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If you wish to understand the
fragrance of the rose, or the
tenacity of the oak;

if you are not satisfied until you
know the secret paths by which
the sunshine and the air achieve
these wonders;

if you wish to see the pattern
which underlies one large field of
human experience and human
measurement,

then take up chemistry.

C. A. Coulson, 1973
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Thesis Overview

The focus of this thesis is the prediction of new materials that can be formed or
synthesized under high pressure. It has been shown by several works in literature,
that pressure can alter the chemistry [1] of an element by activating its (semi)core
electrons, unoccupied orbitals and even the non-atom-centered quantum orbitals
located on the interstitial sites |2], leading to many new surprising phenomena.

The main concept is the “PV” term that appears in the enthalpy. The enthalpy
is a measure of the thermodynamics stability of a material at constant pressure.
It can be shown by a back-of-the-envelope calculation that the “PV” term can be
of the same order of magnitude of the free energy barriers that separate different
polymorphs of a material. The primary role of pressure is to modify the free energy
surface by creating and stabilizing new minima, which at ambient pressure may not
even exist. Therefore pressure is a very effective way to explore polymorphism [3-5]
and to synthetize new crystal structures [6,7]. In particular pressure can be used to
synthesize materials in high oxidation state (ACu’’’O3) or with uncommon formal
valence (as in YNy, as shown in Chapter 3).

High pressure experiments are challenging! The size of the samples is limited
and the analysis of X-Ray diffraction patterns is complicated by several issues. Very
often it is not possible to refine accurately the atomic positions of light elements (i.e.
Ist and 2nd row elements in the periodic table). Also the precise determination of
the specific space group can be demanding. This is where theory and calculation
come to a rescue. The main challenge for theory is to predict the crystal structure
of compounds at high pressure.

In this work I applied different strategies to predict new compounds under pres-

sure:
e explore known polymorphs (aka prototypes)
e global optimization via genetic algorithms

The first strategy can be easily applied to compounds with few components,
fixed stoichiometry and at moderate pressure. The idea is that atoms with similar
radius and valence tend to crystallize with the same structure. This is the case of

ABOj oxides which constitute the largest family of oxides: the crystal structure at
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ambient pressure is found to depend on the atomic radii of the elements. The most
common is the perovskite structure where tilting of octahedra and off-centering of
the B-cation is responsible for a large variety of physical properties. In addition to
the perovskite structure few other structures are known to have similar molecular
formula (i.e. ilmenite, wollastonite, calcite, aragonite, enstatite, corundum). The
most important is the post-perovksite which is formed from the perovskite structure
when the rotation of the octahedra exceeds a critical angle.

The second strategy is more computationally expensive than the first one and it is
more effective when the pressure is very high and when the stoichiometry is not fixed
because of pressure-induced chemical reactions. In this case, pressure induces such
large changes in the valence configuration that no iso-structural compound exists at
ambient pressure. Anyway there are cases (i.e. molecular crystals) in which CSP,
even at low pressures, would be very difficult exploiting only on analogy with known
prototypes. Crystal structure prediction is in principle a computationally intractable
problem, but in recent years clever optimization methods, such as genetic algorithms
(i.e. USPEX), have provided an effective and successful solution to this problem.

This PhD work was carried out in tight collaboration with the experimental high
pressure group of Prof. Martin Bremholm at Aarhus University. The group main
expertise is on high pressure (oxidative) synthesis and X-Ray powder diffraction at
high pressure. Most experiments were carried out at the Advanced Photon Source
in Chicago and a small part at ESRF, Grenoble. This was probably the best collab-
oration a scientist student can hope for, since it consisted in frequent exchange of
ideas and proposals from experiments to theory and vice versa, not just exchange
of data. Theoretical calculations were not just a support for experiments and vice
versa. For instance the precise refinement of the atomic of SrRuOj3 positions from
PXRD required several iterations between theory and experiments and my calcu-
lations helped to solve the magnetic-driven monoclinic distortion at intermediate
pressure. Another example of strong collaboration is when Prof. Bremholm pro-
posed to study lanthanide di-nitrides. Together with my supervisor we proposed
to address first yttrium as a proxy for the lanthanides, for computational reasons.
It turned out that high pressure synthesis of yttrium nitrides was quite fast and
PXRD patterns show rather sharp diffraction peaks contrary to the lanthanide ni-
trides. This thesis focuses mainly on the structural properties of stoichiometric bulk
materials. Because of the large number of systems studied, I do not address temper-
ature effects, defects and surfaces/interfaces, and I will also not show many spaghetti
diagrams (i.e. band structures). The reason is that my thesis focused mainly on
the crystal structure rather than on the electronic structure. The effects of the
pressure on the electronic properties are extremely interesting but require further

experimental investigations (i.e. measurement of transport properties, photoemis-




sion spectroscopy). These aspects cannot be studied comprehensively in just one
PhD thesis, experimental or theoretical!

Following, there is an overview of this thesis divided in chapters content.

e Chapter 1 is a theoretical introduction to the theoretical principles behind
the methods applied in this thesis and the different approaches to the issues I
encountered. It also explains the strengths and the weaknesses of each method

and how they are relevant in their respective field of application.

e Chapter 2 focuses on the investigation of perovskite and perovskite-like struc-
tures, and their behavior under great pressure. In particular, I focused on the
structural and mechanical properties of STRuOs3, SrGeO3 and HgPbOs, look-
ing for the structural transitions these compounds undergo under pressure and

how their properties change.

e In Chapter 3 I focus the attention on the properties of transition metals ni-
trides, in particular compounds of yttrium. Stimulated from studies conducted
on lanthanum dinitrides, I used yttrium as a proxy specie for lanthanides and
discovered that many interesting features are associated with yttrium nitrides
themselves. In particular, after searching for the most stable compositions
for Y-N system by the means of USPEX| I investigated the structural transi-
tions and mechanical properties of YN, and YN3, concentrating on fascinating
features such as the formation of longer nitrogen chains as pressure increases
or the nature of N---N bonding in the different moieties discovered in the

structures.

e The final chapter is a summary of this work of thesis which lasted over three
years and underlines the possible future applications and further investigation

needed for the projects tackled.




Chapter 1

Theoretical Methods

In this first chapter I recall some of the theoretical principles and methods I applied
during the last three years. The aim of this section is not to give a complete analysis
of all the theoretical concepts, since many books and papers can provide a much
more exhaustive deepening. Instead, the purpose is to give an idea of what tools were
employed in this work of thesis and to give a fresh overview of the main concepts
they are based on. In the first part I will briefly recall the notions governing Density
Functional Theory, starting from Hohenberg-Kohn theorems to a short review of
the most used functionals nowadays. Then I will go through the concept behind
plane wave pseudopotentials, the Bloch theorem and the Quantum Espresso utility.
Finally I will discuss the main issues concerning Crystal Structure Prediction and
how the USPEX method aims to solve them. In the end there is also a brief overview
of the experimental methods used to perform the high-pressure experiments that

support the theoretical data behind the results illustrated in this thesis.

1.1 Density Functional Theory

Density Functional Theory (DFT) is a computational quantum mechanical mod-
elling method used in many scientific fields to look for and therefore analyze the
electronic structure of a many-body system, such as atoms, molecules and con-
densed phases. These properties are investigated by the means of different function-
als which, in the specific case of DFT, are functions of the spatial electron density
(p). This method, developed in the late 1960s, became very popular in the 1990s,
when the approximations used in the theory where greatly refined to better model
the exchange correlation interactions. Since in periodic systems computational costs
are relatively low compared to Hartree-Fock theory, DFT is nowadays one of the
most widely used methods for electron structure determination all over the world.
On the basis of quantum-mechanical considerations, ab-initio DFT allows to predict

and rationalize many properties of a given material without requiring high-order pa-
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rameters. The electronic structure is determined by the use of an external potential
(Vexzt), which is obtained from the elemental composition and the structure of the
material, and and effective potential (V.fs), which is a mathematical representation

of the interelectronic interactions.

1.1.1 Hohenberg-Kohn Theorems

Density Functional Theory was fist formulated by Walter Kohn and Pierre Ho-
henberg in the framework of two theorems, known as Hohenberg-Kohn theorems
(HK) 3]

A solid is a system made of nuclei and electrons interacting with each other by
Coulomb interactions. Given the enormous difference in mass between nuclei and
electrons, in the realm of the adiabatic Born-Oppenheimer approximation it is pos-
sible to uncouple electronic and nuclear degrees of freedom. Nuclei are therefore
considered as fixed charges generating a static external potential V' in which the
electrons are moving as governed by the ground-state wave-function (¢9). The
many-body Schédinger equation (1.1) allows to determine the properties of a sys-

tem of N electrons interaction with a fixed external potential.

A

Hy(ry,...,rn) = EY(ry, ..., rN) (1.1)

In the latter equation, H is the Hamiltonian operator, defined as:

N N
. 1 e? 1
H=— E \V& E Vot (T — E e 1.2
2Mme i=1 o i=1 t(r ) ! 2 i#j |ri B rj‘ ( )

while r; is the position of the i-th electron and V. (r;) is the external potential
acting on the electrons, which is given by the position of the fixed nuclei. If the

wave function ¢ is known, the expectation value of the system can be calculated as:

 (W|H )
BT =00 (13)

Although it can look quite straightforward, this approach has a main problem:
since the Coulomb term in the eq. 1.2 couples the degrees of freedom of all the
electrons of the system, it is impossible to exactly solve eq. 1.1, and therefore obtain
the exact wave-function of the system. For this reason, in 1964 Hohenberg and Kohn
developed a theory that changes the focus from the energy of the system (E[t]) to the
electron density of the ground state (E[p]), so that the energy becomes a functional
of the electron density, which does not depend on the wave-function anymore |[8].

This theory is based on two theorems:

e The first H-K theorem states that the external potential V,,;, and hence the
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Figure 1.1: Schematic representation of the H-K theorem. The black arrows represent the
usual solution of the Schrédinger equation, where the potential Vg, (r) determines all the
states of the system W;(r), including the ground state Wy(r) and the ground state electron
density po(r). The Hohenberg-Kohn theorem, highlighted by the red arrow, closes the
cycle.

total energy of the ground state, is a unique functional of the electron density
p(r). In other terms:
p(r) = 3 Fy = Elp(r) (1.4)

e The second H-K theorem is a variational theorem, since it states that, given a
trial electronic density pi.iqi(7), the value of the functional E[p;.;q(r)] cannot
be lower that the ground state energy of the system, and therefore the density

that minimizes the total energy is the exact ground state density.

From the first H-K theorem it can be deduced why this theory has been applied
over the years on such a large scale, even replacing some other wave-function-based
methods: for every system with N electrons, in fact, the energy depends only from
the 3 spatial coordinates, making the problem more manageable than 4N coordinates
dependent (i.e. r;, s;, with s; being the spin of the i-th electron) wave-function
problem.

The second H-K theorem, instead, implies that, knowing the total energy of the
ground-state (E[p(r)]), in principle p(r) itself could be easily calculated, because
the density of the system would be the one that minimizes the energy functional.

The two theorems by themselves do not give an analytical formulation of the total
energy functional E[p(r)], but a good approximation was provided almost exactly a

year after the publication of H-K theorems by Walter Kohn and Lu Jeu Sham.

1.1.2 Kohn-Sham Method

The Kohn-Sham method was developed in 1965 with the aim to reduce the in-
tractable many-body problem of interacting electrons in a fixed external potential
to a more manageable problem of non-interacting electrons moving in an effective
potential, with the purpose to obtain from the latter problem the same density (p)
of the former [9].

Central to the Kohn-Sham method is the introduction of a fictitious auxiliary
system of N, particles whose properties are the same as those of the electrons besides

the non-interacting behavior. The ansatz is based on two assumptions:
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Figure 1.2: Schematic representation of Kohn-Sham theory, to compare to fig.1.1. The
label "H K" denotes the Hohenberg-Kohn theorem applied to the fictitious non-interacting
system considered in the K-S ansatz. The double arrow labeled with "KS" highlights the
assumption that the density of the many-body system is the same as the density of the non-
interacting system. Therefore, in principle, solving the independent-particle Kohn-Sham
problem determines all properties of the full many-body system.

e The exact ground state density can be fully represented by the ground state
density of the auxiliary system of non-interacting particles. This is called

"non-interacting-V-representability" .

e The auxiliary Hamiltonian is chosen to have the usual kinetic operator and an
effective local potential V% f(r) acting on an electron of spin ¢ at point r. It is
assumed that the potential V_,; is spin-independent, nevertheless the auxiliary
effective potential V7 f(r) must depend upon spin in order to give the correct

density.

Since pref(r) = p(r), the energy functional of the system can be rewritten as a

sum of three different contributions:

Elp(r)] = Tlp(r)] + Vielp(r)] + Vee[p(r)] (1.5)

in which T'[p(r)] represents the kinetic energy, Vy.[p(r)] is the interaction po-
tential between nuclei and electrons, while V.. is the interaction potential between

electrons, which can be divided itself into two different contributions:

Elp(r)] = Treslp(r)] + Velp(r)] + J[p(r)] + Exelp(r)] (1.6)

Supposing that the energy in eq.1.6 is the ezact energy of the system, this equa-
tion can be as a definition of E,.[p(r)], as this quantum-mechanical contribution can
be obtained by subtracting the kinetic energy of the non-interacting system (namely,
Tref(p(r)). Vielp(r)] and J[p(r)]*. The exchange-correlation term E,.[p(r)] will then
be defined as:

Euelp(r)] = Tlp(r)] + Veelp(r)] = (Tres[p(r)] + Jlp(r)]) (1.7)

Since the right-hand side of eq. 1.7 only contains functionals, F,.[p(r)] must be a

functional itself. If this universal functional could be known, then the exact ground

LJ[p(r)] is a universal function of p(r) and thus it is the same in both systems.




state energy and density of the many-body problem could be found by solving the
Kohn-Sham equation for independent-particles. To the extent that an approximate
form of E,.[p(r)] describes the true exchange-correlation energy, the K-S method
provides a feasible approach to calculate the ground state properties of a many
body system.

The Kohn-Sham method follows a formalism similar to Hartree-Fock to obtain the
electronic structure of a system. Let’s consider a set of non-interacting electrons
moving in en external potential V,¢(r). The electrons behavior can be described by

the monoelectronic eigenfunctions %% so, for N¢ electrons:

RESYIS = glSyles (1.8)
in which the Kohn-Sham hamiltonian hi is defined as:
KS G
b= ———V; 1.
hi o Vi T Vers(r) (1.9)

The monoelectronic eigenfunctions 2% (r) are directly connected to the electron

density p(r) since:

Ne

p(r) =Y [0 (r)P (1.10)

=1

Recalling the second H-K theorem, it can be deduced that:

/p(r)dr ~N.=0 (L.11)

At this point, the problem is reduced to solving the constrained optimization

with the Lagrange multiplier method:

5 (E[p(r)] 2 / p(r)dr) ~0 (1.12)

In the latter equation, A is the Lagrange multiplier. The ground state electron
density must respect the equation:
A= JEb(v)] (1.13)
Op(r)
Substituting the value of E[p(r)] previously obtained in eq. 1.6, the latter equa-
tion can be rewritten as:

Jlpl | Vnelpl | OFEuclp] = OTef Ty

A= 90t T o) T o) T e T Batr)

(1.14)




where, explicating all the contributions to V. yy:

Verp(r) = Vie(r) +/ |:§3,|dr' + Vael(r) (1.15)
Vie(r) in the latter equation is defined as:
8Ex0[p]
Vielr) = 1.16
") = o) (116)

Therefore, the problem is reduced to solving a Schridinger-like equation that,
knowing the value of the effective potential Vs, will be a system of i equations of

the form:

1
2me

VQ + VH(r) + ch(r) + ‘/ext(r) szS = EiwiKS (117)

Once obtained, the monoelectronic wavefunctions 95 can be used to obtain the
electron density p(r) from eq.1.10.
The genius of the Kohn-Sham approach is two-fold: first, the theory brings to a
tractable independent-particle equation (1.17) that holds the hope of solving inter-
acting many-body problem; second, it separates out the independent-particle kinetic
energy and the long-range Hartree terms so that only the exchange-correlation func-
tional E,.[p(r)] is left unknown. This term can be reasonably approximated as a
local functional of density, and many successful attempts were made over the years.
The next few paragraphs will be dedicated to the most famous and used of these

approximations.

1.1.3 Local Density Approximation

Since solids can often be considered close to the limit of the homogeneous electron
gas,the effects of exchange-correlation are local in character. In this limit, Kohn and
Sham proposed [9] the Local Density Approximation (LDA) in which the exchange
correlation energy of a inhomogeneous system is substituted with the exchange-
correlation energy density at each point as if the system could be described as an

homogeneous electron gas:

EEPA) = [ ploescloe))d’s (119

Once the local ansatz of LDA is made, it follows that the only information
needed is the exchange correlation energy of the homogeneous gas as a function of
density, since E,.[p] is universal. The function €,.(p(r)) was accurately evaluated
by the means of Monte Carlo simulations in 1980 [10]. As expected, Local Density

Approximation is exact only for homogeneous systems, but it can be considered




accurate in many inhomogeneous cases as well, mostly for systems in which the

electron density changes slowly [11].

1.1.4 Generalized-gradient Approximations

Despite the success of LDA functional, many improvements still had to be made.
For example, LDA is known to systematically overestimate cohesive energies in
solids, while underestimating lattice constants. Over the years, various Generalized-
gradient Approximations (GGAs) were developed, with marked improvement over
LDA in many cases.

The first step beyond the local approximation is a functional of the magnitude of
the gradient of the density |Vp|, the so called Gradient Ezpansion Approrimation
(GEA), first proposed by Kohn and Sham themselves, then carried out by Herman
et al. |12] and others. However, since gradients in real materials are so large that
the expansion breaks down, GEA did not bring much improvement to LDA, even
making the approximation even worse.

The term Generalized-gradient expansion (GGA) was coined to denote a variety of
functionals that modify the behavior at large gradients in such a way that the desired

properties are preserved. These functionals are defined, in a generalized form, as:

Egtt = /exc(p(r),IVp(r)l)p(r)d3r= /eﬁom(p(r))ch(p(r%IVp(r)l)d3r (1.19)

hom
T

where F. is dimentionless and €°™(p(r)) is the exchange energy of the homo-
geneous gas. F), is defined as the exchange enhancement factor and it is a function

of the dimentionless density gradient s, defined as:

. V"l
" (2ke)p

The analytical form of the exchange enhancement factor Fj. is what makes a

(1.20)

difference between the different GGA-based functionals that have been proposed
over the years. A comparison between the most widely used GGA functionals is

give in fig. 1.3.
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Figure 1.3: Exchange enhancement factor F,. as a function of the dimentionless density
gradient s for the most popular GGAs taken from Ref. [13]. It can be noted that, for most
materials, in the most relevant range (0 < s < 3) all GGA functionals behave similarly
and the magnitude of the exchange is increased by factor ~ 1.3-1.6 with respect to LDA.

In this work, since I focused mainly on crystals, the most appropriate functional
was chosen to be PBEsol [14], in which F. is fitted specifically for solids, giving

results in better accordance with experimental data.

1.2 Plane waves and pseudopotentials

The next challenge to tackle to be able to solve equation 1.17 for periodic systems
with a self-consistent procedure is to expand Kohn-Sham wave functions (/X%) in

a well known and complete basis-set.

1.2.1 Bloch theorem

Plane waves are a valid option to solve differential equation such as Schrédinger
equation, especially for periodic system, since they provide at the same time an
intuitive understanding and simple algorithms for calculations. The eigenstates of
any independent particle Schrodinger-like equation in which electrons move in an
effective potential V,;/(r) satisfy the eigenvalue equation:

A h2

Hepp(r)hi(r) = | =5 =V + Ve (r) | dilr) = ethi(r) (1.21)

e

The Bloch theorem states that if V.;r(r+R) = V.s4(r) (i.e. it is lattice periodic)

then the wavefunction can be factorized as ¥;x(r) = e™*uy(r) where uy(r) =
uik(r + R) is also lattice periodic. The periodic part of the Bloch wavefunction

obeys the orthonormality relation (u;x|uy k) = ;4 0k k-
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In a solid, it is convenient to require states to obey periodic boundary conditions
in an ideally infinite volume €2, and to be normalized. Using the fact that any
periodic function can be expanded in the complete set of Fourier components, we
can define all the key elements of eq. 1.21 in the basis of orthonormal plane waves.
If G is a reciprocal lattice vector, then the Bloch wavefunction can be written as a

linear combination of plane waves as:

u;x(r) = L Zci,g(k)ei@r (1.22)

V chll a

where . is the volume of the unit cell and k is restricted to the first Brillouin
zone. Then the Schrodinger equation for any given k can be written as the matrix
equation:

Z Hg o' (ke qr (k) = €i(k)cia(k) (1.23)
G’
Inserting eq. 1.22 into eq. 1.21 the Hamiltonian matrix elements are:

h2

Me

Hg o (k) = 5 k + G*0g.e + Vi (G — G) (1.24)
where ‘Zf 7(Q) is the Fourier transform of V_ss(r).

Since the Schrodinger equation 1.23 is defined for each k separately, each state
can be associated with the wavevector k and all the eigenvalues and eigenvectors for
each k are independent. In the limit of an ideally infinite volume 2, the k points
become a dense continuum and the eigenvalues ¢;(k) become continuous bands. Since
every state can be labelled by a well-defined k, it follows that k is conserved, but,
since the solutions of eq. 1.23 are periodic in k, k is conserved modulo addition of
any reciprocal lattice vector G.

Among all the advantages that can be enumerated, plane waves are particularly

popular because of some useful features:

1. Since Bloch theorem imposes the effective potential V,¢; to be periodic, it is
possible to run the calculations in reciprocal space and then transform them

in real space using the fast Fourier transform (FFT).

2. A periodic potential makes Hgg(r) a block diagonal matrix in k, and each

block can be diagonalized by itself.

3. Plane waves are an orthonormal and complete basis-set, without any overlap

integral involved.

4. Plane waves are independent from nuclei positions, and, for an infinite number

of plane waves, they practically become a complete basis set. This is in contrast

12



with localized basis sets where the evaluation of forces and stress is complicated

by the presence of extra terms (called Pulay terms).

In principle, to fully describe the system, an infinite basis-set is needed, aim that
is impossible to reach. The number of wave-functions must be truncated to a finite
number for computational application; the truncation is imposed to the plane wave

energy and it is called cut-off energy, E.u:

h2

2me

k+ G|* < Bt (1.25)

A graphical example of truncation in reciprocal space is given in fig. 1.4. It
follows that the bigger E.,, the more wave-functions are included in the basis-set,

the better the system is described, the heavier the calculation will be.

Figure 1.4: Example of truncation in k-space

Another effective way to reduce the number of plane waves involves the use of

pseudopotentials, that are better detailed in the following section.

1.2.2 Pseudopotentials

The fundamental idea behind a pseudopotential is replacing one problem with an-
other. The aim is to substitute the strong Coulomb potential of the nucleus and
the effect of the tightly bound core electrons with an effective ionic potential act-
ing on the valence electrons that can be described effectively by the use of plane
waves basis-set, since pseudo wave-functions can be described with far fewer Fourier
modes. Pseudopotentials can be generated in an atomic calculation and then used to
compute properties of valence electrons in more complex systems, such as molecules
or solids, since the core states remain almost unchanged regardless the nature of
interactions between atoms. Furthermore, since pseudopotentials are not unique,
one can choose the form that simplifies the calculation and the interpretation of the

resulting electronic structure.
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First-principles pseudopotentials are derived from an atomic reference state requir-
ing that all electron valence eigenstates have the same energies and densities outside
a chosen cut-off radius r., so that the real and the pseudo wavefunction and poten-

tials come to match above this critical value, as shown in fig. 1.5.

l}lpwmlu Q
4
17\ 1
r ’

— .‘ -

Vpscudn

4 re
\ILywl. /

Figure 1.5: Comparison of a wavefunction in the Coulomb potential of the nucleus (in
blue) to the one of the pseudopotential (in red).

Pseudopotentials with a larger cut-off radius are more rapidly convergent (softer),
but they are less accurate to reproduce the same features in different environments
(i.e. they are less transferable). Depending on the computational need, many dif-

ferent pseudopotentials are available to use:

e Norm-conserving pseudopotentials: norm-conserving and ultrasoft pseu-
dopotentials are the most used in modern plane-wave electronic structure
codes. Since they allow the use of basis-set with a lower cut-off to be used to
describe the electron wavefunctions, they allow proper convergence even with
limited computational resources. The first norm-conserving pseudopotential
was proposed by Hamann, Schliiter, and Chiang (HSC) in 1979 [15] and had

the following form:
Vos(0) = D > Vi) Vi (Vi (1.26)
l m

where |Y},,,) projects a one-particle wavefunction to the angular momentum
lameled by I, m and V},,(r) is the pseudopotential that acts on the projected
component. Norm-conserving pseudopotentials are constructed to respect two
conditions: inside the cut-off radius r., the norm of each pseudo-wavefunction
must be identical to the corresponding electron wavefunction, while outside

the cut-off radius all-electron and pseudo wavefunctions must be identical.
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e Ultrasoft pseudopotentials: ultrasoft pseudopotentials relax the norm-
conserving constraint to reduce the basis-set size even more at the expense
of the accuracy, since a generalized eigenvalue problem is introduced. With a

non-zero difference in norms, it can be defined:

qrij = (PRi|PR;) — (OR.i|OR,;) (1.27)

where ¢ and g% are the all-electron and pseudo- wavefunction respectively. In
the ultrasoft formalism, the pseudo Hamiltonian now obeys the generalized
equation:

[:—7|¢z> = Eig|@/}z‘> (1-28)

where the operator S is defined as:

S=1+ Z [PR,i)qR,ij (PR.j] (1.29)
R

In the latter equation, pgr; are the projectors that form a dual basis with the
pseudo reference states inside the cut-off radius r.. They are equal to zero

outside.

e PAW pseudopotentials: the Projected Augmented Wave (PAW) method
is a generalization of the pseudopotential and linear augmented-plane-wave
methods, and allows DFT calculations to be performed with even greater
computational efficiency. It provides a linear transformation (T") of the pseudo

wavefunction (|i))) to the all-electron wavefunction (]i))):

¥y = T4) (1.30)

where the operator T is non-zero only within some spherical augmentation of

the region (2 enclosing the atom R and can be defined as:

=1+ Z |6i) — 16:)) (pil (1.31)

where |¢;) is a set of all-electron partial waves, |¢;) is a set of pseudo partial
waves and |p;) is a set of projector functions. Outside the augmentation re-
gions, the pseudo partial waves are identical to the all-electron partial waves.
PAW pseudopotentials find a more vast application for spectroscopic purposes
(i.,e. XANES, NMR..) where a better description of the core electrons is

needed to study electronic transitions.

15



1.2.3 Quantum Espresso

Structural optimizations and energy calculations for this work of thesis were per-
formed using Quantum Espresso (QE), an integrated suite of open-source com-
puter codes for quantum simulations of materials developed by P. Giannozzi et
al in 2001 [16,17]. The method is based on density functional theory, density func-
tional perturbation theory and many body perturbation theory, in the realm of the
plane-wave pseudo-potential and projector-augmented-wave approaches. QE owes
its popularity to the wide variety of properties of the matter that can simulate and
its performance on and increasingly broad array of hardware architectures. The dis-
tribution is based on two core packages, PWscf and CP, that perform self-consistent
and molecular-dynamics calculations respectively. With Quantum Espresso it is

possible to perform different tasks, included:

e Ground state calculations: with QE it is possible to look for self-consistent
total energies, forces, stresses and orbitals. Separable norm-conserving and
ultrasoft pseudo-potentials are supported as well as many exchange correlation
functionals, from LDA to generalized-gradient corrections, to meta-GGA and
hybrid functionals. It is also possible to perform noncollinear magnetism and

spin-orbit coupling calculations;

e Structural optimization, molecular dynamics and potential energy surfaces

calculations;
e FElectrochemistry and special boundary conditions

e Response properties (Density Functional Perturbation Theory) calculations:
examples of this kind are phonon frequencies and eigenvectors at any wavevec-
tor calculations, full phonon dispersion, electron-phonon interactions and many

others;

e Spectroscopic properties;

Quantum transport.

The suite is constantly updating, and it is considered to be a very reliable imple-

mentation by thousands of users all around the world.

1.3 Crystal Structure Prediction

Are crystal structures predictable? This question can seem straightforward, but it
is actually way more complex to answer than it may appear. Behind an apparently

simple question, in fact, there are many hidden predicaments to assess that up to
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relatively few years ago made a negative answer the only possible one. Nowadays,
given much higher computational power than before, various methods can be ap-
plied to get closer to an affirmative answer to the question.

Crystal Structure Prediction (CSP) has been a challenge of the scientific community
in the last few decades and it consists in finding the most stable and probable crystal
structures of a compound given only the elemental composition. While knowledge
of intermolecular valence could be considered satisfactory already thirty years ago,
the perspective of being able to design molecular solids with predetermined physical
properties that depend on the structure is an appealing and yet challenging purpose
still in the present years.

In the early days of X-ray crystallography, guessing at the crystal structure by mini-
mizing intermolecular repulsions was considered a viable method of solving the phase
problem, when cell dimensions and diffraction intensities were available. From that
perspective, knowing the cell volume implied knowledge of intermolecular attraction
and that only mutual avoidance between rigid object had to be figured out. Direct
methods made these procedures obsolete, paving the way for new crystal structure
prediction techniques which had the ambitious aim to consider not only already ex-
perimentally synthesized compounds, but also materials whose synthesis has not yet
been accomplished. With the aim of reaching a high level of accuracy in this sense,

some fundamental problems and the questions they pose must be tackled [18].

1. Will a compound crystallize? Thermodynamics holds that any substance must
crystallize given a low enough temperature (or a high enough pressure) and
that it is pure. Kinetics, though, puts a limit to these possibilities, since,
while dissolution always takes place in the proper solvent, crystal growth in
solution is always problematic; melting often occurs at higher temperatures
than freezing; a crystal is more easily destroyed than built. Sometimes, well-
shaped single crystals are much less likely to occur than disordered, strained

or twinned crystals, or even waxes and glasses.

2. Is this crystal high-melting? The melting temperature (7,,) is high for high-
melting enthalpy and for low-melting entropy. Higher T,,’s are therefore as-
sociated to disordered crystals, or solids whose liquids are heavily associated.
Correlations between T, and crystal cohesion should therefore be taken into

consideration with caution.

3. What is the lattice energy? Over the years, many statistical studies have been
performed on the relationship between molecular and crystal properties for the
most common families of compounds, either involving hydrogen bonding or
not. Correlations were found that allow an estimate of sublimation enthalpies

from molecular parameters such as the Van der Waals surface or the number
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of valence electrons.

. Will the crystal structure be non-centrosymmetric? Crystal centrosymmetry
is sometimes a refinable parameter in X-ray crystal structure analysis and it
is often a matter of debate rather than an a priori condition. The centrosym-
metry of a structure can rarely be predicted, but it was found to be related to
some unusual properties of crystals. For these reasons, being able to predict
even just the centrosymmetry of the system is an important challenge for CSP

techniques.

. Will some parts of the molecule take up a predictable orientation in the crys-
tal? Many studies have been performed to try to identify statistical behavior
of chemical recognizable molecular moieties, such as preference approach paths
of recurrent substituent with respect to hydrogen bonding or m — 7 interac-
tions between aromatic rings. Some broad trends in the dependence of crystal
packing from the presence of certain moieties have been identified, but since
interactions in crystals of complex molecules are diverse and diffuse, relying

only on local effects can be dangerous.

. What can be the space group and the number of molecules in the asymmetric
unit? For the crystal chemist, the prediction of the space group can seem
a fanciful exercise, if what counts is just an understanding of how molecules
arrange themselves in a crystal, but in the answer to this question lies both the
mathematical and the chemical approach to the problem that CSP poses. It
was, in fact, demonstrated that the combination of symmetry elements gives
rise to exactly 230 independent three-dimensional possible space groups, but,
on the other side, crystal symmetry has to do with the possibility of molecules
to actually form a stable solid, which depends upon intermolecular forces. No
necessary correlation holds between these two views: 230 space groups exist,
but molecules cannot freely choose among them. Moreover, there are rather
strict conditions that can be met by a limited number of combinations of
few symmetry elements, so the choice of space groups is usually restricted for
specific classes of compounds: identify the space group can be indeed crucial

to rule out some structural possibilities.

. What are the cell parameters? The cell volume can be estimated from molec-
ular volume, and crystal density too can roughly be estimated. If space is to
be efficiently used in as condensed phase, there must be a correlation between
molecular dimensions and cell parameters. Cell dimensions are a bad iden-
tifier of a crystal structure, since the choice is not unique, but they can be

indicators of distances between molecular centers of mass, which are the main

18



quantitative descriptors of crystal geometry and are dictated by the strength

and directionality of intermolecular forces.

Up until just a few decades ago, the problems hidden in these questions were
big enough to make the scientific community think that no method was ever going
to be able to tackle them. In just twenty years, though, computer power has grown
exponentially, up to the point that nowadays there are plenty of ways to assess the
Crystal Structure Prediction problem and, up to a certain degree of accuracy, solve
it.

In the next paragraphs, I will briefly overview the most widely used methods, start-
ing from USPEX (Universal Structure Predictor: Evolutionary Xtallography) code,

the method that was used in the present work to predict crystal structures.

1.3.1 Universal Structure Predictor: Evolutionary Xtallog-
raphy (USPEX) code

One of the best methodologies developed in recent years to address the CSP prob-
lem is the USPEX code. Developed by A. Oganov in 2004, it is used worldwide
by more than 6000 researchers on a daily basis, since it is considered an efficient
and reliable method for predicting crystal structures merging ab-initio total-energy
calculations and an evolutionary algorithm [19-21]. While in many cases it is pos-
sible to solve the crystal structure from experimental data, theoretical structure
prediction is crucial for many reasons. First of all, when experimental data are not
good enough, especially in high-pressure or high-temperature conditions, theory is
the only way to attempt structural resolution. Secondly, theory represents the only
way to investigate matter in extreme conditions, which are not reproducible with to-
day’s experimental techniques, such as ultrahigh pressures. Finally, a reliable crystal
structure prediction method can be precious to attempt the design of new materials.
The search for stable structures, though, is made difficult by the multidimensional-
ity of the free energy surface, since the number of degrees of freedom is 3N + 3 with
N being the number of atoms in the unit cell, with an enormous number of local
minima separated by high energy barriers. It is not hard to get a feeling of how big
of a number we are talking about; just by making a simple example in simplified
conditions, such as a fixed cubic cell of volume V' containing N atoms forced to take
only discrete positions on a grid with resolution 9, the number C' of combinations

of atomic coordinates is:

1 (V/5%)!
(V/6%) [(V/6%) — N]IN!

This number, regarding of the values chosen for § and N, is likely to reach a value

C:

(1.32)

of the order of magnitude of at least 10, and it increases exponentially if atoms
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are allowed to be different elements, or even just increasing N to a reasonable value.
In fact, for example, in a N = 10 scenario, the number of possible structures rises
to 10%°. These numbers are practically impossible to deal with, even for relatively
small values of N, but fortunately there is no need to explore the entire free energy
surface to locate the global minimum, but only the most promising regions. One can
either start already in a good region of configuration space or use a "self-improving"
method that locates the best structures. Evolutionary algorithms like USPEX be-
long to the latter category, since the strength of these kind of simulation is that they
do not need any system-specific knowledge aside from the chemical composition and
are, indeed, self-improving, meaning that every new generation increasingly better
structures are found and used to generate new structures. These features make evo-
lutionary algorithms suitable for crystal structure prediction purposes. The aim of
the method is to develop a systematic approach, where a stable structure at given
temperature and pressure conditions is found starting from the bare chemical com-
position. It was developed to be universal, meaning that it aims to be applicable to
ionic, metallic, covalent or Van der Waals crystals, and different types of structures
should be treatable on equal footing. The method should also scale with N, and
USPEX can reach good efficiency at least up to N = 40. The method is also easily
parallelizable, with operations running on different processors completely indepen-
dent one another, guaranteeing the work load to be equally distributed.

Searching the global minimum on the free energy surface is often all but an easy task.
Free energy landscapes in chemical systems have an overwhelming number of local
minima, separated by energy barriers often too high to overcome (fig. 1.6), making

them hard to investigate with molecular dynamics or Monte Carlo approaches.
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Figure 1.6: An example of a section of free energy surface. It can be observed the great
number of minima that can be investigated, and often the global minimum corresponding
to the correct crystal structure is so narrow and the energy barriers around it so high that
finding it can be a really challenging task.

However, these landscapes have several features that can help in the challenging
task of finding the minimum. First of all, only a small fraction of the surface is of any
chemical interest; secondly, at the same stable structure usually correspond more
than one equivalent minima; it is also true that the deepest minimum is easier to
reach than any single local minimum, since it has the largest surface area. Since most
of the minima are usually located in the same region of landscape, these factors make
it easy to understand that it is not necessary to investigate the entire vastness of the
energy surface: what is really crucial to find the global minimum is to investigate
the right section of the landscape. The problem of global search through a huge
number of local minima is replaced by a neighborhood search through a relatively
small number of local minima. Usually, this approach works efficiently only if the
most stable structure is somehow similar to an input structure which helps to locate
the best surface area to investigate. Unfortunately, a reliable starting structure
is not always known a priori. USPEX method, like others of the same family of
evolutionary algorithms, presents a good alternative to this approach, since it mimics
Darwinian evolution and employ natural selection of the fittest and such variation
operators as genetic heredity and mutations. This way, evolutionary algorithms can
perform well for different types of free energy landscapes, working especially well
for surfaces having an overall shape - i.e. those where the global minimum and the

deepest local minima are in the same region, as expected for chemical systems.
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Figure 1.7: A schematic representation of the mechanism behind USPEX code.

The algorithm is implemented in USPEX and has a minimal input: the number of
atoms of each type, pressure and temperature conditions, the population size, hard
constraints and the criteria by which new populations are built. The procedure

(schematically represented in fig. 1.7) is the following;:

1. The first generation is produced randomly, although allowing only structures
that satisfy the hard constraints. It is also possible to start from a "good

guess" input structure provided by the user.

2. Among the locally optimized structures (ab initio optimization using first-
principles and atomistic simulation codes such as VASP, SIESTA, GULP and
QuantumEspresso) a certain number of the worst ones are rejected, and of
the remaining structures, the very best are kept by the algorithm and pass
directly to the next population, while the others, selected by fitness ranking
(i.e. their free energies) participate in the next generation through heredity,

atomic permutation and mutation (fig. 1.8).

e During heredity (fig.1.8a), new structures are produced by matching slides
of the parents structures, chosen in random directions and with ran-

dom positions. Heredity of the lattice vector matrix is done by taking a
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Figure 1.8: Schematic representation of the criteria used by USPEX to generate new
generations: (a) Heredity, (b) Mutation and (c¢) Permutation.

weighted average with a random weight.

e Mutation (fig. 1.8b), instead, applies random changes in the cell vectors
and/or atomic positions. Lattice mutation essentially incorporates the
ideas of metadynamics, since it finds new structures by building up cell

distortions of some known structure.

e Permutation (fig. 1.8¢) consists in switching identities of two or more
atoms in a structure; the number of permutations applied is drawn from

a uniform distribution.

To avoid pathological lattices, all newly generated structures are rescaled to

have a certain volume and then relaxed by local optimization.

3. The simulation is stopped after some halting criterion is met. Usually, for
systems with ~20 atoms in the cell, convergence to stable crystal structures

takes up to ~20 generations.

In figure 1.9 is a representation of the algorithm progress in the prediction of the
crystal structure of MgSiO3 at 120 GPa of pressure (20 atoms/cell) for the best
structure as a function of generation. It can be noted that after 15 to 20 generations,
the code already stabilized the curve on the most promising structures, finding
both the stable and low-energy metastable structures in a single simulation with no

experimental information to begin with.
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Figure 1.9: Prediction of the crystal structure of MgSiO3 at 120 GPa (20 at/cell), shown
as an example (from [22]). Insets show the perovskite and post-perovskite structures to
point out that up to 12th generation the perovskite was found to be the most energeticaaly
favoured, and only after the 13th generation the postperovskite structure was found.

1.3.2 Other methods

Even if they were not directly applied in this work of thesis, there exist many other
computational methods to solve Crystal Structure Prediction problem that are worth
a mention. Many claim the ability to predict the most stable crystal structure given
the elemental composition and pressure of temperature conditions, and not all of
them are evolutionary algorithms like USPEX. Here is a brief overview of the most

widely used nowadays.

e AIRSS: Ab Initio Random Structure Searching (AIRSS) is a simple yet pow-
erful approach for Crystal Structure Prediction. The concept was first intro-
duced in 2006 by Pickard and Needs [23|, and extensively discussed in the
years after. Random structures are generated and then relaxed to nearby
local minima, and it has had wide success in the aim of finding the most
stable structures in particular by using DFT for the energies. The sensible
random structures are built to have reasonable densities and atomic distances
and they may embody crystallographic, chemical and prior experimental or
computational knowledge. This method has been widely adopted in a number
of landmark studies in structure prediction, from the structure of SiH, under
pressure, to providing the theoretical structures, and can be extended to the

prediction of clusters, defects in solids, interfaces and surfaces.

e CALYPSO: Crystal structure AnallYsis by Particle Swarm Optimization (CA-
LYPSO) is an efficient structure prediction method developed by Wang et al.
in 2012 [24]. The approach requires only the chemical composition for a given

compound and given external conditions of pressure and temperature to pre-
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dict stable and metastable structures and even design new multi-functional
materials. The CALYPSO method is based on several major techniques for
global structural optimization from scratch, such as particle-swarm optimiza-
tion algorithm, symmetry constraints on structural generation, bond charac-
terization matrix on selecting and eliminating similar structures and penalty
functions. The CALPYSO method comprises four steps: (i) generation of
random structures with constraints of symmetry; (ii) local structural opti-
mization; (iii) identification of unique local minima by bond characterization
matrix; (iv) generation of new structures by Particle Swarm Optimization
(PSO) for iterations.

e GASP: the Genetic Algorithm for Structure and Phase Prediction (GASP)
contains a heuristic search code to solve structure prediction problems. It
was developed by Ceder group at MIT in 2007 and has widely evolved ever
since [25]. It’s a genetic algorithm that includes the most successful techniques
described in the literature and important new ones, It can search for periodic
structures as well as crystal structures and it can be interfaced with many
energy optimization codes such as GULP, VASP and LAMMPS. Without par-
allelization, the code proceeds as follows: (i) create initial parent generation;
(ii) create empty offspring generation; (iii) apply promotion and variation op-
erations to create new offsprings; (iv) when enough offsprings are generated,
relax each structure and evaluate its fitness; (v) re-develop each offspring and,
if successful, add it to the next generation. This iterative process is repeated

up until convergence is reached.

e XtalOPT: XtalOPT is an evolutionary algorithm for crystal structure pre-
diction based on a periodic displacement (ripple) operator ideally suited for
extended systems [26|. This hybrid operator, which combines two pure opera-
tors, makes the potential energy surface easier to explore while simultaneously
zooming in on the most promising regions. XtalOpt uses phenotypical repre-
sentations, meaning the operators responsible for procreation act directly on
the actual coordinates and lattice parameters in either fractional or Cartesian
space, as opposed to mutating and breeding the individual after encoding it

as a binary string.

The previously enlisted are just a few examples of the many softwares employed
nowadays to solve the crystal structure prediction problem, which is not considered

an impossible task anymore.
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1.4 Quantum Theory of Atoms in Molecules

To study the nature of the chemical bonding and analyse the atomic charge in
crystals, we made use of Quantum Theory of Atoms In Molecules (QTAIM). In this
section I briefly introduce the method and the state of the art of the theory behind
it.

Quantum Chemical Topology (QCT) is a branch of theoretical chemistry that
makes use of the mathematical theory of topology to partition chemical systems and
characterize their properties, focusing mainly on those spatial properties which do
not change under deformation. Since the formulation of Density Functional Theory
by Hohenberg and Kohn in 1964, there has been a significant effort by the scientific
community to describe features of the matter by the use of electron density, not only
because it is easier to treat from the computational point of view (see section 1.1.2),
but also because the electron density is a quantum observable. The experimental
electron density, in fact, can be derived through X-ray studies and compared with
the theoretical counterpart that can be obtained through many different approaches.
With this purpose in mind, since 1970s Bader et al. started investigating the nature
of electron density and its topological features, developing the Quantum Theory of
Atoms in Molecules (QTAIM) [27]. A topological basin of a scalar function f(r) is
defined by two types of non-degenerate critical points (a local maximum and one or

more first-order saddles) and by a separatrix S(r) never crossed by gradient lines:

Vf(r) -n(r) =0;¥r e S(r) (1.33)

When f(r) is the electron density, the definition of topological basin and that of

quantum atom overlap. The expression of the local kinetic energy density is:

K== [0V ovh)ar =
=5 v -vwar -5 [P - (1.3)
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For the divergence theorem, one can also write:

/// dr'V?p(r) = Y{Vp(r) -dS (1.35)

If one integrates the latter expression in eq.1.34 into a topological basin of the
electron density, given the condition in eq.1.33, the local kinetic energy density is
given unambiguously. The topology of a generic scalar function of the electron

density is defined by four types of non-degenerate critical points, characterized by
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the rank (w) and the signature (o) of the diagonalized hessian matrix calculated
on the point; thus, they are labelled as (w, o). Bader demonstrated [27] that these
critical points correspond with elements of chemical structure, and classified them

as follows:

e A local maximum of p(r) (3,-3) is called nuclear critical point or attractor and

defines an atomic basin along with its gradient region.

e A first-order saddle point of p(r) (3,-1) is called bond critical point and defines

the presence of chemical interaction between two nuclear critical points.

e A second-order saddle point of p(r) (3,+1) is called ring critical point and
defines the presence of a ring-like chemical structure. The critical point is
situated in the minimum of electron density situated at the center of the ring

plane.

e A local minimum of p(r) (3,+3) is called cage critical point or repulsor and
it defines the presence of a cage-like chemical structure. The critical point is

situated in the absolute minimum of the cage.

Given these definitions, QTAIM can be easily applied to many fields of chemi-
cal structure analysis, including the search for the presence of hydrogen-hydrogen
bonding, the calculation of certain physical properties on a per-atom basis, and the
analysis of the charge located on each atom in a complex structure. Since the theory
is entirely based on electron density, it is easier to couple it with DFT-based theo-
retical methods and to compare it to experimental data at the same time, making

it one of the most versatile methods for chemical topology analysis used nowadays.

1.5 High Pressure experiments

Pressure, along with temperature, is one of the physical parameters that can be
accurately varied during modern experiments. The term "high pressure" can be
misleading, since it can refer to relatively low pressures, in the order of magnitude
of a few bar, up to pressure as high as several hundreds of GPa (1 GPa = 10° bar).
The highest pressure ever reached in an experiment is reported to be just above
1 TPa (107 bar) and it was reached by the means of a diamond anvil cell during
an experiment on tin at the European Synchrotron Radiation Facility (ESRF) [28].
Since pressure is defined as force per unit of surface the force is applied to, reaching
high pressures can be achieved in two different ways: apply a very large force or
reduce the area of the surface to a minimum. Following the former concept is
the Large Volume Press (LVP), a device largely used to run modern high-pressure

experiments (fig. 1.10).
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Figure 1.10: Detail of a Large Volume Press, in particular the D-DIA large volume triaxal
press at the Earthquake Research Institute in Tokio, Japan. The six anvils of the D-DIA
squeeze a cube of boron-epoxy, in which the deformation assembly is located. Most of the
anvils are made of tungsten carbide, but for X-ray diffraction experiments two of the four
horizontal anvils consist of sintered diamond, which is almost transparent to X-rays. This
kind of device can easily reach pressures between 1 and 4 GPa, up to a few tens of GPa.

The LVP consists of hydraulic presses that allow, as suggested by the name itself,
the study relatively large samples, especially if compared to other high-pressure
experimental techniques. The majority of devices of this kind hold a Walker-type
module [29] that allows to reach pressures as high as 25 GPa and temperatures
up to 2500°C, since it uses a clever multi-wedge setup to turn the uniaxial force
from the hydraulic press into a quasi-hydrostatic pressure on the sample. Most
of the anvils are made of tungsten carbide, but they can also consist of sintered
diamond, which is transparent to X-rays, making it easier to study the high-pressure
experiment. The upper pressure limit is determined by the size of the truncation
on the tungsten carbide cube: the smaller the truncation, the higher the reachable
pressure. Two pieces of copper are also placed on the surface of the assembled
cube to serve as an electrical contact between the tungsten carbide cubes and the
steel wedges: this setup allows to resistively heat the sample by the means of an
electrical current passing through a graphite sleeve. Temperature is then measured
using a thermocouple placed close to the sample. If no thermocouple can be used
or if it breaks during the compression, the temperature is usually determined using
a power/temperature calibration depending on the machine setup, or it can be
calculated from a well defined P-V-T standard using XRPD signal.

The second way to reach pressures in the order of several tens of GPa is by
reducing the sample surface to sub-millimeter size, and this is the principle behind
the Diamond Anvil Cells functioning. The Diamond Anvil Cell (DAC) makes it
possible to study materials under extreme conditions, since it can be used to reach

very high pressures, even higher than 100 GPa. Diamond is not only one of the
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Figure 1.11: (a)Gasket and (b) schematics of the core of a diamond anvil cell. The culets
(tip) of the two diamond anvils are typically 100-250 microns across.

hardest materials ever reported on Earth, but it also has some peculiar properties
that make it the perfect material for generating high pressure. Diamond is, in fact,
transparent to X-ray, both non-conducting and non-magnetic and chemically inert,
all characteristics that enable it to be combined with a large variety of experimental
techniques. When coupled with laser heating, which can reach temperatures higher
than 2000 K, it becomes an exceptional and powerful tool to study a broad range
of materials properties under really extreme conditions. There are many different
designs of DACs, but the principle behind is similar in all of them: the sample
is placed between two diamond surfaces (culets) so that it undergoes very high
pressures when the opposing diamond anvils are forced together. Most of DACs
display a metal membrane pressurized using screws, as shown in figure 1.11a; a
metal gasket with a thickness of approximately 250 pm is indented between the two
diamond anvils to a thickness that depends on the pressures that are intended to be
reached (typically, an approximate thickness of 40 um is needed to reach pressures
between 30 and 100 GPa).

Pressure can be monitored using a reference material whose behavior under pres-
sure is known, such as ruby fluorescence: this is why a ruby is included in the gasket,
as schematically shown in fig. 1.11b. The uniaxial pressure supplied by the DAC
is transformed in hydrostatic pressure using a pressure transmitting medium, usu-
ally a noble gas like argon or xenon, which is also enclosed in the gasket. Two
slits guarantee the light access to the gasket containing the sample; thus, X-ray
diffraction, fluorescence, photoluminescence, Raman and other signals can be mea-
sured from materials under extreme pressure conditions. Magnetic and microwave
fields can also be applied externally to the cell, while very high temperatures can
be achieved by the means of laser-induced heating (up to 7000 K). Reaching unbe-

lievable pressures, this setup made it possible to recreate extreme conditions such

29



as those existing deep inside planets and to synthesize materials and phases never

observed before.

30



Chapter 2
Perovskites under pressure

Perovskites are a large family of structures in the even larger field of materials
science, first discovered by Gustav Rose in 1839 in the form of the mineral CaTiO3
and named after Russian mineralogist Lev Alekseyevich von Perovski. Perovskites
are characterized by the general chemical formula ABX3: the A-site is occupied by a
cation, usually a large alkaline earth metal, the B-site is occupied a smaller transition
metal while the X-site is home to an anion, usually oxygen. The ideal structure for
perovskites assume is the cubic one, space group Pm3m (#221), showed in figure 2.1.
This structure is characterized by the formation of corner-sharing BXg octahedra,
so that the A-site cation is surrounded by twelve anions in octahedral coordination.

Most of synthetic perovskites, though, do not assume the idea structure, but fall
into distorted derivatives of it. The distortion can be due to many different factors,
mainly the rotation of BXg octahedra, the displacement of the B- site cations or a
Jahn-Teller distortion. The most common distortion arises from the A-site cation
being sufficiently small resulting in a tilting of BXg4 octahedra about the pseudo-
cubic axes to accommodate the cations to achieve a more stable structure. This

operation lowers the symmetry of the cubic structure, shortening A-X bond length

Figure 2.1: The ideal cubic perovskite structure showing the cubo-octahedral coordination
of the A-site and B-site cations.
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Figure 2.2: Schematic representation of the group-subgroup relationships between the 15
space groups associated with octahedra tilting in perovskites. A dashed line joining a group
with its subgroup indicates that the corresponding phase transition is required by Landau
theory to be first order, while a solid line indicates a second order phase transition. Figure
adapted from [30].

and changing the A-site coordination, without, however, breaking the corner sharing
connectivity between BXg octahedra. The type of distortion that can occur strongly
depends on the radius of the ions forming the structure. The type of distortion can
be predicted to some extent by the means of the Goldschmidt tolerance factor, t,
which can be calculated knowing the ionic radii of the species involved as:
po ftat Rx @2.1)
V2(Rg + Rx)

The X anion is usually oxygen, most of metallic elements are stable in a per-

ovskite structure if the Goldschmidt factor is in the range of 0.75-1.0. Moreover,
the tolerance factor can be used as an indicator to predict which type of perovskite
structure one combination of elements is going to assume. The cubic structure,
since it has A-site and B-site cations of the ideal size, has ¢ in the range of 0.9-1.0.
When A-site ions are too small to fit into B-site ion interstices the structure tends
to distort into an orthorombic or a rombohedral structure, and the Goldschmidt
tolerance factor falls into the range of 0.71-0.9. If, instead, A-site ion is too big, or
B-site ion is really small, the tolerance factor can even be greater than 1, and the
resulting structure tends to be hexagonal or tetragonal.

Even if the value of ¢ is not an unambiguous indication to the distortion type,
the tilting of the octahedra lowers the symmetry of the cubic space group in a
predictable way. In 1998, Howard and Stokes [30] evaluated the group-subgroup

relationship between the 15 space groups involved ad a consequence of the tilting
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Figure 2.3: The orthorombic perovskite structure, space group Pbnm (#62)

of octahedra, as shown in figure 2.2. Changing temperature, pressure conditions
and eventually the composition, it is possible to drive the phase transition from one
group to the linked subgroup, following the theoretically predicted sequence. Among
these derivatives of the cubic structure, the orthorombic perovskite structure is one
of the most common, and it is shown in figure 2.3.

These conformation is characterized by a much more pronounced tilting of the
octahedra with respect to the cubic perovskite. The octahedral tilting is expressed
by the means of the three tilting angles, 6, ¢ and ®, which represent the rotations
of the octahedra about the pseudo-cubic axes, [110],, [001], and [111], respectively.
For the space group Pbnm, Glazer’s notation indicates the presence of two anti-
phase tilts of equal magnitude (a, and a,) about the [100], and [010], pseudo-cubic
axes, respectively. The [110], or #-tilt can be considered the resultant of these two
tilts, while the ¢ tilt is equivalent to the ¢-tilt ([001],). In general, if a; =~ a,,
then only two angles (0 and ¢) are required to describe the tilting of the octahedra
about all three axes. This condition is usually satisfied and these angles are, by
definition, approximately equal in space group Pbnm. Even if the tilting angles are
more accurately obtained from the atomic positions, they can also be estimated from
the unit cell parameters. In fact, for orthorombic perovskites with no distortion of

the BX¢ polyhedra, the unit cell dimensions can be written as:

a = V2a,cos0cos¢
b = v2a,cos¢ (2.2)
¢ = V2a,cos0

where a, is the dimension of the pseudo-cubic cell. Since a, is related to the
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mean B-X bond length by a, = 2(dg_x), it can be written:

be
dp_x = —
B-X =
cos = %
\/§a (2.3)
cos¢p = ——
c
2 2
cos® = \/_a

be

From the latter equation it can be deduced the value of the tilting angle around

the triad axis (®), which is a useful parameter when comparing different materials:

® = cos™! <\/§(12> (2.4)

be

This parameter is a robust method of evaluating the octahedral tilting from
powder X-ray diffraction (XRPD) in those cases where the atomic positions cannot
be efficiently refined. Since the octahedra are often not regular, this method usually

underestimates the tilt angles.

Post-perovskite structure

The first post-perovskite was reported in 1965 by Rodi and Babel, who discovered
the structure of CaSiOj (space group C'mem, #63), but the name was given after
one of the silicate mineral MgSiOg, which is one of the most abundant constituents
of various types of igneous rocks and metamorphic rocks in Earth’s mantle. The
structure was first called silicate perovskite after the discovery that MgSiO3 has a
perovskite structure at ambient pressure, but then it undergoes a structural tran-
sition to the CalrOs-type structure under high pressure and high temperature con-
ditions [31]. The term post-perovskite refers to the observation that this type of
structure is observed as a structural transition after the perovskite structure in
MgSiOs, as pressure and temperature are increased.
The post-perovskite structure, shown in figure 2.4, still has the same BX4 octahedra
that characterize the perovskite structure, but the tilting is much more pronounced.
This implies that the octahedra in this structure are corner-sharing only in one di-
rection, along the c-axis, while they are edge-sharing along the a-axes. The final
impression is that the structure is layered along the b-axis, with sheets of connected
BXg moieties stacked in layers separated by the A-site cation.

Since it was discovered in 2004, the post-perovskite structure had been of great

interest for the scientific community, since it was predicted to have high electrical
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Figure 2.4: The post-perovskite structure, space group Cmem (#63)

conductivity, perhaps two orders of magnitude higher than perovskite’s conductivity
[32], in addition to having all the interesting features deriving from its particular
structure, such as the anisotropy in compressibility and elastic properties. The
main problem with post-perovskites is the difficulty encountered when quenching
the structure at ambient conditions, which makes it hard for experimentalists to
study the properties. This is the reason why the search for novel post-perovskite
structures that can be quenched at ambient conditions is of great interest nowadays
and in the last decades several ABOj3 perovskites have been found to undergo a

structural transition to a CaTiOs-type structure under pressure [33-36].

2.1 SI‘RUO3

Driven by the success of new experimental methods to study perovskites under very
high pressures, we started looking for novel post-perovskites phase transitions in
strontium perovskites StM O3z (M = Ru, Ge, Os). Perovskites with 4d transition
metals, in fact, have attracted growing attention for their particular electronic and
magnetic properties, highly sensitive to variations in the crystal structure. The
alkaline-earth ruthenates, in particular, show a variety of appealing physical prop-
erties that strongly depend on the nature of the alkaline-earth cation. This is the
reason why the first compound that was investigated is SrRuOg, which displays an
orthorombic perovskite structure with a rather large Curie temperature of 160-165
K and a magnetic moment of 1.63(6) p,/Ru at 10 K [37]. This material is also
an itinerant weakly correlated ferromagnet, which is rather unusual for perovskites
with a 4d-element as the B-site of the structure [38]. These are just a few of the
appealing properties that, in the last few decades, led to a wide interest in using

thin-films SrRuOj3 as a conductor in multilayer oxide electronics [39]. At ambient
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Figure 2.5: At ambient pressure, SrRuOs displays the orthorombic Pbnm (#62) structure.
Strontium atoms are the green ones, surrounded by layers of RuOg octahedra. Ruthenium
is showed as the grey atom in the center of the RuOg octahedra, while oxygen atoms are
in red.

pressure, SrRuO3 adopts the orthorombic perovskite structure (space group Pbnm)
shown in figure 2.5.

For this compound, two independent studies have predicted a perovskite to post-
perovskite transition at 32 GPa [40] and 40 GPa [41] respectively, by the means
of Density Functional Theory (DFT) calculations, while three independent experi-
mental studies [42-44] conducted experiments on SrRuOjz up to 54 GPa but never
observed any structural transition to a post-perovskite structure. Zhernenkov et al.
observed two structural transitions at 21 GPa and 38 GPa to lower symmetry struc-
tures. Trying to shed light on transitions occurring under high pressures for this
material, we performed DFT variable-cell structure relaxations as a function of pres-
sure using Quantum Espresso [16,17] employing different functionals to model which
one fitted best with experimental data from high pressure experiments performed by
collaborators Camilla Hjort Kronbo, Louise Ring Jensen and Martin Bremholm. We
used double-projector, norm-conserving ONCV [45, 46| pseudopotentials including
semicore states (i.e. 4s24pS5s? for Sr and 45%4p®5524d° for Ru). We used a plane-
wave cut-off of 80 Ry and up to 6x6x4 k-points. Since SrRuQOj is a weakly-correlated
ferromagnetic matel at ambient pressure, we set up a spin-polarized ferromagnetic
(FM) state. The symmetry of the optimized structures were determined by the
means of the FINDSYM utility [47]. Experimentally, polycrystalline SrRuO3 was
synthesized by collaborators by a conventional solid state reaction of stoichiometric
amounts of Ru and SrCOs; in an alumina crucible for 10 hours at 950 °C. Then
the sample was ground, pressed to a pellet and heated twice for 10 hours at 1200
°C. High pressure PXRD experiments at room temperature were performed at the
Advanced Photon Source (APS) using a photon energy of 37 keV (A=0.3344 A) and

an X-ray beam size of 3x5 ym?.
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Figure 2.6: Enthalpy (Hg) as a function of pressure for the four STRuO3 structures explored.
To help visualize the transition pressure, volume is corrected with a fixed volume V=50
A 3, which is the mean value per formula unit over this range of pressure. This was it
can be clearly seen that we observe a transition from perovskite Pbnm structure to a
post-perovskite Cmem structure at ~40 GPa of pressure.

Results and discussion

We performed structural relaxations as a function of pressure using Quantum Espresso,
optimizing the structure of the four more plausible structures for this compound:
perovskite orthorombic Pbnm, perovskite monoclinic P2, /n, perovskite triclinic P1
and the post-perovskite Cmem. In figure 2.6 are shown the results for the enthalpy
of the four structures explored. Since the enthalpy grows very quickly as a function
of pressure, it can be very hard to distinguish different curves, since they would all
appear as straight steep lines. To better visualize the enthalpy difference between

the structures, the enthalpy is shown as:
Hy=FE+ PV -1V (2.5)

where V; is the average volume per unit formula over the considered range of pres-
sures and is kept fixed for all the structures. This way, what would look like in-
distinguishable straight lines appear as clearly different curves with a maximum in
Vo.

A structural transition was observed at ~40 GPa, since the C'mcm post-perovskite
structure becomes energetically favoured. These results were obtained by the use

of PBE functional and are coherent with the similar results obtained by Cai et al.
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in ref. [41] also by theoretical means. On the contrary, collaborators observed an
unexpected transition to a monoclinic P2;/n phase [48] between ~22 GPa and ~28
GPa, and this structure persists up to the highest investigated pressure point of 88
GPa. From theoretical calculations, this latter transition is not detected: curves
corresponding to Pbnm and to P2;/n polymorphs are, in fact, superimposed and
thus not distinguishable one another, nor can be underlined any transition to a tri-
clinic P1 phase. Theoretical and experimental crystal data obtained for perovskite
and post-perovskite phases of SrRuQOj3 are listed in table 2.1. It can be noticed
that theoretical data for the perovskite Pbnm phase are in good agreement at lower
pressures, confirming that at ambient condition the crystal is indeed orthorombic.
Increasing the pressure to ~40 GPa, however, calculation deviates significantly from
experimental data, with a difference as high as 4%. On the other hand, calculations
predict a phase transition to a post-perovskite structure, which is characterized by

a much shorter a-axes cell parameter with a corresponding increase in the b-axes.

Perovskite Post-perovskite
Exp.® Exp.® Cal.b Cal.? Cal.?
10 GPa, 6K 42 GPa, 6K 10 GPa 40 GPa 40 GPa
Space group Pbnm (#62) P2y/n (#14) Pbnm (#62) Pbnm (#62) Cmem (#63)
Cell parameters
a (A) 5.48192 5.33511 5.46134 5.22400 3.09596
b (A) 5.40583 5.11355 5.49593 5.32751 9.18030
¢ (A) 7.70531 7.33943 7.77166 7.50959 7.24395
Volume/f.u. (A 3) 57.0855 50.0495 58.3169 52.4934 51.4716

@ Ref. [48]
b This work, using PBE functional.

Table 2.1: Experimental (Exp.) and calculated (Cal.) crystallographic data of perovskite
and post-perovskite phases of STRuOs.

Fig.2.7a shows the lattice parameters of perovskite Pbnm SrRuOj structure as
a function of pressure. The ¢ parameter was reduced to ¢, = ¢/ V2 to make it
comparable to a and b, so that the new reduced cell is pseudo-cubic. It can be clearly
noticed that the a and ¢, axes of the pseudo-cubic cell coincide at low pressures and
then diverge as the pressure increases. On the other hand, fig.2.7b shows that the
axial ratio b/a and ¢, /a increase as a function of pressure, a behavior that has been
observed in many other cases of perovskite to post-perovskite phase transitions, such
as for MgGeOs, MnGeOj [33] and NaMgF3 [49].

These lattice parameters trends under high pressure indicate that pressure itself
enhances the orthorombic structural distortion of SrRuQO3, which drives the transi-

tion to the post-perovskite phase occurring at ~40 GPa. Although this transition
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Figure 2.7: (a) Trend of the unit cell parameters and (b) changes in the axial ratios b/a
and ¢, /a of Pbnm SrRuOj as a function of pressure. The cell parameter c is plotted as ¢,
— ¢/+/2 to fall in the same range as a- and b-axes.

pressure is higher than that of parent structures (such as CaRuOjs, which is 13-27
GPa [35]), it is in good agreement with previously performed theoretical calcula-
tions on this material in literature [40,41|. Analysis of the trend of the volume as a
function of pressure (fig.2.8) highlights a volume drop from 52.49 A 3 of the Pbnm
phase to 51.47 A 3 of the C'mem post-perovskite phase, a volume change of -1.95%,
which is close to those of CaRuOj3 (-1.7%) and CalrOs (-1.4%) [35] and coherent
with what obtained by Cai et al. [41].
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Figure 2.8: Volume per formula unit as a function of pressure for the perovskite phase up
to 40 GPa and for the post-perovskite phase from 40 GP to 100 GPa. The corresponding
crystal structures are shown on the left (Pbnm) and on the right (Cmem).

Such a sizable volume drop suggests that the perovskite to post-perovskite tran-
sition is a first-order phase transition.
Although these results may seem promising, experimental data shows no evidence

of a structural transition to a post-perovskite structure occurring up to the highest
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pressure explored of 87 GPa. XRPD diffraction data seem to suggest instead a
second order phase transition to a lower symmetry perovskite structure, a monoclinic
P2, /n, occurring between 22.7 GPa and 27.8 GPa, driven by the collapse of the
magnetic moment per Ru ions going from 2pup to ~1up and then to zero as a function
of pressure [48]. I tried to adopt a new computational strategy to run more accurate
calculations and find the functional that fit best experimental data. Since PBE [50]
functional was not in good agreement with high-quality diffraction data, I tested
three more functionals to seek for a better understanding of the system: LDA [9],
which is known to slightly underestimate volumes and transition pressures, PBEsol
[14], which is a modification of PBE functional especially fitted for solids, and the
recently developed ACBNO [51]. The latter in particular is a "pseudo-hybrid" density
functional which defines the Hubbard U and J terms based on the bare Coulomb and
exchange interactions and a renormalized occupation matrix. It has the advantage
of a great flexibility with respect to unique Hubbard sites at the price of a very
low computational cost compared to the main DFT calculation, which makes this
functional very well suited for high-throughput applications. Furthermore, it was
reported [52] to significantly improve the description of transition metal perovskites
with respect to PBE and other hybrid functionals. For the investigation of STRuO3
behavior under high pressures, a Hubbard U of Ug,=2.4 was applied on ruthenium
atoms and Up=7.25 on oxygen atoms. Since the majority of the experimental data
that can be found in literature refers to the orthorombic perovskite structure, the
Pbnm structure was fully relaxed again over the range of pressures between 0 GPa
and 100 GPa employing the aforementioned four functionals. Results for the volume
are shown in fig.2.9. Experimental data sets are obtained from two different works
conducted on SrRuOj. The first one is from Zhernenkov et al. [44], who conducted
the high-pressure experiments up to 60 GPa at the temperature of 6K and observed a
first structural transition to a monoclinic P2;/n phase between 10 GPa and 21 GPa,
and then a second transition to a triclinic P1 phase. The second one, instead, is
from Jacobsen et al. [43] who performed room temperature high-pressure structural
studies on SrRuQOj3 using two different pressure media: argon, which is the data set
labelled in figure as "exp2", and a 4:1 mixture of methanol:ethanol, which is the
data set labelled as "exp3". Up to the highest pressure investigated (34 GPa), they
observe no structural transition from the perovskite Pbnm phase.

Analysis of the performance of the different functionals tested shows that the
higher values for volumes come from PBE functional, which is known to slightly
overestimate cell parameters, while the lower values are associated with LDA func-
tional, which is as well known to underestimate volumes instead. PBEsol data is
found to lie at intermediate values between the two aforementioned functionals,

which makes it a good compromise that can give a better description of the systems
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Figure 2.9: P-V relation for orthorombic Pbnm phase calculated with different functionals
and compared to different sets of experimental data. "expl" set refers to to study conducted
by Zhernenkov et al. in [44] while "exp2" and "exp3" sets are both from the work of
Jacobsen et al. in [43]. "expRT" and "exp6K" sets are both from high quality diffraction
data performed by collaborators [48|, the former at room temperature and the latter at
6K.

taken into exam. Despite the expectations, ACBNO functional seems to work well at
low pressures, falling closer in values to PBEsol results, but then the data diverges,
getting closer to PBE results at high pressures, meaning that combined effects of
Hubbard U on ruthenium and oxygen atoms improve structural parameters only at
low pressure.
Moreover, it can be noticed that different experimental data sets return quite differ-
ent results. As expected, diffraction data obtained at room temperature results in
a more expanded unit cell and thus in a greater volume. Experiments conducted at
low temperature, instead, fall in the same range of the DFT data sets, even though
the experimental curve drops with a more pronounced slope, starting off at higher
volumes at low pressure and quickly falling to lower volumes at high pressures.
Overall, it can be deduced that the functional which better describes high-quality
diffraction data is undoubtedly PBEsol, since the curves of these two sets of data are
almost superimposed, mostly at intermediate pressures. A comparison of the lattice
parameters obtained experimentally at 6K and PBEsol results is shown in fig. 2.10.
Values of ¢ parameters are plotted as reduced to make the cell pseudo-cubic, with
cu = c/V2.

Cell parameters decrease rather smoothly as the pressure increases and no crossover
between the curves is observed, neither for experimental nor for calculated data set.

Aside from the range of pressures lower than 10 GPa, PBEsol seem to follow the
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Figure 2.10: Refined unit cell parameters as a function of pressure for Pbnm phase of
SrRuO3 at 6K experiment [48](symbols) compared to calculated unit cell parameters using
PBEsol functional (lines). To make a pseudo-cubic unit cell, values of ¢ parameters are
shown as ¢, = ¢/V/2.

same trend as experimental data and the values, mostly for ¢ and ¢ unit cell pa-
rameters, are in good agreement.

In conclusion, none of the functional tested was able to reproduce the transition
to a monoclinic P2;/n phase that was observed experimentally, while predicting a
definite transition to a Cmcm post-perovskite phase at ~40 GPa of pressure that is
however not observed from high-quality diffraction data. The StRuO3 was taken as
benchmark system to test the performance of four different functionals and PBEsol
was found to be the most reliable to tackle crystal structures, as the data obtained

with this functional were in good agreement with experimental data.

2.2 SrGeOj

Perovskite and perovskite-related structures have been of major interest in both
materials science and geoscience research areas also because a significant percent-
age of the Earth’s mantle is made of silicate (ASiO3) compounds, which under the
great pressure existing at those depths, present indeed perovskite-related structures.
For these reasons, investigations of ternary silicates (ASiO3) compounds and their
physical properties have been of prior interest of the scientific community, especially
coupled with extensive study of ternary germanates (AGeQOj3) structures. The latter
ones, in fact, are often used as a model for the former ones since they undergo struc-
tural transition to similar phases when high pressures and temperatures are involved,

but at less extreme conditions [53-57|. We decided to concentrate the attention on
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SrGeO3 because many analogies can be made with parent silicate structures, espe-
cially SrSiO3 and CaSiO3. Moreover, the cubic perovskite of SrGeQOs is a promising
new transparent electronic conductor [58| which are sought for a variety of optoelec-
tronic applications and was recently found to be a superior electron-transporting
layer for high-performance perovskite solar cells [59].
SrGeO3 has a Goldschmidt tolerance factor of ¢ = 1.04. For ABX3 compounds a sim-
ilar value usually suggests that SrGeO3 would crystallize as a hexagonal BaTiO3-like
perovskite structure with face-sharing octahedra. Although the structure was first
reported to be indeed hexagonal [60,61| more recent studies confirmed it to be mon-
oclinic pseudo-wollastonite at ambient pressure [62]. Pseudo-wollastonite SrGeOj
undergoes a transition into a cubic perovskite structure at 6 GPa of pressure and
1100°C. By analogy, the corresponding silicate, SrSiO3, was predicted to transform
in the same perovskite structure, but only at a pressure of 38 GPa and a temperature
of 1700°C [63,64]. SrGeOj has also been considered a good model for CaSiOj for
many years, since the two compounds have a similar Goldschmidt tolerance factor
(t = 1.08 for the silicate) and both are predicted to undergo a structural transition
to a triclinic walstromite phase (fig.2.11c) before transforming into the perovskite
phase at higher pressures and temperatures |54, 56,65|. Together with Camilla H.
Kronbo and Martin Bremholm, collaborators from Aarhus University who performed
all the experiments, we wanted to gather more information on SrGeQOjs structures
and make a coherent study of the structural properties as a function of pressure.
Results are published on the Journal of Alloys and Compounds [66].
Experimentally, monoclinic pseudo-wollastonite SrGeO3 (C2/c) was synthetized
by collaborators by a conventional solit-state reaction, grounding together and then
pressing to a pellet stoichiometric quantities of SrCO3 and GeO4 powders. The pellet
was then placed in an allumina crucible and sintered at 1100°C for 10h. A fraction of
the pseudo-wollastonite sample was transformed into the triclinic walstromite (P1)
phase using a in-house large volume multi-anvil press. The pressure was increased
to 4 GPa at room temperature and then heated up to 1000°C. Another fraction of
the pseudo-wollastonite sample was transformed into the cubic perovskite (Pm3m)
with a similar procedure by the means of a large volume press. The pressure was
increased to 6 GPa at room temperature, then the sample was heated up to 1100°C

and then quenched at room temperature.

High pressure PXRD data for pseudo-wollastonite and perovskite polymorphs
of SrGeO3 were collected at the European Synchrotron Radiation Facility (ESRF)
(A=0.3738 A, beamsize ~ 3x3 pm?) while triclinic walstromite phase was measured
at the Advanced Phonon Source (APS) (A=0.3344 A, beamsize ~ 5x7 pum?).

From the computational perspective, we first performed a fixed composition US-
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Figure 2.11: (a) Cubic (b) pseudo-wollastonite (c) wallstromite structures of SrGeOs3

PEX (v9.4.4) search on 4-6 SRGeOs unit formulas. The initial USPEX popula-
tion was composed of 30 randomly generated structures and we allowed up to 40
generations, employing the standard genetic algorithms (heredity, random genera-
tion, soft mutation, permutation, lattice mutation) [20,21,67]. We performed many
runs with different external pressures applied (0 GPa, 20 GPa, 30 GPa, 100 GPa).
To reduce computational cost, we employed the local-basis code SIESTA [68] with
norm-conserving pseudopotentials from the Martins-Trouiller table and the SZP
basis set, and we used PBE exchange correlation functional. At the end of the
USPEX runs, we selected the most stable structures and further relaxed them in
steps of 2-5 GPa up to 50 GPa of pressure using the plane-wave pseudo-potential
code Quantum Espresso [16,17]. We used PBEsol exchange-correlation functional
and ultrasoft pseudopotentials from the GBRV library [69, 70| including semicore
states (i.e. 4s%4p?5s? for Sr and 4s%3d'%4p?for Ge). A plane-wave cutoff of 45 Ry
and up to 1000 k-points per reciprocal atoms (resulting in 6x6x4 k-point grid for the
largest cell) were used, sufficient to converge the total energy by 1 mRy. We chose
to employ PBEsol functional as it has been shown to give a better description of the
structural parameters of oxygen perovskites with respect to other functionals. The

symmetry of the relaxed structures was determined using the FINDSYM utility [47].

Results and discussion

At ambient pressure, SrGeQOs crystallizes in the monoclinic pseudo-wollastonite
structure (C2/c). Two high-pressure polymorphs, monoclinic walstromite (P1)
and cubic perovskite (Pm3m), were synthesized using a large volume press. The
structures of the three polymorphs are shown in fig.2.11. First reported by Hilmer
et al. |60,61] to present a hexagonal layered order-disorder structure, the pseudo-
wollastonite phase (fig.2.11b) was later found to be monoclinic [62] with a pseudo-
hexagonal cell. It consists of an alternate stacking of ternary rings of GeO4 moieties
and closed-packed strontium atoms along [001] in a six layer polytype structure. The
triclinic walstromite phase (fig.2.11c), instead, is characterized by GeO, tetrahedra

arranged in three membered rings moieties, that occur in layers with alternating
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Figure 2.12: (a) EA182 (b) EA216 and (c) EA548 structures resulting from USPEX fixed
composition run. These three phases were found to be the most stable in the last generation
pool.

rings pointing in opposite directions, and there are three unique Ge sites for both
ring types. Finally, the crystal structure of the cubic perovskite phase (fig.2.11a)
consists of an ordered network of GeOg octahedra with strontium atoms in the net-
work cavities surrounded by twelve oxygen atoms in a cubo-octahedral coordination.
The obtained in-situ high pressure PXRD patterns for the pseudo-wollastonite and
the walstromite structures show a short transition between 10 GPa and 12 GPa,
but then a collapse is observed into what seemed to be an amorphous phase, since
the diffraction peaks disappear with increasing pressure and only a very broad char-
acteristic remains [66]. However, since the diffraction pattern seemed to suggest
the transition to a short-living phase that was very hard to refine, we performed a
fixed-composition USPEX run to seek for unknown phases that maybe we wrongly
not taking into account. We performed the calculations at different external pres-
sures, but USPEX simulation at 20 GPa, 30 GPa and 100 GPa all converged to a
full population of perovskite or perovskite-related structures, that did not fit the
experimental diffraction data of the unknown phase. A fixed composition USPEX
run at 0 GPa, instead, resulted in a more varied combination of phases. The three
most stable and promising structures that resulted from the USPEX run are shown
in fig.2.12. To distinguish the different structures, original labels from USPEX run
are kept.

The first structure, labelled EA182 (fig.2.12a) is a compact Pma2 orthorombic
phase with edge-sharing GeOg octahedra with strontium atoms occupying intersti-
tial positions. The second structure, labelled EA216 (fig.2.12b) presents layers of
GeOj moieties linked through oxygen-oxygen bonding. Finally, the third structure,
labelled EA548 (fig.2.12¢) is a Pmna orthorombic phase with corner-sharing GeOg
octahedra. In the interest of finding if one of these structures could fit in the picture
of SrGeO3 phase transitions under high-pressure, we fully relaxed the structures

using Quantum Espresso, employing PBEsol functional, in the range of pressure
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Figure 2.13: (a) Enthalpy difference for all the phases involved. Results are shown with
respect to the enthalpy of the cubic Pm3m perovskite phase. (b) Volume per formula unit
for all the structures involved.

between 0 GPa and 100 GPa. For completeness, we also tested the C'mem post-
perovskite structure and the three phases that were experimentally synthesized (i.e.
C2/c pseudo-wollastonite, P1 walstromite and Pm3m cubic perovskite). Results
for the enthalpy and for the volume are shown in fig.2.13.

From the plot of the enthalpy (fig.2.13a) it can be noticed that all the structures
resulting from the USPEX calculation are found to be less stable than the three
phases experimentally synthesized. Structures presenting GeO, corner-sharing moi-
eties are the most stable at ambient pressure, but quickly destabilize in favor of a
more compact perovskite phase, which is found to be the favoured structure up to
the highest pressure investigated. Moreover, from the plot of the volume (fig.2.13b)
it can be noticed that, above the pressure of ~20 GPa, all structures appear to col-
lapse, converging to the same volume as the perovskite structure. This observation
suggests that less compact structures, namely pseudo-wollastonite and walstromite
phases, are likely to undergo amorphization at high pressure, because they might
not have the time to rearrange the coordination of germanium from GeO,4 to GeOg.
It can also be noted that all structures resulting from the USPEX run show the same
curve slope, both from the enthalpy and from the volume perspective, and USPEX
failed to predict pseudo-wollastonite and walstromite even if the run was conducted
at ambient pressure. From this observations it can be conclude that USPEX is more
likely to return compact structures that expanded, less symmetric structures, at
least in the specific case of SrGeQOs.

Once we ruled out possible novel structures, we extracted enthalpies and structural
parameters of pseudo-wollastonite, walstromite and perovskite structures to verify
and compare the results experimentally obtained by collaborators. As shown in
fig.2.14, the DFT calculated enthalpies for the three polymorphs clearly highlight

that pseudo-wollastonite and walstromite structures are more stable at 0 GPa than
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Figure 2.14: Enthalpy difference between Pm3m, C2/c and P1 phases of SrGeOs, with
respect to the perovskite phase, in the pressure range between 0 GPa and 25 GPa.

the perovskite phase since the former ones lie lower in enthalpy than the latter.

The C2/c and the P1 structures are so close in energy at ambient pressure,
though, that is really hard to tell which one is the most stable at 0 GPa. Relying on
experiments performed by collaborators and pre-existing literature, we know that
SrGeOj3 crystallizes in the pseudo-wollastonite structure at ambient pressure, but
the walstromite structure can be obtained already at 1 GPa of pressure. At ~5
GPa, the perovskite structure already becomes the most stable and continues to be
up to the highest pressure investigated. Transition from monoclinic and triclinic
structures to cubic, though, requires heating to high temperatures, since the energy
barrier to overcome for the transition to happen is too high. None of the experiments
performed, neither from collaborators nor from literature, could observe the tran-
sition to the perovskite structure without employing heating, obtaining distorted
amorphous polymorphs instead.
To compare the behavior of structural parameters of the monoclinic C2/c phase
under pressure, DFT structural relaxations were performed up to 50 GPa with 2.5-5
GPa steps. Calculations converged well up until ~25 GPa, but above that limit the
psuedo-wollastonite structure was not stable anymore, undergoing a phase transi-
tion due to the severe mechanical stress applied. Since experimental data suggests
that C2/c phase is likely to go amorphous anyway between 10 GPa and 12 GPa,
in fig.2.15 are shown the results for cell parameters and volume up to 25 GPa of
pressure.

It is evident that the structure is more compressible along a and b axis than

along the ¢ axis. This is due to the topology of pseudo-wollastonite structure, since a
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Figure 2.15: (a) Trend of the unit cell parameters and (b) trend of the volume per formula
unit of pseudo-wollastonite C2/¢ SrGeOs as a function of pressure. Parameters are nor-
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Figure 2.16: (a) Trend of the unit cell parameters and (b) trend of the volume per formula
unit of walstromite P1 SrGeOs as a function of pressure.

considerable amount of empty space is left among the ternary rings of GeO, moieties
in between closed packs layers of strontium atoms. The anisotropic compression is
therefore due to the structure being much less densely packed along the a and b axes.
Moreover, the calculated trend fits really well with experimental results, both for
cell parameters (fig.2.15a) and volume (fig.2.15b), enhancing that PBEsol functional
works indeed really well in predicting structural properties for perovskites. A direct
comparison of volumes at ambient pressure is shown in tab.2.2.

The in-situ PXRD patterns for the walstromite P1 structure [66] show two ma-
jor phase transitions, the first one occurring between 10 and 12 GPa, and the second
one between 34 and 38 GPa. It is difficult to make reliable conclusions about what
happens to the structure since the triclinic phase has almost no symmetry restric-
tions and the data quality was not good enough to refine a definite structure. DFT

calculated structural parameters compared to experimental results are illustrated in
fig.2.16.
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The compression of the unit cell axes (fig.2.16a) shows that the least compress-
ible axis in the structure is the ¢ axis, which is the direction along which the three-
membered rings of GeQ, tetrahedra are sandwiched between layers of Sr atoms
(fig.2.11c). This behavior under pressure is similar to that already observed for
the pseudo-wollastonite phase. As occurred for the C'2/c phase, also the walstro-
mite structure lacks of structural stability above 30 GPa, making the calculation at
higher pressures hard to bring to convergence. Above ~30 GPa, in fact, the triclinic
phase stability breaks and the compound undergoes a structural transition, as also
predicted experimentally. The DFT data is therefore reliable for the description of
the walstromite phase only up to 30 GPa of pressure. As show in fig.2.16a, theo-
retical data depart significantly from diffraction data between 30 and 35 GPa, that
fits with the experimental observation of a structural transition in that same range
of pressure. The calculated DFT data are also shown to slightly diverge from ex-
perimental data already between 10 and 15 GPa, that can be rationalized observing
that the first structural transition for walstromite phase was seen already between
10 and 12 GPa, on top of diffraction quality being too low to make a precise re-
finement. These profound differences are less marked when comparing data for the
volumes (fig.2.16b). Calculated and experimental data, in fact, look fairly smooth
and fit well up until ~30 GPa of pressure, at which theoretical data seem to suggest
a first-order phase transition, underlined by the evident volume drop, which is not
present in the experimental data set. Given the poor quality of the diffraction data
and the lack of symmetry restrictions associated with the triclinic structure, it is
very difficult to solve the observed phase transitions for the walstromite structure.
Even though DFT predicted a phase transition to the cubic perovskite phase at
~5 GPa (fig.2.14), PXRD diffraction pattern seem to suggest that the structure
transforms into a semi-amorphous state instead, since it loses most of long-range
symmetry during compression but keeps some translational symmetry in the crystal
structure.

Finally, results regarding the cubic perovskite phase are shown in fig.2.17.

Collaborators run the in-situ high-pressure PXRD experiment up to ~45 GPa
of pressure, and corresponding diffraction data are shown as a comparison to DFT
calculated parameters and volume. In a study by Gramsch et al. [71] it was in-
vestigated the possibility of a high-pressure phase transition to a less symmetric
structure (tetragonal or orthorombic), like it is observed to happen for the ideal
perovskite structure of Sr'TiO3 at 6 GPa [72]. They observed no structural transi-
tion up to the highest investigated pressure of 55 GPa, but at the time concluded
that it could be due to quality data being too poor. Nevertheless, collaborators
observed no structural transition up to 45 GPa of pressure, as evident from the

smoothness of the volume trend (fig.2.17b) and of the a parameter (fig.2.17a), be-
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Figure 2.17: (a) Trend of the unit cell parameters and (b) trend of the volume per formula
unit of ideal perovskite Pm3m SrGeQOs as a function of pressure.

sides the small anomaly at ~13 GPa which is considered an experimental artifact
due to a change in the compression rate. Both experiments and DFT calculations
agree that the perovskite Pm3m structure of SrGeOs does not distort to a lower
symmetry upon compression. The two sets of data are seen to fit really well up to

the highest investigated pressure of 50 GPa.

C2/c P1 Pm3m

0 GPa 2 GPa 0 GPa
Volume (A 3) Exp.® 951.5(5) 874.77(4) 54.716(17)
Volume (A 3) Cal.b 946.6621  865.256  55.0802

@ Ref.

b This work, using PBEsol functional.

Table 2.2: Experimental (Exp.) and calculated (Cal.) volume data for the three phases
of SrGeOs. Values for walstromite structure are taken at the pressure of 2 GPa since
no experimental data is reliable at ambient pressure due to the severe instability of the
triclinic phase.

In conclusion, PBEsol is confirmed to be a good functional for these class of crys-
tals, since it was found to match really well high-quality experimental diffraction
data, as also underlined by a close comparison of the volumes in tab.2.2. SrGeOj
is theoretically predicted to undergo two structural phase transitions, from pseudo-
wollastonite C'2/c to walstromite P1 at ~1 GPa, and then to ideal perovskite Pm3m
at ~5 GPa. Unfortunately, poor quality diffraction data together with the amor-
phization of the investigated structures made the transitions impossible to verify
experimentally, even though DFT was able to reproduce diffraction data really well.
Looking for new SrGeOgs polymorphs by the means of USPEX fixed composition

run, on the other hand, did not give the desired results, since the structures re-
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sulting from the calculation were found to be less stable then the three phases ex-
perimentally investigated. Strangely, USPEX run at 0 GPa did not predict neither
pseudo-wollastonite nor walstromite structures, returning more compact and sym-
metric phases instead. Nevertheless, all USPEX runs with a fixed external pressure
greater than ambient pressure (i.e. 20 GPa, 30 GPa and 100 GPa) inevitably con-
verged to a full 30-membered population of perovskites structures, confirming that

the ideal perovskite is indeed the most stable phase for SrGeOj3 at high pressure.

In recent years the scientific community has been seeking for new materials for as-
sisting the development of multifunctional devices, especially from the technological
point of view, such as crystals that can simultaneously perform magnetic, electronic
and optical functions. Ferroelectric lattice instability and metallic conductivity co-
existing in materials such as LiOsO3 [73] and LaNiOj [74] open the doors to the
whole new concept of "polar metal", which is no longer hypothetical but rather
multifunctional. Li et al. recently demonstrated |75] by the means of first-principles
calculations that ferroelectricity can also coexist with a Weyl semimetal. They pre-
dicted this phenomenon to occur when HgPbOj3 looses its centrosymmetry as a result
of a structural transition from R3c to R3c, and this is the reason why this compound
in particular was further studied in recent years |76] and it is still of great interest.
Ternary oxide HgPbO3 was first synthesized by Sleight and Prewitt in 1973 [77].
The high-pressure synthesis required 3-6.5 GPa of pressure and a temperature of
600-1000°C. They found the resulting structure to be rombohedric, although it was
not clear whether it was centrosymmetric or not. Experimental studies conducted in
more recent years [76] claim, based on single-crystal X-ray diffraction data as well as
the powder synchrotron X-ray, that HgPbOj3 structure at room temperature cannot
be described by either R3¢, R3c or R9m space groups, but could be refined as R3m,
confirming that the compound is possibly centrosymmetric at room temperature.
Moreover, since the first synthesis attempt in the early seventies, HgPbOj is sup-
posed to behave alike the parent mercuric oxide HgTiOs3, since they were found to
have similar crystal structures [77]. HgTiO3 system was studied by the means of
first-principles DFT calculations by Lebedev et al. [78] which ran a systematic study
on this compound under pressure, analyzing structural transitions and mechanical
behavior of all the different phases explored. Along with collaborators from Martin
Bremholm’s group at Aarhus University, we tried to shed a light on the nature of
HgPbO3 compound, focusing especially on the structural properties and the phase
transitions occurring when increasing pressure. We performed a systematic study

starting from the work of Lebedev et al. on HgTiO3, while collaborators synthesized
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the compound under pressure trying to understand better contradictory literature
up to date.

From the computational point of view, we performed DFT variable-cell structure
relaxations as a function of pressure up to 40 GPa using Quantum Espresso [16,17]
employing PBE and PBEsol functionals, since they proved to be the ones that fit
best experimental data for these type of compounds. We used double-projector,
norm-conserving ONCV [45, 46| pseudopotentials including semicore states. We
used a plane-wave cut-off of 45 Ry and up to 6x6x6 k-points. The symmetry of
the optimized structures were determined by the means of the FINDSYM utility
[47]. Experimentally, HgPbO3 was synthesized by collaborators by a high-pressure
synthesis in in-house large volume press at 6 GPa and 1000°C for 1 hour, and
quenched afterwards. High pressure PXRD experiments at room temperature were
performed at the Advanced Photon Source (APS) using a photon energy of 37 keV
(A=0.3344 A) and an X-ray beam size of 3x5 pm?.

Results and discussion

Following all the literature existing on HgPbOg3, many different phase where tested
to find which one is the most stable over the range of pressure between 0 GPa
and 40 GPa. In particular, we explored R3c, R3c, R3 and Pbnm polymorphs,
which are the most stable structures that resulted from Lebedev et al. for HgTiOs3,
and furthermore R3m, since it is the refined structure obtained by Chen et al.
[76] out of both single-crystal and powder-synchrotron XRD studies. Moreover,
collaborators found a phase transition at ~7 GPa that could be refined both as
cubic Pm3m or orthorombic Pbnm so we also investigated the cubic structure. All
the aforementioned phases were fully optimized with Quantum Espresso employing
PBEsol functional with a step of 2 GPa in the range between 0 and 20 GPa and a
step of 5 GPa between 25 and 40 GPa. Results for the stability are shown in fig.2.18,
with the enthalpy displayed as the difference with respect to the orthorombic Pbnm
phase.

Enthalpy values for R3m and Pm3m phases are not shown since they are way
less stable than the other four plotted. Rhombohedric R3m structure is in fact ~1.4
eV higher in enthalpy than orthorombic Pbnm, while cubic Pm3m is more than 2 eV
less stable, as reported in table 2.3. Corresponding curves are therefore not plotted
to appreciate the much lesser enthalpy difference between the other phases taken
into examination. Calculations show that the highest contribution in the change in
H = E+ PV is given by the PV term, and thus, as the pressure increases, the phase
with a minimum volume per unit formula becomes more stable. This is the case of
the Pbnm phase, as shown in table 2.3, while the ilmenite R3, which at ambient

pressure was the lowest total energy, is characterized by the largest volume per unit
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Figure 2.18: Enthalpy difference between R3, R3c, R3c and Pbnm phases of HgPbOs3,
with respect to the orthorombic phase, in the pressure range between 0 GPa and 40 GPa.

formula among the four most stable structures. Following the enthalpy sequence
arising from fig. 2.18 it can be noted that at ambient pressure HgPbO3 has indeed
an ilmenite R3 crystal structure, which quickly undergoes a phase transition to a
rhombohedric R3c phase at ~2 GPa. Moreover, with increasing pressure, another

phase transition occurs to an orthorombic Pbnm phase.

Space group Energy (eV) Volume / fu. (A 3)

Pm3m 0 73.067
R3m -0.493 78.282
Pbnm -2.059 69.031
R3¢ -2.104 70.188
R3c -2.111 70.244
R3 -2.132 72.037

Table 2.3: Volume per formula unit as a function of pressure. The most stable structure is
displayed in each pressure range. The dashed lines indicate the transition pressures from
one phase to the other.

Following the enthalpy sequence arising from fig.2.18 it can be noted that at am-
bient pressure HgPbO3 has indeed an ilmenite R3 crystal structure, which quickly
undergoes a phase transition to a rhombohedric R3¢ phase at ~2 GPa. Moreover,
with increasing pressure, another phase transition occurs to an orthorombic Pbnm
phase, which is consistent with what Lebedev et al. observed to be the case of
HgTiOg3. Surprisingly, this orthorombic Pbnm phase is observed to loose stability
as pressure increases, up until the rhombohedric R3¢ phase returns to be the most

stable, at a pressure of ~30 GPa.
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Analysis of the volume trend in fig.2.19 shows that all phase transitions are ac-
companied by an abrupt change in the unit cell volume at the transition pressures
(2.03%, 0.76% and 0.96%, respectively), meaning that they could all be classified as

first order phase transitions.
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Figure 2.19: Plot of the volume per formula unit of the four phases investigated showed
in the specific range of pressures where they are found to be more stable. Dashed lines
represent the pressures at which a structural phase transition is predicted to occur. Symbols
indicate high pressure experimental data obtained by collaborators.

Plotted together with computational results are preliminary experimental data
from high-pressure XRD experiments performed by collaborators up to 20 GPa of
pressure. Even though DFT seems to fit well with experimental results, the latter
curve seems to show a steeper slope. New experiments are to be performed at even
higher pressures to see if we can reach an even better agreement.

In conclusion, first-principles calculation within the DFT revealed that HgPbOj
undergoes two structural transition when high-pressure is applied, following the
sequence R3 — R3c — Pbnm — R3c. The first one, from the ilmenite R3 phase to a
rhombohedric R3c phase, occurs at pressures as low as 2 GPa, which is probably the
reason why the former phase was never observed experimentally. The synthesis of the
crystal structure of HgPbO3 is in fact performed by the means of a large volume press
at pressures between 4 GPa and 6 GPa, already above the first transition pressure.
The second structural transition takes place at ~10 GPa from the rhombohedric
phase to an orthorombic Pbnm phase, which is coherent with what Lebedev et
al. observed to be the case of the parent compound HgTiO3z. Up to 20 GPa, the
highest pressure explored in [78], in fact, the two compounds behave the same way,
undergoing the same first-order phase transitions. However, when the pressure is

further increased, we observe a loss of stability of the Pbnm phase, which ends
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up falling back into a more compressed R3c phase. This phenomenon was never
observed before, neither for HgPbO3 nor for HgTiOg3, and could be due to Hg cations
playing a substantial role in the structure, not acting like a mere filler anymore,
while substantially changing the electronic structure and even bonding to closer
oxygens atoms. Further analysis of electronic DOS will be necessary to confirm this
hypothesis. Even though experimental data seems to point to R3m [76] structure to
be the most favourable at ambient pressure, DF'T calculations found the total energy
of such phase to be much less stable than R3 structure even with a higher volume per
formula unit, meaning that the large difference in enthalpy between the two phases
would only increase with increasing pressures. Analogously, refinement from high-
pressure diffraction data from preliminary experiments performed by collaborators
suggests that HgPbO3 could transition from R3c to a Pm3m phase when pressure is
applied, but analysis of DF'T results shows that the cubic structure is so energetically
unfavoured that should not be considered a possible high-pressure phase for this

compound.

Conclusion and outlook

One of the main conclusion of this chapter is that the PBESOL functional can
reproduce reasonably well the equation of state and the structural properties of the
three ABO3 materials studied here, in addition to many other perovskites (see also
the Appendix).

The three materials studied in this chapter show differences and analogies. STRuOj3
is a perovskite starting from ambient pressure. On the contrary at ambient pres-
sure SrGeQOg3 prefers to form GeO, tetrahedra like silicate structures. From DFT
calculations HgPbOj (like HgTiO3) would like to crystallize in the layered R3 struc-
ture. However these SrGeOs and HgPbOj structure are less compact than the
corresponding perovskites (i.e. the volume per unit formula is larger than that of
the perovskite). This is a large price to pay and they transform into perovskites at
small pressure. The SrGeOs perovskite structure is so much stable with respect to
the other structures that USPEX was unable to find other polymorphs at 10 and 20
GPa. Indeed USPEX found a number of defectives perovkistes, stacking faults and
shear crystallographic phase. Despite the apparent failure, this is success! (uspex
means success in Russian).

A very interesting observation is that both SrRuO3 and HgPbO3 have two phases
with the same symmetry at low and high pressure. StRuOj3 goes from orthorhom-
bic to monoclinic and to orthorhombic again. HgPbO3 goes from trigonal to or-
thorhomibc to trigonal again. This phenomenon cannot be supported by a simple

geometrical order parameter. The explanation must be of electronic origin. In fact
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the phase transitions of SrRuQOj are clearly induced by the collapse of the mag-
netic moment. The phase transitions of HgPbOj3 are more subtle: I didn’t find any
discontinuity in the lattice parameters and bond lenghts of the Pnma and trigonal
phases and the system is a metal in the whole pressure range. This requires further
investigations.

While SrGeOj can be synthesized by conventional solid state reactions, HgPbO3
can only synthesized at high pressure (6 GPa) and high temperature. Unfortunately
there must be a high kinetic barrier to transform the perovskite into the R3. It would
be interesting to find an alternative synthetic route or use different precursors in
order to synthesize SrGeQO3 at ambient pressure. Similarly the formation of StTRuOj3
post-perovskite, predicted by DFT at ~40 GPa, was not observed in the most recent

experiments, likely due the high energy barrier.
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Chapter 3

Metal Nitrides

Transition metal nitrides have attracted much interest of the scientific community
for their intriguing properties and technological application, including high refrac-
tivity [79], superconductivity [80] and electrocatalytic activity [81,82]. Most M,N,,
transition metals nitrides exhibit metallic properties and present a N : M < 1 ratio,
with M being the transition metal involved. On the other hand, nitrogen-rich transi-
tion metal pernitrides, that can be synthesized at high-pressures, exhibit even more
intriguing properties, if compared to the corresponding nitrides or even to parent
oxides [83-85|. PtNy compound, for example, was found to have an extraordinarily
high bulk modulus of (3724+5) GPa while having a molar volume oddly larger than
the starting materials (Pt + $N) at pressures above 12 GPa [86].

In particular, I focused my attention on nitrides displaying a trivalent rare-earth
cation since, besides the intriguing properties associated with nitrogen-rich nitrides,
they bring the attention on the peculiar nature of nitrogen bonding, especially when
it comes to dinitrides. The mononitrides with a trivalent rare-earth cation are re-
ported to form simple packed structures under pressure (B1, B2, B10) [87-89| with
a suggested formal oxidation state configuration M3+ N3~ resulting in small to wide
band-gap semiconductors [90]. On the contrary, several valence configurations have
been proposed [91] to explain the nature of the nitrogen chemical bonding and
its relation to the physical properties of MN, materials. Tetravalent cations form
compounds with formal oxidation M?T(N,)*~ that are called pernitrides and are
characterized by a N—N bond length of ~1.42 A. Divalent cations form compound
with formal oxidation state M?>*(Ny)?~ that are called dinitrides and display a signif-
icantly shorter N=N bond length of about 1.23 A. The case of a trivalent rare-earth
cation does not seem to fit in any of the two definitions, and the understanding of
the nature of N---N bond in this case is not so intuitive. In a recent work, Wes-
sel et al. [91] rationalized the nature of the nitrogen bonding in LaNy compound,
suggesting a possible mechanism for the formation of this non-trivial structure. In-

deed, forcing the Ny moiety away from the —2 and —4 oxidation states, could be an
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effective way towards the formation of long nitrogen chains.

I focused on YN, system (x = 2, 3) and the structural properties and transition
occurring at high pressures of the resulting compounds. I choose yttrium as a proxy
for the lanthanide series because it has only +3 oxidation state, contrary to most
transition metals. The Y-N system was experimentally studied by mixing metallic
yttrium and gaseous nitrogen at the pressure of 50 GPa by the means of a diamond
anvil cell and then laser-heated up to 2200 K. In this case, nitrogen was used both as
a reactant and as a pressure transmitting medium. Meny mechanisms were proposed
for the formation of yttrium pernitrides, but an accredited one goes through the

formation of YN, which then reacts with Ny again due to the great pressure applied.

1
Y+§N2—>YN

1
YN + §N2 — YN,

YN+N2 —>YN3

To rationalize which reactions are the most favored to occurr, I fist run a variable
composition USPEX [19] search to seek for the most stable compositions of the Y-N
system, finding that YNj3 is a very good candidate for yttrium nitrates among the
less nitrogen rich ones, together with YN,, which is not as stable but it is interesting
to investigate for all the aforementioned reasons.

I then computed a fixed composition USPEX (v9.4.4) run for both species, fully
relaxing the resulting structures with Quantum Espresso [16,17]. I then computed
thermodynamic and dynamical stability of these structures compared to the de-
composition reactions to seek for structural transitions of interest in the range of
pressures investigated, finding new phases that feature longer nitrogen chains in the
crystal structure. Finally, I also studied the electronic structure and the dynamical

stability of the structures I found.

3.1 Variable Composition

The variable composition USPEX run was performed employing an initial population
of 40 individuals and up to 25 generations were allowed. The external pressure was
set at 100 GPa, which is about double the highest pressure applied in the synthesis
experiments. To reduce the computational cost, I used the local-basis code SIESTA
[68], with norm-conserving pseudopotentials from the Martins-Trouiller table with

SZ basis set, 50 meV energy shift and a mesh cut-off of 250 Ry. The calculation
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was run using PBE exchange correlation functional [50]. Results of the variable

composition run are shown in fig.3.1.
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Figure 3.1: Results of the variable composition USPEX run on Y-N system. The dots
represent every possible phase that resulted from USPEX prediction, while the solid line
represents the convex hull. The closest a phase is to the convex hull, the more stable that
composition is.

Since the enthalpy of phases with a different composition cannot be directly
compared, the stability is expressed in terms of position with respect to a convex
hull (the solid line in figure). If a resulting phase (the dots in figure) with a certain
composition lies on the convex hull, the structure is stable and favoured. Otherwise,
if the phase lies above the convex hull it means that, at the external conditions
imposed in the calculation, that phase would decompose into the two closest phases
that lie on the convex hull. Results of the USPEX run show that, of the many
possible compositions, both YN, and YNj3 are among the closest to the convex hull,
making them good candidates to be deepen in and verify the validity of the process

illustrated in scheme 3.1.

3.2 YNy

I focused the attention on yttrium dinitride (YN,) and its formation under pressure
mainly because it was chosen to be a good candidate as a proxy for lanthanides, for it
has the advantage of being trivalent, avoiding the multiple valence character of some
lanthanides ions. Moreover, from a computational point of view, yttrium displays
empty highly-localized 4f orbitals, thus avoiding complications such as magnetism
and strong correlation that arise when in presence of partially filled f orbitals.
First, I applied an ab-initio Crystal Structure Prediction method [19] to seek for
the most stable YNy polymorphs up to 100 GPa, about double the highest pressure
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that is expected to lead to the experimental synthesis of yttrium pernitrides, and
then I computed the thermodynamic and dynamic stability of the obtained poly-
morphs down to ambient pressure and with respect to the decomposition reaction
YN, —>YN+%NQ. Then I compared nitrogen bond lengths and bulk moduli to a
set of existing compounds in order to rationalize the nature of chemical bonds and
to understand which formal valence better describes the chemistry of these com-
pounds. I performed a fixed composition USPEX (v9.4.4) search on four YNy unit
formula. The initial USPEX population was composed of 40 randomly generated
structures and I allowed up to 25 generations, employing the standard genetic al-
gorithms (heredity, random generation, soft mutation, permutation and lattice mu-
tation) [20,21,67|. Once again, I employed the local-basis code SIESTA [68], with
norm-conserving pseudopotentials from the Martins-Trouiller table and the SZP ba-
sis set with a 50 meV energy shift. The mesh cutoff was 250 Ry. I used the PBE
exchange correlation functional [50]. At the end of the USPEX run, I selected the 20
most stable structures, after pruning those I found equivalent by symmetry. These
structures were further relaxed down to ambient pressure in steps of 10 GPa with
the plane-wave pseudopotential code Quantum Espresso [16,17]. I used the PBE
functional, ultra-soft pseudopotentials from the GBRV library [70], wave function/-
density cutoffs of 45/450 Ry and up to 6x6x6 k-points. The electronic density of
states was computed on a finer k-point mesh. The phonon density of states were
computed using the density functional perturbation theory (DFPT) method [92]
with a density cutoff of 900 Ry.

Results and discussion

Within the maximum pressure range of 100 GPa, I found three stable polymorphs
among all the structures produced by USPEX (fig. 3.2). The other higher energy
polymorphs usually differ from the the most stable one by the stacking of the layers,
and are not reported here because they were found to be much less stable than
the three investigated. I note that even though the polymorphs appear like layered
structures, the inter-layer interaction is not Van der Waals (vdW) or dispersion.
This would require further DFT investigation employing vdW-corrected functionals
(i.e. vdw-DF, rVV10), which can describe both vdW and non-vdW bound solids.
However I have observed that the energy difference between polymorphs having dif-
ferent stacking is larger than it would be if it was due to van der Waals interactions.
Moreover, at high pressure, the distance between cations and anions is strongly
reduced and the main interaction is Pauli repulsion and electrostatic attraction.
At ambient pressure, I predict that YNy adopts the ThCsy (space group C2/¢ [93])
crystal structure (Fig. 3.3a), characterized by alternating layers of Y and Ny dimers.

Upon increasing the pressure the structure undergoes a structural phase transition
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Figure 3.2: Calculated enthalpy as function of pressure, of the three most stable YNs
polymorphs, relative to the enthalpy of the ThCs-type structure. The dashed line marks
the enthalpy of bulk YN (B1 structure) plus $N» (e-Ny structure).

at ~20 GPa into a more compact P2;/c#1 structure (Fig. 3.3b), still with Ny
dimers, but with no evident alternate layers of Y and N,. Then, at ~40 GPa, the
structure turns into another monoclinic phase with the same symmetry (P2;/c#2),

but featuring N, moieties (Fig. 3.3c).

(c)

Figure 3.3: Fully optimized YNs structures. (a) C2/c (ThCsy) structure at 0 GPa. (b)
P2, /c#1 structure at 30 GPa. (c¢) P2;/c#2 structure at 50 GPa. The green spheres are
the Y ions, the small gray spheres are the N ions.

The Ny chains persist up to the highest investigated pressure of 100 GPa. The
lattice parameters and the Wyckoff positions of the structures at 0, 30, 50 and 100
GPa are listed in Tab. 3.1.

Fig. 3.4 shows the volume of the structures investigated. The volume is observed
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Phase Pressure Lattice Sites Coordinates
C2/c 0 GPa a=6.0492 A 4e  Y:0.0000, 0.2276, 0.2500

(s.g. 15) b=4.2245 A 8f  N:0.2260, 0.5389, 0.5389
c=6.2247 A
B =74.64°

P2, /c#1 30 GPa a—=4.3842 A 4e  Y:0.6205, 0.7824, 0.9175

(s.g. 14) b=4.7349 A 4e  N:0.0289, 0.9216, 0.3154
c=7.7441 A 4e  N:0.7500, 0.2130, 0.4771
B =134.50°

P2, /c#2 50 GPa a=5.6303 A 4e  Y:0.7723, 0.0131, 0.1563

(s.g. 14) b=4.6147 A 4e  N:0.8210, 0.5166, 0.1802
c=4.5694 A 4e  N:0.4336, 0.0820, 0.3679
3 =108.80°

P2, /c#2 100 GPa a=5.4306 A 4e  Y:0.7695, 0.0232, 0.1518

(s.g. 14) b=4.4185 A 4e  N:0.8262, 0.5283, 0.1761
c=4.3994 A 4e  N:0.4333, 0.0844, 0.3666
8 =106.90°

Table 3.1: Lattice parameters, space group and Wyckoff positions of the YNy structures,
at selected pressures.

to decrease as a consequence of the great pressure applied. In addition, a noticeable
volume drop is seen for both the first structural transition (20 GPa, 3.25%) and
the second structural transition (40 GPa, 1.07%). Clearly, the volume drop of the
second transition is lower and both structural transitions are probably of first-order.

In Fig. 3.2 T also report the enthalpy of bulk YN (B1 structure, which is by far
the most stable one) +%N2. For sake of simplicity, I took the e—=Ns polymorph to
model solid nitrogen in the whole pressure range as it is reported to be the most
stable polymorph between 13 GPa and 69 GPa. I found that in this pressure range,
below 30 GPa the P2;/c#1 is not thermodynamically stable and it decomposes into
YN and N,. To establish that the predicted structures are dynamically stable, I
calculated the phonon dispersion on a ¢-point mesh of 3x3x3. In Fig. 3.5 I re-
port just the phonon density of states, rather than the phonon dispersion since all
structures are monoclinic. From Fig. 3.5 I found that the ThCs-structure is dy-
namically unstable at ambient pressure. Inspection of the unstable phonon modes,
reveals that the stable structure would display a long wavelength modulation of the
relative distance between the Y and Ny sublattices. However, the P2;/c#1 struc-
ture is thermodynamically unstable against the decomposition, as shown previously.
Therefore, this lattice modulation, akin to a charge density wave instability would be
extremely difficult to observe in experiments. On the contrary, the other two struc-
tures are dynamically stable since all the phonon frequencies are real and positive.
An interesting feature is that the nitrogen contributes mainly to the high energy

optical modes at frequencies 1000 cm~! and above. In the low energy region, there
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Figure 3.4: Calculated volume per formula unit as function of pressure. The vertical lines
indicate the transition pressures.

is still a noticeable separation between Y and N vibrations. Indeed the heavy Y
ion contributes mainly to the lowest energy phonon (below 200 cm™'), whereas the
intermediate energy region is largely characterized by vibrational modes involving

nitrogen only.

In Fig. 3.6 I report the projected electronic density of states of selected struc-
tures, with respect to the Fermi level. The C2/c¢ (0 GPa) and P2;/c#1 (30 GPa)
structures are metallic and their valence band has a large N 2p character. The Y
states instead contribute mainly to the empty states. From the electronic struc-
ture point of view the formal valence of these polymorphs is closer to Y%(Ny)?~
(fig.3.7a) rather than to Y™ (Ny)*~ (fig.3.7b), i.e. closer to the dinitride structure.
The presence of a unique N---N bond length indicates that bond disproportiona-
tion (i.e. (Y31)3(N3)2=(Ny)*™) does not takes place. This is conceivable since the
electronic screening of the metallic state tends to delocalize the charge carriers and
suppresses the ionic character. The situation changes upon increasing the pressure
above 50 GPa, following the formation of the N4 moieties. The electronic density of
states is semimetallic, with a low density of states up to ~2 eV above the Fermi level.
This can be explained by the formal valence (Y3)y(N,)%~, in which the N moiety
has 6 extra electrons (i.e. 26 valence electrons). The 26 valence electrons (13 elec-
tron pairs) could be naively arranged as 3 single bonds and 10 lone pairs as shown
by the Lewis structure with single N—N bonds as shown in Fig. 3.7c. Moreover, the
(N4)® moiety fulfills the 6n + 2 Wade rule in n-member linear chains. However the
Lewis structure does not reflect the actual charge distribution and chemical bonding.

In fact the (N4)° anion is planar, indicating a partial multi-center 7 bonding. In
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Figure 3.5: Calculated phonon density of states of the three structures. (a) C'2/c phase
at 0 GPa; (b) P2;/c#1 phase at 30 GPa; (c) P2;1/c#2 phase at 50 GPa. The Y and N
contributions to the phonon density of states are indicated by the orange and green shaded

areas, respectively.
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Figure 3.6: Projected electronic density of states of selected polymorphs and pressure. (a)
C2/c at 0 GPa. (b) P2;/c#1 at 30 GPa. (c) and (d) P2;1/c#2 at 50 and 100 GPa. The
Fermi level is denoted by the black horizontal line.

principle this structure would possess a finite band gap, but the increased overlap
due to the external pressure tends to close the gap. Notice also the increase of the
band width of the occupied states and the larger hybridization between Y and N
states. Whereas the low pressure phases can be described as intermetallic, the high
pressure phase could be described more as a salt-like, Zintl phase. This hypothesis
could be confirmed or disproved by advanced chemical bond analysis {94, 95]. In-
terestingly, a (N4)® anion in the planar cis conformation is found in the USPEX

search but its enthalpy is larger than that of the trans conformation.

o R
[N=N]%ve it [ ]

(a) (b) y

Figure 3.7: The simplest Lewis structures that can be proposed for the N---N moieties
investigated. The easiest to rationalize is (c), the (N4)®~ moiety with only o bonds found in
the P21 /c#2 structure, while (a) and (b) represents the two possible electronic distributions
for the N---N dimers found in the ThCs-like and in the P2;/c#1 phases.

It is interesting to study the behavior of N- - - N bond length as a function of pres-
sure and compare to other di-nitrides. The ThCs-like structure at ambient pressure
has a N---N bond length of 1.33 A, which is intermediate between a single and a
double bond (see Tab. 3.2). Indeed, when the cation is divalent (like in the dini-
trides as BaNy), Ny is better described in the form (N=N)?~, whereas if the cation
valence is higher (like in the pernitrides as PtNsy), the Ny moiety is best described

as (N=N)4=. In this particular case, however, the situation is more challenging to
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Structure N—N bond length / A Ref.

BaN, 1.23 Ref. [91]

PtN, 1.41 Ref. [91]

OsN, 1.43 Ref. [96]

IrN, 1.30 Ref. [97]

LaN, 1.30 Ref. [91]

YN,, C2/c, 0 GPa 1.33 this work
YNy, P2y /c#1, 30 GPa 1.32 present work
YN,, P2y /c#2, 50 GPa 1.42, 1.44 present work
YNy, P2;/c#2, 50 GPa 1.39, 1.40 present work

Table 3.2: Nitrogen-nitrogen bond lengths in various pernitrides and dinitrides, reported
from literature as well as calculated in the present work for YNs, as a function of pressure.

rationalize, since there is no evidence of the yttrium cation being either divalent or
tetravalent: it is always reported as trivalent. This consideration brings us to con-
sider two different options to rationalize the valence of these compounds: the first
possibility is to have static fluctuations in the Ny bond lengths, where some N---N
longer bonds are longer than others averaging out to around 1.33 A; the second
possibility is to have an electron forming a partially filled band. The analysis of the
DOS in Fig. 3.6 seems to suggest the second scenario. This has been already pro-
posed to be the case of LaNy [91]. After the first structural transition, the situation
remains similar, with a N—N bond length of 1.32 A.

The situation changes dramatically after the second transition, at 40 GPa, with
the formation of N4 chains. The bond lengths, in fact, increase significantly with
respect to lower pressures: the central bond is 1.42 A and the two others are 1.44 A.
Indeed, the (N4)° moiety can be described by a single Lewis formula with all single
N—N bonds (fig.3.7c). As a consequence, the system is a closed shell and the solid
is semimetallic. At the very high pressure of 100 GPa the N-N bond lengths in Ny
moiety become 1.39 and 1.40 A.

Wessel and collaborators [91] observed that mechanical hardness and bulk mod-
ulus are larger in pernitrides than in dinitrides, due to the different character and
filling of Ny orbitals. I calculated the bulk modulus of the three YNy polymorphs
by fitting to the Birch-Murnaghan 3rd order equation of state [98]. The results are
reported in Tab. 3.3, and compared to other dinitrides and pernitrides from litera-
ture. Indeed, the low pressure YN, phases display a bulk modulus larger than the
dinitride BaNy and similar to that of LaNy. Interestingly, upon the formation of Ny
chains, the bulk modulus increases by ~60 GPa.

Regarding superconductivity one could estimate 7T, from the BCS formula T, =
1.134Tp exp [1/(Ny g)] which links the superconducting temperature to the Debye
temperature Tp (which is high in hard materials), to the density of states at the

Fermi level Ny and to the average electron phonon coupling g. These dinitrides
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Structure Bulk Modulus (GPa) Ref.
BaN, 16 Ref. [99]
SrNy 65 Ref. [99]
PtN, 256 Ref. [99]
OsN, 358 Ref. [97]
IrN, 428 Ref. [100]
LaN, 86 Ref. [99]

YNy, C2/c 117 present work

YN,, P2y /c#1 118 present work
YN,, P2y /c#2 174 present work

Table 3.3: Bulk moduli in various pernitrides and dinitrides, reported from literature as
well as calculated in the present work for YNo with EosFit [101] (Birch-Murnaghan, 3rd
Order).

are not super-hard materials compared to transition metal mono-nitrides [102,103].
There is no particular reason to expect a large electron phonon coupling and the
density of states at the Fermi level is not very large. As a consequence, I expect
that YNy T, to be smaller than that of the mono-nitrides and much smaller that
the superconducting hydrides. [104]

My methods can be applied to study the formation and stability of the series of
LnNy compounds (Ln=La..Lu). I expect that as the size of the cation is reduced
the phase transition will occur at higher pressure and new compact structures might
be found. Lanthanide cations with multiple oxidation states (i.e. Ce, Pr, Sm, Eu,
Tb, Tm, Yb) will represent a challenge for DFT and one must employ advanced
techniques like dynamical mean field theory (DMFT). [105]

3.3 YN;

Another appealing structure that arose from the USPEX composition search is yt-
trium trinitride which is on the convex hull at 100 GPa. This trinitride is interest-
ing because it is ~2 eV /atom stable with respect to phase separation. The other
nitrogen-rich compound on the convex hull (i.e. YNg) are less stable and are ex-

pected to be more similar to pure solid nitrogen.

Results and discussion

A first fixed composition USPEX run enhanced the presence of several polymorphs
of yttrium trinitride, most of which show long - if not infinite - nitrogen chains stable
at very high pressures. When relaxed down to ambient pressure, though, it can be
observed a general loss of stability in favor of structures that lack of long chains, but

present N-N dimers equally distributed in the crystal. In figure 3.8 is showed the
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Figure 3.8: Relative enthalpy of the twenty most stable structures resulting from the
USPEX fixed composition search.

enthalpy of the twenty most stable structures that arose from the fixed composition
USPEX search, relative to the one labelled EA164 which was found to be the most
stable at ambient pressure.

It can be noticed that at pressures higher that 60 GPa most structures investi-
gated tend to be closer in enthalpy, then significantly diverging from the most stable
one when the pressure is lowered down to ambient pressure. Moreover, at pressures
higher than ~70 GPa, EA164 is not the most stable structure anymore, undergoing
a phase transition first to EA625 and afterwards to EA819. A closer analysis of the
three most stable structures gives a better picture of the structural transitions that
the compound undergoes. A plot of the enthalpy including only EA164, EA625 and
EAS819 structures better shows the pressures at which structural transitions occur,
as show in figure 3.9.

At high pressures, the structure which displays the lower enthalpy is a monoclinic
C2/c structure that features infinite nitrogen chains, as shown in figures 3.10 and
3.11. The infinite chain could be an artefact of the number of unit formulas used in
the calculation, but we can be fairly positive that the chains would not be shorter
than twelve atoms in any case.

When pressure is released, though, the infinite nitrogen chain tends to break,
forming shorter chains twelve atoms long. The resulting phase is a triclinic P1
phase shown in figure 3.12.

The lack of symmetry is due to the different orientations of the chain, that gives
the impression that the longer chain of the monoclinic structure found at 80 GPa
randomly broke when pressure was lowered. This intermediate phase survives a

range of lesse than 10 GPa before breaking apart at ~72 GPa, letting then the for-
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Figure 3.9: Relative enthalpy of the three most stable structures that arose from the
USPEX fixed-composition run, with respect to Immm phase.
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Figure 3.10: Fully optimized C2/¢ structure shown along the three different axes: (a) along
the a-axis, (b) along the b-axis and (c) along the c-axis.

(a) (b)

mation of an orthorombic Immm structure in which nitrogen is arranged in layers
of N-N dimers. This phase persists down ambient pressure, being markedly ener-
getically favoured than any other. This structure, labelled EA164 from the USPEX
search, is shown in figure 3.13.

Interestingly, I do not observe a gradual shortening of the chains: the twelve
nitrogen chain in the triclinic structure abruptly breaks into dimers in a first or-
der transition made evident from the great volume difference existing with the or-
thorombic parent (figure 3.14). There is no evidence of structures showing chains of
intermediate length and this is probably due to the valence. Since yttrium is always
trivalent, in fact, the structure fits well in the formulation Ys(N3)s3, which displays
Y3+ cations and N3~ dimers. Longer chains are thus unstable and tend to break
apart as soon as pressure is released.

It is interesting to study the trend in the N--- N bond lengths, since it varies sig-

nificantly with increasing pressure, upon the formation of longer chains. At ambient
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Figure 3.11: A better perspective on the infinite nitrogen chain that the C2/c structure
displays (a) including yttrium atoms and (b) without yttrium atoms.
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Figure 3.12: Fully optimized P1 structure shown along the three different axes: (a) along
the a-axis, (b) along the b-axis and (c) along the c-axis.

pressure, in fact, the compound behaves as a dinitride, showing Ny dimers that can
be rationalized as double bonded. Dimers in the Immm structure show N--- N bond
length that varies between 1.196(9) A and 1.269(4) A depending on the position of
the dimer in the crystal. These N---N bond lengths are indeed comparable with
that of a N=N double bond, as expected from the valence of the species involved
Y5 (N3 7)s.
Upon the formation of 12 nitrogen chains, the N---N bond lengths increases up to
values closer to a single N-N bond, oscillating between ~1.53 A and ~1.35 A along
the chain. It is interesting to notice that there seems to be a specific trend in the
bond lengths, symmetric with respect to the central bond - the longest one, 1.561(4)
A. This trend is shown in figure 3.15.

When the transition to monoclinic C2/c occur, upon the formation of infinite
chains, N---N bond lengths remain in the range between 1.45 A and 1.53 A, still

compatible with single bonded nitrogen atoms. In this case, a different trend in the
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Figure 3.13: Fully optimized Immm structure shown along two different axes: (a) along
the a-axis, (b) along the c-axis.
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Figure 3.14: Volume as a function of pressure. The dotted lines indicate the pressures at
which structural transitions occur.

bond lengths is observed, as shown in figure 3.16.

In this case, the trend is much more regular, showing two adjacent bond long
exactly the same (1.455(6) A) followed by a longer one (1.530(7) A). This scheme
is repeated all along the infinite chain. These bond length alternations (BLA) are
not simply the well known Peierls distortions for the following reasons: (i) the BLA
is quite large even without employing hybrid functionals (differently from what is
shown in Ref. [106] for an infinite nitrogen zig-zag chain); (ii) both the s and p or-
bitals of nitrogen are involved with different degree of hybridization; (iii) moreover
the classical picture of single, double and triple bonds is probably just a simplifi-
cation, and more complex reality emerges as shown in Ref. [95,107] for finite size

nitrogen chains.
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Figure 3.15: Trend of the N---N bond length along the Njs chain in the triclinic P1
structure. Labels refer to the position of the nitrogen atom in the chain.

Summary and outlook

I found by crystal structure prediction the most stable structures of YN, up to
100 GPa. At low pressure, the system adopts the ThC, structure like LaNy. Unfor-
tunately this structure is thermodynamically unstable with respect to the decom-
position into YN and solid N, and dynamically unstable at ambient pressure. This
structure is characterized by Ny dimers and, upon increasing pressure, it transforms
into a monoclinic polymorph (P2;/c#1) with no evident Ny layers. By comparing
the nitrogen bond length and the bulk modulus, I arrive at the conclusion that
both C2/c and P2;/c#1 predicted polymorphs can be categorized as dinitrides and
the Ny chemical bond is closer to a double N=N bond. Finally, above 40 GPa,
N, moieties are formed and the structure is semimetallic. I verified the dynami-
cal stability of the two high pressure structures by computing the phonon density
of states. Experimentally there is a clear evidence of a novel crystalline phase of
YN, at 50 GPa and the refinement of PXRD data seem to agree with the P2;/c#1
structure I found. I hope to be soon able to report on this in a joint paper with the
experimental collaborators in Aarhus.

My work is the first step towards studying the formation and stability of LnNy
compounds (Ln=La..Lu). As the first approximation, one in principle one can sub-
stitute Y with every other lanthanide ion in all the structure generated by USPEX
and compute the enthalpies in the whole pressure range. This will provide a ten-
tative phase diagram for each LnNs compound that will provide useful indication
for future high pressure experiments. As shown in Ref. [89] for the mono-nitrides,

the B1—B2/B10 transition pressure increases along the lanthanide series. In other
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Figure 3.16: Trend of the N---N bond length along the infinite chain in the monoclinic
C2/c structure. Labels refer to the position of the nitrogen atom in the chain.

words the late lanthanide nitrides might undergo structural phase transitions at
pressure larger than 100 GPa and would be of scarce interest as energy materials Of
course USPEX must be re-run for the lanthanide ions which can have a +2 or +4
formal valence in addition to the +3.

It is interesting to observe that “unhappy” formal valence of Ny in YN, lead to
the formation of N4 chains stable at intermediate pressure. On the contrary the
“happy” YN3 compound form infinite nitrogen chains at 100 GPa that will break
easily by decreasing the pressure. This show how chemistry and pressure conspire

against each other!
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Final Considerations

I tackled many different projects during my PhD), especially focusing on the mechan-
ical properties and the structural transition of perovskite crystals and the interesting
features belonging to transition metals nitrides. 1 employed the advanced compu-
tational methods featured in Quantum Espresso and USPEX algorithms to both
confirm experimental results obtained by collaborators and suggest new possibili-
ties.

The three perovskite-like structures investigated in chapter 2 have very different
properties and structures, both at ambient pressure and at very high pressures, but
some analogies can be found in the predicted behavior when pressure is applied.
Perovskite and perovskite-like structures, in fact, tend to undergo structural transi-
tions to more compact phases, usually metallic. Even if comparing the results from
different materials could seem worthless since they display very different features,
analysis of the overall trend of calculation outputs helped to define the best func-
tional to be used for the study of this kind of crystals. PBEsol functional, in fact,
was found to be the one which best reproduced the equation of state and the struc-
tural properties of the investigated compounds, if compared to high-quality PXRD
data from high-pressure experiments.

Investigation of yttrium nitrides in chapter 3, instead, featured an extensive use of
crystal structure prediction algorithms, USPEX in particular, to predict structures
and properties of nitrides little studied before. Even though the initial purpose was
to explore nitrides of the lanthanides series, compounds of yttrium were found to be
even more interesting than lanthanides parents, since they feature the formation of
longer nitrogen chains. Moreover, YN, is characterized by the presence of nitrogen
dimers in the structure of ambiguous bonding nature, since, given the fixed valence
of yttrium cation, it is hard to define whether nitrogen atoms are single or double
bonded. It will be interesting to deepen in this peculiar feature also by other means,
such as applying QTAIM techniques, to get even clearer results.

This PhD thesis summarizes the projects that are already concluded. Three of them
have been already published [48,66,108] and others are in preparation or to be sub-
mitted. During this three years, however, I also worked on many other different

projects, most of which are briefly illustrated in this thesis appendixes. This "works
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in progress" are to be concluded in the following months, in the strong hope that the
global sanitary emergency that world faced during the last year will soon be a prob-
lem belonging to the past, so that nothing will slow down new scientific discoveries

anymore.
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Appendix A

Other results and side projects

In this appendix I report on few side projects that I did during my PhD, most of
them in collaboration with the experimentalists in Aarhus. I also report here extra

calculations and data as supporting information for the thesis chapters.

A.1 Which XC functional for perovskites and post-

perovskites?

In Fig. A.1, A2, A.3 I report the EOS and lattice parameters of several perovskites
that were studied experimentally before I started my PhD, calculated with LDA,
PBE and PBESOL functionals.

As expected the PBESOL results are always bracketed by LDA (which under-
estimates the volume) and PBE (which overestimates it). At low pressure (below
20-30 GPa) the agreement of PBESOL with experiments is very good. Note that
in these perovskites either the a or ¢ lattice parameters are less “compressible” with
respect to the others. In the case of SrIrO3 the values of a and ¢ cross around
25 GPa and the precise indexing of PXRD reflections might become problematic.
The experimental data reported for SrOsOj3 show a different behaviour among dif-
ferent experimental runs and are currently being re-analyzed. SrOsOjs appears to
undergo a phase transition at 40 GPa, probably towards a monoclinic phase. This

is work in progress.
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Figure A.3: EOS and lattice paremeters of SrOsOs in the Pnma structure.
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a (expt) b (expt) c (expt) V (expt) | a (calc) b (calc) ¢ (calc) V (cale)

NaOsOs | 5.3763 7.5658 5.3239 216.55 5.3690  7.5587  5.3234  216.04
-0.14%  -0.09% -0.01%  -0.24%

SrRuO3 | 5.5263 70767  5.4695 235.06 5.5101  7.7899  5.4853  235.45
-0.29%  +0.17% +0.29% +0.17%

SrlrO3 5.5986 7.8869 5.5532 245.21 5.6123  7.8300  5.5207  242.61
+0.25% -0.72%  -0.59%  -1.06%

PbRuO3 | 5.5692 7.7455 5.6621 244.24 5.5493  7.7162  5.6420 241.59
-0.36%  -0.38%  -0.35%  -1.09%

SrOsO3 | 5.6021 7.9052 5.5619 246.31 5.5084  7.8343  5.5186  240.31
-0.78%  -0.90% -0.78% = -2.44%

Table A.1: Experimental and calculated (PBESOL) lattice parameters of selected per-
ovskites. Lattice parameters are in A, volume is in A3.

In tab. A.1 I report the PBESOL calculated lattice parameters at ambient pres-
sure (except for MgSiO3) for selected perovskites. Note that the deviation between
PBESOL and experimental value is in the order of 1%. However the volume of
SrOs0O3 is underestimated by 2.44%. The calculations were spin polarized and fer-

romagnetic. In the case of SrOsOj3 I also tried non-magnetic and antiferromagnetic

ordering but this additions had no appreciable effect on the lattice parameters.

a (expt) b (expt) c (expt) V (expt) | a (calc) b (calc) ¢ (calc) V (cale)
MgSiO3 | 2.4560 8.0420 6.0930 120.34 2.4623 8.0607  6.1201 121.47
+0.26% +0.23% +0.45% +0.94%
CalrOs | 3.1430 9.8569 7.2924 225.92 3.1758  9.6526  7.2630  222.65
+1.04% -2.07% -0.40% -1.45%
CaPtO3 | 3.1261 9.9198 7.3506 227.94 3.1397 98174  7.3213  225.67
+0.44% -1.03% -0.40%  -1.00%
CaRuO3 | 3.1150 9.8268 7.2963 223.34 3.1412 9.6115 7.2190 217.96
+0.84% -2.19% -1.06%  -2.41%
CaRhO3 | 3.1013 9.8555 7.2643 222.03 3.1123  9.6814  7.2504  218.47
+0.36% -1.77% -0.19% -1.61%
NalrOs 3.0397  10.3576  7.1766 225.95 3.0734 10.2535 7.1426  225.09
+1.11%  -1.01%  -047%  -0.38%
NaOsOs | 2.8321  10.6928  7.3342 222.10 2.7572  10.7067 7.3136  215.90
-2.64%  +0.13% -0.28%  -2.76%
SrOsO3 | 3.1529  10.8220  7.2710 248.09 3.2688 99784  7.3994  241.35
+3.68% -7.79% +1.77% -2.72%

Table A.2: Experimental and calculated (PBESOL) lattice parameters of selected post-

perovskites. Lattice parameters are expressed in A, while volume is in A%. MgSiOs data
are at 121 GPa. All other perovskites are at ambient pressure.

In tab. A.2 I report the PBESOL calculated lattice parameters at ambient pres-
sure (except for MgSiO3) for several post-perovskites. Note that the deviation be-
tween PBESOL and experimental value is the order of 1-2%, slighly worse than that
for perovskites. The most striking result is that b lattice parameter of SrOsQOj is

underestimated by ~8%. This result looks like an outlier and re-examination of
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PXRD data is under way. The results in the table rule out possible problems with
osmium pseudopotential. The calculations were spin polarized and ferromagnetic.
In the case of SrOsOg I also tried non-magnetic and antiferromagnetic ordering but

this had no appreciable effect on the lattice parameters.

A.2 Which XC functional for the spin density?

In principle, DF'T is an exact theory but in practice approximations to the exchange-
correlation (XC) functional must be made. Therefore DFT accuracy and predictive
power are strongly dependent on the choice of the XC functionals. Moreover, being
a mean field theory, DFT is not self-interaction free and no XC functional to date
is able to cancel exactly the Hartree term. The problem of the self-interaction is
particularly severe for highly localized orbitals, like the d and f orbitals. The self-
interaction leads to an excessive wavefunction delocalization and closes band gaps
in many insulating systems. To solve these drawbacks, one should employ general-
ized DFT methods, such as DFT+U or hybrid functionals (i.e. mixing of DFT and
Hartree Fock methods). One relevant question is if and how these methods improve
the description of other measurable quantities such as the charge and spin den-
sity. Another relevant question is if it possible to determine DFT parameters from
experiments. For instance, the authors of Ref. [109] were able to determine the Hub-
bard U parameters of NiO from quantitative convergent-beam electron diffraction
experiments.

We performed total energy calculations of ferromagnetic YTiO3 and SrRuQOj3 at
the experimental lattice and geometry reported in Refs. [110] and [111,112] using
norm-conserving pseudopotentials with a plane wave expansion of 120 Ry to inte-
grate accurately the charge and spin density. The QTAIM charge/spin populations
were calculated with Critic2 [113|. The valence shell charge concentration (VSCC)
points were located with Critic2 by searching the outermost minima of the laplacian
of the charge density within a distance of 2 au from the individual Ti and Ru ions.
We applied the rotationally invariant Hubbard U correction on top of the PBESOL
functional. We set up two different schemes of “+U” corrections: (1) we applied a
U=0.5 eV to the d orbitals of the transition metal atoms; (2) we applied the U cor-
rection both to the metal d and oxygen p orbitals. For the scheme (2) we calculated
self-consistently the Hubbard U values using the ACBNO method (using the stand
alone acbn0.py script in the PAOFLOW package [114,115]). Finally, we performed

a more expensive calculation using the HSE06 screened hybrid functional.
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Method | q(Y) q(Ti) q(O1) q(O2) | m(Y) m(Ti) m(O1l) m(O2) Tot. magn.
U=0eV | 21101 1.9066 -1.3325 -1.3423 | 0.0594 0.7974 0.0521  0.0456 1.0000
U=1eV | 21131 19198 -1.3387 -1.3474| 0.0549 0.8161 0.0461 0.0414 1.0000
U=2eV | 21182 19336 -1.3448 -1.3537| 0.0457 0.8348 0.0396  0.0399 1.0000
U=3eV | 21220 19496 -1.3510 -1.3605| 0.0376 0.8511 0.0342  0.0386 1.0000
U=4eV |21243 19671 -1.3574 -1.3673 | 0.0316 0.8647 0.0299  0.0369 1.0000
U=5eV | 21255 19854 -1.3636 -1.3739 | 0.0272 0.8764 0.0264  0.0350 1.0000
ACBNO | 2.2678 2.0992 -1.4481 -1.4597 | 0.0450 0.8208 0.0458  0.0442 1.0000
HSE06 | 2.2343 2.0259 -1.4127 -1.4239 | 0.0273 0.8513 0.0369  0.0422 1.0000
expt. PND | N/JA N/A  N/A N/A | -0.047 0.715  0.016 0.004 0.704
PBEO N/A  N/A N/A N/A | 0015 0852  0.036 0.049 0.998

Table A.3: QTAIM charges and spin densities of YTiO3. O1 is the apical oxygen, while
O2 are the basal oxygens. Experimental polarized neutron diffraction (PND) results and
PBEO+QTAIM results are form Ref. [110].

A.2.1 YTiOs

YTiOj is a ferromagnetic perovksite with a Curie temperature of 5 K and crystallizes
in the GdFeO3 Pnma structure with large TiOg octahedra tilting (19°). The Ti-O-Ti
angles are ~144° on the ac plane and 140° along the b axis. The distance between the
Ti and apical O along the b axis is the shortest (2.0167 A), while the Ti-O distances in
the ac plane are alternatively short and long, 2.0178 A and 2.0754 A [110]. Fig. A.4
shows the spin density isolines on the ac plane passing through the Ti ions. The
oxygen atoms directly bound to the Ti ions are located 0.44 A above and below the
plane.

The atomic charges and spin densities integrated in the Bader basins of the
charge density are reported in Tab. A.3. The effect of the Hubbard U on the Ti ion
is to concentrate both the charge and spin density on the metal ions. Interestingly,
the ACBNO method yielded U(Ti-3d)=0.26 ¢V and a large value on oxygen, U(O-
2p)=8.31 eV.

The calculated atomic charges are far from the formal valence charges (Y:+3,
Ti:+3, O:-2). The sum of the partial charges, integrated on a real space mesh,
differs by 10~* electrons from the total number of electrons per unit formula. The
total spin magnetization per unit formula is 1 up with 80%-86% of it located on the
Ti ion. This situation corresponds to a Ti** ion in the t3, €] configuration. Note
that the spin density around the oxygen atoms shows a negative shell near the ion,
surrounded by a region of positive spin density. The size of this negative spin region
is large when the U is applied to the Ti ion whereas it is reduced with ACBNO. The
ACBNO atomic charges and spins are close to those obtained with the hybrid HSE06
and PBEO functionals. Note that the small magnetic moment on the O1 (apical)
ion is initially larger that those of the O2 ions at U=0 but the situation changes for
U=>3 eV. The larger magnetic moments on the basal O2 ions is also suggested by
the experimental data but this is not the case for ACBNO.
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Figure A.4: Isodensity contour of the spin density of YTiO3 plotted on the ac plane. The
Ti ion is in the center of the cell. The projection of the O2 ions are indicated by open
circles (the O ions are 0.44 A above and below the cut plane. The isovalues are +£0.001 - 2™
withn=0...7.
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The spin density and the VSCC are reported in Fig. A.5. The analysis of
the laplacian of the charge density shows that there are six VSCC points, located
~0.37 A from the Ti ion, which corresponds to the outer 3d shell of Ti. When U(Ti)
is small (less than 2 eV), the VSCC are arranged as a nearly regular octahedron.
The VSCC octahedron is rotated such that two VSCC are in the O1-Ti-O2 plane
and the remaining four VSCC are located in plane tilted by ~40° from the Ti-O2-
02’ plane. For small values of U(Ti) the six VSCC correspond to the six lobes of
the spin density, showing that the spin density is given by a superposition of the ty,
orbitals. When the Hubbard U on Ti is larger than 2 eV and the system becomes
insulating, the VSCC octahedron changes its shape and it becomes highly distorted:
four VSCCs are found in correspondence of the four spin density lobes, while the
two remaning VSCC are located close to the Ti-O1 bond. This is reflected by the
values of the laplacian (curvature of the charge density): when U(Ti) is small, the
laplacian at the VSCC ranges from —9.3 to —10.0 au™® meaning that the charge
density is concentrated nearly equally at the VSCC. When U(Ti) is larger that 2 eV,
the laplacian is more negative (—12.5 au™°) at the four VSCC corresponding to the
spin density lobes, while it is less negative (—8.7 au™) at the two remaning VSCC.
Therefore, in YTiO3 the curvature of the charge density distribution gives a direct
indication of the shape of the spin density.

Not surprisingly the small U(Ti)=0.26 eV found by the ACBNO method yields a
spin density with six lobes and the VSCC form a nearly regular octahedron. However
the ACBNO charge density around the Ti atom is more concentrated with respect
to the U=0 case: the laplacian at the six VSCC ranges from —9.4 to —11.2 au™>
and this is due to the fact that the ACBNO Bader charge on Ti is ~10% larger than
that computed with U=0. In the HSE06 case the spin density shows four 4 large
lobes and 2 small ones that become visible with an isosurface of 0.2 au=3. This
situation is intermediate between the small and large U value cases. The laplacian
at the VSCC are —8.9 and —12.5 au™®, comparable to the case of U(Ti)>2 eV.
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Figure A.5: Spin density and VSCC of YTiOs. The spin density isosurface is 0.3/au®.
O1 is the apical oxygen, O2 and O2’ are the basal oxygen. Ti—O2’ is the largest Ti—O
interatomic distance.

A.2.2 SrRuO;

SrRuOj is a weakly interacting ferromagnetic metallic perovksite. STRuQOj crystal-
lizes in the Pnma structure but differently from YTiOj3 the octahedra in STRuQOg3 are
less tilted and less distorted. The Sr-O distances are 1.986 A(Sr-O1 apical), 1.986 A
and 1.987 A (Sr-O2 basal). The Sr-O-Sr angle is ~161° [111].

Fig. A.6 shows the spin density isolines on the ac plane passing through the Ru
ions. The plane containing the Sr and O atoms is almost parallel to the (010) plane.
The atomic charges and spin densities integrated in the Bader basins of the charge
density are reported in Tab. A.4. Similarly to YTiO3, the ACBNO method yielded
a relatively small value of U on the transition metal and a large value of U on the
oxygen ions: U(Ru-4d)=2.06 ¢V, U(O-2p)=5.08 eV.

The calculated atomic charges are far from the formal valence charges (Sr:+2,
Ru:+4, O:-2). The sum of the partial charges, integrated on a real space mesh,
differs by 10~* electrons from the total number of electrons per unit formula. The
atomic charges of oxygen are smaller than that of YTiO3. The ACBNO and HSE06
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functional tend to concentrate both the charge and the spin on the Ru ion, making
the system slightly more ionic in character. The total magnetization is close to 2 up
and is compatible with a Ru™ ion in the tgg eg configuration. The atomic magnetic
moments on the oxygen atoms are about 0.2 ppg, one order of magnitude larger
than those of YTiO3. With respect to YTiO3, the smaller Bader charge and the
larger magnetic moment on oxygen can be explained by the larger overlap between
the O-2p orbitals and the Ru-4d which has a larger spatial extent than the Ti-3d
orbital.

Differently from YTiO3 the spin density map, the atomic charges and spin pop-
ulations are nearly insensitive to the value of U on the Ru ion. The spin density

map shows only regions of positive spin density.
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Figure A.6: Isodensity contour of the spin density of STRuOj3 plotted on the ac plane. The
Ti ion is in the center of the cell. The projection of the O2 ions are indicated by open
circles. The isovalues are £0.001 - 2" withn=10...7.
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Method q(Sr) q(Ru) q(O1) q(02) | m(Sr) m(Ru) m(O1l) m(O2) Tot. magn.
U=0eV 1.5745 1.6715 -1.0795 -1.0872 | 0.0136 1.3898  0.1942  0.1853 1.9772
U=1eV 1.5754 1.6576 -1.0750 -1.0832 | 0.0136  1.3967  0.1988  0.1909 1.9989
U=2eV 1.5763 1.6423 -1.0703 -1.0784 | 0.0134 1.3869  0.2025 0.1946 2.0000
U=3eV 1.5773 1.6263 -1.0653 -1.0733 | 0.0134 1.3740  0.2068  0.1990 2.0000
U=4¢V 1.5783 1.6098 -1.0601 -1.0682 | 0.0134 1.3597  0.2115  0.2040 2.0000
U=5eV 1.5793 1.5927 -1.0555 -1.0612 | 0.0136 1.3436  0.2163  0.2102 2.0000
ACBNO 1.6214 1.8594 -1.1581 -1.1649 | 0.0086  1.5103  0.1623  0.1565 2.0000
HSEO06 1.6608 2.1080 -1.2576 -1.2539 | -0.0023 1.4989  0.1801  0.1432 2.0000
expt. 2K S+L | NJA N/A  N/A  N/A | N/A 135 020 020 1.95
expt. 2K S N/A N/A N/A N/A | N/A 142 020 020 2.02
other DFT (PBE) | N/A N/A N/A N/A | N/A 134 016 0.3 1.79

Table A.4: QTAIM charges and spin densities of YTiO3. O1 is the apical oxygen, while
02 are the basal oxygens. Experimental results and “other DFT” are form Ref. [110]. Two
experimental refimenents are reported: including the orbital angular momementum (S+L)
and without angular momentum (S). “other DFT” magnetic moments are integrated inside
atomic spheres of radius 1.25 A (Ru) and 0.73 A(O).

The spin density and the VSCC are reported in Fig. A.7. The analysis of the
laplacian of the charge density shows that the there are eight VSCC points, located
~0.44 A from the Ru ion. The VSCC are arranged as a cube whose vertexes point
in the directions of center of the faces of the SrOg octahedron. As already shown in
Tab. A.4 the spin density depends weakly on the U values and on the choice of the
functional. The value of the laplacian at the VSCC goes from —8.18 au™® at U=0
to —8.30 au® at U=5 eV, —8.26 au® for ACBNO and —8.61 au~° for HSE. Thus
the charge and spin concentration around the Ru ion depends rather weakly on the
DFT methods we have used.

A.2.3 Discussion

The comparison of DFT results to experimental polarized neutron/X-ray diffrac-
tion [110,112| and magnetic Compton scattering [116] data has to be carried out
with some caution. Diffraction experiments provide, after removing the instrumen-
tal and thermal effects, the structure factors which are related to the charge/spin
density by a Fourier transform. The atomic and orbital contributions to the ex-
perimental charge/spin density is obtained from the multipolar model [117] or from
the maximum entropy method [118]. However it is possible to perform a detailed
QTAIM analysis on the experimental charge and spin density after a multipolar
refinement [119,120]. The other possibility is to calculate the theoretical structure
factors directly from DFT and perform multipolar refinement on them.

From our results on two magnetic perovskite, we can draw the partial conclusion
that hybrid functionals are the best choice to describe accurately both the spin den-

sity and the electronic structure of these materials. The ACBNO method ranks in

87



Figure A.7: Spin density and VSCC of SrRuOs. The spin density isosurface is 0.3/au®.
O1 is the apical oxygen, O2 and O2’ are the basal oxygen.
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between DFT+U and hybrid functionals. The present DF'T-+U and ACBNO imple-
mentation acts only on one angular momentum channel per atom. If this limitation
will be relaxed in future versions of QE, we expect ACBNO and DFT+U+V method

will be as accurate as hybrid functional, at a fraction of their computational cost.

A.3 Atlas of YN, structures

In chapter 3 I stated I relaxed with QE all the structures obtained by USPEX
and removed those who turned out to be equal by symmetry at 100 GPa. The
QE relaxation is more accurate than the SIESTA calculation and many structures
turned out to have the same enthalpy, cell parameters and atomic positions. I used
aflow -compare-structures the eliminate those. In this section I report not only
the most stable structures but also the structures with higher enthalpy obtained
with USPEX+SIESTA. Note that at 100 GPa the enthalpies are in a energy range
smaller than the enthalpies at 50 GPa and 0 GPa. That is, at 100 GPa all the
structures are close in enthalpy and this is why USPEX can efficiently explore the
enthalpy landscape.

A31 YNy

This is the goodStructures file at the end of the USPEX+SIESTA run at 100 GPa,
annotated with a description of the N-N bonding (see fig. A.8). Note that the high
energy “layered” structures appear similar in the figure but they have different N,
arrangement within the planes.

ID Compositions Enthalpies Volumes fitness SYMM
(eV/atom) (A~3/atom) O

202 [ 4 8 ] -195.5532 8.7273 -2346.6387 2 N2, layers
325 [ 4 8 ] -195.5525 8.7303 -2346.6295 2 N2, layers
555 [ 4 8 ] -195.5380 8.7579 -2346.4566 2 N2, layers
600 [ 4 8 ] -195.5324 8.7057 -2346.3886 12 N2, layers
307 [ 4 8 1] -195.5317 8.7094  -2346.3803 1 N2, layers
316 [ 4 8 1] -195.5217 8.8783  -2346.2606 2 N2, layers
641 [ 4 8 ] -195.5139 8.8278 -2346.1674 2 N2, no layers
322 [ 4 8 ] -195.5085 8.8840 -2346.1014 14 N4 "cis" chains
524 [ 4 8 ] -195.5061 8.8691 -2346.0728 1 N2, layers
649 [ 4 8 ] -195.4982 8.8500 -2345.9781 2 N2, layers
285 [ 4 8 1] -195.4919 8.8951  -2345.9031 2 N2, layers
661 [ 4 8 1 -195.4918 8.8981  -2345.9013 4 N2, no layers
657 [ 4 8 ] -195.4888 8.8870 -2345.8656 5 N2, layers
169 [ 4 8 ] -195.4826 8.8805 -2345.7909 2 N2, layers
536 [ 4 8 ] -195.4808 8.8469 -2345.7701 2 N2, layers
411 [ 4 8 ] -195.4715 8.9077 -2345.6575 4 N2, no layers
573 [ 4 8 1] -195.4702 8.6968  -2345.6420 2 2%N3 + N2
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Figure A.8: YNs good structures from USPEX+SIESTA at 100 GPa. The enthalpy in-
creases from the top-left to the bottom-right structure.
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A.3.2 YN;

This is the goodStructures file at the end of the USPEX+SIESTA run at 100
GPa, annotated with a description of the N-N bonding (see fig. A.9). Differently
from YN, at 100 GPa YN3 forms longer chains, and few cyclic molecules. However,
as shown in chapter 3, the long nitrogen chain break into shorter chains as soon as

the pressure is decreased.

ID Compositions Enthalpies Volumes fitness SYMM
(eV/atom) (A~3/atom) O

869 [ 4 12 ] -212.7987 7.9442 -3404.7787 2 infinite chains, layers
625 [ 412 ] -212.7983 7.9927  -3404.7726 1 N12 chains
280 [ 412 ] -212.7785 8.0167  -3404.4556 4 infinite ch., branched
819 [ 412 ] -212.7637 7.9183  -3404.2184 1 infinite ch.
428 [ 412 ] -212.7414 8.0662  -3403.8616 1 N12 chains
767 [ 412 ] -212.7142 8.0587  -3403.4278 1 infinite chains
672 [ 412 ] -212.6950 8.11562  -3403.1192 1 1%N6 + 2%N3
851 [ 412 ] -212.6931 8.2769  -3403.0898 40 infinite ch., layers
12 [ 412 ] -212.6701 7.9942  -3402.7216 78 infinite ch., spirals
198 [ 412 ] -212.6668 8.1862  -3402.6686 1 N10 + N2
635 [ 412 ] -212.6583 8.1092  -3402.5328 113 N3 molecules

91 [ 412 ] -212.6455 8.0295  -3402.3272 2 N8 + N4
519 [ 412 ] -212.6372 8.2545  -3402.1952 1 N4 + 2+N3 + N2
820 [ 412 ] -212.6364 8.1694  -3402.1822 1 2xN5 + N2
562 [ 412 ] -212.6304 8.2584  -3402.0863 1 N4 + 2#N3 + N2

142 [ 412 ] -212.6196 8.0741 -3401.9132 1 N7 + N5
560 [ 412 ] -212.6174 8.2403  -3401.8788 1 N4 + 2#N3 + N2
760 [ 412 ] -212.6167 8.0624  -3401.8675 1 N12

110 [ 412 ] -212.6130 8.0656  -3401.8083 1 N12 with a N5-cycle
623 [ 412 ] -212.6094 8.2614  -3401.7505 1 N4 + 2%N3 + N2
222 [ 412 ] -212.6023 8.0091 -3401.6362 1 infinite ch., branched
458 [ 412 ] -212.5928 8.1266  -3401.4854 12 N12 cyclic molecules
306 [ 412 ] -212.5880 8.1219  -3401.4078 1 N12 branched molecules
666 [ 412 ] -212.5830 8.1420  -3401.3281 1 N7 + N3 + N2
608 [ 412 ] -212.5674 8.2102  -3401.0780 1 N7 + N3 + N2
419 [ 412 ] -212.5636 8.1098  -3401.0177 2 2+N4 + 4xN2
339 [ 412 ] -212.5621 8.1672  -3400.9935 8 N4 + 2xN3 + N2
654 [ 412 ] -212.5602 8.2005  -3400.9630 1 N9 + N3
235 [ 412 ] -212.5600 8.0308  -3400.9593 1 infinite ch.

184 [ 412 ] -212.5497 8.1604  -3400.7958 1 2xN5 + N2
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Figure A.9: YN3 good structures from USPEX+SIESTA at 100 GPa. The enthalpy in-
creases from the top-left to the bottom-right structure.
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YN
Figure A.10: Selected YN, structures, close to the convex hull, from the variable compo-
sition USPEX run at 100 GPa.

A.3.3 Other compositions

In fig. A.10 I show a selection of the the YN, close to the convex hull. Not surpris-
ingly, when the N concentration increases, nitrogen tend to form long chains and 3d

bulk structures, with interstitial Y ions.
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A.4 Exfoliable topological materials

This side project was motivated by a coffee-time discussion in Aarhus with Prof.
Bremholm: Which topological insulator should we synthesize and study? What is a
topological insulator? Do they have any application? You can find the answer in
this nice and clear review paper [121].

It turns out that determining if a material has a topological band structure,
being a topological insulator (TT) or a Weyl semi-metal (WSM) is relatively easy.
It is so easy that it can be done on the ICSD database of inorganic materials and
also on organic crystals. Experimentally, it is much more difficult. The most direct
technique is angle resolved photoemission spectroscopy (ARPES) which measures
the energy/momentum F(k) relation of quasi-particles. This is, in the zeroth ap-
proximation, the band structure. However, to perform ARPES experiments one
needs to synthesize quite large crystals, with no defects, stable in air, stable against
oxidation, with well determined surfaces.

Therefore the coffee-time discussion evolved into the question: Can you make a
list of exfoliable topological materials? It turns out that the “exfoliability” can be
defined in many different ways with DF'T calculations and that several databases of
exfoliable materials exist.

Therefore, together with my supervisor, we wrote few Python scripts to download
entire databases (of topological, of exfoliable materials) and to extract the relevant
information. We downloaded the database from www.topologicalquantumchemistry.
com, and two exfoliable materials database: MaterialsCloud from EPFL (archive.
materialscloud.org/2017.0008/v1) and JARVIS-2D from NIST (jarvis.nist.
gov/login?next=/jarvisdft/). In order to cross the databases we simply had
to convert the chemical formulas into strings of brute formula, with the elements
ordered alphabetically (i.e. NaCoO3 — Col Nal O3, Mg(OH), — H2 Mgl O2).

Here is what we found:

e MaterialsCloud has 457 exfoliable materials. JARVIS-2D lists 523 materials.
Only 182 materials are in both databases! this means that the two databases
used a different criterion to classify materials. In addition to the energy re-
quire to “exfoliate” the material, MaterialsCloud considers also the difference

between the lattice spacing calculated with and without van der Waals terms.
e Therefore we took the union of this two databases: 798 materials.

e Among these 798 exfoliable materials, 82 are classified as topological insula-

tors. Here is the list:

Se4 Til Zrl Crl 82 Cl1 Zr1
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Hol I1 S1 Cal Sni Cel S1

Gal Gel Tel Sb2 Se2 Tel Te2 Zr1l

02 Vi1 C2 Cl1 N2 Nil Rb1 Cl1 01 V1
Cal Si1l Ptl Te2 Hf1 S3

Nd1l Te3 Crl Se2 Sel Snil

Hf1 Sil1 Tel Crl Sel Brl Zr1l

Te3 Zr1l Aul C11 Te2 Bi2 Pb2 Seb
Hf3 Te2 Pd1l Te2 Cl S2 Ta2
Bi4d Se3 Cl1 H1 Lul Col Nbl Te2
Bi3 S1 Te2 N1 S1 As2 Te3

Bid Gel Te7 Bi2 Gel Te4d Hf1 Teb

Nil Te2 Bi2 Se3 Pb1l S1

Bi2 Pb2 Teb Sb2 Tel Sb2 Sel Te2
I1 N1 Ti1 Inl Nbl Se2 Snl Tel

Gel Sb4d Te7 Brl 01 V1 Ge2 Sb2 Teb
C1 Nb2 S2 Erl Te3 Bi2 Se2 Tel
Mol Te2 Bi2 Te3 I1 01 Tml
As1 Cl1 Lal Cl1 01 Yb1l
Bi2 Pbl Ted Brl Lal Br3 Mol

N3 Nal C1l1 H1 Sci C13 v1

Sb2 Snl Te4d Inl Sel Sil Tel Zri
Bi4 Pbl Te7 Bi4 Snl Te7 Ted Til Zril
I2 Nd1 S2 Ti1l Crl Sil Te3
Dyl Te3 C1 Y2 Bi2 Sel Te2
Bil I1 Sb8 Te3 02 w1

S1 Snil S3 U1 Sb2 Te3

H1 Si1

A large number of these materials are already well studied both experimentally
and theoretically. There are chalcogenides, for example, the family of ShyTes and
hexagonal GesShyTes (the cubic polymorphs are used as phase-change materials in
DVDs and in flash RAMs), which tend to be defective. The second family is halides
especially of Br and I. This is not surprising since a large spin orbit coupling is
needed for band inversion in topological insulators. Oxides are nearly absent from
this list, or are false-positives, because when they have a large band gap, spin-orbit
band inversion is difficult.

The remaining materials are so few that they can be investigated one at the
time. There are bulk crystals and materials with 2d or 1d-chain character and they

can be further grouped by looking at their structure and space group:
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Figure A.11: Element abundance of exfoliable topological insulators.

e As (Cmem)

e Bil (C2/m)

e BrLa, BiZr, LuCH, ScCH, ClLa (R3m), NbyCS, (P3m1)
e BrvVO, CIVO (Pnmn)

e MoBr; (Pnmn)

e Y,C (R3m)

e CaSi, CaSn (Cmcem)

e CeS (rocksalt)

Once the list was obtained, I performed a very simple statistical analysis and I
colored the periodic table according to the which element appears more often in this
list (fig. A.11). Tellurium is by far the most abundant elements, followed by Bi, the
other chalcogenides, by Zr, O, Si, and by the halides. Even if perovskites are not
exfoliable, they can be cleaved easily. Therefore we expanded the search and found
several perovskites classified as topological insulators. The interesting observation is
that they appear to be composed by 4 f lanthanides and 3d/4d transition metals (i.e.
PrCoO3) as shown in fig. A.12. Out of curiosity we looked at the band structures

of these perovskites from the topological quantum chemistry database, and the first
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Figure A.12: Element abundance of perovskite topological insulators.

observation is that the lanthanide 4f orbital cross the Fermi level. Apparently
those DFT calculations did not consider neither magnetism nor the “+U” Hubbard
correction on the 4f orbitals. In addition to that, it is known that many oxides
undergo metal to insulator transitions, and spin crossover (i.e. in cobaltites) as a
function of temperature. Therefore, the topological classification of these perovskites

has to be examined case by case and not by high-throughput calculations.
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