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Phase diagrams of high-pressure ternary systems

Abstract

In recent years, high temperature superconductivity has been reported in several Hydrogen-rich

systems under high pressure, being one of the most recent ones a compound in the C-S-H ternary

system. The claimed critical temperature was 15 ◦C at 267GPa. A common issue in this type of

studies is the difficulty in determine the crystal structure of the materials found. Consequently,

computational works have proved to be very useful helping these high pressure studies. In this

thesis, we searched the H-C-Se, H-Mg-Se and Li-C-S ternary systems for new thermodynamically

stable compounds at high-pressure. In order to obtain the lowest energy crystal structures of

each AxByCz compositions, we applied the Minima Hopping Method (MHM) to those ternary

systems at a pressure of 150GPa and at zero temperature, limited by 3 ≤ x ≤ 7; 1 ≤ y ≤ 2;

1 ≤ z ≤ 2 and, if x ≤ 5, x + y + z ≤ 7. In total we identified 658 minima, which were selected

for further, more accurate, calculations. From these, 5 were found to be thermodynamically

stable (Ehull = 0) with an extra 5 close to stability (under 50meV/atom), out of which 5 are

metallic materials. The 2 thermodynamically stable metallic materials are both from the H-

Mg-Se ternary system: P3m1-Mg2H3Se and Cmm2-MgH6Se. The 3 metallic materials close to

stability are: Imm2-Mg2H3Se2, Immm-MgH4Se2 and C2/m-Li7CS, with a energy distance to

the convex hull of 28meV/atom, 35meV/atom and 28meV/atom, respectively. Materials in the

H-C-Se ternary system were all found above an energy distance of 100meV/atom to the convex

hull. For the most relevant cases, we also include the correspondent electronic band structures

and densities of states.
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Diagramas de fase de sistemas ternários a alta pressão

Resumo

Nos últimos anos, tem sido relatada supercondutividade a alta temperatura em vários sistemas

ricos em hidrogénio sob alta pressão, sendo um dos mais recentes um composto do sistema

ternário C-S-H. A temperatura cŕıtica declarada foi de 15 ◦C a 267GPa. Um problema comum

neste tipo de estudos é a dificuldade em determinar a estrutura cristalina dos materiais en-

contrados. Consequentemente, simulações computacionais têm mostrado ser muito úteis para

auxiliar esses estudos a alta pressão. Nesta tese, procurámos novos compostos termodinamica-

mente estáveis nos sistemas ternários H-C-Se, H-Mg-Se e Li-C-S a alta pressão. Para obter as

estruturas cristalinas de menor energia de cada estequiometria AxByCz, aplicámos o Minima

Hopping Method (MHM) a esses sistemas ternários a uma pressão de 150GPa e a temperatura

zero, restringindo-os a 3 ≤ x ≤ 7; 1 ≤ y ≤ 2; 1 ≤ z ≤ 2 e, se x ≤ 5, x + y + z ≤ 7. No

total, identificámos 658 mı́nimos, que foram selecionados para cálculos mais precisos. Destes,

5 mostraram-se termodinamicamente estáveis (Ehull = 0) com mais 5 próximos da estabilidade

(abaixo de 50meV/átomo), dos quais 5 são metálicos. Os 2 materiais metálicos termodinamica-

mente estáveis são ambos do sistema ternário H-Mg-Se: P3m1-Mg2H3Se e Cmm2-MgH6Se. Os 3

materiais metálicos próximos da estabilidade são: Imm2-Mg2H3Se2, Immm-MgH4Se2 e C2/m-

Li7CS, com uma distância ao convex hull de 28meV/átomo, 35meV/átomo e 28meV/átomo,

respectivamente. Materiais no sistema ternário H-C-Se foram todos encontrados acima de uma

distância ao convex hull de 100meV/átomo. Para os casos mais relevantes, também inclúımos

as estruturas de bandas eletrónicas e densidades de estados correspondentes.
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Chapter 1

Introduction

In recent years, High Temperature SuperConductivity (HTSC) in hydrogen-rich materials has

been reported in several systems under high pressure, being one of the most recent ones a

compound in the C-S-H ternary system, reaching room temperature superconductivity at 15 ◦C

and 267GPa [1].

However, given the high pressure apparatuses used, researchers are often unable to determine the

crystal structure of these superconductor compounds and, without the crystal structure, a precise

evaluation seems impossible. This is one of the many examples where theory and computation

play well with experiment: because theorists are not limited by apparatuses, they can help in

discovering the structure of these new compounds. This can be done using specialised methods

to search for the lowest energy structure of a given composition knowing only the chemical

formula, an approach called Crystal Structure Prediction (CSP).

1.1 Motivation

The search for new materials, ultimately in our case, superconductors under extreme pressures,

could serve a real life application if any of them turns out to be created at much lower pressure.

For example, power lines which would eliminate energy loss due to the resistance of the materials.

Obviously, this thought is hypothetical as the search for these high temperature superconductors

mainly serves to confirm what Ashcroft pointed: the possibility of having metallic hydrides

with high superconducting Critical Temperature (Tc) at a much lower pressure than that of

metallic hydrogen [2, 3]. The pressures used both in theoretical and experimental studies are

common in the core of celestial bodies thus, this high pressure studies can also be used to better

understand those celestial bodies [4]. Consequently, the search for hydrogen-rich compounds

1



2 CHAPTER 1. INTRODUCTION

under high pressure has been exhaustive and has led researchers into finding higher and higher

Tc superconductors, as we will see further in this section, in Table 1.1.

In 2020, HTSC was claimed in a photochemically synthesized ternary carbonaceous sulfur hy-

dride system (C-S-H) with the superconducting state observed between 140GPa and 275GPa

in the Diamond Anvil Cell (DAC) and a maximum superconducting Tc of (287.7∓1.2)K (15◦C)

achieved at (267∓ 10)GPa [1].

Last year, Gubler et al. published a work where they could not find theoretical evidence to

support the previously stated HTSC. Their extensive structure search, that sampled most of the

relevant regions of the C-S-H ternary phase diagram, gave rise to more questions than answers.

They doubt that the correct crystal structure was simply overlooked or missed [5]. Furthermore,

some publications have questioned the validity of the claimed HTSC [6, 7, 8] and there isn’t

any experimental reproduction, to our knowledge, to support it. Unsuccessfully, again, to our

knowledge, the accurate determination of the possible crystalline structures has proven to be

challenging and remains unknown [5].

The high pressure apparatus used to experimentally test the compounds, as already stated, is

called a DAC and, very simply, it has two diamonds against each other and the samples are

placed in between them, in the smaller side of the diamonds, so that the area is very small to

obtain the highest pressure possible. The 150GPa we are using in our calculations would be very

simple to achieve1 experimentally since conventional DAC can produce pressures of 400GPa [9]

or go to even higher pressures such as 700GPa [10]. A common image associated to a DAC is

simillar to the following:

Figure 1.1: Simple cross section of a DAC taken from Wikipedia [11]. We have the structure to tighten
the diamonds; in green, the sample in between the diamonds; in red, a ruby that helps measure the
pressure since it fluoresces differently with different pressures applied to it; and, in yellow lines, the
electromagnetic radiation which can pass through the diamonds and samples and can be used to acquire
data.

1
we are only referring to the pressure side of the experiment
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Looking specifically at ternary systems’ searches, a big variety of other elements has been added

to hydrogen in each of the studies. We shall see a collection of ternary systems at high pressures

that have been already explored to some extent in the past few years looking for HTSC. Be

aware that some systems might not be present due to being too recent or because they might

have escaped our review.

Table 1.1: Ternary hydrides ordered by critical temperature. Compound; space group (spgrp); pressure
in GPa; critical temperatures (Tc) in Kelvin; and respective reference. The * indicates a experimental
study [1], (H2S)(CH4)H2*, that was followed by the theoretical study [5].

Ternary Compound Spgrp Pressure [GPa] Tc [K] Ref

Li-F-H LiF3H 4 300 0.092 [12]

Li-Au-H Li6AuH 71 100 2.79 [13]

Mg-V-H MgVH6 31 150 27.6 [14]

Fe-Se-H FeSeH6 6 150 34.4 [15]

La-S-H LaSH6 63 300 35 [16]

Mg-Sc-H MgScH6 166 100 41 [17]

Sc-Y-H ScYH6 200 200 52.907 [18]

Li-Si-H LiSi2H9 147 172 54 [19]

Na-Al-H NaAlH8 123 300 55 [20]

Mg-Si-H MgSiH6 200 250 63 [21]

Mg-Ge-H MgGeH6 200 200 67 [22]

Li-Si-H LiSiH8 12 250 77 [19]

Li-Se-H LiSeH4 5 200 77 [23]

Ca-B-H Ca2B2H13 6 300 89 [24]

Y-Ba-H YBaH8 123 50; 150 49.6; 89.4 [25]

Y-S-H YSH6 131 210 91 [16]

La-B-H LaBH7 156 110 93 [26]

Ca-S-H CaSH3 187 128 100 [27]

Li-B-H Li2BH6 225 200 100 [28]

N-Si-H NSiH6 11 300 110 [29]

Li-Se-H LiSeH6 25 250 111 [23]

Ca-B-H CaBH6 205 300 119 [24]

La-B-H LaBH8 225 55 156 [26, 30]

K-Y-H KYH8 12 200; 250; 300 111.3; 122; 163.7 [31]

Li-P-H LiPH6 200 200 167 [32]

K-Y-H KYH14 65 300 167.1 [31]

Ca-Y-H CaYH12 221 180 230 [33]

Ca-Y-H CaYH12 65 200 258 [34]

C-S-H (H2S)(CH4)H2* — 267 287.7 [1]

Mg-Ca-H Mg0.5Ca0.5H6 229 200 288 [35]

Li-Mg-H Li2MgH16 227 250 473 [36]
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In Table 1.1, we can see which ternary systems have already been studied and we can use it as

an inspiration to choose new ternary combinations. The new combinations are a mixture of a

guessing game and an educated guess since all common sense connected to the chemistry side

of element combination becomes “distorted” in such extreme pressures. Thus, the new ternary

system chosen can simply be based on “a hunch”, which comes from a mixture of all available

literature and a reminiscent, normal pressure, knowledge which, again, shouldn’t be trusted at

these high pressures.

The choice of the ternary systems we searched were, given the C-S-H ternary [1, 5], two ternary

systems: H-C-Se, trying selenium instead of sulfur, and Li-C-S, having lithium-rich compounds

instead of hydrogen-rich. We used Table I of [37] as an inspiration, alongside with Table 1.1, to

select the third ternary system, Mg-H-Se.

Examining the studies presented in Table 1.1, they used different types of CSP methods. We can

see that most of them used Evolutionary Algorithms (EA) such as Particle Swarm Optimization

(PSO) in the Crystal structure AnaLYsis by Particle Swarm Optimization (CALYPSO) package

and Genetic Algorithms (GA) in Universal Structure Predictor: Evolutionary Xtallography

(USPEX). In [5], we also see the Minima Hopping Method (MHM) being used.

The majority of the Density Functional Theory (DFT) calculations seen in these articles are

shared between the Vienna Ab initio Simulation Package (VASP) code [38, 39, 40] and Quan-

tum ESPRESSO (QE) [41, 42] with, fewer times, CAmbridge Serial Total Energy Package

(CASTEP) [43] and Fritz Haber Institute ab initio molecular simulations (FHI-aims) software

package. We see that ultrasoft pseudopotentials and Troullier–Martin pseudopotentials are

widely used. Furthermore, Projector Augmented Wave (PAW) method and Optimized Norm-

conserving Vanderbilt pseudopotentials were also used in some of the studies cited. The most

used exchange-correlation functional was Perdew–Burke–Erzernhof (PBE) parametrization of

the Generalized Gradient Approximation (GGA) with the occasional use of Local Density Ap-

proximation (LDA).

Looking at hydrogen-rich systems with lithium and, e.g, as presented in Table 1.1, boron (Li-

B-H) [28], fluorine (Li-F-H) [12], magnesium (Li-Mg-H) [36] or phosphorus (Li-P-H) [32], they

have the calculated critical temperatures of each compound, in the predicted structures, in a

designated pressure between 200 and 300GPa.

They found P21/m-LiF3H (Tc < 1K), Fm3m-Li2BH6 (Tc = 100K), Pm3-LiPH6 (Tc = 200K)

and Fd3m-Li2MgH16 (Tc = 473K). From these theoretical studies, Fd3m-Li2MgH16 is the most

notorious due to the high Tc of an astonishing 473K at a pressure of 250GPa.
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1.2 Objective

In this thesis, the goal is to use CSP methods to find new materials in the H-C-Se, Mg-H-Se

and Li-C-S ternary systems that are stable at high-pressure. Working at a pressure of 150GPa,

we applied the MHM [44, 45, 46] to predict the lowest energy structures in our ternary systems,

searching for novel thermodynamic stable compound with signs of having superconducting prop-

erties.

These calculations were done using the Vienna Ab initio Simulation Package (VASP code)

[38, 39, 40], an implementation of DFT, a successfully established theory [47].

Due to time limitations, we were only able to confirm the thermodynamic stability of the com-

pounds found. We did not have the time to check for dynamical stability through phonon

calculations. However, the initial steps of this process were sucessfully completed in this thesis.

1.3 Outline

This thesis is organized in the following way:

Following this introduction, in Chapters 2 and 3, we will present the theoretical background on

DFT and MHM, respectively. Then, in Chapter 4, we will clarify structural stability. In Chapter

5 we will present the workflow and our results. Finally, Chapter 6 will have the conclusions and

future work.





Chapter 2

Density Functional Theory

The atom is not a simple physical problem and, when we get more and more complexity in our

system, things get very complicated, exponentially fast. Going from a hydrogen atom to a helium

atom is quite a big jump and getting to a lithium atom is a whole new league. Thankfully, there

are ways around this complexity that make the systems calculable in due time. In this chapter

we will give the reader some theoretical overview of DFT to see where the complexity arises and

how DFT managed to solve some problems. We will use a non-relativistic view, avoiding higher

order interactions. To have a cleaner view, we will be using atomic units:

ℏ = me = e =
1

4πϵ0
= 1 (2.1)

2.1 From the Born-Oppenheimer Approximation to DFT

The Born-Oppenheimer (BO) approximation tells us we have electrons in a molecule moving in

a field of fixed nuclei [48, 49]. Since the mass difference between electrons and nuclei is really

large, the assumption is that we can separate the electronic motion and the nuclear motion in

a molecule.

Let us begin with the BO approximation of the non-relativistic time-independent Schrödinger

equation, considering a system of N electrons.

ĤΨ(x1,x2, ...,xN ) = EΨ(x1,x2, ...,xN ) (2.2)

where xi = (ri, σi), with ri and σi being the space and spin coordinates, respectively.

7
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Since the nuclei are fixed, we won’t have a kinetic energy term related to the nuclei in our

Hamiltonian and the repulsion between nuclei is a constant, Enn. Then, our Hamiltonian will

have 3 operators: electron kinetic energy, T̂ , external potential, V̂ext, and electron-electron

interaction, V̂ee, and the constant Enn
1. The Hamiltonian can be written as:

Ĥ = T̂ + V̂ext + V̂ee + Enn (2.3)

each term being:

T̂ = −
N∑
i=1

1

2
∇2

i , V̂ext = −
N∑
i=1

M∑
j=1

Zj

rij
, V̂ee =

N∑
i=1

N∑
j>i

1

rij
and Enn =

M∑
i=1

M∑
j>i

ZiZj

rij
(2.4)

where rij = |ri − rj |, Zi is the charge of the nuclei i, N is the total number of electrons and M

is the total number of nuclei.

The total energy can be written as the sum of a purely electronic energy associated to the 3

operators in our Hamiltonian, Eelec, and another value from the constant Enn,

E = Eelec + Enn (2.5)

It’s a prudent approximation, we have our functions, operators, eigenvalues and nothing appears

to discourage our train of thought to obtain the information we want to known about a particular

state of our target system. Let’s take, e.g., methane, CH4, which has 10 electrons, consequently

30 coordinates. Having a grid with 10 points would result in 1030 entries. Very quickly we see

that the solution to a given, apparently “simple”, problem is intractable and, furthermore, many

of the systems we want to study contain many more atoms and electrons [49]. Just storing the

wave-function is a problem on its own and, in addition, the particles are not independent as one

can see from the V̂ee operator. DFT became the answer to replace the N-electron wave-function

with the 3N spatial variables dependency by the electron density, n(r), a simpler quantity

depending on 3 spatial variables that is an observable and can be measured experimentally [49]

and, with an auxiliary system, reduce as much as possible the approximations needed to solve

the systems.

This electron density, n(r), that gives the probability of finding one of the N electrons within

the volume dri, is defined as [49]:

n(r) = N

∫
|Ψ(r, σ1,x2,x3, ...,xN )|2dσ1dx2dx3...dxN (2.6)

1
The operator eigenfunctions are unaffected by the addition of a constant, conversely the same operator

eigenvalues will be affected by having that constant value added to them.
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Highlighting that the integrals are over all spatial coordinates but one, dr and, clearly, the

integration of n(r) over dr gives the number of electrons, N.

Given that electrons are indistinguishable, the probability of finding a given electron in the

volume element dr is the same for each one of the other electrons so we have the N electrons

multiplication in Equation 2.6.

2.2 The Hohenberg-Kohn Theorems

Now we will see both Hohenberg-Kohn (HK) theorems in the case of non-degenerate ground

states2. The “Proof of Existence” states that Vext is a unique functional of n(r) up to a

constant [49, 50]. The maps [51, 52]:

V̂ext → Ψ → n (2.7)

are clearly defined and surjective. But are they also injective, i.e., can we define n → Ψ → V̂ext?

Based on reductio ad absurdum, we begin by considering 2 Hamiltonians, similar to the Hamil-

tonian in Equation 2.3, that differ only in the external potential, Vext and V ′
ext,

Ĥ = T̂ + V̂ee + V̂ext (2.8)

Ĥ ′ = T̂ + V̂ee + V̂ ′
ext (2.9)

For the first arrow in 2.7 we presume that the external potentials, Vext and V ′
ext, are distinguished

by more that a constant and lead up to the same ground state wave-function, Ψ0. Applying the

Hamiltonians to Ψ0,

Ĥ|Ψ0⟩ = (T̂ + V̂ee + V̂ext)|Ψ0⟩ = E0|Ψ0⟩ (2.10)

Ĥ ′|Ψ0⟩ = (T̂ + V̂ee + V̂ ′
ext)|Ψ0⟩ = E′

0|Ψ0⟩ (2.11)

Subtracting both equations,

(V̂ext − V̂ ′
ext)|Ψ0⟩ = (E0 − E′

0)|Ψ0⟩ (2.12)

Evidently, the external potentials, Vext and V ′
ext, are only different by a constant and so, with

this condition, the external potential determines the ground state wave-functions.

2
The presented reasoning depends on the fact that the ground state energy is the lowest possible energy of

the system.
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Secondly, to map n → Ψ, we will have 2 different ground state wave-functions, Ψ0 and Ψ′
0,

coming from the same electron density, n(r). The ground state wave-functions, Ψ0 and Ψ′
0, and

ground state energies, E0 and E′
0, are associated to Ĥ and Ĥ ′, respectively [49, 53]. Applying

the variational principle,

⟨Ψ′
0|Ĥ

′|Ψ′
0⟩ < ⟨Ψ0|Ĥ

′|Ψ0⟩ (2.13)

E′
0 < ⟨Ψ0|Ĥ

′ + Ĥ − Ĥ|Ψ0⟩ (2.14)

E′
0 < ⟨Ψ0|Ĥ|Ψ0⟩+ ⟨Ψ0|Ĥ

′ − Ĥ|Ψ0⟩ (2.15)

Since V̂ext and V̂ ′
ext are the only difference between both Hamiltonians,

E′
0 < E0 + ⟨Ψ0|V̂

′
ext − V̂ext|Ψ0⟩ (2.16)

Switching between primed and unprimed quantities, the same calculations are applied,

⟨Ψ0|Ĥ|Ψ0⟩ < ⟨Ψ′
0|Ĥ|Ψ′

0⟩ (2.17)

E0 < E′
0 + ⟨Ψ0|V̂ext − V̂ ′

ext|Ψ0⟩ (2.18)

Because we have 2 different ground state wave-functions, Ψ0 and Ψ′
0, producing the same electron

density, n(r):

E′
0 < E0 + ⟨Ψ0|V̂

′
ext − V̂ext|Ψ0⟩ => E′

0 < E0 +

∫
n(r)[v̂′ext − v̂ext]dr (2.19)

E0 < E′
0 + ⟨Ψ0|V̂ext − V̂ ′

ext|Ψ0⟩ => E0 < E′
0 −

∫
n(r)[v̂′ext − v̂ext]dr (2.20)

Finally, the addition of both Equations 2.19 and 2.20 gives:

E′
0 + E0 < E0 + E′

0 (2.21)

This absurd conclusion reveals that different ground state wave-functions do not produce the

same electron density. This fulfils the maps in 2.7 and we assure a one-to-one correspondence

between the external potential and the electronic density. The maps 2.7 are in, in fact, injective.

Since we can obtain the wave-function from the density and the wave-function contains the

information about the system, every observable can be written as a functional of the density

[51].
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Let’s take Equation 2.3 and write the energy as a functional of the density [50, 53]:

Ev[n] = ⟨Ψ|(T̂ + V̂ext + V̂ee + Enn)|Ψ⟩ (2.22)

Ev[n] = ⟨Ψ|(T̂ + V̂ee)|Ψ⟩+
∫

n(r)vextdr+ Enn (2.23)

Ev[n] = FHK [n] +

∫
n(r)vextdr+ Enn (2.24)

The HK functional,

FHK [n] = T [n] + Eee[n] (2.25)

is the sum of both the electrons’ kinetic energy and the electron-electron interaction energy [49].

This functional, FHK [n], is a universal functional and for a given number of particles is the same

for any external potential.

The HK functional, FHK [n], is utopian since, unfortunately, there is no known form and it needs

to be approximated. If it were known, it would solve Schrödinger’s equation exactly [49].

The second theorem, “Variational Principle”, responsible for DFT be labeled a “ground state

only theory” [49], states that for any non-negative trial density ñ(r) that satisfies
∫
ñrdr = N ,

associated with some external potential ṽext, will result in the ground state energy if, and only

if, the input density is the true ground state density [47, 49, 53]. Then we have E0 ≤ Eṽext
[ñ].

If we minimize Ev[n], employing the variational principle,

E0 = min
{n}

Ev[n] (2.26)

adding a Lagrange multiplier, µ, the chemical potential, to fix N, the number of particles in the

system, we can also write,

δ

δn(r)

(
Ev[n]− µ

(∫
n(r)dr−N

))
= 0 (2.27)

δ

δn(r)

(
FHK [n] +

∫
n(r)vextdr+ Enn − µ

(∫
n(r)dr−N

))
= 0 (2.28)

Leading to the following Euler-Lagrange equation,

δFHK

δn(r)
+ vext − µ = 0 (2.29)

By solving 2.29 we would obtain the ground state electron density. Again, if we knew the exact

FHK [n], this would also be an exact equation. Having an approximation we can still apply this

method to any system.
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2.3 Kohn-Sham Scheme

We still have all the electrons interacting through the V̂ee operator so let’s change the problem

[54]. W. Kohn and L.J. Sham changed it from a many body problem to an independent particle

problem [55]. They created a new auxiliary system which assumes that the original system and

the new independent particle system, the auxiliary system, have the same ground state density.

Because we are dealing with independent fermions, and non-degenerate ground states, the exact

wave-function is a Slater determinant of one-electron wave-funtions, ϕi [49].

Futhermore, our auxiliary system will have the following Hamiltonian,

Ĥaux = T̂aux + V̂aux (2.30)

Where T̂aux is the independent particle kinetic energy operator and V̂aux is an effective potential

operator, in the auxiliary system. The following Schrödinger equation is satisfied:

[
−∇2

2
+ vaux(r)

]
ϕi(r) = ϵiϕi(r) (2.31)

and the ground state electron density is calculated with the N lowest occupied orbitals [51],

given by,

n(r) =
occ∑
i=1

|ϕi(r)|
2 (2.32)

The energy in the auxiliary system is;

Evaux
[n] = Taux[n] +

∫
n(r)vaux(r)dr (2.33)

If we apply an analogous procedure used in Equation 2.27, the functional derivative will be:

δ

δn(r)

(
Taux[n] +

∫
n(r)vauxdr− µaux

(∫
n(r)dr−N

))
= 0 (2.34)

yielding the Euler-Lagrange equation,

δTaux[n]

δn(r)
+ vaux − µaux = 0 (2.35)

Since both systems were assumed to have the same ground state electron density the solution
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to Equations 2.29 and 2.35 are identical. We can rewrite FHK as

FHK [n] = Taux[n] + EH [n] + Exc[n] (2.36)

Where EH [n] is the Hartree energy, a classical electrostatic energy,

EH [n] =
1

2

∫
n(r)n(r′)

|r− r′|
drdr′ (2.37)

and the exchange-correlation energy, Exc,

Exc[n] = (T [n]− Taux[n]) + (Eee[n]− EH [n]) = ∆T [n] + Encl[n] (2.38)

where, because Taux[n] ̸= T [n], ∆T [n] is the residual part of the true kinetic energy added to

the non-classical electrostatic contributions, Encl[n], [49]. The exchange and correlation energy

is small enough to make this approximation extremely reliable, nevertheless, this term plays a

part in the quantum mechanical complications we do not know exactly how to handle so we just

“swept them under the rug” [47, 52].

By substituting the newly modified functional 2.36 in Equation 2.28 we get:

δ

δn(r)

(
Taux[n] + EH [n] + Exc[n] +

∫
n(r)vextdr+ Enn − µ

(∫
n(r)dr−N

))
= 0 (2.39)

resulting in:

δTaux

δn(r)
+ vH [n] + vxc[n] + vext − µ = 0 (2.40)

with,

vH [n] =

∫
n(r)

|r− r′|
dr′ and vxc[n] =

δExc[n]

δn(r)
(2.41)

Following this last equation, switching the functional derivative of Taux in Equation 2.35, we

get:

vaux = vH [n] + vxc[n] + vext − µ+ µaux (2.42)

HK proof of existence theorem allows vext to add µ and µaux to itself and give the same electron
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density and, reordering the terms, we shall change vaux to its most common name, Kohn-Sham

(KS) potential, vKS , written as:

vKS [n](r) = vext(r) + vH [n] + vxc[n] (2.43)

and we can rewrite Equation 2.40:

δTaux

δn(r)
+ vKS [n](r)− µ = 0 (2.44)

We see that Equations 2.44 and 2.35 are analogous and the ground state electron density can

be obtained through the one-electron Schrödinger equation:

[
−∇2

2
+ vKS [n](r)

]
ϕi(r) = ϵiϕi(r) (2.45)

and the ground state electron density is obtained exactly like Equation 2.32,

n(r) =
occ∑
i=1

|ϕi(r)|
2 (2.46)

These last 2 equations are called the KS equations [51]. The total energy is then given by,

EKS [n] = Taux[n] +

∫
n(r)vextdr+

1

2

∫
n(r)n(r′)

|r− r′|
drdr′ + Exc[n] + Enn (2.47)

The approximation needed for FHK is reduced to the approximation of Exc [51]. One may

say that we are repeating ourselves, and we are, after all, if we knew the exact forms of the

exchange-correlation the solution would be also be exact.



Chapter 3

Crystal structure Prediction

CSP was, without a doubt, an important development made in the beginning of this century.

To portray the difficulty of this method, in 1994, almost thirty years ago, “No” was the answer

to the question “Are Crystal Structures Predictable?”[56]. Thought to be impossible, CSP was

achieved due to advancements in ab initio codes, unveiling new materials before any experimental

evidence or analysis.

In simple terms, CSP means finding the stable crystal structure knowing only the chemical

formula. The number of possible minima grows exponentially with the number of atoms and,

given that the systems tend to be extremely complex, a exhaustive search might be impracticable.

We clearly see that this is no simple task. However, due to the fact that these algorithms are

essentially heuristic, they can find a reasonable solution in a reasonable time. As one might

imagine, the longer we search, the higher the probability of finding the global minimum of a

given system. In spite of that, there is no way for us to clearly identify the global minimum,

but practice showed that solutions are often close to the solution. One of the objectives made

possible by CSP was, and still is, finding HTSC has we saw in Table 1.1 from Chapter 1.1.

The CSP method we will be focusing on is the MHM, developed by S. Goedecker and M.

Amsler [45, 46], but other CSP methods exit, such as: basin-hopping, random search, Simulated

Annealing, Metadynamics, EA [44]. As of today, the most used are the EA, mainly, GA and

PSO. Despite the differences between EA and the MHM, on average, they yield equivalent results

[57].

15
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3.1 Minima Hopping Method

The MHM, as we already stated, is a CSP algorithm used to search for the lowest energy

structure knowing only the chemical formula. With the objective of efficiently searching the

Potential Energy Surface (PES) of our system, the MHM algorithm jumps between the basin1,

with an implementation to avoid revisiting already explored regions and avoid the worst search

directions. This is coupled with short Molecular Dynamics (MD) runs followed by a geometry

optimization of the landing site structure, to obtain a local minimum, with the overall objective of

finding the global minimum [46]. There is an energy interval that is continuously being updated

in such a way that, on average, half of the moves are accepted/rejected. Evidently, we could

revisit an already explored space or be confined in high energy barriers. This is avoided with a

continuous regulation of the temperature of the MD runs. During the search, the temperature

value is not only increased if one falls back into the current minimum, but also if we get into

another minimum that had already been visited. The more times we revisit an already identified

minimum, the higher the temperature gets to allow the algorithm to escape to unexplored space

and, with more new minina, the temperature will gradually decrease, allowing a more thorough

work [46].

An idea taken from the Bell–Evans–Polanyi principle is also applied to haste the minimization

[58]. The analogy is based on the lowest activation energy, i.e, the lowest barrier that a reaction

overcomes will fall in the lowest energy product. If we switch the reaction by a minimum going

over a potential energy barrier, there is a high probability of crossing the lowest energy barrier

and obtain a lower minimum [46].

This procedure is called “softening” and applies a bias to the initial velocities of the MD sim-

ulation for the escape step. However, to avoid becoming a deterministic process by preferably

pointing towards a low energy barrier, it’s mainly used to eliminate components of the velocity

on hard modes, i.e., in the high energy barriers directions [45].

The MHM has been used in a variety of different systems, in specific, in high-pressure systems

[5, 59], such as the work we are presenting.

1
The zone that, using simple small-step relaxation on the lower energy direction, contains all the configurations

that will relax into a minimum of the PES.



Chapter 4

Structural Stability

After finding a new compound, we want to study it experimentally, which means that we first

need to be able to actually make it in the laboratory. The first step is to know the compound’s

formation energy and all the possible decomposition channels.

For example, in a given A-B binary system, we have the compound AxBy with energy EAxBy
.

This compound’s formation energy, which is the difference between the compound’s energy and

the sum of the energies of the elementary phases, is Eform = EAxBy
−[xEA + yEB]. If Eform > 0,

the compound is not stable. However, if Eform < 0, we only know that the compound is stable

against the decomposition to elementary phases. There might be another composition with a

lower formation energy and we need to know if there is a decomposition channel that leads to

this lower energy compound. The compounds could, e.g., decompose into AxBy−1 + B and we

wouldn’t be able to know it until we computed Eform = EAxBy
−
[
EAxBy−1

+ EB

]
The calculation of multiple formation energies of stable and metastable compounds for all pos-

sible decomposition channels, allows us to create the convex hull of thermodynamic stability.

This hull is a hypersurface in composition space, which contains the thermodynamically stable

compounds [60]. The energy distance to the convex hull is defined as the difference between

the formation energy and the surface of the convex hull. Consequently, if the energy distance

to the convex hull is zero, the compound is thermodynamically stable; if the energy distance

to the convex hull is small (we considered small to be under 50meV/atom1), the compound is

metastable [61, 62, 63]; and it is thermodynamically unstable for higher energy distances.

To have a visual aid, we have a convex hull example from the hypothetical A-B binary system

in Figure 4.1 where α1, α2, β1 and β2 are four different crystalline structures with chemical

composition AxBy for some x and y. We can see in Figure 4.1 that the solid line is the convex

1
The motivation to label compounds below 50meV/atom as metastable will be clarified in Chapter 5.
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hull and α1 and β1 are both on the convex hull, i.e, they are thermodynamically stable phases.

Meanwhile, α2 and β2 are both above the hull, which means they are not stable.

0.0 0.5 1.0

α1

α2

β1
β2

E
fo
rm

x
−−−

−x y

Figure 4.1: Example of the convex hull of the hypothetical A-B binary system, with the possible AxBy

compositions, with 2 compounds on the convex hull, α1 and β1, and 2 compounds above the convex hull,
α2 and β2. [64]

In principle, we would need to know all the possible decomposition channels to build the convex

hull. As this is not possible, we rely on all the known experimentally or theoretically thermo-

dynamically stable compounds. Through the use of DFT, we calculate them all in the same

conditions used in the simulations that delivered the compound we want to test for thermody-

namic stability.

In this thesis, instead of using the formation energy, we use the formation enthalpy because we

are doing our calculations under pressure, 150GPa to be exact. Remembering thermodynamics,

enthalpy is:

H = U + PV (4.1)

where U is the internal energy from the interactions and positions of the constituents of the

system, P is the pressure surrounding the system, and V is the volume of the system. If there

is some change in the system, the result will be the initial enthalpy plus its variation, ∆H.

Maintaining the same pressure, P , and having a possible variation in the internal energy, ∆U ,

and in the volume, ∆V, we will have
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H +∆H = U +∆U + P (V +∆V ) = H +∆U + P∆V (4.2)

Clearly, ∆H = ∆U + P∆V and so we have an enthalpy variation because the internal energy

changed, the volume changed, or both [65].

However, the thermodynamic stability is not the only requirement to have a high confidence

that our compound is experimentally attainable. The compound might be thermodynamically

stable but dynamically unstable, i.e., the geometrical arrangement of the atoms might not be

the lowest energy one. We investigate this through the calculation of the phonon spectrum,

where, if no imaginary phonon frequencies are found, we have dynamic stability. If we find

imaginary frequencies, the state we are considering is not the ground state. The imaginary

frequencies show that our thermodynamically stable structure is, in fact, in a saddle-point, i.e,

we are in a local minimum in one direction but there is another direction where the potential

energy decreases.

In short, if we have thermodynamic stability and dynamic stability, i.e., the distance to the

convex hull is zero and we do not have imaginary frequencies in the phonon spectrum, our

compound is stable within the precision of our theory. Beyond this, the material might not

be experimentally accessible due to, e.g, the existence of other competing phases or lack of a

synthesis pathway of the material itself.





Chapter 5

Workflow and results

In this chapter we will guide the reader through the method used to go from the first randomly

generated structures to the final thermodinamically stable structures. We will follow with the

results of our search.

5.1 Workflow

We applied the MHM to the ternary systems H-C-Se, H-Mg-Se1 and Li-C-S at a pressure of

150GPa and at zero temperature. For each system, from all the possible AxByCz compositions,

we restrict ourselves to those with 3 ≤ x ≤ 7; 1 ≤ y ≤ 2; 1 ≤ z ≤ 2 and, if x ≤ 5, x+ y + z ≤ 7.

As the starting point for the MHM runs, for each stoichiometry, we generated random initial

geometries limited by inter-atomic distances greater or equal to the sum of the covalent radii.

The initial random cell is created so the MHM has a starting structure to begin the runs and

the limitation is to eliminate any covalent radii overlap. We did this twice for both one and

two formula unit cells to have different starting points for the MHM runs. The MHM searches

were performed using the PBE [66] approximation to the exchange-correlation functional using

default “high” accuracy energy cutoffs.

To have a better converged structure, we performed a higher accuracy geometry optimization

maintaining a pressure of 150GPa and at zero temperature within DFT in the PAW formalism

[67] as implemented in the VASP code2 [38, 39, 40]. The energy cutoff was set to 520 eV along

with the precision set to high. The k-point grids were chosen to ensure that convergence would

be better than 2meV per atom. If the density of k-point per atom obtained was less that the

1
H-Mg-Se and Mg-H-Se are the same ternary system.

2
VASP 5.4.4
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reference used in the Materials Project calculations [68], we would use the Materials project one.

The flowchart of Figure 5.1 summarizes the method for a given composition in a ternary system.

Let us describe the workflow in 3 sections. First, the MHM ran its search until we obtained at

least 30 minima. Then, we would stop the search and, for each of the lowest energy, select 12

different structures in each composition and a new geometry optimization with stricter criteria

would be performed. Finally, a summary of the results would yield not only the enthalpy per

atom but also some other relevant values such as band gap value and space group.

Secondly, in order to evaluate the thermodynamic stability of the newly discovered compounds,

we needed information on the convex hull at 150GPa. Unfortunately, this information was not

available in one centralized database and required a thorough review of the available theoretical

or experimental literature related to high-pressure structure studies. Furthermore, some of the

work we found didn’t have the crystal structures available or the needed information to fully

reconstruct the crystal structures. This literature review lead to Tables 5.1 and 5.2, where we

summarize the structures used to build the convex hull. For compatibility, we re-optimized these

structures at 150GPa using the same parameters we use for our calculations. We then built the

convex hull using the PYMATGEN library [69]. As one might see, the convex hull didn’t take all

the structures from Tables 5.1 and 5.2. That’s why we numbered the compounds in those tables,

to specify which structures were used in each phase diagram. By definition, the compounds are

thermodynamically stable if the energy distance to the convex hull is zero. Within a distance of

50meV we will consider the compound metastable.

The 50meV/atom mark is motivated by: the containment of errors associated with the approx-

imations used in the calculated values [61]; a clear manifestation that materials within 40 to

50 meV/atom of the convex hull are synthesizable [61, 62, 63, 70]; and, mainly, to be overly

cautious since there are different studies calling “metastable” to materials above 100meV/atom

without a clear justification.

Finally, we calculated the density of states (DOS) and electronic band structure of some of

the metallic compounds. We present three DOS and band structures for each ternary system

followed by a snapshot of the crystal structure (created using the Visualisation for Electronic

Structural Analysis (VESTA) software [71]).
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Begin

Select new
composition

Create random
cell structure

Run MHM until
we get at least
30 minima

Select top 12
structures
for each

composition

Run geometry optimization
with higher accuracy

Summarize results

End

Figure 5.1: Flowchart to obtain all structures with different compositions for each of the ternary systems.
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Table 5.1: First part of convex hull data: number for reference (#); compound; number of atoms in
the structure (Natoms); pressure of the compound, and space group taken from the respective reference
(spgrp); space group taken from our calculations with VASP (spgrp-V); and respective references. The
compounds are all from theoretical studies.

# Compound Natoms Pressure [GPa] Spgrp Spgrp-V Ref

1 H 12 250 — 64 [5]

2 H 4 100 194 194 [72]

3 H 8 100 29 29 [72]

4 H 8 100 14 14 [72]

5 H 16 100 176 176 [72]

6 H 24 300 15 15 [72]

7 H 48 300 15 15 [72]

8 H 48 300 60 60 [72]

9 H 24 300 5 5 [72]

10 H 16 300 72 72 [72]

11 H 8 300 64 64 [72]

12 H 24 300 64 64 [72]

13 H 8 500 64 69 [72]

14 Li 20 70 41 41 [73]

15 Li 28 220 64 64 [73]

16 Li 12 70 5 5 [73]

17 Li 24 80 61 64 [73]

18 Li 12 100 64 64 [73]

19 Li 12 100 41 64 [73]

20 Li 16 350 135 135 [73]

21 Li 2 450 166 166 [73]

22 Li 2 450 74 74 [73]

23 Li 2 500 227 277 [73]

24 Mg 2 0 229 229 [68] MP-110

25 Se 2 0 229 229 [68] MP-119

26 S 8 250 — 166 [5]

27 C 2 250 — 227 [5]
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Table 5.2: Second part of convex hull data: number for reference (#); compound; number of atoms in
the structure (Natoms); pressure of the compound, and space group taken from the respective reference
(spgrp); space group taken from our calculations with VASP (spgrp-V); some notes (if nothing is said,
the compound is theoretical; if the compound was experimentally synthetized (exp); if the compound is
metastable (meta). Compounds number 29 and 31 were not run since we have compounds 28 and 30
closer to 150GPa ); and respective references.

# Compound Natoms Pressure [GPa] Spgrp Spgrp-V Notes Ref

28 HSe2 12 200 12 12 [74]

29 HSe2 12 300 12 not run [74]

30 H3Se 8 200 229 229 [74]

31 H3Se 8 300 229 not run [74]

32 HSe 4 300 129 129 [74]

33 H2Se 9 0 152 42 [74]

34 HSe2 12 300 15 15 meta [74]

35 H2Se 12 300 12 12 meta [74]

36 H3Se 16 50 12 74 meta [74]

37 H3Se 8 300 2 12 meta [74]

38 HSe 32 300 14 14 meta [74]

39 HSe2 6 300 53 53 meta [74]

40 H3Se 12 200 166 229 meta [74]

41 MgH4 20 100 63 63 [75]

42 MgH16 34 130 2 2 [75]

43 MgH2 6 180 194 194 [75]

44 ζ-MgH2 6 180 194 194 [75]

45 ϵ-MgH2 12 10 62 62 [75]

46 MgH12 39 140 148 148 [75]

47 CH3 32 250 — 14 [5]

48 CH4 20 250 — 1 [5]

49 CH2 12 250 — 63 [5]

50 CH6 7 250 — 8 [5]

51 CH2 12 100 63 63 [76]

52 CH3 16 100 14 14 [76]

53 LiC2 12 40 63 63 [77]

54 Li2C2 8 19.3 71 71 exp [77]

55 Li2C2 8 40 71 71 [77]

56 Li2C2 16 19.3 62 62 exp [77]

57 Li2C2 16 35 62 62 [77]

58 Li2S 6 18.8 62 194 [78]

59 C2S4 6 250 — 2 [5]

60 C4S4 8 250 — 2 [5]



26 CHAPTER 5. WORKFLOW AND RESULTS

5.2 Results

In this section, we will discuss in detail the results obtained with the MHM runs. The number

of structures found in the MHM runs were 658 and, after further calculations, we obtained 10

below 50meV/atom, out of which 5 are metallic, as can be seen in Table 5.3

Table 5.3: The compound; number of atom in the structure (Natoms); energy distance to the convex
hull below 50meV/atom (Ehull); space group (spgrp); and Band gap in eV.

Compound Natoms Ehull [meV/atom] Spgrp Band gap [eV]

Mg2H3Se 6 0 164 0.0

MgH6Se 8 0 35 0.0

Mg2H6Se 9 0 38 1.2

MgH4Se 12 0 8 1.7

MgH7Se 18 17 8 1.0

Mg2H3Se2 7 28 44 0.0

MgH4Se2 14 36 71 0.0

MgH5Se 14 46 8 0.2

Li6CS 16 0 141 2.6

Li7CS 18 28 12 0.0

5.2.1 Li-C-S ternaty system

For the Li-C-S ternary system, the number of structures found in the MHM runs were 230. The

compounds from Tables 5.1 and 5.2 used to define the convex hull were the numbers 18, 26, 27,

57 and 58.

As we can see in Table 5.4, Li6CS is on the convex hull, which means that it is thermodynamically

stable. Li7CS is metastable at 28meV/atom from the convex hull. The other compounds are

between 100 to 500meV/atom above the convex hull, therefore they are less likely to be able to

be synthesized. The phase diagram can be viewed in Figure 5.2.

We calculated the electronic band structure and DOS for the following compounds: C2/m-Li7CS,

28meV/atom above hull; R3m-Li7C2S 94meV/atom above hull; and P1-Li6C2S 129meV/atom

above hull, which were the three closest ones to the convex hull of Table 5.4.

The electronic bands structures and DOS in Figures 5.9, 5.8 and 5.10 confirm these are metals.

We also present the crystal structures of each of these compounds in Figure 5.6, made with the

aid of the VESTA software with a description of the respective crystal structure.
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Table 5.4: Convex hull data of the Li-C-S ternary system, at 150GPa, ordered from the lowest to the
highest energy distance from the convex hull. The compound; number of atom in the structure (Natoms);
energy distance to the convex hull in meV/atom (Ehull); space group (spgrp) and Band gap in eV. The
compounds from tables 5.1 and 5.2 used to make the convex hull were the numbers 18, 26, 27, 57 and 58.

Compound Natoms Ehull [meV/atom] spgrp Band gap [eV]

Li6CS 16 0 141 2.6

Li7CS 18 28 12 0.0

Li7C2S 10 94 160 0.0

Li6C2S 18 129 2 0.0

Li5CS 14 140 10 0.5

Li7C2S2 11 141 12 0.0

Li7CS2 20 141 12 0.0

Li6CS2 9 219 156 0.6

Li4C2S 14 251 2 0.0

Li4CS 12 256 59 0.0

Li3CS 10 355 8 0.0

Li3C2S 6 424 1 0.0

Li3CS2 12 435 6 0.0

Li4CS2 14 455 6 0.0

Li3C2S2 7 483 12 0.0

S

Li2S

Li6CS

CLiCLi

Li5CSLi6C2S
Li7CS

Li7CS2

Li7C2S

Li7(CS)2

Figure 5.2: Phase diagram of the Li-C-S ternary system at 150GPa. In green we have the thermody-
namically stable compounds and, in red, the compounds above the convex hull.
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Figure 5.3: Electronic band structure and DOS of C2/m-Li7CS with an energy above the convex hull
equal to 28meV/atom. In the vertical axis, we set the Fermi energy at zero. In the horizontal axis, in
the electronic band structure we have the high symmetry points; on the right we have the total density
of states.
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Figure 5.4: Electronic band structure of R3m-Li7C2S with an energy above the convex hull equal to
94meV/atom. In the vertical axis, we set the Fermi energy at zero. In the horizontal axis, in the
electronic band structure we have the high symmetry points; on the right we have the total density of
states.
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Figure 5.5: Electronic band structure of P1-Li6C2S with an energy above the convex hull equal to
129meV/atom. In the vertical axis, we set the Fermi energy at zero. In the horizontal axis, in the
electronic band structure we have the high symmetry points; on the right we have the total density of
states.
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(a) R3m-Li7C2S. (b) C2/m-Li7CS.

(c) P1-Li6C2S.

Figure 5.6: Crystal structure of the compounds from the band structures presented from the Li-C-S
ternary system. We have lithium (Li) in green, carbon (C) in brown and sulfur (S) in yellow.

• Li7C2S in Figure 5.6(a) has two “layers”: one made of C and Li atoms and another made

of S atom in between Li atoms (more Li atoms in the bottom part). Another point of

view can reveal a honeycomb shape made of Li atoms with Li, C or S in the center of the

hexagonal shape, depending on the layer we are watching.

• Li7CS in Figure 5.6(b) has straight lines of C or S atom in between the Li atoms. Also,

from other two different directions, we can see a honeycomb structure, with Li, C or S in

the center of the hexagonal shapes, and a grid like structure.

• Li6C2S in Figure 5.6(c) has groups of four C atoms in a small zigzag, entangle in between

the Li-S structure. This Li-S structure has S atoms almost fully surrounded by the Li

atoms.
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5.2.2 H-C-Se ternary system

In the case of the H-C-Se ternary system, the number of structures found in the MHM runs were

236. The compounds from Tables 5.1 and 5.2 used to define the convex hull were the numbers

7, 25, 27, 28, 40, 48, 49 and 52.

As we can see in Table 5.5, all compounds are above the 50meV/atom limit we imposed, with

the lowest one being 100meV/atom above the hull. For completeness, we will show the three

closest compounds to the convex hull, however, these are less likely to be synthesizable than the

thermodynamically stable and metastable compounds in the other ternary systems, at least at

150GPa.

H7CSe is 100meV/atom above the convex hull, followed by H6CSe at 129meV/atom and by

H7CSe2 130meV/atom above the convex hull. The other compounds are between a distance

to the convex hull of 130 to 300meV/atom, therefore they are even less likely to be able to be

synthesized at this pressure. The phase diagram can be viewed in Figure 5.7.

We calculated the electronic band structure and DOS of the previously named three materials

of Table 5.4, H7CSe, H6CSe and H7CSe2. The electronic bands structures and DOS in Figures

5.8, 5.9 and 5.10 confirm these are metals.

In addition, the electronic band structures and DOS in Figure 5.9, in spite of having a convex

hull energy distance of 130meV/atom, seem to have a peak at the Fermi energy. This peak

suggests a possible superconductor considering that peaks in the DOS around the Fermi level

are a common feature for conventional high Tc superconductors [5].

We also present the crystal structures of each of these three materials in Figure 5.11, made with

the aid of the VESTA software with a description of the respective crystal structure.
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Table 5.5: Summary of results for the H-C-Se ternary system, at 150GPa, ordered from the lowest
to the highest energy distance from the convex hull. The compound; number of atom in the structure
(Natoms); energy distance to the convex hull in meV/atom (Ehull); space group (spgrp); and Band gap
in eV. The compounds from Tables 5.1 and 5.2 used to make the convex hull were the numbers 7, 25, 27,
28, 40, 48, 49 and 52.

Compound Natoms Ehull [meV/atom] spgrp Band gap [eV]

H7CSe 18 100 2 0.0

H6CSe 8 129 6 0.0

H7CSe2 20 130 1 0.0

H6CSe2 9 147 8 0.0

H7C2Se 10 148 1 0.0

H4CSe 12 154 9 0.0

H4CSe2 14 172 2 0.0

H5CSe 14 175 46 0.0

H6C2Se 9 182 8 0.0

H6C2Se2 10 193 2 0.0

H7C2Se2 11 209 1 0.0

H4C2Se 7 219 69 0.0

H3C2Se 6 243 8 0.0

H3CSe 10 255 2 0.0

H3CSe2 6 271 8 0.0

H3C2Se2 7 298 1 0.0

Se

HSe2

H3Se

H2 H2CH3C C

H3CSe

H4C

H4CSe

H4CSe2

H5CSe
H6CSe

H6CSe2

H6C2SeH7CSe

H7CSe2

H7C2Se

Figure 5.7: Phase diagram of the H-C-Se ternary system at 150GPa. In green we have the thermody-
namically stable compounds and, in red, the compounds above the convex hull.
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Figure 5.8: Electronic band structure of P1-H7CSe with an energy above the convex hull equal to
100meV/atom. In the vertical axis, we set the Fermi energy at zero. In the horizontal axis, in the
electronic band structure we have the high symmetry points; on the right we have the total density of
states.
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Figure 5.9: Electronic band structure of Pm-H6CSe with an energy above the convex hull equal to
129meV/atom. In the vertical axis, we set the Fermi energy at zero. In the horizontal axis, in the
electronic band structure we have the high symmetry points; on the right we have the total density of
states.
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Figure 5.10: Electronic band structure of P1-H7CSe2 with an energy above the convex hull equal to
130meV/atom. In the vertical axis, we set the Fermi energy at zero. In the horizontal axis, in the
electronic band structure we have the high symmetry points; on the right we have the total density of
states.
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(a) P1-H7CSe2.

(b) P1-H7CSe. (c) Pm-H6CSe.

Figure 5.11: Crystal structure of the compounds from the band structures presented from the H-C-Se
ternary system. We have hydrogen (H) in pink, carbon (C) in brown and selenium (Se) in light green.

• H7CSe2 in Figure 5.11(a) has what could be described as “porous Se structure” with the

C and H atoms in between, with what may be some “methane like shape” molecules along

with the remaining H atoms.

• H7CSe in Figure 5.11(b) has threads of zigzagging Se atoms and what may be some “ethane

like shape” molecules along with the remaining H atoms.

• H6CSe in Figure 5.11(c) has what may be some “methane like shape” molecules along with

the remaining H atoms. These are surrounding the strait Se atom lines.
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5.2.3 Mg-H-Se ternary system

Finally, for the Mg-H-Se ternary system, the number of structures found in the MHM runs were

192. The compounds from Tables 5.1 and 5.2 used to define the convex hull were the numbers

7, 24, 25, 28, 40, 41, 42, 45 and 46.

As we can see in Table 5.6, four compounds: Mg2H3Se, MgH6Se, Mg2H6Se and MgH4Se that

are on the convex hull, which mean they are thermodynamically stable. Other four compounds

are metastable since they are below 50meV/atom: MgH7Se at 17meV/atom; Mg2H3Se2 at

28meV/atom; MgH4Se2 at 36meV/atom; and MgH5Se at 46meV/atom. The remaining ones

are between 50 to 120meV/atom above the convex hull, therefore they are less likely to be able

to be synthesized. The phase diagram can be viewed in Figure 5.12.

We calculated the electronic band structure and DOS for the following materials: Cmm2-

and P3m1-Mg2H3Se, both thermodynamically stable; and Immm-MgH4Se2, metastable, with

36meV/atom above hull. These were the two closest metallic compounds to the convex hull

plus the forth metallic one of Table 5.4.

The electronic bands structures and DOS of MgH6Se, Mg2H3Se and MgH4Se2 in Figures 5.13,

5.14 and 5.15, respectively, confirm these are metals.

We would like to point that Immm-MgH4Se2, in the band structure and DOS of Figure 5.15,

caught our attention because, being within a reasonable distance to the convex hull, 36meV/atom,

seems to have some kind of peak, although flattened3, at the Fermi energy. This might be good

indication for a possible superconductor considering that peaks in the DOS around the Fermi

level are a common feature for conventional high Tc superconductors [5]. We will see if this

metastable Immm-MgH4Se2 will unveil superconductivity at the present conditions or at higher

pressures.

We also present the crystal structures of Immm-MgH4Se2, P3m1-MgH3Se and Cmm2-MgH6Se

in Figure 5.16, made with the aid of the VESTA software with a description of the respective

crystal structure.

3
The sharper the peak, the higher the Tc [5].
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Table 5.6: Convex hull data of the Mg-H-Se ternary system, at 150GPa, ordered from the lowest to the
highest energy distance from the convex hull. The compound; number of atom in the structure (Natoms);
energy distance to the convex hull in meV/atom (Ehull); space group (spgrp); and Band gap in eV. The
compounds from Tables 5.1 and 5.2 used to make the convex hull were the numbers 7, 24, 25, 28, 40, 41,
42, 45 and 46.

Compound Natoms Ehull [meV/atom] spgrp Band gap [eV]

Mg2H3Se 6 0 164 0.0

MgH6Se 8 0 35 0.0

Mg2H6Se 9 0 38 1.2

MgH4Se 12 0 8 1.7

MgH7Se 18 17 8 1.0

Mg2H3Se2 7 28 44 0.0

MgH4Se2 14 36 71 0.0

MgH5Se 14 46 8 0.2

Mg2H7Se2 22 54 1 1.1

Mg2H6Se2 20 59 1 0.6

MgH3Se 10 59 63 0.0

Mg2H4Se 7 63 164 1.4

MgH6Se2 9 66 12 0.0

MgH7Se2 10 79 1 0.0

Mg2H7Se 10 85 166 0.0

MgH3Se2 12 115 15 0.0

Se

HSe2

H3Se

Mg2H3Se MgH4Se
MgH6Se

Mg2H6Se

MgH16 H2MgH2 MgH4Mg

MgH3Se

MgH3Se2
Mg(H2Se)2

MgH5Se

Mg(H3Se)2

MgH7Se

MgH7Se2

MgH12

Mg2H3Se2

Mg2H4Se
Mg2H7Se

Mg2H7Se2

Figure 5.12: Phase diagram of the Mg-H-Se ternary system at 150GPa. In green we have the thermo-
dynamically stable compounds and, in red, the compounds above the convex hull.
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Figure 5.13: Electronic band structure of Cmm2-MgH6Se on the convex hull. In the vertical axis, we
set the Fermi energy at zero. In the horizontal axis, in the electronic band structure we have the high
symmetry points; on the right we have the total density of states.
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Figure 5.14: Electronic band structure of P3m1-Mg2H3Se on the convex hull. In the vertical axis, we
set the Fermi energy at zero. In the horizontal axis, in the electronic band structure we have the high
symmetry points; on the right we have the total density of states.



5.2. RESULTS 39

X L T W R X1 Z Y S W  L1Y  Y1 Z

Wavevector k

-6.0

-4.0

-2.0

0.0

2.0

4.0

6.0

8.0

10.0

E
E
F

/ 
e
V

DOS

Figure 5.15: Electronic band structure of Immm-MgH4Se2 with an energy above the convex hull equal
to 36meV/atom. In the vertical axis, we set the Fermi energy at zero. In the horizontal axis, in the
electronic band structure we have the high symmetry points; on the right we have the total density of
states.
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(a) Immm-MgH4Se2

(b) P3m1-Mg2H3Se. (c) Cmm2-MgH6Se.

Figure 5.16: Crystal structure of the compounds from the band structures presented from the Mg-H-Se
ternary system. We have magnesium (Mg) in orange, hydrogen (H) in a pink and selenium (Se) in light
green.

• MgH4Se2 in Figure 5.16(a) has Mg atoms almost circled by H atoms. This is separated by

a zigzag layer of Se atoms that is made of interconnected triangular structure.

• Mg2H3Se in Figure 5.16(b) has H atoms concentrated around and in between the two

planes of Mg atoms that are arrange in triangular shapes which, if view from the top, will

have a honeycomb shape. This is separated by layers of Se atoms, similar to the structure

in Figure 5.16(a) but in a strait plane.

• MgH6Se in Figure 5.16(c) has each of the Mg and Se atoms in the vertices of their own

cobblestone shape, with an offset. The H atoms, compared to the Se atoms, stay in the

opposite side of the Mg plane and at the top an bottom of each Mg atom.



Chapter 6

Conclusions and future work

In summary, with the ambition of finding thermdynamically stable metallic compounds in the

selected systems, Li-C-S, H-C-Se and Mg-H-Se, at a pressure of 150GPa, we applied the MHM

algorithm to search the PES of each system.

On the one hand, the lowest energy distance to the convex hull in the H-C-Se ternary system

was 100meV/atom, P1-H7CSe. On the other hand, in the two ternary systems, Li-C-S and

Mg-H-Se, we successfully found five metallic compounds within the 50meV/atom energy dis-

tance to the convex hull. From those, two are thermodynamically stable compounds. These

five compounds are: P3m1-Mg2H3Se and Cmm2-MgH6Se, both thermodynamically stable, and

Imm2-Mg2H3Se2, ImmmMgH4Se2 and P1-Li6CS with a energy distance to the convex hull of

28meV/atom, 36meV/atom and 28meV/atom, respectively.

High pressure search for new stable compounds, above 150GPa, in the Mg-H-Se ternary system

seems promising compared to the Li-C-S and H-C-Se ternary systems. Not only did we obtain

the most stable and metastable compounds from the Mg-H-Se ternary system but also the

remaining compounds above 50meV/atom are within 120meV/atom distance to the convex hull

which is much less than what we found in the other ternary systems we searched.

Looking at the Li-C-S ternary, we did find 2 compounds within the 50meV/atom distance

to the convex hull although the remaining 13 compounds are between 100 to 500meV/atom.

Unfortunatly, our search results in the H-C-Se ternary system weren’t as rewarding as the other

systems, nevertheless, the compounds are mainly between 100 to 200meV/atom, which might

actually get better results at higher pressures than the Li-C-S ternary system.

Further studies of these search results will continue in our future work.

Future work involves the dynamic stability assessment through phonon spectrum calculations

41
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and calculations to find the critical temperature of a possible superconductor. Subsequently,

depending on the outcome of the work ahead, we will proceed to higher pressure searches.

Despite the fact that the work does not end here, it is a encouraging start.

The POSCAR1 files of the structures in the phase diagrams in Figures 5.2, 5.7 and 5.12 will be

made available in the GitLab repository [79].

1
Files with the structure information used by VASP.
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