in the momentum space relative to band
4 and 5 with t” =0.1, AO =0.5. The figure show a density plot of the logarithm
of the dlfference between the energies of band 4 and 5 increasing the value of
Ay for —*O 2; in the first picture on the left, AI =0.34, in the second picture

A’ =0. 343 in the third picture 5 A’ =0.344, in the last picture 5 A’ =0.35

3.0 3.0 ] 3.0 3.0
25 25 25 25

2.0 2.0 2.0 2.0
<15 <15 <15 <15
1.0 1.0 1.0 1.0
0.5 0.5 \ 0.5 0.5
0.0 0.0 0.0 A 0.0 o
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Ky Ky Ky ky

Figure 4.18: Topological transition in the momentum space relative to band
4 and 5 with t” =0.1, AO =0.5. The figure show a density plot of the logarithm
of the dlfference between the energies of band 4 and 5 increasing the value of
Ay for —fO 8; in the first picture on the left, AI =0.05, in the second picture

?Of :0.05887 in the third picture 3:0-06, in the last picture %:0'1

e type A: a nodal line is located around an high symmetry point (panel
(a) of Fig. 4.20). By varying the value of one of the two parameters
reported on the phase diagram, another pocket which is located around
another high symmetry point emerges (panel (b) of Fig. 4.20) . Those
pockets came closer until they merge (panel (c) of Fig. 4.20). During
this evolution, the value of the .# is zero due to a double band inversion
along the direction of the BZ that connects those points. The resulting

nodal line subsequently moves far from that direction and approaches
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Figure 4.19: Topological transition in the momentum space relative to band 4
and 5 with tp =0.1, AO =-0.5 . The figure show a density plot of the logarithm
of the dlfference between the energies of band 4 and 5 increasing the value
of A for A’ —=0.1; in the first plcture on the left, ~#=0.7, in the second picture

=0.8, in the third plcture 2£=(.806, in the last plcture ==0.95

(@) (b) (c) \_
\ yd
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Figure 4.20: Schematic evolution of type A transition

the remaining point (panel (d) of Fig. 4.20).

e type B: we start from a pocket around an high symmetry point (panel
(a) of Fig. 4.21). By varying the value of one of the two parameters
the nodal line goes far from the original point and passes through the
adjacent corners (panel (b) of Fig. 4.21); finally, it evolves around the
point which is at the opposite site (panel (c¢) of Fig. 4.21).In doing

that, it changes its concavity up to reverse it.

The transitions described above are respectively of type A and B. In
our accurate exploration, we have found different transitions and analyzed

them as a function of the driving microscopic parameters . Our results are
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Figure 4.21: Schematic evolution of type B transition

summarized in Table 4.1.The first column of the table includes all pairs of

bands which manifests the transition, then we specify the invariant value

relative to the transition and the type of transition, according to the previous

list; then, the following columns are occupied by the values of the parameters

at which the transition occurs. The topological aspects of these transitions

Table 4.1: Topological transitions

Bands Crossing Type At—é) % %1

b3b4 011—101 type B 0.5 0.2 -0.48< 2L <-0.2
b4b5 011—101 type A 0.5 0.2 0.34< 2L <0.35
b4b5  011—110 type A 0.5 0.8 0.05< 24 <0.1

b7b8 011—101 type A 0.5 0.65< 2 <0.77 0.2

b4b5  011—101 type B -0.5 0.7< 2 <0.95 0.1

b5b6 011—101 type B -0.5 0.1 -0.42< ﬁ—of <-0.37
b6b7 011—101 type B -0.5 0.2 0.2< ﬁ—of <0.49

b7b8 110—101 type A -0.5 0.95< 2 <1 0

are intended to be referred to the nodal structure of the system, which evolves

in the BZ by changing the values of the microscopic parameters. In the case

in which other symmetries, such as the chiral symmetry, force the system to
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be locked at the Fermi level, the topological transition of the nodal structure

may be considered as Lifshitz one.

4.5 Summary and conclusions

We have analyzed emerging topological phases in a "disconnected" trilayered
structure, which recall the Ruddlesden-Popper series. The associated Hamil-
tonian obeys time-reversal, inversion symmetries and also a layer interchange
symmetry in the case of equivalent outer layers due to the characteristic struc-
ture of the trilayer. A preliminary analysis in the unit cell reveals that inner
and outer CF in presence of SOC lift the orbital degeneracy in a non-trivial
way. Introducing the in-plane hopping t,, which is treated as a subdominant
energy scale with respect to CF and SOC, one gets the energy band structure
where crossing points between bands with opposite parity emerge. We have
associated a local invariant .# to each pair of crossing bands, which gives the
total number of crossings between them in correspondence of fixed values
of the microscopic parameters of the model. We have analyzed and charac-
terized the evolution of emerging symmetry-protected nodal lines and have
observed that a modification of the shape of the nodal lines occurs whenever
& changes its value. Of course, the appearance of that transitions is strongly

influenced by the interplay between CF, SOC and hopping parameters.



Chapter 5

Conclusions

The main purpose of this thesis is to analyze the effects of a substantial SOC
in TMOs by following two different paths. In the first part of the thesis,we
have focused the attention on the study of heavy TMOs with a strong SOC;
in particular,we have analyzed the effects of SOC on the magnetic state of
a d! TM ion with tetrahedral configuration, in which the occupancy of the
lower e manifold is naturally favored. We have analyzed the effect of the
interplay between SOC and CF splitting demonstrating that, while in the
ideal undistorted tetrahedral symmetry SOC acts only as a perturbation on
the lowest energy levels set by the CF splitting, its effect can be strongly
enhanced in the case of a distorted geometry. We have considered a config-
uration where the tetrahedron is squashed along the z axis and proved that
the interplay between SOC and CF parameters is responsible of a significant
growth of the gap within the set of the lowest energy levels involved in the
magnetic exchange and also of the manifestation of magnetic anisotropy.

We have considered the specific case of the KOsO4 compound to investigate

99
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the competition between strong electron correlations, SOC and tetrahedral
deformations in the nominally e' configuration of the Os”* ions. Ab-initio
calculations show that KOsQy is characterized by a modest tetrahedral CF
splitting within the e and t, orbitals which is comparable to the typical value
of the SOC in 5d TM ions; in addition, due to the structural deformations,
SOC has a relevant effect on the lowest e levels. We have addressed a specific
Hubbard Hamiltonian and have performed an ED study on dimers which lie
along different directions in the unit cell. We have demonstrated that SOC
plays an active role in setting the boundary between AFM /ferro-orbital and
anisotropic partially-FM correlations, which emerge to be bond-direction de-
pendent. This proximity is driven by the interplay between substantial SOC,
Hund’s exchange and also by the hopping connectivity across e-ty orbitals.
The peculiar and SOC-assisted magnetic superexchange brings the system
towards a Kitaev-like physics, where the interplay between the SOC and the
bonding geometry is a crucial element.

In the second part of the thesis, we have analyzed a disconnected trilayered
structure composed by TM ion blocks stacked along the z direction, in which
the in-plane itinerancy has been supposed to be highly damped and, then,
the competition between the local energy scale is dominant.We have ana-
lyzed in detail the symmetries of the tight-binding Hamiltonian associated
to the trilayer, which include the time-reversal and the layer- interchange
ones, and we have demonstrated that, in presence of these specific symme-
tries, the SOC may have a role in determining the topology of the electronic
structure. We have analyzed the evolution and eventually the closing of the

energy gaps in a weakly dispersive electronic structure by using SOC as driv-
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ing parameter in lifting the degeneracy of the spin/orbital entangled states.
The result of this exploration has been the discovery of symmetry-protected
nodal lines, which arise from the crossing between bands belonging to differ-
ent layer-interchange symmetry sectors. In the limit of weak and strong SOC,
we have identified several kinds of transitions between different topological

configurations, which resemble Lifshitz-like behavior for nodal lines.



Appendix A

Spin Orbit Coupling

In this Appendix, we give an analytical derivation of SOC whose starting
point is the relativistic Dirac equation. General remarks about the effect of
SOC in solids are given in the subsequent section, including qualitative de-
scription of the Dresselhaus, Rashba effect, Dzyaloshinskii-Moriya interaction

and magnetocrystalline anisotropy.

A.1 Analytical derivation of Spin Orbit Cou-

pling

The analitical derivation of SOC follows from the study of the Dirac equa-
tion, which simbolizes the perfect union between the quantum mechanic the-
ory and the special relativity theory [95].Let us start from the Hamiltonian
function for a free particle, which is the non-relativistic equation for its en-
ergy:

o= (A1)



A.1 Analytical derivation of Spin Orbit Coupling 103

The quantum expression of p and H are given by the operators

p=—ihy H= m% (A.2)

Substituting these expressions in(A.1), we obtain the well-known non-
relativistic Schrodinger equation:
L o,
it = =5 7" (A.3)
Eq. (A.3) written here is not relativistically invariant; therefore, we would
transform it in a new equation which is consistent with relativistic theory. In
the special relativity theory, a generic point is specified by four coordinates,
one for time and the other three for the space, so we write it as (o, 1, T2, T3),
where xq = ct stands for the time coordinate. In this context, distance is
defined as:

s =1t — 22 — 15 — 13 (A.4)

Transformations which leave (A.4) invariant are called Lorentz transforma-
tions; these type of transformations are peculiar also because they leave
Maxwell’s equations for the electromagnetic field unchanged in form under
the assumption to consider the scalar potential Ay = ® and the vector po-
tential A = (A,, 4,, A,) as the four coordinates of a four-vector , which is
then given by (Ag, A, Ay, A,).

Special relativity theory states that not only the electromagnetic equation

but also the correct mechanical equations have to be invariant in form un-
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der Lorentz transformations; in order to satisfy this statement, first of all
we have to generalize the expression for the mechanical momentum (A.2),
because it has only three components and, in addition, it involves the differ-
entiation with respect to a coordinate ¢ rather than with respect to a scalar.
These two apparent difficulties can be overcome adding the time component
po being ¢! times the energy E of the system, so we have the four-vector
(%, Px, Py, P») Whose relativistic expression is given by:
dx,,

Pu = moc— = w=0,1,2,3 (A.5)

where my is the mass of the particle measured in a frame of reference in which

it is at rest. The explicit expression of each component of this four-vector is:

0 0
o -1 _ —1xY
po=FEc =c zhat Zh_&xo (A.6)
_ i (A7)
p1 = o1y .
L 0
L 0

The definition (A.5) is consistent with the original one (A.3) .
Now, we rewrite the Schrodinger equation (A.3) with the relativistic formal-
ism that we have introduced in the last passages. It is natural assume that
the energy of the particle is the Hamiltonian and, in order to obtain an equa-

tion for this, we have to consider the scalar connected with p, using (A.4)
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and (A.5):

dx dz dx dx
2 2,2 .2 _ 221 %P0y BE1Ng 249 B3Ny 2 2
Po—DP1 —DP2 — D3 mycC [( ds ) (dS) (dS ) <d3 ) } myC (A]‘O)
Allowing (A.10) to operate on a function ¥ according to (A.6),(A.7),(A.8)

and (A.9), we obtain the relativistic equation for a free particle

(P — Pt — 13 — 5 — mpc®) ¥ =0 (A.11)

which is called Klein Gordon equation and represents the first relativistic gen-
eralization of the Schrodinger equation [95].However, this equation presents
several problems:first of all, it does not describe correctly the spectrum of the
hydorgen atom; then, it is mathematically puzzling, because it is a second
order differential equation in ¢, so we require the initial value of ¥ and ¥ to
solve it, while the Schroedinger equation requires only the initial value of W.
In order to obtain a result which satisfies this last require, Dirac proposed to

factorize (A.11) in two linear factors in this way:

(pg — P} — p3 — p3 — mgc?)

(Po — a1p1 — qapy — azps — Bmgc)(po + a1pr + agps + asps + Bmgc)
(A.12)

If the a; and 8 coefficients commute with the p, and satisfy the following
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relations:

d=as=as=p"=1 (A.13)
{0l =0  i=1,2,3 (A.14)
{0, B} =0 i=1,2,3 (A.15)

then, any solution of the linear equation
(Po + a1p1 + agps + asps + Bmec)|¥) = 0 (A.16)

is a solution of (A.11).

It is evident from (A.13),(A.14) and (A.15) that the a; and f coefficients
cannot be numbers; they are matrices. The first reasonable choice of these
matrices is constituted by the Pauli matrices 0,,0,,0, and the identity matrix
1, because any 2x2 matrix can be expressed as a linear combination of them

with complex coefficients.

01 0 —i 1 0 10

1
(A.17)
These matrices satisfy (A.13) and (A.14) but, if we put 5 = 1, the relation

(A.15) leads to have a; = 0, that is not possible. Then, one considers this
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second set of quantities:

) = PpOy (A.18)
Qo = POy (A.19)
Q3 = Pz0; (A~20)

B =p. (A.21)

where p, and p, are given by:

With this new set of matrices, the relations (A.13),(A.14) and (A.15) are
satisfied and, with o = (0,,0,,0.) and p = (p1,p2,p3), Dirac equation

(A.16) can be written as:

(Po + p20 - P + p.moc)|¥) =0 (A.23)
which is clearly:
10 0 1 1 0
(po +o-p + moc )W) =0 (A.24)
0 1 10 0 -1

From (A.24), we deduce that |¥) has to be a vector:

U,
T = (A.25)
Uy
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and then, following Eq. (A.24), we obtain these two simultaneous equa-

tions:
(po +moc)¥;y + o - p¥y =0
(A.26)
(po — moc)¥s + o - p¥; =0
These equations can be improved by the fact that the electron has a charge
—e and may be in an electromagnetic field, whose potential is given by the

four-vector (Ao, Az, Ay, A.). We introduce this information by replacing p,

with p, + (£)A,, in equations (A.26), which becomes [95]:

(po + moc + EAO)\Ill +o-(p+ EA)\I’2 =0
¢ ¢ (A.27)

e €
(pg — myC + EAQ)\IJQ + o - (p + EA)\Ill =0
These equations represent Dirac equations written in a form which is most
useful for our purpose.

Let’s multiply each equations (A.27) by ¢ and replace cpo with the eigenvalues

W of the energy. We also take in consideration that
W = E + myc? (A.28)

where E is the energy of the system omitting the rest mass. Equations (A.27)

become:

(E +2moc® +eAg)V; +co - (p+ EA)\Ifg =0
g (A.29)
(E + GAQ)\IIQ + co - (p + EA)\I/l = 0

Introducing the quantity [95]
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2myc?
= A30
/ 2moc® + E + eA ( )
we can derive from the first of Eq. (A.29) the expression of U;:
v LN (A.31)
= — o- - .
! 2mgc P c 2

and, substituting (A.31) in the second of Eq. (A.29) , we obtain an
equation for ¥y and E:

( “(p+ SA)fcr -(p+ ZA) —eAy— E)Uy =0 (A.32)

—0
2m0
Looking at Eq. (A.30), it is evident that f is a very small quantity, so we
can expand it to the first order:
FE + €A0 (9f € 8A0

= —— A.33
2moc? ox; 2moc? 0x; ( )

f=1

where x; is a spatial coordinate. If we stopped at the lowest order, taking
only the first term f = 1 of (A.33), from (A.32) we would obtain a non-
relativistic equation which is not interesting for our purpose. Then, we retain
the first-order term arising from f, setting A = 0 and considering Ay as a
function of r alone, therefore implementing the spherical symmetry of the

electrostatic field. Under this hypothesis, Eq. (A.32) becomes:

{%(a -p)f(o-p) —edy— E}V; =0 (A.34)

Using the rule for differentiating a product ,we can transform the term
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inside (A.34) in this way:

(0-p)f(o-p)=(0-p)’f—(o-p)o-(pf)=X1—X; (A.35)

Now, we expand separately each term of this last equation,using the for-
mula:

(0-B)(c-C)=B-C+ioc-BAC (A.36)

where B and C are any vectors which commute with o. If B = C, then

(A.36) is modified into:

(0-B)(o-B)=(c-B)’=B*+ic-BAB (A.37)

Taking X; form (A.35), using (A.37) with B = p and substituting the ex-

pression of f from (A.33), we have:

E+€A0

Xi = (o pPf =t =0 -5 (4.38)

We are searching for a Uy which satisfies (A.32); this means that, at zero

order,namely when f = 1, and under our hypothesis for which A = 0, ¥,

satisfies:
1
(%p2 —eAy— E)Uy =0 (A.39)
From (A.39), we have
1

and finally, substituting this expression in (A.38), we obtain:
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2 4
p p
— —4m202) =p—-— (A.41)
0

2
Xi=p(l B 4m3c?

Now, we use (A.36) in order to expand the expression of Xy; taking B = p

and C = pf, we have:

Xy=(o-p)o-(pf)=p-(pf)+ioc-pA(pf) (A.42)

Substituting in (A.42) the explicit expression (A.2) of p:

Xy = (—ih)’V - (Vf) + i(=ih)% - V A (V)
= RV — R(Vf) -V +i(=ih)’o - [~(VA AV + VA (V)]  (A43)

= —1A(Vf)-V —ho-(Vf)Ap

where in the last equality we have considered that Ay satisfies Laplace’s
equation, then V2A, = 0, and that the curl of the gradient of f is equal to
zero. Recalling (A.33) and the fact that Ay is a function of r alone, we can

easily calculate
r df

= - A44
v rdr ( )
With this element, X5 is finally equal to:
h*d hd
ng———fr-V———fa-r/\p
r dr rdr (A.45)
= — 2%2 — ijﬁ -1
dror rdr
In addition, we know that g—{, = —Qmeocg%. Collecting all the results and

substituting them in Eq. (A.34), we finally have:
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{ 1 2 1 4 A eh dAO 6FL2 dAO 0
—_— —_—— _e _ a. _ —_—
om® 8m302p O amier dr 4mic? dr Or

YW, = EU, (A.46)

This is the Schodinger equation written with relativistic corrections; in
particular, the fourth term of the term on the left of Eq. (A.46) is the spin-
h

orbit coupling energy. Considering that s = 5o and solving the equation

for a Coulomb field, namely Ag = %, we have that this contribution to the

Hamiltonian is:

2
Z¢ ). (A.A47)

hsoc = —5—=—=1-
2mac2rs

A.2 Spin Obit Coupling in solids

A.2.1 Non-magnetic solids

When an electron moves in a solid, the situation is deeply different respect
to the atomic case; in a solid, the valence electrons arrange to optimize the
chemical bonding and the splitting of the energetic levels is determined by
the crystal field. As a consequence, at the I'- point, where the crystal mo-
mentum is zero, the effect of SOC is quite similar to the atomic case, but
away from the I'- point new effects arise, which strongly depend on the sym-
metry of the crystal.

In a system without internal or external magnetic field, time reversal sym-
metry holds, which means that the properties of the system do not change
inverting the direction of time. When the transformation t— -t is imple-

mented, a particle moving with momentum k is exchanged with a particle
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moving with momentum -k ; in addition, time reversal also inverts the spin
of electrons. All these considerations can be summed up in the following re-
lation between energies of a right-moving spin up particle and a left-moving

spin down one:

ek, 1) =e(-k,}) (A.48)

In a crystal with inversion symmetry, the following relation additionally

holds, both for spin up and spin down electrons:

e(k) = e(—k) (A.49)

This means that band structure is symmetric around the center of Brioullin
zone k=0, that in this point all bands are degenerate and that they are dou-
bly degenerate in their evolution. In a crystal without inversion symmetry,

obviously:

ek, 1) # e(k, 1) (A.50)

The degeneracy of the bands can be lifted as a consequence of SOC ; in
these systems, a lack of inversion symmetry, which implies V(r) # V(-r),will
result in a non-vanishing potential gradient or electric field E(r). Dresselhaus
was the first to emphasize [96] that SOC may have important consequences
for one electron energy levels in bulk semiconductors ; he observed that in a
zinc blende structure, occurring in semiconductors like GaAs (Fig. A.1, on

the left), we can have a spin splitting of electron and hole states at nonzero
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wave vectors k even if B=0; this is called Dresselhaus effect. For the lowest

conduction band, the corresponding Dresselhaus Hamiltonian is given by [97]:

Hp = aplowp.(pl — p?) + oypy (02 — p3) + 0-(0 — p})] (A.51)

where o0,,0, and o, are the Pauli matrices and p,,p, and p, are the mo-
mentum components in the crystallographic directions [100], [010] and [001]
respectively. The Dresselhaus constant ap is small if lighter elements are
present in the semiconductor (for GaAs, it is 27.6 eV /A®) while it is larger
for heavier elements (it is 760.1 ¢V /A3 for InSb) [98]. Hamiltonian (A.51)
produces a spin splitting which is proportional to k3. This corrections is not
always in third-order in k: in crystal with wurzite structure such as ZnO
(Fig. A.1, on the right), for example, the splitting due to (A.51) is linear in
k. This result was achieved by Rashba in 1959 [99, 100].

L

/
W Y
»

Vi
.

4
/

LT
4 €<

j

Figure A.1: Crystal structure of GaAs (zinc blende, left) and ZnO (wurzite,
right).
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In Fig. A.1, crystal zinc blende structure of GaAs and wurzite structure
of ZnO are shown: both structures have no cener of inversion and this leads
to spin orbit splitting for each of them, which is third-order in k& for the
former (Dresselhaus effect), and first order for the latter (Rashba effect).
Termination of the crystal by a surface breaks the 3D inversion symmetry.
Performing a Taylor expansion of the potential V(r), in lowest order its

inversion asymmetry is characterized by an electric field E(r); when electrons

de _ 1

== _k in an external
P m

with an effective mass m* move with velocity v =

electric field E defined in a global frame of reference, then the relativistic

Lorentz transformation give rise to magnetic field B=1(v AE)=(—-(k A E)

in local frame of the moving electron. The interaction of the spin with this

magnetic field leads to the Rashba Hamiltonian [98, 101, 102]:

HR = (RO - (p N E) (A52)

The splitting is a combined effect of atomic spin-orbit coupling and asym-
metry of the potential in the direction perpendicular to the two-dimensional
plane. Remarkably, this effect can drive a wide variety of novel physical
phenomena even when it is a small correction to the band structure of the

two-dimensional metallic state.

A.2.2 Magnetic solids

The case of a bulk or a surface of magnetic metal is different; in this context,
the exchange interaction is the dominant energetic scale and all spins align

accordingly. However, if the exchange coupling is weak and SOC is strong,
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non-trivial effects can arise. Dzyaloshinskii-Moriya (DM) interaction is one
of them; its name derives from the fact that in 1960 Dzyaloshinskii con-
structed a model to describe weak ferromagnetism [103] and he introduced
an asymmetrical term that brings also the name of Moriya because he found
that the mechanism behind the interaction is partly based on SOC [104]. DM
interaction is due to a lack of inversion symmetry of the compound and a
strong SOC; without going into detail, we can consider the example of MnSi
(manganese silicide), which is a compound in which inversion symmetry is
broken into the unit cell. In addition, the compound has a strong SOC. Here,
inversion symmetry can be broken in different directions, leading to different
DM interaction: this means that the magnetization of the compound will
be different in each case. Focusing the attention on only two spins, DM

interaction assumes the following form:

HDM = —D12 : (Sl A SQ) (A53)

where S; and Sy, are the atomic spins. The resulting DM interaction emerging
from the interplay between two atomic spin with neighboring atoms having a
large SOC in a thin film and pointing outwards from the plane of the atoms
is shown in Fig. A.2.

It is evident that resulting magnetic structure depends on the direction
of the D vector, which in turn depends on the way in which the symmetry
in the compound is broken. Furthermore, an interaction of the type (A.53)
will favor spin-spiral structure, which can be found on surfaces [105], or in

domain walls [106] of thin magnetic films: DM interaction gives these spiral-
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Figure A.2: Schematic representation of the DM interaction of two spins

ing magnetic structures a unique sense of rotation.

Another relevant effect which can arise in magnetic solids is the so-called mag-
netic anisotropy, that is the directional dependence of a material’s magnetic
properties.In particular, one kind of magnetic anisotropy is the magnetocrys-
talline anisotropy, which derives from the fact that the atomic structure of
a crystal introduces preferential directions for the magnetization, which are
usually related to the principal axes of its crystal lattice; this principally char-
acterizes a ferromagnetic material when it takes more energy to magnetize in
a direction rather than in another. SOC is the principal responsible of that,
since it is basically the orbital motion of the electrons which couples with
crystal field to determine the first order contribution to magnetocrystalline
anisotropy [107]. One observable effect of magnetocrystalline anysotropy
is the magnetostriction, which takes place when a ferromagnetic material

change its shape or dimensions under the application of a magnetic field.



Appendix B

Lowdin tecnique

Lowdin tecnique is generally employed to map a starting eigenvalue problem
in another one of lower dimensionality. This method, that we propose in the
present appendix, was shown by P. Lowdin [108], who discussed the solution
of an eigenvalue problem considering the case in which a set of approximated
eigenfunctions is given; the connotative idea of the method is that, dividing
this set into two classes, it is possible to obtain a formula in which the solution
of the initial problem is expressed in terms of only one class of eigenfunctions,
considering the other one as a perturbation.

The classical eigenvalues problem can be expressed as:

HU = eV (B.1)

In the classical perturbation theory, the Hamiltonian H is generally equal
to Ho+V, where V is a potential that can be expressed as a power series in

a perturbation parameter. Using the Lowdin method, on the other hand,

118
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it is not necessary that the Hamiltonian has such a specific form, the only
assumption under which it is possible to use the procedure is that a set
of orthonormalized functions ¥ (with n=1,2...,N), which are approximate

eigenfunctions of H, is known. It follows that the best eigenfunctions of H

can be written as a linear combinations of them:

N
v=> ule, (B.2)
n=1

The element of the Hamiltonian H in the chosen basis are:

Hypn = / O FuOgr (B.3)

Then, coefficients ¢, in Eq. (B.2) can be expressed using the variational

principle, which states that the integral

[V HYdr

b= [ U=Wdr

(B.4)

that can be also expressed in a discrete form, substituting Eq. (B.2) in it
and using Eq. (B.3):

; Hmn n

Zmn i OmnCn

gives an approximate value of € in Eq. (B.1) and that the best approxi-

mation is the one in correspondence of which §E=0. Assuming that, in the

current case, E is a ratio of two quantities E:%, where W=>"_ ¢ Hyncy,
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and V=Y ¢ duncy as established in Eq. (B.5), then:

mn ~m

W — BV

oE
V

(B.6)

Substituting in Eq. (B.6) the explicit expression of W and V, we obtain

a system of linear equations for the coefficients ¢,,, which is:

Z(Hmn - E(Smn>cn = 07 m = 17 27 X N (B7)

Let us now turn on the crucial point of the Lowdin method: we divide
the eigenfunctions W' into two classes, indicated by (A) and (B). We are
interested in the class (A) and want to treat the class (B) as a perturbation:
in this way, we reduce the dimensionality of the problem (B.1), making it

easier to solve. Under this assumption, the system (B.7) can be written as:

A B
(E = Hpn)om =Y Hy,cn+ > Hycn (B.8)

where
Hrlnn = Hmn(1 5mn) (B 9)

Eq. (B.8) is also equal to:

A B
Cm = Z h,  Cn+ Z By Cn (B.10)

where the term h,,, is given by:

Hynn

—(E ~H,) (B.11)

hmn =
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The next step of the method provides for using the formula (B.10) to
rewrite ¢ coefficients in the sum over (B), substituting (B.10) in itself, starting
thus a process of iteration, which reproduces the Neumann series expansion.
In this way, we formally eliminate the states in the class (B); the result of

this process, in accordance with the notation of the original paper [108], is:

B
Z hmn + Z hma an + Z h;nah - Oéﬁ,hlﬂn + )CTL (Blz)
ap

Defining the following quantity:

H, H. s H,

_ mn+ZE HL ZE BB~ ) (B.13)

and recalling also the relation (B.9), we obtain that Eq. (B.10) can be

definitively written as:

— H,
Z " (B.14)

Eq. (B.14) shows that any coefficients appearing in the starting expression
(B.2) can be expressed as a finite linear combination of coefficients c,, which
belongs to the subspace (A). As a final result, we have that when m € (A)

Eq. (B.7) becomes equal to:

A

n
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while when m € (B) it is equal to:

UA
Cm = Z E_—%Cn (B.16)

Looking at these last equations, it is evident that Eq. (B.15) is identical
to Eq. (B.7) in form, differing from that for the fact that it is limited only to
the subspace (A): using the Lowdin method, we have reduced an eigenvalue
problem belonging initially to two classes (A) and (B) only to the class (A),

replacing the matrix elements H,,, by the elements U# : the influence of

mn
the class (B) is taken into account by expansion of U4 = explicitly written in
(B.13).

The initial problem is then dimensionally reduced, since it has been restricted
only to the (A) subspace. However, the fact that the matrix U depends on its
eigenvalues E is a non-trivial problem in resolving Eq. (B.15). The obstacle
can be overcome linearizing the U2 =~ terms in (B.15), namely inserting in

(B.13) the Taylor expansion of E about E\. The effective Hamiltonian is

then written as [109]:
HABHBA
= HA 4 Z oa = HAA 4 gAAM) (B.17)

With this last passage, the simplification of the initial problem is then

evident.



Appendix C

Normal modes of a tetrahedron

C.1 Vibrations in one dimension

A normal mode of a system is an oscillation in which all parts of the system
move sinusoidally with the same frequency and a fixed phase relation. The
simplest case to study the normal modes is the one dimensional one, where
there is only one degree of freedom. In order to implement vibrations of
a one-dimensional system, this one has to be perturbed, namely it has to
been moved from its stable equilibrium position. The latter corresponds to
a position of the system in which the potential energy V(q), where q is a
generalized coordinate, assumes a minimum value. Calling ¢ the equilibrium
value of the generalized coordinate, for small deviations from the equilibrium
position it is sufficient to consider only the first non- vanishing terms in the
expansion of the difference V(q)-V(§) in powers of ¢—G. The expansion gives
back:

Vig) = V(§) ~ sk(qg—q)° (C.1)

N | —

123
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Putting V(§)=0 and using the new variable x, defined as the deviation of

q from its equilibrium position value:

we have:

where k— U"(§).
The kinetic energy of a system with one degree of freedom,in the same ap-

proximation used for the potential energy, has the form:

T = Salg) = Salq) (C.4)

here a(q)=a(g) and we can for brevity indicate it with m. Then:

1
T = §m$2 (C.5)

The Lagrangian of the system is given by:

1 1
L =T-V= §m;i:2 - 5/{352 (C.6)

From Eq. (C.6), it is immediate to extract the equation of motion by the

Euler- Lagrange equation:

That is:
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i+ wir=0 (C.8)

with w = \/% Eq. (C.8) is a well-known linear differential equation
which describes an harmonic motion. The general solution is given by a

linear superposition of its two independent solutions:

x(t) = ¢ coswt + ¢ sinwt (C.9)

which can be also written as:

z(t) = Acos(wt + D) (C.10)

where A is the amplitude of oscillations and is equal to A=+/c? + c2, ® is
the phase of oscillations with tan ¢ = —2 and w is called angular frequency
of oscillation.

A more general form of the solution (C.10) is given by considering it as a

real part of a complex expression:

2(t) = Re[Be™"] (C.11)

Putting B=Ae®, and using Euler’s formula, the expression (C.10) and
(C.11) are equivalent, but the advantage of using the last one is that expo-
nential factors are mathematically simpler than trigonometrical ones, since
they are unchanged in form by diffferentiation.

All these passages show us that the system executes harmonic oscillations

near a position of stable equilibrium with frequency w.
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C.2 Vibrations of molecules

The arguments reported in the previous section can be easily extended to
a molecular environment, in which there are N nuclei and, then, we have
3N degrees of freedom, which is the number of coordinates we need in order
to describe their motion. However, if one is interested in describing the
vibrational motion of the system, it is convenient to remove the translational
and rotational degrees of freedom. The former can be eliminated by equating
to zero the total momentum of the molecule; as a result, the coordinates of
the center of mass of the system remain constant during the oscillation. The
latter can be removed by equating to zero the angular momentum of the
system. Since the translation and the rotation of a system are respectively
described by three coordinates, after this operation the system has 3N-6
degrees of freedom. If the system is linear, only two coordinates are required
to describe rotations, then there are 3N-5 degrees of freedom at all.

The analytical method required to obtain the normal modes of a molecule is
analogous of the one stated in one dimension. We assume to have a set of

generalized coordinates:

<QI7Q27Q37 s 7Qn)

where n is the number of degrees of freedom of the system. The kinetic
energy is a quadratic function of the velocities, while the potential energy is

assumed to be a function of the generalized coordinates alone:

V= V(Qlaq%q&'-'a%’b) (012)
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The potential energy (C.12) has a minimum for ¢ = g, in correspondence
of which the system assume a static position that is the equilibrium configu-

ration; this set of coordinates (¢, . .., §,) satisfies the n non linear equations

ov

% 9=G - (013)

Once one has found the equilibrium position, he expands around it, in-

troducing a new set of coordinates (z1,...,x,) in this way:

o = 670 + Ts (014)

As it is evident from Eq. (C.14), x, are the displacements relative to equi-
librium. Expanding the potential energy V as a function of x,, we obtain a

positive definite quadratic form:

1
V g 5 Zl Vo’o”xaxo" (015)

Here, as in the one dimensional case, V(§)=0. In addition, V.= V4, since

they multiply the same quantities in the sum [110] and are equal to:

0*V
Voo = | (C.16)
86]08(]0’ =
The kinetic energy written in terms of the new coordinates is:
T = 2”: lTC,‘,/ (X1, .y Q)T T (C.17)
2

o,0'=1

Coefficients T, are defined as:
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0T

TUU/ B aQano/ |q=(j

(C.18)

As it is evident that from (C.18), these coefficients are regarded to be

symmetric. The Lagrangian of the system is then:

~ 1 S
L = Z §Tag/(x1, ... ,l’n).’lj‘o-xo./ — §Vaa/xoxa’ (Clg)

o,0'=1

Using the Euler- Lagrange equations:

d oL 0L

@0 o " (C.20)

the equation of motion of the system are:

Y Towio + Y Vogrig =0 (C.21)

where 0 = 1,...,n. We search for function z(t) with the form expressed in
(C.11), that in this case is:
T (t) = Cpre (C.22)

Substituting Eq. (C.22) in Eq. (C.21), we obtain a set of linear homoge-

neous algebraic equations which have to be satisfied by Cl,:

D (~wPToer + Vig)Cor = 0 (C.23)

[
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Non trivial solutions of the system can be achieved with the passage

det(—w?Tyor + Vo) = 0 (C.24)

Since T and V are of rank n, the above determinant yields an n'* order poly-
nomial in w? , whose n roots are the squared eigenvalues (wy, .. ., w, ), namely
the frequencies of the system. Once these frequencies are known, substituting
their value in (C.23) also the corresponding coefficients C, are found. If all
the frequencies w, are different, the coefficients C,/ are proportional to the
minors of the determinant (C.24), with w = w, [110]. If we denote by A,/
the minors, the general solution of (C.21) is the real part of a superposition

of all the particular solutions of the form x,,= A, Cq e~ ™et:

T = Re[>  AgraCa ™ =" Ngiaba (C.25)
a=1 a
Where
0o = Re[Cpe™ ™) (C.26)

The general solution of Eq. (C.21) is then a superposition of n simple
periodic oscillations with definite frequencies w,. At this point, it is evident
that one can choose a set of generalized coordinate in a way in which each of
them execute only one simple oscillation. We can express 6 ... 60, in terms of
the coordinates i ... x,; in this way,the coordinate 6, are defined to satisfy

the equations:
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Oy +wW20,=0 a=1,...,n (C.27)

Using these coordinates, which are called normal coordinates, the equations
of motion are given by a set of n independent equations, which are equation
of simple harmonic oscillators. Corresponding eigenvectors are immediately
calculated with the standard procedure.

The vibration energy must be invariant with respect to symmetry transfor-
mation of the system [111]; this means that, under any transformation be-
longing to the point symmetry group of the molecule, the normal coordinates
are transformed into linear combination of themselves. These considerations
allow us to have the possibility to classify the eigenvibrations of a molecule

according to its irreducible representation of its symmetry group.

C.3 Tetrahedral configuration

In this section, we apply the procedure shown in previous sections to a tetra-
hedral molecule, shown in Fig. C.1.

A tetrahedron is a polyhedron composed of four triangular faces, six
straight edges, and four vertex corners. A regular tetrahedron is one in
which all four faces are equilateral triangles, where all faces are the same
size and shape and all edges have the same length. We want to study vi-
brations of a tetrahedron, with one mass in each vertex. The system is in a
(z,y,z) Cartesian coordinate system. In order to study the normal modes, we

imagine that in that tetrahedron there are springs which connect each pair
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109.5°

Figure C.1: Schematic picture of an ideal tetrahedron
of masses.
Suppose that all the spings are unstretched and of length a at the equilib-
rium.In addition, suppose that the equilibrium position of the tetrahedron is
the particular configuration shown in the Figure C.2, where the coordinates

of the four vertices are:

a a —a a
P1:(§,§tan9,0) P2=(7,§tan0,0)
Py = (0, %atan 0, %) Py = (0, %atan 9, _7@) (C.28)
b5 =(0,0,0)

We are assuming that the tetrahedron is centered in the origin of our
Cartesian axes and that at the beginning there are no deformations; in this
way the angle formed by the edges of the tetrahedron is equal to the ideal one
and is 109.5°. As a direct result, the angle formed by the edge of the tetra-
hedron and the Cartesian axes is equal to # = 35.26° for evident geometrical

reasoin.
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Figure C.2: Equilibrium position of tetrahedron
In that description, we imagine that each point is connected to the other
four with a springs. The initial length of these springs is the same for all
the springs, because in a tetrahedron each point is equidistant from the
others.Then, we perturb the system, imaging to "stretch" it , for example,
to the right. If we indicate with z;,y; and z; with ¢ = 1,...,5 the deviations
from the equilibrium position, looking at Fig. C.2 we have that the vertexes

of the tetrahedron have these new coordinates:

a a —a a
P1:(§+x1,§tan9+y1,z1) P2:(7+x2,§tan6’+y2722)

—a a —a —a
P3:($3,7tant9+y3,§+2’3) P4:(x4,7tan0+y4,7+z4)

P; = (25,95, 25)
(C.29)

We have to construct the 7" and V matrices. Let d;; be the distance
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between the points F; and P;:

d?j = (xj - %‘)2 + (yj - yi)2 + (Zj — Zi)2

For each pair of points, we have:

diy = (—a+azo—21)* + (1o —n)* + (22 — 21)?

a

—a
diy = (7 + o3 —21)* + (—atand +y3 —y1)? + (= + 23 — 21)?

2

—a

—a
d%4 = (5 +z4— I1)2 + (—atand 4y, — y1)2 +(—=— 42z — 21)2

2 2

a a
dis = (x5 — 5 x1)* + (Y5 — Etane —y)? + (25 — 21)?
2 _ (0 2 2 a 2
d23—(§+1’3—1‘2) + (—atan 6 + y3 — o) +(§+Z3—22)

—a

a
d§4 = (= +a4— $2)2 + (—atanf + y, — y2)2 + (— + 24 — 22)2

2 2

a a
d2s = (x5 + 5 29)” + (ys5 — B tanf — y5) + (25 — 2)°

d§4 = ($4 - 563)2 + (y4 - 3/3)2 + (—a + 24 — 23)2

a a

dis = (x5 — 23)° + (y5 + Etané —y3)? + (25 — 3 23)2
2 2 a 9 a 5

dis = (x5 — 24)" + (y5 + §tan9 —yy)” + (5 — 2)

The potential energy of the system is given by:

133

(C.30)

(C.31)
(C.32)
(C.33)
(C.34)
(C.35)
(C.36)
(C.37)
(C.38)
(C.39)

(C.40)
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Vo %k[(du C )+ (dis — )2 + (dus — a)2 + (dys — a)? (C.A1)

+(d23 — CL)2 + (d24 — CL)2 + (d25 — G)Q + (d34 — a)2

+(dss — a)® + (dgs — a)’]

In order to find the explicit expression of T and V, we neglect higher
order terms, because oscillations are small. Therefore, we have to expand all
the distances in the potential energy (C.41) to linear order.

We define Az =2, —x; , Ayj =vyi — Y, Dzyy =2 —2;,4,5=1,...,5
and ¢ # j . Expansion is made for Az;; = 0, Ay;; = 0 and Az;; = 0 because,
in our convention, x;,y; and z; are deviation from the equilibrium position.

We obtain at the first order:

d12 =a+ T — X9 (042)

g a(l+2tan?60) — (3 — x1) — 2tanb(ys — y1) — (21 — 23) (C.43)
5= .
’ V2(1+ 2tan?6)

= a(l+2tan?0) — (xy — 1) — 2tanO(ys — y1) — (24 — 21) (C.44)
V2(1 + 2tan? 0) '

a(l+tan?60) — 2(z5 — x1) — 2tanO(ys — v1)
24/(1 + tan? 6)

d15 = (C45)

don = a(l+2tan?0) — (o — x3) — 2tanb(ys — y2) — (20 — 23) (C.46)
* V2(1 + 2tan?0) .

iy — a(l+2tan?6) — (xg — x4) — 2tanO(ys — y2) — (24 — 22) (C.47)
V2(1 + 2tan26) '
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a(l +tan?6) — 2(xy — 5) — 2tanO(ys — yo)

d pum—
25 24/(1 + tan?6)

(C.48)

dsg =a -+ 23 — 24 (C.49)

a(l +tan?6) — 2tanf(ys — — 225 — 2
das = ( ) (ys i Ys) (25 3) (C.50)
21/(1 + tan®0)

1 29) — 2 —ys) — 2z —
s — a(l +tan®0) — 2tan0(ys — y5) — 2(24 — 25) (C.51)
24/ (1 + tan?0)

Substituting the expansions in the (C.41), we obtain the potential energy
at the first order.
Now, we have to construct the V matrix. Defining a set of generalized

coordinates:

(Q1,Q27Q3>Q4,Q5,Q6,Q77QS>Q9>C]10>Q11,Q12,(113,9147%5) =

= (71, Y1, 21, T2, Yo, 22, T3, Y3, 23, T4, Y4, 24, T5, Ys, 25)
We construct the V matrix (C.16):

0’V
Vo = ———— .52
aQano'/ (C 5 )

On the other side, the matrix T is trivial; in fact, from the (C.17) we have

that:
T
T= im;(fcf + Y7+ 2D (C.53)
This implies that
T; 0T mo; (C.54)
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T is a multiple of the unit matrix and then the Eq. (C.23) will be
VU, = mw?V, (C.55)

We proceed with the Eq. (C.41), substituting in V' all the expansions,
and then calculating the derivatives that we need in order to construct the
matrix elements (C.52) .

We obtain a 15 x 15 matrix, which are valid for a generic angle 8, whose

eigenvalues are:

2 4tan?6
1+tan?6’ 1+ 2tan?6’
3+ 7tan?6 — V9 +2tan®f + 9tan?0 3+ Ttan?0 + V9 + 2tan?6 + 9tan? 6
2(1 + tan?0) ’ 2(1 + tan?6) ’

5+3tan?0 — V5 + 10tan?60 + 9tan? 0 5+ 3tan?6 — /5 + 10tan?f + 9tan’ )
2(1 + tan?0) ’ 2(1 + tan?0) ’
5+3tan?0 + /5 + 10tan?0 + 9tan' §) 5+ 3tan?6 + /5 + 10tan?d + 9tan’ 0
2(1 + tan?6) ’ 2(1 + tan? 6) )

(07 07 07 07 07 07 57

(C.56)

In this passage, we assume k = 1, m = 1 and a = 1. Eq. (C.56) represents
the frequencies of vibration of a tetrahedral molecule. Substituting the value
0 = 35,26° in (C.56) and looking to a more careful treatment of the theory
of the normal modes of a tetrahedron in Ref. [112], we can draw up the

following classification:

e the eigenvalue 0 which is six times degenerate and corresponds to ro-

tations and translations;

e the eigenvalue 5, which has no degeneration and corresponds to the
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breathing mode vy;

e the eigenvalue (0.9989822118044377, which is doubly degenerate and

corresponds to the breathing mode vo;

e the eigenvalue 1.0010177881955622, which is three times degenerate

and corresponds to the stretching mode vs;

e the eigenvalues 3.333656411606072, which is three times degenerate and

corresponds to the bending mode vy.

Excluding the first point, which is relative to translation and rotations, we
have nine normal modes, that is coherent with theory, recalling that N=>5 and
that the number of the degrees of freedom 3N-5 coincide with the number of

normal modes. The normal modes are shown in Figure C.3.

/ %
~ "‘ { } =, v 7
L Lt P
- | i 2y ¥z
ra ".‘I | % [ el |
% 0\
breathing v,
- .
] . A £ . L J
L“‘ 5.4 Ik‘ stretching v,
L = !
sT " \J
N e
¥ “? \ /.- - i //
;q ;:-f" o hending v,
VY A £ 1)
! e Ny I'.‘,L

Figure C.3: Normal modes of a tetrahedron. Picture taken from Ref.[112]
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